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Abstract. Problems related to finite-dimensionality, compact embeddings, and quantitative esti-
mates of dimensions of embedded subspaces in Bergman spaces play an important role in approxima-
tion theory, Banach space geometry, the theory of holomorphic function spaces, and the analysis of
infinite-dimensional dynamical systems. Classical results of Grothendieck and Subramanian estab-
lished fundamental principles for embeddings of subspaces in L,, -spaces, while recent studies have
extended these ideas to Bergman spaces of holomorphic functions on bounded complex domains. In
this context, the investigation of quantitative dimension estimates for closed subspaces embedded
into Bergman spaces with stronger integrability conditions becomes particularly relevant.

In this article the finite-dimensionality Grothendieck type problem for closed linear subspaces of a
Bergman space Ap(£2,dX) of holomorphic and p - integrable with respect to the Lebesgue measure
dX on a bounded complex domain Q C C", embedded into a Bergman space A4(£2,d\) for ¢ >p >

1, is analyzed. It is shown that if a closed linear subspace SI(,q) CAp(Q,dN) — Ay(R2,dN),q 2)> p>1,
2(qg—1 =g
its dimension dim SZ()q) = N € N proves to satisfy the numerical inequality Wi qN " . (lg?)lmi,l) 77 <
f(g,q for some bounded constant K, , > 0, where wy = |[SU(N)]| is the volume of the compact
unitary group SU(N),|Q| is the volume of the bounded domain € C C™ and kn(&) > 0— is the
corresponding homogeneity parameter at & = (1,0,0,...,0)y € 0DV < CV.
Keywords: linear closed subspaces, Bergman space, functional Banach space, finite dimension-
ality, Lebesgue measures, embedding.
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1. Introduction

It is a classical problem of the Banach space theory to search for estimations of the dimension of
linear closed subspaces of the functional Banach space L, (M;dp), p > 1, (in part, in L,(0,1;d)),
which has many applications in operator and approximation theories [I]- [10], in dynamical systems
theory [II]-[I7] and other applied fields. Here one can recall the known Subramanian inclusion
theorem [I8] of L,(M,dp) into Lg(M,dp) for 0 < p < ¢ and the classical Grothendieck theorem

[19] on the estimation of the dimension of a linear closed subspace SZ(,OO) C Ly(M,dp), embedded
into the Banach space Loo(M,du) with respect to a probability measure p on a space M, as well

as its generalization on the case of a linear closed subspace SZ(;C) C C(M;R) of continuous functions,
identically imbedded into Lo(M;du).

Recently, in November 2025, the authors of the work [20] announced the Grothendieck type
embedding theorem for the Bergman space Ap(€2, d\) = Hol(2) N Ly(§2) of holomorphic functions
on a bounded domain 2 C C" and p - integrable on ) with respect to the Lebesgue measure.
They stated the following result.

Teopema 1. Let ¢ > p > 1 and for any bounded domain Q C C™ a closed subspace SI(,q) -
Ap(Q,dX) of the Bergman space Ap(§2,dX) be identically embedded into a Bergman space Ay(€2, dX).

Then the dimension dim S](,q) < 00.

The authors of this theorem based their proof on the following well known classical theorems
[21]-]22] from functional analysis.

Teopema 2. If a bounded operator J: X —'Y from a Banach space X to a Banach space Y is
compact and its image Im J CY s closed, then dim (JX) < oc.

Teopema 3. (F. Riesz) A linear subspace of a normed space X is locally compact if and only if it
is finite dimensional.

As the authors of the above theorem did not obtain the upper estimation of the dimension dim

S]gq) = N < oo of the subspace S,()q) C Ap(2;dX) of the Bergman space  Ap(£2,d\), embed-
ded into the Bergman space A,(€2;d)), we proposed a completely different approach to studying
the Grothendieck embedding problem and presented an upper estimation of the closed subspace
dimension under regard. In particular, we have stated the following dimension estimation theorem.

Teopema 4. Let a linear closed subspace Sﬁq) C Ap(Q,dX\),p > 1, be identically embedded into

a Banach space Ay(Q;dN)  for ¢ > p > 1, where dX is the Lebesgue measure on a bounded

complex domain Q C C". Then  the dimension dim S’]gq) = N € N of a closed subspace SI(,Q) C

2(¢g—1) 2—¢
q —q ~ ~
Ap(Q2,d\)  proves to satisfy the inequality W < Kiq for some bounded constant Kp, >
~N(&o) ¢
0, where wy = |SU(N)| is the volume of the compact unitary group SU(N),|Q| is the volume

of the bounded domain  C C"™and kyn(&) > 0— is the corresponding homogeneity parameter at
& = (1,0,0,...,0)y € oDV c CV.

In the special case ¢ = oo, when a closed linear subspce SZ(JOO) C A,(Q,dN),p > 1, is identically
embedded into the Bergman space Ao (£2,d\), there is obtained the classical Grothendieck type
theorem.

Teopema 5. Let a linear closed topological subspace Sl(,oo) C A,(Q,dN),p > 1, be identically
embedded into the Bergman space Axo(2,d\), where dX is the Lebesgue measure on a bounded

domain QQ C C". Then  the dimension of the closed subspace SZ(,OO) C Ap(Q,d\) proves to satisfy
the inequality dim S](;oo) =N< f(g,oo for some bounded constant Kp,oo > 0.
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Some remarks on linear closed subspaces in Bergman spaces

2. Embedding of closed subspaces into Bergman spaces

Below we consider a closed linear subspace Sz(,q) C Ap(Q2,dN) ), allowing the identical embedding
into the Bergman space A,4(€2,d\) ), where ¢ > p > 1. Then the following theorems holds.

Teopema 6. The Bergman spaces  Ap(2,dX),p > 1, with respect to the Lebesque measure d\ on
a bounded complex domain 2 C C™ are Banach spaces.

This theorem is based on the local precompactness of a complex bounded domain 2 C C" and
the following classical Bergman estimation theorem.

Teopema 7. For any compact subset V. C Q and arbitrary function f € A,(Q,dX\),p > 1, there
exists such a bounded constant Cy(V) > 0 that

sup | < Cq(V)l[ lp- (1)

Proof. Sketch. As the norm ||f||, of any function f € A,(Q2,d\),p > 1, is a subharmonic function,
the estimation easily follows from the compactness of the subset V C Q and the fact that the
distance dist(V,0Q) =ry > 0. O
)

Now we can formulate our main dimension dim S,gq = N estimation theorem.

Teopema 8. Let a linear closed subspace SZ(JQ) C Ap(2,dX),p > 1, be identically embedded into
a Banach space Ay (;d\)  for ¢ > p > 1, where dX\ s the Lebesgue measure on a bounded

complex domain Q0 C C". Then  the dimension dim S,SQ) = N € N of a closed subspace Sg(,q) C
2(¢—1) 2—¢q
q ~q ~ ~
Ap(Q,dN)  proves to satisfy the inequality “’Ni'?(‘qi) < Kiq for some bounded constant K, , >

NEn (&) @
0, where wy = |SU(N)| is the volume of the compact unitary group SU(N),|Q| is the volume

of the bounded domain @ C C"and kyn(&) > 0— is the corresponding homogeneity parameter at
& = (1,0,0, ...,O)N e oD c CN.

Let us consider a closed linear subspace SI(,q) C Ap(Q,dN) of the functional Bergman space
A,(M,dp), p > 1, with respect to the Lebesgue measure on €, satisfying, in addition, the

identical embedding constraint S5 € (Ap(Qd\); ]| - [lp) = (Ag(Q.dA);||-|ly) for ¢>p>1. In
order to state Theorem [8] we need some two lemmas.

Jlemma 1. For any q > p > 1, there exists a bounded positive constant Ky, > 1, such that

1f1lg < Kpg [1f1lp (2)
for any f € S C Ay (Q,dN) — Ay (Q,dN)).

Proof. As the linear subspace S5 C A,(€,d)), imbedded Ay (Q,d)\)),q > p > 1, is closed in
Ap(Q,dN), one can define the identity imbedding mapping

TS 2 S Ap(Q,dN) — Ag(Q,dN)). (3)

If a sequence {f, : n € N} C 52(7‘1) converges in SI(,q) C Ap(Q,d\) to an element f — SZ(,q) —
Ap(Q,d\) with respect to the norm on A,(£2,d\) and simultaneously its image {Jé‘”fn :n € N}

C S](JQ) C Ay(2,dN) converges to an element g € A,(2,d\) C Ap(2,d\) with respect to the norm
on Ay(£2,dN), one can identify these limiting functions f ~ ¢g almost everywhere. Really, since
(2,dN) C Ap(Q,dN) — Ay(Q2,dN), ¢ > p > 1, from the estimations

1 f=9llp < f = fallp +1lg = fallp <
<|f = fallp + {1 (g = fa) llp < (4)

<N = Fallp+ 1l (9= IS0 ) Iy "0

JI.H. T'ymuieB arbingarst EYY xabapuibicbl. MaTeMaTnka, KOMIBIOTEPJIK FhIIBIMIAP, MexaHuKa cepusicbl, 2026, Tom 154, Nel
Becrnuk EHY um. JI.LH. 'ymunesa. Cepusi MaremaTuka, KOMIbIOTEpHBbIE HayKu, Mexanuka, 2026, Tom 154, Nel
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one obtains that f ~ ¢ almost everywhere and the image J,@ (S;(,Q)) C Ag(Q,dX) is closed in
Ay(Q,dN),q > p > 1. The latter, owing to the Banach closed graph theorem (see [2I]-[25], gives rise
to the existence of such a positive constant K, , < oo that

| fllg < Kpg [[f1lp (5)

for arbitrary f € S’,(,q) C Ap(Q,dN) — Ay(Q,dN),q > p > 1. Remark also, that the following
estimations

1Fll2 < I Fllg = 11759 fllg < Kpg |IF1lp < 00 (6)
hold for any f € S;()q) C Ap(Q,d\) — A (,dN),q > p > 2, easily following from the Young
inequality. ([

Taking into account Lemma [I, we can formulate the next lemma, which is in some sense the
converse to the inequality .

p—1

Jlemma 2. There exists a bounded constant K,, = Kb,Co(V) 7 > 0, such that the following
nequality

| qu,V < Kpg Hf||2,V (7)
holds for any compact V C Q and f € Sé") — Ay(,dN), ¢ >p>1(#2).

Proof. If 1 < p <2, from the Young inequality

1£1lp < 11f1]2 (8)

for any f € S,gq) C Ap(Q,dX) — Ay(£2,dN) one obtains inequality for the bounded K, , > 0.
If p> 2, then for any compact V C € one can make use of the following inequality:

p—1

1 llpv < CaW) T 1Sl t NSy (9)

which holds for arbitrary f € SI(,Q) C Ap(Q,dX\). Now having put, by definition, ¢ > p > 1, the
inequality @ jointly with that of gives rise to the searched estimation , where the constant
-1

Kpq = Kg,qu(V)pT >0 is bounded, thus proving the lemma. O

Proof. (Proof of Theorem @) Based on the lemmas above, one can proceed to proving Theorem
First we can observe that inequality can be estimated, owing to the classical Young inequality,
from the below as

lo(f)lv < —f{p,q [ fll2,v (10)
by means of a bounded linear functional I,|y : (SZ(JQ); | - |[p,y) — C on the Banach subspace

(Sl |- lgw), where L(f)lv = (ol f)lv = [, @fdX for some o € (SY1y3 1] llgr) = (S5”]vs |-
5v), 1/¢+1/q =1, under the constraint 7 v = 1. Taking inequality (|10) and the evident
lg,v) ©llg, g y

embedding condition (S;gq); ||+ [l2,v) C (S;(;q); |- lg,v), one can calculate that
Lo (f)lv -
oup AW gy, < &, , )
fllz 20 [ Fll2v
If now to choose an orthonormal basis @[y = {¢1,p2,....,on}Hv C (SZ(JQ)\V; || - ||2,y) for some
NeN, (gilep)lv = [, @ierdd= i, ll@jll2,v = 1,7,k = 1,N, one can observe that a function
palv = {alohwy = Tiliaieilv € (5”13l [lyv) bas the norm
N 1/2
lpalloy = (D la* ] =laln, (12)
j=1
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N
where the vector ¢|y = (@1, 92,..., on)T|v € (S;(,Q)]V) and took a € EV, as an arbitrary vector.
Having substituted the value of the norm into , one obtains the inequality

laly < knqv (13)

which should be combined with the imposed above condition ||¢,||5 = 1. Taking into account
that

liall?y = /V (alphwl7dA = [al?, /V (€l)wlidA = 1. (14)

where a € EV and € :=a/|aly € 0DV, |¢|y =1, we can get rid of the variables £ € 9DY, if to
apply to the above norm equality the averaging method [26]-[27] over the unit sboundary
DY, which is equivalent to double averaging over the compact Lie group SU (N), as all vectors
¢ € 0DV allow the representation ¢ = &g € DY at the fixed wector & = (1,0,0,...,0)n
€ oD c CV,|&| =1, and g € SU(N). Namely, by integrating it with respect to the compact
group measure dwn(g),g € SU(N) :

0l i A\ (S Ao (@) Gogli)n1T) = lalfkn (€0) fir dlplh =

i ; (15)
= laly | leInllFv Fn(éo) < wn,

where ky(&) > 0 is the corresponding homogeneity parameter at & = (1,0,0,...,0)y € oDV
cCV, and wy = |SU(N)| = fSU(N) dwn(g) denotes the compact SU(N) - group volume, we
can equivalently obtain from that
1/q
w
laln = . - (16)
|| el g vk (§0) /T
: a-2 _ 1/2 | 22 a=2
Since the norm || [glnllav < || lelvll2v]Q ™ = (f,(@le)ndp)* Q7 = NY2|0| %, where
we have denoted the bounded domain volume |Q] := fQ d)\, the equality jointly with the
condition ([13]) yields the final numerical estimation

w?\f(q—l)/q ’Q‘Q;qq

r-2
N (&) 2a0la = Bra (17)

whose left hand side is bounded for those integers N € N, which ensure the embedded subspace
SZ(;q) C Ap(,dXN) — A (Q,d\)  at given g > p, to be finite dimensional, that is dim
S](;Q) = N < o0, thus proving the theorem.

Regarding the critical case ¢ = oo, since the representation ([10) is not more acceptable, the
linear bounded functional used there should be replaced by the following natural expression:

L(N)lv < Kpoollfll2v (18)

for any f € S;,(,OO) C Ax(Q,d)\) and arbitrary compact V C €, where at z € V  the value

le(f)lv == f(z)|v € C. Having calculated the value  supy|f, 40 ||l"}(|]|;)|“// = |ll.|lv € Kpe and

using the Riesz representation theorem for the functional [, : (SI(,OO)\V; || -1]2,v) = C on the Hilbert
subspace (S},°°)|V; I [l2,v) C (Ap(V,dA); || - ||2,v), there exists for any = € V' C Q such a function
g0 € (S5 Nvill-llay) that

Le(f)lv = (92l F)lv (19)

and [[l|ly = [lgalloy for all f € (S5™|vill - llaw). If now @5y == {p1,02, . on, -}y
C (SZ(,‘X’)\V; || -||]2,v-) is a complete orthonormal set of functions, that is ||p;|lo,v =1, (jler)lv =
fv @jprdi = dji, J, k € N, the related Parceval equality

2 _ N2 . 2
92112,y = E |(gzlei)|lv = E i)V (20)
JEN JEN
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combined with the inequality yields the next one:

D lei@))? < Kp o (21)
JEN
which holds for any = € V' C ). Having integrated the obtained inequality over the whole
space V C ), we obtain that
card () = N < K2 (22)

for some N = dim S,SOO). O

The reasonings above, concerning the special case ¢ = 0o, can be reformulated as the following
theorem.

Teopema 9. Let a linear closed subspace S,S“) C Ay(Q,dN),p > 1, be identically embedded into
a Banach space Aso(€2,dN), where dX is the Lebesgue measure on a bounded complex domain

Q C C*. Then  the dimension of the closed subspace SZ()OO) C A,(Q,dX\) proves to satisfy the
inequality dim Sj(,oo) =N< f(ioo for some bounded constant f(ppo > 0.

3. Conclusion

We considered closed linear subspaces S,(,q) C Ap(Q,d\) of  the functional Bergman space
(Ap(2,dN);||-1lp), p>1, allowing the identical embedding into the Bergman space (A4(€2,dX));|]-
llg)s ¢ > p > 1, regarding the Lebesgue measure d\ on a bounded complex domain Q C C™.

Based on the averaging technique on the unitary Lie group SU(N), we derived the numerical
2(q—1)/q

2—q
. . w Q| a
estimation —X ~ 1€2]

kn(&)2(a—1)/a
SI(,q) C Ap(R2,dN),p > 1, embedded into a Bergman space A,(Q2,d\),q > p > 1, where f(p,q >0
is some some bounded constant, wy = |SU(N)| is the volume of the compact unitary group
SU(N), |9| is the volume of the bounded domain 2 C C" and kxn(§p) > 0— is the corresponding
homogeneity parameter at & = (1,0,0,...,0)x € oDV c CV.

< ffiq for the dimension dim Sz(,q) = N of a closed linear subspace
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Beprman keHicTikrepinmeri TyNbIK CBIBBIKTBIK, 1K1 KEHICTIKTED TypaJjibl Keiibip
ecKepTyJep
A.K. Ilpeikapnarckwmii |, A.A. Banuscknii

! KoMIbIoTep ik FHUIBIMIAD JKoHe MaTeMaTHKa dakyasreTi, Kpakos TeXHOTOIUSIBIK yHIBEPCUTETI,

Bapmasckas xermeci, 24, Kpakos, Ilonbimna; Ecenrey maremarukacht Kadeapacsl, «/IbBOB MOJTUTEXHUKACHI»
Yorreik yausepcureti, Crenan Banygepa kemreci, 12, JIbsos, 79013, Ykpauna.
2 Maremaruka dakynbreri, Kapmudd ynusepcureri, Cenrernnan Poys (Senghennydd Road) kemreci,
Kapmudd CF24 4AG, Yiabibpuranus.

Annoranusa. I'porenguk nen CybpaManmanHBIH KIaCCHKAJIBIK HOTIXKeaepl L, Kemicrikrepine
imki KeHicTiKTep/ i eHri3ymiH ipresi KarugajapblH KaJBIITACTBIPALI, ajl Keiiuri zeprreysiep Oy
uJjiesyIapAbl  IEKTEJITeH KOMILIEKC OOJIBICTAPBIHIA AHBIKTAIFAH T[OJOMOPAMTH (DYHKIUIAPIBIH
Beprman kericrikrepine xammbuiaisl. OChbl TYPFBIIAH AJIFAH)IA, HHTEIPAJJIAHY MAPTTAPBI KYIITIpeK
bonaTeiH BeprMaH KeHiCTIKTepiHe eHTi3iIreH TYWBIK iIKi KeHICTIKTep/IiH eJIIeMIiIiriHe KaThICTh
CaHJIBIK, OaraJiap/ibl 3epTTEy epeKIle O3eKTiTiKKe He.

By xymbicra menenren 2 C C™ obuibicbinga Jleber esmmeMmine KaTBICTBI P -MHTErPaIIaHATHIH
rosiomopdrel - byukiusapasi,  Ay(2,d)\)  Beprman kemicririmin TYHBIK CBI3BIKTBIK — iIIKi
KeHicTikTepl yimiH I'poreHauk THUIMHAErT aKbIPJIbl ©JIIIEMIIIK Moceleci KapacThlpbliaabl. ATtal
afitkanna, ¢ > p > 1 xarmaiibinga Ap(Q,d\) xemicririnin A,(Q,d)\) Beprman kemnicririne
y3imicci3 eHrisijieTiH TYHBIK CBI3BBIKTBHIK iIMKI KeHicTikTepi 3eprreneni. Kes kenren SI(,q) C
Ap(Q,dN), SZ(,q) —  Ay(Q,d\) TyYHBIK CBI3BIKTHIK IMIKi KeHICTIriHiH aKBIPJIBI  eJIrmmeM/I
bosareiabl gastengerai.  CoHbIMeH Karap, dim S,(,q) = N OoaraHja, OHBIH OJIEMJIIJIIr YIIiH

JI.H. T'ymuieB arbingarst EYY xabapuibicbl. MaTeMaTnka, KOMIBIOTEPJIK FhIIBIMIAD, MexaHuKa cepusicbl, 2026, Tom 154, Nel
Becrnuk EHY um. JI.LH. 'ymunesa. Cepusi MaremaTuka, KOMIbIOTEpHBbIE HayKu, Mexanuka, 2026, Tom 154, Nel
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2(q—1 2-q

wN(qN e kN(|§(02)‘2(z*1>/q < Kp,q® canmplk Garamaysl agemaasi, Myngarsl wy = |[SU(N)| — SU(N)
BIKIIIAM apHafibl yHUTAPJIBIK TOOBIHBIH Kesiemi, |2 — € obubicbiabiH KeseMmi, ky (&) — &o =
(1,0,...,0)N € 0DV wuykrecine coiikec keneTin GipTexTiziK mapamerpi, ai K p,q > 0 — enrizy
TYPaKTBICHI.

Tyiiin ce3aep: TYUBIK CBI3BIKTHIK, ilKI KeHicTiKTep, Beprman kenicriri, Banax QyHKIUSIBIK,
KEHICTIrl, aKbIPJIbl OJIIeM K, Jleber esrmemi, eHrizy.

HexkoTtopbie 3amedyanns 0 3aMKHYTBIX JIMHEMHBIX TOAIIPOCTPAHCTBAX B ITPOCTPAHCTBAX
Beprmana

A K. Ilpeikapmarckmii |, A.A. Bamuackunii 2

! @akyapTeT KOMIBIOTEPHBIX HAyK I MATeMATHKN, KpaKOBCKIiT TEXHOIOTHMIECKHH YHIBEPCUTET, ViI.
Bapmagckas, 24, Kpakos, [lonbima; Kademapa sBoraucaurenbaoit maremarnku, HarmonaabHbBIN yHUBEPCUTET
«JIpBOBCKast mosimrexuukas, yi. Crenana Bammepst, 12, JIbos, 79013, Ykpanna.

2 Maremarmuecknit daxyasrer, Kapmuddceknit ynusepenter, ymumna Cenrennu Poys (Senghennydd
Road), Kapaudd CF24 4AG, Beauxkobpuranusi.

Awnnoramusa. Kiraccudeckue pesyiabrarbl ['porerguka u CybpaMaHuaHa 3a10:KUId (DyHIAMEH-
TaJIbHBIC TIPHHIMIBI BIOKEHUsS HOJIPOCTPAHCTB B HPOCTpaHCTBa L, , Torja Kak Oojee mosjaHme
WCCJIE/IOBAHUsT PACIPOCTPAHUIN STU UJEM HA IIPOCTPaHCTBa Beprmana rooMOpQHBIX (DYHKITHI,
OIIPEJIeJIEHHBIX Ha OIPAHMIEHHBIX KOMILJIEKCHBIX 00J1aCTsIX. B 9T0OM KOHTEKCTE 0CO0YIO aKTYyaJbHOCTh
nprobpeTaeT MCCAeIOBAHNE KOJMIECTBEHHBIX OIEHOK Pa3MEPHOCTH 3aMKHYTBIX IOIIIPOCTPAHCTE,
BJIOXKEHHBIX B POCTpaHCTBa Beprmana ¢ 60jiee CUIBHBIMU YCJIOBUSIMUA HHTEIPUPYEMOCTH.

B pabore nccneayercst 3ajaqa tumna I'poTeHIuKa 0 KOHETHOMEPHOCTH I 3aMKHYTHIX JIMTHEHHBIX
HOJIIPOCTPAHCTB mpocTpancTBa beprmana A, (€2, d\) rosomMopdHbIX DYHKIHUI, p-HHTErPUPYEMbIX
oTHOCHUTETLHO Mephl Jlebera Ha orpammdennoii objactu 2 C C", HenpepbIBHO BJIOKEHHBIX B
npocrpancrso Beprmama A (Q,d\) mpu ¢ > p > 1. [lokazamo, 9TO BCSIKOE 3aMKHYTOE

JIMHEHHOE TIOAIPOCTPAHCTBO S](;Q) C Ay(Q,dN), S},q) — A (Q,d)N), sBiIsSIeTCST KOHETHOMEDHBIM.

Boutee Toro, ecim dim SI(,q) = N, 1o pazmepHOCTH N yIOBIETBOPSET KOJWIECTBEHHON OIEHKE
— 2—g
w?\{(q /aq I8
N kn(€0)2(a=1)/q
SU(N), |9 — oobém obmactu Q, ky(§p) — coorBeTcTBYOMUil HapaMeTp OJHOPOIHOCTU B TOUKE

< Kp,¢?, tme wy = |ISU(N)| — 00béM KOMIIAKTHON YHUTAPHON TPYIIIBI

& = (1,0,...,0)y € 0DV | a K,, >0 — KOHCTaHTa BJIOKEHUS.
KirodeBble cJiOBa: 3aMKHyTble JHMHEHbIE IIOANPOCTPAHCTBa, IPOCTPAHCTBO beprmana,
H6anaxoBo (pyHKIMOHAILHOE IIPOCTPAHCTBO, KOHEYHOMEPHOCTD, Mepa Jlebera, BIoXKeHHe.
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KASAK TIJITHAET'T CUHTETUKAJIBIK 2KOHE AHAJINTUNKAJIBIK
CEBEIITIK KY¥PbLIBIMJIAPIBIH TUIIOJIOT'MTAJIBIK
AVBIPMAIIBLJIBITHI

P. Ta6epxan® !, M.A. CamGer6aepa '™ ? *
L2 JLH. Tymunes amundaev. Bypasua yammos yrusepcumemi, Comnaes, 2, Acmana, 010008,
Kasaxcman

L roman.tn82@gmail.com, ? *sambetbayeva_ma_ 1@enu.kz

Annoramusa. Maxkanana KazCausal cynbachl Herisinje Kazak TLHHIEN ceber-caaiapiblkK,
KYPBUIBIMIAPIBl KOJIMEH aHHOTAIWSIAY *KoHe KYPBLIBIMIBIK-CEMaHTHKAJIBIK TYPFBIIAH Kylesey
9JIicTeMeC] YChIHBILIA/IbI.

BeprTeyaiH MakcaTbl — Kasak, TLIiHIeri cebenTimikTi OlaaipeTiH MOPQOIOTUSIIBIK, JIEKCHKAJIBIK,
2KOHE CUHTAKCUCTIK KypaJyiaapbl (pbopMaJsiibl aHHOTAIIASIBIK, MOJIEIb APKbBLIbI CAIIATTAY YKoHE Taburu
TiAI eHjey MiHgeTTepine OeliMaereH KOpIyC KYPYIbIH FBLIBIMUA HETi3iH KOpceTy.

3epTTey HBICAHBI PETIHJE FBUIBIMU, TyOJUIIUCTUKAJIBIK, >KOHE HOPMATUBTIK MOTIHJEPIEH
ipikrenren 1250 kay3aJiabl coilieMaep ajblHIbl. BapJibik, coitieMmaep ceben-casiiapiiblK, KATbIHACTDI
OlmipeTiH TIMIK OIp/IiK peTiHIe KApacTbIPBLIBII, YII HETri3ri KYpPBLIBIMIBIK TUIKe Oemiamgi: SYN-
THETIC CAUSE, ANALYTICO SYNTHETIC CAUSE xone ANALYTIC CAUSE.

Horwzkesiep CMHTETHKAIBIK, KypbUIbIMIAApIbH 431 coitnemin (34,5%), aHajuTuKa-CUHTETHKAJIBIK,
KypbLIBIMIAPIbIH 425 coitiemin (34,0%), ail aHAIMTUKAIBIK, KYPbLIbIMIapIbiH 394 ceitnemin (31,5%)
KYPalTBHIHBIH KepceTTi. YCbIHBUIFAH cyiba ceberr dpparMenTiH, canjgap (parMeHTiH, Kay3aJIbIk
MapKepi, KYPBLIIBIMIBIK THITI, HAKThl MOPQOJIOTUILIK (POPMAHBI YKOHE CEMaHTHKAJBIK iIKi
TunTi Karap Oenrijeyre MyMmkiamik Oepemi. Annoramusi camnackl F1=0.81 xome Cohen’s k=0.72
KOPCETKIITePi apKbLIbI OAraJIaHIbI.

BeprTey HOTHMXKEJEPI Kazak TITiHJEr ceber-caaapiiblk, KAThIHACTAP/IbI ABTOMATTHI aHBIKTAyFa
apHAJIFAH TUIOJIOTUSIIBIK, TYPFbIIan Oeitimaesnren NLP pecypcrapbia Kypyra Heris 60J1a/ipbl.

Tyiiin ce3nep: Motinai anHoTanusiay, Kopuyc JuHrsuctukacsl, NLP, arrorunatusTi Tiiaep,
KazCausal, ceber-caiiapibiK, KaTbIHACTAD, AHHOTAIUSIAYIBLIAD KeJiciMi

DOTI: https://doi.org/10.32523 /bulmathenu.2026 /1.2

2000 Mathematics Subject Classification: 68T50,68T07

1. Kipicrme

Ceben-caimap/iblk, KaTblHACTApP Tab0WUFW  TiZAeri TYCIiHAIpMesi, apryMeHTATHBTIK  YKOoHe
HOPMATHBTIK KYPBLIBIMIAPALIH HETi3iHIe »KaTKaH Ipreji CeMaHTHKAJIBIK OailaHbICTAPIABIH Oipi
Gosbin TabbLTaABl.  OJiap OKUFaJapIbIH YOXKIEMeCi, caJiiaphl, JIOTUKAJBIK Ti30eri, COHIal-ax

13€pTTey Kazakcran Pecnybmukacelr TbuibiM  KoHe Kofapbl OimiM  MuHHCTpJiri PeuibiM  KoMmMuTeTIiMEH
KapKblUIaHAbIpeLIFad (rpant NeAP22686434)
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SMOINSAIBIK, YKOHE MIiHE3-KY/ILIKTBIK, PEAKIUSIIap Typasbl aKIapaTThl *KEeTKi3yre MyMKIHIIK Oepe/.
ConpIKTaH cebenTLIK MOTIHHIH MarbIHAJIBIK, YHBIMIACYBIH TAIIAY/1a HETI3T1 POJT aTKAPAIDL.

Taburu riagi engeyain (Natural Language Processing, NLP) konman6anbr misgerrepinge cebern-
CAIIAPJIBbIK, KYPBLIBIMIAp OLTIMII aBTOMATTBI TYPJE IIBIFapy, JIOIHKAJBIK KOPBITBIHILI Kacay,
JoJeaeMe KyPbLIBIMIAPBIH TaJaay, TYCIHIIPY Te€HEPAIUsChl, SMOINA MEH OIIIEHII PUTOPUKAHBI
AHBIKTAY, MOTIHIe Heri3jle/ireH IUArHOCTHKAJBIK KyHejaep Kypy CHSKTBHI OarbITTapja KeHiHeH
KOJIJIAHBLIAIBL.

AjlaM Kopiaran opTajarbl KyObLIbIcTapabl Kebine cebern IeH caagap Oail/laHbIChl apKbLIbI
TyciHemi: Oip oKmWra eKIiHINICIH TybIHIaTaIbl, ocep erTeai Hemece mekTeigi. Kasak Tim e kes
KeJIreH Taburu Tijl ceKimi cebem mmeH casmapibl OLaipymiH en Oail »KoHe KeomKabaTThI Kyliecine
ne. MyHgall KOHCTPYKIMSIAD OPEKETTIH YOXKiH, SMOIHUSJIBIK HEMece OJIEyMeTTIK PpeaKIUsiHbI,
CAHKITUSI/IBIK TAJIAIITHI, COHIAi-aK, MAKCAT IIE€H IIapTThl KOPCETY YIMH KOJIAHBLIAIbI.

Auaiina, arpunmeii (Penn Discourse Treebank, BECauSE Corpus), kpirail, Hemic »oHe apab
Timepinge cebenTiliKKe apHAIFaH ipi aHHOTAIUSITAHFAH KOPITYCTAD »KACAJFAHBIMEH, Ka3aK, Tiai Oy
OarpITTa y3aK yaKbIT OOMbI Hazap/aH THIC KAJIBII KeJai. ByraH arrioTUHATHBTI MOP(MOIOTUSIBIK,
KYPBUIBIMJIAP/IbIH KYPJEJIJIr )K9He OChl TiJITe apHalibl 931pPJIEHI'€H CTaH[aPTTAJIFaH AHHOTAIIUSAIBIK,
CXeMaHbIH 060JIMaybI ceberl.

CebenTiik MaFblHACHI KA3aK TUTHAE KU YaKBITTBIK, ITAPTThI, MOJIAJIBIBLIBIK, SMOIUSIIBIK,
JK9HE PHUTOPHUKAJIBIK MarblHAJAPMEH KHUBLLILICHII Kesemi. COHIbIKTaH OHBbI (POpMAaJIIaHIbIPy TEK
CEMAHTUKAHBI FaHa emMec, MOP(MOJIOrusi-CHHTAKCUCTIK ©3apa OpeKeTTeCy/l KaTap TaJIay/ bl TaJall
eTeJ.

Ocbl OJIKBUIBIKTBIH, OPHBIH TOJITBHIPY MakcarbiHga Oyi kyMmbicra KazCausal aHHOTAIIMSIIBIK
cxemMachl — Kasak TuUrHIeri ceber-casiapyiblK —~ KYPBUIBIMIAPAbI  JIMHIBUCTUKAJBIK  YKOHE
THUIIOJIOTUSIIBIK, TYPFBIAAH »Kyiesi cunarrayra 6arbITTaJ raH aJIFallKbl KeIIeH Il TOCLI YChIHBLIAIbL.
Coi36a arrmoTuHaTUBTI MOpdosorusira ToH dopmaapisl (ecimMine Tyrrajapbl:  -FaH, -aThiH,
MOPQOJIOTUSIIIBIK MapKepJiep: -FaHIBbIKTaH, -Mail, cenTik dgpopMajapbl: -HaH, -Ha, aHAJATHKAJIBIK
KODPCETKINITep: VIINiH, KeiliH, COH, KapaMacTaH KoHe T.0.) KaMTbIl, ceGenTiK KATbIHACTAP/IbIH
MaFbIHAJIBIK, KIKTeTiMiMeH OailyTaHbICThIPa AHHOTAIIASJIAYFa MYMKIHIIK Oepesi.

Byn zeprrey O6ypbin yebinbuiran KazCausal: Manual Annotation of Causal Constructions
in the Kazakh Language arrbl KOH(MEpPEHIUAIBIK YKYMBICTBIH KaJrachl 0osbin Tabbliaasl [1].
Anppiarer sxkyMmbicta KazCausal cynbachlHbIH, 6acTalKbl aHHOTAIUSJILIK, IPUHIMITEP] YCHIHBLICA,
OChI MaKajaJa KOPIYC KYPbLIBIMBI KEHEWTImim, cebenTik KypbLIbIMIAPIBIH THIIOJOTUSIBIK,
A BIPMAIIBLIBIKTAPDI, CTATUCTUKAJBIK, TAapaJiybl KoHE AHHOTAIIMS CAIIAChIH OaraJiay eJImeMaepi
TepeHipeK KapacThIPBLIAIbI.

2. 3eprrey mocesieci OofibiHIa d/IeOneTTEPTE IOy

Taburn Timgeri cebemn-cammapiblK KATBIHACTAPILI 3€PTTEy — JMHIBACTHUKA MeH Tabwru Tijmi
oey NLP canamapeiagarsl Herisri OarbITTapabH 6ipi. CebenTiiK KOTHUTUBTIK, JTIOTUKAJIBIK, YKOHE
IparMaTUKAJIBIK, ITPOTECTEPIH O3€TIH/Ie XKATHIP: OJ1 OKUFAJIapPAbl TYCIHIIPY, MENNMIEPI YoXKIEY,
SMOIUsJIaAp MeH CAHKIUAJIAP/Ibl WHTEPUpEeTAIUAIay >KoHEe 9JEeyMETTIK cajjapsap/bl CHUIIATTAY
VIIH KoJAaHbLIaAbl.  AJjaiifna, OHBIH MaHBI3JAbLILIFBIHA KapaMacTaH, MoTiHjeri cebenTiiKTi
AHHOTAIIUSIAY KYP/IeJIi Macesie 00JIbI KaJjia 6epei. Byt Kypaesiik JIEeKCUKAIBIK, 2KoHE CHHTAKCUCTIK
aJIyaH IbIK TYPFBICBIHAH, TLIAPAJIBIK, afbIPMAITBIIBIKTAPMEH KOHE YaKBIT, MAPTTHIIBIK, KOPPEJIAIHI,
MOJAJIBJIBIK, CUAKTHI 0ACKA J1a CEMAHTUKAJIBIK, KATEIOPUIAPMEH ©3apa KUbLIBICYbIMEH OafljIAHBICTHI.

B Tekcre craTbum HEZOCTATOYHO UYETKO PACKPBIT BOIPOC APXUTEKTYPHI 00pabOTKM JTaHHBIX
PAIMOIOKAIIMOHHOIO CKAHUPOBAHUSI. Hesicto, ocymecTBasiercs au  00pabOTKa CHUTHAJIOB W
[IPUHSTHE PEIIeHUH B peXXHMME PeaJbHOIO0 BPEMEHU HEIOCPEJICTBEHHO Ha 00pTy MOOHILHOIO
pO6OTOTeXHI/I‘{eCKOFO KOMIIJIEKCa .HI/I6O BbIUHUC/IUTEJ/IbHAA O6pa,6OTKa BBITIOJIHAETCS Ha yﬂaﬂéHHOM
cepBepe ¢ TocTeayoleii mepegadeil pe3ysabTaToB oOpaTHO Ha Iardopmy. B ciaydae 60pToBOif
06pabOTKHU 11eJ1eCO00PA3HO YTOYHUTH TEXHUYECKHE XaPAKTEPUCTUKU BBIYUCIMTEILHOIO MOLYJIS
(Tun anmapaTHOi 11aThOPMBbL, BBIYUCIUTEIbHASI TPOU3BOJIUTEILHOCTD, ObICTpOIeiicTBIe, rabapuThl
u suepronorpebsenne).  Ecim ke o6paborTka JaHHBIX peajn30BaHa Ha CEPBEPHOI CTOPOHE,
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IIPEJICTaBSIETCA BaXXHBIM yKa3aThb HapaMeTPbl KaHaJa CBSI3W M OIEHUTh CYMMAapHYIO 3aJEPKKY
NPUHSITAS PeIIeHusI, BKJIIOYad Iepelady [JTaHHbIX W O0OPaTHYI0 KOMMYHUKAIUIO C MOOMILHBIM
poboTOM.

B crarbe He mpuBeaeHO TOCTATOTHOTO ONMMCAHUST IPUMEHSIEMbIX METOIOB U aJITOPUTMOB 00pabOTKI
PaINOIOKAIIMOHHBIX JAHHBIX, HCIOJIB3YyEeMbIX JJisi OOHApY:KeHNsT B3PBIBHBIX ycTpoiicTtB. Ilpocwsba
YTOYHUTD, KAKWE UMEHHO aJrOPUTMHUICCKIE MOIXO/IbI IPUMEHSINCH (HAIIPUMED, METObI i pOBOii
00pabOTKMU CUTHAJIOB, IPU3HAKN U KPUTEPUH JI€TEKTHPOBAHNS , HCIIOJIH30BAHIE MAITHHHOTO 00y Y€H ST
WA HEHPOCETEBBIX MOJe/eil), a TakKyKe 0OOCHOBATH UX BBIOOD W 3(MDMEKTUBHOCTL B KOHTEKCTE
[TOCTABJEHHON 3a/adu. B TekcTe CTaTbW HEIOCTATOTHO YETKO PACKPBIT BOIPOC APXUTEKTYPHI
00pabOTKHU JAHHBIX PAIUOJOKAIIMOHHOTO CKAHUPOBaHUdA. HesCHO, OCyIecTBIgeTcs Jin 00paboTKa
CUTHAJIOB U IPUHATHE PEIIeHnH B pPeXUMe peajbHOr0 BPEMEHHM HeIOCPEICTBEHHO Ha 0opTy
MOOHUJIBHOTO PODOTOTEXHUYIECKOTO KOMILIEKCA JTHOO BBITUCIUTE/IbHAsS 00pabOTKa BBIMOJIHAECTCA HA
VIAJIEHHOM cepBepe C IMOC/edyIoIell mepeaadeil pe3yabraroB obpartHo Ha miardopmy. B ciayuae
GOpPTOBOIT 0OPADOTKHU IEIECO0DOPA3HO YTOUHUTH TEXHUIECKHE XAPAKTEPUCTUKU BBIMUCIUTEIHLHOTO
MOJyJist (TUI amnmapaTHoil mI1ardOpPMbl, BBIYUCIUTEIbHAST TIPOU3BOIUTEIBHOCTD, OBICTPO/IEHCTBIE,
rabapuThl u 3Hepronorpedenne). Ecmu xke 06paboTka TaHHBIX peajn30BaHa HA CEPBEPHOil CTOPOHE,
[IPEJICTABJSIETC BaXKHLIM yKa3aTh IapaMeTpbl KaHaja CBI3U U OINEHUTb CYMMAPHYIO 3aI€PXKKY
NPUHSITUAS PeIIeHUsI, BKJIIOYAsd IIepelady MTaHHbBIX U OOPATHYI0 KOMMYHUKAIUIO C MOOMJIbHBIM
poboToM.

B craTbe HE TpUBEIEHO IOCTATOTHOrO OMKUCAHUS TPUMEHSIEMbIX METOOB U aJIFOPUTMOB 00PabOTKU
PaINOIOKAIMOHHBIX JAHHBIX, MCIOJIB3YyeMbIX JJisi OOHAPYKEHUsl B3PLIBHBLIX ycTpoiicTB. IIpocwba
YTOYHUTD, KAKUE UMEHHO aJrOPUTMUIECKHE MOJXO0/IbI IIPUMEHSIIUCH (HAIPUMED, METObI 1 pOBOii
00pabOTKM CUTHAJIOB, TPU3HAKU U KPUTEPUH JIETEKTUPOBAHNS , ICIIOJIH30BAHIE MAITUHHOT'O 00y YE€HU s
WM HEeHPOCeTEeBBIX MoJeJieli), a Tak:ke 0DOOCHOBATH UX BbIOOD U 3(DMEKTUBHOCTD B KOHTEKCTE
ITOCTaBJIEHHON 3aJ1a9u.

XaJblKapaJiblk, —JieHreiife ceOenTiiikTi  aHHOTAIUsIayFa AapHAJFaH OPTYPJl  acHeKTiIepi
KAMTUTBIH KenTereH seprreysiep )acaiarad. Mpicansl, VerbNet [2] xome PropBank [3] ce6emnri
eTicTIKTEep/i »KOHe OJIapJIblH, CEMaHTUKAJIBIK, POJJIEPIH XKyiieneiai. By pecypcrap ceMaHTHUKAJIBIK
Tajay MiHIeTTepl YImH nafigajabl OOJIFAHBIMEH, OJIAD TEK eTICTIKTepMEeH FaHa IeKTese.
ConbiMeH KaTap cebenTLIKTI Oacka I'PaMMATHKAJBIK, TOCLIAEPMEH, aTall alTKaHIIa, IbLIay/ap,
KaJIFayJIBIKTap, MOPQOJIOTUSIBIK (QopMaap apKbLIbl AHBIKTAY KOJIAPBIH KapacTbIpMaiiIbl.
Ay FrameNet koprycbl ceMaHTHKAJBIK peiiMaepre cyileHe OTBIPBIN, JIEKCHKAJLIK, OipJiKTepai
KOHIIENITYAJIIBIK,  ClieHapuitiepmen OGaitmansicTeipagbl [4].  deremmen, Oy pecypcera cebenTiiik
CAUSATION, THWARTING, PURPOSE, EXPLANATION cekinai xenreren eare je dpeiimaep
apKbLIbI Oepliren, bipak OipryTac cebenTiiK MOl YChIHBIIMATaH.

ASFALDA :xobacel ¢dpaHIly3 T yiIiH ceOenTuIKTIH OapblHINa »KYiieJi nepapxXusiChblH YChIHIbI
[5]. By 3eprrey 6ip Tin asichiHga j1a ceGeNTIIKTIH TOIBIK MOJIEIIH KYypPy THIIOJOTUSIIBIK, OefiiMiey
MEH JIEKCHKO-TPaMMATHKAJIBIK, Oipi3IeHIipy/ai Tajgall eTeTiHiH KOPCeTTi.

Penn Discourse Treebank (PDTB) muckyperbik GaitaHbicTapibl, COHBIH imIiHe ceGenTimiKTi,
kelperTik TaHbasay (Mblcanbl, 6ip Me3erTe cebenTi JKoHe KApChl KOIOIIbI) MyMKiHIiriMeH
anHoTanusuiaiine [6]. Asaiizga, 6y pecypce Tek ceilsiemep JieHreilinieri AucKyperbiK baianbicrapra
baca Hazap ayJapajbl Ja, eTiCTIKTIK HeMece MOPGOJIOTUSIIbIK, KOHCTPYKIIASIAPIbl KAMTHIMAN DI

Bizaig 3eprreyiMis yImiH eH ©3eKTi OOJIBIIT TabbLIATBHIH aHHOTAIUSIIBIK, cxemMa BECauSE 2.0
Goabin Tabbliagbl [7].  Byn cxema ceGenTimiKTi MarblHAJBIK ©3€K DETIHJIE KAPACTHIPAJIbl YKOHE
OHBI OiipeTin 6apJblK KypPbLIBIMIAPIL MOPQOJIOTUSIIBIK, CHUHTAKCUCTIK KOHE MIparMaTUKaJIbIK
MapkepJsiepai kKamTuiabl.  Arajgran BECauSE-TiH MaHBI3AB KaHAJBIFBI — KHUBLIBICHII KeJIeTiH
CEMaHTHUKAJIBIK KATBHIHACTAPIbLl AHHOTAIUSIIAY HUIEIChI, MYHIA Ce0enTiTiK YaKbIT, MIapTTHLIbIK,
KOPPEeJIAIus, CAHKITNS, SMOIUSIBIK, PEaKIus KoHe Oacka Jla MOHJIEPMEH KaTap KYypyl MYMKiH.
ConbIMeH KaTap, OHJIa CeOENTIIKTIH IKi TurTepi KikTeiHreH. Byit ikl Tunrep iy atayiapbl: con-
sequence, Motivation, purpose. OJiapabiH afKbIHIBIK JopexKeci opTypJai 6o1ysl MyMKiH. Amnaiina, BE-
CauSE KopIrychl arblIIIbIH TiJiHE apHAJFAHIBIKTAH, OJ1 arTJIFOTUHATUBTI TIIIEP/IiH TUIOJIOTUSIIIBIK,
epekmesikrepin eckepMmeiigi. CoOHIBIKTaH Ka3ak, TLI VIIH cebel-caaapiiblK KOHCTPYKIIUAIAPIbI
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AHHOTAIUSLIAY 2KEPTITiKTI MOPQOIOTUSIIBIK, XKOHE CHHTAKCUCTIK ePeKINeTikTep/ii OeiMaeyai TaJial
eTei.

Xaavkapaavtx, aHHOMAUUAABLE, CYAbaAaPOb. Ka3aK MmiaiHe mikeaseli K0A0aHYIbLH,
wexmeynepi

PDTB, FrameNet xone BECauSE cusgkTbl Xaablkapasblk aHHOTAIUIBIK, CyJI0a ap cebenTimiKkTi
CUIIATTay YIIH MaHBI3Ibl TEOPUSIILIK »KoHEe dIicTeMelIiK Heri3 bepeni. Anaiiaa ojlapabl Kas3ak, TiiHe
Tikeseil KosmaHy OipKaTap THUIIOJIOTHSJIBIK, KHBIHIBIKTAPTa aJIbIl Kejedi. DByl KUBIHIBIKTAP/IBIH,
bacThl cebebi — Ka3ak, TiTiHIH AITIIOTHHATUBTI KYPBUILIMBI YKoHE CceOENTIK MarblHAHBIH KOOIHEe CO3IIH,
imKi MOPQOJIOTUSIIIBIK KypPaMBbIHIa Oepiiyi.

ArpUIIbIH TI CUSAKTHI aHAJIUTUKAJLIK, Tiaepe cebenTiiik kebine because, since, therefore, as
a result cuskThI mepbec JIEKCUKAJbIK HeMece JTUCKYPCTBIK MapKepsep apKbLIbl Oepimemi. Mymnmait
JKapIaiiga cebenTiK KOPCETKIITI KeKe TOKEH peTiHJe Oesrijiey CajbICTBIPMAJIBI Typ/e KeHUT. AJ
Ka3ak TiTiHJIe cebenTiK MarblHa KOOIHe -FAHJIBIKTAH, -eTIHIKTEeH, -FaHbl VIIiH, -FAaH COH, -Maii/-
Meil CHUSIKTBI Kyp/ieai MOpQOJIOTUSIIBIK XKoHe MOP(MOCHHTAKCUCTIK Ty/IFajap apKbLIbl Oepimemi. By
TYJIFaIapia MMaKThIK, KUMBLIIBIK, ceOenTiK, OOJBIMCBHI3IBIK >KOHE CENTIK MafbrHagap Oip dopma
immiage KabaTTachll KeJes.

Mpricasbl, «KenmnkkeHIiKTeH, 01 KUHAJIBICKA KATHICA aJIMaJIbl» COMIEMIHIEr «KeIiKKeHIIKTeH
TYJIFACHI YKEKe YKAJIFAYJIBIK, eMeC, TyOip, eciMIle TY/IFachl, HOMUHAJIIAHY YKOHE CENTIK MaFbIHACHIHBIH,
OipikkeH opmackl 60JbIl TadbbLIaAbl.  COHIBIKTAH MYHIail OIpJiKTi TeK JIMCKYPCTBHIK MapKep
peringe 6eiriiey keTkimikcis. OHBI MOPMOIOrUAIBIK, KYPBLILIM, Kay3aJJIblK MapKep KoHe ceberr
dparMeHTiHIH KypaMmaac 0eiri peTiHge Karap KapacTbIPy KasKer.

ConbIMeH KaTap Kasak TigiHige Keibip dpopmasiap 6ip Mesriige GipHerne MarbiHa Oepe ajiaibl.
Mpicasbl, -FaH COH, JKOHE -FaHHAH KeWiH Ty/iIrajgapbl Oip KOHTEKCTE YaKBITTBIK PETTi, eKiHIi
KOHTEKCTe CeDEITIK TOYeJJIUIKTI, YIIHII KaFnaiiia cebern-Me3riiik Kabarracyasl Oiaipyl MyMKiH.
Ocprran GaitnanpicThl KazCausal cxemMachl XaJIbIKapaJIbIK, aHHOTAIUSIIBIK, TOXKIipuOeH]l Ka3ax, TIIIHIH
MOP]OJIOrUsILIK, 2KOHE CeMaHTUKAJLIK, epeKIleikrepine Oefimaeiini. Aramn aidTkamzma, oy ceber
dparmenTis, caap dpparMenTiH, MapKepi, KYPhUIBIMJIBIK THIITI XKOHE CEMaHTUKAJIBIK, 1ITKi THIIT
6ip Meariiie Genrijieyre MyMKIHIIK Oepesi.

CoHrbI 2KbLIAaPbI TabUrn Tiaaepdi exaey, sstau NLP camaceinma ceben—casaapiiblK KATBIHACTAPIbI
aHHOTALMsIay OarbITBIHIA eJieyill iarepiiey Oalikasaiabl. ApHaiibl KOpIycTap MEH aHHOTAIUSIIBIK,
cystbastapbl 2kacay cebenTik OailaHbICTapabl HeFYPJIbIM HAKTHI Opi >Kyhesi curartayra MyMKIHIIK
Gepeni. CaTeRS [8], Richer Event Description [9] xome TimeML Causal [10] cuskrsr xobamap
OCBI caJjiara ailiTap/bIKTail yiiec KOCcThl. Autaiiza Oy »Ko0aapIblH KO OKura, KypPhLILIMBIMEH
raHa IIeKTe eIl HeMece ceOenTiIiKTi HaKThl MOP(OCUHTAKCHUCTIK MapKepjepMeH OailjlaHbICTBIpMaii,
WHTYUTHUBTI TYCIHIKTEpre cyfieHe OTBHIPHIIT KapacThIPaIbl.

2024 xbrapl yeerabLIran EventFull kypassr ockbl castagarsl 3epTTey/Iep apachblHIArbl MaHbI3 bl
kericrikrepin 6ipi 6oubin cananaast [11]. By Kypasa Moringeri okurazap apachlHIarbl yaKbITTHIK,
cebenTik rkoHe KopedepeHTTIK KAThLIHACTAPIbI KeIIeH i Opi KesiciMai Typle aHHOTAIUSIAyFa
MYMKIHIIK Oepemi. AHHOTaIMsIAY VIEPICIH >KEHUIAETIN, aHHOTATOpPJap ApachIHIAFbl COMKECTIKTI
apTTHIPy apKbuibl NLP caacbinmarsr Ootalak, 3epTreysiep MeH KoJfanbaiap YImH KyHIbl PecyPcKa
aitHa b, CoHal-aK, ce0enTIIIKTI aHBIKTAYIbIH, 3aMaHay OICTEPiHe apHAJIFaH KEH KOJIEM/JIl IIIOJTy
JKapBIK, KOpim, 6ap Toclamep/al »Kyieser, Herisri FBLIBIMH KOHE TEeXHOJIOTUSIBIK, KUBIHIBIKTAPIbI
AHBIKTAIl OepIi.

XaJbIKapaJiblK, cy/ioaiap Ka3ak TiTiHIeri cebenTUIKTI CuaTTay YIH MaHbI3/Ibl TEOPUJIbIK 6a3a
YCHIHFAHBIMEH, OJIap/ibl Ka3akK TijJiHe MeXaHWKaJbIK Typle Kermpy KeTkijgikciz. Kazax timinme
cebenTik MarblHA TYOIp, eciMIle/KeceMille TY/IFachl, OOJIBIMCBHI3/IBIK, KOPCETKIII, HOMUHAJIAHY,
CENTIK KoHEe MIbLIay JIeMEHTTEPI apKbLIbl 0ip MOpPQOJIOrusIbIK Kemienae Oepinyi mymkin. Kaz-
Causal cyibachl JI9/1 OCbI €PEKINEIKTI eCellKe aJiblll, XaJbIKapaJblK ToyKipubeHl Kasak TiIiHIH
TUIOJIOIUSJIBIK, TaOUFraThIHa, Oeilimmeii .

Kecre 1-me wxepcerinrenpeit, KazCausal cynbachiHBIH 6acTbl epekmiesir — cebenTiikTi Ka3ak,
Tinmingeri MOpOIOTUSIBIK, YKoHE MOP(MOCUHTAKCUCTIK KYPBLILIMIAPMEH 6ipre KapacThIpybl. Dy
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KecTE 1 — XasjsikapaiblK, aHHOTAUMAJBIK cyibamap Mmen KazCausal cyibachIHBIH CalbICThIPMAJIBI
cuIiarTramMachbl
Kpurepuii PDTB FrameNet BECauSE 2.0 | KazCausal
Herizri o6bexT HucKypcThIK Cemantukanslk | Cebenrik Kazak TiriHIer
KaTBIHAC dpeiim KOHCTPYKITAS ceber-caaaapiibiK
KYPBLIBIM
AnnoTanys CeitstemapaJiblk, | JIekcuKaJIbIk Koucrpyknust MopdoJtorusi,
JeHredti OaitiaHbIC Gipik JKOHE | »KoHe KATbIHAC MapKep,
dpeiim ceber, caiap,
CEMAHTHUKAJIBIK, THII
Mopdomorusiabik | KamrbiMaibt Tmrinapa lexTeymi ApHaiibl KAMTHIHI
MapKepJiep
Arrmorunarusti | 2ok Trrinapa 2Koxk Us
Tinre 6eitiMyerryi
Kabarrackamn Trrimapa TexTeymi 1 ) Wb, apHAMBI
KaTbIHACTAP Oesriyiene i
Kazak Tisrine | 2Kok Kok, Kok Mo
Geitimmesnyi

TOCLJI arTJIFIOTUHATUBTI TLIAEperi cebenTiK MapKepaep/Il »Keke JieKceMa, PEeTiHAe FaHa eMeC, TOJBIK
dopmanT xkomHe cebern dpparMenTinin Kypamaac 6eiri peringe Oeriieyre MyMKIiHIIK Oepesi.

Arayiran 1oJy ceiijieM >KoHe MOTIH JeHTeliHJie KOJJIAHBLIATBIH 9IiCTep TAKCOHOMUSICHIH YCBHIHA
OTBIPBITI, MOJEIbIAEPIIH A9/ MeH oMOeOANThIFBIH 2KETIIIIPY KAXKEeTTUIIH aHbIKTa b

Al coHFBI Ke3jeri 3eprTeyiiepie ceber-caiaapsblK, OailJIaHBICTAp/Abl aHBIKTAy VIOIH TEpeH
HEHPOHJIBIK, YKeJIJIEP/IiH apXUTEeKTypaJIapblH KOJJIaHy KeHiHeH TapaJyga. Aran aiitkanma, 2025
KbpUtrbl aMmupuKajbk, 3eprrey BioBERT-BiGRU cusiktbl Moebaep/iin cebenTi GaitanbIcTapIbl
aBTOMATTBl Typ/le allKbIHJay/1a *Korapbl THIMJIiKKe ne ekeHin kepcerri [12]. Byn mormxenep
MOJIEJTb aPXUTEKTYypachl MeH TpaHCHEPJHK OKBITY CTPaTerusapblH TYPHIC TaHIAYIbIH MAHBI3/IbI
eKeHIH JIpJies e .

Ken TapasnraH, KeH KOJIJIAHBICKA M€ aFbLIIILIH, PpaHIly3, apad, uTajabsH T.0. »KoHe Oacka Tiauep
VIIiH aHHOTTAJFaH KOHCTPYKIUSJIAPALl aHBIKTayFa OarbITTaJIFaH 3epTTEyJIep Jie, KOpIycTap Ia,
COJI cajlafa apHaJjraH FBLIBIMU i3JeHicTep He Kesjeceli. Auraiiia KypPbLIBIMIBIK >Kyiiecl >KarblHaH
armIIOTUHATUBTI TULIJIEp KaTapblHa KIPEeTIH Ka3akK TiMIHIH KYPBIJIGIMIBIK KOHCTPYKITASIAPhIHA,
KATBICTBI 3epTTey Toxkipubesaepi a3 raHa Jgeyre 6omanbl.  Kaszak TUMHIH VAITTBIK KOPILYCHI
Qazcorpus.kz [I3] xome Qazcorpora.kz [I4] cusikrbr kekesieren Gacramasap 6ap OGoJiraHbIMEH,
cebern-caagapiblK, KOHCTPYKIUSIIapFa apHaJfaH apHailbl KOPIYC oJIi YKacaJfaH >KOK. I BbLIBIMU
onebuerrepne cebenTimikTi OiAAIipeTiH MOPQOIOTUSJIBIK, MapKepJep — -FaHJBIKTaH, -Mail, -yIITiH
JKYPHAKTaphl, -HaH KeHiH, -COH CHUSKTBHI ITOCTIIO3UIUJIBIK KYpPbLIbIMIAp, ONTKeHi, cebebi, Here
JIECEH, CHUSIKTBI KaJIFAYJIBIKTAD CHUIATTAJFaHBIMEH, O/ cHIaTTamMaJjap (QparMeHTap/ibl CHIIATTa
KoHe (POPMAJIIbl AHHOTAIUSIIBIK, CyJI0aMeH TOJBIKThIpbIIMaran.  CoHABIKTAH OI3IiH 3epTTey
JKYMBICBIMBI3 OCBHIHJail cebern-caaaapiblk, KOHCTPYKIUSIIAPIbl aHBIKTayfa OarbITTAIFaH KOPIIYC
KYPY/Aarbl aJIFAIIKbl TAJIBIHLIC OOJIBIT TAOBLIA bl KOHE 3€PTTEY/IIH ©3€KTLIIrH TAHBITAIbI.

Kazak Timinmeri ceben-caagapiblK, KOHCTPYKIUASJIAPAbI AHHOTAIAAIAY OArbIThl OOWBIHIIIA
AJIFAIKBI apHaiibl 3eprreyiaepain 6ipi perinme KazCausal xopmycbiHa apHaraH >KYMBIC €pPEKIITe
MaHbI3Fa He. ABTOpJjap Kasak TLIHIEr Kay3aIblK KOHCTPYKIUSIAPAbl KOJMEH aHHOTAIUSIIAY
Mocesiecit KapacToipbill, KazCausal cynbacbiHblH 6acTalkbl KaruIaJapbliH YCBIHBL. Dyi 3eprreyie
Ka3ak TigiHgeri cebenTik MapKepJep, cebelr xkoHe caanap (dpparMeHTTepi, COHgai-aK CHHTETUKAJIBIK,
AHAJINTUKA-CUHTETUKAJIBIK >K9HE aHAJIUTUKAJDLIK KYpPbLILIMIAD »Kyileneni. ArajraH *KYMBIC OCbI
MakaJiaja yChIHBLIBIT oThipran KazCausal cyimbackir opi Kapail KeHelTyre, KypPbLIbIMIBIK, THIITED
OOMBIHITIA CAHJIBIK TaJIay >kKacayra >koHe aHHoTamus canacblH F1 men Cohen’s k kepcerkirrrepi
apKBLIbI Oarajayra Heri3 OOJIIb.
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3. Marepunannap MeH djicTep

3.1. Kopryc KypbUIBIMBI 2K9HE JIePEKKO3IeD

yOIUIIACTUKAJIBIK,

3eprrey 6GapbICBIHIA KOPIYC KYPBLIBIMBIHA Ka3aK, TIIIHIErl FhIIBIMHA,
Byn

JKoHEe HOPMATHBTIK CHUIIATTAFBl MOTIHJAEpJeH ajblaraH 1250 KaysaJabl ceiljieM eHTi3iimi.
coitmeMmaep/is, OapibIFbl ceOen-caJdapiblK KATbIHACKA We TIImiK OipjaikTep periHme ipikTesmi.
COHIIBIKTaH 3epTTeyIe Kay3aJ/lIbl XKoHe Kay3aJIIbl eMeC COMIeM Iep/IiH apaKaTBIHACHI EMEC, Kay3aJ bl
coOMIeMIep/IiH, iIKi KYPBIIBIMIBIK, TUITEPi, MOPQOIOTUSIIBIK, KOPCETKIIITEP] KOHE CEMAHTUKAJIBIK,
KabaTTapbl TAJIIAHIH.

Kopryc 6ec momen Ooiibiaima KyifiesaeHmai:  Qpuaojorus, KyKbIK,
suarBucTuka. MyHnail kemnjoMeni ipikTey ceber-cajagap/iblK, KATBIHACTAP/IBIH 9PTYPJH FHLIBIMA
JKOHE KOFaMJIBIK, IUCKypCTap/ia Kajail KepiHeTiHiH ca/bICThIpyFa MyMKIHIIK Oepe/i

JiHTaHy, cascaT KoHe

KEecTE 2 — KopnycTars! Kay3ajaabl COMJIEeMAEPAiH JOMEHAEP >KoHe KYPbLIbIMABIK TUIITEP OOMbIHIIIA TAPAJLYbI

ANALYTICO
SYNTHETIC | SYNTHETIC | ANALYTIC
Jdomen CAUSE CAUSE CAUSE Bapasirsel | Yaeci
dunonorus 123 115 103 341 27,3%
Kyxkpik 91 97 82 270 21,6%
Jintamy 56 60 47 163 13,0%
Casicat 58 62 55 175 14,0%
JImaremcruka 103 91 107 301 24,1%
Bapabirbl 431 425 394 1250 100%

Kecre 2-ne xepcerinrenmeit, kopuyc kejemi 1250 kay3asiibl ceitieMHEH TypaJibl. EH KO Mblcas
dustosiorns »KoHe JUHIBUCTUKA, JTOMEHIEPiHeH aJbIHFaH, Oy aTaJFaH cajajapia TYCIHIipy, Herizey
JKoHe ceben-casIIapiblK OailIaHbICTapIbIH »KUi KOJAJAHBLIYBIMEH OaiaaHbICThl. KYKBIK JOMEHIiHIe
CAHKIIUSIIIBIK, YKOHE HOPMATHUBTIK CeOENTiIiK, cascaT MOTIHAEPIH/IE JJOTUKAJBIK HEri3/ey, aJj JiHTaHY
MOTIHJIEPIH/IE MOTUBAIUAJIBIK, YKOHE TYCIHIIPMEJIK KAThIHACTaAp YKUi Ke3J1ece/i.

3.2. KypbUIBIMIBIK TATITEDP OOMBIHINA XKIKTEY

KazCausal cynbaceinma 6apibik, Kay3asbl CORIeMIep VI HETri3ri KypPbUIbIM/IBIK, THIIKE OOJIHJI:
SYNTHETIC CAUSE, ANALYTICO SYNTHETIC CAUSE xome ANALYTIC CAUSE. Byn
KIKTey Kasdak, TiaiHmeri cebenTiiik MarbIHACBIHBIH, Oepiy »KOoJImapblH pOpMaJsIIbl TYPIe CAIATTAYTa
MYMKIHJIIK Oepesi.

Kecre 3-te 1250 kay3a/apl coilJieMHIH KYPBUIBIMJIBIK TUIITED OONBIHIIA 2KAJIIBI TAPAJIybl OepLIIIi.
HoTukenep cuHTeTHKAJBIK JKOHE AHAJUTUKA-CHUHTETHKAJBIK, KYPbLIBIMIAPIBIH yieci Oip-Oipine
JKAKBIH eKeHIH KepceTTi: coiikecinme 34,5% »kome 34,0%. Amamurukanbik Kypbuibivaap 31,5%-mbr
Kypaiiyiel. By kazak Tisinge ceber-casiiapiblK, KATbIHACTAPIbIH, TEK JepOec KajraysibIKTapMeH
eMec, MOPQOJIOTUSIIBIK YKOHe MOPQOCHHTAKCUCTIK TOCLIAED apKbLIbI mda OeficeHai OepiieTiHin
TR IeI 1.

Kecre 3 - Kopmycrarsr kay3aaasl coiieMaep/IiH KyPbUIBIMIBIK TAIITED OONBIHINA 2KAJIIIBI YIIeC

KypblabIMObIK THIT Cannbl | Yieci
SYNTHETIC CAUSE 431 34,5%
ANALYTICO SYNTHETIC CAUSE | 425 34,0%
ANALYTIC CAUSE 394 31,5%
Bapabirn: 1250 | 100%

Kecre 4-te kazak Timinjgeri Kays3ajabl KypPBUIBIMIAPIbIH HEri3ri THUOTEepi MeH MapkepJepi
kopceriireH.  CHHTETUKAJBIK, KYPBUIBIMIAPIA CEDENTIK MarblHa MOPQMOJIOTHSIIBIK KOCBIMIIIAIAD
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apKbUIbL  Oepijice, aHAJUTHKA-CUHTETUKAJIBIK KYPBLIBIMIAPIAa MOPQOJOTUSIIBIK, —TYIFa MEH
cenTeysiK /mblIay Tipkeceai. AHAJINTHKAJIBIK KypbUIbIMIAp/Ia ceber-caaiapiiblk KaTbiHac j1epoec
JKAJIFAYJIBIKTAD MEH JIEeKCUKAJIBIK MapKepsep apKpuibl Oepiseni.  Byin tunonorus KazCausal
AHHOTAITUSIBIK, CYI6aChIHIa cebern, caaaap KoHe MapKep KOMIIOHEHTTEPIH XKyitesi Typ/e benriieyre
MYMKIHIIK 6epesi.

Kecre 4 — Kayzanapl KypbLIBIMIAPIBIH HETi3T1 TUIITEPI MEH MapKepJepi

KypsouisiMasik, Tun | CunarraMmacst Heriari Mbican
MapkepJiep
SYNTHETIC
CebenTik -FaH/IBIKTAH, 2Kanbwip
CAUSE MarblHA CO3MiH | -TeHIiKTEeH, JKayFaHIbIKTAH,  2KOJ
MOP@OIOTUIBIK -aTBIHJBIKTAH, TaifraK OOJIIbI.
Kypambiaga Oepimeni -Maii/-meit
ANALYTICO
SYNTHETIC Mopdosorusibik, -FaH  COH, - | Epexeni 6y3rans! yiiin,
TYJIFa MEH | FaHHAH KeHiH, | CTyZeHTKe €CKepTy
CAUSE HIbLIaY / CenTeyrik -FaHbI YIIiH Gepinmi.
Tipkece/i
ANALYTIC
CebenTik KaTbiHac | cebebi, eiirkeni, | On cabakka KeaMesmi,
CAUSE nepbec rKaJFaysIbIKTap | COHIBIKTAH cebebi aybIPBIT KAJIIbI.
MeH JIEKCHUKAJIBIK,
MapKepJiep  apKbLIbI
Gepiseni

3.3. KazCausal annoranusiibiK, cy6achl xKoHe (GOpMaJIAbl MOJIEI

KazCausal annoTammsibik —cybackl Kasak —TLIiHIer ceben-cajgapiiblK — KYPbLIbIMIAPIbI
KeraeHreili Oipaik peringe cunarraiiasl.  Byn 3eprreyae cebenTiik OObEKTHUBTI JIyHUEIErd
cebern-cajagap 3aHBl PETIHIe eMec, MOTIHJEe aBTOp TapallblHaH KaJail OepiareHi TyprbIChIHAH
KapacThIpbLaaabl. COHABIKTAH aHHOTAIIMSAHBIH, HEri3ri MiHgeTi — ceittemieri Kail ¢pparmenT ceberr,
Kail pparMeHT cajgap €KeHiH »KoHe OJIAPbIH, apachlHAArbl OailJIaHbICTBI KaHIail TIIIIK MapKep
OpHATATHIHBIH OeJIrisey.

KazCausal cynbaceiaga opbip kaysasbl KypbLIbIM TOMEHJErl (OpMaIbl MOJEIb APKbLIbI
CHATIATTAJIA]IbI:

K = <C, E, M, ST, TF, G, SemT>,
myrzarel C - cebernr pparmenti, E - canmap ¢pparmenTi, M - kay3aaasik Mapkep, ST - KypbLIBIMIBIK,
tutrt, TF - HaKTBI MOPQOIOrUSIIBIK, HEMECe CHHTAKCUCTIK MOMeN b, G - 6acKapbLIYIIbLIbIK, CAIATHI,
SemT - cemaHTHKaJBIK imKi Tum. MyHIail dopMasmsalus aHHOTAIUSIIAHFAH JTepeKTep Il Keiinri
NLP momenbaepin oKpITyFa KapaMIbl KYPbUIBIMIAHFAH PECYPCKa aliHAJIIBIPAIbI.

Cyper Te KazCausal anHHOTAIIMSIBIK MOJE/IIHIH KOIJIEHIeiIl KyYpPBLLILIMBL KOPCETLIreH.
Monenbae MoTiH HeMmece ceiiieM OacTamkbl OIpPJiK peTiHIe aJibIHBIN, ceberl (parMeHTi, caamap
dparmMenTi, Kay3aJIblK, MapKep, KYPBLIBIMIBIK THUI, HAKTHl MOPQOJIOrusibiK, dhopMma KIHE
CEeMAHTUKAJIBIK, THUII KabaTTapbl apKbLIbl Oenrizenemi. MyHmalt KemkabaTThl KYpPbLIbBIM Ka3ak
Tijingeri cebern-cagapJiblK, KATHIHACTAPIBI KYHesi TypJie CUIATTayra »K9HE OJIapibl aBTOMATTHI
aHHOTAIUAIAY yAepicine Geltimeyre MyMKIiHIIK Oepesi.

Kecre 5-re KazCausal anHoranusiyiblK cy/ibachlHia KOIJAHBLIATHIH HEr3ri Kabarrap, oJiapibiH,
Oenrisiepi, cumarTamMagapbl »KoHe MbIcaaapbl Oepinren.  Byn kabarTap cebem meH casgap
dparMeHTTepiH, Kay3aaIblK MapKep/ii, KYyPbLIBIMILIK TUIITi, HAKTHI (POPMAHbI 2KOHE CEMaHTUKAJIBIK,
KATBhIHAC TYPIH KeKe-XKeke Oejrijieyre MyMKiHjiK Oepei. OcbLiaiina, aHHOTAIUS CYJI0achl Ka3ak,
TiMiHAer Kay3asabl KypPbLIBIMIAP/IbI (DOPMAJIIbI 2KoHE Oipi3mni Typje cunarrayra Heris 60/1a bl
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. MaTim [ cainem ]

[
[. CAUSE_CLAUSE J
[

) EFFECT CLAUSE J
b

& MARKER
1

{ . MODEL_GROUP + Tv_FORM ]

C |

CvyprPeET 1 — KazCausal kenmeHreiji aHHOTAIUSIJIBIK, MOJEJIi

Kecre 5 - KazCausal anrHoTanusiibIK KaOaTTapbIHLIH CATATTAMACHI

Kabar Beuari Cunarramacsl Msbican
Ceben CAUSE_ CLAUSE | Canpapra Heriz 6osarbiH okura, | F'suisivu MaKaJja
dparmenTi Kyil Hemece opeKeT Kipicnenen

GacTasiaTbIHABIKTAH

Cannap EFFECT CLAUSE| Cebenrten TybIHIAWTBIH HOTHXKE | 3epTTEy MaKCaTbl
dparmenTi MeH mingeTTepi
AN KbIHIaJ/ 13,/ IbI

Mapxkep MARKER Ceben-cayiiapJiblK, OalIaHbICTEI | 6ACTAIATHIHIBIKTAH
Oinaiperin KepceTKimnt

KypbuibIMIbIK, MODEL GROUP | Cunrerukasibik, ananuruka- | SYNTHETIC
U CUHTETUKAJIBIK, HeMmece
AHAJIMTUKAJIBIK, THII

HakTbr dopma Tv_FORM Mopdonorusiyibik, HeMmece | Tv=arbIHabIKTAH
CHHTAKCHCTIK YJITi

Cemanrukansik | SEM_TYPE Karpinac MarbiHacht DEPENDENCE
THUII

3.4. Koamen anHoTanusiay yiepici »xkone Label Studio KypaJiblH KoJgaHy

3eprTey OapBICHIHAA Ka3akK TLTIHIEr ceberm—caimap/iblK KYPbUIBIMIAPIEI XKYiteai Typae Oenritey
ymiin Label Studio mirardopmachl KommaHbuiabl. Byn Kypaa MoTiH imiHzeri ceben gpparMeHTiH,
cajmap pparMeHTiH KoHe Kay3aJIIblK, MapKepi »KeKe span periuge Oenrijeyre, compaii-ax opOip
MBICAJIFa KYPBLIBIMIBIK, KOHE CEMaHTUKAJIBIK, CAIIaTTaMa Oepyre MyMKIHIIK Gepeii. AHHOTAIUIIAY
Oipmiri periHIe KeKe €O3 FaHa eMec, COWJIeM iImHIeri MarbIHAJBIK (parMeHT AajablHIbI, cebebi
Kasak TigiHge cebenTik MarbiHa Kebine Oip JiekceMa apKbLIbI eMec, MOPMOIOTUSIBIK, KOHE
MOP(MOCHHTAKCUCTIK KellleH apKbLIbl Oepiies.

Label Studio opraceina KazCausal anHOoTamusiIbK, Cyiibachkl OipHele JieHreil OOMBIHINA iCKe
ACBIPBLIIBL. Bipinmi nmemretime ceitrem imimmeri cebenr Gesiri CAUSE CLAUSE, camgap
6eniri EFFECT CLAUSE, an ceben—cammap/bik, 6aftramsictel O6inmiperin kepcetkim MARKER
periage OGenrisenyi.  Exinmi geHreiize KoHcTpyKiusiHbiH, KypbutbiMABIK SYNTHETIC, ANA-
LYTICO_ SYNTHETIC nemece ANALYTIC tunrtepi ampikTasmgpl.  YIMHNON JeHreige HAKTHI
MOPGOTIOTUSIIIBIK, HeMece CHHTAKCUCTIK Mofenb, arau 1v__FORM ranganno. Teprinmi aenreiie
backapuLayiblIblk, cunaTbl MANAGED memece UNMANAGED rypinne Genrinenai. Becinmi
JieHreite cemanTuKaIbIK, imki T agbikTaas: DEPENDENCE, EMOTIVE REACTION, SANC-
TION, JUSTIFICATION :kone 6acka J1a MarblHAJBIK KATBIHACTAP.

AmnHOTanus yuepici 6ipHere Ke3eHHEH TYP/bl. AJIBIMEH KOPILYC MOTIHJEPI ajblH ajia OHJIEJII,
coeitmemuepre Oeminmi. Keilin cebenTik Mmapkepsepi G6ap Hemece cebeln—cayIapJiblK MafbIHACHI
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KOHTEKCT apKbLIbl OaifikataTelH cofiaeMaep ipikTesai. YIIHII Ke3eHae aHHOTATOPJIap op coitaeMimeri
cebern hparMenTin, casgap dparMenTi xxoue Mmapkep i 6esrisiesi. Topriniii ke3eH e opbip coityieMre
KYPBUIBIMIBIK, MOJIE/Ib YKOHE CEMAHTUKAJIBIK, TUII TaraibiHgarabl. COHPBI Ke3eH e Jay/Ibl MbICAIIap
KaiiTa KapaJiblll, aHHOTAIMS eperkeiepl Herizinae 6ipi3aeHmipiimi.

Mpricasnl, «PvpuipiMu Makasa KipicriegeH OacTaaaTbIHIBIKTAH, 3epTTey MAaKCATbl MEH MiHIeTTepi
afiKbIHIaIaI6I> JeTeH coitieMmiae «P'bLIbiMu Makasa KipicregeH OacTaJaThIHABIKTaH» (parMenTi
ceber GeoJriri periHe, «3epTTEy MAaKCAThHl MEH MIHAETTEepPi allKbIH A aIbl» (pparMenTi caymap 6eJiri
perinme, aa «bacTaIaTbIHIBIKTAH» TY/IFAChl Kay3aJIbIK MapKep peTinae 6esrigeneai. KypbLIbIMabIk
tumi — SYNTHETIC, nakTbr Tysracel — Tv=arblHIBIKTaH, 6acKapbLIyIIbLILIK, curnarbl — UNMAN-
AGED, cemanrukannik, imki Tuni — DEPENDENCE perinjge anbiKTaJaibl.

Ocprnaiima Label Studio Herizimmeri aHHOTaIMsiIay TOCLII Ka3ak TITiHIEr cebern—caliIapJblK,
KYPBLUIBIMIAPABI TEK XKAJIbl CeOENTiK KAThIHAC PETIiHIe eMeC, KOIIEeHIelai KyYPBLIbIMIBIK-
CEeMaHTHUKAJIBIK, OipJiiK peTiHie cunartayra MyMKiHgiK Oepai. KazCausal cynbaceiabie Label Studio
m1aTOPMaCBIHIA iCKe aChIPBLIY Y/ITICI CypeT 2-11e KOpCeTiIreH.

Tin eTe KypAEni 8pi «Kecin TYCeTit» Macene GONFaHABIKTAH, MACENEH] LeLy OMbi MEH biFailsl CaKTHIKKA Kypbinazs

CAUSE.CLAUSE 1 | EFFECT.CLAUSE 2 | MARKER 3

MODEL_GROUP (KOHGCTRYKUMA ThNi)

[ SYNTHETICH!  ANALYTICO_SYNTHETIC!S! | ANALYTIC!

Tv_FORM (HaKTbI Moaen/6: i ay )

Group |

TV=FaHABIKTAH, TeHiKTeH, KHIBIKTaH, KeHaicTer™ | Tv=alblHbiTaH, THAIKTEH, ITiHAiKTeH, ATBHAbINTaR, MTIHAIKTEH®! | Tv=rans=//=Ha, ren=//=He, KaH=//=Ha, Ken=//=He'® | Tv=aTomi/na, eTi/He, iTin/ /e, WTbin// va, WTin//1e®!

Tv=ran/[Har, rex//nen, Kan/[Har, ken//HeH || Tv=n,e,ii*  Tv=waii, mefi, Gai, Geii, neii*

Group I

Ty=FaH COH, T8H COH, KaH COH, KeH COHE) | | T=FaHHaN KCHiH, TeHHEH KeFi, KaHHaH KE/it, KeHeH Keliilsl || Tu=Fanbi yLLi, FeHi VL, KeHi YLk, KaHul Like!

Group Il
[(N1) Tv =fin] eiimkesi [(N1) Vfin] <! [(N1) Tv =fin] ceBebi [(N1) Vfin.]¥ [(N1) Tv =fin] congeran [(N1) VfinJis! [(N1) Tv =fin] con ceBenti [(N1) Vin]'= [(N1) Tv =fin] con ywix [(N1) Vfin]=!

[(N1) Tv =fin] were gecer, Here gecexis [(N1) Viin]l<

GOVERNANCE (BackapbUibIWThIK)

UNMANAGED!  MANAGED®!

SEM_TYPE (CemaHTHKanbIK ki Tin)

¥ DEPENDENCEY!  EMOTIVE_REACTION!  SANCTION=! | JUSTIFICATION®!

CypPET 2 — Label Studio opraceinma KazCausal cynbacel GoiibiHIIA ceben—CaigapJblK, KyYPblIbIMObI
KOI/IeHreijli aHHoTanusijay yJirici

Cyper 2-1e kepceTinreneii, 6ip ceitaem biprere genreit 6oitprama 6enrineneni: CAUSE  CLAUSE,
EFFECT CLAUSE, MARKER, MODEL GROUP, Tv_FORM, GOVERNANCE xomne
SEM TYPE. Bbyn KazCausal cxemacbiHblH Kazak TimiHzeri cebenTik KypbUIBIMIAPIABI TEK
JIEKCUKAJBIK JIeHreiine emec, MOP(MOJIOTHUSIIBIK, CHHTAKCHUCTIK »KOHE CeMAaHTHKAJIBIK JeHreilmepe
KaTap CUMaTTANTHIHBIH KOPCETEI.

3.5. Annoranus canacblH OaraJiay

AHnHoTanust camachlH Oarajiay VIIH €Ki TypJi eJIIeM KOJIAHBLIIHL. Bipimrmici -
Kay3aJIblK, MapKepjep MeH cebern-caamap (GparMeHTTepiH aHBIKTay CallachlH OarajailTeiH Fl
KOPCETKIII, eKIHIICI - aHHOTATOpJIAp apachlHJarbl KeJticiM JeHreitin anbikTaidTeiH Cohen’s Kappa
KO3 pUImenTi.

Precision = L
TP+ FP’
TP
Recall = TPLFN
P - 2 x (Precision x Recall)
Precision + Recall
_ Po B Pe
"R
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KA3AK TIVIIHAEI'I CHHTETUKAJIBIK 2KOHE AHAJINTUKAJIBIK CEBEIITIK KYPBIJIBIM/TAP

myHgarsl TP - mypbic Genrisienren Kays3asnbik OipJikrep canbl, FP - kare Gesnrinenren 6ipJikrep
caubl, FIN - besrisienbeli Kaaran Kay3aJsblK OipJjikTep caHbl. P, - aHHOTATOPJIAD APACHIHJIAFBI
HaKTbl COMKECTIK yieci, an P, - Ke3/IelfiCOK COMKEeCTiK BIKTUMAJIIBIFHI.

3eprrey HOTHXKeciHIEe cebenTik MapkepJsepii Oemrisiey Ootibiaima F1=0.81, an cebenrimik
KATBIHACTAPBIHBIH TUIITEPiH anbiKTay Ooitbiaiia k=0.72 moui anbiaasl. byt kepcerkimrep KazCausal
CyJIOACHIHBIH, aHHOTAITUSIIAY Ke3iHe *KeTKIIIKTI geHrefiae 6ipisii KOJIJAHBLIFAHBIH KOPCETE .

1) 2] L] 4]

MaTinpepai — 1250 kaysanmm —_— Label Studio —_— LT TR T TN — F1 mase
HHHAY coRnewni ipikTey EHHOTALMACKH THNTI AiKTey Gohukisa Baranay

CvypPET 3 — KazCausal kopnycbhlH Kypy >K9He aHHOTalusJjay yzaepici

Cyper 3-Te KOpIIyC KYpYV/BIH Herisri KeseHIepi OepijireH: MOTIHIEPl KUHAY, Kay3aJji/bl
ceiyteMiep/i ipikrey, Label Studio apKbLabl KOJIMEH aHHOTAIUSIIAY, KYPBLIBIMIBIK, TUIITEP/I] KIKTEY
JKoHe camaHbl Oarajay. Byn kymbic mporeci kKopryc gepekTepin keitinri NLP monennaepine
Oeftimaeyre MyMKiHIIK Oepesi.

ArajFaH 3epTTEY KYMBICBIHIA Ka3aK, TITiHIEr ceber-cagapiiblK, KYPbUIBIMIAPIbIH, VI Herisri
Typi aiikbragaaI6. OJap:

- CHHTETUKAJIBIK,

- aHAJIMTUKAJIBIK-CUHTETUKAJIBIK,

- aHAJINTUKAJIBIK,.

MyH1arbl CHHTETHKAJIBIK, KYPBLIBIMIAP/IBIH, MarbIHACHL cebell MarbIHACKIH Oiaiperin adpdurcrep
apkbLIbl Oepinemi.  MocesieH, -raHABIKTAH, -Maii, -FaHbl VIIH >kKoHe T.6.  AHaJIUTHKAJIBIK-

CUHTETHUKAJIBIK, KYPBLIBIMIAD MAFBIHACHI — CHHTETUKAJIBIK, XKOHE AHAJIUTUKAJIBIK, TOCIIAEPIiH, yiliecyi
apKbUIbl Oepisemi. MyHzma -FaH COH, -faHHaAH KeiliH KoHe T.6. adduKcrep KOIJAHBLIAIBL.
AHaJMTUKAJIBIK KYPBUIBIMJIAD MAFBIHACH — YKAJIFAYJIBIKTAD APKbLIbI YKACAJFAH KYPBLIBIMIAD OOJIBIIT
TabbLIaIbI, OJIap OiTKeHi, cebebi, Here JieceH »KoHe T.6. TypiHIe Ke3meces.

CoHbIMeH KaTap, CEMAHTUKAJIBIK, KATBIHACTAP/IBIH, KeJIeCiIeriieil ChIHbIITaphl OeJIriieHe I

- hasCause (cebemn 6ap),

- hasConsequence (camgap 6ap),
hasSanction (caHkIuAIbIK ceber),
isEmotionally Triggered By (smorusiiblk peaxiiusira urepmesieiisi),
isAmbiguousCause (kem marsiHaibl ceber),
isNegativeCause (repic cebemn),
isPositiveCause (om cebern),
performedBy (opbiamaymsicsr),
experiencedBy (roxxipubesieymii cyobekT) koHe T.0.

Mpeicasbl:  Bym KomgacThlK, Kesjecy OOJFaHIbIKTaH, KOCAJIKbl KypPaMJArbl OWBIHIIBLIAP/IBI
TeKcepill allyFa XKakehl MyMKiHik 6oyl [15]. MyHgarsr,

ceberr: By »Ko/iacThIK Ke3/1ecy OOJIFaHIbIKTAH.

caJIIap: KOCAJIKbI KYPaMIarbl OMBIHIITBLIAP/IBI TEKCEPII aayFa KaKChl MYMKIHIK OOJIIbI.

MapKep: OOJIFaHIBIKTAH.

Ocobunaiinra, opbip MbICaJ KYPBUIBIMJIBIK MOJIEJIb MEH CEeMaHTHUKAJIBIK OeJrijiep TYpPFbICBIHAH
TaHOaJIaHa bl. By Toci asibiHFaH KOPIIyCKA 9pi JIMHTBUCTHKAJLIK Tajmgay, opi NLP momenbaepin
OKBITY YIIIH THaiifaJlaHnyFa TOMEHIerineil MyMKIiHIiKTepIi 6epemi:

1.kazak Timingeri ceben-camapiblk KoHerpykiustiap (CCK) ymrH aHHOTAIMSIIBIK CXeMaHbI
€HTi3e/1i;

2. 10-man acTtaMm KypbLIbIM TYPIH XKyiieseii];

3. IpaMMATHUKAJIBIK, (DOpMa MEH CeMaHTUKAJIBIK (DYHKIUsT apACBIHIAFbl OAlIaHBICTHI KYe e ;

4. xazax TiaiHIer cebenTiIiK OHTOJIOTUSICHIH KYPyFa apHAJFAH YKAJIIIbl Oa3aHbI KAJBIITACTBIPAIH.

By 3eprrey Kazax TijmiHgeri ceben-casiapiblk OallaHbICTapIbl AHBIKTayFa HEri3Je/IreH carasbl
JINHIBUCTUKAJIBIK PECYPCTHI KACAY IKOJBIHJAFBI aJFAIlIKBl KajaM OOJbIT TabbLIiaabl.  Arajran
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3epTTey TEOPHUSIILIK >KoHEe KOJIaHOA bl MakcarTapra KeTyre OarbITTajraH »KoHe OoJiallakTa
dopMaIbl CEMAHTUKAJIBIK, TAJIIay, MaIlUHAJILIK, OKBITY, aBTOMATTHI AHHOTAIMSA, OHTOJIOTUSA KYpY
2KOHE MHTEJIJIEKTYAJJIbl MOTIH OHJIEY CUAKTBI 3ePTTEY CaJaapblH/Ia KeHIHEH KOJIJIAHBLIA aJ1ajlbl.

?Korapbima aranm eTKeHJEH, AarblIIIbH, (PAHIY3 CHSIKTBI KEH KOJIAHBICTArbl TiAAEp VIIiH
Tiameri 6erii 6ip KOHCTPYKIMsJIapAbl aHBIKTayTa OAarbITTAIraH aHHOTAIUSIJIAHFaH Oail pecypcrap
JKacaJIFaHbIH OaflKaiiMbI3, ajaiiga Ka3ipri Ka3ak, TiIi OCbl OaFbITTa alTapJIBIKTal apTTa KaJbIl OTHIP.
Conjiait TepeH, THAHAKTHI 3€PTTEY/l KAYKET eTeTiH FhLIBIMU 3ePTTey HbICAHIAPBIHBIH, Oipi — Kazipri
Kasak Tijginmeri cebemn-caimap bk OafijlaHbICTApAbl aHLIKTAy JKoHE aTaJFaH KOHCTPYKIIUAIAPIBI
apHoTanmsAay. Kaszipri Kazak Timiageri 6y KOHCTPYKIMSA FHLILIMUA 9jebuerTepiie, KaHaJbIKTap
MOTIHAEPIHIE YKOHE TyOJIUIMCTUKAJIBIK, CUIIATTaFbl PecypeTap/ia KeHiHeH KoJaanbuiaabl. Ockl ceberr-
CaJIIaPJILIKTH OLIAIipeTiH MOP(MOIOTHANIBIK MapKepjaep - FAHIBIKTAH, -Mail, -YIMH >KYPHAKTAPHI,
-HaH KeHiH, -COH CHAKTBI ITOCTIIO3UIUSIBIK KYPBLIbLIMIAD, OWTKeHi, cebebi, Here MeceH, CUSKTBI
JKAJIFayJIbIKTApDMEH CHUIATTAJFaHbIMEH, Oyl cumartamasiap (parMeHTapjbl CUIATTa FaHa KOHE
dbopMaIbl AaHHOTAIUSIIIBIK, CYJI0AMEH TOJBIKTHIPBLIMAFaHBI AHBIKTAJIIbI.

Ocbl  OJIKBUIBIKTHIH, OPHBIH TOJITBIPY MaKCaTbIHIa OI3aiH Oy 3eprTey i3jeHiciMis Kasipri
Ka3ak TijiHzeri cebern—caaapblk, KOHCTPYKIUSAIAPIbI Ky Hesi Type aHHOTAIIUSIAY/IbIH aJIFAITKbI
TaJIIBIHBICHIH YCBIHABI. [3/eHymiep i apHaiibl o3ipseren KazCausal aHHOTAIUSIIBIK, CY/I0aChI
MBIHaJaH KypaMagac OeTiKTepaeH TypPaIbl:

- dopmaibik  Kiaccudukaims (CHHTETHKABIK,
KOHCTDYKIUSLIIAP ) ;

- cemantukasbk KarbiHacrap (hasCause, hasConsequence, hasSanction, isEmotionallyTrig-
geredBy, isAmbiguousCause xone 1.6.);

- cebell TypJIepiHiH TUITOJIOTUSCHL: KAJIIBI ce0ell, CAHKIUSIIANTRIH cebell, SMOIUSIbIK ceberr, Tepic
ceberr, baramastbr ceber.

Ocnburaiinia, KazCausal asram per mosutubTi ceben (apKacbiHia), GajaMasbl MOTHBAIMS (-
FaHJbIKTAH 6a) YKoHEe Kapchl KOWbLIFaH ceber (KapamacraH) CHUSIKTbI KaTeropusijiap/bl eHrizes.
Byn kareropusiiap kKasak TUTIHIH ITparMaTHUKAJIbIK »KOHE PUTOPHUKAJIBIK €PEKINEeTiKTepiH ecKepyre
MYMKIHIIK 6epes.

Kamner, KazCausal aHHOTAIIUSIIBIK, CY/I0AChl XAJIBIKAPAJBLIK, ToXKIipubeHi MOpPQOIOTHSIBIK,
TYPrBIIaH Oaif »KoHe AarrIIOTHHATHBTI TLI »KarmaiibiHa OeffiMgen KaHa KoiiMail, OHBI KaHa
YFBIMJIAPMEH  TOJIBIKTHIPAJIHI. Byn pecypc JMHrBHCTHKAJBIK 3epTTEyJaep VIIH KOJIAHOAJIBI
MIHAETTEpIl MIeIyai aJifa KOsSAbl. Dyl MiHZeTTepre aBTOMATTBI MOTIHIIK TaJaay, cebernTik
OalltaHbICTapPAbl AHBIKTAY, OHTOJIOTUsIIap Kypy koHe NLP momenbaepin OKBITY VINIH e MaHbI3IbI
KypaJl TaraifibIHiay Mocesesepi »KaTa/Ibl.

SepTTey OApBICHIHAA KAPACTLIPBLITAH TYPJI TiAmeperi ceber-caigap/iblK, KOHCTPYKITATaPIbIH
AHHOTAIMAIBIK, CYI0aMaphIHBIH —apachlHaa OipiraMa afbIpMAIIbLIBIKTAD MEH epeKIIeTiKTep
Ke3mecesni. bi3 3eprTey HbICaHbIHA AJBIHFAH aTaJraH aHHOTAIIUSIBIK, CY/I0AIap/Ibl ©3apa CaabICThIPa
OTBIPBII, epeKIIeTiKTepin anbIKTaIbIK (Kecre 6 Kapampr3)

aHaJIUTUKa-CUHTETUKAJIBIK, aHaJUTUKAJIBIK

Kecre — 6. Oprypai Timgepaeri ceben—caiapiiblk, KOHCTPYKITUSIAPBIH aHHOTAIUSIIIBIK,
cyI0aIaPBIHBIH, CAJIBICTBIPMAJIBL TAJIIAY b

Ne | Cunnarramacer | PDTB FrameNet BECauSE 2.0 KazCausal

1 | Herisri Tocini JMCKypCTHIK, CemanTukanblk, | KoHcTpyKiusiiap Koucrpykuusitap
GaitmanbicTapAbly | dpeiiMmaep MEH MarbIHAJIap MeH MarbIHAJIAD
3JIEMEHTTEPI

2 | Herisri 6arbiThl AHuBIK koHe aHbIK | JIekcuko- CebenTik Kazak TigiHgeri
eMeC IUCKYPCTBIK, | CEMAHTUKAJIBIK, | KOHCTPYKIIUSIAD ceben-caliIapJibK,
KaTBIHACTAP clrieHapuitiep KOHCTPYKIUsLJIaP

3 | Aunoranus typi | Ceitnemuep JlekcuKaJIbIK Moringeri CHUHTETUKAJBIK,
apachIHIAFbI GipJlikTep/ai KOHCTPYKIUAIAP/IbI | }KOHE AHAJIUTUKAJIBIK,
OailIaHbICThI aHHOTAIUSIAY OeJirisiey KOHCTPYKIUAIaP/IbI
Gesirisiey Genrisey
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4 | Ken %5 Kok 1% E) %)
MAaFbIHAJIBIKTHI
KOJIJTaHy
5 | Konmanbutarein | JAUCKYPCTBIK, Ericrikrep, 3aT | Bapubik Tk | Mopdosorus,
KOHCTPYKIUSIJIAD | MapKepJjep ecimzep JKoHE | KypaJsjgap TIOCTIIO3UIIHSIAP,
T.6. 2KAJIFAYJIBIKTap,
CUHTAKCHUC
6 | Kocbimia Tapr, kapcso! | Explanation, VYakpIT, Canknus,
CEMaHTUKAJIBIK, KOIO, HOTHXKE Purpose  :xoHe | Koppessnus, SMOIUATBIK,  ceberr,
KATBIHACTAD T.6. CaJIBICTBIPY aJIbTePHATUBAJIBIK,

MO/IAJIb IBLIIBIK,

7 | Tingepi Arpumbia Kenrinai  (EN, | Arputmbm Kazax
FR, DE)
8 | Popmasuzanys Oprama, 2Korapsr, 2Korapsr, 2Korapsr,
JeHreiii OaitaHbICTBIPFIL] hpeiimep KaTbIHACTaP KOHCTPYKIIUS
3JIEMEHTTED MeH peJIiep TYpJiepi MeH

CeMaHTUKacChl 0eJieK
6enrieneai

9 | Armmorunatusti | 2Koxk Twrinapa, Kok o
Tisepi KoJiany JIOKAJIN3aIUs
aPKbLIbL
10 | DMoIUAIBIK, 2Kox Kok Tmrinapa wuo %)
ceben
KaTeropusiChIHBIH,
6oJLybI
11 | OHTOSIOTHANBIK, Iminapa Mo, dpeitmaik | 2Koxk OWL/RDF apkpuibt
coliKecTiK OHTOJIOTUSIMEH JKocIapJianyia
Oaitanbic
12 | KopnycTbiy Mo, PDTB 3.0 Mo 46 o, KOJIMEH
6oJLybI aHHOTAIUSIJIAHFAH

CUHTETHUKAJIbIK 2KoHe
AHaJIUTUKAJIBIK

dopmasap

ZKorapbrmarsr Kecte 6-ra coiikec, KbICKAPTBHIIFAH aTayIapIblH TOMEHIETiaell kopceTkimTepi 6ap.
Ourap:

- PDTB — muckypcThIK MapKepJiepre Heri3e/nreH KIaCcCHKAJIbIK, AHHOTAIIUSIBIK, CysI0a.

- FrameNet — cebenrriikTi ceManTUKAJIBIK, (bpeiiMIep apKbLIbl CUMATTAYIIBI CYJI0A.

- BECauSE 2.0 — ceMaHTHKAJIBIK, XKoHE KYPbLILIMIBIK KABLILICTAPILI OEJINIEHTIH 03bIK, Cyiba.

- KazCausal — kaszak TijiHiH MOP(MOJIOrASIbIK, >K9HE CUHTAKCUCTIK €peKIIeJIKTEPIH eCKepeTiH
aJIFAIIKb AaHHOTAIUSIJIBIK, CY/10A.

PDTB, FrameNet, BECauSE 2.0 cyibanapeinan KazCausal-neiH 6acTbl  epekimerikrepi
peTriHe KOJIMEH AHHOTAIMSIAHFAH CHUHTETUKAJIBIK YKOHE AHAJUTHKAJIBIK (hopMajIap/IbiH, OO0JIybIH,
arrJIIOTUHATUBTI Tiep/i KoJiIail aJlaThbIHIBIFBIH, CAHKIINS, SMOIMSILIK, ce0el, aJbTePHATUBTIIIK,
MOJIAJIIIBIIBIK, CUSIKTBI KOCBIMINA CEMAaHTUKAJIBIK KATBIHACTBI OLIipe OTBIPBII, CeOer-CalIap bk,
KOHCTPYKIMSIAPIbl AHHOTAIMSIIAyFa MYMKIH/IIK OepeTiHiriH aTayra 60J1a/Ibl.

Hemek, KazCausal — cebenriikTi GiipeTin MOPpMOJIOTHSIIBIK, KYPhLIBIMIAD MEH CHHTAKCUCTIK
KOHCTPYKIUSIAP/IBIH, €PEKINETiKTePiH eCKepe OThIPHII, KA3aK, TiJIiHe apHalibl OefiMIeITeH aJIFallKbl
AHHOTAITUSLIBIK, CY/10a OOJIBIT TabbLIa bl ATasran cyJIbaHbI €37 e TYPKi TLIIec, MOPMOTOTUSIIBIK
JKOHE CHHTAKCHCTIK €epeKIesikTepl ykcac OOJIbI KeJeTiH Tuiiep/i kobasay VINiH Jie KOJJIaHyra
6O0JIAIBI JIETT eCcerTelMis.

4. Hormxesep KoHe TaJKbLIAY

3eprrey HoTHXKEIEpl Kasak ~TimiHzgeri ceben-casgapiiblK,  KATbIHACTAPABLIH, TeK jepbec
JKaJrayJbIKTap apKbLIbl FaHa eMec, MOPMOJIOrusaIbK, QopMaaap, aHAJIUTHKA-CHHTETHKAJIBIK,
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KYPBLIBIMJAD JKOHE KOHTEKCTIK CEMaHTUKAJBIK OeJirijiep apKbUIbl jia  OepijeTiHin KepceTTi.
Kopnycreix  Tammgay OGapbIChbIiHIa Kay3a/Ibl KYpPbUIBIMIAD VII HErisri KYPBUIBIMIBIK — THII
boiibiama  kyitesenni:  SYNTHETIC CAUSE, ANALYTICO SYNTHETIC CAUSE :xoue
ANALYTIC CAUSE. Byn xikTey Kazak TigiHAeri ceGenTimK KaTeropusiCHIHBIH, KOTKAOATTHI
TabOUFATHLIH alllyFa MYMKIHIIK Oepi.

AutblaraH HOTHzKesep OOMBIHINA CHUHTETHKAJIBIK KOHE aHAJUTHKA-CUHTETUKAJIBIK, KYPbLIBIMIAD
Ka3akK TUNHIEr Kay3aJablK KaTbIHACTAPbl OLIIIpy/le MaHbI3Ibl OPBIH ajajibl. Dy Ka3ak TiTiHIH
arTJIIOTUHATUBTI KYPBLIBIMBIMEH TiKeselr OaitanbicThl. (CebenTik MarblHa KOIl Karmaiiga rKeke
JKaJIFayIbIK apKBLIbl €MeC, €TICTIK HerisiHe KaJraHaThIH KOCBIMINA, YKYPHAKTAp HEMece eciMIIre
MEH IIbLIayIapablH TipKecyl apkbLibl Oepiemi. CoOHABIKTAH Ka3akK TITHIAET ceberr-caiIapblkK,
KaTBIHACTAP/IBI ABTOMATTHI TYPJe aHBIKTAay VIITIiH TeK JEKCUKAJBIK MapKepJiepre cyiieHy *KeTKITIKCi3.
Mopdoa0TUSIIBIK, KOPCETKIITEP ], CAHTAKCUCTIK MTO3UIINSHBI YKOHE CEMAaHTUKAJBIK KOHTEKCTI KaTap
€CKepeTiH KOIJeHI'eilJIl MOJIe/Ib KaXKeT.

4.1. MopdoorusiibIK, 2KoHe aHATUTUKA-CHHTETUKAJIBIK, KYPBLIBIMIAPIBIH ePEeKIIe T iri

SepTTey HoTHXKEIEpl Ka3ak, TLIiHAe ceOenTiK MarblHAHBLIH Aepbec »KaJrayIblKTap apKbLIbl FaHa
eMec, Co3IiH MOPQOIOTUAILIK, KypaMblHa KipiKKeH QopMajap apKbLIbl Ja OeslceHmi OepiieriHix
KOPCETTi.

SYNTHETIC CAUSE Tob6blHa KaTaThlH -FAHIBIKTAH, -TEHIKTEH, -aTbIHBIKTAH, -Maii/-Meil
Tyaraapbl cebenTimikT Tikeseil MopdoorusIbIK, JeHreiige 6iagipeai. Byn dopmagapmia KuMbLI,
mraK, OOJIBIMCBI3ABIK JKoHEe ceOenTIK MarbiHa 6ip TLIMIK 6ipJik immiHge KabaTTaca b.

ANALYTICO_ SYNTHETIC CAUSE T0o6bl Kazak TigiHgeri ceOGenTiMiKTIH apasblK, sSrHd
MOP]OJIOTHSIBIK YKOHE CHHTAKCHUCTIK TOCiImepdin OipiKKeH TYypiH KepceTemi. -faH COH, -FaHHAH
KeiiH, -FaHbl YIMH CUAKTHI KYPBUIBIMIAD KOOiHE YAKBITTBIK, PETTLIIK, CAHKIIUS HEMeCe MaKCATTHIK
peHkIleH Karap Kypeai. COHIBIKTAH OJIapibl TEK YaKBITTHIK HEMECe TeK CeOElTiK MapKep peTiHe
KapacThIPy KETKIJIKCI3.

ANALYTIC CAUSE Ttobbima cebebi, eofiTKeHi, COHIBIKTAH, Here JeceH CHAKTHI aepbec
JKAJIFAYJIBIKTAD MEH JIEKCHKAJIBIK MapKepJjep »KaTalbl. Byl KypbLIBIMAAD XaJbIKAPAJIBIK,
JUCKYPCTBIK aHHOTAIUS CY/I0aJlapblHa KAKbIHBIPAK, OOIFaHbIMEH, Ka3ak TijgiHjaeri ceOenTuTKTIH
Tek Oip Gesirin rana KaMTHIbl. KoplycTa aHAIUTUKAJIBIK KypPbLIbIMIApAbH yiaeci 31,5% 6oy
Ka3ak TLTHIer! Kay3aJIblK, KaThIHACTAPILIH 6achbiM 066.1iri MOpMOIOrUsIBIK HEMECe apajiac TOCIIIeD
apKBLIbI OepieTiHiH KopceTe/Ii.

Ochbl HOTHXKEJIED KAa3aK TiIIHJErl cebenTiiiK KaTeropusiChIHbIH, TUIIOJIOTUSIIBIK, TYPFBIIAH Kyp/aesi
eKeHIH JpJiesiieiiai. AFbUIINIBIH HeMece DaCKa aHAIUTHKAJBIK Tiagepie cebel-caiaapiiblK OailIaHbIiC
KebiHe nepbec KaarayIbIKTap MEH IMCKYPCTHIK MapKepJep apKbLIbl Oepinice, Kazak TijgiHge Oy
MarblHa CO3/I1H MOPQOJIOTUSLIbIK, KYPpaMbIH/Ia, €CIMIINEe Ty/ralapblHa »KoHe IIbLIaY/Ibl TipKecTep/ie
kepinic Tabasbl. Congbikran KazCausal cynbachr cebenn hparmenTi, caigap parMeHTiH KoHE
MapKepi FaHa eMec, HaKThl MOPQOJIOIUsIIbIK (hOPMaHbI Ja YKeKe KabaT peTiHe Oesriaeyii yCbIHaIb.

4.2. KabarTackaH CeMaHTHUKAJIBIK KATHIHACTAP

Kazak Timirzeri keitbip cebenTik KypbUIbIMIap Oip Mesriame OipHelre MafblHA Oepe aJiajibl.
Mpbicasibl, -FaH COH, KoHE -FaHHAH KefliH Ty/rajapbl Keiijle yaKbITTBIK PeTTiTKTi, Keiige cebenTik
TOYeJIIIIKTI, aj Keiibip KOHTEKCTe yakbIT-ceben KabarTacyblH Oiipe/i. -FaHBI VIIMIH TYJIFACHI
cebenTiK KAThIHACIIEH KATap CAHKIUSIIBIK PEHKTI Jjie Kepcere anajbl. Ochiran OaiiyianbicTel Kaz-
Causal cysbace! bGipHellle ceMaHTUKAJIBIK, Oe/IriHI KaTap KOIora MyMKIHIIK Gepei.

Kecre 7-me Kazax Timiazgeri KabaTTacKaH CEMAaHTHUKAJIBIK KATbIHACTAPJBIH, HErisri TypJiepi
kepceriired. Kecrege cebern-cannapiibik MarbiHaMer katap xyperin DEPENDENCE, SANCTION,
EMOTIVE REACTION, JUSTIFICATION :xone TEMPORAL CAUSE cusakTbl ceMaHTUKATBIK
THOTEp Oepifin, oJap/blH CHUIIATTAMacChl, MapKepJik QopMaaapbl K9oHE HAKTHI MBICAJI AP
VYCHIHBLIFaH. DBy »KikTey Kasak TigiHzgeri cebenTiliK KaTbIHACTAPBIHBIH, TeK Oip MarblHAMEH
[IeKTeJIMel, KOHTEKCTKE OallJIaHbICThl CAHKIUSJIBIK, 3MOIMSIIbIK, Herisjiey KoHe YyaKbITTHIK
MarbIHAJIapPMEH KabaTTaca ajlaThbIHBIH KOPCETEI].
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Kabarrackan ceMaHTHUKAJIBIK KATHIHACTAP/IbI YKeKe OeJrijiey aHHOTAIMS CAITAChIH APTTHIPAJIBL.
Cebebi 6ip rana MapKep opTYpJii KOHTEKCTE 9PTYPJI KbI3MET aTKapybl MyMKiH. MbIcasbl, -FaH COH,
TYJIFachl Oip ceiiyieM ie yaKbITTHIK, PeTTUIKTI Oliaipce, eKiHImi coifemM e carapabiy maiiaa 601y bHa
cebernt 6OJIFaH AJJIBIHFBI OPEKEeTTI KopceTei. MyHail karnaiiaapia MapKep/IiH, ChIPTKbI (POPMACHIHA
FaHa CyleHy »KEeTKIJIKCI3, OHBIH, COUIeM iMmHIeri ceMaHTUKAJBIK, KbI3METIH JIe aHBIKTAY KarKeT.

Kecre 7 - KabarTtackaH ceMaHTUKAJIBIK, KATBIHACTAPIBIH HETI3r Typiepi

CeMaHTUKAJIBIK, TUIL Cunarramacst Mapkep/dopma Mpeican

DEPENDENCE Bip OKHFa eKiHmi | -FaHIBIKTaH, cebebi KyH cybik GosraHIbIKTaH,
OKUFaHbIH, TikeJei GaJstasiap CBIPTKA
cebebi Gosta bl IIBIKIATHI.

SANCTION OpekeTr CAHKIWUSIJIBIK, | -FAHBI VIIIIH ToprinTi 6y3ranbl  yIIiH,
HeMece HOPMATHUBTIK AMBINITYJI CAJIBIHJIBI.

caJsijapra oKeJe/ i

EMOTIVE REACTION | Ceben SMOLMSIJIBIK, | -FAHBIHA, -T€HIHEe 2Kemnicke JKETKeHiHe
PEaKIUSHBI TYILIPAIBI KYaHJIbI.

JUSTIFICATION ITikipaiy Hemece | cebebi, oiiTkeHi Byn omic Twmimzai, cebebi
MIENNMHIH ~ HerisgeMeci HOTHKE HAKThl KOPiHE/I.
Oepistemi

TEMPORAL CAUSE VakbITTBIK JKoHE | -FaH COH, -raHHaH | 2KyMbIC asiKTaJfaH COH,
cebenTiKk MarblHa KaTap | Keiid ecell TallChIPbLIIbI.
Kepineni

Kay3anasl KypeinsiMaapiaFs CEMaHTHKANLIK KabaTTacy

Taia Kayzanaw
KYPBlALMaAap

B25 (66%)

HOCkIMIWA CEMAMTHEANLIE,
KaBaTneH KMblNBCATHH
Ky P AbIME D

425 (34%)

0 200 400 600 200

Coafinem caHw

CvypPET 4 — KazCausal kenaenreitsii aHHOTAUSJIBIK, MOZJEJI

Cyper 4-te Ta3a Kay3ajaIbl KypbLIBIMIAp MEH KOCBIMINA CEMaHTHKAJLIK KabaTTapMeH
KMBLIBICATBIH KYPBLIBIMIAP/IBIH apakaTbIHACHIH Kepcereai. KabarracKaH KypbLIBIMIAD Ka3ak
Tijminmeri cebenTiiK  KaTeropUsIChIHBIH, KOHTEKCTKE TOVeJIl >KOHEe KOIIMAFBbIHAJBI CHUIATHIH
monenmeiini. byn mormke KazCausal cynbacbinma KenTaHOAIbI CEMAHTUKAJBIK, AHHOTAIIMSHBI
KOJIJTAHY/IbIH, KaXKeTTLTITH KOpceTe .

4.3. CebenTiK KyPbLILIMIAPALI aHBIKTAYIBIH AJTOPUTMIIK JIOTHKACH

KazCausal cysbacbl Tek KOJMEH aHHOTAIMsLIayFa apHAJFaH HYCKAYJ/IbIK KaHa €MeC, COHBIMEH
KaTap aBTOMATThI aHBIKTAY KylieciHe OeliiMaesreH (bopMasiIbl MOe b OoJIbI TabbLIa bl CebenTik
KYPBLUIBIMJIAP/Ibl aBTOMATTHI TYP/E aHBIKTAY JIOTUKACHI TOMEHJIET] Ke3eHIep apKbLIbl CUTIATTAJIA b

1) MoTiHi a/IbIH aa eHJey XKoHe ceiiemiepre 6oy,

2) Kay3aJlJIbIK MapKep KaH/IUuJIaTTapblH aHbIKTAY;

3) MapKep/liH, CUHTETHKAJIBIK, AHAJTUTUKA-CUHTETHKAJIBIK HEMeCce aHAJTUTUKAJIBIK TUIIH Oesriiey;

4) Mapkep MO3MIUSACHIHA CYHeHe OTBIPBIN ceberl (pparMeHTiHIH eKapachlH aHBIKTAY;

5) canmap dbparMenTiH Herisri npeaukaTuBTIK 61K periHge Gesriey;

6) KypbUIBIMJIBIK MOJesib MeH HakThl Tv_ FORM rypin ranmay;

JI.H. T'ymunieB arbiagarst EYY xabapuibicbl. MaTeMaTnka, KOMIBIOTEPJIK FhIIBIMIAP, MexaHuKa cepusicbl, 2026, Tom 154, Nel
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7) KOHTEKCTKe Kapail CeMaHTHKAJBIK iIMIKi TUOTI AHBIKTAY;

8) aHHOTAIMST HOTHXKECIH KypPBUIbIMaHFaH (popMaTTa CaKTay.

Byn anropurm epexere HerisjenreH MapKepJiK i3Jiey MEH KOHTEKCTIK CEeMaHTHKAJIBIK, TaJIIayThl
Gipikripeai. Mymagait ruOpuaTi Tocia Kazak TimiHgeri MOp@OJIOTHIBIK CEeOENTIK TYJ/IFAIapIbI
aBTOMATTHI TYPJE aHbIKTayFa KOJaiibl, cebebi cebenTik MarbIHaHbIH Oip O6JIiri AIllbIK, JeKCHKAJIbIK
MapKepJiep apKbLIbl, aJl eKiHI O6eJiiri ¢e3 imingeri popMaHTTap apKbLIbI Oepiiei.

AJIropuTMIIK  JIOTMKAHBIH ~HEri3rl  apTHIKIIBLIBIFBI — OHBIH KOIIEHIeiIl aHHOTAIUSIIBIK,
KypbUIbIMTa cyiienyi. Bipinmi meHreiime Mapkep aHbIKTaJICa, KeJeci JeHreii1e OHbIH KYPbLIBIMIBIK
T Genriteneni. OmaH Keilin ceben meH cajimap pparMeHTTEPIHIH IIeKapachl KOPCETLIII, COHBIHIA
CeMaHTHUKAJIBIK IMKI TUI Tamgaiaaael. Mynmait kezesmik Tocini NLP momenbaepin okbITy yImia
KYPBLIBIMIAHFaH JIepeK Jaiibiaaayra MyMKIiHIK Oepemni. Ocipece KazBERT, BiLSTM-CRF, SpERT
nemece MRC nerizineri Mmojesbiep yIin ceberr, caagap, MapKep *KoHe CeMaHTUKAJILIK, TUIITIH 66J1eK
Genrinenyi supervised learning mingeTTepin HaKTBHLIAYTA XKargail KacalIbl.

Ocburajima, yeombuirad KazCausal cyiibachl Kazak TiaiHzgeri ceber-cajigapiiblK KaTbIHACTaAPIbI
TEeK JINMHT'BUCTUKAJIBIK CI/IH&TTa.y KypaJibl FaHa eMeC, COHbBIMEH KaTap aBTOMaTThI aKIlapaT aﬂy, MQTiHILi
CEMaHTHUKAJIBIK TaJay YKoHe cebenTiK OalllaHbICTap bl MAIMHAJIBIK, OHIEY MiHJIeTTepiHe apHaraH
IEePEeKKOPJIBIK HEri3 peTiHie KapacThipyra 00/1aIbl.

5. IllekTeymnep 2xkomHe Oosalmak 3epTTey OAFBITTAPEI

KazCausal cysbachl Kazak, TiiHIeT cebel-caaIapiiblK Ky PhLIBIMIAPIBI KyHesi aHHOTaIusIIayFa
MYMKIHIIK OepreriMen, 3eprrey 6apbIchinaa OipKaTap meKTeyaIep aHbIKTaabl. Bipinmrinen, keibip
KYPBLIBIMIAPAA ceOelTiK MaFblHa aliKbIH MapKep apKbLIbl eMeC, KOHTEKCTIK HeMece TparMaTHKAJIbIK
Typae 6epineni. Mynjaii kargaiiiapia anaoTaTopra <6y cebel 1ie, 911 TEK TaKbIPBIITHIK /Garasay
KATBIHACKHI MaT» JIereH IIEeiM KaObLIIay KaykeT OoJiajibl.

Exinmrizen, Oacray Ke3i, OafbIT, TaKbIPBINITHIK OaillaHbIC, OJeyMeTTiK MopTebe, Oarasiay
[TOBUIIUSICHI CUSIKTBI JIOMEHIEP aFbIMIAFbI cyibara enriziyivesi. Cebebi oap bl 6ipi3ai aHHOTAIUSIIAY
VIIH apHafibl OHTOJIOTUSIIBIK, MOJEIbJIEp KakeT. YIIHIMIeH, Keibip MaKCATThIK, KYpPbLIbIMIAD
eKiXKaKThl CeDEeNTUIK cHIIaTKa ue O0Jybl MyMKIH: OIp opekeT MaKcaTKa »KeTyiiH cebebi Gosica,
MaKCATTBIH, ©31 COJI OPEKETTIH, MOTUBAIUSICHI PETIHAE TYCIHIIPLIeI.

Bosamax seprreyiepie KOpIyc KeJeMiH YIFaiiTy, 9JeyMeTTIK »Keji »KoHe aybI3Ila JIUCKYPC
matepuaJsiapbia Kocy, KazBERT Herizinjeri aBroMaTThl aHHOTAIMS MOJIYJIiH KYpy, coHmai-ak Kaz-
Causal cysbacbin 6acka Typki Tiinepine Geftimiey KocmapaHaib.

KopbIThIH b1

Bynr makamama kazak TidmiHzgeri cebern-casgapiblK, KypPBLIBIMIAPIbl aHHOTAIUIayFa apHaJIraH
KazCausal cynbacel yCBIHBLIIBI. SepTTey Kasak TUTHAETT ce0enTUTNKTIH MOPQOJIOTUSIIbIK,
AHAJTNTUKA-CUHTETUKAJBIK JKOHE AHAJNTUKAJBIK TOCIIIEp AapKBLIbI OeplleTiHiH KoHe Oy
tocinmepain 6apanirsl NLP Typreiceraan dopmasiger Typae berimenyi KasKeT eKeHiH KOPCeTTi.

1250 kaysajasl ceiljleMHEH TYypaThIH KOPIIYC VI KYPBUIBIMIBIK THII OOMbIHIIA KyiemeHai: SYN-
THETIC CAUSE - 431 ceitiem (34,5%), ANALYTICO SYNTHETIC CAUSE - 425 ceiinem
(34,0%), ANALYTIC CAUSE - 394 coeitnem (31,5%). Byn Hormkesep Kasak Tixinjeri cebenTik
KATBIHACTAP/IBIH, epyip Oesiri MopdoorusibiK kKoHe MOP(MOCHHTAKCUCTIK JAeHreiiae OepiieriHin
JoJesmeiimi.

F1=0.81 xone Cohen’s k=0.72 kepcerkimrepi KazCausal cynbachiHBIH KOJIMEH aHHOTAIUSIIAY
Ke3iHe >KeTKLIKTI mopeskeme Oipi3ai KOJMJAHBLIATHIHBIH KOPCETTi. Y CBhIHBLIFAH CyI0a Ka3ak
Tijingeri ceben-caanapsblk KATBIHACTAPIBl aBTOMATTBI TYPAE AaHBbIKTayFa apHaJJfaH OoJalrak
MOJIEJIbJIEP VIIMIH JUHIBUCTUKAJBIK, YKOHE €CelITey HEerisiH KaJbIITacThipaibl. CoHBIMEH Karap Oyl
TOCLJI arryIIOTUHATHABTI »KOHE TOMEH PECYPCTHI TL/JIep/eri Kay3aJIblK, KaThbIHACTAP/bI 3€PTTEY YIIiH
TUIIOJIOTUSLIBIK, TYPFBIIAH MaHBI3IbI V/IT 0018 ajIabl.

KazCausal anmnoranusibik cyabachl MEH OChI Cyjibara Heri3fesireH KOpPIyC — Ka3ak, TijaiHigeri
ceber-caaIapiblK, KOHCTPYKIUsIIAPAbl Kyiieai cumarrayra OarbITTajlraH ajfallKbl KajaM OOJIbII
rabbLIaapl.  Aulaiina, 3eprrey OGapbichbiHia OipkaTap IIEIlijMereH Mocejejep MeH 0achl allbIK
cypaKkTap aHBIKTAJBII, OJlap OoJIaliakTa KOCHIMINA 3ePTTEY/l KaXKeT eTeTiH/IiriHe KO3 »KeTKi3miK:
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1. CebenTisiikTi aHBIKTAYIAFbl KYMOH/II MIENTIMHIH IIIeKTeyIepi.

KazCausal 6ipueme Terti karap Oesriteyai KoHe KabaTTacKaH KATbIHACTApPIbl KO-
AHHOTAIIMAIAYIbI KOJIIaraHbIMeH, aHHOTAIUSIIayInbira Oopi Oipaeit «Oys ceben e, »KOK Ia» JIereH
KYMOH/II IIIenriM Kabbluimayra Typa Kejedi. By ocipece MpoToTHNTIK eMec cebenTikK KypPhLIbIMIapaa
KUBIHJIBIK TYABIPaJbl (apKachiHIa, ceben 60sbl, 6emrici perine).

AHnHoTanust Ke3iHIe aHHOTAIUSJIAYIIbLIAD YKWMi >KapThliail MHTYUTHBTIK TaHJAAY Kacaiibl, OJ
ocipece TOMEHJIET] KypPbUIbIMIAPIa OailKaIa bl

- PUTOPUKAJIBIK, CEOEMTLIIKTI OLIIIpeTiH KYPBIIbIMIAPIA;

- MAaPTTHI COMIEMIEP/IET] JTOTUKAIBIK TOYEILTKTEP/IE;

- afiKbIH cebelTiK MapKepi sKOK SMOITUSIIBIK, peaKIusiIapIa.

Mymnmait »karmaiiiapaa KOHTUHYAI B CEOENTIIIK IMKAJJAChIH €HIi3y — aFHA, ce0enTiIKTI KOKTaH
bacran aiikbH (bopMara JeHiHIT CIIEKTP TYpiHIe KopceTy — THUiMl mierrim 6osap emi. Aunaitna, Oy
Tocii popMasn3aIusiay KoHEe aBTOMATTAHILIPY aca KypPIeJi.

2. CebenriiikiieH imiHapa KabaTTacaTblH CEMAHTUKAJBIK, JOMEHIEP/Il aJIbIIl TacTay.

KazCausal xobackl cebenrijikien OaillaHBICTBI KeidOIp MarblHAJBIK —cajajapibl  oeiii
KaMTBIMal1bl, cebebdi otapapl aHbIK 2KoHe 6ipi3l anHoTanusiay MyMKin emec. Mymaait momenaepre:

- Bacray Ke3i / GarbIT (PKapbIKTAH IMIBIKKAH YIIKbIHIAD, MAKCATKA XKeTy YKOJIbIH/IA);

- TAKBIPBINTHIK KATHIHAC (casicu IierimMre pusa 6omay );

- BOJIIKTIK-KOMIIOHEHTTIK KaThiHACTAp (3K00a asiChIHJIA YKY3€re aChIPbLIAIbI);

- JsIesIAlK (9BUIEHIMAIIBLIBIK) (6GoJzkaM GolibiHINA, aknapaT HerisiHe);

- DJIEyMETTIK /KYKBIKTBIK, MopTebe (azamar peTiHjie, OKBITYIIbI DETIHIE);

- Garasiay no3uIUACH (O KaJaM XaJbIKThl Kayinke Tipeji).

My#sgait MarbiHAIADP B (DOPMATH3AIUIAY YIIIH apHAlbl OHTOJIOIUSIAD KaXKeT 0oJiap eJii, aj Oyt
arbIMJIAFbl 3epPTTeY IIeHOEePIHEH THIC FHIIBIMU HBICAH OOJIBIIT TabbLIa bl. OcChl aciekTiiepi 6oalak,
3epTTeyyIepae KapacThIpy >KOCIaPJIaHyIa.

3. ExixkakTbl cebenTimikTi 61MipeTiH KypbLIbIMIap.

3eprTey Ke3iHje YIIbIpacaTblH KULIHIBIKTapIbiH Oipi — cebenTigikTi eki 6arbITTa MMIIAIUTTI
GismipeTin KypbUIbIMJAp. byl ocipece KakeTTi mapT HeMece MiHJIETTLIIK MarbIHACBIHIA AlKbIH
KepiH Tabagbl. MbIcaJibl:

TabwicTer Gosty yimiH, 6i3 6opimMiz Gipiryimiz Kepek.

(TabbicTbr Gosty yimiH, OGapJbIFbIMBI3 Oipiryimiz kaxker).  Mynma: 6ip karbiHan, Oipiry
— TabbICTBIH, cebebi; eKiHmm KarblHAaH, TabbICTBI 060y HHETI — OIpiryaiH MOTHBAIUSICHI.
Mymnmait xkarmaitiap hasPurpose memece Motivation kareropusiiapbiia *KaTKbI3bUIAEL. Jlerenmem,
TOJIBIKKAH/IBI CEMAHTUKAJIBIK, CAITATTAMA VIITIH aHarypJIbIM KYp/IeIi JJOTHKAJIBIK MOJIE/b KaXKeT eKeHl
MOWBIHIAJIaI5I.

4. ZKerictikTep MeH Oosanmak, KOIIaHy MyMKIiHIIKTEpI.

2Korapbima arasgran mekreyiiepre Kapamacrtan, KazCausal kobacbl Kejieci MaHBI3IbI FHLIBIMI
3epTTEy HOTUKEJIEPIH KOPCETTI:

- ceben-caamapablk KOHCTPYKIMSIAPAbI ArTJIOTUHATUBTI, MOPQOJIOTUIBIK KYpaeai Tijiae
AHHOTAIAATIAY MYMKIH €eKeHi J9JIe/IJIeHT];

- cbI3ba MarbIHAJIBIK, KOIMKAOATTBLIBIK, HEH IIPArMATHKAJIBIK, KYKTEMEHi ecKepyre MYMKIiHIIK
Gepeni;

- aJIBIHFAH JIEPEKTEeP/Il JIMHIBUCTUKAIBIK 3eprreyiepie e, NLP mozxenbuepin (Tpancdopmepiiep,
sequence labeling) okpITya Ja KoIIaHyFa GOJIAIHL;

- KabarTackaH KaTblHACTap bl aHHOTaIMsIay (Mbicasbl, hasCause + isTemporal) kasak Tiniszgeri
MaFbIHAJIAP/IBIH ©3apa OPEKETTECYiH KAKChIpaK TYCIHYTe YKOJI aIlaIbl 2KoHe OyJ1 Tociaai 6acka Typki
Tisigepine ze Geftimaeyre 00JIA B

ABTopJap yieci. ABropJap yieci TeH.
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TYPOLOGICAL DIFFERENCES BETWEEN SYNTHETIC AND ANALYTICAL
CAUSAL STRUCTURES IN THE KAZAKH LANGUAGE

R. Taberkhan, M.A. Sambetbayeva
L.N. Gumilyov Eurasian National University, Satpayev str., 2, Astana, 010008, Kazakhstan

Abstract. This article presents a methodology for the manual annotation and structural-semantic
systematization of causal constructions in the Kazakh language based on the KazCausal annotation
scheme.

The aim of the study is to formally describe the morphological, lexical, and syntactic means of
expressing causality in Kazakh through an annotation model and to provide a scientific basis for the
development of a corpus adapted to natural language processing tasks.

The study is based on 1,250 causal sentences selected from scientific, journalistic, and nor-
mative texts. All sentences were considered as linguistic units expressing cause-and-effect re-
lations and were classified into three main structural types: SYNTHETIC CAUSE, ANA-
LYTICO SYNTHETIC CAUSE, and ANALYTIC CAUSE.
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KA3AK TIVIIHAEI'I CHHTETUKAJIBIK 2KOHE AHAJINTUKAJIBIK CEBEIITIK KYPBIJIBIM/TAP

The results show that synthetic constructions account for 431 sentences (34.5%), analytico-
synthetic constructions for 425 sentences (34.0%), and analytic constructions for 394 sentences
(31.5%). The proposed annotation scheme makes it possible to simultaneously annotate the cause
fragment, the effect fragment, the causal marker, the structural type, the specific morphological
form, and the semantic subtype. The quality of annotation was evaluated using an F1 score of 0.81
and Cohen’s kappa coefficient of k=0.72.

The findings of the study provide a foundation for the development of typologically adapted NLP
resources aimed at the automatic detection of cause-and-effect relations in the Kazakh language.

Keywords: text annotation, corpus linguistics, NLP, agglutinative languages, KazCausal, cause-
and-effect relations, inter-annotator agreement.

TUITOJIOTUYECKUE PASJIMYNYA CUHTETUYECKUX 1 AHAJIMTUYECKNX
IMPTYYHHBIX CTPYKTVYP B KABAXCKOM A3BIKE

P. TaGepxan, M.A. Camber6aeBa
EBpaswuiickuit nanmonaspubiit yauepcurer um. JI.H. I'ymuinesa, yia. Carmaena, 2, Acrana, 010008,
Kazaxcran

Aunorarnus. B crarbe npejjiaraercss MeTOJIMKa PYYHONO AHHOTUPOBAHUSI U CTPYKTYPHO-
CEMAHTUYECKON CHCTEeMATU3aIMd [PUYUHHO-CJIEICTBEHHBIX KOHCTPYKIMHA Ka3aXCKOI'O sI3bIKa Ha
ocHoBe cxembl KazCausal.

[enb wccnemoBanus 3aKI0UaeTCs B (POPMAJBHOM OIMMCAHUE MOPMOIOrHIECKUX, JIEKCHIECKUX
U CHHTAKCUYECKUX CPEJCTB BBIPAXKEHUsI Kay3aJbHOCTH B Ka3aXCKOM $I3bIKE IIOCPEJICTBOM
AHHOTAIMOHHOM MOJIe/IM, a TakKe B ODOCHOBAHUM HAYYHBIX MPHUHIUIIOB CO3J@HUsT KOPILyca,
aJIAlITHPOBAHHOIO K 3ajia9aM 0OpabOTKHM €CTECTBEHHOTO SI3bIKA.

B xagectBe obObexkTa wuccaeaoBaHUS ObLIM WCIOJAb30BaHbI 1250 Kay3aJIbHBIX TPEJIOXKEHMU,
OTOOPAHHBIX W3 HAYYHBbIX, MYOJMUIUCTHYECKUX ¥ HOPMATHUBHBIX TEKCTOB.  Bce TpejioxkeHust
paccMaTpPHUBAJIMCh KaK sI3bIKOBbIE €MHUIIBI, BbIPAXKAoIye TPUINHHO-CJIe/ICTBEHHbIE OTHOIIEHUS, 1
OBLTN KIACCH(DUIMPOBAHDBI TI0 TPEM OCHOBHBIM cTpYKTypHbIM Tunam: SYNTHETIC CAUSE, AN-
ALYTICO_ SYNTHETIC CAUSE u ANALYTIC CAUSE.

[Tosryuennbie pe3y/abTaTbl MOKA3AJU, YTO CHHTETHYECKHE KOHCTPYKIMH cocTaBadioT 431
npesioxkenne (34,5%), aHAJIMTUKO-CHHTETHYECKHE KOHCTpyKimn — 425 npemnoxkennii (34,0%), a
aHasJuTHIeCKue KOHCTpykimu — 394 npejyioxkenus: (31,5%). IlpemiokeHHasi cxema HO3BOJISIET
OTHOBPEMEHHO AaHHOTUPOBAThH (PPArMeHT MIPUYUHBLI, (PPArMEHT CJIEICTBUS, Kay3aJIbHBIM Mapkep,
CTPYKTYPHBIN THUII, KOHKPETHYIO MOpdoJiorndeckyio ¢hopMy u ceManTudeckuit moarum. KadecTso
aHHOTAIIMK OBLIO OIEHEHO C WCIOJIb30BaHmeM IMokazareneit F1=0,81 u koadduimenta coraacus
Kosna k=0,72.

PesysnbraTer  uccaenoBanust  (pOpMHUPYIOT — OCHOBY — JJId  pa3paboOTKM  THUIIOJOTMYECKH
agmanTupoBaHHbix NLP-pecypcoB, npegHaszHadeHHBIX JJIsI ABTOMATHIECKOTO BBISBICHUST TPUIHHHO-
CJIEJICTBEHHBIX OTHOIEHUN B KAa3aXCKOM SI3BIKE.

KuaroueBble cjoBa: aHHOTAIMsl TEKCTa, KOPIyCHasi JUHIBUCTHKaA, NLP, arrmoruHaTuBHBIE
si3piku, KazCausal, npuauHHO-CJIe/ICTBEHHBIE OTHONIEHUsI, ME?KAHHOTATOPCKOE COTJIacHe.
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Mathematical Modeling and Effective Properties in Dispersed Composites!

V. Mityushev
Faculty of Computer Science and Mathematics, Cracow University of Technology, Warszawska str., 24,
Krakow, Poland
wladimir.mitiuszew@pk. edu. pl

Abstract. Determining the effective properties of dispersed composites, such as conductivity
and permittivity, remains a central challenge in homogenization theory. This paper presents a
comprehensive revision of the Self-Consistent Method and its modern variants, demonstrating that
many so-called “new models” are, in fact, merely first-order approximations in concentration that
reproduce the classical results of Maxwell, Clausius, Mossotti, and others. We establish a rigorous
framework for assessing accuracy with respect to both inclusion concentration and contrast parame-
ters. A particular role of simulations addresses to standard packages, when the opacity of numerical
calculations often obscures the underlying probability distributions of inclusions. We conclude that
the concept of a mathematical model is frequently misapplied in the study of dispersed random
composites, especially when the fundamental principles of homogenization and asymptotic analysis
are overlooked. Finally, we demonstrate how symbolic computation can be effectively employed to
derive analytically correct formulas with precisely quantified accuracy.

Special attention is given to the relationship between analytical approaches and numerical sim-
ulations in the evaluation of effective material parameters. The paper emphasizes that reliable
predictions require consistency with the fundamental principles of homogenization theory and the
correct treatment of stochastic microstructures. By comparing classical and modern approaches,
we identify the limits of applicability of commonly used approximations and clarify their asymp-
totic accuracy. The study also highlights the importance of transparent computational procedures,
allowing the influence of inclusion geometry, concentration, and spatial distribution to be prop-
erly interpreted. The proposed methodology provides a unified perspective on dispersed composites
and offers practical guidance for researchers working with effective medium theories, computational
homogenization, and multiphase materials.

Keywords: Homogenization theory, dispersed composites, self-consistent method, asymptotic
analysis, symbolic computation.
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1. Introduction

The theory of homogenization is a mathematical theory devoted to PDE with rapidly oscillated
coefficients. It is based on physical consideration of heterogeneous media and used to derive macro-
scopic, averaged equations and physical coefficients [2, 34] [I7]. It allows engineers and physicists
to replace a heterogeneous material with a homogenized material to predict its overall behavior.
The microscopic structure of a material yields its macroscopic response which can be expressed by
numerical data and analytical formulas.

Since the 19th century, the works of Maxwell, Clausius, Mossotti, and many others have served as
the bedrock for various composites [30, Chapter 9]. J.C. Maxwell proposed Self Consistent Method
(SCM) [21] in 1873. The Maxwell—Garnettﬂ approximation was derived in 1904. It is suitable for the
complex dielectric permittivity. The same formula for real conductivity (permittivity) was known as
the Clausius-Mossotti approximation published in 1850. It coincides with Maxwell’s approximation.
Perhaps the universality of mathematical modeling was not clear in the XIX century. The historical
notes [19] and references therein clarify the series of the above approximations.

The modern literature is saturated with a rich assortment of different approximations called math-
ematical models that often lack theoretical justification. A fundamental problem in contemporary
research is the misuse of the term "model." In many cases, it is used as a "magic word" to allow
empirical reasoning where rigorous exact science should prevail [30]. This has resulted in a prolifer-
ation of formulas that sometimes contradict one another, violate the Hashin-Shtrikman bounds, or
ignore the fundamental symmetry of tensors.

The well-known Hill approach based on the Representative Volume Element (RVE) for elastic
composites [I5) [16] was revisited in [9]. It was rigorously shown that the RVE must constitute a
fundamental domain of a plane or spatial torus. For example, a flat torus can be represented as
a parallelogram in the complex plane with identified opposite edges [25]. Alternative choices of
RVE shape may lead to inconsistencies with the fundamental principles of homogenization as clearly
shown in [29].

This paper seeks to restore mathematical rigor by analyzing the asymptotic and numerical preci-
sion [38]. We argue that for a mathematically defined problem, there should be a unique mathemati-
cal expectation for effective constants. Discrepancies in results, particularly in computer simulations,
are not evidence of "different valid models," but rather a reflection of differing numerical protocols
[12] and oversimplified approaches.

In this paper, we discuss the principles of mathematical modeling using a physical and mechanical
problem concerning the macroscopic properties of stochastic dispersed media as an illustrative ex-
ample. All relevant aspects are considered, including mathematical theories, empirical formulations,
the use of standard numerical packages, and artificial intelligence (AI).

2. Mathematical Modeling

The most popular analytical formulas for the effective conductivity (permittivity) of dispersed
composites are the Maxwell [2I], Maxwell-Garnett [22] and Bruggeman [5] approximations, Mori-
Tanaka method for elastic composites [31]. The famous neutral Hashin-Shtrikman assemblage [14]
for coated composites and its extensions [36, 6] 7, 8] as well as the Keller [I8]- Matheron [20]- Dykhne
[10] approach and its extensions [33] 3], deserve a special consideration not discussed here. We will
discuss analytical formulas for two-phase composites based on self-consistent method (SCM).

A typical modern review of various analytical formulas for the effective properties of composites,
including elastic media, begins with a discussion of these formulas and their numerous extensions.
Lots of items are laid out on the counter and offered for usage. Some contradict others; some violate
the Hashin-Shtrikman bounds; some disturb the symmetry of tensors. However, everything becomes
allowed due to the democratic using the word "model”. There is no theoretical justification when
creating a new model, giving way to empirical reasons. Experiments might confirm the model for
some data.

2James Clerk Maxwell and J.C. Maxwell Garnett are different persons.
Bulletin of L.N. Gumilyov Eurasian National University. Mathematics, computer science, mechanics series, 2026, Vol. 154, Nel

35



Mathematical Modeling and Effective Properties in Dispersed Composites

We will not discuss a rich assortment of models and narrow our focus to the specific two-phase
2D macroscopically isotropic composites in order to derive precision of various modifications of SCM
such as effective medium approximation, mean-field, Mori-Tanaka methods [31], etc. Some popular
modifications of SCM are covered by the first-order approximation of Schwarz’s method. This inves-
tigation explains plenty of illusory different formulas which are reduced to the same Maxwell-type
estimation for dilute composites. Some higher-order extensions violate homogenization principles
and lead to methodologically misleading results [28] 29].

SCM has multiple meanings in different fields of science and engineering. We pay particular
attention to SCM in the theory of composites by Maxwell [21I] developed by Hill [15], [16] and many
others, and its relations to Schwarz’s method. S.G. Mikhlin developed the alternating method of
Schwarz in 1949 [23]. Mikhlin’s work can be considered a mathematical embodiment of Schwarz’s
approach.

The main result of the present paper consists of applying Schwarz’s method and functional equa-
tions to composites and deriving higher-order approximations for the effective constants. In particu-
lar, we demonstrate that Maxwell’s SCM and its modern modifications coincide with the first-order
approximation of Schwarz’s method.

Investigation of SCMs for dispersed composites is presented in [32], where such materials were
referred to as “grain composites.” Following these studies, many engineers applied SCMs to compute
numerical estimates of effective material constants for various composite systems. Nevertheless,
the fundamental theoretical issue concerning the limitations of SCMs remained unresolved. The
justification of SCM applicability has traditionally relied on the assumption of a dilute concentration
of inclusions. It was observed that extending SCMs beyond this regime, specifically to higher-order
terms in the inclusion volume fraction f, can lead to predictions that are physically inconsistent.

In [28], analytical expressions for effective properties were derived as power series expansions in
the inclusion concentration f and the contrast parameter p. These series were truncated to obtain
polynomials in f1/2 and o, with coefficients explicitly determined and symbolically dependent on
the geometry and spatial distribution of inclusions. Furthermore, the accuracy of these approxima-
tions was rigorously established as O(]o|™f?/?), where m denotes the number of Schwarz method
iterations and p characterizes the order of the concentration approximation used at each step.

This situation highlights a fundamental issue: why do different formulas arise for the same compos-
ite system? The underlying reason is often a misuse of terminology, where the concept of a “model”
is incorrectly equated with that of a “formula.” In exact sciences, it is essential to distinguish clearly
between the two. A mathematically well-defined problem should yield a unique solution; obtaining
different results does not imply the existence of multiple models. A correct research methodology
requires that the model be fully specified a priori, while the derivation of formulas is performed a
posteriori. This principle also applies to probabilistic analyses of random composites, where the
statistical description of inclusion distributions must be explicitly defined within the model. Only
then can the expected values of effective properties be rigorously determined for the specified class
of random media.

In many studies, random composites are simulated using algorithms that incorporate stochastic
variables, the distributions of which are often implicitly embedded in computational procedures.
Moreover, the results of such simulations may depend on the chosen numerical protocols. These
factors can lead to different estimates of effective properties, reflecting variations in the assumed
spatial distributions of inclusions.

The exact coefficients for the effective constants were derived in [11], 28] in the series in ¢ and f.
This allows us to compare formulas from the previous publications with the asymptotic estimations
to make conclusions concerning the validity of the formulas called "models." Such a comparison
of the Maxwell formula (Clausius-Mossotti approximation) for equal disks yields the asymptotic
formula for macroscopically isotropic composites

1+ of
T RA! (1)
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where ). denotes the macroscopic permittivity. The exact precision up to O(f3) was established
in [27]. Equation was extended to other shapes of inclusions. Some authors add the precision
term O(f%) to such an approximation, however, it must be O(f%/2) as demonstrated in [28].

The Hashin-Shtrikman bounds for 2D two-phase macroscopically isotropic composites for real
normalized permittivity of components A; and A =1 when A; > 1 can be written in the form

75 < e < Mg (2)

where

2f(M—1) 21— f)A = )M 3)
(1= —1)+2 fA=A)+2x0
It was proved in that an extension of Maxwell’s approach to a finite collection of inclusions
(cluster) may give, at most, the effective properties of dilute clusters. Any general formula for 2D
two-phase macroscopically anisotropic dispersed composites which does not include the location of

gg =1+ A=A+

disks holds up to O(f?); for macroscopically isotropic composites up to O(f %) . This criterion of
lower order formula could be extended to multi-phase composites except at the Hashin-Shtrikman
type assemblages with neutral inclusions. For instance, a set of valuable formulas for multi-phase
macroscopically anisotropic composites is valid up to O(f %) .

A significant portion of modern "model creation" involves adding complex analytical terms to a

basic first-order formula. One can take the standard term and append an arbitrary tale:

7 .19
Lrof 1+ of #21760572 4 03,8 1% 1nf + O(f). @)
l—of 1-pf+3143071f2
The additional terms on the right-hand side are introduced in an ad hoc manner. Although the
formula above is formally correct, it lacks practical significance. While the right-hand side may
appear to define a “new model,” it does not extend beyond a first-order approximation in f.

Both the differential scheme and the Mori—-Tanaka method can be derived using similar arguments.
Consider equation with explicit dependence on the variable f and introduce an increment from
f to f+ Af which induces a corresponding change from A. to A. + AA.. Within the framework
of the differential scheme, one assumes infinitesimally small increments. This allows one to pass to a
differential equation for ., whose solution yields a “new model.” However, the principal limitation
of this approach lies in the assumption that Af is infinitesimal that does not yield the increasing
of accuracy in f.

In Mori-Tanaka method, such an increment Af typically implemented numerically. Tacitly, this
method assumes that the behavior captured by the first-order approximation in f reflects the trend
exhibited by higher-order approximations, see detailed discussion in [29].

This demonstrates that modifications such as Mori-Tanaka methods, effective medium approxi-
mations (EMA), and differential schemes are often just illusory different formulas that reduce to the
same Maxwell (Clausius-Mossotti) estimation for dilute composites. Applying such an approxi-
mation to non-dilute composites often results in physically unacceptable predictions.

3. Generalized alternating method of Schwarz and functional equations

The generalized alternating method of Schwarz, or shortly Schwarz’s method, can be implemented
in the form of different iterative schemes known in the theory of composites as the contrast and
cluster expansions. The method was developed for the Riemenn-Hilbert boundary value problem
for a finitely connected domain in [4]. A short description with using of the Poincar’e theta series
can be found in [24].

The contrast expansion for 2D permittivity problems leads to a power series in ¢. The cluster
expansion means a series in /2. Frequently, the authors of SCMs do not care about the precision in
o and f1/2 and derive, in the best case, the same formula asymptotically equivalent to the Maxwell-
Garnett formula. The analysis of precision demonstrate a discrepancy between the rigorously derived
formulas for the effective permittivity of disks/spheres and some formulas obtained by SCM. Below,
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we demonstrate and explain this precision effect on a simple example of 2D two-phase conductive
composite with circular inclusions.

Let z = o + iy denote a complex variable. Let w; =1 and wy = ¢ be the fundamental pair of
periods on the complex plane C. The fundamental parallelogram @) is defined by the vertices :t%
and :I:% .

The points my + mai (my, mg € Z) generate a doubly periodic lattice and the unit square cell

2 2

Let the points aj belong to @ . Consider non-overlapping inclusions Dy = {|z — ax| < r} of
conductivity A (k=1,2,...,N) and the conductivity of the host be normalized to the unit. The
conductivity A is dimensionless and can be considered as the ratios of the conductivities of the kth
inclusion to the conductivity of host.

We study conductivity of the doubly periodic composite when the host D + mq +imows and the
inclusions Dy + mj + img are occupied by conducting materials. The functions wu(x) and wug(x)

1 1
Q:Q(o,o):{zztl—i-itge@:—<t1,t2<}.

are harmonic in D and D (k = 1,2,...,N) and continuously differentiable in closures of the
considered domains. The perfect contact on the interface has the form
ou ouy,
= — = L k=1,2,...,N 5
u U, 61’1 al’l on k> 9~y ) ) ( )

where (% denotes the outward normal derivative to L, = 9D . Let the external field be defined
by the conditions

w(z +1) = u(z) + 1, u(z +14) = u(2). (6)
Introduce the contrast parameter
_A-1 (7)
W
Introduce the double periodic complex flux
ou . Ou
— — i = D 8
8$ Zay w(z)7 z E ( )
and 0 0 A+1
Uk Oug =+
— = D 9
Ox Zay 2 Vr(2), = € Dy )
We have
Pz +1) =9(2), P(z+1i)=9(2). (10)
Following 28], 26] we have
or? ——

where the functions 1(z) and ¥y(z) are analyticin D and Dy (k=1,2,...,N) and continuous
in the closures of considered domains.

The R-linear problem - can be reduced to a system of integral equations on the torus Q
corresponding to Schwarz’s method. In the case of circular inclusion, these integral equations become
the functional equations [I1]. Introduce the operator in a Banach space associated to continuous
functions

2 2
(m) F) _ r F - 12
(Wml’m2 (2) <z—am—m1—im2 am+z—am+m1—im2 ' (12)
Here, a function F(z) is analytic in all the disks Dy and continuous in their closures. The norm
| F|| = maxy, max|,_,,|<, |[F(2)].

Introduce for m = k

b)) = > (W.LF) () (13)
(m1,m2)€Z2\(0,0)
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and for m # k
e F)) = > (Wim,F) (2). (14)

m1,m2€ZL

The double series f are defined by the Eisenstein summation that correctly determines their
convergence [11].

The system of functional equations corresponding to the R-linear problem - can be
written in the form

N
@ =e X3 (Witn) ()L mal Sr (k=120 N), (15)
m=1

where mq, mo run over integers Z excluding m; = me = 0 for m = k. It was justified that
the system of functional equations can be solved by a method of successive approximations
absolutely convergent for |p| < 1. It was proved that the uniform convergence holds for |g| =1,
i.e., in the considered Banach space. Attention, the absolute convergence can fail in this case.

Equations can be easily solved by use of symbolic computations. The infinite double summa-
tions in mq,mg can be performed by application of the Eisenstein functions FE,(z). Equations
can be solved by the contrast expansions in ¢ and by the expansions in f = N7r?. This expansion
equivalent to the expansion in 72 can be written in the form

Um(2) =Y VP |z —a <r (k=1,2,...,N). (16)
n=0

where

O () =1, v (2) = p X, Ba(z — ay),

62(2) = XN,y Balar — any) Balz — ay),

(17)
O (2) = & ik, gyt Enlan — any) Balag, — ai,) Ex(z — ag,)
2NV T — )
—20 Zk,klzl E3(ay — akl)ES(z — ag),
It is assumed for shortness that E,(z — ax) is replaced with
En(z —ap) = En(z —ay) — (z — ag) " for k=m (18)

and E,(ax — ap,) := S, for k =m, where the lattice sums for the square array Sy =7, S3=0,
are used.

Following [28] the normalized effective conductivity of macroscopically isotropic composites can
be found by the formula

N
1
Ae =1+ 2QfN Z w(am) (19)
m=1
Substitute into and apply the asymptotic expansion in f

2 r2 2 r3
Ae =1+ 20f (1 + %62 + QW]; ean + %(Q €222 — 2633)) +0(f), (20)
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where the following structural sums (basic sums or e-sums) are introduced |11, Chapter 4]

N N

ez = ]\172];: > Ex(ag, — ax,),

o=1 k1=1

ey = Es(ar, — ak, ) Eo(ag, — ak,y),

E

>y

ko=1 k1=1

2|~
w

I

X

=1

(21)

N
> Bs(ak, — ax,)Es(ar, — ary),

2=1

3l -
WE
M) =

€33 =

ko=1

™

1

G

1

N N N N
1 -
€2 = 7 > > Y > Es(ar, — ar,)Ea(ar, — ak,) Ea(ar, — ag,).

ko=1 k1=1 k2=1 k3=1

The analytical expressions and — can be continued practically without limitations [IT].
The same concerns 2D elastic problems and 3D conductivity problems with perfectly conducting
spherical inclusions. In particular, all the terms for a regular lattice are written explicitly. Hence,
this yields exact formulas for a regular array of circular inclusions [I]. It should be noted that other
frequently used empirical and approximate formulas diverge with the known exact formulas.

The structural sums for a macroscopically isotropic composites satisfy some relations. In partic-
ular, e = 7 for ideally isotropic composites. This formula extend the famous Rayleigh’s formula
Sy = m concerning lattice sums [35], 37]. The structural sum egy varies with the location of inclu-
sions. It can be proved that egs is positive and ey > 72 .

The formula yields a proof of the the Maxwell (Clausius-Mossotti) approximation and
exclude any not justified empirical continuation similar to .

It is interesting to discuss the contrast approximation. The second order approximation in o
follows from the application of two iterations to equation . We have the same zero and first
order approximations in , namely,

1+ of
1—of

where O(f?) can be replaced with O(¢?). However, the third order terms are different.
Introduce the approximations in o

Ae =1+20f +20% 2+ O(f°) = +O(f?), (22)

2) =Y ¥ (z00" lz—ar| <r(k=1,2,...,N), (23)
n=0

and
oW (z0) =1, ¥5)(2) =2 XN | Ea(z — ),
(24)
CACTOED SIS D (Wéil,mEg(z/ _ ak)) (2), |z —am| <r(m=1,2,...,N).

The second order approximation includes the term

2 )
O B _ r B (a— r 2
(Wml ma (2 al)) (2) (z —a;—my — im2> 2\ Z—a—my+imy)’ (25)
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It follows from equation that

LN @) N 2
N Zm:l wm (am7 Q) - Zl,k:l Z:u,mQEZ (alfaerrmlJrimz) X

(26)
r2
1% (al —ak + am*az*m1+im2)'
Using an expansion in 72 following [11], one finds that this term contains the contribution 29: 2f : €29 .
In addition, it includes infinitely many higher-order terms in f, for example, the term —49; df ’ es3

which also appears in , whether in f or in o is ultimately immaterial, as both approaches
lead to the same resulting double series. However, the first method proves to be significantly more
efficient for symbolic computations.

4. Conclusion

The analysis presented in this paper demonstrates that many widely used self-consistent and
mean-field approaches do not constitute independent mathematical models, but rather represent
specific realizations of low-order asymptotic approximations. In particular, the classical Maxwell
(Clausius-Mossotti) formula emerges as the universal first-order term with respect to the concen-
tration of inclusions, while numerous modern extensions fail to improve their accuracy since they
neglect asymptotic analysis.

A rigorous examination based on Schwarz’s method reveals that the precision of such formulas
for two-phases composites must be assessed simultaneously in terms of the concentration parameter
f, the contrast parameter ¢ and the structural sums that encode the geometric characteristics of
the microstructure. Within this framework, it becomes evident that many modifications including
differential schemes, effective medium approximations, and Mori-Tanaka-type constructions do not
extend validity beyond the dilute regime and may produce physically inconsistent predictions when
extrapolated. Furthermore, the discussion highlights the necessity of a clear distinction between a
mathematically defined model and an empirical formula. For well-posed deterministic or probabilistic
descriptions of composites, the effective properties are uniquely defined, and discrepancies observed
in the literature are typically attributable to violation of asymptotic analysis.

In summary, the reliability of analytical expressions for effective properties must be grounded in
homogenization theory and asymptotic justification rather than heuristic “model building.” Symbolic
and analytical methods provide a consistent pathway to derive formulas with explicitly controlled
accuracy, thereby restoring mathematical rigor to the study of dispersed composites.

It is interesting to observe an analogy between reviews generated by Al and those produced by
certain groups of researchers who are primarily oriented toward the popularity of applied methods.
In both cases, emphasis is often placed on methods with a large number of citations, despite well-
known limitations in their applicability. This resembles a transition from skill to will [I3], which
may lead to Al hallucinations as well as similar effects within some research communities. In such
cases, the high citation counts of works such as [5] and [3I] (exceeding 11,000 citations at present)
become a dominant argument for their continued inclusion in subsequent studies, overshadowing
critical assessment.

If a group of people vote that 2 x 2 = 5, then they have produced a democratically agreed,
but not a true mathematical statement. Mathematics is a dictatorship, see Principle of model and
solution [30), page 223]. Its results are not decided by opinion or majority. We conclude this paper
with a rhetorical question: May consensus including Al prevail over logic?

References

1 I. Andrianov and V. Mityushev, Exact and “exact” formulae in the theory of composites, Modern Problems in
Applied Analysis, Springer International Publishing, Cham, 2018, 15-34.

2 N.S. Bakhvalov and G. Panasenko, Homogenisation: averaging processes in periodic media: mathematical problems
in the mechanics of composite materials. Springer Science and Business Media, 2012.

Bulletin of L.N. Gumilyov Eurasian National University. Mathematics, computer science, mechanics series, 2026, Vol. 154, Nel

41



Mathematical Modeling and Effective Properties in Dispersed Composites

10
11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

W. Bielski and R. Wojnar, Plane flow through the porous medium with chessboard-like distribution of permeability,
2nd Workshop on Porous Media, 2018, 7.

B. Bojarski and V. Mityushev, R-linear problem for multiply connected domains and alternating method of
Schwarz, Journal of Mathematical Sciences 189 (2013), no 1, 68-77.

D.A.G. Bruggeman, Berechnung verschiedener physikalischer Konstanten von heterogenen Substanzen. I. Dielek-
trizitatskonstanten und Leitfahigkeiten der Mischkorper aus isotropen Substanzen, Annalen der Physik 416 (1935),
no 7, 636-664.

A. Cherkaev, Optimal three-material wheel assemblage of conducting and elastic composites, International Journal
of Engineering Science 59 (2012), 27-39.

A. Cherkaev and A.D. Pruss, Effective conductivity of spiral and other radial symmetric assemblages, Mechanics
of Materials 65 (2013), 103-109. https://doi.org/10.1016/j.mechmat.2013.05.004

A. Cherkaev, V. Mityushev, N. Rylko, and P. Kurtyka, The generalized Hashin—Shtrikman approach to Al/nano-
TiC composite, Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences 478:2263
(2022). https://doi.org/10.1098 /rspa.2022.0164

R. Czapla, P. Drygas, S. Gluzman, T. Ligocki, and V. Mityushev, Computational Strategy for Analyzing Effective
Properties of Random Composites. Part II. Elasticity, Materials 18 (2025), 5041.

A.M. Dykhne, Conductivity of a two-dimensional two-phase system, Soviet Physics JETP 32 (1971), no 1, 63-65.
S. Gluzman, V. Mityushev, and W. Nawalaniec, Computational Analysis of Structured Media. Academic Press,
Elsevier, Amsterdam, 2017.

S. Gluzman, Z. Zhunussova, A. Sarvarov, and V. Mityushev, Protocol-Dependent Critical Exponents in Random
Composites: Beyond Universality, Symmetry 18 (2026), no 4, 700.

D. Grzonka, The New Engineer: Psychology, Systems, Open Source. Talk at the WordCamp Europe, Krakow,
Poland, 4-6 June, 2026.

Z. Hashin and S. Shtrikman, A variational approach to the theory of the effective magnetic permeability of
multiphase materials, Journal of Applied Physics 33 (1962), 3125-3131. https://doi.org/10.1063/1.1728579

R. Hill, Elastic properties of reinforced solids: Some theoretical principles, Journal of the Mechanics and Physics
of Solids 11 (1963), 357-372.

R. Hill, A self-consistent mechanics of composite materials, Journal of the Mechanics and Physics of Solids 13
(1965), 213-222.

V.V. Jikov, S.M. Kozlov, and O.A. Oleinik, Homogenization of Differential Operators and Integral Functionals.
Springer Science & Business Media, 2012.

J.B. Keller, A theorem on the conductivity of a composite medium, Journal of Mathematical Physics 5 (1964), no
4, 548-549.

R. Landauer, Electrical conductivity in inhomogeneous media, AIP Conference Proceedings 40 (1978), no 1, 2-45.
G. Matheron, Eléments pour une théorie des milieux poreux. Masson, Paris, 1967.

J.C. Maxwell, A Treatise on Electricity and Magnetism, Vol. 1. Clarendon Press, 1873.

J.C.M. Maxwell-Garnett, Colours in Metal Glasses and in Metallic Films, Philosophical Transactions of the Royal
Society A: Mathematical, Physical and Engineering Sciences 203 (1904), no 359-371, 385—420.

S.G. Mikhlin, Integral Equations: and Their Applications to Certain Problems in Mechanics, Mathematical Physics
and Technology, Vol. 4. Elsevier, 2014.

V. Mityushev, Hilbert boundary value problem for multiply connected domains, Complex Variables 35 (1998),
283-295.

V. Mityushev, R-linear problem on torus and its application to composites, Complex Variables 50 (2005), no 7-10,
621-630.

V.V. Mityushev, R-linear and Riemann—Hilbert Problems for Multiply Connected Domains, Advances in Applied
Analysis. Springer Basel, Basel, 2012, 147-176.

V. Mityushev and P. Dryga’s, Effective Properties of Fibrous Composites and Cluster Convergence, STAM Journal
on Multiscale Modeling and Simulation 17 (2019), no 2, 696-715. https://doi.org/10.1137/18M 1184278

V. Mityushev and N. Rylko, Effective properties of two-dimensional dispersed composites. Part I. Schwarz’s alter-
nating method, Computers and Mathematics with Applications 111 (2022), 50-60.

V. Mityushev, Effective properties of two-dimensional dispersed composites. Part II. Revision of self-consistent
methods, Computers and Mathematics with Applications 121 (2022), 74-84.

V. Mityushev, R.A. Kycia, W. Nawalaniec, and N. Rylko, Introduction to Mathematical Modeling and Computer
Simulations. Chapman and Hall/CRC, 2025.

T. Mori and K. Tanaka, Average stress in matrix and average elastic energy of materials with misfitting inclusions,
Acta Metallurgica 21 (1973), no 5, 571-574.

A.N. Norris, A differential scheme for the effective moduli of composites, Mechanics of Materials 4 (1985), no 1,
1-16.

Y.V. Obnosov, Exact solution of a boundary-value problem for a rectangular checkerboard field, Proceedings of
the Royal Society of London. Series A: Mathematical, Physical and Engineering Sciences 452 (1996), no 1954,
2423-2442.

JI.H. T'ymuieB arbingarst EYY xabapuibicbl. MaTeMaTnka, KOMIBIOTEPJIK FbIIBIMIAD, MexaHuKa cepusicbl, 2026, Tom 154, Nel
Becrnuk EHY um. JI.LH. 'ymunesa. Cepusi MaremaTuka, KOMIIbIOTEpHBbIE HAyKHu, Mexanuka, 2026, Tom 154, Nel

42



V. Mityushev

34 A. Bensoussan, J.L. Lions, and G. Papanicolaou, Asymptotic Analysis for Periodic Structures, Vol. 374. American
Mathematical Society, 2011.

35 L. Rayleigh, On the influence of obstacles arranged in rectangular order upon the properties of a medium, The
London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science 34 (1892), no 211, 481-502.

36 K. Schulgasser, Sphere assemblage model for polycrystals and symmetric materials, Journal of Applied Physics 54
(1983), 1380-1382. https://doi.org/10.1063/1.332161

37 S. Yakubovich, P. Drygas, and V. Mityushev, Closed-form evaluation of two-dimensional static lattice sums,
Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences 472 (2016), no 2195.

38 A.Z. Zhubanysheva, N. Temirgaliev, and Z.N. Temirgalieva, Application of divisor theory to the construction of
tables of optimal coefficients for quadrature formulas, Zhurnal Vychislitel'noi Matematiki i Matematicheskoi Fiziki
49 (2009), no 1, 14-25.

ducnepcTi KOMOO3UTTEP/IiH MaTEMATUKAJIBIK, MO/IeJIbAeyi MeH THuiMAi KacuerTepi

B. Murronies
KomMmnbroTepsiik reuibIMIap *KoHe MaTeMaTuka dakysnbreTi, KpakoB Texnosorus yauBepcureti, Baprrasa
xor, 24, Kpakos, [losbIma

Ansortamus. JlucrmepcTi KOMIIO3UTTEPMIH THIMIOI KACHETTEPIH, MBICAJBI, 3JIEKTPOTKI3TIiIITiri
MEH JIMJIEKTPJIK OTIMIIJIITH aHbIKTay TOMOTEHU3AIMS TEOPUACHIHIAFBI HEeri3ri Mocenenep i Oipi
Gospit Kasta Gepeqi.  Byn makamama esin-esi kemicimai omicke (Self-Consistent Method) xome
OHBIH, 3aMaHay! HYCKAJaPbIHA KaH-?KAKTHI TaJJIay KacaJabl. KernrereH «kKaHa MOJE/IbIepP» IIbIH
MOHIH/Ie KOCBHIHJIBLIAD KOHIEHTPAIMSICHI OOHBIHIIA OipiHIT peTTi XKYyBIKTayJIap FaHa eKeHi KoHe
onapabia, Makcesest, Kiraysuyce, MoccorTu kone 6acKa FAIBIMIAPIBIH KJIACCUKAJIBIK, HOTUKEIEPIH
KaliTa eHJipeTiHl KepceTijesi. Kocwaaplmap KOHIEHTpaIUsChl MeH daszajap KaCHeTTePiHiH
KOHTPACT IapaMeTpJjepiH eckepe OTBIPBIN, MOJIIKTI OarajiaydblH KaTaH oSJIiCTeMeCi YCHIHBLIAIbI.
CranmapTThl OargapjaMaliblK HaKeTTepl KOJIAHATBIH CAHJIBIK MOJIJIbJEYre epeKIne Ha3ap
ayJIapbLIaibl, OUTKEHI ecenTeyaepiiH KabblK cHUlaThbl KeOiHece KOCBIHIBLIAPILIH bIKTUMAJIIBIK
YIIeCTipiMJIEPIH KACBIPBII KAJIabl. 3epTTey HOTHXKEJepl JMCIIEePCTI Ke3IefHCOK KOMITO3UTTEPIl
TaJgayna MaTeMaTHKAJJIbIK MOJEIb YFBIMBIHBIH KM KaTe KOJJAHBLIATHIHBIH KepceTeli, ocipece
FOMOTEHM3AIMs MEH ACHUMITOTHUKAJIBIK TaJIayJblH ipresi Karugajgapbl eCKepiiMereH Karmaiiia.
CoHbIMEH KaTap, aHAJIUTHKAJIBIK TYPFBLIAH JYPBIC *KOHE JI9JIIIr HaKThI OarajaaHrad (pOpMyJIaiapbl
IIBIFAPY YIMiH CUMBOJIIBIK ecenTeyIepai THiMIl maiaaaanyra 00aThIHbL 19/ IeHEI.

Marepuanmap/iplH, THIMJI TapaMeTpJiepiH aHBIKTAy/la AHAJUTHKAJBIK, TOCLIIED MEH CaHJIBIK,
MOJIEJIbJIEY apachblHIarsl e3apa bailiaHbIicKa epekiie KoHil 6esineai. 2KyMbicTa ceHiMIai bosKaMap
JKacay VIIiH TOMOI€HHU3allusi TEOPHUSICHIHBIH, iprejii KarujgajapblH CakTay »KOHE KOMIIO3UTTEP/IIH,
CTOXACTUKAJIBIK, MUKPOKYPBLIBIMBIH JYPBIC €CelKe aJly KaxKeTTiri kepceriiren. Kiaccukajbik
JKOHE 3aMaHayd TOCLJIEep/li CaJIBICTBIPY AapPKbLIbl KEHiHEH KOJJIAHBLIATHIH KYBIKTay/Iap/IblH,
KOJIJAHBLIY MIEKTePl aHBIKTAJIBII, OJAPJbIH ACHMIITOTUKAJIBIK, A9JIirl HakThianaabl. CoHgaii-ak
ecerTey pPoCiMJIEPiHIH AITBIKTHIFBIHBIH, MaHbI3IBLIBIFBl KOPCETIII, KOCBIH/IBLIAD T'€OMETPUSIChIHBIH,
OJIAPJIbIH, KOHIIEHTPAITUSICBIHBIH »KOHE KEHICTIKTIK TapaJslybIHbIH MaTepPUAJIbIH THIMJII KaCHeTTepiHe
oCepiH JypbIC TYCIHAIpyre MyMKIiHIIK OeperiHi aram erijemi. YCBIHBUIFAH OJIiCTEME INCIIEPCTI
KOMIIO3UTTEpPre OipTyTac Ke3Kapac KaJbIITaCTBIPBIN, THIMII OpTa TEOPHUSIIAPBI, eCenTeyimn
TOMOTEHM3aIlns >KoHe Komdas3abl MaTepHaIap CaJachlHIa >KYMBIC ICTEHTIH 3eprTeyIiiiepre
IPaKTUKAJIBIK YChIHBIMIAP Oepe/i.

Tyitin ce3mep: romorenmsalus TEOPUSICHI, JUCIEPCTI KOMIIO3UTTED, ©3iH-631 Kemicimuai oic,
ACUMITOTUKAJIBIK, TAJIAYy, CHMBOJIIBIK €CerrTeyaep.
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MaremaTudeckoe MoesinpoBaHue U 3(p@PeKTUBHbIE CBOMCTBA ANUCIEPCHBIX KOMIIO3UTOB

B. Murtromesn
QPakyIbTeT KOMIBIOTEPHBIX HAyK U MaTeMaTuku, KpakoBCcKuit yHUBEPCUTET TeXHOJIOTUM, yi. Bapiasa, 24,
Kpaxos, Ilosbimna

Awnsoramusi.  Onpenenerne 3(H@PEKTUBHBIX CBOWCTB JIMCIIEPCHBIX KOMITO3UTOB, TAKUX KakK
IIPOBOJIMMOCTDE M JUIJIEKTPpUYECKasd IIPOHUIACMOCTb, OCTaeTCd O,I[HOI';'I n3 NIEHTPaJIbHBIX 3a/1a4
Teopuu TOMOreHW3aIuu. B mgaHHO paboTe IpeJICTABIEH BCECTOPOHHUN IEPECMOTP METOJA
camocorsacoBarust (Self-Consistent Method) u ero cospemennbix mopndukanuii. I[Tokazano, 4arTo
MHOIr'ume TakK Ha3bIBaeMbI€ «HOBBLIE MOJIEJ/IN» B ,ZLefICTBHTeJIbHOCTH ABJIAOTCA JINIIb HpI/I6JII/I}KeHI/IHMI/I
IIEepBOIr'o IIOPdAJKa IIO0 KOHIEHTPAIIUNU BK.HIO“IGHI/II'?'I7 BOCIIPOU3BOJAININMHA KJIACCUYICCKUE DPE3YJIbTaThl
Makcgenma, Kiaysmyca, Moccortn m apyrux wuccienopareneii. Paspaboran crpormii momaxot
K OII€HKE TOYHOCTHU C y4YeTOM KaK KOHIEHTpalluu BK.HIO‘{GHI/HZ, TaK W ITapaMeTpOB KOHTpPacCTa
cBoiictB da3z. Ocoboe BHUMAHME YJEJEHO KOMITBIOTEDHOMY MOJEITUPOBAHUIO C HUCIIOJb30BAHUEM
CTaHJIAPTHBIX IIPOIPAMMHBIX TAKETOB, ITOCKOJIBKY HEITPO3PATHOCTD YUC/IEHHBIX BBIYUCIEHUN HEPETKO
CKPBIBAET JIeXKAI[e B MX OCHOBE BEPOSTHOCTHBIE pacipejiesieHus BkJitodeHuii. (CremaH BBIBOJ O
TOM, YTO IOHSITHE MaTeMaTHIECKON MOJIEIN YacTO MCIOJIb3YeTCs HEKOPPEKTHO IIPH MCCJIEIOBaHUN
CIIyYaiHBIX IMCIEPCHBIX KOMIIO3UTOB, OCOOEHHO KOIJIa NTHOPUPYIOTCS (DyHIAMEHTAIbHBIE TPUHIAIIBI
POMOTE€HHU3AINA U aCUMITOTHYECKOr0 aHaan3a. HakoHelr, moka3aHo, KaK CUMBOJIbHBIE BBLIYUC/IECHUS
MOI'yT 3(p@EKTUBHO NPUMEHATHCS ISl BBIBOAA AHAJUTHIECKH KOPPEKTHBIX (POPMYJ € TOYHO
KOHTPOJINPYEMOII TOUYHOCTBIO.

Ocoboe BHUMaHUE YJIE/ISIeTCs] B3aUMOCBA3HN MEXKJY AHAJUTHUIECKHMU ITOAXOJAAMH U INCJIEHHBIM
MOJEJIUPOBAHUEM IIPU OlpejeaeHnn 3P @EKTUBHBIX [TapaMeTPOB MaTepHaJsIoB. B pabore
MOJIEPKUBAETCsI, UTO HAJAEXKHbIE ITPOTHO3BI TPEOYIOT COTJIACOBAHHOCTH C (DyHIaMEHTaJIbHBIMI
NPUHIAIIAMA TEOPUU TOMOTEHHU3AIMH U KOPPEKTHOIO yYeTa CTOXaCTUIECKOH MHUKPOCTPYKTYPbI
KOMITO3UTOB. CpaBHenne KJIaCCHIE€CKMX W COBPEMEHHBIX IIOJIXO/IOB II03BOJISIET YCTAHOBUTH
TPaHUIBl MPUMEHUMOCTH MHPOKO HMCIOJIB3YEMbBIX MPUOJIUKEHUN U YTOIHUTH UX ACHMIITOTHIECKYIO
TOYHOCTH. TakKrke MOKa3aHa BayKHOCTH IIPO3PAYHBIX BBIUUCIUTEIBHBIX ITPOIELYD, 00ECIeINBAONIINX
KOPPEKTHYIO HWHTEPIPETAINIO BAUSHUA TEOMETPUM  BKJOYEHHUH, WX KOHIEHTPAIUd U
IIPOCTPAHCTBEHHOI'O pacipenenennss Ha >@(@eKTUBHLIE CBOWCTBa Marepuasa.  llpemgmaraemast
MeTojoIorus  (POPMUPYET eIWHBIA B3TJIAJ Ha JUCIHEPCHbIE KOMIIOBUTHI W IIPEIOCTaBJISIEeT
IPaKTHIECKIe PEKOMEH AN [IJIsI MCCIemoBaTesieil, padboraonmux B obmacTu Teopuii 9hPeKTUBHOMN
Ccpenl, BBIUYUCJIUTEJILHON roMoreonu3aliiym 1u MHOI‘O(baSHbIX MaTepuaJioB.

KurodueBsbie cjioBa: Teopusi TOMOI'€HU3AINH, TUCIIEPCHBIE KOMIIO3UTHI, METO][ CAMOCOTJIACOBAHUSI,
ACUMITOTUYECKU aHAIN3, CUMBOJIbHBIE BBIUYUCJIEHUSI.
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