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MATEMATHUKA

ABOUT TERNARY HYPERIDENTITIES

L. Abrahamyan

Eurasia International University
liana.abrahamyan@eiu.am

ABSTRACT

In the present paper ternary invertible algebra with ternary hyperidentity
of associativity which is defined by the equality:

(0 y,2),u,v) = (x,(y,z,u),v)
are characterized.
Keywords: second order formula, hyperidentity, reversible algebra,
ternary algebra.

Introduction
The following second order formula
VX1, Xk VX140, Xo (W1=w2),

where Xi,..., X are functional variables, and xi,..., xx are subject variables in
words (terms) W1, Wa. with specialized quantifiers, beginning at the 1960s, have
been studied in various domains of algebra and it is called a hyperidentity [1- 8]:

The number m is called a rank of a hyperidentity.

Usually a hyperidentity is specified without universal quantifier prefix:
WI=w2,

If a rank m>1, the hyperidentity is called nontrivial.

The number m is called functional rank and the number k is called object
rank of the given hyperidentity.



A hyperidentity is said to hold (or satisfied) in an algebra Q(ZX)) if the
equality wi=w2 s valid when every variable from Q and every functional variable
in it is replaced respectively by any arbitrary element of Q and any operation of
the corresponding arity from X (it is assumed that such replacement is possible).

Example 1. [4] Every ring Q(+; °) satisfes these hyperidentities:

XX(Y (x3x)); Y (x5 x)); Y (X(x; x): X(X; X))=
= XY (X(x; x);X(x; x));: X(Y (x; X); Y (x5 %))
X(Y (Y (x5 %)), X(x; %)), Y (X(x; %), Y (x; X))=
=X(Y (X(x5 %), Y (x5 %)),Y (Y (x5 x),X(x; x)))

Every commutative ring satisfees the commutative hyperidentity

X(x5y) = X(y; x);

and every associative ring satisfies the associative hyperidentity
X(x:X(y; 2)) = X(X(x; Y); 2).

Example 2. Every lattice Q(+; °) satisfies the following trivial idempotent,
commutative and associative hyperidentities:

X(x; X) =X;
X(x5y) = X(y; x);
X(x:X(y; 2))= X(X(x; y); 2)

Characterized. ternary hyperidentity of associativity which is defined
by the equality ((x,y,2),u,v) = (x, (y,2,u),v)

Theorem 1. If in a nontrivial invertible algebra a nontrivial hyperidentity
of associativity is satisfied, which is defined by the equality:

((x, B2 z),u, U) = (x, (y, Z, U), U),

then every functional variable is repeated in it at least twice. Therefore, each of
such hyperidentities can only be of functional rank 2 and one of the following

types:



XY(x,y,2),u,v) =YXy, zu),v),
XX, y,2),u,v) =YYy, zu),v),
XY(x,y,2),uv) =XxY(y,zu),v).

Then we obtain characterizations of the ternary invertible algebras with
these hyperidentities.

Theorem 1.1. In a ternary reversible algebra Q (X)) the hyperidentity
XY(x,y,2),u,v) =YXy, zu),v)
holds if and only if each operation A; € X is defined by the rule:

Ai(x,y,2) = q71(gx o 5; 0 P8y 0 62),
Ys; = s,
Y2(z) =s;tozos,

WSq Hx =tox,

where Q(°) is a binary group, ¥ € AutQ(e), is its quasiautomorphism, q,§
permutations of the set Q and s;,t € Q.

Theorem 1.2. In a ternary reversible algebra Q(E) the hyperidentity
XX, y,2),u,v) =YYy, zu),v)
holds if and only if, each operation A; € X is defined by the following rule:

Ai(x,y,2) = q7'(qx 0 Oqy o $(0qz) ° 5)),
$2(x) = x,0s; 0 5; = (O€) o 57,

where Q(o) is a binary group, ¢ € AutQ(e),s; € Z(Q(O)), O is its quasi-
automorphism and e is the identity element of the group Q (o).

Theorem 1.3. In a ternary reversible algebra, the hyperidentity
XY(x,y,2),uv)=XxY(,zu),v)
holds if and only if, each operationA; € X is defined by the following rule:

Ai(x,y,2) = g7 (gx o Oqy o $(0qz) o t;),
$?(x) =tjoxot;?,
@ti = Pe o ti’



whereQ (o) is a group, ¢ € AutQ(°),t; € Q, O is its quasiautomorphism, and e is
the identity element of the group Q (o).
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O TEPHAPHBIX CBEPXTOXAECTBAX
JL.P. Abpamsan
Medicoynapoonwiii ynueepcumem «Eepazusny, Pecnybonuxa Apmenus

AHHOTAINUA

B macTosmeii paboTe oxapaKkTepu30BaHa TepHapHas obOpatuMas anredpa ¢ Tep-
HapHBIM CBEPXTOXKIACCTBOM aCCOLMATUBHOCTH, KOTOPBIC ONIPEACTIAOTCA PaBEHCTBOM:
(x,y,2),u,v) = (x, (y,z,u),v).
KuroueBble ci10Ba: popMylia BTOPOro MOpsIKa, TUIEPTOKAECTBO, 00paTuMas anred-
pa, TepHapHas anredpa.
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HAXOKJIEHHUE B3AUMOCBSI3U PAJTUAJIBHOM
U OIMOPHOU ®YHKIINH, CBSI3AHHBIX
C BBIIIYKJIBIMU ®UTYPAMU

J.A. Anunan

Poccuticko-Apmanckui (Cnasanckuil) yHueepcumem
apinlev00@gmail.com

AHHOTAIUA

3anaga HaXOXKICHUS MH(OPMAIINH FITH ITOJTHOTO BOCCTAHOBIICHUS BBITYK-
JBIX TEJ 10 PACIPENEIICHUSAM XapaKTEePUCTUK K-MEPHBIX CEYEHUN — OfHA U3
OCHOBHBIX 3aJ[ad CTOXaCTHYECKOW TOMOrpauu. 3a4acTyr0 «BOCCTAHOBHUTH
BBIITYKJIOE TENIO» O3HAYaeT HaWTH JUOO0 ero omopHy (yHKIHO, TH00 pa-
IuaneHyo. Hactodmas paboTta NocBsIIeHa BISIBICHUIO B3aUMOCBSI3U MEXKILY
OTOPHOH QyHKUKeEH Tena, QyHKUuel paccTosHU U QyHKLIUEH pacnpeaene-
HUS JJIMH XOPJl 110 HapaBJIeHUIO.

KnioueBble cji0Ba: BEITyKIas GuUrypa, onopHas GpyHKIus, panuaibHas
GbyHKIIHSL.

BBenenue

['eomeTpuyeckue XxapakTepUCTUKHU BBIMYKJI0ro Tena K, nHBapuaHTHBIE OT-
HOCHUTCIIBHO EBKHI/II[OBI:IX ,Z[BI/I)KGHI/If/’I, MOTYT GBITB BBIYUCIICHBI CTATUCTUHYCCKUMHAU
MeTonaMu. PerieHne Takux 3a7ad BBHIXOAWT JAJIEKO 32 PAMKHU TEOPETHYECKOTO
HWHTEpeca.

Dta 00s1acTh ObLJIa 3HAYUTEIHHO PA3BUTA B TEUCHUE TTOCIICTHUX JIECATHIIC-
TUH, KOT/1a TpeOOBaNIOCh Bce OOJbINEE KOJUYECTBO PEAbHBIX MPUIOKEeHUH. B
YaCTHOCTH, BOCCTAHOBJIEHUE BBIITYKJIOTO TeJia O €ro CIIy4YailHbIM CEUEHUSM SB-
JSI€TCS IEHTPATBHOM 3a/1auei CTOXaCTHUECKOU TOMOTpadum.

BoccranoBnenue BRITYKIIBIX Tell (KOMIAKTHBIX MHOXKECTB) SIBJISIETCS TJIaB-
HOM 3amaueil reomeTpudeckoil Tomorpaduu. ['eomerpuueckas Tomorpadus —
3TO MareMarudeckas o0JacTh, KOTopas (OKycHpyeTcs Ha MmpobiieMax BOCCTa-
HOBJICHHSI OTHOPOIHBIX (YaCTO BBITYKIIBIX) 00BEKTOB U3 TOMOTpaUUeCKUX J1aH-
HBIX (3TO MOTYT OBITh PEHTT€HOBCKHUE JIyYH, MPOEKINH, CEUEeHUs, PYHKIHHU SIp-
KOCTU WU KoBapuorpammsl). [lo cnoBam Puuapna Mapnnepa, «reomerpuueckas

11



Tomorpadus MOCBSIICHA MOUCKY HH(POPMAIIUA O TEOMETPUIECKOM OOBEKTE M3
JAHHBIX O €ro MPOEKUHUAX (TeHAX) Ha MIOCKOCTAX UM CEYEHUSX TIOCKOCTIMM.
I'eomerpuueckas Tomorpadus B paMKax MaTeMaTHKU B OCHOBHOM CBSI3aHa C BbI-
IIyKJIOM T€OMETPUEH, UHTETPAIIbHOM IeOMETpUel, reoMeTpueii MUHKOBCKOTO,
(YHKIIMOHATLHBIM aHAJIM30M M KOMOMHATOPHKOM, a TAKXKE BHE MAaTEMaTHKH — C
KOMIIBIOTEPHON TOMoOTrpadueit, MeIUIIMHCKON ToMorpaduei, JTUCKpEeTHOH TOo-
Morpaduel, 3JeKTPOHHON MHKPOCKONHUEH, KOMIIbIOTEPHBIM 3pEHUEM U pacIio-
3HaBaHHUEM 0OPa30B.

Croxactuueckas Tomorpadus nocBseHa IOUCKY HH(POPMaILUU O TeOMET-
pUUECKOM OOBEKTE M3 CIlydyalHbIX JAHHBIX O €0 MPOEKIMIX (TeHsX) Ha IJIoc-
KOCTSIX MJIM pAaCIpPEEICHUN CIIy4alHbIX CEYEHUN K-MEPHBIMU IIOCKOCTSIMH.

ITocTanoBka 3agaun

3anayda HacTosIIeH pabOTHl COCTOUT B HAXOXKACHUU B3aHMMOCBSI3U MEXKAY
HEKOTOPHIMU (DYHKIIMSMH, CBSI3aHHBIMH C BBIITYKJION (PUTYPOIl HA TNIOCKOCTH.

B HacTosmen crarbe ONMMCAaHbl HEKOTOPBIE B3aMMOCBS3HM YIOMSHYTBIX
(GYHKIMH U IpeICTaBIEHbl OTKPBITHIE BOIPOCH OTHOCUTEIBHO APYTHX BO3MOXK-
HBIX B3aMMOCBS3€E.

1. IlpenBapuTenbHbIe IOHATHS
1.1. KoopauHaThl NpsAMoOii HA MJIOCKOCTH

ITpOCTPaHCTBO MPAMBIX Ha MIOCKOCTH R? GyneM 0603HayaTh yepes G, Kak
3TO NMPHUHATO 0003HauaTh B uTeparype. [Ipsamyto g € G nmapameTpusyeM napou
koopauHart (p, ), p >0, 0 <@ <2z, TO ecTb NOJSAPHBIMU KOOPAUHATAMHU OCHOBA-
HUS NEPIEHIUKYIISIpa, OMYIIEHHOTO Ha IpAMYIO g U3 Havana koopauHat O (1o-
ka3aHo Ha Puc. 1). OGb14HO (p, ©) HA3BIBAIOTCS «HOPMAJIBHBIMUA KOOPAMHATAMU
NpAMO». 3aMeTUM, YTO IS MydYKa MNPAMBIX, NPOXOA[IINX udepe3 Hayaino O,

KOOpAuHaTa (¢ onpeacjicHa HEOJHO3HAYHO (TO €CTb C TOYHOCTBIO A0 71').
A

N

N

Pucynox 1. Hopmanvusie koopournamsli npsamoil.

A J

12



YacTto paccMaTpUBAETCS MPOCTPAHCTBO G BCEX HAMPABICHHBIX MPSIMBIX Ha
miockocTd R?. CTaHAapTHRIME KOOPAMHATAMH IS G CITYKaT T€ e KOOPIUHATEI
(p, ©), TONBKO 00JACTH UX U3MEHEHUS Imupe: —0 < p < o, 0 < ¢ < 27. YcI0BHO
6yeM TOBOPHTB, UTO «OCh p», TIEpIEHIMKYIApHAs NpAMOii g € G, HanmpaBieHa
B MPaByIO (OTHOCUTENBHO g) nosyruiockocTs. Ha Puc. 2 ansa npsamoii g°, mapan-
JIETHHOM g M JIeXaIlIeil Ha TOM e paccTostHUH OT O, HO ocTaBiisitonieit O crpasa,
Oyner:

pE’)=—p.

A

\

p g

~

Pucynox 2. Koopounamel HanpasieHHOU NPsSmoll.
1.2. UuBapuanTHble Mepbl HA G U G

«VHBapuaHTHON Mepoii» Ha G Ha3bIBaeTCA Mepa Ha Kiacce OOpeneBCKMX
TIOIMHOKeECTB G, COOTBETCTBYIOMIas 1eberoBeKoit Mepe Ha mumunpe C, T.e. Me-
pe C AIEeMEHTOM

dg =dp dg. (1)

Ota Mepa SABJISETCS €IMHCTBEHHOM (C TOUHOCTBIO 1O YMHOKEHHSI HA KOHC-
TAHTHBIH K03 dHUIHEHT) Mepoii Ha G, 001a1aromeii CBOMCTBOM HHBAPHAHTHOC-
TH OTHOCHTENILHO IPYIITbl M €BKIIMIOBBIX IBUKEHHHN Ha IIOCKOCTH R’ (0Tpake-
HUE, NapajIeNIbHbIM EPEHOC, TOBOPOT). DTO CBOMCTBO O3HAYAET, UTO IJIS JIIO-
6oro B cG,

Jzdg = J,zd9, MB ={Mg:g € B},
rae Mg — obpa3 g € G npu amwxenuu M € M.

[TocnenHee paBeHCTBO MOXKHO BBIBECTH U3 3JIeMEHTapHOro npuHiuna Ka-
BaJIbepH, MPUMEHUMOTO Oyiarofapsi TOMy, 4TO MpeoOpa3oBaHUs U3 HHIYLUPO-
BaHHOU TpYMIBI MEPEBOAAT 00pa3yrole IINHAPa CHOBAa B oOpasytomue (1o
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3aKOHY BpAIIEHUS LINHAPA BOKPYT OCH), IPUYEM PACCTOSIHUS MEXAy apaMu
TOYEK Ha 00pa3yIoIIMX MOCIe Ipeodpa3oBaHus He MEH0TCs. M3BecTHO, YTO UH-
OyLUUpOBaHHas rpynna npeoOpa3oBanuil nunuHapa C He COBNAAAET ¢ IrPyMIoi
ero M30METPUii: NPM TMapajielbHOM caBure R? pasznuunble 0Opasylomue -
JMHJIpa CIIBUTAIOTCS HAa pa3HbIE IMHBI.

B xoopaunarax:

X — abcrmcca TOUYKH MepecedeHust mpsiMoi g ¢ ockio OX,

W — yroJl Mexay g u ocbio OJX,

MHBapHaHTHas Mepa Ha G 3aIUChIBACTCA KaK:

dg = |siny|dx dy. ()
b
0
p
- a3 B

— AN

Pucynox 3. Koopounamet na nape oceil.

[TycTh Ha IIIOCKOCTH HMEEM JIBE TIPSIMBIE g1, 22, U TIYCTh /1, [2 — OTHOMEpHBIE
KOOPJIMHATHI TOYEK Ha COOTBETCTBYIOIIMX NpsAMbIX. Kaxmoi mape (/1, I2) cooT-
BETCTBYET MpsiMasi, IPOXO/ISIIast uepe3 3T TOUKu. B koopaunarax (/1, [2) umeem:

dg — sina ;sina:z dlldlz, (3)

rae p = |1, 2| — nnmunHa otpeska /i, [2 (paccTosiHUuEe MEXKIYy Toukamu /7 v [2), a s u
02 — YIIIBI MEXJTy g ¥ TIPSMBIMH g7 U g2. Takke kak u B G, B mpoctpanctee G
UMeeTcs eIUHCTBEHHAs! (C TOYHOCTBIO J0 MOCTOSTHHOTO MHOKHUTENS) Mepa, UH-
BapHaHTHAasi OTHOCUTEIBHO Tpynibl M eBKIMIOBBIX IBM)KEHUH HA IIOCKOCTH.
Jlnst uHBapuaHTHOM Mephl Ha G MBI cOXpaHsieM o0o3HaueHue dg. B mpoctpaHcT-
Be G coxpanstorcs Takxke Beipaxenus (1), (2) u (3). Pazymeercs, npu uHTErpu-
POBaHMHU ClIeAyeT YUYUTHIBATh, YTO 00JIACTH U3MEHEHUS! KOOpauHAT Uil ¢ € G U
g € G pa3nuyIHBL.

1.3. OnopHas ¢pyHKIHUS Tesaa

OmnopHas ¢pyHkus tena A — hy () onpenensercs Kak:
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Sup <x, u>,
X EA

TJie (9 — IPOM3BOIBHBIN Yroi, a u = (cosy, sing).
Ona mpencraBnsier U3 ceOs pacCTOSHHE OT KaKOW-TO (PUKCHPOBAHHOM
BHYTpPEHHEH TOUKH TeJla JI0 KacaTeIbHOU Teja B HanpasieHuu @ (Puc. 5).

h(o)

LTy
-

Pucynox 5. Onopnas ¢ynkyus ebinykio2o mena.

B Buay cnenyroueit Teopemsbl, onopHas GyHKIMS Tea SBIsSETCs OTHON U3
BOXHEUIINX (QYHKUUH, CBA3aHHBIX C BBITYKJIBIM TEJIOM.

Teopema. OnopHasi (yHKIUS OJHO3HAYHO BOCCTAHABIIMBAET BBIMYKIIOE
Tes10 (B 00I1IEeM clTydae — BBIMYKITYIO 000JIOUKY Telia).

1.4. PagnanbHast pyHKumst

Panuanbnas Gynkuus tena A — p4(@) onpenensieTcs Kak
max{t > 0;tu € A},
ter

I7I€ U €AUHUYHBIA BEKTOP B HANPABIICHUH .
Takum oOpazom, paauanbHas QyHKIMS A 3aJaHHOTO HAMpaBIEHUS — TO
paccTosiHie OT Hayayia KOOPAMHAT J0 TPAaHUYHOM TOYKH B 33JJaHHOM HAIPaBJICHUU

A

P(p)

Pucynox 6. Paduanvras ¢pynkyus gpinykioeo meia.
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2. OcHOBHbIE Pe3yJbTaThI

B 3710if yacT paccMaTpuBarOTCs 331a4K HAXOXKICHUS B3aHMOCBSI3er
MeXy QyHKIHEN pactpeesieH st JUIMH XOp/ [0 HAaIPaBJICHUIO, OTIOPHON
¢byHKIMER 1 paguaibHON QyHKIMEH.

B3aumocBs3b ONIOPHOI U paguaJIbHON GyHKUMT

3amaua 1.

[Mycte mns ganHoro tena A usBectHa V@h(@). BeipasuTs yron HakiIoHa
IIPSIMOM, COEIUHSIONIEH Hayal0 KOOPAMHAT C TOYKOM Ha IPAHULE Teila, UMEIO-
el BHEITHIOI0 HOpMaJlb, yIOJl HAaKJIOHa KOTOPOH 110 OTHOILIEHHIO K OCH abcuuce
paBeH @.

O0603HaYMM UCKOMBIH yroi kak GyHkuuio ot ¢: a(@). Toraa:

h(g) sin g, + h'(¢) cos ¢

Jh(9)? + 1'(p)?

a(¢p) = arcsin

3anaua 2.

[Mycte mwis nanHoro Teia A usBectHa Vap(a). BeipasuTh yron BHENIHER
HOPMAaJIX Tejla B TPAHUYHOM TOYKE 4epe3 YroJl & Jiyda, IPOXOAAIIETr0 U3 Hadasa
KOOP/IMHAT Yepe3 3Ty TOUKY.

O0603HaYMM HUCKOMBIH yroa kak GyHkmnuio ot a: @ (a). Torma:
—p'(a)cosa + p(a) sina

p'(a)sina + p(a) cosa

¢ (@) = arctg

3agaua 3.

[Tycth mis mannoro tena A ussectHa Vh(¢p). Beipasuts yroa BHeuIHei
HOPMaJIX Tejla B TPAHUYHOM TOYKE Yepe3 YroJl & Jiyda, IPOXOAAIIET0 U3 Hadasa
KOOPJHMHAT Yepe3 ATy TOUKY.

Jlerko 3aMeTuTh, YTO, HUCTIONB3YsI PEIICHUE 3a7aun 1, 3Ty 3aa4y MOXKHO
PEUIUTh UTEPATUBHBIM METOAOM, TIOCIIEI0BATEIbHBIMU MPUOIIKEHUSIMU.

OuKCUpyeTCcss HEKOTOPBIN YIOll & U BBOAATCS CIEAYIOLINE 0003HAUCHUS:

Y1 = Qg )
T
‘Przao_g
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Jlanee paccuuThIBaETCSl HEKOTOPOE HAdaIbHOE (1-TO€) MIPUOIMIKEHUE:
QD’ _ ¢t @y
2
[Mpu momoriy popMyJIbl, MOTYYEHHOU U3 3a1auH 1, BeicuuThiBaeTcs a(@”).

Ecmm a(@") = ay, 10 ¢ (ay) = @', To ecTh OTBET HAMIEH U AITOPUTM 3a-
BEPILAETCS.
Ecmu a(¢") > ay, T0 @) 1 @, nepeo6o3HAYAIOTCS CIIEAYIOMIM 00pa3oM:
P =9
Pr = Pr
CHOBA PaCCYHUTHIBACTCA (p’ " aJITOPUTM ITPOAO0JIKACTCA
Ecmu a(¢") < ay, T0 @) 1 @, nepeoGo3HaYarOTCs CIEAYIOMIM 00pa3oM:

1= ¢
or=¢'
CHOBA PaCCYUTHIBACTCA (p’ " aJITOPUTM IPOAO0JIZKACTCA.
AJIFOpI/ITM TAKKEC MOXKET 3aBCPIINUTHCA, €CJIM HAa KAKOM-TO IIare pasHoCTb
JIBYX MOCJIEA0BATEIbHBIX MPUOIMKEHUI OYIET YIOBJIECTBOPUTEILHO MaJIOn

(MeHBIIIE HEKOTOPOTO 3apaHee 3aJaHHOTO 3HAUCHHUS ).

3anaua 4.

ITycte mist nannHOrO Tena A u3BectHa Vap(a). Beipasuts yrona HakJIoHa
MPSIMOM, COETMHAIONICH Havalo KOOPAMHAT C TOYKON Ha TpaHuIIe Tela, UMEIo-
IEW BHENTHIO HOPMallb, YTOJl HAKJIOHA KOTOPOM paBeH .

DTy 3a/1auy TaKK€ MOKHO PELIUTh UTEPATUBHO, BOCIIOJIb30BABIINCH Pe-
LIEHUEM 3a/1aui 2, aHAJIOTUYHO PEILICHUIO 3a7au 3.

3anaua S.
Iycts mist maruOrO Tena A usBectHa V@h(¢). [l 1aHHOTO yriia & BBIs-
BUTD SBHYIO popmyiy aist p(a).
Herpynno y6eautscs, 4yto
h(g (@)
cos|y (a) — |

p(a) =

3agaua 6.

[Tycth nust janHoro Tesa A usBectHa Vap (a). Jist JaHHOTO yriia ¢ Bbisi-
BUTH SIBHYIO (opmyity mist h(¢).

HerpynHo yOemuthes, uTo
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h(p) = coslp — a(p)| - p(ale))
3akaouenue

Takum oOpa3om ObLT paCCMOTPEH PSII 33]a4, PelIeHUs] KOTOPBIX MO3BOJIS-
IOT HAUTH B3aUMOCBSI3b OMIOPHOM (YHKIIUU C PaJHaIbHOM.

JIMTEPATYPA

1. Luis A. Integral Geometry and Geometric Probability, Addison-Wesley, Reading, MA,
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2. Bianchi G. The covariogram determines three-dimensional convex polytopes.
Advances inMathematics, 220, 2009, PP.1771-1808; arXiv:0805.1605v1 [math.MG]

3. Matheron G. Random Sets and Integral Geometry. “Willey”, New-York, 1975.

4. Huang Y., Yang D., Zhzng G. Minkowski problems for geometric measures //arXiv
preprint arXiv:2502.05427. 2025.

5. Averkov G., Bianchi G. Confirmation of Matheron's conjecture on the covariogram of
a planar convex body //Journal of the European Mathematical Society. 2009. T. 11. Ne
6.P. 1187.

IIDENTIFYING THE RELATIONSHIP BETWEEN CERTAIN FUNCTIONS
ASSOCIATED WITH CONVEX FIGURES

L. Apinyan
Russian-Armenian (Slavonic) University
ABSTRACT

The problem of obtaining information or fully reconstructing convex bodies based on
the distributions of characteristics of k-dimensional sections is one of the main challenges in
stochastic tomography. This work is dedicated to identifying the relationship between the
support function of a body, the distance function, and the chord length distribution function
in a given direction.

Keywords: convex figure, support function, distance function, chord length
distribution function.
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BOCCTAHOBJIEHUA B TOMOI'PA®UN
11O JIOKAJIBHBIM JAHHBIM

P.I'. Apaman

Hucmumym mamemamurxu HAH PA
Poccuiicko-Apmsanckuit (Cnassanckuil) ynueepcumem
rafikaramyan@yahoo.com

AHHOTAINUA

Mg! roBopuM 00 0U€Hb Ba)KHOM NIPUMEHEHUH MaTeMaTHKH, 8 UMEHHO — O
komneioTepHOit ToMorpaduu (KT), koTopas okaszana orpoMHOE BIUSHHUE Ha
MEIUIMHCKYIO JUAaTHOCTHUKY.

OO1menocTyIHO IpecTaBNM, KaKasi MaTeMaTHIecKas 3a/1a49a JISKHT B OC-
HOBE KOMITBIOTEPHOH TOMOTpadyy 1 Kakue MpodiieMbl cymiecTByroT. I1pen-
CTaBUM HOBBII METOJ] B TOMOTpahiy, a IMEHHO — TEPMO-aKyCTHIECKYIO TO-
MorpaHro U Kakasi IpH 3TOM BO3HHKAeT MaTeMaTrndeckas npodnema. [Ipen-
CTaBHUM COBPEMCHHOE COCTOSIHUE PEUICHUS 3TOM MPOOJIEMBI U KaKHe pe3yib-
TaThI €CTh y Hac.

KiroueBble ¢J10Ba: KOMIBIOTEpHAst TOMOrpadus, TepMO-aKyCTHUECKas
ToMorpadusi.

BBenxenue

KommsrotepHas ToMmorpadus okaszana 00JIbIIOe BIMSHIE HA METUITUTHCKYIO
TUarHoCTHKY. OCHOBOW PEHTICHOBCKOW TOMOTpauu SIBISICTCS KIACCUYECKOE
npeobpaszoBanue Pagona, koTopoe oToOpakaeT (YHKIMIO B €€ MHTETPaIbI 1O
psMbIM JIHHUAM. VccaenoBaTeny, UCIONb3YIONINE Pa3InyHble TUTIBI (U3nYec-
KHX CHTHAJIOB, pa3paboTaiu HOBBIE METOABI Al Tomorpaduu. Tepmo-akycTu-
yeckast Tomorpadus (TAT) sansercs nHanbonee ycnemHsM MeTonoM. Konren-
uus TAT 3aknrodaercs B CEIyrOIIeM: KpaTKOBPEMEHHAsl JICKTPOMArHUTHAs
BOJTHA MOCBLIAETCS Yepe3 OMOTOTHIECKUIT O0BEKT, YTOOBI BBI3BATH TEPMO-aKyC-
TUYECKUH OTKIIMK B TKaHU. Pa3imaHbIe peakiny OMOJIOTHISCKUX KICTOK 3aBUCST
OT KOJMYECTBAa MOTJIONIEHHOW 3HEpruu. TepMoynpyroe paciiMpeHue COo3AaeT
AKyCTHYECKYIO BOJIHY, KOTOPYIO MOXHO M3MEPHUTH ACTEKTOPaMH, pa3MeIICHHbI-
MH CHapYyXH 00BbeKTa (MBI IPEIoIaraeM, YTo CKOPOCTh 3ByKa MOCTOSTHHA). Ta-
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KUM 00pa3oM, 3G(HEeKTUBHO M3MEPSIOTCS MHTETpaibl (PYHKIIUU pacrpeaeacHus
MOTJIOIIEHUS YHEPTUH 0 BceM cepam, IIEHTPUPOBAHHBIM B MECTaX PaCIOIOKe-
HUS AETeKTOPOB. OTIMYHBINA JUATHOCTHUECKUNA HHCTPYMEHT MOXKET OBITh OOHa-
pyXeH, ecinu (QyHKUUS pacrpeneseHus nornomenus sueprun f nHaiigena. s
BoccTaHOBNIEHHS f HE0OX0IMMO MHBEPTHPOBATH TaK Ha3bIBaeMoe Chepruueckoe
npeobOpazoBanue Pagona f, koTopoe uaTErpUpyeT PyHKIHNIO 1O chepaM ¢ IEeHT-
pamu B IeTEKTOpax.

N3BecTHBIE pe3ybTaThI

B Hacrosimiee BpeMsi U3BECTHBI TOUHbIE (OPMYIIBI OOpalieHust 1715 cepu-
4ecKoro mpeodpazoBanus Pagona s pa3nuyHbIX T€OMETpUil AeTeKTOpoB B 2D
JUTSL TAHWN, OKPY>KHOCTEH, ITUICOB, B 3D 11l TpaHUI] ClIeNUaTbHBIX 00JIacTei,
BKJTFOUast Cephl, MUITUHAPHI, HILTUTICOUIBI U TUIIEPILIOCKOCTH.

B cratesax [2—5] npemaraeTcss HOBBIM MOAX0, KOTOPBIN HAa3bIBACTCS Me-
TOJIOM COTJIACOBAHHOCTH JJIs 0OpamieHus chepuaeckoro npeodpaszoBanus Paso-
Ha B 2D ¢ aeTekTopaMu Ha JIMHUU U 3 ¢ IETEKTOPaMHU Ha MIIOCKOCTH. C MTOMOIIBI0
3TOTO METO/Ia HaliJIeHa HOBasi UTepaTUBHAs (opMyIra oOpaleHus, KOTopas JaeT
QITOPUTM JIJISl BOCCTAHOBJICHUS HEU3BECTHOM TIaakoi QyHKUHUU U3 ee cdepu-
YECKHUX CPEJHMX IO OKPYKHOCTSIM C HEHTPOM Ha JIMHUU U C IEHTPAMH Ha II0C-
koctu. Hamm gopmyIibl BOCCTAaHOBIEHUSI UMEIOT MPEUMYIIECTBO MEpe]l BCEMU
CYIIECTBYIOIMMH (OPMYIIBI BOCCTAHOBIICHUSI TEM YTO OHH JIOKAIIBHBI, T.€. JJIs
BOCCTAHOBJICHUS] HEU3BECTHON (DYHKIIMH HUCIIONB3YIOT JIOKAJIbHBIC TaHHBIC.

JIMTEPATYPA

1. Kuchment P., Kunyansky L. Mathematics of thermoacoustic and photoacoustic
tomography. / emph{Handbook of Mathematical Methods in Imaging}: (Springer
Verlag) 2, (2010). PP. 817-866.

2. Aramyan R. To local reconstruction from the spherical mean Radon transform // Journal
of Mathematical Analysis and Applications, vol. 470, 2019. Q1.

3. Aramyan R. Recovering a function from spherical means in 3D using local data, Inverse
Problems and Imaging, vol 18(3), 2024, Q2.

4. Aramyan R. Inversion of the pair of weighted and classical circular Radon transforms in
C(R”"2) // Journal of Mathematical Analysis and Applications, vol. 530 (2), 2024, Q1.

5. Aramyan R. Inversion of the two-data circular Radon transform centered on a curve”,
Studies in Applied Mathematics, 153 (2), 2024, QI.
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RECONSTRUCTION IN TOMOGRAPHY USING LOCAL DATA
R. Aramyan

Institute of Mathematics, NAS RA
Russian-Armenian (Slavonic) University

ABSTRACT

We will talk about a very important application of mathematics, namely, computed
tomography (CT), which has had a huge impact on medical diagnostics. We will present in
a publicly accessible way what mathematical problem underlies computed tomography and
what problems exist. We will present a new method in tomography, namely, thermo-acoustic
tomography and what mathematical problem arises. We will present the current state of the
solution to this problem and what results we have.

Keywords: computed tomography, thermo-acoustic tomography.
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O KJIACCU®UKAIIMU TOYEK EJUHUYHOM
OKPYXHOCTHU AJ51 HOPMAJIBHBIX
HENPEPBIBHBIX ®YHKIIUIA

C.JI. bepoepan

Poccuiicko-Apmanckuii (Crassanckuil) yHueepcumem
samvel357@mail.ru

AHHOTAINUA

B HacToseil pabore paccMaTpuUBalOTCA ONPEIEICHHbIE B €AUHUYHOM
Kpyre HempepblBHbIE (QyHKIMU Kiacca R*, sBusrommiicss 6osee o0muM
KJTaccoM, 4eM kiacc R. B 3aBHCHMOCTH OT IPaHUYHOTO HOBEJICHUS HEIpe-
PBIBHBIX (yHKIMH KiTacca R* naetcs kiaccuuKanys ToUeK eIMHUIHOM OK-
pyxHOCTU. PaHee aHanoruuHblil pe3yapTaT ObUT HOTY4EH ATl HEMPEPhIBHBIX
¢yHKnmii kmacca R.

KawueBsbie cioBa: Touku Meiiepa, Touku JKronua, NeHCTBUTENBHO3-
HauHbIC HETIPEPBIBHBIC (DYHKIUH K1accoB R u R*, npeaenbHbIe MHOKECTBA.

Bynem npunepxuBaThes 0OIENPUHATHIX 0003HaYeHUH U TOHATHH (cM. [1]
w [2]). O6o3naunm uepe3 D, I' u h(&, ¢), COOTBETCTBEHHO, €MHUYHBIN KPYT
|z| <1, eIMHUYHYIO OKPYXKHOCTH |z| = 1 ¥ XOpAy eAMHUYHOTO Kpyra D, okanun-
Barontyiocs B Touke & = e € I' n 06pasyromntyio ¢ panycoM B 3TOH TOUKE yrom
¢; -1/2 < P <n/2. llyctb A(E, 1., P,) 0003HaUaeT nomodaacte kpyra D, orpa-
HudeHHy0 xopaamu h(&, ¢1) u h(&, ¢,). Obmacts A(E, ¢4, ¢,) Ha3BIBAIOT
«006b1uHO yrioM IITonbia» ¢ BepmuHoil B Touke & = €' € T, u, eciu Hac He
uHTepecyet pazmep yria llltonbua, mbl Oyaem 0003Havath ero kpatko A(E). Ue-
pe3 R 0003Ha4al0OT MHOXXECTBO JEHCTBUTENBHBIX uuced. {15 mpou3BOJIBHOTO
noaMHoXkecTBa S kpyra D, ans kotoporo Touka & € I sBnsieTcs mpenenbHOM
TouKOi, 0003HaunM uepes C(f,&,S) npenenpsHoe MHOKECTBO QyHKINH f(Z) B
Touke & oTHocuTeNnbHO MHOXecTBa S, T.e. C(f,&,5) =N f(S N U(£)), rae ne-

pecedenue Gepercs 1o BceM okpecTHOCTsM U(E) Touku &, a yepTa o3HAYaeT 3a-
MBIKaHHE MHOKECTBA OTHOCUTEIHHO JIBYXTOUEYHOI KoMnakTH(ukanuu R MHO-
&KecTBa R B BUAE OTpe3Ka MOCPEACTBOM J00aBICHHS K TOYKaM MHOXecTBa R
CHUMBOJIOB -00 1 100,
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Yepes R(f, &, S) 0003HAYArOT MHOXKECTBO ITOBTOPSIOIIMXCS 3HAYCHUH (DYHK-

i f(z) Ha MHOXKecTBe S, a = f(z7),n € N, A KOTOPOU MOCIIEeI0BATEb-

HOCTb {Z5 } Touek MHOXecTBa S, limz; = &, ynoBnerBopsiet ycioButo & € I
n—-oo

Xopay h(&, ¢) Ha3bIBatoT «HamnpaBieHueM JKronua» ans GyHkuuu f(z),
ecm g moboro yrma A(E), comepxkamiero xopay h(E,p), MHOXKECTBO
R(f, &, A(§)) nokpeIBaeT Bce MHOXKECTBO R, 32 BO3MOXKHBIM HCKJTFOUCHHEM He
6onee nByx 3HaueHui. Touka & € [" Ha3pIBaeTcs «Toukoit XKronuay ams GyHKIuu
f(2), ecin kaxnmas xopaa h(§, ¢) sBusercs HampasieHueM JKromma QyHKIANA
f(z). MHoxecTBO Becex Touek JKronua o6o3Hauarot uepes J(f). Touky & € I Ha-
30BEM «YTOYHEHHOM Touko# XKronmna» ¢pyHkuuu f(z) u oTHECEM K IOJMHOXKECT-
By J *(f) MHOxectBa J(f), ecmu s moboi xopabl h(E, ¢) MHOXECTBO
R(f,&, h(¢, @)) nokpsiBaeT R, 32 BO3MOXKHBIM HCKIIFOUCHUEM JIBYX 3HAUCHUH.

Touka & € I Ha3pIBaeTCs «yTOUHEHHOH Toukoi Meiiepa» ¢pynkuuu f(z) u
OTHOCHTCSI K MHOXecTBY M*(f), ecu:

a) C(f, &, D) comepxur O6ojee OAHON TOUYKH;

b) C(f,$, h(S, @) = C(f, &, D) nns moGoii xopast h(§, ¢);

c) mHoxxectBo C(f,&,D) \ R(f, &, h(&, 9)) # R cocrout camoe Gosbiioe
13 JIBYX AJIEMEHTOB JJIs1 JI'000# xopasl h(E, ).

OObIkHOBEHHAs Touka Meliepa oTiimuaeTcs OT yTOYHEHHOM Touku Metiepa
TEM, UTO B HEH OTCYTCTBYIOT CBOMCTBa a) U ¢). MHOXeCTBO Bcex Touek Meiiepa
obo3HavaroT uepe3 M (f).

Touka & € I' Ha3pIBaeTCs TOYKOM TPAaHUYHON HETPEPHIBHOCTH (PYHKIIUH

f(2), u otHocAT ee k MHOXecTBY Cy, (f), ecnu C(f, &, D) nnm C(%, ¢, D) cocrout

W3 €JIMHCTBEHHOTO 3HAYCHHSI.

[ToHsiTHE HOpMANBHOW (YHKIMH, PACCMOTPEHHOE IS MEepPOMOP(GHBIX
(GYHKIMH U COCTOSIIIEE B CBOWCTBE MOPOXKIATh HOPMAJILHOE CEMEHCTBO Ha TPyTI-
ne T Bcex KOH(GOPMHBIX aBTOMOP(GU3MOB O0JIACTH ONpEACICHHS, OBUIO 3aTeM
NePEeHEeCeHO Ha TapMOHMYECKUE U cyorapMonndeckue Gpynkuuu. B ciaydae enu-
HuyHoro kpyra D rpynna T coctout us anemenToB T = {S (2); S(z) = e (z+
+a) - (1 + gz)_l}, a — IPOM3BOJIbHASE TOUKa B D, 00 — MpOM3BOIBHOE ICHCTBH-
TenpHOE umncio. IlpuaepxuBasch 0003HaAUeHUN W3 pabOTHl [2] CKa)keM, YTO
neiictBuTenpHo3HauHas Gpynknus f(z) € R, ecnm Ha rpynme T BceX KoHGOPM-
HBIX aBTOMOP(U3MOB eIMHIMYHOTO Kpyra D mopoxaaemoe ero ceMeincTBo GyHK-
it @:{f (5(2)); S(z) € T} nHopmanbro B D B cMmbIciie MoHTeNs, T.€. U3 TH000H
nocnenoBarensHocT {f (S,,(2))}, cemeiictBa @, tie S,,(z) € T, MOKHO U3BJICYB

23



TOANOCNIENOBATENBHOCTD {f (S, (2))}, PaBHOMEPHO CXOISIIYIOCA HA JHOOOM
kommakte K B D muim paBHOMEPHO pacXOAsLIyIOCs K —00 WiId K +00 Ha K.

B crartee [2] B.W. I'aBpuiioBbIM ObUTa chopmymrpoBaHa o0IIas 3aaa4da oo
W3yYCHUU TPAHUYHBIX CBOMCTB MEpOMOP(HBIX (QYHKIHUH, TTOPOXKIAIOUIMX HOP-
MaJIbHBIE CEMENCTBA Ha MOArpymnnax rpymnmsl 1. beuta paccMoTpeHa noarpymnmna
T8 = (58(2);S8(2) = (z+ ae®®) - (1+aze™®), tne a€(-1,1) u 6, 0 <
0 < m — ¢ukcupoBano}. [leiictBurensHO3HauHY0 (yHKIHIO f(Z) OTHEceM K
knaccy RY, rme 0 < 6 < m — puKCHPOBAHO, €CIIM MOPOKIAEMOE €10 CEMEHCTBO
dynxmmit @8 = {£ (S8 (2)); SE € T} nopmansho B D B cMbicie MonTens. W3-
BecTHO (cM. [3]), uTo uIs HempepbIBHBIX GyHKUMT K1acc R* =N RY, rme 0 <
0 < m, comepxur kiacc R.

OcHOBHOI pe3yabTaT padoThl

Teopema. Jlns TpPOU3BOJIBHOM HENPEPHIBHOW JAEHCTBUTEIBHO3HAYHOU
¢ynkuun f(z) nacca R*, ompeneneHHoil B D, crpaBeIMBBI PaBEHCTBO
B*(f) = M*(f)upasnoxenne I’ = C,(f) ® M*(f) Q J*'(f) & E, B xoT0-
poMm E — HEKOTOpOE MHOXKECTBO NEepBOM Kateropuu v tuna F, Ha [

[Ipn nokaszaTenbCTBE TEOPEMBI CYIIECTBEHHO IOJIB3YEMCS CIEAYHOUIUMU
YTBEPKACHUSIMH.

Teopema A. ]Inga npou3BOJIBLHON JIEMCTBUTEIBHO3HAYHONW HEMPEPHIBHOM
¢byskumn f(z) xmacca R* crnpasemymBo paserctso J (f) = J*(f), mpuuem B
kaxxnoii Touke § € J*(f) pasenctBo R(f, ¢, h(&,¢)) = R cupaBemuBo sl Jit0-
oot xopuet h(§, @).

JlokazatenbCcTBO TEOpEMbI A TIPOBOAUTCS 110 TOH YK€ CXEeMe, UTO U B paboTe
[4] nns HeTIpepBIBHBIX (yHKLUH Kinacca ‘K.

Teopema b (cMm. [4]). Ecnu y HenpepbiBHOUM B D neicTBUTENHHO3HAYHOM
¢byskumu f(z)muoxectso C(f, €, S) ans cBsi3HOrO MHOKECTBa S B D HE BBIPOXK-
JaeTcst B eIMHCTBEHHYIO Touky, To R(f,€,S) D intC(f,¢,S), rae cumBon intA
0003HaYaeT MHOXECTBO BCEX BHYTPEHHUX TOYEK MHOKECTBA A.

J1J1st IpOM3BOJIBLHOM IeHCTBUTEIPHO3HAYHOM HepephIBHOHN pyHKkImH f(Z)
KJjacca ‘R Teopema, pacCMOTpEHHas B JaHHOM paboTe, ObLIa ToKa3aHa B paboTe
[4]. OT™MeTHM, 4TO pa3nyHbIE KIACCHYECKHE TEOPEMBI O Pa3IOKEHUH TOUEK
€IMHUYHON OKPY>KHOCTHU JJIS MEPOMOP(HBIX (PYHKITUH, OTPENIEICHHBIX B €U~
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HUYHOM KPYTe, pACCMOTPEHBI B MOHOTpadusax [5] u [6], a 111 TapMOHUIECKUX
(GyHKUIMI paccMOTpeHsI B pabore [7].
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ON THE CLASSIFICATION OF UNIT CIRCLE POINTS FOR NORMAL
CONTINUOUS FUNCTIONS

S. Berberyan
Russian-Armenian (Slavonic) University
ABSTRACT

In this paper, we consider continuous functions of class R* defined in the unit circle,
which is a more general class than class R Depending on the boundary behavior of
continuous functions of class R*, a classification of points of the unit circle is given. Earlier,
a similar result was obtained for continuous functions of class ‘R.

Keywords: Meyer points, Julia points, real-valued continuous functions of classes R
and R* cluster sets.
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APPLICATIONS OF MOMENT CLOSURE
APPROXIMATION IN MARKOYV PROCESSES:
A UNIFIED OVERVIEW

E. Vardanyan

Russian-Armenian (Slavonic) University
edgarvardanyanl999@gmail.com

ABSTRACT

Moment closure approximation is a mathematical tool used to simplify
the analysis of stochastic processes modeled by Markov systems. This paper
provides a concise summary of the moment closure approach, lists the types
of processes where it has been applied successfully, and illustrates its utility
using the Moran process in evolutionary game theory as a detailed example.
Our results highlight the method's efficacy in handling finite population
models and stochastic chemical kinetics.

Keywords: moment-closure approximation, stochastic process, Markov
processes, game theory.

Introduction

Moment closure approximation is a technique that approximates infinite-
dimensional systems of moments with a finite number of equations, making
complex stochastic models more manageable. This approximation method has
been instrumental in a range of fields, including population dynamics,
evolutionary game theory, and statistical mechanics. It simplifies the analysis of
stochastic processes by focusing on the first few moments (e.g., mean and
variance) instead of the entire probability distribution [1, 2, 3].

Overview of Applicable Processes
Moment closure approximation has been widely used in various Markov
processes, including but not limited to:

e Windy Gridworld Models in Robotics: Applied to model stochastic
disturbances in robotic navigation, where the agent's policy is non-deterministic.
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e Stochastic Chemical Kinetics: Employed to derive approximations for
the behavior of reaction networks, crucial for understanding biochemical systems
[3].

e Wright-Fisher and Crow-Kimura Models in Evolutionary
Dynamics: These are prominent models in population genetics, capturing finite
population effects and allele frequency dynamics (WFFP) [2].

o Evolutionary Game Theory: Applied to study dynamics in finite
populations using processes like the Moran model, which considers selection
pressures and mutation rates [1].

General Approach

Moment closure approximation is a method used to simplify the analysis
of stochastic systems described by a series of coupled differential equations for
the moments of a probability distribution. The approach involves truncating the
hierarchy of moment equations at a certain order to obtain a finite, closed system
of equations that describe the system's dynamics.

The foundation of the moment closure method lies in the master equation,
which governs the time evolution of the probability distribution (x, t) of a
stochastic process. The master equation can be written as:

% = z (W(x" - x)P(x',t) — W(x - x")P(x,t)]
=7
where W(x—x') is the transition rate from state x to state x'. This equation
provides a complete description of the stochastic process but is often too complex
to solve directly, especially when dealing with high-dimensional systems.

To apply moment closure approximation, we first define the moments of

the distribution. The a-th moment M(t) of a random variable x(t) is given by:

M, (t) = (x%) = f x%P(x,t)dx

Typically, we are interested in the first few moments, such as the mean (x)
and the variance Var(x)=(x*)—(x)>. From the master equation, we can derive
equations for the time evolution of these moments. Taking the time derivative of
M(t) and using the master equation, we get:

dM,
= f Z (x“W(x’ - x)P(x',t) — x*W(x - x")P(x, t))dx

dt
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Once this is applied and the actual functions for W and P are used for the
process being studied, we get differential equations for each moment. In case of
discrete time Markov processes, we get a set of iterative equations instead of
differential equations. Now this set of equations may have many unknowns and
many equations (infinite equations in the most general case as we can construct
a moment with each natural number). The essence of moment closure
approximation is neglecting higher order moments and limiting ourselves to n
moments and n equations, thus obtaining an n-th degree approximation. In our
studies, we designed many experiments using computer simulations which
validated the accuracy of the second order moment closure approximation in
many processes where without this approximation a closed form for the dynamics
of the parameter distribution is not found [3].

Example: Moran process in game theory

Moran process is a model widely used in game theory [4] and evolution
theory, which assumes that at each generation an individual from one species is
born and an individual from another species dies. Thus, the entire number of
individuals remains the same. For the case of 2 species, we may denote the
number of individuals from the first species by i and the number of all individuals
by N. At each iteration, we may denote by F(q) the probability of an individual
from the first species being born and by B(q) the probability of an individual from
the first species dying, where q=i/N. The general form of the iterative equations
for moments will be

Z P(n+ 1) (%)a _

Z Pi(n) lq“(l ~F(@) = B@) + F@) (a +%)

a
L

e

Here by n we denote the timeframe and the calculations are done for the n-
th step of the iterations. The equations for the dynamics of the mean Q and the
variance V of q can be directly derived from this.
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FQ)—-B |4
Qo =0+ L@ ~ @), (F"(@) - B"(@) 55

Qanss =Qan + F(Q (o0 +353) + B@ (=5 +35) + (F/(@ + B"@) 5105

|4
+(2(F (@ -B'(@) +Q(F"@ - B"@))
Here Qn=<q>p(q,n) and Q2,,=<q*>p(q,n). These equations have been validated
with the help of computer simulations. (Check [1] for more details and the
derivations of these equations).

Conclusion

Moment closure approximation provides a systematic way to handle the
complexity of stochastic systems by simplifying infinite-dimensional equations.
It is especially useful in finite population models where traditional deterministic
methods fail to capture stochasticity. The Moran process example demonstrates
the practical applications and accuracy of this method, while it has also been tried
in validated by us in other processes such as the Wright-Fishcher mode and the
windy gridworld model.
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NPUMEHEHHUE AIIIMPOKCUMAIIMA 3AMBIKAHUA MOMEHTOB B
MAPKOBCKHX ITPOIIECCAX. OBIIIMI OB30P

3.A. Bapoausn
Poccuiicko-Apmanckuu (Cnagsanckutl) ynugepcumem
AHHOTALIUA

[TpubnrmkeHne 3aKpHITHS MOMEHTOB — 3TO MaTEMaTHUECKUH HHCTPYMEHT, HCIIOJIB3Y-
€MBI{ ISl YIPOIICHUS! aHAIN3a CTOXAaCTUYECKUX MPOILIECCOB, MOJACIUPYEMBIX C MTOMOIIBIO
MapKOBCKHX CHUCTEM. B 3TOli cTaThe MpeACTaBIICH KPaTKUH 0030p MOAX0j1a PUOIKESHUS
3aKpPBITHS MOMEHTOB, IMEPEUNCIICHBI THITBI MPOIIECCOB, TIe OH OBUT YCIEIIHO MPUMEHEH, U
MPOIEMOHCTPHPOBAHA €T0 TOJIE3HOCTh Ha IpuMepe Tipoliecca MopaHa B TEOpHH SBOIIOIH-
OHHBIX HTp. Hamm pe3ynbTaThl MoAuepKUBAIOT 3PPEKTUBHOCTh METOA TIPH paboTe ¢ Moie-
JISIMUA KOHEYHBIX MOMYJIAIUNA U CTOXaCTUYECKOW XMMHUECKON KHHETUKOM.

KiroueBsple cjioBa: MpUONMKEHUE 3aKPBITHS MOMEHTOB, CTOXaCTUYECKUN MPOIIecc,
MapKOBCKHE MPOLECCHI, TEOPUS UTD.
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3AJIAYA KOIIHU AJIS1 ICEBJOTIMIEPBOJIMYECKHX
YPABHEHUM

I'.B. /lemuoenko

Hosocubupckuii 2cocyoapcmeennbiii yHugepcumem
Hucmumym mamemamuxu um. C.JI. Coboresa CO PAH
demidenk@math.nsc.ru

AHHOTAIOUA

PaccmatpuBaercs 3amava Komm muist kilacca CTpOro IceBIOTHIEPOOITH-
geckux ypaBHeHHH. CHOpMYyITUPOBAHBI YCIOBUS OTHO3HAYHON pa3perInmMoc-
TH 331241 Koty B CO60JIEBCKIX MPOCTPAHCTBAX C PA3IMYHBIMU BECAMH, yKa-
3aHBI OIICHKH pellieHui. BeIneneHs! ciaydan 0e3yciIoBHON pa3peliMMOCTH.

KiroueBble cj10Ba: ypaBHEHHUsSI COOONEBCKOTO THIIA, TICEBAOTUIIEPOOITH-
YyecKue ypaBHEHUs, 3aqa4a Koy, sHepreTuyeckie OleHKH.

BBeaenue

B monorpadum [1] Obima BBeeHa HEKOTOpas Kiaccu(uKanus TMHEHHBIX
YpaBHEHUH U CHUCTEM C YaCTHBIMH ITPOU3BOIHBIMHU CJIEAYIOUIETO BUIA
LO(Dx)Dtlu + ZL;IO Ll-k(Dx) Dg(u = f(t,X), t>09 X € Rn) (1)
Y JJI1 HUX U3y4YeH MHUPOKUI KiIacc KpaeBbIX 3a/1ad. Y paBHeHus Buaa (1) Bo3HU-
KaroT MPH PEIIeHUH MHOTHX 3a7a4 TUAPOAUHAMUKH, (PU3UKU aTMOChEpHI, Hr3H-
KU TUIa3MBbI, TEOPUU YIIPYTOCTH U 1p. Takue ypaBHEHUS 4aCTO HAa3bIBAIOT «ypaB-
HEHUSIMU COOOJIEBCKOTO THIIa», MOCKOJIbKY uMeHHO uccienoanus C.JI. Cobo-
neBa [2] ObUIM TEPBBIMH TIYOOKMMH HCCIENOBAaHUAMHU IU((HEpEeHIIHATEHBIX
YpPaBHEHUH, HE PA3PEIICHHBIX OTHOCUTEIBHO CTAPILIEH MPOU3BOJHOM.
B nacrosimiee Bpemst uMeeTCsl OrpOMHOE YHCIIO TEOPETHUECKUX U TPUKIaI-
HBIX paboT MO M3YUYEHUIO Pa3IMYHbIX 33/1a4 Ui KJIacCOB YpaBHEHUH, HE pa3pe-
IIEHHBIX OTHOCHUTEJILHO CTapIliel MPOU3BOIHON (CM., HAmpUMep, MOHOTrpaduu
[3-6] u umerontytocs Tam Oubnuorpaduio). bonbioil UHTEpeC K ypaBHEHUSAM
Buza (1) oOycnoBieH HEOOXOUMOCTHIO PELICHHUS BaKHBIX MPUKIAIHBIX 3a/a4,
a TaKk)Ke €CTECTBEHHBIM CTPEMJICHHEM MaTEMAaTHKOB K M3YYEHHUIO HOBBIX MaTe-
MaTHYECKUX 00BEKTOB. B HacTosIIee BpeMst UMeeTCs! TOCTaTOYHO pa3BUTast TEO-
pHs KpaeBbIX 3aj1ay JUIsl HEKOTOPBIX KiIaccoB ypaBHeHHM Buna (1). Ognako mms
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KJ1acca MCeBAOTUNEepOOTUIECKIX YPABHEHUI 3Ta TEOPHUS TOJBKO HAUYMHAET pa3-
BUBATHCS, B YACTHOCTH, 10 3aa4e Ko amst ypaBHEHHIA ¢ TepeMEeHHBIMU KO3 (-
(dunmeHTamMu B cliydae 0OJHOPOIHOTO JUTMITHYECKOTO OlepaTopa MpH crapiiei
MIPOM3BOIHOM B JINTEPATYypE MOKA HET HU OJTHOTO Pe3ysbTaTa.

Crenyer mpu 3TOM OTMETHTb, YTO JJa’K€ B CIIyyae MOCTOSIHHBIX K03 du-
IUEHTOB JUIA 3afadu Kommm 1 rnceBAorunepOoIuieckux ypaBHEHH HMEeTCs
psl OCOOGHHOCTEHN, aHATIOTOB KOTOPBIX HET JJIsl KIIACCHUECKUX YPAaBHEHHH (CM.,
Harpumep, [7, 8]). A UMEHHO, Kak Moka3aHo B [1, 1. 2], ma pa3pemnuMocTi
3amaun Kommwm B coGonesckux mpoctpanctBax W, ((0,T) X R™) mpaBast 4acThb
f (t,X) ypaBHEHHS JOJDKHA UMETh JOMOJIHUTENBHYIO IMIAAKOCTh U B 3aBUCUMOCTH
OT TOPsIIKOB MU (hepeHIInANBHBIX ONIEPaTOPOB M Pa3MEPHOCTH N TOJDKHA OBITH
OpTOrOHaIbHA HEKOTOPEIM MOHOMaM X P (cM. Takske [9—12]).

IMocTaHoBKA 3a]a4N M HEKOTOPbIE Pe3yJIbTATHI

B nanHolt pabote Mbl ITpoAoipKaeM u3yueHue 3aaaun Kommu i neeao-
runepOOJTNYECKUX YpaBHEHHMH:
L(D;, D,)u =f(t,x), =0, x € R",
Diu|_ =0, k=0, I-1. @)
IIpu pemenun 3Toi 3agaun OyoyT MCHOJIB30BAHBI KJIAcChl COOOJIEBCKUX
MIPOCTPAHCTB CO CHEIMAIbHBIMU BecaMu. B 3THX mpocTpaHcTBax ynaeTcs Bble-
JMTh IOCTATOYHO IIUPOKHUH KIacc ypaBHEHUH, A1 KOTOPBIX MOYKHO YCTAHOBUTD
YCIIOBHS OJTHO3HAYHOMN pa3perlIuMOCTH.
Hanomuum onpezaenenue nceBrorunepoonnyeckux onepatopos [1]:
L(De, Dy) = Lo(Dx)D¢ + Eiclo L (D) D¢ (3)

Ycnosue 1. Tlpenmonoxum, aro cumBol L(in, i§) onepartopa (3) ogHOpO-
1
JIeH OTHOCHUTEIIbHO HEKOTOpOoro BekTtopa (ag,04,:*,0,), ao >0, —€
J
N, j=1, 0.
Venosue 2. Onepatop Ly(D,) sBAsIeTCS KBa3UAIUITHIECKUM.

Ycnosue 3. YpaBHeHue
. —1 Li(io) .
() + Ziy 222 (i) = 0, & € R™\(0) ©

MMEET TOJILKO BELIECTBEHHBIE KOPHHU 71 (), ++ .M, (£)-

Onpeaenenue. ludpdepennmanbublii onepatop (3) Ha3bIBaeTCs ncegdocu-
nepoonudeckum, eCiv BbIoIHEHb! ycinoBus 1-3. Ecnu kopHu ypaBHenus (4) siB-
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JSIOTCS pa3IMgHbIMHU, TO oniepatop L(D;, D,) Oyaem Ha3wsIBaTh cmpoco ncegoo-
2UnepoOONULeCKUM.
B nanpHeiimeM MbI OyZieM UCCIIEIOBATh pa3pemuMocTh 3anaun Komu (2)

B OoJiee IMPOKOIA IIKajle BECOBBIX COOONEBCKHX MPOCTPAHCTB:
Lr n+1ly .— 1 1 _
WA (R, 1=—, .., —, 730, R=I-log, 6 € [0,1]
a, ay,

ITo onpenenenuio u(t,x) € sz’yr’x’c(IR{T'l), ecmu U(t,X) € Lo (R*H1)
fo
!
e "' DPopPu(tx) € L,(R™Y), X < Ba< 1,

n 2

umeeT 0000IIeHHBIE IPOU3BOTHBIE Df 0 Df u(t,x) npu —+Po < 1 Takue, 4To

(1+(x))"’(x'ﬁ°‘)e‘Vthonu(t,x) € L,(R*¥*1), (x)? = Z xf_", 0 <Pa<N.
i=1
Hopma onpesensieTcs ey omM 06pa3oMm:

luto. Wi @D = > ||pEpfu), Loy Y|
%ﬂ}asl, N<foa<1
et s pfu), Ly, Ry

00603HaYUM CHMBOJIOM Lz,y,q(RﬁH) BECOBOE MPOCTPAHCTBO CYMMHUPYE-
MBIX (QYHKUIUH ¢ HOPMO¥:
[0, L RED| = 1(1+000) e 7 (t,x), Ly (RED].
Pemenue 3amaun Komu (2) 11t cTporo nceBaorunepOoIndecKnx ypaBHe-

. l
HUH OyZieM HCKaTh B MPOCTPAHCTBAX Wzyr Ko (R**1), npeanonaras, uro

DIDEu(tx) € Ly, (RF*1), Bo=N, X=1-lo.

HNmeet mecto CJICAYIOICC YTBCPIKIACHHUC.

Teopema. IIycts
|al |al _
— >0oX, — > (1-0)X, X=l-la,
2 2
u
Xo

fX) € W (R 0 Ly (s (REFD), 5= (2,...,22), 120, o € [0,1]

")
An
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Lr n+1
Torna 3anava Kommn (2) onxosHawuo paspermma B Wy ¢ ((RY™7), 1 s

pEeICHNA UMCECT MECTO OLICHKA

a0, W D = > || DEDE (0, L, (RE |
Bo=R

0,
< el (0, W% D+ [| (430, Loy o (RED
¢ KOHCTaHTOM ¢>0, He 3aBucsIIeH oT f (t,x).

HccnenoBanue BBIMOHEHO 3a cueT rpanTa Poccuiickoro HaydHOTO (OH-
ma Ne 24-21-00370.
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THE CAUCHY PROBLEM FOR PSEUDOHYPERBOLIC EQUATIONS
G. Demidenko

Novosibirsk State University
S.L. Sobolev Institute of Mathematics, SB RAS

ABSTRACT

The Cauchy problem is considered for a class of strictly pseudohyperbolic equations.
Conditions for the unique solvability of the Cauchy problem in Sobolev spaces with various
weights are formulated, and estimates of the solutions are provided. Cases of unconditional
solvability are identified.

Keywords: Sobolev-type equations, pseudohyperbolic equations, Cauchy problem,
energy estimates.
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OBOBIIEHHOE PEIIEHUE ITIEPBOM
KPAEBOW 3AJAYM JIJISI OJHOI'O
IHCEBAOI'MITEPBOJIMYECKOI'O YPABHEHUA

Ma Cune

Hosocubupckuii cocyoapcmeennwiil yrusepcumen
s.ma2@g.nsu.ru

AHHOTAIOUSA

PaccmatpuBaercst iepBasi KpaeBasi 3a7adya B IMJIMHAPHYECKON 00IacTH
JUTSL OZJHOTO ypPaBHEHUsI, HE Pa3pEIICHHOTO OTHOCHTENIBHO CTAPIICH MPOU3-
BonHOU. MccnmenyeMoe ypaBHEHHE SIBIISIETCSI CTPOTO MCEBIOTHITEpOOInIec-
KAM C TOCTOSHHBIMH Kod(ddurmentamu. JlokasaHbl CyIIECTBOBAHUE U
€JIMHCTBEHHOCTh 0000OIIEHHOTO PEIICHUS MMEPBOH KpaeBoi 3a/1auu B aHU30T-
POITHOM CO00JIEBCKOM MIPOCTPAHCTBE, IMOMYYESHBI OLEHKH PEICHHS.

Ki1oueBble ¢JI0Ba: IICEBIOTHIIEPOOTMYECKHE YPAaBHEHHUS, KpaeBbIe 3a/1a-
49M, 000OIICHHBIC PEIICHMS.

BBenenue

PaccmoTpuM nepByro KpaeByo 3ajauy B LUJIMHPE:
Qr = {(tx) e RT': t€ (0,T),x € G € R"}
JUIsl YPABHEHMsI, HE Pa3pEICHHOTO OTHOCUTEIIBHO CTApIIEH IPOU3BOIHOM:
(agl+a;A+a,42)DEut(byl+b, A+b,4%) Du
+(dol+d, A+d, A% +d343)u=f(t,x),

Uli=0=0, (%), Deul=o=0,(x), (1)
=0 ou 0 0%u 0
“S_’avs_’avz s

S
rie a? — 4a,a,<0, a,by = 0,a,b; < 0,a,b, = 0,a,d, = 0,a,d; <0,a,d, >
0, a,d3<0. 31ech G — orpaHUYeHHAs 00JIACTH C TIAKOM TpaHuIe dG, v — enu-
HUYHBIN BEKTOp BHEIIHEW HOpMamu Kk 4G,
S={(tx) € Qr : t € (0,T), x € 3G }.
VYpaBuenue (1) npu a,d;<0 0THOCUTCA K KJIacCy CTPOro MCeBAOTUnepoo-
JMYECKUX ypaBHEHUH. DTOT KJIacC ypaBHEHHH ObUT BBeJIeH B MOHOTpaduu [1].
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PaccmarpuBaemoe ypaBHEHUE B OJTHOMEPHOM CIIy4ae €CTh JIMHEApU30BaH-
Hasi MoJieb 00001eHHOr0 ypaBHeHHs byccunecka (cum. [2]), KOTopoe onmuchIBa-
€T pachpoCTpaHEeHUE MOBEPXHOCTHBIX BOJIH B Boje. 3agaua Komm aia HenuHen-
HBIX 00001IIEHHBIX ypaBHeHU byccnnecka n3ydanach B [3-5].

Hamma nenps — 10Ka3aTenbCTBO CYIIECTBOBAHUS M €IMHCTBEHHOCTH 0000-
LIEHHOT'O PeLIeHUs IePBOM KpaeBoil 3a1auul B HWIMHJpE Uil ypaBHeHus (1), mo-
JTy4YeHHE OLEHOK PEIICHHUS.

OTmeTHM, YTO B TUTEpAType ypaBHEHUS, HE pa3pelIeHHbIE OTHOCUTEIBHO
CTapiiei MpOU3BOJIHOM, YaCTO HA3bIBAIOT «ypaBHEeHUsAMH Tuma CoboseBay, 1mo-
CKOJIBKY CHCTEMAaTHYEeCKUE UCCIIeIOBAaHUS TaKUX YPaBHEHMI HaudajIuch ¢ paboT
C.JI. CoboneBa 1o 3a1adye 0 MallbIX KoeOaHUsX Bpallaromieics uaKoctu [6].

O000menHoe pelieHNe KPaeBoH 3a1a4u

Jlist onpenienieHHoCTH OyIeM cuuTaTh, 9to a,>0, rorna ay<0, by, = 0,b; < 0,
b, >20,dy,=0,d; <0,d, >0, d3<0. [TockonbKy 1o ycnoBuio as — 4aya,<0,
TO YPaBHEHHE MEPEIULIEM B BUJE:

(Jaolt/az4) " D2ut(ay-2/aga; ) ADZu(bol+by Atb, A2) Dyt
+(dol+d; A+d, A2 4+d343)u=f(t,X).
[Tpu onpenenennu 0000IIEHHOTO pEIIeHHs KpaeBO# 3aa4u Mbl OyZeM Hc-
MOJIb30BaTh AHU30TPOITHBIE COOOJIEBCKUE MPOCTPAHCTBA (CM., Harpumep, [7, 8]).
Onpenenenune 1. Oynxmus u(t,x) € L, (Qr) MpuHAIIICKAT aHU30TPOITHO-
My COOOJIEBCKOMY IMPOCTPAHCTBY W21’3(QT), €CIIi CYIIECTBYIOT 00OOIIEHHBIE
MIPOU3BOJIHBIC

DEDIu(tx) € L(Qr). S+E <1,

C HOpMOH
(0. W3 @) = S| DEPEu(tx) € Lo(0n) |-

0O0603HaYNM
W34 (Qr) = {u(tx) € W, (Qr): IDAu(tx) € Ly(Qr)}.
Onpenenenne 2. Ilycte f(t,x) € L,(Q7), ¢1(x) € W (G), @,(x) €

W,2(G). Torma u(t,x) € Wzi’lzd(QT) Takas, uTo

ou 9%u
uli=0=0, (x), uls=0, EL_O’ 2

=0, (2)

N
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Ha3bIBaeTCs 00OOIIEHHBIM PEIICHUEM ITEPBOM KpaeBoit 3amaun (1), eciu 1yist J1ro-
. 1,3 .
6oit v(t,x) € W, 44(Qr), yroBieTBopsiomeit YCJIOBI/ISIM

0
vh=0=0, vIs=0, 55| =0, 75| =0, 3)

572
HUMECT MCCTO MHTCIPAJIbHOC COOTHOIIICHUEC
) QT[—(\/a_OH\/a_zA)Dtu(\/a_OH\/a_zA)Dtv + (a; — 2\/apa,)VDuvVD v+
+boyDyuv-b, VD uVv+b,ADudv+dguv-d, VuVv+d,Audv-d;VAuVAv]dx
= [ o, VX + Jo(Jaoltvaz4) @, (x) (\/aol+vaz4)v(0,x)dx-
(@1-2\/a0a;) [,V 0, (x)Vv(0,x)dx. 4)

OTmeruM, 4YTO KJaccHyeckoe pemieHue KpaeBod 3amaum (1) u(tx) €
C?%(Qy) Takoe, uto DEFDMu(tx) € L,(Qr) ABNAETCS 0GOOIIECHHBIM.

OcHoBHBIE pe3yJIbTaThI

Teopema 1. Kpaesas 3agaya (1) He MoxkeT uMeTh Oosiee 0qHOTO 0000IIIeH-
HOTO PEIICHHSI.

Teopema 2. Ilycts f(t,x) € Ly(Qr), ¢1(x) € W, (G), ¢@,(x) € WP (G).
Torma kpaeBas 3anaya (1) uMeeT eqMHCTBEHHOE 00001IeHHOE pemeHue U (t,X) U3

). add(QT) TIPH 3TOM
|w(tx), W5 (@p)|| + 1D Au(tx),L, (@), (5)

< C(IF ().L2 @D + [l (. WE @] + [l (0. WE(S))
rae C>0 — koHcTaHTa, He 3aBucsmas ot f (t,x), @1(x), @,(x).
JloKa3aTenbCTBO CYILIECTBOBAHUS 0000IEHHOTO peleH s KpaeBoi 3ajaun
(1) mb1 mpoBOAMM MeTos10M ["anepkuna [9].

Pabota BeImoTHEHA TTpH IO IIep kKe Maremarudeckoro LlenTpa B Akanem-
ropojke, cornamenue Ne 075-15-2022-282 ¢ MUHHCTEPCTBOM HAyKH U BBICILIETO
obpazoBanus Poccuiickoit denepanuu.
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GENERALIZED SOLUTION OF THE FIRST BOUNDARY VALUE PROBLEM
FOR ONE PSEUDOHYPERBOLIC EQUATION

Ma Xin
Novosibirsk State University
ABSTRACT

The first boundary value problem in a cylindrical domain is considered for one
equation that is not solved with respect to the highest derivative. The equation under study
is strictly pseudohyperbolic with constant coefficients. The existence and uniqueness of a
generalized solution to the first boundary value problem in an anisotropic Sobolev space are
proved, and estimates for the solution are obtained.

Keywords: pseudo-hyperbolic equations, boundary value problems, generalized
solutions.
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KPUTEPHUH CTPOT'O THIIOSJUIMITUYHOCTH
N IMOYTHU I'MITOIJIVIMITTUYHOCTHU
OJHOI'O KITIACCA MHOI'OYJIEHOB

B.H. Mapzapan, I'.I'. Kazapan

Poccuiicko-Apmanckuu (Cnagsanckutl) ynugepcumem
vachagan.margaryan@yahoo.com, haikghazaryan@mail.ru

AHHOTAINUA

B TepMmuHaX IIEHTpaNbHBIX JIUMHUHN 1 TUHEHHBIX IpeoOpa3oBaHUi HAWICH
KPUTEPUH CTPOroil TUIOAIIMITUYHOCTH U MOYTU THHNOIUIMITUYHOCTY IS
OJIHOTO KJIacCa MHOTOWIEHOB C MOCTOSHHBIMU KO3((HULIHEeHTaMH.

KarodeBble cji0Ba: cTporas THIIOUIMITHYHOCTE, THHEHHOE Ipeodpaso-
BaHUE, 2JIEMEHTapHAasl LEHTPaIbHAs JINHHUS.

BBenenune

Bynem nonb30oBathCs CleAyrONMMA CTAaHAAPTHBIMU 0003HaUYeHUsIMU: N —
MHOKECTBO HarypajibHbiX uncen, Ny = N U {0}, NJ' = N, X -+ X Ny, MHO)KeCT-
BO N-MEPHBIX MYJBTUUHIEKCOB, R™ n — MepHOE BelIeCTBEHHOE EBKIIHUIOBO
npocTpaHcTBO Touek &:= (§; ++,&,) um C":= R x [R%i? = —1). Jlna §€
R"(C") u a € N} obosnaumm ||E|| := /|E1|2 + -+ + |§, |2, 8% := &1L - 51,

a 10

2%, mbo D; := Ty, U=

o 0.8
la| :== ay + -+ o, u D*:=D;*-- D", rne Dj :=

1,--,n).

[lycte P(D) = Y., V,D® nuneitnsii muddepeHinanbHblii oneparop ¢
nocTostHHBIME KO3 dunmentamu, a P(§) = ), ¥,E* ero mosiHslii CUMBOI, TIe
CyMMa pacrpoctpansiercst o koneunomy nHabopy (P) :={a € Nl',y, #0}.
s muorounena P o6osnaunm m(P): = gé%()lal, DP):={5€eCc",P(%) =

0} dp(®) := geiggp)lli — %l e R™

Omnpenenaenne 1. (cm. [1], onpenenenne 11.1.2 u reopemy 11.1.3) MHuo-
rouwien P(&)(omepatop P(D)) Ha3bIBa€TCs TUIOAJUIMIITHYECHUM, ecii dp (&) —
oo npu |[§]| - o0, § € R™.

40



Omnpenenenne 2. (cM. [2]) 'MmosumnTHaecKuii MHOTOWICH Ha3bIBACTCS
CTPOTO TUIMORIUIUITUYECKUM, eciiid 3 ¢ > 0

IP®)|/m®) < ¢(dp(®) + 1) VE € R™.

Omnpeaenenune 3. (cM. [3]) MHorouneH P Ha3bIBaeTCsl MOYTH THIIOAJLTUTI-
TUYECKUM, €CIIM C HEKOTOPOU MOCTOSHHOM ¢ > 0

YaPE®@W] := T I(D*PY(E)| < c(IP(®)] + 1) VE € R™.

Omnpenenenune 4. [Ipsamyro npoxoasmuil yepe3 Havyajao KOOpAUHAT HA30-
BEM LICHTPAJIBHOM JIMHEH.

Onpenesienne 5. [{eHTpalibHYIO JUHUIO L HA30BEM AJIEMEHTAPHOW A
muorounena P, eciu P(§)|ge, = const .

JlanreOpyxoMm B [2] moKa3aHa, YTO €CIH CTPOTO TUIOAUIMNTHYECKUH O1e-
parop P(D) He sSBIsS€TCS SIUTMNTHYECKUM, TO (YHKIIHOHAIbHAS PAa3MEPHOCTh
npocrpanctea E(P) = {U € D',P(D) U = 0}, rue D' — npocrpanctso 0600-
mieHHbIX QYHKIMH, 6ombiie n. B pabote [4] ycuneno pesynbtat Jlanrebpyxa u
JI0Ka3aHa, 4TO €CJIM HE JUTMNTHYEeCKUil omepatop P (D) TUMO3IUIMITAYEH, TO
(bYHKIMOHAIBHAS pa3sMepHOCTh ipoctpancTBa E (P) Gosblie n.

OcHoBHbIE pe3yJIbTaThI

Omnpenenenne 6. CxkaxxeM, YTO MHOTOWIEH P OT n-nepeMeHHBIX CyIecT-
BEHHO 3aBUCHT OT BCEX NEPEMEHHBIX, €CIIN JUIsI JTF000r0 00paTuMoro oTodpaske-
Hus T: R™ - R™

?=1(DjQT,P)(§) £ 0, 20e Q7 p(8) := P(TE), § € R".

Jnst mo6oro & € [0,1] uepes A g(n) 0603HaAYMM MHOXKECTBO TEX MHOIOY-
JICHOB OT N-TIEPEMEHHBIX C TIOCTOSHHBIMU KO3 UIIMEHTAMH I KOTOPBIX C He-
KOTOPBIMH MOCTOSIHHBIME ¢ = c(P) > 0, M = M(P) > 0

dp(® = clP®)] /m® e R, [[gl| = M.

Teopema 1. [Iiis1 mi00six § € [0,1] u P € Ag5(n) mHOTOWICH P o4t ru-
MO3JUTHITHYCH.
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Teopema 2. [{ist moboro P € Ag(n), 6§ € (0,1] cienyromue ycIoBUs K-
BUBAJICHTHA @) P- rUMosuMnTuydeH, b) P-CyliecTBeHHO 3aBHCUT OT MIEPEMEHHBIX
€+, &, U c) P He UMeeT 3JIEMEHTAPHOM IEHTPATLHOM JTUHHH.

Teopema 3. Eciiu mHOrowieH P € A4 (n) au0o0 CyImecTBEHHO 3aBUCUT OT
MEPEMEHHBIX &; -, &, MO0 He 00J1a/aeT FJICMEHTAPHON ICHTPAILHOMN JTMHHUEH,
TO MHOTOYJIEH P CTPOT0 rUMO3JUITMIITUYEH.
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CRITERION FOR STRICTLY HYPOELLIPTICITY AND ALMOST
HYPOELLIPTICITY OF ONE CLASS OF POLYNOMIALS
V. Margaryan, G. Kazaryan
Russian-Armenian (Slavonic) University
ABSTRACT
Condition for strietly hypoellptisity and almost hypoelliptisity are found for one class
of linear differential operators. Conditions are given on terms of elementary central lines of

symbols corresponding to these operators and terms of linear transformation.
Keywords: strict hypoellipticity, linear transformation, elementary central line.
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ACUMIITOTUYECKHUE CBOMCTBA PEILIEHUHA
HEJIUHEMHBIX HEABTOHOMHBIX CUCTEM
C 3ATTIA3/IBIBAHUEM

H.U. Mameeesa

Hoesocubupckuii cocyoapcmeennuiil ynugepcumem,
Unemumym mamemamuxu um. C.JI. Cobonesa CO PAH
i.matveeva@g.nsu.ru

AHHOTAIUA

PaccmatpuBatoTcsi Kiiacchl HEaBTOHOMHBIX CHUCTeM audQepeHIu-
aNBbHBIX YPaBHEHNUH ¢ 3ama3apiBanreM. C UCTIONb30BaHuEM (pyHKIIMOHA-
1oB JIanmyHoBa-KpacoBckoro nccierytoTcst aCMMITOTUUECKHE CBOMCTBA
pEIIeHU TUX CUCTEM.

KuioueBble ci10Ba: CHCTEMEI C 3ama3ibIBaHIEM, IIEPEMEHHBIE KO-
(uruenTsl, pyHKIMoHANE JIsimyHOBa-KpacoBCcKoOro, OIICHKH IS peliie-
HUH, SKCITOHCHIIMAIbHASL YCTOMYHUBOCTb.

BBenenue

HccnenoBaHnio aCHMITOTUYECKUX CBOMCTB PEILIEHNI YpaBHEHUH C 3amas-
JBIBAHUEM TIOCBSIIIEHO OY€Hb MHOTO paboT (cMm., Hampumep, [1-12] u umero-
uryrocsi B HUX Ombnuorpaduio). Ilpu momyueHHH pe3ysibTaTOB HCIOIB3YIOTCS
pa3IUYHbIE MOAXO/IbI; B YaCTHOCTH, MeTOo] D-pa3ouenuii, meton GyHKuui Pa3y-
MHXHWHA, METOJ cpaBHeHUs, W-MeTon AzOeneBa, test-MeToll, a TakKe Mpeyio-
xeHHblil H.H. KpacoBckuMm mMeTos, KOTOpBI OCHOBAaH Ha UCOIb30BaHUH (PYHK-
nuonanoB JlsmynoBa-KpacoBckoro. B 0Oompiieit wactu paboT wucciemyeTcs
YCTOMYMUBOCTD PEIICHUI YPABHEHHH C MIOCTOSTHHBIMHU KO3 (HUITMEHTaMHU.

B HeaBTOHOMHOM cilydae 4Mci0 TakuxX paboT CyllecTBEHHO MeHble. Ha-
JMYH€ HEABTOHOMHOCTH CEPBE3HO YCIIOXKHIET IPOBEAEHHUE nccienoBanuil. Oco-
OEHHO, €CJIM, TOMUMO HaXOXIEHUS yCIOBUN SKCIIOHEHIIMATILHON yCTOMYNBOCTH,
CTaBUTCS BOIIPOC O CKOPOCTH CTAOMIIM3aLMK peleHni Ha OeckoHedHOCTH. Ecin
e crcTeMa SIBJISIeTCS] HETMHEIHOMN, TO, TOMUMO MEepeYHCIEHHBIX BOIIPOCOB, He-
00X0IMMO YMETh OLIEHUBATh MHOXECTBO MPUTSKEHUS.
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[IpencraBnenHas paboTa NpoJOHKAET HAILIK UCCIIEA0BAHUS YCTOMUMBOCTH
peleHnii HeaBTOHOMHBIX JU(epeHINaIbHbIX YPaBHEHUH C 3ama3/bIBaHUEM
(mampumep, cM. [13-20]). B ykazaHHBIX paboTax Mbl UCCIEIOBAIN CUCTEMBI C
3ama3bIBaHUEM M TEPHOAMYECKUMH KO3 (UIMEHTaMH B JIMHEHHBIX WiEHAaX.
bblmy yCTaHOBIIEHB! YCIIOBUS SKCIIOHEHIIMAIBHON YCTOWYUBOCTU HYJIEBOI'O pe-
IICHUS, TIOJTYYECHBI OLEHKH YKCTIOHEHIIMAIBHOTO YOBIBAaHUS PEUICHUH Ha OECKO-
HEYHOCTH M OLIEHKU Ha MHOKECTBA NpUTsKEHU. [Ipu moayyeHun 3Tux pesyib-
TaTOB UCIIOJIb30BAIMCh BBEJICHHbIE HAMU (yHKLMOHabI JIsamyHoBa-KpacoBcko-
ro. B [21, 22] uzyyanuch HEKOTOPbIE HEIIMHEHHBIE CUCTEMBI C IEPEMEHHBIMU KO-
s urmenTamu.

OcHoBHOe cogepkanue padoThI

B pabote paccmarpuBaroTCS HEABTOHOMHBIE CHUCTEMBI C 3ama3blBaHUEM

CJIEYIOIIETO BUAA:
t

y(@) = A@)y®) + Byt -1+ CO)y(t —1) + f D(t,t — s)y(s)ds

t-1
+F (t,y(t),y(t —1),y(t —1), ftt_TE(t, s)y(s)ds), t>0,
rae A(t),B(t),C(t),D(t,s),E(t,s) — n X n — MaTpuIBl ¢ HEMPEPHIBHBIMH Be-
IIECTBEHHO3HAYHBIMH dJIeMeHTaMu, T > 0 — 3amazapiBanue, F(t,uq, ..., Uy) —
HETpepbIBHASI BEIICCTBEHHO3HAYHAS BEKTOP-(QYHKIIHSI, OMpPEICIIstonias Hellu-
HeitHbIe wieHbl. CHCTeMa MOXKET COJIEpKaTh JiBa THIIA 3ara3/IbIBaHul (cocpeo-
TOUYCHHOE U PACIIPEICIICHHOE ), 3aMa3IbIBAHNE MOYKET ObITh TOCTOSHHBIM WIIH TTe-
PEMEHHBIM, ITPUYEM OHO MOYKET OBITh HEOTPAHWUYCHHBIM. MBI HCIIOIB3YEM JI0C-
TaTOYHO MIUPOKUH Kiacc GyHKImoHanoB JIsmyHnoBa-KpacoBckoro, BBeICHHBIN B

[19]
HO (y(};(i)r)) : <y(};(i)r)) ) ft K(t,t=s) (ﬁii) : (§§§§)> ds,

_(H@® H© _(Ki(ts) K, (t5)
HO=\ 0 o) Ke)={ks s

Yka3aHHEIC (1)YHKI_II/IOH8.JIBI MO3BOJIAIOT MOJIYYaTb OLCHKHU IJIA peHleHI/Iﬁ

t

-7
rie

CHUCTEM Ha BCell moaynpsamMoi. Vcronb3ys 3T OLIEHKH, MBI MO>KEM CJIENAThH BbI-
B0/ 00 yCTOMYMBOCTH pelieHuil. B pabote ycTaHOBIEHBI YCIOBUS 3KCIIOHEHIIU-
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AITbHOW YCTOMYMBOCTH, ITOTYYEHBI OIEHKH JIJIsSi CKOPOCTEH CTaOWUIN3aINK pelle-
HUN Ha OECKOHEYHOCTH U OIIEHKH JIJISI MHOXKECTB MPUTSKECHHUS.

HccnenoBanue BHIIOTHEHO 3a c4eT rpaHTa Poccuiickoro Hay4Horo goHaa

Ne 24-21-00367.
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ASYMPTOTIC PROPERTIES OF SOLUTIONS OF
NONLINEAR NONAUTONOMOUS SYSTEMS WITH DELAY

1. Matveeva

Novosibirsk State University,
Sobolev Institute of Mathematics SB RAS

ABSTRACT

Classes of nonautonomous systems of differential equations with delay are
considered. Using Lyapunov-Krasovsky functionals, the asymptotic properties of
solutions of these systems are investigated.

Keywords: systems with delay, variable coefficients, Lyapunov-Krasovsky

functionals, estimates for solutions, exponential stability.
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O 3AJJAYE KOIIMA 151 OAHOTI'O KJIACCA ITOYTH
TUIOSJIIMIITUYECKAX YPABHEHUM

I'.I'. Tonoan

Poccuiicko-Apmanckuii (Crasanckuil) yHusepcumem
Jjolisourire@yandex.ru

AHHOTALNMUA

B pabote moka3bpIBatOTCS CYIIECTBOBAHNUE B OeCKOHEUHas MU depeHITH-
pyeMocTh pemieHus 3aaun Komw, ¢ TIajKuMu HadalbHBIMU YCIOBHSIMH,
JUISL OTHOTO KJIacca MOYTH TUIIOAJUIMITUYECKUX YpaBHEHUM ¢ P & ;.

KuroueBnlie cioBa: 3ajada Kommm, mouTH TUNOSUIMNITUYECKUN Omepa-
TOP.

BBenenue

Byznem nonp3oBaThbes claeyOIMMHI CTaHAAPTHBIMU 0003HaYeHussMu: N —
MHOKECTBO HarypaibHbiX umcen, Ny = N U {0}, NI' — MHOKeCTBO Nn-MepHBIX
MYJIBTUUHICKCOB, R™ (E™) — n-MepHOe BeIeCTBEHHOE SBKIHI0BO MPOCTPAHCT-
Bo Touek & = (&4,...,&,) (x = (xq,...,x,)). A & € R™ u a € NJ' o603HaunM

€] = JE2+.. . +E2, la] = ay+... +ay, EF = &1 &0, D% = DD, tae

a
Dy =5

PEMEHHBIX, [Uisi KOTOphIX P (&) = +0o npu |&]| — co.

19 .
00 Dj =T )= 1,...,n, I, —MHOX€CTBO MHOTOWICHOB P NBYX Ie-
J

[Iycts P(D) = )., V,D® nuneiinbtii nuddepeHnnanbHblii omepaTop ¢ moc-
TOSSHHBIMH KO3 dunneHTamu, a P (&) = Y, ¥,E® ero nonHelii CUMBOJI, TIE CyM-
Ma pacmpoCTPaHICTCS M0 HEKOTOpoMmy KoHeunomy Habopy (P) = {a; a € N§,

# 0}, ordP = max|al|, ord;P = maxa; (j = 1,...,n).
Vo # 0} max|al, ord;P = maxa; () )

MHorue cBoiictBa auddepenunansuoro ypasuenus P(D)u = 0 B yact-
HBIX MPOU3BOAHBIX OMPEIEINIAIOTCS MOBEACHUEM Ha OECKOHEUHOCTH XapaKTepHC-
THYECKOro MHOrowieHa (cumBoiia) P(§), COOTBETCTBYIOIIETO 3TOMY ypaBHE-
Huto. B cepenaune npomwioro Beka JI. Xépmanaep B pabote [1] BBen moHsTHE
THITO3JUIMIITHYECKOTO YPaBHEHUS, BCE PEIICHHsI KOTOpOro 6eckoHeuHo nudde-
PEHIIMPYEMBI.
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Omnpenenenne 1. (cm. [1] ) Onepatop P sBIsS€TCS THIOAITUNTHUECKUM,
ecru st ioboro @ € Nt ua #= 0 [D*P(&)|/|P(¢)| = 0 npu €| — co.

OpnHolt W3 OCHOBHBIX 3a7ad Teopuu IudGepeHInaTbHbIX ypaBHEHUH
(OOBIKHOBEHHBIX U C YaCTHBIMH MPOU3BOJIHBIMH) siBNIsieTcs 3agada Komm. OHa
COCTOHT B OTBICKAHHH pelleHus AuQPEepeHIINaTIbHOTO YPaBHEHUS, YIOBIETBO-
PAIOIIETO TaK HA3bIBAEMbIM HaYaIbHBIM YCIOBUSAM (CM. [2]).

I''I'. KazapstHom B pabote [4] BBeIeHO MOHATHE TIOYTH TUTIOAJLIUIITHYEC-
KOI'0 MHOTOYJIEHA.

Onpenenenne 2. (cm. [4]-[5]) Oneparop P(D) = Y., y,D® Ha3siBaeTCcs

MOYTH THITO3JUTHIITHYECKUM, €CITH CYIIeCTBYeT mocrostnHas C > 0 Takasi, 4To
Yaeng|DUP(E)] < C(IP(H] + 1) V§ € R™

B paGore [4] HaiieHbl HEOOXOIUMBIE YCIOBHSI TOYTH THITO3UTUIITHYHOC-
TH B TEPMUHAX HYyJIEH U WX KPAaTHOCTEH, a TAK)Ke JOCTATOYHBIE YCIOBHUS MOYTH
THITODJUTANITAYHOCTH MHOTOWICHa P B TEPMHHAX IOPSIKOB OTHOPOIHOCTH H
KpaTHOCTEW HyJIel MOMHOTOWIECHOB P.

B pa6ore [5] nokaszano, uto eciau P(&) — oo mpu |é| — oo, To MHOTOUIEH
P sIBJII€TCS TOYTH THUITOAUTHIITUYECKAM TOTIa U TOJIBKO TOTIA, KOTIA TSl HEKO-
Toporo § > 0

{1,L:ue_5|xI € L,(E™),P(D)u = 0} C {u: (Dwe ="l € L,(E™),Va € N(?}.

I'.I'. Kazapssuom u B.H. MaprapsiHom B pabote [6] BbIIEIEHO MHOKECTBO
O0eckoHeuHO Au(GEPEHINPYEMBIX PEIICHUH OJHOTO Kjiacca IBYMEPHBIX MOUTH
THIORJUIMNITHYECKUX YpaBHEHUH B OECKOHEUHOH MoJoce.

B paGote [7] noka3zaHna ciemyroias Teopema.

Teopema 1. 1) ITycte P(§) = P(&,&,) € I, nOYTH THHORIUIMITHYECKUI
MHOTO4IEH Topsiaka m , ans koroporo D;P - D,P # 0, To ectb ord,P > 1 u
ord,P > 1. Toraa cymiectBytoT uucia a,b € R, a - b # 0, u mHorousneH Q ox-
HOW MepeMeHHON TopsKa 7 TaKue, 4TO

P(§1,&) = Q(ag; — bgy) V(§1,&,) € R%. (1)

IT) nst mro6b1x a, b € R, a - b # 0, u MHOTOUJIeHa () OIHOM TIEpPEeMEHHOI
nopsiaka m = 1 muorowten P (&, &,), onpenenennsiii mo ¢popmyie (1), sBistercst
MOYTH TUIOAIMITUYECKUM MHOTousieHoM P & I, u D;P - D,P + 0.
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Iycte P(§) = P(&,,&,) mourn runossumuntuded u P € I,. Torga B cuiy
TeopeMbl 1 P MoxHO nipenctaBuTh B Buae (1). CnemoBaTensHo, HE yMasis 00II-
HoCTH, oreparop P (D) MOXHO TPEICTaBUTh B BHIC:

P(Dy, D)u =70 A (o= — %)] u

[lens paboThl — BBISICHUTH BOMPOC OecKOHEUHOH nuddepeHImpyeMocTu
KJIACCUYECKOT0 pelieHus 3aaaun Ko s OHOTo Kilacca MOYTH THITOAJUINII-
trueckux omneparopos P(D) = P(Dy, D), xorma P(i&,, i&,) € I,.

HpenBapnTeﬂbﬂme pe3yJdbTaThbl

PaccmoTpum cnenytomryro 3anauy Komu:

P(Dy, D)u = 370 4 (;’—x - %)] u=0
o/
mu(O,y) =fi(®»),j=0,...m—-1
PaccMOTpHM citydaid, Kora KOpHU XapaKTePUCTHYECKOT0 MHOTOUJIEHA TT0-
MapHO pa3in4HbL. JIOKaKeM, YTO KIIACCHYECKOe pelieHue 3a1adn (2) sSBIseTcs

(2)

6eckoHeuHo nudpepeHpyeMoil GyHKIneH, eci TAKOBBIMU SIBIISIOTCS (DyHK-
wu f;, j=0,...,m—1.

Jlemma 1. Ilycts 4;, j = 0,...,k (k € Ny), monapHo pasiuyHble YuCIa.
Torma ans moObIx GyHKIUN g ;j (oT onHOM mepemenHoi), j = 0,..., k, cymect-
BYIOT QyHKuMu a;, j = 0,..., k, Takue, 4o

g =Y Aai(De M, 1=0,... k.

IIpu >ToM ecu g; € CT(EY), 1 = 0,..., k, nus nexkotoporo r € Ny, To a; €

C"(EY),l=0,...,k.

Jlemma 2. Tlyers A, j = 0,..., k (k € Ny), nonapHo pasjiu4Hble YucIa U
fi € C*(EY), j=0,...,k. Torna cymecrsytor a; € C*(E'), j =0,..., k, Ta-
KHE, 4TO

@ = oo Beocta ) @e ™ =0,k
rjie ¢ — GMHOMHHANbHbIE KO3(MUIIUEHTH 1

My _ 0
a; (1) = ﬁaj(r).

49



OcHOBHOI pe3yJabTaT

Teopema. Ilycts «aj, j=0,...,m —1, xopuu wmHorowreHa Q(t) =

Z;-”:()Ajtj nornapHo pasnuyssl  f; € C*(E'),j = 0,...,m — 1. Toraa dyHKuus

m-—1

x-y
u(x,y) = Z aj(x +y)e“ "z € C®(E?)
=0

sBisgeTcs pemeHueM 3aaaun Kommu (2), rae pyHkuuu aj,j=0,....,m—1,mno fj

ul; =q;/2,j=0,...,m—1, onpenensrorcs 1o 1emMme 2.
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ON CAUCHY’S PROBLEM FOR A CLASS
OF ALMOST HYPOELLIPTIC EQUATIONS

G. Tonoyan
Russian-Armenian (Slavonic) University
ABSTRACT

The following Cauchy’s problem for a class of almost hypoelliptic equations:



P(Dy, Dy)u = Yo 4 (:_x_ aa_y)f u=0
2 u(0,y) = f;(),j =0,...m—1
where fj(y), j=0,...,m— 1, are infinite differentiable functions, is considered.

The existence and infinite differentiability of the solution of Cauchy’s problem with
the smooth initial conditions are proved for a class of almost hypoelliptic equations with
Pé&l,.

Keywords: Cauchy’s problem, almost hypoelliptic operator.
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O OPEATOJIBMOBOCTH U CIIEKTPAJIBHBIX
CBOHMCTBAX CIIEIIMAJIBHBIX KJIACCOB
I'NMIOJUVIMIITUYECKUX OITIEPATOPOB

A.T. Tymanan

Poccuticko-Apmanckui (Cnasanckuil) yHueepcumem
Siemens Industry Software
ani.tumanyan92@gmail.com

AHHOTAINUA

B pabote u3yueHsl GpearoibMOBOCTh U CIIEKTPAIBbHBIC CBOWCTBA HEKO-
TOPBIX KJIACCOB T'MIIOJUIMIITHYECKUX OIIEPaTOpPOB B MYJIbTHAHU30TPOITHBIX
co00JIeBCKUX MpocTpaHcTBax. [loydeHs! crieanbHble allpHOPHbIE OLIEHKH
IUIsL PEryJSIPHBIX THIOIJUIMNTHYECKHX ONEPaTOpOB, a TAKXKE YCTAHOBJICH
KpUTepHi GpearobMOBOCTH VIS IBYX KJIACCOB PEryJISPHBIX THIIOAIUIHIITH-
YECKHX OIIEPaTOPOB CO CHELHUAIBHBIMH NEPEMEHHBIME KO3()GHUIIMCHTAMH B
BECOBBIX MYJIbTHAHU30TPOIHAIX ITpocTpaHcTBax Cobosesa. B pabore ucce-
JIOBaHBI TAKXKE CIIEKTPaJIbHbIE CBONCTBA PACCMATPHBAEMBbIX ONEPATOPOB.

KoaiodeBble c10Ba: peryisipHBIi THIOAUTHIITHYECKUH omepaTop, dpea-
TOJIEMOBOCTB, CIISKTpP OIepaTopa, MyJIbTHAHH30TPOIIHBIE COOOJIEBCKUE MPO-
CTpaHCTBA.

B nmanHoit pabote wuccrnemayroorcs (GpearoibMOBOCTh W CIIEKTPATbHbBIE
CBOMCTBA JIJIsl KJIacca PeryJIsipHBIX TUIIOSJUIMIITUYECKUX oneparopoB. Kiacc pe-
TYJSPHBIX THMOAJUTUNITHYECKUX OTEPATOPOB SIBISETCS CHEIUAIBHBIM MOIKIAC-
COM THUIIO3JUIMIITUYECKUX ONEepaTopoB 1o Xepmanaepy (cm. [1]) u ecrecTBen-
HBIM 00pa3oM 0000MIaeT KJIacc UIMIITHYSCKUX, apadoimyeckux, 2b-mapado-
JMYECKUX U KBa3HAJUIMITUYECKUX/TIOTYIUIMITHUYECKUX ONepaTopoB. Takue
OTIepaTophl OBLITM U3yYEHBI MHOTUMH aBTOpamMu, TakumMu kak C.M. Hukonbckui,
B.I1. Muxaiinos, [Ixx. ®pubepr, JI.P. BoneBuu, C.I'. 'unaukun, I'.I'. Kazapsau u
IpyTHe.

CaoiicTBa (penroaTsMOBOCTH M HOPMAaJTbHAS Pa3pelIMMOCTh UCCIIEI0BAHbI
JUTSE HEKOTOPBIX KJIACCOB TUIMODJUIMIITUYECKUX OMEPATOPOB B Pa3IMUHBIX (PYyHK-
[MMOHAJILHBIX MPOCTPAHCTBAX, HO OOJBIIMHCTBO PE3YJIBTATOB OTHOCATCS K IJI-
JUNTUYECKUM M KBa3URJUIMITHUECKUM omepatopaMm (cM. [2—4]). Jns kBazuai-
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JUINTUYECKUX ONEPaTOPOB yCIOBHs (PEIroIbMOBOCTH MTOJTYyUYEHBI B paboTax [5—
6], a anpuOpHbIE OLEHKU U (HPEAroIbBMOBOCTh HEKOTOPBIX KJIACCOB TMIOAJIIHUI-
THYECKUX ONepaTopoB HccieloBaHbl B padotax [7—10].

B Hacrosimeit pabote mosydeHsl anpruOpHbIE OLIEHKHU JUTSL ABYX PA3IMYHbIX
KJIACCOB PETYJISPHBIX TUIOILIUITUYECKUX ONEPaTOpOB C MEPEMEHHBIMU KO3 (-
(bunreHTaMu, JeHCTBYIOIUX B CIEIUAIBHBIX BECOBBIX INKaJaX MPOCTPAHCTB
Co0Oonesa. YcranosneHsl kpurepun Openronbma JUuisi paccMaTpUBaEMBbIX OIepa-

k+1,R,
TOpOB Ha MyJ'II)TI/IaHPISOTpOHHI)IX mIKaJiax H q P 158 aHI/I3OTpOHHI)IX mIKaJiax
k+1,v,p
Hq C COOTBETCTBYIOIIMMM BECOBBIMU (YHKUUSAMU (. Takke H3ydeHbI

CBOMCTBa TJIAJKOCTH pELICHUM, MHBAPUAHTHOCTb HMHJAEKCA U CIEKTpaJlbHbIE
CBOMCTBA ATUX ONEPATOPOB.

Omnpenenenne 1. OrpaHUYEHHBIN JTUHENHBIN oniepaTop A, OIIpeIeICHHbII
Ha BceM 0aHaXOBOM IPOCTPAHCTBE X M IEHCTBYIONIHIA B bBaHaxoBo mpocTpaHCTBO
Y, Ha3bIBaeTCs «QPEAroIbMOBBIMY, €CIIU BBIIOIHSIIOTCS CIEIYIOLINE YCIOBHS:

1) o6nacTb 3HaueHuit oneparopa A samayta (Im(A) = Im(A));
2) simpo omeparopa A siBisiercst KoneunomepHbIM (dim Ker(A) < o0);
3) xosapo oneparopa A KOHEUHOMEPHO
(dim coker(A) = dimY/Im (A) < o).
WHaexkcoM (pearoibMoBa oreparopa A Ha3bIBa€TCs Pa3HOCTH MEXKLY pas-
MEPHOCTBIO sIpa U KOsIIpa:
ind(A) = dimKer(A) — dim coker(A).

Onpenenenune 2. [l 3aMKHYTOro onepaTopa A ¢ miaoTHOH 001acThIO OI-
penenenus B banaxoBom npoctpancTBe X CYLIECTBEHHBIM CIIEKTPOM HAa3bIBACTCA
MHOXKECTBO Oqg(A) KOMIUIEKCHBIX YHCEN A, TaKHX 4TO omepartop A — Al He sB-
asiercst GpearobMOBBIM.

IMycth n € N, Z} — MHOXECTBO N-MEPHBIX MyJIbTHHHACKCOB, N™ — MHO-
AKECTBO N-MEPHBIX MYJIBTUUHAEKCOB C HAaTYpaJbHBIMU KOMIOHEHTaMu. IlycTb
N C Z% — HekoTOpbIi HA0Op MYJIBTUUHIIEKCOB. « XapaKTEPUCTHYECKUM MHOTO-
IPaHHUKOM» MHOKECTBA MYJIbTUMHEKCOB N HA30BEM HaUMEHBILIUI BBIITYKJIbII
MHOTOrpanHuk R = R(N'), KOTOPBIH COMEPKHUT BCE TOUKH V.

Onpenesienne 3. MHororpanHuk R Ha30BEM «BIIOJIHE MIPABUIIbHBIMY, €C-
nu 1) OH UMeeT BepUIMHBI B Havajie koopauHaT R™ 1 Ha Ka10i OCH KOOpJAMHAT
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R, oTIMuHBEIE OT Havyala KOOPAMHAT; 2) BHEIIHKE HOpMaiH Beex (n — 1)-mep-
HBIX HEKOOPAMHATHBIX TpaHeil R UMEIOT MOJI0KUTEIbHbIE KOOPINHATHI.
MynpTurHAeKC 0 € R HAa30BEM IUIaBHBIM, €CIIM OH MPUHAIEKUT KaKOM-
6o (n — 1)-MepHOIl HEeKOOPAUHATHOW TPaHU MHOTOTpaHHUKa R. MHOXKECTBO
BCEX MIIaBHBIX TOYEK U3 R 603Haumm yepe3 0'R. Ilycte R — mpoU3BOJIBbHBIIM
BIIOJIHE TpaBWIbHBIA MHOrorpaHHuK u k € R,. O6o3nauum kR = {ka =
(kay, kay, ..., kay,), o € R}. O603HauUM yepe3 R}‘_l(j =1,...,I1-1) (n—1)-
MepHbIe TpaHu MHororpanHuka R. Ilycts W, j=1,.., I, — Takas BHEUIH:A

n-1 i n=1 (. ) =% 4 ...
HOpMallb IpaHu Rj™ ", sl KOTOpPOW HpU Bcex o € R (0(. u) = + -+
1

Paccmorpum nuddepennmanbheiii oneparop:

PG, D) = ) 2,90 = Y (a200a() Tt 9| b, (1)

aER aER
o _ 251 On _ -1 0 — n
rieD*= D' ..D,", Dy =i"—, x=(Xq, ..,Xp) €R",

0xg
a%(x) € C(R™), DP(ak(x)) = o (q(xf‘m?"(“'”]))

a € R upwu |x| — oo.

,j=1,..,I,-1,B €EKR,

byneMm paccMaTpuBaTh TakKe CELUAIBHBIN CIIydail, KOI/1a MHOTOIPaHHHK
R MMeeT TONBKO OJJHY HEKOOPIUHATHYIO IPaHb ¢ BHEIIHEH HopMaibio vV € N,
Torna nuddepeHnmanbHbiil OnepaTop MNpeACTaBIsAeTCs B BUE:

PeD) = D 2,00 = > (al(0a(0 V2l () D (@)

(a:v)<1 (a:v)<1

Onpenenenune 4. Jluddepenimansusiii onepatop P(x, D) HazoBeM «pas-
HOMEpPHO peryssipHbiM» B R", eciiu cymiecTByeT Takas nmocrostuaas § > 0, 4ro
UMEET MECTO OIICHKA:
|Zaea’fk aa(X)EaI = 82a€6’3€|€a| , VEe R, Vx € R".

O6o3naunm Q = {q € C(R™):q(x) > 0, Vx € R"}.
Jln1s BOJTHE TIPaBUIILHOTO MHOTOTpanHuka R u k € Z, 0003HaunM:

Qk,R
1 DPq(x
q:q(x) >0, vx € R",——= 3 0 nipu [x| > o0, 3Cg>0 Takoe, yro & <
q(x) q(x)“(&w)

VXER" VBEKR,j=1,.., 1,1

B>
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Jnsv € N* uk € Z, 0603HauNM:
Qk,v
DBq(x

q: 3C>0 Takoe, uto 0<q(x) < C, 3Cz>0 Taxoe, uTo W <

vx € R", VB, (B:v) <k
Jnak €Z,,1<p<oouq € Quepes HY®P y Hl(;':R'pO603HaHI/IMZ

ackR
kRp o k—mmqu)
Hy {u lallezap = ). NID% - " < ool
aEKR
B janbHeiimenM 11 aHU30TPOITHOTO CIIydas OyzeM MCIonb308aTh HVP 1
k,v,
Hy P 0603HAUeHNS 1715 COOTBETCTBYIONINX MPOCTPAHCTB.

JOus M > 0 o6o3naunm Ky: = {x € R™: |x| < M}.
B pabote moiy4eHbl anpuOpHBIE OLEHKU JUIS JBYX paccMaTpHBAaEeMbIX
KJIACCOB OTEPATOPOB.

Teopema 1. ITycts k € Z,, q € Q%% u P(x, D) muddepeHupnanpHblii ome-
parop Bumga (1), ko3(pUIUEHTHI KOTOPOTO YIOBIETBOPSIOT YCIOBHUIO
lim max |aa(x) ad(y)| = 0. Ilycts nuddepenumansubiii oneparop P(x, D)

[x|—>oo|x—y|=
SIBJSIETCSL PaBHOMEpPHO peryiisipubiM B R", U cymiecTByroT moctosiHabie O > 0
uM > 0 — Takme, 9TO

PRHO

aER
Toraa ¢ HekotopbiMu nocTOIHHBIMU C > 0 1 N > 0 BbIIOJHSETCS anpuop-

zs( z & +1>,vze R, x| = M.
a€d’'R

Hasda OLCHKA:

k+1,R
ullirs,zg < C(NPullq + ulle, ey ) Vu € H T,

Teopema 2. Ilycts k € Z,, q € QXY u P(x, D) nuddepeHnmanbrsii one-
patop Buga (2), kodDPHUIMEHTHI KOTOPOTO YAOBIETBOPSIOT YCIOBHUIO
lim max |aa(x) —a%(y)| = 0. ycts nuddepennmanbubiii oneparop P(x, D)

[x]>oo|x—y|<
SIBIISIETCSI PABHOMEPHO peryssipHbiM B R", u cymiecTByroT moctosiHHbIe O > 0
nM > 0 — takue, 94TO
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Z 2 (08| = Z € +1),vEe R, x| = M.
(a:v)<1 (o:v)=1
Torna ¢ HekoTopbiMu TOCTOSHHBIMH C >0 1 N > 0 BBINOIHSAETCS alpHOP-

Hasda OLCHKA:

k+1,v,
llieryg < C(IPUllyq + lulle, ey ) Yu € HEFYS,

N3 anpuopHON OLIEHKH MOJYYEHbI CBOMCTBA IMOBBILIICHHS TJIaAKOCTH pe-
IICHUN.

CuencrBue 1. Ilycts mis muddeperunansaoro orneparopa P(x, D) BbI-

kv,
nmosiHeHb! ycaoBus Teopemsl 2. Torma w3 TOro, 4ro u € Hqu,P(X, D)u €

Hk,v.p

q

k+1,v,
nefyer, 4To u € Hy P

Ucnonb3ys Teopemsl 1 u 2, cneactsue 1 ¥ cnenuaibHOE MOCTPOSHUE pe-
TyJsIpu3aTopa, B paboTe MoJIydeHa CIeayrolas TeopeMa.

Teopema 3. Ilycts k € Z,, q € Q% u P(x, D) — nuddepennmanbHerii
omepatop Buma (1), kod(HHUIMEHTHI KOTOPOTO YIOBIECTBOPSIOT YCIOBHIO

lim max [a%(x) —a%(y)| = 0.

[x|>oo|x—y|<1

k+1,R,p kR,p
q - Hq

TOTJ]a ¥ TOJBKO Toraa, korma P(x, D) — paBHOMepHO perysipubiii B R", u cy-

Torma omeparop P(x, D):H ABJISIETCS  (PPEArOILMOBBIM

IecTBYIOT MocTosiHHbie 6 > 0 u M > 0 — Takue, 4TO

z 22 (08| > 5 Z €] +1],vEe R, x| = M.
aER acd’'R
[Tpu 5TOM, €ciu yCIIOBHS TEOPEMBI BHITIOIHSIOTCS, TO PAa3MEPHOCTH SIIIpa,

k+1,R,p N Hk,R,p
q

KosiIpa u uHjeKc oneparopa P(x, D): Hy

HE 3aBHUCAT OT BBIOOpa
kwup.

AHAJIOTUYHBIA pe3yJbTaT yCTAHOBJICH U B AHU30TPOITHOM CITydae IS Be-
coBBIX (yHKIMIT 3 K1acca QY. TomyueHHBIe HEOOXOMNMBIE M JOCTATOUHBIE
yCIOBHS (PPEAr0IEMOBOCTH BO MHOTOM CXOXKH ISl ABYX PaccMaTpUBAEMBIX
KJIaCCOB OMEPATOPOB, OJHAKO MX CIIEKTPaJbHBIE CBOMCTBA CYIIECTBEHHO Pa3-

JIMYaroTCs.

CaencrBue 2. Ilycte p = 2, u mns auddepeHuaibsHOro onepaTopa
P(x, D) BeimosiHensl ycinoBuss Teopemsl 3. Torma uis CHekTpa oreparopa
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P(x, D): HE“'R’Z - HS’R’Z paccMaTpuBaeMOro Kak HEOTPAaHHYEHHOTO Orepa-
Topa B L,, CipaBeyIMBO OJHO U3 CIEAYIOIIMX YTBEPHKIACHUM:

« o(P)=C;

* 0 (P) muCKpeTeH, U MHAEKC OIEpaTopa paBeH HYIIIO.

Caencreue 3. Ilycts s muddepernnansroro omneparopa P(x, D) BbI-
HOJIHEHBI YCIOBUS TeOpeMBI 2, M CYILECTBYIOT MOCTOSHHBIE (, — TAKHE, YTO
ad(x) 3 d, npu |x| — oo na Beex (a:v) < 1. Torzma CyIeCTBEHHbIN CIEKTP
OIIepaTopa OMKMCHIBAETCS CIIEAYIOMIAM 00pa3oM:

0es (P) ={ > alGEgeRrn

(a:v)<1
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ON THE FREDHOLM PROPERTY AND SPECTRAL CHARACTERISTICS
OF SPECIAL CLASSES OF HYPOELLIPTIC OPERATORS

A. Tumanyan

Russian-Armenian (Slavonic) University
Siemens Industry Software

ABSTRACT

We study the Fredholm property and spectral characteristics of certain classes of
hypoelliptic operators in multi-anisotropic Sobolev spaces. Special a priori estimates are
obtained for regular hypoelliptic operators, and a Fredholm criteria are established for two
classes of regular hypoelliptic operators with special variable coefficients in weighted multi-
anisotropic Sobolev spaces. The spectral properties of the considered operators are also
studied.

Keywords: regular hypoelliptic operator, Fredholm property, spectrum of operator,

multi-anisotropic Sobolev spaces.
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AHHOTAINUA

B crathe paccMaTpUBarOTCS METOABI OOHAPYKEHUS U JTUATHOCTUKH He-
HCTIPAaBHOCTEH

B II(POBBIX cXeMaX KOMITBIOTEPHBIX cHCTeM. [IpemmaraeTcs MeTox, oc-
HOBAaHHBIM Ha MAIIMHHOM OOYY€HHMM PAacHO3HAaBAaHUS HEHUCIPAaBHOCTEH Ha
YPOBHE AJIEMEHTA CXEMEI, pa3padoTaHa mporpaMMa THarHOCTHKH HEUCIIPAB-
HocTel udpoBOI TOTUIEeCKO CXEMBI.

KiroueBble cj10Ba: 6€30MaCHOCTH aNapaTHO-MIPOrPAMMHBIX KOMITICK-
COB, AMarHOCTHKA MAIlMH, OOHApy>KCHHUE HEUCIPABHOCTEH, MaTeMaTniec-
KHE MOJIENIU, PEMOHTOIIPUTOAHOCTb.

Obecnieuenue Ha/IGKHOCTH U YCTOHYMBOCTH BBIYMCIMTEIBHOTO TpoIiecca
SIBISETCS Ba)KHOU 33)13,‘-16171 B MMPOCKTUPOBAHHUU U SKCILTyaTallUd COBPECMCHHBIX
BBIUYUCIIUTEIBHBIX CUCTEM. DTH XApPaKTCPUCTHUKHU ONIPCACTIAIOT CHOCOOHOCThH CHC-
TE€Mbl HOPMAJIbHO (PYHKIIMOHUPOBATH B YCIOBHUSIX BO3HUKHOBEHHS Pa3IMYHBIX
TUTIOB OIMUOOK W aBapUHHBIX cuTyaruil. Cpenu MHOTHX CPEICTB 0OeCriedeHUs
HAJEKHOCTH U YCTOWYMBOCTU (HYHKIIMOHUPOBAHUS BBIYUCIUTEIHHON CUCTEMBI
Ba)XHOE MECTO 3aHMMAIOT METO/AbI KOHTPOJIS, AMATHOCTUKH U MTPOTHO3UPOBAHUS
OTKa30B B annapaTHOﬁ YaCTHU CUCTCMBI, [IO3TOMY 3aa4u aBTOMAaTU3alUU I1PO-
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LIECCOB OOHAPY’KEHHsI U UCTIPABJICHUS OIIMOOK B BBIUMCIIUTENIBHBIX KOMIUIEKCAX
1 OOpBOBI ¢ aBapUIHHBIMU CUTYALUSIMH, KOTOPbIE MOTYT BOSHUKHYTb IIpU paboTe
CHCTEMBI, BCET/1a aKTyalIbHbI U TPEOYIOT COBEPILICHCTBOBAHMS aJlTOPUTMOB U Me-
TOJIOB KOHTPOJISI MPABMIIBHOCTU PaOOThI, OOHAPYKEHUSI U JTUATHOCTUKU HEHUC-
IIPAaBHOCTEN B TEXHUYECKON YaCTH CUCTEMBL.

B nanHol cTaThe paccMaTpUBAIOTCS METOABI U CpeACTBa OOHAPYKEHUS U
JIOKaJIU3alluA HEUCIIPABHOCTEN, ONMHUCBIBAXOTCS MOJENH, AJITOPUTMBI IIOMCKA He-
UCIPAaBHOCTEH, MPUBOAUTCS ONMCAHUE IMPOrPaMMbl JAUATHOCTUKH LUPPOBBIX
KOMOMHAIIMOHHBIX CXEM, Ha KOTOPBIX IOCTPOEHBI BCs ammaparypa BbIYUCIIU-
TEJBHBIX CUCTEM.

[ludpoBast cxema — 3TO 3JEKTpUUECKas CXeMa, KOTOpas B JAUCKPETHOM
(uudposoit) popme oOpabaThiBaeT, mepeaeT U XpaHUT UHGOPMAIIMIO B arlma-
paTHOI YacTH cUCTeMBL. B 1iudpoBoii TEXHUKE CUTHAIIBI TIPEACTABIISIIOTCS IBYMSI
YPOBHSIMU 3JIEKTPHUECKOTO HANPSKEHHs, 0003HAUYaeMBIMHU JIOTHYECKUM «0»
(HU3KMH ypOBeHb) U joruueckoi «1» (Bbicokuii ypoBeHb). L{upoBbie cxembl
COCTOSIT U3 JJOTHYECKUX 31eMeHTOB «M», « MJIN», «HE», KoTOpBIE SBASIOTCS OC-
HOBOHM IOCTPOEHMsI amlmaparypbl KOMIBIOTEPOB, MOOMIIBHBIX YCTPOWUCTB, MHK-
POIIPOLIECCOPOB U IPYTUX IEKTPOHHBIX YCTPONCTB.

@opMaNbHO TaKHE CXEMbI MOKHO PACCMATPUBAaTh KAK «UEPHBIN SIIUKY,
MMEIOIUI OIMH WIN HECKOJBKO BXOJOB U BBIXOJOB. B UuepHOM fIIMKE BBINOJI-
HSIIOTCS IOTUYECKUE (PYHKLUHU, apTyMEHTaMH KOTOPBIX SBJISIOTCS BXOJIHBIE CHT-
Hajibl. BpeMeHHas nuarpamMma ONMCBIBAET JUIMTEIBHOCTH CUTHAJIOB, MPOXOs-
LIUX Yepe3 YEPHBIN SAIIUK.

Hudpossie cxembl pa3aesFoTcs Ha KOMOMHAIIMOHHBIE W TIOCIIEI0BATEIb-
HOCTHBIE€ (KOHEYHbIE aBTOMAaThbl). BbIXOIbl KOMOMHAIIMOHHBIX CXE€M 3aBUCST
TOJIBKO OT 3HAYEHHUH BXOJHBIX CUTHAJIOB, HAIIPUMED, JIOTHYECKUH IJIEMEHT — 3TO
KOMOMHAIIMOHHAsI cXeMa. Y KOMOMHAIIMOHHBIX CXEeM, B OTJINYME OT MOCIIe0Ba-
TEIBHOCTHBIX CXEM, IIAMSITh OTCYTCTBYET.

BbIX0bl OCIEI0BATENBHOCTHBIX CXEM 3aBUCAT KaK OT 3HAUYEHUH BXOJ-
HBIX CUTHAJIOB, TaK U OT COCTOSIHUM caMOM CXeMbl. BpeMeHHas nuarpamma KoM-
OMHAIIMOHHON CXEMbI COCTOUT M3 HIDKHEH M BEepXHEH IpaHMYHBIX 3HAUCHHH 3a-
JIEP’KKU CUTHAJIA 10 TIyTH OT BXOJa K BeIxoy [1].

MeTtononorus oOHapyKeHHUsI HEMCIPABHOCTEH B yCTPOMCTBaX BBIYUCIIU-
TENBHBIX CUCTEM COCTOMT U3 CIEAYIOUINX YACTEH:

* MEepHOAMYECKON MPOBEPKU pabOTOCHOCOOHOCTH TEXHUYECKUX CPEJCTB

C LI€TIbI0 CBOEBPEMEHHOI'0 OOHAPYKEHUS CKPBITHIX HEUCTIPAaBHOCTEH;
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» anmapaTHOTO KOHTPOJIS MPAaBUIIBHOCTH MpUeMa, 00pabOTKH U Tiepe/ia-
YW JIaHHBIX;

» NIMarHOCTHKYU HEUCIPAaBHOCTEH;

» BOCCTaHOBJICHHSI pa00OTOCTIOCOOHOCTH YCTPOMCTB.

Kaxxnas u3 3Tux yacTeii conepxuT B cede MHOTO MPOLEyp, 00ecIeunBaro-
[IMX HAJIS)KHOCTh CHCTEMBI Ha CBOEM yYPOBHE.

[TpoBepka paboTOCIIOCOOHOCTH TEXHUYECKHUX CPEJICTB CHCTEMbI MPOU3BO-
JIATCS TIPH 3aITyCKE CHCTEMBI U TIepruornuecki. OyHKIIMOHATFHBIE TECTHI U TEC-
Thl OIIEPATUBHOI MPOBEPKH pabOTOCIIOCOOHOCTH Ka)KJI0T0 YCTpOIcTBa pa3pabda-
TBIBAIOTCSI COBMECTHO € Pa3pabOTKOM caMOro yCTpOUCTBA.

Panee B cTaThsx [2, 3, 4, 5, 6] aBTOpaMu paccMaTpUBAIUCh METOIbI OOHA-
PYXXEHHS W JIOKATU3aI[Mi HEUCIPABHOCTEH B KOMOWHAIIMOHHBIX CXeMax C T0-
MOIIBI0 METO/1a KOHTPOJIBHBIX TOYEK, TEOPHH CTPYKTYPHOTO aHanmn3a Pamamyp-
TH | JIOKQJIM3AIIMU HEUCTIPABHOCTEN C MOMOIIbI0 peructpa omuodok (PO), gop-
MHUPYEMOT0 CPEICTBAMH aIMapaTHOTO KOHTPOJISL.

B Hacrosmiet cratbe npeaiaraeTcs eiie 0OJuH METO/I, OCHOBAHHBIN Ha OIH-
CaHMM KOMOMHAIIMOHHBIX CXeM «OyJIeBBIMU ypaBHEHUSIMU [7].

MeToa010rHuecKO OCHOBOW PEIIECHUs 3a/1a4y JIOKAJIU3ALMU HEHUCIIPaB-
HOCTEH B KOMOWHAIIMOHHBIX CXeMaX C TIOMOIIBIO aNreOphl JIOTHKH SIBJISIETCS TIPH-
MEHEHHE METOJIOB MAlIMHHOTO OOYYEHHs Ui PAclO3HABaHHS BCEBO3MOKHBIX
Clly4aeB HEHCIIPaBHOCTEN B KOHKPETHOM Jorudeckoi cxeme. Co3aroTcs TeCTo-
Bble KOMOWHAIIMHU JJII MAaIIUHHOTO OOYy4EeHHs B BUJE TaOIHUI] UICTUHHOCTEN JIO-
THYECKOW CXEMBI, BKIFOYAIONINX TaOIHUIly HCTHHHOCTH 151 6€301mMO0YHO pado-
TAIOIINX CXEM W TaOJHIIbI HCTUHHOCTH C BO3MOXXHBIMH BapUaHTAMU HEUCTIPAB-
HOCTeH B TaHHOM cxeme. lleneBas 3agada 00yueHUs CUCTEMBI SIBJISIETCS B OIpe-
JIeTICHIH HEMCIIPABHOTO 3JIEMEHTA JIOTHIECKON CXEMBI.

Huxe (Puc. 1) B xauecTBe nmpumepa st 0OHapyKEHUsI HEUCIIPaBHOCTU
MPECTaBIICH IPUMep KOMOMHAITMOHHOW cxeMbl. Bxomamu cxemsl siBIsitoTCs: X0,
x1, X2, X3, BBIXOJIOM CXEMBbI sBJsgeTcs F.

J1st TpOCTOTHI TaOIHUIIBI ICTUHHOCTH JIJIS1 CXEMBI COCTABJICHBI JIJIS1 YEThIPEX
Bxoj0B: X0, x1, x2, x3. (Puc. 1).

Hwxe npuBeneHsl TaOIUIBl UCTUHHOCTH JUISI UCIIPABHOM CXEMbI M IS
cXeM ¢ omuOKoi. Tabmauibl IpecTaBIeHbl B BUJIE MACCHBOB B HOTAIMHU SI3bIKA
nporpamMMupoBanust VB.NET (oanHOYHbBIE HEUCIIPAaBHOCTH 3/1ECh YCTaHABIINBA-

I0TCSI, T.€. UMUTUPYIOTCS, IPOU3BOJIBHO TOJIBKO HA BXOJaX).
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Publictab isti As Integer (,) = {{0, 0, 0, 0, 0}, {0, 0,0, 1, 0}, {0,0, 1, 0,
0}, {0,0,1,1,1}, {0,1,0,0,0}, {0,1,0,1,1},{0,1,1,0,0}, {0, 1, 1, 1, 1},
{1,0,0,0,1}, {1,0,0, 1,1}, {1,0,1,0, 1}, {1,0,1, 1,0}, {1,1,0,0, 1}, {1, 1,
0, 1,1}, {1, 1,1,0,4}, {1,1,1,1,1}},
tab_istn0 As Integer(,) = {{0, 0, 0, 0, 0}, {0, 0, 0, 1, 0}, {0,0, 1,0, 0}, {0,0, 1,
1,1}, {0, 1, 0,0, 0}, {0,1,0,1,0}, {0,1, 1,0, 0}, {0, 1, 1, 1, 0}, {0, 0, 0, 0, 0},
{0,0,0,1,0}, {0,0,1,0, 1}, {0,0, 1, 1, 1}, {0, 1, 0, 0, 0}, {0, 1,0, 1, 0}, {0, 1,
1,0,0},40,1,1,1,0}},
tab_istnl As Integer(,) = {{0, 0, 0, 0, 0}, {0, 0, 0, 1, 0}, {0, 0, 1, 0, 0}, {0, 0, 1,
1,1}, {0, 1, 0,0, 0}, {0,0,0, 1,0}, {0,0,1,0,1},{0,0,1, 1, 1}, {1,0,0, 0, 0},
{1,0,0,1,1},{1,0,1,0,1}, {1,0, 1, 1, 0}, {1,0, 0,0, 0}, {1,0,0, 1, 1}, {1, 0,
1,0, 1}, {1,0,1,1,0}},
tab_istn2 As Integer(,) = {{0, 0, 0, 0, 0}, {0, 0, 0, 1, 0}, {0, 0, 0, 0, 0}, {0, 0, O,
1,04, {0, 1, 0,0, 0}, {0, 1,0, 1,0}, {0, 1,0,0,0}, {0,1,0, 1, 0}, {1, 0,0, 0, 0},
{1,0,0,1, 1}, {1,0,0,0,0}, {1,0,0, 1, 1}, {1, 1,0, 0, 0}, {1, 1,0, 1,0}, {1, 1,
0,0,0}, {1,1,0,1,0}},
tab_istn3 As Integer(,) = {{0, 0, 0, 0, 0}, {0, 0, 0, 0, 0}, {0,0, 1,0, 1}, {0, 0, 1,
0,1}, {0,1,0,0,0}, {0,1,0,0,0}, {0,1,1,0,0}, {0, 1, 1,0, 0}, {1, 0,0, 0, 0},
{1,0,0,0,0}, {1,0,1,0,1}, {1,0,1,0, 1}, {1,1,0,0,0}, {1,1,0,0, 0}, {1, 1,
1,0, 1}, {1,1,1,0,1}}

o5 Forml _lo ﬂ

X3 XD X1Xe
X%
& I —_ & I
XpXg F
& l
XiXg

Insert a number Start | Stop

Pucynox 1.
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Tabmuipl ObLTH CTeHEPHPOBAHBI aHATM30M HMCIPABHOW M HEUCIPABHBIX
(IpOM3BOJILHBIM BBEJIEHUEM WUJITM UMUTAIIMEH HercnpaBHOCTel) cxeM. Takum 00-
pa3zom, MaccuB tab isti — 3TO TaJOHHBIA MacCUB MPH 3HAYCHUSIX HJI H)J1€6OuU
CcmpoKY BCEX BXOJOB, paBHBIX «(0», UCTIPaBHOM CXEMBI, U Jajee, 3HAUCHUs 0C-
TaJbHBIX CTPOK C MPOU3BOJILHBIMU 3HAYEHUSMU HA BXoj1ax oT 0-oif 10 15-0ii.

Maccussr: tab_istn0, tab_istnl, tab_istn2, tab istn3 crenepupoBaHbl AJs
HEUCIIPABHOW CXEMbI IIPU YCTOWYHMBBIX (TOXIECTBEHHBIX) «0» unu «1» Ha Ka-
KOM-JIM0O0 BXO/i€. DTO MOXHO 3aMETUTbh, CPABHHMBASI 3HAUCHUS SJIEMEHTOB 3Ta-
JIOHHOTO MaccuBa tab isti ¢ aeMeHTaMu OCTaJbHBIX MAaCCHBOB, COCTABJICHHBIX
JUIsl HencnipaBHocTel. Hampumep, ecnu B Tabimmax tab isti u tab istn0 cpas-
HUTb, COOTBETCTBEHHO, MOMAPHO U B TOW W Apyrou snemeHTsl: (8,1 u 8,4) unun
(9,1 1 9,4) u nanee: (11,1 u 11,4), (14,1 u 14, 4), (15,1 u 15,4), TO MOXHO 3ame-
TUTh Pa3Nyus B 3HAUCHHUSX, YKA3bIBAIOUINX Ha HEUCIIPABHOCTH «ycT. 0» Ha BXO-
ne x0 1 COOTBETCTBYIONIYIO peakiuio Ha Bbixoje F.

Huxe, Ha pucyHkax, mpejacraBieHa paboTa 1eMOBEpCHUU MPOrpaMMbl Ha
a3bike VB.Net, jokanu3upyronieidl HeMCIpaBHOCTh B JIOTUYECKUX cxemax. [Ipu
3aIrycKe MporpaMMbl Ha SKpaHe MOHUTOPA ITOKA3bIBAETCS UCIIPABHASI JIOTUYECKas
cxema M MeHIo ¢ Tpems kHomkamu (“Insert a number”, “Start”, “Stop”).

“Insert a number” — 03HauaeT BBECTH HOMEP OIIMOKH, T.€. CHMUTUPOBATh
HEUCIPABHOCTH (B MPOrpaMMe Hymepaius omuOoK, B OTIMYUE OT BXOJAOB, Ha-
yupHaeTcs He ¢ 0, a ¢ 1, mostomy ommbka Nel coorBercTByet BXxoay x0). Jlanee,
1o u3mMeHeHuto ¢popm (Puc. 2 — Puc. 4) MOXHO IPOCIEANTH BECh MPOIECC PaOOTHI
MIPOrpaMMBbl, HAUMHAs C BBeIeHUs (MMUTAIIMH ) HEUCTIPABHOCTH BILIOTH JI0 €€ JIO-
KaJlM3alliy U TI0Ka3a Ha 3KpaHe IMyTH PaclpOCTPaHEHUs OMIHUOKU 10 BHIXOJHOU
ToukH F.

Ha Puc. 2 nocne maxkatust kHonku: “Insert a number” npensaraercsi BBeCTH
(MMUTHPOBATH) HEMCITPABHOCTH M HaXKaTh KHOMKY ““Start”. [Tocie yero mosBiseT-
cst cooomenue (Puc. 3) 06 ommbke Ha BXoae X0 ¢ HEMCTIPAaBHOCTHIO «yCT.0» (cM.
tab_istn0), u nanee, mocie Haxxatust kHonku «OK» (Puc. 4), mosiBisiercs cxema ¢
OKpAaIIeHHBIM ITyTE€M HEHCIPABHOCTHU OT HencmpaBHOro Bxoaa X0 k Beixony F.
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PuCyHOK 4. Jlocuueckas cxema nocie umumayuu omkasa.

[IpennoxkeHHbIi METOA ¥ aJTOPUTM MOXKHO PACIIPOCTPAHUTH HA BCE BXO/IbI
Y BBIXOJIbI KQXKJIOTO JIEMEHTA CXeMbI, MpUBEeHHON Ha Puc. 1.

B 3akiroueHre MOKHO OTMETHTh, YTO MPEAJIOKEHHBIN CTIOc00 U pa3pado-
TaHHas TUArHOCTHYECKasl MPOrpaMMa MOTYT OBITh HCIIOIb30BaHbI AJISl JIOKAJIH-
3allMd HEUCIPABHOCTEH B JIOTHUECKHUX CXeMax, B HMU(PpoBoil TexHuke. JIroOyio
IU(PPOBYIO CXEMY MOXKHO OMHCATh OyJIEBBIMU YPABHEHUSMHU, a TAOJINIBI HCTHUH-
HOCTHU MOXHO HpeI[CTaBI/ITb B BUJC MAaCCHUBOB I 06yquH;1 HpOFpaMMaM.

Cratbs mosie3Ha CTeHAINCTaM, 3aHUMAIOIINMCST BOTIPOCAMU KOHTPOJIS U
INArHOCTUKHN HH(prBBIX CXEM, a TaK¥XKeE CTYZ[GHTaM, I/I3y‘-IaIOHII/IM BBIYUCIIUTCIIb-
HYIO TEXHUKY U IPOrPaMMHUPOBaHHE.
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METHOD OF SINGLE MALFUNCTION LOCALISATION IN COMPUTER
SYSTEMS AND NETWORKS HARDWARE SCHEMES

G. Harutyunyan, S. Nahatakyan, M. Sargsyan
Russian-Armenian (Slavonic) University
ABSTRACT

In this article, the methods of detection and diagnosis of malfunctions in digital

schemes of computer systems are considered. The authors proposed a method and developed
software based on the machine learning for diagnosis of malfunctions in the digital logic
scheme.

Keywords: safety of hardware-software complexes, diagnostics of cars, failure

detection, mathematical models, maintainability.
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uuoenNnenrU

Opwgpuyht ujuw)ubipp hwdwh hwighgunid Eu jubjugh yuydw-
twgpbpnud jungbjhnipnititinh h hwjn quiyntt, htsp jupnn £ wnw-
owiglik] nipe juughpubp: Unfw hungbihnipjniubbpp Jupnn G ow-
hwqgnpéyt) hwptputph Ynnuhg, hwugubing dpttwbuwlmb qquih
Ynpniunibp ubjugh wuydwiwgptph vbthwjwbwnbpbpht b og-
wnwwnbpbpht, htsp ubjugh gquydwtwgptph widunwtgnipniup w-
nwolwjht fninhp k npupdunid:

bjugh wwplwbwgptph hwnlnipmniaubph ntuntdbwuhpne-
piut Ukpnnubtphg E hunbkpypngbnnipuy vwjyujukph hnuph bpne-
dnipjniup [1]:

Zpdtwpwinkp Spugpuhl wi]nwignipynt b, jukjugh wwydubu-
ghp, vnwunhl Yytpnidnipniic

Utipnnubp

Ukipluyhu ntunidbwuppnipjniiibpp gnyg G mmwhu [2], np pun
hungbjhnipnitubp b ujpwubp juwydws Eu hkug wngjuukph hnuph upawg
Junwyupuwi htiwn:

SYjujutinh hnuph yEpnidnipiniup (Data Flow Analysis) Spugpujhtt
ynnph vnnwwnhl YEpnisnipyut dkpny k, npp hwdwhu jhpunynud E unnw-
whly YEpnismipeini unwpnn qnpshpubpnud’ spugph junwpdwi w-
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twwwphtbphtt wyjuwjukph hnuptph dwuhtt hudnpdwughw hwjupbiny
hwdwp: Punmbpypngbnnipw) wdjuiatiph  hnuph  Jtpnidnipiniup
(Interprocedural Data Flow Analysis) wuyywhnynid E wtjh wdpnnowljute
U &gphwn nfjubph hnuph Jhppmisnipynit plingplkinyg Spugph popnp
dntuljghwibptt n1 dbpnnubpp: Punbpupngnnipw) Jtpnidnipiniup
puyuyunud E ubpupnglnnipuw) (intraprocedural) ybkpnidnipiniup (npp
nwhdwiwthwlynmd £ dhuy dby $niulghugh jud dbpnnh ubkpunid
wnyjuubph hnuph Jbpnusnipjudp): Ujut hwodh £ wntunid wdjuikph
hnupp uh $nilighwihg dpniup” Yhpymskiny $mulghwbph Juiskpp b
JbEpwnunpdynn wpdtpubtpp, hugh sunphhy Ytpnidnipjut wpyniupubpp
nununid Bt wybkih dogphwn b wdpnnowljui: Uw httwpwynpnipnit k
wnwhu huyntwptpk), pk htyyhu B hnthnjpwlwbbtpp hnjuwtgynid b
thnthnjuynid mwppbp niughwubpnud:

Uju wphimwnwbph tyuwnwl E htnbgpl] htnbpuypngtinnipuyg
wnyjuutinh hnuph Jipnidnipjui dkpnnutpp jubjugh wquydwtwgpbph
hwnlmpniutbph ntuntdbwuhpnipjut gnpshpnid, npp httwpwynpne-
pintl junw jpkjugh wuydwuwgpbph dowldwt Jun thny kpnud huwyjntw-
phpk] b jwiupuwpglitp wyjuwiiph hnuph hbkn juuwws jungkjhnipjniu-
ukp:

Uyu fuligph jmisdwl hudwp

» Junnigyt) Lu Spwgph nhjudwupdwi hnuph gpudtp (3], npnup
tbpwpnud kb pninp $niuljghwtibph b dkpnnutph dhol nkljw-
Jupdwi hnuph thnjumqntgnipinitibpp,

» Jbpnwdyby Ewndjwjubph hnupp $niuljghwbpnid b $niuljghwnk-
ph dholi' oquuugnpstyny hpwhwiqbph dhowhljjuy tkpluyu-
gnudukbp,

7 dpuljws wignphpup htunkgmjby b ubjugh wwjdwbwgpbph
hwwnlnipniutbph ntundtwuhpnipjut gnpshpnid:

Upmniupukp

Upmynitpnid dowljdlp b hpwlwbwgyl) £ hunbpuypngbnnipuyg
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wnyjuukph hnuph JEpniénipjnit juwnwpnn qnpshp, nph ogquuwugnps-
Uwdp hwyinupbpdty 5o dh pwpp ungbjhnipynibbikp, htsybu  ophwly
reentrancy attacks [4], gas limit [5] l accesscontrol [6] juunhpubpp:
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MEKIPOILEYPHBIN AHAJIU3 TOTOKA JIAHHBIX
JJIS1 YMHBIX KOHTPAKTOB

A.K. Mkpmuan
Poccuiicko-Apmanckuu (Cnagsanckutl) ynugepcumem
AHHOTALUA

O]J_II/I6KI/I B IpOorpaMMHOM O6CCH€‘ICHI/II/I JacTO MPUBOJAT K YA3BUMOCTAM B YMHBIX
KOHTPAaKTaX, YTO MOXKET BBI3BAaTh cepbe3Hble Mpo0ieMbl. CyliecTBYIOMINE YSI3BUMOCTH MO-
T'YT OBITh UCIIONIB30BaHbl XaKePaMH, YTO MPUBOAUT K 3HAUUTEIbHBIM (PUHAHCOBBIM MOTEPSAM
y BIIAJICNBIICB U TOJIF30BATENCH YMHBIX KOHTPAKTOB, Neyasi 0€30MacHOCTh YMHBIX KOHTpaK-
TOB TepBOOUYEPEIHOM 3amadeil. OMHUM M3 METOAOB M3yYEHUS CBOMCTB YMHBIX KOHTPAKTOB
SBIISIETCS MEXIPOIEAYPHBIA aHAIHN3 TTOTOKA JaHHBIX [1].

KiroueBble ciioBa: mporpamMMHasi 0€30MIaCHOCTh, YMHBIM KOHTPAKT, CTaTHYCCKUI
aHaJM3.
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INTERPROCEDURAL DATA FLOW ANALYSIS
FOR SMART CONTRACTS

A. Mkrtchyan
Russian-Armenian (Slavonic) University
ABSTRACT

Software bugs often lead to vulnerabilities in smart contracts, which can result in
serious issues. These existing vulnerabilities may be exploited by hackers, causing
significant financial losses for smart contract owners and users, thus making the security of
smart contracts a top priority. One of the methods for studying the properties of smart
contracts is interprocedural data flow analysis [1].

Keywords: software security, smart contract, static analysis.
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uuoenenrU

Utp optipnud $pugpuyht wmywhnydw widunuwbgnipinit n1 ju-
ntunipiniup jupbnpugnyu ughptp Bo: Fudwuwlulhg spugpk-
h paupn Jupnigqusdph nt swjwjubph yuwwndwnny Spuqph dpwljdwb
thnymud Spugpuyht phpnipnitubph dh dwup dunwd Ba shuwynbiuptp-
Jus: Unhpwdbonnipnit E wpwowinid wunndwnwugdus uhwguk-
nh hwynbwpbpdwi dkpnnutp dpwyty: Uy dkpennutphg b spugpbph

uhuynihly juwnwpnidp:
Zpdtwpunkp updynjhly unwpnid, wnwnhl Jpmsnipnid,
Spugpuyhtt wbunwignipinti:

Utipnnubp

Uhuynihy yuwnwpnudp [3] spugpbph JEpnisnipjut dkpny E, npl
hunbkpuyplinwughnud k spugph juwnwpmdp Ynblpkn wpdtplbph thn-
huwupkt ogunugnpstiny uhuynihl wpdtpubtp: Uyt Untwnnpwyht thnthnpuw-
Juwutbkpht Jkpwpbptiny npuybtu uhdynihl wpdbputp® Juunwpnd E
dpwgph puquuphy junwpdut dwbwwywphubp: Uju dninbkgnidp Ju-
nnn k oqubk] uppwyutiph, jungbjhnipniuttph nt Eqpuyht niyptph hwjwn-
twpbpdwt hwdwp, npntp wjwinuljut ptunwynpldwt dkpnnubkpp
Juwpnn kb squntiky: Uhdynihl juwnwpnidp oqunnujup k spugpbtph wgunn-
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dunwugusd phuntph gittpughwh, yiphbphjugdwi b jungtjhnipniu-
ukph huyntwpbpdwt hwdwp: Ujutntwdbuwuhy, gnpstwljut jhpwpnt-
Up hwdwh uvwhdwbwthwlynid b dwupnwpugdul, ninhubph wdh,
pwnn Spugpuyhtt junnigwsputph, hhonnnipjut nt thpwuwyph unnk-
Jwynpdwt ppunhpubpny: Mhun wthpwdbynnipnit E wunweowtinid jw-
Jugulk) uhuynihly juwnwpnidp:

Uju wonunwiiph tyyunuljin  jujwgiik) uhddnghly junwpnidp’
pwpdpugtiny npw wpymbwyEnnpip. phpwwynptng dh pwpp
haughpttp, htisuyhuhp Eu ninhukph wdp, hhonnnipjut Unpbjuynpnidp b
punn Spuwgpuyhtt jupnigwsputph dowlnidp: Uhuynihl junwpdub
qupquguwdp Jupnn kup pupkjut) Spugpuyht hwdwlwpgbph plr-
hwunip npwljt nt hntuwhnipjniup:

dEpntgjw) juunhpubph nusdwt hwdwnp oqgunuugnpéyt) EKLEE [1, 2]
uhuUynihl juwnwpdwu gnpshpp, npp twppwnbugws £ C b C++ (Eqniuk-
nny gpdws sSpugnptph uhdynihy juwnwdwt hwdwp: Uwubwynpuybu
qnpdhpnud wifljugyk) &

> suljqptupdbipuwynpdws hhonnnipniutbpp wjnndwwn uhuyn-

1hY nupdubnt htwpwynpnipintl,

> uhuynihl) gmghsubkp wowlgnn hhpnnmpjut Unnky,

> ghlih hmkpughwubph vwhdwbwthwldwt htwpwynpnt-

pinLl,

»  Junwywpdwb hnuph ninnt unniquub $niuljghnbiwnipinii:

Upmniupukp

Upnpniupnid KLEE uhdynihy juwnwpdwt gnpshpnid hpuljwbwg-
b1 Eu yEpnuojuy dwubkpp: Udkjugh] E uhdynihl juwnwupdwt Gupwpl-
Unn dpwgpbph Ynnh swdynypp: Upwlws gnpshpp hnkgpyby b uwnw-
wnhl ytpnidnipinit juwnwpnn gnpshph htw, nph wpyniupnid pupd-
npugh] E unnwwnhly 4tpnishsh wpyniuputph £onnipiniup:
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YCOBEPHIEHCTBOBAHUE METOAOB CUMBOJIBHOI'O BBIIIOJIHEHU A
JJIS HOBBIINEHUA DOPEKTUBHOCTHU U TIOJIHOTHI HOKPBITUA KOJA
TP AHAJIN3E ITPOI'PAMMHOI'O OBECIIEYEHUA

O.M. Moecucan, P.A. Ozannucan
Poccuiicko-Apmanckuu (Cnagsanckutl) ynugepcumem
AHHOTALIUSA

B aT0i#1 cTaThe npeacTaBiIeHbl MOAX0Ab! K aBTOMAaTHUECKON CUMBOIM3ALMY, HALIEJICH-
HBIC Ha CIIEAYIOIIYE BaKHBIC YACTH: ICPEMEHHBIC C HEN3BECTHBIMU 3HAUCHHUSAMH, APTyMEHTEI
(GYyHKIUI ¥ BO3BpallaeMble 3HAYCHMS, a TAK)KE MMaMsITh, CCHUTAIOMIAsCS Ha yKa3aTenb. [l
pelieHust mpoOeMbl «B3pbIBa IyTH» B 3TOM CTaThe MpeCTaBlIeHa MPAKTHYECKas CTpaTerus
OTPaHMYCHUS UTEpalMii INKIa 06e3 IPEKpaIIeHHs IPOLeCca CHMBOJIMYECKOTO BEITOTHEHNUS.
[IpenmaraemMbie METOIBI IENAIOT CHMBOJIMIECKOE BBITIOIHEHHE 00JIee IPAKTUIHBIM JUIS TeC-
TUPOBAHUS U IPOBEPKU IPOrPAMMHOI0 00eCICUeHHUS.

KiroueBble cJI0Ba: CUMBOJIMYECKOE BBHIIIOJHEHHE, CTAaTHUECKHU aHaN3, Oe3omac-
HOCTB ITPOTPAMMHOT0 00eCTICUeHNSI.

ADVANCING SYMBOLIC EXECUTION TECHNIQUES TO INCREASE
EFFICIENCY AND COVERAGE IN SOFTWARE ANALYSIS

H. Movsisyan, H. Hovhannisyan
Russian-Armenian (Slavonic) University
ABSTRACT

This article introduces automatic symbolization approaches that target these important
parts: variables with unknown values, function arguments and return values, and pointer-
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referenced memories. To manage the path explosion problem, this paper presents a practical
strategy for limiting loop iterations without terminating the symbolic execution process. The
proposed techniques make symbolic execution more practical for software testing and
verification.

Keywords: symbolic execution, static analysis, software security
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uuonenhu

Ushumwnwtipn ikpuyugunid £ hhonnnipjut wipunnuwhnup hwyn-
twpkpbnt tnpupwljut dnnkgnid, npp hhdbwlwinid jEtwnpn-
twgws E C/C++ (kgniukpny qpwd Spwgptph htinwgnunipjut
Yput: Uju dbpnnp hwdwlgynid E Epynt uplnp thnykpny, Spuqph
unnwnhl Jhpmsmipjudp b ninnnpydws uhdynihy junwpdudp,
tyuwunwl] nmbbkbwny hwubbm dwpwnwpwjunipyuit bt pupdp
Sonnipjut hhonnmipjut wpunwhnuph ujpwikp hwynbwpbplnt
gnpénid:

Zpdtwpunkp hhonnmpjut wpunwhnup, spugph Yhppnusn -
pintl, C/C++, ununply YEpnidnipentl, uhdynihly juwnwpnid, nin-
nopnynn uhdynihl junwpnid:

Utpnnukp

Alloc Free Imbalance checker-p Upwljywué qnpshph hhdttwljwtu Ynu-
wnubkuwnubphg E npp twpwnbudws b nijujupdwt hnuph dwbw-
wuwphubph ypw hhonnnipjut hwnljugdwt b wquundwt pwtwlutph
wihuwdwyuwnuwuhmbgnidubp hwjnbwpkpbint hwdwp: Zhpnnnipjut
wpunwhnup Jupnn £ wnbnh niubuwy, Gpp hhonnnipniup hwmnjugyt k,
puyg &2qphwn YEpwny sh wqunyky, wju checker-p twpnwwnbtuws k adw-
twwnhy vjpwjubkph huynbwpbpdwt hwdwnp: Uju dkpnnp hninwgnunnid
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EnEjujupdwt hnuph Smbwwwphubpp b wdbt hwnljugyws hhonnni-
pjut hwdwp thnpdnmd L quil] hwdwywnwuhiwt hhonnynipjut w-
quuiwt hpwdwup: Fugh nEjudupdwt hnuph fwuwwywphubph ph-
wnwplnidhg hwpyh L wntynid twlb tndyujubiph hnupp: Gpt hwyntwptp-
Ynud E hhonnnipjutt hwnljugnid, nph hwdwywnwupwt wqunnudp
pugujuynid E, uyt hwdwpynud £ htwpwynp hhonnnipjut wpunwhnup:

Zuwpuwynp hhonnnipjut wpnwhnupbph hwyntwpkpnidhg htwnn,
hpuwjuwiwgynid E ninnnpnws uhdynihll juwnwupnmd uppwjukph hpu-
gnpédhjhnipiniup unnighint hwdwp: Minnnpnws uhdynihl juwnwpn-
Up JEunpntwinid £ dhuyt wyh nEjuupdwt hnuph fwuwwywphubph
Ypuw, npnup Jupnn Eu hwighgul)] hwmjuwbwluw uppwht, wyju dninkgni-
uUp pnyy Ewnwhu hwutih] pupdp donnipyut b dwomnwpwjinipyut:

Upmniupukp

Uju Unintkgnudp hpulwbwgyws £ Memory Leak Hunter (MLH) gnp-
Shpnud, npp hwgnnnipjudp jhpwunyt) Ehwupniphg wdt) pug hwuwubkh
Jupluipwiht twhiwmgskph Ypw' huswhuhp ki OpenSSL-p b FFmpeg-p:
Alloc Free Imbalance checker-p wnwuigpuyhti nbip £ juwnwpb] wyu tw-
huwgstpnid hhonnnipjutt wpnwhnupbpp hwynbwpkpbnt hwpgnid,
hsh wpyniupnid wju Ukpnnp gnyg k ndk) hp juyniimipinii nu gnps-
twluwt wqnpkgnipniup hpulwbh wpjowphh Yhpwenipniuttph hwdwn:
Pug hwuwiybkh twhiwgstph ypu hwynbwpbpuws vpupwjubph wdpnn-
owjult wpyniupubpp thpuyugyus b Unyniuwly 1-nud:

Ungniuwly 1.
Pug hwuwbih Spugpkph ypw hwynwpbpyws upaw)ubp:

Project Repository link Reported issues
name identifiers
openssl https://github.com/openssl/openssl 20870

ffmpeg https://lists.ffmpeg.org/ 10342

76



radare2

https://github.com/radareorg/radare2

21703, 21704

bind9 https://gitlab.isc.org/isc-projects/bind9 4282
clib https://github.com/clibs/clib 292,293,295
coturn https://github.com/coturn/coturn 1259
cups https://github.com/apple/cups 6144
cyclonedds https://github.com/eclipse-cyclonedds/cyclone dds 1814
gpac https://github.com/gpac/gpac 2569
pupnp https://github.com/pupnp/pupnp 430
varnish-cache | https://github.com/varnishcache/varnish-cache 3986
masscan https://github.com/robertdavidgraham/masscan 730
FreeRDP https://github.com/FreeRDP/FreeRDP 9410, 9411
libvips https://github.com/libvips/libvips 3642
zstd https://github.com/facebook/zstd 3764
screpy https://github.com/Genymobile/scrcpy 4636

Uwntndjws gnpshpp twlb hwdbkdwnyb) b gnjnipinit niubgnn wy)
Ubkpnnubph htinn, hwdbkdwwnnipniup juwnwpdby £ hwpnth Juliet phu-
nuwjht hwdwlwpgh Ypw, hush wpnniupnid MLH-p gnyg k ndb) wdk-
twjuwy wpyniupp (Unjniuwly 2):

Ungniuwly 2.

Juliet phunnujhtt hwdwluwpgh Yypw vinugws wpyniuputp:

Tools Name True True False False Fl-score
Positives Negatives | Positives | Negatives
CSA [4] 536 4481 125 332 0.70
Infer [5] 262 4392 214 606 0.39
SMOKE [6] 496 4510 96 372 0.68
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PCA [7] 486 4342 264 382 0.60

SVF [8] 452 4168 438 416 0.51

MLH [9] 868 4606 0 0 1
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OBHAPYXEHUE YTEYEK TIAMSATH C HOMOIIBIO CTATUYECKOI'O
AHAJIU3A U CUMBOJIBHOI'O BBIITIOJIHEHU A

P.A. Ozannucan, O.M. Moecucan
Poccuiicko-Apmanckuii (Cnasanckuil) Ynusepcumem
AHHOTALOUA

B pabote npeacraBieH HHHOBAIIMOHHBIH IOIXO0/ K OOHApYKEHHUIO yTEUeK MaMATH,
OCHOBHOE BHIMAaHHE B KOTOPOM YHEINSETCS] aHAIM3y MPOrpaMM, HAHCAHHBIX HA S3BIKAX
C/C++. DTOT METOX cOYeTaeT J[Ba BAKHBIX 3Tana: CTATHUCCKUH aHAIU3 MPOrpaMMbI U Ha-
IPaBJIECHHOE CHMBOJIBHOE BBIIIOJIHEHHE, IIETh KOTOPBIX — JOCTIDKEHHE MacIITabupyeMOCTH
U BBICOKOM TOYHOCTU B BBISIBJICHUU OIIUOOK YTCUKH MaMSITH.

KnroueBble cjioBa: yreuka naMsaTH, aHaiam3 nporpamm, C/C++, cratndeckuii aHa-
M3, CHMBOJIBHOE MICTIOJTHEHHE, HAI[PaBJICHHOE CHMBOJIBHOE HCIIOTHEHHE.
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DETECTION OF MEMORY LEAKS USING STATIC ANALYSIS AND
SYMBOLIC EXECUTION

H. Hovhannisyan, H. Movsisyan
Russian-Armenian (Slavonic) University
ABSTRACT

The work presents an innovative approach to detecting memory leaks, primarily
focused on the analysis of programs written in C/C++. This method combines two important
phases: static analysis of the program and guided symbolic execution to achieve scalability
and high accuracy in identifying memory leak errors.

Keywords: memory leak, program analysis, C/C++, static analysis, symbolic
execution, directed symbolic execution.
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TEJEKOMMYHUKAIIUHN

SJIEKTPOMATHUTHBIN AHAJIN3 NCKYCCTBEHHOM
CPEJIbI C BJIN3KOM K HYJIIO TUDJIEKTPUUYECKON
MNPOHULIAEMOCTBIO HA OCHOBE
METAJJI-TUAJEKTPUUYECKO MHOTI'OCJIOMHOM
HAHOCTPYKTYPhI

O.B. bazoacapsan, T.M. Kuazan, T.T. Ozanecan

Hayuonanvuwiii nonumexuuyeckuii ynusepcumem Apmenuu
hovik@seua.am

AHHOTALNMUA

B paboTte mpoBeneH 3MeKTpOMAarHUTHBIM aHAJIN3 B3aMMOICHCTBUS IIIOC-
KHUX BOJIH C MCKYCCTBEHHBIMM CPEIaMU C JUNIEKTPHUECKON NMPOHUIIAEMO-
CThlO, ONM3KON K HYyNIO, TaKk Ha3piBaeMbiMH ENZ-Meramarepuanamu
(“epsilon-near-zero materials”). UucneHHOE MOAEIHPOBAHUE DIEKTpOMAr-
HUTHBIX CBOMCTB TakMX METaMAaTEpPUAIIOB MPOBOIUTCS MPUMEHUTEIBHO K
OommkHEMY HH(PPaKpacHOMY THAINa30Hy BOJH C TIOMOIIBIO0 METOIA CIMHOTO
BbIpakeHus. [locrenoBaTenbHO UCCIEA0BAaHbI OTpaXKaTeIbHbIE U IMPOITyCKa-
TEJbHbIE XapaKTEPUCTUKU THIIOTETUYECKUX OJHOPOAHBIX CIOEB Pa3IU4YHOM
TOJIIIHMHBI C TUIEKTPUUYECKON MTPOHUIIAEMOCTHIO, OJIM3KON K HYJIO, 1 MHO-
TOHAHOCJIOWHBIX METAI—IU3IEKTPUUECKUX CTPYKTYp Ha OCHOBE MOBTOPSI-
FOIIUXCS IBYXCIIOEK C YEPERYIOLUIUMUCS MOJIO0KUTEIBHBIMU U OTPHULIATEb-
HBIMH AUBJIEKTPUUECKUMU MTPOHHLIaeMOCTsIMU. [Toka3aHo, 9TO ¢ UCIOIB30-
BaHUEM TaKUX CTPYKTYp MOKHO UMHTHpPoOBaTh ENZ-metamarepuansl. [ns
JOCTATOYHO TOHKHUX ITOBTOPSIOIIMUXCS ABYXCIOEK C COOTBETCTBYIOIIMM YHC-
JIOM IIOJYYEHO IOJIHOE COIJIaCHE C aHAJIU30M I OJHOPOIHBIX T'MIIOTETH-
yeckux cioeB ENZ-meramarepuana. [lorydeHHbIe pe3ybTaThl HCCIIE0BA-
HUI MOTYT OBITh TIOJIE3HBI JJISI TPOSKTUPOBAHKS U CO3J[aHNUsI MHOTOHAHOC-
noiiHbIXx ENZ-meTamarepuanos.

KuioueBble ¢j10Ba: MHOTOCIIOWHAS HAHOCTPYKTYpa, OIM3Kas K HyJIO AU-
3JIeKTpUYecKas MNPOHHUIAEMOCTb, METaI-IUIEKTPUK MeTaMaTepHal,
JIEKTPOMArHUTHBIN aHaJIN3, METOJl €INHOTO BBIPAXKEHUS.
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BBenenue

B nocnenHue aecaTuieTHsi KCKYCCTBEHHbIE cpelibl ¢ 3 (EeKTUBHON 13-
JEKTPUYECKON TPOHHUIIAEMOCTBIO, OJNM3KOH K HYJIO, ATICHUIOH-OKOJIOHYJIEBEIE
ENZ-meTamaTepuanbl WHTEHCUBHO MCCIEAYIOTCS W MPHUBJIEKAIOT BCE OObIIe
BHUMaHus [1,2]. D10 mpoucxoaut Oiarogapst UX HEOOBIYHBIM (PU3NYECKUM
cBoiicTBaM. MX nmepcrniekTuBHbIE NpUMeHeHus1 — HaHopoTonuka, CBY paanorex-
HUKa, HEeJIMHEWHas ONTHKa, IIJIJa3MOHMKA, CUJIbHBIE B3aUMOJICHCTBUS CBETA U BE-
LIECTBA U T.J.

Kak cnenyet u3 0630pa nureparypsl, coznanue ENZ-meramarepuaios siB-
JISIeTCS aKTyaJIbHOM npobsieMoii. MHOTOCIOWHbBIE CTPYKTYPBI, COCTOSIIIIUE U3 Ue-
peayromuxcs AUAIEKTPUK-METAT WIH JUAJIEKTPUK-TIOIYTIPOBOJHUK HaHO-1-
BYXCJIOCK, SIBJISFOTCSI MHOTOOOCIIAIOIIUMHE JIJIsI PEIIeHUs] MHOTHX 3amad [3, 4].
Jlnst onpeneneHrs ONTUMAIIbHBIX TOJIIMH HAHOCIOEB U YUCIIA ABYXCIOEK B MHO-
TOCJIOIHOM CTpyKType, umuTupytouieit ENZ-meramarepuansl, HEOOX0IUMO Iie-
pea Ux peanus3alueil MpoBeCTH YUCIEHHOE MOEINPOBAHNUE.

B Hacrosmieir paboTe 31€KTPOMarHWUTHOE MOJIEIMPOBaHUE B MacmTabe
JUITMHBI BOJHBI MPOBOJUTCS 0€3 yKa3aHHUs BEIIECTB CIOEB CTPYKTYpPHhI, UTO MO3-
BOJISIET TIOJYYUTh OOIIHME 3aKOHOMEPHOCTH, HEOOXOJUMbIE AJIs yCIEUTHOTO MPO-
€KTUPOBaHUs UCKYCCTBEHHBIX ENZ-meramarepuanos. IIpoBeneHHbie uccieno-
BaHUS MO3BOJISIOT MTOJIYYUTh HE TOJIBKO OTpaskaTebHbIE U IPOITyCKATEIbHbIE Xa-
pakTepuctuku cTpyktyp ENZ-MeramaTepuanoB, HO U paclpeeICHUs] aMILIUTY T
3JEKTPUYECKUX U MATHUTHBIX [TOJIEN BHYTPHU UCCIEAYEMBIX CTPYKTYp. DTH 3aBU-
CHUMOCTH TIOJIE3HBI JIJIsl TIOHUMAaHHsI 0COOCHHOCTEH IeKTPOMArHUTHBIX XapaKTe-
PUCTHK HMCKYCCTBEHHBIX MHOIOCJIOWHBIX CTPYKTYpP, COCTOSIIIMX W3 Yepeayro-
[IUXCSI HAHOCJIOEB C IOJIOKUTENBHOW M OTPHULATENIBHON IUAIEKTPHUUYECKUMU
MpoHUIIaeMocTIMH, UMUTHpYIOIUX ENZ-metamarepuansl. B pabote mocneno-
BaTEJIbHO MCCIENYETCs NaJE€HHE 3JIEKTPOMAarHUTHOM BOJIHBI Ha OJHOPOJHBIE
CJIOM Pa3IMYHON TOJIIMHBI C JUIEKTPUUYECKON TPOHUIIAEMOCTBIO B 00JIACTH OT
0 o 1 m umutupyronryro ENZ-MeramaTepran MHOTOCIIOHHYIO CTPYKTYPY C MOB-
TOPSIFOUIUMUCS BYXCIOMKAMH C YEPEIyIOUUMUCS MOJO0KUTEIbHON U OTpULIa-
TENbHON AUBJIEKTPUUYECKUMH IPOHULIAEMOCTIMHU. /{1151 MOaenpoBaHusl UCTIONb-
3yeTCsl METOJ] €IMHOTO BBIPa)KEHUsI, KOTOPBIN MO3BOJISET pelIaTh MHOIOIpaHUY-
HBIE 3a]]a4M JIeKTpoMaraeTu3Ma 3 PEeKTUBHO U C BEICOKOW TOYHOCTHIO [5—8].

PGSyJIbTaTBI YHUCJICHHOI'0 UCCJIeA0BaAHUSA

PaccMoTpuM HOpMasibHOE MaJEHUE JIMHEHHO-TOJISIPU30BAHHON TIJIOCKOM
ANEKTPOMArHUTHOM BOJTHBI HA OAHOPOIHBIN cioi Tommuuoi L (Puc. 1).
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Pucynox 1. I[ladenue nunetino-noaapu308aHHOU NIOCKOU S1eKMPOMASHUMHOU 80IHbI HA 0OHO-
POOHBIIL CILOU MONWUHOU L U OUINEKMPUYECKOU NPOHUYAEMOCMbIO E5. OKpydIcalowue cpeobl
umerom oudneKmpudecKue npoHuyaemocmu €, = € = 1.

KoaddummenTs! oTpaskeHUs ¥ POXOXKACHUS (TI0 MHTEHCUBHOCTH) CJIOS C
JTBJIEKTPUYECKUMU MPOHULIAEMOCTSIMH &, = 0.3 U &, = 0.0275 pa3auyHOMN TOIIIH-
HBI IpUBeAeHbI Ha Puc. 2a-B.

R(L) 1 T

0.8

0. rw

R(L)
0.4 04 04

0.2
L) L(vrn) L(mrn)

0 1 2 3 4 0 2 4 6 8 10 12 0 2 4 6 8 10 12

a) 0) 6)

Pucynox 2. 3asucumocmu ko3puyuenmos: a) ompasicenust R(L) u npoxoocoenus T (L)
om monwyunwt cnos L, €, = 0.3, Ry = 0.2899, 6) ompaoicenus R(L) u 6) npoxooicoenus T (L)
om monwunsl cioa L, €, = 0.0275, Ry = 0.8958. [runa sonnvl nadarowiezo usnyuenus
Ao = 1L.55 MM, T(L) = 1 — R(L).

[Tepuoauueckoe moBeaeHne KOAPHUIIUESHTOB OTPAKEHUS U TIPOXOKICHUS
TaK)K€ TUMUYHO JJIS CJIOEB C TUAJIEKTPUYECKON MPOHHUIIAEMOCThIO &, > 1 [9].
MaxkcuManbHble 3HaYeHUST KOOPPUIIMEHTAa OTPaKEHUSI UMEIOT MECTO TIPH TOJI-
mmHax cnos L = (Zm + 1) - (A/4),raem = 0,1,2,. ... MuHuMasibHble 3HAUCHUS
kod(durmenHTa oTpaxeHus (TIOJTHOE MPOXOXKICHNE) UMEIOT MECTO TP TOJIIIIH-
Hax cinosi L = m - (A/2), tne 1 = Ay //¢€;.

[Tpu npuGIMKEHUU TUAIIEKTPUUECKONW MPOHUIIAEMOCTH CJI0s K HYJIEBOMY
3HAYEHUIO MPOJOKAIOT HAOIIOAATHCS MEPUOINIECKUE 3aBUCUMOCTH K03(du-
[IUEHTOB OTPAKEHUS U MPOXOKACHUS, HO Telleph MaKCUMaJlbHbIe 3HAYECHHUS KO-
3G UIMEHTOB OTPaXKEHUS CYIIECTBEHHO OOJIbINIE, a MUKW TOJHOTO MPOX0XK/Ie-
Hust yxe. COOTBETCTBYIOIIUE 3aBUCHUMOCTH TMPEACTaBIeHBl s & = 0.0275
(Puc. 20, B).
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[Tone3Ho ucceaoBaTh pactpeAeIeHHs aMIUTATY/T YJIEKTPUIECKOTO U Mar-
HUTHOTO TI0JICH BHYTPH U BHE CJIOS TIPU MTOJTHOM MPOXO0XKICHUN K MAKCHMAaJIbHOM
otpaxkenuu s &, = 0.0275 (Puc.3 a, 0).

il 5o

£(z)

Z(MKM) IRER Z(mrm)
0

0)

Pucynok 3. Pacnpedenenus amnaumyo snekmpuyeckozo E (z) u macnumnozo H(z) noneii
BHYMPU U GHE CIO5L € OUILEKMPUYECKoll nponuyaemocmvio £, = 0.0275 npu nonnom
npoxoxcoenuuu: a) monyunou L = 1/2 = 4.6734 mxwm, u 6) momwyunoi L = (3/4) - A
npu MakcumarbHom ompasiceruu Ry, = 0.8958.

Ha Puc. 3a HaGnrogaeTcst omHOpoHAs O€TyIasi BOJHA C MOCTOSTHHOM aMIl-
matynoii (E(z) =H(z)) nepen coeM 1 3a HUM, YTO yKa3bIBaeT HA IIONHOE TIPO-
XO0XJICHUH BOJIHBI. Pacripenenenus nojaei BHYTPHU CJIOS TUITMYHBI JJIs1 TPO3pad-
HOTO CJIOS TOJIIIMHOM, KpaTtHO A/2. [Ipr 3TOM aMITIUTYy1a 3JIEKTPUIECKOTO 10~
ns E(z) BHyTpH cJ10sI CYIIECTBEHHO BBIIIE AMIITHTY {6l MATHUTHOTO Tons H (2).
[Tpu makcumanbHOM oTpakeHuu (Puc. 30) 3a cioem nipu z > L uMeeTcs OJHO-
poIHas MIOCKas BONHA ¢ mocTosHHO# ammmurynoit (E(z) = H(z)) mamuoro
MeHnbline nagatomei. [lepen cinoem npu z < 0 HabmrOMAaETCS MOMYyCTOSYAsT BOJI-
HOBas KapTHWHA KaK Pe3yJbTaT CYNEpIO3UINH Malaloeld 1 OTPaKEHHOM BOJIH.
BHyTpH cios HabmonaeTcs crenududeckoe nosenenwue £ (z) nH (z), coorserct-
Bytomiee L = (1/4) - A + A/2 tommumuam cioeB. [Ipu MakcumMalibHOM OTpaske-
HUH B CJIOE TAK)KE HAOIII0JAeTCsl CUITBHOE TIPEBBIIICHUE aMIUTUTY JTbI 3JICKTpUYIeC-
KOTO T10JI1 OTHOCHUTENIBHO aMIUIUTY bl MATHUTHOTO TIOJIS.

Teneps mepeiiieM K MOAETMPOBAHUIO METAILI-TUICKTPUUECKUX MHOTO-
HaHOCJIOWHBIX CTPYKTYyp, umutupyromux ENZ-meramarepuansl. Paccmorpum
MHOTOHAHOCJIOHHYIO CTPYKTYPY, COCTOSIIYIO U3 TIOBTOPSFOLIMXCS JBYX HaHOC-
JIO€B C TIOJIOKHUTEIBHON U OTPULIATEILHON IUAIIEKTPHUSCKUMH IPOHHUIIAEMOCTSI-
Mu. B kauectBe mpumepa, 0e3 yTOYHEHHs BEUIECTB HAHOCIOEB PAaCCMOTPUM
CTPYKTYpPY, COCTOSIIYIO M3 YEPEAYIOIIUXCS JBYXCIOEK C TOJOKHUTEIBHOM
Eqpon = 2 W OTPUIATENBHON Eyer = —1.9 IMINEKTPUUECKMMH IIPOHMIIAEMOCTS-
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MH M TOIMMHAMU dypusn = Apys, /50 = 21.9 8M, rae Ay = Ao/ Equon

Ayer = Ayer/50 = 22.5 HM , 1€ Aoy = Ag/+/ |Eyer|. ViCCIETOBaHBI 3aBHCHMOC-
TH OTpa)kaTeJIbHbIX U MPOIYCKATEIbHBIX XapaKTEPUCTUK OT TOJIIIUHBI CTPYKTY-
PBI U TIOTY4EHBI pacipeaeaeHus Mojei B TOUKax MOJHOM IPO3pavyHOCTH U MaK-
cUMaibHOro otpaxkeHus. KoadduuueHT oTpaxkeHuss 10 UHTEHCUBHOCTH MHOTO-
CJIOMHOM CTPYKTYPBI OT KOJIMYECTBA IByXcioek N mpencrasieH Ha Puc. 4.

r R(N)

081

06}

04}

02r

Pucynox 4. 3asucumocmov ko3¢pgpuyuenma ompasicenus R(N) om uucna N 0gyxcnoex.
Ryace = 0.8971 npu N = 54, R, = 10™* npu N = 105, T(L) = 1 — R(L).

Uto0s! yOAUTHCS B TOM, YTO MHOTOCJIOWHASI CTPYKTypa UMHTHPYeT ENZ-
MeTaMmaTepual, MoJIe3HO UCCIIEI0BATh PACTIPECIICHHS aMILTUTY /1 3JIEKTPUUYECKO-
T'O0 ¥ MATHUTHOTO TOJICH MPU MaKCHMAJLHOM ¥ MUHHUMAJILHOM KO3 PUITHSHTAX
orpakenus (Puc. 5 a, 0).

[TomyyeHnHble pacnpeneneHuss NOJed AaHAJIOTMYHBl PACIpEEeICHUM,
MOJYYEHHBIM [IJI1 OJHOPOJHOrO rumnorerndeckoro ciosi ¢ ENZ-meramarte-
puanoM, TOJBKO MAarHUTHOE I0JI€ HWMeeT HeOOoINbIIne KoJeOaHus BHYTpU

CTPYKTYPBI.

3| E(z) E(Z)

N
T

N
T

o
T

H(z)

'
N

5)

Pucynox 5. Pacnpedenenus amnaumyo snexkmpuieckozo E(z) u macnumnozo H(z) noneu
npu a) maxcumanvrnom ompagicenuu npu N = 54 u 6) nynesom ompasicenuu
npu N = 105, €,,,, = 2, €,0m = —1.9.
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Takum 006pa3oM, MHOTOCIIOWHAS CTPYKTYpa € TIOJI0KHUTEIIbHO-OTPUIIATEITh-
HOU TUDJIEKTPUYECKOU MPOHULIAEMOCTBIO MOXKET UMUTUPOBaTh ENZ-meramare-
puanbl. TONIIUHBI HAHOCIOEB U YHCIIO JIBYXCIIOEK MOIOMPAIOTCS BO BpEMS YHC-
JIEHHOT'O MOJIECIIMPOBAHUA.

[Tonmy4yeHHbIE 3aBUCUMOCTH MTOKA3bIBAIOT, YTO B TOHKUX ENZ cTpykTypax,
MOpsJIKa JIMHBI BOJHBI, MOYKHO MOJIYYHUTh CHIIBHOE OTPAKEHHUE WM PE30HAHC-
HOE TOJIHOE MPOXO0kaAeHue. [Ipyu MOJIHOM MPOXO0KICHUU UMEET MECTO PE3KOE
YBEJIIMUECHUE aMIUTUTY/ bl AJIEKTPUUECKOTO MOJIA B CTPYKTYPE, YTO YKa3bIBAET HA
BO3MOXHOCTb CHJIbHOTO TMOTJIONICHUS WM YCUJICHUS] B TOHKUX, TIOPSIIKA JITTUHBI
BOJIHBI, CTPYKTypax. Hanuane 6011101 aMIUTUTYIbI SJIEKTPUIECKOTO MOJIS B CT-
PYKType MpH MOJHOM MPOXOKIECHUH OyAeT OJaronpusTCTBOBATH MPOSBICHUIO
HEJIMHEWHOCTHU B HEl.

3aKiIrouYeHue

DNEeKTPOMarHUTHOE MOJIEJIMPOBAHUE IO3BOJIUIIO MCCIEA0BAaTh OTpaXka-
TENBbHBIE U IIPOITYCKATEIbHbIE CBOMCTBA T'MIIOTETHYECKUX OJHOPOIHBIX CIIOEB
Pa3IUYHOM TOJIIIUHBI C TUAICKTPUIECKON MTPOHUIIAEMOCThIO, OIM3KON K HYJIIO.
Taxoke ObUTM MPOAHAIN3UPOBAHBI OTPaXKaTeIbHbIE U MPOIyCKaTEeIbHbIE XapaK-
TEPUCTUKH MOBTOPSIOLIUXCSA ABYXCIIOEK C UYEPENYIOLIMMHUCS MOJIOKUTEIbHBIMU
U OTPULIATENBHBIMU JUBJIEKTPUUYECKMMH POHUIIAEMOCTSIMU B MHOIOHAHOCIIOM-
HBIX CTPYKTypax M MOKa3aHO, YTO C MCIOJIb30BAHUEM TAKUX CTPYKTYP MOXKHO
nMmutHpoBaTh ENZ-metamatepuansl. BaxXHbIM KpUTEpUEM MOJIEIUPOBAHUS SIB-
JSIeTCsl pacipeiesIeHne aMILTUTY T SJIEKTPUUYECKUX U MarHUTHBIX MOJIEH B CTPYK-
Typax ¢ ENZ-meramaTepuaiaMu KaKk BHYTPH THIIOTETUYECKUX CJIOEB, TaK U B
MeTaJUI-IUIIEKTPUYECKUX MHOTOHAHOCIOWHBIX CTPYKTYpax.

Hcnonp3yeMblil YUCIIEHHBIM METO EAMHOTO BBIPAXKEHMSI II03BOJISIET JIETKO
YUUTBIBATh 3()(PEKTHI MOTEPh MU YCUIICHUS, a TAK)Ke 3aBUCSAIIYIO0 OT HUHTEHCUB-
HOCTH HEJIMHEHHOCTh B MHOT'OCJIOMHBIX CTPYKTypax. IlomyueHHble pe3yabTaTsl
9JIEKTPOMArHUTHOTO MOJEIMPOBAHUS OyAyT MOJIE3HBI MPU NPOSKTUPOBAHUU U
CO3JJaHUM MHOTOHAHOCJIOMHBIX CTPYKTYp ¢ ENZ-metamarepuanamu 1 npume-
HEHUI B HAHO()OTOHUKE U TUIa3MOHUKE.

BbuaroanapHocTs: Mccie0BaHNEe BBIIOJIHEHO P (PUHAHCOBOM MOIIEPK-

ke KomuteTa 1o BeicieMy oOpa3oBaHuio 1 Hayke PA B pamkax Hay4HOTO TIPO-
ekta Ne 21T-2J194.
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ELECTROMAGNETIC ANALYSIS OF EPSILON NEAR ZERO ARTIFICIAL
MEDIUM BASED ON METAL-DIELECTRIC MULTILAYER
NANOSTRUCTURE
H. Baghdasaryan, T. Knyazyan, T. Hovhannisyan
National Polytechnic University of Armenia, Yerevan

ABSTRACT

In the work an electromagnetic analysis of the interaction of plane waves with

artificial media with a dielectric permittivity close to zero, the so-called epsilon near zero
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ENZ-metamaterials, is carried out. Numerical modelling of the electromagnetic properties
of such metamaterials is carried out in the near-infrared wavelength range using the method
of single expression. The reflective and transmissive characteristics of hypothetical
homogeneous layers of various thicknesses with a dielectric permittivity close to zero and
multi-nanolayer metal-dielectric structures based on repetitive bilayers with alternating
positive and negative dielectric permittivities are consistently analyzed. It is shown that using
such structures it is possible to imitate ENZ-metamaterials. For sufficiently thin repetitive
bilayers of the appropriate number, complete agreement with the analysis for homogeneous
hypothetical layers of the ENZ-metamaterial is obtained. The obtained research results can
be useful for designing and creating multi-nanolayer ENZ-metamaterials.

Keywords: multilayer  nanostructure,  epsilon-near-zero, = metal-dielectric
metamaterial, electromagnetic analysis, method of single expression.
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AHHOTAINUA

B nanHoi1 cTaThe npeAcTaBICHA HOBast METOI0IOTHS TeHEPAIH PaJANoIo-
KaI[MOHHBIX IENICH C MCIIOIh30BAaHUEM IIPOTPAMMHO-ONPEICIIIEMBIX PaIio-
cucteM (SDR) u OTKpBITBIX pOTrpaMMHBIX cped. brarogapsa rubkoctu SDR
9Ta METOJHKa 00eCIeUNBaeT JMHAMHYCCKYIO TeHEPAINIO, MOIYJIALUIO U CH-
MYJLIIUIO PaaroIOKAlMOHHBIX IIeJiel B peallbHOM BpEeMEHH, Mpeiaras 9Ko-
HOMHUYHYIO ¥ aIalTHPYEMyIO aJbTepHATHBY TPAJUIMOHHBIM CHCTEMaM Tec-
THUPOBAHUS M MOJICIUPOBAHUS PafapoB. lcmonb30BaHWE OTKPHITHIX IPO-
rpaMMHBIX matdopm, Takux kak GNU Radio, mo3BosseT co3iaBaTh JOCTYTI-
HBIC ¥ HACTpanBaeMble padodne IMpolecchl 00pabOTKU CUTHANIOB, YTO KPUTH-
YECKH BaXHO IS A((PEKTUBHON dMYJISALIUH PaIHOIOKAUOHHBIX CUTHAIOB B
peaIbHOM BPEMEHH.

CucreMa moaepKuBaeT OBICTPYIO pa3pabOTKy U OICHKY aJTOPHUTMOB 00-
HapyXXCHHUS IeJIed panapa, MOACIHpPYS Pa3IHdIHbIC XapaKTCPHCTHKH IIeJeH,
BKITIOYasl TaTbHOCTh, CKOPOCTh U 3 (EKTUBHYIO momians paccesaus (I11P).
Hama peanuzanust ieMoHCTpUpYeT ycrenHyto uarerpanuio SDR u monynb-
HBIX IPOTPAMMHBIX CPEIl JJIsl TeHEpaIlii CHHTETHYCCKHUX PaNOIOKAIIIOHHBIX
1enel ¢ BBICOKOI TOUHOCTBIO, UTO CIIOCOOCTBYET Pa3BUTHIO UCCIECIOBAHUN U
pa3paboTOK B TaKUX 00JACTSIX, KAK aBTOHOMHAs HaBUTAIXs1, 000POHA M CIIOXK-
Hast 00paboTka curHanoB. [IpeanoxeHnHas KOHPUTYpamus 00eCIIeYUBACT OII-
TUMAaJIBHBIA OaJaHC MEXIy HPOHU3BOAUTEIHHOCTHIO, THOKOCTBIO M JOCTYI-
HOCTBIO, CIOCOOCTBYSI HHHOBAIIMSIM B TECTHPOBAHUH U Pa3pabOTKE paanoio-
KaI[HOHHBIX TEXHOJIOTHH.

Kurouesnie ciaoBa: GNU Radio, USRP, panap.

BBeaenune

["eHepariyist paaAnoIOKAMOHHBIX LIEJIeH — 3TO MPOLIECC CO3aHUS OTPaKEH-
HBIX PaJUOJIOKAIIMOHHBIX CUTHAJIOB B MPOTPAMMHOM Cpefe ISl TECTUPOBAHUS,

88



OLICHKH U pa3paboTKU PanuOIOKAIIMOHHBIX CUCTEM. DTa TEXHOJIOTHUS TIO3BOJISET
CO3/1aBaTh BU3YaJbHbIE U IIU(PPOBBIE IIENN B YCIOBUAX, TPUOIMKEHHBIX K peallb-
HbIM, 03 Hanuuus puzndeckux 00beKToB [1].
[IpeumyiecTBa reHepaluy paguoIOKAllMOHHBIX LEIIeH:
» TOYHAs CUMYJISALUS — MO3BOJISIET B PEaJIbHOM BPEMEHHU T'€HEPUPOBATH
MCKYCCTBEHHBIE IIEJIH IS PaJapOB C BEICOKOW TOUHOCTBIO;
» 0e30MMacHOCTh — TECTUPOBAHUE ITPOBOIUTCS O0€3 peaTbHBIX 00BEKTOB,
YTO CHI)KAET PUCKH BO3MOXKHBIX «aBapuiiy;
» THOKOCTh — MOKHO MOJICITHPOBATH PA3JIMYHbIC YCIOBHS U CIICHAPHH
06e3 HEeoOXOJUMOCTH HCIOJIb30BAHUS JTOTOIHUTEIbHBIX TEXHUYEC-
KHX PEeCypcoB.

MarepuaJibl 1 METOAbI

Jnst peanuzanvii METOJIUKH HCTIOJIB30BAIMCH MTPOTPaAaMMHO-OIIpEesie-
Mmast paguocuctema USRP B205 u mporpammnuast cpega GNU Radio. USRP
B205 (Puc. 1) or komnanuu Ettus Research — 3To koMnmakTHOE ¥ MOIIIHOE yCT-
porictBo 1yt SDR-npuiiokeHuid, moaaep >KuBaroiee 4acTOTHBIN AUana3oH OT
70 MI'n no 6 I'Tu. YerpoiictBo ocHameno BecrpoeHHbIMU AL u ITAIT ¢ pa3-
pemenreM 12 OuT 1 obecrieurBaeT nepeaady U MpUeM CUTHAJIOB B PEAIbHOM
BPEMEHH, UTO JEJIAECT €r0 UACAIbHBIM JJIi MOJCIUPOBAHUS PAJIUOIOKAI[MOH-
HBIX LEJIEN U UCCIIEIOBAHUI PAaAMOYACTOTHOIO CIIEKTpA.

GNU Radio [2] —3To oTKpBITast MporpaMMHasi TiaTgopma Ijist pa3padoT-
k1 SDR-cuctem. OHa npenocTaBiasieT NMPOKUI HAOOp MHCTPYMEHTOB IS Te-
Heparuu, o0paboTku u ananuza curHanoB. Murterpamust GNU Radio ¢ USRP
B205 no3BosisieT peann3oBaTh CI0KHBIE CIICHAPUU MOJACIHPOBAHUS PATUOJIO-
KAaIIMOHHBIX CHCTEM.

SDR-cucTeMbl MEHSIOT OJIXO/ K PaJAUOCBS3H, 3aMEHSS CTIeUaIn3Uupo-
BaHHOE 000pyA0BaHKE MPOTrPaAMMHON 00pabOTKON CUTHAJIOB, UTO O0ecTIeYrBa-
€T BBICOKYIO THOKOCTb.

B paguonokanuu SDR-cructeMbl TO3BOMISIIOT MOACIIUPOBATH, U3MEHSTH U
aQHAJIM3UPOBATh CUTHAJBI B PEAIbHOM BPEMEHH, CO3/1aBasi PEAIMCTUYHBIE CIIe-
Hapuu. B nannoii padore USRP B205 ucnons3yercs 11 MOAETMPOBAaHUS pa-
JTUOJIOKAIIMOHHBIX 1iesiel, OecIpOBOAHBIX KOMMYHHUKAIMH M CIEKTPAIbHBIX
WCCleIoBaHui Onaroapsi MoAAEp>KKe IIMPOKOTO0 YacTOTHOIO JAMAara3oHa U
BcTpoeHHbIMU ALIIT u LIAII ¢ BbICOKHMM pa3penieHueM.

&9



Pucynox 1. ETTUS USRP B205.

B nannoii pa6ote B cpene GNU Radio 6bu1 pazpaboran moTok 00paboTku

curHanoB (Puc. 2), nmpeaHasHadeHHBIN U TeHepanuu, 00padOTKH U aHaIu3a

CUHTETUYECKUX PAAUOIOKAIMOHHBIX CUTHANIOB. CTPYyKTypa MOTOKA COCTOUT U3

CJIETYFOIINX OJIOKOB:
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Signal Source — ucmonb3yercs ISl CO3IaHUsT OCHOBHOTO HECYIIETO
CHUTHaJIa, HEOOXOJMMOTO JIJIsl TeHEepaIliH PaIioJIOKAIIMOHHBIX IIeleH,
CBSI3M WJIM TECTUPOBAHUS,

UHD: USRP Source — npeanasHaueH ajs npuemMa CUrHaJIOB € YCT-
poiictBa Universal Software Radio Peripheral (USRP), 4to 1mo3Bo-
JISIET MOTyYaTh JaHHBIC OT PAJIUOTPUEMHUKA B PEATbHOM BPEMEHU;
Multiply — BBITIONHSET MOIYJISAIMIO CHTHANA ISl JaJbHEHIelH oopa-
00TKH;

Frequency Shift — mpumensieTcs s cIBUra 4acTOTHl M MPOBEPKH
OTKJIMKOB paJiapa Ha pa3HbIX 4acTOTAaX;

QT GUI Frequency Sink — ucnons3yeTcs Iyisl BU3yaau3alii OKOHYa-
TEJBHBIX PE3YJIbTATOB, 3TOT OJIOK MO3BOJISIET YBUIETH MTOJIOKEHHE T1e-
JIel ¥ OLEHUTD Pe3yJIbTaThl Pa0OTHI pajgapa;

UHD: USRP Sink — npenna3znaueH [j1s nepeadynd CUTHAJIOB Ha yCT-
poiictBo Universal Software Radio Peripheral (USRP), 910 103BO-
JISIET OTHPABIIATEH JAHHBIE TIEPEAATINKY B peaTbHOM BPEMEHH.



Options .
Tite: (TG ate
Author: sinam Value: 32

Output Language: Python
Generate Options: QT GUI

UHD: USRP Sink
Device Address: My8200
‘Sync: Unknown PPS
‘Samp rate (Sps): 32

Ch0:CenterFreq (a: 16 B0
Cho: Gain Value: 10

Cho: Antenna: TXRX
Cho: Bandwidth (Hz): 32

Signal Source
Sample Rate: 32«
Waveform: Cosine
Frequency: 10k
Amplitude: 1
Offset: 0

Initial Phase (Radians): 0

Exponentiate Const Int
Exponent: 1

Multiply [gut}
o]

Frequency Shift
Sample Rate: 32«
Frequency Shift: 10

QT GUI Frequency Sink
FFT Size: 1024

Center Frequency (Hz): 0
Bandwidth (Hz): 32k

Pucynox 2. Brox-cxema obpabomku cuenanos ¢ GNU Radio
07151 MOOEAUPOBAHUSL PAOUOTOKAYUOHHBIX Yelell.

PesyiabTarhl

Ha rpaguke (Puc. 3) mokasaHo CeKTpaIbHOE MPEICTaBICHUE CUTHANIA B
4acTOTHOU 00JIacTH.

[Mux Ha yactote 12,57 k['11 yKa3pIBaeT Ha OCHOBHYIO COCTaBJISIOIIYIO CUT-
Halia, a ypoBeHb -113,53 nb nemoHCcTpupyeT ero oTHOCUTENbHOE ycuienue. Jlo-
MIOJIHUTENbHBIE OOKOBBIE JIENECTKU U HEOOJNbIINE ITyMOBbIE KOMITIOHEHTHI yKa-
3bIBAIOT HA HAJIMYME TAPMOHUK WM OCTATOYHBIX LITYMOB.

['paduk moaTBepkaaeT, 4To 00paboTKa CUTHANIA BBIMOJIHEHA KOPPEKTHO,
a rnepeaadya JaHHbIX OCYHICCTBIIACTCA C ITPABUJIBHBIM CIICKTPAJIbHBIM paClpeac-
JIEHUEM.
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Pucynox 3. Cnexmpanvroe npedcmagnenue CUeHAIA 8 YACMOMHOU 001ACTU.
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SIMULATION OF RADAR TARGETS IN GNU RADIO ENVIRONMENT
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ABSTRACT

This paper introduces a novel methodology for radar target generation utilizing
Software Defined Radios (SDRs) and open-source programming environments. By
harnessing the inherent flexibility of SDRs, this approach facilitates the dynamic generation,
modulation, and simulation of radar targets in real-time, thereby providing a cost-effective
and adaptable alternative to conventional radar testing and simulation systems. Employing
an open programming framework, such as GNU Radio, this methodology allows for
accessible and customizable signal processing workflows, which are essential for effective
real-time radar signal emulation. The system supports rapid prototyping and evaluation of
radar detection algorithms by simulating a variety of target characteristics, including range,
velocity, and radar cross-section (RCS) signatures. Our implementation exemplifies the
successful integration of SDRs and modular programming environments to generate
synthetic radar targets with high fidelity, thereby advancing research and development in
fields such as autonomous navigation, defence, and sophisticated signal processing. The
proposed configuration strikes an optimal balance between performance, flexibility, and
accessibility, thereby fostering innovation in the testing and development of radar
technologies.

Keywords: GNU Radio, USRP, radar.
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AHHOTADOUSA

HccnenoBanre MHOTOYACTOTHBIX cHCTeM HemnpepbiBHOU BOHBI (MFCW)
C UCTOJIB30BaHUEM TIPOTpaMMHO-oTIpeaensiemoro paauo (SDR) u cpex mpor-
PaMMHPOBAHHUS C OTKPBITBIM MCXOJHBIM KOJOM IpeJIaracT YHUBEPCAIbHYIO
U JOCTYIHYO METOOJIOTHIO JUIsl COBPEMEHHBIX NPHUII0KEHHH 00paboTKH cHr-
HanoB. [Inatdopmer SDR ynpomaioT resepanuio, nepeaady u npueM Hempe-
PBIBHBIX BOJIHOBBIX CHUTHAJIOB HA HECKOJBKHX YaCTOTaX 0€3 MCIONb30BaHMUS
CTICIHATN3UPOBAHHOTO 000PYIOBAHUS, YTO AETACT MX OCOOCHHO ITOIXOISIIN-
MU Ul IPUMEHEHUS B pajjapax, CHCTEMax CBA3M U aHalIu3e criekTpa. Mcnos-
3ysl Cpeibl MPOrpaMMHPOBAHUS C OTKPBITHIM MCXOJHBIM KOJIOM, TaKHe Kak
GNU Radio, Python u uacrpymenTsl, coBmectumbie c MATLAB, uccnenosa-
TN U WHXKEHEPHl MOTYT pa3pabaTbiBaTh, MOACIHPOBATh U BHEAPSATH CHCTE-
MbI MFCW ¢ noBBITIIEHHOM THOKOCTBIO U MEHBIIUMU 3aTpaTamu. B aToii crart-
BE PacCMaTPUBAIOTCS (pyHIaMEHTAIbHBIC TPUHITHUITE IIPOSKTHPOBAHIS CUTHA-
108 MFCW ¢ ak1leHTOM Ha CHUHTE3 CUTHAJIOB, YACTOTHYIO MOAYJISLIMIO U aHa-
JIN3 CUTHAJIOB B pEaJIbHOM BPEMEHHU. DTO TaKKe MOJYEPKUBAET BO3ZMOKHOCTh
npuMmeHenus cucreM MFCW Ha ocHoBe SDR B pa3snmuuHbBIX 001aCTAX, BKITIO-
yasi IUCTaHLMOHHOE 30HIUPOBaHUE, MOHUTOPHHI OKPY>KaIOLIeH cpesbl U aB-
TOMOOMIIBHBIC PaZapbl, TEM CAMBIM IEMOHCTPUPYS HAIe)KHOCTh U MACIITa0H-
pyeMoctb SDR B caMbIX pa3HbIX ycnoBusx. [lonydeHHbIe pe3yapTaThl IIOKa-
3BIBAIOT, YTO HHCTPYMEHTHI C OTKPBITHIM UCXOAHBIM KOJIOM MO3BOJISIOT OBICT-
PO cO3/1aBaTh NPOTOTHIIBI, HACTPAUBATh U UCIIOIB30BATh UX, YTO B KOHEYHOM
UTOTE CIOCOOCTBYET WHHOBAIMSAM B pa3pabOTKEe M BHEIAPEHHH TEXHOJIOTUU
MFCW. DtoT moaxon obecrieunBacT SKOHOMUYHYIO U THOKYIO OCHOBY Kak
JUIS aKaJIeMUYeCKUX, TaK ¥ JJIs KOMMEPUYECKUX MPUIIOKECHUH, TPECTaBIIsASA
co00ii yOeauTeNnbHyI0 albTepHATUBY TPAAULMOHHBIM METOAAaM, OPUEHTUPO-
BaHHBIM Ha ammnapaTtHoe obecreueHue, B 00JaCTh MHOTOYaCTOTHOM 00paboT-
KU CUTHAJIOB.

KiroueBsie ciioBa: GNU Radio, USRP, panap, MFCW, 3FCW.



BBenenue

CymectByeT 4 OCHOBHBIX Kjlacca pagapoB B 3aBUCMMOCTH OT THIA Iepe-
JTaBaeMbIX MU CUTHAJIOB: HenlpepbIBHBIE BOJIHBI (CW), 4acTOTHO-MOyJIMPOBaH-
Hble HemnpepbiBHbIe BOJIHBI (FMCW), cTyneHuaTo-4acTOTHbIE HENpPEpPHIBHBIE
BosiHbI (SFCW) 1 uMnyibCHBIE BOJIHBI.

B pamkax manHo# paboTs! MbI Hcniofib3oBaT MFCW curaanm — pa3HoBHI-
HocTh CW-curnanoB. Ero rimaBHoe npeumymiectBo nepen curaiamu CW winm
FMCW 3akmouaercst B ToM, 40 MFCW 1103BOJISIET OJTHOBPEMEHHO OTCIEKHU-
BaTh HECKOJIbKO OOBEKTOB 3a CUET Pa3HBIX YACTOT.

B kauectBe nporpammuoit cpensl ucnonszaBain GNU Radio, mockonbky
OHa 0oJiee TOCTyIHA IOBOJLHO HTUPOKOMY CETMEHTY 00IecTBa U 0COOEHHO UH-
xeHepaM. Kpome toro, GNU Radio nerdye u rudde, moCKOJIbKY MO3BOJISET HM-
nopTupoBath 6ubnmoreku yepe3 Python. Takxke cienyer ormeruts, uto GNU
Radio npeana3nadeno mys pabotel ¢ curHanamu SDR.

OpHUMU 13 BaXXHEHIINX Y3JI0B PAaJapoB SBISIOTCS (QUIBTPHI U OCOOCHHO
— cornacyomuil puabTp. OcHOBa X pabOTHI 3aKIIOYAETCS B TOM, YTO OTIPAB-
JSIeTCsl U3BECTHBIN CUTHAM, a OTPa’KEHHBIM CUTHAJI IPOBEPSIETCS HAa HAIUYHE 00-
IIMX 3JIEMEHTOB BBIXOJHOTO CUTHANA. JTOT (PUIBTP yIydIllaeT OTHOIICHUE CHUT-
HaJI/IIyM 3a CYET YMEHBIICHHUS CHEKTPATbHOW MOJIOCH IIyMa U, KpOMe TOro,
YMEHBIIAET IIyM B IIOJIOCE IMPOIYCKAaHUs BeHBieTa 3a cueT (OpPMBI CIEKTpa
BeliBneTa. OH MMEET ONTUMAJIbHYIO NIPOU3BOIUTENIBHOCTh U HU3KUE BBIUNCIIH-
TEJbHbBIE 3aTPATHI.

MarepuaJj u MeTObI
1. ®u3nka

MFCW-panap (Multi — Frequency Continuous Waveform) — 3to pamap
HEMPEepPBIBHON BOJHBI, KOTOPBIA paboTaeT Ha HECKOJIBKUX YacTOTaX Mepenadu
OJTHOBPEMEHHO W HCIIOJIb3YeT O0IIyr0 00paboTKy CHUTHANA ISl DXO-CUTHAJIOB.
[IpeumymectBo nepen pagapom FMCW 3akitodaercst B TOM, YTO MPUEMHUKY
TpeOyeTcsi ropa3ao MEHbIIas MoJI0ca MPOIYyCKaHUA. JTOT THIT pajapa OOBIYHO
HCIOJIb3YEeT CHEKTPOrpPaMMHBII aHalIU3 MOJIYYEHHOIO 3X0-CUTHAJIa U CMEIINBa-
€T €ro B OCHOBHYIO MOJIOCY U, CJIEI0BATENbHO, CIIOCOOEH 0OHAPYKUBATh U pa3-
peuiaTh JABe IeNU C pa3HBIMU CKOPOCTSIMH, HO Ha OJIMHAKOBOM paccTostHuu. O-
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HaKoO IBEC LICJIH C OI[I/IHaKOBOI\/'I CKOPOCTBIO, HO Ha pa3HBIX PACCTOAHHUAX HE MOT'YT
OBITE Pa3pCIICHLI. B O6H_IGM, C IIOMOIIBIO 3TOr0 METOAAa HEBO3MOXKHO 06Hapy—
KHUTBb HCIIOABMXXHBIC LICIM UJIM LCIIU, JICTAIIUC I10 KacaTeJIbHOM.

I

1 b osee Iy, fy Iyg Iyeg cer Ly, by [

Pucynox 1.

101ms 100V 3 0.1ms 1.00V £ 0.1ms 1,00 NORMA

Pucynox 2.

2. ApXHTEKTYypPa MHOT04YacTOTHOI0 Pajiapa HelpepPbIBHOW BOJIHbI

Apxutextypa pagapa MFCW Ha Puc. 3 Oyner Ha3bpIBaThCs pagapoM ¢
TpexuacToTHOU HemnpepbiBHON BosHOU (3FCW). Kak cnengyer u3 HazBaHus, pa-
nap 3FCW onHOBpEMEHHO NEpEaeT TPU pa3IMYHbIX YAaCTOTHBIX TOHA. TpH HC-
TOYHHUKA MUKPOBOJTHOBBIX YaCTOT C YaCTOTOH f7, f, U f3 obecnieunBarot Tpedye-
MbI€ TOHA. XOTS 3TO HE MoKazaHo Ha Puc. 3, Bce Tpu HCTOYHMKA YaCTOT CHHXPO-
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HU3HUPOBaHbBI MO (a3e ¢ OJHUM U TEM K€ OMOPHBIM KBAapLIEBHIM T'€HEPATOPOM.
I'enepaTopsl ¢ Ga3oBoii cMHXpOHU3alLMEH 00eCTIeYrBaIOT MPEBOCXOHBIN (a3o-
BBIl IIIyM BMECTE€ C TOYHBIM YAaCTOTHBIM HHTEPBAJIOM MEX]y T€HEPATOPaAMHU.
HOCKOHBKy BCC T'CHCPATOPBI CHHXPOHU3SUPOBAHBI ¢ OJHUM H TEM KC OINOPHBIM
HCTOYHHUKOM, 4aCTOThI UMCIOT TCHACHIIUIO HpeﬁbeBaTB BMCECTC, UTO IOAACPKU-
BaeT TpedyeMoe pas3iesieHHe 4acToT. Tpu TOHA OOBETUHSIOTCS B CyMMaTOpe
MOIIIHOCTH Y WJIKMHCOHA (TI0Ka3aH Kak coeJuHeHue Ha Puc. 3), a 3ateM npoxoasr
yepe3 YCWIIUTEb MOILIHOCTH Tepen epenayei antenHou. [Tockonbky pagap siB-
nsietcst HenpepbIiBHBIM (CW), ofHa nepeaaronas u oJlHa IpUeMHas aHTeHHA HC-
MOJIB3YIOTCA JUIs 0OecTiedeH sl YTy UIIEHHOW U300 ISIUN MKy NepelaTYuKOM U
MIPUEMHHUKOM.

3 /\/‘ e

j;/ >
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Pucynox 3.

[Mpuemuux 3FCW mnpencrapiser co00il apXUTEKTypy PUEMHUKA TIPSIMO-
ro nmpeodpazoBanus. Takum 00pa3oM, BXOIAIIHN MIPUHATHIN CUTHAT IEMOYJIN-
pyeTcs HEeTOCPEICTBEHHO B MOJIOCY YacTOT 0e3 MpOMEXYyTOUHOM 4acToThl. Jliis
HaTJITHOCTH TPEINONI0KHUM, YTO MPUHATHIM CUTHAII UMEET BUIL:

spx () = cos2n(f; + fp1)t) + cosu(f; + fp)t) +
+cos(2n(f; + fp3)t), (1)

rae fp1, fpz ¥ fp3 — 9T0 yacToThl [lomnepa, MOLyIUpOBaHHbBIE HA TOH OMH, BA
U TPHU COOTBETCTBEHHO. [lociie mpoXokaeHus yepe3 MaTOyMAIIUNA YCUIUTETb
MOIIHOCTh MPUHATOIO CUTHAJIA JEIHUTCS MOPOBHY MEKIY CMECUTEIAMH. 3aTEM
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CUTHAJIBI HA CMECUTENISIX JIEMOYIMPYIOTCS JOKaIbHbIMU reHepaTopamu (LO) ¢
4acToToi f;, f, u f3. [IpeneOperas aMmuTyAHBIMU KO3 PHUIIMEHTaMU, BBIXOT
CMEeCHUTeIs, KOTOPBIN AeMoaynupyet ¢ yactoroir LO f;, paBen:

cos(2mfit) = cos(2nfit) cos(2m(f; + fp1)t)
+ cos(2mfit) cos(2m(fz + fp2)t) (2)
+ cos(2mfit) cos(2m(f5 + fp3)t)

cos(2mfit) = %cos(anDlt) +%cos(2n(2f1 + fp1)t)
+2 cos(2n(fy ~ f
+ o))+ cos(2n(fy + fi + for)t) @
42 cos(2n(fy ~ fi + for)1)

1
+ ECOS(ZF(E + fi + fp3)t)

CMecuTelnb BBIIACT MIECTh PA3THYHBIX YaCTOT BMECTE C, BO3MOYKHO, HEKO-
TOPBIMH JPYTHMH HEKENTAaTCIbHBIMA TOOOYHBIMU CUTHaTaMu. DuibTparius
HIDKHHX YacTOT Ha BBIXOJC CMECUTENS M30JIUpYyeT 4ieH cos(2mfp,t). Makcu-
MallbHas OXMIaeMmasi dactota Jloruiepa ympaBiisieT BHIOOPOM YacTOTHI cpes3a
¢unsrpa. lpeanonaraercs, fp1, fp2, fpz <<(fz = f1). (fs = fi) <<fi, f2, fz ar0
TaKKUM 00pa3oM, YTO WICHBI CYMMbI M Pa3HOCTH 4acTOT OTOPACHIBAIOTCS, B TO
BpeMsi Kak 4ieH cos(2mfp t) coxpansercs. AHAJOTUYHBIA BBIBOJ MOKA3bIBACT,
YTO BBIXOJ JABYX JAPYTUX KOMOMHAIMIA CMeCHTEs/(DUITbTpa HUKHUX YaCTOT COC-
TaBysieT cos(2mfp,t) u cos(2mfpst). [I[preMHHUK BEIBOJUT TPH OTACIBHBIX KaHA-
J1a IOTUICPOBCKOM YaCTOTHI.

3. PesyabTatsl

Ha Puc. 4 npencrapiieH co3JaHHBIN HAMH KOJI, PUHIIUI pa0OThI KOTOPOTO
3aKJII0YAETCs B CeAytoleM: co3aaercs curnai ¢ cucteMor 3CFW, koTopslit 3a-
TeM TOHAJIIBHO MOJyiupyercs Ha Hecyuled vactore 2,4 GHz u nepenaercs B
s¢up c ucnons3oBanueM SDR tuna USRP B200. [Ins sToro cHauana cumyinu-
pyercs nokaibHbIN reHeparop ¢ yactoTor 10 kHz. 3aTtem ¢ momomibio HHCTPY-
MeHTa Frequency Shift renepupyroTcst BTopoil 1 TpeTHii CUTHAJIBI C YaCTOTaMH
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20 kHz u 30 kHz coOTBETCTBEHHO, KOTOPBIE TIPEICTABIISIOT COOOM COCTABIISIIO-
1ye TOHaabHOTO curHana (fi, f2, f3). OTOT TOHAIBHBII CHUTHA BIIOCIICICTBUH T1€-
penaetcst B 3pup, 3aTeM CTATKUBACTCS C MPETSITCTBUEM U BO3BPAIIAETCSI C U3ME-
HEHHOW 9acTOTOW BCJICACTBUE MOIUIEPOBCKOro casura (fpq, fp1, fp1). OmHaKO,
KaK ye ObIJIO YIIOMSHYTO W BUJHO Ha PUCYHKE, NIepeaBaeMblii CUTHAJ OKa3bl-
BaeTcs B IpyroM yactotHoM auanazone (2400010-2400030 kHz). 3to BeI3BaHO
0COOEHHOCTSIMH PacIpOCTPaHEHUsI CUTHAA B cpene. [ perenus 3Toi mpoo-
JIEMbI BBITIOJIHACTCS MOJIYJISIIMSL C WCIOJIb30BaHUEM HWHCTpyMeHTa Multiply
Conjugate. Ha nocnennem starne ¢ nomobio nHCTpyMeHToB QT GUI Time Sink
u QT GUI Frequency Sink ¢ukcupyroTcss U BU3yalu3UpyIOTCS pPe3yibTaThl B
BPEMEHHOW M YaCTOTHOM 00JIacTsIX, Kak MmokazaHo Ha Puc. 5.

Pucynox 4. Ilpedsapumenvras cmpykmypuas cxema padapa MFCW.

Ended signal
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Pucynox 5. Pesynomamoui.
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MULTI-FREQUENCY CONTINUOUS WAVE RADAR RESEARCH AND
IMPLEMENTATION USING SDR SYSTEMS IN THE OPEN-SOURCE
ENVIRONMENT

S. Hovhannisyan', A. Aharonyan’, E. Sivolenko', H. Hovhannisyan’

'Russian-Armenian (Slavonic) University
? Yerevan State University

ABSTRACT

The investigation of multi-frequency continuous wave (MFCW) systems, utilizing
software-defined radio (SDR) and open-source programming environments, offers a
versatile and accessible methodology for contemporary signal processing applications. SDR
platforms facilitate the generation, transmission, and reception of continuous wave signals
across multiple frequencies without reliance on specialized hardware, rendering them
particularly suitable for applications in radar, communication systems, and spectrum
analysis. By employing open-source programming environments such as GNU Radio,
Python, and MATLAB-compatible tools, researchers and engineers have the ability to
develop, simulate, and implement MFCW systems with enhanced flexibility and reduced
costs.

This discourse examines the fundamental principles of MFCW signal design,
emphasizing waveform synthesis, frequency modulation, and real-time signal analysis. It
further underscores the implementation of SDR-based MFCW systems across various
applications, including remote sensing, environmental monitoring, and vehicular radar,
thereby demonstrating the robustness and scalability of SDR in a diverse array of contexts.
The findings illustrate that open-source tools enable rapid prototyping, customization, and
accessibility, ultimately fostering innovation in the development and deployment of MFCW
technology. This approach provides a cost-effective and flexible framework for both
academic and commercial applications, presenting a compelling alternative to traditional
hardware-centric methods in the realm of multi-frequency signal processing.

Keywords: GNU Radio, USRP, radar, MFCW, 3FCW.
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uuoenNonNkrU

Stjuininghwukph onptgon qupqugdwip gqniquhtn wnwy Eu qui-
1hu unp wwhwbeukp, npnug pujupupbint hwdwp wthpwdbown k inp
hudtutpuut jmdmdutp b vwppwynpnidutph Jepugqhunud: Swwn
tpyputpnd wyuop wppktt hpwlwumpnit t hhugkpnpy ubpph
poouhtt yuwp, npp poyy) kg vhwdudwiwl uyyuuwplty Uks pyny
pwdwtnppubph, mywhnyb] pupdp wpugnipjudp b phs hwyyundwdp
wnjjutkph hwnnpynud, guigh wnwybk] hwuwtbjhnipniy, htyybu
twl Wjuqlgub] wnunijubph dwjuppulp: Usjuwmnwiiph hyunwlj
E twpuwgst] wunbuwght mkpdhtiwy, npp Yogumugnpsyh hhtughpnpn
ukpunh b hknmwquynid yegipnpn ubkpunh peouwjhtt juuh hwdwljwp-
qtipnid: Upu hnpjusnud wnwgwplydnid E hhpphught junnigwusph’
qunudl huyytiih b gqqutwdl hEbwpwbwght dwlkptinygpeny gdwht dw-
nuqujrhsh onujwdl thnyjuynpjus wunbuwghtt gumugkph uklunnp-
ukp, jupnigyuspuyhti jnidnidp: Yuttwdl hEtwpwbiwgh dwljtplng-
Py gduyhtt fwnwquyphsh onulwdl thnywynpjus wbwnmbktuwght
guigtph ubkljuuinpubph mwppbpp Yupnn Eu (huk] wwpg patch-whnk-
twuhp, npnup $hnkpny Jud oyunhjudwbipuptuyhtt dunijuny dh-
wgyws ki punnithsht b hwnnpghsht, b wnwdht junwjupynid tu
thniuonehsutph vhongny: Unwewnlynn qunwdlb wtwnbkuwght wnbkp-
dhtwn Jupng £ wojpwnt] ptnpduws hwdwhujuiughtt obpuntpnid
b wywhnyk] Jhwdwdwbwl dh putth hwdwhwpbpunbpnid wphw-
nwipp pupdp nudbnugdwh gnpsulgny: Lul, ginudl winbiwghi
wnbpdhtwp jupnn Ewouwnt) vhwdwdwiuwl hunnpnpuwt b pignii-
dwl nkdhdubtpnid: Ujuyhuny, tdwt wbnbktughtt mkpdhtiwp jupnn
E wpjuwnt] puquuiwnuquypuht b puquuhwdwpujutiughtt nk-
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dhdubpny: dbpujuquuynpynny qupudl wunbklhwghtt nkpdhbwp
htounnipjudp jupny k gunbu quiquéwyhtt wipnwungpnipju gnp-
dhp hwinhuwbwiny pupdp ubplnh pepwyhtt Yuwh gubghph pw-
quht juyuttph wpynitwydbn hwtgnyg:

Zpdbwpwntp' qupwdb huykjhny winbiw, Jipuljuquudnpyny
wlnbkbw, whnbtuhtt mbdhtw), qquibwdl hbktwpwbughtt Ywlbp-
lnypny géuyhtt Swnwquyphs:

‘Lnp nkltnnghwubph qupqugnuip b wojpwwmwbpuyhtt hwlw-
huwnhpniypnid wagnudp whputph Uhihdbwnpuljut nhpnyp pny kg
pwdwinpnubphtt dwwnnigh] pupdp wpugnipjudp b phy hwwyunuwdp
dwnwynipiniuutp [1], (2], [3]: UJkjht, hhugbkpnpy b Jigkpnpn ubkpunh
wljup hipwhwnnppulguljut guugkpp wpwugpuyh Yihukh tnp hw-
JbEJwsubph, wyn pynud Jhpuiniw) hpwlwinipjub, punwupubph, hup-
twjup dkpkuwttph, wghsubiph, wpputyuluwyhtt b hnjpngpudbhly htnw-
hwnnpnulgnipjut npnpunubpnud, npnup wpnbt twhwgsynid Eu dwu-
twgbwnutph Ynnuhg [4], [5], [6]: Gjuuynid k, np JEpp tpgws mbjuun-
Inghwubpp urbwnpuwjtwugytu dhtish 2030 puluitp: Npuybu 6G-h hw-
Juituljut vnwinupn pttwpyynud £ 100 @2g hwmdwpwlubuwght nnh-
poypR, npp pny] junu hwutl] njjuutph hnjpwbgdwt ks wpwugni-
piwt’ Uhtish wbpwpwyp/dwyplyub [7]:

2023 pyuljuuht Zkpnwhwnnppulgnipjut Uhowqquyhtt Uhnipjui
(2UTU) Zudwppuuphuyhtt fwghn-Zknwhwnnppuljgnipjut Ynudbpui-
uh (WRC-23) dwdwtwl] ujhqp npytg poowyhtt juuwh pnjnp Swnwynt-
pintuttph hwdwp 5G b 6G guugkph qupqugdwt tnp pupwopewt [8]:

Uhty opu poowjhtt juy wwwhnyny Juqdulbpynipmniutubph
huinhpt k Enkp 1nsk) opkigop wdnn pudwtnpnubph pyh b dhudwdwbw-
Jyw pupdp npwljh juy wuywhnbnt hhdtwhwpgp nuppkp vwppu-
Ynpnidubtiph hwdwp: Ujn wuwndwnny wihpuwdbownnipinit £ wnwewgh)
wiugnid Juunwpk] wouwmwnwpwhtt pupdp hwdwpwlwiunipiniuutph
wnhpnyp: Unjuyb pupdp hwdwpwlutnipmniautph mhpnypnid wppaw-
wnkp ndqup k, pwith np whwnp £ wywhnyt) Uk pnpnitwlnipnit: dpu
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hwdwp ghtwdhl mkpdhttwubph vnbnénidp wyjjbu wthpwdtonnipniu
E[9], [10], huswytu bwb wphtunwjuwl putwjutinipjut jhpunnidp hw-
duljupgbph  junwjupiwb  hudwlupgkpnid pudwinpykph  po-
npuwl, hwdwpwlwinpmnituiph hwdwjupdwi b ponnitwlnipiniu-
ubph wnwybk] wpynibwyin ogunugnpddwt hwdwp:

Unwowplyny qunwdl huybjhny wbwnbktwhtt mEpdhttuyp nith
qruiuwdl Smnwquyphs, npp juquyws k tplnt onujuwdl thnyyuynpdus
whwnbkbwjhtt gwugkph uklwunpubphg, npntp Jupnn G wojowwnky pu-
npJus hwfwpwobpnbpnid (ophtiwly 3 Unn guidp S2g fud pupdp S2g
wnhpnypltp), b wywhnyt] Jhwdudwuwl dh pwih hwdwpwobpunk-
pnid wohtunnwbipp” pupdp nudknugdwi gnpswligny: Ukunpibpp u-
npnn kb dhdjuighg wnwtidht vhwgws 1htk) pugnithsht, hwnnpnshu
Unnnijugunn §nnuwynpnn vwppwynpnidubpht b vhdjwughg wnwudht
utinigyty: Fpw ounphhy htwpwynp Y1huh dbwydnpl) wmbtnktwh puquu-
dwnwqujpuihl, pupdp ninnjuénipjudp ninnyuénipjul nhwugpud-
utp, nuppkp hhdtwljwt fwnuquyyputph wmbtupny b nindwé wwppbkp
ninnnipjniutbpny:

Ujunntn wnwybk] dwbipudwubt tjupugpus b Jepujuqduynp-
ynn qunwdl hujbjhny wbnbkiwht wnbkpdhttuwh juenigwspp, npp
wuwnlpjuws kv, 1-nud:

(9 40 A

St 4\\\\‘KTS\‘\\ N T
Wt e

il

ety o

O S
l(?/ ‘," \\\

Ul. 1. Ulnnkbuyhl wnkpdhiugh Gunnigyudpp:
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Utunbkuwghtt mkpdhtiwg e nith qunwdl huygtih (1), npp mnunpjus
Ewipwpd wdnip hhupnid (2), ginh Jinpniwlub duunid wdpugdws'
huytnt dwljtpunyphg dhtish qunh ownwynh Yhuhtt hwmjuwuwp pupd-
pnipinit nibkgnn quubtwdl hEtwpwbtwihtt Jwlbkplnypny qéwihtt dw-
nwquyjehy (3), gdwyht Swnwquyphsp (3) juquyws Ewnwpptip hwdwhw-
Jubught okpntpnid woownnn onujuwdl thnijuynpdus wunbuuwght
guligkph ukljuinpbphg, npnig wwppbpp (4) $hnbpuyhe npulunubpny/
dwnipuibpny (5) dhwnwd kb punnitthshti (6), hwnnpnsht (7), utinigdwt
hwdwlwpght (8):

Ul. 2-mud quunlbpjws b quubwdl hEbwpwbwghtt dwljtplnygph
Ypw mbnunpus onuljwdl ukljnnputphg juquduws gduyhtt Smnwquy-
phsh wnwybt] dwbpudwub yuwwnybpp:

Reverse -

& switch ®
swilch ral
:I 1‘ Modulater Recever N POWER
i\ —— 5

/| and cooler Demadulator
f Transceiver and decoder, |
. e e

o 12
U, 2. Qquinudl hElnupwbuyhl dwlEplnyph ypw nkyugpyus onuludl

ubljnnpiakphg uqulyjué géuyhl Swnuquiphs:
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Cwwn Juplnp £ wyt thwuwnp, np qgduyhtt Swnwquyphsp wnknu-
nnyusd k opowtigsh Yhu swnwynhtt hwjwuwp pwpdpnipjudp, npny-
htwnlb husybu hwynuh k qunwdl huybihnd whnbkbwtpp h nuppbpnt-
pintt wwpwpnihl wbnbbwbbph snitkt jhquijbn b qupudlb dwl-
Eplnyphg winpunupdws Eukpghwt hwjwpynid E juntunhljugh dwl-
Eptuht, b juniunhuwjh dwltpiuh ququpn gundnud £ oppwtiugsh Yhu
ownwynhtt hwjwuwp hbEkpwiynpnipjutt Jpu: dhpwljuqduynpyny
qunudl wmtwnktwihtt mkpdhtiwh wouwwnwph uljqpniupp hbwnpyut k
[11]:

Utpwund qunwdl huykinig (1) wunpunupdws pugnibynn wqnu-
tpwuh Swnwquyptbph (10) Eukpghwt hwutunud E gduyhtt Smnwquyphsh
thnyuynpjus wunbkuwghtt gmugkhph mwppbkpht (4), htnn dpwljynid
wywunyniugunnuuywlnpuynpnn dnpmmd (12), wyw Ynunwljynid
t plgnibthsnid (6), dhliingl dudwbwl) fwnwquypdui phdhimd wq-
nuipwtpn hwnnpnhshg (7) Unpniugunn-Ynnuydnpnn dnnpnund (11)
Awthnpuybny niquplymd £ gdwjhtt Swnwquyphsh thnyuynpus wu-
wnkuwjht gwugkph nmwppkpht (4), Abwynpnud £ Swnwquyphsh AR}-,
wjiinthbnl qunughtt hugbjnig winpununiung hugkin pugduspnid
Alwynpynud £ wbuwnbuwhtt mkpdhttwh ninnuénipjutt nhwugpudp
(N12E-u Yud Ni2Y-ubpp) hwmdwywnwupwbwpwp hwnnpytng ogunw-
Jup wgnuuowtp (Qud wqpubpwttpp): Cnyuynpjus wunbuwght
guugtpp npuuwynpdws Eu gdwjhtt Swnwquyphsh quutiwdl hEwpu-
twyht dwljbpbnyph ypuw b wmyuwhnynud kbt wdpnne wtnkuwjht mkpuh-
twh OPY-h (Gud MF-ubph) mbuwspnudp FEnpuljut Epubwlny:

Quubtwdl httwpwbughtt dwibpnyph dpu wbnuppynud tu
géwhtt Swnwquyphsh onuljwdl thnywuwynpus whnbktwghtt gmug-ukly-
winplitpp (13), npnlip punugus ki wuppbphg (4) nwywuwught byw-
twlny ywuwnmpuwunjws yupqg whnkwbbphg (0. 2) jud whpuwnwnph
wunbph ypw junwpyud dknpphg (14) (Y. 3), mwupptpp $hntpughb
npwlnnd/duntjuttpny (5) vhwgynid G hwnnpnsh (7) b pugniuhsh
(6) U thnpjuwipwuinpsubiph (15) oqunipjudp vhdjuighg wnwdht junw-
Jupynud: npjuwtipwinhsitiph (15) wojpwwnwuph stnphhy Yunpkih £ dh-
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Ujwmighg wujwu Eubipquutinigk npuk nnwpp jud thnthnput) hwnnpngnn
wqnubpwh thnup, nph wpyniupmd hpwlwbwgynd £ M- Fhlun-
puljut nkuwdpnudp wpwig Ukwithjului wknuowpdh: Zwunnpnhsh
(7) n1 pugnithst 6) wdkl Ukl hp hEppht wnwtidhtt vhwinid G un-
nniugunn-§nnpuynpnn (11) b wywunynijugunn-wwywlnpuynpnn Un-
nniutpht (12):

Eubkpquutnignidp b wbnbkuwgh N1-h &ndnudp wunndwn junw-
Jupynid £ wphtunwljut puwtwljutnipjut jhpundwdp:

Ujuyhuny, tdwt wbnbbughtt mbpdhtup Jupnn £ woluwnty
puquuiwnuquypuihtt b puquubwdwpiwljuwtwhtt nidhdutpny: k-
pujuquuynpynn qupudlb whnktughtt mEpdhttwp hbynmpudp ju-
ponn b quiniuy qubiqusughlt wprnunpnipyui qnpshp hwinhuwbuny

pwpdp ubptnh peowjhtt juwh guwugkph puquyhtt juywbtbph wpmyni-
twytwn hutqnyg:
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PEKOH®UT'YPUPYEMBIA AHTEHHBIA TEPMHHAT
C COEPUYECKUM 3EPKAJIOM

A.C. Capecan, HM. /lasman, K.P. Manxacan
Hayuonanvuwiii [lonumexnuueckutl ynueepcumem Apmenuu
AHHOTALNMUA

BwMmecTe ¢ exxeTHEBHBIM Pa3BUTHEM TEXHOJIOTHI BOSHUKAIOT HOBBIC TPEOOBAHMS, LIS
YIIOBIICTBOPEHHS KOTOPHIX HEOOXOIMMBI HOBBIC HHXXCHEPHBIC PEIICHUS 1 IICPEBOOPYKCHUE
O60py}10BaHI/I${. MOGI/IJ’ILH&H CBA3b MATOT'O IMMOKOJICHU CETOJHA YIKC SIBJIACTCS PCaIbHOCTBIO
BO MHOTHX CTPaHaX, YTO MO3BOJMIIO OOCITYKUBAThH OOJBIIIOE KOJIMYECTBO A00HEHTOB O/THOB-
PEMEHHO, 00ECIIeUUTh BRICOKOCKOPOCTHYIO Iepeady AaHHBIX C MallOW 3aJepiKKOU, 0O0Jb-
IIYIO TOCTYIHOCTH CETH, a TAKIKE CHU3UTH YPOBEHB Iryma. L{enbro paboThl sBisieTcs paspa-
00TKa aHTEHHOTO TepPMHUHAJA, KOTOPEI OyIeT HCIOIh30BaThCs B CHCTEMaX MOOMIIEHOH CBSI-
3W IITOTO U MO3JHEE MIECTOTr0 MOKOJCHNH. B aTOM cTaThe mperiaraetcesi CTpyKTypHOE pe-
[ICHUE THOPUIHONW KOHCTPYKIUH C(HEPUIECKOTO aHTCHHBI C IIITHHPUICCKON OOPHOH T0-
BEPXHOCTHIO IMHEHHON M3ITydaTeseM KOTopasi KojblieBas (ha3sMpoBaHHAsI aHTEHHAS PEIIeT-
Ka. DIIEMEHTHI KOJIbIIEBOTO (Ha3UpOBAHHOTO AHTEHHOTO PEIIETKU C MUIHHIPUICCKON Omop-
HOW IMOBEPXHOCTHIO IMHEHHOM M3ITydaTeNs MOTYT OBITh TaT4-aHTECHHBL, KOTOpPBIE ¢ GuaepoM
WM OTITOBOJIOKOHHBIH KOOEITBKOM MOIKIIIOUCHBI K IPUEMHUKY U TIEPEIATIUKy U OTACTHHO
yIpaBIsIOTCs QazoBparatensimu. [IpemmaraemMelil ceprdeckuii aHTCHHBIH TEpPMIHAT MO-
JKET paboTaTh B BEIOPAHHBIX JUAMla30HAX YacTOT U 00ECIICUYUTh OJJHOBPEMEHHYIO paboTy B
HECKOJBKHX JHANa30HaX YacTOT C BRICOKUM Kod(duItneHToM ycmienus. Taxke chepudec-
KU aHTCHHBII TEPMUHAT MOXET pab0oTaTh OHOBPEMEHHO B PEXHMMAaxX Iepeadd U IpHeMa.
Taxum o6pa3om, Takoil aHTEHHBII TEPMHUHAI MOXKET paboTaTh B MHOTOJIYYEBOM U MHOTO-
YaCTOTHOM pexuMax. PekoH(urypupyeMsiii cepudecKUil aHTCHHBIH TEPMHHAT MOXKET
JIETKO CTaTh MHCTPYMEHTOM MacCOBOTO IPOU3BOJCTBA, SBILICH Y(Q(MEKTHBHEIM Y3JI0M IS
0a30BBIX CTAHIIMI B CETSIX MOOWIBHOU CBSI3H BEICOKOTO TTOKOJICHHUS.
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KnioueBble cioBa: ceprueckas aHTeHHA, peKOH(UTypupyeMas aHTEHHA, aHTCH-
HBII TepMUHAN, TUHEHHBINA U3Ty4YaTelb ¢ UIHHIPHIECKON OTIOPHON MTOBEPXHOCTHIO.

RECONFIGURABLE SPHERICAL REFLECTOR ANTENNA TERMINAL
A. Sargsyan, N. Davtyan, K. Malkhasyan
National Polytechnic University of Armenia
ABSTRACT

In parallel of day-by-day development of technologies, it is occurring new needs, and
to meet them it is needed engineering solutions and equipment upgrading. Nowadays in
many countries there are mobile networks of fifth generation, which allows to serve many
subscribers at the same time, to provide packet transmitting with high-speed and low
lateness, more network’s reachability, and also to reduce the noise level. The purpose of
work is to design antenna terminal, which can be used in fifth generation mobile networks
and in future in sixth generation mobile networks. This article proposes the design solution
of the hybrid construction: spherical reflector and a set of the ring-shape sectors of phased
arrays mounted on a cylindrical-shape surface of the linear feed. Linear feed with cylindrical
support surface phased array sectors' elements can be simple patch-antennas, and connected
to receiver, transceiver via feeder/fiber-optic cable, and separately controls via reverse
switch. The proposed spherical reflector antenna terminal can work in selected frequency
bands and will be able to provide operation in different frequency bands at the same time
with a high gain factor. Also, spherical reflector antenna terminal can work in transmitting
and receiving modes at the same time. So, such antenna terminal can work in multiple beam
and multiple frequency range modes. Reconfigurable spherical antenna terminal is easy to
be a tool of the mass-production for being used as an effective node of base stations of high-
generation mobile communication networks.

Keywords: Spherical reflector antenna, Reconfigurable antenna, Antenna terminal,
Linear feed with cylindrical support surface.
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ABSTRACT

Since the detection of African swine fever virus (ASF) genotype II in
2007, acute and lethal cases of the disease have been observed. However,
after several years of spread in the Eurasian region, the clinical signs of the
disease have changed. Currently, this disease can be acute, subclinical,
chronic or asymptomatic. Cases of complete recovery of infected pigs,
disappearance of the ASF virus from their tissues and secretions are
described. This form of the disease first appeared in Armenia at the end of
2011. This virus was described and identified as the Dilijan2011IMB strain.
The aim of our study was to investigate the main features of clinical,
pathological, immunological, virological and genetic parameters involved in
the development of new forms of African swine fever (ASF). Based on the
data obtained, it can be concluded that the chronic form of ASF occurs due
to a less expressed immune response, as well as a decrease in virus titers in
the blood and tissues of infected pigs.

Keywords: African swine fever virus, chronicity, clinical presentation,
histopathology, immunopathology.

1. Introduction
African swine fever virus (ASFV) (genotype II) entered Eurasia in 2007,
and at the initial stage of circulation, showed the presence of acute and super-

acute forms of the disease with a 100% lethal outcome [1-3]. However, after
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several years, individual cases of subacute forms of the disease have been
recorded. Thus, at the end of 2011, cases of the chronic or subacute form of ASF
were identified in Dilijan (Armenia) [4].

As African swine fever (ASF) spreads beyond its initial African location to
domestic pigs in other regions, the disease’s progression typically accelerates.
This results in more animals entering subacute and chronic phases, potentially
leading to longer lifespans in affected pigs and reduced visible clinical
symptoms. Thus, in Spain, two years after the introduction of ASF, domestic
virus-carrying pigs were detected [5]. Some studies have identified reduced-
virulence isolate ASFV genomes in apparently healthy pigs in Uganda and Kenya
[6,7]. In Armenia, similar processes occurred 4 years after the emergence of
ASFV.

Previously, the following main characteristics of the chronicity of the
disease were recorded: (1) a reduction of the virus in infected organs and blood;
(2) a decrease in the hemadsorption activity of the virus; (3) a decrease in the
manifestation of the main clinical and laboratory parameters of ASF (as
decreased in hemorrhages and immunopathological manifestations); and (4)
prolonged viremia [4].

The African swine fever virus samples of 2010-2020 was confirmed in our
laboratory.

In recent years, there have been increasing reports of new cases of ASF
virus with an atypical course. The pathology is characterized by a significantly
prolonged disease duration, sometimes reduced mortality, and prolonged
viremia. Such changes are often associated with the circulation of the virus in the
feral pig population [8,9]. In China, there have been many cases of ASF virus
with reduced virulence in domestic pigs since 2018 [10,11].

Attenuated viruses cause less severe pathological alterations compared to
the more aggressive pathological changes induced by their virulent wild-type
origins. Although there is evidence of the presence of mildly pathogenic strains
of ASFV belonging to genotype I1[10, 12-15], no study has provided a definitive
description of the pathology development in natural attenuation. In this article,
we try to show the differences in the pathogenetic characteristics of naturally
attenuated strains of ASFV detected in the South Caucasus in 2018-2020.

We conducted a comparative analysis of the ASFV content in the serums
of pigs with chronic and acute forms of ASF. Long viremia was observed, starting
from the first clinical manifestations, and ending with the terminal stage of the
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disease. Viremia levels were 1.5-3.5 log lower than similar values in the acute
form of ASF.

2. Materials and Methods
2.1. Animals

All the studied animals were kept at 14 farms located in the South Caucasus
(38.960246, 46.595191). The first outbreak (Kovsakan 2018) was recorded in the
late summer of 2018 (number of animals: 19); the second outbreak (Kovsakan
2019), in the summer of 2019 (number of animals: 19); the third outbreak
(Kovsakan 2020) occurred at the end of 2019, beginning of 2020 (number of
animals: 17). This article presents data from 55 pigs with unusual ASF (Arm007)
variants (tentatively designated as chronic form and persistent form, which is
possible with periodic reactivation).

2.2. Sample collection

Samples from the liver, brain, bone marrow, heart, kidney, spleen, lymph
nodes, and lung were kept in separate, disposable plastic containers. Clinical
signs of infection were recorded daily [4]. Gross anatomical pathology
characteristics were observed during routine postmortem examinations.

2.3. DNA Isolation and Quantitative Real-Time PCR (p72)

In order to determine ASFV gene expressions in different organs of pigs,
first, total viral RNA/DNA was isolated (HiGene™ Viral RNA/DNA Prep Kit
(BIOFACT Daejeon, Republic of Korea)). Quantitative real-time PCR was
carried out using SYBR green methods on an Eco Illumina Real-Time PCR
System device (Illumina Inc. San Diego, CA, USA) [16]. Each reaction mixture
(20 uL) composition was as follows: 4 uL 5 x HOT FIREPol® EvaGreen® qPCR
Mix Plus (ROX) (Solis BioDyne Tartu, Estonia), 0.2 uL of each specific primer,
4 uL template DNA/cDNA, and 11.6 pL. ddH20. The thermal profile was set as
follows: Polymerase activation: 95 °C for 12 min, 40 cycles: 95 °C for 15 s, 52
°C for 30 s, and 72 °C for 30 s. Standard curves were generated using serial 10-
fold dilutions of viral DNA. The fluorescence threshold (Ct) was calculated using
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the ECO-Illumina system software v5.0. Primers used for amplification were
designed and ordered from Integrated DNA  Technology-IDT
(https://www.idtdna.com/pagesas) (accessed on 5 February 2019) [17].

The primers and fluorescent-labeled probe used were as follows:

ASFV B646L gene:

Fluorescent probe—6-FAM/TAMRA

Sequence 1-TGC TCA TGG TAT CAA TCT TAT CG

Sequence 2-CCA CTG GGT TGG TAT TCC TC

Sequence 3—/56-FAM/TTC CAT CAA AGT TCT GCA GCT CTT/36-
TAMSp/

[B-actin gene:

Fluorescent probe—-TET/ZEN/IBFQ

Sequence 1-CTC GAT CAT GAA GTG CGA CGT

Sequence 2-GTG ATC TCC TTC TGC ATC CTG TC

Sequence 3—/STET/AT CAG GAA G/Zen/G ACC TCT ACG CCA ACA
CGG/31ABKFQ/

The B-actin gene was used as a housekeeping gene.

To align the cDNA plots and ASFV infection titers, Cq values were
rescaled after comparison with viral genome copies and modified in absolute
amounts along the y-axis for better visualization. To evaluate the profile of the
ASFV replication efficiency, the genes with different temporal expression
patterns were identified [18,19].

2.4. Hemadsorption Assay

A hemadsorption assay (HAD) was performed and expressed in log 10
hemadsorption units (HADUS50/mL) [20].

2.5. Tissue Samples

Liver, kidney, and lung samples were preserved for 24 h in 10% buffered
formalin solution (pH 7.2). Following fixation, the specimens underwent a
progressive phase of alcohol dehydration, followed by a xylol wash, and a routine
process for embedding in paraffin wax in preparation for light microscopy. Wax-
embedded samples were cut (Microm HM 355; 5 pum) and stained with
hematoxylin and eosin in accordance with the manufacturer’s instructions
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(Sigma-Aldrich, Steinheim am Albuch, Germany) for structural analysis. A light
microscope was used to conduct the histological examination.

3. Results
3.1. Virus Load

The presence of ASFV DNA in the blood and spleen was confirmed via
polymerase chain reaction (PCR) (Figure 1A). We contrasted the nucleotide
sequences from the p72-based PCRs with those from representative samples that
were previously reported (unpublished data). As predicted, the Dilijan 2011 IMB
ASFV clustered within p72 genotype II. It demonstrated 100% nucleotide
similarity with all compared ASFVs circulating in the Caucasus regions since
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ASFV HADU and DNA levels (rescaled Ct values) in acute and chronic infected
pigs’ serum. (A) ASFV DNA levels p72 (Ct values from real-time PCR) in the
blood of infected pigs.

* Significant compared to Kovsakanl (p < 0.05) (B) HADU levels in the blood
of infected pigs.

* Significant compared to Arm 007 (p < 0.05-0.01).

The content of the ASF virus (Kovsakan 1/2018 isolate) in the blood of sick
pigs approximately corresponded to 10° units of HADU when infected with the
Arm07 isolate (Figure 1A). This index is approximately 0.5 decimal logarithms
lower than the maximum determined during infection with ArmO7 isolate.
However, taking into account the fact that it was difficult to determine the
maximum titers of the virus (Kovsakan 1/2018) in the blood of pigs due to the
duration of the disease, it can be assumed that the number of genome copies is
approximately the same when infected with Arm07 and Kovsakan 1/2018
isolates. There is a discrepancy in the quantitative indicators of the ASF virus
between the RT-PCR and HAD data when analyzing the viremia of the
Kovkasan1/2018 isolate (a decrease in virus content expressed in HADU is not
accompanied by a decrease in copies of the gene encoding p72). This is most
likely explained by the reduced HAD activity of all new virus isolates. The
number of genome copies of isolates Kovsakan 2/2019 and Kovsakan 3/2020 was
significantly lower and corresponded to 10> HADU (Figure 1A). The titer levels
of all tested virus isolates in the blood of infected pigs, when analyzed via HAD,
were significantly lower than those during infection with the Arm07 isolate
(approximately 2.0 decimal logarithms) (Figure 1B). In studied samples, not only
the levels of HADU per ml, but also the intensity of hemadsorption were reduced.

3.2. Histopathology

Kovsakan 1/2018, Kovsakan 2/2019, and Kovsakan 3/2020.

A histological analysis revealed isolated foci of microhemorrhages and
diapedesis of erythroid tissue in lymph nodes. In lungs, isolated pinpoint
hemorrhages were present.

The histological structure of the kidneys was preserved, with a mild
proliferation of mesangial cells (similar to chronic mesangioproliferative
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glomerulonephritis). The epithelium of the proximal convoluted and straight
tubules was preserved with protein-containing urine in the lumen (Figure 2A, B).

Figure 2.

(A) Diapedesis and local hemorrhages in the liver at the late stage of the chronic
form of ASF. Scale bar 100 um.

(B) Local hemorrhage in the liver at the late stage of the chronic form of ASF.
Scale bar 50 pm.
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(C) Mild diapedesis in brain tissue. Erythrocytes in brain (arrowed). Scale bar 10
pm.

(D) Mild diapedesis in brain tissue. Erythrocytes in brain (arrowed), and
lymphoid cell (triangle). Scale bar 10 um.

(E) Mixed diapedesis in lung tissue at the late stage of the chronic form of ASF
Scale bar 50 um.

(F) Mixed diapedesis and thickness of the alveolar wall at the late stage of the
chronic form of ASF. Scale bar 50 pm.

(G) Thickening of the interalveolar septa due to erythrodiapedesis and
leukodiapedesis. Kovsakan2019. Scale bar 10 um

(H) Thickening of the interalveolar septa due to erythrodiapedesis and
leukodiapedesis. Kovsakan2020. Scale bar 10 um.

The general lobular structure of the liver was preserved, and there was
congestion in the vessels of the portal tract and sinusoids, especially in the central
part of the lobules and central veins, possibly due to stagnation of blood in the
systemic veins, possibly due to heart failure. Portal fields were slightly enlarged.
There were activated Kupffer cells, single lymphocytes, and neutrophils
(segmented and bend), especially in the central part of the lobules around necrotic
hepatocytes. Diapedesis hemorrhages and necrotic changes were detected in all
areas (Figure 2A, B).

In the brain tissue, the extravasation of individual cells (mainly
erythrocytes and leukocytes) was observed (Figure 2C, D).

There was pronounced venous congestion in the lungs with foci of
hemorrhage, interalveolar septa were thickened due to venous congestion and
connective tissue growth, and alveoli were mostly empty (Figure 2E, F).
Interalveolar septa were thickened via erythrodiapedesis and leukodiapedesis
(Figure 2G, H).

Overall, the histopathological findings resemble those of the chronic forms
of ASF with mild pathogenesis.

4. Discussion

The new ASF isolates cause an unusual clinical picture — described isolates
differ from the usual subacute form by a reduced ability of hemadsorption and a
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reduced frequency and intensity of hemorrhages. A less pronounced lesion of the
blood coagulation system is also shown, compared with acute ASF [21]. The
causes of subacute and chronic forms may be penetration into the primary ASF
zone of spread of new types of viruses with lower virulence, or a change in the
virus with the appearance of new, less virulent mutant strains. So, along with the
primary highly virulent isolate identified in the Republic of Armenia in 2007, we
can conclude that at the end of 2011, a moderately virulent isolate for domestic
pigs appeared [4].

The main aspect of the attenuation of the described isolates of the ASF
virus is the long-term carrying of the virus with viremia [22]. At the same time,
the level of the virus in the blood and tissue of infected animals is significantly
lower than that when infected with a highly pathogenic strain (Arm07). For the
attenuation of the virus, either increased sensitivity to the antiviral defense of the
host is required, or a decrease in the replication activity of the virus, or changes
in the virus genome [8].

Generally, a lower virulence of ASFV is associated with genomic changes
present in attenuated ASFV strains and differences in the immune response of
infected animals; a combination of both factors is also possible. The decrease in
virulence can be explained by the fact that pigs may have been previously
exposed to ASF virus and survived.
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MATOJIOTUSA U KIUHUKA A®PUKAHCKON YYMbI CBUHEM,
BbI3BAHHOM MPUPOIHBIMU HU3KOBUPYJEHTHBIMU BAPUAHTAMMU
HA IO’)KHOM KABKA3E

I'.P. Agazan, C.A. Axooan, b.B. bazoacapsan, 3.A. Apakenosa
Hucmumym monexynaprou ouonroeuu HAH PA
AHHOTANMUS

ITocne nosiBnenus Bupyca appukanckoit uymsl cBuHeit (AYC) renoruna I1 B 2007r.
HaOIIOATNCH CITydau 3a00JIEBaHHS C OCTPBHIM TEUCHHEM H JICTAIBHBIM UCX0I0M. OIHAKO
ocJie HECKOJIBKUX JIET pacnpocTpaHeHus B EBpasuiickoM pernoHe KIMHUYECKHe MPU3HAKU
3a00JIeBaHMs N3MCHWINCE. B HacTosmee BpeMs 3To 3a00IeBaHHE MOKET MIPOTEKATh OCTPO,
CYOKJIMHMYECKH, XPOHUUCCKH HIIH 6ecCUMITOMHO. ONMCaHbI CIIydan MOJTHOTO BRI3OPOBIIC-
HUSI HTHQUIUPOBAHHBIX CBUHEH, ncuesHoBeHus Bupyca AUC u3 nx TKaHeH W BBIACICHUI.
Ora (opma 3abosieBaHus BriepBble MosiBMIachk B ApMeHuu B KoHue 201 1r. anHblii BUpyC
ObLI onrcaH U uAeHTUUIMpoBaH Kak mrtamm Dilijan2011IMB. Llenbio Haiero uccieaoBa-
HUS OBLIO N3yYCHHE OCHOBHBIX OCOOCHHOCTE! KIIMHUIECKUX, TTATOJIOT0aHATOMHYCCKIX,, M-
MYHOJIOTMYECKUX, BUPYCOJIOTHUECKUX U F€HETUYECKUX MMapaMeTpoOB, YUaCTBYIOIUX B paz-
BHUTHH HOBBIX (hopM adpukanckoit uymbl cBuHel (AUYC). Ha ocHOBaHWY TOJTYYCHHBIX JaH-
HBIX MOKHO CJIEJIaTh BBIBOJI, YTO XpoHHYeckas (opma AYUC BO3HHMKAET BCIEACTBUE MEHEE
BBIPQ)KCHHOTO UMMYHHOTO OTBETa, & TAaK)KE CHHUIKCHHUS TUTPOB BUpPYCa B KPOBH M TKAHSAX
WH(OUIUPOBAHHBIX CBUHEH.

KiioueBsble cj10Ba: BUPYC aQpuUKaHCKON YyMbl CBUHEH, XpPOHU3ALUs, KIMHUKA, THC-
TOIATOJIOTUS, IMMYHOIIATOJIOT Ul
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SIGNIFICANT VARIANTS THROUGH WHOLE EXOME
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ABSTRACT

An increasing number of countries are leveraging genomic data to
enhance genetic diagnostics and integrate precision medicine into
healthcare. These efforts provide insights into normal and pathological
genomic variation, enable cost-effective diagnostics, and improve targeted
prevention and treatment strategies. However, comprehensive genomic
studies on the Armenian population remain limited. In this study, we
addressed this gap by analyzing whole exome sequencing (WES) data from
65 healthy individuals from the Armenian population and characterized
144,293 single nucleotide variants (SNVs). Of those, 112 variants were
annotated as pathogenic, risk factors, or drug response-related. Our findings
show that the population- wide screening provides valuable insight into the
genetic architecture of the Armenian population and highlights the potential
for integrating genomic data into personalized medicine and disease
prevention strategies.

Keywords: genetic variants; whole exome sequencing, population
genomics.

Introduction

Studying genetic diversity within populations is crucial for understanding
the distribution and prevalence of genetic diseases and genetic risks for complex
diseases. While some genetic variations are found universally across populations
from all continents (described as common or ancient variations), other more
recent polymorphisms are restricted to certain regions. These regional
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polymorphisms contribute to unique phenotypic traits and specific health risks
within those populations [1, 2]. In contrast, population-specific variations can be
seen in the Ashkenazi Jewish population, where genetic studies have traced their
origins to a geographic area near ancient Scythian territories. This community
exhibits unique genetic signatures reflecting a blend of East Asian, West
European, and North Eurasian genetic influences [3]. Similarly, Estonian and
Finnish populations show high levels of long shared ancestral segments indicating
deep historical genetic links across the Gulf of Finland, reflecting gene flow from
historical migration events [4]. Another example is the genetic makeup of
Cypriots, including Greek, Armenian, and Maronite Cypriots, who exhibit
distinct genetic patterns influenced by various waves of migration from
neighboring regions [5].

Recent studies highlight the importance of understanding genetic variations
in the Armenian population. A study investigating the global distribution of
disease-associated single nucleotide polymorphisms (SNPs) emphasized that
genetic associations of diseases vary considerably across populations.
Armenians, in particular, exhibit a distinct set of SNPs compared to neighboring
regions, underscoring the necessity for health-related genotyping efforts in
understudied populations [6]. Further studies on the Armenian population have
provided insights into the genetic variations of specific health conditions. One
study on the association of genetic variants in dopamine and serotonin pathways
with schizophrenia identified SNPs in the DRD2 and HTR2A genes that may
influence the risk and therapeutic response to the disease, highlighting the
importance of understanding these genetic factors in the context of mental health
[7]. These findings call for the necessity of population-wide characterization of
disease casual and risk variant distribution and indicate a rich potential for
discovering novel genetic variants in the Armenian population that could have
significant implications for understanding and treating complex diseases.

Methods

Whole exome sequencing (WES) was performed on DNA samples
extracted from the blood of 65 individuals of Armenian descent. WES libraries
were prepared from 200-1000 mg of genomic DNA using I[llumina DNA Prep
with Exome 2.5 Enrichment kit (Illumina, USA). The sequencing was conducted
using the [llumina NextSeq 2000 platform at the Sequencing Core Facility of the
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Institute of Molecular Biology NAS RA. On average 25-52 million reads were
generated per sample.

The quality of raw sequencing reads was evaluated using FastQC software
(version 0.11.9) [8]. Then, the raw sequencing data was processed using the
GATK (Genome Analysis Toolkit) Best Practices workflow (version 4.4.0.0) [9]
for germline variant calling. Reads were aligned to the human reference genome
(UCSC hg38) using the Burrows-Wheeler Aligner (BWA)[10]. Post-alignment
processing included converting the data to binary alignment format (BAM),
sorting, and indexing using SAMtools (version 1.20) [11].

To enhance data quality, duplicate reads were marked using GATK
MarkDuplicates, and base quality score recalibration (BQSR) was performed.
Variants were called using GATK HaplotypeCaller, producing a variant call
format (VCF) file. This step enabled the identification of single nucleotide
polymorphisms (SNPs) within the coding regions of the genome. The identified
variants were annotated using OpenCRAVAT (Open Custom Ranked Analysis
of Variants Toolkit) which integrates multiple annotation databases to assess the
functional and clinical significance of genomic variants [12]. In this study we
focused on ClinVar annotations to classify variants as pathogenic, likely
pathogenic, benign, or likely benign, etc., thus focusing on their relevance to
genetic disorders and disease risks.

Results
Distribution of exonic variants in the studied cohort

Analysis of whole exome sequencing (WES) data from 65 individuals
revealed a total of 144,293 single nucleotide variants (SNVs). To focus on
clinically relevant findings, variants were filtered based on an allele frequency
threshold of <0.05, retaining only 34,474 rare variants.

The distribution of total variant types showed that intronic variants
constituted the majority, accounting for 52.9% of the total identified variants.
Missense variants represented 18.8%, while synonymous variants made up
16.2% of the total (Figure 1a). In contrast, the distribution of rare variant types
revealed that missense variants were the most prevalent, comprising 33.2% of the
identified rare variants. Intronic variants accounted for 31.9%, while synonymous
variants represented 22.8% (Figure 1b).
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Figure 1. The distribution of total(a) and rare(b) variant types in healthy individuals of
Armenian descent.

Clinical Significance of Variants

The clinical annotation of variants identified in the Armenian population
revealed a diverse range of potential health impacts. A total of 112 variants were
categorized based on their clinical significance (Figure 2a). The majority of these
variants were associated with drug response (31 variants), followed by risk
factors (6 variants). Notably, 41 variants were classified as pathogenic or likely
pathogenic, and 34 as pathogenic. Among these, we identified four pathogenic
missense variants in the MEFV gene in four individuals, which is associated with
Familial Mediterranean Fever (FMF), a genetic autoinflammatory disorder
highly prevalent in the Armenian population. (Figure 2b). All variants were
heterozygous missense changes, suggesting a high carrier rate for FMF in the
Armenian population.

a) b)
drug response
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rsID Clinical Significance | Zygosity Sequence Ontology
sl (04895097 Pathogenic/Likely heterozygous Missense Variant
: \pathogenic
risk factor
Pathogenic/Likely
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Figure 2. a. Clinical significance of variants identified in the Armenian population
b. Pathogenic Missense Variants in the MEFV gene Identified in the Armenian Population.

Conclusion

Our analysis of whole exome sequencing (WES) data from the Armenian
population revealed a diverse landscape of genomic variation, with a particular
focus on clinically significant and rare variants. While intronic variants
constituted the majority of total variants, rare variants exhibited a different
distribution, with missense variants being the most prevalent. Notably, we
identified several pathogenic and risk factor variants, including pathogenic MEFV
gene variants associated with Familial Mediterranean Fever, emphasizing the
importance of genetic screening in this population. These findings provide
valuable insights into the genetic architecture of the Armenian population and
highlight the potential for integrating genomic data into precision medicine and
disease prevention strategies.
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TEHOMHAS BAPUABEJIBHOCTh B APMSIHCKOM MOMYJIAIIUN:
NAEHTUOUKANNA KINHUYECKH 3HAYNUMBIX BAPUAHTOB HA OCHOBE
MNOJHO3K30MHOI'O CEKBEHUPOBAHUA

E.B. bapezaman'?, A.A. Apaxenan'’

! Poccuticko-Apmanckuii (Cnagsanckuii) ynusepcumem
2Unemumym monexynsaproii 6uonozuu HAH PA

AHHOTALUA

Bce Gombliiee KOMUUECTBO CTPaH MHUIUUPYIOT MPOCKTHI IO UCCIICIOBAHUIO YEIOBE-
YECKOr0 TeHOMa C LEJNbI0 YIyUIIEeHHsS] TeHETUYECKOW TUarHOCTUKU U MOATOTOBKH K MHTET-
pannu Mper3HOHHON MEIUIUHEI B CHCTEMBI 31paBooxpaneHus. OKuaaeMble BBITOJIBI BK-
JFOYAIOT YIYUIICHHOE TIOHIMAaHUE HOPMATBHBIX M MaTOJIOTHUCCKIX TCHOMHBIX BapHAaIlHi,
COKpAIICHNE BPEMEHH JI0 TOCTAHOBKH THArH03a, YKOHOMUYCCKHU d(PPEKTUBHYIO THarHOCTH-
Ky, TPO(MIIAKTHKY 1 JICUCHHE, a TAK)KE HOBBIC 3HaHMA. HecMOTpst Ha 09eBHAHYIO BaXKHOCTh
TaKWX MCCIICIOBAHUMN, IO ApMSHCKOW MOIMYJISIIAN TPAKTHYECKH OTCYTCTBYIOT JaHHBIE 10 Te-
HOMHOMY Pa3HO00pa3uio. B JaHHOM HcCieJOBaHUU MBI BOCIIOJHHIIN 3TOT Ipo0es1, mpoaHa-
JM3UPOBAB JaHHbIE TIOJHBIX 3K30MOB 65 3710pOBBIX MIPECTaBUTENEH apMIHCKON MOMYIALNUN
u oxapakrepu3oBaB 144,293 onnonykneoruansie BapuanTel (SNV). M3 Hux 112 BapuanToB
OBLTH aHHOTHPOBAHEI KaK MATOTEHHEIC, (DaKTOPHI PHUCKA MU CBSI3aHHBIC C JICKAPCTBEHHBIM
oTBeTOM. Hamm pe3ynpTaTsl MOKa3bIBAIOT, UTO ITUPOKOMACIITAOHBIN ITOITYJIAIIOHHEIN aHa-
JIM3 TIPEIOCTABIISICT [ICHHBIC JaHHBIC O TCHETHYCCKON apXUTEKType apMIHCKON MOMYJIISIINT
Y TIOJTYEPKUBACT MOTCHITUAN MHTETPAIlUN TEHOMHBIX TAHHBIX B IIEPCOHATTU3UPOBAHHYIO Me-
JTUIMHY U CTpaTeruu NpoQUIaKTHUKH 3a00JIeBaHU.

KuroueBble ¢j10Ba: TCHOMHBIE BaAPHAHTHI, TIOJTHOAK30MHOE CEKBEHUPOBAaHUE, IOIMY-
JSIIIMOHHAS TCHOMHUKA.
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AHHOTAINUA

OyHKIIMOHATIBHO 3aMEIICHHBIC IUKIONPONAaHbl BEChbMa Pa3HOOOPa3HbI U
HPOSIBIISIOT IIMPOKUI CIIEKTP OMOTOTHIEeCKON aKTUBHOCTHU: OT Y4acTHUs B OHO-
CHHTe3¢ (PUTOTOPMOHA ITHIICHA B PACTCHUSAX J0 MOLIHBIX (DYHTUIHIOB. DTU
COCAMHECHMS PUBICKIH K ceOe 3HAUUTEIbHOC BHUMAaHNUE BBUIY UX Pa3HOO00-
pa3Ho#l poiM B OMONOTHYECKHX IIpoleccax, (papMaleBTUKE W arpOXHUMHUH.
OyHKIMOHATIBHO 3aMEIICHHBIC [TUKJIONPONAaHbl HEOJHOKPATHO AEMOHCTPHPO-
BaJIM CBOIO BaKHOCTH, MOTHBUPYS IIOCTOSIHHBIC ITOMCKH ITyTei pa3pabOTKu
WHHOBAIMOHHBIX U 3P(HEKTUBHBIX METOJIOB CHHTE3A.

HecMoTpst Ha UX HMIMPOKOE pacmpoCTpaHeHre, CHHTE3 HYHKIIMOHATIBHO 3a-
MEIIECHHBIX IMKIOMPOIAHOB OCTACTCSl CIIOXKHOM OONACTBIO HCCIICTOBAHHIA.
TpagunuoHHBIE METOABI YacTO CTPamaloT OT OrPAaHHYCHHOTO THAIla30Ha
CyOCTpaTOB, )KECTKHUX YCIOBUH PEAKIIH HIIH HU3KOH CETICKTUBHOCTH. DTH OT-
paHUYCHUS MTOJYCPKUBAIOT HEOOXOJUMOCTh B HOBBIX, 3()()eKTUBHBIX U YCTOM-
YHBBIX CTPATETHIX CHHTE3a, KOTOPBIE MOTYT 00ECIICUUTh JOCTYII K 0oJee IIH-
POKOMY CIIEKTPY IPOU3BOAHBIX LIUKJIONPOIIaHa.

AKTyalbHOCTB 3TOH MOTPEOHOCTH CTAHOBUTCS elile 60JIee OYEeBUIHOM, ec-
JH YYeCTh PACTYLIMH CIPOC HA IENCBBIC IUKIOMPONAHOBBIC COCAMHCHUS B
(hapMareBTHUCCKUX TIperapaTax, arpOXUMHUKATaX ¥ COBPEMEHHBIX MaTepHa-
Tax.

B nmanHO# cTarbe MBI pemaeM 3Ty MpoOiIeMy, IPEACTABIISIT HOBBIH METOX
CHHTE32 (YHKIMOHAJIHHO 3aMEHICHHBIX NUKJIONPONAHOB. DTOT METON HE
TOJIBKO paCIIUPsCT COCKTP JOCTYITHBIX IIPONU3BOJHBIX, HO U OGCCHG‘H/IBaeT I10-
BBIIICHHYI0 3((MEKTHBHOCTh, CENCKTHBHOCTh W OIKOJNIOTHUECKYIO Oe3omac-
HOCTb.

KiroueBble cjioBa: pyHKIMOHANEHO 3aMEIICHHBIC IUKIOTIPOTIAHEL, PaIn-
KaJbHOE TPHCOCTUHEHHE C MEPEHOCOM aToMa, TPHXJIOPYKCYCHasl KHCIOTa,
oNe(hUHBL.



BBenenue

OYHKIHMOHAIBHO 3aMEILEHHbIE LHKJIONPONaHbl 3aHUMAIOT YHUKAIbHOE
MOJIOKCHUE B OPTaHMYECKONW XMMHUU W CMEXKHBIX 00JacTsaX Onaromapsi cBoei
HaNPSHKEHHOM TPEXUICHHOM KOJIBLIEBOM CHUCTEME M LIIMPOKOMY CHEKTpPYy (PyHK-
[MMOHAJILHBIX TPYTI, KOTOPhIE MOTYT OBITh BKIIFOUEHBI B X CTPYKTypy. Takoe
coYeTaHue HaJleNIsIeT UX 0COOBIM MPOGUIIEM PEAKIIMOHHOMN CIIOCOOHOCTH, YTO Jie-
JaeT ux OECIIeHHBIMU MPOMEKYTOUHBIMU U KOHEUHBIMH MPOAYKTaMHU B pa3iiny-
HBIX 00J1acTsIX mpuMeHeHus [1].

Opnum u3 Hanbosee APKUX MpeAcTaBUTeNed (QYHKIIMOHAIBHO 3aMellleH-
HBIX I[UKJIONPOIAHOB SBJSETCS |-aMHHOIMKIIONPOINaH-1-kapOoHOBas KHUCIOTa
(ACC), xoTopas Urpaet BaxxHYyI0 poJib B OMOCHHTE3€ ITHIIEHA B PACTEHUAX. JTH-
JIEH — IIPOCTOM, HO BaXKHBIM pACTUTEIbHBIM TOPMOH, PETYJIUPYIOLIUN TAKUE IIPO-
LIECCBI, KaK CO3pEBaHUE IUIOA0B, IPOPACTAaHUE CEMSIH M peakuus Ha cTpecc. Ta-
kM 00pazom, ACC BakeH HE TOJIBKO B KAUECTBE MPUPOTHOTO MPOMEKYTOUHOTO
MPOJIYKTA, HO M KAK MHCTPYMEHT JIJISl CENTbCKOXO03MCTBEHHBIX MAaHUTTYJIALINIMA [2].
ACC Takke U3BECTEH CBOEH MOAYJIATOPHON aKTUBHOCTHIO B OTHOIIEHUH PEIIET-
TopoB NMDA B opranu3zmax pa3iudHbIX )KUBOTHBIX. OH 00ecrieynBaeT yMepeH-
HbII ypoBeHb akTuBauud NMDA -penenTopoB B 3aBUCUMOCTH OT KOHLUEHTPAuu
rIyTamara ¥ CHIDKaeT JI00YI0 N30BITOYHYIO CUTHAIBHYIO PEaKIIUI0, KOTOpasi MO-
KET NPUBECTH K HEMPOTOKCUYHOCTH [3].

B MarepuanoBeineHUM LUKIONPOINAHbl HAILIM NMPUMEHEHHE B KauyeCTBE
MMPOMEXKYTOUYHBIX ITPOTYKTOB IPU CUHTE3€E MOJIMMEPOB 1 COBPEMEHHBIX MaTepHa-
70B. X HanpsKeHHY0 CTPYKTYPY MOYKHO MCIIOJIb30BAaTh /7Sl YIIPABIICHUS peaK-
LUUSMU TOJMMEpPU3aluy WIN AJi BBEACHUS (PYHKIMOHAIBHBIX TPYII, YIy4Ilia-
IOIIUX CBOMCTBA Marepuaina. Kpome Toro, HEKOTOpble MPOU3BOIHBIE UKIIONIPO-
naHa ObUTH UCCIIeIOBaHbI Ha MPeIMET UX MOTeHIMana B GOTOXUMHUH U B Ka4ecCT-
BE MPEIIeCTBEHHUKOB BRICOKOOHEPTE€TUUECKUX COENUHEHUH, YTO elle Ooblie
pacimpsieT uxX IpUuMeHeHue [4].

N3BECTHO MHOKECTBO CHHTETHMUYECKHX IOAXOJ0B K CO3/IaHUIO 3aMEIIEH-
HBIX IUKJIOMPOIMAHOB. DTH METOAbI BKIIIOUAIOT peakiuu: CumMmonca-Cmura, 1u-
a30TPOU3BOAHBIX KapOEHOHUI0B, CBOOOIHBIX KapOSHOB, IIMKION30MEPH3AINIO U
peakmuto KynuHkoBuva, Kaxaas U3 KOTOPbIX UMEET CBOU MPEUMYIIIECTBA U HE-
nocTtaTk [S]. Kaxkaplii MeTo1 UKIONPONaHUPOBAHUS UMEET ONPE/ICIICHHbIC HU-
11, B KOTOPBIX OH MPOSBISAET ce0s HAaWIydIlIuM 00pa3oM, 4acTo OIpeessieMble
CyOCTpaToOM U KellaeMbIM CTEPEOXUMHUUYECKUM pe3yabTaToM [6]. OqHako Hegoc-
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TaTKH, CBA3aHHBIC C 9KOJIOTHYECKOH 6C3OHaCHOCTI>IO, CTOUMOCTBIO PE€ArcHTOB
HJIKM COBMCCTUMOCTBIO (I)YHKI_II/IOHaJ'IBHLIX rpynii, OrpaHu4mMBarOT UX MMPUMCHC-

Hue (Taoum. 1).

Tabruya 1.
CpaBHeHHEe MeTOI0B MKJIONPONAHUPOBAHUS
Metop ILmrocst Munycbi Jlyyme  Bcero
HCI0JIB30BATh

Cummonc-CMuT

HanexHpIi, Mar-
KHE YCJIOBUS, pa-
6oTaer ¢ pa3nuy-
HBIMH aJIKEHAMHU

BrIcokast cTOoMMOCTD,
LIMHKOBBIE OTXOJIbI, yMe-
pEHHasi CTepEOCENeKTUB-
HOCTh

IIpocTeie ankeHsl ¢
MHHUMaJIbHBIMHU (pyHK-
[IHOHAJIBHBIMH I'pyIIa-
MH

Jwnazonpous-
BOJHBIE Kapbe-
HOWJBI

YHUBepCcanbHOCTb,
BBICOKas cTepeoce-
JIEKTHBHOCTH C Me-
TaJUTMYECKUMH Ka-

OmnacHble TUa30COeTNHE-
HUS, CTOUMOCTB KaTallu-
3aTOpa, 4YyBCTBUTEIb-
HOCTB K ()yHKIIMOHAJTb-

Peaxkiuu, Tpedyrornive
TOYHBIX CTEPEOXHMHU-
YEeCKHUX PE3yJIbTATOB

pornaHoa, peac-
Ka3yeMble pe3yJib-
TaThl

TaIU3aTOpaMH HBIM TpyIIamM
CBoOoHbIE He conepxur me- Upe3BbIuaiiHO peaKTHB- Brictpoe u apdexTus-
KapOeHBI TaJJIOB, UCKJIOYA- | HBIH, XKECTKHE YCIOBUS, | HOE IOJIy4YEHUE 3aMe-
€T 3aBHCHUMOCTb OT | IJIOXasl CEJIEKTUBHOCTh IICHHBIX LUKJIOMNpPONa-
JUa30COEIMHEHNI HOB C MUHUMAaJIbHOU
Mo TUbUKAICH APY-
ruX (pyHKINOHAIBHBIX
TPyl
Huknounzome- Msrkue ycnoBus, OrpaHudeHHBIH 00BeM uxnonponanuposa-
puzanus 3¢ GEeKTUBHBI TS cyOcTpara, 9yBCTBUTENb- | HHE OIPEIEICHHBIX
€HHHOB WU JUe- HBIE KaTaJIN3aTOPBl, KOH- | €HOBBIX MM JHUEHOBBIX
HOB Kypupyromue nobo4yHsle | cyOocTpaToB
peaxiuu
Peaxmus Ky- D¢ dexTrBeH s BilarouyBcTBUTEIIBHBIE IMuknonponaHons! u3
JIMHKOBHYA CUHTE3a IUKJIOI- peareHThbl, HU3Kast Tojie- | 3HUPOB B KOHTPOIUPY-

PaHTHOCTb K (yHKIIHO-
HAJIBHBIM IPYIIIaM,
CIIO)KHOCTb, TEHEPUPYIOT
3HAYUTENIBHOE IUCIIO OT-
XOJIOB

€MBIX YCIIOBUAX

OTH OrpaHUYEHUS] MOJUYEPKUBAIOT HEOOXOIUMOCTh B HOBBIX, 3((EKTUB-

HBIX M YCTOHYMBBIX CTPATETUSAX CHHTE3a, KOTOPBIE MOTYT 00ECIIEUYUTh TOCTYII K

0oJiee MMPOKOMY CIEKTPY MPOU3BOIHBIX IIUKJIONPOTaHa.
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MarepuaJibl 1 METObI

Hamu nipeyioskeH TOCTYIHBIA U TEXHUYECKH JIETKO Pean3yeMblii METOT
CUHTe3a QYHKIIMOHATHHO 3aMEIIEHHBIX [IMKJIONPONAHOB, I/I€ HA TIEPBOM CTaIuU
MIPOUCXOUT paguKaIbHOE MPUCOSIUHEHHE C MEPEHOCOM aTOMa MPOU3BOTHBIX
Pa3IMYHBIX TEIOTEHOB K HEHACBIIICHHBIM CyOCTpaTaM C MOCIEIYIOIINUM JIerajio-
T€HUPOBAHUEM-ITUKIIOTIPONIAHUPOBAHUEM TPOMEKYTOUHO OOpaszyrommxces 1,3-
nurasioreHu0B Zn/Cu napoii (Wid Ipyrue MeTaJlIbl) ¥ JaJIbHeHIas GyHKIIMO-
HaJM3aIus, HampuMep, noiydeHue anbda-amuHokucior [7] (Puc. 1).

X
X R,
1,2-Adduct )\)<
Cu(l) Catalyst R X Zn/Cu; PAS Ry Ry
R1/\ + X3CHy-Ry ———> X 80-100 °C “‘vv<x
2,1-Adduct R2
X X (/2=
R1 PAS= Polar Aprotic Solvent
(6)
\ O
R \C\ \\ CH;OH
OMe(Et) koen/cH;0H  |Rq C~oMeEy| >
\/ ix hv<N=C—O >
(E/Z)
0O
R \\c \
1 ~
w OMe(ED)  oyhcooHm,0 Ry C—op
— —
NH
/ ; ; NH,x HCI
COOCH;

Pucynox 1. Obwas cxema peakyuu yukiuzayuu.

B kauecTBe Te10reHoB OBLIIM CTI0JIb30BaHbI TPOU3BOIHBIE TPUXIOPYKCYC-
HOMW KHCJIOTHI, a B KAYeCTBE CYyOCTPAaTOB — CTUPOJ U alib(ha-METUIICTUPOIL.

PesyabTarsl

Kaxk u3BectHo, peakuuu ATPA npoTekaroT B IPUCYTCTBUU KaTaJIUTHYEC-
KHX KOMIUIEKCOB MEePeXOJHbIX MeTaioB. [lojaraioT, 4To Ha MepBOM J3Tare, B
pesynbrare romonu3sa csizu C-Cl B Monekyrie TenoreHa aToM XJjiopa, mepexoauT
B KOOPJIMHAIIMOHHYIO c(hepy MepexoqHOro MeTasia, a MeJb IEPEXOIUT B OKUC-
nenHoe cocrostaue [8]. Ha crnemyromiem sTarne BHOBb 00pa30BaHHBIA pagualib-
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HBIHM aATyKT npucoeauHseTcs K onedunaM. TeopeTnuecku BOZMOKHO 00pa3oBa-
Hue Kak 1,2-, Tak u 2,1-agaykToB. O4eBUAHO, YTO MPOMEKYTOUHBIN aaayKT 1,2
paaMKaNbHOTO MIpHCcOeaHEeHHs Oonee cTabuieH, 4yem 2,1, KoTopelii oOpa3yercs
¢ BBIXOJIOM 110 25%. B cimyuyae cB0OOIHOpAAMKAIBHOIO MPUCOSAUHEHHS MPH
WHUIIUUPOBAHUU OPTaHUYECKUMU TIEpOKCUIaMu (OCH30MITIEPOKCHIOM) 00pa3y-
10TcA Tonbko 1,2-annykTel (Beixon 2,1 He mpessiaeT 1-2%). Ha mocnenneii cra-
U TIPOMCXOJIUT TIEPEHOC aTOMa TaJIoTeHa W3 JUTaHIHOW cephl OKUCICHHON
(dhopMbI KaTanu3aTopa, YTO MPUBOAUT K 0OpPa30BAHUIO KOHEYHOrO MPOAYKTa U
BOCCTAHOBJICHHUIO KaTanuzatopa. Ml mpejmnoiaraem, 4To aHoMajabHOe 00pa3o-
BaHMeE 2,1-aTyKTOB MOKHO OOBSICHUTD TEM, YTO B KOOPAMHAIITMOHHOU cepe Te-
PEXOAHOTO MeTajula OJHOBPEMEHHO YYacTBYIOT KakK pajuKai TeloreHa, Tak U
MoJIeKyJa cyOcTpara, U polecc He sSBIseTCs cBOOOoIHOpaarKaibHbIM. [Ipoiece
MIPOUCXOUT B Pe3yJbTaTe COTJIACOBAHHON OJIHOBPEMEHHOU MeperpymnmnupoBKU
JUTAHJI0B KOOPAMHAIIMOHHOW cephbl IEPEeX0THOTO METaIlIa, T.6. MEXaHHU3M pe-
aKIUU OOJIBIIIE COOTBETCTBYET MPHUHIIMITAM KOOPJAMHAIIMOHHOTO KaTtanu3a. Coc-
TaB KOOPJAWHAIMOHHON c(hephbl H3MEHSIETCS B 3aBUCIMOCTH OT TIPUPOIBI JINTAH-
11a, YCIIOBUHM peaklUy, HOHA MeTalljla U U3MEHEHUS CTETIeHU OKUCIJICHUS TOoCTe-
HEro B X0J/i€ peakuu [9].

Ponb pactBoputens Ha cranuu ATRA, kak conmuranga nepexogHoro Me-
Tajia, IMeeT KIIFoUeBOe 3HauUeHue. boee monsipHbIN pacTBOPUTEh YBETUIHNBA-
€T PaCTBOPUMOCTD KaTajau3aTopa B peakMOHHOM cucteme. Haxonsace B koopau-
HAIMM C OKUCIIeHHOMH (opmoit mepexoanoro metayuia Cu (1), cmocobeTByer ero
mepexoay B akTuBHOE BocctaHoBieHHOe coctosiaue Cu(l). Takum oOpaszom, 3a-
MEHUB TPAJUIMOHHBIA PACTBOPUTENIb ANCTOHUTPWI HA JUMETHUICYIB(OKCHUI,

HaM yJialiock CHU3UTh Temnepatypy ¢ 90°C no 40-60°C, Bpems peakuuu ¢ 9 ya-
COB JI0 2, — MpU MapajyieIbHOM YBEJIMYEHUH BBIXOJ0B PEAKIUH C yUaCTUEM CTHU-
pona u anbha-metmictuporna 10 90% (Puc. 2). Xoa peakiun KOHTPOIUPOBAIIU
merogamu TCX u [KX.

Entry Comp. Temp/time | Prod.1- | Yield(%)
2/2-1(%)
Styrene CN ACN 90°C/ 9h 75/25 75
COOEt ACN 90°C/ h 85/15 68
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CN DMSO 60°C/ 2h - 92

COOEt DMSO 60°C/ 2h - 95

o- CN DMSO 50°C/ 2h - 95
Methylstyrene

COOEt DMSO 50°C/ 2h - 96

Pucynox 2. Cpasnernue sgpgpexmusnocmu kamanumuueckux cucmem Cu(l).
Kamanumuuecxas cucmema Cu(l): 1) CuBr — 10 mol% x cybcmpamy; 2) nunepuoun
(unu Op. smopuunvlll amur),; 3) Kamarumuyeckuil 1ueano/co-pacmeopumens — DMSO.
Monspuvie coomnowtenus: 1):2):3) =1 :1:7-10.

B teuenune 3040 munyT npoucxoaut koHsepcus 80% cyOcTpata, npu
3TOM C MHTEHCUBHOMW 3K30TEepMHUEH — nmogaepkuBaercs temmeparypa 5S0—-60 rpa-
nycoB 0e3 Harpesa.

3aKiIoueHue

Hawmu 6pu1a pazpaboTaHa HOBasi CTpaTerus CUHTE3a (PyHKIMOHAIBHO 3aMe-
IICHHBIX [TUKJIONPONaHoB. Ham MeTo; AeMOHCTPHPYET HECKOJIBKO CYIIeCTBEH-
HBIX MPEUMYIIECTB, BKIIOYasi 0ojiee MSTKHE YCJIOBHUS PEAKINH, YITyUYIICHHYIO
3G GEKTUBHOCTh peakIuu M 00Jee BHICOKHE BBIXOJBI IO CPAaBHEHHUIO C TPaJu-
LIUOHHBIMU METOJIaMH LUKJIONPONaHupoBaHus. ONTUMU3UPOBAB BBIOOP pacTBO-
pUTENS U NapaMeTpbl peakluy, HaM YAAJIOCh CYIIECTBEHHO COKPaTHTh BpeMs
peakuuu (10 2 yacoB) u Temieparypy (40—60°C), coxpaHuB Ipu 3TOM MPeBOC-
XOJIHBIN BbIXOJ IpoaykTa A0 90%.

[IpennoxeHHBIH METOA HE TOJIBKO YCTPAHIET HEKOTOpPbIC JTaBHUE OrpaHU-
YEeHHUs CYIIECTBYIOIIUX MOIX0/10B LIUKIONPONaHUPOBAHUS, HO U TIpeJIaraeT Ha-
JISKHYI0 TaTGopMy s JadbHEWImed (yHKIMOHAIH3AUN W WCCIIEIOBAHMS
MPOM3BOIHBIX IUKJIONPOIaHa. YIIydlIeHHas! KOJIOTHYecKasi COBMECTUMOCTh H
MacIITabupyeMoCTh MpoLecca JAeJatoT €ro NepCrneKTUBHBIM HHCTPYMEHTOM IS
MIPOMBIIIIEHHOT'O IIPUMEHEHUS.
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SYNTHESIS OF FUNCTIONALLY SUBSTITUTED CYCLOPROPANES AND
PHYSIOLOGICALLY ACTIVE COMPOUNDS BASED ON THEM

S. Bagdasaryan'?, A. Grigoryan'?’, A. Mikaelyan’
'Russian-Armenian (Slavonic) University
2Armenian National Agrarian University

3University of Traditional Medicine of Armenia

ABSTRACT

Functionally substituted cyclopropanes are highly diverse and exhibit a wide range of
biological activities, ranging from participation in the biosynthesis of the phytohormone

132



ethylene in plants to potent fungicides. These compounds have attracted considerable
attention due to their diverse roles in biological processes, pharmaceuticals, and
agrochemicals. From natural product synthesis to industrial applications, these compounds
have repeatedly demonstrated their importance, motivating ongoing efforts to develop
innovative and efficient synthetic methods. Despite their widespread use, the synthesis of
functionally substituted cyclopropanes remains a challenging area of research. Traditional
methods often suffer from a limited substrate range, harsh reaction conditions, or low
selectivity. These limitations highlight the need for new, efficient, and sustainable synthetic
strategies that can provide access to a wider range of cyclopropane derivatives. The urgency
of this need is even more evident when considering the growing demand for specialty
cyclopropane compounds in pharmaceuticals, agrochemicals, and advanced materials. In this
paper, we address this issue by presenting a new method for the synthesis of functionally
substituted cyclopropanes. This method not only expands the range of available derivatives,
but also provides improved efficiency, selectivity, and environmental compatibility.

Keywords: functionally substituted cyclopropanes, atom transfer radical addition,
trichloroacetic acid, olefins.
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AHHOTADOUSA

B nannoit paboTe mpoBeieHa OLEHKA BUPYCUHTHOUPYIOIIEH aKTUBHOCTH
NOTCHIMAIBHBIX MpenaparoB Manbix uHTepdepupyronmx PHK (MuPHK),
HamNpaBJICHHBIX Ha TOJABJICHWE TEHOB poTaBHpyca A denoBeka (PBA).
MuPHK, Tapretnas k reny NSP4, B cocTtaBe pa3paOOTaHHBIX KOJJIEKTHBOM
MOJMWIAKTUAHBIX HAHOKAIICYJl, MPOJEMOHCTPUPOBAJIa 3HAYMMOE CHU)KEHUE
BHUPYCHOU PENPOAYKINU HA KIETOYHOM Moaeinn PBA nHpekinu.

Kaiouessie cioBa: MuPHK, HaHOKAICYIIBI, pOTaBUpPYC, IPOTHBOBHPYC-
Has aKTUBHOCTb.

BBeaenune

PoTtaBupyc sBisieTcsi coluanbHO-3HAYMMOW WH(MEKIMEH, BBI3BIBAIOIICH
OCTpBbI€ TACTPOIHTEPUTHI Y I€TEH /10 TOa — C BOZMOYKHBIM JIETATbHBIM UCXOI0M
1:300. Ha naHHbIif MOMEHT HE CYIIECTBYET STUOTPOITHOTO JICUEHH S, HAPABJICH-
HOTO Ha MOJaBJI€HHE POTABUPYCHOM MH(DEKINH, a MPUOOPETEHHBIH Mocie Bak-
UMHAIUY (WM TIEPEHECEHHOT0 3a00JIeBaHtsl) UMMYHHUTET HE MOJHOCTBIO Tpe-
JOTBpAaIIaeT HOBbIE ciyyau 3aboneBanus. BenenctBue 60b1110i BapuadbenbHOC-
TU OEJIKOB POTaBUPYCA U BBICOKOM CKOPOCTH U3MEHYMBOCTU €r0 T€HOMA MOUCK
MpernapaToB JJi Tepanuu paboTaroNIMX Ha YPOBHE OENKOBBIX B3aWMOACUCTBUN
npeacTaBiseTcs Manod3()PEeKTUBHBIM.
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B Hamem uccienoBaHuu Mbl HCIONB30BaIM OoJiee MEPCIEKTUBHBIN MO-
xon ¢ nmpumenenneM MuUPHK — unrepdepennnn, no3sossttomieit 3pdextuBHO 1
C BBICOKOH cneun(UYHOCTPI0 WHTHOUPOBATh BHUPYCHBIE TEHBI, HCIOIB3YS
MuPHK k nx Hanbonee KOHCEpBATHBHBIM IMOCIEIOBATENILHOCTSIM. Maible MH-
tepdepupyromue PHK (MuPHK) obecnieunBaior BricoKo-crieninuueckoe NHTH-
OupoBaHUE OTAEIBHBIX T€HOB U SIBISIFOTCS TOTEHIIUAIBHBIM TepareBTUYECKUMU
MoJsiekynamMu. OCHOBHBIM IPEMSATCTBUEM K co3faHuto npenapatoB MUPHK sB-
asietcst npodiema 3¢ hekTuBHOM nocTaBku GyHKIHOHATBHBIX MUPHK B KkiteTku-
MUILEHHU.

Panee HammM KOJUIEKTUBOM ObUTH pa3paboTaH psiji HEpCHEKTUBHBIX MOJIH-
JAKTUAHBIX KOHTEHHEPOB-HOCUTENEH I YIIAKOBKH UM BHYTPHUKIETOYHOM J1OC-
taBkr MUPHK. Hocutenu pazHoro pazmepa nokasain BbICOKY EMKOCTb 3arpy3-
k1 MuUPHK, xopouryio 3¢ (hekTuBHOCTD yaepxKaHus, BBICOKYIO CTEIIEeHb TPOHUK-
HOBEHHUS B KJIETOUHBIA MOHOCION Caco-2, NeHCTBYIOMUMH B KaUeCTBE KHIIIECU-
HOTO 3MUTENINAIBHOrO 0apbepa U BBIPAKEHHOE MOJIaBJICHUE T'eHa JIoIH(epasbl
Ha MOJIENILHOM cHCTeMe B DYKapuOTHUYECKUX KieTkax. Kpome Toro, Obu1a noka-
3aHa 3 exTruBHOCTH TIepopasibkHOTo BBeaeHUs MUPHK ¢ HocuTenem Ha Mbliax
muana BALB/c ¢ ucnons3oBanneM ODIKT, scceHITMAIBHON BU3YyTH3AIHH €X
Vivo, IpsSMOI paJuOMETPUH U TUCTOJIOTHYECKOro aHanu3a. Mcenenoanus Ouo-
pacnpeneneHus in vivo NpoiIeMOHCTPUPOBAIIN, YTO KMEHHO MOJMIAKTHIHbIE Ha-
HOKAIICYJIbl UMEIOT HauOOJIBIIYIO CTETIEHb ACCOLMALIUY C TOHKUM KUIIEYHUKOM,
MecToM pa3BuTusi PBA uHpEKINN U JEMOHCTPUPYIOT MAKCUMAJIbHOE BHYTPHK-
JE€TOYHOE HaKoruieHue [1].

MarepuaJisl 1 METOAbI

Bupyconorudeckue sKkcriepuMeHTH MPOBOIMINCH Ha 0asze iaboparopuu
MoutekyssipHoit Bupycosorun ®I'bHY HUMBC um. N.1. Meunukosa.

B paGote ucnonb3oBaics poraBupyca mramma Wa poTaBupyca 4eIoBeKa
rpynisl A, renotun G1P[8] (PBA Wa, ATCC-VR-2018) u3 komnexkuuu @I'BHY
HUMBC um. 1.1. Meunukosa. Mcnonb3yemas aare3uoHHast KJIE€TOUHAS JIMHUS
— MA-104.

PesynbTaTsl 1 00cy:KIeHHE
Ha npeasaputensHOM 3Tamne ObUIO MPOBEIEHO HBOJIIOLHMOHHOE U OMOMH-
(dopmarryeckoe uccienoBanme AByx reHoB poraBupyca: NSP1 u NSP4 kak mo-

TeHIMalbHbIX MueHed st PHK-untepdepennnn B kauecTBe NpoTUBOBUPYC-
HO Tepanuu. B pesynbrare, ObliM BBISBICHBI IOTEHIIMAIbHBIE 00JIACTH U MPO-
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BeleH nau3aiiH in silico 10 moTteHmmanpHBIX mpoTtuBoBUpycHbIX MUPHK. bbbt
OCYILECTBJIEH NIEPBUYHBIN CKPUHUHI BUPYCUHIMOUPYIOIIEro NEHCTBUS TaHHBIX
MuPHK Ha knetouHoit Mmogenu poraBupycHoi uHdpekunu MA-104 B oTHOIIEHUH
PBA. MmuPHK noctaBnsinm B ki1eTku KoMMepueckuM peareHtoM Lipofectamine
RNAIMAX no npodunaktruueckoil cxeme 3a 24 yaca 10 3apakeHusi, U OLICHU-
BaJIM PENPOLYKIHIO BUPYCa B TEYEHHE 3-X CYTOK C OIIPENEICHUEM TUTPA 10 Ha-
komnenuto BupycHo MPHK meromom OT-IILIP IILIP-PB, metonom MDA u
ouenkoit LTI npu TurpoBanuu BupycHoro noromctsa (Puc. 1-2).

W & qacos
24 4aca
é i 48 vacoe

5i2 5i 3 5i 4 5i5 si6 5iF 5i -
(NSP4) (MSP4) (NSPE) (NSP4) S{MSP4) (NSP1) (NSP1) sowTp

OmvocurensHoe 14

HIMEHEHHE 1,2
FHCNPECCHA NEHDB 1
PBA 08
0,6
"B
5il

04
0,2
0

Pucynox 1. Omnocumenvhnas sxcnpeccus eena NSP3 pomasupyca A wimavm Wa (G1P/[8])
8 IU3AMAX UHDUYUPOBAHHBIX KNEMOK, NPe08apumenbHo 00pabomantsix npenapamami
nunogexmamun-muPHK 3a 24 uaca oo 3apasicenust.

40P agee e eeem s eeemee et eema e meem e e e e eenne s eneee 10

72 yaca n.u.

1044

LT T———

402 <<+ oeeeeeeonn

Tvrp Bupyca, IgTUAsy/Mn

10t

>
&0

NI ~

A 2 N
>4 >N
R o & & 3

N
" o
&

P N

Pucynok 2. 3nauenua mumpa eupyca, nonyuennsie npu mumposanuu 006pasyoe
¢ knemok MA-104 nocne obpabomxu npenapamamu muPHK-1unogpexmamun, uepes 48 uacos
(4) u 72 uaca (b) nocne ungpuyuposanus pomasupycom wmamm WA 0,01 MOL

[Toy4eHnHbIe TpeMst METOJaMU JaHHBIE CBUJIETEIbCTBYIOT, UYTO Ha OIIpeie-
JIEHHBIX BPEMEHHBIX ToukaX BHeceHrne MUPHK mpuBoauT K mogaBneHuto perim-
kamuu PBA in vitro. B wacTHOCTH, OBLITIO ITOKa3aHO OJHO3HAYHOE U IOCTOBEPHOE
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CHIDKEHHE BUPYCHOU pernponykiuu 6omnee yem Ha 50% mia nyx MuPHK, Tap-
reTHeIX K reHy NSP4, uepe3 24, 48 u 72 yaca nocne uauimpoanus. B cBoro
ouepenb, MUPHK, tapretnas k reny NSP1, nposiBuiia BUpyCHHTHOMPYIOLIYIO aK-
TUBHOCTb B TE€YEHUE MEPBBIX CYTOK MOCIIE 3apaKEHUS [0 COBOKYITHOCTH JaHHBIX.
B pesynbrare ckpuHuHra 66Ut 0TOOpanbl 3 nepenektuBHbie MUPHK miis onen-
KU UX IPOTUBOBUPYCHON aKTUBHOCTH B COCTABE OPTAHMYECKUX MOJIUIAKTHIHBIX
HaHoOKancyn (nanee nPLA).

Buecenune npenaparoB MuPHK B Hanokancynax (nPLA+siRNA) npoBoau-
JM 0 PpOo(UIaKTHIECKOH cxeMme 3a 24 yaca 10 3apaKeHHs U 10 Je4eOHO-TIPo-
¢unakTHyeckoi cxeme uepes3 4 yaca mocie 3apakeHus. BupycuHruoupyromas
AKTUBHOCTb OIPEACIIIIACh TAKXKE Ha KJIeTouHOM Moaenu MA-104 B oTHOIIEHUHT
PBA Wa (3,3 1gTI50/mn) metomamu OT-ITLP TILP-PB, U®A u oueHkoi
HIIJ] mpy TUTPOBaHMM BUPYCHOI'O IOTOMCTBA; B DKCIIEPUMEHTAX HCIIOJIb30Ba-
uck ABe 10361 3apaxkenus MOI = 0,05 u 0,01.

Bravane ObUTO OIIEHEHO BIMSHUE BUPYCHOTO 3apakeHus: Ha d(deKTus-
HOCTB TPaHC(EKIINH C HCIIOIB30BaHUEM (PITyOpECIIeHTHO-MEUYEHHBIX MTyCTHIX Ha-
HOKAIICYJI U MEYEHHBIX HeleneBbIX — HeraTuBHbIX MUPHK. [Tokazano moBbIeH-
Hoe Oojiee yeM B 2 pa3a HaKOIUIeHHE (IIyOpecHeHTHOTO CHTHajla B KJIETKaX C
BHECEHHEM IIpenapaToB 1o JiedeOHo-mpodmnaktudeckon cxeme (Puc.3). Taxxe
OBLJIO TTPOJIEMOHCTPUPOBAHO, YTO MyCThIE HAHOKATCYJIbI U HeraTuBHBIE MUPHK
pH J1I000M peXHME BBEICHHS CIIOCOOHBI MMOAABIIATH BUPYCHYIO PETPOTYKIIUIO
B KJIETKaX, MO0 BUIUMOCTHU, BCIECICTBUE AKTHBAIMM WHTEP(PEPOHOBOrO OTBETA
(Puc. 4).

BauaHue 3apaxeHua potaBuMpycom Ha 3¢ deKTUBHOCTb TpaHcheKumum

mMmuPHK
30,00
OTHOCUTeNbHaA
3¢ppexkTnBHOCTb 20,00 7 W HocuTenb nPLA
TpaHchekuuu, 7
(3a 1 npuHAaTa /77/ nPLA+siRNA
10,00 %)
TpaHcheKuma 7
7
VMHATKTHbIX KNETOK) %
0'00 =T Y,
bes 33 24y4. 80 B MOMEHT

MHOUUMPOBAHMA  UHOMUMPOBAHMA  MHOUUMPOBAHWA

Pucynox 3. Omnocumenvhas s3¢pgpexmusnocms mpancgexyuu kiemox MA-104
npenapamamu MuPHK-nPLA 6 3aeucumocmu om uH@uyupo8arus 6upycom
wmamm WA (0,01 MOI).
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Pucynok 4. Pesynoemamol onpedenenus pomasupycrhozo anmueeHa 6 kiemxax MA-104
¢ pacuemom TL50/mn nocae oopabomku npenapamamu muPHK-nPLA uepes 72 uaca
nocne unguyuposanus pomagupycom wmamm WA 0,01 MOI, evipascennvie.

Janye mpoBOAWIM OIEHKY BHPYCHHTHOMpYIoero norenmuana nPLA+
siRNA ns nByx norenuuansubix MUPHK. ConocTaBienue pe3yabTaToB onpee-
JICHUsI BUPYCHOTO aHTUTEHA B KJIETKaX, HakoruieHuto BupycHor PHK u undex-
LIMOHHOM aKTUBHOCTHU BUpPYyCa Ha pa3Hble CPOKU MOCIIE 3apakeHUs KIETOK, o0pa-
6otanHbiXx NnPLA+siRNA, He BBISIBIIIO BBIPa)KEHHOW NMPOTUBOBHPYCHOW aKTHB-
Hoctu npenaparoB MUPHK Ha 1-bie cyTkH noce 3apakeHus py pa3HbIX CXeMax
npuMeHeHHs (JedebHast, nmpopunakrndeckas). Yepes 24 u 72 gaca moce 3apa-
YKEHUs HaOIr0Aanach TeHIEHIUS K CHIPKEHUIO BUPYCHOM penpOoayKIMHU U TOHU-
KEeHHI0 TUTpa Bupyca B npeaenax 1,5 IgTLAS50/ma nns oqHo#t uz MuPHK, Tap-
reTHo k reny NSP4.

B pesynbraTe n3ydeHus BUPYCUHITMOUPYIOIIETO ACHCTBUS MHKAIICYJINPO-
BanHBIX MUPHK Ha kireTouHO# Moenu poraBupycHoi nHpekunu MA-104 B ot-
HomieHuu mramMmma PBA Obu10 BBISIBJICHO 3HAUMMOE CHIXKEHHE BUPYCHOM PEnpo-
IOYKLIWU Ha KieTouyHoi Moaenu uHdexuu aius MuPHK, tapretnoii k reny NSP4.
Iocne 06paboTku KJIeTOK npenapaTaMu HHKancynupoBanHoid MUPHK 3a 24 4 o
3apakeHUs] HaOIIOJAIOCh CHIDKEHUE BHPYCHOTO THTpa Oonee dyem Ha 7 g
THJ50/mm, mo 3HaueHus 0, MeHee opora 4yBCTBUTENbHOCTH MeToa (Puc. 5, 6).
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Pucynox 5. Pesynomamul onpeoenenus pomasupycHo2o anmuzetna 6 kiemxax MA-104
nocne obpabomxu npenapamamu muPHK-nPLAno npogunakmuuecxoi (3a 24 . 0o
3apasicenus) u 1e4ebHOl (8 MOMEHM 3apadcenus) cxeme uepes 72 waca nocie
unguyuposanus pomasupycom wimamm WA 0,01 MOI, svipasicennvie 6 TLI50/ma.

Onpepenerue MH. aKTMEHOCTU EMPMOHOE U2 HaZYKABTYPaNbHOM XUAKOCTU Nocne
TecTUpoBaHUA
B npod. [OneuebHo-npod.
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MHEKLMOHHbIN SiNeg nPLA nycTo# KNETOUHBIN
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Pucynox 6. Pesynemamol onpedenenust mumpa smopuuHo20 NOmMomMcmed
pomasupycroul un@exyuu na kiemrxax MA-104 (0o3a nepsuunoeo 3apasicenus 0,01 MOI).

Pabora momgnepxkana rpantom PH® 22-74-10117, https://rscf.ru/project/22-74-
10117/
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POLYCTIDE NANOCAPULES CONTAINING SMALL INTERFERING RNAS ARE
CAPABLE OF SUPPRESSION OF ROTAVIRUS REPRODUCTION ON A
CELLULAR INFECTION MODEL

A. Brodskaia'?, A. Akhmetova'?, A. Gracheva’, N. Gavrilova'?,
D. Hohlovd®, E. Korchevaia®, D. Smirnova’,
E. Fayzuloev’, A. Vasin'?

!peter the Great St. Petersburg Polytechnic University
2Smorodintsev Research Institute of Influenza
SMechnikov Research Institute for of Vaccines and Sera
“ITMO University, Saint Petersburg

ABSTRACT

In this work was investigated the virus-inhibitory activity of small interfering RNA
(siRNA) targeted to suppress the human rotavirus A genes. siRNA targeting the NSP4 gene
were encapsulated in the polylactide nanocapsules, and these siRNA-nanoparticles
demonstrated a decrease in viral reproduction in a cellular model of rotavirus infection.

Keywords: siRNA, nanocapsules, rotavirus, antiviral activity.
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W3YUYEHME B3AUMOJIEMCTBUS XUIITHBIX
I'M®OMULETOB C HEKOTOPBIMUA
MHUKPOMUIETAMM ITOYBbI

T.A. Ecaan

Epesanckuii eocyoapcmeennuiil ynugepcumem
tigran.yesayan@ysu.am

AHHOTADOUSA

[IpoGiiemMa MpPOM3BOACTBA KOJIOTMYECKH YHCTOH arpapHoil MpOLyKIHH
BEChbMa aKTyalbHa BO BceM mMupe. OHUM H3 aKTyaJbHBIX HalpaBJICHUH pas-
BUTHS 3CJICHBIX TEXHOJOTHH CENBCKOTO XO3SHCTBA SIBISICTCS TPHMEHCHUE
OMOJIOTHYECKUX BPAaroB CENbCKOXO3IHCTBEHHBIX BpEIHTENCHl — B KauecTBe
AIBTEPHATUBHI IECTUINIAM. XHUIITHBIE TH(QOMHLETEL, SBIISISICH OMOIOTHYECKH-
MU BparamMmu napa3uTHUECKUX HEMATO/I, OMTACHBIX JIJIs CEITbCKOX 035 CTBEHHBIX
pacteHuil, 00J1a1al0T MOTEHIIMAIOM MPUMEHEHHUS B CEIbCKOM X03dicTBe. B
JAHHOW CTaThe N3yUYCHBI HeMaTo(haroBasi aAKTHBHOCTh XHUIIHBIX TPUOOB, BBIIC-
JICHHBIX U3 MOYB B Pa3NuUHbIX pernoHax PecmyOmuku Apmennu (PA) m ux
B3aUMOZEHCTBHE C APYTUMH MUKPOMHUIICTAMH TTOYBBL.

KiroueBbie ciioBa: TH(HOMHIIET, XHITHBIE TPUOBI, HeMaTO(hary, mapasuTh-
YecKHe HEMATONbl, MUKPOMHIICTHI ITOYBBI, SKOJIOTHUCCKH YHCTOE CEIIBCKOE
XO0351CTBO.

BBeaenune

3ammura arpoKyJIbTyp pacTeHHH (OBOIIH, TUIOJIOBBIC IEPEBbS U T.1.), & TaK-
’KE CKOTa OT pa3HOOOPa3HBIX BpeIUTENeH — 0JJHa 13 Hanboyiee 3HAYUMBIX TIPOO-
JIeM CeJIbCKOro X03sicTBa Bo BceM mupe [1]. OnHuMEU U3 ONacHEHIINUX BpeauTe-
JIeH SIBJIAIOTCS. YePBU-HEMATO/1bl, TATOTEHHBIE JJI )KUBOTHBIX U pacTenuit [2,3].
OHU BBI3BIBAIOT 0OJIE3HU KPYITHOTO POraToOro CKOTAa U IPYTHX JKUBOTHBIX U TIe-
penaroTcs eaoBeKy. OUTonaToreHHbIe HEMATO bl OMACHBI JUTSl PaCTEHUH pa3-
JMYHOM TakcOHOMHH (0ax4eBbIe KYJIBTYpPbI, OBOIIH, IUIOIOBBIC JCPEBbhsI, XBOM-
HBIE JIepeBbs U T.1.) [4]. Kimaccuueckue nmectuiinasl He Beeraa 3P GeKTUBHBI IPO-
THUB HEMATO/, HEOE30MaCHBI, U 00JIaIAl0T PSAIOM HEXENATeIIbHBIX TOOOYHBIX d(-
(ekToB npuMeHeHus [ 5, 6]. B cBs31 ¢ 3TUM BocTpeOOBaHbI AIbTEPHATUBHBIE Me-
Toasl [7].
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OpHuM U3 pa3BUBAIOLINXCS HAPABICHUM SBIsETCS OMOJIOrHUecKas 3alu-
Ta pacTEHUI MpenapaTaMu Ha OCHOBE OMOJIOTHYECKHUX BParoB MatoreHoB. byay-
Yl E€CTECTBEHHBIMH TOXXUPATEISIMHU Mapa3sUTHUYECKUX KeNyI0YHO-KUIIEUHBIX
HEMAaTO]l CENTbCKOXO3SIICTBEHHBIX )KMBOTHBIX, & TaKXXe (PUTOMATOTCHHBIX HEMa-
TOJl, MUKPOCKOIIMUECKUE XHUIIHbIE TPHOBI-HEMATO(aru mo4Bbl MOTYT OBITh I10-
TEHITUAIBHO MOJIC3HBIMUA areHTaMu X OMOKOHTpOJIS. J[JI MX yCIenrHoro MmpH-
MEHEHUS B&KHO OIIEHUTH MPHHIIUITEI BO3JACHCTBYSI PA3INIHBIX (DaKTOPOB OKPY-
KaroIen cpeIbl Ha IEJIEBYI0 aKTUBHOCTh TproOOB [8].

B nanHOW cTaThe paccMOTPEHO B3aMMOJCHCTBUE XUITHBIX HeMaTodaro-
BBIX TPUOOB C HEKOTOPBIMH MPECTABUTEISIMHA IPUOHON MUKPODIOPHI TOUB Ap-
MEHUH.

MarepuaJibl 1 METOAbI

C6op obpasioB nous mpoBoawitn B CroHHKCKOW, Apaparckoit u Jlopuii-
ckoii obmactsax Pecrryoniku Apmennu (PA) B COOTBETCTBUY C HHTEHCUBHOCTHIO
BEJICHUS CEJIbCKOTO XO035ICTBa: C BO3/EIIBIBAEMBIX IOJIEH, MacTOUII, puycaneo-
HBIE CaJl0B, OrOPOJIOB, TEIUIMIl U HEBO3/ENIBIBAEMBIX 3eMelb. 3a00p 00pa3LoB
MIOYBBI C OCTATKAMHU CJIEJIOB PACTUTEIBHOTO JETPUTA U (heKAIU )KUBOTHBIX ITPO-
BOJIMJIU € TITyOMHBI 5—7CM C UCHOJIb30BaHUEM CTEPUIIBHBIX OJHOPA30BBIX IIAC-
TUKOBBIX KOHTEIHEPOB. Bce axcneprMeHThI MPOBOIMIM HENTOCPEICTBEHHO OC-
1e coopa o0pa3uoB. [Tociae okoHUAaHUS cepuil SKCIEPUMEHTOB 00PA3IIbl XPaHHIH
npu Temreparype 4 °C, coriiacHo o0menpuHATEHIM MeToaukam [9, 10].

KynbsTuBupoBanue Hemaros npoBoAwiiv B TeueHue 48 4., B 90 MM yarkax
[TeTpu Ha TUIOTHBIX TOJIOHBIX arapu30BaHHBIX cpenax (3 T arapa, 100 M BoHI,
pH 6-7), B aspoOHBIX ycnoBusax npu temmneparype 24—25°C. [{ns BwiaeneHus
rpu6oB 1o 1r 00pa31oB MOUBLI OBIJIO PAaBHOMEPHO HAHECEHO Ha MOBEPXHOCTb
IUTaCTUHBI U3 2%-T0 BOJHOro arapa B yamkax Iletpu u nHkyOupoBaHO B a3po0-
HBIX yCIOBHSIX npH Temneparype 28°C. HabmoneHust mpoOBOIMINCE B TEUEHUE
7—-14 nueii. lnsg mepeceBa YUCTHIX KyJIbTYyp TPHOOB HCIIONB30BAUCH CTEPUIIH-
Heie urisl [ 11]. Mopdonorunueckue HabIIOEHIUS TPOBOIUINCH METOJIOM CTEPE-
omukpockonuu (Mukpockorn: OPTIKA microscopes Italy B-810; kamepa:
OPTIKA microscopes Italy M-114).

CKpUHMHI aKTUBHOCTH T'PUOOB in Vitro NPOBOJWICS METOJOM MHUKPOCKO-
MU Ha HEMATOJaX W3 UCCIEeAyeMbIX pernoHOB PA: xapTodeabHOi HEMATOIbI
Globodera rostochiensis u ykcycHolt yrpunsl Turbatrix aceti [12]. Jlns oueHku
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aKTUBHOCTH YUUTBIBAJIIOCH CPEHEE KOJUUECTBO JIOBUMX IPUCIIOCOOIEHUH yepes
24 u 484 u3 5 monei 3peHus no naTubamIpHON mKkane: g0 20 komer — 1 6an
(meaxtuBHBIN ITamMM); 20—40 xoner: 2 6amia (Hu3Kas akTUBHOCTH); 40—60 Ko-
nen;: 3 (cpenHsis akTUBHOCTH); 60—80 kouer: 4 6aruia (BpICOKasi aKTUBHOCTH ); BbI-
e 80 xojer — 5 (BBICOKOAKTUBHBIN IITaMM). PeructpupoBanocs U 4ucio mo-
TIIOMEHHBIX HemaTo [ 13]. B3anmoseiicTBre XUIIHBIX TPUOOB C Ap. MUKPOMHU-
LIE€TaMH ITOYBbI MPOBOAWIOCH COrsacHO metony Mextuesoi. B gamkax Iletpu
BBICEBAJIM XUILHBIA I'pUO U Ap. MUKPOMMLET, BBIAEIECHHBIM U3 TOW e MOYBBHI,
BH3yaJIbHO HAOIIO/as 32 B3aUMOJCHCTBHEM IO Mepe pocTa KyJabTyp [14].

Bce sxcnepuMeHThI IPOBOAMINCH B IISITH HE3aBUCUMBIX CEPUSIX — C TPOE-
KpaTHBIM ITIOBTOPOM U B aHAJIOTUYHBIX YCIOBHSX. /I CTAaTUCTUYECKON OLIEHKU
ucnoib3oBajcs nporpammublil naker MS Excel. [{nst onmndpoBku n3obpaxenuit
CTEPEOMHUKPOCKOIIMY MPUMEHSIINCH TpOorpaMMHbIe makeTsl Imagel [15].

PesyabTarsl
[IpoBenenHbIe Hccae0BaHNS TOKA3AIN HAJTMYKE B [TOUBE MpeICTaBUTeNeH

XUIIHBIX HeMATO(aroBbIX TPUOOB Pa3IMYHBIX BUIOB: Arthrobotrys oligospora,
A. Conoides n Dactylariopsis brochopaga (Puc. 1-2).

A

Puc. 1. Hemamodgpazosuie epubvt (A) u npoyecc noenowjenus umu noygeHHvix Hemamoo (B).

CoriacHO TOJY4EHHBIM JaHHBIM, OBUIM OOHApPY>KEHBI Pa3IUYHBIC BHIBI
XMIIHBIX TpuboB: Orbilia oligospora (Fresen.) Baral and E. Weber (syn.
Arthrobotrys oligospora (Fresen.); Orbilia brochopaga Drechsler u Arthrobotrys
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conoides Drechsler. BumoBoii cocTaB 1 BCTpeuaeMOCThb pa3IndHa B 3aBUCUMOCTH
OT KJINMaTHYECKOW 30HBI U TUIA TOYBBL. B yMEepEeHHO-BIQXKHBIX arpOKIMMATH-
YECKHX pailioHaX BCTPEYaEMOCTh XHUIIHBIX TPUOOB MaKCUMallbHA. B M3y4eHHBIX
oOpa3iax MoYBbl ObUIM BBHISBJICHBI CIEAYIOIINE TUIECHEBBIE MUKPOMHUIICTHI:
Penicillium canescens, Aspergillus niger, Fusarium oxysporum, Trichoderma
lignorum, Alternaria solani [16].

BrlIsiBieHHBIC XUIIHBIE TPUOBI OTIIMYAIACH 110 HeMaTo(aroBoi akKTHBHOC-
TH ¥ TUIYy B3aUMOJICHCTBUS C IiecHeBbIMU Tpubamu (Tabm. 1, Puc. 2).

Tabauya 1.
B3aunmopeiicTBre MOYBEHHBIX MUKPOMHUIIETOB
¢ XHIIHBIMU IpudaMu in vitro.
“+++” — 0JIHOe YTHeTeHHe XMIIHOI0 Ipruda aHTATOHUCTOM,
“++-“ — gyacTHYHOE yTHETeHHEe AHTATOHUCTOM,
“+--" — yacTHYHOe yTHEeTeHHe AHTATOHNUCTA XMIHBIM IPUdoM,
“-¢ — MoJIHOE YyrHeTeHHe AaHTATOHMUCTA,
“0” — HellTpaJIbHOE B3aMMO/IeliCTBHE. A — YMCTHIH ONBIT,
B — onbIT ¢ HEeMaTOAAMM.

Baona nece Bua xumHoro rpuda
HAHT JIeCeHU
P 0. oligospora | A. conoides | O. brochopaga
A +++ ++- ot
P. canescens
+-- +-- ++-
A . +H+ ++- +++
A. niger
B ++- +-- +--
A F 0 0 +++
B . OXysporum . . 0
A ++- +-- 0
T. lignorum
B +-- - -
A 0 +++ +++
A. solani
B ++- ++-

HekoTopble MUKPOMHIIETHI MOYBBI HPOSBISIOT AHTarOHUCTHYECKHH 3(-
tbekt (P. canescens), MOAaBIsAS POCT XHIIHBIX TPHOOB, B TO BpeMs, KaK APyTUe
TUIECHEBBIE TPHOBI (4. niger) He MPOSBISIIOT BRIPAKEHHOTO MOABIISIONIETO BO3-
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neiictBus. B oTaenbHbIX ciyyasx HaOroganach MHTEHCU(UKALMS POCTa KOHU-
I B 007aCTH CONPUKOCHOBEHUS KYJIBTYP PACTYIIUX XUITHBIX TM(POMHUIIETOB U
ieceHeil. [lnecHeBble MUKpOMULIETHI pojia Penicillium 3Ha4UTENbHO YTHETAIOT
POCT U3yUYEHHBIX XHMIHBIX I'puOOB. B ciydae 4. solani u F. oxysporum, yraere-

Hus pocrta rpuda O. brochopaga He HaOnMIO1AETCS.

YR L

g B EE

Puc. 2. [looasnenue xuwHvix 2pub06 niecHegbIMU MUKPOMUYEAMU NOYGbL iN VILFO.
A — nenonnoe nodasaenue; B — akmusnoe nooasnenue, C — omcymemaue nooasieHus
U cmumynsyust hopMuposanust KOHUOUL HA SPAHUYE CONPUKOCHOGEHUSL PACTYUUX KYTbMYP.

3aKjIoueHue

HccnenoBanne mokasano, YTO XHIIHBIE I'PUOBI PAcIpPOCTPAaHEHBI KaK B
CEJIbCKOXO3SIICTBEHHBIX, TAK M B HEBO3/IEJIBIBAEMBIX IIOYBAX PA3JIMYHBIX PErHO-
HOB ApMmeHuu. OHu 3(pPeKTUBHBI TPOTHB HeMaTo . [[prMeHeHne XUITHBIX TPH-
00B Ha IIPAaKTUKE MOKET 3HAUUTEIIbHO CHU3UTh MOTPEOIEHNE NECTULIUI0B U MU-
HUMU3HPOBATh SKOJIOTMYECKHE PUCKHU CEIIBCKOIO X035 CTBA.

Taxum 0Opa3oM, IpUMEHEHNE HHHOBALMOHHBIX OHOIPENnapaToB Ha UX OC-
HOBE MOTEHLUAIBHO MEPCHEKTUBHO C TOYKU 3pEHMsI 3KOJOrmyeckou Oezomac-
HOCTH U SKOHOMHYECKOH >(PPEKTHUBHOCTU Pa3BUTHS «3EJEHBIX TEXHOJIOTHI»
CEJICKOT0 X03sHCTBA M OECIIECTHULHUAHOTO MMPOU3BOACTBA OBOIIEH U HpyKkTOB. B
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CBSI3U C OTUM TUTAHUPYETCS JanbHelIIee 0oee neTaabHOe UCCIeI0BAaHUE BhI/Ie-

JICHHBIX KYJIbTYP XHUIIHBIX erI6OB U NX aKTUBHOCTH IIO OTHOIICHHUIO K HEMATO-
AaM-BpEAUTECIIAM.

10.

11.

12.

13.

14.
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THE STUDY OF INTERACTION BETWEEN PREDATORY
HYPHOMYCETES AND SOME MICROMYCETES OF THE SOIL

T. Yesayan
Yerevan State University
ABSTRACT

The problem of the production of environmentally friendly agricultural products is
very relevant all over the world. One of the actual scopes of development of green
agricultural technologies is the application of biological enemies of agricultural pests, as an
alternative to pesticides. Predatory hyphomycetes, as the biological enemies of parasitic
nematodes, which are pathogenic for crops, are potentially applicable in agriculture.

In the current article nematophagous activity of carnivorous fungi of soil from the
various regions of the Republic of Armenia (RA) and their interaction with the other soil
micromycetes were studied.

Keywords: hyphomycetes, predatory fungi, nematophagous, parasitic nematodes,
soil micromycetes, environmentally friendly agriculture.
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AHHOTAIOUSA

B pamkax momenu GMPC paccmaTpuBaroTCsi KpUBBIE TUIABIICHUST peallb-
ueix JIHK. Pacder nmpon3BoauTcst METOAOM aHAIH3a Pe3yIbTaTOB IIPOU3BE/IC-
HUSI TpaHCGep-MaTpHIl U CyIIepMaTpHIl, CO3AaHHBIX Ha UX OCHOBE. Temmepa-
TYypHOE TIOBEJICHUE CTETIEHH CITUPATBHOCTH OIPEIENACTCS KaK CKaJISIPHOE BhI-
pakeHUE OT MPOU3BEJCHUS CYMEPMAaTPHLl BTOPOrO MOPsIKA, COACPIKALINX B
cebe Kak OCHOBHYIO TpaHC(hep-MaTpully, TaK U €€ MPOU3BOJHYIO IO IMpUBE-
JEHHOM 3HEPTuu CHHMpanu3auuu. PacueTsl NpoBOIMINCE KaK IS CIy4YaiHbIX
CI'€HEPUPOBAHHBIX, TaK U Ul peajbHbIX IOCeNoBaTeIbHOCTENH. J{i1sl crene-
PUPOBaHHBIX IIOCIENI0OBATEIbHOCTEH IPUMEHEHBI PA3JINYHbIE I0CIIE10BATEb-
Hoctu Juist JutiH co 100 o 3000 moBTopsitommxcs exunul (.e.). [Ipu ananuse
MPOU3BOJIBHBIX CIIyYalHBIX TIOCIEI0BATEIBHOCTEN OBIJIO MOKa3aHO, YTO TOH-
Kas cTpykTypa nuddepenunanbHbix kKpuBbix miaasieHus (JIKIT) moxer ObITh
MoJIyyeHa JUIsl JaHHOM ciiyyailHo# nmocnenoBarenbHocTy. [Ipu uecnenoBanuu
pealbHBIX MocienoBaTenbHOCTeH 118 (M3 S. dysenteriae) 92 (m.e.) mosydeHBI
npodwm kpuBbix mnainenus u JIKII mist nannoii JIHK. TTokaszano, uto mmns
kopotkux JJHK = 300 m.e. moka cymiecTByeT TOHKasl CTPYKTypa, OAHAKO st
6onee kopoTkux < 200 TOHKYIO CTPYKTYpY HOIYyYUTh HE yAanock. CpaBHEHUE
C OKCIIEPUMEHTOM JIa€T CXOXKUN pe3ynbTaT.

KuroueBsle ciioBa: ouononumep, IKII, Tonkas crpykrypa, JJHK.

BBenenune

Hauunas ¢ 60-x ronoB XX Beka, MPOBOASITCS UCCIAEAOBAHUS KPUBBIX I1JIaB-
JICHUS C MENbI0 u3ydeHus: cTpyKTyphl u ctabmnpHocT JJHK. Ceituac Habmona-
€TCS HOBBIM POCT MHTEpPECA K 3TOM TeME MPUMEHHUTEIbHO K T€HETUYECKHUM HC-
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CJIEIOBaHUSM — TaK, METO/]] IJIABJICHHS BHICOKOTO Pa3peleHUs] MOXKET HCIOJIb-
30BaThCs Kak JUIsl OBICTPOro aHajiu3a matoreHoB [1-3], Tak u 7S onpeaeneHus
MyTalui BILJIOTh /10 OJTHOHYKJIEOTHU/IHbIX 3aMeH [4].

BonbmnHCTBO MoOAenedl mpeAmnoiaraloT, 4To Kaxkaash MOBTOPSIOIIASICS
€JIMHULIA MOKET HAaXOJAUTHCA B OJHOM U3 JABYX COCTOSIHUM: B CIIUPATIBHOM WJIH
B Ki1yOkooOpa3HoM. K Takum mMoiesisiMm OTHOCHTCSI U MOJielib 3uMMa-bpara, xo-
TOpasi 4acTO MCIOJIB3YETCs I TEOPETUUECKOTO ONMMUCAHUs TpoIlecca TuiaBJe-
Hud. OHa UCTIONIb3YeT YCPEAHEHHbIE TapaMeTpPhl IIENU — TaKHe KaK SHTPOIHUS U
SHTAJBINA IUIABJIECHHS M TapaMmeTp KoonepaTtuBHocTH. Mogens GMPC
(Generalized Model of Polypeptide Chain) onepupyeTt 60Jiee HaTJIAIHBIMH T1a-
paMeTpamu mpoliecca IuiaBieHus [5—7]: 3Heprus BOJAOPOAHOMN CBSI3U, YHCIO
KoH(opmaluii moBTOpsIONIEHcS eAnHuIIbl, MaciuTad B3aumopeiictus JJHK
(anuMHA KECTKOCTH OJTHOW HUTH), @ mapaMeTpbl Mojenu 3umMma-bpera sBisoT-
cs BeruuciseMbiMu [8—10].

Oco0bIii UHTEpEC MPENICTABIAIOT BO3MOKHBIE OOBSICHEHUSI HATMYMS TOH-
KOH CTpYKTYpbI nudpepeHnnanbHOi KpUBOi TUIaBiIeHUs (TO eCTh OONbIIOe KO-
JUYECTBO NMHUKOB). PaHee 3TO CBOWCTBO OOBACHSAIOCH OJOYHBIM XapaKTepOM
crpoenusa [IHK, nanuuuem yuactkoB ¢ pasznuuHbiM GC-coctaBoMm. B pamkax
JTaHHOU paboOThl MBI MOJITBEPXKIIA€M, YTO TOHKAsl CTPYKTypa HaOIIO/IaeTcs U B
KOPOTKHX CIIy4aifHO CT€HEPHUPOBAHHBIX MTOCIEIOBATEILHOCTSX.

Jannast paboTa mocBsieHa pa3padoTke MPOrpaMMHOTO OOECTICUeHUS AJIst
noctpoeHus KpuBbix miasneHus (KI1) u quddepeHnnanbHbIX KPUBBIX TL1aBIIe-
Hus (JKII) ¢ 3aganHsIMu mapaMeTpamu sl KOHKPETHOM MOCIIeJ0BaTEIbHOCTH
JHK wu nocnenyromen Banuaauyuy 3TOM MPOTPaMMbl C OMOIIBIO MOTYyYEHHBIX
B akcniepumenTax JIKII.

Moneanb

Pabora Benach B pamkax moaenu GMPC. 'aMuIIbTOHHAH CUCTEMBI B paM-
Kax 3Toi Mojienu umeet ciuenyromuid Bus (1):

—BH = ¥, 8", (1)

U; .
rae J; = ?‘, U; — sHEeprusi BOAOPOIHOM CBSI3H.

CrarucTudeckas CyMMa K€ BbIYUCIICTCA KaK:

Z=] Iliz1Gi ], (2)
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0
rne/*=0 0 .. 0 1), J= (‘) u G — tpancep-marpuria (3):
1
1
Wy 1.0 .. 0 0 0
o 0 1 -« 0 0 0 .
Gi(4x4)= , Wi=eli=eT (3)
0 0 0 - 0 0 Q-1
1 1 1 1 1 Q-1

CreneHp criupalbHOCTH BBIUUCIISIETCS KaK IPOU3BOAHAS CTATCYMMBI, M TaK
KaK CTaTCyMMa BBIYHMCISETCS KaK MpOM3BeleHUe TpaHchep-MaTpull, CTENeHb
CIMPAJIbHOCTHU BBIUUCIISETCA KaK CI0KHasi cyMMa. /{7151 KOMITaKTHOCTH pacyeToB
BBOJUM cynepmarpuny M (4):

— Gi Gl,) 1_%
M"_(o ) = @

Koneunast ¢opmyna, o KOTOpPOH BBIYHCISETCS CTENEHb CHHPAIBbHOCTH
(5), TakomBa:

JE O, M7

NJUIE O T, Mi[ s

Oy = (%)

MarepuaJibl 1 METOAbI

Jlns pacueta u noctpoenus rpagukon 3aBucumoctu KIT u JIKII Obu10 co3-
JTaHO TIPOTpaMMHOE OOecTieYeHHe Ha s3bIKe mporpammupoBanus “Python” Bep-
cun 3.10 — ¢ UCTIOIB30BaHUEM CTOPOHHUX TakeToB ‘“Matplotlib”, “NumPy” u
“SciPy”.

VrpoleHHbIi anropuT™ BBIYMCIEHUN NpencTaBiieH Ha Puc. 1. Bxoansle
rapaMeTphbl: Auana3oH TeMIIepaTyp, YUCIO UTEepalluid, OCIEeI0BATENbHOCTD Ie-
TEpOIoJuMeEpa U MapameTpbl MOBTOPSIOMIUXCA €AUHUIL HEPTUsl BOJOPOIHOM
CBSI3M, YHCJIO KOH(OPMAIMK MOBTOPSIONICHCS €IWHMIBI, MAcIiTad B3aMMO-
neiicreus JJHK (mynHa xectkocTy 0J1HOM HUTH).

150



calculate -
dtheta/dt

plot MC and DMC

T range and
iterations

I d, U, q I

no

Inserting
parameters

Generate matrices for each
monomer type

l

Calculate supermatrices
multiplication result for each
temperature

Calculate theta for each

temperature

Pucynox 1. Obwas cxema ancopumma.

Pe3yibTarhl

B pesynprare nanHoit paboThl OBUIO CO3/IaHO MPOrPaMMHOE OOecTIeYeHNE
st pacuera KIT u JIKII rerepononumepa. ['paduku, mosydeHHbIe B paMKax pa-
00ThI, IpeicTaBieHsl Ha Puc. 2—4. Ha Puc. 3 MoxxHO HaOMI0/1aTh HATMYUE TOH-
KOU CTPYKTYpbI y TETEPOIIOIUMEPA CO CIyYallHOM MOCIEA0BATEIbHOCTHIO.

Ha Puc. 4 uzo6paxena muddepenunansuas kpusas riasnenus JJHK-rena
rrsA Gaktepu S. dysenteriae. Cpasaenue JIKII mocnenoBatensHoCTH reHa rrsA
MOXET KCIOIb30BaThCS Il onpeiesieHust maroreHoB B nuuie [1]. [lomydyennas
B xoze panHoi pabotsl JIKII ¢ Beicokoi TouHOCTHIO ToBTOpsAeT JIKII, monyden-
HYIO SKCIIEPUMEHTAJILHO B paMKax cTaThu [1].

i) C]

ot

1.0
0.8

404

0.6 4

20 o4

101 0.2

0.0 4

0.10 0.15 0.20 0.25 0.30

Pucynox 2. I'pagpux 3aeucumocmu KI1 u JIKTI
om memnepamypul 0Jisl HOCIEO08AMETbHOCU 2eHA €as3.
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Pucynox 3. I'pagux 3asucumocmu JJKII om memnepamypul
ona cayyatinoui nocreoogamenviocmu J{HK onunoti 3 mulcayu Hykneomuoos.

ot

801

60

40+

20

0.18 0.20 0.22

Pucynox 4. I'paghux 3asucumocmu JIKII om memnepamypwl 015 ROCIe008amMenIbHOCIU 2eHA
rrsA ouzenmeputinoi amedol. I paghux ¢ 6onvuion mounocmoio nosmopsiem JJKII,
NOLYYEHHYIO IKCNePUMEHMATbHO 6 pamkax cmambi [1].

BriBoasbl

B pamkax paGoTsI OBLJI0 HAITMCAHO MPOTPAMMHOE OOecIieueHre IJIs pacue-
Ta KPUBBIX IUIaBJIeHUS U AU hepeHInaIbHBIX KPUBBIX IU1aBiaeHus. [lomyueHHbIe
C €ro MoMOoUIbI0 TpaUKU COTIACYIOTCS C MOJYYEHHBIMH PaHee IKCHEpUMEH-
TaJIbHBIMU JAHHBIMH. Takxke ObLUTH MOJATBEPKIECHBI TEOPETUUECKHE PE3yIbTaThl
0 BO3MOKHOCTH TIOJIy4E€HUSI TOHKOW CTPYKTYpHl AuddepeHnnanbHoil KpuBoi
IUTaBJICHUS Ul CIy4YailHOro reTepornoiumMepa.
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DIFFERENTIAL MELTING CURVES OF RANDOM GENERATED
AND REAL SEQUENCES IN DNA
D. Levchenko’, M. Nikoghosyan', A. Asatryan’
"Yerevan State University
’Russian-Armenian University
34.B. Nalbandyan Institute of Chemical Physics
ABSTRACT
Melting curves of real DNA taken from the genome are considered in the frame of the

Generalized Model of Polypeptide Chain (GMPC). The calculation is performed by
analyzing the results of the product of transfer matrices and super-matrices created on their
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basis. The temperature behavior of helicity degree is determined as a scalar expression of the
product of second-order super-matrices containing both the main transfer matrix and its
derivative with respect to the reduced helicity energy. The calculations were performed for
both random generated and real sequences. For the generated sequences, various realizations
were applied for lengths from 100 to 3000 repeating units (r.u.). When analyzing random
sequences, it was shown that the fine structure of differential melting curves (DMC) can be
obtained for a given sequence. In the study of real sequences rrs (from S. dysenteriae) 92
(p-u.) the profiles of melting curves and DMCs for this DNA were obtained. It was shown
that for short DNA = 300 p.u. a fine structure still exists; however, for shorter ones < 200, a
fine structure could not be obtained. Comparison with the experiment gives a similar result.
Keywords: biopolymer, DMC, fine structure, DNA.
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TOHKASI CTPYKTYPA JU®PEPEHINATBHBIX
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AHHOTAIUSA

Pabora mocesamena uccinepoBanuro mozaenu JIHK B pamkax Mmoxenu
GMPC. INonyuens! kpuble wiasnenus (KI1) u quddepennmanpapie KpuBbie
rranenust (JIKIT) mist AByXKOMITOHEHTHOW CITydaifHOHM MOCIIeI0BaTEIbHOCTH
MOBTOPSIFOIIUXCS €AMHUI] MOAETH. [lomydeHbl aHaTUTHYECKUE COOTHOLICHUS
Juts MatmuHHEBIX BeraucneHui JIKII u koppemsiunonssix Gyaknumit. [TonTeepx-
JleHo Hanmmuue ToHKoH cTpykTypbl JKII B ciy4aifHON mocienoBaTeaIbHOCTH
HOBTOPSIFOLIUXCST eAUHUL 0e3 OI0YHOH CTPyKTyphl. BBIIBICHO MOBEacHUE
crazia KOppessuii.

KiroueBsie coBa: 6nononumep, JIKII, rerepornomumep, ctarcymma, TOH-
Kas CTPyKTypa.

BBenenue

Teopetnueckomy uccnenoBanuto miasinenus JJHK mocssiena obmupHas
auteparypa [1, 2]. DkcrnepuMeHTaIbHO OBLIIO OOHAPY)KEHO HAJIMYUE TOHKOM
ctpykrypsl Ha kpuBbix [IKII [3, 4]. Jlo HenaBHEro BpeMEHH HAJIM4HM€ TOHKOM
CTPYKTYpPHI 00BsiCHsTIOCH O510uHbIM cTpoeHueM JJHK, uro Brmonne pe3onHo. bui-
JM CHENaHbl MONBITKU IMOJIyYEHHUS TOHKOW CTPYKTYpbl TEOPETUYECKH, OJHAKO
JUIsL IByXKOMITOHEHTHOT'O TeTepoIoimMepa TpeOoBaioCh BBEJCHHE HEPEATbHBIX
ycnoBui [5]. B mocnegnee Bpems, B pamkax GMPC, nosry4eHsl pe3yabTaThl, CBU-
JETENBCTBYIOLIUE O HAIMYNUU TOHKOU CTPYKTYPBI B CIIy4ae CIIy4alHbIX IMOCIEA0-
BaTEJNbHOCTEH, 0€3 BBEICHUS HEPEATbHbBIX YCIOBUH.
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MeTtoanl

Mgl pabotaem B pamkax Mozaenn GMPC, raMunbToHHaH KOTOPOil cocTaB-
JIEH U3 IOBOPOTHO-U30MEPHBIX COOOPAKEHUH, T.€. BBOJUTCS JUCKPETHOE YUCIIO
KoH(popmauui i, npuHuMaromee Q-3HaueHui, rae KoHpopmanus HoMep OJIuH
COOTBETCTBYET CIIMPAIBHOMY COCTOSIHUIO. ['aMUIIBTOHMAH UMEET BUJ IPOU3BE-
neHust cuMBOJI0B KpoHekepa, T.e. eciii A MOBTOPSAIOIIKXCS €IUHUL HAXOAATCS B
CIHMPAJIILHOM COCTOSIHUH, TO BBIJIEJISETCS SHEPTHsl, B 0OpaTHOM cilyyae — HeT. [6]

4
~BH =3I, )6 = EL1JiMRea1 6 (i D) (1)
Mogens umMeeT TpH NapaMeTpa: SHEPreTUIeCcKuu J; = %, rae U; ectb aHEp-

THSI CIIHPAIFHOTO COCTOSHHS, YMCIO KoHpopmanuii Q (3HTpONuUitHBIN mapa-
METp), ¥ TOMOJIOTHYECKUHN A, OTpeesIONIUi YUCI0 TOBTOPSIOIINXCS €IUHUII,
(UKCHpPYEeMBIX OJTHOH BOJIOPOJTHOM CBS3bI0. TpaHcdep-MaTpuIla MOJIEIH MIPEJIC-
tajeHa B [7]. C momomipio TpaHcdep-MaTpHIl 3aUCHIBACTCS CTATCyMMa, COOT-
BETCTBYIOIIasi raMuiibTOHUaHy (1),
Z = J*(ITiL1 G- )
rae J* u J+ BBeieHbI B [7].
JlJis TOMOTIOJIMMEPHOTO clydasi UMEeTCsl aHATUTUYECKOE COOTHOIIIEHUE
JUIsL TIPUBEJCHHOW K OJHOW TOBTOPSIOLIEHCS €AMHMIIE CBOOOTHOW SHEPruu
f 1]
f=—kT In(), 3)
r7ie Ali — TJIaBHOE COOCTBEHHOE YHCIIO TpaHcep-MaTpuilbl Gi.
Tem caMbIM CyIIeCTBYET TEPMOAMHAMUYECKUHN Mpeies B JaHHOM CiIydae U
JUISL HEKOTOPBIX TOMOTIOJIMMEPOB OH JOCTUTAETCS MPH JECATKAX MOBTOPSIOIINX-
cs equHMIAX. B ciydae rereponoirMepa SBHOTO aHaTUTHYECKOTO COOTHOIICHUS
HET, HO TEPMOAMHAMHYECKUN Mpeien cymecTByeT u gocturaercs ¢ 3000 mosTo-
PAIOLIMXCS €IUHUIL, YTO CIeayeT u3 [5].
Crenens cnupanbHocTH B paMkax GMPC Beruucisiercs: mo ¢opmyie (4)
[5], xoTopas ynpoilieHa BBeieHUEM cyniepMaTpul] Mi:
1 @0 M) (2 )1
NZ

M(24 x 24) = (Z" (Gé?h), @)

rae (Gi)'ii — oo npousBoaHast MaTpuilel Gi o Ji , Ea , 1 Oa — enuHu9HAs ¥ HY-
JeBasi MaTpuIlsl pazmepa (4 X A).
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20
[TpousBogHas -7 BRIUMCIIACTCA U3 (4) npsmbiM auddepeHIpOBaHUEM U
BBOJUTCS Ui KOMIAKTHOCTH 3alKcH, cyrnep-marpuna Fi, coctaBnenHas u3 cy-
nep-marpur Mi:
06 _ Ji(IiLy Fo)s3 0 (T F)J* =11 (THL, F)J A (T Fi)J?

oT NZ?2 (5)
Fi(44 X 44) = (’gi (%)T)

rne Ji, JL,J5, Puli— COOTBETCTBYIOIIIHE CTPOKA U CTOJOIBI.

Takum oOpa3om, BeipaxkeHus (4,5) MpuUBEaYT K YUCIEHHOMY BBIUHCICHUIO
kak KII, rak u JIKII. Hamm ananuTueckue pacyeThbl HOJHOCTHIO IOATBEPKIAI0T
pe3yabTaThl, MOJyYEHHbIE YUCIEHHO B [5, 9, 10]. B romononuMepHom ciyuae
OBUTM TIOTYYEHBI PE3YJIbTATHI I KOPPEISMOHHON (yHKInu [8]. AHamuTHIeC-
KH OBIJIO MOKAa3aHO, YTO KOPPENSIHOHHas (YHKIHUS CIajaeT B MaciTade cra, a
JUISL HEKOTOPBIX TOMOIIOIMMEPOB — THICSYH MOBTOPSAOIUXCS equHull. [{ns rete-
poronuMepa, aHaJIOTMYHO, KOppesnOHHAs QYHKIMS, onpeeriseMas Kak cpe-
Hee OT Koppesiuuii Ha [i; (i+D)] yuacTkax:

1
g(D) =% 9:(D) (6),
A A A
rae g;(D) = <5L(A)6L(+L))> - <61( )><6i(+2)> (7)
€CTh pa3HHIlA CPEIHUX BEPOSTHOCTEH OJHOBPEMEHHOTO OOpa30BaHHUsS CBS3H U

MPOM3BEICHUS OTIEIBHBIX BeposiTHOCTel. B pamkax GMPC (B 3aBUCHMMOCTH OT
JUTMHBI yaacTka D) ona 3anucana B [10].

PesyabTarsl

[Tonyuennbie kpuBbie KII kauecTBEHHO COOTBETCTBYIOT SKCIIEPUMEHTAIIb-
HBIM: OHU UMEIOT CUTMOUAANIbHBIN XapakTep [9]. Ha Puc. 1a Buano, uyto nmpu A=3
TOHKON CTPYKTYPBI HET, YTO OINpEIEISIET OTCYTCTBUE CIEUAIBHBIX YCIOBHUI
nipu A=4 u, ocoOeHHO, HaunHas ¢ A=5, KaueCTBEHHO BHJIHA TOHKAsI CTPYKTYypa.

BeiBOABI
HabmogaemMoe HaMH TEOpeTUYECKOE IMOSIBIIEHUE TOHKOH CTPYKTYpBI YKa-
3bIBaeT Ha HeoOs3aTebHOCTh Os10uHOM cTpykTypsl JIHK. IlosiBnenne ToHKOH CT-

pykrypsl Ha JIKIT Mb1 00BsicHsIEM OONBIIMM Pa3HOOOpa3HeM MEIKUX MOCIen0-
BaTEIbHOCTEW, HAIPUMED:
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AABBABBA, A=12,

AAA BBB ABB BAAAAB BBABAB ABA, A =3.

Hamm Bbrumcnenust 1is pasHbIX A MOKa3bIBAIOT, YTO CIMaJl KOPPEIsSLUU
poucXoauT ropaszao owsictpee (Puc.10), yem B cirydae romoroaumepa, 4To TpH-
BUAJIBHO, OJTHAKO BBIUUCIIEHHE MacIliTaba KOPPEsILIMY MTO3BOJIUT B JaJIbHEHIIEM
MOJIyYUTh TOMOIMOJIMMEPHYIO allpPOKCUMALMIO T'€TEPONOIMMEPHBIX pe3yibTa-
TOB, 4UTO JAaBHO Hcnoib3yercs npu aHanuse JAKIT JJHK.

-dodt Q Random sequence

T T T T T T

60} N=3000, x=0.4 |

N=3000, t =0.198, x=0.4
u,=1, u;=0.65, Q,=50, Q,=60

2 1 o2t ",
— %5

40 i

30 1 0.1}

20 )

10 1 ool

’ 025 0 10 20 30 40 50 60 70 80 D

a)
Pucynox 1. a) kpueas JIKIT npu A=3, A=5, t™1 = % )

6) xoppensyuonnas ynkyus npu N=3000, t,=0.198, Us=1, Up=0.65, Q4=50, Qp=60,
npu A=3 u A=5.

JIUTEPATYPA

1.  Mattice W., Suter U. Conformational Theory of Large Molecules: Rotational Isomeric
State Model in Macromolecular Systems // “A.Wiley-Interscience publication”, 1994.

2. Cantor R., Shimmel T. Biophysical Chemistry //San-Francisco, “W.H. Freeman and
Company”, Part 1-3,1980.

3. Harutyunyan H., Dalyan E., Aslanian V., Yu Lando D., Akhrem A. A new method for
determining the relative effect of ligands on AT- and GC-base pairs in DNA:
application to metal ions, protons and two amino acids // “Nucleic acids research”,
1990, 18, 6413.

4.  Yu Lando D., Grigoryan L., Fridman A., Galyuk E. Ydensie 3anucku EpeBanckoro ro-
CyapCTBEHHOTO YHUBEpPCUTETA, cep. «Dusnueckue n Maremarnuecknue Hayku», 2013,
3,577.

5. Asatryan A. Influence of aqueous solutions of low-molecular ligands on helix-coil
transition in heterogeneous biopolymers // PhD dissertation (2019).

158



6. Hayryan Sh., Mamasakhlisov E., Morozov V. The helix-coil transition in polypeptides:
A microscopic approach / “Biopolymers™, 1995, 35, 75.

7. Tomosm Ill., Acampan A., Mamacaxnucos E., Mopo3zog B. Ilepexon «ciupaiib—KiIy00K»
B OHOMoIuMepax ¢ MHOTOKOMIIOHEHTHOH reTepOTreHHOCTHIO 110 SHEPTUHU U YUCTY KOH-
¢dopmanuii // “J. of Contemporary Physics”, 2014, 49,132c.

8. Morozov V. Order-disorder transitions in one-dimensional systems of macromolecules.
// “Doctoral dissertation”, Yerevan, 1996.

9. Asatryan A., Mikayelyan H., Stepanyan V. Helix-Coil Transition in Heterogeneous
Biopolymers: Influence of Fixing Bond Scale // “J. of Contemporary Physics”, 2022,
57, 308c.

10. Acampsn A., Mamacaxnucos E., Mopozos B. Koppensimonaast pyHKITUSI T€TEPOTIONH-
MepoB B 00J1acTH nepexoja cnupainb-kiryook // “J. of Contemporary Physics”, 2024.

FINE STRUCTURE OF DIFFERENTIAL MELTING CURVES
OF RANDOM DNA SEQUENCES

M. Nikoghosyan', D. Levchenko?, V. Morozov'

! Yerevan State University
2 Russian-Armenian (Slavonic) University

ABSTRACT

The work is devoted to the study of the DNA model within the framework of the
GMPC model. Melting curves (MC) and differential melting curves (DMC) for a two-
component random sequence of repeating units of the model are obtained. Analytical
relations for machine calculations of DMC and correlation functions have been obtained.
The presence of a fine structure of DMC in a random sequence of repeating units without a
block structure was confirmed. The behavior of correlation decay was obtained.

Keywords: biopolymer, DMC, heteropolymer, statistical sum, fine structure.
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