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B. K. Jleontnes', I'. JI. MoBcucsin®, 7K. I'. Maprapsin®

Iapb1 B 0ys1€eBOM MPOCTPAHCTBE

(ITpencrasneno akagemukom C. K. HlykypsiHom 24/V 2022)

KuroueBsble cioBa: 6yreso npocmpancmeo, cymma muosxcecms no Munkoecko-
MY, CYMMA wapos, 8eco8asi YyHKyus, npousBooHas YHKYU.

Beenenne. Bo MHOrux 3amauax KOMOMHATOPHOI'O aHAIM3a MCIIONB3YIOTCS
ofeparyy CIOXKEeHHUsI MHOXKECTB (CyMMa, IpsiMasi CyMMa, IIpsIMO€e TMPOU3BEICHNE
U 1.11.). B nannoii paGore, kak u B npeaprymux [1, 2], mpuBoasTCcs HEKOTOPHIE
CBOWCTBa OIEpalM{ CIOKEHHUS MHOXECTB (CIOKEHHMA 10 MUHKOBCKOMY) B
OyiaeBoM TIpocTpaHcTBe B™ W pacCMaTpHBAIOTCS CyMMbI «KJIACCHUECKUX
¢buryp», Takux kak map. [lomydeHHbIe pe3ysIbTaThl MO3BOJISIOT OMUCATh CYMMBI
4yepe3 TaKHe XapaKTEPUCTHKH CJIaraéMblX, KaK pajuyc Iapa W paccTOsSHHE
MEXy LEeHTPaMHU.

1. Cymma MHOkecTB 10 MMHKOBCKOMY.

Ecmu x = (x1%3 ... X3), Y = (¥1Y32 - V) — TOUKH U3 B™, 10

x+y = ((x10y1)(x2By2) ... (xn®yn)),

e @ — omepars cioKeHus mo mod 2,
Xy = (04 V)X Yo)o (X, ¥n), TAC X Y; =max{x,y;}

Ota omneparys CIOXKEHUsI JIEMEHTOB U3 B™ MOxeT ObITh MPOJODKEHA Ha

noaMHoxecTBa B™. Jlpyrumu ciosamu, eciii X, Y € 28" 10
X+Y={x+y,xeX,yeY}

Takum oOpa3zoM, cymMMa MOAMHOKECTB X + Y COCTOMT M3 CyMM TOYEK,
MPUHAJIEKAIIUX COOTBETCTBEHHO X U Y.

IIpumepsl.

1. Ecn X € 287, y € B™, 10 {X + y} — «caBur» MHO)ecTBa X HAa TOUKY Y
ulX +y| =X

2. Eciiu X — noampocrpanctso B, o X + X = X.

3. X + B" = B™ g mo6oro X € 25",
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Wnaue, {X + Y} MOXHO HHTEpIPETUPOBATH KaK OOBEAMHEHHE «CIBHIOB»
MHO’KECTB X Ha TOUKH U3 MHOecTBa Y.

CewmeiicTBO (ZBn, +) C BBeIEHHOW omepanued «+»-ciaoxeHus no MuH-
KOBCKOMY 00pa3yeT MOHOW/I C HeHTpaIbHbIM 31eMeHToM {07} — oiHOdIeMeHT-
HBIM MHOKECTBOM, COCTOSIIMM M3 HYJEBOIrO dyemMeHTa B™.

Huxe mnepeuncrneHsl NpocThle CBOWCTBA OMNEPALUU «+»-CIIOKEHHUS I10
MUHKOBCKOMY, KOTOPbIE MOKHO PacCMaTpHUBaTh KaK CBOMCTBA anreOpanydecKon
CHCTEMBI ¢ OCHOBHEIM MHOecTBOM 28" 1 onepauusiMHi: CyMMa, 00beINHEHHE,
MIEPECEUCHHE U JIP.:

1. accomnaruBHoctb X + (Y +Z) = (X +Y) + Z;

2. xomMyTaTUBHOCTE X + Y =Y + X;

3. aucTpuOyTHBHOCTh IO OOBEAMHEHHWIO, IEPECEUCHHUI0, BBIYUTAHUIO,
ymHokeHno (XUY)+Z =X +2) U (Y + 2);

4. XNYV+Z=X+2)n (Y + 2);

5X\N+Z=X+2D)\ Y +2);

6.(X -V+Z=(X+Z)-(Y+2).

Koneuno, uMeercss MHOTO JIPYTHMX COOTHOLIEHHH, CBA3BIBAIOLINX 3JIEMEH-
THI OTIPEJICIIEHHOH BBIIIE alreOpandeckoil CHCUTEMBI.

2. Cymma mapoB B B™. Ilycts p(x,y) =|[x +y|| — paccrosuue
XeMMHUHTa MEXly TOUKaMu X,y € B™.

Ilap S/(V) ¢ uentpom B TouKe v € B™ u paguyca t onpeneisercs: CTaH-
JTapTHBIM 00pa3oM
S/(v)= {xeB"p(v,x) <t (1)

1 UMECT MOIITHOCTh

S/ =

t
S'(V)|=2 ().

k=0
CeMeiCTBO 1IapOB {Stn (a)} UrpaeT 3HAYMTEIBHYIO POJIb KaK B TEOPUH

KOPPEKTHUPYIOIINX KOJIOB [3] , TaK 1 B KOMOMHATOPHOI MaTeMaTHKe B IIEJIOM (4,

51.
B YaCTHOCTHU, MOIIHOCTH nepecequI/IsI H.IapOB pa;myca t aBiasgercsa
Ba’XHBIM HapaMeTpOM B MOACIN Hepezlatm I/IH(i)OpMa]_[I/H/I I1I0 HCCKOJIbBKUM

KaHajlaM [6] .

OtmetuM, uto (Gopmyia (1) gomyckaer cieayroiiee 0000IIeHUE, CBsI3aH-
HOE C CyMMHPOBaHHEM.

Ilycte M € 28" 4 Stn (M ) — MHOKECTBO TOYEK, MPUHAIIIEKAIUX 00BEIN-
HEHHUIO IIapoB paauyca t ¢ MEeHTPOM B TOUKax M, T.e.
n
s'(M) = |JS'(®).
xeM

S/ (M ) — «0000ILEeH bl mIap paanyca t ¢ HIEHTPOM B TOUKax M.
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Ipu sTom pononseHne oGobienHoro mapa S;'(M) B B™ siBisercst 0606-
LIEHHBIM mapoM. TouHee,
—n _
Se(M)= s, (x),

xeM

TJ€ « » — JIOTHYECKOe IOTOIHEeHNE (OTpUIlaHue) B OyieBoi anredpe.

B anrebpandeckom acrekTe MHOKECTBO BCEX IIApoB B OyseBoM Kybe B™
TaKkKe 00JaNaeT MEeNbIM PSIIOM WHTEPECHBIX CBOMCTB, HEKOTOPHIE M3 KOTOPHIX
MIEPCUNCIICHBI HUXKE.

n n n

1S/ (Ml)+Stz (M,)= Siit, (M +M,).

Takum 00pa3oM, MpH CIOKEHHH 1O MHMHKOBCKOMY JIByX IIapOB COOT-
BETCTBEHHO paidycaMH t;,t, M ¢ LeHTpamu B MHOxectBax M ,M, coor-
BETCTBEHHO MOJTy4aeTcs Iap paguyca t; + t, ¢ ueatpom 8 M, + M.

IIpu sToM ecnu t; + t, = n, TO

n n _ RN
S(M,)+S" (M,)=B".
2.5,(M) = M + 5,(0).
OO0O0O0IIICHHBIN 1Iap ¢ IEHTPAMHU B TOYKAaX MHOXeCTBa M MOXKHO mpejcTa-

BUTh B BHJIE CyMMBI 110 MHHKOBCKOMY MHOKECTBa M W Iapa c LEHTPOM B
HYJIEBOU TOUKE.

3.87(S0(M)) =8, (M).

4+t

1) Ilycte Fa,t(z) — BecoBast (hyHKUUs cepbl paxuyca t C IEHTpOM B
a € B"

Ea,t(Z)Z Z ZHXH,

xeCy (a)

e C, (a) =S, (a)\S,(a) .

YrBep:kaenne 1. lmeer MecTo COOTHOLIEHUE

_ 1 A+ uz)" U+ 2)
Faul2)= o~ ¢ o du

jul=p
rae p <1.

n v
Ecnu paccmaTtpuBathb ||x|| g xeC (0) Kak CIy4ailHYl0 BeIHYHMHY ¢,

n
paBHOMEPHO pacnpeesieHHyto o chepe C, (a) , To yrBepkacHue 1 MO3BOJISET

HAXOJUTh MapaMeTPhl 3TOTO PACIPEICTCHUS.
2) CaencrBue. ViMeeT MECTO COOTHOIIICHHE
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1. M§=t+||a||—2t@.

2. Bean [a] —o(n) ut =o(n). 10 D¢ = “URI(RID.

ITycts Fa,t (2) - BecoBast pynxuus mwapa S/ (a) pamuyca t ¢ ueHTpOM
BTouke a€B", 1. e.

FCEDES

XeStn(a)

YTBep:kaenue 2. FlMmeer MecTo COOTHOIIICHUE

1 n-fal 2]
E (7)= (L+uz) ™(z+a)
a,t( ) 272-' @ (1_ u)u(+1 du 1
ul=p

roe p <1.
Ecmu @, (Z) — npousBosHas GyHKIMs pacCTOSHUA B IIape paauyca B B™

N

_ P(XY)
o, ()= > 7™,
x,yeS{' (a)
TO CIIPABEAJIUBO
YrBep:kaenne 3. lMeeT MeCTO COOTHOLIEHUE

t (1+u)“-f’(1+2“2)p
_ ot+l n p
@, (2)=12 pz;(p)zgs P u,
u[=p, @

rae p <1.

Ecmn & = p(X, Y) — cnyuaiinas BeJM4YnHA, pABHOMEPHO PacIpe/eleHHas B
mapax S (O) , 1 W,(z) — mpousBozHbie QYHKIMH 9TOH CIIydaiiHOM BEINYNHEL,
TO

W)=y 3 e =202
() x,yes{ (a) (S)

U3 (2) BeITEKACT:!
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2nS}
(S)°
Caencreue. Ecm t = 0(\/5), TO

n-1
s

Caencreue. M& =

M§:2t—0(§).

Paccmotpum Becosyio yukumio F(z) mepeceuenus aByx mapos S (a)
u S (0):

F(2)= Z ZIxI ,

xeS/(a)ms/(0).

Y1Bep:knenne 4. Flmeer MecTo COOTHOIIICHUE
t
F(z)=> 7", ©)
r,m=0

CymmupoBanue B Gopmyse (3) MPOUCXOIUT IO BCEM Mapamerpam I u m,
JUTSL KOTOPBIX OMHOMHAIBHBIN K03 HIIMEHT onpeerieH.

Cuencrue. [Tycts  A(N,t) =0 { S/ (0)NS! (a)‘} . Toraa

A(n,t) =min{2s7}!, 2"} 4)

W3 dopmyiner (4) ciemyet, uTo m0b0i map paauyca t u3 B™ oaHO3HAYHO
ompenensercs (A(N,t) +1) -ToukamMu 1 5TO YKMCIIO ABIIETCS MUHMMAIIBHBIM IS
OIIPENENTMMOCTH Iapa paguyca t. IIpu 5TOM «OIpeneIMMOCTh» O3HA4YaeT Ciie-
Jyrollee: eclM aBa mapa paauyca t umeror B nepeceuennn A(N,t) u Gonbure

TOYEK, TO OHM COBIA/IAKOT.
Eci|a|=k, To Bepaxenue F(z) wmoxuo 3ammcate B cremyrolmei

dhopme:

m+1, ,m-r+k+1

u v

F(z)= ) z"coef {(1+u)n_k(l+uvz)k}. (5)

U3 (5) momyuaercs
Yr1Bepiknenue 5. Fimeer MecTo COOTHOILIEHNE

F ()= | AEU) (L) (1-(% + ](l—v”l)
uv

oI (L=v)(uv —z)V¥
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CaeacrBue. CrpaBemmsa hopmyia
S"t(a) NS/ (b)]= X (¥ )Sr + > (K)sies (6)

k<2r<min{2k,t+k+1},

e p(a,b)=k.

U3 (6) cnenyer, uro
S¢(a)Ns; (b)‘ =28 npu p(a,b) =1,

t

S (a)n s} (b)|=(?") mpn p(ab)=2t.

PaccmoTpuM npou3BoaHYIO (QYHKIHIO
F(a.D.2,2) = Y2725,
X

p (x,a)<t,
P (xb)<t.

YrBep:kaenue 6. Fimeer MecTo COOTHOIICHHE

Z, \ts Z,\ 1y
A-(H" 1=
u V (1+ uv)n—p(a,b)(u +V)p(a,b)

f
F(a,b,z,2,) ="
u-—z, V-2,

Tuyv

Ecnu BoiOpath B B™ «city4aitHbIM» 00pa3oM JiBa mmapa pajmyca t, To Mor-

HOCTB HX nepecedenus (S (a) N St"(b)‘ 3aBHCHUT TOJIBKO OT PACCTOSHHUS MEXIY

LEHTPaMH 3TUX IIapOB.
Ecnu o6o3naunm uepes & (a,b) ciyuaitHyro Benmumny, ompenensiemyo

CJIETYFOINM 00pa3oM:

¢ (a,b)=

s (a)n s} (b)|.

TO CIIPaBEIITUBO
Yr1Bepxkaenue 7. ImeeT MECTO COOTHOLIIEHHE

M§t(a,b)=%.

1OUIT Y PAH, Mocksa

2I'pynna But, Mocksa

3 EpeBaHCKUIT TOCYJAPCTBEHHBIN YHUBEPCUTET

e.mails: vkleontiev@yandex.ru, garib@hkzap.ru , j.margaryan@ysu.am
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B. K. JleonTnes, I'. JI. MoBcucsin, K. I'. Maprapsin

Ilapsbl B 0y;1€BOM NPOCTPAHCTBE

IIpuBoAsiTCA HEKOTOPHIE CBOMCTBA ONEpAIMM CIIOKEHHSI MHOXKECTB (CI0XKEHUS 110
MHUHKOBCKOMY) B OYJIEBOM NPOCTPAHCTBE M PAacCCMATPHBAIOTCS CyMMBI Takux (UTyp,
Kak mapsl. IlodydeHHBIe pe3ynbTaThl MO3BOJIIOT OMUCATH CYMMBI Yepe3 TaKhe Xapak-
TEPUCTHUKU CIaraeMbIX, Kak paJiyc 1apa U pacCTOSHUE MEXAY LIEHTpaMH.

9. 4. Lintwhl, 1. L. Undupuyul, d. @ Uwpqupjui
Quntp poyul mwpwdnipmiumy

PtpJws Lu gnidwp (gnudwp punn Uhulndulnt) gnpdnnnipjut npnowljh
hwwnlmpjniuutp pogut nupudmipjut hwdwp, b ghnwplynd £ wyiyhuh
wuwwltpubph gnudwp, hswhuht qupbpt Ei:Unwugus wpyniupubpp htw-
puynpnipinit b nnwhu tjupugpbint gnidwpp wyiyhuh punipwugphsubtpndy,
huswhupt Eu qupkph punwyhnukpp b fEunpnuutph vhol hipwynpnipnitip:

V. K. Leontiev, G. L. Movsissian, Zh. G. Margaryan
Spheres in Boolean Spase

The operation of addition of sets is used in numerous problems of combinatorics.
In the present paper some properties of the addition operation of sets (the Minkowski
addition) in Boolean space are presented and the additions of spheres are considered.
The obtained results make possible to describe the sums through such characteristics as
the sphere radii and the distances between the sphere centres.
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Introduction. Traditionally, proof theory has been concerned with formal
representations of the notion of proof as it occurs in mathematics or other
intellectual activities, but the rapid development of computer science has
brought about a dramatic change of attitude. Efficiency has become a primary
concern and this fact has given rise to a whole new area of research in which the
considerations of complexity playing a major role. Open questions of theoretical
computer science like P =?NP and NP =?co-NP have tight connection with the
proof complexities in the field of propositional logic [1].

Deep inference is a relatively new methodology in proof theory, consisting
in dealing with proof systems whose inference rules are applicable at any depth
inside formulae [2-4]. While the inference rules of well known sequent calculus
or natural deductions decompose formulas along their main connectives, deep
inference rules are allowed to do arbitrary rewriting inside formulas. The main
interesting results about the proof complexity of deep inference are 1) some
deep-inference proof systems (SKS) is as powerful as Frege ones; 2) there is
deep-inference proof systems (KS) that exhibit an exponential speed-up over
cut-free Gentzen proof systems; 3) Frege systems and some deep-inference
system eKS polynomially simulate the system KS. The reverse relations are
pointed in [2] as open problems. It is proved here that a Frege system and the
system eKS have an exponential speed-up over the system KS.

2. Preliminaries. To prove our main result, we recall some notions and
notations from [1-4]. We will use the current concepts of the unit Boolean cube
(E™), a propositional formula, a tautology, a proof system for propositional logic
and proof complexities. The language of considered systems contains the
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propositional variables, logical connectives —,&, v and parentheses (,). Note
that some parentheses can be omitted in generally accepted cases. For the sake
of simplicity, we consider only formulas in negation normal form. More
precisely, formulas are generated from a countable set of propositional variables
and their negations via the binary connectives & and V.

2.1. Considered proof systems and proof complexities. The inference
rules of system KS (original CoS — calculus of structures) are

. F{B} F{A&[BVC]} F{B} F{ava}
ai | F{B&[-aval} F{(A&B)VC} F{BVA} ac | F{a}
F{(A&B)V(C&D)} 1)
F{[AVC]&[BVD]} '

where A, B, C, and D must be seen as formula variables, and a is a pro-
positional variable or its negation and F{E} means that E is some sub-
formula in F. These rules are called (atomic) identity, switch, weakening,
(atomic) contraction, and medial, respectively. The rules in (1) are written
in the style of inference rule schemes in proof theory but they behave as
rewrite rules in term rewriting, i.e., they can be applied deep inside any
(positive) formula context.

In order to obtain proofs without hypotheses, we need an axiom, which is
in our case just a variant of the rule ai:

ail .
aVva
A proof in KS uses the axiom exactly once.
The system eKS (sKS) is obtained from the system KS by adding the
specific extension (substitution) inference rule [3].
A Frege system F uses a denumerable set of propositional variables, a
finite, complete set of propositional connectives; F has a finite set of inference

AA, .. A,
B

rules defined by a figure of the form (the rules of inference with

zero hypotheses are the axioms schemes); F must be sound and complete, i.e.,

AA, .. A,
B

for each rule of inference every truth-value assignment, satisfying

AA, ... A, , also satisfies B, and F must prove every tautology.

In the theory of proof complexity two main characteristics of the proof are:
I-complexity to be the size of a proof (= the sum of all formulae sizes) and t-
complexity to be its length (= the total number of lines). The minimal I-
complexity (t-complexity) of a formula ¢ in a proof system ® we denote by

1”() (t*())-
Let @, and @, be two different proof systems.
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Definition 2.1.1. The system ®; p-I-simulates (p-t-simulates) the system
@, if there exist the polynomial p() such, that for each formula ¢ provable both
in the systems ®; and ®,, we have

P2 (@) < p(1%%(p)) (t*' t(p) < p(t™(9)))-

Definition 2.1.2. The systems @; and @, are p-l-equivalent (p-t-
equivalent), if systems @, and @, p-I-simulate (p-t-simulate) each other.

It is well-known that any two Frege systems are p-l-equivalent (p-t-
equivalent) [1].

It is proved in [3] that

o Frege systems p-I-simulate (p-t-simulate) the system KS,

e the system eKS p-I-simulates (p-t-simulates) both the systems KS and

sKS.
Definition 2.1.3. If for some sequence of formulas ¢,, in the two systems

¢, and ¢, for sufficiently large n is valid t%1(¢,) = Q(2t*2(@n)) (191(¢,) =

Q(Zld’z(‘f’n))), then we say that the system ¢, has exponential sped-up by lines
(by sizes) over the system ¢, .

2.2. Determinative size of formulas. Following the usual terminology we
call the variables and negated variables literals. The conjunct K (clause) can be
represented simply as a set of literals (no conjunct contains a variable and its
negation simultaneously). In [5] the following notions were introduced.

We call a replacement-rule each of the following trivial identities for a
propositional formula y:

0&y =0, y&0 =0, 1&y =y, y&1 =y, y&y =y, y&y =0, ~y&y =0,
Ovy=y,yvO0=y,lVvy=1LyVvi=LyVy=y,yVvoy=1yvy=1,
—0=1,~"1=0, —y=y.

Application of a replacement-rule to some word consists in replacing some
its subwords, having the form of the left-hand side of one of the above identities
by the corresponding right-hand side.

Let ¢ be a propositional formula, let P = {p;,p,,....pn} be the set of the

variables of ¢, and let P = {Pi1sPiss -, P, } (1 < m < 1) be some subset of
P.
Definition 2.2.1. Given ¢ = {o1,...om} € E", the conjunct
T __ a] O nTm 11 . . . . . .
K7 = {p.07 00 1) is called @-determinative  if  assigning

oj (1 < j < m) to each py and successively using replacement-rules we
obtain the value of ¢ (0 or 1) independently of the values of the remaining
variables.

Definition 2.2.2. We call the minimal possible number of variables in a ¢-
1-determinative conjunct the determinative size of ¢ and denote it by ds(¢).

A tautology is called minimal if it can not be obtained by some substitution
in a shorter tautology.

It is proved in [5] that

1) if for some minimal tautology ¢ ds(e)=m, then the number of ¢-1-
determinative conjuncts is at least 2™;
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2) if for some minimal tautology ¢ there is such m that every conjunct
with m literals is ¢-1-determinative, then the number of ¢-1-determinative
conjuncts is no more than 2™,

Note that every subformula is formula ones, hence above definitions are
applicable to subformulas as well.

By |@| we denote the size of a formula ¢, defined as the number of all
propositional variables entries in it. If formula is given in negative normal form,
then it is obvious that the full size of a formula, which is understood to be the
number of all symbols is bounded by some linear function in |¢ |.

3. Main formulas. Before we shall prove the main theorems, we must give
some auxiliary results.

3.1. In some papers in area of propositional proof complexity for classical
logic the following tautologies (Topsy-Turvy Matrix) play key role

TI™M, , =V

mo " pdi > <m<2"
(o-l,...,an)eEn &j:l \/I:l plj (1’1_ 17 1 _1’1’1_2 1)

For all fixed n > 1 and m in above indicated intervals every formula of
this kind expresses the following true statement: given a 0,1- matrix of order
n X m we can “topsy-turvy” some strings (writing 0 instead of 1 and 1 instead
of 0) so that each column will contain at least one 1.

For the below given Theorem 1. the main tautologies of our consideration
are @,=TTM; 2" -1 .

It is not difficult to see that |¢@,|=n(2"-1)2", ds(¢,)=2"-1 and number of
different ¢,, — 1 — determinative conjncts is 22" .

3.2. Balanced formulas. A formula A is balanced if every propositional
variable occurring in A occurs exactly twice, once positive and once negated.
For the below given Theorem 2. the main tautologies of our consideration are

the balanced tautologies QHQ,= V<<, &1ijn[\/1gksi Qijk V Vicksn Qiji+1]
(n=1). Put  Qij = Vieksi Gijk V VickenGkjir1 (=1, 0<i<n,
1 <j<n), then QHQ, = Vo<icn (Q:1&Qi2 & ... &Q;j& ... &Qi(n-1)&Qn ) and
hence ds(QHQ,)=n, therefore the number of QHQ,, -1-determinative conjuncts
is at least 2™. It is also not difficult to see, that | QHQ, |= ELEGLE R

2
4.Main results.
Theorem 1. Every Frege system has exponential speed-up over the system

KS.

Proof is founded on the two following propositions:

1) Frege-proofs of tautologies ¢, (n=1) are t-polynomially (I-
polynomially) bounded ( this statement is proved in [6]);

2) for sufficiently large n and sequence of formulas ¢, the following
holds: X5 (¢,,) = Q(22"), therefore IXS(p,) = Q(22") as well.
The proof of second statement follows from the values of determinative
sizes of ¢,, and number of different ¢, — 1 — determinative conjuncts,
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as well from possible changes of determinative sizes by applications of
inference rules of KS:
ds(maVva)=1, ds(B&[-aV a])<ds(B)+1,
ds([(A&B) v C]) <ds((A&[BV C]), ds(BV A)<ds(B),
ds(a) =ds(a Vv a), ds([Av C] &[B V D]) <ds(A&B V C&D),

and some important condition of rule s.

Theorem 2. The system eKS has exponential speed-up over the system KS.

Proof is founded on the following propositions:

1) sKS-proofs of of tautologies QHQ,, (n= 1) are t-polynomially (I-
polynomially) bounded ( this statement is proved in [3]);

2) the system eKS p-I-simulates (p-t-simulates) the system sKS [3].

3) for sufficiently large n and sequence of formulas QHQ,, the following
holds: tXS(QHQ,,) = Q(2™), therefore IXS(QHQ,,) = Q(2") as well.

The proof of last statement follows from the values of determinative sizes
of QHQ,, and number of different QHQ,, -1-determinative conjuncts.

Remark. Both theorems can proved only on the base of formulas
QHQ,, because it is proved that they have t-polynomially (I-polynomially)
bounded Frege-proofs (this statement is proved in one of my previous paper,
which is now in the process of publication).

Conclusion. L. Strasburger’s conjectures that KS does not p-simulate
Frege systems and eKS system are proved.

Yerevan State University
e-mail: achubaryan@ysu.am

A. A. Chubaryan

Relations between the Proof Complexities in Frege Systems,
Deep-Inference Proof Systems KS and eKS

Using the determinative sizes for tautologies of some sequences, it is proved in this
paper that a Frege system and deep-inference proof system eKS exhibit an exponential
speed-up over the deep-inference proof systems KS both by lines and size of proofs.

U. U. 2nipupui

Upunwbdmdubph pupympmniuutph hwpwpkpnipmiutpp Spkqth
hudwljunpqgtph, pnppuyhtt wpwsdwh utinbubpny
KS 1 eKS hwuwljupqgtnh vhol

Oquiugnpstiny npnowlh hwonpuljunipniitph tnybwpwinipniiubph npn-
ohs Epupmpynitikpp wuyugnigyly k np $pghh hwdwlwpgpp b junppught wpunw-
Suwh Juwunubpny eKS hwdwlwnpgp gnigupkpnid Eu Epuynibuighw)] wipuqugnid unp-
pughll wpunwstwh Juinbitpny KS hudwlupgh dundwdp’ U pun wpnwsnidibph
puykiph, b pun npuitg kplupnipymakph:
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A. A. UyGapsin

OTHolIeHNe MeKAY CJI0KHOCTSIMH BBIBOAOB B cucremMax ®pere
M cHCTeMax IIyOMHHBIX NpaBuJ BbIBoA0B KS u eKS

HCHOHLSyﬂ BEJIMINHBI ONPEACIAIOINX UINH TaBTOJIOTHI HEKOTOPBIX IIOCIEHO0-
BaTeHBHOCTeﬁ, JOKa3aHO, YTO CUCTCMbI (Dpere " CUCTEMA FHy6I/IHHLIX IIpaBUJI BBIBOJOB
eKS MPOSABJIAOT 3KCHOHCHIUAJIBHOC YCKOPEHUE OTHOCUTCIBHO CUCTECMBI FJ'IyGI/IHHI)IX
IIpaBUJI BBIBOJOB KS kak o miaraM, Tak 4 1o JJMHaM BbIBOJOB.
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Kpurepun padoTocnoco0HoCTH U 00beMHAsi IPOYHOCTH
KOHCTPYKIMOHHBIX 3JIEMEHTOB MAIIINH
¢ KOHI[EHTPaTOpPaMM HANPsIzKeHU

(ITpencrasneno akagemukom JI. A. Aranossaom 3/V 2022)

KimoueBble ciioBa: KOHYeRmpamop HAanpsNCEeHUsl, PeNCUMbL HACPYIHCEHUA,
Koaqb(j)uuuenm KOHUYermpayuu, mecniivle HanpssiCeHus.

Hannyue oTBepCTHA, KaHABOK, HAITPECCOBOK, HAPE30B U IPYTUX KOHIICHT-
pPaToOpOB HAMPSHKCHUI MOPOXKIAET MECTHBIC HAMPSIKCHUS, HAMHOTO OTIIHYAO-
muecs: 0T HOMUHAIBHOTO. OLeHKa MPOYHOCTH TaKUX JieTajeil TpeOyeT ux yde-
Ta, MOCKOJBbKY HAWOOJBIIEC MECTHOE HAMPSIKCHUE MOXKET 3HAYUTENHHO TIpe-
BBINIATh HOMUHANIbHOE. Takue HampsHKEHHS XapakTepHU3YIOTCS BBICOKUM Tpa-
JUCHTOM M MOTYT OBICTPO YOBIBATh 110 MEpPE yJIaJICHUs OT KOHIICHTpaTOopa.

Koaddumment koHneHTpanuii (OTHOIIEHHE HaWOOJBIIEr0 MECTHOTO Ha-
MPSDKEHHUS. K HOMHHAJIBHOMY) B YIIPYTO#l 00JIaCTH ONMpEeNsaeTcs BhIpaKeHHUEM
[1, 2]

O,
o =M . o — Zmax (1)

Bennunna koadduimenta o , xapakrepusyomiero BiusHue GOpMbl KOH-
LEHTpaTopa Ha paclpe/ieficHne HaNpsHKeHUH, He SBISETCS, OJHAK0, MEPHIOM
CHIDKEHHSI TPOYHOCTH. DaKTHUECKOE CHIDKEHHE IMTPOYHOCTH 3aBUCHT HE TOJBKO
oT (opmbl (Hazpe3a) KOHIIGHTpaTopa, HO M OT CBOWCTB MaTepHaia JeTallu,
MPOSIBIISIIONIMXCS TI0-Pa3HOMY, B 3aBUCHMOCTH OT PEXHMa HarpyXeHus. Od-
(EeKTUBHBIN KOAQQUIMEHT HANPSHKEHUS OIEHUBAETCS OTHOIICHHEM Tpeieib-
HBIX HaPsDKEHUH IMagKoro oopasia 1 o0pasia ¢ KOHIEHTPAaTOpaMH, HMEIOLINX
OJIMHAKOBBIE Pa3MEPHI.

[Ipu craTnyeckoM Harpy>KeHHN
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(K,). =2= u (K,), =<, )
O T

o o

rne 0,, T, W O'a' , Tg' — COOTBETCTBYIOIIHE 3HAYCHHS MPEICTIOB MPOIHOCTH
14 !
TJIaJKUX 00pa3Ios (O-“ , to ) 1 00pas3IOB C KOHIICHTPATOPaMHU (O-U , to ).
[Tpu HarpyXeHHH, BRI3BIBAIONIEM MIEPEMEHHOE HAMPSDKEHHE,

K, =—/, K =—+ @)

! ’
rae o,, 7,,0,, T

¢ — COOTBCTCTBYIOIINC 3HAYCHUA IIPCACIIOB BBIHOCIMBOCTH

TJIaJIKOTO W € HaJape3aMH oOpas3lloB OAWHAKOBBIX pa3mepoB. B mporecce skc-
Imiryataliuyi MalluH I104 I[GP'ICTBI/IGM Harpys3ok, HIpHJIOXCHHBIX K ACTAJIAM, B
Clly4ae HeJ0CTaTOYHOH MX NMPOYHOCTH MOTYT BO3HHKHYTH HEIIOITYCTHMO OOJIb-
IIMe OCTAaTOYHbIE Ae(hOPMAIMU H Pa3pyIICHUS.

Llensto Hacrosmeidl paboThl sBiIsSeTCS pa3paboTKa METOJOB pacuera
HAIPSHKEHHOTO COCTOSHHMS JIeTalell MAIllMH C Y9E€TOM HAJIM4YHs KOHIICHTPAaTOPOB
Y 9KCIUTYaTaI[HOHHBIX YCIIOBUH.

3amaua obecrieueHHss HEOOXOIUMOM U JOCTaTOUHOM MPOYHOCTH COCTOUT B
TOM, 4TOOBI ONpEAETUTh pazMepbl u (QOpMBI JeTanei, MCKII0YaIolue BO3-
MOXXHOCTh TIOSIBIICHHSI HEJOIYCTUMO OOJIBIION OCTaTOYHOH jaedopmManuy,
NPEKICBPEMEHHBIX TIOJIOMOK M TOBEPXHOCTHBIX pa3pylieHuii. IIposBienue
aToro 3ddekra pasHBIMU MaTepUaaMu OIICHUBACTCSA KO3((UIIMESHTOM YyBCT-
BUTEJIBHOCTH, II0J KOTOPBIM CJIEAyeT IIOHMMAaTh OTHOIICHHE (haKkTHIeCKOM
BEJIMYMHBI HaMOOJIBIIETO MECTHOTO HANPSDKEHHS MaTepuasia K KOHIEHTpaluH
HarnpsbkeHus (), KOTopasi TCOPETHYECKH MOJICYMTHIBACTCSI BRIpaXKeHUeM [2, 3]

— RU GHU,W B GHO/W — KG - l 53
L= = JUISL HOPMAIBHBIX HATIPSKEHUH,
aa G”()J/l - 0”().14 aa - 1

_K.-1

T

I KaCaTCJIIbHBIX HaprI)KeHI/Ifl.

T

[Tpu u3BeCTHBIX & U ( KOIPOHUIMEHT KOHIIEHTPAIIMH HANPSIKEHUS
K, =1-q (a,-1); K, =1+q,(a, -1) 4)
Ecm ,=0wu 0,=0, 0o K, =1wu K =1, 1.e. MmaTepuan He uyscr-
BUTENeH K KoHueHTparopaM. Ecimxe 0, =1, .= 1,170 K, =a, u K, =a,
T.6. Marepuai OTIMYAETCS BHICOKOW YyBCTBUTEIBLHOCTHIO K KOHIIEHTPATOPAM.
[lpy HArpy’>KeHHsIX, BBI3BIBAIONIMX CTATHYECKME HANPSDKEHUS, YCIOBHSA
T

MIPOYHOCTH O'S[O'] I TS[T], e [O_]:G;p’ [T]: :lp,
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BUJIOM3MEHSIOTCS B 3aBUCHMOCTH OT COCTOSIHHS MaTepuaia (IIaCTUIHOCTH I
XPYIKOCTH).
CpenHee HOpMaibHOE (KacaTellbHOE) HANPSHKEHUE UMEET BHL

o. = o-max + O-min (T _ Tmax + Tmin)
m ’ m ’
2 2
O — aMIUIMTYyJa HyuKia, o P (T P )paBHLI
(o} — O T -7 O
O-a — _ max min , Ta — ~max min r= min [ = —min
2 2 O ax T ax

3nech I' — K03 PUITMEHT aCHMMETPHH ITUKJIA.
[Ipenensl BEIHOCIUBOCTH, 3aBUCAIINE OT I, 0003HAYAIOTCS Yepe3 O, HpH

r=—1 mms cummerpudsoro umkna, O, npu =0 mwis myascupyromero

UKIA.
BrusHue CTEMeHM acUMMETPUHM IMKJIA HEOOXOIUMO YCTaHOBUThH C

TIOMOIBIO JIMArpaMM TpeJie/bHbIX HanpskeHnil B koopauHatax o, (7,,) u

O-a (Ta) A Gmax (Tmax) H o-min (Tmin)'

B pacuérax wacto mpuUMEHSETCS auarpaMma, CXEMaTH3UpPOBaHHAs 10
croco0y, npemioxenHomy C.B. Cepenconom u P.C. KunacomBwiu u yTou-
HSOIIAsl 3HAYCHUS TPEIeIoB B obmacT 1UkiIoB ¢ I =—1+0 npu u3BecTHBIX

3Ha4YeHusAX O _,,0,u O .Haubonee TouyHble mpeicTaBiaeHUs O (haKTHUECKOH

MPOYHOCTH JeTaleld MallMH MOXHO IIOJIyYUTh U3 pe3yJbTaTOB HATypPHBIX
WCIBITaHUH, BOCIIPOBOSAIIUX SKCILTyaTallMOHHBIE YCIOBUS HArpy>keuus [4, 5].

KonctpykmonHsle GOpMbI OKa3bIBAIOT 3HAYUTEIBHOE BIMSHUE HA CIIO-
COOHOCTh JeTajieil MalluH CONPOTUBIATHCS IEHCTBHIO NMEPEMEHHBIX Hamps-
»eHuil. Harmpumep, B pe3ynbpTaTte HCIBITAaHUN KOJEHYATHIX BAJIOB YCTAHOBIIEHO,
YTO WX NPEJeNl BBIHOCIMBOCTH NPH CHMMETPUYHOM KpPYYEHUH COCTABIISET
okosio 0.07 mpenena npounoctu Matepuana u 0.38% mpenena BBIHOCIMBOCTU
MPU CUMMETPUYHOM KpyUeHHU. ITO OOBSICHIETCS TEM, UYTO peajbHble (pOpMBI 1
pasMepsl JeTanell MallluH OTJINYA0TCs OT GOPM U Pa3MepOB INAAKUX 00pa3LoB
(BmustHEE opMBI yauThIBaeTcs o gopmyie (3)) [5].

Jns XpynkuX MaTepUHalloB C HEOJHOPOIJHOW CTPYKTYpOH, TaKuUX Kak
YyI'yH, B KaueCTBE IPEACIbHOIO HANPSDKEHUS CIEAYeT MPUMEHATh Npeael
MPOYHOCTH, I TUIACTUYECKUX MaTEpHaJoB MOJ MPEAEIbHBIM HANpSHKECHHEM —
COOTBETCTBYIOIIIME TMpeneisl TeKydecTH. [Ipu cTaTHdeckux HarpyXeHHsAx
KOHIIEHTpALMsl HANpsDKEHUM HE CHM)KAaeT HECYLIYI0 CIIOCOOHOCTBH JeTaneid,
W3TOTOBJICHHBIX M3 IUIACTUYECKHUX MaTepuaioB. JTO OOBSICHAETCS TEM, UTO
MECTHBIEC TUIACTUYeCKHe NeQOpMaIi CIIOCOOCTBYIOT TepepaclpeieicHu0 1
BBIPDABHUBAHUIO HAIPSIKEHUH B CEUCHHUAX JeTaled. B 30He KOHIEHTpauuu npu
3TOM NPOUCXOJIUT YIPOUHEHHUE. B CBA3M C 3THUM pacué€Tsl Ha MPOYHOCTH IPHU
CTAaTHMYECKMX HAINPSDKEHUAX MJs JeTajell M3 IUTAaCTUYEeCKHX MaTephualioB
BEIYTCS IO HOMUHAIHHBIM HANIPSHKSHUSM.
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Koaddumment qyBcTBUTENFHOCTH MaTepHaiia K KOHIIEHTPAIIUH HaIpshKe-
HUI (] 3aBUCHT IIPEXkJIE BCEro OT CBOMCTBA MaTepHaia, BUAa U GOpMbI Haapesa
U SBISIETCS KOHCTAaHTOM Ui JAaHHOTO Marepuana. /[ KOHCTPYKIIMOHHBIX
craineii B cpeneM =0,6+0,8. [l BICOKONPOUYHBIX JISTHPOBAHHBIX CTajei
MOXHO TpuHUMaTh (| ~1. M3-3a 3TOT0 MpHMEHEeHNe BBHICOKOIPOYHBIX CTAJICH
JUISL AeTajiell ¢ ouaraMu pe3KON KOHIEHTPAIMM HANpsSHKEHUN HE BCErja oka-
3BIBAETCS 11eIeCo00pa3HbIM. Harpy3ku B M3BECTHBIX T'PaHUIAX CIIOCOOCTBYIOT
3HAYUTEIFHOMY YBEIWYCHHUIO Tpefesia BEIHOCIHBOCTH. DTO SIBISETCS TPEHH-
POBKO MaTepralia U IIMPOKO HCIIONB3YeTCs B TEXHUKE, HAIIPUMED, B IIpoIecce
00KaTKK MaIlVH.

[Ipu 0THOOCHOM HANPSHKEHHOM COCTOSIHHM PacydeT 3araca MPOYHOCTH BHI-
MIOJTHSAETCS C TOMOIIBIO0 JUarpaMM IMpeneNbHBIX HampspkeHuid. [Ipenmonaras,

4TO B MPOLECCE HATPYXKEHUs CpelHee HalpsiKeHHe O,, W aMIUIMTyNa LHKJIA

a

O, U3MCHSIOTCI MNPOIOPHUOHAIIBHO, T.C. =COoNst, BbIYMCIsAETCS 3amac

O_m
MIPOYHOCTH
=2 6c:12% 5 |26 0
o ' a" m | Y-1"Yhp
Gmax o
OTKyJa
1 o o lo} o
b=, \% 2 o, o)\ 2 )2 @
a +7V o o
0, Oy
20 ,—0,
O6o3Haune ————2 =¥ _, noayunm
Oy
o
I =—. (6)

=
Oa T¥0n
[ockoneky kodpdurment ‘¥ xapakrepusyer 4yBCTBUTENBHOCTH Marte-

o,

puaia K aCHMMETPUHU LHMKIIA [PH CUMMETPHYHOM LUKIE [T = , Gopmybl

O,

(5) m (6) mpuMeHHMBI JWIIL TIPH pacdere riaagkux obpasmos. [Ipu pacuere
neraneii HeoOXOJMMO YYecTb BCE (AaKTOpbI, BIUSIONIME HA INPOYHOCTH. B

COOTBETCTBMM C O3TUM aMIUIMTyJia LMKJIIa HOMHWHAJILHOIO HaNpsDKCHUSA O a

KOPPCKTUPYCTCA U BBOAUTCSA (l)aKTI/ILICCKaSI AMIUINTY1a HANIPS)KCHUA

(K)d
(e)d "
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Torma dhopmymst (5) u (6) mpuMyT BUL

1 1

1K 0 o0 gy o0y ¥
W 2 O (k,), o4 %
(6,)d o, o 0., Oy

m,= 2 2 ®)

“ 7 (K,) (K)o + '
a Y _O,
ﬁ Ja+WaGm c/a~a o’m
o/a
IIpouHOCTH COMPOTHBIEHUS MIACTHYECKUM JeopManusiM (TI0 TEKYyYECTH)

IIPY LUKJaX, KOT/1a YCTAIOCTHOMY Pa3pyLICHHIO MOXET NPEIIIECTBOBATh OCTa-
TouHas nedopManusl 3HAUNTEILHON BEIMYMHBI, ONPEEIISeTCS M0 CIeAYIOIEH

thopmye:

HT = = , (9)
o, t0,

IIpy LMKJIMYECKOM KPYYEHUM pacyeThl Ha IPOYHOCTh BEAYTCS AHAIIO-
TMYHOM CII0cOOOM, 3aMEHON B HUX O Ha T .

JByxoceBoe CMeIleHHEe HAMPsHKEHHOTO COCTOSHUSI MOKET OBITh TPEe/ICTaB-
JIEHO KaK pe3yJbTaT HalIO0XKEHHs YHCTOTO CABUTA U OJUHOYHOIO PACTSHKEHHSA
(cxarus). Ecnn matepuan HaXOAWTCS B OJHOOCHOM HANpsDKEHHOM COCTOSTHUM

(7, =0), To npu uucne capuros (o, =0)

O _4

7. = , (10)
o_a
=22 (11)

Ta

Ucnonszys (10) u (11), momyunm o01munii 3amac mpoYHOCTH

11 11
H: g T

Jmi+m?

Ecnu nepeMeHHBI PEeKUM HarpyKEHHsl XapakTEPH3YeTcss Harpy3KaMu
Q,Q,,Q;,...Q (wnm HanpsokenuMsIMU O, O, Oy,....0; ), K&XK/Aas U3 KOTOPBIX

(12)

uUMeeT CBoe uHcao o0opotoB B MmuHyTy N,N,,N,,...N B TeuyeHue

1,,T,,T;,...T,4acoB, T0 ypaBHEHHE KPUBO BHIHOCINBOCTH MMEET CTEIICHHON

BHU]
o;"N, =const wm Q"N, =const, (13)
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rae O, (Q, ) — npezenbHOe Hanpsbxenue (Harpyskn); N, — oOlee ynciio uukiIos

! o
N, =60nT.; m (m ) — [OKa3aTelb CTENCHH, XapaKTePU3YIOIINH HAaKIOH BETBU

KPUBOH yCTanoCcTH (B Jorapu(pMUUECKOM CHCTEME KOOPAHHAT PAaBHbIM KOTaH-
TeHCY yIJla HAKJIOHA).

JIsi TMpaKTHYECKUX pacueToB, KOTJA HAMPSDKCHHE MPOMOPIHOHATBHO
Harpyskam — m = m' , 00bI9HO pUHUMAT m =6+9.

Ypasuenue 3amensl Harpy3ok Q,Q,,Q;,...Q.... B Teuenue 3ananHorO WIS

Lo
KKIOW Harpy3Kd BPEMEHHU (CYMMHPOBAHHS MOBPEKACHUN OT «YCTAIOCTHBIX)»
MIPOIIECCOB, MPOUCXOSAIINX IPH 3TUX PEXUMax) U 0a30BOT0 YMCIIA ITUKIOB Ha-

rpyxennst N nmeer Bux

Q' nT, +Q) n,T, +..)60=(K,Q)™ N,.

Torma pacuerHas ¢opmyina mias Kod(pQHUIMEHTa JOITOBEYHOCTH MOXKET
OBITh TIPEICTABIICHA B BUJIC

(14)

nin

(15)

rae T — obGiee (cymMmMapHOe) BpeMst paboTHI B yacax.

B stux dopmynax nepBelii MHOXHTENb XapakTepH3YeT TPeOYyeMBId CpOK
CIIy>k0bI, BTOPOH — IEPEMEHHOCTD PEXHUMA.

Bo MHOrMX MexaHW4eckuX Iepeaadax (3y0uaTsiX, YepBSIUHBIX, QPUKIIHOH-
HBIX) BCJIEJCTBHE BBICOKMX KOHTAKTHBIX NMEPEMEHHBIX HANpSKEeHUH MPOUCXO-
JUT pa3pylIeHHE B BUIE BHIKPAIINBAHUS IOBEPXHOCTHOTO KOHTAKTHOIO ciosi. B
9THX KOHCTPYKIUSAX YCWIHA INEPENaroTCs MO OrPaHWYEHHOM NMOBEPXHOCTH, H
TEOPETUUECKU KOHTAKT JI0 HArpy>KCHHMsl SIBISIETCS TOYEYHBIM WM JIMHEHHBIM,
BCIIEJACTBUE 4YETO BO3HHUKAKOUIME IPH HATPYKEHUM HAIPSDKEHUS B 30HE
KOHTAaKTa MOI'YT OBITh BeChbMa 3HAaYMTENbHBIMU. [IpH TpeBBIIEHUH STHUMHU
HATPSOKEHUSIMA ~ JIONTYCTHUMBIX 3HAY€HHH MOTYT O0pa3oBaThCsi TPEIUHEI.
ITockonbKy Harpy:xeHu€ HOCHT LMKJIMYECKHI XapakTep, TO BO3HUKAOIIHE
HaNpSDKEHUS! SBJSIIOTCS NEPEMEHHBIMH. OTUM W OOBSICHAETCS XapakTep
pPa3BUTUS TPEIIMH, YTO IO3BOJSET OTHECTH HMX K KaTErOpHH YCTaJOCTHBIX
paspymiennii. KpuBble KOHTAKTHOW BBIHOCIIMBOCTA HAIIOMHHAIOT OOBIYHEIE
KPHUBbIE BBIHOCIIUBOCTH, U CBA3b MEXKY HAIPS)KEHUEM U YUCJIOM LIUKIIOB UMEET
BHJ

o™N =const wm Q™N =const.
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JIis TUNMYHBIX KOHTAKTOB (JUIA MOMNIMIHKHKOB Kadenus) M =3.3 npu
pacuere 3y0uaThix mepeaad M = 6. J{jst ciiydasi KOHTaKTa [apa ¢ II0CKOCThIO

Crax = 0.623,% Kt/ m°,

rae d — gumamerp miapa, P — neiictByromnas narpyska, E — npusenenusrit Mo-
JyJTb YIIPYTOCTH
E_ 2EE, |
E +E,
E,u E, — monynu ynpyroctu marepuana mapa u miocKoCTH.
3akirouenue. Pa3paboTaHbl METOAMKU pacyeTa HAPSHKCHHOTO COCTOSTHUSI

JeTajeld MallMH C y4eTOM HaJINYMs KOHLEHTPATOPOB M SKCIUTyaTallMOHHBIX
YCJIOBHIA.

lI/IHCTI/ITYT mexauuku HAH PA

?3A0 «dnexrpomanr 'AM» HIT TIJ,
e-mails: hamlet@mechins.sci.am, elektramash@mail.ru

I'. T. llexsin, A. B. 'eBopksin

Kpurepun pa6orocnoco6HoCTH U 00bEMHASI POYHOCTH
KOHCTPYKIMOHHBIX 3JIeMEHTOB MaIlINH
¢ KOHIEHTPaTOpaMy Hanpsi:KeH Uil

O1eHKa IPOYHOCTH KOHCTPYKTHBHBIX 3JIEMEHTOB MalIMH OOBIYHO BEChMa CII0)KHA
n TpeOyeT ydera MECTHBIX HalpsDKEHWH, KOTOphIE MOTYT 3HAYMTEIHHO MPEBBIIIATH
JIOITyCTUMBIE, YTO O0YCJIOBJICHO HAJMYUEM Pa3IMYHBIX KOHIIEHTPAaTOPOB HANPSKECHUI.
Pa3pabaThIBaloTCSI METOMABI pacdeTa HANpPsDKEHHOTO COCTOSHHUS JAeTaneid MalluH C
y4eTOM HaJH4US KOHIIEHTPATOPOB M IKCIUTyaTal[MOHHBIX YCIOBHUIL.

Z. Q. Chjjul, U. 9. Qunpgyub

Lwpnudubph Ynugktinnpuwnnputpny dtpkuwmubtph
Yunmgywspughtt muppkph swduyughtt wipnipjub
b wouwnnibwlnipjwi suhwihpubpp

Utiptwutph Junnigquspwyhtt nuppbph wdpnipjut gowhwwnnidp undnpupwp
owwn puipn kb wwhwgnid £ wnknujht jupnudubph hwipgwnnid, npnp Jupnn kb tpw-
twluwih swthny ghpuwquigl) poyjunpkih swihbpp: w wuydwbwdnpqus E wwppkp
Ynugkunpuwnnpubph wejuynipjudp: Usjiwwnwupp ninnusé k Ynughtunpunnpubph b
owhwgnpéudwt wuydwbbph hwpqundwdp dbpkuwibph phnwjubph jupubwgh
wuydwbtph hwyqupluyhtt dbpnnhluyh dowljdwip:
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H. G. Shekyan, A. V. Gevorkyan

Performance Criteria and Bulk Strength of Structural Elements
of Machines with Stress Concentrators

Assessing the strength of structural elements of machines is usually very difficult
and requires taking into account local stresses, which can significantly exceed the
allowable ones. This is due to the presence of various stress concentrators. The work is
aimed at developing methods for calculating the stress state of machine parts, taking
into account the presence of concentrators and operating conditions.
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IIpukiagHbie 321a4U CTATHYECKOT0 MONEPEYHOro u3ruda
U YCTOMYHUBOCTH JIMCTA rpadeHa

(ITpencrasneno 11/VI 2022)

KaoueBbie cioBa: npsamoyeonvhvli aucm epagend, KOHMUHYaibHO MO-
MEHMHO-MeMOPAHHAS MeopuUsi NJIACMUH, NONEPEYHbII U32Ub, CMamuKa, ycmou-
YUBOCMb.

1. BBeaenme. MeTo sl MeXaHUKH J1e(hOPMUPYEMOTO TBEPJOTO Tella MOIy-
YUJIM LIMPOKOE PAcIIpOCTPaHEHHE B MOJCIMPOBAHUU Jle(OopMaLil HAHOCTPYK-
Typ. IlocTpoeHne KOHTUHYaNBHBIX MOAEIEH nedopMaruii IByMEpPHbIX HAHOMA-
TEPUANIOB, B YaCTHOCTH TpadeHa, SBJISETCS OJHON U3 COBPEMEHHBIX MpoOiIeM
MEXaHUKH Ae(opMUpyEeMBIX TBEpAbIX Ten. M3BecTHO, uro aedopmanus Kpuc-
TaJNIMYECKUX HAHOMATEPUAIIOB IIPOUCXOJUT MO CXEME «CABUI IUTIOC TOBOPOT»
[1]. OGocHOBaHO TakXke YTBEPXkJACHHUE, YTO MPH WU3yUeHHHU JiedopMaluil ABY-
MEpPHBIX HAHOMAaTEPHAJIOB M0 KOHTHHYaJIbHOW TEOPHH HEOOXOJUMO HCIIOIB30-
BaHHE TPEXMEPHON MOMEHTHOW TEOPHH YIMPYIOCTH C HE3aBHCHMBIMH IOJSAMHU
repeMenieHuil u BparieHuii [2-4]. YKa3aHHbBIE BBIIIE UCCICTOBAHUS OTKPHIBAIH
JOpOTY AJIsl penieHus: mpobieMbl pa3pabOTKW KOHTHHYAIBHOW TeopuH Jiedop-
Maluii ABYMEpPHBIX HAaHOMAaTEPHAaJOB KaK aJeKBaTHOW TEOPUH ILIACTUH M 000-
JIOYEK TI0 MOMEHTHOH TeopuH ynpyrocTH. BHauane ObLta mocTpoeHa KOHTHU-
HyaJbHO OJIHOMEpPHAs CTEPKHEBAS] MOJIEJIb JINHEMHON aTOMHOM 1IENOYKH, B JIUC-
KpETHOH MOJEIH KOTOPOH B3aMMOJEHCTBHEM MEXKIY aTOMAMH CUUTAIOTCS CH-
JIOBOE HELIEHTpaibHOE U MOMEHTHOE [5]. C HUCronb30BaHUEM OCTPOCHHON KOH-
THHYaJIbHO-MOMEHTHOW CTEPKHEBON MOJEIH, 3aMEHSIS B3AMMOJIEHCTBAE MEKILY
aToOMaMH JBYMEPHOI'0 HaHOMATepHuaia CTEPKHEBOHW CUCTEMOM, MIOCTPOEHA AMC-
KpPETHO-KOHTHHYaJIbHas ero Mozesb. Ha npumepe rpadena, nanee, npenenbHbIM
MIEPEX0JIOM ITOCTPOEHBI JIB€ KOHTHHYaJIbHBIE MOJIeNH ero Aedopmanuu: 1) mo-
JIeITb TUTOCKOTO HaNpsHKEHHOTO COCTOSHUS JICTa TpadeHa, 2) MOJIeNb ero Tore-
peuHoro u3ruba, npuuéM o0e 3TH MOJIENIM UACHTUYHBI COOTBETCTBYIOIIUM MO-
JeNsiM MOMEHTHO-MEMOpaHHOM TeopuH ynpyrux miactud [6, 7]. OnpeneneHst
BCE IIECTh YINPYIHX TOCTOSIHHBIX MOMEHTHOW TEOpPHH YNPYTrOoCTH s
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Marepuana rpadena. Takum oOpa3zoM, MOMEHTHO-MeMOpaHHBIC MOIETH TLIOC-
KOTO HampspKEHHOTO COCTOSIHHMS M IOTIEPEYHOro M3ruba ynpyrux IUIACTHH C
y’K€ HM3BECTHBIMU YIPYTUMH TOCTOSHHBIMA MOXHO TPaKTOBaTh KaK KOHTH-
HyaJlbHBIE MOJIENH JJIi COOTBETCTBYIOIIMX MedopMariuii jucta rpadeHa. ITn
MOCTPOCHHBIE KOHTHHYaJIbHBIE MOJETH OTKPHIBAIOT LIMPOKYIO AOPOTY JUIs
MOCTAaHOBKHU Pa3IMYHbBIX PUKIAIHBIX 33134 0 JeopManusx JucTa rpadeHa.

B nanHoO# paboTe paccMaTpUBAIOTCS CIEAYIOIIME IPUKIaJHbIE 3a1a4H 110~
mepeyHoro m3rmba mucta rpadeHa: 1) 3amada CTaTHUECKOTO ITOMIEPETHOTO
u3ruba NPSMOYTOJIBHOTO JIMCTa rpadeHa, Korga OH HecET MOoNepedHo pac-
npenenéHHyl0 HOPMalbHYIO Harpy3Ky, a Kpas ero cBOOOAHO ONEPTHI; OImpe-
JIEJICHBI MTPOTHO JINCTA, a TAKXKe JEHCTBYIOIINE B HEM YCHIIHSI 1 MOMEHTHI; 2) 3a-
Jladya yCTOMYMBOCTHU JUTSL TIEPBOHAYAIBHO CHKATOTO COCTOSIHUS JIHCTa TpadeHa;
orpejesieHa KPUTHYECKasi Harpy3Ka.

2. OcHOBHbIE YPABHEHMS] M TPAHHYHbIE YCJIOBUSI MOMEHTHO-MeMOpaH-
HOWl TeopUM YHNPYruX TOHKHUX IUIacTHH. /{1 m3ydenus nedopmanmii mcra
rpadeHa 1Mo KOHTHHYalbHON TEOpuH OT OOMIMX YpaBHEHHH M COOTHOIICHHH
MOMEHTHO-MEMOpPaHHOW TEOPHUHU YIPYTUX TOHKUX 00osouek [6, 7] mepeiiaeM Kk
YJacTHOM TCOPHUU — TCOPHHU IIJIACTHUH. B wutore AJId TUIaCTHH IMOJTYYUM JBE OT-
JeNbHbIE TEOpUH: 1) MOIENpb IUIOCKOI0 HANPSHKEHHOIO COCTOSHUSI MOMEHTHO-
MeMOpaHHOW TEOpPHM YNPYIMX TOHKHX IUIACTHH, 2) MOJENb IOINEPEedYHOro
n3ruba MOMEHTHO-MEMOpPAHHON TEOpUHM YNPYrHMX TOHKMX ITacTHH. [lo sTHM
MOJIEJIIM MOXKEM TI0 OTAEIBHOCTH M3y4aTh Aedopmanuio jucTa rpadeHa B
CBOEH TUIOCKOCTH U M3THOHON AeopMaruy OT CBOEH TUIOCKOCTH.

1) OcHOBHBIC ypaBHEHHUS TJIOCKOTO HANPSHKEHHOTO COCTOSHUSI MOMEHTHO-
MeMOpaHHOW TEOpUH YNPYIMX TOHKHUX IUIACTHH, BHIPAXKCHHBIC B JIEKAPTOBBIX
KoopauHaTax (X,Y), HOJYy4YHUM H3 OOIIWX YPaBHEHWH W COOTHOIIECHWH Teopuu

obomnouek [6, 7]:
ypaBHEHUS paBHOBECHS (ABMKEHU)

T, Sy %, (., _\ S, aT, o’y (.
8X+ EY = Po P —(1—p1) ox + 2y = Po P _(pz_pz)a
oL, oL %0 _
—= 4 23Jr(312_821)2\]0 23 (m;—ms),
xo o (1)
TCOMETPHUUICCKHUE COOTHOIICHUS
ou ou ou
Iy =_1! Iy =_2' Iy, =—2—Q3,
OX oy OX @
ou, 0Q, 0Q,
T k23 =T

F21=E+Qa’ kis = o oy

(hm3nyecKre COOTHOMIEHUS YIPYTOCTH

2Eh 2Eh
=5 (Mg +V5), Tpp = 1,2 (Ty +11714),

Tll
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Spp = (ﬂ+“)'2h[rlz +77F21]'
Sy = (ﬂ+05)' Zh[r21 +nly, ]’

L, = 2Bhky, Ly, = 2Bhk,y, n=4“"% g 4%
U+a y+é

3anuiieM rpaHudHbIC YCIOBHS, HAIIPUMED, BAOJIb Kpas Y = CONSt :

(3)

a) CTAaTUYCCKHUC I'PaHUYHBIC YCIIOBUA

T11 :T11’ S12 = S12’ |—13 = |—13’ (4)
6) T eOMCTpI/I‘leCKI/Ie FpaHI/IQHLIe yCJ'IOBI/IH

MoryT UMETh MECTO TAaKKe CMELIaHHbIe IPaHUYHBIC yciaoBHA. OTMETUM,
4TO B IUTeparype [8] n3BecTHaA yKka3aHHAS MOJEIb IIOCKOH AedopMaIiny miac

TUHKH TI0O MOMCHTHOW TEOPHHM YHIPYTOCTH C HE3aBUCHUMBIMH MOJISIMH
MEepEeMEIICHUI U BpalllEHUN.

CeeneMm ncxonnble ypaBHeHUS U cooTHomeHwus (1)-(3) Moaenu miockoro
HaNpPSHKEHHOTO COCTOSIHUST MOMEHTHO-MEMOpPAHHON TEOpHH YIPYTrUX TOHKHX
IJIACTHH K pazpemiaromiuM ypaBHeHUsM. [lonctaBuB (2) B (3) u 3aTeM B ypas-
HeHus paBHOBecHs (1), MOMyduM cUCTEMy pa3pellaoluX YpaBHEHHH OTHO-

curenbHO GyHkimi U (X, Y), U, (X, Y), Q5 (X, Y):

, o (oéu, ou d%u, 0%u oQ
(i +2[Ll )&(j*‘j}*‘(ﬂﬁ-a ayzl_axa;, -I—ZCZW‘?:—p]_:

2 2
QQ
(ﬂ’+2y)%(%+au—2J+(,u+a 0, 97Uy —2aa—3=—p2, (6)

oy ox?  oxoy OX
BAQ, —4a), +2a] 2~ M| g
oXx oy
rae
2/ E 0()  0°(:
21 = Ho_ v ’ A')= ()+ ()’ )
A+2u 1-v? x? oyt
Cucrtema ypaBHeHHMH (6) NOMONHIETCS TPaHUYHBIMU YCIOBHAMH (4) min
(5).

2) OCcHOBHBIE YpaBHEHUS W TPAHWYHBIE YCIIOBHSI MOJETH TTOIEPEUHOTO H3-
ruba MOMEHTHO-MEMOPAHHOUN TEOPUH YNPYTHUX TOHKUX TUTACTUH, KOTOPBIE Cie-
IYIOT U3 OOIIUX YPaBHEHWH W TPAaHUYHBIX YCIOBHUH TEOPUH TOHKUX O0OJIOYEK
[6, 7], npuBeneM B 1eKapTOBOM cHCTEME KOOPAUHAT (X,Y), CUWTas, 4TO Ha IUIa-

CTHHKY IEHCTBYET TOJBKO HOPMAIBHO K €€ CPEAMHHOI IUIOCKOCTH pacipe-
JenéHHas HarpysKka p; — P; = P3
ypaBHEHUsI PABHOBECHS (JIBHIKCHHS)
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ONyg 0N o*w

=2p,h——— p.,
aX ay pO atz p3
2
X
2
ox oy ot?
(hm3nyecKkre COOTHOMIEHUS YIPYTOCTH
Nig =2G"hI5, Ny =2G My, G = tpe ,
U+a
Ly, = ZhL[Z(ﬁ"'?/)kll + 8Ky ]’
p+2y
2
L,, =2h ﬂ+}/27 [Z(ﬂ"' 7)k22 +B-kyy ]’ ©)

Ly, =2h[(y + &)y + (7 — &)k )
Loy = 2h[(y +&)koy +(r — &)k |

Tr€OMETPUICCKUEC COOTHOMICHU A

ow ow
I, :a_+Qz1 [y =——Qy,
. v (10)
o, oQ, 0, o,
k11:_’k22:_,k122—1 21 ="
OX oy OX oy

Cratudeckue rpaHU4HbIE YCIIOBUS, HAIIPUMEp, BAOJIb Kpasi Y = CONSt , BI-
pakaroTcs B BUZIE

Nyg =Ny, Ly =Ly, Ly =Ly, (11)

a reOMETPHUYCCKHUEC I'PAHUYHBIC YCIIOBUA — B BUAC

MoryT UMeTh MECTO TaK)Ke CMEIIaHHBIE TPAHUYHBIE YCIIOBUSI.

Csenem mcxonHbIe ypaBHeHHS U cooTHomeHus (8)-(10) momenu nmoneped-
HOTO M3rn0a MOMEHTHO-MEMOPaHHON TEOPHH YIMPYTrUX TOHKUX IUIACTHH K pas3-
pemratomum  ypaBHenusiM. [loacrasnss (10) B (9) u 3areM B ypaBHEHHS paB-
HoBecus (8), momyuum cucreMmy audQepeHunanbHbIX YPaBHEHU OTHOCUTEEHO

dymrmmit W(X, ¥), Q2 (X, ¥), Q, (X, y):
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Aw+ m_z_% :_&
OX oy D.

AQl+vmi @ﬁg—z 2 @—Ql =0, (13)
OX\ OX oy D'{ oy
AQz+vm£ oy Ky —D*(a—W+Q2j:O.
oy\ ox oy D'\ ox
rae
* ' y—-¢€
D.=2G"h, D'=2h(y +¢), v, =2 (14)

y+e
[Tpu moNyYeHUH CHUCTEMbI pa3penialonnux YpaBHEHUH MOJENTH u3ruba Mo-
MEHTHO-MeMOpaHHOH TeOpHH YIPYTUX TOHKHUX IUTACTUH ObLTa ydreHa GopMyia
[5]
—-&
r—¢, 2y.

y+é& ( 15)

JIerko 3aMeTHTh, YTO CUCTEMa YPaBHEHUI MOJEIH N3rH0a MOMEHTHO-MEM-
OpaHHOU TEOpUM YNpPYruxX TOHKHX IUIACTHH C MaTEeMaTHUYECKOW TOUYKH 3PEHHS
rpaduUecKy UISHTUYHA CUCTEME YpaBHEHHMH M3rHOHOH nedopMaluu ynpyrux
TOHKHX IUTAaCTHH THIa TuMomreHko [9].

[Ipy cIOXXKHBIX TPAHUYHBIX YCIOBHAX (HAaIpuUMep, KOTr/ia IUIaCTHHKA, B JaH-
HOM cllydae JucCT rpadeHa, ociabjieHa OTBEPCTUSAMHU WIIM UMEHOTCS TPCIIUHBI,
BEIPE3bl, BKIIOUEHMSI) [IeJIeco00pa3Ho cucteMy ypaBHeHuit (13) momenu usrunba
MOMEHTHO-MEMOpPaHHOW TEOPHH YIPYTHX TOHKUX IUIACTHH IMPUBECTH K CHCTEME
U3 JIBYX ypaBHEHUI — OUTapMOHWYHOM 3a/1aue U ypaBHeHuto [ enpmronbna. s
sToro npoauddepeHnupyeM Bropoe ypapaenue u3 (13) mo y, a Tpetbe — 10 x u,
BBIYTS M3 OJYYSHHOTO IIEPBOTO YPaBHEHUS BTOPOE, TTOJTYIHM

(kA —1)(89—2 - %j = Aw,
OX oy

(16)
riae

_D
D, (17)

Hcnons3ys nepBoe ypaBHeHue u3 cuctemsl (13), a Taxoke ypaBHeHue (16)
OTHOCHTENILHO TIporuda W(X, YY), IPUXOIUM K YPaBHEHHUIO

P 1
AAW = — ——Ap,.
D’ D, "
Crenys [9], BBeaeM GyHKIMH I/ U () C IOMOLIBIO (popMys

__a_¢+a_l// Q —a_¢ a_!’//

Q, = ' 2 = )
oy ox X oy 19)
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rae GyHKIUsA ¢ BhIpaxkaeTcs yepe3 W U Ps:

@ =-W-—AW—— p,.

2
D. D, (20)

JBa mocneganx ypaBHeHUs u3 (13) OyayT yAOBIETBOPEHHI, €Cii (PyHKIIUS
W/ YAOBIETBOpSIET ypaBHEHUIO [ enbMrombua

L2
rae
k2D
(1+v,)D’ 22)

Takum oOpa3om, cHcTeMa pa3pelIaloIuX YPaBHEHWH MOJENTH IIoTe-
peYHOro M3ruda MOMEHTHO-MEMOpPaHHOM TEOpUH YNPYTHMX TOHKUX IJIACTHH, B
JaHHOM Cilyyae n3ruda jucra rpad)eHa OT CBOEH MJIOCKOCTH, UMEET BUJL

D'AAW = p, —kAp,, Ay —k 2y =0, 23)

Yeunus ¥ MOMEHTHI BBIpaXKaroTcsi depe3 (QyHKIUU W,l/, UMes B BHIY
dbopmyaet (9), (10), (19). MoxxHO TOKa3aTh, YTO €CJIHM IUIACTHHKA IO BCEMY
BHEIIHEMY KOHTYpY IIapHUpHO onépta, To Gpynkuus i = 0.

3. Ynpyrue nocrosiHHble MOMEHTHO-MeMOPaHHOI TeopHH IJIOCKOIro
HATIPSIZKEHHOTO COCTOSIHMA U MoMnepevyHoil n3rudHoil nedopManum MJIACTHH
nasi rpadgena. B [5] mocne ompeneneHrs NMOTEHIMAIBLHOW dHEPrud Aedop-
Manuu rpadeHa Opu IUIOCKOM HAnpsUKEHHOM COCTOSHMM M TPH ITONEPeYHON
W3ruOHON JeopManuu 3TH BBIPAKEHUSI CPABHUBAIOTCSI C COOTBETCTBYIOIUMH
BBIpQKEHUSIMA MOMEHTHO-MEMOPaHHOW KOHTUHYJIbHON TEOPUH YIPYTHX TIac-
THH U B UTOTE ONPEIEIISIOTCS YNpPYrHue MOCTOSHHBbIE MOMEHTHO-MEMOpaHHOI
KOHTHHYAJIBHOW TEOpUH IUIACTUH (IIPU JBYX YKa3aHHBIX JeQOopMaIusx) uepes
¢duzndeckue nmapameTpsl rpadeHa B AUCKPETHOW €ro MOJIEIH.

Takum 00pa3oM, B IUIOCKOM HANPSKEHHOM COCTOSHMM MOMEHTHO-MEMO-
PaHHOM TEOpWH YNPYTUX IUIACTUH Uil YIPYTHX MOCTOSHHBIX Marepuala rpa-
(dena umeem [5]:

E. :2Eh:287£; y7a :Z,uhzllfiﬁ; O :Zah:42£; v =0,24,
M M M

_ _ . -10 .
B. = 2Bh =5,05-10"° i - s, (24)

B cnyuae nomnepeuHoit n3ruOHON aedopmanyy yrpyrue mOCTOSHHBIE MO-
MEHTHO-MeMOpaHHOH TEOPHH IUIACTHH s rpadena cnexyromue [5]:
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D. =2G.h=86"1,D'= 2h(y + &)=y +& =415-10"H - un,
M
DN

D" = 2h(}/ — g): 7/* — g* = —0,91-10_101‘1 *HM, Vm = 2—, = —0,41, V= 0
D (25)

4. 3a1aya cTATHYECKOr0 MONMEPEYHOro U3ruéa NpsaMoyroJjbHOro JUCTa
rpadena. PaccMoTpuM npuMep CTaTUYECKOTO TMOMEPEYHOr0 M3ruba JIMcra rpa-

¢ena, 3annmaromero obnacts npsimoyronshuka: 0 < x<a;, 0<y<a,. by-

JIeM CYHMTaTh, YTO KOHTYp TpadeHa mapHUpHO onepT. s rpaHuuHBIX yCIoBHH
HMEeM:

x=0a: w=0, L, =0, Q =0;
y:O,az W:O, L21:O, Q2:O

(26)
PaccmoTpum 3arpykenue nucta rpadeHa nmomnepeyHoit Harpy3koi Buga
. X .
ps(X, y)= p, sin = sin o
44 a, @7)

Pemenne cuctemsl ypasHenni (13) 3agaaum B Buze:
w(x, y)=wpsin = sin 2, ©, =Qypsin 2 05 Y, Q, = Qyp008 2 -sinY. (28)
& & & ) & a
3necs muoxuremn Wy, € ,€2,) nomiexar onpenenenuo. OTMETHM, YTO

npu oMoy (28) OyAyT yAOBIETBOPSATHCS ITOCTaBJICHHbBIE TPAHUYHBIC YCIIOBUS
(26).
Jis onpenenennst Wy, Qqgu y, caenyer (28) MOACTaBATH B CHCTEMY

ypaBHeHuii (13), B pe3yibTare 4Yero NpuaéM K pPEIICHUIO aareOpanveckoi

N y y 6
JMHEHHOH  HeopHOpomHOH — cucTembl ypasHenuwd. Ecim  p, =10° —;,
M

a, = a, = 20nMm, To ISt MAKCHMATBHOTO POruba JucTa rpadeHa MoTyIHM

) -
a !
wo =202 1. D g7,
27D’ D.
rie 6'2%-27[2.
Q

5. 3apada ycTOHYHMBOCTH NMEPBOHAYAIBHO C/KATOr0 COCTOSIHHS JIMCTa
rpajgena. Onpenenenne KpuTHIecKoil Harpy3ku. ITycTte umeem npsmMoyrosis-
HYIO TUIACTHHKY (MCT rpadeHa), y KOTOPOH Bce CTOPOHBI OMEPTHI, MO IBYM

CTOpOHaM Xx=0, x= a PaBHOMEPHO  pacHpencjIeHbBl  HOpPMaJIbHBIC
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CKUMaronue ycwins [ (BeTHMYMHA YCWIMS Ha €OUHHILY JUTHHEI). Tpebyercs
ONPENENUTh KPUTHIECKOE 3HAYCHNE YCHIIHH P, , IPH KOTOPOM ILIOCKas ¢dhopma

paBHOBecHS MepecTaéT ObITh EAMHCTBEHHOW U yCTOHUNBOM (popmoii (ImacTuHKa
TepsieT YCTONINBOCTb).

Jlo moTepy yCTOHYMBOCTH HANpsKEHHOE COCTOSIHUE IIACTUHKH SIBJISCTCS
IJIOCKUM. JIJIs1 3TOrO COCTOSHUS HEOOXOAMMO UMETh B BUIY CTATHYCCKHUE YPaB-

HeHus paBHOBecHs (1) (le_r = p;‘r = m3i = 0) Y TPAaHUYHBIE YCIOBHS:
x=0,a,,T;; =—p,S,; =0,L,3 =0; y=0,a,,T, =0,S;, =0, L5 =0.

Ota rpaHWYHAs 3a]laua penraeTcs B 00JacTH CPEIMHHON TUIOCKOCTH Iia-
cruakn0< x<aq;, 0<y<a,:

Ta(XY)=p, Ta(X¥) =0, S;,(X,¥) =0, Sy(X,¥) =0, Liz(X,¥) =0, Lz (X, y) =0.

IIpuBeneM cucrteMy ypaBHEHUH U30THYTOU ITOBEPXHOCTH:
YPaBHEHUS PABHOBECHS

2
MNyg | Ny 0w
oX oy ox?

OX oy (29)
ale n 8L22 _ Nl3 _ 0;

OX oy

COOTHOIIICHHS YIPYTOCTH BBIpaXKaroTcs ypaBHeHHAMHA (9), a reoMeTpryuecKue
cOOTHoOUIeHHs — ypaBHeHusMH (10).
Cucremy ypasuenuii (9), (10), (29) MoXHO IPUBECTH K BHILY

L0Q, 00, p d'w

AW = ,
ox oy D« ox?

2 2
AQ +v, 0 09, ), D @—Ql =0, (30)
ox> oxoy D' oy
2 2
AQ, +v, 0, oY —D*(a—W+QZ):O.
oy?  oxoy ) D'\ ox

Heobxomumo HaiiTu perieHrne CHCTeMBI OJTHOPOIHBIX ypaBHeHu# (30), oT-
JIMYHOE OT HYJISl U yJOBJIETBOPSIOIIECE TPAHUYHBIM YCJIOBHUSAM Ha CTOPOHAX ILia-
CTHHKH.

B ciaywae rpaHWYHBIX YCIOBHU HIApHUPHOTO omwpaHus (26), Kak B mpe-
ABIAYIIEM ciTydae, mocie Beenenus Gyukumit (X, Y) u w(X,Y) no dopmynam
(19), cucrema ypaBuenuit (30) mpuBemeTCsS K PEIICHUIO YpaBHEHHH OT-
HOCHTEIIBHO W :
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Mw+—. 2= 2.2 80 (31)

Pemienune storo YpaBHCHUSA MMPEACTABUM B BUIC

. max . nny
W =W, SIn ——-SIn —, (32)
a4 a;
rae Wy — MOCTOSIHHBINA K03 GUIMEHT, a MK N — 1efble Yhca.

IloncraBuB (32) B (31) m yuuThIBas, 4T0 HAC MHTEpECYET peIIeHHe, He-
paBHOE HYIIO, MOJYYUM BCE 3HAYEHHS [, COOTBETCTBYIOIIHE 3HAUYCHHSIM

m=123,...,n=123,..., npu KOTOPLIX CTAHOBUTCS BO3MOKHBIM HCKPHBICHUE
Buaa (32). 13 Bcell COBOKYMHOCTH 3Hau€HWH [) HaWMeHblIee U OyIOeT KpH-
THYECKUM.

Ecnu, B 4acTHOCTH, pacCMaTpUBaTh KBAJAPATHYIO IIIACTUHKY 8y = A, , KOT-
na M=n=1, 118 KpUTHYECKOH HArPY3KHU TTOIYINM

Ar?D’
oA
’ 2"
1+32L

D, af

pr =

H
Ipu 8, =20 num, p,, =0,04—.
M

6. 3akarouenue. Mojieny IIIOCKOTO HAIPSKEHHOTO COCTOSHUS W TIOTIe-
pedHoro u3ruba MOMEHTHO-MEMOPAaHHON TEOpPHUH IUIACTHH C BBIYHMCICHHBIMH
YOPYTUMH TOCTOSHHBIMH TIPEICTAaBJICHbl KakK JBYMEPHbIE KOHTHHYaJbHbIC
MoJienn Jieopmaniuii ucta rpadgena. Takue NpUKIaTHBIE MOJEIH OTKPHIBAIOT
OoJbIIME BOBMOKHOCTH JJISl TIOCTAHOBKY M PEUICHUS Pa3IMYHBIX 3a]a4d H3ruda
W YCTOHYMBOCTH JINCTA TpadeHa ¢ NMPUMEHEHHEM ammapara MaTeMaTHUYeCKON
¢buzuku

PabGoTa BeimonHeHa npu ¢puHAHCOBOM Nojepxkke Komurera mo Hayke PA
B paMKax Hay4Horo mpoekra Ne 21T-2C093

H_[I/IPaKCKI/Iﬁ I‘OCY,Z[apCTBeHHLIfI YHI/IBEPCI/ITET
e-mail: s_sargsyan@yahoo.com
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Ynen-koppecnonaenT HAH PA C. O. Capkucsn

[Mpukaagnbie 321241 CTATUYECKOT0 NONEPEYHOr0
u3ruda u ycToiunBOCTH JUCTa rpadena

Ha ocHOBe paHee pa3pabOTaHHOW KOHTHHYaJIbHOH MOMEHTHO-MeMOpaHHON
TEOPUH [UI ONHUCaHWs AedopMariii IBYMEpHBIX HaHOMAaTepHallOB (B TOM YHCIE U
rpad)eHa) paccMaTPUBAIOTCS JBC MPUKIATHBIC 3aJa4yd JJIsl MPSIMOYTOJBHOTO JIACTA
rpadeHa: 1) CTaTUYECKOro MOIMEPEYHOTO U3rHba, 2) YCTOWYMBOCTH MEPBOHAYATBHO
CXKATOro COCTOsSHUS. [Ipu pemieHMH TepBOil  3ajadyd  OMPENENCHBI  (PYHKIUU
MepeMeleHUus] U CBOOOJHBIX IIOBOPOTOB; MpPH PpEUICHUH BTOPOW — KpUTHUECKast
Harpyska.

22, QUU, pnpwlhg winud U. Z. Uupquyut

Qpudkih okpnh unwnhl (uybwlwi sndwb b juynitimpjut
Yhpunuiljuits jainhpitpp

Lwjuopnp Jupmgyws btplswh twinbyniptph (wn pynud twb qpudth) ph-
Inplwughwubph tjuwpugpnipyu Ynunhiintwy Undbnwdbdppubiught mkunipjut hh-
dwt Ypw nmppublnit gpuptuwghtt okpnh hwdwp phunwplyynd tu Epynt hpwnw-
Jwb pubnhpbp’ 1) (uybwfwi wnwnhjuluot spdwb uinhpp, 2) bpu uyqphulwi
ubnUuut Jpduljh juyniunipjut pughpp: Spudkh stipnh juytuljut vnwnhjulwuh
sndwtt juunph phwypnid npnoynud i mbnuthnpunipjui b wquu  wuniynubkph
dnrughwbpp; hul qpudptuh skpnp uljgpwmfui ubnddwb Jhdwlhh Juyniunipju
Ttnph nhypnid’ npnogmd E yphnhjulubh mdh dkdnipnip:

Corresponding member of NAS RA S. H. Sargsyan

Applied Problems of Static Transverse Bend and
Stability of a Graphene Sheet

In the paper, based on the previously developed continuous moment-membrane
theory which describes the deformations of two-dimensional nanomaterials (including
graphene), two applied problems are considered for a rectangular graphene sheet: 1) the
problem of the static transverse bend, 2) the problem of stability of its initial
compressed state. The functions of displacement and free rotations are determined for
the problem of the static transverse bend of the graphene sheet. In the case of the
problem of stability of the initially compressed state of a graphene sheet, the critical
load is determined.
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I'. M. MareBocsH, P. K. Kapanersn, A. C. lllaxnapoHsin

CelicMUYeCKHMI JATYMK ISl CHCTEM MOHUTOPHHIA.
Paspaborka u pe3yabTaThl

(Tlpencrasneno wi.-kop. HAH PA C. M. Oranecsinom 4/1X 2022)

KaroueBble cioBa: sewmiempscerue, celicMuyecKuti CUSHAL, NOPMAMUSE-
HbIU celicMudecKull 0amuux, CeticMONpUeMHUK, CHeKMPAIbHbIU AHATU3.

BBenenue. 3agaua MOBBIIIEHHS KadecTBa MAacCOBBIX CEHCMOJOTHYECKHUX
HaOJIOAEHUH pelIaeTcs MyTeM OCHAILeHUsI HaOM0JaTeNbHbIX ceiCMOMETpHYEC-
KHX ¥ WHXEHEPHO-CEHCMOMETPHUECKUX MMyHKTOB W CTaHLMI MpuOOpaMu HOBO-
r'0 MOKOJIEHHUSI. DTO JaeT BO3MOXKHOCTH MPOBEIEHUSI HAa BBICOKOM YPOBHE MOHH-
TOPHHIA (PETUCTpanus U aHAJN3 3eMIIETPSICEHUH, MUKPO3EMIICTPSCEHUHN U T.JI.)
ypOaHN3UPOBaHHBIX TEPPUTOPUI, 0COO0 3HAUNMBIX OOBEKTOB, 3AaHUI H COOPY-
xenunit [1-6]. Moaenu celcMOIOrnIeckux MprUOOpPoOB, pa3paboTaHHBIE M M3T0-
ToBIIEHHBIE 70 1990-X TT., y)XK€ HE CHPaBIAIOTCS C BO3POCIIMMH K HUM TpeOo-
BaHMSIMU. 3a TOCJIEAHHE TOJIbl OOHOBMJIACH BJIEMEHTHas 0a3a 3JIEKTPOHHBIX
KOMIIOHEHT, MOSIBIJIUCH HOBBIE BO3MOXKHOCTH HH()OPMAIIMOHHBIX TEXHOJIOTHHA 1
YCOBEPILIEHCTBOBAHHBIX KOHCTPYKLIMH, B TOM YHCIIE MEXaHUYECKUX 3JIEMEHTOB
0/IBeCa BEPTUKAIBHBIX ¥ TOPU30HTAIBHBIX celicMoMeTpoB [7-16]. B MucTuTy-
Te reoPu3MKW U HHXKeHepHOW ceiicMoiorun uM. A. Hazaposa HAH PA
(UTUC HAH PA) mnpoBogstcss pabOThl MO MOJIEPHHU3AINU CYNIECTBYIOIIUX
CeiCMOMETPOB M CO3JaHUIO apMSHCKHX OTEYECTBEHHBIX, 3HAUUTENHHO Ooiiee
JEIIEBbIX YHUKAIBHBIX CEHCMUYECKUX NPUOOPOB, MMEIOLIMX OTHOCHTEIILHO
MPOCThIE KOHCTPYKIIMH M CHOCOOHBIX 3aMEHUTH JOPOTOCTOSIIINE 3apyOeKHbIe
aHaJIOTH.

Koporkonepuoansiii ceiicmuveckuii natuuk. B 1975 r. B. A. TokMmako-
BBIM OBIN pa3pabotan ceficMonprueMHUK CM-3, 10 CHMX TOp HIMPOKO HMCIIONb-
3yeMBIH KaK B CEHCMOJIOTHYECKHX, TaK U WH)KEHEPHBIX nccienoBanmusx. Ceiic-
MornpueMHUK CM-3 mpenHasHadeH il npeoOpa3oBaHusl MEXaHHMUYECKHX KOJie-
0aHuil B KOJIEOAHUS DIIEKTPUIECKOTO TOKA U MOXET MCIOIB30BATHCS JUISl H3ME-
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PEeHMS BEPTUKAJIbHBIX U T'OPU30HTAIBHBIX KOJeOaHUH B Pa3JIMYHBIX CHCTEMax.
CM-3 uMeeT TIaBHYIO HACTPOWKY coOcTBeHHOM uwacToTel Ao 0.5 I'm, Tep-
MOKOMIIEHCATOP Ul BEPTUKAJILHOTO BapHaHTa celicMOMETpa U 00JIafaeT BO3-
MO>KHOCTBIO HECIIO)KHOM TMEPECTPONKH C BEPTHUKAIBHOTO HAa TOPU30HTAJbHbBIN
BapuaHT U oOpaTHO [17]. CornacHO HEKOTOPHIM aMEPHKAHCKUM HCTOYHHKAM
ceiicMonpreMHUK CM-3 ucHonb3yeTcs B KauecTBE STalOHA JAJS KaTUOPOBKH
ceificMuueckux MHCTpYMeHTOB [18]. OCHOBHBIMH HEIOCTATKAMH CEHCMOTIPH-
emManka CM-3 sBisgroTcs: OONBIION Bec, OobIue TabapuUTHBIC pa3MEpHI,
TPYAHOCTH PETYIMPOBKH NPH SKCIUTyaTalli, HECTAOMIBLHOCTh HYJIEBOTO MOJIO-
KEHUs1, HU3KUH KO UIMEHT 3aTyXaHusl COOCTBEHHBIX KoJieOaHUI MasTHHUKA.

ABTOpaMH HacTOAIIEH PabOThl OOOOIIEH OMBIT JTYYIINX OTEYECTBEHHBIX
Pa3paboTOoK, MPOAHAIM3UPOBAHBI JOCTHKEHHS U TIPOOJIEMBI COBPEMEHHOMH cefic-
MOMETPUHU U cO3/1aH HamboJiee IKOHOMHYECKH LeJIecO00pa3HbIii HOBBIN ceic-
MompueMHUK — MojaepHm3amus CM-3. Llenp MopepHHM3anuu — yMEHBIICHHE
Beca, yBeJndeHue K03 (UINEHTa 3aTyXaHus, YIPOIIEHNEe KOHCTPYKIHH, yIy4d-
LICHUE HKCIUTyaTallHOHHBIX XapaKTepUCTUK, oOecrieueHne cTaOUIbHOCTH HYyJe-
BOTO TIOJIOKEHHS TpHOOopa.

Bec CM-3 cocraBmsier 7.7 xr. OH comepxxut Oonee 30 BBICOKOTOYHBIX
JeTaneld, U3rOTOBJICHUE KOTOPHIX TPeOyeT BBICOKOKBaIH(PHUIUPOBaHHOW pado-
Yyel CWJIbI U CIIEIMAIbHOM OCHACTKH, B TO BPEMS KaK MOJIEPHU3UPOBaHHAs BEp-
cus mpudopa, nonyunsmas Hazpanue |IGES-006, Becutr Mmeree 1 Kr u comepKuT
MeHee 10 geraneid, s U3TOTOBJICHUS KOTOPBIX HE TPeOYeTCs HUKAKUX CICIIH-
AJIbHBIX BLICOKOTOYHBIX MMPOU3BOACTB.

IIpu skcrutyatanuu CM-3 B IOJIEBBIX YCJIOBHSIX BO3HUKAIOT CIIECIYIOLINE
HeymoOCTBa: I HACTPOUKH MpHUOOpa HEOOXOIUMO OTKPBIBAThH KPBIMIKY, pa3ap-
PETHUPOBATh, YCTAHABJIMBATH HYJICBOC ITOJIOKCHUC MAasATHUKA U CHOBA 3aKPbIBATh
KpbIIKy. [locne 3akppIBaHMs KPBILIKH Yepe3 HEKOTOPOE BPeMs MEHSAETCS TeM-
nepaTypa BHyTpH IpuOopa, 4TO MPUBOAUT K U3MEHEHHIO HYJIEBOTO MOJIOKEHHS
MasTHUKA. B CBA3M ¢ 3TUM BO3HUKAET HEOOXOIUMOCTh HEOTHOKPATHON TTOBTOP-
HOW KOppeKTUPOBKU. [Ipu ncmonp30BaHuy pUOOpa B COCTABE CETH, COCTOSALICH
13 MHOXKECTBA JATYUKOB, [IPOLECC HACTPOMKH CTAHOBUTCS TPYIOEMKHUM, U3HY-
pUTENBHBIM W TpeOyeT MHOTO BpeMEHH. Y MOJEPHU3NPOBAHHOTO JaT4HKa
IGES-006 yny4iieHsl 3KCILTyaTallMOHHBIE XapaKTepUCTHKH. PazappeTupoBane
U YCTaHOBKAa MasiTHHKa B HYJIEBOE ITOJIOKEHHE MPOU3BOAATCS 0€3 OTKPHIBAHMS
KPBILIKH Iprdopa.

PaspaboTaHHbIil celicMOMeTp NpeaHa3HAueH ISl MOJICPHHU3AIUU CYIIECT-
BYIOIIMX HAaIIMOHAJIBHBIX CETEH CENCMOJIOTMYECKUX U MHXKEHEPHO-CEMCMOMET-
pHUYECKHX HAOIIOJCHUI KaK Ha TEPPUTOPUH ApMEHHH, TaK u 3a pyOexom [3].
JlaTurk pa3MmenieH B KOpImyce, B KOTOPOM YCTaHOBIICHBI KOJICOIOIIHMIICS MasIT-
HHK C MUHEPLIMOHHOM MAaCcCOM M KaTylllKa, pacIloJIOKEHHAsl HA OJJHOM OCHU C UHEp-
LMOHHOHN Maccoil. JlaTuMK MMeeT TakKe MarHUT, PACIOJIOKEHHBIN Ha KOpITyce
COOCHO KaTyIlIKe, U MENHBIN cepaeyHUK. KOHCTPYKTHBHO CEHCMONpPUEMHHK
peaAcCTaBJIsACT co00¥ MasITHUK WHCPUHUOHHOI'O THIIA C COOCTBEHHBIM NEPHUOJA0M,
perynupyemsiM 10 3 c.
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CeiicMOIIPUEMHHK TOMENIAETCS B TEPMETHUYHBIH KOPIYC C BBIXOAHBIM
pa3bpéMoOM Al COeOUHEHUs] ¢ OJOKOM peructpauuu. PazpaboTanbl Tpu Bapu-
aHTa celicMONpPHEMHHKA: ¢ MepruojaMu COOCTBEHHBIX KoeOannil MasTHuKa 1.0,
1.5 u 2.5 c. KoadduimenT 3aTyxaHns MasTHUKOB KPUTHUECKUN. YCTaHOBKA
MasTHHKa B HYJIEBOE MOJIOKEHHE MPOU3BOAUTCS 0€3 BCKPBHITUS KPBILIKH MPH-
6opa. HeproHHbIE MacChl U KaTyIIKa ypaBHOBEIICHBI OTHOCHTEILHO OCH KO-
neGaHus MasTHHUKA, YTO JaeT BO3MOXKHOCTH OTKA3aThCS OT NPUMEHEHUS CIIN-
paJbHBIX MPYXHUH. DTO, B CBOIO OYEpe/b, MCKIIOYAET TEMIEPaTypHYIO HeCTa-
OWILHOCTh ceficMuueckoro natumka. Y ceficmometrpa CM-3 ¢ uM3MeHeHUEM
TEeMIepaTypbl MasTHUK MEHSET TOJIOKEHHE CBOEr0 paBHOBECHS, TaK KakK IPH
M3MEHEHHUH TEMIIePATYpPhl KECTKOCTh MPYKUHBI B OCHOBHOM MEHSETCS BCIE.-
CTBUE U3MCHEHHS €€ YIPYrux CBOUCTB [17].

Jlns BRISSCHEHUST TEPMOCTaOWIBHOCTH ceiicMonpueMurka CM-3 u monep-
HuzupoBanHoro matunka |IGES-006 mpoBeneHsl coBMecTHBIE TabopaTOpHBIE
TeMIlepaTypHble ucnbITanns. Ipu Temmeparype +50C cMmelieHHe MasTHHKA
CM-3 cocrasmso 10 mm, y IGES-006 cMerienust MasTHHKa He HaOIIOANIOCK.
Heo0xoanMocTs NCTIONIB30BaHMS TIPYKUH JUTS YCTAHOBKH MAsTHUKA B HYJIEBOE
MOJIO’KEHHE OTTIA/IAeT.

OcHoBHble xapakrepuctuku ceiicmomerpa IGES-006 mnpuBeneHsl B
Tabm. 1.

Tadnauna 1
Ne XapaKTepucTUKa Pasmep- 3HaueHud
HOCTb

1 | Pabouwnii 4acTOTHBIN qUana3oH I'n 0.3-50
HepaBHOMEpHOCTh aMILTUTYAHO-YACTOTHOU

2 | XapaKTEepUCTHKHU B pabo4eM Jrana3oHe b +3
4acTOT

3 HomunansHs1i k03¢ duimert B /M 30
peoOpa3oBaHUS

4 | 3aryxanue - 1

5 I"abGapuTs! celicMonpueMHuKa (01Ha Mt 70%70%60
KOMITOHEHTA)

6 | Bec omgHOTO ceficMonpueMHIKa, He Ooiee Kr 0.5

7 | T'abaputsl OJ10Ka KOHTPOJIS Mwm 205x150x70

8 | Macca G10ka KOHTpPOJIS Kr 1.1

9 | Pabounii TeMnepaTypHBIi AHATIA30H C -30...+50

1o | OTHOCHTEIbHAS BIaKHOCTh PH 80%
TeMIIepaType OKpy>Karouiero Bosayxa 25°C

Pe3yabTarhl M3MepeHHil B pexUMe CeiicMMYeCKOro MOHMTOPHHIA.
IGES-006 ycnemiHo mpoiiesn J1abopaTOpPHbIC U IOJICBbIC UCIBITAHKUS U ObLT pe-
KOMEHJIOBaH ISl TECTOBOI'O KCIIOJIb30BaHUSI B PEKMME MOHUTOPHHTA, B 4YacT-
HOCTH, Ha CTAaHUUAX PETHOHAJBHBIX CEMCMUYECKUX CETEN B pailOHaX C IOBbI-
IIEHHOHN CEeHCMUYECKOM OIMaCHOCTRIO.
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Jlns TecTrpoBaHUS B PEKUME MOHHTOPHHTA B meproa ¢ 30 ceHTsA0ps 1o 2
okta6ps 2019 r. B PeciyOnuke CesepHast Ocerusi-Ananus (Poccuiickas dene-
parus) patunk IGES-006 Obu1 yCTaHOBJIEGH Ha ABYX CEHCMOCTAHIMSIX C IU]-
poBBIMU OTOKaMu ymnpasieHus (Bo BmagukaBkaze u B mocenke Kapmamon), xo-
TOpBIE BXOAAT B ceiicMuuecKkyto ceTh [ eopmsuueckoro nactutyra BHI PAH.
[Tocne ycranoBku ceiicMonpueMHnkoB IGES-006 B paiione 3anagnoro Kaskasa
24.10.2019 r. mpou30LLI0 3eMIETPICEHUE CO CICAYIONIMMH OYaroBBIMH Iapa-
metpamu: 2019-10-24 15:41:41, mmpora 43.12, nonrora 44.57, rirybuna 15 kwm,
mb: 3.4/4, xotopoe ObL10 3apeructpupoBano npubdopamu CIIB-3K u IGES-006,
YCTAaHOBJICHHBIMU Ha cTauusix «BnaaukaBkas» u «Kapmagon». Ha puc.1lu 2
IIPUBEACHBl 3alUCH T'OPU30HTAIBHOM KOMIIOHEHTHl X M COOTBETCTBYIOLIHE
CHEKTPBl BOJHOBBIX (opm 3emuerpsicernst 24.10.2019 r., 3anucannsie npubdo-
pamu IGES-006 (a) u CIIB-3K (6).
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Puc. 1. 3anucu ropu3oHTaNnbHON KOM- Puc. 2. 3anucu ropu3oHTaIBLHON KOM-
nmoHeHTHl X 3emuerpsicenust 24.10. noHeHThl X 3emuterpsicenust  24.10.
2019 r. Ha cramun «Kapmagon» u co- 2019 r. Ha crauun «BragukaBkaz» u
OTBETCTBYIOIINE CHEKTPHI BOJHOBBIX COOTBETCTBYIOIIINE CIICKTPHI BOJIHOBBIX
¢dopm: a— IGES-006, 6 — CIIB-3K. ¢dopm: a — IGES-006, 6 — CIIB-3K.

CpaBHUTENBHBIN aHAJIM3 TOKA3bIBAET, YTO HAOIIOAAETCS XOpOIIee COOT-
BETCTBHE BOJIHOBBIX (POPM M CcrIeKTpoB 3amuceii ¢ gatunkos IGES-006 n CIIB-
3K, omHako mepBoe BCTYMJIEHHE BOJHOBBIX (JOpM Ooee sIpKO BBLAETSETCS Ha
3ancu IGES-006 (puc. 1, 2). Ha 3amucu CIIB-3K HaOnr01ar0TCsl MOBBIICHHBIE
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(mpumepHO B 2 paza) aMIDATyAbl (oHA, KOTOPBIE MOXKHO WHTEPIPETHPOBATH
KaKk anmapatypHblii myMm (puc. 2). 3HauyeHHs MpeoOsialaloliX MEPHOIOB B
obmiem ciydae coBmagaroT: 1=0.37 ¢ u T=0.55 ¢ (puc. 1 — 3anmcu 3emiueTps-
ceHus cTannueit «KapMagoH» M COOTBETCTBYIOIIUE CIIEKTPHI BOTHOBBIX OPM).
3HavyeHus1 MpeoOaajaroIIuX MEepUOJOB Ha crekTpax aartuukoB IGES-006 u
CIIB-3K rtaxxe coBmagarotT: 1=0.20 ¢ u T=0.57 c (puc. 2 — 3amucu 3eM-
NeTpsiceHus1 ctaHiued «BnamukaBkas» W COOTBETCTBYIOIIUE CIIEKTPHI BOJHO-
BBIX (hopM). OTHAKO €CTh HEKOTOPHIE Pa3IuIHsl IIPH CPABHEHUH CIIEKTPaThHBIX
iotHocTel (puc. 1, 2).

Jns neMOHCTpalMy COOTBETCTBHSI 3alucell 3eMileTpsiceHHs Ha puc. 3, 4
MPUBEICHBI COMOCTABJICHUSI BOJHOBBIX ()OPM M COOTBETCTBYIOIIUX CIEKTPOB C
ceiicmometpoB IGES-006 u CIIB-3K nHa crannmsx «Kapmanon» u «Branu-
KaBKa3.
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Puc. 3. ComnocraBiieHHE BOJHOBBIX Puc. 4. ComocTaBieHHE BOJIHO-
(bOpM U CHEKTPOB 3aIlHcel ¢ cericMo- BBIX (bopM Y CIIEKTPOB 3amuceii ¢
metpoB IGES-006 u CIIB-3K Ha celicMOMETpPOB IGES-006 wu
craniun «Kapmamony, CIIB-3K Ha crannmn «Bnagu-

KaBKas3».

ConocTaBUTENbHBIN aHAMKM3 TOKA3bIBAET XOPOIIee COOTBETCTBHE BOJIHO-
BBIX (hOPM U IO BpeMEHH, U 1Mo aMIuiuTyje. OJHAKO €CTh HEKOTOPhIC Pa3InIHs
aAMIUTUTYIHBIX 3HAYEHHU, KOTOpPhIE, TO-BUJANMOMY, CBS3aHbI C pa3HOW YYBCTBH-
TeNBHOCTRIO ceificMonpuemunkoB IGES-006 u CTIB-3K (puc. 3, 4).

B Tabn. 2 mpuBenensl konmdecTBeHHble mapaMerpsl (Peak Ground Velo-
city-PGV) xonebanwmii rpynTa (¢ 3amuceii ceficmomerpos IGES-006 u CIIB-3K),
a TaKkKe paccuMTaHbl HeKoTophie uHTerpansHeie (Velocity Spectrum Intensity-
VSI, Cumulative Absolute Velocity-CAV) napamerpbl kak 0osiee CTaOHIbHBIE
SHEPreTHYECKHE MapaMeTpsl ceiicMuueckoro Bosaencraus [19, 20].

CpaBHHTENBHASA OIEHKA IMapaMeTpoB M3 TaOJ. 2 MOKa3bIBacT, YTO Ha 3a-
mucsix IGES-006 makcumanbHbIe aMILUTUTY Il TI0 CPAaBHEHHUIO CO 3HAYCHHUSIMH Ha
sammucsx npubopa CIIB-3K B 1.59 pasza Oonbmre (cranmum «Kapmamon» u
«BnanukaBkasz»). 3T0, MO-BUAMMOMY, CBSI3aHO C Pa3HON YYBCTBHTEIBHOCTHIO
npuboOpoOB.
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Taéauna 2

«Kapmagon» «BmagukaBkas»
IGES-006 CIIB-3K IGES-006 CIIB-3K
T, 0.5554 0.5554 0.5699 0.5749
o 1.8005 1.8005 1.7548 1.7395
T, 0.3745 0.3745 0.1998 0.2004
) 2.6703 2.6703 5.0049 4.9896
PGV 66.9337 42.1953 201.9528 126.5613
ASI 59.4310 45,5519 171.7707 117.4456
CAV | 365159.0086 278974.9051 706490.0571 531466.8229

Ha paccrostHuu 22 kM OT 3NuIeHTpa MaKCUMallbHAas aMIUIUTY 1A Ha 3aIIUCH
IGES-006 cranmmu «Kapmagon» cocrasmser 66.9 MB, a Ha 3amucu IGES-006
craHuuu «BnanukaBka3» — 201.9 MB, T.e. B 3 paza menbuie. IIpu 3ToM 0THO-
[ICHUE MUIICHTPATIBHBIX PacCTOSHUMN cTaHIi «BrnagukaBkas» u «Kapmamon»
paBHo 2.4. OTHOIIEHHWE 3HAYCHWH HMHTETPAJbHBIX MapaMeTpOB, B YaCTHOCTH
CAV, cocraBmsier 1.9. Te xe 3Ha4YEeHWS MONYYHINCH MPH CPABHEHHWH COOT-
BeTCTByOmUX napameTpoB Ha 3anucu CIIB-3K cranmmii «Kapmanon» u «Brna-
JUKaBKa3». OTHOLIEHUsT 3HAYEHUI HWHTCTPAJIbHBIX MapaMETPOB, B YAaCTHOCTHU
ASI, K0oTOpoe OIMCHIBAET CHEKTPaIbHBIN COCTaB, PACCUUTAHHBIX IO 3aMHCIM
CIIB-3K u IGES-006, cocTaBnsaroT, cOOTBETCTBEHHO, 2.6 1 2.9. T. e. pu nzme-
HEHHWHU paccTOsiHUS B 2.4 paza MakcHMallbHasi aMILTUTYla MeHseTcsl B 3 pasa, a
napametrp CAV mensercs B 1.9 pasa, uro 6ornee mpaBiorogoO0HO, TOCKOIBKY
CAV yunThIBaeT HE TOJIHKO BOIHOBYIO ()OPMY, HO M JUIUTEIHHOCTH 3alVCH U,
MO CyTH, MPEJCTABISET COOON PHEPreTUYeCKUi MapaMeTp U BeleT cedst Ooiee
crabuinpHO. Ha puc. 5 u 7 npencTaBieHbl MUKPOCEUCMBI MTepe] 3eMIIeTPICEHH-
eM Ha craHiuax «Kapmanon» n «BnangukaBkas» v COOTBETCTBYIOIIUE CIIEKTPHI.
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Puc. 5. MukpocelicMbl niepes 3eMJIEeTpsICEHUEM, 3anucaHHble Ha cTaHuuu «Kapmagony,
1 UX COOTBETCTBYIOIIHNE CIIEKTPHI.
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MukpocelicMbl TOce 3eMIIETPSICEHUs], 3alldCaHHble Ha cTaHuusax «Kap-
MaZoH» U «BragukaBkas3» M COOTBETCTBYIOIIME CHEKTPHI NPENCTABICHBI Ha
puc. 6 u 8.
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Puc. 6. MukpoceiicMbl Iociie 3eMIeTPSICEeHNUs, 3aicaHHble Ha cTaHuuu «Kapmamon», u

HX COOTBCTCTBYIOIUEC CIICKTPHI.
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Puc. 7. MPIKpOCCfICMLI nepen 3eMJIETPACCHUEM, 3allHCAaHHBIC Ha CTaHINH ((BJ'Ia)II/IKaB-
Ka3», 1 UX COOTBETCTBYIOIIUE CIICKTPHI.

AHanu3 CIEKTPOB MHUKPOCEHCM A0 M MOCIE 3eMIIETPSICEHUH IOKa3bIBAET,
YTO 3HAYCHUS NMPeoOIIaIaroIX MepruooB Ha crekrpax narunkoB IGES-006 u
CIIB-3K B ocHoBHOM coBmagaroT — 1=0.32 ¢ Ha cranimuu «Kapmamony,
T=0.197 ¢ na craammu «BraaukaBkas3y», OJJHAKO HA CIEKTPaX MUKPOCEHCM Aat-
yrka |GES-006 HabmogaeTcs sipko BeIpaXeHHBIH MUK npu niepuoae 1=0.596 c,
KOTOPBIA W BHUJCH Ha crekTpe MukpocericM nmatamka CIIB-3K mo 3emmetpsi-
CeHMU.
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Puc. 8. MHKpOCCﬁCMBI TIOCJIC 3CMIICTPACCHUS, 3alIMCAHHBIC HA CTAHIIUN ((BJ'IaZ[I/IKaBKEB»
1 UX COOTBECTCTBYIOIIHUC CIICKTPHI.

[Ipu cpaBHEHUHN BOJHOBBIX (POPM MHUKPOCEWCM U HX CIIEKTPOB JI0 M HOCIHE
3emiieTpsiceHust Ha ctanumsax «Kapmanon» n «BnagukaBka3y HaOmogaeTcs He-
KOTOpasi 3aKOHOMEPHOCTb 10 U3MEHEHHSIM aMILUTUTYTHOTO coctaBa (puc. 5-8), B
YaCTHOCTH, MOCJE 3eMJIeTPACEHHH HAOIIONAIOTCSI CPABHUTEIBHO MOBBIIICHHBIC
3HAYEHUS! CIICKTPAIBHBIX aMIUTUTYI.

W3 Tabn. 2 BUOHO, UTO BO BCEX CIIyYasx Ha CHEKTpax HaOIromaeTcs mpeod-
nagatouuit mepuon 0.56 ¢, KOTOPBINA, MO-BUIUMOMY, SIBJSIETCS OCHOBHBIM Xa-
PaKTepHBIM IEPHOAOM JAHHOTO 3emieTpsiceHus. s MOATBEpKACHUS pe3yiib-
TaTOB B AaJbHENIIEM 10 MEpPe HAKOIICHHUS OOJIBIIOTO KOJIMYECTBA MUKPOCEicM
3eMJIETPSACEHUI UMEET CMBICT MCCIIE0BAaTh MUKPOCEHCMBI IO U TOCJIE OCHOB-
HOTO TOJTYKA 3€MJIETPSICEHHUS.

3axioyenue. Pazpaboran manoraGapuTHBIA AaTYUK U1 CHCTEM MOHHUTO-
pHHTa, OTBEYAIOIINI CaMbIM BBICOKMM COBPEMEHHBIM TPEeOOBAaHHUAM — KOPOTKO-
MEPUOHBIN CEHCMOJIaTUYMK C MEPUOJAMH COOCTBEHHBIX KOJeOaHUI MasTHUKA
1.0, 1.5 u 2.5 c. Ero aMmiTyqHO-4aCTOTHAasA XapaKTEPUCTHUKA COOTBETCTBYET
BEJIOCUMETPY M MMEET MAaKCHUMAaJIbHO IUIOCKMH ywyacTok B monoce 0.3-50 I'm.
Maker ceiicMoJaT4iKa YCIEIIHO Tpollen JabopaTopHble W TOJIEBbIE HCIIbI-
TaHMsI, B TOM YHCJIE U B PEKUME CECMUUECKOTO MOHUTOPHHTA.

[IpoBeneHHBIE COBMECTHBIE HWCHBITAHUS MOPTATUBHBIX CEHCMOIATUYMKOB
IGES-006 u CIIB-3K cBHUIETETHCTBYIOT O XOpPOIIEi COrJIacOBAaHHOCTH Xapak-
TEPUCTHUK CEMCMUYECKOIo IMpOoLecca, 3aperuCTPUPOBAHHBIX HE3aBUCHUMO 00O0H-
MU TIpUOOpamH.

[IpoBeneHHbIe MccIeOBaHNSI TTO3BOJISIOT YTBEPKIATh, YTO Manorabapur-
HbI€ KOPOTKOTIEPHUOIHBIE CEHCMONIPUEMHUKHA MOTYT 3aMEHUThH KpYyITHOrabapur-
HBIE U OOJIee TOpOTHe JaTYUKH.

PeanuzoBaHHbIE TEXHOJIOTHH OOECTIEUHMBAIOT OOJiee JELIEBYI0 albTepHa-
TUBY JJISl Pa3BUTHUS CPEJICTB MAaCCOBBIX CEHCMMYECKUX HAOIIOEHUH B ApMEHUH
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[I0 CPAaBHEHUIO C CYIIECTBYIOIMMHU 3apyOeXHbIMH NPOrpaMMaMH MOJEpHHU3a-
LM ceTel celicMUYecKOro MOHUTOPUHTA.

Pa3paboTaHHbIil aBTOpaMy KOMITAKTHBIN KOPOTKOMIEPUOAHBIN ceiicMOMETp
IGES-006 mpenHa3HadyeH Ajis MOACPHHU3AIMM CCHCMOJIOIMYSCKUX U HMHXKEHEP-
HO-CEICMOMETPUYECKUX HAOIOACHUH, PErMOHANBHBIX U JIOKANBHBIX T'e0HHa-
MHUYECKUX HUCCIEJOBAHUM, PEruCTpali CEUCMHUYECKHX COOBITUH Ha 3eMHOU
[IOBEPXHOCTH.

Brenpenne nmpubopa B MPakTHKY CEHCMUYECKUX HAOIIOEHIA TO3BOIIUT:

1. obecneunTh HE3aBHCUMOCTH OTEUECTBEHHBIX HCCIIEAOBAHUN OT 3apy-

OEKHBIX TOCTABOK;

2. TIOJHATH YPOBEHb OTEUYECTBEHHOTO TeO(U3HIECKOr0 IIPHOOPOCTPOCHHS;

3. COKOHOMHTH CPE/ICTBA HA NMITOPTO3aMEIICHHY;

4. y4acTBOBATh B MEXIYHAPOAHBIX MPOCKTAX MO MOJIEPHU3AIMHA MUPOBOH

r1100aJIbHON CeTH CEeHCMUYECKUX HAOMIOACHUI.

ABTOPBI BBIpaXKaroT 0JIar0AaPHOCTh PyKOBOACTBY I'eodu3nyueckoro HHCTH-
TyTa — Qunuany DenepanrbHOT0 roCyJapCTBEHHOTO OIOKETHOTO YUPEkKICHHS
Hayku DenepanbHOr0 HayyHOro LEHTpa «BraaukaBKa3CKU HAyYHBIH LEHTP
Poccwiickoii akamemun Hayk» (I'@OW BHI] PAH) 3a mpenocraBneHHYrO BO3-
MOKHOCTh pa3MellleHuss NMpuOOpoB Ha craHuusx «BnamumkaBkas» u «Kap-
MaJIoH».

HccnenoBanne BeImonHEeHO TpH (prHAHCOBOW mojuepkke Komurera mo
Hayke PecryOnmuku ApMeHuss B pamkax HaydHbIx npoektoB Ne ACH-01/22,
21SCG-1E021.

WHcrutyT reopusuky u NH>XXEHEPHOH CefICMOTIOTHH
um. A. Hazaposa HAH PA
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k. K. Kapanersn, A. C. I'acnapsin, C. P. lllaxnapousiy,
I'. M. MareBocsn, P. K. Kapanersin, A. C. lllaxnaponsin

CeiicMu4ecKuii JaTYNK JJI5 CHCTEM MOHHUTOPHHIA.
Pa3paboTka u pe3yJbTaThl

IpencraBnen paspaboranHbli B MHCTHTYTE TeO(U3UKH M WHXKEHEPHOW ceiic-
mosorun uM. A. Hazaposa HAH PA ceficmuueckuii kopotkonepuoansiid natuuk IGES-
006. JlaTumk mpegHa3HA4YeH JJIS MCIOJNB30BAaHUS KAaK B COCTaBE PA3IMUYHBIX CHCTEM
celicMUYeCKOT0 MOHHTOPUHTA, TaK U JUIS PELICHHUS CHEeNUANbHBIX WHXECHEPHBIX 3a1ad.
MakeT AaT4MKa YCHENIHO MpOoIIes Ja0opaTopHbIe U MOJIEBbIE UCIBITAHHS, B TOM YHCIIE
B pEeXHME CEHCMHYECKOr0 MOHHUTOpUHTa. [IpoBeieH cpaBHUTEIBHBINH aHAIM3 CEHCMHU-
YECKMX CHTHAJIOB, 3apETUCTPUPOBAHHBIX C HCHOIb30BaHHMEM naaTuukoB IGES-006 u
CIIB-3K, BO BpeMEeHHOH M 4aCTOTHOH 00JacTsIX.
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2. 4. Yupuybwjwi, U. U. Suuwupui, U. [} Cwhywupniyu,
Q. U. Uwplnyui, (. Y. Ywpuybuywul, 2. U. Swhywpniyub

Utjudhl] wyghs dpnnunhnwpldwi hwdwljupgtph huwdwp:
Usuiljnid b wpryniipiip

Lhpluyugquws k22 @UU U. Luqupniyh wiy. ppudhqhljugh b hudbuk-
puhtt ubjudwpwinipjuin htumhnininh Ynndhg dowlus Endwbwljughte
IGES-006 ubjudhly wydhsp: Syhsp twhwwnbudws b huyybu Lpypwownpdtph
Ununhnwpuul, wiybu b wwppkp nppuubpnd  dhppnswthnidubph
hpujwtwgdwt hwdwp: Ukjudhl wndhsp hwenpnipjudp wugh) £ husybku
(wpnpuwnnp, wybybu b quownwghtt hnpdwpynidutp, wyn pynid twb thnpdwp-
Ynudubp dpnunhnupydut yujdwbubpnid: Tuglhugyby L IGES-006 1 SPV-3K
wyhsubph oquuugnpédwdp dwdwbwluyhtt b hwwpwlwi nnputtpnid
unugyud ubjudhl] wqnupwunbph hudbdwnwljut JEpnisnipniu:

J. K. Karapetyan, A. S. Gasparyan, S. R. Shakhparonyan,
G. M. Matevosyan, R. K. Karapetyan, H. S. Shakhparonyan

Seismic Sensor for Monitoring Systems.
Development and Results

The short-period seismic sensor IGES-006 developed at the NAS RA Institute of
Geophysics and Engineering Seismology after A. Nazarov is presented. The IGES-006
sensor can be used both as part of various seismic monitoring systems and for solving
special engineering problems. The sensor prototype has successfully passed laboratory
and field tests, including the seismic monitoring mode. A comparative analysis of
seismic signals recorded using IGES-006 and sensors in the time and frequency
domains have been carried out.

Jluteparypa

1. Dzeboev B. A., Soloviev A. A., Dzeranov B. V. et al. — Russian Journal of Earth
Sciences (RJES). 2019. V. 19. ES6005. DOI: 10.2205/2019ES000691.

2. Ismail-Zadeh A., Adamia S., Chabukiani A. et al. — Earth Sci. Rev. 2020.
10.1016/j.earscirev.2020.103222.

3. Karapetyan J.K., Li Li - Acta Geologica Sinica (English Edition), 95(supp. 1):
55-58. 2021, https://doi.org/10.1111/1755-6724.14831.

4. Karapetyan J. K., Sargsyan R. S., Ghazaryan K. S. et al. — Russian Journal of
Earth Sciences. 2020. V. 20. DOI:10.2205/2020ES000709.

5. Karapetyan J. K. — Geoinformatics Research Papers. V. 5. BS1002,
https://doi.org/10.2205/CODATA2017, 2017 102 of 172.

6. Karapetyan J. K. 2018. In: Proc. of International Conference for the Decade
Memory of the Wenchuan Earthquake with The 4th International Conference
on Continental Earthquakes (The 4th ICCE) and The 12th General Assembly of

216



the Asian Seismological, May 12-14, 2018, Chengdu, Sichuan, China, the 4th
ICCE-0000000904. 2018. P. .908-916

7. Bacunves U. M., Kooicesnuroe FO. I1., Mameees U. B. u dp. — Hayka u Tex-
HoJorMYyeckue paspaborku. 2016. T. 95. Ne 4. C. 5-10. DOI:
10.21455/std2016.4-1.

8. Pwixos A. B. — ®uzuka 3emin. M. Hayka, 1992. C.76-80.

9. Puwixos A. B. — Ceitcmuueckue npudopst. 2002. Beim. 37, 24-37.

10. Caprucan B. K. — V3B. HAH Apmenun. Texn. Hayku. 2010. T. 63, Ne 3. C.313-
318.

11. Capkucan P. E. — Ceticmuueckue mpudopsl. 2013. T. 49. Ne 3. C. 39-41.

12. Cuoopun A. A. — Ceiicmuaeckne npubopsr. 2018. T. 54. Ne 4. C. 77-80.

13.Karapetyan J. In: Book of Abstracts of the 36th General Assembly of the
European Seismological Commission Sebastiano D'Amico. Galea P.,
Bozionelos G., Colica E. et al. (Eds.). 2-7 September 2018 | Valletta- Malta.
2018. ESC2018-S2-926.

14.Karapetyan J. K. In: American Geophysical Union, AGU100, Washington
D.C., 10-14 Dec 2018, S13C-0459.

15.Karapetyan J. K., Karapetyan R. K. In: American Geophysical Union,
AGU100, San Francisco CA, 9-13 December 2019, S41G-0604.

16. Karapetyan J., Gasparyan A. In: 30 years after the Spitak earthquake: expe-
rience and perspectives. International conference. December 03-07, 2018,
Yerevan, Armenia. Conf. program, Abstracts volume. P. 67-68.

17. Toxmaxkog B. A. — Ceticmiaeckue npuoopsl. 1975. Beim. 8. C. 14-18.

18. Mackey K., Burk D., Chalyy K. In: The proceedings of scientific works of the
conference is dedicated to the 70th Anniversary of National Academy of
Sciences. 2013. P. 73-77.

19.I'pueopsan B. I'., Kapanemsn [oic. K. — CTpoutenbHas MEXaHHKa U pacyeT co-
opyxenunit. 2008. Ne 3. C. 59-63.

20. Kapanemsin /]oic. K. — Borpocsl nHkeHepHoit ceifcmosoruu. 2012, T. 39. Ne 3.
C. 33-40.

217



2U8UUSUUP PSNPRE3INRPLLELMrP UQQUS8PUL UYULXEBUPU
HANOUWUOHAJUBHAA AKAJEMMNUA HAYK APMEHMUHU
NATIONAL ACADEMY OF SCIENCES OF ARMENIA
J 0 KJ A JI bl QtuUuNr388LEN REPORTS
ZulUlIlIl
Tom 122 2022 Ne 3
Volume

BIOTECHNOLOGY
VJIK 579

DOI: 10.54503/0321-1339-2022.122.3-218

Foreign member of NAS RA V. A. Sakanyan ',
M. A. Iradyan %, N. S. Iradyan

Development of Targeted EGFR Degradation
for Cancer Treatment

(Submitted 31/V 2022)

Keywords: cancer therapy, EGFR, allosteric degraders, Bim
phosphorylation, glutamine, anoikis.

Introduction. The main distinguishing hallmarks of cancer are self-
sustaining growth signals, insensitivity to growth inhibition signals, tissue
invasion and metastasis, unlimited ability to replicate, and prevention of cell
death [1]. In the fight against cancer, two main principles of small molecule
therapy have been developed: standard therapy and targeted therapy. Standard
chemotherapeutic agents are cytotoxic because they kill cancer cells, while
targeted chemotherapeutic agents are often cytostatic because they bind to
tumor cells and block cell proliferation. Targeted cancer treatment requires
reliable information about human genes and proteins; therefore, it became the
cornerstone of precision medicine for almost three decades.

Transmembrane receptor tyrosine kinases (RTKSs) control various signaling
pathways that play a pivotal role in the regulation of cell proliferation, motility,
survival, and cell death [2]. Mutations that disrupt the functions of the
intracellular kinase domain of the epidermal growth factor receptor (EGFR) are
often associated with the onset and progression of cancer (Fig. 1). Target-
specific small molecules and neutralizing antibodies have been designed to
inhibit proliferative phosphorylation in signaling pathways triggered by RTKs
in cancer cells. Targeting the ATP binding site in RTK is an important issue in
medicinal chemistry for the treatment of EGFR-associated cancer [3]. Tyrosine
kinase inhibitors (TKIs) with reversible and irreversible mechanisms of action
have been developed to inhibit the catalytic site, improving patient survival
compared to platinum-based chemotherapy, the previous standard of care [4].

218


https://doi.org/10.54503/0321-1339-2022.122.3-218

However, resistance mutations leading to cancer progression have been
described that include not only mutations in EGFR, but also those located
outside the receptor gene and affecting HER2/HER3 amplification, mesen-
chymal epithelial transition factor (MET) amplification, the phosphoinositide 3-
kinase (PI3K) pathway, mitogen-activated RAS protein kinase pathway
(MAPK), and modification of cell cycle genes. Thus, the bottleneck of
inhibitory chemotherapy targeting EGFR is the acquisition of multiple muta-
tions in the same tumor, leading to drug resistance and unexpected side effects
that reduce the effectiveness of TKIs.

In recent years, promising approaches have been developed aimed at
targeted protein degradation rather than inhibition of the catalytic site [5]. The
popular method of proteolysis-targeted chimeras (PROTAC) is based on the use
of heterobifunctional degraders containing two linked moieties, one of which
binds to the protein of interest, and the other binds to the E3 ligase [6]. The E3
ligase-degrader-protein complex results in polyubiquitination of the target
protein and its subsequent degradation by the ubiquitin-proteasome system,
after which the proteolysis-targeting chimera is recycled to target another copy
of the protein of interest.

We have developed an alternative method for targeted degradation of
EGFR by polyfunctionalized heterocyclic compounds, namely 4-allyl-5-[2-(4'-
alkoxyphenyl)quinolin-4-yl]-4H-1,2 4-triazole-3-thiols, which bind to the
receptor and lead to cell detachment from the extracellular matrix [7]. In this
review, we highlight the processes that occur when compounds bind to EGFR
and ultimately lead to cancer cell death. We suggest that targeted protein
degradation holds great promise for improving the treatment of EGFR-asso-
ciated cancer by overcoming the shortcomings of current TKI-based therapies.

Targeting EGFR in cancer. Post-translational modifications and protein-
protein interactions directly modulate EGFR signaling and trafficking. A clue to
understanding the inhibition of the tyrosine kinase activity of EGFR by TKIs is
the finding that the driving force that activates the ATP-binding site is the action
of hydrogen peroxide (H,O,) that is generated during cognate ligand EGF
binding to the receptor [8]. The binding of EGF to EGFR promotes the trans-
formation of O, to H,O, through the membrane-located NADPH oxidase Nox2;
then, this reactive oxygen species reacts with Cys797, leading to the transition
of the thiolate anion (Cys-S) to sulfenic acid (Cys-SOH), which is required for
the activation of the ATP-binding site in the receptor [9].

Ligand-independent auto-phosphorylation of EGFR has been also descry-
bed in cells treated with small molecules. In particular, the action of 4-nitro-
benzoxadiazole derivatives rely on the generation of H,O, by cytoplasmic
superoxide dismutase in cancer cells [10]. Overall, this finding suggests that the
highly reactive hydrogen peroxide produced by various metabolic reactions may
unpredictably increase phosphorylation flux in EGFR-driven pathways and thus
reduce the therapeutic efficacy of TKIs [11]. Below, we describe the properties
of new generation of small molecules that overcome the disadvantages of H,O,
producing molecules when binding to the tyrosine kinase domain of EGFR.
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Fig. 2. Targeted protein degradation in cancer cells with polyfunctionalized heterocyclic
compounds. A — furfuryl derivatives of 4-allyl-5-[2-(4'-alkoxyphenyl)quinolin-4-yl]-
4H-1,2,4-triazole-3-thiol; B — compound VM26 shows dose-dependent degradation of
EGFR and other proteins and reduced phosphorylation mediated by EGFR in MDA
MB68 cancer cells; C — the cytotoxicity of compounds (IC50) in MDA MB468 cancer
cells grown with fetal bovine serum for 72 hours.



ATP

Hsp90

A :

Post-translational
ier:\ p7 Restored N\

modifications
A £ -@-\/ ©

|

Open ® Closed

B Immunoprecipitation with EGFR Input

a & p V) ) 0?5 b & » H a0 (,é

EGFR_-” -I EGFRi---—-"
bspoo [N T I

Hsp70 L v [ Hsp70 ! e rﬁ;|

Pracin . - s

Fig. 3. Molecular structure and function domain of Hsp90a bound to EGFR. A —
Activation of client proteins by the Hsp90a chaperone. Hsp90o in the open
conformation dimerizes in the C-domain, and ATP binding leads to a conformation
change to the closed form. Upon ATP hydrolysis, Hsp90o returns to the open
conformation and is ready to start another chaperone cycle, regulated by cochaperone
proteins. B — Hsp90a protein immunoprecipitated with anti-EGFR mAb (a), and input
protein samples (b). Serum-starved MDA MB468 cells were treated with 25 uM VM23,
VM25, VM26, or Gefetinib for 2 h. The proteins were collected on protein G
conjugated to magnetic beads.




>

£ o
29
5 211000
8 ]
S & 800
c @w
2 §| 600
o
S 21 400
g3
=zl 20,0
£ 3
<% 00 ,
Oh 1h 3h 6h
B vehicle VM26
Added o h
molecule - g o EOYI . e0F o EC‘YI
D
EGFR
M ' - -— - QI
pEGFR
Y1068 .q o d

-actin '— GrEaaE o e -

Fig. 4. Sequestration of Bim in MDA MB468 cancer cells by allosteric degraders of
EGFR. A — Two step protein degradation in starved cells vs nonstarved cells
considering 100% of each protein in nonstarved cells. Relative levels of proteins were
estimated as their ratio. B — Impact of EGF and glutamine on protein expression and
phosphorylation in untreated ells and treated with 25 uM VM26 for 6 h in serum-
deprived medium.




EGF
inactivation

HEEHERD, ST VM26

Binding to allostenic site
Weak EGFR inhibition
Enhanced EGFR degradation

EGFR endocylmis

l EGFR dtplction
MAPK/ERK P Hsp%a dq)l«lon MAPK/ERK
pathway ~ pathvny

l Bim uquestndon - lBlm sequestration
(_Bim JP) Glutamine starvation

Tubulin a instability Glutamine

Actin B instability

l

a-ketoglutarate

Extracellular
matrix

Fig. 5. Mechanism of action of EGFR-specific allosteric degraders on cancer cells. A —
Structure of EGFR bound to VM3 (orange), VM25 (pink), and VM26 (green) and
Gefitinib (yellow). B — Compound VM26 binds to a hydrophobic allosteric site in
EGFR, inducing degradation of the receptor in endosomes. Depletion of EGFR,
possibly with Hsp90a., leads to sequestration of Bim, followed by disintegration of the
cytoskeleton and detachment of cancer cells from the extracellular matrix. Glutamine
starvation causes a deficiency of a-ketoglutarate and an inability of cells to replenish the
tricarboxylic acid (TCA) cycle and produce ATP. Double starvation of EGF and
glutamine reinforces the cytoskeleton disintegration leading to cancer cell detachment-
promoted death.



Endocytotic degradation of EGFR. Protein degradation in mammals
depends on the initiation type of autophagy categorized as macro-autophagy,
chaperone-mediated, and micro-autophagy [12]. Endocytosis of EGFR is a
micro-autophagy process, which orchestrates cellular signaling networks, and
can direct the fate of the receptor in cells. Ligand-bound EGFR undergoes
endocytosis followed by recycling and/or degradation of the receptor by proteo-
lytic enzymes in lysosomes fused to endosomes [13]. Low doses of EGF acti-
vate clathrin-dependent endocytosis, which promotes sustained EGFR signaling
and is the main mechanism of EGFR endocytosis in tumors in vivo [14]. High
doses of ligand additionally induce clathrin-independent endocytosis, which is
the main lysosomal degradation pathway for reducing EGFR signaling [15].
Apparently, this process affects the fate of the receptor through ubiquitination at
saturated concentrations [16].

We have synthesized furfuryl derivatives of 4-allyl-5-[2-(4'-alkoxyphenyl)
quinolin-4-yl]-4H-1,2,4-triazole-3-thiol by combining various scaffolds in one
molecule [7]. Alkyl ether substituents of different lengths were attached to the
benzene ring to obtain new VM compounds that provide a differential increase
in the sensitivity of the target protein to the action of proteases (Fig. 2A). The
triple negative breast cancer cell line MDA MB468, in which the EGFR protein
is overexpressed compared to a low-expressing ErbB2 counterpart, was used in
our study. Experiments showed a significant suppression of EGFR tyrosine
phosphorylation associated with a decrease in its expression due to protein
degradation (Fig. 2B). The ability of the active compounds to simultaneously
suppress tyrosine phosphorylation and to reduce EGFR levels and other
functionally unrelated proteins suggested that the small molecules induce
protein degradation by first targeting EGFR in cancer cells. Active VM com-
pounds VM25 and VM26 demonstrated relatively high cytotoxicity comparable
to gefitinib (Fig. 2C), a well-known first-generation anti-EGFR drug [17].

We assessed protein levels in serum-deprived cells in which EGFR
expression was reduced by siRNA silencing [7]. Decreased levels of EGFR and
Hsp90a were observed when cells were exposed to VM compounds compared
to cells transfected with scrambled siRNA. We also evaluated the autophagy
biomarkers LC30/LC3p, considering that the accumulation of LC3f correlates
with an increase in the number of autophagosomes, which degrade nutrient-
starved proteins in cells [18]. Immunofluorescence microscopy was used to
study autophagy biomarkers in the cells incubated with a lower concentration of
compounds for a shorter time [7]. The LC3p protein emitted a strong fluorescent
signal upon exposure to VM26 relative to the vehicle, indicating the compound
resulted in a rapid response of the autophagy mechanism.

Chaperone HSP90a promotes autophagic degradation of EGFR. Heat
shock proteins (HSPs) play a crucial role in the process of protein folding
during proliferation, invasion, metastasis, and death of cancer cells. Among
these proteins, HSP90a, a highly conserved molecular chaperone, has over 700
protein substrates known as client proteins [19]. HSP90o is involved in a
variety of cellular processes beyond protein folding, which include DNA repair,
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immune response development, and neurodegenerative diseases. Other co-
chaperones interact with HSP90o and regulate ATPase-associated conforma-
tional changes in the HSP90a dimer that occur during processing of client
proteins (Fig. 3A). Therefore, this chaperone plays a key role in correcting the
misfolding of client proteins and protecting them from ubiquitination and
degradation by the 26S proteasome [20].

EGFR is a client protein for Hsp90o that in cooperation with Hsp70
controls and edits the proper folding and maturation of nascent polypeptides via
a super-chaperone complex in normal and cancer cells [21]. The chaperone
Hsp70 initially recognizes a misfolded client protein and then translocates the
bound protein to Hsp90a, which promotes the maturation of the client protein
[22]. The auCP4 loop in EGFR moderately conserved in client protein kinases is
likely to be recognized by Hsp90c [23]. The chaperone Hsp90a is highly
expressed in cancer cells, and diminution of the Hsp90 machinery activity leads
to the degradation of misfolded client proteins by cellular proteasome.

We studied the effect of VM compounds on the interaction of EGFR with
Hsp90o by immunoprecipitation. The analysis showed that the 90-kDa Hsp90a
diffuse band could be immunoprecipitated with EGFR from cell extracts treated
with the three compounds, with the lowest chaperone yield in samples
corresponding to VM26 treatment (Fig. 3Ba). No band corresponding to Hsp70
was detected in immunoprecipitated extracts, whereas a 70-kDa protein was
detected in input samples and at lower levels in cells exposed to compounds
VM25 and especially VM26 (Fig. 3Bb). This means that the final chaperone-
target protein complex does not contain Hsp70, which dissociated after
providing for EGFR translocation to Hsp90a.. A lower amount of Hsp90a in
samples precipitated with anti-EGFR antibody indicates simultaneous
degradation of the chaperone in the EGFR- Hsp90a complex due to binding of
the VM compound. Obviously, a decrease in EGFR folding should promote
greater degradation of the receptor protein, which may lead to a decrease in the
phosphorylation flux in downstream signaling pathways.

Detachment of cancer cells from the extracellular matrix. The
cytoskeleton consists of actin polymers and microtubules formed by tubulin
polymers, which in concert with other proteins allow integrins to attach to the
extracellular matrix [24]. EGFR phosphorylation status in downstream signaling
pathways determines the functional state of integrins, which are transmembrane
receptors that mediate cell adhesion to the extracellular matrix. Crucially, EGFR
governs the normal functioning of the cytoskeleton through the MAPK/ERK
pathway by phosphorylation of the proapoptotic Bim, a sensor protein important
for interaction with microtubules [25]. Interruption of this signaling pathway by
blocking Bim phosphorylation leads to the sequestration of the cytoskeleton and
the detachment of healthy cells. Nutrient starvation impairs the EGFR signaling
cascade, leading to the detachment of cells and ultimately to a programmed
death pathway known as anoikis. Compared with healthy cells, cancer cells
possess a higher tolerance to anoikis, and this seems to be involved in the
metastatic progression of inflammatory tumors.
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We observed that incubation of cancer cells with VM compounds reduced
levels of B-actin and a-tubulin, cytoskeletal proteins commonly used as loading
controls in Western blotting [7]. In addition, the compounds caused detachment
of cancer cells from the extracellular matrix, especially under conditions of cell
starvation for EGF or glutamine. Only traces of EGFR were detected in attached
cells, and the receptor protein was absent in detached cells after exposure to the
compounds in serum-supplemented medium.

To determine whether the destabilization of the cytoskeletal machinery is
related to the status of the Bim sensor protein, protein expression was assessed
by immunofluorescence imaging and Western blotting. Kinetic analyzes showed
a transient and significant increase in BimEL after one hour of exposure to
VM26 in a serum-deprived medium, followed by a decrease in this protein level
after three hours of exposure. Notably, a high level of BimEL expression was
associated with a decrease in the amount of EGFR after one hour. The amount
of lysosomal protease LAMP-2 and cytoskeletal protein -actin decreased later
compared to EGFR. This two-speed decrease in the abundance of functionally
unrelated proteins (Fig. 4A) seems to reflect two processes: early and rapid
degradation of EGFR by endocytosis, followed by slower disintegration of the
cytoskeleton due to Bim sequestration.

To elucidate which major nutritional factors are involved in Bim induced
sequestration, protein profiles were compared in serum-deprived cultures after
addition of EGF or glutamine or both for 6 hours. Glutamine and its mixture
with EGF and, to a lesser extent, EGF increased Bimg; expression compared to
vehicle or EGF alone (Fig. 4B). Moreover, a significant increase in the rate of
phosphorylation was detected in Ser69 Bimg;, which is likely due to increased
phosphorylation at Tyr1068 in EGFR. Replenishment of the medium with a
fresh portion of glutamine improved the functional state of Bim in the absence
of VM compounds.

Serum-deprived cells treated with VM26 in the presence of EGF,
glutamine, or both had elevated expression levels of EGFR, LAMP-2, B-actin,
and cleaved caspase 3 compared to low protein expression in the presence of
compound alone (Fig. 4B). BimEL expression essentially increased after
exposure to VM26, and no noticeable modulation was detected after the
addition of EGF, glutamine, or both in the starved culture. Notably, VM26
strongly suppressed Ser69 phosphorylation in BimEL, apparently associated
with reduced phosphorylation in EGFR, regardless of the addition of EGF,
glutamine, or both to the growth medium.

Targeted degradation of the receptor protein is of particular interest in
prostate cancer. The traditional treatment for this cancer, which eventually
develops into a castration-resistant form with a poor prognosis for patients, is
androgen deprivation. Standard methods of radiation therapy, chemotherapy,
hormonal therapy, and surgery are not considered fully effective in the
treatment of advanced and metastatic forms of cancer. We evaluated VM
compounds in the DU-145 prostate cancer cell line, characterized by an unusual
decrease in EGFR levels in response to EGF action in an autocrine loop,
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presumably associated with endocytosis [26]. Depletion of EGFR by VM26 for
three hours resulted in a decrease in BimEL expression and Ser69
phosphorylation in attached cells, which was associated with a larger number of
cells detached from the extracellular matrix [7]. After a 24-hour incubation,
VM26 resulted in the disappearance of EGFR and B-actin in attached cells,
regardless of the addition of EGF or glutamine to the starvation medium.

These results confirmed that VM compound-induced EGFR depletion
drastically destabilizes the cytoskeleton, leading to detachment of cancer cells
from the extracellular matrix and, ultimately, death resembling apoptotic
anoikis. Depletion of HSP90«, which depends on the amount of chaperon-
bound EGFR, can additionally contribute to cell detachment by reducing the
ability of the Hsp90/Hsp70 system to properly fold a huge number of nutrient-
prone proteins. Thus, both misfolded client proteins and nutrient-prone proteins
can become targets for proteases in the endolysosomes and cytoplasm of cells
treated with polyfunctional heterocyclic compounds.

Why does glutamine increase the anticancer capacity of EGFR degra-
ders? Our data demonstrate the ability of allosteric degraders of EGFR to
influence metabolic and energy balance in glutamine-deprived cancer cells.
How does glutamine deficiency enhance VM26 ability to kill cancer cells?

Cancer cells grow rapidly and require more energy for protein synthesis
than normal cells. Glutamine is converted to a-ketoglutarate, which merges with
the tricarboxylic acid cycle to form large amounts of ATP. Moreover, EGFR
requires ATP to activate the catalytic ATP-binding site and more than thirty
amino acids, including seven tyrosine residues, even if the receptor undergoes
endocytosis [27]. The addition of glutamine to the culture medium is necessary
due to the instability of this amino acid at 37°C. The ATPase activity of the
chaperone Hsp90a provides energy-dependent correction of many misfolded
client proteins, protecting them from ubiquitination and 26S proteasome-
promoted degradation [20]. As Hsp90a levels decrease with EGFR depletion,
misfolded glutamine-prone proteins become available for degradation by
proteases. Therefore, the dependence of EGFR activation and related processes
on the content of glutamine in cells can be formulated as «no glutamine, no
EGFR signalingy.

New philosophy of cancer chemotherapy. Chemotherapeutic interruption
of the flow of MAPK/ERK phosphorylation by allosteric TKIs is a promising
tool for reducing the metastatic spread of cancer cells [28]. Small molecular
glues and heterobifunctional molecules have also been developed as targeted
protein degraders to treat cancer and other diseases. PROTAC targeted protein
degradation is particularly attractive for modulating proteins that are difficult to
target with TKIs [29]. Other types of molecular glues based on the ability of
thalidomide to act as a degrader constitute another important class of drug-like
agents for the treatment of diseases [30]. Scientific progress in recent years and
clinical trials of PROTAC degraders and thalidomide analogs in clinical phases
I and II suggest that targeted protein degradation will become a key therapeutic
option in the fight against cancer in the coming decades.
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We have developed an alternative targeted protein degradation approach
based on 4-allyl-5-[2-(4'-alkoxyphenyl)quinolin-4-yl]-4H-1,2.4-triazole-3-thiol
derivatives, which bind EGFR [7]. These small degraders are completely
different from the PROTAC and thalidomide degraders and are likely to be
advantageous in terms of their action on cancer cells. The polyfunctional
heterocyclic compounds target and degrade EGFR, resulting in a cascade of
death-promoting events that resemble cancer cell cytotoxic killers rather than
cancer cell proliferation cytostatic blockers. We believe that such an action
opens a very attractive and effective prospect of cancer treatment.

New compounds first bind to a hydrophobic allosteric pocket located in the
immediate vicinity of the ATP binding site (Fig. SA). Molecular dynamics
simulation has revealed that the short chain CH;CH, in new compounds is not
bulky enough to fill the hydrophobic allosteric pocket, while the longer chain
CH;(CHy), almost completely occupies this site. An important role in the
binding of compounds to EGFR seems to be played by their reorientation from
Arg803 to Arg841, which is consistent with the participation of Arg841 in the
dynamic changes preceding the sulfenylation of Cys797 [7, 31]. This probably
leads to the interaction of longer alkyl ether chains of the compounds with
Met766 in the olCP4 loop located near the ATP binding site. This rearrangement
may accelerate and/or enhance the endocytic degradation of EGFR (Fig. 5B).
Induced depletion of EGFR and probably its associated Hsp90c chaperone
leads to sequestration of Bim, which provokes disintegration of the cytoske-
leton. Therefore, two different authentic pathways of protein degradation
metabolism, endocytic and cytoplasmic degradations, promote cell detachment.
This course of logically connected events reflects the functional interplay that
precedes the death of cancer cells.

The impact on the degradation of EGFR by new generation of small
molecules is a fundamentally different rational way to reduce the activity of
tyrosine kinase. Targeting EGFR degradation has an advantage over EGFR
inhibition because it promotes a more specific interruption of Bim
phosphorylation leading to the death of cancer cells. Unlike cytostatic TKIs
against EGFR, allosteric degraders of EGFR affect cell survival rather than
growth and induce cancer cell death like cytotoxic molecules. This unexpected
biological scenario is reminiscent of the return of «immortal» cancer cells to
programmed cell death, anoikis. This means that allosteric inhibitors of EGFR
are not «cancer cell killers», but rather molecules that restore the lost ability of
cancer cells to die like normal cells after a certain number of generations.
Notably, reduction in tumor size by allosteric inhibitors of EGFR has been
confirmed in vivo in a mouse model of sarcoma [32].

The proposed mechanism of targeted protein degradation indicates that
allosteric degraders of EGFR are attractive and promising agents for
chemotherapy of human metastatic tumors. Shutting down phosphorylation
pathways by potent TKIs in proliferating cancer cells creates selective con-
ditions for the emergence of different mutants through alternative mechanisms,
such as H,O, release, in the branched EGFR interactome in the tumor
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microenvironment. Conversely, protein degradation due to EGFR depletion
results in cancer cell death, leaving fewer cells to proliferate, making it less
likely to create conditions for new mutations to occur. Thus, this study opens
the door to research aimed at attenuating metastatic progression and reducing
drug resistance in malignant tumors associated with aberrant EGFR behavior in
cancer cells.
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Development of Targeted EGFR Degradation
for Cancer Treatment

Chemotherapeutic interruption of signaling pathways at receptor tyrosine kinases
is an important strategy for attenuating cancer progression. We have synthesized a new
generation of polyfunctionalized heterocyclic compounds that bind to an allosteric site
in the tyrosine kinase domain of the epidermal growth factor receptor (EGFR). The
bound compounds induce degradation of the receptor by endocytosis in cancer cells.
The Hsp90a chaperone binds to EGFR and is significantly lost during endocytosis,
thereby contributing to the reduction of client proteins. Induced EGFR depletion leads
to inactivation of downstream signaling due to sequestration of the Bim sensor protein
for cytoskeletal proteins, provoking cell detachment from the extracellular matrix and
ultimately cancer cell death. The role of glutamine in maintaining the phosphorylation
status of EGFR-mediated signaling pathways can be postulated as «no glutamine, no
EGFR signaling». Targeted degradation of EGFR is attractive for aiming to attenuate
metastatic progression and to override the drug resistance of malignant tumors.

22 QUU. wpunuuwhdwiyut wigud 9. U. Uupwiyui,
U. U. bpuyul, L. U. bpuryub

Luingljtinh pmddwb btuyyunwljuyhtt EGFR-h
puypuydwt dpwynid

Bhpnghuljhtiwquyhti puluihyibph wqnubpwiuyght ninhbph wpgqbuhwlnudp
punghtnh wnwepupwgp nuwununtgubnt htwpwynp pwqUwqupnipmit b Ukbp
uhuplql] Eup pwquudniiyghnuiwy hlwnbpnghlhly dhwgmpiniuutph unp ubpnibg,
npnip uuynud &u bwghnbpudhuh wéh gnpénuh pjuihsh (EGFR) phpnghtijhtwquyht
whpnyph winunkphl nkqudwuht: Uhugnpmubbpp Fugnghungny pungltnh pohe-
uhipnud wowowgunid Eu puluyhsutph nhgpunughw: EGFR-h htwn juwquws Hsp90o

sowwbpnlp qquihnpkt Ynpsmd b tugnghungh dwdwbwy npuitng huly bywunbyng
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uyhtnwlnigutiph puypwjdwiip: EGFR-h puyjpuwynidp hwbighgunud E wqnuipwuh wuw-
wlnhjugiwi’ ghunfuwuph hwdwp Bim ukbunpughtt uwhnwlmgh ubytunpu-
ghuyh www&wnny, hugp hwughgunid E pohoutiph puwdwidw wpuwpeouyhtt dwwn-
nhghg t pungljtnh pohoitph dwhwi: Fnunwdhuh npp EGFR-m] dhgtunprunnpyws
wqpuipwbuwghtt miphutph $nudnphjugdwtt jupquyhdwlh ywhywidwi gqnpsnid
Jupkih E uupugpl] npybtu «ny gununwdhi, ny wqpuiowi EGFR-h hwdwp»: EGFR-h
byuwnwluyhtt phgpunughwt qpuyhy b dbnnwunwnhl wnwepupwgp pnywugubkint b
supnpul] ninnigpubpmd gnnpuypuyhtt phdwnpnpuljuinipiniup £upkint hwdwp:

HNuoctpannsiii wien HAH PA B. A. Cakansiu,
M. A. Upansan, H. C. Upansn

Pa3pa0oTka Hanpasiaennoi aerpagannu EGFR
AJ1s1 JIeYeHMs paKa

XUMHOTEPANIEBTHYECKOE NPEPHIBAaHUE CHUTHAIBHBIX ITyTeH Ha perentopax THPO-
3WHKHWHA3 SBISETCA BAXKHOW CTpaTeTHed UIs OCiIabiieHHs MPOTPECCHPOBAHUS DPaKa.
CI/IHTe3l/Ip0BaHO HOBOC€ ITOKOJICHHUEC l'[OJ'Il/I(byHKIJ,l/IOHaHbH])lX TFETCPOLUKIIMYCCKUX COCAU-
HeHHﬁ, KOTOPBbIEC CBA3BIBAIOTCA C aAJUIOCTCPUYCCKUM caiToM B TUPO3MHKUHAZHOM
JIoMeHe perientopa snuaepManbaoro dakropa pocta (EGFR). Cesa3anuble coenuHeHUs
BEI3BIBAIOT ACTPAJANHNIO PELENTOPa IMyTEM SHAOIMTO3a B paKoOBBIX KieTkax. [llamepon
Hsp90a., ces3wiBasice ¢ EGFR, 3nauntensHO TepsieTcsi BO BpeMsi SHIOLMTO3a, TEM Ca-
MBIM CIIOCOOCTBYSI Aerpananuu OenkoB-kiaueHToB. MuayrnmpoBanHoe ucromenrne EGFR
MPUBOAUT K MHAKTUBAIMH NIEPEAayll CUTHAIOB H3-32 CEKBECTPAIMH CCHCOPHOTO OeKa
Bim st muTockeneTa, IpoBOIUPYS OTIEIICHHE KICTOK OT BHEKJICTOYHOTO MAaTPUKCa U
B uWTOre THOENh pPAaKOBBEIX KJIETOK. Poip TilyTaMHHa B TOANCPKAaHWU CTaTyca
¢docopunmpoBaHus  CHTHaNBHBIX  myTed, omocpemoBanHbEIX EGFR, wmoxHO
MOCTYTUPOBATh KaK «HET TJIyTaMHHA, HET mepenaun curHamoB uepe3 EGFR».
Hampasnennas nerpagammsi EGFR  mMoxker ObITh TpuMeHEHa I OCIaOJICHHS
METACTaTHYECKOTO MPOTPECCHPOBAHMSA M IIOJABJICHUS JIEKAPCTBEHHOH YCTONYMBOCTH
3JI0KaYECTBEHHBIX OITyXOJIEH.
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KuaroueBnle cjioBa: dendpapuil, 0epesbsi U KYCMAPHUKU, OOMAHUYECKUL
€ao, 0eHOPOKOLNEKYUsL, IKCHOZUYUOHHBLU YUACTOK.

Jennponapku, Kak MpaBuilo, 3aKJIaJbIBAIOTCS CTPOTO MO JAEHIPOJIOTHYec-
KOMY NPOEKTy B CTHJIEC JaHIA(THOIO WM PETYSIPHOrO HapKa C pa3Mmelle-
HUEM DPACTeHHS IO JKOJIOro-reorpaduyeckomMy, CUCTEMaTHYECKOMY, OEKopa-
TUBHOMY U ApyruM mpusHakaMm [1]. CTpoUTensCTBO MEPBBIX IEHAPONAPKOB B
Apmenun otHocuTcs K Hadanmy XX B. B 1910-e rr. mpu xene3HOJOPOKHOU
cranmuy Axrtama Ha BbicoTe 650-700 M Hax yp. M. MeIleHaTOM W He(Ternpo-
MBIIIJICHHUKOM MukasnoM ApaMsHileM OblT OCHOBAH M3SIIHBIA AXTaTMHCKUN
JIEKOPATUBHBIN TapK, CaMblii CTapblii B peciyOiInKe, KOTOPBIH CYIECTBYET 10
HACTOSIILETO BpeMEHH. AOCONIOTHBI MUHUMYM TEMIIEPAaTypbl HA TEPPUTOPHH
napka B sHBape -14.6 C°, cpeqHeronoBoe KOJIMYECTBO 0CaIKOB OKoio 500 MM
(taba. 1). Kak moka3anu pe3ynbTaThl HAyYHOW WHBEHTApU3allMH, HA TEPPHUTO-
pHM MapKa MPOU3pACTalOT TaKWe BUBI MHO3EMHBIX JIPEBECHBIX PACTEHHMH, KaK
Cupressus sempervirens «Pyramidalis», Maclura aurantiaca, Cedrus deodara,
Albizzia julibrissin, Parrotia persica, Gymnocladus dioicus, Pinus nigra,
Fraxinus pennsylvanica u ap., Bo3pact kotopbix npesbiraet 100 ner [2].

ITocne ycraHoBieHUsI B ApDMEHUN COBETCKOM BJIAacTH OIHOW M3 IEpBOOYE-
penHbIxX 3a1a4 HapomHoro koMuccapuara 3emiie/IeNus peciyOIuKH sIBUIOCH CO-
31aHue 0OTaHWYECKOro caja B LEISIX MHTPOIYKIIMH PACTEHUI Kak MHO3EMHOM,
Tak 1 MecTHOH (iopsl. [lepBrIit OoTaHMYecKuit casl B ApMEHNH, 3aJI0KEHHBIN B
1927 r. na neBom Oepery p. Paznan (abiHe nentp r. EpeBana), npocyiecTBoBa
BCEro 5 JIeT, Ocie 4ero cro Teppuropus Opuia nepenana EpeBanckomy Tpecty
03€JICHEHUS B KauecTBe 0a3bl I pa3BUTHs LBeTOBOACTBA [3]. OqHUM U3 mep-
BBIX Hay4uHBIX yupexaeHuid ApMm. ¢pummana AH CCCP, ocnoBannoro B 1935 1,
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O0mas xapaKkTepucTHKA AeHIPONAPKOB ApPMeHUH

Taéauna 1

le/lpolIHO-KJ]HMaTl/l'-leCKl/le ycioBus

= MeTeopoJioruyeckue
IS JaHHbIC
= =
] i z \
"= 8 MpuHIMn E E
Jenapo- g s 2 | cospamms g g ;
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=2 8|2 & SE| S |6258¢
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1 2 314 5 6 7 8 9 11 12
Epesan- I. 16 | 1935 | 1200- | Dkomoro- | +11 | +41 | -27 | 350- | Pe3ko KoHTH-
CKOTO Epesan 1250 | reorpa- 400 | HeHTaNBHBIH,
0oTaHH- ¢uuec- CyXOH, 3uMa ¢
YECKOI0 KHUH, cuc- HEYCTOHUUBBIM
caga TeMatH- CHETOBBIM
YeCKHi IOKPOBOM
Banamzop- |Jlopu,r.| 8 | 1936 | 1400- | Jlana- |+7,4| +36 | -32 | 620 | YMmepeHHSIH,
CKOTO Bana- 1450 | wragyrao- JIECHOTO THTIA
OortaHuvec- | I30p ZeKopa-
KOro cajia TUBHBIN
CeBaHCKOro r. 3 11944 | 1950 | Jlamm- |+4,9| +32 | -35 | 570 | Pe3kokoHTH-
6otanndec- | CeBaH magTHO- HEHTaJIbHBIH,
KOTO cajia JeKopa- 3MMa IpOoIOJI-
THBHBIH, XKUTEIbHAs, C
cucrema- YCTOHYMBBIM U
THYECKHUit MOIIHBIM CHe-
TOBBIM
IOKPOBOM
WmxeBan- | TaBym, | 10 | 1962 | 650 Jlann- | +11 | 439 | -19 | 650 Cyxoii
CKuit T. madTHO- cyoTpomnHuec-
Umxe- JieKopa- KUi, 3uMa
BaH THBHBIH, KOPOTKOBpE-
crcTeMa- MeHHasl, 6e3
TUYECKUH YCTOWYHBOIO
CHETOBOT'0
MIOKpOBa
Crenana- |Jlopw, c.| 35 | 1933 | 1550 Jlaup- | +6,6 | +35 | -31 | 680 | YmepenHsii,
BaHCKUU I'tona- madTHO- JIECHOTO TUIa
«CocHsiki» | Tapak JieKopa-
TUBHBIH,
cucTeMa-
TUYECKHUH
Bropakan- | Apara- | 40 | 1960 | 1450 Jlang- +8 | +34 | -30 | 580 | Pe3ko koHTH-
CKOI I[OTH, C. ra)THO- HEHTAJIbHBIH,
obcepBa- | Bropa- JeKopa- 3UMa CypoBas,
TOpHUHU KaH THUBHBIN C HeyCTOI/IqI/I'
BBIM CHETOBBIM
IOKPOBOM
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1 2 3]4] 5] 6 78] 91 12
Bepackuit | Taym, | 62 | 1962 | 1000 | Jlamg- |+9,3| +35 | -18 | 500 | VwmepeHHbIi,

«Copan- | 1. bepn madTHO- JIECHOTO THIIA,
HEp» JileKopa- C HEYCTONYH-
THBHBII BBIM CHETOBBIM
MOKPOBOM
Jixepmyk- | Baifory | 12 | 1955 | 2000- | Iekopa- | +6,5| +33 | -32 | 720 | 3uma cypoBas,
ckuit 130D, T. 2070 | rupHELH poJ0JI-
Jhxep- KHUTETbHAs, C
MYK YCTOHYHBBIM
CHETOBBIM
MOKPOBOM
Axrtamua- | Jlopw, c. | 10 | 1912 | 650- | Jlekopa- | +11 | +36 | -14 | 520 | Cyxoii, 3uma
ckuit Axrana 700 | rupHEL HEIPOIOJLKU-

TelbHas, 0e3
CHETOBOTO

TTOKPOBa
barpara- | Taymr, | 5 | 1960 | 390 | Jlekopa- | +11 | +40 | -21 | 330 Cyxoit
HIEHCKUI c. TUBHBIN cyOTpomnmuec-
Barpa- Kui, 6e3
TalleH CHEroBOTO
TTOKPOBa

cran EpeBaHckuii OOTaHUYECKHI Cajl, CO3JaHHbBII B TOM € T'OAy B CEB.-BOCT.
yacTtu T. EpeBana Ha mnomaau 102 ra va Beicote 1200-1250 m Hag yp. M. B Ha-
cTosIIee BpeMs IUIomaap EpeBaHcKkoro 00TaHUYIECKOTO cajla COCTABISAET OKOJIO
80 ra (tabm. 1).

Pa3perienre akTyanbHBIX TEOPETUYECKUX U MPAKTUUECKUX BOMPOCOB MH-
TPOAYKIIMH ¥ AaKKIUMaTH3allud pacTeHHH TpeOoBal0 CO3/MaHUS OMOPHBIX
ITyHKTOB — (pMIINATIOB OOTaHMYECKOTO Ca/ia, a TaKKe JACHIPOIApKOB B Pa3iIvd-
HBbIX KJIMMAaTUYECKUX YCJIOBUSAX PECIYOJIMKHM, TaK KaK MAacCOBOE HMCIIbITAHUE
OJTHUX W TeX K€ WHTPOAYIIEHTOB B PA3IUYHBIX HPUPOIHBIX IMOsICaxX Aajo Obl
BO3MOXKHOCThH OoIiee TITyOOKOTo 3ydeHHs OMOJIOTHH WHTPOIYIIEHTOB IS yCTa-
HOBJICHHS IIeTieco00pa3HOCTH WX npuMeHeHus. Mcxonas w3 atoro B 1936 T.
Obun opraHn3oBaHbl KupoBakaHnckoe (HbiHe Banamzopckoe), a B 1944 1. — Ce-
BaHCKOe oTneneHuss EpeBanckoro Ooranmdeckoro camga. C 1950 r. B cocras
EpeBaHckoro 00TaHMYECKOIo cajia BOIIO Takke [ronarapakckoe OTIEICHUE
(upine CremanaBaHckuii neHaponapk «CocHskny). EpeBaHckuii O0TaHUYECKHI
cal B OCHOBHOM JIOJDKEH ObLI 0OECHeunTh HYXKIBl TOPOJOB U APYTHUX
HACEJICHHBIX ITyHKTOB MOJYMYCTBIHHON 30HBI LlenTpansHoil n FOxHOI Apme-
Huu: BaHam3opckoe OTIeNeHHEe — CeBEPO-BOCTOUYHBIX OTHOCHUTEIHHO BIAKHBIX
JiecHBIX paiioHoB, a CeBaHCcKoe — OacceliHa 03. CeBaH M IpyTUX BBICOKOTOPHBIX
paiioHoB. B JleHuHaKaHCKOM OTIIE€JICHUH, 3aJI05KEHHOM B 1944 r. Ha ruiowmanu 6
ra B nenrpe r. Jlennnakana (HpiHe ['FOMpH) M MpoCyIecTBOBaBIeM Bcero 13
JIET, OBLIM COOpaHbI JOBOJILHO OoraTasi ISHAPOKOJUIEKIIUS — 0KoJio 220 BUIOB, a
TaKX€ HECKOJBKO AECSTKOB BUIOB U COPTOB LBETOUHBIX KynbTyp. B 1957 r.
OHO OBLIO TepeiaHo TopcoBeTy [4].

Hapsiny ¢ cymecTBoBaBmIMMY OOTAaHMYECKUMH CaJaMu B Pa3IHIHBIX Paifo-
HaxX pecnyOJMKA ObUIM OpPraHW30BaHbI MHOTOYHCIICHHBIC JCHIIPOJIOTHYECKUE
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mapku: CremanaBanckuii («Cocusku») — B 1933 1., KupoBakauckuii («Bana-
n3op») — B 1934 r., UmkeBanckuit — B 1962 1. DTH IeHIPONAPKH JOITHE TOJIBI
SIBISLTUCH onopHbIMU TyHKTamu HITO «Apwmitec» M HaXOAMIUCH TIOJ BEIOM-
ctBoM ['ockomuteTa necHoro xo3siicrBa Apm. CCP [5]. B macrosmee Bpems
OHU HaxOJATCA B MOJYMHEHWHM MUHHUCTEPCTBA OKPY)KAIOLICH Cpebl peciryd-
k. Kpome Toro, B ApMEHUH JEHIPOJIOTaMH-3HTY3HaCTaMU CO3JJaHbl MaJIeHb-
KHe, He UMEIOIIIe HayIHOTO PO, HO BEChMa HHTEPECHBIE U OOTaThIe IIeH-
HBIMH JeKOpaTUBHBIMH Buaamu AeHnpomnapku. CorpynHukamu EpeBaHCKOTO
OoTtannueckoro cazna B 1960-e rr. neHnponapk cos3faH B bropakane, Ha TeppH-
TopuH acTpopusnueckoi oocepBaropun (Tabdin. 1). JlupekTopom coBxo3a «3eii-
TyH» HoembepsiHCcKOTO paiiona b. Bapmansaom B /leberamene (HbiHe barpara-
IIICH), CaMOM HU3KOM NyHKTe pecrnyOnuku (390 M Hax yp. M.), CO3laH JCH-
JponapkK, rue coOpaHa yHHKalbHas KOJUICKIHMS TepMO(UIbHBIX JTUCTBCHHBIX U
XBOMHBIX ApeBecHbIX pacteHuid. JlecHmunm J[xepmykckoro necxosza K. [pe-
nano B 1955 r, co3gan aeHApomapk Ha TeppUTOpHH BBICOKOropHOTro (2100 M
Hajg yp. M.) kypopra J[xepmyk. B Te ke romsl B r. bepn (TaBym) co3nman
neuaponapk «Copannep» [6-9].

HawnbGonee OoraTeiM OeHAPOCOCTaBOM OTIMYAeTCs AeHApomnapk Epesan-
ckoro 6otanmueckoro caaa (6omee 1000 BumoB U canoBbix Gopm u3 159 pomos
u 61 cemelicTBa), 3a HUM ClIeayl0T Banamzopckuii u MmkeBanckui (COOTBET-
cTBeHHO 10 566), CremanaBanckuit (438) m Cepanckuii (375). B ocrambHBIX
JICHAPOIapKax COCTAaB KOJUICKIIMH He mpesbimaet 120-125 Buaos (Tab. 2).

Yro kacaeTcs reorpaduiueckoro MpoUCXOkKACHUS ICHIPOKOIUIEKIINI, TO BO
MHOTHX JIEHApOIapKaxX IpeoONiafaroT mpeacraButenu aeHapodiop Kaskasa,
EBpocubupu, Bocrounoii Azun u Ceseproit Amepuku (EpeBanckuii, CeBaH-
ckuil, bropakanckuii, J>kepMyKkckuit), a B TeX, I/ie KJIUMaT CPaBHUTENHHO TEIl-
JIBIA, THTIA CYOTPONMMYECKOTO, B COCTaBE JCHAPOKOJUICKIIMHA JTOBOJIBHO YacTO
BCTPEUAIOTCSl TaKXKe NpeACcTaBUTENH AeHAPO(dIop OoJiee TEIUIBIX PETHOHOB
Cpenu3eMHOMOPbS. AHaJIM3 TAKCOHOMUYECKOTO Pa3HOOOpasus JCHAPOKOIIICK-
LKA BBISIBWII, YTO BO BCEX JCHJIpOIapKax OOJIbIIE BCErO MPEACTABUTEICH XBOM-
HeIx U3 cemeiicte Pinaceae (Pinus, Picea), Cupressaceae (Juniperus, Thija,
Biota), a u3 nmucrBennsix — Rosaceae (Sorbus, Spiraea, Cotoneaster, Cratae-
gus), Fabaceae (Robinia, Caragana), Caprifoliaceae (Lonicera, Sambucus),
Oleaceae (Fraxinus, Ligustrum, Syringa, Jasminum), Salicaceae (Salix,
Populus), Aceraceae (Acer), Berberidaceae (Berberis, Mahonia), Betulaceae
(Betula) u ap. B mengpomapkax CO CPaBHHUTEIBHO BIIQKHBIM M TEIUIBIM KIIH-
MaToM — Bananzopckom, CrenanaBaHckoM, mkeBanckoMm u barparamnienckoM
U3 XBOWHBIX B JIEHAPOKOJUIEKIIMA MPHUCYTCTBYIOT TAaKXKe TMPENCTABUTEIN
cemeticte Taxodiaceae (Metasequoia, Cryptomeria, Chamaceyparis ), Taxa-
ceae (Taxus), Cupressaceae (Cupressus), Pinaceae (Larix, Abies, Cedrus), a B
KOJJIEKIIMAX JIEHIPONAapKOB CyXOro CYOTpPOIMYECKOro Kiumara — Mpea-
craurenu cemeirictB Magnoliaceae (Magnolia), Celastraceae (Celastrus),
Oleaceae (Olea), Fabaceae (Albizzia) u ap. (tabm. 3).
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Taéauna 2

AHaJIN3 IeHAPOKOJIEKIN A IeHAPONAPKOB ApMeHUH

Yuc10 TakcoHOB | YMC/10 BUAOB 110 KM3HEHHBIM
dopmam
Aetn- = % o |2 I'eorpaguueckoe
ponapk = S 2|3
. g 2 2 |2 E £ TMPOUCXOK/IeHTEe
2 =5 | 2| S(5E «| £
3} 2 L =
R IE IR
- B = |z & o = =
sl 5523/ 5258226
O |l ~|lRrES| X | RIRrE N | = |~
1 2 3 4 5 6 7 8 9 |10 11
Epesan- |61 |159 |1063 88 |940 |35 [393 |532 |138 | Kaekas, EBpocubups,
CKOTO Bocrounas Asus,
OoTaHu- CesepHast AMepuKa
YECKOTO
cazna
Bana- 43 | 133 | 566 63 (492 |11 |243 |311 |12 | CeBepHas Amepuka,
J30p- Bocrounas Azus,
CKOTO CpeznnzeMHOMOpEE
6ota-
HHUYeC-
KOTO
canma
CeBan- |39 |98 |375 42 |328 |5 |218 (190 |14 Kagkas, EBpocu6ups,
CKOTO Bocrounas Asus,
6otaHu- CesepHast AMepuka
YECKOTO
canma
Wmxe- |61 |163 |566 131|376 |59 |312 |246 |8 CesepHast AMepHKa,
BaHCKHI Bocrounast Azus, Cpenu-
3eMHOMOpbE
Crema- |28 |115 (438 41 |364 |33 |226 |198 |14 | Cesepnas Amepuka,
HaBaH- Bocrounas Asus,
CKHUit CpenuzeMHOMOpBE
«CocHs-
KD
Bana- 25 |52 |145 32 104 |9 |49 |80 |16 | CeBepHas Amepuka,
J30p- Bocrounas A3zus,
CKHH CpennzeMHOMOpBE
«Bamna-
JI30p»
Bropa- 28 |69 [120 17 103 |- 82 (36 |2 Kagkas, EBpocubups
KaHCKOM Bocrounas A3us,
obcep- CesepHast AMepHKa
BaTOpPHHU
Bepna- 27 |63 |126 21 |103 |2 (58 |65 |3 CeBepHast AMepuKa,
CKHIA Bocrounast A3us,
«Copan- CpeanzeMHOMOpbE
HEp»

JlaHHBIE TPUBEACHBI MO pe3yJbTaTaM IMOCIEIHUX HAYYHBIX HWHBeHTapu3anui (1990-
2000 rT.) TeHAPOKOIUICKIINA OOTAHUYECKHUX CAJ0B U JICHIPOIapKOB APMECHUU.
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1 2 3 4 5 6 7 8 9 |10 11
Joxep- 26 |68 124 13 |111 |- 61 |59 |4 Kagkas, EBpocn6ups,
MYK- Bocrounas Asus,
CKHUil CeBepHast AMepHKa
Axra- 21 |39 |41 8 29 |4 |28 |8 5 CeBepHast AMepHKa,
JIWH- Bocrounas Asws,
CKHH CpeznnzeMHOMOpEE
Barpa- 19 |41 |74 31 |38 |5 (41 |30 |3 CesepHast AMepuKa,
TalleH- Bocrounas Asus,
CKHUil Cpenu3eMHOMOpBE
Jlxep- 12 |18 |28 8 20 |- 18 |8 2 Kagka3s, EBpocu6ups,
MYK- Bocrounas Asus,
cKkuit CesepHast AMepuka
neco-
napK

Taoauna 3
TakcoHoMHuYeckHne 0COO0EHHOCTH IeHAPOKOJUIEKIMI 1eHAPONIAPKOB APMEeHUH

CemeiicTBO Pon
Tlenapo- Hau6osee xapakTepHblie
Apo ° (GoraTs1e) - Hamnb0osiee xapakTepubie (0orareie)
napk 5 _ 5
; il(::;“- JIucTBeHHbIE :I=" XBoiiHble JlucTBeHHbIE
1 2 3 4 5 6 7
Epesan- | 61 | Cupres- Fabaceae, 159 Biota, Thuja, Acer, Lonicera,
CKOTO saceae, Berberidaceae, Pinus, Picea, Quercus, Clematis,
GOTaHH- Pinaceae | Caprifoliaceae, Juniperus Spiraea, Syringa,
Rosaceae, Sorbus, Berberis,
YeCKOro i
Oleaceae, Salix, Populus,
cana Salicaceae Robinia
Bamna- 43 | Cupres- Rosaceae, 133 Pinus, Larix, Acer, Spiraea,
JBOPCKO- saceae, Caprifoliaceae, Picea, Abies, Fraxinus, Sorbus,
ro 6oTa- Pina- Oleaceae, Taxys, Metase- F_agus, Quercus,
ceae, Fagaceae, quoia, Ligustrum,
HUYeC- -
Taxa- Aceraceae, Juniprerus, Aesculus, Buxus
Koro ceae, Tiliaceae, Thuja,
cana Taxodiac | Hippocastanaceae, Cryptomeria
eae Fabaceae,
Buxaceae
CeBan- 39 | Cupressa | Rosaceae, 98 Juniprerus, Lonicera, Spiraea,
CKOTO ceae, Caprifoliaceae, Pinus, Picea, Rosa, Berberis,
GOTaHH- Pinaceae | Salicaceae, Syringa, Salix,
Berberidaceae, Populus,
YECKOT O
Betulaceae, Crataegus,
cala Aceraceae, Fraxinus, Acer,
Oleaceae, Caragana
Fabaceae
Umxe- 61 | Taxaceae | Magnoliaceae, 163 Taxus, Abies, Magnolia, Berbe-
BAHCKHUI , Berberidaceae, Pinus, Picea, ris, Mahonia,
Pinaceae | Rosaceae, Larix, Cedrus, Spiraea,
, Fabaceae, Cryptomeria, Cotoneaster,
Taxodiac | Aceraceae, Cupressus, Pyracantha,
eae, Celastraceae, Chamaceyparis | Philadelphus,
Cupressa | Fagaceae, , Juniperus Albizzia, Acer,
ceae Oleaceae Euonymus, Fagus,
Quercus, Fraxinus,
Jasminum
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1 2 3 4 5 6 7
Crerma- 28 | Taxa- Rosaceae, Faga- | 115 Pinus, Picea, Acer, Spiraea,
HaBaH- ceae, ceae, Aceraceae, Taxus, Thuja, Fraxinus, Sorbus,
CKUit Pinaceae | Buxaceae, Hippo- Met_asequoia, Buxus, Aesculus,
«CocHs- , ) castanaceae, Jun!prerus, Fagus, Quercus,

Taxodiac | Betulaceae, Larix Betula, Catalpa
Kn» eae, Bignoniaceae
Cupressa
ceae
Bropa- 28 | Pinaceae | Fagaceae, 69 Pinus, Picea, Betula, Quercus,
KaHCKOM , Betulaceae, Thuja, Biota, Fraxinus, Acer,
obcep- Cupressa | Oleaceae, Juniprerus Robinia, Ulmus,
ceae Aceraceae, Sorbus
Batopiu Fabaceae,
Ulmaceae,
Rosaceae
Bepa- 27 | Pinaceae | Aceraceae, 63 Pinus, Picea, Quercus, Fagus,
CKHit , Oleaceae, Larix, Cedrus, Spiraea, Lonicera,
«Copan- Cupressa | Fabaceae, Cup_ressus, Ligustrum,
Hep» ceae, Rosaceae, Thu ja, Euonymus,
Taxaceae | Fagaceae, Juniprerus Caragana
Celastraceae
Jlxep- 26 | Pinaceae | Betulaceae, 68 Pinus, Betula, Fraxinus,
MYKCKHI , Aceraceae, Juniprerus, Padus, Ulmus,
Cupressa | Oleaceae, Picea Salix, Populus,
ceae Rosaceae, Lonicera
Aslicaceae,
Ulmaceae
Axrta- 21 | Pinaceae | Simarubaceae, 39 Juniprerus, Buxus, Ailanthus,
TTHHCKHIL , Betulaceae, Pinus, Acer, Ficus, Betula
Cupressa | Moraceae, Cupressus,
ceae Buxaceae Biota, Thuja,
Cedrus
Barpara- | 19 | Taxodiac | Magnoliaceae, 41 Metasequoia, Olea, Quercus,
HIEHCKH eae, Oleaceae, Cryptomeria, Magnolia,
Pina- Fagaceae, Pinus, Picea, Laurocerasus,
ceae, Moraceae, Biota, Cedrus, Acer, Maclura,
Cupressa | Rosaceae, Cupressus, Fraxinus,
ceae, Celastraceae Juniprerus Ligustrum

Takum o0Opa3om, Ha HEOONBIIONW TEPPUTOPUU ApPMEHWH B TEPBOU IIO-
nmosuHe XX B. cozmaHo Oosnee 10 OoTaHMYECKUX CaZlOB M JIEHAPOIIAPKOB, pac-
MIOJIO’KEHHBIX TPEUMYIIECTBEHHO B CEBEpO-BOCTOYHBIX permoHax (Jlopu, Ta-
BYII), TJI€ JIECOPACTUTENbHBIC YCIOBHs OoJiee WIIM MEHee OJIaronpHsTHbIE U
JIECUCTOCTh TEPPUTOPUH HecpaBHEHHO Bbilie (28-30%). A B apuaHbIX (F0)KHBIX)
peruoHax ¢ pe3Ko KOHTHHEHTANbHBIM KJIMMAaTOM, KaKMMH SIBISIOTCS Baiion
nm3op, Cronuk (3anresyp, Merpu), ux HeT. B 3Tux permonax, rjie pacmpocrpa-
HEHBI MOJYMYCTBHIHH, PEIKOJIEChS, a TaKK€ HEKOTOpBIE T'PYIITHPOBKH KCEpO-
($WIBHOW PacTUTENBHOCTH, KIMMAT pe3ko KoHTHHeHTanbHbIN [10]. Cpennero-
noBasi Temreparypa Bosayxa -10.6°C, romoBas cymma ocaikoB — Bcero 10 350
MM; 3a Bech BeTreTallMOHHBIN nepuoy (6 Mecsnes) BbIagaeT Jumb 1/3 yacts, a
3a 4 neTHUX Mecsaua — okosio 20% OT ro0Boil HOPMBI 0CAJIKOB. 3aKiIajKa JCH-
npormapkoB B HOkHOW ApMeHMH KpaiiHe HeoOXoJuMmMa M He IMpeTeHIyeT Ha
CO3/IaHNE KOJUIEKIINY MPENMYIIECTBEHHO MPECTaBUTENEH Pa3TUIHbIX HHO3EM-
HBIX JeHapoduop. ['aBHas menb 3aKkiI0vaeTcs B YIyULICHUH CaHUTapHO-THIe-
HUYECKMX W MHUKPOKIMMATHYECKHUX YCIIOBHH OKpY’KalomleW cpenbl, B BBIpa-
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IIUBaAHHUM MOCAAOYHOTO MaTcpualia, aJdallTUPOBAHHOI'O0 K 3aCyUJIMBBIM YCJIO-
BUSAM.

Ta6nauna 4
YcoBus co31aHus 1eHIPONAPKOB B apuaHoii 30He FOxHoil ApMennu
2 - - PexomeHnayeMoe 41C/I0 TAKCOHOB
1 -] [
3 E e = = L=
& g & =9 < = 5.
= £ = 5 g E - g5 Agopuren- | HHTpoaynm- Obmee
5 v 3 = S == © g4 HBIX POBAHHBIX
g S-S | & |2 | 8 | sE3
2 = - 2 =]
IS 2] @ =
S5 g £ s g S = EER| o ° S ° S
= 2 e = = = = 3 @ =Z| & =) = a4 * = 4
] S 5 5 = E=3| = = 8 R = =
= 5 S £ < ] = oz | 3] < o @ ® o
s | g8g 5 |z |E& |£2%|% 3 -l 24
Sy |38 % |E_|Ef |2EZ|z|z|g8|:2|5|§§8 25|48
& E SRE A |RE|E& |CER|C|E&|A|C|&|mE QO |&E
Baiion 10-12 | 1100- |8-10| Jlaug- 65/35 (28| 53 |92 | 7 | 35| 55 | 38 | 93 | 159
130D, KM J10 1200 madTHO-
HUKkHee |T. Exer- JieKopa-
TEUEHUE | HaI30p THUBHBIN
p- Apna -
—30Ha | MEXIY
CYXHX cc.
crenei I'an-
NIAK U
Apnn
CIOHHK, 800- | 10- | Jlana- 60/40 (30| 66 [104| 8 | 27 | 55
OKp. T. 900 12 | madrHO-
Kaman JleKopa-
THUBHBIN

JeHapomapku M Jecomapku MOXKHO CO3/laBaTh Ha 0ase yke CyIecTBYIO-
IIMX JIECHBIX MacCUBOB M MCKYCCTBEHHBIX 3€JICHBIX 30H. BakHeiiee 3HaueHme
npu noadope TEPPUTOPHUHU AT 3aKIAIKH JIEHIPONapKOB UMEIOT MUKPOKJINMAT
MECTHOCTH, p03a BETPOB, TIOYBEHHBIE U TEMIIEPATYPHbIEC YCIOBHS, YIAIEHHOCTD
OT HACEJICHHOTO ITyHKTa, a TaKKe UBOIHCHOCTH Mel3axa, pazHooOpasue pe-
nbeda U T0CTONPUMEYaTeTbHOCTH.

ApuaHble AEHAPOIAPKH LIEIecoo0pasHO OpraHU30BaTh B MPEATOPHOM H
HUKHETOPHOM TMosicax (10 BO3MOXKHOCTH B YJOOHBIX YIIENbAX) HEJIAIEKO OT
HACEJICHHBIX MECT B mpejenax abcomoTHeIX BbIcOT 500-800 (900) (B Merpw,
3anresype u Ceepnoii Apmenun) — 1000-1200 (B Baiike, ApapaTckoii KOTJIO-
BHHE) M HaJ yp. M. Pa3mepsl jeHAponapkoB, cO3aHHBIX Ha 0a3e MPUPOIHBIX
nauAmadToB, MOKHKI cocTaBisATh 8-10 (12) ra (Tabm. 4).

IlepBoouepeHBIME 33a4aMy IMIPU CO3AAHWU APUAHBIX JEHIPONAPKOB
SIBIISIIOTCS CIICAYIOLIHE.

o [lombop 3acyXOyCTOWYMBBIX BHJIOB, CIIOCOOHBIX CYIIECTBOBATH B
ApUJIHBIX YCIOBHSIX. B 3TOM OTHOIIEHUM BIIOJHE MPUTO/IHBI OCHOBHEIC
NpECTaBUTENN apuaHBIX penkoiecuit u mmobnska (Celtis caucasica,
C. glabrata, Pistacia mutica, Acer ibericum, Amygdalus fenzliana,
Juniperus polycarpos, J. foetidissima u ap., a U3 KycTapHHKOB —
Lonicera iberica, Rhamnus pallasii, Jasminum fruticans, Ligustrum
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vulgare u zap.). CienoBaTenbHO, OCHOBHBIMH KOMITOHEHTAMH JJOJKHBI
OBITH KcepopMIBHBIE IPEICTABUTENN a00PUTCHHON IEHAPOQIOPHL.

e (CrenyeTr OTMETHUTD, YTO B IeHAPOQIIOpe peCIyOIrKH MHOTHE €€ Mpea-
CTaBHTENIM HapsAy C BBICOKOH KCEPOPHIBHOCTBIO OTIMYAIOTCS U
JEKOPaTUBHBIMU CBOMCTBAaMHM, XOTS M OOJIBLIMHCTBO M3 HUX A0 CHX
HOp HE HAlIO NMPUMEHEHHS B MpaKTHKE o3eleHeHus: Lonicera cap-
rifolium, Jasminum fruticans, Rhus coriaria, peakue npeacraBuTenn
pozos Sorbus, Crataegus, Pyrus u ap.

e B cocrae neHApOo(IOpEl MHOTO PENKHUX M MCUE3AIOLINX BUAOB, SHIC-
MHUKOB U PEJIMKTOB, OOJIBIIMHCTBO M3 KOTOPBIX OTJIMYAETCS BBICOKOM
3aCyXOYyCTOMYHMBOCTBIO B apUIHON 30HE pecmyOnuku: Sambucus
tigranii, Zelkova carpinifolia, Cercis griffithii, Colutea komarovii,
Sorbus graeca, Amygdalus nairica, Nitraria sdhoberi u ap. Bxo-
YEHUE B aCCOPTHMEHT STHX BHJIOB MOXKET COJICHCTBOBATH UX OXPaHE U
BOCIIPOM3BOJICTBY UMEHHO B Tpe/iesiax JaHHOTO PEerHoHa.

e (OoOecneueHne MPaBUIBHOTO COOTHOLICHHUS JHMCTONAAHBIX U BEYHO3E-
JICHBIX BUJIOB, B IIEPBYIO OUEPEab XBOWHBIX, KOTOPBIMH, KaK U3BECTHO,
neHapodmopa Apmernn BecbMa OemHa. M3 cemu BUIOB XBOWHBIX (5
BHIOB MOXOKeBenbHHKa, Pinus kochiana, Taxus baccata) mums mo-
CIICIHUN HETNPUroJeH Ul WCIOJIb30BAHMS B 3aCYLJIMBBIX YCIOBHUSX.
OcrasbHble, 0COOCHHO JAPEBOBHIHBIC MOXOKEBEIbHUKHU (JUNiperus po-
lycarpos u J. foetidissima), eiecoo0pa3HO HCIOIB30BATh KaK HCKITIO-
YUTENIFHO 3aCyXOYCTOMUYMBBIE BUABI, 00JaalolIie K TOMY K€ BBICO-
KOH (PUTOHITUTHOCTHIO.

o [IpuBnedyeHne, MOMUMO AEKOPATHUBHBIX BHJIOB, U TUKHUX IJIOJIOBBIX.

I'ycroTa mocasok u cxema pa3MeleHts IPEBECHBIX 3aBUCAT OT MOYBEHHBIX
YCIIOBUH, SKCIIO3HUIIMU M KPYTHU3HBI CKIIOHOB. OCOOEHHO BaKHOE 3HAUCHUE TPH-
00peTaeT COOTHOLICHNE OTKPBITHIX U 3aKPBITHIX IPOCTPAHCTB.

C uenplo yMEHbIICHHUS JIETHETO 3HOS PEKOMEHAYETCSl CO31aBaTh I'yCThIE
MOCAJIKK U3 TVIABHBIX U COMYTCTBYIOLIUX MOPOJ U KycTapHUKOB (60-80% oOriei
Tepputopun). B Takux cmyusx Ha 1 ra pexomeHmyercst BbicaxkuBath 250-300
nepeBbeB U 1.5-2.0 ThIC. KyCTApPHUKOB.

HeoOxomuMo o0paTHTh BHUMaHHE TaKKe HAa CO3JaHUE TEHHCTBIX ajliei ¢
MHOTOYHCIICHHBIMH TIEProiaMu, OOCKETaMH, TPOTaMH M JAPYTHMMH apXUTEK-
TypHBIMH (hOpMaMH, CIIOCOOCTBYIOLUIMMU YMEHBIICHUIO 3HOS, YBEJINYEHHUIO OT-
HOCHUTEJIbHOM BJIIAYKHOCTH BO3/yXa.

B ycnoBusix pe3ko KOHTHHEHTAIbHOTO KiIMMaTa IIPU BBICOKOM pacuiie-
HEHHOCTHU pelnbeda Al CO3JaHMs MCKYCCTBEHHBIX (PUTOLIEHO30B Ha 3POIUPO-
BaHHBIX TOPHBIX CKJIOHAX, B OBparax M Apyrux HEyJ0O0bsIX pellaoliee 3HaueHHe
npuoOperaeT BIAXHOCTh TOYBBI. B 3TOH CBSI3U Bce NPHEMBI BhIpAIIUBAHUS
JNEKOPATUBHBIX HACAKICHUH JOJDKHBI OBITH HAlpaBieHbl Ha HAKOIUIEHHE H
cOepexenne mouyBeHHOW Biard. OOecreueHue pPacTEHUH BIAaroil B TeyeHHE
BCETO BETeTATUBHOTO MEPHO/AA, JOCTHKCHUE BBICOKOH MPIKUBAEMOCTH U HX
HOPMAaJIbHOTO POCTa B ApWIHBIX YCIIOBHSX BO3MOXKHO JIMIIb TPU TIIyOOKOM
PBIXJICHUH TOYBBI, CIIOCOOCTBYIOIIEM YIIYUIICHHIO HE TOJBKO PEXUMa BIIaX-
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HOCTH TIOYBBI Ha OOJBIION TIyOWHE, HO U €€ (PU3NKO-MEXaHHYECKHUX CBOWCTB
IUIs. ONarompHATHOTO MHHEPAIbHOTO MUTaHus pacteHuid. [loarorosky cnabo-
KaMEHHCTBIX TOYB Ha CKJIOHAax KpyTu3HOH no 10-12° ¢ menblo HaKOIUICHHS
BJIaT'M MOYXHO MTPOU3BOAMTH IIyOoKuM Oopo3moBanueMm (0.5-0.6 m). Ha cpeane-
kaMeHHCThIX mouBax (20-30%) c Bexomom ckan (mo 15-20%), Ha ckioHax
KpyTU3HOH 15-35° MOAroTOBKY MOYB MPHIETCS MPOM3BOAUTL BPYYHYIO, C KOTI-
KOH TpaHmiel riayouHoii 10 35 cM. Ha cHIbHOKaMEHUCTHIX TIOYBaX HEOOXOAUMO
yIAIATh KAMHH C TIOCJICAYIOIINM HX UCIIOJIb30BAaHUEM ISl CO3AaHUSI POKapHEB
U TPOTOB, a TAKXKE MPU HEOOXOIUMOCTH AJIS1 TEPPACUPOBAHHHUS CKIOHOB.

Wucturyr 6oranuku um. A. Taxramxsaa HAH PA
e-mail: zh.vardanyan@gmail.com

UYnen-koppecnonaent HAH PA 7K. A. Bapnansin

Hay4Hble npeanochbLIKU CO31aHMs AeHIPONAPKOB B ApMeHUHU
U NEePCNeKTUBBI X PA3BUTHS

OO0cyXIaroTcss BOIPOCH CO3JaHHWsA B APMEHHH JACHAPOIAPKOB, MX COCTOSHHE,
MIPUBOJIUTCSl aHANU3 JCHIPOKOJUIEKIH. PaccMaTpuBaloTCs BO3ZMOKHOCTH W MPUHITUTIBI
3aKJIaJIK1 HOBBIX JICHAPONAPKOB B ApUAHBIX PETHOHAX IOT0-BOCTOYHOU APMEHHH.

22.Q@UU pnpwlhg winud @. 2. Yuppuiyub

Zuyuunwimid nhinpnuyuptph uvnndlwh ghnuluih
twuwngpyuy ukpp b gputg qupqugdw hkpwujupubpp

Lutwpynid ki Zwjwunwind phugpnyupliph unbnsdwt hwpgkpp, ppuig
Jh&wlyp, pipynwd £ ghunpnhwjupwsniubph bpnwdnipniup: Thunnwuplynud Eu Zupuy-
wplbpwd  Zwjwunwih  wphnuht wpwswoppwbkpnd  unp  phunpoyupytph
unbnddwt hwpwnpnipjniuukpn b uljqpniupubpp:

Corresponding member of NAS RA Zh. H. Vardanyan

Scientific Prerequisites for the Creation of Arboretums
in Armenia and Prospects for Their Development

The issues of history and prerequisites for the creation of arboretums in Armenia,
their state and analysis of the dendrological collection, as well as the possibilities and
principles for creating new arboretums in arid regions in southeastern Armenia are
discussed.
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CpaBHuTe/IbHBII TAJTUHOMOP(OJIOrHYeCKU AHAIU3 OAPOI0B
Limniris (Tausch) Spach u Scorpiris Spach pona Iris L.
(Iridaceae) ¢yiopsl ApMeHnr

(ITpencrasneno wi.-kop. HAH PA XK. A. Bapnausuaom 23/VII1 2022)

KuroueBble cioBa: Iridaceae, Iris, mopghonoeus notivypoi.

Beenenne. CoracHo nuTepaTypHbIM AaHHbIM [1] Buael mompona Limniris
(Tausch) Spach — kopHeBHIIHBIE PACTEHUSA C XOPOIIO PA3BUTHIMH CTEOIAMH U
IUIOCKOJIMHEHHBIMH JIUCThSIMH, B TO BpeMs Kak MpPEICTaBUTENH IOAPOAA
Scorpiris Spach — nykoBu4HbBIE pacTeHHs ¢ KaHAIbUaTHIMM W OOBIYHO Mede-
BUAHBIMH JTUCThIMU. [Toapoa Limniris B Apmenun nipeacrasied 4 sumgamu — |.
demetrii Achv. & Mirzoeva, I. lazica Albov, |I. musulmanica Fomin, I. sibirica
L., u3 koTopbIX mocieaHue 2 Buaa 3aHeceHbl B KpacHyro KHUTY pacTeHHH
Apmennn [2]. Buaer |. atropatana Grossh., . caucasica Hoffm., I. pseu-
docaucasica Grossh. Bxomst B moxpo Scorpiris Spach, u3 uux |. atropatana u
|. pseudocaucasica Takxe BKIHOYECHbI B KpacHyro KHUTY pacTeHHH ApMEHHH
[2]. B Apmenun |. demetrii Bctpeuaercs B [llupakckom, Apararickom, Jlopuii-
ckoMm, Amapanckom, CesanckoMm, ['eramckom, Epepanckom (I'oxt, I'exapr),
Hapenerucckom, 3aHre3ypckoM (IOPHCTHYECKHX paiioHax Ha Bbicote 1400-
2500 M Hag yp. M. Ha CyXHMX KaMEHHCTBIX WU TPaBSHHUCTHIX CKJIOHaX. l.
musulmanica pacnpoctpanen B EpeBanckoM ¢uioprcTideckoM paiioHe (MCKITIo-
YUTEJIBHO B ApapaTcKOi JIOJMHE) Ha BJIAKHBIX COJIOHLEBATHIX JIYrax, Ha 3aco-
JeHHbIX Oosorax Ha BeicoTe 800 M Hax yp. M. Bus I. sibirica Bctpeuaercst B
Bepxue-Axypsanckom (c. Moumr), Jlopuiickom (Jlopuiickas paBHuHa, Crena-
HaBas, Kimn), UmkeBanckoM (cc. JlepMoHTOBO, MapraoBur) (uoprucTUUECKUX
paitonax Ha Beicote 1600-1800 M Hax yp. M. Ha U30BITOYHO YBJIAYKHEHHBIX HJIH
3a0omoueHHbIx Mectax. Bum |. atropatana mpowmspacraer B Jlapenerucckom
(hropucTrdecKkoM paiioHe Ha CYXHMX KaMEHHCTHIX MIEOHUCTHIX W TIMHHUCTBIX
ckiionax Ha Beicote 500-1800 m Hax yp. M. |. caucasica Bcrpedaercs B Bepxhe-
AxypsHckoM, IHunpakckom, Apararckom, Jlopuiickom, AnapanckoM, CeaH-
ckoM, ['eramckom, EpeBanckom, 3anrezypckom, MerpnHCKOM (IIOPUCTHIECKUX
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pationax Ha BbicoTe 400-2500 M Hag yp. M. Ha CYXHX TIUHUCTBIX, KAMEHUCTBIX
CKJIOHAX, Ha OCTeNmHeHHbIX Jyrax. Bum |. pseudocaucasica mpouspacraer B
EpeBanckom (Ypuckuit xp.), Merpurackom (LlBarumzop, I mmapant, I'yaemawc,
Bapnanunzop, Aiirenzop, JInuksas) ¢guopucTuueckux palioHax Ha CyXUX IJIH-
HUCTBIX, KAMEHUCTBIX CKJIOHaX, B ImmoOske Ha BbicoTe 600-600 M Ham yp. M.
[1].

CBeneHusl MO MBUIbIE HEKOTOPHIX BUAOB M3 yKa3aHHBIX MOJPOJOB Ha
ypoBHe cBeToBoro (CM: AmSCOpe) u ckaHupyomero snekrponHoro (COM:
JEOL JSM-7000) MHKpPOCKOIIOB IIPUBOAATCS B paboTax psja UCCIeAoBaTeIeh
[3-8].

Omnucanue mopgonoruu meliblbl poaa Iris L. B nemnom (Ha yposae CM)
nano B 10 Tome «®nopsl Apmenun» [9]. M3yueHne nbuIbIbI HEKOTOPBIX TPEI-
CTaBUTEJEH yKa3aHHBIX BbIlIE NOAPoa0B Ha ypoBHe CM u COM mpoBoamiock
taroke AiipanersH, ABetucst [10], Mypansn [11].

B HacTosmieii paboTe HPUBOAATCSA PE3yNIbTAaThl HCCIEAOBaHUN MOpPdO-
JIOTHH TBUTBIEI BUAOB moapoaoB Limniris (Tausch) Spach u Scorpiris Spach
¢aoper Apmenuu Ha ypoBHe CM u COM. IlpoBeneH Takke CpaBHHUTEIHHBIN
MATMHOMOP(OIOTHIECKUN aHaIN3 MpEeACTaBUTENeH YKa3aHHBIX JABYX MOAPOIOB
poma Iris ¢yopbl ApMEHHH C y4eTOM JaHHbBIX, MPEACTABICHHBIX B HAIEH Mpe-
apLyniei craree mo Bumy l. lazica Albov [11].

Mamepuan u memoouxka. MatepuanoMm Il HACTOSIIUX HCCICIOBAHHMA
MoCTyXWja MbUIbLA, ody4YeHHas u3 repoapust Mucruryra 6oranuku HAH PA
(ERE), a taxke u3 ITUYHBIX COOpOB Ha TeppuTopuu EpeBaHCcKOro GotaHudec-
KOTO caja W M3 3KCIECAMLUOHHBIX moe3noK. M3yuenune ocobenHocTeir Mopdo-
JIOTUH TBUIBLIBI TPOBOAMIOCH ¢ puMeHeHneM CM u COM.

s uzyyenns Ha yposHe CM nbuibleBbIe 3epHa ObLIM 00pabOTaHbI IByMs
OCHOBHBIMH METOJ[AMH: METOJIOM OKpAIIMBaHUS OCHOBHBIM (ykcuHoM [12] u
YIIPOILICHHBIM aneToyn3HbiM MeTogioM [13]. Tlpu 3TOoM, Kak ¥ B MPEabLIyIIHAX
HCCIIEIOBAHMAX TIpeAcTaBuTeiel poxa Iris, mocie o6pabOTKH aneTONU3HBIM
METOAOM OBIJIO 3aMEUYeHO, YTO O0OJIOYKa MBUIBLEBBIX 3€PEH YaCTUYHO WIN
MOJTHOCTBIO paspyluaercs. B cBs3M ¢ 3THM OCHOBHBIE HCCIIEIOBAHUS, a TaKKe
MUKpodoTorpadupoBaHue MBLILIBI BCceX U3YyYEHHBIX 00pa3ioB Ha ypoBHe CM
HaMH [IPOBOJMIMCH IPEUMYLIECTBEHHO Ha MaTepHajie, OKPalleHHOM OCHOBHBIM
(GyKCHHOM. A Ui IETaJbHOTO U3YYEHHUS! CTPYKTYPBI 3K3MHOBOI'O CJI0S1 UCIOJb-
30BaJIach MbUIbIIA, 00paboTaHHAs alleTOTU3HBIM METOJIOM.

Ha ypoBue CM mnpuiblia uccienoBanack npu ysennueHuu x200, x400 u
x1000, m3mepenust mpoBoawirch Ha 10 TMBUIBIIEBBIX 3€pHAX MO KAXKAOMY H3
M3y4YeHHBIX o0pasioB. [lammHOMOpdosornyeckas XapakTepUCTHKa TNpeacTa-
BUTEJIEH KaXIOro M3 JBYX YIOMSIHYTBIX BBIIIE MOJAPOJOB poxaa Iris ¢uopsr
Apmenun (Ha ypoBHe CM) npeacrasiieHa B Tadm. 1, 2.

Muxkpodororpadun mbeUIblbl Ha ypoBHe COM OblTH monydeHsl B LleHTpe
skonoro-Hoochepusix uccnenoBannii HAH PA (Epesan, Apmenus) merosioMm
BaKyyMHOI'O HalbUICHHs 30JI0TOM CYXHX HEaleTOJM3HPOBAHHBIX MBUIBLEBBIX
3epeH.
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[ManuHONMOTHYECKasi TEPMHUHOJIOTHNS, MCHOJNb3yeMasi B HAIIMX HCCIIEI0Ba-
HUSIX, B OCHOBHOM COOTBETCTBYET TEPMHHOJIOTUH, MPEAJIOKECHHON DpATMaHOM
[14], KynpusinoBoii, AnemmmnHoii [15], a Taxoke BoOoposbiM u np. [4].

H3yuennvie oopasuwt. 1. demetrii Achv. & Mirzoeva: 01.08.1963 nepe-
caxeH u3 [lapanaresa, (BepxoB. ymenbs Anas3) Ha kKyptuny JI. B. I1. B rpsaky
45, yuactok Otaena ¢nopsl u pact. Apmenuu. 19.06.1968. Leg. Axeepnos
(ERE, 148528); Exermamsopckmii p-H, ¢. AXaBHaI30p, FOXKHBIE CKJIOHBI T.
Vaeriop. 2000-2500 m H. y. m. Leg. E. Gabrielian (ERE, 144324); 1. musul-
manica Fomin: Epesanckuii 60t. can. 06.06.2019. Leg. A. Mypaasau (ind. c6.);
Apmenusi, Map3 Apapart, 3acojieHHbIe 0oJioTa y ropoja Apapat, IO Iopore K
MUHEpaIbHBIM O0acceitHam, 39°49'43"N / 44°43'19"E, 817 m H. y. M. 26.05.2022.
Leg. M. Oranecsn, A. Dnbaksx, A. Mypanss, A. Consn (ERE, 200322); Apwm.
CCP, Benunckwii p-H, Apapat X CypeHaBaH, 3acoyneHHble 0onoTa. 29.05.1963.
Leg. A. M. Barsegjan (ERE, 94909); I. sibirica L.: Apm. CCP, Amacuiickwuii p-
H, OKp. ¢. MoOum, 3abomouyeHubiii ygactok. 3.07.1979. Leg. ®aiieym (ERE,
11779); Amacwuiickuii p-H, nactOuine cesna MarapaKyx K I0ro-BocT. OT cejia B
1,5 xm Ha mepenore B/mr 1800 m 17.07.1948. Leg. [lomoB (ERE, 196545); I.
atropatana Grossh.: Apm. CCP, A3suszbekoBCKWii p-H, cc. Maptupoc,
XHA30pYT, TJIMHUCTBIE CKJIOHBI, TparakanTHUkH. 6.05.1981. Leg. A.
Kponksuct, 3. I'abpuansn, M. Oranecsin (ERE, 144151); Apm. CCP, Exer-
HAJ30pPCKUAN p-H, yII. ASp B OKp. ¢. Arapakanzop, IIIHHACTO-TIEOHUCTHIE CKIIO-
Hel. 11.04.1974. Leg. B. ABetucsn, B. ManaksH, A. [lorocsH, JI. MuarakaHsH,
A. Cappapsn, O. Hukumenko (ERE, 146108); Apm. CCP, Exernaazopckuii p-
H, okp. Exernamsop. 2.04.1983. Leg. I'. Oranesora (ERE, 126792); |. caucasica
Hoffm.: Apm. CCP, Apaparckuii p-H, OKp. ¢. ['opaBaH, rpeGeHb YPIICKOTO
xpeOta, ropHas crenb, 1900-2100 m H. y. M. 3.05.1986. Leg. A. JI. TaxTamxksiH,
3. L. T'abpudnsu (ERE, 131463); roxH. mMakpockioH r. Aparam, 2300 w,
OCTEITHEHHBIH JIyr y BepxHel omymkd JuctB. jeca. Leg. Axsepmo (ERE,
130043); Sevan, Schordzja. 30.04.1930. Leg. Schelkovnikov (ERE, 17227); 1.
pseudocaucasica Grossh.: Apm. CCP, MerpuHckwii p-H, okp. ¢. ['yaemuuc, Ha
IIMHKMCTBIX KaMEHHCTHIX ckjioHax. 8.04.1976. Leg. E. Gabrielian (ERE,
139700); Apm. CCP, MerpuHckuii p-H, Mexay cc. Aireasop u Jlnuksas,
5.04.1980. Leg. A. Cararensu (ERE, 124035); Apm. CCP, Merpunckuii p-H,
OKp. C. Alre130p, MOXKEB. peaKoyeche, kkH. ckia. 1200 M. H. y. M. 5.04.1976.
Leg. D. I'abpuassn, I'. Topocsia (ERE, 143335).

Oocy:xnenne. [IputbiieBpIe 3epHa (I1. 3.) BCEX M3YUYEHHBIX BHUJOB MOAPOJA
Limniris nucrampHO-1-00pO3/HbBIE, SIUTHIICOMIANBHBIE, YIIIOBATO-ITMPOKODJI-
JIMTICOUTANIBHBIE WM STHLIEBU/IHBIC, KWJIEBATBIC, KHJIb OKPYTJIBIA MM OKPYTJIO-
YTIJIOBATHIN;, B OYEPTAHHUU C MOJIOCA II. 3. AIUIMNTUYECKHUE; MOJIspHas ock 35,4-
65,8 MKM; 0O0JbIION SKBaTOpUaANbHBIN nuamerp 50,8-83,2 MKM; Maliblii dKBa-
TOpHaNBHBIN auamerp 32,6-65,6 mxm (Tadn.l, gororadn. |). bopo3ma y Bcex
BUAOB JuMHHas (¢ortortadn. |, 4), Ha mMemOpane 06opo3x oTmeuaroTcs ¢par-
MEHTEI ceTKH. Ok3uua 1,1-2,5 MKM TONIIMHEBI, CTOJOYATHIM CI0H YETKO BEI-
paXkeH, CTOJIOMKM TOHKHE, PETYJIIPHO pacrojiokeHHble (¢ororabm. |, 3).
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CxynbITypa K3MHBI MEJIKOCETYaTas, 4acTO B COYETAHUH C NepPOPAHIMH HITH
sAM4YaTOCThIO ((oroTadmn. I, 2, 6).

I1. 3. y BUAOB mOApoaa SCOrpiris GesanepTyphsle, cheponnaibusie, 84,5-
131,7 mxm B amamerpe. IloBepxHocTh 1. 3. coctouT u3 (5)6-10, 12, 14(16)
OKPYIJIBIX HJIM OKpPYIJIO-yIJIOBAaThIX HIMTKOB (25,7-62,4 MKM B JHaMmerpe),
pa3leNIeHHBIX YYaCTKaMH YTOHYEHHOH 5k3uHBL. CKyJbNTypa ILIMTKOB HEpe-
TYJISIPHO KpYIHOCETYaTas; Ha JHE S49ed CEeTKM OTMEYAroTCsl TYCTO pacIolo-
*KeHHbIe TpanyJbl (portoTads. I, 10, 13).

®ortoradauna l. [Teuibiessie 3epHa (1. 3.) BUIOB U3 moapoaoB Limniris (Tausch)
Spach u Scorpiris Spach poxa Iris L.

I. demetrii Achv. & Mirzoeva (moxsux Limniris (Tausch) Spach): 1 —m. 3. co cTopoHbI
OO0JIBIIIOrO JKBATOPHAIBHOIO JHAMETPa, 2 — MPOKCUMAJIBHBIA IOJIOC, 3 — 9JK3HHA,
cronbuarstii cioi (1, 2 — Gpykcun; 3 — areronus) (CM); 4 — 11. 3. CO CTOPOHBI GOJIBIIIOTO
9KBAaTOPHAIBHOIO JUAMETPa, 5 — MPOKCHMAIBHBIA MOJIOC, 6 — CKyJbOTYypa SK3HHBI
(CBM) (macmrr. nmneiika: 1, 2 — 10 mxMm, 3 — 3 MM, 4, 5 — 10 MrMm, 6 — 2 MkMm);

l. atropatana Grossh. (mogsum Scorpiris Spach): 7, 8 — o6uwmii Buz m. 3., 9 — dK3uHa,
cronbuaTeiid cioi, 10 — ckynenrypa mutkoB (7, 8, 10 — dpykeun; 9 — aueronuz) (CM);
11 — oOmmii BuA 1. 3., 12, 13 — ckynbnrypa mutkoB (COM) (macrr. nunaeiika: 7, 8, 10-
12 — 10 MM, 9 — 3 MM, 11 — 20 mkM, 13 — 5 MkM).
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3akiiouenne W BbIBOABI. [lo o0memMy Buay, pazMepam, a TakkKe THITY
amepTyp MbUIBLEI oapoa Limniris ¢mopsl ApMeHun 04eHb OJU30K K MOAPOIaM
Iris u Hermodctiloides Spach, mns mnpencraBuTenell KOTOPBIX B IEIOM
XapaKTEePHbI JIOJOYKOBHIHBIC IBUIBLEBBIC 3€pHA C AMCTaIbHO-1-00pO3aHBIM
THTIOM amepTyp. B To e Bpemsi y BHIOB MOApOAa SCOrpiriS oTMedaroTcs
cheponnanbHpie Oe3amepTypHbIE MBLUIBIEBBIC 3€PHA, MOBEPXHOCTH KOTOPHIX
COCTOUT U3 IIMTKOB, TIPU 3TOM pa3Mepbl U (GOPMBI IIIUTKOB MOTYT BapbUPOBATh
JaKe B TpeNenax pa3indHbIX 00pas3lloB OJHOTO U TOro e Buaa. C apyroi
CTOPOHBI, KOJIMYECTBO IMUTKOB, COTJIACHO MOJIYYCHHBIM TaHHBIM, B HEKOTODPBIX
CITydasix MOYET PacCMaTPHBATLCS B KAUECTBE JMATHOCTHYECKOTO MPHU3HAKA TIPU
pasrpaHUYeHUH BHIOB B IpejeiiaX JaHHOTO Moapoia. B 4acTHOCTH, B OT/IMYME
or BumoB |. atropatana u |. caucasica, xapakTepH3yIOILIMXCS HAIUYUEM B
cpeaHeM 6-10/7 IIMTKOB Ha IMOBEPXHOCTH MBUIBIEBOTO 3€pHA, Y MBUIBIEI .
pseudocaucasica ux konuuecTBo cocTaBuser 10, 12, 14/12.

BaarogapuocTu. I[IpuHocuM CBOIO 0OIaroJapHOCTh KOJUIEKTHUBY lleHTpa
akosioro-noocepunix ucciaenosanuii HAH PA (Epean, Apmenus) 3a co-
JCMCTBUE MPH MPOBEJACHUM UCCIICOBAHUN Ha CKAHUPYIOIIEM 3JICKTPOHHOM MH-
KpOCKOTIC.

Ta6auna 1
IMasunomopdosornyeckasi XapaKTepHCTHKA NMPeACTABUTEIell moapoaa
Limniris (Tausch) Spach pona Iris L. ¢gsiopst Apmenun Ha ypoBHe CM

Pazmepsr m1.3.

Ton-
[MHA
Ionsapnas Bonbmoit o
Mautsiii DK3HHBI,
och, 5KBATO- — MM CKynbnTypa 3K3UHBI
Bun PpHATBHBIHA .
MKM PpHABHbIN
AHAMETP, JTMaMeTp,
MKM MEM CM COM
I. demetrii 35,4- 62,9- 41,0- 1,2- MEJIKOCET- | MENKOCET-
48,0/43,1 83,2/70,5 58,4/49,2 2,2/1,8 yaras yaTas
l. lazica 42,1- 52,6- 40,0- 1,3- -1 - -1 -

58,5/54,7 71,2/62,8 57,7/50,2 2,5/1,7

l. 40,7- 62,4- 46,8- 1,5- -1 - -1 -
musulma- 63,0/51,4 77,1/71,8 56,3/51,3 2,1/1,6

nica

I. sibirica 41,0- 50,8- 32,6- 1,1- - - - -

65,8/51,3 73,1/64,8 65,6/50,5 1,7/1,3
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Tadauna 2

IManuHoMopdoJiornyeckas XapakTepucTHKA NpeJcTaBuTe el moapoaa
Scorpiris Spach Iris L. ¢opbt Apmenuu Ha ypoBe CM

Huamerp 1. 3., Pasmepnt Konu- Ton- CxymenTypa SKSHHEL
HA IUTKaX
Bux MKM IIUTKOB, 4EeCTBO IIHA
MKM [HTKOB 9K3H-
HBI, CM COM
MKM
l. 90,1- 30,9- 6-10/7 2,0- KpYIIHO- KpYIHO-
atropatana 126,3/105,2 62,4/40,2 3,1/2, ceryaras ceryarast
5
I. caucasica | 84,5-111,1/94,2 26,0- (5)6-10 2,0- -1l- -1 -
47,1/36,0 a2y7 2,9/2,
6
l. 93,7- 25,7- 10, 12, 2,0- - l- -1 -
pseudocaus- 131,7/109,3 45,8/33,7 14(16)/1 | 3,412,
casica 2 5

Wucruryt 6ortanuku uM. A. JI. Taxramxana HAH PA
e-mails: alla.hayrapetyan.63@gmail.com, all. muradyan.1991@mail.ru

A. M. Aiipanersin, A. I'. Mypaasn

CpaBHHUTENbHbIH NAJUHOMOP(OJIOrHYeCKUiA aHATIHU3 IOAPOI0B
Limniris (Tausch) Spach u Scorpiris Spach pona Iris
L.(Iridaceae) ¢pnopbr Apmenun

C MOMOIIBI0 CBETOBOTO M CKAHUPYIOMIETO 3JEKTPOHHOTO MHKPOCKOIOB H3y4eHa
Mopoorust MeUTBIEI BUIOB U3 moaponos Limniris (Tausch) Spach u Scorpiris Spach
poxa lris L. (Iridaceae) ¢mopsl Apmenuu. Pe3ynbTaThl MCCIIEOBAHUI TTOKA3aIH, YTO
OCHOBHBIM OTJIMYHUEM MEX]Y YKa3aHHBIMU JABYMsl TIOAPOJAMH ABISIOTCS (POpPMa IbLIb-
[IEBBIX 3€PEH M THIT allepTyp MBUIBIEL JIOMOYKOBHIHBIE MBLIBIEBBIE 3€PHA C THCTAIb-
HO-1-GOpO3/IHEIM THIIOM arepTyp BBIABICHBI y TpeaCcTaBuTeNel moapoaa Limniris, B To
BpeMst KaK ISl BUJIOB TOJIpoa SCOrpiris xapakTepHsl ceponaaibHble Ge3anepTypHbIe
MBUTBIIEBBIE 3€pHA.

U. U. Zujpuybunyul, U. 2. Unipugyub

Zwywuwnwih npuyh Zris L. gbinh (Iridaceae) Limniris (Tausch) Spach u Scorpiris
Spach kupwgtntph wuwhuindnpdnnghwljuwi hudbdwwnwlwi JEpndnipnta

Lntuwghtt b ujubudnpnn BEjunpntughtt dwipunhinwlutph oguinipjudp niunid-
twuhpyl) L Zuywunwuh $inpuygh Zrgs L. ghinh (Iridaceae) kpynt kupwgtntph' Limniris
(Tausch) Spach u Scorpiris Spach nbuwlutph swniuthnont dnpdnnghwb: Zkwnwgn-
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nnmpjnibubph wpymbupubkpp gnyg b wydk), np wyws tpynt Lupwgknbph dhol
hhdtwlwut wwppipulhy hwnfuuhpubtptt ko sSwnlwthnont dip b wwybkpnnipugh
wnhup: LZimniris tupwgknh tkpjuwyugnighsutph dnin phnynd £ phuinwy-1-wjnuwuynp
wwbpunipughtt mhyny twjwlwdl Swnuthnoh, dhusnkn  Scorpiris Lupwgknh
nbkuwljutpht pinpny £ qunudl wnwig wykpunnipugh Swnluthnoh:

A. M. Hayrapetyan, A. H. Muradyan

Comparative Palynomorphological Analysis of the Subgenera Limniris
(Tausch) Spach and Scorpiris Spach of the Genus Iris L. (Iridaceae)
of the Flora of Armenia

Pollen morphology of species from the subgenera Limniris (Tausch) Spach and
Scorpiris Spach of the genus Iris L. (Iridaceae) of the flora of Armenia was studied
using light and scanning electron microscopes. The results revealed that the main
differences between these two subgenera are the shape of pollen grains and the type of
pollen apertures. Boat-shaped pollen grains with an monosulcate apertures were found
in representatives of the subgenus Limniris, while species of the subgenus Scorpiris are
characterized by the spheroidal inaperturate pollen grains.
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