116 Berdimuradova U.A.

UDC 519.644

EXPLICIT COEFFICIENTS AND ERROR ESTIMATE FOR
AN OPTIMAL QUADRATURE FORMULA

L2 Berdimuradova U.A.

umidapulatova27@gmail.com
v I. Romanovskiy Institute of Mathematics, Uzbekistan Academy of Sciences, 9, University
str., Tashkent, 100174 Uzbekistan;
2Tashkent Branch of the University of Business and Science, 1, Gavkhar str., Tashkent, 100096
Uzbekistan

Accurate numerical integration is essential in many computational applications, par-
ticularly when the integrands possess higher-order smoothness. Optimal quadrature for-
mulas in Sobolev spaces provide a rigorous framework for controlling approximation er-
rors, while classical formulas such as the FEuler-Maclaurin formula may be less flexible
for general distributions of quadrature nodes. This motivates the development of accu-
rate quadrature formulas with explicit error estimates and applicability beyond uniform
partitions.

This paper aims to construct an optimal quadrature formula in the Sobolev space
Lg‘s)(a, b) and to establish explicit expressions for its coefficients and error characteristics
using the p-function method.

The proposed approach represents the error of the quadrature formula through a
p-function and determines the coefficients of the quadrature formula by solving the cor-
responding optimality conditions. This procedure yields explicit analytical expressions
for the quadrature coefficients and an explicit estimate of the approximation error. In
addition, a closed-form expression for the norm of the error of the quadrature formula
is obtained, together with a simplified form for equally spaced quadrature nodes. The
construction is formulated for arbitrary node distributions and therefore does not require
a uniform partition of the integration interval.

The resulting quadrature formula provides a rigorous error estimate and exhibits
high numerical accuracy. Numerical experiments conducted for several test functions
demonstrate that the proposed formula produces smaller absolute approximation errors
than the classical Euler—-Maclaurin quadrature formula. The numerical findings are also
consistent with the theoretically established error estimates.

The obtained results extend the range of applicable optimal quadrature formulas
in Sobolev spaces and provide a flexible and accurate alternative to classical numerical
integration methods, particularly when non-uniform quadrature nodes are required.
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1 Introduction

Numerical integration is one of the fundamental topics in computational mathematics
and approximation theory. Since exact evaluation of definite integrals is often impossible
for many practical problems, the development of efficient numerical integration methods
remains an important area of research. The accuracy of such methods depends largely on
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the construction of quadrature formulas that provide reliable approximations while pre-
serving computational efficiency. For smooth functions, the use of derivative information
makes it possible to improve the approximation accuracy and to construct quadrature
formulas with desirable optimality properties.

The theory of optimal quadrature formulas has been extensively developed within ap-
proximation theory and numerical analysis. Early contributions by Sard |1, 2] and Nikol-
skii [3,4] established important theoretical foundations for the construction of optimal
approximation and quadrature methods. These studies demonstrated that incorporating
the smoothness properties of functions into the construction process makes it possible
to obtain highly accurate numerical integration formulas. Later, the Sobolev method
provided an effective framework for constructing optimal quadrature formulas in Sobolev
spaces and has become one of the principal approaches in this area [5-9]. Optimal quadra-
ture formulas in Sobolev spaces have also been investigated for non-periodic functions and
their applications [10].

Fundamental results on optimal quadrature formulas were established by A. Ghizzetti
and A. Ossicini [11|. These ideas were further developed by F. Lanzara [12], who studied
optimal quadrature formulas exact for solutions of linear differential equations. Subse-
quently, Gh. Coman and T. Catinag [13] introduced the p-function method as an ana-
lytical framework for constructing optimal quadrature formulas. In several subsequent
works [14-21], this method was successfully applied to a variety of optimal quadrature
problems, leading to explicit analytical expressions for the corresponding quadrature co-
efficients.

Although various approaches have been proposed for constructing optimal quadrature
formulas, obtaining explicit analytical expressions for both the quadrature coefficients and
the corresponding error estimate remains a challenging problem, particularly in higher-
order Sobolev spaces. Such explicit formulas are of considerable practical interest since
they eliminate the need for solving additional systems of equations and facilitate the
efficient implementation of optimal quadrature formulas in numerical integration.

Despite the progress achieved in this direction, the construction of an optimal quadra-
ture formula in the Sobolev space LgB)(a, b) by the ¢-function method has not been suf-
ficiently investigated. In particular, the derivation of explicit analytical expressions for
the coefficients and the error of the quadrature formula remains of considerable interest.

These issues constitute the main objective of the present paper.

In this paper, an optimal quadrature formula is constructed in the Sobolev space
Lé‘r’)(a, b) using the @-function method. Explicit analytical expressions for the coefficients
of the quadrature formula are derived, and an upper bound for the approximation error of
the constructed quadrature formula is established. The accuracy of the proposed quadra-
ture formula is illustrated by several numerical examples and compared with the classical
Euler—-Maclaurin formula.

The remainder of this paper is organized as follows. Section 2 formulates the problem.
Section 3 presents the construction of the p-function and the derivation of the coefficients
of the optimal quadrature formula. Section 4 presents an explicit expression of optimal
coefficients and error estimate of the quadrature formula. Section 5 contains numerical
examples and comparisons with the classical Euler-Maclaurin formula. Finally, Section 6
concludes the paper.
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2 Problem formulation
Let
a=x9<x1<--<x,=D0, (1)

be an arbitrary partition of the interval [a,b]. The problem considered in this paper is
the approximation of the integral

I(f) = / () d.

by a quadrature formula involving the values of the function and its derivatives at the
partition nodes. More precisely, we consider quadrature formulas of the form

/ fa)dr =305 A f (), 2)

=0 k=0

where A;;, are unknown coefficients to be determined.

The quadrature formula (2) involves not only the values of the integrand but also its
derivatives up to the fourth order at the quadrature nodes. The inclusion of derivative
information increases the flexibility of the approximation process and provides additional
degrees of freedom for constructing optimal quadrature formulas with improved accuracy.

The corresponding remainder of the quadrature formula is defined by

b 4 n
R = [ fa)de =303 Aaf ) ®)

The remainder R(f) characterizes the approximation error of the quadrature formula.
Therefore, the main objective is to determine the coefficients A;; so that this error becomes
as small as possible.

We assume that the integrand belongs to the Sobolev space L§5) (a,b), equipped with
the inner product

(f9) = [ 1Oy ) ds

and the corresponding seminorm

b 2
1A L oy = ( / (fO(2)) d:c)

For convenience, we introduce the following notation:

1/2

AO = (A()Oa s 7A0n)a Al = (AIOa s 7A1n)a AQ = (A207 s 7A2n)a
Aj = (A307 cee 7A3n>7 A= (A40, .. 7A4n)7 X = (Ioa cee ,iUn)-

Definition 1. The quadrature formula (2) is said to be optimal in the sense of Sard in

the space LéS) (a,b) if, for fixed X, the following quantity attains its minimum with respect
to AU7 A17 A2a A37 A4:

Fn (Lé‘a)(a’ b)7A07A17A27A37A4> — sup ’R(f)| (4)
FeLs (a,b)
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The main purpose of this study is to construct an optimal quadrature formula of the
considered type. Using the ¢-function method, we determine the optimal coefficients
Ay, A, Ay, A, A, that minimize the above error quantity.

3 Representation of the quadrature formula by the @-function
method
To determine the coefficients of the quadrature formula, we employ the -function
method. The basic idea of this approach is to introduce auxiliary functions on each
subinterval of the partition and to represent both the coefficients and the remainder of
the quadrature formula in terms of these functions.

For each subinterval [zy_1, zx], k = 1,2,. .. n, let p(x) satisfy the differential equation
5
o (@) = 1. (5)

The corresponding piecewise-defined function is introduced by
go(:r;)‘[ = pr(x), k=1,2,...,n. (6)

Applying repeated integration by parts together with the above definition, the coefficients
of the quadrature formula and the remainder can be expressed through the values of the
vy functions and their derivatives at the quadrature nodes. Since this derivation follows
the standard (-function technique, only the resulting expressions are presented below:

Ago = —¢" (20), Aok = & (2x) — @i (1), Ao = @) (Tn),

Ao =)' (x0), A= sok+ (Te) = o (2r), A=~ (2n),

Agg = —@(mo),  As = @ll(ax) — k+1(xk> Azn = (), (7)
) —
) —

Ik,l,fbk]

Az = 90/1(900)7 Agp, = <Pk+1($k ( ) Azp = —%(%)7
Ay = —p1(z0), Ay, = pi(xp @k+1($k) A = op(2n).

The remainder of the quadrature formula is represented by

-2 / @) pula) da. (8)

Therefore, the construction of the quadrature formula reduces to determining the explicit
form of the auxiliary functions ¢g(x). Since ap,(f)(:lr) = 1, the corresponding differential
equation can be integrated successively five times. Consequently, its general solution is

given by

5 1‘4 1.3 2

gok(x) 5 +Clk ‘|‘O2k +C3k +C'4kx—|—C'5k, k=1,2,...,n. (9)
The general solution contains five arbitrary constants on each subinterval. These con-
stants are determined by minimizing the corresponding quadratic functional. As a result,
explicit analytical expressions for the constants are obtained, which subsequently lead to
explicit formulas for the coefficients of the optimal quadrature formula. The details of
this optimization procedure are presented in the following section.

4 Determination of the optimal coefficients and error estimate

The construction of an optimal quadrature formula is based on minimizing the norm
of the corresponding error of the quadrature formula. According to the representation
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obtained in the previous section, the remainder of the quadrature formula can be written
as

R(f)=-3 / " O @) de. (10)

Applying the Cauchy—Schwarz inequality to each subinterval yields

n

. 1/2 - 1/2
!R<f)\<z</ (f(5)(m))2d:c> (/ goi(x)dx) <

k=1 - -
1/2

< (Lb(f(5)(x))2dx)l/2 (/b P*(x) dw)

(11)

Hence,

[ROT< NP raany 0]l zaan)- (12)

Since the function f is fixed, the quantity ||f® ||z, does not depend on the choice
of the ¢(z) function. Therefore, minimizing the upper bound of the quadrature error is
equivalent to minimizing the norm of ¢(z). Consequently, the construction of an optimal
quadrature formula is reduced to the following optimization problem

1/2

b
ol (ap) = (/ g02(x) d:c) — min. (13)

Since the ¢ (z) function is defined piecewise on the partition (1), the minimization prob-
lem can be written as

n Zk
Z/ ©2(x) dr — min. (14)
k=1 Y Tk=1

For each subinterval [x_1, x|, the @i () function has the general form

$5 I4 $3 2

OB+ Cop e+ Cope 4 Cyger + Cip, (15)

or(r) = A1 3] 9]

where C4, Cor, Csp, Cy and C's;, are unknown constants. To determine these constants,
we minimize the quadratic functional

Tp
Jp = / @2 () dr, k=1,2,...,n. (16)
Tp—1

Substituting (15) into (14), the functional becomes a quadratic function of the unknown
coefficients. Differentiating (14) with respect to each unknown coefficient and setting the
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obtained derivatives equal to zero, we arrive at the following system of integral equations:

( T I,S 1,4 ZUS I‘Q 1.4
—+C C. C C C —dx =0
/xk-1 (5! + o + 237 + 3k 51 + 4k T + Sk) m x )
Tk :L.S .1’4 1.3 513'2 3
/ (—| + Cip— + Cgk —|- Cgk —|— Cux + C5k) —dx =0,
- 5! 4! 3!
Tk 5 4 3 2 2
/ (x_' +Clkz +Czk$ ‘|‘O3kw +C4k96+05k) %dm =0, (17)
T—1 : .
Ty I‘S $4 ZUS 2
g + Clk A1 + Cgk 3 + Cgk + O4k$ + C5k rdr = 0,
Tr—1 :

Ty :CS x4 x3 2
/ (5| + Clk + ng —|- Cgk— + Cyr + C5k) dr = 0.
Tpo1

\

Solving system (17), we determine the coefficients Cyy, Coy, Csi, Cyx and Csi. Substituting
these coefficients into (15), we obtain the explicit expression of the ¢y (x) function.

Theorem 1. For the optimal quadrature formula of the form (2) in the Sobolev space
L (a,b), the auxiliary function o () is given by

(2) = 20 (v =) -t N (g + 2m51) (205 + 2p0) - 2°
ok 120 18 108
(@ — o) (2 + dagr + 2fy) -2
144 (18)
1008 ——(x} + 10z, + 202307 | + 1002 +ap ) - @
(- Tpo1) (2} 4 24xd ) + T6x227 | + 24wy | 4+ 27 ,)
30240 7
for every subinterval [xy_1, k], Kk =1,2,...,n

Theorem 1 establishes an explicit representation of the function i (z) on each subin-
terval of the partition. This representation plays a fundamental role in the subsequent
construction of the optimal quadrature formula, since the coefficients of the quadrature
formula are obtained directly from the values of g (x) and its derivatives at the partition
nodes.

Substituting the explicit representation of the ¢ (z) function into relations (7), we
obtain the coefficients of the optimal quadrature formula.

Theorem 2. The coefficients of the optimal quadrature formula (2) in the Sobolev space
Lg’)(a, b) are given by the following formulas, where k = 1,2,...,n — 1:

T — 2o Tpt1 — Tk Tp — Tpn-1
A = A - — A n = _
00 5 0k 5 ) 0 B
_ 2 _ 2 _ 2 _ 2
Alo = (xl—x()), Alk - (xk+1 xk) (Ik Ik_l) ) Aln = —M7
9 9 9
(21 — 20)° (2hs1 — 21)° + (v — 211)° (20 — 01)’
Ap=~— """ Ay = Ay = —— 2 19
20 72 ) 2k 72 ) 2n 72 9 ( )
Agy = (301 - 170)47 Agp, = ($k+1 - xk) (ﬂﬁk - xk—1)4’ As, = — (xn - xn—1)47
1008 1008 1008
. (z1 — x0)® B (Tps1 — xp)° + (@ — Tp—1)® (2, — Tp—1)®
40 = “Shnan —_—

— Ay, =
30240 = 30240 b 30240
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An important feature of the obtained coefficients is that they are expressed in closed
form for an arbitrary partition of the integration interval. Consequently, once the par-
tition is specified, all coefficients of the proposed quadrature formula can be evaluated
directly. This result completes the construction of the optimal quadrature formula for ar-
bitrary distributions of quadrature nodes. According to inequality (12), the error bound
of the optimal quadrature formula depends on the Ly-norm of the ¢y (x) function. There-
fore, it remains to evaluate this norm explicitly. The following theorem provides the
corresponding result.

Theorem 3. The error of the optimal quadrature formula satisfies the estimate

[RA < 1PN o) 121l 2agas), (20)
where
sy = Lot B 21
200 30240v/11
In the case of equally spaced nodes, where x;, — xy_1 = h for all k = 1,2,...,n, the

above estimate takes a simpler form.

Corollary 1. For equally spaced nodes, where
_b—a

h=—o, (22)

the estimate in Theorem 3 reduces to

Vb—ah?

wh) = ————, 23
lelliaon = 3o 2
and consequently,
Vb —ah®
IR < 3ol 24

Corollary 1 shows that, for a uniform partition of the integration interval, the general
error estimate is reduced to a particularly simple form depending only on the step size
h. This representation is convenient for practical applications, since the error can be
estimated directly once the step size is specified. Moreover, it demonstrates that the
general estimate obtained for arbitrary partitions naturally includes the case of uniformly
distributed quadrature nodes as a special case. Consequently, the obtained estimate
provides a convenient theoretical tool for assessing the approximation error in the case
of equally spaced quadrature nodes. It also establishes a direct connection between the
theoretical analysis and the numerical experiments presented in the next section.

5 Numerical results

To illustrate the accuracy of the constructed quadrature formula, five sufficiently
smooth test functions are considered. The absolute approximation errors obtained by the
constructed quadrature formula are compared with those of the classical Euler-Maclaurin
quadrature formula. The corresponding results are presented in Table 1.

Since the classical Euler-Maclaurin quadrature formula is formulated for equally
spaced nodes, the comparison is carried out using the proposed quadrature formula spe-
cialized to the case of a uniform partition of the integration interval. This ensures that
both quadrature formulas are evaluated under identical conditions, providing a fair and
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Table 1 Comparison of the absolute approximation errors obtained by the classical Euler—
Maclaurin formula and the constructed quadrature formula.

Test function n  Euler-Maclaurin Constructed formula
10 2.21888 - 10~ " 0
=25 +22—1 50 1.42213 - 10~ 1.00000 - 10730
100  2.22218-10713 3.00000 - 10739
10 77.72090 0.11643 - 102
elo® 50 0.52419 - 102 1.27564 - 10710
100 0.82044 - 1074 1.24844 - 10713
10 2.19052 - 1076 1.41321-1078
m 50 4.18075 - 10714 5.57993 - 1023
100  6.53456 - 10716 5.4533 - 10726
10 7.63025 - 10710 3.88883 - 10716
In(1 + z) 50  4.91912-107* 4.09179 - 1072
100  7.68790 - 1016 3.99950 - 1026
10 1.52054 - 10~ 4.57146 - 107!
sin(x) 50 9.72914 - 10716 4.670000 - 1028

100 1.52016 - 10717 2.000000 - 10730

meaningful comparison of their approximation accuracy. Therefore, the observed differ-
ences in the numerical results are attributed to the properties of the quadrature formulas
themselves rather than to the distribution of the quadrature nodes.

It is observed from Table 1 that the constructed quadrature formula yields more ac-
curate approximations than the classical Euler—-Maclaurin formula for all considered test
functions. The improvement is particularly noticeable for the exponential and rational
test functions, where the obtained absolute errors are several orders of magnitude smaller
than those produced by the Euler-Maclaurin formula. Similar results are also observed
for the logarithmic and trigonometric functions, indicating that the proposed quadrature
formula consistently provides high accuracy for all test functions considered.

Furthermore, increasing the number of subintervals from n = 10 to n = 100 leads to a
substantial reduction in the approximation error for both quadrature formulas. However,
throughout all numerical experiments, the constructed quadrature formula preserves its
advantage over the classical Euler-Maclaurin formula. These observations are in good
agreement with the theoretical error estimate established in Section 4 and further confirm
the effectiveness of the proposed quadrature formula.

6 Conclusion

In this paper, a new optimal quadrature formula in the Sobolev space Lg5)(a, b) was
constructed by means of the ¢-function method. Explicit formulas for all coefficients of
the quadrature formula were derived in terms of the subinterval lengths, and an explicit
estimate for the remainder was obtained. In the case of equally spaced nodes, the error
bound was simplified to a compact form.

The numerical examples demonstrated that the constructed quadrature formula pro-
vides more accurate approximations than the classical Euler-Maclaurin quadrature for-
mula for the considered test functions. The obtained results confirm the theoretical error
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estimate and indicate that the proposed approach is effective for the numerical approxima-
tion of definite integrals. The developed analytical approach provides a basis for further
investigation of optimal quadrature formulas in Sobolev spaces. The proposed methodol-
ogy can be extended to the construction of optimal quadrature formulas in higher-order
Sobolev spaces and to related problems of numerical integration.
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ABHDBIE KOSOOUITVMEHTHI 1 OIIEHKA ITOI'PEINTHOCTNU

OIITIMAJIBHON KBAJIPATYPHON ®OPMYJIBI

L2 Bepoumypadosa Y.A.
umidapulatova27@gmail.com

Yucruryr maremaruxu nvenn B.M. Pomanosckoro Axajgemun nayk Pecry6imku Y36exucram,

100174, ¥Y3bekucran, r. Tamkent, yia. YHuupepcurerckas, 9;
2TamkenTckuii dummasn Yausepcutera Busneca n Haykn, 100096, Ya6ekucran, 1. TakenT,
yi. TaBxap, 1

TOLIHOQ YUCJIEHHOE MHTEI'PUPOBaHNE HMeET BaKHOE€ 3HaYCHHE BO MHOI'MX BbIYUCJINA-
TEJIbHBIX MMPUIOKEHUIX, OCOOEHHO B CJIydasix, KOTJa MOAbIHTerpaJbHble PYHKINN 00J1a-
JIAIOT BBICOKOW CTeleHbio riiaakocTu. OnTuMajbHble KBaJpaTypHble (DOPMYJIBI B IIPO-
crpancrBax CobojieBa 00€CIIEIMBAIOT CTPOrYIO OCHOBY JIjIsI KOHTPOJISI ITOTPEITHOCTE
AIIPOKCUMAIIAN, TOTJa KaK KJjaccudueckue (GopMmysibl, Takue Kak opMmysia Dilaepa—
MaxkJjopeHa, MOTYT OBITH MeHee TMOKUME JIjIsi ODINEero pacipeaesieHns KBaApaTypPHBIX
Y3J0B. DTO 0DOCHOBBIBAET HEOOXOJIUMOCTD Pa3pabOTKU TOUHBIX KBaJIPATYPHBIX (DOPMYJT
C SIBHBIMU OITEHKAMU ITOT'PEITHOCTH, IPUMEHNMBIX 3a IIpeaeJaMi PaBHOMEPHOTO pas3bme-
HUSI.

ITenbro manHON PAOOTHI ABJISIETCS MOCTPOCHUE ONTUMAIBHON KBaIPATyPHOU (hOPMYJIbI
B mpoctpancTBe CoboJieBa Lé5) (a,b) u mosryueHue siIBHBIX BbIpaXKeHUit jisi eé Koahduru-
€HTOB M XapaKTePUCTHUK IMOTPEITHOCTH C UCIOJIH30BAHUEM ©-(PYHKITHOHAILHOTO METOIA.

[Ipemraraembrit OIX0, IPEJCTABISET MOTPEITHOCTH KBAIPATYPHOU (DOPMYJIBI C TI0-
MOIIBIO Y-PYHKIUU U Ompe/ieigeT KodDPUIMeHThl KBaIpaTypHOil (hOpMY/IbI IIyTEM pe-
IIEHNsT COOTBETCTBYIOIINX YCJIOBHH OIITUMAaIbHOCTH. JlaHHAsT IPOIIeLy Pa ITO3BOJISIET TOJIY-
YUTDH dBHBIC aHaJUTUYICCKHNE BbIpazKE€HMA I KBaJAPpaTyPHBIX KOS(bd)I/H_[I/IeHTOB n ABHYIO
OIEHKY IOTPENTHOCTH ampokcuMarmu. KpoMe TOro, moydeHo 3aMKHYTOE BBIPpasKeHNe
JIJTsT HOPMBI TTOTPENTHOCTH KBaIPATYPHOI (DOPMYIIBI, & JIJIsi PABHOOTCTOSIIINX KBAJIPaTyp-
HBIX y3JI0OB BbIBeleHa e€ yuporéaaas (gpopma. [locrpoenne chpopMyInpoBaHo Ijist TPOU3-
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BOJIBHOT'O PACIIPEJIESICHUST Y3JI0B U, CJIe0BaTe/IbHO, He TPeOyeT PABHOMEPHOI'O PA30UeHMsT
HHTepBaJia NHTEIPUPOBAHUS.

Ilostyuennast KBagpaTypHas GOpMy/a 00eCIednBaeT CTPOrYIO OIEHKY IIOIPEITHOCTH
n ﬂeMOHCTppreT BbICOKyIO qI/ICJ'IeHHyIO TOYHOCTB. I‘II/ICHeHHbIe QKCIIEpPUMEHTBI, IIPOBE-
JEHHBIE JJIsI HECKOJIBKUX TE€CTOBBIX (DYHKIINIA, IIOKA3BIBAIOT, 9TO IIPEII0KEeHHAsT (DOPMY-
Jla, obecreYnBaeT MEHbINNE abCOIIOTHBIE IIOTPEIIHOCTH AIIIPOKCUMAIIAN 110 CPABHEHUIO C
KJIACCUYIECKON KBaJIpaTypHoil dopmysoil Dittepa—Makigopena. HuciieHHbIE pe3yIbTATHI
TaKKe COIJIaCyIOTCSI C TEOPETUIECKH YCTAHOBJIEHHBIMH OIeHKAMU OIPEITHOCTH.

HOJIyLIeHHI)Ie peByﬂbTaTbI pPacIminpA0T O6HaCTb IIPUMEHEHHNA OINTUMAaJIBHBIX KBaJlpa-
TypHBIX (popMysI B TpocTpancTBax CoboJieBa 1 IpejIaraloT rnOKyIo U TOYHYIO ajbTepHa-
TUBY KJIACCUYIECKHUM METOJaM YHCJIEHHOIO MHTEIPUPOBAHMA, OCOOEHHO B CJIydasix, KOIJa
TpebyeTcst NCIOIL30BAHNE HEPABHOMEPHO PACIIPEIEIEHHBIX KBAIPATYPHBIX Y3JIOB.

KiroueBble cjoBa: onTuMajbHas KBaJpaTypHas (GhopMmysa, MeToJ @-(yHKIUA, Tpo-
crpancTteo CoboJsieBa, OIEHKA ITOTPENTHOCTH, YUCJIEHHOE WHTErpupoBanue, (opMy/a
Ditnepa—Makiiopena

HurupoBanue: Bepdumypadosa Y.A. fBHble KO3(DMUIUEHTHI U OIEHKA IIOrPEITHOCTH

ONTUMAJIbHON KBajparypHoit opmyiier // IIpobieMbl BBIYUCIUTENBHOM U TPUKJIAIHON
maremaruku. — 2026. — Ne4/1(75). — C. 116-126.
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