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NPUMEHEHHUE METOJ0B MATEMATUYECKOH
CTATUCTHUKHU B TIPOEKTHOM NESATEJBHOCTH
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AHHOTALNMUA

B nanHOII cTaThe paccMaTpuBaeTcs IPUMEHEHHE METOIOB MaTEMAaTH-
YEeCKOH CTATUCTHKH B IIPOEKTHOH JeATeIHOCTH Ha 3aHATHAX. [IpoBeneHo
HCCIICJOBAHUC TPUMCHCHUS CTAaTUCTHYCCKUX MCTOJOB JId aHajIn3a HC-
H0JIb30BaHMA HEHpOceTeH B yUeOHBIX HENsX.

KiroueBble c10Ba: CTaTUCTUYECKHE METOMbI, BbIOOpKA, MOJEIb,
IIPOEKT, HEHPOCETH.

BBenenune

CoBpeMeHHast OBICTPO PA3BUBAIOINASACS HMHIYCTPUS HH(POPMAITMOHHBIX
TEXHOJIOTHH TpeAarnonaraetT GopMrupoBaHHE aHATUTUYECKOTO MBIIUICHUS U pa3-
BUTHS NPO(ECCHOHATBHBIX KOMIETEHINH y Oy Iynmx crenuaniuctoB. [lonuma-
HUE MPUHIUIIOB CTATUCTUYECKUX METOJOB CHOCOOCTBYET Pa3BUTHIO HAaBHIKOB
paboThl ¢ nH(pOpMaIHed, CuCTEMaTH3aIe 1 HHTETpalluei JaHHBIX, 9TO TI03BO-
JSIeT IporpaMMHUCTaM pa3padaTbiBaTh 3()(HEeKTUBHBIE aJTOPUTMBI, TECTUPOBATH U
ONITUMH3UPOBATh INporpaMmMHoe obecneueHne. HecMoTps Ha mMpokoe pac-
IpocTpaHeHue Herpocere, Bonpoc 00 ux 3¢ (HeKTUBHOCTH, posu B popMupoBa-
HUH TPOQecCHOHATBHBIX KOMIETSHIIMI U NOTEHIIMAIBHBIX PUCKaX BCE elle oc-

TAaCTCA HEAOCTATOYHO U3YUYCHHBIM.



IIpoekTHast AEATENLHOCTh HA 3aHATUIX MO Kypcy «Teopust BeposiTHOCTEN
Y MaTeMaTH4ecKasl CTaTUCTUKa» MPUOIIKAeT MaKCUMalIbHO K PEUICHHUIO TPU-
KJIQJHBIX 3a/1a4.

AKTyaJIBHOCTB TEMBI OGyCJIOBJIeHa COBpPCMCHHBIMU IIOAXOAaMHU B HU3YUC-
HHUHU METOA0B MaTeMaTU4ECKOU CTaTUCTHUKH, HGO6XO,Z[I/IMBIX JJ11 aHaJIn3a JaHHBIX
Y IPUHATHS 000CHOBAHHBIX PEIICHUH.

Hens uccnenoBanusi — npuMEHEHNUE METOJIOB MaTEMaTHYECKON CTaTUCTHU-
KM B IPOEKTHOU paboTe « AHaIN3 UCIIOJIH30BAHUS HEUPOCETEH B OOYUCHHUI.

3amaun:

v’ U3ydeHHre OCHOB MaTeMaTHYECKON CTATUCTUKH;

v/ NIpaKkTUYECKOE NPUMEHEHHE B IPOEKTHOM JEATETLHOCTH:

v BBINOJHEHHE CTATHCTUYECKOTO aHaIN3a COOPaHHBIX JTAHHBIX;

v oteHka 3()(EKTUBHOCTH ¥ BBIABICHUE TPYAHOCTEH, BO3HUKAFOIINX

IIPU UCIIOJIb30BaHUU HEUPOCETEN.
v’ rpaduuecKoe peICTaBIeHNE PE3YIILTATOB.

MarepuaJibl 1 METObI

B xauecTBe OCHOBBI HCCIIEIOBaHHSI PACCMATPUBAINCH JAHHbIE aHKETHPO-
BaHMs cTyAeHToB Kosiemka cynoctpoenust, UHGOPMAIIMOHHBIX U MPUKIATHBIX
texHonoruit Cankt-IlerepOypra. B ompoce mpuHsuin ydacTHe CTyAEHTHI He-
ckonbkux IT crienmanpHOCTEH. BRIOOpKa — 178 CTYIeHTOB.

WNHcTpyMeHT: crannapTHas aHkeTa ¢ oueHkamu (ot 1 1o 5).

MeTtouka 00pabOTKU JaHHBIX:

v’ c0OOp MaHHBIX MyTEeM aHKETHPOBAHUS,

v 06paboTKa MOJAYYEHHBIX PE3YILTATOB;

v/ OCTPOCHHE MOJUTOHA YaCTOT.

CraTtucTudeckre pacyeTsl BBINMOJIHEHB! A BbIOOpKH n=178. [l BU3ya-
JU3aIMY UCTIOJIb30BaHbl CTaHIApTHBIE rpauyecKre MPUEMBI.

Tabruya 1.
YacroTa ucnoab30BaHus HelpoceTei
Kareropus xi pi Xi pi
Huxorna 1 0.005 0.005
Penxo 33 0.185 6,105




HWnuorna 47 0.264 11,562

Yacto 48 0.269 12,912
Bcerna 49 0.275 13,475
Tabruya 2.

Ouenka 3¢)(peKTUBHOCTH HellpoceTel

Karteropus xi pi

Cna6o >pdexTuBHBIC 15 0.079

YMmepeHHO 3ppeKTUBHbIE 76 0.431

Ouensb > pexTrBHBIC 69 0.392

Kpaiine s pexTrBHbIC 18 0.098
Tabnuya 3.

Hcnosb3oBaHue HelipoceTel 11 y4eOHbIX 3a1a4

3aganue Yacrora pi

Pemenne 3amau 51 0.2357
Pemenne tectoB 34 0.1714
JlaGopaTopHbie pabOThI 27 0.1571
Hammcanue otueToB 35 0.2500
KypcoBbie paGoTbl 26 0.1500
[Mouck nndopmaruu 1 0.0071
AHrIMnCKun 1 0.0071
Hwnuero 3 0.0214
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PesyabTaTsl

BoJBIIMHCTBO CTYIEHTOB MCIOIB3YET HEMpOCceTH Yacto — 56,9. Marema-

THYCECKOC OKHMAAHHWEC 4aCTOTHI MCITIOJIb30BaHUs COCTaBUIIO
n

M(x) = z Xi pi
i=1
M(x) = 1¥0,005+47%0,246+33%0,185+48%0,269+49*0,275; M(x) = 44,059;
YTO YKa3bIBAET HA BHICOKMI YPOBEHD BOBJIEYEHHOCTH.

Ouenka 3 GeKTUBHOCTH HEHPOCETEN B pelIeHHH YIeOHBIX 3a/1a4 [MOKa3a-
na, uro gucnepcus D(x) = Y-, xi? pi — M(x)? cocrasnser D(x) = 40,493;
CpeHEKBaIPaTHUECKOE OTKIOHeHHe cienyromee: o(x) = /D(x); oa(x) =
V40,246; 0(x) = 6,343, uTO CBUIETENLCTBYET 00 YCTOHYMBOI ONOKHUTENBHOM
OIICHKE.

TpynHoCTH UCTIOIB30BaHUS HEUPOCETEN:

v’ HejocTaTok 3HaHui — 38,3%);

v’ HecoOTBEeTCTBHE TPeOOBaHMSIM MpemnoaaBares — 32,3%.

[IpenmyIecTBa UCIIOIB30BAHUSL:

v/ aBTOMATH3aIMsA PYTHHHBIX oreparmii — 34,5%;

v’ 3KOHOMHS BpeMeHH — 33,6%.

BOJIBIIMHCTBO OICHUITH OTIBIT KaK MO3UTHBHBIN MIIH OYEHb TTO3UTHBHBIN —
80,4%.

DyHKIMS pacipeie/ieHns ToKa3alia IIaBHBIH POCT MOJOKUTEIbHBIX 3HA-
YEHHI.

[Tosy4yeHHbIe pe3y/IbTaThl MOKA3ald aKTHBHOE BHEIPEHHUE HEWPOCETEBBIX
HHCTPYMEHTOB B yueOHBIH mporiecc. [Ipu 3TOM BBISIBJIEHBI PUCKH: (OPMHPOBaA-
HHE 3aBUCHMOCTH OT TOTOBBIX PEUICHHM, CHIKEHHE CaMOCTOSTEIBHOCTH TIPH
BBITIOJTHCHUH 33/IaHHi, HEOOXOIMMOCTh Pa3BUTHS IIU(PPOBOI TPAMOTHOCTH.

3akjIroueHue
[TomyueHHBIE pe3yabTaThI MOATBEPIKIAIOT, YTO UHTETPAIUS METOJIOB Ma-
TEMaTUYECKOW CTATUCTUKH B yUEOHYIO TPOCKTHYIO IEITEIIBHOCTh CITIOCOOCTBYET

MOBBIIICHUIO KadecTBa MPOo(eCCUOHATBLHON MOATOTOBKU CTyIeHTOB IT-creru-
anbHOCTel. [IpuMeHeHre cTaTUCTHYECKUX MOIX0J0B MO3BOJISET POPMUPOBATH
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AHAJTMTHYECKYIO KYJIBTYPY MBIIIICHUS, Pa3BUBATh CaMOCTOSITEIIBHOCTh M OT-
BETCTBEHHOCTh B NMPUHATUU PEIICHHH, a TaKkkKe (OPMHUPOBATH y OyIyIIUX CITe-
[IAAJTUCTOB LIETTOCTHOE MOHUMAHKE POJIU JAHHBIX B TPO(ECCHOHATILHOM JIeATeIh-
HOCTH.
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APPLICATION OF MATHEMATICAL STATISTICS METHODS
IN PROJECT ACTIVITIES
E. Andreev, N. Shekikhacheva
Saint Petersburg College of Shipbuilding, Information and Applied Technologies
ABSTRACT
This article discusses the application of mathematical statistics methods in project
activities in the classroom. A study was conducted on the application of statistical

methods for analyzing the use of neural networks for educational purposes.
Keywords: statistical methods, sample, model, project, neural networks.
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O TOYKAX MEUEPA JIIS1 HEIPEPBIBHBIX
®YHKIU U3 KJIACCA R

C.JL. bepbepan

Poccuiicko-Apmanckuii ynueepcumem
samvel357@mail.ru

AHHOTAINUA

B pabote nzyuatotcs Touku Meliepa 111 HEIPEPBHIBHBIX HOPMAJIBHBIX
(YHKIMH, IPUHAMAIOIINX B €AMHUYHOM KpyTe IeHCTBUTENIbHbIC 3HAUCHHS.
Panee aHanoru4sele UCCII€A0BaHUS IPOBOJMWINCH JUIs IPOU3BOJIBHBIX Iap-
MOHHYECKUX ¥ HOPMAIBHBIX CyOrapMOHHYECKUX (PYHKIIUH.

KnrodeBble cioBa: Touku Meiiepa, HenpepbIBHbIE (YHKIUH, HOp-

MaJIbHBIe (DyHKIHH.

B nacTosimieir pabote uccienyroTcs KiIacCHYecKue Touku Meiepa mist
HOPMAJILHBIX HETPEPHIBHBIX (DYHKIU, ONpee/ieHHbBIX B €IMHUYHOM KpyTe U
MPUHUMAIOIINX B €AMHUYHOM KPYT€ TOJBKO JIEHCTBUTEIbHBIC 3HAYCHHS. DTH
TOYKH, BBEJCHHBIC W3BECTHHIM HEMEIIKUM MaTeMaThKoM MeiiepoM, HrparoT
BaXHYIO POJIb B TEOPUH TPEICTHHBIX MHOXKECTB. Takue TOUKH 10 CUX MOp pac-
CMaTPHUBAIIUCH, B OCHOBHOM, JUISI aHATUTHYECKUX 1 MEPOMOPQHBIX QyHKIHH. B
pabote OymeM NpHIEePKUBATHCS OOIIEU3BECTHRIX OOO3HaueHud [1] mmum [2].
O6o3uaunm uepe3 D , T u h(&, p) COOTBETCTBEHHO eAMHUYHBIN KpyT |z| < I,
SIMHUYHYIO OKPYKHOCTb |z| = [ W XOpay equHU4IHOro Kpyra D, OKaHIHBaKo-
mytocst B Touke & = e'® € I' u o6pasyromylo ¢ pamgmycoM B 3TOil TOuKe
yroJ @; —% <gp< % Iycte A(E, ¢, @,) ob6o3HauaeT noxodnacte Kpyra D,

orpanndeHHyto xopaamu h(&, ¢;) u h(&, ¢,). Obmacte A(E, ¢;, ¢,) HA3BIBAIOT
00braHO yriiom IllTonkla ¢ BepmmnHOi B Touke & = e'® € I' u, ecrm Hac He uH-
TepecyeT pasmep yria llronena, Ml Oyaem o0o3HauaTh ero kpatko A(€).
Paccmorpum ¢yHKIMIO f(Z), MPUHUMAIOIIYIO TOJBKO JACHCTBHTEIbHBIC
3Ha4YeHHUs. J[j1si MPOU3BOJILHOTO IOJMHOXKECTBA S Kpyra D, st KOTOpOro TOYKa
& € I' sBysieTcs peeNIbHON TOUKoM, 00o3HaunM uepe3 C(f, €, S) npenenvHOe
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MHOXeCcTBO (GyHKIMU f(Z) B Touke ¢ OTHOCHUTEIFHO MHOXeECTBa S, T.C.
C(f,§,5) =Q f(® U(E)), rne nmepecedeHne Oepercs MO BCEM OKPECTHOCTIIM
U($) Touku &, a yepra 03Ha4aeT 3aMBbIKAHUE MHOKECTBA OTHOCUTENILHO JIBYXTO-
yeyHOI KoMmakTUdHUKauu R MHO)ecTBa R = (—o0, +00) B BHE OTpe3Ka Ioc-
peacTBoM Jo0aBIeHHs K TOUKaM MHOXKeCTBa R cMMBOJIOB -00 1 +00. Touky & €
I' otHOCsT K MHOXecTBY K(f) s ¢pynkuuum f(z), onpenenenHond B D, ecnu
CUf,6,4(5,91,92) = C(f,8,4(5, 91, 95)) am mobsix yrios Llronbua
A&, @, 05) 1 A(E, @), 5) ¢ BepmmHOii B Touke &. Touka & € I' pUHAIEKAT
MHOXkecTBy C(f), ecmu mnst mpousBosbHBIX yrinoB Llromsna A(E, @, ;) u
A&, @}, ¢5) MMEeT MECTO PABEHCTBO
C(f' f) A({T! P (pZ)) = C(f' f) A({T! (P}; (pé)) = C(f' {T!D)

[Monartne HOpManbHON (QYHKIMH, PACCMOTPEHHOE Ui MepOMOpP(HBIX
(YHKIHI 1 COCTOSIIIEE B CBOWCTBE MOPOXKAATh HOPMAIBHOE CEMEHCTBO Ha TPyTI-
ne T Bcex KOH(GOPMHBIX aBTOMOP(HU3MOB 00acT omnpenenenus [3], 6bu1o 3a-
TEM TMEPEHECEeHO Ha TapMOHUYECKHE, CyOrapMOHUYECKHE U HelpepbIBHbIC
NeHCTBUTENbHO3HAauHble QPyHKIMU. B ciiydae emuauunoro kpyra D rpymma T
COCTOMT W3 AJIEMEHTOB T = {S (2);S(z) =e¥(z+a) - (I +az)™! }, a-npous-
BOJIbBHAS TOYKA B D, a-NPOU3BOJIBHOE JEUCTBUTENBbHOE YuCio. [IpuaepxuBasicey
0003HaueHMit U3 paboThI [2], CKakeM, 4TO ICUCTBUTEIbHBIC 3HAUYEHUS TPUHUMA-
tomtast pyHkuus f(z) € R, ecnu Ha rpynne T Bcex KOHPOPMHBIX aBTOMOPQH3-
MOB €IMHUYHOTO Kpyra D mopokmaemMoe €1 ceMeHWcTBO  (DyHKIHi
®:{f(S5(2)); S(z) € T} nopmansto B D B cMbIciie MoHTens , T.¢. U3 JIHO0OH 10-
cnenoBarensHocTH {f (S,(2))} cemeiictBa @, tae S,(z) € T, MOXHO H3BIICYD
MO/NOCJIEIOBATEILHOCTD { f (S, (Z))}, PaBHOMEPHO CXOJAIIYIOCS Ha THOOOM
koMmmakre K B D uinu paBHOMEpPHO PacXoslryrocs K —oo uin K +o Ha K. Tlo-
CIIEI0OBATENILHOCTh TOYEK {Z,},Z, € 1,2,..., Tlll_rgo |z, | = I npumeHuTEIBHA K HeE-

NpepBIBHBIM (QYHKIHSAM, Ha30BeM P’-1ocieoBaTeIbHOCThIO, €CIN JUIS JTI000i
ee OECKOHEUHOM MOJIOCIe0BATEIbHOCTH {an} UMEEeT MECTO Clelyloliee yT-
BEpIKJICHUE: KAKOBO ObI HU ObLIO YHCHO € > () B 00benuHennn Up-y D(Zy,, €)
HEEBKJIUJIOBBIX KPYTOB D (Zy,,, €) C HEEBKIUIOBBIMU LEHTPAMH Z,, M HECBKIIU-

JOBBIMH pagrycamu € > (), HenpepbIBHas GyHKIHS U(Z) MPUHUMAET OeCKOHEed-
HO YacTo Ka)K/10e KOHEUHoe JieiicTBuTenbHOe 3HaueHne. Hazoem xopny h(€, @)

P'- Xopnoit rapMoHndeckoii GyHKIuN u(z) B Touke &, ecmm h(&, p) comepKuT
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HeKoTopylo P -mocnenoBatenbHOCTh GyHKIMH U(Z). Xopay (€, @), He sSBISIO-
rytocst P'- Xxopz10ii, Ha30BeM HOPMAILHOM.

Touka & € I' (cMm. [1] unm [4]) Ha3BIBaeTCS TOUKOM Meiiepa 1Jist IEHCTBU-
TebHO3HAYHOW QYHKIUH [ (Z), Onpeie]ICHHON B € TUHUYHOM KpyTe D, eciu s
npousBosibHOU Xopasl 4(E, @), mmeer mecrto paseHctBo C(f,& h(&,¢)) =
C(f,&,D) # R, tne R = {—x} U{R} U {+o} u R- MHOXECTBO JeHCTBUTEb-
HBIX Yucel. MHOXecTBO Bcex Touek Meiliepa o6o3Hauaercs kak M (f). Touka
¢ € I' nazpiBaetrcs Toukoit Jluanenéda (cm. [5] wum [6]) mist meiicTBUTEIHHO-
3Ha4HOH (yHKIMHU f(Z), ONpeAeTIeHHON B eAMHUIHOM Kpyre D, eciu AJis mpo-
u3BONbHBIX ABYX yrnoB Iltomema 4;(€) u A,(¢), umeer MecTo paBEeHCTBO
C(f,&,4,(8)) =C(f,§4,(8)) # R. Muoxectso Touek Jlunnenédpa 0603Ha-
gaetcs Kak L(f). CBsi3p MeXAy pa3IMYHBIMU MPEICIbHBIMA MHOXKECTBAMH TI0
HEKacaTeJIbHBIM ITyTSM JJIS TApMOHUYECKHX M HENPEPHIBHBIX (DYHKIIMUN TOAPOO-
HO HccrenoBana B padore [7].

OcHoBHBIE pe3yJIbTaThI

Chopmynupyem OCHOBHBIE pe3yJIbTaThl JaHHON pabOTHI.

Teopema 1. [[yist Toro, urods ¢ € I' sBisuIack TOUKo Meiiepa s mpo-
U3BOJILHOM HemnpepbiBHOW (pyHKIMM f(z) 13 Kiacca R, onpeneneHHoi B D, He-
00X0IMMO W TOCTATOYHO, YTOOBI UMEIIO MECTO COBIAJICHHE MPEACTbHBIX MHO-
xect C(f, &, h(E, @) = C(f,&,D) # R 1 MHOXKeCTBA 3HAUECHHMIi ¢, BCIOLY

YU
IUIOTHBIX B MHTEpBaje (— > 3).

Kpome Toro, cripaBeyinBoO yTBEpKICHUE.

Teopema 2. Touka ¢ € C(f) sBsiercst Toukoid Meliepa AJist MPOU3BOJILHOM
HenpepbIiBHON GyHKIMU f(Z) u3 kinacca R, onpeneneHHON B D, Toraa U TOJIBKO
TOorga, Korma cymecTtByer Takas xopaa h(&,¢q), Ia  KOTOpou
C(f,§,h( p0)) # R.

Jlns moKa3aTenbCTBa MOJIYUYCHHBIX PE3yJIbTaTOB pabOThl HY)KHBI TPH Clie-
TYIOIINE JIEMMBI.

Jlemma 1. I[Tycts HenpepbiBHas B D ¢yHkuus f(z) u3 kinacca R. Torma B

€IUHUYIHOM Kpyre D He CyImecTBYEeT HU OJlHa P -1I0CIe10BaTEIbHOCTb.
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Jlemma 2. Ilycts f(z) — HenpepsiBHAsS QYyHKIUS U3 KiIacca R, onpeesieH-
Has B D. Jlns Toro, yTo6b1 Touka ¢ € I' Opina Toukoil JIunaenéda mia Gynkuun
f(2), nocrarouno, uto6sl npeaensHele MHoxkectBa C(f, &, h(&, ®)) # R s

o T T
3HAa4eHUH @, BCIOAY IUIOTHBIX B HHTEepBaie (— > 3), COBMAJaJHM.

Jlemma 3. Touka ¢ € K(f) sBnsercs Toukoii JIuaaenéda st mponu3BoIIb-
HOW HemnpepbiBHOW QyHKIWHU f(Z) m3 kiacca ‘R, onpeneneHHoi B D, Torna u
TONIKO TOTJAa, Korga cymectByer xopaa h(&,¢@)), And  KOTopou

C(f' E' h(f, (pO)) *R.

BaxHO OTMETHUTB, YTO MOJIyYEHHBIE PE3yNbTaThl OBUIM paHEe W3BECTHBI
Ui cyOrapMoHMYeckux (QyHKIUN U3 Kiaacca R, MHOKECTBO KOTOPBIX SBIISAETCS
MOJIMHOKECTBOM MHO>KECTBA BCEX HEMPEPHIBHBIX (QYyHKUUH U3 Kiacca R. I1o
CIelyeT U3 YTBEPKIEHUS, MTOTYyYeHHOTO aBTOpOM B paborte [8], uro mobas cy0-
rapMoHHnueckas GyHKIUS U3 Kiacca ‘R ABiseTcsl HenpepbhIBHON (PyHKLIMEH U3 TO-
To K€ KJacca.
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ON MEYER POINTS FOR CONTINUOUS FUNCTIONS
FROM CLASS R

S. Berberyan
Russian-Armenian University
ABSTRACT
In this paper, we study Meyer points for continuous normal functions that take
real values in the unit circle. Previously, similar studies were carried out for arbitrary

harmonic and normal subharmonic functions.
Keywords: Meyer points, continuous functions, normal functions.
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OF SOME PRODUCTS OF GRAPHS

H. Mikaelyan, P. Petrosyan

Yerevan State University
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ABSTRACT

For a proper edge-coloring a on a graph G, let Y (G, @) be the total sum
of colors on all edges. The proper edge-colorings that minimize the
parameter Y /(G, ) are called sum edge-colorings, and the corresponding
minimum sum is called the edge- chromatic sum of the graph and is denoted
by >'(G). The minimum number of colors that any sum edge-coloring uses
is called the edge-strength of the graph G and is denoted by s'(G). In the
current work, we obtain upper bounds on the edge-chromatic sums of some
graph products. For some cases, we also show that the bound is exact and
obtain the edge-strength of those graphs.

Keywords: Edge-chromatic sum, edge-strength.

Introduction

In the late 1980s, the problem of finding the vertex-chromatic sum of the
graph was introduced by Supowit ([1]) and Kubicka ([2]) separately. This is the
similar version of the problem where we color not the edges, but the vertices of
the graph, so that adjacent vertices have distinct colors and the total sum of colors
of the vertices is minimum. On the base of that, in 1998, Bar-Noy et al. introduced
the edge-chromatic sum problem and showed its applications in scheduling
problems in [3]. It is proven that this problem is NP-hard, a 2-approximation
algorithm is given. The problem is NP-hard even for regular graphs, planar
graphs, and even for some specific bipartite graphs with the maximum degree of
3 ([4]). Concerning the edge-strength, it is proven that this number is less than or
equal to A(G) + 1, where A(G) is the maximum degree of the graph G ([5, 6]). The
problem has its applications also in resource allocation problems and parallel
processing.
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We will use the notation (n, m)-graph for simple finite undirected graphs
with n vertices and m edges. For a proper edge-coloring a of graph G, let S; (v, @)
denote the set of colors of edges incident to a vertex v € V(G). If S;(v,a) =
{1,2,...,d;(v)} for each v € V(G), the coloring is called a sequential edge-
coloring.

The Cartesian product of graphs G and H is a graph GoH, where

V(GaH) =V (G) x V(H) = {(wv) |u€V (G),veV (H)}and
E(GoH) = {(u,v))(w,vy) |u €V (G)and
v, € E(H)} U {(ug,v)(uy,v) |ugu, € E(G)andv €V (H)}.
The strong product of graphs G and H is a graph G X H for which
V(GKIH)=V(G)xV(H),E(GX H) =
= E(GoH) U {(w;, v;)(w;, vi) | ww; € E(G) and vjvy, € E(H)}.

The composition (lexicographic product) of graphs G and H is a graph G[H]

for which
V(G[H]) = V(G) x V(H) and
E(G[H]) = {(ui,vj ), vi) |wiw, € E(G)or u; = u; and vjv, € E(H)}

Main Results

Theorem 1. For any (n,m)-graph G and an r-regular graph H of order
p (r € N), we have

rm) N nrp(rA(G) + 1)

YGERH) <@+ p (RO +1) -— > +ny’ (H).

Theorem 2. For any (n,m)-graph G and an r-regular graph H of order
p (r € N), if both G and H admit a sequential coloring, we have

(6 R H) =22 ((r+ 1) Bypey ey d2 () + 2(2r + 1)m + ) and
s'"(G X H) =rA(G).

Theorem 3. For any graph G and any n € N, we have

! ! 2 .
SR <Y " (n ;)'E(G)'.

Moreover, this upper bound is sharp.

19



Theorem 4. For any (n, m)-graph G and an r-regular graph H of order p,
we have

Z(G[H]) < nZ(H) + nrp? S'(ZG)

Moreover, this upper bound is sharp.

P — Dm
s

+p3Y'(G) -

Theorem 5. For any (n, m)-graph G and a (p, q)-graph H, we have
Y'(GoH) < pY'(G) + nY'(H) + min {nqs'(G), pms’'(H))}.

Theorem 6. For any (n,m)-graph G and a (p,q)-graph H that admit a
sequential coloring, we have
s'(GoH) = A(GoH) and
Y'(GoH) = p¥'(G) + nY'(H) + 2mq.

Theorem 7. For any r-regular graph G and any n (n,r € N), the edge-
chromatic sum of the graph GoP,,, is determined as follows:

¥'(GoPy,) = %|V(G)|(r + 2)(nr + 3r —2) and the edge-strength of the

graph GOP,,, is determined as follows:

+1ifn=1
s'(GOP,,) = {r ifn

r+2,if n> 1.

Theorem 8. For any r-regular graph G and any n > 1 (n,r € N), the edge-
chromatic sum of the graph GocC,,, is determined as follows:
Y'(Gacy,) = %|V(G)|n(r + 2)(r + 3) and the edge-strength of the graph

GoC,,, is determined as follows:
s'(6GoCyy,) =7+ 2.
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O CYMMAPHBIX PEBEPHBIX PACKPACKAX HEKOTOPBIX
NPOU3BEJIEHUI T'PA®OB

H. Mikaelyan, P. Petrosyan
Yerevan State University
AHHOTALMUSA

Jlns mpaBunbHOM pebepHoii packpacku a rpada G, mycts X (G, a) asasercs 06-
meit cymmoii 1iBetoB Beex pédep. [IpaBuibHbIE pacKpacky, KOTOPbIe MUHUMHU3UPYIOT
napametp X (G, @), Ha3bIBAIOTCSA CyMMApHBIMU peGEPHBIMU PACKPACKAMH, 2 COOTBETCT-
BYIOIIas MUHUMAJIbHAs CyMMa Ha3bIBaeTCsl peOSpHO-XpOMATHIECKON CyMMOii rpada u
obo3navaercs X'(G). MUHUMaNbHOE KOJIMYECTBO IIBETOB, KOTOPOE HCIIONB3YETCs B HE-
KOTOPO# CyMMapHOH peOepHO packpacke, Ha3bIBaeTcsi pEOEpHON MOLIHOCTHIO Tpada
G v obo3navaercs s'(G). B nanHOM paboTe MBI IOTYYHIIN BEPXHHUE OIIEHKH JUIsl peOepHO-
XpOMaTHYECKOI CyMMBI HEKOTOPBIX IIPOM3BEICHNUH rpadoB. B HEKOTOPHIX ciTydasx Tak-
K€ TIOKa3aHo, YTO OLICHKA TOYHAs M HaiijieHa peOepHasi MOIIHOCTh ATUX TPpadoB.

KiroueBble cioBa: cymmapHas pedepHas packpacka, peOepHasi MOIITHOCTb.

21



DOI 10.24412/¢1-37522-2026-22-28

METO/J HEONPEJAEJEHHBIX MHOKUTEJIEN
JIAI'PAHKA IIPU YIIPABJIEHUU PBIHKOM
AJIEKTPOOHEPI' U
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AHHOTALIUA

PaccmatpuBaeTcs npuMeHeHNE METO/1a HEOTIPEICIICHHBIX MHOKHTEIEH
Jlarpanyka a7 Mccne1oBaHMs TOBEACHUSI UTPOKOB Ha PBHIHKE AJIEKTPOIHEP-
UM ¥ Teruia. JJis peleHns CuCTeMbl ypaBHEHUH, OIy4eHHBIX auddepeH-
[IPOBaHUEM ypaBHEHHWs Jlarpamxka, UCIIONB3YeTCsS METOM ITOCIe0BaTENb-
HBIX UCKIIoueHul ["aycca.

KnioueBble c¢JI0Ba: PEIHOK 3JIEKTPOIHEPIHH, METO HEOTIPEIEICHHBIX
MHOxuTenei Jlarpanka, Tapud Ha HIEKTPUUECKYIO U TEIUIOBYIO SHEPTHUIO.

BBenenue

[Tepexon Ha pEIHOYHBIE OTHOIICHHUS B TOPTOBIIE NIEKTPUIECKON dHEPTHE
Y TEIUIOM MPHUHIMIHATFHO U3MEHWI MOAXOAbI K HCCIEAOBAHUIO0 pa0OThI PhIHKA
[1-3]. Ha cmeHy KpuTepH0 MUHUMANBHBIX 3aTPaT Ha MPOU3BOACTBO U MOTpeO-
JICHHE SHEPTUU Ha MePBOE MECTO BbIIIeN (HaKTOp MPUOBLIN YYACTHUKOB PhIHKA.

3ajaya onpeAesieHus LIEH Ha 3JIEKTPUUYECKYIO U TEIUIOBYIO SHEPTUU B PhI-
HOYHBIX YCIIOBUSIX SIBISIETCS UPE3BbIUANHO aKTyaldbHOU. J[Jis pemieHust 3Toi Ho-
BOI1 3a/1a4u HEOOXOAMMO PUMEHSATH U HOBBIE METOBI YIIPaBICHUS PHIHKOM.

BrnepBble nns uccieqoBaHHUs PHIHOYHBIX OTHOILIEHUI B DHEPreTHUKE HC-
MOJIb30BaH METO]I HEOTIpeAeTIEHHBIX MHOXUTeNeH Jlarpanxka.

MHHOBAIIMOHHOCTH METO/1a 3aKIIF0YAETCS TAKXKE U B TOM, UTO JEKTpHUEC-
Kasi SHEPTHUs U TEII0 MPECTaBICHbI COBOKYITHON MPOAYKIIHEH AIeKTPOCTAHIIUN
[4], a B kauecTBe KpuTepus 3(HEeKTUBHOCTH PabOThI SHEPTOCUCTEMBI BIIEPBbIE
HCIOJIb3YETCSl KPUTEPUI MaKCUMAIBHOTO CYMMAapHOTO BBIUTPHIIIA BCEX COCTAB-
JSOIIMX YHEPTOCUCTEMBI [5].
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MeTtoxa HeonpeaeJieHHbIX MHOKUTeJIel Jlarpanika
JJISl UCCJIeIOBAHUS PhIHKA

[TpencTaBuM KpUBBIE MTOJIE3HOCTH AJIEKTPOIHEPTUH U TETLJIa KBaIPaTHUHOM
(dhyHKIHEH, UMEIOIIeH HEeMPEPHIBHBIN XapaKTep M BBIXOAIIEH M3 Hadajaa KOop-
nuHat. [1one3HOCTh MCMONb30BaHUS SJIEKTPUUECKON SHEPrHH IMOTpeOuTesneM
15, TBIC. pYyO/u:

My, = ;P — rspnza (1)
TZie C, - ylelbHas MaKCHUMaJbHAasl MOJE3HOCTh IEKTPOIHEPTHU Y TOTPEOUTENS
(mose3HOCTh TIEpPBOTO MOTpedbseHHoro MBT4); 1, — Kod(hPUIMEHT CHIDKEHHS
MOJIE3HOCTH AIIEKTPOIHEPTUH y morpedurens (kodpuiment Haceimenus); B, —
4acOBOE MOTPEOJICHUE IECKTPOIHEPTHH (MOITHOCTH MOTPEOJICHHMS ).

[Tone3HocTh MCTIONB30BaHUS TOTpedUTENEM TerioBoi suepruw 1., mpen-
CTaBUM aHAJIOTUYHBIM yCIIOBUEM:

HTB = CTQH - rTQl%ﬂ (2)
TZie C; - yelbHas MaKCUMaJIbHAs TOJIE3HOCTh TEIJIOBOM YHEPTUH y MOTpeduTe-
781 7, — K03 PUIMEHT CHUKEHUS MTOJIE3HOCTH MOTPEOICHUS TEIUIOBOM SHEPTUH;
Q, — 4yacoBoe noTpebaeHNe TEIIIOBOM YHEPTHH TOTPEOUTEIEM.

Boiurpeiu norpedureneii anexkrposnepruu (P,,) oueHnBaeTcss BEITNIHMHON
0anaHcoBOW MPUOBUIM U OMpEAEIsIeTCs KaK pa3HOCTh MEXIY IOJIE3HOCTHIO
noTpeOIeHUs IIEKTPOIHEPTUH U 3aTpaTaMH Ha €€ MOKYIIKY Ha PbIHKE:

D, = o - %PHZ — A By (3)
r7e A,— PIHOYHAS IIEHA Ha AJIEKTPOIHEPTHIo, Thic. pyo/(MBT-1).

Boemrpeim norpebuteneit TeminoBoit sHeprun P, ThIC. pyO/d, Takke
OTIpeIeIIIeTCsl PAa3HOCTHIO MOJIE3HOCTH TETUIOBOM YHEPIHH Y MOTPEOUTENS U 3a-
TpaTaMHy Ha ee MOKYIKY:

@y, = 0y — 7”TQ% — A Qu, (4)
rze A, — IIeHa TeIIOBOM SHEPTUH Ha PhIHKE, ThIC. py0O/I Kas.

B pesynbrate nuddepenmuponanus (1) mo snekTpudeckoil Harpy3Ke mo-
TpeOuTenst Pn MONy4YUM KpPHUBYIO CIpOca TMOTPEOUTENS Ha DSIEKTPHUECKYIO
SHEPTHIO:

Cy, = ¢, — 2P,

Amnanornuno nuddepeniupoBanreM (2) o TEIUIOBOI HArpy3Ke noTpedu-

TeNst Q; MOJIyYUM KPUBYIO CIIpOca MOTPEOUTEINSI Ha TETIOBYIO SHEPTHIO:
CT3 = Cr — ZrTQl'I'
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Crnioco6 paznenenus 3atpar TOL[ Ha TOITMBO MEXTy AIEKTPOIHEPTHEH U
TEIUIOM MIPUHIMITHAIBEHBIM 00pa30M BIIMSET Ha LIEHY AJIEKTPUUECKON U TETIJIOBOU
sHepruu. [IpoOGneme pa3aenenus 3aTpat Ha TOIUIMBO MEXY IEKTPOIHEPrHel u
TEIUIOM TOCBSIIEHO MHOTO padoT, U OKOHYATEIbHBIM PE3yJIbTaTOM JAUCKYCCUMN
I10 3TOM Mpo0eMe cTano NOHUMaHue TOro, YTO HU OJIMH U3 MPENJIOKEHHBIX Me-
TOJIOB pa3JieJIeHHs 3aTpaT Hellb3sl Ha3BaTh OecCrOpHBIM. BBIXOJOM U3 CIOKHUB-
LIET0Cs MOJIOKEHUS MOXKET CTaTh MIPUMEHEHNE IPUHIUIHAILHO APYTOTo MOAX0-
11a, KOTOPBIA BOOOIIE HE JENIUT 3aTpaThl TOIUIMBA MEXKIY 3TUMHU JIByMSI BUJIaMU
SHEPTUH.

CyTb TaHHOTO MTOAXO0Aa COCTOUT B ciienytomeM [3]. B Termnodukanronnoi
yctanoBke TOLl mpon3BOACTBO ANEKTPUUECKON U TEIJIOBOM YHEPTUU MPOUCXO-
JUT B €IUHOM TEXHOJIOTUYECKOM MpOIlecce, MOATOMY 00OCHOBAHHO MOKHO OTI-
PEIENUTH TOJIBKO 3aBUCMMOCTD YJEIBHOTO pacXoja TOIIUBA (Byyy) OT MPOU3-
BOJICTBAa COBOKYMHOM mpoaykiuu P.,,. CoBokymnHas npoaykuus TOL ompene-
JIAETCA KaK CyMMa JBYX BHIOB DHEPIUM: DJIEKTPMYECKOW Harpysku Proy H
MIPUBEJICHHON HATPY3KHU TEIIOPHUKAITMOHHBIX 0TOOPOB Q1511

Peos = Prap + by Qranp, (5)
rae b, — 3JeKTpuuecKuil SKkBUBaJIeHT ofaHoM ['kan paBusiii 1,163 MBT1-u/I'kas.
3arpatsl 375y ONPEAENAIOTCS CIEAYIOMIUM YCIOBUEM:
313 = arsyy (Prag + bs Qran)?, (6)
TI€ drap — KOO(Q(UIMEHT 3aTpaT IpU KBaapaTe COBOKYNHON nmpomykiuu TOLL.

Briurpeim TOL] ycTranaBauBaeTcs CaeayOIMM 00pa3oM:

oy = AsPray + ApQran — aray (Pray + byQrar)?, (7)
Brorpoinuu KOC 1 KOTENbHOM ONpeenseTcss COOTBETCTBEHHO KaK

Py = hsPrac — axacPitac (8)

q)KOT = XTQKOT - aKOTQl%OT' (9)

TJI€ Ayyc U Ayxor — KOADOUIMEHTHI 3aTpaT MpH KBaIpaTe MOIIHOCTH TPOU3BO/I-
CTBa JIEKTPOIHEPTUU U Teria cooTBeTcTBeHHO Ha KOC 1 KOTenbHOM.
Hupdepenpposanuem (6) oTaenbHO 10 Pryy U Qapp MOTYyYHM KPUBbIE
npeanoxenus TOL[ oTAenbHO Ha ANEKTPUUECKYIO U TETIOBYIO SHEPTHIO:
Crairss = 2aran (Pran + bsQran)s Cranrs = 2aran bs(Pray + by Qrany)-
AHaJOTMYHBIM 00pa30M MOJYYUM KPHUBBIE TPEIIOKEHUS sl KOTEIbHON
u K2C:

CKOT = zaKOTQKOT ’ CKBC = zaKBCPKBC'
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[leneByr0 (QYHKIWIO — CyMMapHBIA BBIMTPHII CYOBEKTOB PO3HUYHOTO
peiaka @ — npenctaBum cymmoid (3), (4) u (7) — (9), T.e. caeayOmMM YCIOBHEM:
¢ = c,B, —1,Pf + c;Qy — 1:QF — arsy(Pray + bsQran)? —

— AorQitor—akacPitac- (10)

[Touck makcumyma pynkiuu (10) HEOOX0IUMO MTPOBOJIUTH C YUETOM YCIIO-
BUH CBSI3M (YaCOBBIX OAJIAHCOB DJICKTPOIHEPTHH U TEIUIa B y3JIlaX 3HEProCHUcC-
TEMBI):

Pray + Pxac — B = 0, (1T)
Qray + Qxor — Cn = 0. (12)
N3 Beipakenutii (10) — (12) coctaBum ¢yHkIiuio Jlarpamka:
L =c¢,P, —1,P? + c;Q, — Q5 — aT3u(PT3L1 + baQT3u)2 — AorQior —
— ayacPiac + Ao (Pron + Proc — Pu) + Ae(Qran + Quor — Qu)- (13)

Hckombivu miepemennbiMu B Gynkiuu Jlarpamka (13) sBisrorest Proy,
Q11 Prac Quors Pos @u 1 Ay, Ay B pesynbratel nuddepenuuposanus (13) moay-
4aeM CHCTEMY M3 BOCHhbMH YpaBHEHHH (110 YUCITY UCKOMBIX TiepeMeHHbIX) (Taou.
1). CoBMeCTHOE pelIeHHE CUCTEMbl YPABHCHHI MeTO0M IOCJIe10BaATeTbHbIX
uckoueHuii I'aycca gaet ontuManbHOe 3HaueHue 1eneBoit pynkuuu (13), a
HEolpeieIeHHble MHOXHUTENN JlarpaHka A, M A, YCTaHAaBIMBAIOT IICHY Ha

ANEKTPUIECKYIO U TEIUIOBYIO dHepruto TOLl cOOTBETCTBEHHO.
Tabruya 1.

PesyabTarsl nuddepenunpoBanus GpyHkuuu Jarpanxka
110 HCKOMBIM IepeMeHHbIM

IlepemenHas, 110 KOTOPOiHl | YpaBHeHMe, IOJIyYeHHOE B .
Du3nyecKuil CMbICJI
auddepenumpyror pe3yiabTare
YPaBHEHUs!
¢ynkuuro Jarpanxa audpdepeHuMpoBaHus

DNeKTpudecKas Harpy3Ka P, = (c, — A, /2r, [otpebnsiembiii 00beM
norpedurenei, P, AJIEKTPOIHEPTUU
TennoBas Harpy3ka Q= (c; — Ay /21, [oTpebnsiemMbiii 00beM
norpedurenei, Q TETUIOBOM SHEPTUU
Harpy3ka xoTenbHON, Qyor Quor = M/2040r Harpy3ska xoTenbHOI
DJeKTprudecKas Harpy3Ka Ay = ZaTau( PT3L1+ba QTau) Ilena Ha anexTpo-
TOL, Pray sHepruro TOI]
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TennoBas Harpy3ska TOL], A Ilena Ha TemIoByIO

Qrayy = 2arayb,(Prayg+b,Qray) | 2Hepruto TOLL

Harpyska KOC, Pyyc Ay = 2ay3cPxac Ilena Ha snekrpude-
ckyto sHepruto KOC

Ilena Ha BIIEKTPUYECKYIO Proy + Pgac — B, =0 bananc snexkrpude-

SHEPTHIO, A, CKOI1 oHEepTruu

[lena Ha TEMIOBYIO PHEPTHIO, Qrap + Qxor — Q=0 bananc Tennosoit

Ay DHEPTUHU

Pe3yJ1bTaTbI HCCJIeJ0OBaAHUA

O0bekToM uccnenoBanus OblIa sHeprocuctema, cocrosimas uz KoC, TOL,
pailoHHOM KOTEIbHON M MOTPEOUTENSAMU ANEKTPUIECKON U TETIOBOW SHEPTHH.
YucneHHble pacyeTsl I0Ka3aIl COOTBETCTBUE MOJyUYEHHBIX PE3yJIbTaTOB (aKTH-
YECKUM pPEeXHMMaM MPOU3BOJACTBA M MOTPEOJIEHUs NEKTPUUECKON M TEIIOBOM
suepruu (Tabm. 2).

[Tpu pabote TOL| Ha pO3HUYHOM pBIHKE €€ 3IeKTpuueckas Harpy3ka TOL]
coctaBiseT 122 MBT u TeroBas — 83 I'kan/a. TOIL] siBasieTCS OCHOBHBIM I10-
CTaBIMKOM >HEPIrUU Ha PO3HHUYHBIN pbIHOK. KoTenbHas obecrieunBaeT MeHb-
LIYIO TEIUIOBYIO Harpy3Ky — 63 I'kan/4. C onToBOro pbIHKA Ha PO3HUYHBINA PHIHOK
notrpeduTenu nokynarotT 56 MBT MomHocTu. PeIHOUHAS 11eHa Ha 3JIEKTPOIHEp-
T'HI0 yCTaHOBMJIACh B pazmepe 2,22 py0. 3a oauH KBT 4, a Ha TEMJIOBYIO SHEPTIHIO
— 2,54 py06. 3a ogny I'kau.

O0cy:xnenne pe3yjibTaToB
VYcTaHoBIIEHAa IPUMEHUMOCTh METOZIAa HEOIIPEIETICHHBIX MHOXUTENEN Jla-
rpamka MMpH yIpaBIeHUH PHIHKOM 3IIEKTPOIHEPTHH. YUCIEHHBIC paCcY€EThI IIOKa-

3a]ld COOTBETCTBHE MOJYUYEHHBIX PE3ylbTaTOB (DAKTUYECKUM PEKHUMaM IPOU3-
BOJICTBA M MIOTPEOIECHUS DIEKTPUUECKON U TETIOBOW SHEPTHH.
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Tabnuya 2.

Pe3yabTarsl pacyera nmokasarejeil pbIHKa 3J1€eKTPOIHEPIruu

IMoka3aTtean OnTumanbHoe Pa3zmepHocTb
3HauYeHHUE NOKA3aTeIs noKazareJs

Llena Ha A5IEKTPOIHEPTHIO 2,22 py6/xBT-u
Ilena Ha TETUIOBYIO SHEPTHUIO 2,54 ThIC. py0/I'Ka
DneKkTpruIecKas Harpy3Ka 178 MBT
noTpeduTenei
TennoBast Harpy3ka 146 I'kan/a
roTpeduTenei
BripaboTka a51eKTpo3Hepruu:
e TOI] 122 MBT
e KDC 56 MBT
BripaboTka TemnoBoi SHEpTruu:
o TOI] 83 I'kan/a
e KorenpHOM 63 I'kan/a
BrmrpeIT mpon3BoaUTENICH, 385 THIC. py0/d
BCETO
B TOM YHCIIE: 243 ThIC. py0/d
e TOI] 61 TBIC. py0/d
e KPC 81 THIC. py0/d
e KorempHoOM
Brmrpeim norpedureneit 266 TBIC. py0/d
BbIurpsim 3HeprocucTeMsbl 651 ThIC. py0/q

KpI/ITepI/IeM IMPUMEHUMOCTH JAHHOI'O METOAA ABJIACTCA IMOJTYUYCHHUE aJICK-

BaTHBIX KOJMYECTBEHHBIX PE3yJIbTaTOB ONITHUMHU3ALINU PEXKUMA pabOThI peaabHOU

OHEProCUCTEMBI.

[IpencraBieHHY0 MOJIENb PhIHKA AJIEKTPOIHEPTUU U TEIIa Ienecoolpas-

HO MCIIOJIB30BAaTh AJIA UCCIICJOBAHUS MEXaHU3Ma (bOpMI/IpOBaHI/IH PBIHOYHBIX IEH

Ha 3JIEKTPOIHEPTHUIO U TEII0. B 3TOM cilydae UCTONb30BaHUE Pa3IMIHOTO Poja

,Z[OHYH_ICHI/Iﬁ PEAITBHOI0 phIHKA MOXKET OBITh OLI€CHCHO Y KOHOMHWYCCKHMMMU ITOKa3a-

TEJISIMHU, I10 KOTOPBIM MOXXHO YCTaHOBHUTH, HACKOJIBKO OAJICKO peaHBHBIﬁ PBIHOK

«ymen» OT COBEPIICHHOIO.
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IN ELECTRICITY MARKET MANAGEMENT
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ABSTRACT

The application of the method of indeterminate Lagrange multipliers to the study

of the behavior of players in the electricity and heat market is considered. The method

of successive Gaussian eliminations is used to solve the system of equations obtained by

differentiating the Lagrange equation.

Keywords: electricity market, method of indeterminate Lagrange multipliers,

price of electric and thermal energy.
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AHHOTAIUSA

B pabote paccmarpuBaroTcs 1Ba HHCTPYMEHTa CHMBOJBHOTO aHAIN3a
napasuienbHbIX mporpamm — SIFT u POR-SE, pa3paborannbie Ha 6a3e cuc-
tembl KLEE. Ilens uccienoBanus — CONOCTaBUTh UX TOAXOIbI M 3 HEKTUB-
HOCTb ITPU IOUCKE OIHI/I6OK B IMapauICJIbHBIX IpOorpaMmMax.

SIFT peanusyeT cBONCTBO-OPMEHTUPOBAHHBIN METOJI, KOTOPBIA Orpa-
HUYMBAET KOJMYECTBO MPOBEPSIEMBIX MEKIOTOYHBIX IUIAHOB, aHAIU3HUPYS
JHIh TOTEHIUATBFHO KOH(IUKTHEIE Toukd. POR-SE, HampoTHB, Bcnonb-
3yeT METOJ YaCTHYHO YIOPSIOYCHHOTO BHITOTHEHUS, YTO TTIO3BOJISIET U30e-
raTh U30BITOYHOTO TIepedopa TPAcC M YCKOPSAET aHAIH3.

[t cpaBHEHMS IPUMEHSUIHCH HAOOPHI TECTOB € PA3IMYHBIMHU THIIAMHA
omubok (use-after-free, BEIX0 3a TpaHUIIBI MAacCHBa, HeOe30MacHbIe 00pa-
HICHHUS K TIaMSITH), a TaKke Oe30IacHbIe Clydan.

PesynbraTe nokazanu, uto POR-SE oxBaTeiBaeT 00JbIlIe TUTIOB OIIU-
6ok u pocturaet F1 = 0.86, torma kak SIFT — 0.40. O0a uHCTpyMEHTa He
BBIJTAJTN JIOKHBIX cpadaTeiBaHui. HecMOTps Ha CHIDKEHUE TIPOU3BOIUTENb-
HOCTH Ha CJIOKHBIX nmpuMmepax, SIFT ocraetcs y1o0HBIM pelieHneM Juis 1ie-
JIEBBIX IIPOBEPOK CBOMCTB.

KiroueBsble c10Ba: CUMBOJIBHOE BBITIOJIHEHHUE, aHAIN3 MapaylIeTbHBIX
nporpamm, SIFT, POR-SE.

BBenenune

AHanu3 napauieNbHbIX IPOTPaMM IMPEJICTABIISET COOOH CIIOKHYIO 3a/1a4y

BCJICACTBUC HCACTCPMUHHUPOBAHHOT'O BBaHMOI[CfICTBHH IIOTOKOB U 3KCIIOHCHIIU-
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aJIBHOTO POCTa YMCJIa BO3MOXKHBIX MEXIOTOYHBIX IUIAHOB. DTO JIelaeT Tpaau-
LIMOHHBIE METOJbl TECTUPOBAHUS HEJAOCTATOYHO HAJEKHBIMH JUJISl BBISIBICHUS
OIIMOOK CUHXPOHU3AIIMU 1 HEKOPPEKTHBIX 00paIIeHNU K MaMsTH.

OpaHUM U3 IePCHEKTUBHBIX HAMIPABIICHUH ABIISETCS IPUMEHEHHE CUMBOJIb-
HOTO BBITMIOJHEHHMSI, 00ECTIEYNBAIOIIEr0 CUCTEMATHUECKOE UCCIIEI0OBAaHUE COCTO-
STHUW TTPOTPAMMBI.

B nanHO# paboTe MPOBOAUTCS CpPaBHUTEIBHBIN aHAIN3 MHCTPYMEHTOB
SIFT u POR-SE, ocnoBannbix Ha minatdopme KLEE, ¢ nienpio oneHku ux 3¢-
(eKTUBHOCTH TpU OOHAPY’KEHUHU OIIMOOK B MHOTOMOTOYHBIX MPHJIOKEHUIX U
M3YYEeHMsI pa3Inyiii B IPUMEHSAEMbIX UMU METO/IaX COKpAIIEHHs MPOCTPAHCTBA
COCTOSIHHIA.

e padoThbi

[{enbto pabOTHI ABISETCS aHAIU3 METOJIOB CUMBOJILHOTO BBITIOTHEHUS JIJIs
MHOTOIMOTOYHBIX MPOTPAMM W CpPaBHUTEIbHAsI OllEHKa MHCTpyMeHTOB SIFT u
POR-SE.

MarepuaJibl

B pabote cpaBHHMBarOTCS ABa MHCTPYMEHTa CUMBOJILHOTO aHajIM3a mapai-
nensHbIX iporpaMm — SIFT u POR-SE, ocHoBanubie Ha cucteme KLEE.

SIFT ananmu3upyeT TOJBKO MOTCHIMAIBHO KOH(DJIUKTHBIE TOYKHA MEKITY
MOTOKAMHM, COKpAIasi IPOCTPAHCTBO COCTOSIHUM.

POR-SE npumMensieT 4aCTUYHO-yTOPSI0OYCHHOE BBIMIOJTHEHNE, 00HETHHSIS
SKBHUBAJICHTHBIE BAPUAHTHI M UCKIIIOUas U30BITOYHBIE TPACCHI.

PesyabTarsl

Cpasuenue nactpymentoB SIFT u POR-SE npoBoaunock Ha Habope npo-
rpaMM, BKJIIOYAIOLIEM KOJAbl U3 MOMYJSPHBIX JaTaceTOB, UCIOIb3yEMbIX B HC-
CJIEIOBaHUSIX MHCTPYMEHTOB aHaJIM3a MapajUIesIbHBIX IPOTrPaMM, a TAKXKe TECTHI,
Bxosue B coctaB npoektoB POR-SE u SIFT.

B Ta6n. 1 mpuBeneHBI OCHOBHBIE TOKa3aTesld 3(P(HEKTHBHOCTH O0OHMX

WHCTPYMEHTOB.
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Tabnuua 1.

Pe3yabTaThl CpaBHEHHS HHCTPYMEHTOB
(TP — naiinennbie om0k, TN — KOppeKTHO onpeaeeHHbIE §e30NaACHbIe
ciayyau, FN — nponymennbie omudku, FP — j0xkHbIe cpadaTbiBaHNsA)

IToka3arennb POR-SE SIFT
TP (nailimeHHBIC OMIUOKK) 18 6
TN (Ge3omacHbIe ciTydan) 3 3
FN (npony1iieHHbI€ OIINOKK) 6 18
FP (;o>xnbIe cpabaThiBaHMS) 0 0
Precision 1 1
Recall 0.75 0.25
Accuracy 0.78 0.33
F1 0.86 0.4

ITo pesynbratam skcnepuMeHToB POR-SE nokazan 6osiee BBICOKYIO MOJI-
HoTy aHanu3a (Recall = 0.75) u o6uryro 3¢ pextusHocts (F1 = 0.86) o cpaBHe-
nuto ¢ SIFT (Recall = 0.25, F1 = 0.40).

O0a uHCTpyMEeHTa NPOAEMOHCTPUPOBAIN OIMHAKOBYIO TOUHOCTH (Precision
= 1) U OTCYTCTBHE JIO)KHBIX CpaOaThIBAHUH.

ITpu sToMm SIFT 3ameTHO ObICTpEe 0OpabaThIBaeT MPOCThIE TECTHI U YI00CH
JUIs LIeJIEBBIX IPOBEPOK CBONCTB, Torna kak POR-SE oGecneunBaer 6osee moi-
HOE MCCIeI0BaHNE MEXKITOTOYHBIX B3aUMOICHCTBU U JTy4Ille BBISABIISET OIINOKI
B CJIOXKHBIX ITpOrpammax.

3akino4eHue
B xone paboTs! OblTn n3ydeHsl U cpaBHeHbl MHCTpyMeHThl SIFT u POR-

SE, NMpEeAHA3HAYCHHBIC AJId aHAJIN3a MTapaJlJICJIbHBIX IIPOrpaMM € UCII0JIb30BaHH-
€M CHUMBOJIBHOI'O BBIIIOJIHCHUA.
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OxcnepuMeHTHl 1okazanu, 4To POR-SE sddexkTrBHEe Ha CIOXHBIX MPHU-

Mepax ¥ oOHapykuBaeT Oosbline ommrook, Toraa kak SIFT ObicTpee u moaxoaut

JUISL TOYEYHBIX IIPOBEPOK KOHKPETHBIX CBOMCTB.

Oo6a HHCTPYMCHTA MOKAa3aJIN HAACKHBIC PE3YJIbTAThI U OOIIOJHAOT APYyT

npyra: SIFT yno6en ans 6sictpoit auarnoctuku, a POR-SE — nst 6onee rimy60-

KOT'0 aHaJn3a MHOTOITOTOYHBIX B3aUMOJICHCTBHI.
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COMPARATIVE ANALYSIS OF MULTITHREADED
PROGRAM ANALYSIS METHODS
BASED ON SYMBOLIC EXECUTION
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ABSTRACT

This study compares two symbolic execution tools for multithreaded program
analysis — SIFT and POR-SE, both built on top of KLEE. The goal was to evaluate their
effectiveness and practical differences when detecting concurrency-related bugs.

SIFT applies a property-directed approach that limits exploration to potential
conflict points between threads. In contrast, POR-SE uses symbolic partial-order
execution to merge equivalent thread interleavings and reduce redundancy in
exploration.

The evaluation was performed on several benchmark sets containing both faulty
and safe multithreaded programs, including cases of use-after-free, out-of-bounds
access, and unsafe memory usage.

According to the results, POR-SE achieved broader coverage and higher recall
(F1=0.86) compared to SIFT (F1 = 0.40). Both tools produced no false positives. While
SIFT scales less effectively on complex programs, it remains efficient for targeted
property checking.

Keywords: symbolic execution, multithreading program analysis, SIFT, POR-
SE.
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ABSTRACT

This article presents the design and implementation of an educational
process mining system based on Petri nets. The task is to establish a
connection between raw data obtained from e-learning platforms and the
process insights derived from them using process mining methods. Petri
nets are used as a way of process modeling, and the Inductive Miner
algorithm is used for process discovery. Based on this, a system has been
developed that retrieves the event log for the student from the Learning
Management System (LMS) and automatically generates a process model
that reflects the flow of the student's educational activities. As a result,
models represented Petri nets, which both visually and formally depicted
how the educational process actually occurred.

Keywords: Petri nets, process mining, e-learning, LMS Moodle,
Inductive Miner.

1. Introduction

Currently, the number and demand for electronic learning platforms is
inevitably growing. Learning platforms collect a large amount of data from
Learning Management Systems (LMS), online educational platforms, and other
sources. The analysis of this data allows to assess student's achievement and
teaching effectiveness. However, educational stakeholders are increasingly
interested not only in understanding what students learn, but also how they learn.
In many cases, it is challenging to form a comprehensive understanding of the
optimality of teaching processes, the fulfillment of requirements, the procedures
for achieving learning outcomes, and the effective use of scheduled hours.
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LMS systems record in detail the interactions of students with the system,
for example, the sequence of page views, testing attempts, filling in question-
answer fields, and submitting homework assignments. Analysis of event logs
enables not only the observation of student progress but also the identification of
the actual structure of processes, emerging failures, and repetitions.

Key issues related to educational data analysis include:

- Lack of understanding of processes: Traditional analytics (such as grade
prediction or student engagement studies) do not reveal the process that students
follow. Without learning process analytics, educators may miss important
patterns such as the number of attempts made during a course, skipping material,
or information about barriers.

- Data volume and complexity: An online course can generate thousands
of events for each student. Analyzing these sequences of events manually is
impossible.

This work aims to design a system that addresses the problems mentioned
above by integrating process mining techniques and their modeling with Petri
nets in the educational field.Petri nets offer a convenient graphical language for
modeling parallel processes, making them suitable for representing student
workflows. Using process discovery algorithms, the system can automatically
construct Petri net models from raw event logs that express student actions. Petri
nets provide a graphical representation of processes, enabling the depiction of
both the structure of processes and their dynamic characteristics.

2. Methods

The proposed system utilizes Process Mining techniques integrated into a
custom-developed software solution. The implementation follows a rigorous
methodology to ensure data integrity and structural correctness of the discovered
models.

2.1. Implementation Architecture
The system architecture consists of three primary modules: the Data

Extractor, the Log Transformer, and the Model Discovery Engine. The system
connects directly to the LMS Moodle SQL database. It specifically targets tables
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related to user activity (Fig. 1). Raw data is filtered to identify individual student
traces. Each trace consists of a Case ID (Student ID), Activity (Task performed),
and a Timestamp. The output is a structured event log. The Inductive Miner
algorithm is employed for process discovery. The inductive miner builds a block-
structured model of the process, which is represented as a process tree. This
choice is predicated on its ability to produce sound Petri net models, ensuring
that the visual representation contains no logical deadlocks.

case id timestamp activity user name |problem |language

User #612 | P10 | 2023-11-06 Wrong User #612 10 gce
15:43:49+00:00 | Answer

User #612 | P10 | 2023-11-06 Compilation | User #612 10 gcc
15:50:44+00:00 | Error

User #612 | P10 | 2023-11-06 Pending User #612 10 gcc
16:07:51+00:00 | Review

User #612 | P11 | 2024-01-22 Compilation | User #612 11 gcc
17:18:13+00:00 | Error

User #612 | P11 | 2024-01-22 Wrong User #612 11 gcc
17:24:34+00:00 | Answer

User #612 | P11 | 2024-01-22 Wrong User #612 11 gce
17:28:13+00:00 | Answer

Fig. 1. The initial state of process data.

Once the Inductive Miner processes the logs, the result is translated into a
Petri net. This involves defining the set of places (P), transitions (T), and arcs (F)
that represent the educational workflow. This formal structure allows for
mathematical verification of student behavior against the intended course
curriculum. As the last step, the performance and frequency analysis are
performed on already formed Petri Nets, which represent student behavior during

the process. (Fig 2.)
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Fig. 2. The constructed Petri Net with its performance and frequency analysis

3. Results

The implementation and testing of the system demonstrated that process
mining is highly practical in an educational context. The system successfully
transformed complex event logs into legible Petri net models. During testing, the
system effectively handled logs containing thousands of entries, generating
process models in near real-time. The models accurately reflect the primary
process flows of various courses, allowing educators to see where students
deviate from the intended curriculum or where they encounter bottlenecks. The
application of the Inductive Miner algorithm ensured that the resulting Petri nets
were structurally valid. The discovered models provided a clear visualization of
the “as-is” process, highlighting loops (repeated attempts at assignments) and
parallel activities (studying different modules simultaneously) that were
previously hidden in the raw database entries.

4. Discussion

The use of Petri nets provides a unique advantage by offering both a visual

representation for human interpretation and a mathematical basis for formal

37



verification. This research shows that educational institutions can gain a clearer

understanding of real student behavior. Future applications may include

automated assessment, which can verify if a student followed the required

sequence of tasks before receiving credits. If a student bypasses mandatory

literature but completes an assignment, the system can flag this anomaly, or

temporal analysis, which can determine if students utilized the allocated time

effectively or if independent work was performed as expected. Future research

will focus on extending the model to consider more nuanced student behaviors

and real-time monitoring of educational processes.
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AHAJIN3 OHJIAHH-OBPA3OBATEJIBHBIX ITPOIIECCOB
C UCHOJIb30BAHUEM CETEM IIETPH

E. Bockansan, M. Xananuan, A. Osaxumsan
Epesanckuii 2ocyoapcmeennviil ynusepcumem

AHHOTAIUA

B I[aHHOI\/'I CTAaTbhC NPCACTABJIICHO ITPOCKTUPOBAHNE U pC€ain3aliid CUCTCMbI MHTCII-
JIEKTYaJILHOTO aHalu3a 00pa3oBaTeIbHBIX MPOIecCOB Ha ocHOBe cetel [letpu. 3amaua
COCTOUT B YCTAHOBJICHUU CBSI3M MEXKy HEOOpaOOTAHHBIMH TAHHBIMH, TIOJTYYACMBIMH C
m1aT(GopM IEKTPOHHOTO O0YUYEHHUS, U BRIBOJIAMH O MPOLIECCE, H3BICKAEMBIMU H3 3TUX
JIAHHBIX C MCIIOJIb30BAHUEM METOJIOB aHalIu3a MPOIIECCOB (process mining).

Ceru [leTpu UCTIONB3YIOTCS KaK CPEIACTBO MOJCIMPOBAHUS MPOLIECCOB, a aJro-
put™ Inductive Miner — it ux oOHapy»xeHus. Ha aToif ocHOBe OblIIa pa3paboTaHa cuc-
TeMa, KOTopas U3BJICKAaeT KypHaJ coObITHI (event log) cTyZieHTa 13 CHCTEMBI yIpaBiie-
Hus o0yuenueM (LMS) u aBToMaTHUeCKU TeHEPUPYET MOJIEIH MPOIIECCa, OTPAKAIOIIYIO
X071 ero o0pa3oBaTeNbHON AEATENFHOCTH. B pe3ynbTaTe MONMy4aroTcsi MOACTH, Mpe-
CTaBJICHHbIC CeTMHU [leTpH, KOTOpbIe KaK BU3YaJIbHO, TaK ¥ (JOPMATBHO OMHCHIBAIOT
peanbHOE MPOTeKaHHe 00pPa30BaTEIBLHOTO MpoIecca.

KaroueBsnlie ciaoBa: cetu [leTpu, aHanm3 npolieccoB, 3JICKTPOHHOE OO0ydYeHHE,
LMS Moodle, Inductive Miner.
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ABSTRACT

This paper presents a software system for the automated real-time
detection, stabilization, and analysis of projectile impacts in video
sequences. The system utilizes a model to identify the region of interest
automatically. Impact events are identified through a multi-method
approach that combines the inter-frame transformation magnitudes,
background subtraction, and contour analysis within a defined mask. The
system outputs annotated frames marking the precise impact location and
calculates its coordinates relative to the center of the target.

Keywords: Impact detection, computer vision, optical flow, video
stabilization, background subtraction.

Introduction

Accurately detecting and localizing impact points in video sequences is an
important task in various domains, including sports analytics, defense
applications. Manually reviewing footage to identify and localize these events is
time-consuming and prone to human error.

Traditional motion detection algorithms, while simple and efficient, are
often prone to false positives caused by minor camera movements, lighting
changes, or irrelevant background motion. More advanced systems use high-
speed cameras or additional sensors to achieve higher precision, but such setups
are costly and less accessible. With the growing availability of high-resolution
video and advances in computer vision, it is now possible to achieve similar
accuracy using standard cameras combined with intelligent image processing
techniques.
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Existing approaches often rely on background subtraction [1, 2], but these
can be sensitive to dynamic backgrounds. More recent methods incorporate deep
learning for object detection [3, 4], but real- time performance and accurate
localization remain challenges.

While many existing approaches focus on detecting impacts on a fixed
target (e.g., a gong), real- world scenarios frequently involve shots that miss the
target and hit the surrounding ground. These ground impacts carry valuable
information - for example, for adjusting aim, evaluating projectile spread, or
tracking shot trajectories.

Related Work

The detection and localization of impact events in video intersect several
key areas of computer vision, including motion detection, video stabilization,
background modeling, and object detection. Traditional methods, such as frame
differencing and background subtraction (e.g., Gaussian Mixture Models [1] or
running averages [2]), are computationally efficient but often fail in real-world
conditions due to camera motion, dynamic backgrounds, and illumination
changes.

Video stabilization has been widely studied to mitigate the effects of
camera shake. Classical feature-based methods, including those based on the
Kanade-Lucas-Tomasi (KLT) optical flow [5] or SIFT/SURF feature matching
[6], estimate inter-frame transformations to compensate for unwanted camera
shake. More recent stabilization approaches leverage homography estimation and
motion smoothing [7], enabling more robust separation between scene motion
and camera-induced motion. However, these methods are typically applied
offline and are not optimized for real-time impact detection tasks.

For object localization, deep learning-based methods such as Faster R-
CNN [3], YOLO [4], and more recently, Segment Anything Model (SAM) [8],
have achieved high accuracy and generalization, but are not well suited for
transient, small-scale events such as projectile impacts. Recent variants such as
Fast Segment Anything Model (FastSAM) [9] offer real-time segmentation
performance, making them suitable for target identification in streaming video.

Some approaches focus exclusively on detecting impacts on a fixed target,
such as gongs or metallic plates, using vibration analysis or frame differencing.
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However, these methods are limited to hits within a predefined area and fail to
detect ground impacts, which can be critical for applications such as ballistic
calibration or trajectory reconstruction.

In summary, existing techniques either rely on motion cues that are
sensitive to environmental factors or on object detectors not optimized for short,
transient events. The proposed system addresses this gap by combining real-time
target segmentation, feature-based stabilization, and a multi-method detection
strategy to robustly detect and localize both target and ground impacts.

Proposed Method

The proposed system is designed as a modular pipeline that integrates
several computer vision techniques to achieve robust, real-time impact detection.
The overall architecture, depicted in Figure 1, consists of five main stages: (1)
video input and preprocessing, (2) target identification and initialization,

(3) frame stabilization and motion compensation, (4) multi-method impact
detection and analysis, and (5) data fusion and output. The following subsections
provide a detailed exposition of each stage.

Preprocessin
’ P g Target User
Video Input > and Frame ; > .
) Detection Selection
Selection
- - Y
. Rest’“t'F - M“'lt"MetthOd g Dual | _ Stabilizer
OSSR [ mpac.: [~ Stabilization | Initialization
and Output Detection

Figure 1. System Architecture Diagram.

1. Video Input and Processing
The process begins by capturing the video stream from a file or a live

camera feed. Each frame is resized to a fixed resolution (e.g., 1280 x 720) to
standardize processing and reduce computational load. A preprocessing step
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removes black areas caused by the phone being attached to binoculars, ensuring
that only the relevant visual region is analyzed and reducing unnecessary
computation.

2. Target Identification and Initialization

Accurate and stable target identification is critical for reliable impact
localization. This is achieved by using the FastSAM segmentation model, which
provides high accuracy and real-time performance.

From the segmented output, candidate regions are extracted based on
confidence scores and presented to the user for manual confirmation. This user-
in-the-loop initialization ensures precise target selection (e.g., the gong), which
is used to initialize the stabilization module.

3. Frame Stabilization and Motion Compensation

To separate true impact motion from camera shake, the system applies
feature-based video stabilization. After the target is selected, keypoints are
extracted from the reference frame (the frame after target selection) and tracked
across subsequent frames using the Kanade—Lucas—Tomasi (KLT) optical flow
algorithm. For each keypoint p; = (x-,yj)T in the reference frame, the
corresponding p’; = (x';,y’;)" in the current frame is found. The matched

feature pairs are used to estimate a partial affine transformation matrix:

pi~ A fj]aAt=[ G an tx]-

az1  QAzz ty

Each frame is warped using the inverse of this transformation to produce a
stabilized video stream in which the target remains stationary. The magnitude of

At = JtZ +t2,

and stored for subsequent impact detection.

motion is computed as:

4. Multi-Method Impact Detection and Analysis

Impact detection combines two complementary methods for reliability.
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Method 1: Transformation Magnitude-Based Detection. This method acts
as a high-confidence trigger. A projectile impact typically induces a sudden,
sharp impulse to the target, causing a momentary, large displacement. This
manifests as a significant peak in the magnitude of the stabilization
transformation. When this magnitude exceeds a dynamically adaptive threshold,
it is interpreted as a primary indicator of a hit event, initiating the relevant frames
saving process.

Method 2: Contour Analysis within a Region of Interest (ROI). This
method provides precise impact localization. A dynamic background model B;of
the target is maintained using a running average:

By=(1-a) By +a-If,
where I, is the original frame, B, = I&°!, and 0 < @ < 1. This background
model blends information from each new frame with the existing background.
This allows the model to adapt to slow, natural changes (such as lighting
variations) while ignoring short, sudden disturbances. The absolute difference
between the current target ROI and this background model is computed and
thresholded to create a binary mask of changes.

Contours extracted from this mask are filtered to remove edge noise and
combined using a custom merging algorithm.

The algorithm works by computing the distance between contour centroids.
For two contours with centroids at positions ¢; = (x;,¥;) and ¢; = (x;,¥;), the
distance is calculated as:

d(i,j) = (i — %)% + (vi — ¥;)%
Contours with centroids closer than a distance threshold, d(i,j) < T4ist,

where 745 1S a predefined distance threshold, are joined if their merged convex
hull area is within an acceptable range.

Remaining contours are evaluated for circularity, defined as:

4TTA
C ==
PC

where A, and P, are the contour’s area and perimeter. This metric ranges from 0
(complex shape) to 1 (perfect circle). Contours with C > 7., are classified as
valid impact points, where 7., is a predefined circularity threshold. This ensures
only circular patterns characteristic of projectile impacts are selected.
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5. Data Fusion and Output

When a hit is confirmed by either method, the system synthesizes the data.
The impact coordinates are transformed back to the original frame's coordinate
system using the inverse of the stabilization transformation matrix. As we have
2 X 3 an affine transformation matrix A, it is first converted to a 3 X 3
homogeneous matrix:

o A B a1 a2 iz
hom = 0 0 1| a1 a2 y
0 0 1]

The inverse transformation Aj}, is computed, and the impact point

Dstap = (x,,1)! in homogeneous coordinates is transformed as:
Poriginal = Aﬁgm " Pstab-

The system then calculates the normalized offset relative to the target's
center, providing metrics such as "X: 0.125 LEFT", which indicates the hit was
located 12.5% of the target's width to the left of center. The final annotated frame
displays the target boundary, detected impact point, and offset information, as
shown in Figure 2.

Results

To evaluate the performance of the proposed system, we compiled a dataset
consisting of 71 videos, each approximately two minutes long. The dataset
includes a range of scenarios: videos with no impacts, only gong hits, only off-
target (ground) impacts, and those containing both. This diversity allows for a
comprehensive evaluation of both gong and non-gong impact detection.

After processing the entire dataset, the system produced a total of 227
annotated detections, each of which was manually reviewed and classified. The
distribution of detections is summarized in Table 1.

In total, 185 out of 227 detections (81.5%) were correctly localized,
demonstrating the system’s ability to accurately identify both gong and off-target
impacts. The remaining 11% of ambiguous detections were mainly caused by
strong camera motion or simultaneous activation of multiple detection methods.
These cases suggest directions for future improvement, such as implementing
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temporal filtering and decision fusion strategies to further enhance system
stability and precision.

Table 1.
Results of system testing
Category Description Count
Correct off-target Hits not on the gong but correctly 159
detections localized
Correct gong detections | Hits on the gong, correctly localized 26
Gong detections with Hits on the gong, detected but with
localization error incorrect impact location 7
Off-target detections Hits not on the gong, detected but
with localization error | with incorrect impact location 10
Unrelated / ambiguous | False detections caused by camera
detections shake or duplicate detections from 25
multiple methods

(a) (b)

Fig. 2. Representative examples of successful impact detection:
(a) On-target hit accurately detected and measured on the gong surface;
(b) Off-target hit correctly localized in the background.
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Conclusion

In conclusion, the implemented system demonstrates a robust and effective
approach to automated impact detection. This system has practical applications
in automated scoring systems, scientific experiments, and security monitoring.
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ABTOMATU3UPOBAHHOE OBHAPYKEHUE
U AHAJIN3 BO3JEMCTBHUII CHAPSJIOB
C UCITOJIb30BAHUEM KOMITBIOTEPHOI'O 3PEHUSI
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Poccuiicko-Apmanckuii ynueepcumem

AHHOTALMS

B nmanHoii paboTe mpeacTaBieHa MporpaMMHasi CUCTEMa I aBTOMAaTHYECKOTO
oOHapyKeHHUs, CTAOMITU3aIlUH U aHaJI3a [TOTIaJaHI CHAPSI0B B BUICOTIOCIIEIOBATEIh-
HOCTSIX B peXHMeE peanbHoro BpemeHu. CrucreMa aBTOMAaTHUECKH ONpenessieT 00aacTb
WHTEpeca ¢ OMOIIBIO Mojieni cerMeHTanru. CoOBITHS MONaJaHuii BBISBISIOTCA C T10-
MOIIIbI0 MHOTOYPOBHEBOT'O MTO/IX0/a, KOTOPBIM COYETAET aHAN3 MEXKAAPOBBIX MPeod-
pa3oBaHWM, BEIYATAaHUE (hOHA W KOHTYPHBIN aHATN3 B 3aaHHON Macke. Ha BeIxome cuc-
TeMa (OpPMUpYET aHHOTUPOBAHHBIE KaJphl C TOUYHBIM yKa3aHHEM MECTa IMONaJaHus 1
BBIYUCIACT €0 KOOPAWHATEI OTHOCUTEJILHO LECHTPA LEIN.

KiroueBble cjioBa: 0OHapyKeHHE yIapoB, KOMIIBIOTEPHOE 3pEHUE, ONTHIECKUN
MIOTOK, CTA0MIIN3anns BUEO, BEIYUTaHNE QOHA.
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AHHOTALOUSA

B nannoii paboTe npeacTaBieHbl METOABI PACIIMPEHUS BO3MOXKHOC-
Ten COBPEMCHHBIX OTJIAAYMUKOB JJIsI PCIICHUA HpO6.HCM, CBA3aHHBIX C OT-
JaJIKOM MaKpOCOB MPETPOIECCOPa U BOCCTAHOBJICHHEM ITEPEMEHHBIX, Y/Ia-
JICHHBIX B IpOIecce ONTHUMHU3ALUKM KOMIMWIATOpOoM. Pa3paboran mmarux
i ornagurka GDB, mo3BonsIOmUi MOIIArOBO OTJaKMBaTh MAaKpOCHI
C/C++ u BoCCTaHABIMBATh 3HAYCHUS! ONTHMHU3UPOBAHHBIX MIEPEMEHHBIX.
Merton ocHOBaH Ha cOope JIOMOJTHUTEIBHON OTIIa09HON HH(DOpMAIH U3
npenoOpaboTaHHON BEPCUH MPOrpaMMbl U COXPAHEHHH COCTOSHUM Iepe-
MEHHBIX Ha KQ)XJOM L1are BeIIOIHEHU. [IpoBeaeHo TecTupoBaHue Ha pas-
JWYHBIX CIIEHAPUAX, MoATBepkaaromee 3pQeKTHBHOCTD MpeaIoKEHHBIX
pELIECHUN.

KiroueBble cjioBa: OTiIagKa, MakpoChl IPENpPOLECCOpa, ONTUMH3A-
uus komnunsitopa, GDB, DWARF.

BBenenune

CoBpemMenHnble oTaaauuky, Takue kak GDB u LLDB, siBnsitoTcst He3aMeHu-
MBIMH MHCTPYMEHTaMH JUIsl pa3pabOTUYMKOB MporpaMMHoro obecrieueHus. OHU
MIO3BOJISIIOT TOIIArOBO BHIMIOJHATE KOJI, aHAJIM3UPOBATh 3HAYCHUS IEPEMEHHBIX,
yCTaHaBJIMBATh TOYKU OCTAHOBA U MCCIIEI0BATH IPUYMHBI HETIPABUIILHOTO TTOBE-
nenus nporpamMm. OHaKO, HECMOTPSL HA UX Pa3BUTOCTh, CYLIECTBYIOT CEphe3-
HbIE OTPaHMYECHHS, CBSI3aHHBIE C OTJIAJIKOM MaKpOCOB MPEMNpOIIeccopa U ONTUMHU-

3UPOBAHHOTO KOAA.
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[Ipenponeccopasie Makpochl B C/C++ BBIMOIHAIOTCS Ha 3Tare npeaoodpa-
00TKH, 10 Hayaa KoMmuwisaud. [lociie mpenoOopadoTKK UCXOIHBIN KO ¢ MaKpO-
CaMU MCYEe3aeT, U BCE MOCIEAYIOIINEe CTaAlul KOMIWIALNUN paboTaloT ¢ pa3Bep-
HYTBIMH BEPCHUSIMH MaKpOCOB. DJTO JeaeT HEBO3MOXKHBIM YCTAHOBKY TOYEK
OCTaHOBAa BHYTPHU MaKpoca, MOIIAaroBO€ BBINOJIHEHNUE WIH MPOCMOTpP 3HAUYECHUMN
JIOKAJIbHBIX NEPEMEHHBIX B Tesle Makpoca. Jlaxke ncrosib3oBaHue (prara KOMIH-
JSUH -g3, KOTOPBIN 100aBiseT HHPOpMaIMIO 0 MaKpOCcax B OTJIal04HbIE JaH-
HbI€, HE TPEJOCTABISET BO3MOKHOCTH MOJHOLIEHHOHN OTJIaJIKU MaKpOCOB.

[TapanienbHo ¢ 3TUM, ONTUMM3AIMH KOMIWISTOPA U3MEHSIOT CTPYKTYpPY
nporpamMmel. [Ipu Brimtouennn ¢uraroB ontumuzanuu (-O1, -02, -O3) koMnus-
TOp MOXET yJaJUTh HEUCIOJIb3yeMble MepEeMEHHBIC, 00bEIUHUTh BBIPAKEHUS
WM U3MEHUTH TOPSAOK BhIUMCIEHUH. B pe3ynpTaTe OTIaguuK CTaNIKUBAETCs C
CUTYyaIlMel, Korja rmepeMeHHbIe TTIOMEYaroTCs Kak <optimized out™> 1 CTaHOBATCS
HEJOCTYIHBIMU JIJISl aHAJIN3a.

Heab padoTsl — pazpaboTaTh U peain30BaTh METOAbI, HAlIPaBJICHHbIE HA
paciupeHe BO3MOXHOCTEH OTJIaJUUKOB, B YaCTHOCTHU: 00ECIIeUeHre MOAePK-
KM MOILIArOBOM OTJIaJIKU MaKpOCOB MPENpoIeccopa U BOCCTAHOBIICHNE 3HAUEHUN
MePEMEHHBIX, yIaJeHHBIX KOMIIUISTOPOM B MPOLIECCE ONTUMU3ALINU.

Tabnuya 1.
Pe3y.]'leaTl>I TECTUPOBAHUSA «OTnazuca MaKpocCoB»
TecToBbIA cny4yaid PaGotaeT | He paGoTaer
Makpoc M3 0gHOR CTPOKK
MHOrocTpoUYHbIi Makpoc
Makpoc, BbisbiBAEMbIA BHYTPW LMK
Makpoc B iffelse KoHCTpyKLMK
Makpoc BHYTpH Makpoca (BNOXeHHbIE Makpocsl)

Makpoc yaanéd nocne npenpoueccuHra

XX<<<K

50



Hanee mpuBenena Tabnuua (Tabn. 2), oTpakaromiasi KOPPEKTHOCTh BOC-
CTaHOBJICHUS TIEPEMEHHBIX, ONITUMU3UPOBAHHBIX KOMIMISATOPOM BO BPEMs OT-

JaaKu.
Tabnuya 2.
PQSyJILTaTbI TECTUPOBAHUA
«BoccTaHoOB/IeHHE OITHMHU3UPOBAHHBIX IIEPEMECHHBIX)
TecToBbIi cny4yaii Pa6Gortaet /| He paGoTaet

OnNTUMU3UPOBAaHHAA NepemeHHan (00bIuHaRA)

OnNTUMU3UpoBaHHas NepemMeHHas BHYTPU YCoBUA

MNepeMeHHan NoMHOCTEI YAaneHa

ONTUMU3UMPOBaHHAA NoKaNsHas NepeMeHHas B
KOPOTKOXUBYILLER 06NacTU BUAUMOCTH

MapameTp (QyHKUUKU, ONTUMUIUPOBAHHBLIA U HE UCNONb3YEMBbIR

X < X<

3aKjIouYeHue

B nannoii pabote Oblia mocTaBieHa Iefib — pa3padoTaTh U PeaTn30BaTh
METO/IbI J151 yCTPAHEHUS CYIIECTBYIOIIMX OTPaHUYEHUN COBPEMEHHBIX OTJIa UM~
KOB, CBSI3aHHBIX C HEBO3MOYKHOCTBIO OTCIIEKHMBATh MAaKpOCHI Ipenpoieccopa u
BOCCTAHABJIMBATh [IEPEMEHHBIE, YJAIECHHBIE B MPOIECCE ONTUMH3ALUN KOMIIH-
asitopoM. Jl7st TOCTHKEHUs 3TOM 1eiu ObutM pa3paboTaHbl M PeaTn30BaHbI pe-
IICHUs, pacIIupsone (yHKIHOHAIBHOCTD OTIAJYUKOB.

B wacTHOCTH, OBLI CO3/1aH IIATHMH, ITO3BOJISFOIIIHI:

v/ OTCIICKHMBAThH U BU3YAITU3UPOBATH Pa3BEPTKH MAKPOCOB HA ITAIIE OTIIAJI-

KU,

v/ BOCCTAHABIIMBATh 3HAYECHHS [IEPEMEHHBIX, IOMEUCHHBIX KaK «optimized

outy.

[Tomy4yeHHBIE Pe3yIbTATBI MOTYT CIIY’KUTh OCHOBOM IS JaJIbHENIIETO pas3-
BUTHUS OTJIAJUUKOB.
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METHODS FOR IMPROVING DEBUGGING OF OPTIMIZED
EXECUTABLE FILES

A. Tatosova, M. Arutunian, H. Aslanyan

Russian-Armenian University
Institute of Mathematics, Physics and High Technologies

ABSTRACT

This paper presents methods for extending the capabilities of modern debuggers
to address issues related to debugging preprocessor macros and recovering variables
removed during compiler optimization. A plugin for the GDB debugger has been
developed that enables step-by-step debugging of C/C++ macros and recovery of
optimized variable values. The method is based on collecting additional debugging
information from the preprocessed version of the program and saving variable states at
each execution step. Testing on various scenarios confirms the effectiveness of the
proposed solutions.

Keywords: debugging, preprocessor macros, compiler optimization, GDB,
DWAREF.

53



DOI 10.24412/cl1-37522-2026-54-58

OBHAPY’KEHHUE OIIINBOK B KOJE
CMAPT-KOHTPAKTOB C IOMOMLIBIO
CTATHUYECKOI'O AHAJIN3A

JI. Toemacan, O.M. Moecucan

Poccuiicko-Apmanckuii ynueepcumem
Hncmumym mamemamuru, puzuxu u @blCOKUX MEXHOL02UL
shushanik.tovmasyan@student.rau.am, hovhannes.movisiyan@rau.am

AHHOTALMS

B nmanHo#t paboTe mpoBeseHO HCCIe0BaHNE METOJ0B CTaTHYECKOTO
aHanm3a Juisl OOHApPYKEHUs YSA3BUMOCTEH B CMapT-KOHTPAKTaX Ha SI3BIKE
Solidity. Pa3zpaboTansl 1 peaqn30BaHbl TPU ACTEKTOPA Ui OOHAPYKEHUS
ys3BuMocten: «HeoOpaboTaHHBIE HU3KOYPOBHEBBIE BBI3OBBIY, «Omedar-
Ka» M «ABTOpHU3anus depes tx.originy. TecTupoBaHue Ha CyIIECTBYIOIINX
Y CO3/1aHHBIX Ha0Opax NaHHBIX MMOKa3aJlo, 4To pa3paboTaHHbBIE AETEKTOPHI
JocturatoT TOYHOCTH 96—100%, MPEeBOCXOAST CYIIECTBYIOIIUE HHCTPY-
meHThl. Ha Habope u3 30000 peanbHBIX MPOEKTOB AETEKTOp HeoOpaboTaH-
HBIX HU3KOYPOBHEBBIX BBI30BOB TOKa3al precision 98,5%.

KiroueBble ¢JIOBa: CMapT-KOHTPAKTHI, CTaTHUeCKUi aHamu3, Solidity,
YSI3BUMOCTH, IE€TEKTOPHI OITHOOK.

BBenenune

Ethereum 6y10x4eliH MUPOKO PACTIPOCTPAHMIICS KaK ACLIEHTPATU30BaHHAS
wiargopma i MyOJuKau cMapT-KOHTPakToB [1]. C pocToM MomyiIspHOCTH
OnokueiiHa Bce OOJIbIIEe MPOTrPaMMHUCTOB IMyOIHMKYIOT CMapT-KOHTPAKTHI, YTO
MPUBOJUT K YBEIMUYEHHIO Ys3BUMOcTel B koje. [lo craructuke Chain Analysis
[2], B meprox 2015-2022rr. o61mas cymma yKpaJeHHbIX XaKepaMH CPeJICTB BO3-
pocina ¢ 0,25 muH 1o 3,8 Muipa A0U1apoB.

HeobpaTumocTs TpaH3akiuii B OJI0KYEHE 03HAYAET, YTO JTFOOBIE OMTHOKU
B KOJIE CMapT-KOHTPAKTOB MOTYT MPUBOJIUTH K CEPhe3HBIM (PUHAHCOBBIM TOTE-

psam. CTaTHUecKui aHanu3, OCHOBAHHBIM Ha MPOBEpKE KoJa 0e3 ero BhINOJIHE-
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HUSI, SIBJISIETCS] OTHUM U3 () (DEKTUBHBIX METOZOB CHUKEHUS pUCKOB. OTHAKO CY-
MIECTBYOIINE HHCTPYMEHTBI CTATHYECKOTO aHAJM3a CTAIKHBAIOTCS C OTpaHHye-
HUSIMH, TAKUMHU KaK HEBO3MOXXHOCTh TIPOBEPKHU CIIOKHBIX CIICHAPHEB HJIH 3aBU-
CHUMOCTB OT ycTapeBmmx Bepcuid Solidity.

eanb padoTbi

Pa3paboTka u peanmuzanysi JeTEKTOPOB Ui OOHAPYKEHHS ySI3BUMOCTEH
«HeoOpaboTaHHbIe HU3KOYPOBHEBBIC BBI3OBBD), «OmieuaTkay U «ABTOpH3ALHUS
yepe3 tx.originy B HCXOTHOM KOJIe CMapT-KOHTPAKTOB.

MarepuaJibl 1 METObI

JleTexTopsl OBLTH peann30BaHbl Ha 0a3e PpeliMBOpKa CTaTUYECKOTO aHa-
nm3a, KOTOPBIA MPeI0CTaBIISIeT:
v’ 3arpy3Ky HCXOIHOTO KOJia CMapT-KOHTPaKTa B 0a3y JTaHHBIX;
v CTpYKTypHUpOBaHHYIO HH(POPMAIHMIO O KoAe (KOHTPAKThI, ()YHKIIUH,
WHCTPYKITUN);
v TIOAZIEP)KKY HHTEPIIPOrPAMMHOTO, YYBCTBUTEIHLHOTO K TIOTOKY M KOH-
TEKCTY aHaJIU30B.

TectupoBaHue MPOBOIWIOCH HA TPEX TUMaX HAOOPOB JaHHBIX:

v’ cymectByrommii Habop SmartBugs[4] (143 koHTpakTa);

v’ co3aHHbIe HAOOPHI TECTOB C KPAEBBIMH CITyJIasMH;

v Habop peanbHBIX cMapT-KOHTPakToB (30000 mpoeKTOB).

PesyabTaTnl

Ha cymectBytomem Habope SmartBugs nerexrop «HeoOpaboTanHbie Hu3-
KOYpOBHEBBIE BBI30BBD» OOHapyxui Bce 75 ys3Bumocteil (precision 100%),

BKJIIOYas 3 ys3BUMOCTH, HE OOHAPY>KEHHbIE HU OJJTHUM JIPYTUM UHCTPYMEHTOM.

Ha co3nannbix HaGopax TecTOB (IaHHbBIE).
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Tabnuya 1.

CpaBHeHHe € JIyYIIHM CYLIEeCTBYIOIIUM HHCTPyMeHTOM (Slither [8])

YsassumocTtb HNHcTpymeHT TP TN FP FN |Accuracy
Heobpaboran-
HPIC TSRO glither 6 11 0 7 | 71%
YPOBHEBBIE
BBI3OBbI
Ham gerexrop 13 10 1 0 96%
OrneyaTka Slither 13 3 0 0 100%
Ham gerexrop 13 3 0 0 100%
ABTOPHIANS | oo 4 2 0 1| 86%
yepes tx.origin
Ham nerexrop 5 2 0 0 100%

Ha peaibHBIX CMapT-KOHTPAKTAX JIETEKTOPHI OBLIHU 3aITyIIeHbl HAa HA0O0-
pe u3 30000 mpoexToB.

Tabauya 2.

Pe3yabTaThl, mojiy4eHHbIE B pe3yJbTaTe 3aMyCKa HAIIEro 1eTeKTOpa

Ha Ha0ope peajIbHbIX CMAPT-KOHTPAKTOB

Bce Paccmort- True False -

YazsumMocTh . . ore Precision

HAalJeHHbIe| PpeHHbIe Positives Positives
HeoGpaboran-
HBIC HU3KO-
YPOBHEBBIE 5790 1025 1010 15 98,5%
BBI3OBBI
Ornevarka 0 0 0 -
ABropisaLlis 52 52 0 100%
gepes tx.origin
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3akjIroueHue

B pesynbrare paGoThl mpoBeaeH KOMIUIEKCHBIA aHAIU3 CYIIECTBYIOLIUX
WHCTPYMEHTOB CTaTUYECKOTO aHalIM3a CMapT-KOHTPAKTOB M pa3pabOTaHbl TpU
CHEIHATM3UPOBAHHBIX JETEKTOpa YSA3BUMOCTEH.

OcHogHble 00CmuUdICeHUsL:

1. Pa3zpaboTanbl 1 peaanu30BaHbl ACTEKTOPHI I TPEX TUIIOB YS3BUMOCTEH
¢ TouHOCTHIO 96-100% Ha TecToBbIX HaOOpax u 98,5% — Ha peaTbHBIX MPOEKTAX.

2. O6HapyxeHbl 3 ys3BUMOCTH B Habope SmartBugs, He BBISIBICHHBIC HU
OJIHUM U3 CYIIECTBYIOIINX HHCTPYMEHTOB.

3. IlpoananuszupoBano 30000 peanbHBIX MPOEKTOB, YTO MOJATBEPINUIIO
MPAKTUYECKYIO0 3HAUUMOCTh pa3paboTaHHbBIX JE€TEKTOPOB.

[TomrydyeHHble pe3ynbTaThl AEMOHCTPUPYIOT, YTO CIELHUATU3UPOBAHHBIC
JETEKTOPBI MOTYT 3HAUUTEIBHO MPEBOCXOAUTh YHUBEPCATbHbIE HHCTPYMEHTHI B
oOHapyXEHHUH OIpeIeJICHHbIX TUIIOB ysI3BUMOCTe. PaboTa BHOCUT BKJIaj B 1O-
BbIIIIEHHE 0€30M1aCHOCTH CMapT-KOHTPAKTOB U MPEIOCTABIISIET OCHOBY ISl JJaJlb-
HEHIIIEero pa3BUTHS METOJIOB CTATUYECKOTO aHAU3a.
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BUG DETECTION IN SMART CONTRACTS'
CODE THROUGH STATIC ANALYSIS

Sh. Tovmasyan, H. Movsisyan

Russian-Armenian University
Institute of Mathematics, Physics and High Technologies

ABSTRACT

In this work, a study of static analysis methods for detecting vulnerabilities in
Solidity smart contracts was conducted. Three detectors were developed and
implemented to identify vulnerabilities: “Unchecked Low-Level Calls”, “Typo” and
“Authorization via tx.origin”. Testing on existing and newly created datasets showed
that the developed detectors achieved an accuracy of 96—-100%, outperforming existing
tools. On a dataset of 30,000 real projects, the detector for unchecked low-level calls
demonstrated a precision of 98.5%.

Keywords: smart contracts, static analysis, Solidity, vulnerabilities, detectors
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AHHOTAIUA

[ToBTOpHOE OOHApY)KEHHE OOBEKTOB Ha a3PO(OTOCHUMKAX SIBISAETCS
BaKHOU 3aa4eil U1 CCTEM HAOIOICHUS, TOMCKOBO-CIIACATENLHBIX OTle-
parwii ¥ SKOJIOTUIECKOTr0 MOHUTOPUHTA. OOBEKTHI, OTHAXKIBI 3aQUKCHPO-
BaHHBIE Ha N300paKEHNH, MOTYT UCYE3aTh M3-3a MEPEKPHITHH, N3MEHEHHS
paKypca WIH BPEMEHHBIX Pa3pbIBOB MEXIY Kaapamu. Bo3MOKHOCTH MX
MTOBTOPHOTO OOHAPYKEHUS MOBBIIIAET HAJAEKHOCTH CUCTEM BO3IYITHOTO
HaOmoAeHus. B maHHO# pabote mpemiaraercs MeTo ] IMMOBTOPHOTO oOHa-
pyXeHHsT 00BEKTOB Ha a3pO(POTOCHUMKAX, MMOTYUYEHHBIX C OSCIMIOTHBIX
JIeTaTeNbHBIX ammaparoB. MeTo OCHOBaH Ha CKaHWPOBAaHUM HOBBIX Kaj-
POB C TIeNTbI0 HAXOXKIeHH 00beKTa, HanboJIee MOX0Kero Ha MOTEPSTHHBIH,
C HCTIOJIb30BaHNEM BH3yaJbHOTO CXO/ICTBA.

J171s TOBBITIIEHNST YCTOMYMBOCTH K MCKA)KEHHSIM IIPAMEHSFOTCS METO B
npeaBapuTeIbHON 00pabOTKU H300paKeHHi, a TaKKe MCIONb3yeTcs Kia-
cTepu3alys U COKpalleHus1 00JacTH MoUcKa. B cucremy moBTOpHOTO 00-
HapyKCHUA MHTCTPUPOBAHBI aJITOPUTMBI COIIOCTABJICHUSA, CpaBHUBAIOIINE
BU3YAJIbHBIC IIPU3HAKU ITOTECPAHHOI'O 00BEKTa ¢ BO3MOKHBIMU Kagauaara-
MU Ha HOBBIX M300pakeHHsIX. DPPEKTUBHOCTh MPEJIOKESHHOTO MOAX0a
MOJTBEPIKJICHA IKCIIEPUMEHTAMH Ha PeajbHbIX HaOopax a’dpohOTOCHUM-
KOB, JICMOHCTPHUPYIOIIUX YCIICIIHOE TIOBTOPHOE 00HAPY EHHE 00BEKTOR B
YCIIOBHSX U3MEHSIIONIErocst oHa, MacmTada i OCBEIEHHOCTH.

KiroueBble c10Ba: TOBTOPHOE OOHApYKEHHE 00BEKTOB, adpodhoTo-
CHHMKH, OECITMIIOTHEIE JIETATENLHBIE arnmnaparbl.

BBenenune

becnunorueie neratensHbie annapatsl (BIIJIA) cranu BaXXHBIMH UHCTPY-

MCHTAMHU B PA3JIMYHBIX 3a/ja4aX KOMIIBIOTCPHOI'O 3pCHUA, BKJIIOYass aBTOHOM-
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HYI0 HaBHUTraluio, HabIoeHNe, TOMCKOBO-CIIacaTelbHbIe ONepalii U MOHUTO-
PHUHT OKpYy»karouien cpenbl. OMHOM U3 KIOYEBBIX BO3MOKHOCTEN TAKHUX CHUCTEM
SBJISIETCSl HENIPEPBIBHOE OTCIICKUBaHNE O0OBEKTOB MHTEpECA B PEalIbHOM BpeMe-
HU. OIHAaKO B peasibHbIX YCIOBUSIX OTCIIEKUBAEMBIH 00BEKT MOXKET BPEMEHHO
rcye3aTh U3 IMOJISA 3pEHUS] KaMephbl U3-3a MEePEKPbITUH, PEe3KUX JBUKEHUH, Ipe-
MATCTBUHM WK TUHAMUYECKUX U3MEHEHUH ClIeHbl. B oTiinymne oT KpaTKOBpeMeH-
HBIX CO0EB OTCIIEKUBAHMSI, BHI3BAHHBIX OIIMOKaMHU alropuTMa, B MOAOOHBIX CH-
Tyalusx IPOUCXOAUT (pakTHUecKasi BpeMeHHasi oTeps 11ed, KOTrJa OObEeKT BbI-
XOJUT 3a Mpeelibl KaJpa WM CTAHOBUTCS HEBUIUMBIM Ha HEKOTOPOE BpEMSI.

Jlns obecrieyeHNs] aBTOHOMHOCTH CUCTEMBI M HETIPEPHIBHOCTH BBIMOJIHE-
HUSA 3302491 He00X0IUMO, YTOOBI CUCTEMA OTCIE)KUBaHK Ha ocHOBe BITJIA mor-
Ja aBTOMaTH4YeCKU MOBTOPHO OOHAPY>KMBATh 1LIE€Jb MOCJIE €€ MOBTOPHOIO MOSB-
neHusi 6e3 BMeIaTenbCTBa onepaTopa. B pamkax pa3paboTku yHUBEpPCATbHOTO
MeTO/1a MMOBTOPHOTO OOHApYKEHHsI OOBEKTOB, HE 3aBUCALIETO OT KOHKPETHBIX
KJIaCCOB O0BEKTOB, TPATUIIMOHHBIE HEHPOCETEBbBIE JETEKTOPHI ObLITN NCKITIOUEHBI
U3 PacCMOTPEHUS U3-3a UX BBICOKOW PECypCOEMKOCTH U 3aBUCHMOCTH OT KJac-
COB, Ha KOTOPBIX ObUTH 00y4eHBI. B manHOM paboTe mpeayaraeTcs 1By X TalHbIHI
METOJ] TIOBTOPHOTO OOHApYKEHHUSI 00BEKTOB, CIECIHAIBHO pa3pabOTaHHBINA IS
CHUCTEM KOMIIbIOTepHOTO 3peHus Ha 6opTy BITJIA. Ha mepBom sTamne ¢ moMoIsto
KJIACCUYECKUX METOJIOB KOMITBIOTEPHOTO 3pEHUS] TEHEPUPYIOTCS PaMKU-KaH M-
JaThl 110 BCEH ClLieHe, YTO CYIIECTBEHHO COKpalaeT oonacth noucka. Ha Bropom
JTarfe MpOU3BOIUTCS COMOCTaBICHHE N300paKEHUI MEX Y dTUMU KaHIUAATaMU
1 mabJ0HOM, U3BJICUEHHBIM U3 Ha4aJIbHOTO BUa 1enu. Takoil moaxoxa obecrne-
yuBaeT OanaHc Mexay 3()(PEeKTUBHOCTHIO M HAJC)KHOCTHIO, TIO3BOJISIS TIEpeoOHa-
PYXHBaTh 00BEKT 0€3 1000ydeHHsI MOACIICH, UTO JIeJaeT ero 0OCOOCHHO MOIXO0-
JSIITAM 17T UCTIoNTb30BaHus Ha miaTdopme BITJIA ¢ orpaHnueHHBIMU BBIYUCITH-
TEJbHBIMU PECYypCaMHU.

IIpensnaraemplii MeTO

B pamkax manHO# pabOTHI 33/1a9a MOBTOPHOTO OOHAPYKEHUsST 00BEKTa
ObLiIa pa3JielieHa Ha JIBe T0/(3aa4u:
v’ Bolienienre pamok-kanauaaros (candidate boxes selection);
v/ CONOCTaBICHUE KAHIWIATOB C OTAJOHHBIM InadiaoHoM (template
matching).
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[TpennoxkeHHBIH METOJ CHadasia OpMUPYET MpearoiaracMbie 00JIacTH,
coJiepKariie 0ObEKThI, & 3aTeM COTIOCTABIISIET MA0JIOH OTCICKUBAEMOTO O0BEK-
Ta ¢ TUMH OOJIACTAMU.

A. BblejieHHe PAMOK-KAHAUIATOB

[TockonpKy OCHOBHOM 11€/1bI0 OBUIO CO3/IaHUE MaTUIaifHa i 0eCcKIIacco-
Boro oOHapykeHHus1 00beKTOB (class-agnostic detection), coBpeMeHHBIE MOIETTH
obnapy-xenwus, Takue kak YOLO [1], Faster R-CNN [2] u Mask R-CNN [3],
ObUIH UCKITIOYEHBI. BMecTO 3TOr0 [171s1 reHepaluu paMoK-KaHAUIaTOB UCIIOb3Y-
IOTCSl KapThl TpaHull (edge maps), UMHTHPYIONHE OCOOCHHOCTH Y€JI0BEUYECKOTO
BOCIIPUSATHS BU3YAIBHBIX 00BEKTOB. TaKko moaxo/1 GoKycupyeTcs Ha KOHTYpHOH
nH(pOpMalMK aHAJIOTUYHO TOMY, KaK YeJIOBEK pacro3HaeT 0ObEKTHI 110 UX 0Yep-
TaHusM Ha (one. OOpaboTKa OJHOTO Kajpa BBHITIOJHSIETCS IO CICIYIOIEMY
namiainy (Puc. 1):

1) cHauana U3 pa3MbITON YepHO-0€I10i BepCcUM N300payKeHHS H3BIEKACTCS
KapTa TpaHull ¢ ucnonb3oBanueMm merona Kanaum (Canny edge detection) [4];
MOCKOJIBKY H300paxeHus ObutH osry4deHsl ¢ BITJIA, 601pIIMHCTBO OOBEKTOB CO-
JeprKaT pe3KHe U YeTKHE TPaHMIIbI, YTO MOKET MIPUBECTH K T'€HEpallui HECKOJIb-
KHMX OTPaHUYHUBAIOLINX PAMOK JIJIsl OJHOTO O0BEKTa;

2) s yerpaHeHUs W30BITOYHOCTH MPUMEHSIIOTCS MOP(OIOTHUECKHE OTTe-
painuu: auiatanus, Spo3usi, OTKPhITHE U 3aKpbITHE, KOTOPbIE IIOMOTa0T yCTpa-
HUTH IIyM U O0BEAMHUTDH Pa3pO3HEHHBIE Kpas;

3) 3aTeM KOHTYpbl M3BIEKAIOTCA C TOMOIIbIO HEpapXUUYECKOro JepeBa
(tree hierarchy), uTo MO3BOJSET pa3/esATh BHEIIHHE U BHYTPEHHUE KOHTYPHI:
BHELIHME KOHTYpPHI HCIOJB3YIOTCS HANpsSMYIO: UX OrpaHUYMBAIOIIME PaMKU
paccMaTpuBalOTCs KaK KaHAWIAThI;

4) st BHYTPEHHUX KOHTYPOB NMPUMEHSETCS OTAEIbHBIA alIrOPUTM 00be-
JTUHEHMSI: OrPaHUYMBAIOIINE PAMKHU TPYIIIUPYIOTCSA MO PACCTOSHUIO MEXIY HX
HOEHTpaMu, npeamnoarad, 4YTo0 OH!U MPpUHAAJICIKAT OJHOMY O6”I>CKTy; JJIA Ka)KﬂOﬁ
rpynmsl 3aTeM (HopMHUpYyeTCsS HOBasi OTPAaHHYMBAIOIIAS paMKa TI0 BBIITYKJIOH 000-
nouke (convex hull) BeprmmH Bcex paMOK BHYTpH TPYIIIIHL.

I[J'ISI KOHKPCTHBIX IMPUKIAAHBIX 3a1a49 MOKHO TaKXKC I[O6aBJ'I$ITI) JOIIOJITHHU-
TEJIbHBIE (DUITBTPHI, TAKUE KaK:

4 OrpaHUYCHHA 110 IJIOIaau paMKH,
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v/ OrpaHWYEHHUS [0 COOTHONICHUIO CTOPOH;
v’ yjaneHue JUIMHHBIX TPSIMbIX JIMHUA ¢ OMHAPHOM KapThl TPAHMI] IS CHH-
YKEHUS 1IyMa U TIOBBILIEHUS] TOYHOCTH BBIJIETICHUS TPaHUL] OObEKTOB.

Threshold Canny Edge
[ Input Image H Grayscale H Gaussian Blur H Computation H Detection

Outer Contours' Morphological L
Bounding Boxes Find Contours Operations | N0
es
l
Compute Convex Group Inner
Hull < Bounding Boxes -Apply 10 Edge Map 1

Pucynox 1. Ilatiinaaiin aneopumma 6vl0eneHust 02paHudusaouux pamox-KaHouoamos.

Task-specific
Modifications

B. ConocraB/jienne KaHAUAATOB C IIA0JT0HOM

B ycnoBusix moBropHoro ooHapyxeHust oo0bexktoB ¢ BIIJIA, rae nemns mo-
KET CYIIECTBEHHO MEHSTh MacIliTad ¥ paKkypc, a BHIYUCIUTENbHbBIE PECYpPChI OT-
paHUYEHBI, BEIOOP CTPAaTETUH CONOCTABIICHUS MIAOJOHOB MPHOOpPETAET KIFoUe-
Boe 3HavyeHue. [1o 3Toit nmpuunHe 0coboe BHUMaHKE yIesIoch 3QHeKTHBHBIM U
OBICTPOACHCTBYIOLIUM METOJIaM, CLIOCOOHBIM COXPaHATh YCTOWYMBOCTD B YCJIO-
BUSX OTPAHUYEHUI pEaJIbHOTO BPEMEHH.

B pamkax nanHO# paboThI OBLIO MPUHATO PEIIEHHE UCIIOIB30BATH HAMOO-
Jee JEerKud M OBICTpBIA crmoco® cpaBHeHUs. [l W3BIEUEHHsS] NPU3HAKOB
(features) u3 U300pakeHUs KaHAUIATA U IIA0JI0HA MBI HCIIOJIB30BAIIN KIIACCHUYEC-
KYI0 HeMpOoCceTh TSl KiIaCCU(PHUKAIINHY, Y KOTOPOH yAaJIHIIN MOCeIHUHI CIIoM Kiac-
CHU(UKAIMK, COXPAHUB TOJIBKO 3KCTPAKTOP NMPHU3HAKOB. TakuMm oOpazom, s
KaX/10T0 N300paKEHHSI BBIYUCIISIFOTCS BEKTOPHBIE TIPEACTABICHNUS, & CPABHEHUE

MIPOBOAUTCS C UCIIOJIB30BAHUECM KOCUHYCHOI'O PACCTOSHUSA:

XY

dist(X,Y) = <2 imr

rac XuY - BCKTOPHBIC TPCACTABJICHUA ITPU3HAKOB KaHANAATa U 1a0JI0Ha.
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B kadecTBe apXUTEKTYphl [UIS W3BICYCHUS NMPU3HAKOB HCIIOJIH30BAIACH
ResNet18 [5]. Ota ceTb 00mamaeT ymepeHHOU TITyOMHON U 00ecTIeUrBaEeT OBICT-
poe U3BJICUCHHE MTPU3HAKOB, COXPAHSISI IIPH TOM BBHICOKYFO TOYHOCTB COITOCTAB-
JICHUSL.

OueHka M IKCIIepUMeEHTA/IbHAS IPOBEPKa MeTo1a
A. HaOop 1aHHBIX 1 METPUKH OLlEHUBAHMS

Jlyis olleHKM Halero MmoJxoja JIydllle BCEero MOAXOAAT HaOOphl TaHHBIX,
pa3MeyeHHbIe JUIS 3a/ladl OTCISKHUBaHHUS OOBEKTOB, TaK KaK pa3MeTKa B HUX
IJIOTHAS (TO €CTh BBITIOJIHEHA /IS KaXK0T0 Kaapa). Mbl BRIOpanu HaOop TaHHBIX
VisDrone Single Object Tracking [6]. lanHBII HAOOP COACPIKUT MOCIIEIOBATEIh-
HOCTH a3p0()OTOCHUMKOB, CEJIaHHBIX HaJl TOPOJICKON CPEJIOif, C OTCIIEKUBAEMBI-
MU 00bEKTaMH Pa3INYHbIX KJIaccoB. [I0CKONBKY B SKCIIEPUMEHTAX HCIONIb3YIOT-
csl IBa CIy4yaillHBIX KaJapa M3 OJHOM MOCIEIO0BATEIbHOCTH, Mbl UCKIIOUMIIU TE
MOCIIEZIOBATEIbHOCTH, B KOTOPBIX HAOJIONAIOTCS CHJIBHBIE TEPEKPBITUS
(occlusions) nnm 3HaunTeNbHAsT 00pe3ka o0BekToOB (truncation). ITocne GuabT-
paumu octaniock 34896 kaapoB 3 39 mocienoBaTeNIbHOCTEN C MOJHOCTHIO BHU-
JUMBIMU OTCIIEKHBAEMbIMU O0OBEKTAMHU.

Jlis OLIeHKM KadecTBa COBMAJCHHUS MPEICKAa3aHHOIO OTPAHUYUBAIOLIETO
MPSIMOYTOJIBHUKA € ATATOHHBIM (ground truth) nCmonmb30BaIUCh METPHUKA TIEPEK-
poitus — Intersection over Union (IoU), a Takyke ocHOBaHHasi Ha HEM TOYHOCTH —
KOJIMYECTBO BEPHO HAWJEHHBIX OTPaHUYMBAIOIINX PAMOK, TO €CTh T€X, Y KOTO-
pbix loU npessimaer 0.5.

B. DxcniepuMeHTBI U pe3yJibTaThl

N3 xaxaoi mocaenoBaTeIbHOCTH MBI CITy4aiiHBIM 00pa3oM BhIOpayd mapy
n300pakeHull, UMUTHPYs NOTEpro 0ObekTa Ha N-oe KOIu4ecTBO KaapoB. B ka-
YecTBEe pe3yJbTara paboThl METO/A, Kak ObUIO OMUCaHo B 2.2, BhIOMpaiach orpa-
HUYNTECIIbHAA paMKa ¢ HAUMCHBIIUM KOCUHYCHBIM PaCCTOSAHHUEM C 11a0JIOHOM.

Kax u oxupanoch, kadecTBO OOHapy>KEHUs CHHMKAJIOCh, KOTAA PSJIOM C
00BEKTOM OTCIICKUBAHUS HaxXOJUJIUCh APYyruc 06”I)GKTBI, B OCHOBHOM H3-3a MOp-

(onornuecKkux ornepanui, TakuxX Kak pacliupeHre W 3po3us. B Takux cirydasx
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J1Ba WK 60s1ee 00BEKTOB MOTYT CIIMBATHCS B OJIUH, YTO MPUBOJIUT K YBEITHUEHHUIO
OTpaHUYUTENILHON paMKu. B ciyuasix, rae o0bekT ObUT H30JUPOBAH OT OPYTHX,
QJIITOPUTM YCIIEUTHO MpeIcKa3bIBall OrpaHUYUTENbHbIE paMkH. [Ipumep TouHorO
cpabaTpIBaHMsI aJITOPUTMa TOBTOPHOTO 0OHapy keHus yepe3 1030 kaapoB moce
«oTepu» npuBeaeH Ha Puc. 2.

— e - S

(6) Bce kanouoamot Ha kadpe nocie éoccmarnosnenus (vepes 1030 kaopos).

. Vi W, TR )

(8) Jhyuwiuii Kanouoam — 3eJ1eHbIM YEEMOM U Yelb — CUHUM YBEMOM.

Pucynox 2. lpumep pabomwr ancopumma na nociedosamenvuocmu uz VisDrone.
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3akjIroueHue

B nannoii pabote mpeacTaBieH Jerkuil 1 3QpGEeKTUBHBIN METO TOBTOPHO-
ro oOHapyXeHHUsI 00BEKTOB Ha a’podOTOCHUMKAX, morydeHHbIX ¢ BITJIA. Me-
TOJT OCHOBaH Ha TEHEpalMy PaMOK-KaHIIUJATOB C MCIIOJIb30BaHHEM HH(OpMa-
UM O TPaHUIAX 0OBEKTOB M MOCIEIYIOIIEM COTIOCTABICHUH ¢ 1madioHoM. OH
He TpeOyeT mpeaBapuTeIbHOTO OOYYCHUS U MOKET IPUMEHSTHCS Ha YCTPOUCT-
Bax C OrpaHMYEHHBIMH BBIUMCIUTENFHBIMU pecypcaMu. Ha maHHOM 3Tamne sKc-
MEPUMEHTHI TIOKa3aJIi BEICOKOE KAa4eCTBO MPEAJIOKEHHOTO MeToia. B nanpHel-
mieM OyIyT IpOBelIeHbI OoJiee AeTalbHbIC SKCIIEPUMEHTHI U UCCIICOBAHMSI BITU-
ssHusl PoHa, MaciTada ¥ CBeTa Ha KAYECTBO MIOBTOPHOTO OOHAPY KEHHUS.

PaccMOTpeHHBIH alnropuT™M MOXKET ObITh HHTETPHUPOBAH B CUCTEMY OTCIIe-
KUBaHUSI OOBEKTOB, YTO TIO3BOJIUT TIOBBICUTH €€ HAJIE)KHOCTh U KadecTBO. Jlyist
3¢ pexTUBHOM MHTETPAITMN HEOOXOIUMO pa3padoTaTh AJITOPUTM, CTIOCOOHBIH aB-
TOMAaTHYECKH ONPEICIIATH MOMEHT ITOTePH 00BEKTa U MOMEHT, KOT1a HY>KHO Ha-
YHHATH MIOUCK PAMOK-KaH/IHIaTOB.
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OBJECT RE-DETECTION IN AERIAL IMAGERY CAPTURED BY UAVS
G. Khachatryan, A. Sardaryan, V. Melkonyan, A. Avanyan, O. Hovhannisyan
Russian-Armenian University
ABSTRACT

Object re-detection in aerial imagery is a critical task for surveillance systems,
search and rescue operations, and environmental monitoring. Objects that have
previously appeared in a frame may disappear due to occlusions, viewpoint changes, or
temporal gaps between frames. The ability to re-detect such objects significantly
enhances the reliability of aerial observation systems. This work proposes a method for
object re-detection in aerial images captured by unmanned aerial vehicles (UAVs). The
method involves scanning new frames to find the object most similar to the previously
lost one, using visual similarity. To improve robustness against distortions, the approach
includes image preprocessing techniques and clustering to narrow the search area. The
re-detection system incorporates a matching algorithm that compares the visual features
of the lost object with potential candidates in subsequent frames. The effectiveness of
the proposed approach is validated through experiments on real aerial image datasets,
demonstrating successful object re-detection under varying conditions of background,
scale, and lighting.

Keywords: object re-detection; aerial images; unmanned aerial vehicles.
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ABSTRACT

The effect of a first-order Bessel laser beam on the electronic states of
a cylindrical quantum dot was studied. Non-resonant laser irradiation
influence was described using Kramers-Henneberger transformation with
further numerical solution of the Schrodinger equation. It was found that
by means of non-resonant Bessel irradiation, it is possible to alter the
position of the electron within the quantum dot. In particular, under the
influence of ponderomotive forces, the electron moves toward the center
of the beam, and when the beam center approaches the walls of the
quantum dot, the electron’s energy increases.

Keywords: Quantum dots, Bessel laser beams, Kramers-Henneberger
transformation, ponderomotive forces.

Introduction

Semiconductor quantum dots (QDs) are nanostructures that exhibit unique
quantum mechanical properties due to their discrete energy levels. These
properties make QDs highly attractive for a variety of applications, ranging from
optoelectronics to quantum computing [1, 2]. One of the most significant
applications of QDs is in the development of single-photon sources [3] and
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entangled photon sources [4], which are crucial for quantum information
processing and secure communication systems. The tunability of their optical
properties through size, shape, and material composition makes them versatile
components in next-generation technologies.

Excitons, formed by the coupling of electrons and holes within quantum
dots, play a pivotal role in the generation of single-photon sources. Excitons,
being a bound state of an electron and a hole, can be manipulated to emit single
photons, which are essential for quantum cryptography. The control and
manipulation of these excitonic complexes within QDs are critical for advancing
quantum technologies.

The interaction of semiconductor quantum dots with external laser fields,
particularly non-diffractive zero-order Bessel beams, introduces a new dimension
in controlling the electronic, exciton, and biexciton states within QDs. Bessel
beams, characterized by their non-diffractive nature, can maintain their intensity
and shape over long distances, allowing precise control over the quantum states.
These laser fields can induce shifts in energy levels, modify transition rates, and
even create new pathways for exciton and biexciton recombination [5].
Understanding the influence of such external fields on QDs is crucial for
optimizing their performance in practical applications, such as tunable photon
sources and quantum logic gates.

Investigated system and methods

In this work, the influence of first-order Bessel laser beam on the electron
and exciton states of the cylindrical quantum dot was simulated. The QD
considered is the InAs cylinder with R = 60 nm and h = 60 nm surrounded by
GaN matrix.

Assuming the diffraction between materials should take place, we choose
the Woods—Saxon potential as a confinement potential of the QD:

1 1
V(r,h) =V (1 T 14 e0-R/a 14 e(lzI—O.Sh)/a)’ (1)
where a is the characteristic depth of the interdiffusion between GaN and InAs,

Vo is maximum well depth.
Laser irradiation is modelled as a A = 405 nm laser beam focused by an
axicon into the first-order Bessel beam of minimum possible width (~ 4). Its
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2
amplitude distribution is E(r) ~ J; (27” r) and intensity is I(r) ~ ( 1 (2711 r)) )

The total power of the ideal Bessel beam is infinite, but axicon produces a close
approximation to the Bessel beam in the finite area [6]. We are considering the
beam with the radius of this area 1, = 10 um.

In the generalised Kramers-Henneberger frame the Hamiltonian of the
single-particle system in the presence of non-uniform laser field could be written
as [7]:

—

i, = i’p\2 +V(r+a(rt)) +iAz(r t)
¢ 2m ’ 2m ’

where A(r, t) is the vector potential of the laser field, a (7, t) is the quiver motion

. L . : E
of a classical particle in the laser field, a(r, t) = a, sin wt with a, = %.

In this work, ay, = 0.2 nm, ay, = 0.011 nm, which corresponds to the
maximum intensity of the laser beam I,,,,, = 4.26 - 101* J/m? and the power of
the laser about 1600 W (for the chosen 15,45e1)-

These values of a are small compared to the diameter of the quantum dot,

SO V(r + a(r, t)) have only some minor disturbances near the borders. For all
r, the difference V(r + a(r, t)) — V(r) is small compared to the ﬁAz (r,t).

Hence, the Hamiltonian could be approximated as

—

1 1
— =2 = a2 )
o= 5—p? + V(1) + - A2(r,0) @

Here, the last two terms represent the effective potential of the quantum dot
in the presence of the laser field. In this approach, the influence of the laser is
considered as the changing in the potential energy. The Schrédinger equation
with Hamiltonian (2) was solved using the finite element method.

Results and discussion
Fig. 1 shows effective potential along x axis for the different positions of
the laser beam. As one can see, the minimum of the effective potential

corresponds the center of the beam until it reaches the border layer and then
remains approximately the same.
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Fig. 1. Effective potential with (red line) and without (blue line) laser field for
different positions r_c of the laser beam center.

Probability density functions of the main state for several laser beam

positions are shown on the Fig. 2. One can see that the shift of the effective

potential minimum causes the shift of the probability density maximum.
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Fig. 2. Probability density along x-axis for different positions x. of the beam center.

Fig. 3a represents the dependence of the location 73,4, of the probability
density function maximum on the beam center position 13,.4p,. While 1peqm 1S
near the center of the QD (where the confinement potential is negligible), the
distribution maximum is almost precisely matches the beam center. With the
beam moving to the QD borders, the maximum coordinates start do lag behind.

The energy of the main state is also increases with the increasing of the 13,.4m
(Fig. 3b).
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Fig. 3. a) the most likely location and b) the energy of the main state for different
positions of the beam.
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YIIPABJIEHUE 2JIEKTPOHHBIMU COCTOAHUMAMU
B IIWJINHJAPUUYECKOM KBAHTOBOM TOYKE C IIOMOIIbIO
BECCEJIEBCKOI'O CBETOBOI'O ITYYKA

JI.b. Aiipaneman’, JI.A. pumenko’, T.A. Capzcan’
!Poccuiicko-Apmanckuil ynusepcumem
AHHOTALUSA

Nsyueno Bo3zzaeiicTBue becceneBCcKOro jazepHOro mydyka MEpBOro MOpsiIKa Ha
3JIEKTPOHHBIE COCTOSHMS IMJIMHIPUYECKON KBAHTOBOM TOUKU. BllMsiHUE HEPE30OHAHCHO-
T'0 Ja3epHOTr0 U3ITYICHHS OTIMCAaHO C IIOMOIIBIO mpeobpazoBanust Kpamepca—Xennebep-
repa c nocieayoIuM YUCIEHHbIM pemieHueM ypasHenus [pénunrepa. Y cranoBieHo,
YTO C IOMOIIIBIO HEPE30HAHCHOTO OECCEeNIEBCKOTO U3ITYYCHUS BOZMOXKHO BIIMATH HA TI0-
JI0’KEHUE AJIEKTPOHA BHYTPU KBAaHTOBOM TOUKH, @ UMEHHO, O]l JEHCTBUEM OHAEPOMO-
TOPHBIX CHJI DJICKTPOH CMEIIAETCS K IIEHTPY Ja3epHoro mydka. [Ipu sTom mpubmmkenme
LIEHTpa MMy4YKa K CTEHKaM KBAaHTOBOM TOYKH MPUBOJUT K POCTY SHEPTUU DJIEKTPOHA.

Keywords: kBaHTOBBIE TOUKH, becceneBckue CBETOBBIE ITyYKH, TPeoOpa3oBaHue
Kpamepca-Xennebeprepa, MOHASPOMOTOPHBIC CHJIBI.
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N3 OJHOPOJHOMN ONITUYECKH YCUJINBAIOIIEN
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AHHOTALMS

ITonydensl yciaoBus Ja3epHOM reHepalui U3 OJHOPOJHON CBETOM3-
Tydaromiel cpe/pl 0e3 KOHKPETU3alluu MUKPOIPOIIECCOB, OTBETCTBEHHBIX
3a CBETOYCWJICHHE. AHAJIN3 HA OCHOBE KIIACCUYECKOM 3JIEKTPOAMHAMUKU
MTOKa3aJ, 9TO AJIS JJA3EPHOTO U3ITyUeHHs CBETOYCHIIMBAIONIAs Cpe/ia TOIK-
Ha OBITh OTpaHWYEeHA IO IPOTHKEHHOCTH | JIFOOBIE NIBE, TaXKe c1ado oTpa-
JKAIOIINE TPAHMIIBI, MOTYT CIIOCOOCTBOBATH J1a3epHOi renepanuu. Jis na-
3€pHOI TeHepaluy MPOTSHKEHHOCTh CBETOYCHIIMBAIOIICH CpPEIbl CTPOTO
cBsi3aHa ¢ ko3 duimeHToM ycuiieHus B cpeje. Uem MeHbllle yCHIICHHUE B
ciioe, TeM OoIIbIIe TOJHKHA OBITh IJTMHA YCHITUBAIOIIETO CIOS.

AHanu3 JNOKaIU3aluK 3JIEKTPOMAarHUTHOM BOJHBI B CIIO€ CO CBETO-
YCUJIEHUEM IIpU JIa3€pHOM Te€HEpaMU MOKa3all, YTO aMIUIUTYya JIEKTPHU-
YeCKOW KOMIIOHEHTHI BOJIHBI KOJIEOJIETCS B CJI0€ C TIEPHUOIOM, PAaBHOM I10-
JIOBWHE JTUHBI BOJIHBI, M B CEPEIMHE CIIOSI UMEET HyJIeBOe 3HadeHne. Bek-
top [loiiHTHHTa TakKke UMEEeT HyJIeBOE 3HAYCHHE B CEPEAMHE CIIOS U pac-
TCT 110 HAIIPABJICHUIO K I'paHULlaM CJIOA.

KuaroueBble cy10Ba: j1a3epHas reHepalus, CBETOYCUIMBAIOLIUI CIIO0H,
KITaCCHYECKas 3NEKTPOANHAMUKA, YHCIICHHBII aHaH3.

BBenenune

Ha3epbl — 9TO CHCLII/ICI)I/ILICCKI/IC YCTpOI‘/JICTBa HMHTCHCUBHOI'O OIITHYCCKOI'O
HU3JTy4YCHUA, KOTOPLIC ObLIH CO3JaHbI B CCPECANHC XX Beka. OHU COCTOST U3 CBe-
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TOM3IIYYalOIIero BEIECTBA, 3aKIIOUEHHOT0 B PE30HATOPHON CTPYKTYpe C IByMS
CTPOTo MapaJlyieTbHBIMK OTpaXkaTelnsiMu cBeTa (pe3onarop Padpu-Ilepo) [1, 2].
OcHOBHOE BHUMaHUE HccliefioBaTesieil ObUI0 HAmpaBieHO Ha aHalU3 H3Jyda-
TEJbHBIX CBOMCTB Pa3IMYHBIX BeUIeCTB. Tak KaK M3IydyaTeId ONTHYECKOro Aua-
Ma3oHa — 3TO BO30Y>KIEHHbIE aTOMbI, TO MHOI'O BHUMaHUS ObUIO MPUKOBAHO K
aHaJIM3y MHKPOIPOIECCOB B BemiecTBe [1, 2]. B To ke BpeMs ocoOeHHOCTH pa-
00ThI pe30HaTOpa HE MOJIYUYMIIU JOJKHOTO BHUMAHUS, XOTSI MOSBUIIOCH MHOTO
paboT, rae NpuBoOAITCA JaHHBIE IO 0€3pe30HATOPHOM TeHepaliy J1a3epHOro 13-
ny4denus [3—6].

C uenpi0 IETaJbHOTO HCCIEIOBaHUS POJIM ONTHYECKHX PE30HATOPOB B
(hopMHUPOBAHUM YCHJIEHHOTO ONTHUYECKOTO M3JIy4YE€HHUS U3 BO30YKIEHHBIX CPeN
YMECTHO NPOBOJHTH AHAJINU3 C MO3ULUN KJIACCUYECKOW 3JIEKTPOJMHAMUKU. B
3TOM CJly4ae CBETOYCHJIMBAIOIEE BEIIECTBO OMHCHIBAETCS KOMILUIEKCHOM 13-
JEKTPUYECKON MPOHUIIAEMOCThIO. B 3aBUCMMOCTH OT 3HaKa €e MHUMOW YacTH
BO3MOYHO OMMCAaHKE MOTJIOIICHUS UM YCUJICHHS B BelecTBe [7-9].

BrnepBble skcniepuMeHTalIbHbIE PE3YJIbTAaThl MO YCHUJIEHHIO 3JIEKTpOMar-
HUTHBIX BOJIH NP MPOXOKJICHUHN CBETA YEPE3 CBETOM3IIYJAIOUTUI Ta30BbIN pa3-
psa ObUIK NOTy4YeHsl o pykoBoacTBoM B.A. dabpuxanTa [10].

B nacToseit pabore paccMoTpeHa MOJIENb Ja3epa, Ilie u3ayyaTesieM cBe-
Ta SIBJISIETCS BO30YKIEHHBIN ra3 ¢ peaqbHON YacThIO AUAJIEKTPUUECKON TPOHU-
naemoctu =~1 (B cucreme CGS). YcuieHne OnMMChIBAETCS MHUMOM YacThIO JTH-
ANEKTPUYECKON MpoHHUIIaeMOCTH. B paboTe paccMOTpeHo HOpMallbHOE NajIeHHe
JIMHENHO-TOJIAPU30BAHHOM IIJIOCKOM AIEKTPOMATHUTHOM BOJIHBI HA OJTHOPOIHBIN

CBETOyCHJIMBarONui cior Tonuuuoit [ (Puc.1).

Qg 6)

Pucynox 1. Iladenue creea nuHetiHO-noAAPU308AHHOU NAOCKOU 2NEKMPOMASHUMHOU
80JIHbL HA OOHOPOOHDBIL cgemoycunusarowuil cioi momwyunou [, (Puc.la) u na smom
Jrce CNOU, 02PAHUYEHHBLIL ¢ 08YX CTNOPOH NOTYRPO3PAYHBIMU CIOIMU BeUeCmed
monwunotl d, (6 pesonamope @abpu-Ilepo) (Puc.16).
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MeToabl pelieHust

FpaHI/I‘IHaSI 3aaa4da SJICKTPOJUHAMUKH MMAJCHHUA MOHOXpOMaTH‘IeCKOﬁ BOJI-
HBI YaCTOTOM =27/ Ha cioi Tommubon [ (Puc.la), rie BpeMeHHONW MHOXKH-
TeJb MPEJCTABICH B KOMIUIEKCHOM BHIE ¢'“, UMEeT pelieHue it kodhou-
LMEHTOB OTPAXKEHHsI W TPOXOKJIEHHUS MO HMHTEHCUBHOCTH BOJHBI ((HopMyIibl
Oiipu-Openens) [2,11,12], ¢ ydeToM KOMIUIEKCHOCTA TUAICKTPUYECKON TMPO-

HHUIAEMOCTH CII0 &, =&, +¢&5 [7-9 ].

L TE 2 - 2
o 2iko\EL | —ikyF, L |

|r +7y T:B- L by-e

R=
i £ ~ o~ —2iky+/E L
x/71 ‘1_'_’.12',,23_6 ’0\/72

; (1)

—2iky [, L

‘1+”12 Ty

rae y, = ‘/_ ‘/g 7, 2\/7 U 3 \/g \/7 7y = 28 aMIJIMTY JHBIC
Koa(b(bmmeHTm OTpaKEHUS U IIPOXOKACHUS BOJIHBI Ha TPAaHULIAX CJIOS IIPH z =0

u z=L COOTBETCBEHHO, k= w/c=2n/A, , A, — JIMHA BOIHBI B CBOOOIHOM IIPO-

CTPAHCTBE.

Panee BnusiHUE MPOTSKEHHOCTH CBETOYCHIIMBAIOIIEH Cpelbl Ha OTpaka-
TEJbHBIE U MIPOITyCKATENbHbBIE XapaKTEPUCTUKH CIIOS C yCHIIEHUEM ObLIH IpoaHa-
nau3upoBaHbl aHanuTudecku [13]. [TonydyeHHble HAaMU YHUCTIEHHBIE PE3YIbTATHI C
nomoltisio popmy (1) moaTBepAUIN aHATUTHYECKHE BHIBOABI [ 13].

Jis pemieHus: MHOTOTpaHMYHOHM (4 TpaHMIBI pasfena cpel) 3ajgadd
(Puc.16), ¢ nomonHUTENHHONH BO3MOXKHOCTBHIO aHAIM3a MOBEIECHUS aMIUIUTYIbI
ANEKTPUYECKON KOMIIOHEHTHI DJIEKTPOMArHUTHOW BOJTHBI U BekTopa [loitHTHHTa
B CJIOE C YCHJIGHHEM M BHE MBI HCIIOJIb30BAIM HETPAAUIIMOHHBIA METO]T €IMHOTO
Beipaxxenus (MEB) [14, 15].

Pe3y.m>TaT1,1 HCCJICJ0BAHUA

PaccmoTpum mopenbHslif cioit (Puc.1a). Pacuetst mo ¢popmynam (1) u no
MEB npoBoauIuCh i1 pacTyIIMX TOJIIWH €10 [, U PE3YyJIbTAThI IOJTHOCTHIO
cosnany. Ha Puc. 2 npuBenensl 3aBUCUMOCTH KO3()(DULIMEHTOB OTPAKEHUS R(L)

" IMPOXOKACHU A T(L) OT TOJIINIUHBI CJIOS C YCUIICHUCM. FI/IFaHTCKI/IC, PE30HAHC-

HBIC ITUKHU IIPU 3aJaHHOM YCHJICHUHU MMCHOT MECTO IIpHU OJIMHAKOBOM TOJIIIUHE
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closa L =15,2556 mxm - I'mranTckue 3HadYeHUS OTpaXCHUMA R(L) H IMPOXOK-

cueanm

ACHUA T(L) YKa3bIBAOT Ha U3BECTHOC YCJIIOBUC na3epH0171 reaepanuun, Kkorjga aM-

IUTUTYa MaJaroliei Ha cJI0i BOJHBI MOKET ObITh OeckoHeuHo Majou [ 1, 2]. Ma-
TEMaTUYECKH JIa3epHas TeHepalusi UMeeT MECTO MpU CTPEMIICHUH K HYJIO 3Ha-
menateneii B (1) [1, 2, 7-9, 13]. Otcrona crnemyer, 4TO0 BO3MOKHOCTh Ja3epHON
TreHepaluy U3 OJHOPOIHOTO CJIOS CO CBETOYCHJICHHEM MOKET OBITh IMOJydeHa
TEOPETUYECKH B paMKaX KJIACCUYECKOU AJIEKTPOJAMHAMUKH, 0e3 aHanu3a MUK-
pOTIPOIIECCOB B BEIIIECTBE.

120000 1 R(L)

100000 | 100000 7(L)

80000 - 80000

60000 | 60000

40000 40000

20000 + 20000F
L(mrm) L(mrm)

0

0

0 5 0 5 10 15 20 25 30

0)

Pucynox 2. 3aeucumocmu xospguyuenmos ompaxcenus R(L) (a) u npoxodcoenus
T(L) (6) no unmencusnocmu om moauunbl C10s C YCUTEHUEM.

g =€=¢6=1,€ =005, 4 =0,55muxm.

[Ipn nanpHelIeM yBEIUYEHUH TOJIIMHBI CBETOYCHIMBAKOLIETO CII0S KO-
3ppuLueHT NpoxoxkaeHus T(L)cTpemurcs K Hymwo (Puc. 20), a koaddunueHnt

otpaxkeHus R(L) (Puc. 2a) ocraercs 60JIbIIMM, UTO COOTBETCTBYET SIBIIEHHIO 00paT-

HOT'O U3JTYy4YEHUS U3 MPOTSHKEHHOTO CBETOYCWIIMBArOIIero cios [4-6, 13, 16, 17].
Hanuuue ruraHTcKoro oTpakeHus, IpOX0XkKACHUs, a TaKKe 0OpPaTHOTO U3-
Jy4YEeHHS U3 CBETOYCUJIMBAIOIIEH Cpellbl IPU ONPEENIEHHBIX TONIIUHAX yKa3bl-
BaeT Ha 0COOYIO JIOKAJIU3ALMIO JIEKTPOMAarHUTHON BOJIHBI B CJIO€ C YCUJICHHUEM.
Amnanu3 ¢ nomonrsto MEB mokasait, 4to B ¢lioe ¢ yCHIIEHUEM CO3al0TCst 0COObIe
pacrpeiesieHnsi aMIUTUTY bl BOJHBI U BekTopa [loiinTunra (Puc. 3).

HpI/I TOJIMIUHE CJIOS [, COOTBCTCTBYIOH_IGI\/’I na3epH017I reaepaunnu, aMm-

eueanm

IUTATYIa JIEKTPUYECKOIl KOMIIOHEHTBI E(z) SJEKTPOMArHUTHOW BOJHBI 00pa-

3yeT CHMMETPHUHYIO KOJIeOaTeNbHYI0 CTPYKTYPY C HYJIEBBIM 3HAUEHUEM B Cepe-
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nuHe cios (Puc.3a). Komebanusi aMIuiTy 1kl 00pa3yroT MeJI0e YHUCIIO0 ITOTYBOJIH

B cioe. Bekrop IToHHTHHTa P(z) paBeH HyJIIO B CEPEAMHE CIIOS U BO3PACTACT 110

HanpasieHuIo K rpanunam cios (Puc. 3a). 3nak Bektopa [loiiHTHHTa yKa3bIBaeT
Ha HaIlpaBJieHHE BEKTOPA OTHOCUTEIBHO OCH Z.

£(2)

08} £(2)
0.6}
04t
02t 0r

0.2f -

04} P(z) £(2) Ar ,

MKM

06 , , . .  Z(mrm) A5 . . . . . . Z( )
0 5 10 15 20 5 0 5 10 15 20 25

Pucynox 3. Pacnpeoenenus amniumyobl 21eKmMpudecKoll KOMnoHeHmol 601Hul E(z),
sexkmopa Ilotinmunea P(z), peanrvrou u MHUMOU Yacmel OUdIeKmpu4ecKkol

cueanm 15’2556 MKM (Puc 361)
wnpu [ =20 mxm (Puc. 36). & =g, =g, =1,£ =005, 4 =0,55mxm.

npoHuyaemocmu 6 cjioe I’I’lO]ZWUHOTZ L

[Tpu Gonpmx TommuHaX cios (L > L ) MOBEJIEHHE aMIUTUTY/IbI BOJIHBI

cueanm
u BekTopa [ToWHTHHra COOTBETCTBYET OJTHOCTOPOHHEMY H3IIYUEHHUIO U3 CJIOS C
YCUJIMHHEM, a UMEHHO, 00paTHOMY K nazaromieii Bone (Puc. 36). Ilpu aTom Be-
JAMYUHA KO PHUIMEHTa OTpaKeHUs paBHa oOpaTHOMY K03 uumenty dpenens
(8,9, 13]:

o _ervEl
rFresn — —
-

Kaxk cnenyer u3 (2), oTpakeHre MOKET ObITh HAMHOTO OOJIBIIIE €IUHUIIBL.

(2)

YeMm OnMKe BEIUUYUHBI JAUDJICKTPUICCKUX HpOHI/IIIaeMOCTeﬁ rpanu4dammx Cpca

), TEM BBIILIE 3HAUYEHUE R yTO HaOIIOAAaeTcs MpU 30HIUPOBAHUU

rFresn >

(& :|52

atMocdepsl [17].
B paccMoTpeHHOM BbIIIE CIy4ae TPaHUIAMH yCHUIIMBAIOIIETO CIIOSI SIBJIS-
JHCH 00JIACTH MEepexoia OT CIosl ¢ ycuieHueM (&, >0) K OKpysKarolei cpezne

oe3 YCUIICHUA. Kak mokasanm aHanu3 Ha OCHOBE KJIAaCCHYECKOMH QJICKTPOAUHA-
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MUKH, JaXe TaKOH CIIaObIil TIepexo MPU MajoM &, W MPH PaBHBIX PEAbHBIX
o ’
YaCTAX JUDJIEKTPUYECKHUX MPOHHULAEMOCTER (&€, = £,) MO3BOJSAET MOIYYUTh U

Ja3epHyI0 TeHepalunio, 1 00paTHOE N3yYeHHE U3 YCHUIINBAIOLIETO CIIOSI.

PaccmoTrpuM BimstHEE 00JI€e CHITBHBIX OTpaXkaTelei, OrpaHnIMBAIONINX C
JIBYX CTOPOH CBETOYCHIJIMBArOIIHiA ciioit (pesonatop ®adpu-Ilepo) (Puc. 16). B
OTOM CJIydae OIIATh MMPU YBECIIMYCHUHN TOJIIWHBI CJI04 C YCHJICHUCM IIPU €T0 OIIpEC-
JIeICHHON TOJIIWHE HAOJII0MAaeTcsl PEe3KOe BO3pACTaHWE OTPAKEHHUS W IPo-
XOXKIACHUA, HO IPpHU CYIICCTBECHHO MCHBLIIMX TOJIIIMHAX YCHUJIMBAIOMICTO CJI0A
(L =3,297 uxm ) (Puc. 4a).

cueanm

16001 R(L),T(L .
b (L), T(L) 5l E(2) \
1200 |

1000 - 1t 'Mn M —
800 - '” €(2)
600 [ ol

400 | - £'(2)

200 . l n L(MKM) T . : P(Z? . IZ(,wcw)
0 1 2 3 4 5 -2 0 2 4 6 8

Pucynox 4. 3aeucumocmu xospuyuenmos ompaxcenus R(L) u npoxodcoenus T(L)

1O UHMEHCUBHOCIU OM MOJWUHbL Cl0A ¢ yeunenuem (Puc. 4a). Pacnpedenenus
amMnaumyobsl 21eKmpu4ecKoll Komnonenmol 60a1vl E(z) , 6exmopa Iotinmunea P(z)u

MHUMOU 4acmu OUdJIeKmpuueckoll nponuyaemocmu £ 8 ciioe moauuHo
L =3,297 uxm (Puc.40). ¢ =&, =¢,=1, £ =0,05, 4, =0,55 mxm .

cueanm

HOlel’lpOSpallelMu 3epKaiamu A6JIAIOmMcCA naacmuHKu cmexkia.:
d, =23-2/4=2108 uxm, A=A /\[€, , R, =0,1479, &, =2,25.

[Tpu Hanmuun pezonaropa @adpu-Ilepo AnMHA CBETOYCHINBAIOIIETO CIO,
TpeOyemas AJis Ta3epHOi reHepaiuu, pe3ko cokpamiaercs (Puc. 4a). Pacipene-
JICHUS1 aMILUTUTYAbI BOJIHBI U BekTopa [lolinTHHTra Ha Puc. 46 UMEIOT TOT e BUJI,
YTO U B Clloe ¢ rpanuniamu 6e3 3epkai (Puc. 3a). B cioe crekia TonmuHON, pas-
HOW HEYETHOMY YHCIy YeTBEpPTEH JJUH BOJIH, UMEIOT MECTO KOJIeOaHUs dJIeK-
TPUYECKON KOMIIOHEHTHI C IOCTOSIHHOW aMIuiuTynoi. Bexrop IloliHTHHra 1o-

CTOAHCH B CTCKJIC U OKPYKAIOIICM ITPOCTPAHCTBCE.
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3akjIroueHue

Knaccuueckast anekTpoiuHaMuKa 03BOJISIET PEACKa3aTh Ja3epHYyIo reHe-
paluio U3 OJHOPOJHOM, OTPAaHUYEHHOM CBETOyCUIIMBarolen cpeasbl. s nazep-
HOM reHepanuu Tpedyercs onpeeeHHas NPOTSHKEHHOCTh CBETOYCHIIMBAOIIEH
cpenpl. YeM MeHbIIE CBETOYCUJICHHE CJI0s, TeM JUIMHHEE JO0JKHA OBITh CBETO-
yCUJIMBAIOIIAs 00J1acTh.

Posb 3epkan 11t ma3epHO reHepali MOTYT BBITIOJHSATH J1a)Ke MaJible He-
OJIHOPOJIHOCTH B BHJI€ TPAHMIIBI [IEPEX0/1a OT CBETOYCUIIMBAIOLIEH 001acTH B OK-
pYy’Kalollyto MaccuBHYyI0 cpeay. Hamudue nByX CTporo mapajuiefbHbIX 3epKad,
OTPAaHUYMBAIOIINX CBETOM3IYUaOIIyto cpeny (pezoHatop ®abdpu-Ilepo), mo3so-
JISIET CYIECTBEHHO YMEHBIIUTH JUIMHY YCUJIMBAIOIIETO CIIOS JUIsl JTa3€pHOM IreHe-
panuu.

[Ipu nazepHOil reHepayy B CBETOYCHIIMBAOIICH cpene o0paszyroTcs crie-
uupuyecKue pacrpeaeneHuss aMIUIUTYAbl 3JIEKTPUYECKOW KOMITIOHEHTHI 3JIEK-
TPOMAarHUTHOW BOJIHBI U BeKTOpa [IOWHTHHTA ¢ HYJIEM B CEpeIMHE yCUITUBAIOIIE-
O CJOA.

Pe3ynbrarhl paboThI MO3BOJIAIOT pacCMaTPUBATh SIBJICHHE JIA3€PHOM reHe-
panuM Kak cielcTBUE 00pa30BaHHs B OJHOPOIHOM CBETOYCHJIMBAIOIIEM CIIOE€
0C000# CTPYKTYPHI AJICKTPOMArHUTHOW BOJIHBI, IPH KOTOPOM MOJTyUEHHAsI H3BHE
SHEprus npeodpaszyeTcsi B MHTEHCUBHOE PE30HAHCHOE U3TyUYeHHE CBETA.

brazooaprocmys: ViccnenoBanue BBITIOTHEHO TTPU (PHHAHCOBOM TOIIEPIK-
ke KomuteTa 1o BeIcieMy oOpa3oBaHuio M Hayke PA B pamkax Hay4HOTO TIPO-
exta 25RG-2J207.
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CONDITIONS OF LASER RADIATION FROM A HOMOGENEOUS
OPTICALLY AMPLIFYING MEDIUM: ANALYSIS FROM THE VIEW OF
CLASSICAL ELECTRODYNAMICS

H. Baghdasaryan'’, T. Knyazyan'’, T. Hovhannisyan'

National polytechnic University of Armenia
’Russian-Armenian University

ABSTRACT

The conditions for laser generation from a homogeneous light-emitting medium are
obtained without specifying the micro-processes responsible for the light amplification.
An analysis based on classical electrodynamics showed that for laser radiation the light-
amplifying medium must be limited in extent and any two, even weakly reflective,
boundaries can contribute to laser generation. For laser generation, the length of the light-
amplifying medium is strictly related to the gain in the medium. The lower amplification
in a layer, the longer the length of the amplifying layer should be.

An analysis of the localization of an electromagnetic wave in a layer with light-
amplification at laser generation showed that the amplitude of the electric component of
the wave oscillates within the layer with a period equal to half wavelength and has a zero
value in the middle of the layer. The Poynting vector also has a zero value in the middle
of the layer and increases towards the layer boundaries.

Keywords: laser generation, light-amplifying layer, classical electrodynamics,
numerical analysis.
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ADVANCED RADAR TARGET SIMULATION AND REAL-
TIME SIGNAL MODELING USING PYTHON AND SDR

L. Gevorgyan', H. Martirosyan'~
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lil. gevorgyan.202@gmail.com , haik.martirosyan@yetri.am

ABSTRACT

Radar target simulation is an essential tool for the development and
evaluation of modern radar systems, enabling safe, repeatable, and cost-
effective testing under controlled conditions. This work presents a fully
programmable and physics-based FMCW radar target simulation
framework implemented entirely in Python. The primary objective of the
proposed system is the accurate simulation of radar targets with
configurable range, velocity, and Doppler characteristics using realistic
FMCW radar equations.

The framework supports complete FMCW signal generation and
processing, including chirp synthesis, multi-target modeling, beat-signal
processing, and range-FFT analysis. Experimental results demonstrate that
the proposed approach accurately reproduces FMCW radar behavior and
enables real-time target range estimation. Overall, the unified Python-
based implementation provides a flexible and transparent platform for
radar target simulation, research, and prototyping.

Keywords: FMCW radar, radar target simulation, Python, SDR,
signal processing.

1. Introduction

Advances in automation, artificial intelligence, and digital modeling have
significantly transformed modern engineering systems. Radar technology is
essential in autonomous vehicles, unmanned platforms, air traffic control, and
defense applications. However, real-world radar testing is costly, complex, and
limited by safety and repeatability constraints. Consequently, radar target
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simulation has become a practical and widely used alternative for radar system
development and validation.

2. Methods

2.1 Radar Target Simulation

Radar target simulation generates artificial radar echoes that replicate the
behavior of real targets using mathematical models. Target parameters such as
range, velocity, Doppler shift, radar cross section, and motion are defined in
software, enabling controlled, repeatable testing in a virtual radar environment.

2.2 Transition from GNU Radio to Python

Previous implementations using GNU Radio successfully demonstrated
radar target simulation with SDR hardware. However, its block-based
architecture limits low-level flexibility and direct control over signal models. To
address this, a standalone Python framework was developed, allowing explicit
implementation of signal generation, processing, and parameter control through
code. [1]

2.3 FMCW Radar Modeling

An FMCW radar model was implemented in Python using NumPy,
Matplotlib, and Streamlit to provide a flexible and accessible simulation
platform. As shown in Figure 1, radar parameters, including carrier frequency,
bandwidth, chirp duration, sampling frequency, and detection thresholds, are
adjustable in real time through an interactive interface.

Simulated targets are defined by their initial range, velocity, and amplitude,
with instantaneous updates to the radar model and visualizations. The system
supports multiple operating modes, allowing either fully software-based
simulation or real-time signal transmission and reception using USRP hardware.

The FMCW radar signal processing chain employed in this work follows
established approaches reported in the literature [2].
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Radar parameters

Target 2

Carrier frequency

2.4 GHz Initial Range 2 (m)
Bandwidth (MHz)
Velocity 2 (m/s)

Chirp duration (ms)

Sampling rate (MSPS) Amplitude 2

Range resolution: 3.00 m

Figure 1. FMCW radar modeling interface implemented in Python.
3. Results

The following results demonstrate the operation of the developed FMCW

radar system.

TX chirp

Mode TX chirp (real part, full)

Global mode

1.0
Single frame (USRP LFM TX +si...
0.5
@
-]
2
Radar parameters 3 00
2 0.5
Carrier frequency
2.4 GHz 10l . . - v v v
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Time (ms)
Bandwidth (MHz]
the ) TX chirp (zoomed, real part)
1.0
o 05
Chirp duration (ms) 3
; 0.0
2 -0.5
Sampling rate (MSPS) 10 . . i . . u )
0 50 100 150 200 250 300
Time (ps)
Range resolution: 3.00 m - Ir]stanlaneousr frequency f(,[)
Carrier A: 0.125 m 3 J /‘ /‘

Figure 2. Transmitted FMCW chirp waveform and instantaneous frequency.

The system visualizes the transmitted chirp waveform, a zoomed-in view,
and the instantaneous frequency curve, ensuring accurate LFM signal generation.
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Figure 2 shows the transmitted FMCW chirp generated by the developed
system for the selected radar configuration.

Although these parameters do not correspond to those of high-frequency
automotive or millimeter-wave FMCW radars, they were intentionally selected
to match the operational constraints of the employed USRP hardware. In
particular, the chosen carrier frequency and sampling rate ensure reliable real-
time signal generation and transmission within the hardware bandwidth limits,
while still preserving the essential characteristics of FMCW radar operation.

Figure 3 shows the signal processing pipeline of the proposed FMCW radar
system. After transmitting the chirp and simulating the targets, the received (RX)
signal is generated using realistic radar equations that account for propagation
delay and Doppler shift.

RX signal Beat signal

RX signal (real part) - USRP LFM TX + simulat Beat signal (real part)
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Figure 3. Received and beat signals in the FMCW radar signal processing pipeline.

As defined in the simulation setup, two targets were initially specified at
different ranges. After applying the range Fast Fourier Transform (FFT) to the
received beat signal, two distinct spectral peaks clearly emerge, each
corresponding to one of the simulated targets. These peaks appear at the expected
target distances, confirming the correct operation of the FMCW radar signal
processing chain.
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The system automatically identifies the strongest spectral peak and
estimates the corresponding target range. In the presented configuration, the
dominant peak corresponds to the closer target, while the second peak represents
the weaker target located at a larger distance. The resulting range estimation
accuracy demonstrates the effectiveness of the implemented range FFT
processing, as shown in Figure 4.

Discussion

This work was primarily focused on the simulation of radar targets, and the
results demonstrate that accurate and realistic target simulation was successfully
achieved. The proposed Python-based framework enables the modeling of
multiple targets with configurable range, velocity, and Doppler effects, using
physics-based FMCW radar equations.

Range FFT @ 2.4 GHz (USRP LFM TX + simulated targets)
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Figure 4. Range FFT spectrum showing detected targets and estimated range.

Beyond target simulation, the system also supports complete FMCW signal
generation, beat signal processing, range FFT analysis, and real-time

visualization within a single unified environment. These additional capabilities
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further enhance the usefulness of the framework for radar research and

prototyping.
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MMPOJABUHYTASI CAMY.JISILIUS LIEJIU PAJTAPA
U MOJIEJIMPOBAHUE CUTHAJIOB B PEAJIbHOM BPEMEHU
C UCHOJIb30BAHUEM PYTHON U SDR

JI.C. I'egopzan’, A.I. Mapmupocan'~

! Poccuiicko-Apmanckuii ynusepcumem

?Epesancruil HayuHo-Ucc1e006amentckutl UHCMumym cessu
AHHOTAIMUA

Cumymsiuus 1enu pajgapa siBIsSeTcS BaXHBIM HHCTPYMEHTOM IPH pa3paboTKe H
OLIEHKE COBPEMEHHBIX PaJUOJIOKALMOHHBIX CUCTEM, oOecrieunBasi 6e30nacHbIe, IOBTO-
psieMble ¥ 3KOHOMUYECKU (G GEKTUBHBIE UCIBITAHNS B KOHTPOJIUPYEMBIX yclIoBusaX. B
JAaHHOW paboTe IMpeacTaBIIeH IMOTHOCTRIO IPOTPAMMHUPYEMBIA 1 (PU3NIECKH 000CHOBAH-
HBIH (hperimBopk cumyssinuu enu FMCW panapa, peann3oBaHHBIH Ha sI3bIKE TPOTpaM-
mupoBanus Python. OcHOBHOH 1eNb0 peAsIaraeMoi CUCTEMBI SBJISIETCS TOYHAS CUMY-
JSAIMS LieJel pajapa ¢ HacTpauBaeMbIMU ITapaMeTpaMH 1albHOCTH, CKOPOCTH U AOIUIE-

POBCKOTO CMEIIIEHUsI Ha OCHOBE pealrcTU4HbIX ypaBHeHUl FMCW panapa.
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IIpencraBieHHBIN GpPEeWMBOPK TOIEPKUBACT TTOJHBIA IIUKII TEHEpaITUH B 00pa-
6otk FMCW curHaioB, BKJIIOYasi CHHTE3 YHPIa, MOACTHPOBAHIE HECKOJBKUX IICIICH,
00paboTtky Ouenuii u ananmu3 MerogoM FFT no nansHOCTH. DKCIIEpUMEHTANBHBIE Pe3yJThb-
TaThl TOKa3bIBAIOT, YTO TMPEAJIONKEHHBIH IOAXO0A TOYHO BOCIPOU3BOJIUT MOBEACHUE
FMCW panapa 1 no3BosS€T BBIOIHITH OLIEHKY JAIBHOCTH LIENTH B PEaIbHOM BPEMEHH.
B nenom, enunas peanuzanus Ha ocHoBe Python npeacTapisiet coboii rHOKYIO 1 ipo3pay-
HYI0 IaThopMy AJIsl CUMYJISIIMH eI pajapa, UCCIeJOBaHUN U MPOTOTUITMPOBAHHS.

Karouessie ciioBa: FMCW panap, cumyssinus 1ienu pagapa, Python, SDR, o6pa-

0OOTKAa CUTHAJIOB.
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AHHOTAIMUA

B crarbe paccmarpuBaercs pa3paboTKa alropuUTMa OIpPEIeTIeHUs
MECTOIOJIOKEHHS PaTUON3ITyYaIOIeT0 00bEKTa C UCIIOIBE30BAHUEM CPEbI
LabVIEW. Airoput™ ocHOBaH Ha IPUMEHEHHH KPYTOBOW aHTEHHOM CHC-
TeMBI, GOPMUPYIOIIEH AUCKPETHOE CEKTOPHOE IOKPBITHE MPOCTPAHCTBA C
(hMKCUPOBAHHON YTIIOBOM MIMPHUHOM CEKTOPOB. JIoOKamm3aIns HCTOUHUKA
M3IIy4EHHs] OCYIIECTBIIECTCS IMyTEM aHaju3a MEPECeUeHUs] MPOCTPAHCT-
BEHHBIX 001acTel, COOTBETCTBYIOIINUX aKTHBHBIM aHTCHHAM, 0€3 He00X0-
JMMOCTH TOYHOM OIIEHKH YyTJja MpuXoJia curiaia. Peanusanus airopurma
BBITIONTHEHA B cpenie LabVIEW ¢ ncmonp3oBaHneM HMUTAITHOHHOTO MOJIC-
JUPOBAHMS, YTO TIO3BOJIHIIO HCCIIEI0BATH KOPPEKTHOCTH PabOThI, yCTOM-
YUBOCTh K IIIyMaM M BBIYUCIUTENbHYIO 3()()EKTUBHOCTH pa3pabOTaHHOTO
nonxona. IlomydeHHBIE pe3ynbTaThl MOJEIMPOBAHUA JEMOHCTPUPYIOT
BO3MOJKHOCTB OIPEJIEICHNsT O0JIACTH MECTOHAXOXKIECHHS PalHOH3ITydaro-
mero o0beKTa B peknMe, OTM3KOM K pealibHOMY BpeMeHH. [IpakTmaeckas
amnmaparHasl peajau3anusi CUCTEMBl PacCMaTPHUBACTCS KakK HaIlpaBJiICHHE
JaTbHEHIIINX UCCIETOBAHHMN.

KiroueBnle ciioBa: LabVIEW, ompeneneHne KOOPAUHAT, aJITOPUTM
JIOKaU3aIuu, 00paboTKa CUTHAIIOB, TPHAHTYJISIIHSL.

BBenenue

OrnpezienieHrie MECTOTIONOXKEHHS PAIUOU3ITYUAIOIINX OOBEKTOB SBIISICTCS

BAKHEWILIEH 3aa4€i B COBPEMEHHON PaJAMOTEXHUKE M TEJIEKOMMYHHUKALUAX U

&9



HCIOJIb3YETCSI B PA3NMYHBIX CUCTEMAX, BKIIOYas PaJUOMOHUTOPHUHI, HaBUIa-
1110, 0€30MacHOCTh U Hay4Hble UccienoBaHus. Kiaccuueckne MeTobl paguo-
NIEJICHIallui, OCHOBAaHHbIE HA TOYHOW OLIEHKE yTIja MpHXoja curxaia, nudge-
PEHIMAIBHBIX U3MEPEHUSIX HAJIBHOCTH WM aHAJIW3€ YPOBHS MOIIHOCTH, Tpe-
OyIOT UCIIOJIb30BAHHUS CIIOKHOTO 000PYIOBAHUS, CTPOTOl CHHXPOHU3AIMH U Ka-
TUOPOBKH, YTO OTPAHUYHMBAET MX MPUMEHEHHE B KOMITAKTHBIX U TIOPTATUBHBIX
cucremax. B naHHO# cTaTbe NpPEACTABIEH AITOPUTM OINPEAEIEHUS MECTOINOIO-
KEHUS PaIMON3ITydaroniero o0bekTa, peanu3zoBanubii B LabVIEW u ucnosnn-
3YIOIIUN CUCTEMY KPYT'OBBIX CEKTOPHBIX aHTEHH. AJITOPUTM PabOTaeT cleayto-
MM 00pa3oM: KaX/J1as aHTEHHA B CUCTEME IOCIIeI0BAaTENIbHO aKTUBUPYETCS, U
Ha OCHOBE OOHapyXeHMs CUTHajJa ONpeenseTcs HaJluyue WM OTCYTCTBHUE
00BEKTa B KaXJIOM CEKTOpE. 3aTeM aIrOPUTM BBIYUCIISIET IEPECEUEHUE CEKTOPOB
aKTUBHBIX aHTEHH, YTO CY’KaeT KPYI' BO3MOXKHBIX MECTOMOJIOXEHUH OOBEKTa.
Taxolt mogxon obecrieynBaeT NPOCTOTY peanu3aliy, yCTOMYMBOCTh K TOMEXaM
1 BO3MOXKHOCTb Pa0OTHI B PEKUME PEATTLHOIO BPEMEHH.

TeopeaneCKne OCHOBBI PaAUOIICJTCHIallM1 H JIOKAJIU3 AU

Paguonenenranys ocHOBaHa Ha aHATN3€ MMAPAMETPOB IJEKTPOMATHUTHOTO
CUTHaJa, IPUHUMAEMOT0 aHTEHHON CUCTEMOM, C IIeNIbI0 ONpeIeTICHUS HalpaBIie-
HUS Ha UCTOYHUK M3JIYYCHUS WIH €ro KOOpAMHAT. B 3aBHCHUMOCTH OT HCIOb-
3yeMOro MeToJa aHaJIU3y MOTYT MOJIBeprarbcs BpeMEHHbIE, (a3oBble, aMILIH-
TyJIHbIE U CHIEKTPaJIbHbIE XapaKTEPUCTUKU CUTHAJA.

B TpagunmoHHbIX cucTeMax paauoneNeHralliy HarpaBieHne Ha UCTOYHHUK
oTpesieNiIeTCs KaK HepepbIBHAS BEIMUNHA, YTO TPEOYET BHICOKOM TOUHOCTHU U3-
MEPEHHH U CIOKHBIX alTOPUTMOB 00pabOTKU. AJIbTePHATUBHBIM TOJIXOJIOM SIB-
JsieTCsl TUCKPETHAsl OIEHKa MPOCTPAHCTBEHHOTO IMOJIOKEHHUS WCTOYHUKA, TPU
KOTOPOH MPOCTpaHCTBO 0030pa pa3duBaeTcs Ha KOHEUHOE YHUCIIO YTIIOBBIX CEK-
TOpOoB [1].

CekTopHasi MojeJib IPOCTPAHCTBEHHOT0 0030pa
B nanHoii paboTe Ucnoiab3yeTcst KpyroBas aHTEHHasi CUCTeMa, COCTOsIIas

W3 BOCBMH HAIPaBIICHHBIX JIOT-TICPHOAMYECKUX aHTCHH, PABHOMEPHO pa3Me-
meHHbIX 10 okpyxHOcTH (Puc.1). Kaxknas antrenna gopmupyer cekTop mpo-
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CTPAaHCTBEHHOTO 0030pa IMMPUHON NPUOIU3UTENHHO 45°, 4TOo obecrneunBacT
MIOJIHOE MOKPBITUE a3UMYTaTbHON MIIOCKOCTU: KaXKIOMY CEKTOPY COOTBETCTBYET
(uKCUpPOBaHHBIN yIIOBOM MHTEPBAJ, BHYTPHU KOTOPOTO UCTOYHUK MOKET HAXO-
JIUTHCS C BBICOKOM BEPOSTHOCTHIO MIPU PETUCTPALIMM CUTHAJIA TAHHOW aHTEHHOM.
B otnnuue oT kilaccuueckol OIEHKHU yriia MPUX0/a, B JAHHOM CiIy4ae orpee-
asieTcst 001acTh BO3MOYKHOTO MECTOHAX 0 /ICHNS HICTOYHHKA, a HE TOYEUHOE Harl-
paBJeHHe.

Pucynox 1. Kpyeosas anmenuas cucmema.

MeTtoa 10KaIM3aUMU HA OCHOBE NepecevYeHusl CEKTOPHbIX 00JacTeil

Jlokanuzanus paguou3Iydaronero o0beKTa OCyIIeCTBISETCS Ha OCHOBE
aHaJn3a nepeceueHus IPOCTPAHCTBEHHBIX CEKTOPHBIX 00J1acTei, HopMupyeMbIX
AKTUBHBIMU aHTCHHaAMU. I[J'DI Ka)KI[Oﬁ AHTCHHBI CTPOUTCA O6J'IaCTI:, OrpaHHU4CH-
Hasl BYMs I'DaHUYHBIMU JIy4aMH, COOTBETCTBYIOIIMMH Hayajly U KOHLy ee 45-
IpagyCHOTO CEKTOpA.

[Ipu ogHOBpEMEHHOW PETUCTPAIIMU CUTHANIA ABYMSI WM OoJiee aHTEeHHAMU
CUMTAETCs, YTO UCTOUYHUK HAXOAMTCS B OOJACTU MEPECEUECHUs] COOTBETCTBYIO-
IIMX CEKTOpHBIX oOnacreil. ['eomeTpuueckn 3Ta 06IacTh MPEACTaBIsSET cOOOM
KOHEUHYIO 30HYy, OTPAaHUYEHHYIO IIEPECEUCHUEM I'DAHUYHBIX JIy4el aKTHBHBIX
ceKTopoB. Ilepeceuenre IPOTUBOIIOIOKHBIX YIVIOBBIX I'PAHUL] CEKTOPOB I103BO-
JSIeT ONpEeNeNIUTh MPUMEPHOE MECTOHAXOXK/IeHHEe 00BEKTa B paccMaTpuBaeMoi
00J1aCTH MPOCTPAHCTBA.

q)OpMaJ'IBHO 06HaCTb JJOKaJIN3aluu MOXET GBITB OIMMCaHa BBIPAKCHUCM:

Ape=NN,S, N=2,
r7ie S; — CeKTOp MPOCTPAHCTBEHHOTO 0030pa i-if aKTUBHOUW aHTEHHBI.
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Hcrnonp30BaHUe JaHHBIX C HECKOJIBKUX MPOCTPAHCTBEHHO PAa3HECEHHBIX
MPUEMHBIX ITYHKTOB MO3BOJISIET JIOMOJHUTEIHLHO MEPECEKATh MOJYUEHHBIE CEK-
TOpPHBIE 00JIACTH, YTO MIPUBOJMT K CYIIECTBEHHOMY CY>KCHHIO 00JIACTH JIOKAJIN-
3allM{ U MOBBIIICHUIO TOYHOCTH ONpeAeIeHUs KoopauHar [1].

HcTounukn ommook

OcHoBHBIMU (paKTOpaMH, BIUAIOIIMMU Ha TOYHOCTH JIOKAIU3AIUH, SBIIS-
I0TCA IIUPUHA CEKTOPHOTO MOKPBITUS, YPOBEHB IIIyMOB IPUEMHOT'0 TPaKTa, MHO-
rojly4yeBO€ pachpoCTpaHEHUE CUTHANIA U MIEPEKPBITHE AUarpaMM HaIPaBJIEHHOC-
TU cOCeHUX aHTeHH. OiHaKo OGaronapsi JUCKPETHOMY XapaKTepy METoa U Uc-
0JI30BAHHUIO NTepeceueHus o0nacTel BIUsHIE YKa3aHHbBIX (DPAKTOPOB HOCHUT OT-
paHWYEeHHBIN Xapakrtep [3].

Boi0op nncrpymenrapus: cpeaa LabVIEW

I'padpuueckas cpena nporpammupoBanust LabVIEW sBnsiercs 3¢ dexTus-
HbIM MHCTPYMEHTOM JUIsl peajn3alii alrOpuTMOB paJuoNeNIeHraluu U oopa-
OO0TKM CUTHAJOB Oyiarojapsi CBoel ONTUMH3MPOBAHHON MOJENU BBIOJIHEHUS,
KOTOpasi MO3BOJISIET OCYIIECTBIATh NapajuiebHyl0 00pabOTKy AAaHHBIX C He-
CKOJIbKMX aHTEHHBIX KaHaioB. B mannoit padore LabVIEW wucnonsiyercs st
peanuzaiuy aIropuTMa JOKalu3aluu CeKTopa, 00paboTKH U BU3YyaIU3alluH CUT-
HaJIOB, a TaKXXe B3aUMOJICHCTBUS C amnmnapaTHbIM obecriedeHreM cucteMbl. COop
U mpesiBapuTeNbHas 00paboTKa JaHHBIX BBIMOIHSAIOTCS C MOMOUIbIO0 BCTPOEHHO-
ro kouTposutiepa sbRIO, koTopkrit obecrieunBaeT AeTEPMHUHHUPOBAHHYIO 00padbOT-
Ky ¥ CTaOWIbHBIA OOMEH JaHHBIMU. VcTosb3yemble HHCTPYMEHTHI 1TU(pOBOit
00pabOTKH CHTHAJIOB BKJIIOYAIOT (UIBTPAINIO, OLIEHKY MOIIHOCTHA CHUTHAJIa U
moporoByr o0padboTky. Bupryansasie nmpubops LabVIEW o6ecneunBaroT Har-
JSITHOE OTOOpaKEHNE COCTOSIHHS CEKTOPA U PE3YIbTaTOB JIOKanu3amuu [2], [4].

Pa3pa6oTka aaropurma onpe/eeHus MeCTONOJI0KEHH
ANTOPUTM OTIpe/eTICHNs MECTOTIONOKEHUS PAIHON3ITYAIONMEr0 00beKTa

peanusyercs B BUJIE NOCJIEI0BATENbHBIX 3TAallOB 00paboTKH AaHHbIX. Ha nepBoM

oTare OCYHICCTBIIACTCA MPHUEM CHUIHAJIOB C BOCBMHU AHTCHHBIX KaHAJIOB U HUX
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npenBapuTenbHas nudpoBas GuIbTpanus 1 MoAaBIeHUS IIyMOB U BHEMOJIOC-
HBIX TIOMEX.
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Pucynox 3. bnox ouazpamma LabVIEW ons areopumma.

Jlasiee BBINIOJIHAETCS OLICHKA YPOBHS NMPUHMMAEMOIO CHUTHANA B KaXIOM
CEKTOpE Ha OCHOBE CPEIHEHN MM MAaKCUMAJIbHOW MOIIHOCTH 3a 3aJaHHbIN Bpe-
MEHHOW MHTEpBajl. AHTEHHBI, YPOBEHb CUTHAJIa KOTOPBIX IPEBBIIIAET YCTAHOB-
JICHHBIM MOpOT, CYMTAIOTCS aKTUBHBIMH. Ha cienyromem stamne Juisi aKTUBHBIX
aHTEeHH (OPMUPYIOTCS CEKTOPHBIE 001aCTH C YIIIOBBIMU I'PaHULIAMU, OTIpeaeIs-
€MBIMHU OpUEHTAIIMEH aHTEHH U IIMPUHOM UX Auarpamm HarmpasieHHocTH. [lepe-
CeueHHe JIaHHBIX 00JacTel NCIOIb3YETCs JJIs ONpeAEIeHUs 30Hbl BO3MOKHOTO
MECTOHAXOXKACHUS paauousnyyaromero ooOwekTa. [Ipu wucmonp3oBaHMM He-
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CKOJIbKMX TPUEMHBIX MYHKTOB BBIMOJHAETCSA JOMOJIHUTEIHHOE IepeceueHre
CEKTOPHBIX 00JIacTel, YTO MO3BOJSIET YTOUHUTH MPOCTPAHCTBEHHYIO JIOKATU3a-

U0 00BEKTA.
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DEVELOPMENT OF AN ALGORITHM FOR DETERMINING THE
LOCATION OF A RADIO-EMITTING OBJECT USING THE LABVIEW
ENVIRONMENT

S. Melkonyan', A. Aharonyan’, A. Hambardzumyan', M. Harutyunyan’,
M. Gabrielyan’

'Russian-Armenian University

ABSTRACT

This article considers the development of an algorithm for determining the location of
a radio-emitting object using the LabVIEW environment. The algorithm is based on the
use of a circular antenna system that forms a discrete sector coverage of space with a
fixed angular width of the sectors. Localization of the radiation source is carried out by
analyzing the intersection of spatial regions corresponding to active antennas, without
the need for an accurate estimation of the signal’s angle of arrival. The algorithm is
implemented in the LabVIEW environment using simulation modeling, which made it
possible to study its correctness, noise robustness, and computational efficiency. The
obtained simulation results demonstrate the possibility of determining the area of a radio-
emitting object’s location in near real-time mode. Practical hardware implementation of
the system is considered as a direction for further research.
Keywords: LabVIEW, coordinate determination, localization algorithm, signal
processing, triangulation.
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POPULATION-BASED PREDICTION OF RARE GENETIC
VARIANTS IN THE ARMENIAN COHORT
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ABSTRACT

In this study, we analyzed whole-exome sequencing (WES) data from
approximately 190 healthyindividuals of Armenian descent to characterize
the landscape of rare genetic variants and assess genetic risk for both
inherited and complex diseases. We identified a broad spectrum of rare
functional variants distributed across multiple chromosomes and disease
categories, including neurological, renal, cardiac, and metabolic disorders.
In addition, we calculated a population-level polygenic risk score (PRS) for
Type 2 diabetes using GWAS Catalog variants, revealing a predominantly
moderate genetic risk distribution within the cohort. Our findings highlight
the importance of population-specific variant catalogs for understanding
inherited disease burden and complex disease risk, and provide a
foundational genomic reference for future precision medicine initiatives in
Armenia.

Keywords: rare variants; whole-exome sequencing; population
genomics; inherited diseases; polygenic risk score.
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Introduction

Large international reference databases have substantially improved global
variant annotation; however, growing evidence shows that reliance on global
datasets alone is insufficient for accurate interpretation of rare variants in
underrepresented populations. Population-specific studies have demonstrated
that variants classified as rare or even pathogenic can display markedly different
allele frequencies across neighboring or ethnically related populations. For
example, population-based exome analyses in Middle Eastern and Eurasian
populations have shown that a substantial proportion of rare variants are unique
to specific populations and may be absent or extremely rare in global reference
databases, underscoring the clinical value of national and regional variome
resources (Iranome Project; Turkish Population Variome) [1, 2].

These findings highlight an important challenge in clinical genomics:
without population- specific allele frequency data, rare variants may be
misclassified, leading to incorrect assessments of disease causality or genetic risk.
This issue is particularly relevant for inherited disorders, where population-
enriched pathogenic variants can substantially contribute to disease burden, as
well as for complex diseases, where background allele frequencies influence
genetic risk estimation.

The Armenian population represents a genetically distinct group shaped by
long-term regional continuity and limited recent admixture. Despite this,
comprehensive population-level genomic data for Armenians remains limited.
As a result, the distribution and frequency of rare and pathogenic variants
associated with inherited diseases, as well as population-level genetic risk for
complex disorders, remain incompletely characterized.

Methods

Whole-exome sequencing (WES) was performed on DNA samples from
approximately 190 unrelated, healthy individuals of Armenian descent. Genomic
DNA was extracted from peripheral blood, and exome libraries were prepared
using standard enrichment kits and sequenced on Illumina platforms, generating
an average of 25-50 million reads per sample.

Sequencing reads were quality-controlled using FastQC [3] and aligned to
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the human reference genome (hg38) using BWA [4]. Variant calling was
performed following GATK best-practices [5], including duplicate marking and
base quality score recalibration, with variants identified using GATK
HaplotypeCaller. Variant annotation was conducted using OpenCRAVAT](6],
incorporating functional and clinical annotation resources. Analyses focused on
rare, functionally relevant variants, with clinical significance assessed using
ClinVar when available.

Allele frequency distributions in the Armenian cohort were compared with
gnomAD and the All of Us reference datasets. In addition, a population-level
polygenic risk score (PRS) for type 2 diabetes was calculated from GWAS
Catalog variants by summing the number of risk alleles per individual and
grouping individuals into risk categories based on relative risk.

Results

Allele frequency comparison with global datasets

Comparison with the gnomAD and All of Us datasets revealed differences
in allele-frequency distributions, particularly for rare and GWAS-associated
variants. These differences underscore the importance of population-specific
reference data when interpreting genetic variation and disease risk (Figure 1).
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Figure 1. Principal component analysis of allele frequency distributions for all
variants and GWAS-associated variants comparing the Armenian cohort with
gnomAD and All of Us reference populations.
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Disease category—specific distribution of pathogenic variants

Analysis of WES data revealed a diverse landscape of rare genetic variants
distributed across the exome. Functional annotation demonstrated a substantial
proportion of missense and other potentially deleterious variants, highlighting the
contribution of rare functional variation within the Armenian population.
OpenCRAVAT visualization showed non-uniform distribution of rare variants
across chromosomes and genes, suggesting enrichment in regions harboring
genes relevant to inherited disorders (Figure 2.a).

Pathogenic and likely pathogenic variants were observed across multiple
disease categories, including neurological disorders, renal diseases,
cardiomyopathies, bleeding disorders, and metabolic conditions. Several
categories showed higher relative variant burden, emphasizing areas of potential
clinical relevance for inherited disease screening in the Armenian population
(Figure 2.b).

a)
Clinical Significance

Liely pathogenic
Bre
W Pathogenic
I . I m_ gy o =
a) b)

Figure 2. Distribution of rare and pathogenic variants in the Armenian cohort
a) across chromosomes and b) across disease categories.

Population polygenic risk score for Type 2 diabetes
Using GWAS Catalog variants, a population-level PRS for Type 2 diabetes

was calculated. The total risk allele count per individual ranged from
approximately 82 to 120. When grouped into relative risk categories, most
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individuals clustered within moderate-risk groups, with fewer individuals at the
extremes of genetic risk. This distribution is consistent with the polygenic nature
of Type 2 diabetes and provides a baseline genetic risk profile for the Armenian
population (Figure 3).

Gene rsiD
TCF7L2 rs4506565
KCNQ1 rs2237895
FTO rs9939609
CDKAL1 rs10946398
IGF2BP2 rs4402960
KCNJ11 rs5215
PPARG rs1801282

5o ADCYS 1s4482616
I WFS1 rs1801212
’ ' - Risk ‘ )

Figure 3. Population distribution of polygenic risk score for Type 2 diabetes in the
Armenian cohort

Discussion

Our population-based analysis reveals a rich and diverse landscape of rare
genetic variants in the Armenian cohort, many of which are associated with
inherited monogenic disorders. In parallel, polygenic risk scoring demonstrates a
predominantly moderate genetic predisposition to Type 2 diabetes at the
population level. Together, these findings emphasize the importance of
population-specific genomic studies and provide a foundational resource for
advancing precision medicine and genetic disease research in Armenia.
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NPOI'HO3UPOBAHUE PEJKUXTEHETUYECKUX BAPUAHTOBB
APMSIHCKOM KOT'OPTE HA OCHOBE NONYJIALIAOHHBIX JIAHHBIX

E. Bapezaman'’, H. Kanvan',A. Cmenanan’', A. Yasywan',I'. Mapmupocan’,
I'. Mkpmusan', 3. Xauampan', C. Axo6an', M. Huxozocan'?, C. /lasumasan’’,
B. Aiupaneman’, I'. Jlazapan’, A. Munacan', JI. I'ykacan', /1. Kapanemsaw’,
0. I'azapan’, A. Meaxouan', K. Maiiunan', K. Xanoan', M. Axooan’,

P. 3axapan'?, A. Apakenan'’

"Uncmumym monexyaapuoi duonoeuu HAH PA
2Poccuticko-Apmanckuil ynugepcumem

AHHOTALMS

B nanHOM HccnenoBaHNY MBI IPOAHAIM3UPOBAIIN JJAHHBIE TTOJTHOT€HOMHOTI'O CEK-
BeHupoBanus sk3oma (WES), momryuennsie npumepHo oT 190 310pOBBIX MLl apMSHCKO-
'O IPOUCXOKACHUS, C LIETbI0 0XapaKTEPU30BaTh CIIEKTP PEAKUX TeHETHYECKUX BapHUaH-
TOB U OLCHUTh TEHETUYECKUI PUCK KaK HACIEICTBEHHBIX, TAK U KOMILIEKCHBIX 3a0071e-
BaHUH. MBI BBIABWIM IIUPOKUA HAOOP peaKuX (YHKIHMOHAIBHBIX BapUaHTOB, pacrpe-
JEeNEHHBIX M0 Pa3IMYHBIM XpOMOCOMaM M KaTeropusM 3a0o0JeBaHUM, BKIIOYasl HEBPO-
JOrHYecKue, HOYeYHbIe, CePACUHO-COCYAUCThIE U MeTabonnyeckue pacctpoiictBa. Kpo-
M€ TOT'0, Mbl PACCUMTANIN MOMYJISIHOHHBIN MONMUTeHHBIN oka3arens pucka (PRS) mns
nuabera 2 TUIa Ha OCHOBE BapHaHTOB U3 Katanora GWAS, uro nokasano npeuMyIiecT-
BEHHO YMEPEHHBIN YPOBEHb F€HETUUECKOI0 PUCKa B JaHHON Koropre. Hamm pesynbra-
Thl NOAYEPKHUBAIOT Ba)KHOCTH IMOMYJIIHOHHO-CIIEHU(PUIECKUX KaTaloroB BapHaHTOB
JUIsl IOHUMaHUsI OpEMEHN HaCJIeACTBEHHbBIX 3a00JIeBaHUN U PUCKA PAa3BUTHS KOMILJIEKC-
HBIX 00JIe3HEH, a TaKXKe CIYKaT OCHOBOW I OYIyIINX WHUIMATHB B 00JIACTH TIEPCO-
HaJIN3UPOBAHHOM MEIUIMHBI B ADMEHHUU.

KnroueBble cjI0Ba: peiKUe BapHAHTHI, I0JHOE S3K30MHOE CEKBEHHPOBAHUE, I10-
IyJSIIMOHHAS T€HOMHKA, HacJIeICTBEHHbIE 3a00JIeBaHNs, IOJIMT€HHBII PHCK-CKOP.
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uuonNonNkruU

Guwnwpyby L Epkp mupunindhwlnpbt nwwppbp ppiuwnbuw-
U uwdhph (Anethum graveolens L.), plniyh (Atriplex hortensis L.)
b wtnwunwjht junppkunt (Geranium sylvaticum L.) §nnuhg phuhw-
Jwt nuppbph jnrnudut hwdbdwnwlwt yEpnidnipinit tny
hnnujhtt dhpwjuypnid: Munidbwuppnipjut bywnwlji £ nwp-
pbph Jluwtdwt mbkuwluhtt wpwbtdtwhwnynipniuitiph pugw-
huwyjunnudp b $huinnykpujugudwtt hwdwp wkpuytlnhy nbkuwl-
ubph quwhwwnnidp: 30 phyhwlwb nwwppbiph yupnibwnipniup
nnnoyk) £ ICP-OES dkpnnny: Fniyjubiph Ynnuhg mwppbph futdw
htuntuuhynipiniup gquwhwwnyby E jiiuwputuljut jubtdwt gnp-
dwijhgutph (Y49) vhongny: Mwpqyky k, np K-p b S-p Ynunwlyhy
wnwppbp b pojnp mbkuwfubph hwdwp (Y99>1): Uudhpp gnigu-
ppnud £ Mo-h (W42=5.77), Cd b As dwpuhdw] Yninnmlynid, phint-
Up K-h (W4Q=9.26) l S-h, unpnkhtt Ca b Ba dwpuhtuy Yninw-
nud: Upmynitpubpp gnyg bt tmwjhu mwppbph jninuldub nbuw-
Juyhtt jmpwhwwnlnipnit b jupnn o Yhpundl] hunndbpw-
Jutqudwb Spugpbpnid:

Zpduwpuntp phthwlwt nwppkph Ynonwynid, YEhuwpw-
twub jjudwb gnpswljhg, vwdhp, phntly, wtnwnwhtt pnppk-
uh, ICP-OES, bhwnnytpuljutiqunid:
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‘Ukpwénipjnih

Zwupwiht mupplpp JEtuwlut tpwbwlnipinit nitukt poyubph
Shqhnnghuljwmb  gnpépupugibpmyu’ dwubwhghn] $nnnuhbiplqhi,
otiswnnipjutp, nipwthnjuiwbwlnipyuip b wdh jupquynpdwp: Fnyg-
ubiph Ynnuhg phufulwl wwppkph Yrubnod wkaaluugbghphy b
Yuhijws b puquuphy gnpénbiikphg gkubnhjulwb pumpwqptphg,
$hqhninghuljut hwlihg b hanh hqhlwphuhulut hunnynipy -

phg (1, 2];
Swppbph Yntnwldwt nmkuwluhtt ophttwswthnipiniutbph ni-

untdbwuhpnipjniip httwpwynpnipinit £ vnwhu puguhwynb; hwb-
pujhtt utmgdwt dkjpwthquutpp b quwhwwnb] pnyubph $hunndbpw-
Juwbqtudwl ttpnidn [3, 4]: Yhtuwpwiwub juudwt gnpswljhgp (Y9
= C pnyu/C hny) punipugpmid £ vnmwuppkph jubtdwt htinkuuhynipynion:
NEpkpdwuh nwuuupgduwt hwdwdwyt [5], ¥9% >1 niubgnn nwwuppbpp
Ununwlhs kb, hul] Y4Q <1 niikgnnbpp Ypubhs:

Gpuljuinipyut nyjujubpp Juynd b nuppbph jnuinwuljdut
qquih nkuwluwjhtt mwppbpnipnibitph dwuht [6, 7]: Apiaceae plitnw-
uhph ubkpluywugnighsubpp hwynth tu 6énidp wwpnitwlnn dhwgni-
pinLulkph Ynunwljdudp [8], Amaranthaceae-p fuphnudh pupdp wupnt-
Ly pjundp [9], huly Geraniaceae-p fughniuh wljinhy Yubdudp [10]:

Quuywsd pnyubiph hwtipwjhtt utinigdw ntunmdbtwuhpnipiniubph
qquih pwbwlht, tnyb hnnujht Wuydwbttpnid nwwuppkp mwupuntiubph
Ynnuhg nmwupptph ninujdwt hwdkdwnwjut nydjuitipp vwhdwbw-
thwl ki, vwubwynpugbu dhpnunwppbph b nyupudhpnunuppbph
YEpwpbpyuy:

MNuunidbwuhpnipjub byuwwnwlu k tnyt hnnnud wdnn Epkp tnwp-
untnthwlnpkt mwppbp poiuwnbuwlh vwdhph (Anethum graveolens
L.), phniyh (Atriplex hortensis L.) b wmtitnwnwyht junppbkunt (Geranium
sylvaticum L.) Ynnuhg dwljpn- b dhjpnunnwupptph jninwljdwut hwdbdw-
nuljut ntuntdtwuhpnipniup:
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Onpadwpupuljui duu

Nuunidbwuhpnipjut opjijnntkpt Eht vwdhpn (Anethum graveolens
L.), phniyp (Atriplex hortensis L.) b wutnwnujhtt junpnkuhtt (Geranium
sylvaticum L.), htisyybu ttwl npug wddwt hnnp: Uju nkuwljubph puwn-
poipiniup wuydwbwynpyws E pputg wmwppip twpuntindhwljub
wuwwnluikimpjudp Apiaceae, Amaranthaceae i Geraniaceae plnwlihp-
ubkpht hwdwywwnwupwbwpwn:

‘Lunwpubpp hwjupyk) ki 2024p. Jighinughnt spowtinid Ujniuhph
dwngh @nphu punuph dnnnwljuwyphg: Fnyubpp hwjuwpyty kb swnljdub
thnymud’ jupupwiisinip wkuwlhg 10 tdniy: Znnh tdnetbpp hudupyby
ki 0-20 ud junpmpniihg hwdwlupglus tdniywhw]uph tkpnnny
hpug Ypluntpyudp:

Pnyubph wdnipubpp (JEpgbnyuw dwu) snpugyl) b ubkyulught
obpdwunhdwinid wpbhg wuonwyuiudws wbnnud, dwbpugdbk] tu
Uhtsl dwutthhh swthu <1 dd b wwhyby Bl 4£1°C obpdwunhgdwtinud: Znnh
uunioutipp snpugyk Eu b idwbwybu dwipugyl) Eu: Zwbupuyht uqdp
npnobknt hwdwp pniuwljut tyniph 0.5000+0.0002 ¢ quiquény tuniop
nbnunnpyb] £ nkdnuk wdunljjuynid b dowljyty £ 5 dp HNOs (65%) L 2
U] H20:2 (30%) puwnunipnny: Zwbpwjhwgnidp Juunwpyby E Mars 6 Uhy-
pnwhpuhlt hudwlupgn] (CEM, UUU) hknljwy nkdhum] wwpugnid
Uhlisl 180°C’ 15 pnugh, wwhwywinid 180°C-mid” 15 pnwgk, uwnkgnid
Uhlsh ubkyyuluyht okpdwuwnhdwi: Unwugdws (nisnypubpp pwbwlju-
whu mbnuthnpudt) kb 50 U] swdwny upjuljubtph dke b hwugyt; tu
upwgshtt wmywhntwgdws opny: Znnh tdnipubph hwipuyiwgdwi hw-
dwip 0.2000+0.0002 q tynipp dowliyl £ HNOs, HF it HCIOs ppniukph
luwnunipnny, |nwdnypn gninpohwgyk) k dhtsh snp dbwgnpn b bpnis-
yk1 2% HNOs niénijpniu:

ZEnwugnunnipjut oppwttwjnid npnoyty Et 30 phuhwljut nwppbph
(Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, La, Li, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb,
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Sc, Sn, Sr, Ti, V, W, Y, Zn, Zr) inugkiinpughwitpp wpunuwhwjnduws
uUqg/lq snp wynipnud:

Swippuyhtt JEpnismipiniup juunwpyl) £ htignijnhy juygdws
ypuquuyh ownhl-tdhuhnt uwyblinpnubnphugh (ICP-OES) dkpnnm]
Jhpwntiny Agilent 5110 uyklnpndbwnp, npt niuh nipnuhwyug wpdwu
hwdwljupg b Epluljh phrnwpldwt htwpwynpnipniu: Muquuwgh gluk-
pughwt hpwlwtwgyt) k£ pupdp dwppnipjutt wpgnuny (99,998%):

Pnrjubph nuppuwyht jjutdwt guwhwwnnidp hpujuwbwgyby E k-
uwpwwlub jjutdwb gnpdwljgh (T4F) hwpuplny:

YYQ=Chnn/Cpnyju
npukn Cpnua. wnwpph Wupnibwlmpniub £ pnygunid (Ug/lyq snp ynip),
huly Chon wiwpph wupnitwlympnip hngnud: Cun Ueb. Nhpkjdwih nu-
vwljupquui’ YUQ > 1 wpdlp niikgnn nuppbpp phunwplyky i npuybu
JEuuwpwtwlwt Ynrnwljhsttp, hull Y99 < 1 wpdbp mukgnnubph nbw-
pnid junuynid £ jEhuwpwbmjut quuydwt dwuht:

dhpnudnipjniuubpp juwnwpyty b tnwlh Yplunipeniuutpny, wp-
yniupubpp thplhuyugyt) ti M+SD dbwswthny:

Upmyniupubip b putiwpnid

znnh mwppuwlwt juquh JEpnisnipiniup gnyg wngtg, np hhdtw-
Jub dwlpnunuppbpp thpuyugus b hknbyjuw) tquqiwt jupgny. Ca
>Fe>Al>Mg>K>P>Mn>Sr>Ba>Zn>Cu>Na>S>Ni>Cr>Pb>Ti
>V >Co>La>Mo>Cd>As>Sb>Sn>W>Sc>Y >Zr> Li: Znnh tunip-
ubpniud hwnjuwbu pupdn Ep Ca, Fe b Al wyupnitwnipiniup, dhtispbn
P i K hudbdwwnwpwp wykjh gusp dwjupnuljubpnid Eht:

Uwlpnunwppbiph wupmibwlnipjut Epnisnipiniup  poyubph
Jtpgbntyw dwubkpnid gniyg kg mkuwljuyhtt qquh tnupptpnipiniu-
ubp (wpmniuwy 1): fnnp poyubph dnnn fujhnwdp b 8énudpp hwtinbu
Ejuwt npytu JEluwpwbwljut §nrinwlhs muppbp (W9 > 1): Bhnyp
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punipugpybg juhndh wdkbwpwpdp fninuljdwdp (999 = 9.26), huy
uwdhpp 8sUph (WYQ = 9.70) b pnudnph (YU = 1.89) wdkiiwpupap wjw-
pntbwynipjudp: Gwighnudp Yninwlhy mwupp kp dhuyt vwdhph hwdwp
(4G =2.45), hsp hwJwuwpwp juwws L wyu pnyyuh junnigwuspughtu
b dbwnnwupn b wpwudtwhwwnmpnitubph htwn:

Umniuwly 1.

Mumduwuhpdws poyjubph hnpnud b Epghnyw dwubpnud

dwlpnh Edkbntkph wupnibwlnipnitp (Ug/Yyq snp Wynip) b npubg
JEuuwpwbulut jljubdwb gnpswuljhgubpp (449S)

qua
quG quGQ
Smpp Znn Uunfhp BEml Iimprkh Joanpnk-
wmlhp | phmly
uh
Ca 36852.6+1842 | 90420,54£4521 | 19212,682960.63 | 26774,10=1338,7 | 2,45:01 [ 052+0,03 | 0,73+0.04
K 4746,60+237 | 43194,1+2159 | 43947,6+£2197.3 | 26887.20:1344.3 | 9,10£04 | 9262046 [ 3,66+0.28
]},-Ig 7345,50+367 4795,5£239.8 5908,99+295.45 266152413308 0,65+0,0 | 0,50+0,04 | 0.36+0.02
P 3478,55+£174 6578,1£328.1 5030,41+251.52 | 4906,94+245.35 | 1,89:0.01 | 1,45:0,07 | 1.41+0,07
S 548.7227 .43 5321,3£266.1 3439.98x172,00 | 3182.66+£159.13 | 9,70£05 | 02703 5,80+0,29
Na 735,57+36,7 1183,81+59, 388,90£19.45 299,19+14,96 1.61+0,1 | 0,53+0,03 | 0,410,02

Uhypnunnwppbiph wupnibwlnipjub ntuntdbwuhpnipinip bu pu-
guhwjintg nkuwluwyhtt mwppbpnipnitutp (Unniuwly 2):

Unjhppkup §ninwlhs mwupp kp vwdhph (A4S = 5.77) U junppbunt
(U4 = 1.59) hwudwp, dhuspbn phniih Jipgbniyu dwund wyt skp
hwjntuwpkpynid, hisp Juyniud £ wnnupph jijutdwi b nknuthnjudw nk-
uwljuwihtt wnwbdtwhwwnlnipniubph dwupb: Gpllupn b wjnudhup pn-
Inp pnyubkph dnwn punipugpybght puwn gusp Y9 wpdbpubkpny (0.008-
0.014), husp yyuynid £ Untinph uwhdwbwthwljdwt wpynibwybn wpgk-
(ulught Ubppwmthquubph qnnipjut dwuht:
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Ungniuwly 2.

Nuunidtwuhpdwé pnyubph hnpnid b Jepghntyu dwunid npny

dhypn- b nyyinpudhpnunupptph wupnibwlnipniup (Uq/lq snp tynipe)
b nputg jtuwpwbwlut jjuudwt gnpsuljhgubpp (T49)

Tunlhg, @lqml, | hmpgkbh, | Y99 um- yyq. yyuq

SRR | g Ug/yg /g uhp plqml | jmpykih
Fe 26436,49=1322 | 369.50£18,48 | 207,13£10,36 | 351,12:17.5 | 0,014:0,001 | 0,008=0,0004 | 0,013=0,001
Al 18813,352941 | 222,03£11,10 175,35£8,78 | 210,20£10.5 | 0.012:0,001 | 0,009=0,0005 ( 0.011£0,001
n 276,30+13,82 55,95+2,80 59,72+2,09 24522123 0,200:0,010 | 0,216+0,011 0,089:0,004
Mn 908,03+45,40 73,533,068 50,49+2,52 82,22:4,11 0.081£0,004 | 0,05620,003 | 0,091£0,005
Cu 102,54£5,13 20,961,053 11,52£0,58 8.41+0,42 0,204£0,010 | 0,112£0,006 | 0,082:0,004
ar 377.83£15.89 86.66+4,33 67,41+3,37 27452137 0,229:0,011 | 0,178+0,000 | 0,073:0,004
Ba 340,24+17,01 19,27+0,96 13,68+0,68 26.84=1,34 0,0570,003 | 0,040+0,002 | 0,079:0,004
Mo 2,59+0,13 14,96+0,75 o 4,11+0,21 5,773£0,289 o 1,586+0,079

* - Ukpnnh hwyntwpbpdwt vwhdwthg gusdp:

Shuljp, ynhtdp b unpnughnidp dhohti hunbkuuhynipjudp fjutgnny
wnwppbp Eht (0.1 < TS < 1), vmjuyt nputg §ninwljnidp qquhnpku
wnwppbhpynud Ep mbuwljubph dholi: Uwdhpep punipugpynid Ep wynudh b
unpnighnudh wdbbwpupdp Y49 wpdbpubpny, phymyp ghuyh [11],
hulj inpnkuht’ dwiquith:

SYjujubph hwdwljgus Jhpnidnipiniup gnyg ngkg, np uwdhpn
wnwy k) wpnynibwybwn E jnunwlnd dnjhpnbl, jungdhnod b dunghn, ph-
miyp Yuphnud, ssnudp b ghtiy, huly unpykiht' Yuyghnd b puphnd:

Uju wpnnibpubpp hwdwhnity i gpujutt ndyujubpht. ophtuwly,
Amaranthaceae pilnwthph pnyubpp pimipugpynid Gu Jujhnid §ninw-
ytnt pupdp ntbwnipjudp [11], hulj Apiaceae pitnwthph ukpluywugni-
ghsitipp 86nudp wupniiwlynng vhwgm pynibibph dbun]npuwdp [12, 13]:
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Uudpph Ynndhg fuighnidh pupdp fnunwlnudp jupnn Eouydu-
twynpywsd [huk) poowymnbph whljnhttwhtt yniptpny hwpniun ju-
nnigwoépny [14] b dbkwnmwnubph plnnpuhlughwyh dkjuwtthquubpny
[15]: $nudnph Ynunwljiwh nwppkpnipmbbbpp (wudhp Y4Q = 1.89,
phntly 1.45, unpykih 1.41) hwjwiwpwp juugws i wpdunuh hw-
dwljupgh qupqugdut wmunhdwuny, Uhnphquyht thnjuwmqptgnipjudp
b pnudwn thnpuwnnphsubph gnpéniubnipjudp [16, 17]: Unjhpykuh Yni-
nwldwt wpnwhwjnygwsd nbuwljuyht mwppipnipniutbpp wuydwbw-
Ynpyws Lt thinpuwwn nhnniljinugh b thinpngbhiwgh gnpéniitnipjui w-
nwudbwhwwnlmpnitutpny [18, 19], hsybu twl Amaranthaceae punw-
uhph mbuwljutph hwdwp punpny Mo-h guép wupnibwlnipyudp [20]:
Bpljwph b wynidhth guép W4 wpdbpubipp kupunpnid G, np pnyubph
Unwn gnpdnid B wyn mwppbph Untnpp vwhdwbwhwljnn wpgnitwybwn
Ubkhiwmtithquubp, husyhuhp i opqubwmjuitt ppniutpny juwynudp b w-
1nwsth hwdwhpubkph wpwowgnudp [21, 22]:

Uju niunidbwuhpnipjub wpyniupubpp twb ptngdnid G Yhpw-
nuwjut tpwbwlnipinit: Uwdhph pupdp dnjhppbt, jundhnid b djunkn
ntnuljdwut nithwlnipiniup wyu phunnwpynid £ npytu ynunkughwy dh-
nnnhdbtnhwghnt mbuwly [23]: @hnihh Juihnwdh b 88Uph pupdp wu-
poibwlnipinitp jupbnp £ gniquunbntuwljut phndnpunhdhljughugh
wnbuwtlyniuhg [24]: Fnnp ntunidbwuhpyws mbuwljutph Unwn Gpljuph,
wnidhtth b juwwnph gudp §nununudp Juynid £ wppynibwybn nk-
wnnpuhljughntt dbjuwthquubph wnjwnmpjut dwuht [25], npnup ht-
wnwppppnipnit B ukpjuyugind jEhuwnbuininghwljwt Jhpwnnt-
pintuttinh hwdwnp:

Bqpuljugnipinih

Uju ntuntdtwuhpnipiniup gnyg nngtg, np unyyt hnnuyhtt yuydw-
ubpnid w&nn uwdhpp (Anethum graveolens), phjnip (Atriplex hortensis)

107



b winnwnpwjhtt junpnkuhtt (Geranium sylvaticum) qquihnpkt thwppbp-
Ynud ku phthwljut nmuppbph jlutdwt b §nunuljdwt nthulnippudp:
Fninp nuunidbwuhpyws nmbkuwfubph hwdwp punpny Ep fujhnudh b
d6Uph pupdp jEhuwpwwlut jjutunudp (Y92 > 1), hisp hwunmwwnnid |
npuig Jhuuwbhqhninghujut wnwugpwjhtt nhpp poyubph Ynipwthn-
hwtwlnipjut b wgh gnpépupwugubpnid: Snudpnpp Ynrnwlhs nwpp tp
vwdhph U funpykunt hwdwp, huly Yuyghnudp dhug wadhph, npp bwb
punipwugpybkg twwnphnidh JEhiuwpwbujut nunwuljdwdp:

Uhypnunwppbph pwppnid dnjhppbtip wnwbdtwguy npybu Yni-
wnwljhs mwpp uwdhph b unppitne Unw, htgp iuynid £ inkuwlugh jni-
puwhwwnnily dkjpwthquutph dwuht: Uwdhpp wnwybjuybu §ninwlnid
tp Mo, Cd bt As, phymlp K, S it Zn, hulj junpykuht’ Ca b Ba: Gpljuph b
wnidhtth Y43-h owwn gwép wpdbpubpp gnyg wndkght, np pnjnp Epkp
wnbuwlubph dnwn gnpénud bu npug Untinpp vwhdwbwithwlnn wpynt-
twytn yuonyuwiuwljuwb Ukjpwthquubp:

Uunwugws wpyniupubpp hwuwnwwnnd B, np pnyubph nuppugh
Juqup dbwynpynd E ny dhuytt hnnh wbuwlny, wyjbh tnwpuntindhy
wuunluwiubnipjudp b Eyninghuljut pwquujupnipjudp: Upnniuphk-
pp Yupnn ki §hpunwljui tywiwlnpni nikiwg wvudhpp ghuwplyb-
1ny npy tu Unjhpyktng b Swbp dknwnubpny wnunnungdws nupwspubph
wnunblighuy $hunnnubnhwghntt wkuuwy, phnip’ Fhadnpinhdhlugh-
ugh hunfwp hwpdwp opjtljn, hul junpnbuhtt Yughnudh b puphnudh
ntnuljdut mbuwljuyhtt Unnby:

Ujunphuny, pnyubph mmwppuyhtt ypndhih nruntdbwuhpnipniup
httwpwynpnipnit £ nnwhu ny Uhwyt puguhwjnt hwupuyhtt utinigdw
nbuwluyhtt wpwbudtwhwnlnipnitubpp, wyl gputp ogquugnpsdty
gniqunbwnbunipjul, Eyninghugh b $hunnntdtnhwghwjh njnpunukpnid:
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BUJOCHEHUPUYECKHUE OCOBEHHOCTHU HAKOIIJIEHUA
XUMHUYECKHUX 9JIEMEHTOB B MAEHTUYHbIX IOYBEHHBIX
YCJIOBUAX

Bapoanan JI.P., Hasacapoan P.M., C.A. Aiipanemsan

Tocyoapcmeennuiii ynusepcumem I opuca

AHHOTAIMUA

B naHHOW cTaThe NMPOBEAEH CPABHUTEIBHBIN aHAIN3 HAKOIUIEHUS XUMHUYECKHUX
AIIEMEHTOB TPeMs TAKCOHOMIYECKU PA3IMYHBIMU BUIaMH pacTeHni: ykporioM (Anethum
graveolens L.), meGenoit camoroii (Atriplex hortensis L.) u repanbio siecHo# (Geranium
sylvaticum L.), mpou3pacTaromumMu B OJJMHAKOBBIX TOYBEHHBIX yciIoBUsX. Llenb ucce-
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JIOBAaHUS — BBIABIICHHUE BUAOCICIIM(DUIHBIX OCOOCHHOCTEH ITOTJIOMICHUS DJIEMEHTOB H
OIICHKA TEPCHEKTUBHBIX BUAOB s (purtopemenuaiuu. Conepxanue 30 XUMHUUECKUX
snemeHTOB onpeneneHo merogom UCIT-O2C. MHTeHCUBHOCTD NOMIOICHUS 311EMEHTOB
pacTeHUSIMU OlleHUBANIACh Yepe3 KoddduiineHTs! Ononoruueckoro nornorienus (KBIT).
VYcranoBneno, yto K u S sIBISIFOTCS HAKAIIMBAIOIIMME 3JIEMEHTAMHU JIJISl BCEX U3Y4CH-
veix BHmOB (KBIT>1). VYkpom meMOHCTpHpyeT MakCHMalbHOE HaKOIUIeHHe Mo
(KBIT=5.77), Cd u As, nedena — K (KbI1=9.26) u S, repanb — Ca u Ba. Pe3ynbTarst
MOKA3bIBAIOT BHJIOCIICU(UIHOCTh HAKOIUICHUS 3JIEMEHTOB U MOTYT IPUMEHSTHCS B
nporpamMmax (puTopeMeTHaIymg.

KuroueBble €10Ba: HAKOIUICHUE XUMUYECKHUX 3JIEMEHTOB, KO3 QUITUSHT OHOJIO-
CHYECKOTO TOJIOIIEHUs, YKPOTI, Jiebeaa camoBasi, repanb jecHas, UCIT-O2C, gurope-
MeIHaIusl.

SPECIES-SPECIFIC CHARACTERISTICS OF CHEMICAL ELEMENT
ACCUMULATION IN IDENTICAL EDAPHIC CONDITIONS

L. Vardanyan, R. Navasardyan, S.Hayrapetyan
Goris State University

ABSTRACT

A comparative analysis of chemical element accumulation was conducted for
three taxonomically distinct plant species: dill (Anethum graveolens L.), orach (Atriplex
hortensis L.), and wild geranium (Geranium sylvaticum L.) growing in the same soil
environment. The study aimed to identify species-specific patterns of element uptake
and evaluate prospective species for phytoremediation applications. The concentrations
of 30 chemical elements were determined using ICP-OES methodology. Element uptake
intensity by plants was assessed through bioaccumulation factors (BAF). Results
revealed that K and S are accumulating elements for all studied species (BAF>1). Dill
demonstrated maximum accumulation of Mo (BAF=5.77), Cd and As, orach showed
highest K (BAF=9.26) and S accumulation, while wild geranium exhibited maximum
Ca and Ba accumulation. The findings demonstrate species-specific element
accumulation patterns and can be applied in phytoremediation programs.

Keywords: chemical element accumulation, bioaccumulation factor, dill, orach,
wild geranium, ICP-OES, phytoremediation.
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ABSTRACT

In this paper, we reported the inheritance pattern of two missense
mutations (R113G and Y695C) in the NDUFS1 gene, which were previously
identified in a pediatric proband. NDUFS1 is a nuclear gene that encodes a
subunit of mitochondrial complex I, mutations in this gene can cause
mitochondrial diseases and lead to severe neurological and metabolic
disorders in children. Based on previous genetic testing results, the affected
child was heterozygous for both missense variants and showed clinical
features of a mitochondrial disorder. We analyzed DNA samples from both
parents by Sanger sequencing to determine the origin of these mutations in
their child. Our results showed that the mother carries the Y695C mutation
and the father carries the R113G mutation, both in a heterozygous state.
These findings confirm an autosomal recessive inheritance pattern.

Keywords: NDUFS1, Sanger sequencing, rs1692265722, rs773465401,
mitochondrial complex I deficiency.

Introduction

Mitochondria are double-membrane-bound organelles which are essential
for normal cellular metabolism and signaling. Their main function is to generate
ATP through the process of oxidative phosphorylation (OXPHOS), also they
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include in calcium signaling and apoptosis. Mitochondrial diseases are a wide
and heterogeneous range of different disorders which affect mitochondrial
functions and structure. Mutations in both nuclear DNA and mitochondrial DNA
can lead to disease. Energy-intensive organs and tissues such as brain, heart, eyes,
nervous system and skeletal muscles are more susceptible to OXPHOS defects,
leading to diversity neurological, ophthalmological and cardiological symptoms.
[3]

The OXPHOS system is located in mitochondria and consists of four (I-
IV) electron transport chain complexes. These complexes transfer electrons from
NADH and FADH2: and producing the electrochemical gradient of protons which
is required for ATP synthesis. Complex I is the largest enzyme; it consists of 45
protein subunits. Also, it is the most frequently affected complex in
mitochondrial diseases. [1]

NDUFSI is a nuclear gene located on human chromosome 2. It encodes a
protein of 727 amino acids, which is a part of the core catalytic N-module of
Complex I, which is responsible for NADH oxidation and electron transfer to
iron-sulfur (Fe—S) clusters. Mutations in the NDUFSI gene are associated with
mitochondrial Complex I deficiency, Leigh syndrome, and other multisystem
diseases [2].

Previous genetic testing using next-generation sequencing (NGS)
identified two heterozygous missense variants in the NDUFSI gene in a one-
year-old proband (Table 1). The pediatric proband presented with irritability,
increased blood lactate, scaphocephaly, oculomotor apraxia, hyperreflexia,
increased muscle tone. These symptoms are commonly observed in
mitochondrial disorders.

In ClinVar the R113G variant is reported as a variant of uncertain
significance (VUS), although it has been associated with mitochondrial complex
I deficiency, nuclear type 1, and Leigh syndrome. The R113G variant is located
in the iron—sulfur (Fe-S) cluster domain due to this substitution may affect
electron transport chain in complex I. The Y695C variant is located in the C-
terminal region of the protein, and its functional impact has not yet been

described in the scientific literature.
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Table 1.
Description of NDUFS1 mutations

Population .
. . Clinical
Variant cDNA Protein frequency | ., .
name e change change (GnomAD significance
(ClinVar)
exomes)

R113G | 151692265722 | ¢.337A>G | p.Argl13Gly | unknown VUS
Y695C | 15773465401 | c.2084A>G | p.Tyr695Cys | 2.28x107° VUS

The aim of our study was to determine the origin and inheritance pattern of
two missense mutations (R113G and Y695C) in the NDUF'S1 gene in the proband
using Sanger sequencing approach.

Materials and methods

Blood samples were collected from both proband parents. Genomic DNA
was extracted using commercially available kit (Promega, USA). DNA samples
were amplified in PCR reaction followed by purification and final library
preparation.

Primer design for PCR was performed wusing Primal Scheme
(https://primalscheme.com/). The primer sequences are presented in the Table 2.

Table 2.
Primer sequences
Primer name Sequence (5'-3")
NDUFS1 R113E MI3 F TGTAAAACGACGGCCAGTCTCCTAGAAGCTGA
- - = GCACACCAA
CAGGAAACAGCTATGACCTCAATAGTGCCTGC
NDUFS1 R113E M13 R TAATCAAAGC
CAGGAAACAGCTATGACCTCTGGATCAAGTAA
NDUFS1 Y695C M13 R
- - = GGAACAGATTGGA
TGTAAAACGACGGCCAGTCCTGCAGTTATTTG
NDUFS1 _Y695C M13 F CCACTTIGGA
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In more details, PCR final reaction volume was 20 pL containing 4 pL
FIREPol® Master Mix Ready to Load (Solis BioDyne), supplemented with
MgCl: to a final concentration of 2.5 mM, 1 uM of each gene-specific primer
with universal M13 tails, and genomic DNA (approximately 200-300 ng per
reaction). Nuclease-free water was added up to 20 uL. The amplicon lengths were
519 bp for R113E and 586 bp for Y695C. PCR products were then purified using
the SyntEra-DNA magnetic beads to remove residual primers, nucleotides, and
enzymes. Purified amplicons were used as templates for PCR with universal M13
primers, the BrilliantDye™ Terminator v3.1 Cycle Sequencing Kit. Sanger
sequencing was performed on a SeqStudio Genetic Analyzer (Thermo Fisher
Scientific). Chromatograms were analyzed using Ugene (v.52.1).

Results and discussion

The Sanger sequencing electropherograms demonstrated that the mother
was homozygous for the wild-type allele, while the father was heterozygous,
carrying both the wild-type and R113E variant alleles (Figure 1). Based on the
results obtained it can be concluded that the proband inherited the R113E variant
from the father. Pedigree analysis shows the inheritance of the R113E variant in
the proband and his parents (Figure 3A).

B
GG G

GG G

GG
GGG

Figure 1. Sanger sequencing chromatograms
of the R113FE variant in the NDUFS1 gene.
(A) Chromatogram of the mother.

(B) Chromatogram of the father.
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In contrast, the Y695C variant is present in a heterozygous state in the
mother, whereas the father is homozygous wild-type. These genotypes were
confirmed by Sanger sequencing (Figure 2), and the pedigree illustrates the
inheritance of the variant (Figure 3B).

A B
1 EL
AVAV.-NAVAN AN/ VAVAVAV VAN

Figure 2. Sanger sequencing chromatograms
of the Y695C variant in the NDUFS1 gene.
(A) Chromatogram of the mother.

(B) Chromatogram of the father.

NN

Proband Proband

Figure 3. Pedigree chart of the family. Filled symbols indicate affected individuals,
half-filled symbols indicate carrier status and unfilled symbols indicate wild-type
individuals.

(A) Pedigree showing inheritance of the R113E variant.

(B) Pedigree showing inheritance of the Y695C variant.
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The results indicate that the inheritance pattern in this family corresponds
to the classical autosomal recessive model (Figure 3). In our case study, the
proband is a compound heterozygote, he inherited two different mutant alleles in
the NDUFS1 gene, R113G from the father and Y695C from the mother. Due to
autosomal recessive pattern in this family each pregnancy has a 25% probability
of resulting in an affected child, a 50% probability of producing a heterozygous
carrier, and a 25% probability of an unaffected child carrying no pathogenic
variants.

Based on these findings, the family received genetic counseling to review
carrier status and potential risks for future children.
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CEMEWHOE UCCJIEJJOBAHUE MYTAIIUA R113G U Y695C TEHA
NDUFS1 METOJOM CEKBEHUPOBAHUS 110 COHI'EPY

H.B. Kykosa', A.I. Apaman’, B.O. Aipaneman'’, /I.B. Kapaneman',
O.K. Kazapan'’, C.A. Adsuceman'’, A.A. Apaxenan’’, P.B. 3axapan'’

!Poccuiicko-Apmanckuil ynusepcumem
’Uncmumym monexynapuoii 6uonoeuu HAH PA

AHHOTANUA

B naHHOM HCCIIeTOBaHUU MBI OITUCAITM THIT HACIIEAOBAHUS IBYX MUCCEHC-
myTtaruii (R113G and Y695C) B rene NDUFS1, koTOpbIe OBLITN paHEe BBISBICHBI
y pedenka-npodanmga. NDUFSI 3To sinepHbIil TeH, KOTOPBIH KOIUPYET CyObeIn-
HUIy MHETOXOHJIPHAIBHOTO KOMIUIEKCa [, MyTaluu B TaHHOM TeHe MOTYT TpH-
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BECTH K MUTOXOHIPUATHLHBIM 3a00JI€BaHUSAM U CEPhE3HBIM HEBPOJOTUYECKUM U
MeTa00JIMUYECKUM HapyIIeHHUIM y ieTeid. Ha ocHOBaHMM MpeABITyINX pe3yJIbTa-
TOB T€HETUYECKOTO0 TECTHUPOBAHMS PEOCHOK OBLT IreTepO3UTOTHHIM IO 00EUM
MHCCEHC-MYTallUsM U UMeJT KJIMHUYECKUE CUMIITOMBI MHUTOXOHIPHATIBHOTO 3a-
OoneBanwms. {11 onpeaesiennst MpOUCXOXKACHUS dTHX MyTaIlUi MbI TPOAHAIIA3H-
poBanu obpasnsl [JHK ot o6oux poaureneld ¢ moMOIbIO0 CEKBEHUPOBAHUS T10
Conrepy. Pesynbrarbl mokaszaiid, 4TO MaTh SBJSETCS HOCUTEIEM MYTAaIlUH
Y695C B retepo3uroTHOM COCTOSIHMH, a OTEI] SIBJISAETCS HOCUTEIEM MYTAIuu
R113G Tak e B reTepo3UroTHOM COCTOSIHUM. DTH JJaHHBIE TTOATBEPKIAIOT ay-
TOCOMHBIN PELIECCUBHBINA TUIT HACIEAOBAHUS.

KawueBbie caoBa: NDUFSI1, cekBenupoBanue mno  CaHrepy,
151692265722, 1s773465401, nepunuT MUTOXOHAPUATBLHOTO KOMILIeKca I.
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AHHOTALIMUA

B Hacrosmiee BpeMst oco0oe BHUMaHHE YAesSeTcs nepenpoduinpo-
BaHMIO JIeKapcTB. [IpoTuBOManspuiiHbIe MpenapaTsl, B TOM YHCIIE apTeMU-
3WHUHBI, 00J1a1aI0T TepareBTHYECKUM ITOTEHIIMATIOM, BEIXOISIINM 32 PaM-
KH JICYSHHUS] MAJSIPUH, B YaCTHOCTH, MOIIHBIM ITPOTHBOOIYXOJIEBBIM, aH-
TUANAOETHIECKUM, aHTH-HH(IAMMATOPHBIM, AHTHATEPOTEHHBIM, aHTH-
OaKkTepuaNbHBIM, aHTHUH()EKIIMOHHBIM, aHTH-ayTOMMMYHHBIM, IMMYHO-
MOJYJHMPYIOIIMM U T.J. APTEMH3MHUH, a TaKXKe TUTHAPOAPTEMH3HMHUH
paccMaTpuBarOTCsl B KauecTBE MOTEHIMAIBHBIX HEHPONPOTEKTOPOB. bo-
ne3Hb AJbIreiiMepa — Hanboee pacpoCTpaHeHHOE HelpoiereHepaTHB-
Hoe 3a00NIeBaHue, XapaKTepU3YoIeecs] HAKOIUICHHEM OJIsIIeK Oera-aMu-
Joua U HepoUOPHIUIAPHBIX KIIyOKOB arperupoBaHHoro runepgocgo-
PUIMPOBAHHOTO Tay-0enKa. DTOMY CIIOCOOCTBYET TaKKe U3MEHEHHE YPOB-
HS MOHOAMHHHBIX HEHPOTPAHCMHUTTEPOB, BHI3BAHHOE MOHOAMHHOKCHIA-
301t (MAO B). A Tapretrnoe Bo3aeiicteue Ha MAO-b nipeacrapnsier coboi
NOTEHIUAIBHYIO TEPAeBTUUECKYI0 CTPATETHIO Il MOAYJISLUH MeTabo-
T3Ma U MOHOAMHHEPTHUYECKOH CUTHATH3aLUH.

Llenpro HACTOSIIETO MICCITIETOBAHMS SIBIISIETCS OIleHKa HEHpOIPOTEK-
TOPHOW aKTHBHOCTH apTeMU3MHUHA U TUTHIIPOAPTEMU3NHIUHA H3yUeHHEM
ux in silico cponctra k pepmenty MAO-B, u mocpeacTBoM anekTpodusu-
oJormyeckoro ananusa. MccnemoBanus in silico BBISIBUIIN IPSIMOE B3aUMO-
JeHCTBYE apTeMU3UHUHA U TUTHApoapTeMu3uHuHa ¢ MAO-b.
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DIeKTPOPU3HOIOTHICCKUH aHaIN3 MPOIEMOHCTPUPOBAI, UYTO OHH
JIEHCTBYIOT KaK HEHPOTPOTEKTOPEI.

KiroueBble ciioBa: 6ose3Hbs AnblreiiMepa, apTeMU3UHUHBL, AB-Tier-
THJ, KOTHUTUBHOE Hapymenue, MAO-b.

BBenenue

B nacTosiee BpeMs oco60oe BHUMaHueE yensieTcs nepenpopuinpoBaHUIo
JIEKapCTB, MIOCKOJIBKY M3BECTHbIE MPo(uiIn 6e30macHOCTH U (hapMaKOKUHETHKH
nepenpopuINPOBAHHBIX JIEKAPCTB YKA3bIBAIOT HA TO, UTO OHU C OOJIbILEH Bepo-
ATHOCTBIO OYyAYT NPUMEHATHCS CBOEBPEMEHHO IO CPaBHEHHUIO C HOBBIMH Jie-
kapctBami [ 1, 2]. MHOTOMYHKIIMOHAILHBIE IPUPOAHBIC COSAMHEHUS U JOOABKH
JNEMOHCTPHUPYIOT (peHOMEH ropMesnca, MEXaHM3Mbl KOTOPOTO MOTYT MPeI0TBpa-
aTh WIA CMATYATh HEWpOJEeTeHepaTUBHBIN maTtoreHes [3—6]. OHu oOnamaroT
HEHpPOMPOTEKTOPHBIMH, AaHTUOKCUAAHTHBIMH, NMPOTUBOBOCHAIUTEIbHBIMU, HM-
MYHOCTUMYJIUPY-IOUIMMH ¥ aHTUIIATOT€HHBIMH CBOMCTBAMM, a CIIOCOOHOCTH
MIPOHUKATH Yepe3 reMaTo-3HIedannueckuil 6aprep AenaeT X MepCrneKTUBHBIMU
KaHAuAaTaMu TSl JJede-Hust/mpoduiakTuky 6oe3nn Anbireiimepa. OgHum u3
TaKUX HEHPOTrOPMOHOB (PUTOXMUMH-YECKOTO MMPOUCXOXKIACHHUS SBISETCS apTeMHU-
3uHuH (APT) m ero mpousBojaHbBIe, Takue Kak auruapoapreMusuHud (AIA).
[IpoTtuBOoMansipuiiHple mpenapaTsl, TaKhe Kak XJIOPOXUH, XMHUHBI U apTeMU3H-
HUHBI, UMEIOT JIOJITYI0 UCTOPHUIO KIMHUYECKOTO MpuMeHeHus. HakaruiBaercs
Bce OO0JIbIlIe TaHHBIX, YKa3bIBAIOIIUX HA UX TePareBTHUECKUI MOTEHIHAI, BBIXO-
JAIIAN 32 paMKH JieueHus: Mayisipud 7, 8].

3aHMMas IepBOE MECTO MOCIIE CePACYHO-COCYAUCTHIX U OHKOJIOTUYECKUX
3aboseBanuii, 6one3np AnbireiiMepa (bA) siBnsieTcs HanboJiee pacpoCcTpaHEeH-
HBIM HEWPOJETeHEePAaTUBHBIM 3a00JICBAaHUEM Y TIOKUIIBIX JItoae. OHO xapakTe-
pu3yeTcs HakoruieHueM Ojsiiek Oeta-amuionna (AP) u HeHpoUOPHIIIIPHBIX
KJIyOKOB arperupoBaHHoro runepdochopuinrpoBaHHOro Tay-0enka, KOTOpPbId B
HOpPME CITOCOOCTBYET CTa0MIM3alu MUKPOTpyOouek B HelipoHaX. C BA cBsizaHo
W3MEHEHHE YPOBHS MOHOAMHMHHBIX HEUPOTPAaHCMHUTTEPOB B MO3r€, BHI3BAaHHOE
MoHoamuHoKcuazon (MAQ), uTo HHAYIHUPYET oTiI0XeHHe AP 1 HelipohuOpHI-
JSIPHBIX KITYOKOB M KOTHUTUBHBIM HapyIIEHUEM BCIIEACTBUE THOEIIN HEHPOHOB.

Cunrte3 'TAMK B actporutax otinuuaercst ot cuare3a ' AMK B HeiipoHax, rie

120



€MHCTBEHHBIM HCTOYHUKOM SIBJIIETCS TJIyTamaT, a B aCTPOLUTaX — IIyTPECIUH.
Upesmepnsrii cuates '’AMK ¢ nomonisto MAO-B npuBoauT k 00pa3oBaHUIO T1e-
PEKHUCH BOJIOPO/IA, BbI3bIBAS OKUCIUTEIBHBIN CTPECC U HEMPOACTEHEPALUIO. DTH
MEXaHU3MBbI MMOTYEPKUBAIOT IIEHTpaIbHYI0 poib MAO-B B Heliponerenepauu
npu BA, a TapreTHoe BO37EHCTBHE HA HETO MPEACTABISIET COOOM MOTEHIINAIb-
HYI0 TepaneBTUYECKYIO CTPATEeTHIO MIPU HeWpOoIereHepaTUBHBIX 3a00IeBaHUSIX.

[{enpr0 HACTOAIIETO MCCIICIOBAHUS SIBISIETCS U3yUYeHue in silico cpoacTBa
APT, II'A x MAO-b u in vivo ananu3 31eKTpo(PpuU3n0IOTHH AJI BBISBICHUS U3-
MEHEHM MMaMsITH MO3ra, BBI3BAaHHBIX aKTUBALMEW YHTOPUHAILHOMN KOPBI, TPOSIB-
JSIOLIEHCS B BUAE CUHANITUYECKOM MOTEHIMALMH, B YCIOBUIX MPE MPOTEKIUU
APT u [II'A, a taxxe- antubakrepuanbHoit aktuBHOCTH APT n JITA.

MarepuaJj u MeTObI

beun npoBeneHsl 3 cepur SKCIEPUMEHTOB Ha OeNbIX KpbIcaX-caMIax Io-
poabl Ans0uHO, Maccoi 135-280r.: HHTaKTHBIX, HA MOl BA, nHIyIMpOBaH-
HoM BBeneHneM AfB1-42 B rummokami; Ha Kpbicax, KOTOPBIM 0 co3fmaHus bA
BBoauiu APT u JII'A- (7 ykonoB B TeueHue 14 mHeit depes AeHb, TPYyIINa Ipo-
¢dunakTukn). MeTogoM 3IEKTPOPU3UOIOTHN H3ydalld aKTUBHOCTH HEHWPOHOB
TUIITIOKaMITa ¢ BBICOKOYACTOTHOM ctumysisiiuedt (BUC) sHTOpHUHAIBEHON KOPBI
mosra (9K) [8]. [TocTpoeHbl cyMMHUpOBaHHBIE U YCPETHEHHBIE TUCTOTPAMMBI T1e-
puctumynoB (PETH Average) u yactotHbie ructorpammsl (Frequency Average).
Jlnig pacuera aHTUOAKTEPUATILHOTO JEHCTBUS MCIIONB30BANIN CHEIMAILHO pa3pa-
6oTtanHyto nporpammy “Image Repair” [8].

Crpykrypa komrmuiekca MAO-B ¢ uarunburopom cadpuramuaom (PDB:
2V5Z) ¢ paspemenneM 1.6 A monydena n3 Protein Data Bank. IIpoTokon 10KuH-
ra ObLI MPOBEPEH IMyTEM PEAOKHHTa KPUCTALIOrpaduuecKoro Juraiaa. Xumu-
yeckue cTpykTypsl cenermnnna (SEL) [CID: 26757], APT [CID: 68827 u AT'A
[CID: 107770] momyuenst u3 6a3sl manabpix PubChem. FAD coxpaHeH B cTpyk-
Type MAO-B 111 uMuTanuu HaTypaJbHbIX yCIOBUN. MONEKYJISpHBIA JOKUHT
OBLT BBITIONIHEH ¢ ucnoib3oBanueM AutoDock Tools u AutoDock Vina. Ananus
BOJIOPOJHBIX CBS3CH U THAPO(POOHBIX B3aMMOICHCTBHI TIPOBOIUIICS C IIOMOIILIO
Ligplot+[4]. Coequnenust 6bun orieHeHb! ¢ noMoibio PreADMET u nokasanu
npuemiieMble (papMakOKHHETHYECKHE CBOMCTBA [8&].
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Pe3yabTaThl

TepaneBTuueckuii moreHnuan nHruo6uTopoB MAO-B B coueranuu ¢ mos-
HBbIM MMOHUMaHHeM (PU3MOJOTUHU 3TOTO (PepMEHTa MOXKET MPUBECTH K JalbHeH-
meMy pa3BUTHIO 3TUX npemnapaToB [9]. Ha Puc. 1 npencraBiens pe3ynbTaThl 10-
kuara APT u JII'A ¢ MAO-B. B kadectBe pedepeHca ucrmoap30Baii He0OpaTu-
MBI celeKTUBHBIN HHruouTop MAO-B - cenernnvH, n3HadanabHO pa3paboTaH-
HBIH Kak aHTHAenpeccanT. HemocrarouHas ceneKTUBHOCTh MOYKET BBI3BIBATD HE-
xKenarenbHble Tokcudeckue 3pexTrl, Takue kak «ChIpHas peakius Uil Tupa-
MUHOBBIA KPU3» — CEphE3HOE NMOOOYHOE SIBJICHHE, KOTOPOE MOXKET BOSHUKHYTh
IIpU OJTHOBPEMEHHOM IIpHEMe HEeCEJNEeKTHBHBIX MHrHOuTOpoB MAO c ompene-
JIEHHBIMU TPOAYKTaMH MUTAHUS U JekapcTBamu. [loaTomy ynydiieHue omnepa-
TUBHOTO BBISIBIICHUSI HEUEJEBBIX B3aMMOACHCTBHI KpaliHE Ba)KHO 10 Hayaia
KJIMHWYeCKUX ucnpiTanui [10, 11].

ART
Asnl 16

Hisllé%é

T?fﬁ 2

Phel03

DHA YN

Asnll6

Glu4as3 ¢

Trpliu;%

SEL Leulzhlmé_

Pucynox 1. Jloxune ART, DHA, SEL ¢ MAO-B (cnesa)
U aHAIU3 KIHYEBbIX 83auMo0elicmsutl (cnpasa).
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Cenerunua runpodoOHo B3ammosaeicteyer ¢ Leul71, GIn206, Tyr326,
Cys172, Tyr398, Tyr435, 1le199, Phe343, FAD MAO-B, APT runpodo6HO B3a-
umonerictyet ¢ Trpl19, Glu483, Phel03, His115, Tyrl112 u o6pa3yet Bomgopoa-
Hy10 cBs3b ¢ Asnl16, a JIT'A ruapodo6HO B3aumopeiictByet ¢ Trpl19, Glu483,
Phe103, Thr479 u o6pasyet Bogopoanyto cBs3b ¢ Asnl16. Trp 119 pacronoxxen
B cyOcTpatHOM 1oMeHe MAO-B, KOTOpEIil HMeeT perarolee 3HaueHue 1715 B3a-
nMoeiicTBus cyoctpara u uHruouTopa [11]. B MAO-B netsnsi, oxBaThiBaromias
AMUHOKHCIIOTHBIE OCTaTKU 99-112, urpaet posib B OTKPBITUN U 3aKPBITUH TOJIOC-
TH aKTHBHOTO LIEHTpa, MOTEHIMAJIbHO BIIMsS Ha CBsA3bIBaHHE cyOcTpaTa. B3au-
MOJICHCTBHE 3TOM METJIM ¢ MEMOPAHOH MpeAIoiaracT MEXaHN3M KOHTPOJIS 10C-
Tymna cyOcTpaToB K akTuBHOMY 1IeHTpY [12, 13]. Phel03 — 3T0 «perynsaTopHbIii
octaTok» MAQO-B, BiusitonHii Ha CBSA3bIBaHUE CyOCTPAaTOB U HHTUOUTOPOB, KO-
TOpbIe TUOO MO3BOJIAT CyOCTpaTy MOJYUUTh AOCTYI K aKTUBHOMY LEHTPY, JINOO
OTpaHUYaT €ro, MOTEHIMAIHHO BIHSAS HA CIIOCOOHOCTHh (pepMEHTa pacHICTUISTh
nohaMuH U Apyrue HeHpoOMeTuaTopsbl.

Ha Mmonenu BA B HeiipoHax rUIIOKamIia B CPAaBHEHUH C HOPMOM TE€TaHU-
gecKast JeTpeccusi OKa3allach Pe3KO CHIDKEHHOH B JeTIpecCOpHBIX dddekrax, a
94acToTa MOTEHIUAJIOB JEUCTBUS CHJIBHO IMOBBICHIACH. AHAIU3 INPe/TIOCTCTHU-
MYJIBHON 4acTOT, MPEALIECTBYIOMIUX U COMPOBOXK-TAEMBIX EMPECCOPHBIMHU U
BO30YIHUTEIBHBIMH MTOCTCTUMYJIBHBIMH 3(()EKTaMH B ITaTOJOTHH, BBISIBIII Upe3-
MEPHO MOBBIIIEHHYI0 YaCTOTY UMIYJIbCHOW aKTUBHOCTH, YTO 1a€T BO3MOXKHOCTh
TOBOPHUTH O BhIpAXKEHHOW Heliponerenepanuu. [lpu npodunakTuueckoM BBee-
Huu DHA nenpeccopHble peakiiiy B 00€rX MOCIe10BaTEIbHOCTSIX TOBBICUIINC,
a BO30yAMTENbHbIE — CHU3WINCH C TEHJEHIMeN nMpuoImkeHus kK Hopme. OTme-
YyaeTcsi OUYEBUIHBIN U 3HAUUTEIBHBIHN CIaj] YKCAUTOTOKCUYHOCTH, KOTOPBIN Mpe-
IIECTBYET U JETPECCOPHBIM U BO30YAUTENFHBIM MOCTCTUMYJIBHBIM 3 deKTam,
YTO CBHUJIETEIHCTBYET O MOIIHOM HEHUpONpoTeKTOpHOM 3¢ dekre. APT Takxke
OKa3bIBaJI CUJIBHOE HEUPOTIPOTEKTOPHOE BO3/ACHCTBUE (JIaHHBIE HE IPUBOASATCS),
HO MEHee BbIpakeHHoe 1o cpaBHeHuto ¢ JII'A (Puc. 2).

[IpoBeneno mukpoOuonorudeckoe uccienosanue JI'A u APT B pas-
JUYHBIX 103axX Ha O6aktepuu S. aureus u E. Coli. O6a oka3pIBaIi O4Y€Hb claboe
nojaBJstoNIee AeicTBUEe HAa pocT S. aureus u He Biusau Ha poct E. Coli
(Tabmx. 1).
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Pucynox 2. Cmenenwb 8bipadcenHOCMU YACMON NPeCmMUMyIbHoU (cle8a)
u nocmemumynvHou (cnpasa) axmusnocmu oenpeccopuvix — T/ IIT]],
denpeccopro-8030youmenvuvix — T/ IITII, 6030youmenvrvix — TIT IITIT
u 6030youmenvro-oenpeccophuvix — TI ITT]] s¢hhexmos 6 00uHOUHBIX HeUpPOHAX
eunnokamna npu BYC(100 I'y/cex) DK, npeduwecmeyembix u cOnpooscoaemMvix
VKA3AHHBIMU NPOSIGAEHUSAMU NOCMCTNUMYAbHOU AKMUSAYUL 6 HOpMe,
Ha amunouonou mooeau bA, npu npodpuiraxkmuueckom esedenuu [I'A.

Tabruya 1.
HeiicrBue APT u JI'A Ha poct 6akTepuii S.aureus
(3ona u3uca B pixel 2). (p<0.05)
Konnenrpanus ApTeMH3MHUH JAuruapoapreMu3sMHUH
Imr/™M 6559+87 9471+105
0.5mr/m 6866109 7116103
0.25mr/mMn 6908+121 8017+134
0.125 mr/mi 5240+76 6354+149
0,03125 mr/mn 3391498 4893+49

HevictBue [II'A B Te€X e KOHIIEHTPAIUSIX HECKOJIBKO MPEBBIIIAET TAKOBOE
y APT. [lonydeHHbIe pe3ysIbTaThl B LIEJIOM COTJIACYIOTCS C JIMTEPATYPHBIMH JIaH-
HbiMU [15]. IIpu 3TOM OBLTO MTOKa3aHO, YTO 00a MpenapaTa HHrHOUPOBaAIM 00pa-
30BaHHE OMOIIJICHOK, TIOJIaBIIsAsI cUCTeMY KBOpyM ceHcuHra y E. Coli, S.aureus n
BBDKMBAEMOCTh KJIETOK [15].
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Takum oOpa3oM, pe3yIbTaThl UCCIIEeNOBaHUs in silico moka3anu, uro JII'A

u APT B3auMOAEHCTBYIOT ¢ KPUTUUECKUMH aMUHOKUCIIOTAMUA aKTUBHOTO II€HT-

pa MAO-b, noTeHIMaIbHO BJIMSS Ha CBS3BIBAHKUE CyOCTpaTa. IIeKTpoPU3HOII0-

ruyeckui ananus nokasai, uto APT u JII'A neiicTBYIOT KaK HEUPOMIPOTEKTOPHI,

MPEeA0TBpaIas WK 3aMeJIsIs TOBPEXKICHHE MO3TOBOM TKaHU, U CIIOCOOCTBYIOT

BOCCTaHOBJICHUIO HEUPOHOB M Okpyxkatomed ux cpenbl. APT u JII'A umeror

00JIbI1I0M MOTEHLIKAN AJIs pa3pabOTKU HOBBIX JIEKAPCTBEHHBIX CPEJICTB C UCIIOJIb-

30BaHHEM KOMOMHUPOBaHHOU Tepamnuu [16].

10.
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NEUROPROTECTIVE EFFECT OF ARTEMISININ
AND DIHYDROARTEMISININ IN AN ANIMAL MODEL
OF ALZHEIMER'S DISEASE

A. Manukyan', Y. Hambardzumyan', S. Tiratsuyan’

Russian-Armenian University
Institute of Biomedicine and Pharmacy
'Department of Medical Biochemistry and Biotechnology
’Department of Bioengineering, Bioinformatics and Molecular Biology
State Educational Institution of Higher Professional Education

ABSTRACT

Currently, special attention is paid to the re-profiling of drugs. Antimalarial
preparations, including artemisinins have therapeutic potential that goes beyond the
treatment of malaria, in particular, powerful anti-tumor, anti-diabetic, anti-
inflammatory, anti-atherogenic, antibacterial, anti-infectious, anti-autoimmune,
immunomodulating, etc. Artemisinin and dihydroartemisinin are considered as potential
neuroprotectors. Alzheimer's disease is the most common neurodegenerative disease
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characterized by the accumulation of beta-amyloid plaques and neurofibrillary tangles
of aggregated hyperphosphorylated tau protein. This is also facilitated by the change in
the level of monoamine neurotransmitters caused by monoamine oxidase (MAO B). A
targeted effect on MAO-B is a potential therapeutic strategy for modulation of
metabolism and monoaminergic signaling.

The purpose of this study is to evaluate the neuroprotective activity of artemisinin
and dihydroartemisinin by studying their in silico affinity to the enzyme MAO-B, and
with the help of electrophysiological analysis. In silico studies have revealed a direct
interaction of artemisinin and dihydroartemisinin with MAO-B.

Electrophysiological analysis demonstrated that they act as neuroprotectors.

Keywords: Alzheimer's disease, artemisinins, AB-peptide, cognitive impairment,
MAO-B.
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AHHOTANUA

B paboTe npoBoauiiach mpoBepka OHOIOTHYECKON aKTUBHOCTH IIECTH CO-
€IMHEeHUH KJ1acca MPOU3BOIHBIX a30JI0a3MHOB, HAa OaKTEepHaIbHON KyIbType E.
coli ¢ BBISIBIICHHEM IIOTEHIMAIBHON aHTHOAKTEpUAIbHOM aKTUBHOCTH, a TAKKE
Ha sykapuotnyeckoil KynpType MDCK, ¢ BbIABIEHHEM NPOTHBOBHUPYCHOIO
TIOTEeHIMANa i1 Vitro B OTHOLLIEHUH BUpYyca rpumma A uenoseka (BI'A). [lannoe
MCCIIeIOBaHNE UMEET MOTEHITNAN IS Pa3paOOTKH HOBBIX A((EKTUBHBIX aHTHU-
OakTeprabHBIX U IPOTUBOBUPYCHBIX IPENIAPaTOB B YCIOBHAX PACTYLIEH yIrpo-
3bl aHTHOMOTHKOPE3UCTEHTHOCTH.

KaroueBble c10Ba: a30710a31HbI, TIPOTHBOMHKPOOHBIE COCMHEHUS, aH-

TI/I6I/IOTI/IKI/I, aHTI/I6aKTepI/Ia.HBHaSI AKTUBHOCTB, IIPOTUBOBUPYCHEIC ITPETIapaThl.

BBenenue

Oprannyeckasi XMMUsI UTPAeT KITIOYEBYIO POJIb B Pa3pabOTKe CHHTETUUECKUX

U IOJTYCUHTETUYCCKUX JICKAPCTBCHHBIX ITPEIApaTOB, CPEAN KOTOPHIX 3HAYUTEIIEHOC

MECTO 3aHUMAIOT FETEPOLMKINYECKHe coenHenus [ 1]. B mocnennue roasl BO3HU-
KaeT HEOOXOJUMOCTh TOWCKAa HOBBIX AHTHOAKTEPHAIBHBIX M IPOTHBOBHPYCHBIX

CpE€ACTB, a TAK)XKEC BO3MOXKHBIX YHUBCPCAJIbHBIX TCPANICBTUYCCKUX ar€HTOB IJIA CO-

YeTaHHbIX MHQEKIUHA. ITO CBA3aHO C PAa3BUTHUEM AHTHOMOTHKOPE3UCTEHTHOCTU
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Cpeay pacrpoCTpaHEHHbIX BO30YyIUTENeH KIMHIYECKUX NHPEKIHM, a TAKKE BbISIB-
JICHUEM HOBBIX IITAMMOB BUPYCOB U OaKTepHil.

B HacTtosimiee BpeMst BO BceM MUpE aKTUBHO UCCIIEYIOTCS] CTPYKTYpHbIE aHa-
noru azotuctbix ocHoBanuil JIHK u PHK, Takue kak aruxiioBup u prdaBupuH. A3o-
JI0a3UHBI — 3TO KJIACC a3areTepOLMKINYECKUX COeTMHEHU, aHATIOTUYHBIX ITypPHHO-
BbIM OCHOBaHUSIM, 00JI/IAI0IINX IIMPOKUM CIIEKTPOM OMOJIOTHYECKON aKTUBHOCTH
[2, 3]. OHU IPOSBIISAIOT 3HAYUTEIHHYIO AHTUMUKPOOHYIO aKTUBHOCTD. Tak, B OTHOM
W3 HETAaBHO OMYyOJIMKOBAaHHBIX HCCIIeZoBaHUM [4] ObUTM CHMHTE3UPOBAaHBI BOCEMb
MIPOM3BOHBIX a30JI0a3UHOB, MPOTECTUPOBAHHBIX MPOTHUB JIBYX IPUOKOB U BOCHMU
OaKkTepuil (YEThIPEX TPAMIIONIOKHUTEIBHBIX U YETHIPEX TPaMOTPUIIATENBHBIX). Pe-
3yJBTAThI TTOKA3aJIM, YTO ATH COSNMHEHHSI MpeB30nu ampoTepurina B B 6oproe ¢
Aspergillus niger W TPOAEMOHCTPUPOBATM BBICOKYIO aKTHBHOCTH TMPOTHUB
Geotricum candidum wn Klebsiella pneumonia. Taxoke mokazaHa pOTUBOBUPYCHAs
aKTHBHOCTB a30JI0a3MHOB M UX MPOM3BOIHBIX, BKIIFOYAs PaOOTHI MO MOAABICHUIO
PENPOaYKIIMM KOPOHABUpYca [S], a TaKKe 3a CUET BIMAHUA a30JI0a3MHA HA OCHOB-
Hyto nipoteazy 3CLpro-2 kopoHaBupyca. 3aciay’>KUBaeT BHUMAHHUS TaKXke pazpado-
TaHHBIN W 3apErUCTPUPOBaHHBIA B PO opUrnHaibHBIA TPOTUBOBUPYCHBIN TTpena-
paT cemercTBa a3070a3uHOB TpuazaBupua® (Puamunosup) [6—7]. [lomumo anTH-
OakTepralbHON U POTUBOBUPYCHOM aKTUBHOCTH, a30JI0a3UHBI M X TIPOU3BO/IHBIE
MIPOSIBIISIIOT 3aIMTHBIE CBOMCTBA OT CENTUYECKOTO 1I0Ka, 00J1a1al0T U aHTUIIIUKU-
pyIoLIel U aHTUKOATYJISTHTHOM aKTHBHOCTSIMH, a Takke 3((GEKTUBHBI B Ka4eCTBeE
WHTUOUTOPOB JUMENTUIWINENTHIA3bl 4, TPUMEHSEMbIX Ul JICUCHHUS CaXapHOTO
nuabeta 2 tumna [8—10].

[enbio manHOM paboTHI ABNISETCSA OLEHKAa aHTHOAKTEPHAIbHOTO U IPOTUBO-
BHPYCHOIO MIOTEHIIMAJA psijia COeAMHEHUI Kitacca a3010[ 1,5-a]a3uHoB, CHHTE3UPO-
BaHHBIX B Poccuiicko-ApmsinckoM yHuBepcuteTe (PAY).

MarepuaJjibl 1 METObI

B xoxe uccnenoBanus A5l OLIEHKU aHTUOAKTEPHAIIBHBIX CBOMCTB OBLIN BbI-
OpaHbl IECTh COSTUHEHNUMN, OTHOCSIIINECS, COOTBETCTBEHHO, K PALy Mupazonof1,5-
a]lmapumuguHoB (DGV-275, DGV-44, DGV-45 u DGV-82), a Taxke npemnapar
DGV-81, sustromuiics mpousBoAHbM 1,2,4-tpua3zono[ 1,5-a|mupumuarna, KoTo-
pble MOTYT OBITH IPUUMCIIEHB! K MPOU3BOAHBIM a3zosioa3uHoB (Puc. 1). O6pazer
DGV-295, paccmarpuBaeTcs Kak alMKIMYECKHH aHAJIOr a30J10a3MHOB, COZAEpIKa-
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ITUI JIUIIB OJTHO MUPA30IbHOE KOJBITO. JIJ1sl OlleHKH aHTHOAKTEPHUATbHBIX CBOMCTB
MIPUMEHSIJTUCH J1BA METOMA: AUCKO-AU(D(Y3MOHHBII M METOJ KyJIbTUBUPOBAHUS C
MOCTpOEHUEM KpuBOi pocta Ha Mojenu E. coli (K802). LlutoTokcuueckoe neiicTBre
npenaparoB Ha 3ykapuotuyeckoil kynstype MDCK onenuBanu merogom MTT
[TpoTHBOBHPYCHYIO aKTHBHOCTB ONPEACIISIIN Ha KIIETOYHOW MOZEIA BUPYCHOM UH-
ek B otHOmennn BI'A (mramm A/Guangdong-Moaonan/SWL1536/2019/
HIN1 pdm09) meronamu PI’A u UDA B kieTkax.

/ . m .
?1+/ ?j\*/ s N\N N >1+/C\LH,
1~
\
H,N "3C
COCH;

DGV-275 DGV-82 DGV-44 DGV-45 DGV-81 DGV-295

H3C

Pucynox 1. Xumuueckoe cmpoerue npouzssooHbIX a30710a3UHO8.

PesyabTartsl

[Ipu ucronbp30BaHMM KOHIEHTpALMid 25 MKi/Mit 1 50 MKIJI/MIT HaOJIIOAAI0Ch
CHIKeHHe pocta E. coli B 2,5 pa3a 1o CpaBHEHHIO C KOHTPOJIEM, C ONTHYECKOM
wioTHOCTRIO (0.7-0.1 uepe3 5 waco (Puc. 2). B nepBbie Tpu 9aca pocT Oakrepuii He
(UKCHpOBAIICS, YTO MOXKET YKa3bIBaTh Ha OaKTEPUOCTATUYECKOE JEHCTBHE COeIu-
HEHUM.

30HBI yTHETEHHUS! OAKTEPHAILHOTO POCTa OBUTH OTMEUEHBI BOKPYT BCEX JIUC-
KoB, kpome DGV-44, uro yka3pIBaeT Ha OTCYTCTBUE AKTUBHOCTH 3TOI'0 COEAMHEHHS
npotuB E. coli. MakcuMallbHbIH AuaMeTp 30HbI yrHeTeHust coctaBuil 0.9 Mm 1uis
DGV-295 u DGV-81 npu xounentpauuu 100 mxn/mi. Takxke Habmronanocs odec-
[[BEYMBAHKE JIMCKOB IT0CJIE HOYHON MHKYOAIMH, YTO CBUACTEIBCTBYET O IPOHUKHO-

BEHMU COeTMHEHUH B OaKTepHabHbIe KJICTKU U BIMSIHUE HA METa00IM3M OaKTepH.
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Pocr E. coli, 25 MKr/mn Pocr E. coli, 50 MKr/mn

0D, om. eq.
OD, om.en

-
.

Bpema, MuH Bpema, MuH

Pucynox 2. Kpuswvie pocma E. coli 6 cpede ¢ pasnoii konyenmpayueu
uccnedyembix npouU3B00HbIX a30J1A3UHOS.

30HbBI yTHETEHUSI OaKTEpUAIbHOTO POCTa OBLIM OTMEUEHBI BOKPYT BCEX JHC-
KoB, kKpoMe DGV-44, 4To yka3pIBaeT Ha OTCYTCTBUE aKTUBHOCTH 3TOTO COSAMHEHUS
npotuB E. coli. MakcuMallbHBIN TUaMeTp 30HbI yrHeTeHus coctaBui 0.9 mm is
DGV-295 u DGV-81 npu xonnerTpanuu 100 mx/mi. Taxoke HabmoAa10CH 00ec-
LBEUMBAHHE JIMCKOB M10CJIe HOYHON MHKYOALUH, YTO CBUJIETEIbCTBYET O IPOHUKHO-
BEHUU COCTMHEHUH B OaKTepUaTbHbIEC KIIETKU U BIUSTHUE HA META00IM3M OaKTEePHIA.

Jliis Bcex mpemnaparoB Takke ObLIM MPOBEJEHBI TECThl HA LUTOMATUYECKOE
nelicTBre Ha yKapuotuueckoi KyabType MDCK. Bbl1o BBISIBIIEHO, YTO MUHUMAJTb-
HOE IUTONaTH4yecKoe JeicTBue mposiBiser npenapar DGV-82, ¢ moctmkeHneM
HT1s0 B kornenTparmumu 10 mr/vot. [penaparst DGV-295, DGV-275, DGV-45 Tak-
K€ HE BBISBWINM 3HAYMMOI'O LIUTONATHYECKOTIO JEUCTBHS, BHIPA)KEHHOIO B THOEIH
6onee ueM 20% KIETOYHOrO MOHOCIOS JJISl MAKCUMAJIBHO JIOITyCTUMBIX KOHIIEHT-
paumii HaumHast ¢ 1 mr/mot qo 0,0001 mr/mn. dns npenaparoB DGV-44 u DGV-81
CHI)KEHHE ITUTOTOKCHYECKOTO JEHCTBHS HAuYMHACTCS ¢ KOHIeHTpanu# 0,2 Mr/mi
(200 MKT/MIT), @ TIOTYJIETATBHBIC JIO3bI MpeTapaTa JOCTUTAIOTCS 1T MAKCUMAITLHO
BO3MOJKHBIX KOHIIEHTPAIHA 1 MI/MT.

bbina uccnenoBaHa BUPYCOMOAABISIIONIAsT AKTUBHOCTh BCEX HCCIIETYEMBIX
COETMHEHHH W BBIABJICHO CHeI(pUIecKoe CHIKEHHE BUPYCHOM Harpy3Ku B KIIET-
Kax Mpu npoQuirakTraeckoM BHeceHnH npenapaToB it DGV-295 u DGV-44. Tem
HE MeHee MPOTUBOBUPYCHBIHN 3()(EKT MpernapaToB He HAOIIOAANICS B CHIDKCHUH THT-
pa BUpyca IIpy BUPYCOJIOTMYECKOM TUTPOBAHUM JIJIsl UCCIIEAYEMBIX J103 TIPENapaToB
B 100 Mxr/mit. [yt maimeix 103 3apaskerws 0,01-0,0001 66110 mpo1eMOHCTPHPOBAHO
3HaYMMOE CHI)KEHHE BUPYCHOTO Oeska B kieTkax o MDA nocre BBeeHus pemna-
paroB B yBenmuueHHOH 03¢ 200 Mkr/Mi. BBeaeHue CHIDKEHHOM 10361 20 MKI/MIT
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MO3BOJIWJIO BBISIBUTH CTATUCTHMYECKHU 3HAYMMBIN J0303aBUCUMBII MPOTHBOBUPYC-
HbI 2P dexT npenapara DGV-295. Oanako Oonee siBHBIN 3)PEKT CO CHIKEHUEM
BUPYCHOM Harpy3ku 0osiee ueM Ha 70% npoaeMOHCTpHUPOBATIO TPOPUIAKTUIECKOE
BBeneHue npenapara DGV-44 (Puc. 3).

@l BupycHbiit KOHTPONL
[ 3anammuenp

No2 DGV-295 - 200 mkr/mn
B Ne2 DGV-295 - 20 mxr/mn

B BupyCHbIi KOHTPONL

3 3axamuenp

B No11 DGV-44 - 200 mkr/mn
B No11 DGV-44 - 20 mkr/mn

0,01 0,001 0,0001 KA. KOHTP
0,01 0,001 0,0001 KN. KOHTP

no yposmio 6enka NP B KneTKax, OTH. e4.
N0 yposHio 6enka NP B KNeTKax, OTH. e4.

Bupycuan warpyswa,
BupycHan Harpyska,

Passeaenue eupyca, MOU
Passeaenue supyca, MOU

Pucynox 3. Pezynomamor UDA no onpedenenuio omocumenvHo2o yposHs HAKONIEHHO20
beaxa NP ¢ knemrxax MDCK npu 3apascenuu BI'A u npogpunaxmuyecko2o eHecerus
npenapama DGV-295 u DGV-44, ¢ xonyenmpayusix 200 mxe/ma u 20 mxe/ma.
(Cmamucmuuecxuii ananus, kpumeputi Cmoiodenma, * p<0,01; ** p<0,05).

BriBoabl

HccnenoBanus nmokasaiu, 4TO COETMHEHHsI HA OCHOBE a30JI10a3MHOB 00J1a 1a-
10T aHTUOAKTEPUAILHBIMU CBOMCTBAaMH, 3aMeIsAs pocT E. coli B ripolecce KyJbTH-
BUPOBAHMUS U CO3JaBasi 30Hy HHIMOMPOBAHUS BOKPYT TUCKOB, TPOMUTAHHBIX STUMH
BelecTBaMu. Mcecnenyemble npenapatsl U3 psiia IPOU3BOAHBIX a30J10a3UHOB IIPO-
SBIISIIOT YMEPEHHYIO LMTONATHYECKYH0 AKTUBHOCTb Ha KIETOUHOM KYJBType
MDCK. IIponemMoHCcTpUpOBaHa MPOTUBOBUPYCHASI aKTUBHOCTH ITPOTECTUPOBAHHBIX
COeIMHEHUH ATl MaJbIX 103 HHGUIMpoBaHus in vitro. J{na coequnenuii DGV295
u DGV-44 Gblia BbIsiBIIeHA crienu(uyecKkas 10303aBUCHMast BUPYCOMOAABIISIOIAS
AKTHBHOCTb.

[Tokazano, uro npenapar DGV-295 nposiBui nuToctatnyeckoe 1 KOMOMHU-
pOBaHHOE AaHTUOAKTEpPUAILHOE M NMPOTUBOBUpPYCHOE AedcTBHE. CTOUT OTMETUTD,
yro DGV-44 He nposiBUI 3HAUUMOM aHTHOAKTEPUAILHOM aKTUBHOCTH, YTO JIeNlaeT
€ro MEepCNeKTUBHBIM Ul Pa3pabOTKU HOBBIX MPOTHBOBUPYCHBIX MpENapaToB U
00pbOBI ¢ aAHTUOMOTUKOPE3UCTEHTHOCTHIO.
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B Oynymem Takue coeuHEeHs] MOTYT OBITh HCITOJIb30BaHbI JJIs1 Pa3paOdOTKU
JIEKapCTBEHHBIX CPEACTB IJISl Teparuu pa3IuyHbIX, B TOM YHCIIEe COYETaHHbBIX Oak-
TepUANIbHBIX U BUPYCHBIX MH(DEKITHH.

Paboma evinonnena 6 pamkax peanuzayuu cosMecmHol npoepammsl COmpyo-
nuuecmea CIIOITY u PAY «Hccneoosanue npomugosupycHoll u aHmubaxmepuaib-
HOU GKMUBHOCMU coeOuHeHull psioa azonof 1,5-ajazunosey, a maxaice npu noooepic-
ke ['ocyoapcmeennozo 3a0anus no npocpamme MelcoOyHapoOOH020 COMPYOHUYECH-
6a CIIOI1Y u PAY.
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EVALUATION OF ANTIBACTERIAL AND ANTIVIRAL ACTIVITY OF
SOME OF AZOLOAZINE CLASS COMPOUNDS

Sh. A. Nur', G. Danagulyan®, N. Gavrilova'”, A. Brodskaya'”, O. Viasova'

'Peter the Great St. Petersburg Polytechnic University
Russian-Armenian University
3Research Institute of Influenza

ABSTRACT

This study evaluated the biological activity of six azolylazine-class compounds. Their
potential antibacterial activity was assessed using the bacterial model Escherichia coli, while
their antiviral potential was investigated in vitro against human influenza A virus (IAV)
using the eukaryotic MDCK cell line. The research was conducted in the context of the
growing global threat of antimicrobial resistance. The findings indicate promising dual
antibacterial and antiviral properties of the tested compounds, suggesting their potential as
lead structures for the development of novel, effective therapeutic agents.

Keywords: azoloazines, antimicrobial compounds, antibiotics, antibacterial activity,
antiviral drugs.
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AHHOTAIMUA

B craTtbe mpezncraBieHbl pe3yinbTaThl KOMIDIEKCHOTO HCCIICTOBAHUS
M0 OIEHKE XO3SHCTBEHHO-IIEHHBIX HPU3HAKOB IEPCIEKTHBHBIX COPTOB
COM B ITOYBEHHO-KIMMATHYECKUX YCIOBUSX IIEHTpaJIbHOW 30HBI KpacHo-
napckoro kpasi. [lpoBeneH neTanbHbIi aHa U3 DIEMEHTOB CTPYKTYPBI ypo-
Kast, Ka4yecTBa CEMSIH | aJJallTAlHIOHHOTO TOTEHIIMAIA COPTOB OTEYECTBEH-
HOH cenexkuuy. Ha ocHOBaHMY MOTy4EeHHBIX JaHHBIX Pa3paOOTaHBI Mpak-
THYECKHE PEKOMEHIAINY IO MCIIOJIb30BAaHHIO M3YUYSHHBIX COPTOB B IPO-
M3BOJICTBEHHBIX YCIIOBUSX pErHoHa. Pe3yibpTaTsl McCieqoBaHUN Hpeac-
TaBJISAIOT IEHHOCTH AJIS ceNbXo3npon3BoauTeneil Kpacnogapckoro kpas u
MOTYT OBITh MCTIOJIE30BaHbI Il ONTHMHU3AIMNA COPTOBOTO COCTaBa COU B
CHCTEME aIaNTHBHO-TAaHAMA(THOTO 3eMIIe/IeNHsI PErHOHa.

Karouesrnie cioBa: cos (Glycine max L.), ypoxaifHOCTh, Maciu4-
HOCTb, KAYEeCTBO 3€PHA, CTPYKTYpa ypoxKasi.

BBeaenune

Cos (Glycine max L.) 3aHrMaeT Ba)KHOE MECTO B CTPYKTYpE MTOCEBOB 3€p-
HOOOOOBBIX KYJIbTYp B MHpE Oyarojapsi yHHKQIbHOMY XUMHUYECKOMY COCTaBY
CEeMSH M X MHOTOCTOPOHHEMY HCIOJIb30BaHUIO [6]. B cOBpeMEHHBIX yCIOBUSIX
YBEJTUYCHHUE MTPOU3BOJACTBA COM CTAHOBUTCS OCOOEHHO aKTyaJbHBIM B CBSI3H C
pacTylMM CIIPOCOM Ha pacTUTENIbHBIN Oenok. Kpome Toro, cosi, Kak u pyrue
3epHO000OBEIC, UTPAET OTPOMHYIO POJIh B TMOBBINICHUN TUIOOPOIUS TTOYBHI 32
CYeT CIoCOOHOCTH K azoTdukcanuu [2, 3]. KpacHomapckwuii kpait — oquH n3 0Jia-

TONMPHUATHBIX 11O MOYBECHHO-KIIMMATUYCCKHUM YCJIOBUS PETHOHOB AJId BO3ACIIbIBA-
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HUS 3TOH KyJbTYpbl. DG (EKTUBHOCTH MPOU3BOJICTBA COM 3aBUCUT OT MHOTHUX ar-
POTEXHHUYECKHUX U SKOJIOTHUECKUX (hakTopoB [5]. OHaKO MpaBMIIBHO TIO1I00paH-
HBIM COPT — 3TO MOJIOBMHA YCIIeXa €€ BbIpal[BaHUsl.

B cBs31 ¢ 3TUM BechbMa akTyaabHO MPOBEIECHNE KOMILJIEKCHOM OI[EHKHU XO-
351IICTBEHHO-IICHHBIX IPU3HAKOB MEPCIIEKTUBHBIX COPTOB COU. ITO MO3BOJIUT IO-
BBICUTH 3 (EKTUBHOCTh CEJIEKIMOHHOIO Ipollecca M COBEPUICHCTBOBATH 30-
HaJIbHbIE TEXHOJIOIMU BO3JCJIBIBAaHUSA 3TOW LIEHHOW KyJbTypsl [1, 4]. B Hamux
HCCIIeIOBAaHUSIX CTaBUIIACh LEJIb — U3YYUTh OCOOEHHOCTH POCTa U Pa3BUTHS pac-
TEHUI cou, 0COOEHHOCTH (POPMHPOBAHUS YPOXKAHHOCTH M KauyecTBa CEMSH B
LeHTpalibHOM 30He KpacHomapckoro kpasi.

B nepuon npoBeaenust moceBa M MOSIBICHUS BCXOOB MOTOJIHBIE YCIOBHS
ObUIH B LI€JIOM OJIarONpUSTHBIMH, TPEXKAE BCETO M0 TEMIEPATyPHOMY PEKHUMY.
CpennecyTtouHas Temieparypa anpens cocraBuia +12,1°C, yto Ha 1,5°C Bbiie
MHOTroJIeTHEW HOpMBI. CyMMa 0CaIKOB 3a 3TOT MECSI] JOCTUTIIA 75 MM, 4TO TIpe-
BBICHJIO MHOTOJIETHEE 3HaueHue Ha 97%. B Mae, HroHE M HIOJIe yCTaHOBUIIACh
»apkasi Iorojia U CyIecTBEHHbIH He1000p 0cakoB, 0COOEHHO B Htoie. B mepu-
0] CO3PEBaHMsI COM TIOTOJIHBIE YCIOBUS OBLIN 1aJIeKH OT ONTHUMAaJIbHBIX. ABIYCT
OTJIMYAJICS IKCTPEMAIbHON MOJIOKUTEIIBHON U30TEpPMOM TeMmepaTyp Mpu KpH-
TUYECKOM BOAHOM aeduuure. CperHecyToUHas TeMIEpaTypa 3a MecsI] T0CTH-
rana +27,0°C, ¢ npeBbIllIeHUEM MHOTOJIETHETO 3HaueHus Ha +4,1°C. B atom me-
csile BhInajo Becero auiib 0,1 MM ocasikoB, TOTa Kak CpeTHEMHOTOJIETHSISI HOp-
Ma coctaBisieT 55 MMm. B menom, BereraiimoHHslil nepuoa cou B 2023 rogy xa-
pakTepU30BaJICs BHIPAKEHHOW KIIMMAaTHYECKONH KOHTPACTHOCTHIO.

MarepuaJj u MeTobI

Uccnenoanus npoBoawinch B [IpousBoacTBeHHOM oTaeneHun Ne 3
npennpustus «I[lobenax». B mporecce onbiTa NpoBOAUIOCH H3yYE€HUE COPTOB COU
paHHECTIENION TPYIIIIHI.

Cxema Hamiero onbITa BKJIK0Yajia YeThIPE COPTa OTEUECTBEHHOM CENEeKINH:
[Tyma, Omumrust, Bena n Ontuma. 3a ctannapt ObUT MPHHAT BBICOKOIPOTYKTHB-
HBIH, TOJIEPaHTHBINA K CTPECCOBBIM (paKTOpaM, yCTOMUHUBBIN K O0JI€3HSIM, IOJIera-
HUIO ¥ pacTpeCcKUBaHuI0 6000B copT con [Tyma. OOmiast uromanp aeiasHku — 125
M?, ydeTHas IUIOMAAb AeISHKH — 57 M2, [IOBTOPHOCTB B OIBITE TPEXKpATHAS.
Pa3melienne BapuaHTOB B OIBITE — CHCTEMAaTHYECKOE.
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Pe3yabTaTsl M 00CyKIeHHE

Amnanu3 nansbix (Ta6m. 1) BRISBUII pa3inyus MEXIy COPTaMH 1O BaKHEH-
IIMM TOKa3aTesiM MpOAYyKTUBHOCTH. [ToceBbl XapakTepH30BaJIUCh paBHOMED-
HOM TYCTOTOM CTOSIHHS pacTeHuit (23—25 pactenuii/m?). BeicoTa mpuKperieHus
HIKHero 606a BappupoBaia ot 12,3 mo 13,8 cM, ¢ MaKCUMaJIbHBIM 3HAYCHUEM Y
copra Onumnus (13,8 cm) u MuHIMaNBHBIM y cTanaapta [Tyma (13,1 cm).

B namux uccienoBaHusX M3ydajgach MHAMBHUAyalbHAs MPOAYKTHUBHOCTh
pacTeHuii cou, KOTopas OMpeelisaiach YUCIOM BeTBel, 6000B, CEMSH U UX Mac-
coil. MakcumanbpHOE unciio BeTBel (3,8 mr./pacTenne) orMedanoch y copra Be-
Jla, MUHUMaJIbHOE — y ctanaapTa (3,1 mr./pacrenne). Copra Ontuma u Onmumnus
MMeJT TPOMEXKyTouHOe 3HaueHue (3,4 u 3,3 mr./pacTeHrne COOTBETCTBEHHO).

Copra Bena u Ontrma opMupoBaiii HanOoJIbIee KoaudaecTBo 60008 (21—
23 mt./pacTenue), Tornaa kak y copto [Tyma u OnuMIus 3TOT oKa3aTellb CoCTa-
B 15—17 mt./pactenne. HanbompImast iIoTHOCTh pacioioskeHuss 0000B Ha BET-
BsX ObUTa y copra Ontuma (6,1-6,8 mt./BeTBb), y Onumiiuu — 4,7 1IT./BETBb.

Macca 6000B U ceMsH BapbUpOBaJia B 3aBUCUMOCTH OT KOJIMYECTBA TIJIO-
noB. Copra Onruma u Bena nmenu Hanbonbiryro maccy 60608 (13,2-14,0 1) u
cemsiH (7,8-9,5 r), mpeBbimas crangapt Ha 11-19%. Copta [lyma u Onumnus
YCTYNAJIA MO 3TUM mnokazarensM Ha 17-38%. Macca 1000 cemsn y Onumnuun
coctaBwia 147 r, y crannapra — 141 r.

buonornyeckas ypokailHOCTb COPTOB OMNpPEAEsIach T'YCTOTOW CTOSIHUSA
pacTeHud U MHAUBUAYAJIbHOU NMPOAYKTUBHOCTHIO. CopT OnTUMa moka3ain Hau-
Oonbinyro pubaBky k cranaapty (71 r/m?), Bena — 34 r/m?, Onummus — CHUXe-
Hue Ha 13 r/M%. Hamu ycTaHOBJIEHO, YTO BaprabEIbHOCTh OMOJIOTHYECKON ypo-
KaIHOCTH U3y4aeMBbIX COPTOB O0YCIIOBJICHA PA3IMUUSIMU B dJIEMEHTaX CTPYKTY-
PBI ypOXKast COM.

Tabnuya 1.
DJIEMEHTBI CTPYKTYPHI YPOKas H3y4aeMbIX COPTOB coH, 2023r.

Kommiectso | Beicora KOMIMeCTRO Ha OHOM Macca ¢ Macca Bnonorzmecxax

Copr . | TIpHKpeIIeHHs T OJTHOTO 1000 | ypoxaiiHOCTB,
4 P ;1;?2:[3"' | HmKHErO e o PAacTeHHA, I | ceMsiH, r/m?

o | ©oba, cm BeTBeil | 60008 | cemsn | 60608 | cemsan T

ITyma (st) 23 ‘ 13,1 3,1 17 51 12,3 7.1 141 161
Omumms 22 j 13,8 3,2 15 47 | 102 | 68 147 148
Bena 25 ‘ 12,3 3.8 21 60 13,7 8,4 124 195
Onrtnma 24 | 12,8 3.4 23 73 14.6 9.8 134 232
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YpokailfHOCTh CeMSH — TJIaBHBIA KpUTEpui orieHKu coprta. B Ta6:m. 2 npu-
BEJICHBI MTOJYUYEHHBIE TAHHBIE YPOKAUHOCTH COPTOB COM B AO « ATPOKOMILIIEKC)»
nveran H.U. Tkauesa, npeanpustus «[lobega» TumameBckoro paiioHa B Tof

MIPOBEACHNUS HALINX UCCIIETOBaHUM.
Tabauya 2.
YpoxailHOCTh H3y4aeMBbIX COPTOB cou, 2023r.

. OTKJ/IOHEeHHUE OT CTaHAapTa, +

Copr YpoxaiiHocTb, I/TA

n/ra %
[Tyma (st) 14,6 - -
Onmummus 13,7 -0,9 6,1
Bena 17,1 +2,5 17,1
Onrtuma 20,2 +5,6 38,3
HCPos 1,99

AHanu3upys JaHHbIE YPOXKAaHHOCTH, OTMETHUM, YTO BCE U3y4aEeMbIE COpTa
COM 3HAUUTENIBHO IPEBOCXOIMIM CTaHAApTHBIN copT Ilyma o atomy nokasare-
JI10, 32 UCKJIF0UeHHeM copta Onumnusi.

Tax, HanOOMNBIIYIO yPOKAHHOCTh MOMY4YHIN y copTa OnTuMma, KOTOPBI
TaK K€ CYIIECTBEHHO MPEBOCXOIMII CTaHAapT Ha 5,6 1/ra uinu Ha 38,3%. CHixke-
HUE YPOXKaHOCTH 110 CPAaBHEHUIO CO CTAaHJAPTOM OTMEUYEHO y copTa OnuMmmus —
Ha 0,9 n/ra wm 6,1%. OgHako, cOrIacHO pe3yiabTaTaMm OAHO(DAKTOPHOTO IHC-
MIEPCUOHHOI0 aHaJIN3a Pa3InyMsl 10 YPOKANHOCTHU CIEIyEeT CUNTATh HECYIIECT-
BeHHbiMu (HCPos = 1,99).

Copr Bena 3aHuMan MpOMEXYTOYHOE IOJIOKEHUE CPEIU H3Yy4YaeMbIX B
OIIBITE€ COPTOB MO YPOKAHHOCTH, 0OecIieunBas MoJlyueHHe JTOCTOBEPHOU MpH-
0aBKH 110 cpaBHEHUIO co cTangapToM Ilyma 2,5 1/ra wm 17,1%.

MaremaTtnueckoit 00paboTKO# yposkaliHBIX JaHHBIX YCTaHOBJIEHA JJOCTO-
BEPHOCTH MOJYYEHHBIX NMPHOABOK YPOKaHHOCTH JJII COPTOB MO CPABHEHUIO CO
CTaH/IapTOM.

IIpu 3ToMm copra Bena, OntrMa CymiecTBEHHO NMPEBBIIAIN CTAaHIAPT 110
ypokaitHoCTH Ha 2,5-5,6 1/ra.
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MacnuyHocTh ceMsiH U cO0p Macia SBJISIOTCS KIYeBbIMU MTOKa3aTeIsIMU
MpoayKTUBHOCTH cou. B Tabn. 3 mpeacTaBieHsl pe3ybTaThl aHAW3a dTUX T1a-
paMeTpoB AJI UCCIEeIyeMBbIX COPTOB. Takxke copTa pazIuvaluch MO CoAepKa-
HUIO OelKa.

MaxkcuMmanbHasi MacIMYHOCTh Habmonanach y copra Bena, mpeBocxozs-
mero cranaapt Ha 1,5%. Copt OntuMa 3aHMMaI MPOMEKYTOUHOE MTOJIOKEHUE C
paszaunei 0,8%. Copt Onumnus ycrynan cTanaapTy Ha 2,7%, 4To CBSI3aHO C Ha-
MMEHBIIEeH cpeiu N3y4aeMbIX B OIBITE COPTOB MAaCIMYHOCThIO ceMsiH (20,4%).

Co6op macna BappupoBai ot 2,4 1o 4,1 n/ra. MakcumanpHas npudaska (4,1
1/ra) moimydena juisi copta OnTtuma, uyto Ha 1,2 1/ra Beime crangapta. Copt
Onumnus ToKasal HauMEHBITHH cOop Macna (2,4 1/ra), ycTynas cTaHaapTy Ha
0,5 u/ra. Copt Bena obecrieunn cpennmii coop macna (3,6 11/ra), mpeBsbiias CTaH-
napt Ha 0,7 m/ra.

Copnepxanue Oenka B ceMeHaxX BapbupoBaiio oT 38,6% (Onummnus) 1o
41,3% (Ontuma). Copt Ontuma npeBocxoauia cranaapt Ha 0,6%, a copt Bena
umen coaepxanue 6enka 40,3%, ycrynas crangapty Ha 0,4%.

HaunGonpmmuii coop 6enka odecneqrst copt Onruma (7,1 11/ra), mpeBocxos
ctanaapt Ha 39,2%. Copt Bena noka3zan coop Oenka 5,9 1/ra, npeBblias cTaH-
napt Ha 15,7%. Copt Onumnus uMes MUHUMAaNbHBIN cOop Oenka (4,5 1/ra), He-
n00o0p 1o 3ToMy Toka3zaTelnto coctaBui 0,6 11/Ta B CpaBHEHUU CO CTaHAAPTOM.

Copra Ontuma u Beaa npoaeMOHCTpUpOBAIY HAWJIYUIHE IMOKAa3aTeln
MpoayKTUBHOCTU. ONTHMAa OTJIMYaJICcs BRICOKOI MacianuHocThio (21,1%), Genko-
BocThIO (41,3%) u cbopom macina (4,1 /ra). Copt Bena o6ecnieuns MaciIngHOCTh
—21,8%, 6enkoBocth — 40,3%, coop macna — 3,6 1/ra u Oenka — 5,9 1/ra.

Tabauya 3.
Xo3siicTBeHHO-IIEHHbIE KAY€eCTBA CeMSIH H MPOAYKTHBHOCTH
H3y4YaeMbIX COpTOB, 2023r.

OTkJIOHEeHHe OT CTAHAApPTA
o
Conep:xanue, % Coop, u/ra 1o cGopy, £
Copr MacJja oeaka
Macjga | O0eaka | maciaa | OeJka
n/ra % n/ra %
ITyma (st) 23,1 40,7 2,9 5,1 - - - -
Onmummus 20,4 38,6 2.4 4.5 -0,5 17,2 -0,6 11,8
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Bena 24,6 40,3 3,6 5,9 0,7 24,1 0,8 15,7
Onruma 23,9 41,3 4,1 7,1 1,2 48,3 2,0 39,2

BriBoabI

1. Copra Ontuma u Bena npoieMOHCTpUpPOBAIN MaKCUMAIbHYIO TPOIYK-
TUBHOCTb, CYLIECTBEHHO MPEBOCXO/ CTaHAAPTHBIN copT [lyma o ypoxkaitHOCTH
Ha 2,5-5,6 w/ra (17,1-38,3%) npu cTaTUCTHYECKH JOKAa3aHHOW JIOCTOBEPHOCTH
(HCPos = 1,99 n/ra). Haubombmas ypoxkalHOCTh OTMeUYeHa y copta OnTuma —
20,2 m/ra.

2. 1o xauecTBEHHBIM IOKa3aTeIsIM BbIIENUICS copT Bena ¢ Makcumains-
HOM MacauyHOCThIO — 21,8%, uto Ha 1,5% BbIe cTanaapra. Copt OnTuMa mo-
Ka3aJl HauBBICIIE 3HaUYeHus cOopa macna (4,1 1/ra) u 6enka (7,1 1/ra), npeBbl-
cuB ctagaapt Ha 1,2 1/ra u 2,0 1/ra COOTBETCTBEHHO.

3. Copt OnumMnusg ycTynaja CTaHAApPTY 110 BCEM M3yYaeMbIM ITapaMeTpaM:
ypoxaitnoct (13,7 n/ra), macimmunoctu (20,4%) u coopy macna (2,4 1/ra). Husz-
Kas MPOAYKTUBHOCTH 00YCIOBJICHa MUHUMAJILHBIM KOJIM4ecTBOM 00008 (15-17
IT./pacTeHue) u ceMsH (47 mr./pacTeHue).

4. Takum 00pa3zoM, MPOBEICHHbIE HAMH HCCJIEIOBAHUS ITO3BOJIMIIN BBIIE-
JHUTH COpPTa COM, XapaKTepU3YyIOIIHecss HauOOobIIel MPOTyKTUBHOCTBIO M CTa-
OWIILHOCTHIO B yCIIOBUSIX fora Poccun. HanGomnbimii X03sHCTBEHHBIN MTOTSHITHAI
JUIs1 IPOU3BO/ICTBA B YCIIOBUAX LIEHTPAJIbHOM 30HBI KpacHomapckoro kpas noka-
3anu copra Ontuma u Bena, coueTaronye BHICOKYIO YPOKAHHOCTD € ONTUMAITb-

HBIMH ITOKAa3aTC/ISIMU KauyeCTBA 3CpHA.
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ANALYSIS OF AGRICULTURALLY VALUABLE TRAITS IN PROMISING
SOYBEAN VARIETIES IN THE CENTRAL ZONE OF KRASNODAR KRAI
A. Tavadov, T. Brovkina
Kuban State Agrarian University named after 1. Trubilin
ABSTRACT
This article presents the results of a comprehensive study assessing the

agronomically valuable traits of promising soybean varieties in the soil and climatic
conditions of the central zone of Krasnodar Krai. A detailed analysis of yield structure
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elements, seed quality, and the adaptive potential of domestically bred varieties was
conducted. Based on the data obtained, practical recommendations for the use of the
studied varieties in the region's production conditions were developed. The research
results are valuable for agricultural producers in Krasnodar Krai and can be used to
optimize soybean varietal composition in the region's adaptive landscape farming
system.

Keywords: soybean (Glycine max L.), yield, oil content, grain quality, crop
structure.
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