KNIBCHKU HAIIIOHAJIBHUM YHIBEPCUTET
IMEHI TAPACA HIEBUEHKA

BICHHUK

KHIBCBhKOI'O HAINIOHAJIBHOT'O
YHIBEPCUTETY
IMEHI TAPACA IIEBYEHKA

CEPIA ®PIBUKO-MATEMATHUYHI HAYKHA

Nel 2021



Bicnuk KniBcbkoro HanionanbHoro yHisepcurtety iMeni Tapaca IlleBuenka,
pumyck Nel, 2021,
Cepis pizuxo-mareMaTH4YHi HAyKH

3 1991 poky cepii BicHukiB KniBchkoro yHiBepcutery “MaTtemaTnka i MexaHika”, “@usuka”, “MoznenupoBanue u
ONITHUMU3AIHS CJIOXKHBIX CHCTEM” peopraHizoBaHo y “Bicuuk KwuiBcekoro yHiBepcurery. Cepist: iznko-mMaTeMaTHUHI
HayKu”. Y BICHUKY MICTSTHCS Pe3yJbTaTH HOBHUX JIOCIHI/PKEHD y PI3HHUX Taly3sX MaTeMaTHKH, iIHPOPMAaTHKH, MEXaHIKH,
(i3uKku Ta pagiodi3uKy IS HAYKOBUX TPalliBHUKIB, BUKJIaaviB, acIipaHTiB, iHKEHEPIB 1 CTyaeHTIiB. [IpyKkyeTbes 3a
pekomenpanisiMu Buennx Panx  izuuHOro, MexaHiko-mMareMaTHYHOro (axkyiabTeTiB, (AKyIbTeTy pagioQi3uKH,
€JIEKTPOHIKH Ta KOMIT IOTEPHUX CUCTEM 1 (DaKynbTeTy KOMI IOTEPHUX HAYK Ta KiOEPHETHKH.

Kypnan “Bicauk KwuiBcpkoro HarioHanpHOro yHiBepcuteTy imeHi Tapaca llleBuenka. Cepist ¢i3uko-MareMaTHyHi
Hayku~’ BKJIIOYEHO /0 Tepemiky (axoBux BuaaHb BAK VikpaiHu, B SKMX MOXYTh IyOJIiKyBaTHCS pe3YJIbTaTH
JUCepTalifHuX poOIT Ha 3M00YTTS HAYKOBHX CTYIICHIB JIOKTOpa, KaHmuaarta Hayk i PhD 3a cmemiameHocTsiMu 111,
112, 113, 104, 105 (3aTBepmkeHo Haka3oM MiHicTepcTBa OcBiTH 1 Hayku Ykpainu Nell88 Bim 24.09.2020) ta 3a
crierianpHocTsiIMA 121, 122, 123, 124 (3aTBepkeHo Haka3oM MiHictepcTBa ocBiTH 1 Hayku Ykpainum Nel471 Big
26.11.2020), Tta pedepyethes B PedepatuHoMy xypHami Zentralblatt MATH, JournalTOCs, Crossref, IClI World of
Journals, Google Scholar i Haykosiii mepionuii Ykpainu.

Penaxuiiina xoseris:
Mokxkstayk Muxaiino [lasnosud, a.¢.-M.H., npod., roJI0BHUI peJaKTop;

Po3opa Ipuna BacuniHa, 11.¢.-M.H., 101I., 3aCT. TOJIOBHOTO PEAaAKTOPA;

Bartlova Milada, Ph. D., Brno University of Technology, Brno, Czech Republic;
Bavula Vladimir, Prof., University of Sheffield, Great Britain;

Beghin Luisa, Prof., Sapienza Universita di Roma, ltaly;

Futorny Vyacheslav, Prof., Universidade de Sdo Paulo, Brazil;

Giuliano Rita, Prof., Universita di Pisa, Italy;

Gorlatch Sergei, Dr. Sci. (habil.), Prof., University of Muenster, Muenster, Germany;
Hudak Stefan, Dr. Sci., Prof., Technical University of Kosice, Kosice, Slovak Republic;
Kukhtarev Nickolai, Prof., Alabama A&M University, Alabama, USA;

Leonenko Nikolay, Prof., Cardiff University, Great Britain;

Medvids Arturs, Dr. Phys. (habil.), Prof., Riga Technical University, Riga, Latvia;
Olenko Andriy, Prof., La Trobe University, Australia;

Orsingher Enzo, Prof., Sapienza University of Rome, Italy;

Ostrovsky Eugene, Prof., Bar- llan University, Israel;

Pogany Tibor, Prof., University of Rijeka, Croatia;

Ronté Miklés, Dr. Sci., Prof., University of Miskolc, Miskolc, Hungary;

Silvestrov Dmitrii, Prof., Stockholms universitet, Sweden;

Sottinen Tommi, Prof., University of Vaasa, Finland;

Toru Aoki, Ph. D., Prof., Research Institute of Electronics, Shizuoka University, Shizuoka, Japan;
Trofimchuk Sergey, Prof., Universidadde Talca, Instituto de Matematica y Fisica, Talca, Chile;
Volodin Andrei, Prof., University of Regina, Canada;

Aximenko Biramiit Bomomumuposuy, 1.T.H., Ipod.;

AmicimoB Irop OmnexkciiioBud, 1.¢.-M.H., pod.;

AmicimoB AHatoniit BacunsoBud, wi.-kop. HAH Ykpaian, a.¢.-M.H., ipod.;

Besymak Oxcana OMernsiHiBHA, 11.¢).-M.H., JOICHT;

Bomomun Onekciit @emopoBud, 11.T.H., IPod.;

lapamenko ®@enip ['eopriitoBud, A.T.H., Ipod.;

€xoB Cranicnas MukonaioBud, A.¢).-M.H., Tpod.;

XKyx Spocnas Onexcanaposud, 1.¢.-M.H., Ipod.;

3acnaBcekuii Bomonumup AHaromiioBud, A.T.H., Ipod.;

Kypuenko Onexcannp OnekciiioBud, 1.¢.-M.H., Ipod;

2


https://www.journaltocs.ac.uk/
https://search.crossref.org/
https://journals.indexcopernicus.com/
https://journals.indexcopernicus.com/

Kynin Bomomumup IBaHOBUMY, 1.T.H., C.H.C.;

JIeBoB BikTop AHaTtomiiioBud, 1.¢.-M.H., pod.;
Maxkapens Mukona Bonogumuposud, 1.¢.-M.H., Ipod.;
Maiibopona Poctucinas €Brenosud, 1.¢.-M.H., pod.;
Mimrypa FOmist CrenaniBHa, a.¢.-M.H., Ipod.;

[Mamko Anatomiit OnekciiioBud, a.¢.-M.H., Ipod.;
[epecTiok Mukona OnekcitioBud, akan. HAH Ykpainu, 0.¢.-M.H., mpod.;
[erpaBuyk Anatoniii [lerpoBud, a.¢.-M.H., pod.;
[oropinuit Cepri#t Jlem’ssHoBHY, 1.T.H., Tpod.;
CagenkoB Cepriit MukonaiioBud, J1.¢.-M.H., JIOIL.;
CkpuiieBcbkuii Banepiii AHTOHOBHY, J1.(.-M.H., TIpOQ.;
Cnueka-Twimmak ["anna IBaHiBHA, 1.¢.-M.H., Ipod.;

XycainoB [lenuc SIxpeBud, 1.¢.-M.H., ipod.;

Pemaxuiiinuii Bigmin:
3aryna [Imutpo BacunboBuuy, BignoBinanbHuii cekperap;
Crykanenko Bikropist BitaniiBua, Stu@univ.kiev.ua;
PonionoBa Tersna BacuiiBHa, rodtv@univ.kiev.ua;
[T'srerpka Onena BacumisHa, visnyk.phys-math@ukr.net;
Ortro I'eopriit KoctsutuHOBHY, TeXHiYHUI pexakTop, ottogk@gmail.com.
Anpeca pegakuiiiHol KoJerii:
dakysbpTeT KOMITIOTEPHUX HayK Ta KibepHeTrku, KuiBchkuii HallioHanbHMiA yHiBepcuTeT iMeHi Tapaca [lleBuenka,
np. [imymikosa, 4 1, 03022 Ten. (044) 259-01-49
fm.visnyk@ukr.net
ISBN 978-966-2142
ISSN 1812-5409

3acnoBHuKk: KuiBchkuii HanionansHui yHiBepcuteT imeni Tapaca [lleBuenka
Caigourso npo aep:xxkaBuy peecrpaniro:KB No16299-4771P Big 11.12.2009 poky
DOI: https://doi.org/10.17721/1812-5409.2021/1

be3komroBHO


mailto:ottogk@gmail.com
mailto:fm.visnyk@ukr.net

Bulletin of Taras Shevchenko National University of Kyiv. Series: Physics and Mathematics
No. 1, 2021.

The journal contains results of new research in various fields of mathematics, computer science, mechanics, physics and
radiophysics for researchers, academic staff, postgraduates, engineers and students. It is published on the recommendation of
the Academic Councils of Faculty of Physics, Faculty of Radiophysics, Electronics and Computer Systems, Faculty of
Mechanics and Mathematics and the Faculty of Computer Science and Cybernetics.

Journal "Bulletin of Taras Shevchenko National University of Kyiv. Series: Physics and Mathematics” is included in the List
of scientific professional publications of Ukraine, in which the results of the thesises for obtaining the scientific degrees of a
doctor and a candidate of sciences (PhD) in specialties 111, 112, 113, 104, 105, 121, 122, 123 and 124 can be published
(approved by the orders of the Ministry of Education and Science of Ukraine No. 1188 dated September 24, 2020 and No.
1471 dated November 26, 2020).

Journal is referenced in the abstract journal Zentralblatt MATH (zbMATH), JournalTOCs, Crossref, 1IClI World of
Journals, Google Scholar and Scientific periodicals of Ukraine.

Editorial Board

Moklyachuk Mikhail Pavlovych, Dr. Sci. (Phys.-Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine,
Editor in Chief;

Rozora Iryna Vasylivna, Dr. Sci. (Phys.-Math.), Associate Prof., Taras Shevchenko National University of Kyiv,
Ukraine, Deputy Editor in Chief;

Bartlova Milada, Ph. D., Brno University of Technology, Brno, Czech Republic;

Bavula Vladimir, Prof., University of Sheffield, Great Britain;

Beghin Luisa, Prof., Sapienza Universita di Roma, ltaly;

Futorny Vyacheslav, Prof., Universidade de S&o Paulo, Brazil;

Giuliano Rita, Prof., Universita di Pisa, Italy;

Gorlatch Sergei, Dr. Sci. (habil.), Prof., University of Muenster, Muenster, Germany;

Hudak Stefan, Dr. Sci., Prof., Technical University of Kosice, Kosice, Slovak Republic;

Kukhtarev Nickolai, Prof., Alabama A&M University, Alabama, USA;

Leonenko Nikolay, Prof., Cardiff University, Great Britain;

Medvids Arturs, Dr. Phys. (habil.), Prof., Riga Technical University, Riga, Latvia;

Olenko Andriy, Prof., La Trobe University, Australia;

Orsingher Enzo, Prof., Sapienza University of Rome, Italy;

Ostrovsky Eugene, Prof., Bar-llan University, Israel;

PogV’any Tibor, Prof., University of Rijeka, Croatia;

Ronté Miklés, Dr. Sci., Prof., University of Miskolc, Miskolc, Hungary;

Silvestrov Dmitrii, Prof., Stockholm University, Sweden;

Sottinen Tommi, Prof., University of Vaasa, Finland,;

Toru Aoki, Ph. D., Prof., Research Institute of Electronics, Shizuoka University, Shizuoka, Japan;

Trofimchuk Sergey, Prof., Universidadde Talca, Instituto de Matematica y Fisica, Talca, Chile;

Volodin Andrei, Prof., University of Regina, Canada;

Akimenko Vitaliy Vladimirovich, Dr. Sci., Prof., Taras Shevchenko National University of Kyiv, Ukraine;

Anisimov Igor Alekseevich, Dr. Sci. (Phys.-Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine;
Anisimov Anatoliy Vasyl'ovych, Corresponding Member of the National Academy of Sciences of Ukraine, Dr. Sci. (Phys.-
Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine;

Bezuschak Oksana Omelyanivna, Dr., Sci. Associate Prof., Taras Shevchenko National University of Kyiv, Ukraine;
Voloshin Aleksey Fedorovich, Dr. Sci., Prof., Taras Shevchenko National University of Kyiv, Ukraine;

Garaschenko Fedir Georgievich, Dr. Sci., Prof., Taras Shevchenko National University of Kyiv, Ukraine;

Yezhov Stanislav Nikolaevich, Dr. Sci. (Phys.-Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine;
Zhuk Yaroslav Aleksandrovich, Dr. Sci. (Phys.-Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine;
Zaslavs'kyj Volodymyr Anatolijovych, Dr. Sci., Prof., Taras Shevchenko National University of Kyiv, Ukraine;
Kurchenko Oleksandr Oleksijovych, Dr. Sci. (Phys.-Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine;
Kudin Volodymyr Ivanovich, Dr. Sci., Sr. Sci. Researcher, Taras Shevchenko National University of Kyiv, Ukraine;
Lvov Victor Anatoliyovych, Dr. Sci. (Phys.-Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine;

4


https://zbmath.org/serials/?q=se%3A00002534
https://www.journaltocs.ac.uk/
https://search.crossref.org/
https://journals.indexcopernicus.com/
https://journals.indexcopernicus.com/

Makarets’ Nikolay Vladimirovych, Dr. Sci. (Phys.-Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine;
Maiboroda Rostyslav Yevhenovych, Dr. Sci. (Phys.-Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine;
Mishura Yuliya Stepanivna, Dr. Sci. (Phys.-Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine;
Pashko Anatolij Oleksijovych, Dr. Sci. (Phys.-Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine;
Perestyuk Mykola Oleksijovych, Member of the National Academy of Sciences of Ukraine, Dr. Sci. (Phys.-Math.), Prof.,
Taras Shevchenko National University of Kyiv, Ukraine;

Petravchuk Anatolij Petrovych, Dr. Sci. (Phys.-Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine;
Pogorily Serhiy Demyanovych, Dr. Sci., Prof., Taras Shevchenko National University of Kyiv, Ukraine;

Savenkov Serhij Mykolajovych, Dr. Sci. (Phys.-Math.), Associate Prof., Taras Shevchenko National University of Kyiv,
Ukraine;

Skrzyevsky Valery Antonovych, Dr. Sci. (Phys.-Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine;
Slyvka-Tylyshchak Anna Ivanivna, Dr. Sci. (Phys.-Math.), Prof., Uzhhorod National University, Uzhhorod, Ukraine;
Husainov Denys Yah'yevych, Dr. Sci. (Phys.-Math.), Prof., Taras Shevchenko National University of Kyiv, Ukraine.

ISSN: 2218-2055 (on-line version)

ISBN: 978-966-2142
ISSN: 1812-5409 (printed version)
DOI: https://doi.org/10.17721/1812-5409

Founders: Taras Shevchenko National University of Kyiv

Foundation year: 1991 (series of bulletins of Kyiv University "Mathematics and Mechanics", "Physics", "Modeling and
Optimization of Complex Systems" was reorganized into "Bulletin of Taras Shevchenko National University of Kyiv. Series:
Physics and Mathematics").

Certificate of state registration: KB Ne 16299-4771 P dated 11.12.2009

Issued: 4 times a year

Mailing Address

Taras Shevchenko National University of Kyiv

Faculty of Computer Science and Cybernetics,

03022, Ukraine, Kyiv, 4d Academician Glushkov avenue
Phone: (044) 259-01-49

fm.visnyk@ukr.net


https://doi.org/10.17721/1812-5409
mailto:fm.visnyk@ukr.net

AJITEBPA, TEOMETPISI TA TEOPISI UMOBIPHOCTEM

Bacunuk O.1., JloBumpka 1.I. MonentoBassi cTporo @-cy0rayccoBoro yzarajibHEHOTO JPOOOBOTO
OpOYHIBCBKOTO PyXy

Ixora A.C. Baratopykuii 6anaut 3 po3noniiom bepHyInti B cepeloBHII 3 3aTPUMKaMU
Mipomnnuenko B.O. LIBuaki po3paxyHKH OLIHOK KOBapialliiHUX MaTPUIb METOIOM CKIIaJHOTO
HOXa

JANPEPEHUIAJIBHI PIBHSAHHSA, MATEMATUYHA ®I3UKA TA MEXAHIKA

3atyna H.I., 3atyna JI.B. AnpokcuMaltisi MIIbHOCTEH MOTEHIIAIB VIS TUIOCKHUX B’ SI3KOIPYKHUX
TN 13 BKITFOUEHHSIMH, 1110 OOMEXKEH1 KyCKOBO-TJIAJIKUMU KOHTYpaMHu

Pynuunpkuii O. I'., Pynmauneka M. O., Tkauenko JI..B., [Teuyk €. JI. 3acTocyBaHHS HEUIiTKOT
JIOTIKH MPH TIOUIYKY ONTHUMAaJIBHOTO (DIIBTPY B 3a/1a4aX ONTOAKYCTHKH

KOMII'IOTEPHI HAYKHU TA IHOOPMATHUKA

Bena 1.B. Jlokamizariist 3MiHH CLIEH Y BiI€O

IBoxin €.B, Maxno M.®., lllknsap B.O. Onrtumizaiis po3moniny MOTYKHOCTEH MepeKeBUX
KaHaIiB Ha OCHOBI anroputMy OpiiHa

Isoxin €.B., Baspux ILP., Pymoman H.B. Ilpo OIliHKY MepeTHHY ayauTopiii B COI[ialbHHX
Mepexax

Kammyp O.®. YM0BU po3B’SI3yBaHOCT1 CUCTEM HETIHIMHUX PIBHSIHD B €BKIIIOBUX IIPOCTOPAX

Konsaora T.B. Brimus kepyBaHHS Ha MOBEIAIHKY 130JIb0BAHOI JIOTICTHYHOT TOMYIISIITiT

Kymnsa B.P., FOnpkoBa O.0. MaremaTndHa 3a7a4a auBepcrikaiii 0aHKiBCHKAX aKTHBIB
Owmenpuyk JLJL., Pycina H.I'. Amani3z ocBiTHbO-TIpoheciiiHUX TporpaMm 3a CIeliaibHICTI0 122
Komm’rotepHi Haykn B po3pi3i MpOrpaMHUX pe3yiIbTaTiB HaBYaAHHS

Ckypxancekuit O. I'., Mapuenko O. O. Ormsig HelipoMepeKeBUX MiIXOIB s 3a7ad YMOBHOI

reHeparii TeKCT
ABopcekuit A.b. AHani3 Ta 00poOKa cUTHANIB KapAiorpaMu y peaJbHOMY Jaci

CYYACHA ®I3UKA

Hansko B.II., Kopaenko A.B., Komomiens P.O. J[xepeno cBitia 3i 3MiHHOIO JOBXXHHOIO XBHITI
Ha OCHOBI aKyCTOONTHYHOrO JiediieKkTopa

11
20

27

39

43

57

63

69

74

81

85

89

102
108

116



ALGEBRA, GEOMETRY AND PROBABILITY THEORY

Vasylyk O.l., Lovytska I.I. Simulation of a strictly ¢-sub-Gaussian generalized fractional
Brownian motion
Dzhoha A.S. Bernoulli multi-armed bandit problem under delayed feedback

Miroshnychenko v.o. Fast calculations of Jackknife covariance matrix estimator

DIFFERENTIAL EQUATIONS, MATHEMATICAL PHYSICS AND MECHANICS

Zatula N. 1., Zatula D. V. Approximation of density of potentials for the at viscoelastic bodies
with inclusions, bounded by a piecewise smooth contours

Rudnitskii A.G., Rudnytska M.A,. Tkachenko L.V., Pechuk E. D. Application of fuzzy logic in
finding the optimal filter in optoacoustics problems

COMPUTER SCIENCES AND INFORMATICS

Bieda I.V. Scene Change Localization in a Video

Ivohin E.V., Makhno M.F., Shklyar V.O. Optimization of power distribution of network channels
based on Orlin's algorithm

IvohinE.V., Vavryk P. R., Rudoman N.V. About audience overlaps in the social media

Kashpur O. F.Conditions for the solvability of nonlinear equations systems in Euclidean spaces

Kulian V.R., Yunkova O.0. Mathetical problem of banking assets diversification
Omelchuk L.L., Rusina N.G. Analysis of educational and professional programs in the specialty
122 Computer Science in terms of program learning outcomes

Skurzhanskyi O. H., Marchenko A. A. Review of neural approaches for conditional text
generation

Yavorskyi A.B. A. Real-Time Analysis and Processing of Cardiogram Signals

MODERN PHYSICS

Danko V.P., Kovalenko A.V., Kolomiiets R.O. Light source with variable wavelength based on
acousto-optical deector

11

20
27

39

43

57

63

69

74
81

85

89

102
108

116






AJTEBPA, TEOMETPISI TA
TEOPISI IMOBIPHOCTEU



10



Bichux Kuiscvko20 HauionaabH020 YHi8EPCUMemMy Bulletin of Taras Shevchenko

iment Tapaca Ilesvwernra 2021, 1 National University of Kyiv
Cepia: Pizuro-mamemamusti HaYKY Series: Physics & Mathematics

VIK 519.21 https://doi.org/10.17721/1812-5409.2021/1.1
O.L. Bacunuk!, d.¢p.-m.n., douyenm O.L Vasylyk!, Dr.Sc., Associate Professor
LI Jlosunpka?, cmyo. LI Lovytska?, stud.
Mo/1e/TIoBaHHS CTPOTO (H-CyBraycCoBOro Simulation of a strictly ¢-sub-Gaussian
y3arajbHeHOro 1poGOBOro GPOYHIBCHKOTO generalized fractional Brownian motion
pPyxy

'Hanjonanpramit  Texmiunmii  yHiBepcHTeT INational Technical University of Ukraine
Vkpaian “KuiBchbKuil mogiTexHiYHUN 1HCTHUTYT “Igor Sikorsky Kyiv Polytechnic Institute”, 37,
imeni Irops Cikopcebkoro”, 03056, Kuis, mpocmekt Prosp. Peremohy, Kyiv, Ukraine, 03056,
ITepemoru, 37, e-mail: vasylyk@matan.kpi.ua e-mail: vasylyk@matan.kpi.ua

’Harionanpauit  Texmiunmit  yHiBepcHTeT 2National Technical University of Ukraine
Vkpaiun “KuiBcbKuil mOJIITEXHIYHWI 1HCTUTYT “Igor Sikorsky Kyiv Polytechnic Institute”, 37,
imeni Iropst Cikopebkoro”, 03056, Kuis, mpocrexT Prosp. Peremohy, Kyiv, Ukraine, 03056,
[Tepemoru, 37, e-mail: pasko97ira@gmail.com e-mail: pasko97ira@gmail.com

Y pobomi posesadaecmovca 3a0a4a MOJEAIOBAIHA NPOUECIE CMPO20 P-CYDO2aYCCOB8020 Y3A2ANDHENO20
dpobosoz0 OpoyHiecvkoz20 pyxry. OMPumMaHo Ymosu, 34 AKUT MOOeAb HA 0CHOGE PO3KAadYy 6 pAd Ha-
baudcaE npovyec cmpoz2o p-cybeaycco6oz20 Y3a2asvHenozo dpobo6o2o GPOYHIGCHK020 PYTY i3 360aHUMU
naditnicmio ma mownicmio y npocmopi C([0;1]) y sunadky, xosu ¢(z) = MTP, |z| > 1, p > 1. Busna-
YEHO NAPAMEMPU MOJeAet: Ma 3MO0eAbOBAHO MPAEKMOPIE 810N0GIOHUT NPOUECIE OAL PIBHUT iHIeKCIs
Xwpema H i 3adanuz snauens mouwnocmi ma waditihocmi y npozpamnomy cepedosuuyi R.

Karonosi caosa: p-cybeayccosi npouecu, dpobosutdi bpoyniecoruli pyxr, Modest06ants 6unadkosur
NPoUecis, MouHicmsd i HadUHICTb MOO0EA0BAHHA.

In the paper, we consider the problem of simulation of a strictly ¢-sub-Gaussian generalized fracti-
onal Brownian motion. Simulation of random processes and fields is used in many areas of natural
and social sciences. A special place is occupied by methods of simulation of the Wiener process and
fractional Brownian motion, as these processes are widely used in financial and actuarial mathemati-
cs, queueing theory etc. We study some specific class of processes of generalized fractional Brownian
motion and derive conditions, under which the model based on a series representation approrimates a
strictly p-sub-Gaussian generalized fractional Brownian motion with given reliability and accuracy in
the space C([0;1]) in the case, when p(z) = %, |z| > 1, p > 1. In order to obtain these results, we use
some results from the theory of p-sub-Gaussian random processes. Necessary simulation parameters are
calculated and models of sample pathes of corresponding processes are constructed for various values of
the Hurst parameter H and for given reliability and accuracy using the R programming environment.

Key Words: p-sub-Gaussian processes, fractional Brownian motion, simulation of stochastic processes,
accuracy and reliability of simulation.

Crartio npeacrasuia 1.¢.-m.H. Posopa [.B.

Beryn HIKaIIAHX Mepexk, PpiHaHCOBiii MaTemaruil ede-
KTUBHO OIHUCYIOTBHCA IPOoIEeCaMu, K1 MalOThb BJIa-
MeTomu MoJeoBaHHA BHUIIQIKOBUX IPOLECIB Ta  CTHBOCTI CaMOIOAIGHOCTI Ta CHIBHOI 3asIeKHOCTI
HOJIiB BI/IKOpI/ICTOByIOTbCH B 6&FaTbOX O6JIaCTHX BLZL MI/IHy.HOI‘O. HKpag OJITHUM i3 TaKNX HpOHGCiB €
[MPUPOJHAYNX Ta COIajbHUX HayK. CroxacTudHe [poIiec ApoOOBOro OPOYHIBCHKOIO pyxy. AJie mjis
MOJEJIIOBAHHSI aKTUBHO PO3BUBAETHCH, IMOTMHAIO- MOJIEJIIOBAHHS PeaJIbHUX BUIAJIKOBUX IIPOIECIB €
un 3 jipyroi nojopunrn 20-ro cronirrsa. OcobimBe  cenc po3riisiaTi He TITLKH KIACHIHHIN rayCCoBMil
MicIe 3afiMaloTh METO/IH 1 /ITOPUTMU MOJIETIOBAH-  1poGoBHil 6GPOYHIBCHKHIII PYX, a i #Oro ysarajbHe-
Hsl BIHEPIBCBKOI'O MPOIIECY Ta MPONECIB JIPOOOBOTO  HHs, 30KpeMa, IIPOIECH P-CyOrayCCoBOrO y3arab-
Gpoyniscbkoro pyxy. Tuciienni JOCTI/ZKEHHS IO~ pgeHOro Jpo6oBOro 6POYHIBCLKOIO PYXY.
Ka3yIoThb, IO JIaHl CIOCTEpeXKeHb y Teopil Maco-
BOI'0 OOCJIyrOBYBaHHS, JIOCTI/PKEHHAX TEIEKOMY- Y 1985 pomi FO. Kozadenko ta €. Octpos-

© O.I. Bacunuk, L.I. JloBunpbka, 2021
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cekuii [8] posrusHyan mpocropu Sub,(€2) BuIaI-
KOBHX BeJIm4nH, Jie ¢ € N-dyukiieio OpJiva. [Ipo-
cropu Sub,(€2), abo mpocropu (-cybrayccoBuX BU-
[TaJKOBUX BEJIUYUH, — II€ IPOCTOPHU IEHTPOBAHUX
BUIAIKOBUX BEJUYUH 3 IMEBHUMHU E€KCIIOHEHITiaIb-
aumu MomenTamu. Kiac ¢-cybrayccoBux BHUIIAIKO-
BHX IIPOIIECIB € OIIBIN MUPOKUM, HIXK KJ1ac cybra-
YCCOBHUX TIPOIIECIB, TOMY JIa€ MOXKJ/IUBICTH KPAaIlle
MOJIEJIIOBATH PeaJibHI BUIAJIKOBI IIPOIECH.

B. Bymaurin ta FHO. Kozadenko mocmimky-
BaJI JIesKi BJIACTUBOCTI CYM BHIIQIKOBUX BeEJIU-
4nH i npornecis 3 npocropis Suby, () [1]. Tomamns-
Ui PO3BUTOK TEOPisi (p-CyOraycCcoBUX BUIIAIKO-
BHUX IporieciB orpumana y poborax FO. Kozauen-
Ka Ta Horo y4HiB, Hanpukiaj, y MoHorpadil [7].
o kiacy -cybrayccoBux BUITAJKOBHUX IIPOIECIB
HaJIe’KaTh, 30KpPeMa, TIPOIecH JIpobOBOro 6poyHiB-
CHKOT'O PyXy, & IIe O3HaYaE, M0 J0 HUX MOXKHA 3a-
CTOCYBaTH OTPHUMAHI JJIsI (p-CyOrayCcCOBUX IIPOIIe-
CiB TEOpeTUYHI pe3yTbTaTH.

PesynbpraTu 1momo 3acrocyBaHHS POOOBOTO
OPOYHIBCBKOTO PyXy B TAKUX HPUKJIAJHUX TaJTy-
36X, K TEOPid TeJeKOMYHIKAIIHIX Mepex Ta ¢i-
HaHCOBa MaTeMaTHUKa, MOXKHA 3HAiTH y npargax [.
Hoppoca, A. Ilupsiea, FO. Mimypu, A. Ceimyxka,
T. Corrinena Ta iH.

Pobora ckiasiaerhest 31 BCTyIy Ta TPHOX PO3-
miniB. Y meprioMy po3iisii HaBeIEHO HEOOXitHi
O3HaYEHHd 1 BJIACTUBOCTI 3 Teopil p-cybrayccoBux
BUITQJIKOBUX BEJINYUH 1 mporieciB. pyruit posmin
MIPUCBSYE€HO MOJIETIOBAHHIO IIPOIIECIB y3arajbHe-
HOT'0 JIpoO0BOI0 OPOYHIBCHKOTO PyXy. B HbOMY Ha-
BeJIeHO O3HaUeHHs MOJIeNI, 3aTaIbHy TeopeMy IIPO
MOJIEJTIOBAHHST CTPOTO (p-CyOrayccoBOro y3arajib-
HEHOT'O JIpOOOBOr0 OpPOYHIBCHKOIO PyXY, [IOBEJIE-
Hy B pobori [4], Ta ocHOBHY Teopemy Iii€l pobo-
tu. OTpuMaHa HOBa TeOpeMa MICTUTh YMOBH, 3a
SAKUX MOJICJIb Oyjie HaDJIMKATHU MIPOIEC CTPOTO (H-
cybrayccoBoro ysarajbHeHOro 1poboBOro OpoyHiB-
CBHKOI'0O PYXY i3 3aJJaHUMU Ha IIHICTIO Ta TOYHICTIO
y npocropi C([0;1]) y Bunajxy, komu ¢(x) = %,
|lz] > 1, p > 1. ¥V Tperbomy pO3/iii HaBeIEHO
rapamMeTpu MoJieJieil Jjis 3aJlaHuX 3HAYeHb iHie-
kca Xiopcra H, Tounocti § > 0 Ta HazifiHOCTI
1—v,v € (0;1), i npeacraBieno peasizaiil Moje-
JIefl TPAEKTOPIM TaKWX IIPOIECIB B IIPOTPAMHOMY
cepeopui R.

2021, 1

12

Bulletin of Taras Shevchenko
National University of Kyiv
Series: Physics & Mathematics

1 HeoObxiaui BimomocTi

Y mpoMy po3iji HaBeleHO HeOoOXidHI O3HAYEHHST
Ta BJIACTUBOCTI 3 Teopil p-CyOrayccoBUX BUIIAJIKO-
BUX BesimvuH 1 nponecis [1, 3, 7).

Osnauennsi 1.1. Hemepepsna mnapna omykiia
dyHkIis @ {¢(x),x € R} nasubaerncs N-
dynruiero Opaiua, sxmo ¢(0) = 0, p(z) > 0 npu
x#O,@—)Onpnw%OTa@
T — 0.

— OO Ipu

Osznavenns 1.2. Hexait ¢ = {¢(z),z € R} —
nesika N-dyukmis Opmaiva. OyHkiiist * Taka, 1m0
©*(x) := supyeg (vy — p(y)), + > 0, HasuBaeThCA
nepersopentsaM HOura — @enxenst GyHKIil .

Ymosa Q. dns N-pyHKINT (0 BUKOHYETHCS
ymosa (), SIKIo lim _}i(I]lf ww(—f = C > 0. Moxugo,
mo C = +o0. ’

Y kuusi [6] mictuThes geranbHa iHbOpMAILis
mono N-dbyukmiit Opitiga Ta X BJIaCTHBOCTEIA.

Hexait (2, F, P) — cranaprauii iMoBipHicHMi
IIPOCTIp.

Osznauenns 1.3. Hexait ¢ — N-dyuxmis Opiiua,
JUIst KO BUKOHYeThcs ymoBa Q. Bunajkosa Be-
JmauHa, § HaJIEZKUTh HpocTopy Suby,(£2) (mpocro-
Py -cybrayccoBux BHUIIQJIKOBUX BEJIMYHNH), SKIIO
E¢ = 0, Eexp{\¢{} ichye ms Beix A € R 1a ichye
Taka craja a > 0, mo 115 Bcix A € R BuUKoHyeThes
HEPIBHICTH

Eexp (A) < exp (p(al)).

Teopema 1.1. [1| IIpocmip Sub,(€2) e npocmo-
pom Banaza 3 nopmoro

¢! (InEexp (X))
Al

Tw(f) = Sup
A£0

ma das ecix A € R sukxonyromsca nepienocms

Eexp(A) < exp(o(A1,(8))),
(E€)2 < Cr,(6),

de C >0 — deaxa cmana.

(1.1)

Osnauennst 1.4. Bumagxoswmit mporec X
(X(t),t € T) € p-cybrayccopum (To6TO, HAJIEKUTD
pocTopy Suby,(£2)), axmo aaa seix ¢ € T Bunaj-
koBi Besmuannn X (t) € Sub, ().

Axmo () = %2,

Ha3UBAETHCA CyOTayCCOBUM.

x € R, To Takuii mpoiec

Ipuxaad 1.1. lenrpoBaHuili rayccoBuil BUIAIKO-
BHII IIporiec € cyOraycCcoBUM.
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Osnavenns 1.5. CiM’s A BUIIAQJIKOBUX BEJIU-
4uH i3 1pocTopy Suby, (§2) HABMBAETHCS CTPOTO (-
cybrayccooro (mosnadaerbes ik A € SSub,(£2)),
gakmo icaye craga Ca > 0 Taka, mo s Oyab-
sKOI 3yi4yennol muoxkunu I, & € A, i € I, Ta st
HOBIIbHUX A; € R BUKOHYETHCS HEPiBHICTD

Ty (Z Ai&) <Ca (E(Z )\Z@)Z) é. (1.2)

el iel

Crana CpA Ha3UBAETLCS BU3HAYAILHOIO CTAJIOKO
cim’T A.

O3znaueHHs 1.6. Buwumajgkosuii IIportiec
X {X(t),t € T} wnasuBaerbCs CTPOro
p-cybrayccopum (1ob6ro, X € SSub,(Q)), akmo
cim’st Bunagxosux Bemmunn {X (t),t € T'} e crpo-
ro p-cybrayccoporwo. Busnagasbaa craga el cim’l
Ha3MBaEThCA BU3HAYABHOIO CTAJIOK Tporecy X
Ta no3Havaerhes Cy.

28]
Ipukaad 1.2. [7] Hexait X(t) = > &ppr(t), t
k=1

T, ne cim’st BunagkoBux Beandant {&, k = 1,00} €

CTPOTO (-CyOrayccoBoio 3 BU3HAYAJIHLHOIO CTAJIOIO
o0

Ce ma pan Y &ppr(t) 3biraeTbess B cepeHbOMY

k=1
kBasparuaHoMy. Tosi Bunaskosuii npouec X (t) €

CTPOro (p-CyOrayCcCoOBUM BHIIAQIKOBUM IIPOIECOM 3
BU3HaYaIbHOIO crason Oy = Cg.

2 MogpgesioBanHs  (p-cybrayccoBoro ysa-
rajijbHEHOro JpoOOBOro OpPOYHIBCHKOTO

PyxXy

2.1 V¥Y3araapHeHuii apoboBUil OPOYHiB-
ChKUI pyX

Hexait {Bg(t),t € [0,1]} — ne apobosuit 6poy-
HiBCbKMI pyX 3 iHgekcom Xiopera H € (0,1). Ile
ozHavae, mo By (1) € IeHTpoBaHUM rayCCOBUM BH-
T3 TKOBUM IIPOIIECOM 31 CTAI[IOHAPHUMU IIPUPOCTA-
MM 1 KOBapialiitHoo (QyHKIIEO

1
EBy(s)By(t) = 5(tQH + 521 |5 —¢2).
Hexait T = [a,b],0 < a < b < 00, abo T =R+,

Osnauenns 2.1. [4, 7| Byaemo nasuBartu Bunai-
koBuit nporiec Zg = {Zp(t),t € T} y3aranbue-
HUM JpoboBuM OpoyHiBecbkuM pyxoM (VIBP) 3 in-
nekcom Xtopera H € (0,1), skuo EZg(t) = 0 Ta

RH(t, 8) = EZH(S)ZH(t)

2021, 1
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Oznavenns 2.2. [4, 7| Bygemo nasusaru Bu-
najKoBuil mmporiec Zp {Zu(t), t € T} crpo-
r'o (p-cyOrayccoBuUM y3arajbHEHUM IpoOoBUM OpO-
yHiBCcbKUM pyxoM (¢-YIBP) 3 inmexcom Xiopcra
H € (0,1), sixmo Zpy 3 o3navenus 2.1 € crporo
(p-CcyOrayccoBuM.

Y pobori (2| noseneno, 1o apobosuii GpoyHiB-
cbkuii pyx Bp(t) MoxHa 1OJaTH B HACTYIHOMY
BUTJISII:

sin :L'nt — COS yn

By (t) = X, Z

>

n=1

TL7

(2.1)
Jie psaju B (2.1) 36iratoTbesi B cepeIHbOMY KBaJIpa-
2,...tra{Y,,n=12..}
— He3aJIeXKHI TaycCOBl BUIAJIKOBI BEJIMYMHU TakKi,
mo EX,, = EY,, =0,
Var X,, = 2Chx, 2 J 2, (x
VarY,, = 2C3y, *H T3 (yn),

C% =77 'T'(1 4+ 2H) sin(r H),

ruanomy, {X,,n =1

n);

1 < x9 < ..., — gojaTHi mificHi Hymi QyHKIT
Beccenst meproro poxny J_pg, a y1 < y2 < ...,
JonaTHi giticHi Hysai dyHKmil J1_g.

Y poborax [4, 7| mokazaHo, 10 300pasKeHHsI
(2.1) MOXKHa TIepenucaTi B TAKOMY BHIJISIIL:

oo
cH sinx,t+ Z Y, dH (1 —cosynt),

e ~
B
n=1 n=1
e {Xn,n =1,2,...} ta {f/n,n =1,2,...} —He3a-

JIEXKHI TayCCOBl IEHTPOBaH] BUIAJIKOBI BEJIMYNHU,
taki mo EX2 =EY? =1,

=20y, H+1J_

( n)’
]lf(yn)>

C% =77 'I'(1 + 2H) sin(7 H).

10.B. Kozauenko, O.I. Bacumuk Ta T. Cor-
TiHeH [4, 7| 3anponoHyBajiu y3araJbHUTH JIAHWI
PO3KJIaJl Ha BUIIAJ0K HErayCCOBHX BUIAIKOBUAX
[IPOIIECIB, a caMe PO3TJIAHYJIA TAKUA P

n=12...,
(2.2)

n=12...,
(2.3)

o0 o0
Z Encl sin z,t + Z Nnd (1 = cosynt),

Zu(t) =
n=1 n=1
(2.4)
ne t € 10,1], &, np — He3aJeXKHI EHTPOBaHI BU-
na/IKoBl BemauHN Taki, mo EE2 = En2 = 1,n =
1,2,.... Bouu noBesn HACTYIHI TBEpI2KEHHSI.
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TBepmxkenns 2.1. [/, 7] Padu e (2.4) s6iearo-
MBCA 6 CEPeOHbOMY KEAOPATNUYHOMY, A KOBADI-
auitina PYHKYiA npouecy Ly MaE 6U2AAD:

1 2H | 2H

X ~ s

TBepmxkenns 2.2. [4] Padu s (2.4) piernomipro
36izaromuea 3 Umosipricmio odunuys do npouecy
Zy(t) ma npouec Zy(t) € eubiproso nenepepenum
na [0,1] 3 dmosipricmio oduruus.

EZH(S)ZH(t) = t‘2H).

2.2 MogesroBaHHsI y3araJbHEHOTO JIPO-
0oBOro OPOYHIBCBHKOTO PyXy

Y poborax [4, 5, 7| 3amnpOIOHOBAHO AJITOPUTM
MO/JTIETIOBAHHST TIPOTIECIB CTPOTO (p-CyOrayCccoBOTO
y3araJbHEHOro JpoO0BOTO OPOYHIBCHKOIO PyXy i3
3aJTaHUMU  HAJIIHHICTIO Ta TOYHICTIO y MPOCTOPI
C([0;1]) Ha ocHOBI pO3KJIAY B Psij:

7 = Z cpsin(zpt) &, + Z dn(l — cos(ynt)) M,
n=1 n=1

(2.5)
€ [0;1], me
mH\/2¢
Cn = If—f—l—’ n= 17 27 )
Tn JI—H(xn)
H_ /
dy= T VE 19
H+1J_ ( )? Y ’ )
I'(2H + 1) sin(nH)
- r2H+1 :
&ny M, n =1,2,..., — HE3aJIEXKHI OJHAKOBO PO3IIO-

JiyleHi BUNAKOBI BeJMYUHE 3 HpocTopy Suby,(£2),
EE2 =En2 =1,n=1,2,.... Tyr i gani npumy-
ckaeThes, mo GyHKIis ¢(y/+) omykKIa.

3 Teepmxkenns 2.1 ta [lpukmany 1.2 Bunsu-
Bag, 10 BUIIAJKOBUI poriec Z Buiy (2.5) € crpo-
ro (p-cyOrayccoBuM y3arajibHeHHM JIpOOOBUM OPO-
YHIBCHKUM PYXOM.

Osznauenns 2.3. [7] Mogens Z nabmmxae mpo-
nec Z i3 3ajanumu HaifiHicTio 1 — v, 0 < v < 1,
ta tounicrio 6 > 0 B C([0, 1]), skimo

P( —Zt|>5>§1/

[TpupomHOO MOIEIIO [JIsT TIPOIIECy Z, € TaKa
cyMa,

sup |Z
te[0,1]

Z ensin(zpt) & + dy (1 — cos(ynt)) nn).

n=1
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Aute 6LIBII peasibHUM € IPUIIYIIEHHS PO Te, IO
craji ¢, Ta dn, a TAaKOXK HYJ Ty, Yy OOUUCIIONO-
ThCs TIALKHU HPUOJIN3HO. 3ayBaskKIMO, IO CTAJI ¢y,
Ta d, 3ajJexkaTh BiJ 3HAYEHb HYJIB BIIIOBIIHUX
dyukuiit Beccens [4, 7).

ITosnaunmo 4depes ¢, Ta d,, HabJIIzKeH] 3HATe-
HHS ¢, Ta d,, BigmosBigHo. Hexaii

’571 - Cn‘ < ,)/7017

7 d
’dn - dn| S Tn>
n=1,...,N. oxubku ¢ Ta 7¢ BBaxaroTLCS Bi-

nomumu. Hexait Z,, Ta 1, — HaO/JIU>KeH]I 3HAYEHHS
BIAIOBIIHUX HYMIIB Xj Ta ¥, 3 HOXUOKAMU

~, x
’xn - xn’ < Vs
oo y
|n = ynl <71

T Y 3
IToxubku > Ta 7y, TeX BBAyKAIOTHCS BLJOMUMU.

Toxi momenb mporiecy Z MaTUMe BUTJISIT

¢

A noxubka MOIEIOBAHHS JOPIBHIOE

)& +

N
Z Cn Sin(T,t (1 — cos(Ynt )) nn) )

(2.6)

Z

{ (cnsin(ant) — & sin(int)) &

2y —

N
n=1

+ (dn(l — cos(ynt)) — dn (1 — cos(z}nt))) ﬁn}
Ly

n=N+1

~+

{cn sin(xnt) &, + dn(l — cos(ynt))nn}.

st Toro, mo6 oninntu A B C([0, 1)), morpi-
6O Oyso 3HaiiTu omiHkm 1tst Ty, (A¢) Ta T,(Ar —
Ag) ms Beix s,t € [0,1]. [4, 7]

Ha ocnoBi oTpuMaHWX OIIHOK JJIsT ITOXHO-
KA MOJIEJIIOBAHHSI Ta 3 BUKOPUCTAHHAM Bijl-
MIOBITHMX OIIIHOK PO3IOIIIB CYIPEMyMIB (-
cybrayccoBux BUIAIKOBUX IIPOIECIB OyJ10 chopmy-
JILOBAHO 3arajbHy T€OPeMY PO MO/JIEJIOBAHHS (-
cybrayccoBoro y3arajbHEHOTO IPOOOBOTro OpOyHIB-
CBHKOT'O PYXY 13 33/TaHUMU HIIHICTIO T TOYHICTIO
y npocropi C'([0;1]) (mus. [4, 7]).
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Teopema 2.1. [4, 7] Hexaii b ma o maxi wucaa,
wo 0 < b < o< H. Modeamw Z, susnauena 6 (2.6),
nabausicae eunadkosuti npouec Z, eusnavernutl 3a
donomozoro (2.5), i3 3adanumu naditinicmio 1 — v,
0 < v <1, ma mounicmo 6 >0 6 C([0,1]), axwo
BUKOHYIOMBHCA MAKL MPU HEPIEHOCTNI!

Yo < 65
Eall] 0
Yo o 2%(exp{p(1)

1/>2exp{ (—1
y (2,,

de napamempu vo = Y0(N), Ya = Yal
min{yp, 3&
nux 0aa noxubku modemosarma, ma [Y — yza-
2anvrena obeprena Gynryia do wisvrocmi l dym-

KU p.

LI
(m)a <_1>+1>b’

N)ip =

2PYHMYNOMBCA HG OUIHKAT, OMPUMaA-

[Tpunycrumo, 1o craJi ¢, Ta d,, a TAKOXK HYJIi
Ty, Ta Y, OOYHMCIIEHI TOTHO.

Hacainok 2.1. [4, 7] Hexat noxubka nabauoice-
nna sidcymma, mobmo S = 44 = 4% = i = 0.
Todi ymosu meopemu 2.1 urkoHy0OMbBCA, AKULO

1
NZmax{(z?)H +1; (2.7)
1 1
Ao(exp{p(1)} =D\ 7 . (Ao\=
( ; Fl2( e
ma
H
v> 2exp{—g0* <5§0 —1)} X (2.8)
2b( —b>A0°‘N(H;a)b Ao
de
ac
Ap = Ay ﬁ’
— « C
A, = 2! a,m 7 —a
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Ha ocHoBi HaBejeHMX BUINE PE3YJIbTATIB BU-
BEJIEMO YMOBH, 3a IKMX MOJesIb BUIy (2.6) Habiu-
JKaTUMe TIPOIEC CTPOTO P-CyOrayCccoBOro y3araib-
HEHOTO Ap0oO0BOTO OPOYHIBCHKOIO PyXYy i3 3a aHu-
ME HaJiitHicTiIo Ta TouHicTio y mpocropi C([0;1])
y BUIAJIKY, KOJII

p(z) = {

Y HacTymHi#l TeoOpeMi IPUITYCKAETHCS, IO T10-
XUOKa HAGJIUKEHHs BiJICyTHs, TO6TO VS = ¢ =

Vo= =

valp

p>1.

=2 ’

. _ H
,gﬂﬂ 3PYYHOCTI OOYHMCIeHb BUOpaHo o = 5 i
Teopema 2.2. Hezxaii p(z) = |x| Szl >1,p>1,

ma p(x) = \xl , x| < 1. Yubomy sunadxy modeav

Z, susnavena 6 (2.6), nabauoicae npouec yaazany-
Hnenozo dpoboeozo bpoyHieCvK020 PYTY 4, 6U3HA-
wenuli 3a donomozoto (2.5), i3 3adamumu Haditiri-
cmw 1 — v, 0 < v < 1, ma mounicmio § > 0 6
C([0,1]), arxwo sukonyromvcs Maxi Yymosu:

s\ ok
a HOH
N > max ((;0 2;) +1; — (2.9)
ma
SNH 2(3p+1)
2uexpy —— | ——-—1 =1 <y,
/5
ap\/ 357
(2.10)
ae 18 4 4 4 4
p=m22E THe-D 5T H T HG-D x
H\ A6 [ § \ 26D
X PR— PR
c ay ’
Ap = Tap(fn) = T<p(77n)-

Hosederns. OCKIIBKE MU MPHUITYCKAEMO, IO I0-
XnOKa HaOJIMKEHHS BiJCYTHs, TO MOYKEMO CKOPH-
craTuch HacaigkoMm 2.1.

V mamomy BI/IHa,ZLKy o*(x) = %q, x>1, meq
TAKe {HCIO, WO —|— L—1,l(z) = ¢(z) = 2P,
$>1 A )—a:pfl,xZL
3a NpUIYIIEHHSIM o = %, b = 7 MaruMeMmo:
A, = A% = 217§a¢m% %

Crnovarky posrisinemo ymoBy (2.7). st 3a-
JaHol (PyHKIHT ¢ OTpUMAEMO

<Ao(exp{s0(1)} - 1)&)”’{ L=

]
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1

(AO(e;(;_ Ua) r1< (f;“) +1,

Je [t HaBEJIEHO Y TBEP/ZKEHHI ITi€l TeOpeMU.
Otxke, ymoBa (2.8) HabyBae BUIISLY:

q

nep>1,a€(0,1). dami, 1 SNH 2(3p+1)
2u-exp —— | ———1 N -1 <.
1 Bc. % a Qg \/ 257](}
5 <A0> “ o\ 2@ B
A, ol-4 %ﬂg % Taxum 9MHOM, TeopeMa JI0BEJIEHA. O
2
1 5¢ H\Z 3 BusHaueHHS YHUCJIOBUX IIapaMeTpiB MoO-
2 217g T\ 97 9 = mejieii i KoMIT'IOTepHE MOJeJIIOBaHHSA
2 2 .
g y3arajJbHEHOro Apob0oBOro 6POyHIBCHKO-
2. 5% 22*%5% ro pyxy
2
2 Ir 2 m |»”C\

Omrxke, ymoBa (2.7) Ha6yBae BUTJISATY

L
H —
22

-84
N > max +1;, —
™

B ymosi (2.8) marumemo:

, |z| > 1, p > 1. Ha ocuosi Te-
opemu 2.2 3HaM;LeM0 YUCJIOB] ITapaMeTpu Ta moody-
Jly€MO MOJIEIIb Z , BUSHAUCHY B (2.6), o HabuKaE
IIPOIEC Y3araJIbHEHOTO JIPOOOBOI0 OPOYHIBCHKOTO
pyxXy Z, BusHaueHuii 3a gonomoromo (2.5), i3 3ama-
HUMM HaiiHICTIO 1 — ¥ Ta TOYHICTIO § B IIpOCTOPi
C([0,1]) mst pisaux 3navens ingexca Xiopera H.
Ymosa (2.9) mist 3HaxoKenHst N 1IpejicTaBjieHa
y SABHOMY BHUTJIA, TOMY 11 MOXKHa JIETKO 3aCTO-
cyBaru. Ymosa (2.10) jgocuTh CKiajiHa, ajge BOHA
PO3B’A3YETHCS YUCEITHBHUMU METO/IAMHU.

Hexaii p(z) =

AuropuTMu  OOYHCJIEHHST YHCJIOBHX IIapaMe-

(A )g ( N + 1)% TpiB Ta 11.o6y/10131/1 TPAEKTOPIl BIMTOBITHUX 1»?0/16-
2 )A ( Aoy Jieil peaJsii3oBaHO y IpOrpaMHOMY cepeoBuIl R.
2 1. TloGymyemo Momesib TpPaeKTOpil CTPOTO (-
J=1) O(N+1) 1) 41 b _ cybrayccoBoro ysarajabHEHOIro IpoOOBOIO
A ~ _ =P
0 6poyHIBCHKOrO pyXy Jyist o () 3 7| > 1
_ _ 7 P
s Hol-f o 1 N 12 (Tobro, p = 3) Ta H = g 3 nagiitnicrio 1 —
apT ) (N+1) v = 0.99 Ta rounicrio 6 = 0.01 B C([0,1]). Y
= o 2.1 ; X npoMy Bumaaky marumemo ¢ = 0.02642778.
24 (1 - %) (atp 2573) NU=3)3 3 TeopeMu 2.2 BUILIUBAE:
8
= H o 41 =34717%10710,
S(N +1)H ’
—_— 1 +1 = (%) e 3 ymoBun (2.9) maemo, mo N >
ap\/ 35 maz {45.1,0.337},
Ockinbku N - BeJIMKe 9HUCIIO, TO e 3 ymosn (2.10) summsae, mo N >
1361.837.
8
11 H 1 H 1 H
L 5 Hol H 90 lap
(%) ~ 52a¢17{r 12270 (1F)ZN (151’ TNP — Omxe, gocrarano B3garu N = 1362, mo6 Biji-
27_1a¢(25—c)5 N7 af( 5¢ )2@1 N IIOBiTHA MOMeJIb HabIuKajla TaKUi y3arajib-
HeHMit ApoboBUii OpOYHIBCHKUI PYX 3 HaJIiii-
5 s L y aicrio 0.99 ta rounicrio 0.01 8 C([0, 1]). Ha
= 72 () o T HG-D . 5T H T HG-D x PUCYHKY HIXKYe 300pa’kK€HO MOJe/Ib TPae-
e KTOpil cTporo ¢-cybrayccoBoro ysaraJbHe-
H Tt EoD 2(3p+1) 2(3p+1) HOT'O ,ZLpO6OBOFO 6pOyHiBCbKOI‘O PyXy st
—_— . —1 — . -1
X c Nw =p- NP gp(:n)—m || >1r1a H =
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e 3 ywmoBu (2.9) maemo, mo N >
maz {35.4,0.3497},

Z(
-0.1 0.0 0.1
| |

-0.2
|

-0.3
|

e 3 ymosu (2.10) Bumamsae, mo N >
941.8686.

Orxe, jocrarabo mokjgactu N = 942. Ha
PUCYHKY HUXKU€e 300parkeHy BiJIIIOBIIHY MO-
e b TPAEKTOPil.

Model for p=3 and H=9/10

0.0 0.2 0.4 0.6 0.8

time (t)

2. H=8 p=31-v=0.99, § =0.01. Toxi

maTuMeMo, 1o ¢ = 0.02341;
3 Teopemu 2.2 BUILIMBAE:

o /1 =8.969 %1071,

e 3 ymvmoBun (2.9) maemo,
max {39.496,0.344},

mo N

e 3 ymoBu (2.10) Bummsae, mo N

1110.654.

Orxe, nocratubo nmokiactu N = 1111. Ha

T S|
g <]
R
=
> ;7 T T T T T T
- 0.0 0.2 0.4 0.6 0.8 1.0
time (t)
>
4. H=3,p=31-v=099, 6 =0.01. Toxui

maTtumeMo ¢ = 0.012979.
3 Teopemu 2.2 BUILIHBAE:

PUCYHKY HUXK4e 300pazkeHy BiJIIIOBiIHY MO-

JeJIb TPaeKTOoPil.

Model for p=3 and H=8/9

o 1 =4.006%1078,

e 3 ymoBu (2.9)
max {23.6,0.368},

Maemo, 1mo N >

Z(1
-0.2 -0.1 0.0
| |

-0.3
|

-0.4
|

e 3 ymosu (2.10) Bumamsae, mo N >
522.2371.

Omrke, nocrarano nokjaactu N = 523.

Model for p=3 and H=15/16

0.3

0.2

0.0 0.2 0.4 0.6 0.8

time (t)

3. H= 5, p=3,1-v=0.99, § = 0.01. Toxi

maTumemo ¢ = 0.021007.
3 Teopemu 2.2 BUILIMBAE:

o ;1 =1.9722%1077,

0.0
1

-0.1
1
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5 H = %, p = 3. Tenep Bi3zbMeMoO HaIifiHICTH
= 0.95 Ta Toumicts § = 0.05 (ro-
Ji OTPUMAEMO MEHINY HEeOOXi/IHYy KiTbKiCTb
momaHkiB y wmogmeni). Tomi marmmemo, 1m0
c = 0.05373.

3 Teopemu 2.2 BHUILIMBAE:

o 1 =2.844%1079,

e 3 ymoBu (2.9)
max {18.25,0.27},

e 3 ymoBu (2.10) Bummsae, mo N >
1005.4.

maemo, 1o N >

Orxe, mykane 3uadendss N = 1006 (st mo-
piBHsAHHS, y Bunagaky 1 —v = 0.99, 6 = 0.01
N = 9417). Huxkue 306pazkeHO BiIIOBIIHY
MOJIeJIb BUOIPKOBOI TPAEKTOPIl.

Model for 1-v=0.95, delta=0.05, p=3 and H=3/4

1.2

0.6 0.8 1.0

P40}

0.4
|

0.0
|

-0.2
|

time (t)

6. Hexait p(x) = @, |z| > 1 (TobT0, p = 5) Ta
H = %, 1—v=20.99, § = 0.01. Togi marTu-
meMmo ¢ = 0.02341.

3 Teopemu 2.2 BUILIMBAE:

o 1 =1.329%1079,

e 3 ywmoBu (2.9)
max {39.5,0.344},

e 3 ymoBu (2.10) Bummmsae, mo N >
1692.331.

maemo, 1mo N >
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Bararopykwuii 6anguT 3 po3noaijaoM Bernoulli multi-armed bandit problem
Bepnynii B cepenoBuiili 3 3aTpuMKamMu under delayed feedback

KuiBcbkuii HalioHa/ILHUN yHiIBepcUTeT iMeHi Ta-
paca Illesuenka, 83000, m. Kuis, np-1. I'mymikosa Taras Shevchenko National University of Kyiv,
4, 83000, Kyiv, 4d Glushkova str.,
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OcmarHim 4acom ece binve Yeazu, NPUINALEMBCA OHAGTHOBOMY HABUAHHIO MAWUH 3 610KAGIEHUM
360pommim 36°a3xKom. Haguanns 3 sampumxamu € 0ouiabniwum 6 biabocmi npaKmuyHUT 3acmocy-
8aMb, OCKIALKU 360POMNIT 368°A30% 610 HABKOAUWHDO20 cepedosuula He € mummesum. Hanpuxaad, 6
KAHIYHULT 6UNPOOYBAHHAT, PE3YALTNAMU AKUL MU BUKOPUCTNOBYEMO 8 daHili PpobOME, NPOAS Pearyii Ha
AKU Mmooice 3atnamu deakuli wac. Y daniti pobomi po3eaadacmuvcs npobaema CMayioHaGPHO20 CMOXa-
CMUYH020 ba2amopykozo banduma 6 cepedosuull 3 3aMPUMKAMU, 0 KOHCHA 1A 3a0aEMbCA PO3NOJLAOM
Bepryani, napamempu axozo ne sidomi 3a3danreziov. 104061010 memoro modeai y npedcmasienomy ce-
PedoBUWLY € MAKCUMIBAULA CYKYNHOT 6UHA20POOU HA CKIHUEHHOMY 20PUSOHMI, WO EKBIBANEHMHO MiHi-
Mizauti cyxynnur empam. Poseasdaemuvea cmpameezia Erplore-First daa danozo sunadky, axa 6usHa-
YAEMDBCA KINDKICTIO Pa3ie KoocHa 0is byde obpana 0as docaidocerns. Hasodumuves acumnmomuvrud
anaNi3 ePEKMUCHOCTNE AGA2OPUMMY T BUBHAEMBCA BNAUE 34MPUMOK Y cepedosuyi. Ompumani meope-
MUNHT PE3YALTMAMU BUKOPUCTNOBYIOMBCA OAA PO3POOKU NPO2PAMH020 3abe3nevwenms 0aa nposederts
YUCEADHUL EKCNEPUMEHNIE.

Kamowosi caosa: npobaema bazamopykozo banduma, cmoracmuume CEPedosuwe 3 3a4mpumramu,
YUCEADHT EKCNEPUMEHMAU.

Online learning under delayed feedback has been recently gaining increasing attention. Learning
with delays is more natural in most practical applications since the feedback from the environment is
not tmmediate. For example, the response to a drug in clinical trials could take a while. In this paper,
we study the multi-armed bandit problem with Bernoulli distribution in the environment with delays
by evaluating the Explore-First algorithm. We obtain the upper bounds of the algorithm, the theoretical
results are applied to develop the software framework for conducting numerical experiments.

Key Words: multi-armed bandit problem, stochastic environment with delays, numerical experi-
ments.

Communicated by Associate Prof. Rozora 1. V.

1 Introduction zed controlled trial when patients are randomly
divided into two or more groups with different

The multi-armed bandit (MAB, or just bandit) treatment protocols prescribed and at the end of
problem is an example of a sequential decision- trials the results from each group are compared.
making process under uncertainty in real-time and Th@ way Of_ conducting a clinical trial may
represents a dilemma between exploration of new satisfy scientific purposes but doesn’t consider

possibilities and exploitation of already known subjects’ well-being as a significant amount of

actions with predicted results. This dilemma is Patients would suffer from a lack of efficient

known as the exploration-exploitation trade-off. treatment during the trial. The bandit problem

The bandit problem was introduced by Thompson a8 & methodology can be used to improve such si-

[1] while studying clinical trials for developing the tuations by developing an adaptive strategy that
allows to correct the treatment protocol accordi-

ng to the already observed effectiveness during the

response-adaptive design methods for sequential

allocation of different possible medical treatments.

The essential part of the research of new clinical trial.

drugs and medical treatments is the randomi- In this article, we study the bandit problem in

© A.C. IIxora, 2021
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the clinical trial setting and conduct experiments
by using data from The International Stroke Trial
simulating delays in the environment. The classi-
cal bandit problem assumes no delays of results
in the sequential decision-making process. But in
settings like clinical trials delays are inevitable and
there is a constant need for the next decision-
making action with no observed results yet for
the previous one. In this setup, existing algori-
thms need an adaptation to retain theoretical
guarantees. One of the possible solutions is the
meta-algorithm designed by Joulani et al. [2] whi-
ch allows the use of existing algorithms in envi-
ronments with delays with retaining theoretical
guarantees by the cost of reducing effectiveness in
an additive way with respect to delays.

We provide an asymptotic analysis of one
of the algorithms (Explore-First) for the MAB
problem with Bernoulli distribution, we analyze
an impact of the environment with delays on
the algorithm and provide numerical experi-
ments supporting obtained theoretical results.
The results are applied to develop the software
framework for conducting numerical experiments.

2 The multi-armed bandit problem and its
solutions review

The multi-armed bandit problem is a sequential
game between an algorithm and an environment.
The game is being played over positive natural
n time steps called the horizon. On each time
step t € [n] the algorithm chooses an action A,
from a given set A, then a reward X; € R is
revealed by the environment. The action choice
depends on the history of the previously chosen
actions and their results in terms of rewards
Hy 1 = (A, X1,...,Ai—1,X41). The objective
of the algorithm is a sequential selection of acti-
ons in order to maximize the sum of the rewards
accumulated over n time steps Y - | X;.
Mathematically, the bandit problem is defi-
ned by the reward process associated with each
action. Depending on the assumed nature of
the reward process there are three fundamental
formalizations: stochastic (stationary) bandits,
Markov bandits, and adversarial bandits. In the
stochastic MAB setting the reward process associ-
ated with each action is assumed to be descri-
bed as an identically distributed random variable.
In Markov MAB each action is associated with

21
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a Markov chain that evolves on each time step.
The adversarial MAB setting has no assumptions
about the origin of the considered reward process.

For the purpose of this article, we consider
the stochastic multi-armed bandit problem with
Bernoulli distribution for the reward process. This
model is described as a system consisting of a
collection of k actions denoted by u = (p1, ..., k),
where each action is a Bernoulli distribution with
parameter p;. The mean vector p € [0, l]k is not
known in advance. In this model X} is a realization
of the random variable drawn from the distributi-
on 4, associated with the chosen action A; on
time step ¢, i.e X; ~ Bernoulli(p4,) is a reward on
a given time step.

As a metric of the effectiveness of the algori-
thms, it’s common to use the notion of regret, whi-
ch was introduced by Robbins [3]|. The regret is
the difference between the expected accumulated
reward when choosing the optimal action (with
the highest mean among others) during the whole
horizon and the expected accumulated reward
obtained by the algorithm following its policy. The
regret after n time steps is represented as

n
R, an}g}i{m*E [;Xt] .

The regret can be rewritten as a function of
the number of draws of each sub-optimal action.
Let A; = max;cq p; — p; denote a suboptimality
gap of action ¢ which has been chosen N;(n) times,
then the regret decomposition [4] is defined by

k
Ry =Y AE[N;(n)] (2.1)
i=1
Policy, which maximizes the expected

accumulated reward is equivalent to minimizing
the regret. Asymptotic analysis of the algorithms
consists of obtaining the regret bounds.

In this article, we consider the Explore-First
algorithm as the main policy in the context of the
Bernoulli bandit. This algorithm is characterized
by the number of exploration m of each of the
given k actions in the first phase, and exploiting
the empirically best action in the second phase.
Let N;(t) denote the number of times action ¢ has
been chosen by the algorithm after ¢ time steps,
then the average reward of action 7 after ¢ time
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steps can be defined as follows:

1
N;(t)

fii(t) = La,—i)X;-

t
=1

J

Hence the chosen action A; on time step ¢ can be
described in the following form:

s {(tmodk)+1

ift <mk
A (2.2)
arg max;e 4 (i (mk))

if t > mk.
The protocol of the Explore-First algorithm:

1) Exploration phase (first mk time steps):
choose each action exactly m times

2) Exploitation phase (the rest n — mk ti-
me steps): use an empirically best action

arg max;c 4 (fi(mk)).

This algorithm appears in the paper by Robbi-
ns [3], where the author formulated the stochastic
multi-armed bandit problem. There was shown
that the regret of Explore-First is sublinear in the
general case:

lim & =0.
n—oo N

Later Anscombe [5] considers this algorithm
in the context of clinical trials and gives an
asymptotic analysis for the MAB with Gaussi-
an rewards, the author highlights many of the
important considerations. For our work we use the
results of the upper bound obtained by Slivkins [6]
for Bernoulli MAB:

E[R,] <n?*?x O (klogn)'?,  (2.3)

where the upper bound is minimized by choosing
the following m:

m = (n/k)2/3 -0 (logn)'/? .

For the other algorithms overview, we refer
the readers to Bubeck et al. |7].

3 Asymptotic analysis of the Explore-

First algorithm

In order to obtain a stronger upper bound than
in the inequality (2.3), we introduce a dependency
on the MAB instance’s mean vector. With help of
concentration inequality, we show that a centered
Bernoulli random variable is 1/2-sub-Gaussian,
which allows us to utilize an additive property of
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sub-Gaussian random variables in the tail probabi-
lity estimation for the MAB with a number of acti-
ons k > 1. The theory of the sub-Gaussian vari-
ables is presented in the monograph [8], in additi-
on, we refer the readers to Kozachenko et al. [9].
Here we list only basic facts needed for obtaining
the upper bound.

Definition 3.1. A random variable X with o
parameter is said to be o-sub-Gaussian if for all
A € R, it holds that
A2o?
7 )

For o-sub-Gaussian random variable X we can
write the exponential estimate of its tail probabi-
lity, for any € > 0, it holds that

E [exp(AX)] < exp <

P(X > e) < exp <—2€;> . (3.1)

In addition, sub-Gaussian random variables
possess an additive property [9].

Lemma 3.1. If X s a centered Bernoulli random
variable with parameter p (P(X = 1 — p) =
p,P(X = —p) = 1 — p), then X is 1/2-sub-

Gaussian.

Proof. Hoeffding’s lemma [10] states that for a
random variable X supported on the interval [a, b]
for all A € R, holds that

E [exp(AX)] < exp <)\E[X] + W) ;

applying it to a centered Bernoulli random vari-
able we get

E [exp()\X)] < exp <>‘2((1 _pé_ (_p))2>

o (MO,

which shows that X is 1/2-sub-Gaussian random
variable by definition. O

Theorem 3.1. For the stochastic multi-armed
bandit with Bernoulli rewards and 1 < m < n/k,
the regret of Explore-First algorithm satisfies:

k k
R, < mZA,; + (n — mk) Z A; exp (—mA%) .
i=1 i=1

(3.2)
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Proof. In order to obtain the upper bound, we use
the regret decomposition (2.1), where we bound
the expected number of times an action ¢ has
been chosen by the algorithm after n time steps
E (N;(n)). We follow similar steps as in [11]| for
the Gaussian use case.

Let ¢* = argmax;c 4 (i) denote the optimal
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action. The probability of action i having the hi-
ghest average reward received after mk time steps
is P (fi;(mk) > max;; fi;(mk)), then according to
the algorithm’s protocol (2.2) each action is chosen
exactly m times during exploration and n — mk
times with the probability of having the highest
average during the exploitation:

E[Ni(n)] < m 4 (n—mk) P (ji(mk) > max ji;(mk))

<m+ (n—mk) P (jis(mk) > fi- (mh))

= m - (n— mk) P (fii(mk) — piz (mk) > Ay = (e i) )

Next, we show that (i;(mk) — p; — (wix(mk) —
pi+) is 1/+/2m-sub-Gaussian by using Lemma 3.1
which states that a centered Bernoulli random
variable is 1/2-sub-Gaussian. Let Y; denote a

fii(mk) — pi — (= (mk) — pu+)

3=

3=

J

where (Y;); — p; is a centered Bernoulli random
variable, which is 1/2-sub-Gaussian. The additive
property of o-sub-Gaussian random variables gives

us that fiy(mik) — i — (i (mk) — pi) is 1/3/2m-

M= 1

m+ (n — mk) P (,Lli(mk) s — (e (M) — ) > Ai).

sampled reward from action ¢. By definition of
the algorithm the exploration phase takes mk ti-
me steps, where each action gets chosen exactly m
times, we have fi;(mk) = L > iy (Y3);, hence

(Ya); — pi = % 3 (Yir); — e
j=1
(), ) = =32 (), )
1 =

sub-Gaussian. Applying the exponential estimate
(3.1) of 1/v/2m-sub-Gaussian random variable to
the probability on the right-hand side of inequality
(3.3) we obtain

i . A7 2
P (,uz(mk) — pti — (i (mk) — pi=) = Ai) <exp | ————— | =exp (—mAj).

Hence the inequality (3.3) takes the following
form:

E [N;(n)] < m+ (n — mk) exp (—mA?),

substituting into the regret decomposition (2.1)
completes the proof. O

4 Multi-armed bandit with Bernoulli di-
stribution under delays

Classical algorithms of multi-armed bandit
problem assume no delays in rewards from
the environment, that is to say, that realizati-
on of random variable X; must be accessi-
ble by the algorithm at the same time step
t when corresponding action has been chosen.

The meta-algorithm [2] provides the framework

2 (1/v/2m)’

to encapsulate the classical (base) algorithms in
order to use them in the stochastic environment
with delayed rewards without a need for an
adaptation of the base algorithms to delays. When
a delay of observation of the reward realization
happens, the meta-algorithm doesn’t use the base
algorithm on the next step for the decision making,
instead, it re-uses the action chosen by the base
algorithm on the previous step (sends it to the
environment) until one of the realizations of the
chosen action is accessible. The meta-algorithm
accumulates such delayed rewards when available
in the internal buffer and uses them in the further
time steps to feed the base algorithm without
interaction with the environment. Assume that
the first action has been chosen by the algorithm
I = Ay, then the protocol of the meta-algorithm
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is defined as follows:

1) If realization of the chosen action is available
in the buffer then feed it to the base algori-
thm and ask for the next action

2) Send the chosen action I to the environment

3) Receive all available (delayed) realizations
from the environment and put them into the
buffer; go to step 1.

Due to the stochasticity of delays, order
and completeness of the sequence of realizations
available for the algorithm are not guaranteed.
The authors show that under such circumstances
there is no impact on the base algorithm in
the stochastic environment, that the independent
and identically distributed property of the given
subsequence is preserved:

Lemma 4.1. [2] (see Lemma 4) Consider the
multi-armed bandit problem with the stochastic
environemnt under delays which are independent
of the rewards. For any action i, for any s € N let
Y; s denote the s reward the algorithm observes
for selecting an action i. Then the sequence
{Yis}sen 8 an i.i.d. sequence with the same distri-
bution as the sequence of the rewards {Xit}, -

Also, it’s shown that delays increase the upper
bound of regret in an additive way with respect to
the maximum delay 77, of action 7 after n time
steps [2] (see Theorem 6):

k
E [Rn] g E [er?ase] + Z A,L E [Tiﬁjn] 5

i=1

(4.1)

where R,l?ase is the upper bound of the base algori-
thm. Hence, using the obtained inequality (3.2) we
can write the upper bound of the Explore-First
algorithm in the stochastic environment under
delays in the scope of meta-algorithm:

k k
R, < mz A; + (n —mk) Z A; exp (—mA?)
i=1 i=1

k
=1

(4.2)

5 Numerical experiments

In this chapter, we present the results of the empi-
rical tests of the Explore-First algorithm after we
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implemented software to simulate the multi-armed
bandit in the stochastic environment with delays.

In the first experiment, we use the instance of
the MAB with Bernoulli rewards with two acti-
ons of expectations 0.77 and 0.8 respectively, this
structure is sufficient to study the delay impact,
not the MAB problem itself. The experiment uses
a horizon of n = 1000 time steps and is aggregated
over 1000 independent runs. Results of numeri-
cal experiments and obtained theoretical upper
bounds are shown in Figure 1.

Explore-First (1=0)
25 Upper bound (t=0)
-¥— Explore-First (1=50)
Upper bound (1=50)

20

15

Regret, Rin)

10

400 600 800 1000

Time Steps, n

0 200

Figure 1: An empirical test of the Explore-First
algorithm with delays 7 = 0 and 7 = 50 for a time
horizon n = 1000, with the upper bounds (3.2)
and (4.2)

There is a notable gap in an approximation
of the upper bounds given by obtained inequaliti-
es (3.2) and (4.2) and empirical results, however,
this gap is significantly smaller than in the case of
inequality (2.3).

In the second experiment, we use data from a
randomized clinical trial, The International Stroke
Trial [12], that studied the effects of Heparin and
Aspirin as combinations H x A, where

H = {high heparin dose, low dose, no dose}
A = {with aspirin dose, no dose} .

19,435 patients took part in The Internati-
onal Stroke Trial studies, where long-term
recovery (after 6 months) was being recorded.
In this context, we consider recovery cases as a
Bernoulli random variable, where were empirically
computed the reward parameters of the original
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study to obtain the mean vector across all subjects
to simulate the experiment under the Bernoulli
multi-armed bandit problem:

1 = {0.182,0.178,0.182,0.201, 0.208, 0.206 } .

We simulate the experiment using the data given
above to compare the Explore-First algorithm to
the randomized controlled trial in the stochastic
environment with delays. Results are aggregated
over 500 independent runs and shown in Figure 2.

—a— Explore-First (t=0)
300 1 g Uniform Random (t=0)
—¥— Explore-First (t=150)
250 Uniform Random (t=150)
200
E
&=
B 150
3
=
100
50 /
0 /

2500 5000 7500 10000 12500 15000 17500 20000
Time Steps, n

0
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Figure 2: An empirical test of the algorithms
Explore-First and Uniform Random (simulation of
randomized controlled trial) with delays 7 = 0 and
7 = 150 for a time horizon n = 20000

The response-adaptive design has the potenti-
al to increase the effectiveness of the medical
treatment within the clinical trial but often can
reduce the statistical power. Another obstacle
could be the delayed feedback, the existing algori-
thms need adaptation to such settings.

6 Conclusion

In this article, we considered the multi-armed
bandit problem with Bernoulli distribution in
the environment under delays. We presented an
asymptotic analysis of the Explore-First algori-
thm in the considered settings by utilizing the
exponential estimate of sub-Gaussian tail probabi-
lity. Numerical experiments showed that the
algorithm adapted to the environment with delays
retains its theoretical guarantees by decreasing the
effectiveness in an additive way with respect to
the maximum delay. The developed software for
simulation and numerical experiments have been
published as an open-source library [13].
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IITBuaki po3paxyHKH OI[iHOK
KoBapiariiiHuX MaTpHUilb METOI0M
CKJIAJAHOT'O HOXKa

Fast calculations of Jackknife covariance
matrix estimator

'Kuiscbknit HaIIOHAJILHU YHiBepCH-
Ter imeni Tapaca IlleBuenka, 01033, Ku- !Taras Shevchenko National University of
1B, Bysa. DBomomumupcbka, 64, e-mail: vi- Kyiv, 01033, Kyiv, 64 Volodymyrska st., e-mail:

taliy.miroshnychenko@gmail.com. vitaliy.miroshnychenko@gmail.com.

Y pobomi poseasadacmuves nobydosa AosIpuuLT eaincoidié 0af NAPAMEMPIE HeAMITUHOL peepecii 3a
CMOCMEPEHCEHHAMU 3 CYMIULL KIALKOT KOMNOHERMIE. KoHueHmpauii KoMnonenmis € pisnumu s pi-
3HUT cnocmepescers. Jlas nobydosu eaincoidie suKOPUCMOBYMBCA OUIHKY Y3A2ANDHEHO20 MEMOJY
Hatimenwur xeadpamis. Kosapiauiting mampuuyl 4ur ouiHok OUTHIOMbCA 36 A0NOMO2010 PISHUT MOOU-
pirayit memody craadanozo noorca (jackknife). Hxicmo ompumanux eaincoidie y eunadky ao2icmuunoi
Pynruii peepecii docaidorcyemuves 3a dONOMO2010 IMIMAYITH020 MOJEAIOCAHHA.

Karwmwosi caosa: acumnmomuura nosedinka, Memod OUTHIOOYNUL PIBHAHD, MOOJeAd CYMIULL, HEAT-
HIUHG PE2PECiA, MINIMAKCHE 6azu, 0utHKa Kosapiauii, jackknife.

We consider data in which each observed subject belongs to one of different subpopulations (components).
The true number of component which a subject belongs to is unknown, but the researcher knows the
probabilities that a subject belongs to a given component (concentration of the component in the mi-
zture). The concentrations are different for different observations. So the distribution of the observed
data is a mizture of components’ distributions with varying concentrations. A set of variables is observed
for each subject. Dependence between these variables is described by a nonlinear regression model.
The coefficients of this model are different for different components. Normality of estimator for nonli-
near regression parameters is demonstrated under general assumptions. A mizture of logistic regression
models with continuous response is considered as an example. In the paper we construct confidence
ellipsoids for the regression parameters based on the modified least squares estimators. The covariances
of these estimators are estimated by the multiple modifications of jackknife technique. Performance of
the obtained confidence ellipsoids is assessed by simulations.

Key Words: asymptotic behavior, generalized estimation equations, mizture model, non-linear regressi-
on, minimax weights, variance estimator, jackknife.

Crartio npeacraBuB A.¢.-M.H., JomeHT fmuenko P.€.

1 Bcryn

Mopneni ckiHueHHUX CyMiIlell ITHPOKO 3aCTOCOBY-
IOTHCSl ¥ MaTEMaTUIHIN CTATUCTHUII JJIsl OIIUCY He-
opHopinuux ganux [1], [2]. V Bunmazaky, Koau KoH-
IEeHTpAaIlil KOMIIOHEHTIB CYMIIlll € PISHUMH JJIs Pi-
3HUX CIOCTEPEXKEHDb, HeMapaMeTPUIHUN T IXi] 10
OIIHIOBAHHS PO3MOJIi/IIB KOMIIOHEHTIB PO3IJISTHYTO
y 3], [4]. ot cymimi siniitaux perpeciii moudi-
Kallisg OI[iIHOK MeTOJIy HallMeHINX KBaJIpaTiB OyJia
sanpornonosana y [5]. st moGyoBu goBipunx iH-
TepBaJIiB Ta eJICOIMIB i KoeilieHTiB JTiHITHOL
perpeciiftHol MoJiesi MOXKHA BUKOPHUCTOBYBATU Te-
xHiKy ckiaaganoro noxa (CK, jackknife) [6].
Hana crarrs npooBKye 3anodarkoBany y (9],
[10] po3pobKy TEeXHIKH CTATHCTUIHOIO aHATIZY Jla-

© B.O. Mipomnnuenko, 2021

HUX, IO ONUCYIOTHCS MOJIEJIII0 CyMiIl HeIiHii-
HEUX perpeciii. Y nux poboTax BBEIEHO y3arajbHe-
Hi OI[IHKW METOJTy HAWMEHITNX KB IPATIB JIJIsI Ma-
paMeTpUYHUX perpeciiiHux mojesieil KOMIIOHEHTIB
CYMiIlli, OTpUMaHi yMOBHU IXHbOI KOHCUCTEHTHOCTI
Ta aCUMIITOTUYHOI HOpMaJibHOCTI. Temep mMu [0-
CJIIIIMO MOXKJIUBOCTI TTOOYIOBH JOBIPYHUX €JIiIICO-
TaiB Ha OCHOBI IMX OIiHOK. [Ijst 11bOro Ham Oy-
JIyTh MTOTPiOHI OIIHKK KOBapialiitHuX MaTpPHITH 18~
pameTpiB perpecii jjig pi3HUX KOMIIOHEHTIB CyMi-
i, JIist mboro mu Bukopucraemo meron CK, skuit
BIIepiiie OYB 3alpOIIOHOBaHUIT y poboTax Quenoui-
lle (1956)[7] Ta Tukey (1958) [8]. Baraabua Teopis
IILOI'O METO/Y JJjisi BUOIPOK 3 He3aJIeXKHUX, OIHA-
KOBO PO3IOIiJIEHNX CIIOCTEPEKEHD BUKJIAJICHA Y II.

27



Bicnux Kuiscvkoz2o nayionanrvbro2o yrisepcumemy
iment Tapaca Ilesuwernra
Cepia: Pizuro-mamemamusri HAYKY

5.5.2 [11].

Y naniit poboTi posrisinyTo Tpu MoudiKarii
omiaku CK, koxkHa i3 sKuX 0a3ye€ThbCsl HA BUKO-
PUCTaHHI OJTHOTO KPOKY IPOIETYPHU MTOCIiTOBHOTO
nabmkenust Hoiorona—Padcona. dAxicTh mosip-
9UX EJIICOIMIB, MOOYI0BAHNX HA OCHOBI IMX OITi-
HOK MOPIBHIOETHCH Y IMITAIITHUX €KCIIepUMEHTAX
Ha MO/JIE/IbOBAHUX JAHUX.

2 Mopens cymimri

Posrnsaemo mofens cyminr 31 3MiIHHUMHU KOHITEH-
Tpamisimu. Koxken jnociipkysanuii 06’ekt O Hajte-
JKUTH OftHOMY i3 M KitaciB (KOMIIOHEHTIB CyMiIT).
Y KOXKHOrO 00’€KTa € CIIOCTEPEXKYBaHI Ta HECIO-
crepexkyBani 3minnai. Homep komMmoneHTa, AKOMY
HaJIeXKUTh 00’€KT, He crocTepiraeTbes. Moro mo-
sHagaTuMeMo cumBosioMm K£(0) € 1,..., M. Bexrop
crocTepeKyBaHuX 3MiHHUX 00’ekTa O MO3HAYMMO
€(0). Byumemo BBakaTu, 1o pO3MOALI CHOCTEPE-
JKYBaHUX 3MIHHUX JIJIs KO2KHOT'O KOMIIOHEHTa OIIH-
CYEThCS MOJIEJIIIO HEJIIHIITHOI CTPYKTYPHOI perpe-
cii. TakuMm ymHOM

£0) = (¥(0).X1(0)....x%0)) .

e Y(0) - siaryk, X (0) = (Xl(()), ...,Xd(0)> -

perpecopu y Mojesi
Y(0) = g(X(0),b" ) 4 £(0).

Tyr g — nesika Bimoma dyukiis g: RP x © — R,
b = % BN e © CRP, ki =1,.., M -
HeBizomi KoedirienTn perpecii, siki BiAmOBi1a0ThH
K-My KOMIOHeHTY cyMimt. Came st ux kKoedi-
Ii€HTIB JaJi Oyae mobyaoBaHO OBIpYi esTirncoinm.
£(0) — neHTpoBaHa BUIIAKOBA TTOXUOKA

E[z(0)|x(0) =

31 CKIHYEHHOIO JTUCIIEPCIEIO

m]=0,m=1,..., M,

= Var[e(O)|k(0O) = m] < oc.

(02, mepimomi).

[TosHauMMO PO3IOMLI  BUIIAJIKOBOI MOXUOKH
F.m(A) = P(a(O) € Alk(0) = m), JUISL JIOBLIIb-
nol Bumipnol A C R.

Bexkropu perpecopis X (0O) = (X1 (0), ...,
BBa’Ka€MO BUIAIKOBUMHU 3 PO3IOJLIOM, IO 3a/Ie-
xuth Bl k(0). TlosHaunmo HeBigomy GyHKII0O
posmoziny criocrepexkyBaanx 3minanx X (O)

Fm(A) = P(X(O) € Alx(0) = m)
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JJ1st oBiabHOT BuMipHol A C RD.

Jlo/TaTKOBO MU IMPUITYCKAEMO, IO PErPecopu
X (0) ra noxubku €(0) — HezasexH] npu Gikco-
Baromy k(O) =m, m=1,..., M.

Bubipka Z,, mo cnocrepiraerbcs, CKJIajIae-
thest 31 smavens & = (Y, X1)T = €(0;),i =
1,...,n, e O, ..., O, — HE3aJIeKHI 00’ €KTH, STKi MO-
2KYTh HaJIeXKaTH 10 PI3HUX KOMIIOHEHTIB 3 HMOBIp-
HOCTSIMU

v = P{x(0;) = k},

P ()L = ) Y=<

//\

(i swmimryroui #MOBIpHOCTI BioMi Jjisi KOXKHOTO
006’eKTa)

3 Oumninku mapamMmerpis, 1110 OTPUMAaHi 3a Jg0-
IOMOI'OIO OI[iHIOIOYHNX PiBHSIHDb

Hexait mani k — dikcoBaHmil HOMEpP KOMIIOHEH-
Ta, JJIsi SIKOTO OyJIyeThCsI OIIHKA BEKTOPY Hapame-
tpis b*). s moOyI0BU OIIHOK IIapaMeTpiB pe-
rpecii pi3HUX KOMIIOHEHT BUKOPHUCTAEMO MiHIMa-
KCHI HaBaHTaxkeHHsi, BusHadeHi y [3]. ITosHaum-

M
ot (6h)

. Tomi marpursg MiHiMa-
m=1
KCHIX HABAHTAaKCHb MA€ BUIJIS

A= (o))" =Pyt (1)

,

Jltst oliHIOBAHHS HEBIJIOMUX TapaMeTpiB pe-
rpecil TpUPOJIHO BUKOPUCTATU HABAHTAXKEHUN Me-
TOJT HalilMEHINUX KBaJpaTiB. s 1boro ckiajae-
Thest pyukionas MHK

) = Zn:af’iz) (Yz - g(Xi,’v))2-
=1

Oninku mapaMerpiB perpecii € po3B’sI3KOM OITiHO-
YHOTO PIBHAHHS, TKE OTPUMYETLCS MLIAXOM JTude-
penriosanus GF (b*)):

VGh( Zv( (¥ = g(Xi7))?) =
- Z $(6,7) = 0, )
ne s(z,7y) — esleMeHTapHA OIiHIOBAIbHA (DYHKIA 1

3(2,7) = (v = 9(2.7) V(@ 7), 2= (@,y).
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BekTop orminok Oyme cramioHapHOIO TOYKOIO
dbynkuionany VGE(y), ane ne zapxmu Gymae To-
YKOIO MiHIMyMy. VY JedKUX BUIAJIKAX PO3B’SI3KOM
piBustaHs (1) Oyme MHOXKIHA TOYOK. Y TAKOMY BHU-
NaJIKy sIK OIIHKY MOXKH& obpaTu Oyjib-sikuil eje-
MEHT I1i€l MHOYKIUHU, aj1e MI BUMAaraeMo, oo oIliH-
Ka Oysa BUMIpHOIO (DYHKIEO Bij TaHUX.

[Mosuaunmo Sy(y) = D iy agkn)s(fi,’y). Omnin-
KU TIApaMeTpiB PO3IIAJATUMYTHCSA I KOKHOTO
KOMITOHEHTA, OKPEMO, TOMY HaJ OIiHIOBAJILHIM BU-
pa3oM S, He Oy1eMO IUCATH 1HIeKC KOMIIOHEHTa, k.

O3sHaueHHs: I;%k)
piBasiHHs (2), TOOTO Taka BuMipHa (DYHKIsS Bis
JaHUX Z,, L0 Sn(i)%k)) = 0 M.H., HA3UBAETLCI
oriHKoI0 Merony Hajimenmmx kBagaparis (MHK).

Bresemo HacTymHe mo3HAYUCHHS

— PO3B’SI30K OIIIHOYHOT'O

I = lim n'T,
n—oo
Jani XM y(m) (M) _ gyunajnkosi Besnuannm
i3 pozmnomiTaMu:
x (m)

~ Fxm, €™ ~ F.,, — nesamexi,

Ta
Ym) — g(Xm) pm)) 4 olm)

Takok NO3HAYMMO HACTYIHI CyMu

2
(a®* Zam) p!pl,

M
a®phhn =D a
f=1
4 CkJaJHOCTi OIiHIOBaHHSA MAaTPUIll KOBa-
piaii oiHOK mapameTpiB perpecii

VY crarri [10] HaBegEHO TOBEIEHHS ACUMITOTHIHOL
HOPMaJILHOCTI OIIIHOK perpecii Jist MoJiesii perpe-
cifinoi cywmirmi. /lasti naBegeno mepedopMyIbOBaHY
TeopeMy PO ACUMITOTUYIHY HOPMAJIBHICTD OIIHOK

MHK.

ITo3znaunmo

h(z) = sup [|9s(2,7)/07|],i = T, n.
y€O

Teopema 4.1. Axwo mae micuye 36icHicmd 30
. o . . ~(k .
UMOBIPHICTMIO NOCALIOBHOCTNE OUTHOK bsl) do bk) 4
BUKOHYIOMBCA TAKT YMOGU:
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1 © - xomnakmma MHONCUHA, WO BKAOUYAE
p(k)

2 By||€D]]° < 00, dan 1 <t <
5> 0.

M ma deaxozo

3 Hezat icnyromv dynxuii 0s(z,7y) /0y i dan
HUT BUKOHYIOMBCA HACTYNHE MaKT 06t YMo-

6u:
3.0 Ee|h(ED)H0 < 00 daa & > 0 3 ymosu 2 ma
1<t M.

8.0 Han dosiavhux ¢ > 0 ma nocaidosHocmi
2 € RPH maxoi, wo ||z|| < ¢, i dosino-
Hoi 6idkpumoi muoorcunu U € O, dymruii
0s(zi,v)/0v, v € U € pisnocmeneneso ne-
nepepsrumu Ha U .

4 3limy oo n T, =T
5 Bg|ls(€® 002 < 00, k=1,..., M.

6 Icnyromo epanuvmi mampuai lim, .o n Var S, (b))

ma limy, o0 Ln (b)) = L(b*)) i sonu nesu-

poodoiceni, de L, (b*)) = —EV S, (b(*)).

Todi
Vi 2 (B -
Vi = L (0% Var S, (b))

b)Y = Np(0,1p),
Lt (o) T

Ln(b(k)) - Eng(X(k), b(k))VgT(X(k), b(k)),
M
Var Sn(b(k)) — Z(Ets(ﬁ(t)7 b(k))s(g(t), b(k))T)<a.(k)2pf —
t=1
M M
3N s 0N E 56D, 50N (@ plpS ).
t=1 f=1

Teopema 4.1 mae BUIVISII MaTPUIl KoBapi-
amiift V,, mpore II BUKOPHUCTaHHS YCKJIATHIOE-
ThCd JeKiIbKoMa mpobjaeMamu. llepmia mosist-
ra€ B TOMy, IO it jeskux QyHKIin g(x,b)

g@,b) = o((@.0.)),
BaXXKO IIOpaxXyBaTH MaTeMaTH4HI CIIO/IIBAaHHS
Ets(g(t),b(k))s(g(t),b(k))T P Ers (60, 00)), Wk ¢ =

., M. Iama npobsiema moJisita€ B TOMY, IO
CIIPaBKHI 3HAYEHHS TapamMeTpiB JJIT PO3paxyH-
Ky matpumni V, meBimoMmi. ExcriepumenTtn 3i crar-
i [10] mokasasu, Mo I MATEMATHYH] CIO/IIBAHH
MOYKHa paxyBaTh HaOJIMKEHO, 1 0 3aMiCTh CIIPaB-
JKHIX TlapaMeTpiB perpecii MoxkHa OpaTu OIiHKU

(HAIpUKJIA JIONICTHYIHOL,

2 (k . . .
bﬁL ). Hagemeni a8i mpobiaeMu MOXKJIUBO OOIATH, BU-
kopucroBytoun TexHiky CK s ormiHku marpuii

Vi
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Coigyroun [11] m. 5.5.2, ommmemo cramuap-
tay uponeaypy CK. [Hami E%k) — OIIIHKU MeTO-
JIOM OIHIOIOYNX DPIBHSAHB JUUIsl K-TO KOMIIOHEHTA,
a bk )
I09UX PIBHAHDL i3 BHIyYeHUMH 1-M,
crepexkeHHsAME Bianosigao. CumBosiom S (7y) mo-
3HAYMMO OIiHIOBaJIbHY (DYHKIIIIO i3 BUJIyYE€HUM 4-M
cnocrepexkeHHAM. OIIHKY PO3IISIATUMY ThCS JIJIs
KOYKHOI'O KOMIIOHEHTa OKPEMO, TOMY HaJl OIliHIO-
BaJIbHUM BHPA30M S;_ TaKOX He OyJieMo ImcaTu
iHJIEKC KOMITOHEHTa K.

Ozuavennsi. CK-oriakoo marpuili posciro-

7 (k)

BaHHY OILIIHOK by,

OIIHKYW OTPUMAaHI METOJIOM OITIHIO-
..., N-M CIIO-

Ha3WBAETHCA MaTPpUIA

n

V=300 -G B @)

i=1

Y crarri [10], Tounicrs CK-orinok Bu3HaueHnX
(3) Gysa jroctiKeHa METOIOM IMiTaIifiHOrO MO-
nesoBanns. [1oTpibHO 3a3HAYUTH, IO JIaHA ITPO-
1e/Iypa OIiHKH moTpebye baraTo 00YHCIEHD, IO €
3HAYHUM HEJOJIKOM. Y HACTYIHOMY PO3JiJi OmH-
CaHO JEeKiJIbKa MOXKJIUBHX Momudikaliii OmiHKN
Jyist po3B’st3anus 1iel mpobsiemu. [lepmia imes —
1€ BUKOPUCTATH OIIHKY, B sIKiil TpU HAOJIMKEHOMY
ob4mCIeHH] OIIHOK lA)(_kl), ey l;(f% BUKOPUCTOBYETbHCS
jmire onwH Kpok mporenypu Herotona—Padcona
(HP). Inmi gBa criocobu € moaudikaliero mepiro-
ro, SKIO Y OJHOKPOKOBi#l mporeaypi Herorona—
Padcona 3amicTh recciana BimoOparkKeHHsT 3aIICa-
TH #0r0 OITIHKY.

5 IlpumBuammeHHsT HNOOYI0BU OIIHOK Ma-
Tpuili po3citoBantsa merogoMm CK

[Ipornienypa CK mnorpebye po3paxyHKY OIIIHOK
bz(»_),i = 1,...,n, 9Ki B CBOIO Uepry OyIylOTbCs
3a napanTaxenuamu Ag;_y. Ii napanTaxenus mMo-
JKHA PaxyBaTH KOXKEH pa3 3aHOBO, IpoTe ¥y pobOoTi
[6] HABemeHMIT aIrOPUTM HIBUJIKOTO MEPEPaxyHKY
A(,-_) Ha OCHOBI BXK€ BiJIOMOI MaTpHIll HaBaHTa-
JKeHb A:

rt =r! Ir-t

(i) — 1-— h

Tyr p; = (p},...,pM) Ta by = pI T p;

Hagemena mporieypa 3MeHIITye KiTbKiCTh Orre-
pailiif po3paxyHKy HaBaHTaxenb Ag;_y i3 o(n?) no
o(n).

st TpUIBUIITICHHS
M =1,

71—

oOYI0BH  OIIIHOK

n ,Z[aJIi BUKOPHUCTAa€EMO OJJHOKPOKOBY
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nporenypy HP. Bona nae nam npubsimnsni 3uaden-
Hst IA)Z(f 3HAYHO IBU/IIIE, HI?K TOUHE PO3B A3y BAHHS
piBasians (1). Oxua kpok meroxy HP y cropomny
3MEHIIeHHs y3arajabHeHoro (pyHKIHoHaTy HaifiMeH-
[IUX KBAJIPATIB BUTJISIIAE TAK:

TYT
Sy () = Sigalh (Vi = 9(X;,6)) Va(X;,0)
Ta

V(i (b) = —Sigjale) _, Vo(X;,b) Vg™ (X;,b)+

(=)

k
Dt ;,& ) (Yj —g(Xj,b))Hg(Xj,b)-

Hg(X;,b)
Ty b.
ITosnauumo SS i =

— recciaH BifiobparkeHHsI ¢ 110 Hapame-

7 (k

[Z?:l Si— (bv(w

Axmo nigcrasuru (4) y (3), To 6yae orpumana
mepira MoaudiKkaris oK Vy

Ut = 30 [T )] S5 (60T [V5 6]

=1

()

Hauri 110
orpuMmani 3 (5) 3amiHOIO BHpasy VS“_(bglk) HA

MH pO3IVIgHEeMO nBi Momumdikariii,
—VSn(lA)%k)), abo L(B%k)) BacTocyBaHHs X JBOX
Mo,aucl)iKaU,iﬁ JAI0Th 3MOI'Yy HE PaxyBaTH MaTPHUIIL
v (o).

Samina VS'_(l;glk)) Ha VSn(Aglk)) A€ JIpyTy
MoandiKaIio oMKy Vi,

~ ~ -1 ~ -1

Uz = [VSu(b)] 8 |78 (0]

Tperst MoaudiKalist OyILyE€ThCsT 3aMiHOIO
VSi,(lA),(lk)) Ha fL(l;%k)). Toni mogudikoBaHa OIiH-

Ka BI/IF.HHIL&TI/IMG TaK:
N N —1 N -1
Vs = [L(bﬁf))] S8k [L(bg’ﬂ)} .

6 MogearoBaHHs

Hexait Vn
Vn_lffn 30iraeThcda 3a HMOBIPHICTIO /10 OJUHUYIHOL
marpuui npu n — oo. Ilosnaunmo x% (o) — KBau-
THab piBHS 1 — o Y2-posnominy 3 D crynensmu
BLJIBHOCTI,

— KOHCHCTEHTHa OIiHKa V,, T0o0TO

={beR”: (b—bH)Ty-1

))Sz‘— (E%k))T}
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Toni 3a Teopemoro 4.1
P{0") € B} — 1 —a,

T00TO By € aCUMITOTUYHUM JIOBIPYMM €JIIICOI-
JIOM JIJIsI BEKTOPA CIPaBXKHIX 3HAYEHb KOedirieH-
TiB perpecii k-TOro KOMIIOHEHTa CyMIIITi.

st IlepeBipKU TOYHOCTI TaKUX JOBIPYUX €JTi-
IICOIMIB, sIKi BUKOPUCTOBYIOTH pi3Hi Momudikarii
CK-orminok koBapiariitnoi marpuiii V,,, 6y1o0 mpo-
BEJICHO P IMITAIITHNX €KCIIEPUMEHTIB.

YV KOXKHOMY €KCIIEPUMEHTI IS 3aIaHOT0 00-
csary Bubipku renepyBajuck N = 1000 Bubipox
i3 cymimri 3i 3MiHHEMEU KoHIeHTparismu. [lo ko-
JKHIl 3reHepoBaHiil Bubipii OyayBajiacsd OIHKA
b(k) BEKTOpa HapameTpiB b i ix MaTpHI KOBa-
piamii V,, omiHooBajach TPhOMa, OIlIHKAMU Vn7t, e
t € {1,2,3}. Hani ayist KoxkHOI BUbipKH HepeBipsi-
JIOCSI TIOIIaTAHHSI b(k) JIO JIOBIpYOro eJirmca i3 IeH-

TPOM ¥ 135{“)

Ta MaTpUIEI0 KoBapialll, 1o J0PiB-
HIOBaJIa Vn,t- HowminanpHuM piBHEM A0BIpYUX €JTi-
rcoiniB obpano 3uadenns « = 0.05. PezynbraTtamu
EKCIIEPUMEHTIB € YacTOTH TONaJIaHHs CIPaBXKHIX
3HAYEHb y BIIIOBIHI €JTITICOIIN.
Homepu xoMmmoneHT reHepoBaHHX 00 €KTIiB
ki = k(0;),i = 1,...,n obupajucst BiAIOBIIHO 10
posnofinis (py, ...,pM)?_,, ne iimosiprocti p sre-
HEPOBaHI HACTYITHOIO IIPOIIETYPOIO:
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, 1

k

_ i

= =
Dot Ui

CnocrepekyBaHi XapaKTEPUCTUKUA OO’€KTIB JJIst

7

pf sup ~ U0, 1]

M-TO KOMIIOHEHTa, CyMirri fi(m) = ( ) re-

HepyBaJIuCdA HACTYIIHUM YHUHOM:

g(xm, by 42y x M~

(]

Y =

(2

(u™, 5tm),

e

1
1+ e 10— X1 Xava

g<X77): :0—<X77)'

Ipagient i reccian dynkii g(X, ), axi morpibmi
JUIsT PO3PAaXyHKY MOJuMIKaIiil Bi OB IHO:

Vg(X,7) = o(X,7)(1-0(X,7) X,

Hy(X,7) = o(X,7) (1-0(X,7)) (1-20(X,7) ) X X7

Pospaxynku 6yau mpoBeseHi oKpeMo st pi-
3HUX PO3IO/ILIIB IIOXUOKH €; ~: HOPMAJILHOTO, PiB-
nomipHoro, ta posuominy Creiogenta. [lapamerpu
POBIIOIB Ta perpecil HaBeieH] y Tabsani 1.

KOMITIOHEHT

I [2
w™ 1001 1.0
2™ 2020
5™ 10505
p™ 2 |-1/3

Taba. 1: Tabaursa mapaMeTpiB MOIETIOBAHHS

ExcrnepumenTt 1 3nadennst nmapaMerpis st
[[BOIO E€KCIEePUMEHTY 3a3HadeHo y rtabmumi (1).
[Moxubku KoMmIOHEHT &F

KHUX PO3IOJLIB: 657,?) ~ N(0,0.05%);

€2

m o
U(—0.25,0.25); 6577;) ~ Ty/10. Leit ekcepumeHT
OIUCYETHCST MOEJLIIO “TIOBHOI PO3IIILHOCTI”, KON
Bi3yaJIbHO CITOCTEPEYKEHHST MOXKYTH OyTH PO3JIije-

HI Ha JIBl I'PYIIX BIJIOBIJTHO 70 Pi3HUX KOMIIOHEHT

MaJ Il OJWH 3 Ta-

(m)

31

cywimti. [Ipukiram Toro, sik BUTISAAAI0TH MOIEIHO-
BaHi JaHi, 300pakeHo Ha PUCYHKY 1.

dAx BugHO i3 TaOUI 2, 9aCTOTH BKJIOYEHHS
CIIPaBXKHIX 3HAYEHDb IIapaMeTPiB J0 AOBIpYHUX eJIi-
[ICOTIIB, 110 OyJIM OTpUMAaHi y pe3yJIbTaTi MOJETIO-
BaHHs, MPAMYE JI0 TEOPETUIHOTO piBHA 1 — «
0.95 3i 36inmbIenusM obcsiry Bubipku. Lleit pe3ysib-
TaT € OUIKyBaHUM.
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00 02 04 06 08 10
L L L L L L

Puc. 1: llpuknanm miarpamu po3kuny map X nporu Y Ha JaHUX 3 €eKCIEPUMEHTY 1.

R ER R
n 1 2 1 2 1 2
100 0.863 | 0.899 | 0.843 | 0.891 | 0.85 | 0.903
500 0.931 | 0.941 | 0.928 | 0.931 | 0.934 | 0.939
1000 | 0.945 | 0.945 | 0.942 | 0.928 | 0.946 | 0.930
5000 | 0.948 | 0.954 | 0.947 | 0.940 | 0.931 | 0.937
7500 | 0.936 | 0.954 | 0.949 | 0.941 | 0.943 | 0.936
10 000 | 0.951 | 0.952 | 0.943 | 0.937 | 0.953 | 0.944

TabJ1. 2: Yacroru mjist le y ekcrepumMenTi 1

e ER R
n 1 2 1 2 1 2
100 0.852 | 0.897 | 0.845 | 0.879 | Nan | Nan
500 0.927 | 0.944 | 0.92 | 0.923 | 0.802 | 0.959
1000 |0.948 | 0.942 | 0.94 | 0.93 | 0.850 | 0.931
5000 | 0.939 | 0.93 | 0.939 | 0.936 | 0.931 | 0.939
7500 | 0.944 | 0.943 | 0.93 | 0.944 | 0.943 | 0.933
10 000 | 0.941 | 0.937 | 0.938 | 0.953 | 0.944 | 0.942

TabJ1. 3: Hacroru mJjist Vmg y ekcriepuMenTi 1

ExcniepumenTt 2 [[jig Toro, 1mob moguBUTHU-
¢Sl BIUIUB PO3KUY MOXUOOK perpecil Ha AKIiCTb pi-
3HUX METOIB, MU 301IbIIMIN TapaMETP JIUCIepCil
3aJIMINKIB y JApyromy ekcriepumenti. Excriepumen-
THU IIPOBEJIEHO OKPEMO I PI3HUX PO3MOJILJIIB I10-
xubku. Tabymrmi 5, 6, 7 MOKa3yOTh, IO IaCTOTH
BKJIIOYEHHSI y HaBEJIEHOMY €KCIIEpUMEHT] MEeHIIIi,
HI2K aHAJIOTIYHI YACTOTH Y IMEPIIOMY €KCIIEpUMEH-
1i. | 30inbmeHHs obcsiry BubipKu He JryKe JOI0-

32

Marae BurpasuTu cutyariio. [le o3nadae, mo Bu-
ITaJIOK i3 BEJIUKUMHU 3HAYEHHAMU MapaMeTpy JIHIC-
Iepcil € CKJIQTHUM JIjIsi HaBeJIeHOT MOJIEIi.

L om)

(m)
1€ =

eyy’ ~ N(0,0.25%)

U(—1.25,1.25); &) ~ Ty /2.

Bci inmi napamerpu 6ys10 3aUIIE€HO K Y 11€p-
[IIOMY €KCIIEPUMEHTI.
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n 1 2 1 2 1 2

100 0.845 | 0.905 | 0.82 | 0.907 | 0.797 | 0.919

500 0.93 | 0.922 | 0.915 | 0.939 | 0.919 | 0.943

1000 |0.939 | 0.942 | 0.931 | 0.933 | 0.925 | 0.944

5000 | 095 |0.938 | 0.943 | 0.946 | 0.944 | 0.945

7500 | 0.951 | 0.955 | 0.941 | 0.943 | 0.945 | 0.938

10 000 | 0.943 | 0.938 | 0.955 | 0.931 | 0.950 | 0.930

Tabn. 4: Hacroru s Vmg y ekcrepuMenTi 1

Puc. 2: Ilpuknan miarpamu po3kumay nmap X npotd Y Ha JaHHUX 3 €KCIEPUMEHTY 2.

ExcniepumeHT 3

[Tapamerpu posmnomiiay moxubok perpecii Ti x
cami, 1o i y ekcriepumenTi 2. Vci inmi napamerpu
migibpaHi TaKUM 9UHOM, 100 MPOIEMOHCTPYBATH
poboTy MofesTi y BUIAAKY, KON 3aJIUIIKNA perpecii
00’€KTIB 3 IHIITNX KOMITOHEHT HE BPiBHOBAXKYIOTHCST
HaBaHTaKEHHIMHA al(:k;l) . Ilpukirajiom 115010 € Buiia-
JIOK, KOJIU BCEPEJINHI k-TO KOMIIOHEHTA, HA JIeKiil

obstacti B 30cepemkeHo 6JIM3bKO TPETUHH CIIOCTE-

3 rabmune (9), (10), (11) Bugso, mo wacro-
TH BKJIIOYEHHST 3HAYHO MEHII 38 TeOpeTUYHe 3Ha-
gennsa 1 — a = 0.95. Ileit ekciepuMeHT TIOKAa3yeE,
III0 HABITHL IPHU rapHOMY BHOOPi PyHKIII perpecil

pexkeHb, i IX BiryKM KOHIIEHTPYIOTHCs Olis 3Ha-
qeHHs 1. B Toif ke Jac BiIryKY iHITIX KOMITOHEHT
3ocepemKeri Oisrs 3uadenss 0 i IXHsI KiAbKiCcTh Ta-
Ka, 1[I0 HUMU HE MOXKHA HEXTYBaTU. 3 OIJISLy Ha
TaKy CUTYAII0 HAOJNYKEHHS lA),(lk)
TuMe 30UIbIeHHs 3HadeHHst pyHKionaay MHK i
BiAIOBiMHO 30L/IBITIEHHST AUCIIEpPCil BiATYKiB.

Y Tabauii 8 HaBeseHi TapaMeTpu PO3MOJILTIB
1 perpecii IbOro eKCIepuMeHTy.

10 b®) | ozpaga-

i BIIHOCHO MAJINX 3HAYEHHAX MOXUOOK, B HESIKNIX
BHUIIAKAX 00OYI0BaHI OIiHKY ITapaMeTpiB perpecil
1 OIIHKM TX MaTpHUIlh KOBapialliil 3HAYHO BiIPI3HS-
IOThCS BiJI CBOIX CIPaBXKHIX 3HAYEHbD.

oh &5 2R

n 1 2 1 2 1 2

100 0.779 | 0.907 | 0.502 | 0.919 | 0.542 | 0.898
500 0.914 | 0.921 | 0.795 | 0.930 | 0.803 | 0.939
1000 | 0.928 | 0.931 | 0.873 | 0.932 | 0.855 | 0.912
5000 | 0.928 | 0.930 | 0.905 | 0.928 | 0.923 | 0.927
7500 | 0.938 | 0.938 | 0.924 | 0.919 | 0.925 | 0.928
10 000 | 0.95 | 0.915 | 0.906 | 0.931 | 0.915 | 0.917

Taba. 5: Hacroru st le y eKCIEepUMeHTI 2
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n 1 2 1 2 1 2
100 0.704 | 0.837 | 0.508 | 0.873 | 0.515 | 0.894
500 0.883 | 0.930 | 0.819 | 0.923 | 0.812 | 0.918
1000 | 0.955 | 0.952 | 0.867 | 0.922 | 0.852 | 0.915
5000 | 0.927 | 0.917 | 0.911 | 0.911 | 0.909 | 0.921
7 500 0.931 | 0.939 | 0.911 | 0.920 | 0.908 | 0.930
10 000 | 0.917 | 0.922 | 0.932 | 0.929 | 0.910 | 0.911
TabJy1. 6: Yacroru s Vmg V eKCIIePUMEHTI 2
ety &by el
n 1 2 1 2 1 2
100 0.782 | 0.909 | 0.687 | 0.913 | 0.528 | 0.842
500 0.905 | 0.919 | 0.819 | 0.933 | 0.853 | 0.936
1 000 0.927 | 0.921 | 0.864 | 0.930 | 0.835 | 0.942
5000 | 0.928 | 0.942 | 0.916 | 0.923 | 0.926 | 0.919
7500 | 0.946 | 0.938 | 0.914 | 0.923 | 0.907 | 0.912
10 000 | 0.938 | 0.930 | 0.914 | 0.918 | 0.906 | 0.933

Tabu. 7: Hacroru ajist Vmg Y €KCIIePUMEHTI 2

7 BucHoBknu

Hamu mobymoBamo jmexinbka Momudikariiit ominkm
MaTpuUIll KoBapialiil mapaMeTpiB perpecii Ha OCHO-
Bl TEXHIKW CKJIQJAHOTO HOXKa JIJIST MOJIENI CYMIiIlti
31 3MIHHUMHU KOHIIEHTpallisiMu. fKicTh mobymoBa-
HUX OIIHOK MOPIBHIOETHCS 38 JOTIOMOTOI0 €KCIIEPU-
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OILIBII MBUIAKY 3 PO3IJIAHYTUX OIIHOK — Vn73.

xtures // R.E. Maiboroda / Kyiv University
Publishers, Kyiv (in Ukrainian) (2003)

4. R.E. Maiboroda, O.V. Sugakova, Statisti-
cs of mixtures with varying concentrations
with application to DNA microarray data
analysis// R.E. Maiboroda, O.V. Sugakova /
Journal of nonparametric statistics. 24 , No 1
201-205 (2012)

5. R.E. Maiboroda, D. Liubashenko,
regression by observations from mixture wi-

Linear

KOMIIOHEHT

1 ]2
p™ 2525
M 120 |20
5™ 105 | -05
™ 12 |2

Tabur. 8: Taburs napaMeTpiB MOJIE/TIOBAHHS
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el e ER
n 1 2 1 2 1 2
100 0.311 | 0.258 | 0.197 | 0.187 | 0.170 | 0.170
500 0.609 | 0.490 | 0.466 | 0.397 | 0.487 | 0.412
1000 | 0.717 | 0.618 | 0.597 | 0.496 | 0.604 | 0.514
5000 | 0.907 | 0.840 | 0.835 | 0.724 | 0.831 | 0.727
7500 | 0.929 | 0.881 | 0.864 | 0.766 | 0.862 | 0.776
10 000 | 0.928 | 0.885 | 0.872 | 0.782 | 0.886 | 0.799
Tabn. 9: Hacroru s le V eKCIIepUMEHTI 3
= R R
n 1 2 1 2 1 2
100 0.27 | 0.223 | 0.172 | 0.178 | 0.189 | 0.159
500 0.599 | 0.5 0.292 | 0.266 | 0.454 | 0.402
1000 | 0.755 | 0.646 | 0.609 | 0.512 | 0.602 | 0.492
5000 | 0.758 | 0.643 | 0.829 | 0.745 | 0.849 | 0.724
7500 | 0.927 | 0.871 | 0.888 | 0.798 | 0.851 | 0.721
10 000 | 0.932 | 0.916 | 0.875 | 0.831 | 0.867 | 0.778

Tab6ut. 10: Hacroru mjs Vn’g y eKCIIepUMEHTi 3

9.

Generalized least

th varying concentrations // R.E. Mai-
boroda, D. Liubashenko / Kyiv National
Taras Shevchenko University, Kyiv, Ukraine

. R.E. Maiboroda, O.V. Sugakova, Jackknife
covariance matrix estimation for observati-
ons from mixture // R.E. Maiboroda, O.V.

V.0. Miroshnychenko,
squares estimates for mixture of nonli-
near regressions // V.O. Miroshnychenko /
Bulletin of Taras Shevchenko National Uni-

versity of Kyiv; Series: Physics Mathematics,
2019, 5

Sugakova / Modern Stochastics: Theory and 10. R.E. Maiboroda V.O. Miroshnichenko "Confi-
Applications, 2019 dence ellipsoids for regression coefficients
by observations from a mixture"// R.E.
. M. H. Quenouille, Notes on bias in estimation Maiboroda V.O. Miroshnichenko / Modern
/ M. H. Quenouille // Biometrika, 43, 353-60 Stochastics: Theory and Applications, Vol.5,
(1956). Iss.2 pp. 225 - 245, - 2018
. J. W. Tukey, Bias and confidence in not quite 11. V.O. Miroshnichenko, R.E. Maiboroda,
large samples / J. W. Tukey // The Annals of Asymptotic normality of modified LS esti-
Mathematical Statistics. 29 (2): 614 (1958) mator for mixture of nonlinear regressions
vy e5y ey
n 1 2 1 2 1 2
100 0.150 | 0.173 | 0.228 | 0.224 | 0.444 | .445
500 0.689 | 0.649 | 0.467 | 0.502 | 0.508 | 0.555
1000 | 0.706 | 0.643 | 0.657 | 0.627 | 0.708 | 0.681
5000 | 0.921 | 0.888 | 0.848 | 0.780 | 0.838 | 0.782
7500 | 0.933 | 0.916 | 0.879 | 0.835 | 0.864 | 0.835
10 000 | 0.941 | 0.924 | 0.863 | 0.840 | 0.879 | 0.860

Tabma. 11: Yacrorn myst Vmg y eKCIIepUMEHTI 3
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// V.O. Miroshnichenko, R.E. Maiboroda /
Modern Stochastics: Theory and Applicati-
ons, Vol.7, Iss.7 pp. 435 - 448, 2020

12. J. Shao, Mathematical Statistics // J. Shao /
Springer, 2007
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3anponorosaro nidrid anpokcumayii HeeidoMuLT WiAbHOCMET NOMEHULANIE NPU JOCATOHCENHT Ha-

NPYHCEH020 CMAHY NAOCKO20 8 AZKONPYNCHO20 KYCKOB0-00HOPIIH020 MING 3 BKANOYEHHAMU, U0 00ME-
aHcent KYckoso-aaadxumu xorumypamu. Memod bazyemovcs na nobydoss cucmemu epaHUYHO-YACOBUL 1H-
MELPANOYHUL DIBHAHD OAA BUSHAMEHHA HEGIJOMUT WIALHOCTENT NOMEHUIAAIE NO KOHMYPAT BKAMOUEHD.
Anpoxcumauis nesidomuxr wisvorocmet nomenyianie 30ilcHI08aNAACA 3 YPATYEAHHAM 0COBAUBOCTNT HaA-
NPYHCEHO20 CMAHY NAOCKO20 8 AZKONPYHCHO20 MIAG NOOAU3Y KYMOBOT MOuKY ATHIL po3diay 0baacmed.

Know06i crosa: naocke 8’a3konpystche mino, 6 aA3K0NpYysicHi Tapaxmepucmury ooaacmet, wiib-
HOCE NOMeHYIaNie, npuryun Boavmeppa, pe3osbeenmmi onepamopu, 2paHuUdHO-YGCO8T THME2PaNbHT
DIBHAHNA, KYMOBG MOYKE, NOPAIOK CUHYAADHOCTI.

An approach for approzimating unknown densities of potentials in the study of the stressed state of
a flat viscoelastic piecewise homogeneous body with inclusions, bounded by piecewise smooth contours,
s proposed. The method is based on the construction of a system of boundary-time integral equations to
determine the unknown densities of potentials along the contours of the inclusions. The approximation
of the unknown densities of potentials was performed taking into account the singularity of the stressed
state of a flat viscoelastic body near the angular point of the dividing line of the regions.

Key Words: flat viscoelastic body, viscoelastic characteristics of regions, densities of potentials,
Volterra principle, resolvent operators, boundary-time integral equations, angular point, singularity
order.

Communicated by Prof. Moklyachuk M.P.

Wide application of composite materials in
various industries and in the construction of
structural elements requires the study of their
strength properties, reliability and durability. It
becomes necessary to solve specific problems
of viscoelasticity when viscoelastic environments,
consisting of homogeneous and isotropic regions
with different values of viscoelastic parameters,
are used as models of real objects. A detailed revi-
ew of the approaches and methods of the theory
of linear viscoelasticity is presented in [2].

One of the effective and applied numerical
methods for solving boundary value problems of

© N.I. Zatula, D.V. Zatula, 2021

39

elasticity and viscoelasticity is the method of
boundary integral equations, based on the theory
of potential and methods of the modern theory
of approximation. [5]. When solving the problems
of deformation of piecewise homogeneous envi-
ronments by the method of boundary integral
equations, the resolving integral equations are
obtained based on the conditions of continuity
of movements and the corresponding components
of the stress tensor at the contacting boundaries.
Essential for solving this class of problems is the
use of the apparatus of generalized functions and
presentation of the viscoelastic parameters using
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unit characteristic functions in a form that is uni-
form for the entire region under consideration.

Let’s use the approach proposed to study
the stress state of a flat viscoelastic piecewise-
homogeneous isotropic body occupying region D,
exposed to a known force effects, consisting of a
matrix Dy and a finite number of inclusions D,
of arbitrary shape, bounded by piecewise-smooth
contours I'g and T'p, respectively (p = 1, n, n is
the number of inclusions) [8].

To determine the stress state of the given
region, we use the formulation of the second
main problem of the theory of elasticity for
inhomogeneous bodies in movements [6]:

()\ ul,l)ﬂ. -+ [u(ui,j + Uj’i)} ; +X,=0 (.%' € D),

(1)

where u; = u;(x, t) — components of the motion
vector, X; = X;(z, t) and g; = gi(z, t), i = 1,2
— components of the vector of mass forces and
the vector of surface forces, respectively; n; =
= cos(n, x;), j =1, 2 — components of the unit
normal vector n to the boundary I' of the region
D; A= Xz, t), n= pu(z,t) — analogs of elastic
Lamé constants that depend on time and are pi-
ecewise constant functions of coordinates and ti-
me. Solution (1) was performed by the integral-
operator method using the Volterra principle [2].

N + p(uig +uji)ng = gi (x€T),

In the absence of mass forces, and also
when the unknown densities of potentials are the
stresses on the contours of inclusions, based on the
properties of the generalized functions S (Dp) and
d(z, &), and due to Maxwell’s theorem [6], we have

uk('ra t) = /F gz(gv t) Ulé(% 57 t) d’}/(f) -

E, —Eo
Ep

[ ot i@ ite. € 0.r(©)
’ 2)

Here
Ui (x, & t) =Uj (x, & t) + Ui (z, €, 1),

where U] (z, &, t) is the fundamental solution for
problems of two-dimensional flat-strain state of a
viscoelastic infinite body; U,i (x, &, t) — an addi-
tional term, which provides that the condition
gi (z, &, t) = 0 is satisfied for all # € I' and
¢ € D [8]; By and E, — viscoelastic operators
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of homogeneous regions belonging to the class
of resolvent operators [7]. The expression for

O’g) (&, t) has the form

055) (& 1) = Ap(t) wa(§, t) 6ij +

where Ao(t), po(t), Ap(t), pp(t) — viscoelastic
characteristics of the regions Do and D), respecti-
vely.

Using the Cauchy relations, Hooke’s law, and
formulas (2), we write the expression for the stress
tensor components in the following form:

E,- By

aij(x, t) = <1 + EQ

S(Dq)> X
X [/FO gr(&, 1) Ui (2, &,t) dy(€) —

E,—E

p 3

where Ui';.(a:,f,t) are stresses arising in a vi-
scoelastic homogeneous body occupying region D
under the action of unit concentrated forces at the
point £ € D.

It follows from (3) that the stresses at any
point of the considered region at an arbitrary ti-
me instant can be determined through the vi-
scoelastic potentials of the double layer along
the contour I'y with a given density gx(&,t) and
along the contours I', with unknown densities

a,(f;) (&,t)ny(§). To determine the unknown densi-
ties, let us tend the point = to each of the contours
I', from inside the region D,. Multiply both sides
of (3) by n;(x) and obtain the system of boundary-
time integral equations:

2E,
jx
Eq —+ EQ

x / o (€. ) mi(€) UL (,€,8) m; () dr (€) .
(4)
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For the numerical solution of system (4), let us
discretize the contours of the inclusions by linear
elements, which are characterized by the coordi-
nates of their midpoints.

Let’s approximate the unknown densities
of potentials in expression (4). We introduce
the function f <a;£;v ), &, t>, that approximates the
stresses at the n-th boundary element of the p-
th inclusion with nodal point x%p ) and depends on
the time ¢. Then the unknown densities of potenti-
als for an arbitrary, for example, n-th boundary
element of the p-th inclusion can be represented
as follows:

o (€ tym(e) =
= Ay (x%p), t) f(x,(f’), g, t) ny (%&p))y (5)

A (mglp)v t)
determined from discrete analogs of boundary-
4); m (961(1]’))
components of the outward normal Ve(ct)or to the
p

contour of the inclusion at the point x .

where are unknown constants

time integral equations

For inclusions bounded by contours that do
not contain angular points, the density of potenti-
al along each boundary element is assumed to be

constant. In this case, the function f (x%p ), & ) , whi-

ch approximates the stresses at each boundary
element, does not depend on the time ¢ and is
equal to 1. Then expression (5) takes the form

o€ O mle) = A (2 1) ().

To take
concentrators such as angular points on the
stress-strain state in a viscoelastic piecewise
homogeneous body, we use the approach proposed
in [1]. Investigation of the singularity of the stress
state in the flat problem for a compound vi-
scoelastic body near the angular point of the di-
viding line of the regions leads to the solution of
the transcendental equation [3, 4] depending on
the viscoelastic parameters of the regions E, 7, as
well as the opening angles 6 of these regions.

Solving this transcendental equation,
obtain the value of s(t), which is its root with
the least positive real part. In this case, the order
of the singularity equals }Re s(t) — 1‘. Thus, the
nature of the stress state at the vertex of the corner
of a compound body is determined by the type

into account the influence of

we
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of boundary conditions, viscoelastic characteristi-
cs of the material, geometry of the regions and
does not depend on the type of loading.

For the angular boundary elements, we choose
the approximation of the unknown densities of
potentials corresponding to the peculiarity of the
stress-strain state near the given angular point.

The densities of potentials in formula (4) are
stresses, which in the vicinity of the angular point
can be represented as

oij(z, t) = 0(7‘51(0*1), (6)

where s1(t) = Res(t), 0 < s(t) < 1, s(t) is
the root with the least positive real part of the
transcendental equation [4].

Based on the above, we can conclude that
in the case of a flat viscoelastic piecewise-
homogeneous body consisting of a matrix Dy and
a finite number of inclusions D), of arbitrary shape,
bounded by piecewise-smooth contours I'g and I'p,
p = 1, n, respectively, the unknown densities of
potentials for an arbitrary n-th boundary element
of the p-th inclusion can be represented in the form

(5)-
Moreover, the function f (m%p ), &, t) in this

formula has the following properties:

° f(x%p), &, t) = 1, if the nodal point xﬁf’) belongs
to an ordinary boundary element;

° f(a:,(lp), ,t) = (2)81(”_1, if the nodal point
x%p ) belongs to an angular boundary element, and
d is the length of this element; a;, i = 1,2
are the coordinates of the angular point, r =
= [(& — as) (& — )2

The advantage of the approach proposed in
the paper is that for a given representation of
unknown densities of potentials, there are no di-
fficulties associated with aligning the nodal poi-
nts with the angular points of the conjugated
contours, since the values of the unknown densiti-
es are determined in the middle of the boundary
elements.

The study of the singularities of the type of
angular points shows that the influence of these
singularities on the stress state in a viscoelastic
piecewise-homogeneous body affects only in small
neighborhoods of the angular points and practi-
cally does not affect the nature of the stress change
in time. This is explained by the order of the
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degree of the leading term of the asymptotics
when solving the problem of the stress state of
a compound region at certain values of the vi-
scoelastic and geometric parameters.
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napamempie getigiem-nepemeopenis, a OazamosuMiphe po3uuUpeHHs maxKux Qinbmpie 0ocums HempugiaibHe.

Kinyeea mema nawioco 00CHiONCeHHA — BUABUMU ONMUMATbHUL 30 CGOIMU XAPAKMEPUCTIUKAMU
Ginemp, 3pyunuil 015 3aCMOCYSAHHA Y AAOOPAMOPHIL Ma MeOUYHIU NPAKmMuyi, Koau euou wymie anpiopi
He8i00MI, a Ha HANAWMYE8AHHS (DIIbMPY He NOBUHHO GUMpPAYamucs bazamo yacy. Y sanpononoganiti pooomi
P0O321510AI0MbCL NPOCMOPOSI Pibmpu, AKI MAIOMb ule 00UH NAPAMEMp HAAAULIMYBAHHS — PO3MID GIKHA.
Ananizyromscs mpueuMIipHi po3uiupeHus makux Qinempis, sik medianHuil Qinemp ma ycepeonoouul Qitemp,
ix aoanmusni eapianmu (npocmoposuii @iremp Binepa ma moougpikosanuil medianHuil), a MaAKONC
imepamuerutl giocikaouuil Qinbmp. 3a 00NOM0O2010 Meopii HeUIMKUX MHONCUH 8 YMOBAX bacamoxpumepiaiv-
HO20 8UOOPY OYIO BUABLEHO, WO HAUKPAWUMU 3 NepeliyeHux Qirbmpie € moougixosanuil medianHui ma
gidcikaiouull imepamueHull Hinbmpu, sIKi OeEMOHCMPYIOMb HAUKPAW pe3ylibmamu 3a Mmakumu XapaKmepuc-
MUKAMU SKOCMI, K GIOHOUIEHHS CUSHAT/WYM, [THOEKC CMmpYKmypHoi noodibHocmi, cepeonboKeaopamuine
BIOXUNIEHHS MA NIKOGE GIOHOUEHHS CUSHAT/ULYM.

Kuouosi  cnosa: 0bpobrka 300paxcens, aldanmueHa irempayis, npocmoposa  Girbmpayis,
omoaxycmuuna 8izyanizayis, HewimKi MHONCUHU.

Denoising is an important step in the early stage of signal preprocessing in optoacoustic applications.

The efficiency of such modern noise removal methods as wavelet or curviet filtering depends significantly
on the numerical combinations and forms of wavelet transform parameters, and the multidimensional
extension of such filters is rather non-trivial. These issues are serious obstacle for using of these highly
effective filters in the tasks of optoacoustic reconstruction, especially in real laboratorial or medical practice.

The objective of our study was to find the optimal filter, convenient for use in laboratorian and medical
practice, when the types of noise are a priori unknown, and the filter settings should not take much time. In the
offered work spatial filters which have only one parameter of adjustment - the size of a window are considered.

Three-dimensional extensions of such well-established denoising techniques, as mean filter, median filter,
their adaptive variants (Wiener spatial filter and modified median filter), as well as iterative truncated
arithmetic mean filter were analyzed. The proposed filters were tested on a test set that contains versions of
Shepp-Logan's three-dimensional phantom with mixtures of Gaussian and alpha-stable noise, as well as
speckle noise. The identification of the best filter for simultaneous suppression of these types of interference
was carried out using the theory of fuzzy sets. In our tests, a modified median filter and an iterative truncated
arithmetic mean filter were rated as the best choice when the goal is to minimize aberrations when noise is not
known a priory.

Key words: image processing, adaptive filtering, spatial filtering, photoacoustic visualization, fuzzy sets.
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Beryn
CrerugivHuM SIBHIIIEM, 3YMOBJICHIM
B3a€MOJII€I0  JIA3€pHOTO  BUINPOMIHIOBaHHS 3

pPEYOBUHOIO, € 30yIDKCHHS aKyCTHYHUX XBWJIb IPH
IMITYJIb,CHOMY JTa36pHOMY BIUTUBI. 3 TOYKH 30py
B3a€EMOJIIi €IEKTPOMArHITHOI'O BUIIPOMIHIOBAHHS 3
PEYOBHHOK, OTPUMaHUN IpU LBbOMY AaKyCTHYHHI
BIIryK BMilye y co0i iH(opMalliro npo nepexiaHi
MPOLIECH, IO BiOYBAIOTHCS B ONMPOMIHEHHUI 00JIaCTi.
TakuM YMHOM, ONTHYHO 30Y/KEHI aKyCTHYHI
IMITYITbCH  MOXKYTh OyTH BHKOPUCTaHI SIK JUJIS
BHU3HAYEHHS TIapaMeTpiB CEpelOoBHUINA, Kpi3b sKe
OpOMIUIM i iMOynbcH (KOE(DilliEHTH TEMIOBOTO
POBILIMPEHHS, TEIUIONPOBIHOCTI, Ta iH.), TaK 1 JuIs
JOCITIPKEHHS. HEOJHOPITHOCTeH B 00’€KTi, mo OyB
OIpOMiHEHHUH, Ta Ha ¥oro moBepxHi. lle mo3Bosie
AKTHUBHO BUKOPHCTOBYBATH MOXITUBOCTI
ONTOAKyCTHYHOI'O  MeToAay B Jedekrockorii,
MiKpockortii Ta Tomorpadii 3paskiB. Ciijj 3a3HaYUTH,
0 ONTOAKYCTUYHHHN e(heKT, BigKkpuTHii A. bermom e
y 1880 pomi, g0  CTBOpeHHS  Ja3epiB
BUKOPUCTOBYBaBCsi  Jumie B iH(padepBOHiii
crekTpockorii ra3iB. PO3BUTOK 1a3epHOT TEXHIKH
HAMITHB OCHOBHI IIUIIXH PO3BUTKY ONTOAKYCTHKH:
nasepHe 30y/DKEHHS aKyCTHYHHUX BiJICOIMIYJBCIB Y
pimuHi,  TBepAOMY TN,  HAIMIBIPOBIIHUKAX,
CTBOpPEHHSI TIEP3BYKOBUX Ta PEICEBCHKUX XBUJIb.
Po3pobisieni  3romomM MeETOAM  IUCTAHIIHHOL
ONTHYHOI peecTpamii aKycTHYHUX 30ypeHb Ha
MOBEPXHI  JOCTIMKYBAHOTO  3pa3ka  JIO3BOJHIIU
3pO0OHUTH OITOAKYCTHYHI JOCITIIKEHHS
OC3KOHTAKTHUMH Ta HEIHBa3WBHUMH, IO 3YMOBHIIO
iX IIMpOKe BHKOPUCTaHHSA Yy  OlOMEIUYHHX
JOCITIDKEHHSX Ta KIIHIYHIA TpaKTULli (JiarHOCTHYHI
porpamu 3 JIOCITI JKCHHI OHKOJIOTTYHUX
3aXBOPIOBaHb,  Bi3yasmizallii MO3KY, PO3BHUTKY
(dapMarieBTHYHUX 3ac00iB Ta MOHITOPHHTY MPOIIECY
nmikyBaHHs1). [lepeBara Takoi METOIUKH TONATAE B
TOMy, WIO BOHAa BHUKOPHUCTOBYE  MOXIIUBOCTI
BHCOKOKOHTPACTHOTO ONTHYHOTO TIOTJIMHAHHS Ta
TITMOOKOTO  yIBTPa3ByKOBOTO TPOHUKHEHHS. 3 il
JIOTIOMOT'OI0 MOYKITUBO OTPUMYBATH XapaKTEPUCTHKH,
HENIOCSHKHI Ha TPUCTPOSX MOOYIOBAHWX Ha IHIIMX
¢iznunux npuHIUnax. OJHaK Ha [bOMY IUISIXY ICHYE

Oarato mpoOyieM, TOB'I3aHUX 13 BHAAJCHHIM
apreakTiB  300pakeHHS, MYJIBTHCICKTPAIbHOIO
00pOOKOI  JaHWX, BHM3HAYCHHSIM  KUIBKICHHX

MmapameTpiB 300pakeHHs, CTPATErisIMU BiIHOBJICHHS

300paKeHh Ta TPYAHONIAMH, TIOB’SI3aHMMH i3
IIBUAKOAIEID — OMepalliii pPeKOHCTPYKIi 00pasiB.
BaxiauBe Micie cepen Iux mpoOiieM  3aiimae

nmpobieMa 3HIKEHHS MyMiB y onToakycTHuHuX (OA)
CUTHaJIax.
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Binmomo, o yacrorHa cmyra OA-curHaiiiB MOXe
OyTu nocuTh mMUpokoro (kimpka necsatkie MI'm). Le
3yMOBJICHO JIBOMa TpuuMHamu. [lo-mepmie —
4acTOTHA  CMyra  ONTOaKyCTHYHOTO  CHUTHAJy
3aJIeKUTh BiJI TPHBAJOCTI CBITJIOBOT'O IMITYIIBCY.
[lo-npyre, 4acrotHuii  cnekTp  OA-cHUrHamiB
3anexuTh Bim posmipy nim [1]. Kpim Toro,
OA-curHamu pgyke 4YymIMBI A0 IIyMy, IO
CTBOPIOETHCA nepud epiiHuM o0J1aJTHAHHSM
(Ivkepero  KMBIIGHHS,  CTYIIHYaCTUH  JIBUTYH
HAIIBIPOBITHUKOBOI'O Jlazepa TOIIO). ToMy TIpH
00pobmi peanbHux OA-CUTHANIB JOCTIIHUK Mae
CIIpaBy 3 CHTYaIlI€I0, KOJIM CIEKTP IIYMY NEpEKPUBAE
cmyry mnponyckanHs OA-curHany. Lleir edekr
MPHU3BOAUTH 1O  CHOTBOPECHHS  KOMIIOHCHTIB
3apeecTpOBAHOTO ONTOAKYCTHYHOTrO curHamy. OTxke,
0e3 momepeqHbOi  OOpOOKH, PEKOHCTPYyHOBaHI
300paKEeHHS MOXYTh CTPa)JIaTH BiJl HHU3BKOTO
CITIBBITHOIICHHS CHTHAJ/IIYM Ta HA3bKOI PO3IUTbHOT
3IATHOCTI.

OCKITbKH  IIyMOTIO/IABJICHHSI 3HAXOJHUTHCS Ha
caMOMYy IIOYaTKy oOIepalliii monepeaHboi o0poOKH,
BOHO Ma€ BEJIMKHI BIUTMB Ha PE3yJIbTAaTH MOAAIBIINX
eTariB. lonoBHOIO ~ TmepeBarord  HaJIHHOTO
IIIYMOIIOAABJICHHS € TE, [0 BOHO MOXE 3aro0irTu
3aBHINCHHIO (OHY 300paXKeHHsST Ta JIoloMarae
BHIUINTA  CJIAa0Ki, ajge CYTTEBI OCOOJHMBOCTI,
OJTHOYACHO 3aMo0iraloyd YTBOPEHHIO XUOHUX O3HAK
[2]. BaromMoro 00CTaBHHOIO, TAKOXK, € T€, 110 3ajayl
onToaKkycTHuHoi ToMorpadii 3a3BHYail BUMAararoTh
BUKOPUCTaHHSI TOraHO OOYMOBJIGHHX OIEpaTopiB,
TOMY MaKCHMaJIbHO OYHIICH1 TOYaTKOBI IaHI MOXXYTh
MaTd  BHUpIIAJIbHE  3HAYEHHS I SKICHOL
PEKOHCTPYKIIIT JOCTIIKYBaHUX 00’ €KTIB.

BaxiuBo 3ayBaXKUTH, 1110 OUTBIIICTh HOMEPEIHIX
METO/IB 3HWXKEHHs piBHA IymiB y OA-curaamax
3aCHOBaHI Ha KBa3i-TPUBUMIPHOMY IIJIXOJi, KOJH
CHTHAIIM, 3apeecTpOBaHI HA TIOBEPXHI 3paska
OYMINAIOTBCA  Big  INyMiB  TOCTIIOBHO  Bif
MOTEPEHHOr0 MOMEHTY 4acy 10 HacTymHoro. [1oTim
3 TaKMX OYMIIEHWX (parMeHTIB MIap 3a IIapoM
(dopmyeThCst BiIpUIbTpOBaHE TPUBHMIpHE
300pakeHHs JOCTiKyBaHoro o0’ekry. Lledt miaxin
MEPETBOPIOE  TPHBHUMIPHY  IPOCTOPOBO-4ACOBY
3aja9y B TOCIIIOBHICTh JIBOBHMIPHHUX MPOCTOPOBHX
3anad. Ha xanb Takuil MeTos1 pyiHy€e TiCHHI 3B’ 130K
MK  ¢parMeHTaMH Yy  YacOBOMY  IPOCTOpI.
3anuIkoBHi rym Ta apredakTu Ha
BiIQITBTPOBAHUX IApax BiAPI3HIIOTBCS Kalp JI0
KaJpy, BHKIHKAIOYM TAKHUM YHHOM HEMPHEMHHN
Cy0’€KTHBHO Ta INKJIMBHH TpPH PEKOHCTPYKIIil
300pakeHb e(heKT «MepeXTiHHs». ToMy pe3yibTaTH
PEKOHCTPYKIIii, 3aCHOBAHOI HAa TaKOMY MIIXOMdi, Ha
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MpaKkTUIl MOXYTh  JIaBaTH  CIIOTBOPEHHH  Ta
He3aJI0BUTbHUHM  pe3ynbTaT. KpiMm  Toro, y
OA-300paxkeHHI MpobieMa PEeKOHCTPYKIIIT 3aBXKIH
TpuBuMipHa. Ile moB’sA3aHO 3 XapakTepom
ONTOAKyCTHYHOT'O e()eKTy, KOJIHU ISl PEKOHCTPYKIIil
00’exTy moTpiOHa iHdoOpMalis 3 ychoro o0csry
MOB’SI3aHUX MDK COOOI TpPHBUMIpHHX JaHuX. Lle
O3Hayae, 10 OUIbII JOMUTBHUM 1 TPUPOIAHUM
METOJIOM € TPUBHMIpHA (iIbTparlis, KOl 00'€KTOM
¢inpTparii € 06’emMue opurinaneHe 3D-300paxeHHs,
a He TOCIIOBHICTh JIBOBUMIPHHX KaJIPiB.

Hanzsuuaiino BaXXJIMBUM MOMEHTOM y
3HemymieHHi O A-curHaiiB € BUOIp GibTpy.

VY peanbHill nabopaTopHiil MpakTUIl BUAW 1
CKJIaJ] IIyMy, SIKHMi TIPUCYTHIH B 300pakKeHHSX,
ampiopi He Bigomi. Kpim Toro, ayxe 4acTo HEOOXiqHO
ABTOMATHYHO MIPOaHaJIi3yBaTH MPOrPAMHUM MAKETOM
BEIMKY KUIBKICTh 300pakeHb. O4YeBHMIHO, IO B
IIbOMY BHUIAIKy CIEHApii 3MIHM HaJallTyBaHb
¢uIbTpa MO BITHOUIEHHIO JO PI3HUX BHIIB IIyMY
MoXe OYyTH JOCHTh CKJIaJHHM s oreparopa i
3aiiMaTHMe 6arato yacy i 3ycuiib. OHe 3 MOKITMBHX
pillieHb i€l MpoOIeMn — BUSHAYUTH QUIBTD, SIKUH OH
3a0e3reuyBaB  HaWKpamly TMpPOAYKTHBHICTh  JUIS
OJTHOYACHOT'O MPHIYIICHHS IITyMiB pi3HUX BUIIB. [1pH
[[LOMY HaJIAIITYBaHHS TAaKOTO (PiIbTpa MOBUHHO OYTH
MaKCHUMalIbHO MPOCTUM — 0a)KaHO KOPUCTYBATHCS
JIUIIE OJTHUM TTapaMeTpoM.

Cepen MeroniB 3HEMIYMIICHHS, sKi O MoriH
33JIOBOJIBHATH I[UM yMOBaM CJiJl BUJAUIMTH TakKi:
YCepeqHEeHHsT CHTHaly 10 MHOXHHI — 3pasKiB,
«KOB3aI04e yCepeIHEHHS» Ta YacTOTHA (imbTparlis.

EdextuBHicTh mepimoro crnocody — ycepenHeHHs
CUTHaIy 10 MHOXHHI 3pa3KiB —  CYTTEBO
oOMexyeTbest (Pi3ioNIOriYHMMH 3MiHAMH 00’€KTa y
Yaci, pyxamMH JOCHi/DKyBaHOI TKaHWUHH dYepe3
JMXaHHSA,  CEpUEOUTTS,  MEepPUCTAIBTHKY  abo
M'SI30BUMH pyXaMH Ta MEXaHIYHUMHU 3PYIICHHSMH
HIIOT IPUPOJIH.

«KoB3aroue ycepemHeHHsS» TpaIioe sK QUIBTp
HU3BKUX YacTOT: BOHO 3a3BHYail BUKOPHCTOBYETHCS
JUIS TIPUIYIICHHS. BHCOKOYACTOTHUX NIYMIB, KOJH
caM CUTHAJI MICTUTh B OCHOBHOMY HH3bKOYACTOTHI
KOMITOHeHTH. YacToTHa (imbTpallisi MOXe iCTOTHO
3HU3HUTH PiBEHb IIYMOBHX IMEPEIIKOJ, SKIIO CIEKTP
myMy He mepekpuBaeThes (abo Mae oOMexeHe
MEePEeKpUTTS) 3 peanbHuM crektpoM OA-curHainy.
OnmHak METON «KOB3al0UOTr0 YCEpeAHEHHS» MOXKe
3HIBENIOBATH Pi3Ki 3MiHM Yy KOPHCHOMY BHXIJTHOMY
CHTHaNl, a METOJ 4YacTOTHOI (QimbTpamii Moxe
BIIKUHYTH MOTEHLIMHO KOPHCHI YacTOTHI
KOMITOHEHTH, TIEPEKPUTI ITYMOM.

Bucoky edeKTHBHICTh JTEMOHCTPYIOTh (PIITbTPH,
OCHOBaHi Ha BEHBIIET-TIEPETBOPECHHI, KOJIH JIOBUILHUH
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curHain  ((pyHKIS) pO3KIANAOThCA 3a  JICSIKUM
OPTOHOPMOBAaHUM 0asucom, OCHOBHUMH
BJIACTHBOCTSIMM  SKOTO €  4YacTOTHO-4acoBa

JIOKai3alis Ta MacTaboBaHicTh. SIKIO MPH IIOMY
BIIAJIO MimiOpaTH Oa3ucHI BeWBIIeTHI QyHKIIIT, MeTOX
¢inpTpanii Ta mapamerpu (QUIBTPY, TO pPe3yibTATH
3HEIIYMIICHHS JUIS JSIKUX BHJIB IIYMIB MOXYTh
Oyt nayxe edekTuBHUMH. Ha >xanb, HasBHICTb
BEJIMKOT KUTBKOCTI KOMOIHAIIH BXIIHUX MapaMerpis
(HagTo |y TPUBHMIPHOMY BHIIAJKy) HE JIa€
MOXIIUBOCTI OIEPaTUBHO HAJaBaTH IepeBary sKiich
3 KOMOIHaIiil IpY HaJAIITYBaHHI TaKuX (QLIBTPIB Y
peanbHHX yMoBax. KpiM Toro, epeKTHBHICTh TaKHX
GIIBTPIB  CYTTEBO  3aJIOKUTh  BiJ  anpiopHOI
iH(OpMAIT SIK PO caM 00’€KT, TaK i MPO IIYMH, SKH
CIIOTBOPIOIOTH  300pakeHHs. Y  OloMEAMYHUX
JNOCTIDKCHHSIX Ta yMOBaxX KIIHIYHOI NMPaKTHKU IIe
MOJKJIMBO JIMIIIE TIPH POOOTI in Vitro.

VY 3B'si3Ky 3 BHIE3a3HAYCHUM, METOK IHOI'0
JOCITIDKeHHs OyB Mmomyk (abo po3poOka) MpocToro,
MIBHJIKOT'0 TPUBUMIPHOTO (inlbTpa Ui eheKTHBHOTO
NpHUIYUICHHS HEBIIOMUX ampiopi UIyMiB pi3HUX
BHUJIIB, sKi ciBicHYIOTh Yy OA-curnanax. [Ipu npomy,
Takui GUIETP MOBHHEH OyTH MaKCHMaJIbHO MPOCTUM
1 3p03yMUIMM y HaJlAIITYBaHHI.

JAu3aiin ¢pinbTpiB

Binbiricte METOMIB IIYMOMOAABJICHHS I 1X
ONTHMAJbHOI POOOTH BHMAralOTh BCTAaHOBJICHHS
neskux mnapamerpiB Bpyuny. i ¢imbTpum MoXyTh
JaBaTH JyXe BUCOKY e(EeKTHBHICTb, ajie 3a3BHYail
BOHH HE Bi/IMOBIJIAIOTh PEATbHUM YMOBaM KJIIHIYHOT
MPAKTUKK  3aBISKH  HEOOXIAHOCTI  TOHKOro 1
TPHUBAJIOr0 HANAINTYBAHHS YUCICHHUX TapaMeTpiB.
Tomy, yBara Oyna 30cepemkeHa Ha HAWIPOCTIIIMX
MPOCTOPOBUX (iMbTpax, SKi MarOTh JHIIC OIUH
napamerp ynpaeJiHHS — po3Mip BikHa. Lleli mapamerp
MPOCTUH 1 THTYITUBHO 3pO3YMUIMH JUIsi orepaTopa,
OCKUTBKH BiH TIOB’SI3aHHU 3 MiHIMalbHAM PO3MIpOM

00’€xTa, SKHW CIiJi BpaxoBYBaTH NpU aHami3i
300pakeHb.

Ilepmri nBa mpocTopoBi GUIBTPH, SAKI MH
po3riIsiIany, e yCepeTHIOIUHit (meron

«KOB3aI0Y0T0 YCEpEIHEHH») 1 MeliaHHUN (iUTBTPH.
Ycepenntotounit pineTp (Mean) — 11e HAHPOCTIIIN
TMHIAHUE QinbTp, a MemiaHHMH — HaWMPOCTIMIMN
HeNMHIHANA QUIBTD.

Ilepmmidik 3 HUX € ONTUMAJIBHUM  JUIS
NPHUIYUICHHS AJAWTHBHOTO TayCiBCBKOTO  IIyMY
(onTUMaNbHUM 3 TOYKH 30py OIIIHKA (QYHKIIT

MaKCHMaJbHOI TpaBaonoaioHocti). Ha 1iif ocHOBI
3’sIBUIIOCS OaraTo JNHIMHUX QIIBTPIB, IKi ehEKTUBHO
MOCa0NIOITh aJUTUBHUKA rayciBChbkuii mrym. Ha
XKallb, Taki (QUIBTPH T[OraHO MpPamlTh 3
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JIOBITOXBOCTUMH ~ IIyMaMH, PO3MHUBAIOTh ApiOHI Y, e -

CTPYKTYPH 300paKeHHsI 1 CIOTBOPIOIOTH TX TPaHMIII. mmw, d,,...d,)=p+ N—Q(a(d] yeesd,) — ,U),
Hapnaku, menianHuit QinmbTp Mae ImepeBaru y c

HpUIYIIEHH] JoBroxpocroro mymy. Led ¢imbtp pe 2= Z[a(d], ,d,)— #]2

3a3BHYal 3aCTOCOBYETHCS TUTSI BHTAJICHHS

IMITYJIbCHHX IIIyMiB Ha 300pa)KCHHSX 1 HE PO3ZMHUBAE

Kpai.

BiH € onTuUMambHMUM JUIS OLIHKH  (YHKIIT
MaKCHUMaJIbHOI MPaBIONOAIOHOCTI JIAIIACiBCHKOTO
IyMy 1 10 Horo HEmOJIKIB CJi BIAHECTH HHU3BKY
e(peKTUBHICTh y TPUAYIICHHI TayCiBCHKOTO IIyMY
(moripmennst moxe csrath 40% y TOpIBHSHHI 3
TMHIAHUME ~ QUIBTpaMH), CIUIONICHHS TPUKYTHHX
BEpXiBOK, PpO3MHTTS TIpaHUIb OO0’€KTIB  Ha
300paKeHHI IpY 301IbIIICHHI PO3MIpIiB BIiKHA.
®inbTp Binepa — GuIbTp 3 BAOCKOHAICHOIO JITHIHHOO
TEXHIKOIO  MPOCTOpoBOi  Qimbrpamii  (PuIBTP
MiHIMaIbHOI ~ CEPEeJHBOKBAJPATHYHOI  TTOMHUJIKH
MMSE). Leii ¢inpTp amantyeTbcs 1O CHTHAIY,
MPHUCTOCOBYIOUUCH JI0 HOro JOKaidbHOI IucIepcii.
BiH BUKOHYye MeEHIIE 3IWIAJPKyBaHHS TaM, Jie
JCIIEPCisl BENHMKa, TOAI SIK B OOJIACTSAX 3 MAaJjolo
JCIIEPCIEI0 BUKOHYETHCS OUIBIIE 3IJIa/PKyBaHHS.
Haiikpamie et ginbTp mpairoe 3 rayciBCbkuM abo
PIBHOMIpHUM IIyMOM 1 Uil n-MIpHOTO Tinepkyoa
BHU3HAYAETHCS HACTYITHUM YHHOM:

Y (a(dynd,) - 1)

KOOpAMHATU JUCKPETHOI TOYKHA B

bo(dy.nd,) = p+ T

ne d,....d,

n-MipHOMY TinepKyoi;

1
u_—Hi:],...,nD Y ad,,....d,) e

MICIIEBUM
i dy,..d,en

(To6TO BIiKOHHMM) cepenHiM 3HadeHHAM; D, —
I-T0

JOB)KMHA po3Mipy Tinepkyoa;
1
2

o :H—D Z[a(dl’""dn)_u]z -

i dyrdyen
JICTIEPCisl HAaBKOJIO KOXKHOT'O TIKCENS B 7-MipHOMY
"dn)
IO MICTHTBCS B 00JACTi 1] n-MIpHOTO CHUTHANY, V —
mymy

curnani; a(d,, — 3HAYEHHS KOKHOT'O IIiKCEs,

3arajgbHa
CHUTHAIY.

[pamtotoun Takum umHOM, MMSE  ¢inbTp
30epirae nerani 300pa’KEHHS, OJHOYACHO ycysae
myM 1 3a3BUYail Jae€ Kpami pe3yibTaTH, HiK
CTaHJapTHA HeaJaNTHBHA JiHIHA QiTbTparis.

J11st BUKOPHCTAaHHS B3a€EMOJIOTTIOBHIOIOUMX
SKOCTEH Ta mepeBar MeianHoro QiunbTpa Ta GineTpa
Binepa 1 B3aeMHOT'O YCYHEHHS BiIIOBITHUX
HEJIOJIIKIB OyJIO 3aIPONOHOBAHO HEMIHIHHU]
aIalTHBHUH MPOCTOPOBHI (iNbTp:

JUCIIepCis JOCITIIKYBaHOTO

Hz]

JCIIEPCisi HABKOJIO KOXKHOTO MIKCENIs CePeaHbO-
KBaJAPaTHYHOIO BiXUJICHHS 1-MIPHOT'O CUTHAJTY BiJ

memiann U, U1 :Median[a(d],...,dn )] — JIOKaJIbHa

l dy,..d, en

(T06TO BiKOHHA) MefliaHa, V> — Ii¢ AUCHepCis IIyMy,
sIKa OI[IHIOETHCS, SIK ME/liaHa yCiX JIOKAJIbHUX

nucHepciit 62, AKi 00UHCITIOIOThCS IS KOXKHOTO
BiKHa, BU3HAUCHOTO JIJISl KOYKHOT TOUKH
0araToMipHOTO CUTHAIY.

Taka wonmudikamis oOpuriHATBHOL
¢ineTpa Binepa Mae nyxe 3HaYHI

dbopmynn
HACIIIKH,

CIPUYMHEHI BBEICHHAM B aJlalITUBHUA KOHTEKCT
MEJIIaHHOTO OIepaTopa.

3okpema, 1ell MomuQikoBaHWUN MemiaHHHUHA
(MMedian) ¢biTbTp TMOJIETIITYE BHJIATIEHHS
IMITyNTbCHUX TIyMiB 3 (OHY cHUTHanmy (BIACTHBICTS,
TUAIIOBA JJI  MemiaHHOro (iabTpa), 36ep1rafoq1/1
HesMiHeHuMH kpai. ToOTto, Ha BIIMIHY Bif

MeJliaHHOTO Ta BiHEpiBCBKOTO (inbTpa, el QimbTp
rapHo 30epirae Mop(oJIorito KpaiB Ha 130JbOBaHUX
JIETaNSX 300paKeHHS.

e omuuM QinmbTpoM, SKAH TakoX OYIyeThCS
Tak, 00 3a0e3MeYUTH KOMITPOMIC MIX IepeBaramMu
Ta HEAONIKAMH YCEPETHIOIYOr0 Ta MEIiaHHOTO
¢biTbTpIB, € HEI0/IaBHO 3aIpONOHOBaHUIN
iTepamiiHuil  ycikalounii  cepeHbOapUPMETHIHUI
¢uneTp (ITM) [7]. Ueit inbTp iTepamiiino ckopodye
TpaHUYHI 3HAYCHHS CUTHANY y QUIBTPYIOUOMY BIKHI
10 nauHamivHoro mopory. llel mopir rapaHTye, 1o
BHUXi (UIbTpa CXOAWTHCS A0 MEHIaHM BXITHUX
BuOipok. [IpaBMIIbHUI KpUTEpid 3yNUHKH JIO3BOJISIE
ITM-dineTpy BHKOPHUCTOBYBATHM TMEpeBark, sK
CepeAHbOAPU(PMETHYHOIO, TaK 1  MeIiaHHHUX
oIepaTopiB.

In Silico excnepuMeHT

Hnst Toro, mo0 OIiHUTH epEeKTUBHICTh PI3HUX
MiXOMIB 70 BHIAJICHHS IIYMOBOI INEPEIIKOIN IMPH
peao0poOIli peaibHUX ONTOAKYCTUYHHX CHTHAIIIB, a
TaKOX JUTS TIOPIBHSIHHS BIUIMBY PI3HHX aJTOPUTMIB
¢uTbTpallii Ha Pi3HI TUITU UIyMY, OyJI0 IPOBEIEHO PsiJI
YHCIIOBUX EKCIIEPUMEHTIB Y SIKUX YUCTE CHHTCTHYHE
300payKE€HHS CIIOTBOPIOBAJIOCh PI3HUMH BUIaMH
MITYYHO 3reHEPOBAHMX IIYMIB.

VY SIKOCTiI YHCTOTO TECTOBOTO 00pa3y BHUCTYIIaB
tpuBuMipanit Shepp-Logan danToM — cuHTeTHYHE
300pa)KeHHS, MO0 HIHPOKO  BHKOPHCTOBYETHCS
nocrmigaikamMu B toMorpadii.  Lleit  danTOM
CKJIaJIAa€ThCS 3 BIIMOBIIHUM YHHOM BIIOPSIKOBAHUX
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eminciB (y TPUBHUMIPHOMY BHIIQJKYy — GIINCOI/IB)
PI3HOI BENWYMHHU, OpIEHTAIII] Ta ONTUYHOI IIUTEHOCTI
(muB. Puc.1). Taka Mojenb JOCTIIKYBAaHOTO 00’ €KTY
Oyma oOpaHa B SKOCTI €TajOHy 3aBISIKH CBOIH
MPOCTOTI, TTOKA30BOCTI 3 TOYKH 30pY BiOOpaKeHHS
AHATOMIYHHMX OCOOJIMBOCTEH JIFOJCHKOI TOJOBH, a
TAKOXK 3aBISKM IIHPOKOMY 3aCTOCYBaHHIO TaKoOl

MOIENl  NpH  JOCHIKEHHI  OIOMEIUIIMHCBKUX
300pa’keHb.

MacuBn faHux (300pakeHHs), sKi Oynm
MTOIIKOJIXKEHI IIIyMOBUMH KOMIIOH CHTaMH,

CTBOpIOBAJIMCh 13 PI3HUMH IMIKOBHUMH CIIiBBiJI-
HomeHHsiMu curHA/myM (PSNR) mist rayciBebkoro
HIyMy, IIYMY «CUTb Ta Iepelb», CyMillli rayciBChKOTO
Ta anbda-cTabiIbHOTO MIYMIB, CYMIllli TayCiBCHKOTO
Ta CIEKJ IIyMiB.

Hlym

Crhim 3a3HauuTH, W0 WIyM Yy peaJbHOMY
nuppoBOMy 300pakKeHHI BHHUKAE HE 3 OJHOTO
okepena. KoxkeH eneMeHT y JIaHIFOKKY TIEpETBOPEHb,
3apeecTpOBAaHOrO JATYMKOM CUTHAITY JIa€ CBiif BHECOK
Yy OCTaTOYHE CIIOTBOPEHHS BUXIIHOTO 300paKCHHSI.
VY peanbHId TpakTHIl TUOH Ta CYMIlIN IIyMiB,
MPHUCYTHI Ha 300pakeHHsIX, ampiopi HeBimomi. Och
YOMY MH BUKOPHCTOBYBAIIU JIOCUTh 3arajbHy MOJICIb
JUIs 3MILIAHOTO IIYMY, IO MICTUTh aJUTUBHHUNA Ta
EKCKJIFO3UBHUI IIyMHU:

fd,..d)+n(d,...4,),
ed,...d,),

hpu  p
g(d,,...d,)=
npu l-p

ne g(d,,...,d,) — momkomKeHe IyMoM 300pasKeHHs,
f(d,,....d,) — BinbHHil Bin LIyMiB OpUTiHAIbHUIL
(BXinHuit) curnan, n(d,,...,d,) — aguTuBHMIl HmIyM
(e Moke OyTH KOPOTKO- YM JIOBIFOXBOCTHH IIIyM,
TaKWH SIK TayCIBCBKHI a0o0 JaruiaciBChbKHH IyM) i
ed,,..d,) - ue
EKCKIIIO3MBHUM IIyMOM MOXE OYyTH IMIYJIbCHUI
IIyM, TaKUd SK «CLTb Ta Tepenb», ado OIHOPITHO
posmnoieHui iMmynscHuN myM. [losiBa KOXKHOTO 3
[UX JIBOX THIIB IIyMiB KOHTPOJIFOETHCS 3HAYCHHSIM
iimoBipHocTi p, p €[0,1]. Sxmio p mentie 1, Bunnkae

EKCKIIIO3UBHHI LIyM.

SKCKJIIO3UBHUH IIIyM, y IHIIOMY pa3i MaeMo CIpaBy 3
AJIUTUBHHUM IIIYMOM.

Jns  aIuTHBHOTO IIYMY BHKOPHUCTOBYBaBCS
rayciBcbkui Ta anbha-cTabiIbHHUHN IIyM.

Anbga-cTabilbHUNA ~ myM,  SKUH  TakoX
Ha3uBaloTh rymMoM Jlesi, OyB 3arpornoHoBaHuii Jlesi,
KOJTY BiH BUBYAB y3arallbHEHY IICHTPATIbHY TPAaHHYHY
Teopemy [3,4]. Anbda-cTabinbHHIA PO3MOALT IIUPOKO
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BUKOPUCTOBYETHCS JUISl aHANI3y Ta MOJCTIOBAHHS
CUTHAIB 3 0araThOX NMPHUYWH: Y PeaIbHOMY >KUTTI
icHye 0araTto HErayciBChbKMX CHUTHAIIB IMITyJbCHOL
NPUPOIH 1 BKKUMH XBOCTAMH TXHBOT'O PO3MOJLNY.
Ile MoxyTh OyTM MiABOJAHI CHTHAJW, CHUTHAJM
aTMOC(EpPHOTO CEpeIOBHINA, IIYMH Tene(OHHUX
JIHIH, TesIKi CUTHAIM MOOLIBHOIO 3B'sI3KY TOILIO.

Juist minbHOCTI HMOBIpHOCTI anb(ha-cTabitbHOTOo
IyMy He iCHye BHpa3y y 3aMKHYTil ¢opmi, aie Horo
MO)KHAQ OITUCATH 33 JIONOMOTOK XapaKTePUCTUUHOI
GyHKIIT:

o(t) = explitu—y* 1] (1= ifsgn(Do(t,)}

tan(ra), o #1;

o(t,a)=
2In|t|/ 7m0 =1,
Jc XapaKTCpHUCTHYHA C€KCIIOHCHTAa [04 €
HAMBXKIMBIIMM  MapaMeTpoM, 1[I0  BH3HAYae

ocob6imBoCTi anbdha-cradineHoro mymy (0 <a <2).

YuM MeHIle 3HAYCHHS ¢ , THM BaXYHUM € XBICT
posmonmty Ta OimbII  IMOYJIBCHBHHE — XapakTep
CHUTHAIY.

I[pu o =2, anbda-cTabiTbHUIA PO3MOALT CTa€E
posmoniiom [ayca i3 cepenHiM 3HAYEHHsIM [ Ta
mucnepciero o =2y°. Y Bumagkax a = 1, f=0
ta a =1/2, f=1, amsda-crabinpuuii po3momin
neperBoproeThess  y posnoximm  Komri  ta  Jlesi
BIIIOBIIHO.

IIle omHuM BUAOM IIyMy, SKHH € Jyxe
BKJIMBHUM 1pu 00po01i OA-cUrHaIB, € CIIEKI-IITIYM
[5]. Le «3epHuCTHi» IIyM, SKAA 3a3BHUYAid
CIIOCTEPIraeThCsi Maidke y BCIX KOrepEHTHHUX
cHCTeMax Bi3yallizallii, TAKMX sIK Ja3epHi, aKyCTHYHI
Ta SAR (pamap 13 CHHTCTHYHOIO aIepTypPOIO)

300paskeHHSI.
Coexi, cneki-ctpykrypa (aHrin. Speckle —
KparuinHKa, TIJISIMKA ) — e BHUIIaIKOBa

iHTepdepeHIiiiHa KapTHHa CTBOpPEHA B3aEMHOIO
IHTEp(EPEHIIIEI0 KOIePEHTHUX XBWJb, SKI MarOTh
BUMAJKOBI 3CyBM (a3 UYd  IHTEHCHBHOCTEH.
HepiBHoMipHICTh (POHY TIPH IIBOMY OOYMOBITIOETHCS
KOTEePEHTHUM JIOIaBaHHSM CHTHAIIIB, IPUHHATUX BiJ
MHOKHUHU efleMEeHTapHHUX BiJI3epKaTIOBaYiB,
30CcepeKEHNX Y MEeXKaxX OJJHOTO eJIeMEHTa IMOBEPXHi.
HasiBHicTh crieki-mnymy y 300paskeHHI MPU3BOAUTH
70  3MCHIICHHS  KOHTPAcTy 300pakeHHS  Ta
YCKIIAJIHEHHsSI BUKOHAHHS TAaKWUX orepaiiid o0poOkwu,
SIK BHSIBIICHHSI KpaiB a00 cerMeHTaIlis.

MaremMaTH4HO  CHEKJI-IIyM  MOXe  OyTH
3MOJICJIbOBAHUHN SIK PI3HOBUJ MYJIBTHUILTIKATHBHOTO

IIyMy, KOJIH 3alrymieHe 300paxenus g(d,,....d,),
OIUCYETHCS (OPMYJIO0
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d )-(I+n(d,,..d,)),

opuriHaibHe (HECIIOTBOpEHE
dy,....d,) —
rayciBChbKUH mpoliec 3 HyJIbOBUM cepefHiM. To0To 1e
— IIyM, IO 3aJIeKUTH BiJI CUTHAIY.

3anponoHoBaHi Mojeni MyMiB (TayCiBCHKUA,
«CUIb Ta Tepelby, anb(a-cTablIbHUH, CIICKI-IIYM Ta
ixHl CyMmili) mepeKpuBaloTh HaWOUIBII HMOBIpHI
BUIM INyMiB, SIKIi MOXYTh BIANOBIIATH peabHIH

g(d,....d, )=f(d,...
ne f(d,,...d, )

300pakeHHs), a n( BUIIAKOBUH

nabopatopHiii ab0 MemU4YHIA MpakTHUIll TpH
PEKOHCTPYKIIii ONTOAKYCTHYHUX 00pa3iB.
TectyBanns QpinbTpin
OrmiHka SIKOCTI 300pakeHHS — OJHa 3

HABaKIMBIIIMX YaCTUH MPOIIECY AOCIIKEHHS TIPU
po3pobmi cucreM (QimbTpamii Ta PEKOHCTPYKIiT
obpasie [8,9].

Byno obpano 4 Mipu SKOCTi 3MEHIICHHS IIyMY:
cepeHboKBaapaTnyHa moMuika (MSE), BiqHoIIeHHs
CUTHAJI/TIIyM (SNR), MiKOBe BiJTHOIIICHHS
curHan/mrym  (PSNR) Ta iH;ekc cTpykTypHOL
nonioHocti (SSIM — structure similarity).

[lepmi  Tpu [IOKa3HUKH BU3HAYAIOTHCS
CITIBBIHOIIEHHSAMU:
1 m—1 n—1 o o 2
MSE:—ZZ 1(i, ])—K(z,])] ,
mn - i—y j=o
MAX,

PSNR =20 loglo

szgnal

SNR =10log,,
noise

Tyr MAX; — 1e MaKCUMalbHO MOXKJINBE
3HA4YCHHS cepell MIKCceliB 300pakeHHs (Y BHIAJIKY
8-0ir mpencraBnenus, ue 255), I(i, j) — uucre
OpHTiHAJbHE 300paKEHHS PO3MIPY m X k'Y Tpajallisix
ciporo, K(i, j) #oro 3amymicHe HaOJWKeHHS 1 P —
cepenHs MOTYKHICTb.

OcraHHi J1Ba MOKa3HUKK BUPaXarOThes Y 1b.

3a3HaueHi Mipu 0e3MOcepeIHbO0 BHMIPIOIOThH
PI3HUIIO MK 300pa)KeHHSIMHU TIOMIKCeNbHO. BoHU €
MPHUBAOIMBIUMU KUTBKICHUMHU TIOKQ3HUKAMH BTPAaTH
SKOCTI  300pakeHHs  3aBISIKM  TMPOCTOTI  Ta
MaTeMaTHYHIA 3pydHOCTI. AJie, Ha >XKaJlb, BOHH HE
3aBKIM BIAMOBIAAIOTH Cy0’€EKTMBHOMY 30pPOBOMY
CIIPUIHATTIO SIKOCT1 300paKEHHS JTFOIUHOIO.

AJIIbTEpHATHBHOIO OIIIHKOIO SIKOCTi, 3aCHOBaHOIO
HAa 3MiHI CTpPYKTypHOI iHQOpMaIii, € iHJIeKC
cTpykTypHOI camonofionocti SSIM [10]. Lie#t innexc
pO3pOONSBCS  [UIE  BIOCKOHAJEHHS  TPagUIiiHUX
METOIIB 1 BBAXKAEThCSA HEOPIIIHHIM CTaHIAPTOM

2021, 1

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

OI[IHKK SIKOCT1 300pa’keHb TMpH HAasIBHOCTI
eraiony. SSIM oIliHIOE Bi3yalbHUI BIUTUB TPHOX
XapaKTePUCTUK 300pakeHHs: sckpaBocti (I(x,))),
KOHTpAcCTy (c(X,y)) Ta CTPYKTYpH (S(x,y)). 3araabHuii
MMOKa3HWK € MYJbTHUIUIIKATUBHOI KOMOIHAII€0
TPHOX MHOXKHUKIB!

SSIMGe)=T10e)]% [P - [sx)]

e
2 +c
l(x y)_ lux:ux 1 ,
:Ll +:Lly+c]
200, +c
— X7y 2
C(x,y)— 2 2 s
Ux+0y+02
o._+c¢
Xy 3
s, y)=——"—-,
Uny+C3

a U, Wy, 0,0, Ta Oy, — MicleBl (BIKOHHI) cepejHi
3HAUEHHS, CTaHIApPTHI BIIXWJICHHS Ta IepexpecHa
KOBapiailis OI[IHIOBAHOTO 300pa)KeHHsS BIIIMOBIIHO.
Ipu f =y = 1 Ta ¢;= c)/2, BUpa3 ;s iHAEKCA
CIPOILYEThCS

Cu.p, +c¢)20,,+c,)
(7 + 1) +¢) (0] +07+¢y)

ae ¢ = (le)2 > = (kzL)2
cTalinizallii onepartii TUICHHS 3 MaJIAMHU 3HAYCHHSIMH
3HaMEHHHuKa; L JAHAMIYHUH [iana3’oH 3HA4YeHb
MIiKCENIB (AK MPaBHUIIO, L€ —1); £=0.01 i
k,=0.03. Orpumanuii ingekc SSIM npuiiMae
3HadeHHs Bix — 1 1o 1. 3HauenHs 1 nocaraeTbes JIMlIe
Yy BUIQJIKY JIBOX OJIHAKOBHUX HAOOpIB JaHUX.

Sk BXKe 3a3HAYaNOCsA, TECTOBUM 300paKEHHSIM
JUISL OIIIHKK €()EeKTUBHOCTI PO3pOOICHUX alTOpPUTMIB
Buctynap 3D-dantom Illenmna-Jlorana, neHTpasbHi
JIBOBUMIpHI ~ Tepepi3m  SKOTrO0  B3JOBXK  Ocei
x,y,z HaBenieHi Ha Puc.1. [{ns nporno3yBanHs TOrO,

SSIM (x,y) =

OBl 3MIHHI IS

2 #bits | pxel

SKI METOJM 3MEHIICHHS IIyMy MOXYTb OyTH OUIbII
TUTITHAMY, a8 TaKOX JJIsl TIOPIBHSHHS BIUIMBY PI3HUX
KaTeropii mymy Ha pi3HI anropuTMu QuUIbTparii
BHUKOPHUCTOBYBAJIHCh 300paKeHHs, MITYYHO
MOIIKO/KEeH1 1rymMoM. HaGopu nanux Oynmu cTBOpeHi
3 pI3HUM IMIKOBHM CITiBBIIHOIICHHSM CHTHAJ/IIYM
(PSNR) mnst rayciBcbKOro mrymy Ta Ui CyMileH
pi3HMX BUAIB mymy. bymo 3acrocoBaHo 5
pospobnennx 3D-dinbTpiB: ycepenHioounii GimbTp,
MeniaHHuMH (QTBTp, TpocTopoBUil (inkTp BiHepa,
MoaudikoBaHUI MemiaHHUI QIIbTp Ta iTepaTHBHUI
BiJIciKarounii  cepenHboapuMETHUHUNR. Y  BCIX
BUIAJKax JUIS BCiX (UIBTPIB BUKOPHCTOBYBAIUCH
3-BokcenbHi BikHa. Po3mip Illenm-Jloran ¢anToma
OyB 256 x 256 x 256 (y Bokcemsx). s meprimx
TPbOX (QUIBTPIB PLIbTpallisi BUKOHYBAIACh ABIUl JUIs
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OJJHOTO  300pa’keHHsS, a Ui  ITepaTHBHOTO KUIBKICTh iTepallii Oyma oOpaHa micist TOCTiKEeHHS,
BIZICIKAIOUOr0  cepeHboapupMeTHIHOr0 (imbTpa  sKe MOKa3aio MBHUAKY 301KHICT QiabTpa.

BHUKOPHUCTOBYBaJHCs Juiie 3 iTepaiii. Taka HeBemrKa

a)

50

100

150

200

250

50 100 150 200 250 50

3arajom Oyno mnpoBeaeHo 20  YHCIOBUX
CKCIEPUMEHTIB JJI1 KOXKHOTO 3 BHIIB IIyMIB Ta iX
cyMileit i st KoxkHoro (inbTpa, micas 4oro Oymu
00YHMCIIeH] yCepeHEHI TOKa3HUKHU JUISl KOXKHOI MipH
SAKOCTi pekoHcTpykKii (Tooro s MSE, SNR, PSNR
Ta iHJIeKca CTpyKTypHOi nogioHocTi SSIM).

Hwxue HaBemeHo mnpuKmagy 300pakeHb i3
CTBOpEHMX Ha0OpiB s PI3HUX BHIIB IIYMIB,
oOpoOiiennx pizaumu  ¢inerpamu. Ha Puc. 2(a)
nokazani pesynbratH (QinpTpamii  3D-300paxeHs,
MOIIKO/KEHHX rayciBcbkuM mymoM 3 PSNR = 10 nb,
a Ha Puc.2(b) — pesynbraT pinbTparii s cyminri
rayciBchbKoro Ta immynbscHoro mrymy 3 PSNR = 10 nb.

3 pUCYHKIB BUIHO, IO I OOpaHUX KaTeropii
IIyMIB Bi3yaJbHO HalKpaiii pe3yNbTaTH
neMoHcTpyioTh MMedian Ta ITM ¢inbTpw, y Toii 4ac
K ycepeqHioruuil QiIbTp po3MUBaE TpaHWI Ha
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100
Puc.1. Lentpanshi nepepizu tpusumipHoro lllenn-Jloran ¢panroma.

150 200 250 50

100

150 200 250

Jeransx 300pa)keHHs, a BIHEPIBCHKHHA  (QUIBTP
Cy0’€KTHBHO HEJJOCHTH UITKO BIITBOPIOE CTPYKTYPY
00pa3iB, 110 PEKOCTPYIOBAIHUCH.

[opiBasiTt pobory MMedian Ta ITM ¢inbTpis
MoxHa, anamizyroun Puc.3. Ha Puc.3(0) nokasani
miHil NpodUTo NEHTpaNbHHUX Iepepi3iB  (paHTOMa
[llena-Jlorana Haj HOro IeHTpaIbHOIO 00jacTio. Ha
Puc.3(a) me meHTpanbHa BEpTHKAIbHA JIIHIA Ha
JBOBUMIpDHOMY TIepepi3i, sKa IUINTh 00pa3 Ha
3allyMIIeHy 4acTUHY (J1iBa TIOJIOBHHA PHUCYHKY) 1
BindineTpoBaHy  (mpaBa  moiloBHHA).  BuuHo,
(ocobmuBo Ha Bpisui Puc.3(0)) mo mua 1poro
KOHKPETHOTO BHIIagKy oOuaBa (uibTpu mo0pe
30epiraloTh TIpaHUIll JeTaneld 300paKeHHs, IO
AHAMI3YEThCS, ajie JIeII0 Kpallll pe3ysibTaTH Ja€
MMedian-¢inbTpartis.
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Puc.2. Uenrpanpauii mepepis [lenm-Jloran-pantoma B3MOBXK Bici z: a) oOpuUTiHANBHUE 00pas;
b)obOpa3, mMOmMKOMKEHUI CyMIlIIo rayciBcbkoro Ta anbda-crabimpHoro mymy (PSNR = 10 nb);
¢)BindineTpoBanuil  ycepenHtoounM  QimbTpoM; d) BinduIbTpoBaHHMH  BiHEPIBCHKHM  (iITBTPOM;
e) BindineTpoBanuii MonudikoBanum MeaianauM (MMedian) ¢inerpom; f) BindinerpoBanuii [ITM diasTpom.
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Puc.3 a) Uenrpanpauii monepeunuit nepepiz y lllenn-Jloran danTtoMi i3 CyMINIIO TayciBCBKOrO Ta

anbda-crabinpHOrO IIyMY (MIpaBa yactuHa) Ta micias MMedian-dinsTpanii (-ria yactuna); 6) Jlinii mpodimto

B3JIOBXK LIEHTPAJILHOT0 BEpTHKAILHOTO Niepepizy Puc.3(a): miHist 1 — npodisib BUTBHOTO BijI IIyMiB CHTHANTY, 2 —

3amymiieHud podink, 3 — npodins micns [TM-dinerparii, 4 — npodine micas monudikoBaHoi MemiaHHOT

¢utpTparii.

v “‘ ‘J

250

V3aransHeHe (110 20-Tu BUOipKax) MOPIBHAHHS ~ CKIIQIHOIL JJIsl OOpOOKH cyMileld IIyMiB — CyMH
edexTuBHOCTI pi3HUX BUAIB QUIBTPIB IS OJHIET 3 rayciBChbKOro Ta anb(a-cTabiIbHOrO IIyMy
HaHOUIBII BOKIMBOI 3 TPAKTHYHOI TOYKH 30Dy 1 (PSNR =15 [16) — npencraiiene y Taomwmi 1.
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Tabnung 1
Cywmim Anbda-cTabiibHOrO Ta TayCiBCHKOIO Ta IIyMY
P Mipa MSE SNR PSNR SSIM Time(s)
Noise 2057,5+16 50,96 £0.03 | 15,00 +0.03 0,09
Mean 680,2 £3 55,77 £0.02 | 19,80 £0.02 0,11 7
Wiener 482,28 +7 57,26 £0.06 | 21,30 +0.06 0,13 8
MMedian 113,55 £2 63,54 £0.07 | 27,58 £0.07 0,16 485
IT™M 271,98 +4 59,75 +0.09 | 23,79 £0.09 0,14 53

Ax BuAHO 3 TAOMMIN, A 1€ CyMili IIyMiB
MMedian Ta ITM @¢ineTpy HOCIIAOTH IEpIIC Ta

JIPyTe MICIIS BIAMOBITHO IO BCIX MipaX SIKOCTI.
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Puc.4. EQexkruBHicTh pi3HUX (GUIBTPIB IS Pi3HUX BUIIB Imymy.a) CepenHi MOKa3HUKH JUIS TayCiBCHKOTO
mymy (RSNR=10xb); 6) Cepenni nokasHuku uis ymy "cijib Ta nepetip”; B) CepeaHi MOKa3HUKY IS CyMili
rayciBChbKOro Ta ajib(ha-cTablIbHOro 1ymiB; r) Cepe/iHi MOKa3HUKY IS CYMIIIl TayCiBCHKOTO Ta CIICKII IITyMIB
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3ayBaknuMo, IO Yac BUKOHAHHS MPOIETYpH
(ocTaHHii  CTOBIMYHMK) TaKOX €  BaKIUBUM
mapamMeTpoM i OIIHKH e(pEeKTUBHOCTI po0OTH
PI3HUX METOMIB. AJTOPUTM MOXE BTpayaTH CBOIO
IIHHICTh, SKIIO 4Yac ¥Oro poOOTH 3aTpPUMYE
HOpPMAaJIbHUN pOOOYHIA TTPOIIeC.

AnHanoriyHui aHayiiz OyB NpPOBEACHUH 1 JyIs
IHIIMX BUIIB mIyMiB. HopMoBaHi Ha BiAMOBIHY Mipy,
CTOBMYACTI JiarpaMu Ha Puc.4 JEeMOHCTPYIOTH
e(eKTUBHICTH 3apPONOHOBAHUX (MLTBTPIB IS PI3HUX
KoMmOiHamii  QinbTpiB  Ta  mymiB.  3poOHTH
ycBimoMiIeHHH BHOIp HaMKpalmoro BapiaHTy cepen
TAKOTO MacWBy TpadiyHMX UYM TaONMYHUX JaHUX
nyxe mpobiematnyHo. Hampukian, y maHomy pasi
HEOOXIMHO 3HAWTH HaHKpallui BapiaHT cepen
MHOXXMHH 3HA4€Hb, MPEACTABICHUX TPUBUMIPHOIO
MAaTPHIICIO i3 OCSIMHU: BUJ METPHKH, BHJ IIyMY, BH]
¢ineTpy. Haragaemo, 1mo MeTor JOCHiKEeHHs OyIo
3HalTH TJ00aJdbHO HaWKpammil QUIBTp UIS BCIX
3alpONOHOBAaHUX KaTeropiil uryMmy mo BciM oOpaHuM
Merpikam. Kpim Toro, nepesary ognoro ¢inbrpa Hax
IHIIUM Oa’kaHO BHM3HAYHTH KUIBKICHO 1 OTpUMaHi
OI[IHKH MaloTh OyTH paH>KOBaHI.

Ouinka HeYiTKUX MHOKUH

O1xe, HeOOXIAHO 3pOOKTH UiTKiH BHOIp 3a YMOB,
KOJIU OJIHA MHOYKMHA ajbTepHATHB Kpalllda B OJHUX
CUTyallisIX, IHII albTePHATHBU Kpalll 3a IHIINX
YMOB, 1 KOJCH 3 BapiaHTIB HE Ja€ HaWKpaIIoro
pe3yJIbTaTy 3arajioM.

Onnum i3 HANMOMYSAPHIIINX Ta
Halleh eKTUBHIMIMX MiAXOMAIB NMPH MPUHHSTTI pillIeHb
B YMOBaX HEBHU3HAUYCHOCTI € MIJAXiJ, 3aCHOBAaHUI Ha
Teopii HeuiTkux MHOXHH [9,10].

VY KJIacHM4HIN apHCTOTENEBIH JIOTII TBEPKCHHS
MoOXe OYTH JIUIIE ICTHHHUM Y1 XHOHUM 1 HIYOTO MiXK
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XuOHUMHU.  3a3BUuYail  peanbHi  CHTyalii €
HEBH3HAYEHUMH, a00 MalOThL Ha BHMXOIl JEKUIbKa
BapiaHTIB. Y HEYITKIiH JIOTIIlI 3aMICTh BEIMYUH ICTHHA
i mommika (1 um 0) iCTHUHHICTH «PO3MHTA» i TOMY
BUKOPUCTOBYETBCS JESIKUN CTYIIHb 1CTHHH, SKHH
MOJKE IPUMMATH 3HAUYCHHS 3 HECKIHYCHHOT MHOXXHHHU
Bix 0 mo 1 BKIOYHO, TOOTO JIOTIYHI omeparii

3a7al0ThCs JeTKUMU XapaKTepUCTHUYHUMH
¢bynkuismu. UuciaoBi 3HAYEHHS TaKuX (QYHKILH
HAJIEKHOCTI  BHU3HAYAIOTh  CTYIHb  CyMICHOCTI

KO)KHOT'O 00’€KTa i3 BIACTHBOCTSMH, XapaKTCPHUMHU
IUIA Beiel MHOXKHMHH 00’ €KTIB.

VY HamoMy BHIaJKy, KOHIENTYalbHO (DYHKIIis
HaJIOKHOCTI MpHU3HAYagacs s KUIBKICHOI OIIHKH
3MaTHOCTI (QUNBTpa BUAANATH IIYM 1 KOXKHA 3 HHUX
OyayBajnacs B TakWd CIOCIO: I KOXHOI OIIIHKH
IIyMO3arayllieHHs  BHOUpAIUCS  MiHIMajabHE 1
MakcuMalibHe 3HaueHHs Mipu skocti (MSE, SNR,
PSNR Ta SSIM). [IloriMm BigmoBigHI MipH
HOpMYyBaJIMCs B JianasoHi Bin 0 1o 1 3 ypaxyBaHHAM
paHilie OI[iHEHMX MIHIMAJIBHUX 1 MaKCHMAaJbHUX
3HaueHb [MX Mip. BiamoBigHo 70  Takoro
nepemaciradyBaHHs (QyHKIIS HAJISKHOCTI QiIbTpa,
SKHH  JIEMOHCTPYE  HaWKpall  XapaKTepHUCTUKH
IIyMO3ardylIeHHs Uil JaHOTO BHIY IIyMy 1 JUIs
o0OpaHOi MipH SKOCTI, IpHiiMajga 3HAYCHHS, 5K
nopieHtoe 1. | HaBmaku, QineTpy, IO A€ HAUTIPILY
MPONYKTHBHICTh  IIYMO3ariyIleHHs — BiAMoBijgana
(GYHKIIIS HATIOKHOCTI IpUiiMaroya HyJIbOB1 3HAYCHHSI.
OckigpkM Hallla KiHIIEBa MeTa — BHU3HAYMTH, KUK
GUIBTp JEMOHCTPYE HaWKpally NPOAYKTHBHICTh Yy
IIyMO3ariylIeHHI YOTUPHOX PI3HUX KaTeropiil mymy
JUISL BCIX PO3TJBIHYTUX MIp SKOCTi, 7O KOXKHOTO i3
3MOJICIbOBAHMX  IOyMiB  Oyna  3acrocoBaHa
MAKCUMiHHQ 3TOPTKA HEYITKMX BiAHOIICHB. [licis
3aCTOCYBaHHS JI0 OTPHUMAaHOi MHOXMHH 3HAYeHb

HuMu. OIHAK HaiyacTilie peanbHI MpobiiemMu He npuHuuMny  bemnimana-3age  Oyina  oTpuMana
3aBkId OyBalOTh OJHO3HAYHO ICTUHHMUMH 4 TaOmuis 2.
Taomus 2
EdextuBHICTh (QiNbTpiB I pI3HUX BUIIB IIyMY IO BCIM MipaM SIKOCTI
[Tym Gauss Impulse [Gauss+Impulsef Speckle+Gauss | Time(s)
DiabTp
Mean 0.81 0.13 0.62 0.97 7
Wiener 0.99 0.17 0.35 0.92 8
MMedian 0.96 1.0 L0 0.93 485
IT™ 0.90 0.43 0.87 1.0 53
3 Ta0uIll BUIHO, 1110 HAHKpaIlli BIACTUBOCTI [UIsl  JIEMOHCTPYE MMedian-¢insTp, SIKUN nae
rnodaneHOi  QinbTpamii mo BCIM MipaM SKOCTI MaKCHUMalbHHH  pe3ylbTarT IO MIHIMYMY JUIS
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KO)KHOTO KJIacy. 3ayBa)KUMO, IO B MPEACTaBJICHIN
TaONMUIIl TpH  MiApaxXyHKy e(EeKTUBHOCTI  He
npuiimMaBcs g0 yBarum dac ¢imprpanii. Tyt BiH
MpEeCTaBICHUI B CEKyHIaX 1 mependavaeThcs, M0
OIepaTop Mae WOro OIIHIOBATH Ha pOOOYOMY MICIIi,
BHXOJISTYM 3 KOHKPETHOI CUTYyaIlii. 3p03yMiJIo, 10 IIeH
napamMerp TaKox Jerko Moxke OyTu opmarnizoBaHHit
3TiZHO JI0 OIKCAHOI IPOLISTYPH.

Y pesynbrari Oyao oTpuMaHo, Mmoo 0e3
BpaxyBaHHS YacOBHX BUTpAT HalKpanry
MPONYKTUBHICTh  JeMoHCTpye  MMedian-dinbTp,
BPaxOBYIOUM K  IIBUIAKOMIIO  JIOCHIKYBaHUX
ANTOPUTMIB, ciif Bimnatu nepesary [TM-¢pinbrpy.

3ayBakuMo, IO JIOIATKOBO JI0 OMHKCAHOI BHUIIE
(max-min)-KOMIO3HUIIT  PO3pPaxOBYBAJIACh  TaKOXK
(max-prod)-KOMIO3HIIisS HEYITKUX BigHOIIEHb. BoHa
nmokaszalia aHaJoriyHi pe3yibTaTH. ToO0To pi3Hi
MiAX0au OaraTOKpHUTEpiaabHOI ONTHMI3allil JarTh
OJTHAKOB1 pe3yJbTaTH. BiANOBIIHO A0 3arajbHUX
pPEKOMEHJIAIlIi MPUKIATHOIO CHUCTEMHOI0 aHalizy
BIJTHOCHO TPHHIMUIY 0araTOMOAENTBHOCTi, MOXKHA
3pOOHTH BHCHOBOK, MPO HAsIBHICTH CTIMKOTO 3B’SI3KY
MIDX eneMeHTaMu Moaeneid. CTOCOBHO PO3TJIsIyBaHOL
npoOieMu, CHiBNAAIHHS Pe3yNbTaTiB Ja€ MiJCTaBU

Uit OUTbII  BIEBHEHOrO  BUOOpPY — HAHOLIBII
eexTuBHUX MeToNiB (iNbTpaIlii.

Buchoeku

Meroo 1BOro AOCHIIKEHHS OyB TMOIIYK Ta
po3poOka  TpuBHMIipHOTO  (inbTpa, sKUH OH

3a0e3revuyBaB MOEAHAHHS BUCOKOI e()eKTHBHOCTI I10
HAMOLTBII Y)XMBaHUM MipaM SKOCTi 3 TPOCTOTOO
HaAJNAIITYBaHHS, T4 HEYYTJIHBICTIO JO BHIY MIyMY.
Hnst uporo y nakeri MATJIAB Oynu cripoekToBaHi
TPUBHMIpHI  HENiHIMHI ~ ajJanTUBHI  TPOCTOPOBI
MMedian Ta ITM ¢inbTpu, Ta Tpu TPUBHUMIpHI
3arajibHOBXKHBaH1 ¢binbTpH (ycepeaHior4nid,
MeJiaHHWA Ta BIHEPIBCHKHM) Ui  yCYHEHHS
YOTHPBHOX PI3HUX BHIIB HIymy: rayciBcekuii (PSNR

Cnucox BUKOPHUCTAHUX TKEPeEa

Li C., Wang L. V., Photoacoustic tomography and
sensing in biomedicine// Physics in Medicine and
Biology. — 2009. — 54, Ne 19. — P. 59-97.
Marengo, E., Robotti, E., Antonucci, F., Cecconi,
D. et al., Numerical approaches for quantitative
analysis of twodimensional maps: a review of
commercial software and home-made systems.
//Proteomics. — 2005. — 5. — P. 654—666.
Mandelbrot B. The Pareto-Lévy Law and the
Distribution of Income// International Economic
Review 1960 — 1, Ne. 2 P. — 79-106
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10 [16), cymim anbda-cTabiIbHOTO Ta TayCiBCHKOI'O
mymy (PSNR 10 J6), cymim rayciBCbKOro Ta
cnekin-mrymy (PSNR 10 JI6), ta iMmynbCcHUN HIym
““cinb Ta meperp”.

Komm'torepHe  MojenmoBaHHS 1 HACTyIHE
TECTYBaHHs PO3POOJICHUX AJITOPUTMIB Ha OCHOBI
OaraTokpuTepiaTbHOT ONTHMI3aIli] HEYITKUX MHOKHUH
MoKasalo, 10 HaiKpall pe3ylbTaTd 3 TOYKH 30pY
KUIBKICHAX ~Mip $KOCTI 1 Bi3yallbHOI  OI[IHKH
nemonctpyior ITM T1a MMedian-pinetpu  amns
OJJHOYACHOTO TIPUAYIICHHS PI3HUX BHIIB IIyMy
(rnoGanpHa ¢inbTpallis).

Jocnimkenns mokasano, mo MMedian ta ITM
(GUTBTPY T03BONSAIOTH €)EKTHBHO MPHUIYITYBATH IIYM,

OJHOYAacHO 30epirarouM  He3MiHeHi kpai Ta
MOp(OJIOTiI0 nerajne 300pakeHHSI. Hns
HaNAMTyBaHHS WX (QUIBTPIB MOTPIOEH JHIlEe OIUH
IHTYITHBHO  3pO3yMUIMH  TapaMerp — Po3Mip

¢inbTpyrouoro BikHA. [TM-(inkTp BHKOPHCTOBYE
nuie apudmMernyHi oreparii, TOMy BiH IIBWIIIHM,
HDK (UIBTpallis, OCHOBaHA Ha IHIIUX MPUHIIMIIAX.
Po3pobneni TpuBumipni MMedian ta ITM ¢ineTpu
noTpeOyloTh  MiHIMadbHHH  00’eM  ampiopHOl
iHpopMalii 1 MOXYTh BHKOPHCTOBYBATHUCS JUIS
HECTaI[IOHAPHUX CUTHANIB 3 HECTPYKTYPOBAHHMH
BapiallisiMi IHTCHCUBHOCTI, & aJaliTUBHUN XapaKTep
nux  QUIBTPIB  IO3BOJAE  PO3MIISLIATH  iX 5K
eeKkTUBHUIT IHCTPYMEHT MPHUIYIICHHS PI3HUX THUITIB
myMmy JUisl  IOUPOKO  KPYry 3amad  oOpoOKH
0araTOBMMIPHHUX CUTHAIIB.
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JlokaJjizanisi 3MiHHM clieH y Bijeo Scene Change Localization in a Video
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Minviionu 6ideo wooHs 3asanmadicyiomscsi Ha Youtube ma nodioni naamgpopmu. Oouiero 3 bazamvox
npoobnem, 3 AKUMU CTMUKAIOMbCS Yi CYHCOU, € BUTYYEHHS KOpUCHUX memadanux. Hanpukiao, pozmiugyeamu
pexnamy Kpaue 8 cepeouni 8ideo, i pekiamodaseysb 88aicac 3a Kpauje NOKa3yeamu pekiamy 8 nepepaax mixic
cyenamu, oe ye byde menw HA8'I31UB0. IHuwULL NPUKIAO — NOOUBUMUCY JUlle HAUYIKABIWI YU HAIBANCIUGTULT
@pacmenmu gideozanucy. 3po3ymino, wo Kpawe 3acmoco8y8amu AeMOMAMUYHUL nioxio 00 po3ni3HAGAHHs.
CYEHU 3aMICTb MO20, W00 PO3MIYAMU MUCAYE 8I0€03aNUCi6 PYUHY. BusneH s 3MiH CyeHU Modce OONOMO2muU
ABMOMAMUYHO NPOAHANIZY8AMU 8I0CONOMIK: 8I0CMENCYBAMU, K NEPCOHANCT 3 AGNISIIOMbCSL 8 SAKUX CYEHAX, 5K
00620 63aEMO0iIOMb, IX CMOCYHKU ma eaxcaugicmo. lTlomenyiline pilieHHs MOodice 8paxo8yeamu pisHi
Gaxmopu: nosgy 06’exma, 3MiHy KOHMPACMY YU IHMEHCUBHOCMI, 3MIHY (DOHY, 3MIHU 36VKY.

YV yiti pobomi 3anpononosano memoo ons ehexmugHo20 GUAGNEHHS 3MIHU CYEHU, KUl 0A3VEMbCs Ha
aHAni3i cyeHu 3 NOpO2OBUMU 3HAUEHHIM, d MAKONC NAAGHUMU 3MIHAMU cyeH. Bin euxopucmosye nioxoou
KOMN TOMEPHO20 30py Ma AHANi3y 300padicelb 015 GUABTIEeHHS 3MiHU cyenu. Excnepumenmanvui pesynomamu
0EMOHCMPYIOMb eheKMUBHICIb 3aNPONOHOBAH020 NIOX00Y 00 BUAGNCHHS 3MIH CYEHU.

Knouosi cnosa: smina cyenu, nepexiiouents Cyeru, ananis 8i0eo, 10Kanizayisi CyeHu.

Millions of videos are uploaded each day to Youtube and similar platforms. One of the many issues that
these services face is the extraction of useful metadata. There are a lot of tasks that arise with the processing
of videos. For example, putting an ad is better in the middle of a video, and as an advertiser, one would
probably prefer to show the ad in between scene cuts, where it would be less intrusive. Another example is
when one would like to watch only through the most interesting or important pieces of video recording. In
many cases, it is better to have an automatic scene cut detection approach instead of manually labeling
thousands of videos. The scene change detection can help to analyze video-stream automatically: which
characters appear in which scenes, how they interact and for how long, their relations and importance, and
also to track many other issues. The potential solution can rely on different facts: objects appearance, contrast
or intensity changed, other colorization, background chang, and also sound changes.

In this work, we propose the method for effective scene change detection, which is based on thresholding,
and also fade-in/fade-out scene analysis. It uses computer vision and image analysis approaches to identify
the scene cuts. Experiments demonstrate the effectiveness of the proposed scene change detection approach.

Keywords: scene change detection; scene cut; scene break; video analysis, scene localization.

CratTio peacTaBuia K.¢.-M.H., go1. Po3zopa [.B.

Beryn 3’SBISA€ThCS IpH aHami3i Bigeo. Tak, MoOXKHA

Metoau KOMII’FOTEpHOT0 30py (CV) pexoHCTpYIOBaTH TPUBHMIPHY CLEHY, BiICTEXyBaTu
JIOTIOMAraloTh BUPILIYBaTH IIMPOKUH CHEKTp 3amad, pyxomi o0'ektn. OpHe 3 BaXIMBUX 3aBJaHb —
BUKOPHUCTOBYIOUH BiAIOBITHI IiIXOM: PO3Mi3HABATH BUABICHHS 3MiHH CclieHH. [lix crieHor0 MU MaeMo Ha
0o0nMYYs, BUSBISTH Pi3HI 00’€KTH, 3aCTOCOBYBaTH yBa3l YacTHHY BifleO, B SIKiH i 3aJUIIAETHCS Ha
HeoOXimHi Tparcdopmartii 1o crieH. Llle Oinpie 3aja4  ofHOMY MICIIi TPOTITOM JIESKOTO HENepepBHOTO

© I. bena, 2021
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nepiony, a TaKOX ycCix Jrojed abo pedi, MOB’s3aHi 3
M. TIOHATTS CIIGHH € KOPUCHMM Yy 0ararbox
BHIIaIKaX:

* PO3IUIMTH  BIIEO-TIOTIK HA  OULIBII-MEHII
HE3aJIe)KHI Ta KOPUCHI YacTHHU (IJIs1 PI3HUX IUICH:
pekiama, eeKTUBHA May3a),

* MpoaHali3yBaTH MPUCYTHICTH TIEPCOHAXKIB, 1110
IIKaBJIATh, Yy TEBHIH 30HI CIIOCTEPEKEHHS, Ta iX
MOBEMIHKY (IISUTbHICTh AaKTOPIB Ta aHAJI3 YaCTOTH iX
MTOSIBH; 3 METOIO O€3IIEKH — 3HANTH €301 B 3aIIACaX
3 JCSIKUMH KOHKPETHHMH BHJAaMHU JisTIbHOCTI; IS
TakuxX irop, siIK ¢GyrOoON — 3HAUTH MOMEHTH, IO
IIKaBJIATh, a00 KyJIbMIHAIlil; BIACTEXKCHHS il
TpaBIIiB 1 IEPCOHAXIB),

* BIJCTeXKYBaTH JIIOJCHKY JSUTBHICTH 200
MEPEMIIICHHS MPEJAMETIB y 3arajJbHOMY KOHTEKCTI Ta
3HAXOAUTH MOMEHTH, 1[0 MAalOTh Ba)KJIUBE 3HAUYECHHSI,
y BiJIeO-TIOTOKaxX abo 3amucax,

* IS IIBHIIIOTO MEPEMIIIEHHS 110 Bif€O,

* A Kpamoi  Hapiramii  mo  ¢igbMax,
TENEBI3IMHUX 10y abo 3amucax irpoBHX MpPOIIECIB
MiCJIsI [BOrO — IS BHM3HAYEHHS MOMEHTIB, IO
BHUKJIMKAIOTh HAWOULIBIINKM 1HTEpEC; Iie OJHO3HAYHO

MOKPALIUTh JIOCBIA Heperisaay Uil KIHIEBUX
KOpHUCTYBaUiB.

OnHe 13 3aBJaHb — PO3JAUIHTH Bifie0 HAa OKpeMi
CICHM — JUIS TOJAJIBIIOI aHOTaIlli, CIPOIICHOT

HaBiTalii, sIKIo KOPUCTYBaYeBi MOTPiOHA JIUIIIE IKACH
MeBHA YaCTHHA BiJICO, Ta JJIs [T0AajbIoi 00pookwu. Lle
copoinye 30ip Ha0OpiB JaHMX JUId  0arathox
HEHPOHHUX MeEpeX, SKI MPaIoTh 3 (YHKIISAMH 3
BiJlcO, €KOHOMHUTH 4Yac JJIsi KOPHCTYBadiB, SIKUM
MoTpiOHO IIyKaTH TEBHUA MOMEHT Ha Bijeo 0e3
TPUBAJIOTO TEPErIALy, 1 NPUIIBUALIYE POOOTY
JIFOJICH, 1110 TPAIIOIOTh 3 BIZICO B ILIIOMY.

[cHyIOTH MeTOM, 3aCHOBaHI Ha KOMIT FOTEPHOMY
30pi Ta MammHHOMY HaBuaHHi (ML), ane BoHHM He
JIAf0Th YyJIOBUX PE3YJILTATIB, 1 MU TIPOJIEMOHCTPYEMO
1e JIaJTi B CTaTTi.

OCHOBHHMH KPHUTEPiSIMH [BOTO 3aBIaHHS €
TOYHICTh Ta MBUJAKICTh AITOPUTMY JJISI TIPAKTHYHOT
3pYYHOCTI BUKOpPUCTaHHSA. CKIaIHICTh 00YHCICHD €
TaKOXX 3BUYAWHUAM HEIOJIIKOM 1 MEpPEeNIKOIO s
pPCEaIbHOTO BUKOPUCTAHHS JUIS 0araTthboX IOIIOHHMX
QITOPUTMIB, OCKIJIBKM METOAM OOpPOOKH Bineo
3a3BHYAl PECypCOMICTKI.

Jleski BakiIMBI pe3y/bTaTH MIOAO0 Ili€l 3amadi
MOkHa 3HahTH y [1-7]. 3meOinbpmioro, cydacHi
POOOTH KOHIIGHTPYIOTHCS Ha TICBHIHN Imi3a1a4i:

58

2021, 1

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

* BUABJICHHA 3MIHM MiCIld HOIii y MicTi abo
BYJIUIN (3 30BHINIHIX BYJIMYHHUX Kamep, JUIs
MipKyBaHb O€3MeKH),

*  BHSBJICHHS 3MiH Ha CYMyTHUKOBHUX 3HIMKaX,

* pO3Mi3HaBaHHS PYXOMHX OO’€KTIB y Bijleo
Oe3minoTHHX niTanpHuX anaparis (BITJIA),

* anani3 3D-cIieH 3 KIIBKOX Kamep,

e aHamiz  300pakeHb  pajgiojiokaropa i3
CHHTETHUYHOIO anepTyporo (SAR).

MU [ociiuMO KITacudHE 3aBJaHHS BHSBICHHS

crieru (a00 3MIHH CLIEHH) Y Bif€O.

AHani3 iIHINKATOPiB 3MiHM ClIeHH

BuzHaurMo MOXKIIUBI IOKA3HUKU 3MiHU clieHu. He
ICHY€ YITKOT0 BU3HAYCHHS TaKOi MO/i1, ajie B HAIIOMY
X011 MU PO3IJITHEMO HACTYITHE:

* 3aTyxaHHs / 3racaHHs, IUIABHUN MepeXif, KOJU
BiJICO IUIABHO 3HMKAE, a TIOTIM 3'SIBJISIETHCS 3HOBY, ajie
31 3MiHEHHM (POHOM (CILIEHOIO),

* MUTTEBA 3MiHA CIICHH, KOJIM (DOH BiJICO HETalHO
3MIHIOETBCS MK JIBOMA MOCJIIOBHUMU KaJpaMH,

* aHaJIi3 3CYBY KOJIIPHMX KOMIIOHEHTIB Ta 3MiHHU
3Ha4eHb 00’€KTiB (IHTEHCHBHOCTi, KOHTPACTHOCTI,
HAaCHYEHOCTI, ICKPABOCTI TOIO) — Y KOHTEKCTI PI3HUX
KOJIIPHUX TIPOCTOPIB; cepel HUX MU MPOaHANI3YEMO:
IHTEHCHBHICTh (CepeHE 3HAYCHHS KOJILOPOBUX
kaHaniB R, G, B) Ta koHTpacTHicTh (pi3HHIL
MaKCHUMAaJIbHOI Ta MiHIMaJIbHOT HACHYSHOCTI ITIKCEIIiB
y [IUISHII, TOJilieHa Ha CyMy MiHIMalnbHOT Ta
MaKCHUMaJIbHOT HACHYEHOCT1),

* aHami3 KOHTYpIB 00'€KTiB 300paxkeHHs (Horo
CTPYKTYypa, PyX, 1HIII 3MiHH),

* aHaNli3 MOKaJAPOBOI PI3HHUIN, SKHH JOTIOMArae
BIJICTE)KYBaTH, HACKIIBKH 3MIHMBCS BMICT Kaapy (a
HE JIUIIe KOHTYPH),

* po3mi3HaBaHHSA OONMYYS IS BIJICTEKEHHS iX
PYXy — IUIs ileHTU(IKaIli] TEBHUX MEPCOHAXIB CLICHH,

* KpiM MNPOCTOTO aHaji3y 300pakeHHs B pYyci,
MoOJKe OyTH 3aCTOCOBAHUH aHAII3Y 3BYKY.

OnHe 3 OYEBUAHMX PIlliCHb, SIKE BUHUKAE MPHU

3HAXOKEHH] BIAMIHHOCTEN MIK JIBOMa
300paKeHHSAMH —  BHUKOPHCTaHHA  omeparopa
Kenni [8] s momyky KOHTYpiB 300pasKeHHSI.

Omneparop KenHi 103BOJISIE OTPUMATH MATPHIIO 3
MexaMmH. AJie MaTPUI — 1€ BEJIUKUN HaOIp 3HAYCHb,
SIKU# TIOBUTbHO 00p00IseThest. ToMy MU IPOIIOHYEMO
PO3IIMPUTH MEXI1 Ha ITUX MATPHUIIX, ICPETUHATH iX 3
KOHTYpPaMH 1HILIOTO Kajpy, a 3 OTPUMaHUX HaKJIaJI0K
3HAXOJUTH KOHTYPH PO30IKHOCTEH BKE SIK MAacHBH
KOOpJIMHAT, a IMOTIM 3’SCOBYBaTH, HACKIJIBKH BOHH
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3MIHMJIMCS MIDK JIBOMa IIOCIIJOBHUMH KaJpaMH,
OITUCYIOYH 1€ 3 OJIHUM 3HAUCHHSM.

Takum YMHOM, MU OYJIeMO OOYHUCITIOBATH PI3HUIIIO
HE MDK MICISIMH pPO3TalllyBaHHS, a MDK CaMHMHU
JIAHIFO’)KKaMHU 3 TOUOK, 110 YTBOPIOIOTh KOHTypH. Llen
NUIsIX HAbaraTo penpe3eHTaTHBHININN, OCKIIBKH HaM
MOTPIOHO 3HATH, HACKLIBKKM 3MIHUBCS BMICT Kajpy, a
HE JuIle KOHTypu. [IpomoHyemMO Takuil ajroputm
Ji:

* MEPETBOPHUTH [[BA TOCIIJIOBHI KaJpu B YOPHO-
O1J11, IEPEBIBIIM MOJAHHS Ha KOJILOPOBY cxemy HSV
Ta BUAQJIUBIIHM HACHYCHICTH (S),

* 3MCHIINTH BIUIMB MIYMY Il Y4ac 3HAXOJKECHHS
MEX 3a JIOTIOMOT 010 po3MuTTs ['ayca,

* 3acrocyBatd oneparop KeHHI i oTpuMaTH
MaTPUIII0 MEX ISl IBOX KaJIPiB,

* PO3IIMPHUTH OTPUMAHI MEXI,

* HAKJACTH PO3LIMPEHI MEXKI OJHOr0 Kaapy Ha
IHIIWI 1 HABMAaK¥ — OTPUMAEMO JBa 3HAYEHHS, SKi
MPEIICTARNISAIOTh, HACKUIBKM BIIPI3HAIOTHCS MEXI,
HaBITh PO3IIMPIOIOYHNCH,

* 3HAWTH KOHTYPH SK MacUBH KOOPJHHAT TOYOK,
SIK1 YTBOPIOIOTH MEXi Ha MaTpHIIi HEBiIMOBIHOCTI,

* 3’sicyBaTd, HACKUIBKM BEJIMKA PI3HHLSA B
KOHTYpax, B3SBIIX MAKCUMYM 3 JIBOX.

Beenemo umcnoBy mipy Bin 0 1o 1, sika omucye
PI3HUIIO KOHTYpiB 00’€KTIB MiX JIBOMa KaJpamH.
Lleti mapaMeTp € XOPOILIUM CHUTHAJIOM 3MIiHU CIICHH,
OCKIJIbKH BiH XapaKTEePU3Y€, HACKIIBKH CUIIBHO CIIEHA
MOTJ1a 3MIHUTHCS 3 TOYKH 30pY KOHTYpY 00'ekTa abo
3MiHU MEX.

et migxim croxuBae 0araTo OOYHCIIOBAIBHOI
MOTYKHOCTI, TOMYy WOro CIiJi ONTHMIi3yBaTH.
XOpouuii MOMEHT TOJISITaE B TOMY, 1110 1Or0 MOKHA
po3napasnentoBaTi MPUPOJHAM IMUIIXOM — aHai30M
OKpEeMHUX KaJpiB. 3apa3 BIH Mpalie€ B PEKUAMI
peambHOTO dYacy B MapajelbHOMY pEXHMi Ha
mporiecopi Intel Xeon ES (16 simep).

O04yMCIIOBAILHUN eKCIIEPHMEHT Ta
Bajifanis moaei

[IpoaeMOHCTpyEMO aHalli3 Ta €TaIy aIrOpPUTMY Ha
JNEeIKMX  €KCIIEpUMEHTANbHUX  JaHux  (aHawii3
MIPUKJIATY BiJICO3AIHNCY ).

Ha puc. 1 mokazaHo 3MiHy iHTEHCHBHOCTI B 4aci,
J¢ KOKEH 3HAYHUH CTpUOOK €
MOJKJTUBOIO 3MIHOIO CIICHH.

[IOTEHIIHHO
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Puc. 1. 3MiHa iHTEHCUBHOCTI OCBITIICHHS Y Yaci

PizHums MiKKaapoBOi IHTEHCHMBHOCTI B KOXKEH
MOMEHT Yacy IoKa3aHa Ha puc. 2.
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Puc. 2. 3MiHa BiTHOCHOT IHTEHCUBHOCTI OCBITJIEHHS
MK KaJpamu

CripaBi, y Hac CIIOCTEPIrarOThCS 3MiHHU CLICHH B 111
Y4acoBI KJIIKH, aji¢ € TAKOXK KiJIbKa HEBEIUKHX ITIKIB, 1
iX CHIig JOCHIAUTA Ha NPEAMET 3MIHH CICHU. Y

naHoMy Bimeo — 9 3miH  cuenHu. OTxe, MH
MIPOJIOBKYEMO aHaJIi3 THIIHAX KOJILOPOBUX
IMOKa3HUKIB.

I'padik 3MiHM HACHYCHOCTI B 3aJISKHOCTI BiJ| Yacy
MIPEACTABICHUN HA PHC. 3, 16 MH MOXKEMO MMO0AYNUTH
HOBI MOJKJIMBI TOUKH 3MiHHU clieHH. Ha puc. 4 BuIHO
PI3HHUIIIO B HACHUEHOCTI KaJpiB.

OCHOBHI ITIKH 3HaXOIATHCA B OJHAKOBI MOMEHTH
Yacy 3 norepeaHiMu rpadikamu. Y TO# ke yac MEHIIn
MKW BTPAYalOThes MOPIBHIHO 3 pHUC. 2, TIOKa3yIOvH,
1110 HA IHTEHCHUBHICTH BIUIMBAIOTH TAKOXX BIATIHOK Ta
3HA4YeHHS KOMIIOHEHTIB KOJIbopoBoi cxemu HSV.
OTtxxe, MU pOOMMO BHCHOBOK, II0 HACHUYEHICTH TYT
MaJio BIUIMBA€E Ha BUSIBJIICHHS 3MIHU CIICHU.
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Puc. 3. 3MiHa HACHUYEHOCTI OCBITJIEHHS Y 4yaci
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Puc. 4. 3MiHa BiTHOCHOI HACUYEHOCTI OCBITIECHHS
MK KaJpamu

[Ipu TakoMy aHaisi MIPOIYCKAETHCS
HIOHalMeHIIe 0JJHa 3MiHA CLIEHH uepe3 i mocTynoBe
3MEHIIIEHHS / 3MeHIIeHHs (TUaBHy 3MiHy). OTxke, Ham
TaKOX MMOTPIOHO 3HANTH Ta JOCIITUTH JOKAJIbHI KU
B KoedinieHTi 3MiHN KopoHiB (Big 0 1o 1), sxwuii OyB
ONHMCAaHUU BUIIIE.

3 MmomepeIHbOI0 aHai3y BUIUIMBAE, [0 HANBHILI
MiKA 3MIHU THTEHCHBHOCTI BiIOOpa)karoTh HETalHy
3MiHY CII€HH, TOJII SIK Cepis CYMDKHUX, ajie HUKUMX
MiKIB TI0Ka3y€e 4YacOBHH I1HTEpBaJ MOBLIBHOI (200
3HMKa4oi / 3racarodoi) 3MIHM CHEHH. Takox
PEKOMEHIY€EThCS TMOENHYBATH aHAJi3 IHTEHCHUBHOCTI
Ta HACHYEHOCTI OJJHOYACHO, MO0 HE NPOIYyCTUTH
TOYKM 3MiHM cCleHH. Jlami MM MOKakeMo, sK
JoKaji3yBaTH 11i miku. [loBuHeH OyTH MEBHUIA MOPIT,
mo6 ix BusBuTH. Lleit mopir He Moxe OyTH
CTaTHYHHMM, OCKIJIBKH BIH, OYEBUIHO, 3aJCKHUTh BiJl
SIKOCT1 BiJI€O, 1 MOXKe BHUSBHUTH HEBaXKJIMBI IMKH a00
MPOMYCTUTH 3MiHY CleHH Ha Bigeo. Otxe, Ham
noTpiOeH NMeBHMI alanTHBHUH MOPIT.
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XopoIMMHU KaHAuaTaMH Ha aJlaliTABHUI MTOPIT €
CHTPOIMIHE MOPOTrOBe 3HAYCHHS Ta JUHAMIYHE
MOPOTOBE 3HAYCHHS HA OCHOBI BiKHA, Jie OJHIEIO 3
npoOJIeM € MmipaxyBaHHsI HAJIEKHOTO PO3Mipy BikHA
(KUTBKiCTh KaJIpiB, sKi TOTPIOHO MpoaHaNi3yBaTH
OJTHOYACHO I OTPUMaHHS HAHOUIBII TOYHHX
pe3ysbTaTiB pOOOTH — BJACHE, BUSBICHHS 3MIiHU
CIICHH).

BukopucTaemMo pekypcHUBHUN aJanTUBHHUHA HOPIT
nouryky Ta kopuryBaHHs. Lle o3Hauae, mo Bizeo
PO3IIMMO Ha YACTUHHU 32 MepIIuM 0a30BHM ITOPOTOM
(oOroBopeHO  MIi3HINIE) HAa  OCHOBI  3MiHHU
IHTEHCHBHOCTI (pHC. 5 — 1e puc. 2, B3ATHHA 3a
MoxaysieM). IloTiM mpolleC MOALTYy BiJleO TPHUBAE
PEKYPCHBHO, TOKH II€ 3aJHUIIAETHCS MOXKIUBUM —
OOYHCITIOEThCST  HOBUI ~ TMOPOTOBUI  piBeHb 1
3HAXOMATHCS  TIKH, HOro  IMEepeBUIYIOTb.
Hanpuxmaz, 1uist po3riistHyTOTo Bijieo el mporec 1aB
3 irepauii (puc. 5).

Mu 1npoIoHYyeMO pO3paxoBYBaTH IOPIT  SIK
PI3HHUIIIO MTOYATKOBOI Ta KIHIIEBOI IHTEHCHMBHOCTI (3a
MOAyJEM), TOMHOKEHY Ha JCSIKUA TOpOTOBUU
xoeQiuient. Moro onTHManbHe 3HAuYCHHSA OYIIO
3HAMICHO eKCIepUMEHTaIbHO — 1uB. Tabmuiro 1.
3HaueHHs 5 nae HaMEHIIIE 3HAYECHHS
«XHOHOIO3UTHUBHI + XUOHI HETaTUBHI» Ta OUIBIIICTh
CTIpaBXHIX MTO3UTUBHUX pe3ybTaTiB y
JOCTIIDKyBaHOMY HA0OPi Biz€O.

K1

Tabauus 1. 'panuyHi koedilieHTH

I'panuunmii True False False

KoedimieHT Positives Positives Negatives
2 17.8% (74) 82.2% (342) 0% (0)
5 97.4% (74) 2.6% (2) 0% (0)
8 100% (68) 0% (0) 8% (6)
15 100% (57) 0% (0) 23% (17)

AJNTOpPUTM 3yNUHIETHCS, KOJW Ha BiJieo OLIbINe
HEMae TiKiB, SKi IEPEeBUIIYIOTh PO3paXOBaHUH MOPIT
JUTS 1Ti€T KOHKPETHOI YaCTHHU BijI€O.

Jiist 3MIHEHHS CLIEHH 3 TIOCTYIOBUM 3MEHIIICHHSM
HaM Bce OJTHO TIOTPiOHO 3rpyIyBaTH JIOKAJbHI KK B
KllacTepd Ta NpoaHamizyBaTH iX. Ham moTpiOHO
BCTAHOBUTH MAaKCHUMaJbHUH pO3Mip  KllacTepa.
lNnore3a mnossrae B Tomy, mo 0,5 cekyHaum — 1ie
xopomia oriHka. lleii po3mip nepeabadyBaHO
3aJIEKUTE Bij 3arajbHOI MIBHIKOCTI BIZIEO, a OTXKE 1
BiJl IIBHUIKOCTI 3MIiHU ClieHH. TyT MM BHU3HA4YaEMO
HaHOUIBII MIAXOIAIIE CEPEIHE 3HAUCHHS, SIKE 3pYyYHO
s Oinpmiocti  Bimeo  (mpUHAHMHL, s
MPOaHaTi30BaHUX 3pa3KiB) 1 MPeJICTaBIsE HAWKpalle
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oOpaHe eKCIIEpHMMEHTAJIbHE 3HAYCHHS Ha JIaHUU
Tabmuiro 2 mid  AeTadbHUAX

MOMCHT -

PO3paxyHKiB.

JIUB.

Ta0nuist 2. MakcuManbHUN PO3MIpP Ki1acTepa

Makc. po3mip True False False
KJIaCTepa, CeK. Positives Positives Negatives
0.2 4 0 7
0.5 11 0 0
0.7 11 2 0
1.2 11 7 0
2 11 22 0
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Puc. 5. 3MiHa BiTHOCHOI HACUYEHOCTI OCBITIECHHS
MK KaJpamu

Jye KOpOTKi mepionu 4dacy He (IiKCYIOTh BCiX
3miH cuenu (auB. CtoBmens "True positives"), Toi sk
TpuBaii mepiogu (Oimpme mnpubmm3Ho 1 cek.)
MOYMHAIOTH BPAXOBYBATH HE3HAUHI JIOKAIBHI ITiKH (32
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ix kinpkicTIO) 1 reHepyBaru False Positives. Jlanxi mu
BHOMPAEMO YACOBY MO3HAUYKY B KOXKHOMY KJIacTepi 3
MakcuMyMoM onieparopa KeHHi, 3ramaHoro pasiiie,
10 € MIPOFO PI3HHMIII MK KaJIpaMu.

IMopiBHsIHHS MeTOTY

Sk MU TIOMITHJIM, 3alPOTIOHOBAHUN METOZ MOXKE
mpaioBaTH B pexumi peanpHoro wyacy. Illomo
TOYHOCTI, MOPIBHAEMO pe3yiabTaTi 3
PySceneDetect [9], sk  Ha#OLIBI  JOCTYMHOIO
0i0mioTexoro JuIa Ii€i 3amayi, 3a HaOOpPOM Bizneo 3
PI3HUMH THUTIAMHU 3MiH CIEHH, 3 PI3HUM OCBITICHHIM
Ta nuHaMikoro. Y 11 Bigeo 3 Habopy naHuX € 68 3MiH
crieHn. Pe3ysibTaTyl 3aMipiB HaBEACHO y TaOHMIIi 3.

BuaHo, 1mo 3amponoHOBaHUM METOJ IMPOIYCKAE
nuiie 4 3 64 3mid crenu, 1 BusBiase 94%, Toai AK
npoBigHa 6i0moreka PySceneDetect BusiBuna nuiie
77%. Mu TakoX NepeBipuiIy 11e Ha Pi3HUX BiIiOpaHux
BPYYHY BiJIeO 3 MOJIOHUMH pe3ynbraraMu. binmbime
False Positives Oyno BusiBiieHO yepe3 apTedakTu, siKi
3’SIBIISIOTHCA Ha MICII HECMOAiBaHO. TakKuM 4HHOM,
MH BBXKAEMO, IO 1€ TAKOXX MOXKHA 3apaxyBaTd 10
3MIHH CLIEHH.

Ta0auus 3. [TopiBHIHHS METOLY

Meton / Ilporpamue True False False
3a0e3MeYeHHs Positives | Positives Negatives
PySceneDetect 49 2 19

3anponoHOBaHUN METOJ 64 6 4
BucHoBKH

Y naHiii poOOTI 3ampoNOHOBaHO €()EKTHBHUL
X1 10 BUSBJICHHS 3MIHU CIICHH. AKTYaJIbHICTh Ta
BHITIJKd BUKOPUCTaHHs OYyJIO PO3IJISHYTO Y BCTYIII.
MerTon € 6iIbII TOUHUM, HiXK Biomuii PySceneDetect
Ha MiArOTOBJICHOMY TECTOBOMY HA0OP1 BiJICO3aIKCIB.

JIJis TOJabIIoro MigBUIICHHS TOYHOCTI METOIY
MU JI0OAaMO ayZioaHalli3 JUisi BHSBICHHS 3MiH a0o
CATHAJIIB HeralHuX 3MIH CIeHH. MEeTOI TaKOX
MOJKHA TOKPAIIUTH 3a JOTOMOTO OUIBII TOYHOL
Jokaiizamii  GpaHTOMHHMX OO'€KTIB, SKi MOXYTh
3'SIBJIATHCS Y BiJICOMOTOLl, BiJOKPEMIIIOIOYM IX Bij
3araJibHOI CUTYaIlil 3MIHH CIICHH.

Jnst onTumizanii po3paxyHKiB MH CIIPOOYEMO
3MEHIIUTH  MacmTad  (3MEHIIUTH  PO3AUIBHY
3MIATHICTH 300pakeHHs — KaapiB Bineo). Kpim Toro,
MU 30MPaEMOCh BUKOPHUCTOBYBATH 3aIllPOIIOHOBAHUIA
cnoci6 st oOpoOKM Bieo Yy TMPOMHUCIOBUX
Macirabax.
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Onrumizauis po3noijy noTy;kHocTel Optimization of power distribution of
Mepe:KeBUX KaHAJIIB Ha OCHOBI aJiropuTMy network channels based on Orlin's
Opaina algorithm
KuiBchknii HalliOHAIBHUH YHIBEpCUTET Taras Shevchenko National University of Kyiv,
imeni Tapaca IlleBuenka, m.Kuis, p-t ['nmymikosa, Kyiv, Glushkova st., 4d,
47, e-mail: ivohin@univ.kiev.ua e-mail: ivohin@univ.kiev.ua

Y cmammi 3anpononosano ancopumm poss’sa3anHsa 3a0a4i ONMUMATLHO20 PO3NOOITY HOMYHCHOCHEL
Kauanie nepedaui Oauux Midxc nposatioepamu ma xopucmygadamu mepedci Inmepnem. Chopmynrbosano
Mamemamuuny MoO0enb npobremu  po3noodiny 0OMeNCeH020 O0OHOPIOHO20 pecypcy 3 O0OMeNHCeHHAMU
mpancnopmuoz2o muny. Posenanymo memoo po3e’sazyeanns Ha ocHO8I nomoxosozo anzopummy Opirina.
3anpononosano npakmuyHe 3ACMOCY8AHHA AN2OPUMMY OISl PO38 A3AHHA PeanrbHoi 3adaui po3nooiny.
Ompumano pe3ynomamu NPONYCKHUX CHPOMONCHOCHEU KAHANIE peaibHOi KOMA'tomepHoi mepedsci npu
nepcneKmusHoMy 30iIbUeHH] NOMYdHCHOCmeU 3'€OHANb, NPeOCMABIeHUX IHMEPEaIaMU 3anIaHO8aAHUX 3MIH.
IIposedeno ananiz piwiensb, OMpUMAHUX NPU PI3HIU KITbKOCMI KOMYMAYIHUX cepsepis, 3p00eHi GUCHOBKU
npo eubip nposaiidepa OJisk ONMUMATbHO20 3a0e3neyents IHphopMayiinux nomped Kopucmyeauis.

Knrouosi cnosa: xananu 383Ky, po3nooil NOMydlcHOCmel, ONMuMizayis nponyckHoi 30amuochii,
NOMOKOBUL ANCOPUMM

The article proposes an algorithm for solving the problem of optimal distribution of the capacity of
data transmission channels between providers and Internet users. A mathematical model of the problem of
distribution of a limited homogeneous resource with transport-type constraints is formulated. A solution
method based on Orlin's stream algorithm is considered. A practical application of the algorithm for solving
a real distribution problem is proposed. The results of the capacity of the channels of the computer network
are obtained with a perspective increase in the capacity of the connections represented by the intervals of the
planned changes. An analysis of the solutions obtained with different number of switching servers was made,
conclusions about the choice of the provider to meet the optimal information needs of users were made.

Key words: communication channels, power distribution, optimization of transparency, flow
algorithm

Poboty npeacraBus 1.T.H, ipodecop Kymin B.1.

Po3p’sizyBanHs mpukiIagHuX OaraToiHaekcHuX Mepexi laTeprer. Ilpumyctumo, mo po3risgaeTbes
3ama4 JIHIHHOTO TPOTpaMyBaHHS TPAHCIIOPTHOTO JIOKajJhHA KOMITOTEpHA MepexXa MianpueMcTBa abo
tumy [1], M0 BiTHOCATHCS 10 KJIacy MUTOYMCEThHUX HABYAIBHOIO 3aKiiagy, sSKka 3a0e3ledye BHXI
ONTUMI3allifHUX 337124 [2], mpeacTaBisie ocoOMuBUi  KOpuCTyBadiB B IHTepHET. JlocTyn KOpUCTyBadiB 10
inTepec. lle moB’si3aHO 3 THM, IO HAa OCHOBI TJO0ANBHOI MeEpeXi 1 OTpUMaHHS HEoO0XimHOI
Mojenell 0araTOIHAGKCHUX TPAHCIIOPTHUX 3amad  iHopMaIllil MPOBOIUTHCS 3a JOMOMOTOK0 JEKLTBKOX
3apONOHOBAHO MMIXOAW JUIsl BUPIMICHHS psAOy KOMYHIKAIIMHUX ~ CepBEpiB,  PO3MINIEHWX  Ha
CKIaJHUX TIPAaKTHUYHHX TPoOJeM po3MOJAuTy Ta TepUTOpii iHPOpMaiHHO-00UNCITIOBAIEHOTO IEHTPY
wianyBanHsa. OpHak, mnpu npoMmy mnorpiono (IOLl) migmpueMcTBa 1 MiOKIIOYEHUX BHCOKO-
3ayBaXUTH, L0 OJHUM 3 NEPCHEKTHBHHUX HANpPSAMIB IIBHJIKICHUMH 30BHIIIHIMH KaHajlaMu 3B'SI3KYy 3
pHu po3poOIli epeKTUBHUX aITOPUTMIB PO3B’s3aHHS TpoBaiiepamu  [HTepHer. PiBHI  mporryckHHX
TaKMX 3aJad € BHUIUIGHHSA MiAKJIAciB 3ajgad, Ui CIHPOMOXKHOCTEH CepBEpiB JieKaTb B MEXKaxX CMYTH
BHPIIIEHHS SKAX 3aCTOCOBYIOTHCS TIOTOKOBI Meroan mponyckaHHs (bandwidth) rokampHOI  Mepexi.

[3]. [Ipumycrumo, o BinoMi notpedu abOHEHTIB Mepexi
@opMyTHOBaHHA NPOOJeMH. BaxiuBor s B 30UTBIIEHHI IBUIKOCTI OTPUMAaHHS Ti€l abo iHIIOL
BUpILIEHHS Ta MNPaKTHYHOTO BIPOBAPKEHHS € KUIBKOCTI  iH(opmamii. 3amani  moOakaHHS

mpobjieMa pO3MONLTy OOMEXKEHHX IOTY)XKHOCTeH (mepeBaru) aOOHEHTIB IIOJO MOXIUBUX 00'eMiB
KaHaliB Tepeladi JaHUX MDK DPI3HUMH BYy3laMu 30UIBIIEHHS IMPOIMYCKHHUX CIPOMOXHOCTEH  JUIS
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nepenayi iHpopMarii BiA mposaiinepa  j=1N,; C;,Cf, k=LN,, - 3#auenns
IIPpU3HAYCHOM JisT  KOpUCTYBa4d BY3IYy. JIs1 .. - .

p 3, a e oMy 6I[ opuce y6a a y3y I[ MIHIMAJIbHO1 1 MAKCHMAJIbHO1 HIMPUHUA CMYTHU

JI1 11 II KaHb H X1IH IIPOBECTU :

peansal obazka co AHO poBeC IMPONyCKaHHA KaHaJ1y nepeaayl JaHHX, SAKY

OHOBJICHHSI TIOTY)KHOCTEH KOMYTaliiHUX CepBepiB
MEpeKi HUIIXOM PO3TOPTaHHS HOBUX, MOTYKHIIINX
KOMI'IOTEpiB 200 NUIAXOM 30UIBIIEHHS KUIBKOCTI
ICHYyIOUMX CEpBEpiB, IO JIO3BOJIAE 30LIBIIUTH
CyMapHy  TPOIYCKHY  CIPOMOXHICTh  TpyIH
KOMYTaliiHUX cepBepiB. [Ipy 1bOMy 3HAYEHHS
CyMapHOi TMOTYKHOCTI cepBepiB  sK y pasi
30UIBIIEHHS. ~ TOTY)KHOCTI ~ HAasBHOIO  MapKy
KOMIT'IOTEpIB, TaKk 1 y pasi 30UIbIIEHHS KUIBKOCTI
cepBepiB mependayaeThCsi OJJHAKOBHM.

[pumycTiMo, mo B Mepexi peanizoBaHi yMOBH
edexTrBHOI KOMYyTallii KaHaiB (IIOMO0 iX MPOIYCK-
HOT CIIPOMOXHOCTI), sIKi 3a0€31eUyThCS POrpamMo-
BaHUMH MEPEKEBUMH TNPUCTPOSIMH (KOMYHIKaIlii -
HUMH cepBepamu, MapmpyTtusatopamu). CTpyKTypa
Mepexi Ta iH(opMallii, 0 PO3MOAUIAETLCS B Hild, B
3aralibHOMY BHIIJIKy MOXKe OyTH HalipizHOMaHITHI-
mor. B maHoMy BUTNIaAKy po3risiiacTbest podiiema
PO3IIOJIUTY TOTY)KHOCTEH KaHajiB 3 HACTYITHUMHU
oomexenHsmu [4]:

- iH(opMaIlisl pO3MOIUIETHCS BiJI IpOBaiiiepa J10
aboHeHTIB (By3/1aM) depe3 KOMYTaIliiiHi cepBepa I1o
KaHaJIax 3B'S3Ky 3 MPOITYCKHOIO CIIPOMOXKHICTIO, ITI0
BPAXOBYE 3aJ[aHy IIHUPUHY CMYTH ITPOITYCKaHHS;

- KOXKEH a0OHEHT MEpeKi 00CIYrOBYEThCA OJHUM
KOMYTAIITHUM CEPBEPOM;

- MPOIMYCKHY CIPOMOXKHICTh OTpHUMaHHs iH(}Op-
Mamii Uil KOMYTaIifHMX BY3JiB 1 aOOHEHTIB
O0OMEXKEHO SK 3BepXy (IPHUHIUIIOBI OOMEXEHHS
MOXJIMBOCTEH  TIpoBaiizepa), Tak 1  3HHU3Y
(miniManpHa mOoTpeOa abOHEHTIB B OTPHUMYyBaHiil
iHpopMmarii).

Buxonsum 3 HasBHOrO pe3epBy LIMPHHU CMYTH
MPOMTyCKaHHA 30BHINIHBOTO 3'€THAHHS, HEOOXiTHO
MaKCHUMalbHO e(QEeKTUBHO 30UIBIIHTA CyMapHY
MPOMYCKHY  CIPOMOXHICTh  KaHAJiB  3B'A3KY
KOPHCTYBadiB MUITXOM 3MiHH CYMapHIid MOTYXHOCTI
KOMYHIKAIIHHAX CePBEPIB 3 ypaXyBaHHAM 5K MOTPeO
i mobakaHb aOOHEHTIB (KOPUCTYyBadyiB), TaK i
moxkuBocter 1011,

3aranipbHa MaTeMaTH4iHa Moneiab. Hexait N; —

MHOXHHA TMpoBaiiiiepiB riodanpHoi Mepexi, N, —

MHOXXMHA KOMYHIKalifHMX cepBepiB, N; —
MHO)KMHA  abomeHTiB. Yepes A", i=LN,,
MO3HAYMMO BEIIMYMHUA MAKCHUMAJbHOI  IUPHHU
CMYTH TPOIYCKAaHHS KaHAJy Mepenadyi JAaHux, Ky
3AaTHUM Hamath npoBaiaep 1, 1=1LN;; B}r,
j=1N,, — BeIMYMHH MaKCUMAIIbHOI LIMPUHU

CMYTM NpOINYCKaHHSl KaHajly Iepeaayi AaHuX, SKy
30aTeH 3a0e3NeunTH KOMYHIKalidiHUKA BY301 J,

HeoOXinHO HamaTu abomenty K, K=1N;; t —
MPOMYCKHY 3MaTHICTh K-ro aOOHEHTCHKOTO MYHKTY,
k=1N,.
MOTY)KHOCTEH KaHaJIiB 3B'SI3Ky 3a/I0BOJIbHIE YMOBaM
AJUTUBHOCTI 1 TPOMOPLIHOCTI, MOXKHA PO3TISIAATH
3aa4y  pO3MOALUTY OOMEKEHOrO0  OJHOPIIHOTO
pecypcy (CMyru TpONyCKaHHS KaHaJiB 3B'S3Ky) 3
OOMEXEHHSIMU ~ TPAHCIIOPTHOTO THIY 3 METOI0
3HAaXO/KEHHS ONTUMAIBHOrO TUIaHy — Iepenadi
nanux. Lle 3abe3neuye eekruBHEe QYHKIIOHYBaHHS
CHCTEMH 3a0e3le4YeHHs] KOpUCTyBadaM I[HTepHeT-
JOCTYIY, SIKE TOJISITa€ B 3HAXOIHKEHH] OMTUMAIILHIX
3Ha4YeHb MPONYCKHUX CIPOMOXKHOCTeH T, mepenaui

Tomi, mnpumyckKarouu, IO PO3MOJIIIT

JTAHUX I-M I10CTaYaJIbHUKOM iHpopMarrii
(mpoBaiinepom), i=1,N;, i onTUManbHUX 3HAYCHb
MIPOITYCKHUX CHPOMOXHOCTEH t, BHKOpUCTaHHS

JIOKaJIbHUX KaHaliB 3B'3Ky K-M KopucTyBauem,
k=1LN,.

®dopMagbHO TOCTAHOBKA MAHHOI 3a7adi MOXKe
Oyt 3amucana y BUIIIs [5]:

maxt, ; maxt,; ... maxty,, 1)
3a HACTYIIHUX YMOB.
N3 N1
DH=DAT )
k=1 i=1
T<A, i=LN,, 3
7;<B], j=LN,, 4)
C, <t <C/, k=1 N, (5)

1 ipu oOMeKeHHi

N3 N1 N3
D Ci<DY AT (6)
k=1 k=1

i1
ne t—
KaHaJlB

BCIIMYMHU TIPOIYCKHUX CHpOMO)KHOCTGﬁ

3B'13Ky, IO  3a0e3MeuyroThesl  J-M

KOMyHiKariiHuM By3iaoM, j=1N,.

Auaroputm OpJriHa UIS1 IOIIYKY PO3B’AI3KIB Y
BUIJISIAI MAKCUMAJIBHHMX IOTOKIiB. AJITOpUTM,
3anporoHoBanuit Orlin J.B. [6], mo3Bomsie 3BecTH
3aa4y OaraTOiHAEKCHOIO JiHIHHOrO MmporpaMmyBaB-
HsS TPaHCIOPTHOrO THUIY JO TOTOKOBOI 3ajadi,
MPONOHYIOYN e()EeKTUBHY OOYMCIIOBAIIBHY CXEMY B
MOPIBHSAHHI 3 OI[IHKAaMH CKJIAJHOCTI 3arajlbHUX
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METOJIIB BHPIIICHHS 3aBJaHb JIHIAHOrO V4, BU3HAuUaeTbCid  BEIMYMHOK  BIJNOBITHUX
HporpamMyBaHHs;. . koedirrienTiB posnoainy E'= {e'l NP },
3rigHo (1) - (5) npencraBumMo GaraTOiHACKCHYIO K .. G(V E)

TPaHCTIOPTHY ~ 3a7aqy  DOSMOALTY  OMHOPIIHOLO Ie 3arajibHa KUTBKICTB BEpIUH Tpada E),
pecypcy 3 MpPOMDKHMUMH MyHKTaMH B BUTJsai 1O HaJIeXaTh IIAMHOXKHHI Vi TOOTO
opientopanoro rpapa G(V,E) Ges merems i V,|=K= M‘+M’= N;+N, . TIlosHauumo uepes
nmapajgelibHuX — pedep,  3aJaHoro  CYKYITHICTIO F(i) cE- migMHOKMHY MHOXMHM pebep rpada

HEMOpPOXKHBOI MHOKMHH BepH V 1 MHOXHHU E

pebep BUTISAY:
Ec {v.v;} ,GV,E)=(V.E), V=2,

Vi VjeVv i#j

me V= \V,,..Vy}, E={e.€,..6y}, N Ta M —
pebep Tpada
BI[3HAYMMO, M0 Y
MHOXHHY V  BepIIMH

CYKYTIHICTIO

(")

3arajibHa  KUIBKICTh ~ BEpIIMH 1
BignosigHo. Ilpu 1pomy
chopMmyIbOBaHild  3amadi
rpada G(V,E)

MiJIMHOXHH, SIKI HE IEpETUHAIOTHCS:

MpeaAcCTaBJICHO

1. V,- mnigMHOXHMHA TYHKTIB BHPOOHMIITBA
(mouaTkoBUX BY3JiB rpada);
2. V,- UiIMHOKMHA NPOMDKHMX — ITYHKTIiB

(IpOMDKHUX BY3IiB Opi€eHTOBaHOTO rpada);

3. V, - NiAMHOXXMHA ITyHKTIB CHOKUBAaHHS (KiHIII
opienToBanoro rpaga), toéro V=V, UV, UV, , 3a
YMOBH, IO (\/S uV, )ﬁVe =0 Ta M|= N,,
Np‘: Ny, Me[=Ng, N=Nj+N,+N;

Ilim cykymHicTio  (00'eqHAHHAM)  TIAMHOXWH
MHOXHMHM BEpIIMH IIyHKTIB BHpOOHMUTBa V, 1
IPOMDKHUX MYHKTIB V, OyAeMO PO3yMITH MiZAMHO-
KMHY PO3MOBCIO/KYBaduiB  Vy =V, UV oxHopiz-

HOTO HemepepBHOro pecypcy. Tomi Bara pebep 3
MHOXWHU E , 110 BUXOIATH 3 BEPIIMH IiIMHOXAHU

G(V,E), saxi Buxomars 3 i -i Bepumnu. [Ipu upomy,
N N

E=|JF() i NFi)=2.
i-1 i-1

Tomi, 3 ypaxyBaHHSM BHILECKAa3aHOTO, 3ajada
OINTUMAJILHOIO PO3MOIUTY OJHOPIIHOTO Pecypey - 11e
3ajjaya BH3HAYCHHs Bar pedep, M0 BUXOIITH 3
BEPILMH MiIMHOXKHUHHU V| , 3 ypaXyBaHHSAM KPHUTEPIit0

f(T e Ty €1 o€k ):
N3
=(-1)> 4 (T e Ty €1 men€'k )—> ’ mlg'
k=1
T,

npu oomexenHsx (2)-(5) 1 101aTKOBOro 0OMexeHHI,

(8)

HAKJIaJeHOro Ha KOe(IIEHTH PO3MOALLY, SIKE
BU3HAYAIOTHCS CITIBBIIHOIICHHSIM:

Jk

de=1, (9)

I'eomerpiro pO3B’s3KY OaraToiHaeKCHOT
TPAHCIIOPTHOI ~ 3a7adi  PO3MOMAUTY  OIHOPITHOTO
HETepepBHOT0 pecypcy MOJaHO HA PUCYHKY 1.

Puc.1l. I'eomerpist po3B’sa3Ky OaraToiHAEKCHOI TPAHCIIOPTHOI 3a/1a4i PO3MOIUTY OJHOPITHOTO PecypCy
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Jns 3HaXOPKEHHsI PO3B’S3KY ONTHMizalliifiHOT

3amadi (8) y BUTTISLAL BEKTOPHOT (QyHKIT
(T, Ty € €'k )=

(’[1(T1 B VY ,...,e'K),...,tN3 (Tl,...,TNl €' €'k
SIKOI  XapaKTepu3ye
B k-if  myHKT
oxHopinHoro pecypey (K =1,N; ), BBenemo Hactym-
rpap G(V, E)
OyJeMoO 3ajaBaTH y BUIJIALI MaTpHIlb 3B’SI3HOCTI
N x M H" i
sgoporHoro  H°"  morokis, AKUX
BHU3HAYAIOTHCS HACTYITHUMH YHHOM

),

BEJIUYHHY
CIIO’KMBAHHS

k-it  ememeHT
PO3MOIICHOrO

He mo3HayeHHs. OpieHTOBaHUI

PO3MIpHOCTI UL TIPSIMOTO

CIICMCHTHU

1, axwo 6y301V; inyudenmuui pebpye,,

Hin =1i ciiozoxinyem ,
0, ynpomunescnowy 6unaoky
i=L,N,m=1M; (10)
-1, axwo 6y30aV; inyudenmuui pebpy e,
Hw =1 i eiioconouamrkom ,

0, y npomunesicnony 6unaoxy
i=L,N,m=1M. (11)
s opienToBaHoro rpada G(V,E) BHU3HAYMMO

matpuiro S’ posmiprocti N x N, sika € MaTpunero
3B3HOCTI (TOOTO, SAKIIO BEpPLIMHA V|, JOCSKHA 3
V

q° (Q!p)-f;I

JOCSKHOCTI TOPIBHIOE 1, Y MIPOTHIICKHOMY BUIIAIKY

BEPIINHU TO eIeMeHT MaTpuIli

-0, q,p=1,N) mis nusixy kpatHocti  (r 3amae
KUTBKICTE pedep, MPOXOaIIn depe3 sIKi 3 BEpUTUHU

Vi € musx y BepmmHy V,). Marpuns S '
BU3HAYAETHCS PIBHICTIO
) Y r
Srz(Hm(_HOU) ) . (12)

Ockimsknn G(V,E) € opientoBannM 3B’S3HAM

rpadom 0e3 merens i mapanenbHuX pedep, BEMUIHHA
I oOMmexeHa 3HaueHHAIM R, sAKe BH3HaAYae
MaKCHMaJIbHO MOKIJTHBY KUTBKICTh pebep,
MIPOXOSIYN Yepe3 KOTPi iCHYE NUISX 3 -1 BEPIINHA B
p-y. Benmumna R BH3HaYaeThCsI MaKCHMaJbHO
JOMTYCTUMOFO KUTBKICTIO ITEPEXOIiB, M1 SIKUX HOpMa

MaTpHIIbl HE JIOPIBHIOE HYIIO, TOOTO HSr“ =0, s

Bcix r<R,a HSR+1 =0.
Bekrop-dyaKIis
wW(T oy Nllel’ ex) =
(Wi (T Ty 181 e Wiy (T Ty €108k ) ) s

J-i eneMeHT SKOi XapakTepusye oOcsr pecypcy,
KOTpUIl JOCTaBISETBCS B -0 BepUIMHY rpada
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G(\V,E), j=LN,
CITIBBIJHOIIIEHHSIM
W (r, eoThy 61 o€ )=
N

- Z(H in 4 diag(yR (Tl v Ty 81 w8 ))* (— H OUI)TJ

p=1

BU3HAYA€THCSA  HACTYIITHHUM

i
+ Wi (T, Ty, ) (13)
Jle cymMa y TepuioMy J0AaHKy Oeperbes mo ycim N
€JIEMEHTaM |-TO PsiIKa MaTPHIL
in H ’ ’ out \l
H *dlag(;/R(T ren T €158k ))*(—H ) :
W(T, Ty )= O (T T s s Wi (T Ty)
BeKTOp-GyHKIisA po3mipHocTi N, j-if emeMeHT sSKOT
BH3HA4Ya€ BEIMYUHY PECypCy, KOTPHil BUPOOISIETHCS
j-ro Bepumnoro rpada G(V,E), j=1,N ;

YR(Tyr Ty BLeen€k ) = (7r (T o Ty o818 )y
7R (T o8Bl )) - BEKTOP-(PyHKITis
po3mipHOocTi N, eneMeHTH $KOi OOYHCIIOIOTHCS
PEKYpPEHTHO 3a (hopmyIioto
7o (T Ty €lren€) =

3 i H ' ’
_ {Z(ﬂ(ei sl JH diag (3, (T, Ty €] 8 )))}

q=1

+1 (T e Ty 18] vk ) (14)

r=2,R, m=1N,
Oepernes o Beix M ememeHTax M-To psiaKa MaTpHITi
B, e R diag(y, (T, Ty, & -n8 ).

Y  pexypentHomy Bupasi (14) mowaTKoBi
3HAYCHHS €JICMCHTIB BeKTOp-(QyHKIIIT
yl(T reo Ty €1 ,...,e'K) Ta EIEeMEHTH MAaTpU4YHOI

a cymMa y TEpHIOMY [ONaHKY

byHKIT Ble)...el) BU3HAYAIOTHCS
CHIBBIIHOIICHHIMMU:
ol (T ron Ty €1 v €' ):
N
=| (B vn' ) *diag(v (T, Ty)))|
p=L m
m=1,N;
CERASI (S °”t)*dlag( E' (6] e )" - (15)
Tomi €IIeMEHTH BEKTOPHOL ¢byHKIiT
W(Tl N IN N &' €'k ) BU3HAYAIOTh €JIEMEHTH

BUXiIHOI BEKTOpHOI (YHKIiT t(Tl,...,TNl & ,...,e'K),

AKa € po3B’SI3KOM 3a7aui onTuMizamii (8):

t (T Ty €1 €' )= Wy (T Ty € v ) (16)
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ne Q — BekTop posmipHOcTi N, , enreMeHTH SKOro
BH3HAYalOTh HOMEPH BepmuH rpada G(V,E), o

CKJIaIal0Th MiAMHOXMHY V, IYHKTIB CIIOXHBaHHS

pecypey, k=1,K.

Takum unHOM, OaraToiHACKCHY 3ajady PO3MOfIi-
Ty OTHOPITHOTO HEMEPEPBHOTO pecypcy 3 yMOBaMu
TPaHCIOPTHOT'O THITY MPONOHYETHCSI PO3B’SI3yBaTH 3
ypaxyBaHHSIM KpPUTEPII0 ONTHUMAIBHOCTI, IUIIXOM
0araTopa3oBOro BUPIIICHHS ONTHUMI3allidHOI 3amayi
(8) 3 obmexenusmu (9) i tomosorii (10), (11)
METOJJaMU ONTHMI3allii apyroro mopsaky [5], ski
3a0e3MeuyoTh HalKpaly 301KHICTh.

3acTocyBaHHSI AJTOPUTMY IJ PO3B’S3aHHS
peanbHoi 3amaui pos3momity. Hexait B skocti
MyHKTIB BUPOOHMITBA, TPOMDKHUX IYHKTIB 1
MyHKTIB CIIOKUBAHHS PO3MISLIAIOTHCS  BIATOBIIHO
rpynu [HTepHeT-poBaiiiepiB II00ANLHOI Mepexi,

KOMYHIKaIiHHUX cepBepiB iHpOopMaIiitHO-
00YHCITIOBATIBHOTO LEHTPY Ta abOHEHTIB-
CHOXuBaviB iH(pOpMAIlil, SKAMH € TYPTOXHUTKH

BHII[OI'0 HABYAJIBHOTO 3aKkiaay. CxeMa MmiKiIF0YeHHs

MEpEeXEBUX  MPUCTPOIB  KOPUCTyBayiB 1  ix
00CITyroByBaHHS Ha PiBHI KOMYHIKaIlifHIX CepBEPIB
IOl BigmoBigae BUMOraM BHXIJHOI  3ajadi.

OmHOpIZHIM pecypcoM, IO BEMAarae ONTHUMAaJIEHOTO
po3mnofiny, Oyae MpOMyCKHA 3JaTHICTh KaHaiB
3B'I3Ky NpOBaiiiep-KOpPUCTYBad 3 ypaxyBaHHIM
MIUPUHA CMYTHU TNIPOIYCKAaHHS KaHAIy, Ky 3JaTHUH
HaJaTu IpoBalep, 1 MAKCUMAIBHOI IIIUPUHA CMYTH
MPOITyCKaHHA, 5Ky 3[JaTHHI 0OpOoOWTH 1 peatizyBaTu
KOMYHIKAI[IHHAN BY30I.

PosrnmsmaeTbest peanbHa KOMITIOTEpHA Mepexka,
0 BUKOPHCTOBYE OfHE 3 2 aJbTEPHATUBHUX
30BHIIIHIX MITKITIOUEHb 10 Mepexi [areprer (2
mpoBaiigepa) 1 2 abo 3 KOMyHIKaIiifHUX cepBepa,
CyMapHa UIMpUHA CMYTH HPOIMYCKaHHS  SKUX
OIHaKOBAa. 3HAYCHHS IMPUHHM MPOITYCKHOI CMYTH Ha
MMOTOYHUH MOMEHT AopiBHIoE 2 ['6/c, ane Mmoxke OyTn
30umpmeno o 3 1'6/c. BHyTpimHI KaHamm Mepexi 3
MUPUHOI cMyTu TiponyckanHa 1 '6/c Bukopwucro-
BYIOTBCS [Tl OOCITYTOBYBAaHHSI MEPEKEBUX MTPUCTPO-
iB 17 CTYHeHTCHKHUX TYpTOXHUTKiB. KomyHikariitHi
cepBepH 3a0e3MeuyroTh MiIKIIOYEHHS] KOPUCTYBadiB
JI0 30BHIIIHIX KaHAJIB, IIMPHHA CMYTH MIPOITyCKAHHS
sxux 10 I'6/c.

Ha mowatrkoBoMy erarii mocii/pKeHHS CIyx0aMu
iH(hOpMAIliITHO-00UNCITIOBAIBHOTO IIEHTPY BHKOPH-
CTOBYBaJICs 2 KOMYHIKaTOpa 3 IIMPHHOI CMYTH
nporryckanHg 1 ['6/c. B pe3ynbTarti criocrepexxeHHs
3a  BEIMYMHOIO Tpagiky, SKUH  OTPUMYETHCS
MEpPEKEBUM OONaTHAHHAM B TYPTOXHTKAx, OyIo
BCTaHOBJIIEHO, 110  MAaKCHMajbHa  IPOIYCKHa
3IATHICTh OKPEMHX MiJKIIFOYEHD JI0 KOMYHIKAIIHHUX
cepBepiB CTaHOBUTH BimmoBigHO 260, 165, 150, 190,
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275, 115, 175, 275, 155, 195, 125, 145 , 90, 370,
180, 90, 150 M6 / ¢ (cymapnwuii Tpadik = 3105 M6 /
C), IO TepeBHIIyE 3arajbHy MPOMYCKHY 3JIaTHICTbh
CEpBEPHOro 00JIaTHAHHSL.
3po3yMizio, 1m0 3a0e3MEUUTH 3a3HaveHi piBHI

OPOMYCKHOT 3JaTHOCTI JUIS BCIX KOPHUCTYBadiB
OJJHOYACHO B JaHiii KOH}irypamii MepexeBoro
yCTaTKyBaHHSI HEMOXKITHBO.

Peanpna nmpomyckHa —34aTHICTH, fAKa Oyna

pearnizoBaHa BUXOMSMYM 13 3aAaHOI HNIMPHUHU CMYTH
MPOITYCKAaHHSI KOYKHOTO KOMYHIKaTopa, OTPUMYEThCS
MpH TAKITIOYeHH] TYpTOKUTKIB Ne8, 14, 15, 17 o 1
cepBepy, a IHIMX - J0 cepBepa 2. 3HAUYCHHS
MPOMYCKHOT ~ 3IaTHOCTI  JIOKAJIBHHUX MIJKIIOUYEHb
nopieaioroTs 0; 99; 129; 0; 0; 122; 28; 284; 150; 0;
130; 150; 99; 378; 192; 93; 146 Mo6/c. Slcno, 1m0
BUpILIEHHS MPOOJIEeMH B BUIILIAL  BiAKIIOUEHHS
JocTyny B IHTepHET KopHcTyBauaMm, MOTYXHICTb
KaHaJy SKUX IopiBHIOE (, HEMPUITYCTUMO. Y SIKOCTI
IHHOBAII{HOTO PO3B’3aHHS nmpobiemMu

MPONIOHYETHCS  yIOCKOHanUTH HasBHe Ha [OI]
MepexeBe oOmamHanHsA. lle MoXHa mpoBecTH
OUISIXOM  30UTBIIEHHST TapKy  KOMYHIKAI[ifHHX

CEpBEPIB MEPEKEBHM KOMII'TOTEPOM 3 IMOTY)KHICTIO,
IO JOPIBHIOE IIBOM HasSBHUM. I[HImMH cmocio
30UTBITICHHS MPOITYCKHOI 3MaTHOCTI KaHAJIB MEPexi
MOJIATa€e B MPUI0aHHI TBOX HOBHX OUTBINT MOTYKHHX
CepBepiB.

IIpu BuUKOpHCTaHHI 2 OXHAKOBUX KOMYHIKAITiii-
HUX CEpBEpIB CyMapHOi MPOMYCKHOI MOTYKHOCTI 3
I'6/c, BenmuuMHM TPOITYCKHOI 3MATHOCTI JIOKAJIBHUX
MITKTI0YeHb TOpiBHIOWTE 259, 159, 149, 166, 273,
115, 163, 274, 152, 148, 125, 144, 90, 365, 180, 89,
149 M6/c BiamoBigHO, 10 B cyMi cTaHOBUTH 3 1'6/c.
Buxopucranus 3~ KOMyHIKaTopiB  3arajibHOi
nponyckHoi cupomokHocTi 3 I'6/c (1 I'6/c xoxeH)
Jla€ 3HAYEHHS MOTYXKHOCTI JIOKATbHUX ITiIKII0YEeHb
260, 148, 146, 190, 258, 114, 175, 266, 146, 195,
124, 143, 90, 335, 180, 89, 141 M6 / ¢ BignoBigHO,
10 B CyMi TaKOX CTaHOBUTH 3 ['0/c.

Jns mpuckopeHHs A0ocTymy B I[HTepHET BHHUKIA
HEOOXITHICTh y 30UIbIIEHH]I MPOIYCKHOI 3MaTHOCTI
KaHaJiB Tiepefadi AaHWX. Buxomsunm 3 aHamizy
icHyrogoro Tpadiky Ta MOXIMBOCTEH OONaIHAHHS
Oynmu  3ampoONOHOBaHI  HACTYMHI  MaKCHMalbHI
BEeIMYMHU  TIPOITYCKHOI  3/aTHOCTI  JIOKAaJbHUX
makarodens: 280, 180, 170, 200, 290, 125, 190, 290,
170, 210, 135, 160, 100, 390, 195, 95, 165 M6 / c.

BuxopucraHHs A7 IIHOTO ABOX KOMYHIKAI[IHUX
CepBepiB CyMapHOK MPOMYCKHOI moTyxHOCTi 3 ['6/¢c
3a0e3reuye IMBHUIKOCTI JTOKAIBHUX ITiIKIIOYEHb, sKi
nopiBHIotOTE 128, 161, 160, 124, 284, 124, 152, 287,
165, 208, 134, 158, 100, 378, 194, 94 , 149 M0/c
BignoBigHO (Typroxkutku Ne 5; 8; 10; 14; 15 1 17
HiIKIII0YA0THCS 10 cepBepa 1; iHmi - 1o cepsepa 2).
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BuxopucranHs 3 KOMyHIKATOpiB Ja€ 3HAYCHHS
MOTY>KHOCTI JIOKAJIbHUX MinKitoYeHb 271, 146, 153,
65, 273, 123, 123, 284, 162, 206, 131, 158, 97, 378,
192, 92, 146 M6/c BianoBigHo (TypToxkutku Ne 1; 5,
10, 12 1 16 minkirouaroTbes OO0 cepBepa 1
ryproxutku Ne 2; 3; 4; 6; 7, 9; 11 1 13 - no cepepa
2; ryproxutku Ne 8; 14; 15; 17 - mo cepBepa 3).

HeoOxigHo Big3HAYMTH, IO CXEMa ONTHUMI3aIlii
MOTYXHOCT1 MEPEeXEBUX KaHATIB 3B 513Ky Ha OCHOBI
3acTocyBaHHs aaroputMmy OpJiiHa oTpuMalia IpaKTh-
YHE MIATBEPKEHHS Y TpOLeci MPOBEACHHS KOHCT-
PYKTHBHOI peopranizamii cepBeproro mnapky IOLL.
IIpu 1pOoMy, Tpeba 3a3HAUMTH, IO PO3POOJICHHI
IMOTOKOBUI  aJrOPUTM  3aIHMINAETHCS  JIOCTATHBO
PECYPCHOMICTKHM 4epe3 BUKOPHCTaHHS iTepamiiiHol
0araToOKpoKoBOI CXeMH. Y BHIAJKy CKIIAJHUX
MEpPEKEBUX TOMOJOriH MOTPIOHO 3aCTOCOBYBATH
aNbTEPHATHBHI aJTOPUTMH PO3B’SI3yBaHHS BUXIIHOI
samgaui (1)-(6) (mampuxman, [8]).

BuchoBku. Y pganiii poGOTi pO3TISTHYTO METOM
PO3B’si3aHHS ONTHMI3aIliHOT 3a/1a4i TPAHCIIOPTHOTO
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TUMYy JUISl BUPINICHHS MPOOJEMH ONTHMAIEHOTO
PO3MOIiTY TOTYXKHOCTSH KaHATIB Mepenavi JaHuX y
Mepexi IarepHer. s mpoBemeHHS JOCHIHKCHHS
chopMynbOBaHa 3ajadi ONTHUMI3aIlil MPOMYCKHOT
3IATHOCTI MEPEKEBUX KaHAJIB 3B'A3Ky B CXEMi
«TpoBaiiziep KOMYHIKaIliiHUH  cepBep
KOPUCTYBau» 3a HAsBHOCTI OOMEXKEHb Ha 00CSTH
CIOKMBaHHS. 3apONOHOBAHO 3aCTOCYBaHHS METOLY
ONTHMI3allii  PO3MOAUTy IOTOKIB Ha  OCHOBI
anroputMmy Opaina. [IpoBeaeHO 00YMCIIOBATLHUIA
EKCIICPUMEHT, B pe3y/bTaTi SKOr0 OTPUMAaHO
BEJIMYUHU IIPOMYCKHUX CIPOMOXKHOCTEH MEPEIKECHUX
KaHAJIIB  YHIBEPCUTETY TMpPH  MEPCIEKTUBHOMY
30UTBIIEHH] MOTYXXHOCTEH 3'emHaHb. PesymbraTu
HABEACHO Y BUIJIAAI MX IHTEPBAJIB 3aITAHOBAHUX
3MiH. [IpoBeneHo aHai3 pilieHb, OTPUMAaHUX IS
Pi3HOI KUIBKOCTI KOMYTallifHUX cepBepiB, 3po0eHi
BHUCHOBKM 1IIIOJI0 3a0e3redeHHs] MoTped KOpUCTY-
BayiB y KaHaJax 3B 53KY.
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YV yiti cmammi npononyemuvcs 3azanvhe popmyniosants mepedici nepemuny ayoumopii 6 CoyianrbHux
Mepedc, a maKoxHc NPOCMULL aleopUmm O BUSHAYEHHs NepemuHy ayoumopii 080X OKpemux Kopucmyeauis,
AKuti  0a3yeEmMvcs  HA  GUKOPUCMAMHI  NYOIIYHUX OAHUX NpPO IX NOCHIO0BHUKIE. 3anponoHo8aHo
anbmepHamueuil NioXio NOWYKy nepemuny ayoumopiil, ssKuti 6a3yemvcsa HaA CXOHCOCMI KOPUCmy8adié Ha
OCHO8I e 3a2anbHO00CmMynuux Oanux. I1ioxi0 003601€ po32a0amu CUSHAIU CXONCOCMI KOHMEHmY |
ocobausocmell no8ediHKu 01 3ACMOCYBANHS Y 3A2ANbHUX CIAMUCTIUYHUX MOOENSX, Wo (opmanizyioms
MUnogi OJisl Mepexc Xapakxmepucmuky (Kosapiamu), maxi AK npama y4acme GNIUBOSUX OCIO 6 3a2dNbHUX
002080penHX, BIOHOCHT PO3MIpU T ICIMOPIL BNAUB0BUX OCIO, A MAKOIC NOCUNAHHA HA AHANOZIYHUL CIOPOHHIL
KOHmenm 051 8iOHOBNEHHA UYEH3YPOBAHUX Mepexcesux cmpykmyp 1 enacmueocmen. [Jna eanioayii
Pe3yaIbmamis 3acmocos8ano npoyec Kauopayii' i 6CMan061eHo HAAGHICMb 3A/IeHCHOCTE Nepemuny ayoumopii
KOpUCmy8auis 8i0 cXoxcoCmi CmeopeHo20 HUMU KOHMEHMY ma 0coOIugocmel ix nogediHKuU.

Knouosi cnosa: konmenm, nepexpumms, COYiabHI Mepexci, an2opumm.

In this paper we provided the definition of the Audience overlap network, as well as proposed a simple
algorithm to compute overlap between two users on social media based on public data about their followers.
There was proposed an alternative approach for computing overlaps based only on public data about users.
This approach allows to include content overlap and activity patterns signals to be incorporated into more
general statistical models featuring other covariates such as influencers’ direct engagement in shared
conversations; relative influencer sizes and histories and links to similar third-party content to recover
otherwise censored network structures and properties. For validate results there was designed a calibration
process which utilizes Evolution Strategies algorithm to find a set of conditions which will make Audience
overlap network built using similarity measures structurally equivalent to the Audience overlap network
build on full information about followers.

Key words: content, overlap, social media, algorithm.

Crartio npencraBuB 1.T.H. Kynin B.1
. media requires performing analysis on both levels
Introduction simultaneously and mapping “influencers” and
With growing number of users in recent years, ordinary users serving as their audiences. To map
social media platforms have become not only the social media influencers to their audiences we
prime place for public discourse, but also a main explore a general approach for building Audience
source of news for many people. This massive qverlap networks (AONs). AONs can be used for
development increased a need of their analysis on  multitude of applied problems e.g., detecting groups
structural and content levels. Every level has its own of users Spreading disinformation, coordinated
state of the art tools and methods of research. But in messaging Campaigns’ general community detection,
many cases, understating of influence on social etc. AONs can be built for most of modern social
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media platforms (e.g., Facebook, Twitter, or
YouTube), the only condition we require for these
platforms is to have a follower-followee connections
structure. While platforms like Twitter or Reddit
grant unrestricted access to lists of followers or
members of influential channels and profiles, others
like YouTube or Facebook do not grant similar
access or otherwise restrict its granularity. This puts
additional pressure for general approach of building
AONSs but at the same time opens opportunity for
exploration of deeper connections between
influencers and their audiences.

In this paper, our aim is to provide a general
definition of the AON, data processing steps needed
for creating AON and the challenges faced when
building AONs for social media platforms with
minimal amount of public data available.

To demonstrate challenges faced while working
with limited input data we first use Twitter to
provide a baseline AONs which can be used for any
out-of-sample testing. Our first pick was Twitter
because not only Twitter holds the position of one of
the most popular social networks (most official
government accounts are present there e.g., President
Biden, United Nations, World Health Organization)
but also Twitter was designed in way that all
interaction between users remain visible to everyone
else. Twitter also has a flexible public application
programming interface (API).

We will follow definitions in [1], where audience
overlaps were computed by link and cross-link
similarity.

Topics and influencers.

2021,1
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Data processing

In this section we describe the topics and the
process of collecting data for building AONSs.

Topics and influencers

We consider four topics and influencer groups:

T.: Democratic primaries. Conversations about
the 2020 Democratic Party presidential primaries.
Influencers are selected from the top presidential
contenders.

T2 Airline geeks. Conversation related to the
airline industry and business air travel. Influencers
include reviewers of frequent flyer programs, travel
experience bloggers and industry insiders.

Ts: Global issues. Conversations about reporting,
analysis and opinions on global environmental,

climate and energy issues. Influencers include
magazines like The Economist, and selected
journalists and organizations like The World

Economic Forum.

T4 Technology investment. Conversations on
technology investment, emerging technologies and
entrepreneurship. Influencers include prominent
venture capitalists and industry publications.

Influencers were selected for both relevance and
focus on a topic and ability to generate engagements
with their content. Table 1 lists selected influencers
for every topic in alphabetical order for entities and
last name for individuals.

In most of the cases the analysis of social
networks is more effective when applied to specific
subset of conversation (posts) and authors (users).

Table 1

ID Name

Influencers

T, Democratic primaries

Joe Biden, Mike Bloomberg, Pete Buttigieg, Kamala Harris, Amy
Klobuchar, Bernie Sanders, Elizabeth Warren

T, Airline geeks

Boarding Area, French Painter, One Mile at a Time, Runway Girl,
Secret Flying, Wander Me

Ts Global issues

Inside Climate, Ro Khanna, Sierra Club, The Economist, World
Bank, Yale E360, Chris J. Zullo

T, Technology investors

Adam Scrabble,
Company, Naval, Nick Timiraos, WIRED

Epsilon Theory, Eric R. Weinstein, Fast

We define social media topic as all authors and
conversations which mention specific keywords. In
our case keyword can represent a name or multiple
spellings of author as well as some general
expressions related to the area of interest.

For every topic, we used the Twitter API [2] to
query and download all tweets for the first half of
2020, including tweets by identified influencers; then
download the list of followers for every influencer.

Audience overlaps network

We define AON as graph with influencers as
vertices, where the weight of the edge between
vertices (influencers) defined as the number of
shared followers between them (audience overlap).
Consider Figure 1 as a visualization of the structure
of some topic X. Here we have identified influencers
A and B and eight followers. We calculate the
audience overlap between A and B as
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O(A B) = |Fy N Fg | and O(B, A) = 3/5. After downloading all followers
(A B) = |Fa] for each influencer, we built the AON for every topic
A see Figure 2.

where F, and Fg denote sets of followers of A and
B respectively. In this particular case O(A, B) = 3/6

ollower \ / ollower >< \
7N
\ S N
\ / / ~ \
p R N oV I
Follower 1 / \ / — / \
/ Influencer A \ / / Influencer B \
f | s [ \
pd
—_‘_ —

Figure 1: A sample follower-followee network for influencers A and B.
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Figure 2: Visual presentation of AON for every topic in a table form where every cell is an average
percentage of shared followers between two influencers.
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Figure 3: Calibration progress for the topic Ti.

Lack of data

The process of building AONs based on Twitter
data raises no additional problems, at same time
many large social media platforms have restricted
public access to information about follower. This is
the case with Facebook, even though the follower-
followee structure is present on the platform we are
unable to build AONs. At the same time Facebook
still leaves a lot of information about influencers and
their activity including content of posts, reactions,
comments, all annotated with timestamps.

We defined a set of functions, each of them
comparing similarity of two influencers based on
some characteristic:

S1(A, B) — compares similarity between content of
A and B using cosine distance based on the
features produced by Bag-of-Words method [3].
S2(A, B) — performs a search for links to same
resources (“http://*", "https://*"", "www.*", etc.)
published by both A and B. This function also
checks for domains similarity.

S3(A, B) — compares distributions of publishing
activities of A and B.

S4(A, B) — compares distributions of comments
under publications of A and B.

We consider that every comparison function has
different weight within different topics, so the final
comparison function is defined as

4
S(A,B)=>"w, *max(0, (S;(A,B)—b;)):
i1
where S; (A, B), i=1,2,3,4, - values defined above.
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The solution for building AONs on partial data is
to compare influencers using function S(A, B) instead
of comparing actual followers. But having multiple
unknow parameters in comparison function doesn’t
instantly provide AON, but rather requires
understating of the communities’ structure from the
platform with known followers.

Calibration

After we built AON for every topic of interest,
we tried to find the set of values for weight
parameters so that the AON built using S(A,B)
function will structurally match baseline Twitter
AON. For this purpose, we designed a rigorous
calibration process which utilizes Evolution
Strategies algorithm [4] and performs a search over
values of weight parameters to minimize structural
difference between output and baseline AON.

We selected the following measurements of
structural difference:

Number of clusters (> 2, > 3, > 4, > 5).
Diameter of the graph.
Betweenness centrality.

To get more clear calibration results, we extended

the list of influencers in every topic to 30.

Results

Figure 3. presents calibration results for the topic
T, after 150 generations of the algorithm.

The optimization started optimistically by
improving average score by factor of 3 in just 50
generations, but after 100 generations the algorithm
couldn’t find a better set of parameters. The same
problem appeared in calibrations for the rest of the
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topics. This is a clear indication that the function for
measuring similarity can find only macro-level
differences  leaving  micro-level  differences
unexplored. This problem can be solved by applying
state of the art Natural Language Processing
techniques for measuring content similarity [5] or by
using methods for analyzing information flows
in social networks (Social Network Mining) [6].
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Summary

We identified the role of Audience overlap
networks as a powerful tool for analysis of social
media. We described a general approach for building
AONs while having full understating of follower-
followee relations. Using four topics, we showed that
it is possible to build an approximation of AON
using only minimal amount of input data. We are
also certain that by applying better content similarity
measures it is possible to improve process of
building AONs and remove the need in knowing full
structure of the followers.
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YMoBUu po3B’si3yBAaHOCTiI cuCTEM Conditions for the solvability of nonlinear

HeJIIHINHUX piBHAHb B €BKJIJOBUX equations systems in Euclidean spaces

nmpocropax

Kuiscbkuit mamionajipHuii yHiBepcuTeT ime-

ui Tapaca [lleBuenka, 01033, Kuis, Byn. BoJio- Taras Shevchenko National University of
JAuMHUpCchbKa, 64. Kyiv, 01033, Kyiv, 64 Volodymyrska st.
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B po6omi odeporcarno ymosu po3e’azyeanocmi cucmem neaiHitnux (nosinomiarvnux) pieuamns. Io-
KA3AHO, WO 00EPHCAHI YMOBU EKBIBANEHMMHT YMOBAM ICHYBAHHA THMEPNOAAUITHO20 NOATHOM MIHI-
MAAOHOT HOPMU NEPUL020 CMENEHA 8 e6KAII080MY NPOCMOPI.

Kaouoei crosa: Inmepnossuitinut noatHom, cucmema HeATHITHUL PI6HAHD, €6KAI006UTL NPOCMIp,
YMOBU PO3B A3YBAHOCTNI.

The solution of many applied problems is to find a solution of nonlinear equations systems in finite-
dimensional Euclidean spaces. The problem of finding the solution of a nonlinear system is divided into
two problems: 1. The existence of a solution of a nonlinear equations system; in the case of nonunique
of the solution, it is necessary to find the number of these solutions and their surroundings. 2. Finding
the solution of a system of nonlinear equations with a given accuracy. Many publications are devoted
to solving problem 2, namely the construction of iterative methods, their convergence and estimates of
the solution accuracy. In contrast to problem 2, for problem 1 there is no general algorithm for solving
this task, there are no constructive conditions for the existence of a solution of a nonlinear equations
system in Fuclidean spaces.

In this article, in finite-dimensional Euclidean spaces, the constructive conditions for the existence
of a solution of nonlinear systems of polynomial form are found. The connection of these conditions with
the linear polynomial interpolant of the minimum norm, generated by a scalar product with Gaussian
measure and the conditions of its existence, is given.

Key Words: Interpolation polynomial, system of nonlinear equations, Euclidean space, solvability
conditions.

Crarrio npescrasus pod. Anicimor A.B.

1 Bcryn sazadi 2 [1]-[3], a came 1006y 108Bi1 iTepaniitaux mMe-
TOMIB, MATAHHSAM IX 30i?KHOCTI Ta OIIiIHKAM TOTHO-

Posp’sgzanns 6ararbox NPUKIIQIHUX 3a/a9 3BOJM- CTi 3HaiijeHoro po3s’sizky. B [3] moBemeno reope-
ThCS JI0 TIOINIYKY PO3B’$I3Ky CHUCTEM HEHIHHUX MU IIPO 3HAXO/XKEHHS PO3B 3Ky HEJIIHIHHOT cucTe-
PiBHSHb B CKIHYEeHHOBHMIPDHUX €BKJIJJOBUX MIPO- MM B €BKJIJIOBUX IIPOCTOPaX, y BUIAJKY KOJIM Bi-
cropax. Taki 3a/1a4i BUHIKAIOTH Y BUIIAAKY IIOIIy- JTOMi JiesKi KoopamHaTtu i1 pos3s’a3ky. Ha Bimwmi-
Ky ekcTpemyMa (yHKII OaraTtbox 3MiHHUX, TP HY Bijg 3amadi 2, Mg 3amadi 1 He icHye 3arab-
3aCTOCYBAaHHI HESIBHIX METOJIB IHTEIPyBaHHs 3BU- HOTO AJTOPUTMY PO3B S3aHHS IIOCTABJIEHOI 3a7a-
qaitHuX audepeHIiitHnX piBHsIHB Ta iH. ZK Bimomo di, ToOTO He iCHy€ KOHCTPYKTUBHUX YMOB iCHYBa-
3a/a9a 3HAXO/I?KEHHA PO3B’SI3KY HEJIIHIWHOI CHCTe- HHs PO3B’d3KYy CHUCTEMU HEJIHIHUX PIBHAHBL B €B-
MU pO3MAIAETHCH Ha JIBI 3a/1a4i: KJIiJTIOBUX ITpocTopax. fIK i st oJlHOrO HeTiHiiHO-
1. Ilutamng mTpo icHyBaHHA Ta e€IWHiCTL 'O DIBHSIHHS JIOKaJi3allis KOPEHIB HEJIHIHHOI cu-
PO3B’SI3Ky CHCTEMU HeJIHIfHUX PiBHSHDL; y BUIAJ- CTEMHU MOXKe OyTu 3pobsieHa 3a JOHMOMOTOI0 MEeTO-
Ky HEeEIMHOCTI PO3B’A3KY MOTPIOHO 3HAfITH Kinb- /B MATEMATHIHONO aHAJII3y Ha OCHOBI iH(OpMa-
KICTb IUX PO3B’A3KIB Ta IX OKIJL. mil mpo cucteMy. Y BUIAJKY CHCTEMHU HEIHIHHUX

2. BH&XO,ZLGHHH p03B7H3Ky cucteMu memimiji- P1BHAHD 3 JIBOMa HEBIIOMHUMU JOCTATHBO 3PYIHUM

HUX DIBHSAHB i3 3a/1aHOI0 TOYHICTIO. € rpadiunmii MeTon. Aje fKIIO 3MiHHUX Oisbline

Bararo ny6uikaniit npucssueHo po3p’sizapnio K ABL TO JUTA OTPUMAHHSA BIIIOBIIL Ha ITHTa-~

© O. ®. Kammnyp, 2021
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HH¢ TIPO iCHYBaHHS PO3B’SA3KYy CHUCTEMHU Ta 3Ha-
XOJIZKEHHST HOT0 OKOJIy HOTPIOHO BUKOPHUCTOBYBa-
TH METOJY MATEMATHIHOIO AHAJI3Y. 3ayBarKHUMO,
mo B [4] HaBegeHO 0030p TEOpEM Ta TBEPJKEHb,
3a JIONMOMOTOIO SIKUX MOXKHA 3’SCYBATU MUTAHHS
PO iCHYBaHHS PO3B 3Ky HEJIHINHOI CUCTeMH, aJie
YMOBH IIi HE € KOHCTPYKTUBHUMHU. B 1nesgKux BH-
MMajKax 3HANIEHO YMOBH iCHYBAHHS PO3B’SI3KY CU-
creM HesliHIHEX piBHsAHD [5|. B [6] HaBexeno ymo-
BU PO3B’s3yBaHOCTI He/IHIHOI cucTeMu, ajie BOHU
MICTSITh TIOYATKOBE HADJIMKEHHS 13 OKOJIY KOPEHSI,
TODOTO 1€ O3HAYAE, IO PO3B’SI30K CUCTEMU iCHYE.
B pobori HaBegeHO KOHCTPYKTUBHI YMOBH 1ICHYBa-
HHSI PO3B’{I3KY HEJIHIMHUX CHUCTEM IOJIIHOMiaJIb-
HOT'O BUTJISAY B CKiHYEHHOBUMIDHHWX €BKJIITJOBUX
npocropax. HaBeneHo 3B’SI30K IIMX YMOB 3 IIOJI-
HOMIaJILHUM 1HTEPIIOJISHTOM IIEPIIOro CTEeIleHsT B
€BKJIJIOBUX IIPOCTOPAX Ta yMOBaMU HOTO icHYyBaH-
ust. [lepeitaemo j10 onmcy cTpyKTypu podboTH.

[lepmuit po3min MicTuTh Bimomi pe3ysbrarTi,
IO HeOOX1THI JI/TsT TTOMaJIBINIOro BuKIamy. Ipyruit
PO3/ILT IPUCBSYEHUIT yMOBAM iCHYBaHHSI PO3B’sI3-
Ky CHCTeM HeJiHIHuX (moJiHOMiaJbHUX) PIBHSIHB
Ta OKa3aHO, 1110 BOHU €KBiBaJIECHTHI yMOBaM 1CHY-
BaHHA IHTEPIIOJISIIIHOrO MOJIHOMA, IIEPIIOro CTe-
IIeHsI, 3HAYEHHS SKOI'0 Ha, CIEIaJIbHIX IHTEPITOIs-
MIHHUX By3jax 30iraloTbCs 3 BiAIOBIAHOIO JIiHili-
HOIO CHCTEMOIO aJrebpaldHuX pPiBHAHBL, TOOTO JIi-
HIfTHOIO CHCTEMOIO, JIO SIKOI 3BOJINTHCSI CUCTEMA T10-
JIIHOMIaJIbHUX PiBHSHB 3a JIOIMIOMOIOIO ITEBHOI 3a-
MIHM 3MIiHHUX. 3aKIHIYETHCA CTATTS BUCHOBKAMMU.
Bukitag imocTpyeThes psiioM KOHKPETHUX IPU-
KJIaIiB.

2 JlomomixkHi pe3yabTaTu

Hagenmemo pesynbraru, 1mo OygayTh BUKOPHUCTAHI
JI7ISI TIO/TAJIBIIIONO BUKJIaJIeHHST MaTepiasy. Posris-
HEMO CHUCTeMYy JIHITHUX PIBHAHB

(1)

Q171 + QX + -+ ATy — Y5 = 0,

7=12,...,m.
BigmosinHo 110 [7] BBeseMo Taki o3HaUEHHS.

Osnauenna 2.1. Mimop A, 1o HeTOPIBHIOE HYJTIO
Ta CKJIAJAETHCA 13 KoedillieHTiB mpu HeBimoMux
cucremn (1) HA3BEMO BY3JI0BHM MIHODOM Iii€l CH-
CTeMU, HAKINO BiTHOIEHHS /10 HHOTO BCiX BU3HA-
YHUKIB, 1[0 OTPUMAaH 13 A JI0JaBAHHSIM III€ OHO-
ro cTOBOYMKA - BEKTOPA IIPABUX YaCTUH Ta OYJib-

2021, 1

75

Bulletin of Taras Shevchenko
National University of Kyiv
Series: Physics & Mathematics

SIKOTO psifiKa MaTpuil, Hesijx'emue. OcTanHi MiHO-
P¥ Ha3WBAIOTH CYIPOBOMKYIOTNMI.

Osnavenns 2.2. Bysnosuit minop A cucremn (1)
Ha3BeMO HeBiI'éeMHO (HeJ0/IaTHBO) OPIEHTOBAHUM
BiJIHOCHO HEBIJIOMOTO X}, SIKIIIO BUKOHYETHCS OJTHA
i3 TBOX yMOB:

1. ZKonen i3 koedirientis mpu x, cucremu (1)
He € eJleMeHTOM MiHopa A.

2. Bigpomenns winopa A 10 BU3HAYHUKA,
SAKUIT OTpUMAaHO i3 A 1pu 3aMini cToBOUYNKa Koedi-
II€HTIB TIPU I} CTOBOYMKOM BiIIOBIIHWX ITPaBUX
yactun cucremu (1), HeBix'eMHe (HEJONATHE).

Osnavenns 2.3. TlociimoBHICTD 4KMCe S1, S2, . . . , Sm
Ha3BEMO IIJIKOM A-JIOMYCTUMOIO, SKIIO BUKOHYO-
ThCd TaKi YMOBH:

1. A e By3noBum miHopom cucremu (1).

2. Yu mimop A micTuTh cTOBOUYMK, IO BU-
3HAYAEThCsl Koedirienramu npu , i3 cucremu (1)
1 mpm 3aMiHI €JIeMEHTIB IILOrO CTOBOIIS BiIITOBiI-
HUMHJ BUIBHUMHU YJI€HAMHU ¥; IePeTBOPIOEThCS Ha,
HyJIb, & IPU 3aMiHi BIATIOBLIHUMYI YUCJIAMH S; IIe-

peTBOpIOEThCsT Ha BuU3HAYHUK A*, 10 Bijmosinae
*

craisBignomenHio — < 0; yn A He mepeTBOpPIOE-

ThCS Ha, HYJIb Y BUTIQJIKY TEPINO] 3aMIiHA YH B3araJi
He MICTUTHL CTOBOIS i3 KOeMdIIieHTIB 1P T.

Osnavenns 2.4. fkmo icHye By3JioBUit MIiHOD
A cucremn (1) Takwmii, MO CyKyIHICTD dHCET
81,82, -+, Sm ILIKOM A-JOMyCTHMa BiJJHOCHO KO-
JKHOT'O 13 HEBIIOMUX Xy, Tpy, ..., T, (3 OXHEM i
TuM caMuM A ), TO HA3BEMO 1110 TIOCIIIOBHICT 11
KOM A-JIOMyCTUMOIO BiTHOCHO CYKYITHOCTI IIX He-
BIJJOMUX.

Ha nincrasi goBesenoro B |7] mae micre

Teopema 2.1. (C. M. Yepnixos) Jlas moeo,
wob cucmema ANIGHUT DPieHANL (1) mana To-
wa 6 odun po3s’asok cmpoeo 6id’emnul (cmo-
poeo dodammiti) 6i0HOCHO CYKYNHOCMI He6I00MUT
Tnys Tngs s Tnyy 1 <k < nd nedodammits (ne-
610 emnutl) BIOHOCHO CYKYNHOCTIE THUWUL HEB100-
MU Tpy, Tpyy- -, Tp, 0 <t < n— 1 neobxiono
ma docmamnvo, wob GUKOHYBAAACH 00HA 13 YMOS:

1.y; = 0 ma s; = Zleajni =0, j
1,2,....m.

2. Cucmema (1) mae xowa 6 0dur nedodammvo
(ne6id’emmo) opienmosanull 6i0HOCHO CYKYNHOCT
NEGIIOMUT Ty s Tpgs- - -y Tyy, MO Ty, Tpys -+ -5 Tp,
6Y30068UTll MIHOD A\ Marul, Wo NocAido8HICD Y-
CeA 81,89, ..., Sm € uylaxom A-donycmumor 6idHo-
CHO CYKYNHOCTE UUT HEGI0OMUL.
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Basznaunmo, 1o B [8] TakoxK J0BeIEHO Teope-
ME PO 3HaKW po3B’sizkiB cucremu (1). Ase jyist
IepeBipKM BUKOHAHHS YMOB IIUX T€OPEM IOTPIOHO
obummoBarn () BH3HAYHUKIB MOPSAJKY 7, 1 T -
PaHT MATPUIl CUCTEMU, N - YUCJIO HEBITOMUX.

B nomansmomy B poboTi Oyie moka3aHo 3B’s-
30K MiXK yMOBaM¥ iCHYBaHHSI PO3B’SI3Ky HEJIHIN-
HOI CHCTEeMH PIiBHSIHb Ta YMOBOIO iCHYBaHHS iHTep-
MOJIAIIIHHOrO TIOJIIHOMa B €BKJIIJJOBOMY IIPOCTOPI.
V 3B’43Ky i3 UM POBIJISTHEMO PO3B’SI3aHHS JIiHIH-
HOI IHTEePHOJIAIIINHOT 3a/1a49i B CKIHUYEeHHOBUMipHO-
My eBkJioBomy mpoctopi. Hexait f : E,, — Ry,
FE, — n-BuMipHUil eBKJifoBUN mpocTip, u € F,,
U= (xlax% s 7xn)'

[HTepIONSIIHII TTOIHOM IIEPIIOrO CTEIeHSs
st f(u) mae BUTIS

Pi(u) = ao+ ) agxy (2)
k=1

Ta BIJITOBIJIA€ IHTEPIOATIHHAM yMOBaM
Py(uy) = f(uk) =y, k=0,m, yo =0, (3)

ae ug, k= 0,m — By3/1u IHTEPIIOJISIIIT:

u():(0,0,...,O),

u = (11,12, - .-, Q1p),
ug = (021,022, . .., Q2p), (4)
Um = (amlyam%“-aamn)

Ha mincrasi Teopemu 3 [9] maemo:

Teopema 2.2. /Jlasa po3s’azanms iHmepnossyit-
woi' 3adavi (2)-(4) neobriono ma docmammvo 6u-
KOHAHHA PLBHOCTNT

(E—T*T)y =0, (5)
dey = (0,y1,92,. - Ym), I = || Zizo(uzaug')p\\%:o,
00 =1, (-,-) — cwarapnuti dobymox ¢ E,, TT -
nceedoobeprena mampuuys Mypa-Ilenpoysa [10] do
mampuyt I'), E — odunuvwna mampuuys po3mipHo-
emi (m+1) x (m+1).

IIpu suxonarmns ymosu (5) nosinom

1
Pl(u) - y7r+ Z(Uuu)pngo
p=o

€ pose’askom 3adai (2)-(4), wo mae MIHIMANOHY
HOPMY, NOPOOHCERY CKAAAPHUM D0OYMKOM 3 2aY-

cosoto wmiporo [12], de (o, B) = Y10, ifi, «
(O[(),O[l,...,()ém), ﬁ = (ﬁOaﬁla" . aﬁm)
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B [11] nokasano, mo ymoBa (5) € aHajorom
teopemu Kponekepa-Karresri po3s’sssyBanocTi cu-
creMu JIHIHHUX asreOpaidHux piBHATH (1).

3 YMoBu po3B’A3yBaHOCTi cucTeM HeJIiHiii-
HUX PiBHSIHb

Posriisinemo cucremy HeTiHIHHUX PIBHSHBL HAJT TI0-
JileM MifiCHUX [Hces BUTISITY:

(6)

aﬂzlf—l—ozjgzlg—i-“-—l—ajnzﬁ—yj :0,
keN,j=1,2,...,m.

Cucremy (6) 6yemMo Ha3MBaTH MOJIHOMIAJb-

Hoto cucremoro. Ilocrae nuranHs Ipo iCHyBaHHH
k

i1 po3B’a3Ky. Beenemo nmosnadenns: z;
1,2,...,n Ta mijgcrasumo B (6).
B pesynbrari mincranosku cucrema (6) Haby-

Ba€ BUIVIALY:

171 + ajaxo + -+ oy, — Y =0, (7)

i=1,2,...,m.

Orxke, oTpuMaJIM CUCTEMY JIHIHHUX ajirebpa-
TYHUX piBHsIHB. YMOBOIO icHYBaHHsI po3B’si3Ky (7)
¢ Bukonannst ymonu (5). B [11] magano 3B’s:30k
Mi>K yMOBaMU PO3B’SI3HOCTI CHCTEM JIHINHUX PiB-
HSHb Ta MOJIHOMIaJILHUM 1HTEPIOJSTHTOM IIEPIIOo-
IO CTelleHs B €BKJIJIOBUX ITPOCTOpPax 1 yMoBamu
tioro icayBanus. OcCKijibKU MTOJIiHOMIaJIbHA CHUCTE-
Ma 3BOJUThCs 710 (7), TO yMOBa iCHYyBaHHsI DO3B 13-
Ky HeJiHiiiHOI cucremn (6) Takok Oy/ie eKBiBaeH-
THa yMOBaM ICHYBaHHSI IHTE€PIIOJISIIINHOTO ITOJIIHO-
Ma IEePIOro CTeNeHs B eBKJIJIOBOMY ITPOCTOPI.

Posrusinemo cucremy (6) y Bunajky, ko k
— HenapHe. 3ajiada pPO3B’Sg3aHHs MOJIHOMIAIbLHOT
CHUCTEMU 3BeJIach JO0 CUCTEMU JIHifiHUX ajrebpal-
annx piBasnb (7). i poss’as0k icHye, 9KIIO BIKO-
HyeTbest ymosa (5). Takum auHOM MaeMo:

Teopema 3.1. Hexaii 6 (6) k = 2l — 1,1 € N
ma sukonyemoca ymosa (5) meopemu 2.2. Todi
cuCmeMa NOATHOMIGALHUT PieHAND (6) Had noaem
QIliCHUT “ucen Mae Po36° A30K.

Hexaii 8 (6) k € mapuum. Ouep:KumMo cucremy
minifinux anrebpaidanx piBHaHb (7) i3 0OMexkeH-
HAMU

2, >0, k=1,2,...n.

(8)
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st Toro, 11106 icHyBaB po3s’si30k cucremu (7)
3 yMoBaM¥ (8) HEOOXiIHO 11106 BUKOHYBAJIUCH yMO-
BU TeopeMmu 2.2, a BUKOHAHHsI HEpiBHOCTEH (8) 3a-
6eamedye BUKOHAHHsST yMOB Teopemu 2.1. Omepxa-
JIN TaKuil pe3yabTar:

Teopema 3.2. Hexati ¢ (6) k = 2,1 € N ma
ons cucmemu (7) BUKOHYIOMBCA YMOBU MEOPEM
2.1 ma 2.2. Todi cucmema rweainitinue pienans (6)
Had nosem OICHUL YUCEA MAE PO3G A30K.

[TpoinfocTpyeMo 3acToCyBaHHsT TeopeMu 3.2
Ha HACTYITHOMY IPHUKJIA/II.

Ipuxaad 1. 3’sicyBaru, 9u iCHy€e PO3B’SI30K CHCTe-
MU HeJIHIAHUX PIBHSHb

2 2 2 2 _

228 — 22 — 223 + 27 = —1/2.

9)

2 _ . P
[Moznaummo z; = x4, x; > 0, ¢« = 1,4. Orpu-
MaeMO TaKy CHCTEMY JIHINHUX aJredpaldHux piB-
HAHDb:

r1 — X2 +x3 — 14 =0,
Tl — X2 — X3 + x4 = 1,
21‘1—%2—2%34—1’4:—1/2,

(10)

i3 obmexennsivu (8). 3’sicyeMO, UU BUKOHYIOTHCSI
ymoBu Teopemu 2.2. [Tobymyemo marpuirio I'. s
[BOI'O MPUKJIATY, BiJIIIOBIIHO JI0 BBEICHUX BUIIE

IIO3HAYEHb:
- (0,0 0, 0)
= (17 1)7
= (1, 1 1)
uz = (27 2 1)
y= (0,0, -1/2),
1 1 1 1
1 51 1
I'= 1 1 5 7
1 1 7 11

Matpurg I' meBupomkena, ockinbku detl’ = 16,
orke yMoBa (D) BHKOHYETbCs 1 cmcrema JiiHIM-
Hux piBusHb (10) Mae poss’sizok. Ilepesipumo, un
6yayTh BHKOHyBaTnCh obMmexxkenus (8). s mpo-
ro HeoOXiHO, 00 BUKOHYBaJ/IMCh YMOBU TEOPEMU
2.1. Maemo: s cucremu (10) BusHATHEK
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0 CKJQIAETHCA 13 KOediIlieHTIB pu HeBiIoMux
T1 Ta T3 i3 MEepIIoTro Ta JPYroro piBHAHHA € BY-
syiopuM MiHopoMm. Ilokarkemo, 110 BiH € HEBim eM-
HO OPIEHTOBAHUM BiJTHOCHO CYKYITHOCTI BCIiX HEBi-
gomux (10). 3rigHo i3 myHKTOM 2 O3HAYEHHS 2.2
HEBiT'€MHO OPI€EHTOBAHOIO BY3JIOBOI'O MiHOpa Ma-
€MO:

1 A
S| e 2
0 A
Ay = =-1, —
2 1‘ 7A2>07

OT>Ke YMOBU BUKOHYIOTHCSI 1 A € HEBII'€MHO Opi€H-
TOBaHUM BY3JIOBUM MiHOPOM BIJTHOCHO BCiX HEBiJI0-
mux cucremn (10). Ockinbku cyma s;, j = 1,2,3
KOeDIIIeHTIB IPU HEBIJIOMUX B OY/b-SIKOMY DiB-
usuHi (10) ZOpiBHIOE HYJIIO, TO MOCJIIOBHICTD Y-
cemn $81,82,83 € IUIKOM A-JIOMyCTUMOIO BiJHOCHO
T1,T9,T3,Ts. TAKUM IHHOM, y HMPUKJIAII BUKOHY-
€ThCsI Apyra yMoBa TeopeMu 2.1 i Bcl posB’si3ku
cucremu (10) - gogarHi, a orke i cucrema (9) mae
pO3B’s130K. MoXKHA IEPEKOHATHUCH, M0 PO3B’A3KOM
cucremu (10) € Bekrop (1,1/2,5/2,3).

Posrstremo nnramnis mpo icHyBaHHST pO3B’ 13-
Ky IOJIIHOMIaJbHOI CUCTEMU BULJISTY

{ f(xl,l'g, . ,{L‘n) = ﬂl,

Z (11)
) = 2,
ne  f(xi,xe,...,20), g(x1,29,...,2,) - Tapa
JificHux KBaJapaTudHux QOpM BiIL N HEBimo-
MuX. lmest po3B’s3aHHs IOCTaBJIEHOI 3aadi I0-
JIiTa€ 'y HACTYyIHOMY: IOTPIOHO, MO0 iCHYyBaJso
€JINHe HEBUPOJXKEHE JIHIHE TepeTBOPEHHS, fAKe
OJTHOYACHO TEPEBOJUTHL JBI KBaJpaTudHi dhopmu
flxy,xe,...,2y) Ta g(z1,22,...,
YHOT'O BUIVISIILY.

Hexait g(x1,x2,...,2,) - 10JATHBO BH3HAYTE-
Ha KBasiparnana dpopma. Toxi, BigmnosiaHo jo [13],
ICHye HEBUPOJIKE€He JIiHIiTHE IIePEeTBOPEHHS, SKe
OJIHOYACHO 3BOJUTH hopmy ¢(x1,T2,...,Zy) 1O
HOPMAJIbHOIO BUIIIsiLy, a opmy f(z1,Z2, ..., Ty)
- JI0O KaHOHIYHOTO. B pe3ynbraTi 0epKUMO TaKy
CHUCTEMY

g(xlaJ;Za oy T

Zp) 70 KaHOHI-

Y (2

Oéll.f% + 04121‘% +--+ alnxi
2 2 2 _
xy+a5+ -+ x, =y,

Cucrema (12) € 9acTHHHEM BHUIAJIKOM CHCTE-
mu (6) y Bunajky, kouu k € mapaum. Orke (12)
Ma€ PO3B’sI30K, SIKINO BUKOHYIOTHCSI YMOBU TEOpPe-
M 3.2.
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Teopema 3.3. Hexaii 6 (11) f(x1,22,...,%n),
g(z1,22,...,Ty) - napa diicHUT KEAOPAMUNHUL
popm, popma g(x1,x2, ..., 2Ty) — dodamnuvo susna-
YeHA Ma BUKOHYIMBLCA YMOBU Meopemu 3.2 0z
cucmemu pishans (12). Todi cucmema neainitinuz
pisnans (11) mae po3s’asoxk.

Hexait Temep B (11) f(z1,29,...,24),
g(x1,22,...,oy) - ABL JOBULILHI aiiicHi KBaJpa-
Tuuni popmu. Cumerpuuni marpuii A ta B € ma-
TpuisiMu KBaJpaTuaaux dopMm f(x1, xe, ..., xy)
ta g(z1,2,...,Ty) Bianosiano. B [10] nokasamuo,
mo ymoBa AB = BA e HeoOXimHOIO Ta IoCTa-
THBOIO JIJIsl OJIHOYACHOI'O 3BeJeHHd Marpulb A
Ta B 10 JiaroHaJbHOrO BUTJIAILY 38 JOIOMOTOIO
OPTOTOHAJILHOTO TI€PeTBOPEeHHsI. TakuM 4mHOM, y
BUIIaIKy BukoHaHHs piBHOCTI AB = BA cucrema
(11) nabysae Burisiay (6), ne k = 2, m = 2. Toxi
TeopeMy pO icHyBaHHs po3B’sa3Ky cucremu (11)
B I[LOMY BUIIAJKy MOKHA C(OPMY/IIOBATH TAKHM
YHUHOM.

Teopema 3.4. Hexati 6 (11) f(x1,22,...,%y),
g(x1, T2, ..., Ty) - napa dicHUT KEAOPAMUYHUL
Ppopm axum eidnosidaromv mampuui A ma B.
Hxwo suxonyemvcsa pisnicms AB = BA ma ymo-
6u meopemu 3.2 das cucmemu pienans (6), de
k=2 m=2, mo cucmema HeAHITHUT DIBHAHD
(11) mae poss’asox.

3a3HaunMo, 10 BCI yMOBH OJHOYACHOI Jiia-
roHaJiizarii ABoX JAIHCHUX CUMETPUYHHUX MATDPHIH
nasejieHo B [10|. Ha mizcrasi nux pesysnbraris Te-
opeMy IIpO PO3B’SI3yBaHICTh HEJIHINHOI CHCTEMU
(11) mMoKHa 3amuCcaTi Tak:

Teopema 3.5. Hexaii 6 (11) f(z1,22,...,%n),
g(z1,22,...,Ty) - napa dilicHuT KEAOPAMUYHUL
Ppopm axum eidnosidaromv mampuyi A ma B,
detA # 0. Hxuwo sUKOHYIOMBCA YMOBU

1. Pienanns det(B — NA) = 0 mae avwe 0it-
CHT KODEHT.

2. Mampuusa B — AA mae sci auwe npocmi
enemMenmapi JLALHUKU.

3. Buxonyromubca ymosu meopemu, 3.2 0asn cu-
cmemu pienans (6), de k=2, m =2,

mo cucmema HeAtHitnux pisuans (11) mae
D038 A30K.

Hexait  f(z1,x2,...,2,), g(z1,22,...,2,),
v(x1,x2,...,Ty) - AificHi kBagpaTHIHi PopMU Bij
n HeBioMuX. Po3riiiHeMo NUTAHHS 1IPO iCHYBaH-

Hsl PO3B’sI3Ky TAKOl HEJIHIHOI cucTeMu PiBHSIHD
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f(xtha"'axn) :gla
g(xbe?"'?xn) :g27 (13)
v(T1,22,. .., Tn) = U3.

Hacrymaum kpokom moTpibHO 3BecTH BCi Tpu
KBaJIpaTuvdHi QOpMH [0 KAHOHITHOTO BUIJIS-
Jy 3a JOIOMOIOI0 OJHOrO JIHIHHOIO HEBUPO-
JIZKEHOTO TIePETBOPEHHsI, TOOTO IPUBECTH CUCTE-
My (13) mo Burmsay (6). Hexait xBagparn-
quum popmaM f(z1, Ta, ..., &), g(T1,22, ..., Ty)
v(z1,22,...,Ty) BIANOBLIAIOTH CHMETPUYHI Ma-
tpuri A, B ta C. B [14] 3naiigeno neobxinmi ta
JIOCTATHI YMOBH OJIHOYACHOI JTiaroHaJI3alIll TPhoX
JifiCHIX CUMeTPUIHUX MaTpuilb. Ha mimcrasi mmx
pPEe3yJIbTATIB TEOpeMy IIPO ICHYBaHHS PO3B’sa3KY
cucremu (13) MOXKHA MOJIATH Y BULJISIL:

Teopema 3.6. Hexai 6 (13) f(x1,x2,...,xy),
g(x1, 29, ..., 2p), v(T1,X2,...,2y) - Jilicni Kkea-
dpamuuni opmu, axum 6i0nosidaromsv MaMPULL
A, B ma C, detA # 0. Hxwo suxonyromscs ymo-
61U

1. Pisnanns det(B — NA) = 0 mae auwe 0ii-
cHi Koperi ma mampuus B — AA mae eci auwe
npocmi esemenmaphi JiALHUKU.

2. Pisnanna det(C — A) = 0 mae avwe 0iti-
cnt xkoperi ma mampuus C — BA mae eci auwe
NPOCMi eAemMenmaphi JiAbHUKU.

8. BAT'C =CA™'B.

4. Buxonyromwves ymosu meopemu 3.2 oas cu-
cmemu pienans (6), de k =2, m = 3,

modi cucmema HeAiHIGHUT pieHAnb (13) mae
D036 A30K.

3azHaunMo, MO yMmoBa 3 Teopemu 3.6 € Jo-
CTATHBO YKOPCTKOIO YMOBOIO, OCKLIIBKU HEBEJIUKUIA
KJIaC MaTPHUIlb MOXKYTh 11 30/10BoJIbHATH. [Ipoisio-
CTPYEMO 11€ Ha ITPUKJIA/I].

Ipuxaad 2. 3’sicyBatu qu Oyjie MATU PO3B’ST30K
CHCTeMa PiBHSIHb:

ﬁ(%% + 223 — 2am112) = —1, a € R,
a® # 2,
23+ 23 — 2mw0 = 1,
222 + 2% + 27129 = 0.
(14)
Ksanparnaaum dopmam

f(xla ‘TQ) —

2—7042(33% + 223 — 2az113),

2 2
g(wl,xg) = I + Ty — 2331%2,

v(xy, ) = 223 + x5 + 22119
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BIJIIIOBIIAIOTH CUMETPUYHI MaTPHITL

_ 1
22

2 «
a 1

1
-1

-1
1

21

A 11

-]

-]

|

[TepeBipumo BuKoHaHHS yMOBHU 3 Teopemu 3.6
T ITUX TPbOX MaTpuilb. Maemo:

[ e N R I IR !
sare=| 5 AT 3R]
—1,~ __ 33—« 1
BA C—H_3+a _1” (15)
ip 12 1) 2 of T -1
ears= [ SA
CAlB—HSEO‘ _?’_j;“ (16)

s BUKOHAHHST yMOBHU 3 MOTPIOHO 100 3HA-
iineni marpuni B (15) Ta (16) cniBnagamm. Orpu-
Ma€eMO

—3+a=3, 1=-3+a.
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Onepxkam cynepednictb. OTyKe IpH KOLHO-
My o € R' ymoBa 3 Teopevn 8 ma cucremm (14)
HE BUKOHYETDHCH.

Saysastcenns. B [7] nosemeno meopemu mpo
icHyBaHHS MOJIATHIX PO3B‘I3KiB CUCTEMU OIHOPI-
HUX ajredpaianux piBHsiHb. ToMy Teopemu, 1110 Ha~
BeJIEHO B JIaHill CTATTI Ha MiJCTaBl pe3yJ/IbTaTiB i3
[7] MmoxHa cdopmymoBaTH ISt OHOPIIHUX TTOJTi-
HOMIaJIbHUX CHCTEM PIiBHSHDL. TaK0XK 3a3HAYMUMO,
110 B pobori 7] moBeieHO psijl TeOpeM PO J0aTHI
PO3B’aA3KM cucTeM ajrebpaliHux pPiBHSIHDb, OTKE Y
dopMyTIOBAHHI BCIX TEOpEM JAHOI CTATTI MOXKHA
HOCHJIATHCH Ha iHII Teopemu i3 [7].

4 BucHoBknu

B pobori 3Haiijieno ymMOBM iCHYBaHHS PO3B’dA3KY
[IOJIIHOMiaJIbHOI CUCTEMHU PIBHAHL B CKiHYEHHOBU-
MIPHOMY €BKJIJIOBOMY IPOCTOPI Ta IOKa3aHo, IO
HeoOXiaHI Ta JOCTAaTHI yMOBHU iICHYBaHHS JIHITHOTO
IHTEePHOIATIIHOTO MTOJIIHOMa MiHIMaJILHOI HOPMU 3
[11] exBiBasienTHI HEOOXiMHUM Ta JOCTATHIM yMO-
BaM CYMICHOCTI CHCTEeMU OJIIHOMiaJIbHUX PIBHSAHbD.
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B cmammi posenadaemocs i301008anHa NONYAAYIA, WO ORUCYEMbCA JNO2ICIUYHUM DIGHAHHAM, mMa
BUBUAEMbCS BNIUG KEPYBAHHA HA 3MIHY il yucenbHocmi. B 3anexcnocmi 6i0 sHaueHus napamempy KepyeaHHs
BUHUKAE MPU PI3HUX SUNAOKU NOBEOIHKU 1301608aHOI nonynayii. Jlocniodceno cmayioHapui mMouKku Ha
CMIKICMb 8 YCIX MPboX BUNAOKAX MA NPEOCMAsAeH] 2PApIKU NOBEOIHKU NONYIAYLL 8 3ANeHCHOCMI 810 PI3HUX
NOYAMKOBUX YMOB.

Kmouosi crosa: nocicmuuna nonynayis, ougepenyianvhe pPieHAHHS, CMAYIOHAPHA MOYKA, CMIUKICMb,
KepyeamHsi.

The article considers the isolated population described by the logistic equation and studies the influence
of management on the change of its number. Depending on the value of the control parameter, there are
three different cases of behavior of an isolated population. In the first case, when the quota is equal to the
corresponding value, depending on the initial value, the population either goes to a stationary value, or dies
out. In the second case, when the quota does not exceed the established value, depending on the initial
population size, the population either goes to the largest stationary point, or dies out. And in the third case,
when the quota exceeds the established value, regardless of the initial population size, the population dies
out. Stationary points for stability in all three cases are studied and graphs of population behavior
depending on different initial conditions are presented.

Key words: logistic population, differential equation, stationary point, stability, management.

JlorictuuHe  piBHSHHS, TaKOX BigoMe SIK 3 po3B’s3Ky (2) BUIHO, IO MPH £ — +©
piBusiHas ~ @epxronbera  (Bepxromsera,  1838), x(t) - q = x,.
CHepIry 3’SBUJIOCH TIPH PO3TISAL MOZAENi 3pOCTaHHS TakuM YWHOM, MaeMO CTiMKHH CTaH piBHOBAaru
4icenbHOCTI HacelneHHs [1]. 3apa3 e pIBHAHHA npu JOBiLTBHOMY ITOYATKOBOMY 3HAa4eHHi Xo > 0.
IIUPOKO 3aCTOCOBYETBCSA JJIsi  OMHCY 0arathox [IponoHyeThest PO3MIISTHYTH JIOTICTHYHE PIBHSIHHS
(Gi3M4HNX, XIMIYHUX, €KOHOMIYHUX Ta OlONONIYHMX JUIsd i30JIbOBAHOI MOIMYJISAIIl Ta BBECTH JEIKUIA
MIPOLIECIB TOILO. napaMmeTp kepyBaHHA U > 0, u = const.
Hafiaz[aeMo gorictiane piBHsHHS [1] Toni BUXigHA MOJIEIb MATUME BUTIIA:
x x dx x
ik (1 — 6> , x(0) = xo, @Y o (1 — a) —u, x(0)=x, 3)
Je I — TeMn pOCTy MOMyJALil, ( — EMHICTh Hany wmozens (3) 3 mapameTpoM KepyBaHHS
CepeloBHIIA. MOXXHA  BUKOPDHUCTOBYBATH  JUIS  PO3B’S3aHHS
CrarionapHi TOYKH IIbOTO PIBHSAHHS NPUKIAJIHAX 3a7a4: Yy 3aMKHEHOMY CEPEIOBMILI
x1=0, x, =q. MIPOBOJIUTH PO3BEICHHS JEeIKHX OIOMOTIYHHMX BHIIB,
Po3p’a30k piBHAHHA (1) BimoMMH Ta MaTUMe HanpHKiIaa, Ha npojax. Lle Moxke OyTH mOmyJsiii
BUTIISL: XapYOBUX COPTIB pUOM, TBAPHHU XYTPSHHUX MOPIT,
x(t) = xq (2) OTaxd TOILLIO. ?a AONOMOT0I0 MAPaMETPy KepyBaHHs
1— ( 0 )e—rt Ta TOYATKOBOI YMCEIBHOCTI MOMYJISIIi 3’sCyBaTH —
Yo~ 4 SKYy KUIBKICTB OCOOMH 13 momymsmii MOXKHA

© Konsuosa T.B., 2021
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BUIYYUTH, 1100 TOMYJsLis HEe BHMHUpana i
3aJIIanach Ha IEBHOMY CTaJIOMY piBHi.
Omke, 3HaiaeMo crarionapHi Touku [2] ams (3):

/z_ﬂ
qt g% =4

q
= =—+4
12 2 2+

Bce Oyme 3anexaTu Bij 3HAKy MiJKOPEHEBOI'O

a* q

BHpa3y. [lo3naunmo ioro D = . W

OTxe, MaEMO TP BHUIIAJIKU

1) D=0<=>u= rq/4’ TONI CTalioHapHa
TOYKA Xpp = q/z.

2) D>0<=>u<'%/,, nexaii

(u= rq/4 — 2, > 0), Tomi

r .

3) D<0<=>u>"1/, nexai
r

(u= q/4 —&%,e>0),

CTalliOHAPHUX TOYOK HEMAE.

PosrisitHEMO Bcl Hallll BUITAAKHA.

TOI IIHACHUX

1) Hexait u = rq/4, TOM X1, = q/z.
BuxigHe piBHSIHHS MAaTHME BHUTJISI:
dx (1 x) rq 0) =
Pk 7 7 X0 =x
[TepenumieMo B iHITOMY BHTJISAL
dx r q\>2
E=—E(X—E) , x(0) = xg (6)
Po3p’s3aBmm piBHAHHA (6), 3HAKIEMO, ITI0

)

=L t+C
_q ¢
x ) > q
Koucranta C = —3, xo # 1
xO_E 2
OT1xe, po3B’SI30K MA€ BUTJTISL
_q 1 1
X(t)—z+£t+—1, Xo;tz
Q" x, - %'
HpI/I X > q/z

HpI/I X < q/z

()

x(t) - Q/Z mpu t — +oo.
x(t) > 0 mpu t > +oo.

Y

n

af

v

t
Puc.1. 130J71b0BaHOT

.. 1q
TIOMyNAL{i TIpu KepyBanHi u = 1/ 4

IToBeninka JIOTICTUYHOT
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2) Hexaii napamerp kepyBaHHs U < rq/ 4

MoxeMo HepiBHICTb HEPETBOPUTH Y
PIBHICTH HACTYITHUM YHHOM
r 2
u= q/4—e, (e >0),

TOJIi CTAI[IOHAPHI TOYKH MATHMYTh BHUTJISIT

rq q
X12 = 7i 5\/;.

BuxiaHe piBHSIHHS MaTUME BUTJIS:

dx x\ rq
E=T‘x(1—g)—j+€ , x(0) =x9 (8)
[Nepenuiemo B iHIIOMY BHTJISIII

dx r N q .,

E = —g((x —E) —;S ),X(O) = Xp (9)

PiBHsiHHS (9) — e TaOnuyHMH iHTErpal.
Otxe,
~q9_ 4
1 =2 r€ r
In = ——t+I[nC (10)
4 ~q, 4 q
2 \ﬁ € |x—5t \ﬁ €
Bce 3anexxuTh BijJ MOYaTKOBOTO 3HAYEHHS X, a
e B CBOIO 4Yepry BH3HAYa€ 3 SKAM 3HAKOM
PO3KPUBAETHCS MOJYJTb.
ITepenumrem piBasHHS (10)

_(4, |4
x<2+ &

a0
()

Koncranra mae Bursiy

(11)

Hexait
q q
Xo <z — |—&
2 T
Tomi po3KpHUBAEMO MOIYIb 31 3HAKOM «+):

—2¢ |4

x— g+\/§fs =Ce 28\/:t x— 1_ gs .

2 r 2 T
[Ticnst BiNMOBiHUX TIEPETBOPEHb OTPUMAEMO

q
2¢e |=:

=i o

2 r —28\/§t

1—-Ce r

Jlo sikoro 3HaueHHst Oyxe npsmysatu x(t) npu
t > +oo. I UBOro pO3MIIAHEMO IOBEHIHKY

noxinnoi (9) na npomixky (0;q/2 —/q/r ¢)
[Ipunyctumo, 1o

q /q
=—— [-&g— 0).
X > rs a(a>0)

(12)
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HiHCTaBI/IMO B noxifny (9), orpumaemo
dx _ q q q
— g2+ 2as |—+a?>—=£%)<0
at q r r r

Omxke, moxigHa (9) Ha MPOMIKKY <O; q/z—

’q/rs> crajae, ToMy po3B’s30k (12) mpu t — 400

x(t) > 0. TakuM YMHOM TIONYJIAL{isS HE BCTUrae
Bi/IHOBJIIOBATHCh, Ta IIOCTYIIOBO BUMHUPAE.

Hexaii
fﬂ /ﬂg
2 r r

Toni po3KpUBAEMO MOYJb 31 3HAKOM «-»'

—2¢ |4
X — ﬂ+ z.s = —Ce 28\/;t X — 1_ ge
2 T 2 T
[Ticns BiANOBIIHUX MTEPETBOPEHL OTPUMAEMO
28\[ 25[
x(t) == + f& — )
oot

Jlo sikoro 3HaueHHs Oyzae npsMysatd x(t) npu
t > +oo. Jlns 1BOro PO3TASHEMO TOBEHIHKY

noxigHoi (9) Ha TPOMDKKY <q/2 - fq/r &; q/2+

i

ITpunycrumo, 110

q q

E<Xxg<—+
°=2

(13)

Xo =1
0=5-
[TincraBumo B noxiany (9), orpumaemo
dx r
— __(_ﬂgz) =e2>0
dt q\ r

Omxe, moxiga (9) Ha OPOMDKKY (q/z -

/q/re; q/2+ /q/r£> 3pOcTaE, TOMY pO3B’SI30K

(13)mput - +oo x(t) - q/z + fq/re 3HH3Y.
xO > ~ +

Hexan
/L
2 r

Toxi MOyIb PO3KPUBAETHCS 31 3HAKOM «+.
[Ticns BimmoBiMHUX MTEPETBOPEHH OTPHUMAEMO

x(t) = —+ I 28\/7 _:}f .

q

(14)
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Jlo sikoro 3HaueHHs Oyjae npsmysatu x(t) mpu

t > +oco. Jlng 1UBOro pO3TISHEMO TMOBEHIHKY

IIpunycrumo, 1mo
1 \/ge +a(a>0).
2 r
[TincraBumo B moximuy (9), orpumaemo
+a* - —£2> <0
dt q r
Orxe, noxigna (9) Ha NPOMDKKY
mput - +oo x(t) - q/z + /q/re 3BEpXY.
Puc. 2. TloBeaiHka i301bOBAHOI JIOTICTUYHOI

noxigHoi (9) Ha mMPOMiKKY (q/z + /q/r £q )
~+
dx
- ———<q2+2a£\/g a
r r
(q/z + /q/r &q ) cramae, tomy po3B’s3ok (14)
. rq

MOIYJISAII TP KepyBaHH1 U < / 4

TakuM YMHOM, Y Hac TUIBKH OJHA CTiKa

CTallioHapHa TOYKa Xp, JIO SKOI TMPSIMYIOTh
TpaekTopii po3B’si3ky. OTXKe, SKIIO TOYaTKOBA
YUCENbHICTh  TOMYJIAIi  HAJGKHUTh  IPOMDKKY

q frommmmmm e

q/2+ﬁ£
Q/Z_ﬁg

<q/ 2 w/q/ ré&q > Ipy mapaMerpi KepyBaHHS U <

rq/4 x(t)—>q/2+ /q/rs, B IPOTHUISKHOMY

BUTIAJIKY TIOIYIIALIS OyZe MOCTYIIOBO BUMHUPATH.

3) Hexait u > rq/4 (u= rq/4 +e2,e> 0),

X1, He € OllicCHUMU.

Buxigne piBHSIHHS MaTUMe BUTIIS:

dx X r

E:m@—ﬁ—f—ﬂ,ﬂm=% (15)
[lepenumemo B iHIIOMY BUTIISAL

dx r N q,

I —a((x—z) t_e ), x(0) = xo (16)

PiBHsHHs (16) — 11e TaOMUYHMI iHTErpalt.
Tomi, maeMo
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1 |r X —% r
- |— arctg =——=t+C
€ .14 /q q
g —
T
KoncranTa Mae BATIISI
x — g
02

Cc L t

=— [— arctg
& |q gﬂ
T

[Ticnst BiAMOBITHUX MEPETBOPEHD OTPHUMAEMO

x@)=%+€J§@O€J§t+Q)

Maemo HacTynHuU# rpadik AMHAMIKH

17)

A

X

t

Puc. 3. IloBeninka i30J60BaHOI JIONICTUYHOL
. T
MOMYJIALIT IPH KEPYBaHHI U > q/ 4
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B nanomy Bumazky sikoro 6 He Oyna moyaTkoBa
YHUCENBHICTh IPU TapaMeTpi KepyBaHHS U > rq/ 4
TMIOIYJIALIS HE BCTUTATHUME BiTHOBJIIOBATHUCH 1 Oy/ie
BUMUPATH, aJic YUM OLIbIIE TOYaTKOBA YUCETbHICTD
JI0O EMHOCTI Cepe/IOBUIIA, THM MOBUIBHIIIE OyIe
BiZI0yBaTHUCh BUMUPAHHS.
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In article we consider a problem of optimal investment strategy by a commercial bank building. This
task is actual and the development of a procedure to solve it can help in making investment banking
decisions. The general formulation of the problem consists of two criteria. The first one is to maximize the
expected return, and the second is to minimize the risk of the investment transaction. Mathematical
formulation of the problem is considered as a problem of nonlinear programming under constraints. The
procedure for solving such a two-criteria optimization problem allows to obtain many solutions, which
requires further steps to make a single optimal solution. According to the algorithm proposed in the work,
the problem is divided into two separate problems of single-criteria optimization. Each of these tasks allows
to obtain the optimal values of the investment vector both in terms of its expected return and in terms of
investment risk. Additional constraints in the mathematical formulation of the problem, make it possible to
take into account factors that, from the point of view of the investor, may influence decision-making. The
procedures presented in this work allow to obtain analytical representations of formulas that describe the
optimal values of the investment distribution vector for both mathematical formulations of the problem.

Key words: mathematical model, optimal investment, stock portfolio

CrarTio penctaBuB 1.¢p-M.H., mpodecop Xycainos J1.51.

JuaamidyHi Ta CTaTW4HI 3amadi yOpaBIiHHS TamepiB  OMHOPIAHOI Ta 3MIMIAHOI CTPYKTYpPH
aKTHBaMH 1 3000B’SA3aHHAMH 3HAWIUTM ycmimHe BigmoBigHo.  3amawa [.  MapkoBuns — mpo
3aCTOCYBaHHS y cepi JTOBTOCTPOKOBOTO ~ ONTHMI3aIlil0 TOPTQENs akiiii 3 TOYKH 30py HOro
(iHaHCOBOTO  TIIAaHYBaHHS, J€  HEOOXiMHICTP OYIKyBaHOI MPHOYTKOBOCTI Y CTATHYHOMY BHUMAJAKY

HEOIHOPA30BOTO0 MPUHHATTS pIlIeHb BH3HAYA€THCS MA€ TAKHN BHTIISI
CyTHICTIO Tpomecy. [Ipukiiaan 3acTocyBaHHS TaKUX
MaTeMaTHYHHUX 3a]ad YCIIIIHO peasi30BaHO IS
IHBECTHIIIHHAX 337124 (DOHIOBOTO PHHKY, CTPAXOBUX
Ta IHBECTULIIHUX KOMITaHIH, OaHKIB Ta

YHIBEpCUTETCHKIX (HOHIIB.

r =inri —>max,
I

e X; — dYacTKa aKIiil i-Toro BUIY y MOPTQeEIi;
I —ouikyBaHa NPUOYTKOBICTH akKiii i-TOro BUY.

Paszom 3 THM, AesKi KIacH4HI ITOCTAHOBKH 3a7ad
MOJIETIIOBAaHHS Ha (JOHIOBOMY PHHKY 3HAMIUIA CBOE
3aCTOCYBaHHS B IHIIMX TNPHKIAIHUX cdepax,
HamnpuKiIag, y OaHKIBCBKOMY CEKTOpPi EKOHOMIKH.
Cepen HUX MOXXHa BUAUTMTH 3amadi [. MapkoBuiis
ta JI. ToOina npo iHBecTyBaHHS y MOPTQerni HiHHMX

Yacto 1iHBECTOpH 3a7auyy pO3MISAIAIOTh Yy TaKii
[IOCTaHOBII1

1o (T) = 2 (1) (T) — mx,

TYT T- TOPU3OHT 1HBECTYBaHHS;
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i momsrae BOHa y MOOYZOBI ONTUMAILHOTO 3a
OYiKyBaHOIO TMPHOYTKOBICTIO Yy KIiHIEBHH MOMEHT
yacy iHBectuliiiHoro moptdens. JocmimkeHHs
MaTeMaTHKIB 1 €KOHOMICTIB y rayiy3i (hiHaHCOBOTO
aHaJII3y CIPSAMOBaHI Ha BUBUCHHS PI3HUX 3MICTOBUX
iHTeprperTalliid, y3arajibHeHb iICHYIOUHX MOCTAHOBOK

3aJad Ta TOMMPEHHS 1X Ha HOBI cdepu
3aCTOCYBaHHSI.
[pukinamamu TaKoro miaxoay MOXYTh OyTH:
1. 3amava 1Tpo  ONTUMAIBHUK  PO3MOMALI
THBECTUIIMHAX  pecypciB  KOMEpPIIHHOIr0
0aHKy.

2. 3ajavya Tpo ONTUMAIbHE KpPEAUTYBaHHS
KOMEPIIIHHAM OaHKOM.
3. 3amava mpo ONTHUMI3aIiio PO3MOALTY aKTHBIB

KOMeEpIiHHOro  0aHKy 3  ypaXyBaHHSIM
000B’3KOBOT'0 Pe3epBYBaHHSI.

Honst 03HAMOMITCHHSI i3 MaTeMaTUYHOIO

[IOCTAHOBKOK Ta MiAXOJaMH J0 PO3B’s3aHHS

MepImMx JBOX MO)XKHA 3BepHYTHCH j0 [2]. omamo
nuie, 1o ¢GopMaibHO 3ajada Mpo ONTUMAIbHUN
pO3MOMIT IHBECTHIIIMHUX PECypCiB KOMEPIIHHOTO
OaHKy IimEHTHYHA 3a/Jadi IHBECTYBaHHSA Yy IIiHHI
marrep Ha (QOHIOBOMY pPHHKY, TOMY ITiIXOIH,
omucani B [2], moBHicTIO ab0 YaCTKOBO MOYKHA
3aCTOCYBATH IPH PO3B’s3aHHI 3a1a4 1.1 Ta 1m.2.
Tperst 3ragana 3ajaya € HOBOIO Yy CY4acHOMY
0aHKIBCBKOMY MEHEIKMEHTI, TOMY PO3TJITHEMO i1
neranbHo.  [lpu  (popMaIbHOMY MaTeMaTHUIHOMY
3ammci 1i€l 3a7adi 3BepHEMO yBary Ha Te, [0 iHOII
3py4HilIe pPO3TIIANATH TPOIECH IHBECTYBaHHA HE Y
JacTKax Kaltitary, 1110 BUILUIAETHCS TUTS
iHBecTyBaHHS, a Oe3mocepenHbo y cymi komriB W,

0 BHUIUIAIOTBCA U IHBECTYBaHHS Y i —Tui
Hampsimok; W —3aranbHa cyma komTiB. Toxi 3amaga
MaTHUMe BUTJIAL

Zn)(ri - W, - max, (1)
i=1

e W= (W, W, W, ) - BEKTOP-CTOBITYHK,

KOOpDJMHATAMH SKOTO € CYMH KOIITIB, IO
BHIIUIAIOTBCA JUI1  1HBECTYBaHHS Y  BiAMOBimHI
HaTPAMKY; r Ta P —BEKTOP-CTOBITYUKH

po3mipHOCcTi Nx1, mepmmil 3 SKHX XapaKTepH3ye
OYiKyBaHy MPHOYTKOBICTh | —TOro IHBECTHI[IHOTO
HAaIpsIMKy, a IpyTHi - BiZICOTOK BiJl CyMH, IO MOXeE
OyTu iHBECTOBaHA y BIINOBIJHUN HANPSAMOK i SIKUH €

O0OB’SI3KOBUM A1l pe3epBYBaHHS. 3rigHo
MapkoBuuo,  Ipyruii  KpUTepid  KJIacH4YHOl
JNBOKpHUTEpiaJbHOI  3agadi [po  ONTHUMAaJbHUA

IHBECTHIIIHHUN TTOPTQETh Mae BUTIIST
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n n

D> WioW; — min, )
1~ 77 W

i1 j=1

Jie ©j —KoBapialis MDK I-THM Ta j—TuM
THBECTUIIHHUMU HATIPSMKaMH.
BekTropHO-MaTpu4HHMN BUTIIA 33141 € TAKUM

RTW — max

w
— = )
W) VW — min
T 3)

ITw =1

W; >0
ne  V —xoBapialifHa ~ MaTpHIS; R —BekTop
po3mipHOCTI NXx1, KOoOpAWMHATAMH  SIKOTO €
; — P, i=1n; cumBon T- 3HaK TPaHCIIOHYBAaHHSL.

CdopmyiiboBaHa BHILE 3aj1a4a € JBOKPUTEPIAIbHOIO
i3 CylepewIMBUMH KpHUTEpisaMH. SIK mpaBuio, s
PO3B’sI3aHHS TAKOr0 THIy 3aJa4 3aCTOCOBYIOTh
METOIW, IO JIO3BOJSIIOTE OyayBaTh MHOKWHHU
po3B’s3kiB. Cepell HHX BHIUIUMO CyO €KTHBHO-
OpIEHTOBAHWN IMIXiM 3 TPUHHATTS IHBECTUIIHHIX
pillleHb, IO IPYHTYETbCA Ha IMOOYIOBI Ta aHai3i
JOITYCTUMOT Ta e eKTUBHOI MHOXKHH, & TAKOX METOT
mobynoBu Ilapeto — ONTHUMaIBHOI MHOXHUHHU
PO3B’SI3KIB. Maroun Ha MeTi  TOOYIOBY
AQHAJITHYHOTO PO3B’SA3KY 3adadi, i, BUXOAIYH 13
MPAKTHYHUX MIpPKyBaHb, Tepmuii kputepii B (3)
3aMIHUMO PIBHICTIO

RTW=S.

Tomi (3) w™Marume BHTIAA HETIHIHHOL
OIHOMIPHOI ONTUMI3aIlii MU 0OMEKEHHSIX

(W)Tvvv—m%vin

3amaul

: (4)

W; >0

ne S —OaxkaHwii piBeHb TPHUOYTKY IHBECTHIIHOL
orepartii.

3acrocyemo st i po3B’si3aHHS METOZ, MHOXXHHKIB
Jlarpamxa. ®ynxiis Jlarpamka

L=W) VW + 21, (RTW = S) + 4, (1TW —1)
MICTHTB J]Ba HEBiZIOMi mapamerpu Aqi A, 1 3amava

TOJIsiTa€ y BU3HAUEHH] eneMeHTiB Bektopa W .

a—ﬁzzvvvmlmle,
oW
W = (2V) 7 (=1,R = A, 1). (5)
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[Tapamerp A Ta A, BHU3HAUUMO I3 CHCTEMH
anreOpaluHuX PiBHSHb
RT (V)1 (2R —24,1) =S,
1T V) (1R =2y1)=1.
I3 mepmoro piBHSAHHS
—MRT (V) TR=S+21,RT (2v) 71,
A =(RT (V)T R) (S +—1,RT (2v) 11, (6)
I3 apyroro piBHSHHS
1T V) IR=1+ 2,17 (2v) 7,
A =T @) TR T@ L1 T 2V) ). 7)
[pupisusemo (6) Ta (7)
RT@)TRT(S +2,R V) )= -

T @) TR+, 1T (V) 7).

Orpumanu JiHiiHE PIBHAHHA  BIZHOCHO  A,.
Po3B’skeMo #HOro i 3HaiiieHe 3HAa4YCHHS MapaMerpa
A, migcTaBumo y (6) abo (7) 1 Bu3HaUMMO A .

[Ticns miACTaHOBKM BHU3HAYEHUX 3HaueHb y (5)
OTPUMAEMO IIyKaH1 YaCTKM OAHKIBCHKHUX IHBECTHUIIIH.

Jlnst 3MEHUICHHS PU3UKy HOpTdens dYacto
0aHKIBChKI aKTHBH PO3MOIUISIOTh HE TUIBKH Cepen
PU3UKOBAaHUX HAMPSIMKIB IHBECTYBAaHHS, alleé TaKOX 1
cepell  HEPU3WKOBaHWUX.  [IpUKIAZIOM  TaKoro
BKJIQJCHHS PECypCiB MOXYTh OYTH JepXKaBHI Ta
HezepKaBHI OOproBi 3000B’s3aHHS, 1 IIe TO3BOJISIE
e eKTHBHO muBepcu(iKyBaTH IHBECTHUITIHHIH
ropTdes.
MartemaTryHa MOCTAHOBKA 33/1a4i MOKE OYTH TaKOIO
RTW + R%W? — max

w
(W)TVW — min
w : ©)

ITw +w =1
W; >0

re WO-— CyMa KOWITIB, W0 BUAULIIOTBECS Ha
IHBECTYBaHHA y HEpU3WKOBaHI IiHHI mamnepu. Sk iy
BUIIAJKy  TONEPEeNHbOI  3ajadi,  PO3IISTHEMO
OJTHOKpHUTEpiaibHY i TOCTAHOBKY.

(W)TVW — min
w

R'W +RW° =5

ITW +w° =1

W; >0

Oynkiis Jlarpamka

(10)
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L=W)"VW +2,(R"W + RW° —5) +
A (1ITW +WO —1)

Ha BIIMIHY BiJIl TONEPEIHHOTO BHIAIKY, MICTUTbH

JIOJTATKOBY HEBiIOMY wO.

a—ﬁzzvv_vmlmle =0,
W
oL 0
——=3R%+2, =0, (11)
aWO 1 2
W = (2V) 7 (=1,R = &, 1).
Ay =—1RC. (12)

Jlnst BU3HA4YEHHS HEBIIOMHMX HapameTpiB A;Ta A,

CKOPHUCTAEMOCh JIPYTMM Ta TPETIM PIBHSIHHAMH
cucremu (10). ITicns mincraHoBku B HUX A,13 (12)

OTPUMAEMO JliHilHEe anredpaiuHe piBHIHHS

ROA-1TW () =S —RTW(1y),

IO MICTUTh OJHE HEBimoMe A;. Po3B’smkemo iioro,
migcraBumo Ay (12) ta BHM3Haummo A,. Temep

MaEMO MOXJIMBICTh BHU3HAYHTH ONTHMAJBHI CyMH
KOINTIB, IIT0O MOXYTH OYTH iIHBECTOBaHI y pU3UKOBaHI
Ta HEPU3UKOBaHI MPOCKTH.

Sk ckazaHo paHime, MOpSA 3 HAaBEICHOIO
BHINC 3a7a4ci0 MiHIMI3allii PU3UKYy IHBECTHIIIHHOI
omeparii Ui 3aJaHOrO PIBHSA NPHOYTKOBOCTI 3a
YyMOBA  OOOB’SI3KOBOTO  pE3E€pPBYBaHHA  MOYKHA
HABECTH CIIPSDKEHY 3 HEIO 3a7]a9y PO MaKCHMI3aIliio
npuOyTKy UIA 3aJaHOTO PIiBHSA PHU3HKY 3a YMOBHU
000B’SI3KOBOT'O pe3epByBaHHS. dopmanapHa
MOCTAaHOBKA 3aJ]adi ONTHMI3alii iHBECTHIIIITHOTO
nopTQenst OMHOPIAHOI CTPYKTYPH Ma€ TaKUI BUTIIS
RTW — max

w
W)TVW =1
1)

ITw =1
W; >0
e T- 3aJaHui JOMYCTHMHU piBeHb pH3UKY. Lo
3a/lady MOXKHa CQOPMYIIOBaTH 1 I BHIIAIKY
IHBECTHIIMHOTO MOPTHENs 3MIIaH0] CTPYKTYpH

R'W + R°W? - max
ww°

(W)TVV_Vzr

I"w +w? =1

W, >0
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[linxoam m0 po3B’si3aHHS BOX OCTaHHIX 3a1ad
MOXYTh OyTH aHaJOTTYHUMH 3aCTOCOBAHUM BHIIIC.

Y pobori chopmynpOBaHO HOBI MaTeMaTH4Hi
TMOCTAaHOBKHU 3a/1a4 OonTUMI3aLil MPUITHATTS
IHBECTUIIMHUX pillleHh KoMepUidHuM OankoMm. J{is
3a1ad ONTHMI3alii O4iKyBaHOI MPUOYTKOBOCTI MpH
3aJaHOMY Hallepel PiBHI NMPUHHITHOTO PU3UKY Ta
ONTHMI3alii PHU3UKYy TNPH BU3HAYECHOMY HaIlepen
piBHI  ouikyBaHOi mNpHOYTKOBOCTI  PO3pOOIEHO
AITOPUTMH Ta OOYHCITIOBANIEHI MTPOIEAYPH.
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OOumBi  3a7adi  pO3TJILMAOTBCA K 3a4adi
HENHIHHOTO MporpamMyBaHHs TpPH  BU3HAYCHUX
Harepen ooMexxeHHsx. [loganbri KpPOKH

ONTUMI3alii TPUHHATTA KOHCTPYKTHBHHUX pillleHb
MOXYTh OyTH TOB’s3aHI i3  3aCTOCYBaHHSIM
nojyioxkenb Teopi I'. Mapkopuns Ta JI. ToGina ams
(hopMyBaHHS TMHAMIYHHUX CTpaTeriii AuBepcudikamii
nopTQeNniB IHBECTHUII OMHOPITHOI Ta 3MIIIaHOT
CTPYKTYPH.
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VY craTTi HaBEASHO aHai3 OCBITHRO-TIpodeciiinoi nporpamu «lHGopmaTrka» nepioro (0akaaaBpcbKoro)
piBHS BUINOI OCBiTH Tanmy3i 3HaHb 12 «lHpopmManiiini TexHomorii», cremiansHocTi 122 «Komm’torepHi
HAyKW», 10 peasli3yeThesl Ha QaKyJIbTeTi KOMIT FOTEPHUX HayK Ta KibepHeTnkn KHiBChKOTO HaIliOHAIBHOTO
yHiBepcuTery iMeHi Tapaca IlleBueHKka 3 OCBITHIMH IporpaMaMd TOTO K PIBHS W CIIEMialbHOCTI 1HIIHMX
3aKiIadiB BHINOI OCBITHM YKpaiHW B po3pi3i IporpaMHuMX pe3ynbTaTiB. llpm aHami3i 3miMCHIOBANIOCH iX
CIIBCTABJICHHS 3 3aTBEPPKCHUM CTaHAApTOM Meprioro (0akamaBpChKOTO) pIBHS BHIOI OCBITH 3a
crermianpHicTIO 122 «KoMIT'toTepHi HaykW» Ta TOPIBHSUIBHHWM aHalli3 OCBITHIX IIporpaMm. ABTOpamMHu
po3polbiieHO 6a3y AaHWX OCBITHIX MpOrpaM, IpOoaHaTi30BaHO CITIBBIIHOIICHHS IMPOTPaAaMHUX PE3yJbTATIB B
PI3HHX TIporpamMax 3a CIIJIEHOIO CHEMIaTbHICTIO.

Kurouosi cnosa: npocpamui pesyibmamu HA8UAHHSA, KOMN IOMEPHI HAYKU, Hopmamuka, 6aza OaHux,
0c8imHsA npoepama.

The article presents an analysis of the educational and professional program "Informatics™ of the first
(bachelor's) level of higher education in the sphere of knowledge 12 "Information Technology"”, specialty
122 "Computer Science", implemented at the Faculty of Computer Science and Cybernetics, Taras National
University of Kyiv Shevchenko with educational programs of the same level and specialty of other
institutions of higher education of Ukraine in terms of program results. The analysis was done for monitoring
and taking into account the experience of similar educational programs.

For comparison, four educational programs were chosen at random. During the analysis, they were
compared with the approved standard of the first (bachelor's) level of higher education in the specialty 122
"Computer Science". Automated comparative analysis of educational programs was conducted separately.
The authors developed a database of educational programs, analyzed the ratio of program results in different
programs in a common specialty. The result of the study is the verification of the educational program for
correctness, ie the lack of program learning outcomes that are not provided by any discipline.

Keywords — program learning outcomes, computer science, computer science, database, educational
program.

CrarTio ipencraBuia 1.¢.-M.H., noteHT Pozopa [.B.
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Beryn

Punok IT-mocayr B VYkpaiHi po3BUBa€eTHCA
IAHAMIYHO, Mo BuMarae skicHoi IT-ocsitH.
OcsitHpO-TIpO(eciiina mporpama OakalaBpPChKOro
piBHs  «lHpopMaTHKa», WO peami3yeTbcs Ha
(dakynpTeTi KOMIT'IOTEPHHUX HAayK Ta KiOepHEeTHKd
KuiBcpkoro HalliOHANBHOTO YHIBEPCUTETY iMeEHi
Tapaca IlleBuenka, € oOmHMM 13 JIJEPiB cepex
OCBITHIX TmporpaM OakaJaBpCBKOIO PIBHA  3a
cunemianpHicTiIO 122 «Komm'toTepHi Haykm» 3a
KUTbKICHUM Ta SIKICHUM CKJIQJIOM BHITYCKHUKIB [1].

3nificHEeHHST MOHITOPHHTY 1€l mporpamMu Ta
BpaxyBaHHS JIOCBiJly aHaJOTTYHMX OCBITHIX MporpaM
B YKpaiHi € BaXKJIMBUM JUIS IJBUIICHHS PIBHS
skocti IT ocBitm 3a mporpamoro. Takum YHHOM,
BUHHUKJIA HEOOXITHICTh TOPIBHATH HAasBHI Yy
BUILHOMY JIOCTYII OCBITHI MpOrpamMu IMEpIIOro
(OakamaBpChKOrO) pIiBHS 3a CHEIiabHICTIO 122
«KomIr’'toTepHi Hayku» 3 OCBITHBO-IIPOQECiiHOI0
nporpamoro «IHpopmaTHkay.

B poborax [2, 3] npoaHani3oBaHO Ta BHUCBITICHO
MMUTaHHS TPOEKTYBaHHS Ta PO3POOKH CTaHIAPTIB
OCBITHBO-TIpOo(ECiiHOl  MIArOTOBKM B raiysi
iHpopManiiiaux  TexHomorii. B poGoti  [4]
MPOAHAII30BAHO  CITIBBIAHOIICHHS  3arajbHUX 1
(haxoBUX KOMITETEHTHOCTEH Ta MUCIUILIIH B PI3HUX
OCBITHRO-TIpOd eCiiTHIX rporpamax (OI1IT)
0akamaBpPCHKOTO PIiBHS 3a CIUTHHOIO CHCIIaIBHICTIO
122 «KoMIT 10TepHI HAYKH».

3akoH «IIpo BUMTY OCBITY» [5] Ta 3aTBEpKCHII
Haxkazom MinicTepcTBa OCBITH 1 Haykd YKpaiHu 3a
Ne962 Bim 10.07.2019 pori craHmapT BHIIOI OCBITH
3a cnemianpHicTIO 122 «KoMmm’roTepHi HayKu» IS
mepIroro (6akamraBpCbKOro) PiBHS BHINOI OCBITH [6]
cramu  0a3010 TSI TPOBEINCHHS  JIOCIIIKCHHS
OCBITHBLOI IPOTPaMHU.

AHaJi3 ocBiTHbO-IPodeciiiHol MporpaMu
«IndopmaTuka» 3 mporpaMamMu iHIIKX 3aKJIATIB
BHUIIIOI OCBIiTH

[IpoBeneno aHai3 OCBITHBO-TIpO(hECIHHUX
MporpaM Ha 3700yTTS OCBITHBOTO CTYIIEHSI OaKayiaBp
ramy3i 3HaHb 12 «lHbopMariitHi TeXHOIOTI» 3a
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cnemianpHicTio 122  «Komm’toTepHi Haykh» Ha
OCHOBI TIOPIBHAHHS 1X 3MICTY BiTHOCHO MPOrpaMHHUX
pesynbratie  HaByanHs  ([IPH),  Bu3HaueHux
CrannapToM.

Jnst gociimkeHHs aBTOpaMu BiiOpaHO HacTyIHI
OIIIT:

- «lupopmarukay, MO peamizyeThCs  Ha
(akynbTeTi KOMIT'IOTEPHHX HAayK Ta KiOepHETHKH
KuiBcpkoro HaliOHaJIBHOTO YHIBEPCUTETY iMeHi
Tapaca Illepuenka (PKHK «Iudopmaruka») [7];

- «Komm’roTepHi Hayku», sKa BHUBYA€ETbCA Ha
(dakynbreTi iHhopManiiHUX TexHONOrH KHiBchkoro
HaIllOHAJIbHOTO  YHiBepcuTery  iMeHi  Tapaca
[IeBuenka (PIT «Komm’rorepHi Haykuy») [8].

- «ludopmaruka», MmO  pealizyeThcs  Ha
(dakynbreTi MaTeMaTHKH i 1H(pOPMATHKH
XapKiBCHKOTO HAIlIOHAIBHOTO YHIBEPCUTETY iMEHi
B.H. Kapazina (XHY  imeni  B.H. Kapazina
«Iadopmaruxa) [9];

- «ladpopmaTHKay, 110 BUBYAETHCS HA (PAKYIbTETI
iHpopMaIiiiHuX TexHOoMOril Jlep)kaBHOTO BHIIIOTO
HAaBYaJIbHOI'O 3aKiIagy «YKropoiChKUil
HaI[lOHAJTHHUH YHIBEPCHUTETY (YxHY
«IadopmaTura» [10];

- «Kowmm’roTepHi HaykW», fKa BHBYAETHCS Ha

(hakynbreri Iadopmariiftaux TEXHOJIOT1H
HamionansHoro  yHiBepcuTery  OiopecypciB 1
MIPUPOIOKOPUCTYBAHHS Ykpaiau (HYBIll

«Komm’rorepni Haykmy») [11].

CrammaproM Bu3HadeHo cimMHamaTe [IPH. Ane
BapTO 3a3HauMTH, I0 1ed CraHmapT MICTUTH
TEXHIYHY TIOMUJIKY, a caMme B crmiBnagiaai [IPH13 ta
ITPH14. Pizui 3akmamgu  Bumoi ocBita (3BO)
IHTEPIPETYBANIN 10 TIOMIJIKY JOCHTH ITO-PI3HOMY, a
came: nyomroBanmm [IPH13 ta [IPH14, irHopyBamm
[IPH14, i six pesynprar Mamu Tineku 16 IIPH, ommy
gyactuHy [IPH13 3ammmamn B8 [IPH13  i#my
nepenocunu B [IPH14. lle ycknagHuimo oTpuMaHHS
BaJli/IHAX PE3yIbTATIB.

CuiBBIIHOIIIEHHS OCBITHIX  KOMIIOHEHT B
Bigiopanux OIIII 3a I1PH naBeneno B Tabmwmi 1.

Tabmuus 1. CoiBBigHomenHs ocBiTHIX koMmoHeHT B OINIT 3a [TPH

OKHK oIT XHY imeni YxHY «Iapopmarnkay HVYBill
«Iapopmartuka «Kowmm’rotepHi B.H. Kapazina «Kowmrmr’rotepHi
HAYKID) «IadopmaTuka» HaYKH»
I1P1
BCTYII 10 BCTYII 0 | MaTeMaTUYHUH aHaANi3, | ICTOpiA Ta KyIbTypa BHIIAa MATEeMAaTHKa,
YHIBEpCHUTETCHKUX | YHIBEPCHTETCHK | €IEMEHTH aireOpu Ta Ykpainu, iHO3eMHa MOBa, ¢izuka,
CTYHIH, ux CTyniHi, | Teopii umcen, IIiToBa yKpaiHChKa MOBA, YUCETbHI METO/IH,
yKpaiHChKa Ta (imocodis, eIIEMEHTH (inmocodis, ocHOBH JTUCKpPETHA
3apy0ixHa MaTeMaTHKa JUlsil | MaTeMaTHYHOI JIOTIKH, | TICHXOJOTil Ta NeJaroriky, | MaTeMaTHKa,
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KyJbTYypa, KOMIT FOTEPHUX | €IEeMEeHTapHOI Ta JIICKpETHAa MaTeMaTHKa Ta | Teopis
¢inocodis, HayK, TUCKPETHI | JUCKPETHOI TEOpist AJITOPUTMIB, HMOBipHOCTEH,
coliagbHO- CTPYKTYpH, MaTeMaTHKH, anreOpa Ta aHATITHYHA IMOBIpHICHI
TIOMITHUYHI CTYAIT, OCHOBHU aHAJIITUYHA TEOMETpis, | TeOMeTpis, MaTeMaTUYHUN | MPOLECH i
BHOpaHi pO3ILTH 00YHCITIOBAJILHO | JTiHIWHA anreodpa, aHai3, i3uka, MaTeMaTHYHA
TPYAOBOIO IpaBai | r0  IHTENIEKTY, | JUCKPETHA TUQepeHIliaabHi PIBHIHHS, | CTATHCTHKA,
OCHOB CHCTEeMHUH MaTeMaTHKa, Teopis HMOBIpHOCTEH, €KOJIOT,
i IPUEMHUIIBKOI | aHAJII3, TudepeHIiaabHi IMOBIpPHICHI MpOIeCcH Ta MaTeMaTHYH1
JUSUTBHOCTI, IHTENICKTYaJIbHU | PiBHSHHS, TEOPis MaTeMaTHYHa CTaTHUCTUKA, | METOIU
HayKOBHUIT 00pa3 W aHami3 JaHWX, | KMOBiIpHOCTEH Ta il MaTeMaTH4YHI METOIHA JIOCIIIJDKEHHS
CBITY, MO/JICTTFOBaHHS 3aCTOCYBaHHS, BCTYII JIOCITiJPKEHHSI OTIeparii, oreparii,
MaTeMaTU4Ha CHCTEM JI0 MaTeMaTHUYHOI TEOopist NPUHHATTS pilieHs, | ¢imocodis,
JIOTiKa, Teopis CTaTHCTHKH, BCTYII I0 | MaTeMaTW4Hi METOAN 1HO3EMHa MOBa,
QJITOPUTMIB, SQL 6a3 nanwux, JIOCITiJPKEHHSI OTIeparii, IIpaBoOBa KylbTypa
iHO3EeMHa MOBa, TEeXHIYHA aHTITiHChKa TEOpis NPUHHSATTS pillleHb, | OCOOUCTOCT,
IiATOTOBKA CHCTEeMHHH aHai3, porpamMyBaHHs,
KBaJTiikaiiiHol aNropuTMi3aliis Ta iHpOopMaIiiHi
pobotu Oakanaspa, NporpamMyBaHHs, BCTYII 0 | TEXHOJIOTI,
Teopis iT, KOMIT'fOTepHa rpadika, | METOAH Ta
IporpamyBaHHs ANTOPUTMHU 1 CTPYKTYpH CHCTEMH IITYYHOT'O
JIAHUX, 00'€KTHO- IHTENeKTY,
Opi€HTOBaHE KOMIT'IOTepHA
IPOrpaMyBaHHs, Cy4acHi rpadika,
MOBH IIPOTrpaMyBaHHs, 00'eKTHO-
VIIPABIIiHHS IT-POEKTAMHU | OpiI€HTOBaHE
TEXHOJIOT1sI MIpOrpaMyBaHHs,
nporpamMmyBaHHs Ta web-TexHoJorii Ta
CTBOPEHHSI MPOrPaMHUX web-1u3aiis,
MPOJYKTIB, OpraHizariis CHCTEeMHUI aHai3,
0a3 JaHMX 1 3HAaHb, KOMIT'FOTEpHI
METOIMKA BUKJIAJAHHS Mepexi,
iH(pOpMATHKH, METOJIM Ta | MIPOCKTHO-
CHCTEMH IITYYHOTO TEXHOJIOTI4YHA
IHTEJIEKTY, TEXHOJIOTI] MPaKTHKA,
PO3MOAITICHUX CUCTEM Ta BUPOOHHUYA
napaielb- MPaKTHKA,
HHUX O0YHCIICHb, JIUTIOMHE
MPOEKTHO-TEXHOJIOT I YHA MPOEKTYBaHHS Ta
MPAKTHKA, 3aXHCT
nepeInIIOMHA
MpPaKTHKa, BAKOHAHHS
JTUITIOMHOI pob0TH
OakasaBpa
I1P2
anrebpa ta MaTeMaTHKa sl | BCTYH 10 anrebpa Ta aHATITHYHA BHIIIA MaTEMATHKA,
TeoMeTpis, KOMIT'FOTEpPHHAX | MaTeMaTHYHOI TeOMETpisl, MATeMaTUYHUI | (i3uKa,
MaTeMaTHYHUI HAYK, AUCKPETHI | CTATUCTHKH, aHaui3, audepeHianbHi YHCEIbHI METOMH,
aHaJIi3, MATOTOBKA | CTPYKTYpPH, TIPOTpaMyBaHHs, BCTYI | PiBHSIHHSA, TEOPis JTUCKpETHA
KBaJTiikari iHOl MOJIEIIFOBAHHS 10 SQL 6a3 maHux, HMOBIpHOCTEH, MaTeMaTHKa,
pobotu OakanaBpa, | CHCTEM TeXHIYHA aHTJiCbKa IMOBIpHICHI TIporiecu Ta Teopis
JUCKPETHA MaTeMaTHYHa CTATHCTHKA, | HMOBIpHOCTEH,
MaTeMaTHKa, MaTeMaTHYH1 METOAM | IMOBipHIiCHI
mdepeHIiatbHi JOCTIKSHHST ~ Omepaliiii, | mporecH i
PIBHSIHHSI, TEOPis TEOpist MPUIHATTS pillleHb, | MaTEMATHIHA
HMOBIpHOCTEH, CHCTEMHMIA aHai3 CTaTHUCTHUKA,
MareMaTHyHa opraHizais 6a3
CTAaTHUCTHKA, JIAHUX, TUTLIOMHE
00UHuCITIOBaNIbHA MPOEKTYBaHHS Ta
reoMerTpis Ta 3aXHCT
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KOMII'IOTEpHA
rpacgika
I1P3
€KOJIOTi4Hi i Teopis IporpaMyBaHHs, BCTYI | Teopis HMOBipHOCTEH, Teopis
€KOHOMIYHI HMOBipHOCTEH 1o SQL 6a3 nanwux, IMOBIpHICHI IpoLIECH Ta HMOBipHOCTEH,
IIpoIlecH Ta ix Ui TEXHIYHA aHTITiHChKa MaTeMaTudHa CTaTHCTHKA, | iIMOBipHICHI
MOJICTFOBaHHSI, KOMIT FOTEpHHUX MaTeMaTHu4IH1 METOJH | MPOILECH i
TEOpist NPUHHATTS | HayYK, JIOCII/DKEHHSL  omlepalliif, | MaTeMaTHYHa
pilieHs, Teopis IHTENEKTyaJIbHH TEOpis NPUHHSATTS pillleHb, | CTATUCTHKA,
HWMOBIpHOCTEH, W aHaN3 JaHuX, CHUCTEMHHMI aHai3 €KOJIOTis,
MaTeMaTH4Ha MO/JICTTFOBaHHS MaTeMaTu4Hi
CTaTHCTHKA, CHCTEM METOIH
OCHOBHU JIOCITiJPKEHHS
JIOCIT1 JPKEHHST oreparii,
oreparliii, Teopis UITIOMHE
KepyBaHHS Ta NIPOEKTYBaHHS Ta
OCHOBH 3aXHCT
POOOTOTEXHIKH
[1P4
00UHUCITIOBAIbHA OCHOBH MaTeMaTUYHHU{ aHali3, | METOOM  Ta  CHCTEMH | METOJH Ta
reoMerpis ta OOYMCITIOBAJIBHO | €IEMEHTH alreOpH Ta MITYYHOTO 1HTENIEKTY CHCTEMH IITYYHOT'O
KOMII'IOTEpHA TO IHTEJIEKTY Teopil uuncen, IHTEJIEKTY,
rpadika, Teopis €JIeMEHTH Teopis
KepyBaHHSA Ta MAaTEMAaTHYHOI JIOTIKH, pO3Mi3HABAHHS
OCHOBH eJleMEeHTapHoI Ta o0pa3iB Ta
POOOTOTEXHIKH, JIUCKPETHOI knacudikarii B
IHTENeKTyalbHI MaTeMaTHKH, cucremax
CHUCTEMHU aHaJIITUYHA TEOMETPIis, HITY4HOT'O
JiHiliHa anredpa, IHTEJIEKTY,
JHCKpETHA JUIUIOMHE
MaTeMaTHKa, NPOEKTYBaHHS Ta
JmudepeHiiaibHi 3aXHUCT
PIBHSIHHSL, TEOPis i
METO/H MIPOEKTYBaHHS
persiniiHuX 0a3 TaHuX,
BCTYH 10
IpOrpaMyBaHHS
napaJielibHUX MPOLIECiB
(moBu C++ i Java),
TEXHIYHA aHIIIiHCbKa
I1P5
MaTeMaTUyHa QNTOPUTMI3AIlisl | METOJM ONTHMI3awii 1 JUICKpETHAa MaTeMaThka Ta | YUCENbHI METO/IH,
JIoTiKa, Teopis Ta JIOCIT1 JIKSHHS TEOopis ANTOPUTMIB, JTUCKpETHA
AITOPUTMIB, MPOTpaMyBaHHS | OMEpamiid, BCTYII A0 anrebpa Ta aHATITHYHA MaTeMaTHKa,
BHPOOHNYA , mpoektyBaHHs | SQL 0a3 naHumx, TEOMETpisl, MAaTEMAaTUYHUN | POrpamMyBaHH:,
MIPAKTHKA, Ta aHai3 | TexXHOIOrii web- aHaui3, audepeHianbHi KOMIT'FOTepHA
MIPOrpaMyBaHHS, ANTOPUTMIB TIPOTrpaMyBaHHS, PIBHSIHHSI, anroputMisaiis | rpadika,
i ATOTOBKA Teopis 1 MeToan Ta IpOrpaMyBaHHS, BCTYIl | Oprasi3aiis 0a3
KBaJTiikari iHOl TIPOEKTYBAHHS IO iT, aJITOPUTMH 1 JTAHUIX,
pobotu Oakanaspa, permAniitanx 6a3 MaHuxX, | CTPYKTYPH JaHUX, web-TexHoorii T2
Teopis BCTYII 10 00'eKTHO-Opi€EHTOBaHE web-1u3aiiH,
NpOrpaMyBaHHS MporpaMyBaHHs NporpaMyBaHHs, Cy4acHi JHUTUIOMHE

TapanenbHIX IPOIECiB
(moBu C++ 1 Java),
po3podka
KOMIIUIATOPIB s
TIPEIMETHO-OPI€HT.
MOB, TEXHIYHA
aHrIiichLKa

MOBH IIPOTpaMyBaHHsI,
VIPaBITiHHS IT-TIPOSKTAMH
TEXHOJIOT1s
NpOrpaMyBaHHS Ta
CTBOPEHHSI IPOTrPAMHUX
MIPOIYKTiB, BEO-TEXHOOT11
Ta BeO-Iu3aliH,

MPOEKTYBaHHS Ta
3aXHCT
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opraHizaiis 0a3 JaHUX i
3HaHb, METOJJMKA
BUKIJIaJaHHs 1HPOPMATHKH,
METOJIM Ta CUCTEMH
HITYYHOTO 1HTENEKTY,
TEXHOJIOT1] pO3MOAIIEHNX
CHCTEM Ta IapaJielib-
HUX 00YHCITEHD,
MPOEKTHO-TEXHOJIOT I YHA
MPaKTHKA,
nepeInIIIOMHa
MPaKTHKA, BUKOHAHHSI
JIAIUIOMHOT poboTtu
OakasaBpa
I1P6
nudepeHmianbHi YHCEINbHI icTopist Ykpainu, TEXHOJOrI] po3nofinieHux | Buina matemaruka,
PiBHSHHS, METOH, ¢inocodis, aHriiickka | cHCTEM Ta Mapalielb- YucenbHI METOIH,
YHCENTbHI METOAU | MOJIETIOBAHHS MOBa, aHTJIIiChbKa MOBa | HUX OOYHCIICHb Juriomue
cHCTEM 3a (haxom, orepariiHi MIPOEKTYBaHHS Ta
CUCTCMH, MCTOAU 3aXUcCT
onTuMizamii i
JIOCIIJDKEHHS
orepariii, TeXHOJIOri1
web-niporpamyBaHHs,
Teopis 1 MeToaAu
MPOCKTYBAHHS
peniiiiHuX 6a3 qaHuX,
BCTYIH 10
HpOrpaMyBaHHS
napaJielIbHUX MPOLIECiB
(moBu C++ 1 Java),
po3pobka
KOMITLIATOPIB ISt
MPEIMETHO-OPI€HT.
MOB, TapajesbHi Ta
po3moineHi
00YMCIEeHH s, TEXHIYHA
aHIJIChKa
[1P7
OCHOBU JIOCIIJIDKEHHS orepariiHi CucTeMH, MaTeMaTH4YHI METOIHA JlinoBuit mpoToKoI
JIOCIIDKEHHS orepariii, METOIX OITHUMI3aLl 1 JIOCITIJPKEHHSI OTIepaltiii, Ta eTUKa
orepartii, MO/JICTTFOBaHHSI JIOCIT1 PKEHHSI TEOpisi NPUUHSATTS PillieHb, | CHUIKYBaHHS,
IIOCIIKEHHS CHCTEM oreparniii, BCTYII A0 CHCTEMHHH aHAaJI3, O0'exTHO-
oreparriit SQL 6a3 gaHux, TEXHOJIOT1T PO3MOALICHNX OpiEHTOBaHE
TexXHoJori1 web- CHCTEM Ta TMapajeib- MpOrpaMyBaHHSA,
MporpaMyBaHHs, HHX OOYHCIICHb Junnomue
TeXHIYHA aHTJicbKa MPOEKTYBaHHS Ta
3aXHCT
I1P8
eKOJIoT19Hi CHCTEMHHA 00'€eKTHO-Opi€EHTOBHE TEOpist IPUHHATTS PillleHb, | €KOJIOTis,
€KOHOMIYHi aHai3, MporpaMyBaHHs (MOBa | CHCTEMHHH aHai3, MaTeMaTH9HI
TIPOIIeCH Ta iX TIPOEKTYBAHHS C++), 06'extHO- aNropUTMI3alisg Ta MeTOAn
MOJICITIOBAHHS, iHpOpMaIifHUX | Opi€eHTOBaHE MPOTrpaMyBaHHSA, BCTYII A0 | JOCIHIKEHHS
TEOpist NPUHHATTS | CUCTEM porpamMyBaH. (MOBa iT, aNTOPUTMH 1 CTPYKTYPH | OIEparii,
pimieHs, Java), anroputmu i JTAHX, CHUCTEMHUI aHaTi3,
i TOTOBKA CTPYKTYpH JaHUX, 00'€eKTHO-Opi€EHTOBaHE JTUTIIOMHE
kBautipikamiiHOI apxiTeKTypa MPOTpaMyBaHHSA, MIPOCKTYBaHHS Ta
pobotu OakanaBpa 00YHCITIOBAIIEHUX KOMIT FOTePHI MEpexi, 3aXHUCT

CHCTEM, OeparliiHi

CyJacHi MOBH
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CHCTEMH, MaTeMaTHIHA
norika i moBa Prolog,
iHpOpMaIliifHi Mepexi,
METOJIM ONTUMI3aIii i
JIOCITI JIPKCHHS
oreparii, BCTYII 10
SQL 6a3 gaHux,
TEXHOJIOT11 web-
MPOTrpaMyBaHHs,
JICKJTapaTHBHE
MPOrpaMyBaHHS
(Haskell i Prolog),
Teopis 1 MeToan
MPOCKTYBaHHS
penAiiiHuX 6a3 JaHuX,
BCTYII JI0
MpOrpaMyBaHHS
napaJieJIbHUX IPOLIECiB
(moBu C++ i Java),
po3pobka
KOMITUISATOPIB TSI
MPEMETHO-OPIEHT.
MOB, TIapajesbHi Ta
po3nomiieHi

004K CIEHHS, BCTYII 10
IITYYHOT'O iHTEJIEKTY

MPOTpaMyBaHHS,
VIPaBITiHHS IT-TIPOCKTAMH,
TEXHOJIOT1s
MpOrpaMyBaHHS Ta
CTBOPCHHS TPOTrPaMHUX
MPOIYKTIB, OpraHi3allis
0a3 JaHMX 1 3HAHb, METOIH
Ta CHCTEMH IITYYHOTO
IHTEJICKTY, TEXHOJIOTI1
PO3IOMIICHAX CUCTEM Ta
napaJielib-

HHX OOYHCIIEHb,
MPOCKTHO-TEXHOJIOTIYHA
MPaKTHKA,
MePEATUILIOMHA
MPAKTHKA, BUKOHAHHS
JIMTUIOMHOI po0oTH
OakayiaBpa

I1P9

00'eKTHO-
opieHTOBaHE
[porpamMyBaHH,
IHCTpYMEHTaJIbHI
CepenoBHILA Ta
TEXHOJIOTIT
[porpamMyBaHH,
iHpopMmariliHi
TEXHOJIONII,
porpaMyBaHH,
MATOTOBKA
KBaJTiikari iHOl
pobotu OakanaBpa

aNTOpUTMI3allis
Ta
pOrpaMyBaHHsI
, 00'eKTHO-
Opi€eHTOBaHe
pOrpaMyBaHHsI
, HempouemypHe
pOrpaMyBaHHsI

orepariiHi CucTeMH,
MaTeMaTHYHA JIOTiKa 1
moBa Prolog, metomu
onTuMizaii i

JIOCIII [IDKEHHS
orepariiid, TeXHOJIOTIT
web-niporpamyBaHHs,
po3pobka
KOMITLIATOPIB ISt
MPEIMETHO-OPi€HT.
MOB

aNropuTMi3allis Ta
HPOrpaMyBaHHs, BCTYII A0
iT, QITOPUTMH 1 CTPYKTYpH
naHuX, 00'€KTHO-
OpiEHTOBaHE
nporpamMmyBaHHs, Cy4acHi
MOBH IIPOTpaMyBaHHs,
YIIPABIIHHS 1T-IIPOEKTaMHU
TEXHOJIOT1s
IpOrpaMyBaHHS Ta
CTBOPEHHS MPOTrPaMHUX
MPOJYKTIB, OpraHi3aliis
0a3 JaHUX 1 3HAHb,
METO/IMKa BUKJIaIaHHS
iHpOpMaTHKH, METOJTU Ta
CHCTEMH IUTYYHOT'O
IHTENIEKTY, TEXHOJIOT11
POBTIONUIEHUX CUCTEM Ta
napa’ens-

HHUX 00YHCIICHb,
MIPOEKTHO-TEXHOJIOTI YHA
NPaKTHKa,
HepeIuIUIOMHA
NPaKTHKA, BHUKOHaHHS
JUTUIOMHO] poboTtu
OakayaBpa

porpaMyBaHH,
KOMIT'IOTepHA
rpadika,
web-TexHoorii Ta
web-nu3aiin,
HPOCKTYBaHHS
iHpOpMaIifHUX
CHCTEM, JUIIOMHE
HPOCKTYBaHH Ta
3aXUCT

I1P10

0as3u JaHuXx Ta
iHpOopMaIiiHi
CHCTEMH,
MiATOTOBKA
KBaJTipikami HHOl

0asu [aHuUxX Ta
3HAHb,
BHCOKOTIPOYKT
HMBHI
00YMCIICHHS,

MaTeMaTH4Ha JIorika i
MmoBa Prolog

aNTropUTMI3alisg Ta
NpOrpaMyBaHHs, BCTYII J0
iT, KOMIT'TOTepHa rpadika,
ANTOPUTMHU 1 CTPYKTYpH
JTAHKUX, 00'€KTHO-

KOMIT'FOTepHA
CXEMOTEXHIKA Ta
apxiTeKTypa
KOMIT'FOTEIB,
TEXHOJIOT1S
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pobotu OakanaBpa | MPOSKTYBaHHS Opi€HTOBaHe CTBOPCHHS
Ta po3pobxa NpOrpaMyBaHHsI, Cy4acHi MPOrpaMHHX
BeO- MOBH IPOTpaMyBaHHs, MPOAYKTIB,
3aCTOCYBaHb YIIPaBJIiHHSA IT-IPOEKTaMHU | YIPaBIiHHSA iT-
TEXHOJIOTis MPOCKTAMH,
NpOrpaMyBaHHs Ta JIMTUTOMHE
CTBOPEHHS MPOTrPAMHUX MPOSKTYBaHHS Ta
MPOIYKTIB, OpTaHi3ariis 3aXUCT
0a3 JaHMX 1 3HAHb,
METO/IMKA BUKJIAIaHHSI
iH(pOpMaTHKH, METOTH Ta
CHCTEMH IITYYHOTO
IHTEJIEKTY, TEXHOJIOTi1
PO3MOIIICHUX CUCTEM Ta
napaens-
HUX 00YHCIIEHD,
MPOEKTHO-TEXHOIOT YHA
MPaKTHKA,
nepeIMIIOMHa
IpaKTHKa, BUKOHAHHSA
JITLTIOMHOT pobotn
OakasaBpa
P11
IHCTpYMEHTAJIbHI TEXHOJIOT1sI AnropuTMizaris Ta TexHomnoris
cepeoBuINa Ta CTBOpEHHS nporpamyBasHsi, BcTym 10 | CTBOpeHHS
TEXHOJIOTI1 MpOrpaMHUX IT, O6'ekTHO-OpiEHTOBaHE | MPOrpaMHUX
porpaMyBaHH, HPOJYKTIB, MpOrpaMyBaHHs, MPOJYKTIB,
iHpopMariiiHi MPOEKTYBaHHS CyuacHi MoBH Teopis
TEXHOJIOTI, iH(pOpMaIHHIX nporpamyBaHHs, PpO3ITi3HaBaHHS
BUpOOHMYA CHCTEM VYnpasninus [T- o0pa3iB Ta
MPaKTHKa, MPOEKTaMH, kiacudikaii B
1HO3EMHA MOBa, TexHomoris crucTeMax
MiArOTOBKA HpOrpaMyBaHHS Ta IITY9HOTO
KBaJTiikari iHOT CTBOpEHHSI MPO- IHTEJIEKTY,
pobotu Oakanaspa rpamMHUX NPOAYKTiB, Be6- | IIpoekryBanHs
TEXHOJOTIT Ta BeO-nu3aitH, | iH(opmamiiHux
Opranizartiist 6a3 JaHUX i cucteMm, JumioMmue
3HaHb, MeTonu Ta NPOEKTYBaHHS Ta
CHCTEMH IUTYYHOT'O 3aXHCT
iHTenekty, [IpoekTHo-
TEXHOJIOTIYHA MPAKTHUKA,
[lepenaumnnomua
MpaKTUKa, BUKOHaHHS
JUITIOMHOI poO0TH
OakayiaBpa
P12
IHTETeKTyalbHi OCHOBHU MaTeMaTHYHa JIoriKa 1 Meronu Ta cuctemMn Meromu Ta
CHCTEMU obumcioBaIbHO | MoBa Prolog, maGaoHd | IITYYHOTO iHTEIEKTY, CHCTEMHU IITYIHOT O
ro  iHTENeKTy, | 00'€KTHO- TexHonorii po3moniIeHnX | IHTENEKTY,
IHTETIeKTYaJIbHH | OPiEHTOBAHOTO CHCTEM Ta MapajebHIX Yupasmiaas [T-
¥ aHaJi3 JaHUX | MIPOTpaMyBaH. 004YHCIIeHB MIPOCKTAMH,
Jummomue
NPOEKTYBAHHS Ta
3aXHCT
P13
CHCTEMHE apxiTeKTypa MaTeMaTH9HA JIOTiKa i | BCTYH IO iT, KOMITIOTepHI | iH(pOpMaIliiHi
MIPOTrpaMyBaHHS, obuwmcoBanbHA | MoBa Prolog, metomam MepexKi, yIpaBIiHHS iT- TEXHOJIOT'1,
apxiTeKTypa X cucTeM, | omTuMizamii i MPOEKTAMH, TEXHOJIOTis orepaminHi
00YMCITIOBAIPHUX | KOMIT FOTepHi JOCIi JUKSHHS NpOorpaMyBaHHs Ta CHCTEMH,
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CHCTEM Ta Mepexi, omnepariii, TeXHOMOrii CTBOPEHHS MPOTrPaMHUX JIUTUIOMHE
KOMIT'FOTEpHI ornepariiHi web-nporpaMyBaHHs, TIPOIYKTIB MIPOEKTYBaHHS Ta
Mepexi CUCTEMU METOIH PO3POOKH 3aXHCT
inTepdeiicy
KOpHCTYBaua,
11abJI0H 00'€KTHO-
OpiEHTOBAHOTO
NporpamyBaH., BCTYII
JI0 LITYYHOTO
IHTEJEKTY
P14
CHUCTEMHE apxiTekTypa MaTeMaTW4Ha JIoTiKa 1 | anropuTMizaiis Ta CHCTEeMHUH aHai3,
MIporpamMyBaHHs, obumcnoBanbHU | MoBa Prolog, meroau pOrpaMyBaHHsI, BCTYI 0 | KOMI'FOTEpHi
apxiTekTypa X CHCTEM, | onTHMizamii i iT, KOMIT'tOTepHa Tpadika, | Mepexi, TUIOMHE
OOYMCITIOBAILHUX | KOMIT IOTEpHI JIOCITi JPKEHHSI 00'€eKTHO-Opi€HTOBaHE MIPOEKTYBaHHS Ta
CUCTEM Ta Mepexi, ornepariiid, TeXHOJIOT11 NporpamMyBaHHs, Cy4acHi 3aXUCT
KOMIT'FOTEePHI oneparriini web-mporpaMyBaHHs, MOBH MPOTPpaMyBaHHS,
Mepexi CHCTEMU METOJI1 PO3POOKH YIIPaBIIiHHS IT-TIPOEKTaMHU
inTepdeiicy TEXHOJOT1s
KOpHCTYBaua, pOrpaMyBaHHs Ta
111a6JI0HU 00'€KTHO- CTBOpEHHSI MIPOrPaMHUX
OpIEHTOBAHOTO MPOJYKTIB, OpraHi3ariis
MporpaMyBaH., BCTYII 0a3 aHuX 1 3HaHb,
J0 TYYHOr' O METOJMKAa BUKJIaJaHHA
IHTENEKTY iHpOpMaTHKH, METOJTU Ta
CUCTEMU LITYYHOI'O
IHTENEKTY, IPOEKTHO-
TEXHOJIOTI4HA MPAKTHUKA,
neJjarorivHa mpakTHKa,
HepeAIuIUIOMHA
IPaKTHKA, BUKOHAHHS
JTUIJIOMHOI poboTH
OakasaBpa
I1P15
00'eKTHO- 00'eKkTHO- iHpopMalliifHi Mepexi, | BCTYII A0 iT, KOMIT'IOTEpHI | MIpOrpaMyBaHHs,
OpieHTOBaHE Opi€HTOBaHe METOH PO3POOKH Mepexi, YIpaBIiHHS 1T- web-TexHoJorii Ta
MpOrpaMyBaHHs, nporpamMyBaHHsl | iHTepdeicy MPOEKTAMH TEXHOJIOTis web-1u3aiiH,
IHCTpYMEHTaJIbHI , CHCTEMHHH | KOpUCTyBaua, MporpamMmyBaHHs Ta Teopis
cepenoBuINa Ta aHaiis, napaielibHi Ta CTBOPEHHSI MPOrPaMHUX PpO3ITi3HABaHHS
TEXHOJIOTI1 MIPOEKTYBaHHS po3moineHi MPOJYKTIB, OpraHi3ariis o0pa3iB Ta
MporpaMyBaHHs, iHpopMaIliiHIX | OOYMCIICHHS, BCTYN A0 | 0a3 NaHuX 1 3HaHb, MeTOAU | Kiacudikallii B
iHpopMariiiHi CHCTEM HITYYHOTO 1HTENEKTY, Ta CUCTEMH IITYYHOT'O cucTeMax
TEXHOJIOTI], HAaYKOBO-IOCIiTHUIBKA | 1HTEIEKTY, TEXHOIOT1] IITYYHOTO
BHPOOHNYA MIPaKTHKa POBTIONUIEHUX CUCTEM Ta IHTEJIEKTY,
NpaKTHKa, napa’enb- JHUIUIOMHE
M ATOTOBKA HUX 00YHCIIEHB, | TPOEKTYBAHHS Ta
KBaJTiikari iHOl MIPOEKTHO-TEXHOJIOTI YHA 3aXHUCT
pobotu OakanaBpa MPaKTHKA,
HepeIuIUIOMHA
NPaKTHKa, BHUKOHAHHS
JUTUIOMHO] pobotun
OakayaBpa
P16
apxiTeKTypa KOMII FOTepHi iH(OpMaIIiifHi Mepexi, | METOIHU Ta CHCTEMH MpaBoOBa KyIbTypa
O0YHCITIOBANBHUX | MEpexi, Berym g0 SQL 6a3 IITYYHOTO 1HTEEKTY, 0co0HUCTOCTI,
CHUCTEM Ta orepamiii JIAHHUX, METOIU TEXHOJIOT11 PO3NOALICHIX MIPOEKTHO-
KOMIT'FOTEpHI CHCTEMH pOo3poOKH iHTEpdeiicy | CHCTEM Ta mapajeib- TEXHOJIOT19HA
Mepexi, KOpHCTyBaya, HUX 00YHCIIEHB MPaKTHKA,
anreOpaiuHi 11a0JIOHH 00'€KTHO- BHUPOOHHYA
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CTPYKTYPH, OpIEHTOBAHOTO MPaKTHKa,
kpurnrorpadis ta IporpamyBaH., JIUTIIOMHE
3axucT iHpopMarii KypCOBa HayKOBO- MIPOEKTYBaHHS Ta
JOCITiTHUIbKA poOoTa, 3aXUCT
BCTYII /10 IITYYHOT'O
IHTEJEKTY
P17
posrmozinene Ta BUCOKOTIPOJTYKT TEXHOJIOTI1
napaseabHe WBHI PO3TONITBHAX
MIporpaMyBaHHs o0uMCIeHHs CHCTEM Ta
napayielbHAX
00YHCIIEHD,
JIUTIIOMHE
NPOEKTYBaHHS Ta
3aXHCT
TeopeTuuHe miArpyHTs aHami3y OCBiTHIX mporpam — Faculties ([PK] Id, Name, [FK]
B [4] Oyno po3rasHyTO MaTeMaTU4YHY MOJEIb UnlverSItyld)_' .
— SpecialityCompetences ([PK] Id, Name,

aHaJi3y OCBITHIX mporpaM. 30kpemMa, 0yJo BBEIECHO
JI0 PO3TIIATY TTOHSTTS:

MHOXHHA CTIeliaTbHOCTEH :

SP = {spi | i=1..n}.

s koxxHOT SPeSP BBemeMo 70 po3riisaLy
HACTYITHI TIOHSTTSI:

MHOXXHMHA Pe3yJIbTaTiB HABYAHHS CIIEI[iaIbHOCTI:
LOg={loi| i=1..t};

MHO)XFHA OCBITHIX IIPOTpaM CITEIiaTbHOCTI:

OPs,={opi| j=1..m}.

st koxxHOT 0peOPsp BBEIEMO 710 pO3TIISALY
MTOHATTS:

MHonHa 000B’ I3KOBUX OCBITHIX KOMITOHEHT
(mMCUMIUTIH) OCBITHBOI MTPOTPaMU:

OK oprsp1 = {Oki | i=1..t}.
MHOKHHA pe3yNbTaTiB HAaBYaHHS AUCIIUTLIIHU:
LOok = { 100k | 100k elOgyp & LOZop[sp](Iook, ok)}.
Kinvxicms pesyniomamis HaguanHs OUCYUNTIHU
| LOo| -
ChninbHi pe3yniomamu HA8YAHHA MHOMCUHU TIOTIAPHO
PI3HHUX TUCITUILTIH 32 OCBITHIMH IIpOrpaMaMH OIHI€T
crierianbHOCTi: SPio(OKDspy):
ksp € Sp|0(OKD[Sp])<—> |Ook ELOsp &
A Oksp € OKD [sp1 LOZop[sp](|Ook, Oksp)}.
Kinvkicms cninvuux pe3yromamie Haguanus
MHOCUHY TIOTIAPHO PI3HUX TUCIHILIIH 32 OCBITHIMHA
IporpaMaMu OJIHI€T CTIeiaabHOCTI:

| Spio(OKDsp) | -
ABTOoMaTH3aniA aHanizy nopiBHssHHs OIIII
3acoboM aBTOMaTm3alii aHami3y aBTOpaMH
oopano CKBJI MS SQL Server [12]. Hus

JOCITIDKEHHST aBTOpaMH po3poOiieH0 0a3zy JaHux
EducationPrograms sika MicTuTh, 30KpeMa, TaOJHIl

[4]:
— Universities ([PK] 1d, Name, EDBO);
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[FK] Specialityld, [FK] Competenceld);
— EdProgramsTypes ([PK] Id, TypeName);
— Specialisations ([PK] Id, Name);

— Competences ([PK] Id, Competence,
[FK] CompetenceTypeld);
— EpSubjectCompetence ([PK] Id,

[FK] Subjectld, [FK] SpecialityCompetenceld);

— Subjects ([PK] Id, Name, [FK] ERrogramld,
Credit, [FK] Controlld);

— ControlTypes ([PK] Id, ControlTypeName);

— CompetencesTypes ([PK] Id, CompType);

— EpSubjectOutcomes ([PK] Id,
[FK] Subjectld, [FK] LearningOutcomeld);

— EducationPrograms  ([PK] Id, Name,
[FK] Specialityld, [FK] EdPrTypeld, EDBO,
[FK] Facultyld, ImplementationDate);

— LearningOutcomes ([PK] Id,

[FK] Specialityld, LOName, LearningOutcome).

3 wmeroro 3mificnenHs adanizy I[IPH aBTopamm
po3pobieno SQL-3amutu g0 chopmoBaHoi 0azu
JAHUX.

Ha morounuit MmomeHT B 0a3i JaHUX B HASBHOCTI:

- omHa cmemianbHicTh (122 «Komm’roTepHi

HayKw»); 17 mporpaMHUX pe3ynbTaTiB HABYAHHS,
- 8 OIIII 3 8 crpykrypHUX migpo3aitis 7 3BO;

- 312 000B’A3KOBUX IUCIMILIIH,
- 7074 pizaux map [IPH 3a
mporpaMamH.

s mopiBHSIHHS OyI10 00paHO TOBUTEHO 4 OCBITHI

nporpamu, siki Mictsth Tabmumi [TPH.

B po6ori nmpoananizoBano auciututian OINIT 3a
MPOrpaMHUMHU pe3yJIbTaTaMi HaBYaHHA. BifmoBigHO
JI0 TIPOBEICHOT0 aBTOMaTH30BaHoro ananizy B OINIIL
«ladopmatuka»  Bigcyrmi  [IPH, saxi = He
3a0€3MeUyI0THCS AKOAHOIO TUCIUTLTIHOIO.

OIMMCaHNMH
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noAiOHOCTI Ta KINBKOCTI pe3yiabTaTiB HaBYaHHS
ONaHYBaHHS SKHUX 3a0€3MeUYEThCS TUCIUILITIHOIO.

Tabnuis 2. OparMeHT NOPIBHSAHHS JUCIMIUIIH OCBITHIX IPOrpaMm 3a BiICOTKOM HOJIOHOCTI

Bincor. Kiabk.
noxio- Cn.
HOCTI ITPH Kiabk. | Kiabk.
Spio ILO({o | ITPH IPH
Jucuumiaina 1 Jucuumnina 2 ({oka, ki, maen 1 | puen. 2
(ok1) OIIII (op:1) (okz) OIIII (op2) oka}) oko})| | |[LOokz| | [LOoki|
Hudepenuiiini | ®DKHK MatematuaHuit OKHK
piBHSIHHS «Iadopmartuka» aHaii3 «Indopmarukay 75 1 2 1
QIT
«Komm'torepHi ®OKHK
dinocodist HaYKH» dinocodist «Iadopmarukay 100 1 1 1
QIT
JocmimxenHs «Komm'torepHi JocmimkeHHs OKHK
orepariii HAYKID) oreparin «IH(opMaTHKa» 100 1 1 1
OcHoBH OIT
obuncmoBansH | «Komn'torepHi IHTeNneKTyanbHi OKHK
OrO IHTENEKTY HAayKN» CHCTEMH «IndopmaTuka» 83,3 2 3 2
Mertonu
ontuMizamii i | XHY imeni | CucremHe
JIOCIT JPKEHHST B.H. Kapazina IIpOrpaMyBaHHs OKHK
ornepariii «Indopmartuka «IHopmaTHKa» 64,3 2 7 2
Meroau Aunreodpaidsi
PpO3po0KH XHY iMeHI | CTPYKTYpH,
inTepdeiicy B.H. Kapazina kpunt. Ta 3axuct | GKHK
KOpHCTYyBaya «Indopmarukay iHpopmarii «Indopmarukay 62,5 1 4 1
XHY imeni | Teopis
Indopmariiini B.H. Kapazina NPUIHATTS OKHK
Mepexi «Indopmarukay pillieHb «Indopmarukay 41,7 1 3 2
Jinosa VxHY CorwianbHo-
yKpaiHChKa «Indopmarukay nonitiyhi cryaii | ®KHK
MOBa «Iadopmaruka» 100 1 1 1
Teopist  1imoB., | YxHY Huckperna
IMOBIpHICHI «Indopmarukay MaTeMaThKa
mporecu Ta DOKHK
MarT. CTar. «Iadopmartuka» 66,7 1 3 1
Bukonanus YxHY Bupoburua
aumn.  pobotu | «lHpopmatukay IPaKTHKA
Oakainaspa, OKHK
arecranis «Iadopmartuka» 66,7 3 9 3
TexHomoris YxHY O0'exTHO-
mnporpamyBaHHa | «[H(pOpMaTHKa) opieHTOBaHE
Ta  CTBOPEHHSA MPOrpaMyBaHHs OKHK
IPOT. TIPO/I. «Iadopmartuka» 61,1 2 9 2
HYBill
UwucenbHi «Komm’rotepsi Hudepernnianpai | DKHK
METOAH HAYKI» PpiBHSHHS «IH(opMaTHKa» 75 1 1 2
WEB- HVYBIll O06'ekTHO-
texHomorii  ta | «Komm’torepHi opieHTOBaHE OKHK
WEB-u3aiin HAYKH» porpamMyBaHHs «Iadopmatuka» 75 2 4 2
HYBIill
Komm'rorepaa «Komm’rotepHi Iadopmarmiiiai OKHK
rpadika HAYKH» TEXHOJOTIT «Iadopmatnka» 33,3 1 3 3
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HaBenene B TaOiuil 2 CIIBCTaBJIEHHS J1a€
HarJIAJHE YSABJICHHS TIPO  BIJICOTOK IMOAIOHOCTI
KOHKPETHUX OOOB’S3KOBUX OCBITHIX KOMIIOHCHT Y
pizaux OIIII 3a cHiibHOK CHEIIaNBHICTIO B pO3pi3i
ITPH.

B Tabmuigx 3-7 HarisaHO MPOJEMOHCTPOBAHO
Bigcorok moxmionocti IIPH 3a 000B’sa3k0BUMH
ocBiTHiMH KkomroHeHTamu (OK) Ha omHy 3
muciuiin @KHK  «lHdopmaTrkay cremianbHOCTI

122 «Komm’1oTepHi HayKu», a came
«lHCTpyMEHTaIbHI ~ CepelOBUINIA Ta  TEXHOJOTIT
MIporpamMyBaHHS) (ICtaTII) 3 OCBITHIMH

kommoneHTamu (OK) irmmx OTIIIT.

Taonung 3. Bincorok nogidnocti ICtaTIl 3 neskumu
OK XHY imeni B.H. Kapasina «Indopmatnka
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Tabmmig 5. BigcoTok momiOHOCTI JUCHUILTIHA
ICtaTIl 3 inmmmu OK HYBill «Komn’rorepHi

HaYKI»
OCBITHSI KOMIIOHEHTA Bincorok
moaioHOCTI
[TporpamyBaHHs 58,33
TexHoJIOTisl CTBOPEHHS TIPOrPaMHUX
IPOJIYKTIB 41,67
WEB-texuomnorii Ta WEB-1u3aiin 58,33
[TpoekTyBaHHsl iHDOPMALIIHHUX CHCTEM 83,33

Tabnung 6. Bincorok noxidonocti ICtaTIl 3 neskumu
OK ®KHK «Inpopmarnka

OCBITHSI KOMIIOHEHTA Bizncorok
moaioHoCTI
O0'eKTHO-Opi€EHTOBaHE IPOTrpaMyBaHHs 83,33
IndopmartiiiHi TexHOJOT1T 100
BupobHuya mpakruka 66,67
[IporpamyBanHs 41,67
[Tiaroroska kBamidikailiiiHoi podboTu
OaxasiaBpa 68,75

Tabmums 7. Bincorok moxionocti ICtaTIl 3 nesskumu
OK O®IT «Komm'toTepHi HAyKm»

OCBITHS KOMIIOHEHTA Bixgcorok
moa10HOCTI

Onepaliiifini cucTeMu 29,17

MaTtematryHa Jiorika i moBa Prolog 25

[Hdopmariitai Mepexi 33,33

Meroau onTuMizanii 1 JOCIIPKEHHS

oreparin 23,81

Meroau po3poOku iHTepdericy

KOpHCTyBaya 29,17

Po3pobka xoMmiATopiB Ayis

MPEeIMETHO-0pieHT. MoB 29,17

[TapanenbHi Ta pO3MOALICHI

o0YUCIICHHS 33,33

Beryn 10 IITY4HOr0 1HTENEKTY 26,67

HaykoBo-10CTiTHUIIbKA MPAKTHKA 66,67

Taonung 4. Bincorok nmoxidonocti ICtaTIl 3 nesskumu
OK VxHY «IudopmaTtuka

OcCBiTHSI KOMIIOHEHTA Bincorok
nofioHocTi
ANTopuTMI3aIlis Ta MporpaMyBaHHS 47,61
Berym o IT 66,67
ANTOPUTMH 1 CTPYKTYpPH TaHUX 26,67
O06'eKTHO-Opi€EHTOBaHE IPOTPaMyBaHHS 45,83
Komn'toTepHi Mepexi 33,33
CydacHi MOBH ITPOrpaMyBaHHS 47,62
Ynpasninns IT-npoekramu 66,67
TexHoOris MpOrpaMyBaHHs Ta
CTBOPEHHS MPOTPaMHUX MTPOAYKTIB 66,67
Beb-TexHororii Ta BeO-au3aiy 75
Meroauka BUKIaIaHHS iHPOPMATHKH 26,67
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OCBITHSI KOMITOHEHTA Bincorox
MOJIIOHOCTI
AnropuTMizaliis Ta mIporpamMyBaHHS 41,67
O0'eKTHO-OPIEHTOBAHE IIPOrPaMyBaHHS 83,33
HenpornenypHe nporpamyBast 66,67
CucremMHuil aHai3 33,33
[IpoekTyBaHHs iH)OPMAIIHHIX CHCTEM 66,67
TexHOJIOTisl CTBOPEHHS MTPOTPAMHHUX
MPOJTYKTIiB 66,67
BucnoBku
[IpoBenenuii  aHami3  OCBITHBO-TIpOQECIHHOT

nporpamu mepmoro (6akamaBpchbKOro) piBHS BHIIOL
ocBitm  «ladopmatuka»  ramy3i  3HaHR 12
«ladopmariitni  TexHomorii», chemiambHOCTI 122
«KoMmm’roTepHi Haykm», IO peali3ylOThCsI Ha
(hakympTeTi KOMIT'IOTEPHUX HayK Ta KiOepHETHKH
KuiBchbkoro HaIioHaTBbHOTO YHIBEPCHUTETY iMeHi

Tapaca IlleBueHka 3  OCBITHBO-TIpOdeECITHIMHU
nporpaMaMu TOTO K PIBHA BHINOI OCBITH ¥
CHEIAJBHOCT] IHIIWX 3aKjiaJiB BHIIOI OCBITH

VYkpainu nokazas: B OIIIl «ladopmaTtuka» BiacyTHi

TIPH, 110 HE 3a0e3MeqyoThCS 5KOJTHOIO
000B’I3KOBOI0 JUCIIUILIIHOIO.
Takox MIPOaHaITi30BaHO CHIBBIIHOIIIEHHS

OpOrpaMHUX pPe3yJbTaTiB HaBYAHHS Ta OCBITHIX
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Cmamms npucesuena 02140y 3a0a4 YMOBHOI 2cenepayii mexcmy: nepe@pasy8anHs, GUNPAGLEHHS
epamamuynux ma opgoepagpiunux, cnpowenns mexcnmy. Pozensoaromuvcs 0dicepena mpenyeaibHux OaHuXx,
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3a0ay. s KOJCHO20 3AB0AHMS PO32TA0AEMbCS 11020 cheyuhixa ma 6naue Ha 3anpPoNnoHOBAHI Memoou.
AHanizytomucsi CRiibHi pucl 3a0ay yMoGHOI eenepayii mexcmy ma ix piutens.

Kniouogi ciosa: 0bpobxa npupooHoi Mosu, HetipoHi Mepedict, MAuUHHe HAGYAHHS, YMOBHA 2eHepayis
meKcmy, nepeppaszyeants, GUAPAGTIEHHS SPAMAMUYHUX HOMULOK, CHPOWEHHS MEKCTY .

The article is devoted to the review of conditional test generation, one of the most promising fields of
natural language processing and artificial intelligence. Specifically, we explore monolingual local sequence
transduction tasks: paraphrase generation, grammatical and spelling errors correction, text simplification.
To give a better understanding of the considered tasks, we show examples of good rewrites. Then we take a
deep look at such key aspects as publicly available datasets with the splits (training, validation, and testing),
quality metrics for proper evaluation, and modern solutions based primarily on modern neural networks.
For each task, we analyze its main characteristics and how they influence the state-of-the-art models.
Eventually, we investigate the most significant shared features for the whole group of tasks in general and
for approaches that provide solutions for them.

Key Words: natural language processing, neural networks, machine learning, conditional text
generation, paraphrase generation, grammatical error correction, text simplification.
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Beryn BpaxyBaHHAM. Jlo Takux 3agad  HAJISKHTH
MAaIIMHHUH Tiepekiaa (yMOBa — TEKCT OPUTiHATIHHOIO
MOBOIO, BHXil — TEKCT MOBOIO IIEpeKiany),

BUIIPABIIEHHS TpaMaTHYHUX Ta opdorpadigHux
NOMMJIOK (yMOBa — TEKCT 3 TOMWJIKAMH, BUXIT —

I'eHeparist TekcTy € Y He HAWOUIBIT TPOBITHUM
HaIpsiIMKOM OOpOOKH HPUPOIHOI MOBH Ta IITYYHOI'O
IHTENIeKTy, [0 HaHaKTUBHINIE pPO3BHBAETHCS Ha

ceorofni. IIpopuB 3milicHuIa HeHpoHHa Mepexa
GPT-3 [1], HatpenoBaHa Ha 45 TepabaiiTax TEKCTY 3
18.5 wmimpspmamMu  mapamerpiB. Bona 3moria
BUDILIYBaTH BEJMKUHA CIEKTp 3azady MPHUPOAHOL
MOBH, HaBUAIOUMCh Ha 3BMYAMHIN reHepamii TEKCTy.
CyTTeBOl0 4acTMHOIO Iii€i ob0macti € yMOBHa
reHepamis, KOJIM Ha BXiA TIOAAETbCS IEBHA
iHdopmMartis (yMoBa) i TeKCT (BUXiT) TeHEPYEThCA 3 1l

© O.I'. Cxypxancekuii, O.0. Mapuenko, 2021

TEKCT 0e3 MOMMIIOK), TO0YJ0Ba /IiaJOrOBUX CUCTEM
(ymoBa — momepenHi PEeIUTiKH, BUXiJ — BiJMOBiIH
CHUCTEMH Ha HHUX).

Y uifi poOOTi AOCHIHKYEThCS TOTOYHHHA CTaH
JeIKUX ~ 3ajJad  YMOBHOI ~ TeHepamii  TeKCTy
(aHrmiHCHKOI0O MOBOIO), a came nepedpasyBaHHS,
BUNPABJICHHS TpaMaTHUHUX Ta opdorpadiyanx
MOMUJIOK, CHPOIIEHHS TEKCTy. Po3rmsaarorbes
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HaileQeKkTHBHINI migxomu, JOKepena JaHWX Ta
METPHKH OLIHKHU SKOCTi pOOOTH CHUCTEM.

IlepedpasyBanus

[lepedpaszyBanns — mepeka3 TEKCTY IHIIMUMH
cioBamMu 31 30epexeHHsM 3wmicty. Hanpuknan,
nutanas “How do I talk English fluently?”” ta “How
can [ improve my English speaking?” wmoxHa
BBaxatn napadpazamu. (OCOONMBICTIO  JaHOTO
HampsAMKY Vy TIOpIBHSAHHI 3 I1HIIUMH 3aJa4aMu
00pOOKH MPHUPOHOI MOBH € BEJIMKA KiIJIBKICTh POOIT,
SIK1 He BAKOPHUCTOBYIOTh PO3MiUueHi J]aHi, a OnepyoTh
JUIIe 3BUYaWHUMH ~ MOHO KOpIyCaMH TEKCTY.
CrpaBa B TOMy, 1110 YMOBA 1 BUX1J JJIs i€l 3a1a4i €
B3a€MO3aMIHHHMHU: SIKIIIO 3 PEYCHHS X1, X2, ..., Xm MU
MOXEMO OTPHMATH PEYCHHS Y1, Yo, ..., Yk 3 BEIHUKOO
WMOBIpHICTIO, TO ¥ JIONYHO MO0 TIpPH yMOBI
Y1, Y2, ..., Yk BHXII X1, X2, ..., Xm Ma€ MaTH BEJIHKY
HMOBIpHICTh. bBibllle TOro, KOXHE peYeHHs He
MOBMHHE MaTH cTporo 1 mapadpas, a Moxke OyTh
MEpenucaHo Pi3HUMHU CIOCO0aMH, IO MiJAKPECIIoe
IMOBIpHICHY TIpUPOJTY 3a/adi.

Juis nepedpasyBaHHsS ICHYE BIJIHOCHO BeJMKa
KUTBKICTh JDKEpET NMaHWX PI3HOI SKOCTI Ta Pi3HOTO
piBHS (CIIOBOCIIONYUYEHHS, pedueHHs, a03aru). Cepen
HUX CJIJ BUIUIUTH:

- Quora Question Pairs (QQP) [2] cknamgaerbes 3
404,290 map mnwuraHb 3 caity Quora, sKki Oymu
TIOMIYEHI MojeparopaMu sK IyOiaikatTh 1 TOMy €
rapaHToBaHO napadpazamu;

- ParaNMT [3] wmictute Oimeme 50 MuaH map
AHTTACHKOI0, 3TCHEPOBAHMX  HEHPOMEpEKEBHM
MepeKIagoM MapalebHAX KOPIyCiB I 3aaad
MAaIIMHHOTrO mepekiany. Kpim cammx map martacer
BKJTIOUAE y ce0e OIIHKH SKOCTI mapadpasis;

- LanguageNet [4] — mabip mapadpasiB oTprMaHuit
“BHUPIBHIOBAaHHSM ’ pEYeHb TBITIB, SIKi IIOCHIIAJVICH HA
omuH # Toit cammit URL. Bin Hamiuye 51,524 map
pedeHb PO3MIYCHUX aHOTATOPaAMH;

- MSCOCO [5] 6y pospobmeHnid ams 3amadi
CTBOpPEHHS CyOTHUTpiB g0 300paxkeHp. Kokna
KapTHHKa Majla 5 TiAmuciB, SKi 3  BEIUKOIO
WMOBIpHICTIO € mapadpasamu, 0 y CyMmi Hajidye
117 Tucsu nap.

HaiimonynspHilIMMH ~ METpUKaMHu JUIs  3a7adi
nepedpasysanna € BLEU [6] ta ROUGE [7]. BLEU
OOYHCITIOETBCS HACTYITHUM YHHOM: JUIS KOXKHOTO
n €[1, 2, 3, 4] paxyemMo 4acTKy N-rpam y pedeHHi-
KaHIUAATi, SKi T[OTPAIUISIIOTh Y  PO3MideHe
(mpaBuibHE) pEUYEHHS 1 YCEPeTHIOEMO OTpUMaHi
gyrcia. Jan MHOXHMO €KCIOHEHTY CEpeAHbOro Ha
mrpad 3a KOPOTKY JOBKHHY PEUCHHSI.
> county,(n—gram)
> countn-gram)

n
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B {exp(l—ref/hyq, axuyo|ref| > lhyp]

1 inaxwe
BLEU =B -exp[%z p,]

Takum unHoM, BLEU HamaraeTbcsi mopaxyBaTu
BIZICOTOK “NIpaBHJIBHUX~’ N-TpaM Yy pEUYCHHi, NpHU
BOMY 100 OTpUMaHe pedeHHs He OyJIo KOpOTIIe 3a
“zomote”. ROUGE — Habip MeTpuK, SKi BpaXOBYIOTb
noBHoTy: ROUGE-n — paxye F1 mipy ans n-rpam
aHAJIOTIYHO SIK TOYHICTh paxyerbess y BLEU, a
ROUGE-L paxye HaijoBIly MiJMOCTiIOBHICTh
TOKEHIB 3 pCeUCHHS-KaHAUJaTa y PO3MIYCHOMY
pEUeHHI.

[IpoananizyBaBiu jiTeparypy 1o nepedpa3yBaH-
HIO MOXXHa MpPUUTA 0 HACTYITHOTO BUCHOBKY:
HAMKpalIoOl CHCTEMOIO JUIsl MOTOYHOI 3ajadi €
LBOW-Topk 3 poboru Paraphrase Generation with
Latent Bag of Words [8]. Moxens — eHkomep-
nexonep LSTM 3 moaudikariisimu Ui BpaxyBaHHS
crierudiky 3a/1a4i nepedpazyBaHHs.

Y  knacuuHOMy — seq2seq  IiAXOAi  MOJIEIb
CITOYATKY KOJy€E BXIIHY MOC/I1I0OBHICTb
X = X1, X2, ..., Xm y TOCHiZOBHICTE h maTeHTHOrO

npocropy, a
MTOCITI TOBHICTB Y.

Enkomep enc, ta nekomep decy — HEHpOHHI
Mepexki, a (YHKINSA BTpPAT pPaxyeThCs HACTYIHUM
YHUHOM:

MOTIM JeKOAye 11 Yy IIbOBY

h = enc,(x)
p(y| ) = dec,(n)
Lsos = E(x*,y*)-p[_bg pe(y* | X*)],
ne P* — cripaByHiii po3moin JaHuX.

3amporroHOBaHa kK MOZIENIb BUKOPUCTOBYE CIIOBA 3
BXIIHOTO pedeHHs i mependadeHHs ix “cycimiB” B
MIMIKY CIiB 3 I[ITbOBOTO pedeHHs. 3 mependadeHnx
“cycimiB” Oeperbes BHITaIKOBIM YHHOM
MiAMHOXXAHA CIiB, KA W BUKOPHCTOBYETHCS IS
nependaveHHs LUTHOBOTO peYeHHs. PoOuThes 1e
HACTYITHAM YHHOM.

Hexaii maemMo cimoBHHK po3Mmipy V, Tomi MimIok
ciiB Z posmipy K - me Bektop 3 RY, e K — KinbkicTh
OIUHHIIb, a BCl 1HIII1 3HAYCHHSA HYIT1.
[MpunyckaeTbesi, MO Z OTPUMYETBCA IUIIXOM
CEeMIUTIHTY 3 0a30BOT0 KaTeropiadbHO PO3IMOMALTY
p(Z|x) k pasiB Oe3 3aMiH. [lJIs1 KOXKHOrO ClIOBa Xi 3

BX{JIHOT  TOCHIJJOBHOCTI  MOJEIIOEThCA  “‘Cycim”’
Zj € RY:

p(z; | x ) = Categoricd(g, (x))
ne ¢ij — HelipoHHa Mepexa. Ha mpaxrumi

3aCTOCOBYETHCS JIIHIMHMN mIap 3 softmax Ha BUXOmI
h enxomepy enc, Ilpunmyckaerbcs, IO KOXEH
BUXITHUH TOKEH X; Ma€ MaKCUMaJlbHY KUIBKICTb
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[EPEMIIIYIOTHCS YCEPETHEHHSM:
- - 1
zZ-~ p¢(z |X):*Z p(zij |X)
ml 45

SAx Oyno 3rajaHo BHINE, MIIIOK CIiB Z
ceMuuThes K pasiB Ge3 3aMiH 3 PO3MOALTY p(Z|x)-
Tomi Z BHUKOPHUCTOBYETBHCS sl KOHTPOJIHOBAHOTO
JIEKOyBaHHs BUXI1IHOT IOC/IiJOBHOCTI y:

Z~ P, (Z | X)
y ~ po(y|x2)=dec,(x,2)
Toni ¢inanpHa QYHKIIST BTpaT BpaxoBYye sK

KOpPEKTHICTh TepeadadeHHss MIMKy cJiB, Tak i
JICKOJTyBaHHS:
Lsos :E(X*’y*)_P'Z_p¢(ﬂx)[—|09 po(y | X ,Z)]
Leow :EZ*_P*[—Iog p¢(z |xh
L =Lsss + Lgow:
ez MPEACTABJIAE  MIIMIOK  CJIIB  I[LJIbOBOL
IIOCIII JIOBHOCTI.

CaM 110 co0i ceMIUTIHT Z € Henn(epeHITIHOBaHNM.
IIlo6 maTm 3MoOry paxyBaTH TPaJi€HTH 3BOPOTHOTO
MMOUIMPEHHSA IIOMHUIIKH BUKOPUCTOBY-E€THCA
rmapaMeTpuyHa OIliHKa TpajieHTiB depe3 gumbel-
softmax. Hexali HMOBipHICTB Z  JIOpiBHIOE
p(Z=i|x)=7,i€l, ..,V. 30ypeni Barum i
HWMOBIPHOCTI OTPUMYIOTHCSI HACTYITHUM YHHOM:

a =log 7; + g;
g; ~ Gumbel (0, 1)

Bubip K HaiiGinpImux Baris 3 X = Xi, X2, ..., Xv JacTh
TOW CaMHil pe3ysbTar, mo i ceMmiutinr K pasiB 6e3
3aMiH.

BunpagsjeHnsi rpaMaTHaHuX Ta opdorpadiunux
NOMUJIOK

HasBa 3amadi roBoputs cama 3a cebe: Ha BXif (SIK
YMOBa) TIONAETHCS PEYEHHS, B SKOMY IOTEHIIIHHO
MOXYTh OYTH TIOMIJIKH, Ha BHUXiJ] CHCTEMa Ma€
BHJIATH BUIIPABJIEHE PEUYEHHS, TOOTO 0O€3 TOMUIIOK.
XapakTepHOI0 OCOONHBICTIO HANPSIMKY € Te, MIO0
BHUXiJIHE pEYEeHHS HE CHIIBHO BiPI3HIETHCA BiX
BXIHOrO — BiIHOCHO Maja BiacTaHb JleBeHIITEliHA
o cimoBaM. Yepes 11e Oarato poOiT y maHiii odmacti
HE TIEPENHCYIOTh PEYEHHS IOBHICTIO, a JIMIIe
MPONOHYIOTh BHUIIPaBJIeHHA. TaKUM YMHOM, MiIXOIH
3 MapKyBaHHsI ITOCIiIOBHOCTEH MPaIIOOTh Ha PiBHI 3
seq2seq.

Hns  3agaui  BUNpaBlieHHA TIpaMaTHYHUX Ta
opdorpadiuHUX TIOMHIIOK ICHYE JIOBOJNI BeENUKa
KUTBKICTh pPO3MIYEHHX JaHUX, OUIBINICTh 3 SKUX
OTpUMaHi 3 KypciB BUBYEHHs aHriiiicekoi. Cepen
HUX:

Learner English (NUCLE) [9] mictuts 1,400 ece
HaMCAaHWX  CTYAGHTAMH Ta  I[POAHOTOBAHUX
npodeciiHIMU BUKJIaJauaMH aHTJiicbkoi. Beboro
Hajiuye 56,958  pedeHb, KOXKHE 3  SAKHX
MPOaHOTOBAHE 2 CIEIialiCTaMHU;

- Lang-8 Learner Corpora [10] € HaliO1IbIIUM cepen
BIIOMHX BIIKPHUTUX KOpHyciB. MIicTUTh Maiike
MIIBHOH Map peueHb aHTIIHCHKOIO 3 caiity Lang-8,
JI€ KOPHCTyBayi BHUMPABIAIOTH TI'PaMMAaTHUKy OAWH
OJTHOT0;

- First Certificate in English (FCE) [11] corpus
ckianaerscs 1,244 BumpaBJieHUX BIAMNOBIACH 10
ex3ameHaliinux muranb FCE;

- W&IHLOCNESS [12] mictuth 34,304 map pedcHs,
AKi OynM HamucaHi CTyJAE€HTaMH Ta pO3MiueHi
npodeciiinumu anoraropamu 3 Write & Improve.
KpiM camux map Mictuthes iHpoOpMAaIlis Mpo Te,
SIKMI piBEHb aHTTIMCHKOT 31aBaB CTY/ICHT.

OCKITbKM iCHYE KOHCEHCYC SIK Ma€ BHIJISJATH
rpaMaTUYHO TpaBHIIbHE PEUEHHS AaHTJIIHCHKOI, a
BUIIPABJICHI PEUCHHS HE CHIIBHO BIJPI3HSIIOTHCS BiJ
OpHTIHAJILHUX, OI[IHIOBAHHS MEPEMCYyBaHb CUCTEM €
OUTBII TIPOCTUM Ta 3PO3YMUTAM Yy TOPIBHSIHHI 3
IHIMIMA ~ 3aJladaMd  TIPUPOMHOI MOBH. 30Kpema
3acTocoByeTbcst MaxMatch (M2) Scorer [13] Ta
ERRANT [14]. OOuaBi METpUKH € HIYUM IHITAM 5K
Fos MIpol0 KITBKOCTI TPAaBHIBHUX BHIIPABJICHb.
Pi3HUIS MK HUMH TUTBKH Y alTOPUTMI HiApaxyHKY
BUIIPABIICHD.

_ 1.25- precision- recall

05 = .
0.25- precision+ recall

Haiikpamoro  cucTeMOr i BUIIpaBICHHA

rpaMaTHIHUX 1 opdorpadiuHHX TOMIUIOK €

GECToR 3 poboru GECToR — Grammatical Error
Correction: Tag, Not Rewrite [15]. Mozaens, 3aMicTh
Toro 1mo0 TependayaTH TpPaBUIIBHE PEUYCHHS,
nepeadayae BUMPABIEHHS, SKi MOTPiOHO 3poduTH. 3
TOYKH 30py apXiTekTypu — 1ie Tpanchopmep XLNet
[16], moTpeHoBaHMT Ha MepeadaveHHI TPaMaTHIHUX
Ta opdorpadiunnx BunpasieHb. HeliponHa mepexa
HAMaraeTbCs  BUPIMMTH  ofApa3dy 2  3ajadi:
nepeadaynTH 4u TOTPIOHO POOWTH BHUMPABICHHS
JUIi  TOTOYHOrO  TOKEHa  Xj  ITOCTIOBHOCTI
X = X1, X2, ..., Xm Ta SIKE CaMe BUIIPABJIICHHS MMOTPIOHO
3podutn. [l mboro orpuMaHe ICHsS EHKoaepa
npenacraBieHHs N momaeTbest ofpasy Ha 2 JTiHiiHI
mapu:

h = enc,(x)
p =Wh+h
Py =Wyh+by.

Hani nnst o0ox nependadeHs paxyerbesi GyHKIS
BTpPAT Ta CyMY€EThCSI:
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L = Lyapeling t Luetection

[cHy1OTB pi3HiI THIIM BHUITPABIEHb, SIKi Ilependadae
MOJIeNb:
- KEEP - ne yinat moTOYHMI TOKEH;
- DELETE — BuganuTH MOTOYHUI TOKEH;
- APPEND_w; — BcTaBUTH CIIOBO Wi IICIS MOTOY-
HOT'O TOKEHY;
- REPLACE_w; — 3aMiHWTH TOTOYHUN TOKEH Ha
CIIOBO Wi;;
- CASE — 3MiHUTH pericTp MOTOYHOTO TOKEHY;
- MERGE - “3’etHaTii” MOTOYHUIN TOKEH 3 HACTYII-
HUM;
- SPLIT — po30uTH MoTOYHHI TOKEH Ha JIBa;
- NOUN NUMBER - 3MiHUTH MHOKHHY TIOTOYHO-
ro IMEHHHKA;
- VERB FORM - 3minuTy ¢popMy MoTOYHOTO
JecioBa

OCKITbKY JJaHa MOJIENTb € HEAaBTOPErPECUBHOI Ta
Mae JIile eHKojaep (IeKonep BIiACYTHIH), BOHA €
BIIHOCHO MBUAKOW (mpuOnu3Ho B 2-3 pa3u 3a
aBTOPErpecruBHI MOJIEINI).

CrnpoieHHs TeKCTY

CrpoIeHHs TEKCTY — IEPENrCyBaHHS TEKCTY
TaKUM YHHOM, III0 TpaMaTHKa Ta CTPYKTypa 3HAYHO
CITPOIIYIOThCS, & OCHOBHE 3HAYEHHS Ta iH(opmaris
3aNUIIAIOThCS  He3MIHHMMH.  Hanmpukian, s
peuenns “Both men and women when attending a
mosque must adhere to these guidelines.”
cupomieHuM Oyzae “Both men and women when
going a mosque must follow these rules.”

B mopiBHSHHI 3 MTONEpEIHIMA 3amadaMul HKepe
MaHUX I 3a/4adi CIPOIIEHHS TEeKCTy IOMITHO
mente. Cepen HUX:

- WikiLarge [17] ckmamaetbes 3 296 THCSY Tap
pedeHb (CKIagHUX 1 BIAMOBIZHUX  TPOCTHX),
CTBOPEHHX HAIliBABTOMATHYHUM YHHOM 31 3MiH ¥y
Bikinenir;

- Newsela [18] wmictuts 1,130 crareli HOBHH,
MepenucaHuX aHHOTAaTOpaMH [UIS JiTeld pi3HuX
KJaciB 3 pi3HUM “‘piBHeM” crporieHHs. Hamigye 95
TUCSY TIAp PEUSHB Ta € OUTBII SKICHUM Y IMOPIBHAHHI
3 WikiLarge.

S OCHOBHI METPUKH JJISl OIL[IHKU SIKOCTI CHCTEM
CIPOILEHHS TEKCTy BHKOPHCTOBYIOTBCA SARI [19]
ta FKGL [20]. SARI paxyerbca sk cepeaHe
apudmernune Mk Fi Mipamu s N-TpaMm TpHOX
orepamiii add (momaBaHHS HOBHWX TOKEHIB), keep
(I TOKEHIB, IO 3aJMIIMINCh Yy CHPOMIEHUX
BapiaHTaxX TMepernucyBaHb CHUCTEM Ta PO3MIYCHUX
peuenHsi) Ta delete (BumasieHHS TOKEHiB 3
OPUTIHATBLHOTO PEYCHHS).

ope < [add, keep, del |
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_ 2 pope(n)' rope(n)
)= )

Z fope(n)

n=[1, .., k]
SAR| = Fadd + erep + Fdel
3
FKGL — mipa unTabenbHOCTI pedeHHsT; TiHiiHa
KOMOIHAIlis KUJTbKOCTI CJIIB Ha PEUCHHS Ta KUIbKOCTI
CKJIaJIiB Ha CJIOBO:
#words #syllables
#sentences  #words

1
Fope = E

FKGL=0.39 —-15.59

Merprka He BUKOPHUCTOBYE TpaBWIIbHI (PO3MIUeH1)
PEUYeHHS, a TOMY Ma€ 3aCTOCOBYBATHCS y KOMOiHaIIiT
3 SARL

3rilHO  BUIIE3a3HAYCHUX  METPHUK  SKOCTI,
HAMKpaIIOl CUCTEMOI0 Ha CHOTOJHINIHIA JeHb €
HelipoHa  Mepexxa 3 pobotu  Multilingual
Unsupervised Sentence Simplification [21]. Ile
seq2seq mojenb apxirekrypu transformer - BART
[22].

Y  pobori 3HayHa  yBara  OPUIUISETHCS
KOHTPOJILOBaHIM TeHeparii Tekcty. s 1bOro mifg
yac HaBYaHHS HA BXiJ, KpIM OpPUTIHAILHUX
(CkmagHMX) pEYeHb ITOMAIOTHCS TAKOXK CHeEIiadbHI
TOKCHM, SKI BIAMOBIIAaIOTh TIEBHHM aTpHOyTaMm
CIIPOIICHHS:

- NbChars — croiBBigHOIIIEHHS JTiTEp Y OPUTIHAIBHO-
My 1 CHpOITICHOMY pedeHHi. Biamoimae 3a piBeHb
“KOMIIpECii” meperncanoro;

- LevSim — HopmairizoBaHa cXOxKicTh JIeBeHINTEHA
MDK pEUEeHHSMH Ha piBHI JiTep. ToOTO Ha CKITBKH
BIZIPI3HSAETHCS repenucane peYCHHS Bill
OpHUTIHATILHOTO;

- WordRank BuMmiproe Te, Ha CKUIBKH CJOBa 3
OTPUMAHOTO PEUYEHHS € BKWBAaHUMH Yy MOPIBHAHHI 3
BXITHUM,

- DepTreeDepth Bimnosimae rmmbuai Dependency
tree g pedeHb.  [IOpiBHIOE  CHHTAKCHYHY
CKJIQ/THICTb.

Jam mixg gac reHeparlii TeKCTy momaroThes i 4
crieriajbHl TOKEHH B 3aJ€KHOCTI BiJ TOro, SIKHM MU
X04ueMo OauuTH Tepenucane peveHHs. Hampuknan,
o0 OTPUMATH MAaKCHMAIBHO KOPOTKE PEUCHHS
MOJKHA IOJaTH TOKeH, skuii Bimmosizae NbChars =
0.1.

HopiBHsiIbHUI aHATI3

Cain 3a3HavyMTH, [0 BHUIE3rajaHi 3agayl MaroThb
CHUTBHY pUCY — B YCIX 3ajadax TMepernucyBaHHS
TEKCTY BiI0yBa€eThes 31 30epexkeHHsaM 3Mmicty. TooTo
AKIIO “‘hopMma” 3MIHIOETHCS, TO CEHC 3aHIIAETHC
TaM camuM. llinxoam m0 BUpINIEHHS 3a7ad TEeX
MAaIOTh PSIJl CHUTEHOTO.

Hacamnmepen 1ue wmogens Tpancdopmep. 3
MOMEHTY ii mpeacTaBieHHs y poboti Attention is all
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you need [23], TpaHcopmepu cranmu jae-pakTo
crangapToM s state of the art migxoxniB y oGnacTi
00poOku mpupoaHoi MOBH. CYTTEBY pOJIb y LBOMY
3irpajio Tak 3BaHe MOIEpPEJHE TPEHYBaHHS MOJIENEH
Ha OUIBII 3arajJibHUX TEKCTOBUX 3ajayax. 3a3Buuail
JUIS TaKWX 3aJad He NOTpiOHI po3MideHi naHi —
JOCTaTHBO BEIMKAX MOHO KOPITYCiB IJIsl aHOTaLii.
Hanpuknan, y HaiimomynspHimomMy BapianTi Masked
Language Modelling, 15% BumamkoBUX TOKEHIB
MaCKYIOTBCS 1 MOJIEII CJIijl BiIraIaTH CIIPaBXKHi.

JpyruM criibHUM MOMEHTOM YCiX MiIXO/iB € Te,
0 CTBOPIOKOTHCS apXITEKTYPHI OCOOJUBOCTI ITij
KOKHY 3amady. Tak y 3amadi nepedpasyBaHHs IS
BpaxyBaHHSI CTOXaCTUYHOCTI BUXOMY (sl pedeHHs
HE icHye CTpOro OJTHOTO napadpasy)
BUKOpUCTOBYeThCs Latent Bag of Words, sikuit
J0TIOMarae BHMAJKOBUM YHHOM BHOpPaTH TOKEHH
MaliOyTHBOIO pPEUEHHS Ta, 3aCTOCOBYIOUH  iX,
3reHepyBaTH TekcT. J{si BpaxyBaHHSI TOro (hakry,
IO PEUYCHHSI CYTTEBO HE 3MIHIOETHCS Y BUIIPABJICHHI
rpaMaTUIHUAX TTOMHJIOK nependavaroThCs
BHIIPABJICHHS 3aMICTh TeHepallii BChbOro TEKCTy. Y
CHPOILEHHI TEKCTY B MOJAEIb 3aKJIaJaloThCs i
aTpuOyTH: HACKUTBKM TEKCT Ma€ OyTH KOPOTIIHH,
MPOCTIMHUH (3 JIEKCHIHOI Ta CHHTAKCHYHOI TOYKH
30py) Ta K CHIILHO BiNPI3HATHCS BiJ BXiTHOTO.

Tpers puca — apxiTekTypa seq2seq, IO €
YHIBEpCAIBPHOIO Ha ChOTOAHIITHIH JeHb. [okparmiena
cross-attention 3 TpaHCcpopMmepy, seq2seq myxe
no0pe mepenae KOHTEKCT OTPUMaHHUU 3 €HKOJEpY y
TeKoaep. 3BicHO e MIPHU3BOIUTH o
aBTOPETPECHBHOI TEHepalii, MO0 Yy CBOK Yepry
CTIOBUTLHIOE MOJIENb, alleé OJHOYACHO A€ XOpOIIY
SIKICTb.
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Ananiz cuenanie enexkmpoxapoioepamu (EKI) € eadicnusum 3a60anHim 05t 30epedicentss ma NOKpaueHHs
JHOOCLKO20 JHCUMMSL, OCKIIbKU OCHOBHOIO NPUYUHOIO CMepmi € X80pobu cepys ma ix Hacrioku. ¥ bacamvox
BUNAOKAX PAHHSA OIASHOCIMUKA MAKUX NPOOIEM MOiCe BPAMYEAMU I NPOOOBICUMU HCUMNSL.

Y oaniii pobomi pospobreno nioxio 0o eussnenHs Giopurayii nepedcepOb y pearbHOMY HAci, 5KA €
3azanvHolo cepyesolo apummicio. Ii asxcko diaznocmyeéamu, ocobnuso na panniii cmadii — mosk nompioue
agmomamuyte ma HeingasusHe ehexmusHe BUAGIEHHS 8 PealbHOMY Yaci, wob donomocmu JiacHoCmy8amu
maxui mun npoonem na pantix mepminax. Ceoeuacre meduune smpyyanus mooice epamyeamu scumms. EKT”
SK 3aNUC eNeKMPUYHOT AKIMUBHOCII Cepys UUPOKO GUKOPUCMOBYEMbCSL OISl BUABTICHHS PI3HUX cepyesux 8ao.
Y moii orce uac apummiro easicko sussumu uepes ii Hepe2yIsIPHICMb, a MAKOJiC Yepes me, o eheKmusHicmy
Mooenell BUABTEHHS 3A1eHCUMb 60 AKOCMI OGHUX MA NPOAHANIZ08AHUX XAPAKMEPUCTNUK.

Hocnioocenns b6azyemocs na nabopi danux PhysioNet Computing in Cardiology Challenge 2017. Bin
micmumo 8528 3anucie EKI 3 00num 8ioeedennsim cepyesux pummie (9-61 cex.). 3anpononosanuti memoo ma
HamMpeHo8aHA MAMEeMAMUYHA MOOelb 00CA2AIOMb KPAWUX Pe3yabmamis, Hidc i0oMi, 0OHOUAC, MOOeNb €
npoCmMiuiono, i, omaice, MEHUL eHeP2OEMHOIO, WoO OYmMuU peanizo8anoi0 y 60Y008aHOMY NPUCTHPOL.

Kurouosi crnosa: eunaodxosuii nic, enekmpokapoioepama, EKT, monimopune cmawny 300pog s, ananiz EKI ¢
PeanvHOMY Yaci, eghekmuena 0opodOKa OaHuXx.

Analysis of Electrocardiogram (ECG) signals is an important task to save and enhance human life because
a major cause of death is heart disease and the consequences. In many cases, early diagnostics of such
problems can save and prolong life.

In this work, we develop and present an approach to the real-time detection of Atrial Fibrillation (AF)
Arrhythmia, which is a common cardiac arrhythmia affecting a large number of people. Being undetected, it
develops into chronic disability or even early mortality. At the same time, This disease is hard to diagnose,
especially in its early stage. A real-time automatic and non-invasive effective detection is needed to help
diagnose this kind of health problem early. In-time medical intervention can save human life. ECG as a record
of the heart electrical activity is widely used for detecting different heart disabilities. At the same time, AF is
hard to detect due to its non-regular nature, and also because the performance of detection models depends
largely on the quality of data and careful feature engineering.

The research is based on the dataset from PhysioNet Computing in Cardiology Challenge 2017. It contains
8528 single-lead ECG recordings of short-term heart rhythms (9-61 sec.). Our method and the trained model
reach the known state-of-the-art results in this field, but, at the same time, it is much less computationally
intensive, and, thus, less power consumptive to be implemented in an embedded device.

Keywords: random forest; electrocardiogram; ECG,; healthcare; health monitoring; real-time ECG
analysis; ECG features, effective data processing.

CrarTio peacraBmia K.(.-M.H., go11. Pozopa [.B.
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Beryn

Sx 3azHadueHo B [1], 3aBIaHHS MOHITOPUHTY
30POB'Ss B PEXWMI pealbHOro 4Yacy € JIOCHTh
aKTyalbHUM. BonmHowac OimblmicTs mpobiem 3i
3[IOPOB'SIM TIOB'AI3aHI 13 3aXBOPIOBAHHSIMHU CEPIEBO-
CYIUHHOI CHCTeMH. biNbHIicTh 3 HHUX MOXKHA
3amo0irTd 32 JIONOMOTOK0  MOHITOPHHTY — Ta
MOCTIHOTO aHaji3y 3 MOJANBIIMMHU PEaKilisiMH Ha
CUTHAJIM ITPOOJIEeM.

OnHUM 13 TIIXOMIB 0 KOHTPOJIO 32 CTAHOM
3JI0POB'St B IIbOMY KOHTEKCTI € MOHITOPHHT CEPIICBOL
JISUTBHOCTI B peajibHOMY 4aci 3a JIOTIOMOTO0 aHAi3Y
enekrpokapaiorpamu (EKI'). KonBeep 00poOku €
HactymHuM: BuMiptoBanHs EKI[-curnamy —> iioro
o0poOka Ta aHami3 y peajJpbHOMYy 4aci —>
pexoMeHaIii abo MoTepePKEHHSI abo
nonepekeHHs. L[g1 o0poOka Ta aHai3 HE MOBHHHI
CHOXKHBATH 0arato pecypciB, 100 3a0e3nedyuTu
TpuBaJ Ml dYac Oe3mepepBHOro (YHKIIOHYBaHHS,
OlEpaTHBHY Ta HaliliHy poOOTy  MPUCTPOIO
KOHTPOJIIO Ta CHUCTeMHU B Iijiomy. OTxke, K 1 s
0araTb0X I1HINUX 3aBJaHb, CJiJ] 3HAWTH PO3YMHUM
KOMITPOMIC MiX SKICTIO pe3yJIbTaTy Ta 0OMEKEHUMHU
pecypcamu BOYJIOBaHOTO MPUCTPOIO, L0 O3HAYA€E
HU3BKY IMOTYXKHICTh OOpOOKM Ta HHU3BKY €MHICTh
aKyMyJISITOpA.

Jnst po3B’si3aHHs 1i€i 3a1adi 0ysa0 po3poOieHo
0arato METOJIB i MPUIOMIB, IPOTE OLIBIIICTH 3 HUX
pecypcoemHi. binbliie Toro, HOBi METOAM, 3a3BHYAH,
CTaIOTh Aenaji OiabIn oOYHCIIOBaIbHO ckiafHi. Lle
O3HAa4Yae, 10 BOHU MPAIIOBATUMYTh Ha BOY/I0BaHOMY
CJICKTPOHHOMY TIPUCTPOI HabaraTo IOBUIBHIIIE,
CTIOKUBAaTHUMYTh OLIbIIE €Hepril, i TPHU OMY OYAyTh
CIy’)KUTH KOPOTHIMHA Yac MiX 3apsKCHHSIMH
aKyMyJISITOpA.

Omxe, MU MOKeMO C(HOPMYITIOBATH 1110 TIPOOIEMY
SK 3amady oOpoOKM JaHMX Ui BOYJIOBaHOI'O
MPUCTPOIO.

AHaJji3 migxoxais

{00 po3pobuTH mimxim 10 OOpOOKH CHUTHAJIB
EKT', cimix BU3HAYUTH MOJEIEL Ta HABYUTH i1 HAa OCHOBI
HasSBHOTO Ha0OPY JaHHX.

Xoua mnpobnema  kimacudikaiii - piOpuIsLii
nepeacepas Oyna BHSBICHA 1 JOCHIDKEHA BXKE
OUTbIIE CTONITTS TOMY, SIKICHI 3arallbHOJOCTYITHI
MacUBU JaHMX OYJO BaXKO 3HAWTH 3 YHUCICHHUX
MPUYXH, BKIIOYAIOYH MPOOIeMH KOH(IASHIIIHHOCTI.

VY 1poMy JOCHTIIKEHHI MU BUKOPUCTOBYEMO Ha0Ip
nanux PhysioNet / Computing in Cardiology (CinC)
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Challenge 2017 3 xoukypcy ans pocmigaukie EKT
(https://physionet.org/content/challenge-2017/1.0.0/).
Leit nHabip nanux OyB BUKOPHCTAHHI JJISI KOHKYPCY
«AF Classification from a Short Single Lead ECG
Recording — The PhysioNet Computing in Cardiology
Challenge 2017» [2]. PhysioNet / CinC Challenge
2017 mMaB Ha MeTi 320XOTUTH PO3POOKY AITOPUTMIB
st knacudikanii EKI (mepeBakHO TPUBAICTIO Bif
30 cek. mo 60 cek.) — a came, 3’sCyBaTH, YU
BiJJOOpa)ka€ 3amuc HOPMAIBHUH CHHYCOBHUH PHTM
(Normal), diopusALifo nepeacepas (AF),
anpTepHaTuBHUIA puTM (Other) a0 3aHaATO IIYMHUIA
3amuc, mood kiacudikyparucs (Noisy).

TpenyBanbuuii HaOip mictutk 8528 3amucis EKT
TpHUBAJICTIO Bif 9 cekyHa. 1o 61 cek. [2]. 3anucu EKT
MaroTh auckperm3anito 300 I'm. Ha puc. 1 nmokazani
npuknanu curHanie EKI (20 cex.) ans 4oTUphox
KJaciB i3 Habopy nanux. € ¢popmu EKI” HopmanbHOTO
pUTMy, apuTMii, IHIIOTO PUTMY Ta 3alIyMJIEHUX
3aITUCIB.
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PhysioNet / CinC Challenge 2017

Pizni tumm cepueBux aputmiii [3] MoxkHa
Knacu(ikyBary 3a:
*  [OXO/DKEHHSIM:  TepejicepaHa  apuTMis,

CIOJIYYHA BY3JI0Ba apUTMist 200 IITYHOYKOBA
apuTMis,

*  yacrororo: Taxikapais (oieire 100 yaapis Ha
XBUWIMHY Yy J0Opociux) abo Opamukapis
(mentre 60 ynapiB Ha XBUIIUHY),

*  MexaHi3Max: aBTOMATHYHICTb,
BXiJI, TpHTED,

MTOBTOPHUI
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*  aTPIOBEHTPUKYJSIPHOMY TIPOBEJCHHIO AV:
HOpMaJIbHE, BIICTPOYCHE, 3a0JI0KOBAHE,

*  TpuBanocti: HeTpuBana (MeHme 30 cek.) uu

nocriitaa (30 cek. i Oinbie).

Oi6pusiist nepencepas (OI1) Bu3HavaeThCs K
«TaxiapuTMis, IO XapaKTEPU3Y€EThCS MEPEBAKHO
HEKOOPJMHOBAHOK  aKTHBAIEI0 mepeacepib i3
HACINIZIKOM  TIOTIpIICHHS  MEXaHIYHOl  (yHKIIl
nepeacepapy. OII € HANUNOMMPEHIIIOW CTIHKOO
CEpLICBOI0 aApHUTMIEI0, sKa 3ycTpivaerbes y 1-2%
BCchOro HacesjeHHs [3] i moB’s3aHa 31 3HAYHOIO
CMEpTHICTIO Ta 3aXBOPIOBAHICTIO Yepe3 IOB’sI3aHUM
PHU3UK CMEPTI, 1HCYJBTY, TOCHiTali3alii, cepieBol
HEJOCTAaTHOCTI Ta imeMiuHoi XBopoOu Tomo [3].
Bararo nroneit ctpaxnarors Ha O, 1 11 mommpenicTh
3pocTaTuMe MpOoTAroM HacTynmHux pokis [3]. Lo me
Ba)KITUBIIIIE, 3aXBoproBaHicTh Ha PI1 3pocTae 3 BikOM,
Bix MeHmI Hixk 0,5% y Binti 40-50 pokis, 10 5-15% s
80-piunux [3].

TpuBanuii yac giarnoctuka ®II rpyHTyBanmacs Ha
JOCBiJi  JiKapiB IOJ0 YUTaHHA BH3HAYCHUX
ocobmuBocteri EKI', ane 3apa3 € nabararo Oijblie
MOJKJIMBOCTEH BUKOPHUCTOBYBATH HEOOPOOIIEHI AaHi 3
MOJKJTUBOIO MIOTIePEIHBOIO 00poOKOI0 i3
3aCTOCYBaHHSM CYYacHHX METOJIB MAalIMHHOTO
HaBYaHHS Ta TTHOOKOTo HaB4aHHS [ 4].

Busisnenns @I 3anumaetsest mpobieMaTHYHUM,
OCKIUJIbKH TIPOSIBU MOXYTh OyTH emi30JHYHHMHU.
Hetrekropu ®DI1 MOXyTh HajleKaTd a0 OAHIET 3
Kareropiii:  MeToJaW, 3acHOBaHI Ha  aHami3i
nepeAcepaHOi  aKTHUBHOCTI, ab0 METOqM aHaNi3y
nutyHoukoBoi peakuii [3]. Jerekropu @I Ha ocHOBI
aHaJli3y TMepeacepaHol aKTUBHOCTI 3acHOBaHI Ha
aHami3i BigcyTHOCTi 3yOmiB P abo mnpucyTHOCTI
¢iopunsTopaux XBuih f B iHTepBan TQ.

[Momepenni  MOCHIIKEHHS, IO
knacugikanii @I, sx  npasuio,
3aCTOCYBaHHi [2], OCKUIbKH

1) mpoBoauach e
HOpMaJnbHUX Ta pUTMiB @I,

2) eeKTHBHICTh OyJa MPOJEMOHCTPOBAHA JIUIIE
Ha PETEJIbHO BiIIOpaHUX YUCTHX JAHHUX,

3) okpemuii Halip TECTOBMX JaHUX HE 3 L€l
BHUOIpKU HE BUKOPUCTOBYBAIH, 200

4) BUKOPUCTOBYBAIM JIUIIE HEBEIUKY KUIBKICTh
MAIi€HTIB.

Hapiiino BusButu PII 3a oaHMM BiIBEAECHHSIM
EKT mocuTh cKi1aHO, i IIMPOKA CHCTEMATHKA PUTMIB
YCKJIQIHIOE 11e. 30KpeMa, y 0ararboX pUTMIB, IO HE
crocytothest  AF, cmocrepiraroTbesi HeperyispHi

CTOCYIOTBCS
oOMexeHl y

KJacudikaris
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iarepBam RR, siki MoxyTh OyTH TOmIOHMMH 1O
AF [2].

Cromum K MU JOJAaEMO Iie OJHE OOMEXKEHHS -
CKJIaMHICTL 00umMcaeHb. barato momenei, 0co0auBo
HOBI Ta 3aCHOBaHI Ha IIMOOKOMY HAaBYaHHI MOJIEII,
3aHQITO BaXKKI Ui TPEHYBaHb, JUISI MOBTOPHOT
MIATOTOBKHY ()15 OMYJIAPHUX MIAXO/IB 10 HABYaHHS
3  TOKPIIJICHHSM) T4, HAWrOJOBHINIE, IS
HACTYITHOTO PETrYJISPHOrO BHKOpUCTaHHS. | 1me 1me
OJTHE BXKIIMBE MTUTAHHS.

Jnist OIiHKM [bOTO 3aBJaHHS BHKOPHCTOBYETHCS
MeTpuka Fi, sKa € cepelHIM 3Ha4YeHHsM F| ams
koxkHoro Tumy kiacudikamii  (1).  IlpaBuia
MiipaxyHKy HaBeZieHo y Tabmuii 1 Ta hopmynax (1)-
(3), Ax MoOKa3aHO HUXKYE:

Tabauus 1. MaTpuiis Kpoc-Batigariii

IIporuo3
Normal | AF | Other | Noisy | Pazom
Cnpas- | Normal Nn Na | No Np SN
JKHE AF An Aa Ao Ap SA

3Ha-
YCHHSA

Other On Oa Oo Op SO
Noisy Pn Pa Po Pp SP
Pazom Sn Sa So Sp

Eo_ 2*Nn
In™ SN + Sn
o 2 % Aa
a7 64 + Sa {
F 2x0o0 (1)
10760 + So
o 2*Pp
PSP+ Sp

Y [2] mig 3araneHOIO Mipolo F| PO3yMilOTh
CEPEIHIO 3 YOTUPHOX (2):

_ Fin 4+ Fig + Fip + Fy

1= 2 2

ase y OUIbIIOCTI MojaNbIIUX poOiT [4] 3aranbHy
Mipy F'| paxyroTh 1O CepeTHbOMY 3 TPhOX (3) — OKpiM
3allyMIICHUX Kapiorpam:

=F1n+F1a+F10

1 3 3)

CyuacHi Meronu (Mojeni) Ta iX owiHkKH F 0yj0
JIETATBHO po3IIHYyTO y [4]. VY3aradpHeHHS Ta
BIJIMIOBI/IHI OLIIHKY HAaBEJCHO y TaOJuIIi 2.
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Tabmuis 2. Mopeni pillieHHs 3a/1a4i Ta IX METPUKH
MlpI/I F 1

Performance
Fin Fiq Fio P

Mogens

Main Technique

79 features crafted, classified with
XGBoost, RNN and LDA classifier
491 features crafted, classified with
random forest
150 features crafted, classified with
multilevel of AdaBoost
combine expert feature, centerwave feature
and deep feature(based on DNN),
classified with XGBoost
Fine tuned CNN 13 layers
3 recurrent layers on top of
16 residual blocks
188 features crafted, classified with
AdaBoost
external data augmentation,
ECG transformed to 2D spectrogram by FFT
trained and classify with DenseNet
30 features crafted, classified with
decision tree ensemble
55 features crafted, classified with

0.831

0.826
(0.818)
0.829
(0.826)

0.903

0.909
(0.905)
0.916
(0.909)

0.855

0.835
(0.794)
0.823
(0.797)

0.736

0.734
(0.756)
0.750
(0.772)

0.912 0.813 0.751 0.825

0.830
0.864

0.920
0.919

0.800
0.858

0.790
0.816

0.910 0.860 0.740 0.825

0.910 0.830 0.720 0.820

0.910 0.820 0.730 0.820

0.920 0.820 0.750 0.830

ECG transformed into spectro-temporal
data matrix, then trained and classify with
DenseNet

0.888 0.796 0.721 0.802

3anponoHoBaHU MeTO

Byno po3pobneHo HacTymHUE MeTOH aHami3y.
Moro eramamu € TraMiIbTOHOBA JOKAmi3amis i
BU3HAYEHHS R-IIKIB 3 MOJAJIBIINM aHAII30M KUIBKOX
nokazaukiB (Rhythm, SDNN, RR Moda, AMo,
MxDMn, IN). [licis mporo — miAroroBka nepeBa
pimens s knacudikanii EKT 3a BigiOpanumu ta
MOTIEPEIHBO PO3PAXOBAHUMH MOKA3HUKAMHU.

Po3pobnenuit Meroy 1ae pe3ynbTaTH, SKi MaloTh
BUIIy TOYHiCTH (precision and recall), a mipa F;
ckiaamgae 0,90 mis aputmii, 10 € OUIBIIMM, HIX
Halkpaiui i3 BigoMux pasime (a came — 0,86) [4].

Hns  momyky  R-mikiB ~ BHUKOPHCTOBYETHCS
ITOPUTM BHsIBIICHH Komruiekcy QRS, sxuit Oys
3anporoHoBaHuil y [5]. Imes moyiirae B cCkaHyBaHHI
curHany EKI Ta oriHmi #Horo BIiAMOBIAHO [0
HACTYITHOTO HA0OPy MpPaBUIIL:

1. IrHOpyBaHHS yciX MiKiB, IO TMEPEAYIOTh YU
CHyIOTh 3a BEIMKMMM ITIKAMH MEHIIE HDK Ha
200 mc.

2. Slkiio mik OUIBIIE HOPOrYy 3HAXOJKCHHS — IIe
QRS koMIuIeKC, B IHIIIOMY BUIAAKY — IIYM.

3. SKmio 3 MOMEHTY OCTaHHBOTO 3HAXOJKCHHS
MPOMIIIOB 1HTEpBaN, KUK B 1,5 pasu mnepeBullye
cepenniii RR inTepBain, B oMy iHTEpBami OyB TiK,
SKUii OyB OULIBIIME 33 IOJOBHHY  IOPOTY
3HAaXO/DKEHHS, 1 TIK CIiAyBaB 3a TMOMNEpeaHIM
3HalieHM IIIKOM He MeHm HibK Ha 360 Mc,
BiamoBigHO e — QRS komriekc.

4. Tlopir 3HaXO/PKEHHS € (YHKIIEW CepeIHbOr0
IIyMy Ta Cepe/iHiX MiKoBuX 3HaYeHb QRS.
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5. Cepenniéi mik trymy, cepeanid mik QRS i
cepenuiii RR iHTepBan OOYMCIIOIOTHCS SIK CEPEIHE
3HAYEHHS OCTaHHIX BOCbMH 3HAYEHb.

BusiBneni R-miku 3aBAsku 1bOMYy allTOPUTMY
MpeJcTaBiIeHi Ha puc.2

Initial ECG
1000 A
750 4
500 A
250 A
0 -
—250 A
—500 A
—-750
0 2000 4000 6000 8000
Detected R-peaks
1000 A
®

750 A ®
500
250
0 .
—250 A
—500 A
—750 A

0 2000 4000 6000 8000

Puc. 2. JIokamizamis R-nikis EKT

BigmoBigHo g0 oTpuMaHuxX iHTepBasiB RR 3
BUSIBJICHUMX MiKiB R Oynmu pospaxoBaHi HacTymHi
O3HAKH:

1) cepenne 3naueHHs TpuBasiocTi RR iHTepBaty
(NN),

2) cTaHgapTHE BiIXWJICHHS MOBHOTO MacuBy RR
iarepBaniB  (SDNN), mo € cymapHUM e(eKToM
BIUIMBY CHMIATUYHOTO Ta MapacUMIATHYHOTO
BIJIIIJIIB BErE€TaTUBHOI CUCTEMH Ha CHHYCIB B30I,

3) Moza — HaWOLIBII IMOBIPHE 3HAYCHHS
tpuBaiocti RR inTepBanis (Mo), mo € HaWOUIbII
IMOBIpHUM  piBHEM (YHKIIOHYBaHHS CEpICBO-
CYJIMHHOI CUCTEMH,

4) ammmityna momu (AMo), 110 € YMOBHUM
MOKAa3HUKOM  aKTUBHOCTI  CHMIIATHYHOI  JIAHKH
perymsmii,
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5) po3max — PpI3HHUI MDK MakCUMaJbHMM Ta
MiHiManbHUM 3HaueHHsIMH RR inTepBanis (MxDMn),
0 € MaKCHMAIbHOK aMIUITYIOK PEeryIsSTOPHUX
BILINBIB,

6) ingekc Hampyru (SI), mo € cTyneHeM Hanpyru
PETYISTOPHUX CHCTEM,

7) xinpKicTh map nociinoBaux RR iHTepBais, siki
BIZIPI3HAIOThCS Oibiie Hik Ha 50 mc (NN5O0),

8) mons NNS5SO, 1m0 aiIuThCA Ha 3arajbHy
kinbkicTh RR inTepBanis (pNN50),

9) xinbkicTh map nociinoBaux RR inTepBais, ski
BiZIPi3HAIOThCS Oibine Hik Ha 20 Mc (NN20),

10) gons NN20, 1m0 IiIMTBCS HA 3arajbHy
kinbkicTh RR inTepBanis (pNN20),

11) meniana (median),

12) acumerpis (skew),

13) excuec (kurt),

14) nepmmit kBapTuis (Q1),

15) Tpetiit kBapTuib (Q3),

16) ’stuit nepuentuis (PS),

17) ne’stHocTO-11 sITMiA TIepueHTHIb (P95),

18) MiXKBapTHILHUIA po3Max — pi3HUIS Mik Q3 1
Q3 (IQR),

19) koedinienT Bapianii (CoV),

20) ingexc BereraTuBHOi piBHOBaru (VBI) — s
BU3HAYEHHS BIJHOIIEHHS CHUMIIaTHYHOT i
MapacMIIaTHYHOT peTyIsIii poOOTH ceplis,

21) BeretaruBHUM Mmoka3HUK cepus (VRI) — mis
OLIIHKK BereTaTUBHOTO OanaHcy (unM meHmmid VRI,
THM OLIbIIE BEreTaTUBHUNM OajlaHC 3MIIIEHUA B
CTOPOHY IepeBaKaHHs MapaCHMITATHYHOT PETYJISIIii),

22) MOKa3HHWK aJeKBATHOCTI MPOIECIB PEryJisii
(AlIoRP) — myist BUSIBIICHHS BIMOBITHOCTI MiXK piBHEM
(YHKIIOHYBaHHS CHUHYCOBOTO By3J1a Ta
CHUMITATHYHOIO aKTHBHICTIO.

[Micas uporo aiaroputM Random Forest Oynye
0araTo JepeB pillleHb Ha PI3HUX MIIMHOKHHAX
naHuX. ['0JI0BHOIO YMOBOIO TaKOTO MiAXOMY € T€, M0
MiABHOIPKH MarTh MIHIMAIBHY KOPENSALII MK
co0OI0, OCKITIBKM 3TiTHO 3 Teopiero bagging
(aHcamOmiB), ©Oarato HEKOpENbOBAaHUX MOJIEINEH
nepeadavaroTh OLTBII TOYHO, HIK Oylb-sKa OKpema
MoJienb. CyTh i€l Teopii monsirae B TOMY, 110 TAKUM
YUHOM MOJENI "3axuInalwTh" OJHA OTHY BiJ CBOIX
OKpEMHX TOMHJIOK, NPUHAWMHI O THX Tip, MOKH
BOHMU IIOCTIMHO HE OJTHOMY
HATPSIMKY.

[lepeBaramu aaropuTMy BUIAIKOBOIO JIICY €:

® 3JaTHICTh CQEKTHUBHO OOpPOOIATH BEJIHMKI

MaCHBH JIaHUX,

IIOMHUIIAIOTBCA B
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® HEYYTJUBICTH JO MaciiTaOyBaHHS KiIBKOCTI
Ta 3HAYCHb O3HAK,
® ¢ KOPUCHHMH [y BUPILNICHHS TPOOJIEMH

NepeHaBYaHHS,
e {ioro MO)XxHa BUKOPHUCTOBYBATH IS BiIOOpY
O3HaK.
OnTUManpHUE  JIIC MH  OTPUMANId  IUIIXOM
HaBYaHHA Mojeni Jicy 3 S-kpatHow (5-fold)

nepexpecHor Bamijamiero. Halikpammii otpuMannit
aHcamMOyb ckiamaeTees 3 640 okpemux nmepeB. Ha
puc. 3 MOJIaHO HOpPMaJTi30BaHy MaTPHIIIO
HEBIANOBIIHOCTEH (KpOC-Bajiaallii) st po3paxyHKy
Mipu Fi. Baunmo, mo mipu Fi, = 0,97, Fi,= 0,96,
Fi,=0,9, Fi,= 0,89, a 3amansHe cepeaHe 3HAUCHHS
Fy = 0,94 BignosigHo mo [4] ta F1 = 0,93 BiamoBiaHo
1o [2], mo Kpalie HiX y HalKpamomy 3 BiIOMHX
panimie pe3ynbraTis (TaduI. 2).

Normalized confusion matrix

Normal
08
— AF 1 06
Q
Q0
o
E
i -0.4
" Other
0.2
Noisy 4 0 0 0.1
T —-00

Normal AF Other
Predicted label

Noisy

Puc. 3. HopmanizoBaHa MaTpuIls HEBIAIOBIIHOCTEH

Kpim TOrO, BapTO M KPECTUTH, 110
3allpONIOHOBAaHUI METOJl € MEHII OOYHCITIOBAaIbLHO
CKJIaJHUM, HDK IHINI Cy4acHI METOAM, a came,
CKJIaJIHICTh HaBYaHHS HEHPOHHUX Mepex
mponopiiiHa (KUTbKICTh BXiTHUX TaHKUX ) * (KUTBKICTh
TIOKA3HUKIB) * (KyJbKiCTh By3jip) (Vericrs pismie)
(KIIBKICTh  ITepalii HaBYaHHSA), TOMI SK JJIs
unagkoBoro Jicy (Random Forest) ckmagnicts
HaBYaHHSI — I1e TPOCTO (KUIBKICTB epeB) * (KUIBbKiCTh
nannx) * log (KUTBKICTh IaHUX), [0 HA0AraTo MEHIIIe.

Kpim Toro, 1ieit MeTo 1 MOKe BUSIBUTUCS 4y TITHBHM
70 JaHuX, 30KpemMa 10 skocTi manux. Orxe, s
nojaneioi  poOOTH 3alUlaHOBaHO BHYEpIHE Ta
IIUPOKE TECTYBaHHS.

3BUYAKHO, IIeH METOI CJIi/I TOaTKOBO IIEPEBIPUTH
Ha iHmWX Habopax naHuX, Takux sk MIMIC-IV Tta
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MIT-BTH [3], mo0 yHUKHYTH NIepeHaBYaHHS MOJEI
3 panumu [2]. Kpim Toro, #oro ciuig peTenbHO
BIIPOB/KYBATH Ta TECTyBaTH B PEabHUX YMOBaX,
BUKOPHCTOBYIOUM MOOUIbHHI Kkapmiorpad 3 1
BIJIBEJICHHSM, MOJeNieli SKOro BXE pPO3pO0JICHO
0arato Ha CBOTOJHI, HIO0 CYIUTH MpPO TOYHICTH
3aIpONIOHOBAHOT'O METO/TY.
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JTOCITPKEHO MAaTPHIIIO HEBIMOBITHOCTEH,
MOPaXx0OBaHO MiIpH TOYHOCTI. 3aMPOIOHOBaHA MOJIENb
3MOTJIa JAOCSTTH Kpalux MOKa3HUKIB Mipu F, ane 3
MEHIIIOI0 OOYHUCIIOBAILHOI CKIQIHICTIO. Takum
YHHOM, JIaHy MOJIeTIb MOKHa BOYJyBaTH y MOOUIbHI
MpUCTpOi-Kapaiorpadu I  aHaailzy B PEXHMI
PCAILHOTO Yacy Ta Jiisi CKOHOMIT 4acy 1 aBTOHOMHOCTI
pobotu. TakuM YMHOM, CHCTEMa MOHITOPHUHTY MOXeE
CITyTyBAaTH JIOBIIIE i, CIIO/1IBAEMOCH, Y MAHOYTHHOMY —
BPATYBATH OLJIbIIE JIFOACHKUX KHUTTIB.
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J>kepeJsio cBiT/1a 3i 3MiHHOIO JOB2KWHOIO
XBWJIi HA OCHOBi aKyCTOOIITUYHOI'O
nedpaekTopa

Light source with variable wavelength
based on acousto-optical deflector
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paca IlleBuenka, Ykpaina, 01601, micro Kwuis,
ByJ1. Bostojumupcenka, 64/13
e-mail: vdan1962@Qgmail.com
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Iloxa3amo Mo2HCAUBICMS CMBOPEHHA MOHOTPOMAMUNHO20 ONHCEPEAA CEIMAG 3T 3MIHHOIO D0BHCUHONO
TEUAT A WUPUHOI CNEKMPG OAUSDKO § HM 3 BUKOPUCTNAHHAM GKYCTMOONIMUNH020 JePiekmopa AK ene-
MEHMA, U0 30UICHIOE NEPEAGUMYBAHHA 08dCUNY T8UuM. Hasederno nopieHAHHA EKCNEPUMEHMANOHUL
daHUT 3 PO3PATYHKOBUMU, TMOKAZAHO TOPOWE ¥T Y3200HCEHH.A.

Ka101061 cA08a: MOHOTPOMAMUYHE 0HCEPENO CEIMAA, AKYCTNOONMUYHUT JePAEKMOP, GKYCTNOONMU-
YUt Gravmp, MOHOTPOMAMOP.

The proposed work analyzes the design features of the acousto-optical deflector and filter on parateluri-
te. It is shown that under certain conditions the acousto-optical deflector can be used as an acousto-
optical filter (as an element that performs spectral filtering of the incident light beam). The fundamental
possibility of creating a monochromatic light source with a variable wavelength and a spectrum width
of about 5 nm using an acousto-optical deflector as an element that adjusts the original wavelength
is shown experimentally. As a broadband light source in this system, a semiconductor laser operating
i subthreshold mode was used. The dependence of the output wavelength on the acoustic frequency is
obtained. The comparison of experimental data with the calculated ones is given, it is shown that they

have small differences.
Key Words: monochromatic
momnochromator.

light  source,

acousto-optical

deflector, acousto-optical filter,

CrarTio ipejcrauB 1.¢d.-M.H., mpod. Casenkos C.M.

B onrmunHmx A0C/TIKEHHSIX YaCTO BUHUKAE
HEOOXiIHICTh BHUKOPHCTAHHS MOHOXPOMATHYIHOI'O
JKepeJsia CBITJIA, JIOBYXKWHY XBUJII SKOTO MOXKHA
3MIHIOBATH B JedKUX Mekax. Haiinpocrime Bu-
KOPHUCTATHU JIjIsI I1i€] MeTHU Jia3ep 31 3MiHHOIO JOB-
JKIHOIO XBHJI, sIK Iie 3pobJIeH0, HAIIpUKIad, B [1].
[Ipote wacTo Moxke OyTu HEOOXiTHUM 3 TUX YU iH-
MUX TPUYUH I OTPUMAHHSI CBITJIOBOTO IIydKa
3 BY3BKHM CIIEKTPOM BUKOPHUCTOBYBaTHU (piabTpa-
IO CBIT/Ia BiJT JpKepesia 31 3HAYHOIO CHEKTPAJIb-
HOIO IIUPHUHOIO, SIKUM €, HAIPUKJIJ CBITI0Mi0I. Y
IBOMY BHUITQJIKY JOIIJIBHO 3BEPHYTUCS O aKyCTO-
OIITUKH.

Bzaemosis cBiTia i yIbTpa3sByKy 3aCTOCOBYE-
ThCd B HayTIl 1 TEXHIIl, 30KpeMa, B OITHIT], aKyCTH-
I1i, ONTOEJEKTPOHIII 1 onmTwuHit 00pobii indop-
Marlil. AKyCTOOITUYHI MOIYJISITOPH, JedIeKTOPU
(AOM) i dimprpu (AOD) xapakTepu3yOTHCS U~

© B.II. Janbko, A.B. Kosaneunko, P.O.Konomienn 2021

POKUMHU (DPYHKIIOHAJBHIMH MOXKJIMBOCTSIMU, Ha-
JMIfHICTIO, MPOCTOTOIO €JIEKTPOHHOI'O KEPYBAHHS Ta
MaJIIM €HEPrOCHOKUBAHHSIM, TOMY aKyCTOOITH-
9HI TPUCTPO] YCITIIITHO BUKOPUCTOBYIOTHCS B OITH-
I 1 CIIeKTPOCKOITi1, JIa3epHiil TEeXHIIll Ta ONTUYHO-
My 3B’sI3Ky, MEINIMHI, eKOJIOoril, acTpoHOMil i Oa-
rarTboxX IHIUX 0bJIaCTAX. ¥ 3B’43KY 3 TUM, IO Haii-
OLIBIIOrO MOMMUPEHHsT HaOY/ M aKyCTOOIITUYHI e-
drekTOpr, MU IOKaXKeMO B Iiiff poboTi MOXKJIH-
Bicth Bukopucrtanus AO/[ ma kpucram mapare-
aypury (TeOs) sik enemenTa, 10 3iHCHIOE HIepe-
JIAIITYBAHHS JOBYKWHU XBUJII MOHOXPOMATHIHOTO
mkepena. Taka MOXKJIMBICTH BUILJIUBAE 3 aHAJIIZY

reomerpil AO ra AOO®.

Tunosa reomerpiss AOJL ta AO® na Kpucra-
JIl TTapaTenypuTy BKasaHa Ha puc. la ta 1b Bifg-
noBizHO |2, 3]. 3 IX HOpIBHSIHHS MOXKHA 3pOOHTH
BHCHOBOK IO TIOJIOBHUMH BiJIMiHHOCTSMU jedJie-
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KTOpa Ta PiabTpa € KyT 3pi3y «, po3Mip 11’e3011e-
perBopioBada (OLIbmuil it diabTpa Ta MeHIHi

[110]
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Jutst jtedpiekTopa) Ta Ky T NaJ[iHHS CBITJIOBOT XBUJIL.

Puc. 1: Tunosa reomerpist akycroontuanoro jaediekropa (a) ta dbigbrpa (6) Ha mapareaypuri [2, 3

Omxke, IpU BiITOBITHOMY Opi€EHTYBAHHI BiJIHO-
cuo maatodoro myuka AOJL moxke 6yTn BUKOpU-
craanit B sikocTi AO® 3 gemio ripmioo edekTuB-
HICTIO Ta MIMPIIOID CMYyroio mnporyckanus. [Ipu
IBOMY TaKOXK 301/IbIIATECS BTPATH Ha BiAOUTTS
y 3B’¥3Ky 3 HEOPTOTOHAJBHUM IMaiHHSIM CBIT/Ia
Ha BXIJHY Ta BUXiAHY TIOmMWHU Kpucrasy. Llen-
Tpasibha JoBxkuHa XBuiii AO® BU3HAYAETHLCS BU-
paszom |[4]:

At~ (v/f) <nl sin; — y/n3 — n? cos? 9i> , (1)
CMyTa MPOIyCKaHHs — BUpa3oM [5]:

AN < 0.8\ _ 7
lo cos ) (ne — ny) sin® (6; + «)

(2)

Jge f — aKkyCTHYIHA 9acToTa; v — IIBUJKICTH YJIb-
Tpa3ByKoBol xBuwii B wromuni (110); ng = 2.26 i
Ne = 2.412 — MOKa3HUKU 3aJIOMJIEHHST JIJIsT 3BUYIali-
HOTO 1 HE3BUYAIHOIO MPOMEHIB; N; — ePEKTUBHUMN
[MOKA3HMUK 3aJIOMJIEHHS IS 1aai090l XBuil; 0; —
KyT HaIiHHS IIyYKa; & — KyT 3pidy Kpucraja; lg —
MIAPUHA II'€30II€PETBOPIOBAYA; 1) — KyT 3HOCY aKy-
CTUYHOI eHepril.

[MIBunKicTh yJIBTPA3BYKOBOI XBUJI BU3HATAE-
ThCsL BEpa3oM [4]:

v = <C11;C12 cos? o + cqq sin? 04) /,0, (3)

p = 6 I‘/CM3 — IOHUTOMa Bara HnapaTeIlypury,
ci1 = 5.59 x 10! mun/em?, c1o = 5.13 x 10!

i /em?, cqq = 2.67 x 101 qun/em? — xoncran-
TH [PYKHOCTI [TaPATEJYPUTY.

EdekTuBanit mokasHUK 3aJIOMJIEHHS JOPiB-
uioe [4]
n; = none [nZ cos (0; + @) + ngsin® (6; + a)] 12

(4)

OnruyHa cxema eKCIIepUMEHTAIbHOI yCTaHOB-
KU I[OKa3aHa Ha puc. 2. ['0JIOBHUM ejleMeHTOM €
AO/I 4 Ha maparesypuTi 3 mapamMeTpaMu KpHUCTa-
Ja, GJU3bKUME JIO TUIOBHX (puc. la), Ta po3mi-
pamu 1’'e3omeperBopioBata 2,0x12,0 MmM. 30pien-
TOBAaHMI Tak, MO0 MaIai0vunii My90K OYB CIPSIMO-
BaHMil i KyroMm Onm3bpko 20° 110 oci KpucraJia.
[le BimmoBimago KyTy HaiHHA MyYKa HA BXIiTHY
rpaab AO/I 6smm3pko 50°. IIpu Takomy KyTi ma -
st AO/I npaifoe Ik peryaboBaHuii (piabTp, IpoTe
PO3MIp MAJAYUOr0 IIyYKa He MOXKE ITEPEBUIILYBa~
THU KiJIbKOX MLJIIMETPIB, IO OB’ SI3aHO 3 T€OMETPH-
qHuME oOMexkeHHsiMu (11y9oK BxoauTh B AO/I Ta
BUXOJIUTH 3 HBOT'O 1OPsij 3 peGpoM Kpucrana). Ha
I1’€3011€PETBOPIOBAY IOJIA€THCS KEPYIOUNN CUTHAJ
3 BY reneparopa 1 AFG-3101. B sikocti mKepesia
cBiTyIa 3 OYJIO BUKOPUCTAHO YEPBOHUI HAIIBIIPO-
BijiHUKOBHI s1azep (A = 655 um P = 35 mBr), 1o
[IPAITIOE 31 3HUXKEHUM CTPYMOM HAKAYKU B PEXKU-
Mmi cBiTomiona. Ilpu oMy aiamerp mydka Ta fio-
0 pO30IKHICTE 3AJHUIMAIOTHCST MAJTAME, OCKITHKA
1e 3a0e31euyeThCst KOHCTPYKITi€o jta3epa. Jlxepe-
JIO KUBJICHHSI 4 CJIYKUTD It YKUBJIEHHS J1a3epa
[IOCTITHUM CTPYMOM.
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Puc. 2: Cxema ekcriepuMeHTaIbHOI YCTAHOBKA

s criocTepekeHHs CreKTpy npojindparosa-
HOT'O IIy9YKa Ta BU3HAYEHHS HOr0 JOBXKWHU XBUJI
6y/10 BUKOpHCTAHO MOHOXpoMaTop ¥ M-2 (esrlemen-
tn 5 — 10) Ha ocHoBi npusmu A66e. CriekTpu MO-
JKHa OyJI0 criocTepiraTu 3a JIOIOMOIOI0 OKYJIsipa
11. s peecTparliii oTpuMaHnX 300parkKeHb 3aMiCThb
OKyJIsTpA BCTAHOBJIIOBATACH Kamepa Sanyo VCB-
3385P 3 ob’ektuBom l'emmoc-44-2, min’enHana 0
KOMIT'I0Tepa. 300pakeHHsT 3 KaMEPH 3aXOILTIOBa-
Jucek dppeitM-rpabepom Ha ocuoBi 1C SAATI35.
KanibpyBanus MonoxpoMaTopa 3ifCHIOBAJIOCS 3a
JIOIIOMOI'OI0  HAIIIBIIPOBIIHUKOBOTO J1a3epa (A
650 um), DPSS sazepa (A = 532 HM, B crekrpi
npucyTHi Takox Jixii A = 808 uam Tta A = 1.064
MKM) Ta PTYTHOI JIAMIIH.

[Toporosuit crpyMm HaKa4uKu JJIsi 3aCTOCOBAHO-
IO HAINBIPOBITHUKOBOIO Jjiazepa cTaHoBUB 40 MA.
[M1o6 yHUKHYTH HEKOHTPOJIBOBAHOI'O [IEPEXOJLY JIa-
3epa B PeKUM T'eHePAIlil, MU IPAIIOBAJIHN IPU CTPY-
Mmi 38 MA. CriekTp BUIIPOMIHIOBAHHSI JIa3epa B Ta-
KOMY pexXKHUMi ITOKa3aHO Ha pHC. 3.

MaxkcumabHa iHTEeHCUBHICTD mpoindparosa-
HOT'O CBiTJIa B PeXKHUMi reHepallil Jocsrajach Ha
gacrori 82,1 MI'ni. 3pazku BidibTPOBAHOIO CIie-
KTPY H/II jla3epa B PEKUMI reHepariil Ta B J0IO-
poroBoMmy pexkmmi nokazano na puc. 4. Illupuna

criekTpy y Bunajky (6) ckiagae A\ & 5 HM.

Puc. 3: CuekTp BUIIPOMIHIOBAHHS Jia3epa B JOIO-
POTI'OBOMY pPEXKHMI

(a)

-

Puc. 4: 3pasku BiadiabTpoBaHOro CHeKTpy H/I
Ja3epa B pesKuMi reHepariii (&) Ta B 10IOPOrOBOMY
pexkumi (6)

Byna susTa 3a/eXKHICTH BUXITHOT JOBXKUHI
XBUJIL BiJI 9aCTOTH, IO TTOAABATIACEH Ha T1eIEKTOD.
st mopiBHSHHS OYJI0 TEOPETUYHO PO3PAX0-
BaHO 3aJIE2KHICTh BUXIJHOI JOBXKWHU XBUJ BiJL
akycTuaHol yacroru 3a dhopmysaamu (1) — (4) npu
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tunoBoMy it AO/Jl 3HadeHHI KyTa 3pi3y KpucTa-
aa (o = 6°) mig Kyra nagiaas nydka §; = 19.9°.
OrpuMaHi pe3yiabrard IIOKa3aHO Ha PHUC. D.
Buano, mo orpumani po3paxyHKOBI Ta eKcIie-
PUMEHTaAJIbHI 3aJ1€2KHOCT] TIEHTPAJIbHOI JTOBKUHU
XBIJI OTPUMAHOTO PiAbTpa JOCUTH OJIUBBKI.

680.0 I I
\ —ea— PozpaxyHok
6700 |[*&_ - 4 -Excnepument
3 <
Z 6600 —

:

[oBHKHE XBHA],
:
p
/ ’
/|
/;
*
‘
)

620.0
80 81 82 53 84 85 86 87
Axycriuna yacrora, Miy,

Puc. 5: PozpaxynkoBa Ta ekciepuMeHTaIbHA 3aJ1e-
2KHOCTI BUXIJHOI JIOBKWHHU XBUWJI BiJ] aKyCTHUIHOI
9aCcTOTH

PospaxynkoBa cmyra mpomnyckaHHsi (plIbTpa
AN ~ 4.7 HM TexK O6U3bKa J0 OTPUMAaHOI B €KC-
TEPUMEHTI.

Takum YMHOM, MH TIOKa3aJd MOXKJIUBICTH
CTBODEHHsI JI?KepeJjia CBITJIa 3 IMepesIallTyBaHHIM
JOBXKWHU XBUJII HA OCHOBI aKyCTOOIITUYHOTO Jie-
dekTopa Ha mapaTeaypuTi, PO3MIIEHOTO B He-
cranzapTHiit reomerpii. Ilpore 3ibpanuit maker 1ie
He MOKe OYTH BUKOPUCTAHO SK JIKEPEJIO CBIiT/IA B
ONTUYHOMY €EKCIIEPUMEHTi, OCKIJIbKH IOTYXKHICTb
3aCTOCOBAHOIO H /I Jla3epa B PeKUMI CBITJIONIONA
qyke Hu3bKa (P<8 MxBrT).

PobGora Bukomama 3a crpusaus KuiBcbkoro
HarioHaJIbHOTO VHiBepcuTeTy imeni Tapaca Illes-

qenka B pamkax HJIP Ne 19B®052-01.
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