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CUCTEMHM AHAJII3 1 TEOPISI IPUMAHSTTSA PINIEHD

CUCTEMHBIN AHAJIM3 U TEOPUS IPUHATHUA PEINEHUA

SYSTEM ANALYSIS AND DECISION-MAKING THEORY

UDC 519.24 DOI: 10.20998/2079-0023.2021.02.01
A. A. PAVLOV

ESTIMATING WITH A GIVEN ACCURACY OF THE COEFFICIENTS AT NONLINEAR TERMS OF
UNIVARIATE POLYNOMIAL REGRESSION USING A SMALL NUMBER OF TESTS IN AN
ARBITRARY LIMITED ACTIVE EXPERIMENT

We substantiate the structure of the efficient numerical axis segment an active experiment on which allows finding estimates of the coefficients for
nonlinear terms of univariate polynomial regression with high accuracy using normalized orthogonal Forsyth polynomials with a sufficiently small
number of experiments. For the case when an active experiment can be executed on a numerical axis segment that does not satisfy these conditions, we
substantiate the possibility of conducting a virtual active experiment on an efficient interval of the numerical axis. According to the results of the ex-
periment, we find estimates for nonlinear terms of the univariate polynomial regression under research as a solution of a linear equalities system with
an upper non-degenerate triangular matrix of constraints. Thus, to solve the problem of estimating the coefficients for nonlinear terms of univariate
polynomial regression, it is necessary to choose an efficient interval of the numerical axis, set the minimum required number of values of the scalar
variable which belong to this segment and guarantee a given value of the variance of estimates for nonlinear terms of univariate polynomial regression
using normalized orthogonal polynomials of Forsythe. Next, it is necessary to find with sufficient accuracy all the coefficients of the normalized or-
thogonal polynomials of Forsythe for the given values of the scalar variable. The resulting set of normalized orthogonal polynomials of Forsythe al-
lows us to estimate with a given accuracy the coefficients of nonlinear terms of univariate polynomial regression in an arbitrary limited active exper-
iment: the range of the scalar variable values can be an arbitrary segment of the numerical axis. We propose to find an estimate of the constant and of
the coefficient at the linear term of univariate polynomial regression by solving the linear univariate regression problem using ordinary least squares
method in active experiment conditions. Author and his students shown in previous publications that the estimation of the coefficients for nonlinear
terms of multivariate polynomial regression is reduced to the sequential construction of univariate regressions and the solution of the corresponding
systems of linear equalities. Thus, the results of the paper qualitatively increase the efficiency of finding estimates of the coefficients for nonlinear
terms of multivariate polynomial regression given by a redundant representation.

Keywords: univariate polynomial regression, multivariate polynomial regression, normalized orthogonal polynomials of Forsythe, redundant
representation, linear equalities, conditional active experiment

O. A. IIABJIOB

ONIHIOBAHHS 13 3AJIAHOIO TOUHICTIO KOE®IIIEHTIB TPU HEJTHIMHAX YJIEHAX
OJTHOBUMIPHOI IMOJTHOMIAJIBHOI PET'PECII TPU MAJIIA KIJIBKOCTI BUITPOEYBAHB
JOBIJIBHOI'O OBMEXEHOI'O AKTUBHOI'O EKCIIEPUMEHTY

OOrpyHTOBYETHCS CTPYKTYpa e)eKTHBHOTO BiIpi3Ka YHCIOBOI OCi, MPOBEICHHS Ha SIKOMY aKTHBHOTO €KCIIEPUMEHTY ISl 3HAXOKEHHS OIIHOK Koedi-
I[IEHTIB TIPN HENIHIHKUX YJIEHaX OJHOBMMIPHOI MOJIIHOMiaJIbHOI perpecii 3a J0IIOMOror0 HOPMOBAaHMX OPTOTOHAIBHMX ToNiHOMIB DopcaiiTa 103BOIIE
MIPU JOCUTh MaJlii KiJIbKOCTI €KCIIEPUMEHTIB 3HAXOIUTHU OL[IHKU 3 BUCOKOIO TOYHICTIO. J{JIs BUMAAKY, KO aKTUBHHUI €KCIIEPUMEHT MOXe OyTu pealri-
30BaHUIl HA BIIPI3KY YMCIOBOI OCi, IO HE 33/I0BOJILHSE M YMOBaM, OOIPYHTOBYETHCSI MOXKIIMBICTh IIPOBENICHHS BIPTYaJbHOTO aKTHBHOTO EKCIIEPHU-
MEHTY Ha e()eKTHBHOMY BiJIpi3Ky YHCIIOBOI OCi, 32 pe3y/IbTaTaMHM SIKOTO B PE3yJIbTaTi PO3B’SI3aHHS CHCTEMH JIIHIHHNX PIBHOCTEH 3 BEPXHBOIO TPUKYT-
HOI0 HEBHPO/KEHOI0 MATPHUIICI0 0OMEXEHb 3HAXOMAATHCS OLIHKH MPH HEMIHIHHUX WIEHaX JOCITiIKYyBaHOI OJHOBUMIPHOI MOJIIHOMIiaNbHOI perpecii.
TakuM 4MHOM, JUTS PO3B’S3aHHS 3a]1a4l OLHIOBaHHS KOe(DII[iEHTIB P HENHIHHUX YIEHAX OJJHOBUMIPHOI MOJIHOMIaIbHOT perpecii HeoOXiaHO BUOpa-
TH e)eKTUBHUHI BiIPi30K YMCIIOBOI OCi, 33JaTH MiHIMAJIBHO HEOOXITHY KiJIbKICTh 3HaU€Hb CKAJIPHOI 3MIHHOI, 0 HAJIOXKATh IIbOMY BiJpi3Ky i rapaH-
TYIOTh 33/IaHy BEJIMUUHY JUCIIEPCIl OL[IHOK MPH HENiHIIHUX 4JIeHaX OJHOBUMIPHOI MOJIIHOMIaNbHOI perpecii 3 BUKOPHCTAHHSIM HOPMOBAaHHX OPTOrO-
HaypHUX nojiHoMiB @opcaiita. Jlani HeoOXiIHO 3 JOCTATHHOIO TOYHICTIO 3HAWTH BCi KOE]illi€eHTH HOPMOBAHUX OPTOrOHAIBHUX MOJiHOMIB DopcaiiTa
JUISL 3aJITaHAX 3Ha4YeHb CKaJApHOi 3MiHHOI. OTpuMaHuii Habip HOPMOBAHMX OPTOTOHANIBHHX TodiHOMIB dopcaiiTa 103BOJISE OLIHIOBATH i3 3aJ]aHOIO
TOYHICTIO KOC(IIi€EHTH MPU HENMHIWHUX YIeHaX OJHOBHMIPHOI MOJIHOMIAIBHOI perpecii npu JOBUTLHOMY OOMEXKEHOMY aKTHBHOMY €KCIIEPUMEHTI —
00J1aCTh 3MiHM 3HaY€Hb CKAJISIPHOI 3MIHHOI MOKe OyTH JAOBUIBHUM BiIPi3KOM 4KCI0BOT OCi. OIiHKY KOHCTaHTH Ta Koe(illieHTa IpH JiHIHHOMY 4JIeHi
OJIHOBMMIpPHOI MOJIIHOMIaIbHOI perpecii NPONOHYEThCS 3HAXOANTH BHACIIZOK PO3B’A3aHHS 3ajadi JiHiHOI OJHOBHMIPHOI perpecii 3a JI0MOMOTIOr0
CTaHAAPTHOTO METOy HAWMEHILUX KBaJpaTiB B yMOBaX aKTHBHOTO €KCIIEPUMEHTY. Y MornepenHix myOuikarisx aBTopa Ta Horo y4HiB OyJi0o MOKa3aHo,
110 OLIHIOBaHHS KOE(IIi€HTIB MPU HENIHIMHUX WieHaX 0araTOBHMIPHOI MOJIHOMIAIBLHOI perpecii 3BOAUTHCS IO MOCHIJOBHOI MOOYIOBU OIHOBUMIp-
HHX perpeciii Ta po3B’s3aHHS BiIOBITHUX CHCTEM JIiHIHHNX piBHOCTeH. TakiM YMHOM, pe3yibTaTH CTATTi SKICHO MiJABHILYIOTh €hEeKTHBHICTh 3HAX0-
JUKEHHS OI[IHOK KOoe(DiIlieHTiB PH HEeTiHIHHUX 4ieHax 0araToBUMIpHOI MONIHOMIaNbHOI perpecii, sika 3aaHa Ha UTHITKOBUM OITHCOM.

Ku1ro4oBi cjioBa: oHOBHMIpHA IMOJTiHOMIaNbHA perpecis, 0araTOBUMipHa MOJNiHOMIallbHA PErpecis, HOPMOBaHi OpPTOroHanbHi noixinomu dop-
caiiTa, HaJUIMIIIKOBHI OMHC, JiHiifHI PIBHOCTI, YMOBHHI aKTHBHUI €KCIIEPIMEHT

© A. A. Pavlov, 2021
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A.A. IIABJIOB

OLEHKA C 3A,£[AHHOFI TOYHOCTBIO KOY®PUIMEHTOB ITPH HEJTUHEMHBIX YWIEHAX
OTHOMEPHOW MOJIMHOMMAJIbHOW PETPECCHHU ITPU MAJIOM KOJIMYECTBE
HCHBITAHUMA MPOU3BOJHLHOIO OTPAHUYEHHOI'O AKTUBHOI'O DKCIIEPUMEHTA

OO00CHOBEIBaeTCS CTPYKTYpa d(P(EKTHBHOIO OTPE3Ka YHUCIOBOW OCH, IPOBEICHHE Ha KOTOPOM AKTHBHOTO JKCIIEPHMEHTA AN HAXOXKICHHS OLEHOK
K02 (PUINECHTOB NpU HEIWHEIHBIX WIEHaX OAHOMEPHOH MOIMHOMHATPHOW PErpeccHH C IOMOIIbI0 HOPMHPOBAHHBIX OPTOrOHAIBHBIX IOIMHOMOB
Dopcaiita M03BOJIAET NPU JOCTATOUHO MaJIOM KOJIHYECTBE IKCIEPUMEHTOB HAXOIHUTh OLIEHKU C BBICOKOH TOYHOCTBIO. JIjIst ciyuas, KOrja akTHBHbIN
OKCIIEPHUMEHT MOXKET OBITh pealH30BaH HA OTPE3Ke UHCIOBOH OCH, HE YHOBIETBOPSIOIIEM OJTHM YCIOBHSM, OOOCHOBBIBACTCS BO3MOXHOCTH
MIPOBEJICHNS] BUPTYaIbHOTO aKTHBHOTO SKCIEPUMEHTa Ha 3()(EeKTHBHOM OTpe3Ke YHCIOBOH OCH, IO pe3ylbTaTaM KOTOPOTO B Pe3ylbTaTe PelICHUsS
CUCTEMbl JIMHEHHBIX PABEHCTB C BEPXHEW TPEYrojbHOW HEBBIPOXKICHHON MaTpHLEll OrpaHMYeHUH HAXOIATCS OLEHKH IPU HEIMHEHHBIX 4IeHaX
HCCIIeyeMoil OTHOMEPHOH IOIMHOMHUANBHOH perpeccui. TakuMm o0pa3oM, IS pelIeHHs 3aJadd OLEHMBAHHS KOI(P(UIUEHTOB NPU HENTHHEHHBIX
IeHaX OJHOMEPHOU MOJMHOMHAIIBHOI perpeccuy HeoOXOAUMO BEIOpaTh d(()EeKTUBHBIA OTPE30K YHCIOBOH OCH, 3aJaTh MUHUMAIBHO HEOOXOAUMOE
KOJIMYECTBO 3HAYCHHI CKAISPHO IepeMEHHON, MPUHAUISKAIINX ITOMY OTPE3KY M rapaHTHPYIOLIMX 33JaHHYI0 BEJIMYHHY AUCIEPCHH OLICHOK IpPH
HETHMHEIHBIX WIeHaX OJHOMEPHOH IIOIMHOMHUAIEHOH PErpeccut ¢ UCHONIb30BaHHEM HOPMHPOBAHHBIX OPTOrOHANBHBIX MoarHoMoB Dopcaiita. lanee
HEOOXOIUMO C JOCTATOYHOU TOYHOCTBIO HAHTH Bce KO (UIUEHTE HOPMUPOBAHHBIX OPTOTOHAIBHBIX TOIMHOMOB (Dopcaiita 11 3aJaHHBIX 3HAUCHHUI
CKaJsIpHOU nepeMeHHOM. [TonyuyeHHbIH Habop HOPMUPOBAHHBIX OPTOTOHAJIBHBIX MOJMHOMOB DopcaiiTa M03BONIAET OLEHUBATD C 33JJaHHON TOYHOCTBIO
K02 QUIUEHTHI IPH HEIMHEHHBIX WIEHAaX OJHOMEPHOH ITOJMHOMUATIEHOH PErpecCcHy MPpH MPOU3BOIBHOM OTPaHUYCHHOM aKTUBHOM JKCIICPHMEHTE —
00J1acTh M3MEHECHNS 3HAYCHNH CKAIIPHOM IIepEeMEHHOH MOXKET OBITh IIPOM3BOJIBHEIM OTPE3KOM YHCIOBOH ocH. OIEHKY IOCTOSHHOI U K03 punnenTa
MIPU JIMHEHHOM YJICHE OJZHOMEPHOH IOJMHOMMAIBHON PErpeccHH IMPEAIaraercss HaxXOAUTh BCIICICTBHUE PELICHUs 3aJayd JMHEWHOH OJHOMEpHOU
pEerpeccuy ¢ IOMOIIBIO CTAaHIAPTHOTO METOJa HAMMEHBIINX KBAJPATOB B YCJIOBUSX aKTHBHOTO JKCIIEPHMEHTA. B mpenpaymux myOankanusx aBTopa
1 €r0 YYEHHKOB OBLIO MOKa3aHO, YTO OLEHHBaHNE KOI((UIMEHTOB IPH HETMHEWHBIX WIEHaX MHOTOMEPHOHU ITOJMHOMHAIBHONW PErpecCuH CBOIUTCS K
[OC/IEJOBATEIIbHOMY IIOCTPOCHHIO OJHOMEPHBIX PErpecCHil M pELICHHI0 COOTBETCTBYIOIIMX CHCTEM JIMHEHHBIX paBeHCTB. Takum o0Opasom,
pe3yIbTaThl CTaThH KadeCTBEHHO ITOBBINAIOT J(P(PEKTUBHOCTE HAXOXKICHHS OLEHOK KOd(D(HIMEHTOB NPH HEJIMHEHHBIX WIEHaX MHOTOMEPHOH
TIOJIMHOMHAIIBHON PErpeccuH, 3aJaHHON H30BITOYHBIM ONFICAaHUEM.

KuroueBble cl10Ba: OJHOMEpHAs MOJIHHOMHAIIbHASL PErPECCHsi, MHOTOMEpHAsl IIOJIMHOMHUANIbHAS PErPeccusi, HOPMUPOBAHHBIC OPTOTOHAIBHbIC
noiauHoMbl Dopcaiita, U30BITOYHOE ONMCAHUE, JIMHEHHBIC PABEHCTBA, YCIOBHBII aKTUBHbII SKCIIEPUMEHT

Introduction. Univariate and multivariate regression  y; = 6, + 6,x; + -+ 0,x] +8; where & is the
models are widely used [1-8] in modern information di-  realization of the random variable E. Based on the results
agnostic systems in various fields of human activity, for  of an active experiment (xyy, i=1n) we find
example, in medicine. Finding, with a given accuracy,
estimates of the coefficients of univariate polynomial re- i . ~ .
gression (UPR) and multivariate polynomial regression  find the estimates 6; by the least squares method using

estimates 8; of unknown coefficients 6;,j = 0,7. We will

(MPR) is still a serious theoretical problem today. NOPFs. Let us give the following well-known facts [11].
Works [9, 10] substantiate the possibility of reducing Let us transform the model (1) into a model (2):

the sufficiently efficient estimating of the coefficients at r

nonlinear terms of the MPR in an active experiment to Y(x) = Z w;Q(x) + E 2

successive building of a UPR. The coefficients at nonline- j=0

ar terms of the UPR are the right-hand sides of the sys- .= ,
tems of linear equalities, whose unknowns are the coeffi-  WNere €;(x), j = 0,r, is the j-th NOPF.

cients at the nonlinear terms of the MPR. Thus, the effi- According to [11],

cient finding of estimates at nonlinear terms of the UPR _ _ _

reduces the problem of estimating the coefficients of the AQ;() = xQj1 () = aQj () = Q- (), ()
MPR to the standard problem of finding the coefficients of  \yhere o, B, A are the coefficients determined as follows:
linear multivariate regression in an active experiment. In
this paper, we substantiate a procedure for efficient find-
ing of the coefficients at nonlinear terms of a UPR. The
procedure is based on the transformation of a real active
experiment into a virtual one. The formulated problem is B =2 %Q—1(x)Qj_2(x); (5)
solved using the results of the virtual experiment together

with a previously found set of normalized orthogonal pol- >
ynomials of Forsythe (NOPFs) which guarantee a speci- A = JE?zl (xin_l(xi) —aQ;_1(x;) — BQj_z(xi)) . (6)
fied variance value of the estimated coefficients.

a =N, %07 1 (x); (4)

General theoretical provisions. Univariate poly- The first two orthogonal polynomials are calculated

nomial regression is given in the form by the formulas
Y(x) =0y +6:x+ ..+ 6,x" +E (€))]
Qo(x) = \/_—2
where  x is an input scalar variable; n
E is a random variable with mathematical expec- X x

tation ME =0 and variance Var(E) = 0% < o, 2 is Q(x) =- —+ = (7
known, or its upper bound is given. NOXCTE LN CPE S Ok

An active experiment is designed as follows: the val-

ues of the input variable x;, i = 1,n, sequentially enter
the object (1), we obtain the output values of

— 1
where x = ;Z{;lxi.
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In general case, the j-th orthogonal polynomial is
calculated by the formula

Q;(x) = qjo + qjux + - +qx), j=0,r. (8

The recurrent procedure (3) allows us to find all the
coefficients (8) for j =2,r using (7) by values x;,
i=1,n. We find estimates of the coefficients wj,
j = 0,r, by the formula

W]’ = Z?:l Vi Qj(xi)' ] = W' (9)

and determine the estimates 8;, j = 0,7, from the esti-
mates w;, j = 0,7, as follows:

The accuracy of the estimate 8;, j = 0,7, is evaluated by
the formula

Mé} = 9], Var(éj) =g? Z{:r qlzj (ll)

It was shown in [12] that the most convenient inter-
val of the numerical axis for an active experiment has the
form [—[t|, t], t > 1.

For example, carrying out an active experiment in
the interval [-50,50], x; = =50, ..., x;0 = 50, with an
equal step, leads to the following estimates [10]:

Var(,) = 0% -4.26-107;

Var(f;) = ¢%-7.55-107%;
) (12)
Var(9,) =%+ 1410712

Var(fs) = 0% -1.28-1071°

where g2 = Var(E).

Intervals [u,v], u < v <0 or 0 <u < v, are much
less efficient for an active experiment using NOPFs: vari-
ances of the estimates 9,-, j = 2, are significantly (by or-
ders of magnitude) larger for a given n [12]. Further, we
will call an interval of the form [—|¢|,t],t > 1, an effi-
cient interval.

Formal statement of the problem and methodolo-
gy for its solving. We solve the following problem. Sup-
pose that a set of NOPFs was built in advance with suffi-
cient accuracy for the interval [-|t],t],t > 1, and a given
n (it is enough to set b = 50 and n = 10, see (12)). Then
a real active experiment on an interval [c, d] where ¢ < d
are arbitrary real numbers, is reduced to a virtual active
experiment on an interval [-[t], t],t > 0, for an artificial-
ly constructed UPR. The problem of estimating the coeffi-
cients at nonlinear terms of this UPR is solved using a pre-

built set of NOPFs found for x;, i = 1,n, x; = —|t| <
<x; <+ <x,=t It is shown that estimates 8,

j=2,r, are a solution of a nondegenerate system of
linear equalities with an upper triangular structure of the
constraint matrix.

Designing a virtual active experiment for a given
limited active experiment. Let us specify an arbitrary
polynomial of degree r:

y(x) =0y +0;x+ ...+ 0,x". (13)
Let us make the substitute of variables:
x=az+b (14)

where a and b are the coefficients of linear transfor-
mation. We obtain a polynomial

}’(Z) =06, + Bl(az + b) + ez(az + b)z 4+ .+

+6,.(az + b)"
or, in equivalent form:

y(@) =y +tviz+-+yz. (15)
Statement 1. There is a one-to-one correspondence

between the coefficients of polynomials (13) and (15).
Proof. We can verify directly for r = 2,3 that the

systems of linear equalities linking the coefficients 6; and

y; VJj have the following form:

Forr = 2:
1 b b? 0o Yo
0 a 2ab||6:1)=|" (16)
0 0 a2 0, V2
Forr = 3:
1 b b* b3 8o Yo
0 a 2ab 3ab? || 6 Y1
= 17
0 0 a* 3a%b]\0: Y2 (17
0 0 0 a’ 0, V3
or in general form:
90 Yo
al%)=("), (18)
0, Vr

where the matrix A,. is upper triangular:

14, = ITj=o a’ # 0 and, therefore, there is a one-to-one
correspondence between the coefficients of the polynomi-
als (13) and (15).

Corollary. Due to the structure of the matrix 4, the
system (18) is solved as follows:

Vi
er = a_:: 91‘—1 = f(a' b: HT, yr—l)'

02 = f(a, b, 67"' ...,63,]/2).

Let the UPR model be given in the form

(19)

Bicnuk Hayionanvnozo mexuniunozco ynisepcumemy «XI1». Cepis: Cucmemnuii
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Y(x) =6y +60;x+ ..+ 0,x" +E. (20)

An active experiment can only be carried out for
values from the range [c, d], ¢ < d, for which the use of
NOPFs is inefficient. And for a symmetrical segment
(21, 2,]), 2, = —2p, z, > 1, & pre-built set of NOPFs for
the given

T, 2y =2y < 2y < < Zpy_q < Zy, (21)

guarantees the specified variances of the estimates of the
UPR coefficients, j = 2,r. For example [10], variances of
the UPR coefficients for j = 2,5 are determined by (12)
for z, = —50,z,, = 50,n = 10.

Algorithm for designing a virtual active experiment:

1. Find a linear relationship x = az + b satisfying
the condition az; + b = ¢, az, + b = d. Verify directly:

d-—c d—c
a=—2>0, b=x,—— 7. (22)
Zn — 21 in — 21
Set
x1=c,xj=azj+b,j=2,_n(xn=d) (23)

(xj > xj_1,j = 2,n,since a > 0, and z; > z;_,).
2. Carry out an active experiment on the UPR model
(20) for the values of the input variable x;, i = 1,7, given
by expressions (23). The result of an active experiment is
a dataset (x;,v;), i = 1,n. By virtue of Statement 1, sim-
ultaneously for the UPR model (3), a virtual active exper-
iment was carried out on the following virtual UPR of the
form
Y@) =yo+riz+-+yz +E (24)
(see formula (15)), its result is a dataset (z;,y;), i = 1,n.

Using this dataset and the set of pre-built NOPFs (21) find
with a given accuracy the estimates of the coefficients 7,
j = 2,7, and use them for solving system (18) finding as a
result the estimates 8, j = 2,r.

Thus, the use of a virtual active experiment qualita-
tively simplifies estimating of the coefficients at nonlinear
terms of an UPR. Finding the estimates of 6,0, is re-
duced to the problem of univariate linear regression under
active experiment conditions.

Remark. Theoretical estimates of the accuracy of
finding the values of y,,y, with the use of NOPFs are
rough even for n = 100 [10] and do not guarantee any-
thing in fact. To estimate them, it is better to use the least
squares method for x; = 0V 1, i = 1,n, at a large enough
n and a low variance Var(E).

Conclusions. 1. We show that the problem of esti-
mating the coefficients at nonlinear terms of a univariate
polynomial regression using an arbitrary limited active
experiment with a given accuracy can be solved with the
use of one set of pre-built normalized orthogonal polyno-
mials of Forsythe. The polynomials guarantee estimating
of the coefficients at nonlinear terms of univariate poly-

nomial regression with the specified accuracy in a special-
ly designed virtual active experiment.

2. We have reduced estimation of the constant and
the coefficient at the linear term of univariate polynomial
regression to univariate linear regression problem solving.

3. The result we obtained qualitatively increases the
efficiency of estimating the coefficients at nonlinear terms
of a multivariate polynomial regression given by a redun-
dant representation. The procedure is reduced to the se-
quential building of univariate polynomial regressions and
solving the corresponding systems of linear equations.
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0. V. SHEPELIEV, M. O. BILOVA

SOFTWARE TESTING RESULTS ANALYSIS FOR THE REQUIREMENTS CONFORMITY USING
NEURAL NETWORKS

The relevance of scientific work lies in the need to improve existing software designed to analyze the compliance of the results of software testing of
the stated requirements. For the implementation of this goal, neural networks can be used by quality control specialists to make decisions about
software quality, or project managers as an expert system, for one of the quality indicators for the customer. The article deals with software testing
which is a process of validation and verification of compliance of the software application or business program with the technical requirements that
guided its design and development, and work as expected, and identifies important errors or deficiencies classified by the severity of the program to be
fixed. Existing systems do not provide for or have only partial integration of systems of work with the analysis of requirements, which should ensure
the formation of expert assessment and provide an opportunity to justify the quality of the software product. Thus, a data processing model based on a
fuzzy neural network was proposed. An approach to allow determining the compliance of the developed software with functional and non-functional
requirements was proposed, taking into account how successfully or unsuccessfully implemented this or that requirement. The ultimate goal of
scientific work is the development of algorithmic software analysis of compliance of software testing results to stated requirements for support in the
decisions taken. The following tasks are solved in scientific work: analysis of advantages and disadvantages of using existing systems when working
with requirements; definition of general structure and classification of testing and requirements; characteristic main features of the use of neural
networks; designing architecture, the module of research of conformity of results of testing software to the stated requirements.
Keywords: quality; requirement; testing; pipe-line; machine learning; CI/CD; Google; ANFIS.

O. B. IIIEITEJIEB, M. O. BIV/IOBA

JOCIIKEHHSA BINITIOBIIHOCTI PE3YJIBTATIB TECTYBAHHSA TIPOT'PAMHOTI'O
3ABE3NEYEHHS 3ASABJIEHUM BUMOI'AM 3 BUKOPUCTAHHAM HEMPOHHUX MEPEX

AKTyalbHICTh HAYKOBOI POOOTH MONSra€ B HEOOXIZHOCTI BIOCKOHAJEHHS ICHYIOUOTrO MPOTPaMHOr0 3a0e3leueHHs, MPU3HAYCHOTO Ul aHAIi3y
BIZINIOBITHOCTI Pe3yJbTAaTiB TECTYBAHHS NPOrPaMHOrO 3a0e3NedeHHs 3asBICHUM BHMoOraM. JlIs MOCSATHEHHs Li€i METH MOXYTh OyTH BHKOPHUCTaHI
HEUPOHHI Mepexi, mo Oyae KOPUCHO CIemialicTaM 3 KOHTPOJIO Uil MPHUHATTS PillleHb MIOA0 SKOCTI MPOrpaMHOro 3adesmedeHHs abo KepiBHUKAM
MPOEKTIB SIK €KBIBAJICHT €KCIIEPTHOI CHCTEMH, IO CIYTyBaTHME OIHHM 3 iHAMUKATOPIB SKOCTI sl 3aMOBHHUKA. Y CTATTI PO3IIAAETHCS TECTYBAHHS
MPOrpaMHOro 3a0e3MeueHHs, Ke MPECTaBIsie COOOK MpOLEC MEePEeBipKH BiAMOBIAHOCTI MPOrpaMHOro JoAatka abo Oi3Hec-NporpaMu TEXHIYHUM
BUMOTaM, sIKi BU3Ha4YaJl O0COOJIMBOCTI HOTrO MPOEKTYBAHHAM i po3poOKH, PyHKI[IOHYBaHHS fOr0 HAJIGKHUM YMHOM, @ TaKOX BHSBJICHHS BaXKIHBHX
MOMUJIOK ab0 HEeMOMIKiB, KIAacH(IiKOBAaHMX 3a iX cepilo3HicTio. ICHyIOYi mporpaMHi OPOAYKTH HE mepenbdavarTs abo MAaloTh JIHIIE YacTKOBY
IHTerpamilo cUcTeM Ul poOOTH 3 aHAIi30M BHMOT, IO Mac 3a0e3neunT (OpMyBaHHS €KCIIEPTHOI OL[IHKY Ta JJATH MOJIMBICTh OOIPYHTYBATH SKICTh
MPOrPaMHOTO NPOAYKTY. TaKMM YMHOM, 3alIPOIIOHOBaHA MOAENL 0OPOOKH JaHUX HA OCHOBI HEUYITKOI HEHPOHHOI Mepexi. 3alpONOHOBAHO MiAXij, 10
JI03BOJISIE BU3HAYMTH BiAMOBIAHICTH PO3pOOJICHOTO MPOrpaMHoro 3abe3nedyeHHs (YHKIIOHATFHUM 1 He()YHKI[IOHAJbHUM BHMOTAaM 3 ypaxyBaHHSIM
TOT0, HACKIIBKM YCIIIIHO peaji3oBaHa Ta UM iHIIA BUMora. KiHIEBOIO METOI0 HayKoBoi poOOTH € po3poOka alrOpHTMIYHOTO Ta IPOTrPaMHOTO
3a0e3neyeHHs BiIIOBITHOCTI pe3yJIbTaTiB TECTyBaHHS 3asiBICHUM BUMOTaM JUISl T ITPUMKH MPUIHATTS pillleHb. Y HAyKOBil poOOTi BUPIIIYIOTHCS TaKi
3aBJIaHHI: QHAITI3 TepeBar Ta HeJOIIKiB BUKOPHCTAHHS iICHYIOUHX CHCTEM MPU POOOTi 3 BUMOraMu; BU3HAUCHHsI 3arajbHOI CTPYKTYpHU Ta Kiacudikarii
TECTYBaHHS BHMOI; OCHOBHI OCOOJIMBOCTI BHKOPHCTaHHS HEHPOHHUX MepeX; apXiTeKTypa IpOrpaMHOro 3abe3ledeHHs Ta po3poOKa MOIYII0
JIOCIIIJPKEHHS BiJINOBITHOCTI PE3yJIbTaTiB TECTYBAHHS MPOrPAMHOT0 3a0€3MeUeHHS 3asBJICHUM BUMOTaM.
Kui040Bi ciioBa: sIKicTh, BUMOTa, TECTYBAHHS, Naiin-Jaii, Mamnnne Hagyauns, CI/CD, Google, ANFIS.

A. B. HIETIEJIEB, M. A. BEJIOBA

MCCJIEJOBAHUE COOTBETCTBUS PE3YJbTATOB TECTUPOBAHUS TIPOTPAMMHOI'O
OBECIEYEHUS 3ASIBJEHHBIM TPEBOBAHUSM C UCTOJb30BAHUEM HEMPOHHBIX
CETEHR

AKTyaJqbHOCTh HAy4HOH pabOTBI 3aKJIOYaeTcsi B HEOOXOAMMOCTH YCOBEPIICHCTBOBAHMS CYIIECTBYIOLIErO0 IPOTPAMMHOIO OOECHedeHHs,
NpeHa3HAaYeHHOTO JUI1 aHaJH3a COOTBETCTBHS pE3yJbTaTOB TECTHPOBAHHS IIPOTPAMMHOIO OOECIICUeHHs 3asBICHHBIM TpeOoBaHHAM. Jlist
JIOCTHKCHHMS ATOH 1IeJIM MOTYT OBITh HCIOJB30BAHBI HEHPOHHBIE CETH, YTO Oy/ET MOJE3HO CIICHMAINCTaM 0 KOHTPOIIO JUIS TPUHSTHS PELICHUH O
KauecTBe MPOrPaMMHOTO OOCCIHEUCHHsS WM PYKOBOAMTEIAM IIPOCKTOB KaK HSKBHBAJICHT OKCIIEPTHOH CHCTEMbI, KOTOpas CIYKHT OAHHM W3
HWHJMKATOPOB KadecTBa JUI 3aKa3yMka. B craThe paccMaTpHBaeTcsi TECTHPOBAaHHE NPOIPaMMHOTO OOECIeYeHHs, KOTOpOe HPeNCTaBisieT coOol
HPOLIECC TPOBEPKU COOTBETCTBHS MPOrPAMMHOIO IIPUIIOKEHUS MM OU3HEC-POrPaMMbI TEXHHYECKUM TPEOOBAHHSM, OMPEACISIONINM OCOOCHHOCTH
€ro MPOCKTHPOBAHMS M Pa3pabOTKH, (yHKIMOHMPOBAHMS €ro JOJDKHBIM 00pa3oM, a TAKKe BBIIBICHHE BAXKHBIX OMIMOOK HJINM HEJOCTATKOB,
KJIaCCU(UIINPOBAHHBIX COIVIACHO MX cepbhe3HOCTH. CyIIeCTBYIONIME NMPOrpaMMHbBIE NPOAYKTHI HE NMPEIyCMaTPUBAIOT WIM UMEIOT JIMIIb YACTHIHYIO
HHTETPaLfIO CHCTeM I paboTHI ¢ aHAIM30M TPeOOBaHMIl, 00eCTIeUNBAIOIINX ()OPMUPOBAHHIE FKCIIEPTHOH OIIEHKH U IaTh BO3MOXKHOCTH 00OCHOBATh
Ka4yeCTBO MPOTrPaMMHOTO MpojaykTa. Takum o0pa3zoM, MpeayokeHa Mojellb 00padOTKH JaHHBIX HAa OCHOBE HEYETKOH HeipoHHOU ceru. [Ipemioxen
TIOIXOJ], TO3BOJISIONIMII ONpPENENHTh COOTBETCTBHE Pa3pa0OTaHHOIO MPOTrPaMMHOrO oOOecHedeHHs (YHKIMOHAJIBHBIM W He(pYHKIHOHAIEHBIM
TpeOOBaHUSM C YYETOM TOTO, HACKOJBKO YCIEIIHO PEaM30BaHO TO WIM HHOoe TpeOoBanue. KoHewyHas Ienp HaydHOH paboOThl - pa3paboTka
ITOPUTMHYECKOTO M POTPAMMHOTO 00ECIICYCHHSI COOTBETCTBUS PE3YJIbTATOB TECTUPOBAHMS 3asIBJICHHBIM TPEOOBAHMSIM ISl HOJICPKKH MPHHSATASL
penrennii. B Hay4HO# paboTe permaroTcs CIeyIOIINe 33Jaud: aHAIN3 NMPEHMYLIECTB U HEIOCTATKOB HCIIONB30BAHHS CYLIECTBYIOIIMX CHCTEM IIpU
pabote ¢ TpeGOBaHHUIMU; ONPEIENeHNe O0IIel CTPYKTYPHI M KiIacCH(HKAs TpeOOBAHMUIH; apXUTEKTypa MPOrpaMMHOT0 00eCIIedeHus 1 pa3paboTKa
MOJyJIsL HCCIICJOBAaHHUSI COOTBETCTBHS PE3y/IbTATOB TECTHPOBAHMS POTrPAMMHOIO 00ECIICUCHH S 3asIBJICHHBIM TPEOOBAHUSIM.
KuroueBble ciioBa: KauecTBO, TpeGOBaHUE, TECTHPOBAHHKE, Main-JaiiH, MamrHHOE 06yueHue, CI/CD, Google, ANFIS.

Introduction. The urgency of the work lies in the  requirements. To achieve this goal, neural networks can
need to improve existing software designed to analyze the  be used by quality control specialists to make decisions
compliance of software testing results with the stated about software quality, or by project managers as an
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expert system, as one of the quality indicators for the
customer. Existing systems do not provide or have only
partial integration of requirements analysis systems, which
should ensure the formation of expert assessment and
provide an opportunity to justify the quality of the
software product.

The object of research is the process of analyzing the
compliance of software testing results with the stated
requirements.

The subject of research: conformity analysis of the
software testing results to the declared requirements with
use of neural networks

The science work solves the following tasks: ana-
lysis of the advantages and disadvantages of using exis-
ting systems for the requirements analysis; determination
of the general structure and classification of testing and
requirements; main features characteristics of the neural
networks use; design of module architecture for the
conformity of software testing results to the declared
requirements.

The ultimate goal of the science work is to develop
algorithmic software for the software testing results
analysis to the stated requirements to support decision-
making.

General theory of testing. Software testing is the
process of validating and verifying the compliance of a
software application or program with the business and
technical requirements that guided its design and
development, as well as working as expected, and
identifies important errors or deficiencies classified
according to the severity of the program [1]. Software
testing is also used to identify other software quality
factors, such as reliability, usability, integrity, security, ca-
pability, efficiency, portability, maintainability, compatib-
ility, and so on. The approach to testing differs for differ-
rent programs, levels of testing, and purpose of testing.

Software testing should be conducted within budget
and planning limits. Due to a large number of limitations
on testing, such as comprehensive (general) testing, it is
impossible to find a compromise between diligence, time,
and budget — it is impossible to be sure that every mistake
in the program has been eliminated [2]. Adherence to
established principles can make testing simpler and more
effective, as well as ensure maximum achievement of
testing objectives, despite certain limitations. They also
ensure the repeatability of the process. Software testing is
a very important quality filter and should be planned with
its goals, principles, and limitations in mind.

The purpose of testing is the predicted state of affairs
that a person or system plans or intends to achieve. The
goal must be achievable and measurable. It is good if all
the goals are interconnected. During testing, goals can be
described as the planned results of the software testing
process.

Thus, software testing is a vital element of systems
development life cycle (SDLC) and can provide excellent
results if done correctly and effectively. Unfortunately,
software testing is often less formal and rigorous than it
should be, and the main reason for this is that the team has
tried to identify best practices, methodologies, principles,
and standards for optimal software testing. For effective

and effective testing, everyone involved in testing should
be familiar with the basic goals, principles, limitations,
and concepts of software testing. Much work has already
been done in this area and even continues today.
Implementing real-world testing principles of software
development to achieve testing goals to the fullest extent,
given the limitations of testing, will validate research as
well as pave the way for future research [3].

Types of requirements and their formation. Defi-
nition, analysis, verification, and management of require-
ments are constantly recognized as key areas of business
analysis and are one of the target areas of software testing.
Requirements are needs-oriented; solutions-oriented de-
signs. The difference between requirements and design is
not always clear. The same methods are used to identify,
model and analyze both. The requirement leads to a
design that, in turn, can help identify and analyze more
requirements [4].

In software engineering, a functional requirement
defines a system or its component. It describes the
functions that the software should perform. A function is
nothing but inputs, its behavior, and results. This can be
computing, data processing, business process, user
interaction, or any other specific functionality that
determines what function the system can perform.

Functional software requirements help determine the
predicted behavior of the system. Such behavior can be
expressed as functions, services, or tasks or what system
needs to be performed.

A non-functional requirement defines an attribute of
software system quality. They are a set of standards used
to assess the specific performance of the system. For
example, how fast does a website load?

A non-functional requirement is important to ensure
the convenience and efficiency of the entire software
system. Failure to meet non-functional requirements may
result in systems not being able to meet user needs.

Non-functional requirements allow you to impose
restrictions or restrictions on the design of the system in
different flexible lags. For example, a site should load in 3
seconds when the number of concurrent users is > 10,000.
The description of non-functional requirements is as
important as the functional requirement [5].

Approaches to the analysis of software
compliance with the stated requirements. The purpose
of verification of requirements is to ensure that the
requirements and specifications of the design and models
meet quality and suitability standards for the purposes
they serve.

Verification of  requirements  ensures  that
requirements and designs have been correctly defined.
Requirement’s verification is the verification by a
business analyst and key stakeholders of whether the
requirements and designs are ready for verification, and
provides the information needed for further work to be
performed.

The most important characteristic of quality
requirements and designs is suitability for use. They must
meet the needs of stakeholders who will use them for a
specific purpose. Ultimately, quality is determined by
stakeholders [5].
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Requirements (verified): a set of requirements or
designs that are of sufficient quality to be used as a basis
for further work.

The purpose of validation requirements is to ensure
that all requirements and designs meet business
requirements and support the required value provision.

Requirement validation is an ongoing process that
ensures compliance with the requirements of stakeholders,
decisions and the transition to the requirements of the
business, and the compliance of structures with the
requirements [5].

If the design cannot be verified to support the
requirement, there may be a lack or misunderstanding of
the requirement, or the design must change.

Approved requirements and designs are those that
can be demonstrated to benefit stakeholders and agree on
business goals and objectives for change. If a requirement
or project cannot be verified, it either does not benefit the
organization, does not fall within the scope of the
decision, or both.

Algorithmic implementation of the outcome
conformance analysis algorithm. From the characte-
ristics of the subject area, we can conclude that the results
obtained in the testing process are reduced to the
conclusion: passed tests (pass) or not passed (fail) [6].

Such an assessment is relatively superficial and does
not accurately define how well the developed software
meets its requirements. Therefore, recognized as high-
quality software can be a source of failure when changing
the configuration or operating conditions.

The development of a method for determining the
level of compliance software with functional and non-
functional requirements would further provide a greater
depth of measurements, and, accordingly, increase the
efficiency of testing.

Since the input data for the software's assessment
problem meets with the requirements of the test findings,
mathematical approaches for solving it are not applicable.

Formalization of the input data of the above problem
would simplify the solution and, as a result, improve the
quality of the software. For formalization, it is expedient
to use methods of fuzzy logical inference, which allow
operating of numerical values of their belonging to the
corresponding sets instead of non-numerical values.

We will assume that each requirement is met by a
separate test. For the result of each test, we define its
belonging to two fuzzy sets “execution” and ‘“non-
execution”.

Depending on the objectives of the test, a test is
considered to have been completed if all or more of half of
its runs have been successful. The test is considered as
failed if one, all, or more of half of its runs have failed.

Therefore, the fuzzy set of “execution” will consist
of three subsets: “fully executed”, “partially executed”
and “more executed than not executed”. The fuzzy set
“non-execution” will consist of the following subsets “not
executed completely”, “partially executed” and “no more
executed than executed”.

Let’s determine u]"- and u; u;'- is the degree of
affiliation of the test to each of the subsets of the set

“execution”, and — the ordinal number of the test, j — the
number of fuzzy subset (1 — “completed”, 2 — “partially
failed”, 3 — “more than not fulfilled”), u§- € [0,1], these
degrees are determined by experts, based on the results of
evaluation of test results by software developers. u; is the
degree of belonging of the test to each of the subsets of
the set “failure”, and — the ordinal number of the test, j —
the number of fuzzy subset (1 — “not fully performed”, 2 —
“partially performed”, 3 — more not performed than
performed”), uj'- € [0,1], these degrees are also determined
by experts, based on the results of evaluation of test
results by software developers.

To determine the general correspondence of each test
to the corresponding requirement uf, we use the rule of
difference of fuzzy sets [6]

ph= kA (1 - (ué A1 - ué))),u" efo1]. (1

Similarly, we find the value of the general non-
compliance of each test with a specific requirement

wh=wi A (1 —(wia(1- u‘é))).u‘i e[01]. (2

Test results are not interdependent and cannot
compensate for worse values of some tests with better
values of others.

The general compliance of the developed software
with the requirements M can be found by the formula of
the additive criterion and the difference between the sets
of compliance and non-compliance, where N is the total
amount of subsets

?’:1 /J‘i
N ) 3)

év=1 ut
M= N A <1

The proposed method allows to determine the
compliance of the developed software with functional and
non-functional requirements, taking into account how
successfully or unsuccessfully implemented a particular
requirement, but it has a number of significant
shortcomings.

First, its application can ignore important but
isolated facts that do not fit into the proposed formulas.

Second, the mathematical apparatus provides only
approximate calculations of compliance, as it does not
take into account the nonlinear relationships between the
input data of the problem of assessing the conformity of
the test results of critical application software to the
requirements and its initial result.

As a result, to increase the quality of analyzing the
compliance of software test results with requirements, it
will be more practical to design a fuzzy neural network
based on the method described above [7].

The structure of the fuzzy neural network to solve
the problem of assessing the compliance of the
application test results to the requirements. An ANFIS
(adaptive neuro-fuzzy inference system) [8] can assist us
in determining the optimal distribution of membership
functions by determining the mapping relation between
input and output data via hybrid learning. This inference
system is made up of five levels. The node function
describes numerous nodes in each tier. Fixed nodes,
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shown by circles, represent parameter sets that are fixed in
the system, whereas adaptive nodes, represent parameter
sets that are adjustable in these nodes. The current layer's
input will be the output data from the preceding levels
nodes. Created ANFIS structure is shown in fig. 1.

ANFIS consists of inputs, that equal to the number of
tests, four layers, an output that carries out the defuzzifi-
cation process.

Layers of ANFIS consist of

Layer for calculating the membership of input
variables. On this layer, membership in one of the sets is
calculated — the test is passed or not.

The second layer aggregates the prerequisite values
for each rule in accordance with the selected T-norm [9].

Thus, there is compliance of the developed software
with the “execution” and “non-execution” and determine
how the developed software does not meet the
requirements.

The diagram of activity of the developed software
for research of testing conformity results of the software
to the declared requirements with use of neural networks
is given in fig. 2.

The starting point of the model of research of
conformity of testing conformity results of the software to
the declared requirements with use of neural networks is
an initialization of a pipeline in GIT Actions.

Next, if the tests that were marked as required were
positive, i.e. the expected result corresponds to the actual
result, a webhook is passed on the software API to study

In the third layer, the values received as input are
normalized; normalization is carried out using the z-

normalization method [10].

The fourth layer forms the output value.

The last layer performs defuzzification. The purpose
of defuzzification is to obtain the usual (not fuzzy) value
of each of the output variables using the results of the
accumulation of all output linguistic variables.
Defuzzification is also called clarity reduction [11].

The proposed method based on a fuzzy neural
network allows to eliminate this shortcoming by replacing
the non-numerical results of tests with numerical values of
their belonging to the corresponding fuzzy sets of
requirements. If the response from the API is negative,
then the next step — the deployment of the system is not
possible.

If the answer from the API came in the affirmative,
then the deployment of the system on the stands is
possible and is performed using the last step in the system.

Overview of system functionality. The software
works at the level of an automated system integrated into
the life cycle of the task, or branch.

For a full understanding, let's look at the stages of
the life cycle of the problem.

Backlog — the task is created and moved to the
backlog, from where it gets to the stage of work.

To do — the task is moved from the backlog and
taken to work.

In progress — the task is under development.

Run Autotests — the task is in the state of passing
automatic tests.

For review — the task is reviewed — evaluated by
another developer, for better code quality.

Fig. 1. The structure of a fuzzy neural network
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Fig. 2. Diagram of activity

For testing — the task is in a state of testing, or
writing auto tests Ready for merge — a task tested, and
ready for release into the product environment.

On Prod — the task is tested and is on the product
environment.

Closed — the task is closed, i.e. it is executed or the
decision to stop development is made.

From the reference stage it is seen that to improve
the process it is necessary to implement the created
software at the stages of transition from one state to
another, and more precisely at the stages that are more
vulnerable to system error. That is why it is advisable to
implement the software in stages Run Autotests, For
testing, Ready for merge, On Prod.

To better understand what is happening at these
stages, we need to consider the reference process of
working with a branch in the pipeline.

The CI / CD pipeline is the most important
component of automated software development. Although
the term has been used to describe many different aspects
of computer science, git Actions and in most areas of
DevOps use pipeline to illustrate the widespread use of
behaviors and processes involved in continuous
integration (ClI).

Cl is a software development strategy that increases
the speed of development while ensuring the quality of the
deployed code. Pipeline Cl / CD is a complete set of
processes that run projects start. Conveyors cover
workflows, which coordinate tasks, and this is all defined
in the project configuration file [12].

Examining the reference process, we can understand
that automatic processes, such as unit testing, API testing,
Ul testing, static code analysis — requires process
improvement, and therefore it is advisable to use the
developed software product.

Example of the software work is given for a branch
in the project. Pipeline was started by an automatic action
from the bot — service on the side of the project
management system.

The pipeline for a branch is based on the reference
process of working with a branch in the pipeline. Pipeline
is shown in fig.3.

As can be seen from the figure and based on the
reference process, we see the following stages:

1. Stage of compiling and assembling docker images.
There are two steps to build tests at this stage, namely the
construction of the image with the solved project task.

2. Stage of passing self-tests. At this stage following
is happening: static code analysis, automatic unit tests,
automatic API tests, automatic Ul tests, as well as the
stage of analysis of passing tests and their compliance
with the set of requirements.

3. Stage of data collection and import to Google
BigQuery, Google Data Studio. At this stage, data is
aggregated and imported into data storage and analysis
systems.

Pipeline results can be found in Allure report format
or in aggregate data format using Google Data Studio.
Aggregate results for the period are shown in fig. 4.

Thus, an example of software operation for compli-
ance of test results with the stated requirements was given.

Conclusions. To achieve the goal of the work, the
following tasks were performed. Based on the analysis of
the subject area, the advantages and disadvantages of
using modern systems are determined and the conclusion
is made about the need to develop algorithmic software to
meet the results of software testing to the stated
requirements. A data processing model based on a fuzzy
neural network is proposed. A method has been developed
that allows determining the compliance of the developed
software with functional and non-functional requirements,
taking into account how successfully or unsuccessfully
implemented this or that requirement, but it has a number
of significant shortcomings. Therefore, the information
and algorithmic software of the solution was designed to
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Fig. 4. Aggregate results

implement the analysis of the compliance of the software
testing results with the stated requirements, which will
allow forming an expert assessment of the quality of the
software.
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BUKOPUCTAHHA METO/IIB MAIIIMHHOI'O HABUAHHS 1J151 BIHAPHOT KJIACU®IKAIII
POBOYOI'0O CTAHY HIJIIIATHUKIB 3A CUTHAJIAMM iX BIFPOITPUCKOPEHHSA

B po6oTi JoCTiIKy€eThCS 3B’ 30K MiXK BiOPOIPUCKOPEHHSIM i JIIHMITHUKIB 3 iX poOounM cTaHoM. J[isl BU3HAUSHHS IIUX 3aJIeKHOCTEl Oy10 Mo0yn0BaHO
BUNPOOYBAIBHHII CTEHA Ta MPoBefeHo 112 excriepuMeHTIB 3 pi3HUMHU migmmnHuKamMy: 100 MiIIIMITHAUKIB, Y SKUX IiJ] 9ac eKCIUTyaTanii po3BHHYBCS
BHYTpilHi# gedext Ta 12 migummnHukiB 6e3 nedexry. 3 oTpuManux 3amuciB 6ya0 chopMoBaHO HaOIp AaHUX, IKHH BUKOPUCTOBYBABCS AU TOOYI0BU
KIacu(ikaTopy Ta 3HAXOAUTHCS y BUIbHOMY jnocTymi. ByB 3ampononoBaHumii MeTox it kiachdikanii HOBUX Ta BHKOPHCTaHUX ITiIIMITHHKIB, IO
IoJsirac 'y MOIIYKY 3aJIeKHOCTEH Ta 3aKOHOMIPHOCTEH CHTHATy 3a IOIIOMOTOI0 OIHCOBHX (DYHKILIi: CTaTHCTHYHUX, EHTPOMiH, (paKTalbHUX
posmipHocTeii Ta iHmux. OKpiM 06POOKH CaMOro CHrHAIY, TAKOXK BUKOPHCTOBYBAJIOCS YaCTOTHE MPEACTABICHHS CHTHATY POOOTH MiAIINITHHUKIB AJIs
JIOTIOBHEHHS IIPOCTOPY O3HAK. Y poOoTi OyJI0 nepeBipeHO MOXKIIMBICTh y3aralbHeHHS Kiacudikaliii 1uis i 3acTOCYBaHHS Ha TUX CUTHAJIAX, SIKi He Oyl
OTpUMaHi IiJ| 9ac JabopaTopHUX ekcrepuMenTiB. CTopoHHil Habip raHUX Oyio 3HaMIeHO y BitbHOMY moctymi. L{ei Habip naHuX OyB BHKOpHUCTaHHH
JUISL TOTO, 100 BU3HAYMTH, HACKUIBKM TOYHUM Oyne KnacuikaTop, sSKHHl HaBYaBCS Ta TECTyBaBCs HA iCTOTHO pIi3HMX curHamax. HaBuaHHs Ta
BaJlilallisi IPOBOJMIIACE METOAOM OyTCpaIyBaHHS IJIsI BUKOPiHEHHS e()eKTy BHIIQJKOBOCTI 3 OIVIAY Ha MaJuil 00°€M HasBHHUX [JaHHUX JUI HaBUYaHHS.
JInist omiHK| SIKOCTI KiacudikaTtopis Oyno BukopucTano F1-Mipy, sk OCHOBHY METpPHKY, 4epe3 He30alaHCOBaHICTh HaOOpiB JaHHX. B sxocti Monenel
kinacudikaTopy Oyau oOpaHi HACTYIHI aIrOPUTMM MAIIMHHOTO HABYAHHS 3 BUMTEJNIEM: JIOTICTUYHA PErPecis, METOJ] OMOPHHUX BEKTOPIB, BHIIAAKOBHIl
JIic Ta MeTOx HaffOMmMKYINX cyciniB. Pe3ymbraTn npencrasieHi B BUNIAI IpadikiB TyCTHHH PO3MOALTY Ta JiarpaMm.

Kuarodosi cioBa: mammHHEe HaBuaHHS, BiOpoJiarHOCTHKA JMe(EKTiB MiAIIHIHHUKIB KOYEHHsS, 0OpoOKa JaHHWX, BUIyYEHHsS O3HAK CHTHAJIB,
mBuaKe neperBopenns Dyp’e, knacudikanis Hez0anaHCOBaHUX HAOOPiB qaHUX, MeToa Monte-Kapio, OyrcTpar.

P. A. BABYJIUKAH, K. A. HCAEHKOB, /. M. KPACHH, A. A. BOJIKA, H. B. 34/I0POKHBIH,
M. B. OII[YK

HCHOJb30BAHUE METOJ0B MAILIMHHOI'O OBYUEHUS 1711 BUHAPHOM
KJJACCUOPUKAIIUN PABOYEI'O COCTOSHUSA MOAHINITHUKOB 110 CUTTHAJIAM UX
BUBPOYCKOPEHUS

B paborte uccienyercst CBI3b MEeX/Ay BUOPOYCKOPEHHEM ITOMINITHUKOB C UX SKCIUTyaTal[MOHHBIM COCTOSIHHEM. [IJIs Ompe/eNeHns TUX 3aBUCHMOCTEHt
OBUI TOCTPOEH HCIBITATENBHBIA CTEH]] U MPOBEACHO 112 3KCIEPUMEHTOB C Pa3HBIMU MOMMMHUKaMH: 100 MOANIMITHUKOB, Y KOTOPBIX BO BpeMs
9KCIUTyaTallll Pa3BHIICS BHYTpeHHHH nedekt u 12 mommmmHuKoB 0e3 nedekra. I3 momydeHHBIX 3ammceil ObuT copMupoBaH HaOOp NAaHHEIX,
KOTOPBIH HCIIONB30BAJICS JUIsl TOCTPOCHHUS KIIACCH(UKATOPOB M HAXOAUTCS B CBOOOZHOM JOCTYyIE. BBIT MpeaiosxkeH MeTo/] KIIacCU(DHKAIMN HOBBIX U
HCHOJIb30BaHHBIX MOJIINITHAKOB, 3aKIIOYAIONIMIICS B MOUCKE 3aBHCHMOCTEH M 3aKOHOMEPHOCTEH CHMTHala C MOMOIIBIO OMUCATENbHBIX (DYHKIMM:
CTaTHCTUYECKHX, JHTPOIHH, (pakTalbHBIX pa3MepHocTell M apyrux. Kpome 00pabOTKM caMoOro CHTHaja TakkKe HCIOJIB30BAIOCH YacCTOTHOE
MPEACTaBICHHE CUTHAIA PaOOThI MOMIIMITHUKOB IS JIOTIOJHEHUS IPOCTPAHCTBA MPU3HAKOB. B pabote Obl1a paccMoTpeHa BO3MOXKHOCTb 0000IIEHUs
KJIaccH(UKAIMK JUIs e MPHUMEHEHHUs Ha TeX CHUrHajaX, KOTOPbIC HE ObLIM MOIy4eHBI B XOAE 1abOpaTOPHBIX dKCIepuMeHTOB. [locTopoHHHI HabOp
JTaHHBIX OBLT HaliIeH B CBOOOJHOM JOCTYIIE. DTOT HAOOp JaHHBIX OBUT HCIIOIB30BAH IS TOTO, YTOOBI ONPEACIHTH, HACKOJIBKO TOUYEH KiIacCH(UKATOp,
KOTOPBI YYHMIICS M TECTHPOBAICS Ha CYIIECTBEHHO pasHbIX curHamax. OOydeHHe M BalMJalis MPOBOAWIACH METOIAOM OyTCparmMpOBaHMS UL
uckopeHeHus 3Q¢dexra cCirydaiiHOCTH, YUUTHIBas Majblii 00bEM HMMEIOIIUXCS O0y4YaroUMX JaHHBIX. JIJIsl OIEHKM KayecTBa KJIACCU(PHUKATOPOB ObLIa
ucnonb3oBaHa Fl-mMepa kak OCHOBHas METpHKa M3-3a HecOalaHCHPOBAaHHOCTH HAOOpPOB JaHHBIX. B KkauecTBe Mojenel Knaccu(ukaTopa ObLIH
BBIOpaHBI CIIEIYIOUIHE METOABI MAIIMHHOTO OOYYEHHUsI C YYUTEIEM: JOTHCTHIECKas PErpeccsi, METOJ ONOPHBIX BEKTOPOB, CIy4alHBIH JIeC B METO.
Ommkaiiimx cocesiei. Pe3ynbraThl peCcTaBIeHb! B BH/E IPAQUKOB IIIOTHOCTH PACHPEACICHHUS U JUarpaMM.

KuroueBble ciioBa: ManivHHOE 00y4eHHE, BHOPOAMArHOCTHKA Ae(EKTOB MOAIINITHUKOB KaueHus, 00pa0oTKa JaHHBIX, H3BJICUCHHE IPH3HAKOB
curHaioB, ObicTpoe npeobpasoBanue Pypre, Kaaccupuxanus HecOaTaHCUPOBAHHBIX HAOOPOB NaHHBIX, MeTo MoHTe-Kapio, OyTcrpar.

R. A. BABUDZHAN, K. O. ISAIENKOV, D. M. KRASII, O. 0. VODKA, I. V. ZADOROZHNIY,
M. V. YUSHCHUK

THE USE OF MACHINE LEARNING METHODS FOR BINARY CLASSIFICATION OF THE

WORKING CONDITION OF BEARINGS USING THE SIGNALS OF VIBRATION ACCELERATION
The paper investigates the relationship between vibration acceleration of bearings with their operational state. To determine these dependencies, a test
bench was built and 112 experiments were carried out with different bearings: 100 bearings that developed an internal defect during operation and 12

bearings without a defect. From the obtained records, a dataset was formed, which was used to build classifiers. Dataset is freely available. A method
for classifying new and used bearings was proposed, which consists in searching for dependencies and regularities of the signal using descriptive
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functions: statistical, entropy, fractal dimensions and others. In addition to processing the signal itself, the frequency domain of the bearing operation
signal was also used to complement the feature space. The paper considered the possibility of generalizing the classification for its application on those
signals that were not obtained in the course of laboratory experiments. An extraneous dataset was found in the public domain. This dataset was used to
determine how accurate a classifier was when it was trained and tested on significantly different signals. Training and validation were carried out using
the bootstrapping method to eradicate the effect of randomness, given the small amount of training data available. To estimate the quality of the
classifiers, the F1-measure was used as the main metric due to the imbalance of the data sets. The following supervised machine learning methods
were chosen as classifier models: logistic regression, support vector machine, random forest, and K nearest neighbors. The results are presented in the

form of plots of density distribution and diagrams.

Keywords: machine learning, vibration diagnostics of rolling bearing defects, data processing, signal feature mining, fast Fourier transform,

classification of unbalanced datasets, Monte Carlo method, bootstrap.

Beryn. OOpoOka Ta aHami3 CHUTHANIIB  IHPOKO
NOMIMPEHUH Yy 3aBAAaHHIX Ppa/iOeNIeKTPOHIKM, aHaui3i
CeliCMIYHOI aKTUBHOCTI, PO3Mi3HABAHHI MOBH, a TaKOXK
BiOPOiIarHOCTHUKH MTPOMUCIOBHX KOHCTPYKIiii. 3 moTmsimy
PI3HOMaHITHOCTI 3a/1a4 Ta 3aCTOCYBaHb OOPOOKM CHTHAJIIB
BiOpOMiarHOCTHKAa KOHCTPYKIIM MpeNCTaBise BEIUKUN
inTepec. Po3poOka HOBIX METOMIB aHaNi3y BiOpamiii ycra-
HOBOK aKTHBHO IIPOBOJUTHCS CHOTOIHI. Benuky momyssp-
HICTh OTpHUMAINIK 3aJadi aHaNi3y MiJIIUITHAKOBUAX BY3JiB
SIK OJIHOTO 3 HAWYacCTIMIMX MiCLb MOJIOMKHA KOHCTPYKIIiH,
mo obepratoThes. bamzbko 50 % TakMX KOHCTPYKIH
BUXOJSTh 3 JIaAy came uepe3 Ae(eKTH MiANIMITHUKOBUX
By3miB [1].

[Mommpeni 3apa3 emmipuuHi miaxoau 10 BiOpomiar-
HOCTHKH JAI0Th TIOPiBHIHO SIKICHI PE3YJIbTaTH Ta aKTHBHO
3aCTOCOBYIOTBCS Y NPOMHCIIOBOCTI 1 CHOTOIHI. AJie po3-
BUTOK OOYHMCIIIOBAJILHOT TEXHIKH JJa€ MOJIJIMBICTH CTBO-
pIOBaTH SKICHO HOBI MiTXOAH, SKi JOMOMOXYTH ITOKpa-
IOIATH SKICTh MIarHOCTHKH, aBTOMAaTH3YBaTH Ta YHi(i-
KyBaTH MAIarHOCTHYHI TPOIECH, 3MEHIINUTH BUTpPATH Ha
niarHocTHYHE oOnagHaHHsA. Tak, MeToro Iii€i poboTH €
OIJISiZL HOBITHIX METOJIB PO3POOKM MaTeMaTHYHHX MOJie-
JIel J1arHOCTHKH, TOOY/IOBaHUX Ha KyMYJISITUBHHUX Xapak-
TEpPUCTUKAX BIOPOCHIHANIB MIiAIIMIHKKIB, Ta aHali3
MOXJIMBOCTI yHi(iKalii IUX XapaKTepUCTHK JUIsS PI3HUX
KOHCTPYKIIIH.

MeTta mpOTO AOCHIIKEHHS — PO3POOUTH MiIXid IO
aHaNli3y CHUTHaNIB BiOpamii ycTaHOBOK, sSKuii O HagaB
3MOTY KJacH(piKyBaTH CTaH IMiJIINITHAKIB HE3BAKAIOYH Ha
T€OMETPUYHI MapaMeTpyd YCTaHOBKHM Ta YMOBH EKCILIya-
Tauii.

Orasin mpoOJemMu. 3anada JiarHOCTHKH  ITiTIIHII-
HUKOBUX BY3JIIB Ma€ UIMPOKUHA CHEKTP MiIXOMIB, IO
3aCTOCOBYIOTBCS y Taiy3l MPOTATOM OCTaHHIX POKIB.
Kiacuuni migxoau SIBISIOTH COOOK aHaji3 CIIEKTPiB
9acTOT CHTHAJIIB 32 IOTIOMOT'0I0 EMITIpUYHUX 1HANKATOPIB,
TakKAX SK aHalli3 3MiHM aMIUTITYyJl YacTOT, BH3BaHUX
PI3HUMH KOHCTPYKIIITHUMH €JIeMEeHTaMHM IiANIMITHUKOBUX
By3uiB. Tak, y cTarTsx [2, 3, 4] po3risiaeTbes KIaCHUHUN
MIAX11 IO OLIHKY AKOCTI IiJIIAITHIKA Ha MiJCTaBi OTIISIY
CHEKTPY CUTHAITY HiAMMIHUKY. Takuil miaxix € BUIpas-
JTaHAM Ta LIMPOKO BHKOPHCTOBYBAaHWUM Y Taiy3i, aie
notpedye BUKOpUCTaHHSA iH(opMamii moxo reoMeTpuy-
HUX Ta eKCIUTyaTallifHuX mapaMeTpiB BY3JiB Ta ycCTa-
HOBKH, 1110 YHEMOXKITUBITIOE YHI(iKaIliI0 METOTY.

Jemo iHmmi miaxix mpomoHyeThcs y cTarTi [5].
ABTOp IPOTIOHYE BUKOPUCTOBYBATH CTATUCTHYHHUH aHAII3
MeTpukd PSNR (mikoBOro BiJHOIIEHHS CHTHAIY [0
yMy) Haj KoegillieHTaMH pPO3KJIQJAaHHS CHUTHAlIy B
BeiiBner-ckeinorpamy. Lleit minxix € Oimpm  ynidiko-
BaHMUM, aje JUIsi TEpeBIPKH 3a CTATUCTHYHUM KpHUTEpieM
HEOOXITHO MAaTH CHTHANH IiIIMIIHUKA, SKUH TepeBips-

€ThCS MiJ 4Yac MiarHOCTUKW. J[si BHpilIeHHS i€l mpo0-
JIeMHd MOYKHa BUKOPHCTaTH METOJOJIOTII0 CIIEKTPAILHOTO
aHamiza omMuHarouoi 3a [6]. llel mOTyXHHMH MiIXim Hae
cremiajicTaM 3 JiarHOCTHKH MOXIMBICTH BHKOPHCTOBY-
BaTH TMEPeNiK eMITPHYHUX IHAWKATOPIB IS JETEeKINl
HECTIPaBHOCTEW MMIAIIUITHUKOBUX BY3JiB, OJHAK Iependa-
yae pydHUi BHOIp mMpWHU QUIBTPY Ta aHANTi3 CHEKTPIiB
CHUTHAIY, [0 poONTH LeH MiaXix 3aTpaTHUM A0 JIFOACHKUX
pecypciB. [Hmmi miaxix mo aHamily OTHHAIOYOI IMPOIIO-
HYETbCSl y poOoTi [7]. ABTOpM CTaTTi BHKOPUCTOBYIOTH
CHHTE30BaHMH Ha0Ip NaHWX CHUTHAJIB IMPUCKOPEHb Mij-
IIMIHYKIB ISl PO3paxyHKy 130JiHIH Ta moOymoBu niar-
HOCTHYHUX KapT.

VY Ham yac mMpoOBOIATHCS JOCIIIKCHHS 3 JTIarHOCTH-
KW CTaHy MiAMUITHAKIB, BHKOPUCTOBYIOYH HOBITHI METO-
1 TIOOYZOBU MaTeMaTHYHHUX Mojeneil. Tak, y crarti [8]
PO3TISIIAIOTECA  AMCKPUMIHAHTHI  Kiacu(ikaTopu Ta
MAaIlliHa OMOPHHUX BEKTOPIB JJISA JiaTHOCTHKH NE(EKTiB B
miammmarKax. i Mogeni MaroTh BUCOKY TOYHICTB PO3Ii3-
HaBaHHs, ane y poOOTI HE MPEACTAaBICHO 3aCTOCYBAaHHS
JAaHUX Mojenei s Kiacudikalii CUrHajiB 3 IHIIMX
yCTaHOBOK o0OepraHHs. ABTOpu crarti [9] BukopucTo-
BYIOTh IITYYHY HEHPOHHY MEPEXKY 3 apXiTEKTYypOIO JOBIoi
KOpPOTKOYACHOI mam'ati [uisi GaratokiacoBoi kiacudikamii
ayaiOCHTHATIB. 3a pe3ysbTaTaMu CTATTI MOXKHA Mobayu-
TH, WO SKICTh Kiacudikalii 3HaYHUM YMHOM TOTIpIIy-
€TBCSl TIPH BHKOPHUCTaHHI IHIIOTO EKCIIEPUMEHTAIbHOTO
oOxagHaHHsA. TakuM YHHOM TUTAHHS YHi(iKaIii miaxoiB
U KiacuQikamii CUTHaNIB Ha HaIl Jac Bce HIe € Bij-
KPHUTHM.

36ip maHux. Y BUTBHOMY IOCTyIi OyJ0 3HAWICHO
JeKiTbka HaOOpiB JaHWX pOOOTH MiNIIUIHHKIB, SKi
MOXHa OyJ0 0 BUKOPHCTATH IJIsl JAOCIIKEHb, ajie OyJo
BUPIIIEHO CKOHCTPYIOBATH BJIACHUH CTEHA JUIsi BUIIPOOO-
BYBaHHs. BiacHMII eKCIEpUMEHT IPOBOJUBCS I
30UTBIICHAS] KUTBKOCTI JMAaHUX, Ta JJII BHUXOAY 3a 0oOMe-
KEHHsI, MPOJUKTOBAaHUMH [apaMeTpaMu EKCIIEPUMEHTIB,
mo Oymu oOpani iHmuUME nocuimHukamu. Ha pue. 1
300paKeHNH 30BHINIHIA BUIVIAA TPUCTPOIO. Xapakre-
PHUCTHKH MPUCTPOIO Ta BUKOPHCTAHWX IINIMITHHKIB 3HA-
XoasaThes B Ta0I. 1.

Tabmuus 1 — XapakTepuCTHKHA YCTaHOBKH

[Tapametp 3HaveHHS
YacroTa 3anucy 3kl
HIBHAKICTH poTOPY 0-1500-200 06/xB
Bara Bany 35H
Twr i IMIHAKY 6204 6202
BuyTpimiii riamerp 20 Mmm 15 MM
30BHIIHIN giaMeTp 47 MM 35 mm
JloBxxrHa 14 MM 11 MM
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Puc. 1. Burmsin excriepuMeHTanIbHOT YCTaHOBKU

Jlnst TecTyBaHHS Pi3HUX METOIUK BUKOPHUCTOBYETHCS
HaOip maHux 3a ButkHHM noctynom [10]. Koncrpykuis
YCTaHOBKH VIS IIPOBEJCHHS EKCIIEPUMEHTIB € OIHAKOBOIO
U1 BCix HaOopiB manux. Ha omHOoMy Oori cTeHIy BCTa-
HOBIICHHH MiIIIUITHUK 0e3 epeKTy, BiH € He3MIHHUM JIJIS
ycix ekcriepuMeHTiB. Ha iHmomy 0o1i BCTaHOBJICHHH Mia-
LIUITHUK 3 Je(QEKTOM, CHTHAN SKOT'0 IOBHHEH OyTH Ipo-
aHaJi30BaHUH.

OO6poOka jmaHux. BukopucroByrounm crTeHA 3
MOTIEPEeTHBOTO MYHKTY, OyJI0O CTBOpPEHO Hablp AaHUX 3
10265700 3anmci, B cepenabomy mo 91600 3amnuciB Ha
KOXeH ekcnepuMeHT. OTpuMaHi JaHi 3HaXomsAThCS Yy
BIJIBHOMY JIOCTYII: IX OyJO 3aBaHTa)KeHO Ha ILIATPOPMY
Kaggle [11]. Habip manux ckiamgaethcst 3 6 KOJIOHOK, SIKi
BIJINIOBIJAIOTh MPHUCKOPEHHIO KOXXHOT'O 3 JBOX ITi/IIIHII-
HHKIB Y3I0BX KOXXHOI 3 TPHOX BiCeH, a TaKOX CyIyTHBOI
iH(pOpMaIii Mpo MIBUAKICTE 00EepPTaHHI POTOPY, Yac BUMI-
Py BiI HOYATKy €KCIIEPUMEHTY, Ta MOTYXKHICTb JBHIYHA.
Jlns HaBuaHHS KJIAcH(iKaTOPiB BUKOPUCTOBYHOTHCS MHUT-
TEBI MPUCKOPEHHS i ANTUITHUKIB y TpboX ocsax: X, Y, Z.

Ha puc. 2 npuBeneHi MUTTEBI IPUCKOPEHHS JAESKUX
MIAMUITHAKIB Y370BXK 0OCi Y.

= [ligwunuvk 1 (3 aederrom)
e [imuunnrunk 31 (3 nedpexTom)

= [ligwunHux 101 (6e3a gedekry)
= Migwunxux 108 (O3 pedekTy)
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Puc. 2. CurHany miamunHuKis

OCKITbKM  TIOpIBHSIHHSL 3HAYeHb IPUCKOPEHHS B
KOHKPETHHH MOMEHT 4acy MDK JBOMa pi3HUMHU CHTHa-
JaMu He € i1HQOPMATHBHUM dYepe3 BENUKY KUIBKICTH
myMmiB Ta (azoBuil 3cyB, HEOOXiHO CTBOPUTH MPOCTIp
KyMYJISITUBHUX O3HaK, SIKi O XapakTepu3yBaJM CHUTHAIL.
TakuM YMHOM, JUISl CTBOPEHHS MPOCTOPY O3HAK BHKOpPHUC-
TOBYETHCS HACTYITHHHN ITiJIXiT:

IloyaTkoBMi CUrHAJ IPEACTABISETHCS YOTUPMA CIIO-
cobamu:

e  UucTuii curHa,
e MacmraOyBaHHS Z-3HaUCHHAM;

e  MacmrrabyBanns curnany Big —1 o 1;
e Pobacthe MacmitabyBanus [12];
OTpuMaHuii 3 MONMEPETHHOTO MYHKTY CHTHAN TMPEI-
CTaBIIAETBCS METOJAMH OIMCOBOI CTATHCTUKH, PI3HUMHU
BU3HAYCHHSIMH CHTPOIIIi, (paKkTalIbHUX PO3MIPHOCTEH Ta
iHIIAMY, 110 OyXyTh Ha3BaHi JaIi.
Cursai npeicTaBIsIEThCS B YACTOTHOMY IIPOCTOPI 3a
JIOTIOMOTOI0 TIepeTBopeHHst Dyp’e (puc. 3), micas doro
BUKOPHCTOBYIOTHCS METO/IH 3 MOMEPEIHBOTO MYHKTY.

50 e Miawwunnuk 1 (3 pedextom)

I:‘:’. MifwmnHug 31 (3 nechexkrom)
'5’ 40 3539 B MigwwunHuk 101 (bea pedexty)
I 30 MigwwunHug 108 (Bea pedekry)
e
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220 184
&
2
210 I|
0 =g i ST\E e S )
150 200 250 300 350 400 450

Yacrora, Ny
Puc. 3. Cnekrpu curHanis

Habip BHKOpUCTAaHMX METOIIB ONHUCY CHTHAIY
BUTJISAa€ HACTYITHUM YHHOM:
e KoeoimienT Bapiarmii;

e Po3Mmax;

e  [HTepkBapTHILHHI po3Max (IQR);
e Acumerpis;

e  Ekcrec;

e  Euxrpomis:

o  Ewntpomis 3a llennom;
[Tpubau3Ha enTpormis;
3pa3koBa eHTpOIIis;
EnTpomisi nepecTaHOBKH;
EnTpomis CHHTYIsIpHOTO PO3KIIaLy
MaTpHII.
e  Emepris;
e [lapamerpu XbopTa:
O  AKTHUBHICTB;
o  MoOinbHICTS.
e [loka3Huk Xepcra;
o  ®dpaxTanpHi pO3MipH:
o 3allerpocsHoMm;
o 3a Xiryui;
o 3aKanom.
e  KinpkicTs epexoiiB 4epe3 HyJIb;
e [lik-pakrop.
JeranbHui po3riIsia TaHUX 03HAK OyB NMPHUBEICHUH Y
crarrti [13].
Mopesi MAIIMHHOTO HaBYAaHHSA. Y JaHid poOoTi
PO3TIISIAIOTHCS 4 aIrOPUTMH MAalllMHHOTO HaBYaHHS:
e JloricTuuna perpecis
e MammuHa ONOPHHUX BEKTOPiB
e  Bumankosuii j1ic
o  K-HallOmmx4mx cyciniB
JloricTnaHa perpecis aHajoriyHa MHOKWUHHIHN JiHIH-
Hilf perpecii 3a OTHUM BUHATKOM — PE3yJbTaT € OiHAPHUM.
[Mepumii Kpok mossirae B TOMy, 100 MPEACTaBUTH 3MIHHY

O O O O
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pe3ynbTaTy He Sk OiHapHY MITKY, a SIK HMOBIPHICTb P, L0
MiTKa fopiBHIoe "1". JI1s 1bOro BUKOPUCTOBYETHCS (PYHK-
IIis1 JIOTICTHYHOTO BIATYKY:

1
p = 1 + e—(b0+b1X1+b2X2+...)

M

s Toro, mo6 OTpUMAaTH eKCIIOHEHIIHNHN BHUpa3 i3
3HaMEHHHKA, 3aMiCTh HMOBIPHOCTEH MH pO3TILIIAEMO
mancu. lllancm — me WMOBIPHICTP TOAIi, MOXiIeHa Ha
HMOBIPHICTB, 110 MOJ(isl HE CTAHETHCS.

0dds(Y = 1) = —L— @
1-p

[igcraBuBmm p y GyHKLiIO IIaHCIB 1 B3sBIIN
jorapuM BiJi OTPUMAHOTO BHpPa3y, MH OTPUMAEMO TaK
3BaHy JoriT-¢yHkuito logit(p). HeBimomi Barosi koediri-
€HTH b; 00UYMCITIOIOTHCA METOJIOM MaKCHMAJIBHOI IIPaBio-
MOIiOHOCTI.

Meron onopHux BekTopiB (Support vector machine
abo SVM) — oxHa 3 HAWMOMYIAPHININX METOMOJOTIH
HaBYaHHS 3a IpereneHTaMu. Y mporeci HaB4aHHI SVM
004HCITIOE BAXKJIMBICTh KOJKHOI TOYKM HaBYAIBHHUX JTAHUX
3 MOIIISAY BH3HAYEHHS BHPILIAJIBHOI MEXI MK ABOMa
KJacaMM. 3a3BHYail JIMIlE YacTHHA TOYOK HAaBYaIbHOTO
HaOOpy BaXJIMBAa [UIS BHU3HAYCHHS MEXI NPUAHATTI
pIllICHb: TOYKH, SIKi JIe)KaTh HA MEXI MDXK KilacamMu. BoHu
Ha3MBalOThCS OMOPHUMHM BeKTOopamu (Support vectors) i
JIalTi Ha3BY MAIIMHI OTIOPHUX BEKTOPIB.

[Ilo6 orpuMaTM TPOTHO3 Ui HOBOi TOYKH,
BUMIPIOETBCS BIJICTaHb /10 KOXKHOTO OIIOPHOTO BEKTOPY.
Knacudikamiiine pimeHHS NTPUAMAETBCS BHUXOIIYHA 3
BiZIcCTaHEH O OMOPHUX BEKTOPIB, @ TAKOX BAXIMBOCTI
OTOPHHUX BEKTOPIB, OTPHMAHMX Yy TIpoleci HaBYAHHS.
BumiproBanHs BiJiCTaHI M)XK TOYKaMH 3a3BHYall BHKOHY-
€TBCS 32 JOIOMOT'OI0 TayCOBCHKOTO spa, ajie HUM He 00-
MEXEHO.

Bunankoswuit nic (anen. Random Forest) — e meton
aHcaMOJItOBaHHs (arperaiiii) mpOCTUX MOJEJCH aepesa
OpuiHATTS pimess [14]. BumagkoBwii Jic HaBdYae
CYKYITHICTB JIepeB pillieHb Ha Pi3HUX MiABHOipKax Habopy
JTaHNX 1 BUKOPHCTOBYE YCEPEIHEHHS JUIS ITiJBHIICHHS
TOYHOCTI IIPOTHO3YBAHHS Ta KOHTPOJIO IIE€PEHAaBYaHHS.
JlepeBo pimieHs [14] — 11e peKypCUBHUI adropuTM, KU
MIPOTHO3Y€ 3HAYCHHS LIIbOBOT 3MiHHOT, BUBYAIOUH MPOCTI
MIpaBUJIa IPUHHATTS pillleHb, BUBEJCHI 3 03HAK JaHuX. Ha
KOXHIN iTepamii nepeBo po3duBae Habip AaHUX Tak, MO0
MakcuMi3yBaTu (QYHKIIIO iHGOPMATHBHOCTI pO3OWTTS 3a
SAKAMOCH KpPHUTEpieM, i CTBOPIOE BY30J J€peBa 3 ONTH-
MaJIbHUM MNPaBHJIOM PO30UTTS. Y HAIIOMY BHIIQJKY MH
BHUKOpUCTOBYeMO Kputepiit JlxwHi. OCKiNBKH IepeBo €
XKagiOHMM aIrOpUTMOM — BOHO ONTUMI3yE KpUTEpiH
iH(OPMATHBHOCTI JIOKQIBHO Yy KOXXHOMY BY3Ji, Habarato
Kpalle BHKOPHCTOBYBAaTH aHCaMOIb 3 JiepeB s 30UIb-
LIEHHS TOYHOCTI. Y METO/i BUIAAKOBOIO JIICY BUKOPUCTO-
ByeTbCsl OCTTIHI Ta METOJA BHIIAJKOBHX MiANPOCTOPIB
(RSM). BukopucroByroun mepmuii MeToa, MU Oynemo
HaBYaTH KOXXKHE JIEPeBO Ha MABHUOIpIi, B3ATIH 3
MTOBEPHEHHSIM 13 TTOYaTKOBOT BUOIPKH, 2 BUKOPHCTOBYIOUH
RSM mm Oymemo HaBYaTHm KOXKHE JAEpEBO JIMIIE Ha

YacTHHI O3HaK 3 Habopy naHux. OCTaToO4HE pillICHHS
BiZI0YBAETHCS IOJIOCYBaHHSM IO BCIX JIepeBax.

K-naitbnmkunx cycimis (anen. K-nearest neighbors,
a6o KNN) — MeTpuyHWHA METOA, CYTHICTH SIKOTO € Y
3HaXOJ/KeHHI "cyciiB" eneMeHTa, HaHOMMKIUX 0 HHOTO
3a TIEBHOIO MeTpuKOIo [14]. 3HaueHHS IiTbOBOI BETHMYH-
HU, SKE¢ HalYacTile 3ycTpidaeTbes cepel CYCimHIX erne-
MEHTIB, CTa€ 3HAYCHHSM IILOTO €JIeMeHTa. Y HaHill poOoTi
BHUKOPHCTOBYBaJlach METpHKa MiHBKOBCEKOTO — y3aralib-
HEHHS €BKIITIBCHKOI BIJCTaHI 3 JOBUIBHUM 3HAYECHHAM
MOKa3HHUKY.

Juis xoxHOi Mozeni y widi poboti Oynma 3poOieHa
onTHMIi3alis TinepnapaMeTpiB METOIOM IOBHOTO Iepedo-
py Bcix koMOiHamii. OnTuMizawis rinepnapameTpiB BUKO-
HyBaJach SIK MaKCHUMi3alisl SIKOCTI pPO3Mi3HaBaHHI Ha
BaJiaIliifHuX BUOIpKax.

OuiHKH sIKOCTi. SIKiCTh aNTOPUTMIB OI[IHIOBAJIACH 3a
JIOTIOMOTOI0 F1-mipu [15]. s MeTpHuKa
BUKOPUCTOBYETBCS  IJIsI OLIHKHM SIKOCTI aJrOpUTMY
knacudikamii, skuil moOymoBaHWH Ha HaOoOpi HaHWX 3i
3HaYHUM AucOamancoM kiaciB. Bumiproetses Big 0 mo 1,
ne 1 — Haiikpamiid pe3ynprat. F1-mipa po3paxoByeThes 3a
dopmynoro 3:

1 2 X BJIyYHICTb X IIOBHOTA

BJIyYHICTb + NOBHOTA @)

Tak, oOpaHa MeTpHKa € TAPMOHIHHAM CEepPEeIHIM MiX
JIBOMA {HITUMH METPUKAMHU — BIYYHICTIO — BICBHEHICTIO Y
TOMY, IO MOAENb HE POOUTH Oarato XMOHO-TIO3UTHBHHUX
MOMHJIOK, T2 MOBHOTOIO — BIIEBHEHICTIO y TOMY, IIO
MOJieNlb He poOuTh 0arato XWOHO-HEraTMBHHUX TMOMUJIOK.
F1-mipa O6yzne mopiBuioBatd 0 sKm0 Xo4ya O OJHA 3 IUX
ckianoBux nopiHioBatiMe 0, Ta 1 AKIO 00MABI CKIAIOBI

JIOPIBHIOIOTH 1. Bny4HicTh Ta TOBHOTY MOXHA
po3paxyBartu 3a Gpopmynamu 4, 5:

TP

. _ 4

BAYHHICTb = TP (4)
TP

= — 5

MOBHOTA = (5)

ne TP — mpaBWIbHO pPO3Mi3HAHI MO3UTUBHI PE3yJIbTATH
(miguunauky 6e3 aedexTy);

FP — KibKicTh XHOHO-TIO3UTHBHHUX TTOMUJIOK;

FN — xiIbKicTh XHOHO-HETaTUBHI OMMJIOK.

VY po0oTi TaKoX PO3PaxOBYBAIUCH CYITyTHI METPUKH
JUIsl OUTBII TOHKOT'O KOHTPOJIIO MaTeMaTH4HUX MoJeien —
TOYHICTh, a00 BIACOTOK MpPaBWIBHUX  BiJIOBizEH;
ckmagoBi Fl-mipm; TNR — wmerpuka, $Ki BKasye,
HACKUTbKH SIKICHO MU PO3Mi3HAEMO HETATUBHI MPUKIIAIH.

OCKiNBKM MH MaeMO 3aHAATO Majly KiJIbKIiCTh
NPUKIAAIB Ui HaBYaHHS Ta TECTYBaHHI MOJEI,
KOHKPETHI ITOKa3HUKH SIKOCTI OyAyTh 3ajie’kaTH BiJ TOTO,
IK MH po3i0’emMo BHUOIpKy Ha HaBYaJbHY Ta TECTOBY
migBuOipkn. ToMy MK BHKOPHUCTOBYBAIM BaliJamilo
MmeronoM Oyrcrpamy [16]. Lleii meron monsrae B
6araTokpaTHOMY CTOXaCTHYHOMY BiOOpi 3 MOBEPHEHHAM
€JIEMEHTIB JUI1 HaBYaHHS 3 I04aTKOBOI BUOipKH. Tak, s
100 irepamiii Binbopy mu Oyaemo matu 100 pisHux map
miaBuOIpOK, Je HaBYalbHa BHOIpka Oyme Mmictutu 63 %
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€JIEMEHTIB 3 TOYaTKOBOT BHOIPKH, a TECTOBA — BiJTIOBIIHO,
37 %. lleit MeTon po3paxyHKy HaszuBaeThes "Out—of-bag
error" [17]. Le# mMeTox Tako)X 3aCTOCOBYETHCS Y METOJI
MAaIIMHHOTO HaBuaHHS "BumaakoBuil mic". HeoOxigHo
3a3HAYUTH, II0 MH OKpPEeMO pO30MBAEMO IO3UTHBHI 1
HETaTUBHI MpPUKIAAW, I00 30eperTu po3moAis KiaciB Ta
HE OTPUMATH €JIEMEHTH JIUIIIE OJHOTO KIIACy y HaBYAIbHIH
abo TecToBi miABHOIpKax.

Sxmo U KOXHOI  iTepamii  OyTCTpamoBaHOTO
BiZIOOPY MM MOXXEMO HaBYHUTH MATEMAaTHYHY MOJENb Ha
63 % paHuX Ta OOYMCINTH METPUKH HA BiIKIAJICHUX
37 %, MH OTPUMAEMO PO3MONLT 3HAYCHb METPUKH. Tak,
Maroyd CepeJHE 3HAUeHHS 3 PpO3MOALLY, MH MOXEMO
3pOOHMTH CTIMKMH KiJBKICHUA BHCHOBOK IO SIKICTB
MOJIeT.

s Toro, mo0 3poOUTH SIKICHUN BHCHOBOK MPO
poboTy Mozeni — 4u € i MPOrHO3 KpalliuM 3a BHUIAJAKOBE
BraJyBaHHs, MM HpoBelHu ekcrnepuMmeHT Moute-Kapio
[18]. Tak, Mmu M pa3iB cTBOpHIIN BUIIAIKOBI IIPOTHO3H IS
kokHOi 3 Hammx 100 map mimBuOipokx. IlotiM Mum
obuncmmy F1-mipu At KOXKHOTO TPOTHO3Y Ta 3HAWILIA
CepelHi 3HaYCHHS METPHKH 3a yciMa minBuOipkamu. Tak,
MU MaeMo BHOipKy o0'eMom M cepennix 3Hauenp F1-
Mipu. 3a LEHTPaJbHOI0 IPAHUYHOI0 TEOPEMOIO, PO3IOJILI
CcepelHIX MOJXKHAa ONHCaTH HOPMAJIBHUM  3aKOHOM.
[NopiBHIOIOYM 3HAYEHHS METPUKH Ul TEBHOI MoJeni 3
99 % noBipYMM IHTEpBAJIOM 13 PO3MOJUTY CepeiHiX i
Mo0OAYMBIIHK, IO HAIIC 3HAYCHHS METPUKH OLUIbIIE HIXK
npaBa TpaHMI, MU MOXEMO 3pOOHMTH CTATUCTHYHO
3HaYMMHH BHCHOBOK, IO HAIlla MOJCNh HAaBYAETHCS Ha
JTAaHWX, a He JIUIIE 3araM ' ITOBYE HaBYaIbHY BHOIPKY.

Tak, ans Hamoro Ha0Opy HOaHHX MH MaeMo 12
Mo3UTUBHUX TpukiaagiB t1a 100 HeratmBHuX. TectoBa
BuOipka Mictuth 37 % mpukiamiB, TOOTO Yy KOXHIH
miaBuOipmi Mu Maemo 41 npukman. Ha puc. 4, a npen-
CTaBJIeHI PO3MOALN cepenHix Ta 99 % moBipui iHTEpBaIH
JUIsl HAIIOTO Ha0OPY JaHUX.

A

FycTuka AuosiprocTi
TycTHHa HuacaiprocTi

S |
14% % 9 10% 11% 12%
Fl-nipa

:
- N

/

yeTuka frcaiprocti
yeTuka frcaipHocTi

30.30% 33.00% 35/57%

N38.22%
1

3% 3e% 38w 40%
Fl-mipa

28% 30% 32% 29% 30% 31% 32% 33% 34% 35% 38% 37%

Fl-mipa
Puc. 4. Cepente 3nHauenHs1 F-Mipu nmpu BUnaaKoBomy
BraJyBaHHI CTaHy IiAMINITHUKA: @ — HAII Habip mauux, 37 %
Habopy; 6 — Hamr HaOip nanux, 100 % Habopy; Ham Habip
JTaHUX, 6 — CTOPOHHIN Habip mannx, 37 % Bix HAOOPY;
2 — CTOpoHHi# Habip nanux, 37 % Bix Habopy

Sxmo Opatu Bech Haml HaOip JaHHX 3a TECTOBY
miaBHOIpKyY, To Oymemo maru puc. 4, 6. CtopoHHi Habopu
naHnX MicTaTh 33 % MO3WTHBHUX pe3yibTariB, abo 15
npuknaaiB. Po3momin cepennix aus mporo Habopy maHWX
npu TecToBil mixBuOipmi 3 37 % mouyaTtkoBoi BUOIpPKH

npoimtoctpoBanuii Ha puc. 4, 6. dus ycix 100 % (45
NpUKNaAiB) — Ha puc. 4, 2. Skmo Mu posriasmaeMo
HaBYaHHS 1 TECTyBaHHS Ha OJHOMY H TOMY X Habopi
JTAaHWX, HAC I[IKAaBUTh MOPIBHAHHSI METPHUKH 3 pHUC. 4, a Ta
puc. 4,6. SKmo K MH PpO3IIISNAEMO  y3araJbHEHHS
MaTeMaTHYHUX MoJellell Ha iHIN HAa0OpH JaHWX, HAac
IIKaBJATH JOBipdi iHTepBaiH Ha puc. 4, 6 Ta puc.4,2. Y
naHiit poboTi 3HagenHs M mopisaioe 1000.

Pesynbratn. Ilepmum eramom 11i€i poboTH €
CTBOPECHHA MAaTEMAaTHYHUX MOZENCH Ul PO3Mi3HaBaHHS
MiAMUITHAKIB 3 Je(QEeKToM y paMKax OIHOTO EKCIIepH-
MmeHTy. Ha puc. 5 300paxeni poznoainn F-mipu mas 100
OyTcTparnoBaHuX IiABUOIPOK 3 HAIIOro Habopy nanux. Ha
puc. 6 300pakeHi CepeliHi 3HAYCHHS YCIX METPHK, SKi
Oymu oOumcneni y pnasid poGoti. Ha puc.7 Hanmani
cepenHi 3HaUeHHS METPUK I 1HIIOTO HabOpy JaHHX.

LR

sVC
RFC
KNN

nomm|

F'ycTuHa AMoBIpHOCTI

40% 60% 80%
Fl-mipa

20%

Puc. 5. Posmonin F—mipu npu HaBuaHHI Ta TeCTyBaHHI MOJeIeH
Ha HaioMy Habopi. SIkicTs Ha BasiiaIiiHiil BUOIpII.

BN TovyHicTe HEEE BnyydicTe HEE MoeHoTa WM F-mipa Bl TNR

96 06

AKicTb, %

svC RFC
ANropUT™M

Puc. 6. Cepenni 3HaueHHSI METPUK IIPU HAaBYaHHI Ta TECTYBaHHI
MoJiernieid Ha HamoMy Habopi. SIkicTs Ha BaimamiifHii BHOIpII.

BN ToyHicTe HEEE BnyyHicTe HEEE [MosHoTa M F-mipa B TNR

97 00 100 og 00 100

100

o 98

AkicTb, %

LR svC RFC KNN
ANFOPUTM

Puc. 7. CepenHi 3Ha4eHHs METPHK IIPH HABYAHHI Ta TECTYBaHHI
Mozernei Ha iHIoMy Habopi. SIKiCTh Ha BigKIIaIeHUX BUOiIpKax.

Sk MOxHa 0aunTH 3 HAaBEICHUX PHUCYHKIB, METOJ
ONOPHMX BEKTOpIB Mae HaWkpamumii pesynbrar. [lopis-
HIOIOYH CEpe/IHI 3HaYCHHS 3 puc. 4, a, 6, MU MOXeMO OyTH
BIICBHCHI, IO BCI MOJENI MPHUIATHI JUIs NETCKIHI Min-
IIMITHUKIB 3 Ie(eKTOM y paMKaX OJHOTO €KCIIEPUMEHTY.
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JloricTiyHa perpecisi Ha pUCYHKax Io3Ha4daeTbhes K LR,
MeTOJ onopHUX BekTopiB — SVC, Bumankoswuii jic — RF,
K maitommkunx cycinieB — KNN. Yci merpuku pospaxo-
BYBAJIMCh JUIS BaJigaliiiHnX BUOipKax, TOOTO Ha BHOIpKax
JIaHuX, SIKI HE MpUiiMany y4yacTi y HaBYaHHI MoJeseH, a
BHKOPHCTOBYBAJICH IIPH ONTUMI3aIlil rineprnapamMeTpis.

Jpyruii eran — 3acTOCyBaHHS MOJeNeH s Kiacui-
Kallii CHTHAJIiB, OTPUMaHHX 3 IHIINX eKCIIepUMeHTIB. TyT
MepeBipsUIocs, YW MOXYTh JaHi MaTeMaTHYHI MOZEi
MIPaBUIHHO KJIacH(iKyBaTH I JIIAITHIKH iHITUX PO3MIpiB,
sIKi OyJIM BCTAaHOBIICH] Ha iHIMMX MammHax obepraHHs. Ha
BOMY eTari OyJ0 pPO3IJSIHYTO /IBa BHIAJAKU — HaBYAHHS
Ha HalIOMy Ha0oOpi JaHWX 1 TECTyBaHHS Ha IHIIOMY
HaOopi, Ta HaBYaHHA Ha IHIIOMY 1 TeCTyBaHHI Ha
HamoMmy. Y TepIIoMy BHIAAKy cepell YCiX BapiaHTiB
MaciiTaOyBaHHs CUTHAIY Ta BiOOpY CTaTUCTUK HE OyJO
3HaliJIcHO Mojeni, sika 0 mepeseprnmia 99 % moBipumii
IHTEepBaJI BWIIaJIKOBOTO BramyBaHHSA 3 puc. 4, 2. Anme y
JIpyrOMy BUIAIKy — HaBUaHHI Ha IHIIMX JaHUX — MH
OoTpHUMaiH pe3ynbTaT 18 % Ipu BUKOPHCTaHHI allTOPUTMY
"BumamkoBoro uicy", mo Ha 5.5% Bumepemkae
BiamoBigHuA 99 % nosipumii inTepBan 3 puc. 6. Ha puc. 8
MOXKHa obaunTH posnoin F-mipu, a Ha puc. 9 — cepenni
3HAYEHHs YCIX METPUK.
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= 1 KNN
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£
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| : c_{,«(]{’ i \\T”_i
5% 0% 5%  10%  15% 20% 25% 30%  35%

F1-mipa

Puc. 8. Posnozin F-mipu npy HaB4aHHI MoJienieli Ha iHIIOMY
Habopi Ta TECTyBaHHI Ha HALLIOMY.
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Puc. 9. Cepenni 3HaUeHHS METPHUK IIPH HABYAHHI MOJeNIeH Ha
iHImoMy Habopi Ta TeCTyBaHHI Ha HAIIIOMY.

BucHoBku. Y maniii poboTi po3risimaBes miaxia ao
aHaizy Ae(eKTiB MiIIMWITHUKIB KOYEHHS Ha OCHOBI 3a-
CTOCYBaHHS aITOPUTMIB MAIIMHHOTO HAaBYaHHS 10 00po06-
JICHUX CHUTHAJIiB MHUTTEBOTO TPHCKOPEHHS MiANIUITHHUKIB.
Jist oTpuMaHHS Habopy naHuX OyB CTBOPEHHH eKcrie-
PUMEHTAIBHUN CTEHJ, Ha SKOMy Oyso po3risHyto 112
HIAIIAITHKKIB IBOX THIIOPO3MIpiB. ¥ poOOTi TaKOX BHUKO-
PHCTOBYBABCSl CTOPOHHIM Habop JaHMX 3a BIAKPUTUM
JIOCTYIOM. Y poOOTI 3aIpoIIOHOBaHi METOIM PO3IINPEHHS

Ha0Opy JaHMX LUIIXOM M00aTr4eBoro po3apiOieHHs
MOYATKOBUX CUT'HAIB.

Jnst 3acToCyBaHHS alNrOpUTMIB MallMHHOTO HaBYaH-
Hs OyB 3alpONOHOBAHUI MiXiJ Ul CTBOPEHHS IIPOCTOPY
O3HaK CHTHAJIB 3a JOINOMOIOI0 BHMKOPHCTaHHS Pi3HUX
CTaTUCTHK curHaiy. [IpocTip O3HaK TakoX MICTHTH CTa-
TUCTUKH YaCTOTHOTO NPE/ICTABICHHS BXiTHOTO CHUTHAIY.

Juis cTilikoi KiNBKICHOI OLIHKH SKOCTiI aJTOPUTMIB
OyB BUKOpPHCTAaHHI OYyTCTpamoBaHHWH Bigdip NPHKIIATIB
Ui HaB4aHHA Mojeneil. Lleit merom nmaB 3mory moOy-
JyBaTH PO3IOILT IIJIBOBOI METPUKM IJI OIIHKH SKOCTI
Mogeni. JIJist AKiCHOT OI[IHKH METO/IIB BUKOPHCTOBYBAIOCH
MOPIBHSHHSA CEPEeJHBOTO 3HAUCHHS LiJIbOBOI METPUKH 3
JIOBIpYMMH IHTEpBaJaMH 3 PO3MOJUILY, OTPUMAHOMY 3a
nonomororo Meroxy Monre-Kapo mist cepeiHix 3HauUeHb
MpU BUIAJAKOBOMY BramyBanHi. llei miaxing maB 3Mory
OIIIHATH MOXKJIHBICTh 3aCTOCYBaHHS METOIB MAlIHHHOTO
HABYAHHS Y TOEIHAHHI 3 BHUKOPHCTaHHSIM CTaTUCTHK
CHUTHAIy K MPOCTOPY O3HAK I OiHAapHOI Kiachdikarii
MAITUITHAKIB HA i IIIATTHUKY 3 Te(peKTOM Ta Oe3.
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YIOPABJIIHHSI B OPTAHIBAIIMHUX CUCTEMAX
YIIPABJEHUE B OPI'TAHU3AIIMOHHBIX CUCTEMAX

MANAGEMENT IN ORGANIZATIONAL SYSTEMS

uUDC 004.9 DOI: 10.20998/2079-0023.2021.02.04
S. V. OREKHOV, H. V. MALYHON

METRICS OF VIRTUAL PROMOTION OF A PRODUCT

An approach to the mathematical description of the criterion for the effectiveness of a new object of research — virtual promotion is presented in the
paper. The emergence of this new object of research is connected, on the one hand, with the classical theory of marketing, and on the other with
modern Internet technologies. Marketing is based on the 4P principle: product, price, location and promotion. Promotion is a component of this
principle. But in modern conditions, this phenomenon is changing under the influence of the Internet. Now this 4P component is becoming a fully
virtual instrument. The traditional scheme of promotion functioning is as follows. A message is created to a potential buyer and the delivery channel of
this message undergoes a change. It is based on the principle: money — goods — money. While the new sales scheme is described by the scheme: we
attract a client, make money on a client, we spend money. In the new scheme, we deal with product knowledge in the form of the so-called semantic
core of web content. Knowledge describes for a potential client how a given product can cover his need for something. Using the logistic principles of
the transfer of goods, this semantic core is loaded into the specified Internet nodes. That is, virtual promotion is formed as two channels: logistics and
marketing. The first one performs three operations: concentration, formatting and distribution of semantic cores on the Internet. The second manages
this process, forming a virtual promotion map. This map is a graph of Internet nodes. It is required to define such a tree of Internet nodes so that virtual
promotion has maximum efficiency. The paper analyzes modern metrics related to the processes of search engine optimization on the Internet.
Unfortunately, these metrics evaluate only statistically after the fact of visiting a web resource or the budget of the Internet site in which the
advertising message about the product was placed. Therefore, based on the conversion metric, a criterion for the effectiveness of virtual promotion was
proposed in the work, which takes into account both the attractiveness of the semantic core and the attractiveness of the Internet site where the
semantic core will be located. The criterion reflects the income that we receive depending on the attractiveness of the semantic kernel and the Internet
site.
Keywords: semantic kernel, search engine optimization, conversion.

C. B. OPEXOB, I'. B. MAJTUT OH
METPUKMU BIPTYAJIBHOI'O TIPOCYBAHHS TPOAYKTY

VY craTTi MOoAaHO MiAXiZ 10 MaTeMaTHYHOrO OMUCY KPUTEPil0 €(EeKTUBHOCTI HOBOTO O0'€KTa JOCIIJDKEHb — BipTyallbHE HpocyBaHHs. [losBa 1boro
HOBOTO 00'€KTa JIOCHI/KEHb IIOB'S3aHO 3 OJHOTO OOKy 3 KJIACHYHOIO TEOPi€F0 MAapKeTHHTY, a 3 IHINOTO - 3 Cy4aCHUMH [HTepHET-TEeXHOJOTisIMH.
MapxketuHr 0a3yeTscst Ha npuHmIi 4P: ToBap, BapTicTh, Miclie Ta npocyBaHHA. KOMIIOHEHTOI0 LbOTO NMPHHIMIY € NMPOCYBaHHsS. AJle B Cy4aCHHUX
yMOBax Iei (eHOMeH 3MIHIOEThCS Mmia BIUIMBOM Mepexi lureprer. Hapasi us kommonenta 4P crae MOBHICTIO BIpTyalbHHM iHCTPYMEHTOM.
Tpanumiiina cxema (YHKIIOHYBaHHS NPOCYBaHHS, KOJHM CTBOPIOETHCS ITOBITOMIICHHS MO IOTEHI[IHHOTO IIOKYIIS i KaHal JOCTAaBKH IbOTO
MOBiJJOMJICHHS 3MiHIOEThCS. BOHA BUXOAWTH 3 MPUHLMII: Tpolli — ToBap — rpouri. Toai sk HOBa cxeMa MPOJIAKIB OMHUCYETHCS CXEMOIO: 3a7Ty4aeMo
KJIIEHTa, 3apo0JIIEMO KIIIEHTA, BUTPaYaeMo. Y HOBIM CXeMi MM MaeMO CHpaBy 31 3HAHHSAMHM IPO MPOAYKT Y BUIIAI TaK 3BAHOTO CEMAaHTUYHOTO SApa
BEO-KOHTEHTY. 3HAHHS ONMCYIOTh Uil HOTEHI[IHHOro KIi€HTa, K LEeH NPOAYKT MOXe IIOKPHTH Iforo motpedy y domych. KopucTyrounck
JIOTiICTUYHMMH NPUHIUIIAMH Tepefadi TOBapiB, 1€ CEMAaHTHYHE SIIPO 3aBAaHTaKYEThCS B 3aiaHi caiitm IHtepHer. ToOTO BipTyanbHe MpOCyBaHHS
(opmyeTbcss SK 1Ba KaHaNW: JIOTICTUYHMA Ta MapKeTHHToBWH. [lepmmii BHKOHye Tpu omepauii: KOHLEHTpalis, (HOopMaTyBaHHS Ta PO3MOALI
CEeMaHTHYHHX siziep y Mepexi Inrepuer. Jlpyruii ynpasise nuM nporuecoM, GopMyroun KapTy BipTyaJbHOro npocyBaHHs. JlaHa kapTa — 1ie rpag By3niB
InrepHery. IloTpiOHO BHM3HAuMTH Take NepeBO BY3IiB IHTEepHeTy, MO0 BipTyadbHE NPOCYBAHHA MajO MaKCHMalbHY e(eKTUBHICTb. Y poOOTI
MPOBEJICHO aHAJ3 Cy4aCHUX METPHK, MOB'I3aHMX 13 MpollecaMy MOLIYKOBOi onTuMizalii y Mepexi [HTepHer. Ha xanb, 1li METPUKH OLIHIOIOTH JIUIIE
CTaTHCTUYHO MOCT(AKTYM BiJBidyBaHH: BeO-pecypcy abo Oro/keT By3na [HTepHeT, B sKoMy 0yII0 pO3MILIEHO peKiIaMHe OB JOMIICHHS PO MPOIYKT.
Tomy B poOOTi Ha OCHOBI METPHKM KOHBEpCis OYJIO 3alpONOHOBAHO KpUTEpil €()EeKTHBHOCTI BipTYaJIbHOTO MpPOCYBaHHSA, SIKMHA BPaXOBYE SIK
MpUBaOIMBICTE CEMAaHTHYHOTO 5/Ipa, TaK i NPUBAaOIMBICTh By3na [HTepHeT, e Oyae po3milieHo cemaHTuuHe siapo. Kputepiii BizoOpaxae noxin, K
OTPUMYEMO MU 3aJISKHO BiJl MPUBAOIMBOCTI CEMaHTUYHOTO Apa Ta By3na [HTepHeT.
Ku11040Bi cj10Ba: ceMaHTHYHE PO, KIFOYOBE CIIOBO, MOIIYKOBA ONTHMI3alisl B [HTEpHET, KOHBEPCisl.

C.B. OPEXOB, I'. B. MAJIBIT OH
METPUKHN BUPTYAJIBHOI'O ITPOJABU)KEHUSA ITPOJAYKTA

B crartee mpeacTaBiIeH MOAXOA K MAaTeMaTHYECKOMY OIMCAHHIO KpHUTepus 3((PEKTHBHOCTH HOBOTO OOBEKTa HCCIENOBAHUH — BHPTyalbHOE
nponBikeHue. [1osiBiIeHHE 3TOr0 HOBOrO OOBEKTa UCCICIOBAHUI CBS3aHO C OJHOW CTOPOHBI C KJIACCHYECKOH TEOpHEeil MapKeTHHTra, a ¢ IPYrou c
COBpeMEHHBIMHU VIHTEpHET TeXHOJOTHAMH. MapkeTuHr G6asupyercst Ha mpuHImne 4P: mpoaykr, meHa, MecTo U nmpoaBrkeHHe. KOMIIOHEHTOH 3TOro
MPUHINIA BBICTyNAaeT mpoaBrokeHHe. Ho B COBpEMEHHBIX YCIOBHSAX JaHHBIM (eHOMEH H3MeHseTcs moj BimsHueM cetH MutepHer. Celfuac sTa
KOMIIOHEHTa 4P CTaHOBUTCSI IOMHOCTHIO BUPTYAIbHBIM HHCTpyMEHTOM. TpaaunuoHHas cxeMa (pyHKIMOHHPOBAHUS NPOJBIIKEHUS, KOT/a CO3/aeTcst
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cooOIIeHNE K IOTCHIHAIbHOMY IOKYIATeNIF0 M KaHaJ JOCTaBKH JAHHOTO COOOIICHHMS TpereprieBaeT u3MeHeHne. OHa Gasupyercss Ha NPHHIMIE:
JICHBTH — TOBAap — JACHBIU. B TO BpeMs kak HOBast cXeMa MPOJaKk OIMCHIBAETCS CXEMOMH: IPHBJIEKaeM KIMEHTa, 3apadaThiBacM Ha KIIHEHTe, TpaTuM. B
HOBOH cxeMe Mbl UMEEM JIeJI0 CO 3HAHUSAMH O NPOJAYKTe B BHIE TaK Ha3bIBAEMOIO CEMAaHTHUYECKOIO spa BeO KOHTEHTA. 3HAaHMS ONUCHIBAIOT LT
HOTEHIUAIBHOTO KJIMEHTA, KaK JaHHBIH MPOLYKT MOXET HOKPHITh €ro MOTPEeOHOCTh B 4eM-TO. I10/1b3ysCh JIOTHCTHYECKUMH NPHHLUIIAMU HepeJadn
TOBApOB, JaHHOE CEMAHTHYECKOE PO 3arpyxKaeTcs B 3aJaHHbIe y31bl VHTepHeT. To ecTh BUpTyanbHOe IPOABIDKEHNE (HOPMUPYETCs KaK /{Ba KaHAJIa:
JIOTMCTHYECKUH ¥ MapKETHUHTOBbIA. [IepBblii BHIONHSACT TPU ONEpaLli: KOHIEHTPALUs, (OPMATUPOBAHNE U PACIpPE/CICHHE CEMAHTHUECKUX s/iep B
cern WHteprer. Bropoii ynpasiseT naHHBIM IponieccoM, GopMupys KapTy BHUPTYalbHOTO NpoABMIKeHHMs. JlaHHas kapTa — 3TO rpad y3IoB CeTH
Wnreprer. TpeOyercs ompenenuTs Takoe AEpeBO y31oB MHTepHeT, 4TOOBl BUPTyalbHOE IPOJBIDKEHHE MMENIO MAaKCHMAlbHYIO (G QeKTuBHOCTL. B
paboTe NpOBE/IEH aHAJIN3 COBPEMEHHBIX METPUK, CB3aHHBIX C IIPOLIECCAMHU ITOMCKOBOI onTuMu3anuu B cetd MHTepHeT. K coxanenuto, 3T METpUKH
OLICHUBAIOT TOJBKO CTATUCTHYECKH MOCT(AKTYM IIOCElIeHHs BeO pecypca miu Oroker y3ina VIHTepHET, B KOTOPOM OBUIO Pa3MEILICHO PEKJIAMHOE
coobmenue o npoxykre. IloaTomy B paboTe Ha OCHOBE METPUKH KOHBEPCHS ObLIT HPeIoKeH KpuTepuil 23 (heKTHBHOCTH BHPTYaIbHOTO IIPOJBHKEHUS,
KOTODPBIH YYUTBIBAET KaK IPUBJIEKATE]bHOCTh CEMAHTUUECKOTO sApa, TAK M HPHUBJIEKATENbHOCTh y31a MHTepHeT, rae ceMaHTHYecKoe Aapo Oyner
pasmemieHo. Kpurepuii oTpaxkaeT 10X01, KOTOPBIi HOJy4aeM Mbl B 3aBUCUMOCTH OT IIPUBJIEKATEIbHOCTH CEMaHTUYECKOTO sipa U y31a MHTepHeT.
KaroueBble cj10Ba: CEMaHTHYECKOE PO, KIIOUYEBOE CII0BO, IOMCKOBas onTuMu3anus B MTHTepHeT, KOHBepCcHs.

Introduction. In article [1] describes a new control
object — virtual promotion. The main purpose of this E :Z, (1)
facility is to stimulate sales through information B
technology available on the Internet.

The traditional definition of product promotion
speaks of increasing the efficiency of sales, sales and B
demand [2-4]. However, the central place in the P = T @)
promotion process is given to the formation of messages
that inform potential customers about the product,
packaging, brand, advertising exhibitions, demonstrations, 0=— €)]
business and more. Accordingly, the effectiveness of sales B
will depend on the effectiveness of the message about the  \\here 0 — the average payback of the channel, and P — the

produpt to potenj[ial customer_s. I_n other _WOYdS, the price of attracting one customer of goods through this
effectiveness of virtual promotion is determined by the  -pannel.

effectiveness of the communication channel between the Another indicator of the efficiency of the channel is
company and customers, where the message about the  ihe rate of return on investment [5]:
product is transmitted.

Thus, it is possible to define virtual promotion as an Pr— Ex
impersonal channel of communication with a potential ROI = ——, 4
client. Let's analyze the existing metrics for evaluating the Ex
effectiveness of such a channel.

Related works. Marketing theory defines sales
efficiency as profitability of sales [2—4]. This indicator
expresses the share of profit from each earned UAH as a Ou
percentage. Or it is the ratio of net income to the amount K = Xdients (5)
received from the sale of products, which is expressed as a N
percentage [2-4]. Then the impact of promotion is
determined by the costs that the company incurs on the
formation of the communication channel and the message
itself. Profitability can also be affected by the number of
customers involved through the message and the
communication channel.

Thus, it is necessary to determine the metrics and
criteria that describe the effectiveness of the channel and
the message. On the one hand, we need criteria that
indicate the reduction of costs for the formation of the
communication and communication channel, and on the
other hand, we need metrics that determine the number of
customers  attracted through the channel and
communication.

Currently, the indicator that can describe the

where T — traffic, B — budget.

where Pr — profit, Ex — expenses on channel formation.
The next important indicator is conversion (5).

where Qients — the number of customers attracted by the
promotion channel, and N is the total number of channel
visitors [7].

It reflects the achievement of the main goal - to
attract the required number of buyers of goods.

All the above indicators correspond to one of the
seven categories, namely: traffic, bounce rate, conversion,
the cost of attracting one buyer, the average check, return
on investment, repeat visits. But these indicators are only
metrics, unfortunately, the criterion of effectiveness
among them is not identified. Modern theory of Internet
promotion is based only on the metric approach.

Thus, there is an urgent problem of formulating a
criterion for the effectiveness of virtual promotion. This
criterion should describe the benefit of the message in the

effectiveness of the channel and the message on the
Internet is traffic [5-6]. It describes the number of unique
users who read messages in the channel per unit time.

The channel is also characterized by the budget and
the traffic it generates. In [7] the indicator of conditional
efficiency of the channel and message on the basis of the
classical theory of marketing and search engine
optimization was introduced [6]:

promotion channel and the benefit of the channel itself.
And since virtual promotion is a two-tier system, the
benefits must be determined at two levels coordinated in
time.

Problem statement. First, you need to consider the
mechanism of the object's functioning - virtual promotion.
It includes two levels of marketing and technological
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(logistics). The first level describes the nodes of the
virtual promotion map. Each node is a separate, either a
WEB site, or a social network profile, or a video blog, or a
telegram channel. Each node at the technological level has
an IP address and domain name according to the OSI
model. Also, the node is characterized by a set of software
components that are installed in it. These software
components support a specific set of information
technologies. Therefore, the virtual promotion map
consists of a description of profiles and domain names, as
well as a set of technologies that function to increase the
traffic of these nodes. The main metric of a node is traffic

[8].

Thus, virtual promotion is described by a map on
which a tree of Internet nodes is presented, in which it is
planned to place the specified information about the
product that needs to be sold. We will consider the
corporate website (its domain name) as the root of the
tree. The leaves of the tree will be domain names of
profiles in social networks, web pages with product
descriptions, domain names of telegram channels, web
pages of marketplaces, links to video blogs and other links
on the Internet. That is, the map at the first level is a lot of
links. The second element of the map is the semantic core
and its evolution [9]. The third slice of the virtual view
map is the technology pool. This is a tree of technologies
to stimulate attendance of the map node at a given point in
time.

Then a criterion is required that reflects the
usefulness or effectiveness of the virtual promotion map.

Proposed approach. Let's expand our understanding
of the virtual promotion map as follows. Let each node of
the map be characterized by its current state. This is a
metric according to the theory of situational management
[10]. Let the current state describe the conversion of node
(5) [11]. Our goal is to build such a virtual promotion map
that provides maximum conversion.

Let's assume that the map is generated and its nodes
are known. Then, at each node, we observe the appearance
of visitors (network users) at a given time interval. Some
of them will place an order for the purchase of a given
product. The number of visitors and the number of buyers
are generally described by CTR, CTI, CTB, CPV and
CPUU [12]. All of these metrics include the number of
users and the number of buyers.

On the other hand, the number of map nodes will be
limited for financial reasons. The fact is that it is possible
to ensure a steady increase in the value of conversion in
the modern Internet only at the expense of constant
financial costs. This means that we will assume that there
is a certain budget B, which is allocated for the
implementation of the virtual promotion map [11-12].

Let's designate as I,; — income, which provides the j-
th node for the time interval t. Then u;; — the number of
buyers in the j-th node for the time interval ¢t. It is
required to deliver the maximum to the criterion:

S
— Uy j

In general, r¢; there is a function that depends on the
number of nodes of the virtual promotion map
(configuration), as well as on the attractiveness of the
semantic core of the web content that is located in the
node. It also depends on the price of placing this semantic
core in the map node.

uej = ff (bejy Myj) = Uy (byy) + U(My;), (7

where U; —cost function for the placement of the
semantic core in the j-th node, U, — the function of
assessing the attractiveness of the semantic core, which is
located in the j-th node. The first function allows you to
estimate the number of users who are interested in the
semantic core due to its placement in this particular node
of the map. The first function also shows the level of trust
of Internet users to the information located in this site.
This function is similar to the CTR metric. The second
shows how many users are interested in the semantic core
due to its attractiveness. This function is similar to the CTI
metric. Then we have:

ZZ Ul(bt]) + Uz(MtJ)

teT

max, (8)

Summary. Criterion (8) is similar to the conversion
metric, but it describes the income received on average
from one customer. This situation is more suitable for
Internet sales, since the number of sellers is unlimited and
it is difficult for a potential buyer to decide. On the other
hand, the seller, if a purchase is made, needs to get the
maximum income from each client.

Formula (8) also takes into account two main ways
of attracting a customer: the correct choice of a product
message (semantic core) and the correct choice of a node
for placing such a message.

Future work. The next step in the work is to clarify
the restrictions that are imposed from the side of the map
node itself. Since each node has its own purpose on the
Internet and its metrics do not always coincide with the
above. In addition, you need to set the type of functions
U, and U,.
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MATEMATHUYHE I KOMIIP'IOTEPHE MOJAEJIFOBAHHA

MATEMATHYECKOE 1 KOMIIBIOTEPHOE MOJIEJIMPOBAHUE

MATHEMATICAL AND COMPUTER MODELING

UDC 621.384.6+539.1.074.8 DOI: 10.20998/2079-0023.2021.02.05
A. C. MASMAHHIIIBHJIN, H. I'. PEILIETHZK, A. 10. CH/IOPEHKO

JIMHAMMKA JIEKTPOHHOI'O ITYYKA ®OPMUPYEMOI'O MATHETPOHHOM ITYIIIKOM
C BTOPUYHOOMHUCCHOHHBIM KATOAOM, B CTAJAIOINEM MAT'HUTHOM IOJIE
COJIEHOMJA: DKCIIEPUMEHT U MOJAEJIMPOBAHHUE

B manHO#1 paboTe NIpeacTaBlIeHb! Pe3yIbTaThl HKCIEPUMEHTAIBHBIX HCCIIEOBAHUN H pacdeToB 0 (GOPMHPOBAHUIO PaAHAIBEHOTO JIEKTPOHHOTO ITyJKa
MarHeTPOHHOH IMyMIKOM ¢ BTOPUYHOIMHUCCHOHHBIM KaTOAOM B JHUaIla3oHe 3HEpruil a5ekTpoHoB 35...65 k3B u u3MepeHuto ero mapameTpoB IpU
TPaHCIOPTUPOBKE B CyMMapHOM CIIa[aIOIeM MAarHUTHOM IIOJ€ COJIEHOHMIAa U IOJISI PAacCesHHs IOCTOSHHBIX MarHUTOB. TpaHCIOPTHPOBKA ITydKa
OCYLIECTBIISJIACh B CUCTEME, COCTOAIIEH M3 MEAHBIX KOJIEll ¢ BHYTPEHHUM AMAMETpoM 66 MM, HaxOIAILEHCSH Ha pacCTOSHUM 85 MM OT cpesa
MarHeTpoOHHON mymku. M3yueHa 3aBUCHUMOCTb TOKa ITydyka OT aMIUIMTYAbl U TpajueHTa crajga nojis. IIpoBeleHHBIE HCCIENOBaHUS I10Ka3aIx
BO3MOXHOCTh (D)OPMHPOBAHUS PAJUATLHOIO SJICKTPOHHOIO IydKa C JHEPrHed B ACCATKH KUJIOAJICKTPOHBOJBT B CHAJAIOIIEM MAarHHUTHOM IIOJIE
comerouzia. OnTuMu3anueil pacrpeneneHnsi MarHUTHOTO IO (CO34aBaeMOro COJIEHOHMAOM M KOJBIEBHIMH MarHUTaMH) M €ro IpaJyeHTa CIajna
MOXKHO JOOUTBHCS yBENIMUYEHHs IONAJaHMs dJIEKTPOHOB Ha ONHO KOJBLO (H0 ~72 % Toka mydka). Ha ocHOBe MaTeMaTH4ecKOH MOJIEIH ABIIKCHHS
9JIEKTPOHHOI'O IOTOKAa CHHTE3MPOBAHO NPOIPAMMHOE CPEJICTBO, IO3BOJIAIOILEE MOdYYaTh M MHTEPIPETUPOBATh XaPAKTEPUCTUKU PE3YIbTHPYIOIUX
MOTOKOB. [loIy4eHHbIE YNCIICHHBIE 3aBUCUMOCTH YAOBIETBOPUTEIBHO COIIACYFOTCS € HKCIIEPUMEHTAIbHBIMU PE3YJIbTaTaMU IJIs1 MATHUTHOTO MOJIA C
OONBIIMM TpaJMeHTOM cliajga. PaccMOTpeHBI pa3nuuHble KOHGHUIYpallud MarHUTHOTO I1ois. IloimydeHB! pemeHus NpsMod 3aladd MOJASIHPOBAaHUS
TPaeKTOPUi SJIEKTPOHOB JUIS 3aJaHHBIX HaYaIbHBIX YCIOBHH U MapaMeTpoB. PaccMOTpeHbI pa3nuyuHble KOHGUTypauy MarHuTHoro moss. [lokasaHo,
YTO I BBIOPAaHHBIX HAYaJbHBIX YCIOBHH JUIS ITydKa DJIEKTPOHOB M PAaCHpeAeNeHHH IPOJOIBFHOT0 MarHUTHOTO IOJIST BJIOJIb OCH ITYIIKH M KaHaia
TPaHCIIOPTUPOBKH IIOTOK JJIEKTPOHOB IIONAJaeT Ha BEPTHKAIBHBI YJacTOK, MJIMHA KOTOPOTO IOpsiaka MumumMerpa. Takmm oOpa3oM, M3MEHSs
aMIUIUTYAy U paclpefeleHne MarHUTHOTO IIOJIA, MOXHO PEeryJlHpoBaTh TOK B paJUalbHOM HANpaBICHUH BIOIb JIMHBI TPYOBI, H, CICIOBATENIbHO,
MECTO 3JIEKTPOHHOTO OOTydeHHUSI.

KnrudeBble c10Ba: MarHeTpoHHas IIyllKa, BTOPMYHOIMUCCHOHHBIM KaTOZ, 9JEKTPOHHBIA ITy4OK, MaTeMaTH4ecKOe MOJEIMPOBaHHUE,
pacnpesienenie MarHuTHOTO TIOJIAL.

0. C. MASMAHIIIUBIII, M. I'. PEHIETHAK, I'. 10. CH/IOPEHKO

JIMHAMIKA EJEKTPOHHOT' O ITYUKA B CITAJIAIOYOMY COJIEHOITAJIBHOMY
MATHITHOMY IOJII MATHETPOHHIN TAPMATH 3 BTOPUYHOEMUCIAHUM KATO/IOM:
EKCIHHEPUMEHT TA MOJAEJIIOBAHHSA

VY naniii poOOTI mpencTaBiIeHi pe3yNbTaTH €KCHEPUMEHTAIbHUX AOCIIDKEHb Ta PO3PaxyHKIB 3a JMHAMIKOI ITyyKa €JEeKTPOHIB Yy MarHeTpOHHIH
rapMmati 31 BTOpHHHOeMiciiiHuM katomoM. Ilpu eHeprii enektponiB 35...65 keB BuMipsHi mapamerpu my4ka. Pyx 4YacTHHOK 3/iHCHIOBaBCS Yy
CIIaJaloyoMy MarHiTHOMY coJeHoimainbHOMy moii. JlinsHka pyxXy ckiaganacs 3 14 kirens giamMeTpoM 66 MM, pO3TallOBaHMX Ha BiACTaHi 85 MM Bix
aHoJa rapMmaTd. BHBYEHO 3aNIeKHICTH CTPyMy MyYKa BiJ aMIUNTYId Ta TpajieHTa crnajay mois. EKcrepuMEeHTalbHO TOKa3aHa MOXIIHMBICTD
KOHIIEHTpAIIiT ITy4Ka eJEeKTPOHIB 3 €HEePTi€r0 B NECATKH KeB y crmagaouoMy MarHiTHOMY 1o conieHoina. OnTuMizaliiero po3no/ily MarHiTHOTO MO,
[0 CTBOPEHE COJICHOIZOM Ta KUTBLIEBUMM MarHiTaMM) Ta HOTO TpaJlieHTa CllaJy MOXKHA JOMOITHCS 30iIbIICHHS IONMaJaHHs €JICKTPOHIB Ha OJHE
kinene (mo ~72 % crpymy myuka). Ha ocHOBI MaTeMaTH4YHOI MOZENi PyXy €IeKTPOHHOTO IIOTOKY CHHTE30BaHO IIPOrpaMHHUH 3acif, 10 TO3BOISIE
OTPUMyBAaTH Ta IHTEPIPETYBATH XapaKTEPUCTHUKM pPE3YJbTYIOUHX IIOTOKIB. UMCENbHO MPOBENCHO MOJCIIOBAHHS JUHAMIKM PYXy CYKYITHOCTI
eNeKTpoHiB (Kimpkicte wacTmHOK 1000) y MarHiTHOMY moni coneHoina. OTpHMaHi 4YHCENbHI 3aJIOKHOCTI 3aJOBUIBHO Y3TOIUKYFOTBCS 3
eKCHEePHMEHTAIPHUMH PEe3yJIbTaTaMH I MAarHiTHOrO MOJS 3 BEIMKHM TPamieHTOM craxy. s HMX yMOB NPOBEICHO HPsIME MOJCTIOBAHHS PyXy
eJeKTpoHIB. Po3risiHyTO pi3Hi 3MiHM MarHiTHOrO moJjs. IlokasaHo, Mo A1 00paHWX MOYATKOBUX YMOB ITy4YKa €JIEKTPOHIB i PO3MOALTY MarHiTHOTO
TIOJIsL B CUCTEMi EJIEKTPOHHUH 3IyCTOK BHSBILIEThCS HA BEPTHKAJBHIH JUIAHINI MiniMeTpoBoro posmipy. TakuM 4YMHOM, 3MIHIOIOYM aMIUTITYmy Ta
PO3IOIIN MarHiTHOrO MOJIS, MOXKHA PETYJIIOBATH CTPYM Yy pajialibHOMy HAaNpsSMKYy B3IOBXK JOBKHHU TPYOH, i, OTXKE, MICIe EIEeKTPOHHOTO
ONPOMIHEHHSI.

Kurouosi c1oBa: MarHeTpoHHa IyIIka, BTOPUHHOEMHCIHHUH KaToJl, elICKTPOHHMH My4OK, MaTeMaTHYHE MOJICIIOBAHHS, PO3IOALI MarHiTHOTO
TIOJISL.

0. S. MAZMANISHVILI, M. G. RESHETNYAK, G. YU. SYDORENKO

DYNAMICS OF AN ELECTRON BEAM FORMED BY MAGNETRON GUN WITH THE SECONDARY
EMISSION CATHODE IN THE DECLINING MAGNETIC FIELD OF SOLENOID: EXPERIMENT AND
SIMULATION

The article presents the results of research and calculations on the formation of a radial electron beam by a magnetron gun with a secondary emission

© A. C. Ma3manumsuiy, H. I'. Pemernsk, A. FO. Cunopenko, 2021
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cathode in the electron energy range 35...65 keV and measuring its parameters during transportation in the total decreasing magnetic field of the
solenoid and the stray field of permanent magnets. The beam was transported in a system consisting of copper rings with an inner diameter of 66 mm,
located at a distance of 85 mm from the exit of the magnetron gun. The dependence of the beam current on the amplitude and gradient of the field
decay has been studied. The studies carried out have shown the possibility of stable formation of a radial electron beam with an energy of tens of keVV
in the decreasing magnetic field of the solenoid. By optimizing the distribution of the magnetic field (created by the solenoid and ring magnets) and its
decay gradient, it is possible to achieve an increase in the incident of electrons on one ring (up to ~72% of the beam current). On the basis of the
mathematical model of the movement of the electron flow, a software tool has been synthesized that makes it possible to obtain and interpret the
characteristics of the resulting flows. The obtained numerical dependences are in satisfactory agreement with the experimental results for a magnetic
field with a large decay gradient. Various configurations of the magnetic field are considered. Solutions to the direct problem of modeling electron
trajectories for given initial conditions and parameters are obtained. Various configurations of the magnetic field are considered. It is shown that for
the selected initial conditions for the electron beam and the distributions of the longitudinal magnetic field along the axis of the gun and the transport
channel, the electron flux falls on a vertical section, the length of which is on the order of a millimeter. Thus, by changing the amplitude and
distribution of the magnetic field, it is possible to control the current in the radial direction along the length of the pipe, and, therefore, the place of the

electron irradiation.

Keywords: magnetron gun, secondary-emission cathode, electron beam, mathematical design, distribution of magnetic-field.

BBenenne. B Hacrosmee BpeMs: BexyTcss pabOTHI MO
IIPOKOMY NPHMEHEHHIO PaJMallMOHHBIX TeXHONOrui. B
JTAHHOM HalpaBJICHUH MOXKHO BBLICIUTH DA aKTyalbHBIX
3aga4: (OPMHPOBAHWE M HCIOIB30BAHUE YCTOWYHBOTO
IMy4Ka OBIEKTPOHOB JUIA CTEPWIM3ALMHA MEIUIMHCKON
npoaykiuu [1, 2, 3], u3MeHeHue MOBEPXHOCTHBIX CBOMCTB
MeTalioB U (pa3oBOro cocraBa IyTeM ITIOBEPXHOCTHOU
00paboTKM PIEKTPOHHBIM My4YKOM M T.1I. [Ipu oOpaboTke
JNEKTPOHHBIM  IIyYKOM HEKOTOPBIX THIIOB  CTaseit
MOJIy4eHO YBEJIMYEHHE TBEpAOCTH OT 2 10 S5 pa3 u
BO3pacTaHus cpoka ciayxObl. Ilpm oOpaboTke iomaTok
Ta30BBIX TYpOWH 3JIEKTPOHHBIM ITy9dKOM YBEIHMYHBACTCS
CpOK CITy>KOHI B 2...2,5 pa3 [4, 5].

O030p npeagMerHoll 00JacTH. AKTYaJbHOCTb.
PaccMoTpenne 3amad ynpaBlIeHHS JICKTPOHHBIM ITyYKOM
TpebyeT Co3MaHus Hy)KHOW T€OMETPHUH MAarHUTHOTO MOJIS
C LeNbio (POPMUPOBAHUS YCTOMYMBOTO ITyYKa AJIEKTPOHOB
IIpU €ro Iepegade BJOJb KaHajla yckopurens. Takas
peanu3anys CBS3aHA C IIPEIBAPUTENBHBIM KOMIIBIOTEP-
HBIM MOJICTUPOBAHMEM TUHAMUKU 3JIEKTPOHHOTO ITydKa
Ul KOHKDETHBIX  YCKOpUTEJNEH M  IOCIeAYoLEeH
9KCIEPUMEHTAIBHONW MPOBEPKOH pe3ynsTaTtoB. I[logo6HbIE
pacueTsl MPOBOAWIHCEH B psinme pador. Tak, B pabore [6]
MOJTYYeHbl PE3YJIbTaThl PACUYETOB JMHAMHKH CTYCTKOB
YCKOPEHHBIX 3JIEKTPOHOB B IEPHOIUYECKH MEHSFOLIEMCS
BO BpPEMEHM MarHuTHOM 1oje B JjuHerHoM CBY-
yCKOpHTeJe Ha cTosuell BoiHe. B pabore [7] mpuBogsTces
TEOPETHYECKHE pacyeThl T'€OMETPHH MAarHUTHOTO ITOJIS
g (GopMHPOBaHHUS ~ DJEKTPOHHBIX  BPAIIArOIIUXCS
CcrycTkoB. IIpoBeneHO  YHCIEHHOE  MOJCIHPOBAHUE
MPOJIOJILHOTO CKaTusg TpybuaTtoro mydyka 0e3 ydeTa
3((})eKTOB TPOCTPAHCTBEHHOTO 3apsga H MOJyYEHBI
ONTHUMAJIBHBIE TapaMeTPsl yCTAHOBKH IUIS peaTn3aliui
MIPOJIOJBHOTO CXKaTHsl TPYOUaTOro Iydka B MarHUTHOU
cucreMe THma ,Kacn“. IccnenoBaHel 3aBHCHMOCTH
XapaKTEPUCTUK CHKATOrO My4dKa, ONpPeeIIoie JOIMyCKU
Ha €ro HauajlbHbIE MapaMeTpbl U MapaMeTpbl MarHUTHON
cucteMbl. B pabore [8] mpoBeneHO YHCICHHOE MOJICIH-
pOBaHUE TIpolecca HUHKEKIUH Iydka JIIEKTPOHOB
CXOASALINMCS MarHUTHBIM TIOJIEM B MarHUTHYIO JIOBYIIKY.
IIpomonenupoBan 3hPeKT MOSIBICHUS YTIIOBOW PacXou-
MOCTH CKOPOCTEH JJIEKTPOHOB B MAarHHTHOM IIOJIE TIPH
TPaHCIOPTHPOBKE My4ka H ero cxarun. OmpeneneH
IUama3oH TOKOB IIy4Ka, IPH IPEBBIIEHUH KOTOPOTO
MOSIBIIIIOTCSL  OTPaKEHHBIE OT TPOOKH 3JIEKTPOHBEL B
pabore [9] paccMoTpeHa AMHAMHKA IyYKa B MarHHTHOM
T0JIe KOJIbLIEBOTO cosieHounaa. PaspaboTan mporpaMMHbIHA
MOLydb [UIS MOJAEIHPOBAHUS JUHAMUKM YacCTHL[ B

MarHUTHBIX TOJSIX, KOH(UTYparus KOHTYPOB KOTOPBIX
3amaercs aHanuTHdeckn. B pabore [10] Ha ocHOBe MeTona
MaKpOYaCTHUIl MOIYYCHH KOH(PHUTYpPAIIMOHHEIE MOPTPETHI
IMy4Ka, U paclpeelieHne IUIOTHOCTH 3apsia BIOJb KaHala
B TPUOIHBIX CHCTEMaX, HW3yYCHO BIUSIHHE TCOMETPUHU
cucTeMbl Ha (HOPMHUPOBAHUE BUPTYaIbHOIO KaTo/a.

Crnemyer OTMETUTh, YTO MOJY4YEHHE 3JIEKTPOHHBIX
My4KOB C IOMOIIBIO ONHCAaHHBIX B MPEICTABICHHBIX
paboTax YCTaHOBOK OOYCJIaBIMBAaeT HEOOJNBIION CpPOK
cnyx6pl katogoB. B HHI] X®TU Ha nporskeHUn
MOCTICTHUX JIET BEAYTCS HCCIENOBAHUSA C MCTOYHHKAMHU
AJIEKTPOHOB C XOJOJHBIMH KaToJaMH, paOOTalOIINMHU B
peXKHME BTOPUYHON SMHCCHM C WX IIOBEPXHOCTH B
CKPCIICHHBIX JJICKTPUYECKAX W MarHUTHBIX momsx [11,
12]. J1oCTOMHCTBOM BTOPUYHOIMUCCHOHHOI'O HMCTOYHHKA
SIBIISICTCSA: OTCYTCTBHE HAaKaia, MPOCTOTa KOHCTPYKIIHH,
CHocOOHOCTh paboTaTh B YCIOBUSAX TEXHHUYECKOTO
Bakyyma (~107°.. ~107° Topp), 6e3MHEPIHOHHOCT
BKJIIOYEHHs, BBICOKAs ILIOTHOCTh Toka ~50A/cm? ¢
€VHUIBl TONEePEeYHON IUIOIAAM KaToOAOB, IPU ITOM
KaToJasl HE TEPSIOT 3MUCCHOHHYIO CIIOCOOHOCTBH IOCIE
Hamycka atMocdepbl. CunTaercs, COTJIacHO OIEHKaM, YTO
BpeMsl KM3HH KaTOJOB W3 IUIATHHBI  COCTABIIIET
~100000 u.

Hens. B nanHO# paboTe TpeacTaBiICHB pe3yIbTaThl
HCCIICIOBAaHUN M0 AWHAMHUKE ITydKa DIIEKTPOHOB B Mar-
HETPOHHOW MYIIKE C BTOPHYHOAIMHCCHOHHBIM KaTOIOM.
IIpu »sHeprum »HnekTpoHOB B 35...65 k3B wu3MepeHs!
mapaMeTpsl Mydka. J[BHKEeHHEe 4acTHUI[ OCYIIECTBIIAIOCH B
CHaJaroIleM MarHUTHOM COJICHOMJIAJIBbHOM IIOJIE U IIOJie
paccesHUsI TIOCTOSHHBIX MAarHWTOB M OIMCaHa MaTe-
MaTH4YecKass MOJAEb ABWXCHHS JJIEKTPOHHOTO IOTOKAa B
3TOM TMojie. AKTyaJlbHOCTh paboThl 00yCIIOBIIEHA OTCYT-
CTBUEM JIOCTATOYHBIX JSKCIEPUMEHTAJbHBIX U TEOPETH-
YECKHX pPEe3yJbTaTOB, OMMCHIBAIOIINX (OPMHPOBAHUE
9JIEKTPOHHOTO TydyKa B YCTaHOBKaxX C XOJOJIHBIMH
KaTOJIaMH.

JKCNepUMMEHTAIbHAS YCTAHOBKA M MeTOAMKA
uccjaenopanmii. biok-cxema skcnepUMEHTaIbHOW ycCTa-
HOBKW IIpHUBEJeHAa Ha puc. 1.

s nuTaHus MarHETPOHHOM ITYIIKH MCIIOJIB30BAJICS
UMIYJIbCHBIA TeHepaTop 1, KOTOpbeI oOecmeynBan
MOJydeHWE WMIIyJbca HANpsOHKeHHS C BBIOPOCOM Ha
Bepmuae ~100 kB, amMmuTyna MIocKoi 9acTH UMITYJIbCa
~65 kB, mmurenpbHOCTh MMITynbca ~15 Mke. McTouHmMK
anektpoHoB (C — katox, A — aHOA) pa3Memactcs B
BaKyyMHOM 00beMe 3. MarHeTpoHHas ImyIKa HMeia aHoT
nuameTpoM 78 MM u Katon auamerpoMm 38 mm. s
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TPAHCHOPTUPOBKM ~ JJEKTPOHHOIO Iy4yka  CO3JaeTcs
MarHUTHOE I0JI€ COJEHOUAOM 4, COCTOSIIIMM M3 YETBIPEX
CeKIU, Kaxaas U3 KOTOPHIX NUTAlach OT HUCTOYHUKOB
MIOCTOSIHHOTO TOKa. V3MeHss TOK B KaXkIOW M3 KaTyllek
MOJKHO PEryJIupoBaTh NPOJOJbHOE paclpeieieHue Mar-
HHUTHOTO IOJS B KaHalle TPAHCIOPTHPOBKU ITydKa M TEM
caMbIM HCIIOIB30BaTh PA3INYHBIE PEKUMBEI (HOPMHPO-
BaHMSA >JIEKTPOHHOTO My4Ka.

Puc. 1. biok cxema 3KCIepUMEHTAIBHOH YCTAHOBKH.

1 — BBICOKOBOJIbTHBIN HMITYJIBCHBIN TeHEpaTop; 2, 5 —
IIPOXOJHBIE U30JIATOPBL; 3 — BaKyyMHasl KaMepa MarHeTpOHHOM
IIyHIIKH ¢ BTOPUYHOIMHUCCHOHHBIM KaTonoM (C — katox, A —
aHon), 4 — COJICHOM, CO3AIOIINI IIPOOIBHOE MAarHUTHOE TI0JIE,
FC — mumuanp dapanest; 6 — KOMIbIOTEpHAs U3MEPUTENbHAS
cucrema, 7 — OJIOK CHHXPOHHU3AIHU

CucremMa TpPaHCIOPTUPOBKH BIIEKTPOHOB COCTOsLIA
14 MenHBIX KOJell ¢ BHYTPEHHUM AMaMETPOM ~66 MM,
HaxoJsmencss Ha paccrosHun ~85 MM OT cpesa
MarHeTpoHHOU myniku (puc. 2). J{ns ukcanuu ogHOpoI-
HOCTH PaMAILHOTO 3JIEKTPOHHOTO IIydka |l-e KoibIo
ObUIO pa3pe3aHo Ha 4 UJCHTHYHBIX CErMEHTA.
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Puc. 2. Pacrososxenue 271eMEHTOB ITYIIKA U CHCTEMbI
usMepenus Toka myura (A — amon, C — xkarom, 1...14 —
MeTauindeckue KoJbiia, PM — nmocrosinubie marautel. Kpussie
1, 2 — cymMapHOe MarHUTHOE I10JIe€ COJIEHOUIA U II0JIST
paccesTHUS MOCTOSHHBIX MATHUTOB, KpUBasa 3 — 1oJie 0e3
HCTI0JIb30BAHMUS IOCTOTHHBIX MATHUTOB)

Ha puc. 3 npuBeneHo pacnpenenieHne IpoJOIEHOTO
MarHuTHoro mons (kpusble 1, 2, 3 BIONH OCH Mar-
HETPOHHOW MNYIIKM M KaHajla TPaHCIOPTHPOBKHU Iyd4Ka,
IPU KOTOPBIX MPOBOAMIMCH 3KCHeprMeHThl. Hampagie-
HUsI TIOJIEH KOJBLEBBIX MArHUTOB OBUIO TPOTHBOIIO-
noxHoe. O6paboTka pe3yIbTaTOB H3MEPEHUI TapaMeTpoB
UMITYJIbCOB HAIPSDKEHHS, TOKOB B PaJinajlbHOM U OCEBOM
HAalpaBJICHUIX MMPOBOAMIACH C MIOMOIIBIO KOMITBIOTEPHOU
HU3MEPHUTEIIEHOM CUCTEMBI (6).

Z, mm

Puc. 3. Pacnipenienenye npogoapHOT0 MarHUTHOTO TI0JISI BIOJHb
OCH MyIIKHU U KaHaJla TPAHCTIOPTUPOBKH ITy4YKa

JKcrnepuMeHTATbHbIE
o0cyxIeHue.

Brun mpoBeneHBI SKCIIEPUMEHTHI, B KOTOPBIX IS
PETYIUPOBAHUS CIIAla MATHUTHOTO TTOJII HCIIOIh30BaJIOCh
paccessHHOE MarHHUTHOE I0Jie¢ B KOJBIEBBIX MAarHHUTax,
KOTOpBIE pa3MeIaluch Ha OCH CHCTEMBI. B skcmepu-
MEHTAJbHBIX HCCIIEOBAaHUSIX B JUAla30HE DHEPTUil
AMeKTpoHOB 35...65 k3B o00HapykeHO, YTO BeNIWYHHA
TOKa Iy4YKa B PaJHajJbHOM HAIPaBICHUM U €ro pacipe-
JIeJIEHHE BAOJb JIMHBI METAJNIMUYECKUX KOJIeIl 3aBUCHT OT
aMIUTUTYABI paclpe/ieIeHUs] MarHUTHOTO T10JI BAOJIb OCH
CHCTEMBI U TPaJHeHTa ClIafa Mo,

Ha puc. 4 nmpuBeneHsl TUIUYHBIE OCHIIIIOIPaMMBI
CUTHAJIOB HampsbkeHus Ha karone U M TOKOB B
paauansHOM HanpasieHuH l 3 u ;4 cHsATeie ¢ 13-r0o u 14-
TO KOJIeIl, KOTOpbIe OBUIH MOIYYeHBI IPU pactpeaeIcHuN
MAarHUTHOTO TIOJIS, MOKAa3aHHOTO Ha puc. 3 (kKpuBas 2).
DKCIIEPUMEHTHI TIOKA3aJIH, YTO MPH 3TOM paClpeIeIeHUN
MAarHUTHOTO IIOJI, KaK BHOHO W3 pHC. 5, TOK B
paauaibHOM HarmpaBJieHHH Ha 14-e K010 cocTaBiisut ~70
% ToKa IydKa TPH DBHEPTHUH DJIEKTPOHOB ~42 K3B.
MarauTtHoe ToJie B 00JIaCTH pacmnoioxeHus 14-ro KoJbia
numesio rpajauent cnaga ~280 Oe/cM HpH HANIPSHKEHHOCTH
MAarHUTHOTO MOJis Ha cepeaune Koibia ~400 Oe/cm. Tok
B PagMaibHOM HAIPaBICHHH Ha 13-¢ KONBIO COCTaBIISLI
~15%, a Ha 12-¢ — ~4 %, a TOK, WAYIIUH B OCCBOM
HarnpasieHuy, coctasisan ~11 % Toka mydka.

pe3yjabTaThbl H HX

@ Stop

M Pos: 10,60 us TRIGGER

Mode
MNormal

Coupling
CHA e =140mY
<10Hz

CH2 1

CH3 1.00% CH4 200mY

M 2.50us
22-Jan-14 1413

Puc. 4. OcuusiorpaMMbl HMITYJIBCOB TOKOB B PaAHaIbHOM
Hanpasienn (1,3, 114) 1 uMmynsc Hanpspxenus Ha karozne (U).
I3 —4.5 A/pen, 1, — 14 A/nen, U — 14 xB/nen
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HccnenoBanus NOKa3ayM, 4TO IIPU YMEHBIICHUU
rpajueHTa crnaga marautHoro moiist 1o ~100 Oe/cm (6e3
UCIIONIb30BaHMS MTOCTOSTHHBIX MarHUTOB), B o0xactu 14-ro
Koublia (puc. 3, KpuBas 3), TOK B paJAHaILHOM HalpaBlie-
HUM Ha Kojblo yMmeHbmwics Ha 80 %, Kak BUIHO W3
puc. 5 (must kpuBoit 3). Ilpu 3TOM yBEeIHMYMBAINCH TOKH B
paguaneHOM HampasieHuu ¢ 13-ro kompuma mo 10-e
COOTBETCTBEHHO.

OKCHEPUMEHTAIPHO YCTAHOBJIEHO, YTO, BapbUPYS
pacipeneneHre  MarHUTHOTO  TIOJIT  BAOJIb  OCH
MarHeTpOoHHOH mymmku (puc. 3, xpuBas 1), MOXXHO OBLIO
peryinupoBath TOK BJOJb JUIMHBI Koiyien. Kak BuaHO u3
pHCYyHKa, B 00JIaCTH HaXOXIIEHHS MarHETPOHHOW ITyLIKH
U BJIOJIb U3MEPUTENBHON CUCTEMBl MarHUTHOE T10JIe OBLIO
cnanaromee. [Ipu 3ToM pacnpeneneHMY MarHUTHOTO MO
MakCUMyM Toka cmemancs ¢ 14-ro xonpuia Ha ll-e u
coctaBianl ~38 % TOKa IMydka MPU SHEPTHH 3JIEKTPOHOB
45 x3B. MarauTHOe 1noe B 001acT pacmonoxxeHus 11-ro
Komblla OBUIO cmajaromiee ¢ TpaaueHToM monst ~110
Oe/cm. Tak kak 1l-e kompmo ObUTO paspe3ano Ha 4
UICHTUYHBIX CETMEHTA, TO, CHUMas pajualibHble TOKH C
JIByX TIpPOTHUBONOJIOXKHBIX  pa3HeceHHbIXx Ha 1800
CerMEHTOB, MOXHO OBUIO CyIuTh 00 a3uMyTaJbHOU
OJTHOPOJHOCTH ITydKa.

LA -——-

20

10

1 8 9 10 11 12 13
Rings
Puc. 5. CpaBHUTeNbHAS THCTOTPaMMa PACIIpeIeICHNs TOKOB B
panuanbHOM HAIpPaBJICHUH 10 KOJIBIAM JUIs Pa3IHYHBIX
IpaJyeHTOB CI1a/ia MAarHUTHOTO TI0JIsI, IPUBEAESHHOTO HA PHC. 3;
1 — marautHOe mosie (kpuBast 1), 2 — MarHuTHOE MoJIe
(kpuBas 2), 3 — MarHuTHOE HoJie (KpuBas 3)

Ha puc. 6 mpuBeneHsl OCIMIUIOTPAMMBI UMITYJIbCOB
TOKOB B PaJUaJbHOM HAIPaBJICHUH, CHATHIE C 2-TO U 3-TO
cermMeHToB 11-ro kombia. M3 ocuminorpaMM BHIHO, 4TO
(dopMa M aMIUIUTY/la CUTHAJIOB C CETMEHTOB IIPH pacIpe-
JIEICHN MAarHUTHOTO TII0JIs, IIOKa3aHHOTO Ha pHC. 3
(xpuBas 1), mnpakTndecku coBnagair. Kospdunuenrt
a3UMYTaJbHON HEOJJHOPOJHOCTH ITy4Ka paBHsuics ~1.1.

Panee mnpoBeneHHBIE WCCIICAOBAHHS ITOKAa3bIBAIOT,
YTO a3UMyTajbHasg OJHOPOAHOCTDH HJIEKTPOHHOTO ITy4YKa B
CHIIbHOM CTENEHH 3aBUCHT OT IIPOJOIBHOTO pacipese-
JieHns MarHuTHOTO 1o [1]. OnTuMaIsHBIM U GOpMH-
POBaHUS AIIEKTPOHHOTO Iy4Ka SIBIAETCS paclperelieHue
MarHUTHOTO TIOJISI Ha KaToie, IPH KOTOPOM KO3 HUIEHT
A3UMYTaJbHOW OJHOPOJHOCTH ITy4YKa — MUHUMAaJIbHBIN.

Ha puc. 7 npuBeneHa 3aBHCHUMOCTb TOKa Ha 14-M
KOJNbLE OT TIpajMEHTa CIajJa MarHuTHoro monsd. U3
pPUCYHKAa BHJHO, YTO C yBEIHMUEHHEM TIpajueHTa CIaja

MarHUTHOIO IOJIS 3HAYMTEIbHAs YacTh Toka ~ > 70 % ot
00IIIEero TOKa IMy4YKa MPOTEKAST Yepe3 OJHO METaJuIndec-
KO€ KOJIBIIO.

Tek A ) ® Stwop M Pos; 10.70us TRIGGER
+
Type
) s | "'v-»,..,_ VYD U IS
: i 111¢2) o
e R e L g Source
o M@ e
A it Slope
[ N
L:) U
1 Made
Coupling
CH2 100V M 25008 CHE N =112mVY

Puc. 6. OcumumorpaMMsl HMITYJIECOB TOKOB B PaHAIbHOM
HATpPaBJIEHHH ¢ ABYX cerMeHTOB 11-ro xombma (Iy1¢2) = 3.6 A,
l11(4) = 3.5 A) u umnynnc Hanpsxenus Ha katoge (U);
l11(2) — 3.5 A/nmen, lyq¢4) — 3.5 A/nen, U~30 kB/nen

CneayeT OTMETHTh, YTO B JHMama3oHe TpajJueHTa
crnazga mardutHoro mosist o ~110 Oe/cMm >TH naHHBIE
OBUIH MOJTYYEHBI C MOMOIIBIO PErYIMPOBAHUS CIaa MO
TOJIBKO COJIEHOHIOM.
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Puc. 7. 3aBUCHMOCTh TOKA B paJHabHOM HalpaBieHUH Ha 14-¢
KOJIBLIO OT TPaJIMEHTA CIajia MAarHUTHOTO TIOJISt

AMILIUTY]a TOKA ITy4YKa B paiMajbHOM HaIlPaBJIEHUU
Ha METAJUIMYECKHE KOJbL[a M €ro paclpeleieHne BIO0JIb
JUIMHBI KOJIEI] 3aBUCENIa HE TOJIBKO OT IpaJleHTa craja
MarHUTHOTO TOJsl, HO U OT BEJIMYMHBI HANPSKEHHOCTH
MAarHUTHOTO TIOJISL B 3TOH 00JIacTH.

B wcchaemoBaHusAX TMOKa3aHO, 4YTO IUIOTHOCTH
MOIITHOCTH Iy4Ka Ha METaJNIMYECKOM KOJIbIIE COCTaBIsET
~0.1 MBt/cM? (smeprust E~62 3B, Tok 1~28 A) npu
JUTUTETLHOCTH UMITYJIbca ~15 MKC M 4acTOTe MOBTOPEHUS
~3 T'n. Ecnm momycTuTh, Y4TO BECh TOK B paJHaIbHOM
HampaBJICHUW PaBHOMEPHO pacmpesielieH 10 JJINHE
KOJIbIIa, TO MPUBEJICHHOW MOIIHOCTH OyIeT HEJOCTATOYHO
IS MOTUGUKAIMA BHYTPEHHEH TIOBEPXHOCTH MaTepH-
0B TpyOYaThIX M3Aenuil. B mampHeiimem OyayT mpose-
JICHBI WCCIICJOBAaHHS PA3IMYHBIX PEKUMOB  PadOTHI
yckoputens pu sHepruu 3eKTpoHoB 100... 120 k3B ans
MOBBIIIEHUSI IUIOTHOCTH MOILIHOCTA Ha BHYTpPEHHEMH
UMWIMHIPUYECKON TTOBEPXHOCTH.
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MartemaTudeckoe moaeaupoBanme. IlomyyeHHble
Pe3yabTaThl IKCICPUMCHTAIBHBIX KCCIICIOBAHUI CBUJIC-
TENBCTBYIOT O BO3MOXKHOCTH YCTOWYUBOrO (hOPMHPOBA-
HUHM 3JICKTPOHHOIO Iy4YKa B PaJHaTbHOM HAIPAaBICHUU
MAarHeTPOHHOM MYIIKOW C XOJOIHBIM BTOPHUYHOIMHUCCH-
OHHBIM KAaTOJOM B CHAJAlOLIEM MATCHUTHOM IIOJIC
coneHouza. yisi MoOHUMaHUS W OOBSICHEHUS (PH3MUECKIX
MIPOIIECCOB, COMPOBOXKAAIOIINX MEXaHU3M Takoro GpopMH-
pOBaHMS, CIEIyeT TPOBECTH TEOPETHUECKUH aHAIN3
3a/1a4M, B KOTOPOH 3JIEKTPOH ¢ 3Heprueil E, crapTyroummil
HA HEKOTOPOM pACCTOSIHUHM T, OT HOT OCH CHUCTEMBI,
BJICTaCT B 3a/IaHHOC COJICHOUJIAJTbHOC MAarHUTHOE IIOJIE.
TpebyeTcs MOMYyYUTh TPACKTOPHUIO IS AIEKTpoHa. Takas
3amaya WMeeT O0000IeHWe Uit Ty4Ka HCXOJHBIX
9JIEKTPOHOB C 33JJaHHBIM CTAPTOBBIM PACHPEACICHUEM I10
paanycy T, ¥ 110 HAPaBIEHUAM T .

lammipTOHMAH paccMaTpUBaeMOW 3ajaddl B IOJLIp-
HOW crcTeMe KoopAuHaT (7, Z,J) UMeeT BUA
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TZ€ €y, M — 3aps] U Macca IOKOs IEKTPOHA, Dy, Py, Py —
KaHOHWYECKHE HMITyJIbChl, A — MarHUTHBIM HOTEHLIHA,
KOTOPBIM € YYETOM a3uUMyTalbHOM CHUMMETPUU IIOKA
samuceiBacTes B Bune A = A(r,z) = Brf(z), tne f(z) —
aMIUINTYAHas (QYHKOUS MarHuTHOro 1moist, B
HaMpsKEHHOCTh MAarHUTHOTO IIOJII B HA4adbHOH TOYKE.
Tenepp ypaBHEHMsI JBH>KEHUSI MO>KHO 3aIIUCATh B BUAE
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Do = 0.

K ypaBHeHussM (2) HEOOXOAMMO TMPUCOCIAUHUTH
HaydaJbHbIC YCIOBUS IS Ty, Zg, Og, @ TAKKE AT Prg, D20,
DPgo- YCTOWYMBOCTH UYHCICHHOTO QITOPUTMA pEIICHUSI
cBs3aHa ¢ maroM As pemenust, rae S = ct (t — Tekyiuee
BpeMsi), W JIAPMOPOBCKUM IapaMeTpoM [ = e,B/mc.
UucIeHHOE pellleHHe CUCTeMBI (2) OyIeT CXOIUTHCS K €ro
AHAIUTUYECKOMY aHajory, eciii HAs < 1, aro obecreyn-
Baercs mpu As << 0.0001 wm.

UrcneHHO UCKaTh PENIeHNE CHCTEMBI (2) BO3MOXKHO,
eciu aMIuMTyaa f (z) MarHMUTHOTO TIOJIS, a TaKke e€ Mmpo-

Ijz=_

HU3BOJHAS % f(2), 6ynyT 3amaHbl B aHATUTHYECKOM BHIIE.
s sroro Obula co3faHa HpoLenypa, HO3BOJAIOMAS Ha
OCHOBaHHMU MAacCHBa MarHUTHOTrO mous (puc. 2, 3), a Tak-
K€ M3BECTHBIX '€OMETPUYECKHX XapaKTEPUCTUK HCIIOJIb-
30BaHHBIX COJICHOMJIOB BOCCTaHABJIMBATh paclpe/iesieHue
AMIUTATYAbl MATHUTHOTO TOJIS HA OCH Z. AHAJIMTHYECKOe
npexacraBinenue uid GyHKIuH f(Z) BO3MOXHO BOCCTa-
HOBUTb, ONIMPAsACh HA U3BECTHYIO (hopmyiy [13]

_ l _ z—Z]
A@) = 4 (\/(Z—Zr)2+R2 \/(z—Zz)2+R2>' @)

B KoTopoii A(z)— coneHoupanbHas (YHKIHMA MarHUTHOTO
nons, R, z;, z, — pamuyc, jeBas W TpaBas TIPaHULBI

zZ—Zy

COJICHOM/IA, U aHAJOTHYHO JII KaKIOTO M3 COJCHOHUIOB.
HaGop u3 M 3K3eMIUIIPOB TAKOTO POJia COICHOMIATBHBIX
GbyHKIUH He 00pa3yeT MoNHOro 6a3uca, MPUTOJIHOTO YIS
peumienus. OTHAKO €CIHM yYECTh, YTO COJICHOMIBI CIENYIOT
MOCNeZI0BAaTEeIbHO BIOJIbL OCH Z, a JIeBHIE U IpaBbie
(GpOHTHI CrIafaHWs MArHUTHOTO IIOJI B KaXIOM W3 HUX
JIOCTATOYHO MaJIbl OTHOCHUTENBHO MPOJONBHBIX Pa3MepoB,
TO MOXHO TIPHUHATH, YTO B COBOKYIIHOCTH CBOWCTBA
KaXI0M W3 3TMX (YHKOMKA ONMW3KH K CBOICTBaM TeTa-
¢byHKINi X3BHCaiiaa, MPUTOIHBIX IS HUCIIOJIB30BAHUS X
B KauecTBe Oasuca. CoOMOCTaBIsAs UMEIOIIHECS [IBE
TPYINIBl JAHHBIX, 3aMHIICM YPAaBHCHHS Ui aMIUTUTY]
MaraHuTHoro moiyisi {H,,} B KaXIoi U3 TOYEK U3MEPEHUS
{z,},n = 0,1,...,N, Bons ocu Z:

%:1 Hm Am(zn) = an (4)

{Z,}, xoropoii o06o3HaueHa
COBOKYITHOCTh Pe€3yJbTaTOB u3MepeHusi ooremom N. B
KauecTBe pelleHus: OyneM paccMaTpuBaTh HAOOp OIEHOK
3HaueHud BeamduH {H,,}, m 0,1,...,M. Ha ocHoBa-
HHM M3BECTHOTO METOJa HAMMEHbIIMX KBaapatoB [13]
HCTIONB3YEM TO pEIICHHE CHCTEMEHI (4), KOTopoe MpHOIn-
JKaeTcsi K TOYHOMY B CMBICIIC €r0 HaMMEHBIIETO CpeIHe-
KBaJpaTUYHOTO OTKJIOHEHWA. B pesympTate moxydaem
uckomoe pemenue {H,,}. Ha puc. 8 npuBenen mnpumep
MPOBEICHHOTO  BOCCTAaHOBICHUA.  COOTBETCTBYIOIIYIO

IOCJICA0BATCIIbBHOCTBIO

a
MPOH3BOJHYI0 — f(z) ammIuTymBl MOXHO TOJIYYHTS,
onupasch Ha BeIpakeHue (3).
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Puc. 8 — IIpumMep KCHEPUMEHTANBHBIX TaHHBIX (KBAIPaTHKN) 1
BOCCTaHOBIICHHOW aHAJTUTHUECKOH QyHKIHH f (Z)

Pesynpratrom paccmarpuaemoit 3anaun Komm [13]
OyaeT SBISTHCS TPACKTOPHUS IIEKTPOHA (MITH MMYyYOK TaKUX
TpaeKTOpUH), OTBEYAOIINNA MHOXKECTBY HadalbHBIX
ycinoBuii. [ToTpeOoBaB BBITIOJHEHUS 33JIaHHOTO YCIOBUS
(HanpuMmep, JOCTHKEHHE paJualbHOW KOMIIOHEHTOW T
HEKOTOPOTO 3HAYEHHUS 71,) MOXHO TONYYHUTh HE0O0XOA-
UMyl0 HHQOPMAIMIO O PE3YIbTUPYIOIIEM IydKe U
W3YYUTb €ro CBOMCTBA.

UKCcneHHO NpPOBEJAEHO MOJEIMPOBAHUE TUHAMUKU
JBIOKCHUS  COBOKYIHOCTH  JJIGKTPOHOB  (KOJHYECTBO
gactur; 1000) B marHuTHOM Tone cosieHouga. DaszoBas
kapra (z,7) anst BBIOpaHHOTO AekTpoHa ¢ 1y = 0.020 m,
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sueprueii £ = 30 k9B, koropas Obula mosydeHa npu
pacnpesieleHul MarHUTHOTO TIOJI, IIOKAa3aHHOTO Ha
puc. 3 (kpuBas 2) npuBeeHa Ha puc. 9.

< /‘/
2 o

.30

0.20 -

0.15

010 T

0.015 0.020 0.025 0,035 r

0,030

Puc. 9. ®azoBas kapra (z, 1) A5 BHIOPaHHOW YaCTHIIBI

[Ipumep TpaekTOopun AL OAHOTO BBIOPAHHOTO
JIEKTPOHA C TEMH K€ HaYaJIbHBIMU yCIOBHAMH IPUBEICH
Ha puc. 10, Ha KOTOPOM Tak)Ke TOPU3OHTAIBLHON JTHUHHEH
yKa3aH oporoselil yposenb 7; = 0.033 M.

HauanbHble ycloOBUS JUISL 3JIEKTPOHOB BO3MOXKHO
BapbUpPOBAaTh, JUJIA IPHUBOAUMBIX PE3yJbTaTOB NpPUHHMA-
JI0Ch: HadalnbHBINA paauyc 1, = 0.020 M (paguyc xonbla
smuccun); Ar, = 0.001 m; 2z, = 0.014m (mecto
SMUCCHU TI0 BEPTUKAIM); KOOpIHMHATA Z'( ONpENessiach
SHEpruel 4acTHIl (B MOJyYEHHBIX 3aBUCUMOCTSX SHEPTHA
E gactun paBrsiiack 30...60 k3B), mpu 3TOM HavadbHOE
pacmpeneneHue IO a3sUMyTy U, 3aJaBajJoch pPaBHO-
MepHbIM. TOYHOCTH pacueToB OMNpeneaach KOIMYecT-
BOM I1IaroB B MHTErpupyomemM anropurme Pynre — Kyrra.
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Puc. 10. 3aBHCHMOCTD paaraibHOM KOMIIOHEHTHI IBHKCHUS
r(S) OT IPOWIEHHOTO MyTH S = Ct JJIs BEIOpaHHOI YacTHIIBI

Ha puc. 11 npusemeno xaBa cemeiictBa u3 10
TpaeKTopuil »1eKTpoHoB, Z, = 0.014 M (ocb Z — BepTH-
KaJbHAsA), y KOTOPBIX HAYaJIbHBIH a3MMYTaJBHBIH YToJ
paBHoMepHOo pacrpenened Ha (0,27). Bumno, yro 1o
Mepe ABWKEHHS B CIIAIA0IEeM MAarHUTHOM IIOJIE, JJIEKT-
POHBI OTKJIOHSIOTCA OT OCH Z, TPU 3TOM JOCTHUTaeTCs
3aJJaHHbIH NOPOrOBBIA PagUyC 1y .
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Puc. 11. Habop Tpaekropwmii qacTuiy (BuI COOKY):
a— E = 30x3B; 6-E = 40x3B

Ha pwuc. 12 mpuBeneHsl pacdeTHBIE THCTOTPAMMBI
BEPTHKAJIbHBIX 3HaueHUd G(zy) TpU  JOCTHKEHUH
anektpoHamu ¢ dHeprued E = 40xwB u E = 50 B
pamuanbHOoro ypoBHs 1y = 0.033 M, KoTopwle ObuTH
MOJyYeHbl TPH  paclpelesieHHH MarHUTHOTO IO,
nokazaHHoro Ha puc. 3 (kpuBas 1). Bugno, uTo morox
aMeKkTpoHOB (00beM BeIOOpkH — 1000) momamaer Ha
BEPTHKAJIBbHBIH YYacTOK, NMPOTSHDKEHHOCTh KOTOporo Azy
COCTaBJIE€T AOJNIM MuuiMMeTpa. Takas KOHIEHTpalus
00yCIJIOBIICHA HCXOIHBIM PACpe/IeieHHEM 10 KOOPHMHATE
Z, pa3Mepbl KOTOPOTO (COTJIACHO ITOCTAHOBKE 3aJaud)
Maibl (Az, = 0.001 m). Taxke MaIbIMU OBITH BBHIOPAHBI
MHTEPBAIBl BO3MOXKHBIX 3HAYCHHWH B paclpeleseHUsIX

32

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIIIy. Cepisn: Cucmemnuii
ananis, ynpasninusa ma ingopmayiini mexnonozii, Ne 2 (6) 2021



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

HCXOJIHOTO MOTOKA YAaCTHIl O JPYIMM KOOpJMHATaM (MIn
PaBHBI HYJIO).

Giz) | =
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Puc. 12. Tucrorpammsl G (z;;) BEpTHKAIBHBIX
3HAYCHHUH Zy DNEKTPOHHOTO ITy4Ka IpU
JIOCTHKEHUU UMU panuyca 1y = 0.033 m.

Cepsre cron6ouku — E = 50 k3B, uepnsie — E = 40 xaB

AHaJu3 IBWKCHUS MOTOKOB YaCTHI[ C YBEIUUCHHBIM
($a30BbIM 00BEMOM, B YAaCTHOCTH, C OOJIBIIUM BEpPTH-
KaJbHBIM pa3MepoM Az, u Oojpmero pa3dpoca O
AMIOYJIbCaM P,o U Ppo IPUBOIUT K BEIBOAY O COOT-
BETCTBYIOIIEM yBEIMYCHUH BEPTUKAIBHOTO ydacTka Azyp,
Ha KOTOPOM pE€ajM3yeTcs BBHINOJHEHHE YCIOBHUS TMOMa-
JlaHWA Ha 3aIaHHBIA pajguyc.

BriBoabI.

[IpoBeneHHble HCCIENOBAHUS TOKA3adl BO3MOXK-
HOCTh YCTOHYHUBOTO (POPMHUPOBAHUS PATUAIHHOTO SJICKT-
POHHOTO Iy4YKa C DHEPTUCH B JECATKH KUIOJICKTPOH-
BOJIET B CIIAJAfONIEeM MarHWTHOM TIOJie colieHouna. Pac-
MpeJesicHie TOKAa IyYKa BIOJIb METAJUTHYECKUX KOJEI U
caM TOK ITy4ka B PagualbHOM HAIPABICHHUU 3aBUCHT OT
AMIUTUTYABl MAarHUTHOTO TOJS BJOJB OCH CHCTEMBI H
rpagueHTa cmana moist. OnTuMmu3anueld pacrhpeneiIcHus
MarHUTHOTO TOJISI (CO34aBaeMOTO COJICHOMIOM U KOJIbIIe-
BBIMM MAarHMTaMH) ¥ €ro TpajJueHTa CIaaa MOXHO
JOOUTHCSL YBEJIMYCHUS MMOMAJaHUs JJICKTPOHOB HA OIHO
KOJIBII0 (10 ~72 % TOKa MmyuKa).

Ha ocHOBe MaTeMaTHYECKOW MOJICTH JBHIKCHHS
9JIEKTPOHHOTO TMOTOKA CHHTE3MPOBAHO MPOrPaMMHOE
CPEICTBO, MO3BOJISIONIEE MONYyYaTh M MHTEPIPETHPOBATH
XapaKTePUCTHKH PEe3yIbTHPYIOINX ITOTOKOB. PaccMoT-
PEHBI pa3In4HbIe KOHOUTYpAIIUH MarHUTHOTO ToJst. Ywc-
JICHHO TIOJTyYeHBI PEIICHUS MPSAMOW 3a7adydl MOJAEIHPOBa-
HUSl TPACKTOPUH SJICKTPOHOB. DKCIEPHUMEHTAIHHO ITOKa-
3aHO, YTO TIOTOK 3JICKTPOHOB IOMAJaeT Ha BEPTHKAIbHBIN
YYaCTOK, JJIHHA KOTOPOTO MOPSAKA MUJUTUMETPA IS BBI-
OpaHHBIX PACIPEICIICHHUH TPOIOILHOTO MATHUTHOTO MOJIS
BIOJb OCH IYIIKM W KaHaja TPaHCIOPTHPOBKH. Iloiy-
YCHHBIC YHCJCHHBIC 3aBUCHMOCTH YIOBJICTBOPUTEILHO
COMTACYIOTCS C IKCIICPUMEHTAIBHBIMK PE3yJIbTaTaMK ISt
MArHUTHOT'O TIOJIS C OOJIBIIAM TPAHMEHTOM CIIaja.

Takum o0pa3oM, U3MEHSS aMIUTUTYAY M pacrpene-
JICHHE MAarHHTHOTO IIOJIsl, MOXXHO PEryJIHpOBaTh TOK B
paJuaNbHOM HAIPaBICHUH BJOJb JUTMHBI TPYOBI, U, Clie-
JIOBaTEIILHO, MECTO AJIEKTPOHHOTO 00NMydeHHs. B manb-
HelmeM HeoOXOAMMO TMPOBECTH HCCICAOBAHHE PAa3iiUy-
HBIX PEXUMOB pabOThI MarHETPOHHON ITYIIKH TPH JHEP-
run 371ekTpoHOoB 100...120 k3B 1 BEIOpaTh ONTHMAILHEIE

XapaKTEepUCTUKH IEKTPOHHOTO 00iydeHus it 006paboT-
KU BHYTPEHHHX [TOBEPXHOCTEH TpyOUaThIX U3/IEIHUIL.
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B. R. LITVINOV, M. O. BILOVA

HUMAN BODY MODELING TECHNOLOGIES FOR E-COMMERCE SYSTEMS

Relevance of the research work is the analysis of the main features of 3D modeling for further implementation in e-commerce. Namely, the features of
creating a human body 3D model with the ability to edit personal settings of individual parts of the body, as well as a basic set of clothes to provide a
more realistic representation of the model. The features of the 3D model in general were considered in this article. The mathematical analysis of the 3D
graphics rendering on the 2D monitor and the possibilities of control and editing of such models have been presented. The developed software product
allows the user to create an anatomical three-dimensional model of the human body and then adjust it to his needs. The user can apply on created
model variety of settings, namely more than 15 different views, with a full package of changes. It is possible to change the size, color of hair,
eyebrows, eyes, face, body, legs. Also, the user is able to select the levels of skeletal frame views and additionally can select different backgrounds to
provide a more realistic representation of the model in space. Additional functionality was implemented for more flexible configuration of the model’s
face. The user can pre-determine points to select directions or sizes of different parts of the face using settings, displayed on the mouse or touchpad
control. After adjustments, the user is able to manage the clothes that he had saved in the shopping cart from the online store, from which he later
proceeded to the online fitting. After the fitting the user can test the creation of animations in 360 degrees of free movement. Finally, the user can go to
the store to pay for the items he left in the shopping cart. Developed software allows improving main metrics of the on-line stores, which has a positive
impact on increasing the growth of earnings.
Keywords: 3D model; 3D graphics; anatomical model; online commerce; React]S; ThreelS

b. P. JIITBIHOB, M. O. BI'IOBA

JOCJIJKEHHA TEXHOJIOI' T MOJEJIOBAHHS TIJIA JJIOAUHHA TA PO3POBKA
MMPOT'PAMHOI'O KOMIIOHEHTY JJIs1 CACTEM EJEKTPOHHOI KOMEPIIII

AKTyaJIbHICTh HayKOBOi POOOTH IOJISITac B aHAI3i OCHOBHUX ocoOimBocTeil 3D-MozmenoBaHHS Ul IOJAJBIIOrO BIPOBA/DKEHHS B EIEKTPOHHY
KOMEp1ilo, a came ocoOsnBocTell mobynosu 3D Mozeni Tijia JIIOAMHY 3 MOXKIIMBICTIO PelaryBaHHsI IEPCOHAIBHIX HANAIITyBaHb OKPEMHX YacTHH Tija,
a TakoXx 0a30BOro HaOOpy OFATY MUIsl OLTBII PEanTiCTUYHOrO MPEACTaBlIeHHs Moxedi. Y poboti Oymno posrisiayto ocobnuBocti 3D MoaenoBaHHS.
IIpencrasieno MareMatuuHuii po36ip permepy 3D rpadikm Ha 2D MOHITOpI, MOXIMBOCTI YIpaBIiHHA Ta peJaryBaHHS TaKHX MOJEIEH.
ITpoxeMOHCTPOBaHO PO3POOJIEHHH NPOrpaMHHUN HPOMYKT, IO O3BOJISIE KOPHCTYBaueBi CTBOPHTH aHAaTOMidHy 3D Mozmens Tina JomuHH Ta
HanmamTyBaTd 11 mig cBoi motpebu. KopucryBauy moctymHi moHaa 15 pisHHX BHIIB HamalITYBaHb 3 MOMJIMBICTIO 1X 3MiHH. KopucTyBau moxe
BCTAHOBJIIOBATH PO3MIp, KOIIp Ui BOJOCCs, OpiB, odeil, oOmmuds, Tima, Hir. TakoX KOpHCTyBaueBi HAJa€ThCsS MOXJIMBICTH BHOHpATH piBHI
BinoOpaXkeHHs BUJIB KapKaciB, pi3Hi (OHU 11 HaJaHHS OLIBII peaniCTHYHOTO BioOpakeHHs Mojerni B mpocTopi. JlonaTkoBo0 (YHKIIOHAIEHICTIO
Oy/0 peai3oBaHO MOXJIMBICTH THYUKILIOTO HaJdaIlITyBaHHS 00imydst moneni. KopuctyBay moxke 3a 3a3majieriip 3aJlaHAMH TOYKAMH BHOHPATH
HaNpsMH YU PO3MIPU YaCTUH OOJIMYYs, BUKOPUCTOBYIOUM MUIIKY 4K Tadnai. ITicis 3aBepiueHHs poOOTH 3 HANAIITYBAaHHAMU KOPUCTYBad OTPUMYE
MOXIUBICTh KepPYBAaTH OMSATOM, SIKMI BiH 30epir y KOIIUKY iHTepHET-MarasuHy, 3 SIKOr0 BiH HepeilnoB no oHigaiH npumipku. Ilicas npumipkn
KOpHUCTYBa4 MOXe MEePErIsiHyTH CTBOPEHI aHIMallii, odepratoun moenb Ha 360 rpaayciB. HacamkiHelb KOpUCTyBa4 MOXE OBEPHYTHUCS 10 MarasuHy
JUIS OTUIATH TOBApiB, SKi BiH 3aJMIIMB y KOIIMKY. Po3pobneHe nporpamue 3a0e3neueHHs J03BOJISE TIOKPAIUTH OCHOBHI TTOKa3HUKU pOOOTH iHTEpHET-
MarasuHiB, II[0 TIO3UTHUBHO BIUIUBAE Ha 301IBIICHHS IPHOYTKY.
Kurouosi ciioBa: 3D Mozens; TpuBuMipHa rpadika; aHaToMidHa MOJIeNb; oHuaitH Toprisis; React]S; ThreelS

b. P.JUTBUHOB, M. A. BEJIOBA

MCCJIEAOBAHUE TEXHOJIOTU MOJEJIMPOBAHUS TEJA YEJTOBEKA U PA3PABOTKA
MPOITPAMMHOI'O KOMIIOHEHTA JIJIsI CHCTEM 3JIEKTPOHHOI KOMMEPLIUA

AKTyalbHOCTh HaydHOW pabOThl 3aKJIOYaeTCss B aHAIM3e OCHOBHBIX OCOOCHHOCTeH 3D-MomenmpoBaHMs Al IMOCIEAYIOIIETO BHEAPCHHS B
3NIEKTPOHHYI0 KOMMEPIINIO, a UMEHHO ocobeHHocTell mocTpoenus 3D monenn Tena deloBeKa ¢ BO3MOXKHOCTBIO PEAKTHPOBAHMS TTEPCOHANBHBIX
HACTPOEK OTAENBHBIX YacTel Tena, a Takxke 0a30Boro Habopa ONEeXkAb! U1 Ooliee PealCTUYHOTO MpeJCTaBIeH!s Mojienn. B pabote paccMoTpeHs
ocobenHoctu 3D Mmozpenuposanus. [IpeactaBien maremaruueckuii pazbop penaepa 3D rpaduku Ha 2D MOHUTOpE, BO3ZMOKHOCTH YIPABICHUS U
PEeNAaKTHPOBAaHMS TakWX Mojened. IlponeMOHCTpHpOBaH pa3paOOTaHHBIH IIPOTPaMMHBIA HPOXYKT, ITO3BOJIIOIIMH ITOJB30BATENI0 CO3IATh
aHatomuueckyro 3D Mozens Tena denoBeka, BIIOCIEICTBHHM HACTPOMTH ee Moj cBou moTpedHocTH. Ilomb3oBaTemto JocTymHO Oonee 15 pasmmdaHBIX
BHJIOB C BO3MOJKHOCTBIO MX M3MEHEHHMs. [10b30BaTeIb MOKET MEHATH pa3Mep, LBET BOJIOC, OPOBEH, Inas, Juua, Tea, Hor. Tak ke MoJIb30BaTelo
MIPEIOCTaBISIETCS] BO3MOXKHOCTh BBIOMPATh YPOBHH OTOOPaKEHWsI BHAOB KapKacoB, PasyIM4HbIC (hOHBI UL TPENOCTaBICHHS Ooliee PeaaHCTUIHOIO
oTobpaXkeHHs MOJENH B TpoCcTpaHcTBe. J[OMONHUTENbHOH (QYHKIMOHATFHOCTRIO OblIa peann3oBaHa BOSMOXHOCTH Ooiee THOKON HAaCTPOWKHM JIHIia
MOJIENH: TI0JI30BaTENIb MOXKET IO 3apaHee 3aJaHHBIM TOYKAaM BHIOMpATH HANPABICHHS WIM pa3Mepbl T€X WIM WHBIX Y4acTKOB JIHIA, HCIIONb3Ys
MBIIIKY WK Taumnaj. [locne 3aBepIIeHNs HACTPOEK IOJIb30BATElNb MONTYYAeT BO3MOXKHOCTD YIPABIATH ONEKI0H, KOTOPYIO OH COXpPAaHHI B KOP3UHE
HHTEpHET-Mara3uHa, U3 KOTOPOro OH IepelieN K oHaiH npumepke. [Tocie mpuMepkn Moabp30BaTeNb MOXKET IIPOTECTHPOBATh CO3/IaHHbIC AHUMAIIUH,
oBopauuBas Mojenb Ha 360 rpagycoB. B KoHIIe MOIb30BaTeIb MOKET BEPHYTHCS B MarasiH /ISl OIUIAThl TOBAPOB, KOTOPHIE OH OCTABUII B KOP3HHE.
Pa3paboTanHOe MpoOrpaMMHOE OOECIICUYCHHE I03BOJSCT YJIy4IINTh OCHOBHBIC IIOKa3aTeNM pabOThl HHTEPHET-MArasWHOB, YTO IIOJOXKHTEIBHO
CKa3bIBACTCS HAa YBEIIMUEHHUH POCTA JIOXOJIOB.

Kirouesbie ciioBa: 3D Mozenb; TpexMepHas rpaduka; aHaTOMUYecKast MOJIeIb; OHJIaliH Toprosiist; React]S; ThreelS

Introduction. Every year the share of online the latest technology becomes relevant, which makes it

commerce in the sales market is growing, which is
accompanied by the opening of various online stores,
digital marketplaces and small trading pages in social
networks. In a highly competitive environment, the issue
of isolation from competitors through the introduction of

necessary to develop and implement software that will
allow the owners of web applications, including online
stores, to attract more new customers, increase sales and
thereby increase profits. The relevance of scientific work
is that the previously created software solutions can not be

© B. R. Litvinov, M. O. Bilova 2021
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integrated in any form of e-commerce due to existing
technical limitations at the time of development, such
software solutions have no practical value. In consequence
of this the question about improvement of 3D modeling
process and further introduction of such models into e-
commerce for attraction of new buyers for business
becomes actual. The object of the study is the process of
building a 3D model of the human body with the
possibility of subsequent realistic imposition and product
control on the model. The subject is the analysis of the
construction basic features of a proportional human body
three-dimensional model.

The ultimate goal of the work is to increase the
effectiveness of online commerce, as well as attracting
new customers through the development of algorithmic
and software support for the construction of three-
dimensional human model using three-dimensional
computer graphics reproduction technology with
subsequent business integration.

Problem review. Unlike usual two-dimensional
graphics, the purpose of three-dimensional graphics is
connected with the presentation of more accurate
information about the producers’ products. In addition,
this type of graphics helps a customer to form a deeper
understanding of a particular product, increases the user’s
confidence in the manufacturer and the chance that the
customer will come back, which affects growth of sales.
In modern IT industry, such an approach can be
implemented on the basis of WebGL and ThreelS
technologies, which will allow the final models to
integrate into web applications.

3D modeling as a direction of IT-industry is gaining
momentum every year, which attracts new funding to this
segment of the market. More and more companies,
enterprises and businesses are beginning to implement 3D
modeling as a technical tool to facilitate work and increase
sales.

One such tool may be methods of computer design
of clothing and textiles based on geometric models, taking
into account the characteristics of the fabric [1]. It is also
possible to integrate three-dimensional modeling with
technologies such as Unity or other game engines based
on genetic engineering ideas to create realistic models [2].

A very important place is taken by three-dimensional
modeling in scientific research, one such study is the
study of the cut of various fabrics, as well as studying the
percentage of error between 2D and 3D methods of
measuring models. Such research helps to reduce the
percentage of defects in the final product and the
probability of rejection by the final buyer, which brings an
increase in the level of earnings for the business [3].

Three-dimensional graphics found its practical
application in the study of wear and comfort of clothing in
daily use, such research will help further to develop and
create a new type of synthetic fabric, which will be ideally
suited to man based on his physiological characteristics.
This gives businesses the opportunity to enter and pro-
mote new markets that have not been exploited before [4].

A very promising bundle of technologies is Big
Data and three-dimensional modeling, which allows to
predict, what kind of clothes will be popular in a given

time period on a base of large amount of data. This com-
bination of technologies has great power, especially for
existing businesses, where based on the data you can be
the first in your industry and raise your earnings levels [5].

Thus, three-dimensional modeling can have a big
impact on e-commerce, which makes relevant the
developing of the algorithmic and software support for its
implementation.

General theory of three-dimensional modeling.
Three-dimensional modeling is the process of creating a
three-dimensional model. Its main task is to show the
visual volume of the created object [6]. There are several
different options for creating such graphics: wireframe
model, surface modeling and solid modeling. A wireframe
model is a model that is fully described in terms of lines
and points. The second modeling method is surface
modeling, defined in terms of points, lines, and surfaces.
A solid model is defined in terms of the three-dimensional
volume that the body it calculates occupies.

Each of these options has its positive and negative
sides, for example wireframe modeling is the easiest to
perform, but has a large list of functionality limitations. In
this research we use solid modeling, which is the most
accurate, but difficult to perform. It gives the user wide
range of possibilities for customization of his three-
dimensional model, provides realistic graphics in
comparison with other approaches.

Algorithmic implementation of the 3D model
mapping algorithm. The developed software product is
based on ThreelS technology, which in turn is based on
WebGL. WebGL is a software library for JavaScript,
which allows creating 3D graphics for Internet browsers.
This library is based on the architecture of the OpenGL
library.

There are two types of shaders (computer program
originally used for shading in 3D scenes): a vertex shader
is a program code, which is called for each vertex. It is
used to transform the geometry from one place to another.
Since the mesh consists of several triangles, and the
surface of each of the triangles is called a fragment, there
is a second shader. A fragment shader is a code that runs
on all the pixels of each fragment. It is written to calculate
and fill color of individual pixels.

A special programming language called GLSL [7]
handles such shaders. Modeling graphics using Three.js is
comparable to a movie set, since we have the ability to
operate with concepts such as scene, light, camera,
objects, and their materials.

Scene is the platform where all the objects we
created are placed. Camera is the analog of the human eye
pointed at the scene. The Camera captures and displays
the objects in the scene. There are several types of camera
in Three.js. The most common are the perspective camera
and the orthographic camera. The camera perceives all
objects in perspective projection [8].

Since we are wielding the concept of scene and
camera in ThreeJS, we first need to break down the scene
into separate fragments F for displaying on the user's
screen. A fragment definition function, where (a,b,c)
denotes level, row and column:
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. a .
Fe { 10 - 22 - b + ¢ . (1)
50 - 421 +10-22-h + ¢

Next, it is important to mark the centers of the
cameras and calculate the position of cameras for each of
the fragments [9]. The level L of the required sector is
calculated as the distance LR between the camera h and

the position of the center z of the sector and radius R

LR = \/(hx —7)% + (hy — Zy)z + (hy — Zy)z, )

o)
logLZR ' @)

To rotate model in 3D space we need to use
matrices.

Rotation in 3D is specified by vector M, rotation
angle and rotation axis alpha. Quaternions G provide a
convenient mathematical notation of orientation of space
and rotation of objects in that space [10]. Compared to
Euler angles, quaternions allow combining rotations more
easily, and avoiding the problem of not being able to
rotate on an axis, regardless of the rotation made on other
axes:

G= [M - sin (alp;ha>' cos <alp;ha)]. 4

To get a mixture of matrix rotations, we need to get a
rotation that is between quaternion G and quaternion
multiplied by a scalar G* through operations on them,
where (x,y,z,w) are coordinate axes of rotations, and
(x',y',z',w") are the rotation angles of the axes:

G+G=[x+x,y+y,z+z2,w+w] (5)
G-G=kx—x,y—y,z=2,w—w. (6)

To get a vector multiplied by a scalar Gs we
need:

Gs = [xs, ys, zs, ws]. 7

Where (xs,ys, zs, ws) are those rotational coordinate
axes multiplied by a scalar.

Multiplication by a scalar s has no effect on rotation.

The rotation of the three-dimensional quaternion
vector M" is calculated as [11]:

M=G-m-G ©))

Vector is converted to a quaternion as:
G =[xy,20]. 9)
The quaternion back to the vector as:
m = [x,v,z]. (10)

One of the most useful operations is similar to the
multiplication of two rotation matrices [12]. The final
quaternion is a combination of rotations - first the object is

rotated by G, and then by G*. Where mm’ is the vector
product, m - m’ is the scalar product of vectors.

GG =[mm + wm + wm, ww' — m-m’]. (11)

The rotation matrix is expressed in terms of

quaternion components as follows:

1-2(y*+ z?) 2(xy — wz) 2(xz + wy)
2(xy + wz) 1-2(x%*+ z%) 2(yz — wx) (12)

2(xz — wy)  2(yz — wx) 1-2(x*+y

Let's substitute the sine of half of the rotation angle

. . (alph
from the previous formulas, where x = sin (%) y =

sin(@), zZ= sin(@), W = coS (@) Thus, a
three-dimensional  rotation  with  quaternions  was
implemented.

Next, we need to calculate the formula that will

allow to add light to our scene that can be properly
diffused over the dome [13].

I = k,CI, + kI;Cmax(0,1,n)) + k;max(0,(n, h))P , (13)

where (k,, k;, k) are scalar coefficients. C is the
color of the surface at a point. J; is the color of the light
source. Now the basic mathematical software is set up to
get started creating three-dimensional models.

The activity diagram of the developed software for
the 3D model creation is given on the fig. 1.

Overview of system functionality. The following
will demonstrate the developed software that allows the
end user to create a highly detailed three-dimensional
model of a person, which will be used later to try on
clothes from the online store where the user uses this
application. To begin, the user must select one of the two
genders. After that, the main window of interaction with
the model opens in front of the user.

There are two main windows in the program: the
setup window on the left and the model itself on the right.
In the left window, the person can customize the model by
himself or create various interesting variations of digital
people for fun. Many combinations for customization, the
results of all selected elements and colors the user will see
immediately in the right window (fig. 2).

A wide range of customization is given to the user
(fig. 3).

It is possible to configure each of the above items
using responsible buttons and windows (fig. 4).

The user can move or rotate the 3D model using 360
degrees of free rotation around axis of coordinates. A
method of zooming in and out of the camera for a better
view of the model is also implemented. The user can save
his model and give it a unique name. The number of the
saved models in unlimited.

The software product was created as a means to
increase sales and profits for the business, so it becomes
necessary to evaluate the effectiveness of the web
application before and after the implementation of the
developed program. Statistics was measured by free
analytical tool Google Analytics.
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Fig. 2. Main interaction window

Fig. 3. Menu of customization

Fig. 4. Eye customization menu

This service has a large number of tools, but in this
research, we took into account only the main ones. These
are the number of unique users who visited the page
during the week, the number of sessions during the same
period, the percentage of users leaving the site, as well as
the average duration of time spent on the site by each user

(fig. 5).

[MagHaa cTpaHMLE Google AHENMTHEM

Nonezoratens CeaHrkl & OTRAZ0R 0 DCTE CEEHCE
454 520 9442 % 0 MWH.
T270% T330% 105%

) 27 cex.

$12%

Fig. 5. Metrics before software implementation

After the software implementation on the selected
site, two weeks later an active positive metrics growth
began. The software product allowed in a short period to
double the number of the site visitors, prolong the time
spent on the site in seven times, which in combination has
a positive impact on increasing the growth of earnings
from the site (fig. 6).
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17005 %

Fig. 6. Metrics before software implementation

Conclusions. On the base of technology for creating
and editing 3D models, it was possible to develop
software that will allow its implementation in e-
commerce, thereby raising the levels of business earnings.
In addition, such software product will allow separating
the business from competitors at the expense of the
modern technologies use. Such technological symbiosis
will allow the market of e-commerce, namely, online
stores to attract more customers that are new. Embedding
this software on their pages via an API allows the end user
to try clothes before ordering, which greatly increase the
sales conversion rate and online traffic to the store page.
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KOHTP®AKTYAJIBHA TEMIIOPAJIBHA MO/JIEJIb TIPUYNHHO-HACJIIIKOBHUX 3B'S3KIB VIS
NNOBYAOBHU INOACHEHD B IHTEJIEKTYAJIBHUX CUCTEMAX

[IpenqmeToM IOCTIIKEHHST € MPOLECH MOOYIOBH IOSCHEHb HA OCHOBI NMPUYMHHO-HACIIIKOBHX 3BSI3KIB MDK CTaHaMH a00 IisMH iHTEIEKTYyalbHOI
cucteMu. [losicHeHHs mpencTaBisie COOOK0 3HAHHS MPO MOCIIIOBHICTh MPUYMH Ta HACTIAKIB, SIKi BH3HAYAIOTh MPOLIEC Ta PE3yJIbTaT PoOOTH
iHTeNeKTyanbHOI iHpopMamiiHoi cucremu. Mera poGoTH monsrae B po3poOii KOHTpdaKTyalbHOI TEMIOPAIbHOI MOJET HPHYMHHO-HACIIJKOBHX
3B'3KIB Y CKJIaJi MOSCHEHHs MpoLecy (QYHKI[IOHYBAaHHS IHTENEKTYaIbHOI CHCTEMH 3 THM, 100 3a0e3MeYNTH BHSBICHHS Kay3albHUX 3aJIKHOCTEH Ha
OCHOBI aHaJI3y KYPHAIIIB TOBEIIHKU Takoi cucTeMu. [l JOCATHEHHsT ChOpMYIIbOBAHOI METH BUPILIYIOTHCS TakKi 3a4adi: BUSHAYCHHS TEMIIOPAIbHHX
BJIACTUBOCTEIl KOHTP(AKTYaTbHOTO ONHCY INPHYWHHO-HACTIAKOBHUX 3B'S3KIB MDK JisMH ab0 CTaHaMU iHTeleKTyalbHOI iH(pOpMaIiiHOi cHCTeMH;
pO3poOKa TeMIOpaibHOI MOJENI Kay3adbHHX 3B'S3KIB, L0 BPaxoBYye sIK (aKTH BUHUKHEHHS MO B IHTENEKTYalbHI CHCTEMi, TaK i MOXIHBICTb
BUHHUKHEHHS IOiii, 110 HEe BIUIMBAIOTh Ha (JOPMYBaHHS MOTOYHOIrO pillleHHSA. BUCHOBKH. BHKOHAHO CTPYKTYypH3allilo TeMIIOPAIbHUX BIACTHBOCTEH
Kay3aJbHUX 3B'S3KIB IS Map MOJIM, SKi BUHUKAIOTh MOCIIJOBHO B 4Yaci, 800 MaroTh MpoMixkHI noii. Taki 3B'I3Ku NPEICTaBICHO albTEPHATUBHUMH
HPHYUHHO-HACIIJKOBUMH 3B'SI3KAMH 3 BHKOPHCTAHHAM TeMmopaibHux onepaTtopiB «Next» Ta «Future», mo Jae MOMXIMBICTH pealti3yBaTH
KOHTP(hAKTyalbHUH MiAXiA OO MNPEICTABICHHS NPUYMHHOCTI. 3alpONOHOBAHO KOHTP(AKTYyalbHY TEMIOpPaIbHY MOZENIb IPUYMHHO-HACIIIKOBUX
3B'A3KiB, SIKa BH3HA4ac JETEPMIHOBaHI Kay3albHi 3B'SI3KM UL Iap IIOCHIXOBHHX IOAIN Ta Iap MOAIH, MiX SKMMH € iHII TOfii, IO BH3HAYAE
BJIACTUBICTh TPAH3UTHUBHOCTI TAKUX 3aJICKHOCTEH 1, BiMOBIAHO, CTBOPIOE YMOBH ISl OIUCY MOCIiIOBHOCTI HPHYMH Ta HACIIIKIB y CKIIa i MOSCHEHHS
B IHTENCKTYaJbHIHi CHCTeMI 3 3aJaHHM CTyIeHeM JeTamiaiii. Mozgens 3abe3meuye MOXKIMBICTh BU3HAYCHHS NPHIMHHO-HACITIIKOBUX 3B'SI3KiB, MIXK
SIKUMH € IPOMIXHI MOZI1, SIKi He BIUIMBAIOTh Ha KiHIIEBUH pe3yIbTaT poOOTH IHTENEKTyalIbHOI iH(pOpMaLiiiHOI CHCTEMH.
K1040Bi c/10Ba: MosSICHEHHS; iHTENeKTyanbHa iHGopMamiiiHa cucTeMa; TEMIIOPaNbHI MPABHIIA; Kay3aibHiCTh, MPUYMHHO-HACIIIKOBI 3B'SI3KH.

C. ®. YAJIBIH, B. A. JIEIITHHCKHH, H. A. TEII[HHCKAA

KOHTP®AKTYAJIbHASI TEMITIOPAJIBHASI MOJIEJIb IPUYMHHO-CJIEJICTBEHHBIX CBSA3EN
JJISI TIOCTPOEHUSA OB BbACHEHNUU B UHTEJVIEKTYAJIBHBIX CUCTEMAX

[IpenqmeToM HCClieOBAaHHS SBISIIOTCS MPOLECCHI MIOCTPOCHHST OOBSICHEHHII Ha OCHOBE MPUYMHHO-CICACTBEHHBIX CBS3CH MEXIY COCTOSHUSIMHU HJIA
JICHCTBUAMH MHTEIUIEKTYalbHON cucTeMbl. OOBsICHEHHE NpeCcTaBisieT co00l 3HAHMS O MOCJIEOBATENBHOCTH MIPUYMH U CIIEICTBUH, ONpeaessonux
MpOLIECC W Pe3yJbTaT pa0OThl HHTEIUICKTYalbHOW WH(OpPMAIMOHHON cucTeMbl. llens paboThl COCTOMT B pa3paboTke KOHTpdaKTyaabHOU
TEeMIOPaIbHOI MO MPUYHHHO-CICACTBEHHBIX CBS3CH B COCTaBe pasbsCHEHHs Hporecca (QyHKIHOHUPOBAHHS HHTEIUIEKTYAIbHONU CHCTEMBI C TEM,
4yTOOBl OOECIIEYNTh BBISBICHHE Kay3aJbHBIX 3aBHCUMOCTEH HA OCHOBE AaHAlIM3a >YPHAJIOB MOBEICHUS TaKOH cuctembl. g IOCTHKEHMS
c(hOpMyINPOBAHHBIX IEJIed pENIaloTCs CIeIYIONIMe 3aJadi: OIpeJelIeHHe TEMIIOPATBHBIX CBOHCTB KOHTP(AKTYalbHOTO ONMCAHUS MPHIHHHO-
CIICICTBEHHBIX CBSI3€il MEXIY NCHCTBHSMHU MM COCTOSHHSMU MHTEIUICKTYanbHON HH()OPMAIMOHHOW CHCTEMBI; pa3paboTka TEMIOPATbHOW MOIETH
Kay3aabHBIX CBsI3€i, yYHUTHIBAIOUmICH Kak (paKThl BOSHHUKHOBECHHS COOBITHI B HHTEUIEKTYyalbHOW CHCTEME, TAK M BO3MOXKHOCTh BO3HHKHOBEHHS
COOBITHIA, He BIUSIOIMX Ha ()OPMHPOBAHUE TEKYIEro penIieHns. BeIBobI. BEIONHEHa CTPYKTYpH3aIysl TEMIIOPaTbHBIX CBOMCTB Kay3adbHBIX CBsI3el
Ul Tap COOBITHIA, KOTOpbIE BO3HHUKAIOT MOCIEIOBATEIHLHO BO BPEMEHH WM HMMEIOT MPOMEXYTOUHbIE COOBITHs. Takue CBSA3M MPEICTABICHBI
aNbTePHATUBHBIMHA MPUYMHHO-CICACTBEHHBIMI OTHOIICHHSMH C HCIONB30BAHIEM TEMIOpaIbHBIX omepaTopoB «Next» u «Future», 4to mo3BoisieT
peanu30BaTh KOHTP(AKTyaIbHBIH ITOAXOJ K IPEACTABICHHIO NPHYMHHOCTH. lIpemnoxeHa KOHTp(akTyaldbHas TEMIIOpaJbHAs MOIENIL IPHIMHHO-
CIIEICTBEHHBIX CBA3CH, KOTOPasi OMpeeNsieT JeTePMHUHHPOBAHHBIC Kay3albHbIE CBSI3U IS Map MOCIEI0BATENBHBIX COOBITHI U Tap COOBITHIH, MEXIY
KOTOPBIMH €CTh JAPYrHe COOBITHS, YTO OMPEENseT CBOMCTBO TPAH3UTHBHOCTH TAKHX 3aBUCHMOCTEH M, COOTBETCTBEHHO, CO3[AeT YCIOBHS s
OITMICAHWsSI TTOCJICIOBATEIEHOCTH TIPUYMH U CJISICTBHIl B COCTaBe OOBSCHEHHS B MHTEIUICKTYAJIBHON CHCTEME C 3aJlaHHOH CTENEeHBIO JeTaIH3aliy
Mopenb obecrieunBacT BO3MOXKHOCTD OINpPEACICHHsT NPHIMHHO-CIEACTBEHHBIX CBs3el, MEKIY KOTOPBIMH €CTh MPOMEXYTOUHBIC COOBITHS, HE
BJIMSIOIINE HA KOHEYHBIN Pe3yNbTaT paboThl HHTEIUIEKTYaIbHON HH)OPMAIIMOHHON CHCTEMBL.

KaioueBnle cioBa: OOBsCHEHHE; WHTEIUIEKTyalbHas HH(OPMAI[MOHHAs CHCTEMa; TEMIIOpaJbHOE IIPaBHIIO; Kay3aJbHOCTH, IPHYMHHO-
CJIEICTBEHHAS CBSI3b.

S. CHALYI, V. LESHCHYNSKYI, I. LESHCHYNSKA

COUNTERFACTUAL TEMPORAL MODEL OF CAUSAL RELATIONSHIPS FOR CONSTRUCTING
EXPLANATIONS IN INTELLIGENT SYSTEMS

The subject of the research is the processes of constructing explanations based on causal relationships between states or actions of an intellectual
system. An explanation is knowledge about the sequence of causes and effects that determine the process and result of an intelligent information
system. The aim of the work is to develop a counterfactual temporal model of cause-and-effect relationships as part of an explanation of the process of
functioning of an intelligent system in order to ensure the identification of causal dependencies based on the analysis of the logs of the behavior of
such a system. To achieve the stated goals, the following tasks are solved: determination of the temporal properties of the counterfactual description of
cause-and-effect relationships between actions or states of an intelligent information system; development of a temporal model of causal connections,
taking into account both the facts of occurrence of events in the intellectual system, and the possibility of occurrence of events that do not affect the
formation of the current decision. Conclusions. The structuring of the temporal properties of causal links for pairs of events that occur sequentially in
time or have intermediate events is performed. Such relationships are represented by alternative causal relationships using the temporal operators
"Next" and "Future", which allows realizing a counterfactual approach to the representation of causality. A counterfactual temporal model of causal
relationships is proposed, which determines deterministic causal relationships for pairs of consecutive events and pairs of events between which there
are other events, which determines the transitivity property of such dependencies and, accordingly, creates conditions for describing the sequence of
causes and effects as part of the explanation in intelligent system with a given degree of detail The model provides the ability to determine cause-and-
effect relationships, between which there are intermediate events that do not affect the final result of the intelligent information system.
Keywords: explanation; intelligent information system; temporal rules; causality, cause-and-effect relationships.

Beryn. CyuacHi iHTENIEKTyalbHI TEXHOJIOTIT Ta CHUC- Ui BHPINICHHS CKIAIHUX 3a]a4, IO MiCTSATh HCBU-
TEMH 3aCTOCOBYIOTh METOJIM OOYHMCIIOBAILHOTO 1HTENIEKTY  3HAYEHOCTI ab0 € CTOXaCTHUYHHMHM 32 CBOEIO MPHUPOJOIO.
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BukopucranHs TakMX MeETOZIB Tepeadadac HaBYAHHS
MoJenield, o 3a0e3MeuyroTh IOJANIBINY HiIATPUMKY Ipo-
necy (opMyBaHHs pIlllCHh B IHTCICKTYalbHIH CHCTEMI.
Jlyist HaBYaHHS BUKOPHCTOBYIOTh Ha0OpW BXIJAHUX JaHHX,
IO XapaKkTEepHU3YIOTh NPEIMETHY OO0JIacTh Ta MPOLECH
BHpIIICHHS BiANOBIIHUX 3aBIaHb UL KOprucTyBada [1].

OnHaxk, BHACIIIIOK oco0ImMBOCTENR mporecy
MAaIIMHHOTO HaBYaHHS, aJlTOPUTM NPUHHATTA PilICHb NPH
BUKOPHUCTaHHI HABYCHWX MOZeENed 3a3Bu4aili He €
3pO3yMITMM AN KOPUCTyBada. YCYHEHHA  JaHOi
HEBIATOBIAHOCTI TOTpedye OONATKOBOTO BHUKOPUCTAHHS
MOSICHEHb IIIOJI0 MPHYMHHO-HACIIAKOBUX 3B’SI3KIB MK
IIAMHU  1HTEJCKTYaJIbHOI CHCTEMH, SIKi ¥ TMPHU3BEIU [0
NPE/ICTAaBIICHOTO pillleHHsl. BUKOpHCTaHHS MOSCHEHb Jae
MOXIIMBICTh OOIPYHTYBaTH OTPUMAaHE IHTEIEKTYalbHOIO
CHCTEMOIO PIllIEHHsI Ha OCHOBI MPE/ICTABICHHS IPUYHH SIK
PIIICHHS B IIJIOMY, TaK 1 OKpEeMHUX il 3 HOro JOCSTHEHHS,
a TakoXX HOro mepeBar Ta HenoiikiB. ToMmy MHOsSICHEHHS
CTBOPIOE MIAIPYHTS JUIL PO3YMIHHA KOPUCTyBayeM
HACTIIJIKIB BAKOPUCTAHHS OTPUMAHOTO pitieHHs [2].

B minomy, HOsICHEHHS [a€ MOXJIMBICTh KOPHCTYBa-
9eBi 3pO3yMITH TPOLEC OTPUMAHHA pIlleHHS Ta HOro
mepeBarn 4Yepes3 MpeACTaBiIcHY iH(OpMAIliio MO0 Kay-
3aJIbHUX 3B'A3KIB MK CYTHOCTSIMH HpPEIMETHOI 001acTi, a
TaKOK MDK IisMH i3 Horo mocsraeHHs. Lle 3abesmneuye
KOPHCTYBa4eBi MOXIIUBICTh OOIPYHTOBAHOI'O 3aCTOCYBaH-
HS c(hOpMOBAHOrO pilIeHHs, a0o X BiJMOBH BiJ 3aIpo-
MOHOBAaHHUX IHTEJEKTYalbHOIO CHCTEMOIO pPEKOMEH/a-
wiit [3, 4]. Hanpuknan, MOSICHEHHS IMIOAO0 MOMYJSIPHOCTI
3alPONIOHOBAHUX IMPEAMETIB B CHUCTEMax eJIEeKTPOHHOI
KOMepLii Ja€ MOJIMBICTh KOPHUCTYBAadeBi CIIPOCTUTH
BHOIp LITBOBOTO TOBapy ab0 MOCIYTH cepell MIMPOKOTO
CIEKTPY aHAJOTigHUX ToBapiB. ToOTO mMOsiCHEHHS OOTPYH-
TOBY€ TpPHYMHY BHOOpPY TIEBHOI'O IIPEAMETY 4epes
CYKYIIHICTh TaKuX HOT0 BaXKIMBUX JUIi BUKOPUCTAHHS
XapaKTePUCTHUK, SIKI TPU3BOASTH J0 IOMYJSPHOCTI 1IbOTO
TOBapy y iHIIUX CHOXHBaYiB [4].

TakuM 4yMHOM, NMOOYNOBA MOSICHEHb B IHTENIEKTYallb-
HUX CHCTEMaxX 0a3yeThCsi HAa BHU3HAYCHHI ITiMHOXHUHU
aKTYaJIbHUX Yy TPOIECi NMPUHHATTS pIllIeHHS NPUYUHHO-
HACJIJIKOBHUX 3aJIeXXHOCTEH B paMKax MHOXHWHH MO>KJIHU-
BUX Kay3aJIbHUX 3B'A3KiB. OTpUMaHI JIAHIIOKKH 3 TIPHYNH
Ta iX HACHIAKIB JalOTh MOXJIHBICTH OOIPYHTYBAaTH
MOCIIIIOBHICTh KPOKIB IPUHHSATTS PIiLLICHHS, TOYMHAIOYH 3
BBOJy Ta OOpOOKHM BXiJHHMX NaHWX, 10 (opmyBaHHA
KIHIIEBOTO PE3YJIbTATY, SIKUH € CYTTEBUM Uil BUPIIICHHS
3aja4 KopucTyBaua. [IpeacraBieHHs Kay3albHOTrO JIaH-
IIOKKa MOXe OyTHM BHKOHAaHO 3 pI3HHM CTYHECHEM
JeTamizanii TMpUYuH 1 HACHiJAKiB, IO Ja€ MOXJIHMBICTH
OJNHOTHITHUM YMHOM HAJaTH MOSCHEHHS SIK JIJIS MPOLeCcy
MPUHHATTSA PIilIeHb, Tak i UIA cPOpPMOBAHOI IHTEIEKTY-
AJIBHOIO CHCTEMOIO PEKOMEHIallii.

[MosicnenHst BimoOpaxkae IMOCTINOBHICTH CTaHiB abo
il 3 TpUHHATTA pIOIEHHS y 4Yaci, TOMY KJIFOYOBHI
€JIEMEHT TIOSICHEHHS, MHOXXHMHA Kay3aJIbHUX 3aJIe)KHOCTEH,
XapaKTePU3YEThCS TEMIIOPATBHOK aCHMETPHYHICTIO [5].
Tob6to koXxHa mapa noaid (MpUYKHA, HACTIJIOK) € CTPOTO
yHopsiIKoBaHOIO y daci. OfHaK yMopsSAKOBaHICTh y daci
IS TEKUTBKOX TIap MoK He 3aBXKAu € cTporoto. [IpuanHa
TaKkoi BJIACTHBOCTI MONSTa€ B TOMY, IO TIPOILEC
NPUAHATTS PIMIEHHS MOXe OYyTH ONWCAaHWUH pi3HUMH

MiAMHO)KHHAMHU  TIPUYMHHO-HACIIAKOBUX 3aJIC)KHOCTEH.
Takox ciii BpaxoByBaTH BapiaTHBHICTH CAMOT0O MPOLECY
OTpUMaHHs pimieHHs. TOMy TNOSICHEHHS Ma€ HaBOAUTH
BIZIMIHHOCTI albTEepHATUBHUX Kay3aJbHUX 3aJEKHOCTEH:
AK (paKTHYHOI, TaK i THX, III0 HE MOXYTh OyTH peasizoBaHi
Yy TOTOYHOMY TMPOIECi NPUHHATTSA PIMICHHSA, OCKUIBKU
JUIIE OJHA 3 MOXJIHMBHX 3aJIe)KHOCTEH BimoOpaxkae
(akTHYHY TOCTIMOBHICTH HiHf 3 OTPUMaHHA Pe3yJbTaTy B
IHTEJIeKTyalIbHill CHCTEMI.

ITpencTaBneHHs Kay3albHOCTI 3 ypaxyBaHHSAM pO3-
TTITHYTOI OCOONMBOCTI peali3oBaHO B paMKaX KOHTp(ak-
TyaJbHOTO aHaii3y. 3riJHO JaHOro MiIXOXy, MPUYMHHO-
HACJIIKOBUH 3B'I30K MDK JBOMa IOJISIMU ICHYE JIMILE B
TOMY BUINAJKY, KOJIM Jpyra MOAis 3aBXIH BUHUKAE MICII
BUHHMKHEHHSI IepIIoi, i € BiJCYTHIM B TOMY BHIIQJIKY,
SKIO TIepina mofis He icHye [6]. BimminuicTs Mik dak-
TUYHMMHU 1 MOTCHUIHHUMY Kay3aJlbHUMU 3B'I3KaMu 3 ypa-
XYBaHHSAM HECTPOTOi YIOPSAAKOBAHOCTI y Yaci Kay3aJIbHUX
3aIeKHOCTEH 13 pI3HUX aJlbTEpPHATHB MOTpedye ypaxy-
BaHHS aCTEKTy 4Yacy BHHUKHEHHS (aKTHYHUX MOJIIH, AKi
BiOOpakarOTh MOCTIIOBHICTh IPUHHATTS PIIICHHS.

3a3HayeHe CBIAYUTH MPO AaKTyalbHICTH MpobIeMHu
dopmamizaiii Kay3aabHHX 3aJeXKHOCTeH JUisi BigoOpa-
KEHHsI MPOLECY MPUHHATTS PILICHHS B IHTEJIEKTYaJIbHIH
CHUCTEMI 3 YypaxyBaHHSIM MHOXHHU MOXJIMBHUX TOTCHIIIN-
HHUX aJbTEPHATHB, & TAKOXX 3MiH HPUYMHHO-HACIIKOBUX
3aje)XHOCTeH 3 4YacoM. TemnopanbHa —Qopmaizanis
NPUYMHHO-HACIIIKOBUX 3BI3KIB J]a€ MOXIIMBICTH TOOY-
IyBaTH ITUHAMIYHI MTOSICHEHHS, SIKi BiZOOpakaloTh IMOTOY-
HUM TIpolleC TPUUHATTA pIMICHHS B IHTEICKTYyalbHIH
CHUCTEMI y BHUTIISAI IOCTIOBHOCTI Kay3aJdbHUX 3aJeK-
HOCTEH 13 33/1aHUM CTyIeHeM Jerainizauii. Bukopucranns
TaKUX MOSCHEHb 3a0e3leuye YMOBHM JUIS IIiJBHIICHHS
JIOBIpH KOPHCTyBa4da IO 3alPONOHOBAaHMX IHTENICKTY-
AJBHOI0 CHUCTEMOIO PIIlIeHb Ta, BiAMOBIAHO, IMiJBUIICHHS
e(heKTUBHOCTI BUKOPUCTAHHS OCTaHHIX.

AHaJi3 ocTaHHix gociilkens i myodaikaniii. Tpa-
MUIIAHAR MiOXiq 00 TPEACTABJICHHS TMOSCHEHb, SKHUN
nepenbadae OmMMC MPOIECY POOOTH EKCMEPTHOI CUCTEMH
HUISIXOM  IHTepIpeTalii NPUYMHHO-HACIIIKOBUX 3aJIexkK-
HOCTel y ¢opmi mpasmi, HaBegeHo B podoti [3]. KoHTp-
¢axTyanpHUI aHaNi3 MPUYNHHO-HACIIIKOBHUX 3aJIeKHOC-
Teil OyB TpeicTaBIeHUH B podoTax [5, 6] Ta yTOYHEHUH i
JIOTIOBHEHUIT NMOBIPHICHUMHM MOXJIMBOCTSIMH, & TaKOX
BpaxyBaHHSIM JIAaHIIOXKKIB MoJiii B poboti [7]. Kimowosa
iIess aHami3y IIONSTAa€ y BHM3HAYCHHI Kay3albHOCTI HE
JIMIIE Ha OCHOBI ITOCITIZOBHOCTI (PaKTHUHUX MOJiH, ane i 3
BpaxyBaHHSAM KOHTP(AKTYaIbHUX TIOCIiTOBHOCTEH, AKi
MOTEHIIIHHO MOXYTh OyTH ICTUHHMMH, aje HE €
peanizoBanuMu 1o ¢axTty. Ha croromgmi mammit miaxix e
6azoBuM Tipu (hopmarizallii Kay3aJbpHOCTI, OJIHAK BiH Mae
psAn  HemomikiB. 30KpeMa, HE 3aBXKAH BHUPIIIYETHCS
MUTaHHS TPAH3UTHUBHOCTI Kay3aJbHUX 3B'A3KIB, a TAKOX
MIUTAHHS BUIIEPEDKEHHS IPUYMH, [0 HE JIa€ MOXKJIUBICTB
OJTHO3HAYHO OIHKCATH TPHYUHH BIIMOBIMHUX MOJIH.
[Migxig [0 BUpIOICHHA JAHOTO MUTAHHA HA OCHOBI
BpaxyBaHHS acleKTiB NOAid Oyno 3amponoHOBAaHO B
poborax [8,9]. TomoBHa imes acmeKTHOrO IiIXOMY
TIOJIATAE Y CITIBCTABIIEHHI aCMEKTIB MO I BU3HAYCHHS
Kay3allbHUX 3B'SI3KiB MK HUMH. [loganbmiuii po3BHTOK
KOHTP(AKTyaTbHOTO aHAaJi3y Kay3aJdbHOCTI MOB'SI3aHUH i3
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poboramu [10-12], B SIKMX 3alpONOHOBaHO BH3HAYATH
Kay3aJbHi 3B'I3KM 3 BUKOPUCTaHHSIM (PpeliMBOPKY CTPYK-
Typuux piBHAHb (SEF). Taki 3amexxHOCTi 3a1aloThesi Ha
OCHOBI HarpasjeHoro rpady, BepLUIMHAMH SIKOTO € 3MiHHI,
0 BIAMOBIIAIOTH MPUYMHAM a00 HACIIJKaM, a JyraMu —
BIIHOIIEHHS MDK LMMHA 3MIHHAMHA. BUIUISIOTBCS
eK30TeHHI Ta eHHOoreHHi 3MiHHI. [lepmi BU3HAYAIOTHCS
30BHIIIHIMH (hakTOpamMH, a Ipyri BIXHOMICHHAM MiX
3MIHHAMH. 3HAa4eHHS 3MIHHHUX BH3HAYalOTh KOHTEKCT
MIPUYHHHO-HACIIIKOBHX 3aJeKHOCTeH. OIHAK CTPYKTYPHI
PIBHSHHS HE BPaXOBYIOTh TEeMIIOpaNbHUH (akTop. B Toit
K€ Yac, JIOCITIPKeHHs B cdepl CHpUUHATTS iHpopMarii
moapMu [13] mokasayy, IO MPH OMUCI MOCIHIIOBHOCTI
MOJIH BaXJIMBO BPaxoBYBaTH 4Yac iX BHHUKHEHHS,
OCKUTbKM TIOTIEPE/HI IMOJii BBaXKAOTHCS OIUTBII 3HAYH-
MHUMH TOPIBHSHO 3 HACTYITHUMHU IOJISIMU.

TemnopanbHUil acHEKT IOSCHEHb DPO3IVISNAETLCSA B
poborax [14-17]. B poborax [14, 15] npencrasieHo mia-
XO0AW 10 MOOYAOBH IMOSCHEHb 3 BHKOPUCTAHHSAM TEMIIO-
palbHUX TPaBHI, MO 0a3ylOThCA HA ONEPATOPaX TEMIIO-
pampHOi Joriku. B pobGortax [16,17] 3ampomoHOBaHO
MOJIENb Ta MPUHIWIHM BHKOPHCTaHHS HPUYMHHO-HACIII-
KOBHX 3aJIe)KHOCTEH uisi MoOYyIOBU MHOSICHEHb 3 ypaxy-
BaHHSM TEMIIOPAILHUX 3B'A3KIB MK (akramu. OjHak
KOHT(AKTyalbHUM ONKMC Kay3albHOCTi, 3 MOXKJIMBUMHU
IbTEPHATHBAMH NIPUYMH Ta HACHIAKIB, MOTpeOy€e Moaab-
IIHAX JOCIIIKEHD.

TakuM 4YUHOM, ICHYIOYI MOXMKIIMBOCTI KOHTpP(aKTy-
AJIBHOTO IIIX0AY O OIHCY Kay3aJbHOCTI JAl0Th MOXKIIH-
BicTh c(pOpMyBaTH aNbTEPHATHBHI BapiaHTH TOSCHEHB,
OJIHAK HE MPUALIAIOTH YBaru CyTTEBOMY IJISI COPHUHHATTS
MOSICHEHb ~ KOPUCTYBadeM TEMIOPAIbHOMY  acleKTy.
3a3HaueHe CBIAYUTH TMPO BAXKIMBICTH (opmamizarmii
MIPUYNHHO-HACIIIKOBUX 3QJIC)KHOCTEH 3 BHUKOPHCTaHHSIM
TEMIOPAJIBHUX ONEPATOPIB.

Merto1o mi€i cTarTi € po3poOka TeMIopaIbHOI MOJIE-
Ji TPUYMHHO-HACIIAKOBUX 3B'SI3KIB y CKJIaJl MOSCHEHHS
npotecy (yHKIIOHYBaHHS IHTEJIEKTYalbHOI CHCTEMH 3
THM, 100 3a0e3MeYnTH BUSBICHHS Kay3albHHX 3aJIeK-
HOCTEH Ha OCHOBI aHaNi3y >XypHaJiB IMOBEJIHKH TaKoi
CHCTEMH.

Jns nocsirHeHHsT chopMyIIbOBaHOI METH BHPIIIyIO-
TBHCS TaKi 3a1ayi:

— BU3HAYEHHS TEMIOPAIbHUX BJIACTUBOCTEH KOHTP-
(aKkTyaapbHOrO ONMCY NPUYMHHO-HACIIIKOBHX 3B'SI3KIB
MiX ZissMu abo CTaHaMU IHTENIEKTyaJbHOI iH(QOpMaIliiftHOT
CUCTEMH;

— po3poOKa TEeMIOpaIbHOI MOJAENi Kay3albHUX
3B'SI3KiB, IO BpaxoBy€ AK (DaKTH BHHWKHEHHS IMONIH B
IHTETIeKTyaNbHIf CHCTEMI, TaK i MOXKJIMBICTh BHHUKHEHHS
MOJIif, M0 HE BIUIMBAIOTH Ha ()OPMYBaHHSI HOTOYHOTO
pileHHs.

TemnopanbHi BJACTHBOCTI Kay3aJbHUX 3B'fI3KiB B
paMKaxX KOHTPGaAKTyaTbHOT0 AaHAJNI3y NPUYNHHOCTI.

CrTpyKTypH3alilo  TEMIOPAIBHUX  BIACTHBOCTEH
MIPUYMHHOCTI TIPOBEAEMO ISl MapH IMOJiH, SKi BUHUKIN
MTOCTITOBHO B Yaci, a00 MarOTh MPOMIXKHI ITOi.

Hexaif icHye MHOXXWHAa YHOPSIKOBAaHWX Yy dYaci
nocrmigosrocreit momin  E = {E;}, saxi BimoGpaxaroTs
MIOCITIIOBHICTh TIPUHHSATTA PIlICHHS B iHTENEKTYaIbHIiH
cucremi. KoxkHa 3 X ITOCIIIOBHOCTEN MOMIH MOXKE MaTH

Buriia (1) abo (2), T06TO CKIanaTHCh i3 Hap noi e ;,

€; i » MDXK IKUMHU MO>KYTh BUHMKATH 1HIII MO

E}l) = <e,-_1,...,ei,j,ei'k,...> (1)

2
E) = (€110, sy oo @)

V' mocnizoBHOCTI El-m 3B'I30K MDK TIOMIAMH €; ;

] 1
€; x TIPEICTABIEHO SABHO, & Y Ei(z) - OIIOCePEeIKOBAHO,

OCKUTPKM MK HHMH ICHYe IIOHaliMEHIIe OJHa iHma
moxisi. Toxi, 3rimHO KOHTP(hAKTYaTbHOTO IIXOAY, MiX
IO TiAMU e
3aJIbHUM 3B'S30K, SIKIIO BUKOHYETHCS YMOBA:

Ta € Y MOCIiJIOBHOCTI Eim icHye Kay-

(Vie; iXe; i , ©)

ae X — temmnopansHuMH omeparop THIy «Next», skuit

BHU3HA4ae€, 1o 663HOCGp€,Z[HLO 3a HO,Z[iSIO ei,'

j BHUHHKA€E

HoAis e

Jns mocnimoBHOCTI Ei(z) yMOBa Kay3aJbHOCTI 3a
KOHTP(haKTyaJIbHUM IiJIX0JJOM Ma€ BUTIIS:

(Vi)ei_eri,k 4)

ae F — temmopanshuit omeparop tumy «Futurey, sxuit

BH3HAYaE, 10 Yepe3 AESKMI 4ac 3a MOJI€I0 €; ; BUHHKAE

HOAIS €
Heo0xigHOI0 YMOBOIO Kay3albHOCTI Y BiIITOBITHOCTI
Jo (3) € BUHMKHEHHA TOnil e;, Oe3mocepenHbO 3a
NOJI€0 € ;
MOJKJIMBI BapiaHTH MMOBEIIHKU 1HTEICKTYaIbHOI CHCTEMH.
YMoBa Kay3aJbHOCTI (4) BCTAHOBIIIOE, L0 MOMIS €

Ha BCIX MocyioBHOCTSIX E I-(l) , SIKi OTIMCYIOTh

BUHUKAE Micad mofii e; j Ha BCIX IOCJIIJOBHOCTSX EI-(Z)

yepe3 oJHy abo JeKiabka IPOMDKHUX Hoxill e;,. 3a

AQHOK YMOBOIO, Kay3abHUH 3B'S30K MK HOAIAMU €; ; Ta

e;  00'enHye neKinpKa MPOMDKHUX Kay3aJlbHUX 3aJIEXK-

HocTel tumy «Next»:

e; jFei =e; ;N..Ne; ,N..Ne; , . (5)

ToOTO 3 BUKOPUCTAHHSAM TEMIOPAJIBHHUX OIEPATOPiB
MoOXe OyTH OTPUMAaHUi JIAHIIOKOK IMOJiH, 38 JOIIOMOTOI0
SIKOTO OyJIO 3aIPOMOHOBAHO MPEICTABISATH KOHTP(AKTY-
aNlbHY Kay3albHICTh Y poboTi [7].

Takum YMHOM, TIPEICTaBICHHS Kay3aJIbHOCTI B pam-
Kax KOHT(AKTyaJIbHOTO MiAXOJYy 3 ypaxyBaHHSIM TEMIIO-
panbHOTO actekTy (3) ga€ MOXIJIHMBICTh BUSHAYUTH JETEp-
MIiHOBaHI TPUYMHHO-HACIIIKOBI 3aJ€KHOCTI IS TapH
MOCIIOBHUX y "aci momii. [IpeacraBneHHs kay3aabHOTO
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3B’s3Ky (4) Jae MOMXIJIMBICTh BU3HAYUTH JIAHIFOKOK
JIETEPMIHOBaHUX NPUYUHHO-HACITIIKOBUX 3aJIE)KHOCTEH,
SKAH onucye (parMeHT Npouecy NPUHHSTTS PIlICHHS B
iHTeJeKTyanbHiil cucremi. Takuii gparMeHT € CHiNbHUM
JUTS BCIX MOKJIMBHX peaji3alliii JaHOTO MmpoIiecy.

Konrpdaxryaibna TeMNopaJjbHa
Kay3aJbHHUX 3B'fI3KiB.

VY3aranpHeHE NpEACTaBICHHSA Kay3aspHOCTI C  y
TEMIIOPAJIbHOMY acIeKTi Ha MHOXXHHI MOCIIJOBHOCTEH
nomii  E ={E;} MiCTUTh MHOXHHY Kay3aJbHHX

3aJIeKHOCTER c,ﬁ, TaK [0 KOXKHA 3aJIEKHICTh 3a1acThCs

MOJeJIb

UIA TIApu  TOZIH (e,- j,e,-k), [0 BUHHUKIA Ha BCIX

MOCJIIIOBHOCTSAX 13 MHOXKUHH E :

Cz{c,{ :(Vi)EI(eilj,e,-_k)}. (6)

KosxHa Kay3albHa 3a/eKHICTh €] MOE€IHYE IPeCTaB-
neHns (3) ta (4):

true, if (Vi)3e; ; :

cf = (ei,jEei,k \) v (ei,eri,k ) (7

false, otherwise.

Bupa3z (7) Bu3Hauae Taki NPUYMHHO-HACIIIKOBI

3B'A3KM MDK HOAUIMUA € ; T € , AKi Peali3yloThCs MIs

BCIX MOJJIUBHX IOCIIiIOBHOCTeH E; NPUHHATTA pillleHb B

iHTeJeKTyanbHiil cuctemi. ToMy MHOXHWHa Kay3aJbHHX
3aJe)XHOCTeH (6) 3amae «CKeneT» MpoIecy NPUHHATTS
piLlICHHS Ta MOXe PO3IJISAIATHCH K MHOKHHA OOMEXEHb
Ha MOXKJIUBI TOCIHIIOBHOCTI Ai B iHTENEKTYAIbHIH CHC-
TeMi. 3a3Ha4YeHe MiATBEPKYE ACTEPMiHOBaHHMI XapakTep

Kay3aJIbHUX 3aJICKHOCTEH Cli .

IIpencraBiaeHHs Kay3aJbHUX 3B'SI3KIB Ha OCHOBI
KOMOIHAIil TeMmmopaabHHX omeparopiB  «Next» Ta
«Future» nae MOXIMBICTH OOIPYHTYBaTu BIIACTUBICTH
TPaH3UTUBHOCTI Kay3aJbHOCTI B paMKax KOHTpP(haKTy-
AJBHOTO MAXOY.

[IpoGmema TpPaH3UTUBHOCTI Y KOHTP(HAKTyaATEHOMY
MPEJCTaBJICHHI BUHUKA€E BHACIIIOK TOTO, IO HE BCi Mapu
NOJIH y BH3HAYEHOMY JIAHIIOKKY MICTATh Kay3ajbHi
3B"s13KK. Jledki mofii € MpOMIKHMMH 1 HE BIUIMBAIOTh Ha
JIAHITIOYKOK TMPUYMHHO-HACIIKOBUX 3B's3KiB. KiacwmuHuit
MIPUKJIAJl HEJOCTATHIX MOMJIHMBOCTEH  KOHTp(AKTyalb-
HOTO TWIiAXOAy INOAO OOTPYHTYBaHHS TpPaH3UTHUBHOCTI
Kay3aJbHUX 3B'S3KiB HaBeZieHO B poborti [18]. V manomy
TIPUKIIAI PO3TIBIAAETHCS TOCTIIOBHICTh TOJIN, MO MPH-
BeJa JIO Mi/NAaNeHHs BiJi BOTHHUINA JICTKO3aHMHUCTUX MPE]I-
METIB.

Taka DOCHINOBHICT, MICTUTh HOMAIl: Iajgarode
BorHuie (1); BHeCeHHs coii Kamiro A0 Borauma (2);
KOJIip BOTHHIIA 3MIHIOETECS Ha (ioneToBuii (3); BorHuiue
MiATATI0E CYCimHI Jerko3aiimucti npeametu (4). OmHak
Bi3yasbHa TpPUYWHA: 3MiHA KOJBOPY BOTHHINA HE €
MPUYMHOIO Mianany. ToOTO MOPYIIYEThCS JAHITFOKOK
Kay3allbHUX 3B'SI3KIB 1, BIAMOBITHO, BIACTHBICTh TPaH3HU-

TUBHOCTI JUIsl TPUYMHHO-HACIIIKOBHX 3aJIEKHOCTEH, IO
CKJIa[Ial0Th JaHWN JaHIIOXKOK. J[is BUpIIICHHS naHol
npoOJieMH OINHUCY BJIACTUBOCTI TPAH3UTHBHOCTI Kay3ajlb-
HUX 3alekHOcTedl B poborax [9, 10] sampomonoBaHO
BpPaxoBYBaTH pi3HI acmekTH BKazaHux mnoaid. ToOto
HEBIAMOBIAHICTh acmekTiB 3-1 (3MiHA KOJHOPY BOTHHINA)
Ta 4-1 moxii (WignaseHHS MPEIMETIiB) TPHUBOIUTH IO
HEBIPHOTO BU3HAYCHHS Kay3aJbHOCTI.

3amponoHOBaHWN  TEMHOpaNbHUHA  OMHUC A€
MOJIMBICTE ~ OOTPYHTYBaTH  TPAaH3UTHUBHICTH  TaKHUX
3aJIOKHOCTEH 3a paxyHOK KOMOIHYBaHHS Kay3aJbHHX
3B'AI3KIB, 33J]aHUX 3a JIOIIOMOTOI0 TEMIOpPAIbHUX Olepa-
TopiB «Next» Ta «Futurey. [lepmmii onepatop BH3Hauae
0e3MOoCepe/IHI0 Kay3albHY 3aJICXKHICTh MK JIBOMA IOJi-
SIMH, a JPYTHH J1a€ MOXIIMBICTh «IIPOIYCKaTh» MOAIi, sIKi
HE € CyTTEBUMH ISl BiZIOOpaXKeHHs Kay3aJbHUX 3B'S3KiB.

Posrnsaemo 0OIpyHTYBaHHS TPaH3UTUBHOCTI
Kay3aJbHUX 3B'S3KIB 3 ypaxyBaHHSAM BIIMIHHOCTI y ix
MIpeCTaBJICHHI.

VY BIiONOBIZHOCTI [0 BH3HAYCHHS TEMIIOPAIHHOTO
omepatopy «Future», s AOBUIbHOI mHapu  MOMIN

(ei]j,ei'k), TaKUX IIO C,izei’erl-’k, MAaloTh MicClle

MPOMIXKHI Kay3ajbHi 3B'SI3KH € ]-Ne-

im» ei,mNei,k TAIY

(3), a Takox e; , Fe; ) abo e; ;Fe; , Tumy (4) Mt KOKHOT

npoMmikHOI oxil e,

(Vc,{ =e; Fe; )391,m :
:(ei,jNe,-,mFei,k)v(e,-,]-Fe,-’mNei_k)v (8)

v(ei‘jNei_mNe,-_k )

I'padiune npexacraBneHHs Bupasy (8) npu aeranizanii

Kay3albHOI  3anexHocti y Burmani  e; ;Ne; ,Fe;

e; jFe; ,Ne;, ta e; Ne; ,Ne;;, mnaseneHo Ha puc. 1,
puc. 2 Ta puc. 3 BiAMOBIIHO.
Haseniena jetanizauis cf =e; ;Fe; ) uepes mapy

sanexHocredt ¢, =e; ;Ne; , Tta c,,=e; ,Ne; , tnny

«Next» 0e3nocepeHbO  CBIAYMTH PO  BJIACTHBICTH
TpaH3uTHBHOCTI (puc. 1):
Jj m j
Cop NCl, = C,. 9
Amalnoriubo, jaeTaii3aris c,{ yepe3  3aJICKHOCTI

J = m_ J =
Cm =6 ;Ne;, Ta ¢ =e; ,Fe;, abo ¢, =e; Fe;, Ta

cx =e; nNe;, He nmume BifoOpaxae BIACTHMBICTH TpaH-

3UTHBHOCTI, ane ¥ 3a0e3rnedye MOXKIHMBICT IMOJAIBIIO]
Jerajizawii JaHLKKa mofii (puc. 2, puc. 3).

Toxi y BuUmangky BiACYTHOCTI Kay3aJbHHUX 3B'A3KiB
3rimfHo mpukiaany [19] moctaTHRO 3amaTH  Kay3aJbHY
3IeKHICT THUIY «Future», 10 1Ja€ MOXIHMBICTH HE
BH3HAYATH 3B'30K 118 mofiit (3) ta (4) .
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Puc. 1. 3p'130K 3 MPOMIXKHOIO HOJI€I0 €; ,,, [ Kay3albHOT

3aJIEKHOCTI, TIPEJICTaBIEHOI oneparopoM «Futurey, Ta
JIeTai30BaHOl y BUITIAL €; jNei mFei k

j_
Cp = ei_}-Fei'mNe,-_k

Future
t; t t
® ® P

Puc. 2. 3p'130K 3 IPOMIXKHOIO HOJI€EI0 €; ,,, 1T Kay3albHOT

3QJIEXKHOCTI, IPEICTaBIEH0i onepatopoM «Future», Ta
JeTalli30BaHol y BUTISAL €; eri mVe; i

j_
Cj, —ei,jNe,-,mNei’k

NeXt NeXt
t; t t,, t,
Py ® — o >

Puc. 3. 3B's130K 3 NPOMIXKHOIO TIOZI€I0 €; ) JUIsl Kay3aabHOT

3a]IeXKHOCTI, IpeIcTaBleHoi onepaTopoM «Futurex», Ta
JeTaNli30BaHOl y BUTIIAAL €; jNe,- mNe; «

SIKIIO0 K IPOMIXKHI 3B'I3KH iICHYIOTh, TO BUKOHYETHCS

HOJANbIIA JIETANI3AIlA 3aNeKHOCTER C) =¢; . Fe;, abo

j_
Cm =€ jFe; ,, 3a cxemoro (8).

Jany Monens Oysi0o BUKOPHUCTAHO IIpU IOOYHOBI
MPUYMHHO-HACIIKOBUX 3B'S3KIB MDK MOMIIMH JIOTY
nporecy cepBicHOro o0cimyroByBaHHs ¢ipMu «BoibBo-
IT». Jlor cknagmaerbcs i3 MHOXHMHM CIIJIB BHKOHAHHS
Pi3HHX BapiaHTIB MPOIECY CEPBICHOTO OOCIYyrOBYBaHHS
(Tpac). Ili ampTepHATHBH BUKOHYIOTHCS PI3HHMH BHKO-
HaBIISIMH, B Pi3HUX KpaiHax. KojkHa Tpaca ckiajgaerbes i3

JIHIAHOT TOCIIJOBHOCTI MOJiN, MO BiTOOpaXaroTh il
nporiecy. [loOymoBa TPUYMHHO-HACIIIKOBHUX 3B'S3KIiB
JlaJla MOXKJIMBICTh TOPIBHATH BHKOHAHHS il 13 cepBic-
HOTO OOCIYrOBYBaHHS JJisi BUKOHABIIB 3 PI3HUX KpaiH,
0 CTBOPIOE YMOBHU JUIS MOJCPHI3allil albTepHATUBHIX
MOCTIIOBHOCTEW il 3TiZHO 3 KpamM{ BapiaHTaMU
TIPOIIECY CEPBICHOTO 0OCITYTOBYBaHHS.

BucHoBkH. BUKOHAHO CTPYKTYpH3aLii0 TEMITOPAITH-
HUX BIIACTHBOCTEH Kay3aJbHUX 3B'S3KIB IS Map IMOMIH,
SIKI BHHUKAIOTh TIOCIIZOBHO B Yaci, 00 MaroTh MPOMiXHI
momii. Taki 3B'I3KM TIPENCTABICHO aNbTEPHATHBHUMU
MPUYMHHO-HACIIIKOBUMHU 3B'SI3KAMH 3 BHUKOPHUCTAHHSIM
TeMHnopanbHuX onepatopiB «Next» Ta «Future», mo mae
MOXIIMBICTh peasli3yBaTH KOHTP(MAKTYaJbHUH MiAXiN 10
MPECTABICHHS IPUYUHHOCTI.

3anpornoHoBaHO  KOHTP(AKTyaJlbHYy  TEMIOpPaIbHY
MOJIe)Ib MTPUYMHHO-HACIIIIKOBUX 3B'S3KIiB, SIKa BU3HAYAE
JETepMIHOBaHI Kay3ajbHi 3B'SI3KM U Tap IMOCTITOBHHUX
mofiii Ta map MmOXid, MK SKUMH € iHION TOfil, IO
BU3HAYA€ BIACTUBICTh TPAH3UTUBHOCTI TAKUX 3aJICIKHOC-
Tell 1, BIANOBIZHO, JA€ MOJKJIMBICTH OITMCATH IIOCII-
JIOBHICTh TPUYMH Ta HACHIOKIB Yy CKJIAZl TOSCHEHHS B
IHTEJIeKTyalbHIil cHCTeMi 3 3aJaHMM CTYINEHEM JeTa-
Jmi3ani.
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O. M. HIKYJIIHA, B. Il. CEBEPHH, M. O. HA/[YE€BA, A. 1. BYBHOB

MOJIEJIFOBAHHSI PO3BUTKY ENIJTEMIi HA OCHOBI IHOOPMAIIIMHOI TEXHOJIOT'TI
OIITUMI3BAILIL

Po3pobinieni Ta mocimipkeHi MateMaTHYHI MOJeNi emifeMii [Jisi POrHo3y PO3BUTKY emizemii koponaBipycy COVID-19 na ocHOBI iH(popMawiiiHOi
TEXHOJIOrIl ONTUMI3alil CKIaIHUX AMHAMIYHHX cucTeM. Po3rmmHyTti matemartnudi moneni emigemii SIR, SIRS, SEIR, SIS, MSEIR y Burmsiai
HETIHIIHUX CHCTeM Au(EepeHIiaNbHuX PIBHAHD Ta NMPOBEICHO aHAJi3 BUKOPHCTAHHS MAaTEeMAaTHYHUX MOAENEH Ul JOCIIDKEHHS PO3BUTKY eIrimemii
koponaBipycy COVID-19. Ha ocHOBi craTucTHYHMX daHHX emifemii kopoHaBipycy COVID-19 y XapkiBcbkoi 00iacTi OOYMCIEHI MOYaTKOBI
3HAYEHHS IapaMeTpiB Mojeleil OCTaHHbOI XBHII emijieMii. 3 BUKOPHCTaHHSAM IUX MOJENEH MPOrpaMor0 CHCTEMHOTO METOY MEpIIOro CTYyIEHs 3
MOAYJI METOIIB iHTerpyBaHHs iH(pOpPMaNiiiHOI TeXHOIOTII U PO3B’sI3aHHS HENIHIHHUX cHUcTeM JudepeHiabHIX PIBHSIHb MPOBEACHO iMiTalliliHe
MOJICIIIOBAaHHS MPOLECIB PO3BUTKY OCTAHHBbOI XBWII emigemii. IMiTaliiiHe MOJETIOBaHHSA IOKa3ye, LIO KUIBKICTh 3JO0POBHX JIIOfel Oyne
3MEHILYBATHCh, & KIIbKICTh 1H(iKOBaHUX Jrozeit Oyae 3poctatu. 3a 12 MiCALIB KUIbKICTh 1H(IKOBaHUX JIFOJCH JOCSATHE CBOrO MAaKCHUMyMY, a MOTIM
MMOYHE 3MEHIIYBAaTHCh. [H(POpMAliiHOW TEXHOJOTIEI ONTHMI3alil AMHAMIYHMX CHCTEM BHKOHAHa ieHTHU(IKalLis mapaMeTpiB MoJenel ermimemii
COVID-19 Ha 0CHOBI CTATHCTUYHUX JAHHX 3aXBOPIOBaHb Yy XapKiBChKOT 00J1aCTi. 3 BUKOPHCTAHHSAM OTPHMAHHX MOJEJIEil MPOBEJCHO MPOrHO3yBaHHSI
po3BuTKy octanuboi xBuii emigemii COVID-19 y XapkiBcbkoi obiacti. HaBenero mporecu po3Butky emigemii 3a SIR-mMozpemio 3 iMyHITETOM, 10
cnabnae, 3i 3HAYEHHSAMHU ITapaMeTpiB MOJeNi, OTPHMAaHHX B pe3yibTaTi imeHTH(ikanil. ITpubamsHo 3a 13 MicsIiB Bin MoYaTKy XBWJII errifemii
KUTBKICT 1H(IKOBAHHX JIFOJCH IOCSATHE CBOrO MAaKCUMYyMY, a MOTIM MOYHE 3MeHInyBaTtich. 3a 10 MicswiB Bce HaceneHHs XapKiBCbKoi obnacti Oyme
ingikoBano. Lli pe3ynpTaT H03BOJATH MependadnTH MOXKIHBI BapiaHTH pO3BHTKY emigemii kopoHaBipycy COVID-19 y XapkiBcbkoi o0macti mjis
BYACHOTO IIPOBE/ICHHSI aJICKBaTHUX [IPOTHEIIIIEMIYHHX 3aXOiB.

KaiouoBi cjoBa: emizemis, MareMaTHYHa MOJENb, AWU(EpeHIianbHi pIBHAHHS, ifeHTHOIKALA, iHPOpMaUiiiHA TEXHOJIOrisA, iMiTaliliHe
MO/IC/TIOBAHHS.

E.H HUKYJ/IHHA, B. II. CEBEPUH, M. A. HA/IYEBA, A. H. BYFHOB

MOJIEJITMPOBAHME PA3BUTHSA SITUJAEMUN HA OCHOBE HH®OPMAIIMOHHOM
TEXHOJIOI'NA OIITUMHU3ALIUA

Pa3zpaboTanbl ¥ MCCIeOBaHbl MAaTEMAaTUYECKUE MOJENHM SHHJIEMHH Ui NPOTHO3a pa3BUTHA snuaeMuu KopoHaBupyca COVID-19 na ocHoBe
MHPOPMALMOHHOW TEXHOJIOTHUH ONITHMH3ALUH CIIOKHBIX JJMHAMUYECKUX chcTeM. PaccMoTpeHbl Matematiyeckue mozenu snuaemuit SIR, SIRS, SEIR,
SIS, MSEIR B Buze HeluHEHHBIX cucTeM AU(depeHINaTbHBIX YPAaBHEHHI M HPOBEACH AHAIM3 HCIONB30BAHHS MAaTEMAaTHYECKUX MOJIETeH s
HCCIIEJOBaHUS Pa3BUTUS snuaeMun KopoHaBupyca COVID-19. Ha ocHOBe CTAaTMCTHYECKMX AAHHBIX 3nuaeMud KopoHaBupyca COVID-19 B
XapbKOBCKOW 00JaCTH BBIYMCIICHBI MCXOIHBIC 3HAYCHUS MapamMeTpoB Mojelel mocieqHeil BoimHbl snuaeMud. C HCIOIb30BaHUEM 3THUX MOJeNeH
MPOrpaMMOil CHCTEMHOTO METOA MEPBOil CTENEHH U3 MOIYJIS METOIOB HHTETPUPOBAHUS HH(POPMALHOHHON TEXHOIOTHH [UIS PELICHHsT HETUHEHHBIX
cucteM nudGepeHIHaNbHBIX yPaBHEHUI MPOBEICHO HMHUTALHOHHOS MOICIHPOBAHHE IPOLIECCOB PA3BUTHSI TMOCICAHEH BOJHBI JMHICMUH.
VIMUTaIMOHHOE MOZIEITHPOBAHHE MTOKA3bIBACT, YTO KOIMUECTBO 3JJ0POBBIX O OyeT yMEHbIIAThCS, a KOJIMYECTBO HHPHUIIMPOBAHHBIX OyIeT pacT.
Yepez 12 MecsilieB KOJIMYECTBO HHOUIUPOBAHHBIX JIOACH IOCTUTHET CBOETO MAKCHMyMa, a 3aTeM HAYHET yMEHbHIAThest. MH(pOopMannoHHOM
TEXHOJIOTHEH ONTUMM3AIlMM JWHAMHYECKUX CHCTEM BBINONHEHA WIeHTH(uKauus mapamerpoB Mozenedl smuaemun COVID-19 Ha ocHOBe
CTaTHCTUYECKUX JAHHBIX 3a00eBaHuil XapbKoBckol obsacth. IIpH HCIONB30BaHNM ITOTYyYEHHBIX MOAeNeil IpOBEeIeHO MPOrHO3HPOBAHHE PA3BHTHS
nocnennei Bonubl snuaemud COVID-19 B XapbkoBckoit obnactu. [IpuBenensl mporeccsl pa3Butus snuaemun mo SIR-moxenu co crnaderonm
MMMYHHUTETOM CO 3HAYEHHUSIMH MapaMeTPOB MOJIENH, MOIYYeHHBIX B pe3yiabTaTe uaeHTuukauu. [IpubnusurensHo 3a 13 mMecsueB OT Hayaia BOJIHBI
SMUAEMUH KOJIIMYECTBO HH(UIMPOBAHHBIX JIIO/ICH JOCTUTHET CBOEr0 MaKCHMyMa, a 3aTeM HauHeT yMeHbIaTbcs. Yepes 10 mecsieB Bce HaceleHHe
XapbKOBCKO# 00acTu Oyaer HHOUIUPOBAHO. DTH PE3yNbTAThI MO3BOIIT MPEIYCMOTPETh BO3MOXKHbIE BAPHAHTHI PA3BUTHSI JUAEMHH KOPOHABHPYCa
COVID-19 B XapbKOBCKOIi 001aCTH TSl CBOEBPEMEHHOTO IPOBEACHHUSI aICKBATHBIX MIPOTHBOTHIEMUIECKAX MEPOTIPUSITHIA.

KioueBnble cjIoBa: SIuaeMusi, MaTeMaTHIecKasi MOzeNb, uddepeHnnanbHble ypaBHEHNS, HASHTUGUKANS, HHPOPMAIHOHHAsT TEXHOJIOTHS,
HMMHTAIMOHHOE MOICIIUPOBAHHE.

O. M. NIKULINA, V. P. SEVERYN, M. O. NADUIEVA, A. |I. BUBNOV

MODELING THE DEVELOPMENT OF EPIDEMIS BASED ON INFORMATION TECHNOLOGIES OF
OPTIMIZATION

Mathematical models of the epidemic have been developed and researched to predict the development of the COVID-19 coronavirus epidemic on the
basis of information technology for optimizing complex dynamic systems. Mathematical models of epidemics SIR, SIRS, SEIR, SIS, MSEIR in the
form of nonlinear systems of differential equations are considered and the analysis of use of mathematical models for research of development of
epidemic of coronavirus epidemic COVID-19 is carried out. Based on the statistics of the COVID-19 coronavirus epidemic in the Kharkiv region, the
initial values of the parameters of the models of the last wave of the epidemic were calculated. Using these models, the program of the first-degree
system method from the module of information technology integration methods for solving nonlinear systems of differential equations simulated the
development of the last wave of the epidemic. Simulation shows that the number of healthy people will decrease and the number of infected people
will increase. In 12 months, the number of infected people will reach its maximum and then begin to decline. The information technology of
optimization of dynamic systems is used to identify the parameters of the COVID-19 epidemic models on the basis of statistical data on diseases in the
Kharkiv region. Using the obtained models, the development of the last wave of the COVID-19 epidemic in Kharkiv region was predicted. The
processes of epidemic development according to the SIR-model with weakening immunity are given, with the values of the model parameters obtained
as a result of identification. Approximately 13 months after the outbreak of the epidemic, the number of infected people will reach its maximum and
then begin to decline. In 10 months, the entire population of Kharkiv region will be infected. These results will allow us to predict possible options for
the development of the epidemic of coronavirus COVID-19 in the Kharkiv region for the timely implementation of adequate anti-epidemic measures.
Keywords: epidemic, mathematical model, differential equations, identification, information technology, simulation.

Beryn. Eninemis — ne mommpeHHs iH(ekuiiiHol 1 3HaYHO NEpeBHIIy€ HOPMAIBHO 3apEECTPOBAHUIl piBEHBb
XBOpOOH, sIKa IPOTPECYE B HacCi Ta MPOCTOPi Cepes] oA  3aXBOprOoBaHOCTI Ha meBHiM Teputopii [1-3]. Emigemii
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CMepTeNnbHO HeOe3neyHi Juisd JIF0JACTBAa 3 JaBHIX 4aciB.
CyuacHa emnifieMiosioris 0a3y€TbCsl Ha CUCTEMHOMY IIiJ-
X0/1i ¥ IPUIUISE BEJMKY yBary rnepeadadeHHI0 MOKIMBUX
BapiaHTIiB PO3BUTKY EIiIeMii /i CBOEYACHOTO IIPOBE-
JICHHS! aJIeKBaTHUX MPOTHUEIAeMIYHUX 3axo/iB. /st Toro,
mo0 MeIWYHI TPamiBHAKA MOTJIH Kpamle HpPOTHCTOSTH
eMiIeMisiM, CTBOPIOIOTBCS MAaTEeMAaTH9HI MOJEl It
NPOTHO3YBaHHS PO3BUTKY 3aXBOPIOBaHHA. MaTeMaTH4Hi
MOJIeNi BiITparoTh BENMYE3HY POJIb Y MEIWYHINA HayIli,
BOHH JO3BOJIIIOTH TependadaTh PO3BUTOK emifeMii i €
IIy’Ke BaXXJIMBUMH B Ham yac [4—7]. MaremaTmuHi Mozeni
PO3BUTKY emifieMil LIMPOKO BUKOPHCTOBYIOTHCS IS
nocnipkeHHs eninemii koponasipycy COVID-19 y piznux
Kkpainax [8].

[pouecu po3ButKy emigemii auHamiuHi. Tox akrty-
aIbHUM € NUTaHHS NOOYIOBH MOJENEH NpPOTHO3YBaHHS
JUHAMIKH PO3BHUTKY emifgeMii. sl [boro JOLiIbHO BHKO-
pucrati iHpopmaniiiHy TexHomorito onrtumizamii (ITO)
CKJIAHMX JUHAMIYHUX CHCTEM, IO BKJIIOYAE MOIYJb
iHTeTpyBaHHA cucTeM audepeHmiansHux piBHAHD (C/IP),
MOIyNb KPHUTEpiiB imeHTH]iKamii Ta onTmMizamii, OJOK
METOIB onTuMizarii Ta inmi [9-11].

Meta gaHOl cCTaTTi MONAra€e B po3podI Ta
JIOCIHI/PKEHHI MaTeMaTHYHUX MOJIeNield PO3BUTKY emiiemil
JUIsl TIPOTHO3Y PO3BHUTKY eminemii kopoHaBipycy COVID-
19 Ha ocHOBI iH(OpPMAITIITHOT TEXHOJIOTIT ONTHMI3alIii.

Jns nocArHEeHHs MOCTaBJIEHOT METH MPOBEJIEHO aHa-
Ji3 pi3HUX MOJEJeH emijieMill, HaBOISITHCS CTATHCTUYHI
IaHl PO3BUTKY eminemii kopoHaBipycy COVID-19 y Xap-
KIiBCBKiil 00nacTi, BHUKOHYEThCA ineHTH(IKALIA Mapa-
METpiB Mofenel emigemii Ha OCHOBI iH(opMarmiifHOT
TEXHOJIOTIi ONTUMI3allii, 32 OTPUMAHUMH MOJACISAMHU TIPO-
BOJWTHCS IMITaliiHE MOJEIMIOBaHHS PO3BHUTKY eIimeMil
COVID-19 y XapkiBchKiil 00J1aCTi.

Amnauni3z mopeneii eminemiii. IIpoananizyemo pi3Hi
Mozen emigemiit. Ha#Oinbln pO3MOBCIOMKEHA MOJCIh
emigemii SIR mae urmsag CIP [1]:

ds
E = —,851,
dI
- = BSI=v1, 1)
dR _ ]
ac "

ne t—uac;

S — KUTBKICTB CIPUHHATIUBUX 0Ci0;

I — KinbKicTh iH(pIKOBaHUX 0Ci0;

R — KiNBKICTB JI0JIeH, gKi Oynu iH(ikoBaHi;

B — IWBUIKICTH 3aXBOPIOBaHHS;

Y — MBHUIKICTh OAYXaHHS iHPIKOBaHUX 0Ci0.

Mopens (1) omucye He3MIHHICTP MOMYJIAMii Ta He
BpPaxoBYy€ CMEPTHICTH Bif XBopoOm. OTxe JuId Hei BHKO-
HYETHCS] YMOBa

as N dl N dR 0

dt " dt  dt
Pozeutkom moneni SIR €, 30kpema, Taki Moaei:
SIRS — «cnpuiiHsaTaMBUA — iH(pIKOBAaHMH — BHMII-

KYBaHUU — CHPUMHATIMBUNY», MOJENb IS OIUCY JUHA-
MIKH 3aXBOPIOBaHHS 3 TUMYAacOBUM IMYHITETOM (0CcO0WH,

SIKI BWJIIKYBQJIMCSI, 3PEIUTOI0 3HOBY CTalOTh CIPUHHAT-
JIUBUMH);

SEIR — «cupuiHSATIMBUH — eKCIOHOBaHMH — iH(i-
KOBaHU — BUJIIKYBaHHI», MOJIEIb /ISl OTKCY HOIIUPEHHS
3aXBOPIOBAHb 3 1HKYOAIIITHUM IepiooMm;

SIS — «cnpuitHATIUBUIA — iH(IKOBaHWN — cHpwHii-
HATIMBUIY», MOJIEIb TIOLIMPEHHS 3aXBOPIOBAHHS, 1O IKOTO
HE BHPOOIIAETHCS IMYHITET;

MSEIR — «ImyniTeT, OTpUMaHuil Bifg MaTepi — 4yT-
JUBUA — WiAmaHWHA BIUIMBY — IH(QIKOBaHHHA — BIUTIKY-
BaHUI1», MOJIEIb, KA BPAaXOBY€E IMYHITET NiTel HaOyTHil B
yTpoOi marepi.

Mopens SIS, xonau nepeHeceHe iHQEKIiHe 3aXBO-
PIOBaHHS Ha/Ia€ HETPUBAINI IMYHITET, Ma€ BUTIISAL;

ds/dt = yI — BSI,
dl 2
— = BSI —yI.
T BSI —vy

JIis BU3HAUCHHS TUHAMIKH 1HQEKIIITHOTO 3aXBOPIO-
BaHHS B JIOCTPOKOBIil IIEPCIIEKTHBI BPaxoBYyIOTh JeMOrpa-
(¢bidHi porecy 3 MPUIYIIEHHSM, 10 € TPUPOHUIT Tepion
TpuBanocTi ®utTa 1/p pokis. llIBUAKICTE, 3 sSIKOIO 0COOH
BMHPAIOTh Bill MPUPOJHUX NPHUYUH, 33TA€THCS HapamerT-
POM U, IO MPEACTABIIE «IPYOY» OLIHKY HApOKYBaHOCTI
HaceNeHHs. 3 M NMPUITYLICHHAM, OTpUMaHa y3araJbHeHa
SIR-mozmens:

ds
——=pu—BSI—us,

dat

dl

ac = PSI=vI—ul, 3)
dR_ | R
ac VT HRE

SIR Ta SIS Mopmeni 3 TOYKH 30py eMmigeMioNoTii €
JBOMa KpalHIMH MOJAeIsIMH iHQEKIiH, ne iMyHiTeT abo €
MPOTATOM YChOT'O KUTTs, abo Horo Hemae 30BciM. [Ipo-
MDKHUM € TPHITYIICHHS, 1[0 IMYHITET TPHUBAE IPOTATOM
0OMEXKEHOro Tepiojy Mmepes THM, SIK MOYHe CiadiiaTty, a
IHIUBI/I 3HOBY CTa€ CIPUNHSATIMBUM [0 HOBUX BHIIAJKIB
iHdixyBaHHs, 110 Bupaxaerbest y C/IP:

das
— = —fBSI + wR,

dt

dl

— = BSI —ylI 4
o BSI — v, (4)
dR—I R

ac W

J€ W — MIBHUIKICTH, 3 KO BTPAYa€THCS IMYHITET.
AHaJIi3 pO3BHTKY emifieMii 3a CTAaTHCTHYHUMH
JaHUMM. SIK TIPHKIAa MOJICIIOBAHHS IPOIECY PO3BHTKY
emizemii po3risHyTo posBuTok emigemii COVID-19 y
XapkiBcbKkoi oOmacTi. 3a CTAaTHCTUYHUMH JTaHWMH YcCe
HaceleHHs XapKiBChKOi oOsacti ckmamae 2612 Tucsd
JoaeH, ycporo 3apaxenb — 8,8 %, momepiu — 2,3 %,
omyxanmu — 82,4 % [12]. BigHOCHI 3HAYeHHS 3MiHHHX
BEJIMYUH emifeMii npuBeneHi B tadn. 1, ne I — BimHOCHA
KUTBKICTh 3aXBOPIOBaHb, R — BIJIHOCHA KIUIBKICTh OJIy-
JKaHb, S — BITHOCHA KIJBKICTH 370poBUX Jtoneit, dI, dR i
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Tabmuns 1 — BigHocHi 3HaYeHHS 3MIHHUX BEJIHYHH €ITigeMil

Micsmi/pix I R S dl dR ds
Bepesens, 2020 3,82848E-07 0 1 0 0 0
Kaitens, 2020 9,49464E-05 9,19E-06 0,999896 9,45636E-05 9,18836E-06 —0,0001
Tpasens, 2020 0,000312787 0,000147 0,999541 0,000217841 0,000137443 —0,00036
Yepsens, 2020 0,000408882 0,000291 0,999301 9,60949E-05 0,000143951 —0,00024
Jlunens, 2020 0,000603752 0,000426 0,99897 0,00019487 0,000135528 —0,00033
Cepnens, 2020 0,002053982 0,000454 0,997492 0,00145023 2,79479E-05 —0,00148
Bepecens, 2020 0,00367611 0,000472 0,995852 0,001622129 1,7611E-05 —0,00164
Kosrens, 2020 0,006745406 0,000973 0,992281 0,003069296 0,000501531 —0,00357
Jlucronazx, 2020 0,007290965 0,009931 0,982778 0,000545559 0,008957504 —0,0095
I'pynens, 2020 0,00537366 0,009366 0,98526 —0,0019173 —0,00056432 0,002482
Ciuens, 2021 0,003279096 0,004979 0,991742 —0,00209456 —0,00438783 0,006482
Jlrormid, 2021 0,002248469 0,002917 0,994835 —0,00103063 —0,00206202 0,003093
Bepesens, 2021 0,007652757 0,003247 0,989101 0,005404288 0,000330015 —0,00573
Kaitens, 2021 0,012337289 0,00894 0,978723 0,004684533 0,005693338 —0,01038
Tpasens, 2021 0,004129403 0,010717 0,985154 —0,00820789 0,001776799 0,006431
Yepasensp, 2021 0,000658116 0,003641 0,995701 —0,00347129 —0,0070758 0,010547
Jlunens, 2021 0,000352986 0,000426 0,999221 —0,00030513 —0,00321478 0,00352
Cepriens, 2021 0,000985835 0,000461 0,998553 0,000632848 3,52221E-05 —0,00067
Bepecens, 2021 0,00514242 0,001438 0,99342 0,004156585 0,000976646 —0,00513
JKoBrens, 2021 0,015678407 0,007633 0,976688 0,010535988 0,006195253 —0,01673

dS — BianoBigHi npupoctu. I'padik BiIHOCHOT KiNbKOCTI
3apaXeHb 10 MICSLAM MOKa3aHo Ha pwuc. 1. OcraHHS
XBHWJIA emifiemii movanacs y munHi 2021 poky.

3a [JaHUMHM OCTaHHIX JBOX MICALIB 3 TaOmuUI
LUIIXOM PO3B’S3aHHS CHCTEMH ajireOpaiyHuX piBHSIHbB
0OYHCIICHI TTOYATKOBI 3HAYEHHS MapaMeTpiB MoJenei

eminemii  (1)-(4): B = 1,09623, y = 0,395146,
u = 0,014085,w = 0,08.
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Puc. 1. lunamika BigHOCHOT KinbKkocTi 3apakeHs COVID-19 y
XapkiBChKiid o0nacTi

3a JaHUMHM OCTaHHIX JBOX MicialiB 3 TabmuLi
IIISIXOM PO3B’SI3aHHS CUCTEMM aireOpaidyHuX piBHIHb
OoO4YHCIIeHI ITOYATKOBI 3HAYCHHS IIapaMeTpiB MoJeneit
emaemii (1)—(4): B = 1,09623, y = 0,395146,
u = 0,014085, w = 0,08.

3 BUKOpHCTaHHAM OJOKYy TmoOHaHHA iH(popMaril
po3p’sizanHst 3amauy [TO oTpuMaHi mporecu pO3BUTKY
emizeMii Ha OCHOBI PI3HHUX MOJeNeH emigeMii mporpamMmoro
CHCTEMHOT'O METOJy MEpPIIOTo CTYNEHs 3 MOJYJSI METO/IiB
iHTerpyBaHHs Juisi  po3B’si3aHHs  HemiHiiHMx — CJIP.
ITouaTkoOBi maHi /I yCiX MOJEeH BiAMOBINAIOTH JAHUM
3a juneHs 2021 poky.

IMpomecu Ha puc.2 TPENCTABIAIOTh AWHAMIKY
3MiHHMX cTaHy SIR-mozeni 3i cTajoro momyssmiero B
3aJIeXKHOCTI Bil 4acy B MiCAISIX: S — BiJJHOCHA KUIBKICTb
3JI0POBUX JIOJIeH, | — BIJHOCHA KiJbKICTh iH(IKOBaHMX
mozeit. Li rpadiku MOKa3yOTh, MO KUIBKICTh 3I0POBUX
mojeil Oyne 3MEHIITYBAaTHCh, a KiIBKICTh 1H(IKOBaHUX
mozaeit Oyae 3pocratu. 3a 12 MicAIiB  KiUIBKICTh
iH(pIKOBaHMX JIFOAEH JOCSITHE CBOTO MaKCHUMyMY, a TOTIM
MOYHE 3MEHIIIYBATHUCh.

IMpoecn Ha pwuc.3 NPEACTaBIAOTH TUHAMIKY
3MiHHHX craHy SIR-Mozeni 3 iMmyHiTeTOM, 110 cnabiiae, B
3aJIeXKHOCTI Bil 4acy B MiCAISIX: S — BiJJHOCHA KUIBKICTb
3JI0POBUX JIOJeH, | — BIHOCHA KiJbKICTh iH(IKOBaHMX
nrozied, R — BiTHOCHA KUBKICTh JIIOACH, mo oxyxanu. L1i
rpa¢iky MoKa3yoTh, IO KUTBKICT 3J0POBUX JIIOAeH Oyae
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3MEHIIYBaTUCh TPOXM IIBHJIIE HDK 33 IONEPEAHBOIO
MOJIEIUTIO, @ KUIBKICTh iH(IKOBaHUX JIFOJIeH Oyze 3pocTaTu
MEHIIIe, TaKOXK Oyae MEHIIE 3pOCTaTh KUIbKICTh JIFoJeH,
mo oxyxaimu. 3a 12 MicsuiB KUIBKICTh 1H(iKOBaHHX
JIONIei JOCSTHE CBOr0O MaKCHMyMY, a MOTIM HOYHE 3MEH-
IIyBaTUCB.
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Puc. 2. Po3Butok emigemii 3a SIR-Moaemio 3i cTajigoi
OIS €10
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0.7
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Puc. 3. Po3surok emigemii 3a SIR-Momemro 31 CTanomn
OIS €10

InenTudikanis napamerpiB Moaeseil emigemii.
JIyist miIBUILEHHST TOYHOCTI MOjeneil po3BHUTKY emiiemil
MocTaBjieHa 3aaa4a imeHTudikaiii mapaMeTpiB Mojaeei.
3a HaTypHi JaHi mporecy emigemii o0paHi JaHi BIIHOCHOT
KiIBKOCTI 1H(IKOBaHWX MIOJEH 3a 4 MicsaIi OCTaHHBOI
XBHWJII emiiemii, To0To 3 JumHs 1o >k0BTeHb 2021 poky. 3a
OUMH JaHUMH 1 332 KOHKPETHOK MOJCIUII0 ermiieMil
chopMoBaHa (YHKISI HEB’S3KH, sKa MIHIMI3yeThCs
MpOrpaMor0 MeToja omrtumizamii 3 OJOKy MeTOmiB
ontumizanii ITO.

Ha puc.4 mokaszanmii mporec igeHTU(IKAIT
napametpiB SIR-Momeni 31 cTano MOMyJIAII€0 METOIOM
Hemnepa — Mina 3a 3MiHHOIO KUTBKOCTI XBopux [ y
MpOCTOpPi JIBOX 3MIHHUX MapaMeTpiB x; = f 1 x, = Y,
IO CKJIAJIAE€ThCS 3 KPALIMX TOYOK MOIIYKY, OTPUMaHHUN 3
BUKOPHUCTaHHSIM MOJYJs viewgraph 3 OJIOKYy TNOJaHHS
iHpopMamii  po3B’s3aHHA  3amad  IHQOPMALIHHOIO
cucremoro OPTLAB. TIloyarkoBa TOukKa MOLIYKY

X0(1,0926; 0,3951) mno3HaYeHA KOJOM, KIiHIICBA TOYKA
MOo3HaYCHa POMOOM.

Puc. 4. Po3sutok emigemii 3a SIR-Moneintro 31 cTamor
hinaeiial

Ha puc. 5 moxazanmi mpomecu 3a SIR-momemmo 3i
CTAJIOK0 MOMYJIALIEI0: Y; IO3HAYa€ eKCIICPHUMEHTAIbHUN
nporec, Y, — Ipolec B IMOYaTKOBIM TOYLI IOMIYKY, Yy —
mpouec B KIHIEBIM Toulli NpH iNeHTH(IKOBAaHUX 3HA-
YeHHsIX napaMeTpiB. [1o ropu3oHTaNBHIA OCi BigKIaAEHO
4yac y MicsLsX, M0 BepTHKalbHIl — BIJIHOCHAa BEIMYMHA
KUTBKOCTI 3aXBOPLIHX.
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Puc. 5. [louaTkoBHi, KiHIIEBHI Ta EKCTIEPUMEHTAILHUIA POLIECH
3MiHH KITBKOCTI 3axBopinux 3a SIR-Mozmemtro 31 cTanoro
TIOTTYJISIII €10

[pornosyBanns emigemii COVID-19. Ha ocHoBi
IPOBEACHOTO CUCTEMHOTO INJAXOLY JIO MOJENIOBAaHHS
nporieciB po3BuTKy emigemii COVID-19 y XapkiBchbkiit
obnacti po3pobneHi agexkBaTHI MaTeMaTHIHI MO, SKi
BIJIMOBIIAIOTh EKCIIEPUMEHTAILHAM JIAHUM Ta MOXYThb
OyTH BUKOPHCTaHI U MPOTHO3YBAHHS PO3BUTKY €TigeMii
COVID-19 y XapkiBcbkoi obsacti. OCKIJIBKM OCTaHHS
XBWISL emiemii movanacs y yunHi 2021 poky, To modat-
KOBI JIaHI U1 yCiX MOJENeH BiAMOBINAIOTH NaHWM 3a
surerb 2021 poky i Aist BITHOCHUX 3MIHHHMX CTaHy MoOJie-
JIeH € HyJIbOBUMH.

Ha puc. 6 mokazaHo mpomuecu po3BHUTKY emizemii 3a
SIR-Mozemtio 3 iMyHITETOM, 110 CTabIIaE, 31 3HAUCHHSIMHU
rmapaMeTpiB MoOJeNli, OTPUMAHUX B pE3yNbTaTi 1IEHTH-
¢ikarii. Li rpadixu Te MOKa3yrOTh, MO KiTBKICTH 3/10-
poBHX IIOAel OyIe 3MEHIIyBaTHCh, a KUIBKICTH iH]iKO-
BaHMX JIofieit Oyzae 3poctatu. [Ipubmusno 3a 13 MicsiiB
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BiJl IMOYATKY XBHJII emijeMii KUTbKICTh iH()IKOBAaHUX JIFO-
Jiell TOCSATHE CBOTO MAaKCUMYMYy, a IOTIM ITOYHE 3MEHIIY-
BatuCh. 3a 10 wMicaliB Bce HaceleHHS XapKiBChKOi
obmnacti Oyne iH(pikoBaHO.
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Puc. 6. [TouaTKOBHIA, KiHIIEBHIA Ta €KCIIEPUMEHTAIbHHI TPOLIECH
3MiHH KiTBKOCTI 3axBopinux 3a SIR-Mozmenio 3i cranoro
OIS €10

Lli pesynbTaTd [O3BOJISATH MEpPENOAYMTH MOIMKIIHBI
BapiaHTH PO3BHUTKY eMiJeMiil Ui BUACHOTO IPOBEICHHS
aJICKBaTHUX MPOTUCIIIEMIYHUX 3aXO/IiB.

BucHoBku. J[ana cTarTs mpUCBAYECHA PO3POOIN Ta
JIOCITIKCHHI MATEMAaTHYHUX MOJEJICH emigemMii sl mpor-
HO3y pO3BUTKY emifemii kopoHaBipycy COVID-19 Ha oc-
HOBI iH(OpMAIiHHOI TEXHOJOTII ONTUMI3aIlil THHAMIYHIX
cucteM. Pe3ynpTaTé NPOBENCHHUX OCTIIKCHD IO3BOJIS-
FOTh 3pOOHUTH HACTYITHI BUCHOBKH.

1. Po3risHyTI pi3HI MaTeMaTH9HI MOJENI eiaeMil y
BHTIISAI HENiHIHHUX CHCTEM IU(EpEHIIaTbHUX PiBHSIHbD
Ta MPOBEJEHO aHajli3 BUKOPUCTAHHS MaTeMaTHYHUX MO-
JieTied AJ1st OCIiJDKEHHST PO3BUTKY eIliJieMii KOpOHaBipycCy
COVID-19.

2. Ha ocHoBI cratuctnunux nanux enigemii COVID-
19 y XapkiBcbKoi 001acTi 00YHCIICH] TTOYaTKOBI 3HAUCHHSI
mapaMeTpiB Mojeinei emigeMii. 3 BHKOPHCTaHHSM IHX
MoJieNell TIPOBEACHO iMiTamiiiHe MOJICIIOBAHHS IPOIECIB
PO3BHUTKY OCTaHHBOI XBHIII €IIiIeMil.

3. [ndopmariitHoI0 TEXHOJOTIEI0 ONTUMI3AIli AMHA-
MIYHHX CHCTEM BUKOHAHA iNCHTU(IKAIlS MapaMeTpiB MO-
neneit empgemii COVID-19 Ha OCHOBI CTAaTUCTHYHUX
JAHUX 3aXBOPIOBaHb Y XapKiBCbKOI 007acTi. 3 BHKOpPHC-
TaHHSAM OTPUMAHUX MOJeJel MPOBEICHO MPOTHO3YBAHHSI
po3BUTKY octaHHBOI xBmii emigemii COVID-19 y Xap-
KiBCBKOi 00J1acTi.
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1. II. TAMAIOH, C. B. IIIAILIKOB

MATEMATHUYHA MOJEJIb ATJAIITUBHOT' O YIIPABJIIHHA ®YHKIIIOHYBAHHSM
CBITJIO®OPA HA TIEPEXPECTI MICbKOI TPAHCIIOPTHOI MEPEXKI

[IpenqmeToM JOCTIIKEHHSI € MpoLec MOJCTIOBaHHs (YHKI[IOHYBaHHs CBITIO(Opa, M0 3a0e3ledye aJanTHBHE YIPABIIHHS TPAHCIIOPTHUMH
3aco0aMy Ha NEepexpecTsiX MichbKoi TpaHCIOPTHOI Mepexi. B mpomueci QyHKIIOHYBaHHS MICBKMX TPAaHCHOPTHHX MEPEX BHHHKAIOTh TaKi SBHUIIA, 5K
3aTOpH TpaHCHIOPTHUX 3aco0iB (T3), siki MPHU3BOAATH O 3HAYHUX CKOHOMIYHUX BTpAT, HOTIPIIEHHIO €KOJOril, GpycTpamii yJacHHKIB JOPOIKHHOTO
pyXy Ta iHIIMX BUJAIB HEraTUBHUX BIUIMBIB. 3aTOPH YacTO BHHHKAIOTh y BY3JaX MiChbKOI TPAHCIOPTHOI MEPEXi, sIKi € HMEePexXpecTIMH — MiCISIMHU
MePeTHHY, IPHIATaHHsI a00 PO3ratyIKEeHHs JOPIr MiChbKOI Mepexi 0aHOro piBHsA. OAHI€IO 3 MPHYMH BUHUKHEHHS 3aTOPIB € Hee(EeKPUBHE yIPABIiHHS
TPAHCIOPTHUMH IIOTOKaMH Ha IMEPEXPECTsX, IO 3a0e3MedyeThCsl TAKMM EIEMEHTOM IIepexpecTsi sk cBiTiodop. PyHKUI YIPaBIiHHSI HOTOKAMU
cBiTIO(Op peanizye 3a IOMOMOIOI MIKpPOIPOLIECOPHOTO KOHTPOJEpa, SKHH 3riHO 33JaHOr0 aJrOpUTMY MEPEeMHKAE KOJIbOPH CBITIO(OpY, LIO
BiMOBia0Th (ha3zam 103BONYy Ta 3a00poHHU pyxy T3 3a HampsMKamu JOpir mepexpects. B pamkax iCHyr040l TPaHCIOPTHOI Mepexi CBITIOMOPH, 110
peanizyloTh aJanTUBHE yIPaBIiHHS 32 JONOMOTOIO BiIITOBIIHHX JIOKAJBHUX KOHTPOJEPIB, i CTBOPIOBAHUX Ha iX OCHOBI OLTBII CKIIATHHX CHCTEMHHX
KOHTpOJIepiB, WI0 3a0e3[evyloTh BpaxyBaHHsS CHTyalil B 30BHINIHBOMY CEPEIOBHI, SKE MPEICTABICHE MACKIIbKOMAa B3a€MOIIOB’SI3aHHMH
MepexpecTsIMHU, B IaHMIl 4ac € OHUM 3 HAHBaKITHBILINX HANPSIMKIB BUPILICHHS TPOOIEMH 3aTOPiB.

V crarTi 3ampornoHOBaHO MaTeMaTHYHy MOJEIb IS TOOYIOBH aropuTMy (yHKI[IOHYBaHHS MiKpPOIPOLIECOPHOTO KOHTpoJIepa cBiTiodopa, mo
3abe3meuye omepaTHBHE Ta a[CKBaTHE BiMOOpakeHHs CHTyaliil Ha mepexpecTsx. JI0 OCHOBHHX OCOOIHBOCTEil MOAENi HaleXaThb ONEPATHBHICTH
pearyBaHHsI Ha 3MiHy CHUTyalliil Ha IIEPEXPECTi HUIIXOM 3MiHH TPHBAJIOCTI 3eeHol (asu cBiTI0(Opy Y KOKHOMY LUK (HYHKIIOHYBaHHS CBIiTIO(hOpa
MIPOIOPIIHHO JOBXXHMHI Yeprd TPAHCIIOPTHUX 3aco0iB y BIiJNOBIAHOMY HaIpsIMKy PyXy; aJeKBaTHE BiZOOpa)KEHHS 30BHIIIHBOTO CEpEIOBHINA
JIeKiTbkoMa Bupasamu 3akoHy IlyaccoHa, 10 BiOpi3HAIOTBCS PI3HHMH 3HAYCHHSMH MapamMerpa, KOXKEH 3 SKHX BiAMOBiZaEe MEBHOMY I000BOMY
iHTepBaily ()YHKIIOHYyBaHHs CBITI0(Opa; AMHAMIKA 3MIiHM TOPOXHBOI CHTYalii, 10 00yMOB/ICHA 3MEHIICHHSAM KUIBKOCTI TPAaHCIOPTHUX 3aC00iB y
4yep3i 3a paxyHOK HpOi3[y IepexpecTss TPaHCIOPTHUMHU 3aco0amMu y Tepiol 3eieHoi (a3u cBimiodopa, BH3HAYAEThCS HAa OCHOBI BUpas3iB, sKi
BU3HAYAIOTh MEPEMIILICHHS Till IPH PiBHOMPUCKOPEHOMY Ta PIBHOMIPHOMY PYCi, @ TaKOXX Ha OCHOBI AU(EPEHIIAIBHOrO PIBHSIHHI JUHAMIKHA PyXy
TPAHCIIOPTHUX 3acO0IB B OJHOMY Psiy 3 ypaxXyBaHHSM 3aTPUMKH, 3yMOBJICHOI pEaKI[i€ro BOIIiB.

KJ1104o0Bi ¢cj10Ba: MaTeMaTH4HA MOJICNb, CBITJIOMOP, aJalTHBHE YIIPABIiHHS, IIEPEXPECTs, MIKPOKOHTPOJIEP, IPOrpaMHHUii 3aci0.

U. II. TAMAIOH, C. B. IIAIIIKOB

MATEMATHYECKAS MOJEJb ATAIITUBHOTI'O YIIPABJIEHUA ®YHKIUMOHUPOBAHUEM
CBETO®OPA HA IEPEKPECTKE 'OPOJICKOU TPAHCIIOPTHOU CETH

IpenmeroM nccienoBaHuUs SABISIETCS MPOLIECC MOAETHPOBaHUS (YHKIHOHUPOBAaHHS cBeTodopa, 00eCIeUHBAIOIEro aJalTHBHOE yIpaBIcHUE
TPaHCIIOPTHBIMH CPEICTBAMH Ha IIEPeKpecTKaxX TOPOJCKON TPaHCIOPTHOH ceTH. B mpomecce (GyHKIMOHUPOBAHUS TOPOJACKUX TPAHCIIOPTHBIX ceTei
BO3HHKAIOT TaKue SIBICHMUS, Kak MpoOku TpaHcopTHBIX cpeAcTB (TC), koTopble MPUBOAAT K 3HAUUTEIbHBIM YKOHOMUUYECKHM HOTEPsIM, yXyIUICHUIO
9KOJIOTUH, (pPyCTPAIMU yIACTHUKOB JOPOXKHOTO ABIDKEHHS U IPYTUX BUAOB HETAaTHUBHBIX Bo3AeiicTBUl. [IpoOKku YacTo BOSHHKAIOT B y3/1aX TOpOJICKON
TPAHCIIOPTHON CETH, KOTOPBIE SIBISIFOTCS MEPEKPECTKAMU — MECTAMM IEPECEUEHUs], IPUMBIKAaHHUS MM Pa3BETBIIEHHs JOPOT FOPOJCKOH CETH OIHOro
ypoBHs. OfHON M3 NPUYMH BO3HMKHOBEHMS 3aTOPOB SIBISETCS Hed(h(eKTHBHOE yIpaBieHHE TPAHCIOPTHBIMU IOTOKAMH HA IEPEKPECTKAX, YTO
oOecreunBaeTcs TaKUM DIEMEHTOM MepeKpecTka kak cBerodop. B pamkax cymiecTBylomieli TpaHCIOPTHOWH CeTH CBETOGOpHI, peaau3yIoNue
aJlaliTHBHOE YIIPaBJICHHE C MOMOIIBI0 COOTBETCTBYIOIINX JIOKAIBHBIX KOHTPOJUIEPOB, ¥ CO3ABAEMBIX Ha MX OCHOBE 00Jee CIIOKHBIX CHCTEMHBIX
KOHTPOJUIEPOB, 00ECIICUNBAIOIINX yIeT CHTYal[Hd BO BHEIIHEH cpese, KOTopas Ipe/CcTaBlIeHa HeCKOJIbKUMHI B3aHMMOCBS3aHHBIMH HEPEeKpeCcTKaMH, B
HAcTOsIee BpeMs SIBISIETCS OJHMM U3 BaXKHEHIIMX HampaBlIeHHUI pemieHus mpoOieMbl HmpoOok. DYyHKIHIO yHpaBlIeHHS MOTOKaMH CBEeTO(op
peanm3yeT ¢ IOMOIIBI0 MHKPOIPOIIECCOPHOTO KOHTPOIUIEPA, KOTOPHIH, COTJIACHO 3aJaHHOMY aJTOPHTMY, IEpeKIIovaeT IBeTa CBeTodopa,
COOTBETCTBYIOIIHE (hazaM pa3peleHus u 3anpera asrkerms TC Mo HanmpaBIeHHsIM I0OpOT MepeKpecTKa.

B cratee mpemmaraercss mMaTeMaTuUuecKas MOAENb IJIsI MOCTPOEHMS alrOpuTMa (yHKIMOHMPOBAHUS MHKPOIPOLECCOPHOIO KOHTpOIIEpa
cBeToopa, KOTOPEI 0OECTIeYnBaeT OIEPaTHBHOE M a/IeKBaTHOE OTOOpakeHME CHUTyallmi Ha mepekpecTkaX. K OCHOBHBIM OCOOEHHOCTSIM MOJIENH
OTHOCHUTCSI OIIEPATUBHOCTh PearnpoBaHUs HAa M3MEHEHNe CUTYalllii Ha MepeKpecTKe MyTeM M3MEHEHHs POIODKATEILHOCTH Pa3peluTeNbHOH (assl
JIBIKCHHS. B KaXJIOM IMKJIe (YHKIMOHMPOBaHMs cBeTodopa MPOHNOPLHOHAIBHO [JIMHE OYEPEld TPAHCHOPTHBIX CPEICTB B COOTBETCTBYIOIIEM
HanpaBJIeHHH [BIDKCHUS; aJeKBaTHOE OTOOpa)keHWE BHENIHEH cpexsl HECKOJIbKMMH BBIpapaKeHHMSIMH 3akoHa IlyaccoHa, OTIMYAOIIMIMIECS
Pa3NHYHBIMU 3HAUCHUSIMH ITapaMeTpa, KaKABIH U3 KOTOPEIX COOTBETCTBYET ONPEAEICHHOMY CYTOYHOMY MHTEpBaTy ()YHKIHOHHUPOBAHUS CBETO(OpPa;
JIMHAMUKA W3MEHEHUs JOPOXKHON CUTyalluH, OOyCIIOBICHHAs yMEHBIICHHEM YHCIIa TPAHCIIOPTHBIX CPEACTB B OUEPEIH 3a CUET IPOoe3/ia MepeKpecTKa
TPaHCIIOPTHBIMHU CPEACTBAMH B IIEpHOJ 3eeHOU (a3bl cBeTo(opa, ONpenernseTcs Ha OCHOBE BBIPRKCHHUH, ONpPENENSIOINX ITepeMeNIeHnue Tell TpH
PaBHOYCKOPEHHOM M pPaBHOMEPHOM JIBIKEHHH, a TAKXKE Ha OCHOBE AU((epeHINaTbHOTO YpaBHEHUS JHHAMHKY JIBHIKCHUS TPAHCIIOPTHBIX CPEICTB B
OJTHOM PSITY C Y4E€TOM 33/ICPXKKH, O0YCIOBICHHON peaklel BOAUTEINCH.

KuroueBsle ciioBa: MaTeMaTHYeCcKast MOZIENb, CBETO(GOP, aTaNTUBHOE YIIPaBJICHHE, TTIEPEKPECTOK, MUKPOKOHTPOJIIEP, MPOTPAMMHOE CPEZICTBO.

I. P. GAMAYUN, S. V. SHASHKOV

MATHEMATICAL MODEL OF ADAPTIVE CONTROL OF THE FUNCTIONING OF A TRAFFIC
LIGHT AT THE CROSSROADS OF A URBAN TRANSPORTATION NETWORK

The subject of the research is the process of modeling the functioning of a traffic light, providing adaptive control of vehicles at the intersections
of the city transport network. In the process of functioning of urban transport networks, such phenomena as traffic jams occur, which lead to
significant economic losses, environmental degradation, frustration of road users and other types of negative impacts. Traffic jams often occur at the
nodes of the urban transport network, which are intersections - the places of intersection, abutment or branching of roads of the urban network of the
same level. One of the causes of congestion is the ineffective management of traffic flows at intersections, which is provided by such an element of the
intersection as a traffic light. Within the framework of the existing transport network, traffic lights that implement adaptive control with the help of
appropriate local controllers, and more complex system controllers created on their basis, ensuring that the situation in the external environment is
taken into account, which is represented by several interconnected intersections, is currently one of the most important directions for solving the
problem of traffic jams. ... The traffic light flow control function is implemented using a microprocessor controller, which, according to a given
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algorithm, switches the traffic light colors corresponding to the phases of allowing and prohibiting the movement of the vehicle in the directions of the

intersection roads.

The article proposes a mathematical model for building an algorithm for the functioning of a microprocessor traffic light controller, which
provides a prompt and adequate display of situations at intersections. The main features of the model include responsiveness to changes in situations at
an intersection by changing the duration of the permissive phase of movement in each cycle of traffic light operation in proportion to the length of the
queue of vehicles in the corresponding direction of travel; adequate display of the external environment by several expressions of Poisson’s law,
differing in different values of the parameter, each of which corresponds to a certain daily interval of traffic light functioning; the dynamics of changes
in the traffic situation due to a decrease in the number of vehicles in the queue due to the passage of the intersection by vehicles during the green phase
of the traffic light is determined on the basis of expressions that determine the movement of bodies with uniformly accelerated and uniform movement,
as well as on the basis of the differential equation of the dynamics of movement of vehicles in one row taking into account the delay caused by the

reaction of drivers.

Key words: mathematical model, traffic light, adaptive control, crossroads, microcontroller, software.

Beryn. B mporeci ¢yHKIiOHYBaHHS MIiCBKHX TpPaHC-
MOPTHUX MEpPEeX BHHUKAIOTh TaKi SBHINA, SK 3aTOPH
TparcnopTHUX 3ac00iB (T3), sSKi MPHU3BOAATH A0 3HAYHHUX
€KOHOMIYHUX BTpaT, MOTIPUICHHIO EeKOJIOoTil, (pycTparii
YYacCHUKIB JOPOKHBOTO PYXY Ta IHIIHMX BHUIIIB HETaTUBHUX
BIUIMBIB.

3aropu 4acTo BHHUKAIOTh y By3Jlax MICBHKOI TpaHc-
MOPTHOI MEpexi, sIKi € MepexpecTsiIMU — MICLSMH Iiepe-
TUHY, NPWIATaHHS a00 pO3TalyKeHHs JOpir MiCbKOl
Mepexi ofgHoro piBHsA. OHIEID 3 MPUYUH BHHUKHCHHS
3aTOpiB € HeeeKTHBHE YIPaBJIiHHS TPAHCIIOPTHUMHU I10-
TOKaMH Ha MEPEXPecTsX, 10 3a0e3NeUyeThCs TAKUM €JIe-
MEHTOM TmepexpecTts sk citiaodop [1-2].

OyHKIII0 yIpaBIiHHSI MOTOKaMH CBiTIOGOp peari-
3y€ 3a JOMOMOTOI0 MIKpPOIPOLECOPHOTO KOHTpOJIepa,
SKAH 3TITHO 3aJaHOTO AITOPUTMY IEPEMHKAE KOJIbOPH
cBiTIIOGOpY, IO BIAMOBIMAIOTH (a3aM [TO3BOJY Ta
3aboponu pyxy T3 3a HampsIMKaMu JOPIr MEPEeXPeCTsL.

3rigHo Bimomoi kimacuikaiii BUAIISIOTH JOKAIbHI
Ta cucteMHi koHTposepu [3]. JlokanpHi ynpaBisioTs 0e3
ypaxyBaHHs CHTyamii Ha iHIIHX mepexpectsx. CUcTeMHi
KOHTpOJIEpH 3a0e3NeuyroTh YIPaBIiHHSA 3 ypaxXyBaHHIM
cuTyarii Ha iHIUX nepexpectsx. [Ipu mMpOMy JOKambHI
KOHTPOJIEPH MOJIUISIOTHCS Ha TaKi, 10 peasi3yloTh yIpas-
JHHA 3 (PIKCOBAHOIO TPHUBATICTIO CHTHANIB (a3 M03BOIY
Ta 3a00pOHH PYXY y OUKII poOoTH CBITIIOPOPY, a TAaKOK
Ha Ti IO peawi3yloTh aJaNTHBHE YIPaBIiHHA — KOJHA
TPHUBAJICTH (pa3 BH3HAYAETHCS B 3aJIC)KHOCTI BiJI CHTYaIIii,
sKa CKJIaNach Ha INepexpecTi (HarpuKiIaj, B 3aJIe)KHOCTI
BiJ uucya T3 B HapsSIMKax JOPIr mepexpects).

B pamkax icHyrouoi TpaHCIOPTHOI Mepexi CBITIO-
¢dopu, MO peanizylOTh agaNTHBHE YIPABIIHHS 3a JOMO-
MOTO0 BIJIMIOBIHUX JIOKAJTBHUX KOHTPOJIEPIB, I CTBOPIO-
BaHMX Ha IX OCHOBI OIJIBII CKIaJHUX CHUCTEMHHX
KOHTpOJIEpiB, 10 3a0e3neuyoTh BpaxyBaHHS CHTYalli B
30BHILIHBOMY CEPEJIOBUILI, SKE IPEJCTaBICHE JIEKiJIbKO-
Ma B3a€MONOB’S3aHUMHU IIEPEXPECTSIMH, B JaHUI dYac €
OJHMM 3 HaWBaJIMBIIIMX HANpPSIMKIB BHpPIMIEHHS MpoO-
JIEMU 3aTOPiB.

Jis po3poOKu anropuTMiB (YHKIIOHYBAaHHS KOHT-
poJiepiB, sKi peari3yloTh aJalTHBHE YMPaBIiHHS, BHKO-
PHCTOBYETBhCS MaTeMaTH4YHA MOJIENb, SIKa Bi/IJ3EpPKAIIOE
CHUTYaIlil, IO CKJIAJAI0ThCS Ha MEPEXPEecTsX, Ta JUHAMIKY
ix 3miH. [Ipu BuOOpi MaTeMaTHYHOTO amapaTy BpaxoBy-
€TbCS, SIK 3a3BUYal, XapakTep MPOLECIB YTBOPEHHs
curyaniit i auHamiku ix 3MmiH. Ockinbku (akTop HEBHU-
3HAQUEHOCTI MAa€ ICTOTHE 3HA4YEHHS B MpOLEcax, M0
PO3MIISIAIOTECS, TO B SKOCTI MaTreMaTHYHOIO amapary
3a3BMYail BHKOPUCTOBYIOTH Taki po3aum Teopii imo-
BIPHOCTI, SIK MaTeMaTH4YHa CTaTHCTHKa, CHCTEMH MacOBO-

ro OOCIYTOBYBaHHS, a TaKOX HEYiTKa MareMaTtuka. [Ipum
IIPOMY IUHAMiKa 3MiH CHTyamii Mae OOyMOBIIOBATHCH
(GYHKIIOHYBaHHSIM CBIiTIO(OpPIB CIPSIMOBAHMM Ha 3MEH-
IIIEHHS 3aTOpiB [4—6].

3agaya gocaigkeHHsl. PO3BHTOK HampaBJiICHHS BU-
pitreHHsT mpoOseM 3aTopiB 3a JOMOMOTOI CBITIO(OPIB,
SKi pealli3yloTh aJalTHBHE YIPaBJIiHHSA, 00YMOBIIOIOTHCS
BIOCKOHAJICHHSIM MaTeMaTHYHHX MOJelNieil, Ha OCHOBI
SKHAX PO3POOIIOIOTHCS AITOPUTMHU (YHKIIIOHYBaHHS CBIT-
70(hopiB JAHOTO THUILY.

Bnockonanenns nepenoadae 3011bIICHHS ONEPaTHB-
HOCTI pearyBaHHsS Ha BUHHKAIOYi CUTYAIIil, a TAaKOXK 30111b-
IICHHS aJcKBaTHOCTI BiOOpaskeHHs CHUTYyalii 1 AMHAMIKA
iX 3MiH.

B crarTi 3amponoHOBaHO MaTeMaTHYHY MOJEINb,
0COOIMBOCTSIMHU AKOI € OTEpaTHBHE pearyBaHHS Ha 3MiHY
CUTyalllii Ha TepexpecTi MNUIAXOM 3MIiHM 3HAuYCHb
JOBXHMHHU (ha3u JO3BOJYy PYXy B KOXKHOMY IHKII HOTO
(GYHKIIIOHYBaHHS TPONOPLIHHO 3HAYEHHSIM JIOBKUHU
yeprd T3 B KOXKHOMY HalpsIMKy HepexpecTsi; ajeKBaTHe
BiZTOOpakeHHs 30BHIITHBOTO CepeloBUILa,
HEBM3HAUEHICTh CTaHy SIKOTO BHM3HAYAETHCS JACKIJIbKOMa
BUpazaMu 3akoHy [lyacoHa, 1m0  BiIpi3HAIOTHCA
3HAYCHHSAMH I1apaMeTpiB, KOXXEH 3 SKHX BIAIOBiIae
neBHOMY  1o0OBOMYy  iHTepBalny  (DYHKIIOHYBaHHS
CBITJIOPOPY, IO JO3BOJISE OUIBII YITKO BUPA3UTH YMOBHU
CTaIiOHAPHOCTI; IWHAMiKa 3MIiHH JOPOXXHBOI CHTYyaIll,
sgka 0oOyMOBIIeHAa 3MeHIICHHSAM uuciaa T3 B uyep3i 3a
paxyHOK mpoi3ay nepexpects T3 y mepiox 3eneHoi dasu
CBITJIIOOPY BH3HAYAETHCSI HA OCHOBI BHUPA3iB  SIKi
BU3HAYAIOTh IIEPEMIIEHHsI TiJ1 MPH PIBHOIPUCKOPEHOMY
Ta PpIBHOMIPHOMY pyCi, a TakoX Ha OCHOBI
JudepeHiiHOro piBHAHHS TUHAMIKU pyxy T3 B oJHOMY
psy 3 ypaxyBaHHSM 3aTPUMKH OOYMOBIJIEHOIO PEaKIIi€ro
BOJIIIB.

MartemaTuuHa Mojaesb. O0’€KTOM MOJCTIOBAHHS €
HepexpecTsi, MPUKIIAJIOM SKOTO € MepexpecTs, 300pakeHe
Ha puc. 1 3 HanpaMkamu pyxy A, B, C, D. Kagpatamu Ha
puc. 1 TO3HAYAIOTHCS YMOBHI CHTHaNM CBiTIO(OpY, IO
PETYIIOIOTh PyX Ha MEPEeXpPecTi.

3adapOboBaHuii KBaapaT BiAMoBigae 3eieHin (dasi
ciTnogopy. HesadapboBanmii KBaapar BiAIOBimae dep-
BOHiH a3zi cBiTiIOdODY.

B Mozeni BUKOPUCTOBYIOTHCSI HACTYITHI MMO3HAYCHHS
yucia T3 B uepsi nepen nepexpectsim: Np, Ng, N, Np.
[To xoxHOMY 3 naHWX HampsMKiB 3HadeHHs N,, Ng, Ng,
Np BU3HAYAIOTH JIOBKMHY Yeprd B 3aJaHUX HaIpsMKax
nepes CBITIopopoM.

3aTop OOYMOBIIOETBCS JOBXKHHOIO dYepru. Yum
OinpIa JOBXXKWHA 4eprd, THM Oimbine vacy T3 mposexe

Bicnux Hayionanvnozo mexuiunozo ynisepcumemy «XIy. Cepis: Cucmemnuil
54 ananis, ynpasninusa ma ingopmayiini mexnonozii, Ne 2 (6) 2021



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

nepen nepexpectsM. ToMy Uit 370JIaHHS 3aTOpY HEO0O-
XiTHO TepeabdayuTd MOXIMBICTH CKOPOYEHHS IOBXUHU
Yeprd, MOYHMHAIOYM 3 HamlpsMKy (HampsMKiB) 3 MakKCH-
MaJIbHUM 3HaYCHHSAM JOBXHUHU Yepru.

B VA
]
C . C
D 0 5 D
‘m
B A

Puc. 1. [lepexpecTs 3 Hanpsimkamu pyxy A, B, C, D

Taka MOXIHBICTH MOXKe OyTH HalmaHa, SKIIO 301Jb-
IIMTH TPUBATICTH 3eJICHOT (ha3u CBITIIOPOPY Y HATIPAMKY 3
MaKCHMaJIbHOIO JIOB)KWHOIO Yeprd NPOIOPLIHHO 3HAYEH-
HIO oBXHHU wLi€l yepru. [Ipu upoMy cBiTinodop y mukmi
CBOrO (DYHKIIIOHYBaHHS INPOJIOBXKYE OOCIyroByBaTH BCi
IHIII HampsIMKW HepexpecTsi, NPU3HAa4Yaloyd 4ac 3eJIeHOi
(as3u U1l HUX MPOTIOPLIHHO 3HAUYEHHSIM JIOBXKHHHU YEpPrH B
IUX HAIpsSMKax.

Bun mepexpects, 300paxeHHii Ha pUCYHKY |1,
nependavae ogHOYACHUN Mpoizy nepexpects T3 Ha 3emne-
HUIA curHan cBitnodopa 3 ABox HampsiMkiB: A i B a6o C i
D. Tomy BH3Ha4YCHHS TPHBAJOCTI 3eJEHOI (a3u CBITIO-
¢dopa 3aneKUTh BiJ 3HAUCHb JOBXKHHH 4Yeprd, IO
NPEACTAaBISIIOTE  COOOI0  KOXKHY — Mapy  HAlpsIMKIB:
Nag = max{Ny4, Ng}, Ncp = max{N¢, Np}.

YacoBi  iHTepBaJM  TpUBAIOCTI  3eneHux (a3
ciTiodopa y HanpsmMkax AB i CD nosHagarotecs sk Tag,
Tcp.-

Sxmo uepe3 T MO3HAYUTH 3HAYESHHS YaCOBOTO IHTEP-
BaJy IIOBHOTO IHKIY pPOOOTH cBiTIO(Opa, MPOTATOM
SKOTO /IS JIaHOTO  BHINAAKY pPEali3yeThCsl MpOi3[
nepexpectst T3 crovarky 3 HarpsmkiB A i B, a notim CiD
(abo maBmakm), TO

Tap + Tep =T, 1)

ne T € mocTiiiHOIO BEJIMYMHOIO JUIsl YIPaBIIiHHS Ha nepe-
XpecTi, M0 pPO3IJSIAE€TbCS OKPEMO, 1 3MIHHOIO, KOJH
YIPaBIiHHS pealli3yeThcsl 3 ypaxyBaHHSIM CHUTyalid Ha
THIIHNX MepexpecTsx (CUCTEMHI KOHTPOJIEPH).

3nauenns Tag, Tcp, AK CkIanoBi 3HaueHHs T, oOupa-
IOTHCS TIPOTIOPIIIITHO 3HAUYEHHM JIOBXKUH Yepr y BiAMOBi-
HHUX HalpsMKax Tak, [0

Nag Ncp

= M o, =—"CL 7 (2
Nag + Nep P Nag + Nep

Tas

Takwmii BuOip 3Ha4eHb Tag, Tcp 300BOJILHSE BiTHO-
meHH0 (1) i 3a0e3neuye aganTUBHUKM XapakTep yHpas-
JIHHS npolecoM nponycky T3 yepe3 nepexpectsi, OCKiIb-

KU 3HAa4YeHHs TpUBaJIocTeW 3esieHMX (a3 ceiTnodopa (2)
BU3HAYAETHCS 3 YPaXyBaHHSIM JOBXKHH YEpr Y KOKHOMY
UK (YHKIIOHYBaHHS CBiTIIO(OpA, 110 CIIPSIE 3MEHIIEH-
HIO 3aTOPIB.

JluHaMmika 3MiHU CUTYyaIlil Ha IEPEXPECTi Y KOXKHOMY
UKT  (QYHKIIOHYBaHHS CBITIO(GOpa XapaKTepHU3YeETHCS
JBOMa OCHOBHMMH IIPOLIECAMH: 3MEHIIEHHS 4Yepr B
pesynbTati mpoizay T3 mepexpecTs y mepion 3elIeHux ¢a3
cBiTIIO(Opa U1 TaHUX HANPSAMKIB 1 301IBIICHHS 4epr B
pe3ynbTati mpudyTTS HOBHX T3.

[Ipormec 30iMpIIEHHS YepT Ma€ CTOXaCTUIHHAN XapakK-
Tep. Bunagkosuit norik HoBux T3, mo npuOyBaroTh y
yepry B mepion 3eneHoi ¢asu pobotu cBiTiodopy, BBa-
JKA€ETHCS TAKMM, 110 3aJI0BOJILHSIE BIACTHBOCTSIM OpJHHAp-
HOCTI, BIZICYTHOCTI MIC/IS/I] Ta CTaliOHApHOCTI. Y 3B’SI3KY
3 UM Lei noTik € HaitnpocrimmM (IlyacoHiBcbkum) [6].
IMpn upomy anst OLIBII aNeKBaTHOTO ypaxyBaHHsS Blac-
THBOCTEH CTaliOHAPHOCTI MPOTOHYETHCS JOOOBUIT TIepion
GyHKIIOHYBaHHA cCBiTIO(Opa po3OMTH Ha YaCTHHH,
KO)KHa 3 SKHX XapaKTepU3YEThCS MEBHUM MOCTIHHHM
3HAYCHHSAM MaTEeMAaTHYHOTO OYiKYBaHHS YHCIa HOBHX T3,
110 pruOyBarOTh B YEPTY.

Takum uuHOM, Iporec MpudyTTd HOBUX T3 B Uepry
MPOIOHYETHCS BiIOOPA3UTH JEKIIbKOMa KPUBUMHU PO3IIO-
QITy BHUIAIKOBOrO 4mcia HOBMX T3, 110 mpuOyBarmOTh B
4epry, KOXKHa 3 SKHUX BiJIOBiJla€ 4acTHHaM J00M podoTH
cBiTIIOOpa 1 XapaKTCPHU3YIOThCS IICBHHUM 3HAYCHHSIM
napameTpa 3akoHy IlyacoHa, 110 JOpPIBHIOE, K BiIOMO,
3HAYEHHIO MaTEMaTHYHOTO OYiKyBaHHS.

0.40

0.35r

0.30

0.25

)

0.15 #

0.10 L 3

0.05

= e
0'000 5 10 15 20
T

Puc. 2. Po3mofin BUMaIKOBOT BETHYUHU 3 PI3HUMHU
napamMeTpamun
Ha puc. 2 300pakeHO MNpuKIaa AEKIJIbKOX Oara-
TOKYTHHKIB PO3MOJILUTY BHIIAIKOBOI BeNU4nHU N yncia T3,
mo npuOyBarOTh B JEAKHH IHTEpBaNl dYacy, sKa MOXKE
mpuiiMaTy 1Tl HeBix emHi 3HavenHs 0,1,2...m ... n.
KosxeH 3 6araTOKyTHHKIB BHITaJKOBOI BEIWYHHH, IO
PO3TIIAIAEThCA, PO3MOAieHo1 3a 3akoHOM Ilyacona, Bif-
MOBiJa€ MMEBHUM 3HAUEHHSM MapaMmeTpa a, SKUil TOPiBHIOE
3HAUYEHHI0O MAaTEeMaTUYHOTO OYiKYBaHHS BHITaJKOBOT
BenmuynHA. [lpW mpOoMy iHIEKC mHapamerpa Ha puc. 2
BiJINIOBiJIa€ iHAEKCY YaCTUHU T0OU poOOTH cBiTIOdOpa

P a” -a
=—e @,
™ ml

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIIy. Cepisn: Cucmemmuii
auanis, ynpaeninua ma ingpopmayivini mexronoeii, Ne 2 (6) 2021 55



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

Jyi1 BU3HAYCHHS KOHKPETHOI'O 3HAYCHHS BHIIAIKO-
BOI BEJIMYMHH HEOOXiTHO OOpaTH IMEBHY KPHBY 3aKOHY
pPO3MOATY, BHXOISIYM 3 MOMEHTY yacy mobu, 1 maii
peanizyBaTu BiJjoMy IpoLeaypy kepebkyBauHs [7-8].

Peanizamiss BkazaHoi Tpouenypu skepeOKyBaHHS
IO3BOJISIE BH3HAYWTH 3HAYEHHS YHCIa HOBMX T3, IO
mpuOyBatoTh 10 depru B mukii I pobotu cBiTiOdopa 3a
Hanpsmkamu A, B, C, D. ani 1i 3Ha4eHHS NO3HAYAIOTHCS
SK My, N, Ng, Np 1 BHKOPUCTOBYIOTBCA ISl KOPEKIii
3HaueHb A0BXKUH uepr N, Ng, Nc, Np 3a HampsMKamy,
[0 PO3TJISAAAI0THCS.

Taka Kopekilis BH3HAYa€e MpPOIEC 3MIHM Yepr 3a
paxyHOK NpHOYTTA HOBUX T3 MPOTAroM IMKIY poOoTH

cBiTiIOopa i BUPAXKAETHCS PEKypECHTHUM
CIIIBBIHOIIIEHHAM
Ni = Ni7* + nl, (ie1,T; aeAB,C,D), 3)

e i — iHjeKc HOTOYHOro LUKy podoTu cBitaodopa T

[ — 3aranpHa KUIBKICTh IUKIIIB poOOTH CBITIIOPOpA B
1001;

« — IHIEKC HANPSMKIB, IO PO3IIISIAOTHCS.

3MiHa cHTyamii Ha TeEpexpecTi y MUKIL poOOTH
cBiTnodopa iel,l, mo po3rmAmaAcTHCA, SK BiA3HAYAIOCH,
XapaKTEepPU3yETbCS TAaKOX IIPOLECOM 3MEHIUCHHS Yepr
LUIXOM Mpoizay mepexpectss T3 3a yacoBi iHTepBaiH
senennx ha3 po6otu ceitnodopa Tig i Tep.

3nauenns Tip i T.p BU3HAYAKOTHCS HA OCHOBi BHPasy
(2) Ha ocHOBI MOBXKWHHM 4epr 3a Hanpsimkamu A, B, C, D y
nortepeHin (i — 1)-# nukia poOdoTH cBiTaodopa, ToOTO

Ti — N‘&El i-1
MUNG NG “
4
, N&?E ,
Tep et

= vi-1 i-1
NAB + CD

[ns BuzHauenHs uuciaa T3, mo npoigyTh nepe-
xpects, i intepsaniB Tig i T¢p, HEOOXiTHO CKOpHCTATHCH
BUpa3zaMM, L0 BH3HAYalOTh IMHAMIKy pyxy T3 uepes
HepexpecTs.

Jlo Takux BupaziB BIIHOCHUTHCS AudepeHiiiHe piB-
HsHHS pyXy T3 B OJJHOMY psijly 3 ypaxyBaHHSIM 3aTPHUMKHU
[9-10]:

d?x, (t + 1) dxp_1(t) dx,(t)
acz O\ ar dt )
ne  x(t), x,_1(t) — nonmoxenus k-ro T3 i (k — 1)-ro
T3, mo pyxaerbcs mepex k-M B HampsMKy X B MOMEHT
Jacy t,

T — 3aTpUMKa, 3 Ko Bomid k-ro T3 pearye Ha
3Miny mBuakocti (k — 1)-ro T3, mo pyxaerscs nepen
HUM,;

a — kKoe(illieHT YyTIUBOCTI po3MipHOCTi [1/cex].

[HmuM criocoboM BUpakeHHsT TUHAMIiKK Tpoi3ay T3
HepexpecTss € BUKOPHCTAHHS  CIBBIJHOIICHb, IO
BU3HAYAIOTh TEPEMIIEHHS TiJ1 IIPH PIBHONPHUCKOPEHOMY
Ta piBHOMipHOMY pYci [7].

Peanizaniss mporo crmoco0y mependavyae BHUKOpPUC-
TaHHS XapaKTEPHCTHK IEPeXpecTss 4Yeprd PEeKOMEHIO-
BAaHOTO HIBHAKICHOTO pexxumy npu pyci T3 B oguH psia
yepe3 Nnepexpectsi Ta MpH Mijx 1311 10 HbOTO.

Ha puc. 3 nokaszano npeacrasneHHs dyepru T3 nepen
mepexpecTaM K  IOCHiZOBHOCTI  minsHOK  kel, N
TIOBXKUHOIO [, e k — BiAmoBinae mopsaxoBomy Homepy T3
B uep3i, a JOBXWHA [ BKIIOYAE CEPEOHHOCTATUCTHIHY
noBkuHy T3 B uep3i Ta peKOMEHIOBaHY AWCTAHIIIO MiX
T3 B uep3i.

Puc. 3. Po3monin BUMaqKOBOT BETHYHHY 3 PI3HIMH
napameTpaMu

Crpinka Ha pUCYHKY 3 HOKa3ye HampsMok pyxy T3
mpH  BKJIIOYEHHI 3€JCHOTO CHTHalIy  cBiTiodopa.
[Mpumyctumo, mo pyx ycix T3, mo yTBOpIOIOTH Yepry,
micis  BKIIOYEGHHS 3eieHoi ¢a3m  cBitinodopa 3a
BiZMOBiTHAMHU HampsaMKkamu T peanizyeTbcs B 2 eTamy —
CIHOYaTKy PIBHOIPHUCKOPEHE Ha IUISHIN HuIsixy pyxy T3 B
4yep3i IOBXKHUHOI0 S’ IIPOTAroM iHTepBay 4acy At, a morim
piBHOMIipHe, micis nocsirHeHHst T3 npeskoi pekoMeHzo-
BaHol (BcraHoBieHOi) mBHAKocTi V. BiamiTuMmo, 1110
BKa3aHi HapaMeTpu pyXy 3aJOBOJIBHSIOTH J00pe Binmo-

.. 28
MOMY CIIIBBIAHOIICHHIO V= E’ 34 YMOBH, 110 NTOYATKOBa

mBUaKicTs piBHa 0 mis Beix T3 B wepsi [11-12].

TakoXk MPUITYCKA€ETHCS, 10 MOYATOK PYXY KOXKHOTO
HactynHoro T3 B uep3i Mo BiJHOLICHHIO a0 Oe3moce-
penHbo monepenHsoro T3 pearizyeThes i3 3aTPUMKOIO T.
TakuM YUHOM, SIKIIO nepiuii B uep3i T3 (k = 1) mounHae
pyx B MomeHT dacy t =0, to T3 3 iHmexkcom k > 1 B
4yep3i moyuHae pyx B MoMeHT t = (k — 1)7.

T3 Ha movarky dYeprd MOXXYTh II0OYaTH HEPETHH
HepexpecTsi Ha eTarli PiBHOIPUCKOPEHOT0 PyXy, He JI0CsT-
HYBIIN PEKOMEHJOBAHOT MIBUAKOCTI V, 3 SIKOIO BHKOHY-
€TbCcsl piBHOMIpHUE pyX. Yucno takux T3 Bu3HayaeTbes
3HaueHHsM iHnekcy k; = max{1, N}}, s sikoro BHKO-
HYETHCS CIiBBIIHOIICHHS

Vvke Lk (k—1DI<S, Ti—(k—1Dt=At. (5

Skuo BusBUTECA, WO k; = Ni, To yci T3 B uepsi
MOXYTb TIOYaTH IEPETHH MEPEeXPecTs] peaii3yrouu JIHIIe
PIBHOIIPUCKOPEHHH PyX.

SAxmo k; < N%, o T3 B uep3i, ki MaloTh iHAEKCH
k>k;+1, MOXyTb ©OYAaTH NEpPETUH MeEpexXpecTs
peanizyroun 2 BUIM PyXy — PIBHOIPHCKOPEHHH, a 32 HUM
pIBHOMIpHHH Ticns nocsrHeHHs IBuakocti V. Takum
yuHOM, pyx T3 3 inpekcamu k € k; + 1, N} peanizyerbcs
CHOYaTKy SIK pPIBHONPHCKOPEHUI 3 NPHUCKOPEHHSM «
mpoTsiroM gacy At.

ITotiMm, mmicis momofiaHHS BigcTaHi S, peamizyerhcs
PIBHOMIpHHH pyX 31 MBHAKICTIO V, SKHA MOXE IPOJIOB-
xyBaTuch mpoTsroM uacy (T) — (k — 1)t — At) > 0. 3a
e qac k-it T3 [OJ0JIA€ BiZICTaHb
V(T — (k — 1)t — At).
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Yucino T3, siki MOXKYTb ITOYaTH HEPETUH NEPEXPECTS,
peaii3ylouu 1Ba BUAM PYXy, BU3HAUAE€THCS 3HAYCHHSIM iH-
nekcy k, = max{k; + 1, N.}, mus sSKOrO BUKOHYETHCS
CIIiBBiTHOIICHHS

vk € ky + 1,Ng,
(6)
(k=D <S+V(TE— (k— 1T — Ab).

Hexaii, Hanpukian, Ha OXHOMY 3 HANpPSAMKIB Iepe-
XpecTs a B [-My IHKII pobotu cBiTiIodopa yTBOpHIIACH
wepra 3 15 T3, To610 N} = 15. Tpupamicts 3enenoi (asu
cBiTIIOOpa B HANMPSIMKY «, IO PO3paxoBaHAa Ha OCHOBI
(4), BusHauaethcs 3HaueHHs T,=20c. CTaTHCTHYHO
BU3Ha4YeHO, o | = 7 M. [HmI BKa3aHi BHIE HapaMeTpH
MaloTh HAcTymHi 3HaueHHA: S =20wmM, At=4c,
V=10wm/c,T=1c.

CrouatKy, Ha OCHOBI CIiBBiIHOMmICHHS (5) BH3HAYa-
eTbest 3HaueHHA k,; = 3, ToOTO Timbku mepmi Tpu T3 3
Yepru MOXKyTh MOYATH MEPETUH MEPEXpecTs, peaizylodu
TIIBKY PIBHONPUCKOPEHHUH PYX.

Ockinbku k; < N, To mepexomumMo 10 BU3HAYCHHS
k, Ha ocHOBi cmiBBigHOmIEHHS (6). 1 mpukiamy, 1o
posrisnmaerses, k, = 11.

Takum unHOM 3 15 T3, o yrBoprowTs uepry, 11 T3
MOXYTh IIOYaTH TIIEPETHH MepexpecTs, 3AIHCHIOIYH
PIBHONIPUCKOPEHUH Ta piBHOMIpHUX pyx. [lpu upomy
nepmti Tpu 3 11 MOXYTh HOYaTH TEPETHH IepexpecTs,
peai3ylouu TiJbKH PiBHONMPUCKOPEHHUH PyX.

3uauenns k; ta k, A5 KOXKHOTO HANPSIMKY & Tiepe-
XpecTsi B i-My LUKII (YHKIIOHYBaHHS CBITIO(OpPY, 1O
no3Haueni ax ki(a), ki(a), 103BONAIOTH OCTATOUHO CKO-
peryBaTH JOBXHHY 4Yeprd nepej po3risgoM HacTYIHOTO
(i + 1)-ro umkiy:

Ni = {No‘l'— ki(a),ﬂxm,o k'{(a) = N.jz ™)
N. — kb (a), sxmpo kj(a) < N

IMicns kopekuii 3Hadens N) Ha ocHOBi (7) TMOBTO-
profoThesl Iil, MOB’s3aHi 3 BHU3HAYCHHSAM IOBXKHH 4Yepr,
TpUBaJOCTel 3edeHuX (a3 cBiTIodopy 3a HampsMKaMH
mepexpects Ha OcHOBI BupasiB (3), (4), mo peani3yroThCsa
Ha HacTymHoMy (i + 1)-My umkii poGoTH cBiTIOdOpa.
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THO®OPMAIIMHI TEXHOJIOI'I
WHPOPMAIIMOHHBIE TEXHOJIOT UA

INFORMATION TECHNOLOGY

UDC 681.518:658.519 DOI: 10.20998/2079-0023.2021.02.10
V. Y. SOKOL, V. 0. KRYKUN, M. O. BILOVA, I. D. PEREPELYTSYA, V. V. PUSTOVAROV

TOPIC SEGMENTATION METHODS COMPARISON ON COMPUTER SCIENCE TEXTS

The demand for the creation of information systems that simplifies and accelerates work has greatly increased in the context of the rapid
informatization of society and all its branches. It provokes the emergence of more and more companies involved in the development of software
products and information systems in general. In order to ensure the systematization, processing and use of this knowledge, knowledge management
systems are used. One of the main tasks of IT companies is continuous training of personnel. This requires export of the content from the company's
knowledge management system to the learning management system. The main goal of the research is to choose an algorithm that allows solving the
problem of marking up the text of articles close to those used in knowledge management systems of IT companies. To achieve this goal, it is necessary
to compare various topic segmentation methods on a dataset with a computer science texts. Inspec is one such dataset used for keyword extraction and
in this research it has been adapted to the structure of the datasets used for the topic segmentation problem. The TextTiling and TextSeg methods were
used for comparison on some well-known data science metrics and specific metrics that relate to the topic segmentation problem. A new generalized
metric was also introduced to compare the results for the topic segmentation problem. All software implementations of the algorithms were written in
Python programming language and represent a set of interrelated functions. Results were obtained showing the advantages of the Text Seg method in
comparison with TextTiling when compared using classical data science metrics and special metrics developed for the topic segmentation task. From
all the metrics, including the introduced one it can be concluded that the TextSeg algorithm performs better than the TextTiling algorithm on the
adapted Inspec test data set.
Keywords: topic segmentation, TextTiling, TextSeg, Inspec, IT Companies, computer science texts.

B. €. COKOJI, B. O. KPUKYH, M. O. BIVIOBA, 1. /1. IEPEITEJIHIA, B. B. IYCTOBAPOB
MOPIBHAHHSA METO/IIB CETMEHTAIIIl TEM 3A TEKCTAMHM 3 KOMII'IOTEPHUX HAYK

IMonuT Ha CTBOpEHHsI iHPOPMALIHIX CHCTEM, 1[0 CIPOIIYIOTh 1 MPHCKOPIOIOTH POOOTY, 3HAYHO 3pic B yMOBaX CTPIMKOI iH(opMaTH3allii cycmiibcTBa
Ta BCiX coep aismpHOCTI. Ile moB’s3aHO 3 MOABOO BCE OLNBIIOI KiTBKOCTI KOMIIaHiH, MO 3aiiMaroThCs PO3pOOKOI0 NPOrpaMHUX TPOAYKTIB Ta
iHpOpMaLIHHUX CHUCTEM B IIJIOMY. 3 METOI0 3a0e3NeyeHHs cucTeMaTH3allii, 0OpOOKH Ta BUKOPHCTAHHA LMX 3HAHb BUKOPHUCTOBYIOTHCSI CUCTEMH
ynpaBiaiHHS 3HaHHAMU. OHUM 3 TOJIOBHUX 3aBlaHb [T-KoMmmaHii € nocriiiHe HaBYaHHS nepcoHaiy. i1 1boro moTpiOHO €KCIOPTYBATH KOHTEHT i3
CHCTEMH YTIPaBIIiHHS 3HAHHAMH KOMIIaHii B CHCTEMY yNpaBlliHHA HaB4aHHAM. OCHOBHOIO METOIO JIOCII/UKEHHS € BHOIp aNrOpHTMY, SIKHH JT03BOJISE
BUPIIINTH 33/ia4y PO3MITKH TEKCTy CTaTed, ONM3bKMX 1O THX, IO BUKOPHCTOBYIOTBCS B CHCTEMax yHpaBiiHHsS 3HaHHsMH IT-kommawiit. Jljst
JIOCSTHEHHS 11i€1 METH HEOOXiJHO MOPIBHATH Pi3HI METOIM CErMEHTAIlil TeM Ha HabOpi JaHUX 3 TEKCTaMH 3 KOMIT IOTEpPHHX Hayk. Inspec € ogHuM i3
TaKnX HaOOpiB JIAHMX, SKi BUKOPHCTOBYIOTHCS IS BUIIICHHS KIIFOYOBHUX CIIiB, i y I[bOMY JIOCTI/PKEHHI BiH OyB a/laNTOBaHMH 10 CTPYKTYpH HabOpiB
JIaHMX, SIKI BUKOPUCTOBYIOThCS Ut npobuiemu cermenranii TeM. Meroau TextTiling i TextSeg Oynau BUKOpHCTaHI IJIsl TIOPIBHAHHS JESIKUX a00pe
BIJOMHMX IIOKa3HUKIB HAayKd NPO JaHI Ta KOHKPETHUX MOKA3HMKIB, SIKI CTOCYIOTbCS NpoOjeMH cermMeHTamii Tem. Takox Oyna BBeaeHa HOBa
y3arajgpHeHa MeTpHKa I IOPIBHSAHHS pe3yibTaTiB I 3ajadi CerMeHranii TeM. Yci HporpamHi peajizamii aiaropuTMiB HalMCaHi MOBOIO
nporpamyBanHs Python i npencraBnsiioTh cobor0 Hadip B3aeMonoB’si3aHuX (yHKIiH. OTpUMaHO pe3yabTaTH, IO AEMOHCTPYIOTh IEPEeBard METOIY
Text Seg y nopiBusiHHI 3 TextTiling 3 BUKOPUCTaHHSAM KJIaCMYHUX METPUK HAYKH TPO JaHi Ta CHELiaIbHUX METPUK, PO3POOJICHUX JUIS 3aBIaHHS
cerMeHTalii TeM. 3 yciX MeTpHK, BKJIIOUaOuH BBEIEHY, MOXKHA 3pOONTH BUCHOBOK, mo anroput™ TextSeg npamtoe kpare, Hix aaroput™ TextTiling
Ha aJanToBaHOMY Ha0Opi TeCTOBUX JaHMX Inspec.
Kurouosi ciioBa: cermentanis tem, TextTiling, TextSeg, Inspec, IT-komnaHii, TEKCTH 3 KOMIT IOTEpPHHUX HAYK.

B.E. COKOJI, B. A. KPHKYH, M. A. BEJIOBA, H. /]. IIEPEIIEJIHI[A, B. B. 1YCTOBAPOB
CPABHEHUME METOJ0B CETMEHTAIIUU TEM HA TEKCTAX IO KOMIIBIOTEPHBIM HAYKAM

Crpoc Ha co3gaHue HHPOPMAIMOHHBIX CHCTEM, YIIPOLIAIONINX U YCKOPSIOIINX PaboTy, 3HAYUTEIFHO BO3POC B YCIOBUSX OBICTPON MH(pOpMATH3AIMI
obmecTBa M BCEX €ro cdep ACATENBHOCTH. DTO CIOCOOCTBYET —TIOSBICHHIO BCE OOJBINEro 4icia KOMIIAHWH, 3aHMMAIOIMXCS pa3paboTKOi
[POrpPaMMHBIX MPOAYKTOB W HMH(OPMAIMOHHEIX CHCTEM B IenoM. [l oOecredeHns: CHCTEMAaTH3aliy, 0OpabOTKH M HMCIONB30BAHUS ITHX 3HAHMM
HCTIONB3YIOTCSI CHCTEMBI ynpapiieHHs 3HaHMsAMH. OnHa W3 OCHOBHBIX 3anad IT-kommaHuWil - HempepblBHOE OOydeHHe IepcoHana. JTo Tpedyer
9KCIIOPTa KOHTEHTA W3 CHCTEMBI YIPABJICHUS 3HAHWSIMH KOMIIAaHUH B CHCTEMY yIpaBlieHHs oOydeHHeM. OCHOBHas IIeNb HCCIICIOBAHUS - BHIOpATh
AITOPUTM, TTO3BOJISIIONINI PELINTh 3aa4y Pa3METKH TEKCTa cTareil, OJIM3KUX K TeM, KOTOPBIE HCHOIB3YIOTCS B CHCTEMax ynpasiieHus 3HaHusMu 1T-
KoMIaHui. [t TOCTHXKEHUsT ATOM ey HEOOXOMMMO CPABHHUTH Pa3iIMYHbIe METOABI TEMATHUECKON CEerMEHTAl[MU B HaOOpe JaHHBIX C TEKCTaMH IO
KOMITBIOTEpHIM HaykaM. INSPEC - oMH M3 TakuX HAOOPOB JAHHEIX, UCHOJIB3YEMBIX U M3BJICUCHHS KIIOUYEBBIX CJIOB, H B JaHHOM HCCJIEJIOBAHUH OH
OBUT aJanTHPOBaH K CTPYKType HAOOPOB JAHHBIX, UCIIOIB3YEMBIX JJIsi TeMaTudeckoil cermentanuu. Meronsl TextTiling u TextSeg ncnonb3oBanuck
JUISL CPAaBHEHUsSI HEKOTOPBHIX XOPOIIO M3BECTHBIX IOKa3aTeledl HayKH O JaHHBIX M KOHKPETHBIX IOKa3aTesei, KOTOpbIE OTHOCATCS K MpoOieme
cerMeHTaluu Tembl. Takke ObUIa BBeAEHa HOBas OOOOLICHHAs METpHKA I CPAaBHEHHs pe3yJbTaTOB JUIS 3ajaud CerMeHTaluu TeM. Bce
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HPOrpaMMHBIE PeaH3alliy AIrOPHTMOB HAIIMCAHbI Ha sA3bIKE MporpaMMmupoBanus Python n npencrapisior co0oif HAOOP B3aMMOCBSI3aHHBIX (BYHKIIHH.

beimm IOJIYUE€HBI PE3YyJIbTaThl, IIOKA3bIBAIOIIUE MPEUMYIIECTBA METOAA

TextSeg no cpasHenuto ¢ TextTiling npu cpaBHEHHH C HCIONB30BaHHEM

KJIACCHYECKMX METPHMK HAYKH O JAHHBIX M CHELHAIbHBIX METPUK, Pa3pabOTaHHbBIX Ul 3aJ[a4l TeMaTH4YecKoil cerMeHTanuu. Ilo BceM mokasaTensiM,
BKJIIOYAs PEIOKEHHBIN, MOXKHO CIeNaTh BBIBOM, YTO ajuroputM TextSeg paboraer jydmie, yem anroputMm TextTiling Ha amanTupoBaHHOM Habope

TECTOBBIX TaHHBIX Inspec.

KaroueBble ciioBa: Tematnueckas cermentauus, TextTiling, TextSeg, Inspec, UT-koMmaHu#, TEKCTHI 0 KOMITBIOTEPHBIM HayKaM.

Introduction. In the context of the rapid
informatization of society and all its branches, both daily
and professional activities, the demand for the creation of
information systems that simplifies and accelerates work
has greatly increased. This need provokes the emergence
of more and more companies involved in the development
of software products and information systems in general.
Also, at the same time, there is a development of
technologies, working tools in the whole market and the
accumulation of practical experience of individual IT
companies. In order to ensure the systematization,
processing and use of this knowledge, knowledge
management systems are used.

One of the main tasks of IT companies is continuous
training of personnel to improve their qualifications and
ensure greater work efficiency. For this purpose, content
from the company's knowledge management system must
be exported to the learning management system. To export
this content, it must be marked up, which means
segmented into different thematic areas with a specific set
of keywords. In order to segment the text into thematic
sections, it is necessary to solve the problem of topic
segmentation, for which some well-known methods can
be used. These methods have worked well when testing,
mainly on news texts. But the main topics, knowledge of
which is accumulating in IT companies, is computer
science.

The purpose of this work is to compare the
effectiveness of some well-known topic segmentation
methods on a dataset on computer science topics, which
will help in the future to implement an appropriate
component for a knowledge management system when
preparing content for export to a learning management

system.

Topic segmentation methods classification. The
task of topic segmentation is to select from the text those
parts that will describe only certain topics that are
different in nature (the task of linear segmentation) or
those parts that will be different in the degree of
description detailing of a particular topic, in other words,
to highlight some subtopics (hierarchical segmentation
task) [1].

Topic segmentation methods classification is given
on fig. 1.

Some methods use lexical cohesion or similarity
metric that characterizes the similarity degree of some
parts of the text, while looking for areas that are
characterized by the least similarity and are perceived as
segment boundaries or vice versa, group areas that are
characterized by the greatest similarity using clustering
[1]. Examples of these methods are:

e TextTiling (Hearst 1997) [2];

e LCSeg (Galley et al. 2005) that uses lexical
chains and is applied mostly to dialogue data [3];

e some supervised classification approaches
(Georgescul et al 2006) [4];

e Dot-Plotting (Reynar 1994) [5] that is the most
famous one from clustering approaches.

Methods that use generative models involve the
creation of a specific model that characterizes the text
generated as a set of topics, which in turn generate the
original vocabulary characteristic of this topic. Based on
this, if it is possible to distinguish topics from the existing
vocabulary in the text, you can determine the boundaries

of these existing generated topics in the same way
[1]. Examples of these approaches are:

Topic Segmentalion Methods

!

Based on Changes in Content

! l

Based on Distinctive Combined
Boundaries Features Approaches

l

Based on Lexical Cohesion or Similarity Metric

Generaiive Models

Based on

|
: l

Based cn Changes in
Lexical Similarity

Similarity-based clustering

Fig. 1. Topic segmentation methods classification
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e Hidden Markov Models methods (Mulbregt et al.
1999 [6]; Yamron et al. 1998 [7]);

e Latent Concept Modeling (Blei and Moreno
2001) [8], namely the Probabilistic Latent Semantic
Indexing (pLSI) and Latent Dirichlet Allocation methods;

e Compact Language Modeling methods, such as
TextSeg (Utiyama and Isahara 2001) [9] and its
modification with LDA by Eisenstein and Barzilay (2008)
[10].

Evaluation metrics. Many classification problems
use a standard approach based on the calculation of
precision, recall, and F-score metrics. This approach can
be applied to the problem of topic segmentation, but it
does not consider the degree of approximation of the
correct answer from the actual segment boundaries.
Therefore, in order to assess the quality of classification
problems, several other approaches have been proposed
[1].

The first measure was P,, which indicates the
probability of segmentation error, so the value of this
measure can be obtained in the range from 0 to 1 [1, 11].
To calculate the value of Py, the concept of a window the
size of k sentences is used, which moves along the entire
text. The indicative function §,(i,j) is 1 if the sentences i
and j belong to the same segment, and 0 - otherwise. To
determine whether there is an error between the correct
segmentation R and the predicted segmentation H, the
XOR operator is used, which is equal to 1 in the case of
discrepancy of binary operands. Thus, the value of P, is
calculated by the following formula, where N is the
number of sentences, and K is the length of the window [1,
11]:

SN+ k) @ 8r(i i+ k)

D) 1)

Py,
The value of P, has significantly improved the
quality of evaluation compared to classical metrics, but
there are possible situations when either false negative
boundaries or false positive ones go unnoticed [1, 12]. To
solve this problem, a measure WD was proposed, in which
by (i,j) determines the number of boundaries between the
sentences i and j, which was provided by the algorithm.
Based on this value, WD can be calculated as follows [1,
12]:

YFUb G+ k) = br(i i + k)| > 0]

Wb = (N —k)

)

Methods. TextTiling. One of the topic segmentation
algorithms is TextTiling, which involves dividing the text
into  paragraphs depending on their thematic
characteristics. To characterize the thematic structure,
features based on the metrics of lexical co-occurrence
patterns are used. The algorithm itself consists of three
main stages [2]:

o tokenization (and appropriate pre-processing of

the text);

e lexical score determination;

e segment boundaries identification.

The purpose of the first stage (tokenization stage) is

to bring the original data set to a single format, which
includes pre-processing and data filtering. Also important
points of the tokenization stage are bringing all words to
one register, filtering stop words (which are frequent in
the language and do not have any specific thematic
characteristics of the text), as well as bringing words to
the original morphological form (lemmatization). At the
end of the pre-processing, pseudo-sentences containing w
words are formed in order to bring the sizes of sentences
to the same values. The obtained pseudo-sentences are
called token-sequences in terms of the given algorithm
[2].

In the second stage of the algorithm, lexical
similarity metrics are determined for each gap between the
token sequences, i.e. between some blocks of text before
and after the gap. There are several approaches to
determining this value. In the method based on the
comparison of blocks, the general similarity between the
lexical characteristics of adjacent blocks is calculated. The
length of the block is marked as k and is the number of
sentences that are compared with each other and
characterizes the approximate size of the topic segment. If
the gap between certain token sequences is denoted as i,
then the value score(i) is assigned to it. The score(i) value
characterizes how similar the blocks are from the token
sequence i-k to i and from the token-sequence i+1 to
i+k+1. The corresponding blocks are denoted as bl (bl =
{token-sequence (i-k), ..., token-sequence (i)}) and b2 (b2
= {token-sequence (i+1), ..., token-sequence (i+k+1)}).
Based on this, the score(i) value (from 0 to 1) is calculated
by the following formula, where t includes all words that
were processed at the tokenization stage, except all the
stop words, and w,;, denotes the value from the table (in
this case the number of occurrences) for the word t in
block b [2]:

Xt Wt b, Wt,b,

f ' (3)
2t Wtz,bl Xt Wtz,bz

The last third stage of the algorithm is to determine
the boundaries between the segments. For each interval, a
depth score is determined, i.e. it determines how evident
are the signs of topic change between the two sides to the
left and right of this gap. This depth score is calculated as
the sum of the differences between the left and right
similarity values between the largest vertex on each side
of the gap (left and right, respectively) to the value in that
gap. So, the deeper valleys on the diagram get higher
values of this depth score. The depth scores are sort and
boundaries are determined - the higher the value, the more
likely the segment boundary is in this gap [2].

Methods. TextSeg. TextSeg is one of the examples
of generative methods of topic segmentation, the essence
of which is the assumption that the text is generated based
on a certain sequence of topics, which in turn have their
own models of language, i.e. the probabilities of meeting
words. In this case, having such models, segmentation is
performed in such a way as to maximize the likelihood,
calculated from the data from which these language
models were formed. This approach does not use data to
train the model, building language models directly from

score(i) =
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the data for which segmentation is performed [1, 9].
Assume that there is some text composed of n words
(W=w,w, ...w,), while the desired segmentation is
expressed as S=s;S, ...Sp,, Where m is the number of
segments. Suppose that n; is the number of words in the
segment S; and wji defines the j-word in the segment S;,

then W; = wiw} ..wi. Assume that f;(w}) denotes the
is the number

number of words in W; the same as wji; k-
of unique words in W.

To find the most likely segmentation, the cost of
segmentation C(S) has to be minimized. The formula for
calculating C(S) value is expressed as [9]:

c(S) = Z c(wiwi ..wi|n k) =
m n; (4)
ZZ gfl( )+1+logn.

It is possible to use words or individual sentences as
structural units for algorithm. Assume that the sentences
are chosen as structural units, then g; defines the interval
between several adjacent sentences i and i+1. In this case,
it is possible to determine the graph G = <V, E> (V is the
set of vertices, E is the set of edges), where:

V={g;l0<i<n}

E={ejl0<i<j<n} ®)

The edge e;; begins in g; and ends in g;,

respectively.

The algorithm can be divided into 2 stages [9]:

1) calculate the value of ¢;; = c(W; 1 Wiy ... wjn, k)
for all the corresponding edges e;; where 0 <=i <j <=n;

2) find the least cost path between vertices g, and
In-

To find the least cost path, any algorithm that solves
a given problem can be used. For example, an approach
based on dynamic programming, one of which is the
Dijkstra algorithm can be applied [9].

Method adaptation and implementations for
testing. In order to compare the algorithms according to
the given metrics, it is necessary to have their software
implementations, in this case for the TextTiling and
TextSeg methods. The algorithm of the TextTiling method
is shown on fig. 2 and for the TextSeg method on fig. 3.
Models are presented in the UML activity diagram
notation.

The peculiarity of the TextSeg algorithm adaptation
for the problem is the process of creating a matrix of
estimates and its size. The original algorithm involves the
input of text and the creation of a matrix of estimates that
has the size of the number of words in the text. According
to this original version, the boundaries of the segments are
defined, which do not have to be at the end of the
sentence, because they can also be in the middle of the
sentences.

Prepare input

data
[tokenizs,
Token_sequences - array of sequences of size w
Unigue tokens - unique tokens from ail the text
paragraph_breaks - positions of paragraph break tokens
'3
gap_index=1
scores - empty lisi
no X ¥es
tutoff = mean(scores) - stdev(scores) ] 2 asp index zﬁ J’f
= | current k= mi index, k, | k Is) - inde
buu'r:!aims -e;nm fist lenitoken_sequences) ( k= min{gap_in enftoken_seq s} -gap_i )q)
Before_counts =map of word counts in [token_seq[gap_index - current_kj,
- yes token seq[gap index]]
W, after_count =map of word counts In [token_seg[gap_index -+ 1],
N token_seqfgap_index + current_k]]

score_index < |en(scores) < \J/
7 each token in unigue_tokens:
depth_left = difference from peak score to the left numerator += (befare_ent[token] * after_cniftoken])
@ side of score_index gap and scores[score_indeax] before_square_sum += (before_courntsftoken] # 2)

depth_right = difference from peak score to the right after_square sum += (after_counts{toksn] * 2)

side of score index gap and scores[score index] b i =

depth_score = depth_|eft + depth_right \l/

no k yes ‘denominator = sqrt(before_square sum * \
v after_square_sum)
depth_score >= cutoft :
score_indax +=1 =~ { boundaries += i \_numeratoridenominator )

Fig. 2. TextTiling algorithm (algorithm)
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N

Prepare input data {tokenize,
lemmatize)

list_of_c_i - smpty fist

log_n = number of words in test_texts
K = number of unique words in test texts

i=0

edges - empty array of Edge object 0
where Edge(], . W) represents an edge from i to |
with weight = w

|
V

for | and | from 0 to len(test_texts)
edges +=Edge(l, |, list_ot_c_§[1[])

V

sourca =0

N = len(test_texts) +1

graph = Graphiedges, N)

where Graph represents graph containing list of edges with N vertices

|
V
path = shortest _path(graph, source, N) j

where shortest path is a function that finds a shortest path using Dijkstras
algorithm

|
®

b J

] <=len(test_texts) texts - test texts sublist from | to
n_| = number of words In temporary_texts
unique_words_dict - dictionary of all the words
in temporary_texts to its counts

accumulate =0

|
\L,
for each word in each sentence from temporary texts:
acc = Jog{{n_i+ kj/{unigue_words _dic!

1ist_of_c_ij[ij[j] = accumufate

+log_n
j4=1

'”))j

Fig. 3. TextSeg algorithm (algorithm)

Thus, in the given problem solution segment
boundaries should be exclusively within the limits of the
end of the previous sentence. The last available index in
the rows and columns of the estimates matrix will be
equal to the number of sentences fed to the input of the
topic segmentation algorithm.  Element ¢;; of the
estimates matrix corresponds to the segment estimate that
begins before the sentence i beginning and ends after the
sentence j. In the original algorithm, the process of pre-
segmentation into sentences is absent, and that is why the
number of words between the elements of the matrix i and
j in the original algorithm is always equal to one.

It should be noted that in fig. 3 some elements are
highlighted to describe points that show how this
algorithm was adapted.

All software implementations of the algorithms are
written in Python and represent a set of interrelated
functions. In the future, the program code can be
supplemented with logic that will allow deploying the
component for topic text segmentation as a restful web
service for its interconnection with the component of the
knowledge management system.

Results. Inspec Dataset Adaptation. To test the
effectiveness of these algorithms, we need to generate test
data, for which the correct answers must be marked. For
these purposes, in the field of topic segmentation, a large
number of test data sets are used on various topics,
including news broadcasts. However, for the purposes of
this research, it is necessary to use data that are close to
those used for organizations in the field of information
technology. There are several such test data sets on the
subject of computer science, which were created for the
task of forming a set of keywords and phrases. For
example, Inspec consists of 2,000 different abstracts of
articles on computer science, taken from scientific

sources, and related keywords and phrases,

Accordingly, this test data set Inspec was adapted to
the problem of topic segmentation of the text. This uses an
approach similar to that used by Choi in his work and
many others who took the same test data set or adapted it,
based on the same data combination principle to check the
quality of text segmentation according to their thematic
content. The data set used in Choi's work consists of
artificially generated documents based on documents from
the Brown corpus. This approach involves random
selection of a document from the Brown corpus, then the
first 3-11 sentences are taken from this document and
these sentence are perceived as a segment. A combination
of 10 such segments creates a single text in the Choi
dataset [13].

The final data set for testing algorithms consists of
fifty texts, each of which is ten segments long, each of the
segments is one of the abstracts included in the Inspec.
Accordingly, the boundaries of the segments are
considered as a transition between one text from Inspec to
another.

Two approaches to the formation of text units were
used for testing. The first one is that individual sentences
are the input units of the algorithm. The second one is to
combine the individual sentences of each segment into
paragraphs with a maximum length of three sentences. For
example, if the segment consists of 7 sentences, then the
first unit will be 3 sentences long, the second one will be
also 3 sentences long, and the third one will be 1 sentence
long.

Results. Algorithm efficiency comparison. To
determine the efficiency of the algorithms, 5 metrics were
used, namely precision, recall, F-score, P,, WD.
Accordingly, lower values of P, and WD indicate better
results of topic segmentation. A comparison of these
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metrics for algorithms is given in table 1 for the first test
data approach (without combining sentences in para-
graphs) and in table 2 for the second one (with combining
some sentences of the segment in paragraphs).

Table 1 — Metric values comparison for the first test data

approach
Algorithm | Precision | Recall | F-score Py WD
TextTiling 0.2676 0.34 0.2995 | 0.3462 | 0.3973
TextSeg 0.8526 0.74 0.7923 | 0.1082 | 0.1110

Table 2 — Metric values comparison for the second test data

approach
Algorithm [ Precision | Recall | F-score Py WD
TextTiling | 0.5662 | 0.6178 | 0.5909 | 0.3054 | 0.2848
TextSeg 0.9417 | 0.8133 | 0.8728 | 0.0866 | 0.0866

It should be noted that in table 1 and table 2 the
results of TextTiling are given with the parameters w =
30, k = 5, and conservative measure for cutoff (HC). For
better visualization of the results, the algorithms are
compared using histograms for each metric (fig. 4-8).

100% 0.9417
0% 0.8526

80%
70%
60%
50%
40%
0% 0.2676
20%
10%
0%

Sentences

0.5662

Paragraphs

mTextTiling mTextSeg

Fig. 4. Precision results comparison

0% 0.8133
20%

0.74

T0%
60%
50%
40% 0.34
0%
20%
- .

0%

Sentences

06178

Paragraphs

B TextTiling mTextSeg

Fig. 5. Recall results comparison

In order to summarize the results, it was decided to
introduce a new metric that considers each of the above,
namely the F-metric in combination with the error
probabilities of the classifier P, and WD. If this metric is
called Tj,,, then its calculation can be expressed in the
form given in the formula:

1 1 F
<3pk' tawp T T) (6)
Tgen = 100
where P, — P, value in percentage;

WD’ — WD value in percentage;
Fg' — Fg (F-score) value in percentage.

Sentences

Paragraphs

W TextTiling mTextSeg

Fig. 6. F-score results comparison

0.3452
0.2054
03
025
02
013 0.1082
01 0.0266
- Hl ]
o

Sentences Paragraghs

B TextTiing W TextSeg

Fig. 7. Segmentation error probability (P,) results comparison

03373
0.4
035
0.3 0.2843
025
0.2
0.15 0111
01 0.0866
H m
o

Sentences Paragraphs

B TextTiing W Textseg

Fig. 8. Windows diff (WD) results comparison

Each of the metrics, which is generalized in T,
was given the same weighting factor. In this case, the
error probability value was presented in reverse due to the
fact that larger values of P, and WD describe a worse
algorithm, in contrast to the Fj value.

A comparison of this entered metric Ty, for
algorithms is given in table 3 for two different test data
approaches.

Table 3 — Tj,,, values comparison for different test data

approaches
First test data Second test data
Algorithm approach (sentences | approach (paragraphs
level) level)
TextTiling 0.1 0.1972
TextSeg 0.2647 0.2917

To better illustrate the difference in the indicator
Tyen, the results of the algorithms are shown in fig. 9.
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AN APPROACH TO ANALYSIS OF ARCHIMATE APPLICATION ARCHITECTURE MODELS USING
THE SOFTWARE COUPLING METRIC

Applications architecture is the baseline of any organizational activity, which main goal is to provide the executional environment for business
processes in order to deliver products or services to satisfy customer needs and generate revenue. Nowadays, large software engineering projects
always begin with the architecture design phase, despite the waterfall or agile methodology is used by a software development team. Applications
architecture design is the most important and, at the same time, error-prone stage of the whole software engineering project. It is well-known that
design shortcomings made on the design phase may increase drastically to testing and maintenance phases. Further costs to defects fixing may be
hundred times higher in the later project stages in compare to the design stage on which applications architecture is defined. Common system design
solutions, which were proven on practice and used in many projects, are known as architectural patterns. Software architecture patterns are considered
as building block for system implementation. The most popular and efficient way to share architectural patterns are graphical models that used as any
other blueprints of engineering solutions. Applications architecture models are built to represent system design, whereas, such models are already
based on certain patterns as the industry best practices. Hence, in this paper we consider a relevant problem of applications architecture models
analysis, which relevance is defined by those fact that designed blueprints of information systems and other software solutions should be carefully
checked for all presumable inefficiencies in order to avoid extra efforts and related costs for defects fixing in the later project stages. It is proposed to
use ArchiMate enterprise architecture modeling language, since it can be used not only to represent applications architecture, but is connection to
business and technology layers. In order to evaluate applications architecture models, respective ArchiMate metamodel is considered and represented
as labeled directed graph, and coupling software metric is selected for analysis. Sample calculations are demonstrated, obtained results are discussed,
conclusion and future work directions are formulated.
Keywords: applications architecture, software engineering, software design, model analysis, software metrics, coupling metric.

A. M. KOIII, /1. /1. OP/IOBChKHH, /. EPCOHIEEH

MIAXIT IO AHAJI3Y MOJIEJTEA APXITEKTYPH 3ACTOCYHKIB ARCHIMATE 3
BUKOPUCTAHHAM METPHUKH 3B’A3HOCTI IPOI'PAMHOI'O 3ABE3ITEYEHHSA

ApXITEKTypa 3aCTOCYHKIB € OCHOBOIO Oy/b-sIKOI OpraHi3aliifiHOi isTbHOCTI, TOJOBHOK METOIO SIKOi € 3a0e3MeYeHHS CePeIOBHINA s BUKOHAHHSI
0i3Hec-TIpoLEeCiB 3 METOI0 HAaJaHHS NMPOAYKTIB a00 IOCIYT AT 3a{0BOJICHHS ITOTPeO KIIEHTIB 1 OTpuMaHHs npuOyTKy. Ha choropHinmHii JeHb BenHKi
HPOCKTH HPOrpamMHOi iHKEHepil 3aBKIM IMOYMHAIOTHCS 3 (ha3H IMPOCKTYBAHHSA apXIiTEKTypH, HE3BaXAIOYM HAa Te, IO KOMaHJa PO3POOHHMKIB
MPOrPaMHOTo 3a0e3MeUeHHs] BUKOPUCTOBYE BOAOCIAA ab0 kK THYYKYy MeTOHoJorifo. [IpoekTyBaHHs apXiTEKTypH 3aCTOCYHKIB € HAWBAXJIMBILIHNM i,
BOJIHOYAC, HAHOIBII Bpa3IMBMM JIO TIOMUJIOK €TAallOM YChOTO MPOEKTY 3 PO3pOOKM MporpaMHOro 3abesneueHHs. J{oOpe BiIoMO, IO 3HAYYIIICTh
HENIOJIKIB, IPHUITYIIEHUX Ha €TaIl MPOEKTYBaHHS, MOXKE Pi3KO 301IbIIMTHCS IPH IEPEXO/Ii 10 eTaliB TECTYBaHHs Ta cynpoBony. [loganbuni BUTpaTH Ha
BHUIPaBICHHS ne()EeKTIiB MOKYTh OYTH Y CTO pa3iB BHIIUMH Ha OiNbII Mi3HIX CTAIisX MPOEKTY, HIXK Ha €Tami MPOEKTYyBAHHSI, HA SIKOMY BU3HAYAETHCS
apXxiTeKkTypa 3acTocyHKiB. [lommpeni pimeHHs 3 MPOEKTyBaHHS CHCTEM, SIKi TepeBipeHi Ha MPAKTHUIi i BUKOPHCTOBYIOTBCS B 0araTthoX INPOEKTAX,
BiIOMI SIK apXiTeKTypHi mabnonu. 111abnoHM apXiTeKTypH MPOTPaMHOrO 3a0e3NeueHHs] PO3IIANaloThes K OyaiBenbHI OMOKM 1S peanizauii yciel
cuctemu. HalinonynsipHium i epeKTHBHUM crioco00M 00MiHY apXiTEeKTYpHHMH LIa0JIOHAMU € rpadiuHi MOJIEN, IKi BAKOPUCTOBYIOThCA SIK 1 Oyab-sKi
IHII KpecIIeHHs iHKeHEepHUX pileHb. Mofielnti apXiTeKTypH 3aCTOCYHKIB CTBOPEHI JUISl IPEICTABIICHHS MPOEKTIB CHCTEMH, TIPUYOMY TaKi MOJIENI Bike
0a3yroThCS Ha EBHUX IIA0JIOHAX SK HAaHKpAIUX rajly3eBUX npakTtukax. Omke, B JaHiil poOOTi po3riIsiaaeThesl akTyallbHa MpodieMa aHai3y Mojenen
ApXITEKTYpH 3aCTOCYHKIB, BaXIIMBICTh SKOi BH3HAYAETbCS THUM, IO PO3POOJEHI MPOEKTH iH(OpPMAliHHUX CHCTEM Ta IHIIMX MPOTPaMHUX PillIeHb
TIOBHMHHI OyTH pETENTbHO NepeBipeHi Ha HasBHICTh yCiX iMOBIpHIX HeeeKTHBHMX PIillleHb I TOTO, 00 YHUKHYTH JOJJATKOBUX 3yCHIIb i TOB’SI3aHUX
3 UM BUTpAT, CHPSIMOBAHHX Ha YCYHEHHs Ie(eKTiB Ha Mi3HIX cTamisx mpoekTy. [IpomnoHyeThesi BUKOPUCTOBYBATH MOBY MOJCITIOBAHHS apXiTEeKTYpH
nianpuemctBa ArchiMate, ockiIbKY ii MOKHA BUKOPHCTOBYBATH JUISl TIPEJCTABICHHS HE TUIBKH apXiTEKTypH 3aCTOCYHKIB, a i 11 3B’3KYy 3 piBHAMH
Oi3Hecy Ta TexHosorid. [l aHamizy Mojeineil apXiTeKTypH 3aCTOCYHKIB Oyna po3IVIsIHyTa BinmoBigHa meramonens ArchiMate ta 3xificHeHo i
MOJAaHHS y BHIVISII PO3MIUYEHOTO OpIEHTOBAHOrO rpada, a TakoX Ui aHamizy OyJao oOpaHO METPHKY 3B’SI3HOCTI MPOrpaMHOTO 3a0e3neyeHHs.
IIpoieMOHCTPOBAHO TPUKIIAA PO3PAaXyHKIB Ta MPOAHANI30BaHO OTPUMAHI Pe3yabTaTH, CHOPMOBAHO BUCHOBKU Ta BH3HAYCHO HANPSIMKH MOAAIBIIOL
poboTHu.

KurouoBi cjioBa: apXiTekTypa 3aCTOCYHKIB, IPOrpaMHa iHXKEHepis, MPOEKTYBaHHS MPOTPaMHOrO 3a0e3NeyYeHHs, aHali3 MOJeied, METPUKU
MPOrPaMHOT0 3a0€3MEUeHHS, METPUKA 3B’ I3HOCTI.

A. M. KOIII, /1. )I. OP/IOBCKHH, /. 9PCOH/IEEH

MOJIXO0/ K AHAJIN3Y MOJIEJIEM APXUTEKTYPbI IIPUJIOKEHUI ARCHIMATE C
HCITIOJBb30BAHUEM METPUKHU CBA3AHHOCTHU NTPOI'PAMMHOI'O OBECIIEYEHUA

ApXUTEKTYypa MPUIOKEHUH SBISIETCS OCHOBOW JF0O00M OpraHU3allMOHHON JAEATENbHOCTH, TIIaBHOM 1IENIBI0 KOTOPOIl SIBISIETCS 0OECTIeueHne CPebl ISt
BBITIOJIHEHNST OU3HEC-TIPOLIECCOB C LIENBIO NPEAOCTABICHNS MIPOAYKTOB WIIM YCIYT IS YIAOBJICTBOPEHHUS OTPEOHOCTEN KINEHTOB M MONYYEHUS IPH-
Obum. Ha ceromHsamnmii eHb KPyNHBIe IPOEKTHl IPOTPAMMHOI HH)KCHEPHH BCETa HAYMHAIOTCS C (has3bl MPOEKTUPOBAHHS apPXUTEKTYPhl, HECMOTPS
Ha TO, YTO KOMaH/a pa3pab0TINKOB MPOrpaMMHOr0 00ecIedeH s HCIOIb3yeT BOAOMNA MK Jke THOKYI0 MeTogonoruio. [IpoekTHpoBaHHe apXUTEKTY-
PBI TIPHIIOKEHUH SBISIETCS BAKHEHIIMM M OJJHOBPEMEHHO HAMOOJiee YSI3BUMBIM K OIIMOKaM 3TAIlloM BCEro MpOeKTa IO pa3paboTke MpOrpaMMHOrO
obecmeueHus. XOpOIIO H3BECTHO, YTO 3HAYMMOCTh HEJOCTAaTKOB, IPEAINONAracMbIX Ha dTale NMPOEKTUPOBAHHS, MOXET PEe3KO YBEIHIHUTHCS NPU
mepexofie K dTanaM TeCTHPOBAHUS U CONPOBOKACHUS. JlanpHeiue 3aTpaTsl Ha yCTpaHeHHe Ae(peKTOB MOTYT OBITh B CTO Pa3 BBIIIE Ha Ooee MO3IHUX
CTaausX MPOEKTa, YeM Ha 3Tale MPOEKTUPOBAaHMS, Ha KOTOPOM OIpeNeNseTcs apXUTEKTypa IpuWIokKeHHH. PacrpocTpaHeHHblE pelIeHus I10
MIPOEKTUPOBAHHIO CHCTEM, IIPOBEPEHHBIX HA MPAKTUKE H HCIOIb3yeMBIX BO MHOTHMX IPOEKTAX, U3BECTHBI KaK apXHTEKTypHbIe MIa0IoHbL. 111abmoHbI
aPXUTEKTYPhI IIPOIPAMMHOTO OOECIIEUEHHUs] PACCMATPUBAIOTCS KaK CTPOHUTENbHBIC ONOKH IS peanu3aluu Bced cucTeMbl. CaMbIM IOMYISPHBIM U
3 (EKTUBHBIM CIIOCOOOM OOMEHa ApXUTEKTYPHBIMH HIA0JIOHAMH SIBISIOTCS TpaMuecKue MOJENH, KOTOpble UCHOJIB3YIOTCS KaK M JI00bIe Ipyrue
YepTEeXKU HHKCHEPHBIX pelIeHHH. Momemn apXUTEeKTyphl NPUIOKSHUH MpeJHA3HAUCHBI NI HPEICTAaBICHUS NPOEKTOB CHCTEMBI, IPHYEM TaKHe
MozienH yxe 0a3upyloTcsl Ha ONpeleleHHbIX Ma0iIoHaX KaK JTydIIMX OTPAcieBBIX ImpakThkax. ClemoBaTelbHO, B JaHHOH paboTe paccMaTpHBAaeTCs
aKTyaJbHasi TpoOjeMa aHalu3a MOJENel apXUTEKTYphl HPHIOKCHMI, BaKHOCTh KOTOPOH OINpENEeNsercs TeM, 4YTO pa3pabOTaHHBIC MPOEKTHI
MH()OPMALOHHBIX CHCTEM M JPYTHX HPOTPAaMMHBIX PEHICHUH JOJDKHBI OBITh TIIATEIHHO IIPOBEPEHBI HA HAIMYHE BCEX BEPOATHBIX HEI(P(EKTUBHBIX
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PpelIeHHUIT U1 TOTo, 4TOOBI M30€KaTh JJOMOIHUTEIBHBIX YCUIIMIT U CBA3aHHBIX C 3TUM PACXOJIOB, HANIPABICHHBIX HAa YCTPAHEHHUE JS(EKTOB Ha MO3IHUX
cTaausx npoekTa. [Ipennaraercs HCIONB30BATH SI3BIK MOJCTUPOBAHMS apXUTEKTyphl npeanpusatust ArchiMate, MOCKOIBKY €ro MOXHO HCIIONB30BaTh
JUIS TIPEACTABJICHHUS HE TOJBKO apXUTEKTYPhl NPUIOKEHUH, HO U €€ CBA3U C YPOBHAMM OM3Heca W TexHojoruil. /s aHanu3a Mozeneil apXuTeKTypbl
MPUIOKEHHH ObUIa PaccMOTpeHa COOTBETCTBYOIAs Meramopenb ArchiMate u OCyLIeCTBICHO ee NpPEACTABICHHE B BHIC Pa3MEUYSHHOTO
OPHEHTHPOBAHHOTO Tpada, a Taroke JUIsl aHanu3a ObUIa BEIOpaHa METPHKA CBSI3aHHOCTH IIPOrpaMMHOrO obecriedeHus. IIpogeMoHCTpupoBaH mpuMep
pacyeToB M IPOAHATN3UPOBAHBI MIOJIyYCHHbBIC PE3YJIbTaThl, CHOPMUPOBAHBI BEIBOIBI M ONPE/ICIICHBI HAIIPABIICHUS JaJIbHEHIIeH paboThl.

KuroueBble c10Ba: apxXuTeKTypa NPUIOKEHUH, IPOrpaMMHas MHXEHEPHs, IPOCKTUPOBAHUE IPOIrPAMMHOI0 00CCIICYEHH s, aHAIIN3 MOJIEIICH,

METPUKHU ITPOTrPaMMHOT'O O6BCHC‘{GHI/I$[, METpHKa CBA3aHHOCTH.

Introduction. Application architecture designs can
be evaluated to ensure that quality attributes are met. Pre-
implementation architectural approaches are used by
system architects during the initial design and preparation
stages before actual implementation begins. In contrast to
implementation-oriented architecture compliance appro-
aches, it is assessed whether the implemented system
architecture matches the intended system architecture.
Architectural conformance approach evaluates whether
the implemented architecture is consistent with the
proposed architecture specification and the objectives of
the proposed architecture [1].

Architectural styles, approaches, or techniques are
used within the software system design process to
evaluate the software architecture in the pre-imple-
mentation phase. Approaches or techniques are design
decisions that affect the control of the quality attribute
response. Architectural styles or patterns describe the
structure and interactions between system components [1].

There are software architecture methods in the
systems design based on their quality attributes, such as
Attribute Driven Design (ADD) [2] (see fig. 1).

¢

Step 1. Confirm there is sufficient requirements
information

Step 2. Choose an element of the system
to decompose

(Step 3. Identify candidate architectural drivers

¥

[Step 4. Choose a design concept that 5ati5fies)
r

the architectural drivers

Step 5. Instantiate architectural elements and allocate
responsibilities

[Step 6. Define interface for instantiated elements)

Step 7. Venfy and refine requirements and make them
constrains for instantiated elements /

Fig. 1. ADD method steps [9].

The ADD method is an approach to the definition of
software architecture, in which the design process is based
on software quality attributes. ADD complies with the

recursive design process that decomposes the system or
system element by applying the architectural tactics and
models that satisfy its driving requirements. As shown in
fig. 1 above, adding essentially follows the “plan, do, and
check” cycle [3]:

o plan: quality attributes and design constraints are
considered to select which types of elements will be used
in the application architecture;

e do: elements are instantiated to satisfy quality
attribute requirements (also referred as nonfunctional
requirements) as well as functional requirements;

e check: the resulting design is analyzed to
determine if the requirements are met.

This process is repeated until all architecturally
significant requirements are met.

Also there are methods for assessing the conformity
of quality attributes to software architecture design, such
as the Architecture Tradeoff Analysis Method (ATAM)
[4] (see fig. 2).

PHASE I: Scenario & )

. (" PHASE II: Architectural
Requlrements

auer Views & Scenario
athering Realization

tm”en SEendnos Describe Architectural Views J

Collect Requirements, 3 h
Constraints, Environment J \r_ieallze SGENanos

|
| |

(PHASE IV: Tradeoffs } [ PHASE Ill: Model Bundmg]

& Analysis
Identify Sensitivities Y
Identify Tradeoffs

J @ttribute Specific Analyses )

Fig. 2. ATAM method steps [11].

ATAM is a method for evaluating architecture-level
designs that considers multiple quality attributes such as
modifiability, performance, reliability and security in
gaining insight as to whether the fully fleshed out
incarnation of the architecture will meet its requirements.
The method identifies trade-off points between these
attributes, facilitates communication between stakeholders
(such as user, developer, customer, maintainer) from the
perspective of each attribute, clarifies and refines
requirements, and provides a framework for an ongoing,
concurrent process of system design and analysis [5].

Problem statement. It is well known that different
architectural  solutions have their strengths and
weaknesses, which may affect development, testing, and
maintenance stages of a software system. Therefore, the
problem of applications architecture models analysis
become relevant, since designed blueprints of the software
system should be carefully checked for all presumable
inefficiencies in order to avoid extra efforts and related
costs for defects fixing in the later project stages.
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This study aims on detection of strong and weak
spots of software design solutions by analyzing
applications architecture models. Research objective
includes the process of applications architecture models
analysis. Research subject considers the method for
applications architecture models analysis. In order to
achieve research goal, there should be selected
applications architecture modeling language, defined its
metamodel, and proposed measures for structural analysis
of designed models.

Materials and methods. Methods ADD and ATAM
follow a recursive process based on the quality attributes
that the system must meet. At each stage, techniques and
architectural patterns (or styles) are selected in case they
satisfy certain qualities [1].

More holistic approach to architecture design and
analysis (fig. 3) is proposed by the TOGAF (The Open
Group Architecture Framework) [6]. The Architecture
Development Methodology (ADM) is used to develop
enterprise architecture (EA), which meets the needs of the
organization of business and information technologies

(IT).
?

Strategy & Motivation
Preliminary e
H. Architecture Change Management
A Architecture Vision

Core Layers

B. Business Architecture A
C. Information Systems Architecture
D. Technology Architecture y

Implementation & Migration
E. Opportunities and Solutions

F. Migration Planning

G. Implementation Govemance

Fig. 3. TOGAF ADM method steps [13].

TOGAF is a mature approach for enterprise
architecture and framework used by leading world
organizations to improve business efficiency. This is the
most outstanding and reliable architecture of the enterprise
to ensure consistency of standards, methods and
communications between professionals of the enterprise
of architecture. Professionals working in TOGAF
standards enjoy a higher sectorial reputation, efficiency
and career capabilities. TOGAF helps practitioners, avoid
entering patented methods, achieve more efficient use of
resources and achieve a higher return on investment [6].

IT (Information Technology) architecture should
carefully reflect the business goals of the organization. In
fact, specific technologies (business scenarios) should be
used to ensure that it is to correctly understand the
business goals and are reflected in the IT architecture
designed using TOGAF [6].

ADM is the result of a constant contribution of a
large number of practicing architecture in the following
goals [6]:

~\

e it describes a method for developing and
managing the life cycle of EA and forms the TOGAF
core;

e it can be configured in accordance with the needs
of the organization, and then used to implement measures
for planning the management system structure.

Even though TOGAF ADM is not that different from
the previously considered ADD and ATAM approaches,
especially considering the cyclic nature of all of referred
methods including ADM, it has significant advantages:

e ADM considers business architecture, strategy,
and implementation activities, focusing not only on the
software quality and functional attributes, but also taking
into account the real business needs of customers
therefore providing more holistic and reliable approach to
application and IT architecture development;

e ADM could be formalized using the architectural
modeling language proposed by TOGAF — ArchiMate [7].

In order to ensure a single presentation of
architectural descriptions, the ArchiMate modeling
language was developed, offering an integrated approach
to the description and visualization of various
organizational  regions, their  relationships  and
dependencies. The aim of the ArchiMate project is to
provide architects to support tools and improve the
process of developing an enterprise architecture.
Currently, ArchiMate is the Open Group standard.
Organizational areas in ArchiMate are associated with the
help of a service-oriented paradigm, where each layer
provides the functionality of the preceding layer in the
form of services. As a formal language of visual design,
ArchiMate supports different points of view for individual
stakeholders, and is quite flexible for subsequent
expansion. For example, for a more complete covering of
the TOGAF methodology, in the second version of the
ArchiMate language, were introduced new viewpoints —
Motivation Extension and Implementation and Migration
Extension (see fig. 3) [7].

Metamodel of ArchiMate active  structure
applications architecture elements, as well as their inter-
relationships are demonstrated in fig. 4. All of the propo-
sed elements and relationships are sufficient to design
application and IT architectures.

@Application Collaboration

T
|rI

aggregates v {Z

Application Internal|
Active Structure
Element

W

i
T realizes

@Application Component )

Fig. 4. Metamodel of ArchiMate active structure applications
architecture elements [8].
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In general ArchiMate metamodel [8] includes two
main types of elements:

e structure elements that can be subdivided into
active structure elements and passive structure elements:
active structure elements can be further subdivided into
external active structure elements (also called interfaces)
and internal active structure elements;

e Dbehavior elements that can be subdivided into
internal behavior elements, external behavior elements
(also called services), and events.

Let us clarify on this ArchiMate behavioral and
structural building blocks [8], [9]:

e active structural elements to which interfaces as
external active structure elements (e.g. application and
generic or domain-specific internal active structure
elements (e.g. application components) belong;

e behavior elements include services as external
behavior elements (e.g. application services) and generic
or domain-specific internal behavior elements (e.g.
application functions);

e passive structure elements are structural elements
that cannot perform behavior, they are often information
or data objects, but they can also represent physical
objects.

Results. Since ArchiMate language has its own
specification and metamodel, architectures of application
and IT systems described using this language could be
formally described.

Generic framework for EA modeling [9] focused on
behavior, active structure, and passive structure elements
demonstration is shown in fig. 5.

Behavior Active

—_
Application Service

_O
Application Interface

s
“q

A g]
[Application Function/r 4 Application Component

Passive
: « Composition
- o Assignment
i 7 Realization
Data Object T ACCess

Fig. 5. Essential ArchiMate cross-layer reference model [9].

Outlined reference model demonstrates not only
elements of different prospects (passive structure and
behavior) together with active structure elements men-
tioned in fig. 4 earlier, but also possible types of rela-
tionships between such elements (e.g. composition,
assignment, realization, and access) [8], [9].

In general ArchiMate model could be formally
described using the following tuple [10]:

AM =(V,E,C,R,vc,er), (D)

here V —is the set of vertices (define and describe
architectural elements of applications and IT);

E c V xV —is the set of edges (define and describe
relationships between architectural elements);

C —is the set of types of architectural elements
defined by the ArchiMate metamodel;

R —is the set of types of relationships between
architectural elements;

vc:V — C —is the function that maps types of
architectural elements to the vertices of the graph AM (1);

er:E - R —is the function that maps types of
relationships to the edges of the graph AM (1).

Hence, using this reference model (see fig. 5) and
equation (1) for the first time shown in [10], we can easily
apply software metrics to evaluate applications architect-
ture models given in ArchiMate language.

A software coupling measure reflects the strength of
interconnection  between modules by considering
incoming and outgoing connections [11]. As we know
from software engineering basics [12]:

o “weak” or “low” coupling is a feature of
software components that have small amount of external
connections (both incoming and outgoing), since they
autonomously solve distinct tasks, being efficient for
modification, re-using, and testing; “low” coupling is a
property of well-structured and properly designed system;

e “strong” or “high” coupling in contrast could be
considered as a serious shortcoming; “high” coupling is a
of bad-structured and poorly designed systems, which are
hard for understanding and modification, while distinct
components cannot be autonomously tested and re-used.

Therefore, we can formulate the following equation
in order to calculate coupling of each applications
architecture components:

1
,V E
1+ dip(v) + doye(v)

Cw)=1- v, (2)
here d;,(v) — is the number of incoming connections of a
certain architecture component v € V;

dgy: (v) — is the number of outgoing connections of a
certain architecture component v € V.

Proposed metric (2) ranges approximately from 0 for
“weak” coupling, see fig. 6, to 1 for “strong” coupling, see
equations (3) and (4).
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Fig. 6. Minimum of C(v) with d;,(v) = 0 and dy,;(v) =0
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Let us also provide the following generalized metric
that could be used in order to measure coupling of the
whole applications architecture rather than for a distinct
software component at is done by (2):

1
Cavg = m ’ Z C(),Cnax = IBSVX Cw), (5)

VeV

here C,,4 — is the generalized coupling measure that can
be used if compensation of certain poor-structured
application components of “high” coupling by other well-
structured application components of “low” coupling is
allowed:;

Cmax — 18 the generalized coupling measure that can
be used if compensation of bad applications architecture
decisions by good ones as it is mentioned above for Cy,,
is denied to achieve modifiable, maintainable, and re-
usable software systems.

As well as (2), proposed generalized metric (5)
ranges approximately from 0 for “weak” coupling to 1 for
“strong” coupling of the whole applications architecture.

In order to verify proposed coupling metrics, let us
analyze web presentation patterns presented in Martin
Fowler’s “Catalog of Patterns of Enterprise Application
Architecture” [13]:

e Model View Controller (MVC);

Page Controller (PC);

Front Controller (FC);
Template View (TPV);
Transform View (TFV);
Two-Step View (TSV);
Application Controller (AC).

Results obtained for each of these web presentation
enterprise application architecture patterns are shown in
table 1 below.

Table 1 — Coupling of web presentation patterns.

Pattern | Size | Min.C(v) | Max. C(v) | Avg. C(v)
MVC 3 0.67 0.80 0.71
PC 3 0.00 0.80 0.49
FC 4 0.00 0.86 0.21
TPV 3 0.00 0.67 0.44
TRV 3 0.00 0.67 0.44
TSV 5 0.00 0.80 0.43
AC 4 0.67 0.80 0.70

Analysis and discussion. According to the obtained
results (see table 1 above), the “Model View Controller”
web presentation pattern demonstrates the ‘“highest”
coupling, while the “Front Controller” web presentation
pattern (which is considered as implementation of MVC
pattern) shows the “lowest” coupling among application
architecture components.

Therefore, the “Front Controller” pattern could be
recommended as the best solution for enterprise web

application architecture design because of its low coupling
and, hence, better modifiability, maintainability, and re-
usability.

Obtained results are proved by almost twenty years
of MVC and, in particular, FC dominance in enterprise
applications development (see table 2) thank to its concept
of never mixing data with presentation.

Table 2 — MVC-based development frameworks support [14].

Language Frameworks

PHP Codelgniter, Laravel, Symfony, Yii, Zend etc.
Java Spring

Python Django, Flask

JavaScript Angular, Express, React etc.

NET ASP.NET, Silverlight

Conclusion and future work. In order to
summarize, we need to state that ADM and ArchiMate
language are more preferable ways to describe and
analyze software application and IT system architectures
rather than ADD and ATAM methods, since the TOGAF
baseline of ArchiMate considers all of the valuable
aspects of customer’s business giving more holistic
description that takes into account not only software
attributes, but also their connections to the goals and
strategy of a particular organization, which requires
improvement through IT services implementation.

Introduced formalisms (1), (2), and (5) could be used
to process ArchiMate models metadata in order to analyze
applications architecture domain models, identify poorly-
designed architecture fragments, and resolve inefficiencies
in order to avoid further software implementation, testing,
and maintenance errors, as well as related expenses caused
by “strongly” coupled application components that cannot
be properly modified, tested, and re-used [12].

Moreover, graph-based description of applications
architecture models allows to use propagation cost
analysis (i.e. which percent of all IT landscape will be
affected by error fixing or other re-design efforts) used
earlier in [15] for business architecture.

Future work in this field includes extension of the
proposed approach in order to consider other ArchiMate
enterprise architecture domains, such as business and
technology layers, as well as information technology
design and development in order to implement proposed
approach as a tool for practicing system and software
architects, researchers, and other stakeholders.
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M. M. KOZULIA, V. V. SUSHKO

DETERMINE RECOMMENDATION SYSTEMS TO SEARCH FOR BOOKS BY PREFERENCES OF
WEB USERS

Currently, the question of state, formation and development of the information source interaction system, the scientific interaction and users' requests
in certain fields of activity remains relevant under the conditions of the development of the use of Internet services. Recommendation systems are one
of the types of artificial intelligence technologies for predicting parameters and capabilities.
Due to the rapid increase in data on the Internet, it is becoming more difficult to find something really useful. And the recommendations offered by the
service itself may not always correspond to the user's preferences. The relevance of the topic is to develop a personal recommendation system for
searching books, which will not only reduce time and amount of unnecessary information, but also meet the user's preferences based on the analysis of
their assessments and be able to provide the necessary information at the right time. All this makes resources based on referral mechanisms attractive
to the user. Such a system of recommendations will be of interest to producers and sellers of books, because it is an opportunity to provide personal
recommendations to customers according to their preferences.
The paper considers algorithms for providing recommender systems (collaborative and content filtering systems) and their disadvantages.
Combinations of these algorithms using a hybrid algorithm are also described. It is proposed to use a method that combines several hybrids in one
system and consists of two elements: switching and feature strengthening. This made it possible to avoid problems arising from the use of each of the
algorithms separately.
A literature web application was developed using Python using the Django and Bootstrap frameworks, as well as SQLite databases, and a system of
recommendations was implemented to provide the most accurate suggestion. During the testing of the developed software, the work of the literature
service was checked, which calculates personal recommendations for users using the method of hybrid filtering. The recommendation system was
tested successfully and showed high efficiency.

Keywords: Artificial intelligence, Recommendation system, Collaborative filtration, Content filtration, Hybrid algorithm, literary service, web
application, switching, feature enhancement.

M. M. KO3YJIA, B. B. CYILLIKO

BU3HAYEHHSI PEKOMEHJALIIMHAX CACTEM JIJIS1 HOIIYKY KHUI 3A YIIOJOBAHHSIM
BEBKOPUCTYBAYIB

B naHwmit yac muTaHHA MPO CTaH, (OPMYBAHHS i PO3BUTOK CHCTEMH B3aeMOMIl ukeper iH(opmarlii, HayKoBOI B3a€MOJIi i 3amUTiB KOPUCTYBayiB B
OKpeMHX cepax AisTTbHOCTI 3aHIIAEThCS aKTYalbHUM B YMOBaX PO3BHUTKY BHKOPUCTaHHS iHTepHET-cepBiciB. PekoMeHpamiiiHi cucteMu — OIMH i3
BUJIIB TEXHOJIOTIH IITYYHOTO IHTENEKTY JUIS epe0aueHHs TapaMeTpiB Ta MOXKIIMBOCTEH.
UYepes cTpiMke 301IbIICHHS JaHUX B MEPEXi [HTepHET cTae CKIaaHIIIe 3HANTH [I0Ch CIIPaBAi KOPHCHE. A PeKOMEH/IAL], 110 IPOMOHYE CaM CepBic, He
3aBKAM MOXKYThb BIAIOBIiZAaTH BMOZOOAHHSM KOPUCTYBa4ya. AKTYaIbHICTh TEMH MOJSITAE B TOMY, 100 PO3POOHTH MEPCOHAIBHY PEKOMEHIAL[NHHY
CHCTEMY TMONIyKy KHHUT, IO HE TiIbKM 3MEHINMTh YacOBi BUTpaTH Ta KiNbKiCT HEMOTpiOHOI iH(opMmamii, a i BiAmoBizaTEMe BIOKOOAHHAM
KOpUCTyBaua Ha OCHOBI aHali3y iX OILIHOK Ta 3MOXKE HaJaTh HEoOXigHy iHpopMalilo B moTpiOHMil yac. Bce 1ie poOUTH pecypcu, 3acCHOBaHI Ha
pPEeKOMEHAAIIMHIX MeXaHi3MaX, MPUBAOIMBUMY JJIs1 KOpHCTyBaya. Taka cucrema peKOMEHAALiil 3alikaBUTh BUPOOHUKIB Ta MPOAABIIB KHUT, 00 Iie
MO>XKITUBICTh HaJIaBaTH NEPCOHATBHI PeKOMEHMAIIT KIIiEHTaM 3a 1X BIOJXOOAHHIMY.
VY CTaTTi pO3rIANAIOTECS aNrOPUTMHU HAJIAaHHS PEKOMEHIALIHNX cucTeM (KoJabopaTHBHA Ta KOHTEHTHa cucteMu (inbrpaniid) i ix Hemomiku. Takox
onucaHi KOMOIHALIl WX aJrOPUTMIB 3 BUKOPHUCTAHHSAM TiOPHAHOTO anroputmy. IIpONOHYeThCS BUKOPHUCTOBYBATH METOJ, SIKUil 00'€lHYe KinbKa
riOpH/IiB B OHY CHCTEMY i CKIaJaeThCsl 3 ABOX €IEMEHTIB: IEPEMHUKAHH 1 TOCHIICHHS 03HaK. Lle 103BONMII0 YHUKHYTH Ipo0iIeM, 0 BUHUKAIOTE IIPU
BHUKOPHCTAaHHI KOYKHOTO 3 aJITOPUTMIB OKPEMO.
Byno po3pobieno nitepatypHuii Bebmonarok 3a gornomororo Python i3 3actocyBanusM ¢peiimBopkiB Django Ta Bootstrap, a Takox 6a3 nanux SQLite,
1 BIPOBADKEHO IO CHCTEMY pPEKOMEHIAIM U HaJaHHS HAWOUIBII TOYHMX NPOMNO3MIIHA. Y XOIi TecTyBaHHS PO3POOJIEHOro HPOrpaMHOIO
3a0e3neyeHHs OyJ0 MepeBipeHo poOoTy JITEPaTypHOTO CEpBiCy, IO PO3PAXOBYE MEPCOHANBHI PEKOMEHIANii sl KOPUCTYBayiB, BUKOPUCTOBYIOUH
Metoz ribpuasoi ¢inbrpamnii. PekoMeHnamiiiHa cucteMa mpoIiIia TeCTyBaHHS YCIIIIHO Ta MI0Ka3aia BUCOKY e(EeKTHBHICT.

KarodoBi cioBa: ImTydHMH iHTENeKT, cHCTeMa peKOMEHAamii, crmimbHa QibTpariis, KOHTEHTHa OinbTpamis, TiOpUIHMN aITOPHTM,
JITepaTypHU cepBic, BeOJ0IATOK, MEPEMUKAHHS, TOCUICHHS O3HAaK.

M. M. KO3YJIA, B. B. CYIIIKO

OINNPEAEJIEHUE PEKOMEHIALIMOHHBIX CUCTEM UISI IIOUCKA KHUTI 11O
MPEJANOYTEHUIO BEBITOJIb30BATEJIENA

B HacTosimee BpeMsi BONPOC O COCTOSIHUHM, (OPMHPOBAHHUM M Pa3BUTHH CHUCTEMbl B3aUMOJECWUCTBHS HCTOYHUKOB HMH(POpMALUK, HAYYHOTO
B3aUMOJICHCTBHS M 3alpOCOB MOJb30BaTENCH B OTACIBHBIX cepax ACATENFHOCTH OCTACTCS aKTyalbHBIM B YCIOBHSX Pa3sBUTHUS HCIOJIB30BAHUS
HMHTEPHET-CEPBUCOB. PeKoMeH1aTeNbHbIE CUCTEMBl — OJIMH W3 BHJOB TE€XHOJIOTMH MCKYCCTBEHHOI'O MHTEIIEKTa JUIS MpPEACKa3aHus MapamMeTpoB U
BO3MOXHOCTEH.

W3-3a CTpEeMUTENFHOTO YBENMUYCHUS! JAHHBIX B CETH VIHTEPHET CTAHOBHUTCS CIOKHEE HAWTH YTO-TO JACHCTBUTENBHO IMOJE3HOE. A PEKOMEHIaluH,
KOTOpBIE TIpEe/iaraeT caM CepBHC, HE BCErJa MOTYT COOTBETCTBOBATH MPEINOYTEHHSM IT0Jb30BATENs. AKTYalbHOCTh TEMBI COCTOMT B TOM, YTOOBI
pa3paboTaTh NEepPCOHATBHYIO PEKOMEHIATENBHYIO CUCTEMY ITIOMCKA KHUT, KOTOpasi HE TOJILKO YMEHBIIUT BPEMEHHBIE 3aTPAThl U KOJTMYECTBO HEHYKHOM
uHpOpManuKM, HO M OyIeT COOTBETCTBOBATh IIOJIb30BATEIBCKHM MPEINOYTCHUSIM HAa OCHOBE aHAllM3a WX OLEHOK M CMOXET NPEeIOCTaBUTh
HEeoOXOMMYIO MH(OPMAIMIO B HY)KHOE BpeMs. Bce 3To fenmaer pecypchbl, OCHOBaHHbBIE Ha PEKOMEHIATENbHBIX MEXaHH3MaX, IPHBIICKATEIbHBIMH JUIs
mojb3oBartens. Takas cucTeMa PeKOMEHIALNi 3aMHTEPECyeT MPOM3BOAUTENEH M MPOJABLIOB KHMT, MIOTOMY YTO 3TO BO3MOXKHOCTH IPEIOCTABIISTH
MePCOHAJbHBIC PEKOMEH/IAIIMH KJIMEHTaM MO MX MPEINOYTEHHUSIM.

B cTaThe paccMaTpUBAIOTCS ATOPUTMBI MPEOCTABICHUS] PEKOMEHIATENBHBIX CHCTEM (KOJUTabOpaTUBHAs U KOHTEHTHAs CHCTEMBI (GMIbTpaLyii) U HX
HenmocTaTku. Tarke OnmMcaHbl KOMOMHAIMM STHUX aJTOPUTMOB C MCIIOJIB30BaHMEM THOpuaHOTO anroputMma. [Ipemnaraercss MCHoONb30BaTh METOZ,
00BEAMHSIONIMN HECKOIBKO TMOPHIOB B OJJHY CUCTEMY M COCTOSILIHUI U3 BYX 3JIEMEHTOB: MEPEKIIOYCHUS U YCHICHHS NPU3HAKOB. DTO MO3BOJIMIO
n30eKaTh NpoOIeM, BOSHUKAIONINX TIPU UCTIONH30BAHIN KaXKIOTO U3 alrOPUTMOB B OTIEITEHOCTH.

© M. M. Kozulia, V. V. Sushko, 2021
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bbu10 pa3paboTano auTepaTypHOE BeOIpHiIOKeHHE ¢ moMolnbio Python ¢ mcnone3oBannem dpeiivBopko Django n Bootstrap, a Taxke 6a3 naHHBIX
SQLite, 1 BHexpeHa 3Ta CHCTEMa PEKOMEHIALMH Il HPEAOCTaBICHHsT Hanboee TOYHBIX HpELIoXKeHHil. B xome TectupoBaHMs pa3paboTaHHOIo
IIporpaMMHOro o0ecrieueHust Oblla HpoOBepeHa padoTa JIMTEPATYPHOrO CEPBUCA, PACCUMTHIBAIOIIETO IEPCOHAIBHBIC PEKOMEHIAUUM UL
0JIb30BATENCH, HCIONb3Ys METOJ rmbOpuaHOi (uiabTpanun. PexoMeHaaTeNbHas CHCTEMa YCICIIHO INPOIUIA TECTUPOBAHUE M IOKA3aja BBICOKYIO

3G PEKTUBHOCTD.

KiroueBble c10Ba: HCKYCCTBEHHBIH HHTEIUICKT, CHCTEMa DPEKOMEHIAlMH, oOmas (uibTpauus, KOHTEHTHas (GUIbTpauus, THOPHIHBII
AJITOPUTM, JINTEPATYPHBIIl CEpBUC, BEOIIPHIIOKEHHE, IEPEKITFOUCHHE, YCHIICHUE IPH3HAKOB.

Introduction. The beginning of the XXI century is a
period of continuous increase in the number information
and technology development. The World Wide Web
provides everyone access to search engines, directories,
various web services, thereby provides a comfortable life
for each user. Many literary services provide user access
to reading books online. Everyone can find the right book,
read it and add to your library. Due to the rapid increase in
data on the Internet, it is becoming more difficult to find
something useful. However, the recommendations offered
by the service itself are not always can match the user's
preferences. Fortunately, information-filtering systems
offer an excellent solution to this problem.

The relevance of the topic is to develop a personal a
recommended book search system that will not only
reduce time costs and the amount of unnecessary
information, but will match the user's preferences based
on the analysis of their assessments and will be able to
provide the necessary information in the right time. All of
this makes resources based on referral mechanisms
attractive to the user. Such recommendation systems will
interest producers and sellers of books, because it is an
opportunity to provide personal recommendations to
customers according to their preferences.
Recommendations will be based on user’s preferences
using hybrid systems, which is what it is novelty of this
work.

Thus, the purpose of the study is to analyze and
determine the recommendation systems and the creation
of a literary web application based on the combination of
recommendation systems — collaborative and content
filtration, which is for the first time for literary services.

According to the work aim it is necessary to solve
the following tasks:

e description of the recommendation system and
ensuring its effectiveness;

e selection and modification of the method for
developing a recommendation system based on the
analysis of literature sources;

e implementation of the selected recommendation
system for program realization;

e development of literary service software.

Literature Review. Recommendation systems have
been introduced to meet the needs of the user and save
searching time for the literature he needs [1].

In the early 90s, the first works describing
recommendation systems [2] appeared — collaborative [3,
4, 5] and content [6, 7] filtration systems.

The author [8] described in his work the methods of
calculating recommendations for content and collaborative
filtering, as well as named their advantages and
disadvantages. And Amir Salihefendic in work [9] raises
the issue of ranking objects, which partially avoids the
problem of cold start.

Based on research, researchers [10, 11, 12]
concluded that collaborative filtering is much more
satisfying to the needs of users than content.

Recommendation systems (RS) are used both in the
commercial [13] sphere and in the entertainment [14]. The
study of RS in the music field was started in 2010 by [6].
Later, works were written [15, 16], which collected a
description of various concepts and methodologies for
such subject areas as data analysis, decision-making
systems, news and marketing.

In [17], the authors reviewed 26 articles and found
that in most cases, the recommendation systems use the
Baew approach or the tree-based approach for movies,
music, news, and products for web stores.

Xiang Li [18] proposed a multidimensional context-
sensitive RS method to improve the random forest
algorithm. Xibin Wang [19] uses a method to determine
user preferences based on their interests in the field of
films. And Mladen Marovic [20] compares methods for
predicting movie ratings for users.

In the article [21] was investigated that to avoid
problems of content and collaborative filtering is used
their combination — hybrid recommendation systems. The
first hybrid recommendation system combined two
methods of recommendations to achieve excellent
performance with a slight deficit of any individual [22].

In the work [21] are described different types of
hybrid systems. The [23] considers hybrid systems based
on probabilistic methods, such as neural networks,
Bayesian networks, clustering, hidden features (eg, SVD),
genetic algorithms.

Research on recommendation systems has been
developing rapidly in recent years, which confirms their
relevance and the need for further research. The use of
hybrid approaches is not limited to the use of a single
method of combining algorithms. If necessary, it can be
used several hybrids in one system. And the area of
reference systems of literature is insufficiently studied.
Therefore, in this paper is used several hybrids in one
system to predict the books rating for users.

The main problem in literary recommendation
services is "cold start" — after registration, the user is
provided with incorrect or no books for familiarization. In
this article, it is recommended to come to a combination
of recommendation systems by switching and enhancing
features that will solve the problem of "cold start" and
provide more accurate recommendations.

Methods. To predict the parameters and capabilities
is used artificial intelligence technologies:
recommendation systems, expert systems and decision
support systems [24].

Expert systems are narrowly focused: they provide
recommendations, analyze, classify and solve problems
through the examination of a human specialist [25].
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Decision Support System (DSS) is an interactive
computer automated system (software package) designed
to help and support various human activities in making
decisions about solving structured or unstructured
problems. The use of DSS provides a thorough and
objective analysis of the subject area in decision-making
in difficult conditions [26].

A recommendation system (RS) is a subclass of an
information filtering system that builds a rating list of
objects (movies, music, books, news, websites) that a user
can prefer. The recommendation system generates a list
individually for each user of the system based on a
preliminary analysis of the user profile: gender, age,
books reviewed, grades, etc. [25].

Based on the analysis of the collected sources of
information, conclusions were made about the advantages
and disadvantages of existing technologies and it was
decided that recommendation systems are best suited for
the task of researching model tools for determining the
preferences of web users.

RS is a replacement for search algorithms, as RS
finds objects based on the analysis of previous data, at a
time when another system may not even offer the right
one.

There are the following main approaches in creating
RS (fig. 1) [27]:

1) collaborative filtering;

2) content-based filtering;

3) hybrid filtering.

Recommender systems

y ) J h 4

Content based filtering

Collaborative filtering

I
Y Y

i
Model based }
I

Hybrid filtering

Memory based
Fig. 1. Basic approaches to create recommendation systems

Collaborative filtering (CF) is a method of
recommendation that analyzes only the reaction of users
to objects: the ratings that users make to objects.
Estimates can be either explicit (the user explicitly
indicates how many "stars" he evaluates the object) or
implicit (for example, the number of openings per book).
The more estimates, the more accurate the
recommendations will be. This helps users filter objects.
Therefore, this method is also called joint filtering [28].

Content filtering or content filtering is based on
information about system elements that the user has
already evaluated in the past. This method analyzes data
about the properties of objects, such as genre, author,
publisher, and so on. The system can also use data on
views and evaluations of items. The content of this
method is that elements with similar content, users
provide similar benefits [10].

Recommended systems, which are based on
collaborative filtering, in contrast to content-based
filtering, analyze user data for their work, not system
elements. Each user is assigned a group of users with
similar preferences. Based on this, it is hypothesized that
users who have rated some objects in the past will
evaluate other objects in the future in the same way [29].

One of the main problems of RS is the Cold-start
Problem (CSP). It occurs when new elements appear in
the system — either new users (User Cold-Start), whose
preference history is empty, or new objects (Item Cold-
Start), which do not yet have ratings and / or a set of
features [21].

No less important problem of the recommendation
system is the problem of the bubble filter. Classic
recommendation systems offer users objects based only on
their previous preferences. As a result, the user finds
himself in an information environment in which he
observes only a limited number of objects of the same
type. The next problem is the considerable amount of
information that complicates the situation. For example,
some people are predictable and others are unpredictable,
which can lead to inaccuracies and ineffective results in
the recommendation system. Another problem can be
considered scalability: the more data, the more difficult it
is to find an accurate result [21].

Analyzing all the considered literature, it was
decided that none of the methods is effective alone for
creating recommendation system for program realization
of literary service software.

To use the strengths of different methods, as well as
to avoid the shortcomings of each of the algorithms, a
hybrid RS was created (fig. 2).

Hybrid recommendation systems include:

1) Weighted: each of the algorithms is assigned a
weighting factor, then a linear combination of ratings is
calculated for each of the objects. For example,
collaborative and content filtering types have been
combined. In this case, a list of recommendations will be
provided, which will list the books that were relatively
highly rated by both methods.

2) Switching: choosing one option among the
components of the recommendations depending on the
circumstances. This approach allows, for example, to
solve the problem of "cold start”, which is one of the
weaknesses of the method of collaborative filtration. For a
"cold user" whose benefits are unknown to us, we can use
to recommend the most popular documents or prepare a
"universal" set [30].

3) Mixed: simultaneous use of the recommendation
of different algorithms. Suppose we have several systems
of recommendations that we would like to combine. In
this case, you can set the mixing rules, and then show the
user all the recommendations, alternating them. This
method is suitable when the sources of recommendations
for us act as black boxes. It does not require the objects
rating calculation [31].

4) Cascade: The recommendations are given clear
priority, with the lowest priorities breaking the links in
winning the higher ones [31]. For example, using content
filtering, we weed out books that don't interest the user at
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all. And then, using collaborative filtering, we form a list
of recommendations from the remaining books.

5) Feature combination: adds characteristics of the
second to the first method. For example, we obtain
recommendations based on contextual filtering, using such
characteristics as title, author, genre, and supplement the
list of characteristics through collaborative filtering.

6) Feature augmentation. This approach is similar to
the previous one. In it is possible to allocate the basic and
additional algorithms. But, unlike combining features, we
do not add new features, but complement the values of
existing ones [33]. For example, we will take
collaborative filtering as a basis, and recommendations on
the basis of content as an additional algorithm. This helps
to avoid the problem of sparseness.

Hybridity is the combination of the results of two
different approaches — content-based filtering and
collaborative filtering. This can, to some extent, avoid the
disadvantages of the above approaches. There are several
basic options for combining filtering approaches [32]:

— Inclusion of characteristics of elements in
collaborative filtering. The recommendation system
primarily uses collaborative filtering, including some data
on the elements used to find the degree of similarity of
users.  Benefits: increasing the relevance of
recommendations; avoiding the problem of "cold start"
and sparse data; taking into account the preferences of the
user in the direction of the literature.

— Inclusion of user characteristics in content
filtering. The most well-known method for implementing
this approach is to reduce the dimensionality of profiles
that use content filtering. One such method uses latent
semantic analysis (LSA) to create collaborative user
profile content. This approach is much more effective, as
the recommendations are built not only due to the
similarity of the elements [32].

— Construction of a single model based on
collaborative filtering and content filtering. This approach
is the most popular in the use of a hybrid system of
recommendations. The essence of the algorithm is that the
PC uses collaborative and content  filtering
simultaneously. It also helps to avoid the problem of “cold
start" and sparse data and allows you to recommend
elements not only for similar tastes, but also for your
favorite genre or author.

The use of hybrid approaches is not limited to the
use of a single method of combining algorithms. If
necessary, it can be used several hybrids in one system.
The proposed architecture of the hybrid RS is presented in
fig. 2 [33].

There are two elements of a hybrid recommendation
system:

1) Switching: for a new user, the system
recommends recommendations for popularity, because it
does not know its benefits and tastes.

2) Feature strengthening: if the user has already used
the given literary service and has exposed estimations, the
system forms for it recommendations, using the basic
algorithm — collaborative filtering. But in order for the
user to receive not only recommendations on similar
grounds with other users, they use an additional algorithm

— recommendations on the content that will provide the
user with recommendations and on the basis of the
elements evaluated by him in the past.

[ Switching ‘ ===y

\ Addifional ( Confent
algorithm | filtering

.

i —
l Feature
Is{rengtheuing

-~ .

,

Basic f l'nll:!hu’\_ ative |
 fillering  /
e -~

algorithm

Fig. 2. Architecture of the recommendation system

Thus, the problems of “cold start” and sparse data for
a new user, is solved by switching. As an algorithm for the
new user, it was no coincidence that the recommendations
on popularity were chosen: no additional information is
required to calculate them, it is enough to evaluate the
data on orders that are already available.

Each method has a separate function that builds the
rating of books based on the deduction of the
recommended weight and degree of proximity. Thus, we
have the following algorithms for applying the hybrid
system of recommendations:

Content filtering algorithm:

1) For each element, similar in characteristics (genre,
year, author, etc.), the calculation of weights is performed
using a measure of similarity:

sim(u,U") = cos(ﬁ,[j’) - ?—[{I' -
A .
\/Z S€S, 11152 \/z SES,, rl/’sz

where "is — the estimated rating of the s object for the u
user;

U’ — a set of users who have rated the s object and
belong to the same group with the u user;

k — parameter for normalization, which is calculated

1

> ,sim|u,u'|
uel’

2) Next, from the list of objects, a group of elements
is formed that are most similar to the object calculated on
the basis of weights.

3) Finally, the projected rating of objects is formed
using the method of similar elements evaluation:

for the formula & =

h(u,s) = cos(W, , W )= W =
u S
“ WiuWis (2)

i=1

: \/ZIK:lW'% \/Z:iK:lWiS2

Collaborative filtering algorithm:
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1) For each user of the system weights are
determined by analyzing their preferences in relation to
this user by calculating the degree of similarity

Sim(u,U') _ zsesu[,,(rus —1:[)(1‘11,5 _ru')_ _ 3

—\2
o (-2 T (-7

2) Form a group of the most similar users in relation
to this user.

3) To form the forecasted rating of object, analyzing
estimations of each of users from the previously formed
group of users:

L, = kzueu,sim(u,U') Iy 4)

Hybrid filtration method:

1) For each of the filtration methods described
above, determine the weights. To do this, set the following
system of equations:

1
y= o

l+e 2

®)
a=p=1- = v

l+e 2

where x is the number of user ratings in the system. And
the values change dynamically depending on the available
estimates.

2) The resulting projected rating of objects is
formed:

1 e”
1+e7*

S(x) (6)

Thus, in the work for the first time it is proposed to
use a combination of collaborative and content filtration
for literary services, which provides new users based on
the assessment of one book to obtain a more accurate
recommendation for receiving references to the following
books.

Results. The operation of the system is given in the
form of a sequence diagram in fig. 3. In this case, the
sequence diagram showing the main precedents of the
literary service is the basis for software design.

In order to obtain literature, the following inputs are
required: user information that helps avoid the problem of
"cold start", book information and user assessment
information. The system uses the recommendation
algorithm, takes into account the service requirements and
provides personal guidelines for the user.

To implement the recommendation system, a hybrid
algorithm, which combines two methods: a collaborative
on the basis of neighbors and content filtration (fig. 4) was
chosen.

The algorithm consists of six major stages; on which
we must receive books for the end user. The algorithm
input provides information about books, user and

eX+1

estimates that have left users with these books. Next, the
algorithms of content and collaborative filtration are
performed, with which we receive lists of similar elements
and similar users. And in the end, a list of
recommendations is formed.

To check the work of this literary service and
recommendation system, a matrix fragment of users and
their ratings is given (table 1), where 5 is the highest
rating.

For the user Igor, calculating the degree of proximity
according to the formulas (1), (3), a set of neighbors is
obtained and a similarity matrix is formed (table 2).

Expressions (2), (4) are used to predict the rating of
the five new elements: multiply each user's score by the
degree of similarity. The calculated sum of ratings of each
book is divided by the sum of measures of similarity of
the closest users are summarized in table 3.

Bookl1, Book5, Book8 and Bookll have already
been rated by the user of the Games and it makes no sense
to re-offer them to him. Book3, Book6, Book9 — books
that are not included in the ranking of five books due to
low coefficient.

=] =]
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i Go to book catalog
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List of books
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Fig. 3. Sequence diagram
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Table 1 — Estimation matrix

Book

112 [3[4|5|6|7[8]9]10]11]12
Ivan 53 514 51 4 2
Igor 4 4 2|4
Anna 115 4
Nina 413 2|1 5|2
Nadiya | 4 [ 5 415 4 1 5
Artem 4131 5141 1

Table 2 — Similarity matrix

Ivan | Anna Nina | Nadiya | Artem | Summ
Igor 0,5831 0 0,1334 | 0,215 | 0,0359 | 0,9674

Table 3 — The results of calculations of personal

recommendations
Book

1(2|3|4|5|6]|7|8|9]10(11]12
Ivan 2,92[1,75| - [292233| - [292058] - [233] - [117
Anna - -1 - - - - - -1-1-1-1 -
Nina — | - os3lo40| - Jo27]013] - | - [o67]027] —
Nadiya [086{108] — [086]108| - | - [o086] — [022] - [1,08
Artem | - | - 014|011 0,04| - |08 0,14[0,04] — [0,04] —
Summ  |3,78[2,82{0,68] 4,28 | 3,44 [ 0,27 | 3,23 [1,59]0,04] 3,21 [0,30[ 2,24
Result  |3,90[2,92[0,70 4,43 | 3,56 | 0,28 | 3,34 [1,64]0,04|3,32 0,31 2,32

To provide a set of book recommendations, the
results are sorted in descending order and the number of
books to display on the recommendation page is selected
(in this case, five books will be displayed). Personal
recommendations of the literature for the user Igor are
entered in table 4.

Table 4 — Personal recommendations for the user Igor

Ne Book Rating
Book 4 Highest rating — 4,43
Book 7 rating — 3,34
Book 10 rating — 3,32
Book 2 rating — 2,92
Book 12 rating — 2,32

The results of testing the implemented system of
personal recommendations in the developed web
application for the user Igor are shown in fig. 5.

Recommendations for You

Hobinson Crueoe (1. Harry Poner ara e Davis Coppermiaa (1

Harry Potter and the Pride and Prepxcice

Cheres Dickens

Jane Austen

J K. Rowilng
=LA

Fig. 5. Web-page of personal recommendations for the user Igor

In the event that a new user enters the system, the
service analyzes his preferences on the basis of personal
information and provides a list of recommendations based
onit.

Conclusions. When the number of books provided
by the electronic library is relatively large, it becomes
difficult for the user to choose the right book. Thus, a
solution to the problem is implemented and a hybrid
algorithm is proposed, which is not just based on joint
filtering and content-based algorithm, but also combines
several hybrids. This approach helps to solve the problems
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of each type of filtration, in particular the problem of
"cold start".

During the testing of the developed software, the
work of the literature service was checked, which
calculates personal recommendations for users using the
method of hybrid filtering. The recommendation system
was tested successfully and showed high efficiency.

Discussion. The obtained results were checked on
the work of the created literary service, namely books
were uploaded to the service, accounts were created by
real people and work on selection of the recommended
literature on the basis of user preferences was started.
Each user read several books and gave them a subjective
assessment. The user also added his favorite genres to the
settings, as a result of which personal recommendations
were formed. As soon as the user read the book from the
provided list and evaluated it, the list changed depending
on the input data. Read books were not included in the list.

As a result of the experiment, recommendations were
obtained for users that met their expectations and
preferences.
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N. A. MARCHENKO, G. YU. SYDORENKO, R. 0. RUDENKO

USING OF MULTILAYER NEURAL NETWORKS FOR THE SOLVING SYSTEMS OF
DIFFERENTIAL EQUATIONS

The article considers the study of methods for numerical solution of systems of differential equations using neural networks. To achieve this goal, the
following interdependent tasks were solved: an overview of industries that need to solve systems of differential equations, as well as implemented a
method of solving systems of differential equations using neural networks. It is shown that different types of systems of differential equations can be
solved by a single method, which requires only the problem of loss function for optimization, which is directly created from differential equations and
does not require solving equations for the highest derivative. The solution of differential equations” system using a multilayer neural networks is the
functions given in analytical form, which can be differentiated or integrated analytically. In the course of this work, an improved form of construction
of a test solution of systems of differential equations was found, which satisfies the initial conditions for construction, but has less impact on the
solution error at a distance from the initial conditions compared to the form of such solution. The way has also been found to modify the calculation of
the loss function for cases when the solution process stops at the local minimum, which will be caused by the high dependence of the subsequent
values of the functions on the accuracy of finding the previous values. Among the results, it can be noted that the solution of differential equations’
system using artificial neural networks may be more accurate than classical numerical methods for solving differential equations, but usually takes
much longer to achieve similar results on small problems. The main advantage of using neural networks to solve differential equations™ system is that
the solution is in analytical form and can be found not only for individual values of parameters of equations, but also for all values of parameters in a
limited range of values.

Keywords: systems of differential equations, artificial neural networks, multilayer neural network, numerical methods, gradient descent
method, solution’s error function

H.A. MAPYEHKO, I'. 10. CH/JOPEHKO, P. O. PY/IEHKO

BUKOPUCTAHHS BATATOIIAPOBOI HEHPOHHOI MEPEXI 1151 PO3B’SI3AHHSI CHCTEM
JNPEPEHIIAJIBHUX PIBHAHD

B cTaTTi po3riIsaacThes OCHIKESHHS. METOIB YHCEIBHOTO PO3B’SA3Ky CHCTeM ubepeHLiadbHIX PIBHIHD 3 BAKOPUCTAHHIM HEHpOHHHX Mepex. s
JIOCSITHEHHsI TIOCTABJICHOI METH OyJM BHpIIICHI HACTYIHI B3a€MO3AJEKHI 3a1adi: MPOBEICHHI OIS raty3eif, Mo moTpeOyoTh PO3B’sI3aHHSI CHCTEM
nudepeHniaIbHIX PiBHIHB, a TAKOXK Peali30BaHHI METO/ PO3B’sI3aHHS CHCTEM JH(epeHIialIbHIX PIBHSIHB 33 JIONOMOIOI0 0araTomapoBHX HEHPOHHUX
Mepex. B poboti mokasaHo, mo pi3Hi TUmM cucteM audepeHLiaTbHIX PIBHSIHD MOXYTh OYTH PO3B’s3aHi €JHHUM METOJOM, SIKHH MOTpedye Juiie
3aBaaHHs (QyHKUii BTpAT Ui ONTHMI3ALl, 10 [IJIKOM CTBOPIOETHCS 3 AU(EpeHIialbHUX PIBHAHb Ta HEe MOTPeOye pO3B’s3aHHs PIBHSAHB BiAHOCHO
HaiBHIIOi MoXigHOI. Po3B’s130Kk crcteM mu¢epeHmiaNbHIX PIBHSAHB 33 JONOMOTOI0 HEHPOHHUX Mepex € (GyHKHii 3ajaHi y aHamiTH4HIA dopmi, 1m0
MOXYTb OyTH AudepeHniiioBani abo iHTErpoBaHi TakoX aHAIITHYHO. B X0/ BUKOHaHHS HaHOi poboTH Oyia 3HalifeHa MokpaieHa Gpopma mobyaoBu
MpoOHOro po3B’A3Ky cucTeM Au(eEepeHIiaIbHUX PiBHSIHB, 10 330BOJILHIE MOYAaTKOBUM YMOBaM 3a OYIOBOIO, ajle Ma€ MEHIIMH BIUIMB HA TIOMUJIKY
PO3B’s3Ky Ha BiJICTaHi BiJl MOYATKOBUX YMOB Yy IOpIBHSHHI 3 ()OPMOIO MOOYTOBH Takoro po3s’s3Ky. Takox Oymo 3HaiineHo croci® Moxmdikarii
po3paxyHKy OYHKIIi BTpAT [Jisi BUMAIKIB, KOJIHU MPOLIEC PO3B’I3aHHS 3yIHHAETHCS B JIOKATHHOMY MiHIMYMi, IO CIPHYUHSATHCS BETHUKOIO 3aJIEKHICTIO
HACTYIHHUX 3HAYeHb (YHKIH BiJ TOYHOCTI 3HAXOMKEHHs MOMepenHix 3HadeHb. Cepen pe3ysibTaTiB MOKHA 3a3HAYHTH, IO PO3B’SI3aHHS CHCTEM
JudepeHIialbHIX PIBHAHD 32 JONOMOTOI0 INTYYHHX HEHPOHHUX MEpeX MO)Ke MATH TOYHICTh HOPIBHSAHY 3 KJIACHYHHMH YHCEIBHHMH METOIAMH
po3B’si3aHHs qudepeHiabHUX PiBHAHB, ajie 3a3BUYail MoTpedye 3HaYHO OIBLIOro Yacy Ul JOCSTHEHHS OJM3bKUX pe3yJbTaTiB Ha 33j1auax Mallkux
po3MipHocTell. OCHOBHOIO MEpeBarol0 BUKOPUCTAHHS HEHPOHHUX MEPEX Ul PO3B’S3aHHS CHUCTEM IU(EpeHIialbHUX PIBHAHB € Te, IO PO3B’ 30K
3HAXOAUTHCS B AHATITUYHIH (opMi Ta MOxke OyTH 3HAWAEHHI HE TIBKH U OKPEMHX 3HAaUeHb MapaMeTpiB CUCTEMH PiBHSHB, aJie i 11 BCiX 3Ha4YeHb
napameTpiB B 0OMEXeHil 0071acTi 3HAYEHb.

KuaiouoBi ciioBa: cuctemu audepeHiiianbHuX piBHSAHb, INTYYHI HEHPOHHI Mepexi, OaraTomapoBa HEHPOHHA MepeKa, YUCENbHI METOIH, METO.
TPajliEHTHOTO CITYCKY, (yHKIIisl TIOXHOKM PO3B’sA3KY

H.A. MAPYEHKO, A. I0. CH/IOPEHKO, P. A. PY/IEHKO

HUCHOJB30BAHUE MHOI'OCJOMHOM HEMPOHHOM CETH JJIsI PEIIEHUSI CUCTEM
JIAPEPEHIIMAJILHBIX YPABHEHUI

B crathe paccMaTpuBaeTCsl UCCIEIOBaHHE METOIOB YHCICHHOTO PELICHUs CHCTeM An(depeHINaIbHbIX YPaBHEHUH ¢ UCIOIb30BaHHEM HEHPOHHBIX
cereit. I MOCTIDKEHMS MOCTABICHHOM LeMHM OBUIM pelIeHBI ClSAYIOIIHE B3aMMOCBS3aHHBIC 3a/adl: IPOBEICH 0030p OTpaciiel, TpeOyIoImux
pemrenust cucteM AuddepeHINaNbHEIX ypaBHEHHH, a Takke PEeall30BaH METOJ PEIICHUs cucTeM AuG(EepeHIIHAIbHBIX yPaBHEHUH € IOMOIIBIO
MHOTOCJIOWHBIX HEHpOHHBIX ceTell. B pabore mokazaHo, 4YTO pa3iWyYHBIE THIIBI CHCTEM aU((epeHINANBHbIX YPaBHEHUH MOTYT OBITh PEIIECHBI
€[IMHCTBEHHBIM CIIOCOOOM, KOTOpBIi TpeOyeT TONbKO 3ajaHus (YHKIUH IOTEePh IS ONTHMHU3ALHUM, CO3[aBaGMOr0 HANPSIMyI0 H3 CHCTEM
nuddepeHnnanbHbIX ypaBHEHHH ¥ He TpeOyeT pEeIIeHHs CUCTEeM YypPaBHEHHI OTHOCUTENBHO HAaWBBICIICH NPOW3BOAHOW. PemieHnem cucrtem
mudGepeHIHaNbHEIX YPAaBHEHUH C IOMOINBI0 HEHPOHHBIX CETEH SBIIOTCS (YHKIMH, 3aJaHHBIC B aHAJMTHYECKOW Qopme, M MOryT OBITh
nuddepeHInpoBaHbl WIM HMHTETPUPOBAHBI TAKXKE AHAJMTHYECKU. B Xozxe BBINONHEHHS JaHHOW pabOThl Obula HaliJeHa yiydileHHas (opma
MOCTPOEHUSI MPOOHOro pemeHus cucteM IudGhepeHIUanbHbIX ypaBHEHHI, YTO YIOBIETBOPSECT HAYAIbHBIM YCIOBHSAM IIOCTPOEHHUS, HO HMEET
MeHbIIIee BIMSHUE Ha OMIMOKY PEIICHHs] HAa PACCTOSHUM OT HAa4aJIbHBIX YCIOBHIA IO CpaBHEHHIO ¢ JOPMOIl MOCTPOSHUS TaKoro penreHus. Taroke ObuT
HalifleH cnoco0 MogupHKaluy pacdera (QyHKIMH IOTepb UL CIydaeB, KOIZa MPOIECC PEIICHHs OCTAHABIMBACTCS B JIOKAIHHOM MHHUMYME, YTO
IIPUBOJHT K OONBINOH 3aBHCHMOCTH CISAYIONX 3Ha4eHUH (QYHKIUH OT TOYHOCTH HAXOXKACHHUS NPEAbIAyIHX 3HadeHuil. Cpeau pe3yIbTaToB MOXKHO
OTMETHUTH, YTO pEelIeHNe CUCTeM TU(PepeHIIMANBHBIX YPaBHEHHUH ¢ IIOMOIIBIO HCKYCCTBEHHBIX HEHPOHHBIX CeTeil MOXKET HMETh TOYHOCTh CPAaBHUMYIO
¢ KITACCHYECKHMH YHCICHHBIMH METOAAMHU pemeHus IudQepeHInaIbHbIX ypaBHEHUH, HO OOBIMHO TpeOyeT 3HAUUTENbHO OONBIIEro BPEMEHH JUIL
JIOCTIDKEHHSI Ooliee TOUHBIX PEe3yJIbTAaTOB HA 3a/adaX MalbIX pasMepHocTel. OCHOBHBIM HPEUMYIIECTBOM HCIIOIb30BAHUS HEHPOHHBIX ceTeill A
penrennst auddepeHInaIbHBIX ypaBHEHNH SBISIETCS TO, YTO PEIICHHE HAXOAUTCS B aHAIUTHYECKOI (hopMe M MOXKET OBITh HAiJJEHO HE TONBKO IS
OTJIEbHBIX 3HAYCHUI TApaMETPOB YPaBHEHHUIH, HO M /IS BCEX IaPaMETPOB B OTPAHUUEHHON 001aCTH 3HAYCHHH.

KaioueBble cioBa: cucteMbl ubQepeHINaNbHBIX YpPaBHEHHH, HCKYyCCTBEHHBIC HEHPOHHBIE CETH, MHOTOCIOWHAs HeHpoHHas CeTb,
MHOT'OYHCIICHHBIE METOJIbI, METOJ{ IPAJMEHTHOTO CITyCKa, (DYHKIHS MOTPELIHOCTH PELICHHS
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Introduction. Differential equations and their
systems are widely used in mathematical modeling to
describe a variety of real processes: physical,
environmental, biological, and other. Solving some
equations in partial derivatives in cases that allow the
separation of variables is also reduced to problems for
ordinary differential equations. These are, as a rule,
boundary value problems (problems of natural oscillations
of elastic beams and plates, determination of the spectrum
of natural values of particle energy in spherically
symmetric fields, etc.). In addition, higher-order
differential equations lead to the solution of systems of
differential equations. It is known that solutions of
differential equations and their systems can be found
analytically or numerically. Finding analytical solutions is
a very time consuming process, and in most cases
impossible. Therefore, at present, traditional numerical
methods are widely used to solve differential equations
and their systems, among which the most well-known are
Runge — Kutta methods, finite-difference  methods,
prediction and correction methods [1, 2].

The general problem of classical numerical methods
is the need to choose their parameters to ensure a
compromise between computational costs and the
accuracy of the result. Therefore, in this work it is
forbidden to use artificial multilayer neural networks,
where, in contrast to classical methods, the solution is
presented in analytical form, from which you can
repeatedly take derivatives [3, 4]. Solutions are stored as
neural network parameters, which requires much less
memory than storing a solution as a discrete array in
traditional numerical methods [5, 6]. The method is also
universal and can therefore be used to solve different
types of differential equations and their systems, both
ordinary and partial derivatives [7-8].

The main advantage of using neural networks to
solve differential equations’ systems is that the solution is
in analytical form and can be found not only for individual
values of parameters of equations, but also for all values
of parameters in a limited range of values.

A review of the literature showed the relevance of
the problem and the feasibility of creating software.
Therefore, the aim of this article is to solve systems of
differential equations using a multilayer neural network.

The article’s objective is to study the methods of
numerical solution of ordinary differential equations’
systems and to develop software for their solution using
multilayer neural networks.

The mathematical formulation of the problem.

Suppose we need to solve a system of differential
equations in the form [1, 2]:

F(x,Y(x),Y'(x)) =0, (1)
with initial conditions
Y(xo) = A,

where x is the vector of variable values;

Y(x) = (), y2(x), oo, yn(®))  —
function;

Y(x0) = y1(x0), ¥2(x0), ..., yn(xo) — coordinates of
initial conditions;

A = ay, a4, a, — their matching values.

required

To solve this problem, the solution is presented in
the form [3, 5]:

Y*(x) = N(x,p), 2
where N — neural network function with p parameters and
input values x.

In this case, the initial conditions are not satisfied by
the creation and therefore are studied gradually during the
learning of the neural network.

The construction of the solution of differential
equations’ systems can be written in a form that satisfies
the initial conditions from the beginning:

Yi(x) = A(x) + Z(x)'N(x,p), ®)

where A(x) is a function that satisfies the initial
conditions in advance;

Z(x) — function what construct as the points
corresponding which are equal to zero to the coordinates
of the initial conditions

N(x, p) — output of backforward neural network with
input x the weights p.

The task of a building function A(x) is reduced to
the task of the function that takes a certain values in the
given points, and can take any value at all other points. To
find the function, for example, an interpolation polynomic
of Lagrange can be used in this case that looks like:

Pol(x) = ) i)

i=
where [;(x) - basic polynomials are determined by the
formula:

—-x, x-—

Xi-1 X~ Xjy1 X~ Xp

X
Xi—Xo Xij—Xi—1 Xi—Xj41 X;—Xp

To reduce the influence of the shape of the error of
the approximation of the solution, we write the expression

for Z(x) in the form:
N

0w = | [thex - xpatt @

i=1

A multilayer neural network of direct propagation is
chosen as the structure of the neural network for solving
differential equations’ systems. The number of layers and
the number of neurons in each layer are chosen based on
the structure of the problem and the complexity of the
form of the solution. These parameters are chosen after
the experiments, because it is impossible to know in
advance the optimal parameters of the neural network
structure for each task.

The description of a multilayer neural network.

An artificial neural network is a structure that
consists of a large number of processor elements, each of
which has local memory and can interact with other
elements [3, 4, 6, 9, 12]. This interaction takes place
through communication channels in order to transmit data
that can be interpreted in any way. Processor elements
independently in time process the local data arriving to
them through input channels. Changing the parameters of
the algorithms of such processing depends only on the
characteristics of the data. If we consider an artificial
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neural network as an environment for information
processing, then it can be set by defining the elements of
this environment and the rules of their interaction.

Multilayer artificial neural networks can be
considered as a serial connection of single-layer artificial
neural networks of direct propagation. The structure of
weights in these networks is organized in such a way that
more complex classes are processed on layers of high-
level neurons by combining and intersecting simple
classes, which are formed at lower levels of artificial
neural networks. There is strong evidence that two-layer
artificial neural networks are able to recognize any class
of convex shape, provided that it is possible to use a
sufficient number of hidden layer neurons, and the
weights are adjusted accordingly [8-9].

Xt < Z |y,
&z
Z 1
o
A’np S Z L,

Fig. 1. The example of a scheme of a multilayer neural network
of direct propagation

Artificial neural networks of direct propagation with
several hidden layers are potentially capable of
recognizing classes of arbitrary shape. Therefore, setting
the problem on artificial neural networks of direct
propagation includes determining the minimum possible
number of neurons in the hidden layer and choosing an
effective method of adjusting the weights. To date, both of
these problems are not trivial. To explain the basic
principles of building teaching methods with the teacher
we will consider a two-layer artificial neural network. The
zero layer of this network performs the auxiliary function
of signal branching and does not contain neurons. For this
reason, his work does not lead to modification of the input
vector. The last layer of artificial neural networks is called
the source layer. All layers located between zero and
source are hidden layers with nonlinear activation function
of neurons. In this example, we will consider one hidden
layer with m neurons that use the hyperbolic tangent as an
activation function.

It consists of m neurons that are simultaneously able
to receive the input vector of signals X =
(%4, < » X, -, Xy). TO reproduce the elements of this
vector use special devices, which are shown to the left of
the neurons. These devices do not perform information
processing, so they are not considered a layer of the neural
network. According to the model of a formal neuron, each
of its input signals is multiplied by a weighting factor w;;,
where i — the current vector element number X, a j — the

current neuron number. All weights of a single-layer
neural network form a matrix of weights

W= | Wit . Wi Wim |
Wpi o Wyj Wnm

Then the vector of arguments is defined as the
product of ¥ = WX and the vector of output signals is
the vector of values of activation functions:

Iffl(‘ﬁ):
Y =F) = { o)
U (o).

The name of the networks indicates that they have a
dedicated direction of propagation of signals that move
from the input through one or more hidden layers to the
output layer. It is easy to see that a multilayer neural
network can be obtained by cascading single-layer
networks with matrices of weights W3, W2, ..,W?,
where p is the number of layers of the neural network. If
the multilayer neural network is linear, then for activation
functions it can be reduced to the equivalent single-layer
with a matrix of weights W = W « W2 x ..« WP, This
means that the formation of such structures makes sense if
nonlinear activation functions in neurons are used.

The gradient descent method for artificial neural
networks.

The idea of the gradient descent method is to
sequentially change the parameters of the artificial neural
network in a direction that reduces the target function E
[5]. Since the function E is differentiated by each of the
parameters, it is possible to calculate the gradient vector.
Moving in the direction of the negative gradient for each
of the parameters, we find the local minima of the
objective function. The change in the parameter is
expressed by the formula:

N
dE . . .
AW = —n—= Z @ _5@OQ)x® = 5
naw =7, 1(y y®) (5)
i=

N
=7 Z(ya) —WTX®) xO,

i=1

This algorithm is called a batch-type algorithm,
because to determine the magnitude of the step of
changing the parameter, it is necessary to process the
entire training sample.

The training sample ¥ = {(X™,y™)V_,
containing N pairs: x™,y™ respectively, the input and
output vectors and the set of parameters W = {w, v},
which consists of the parameters of the neurons of the
hidden layer w and the parameters of the output layer v.
The method of inverse propagation [13] is to minimize the
objective function:
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N
1
- M — 50 ()12 —> mi 6
E ZNZ[y §O )7 —> min ®)
n=

The parameter v; is searched as (7):

dv, N 22(

J

y (n)

_ __Z(y(n) — ™)y (s(") S @)

N
1
- NZ(}’(") — 7™ (s™)h.
n=1

The step of changing the weights of the source layer
is equal to (8):

Av; = —n i, NZ(y(")—y("))w (s™)h;. (8)

The step of changing the weights of the hidden layer:

dE
mmj:_ndwuz

N
r’ i ! !
= D O = 5 (s (e,
n=1

But in fact, the correct calculation of values at points
closer to the initial conditions is much more important
than the calculation at points further away. To correct the
optimization to take into account the influence of the
values of the functions in the previous points on the values
of the functions in the following points, the calculation of
the loss function was modified to give the greatest weight
to points closer to the initial conditions, keeping the sum
of the loss function.

kx
loss*(x) = loss(x) * e *max, 9)

P loss(x;)

loss™(x) = loss™(x) * o —————
leloss (x;)

(10)

where loss(x) — the loss function;
x — argument of the required function;
— points at which optimization is performed;
— the number of points at which optimization is
performed.

The main results of the work.

The Python and R programming languages were
used for perform this work, the TensorFlow library was
chosen as the machine learning library with neural

network learning support, and the PyCharm environment
was used as the integrated development environment.

1. System of differential equations with constant
coefficients
Consider the problem of solving a system consisting
of three differential equations:

Yi =Y+ y:1(0) = ay,
y2'= y1 =2y, +y3, ¥2(0) = a,, (11)
ys' = Y2 — ¥3, ¥3(0) = as.

Solve the problem at once for many values of the
initial conditions a,, a,, a5 in the value ranges:
€ [114]1 a2 € [0,2],(13 € [012]

The loss function of the differential part of the
equation and the cost of the initial conditions:

def loss pred(y_ true,
vl,y2,y3=ul:,0:1],ul:,

y_pred) :
1:2],ul:,2:3]

t = x

dyl dt = tf.gradients(yl, t) [0]
dy2 dt = tf.gradients(y2, t)[0]
dy3 dt = tf.gradients(y3, t)[0]
eql r = - yl + y2

eqz2 r = yl - 2*y2 + vy3

eq3 r = y2 - y3

eql = dyl dt - grad k(egl r, 0.1)
eg2 = dy2 dt - grad k(eg2 r, 0.1)
eg3 = dy3 dt - grad k(eg3 r, 0.1)

loss _diff=tf.reduce mean(egl**2+eqg2**2+
eq3**2)

initial loc = (t - 0) ** 2 < le-7

loss _initial=tf.reduce_ sum/(
(yl[initial loc] - al) ** 2 +
(y2[initial loc] - a2) ** 2 +
(y3[initial loc] - a3) ** 2) /
reduce sum (tf.cast(initial loc,
yl.dtype)) + le-10)

return loss diff + loss initial

Neural network transformation function to meet the
initial conditions for construction:

def initial condition(x, u):
def fn(v):
x = v[0]
u = vi[l]
def ths(z):
return tf.tanh(z)
return ths(x) * u + tf.constant([al,
a3l)
u = Lambda (fn
return u

az,

) ([x,u])

When using the model with the satisfaction of the
initial conditions for construction, the cost function is
simplified to:

def loss pred(y true, y pred):
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vl,y2,y3=ul:,0:1],ul:,1:2],ul:,2:3]
t = x

dyl dt = tf.gradients(yl, t) [0O]

dy2 dt = tf.gradients(y2, t) [0]

dy3 dt = tf.gradients(y3, t) [0]
eql r = - yl + y2

eq2 r = yl - 2*y2 + y3

eq3 r = y2 - v3

eql = dyl dt - grad k(eqgl r, 0.1)
eq2 = dy2 dt - grad k(eg2 r, 0.1)

eq3 = dy3 dt - grad k(eg3 r,
loss _diff=tf.reduce mean (egl**2+eg2**2+
eq3**2)

return loss diff

The results of solving the problem are shown in
fig. 2-5.
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Fig. 3 The error function of the solving (2) for the differential
equations” system (11)

The obtained optimization result in the basic form:
10000/10000-8s-10ss:0.9901-rmse:0.0017-
val 1o0ss:1.0000-val rmse:7.7629e-04

The root mean square error is 7.7629-107*
compared to the implicit solution of the 4-th order Runge
— Kutta method in steps of 1073, The error in half of the

points closer to the boundary conditions is 4.16 times
greater than the error in half of the points at a distance
from the boundary conditions.

The obtained optimization result in a form that
satisfies the initial conditions for construction:

10000/10000 - 9s - loss: 4.3334e-07 -
rmse: 1.5741le-04 - val loss: 2.5469e-07
- val rmse: 1.6917e-04.

The root mean square error is 1.6917 -107*

compared to the implicit solution of the 4-th order Runge
— Kutta method with step 1073, The error in half of the
points closer to the boundary conditions is 1.06 times less
than the error in half of the points at a distance from the
boundary conditions.
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Fig. 5 The error function the differential equations™ system (11)
of the solving (3)

2. The system of nonlinear differential
equations
Consider the problem of solving a system consisting

of two differential equations:

{)’1’ =201
Y2 ==Y2t Y1 %Y,

—y1*y2), y:1(0) =1,
y,(0) = 3.

The loss function of the differential part of the
equation and the loss of the initial conditions:
def loss pred(y true, y pred):

(12)
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yl = ufl:, 0:1]

y2 = ul:, 1:2]

t = x

dyl dt = tf.gradients(yl, t) [0]
dy2 dt = tf.gradients(y2, t) [0]

eql r = 2* (yl - yl*y2 )

eq2 r = - y2 + yl*y2

eql = dyl dt - grad k(eqgl r, 0.02)
eq2 = dy2 dt - grad k(eg2 r, 0.02)

loss diff=tf.reduce mean (eql**2+eg2**2)
initial loc = (t - 0) ** 2 < le-7
loss_initial=tf.reduce_ sum/(
(yl[initial loc] - 1) ** 2 +
(y2[initial loc] - 3) ** 2) /
(tf.reduce sum(tf.cast(initial loc,
yl.dtype)) + 1le-10)
return loss diff + loss initial

The neural network transformation function to
satisfy the initial conditions of construction:

def initial condition(x, u):
def fn (v):
x = v[0]
u = v[l]
def ths(z):
return tf.tanh(z*4)/4
return ths(x)*u+tf.constant([1.0,3.0])
u = Lambda (fn) ([x,u])
return u

When a model with satisfying conditions uses to
construct the initial loss function extends to:

def loss pred(y true, y pred):
yl = ufl:, 0:1]
1:2]

y2 = ul:,

t = x

dyl dt = tf.gradients(yl, t) [0O]
dy2 dt = tf.gradients(y2, t) [0]

eql r = 2* (yl - yl*y2 )

eq2 r = - y2 + yl*y2

eql = dyl dt - grad k(egl r, 0.02)
eq2 = dy2 dt - grad k(eg2 r, 0.02)

loss _diff=tf.reduce mean (egl**2+eg2**2)
al loc, yl.dtype)) + le-10)
return loss diff

The obtained optimization result in the basic form:

10000/10000 - 1s - loss: 0.0055 - rmse:
1.1408 - val loss: 0.0064 - val rmse:
1.1348

Medium-square error is 1.1348.

The result of the optimization for the viewer (4) is
shown in fig. 6-7, the result for the viewer (3) is similar. It
can be seen that both options stopped at the local
optimization minimum, this is due to the fact that the
optimization of the neural network in the region t €
[2.5,3.5] significantly increases the error in the region

t € [3.5,10], although the value the loss function is
calculated for all points of equal weight.
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Fig. 6 The solving of the differential equations™ system (12)
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Fig. 7 The error function the differential equations’ system (12)
of the solving (2)

With the addition of the redistribution of the error
function, the loss function is written as follows:

def loss pred(y true, y pred):
yl = ufl:, 0:1]
y2 = ufl:, 1:2]
t = x
dyl dt = tf.gradients(yl, t)[0]
dy2 dt = tf.gradients(y2, t)[0]
eql r = 2* (yl - yl*y2 )
eqz2 r = - y2 + yl*y2

eql = dyl dt - grad k(eql r, 0.02)
eq2 = dy2 dt - grad k(eg2 r, 0.02)
eq err = eql ** 2 + eqg2 ** 2
eq_err norm= g _err*K.exp (-

10* (t/K.max(t)))
eqg err norm = eg_err norm *

K.stop gradient (K.sum(eq err) /

K.sum(eq_err norm))
loss diff =

tf.reduce mean(eq err norm)
return loss diff

After modifying the loss function, the problem was
successfully solved. An example of the redistribution of
the error function is shown in fig. 8-9.

The final result of solving the problem is shown in
fig. 10-11. The obtained optimization result in a form that
satisfies the initial conditions for construction:
10000/10000-18s-loss: 3.3917-107%-rmse:
1.2223-107%- val loss: 2.3906-107%7 -
1.3370 - 107°4,

val rmse:
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The solution has a root mean square error 1.3370 -
107%* in comparison with the solution of the implicit
Runge — Kutta’s method of the 4th order with the step
10793,

Conclusions. The system (12) is difficult to solve
with neural networks and could not be solved without
additional changes to the loss function, regardless of the
form of solution. The applied modification can be used in
other cases, when the solution of differential equations by
optimization methods coincides to the local minimum.

When solving the system (11), the accuracy of the
reproduction of the initial conditions had a significant
effect on the whole solution. The error of the solution in
the basic form was 4.59 times higher than the error of the
solution in the form with satisfaction of the initial
conditions for construction.
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Fig. 8 The intermediate solution of the differential equations’
system (12)
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Fig. 9. The solution error’s function and the redistributed
solution error function

Based on the results, we can say that the choice of
the form of the solution and the construction of the loss
function depends on the differential equations system and
the needs of the problem to be solved. Some differential
equations require special forms of construction of the loss
function to be solved.
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Fig. 10 The final solution of the differential equations system
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Fig. 11. The final solution error’s function and the redistributed
solution error function of the differential equations system (12)
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I. M. GODLEVSKYI, M. D. GODLEVSKY], I. V. STATIVKA

INFORMATION TECHNOLOGY OF FORMING OPTION FOR LOGISTICS DISTRIBUTION
CHANNEL CONFIGURATION RESISTANT TO EMERGENCIES

The problem and the main stages of choosing a rational configuration of a four-level logistics network that is resistant to the impact of emergencies for
strategic planning are considered. The problem under consideration belongs to the class of multicriteria optimization problems. Criteria related to the
financial costs of building and operating a logistics distribution channel, as well as criteria related to the level of quality of customer service, are
contradictory. To solve the problem of stability of the logistics system configuration to emergencies, such as failure of intermediate warehouses,
failure of transport arteries, etc., a strategic management information system was developed by integrating existing software components at the level of
enterprise software applications. The integration of the system was based on a service-oriented architecture, as all its components are heterogeneous in
nature. This approach allows you to reuse existing program code. To determine a sustainable configuration option, two criteria are used, which are
considered equivalent: the level of costs for the maintenance of the logistics channel and the level of service quality in the event of different
emergencies. Since the probability of emergencies is unknown, the minimax criterion is used to minimize the risk when choosing a rational
configuration of the logistics network. For this purpose, losses from emergencies are calculated according to all criteria, and there is a variant of the
logistics network configuration that will be the least risky. That is, we will not be able to get a worse result than the one we rely on. The results of the
study are presented in the form of a configuration variant of the logistics distribution system, which can be used in the future to determine business
options.

Keywords: strategic management, logistic system configuration option, service level, emergency situation, minimax criterion, service-oriented
architecture.

1. M. TO/VTEBChKHH, M.JI. TO/JJIEBChKHH, I. B. CTATIBKA

IHOOPMALIMHA TEXHOJIOI'ISI ®OPMYBAHHS BAPIAHTY KOH®IT'YPAIIi JIOTICTUYHOI' O
KAHAJIY JUCTPUBYIII CTIMKOI'O 10 HAIBBUYAMHUX CUTY AL

PosrisiHeHa 3ajada Ta OCHOBHI €TalM BHOOPY palioHaIbHOI KOH(Irypamii 4oTHpHOXpPIBHEBOI JIOTICTHYHOI Mepexi, IO CTiifika X0 BIUIUBY
HAI3BHYAMHUX CUTYAIiH, [UIS CTPATEriYHOro IIaHyBaHHs. 3aqa4a, M0 PO3IJISAAEThCS, HAISKHUTD 0 KJacy 3a[a4 0araTOKpUTepialbHOI OMTHMI3amil.
Kputepii, mo moB’s3ani 3 GpiHAHCOBUMH BUTpaTaMd Ha OYyAIBHHUITBO Ta (yHKIIOHYBAHHS JIOTICTHYHOrO KaHANy AUCTPUOYIIi, a TAKOXK KpHUTEpii,
TIOB’s13aHi 3 PIBHEM SKOCTi 0OCIIyTOBYBaHHS CIIOXKUBAYIB, € CylepewMBUMU. {111 BUpilIeHHs Ipo6JIeMH CTIHKOCTI KOH(Iryparii JToricTHYHOI CHCTeMU
10 HAJ3BUYAHHUX CUTYalill, TAKKX SIK: BUXIJ 3 JIaJy MPOMDKHUX CKJIA/IIB, BiIMOBa TPAHCIIOPTHUX apTepiil TOIO, po3pobieHo iHpopMaliiiHy cucteMy
CTPATErivHOro YMpaBIiHHS 3a OMOMOrOI0 IiHTErpamii iCHyIOYHMX OpPOrpaMHHX KOMIIOHEHTIB Ha piBHI KOPIOPATHBHHX MPOrPAMHHX IOAATKIB.
IaTerparmist cucremu 6a3yBasacsi Ha OCHOBI CepBiC-Opi€HTOBAHOI apXiTEKTypH, TaK SIK yci il KOMIIOHEHTH € Pi3HOPITHHMH 3a CBOEIO NPHPOJor0. Takuii
MiAX1 J03BOJISAE EPEBUKOPUCTATH ICHYIOUMI NMPOrpaMHUi Koa. J{1s BU3HAYEHHS CTIMKOro BapiaHTy KOH]Iryparii BUKOPHCTOBYIOTbCS [IBa KPUTEPIT,
SIKI BBa)KAIOTHCSI PIBHOI[IHHMMH: PIBEHb BUTPAT HAa YTPUMAaHHS JIOTICTUYHOTO KaHAJTy Ta PiBEHb SIKOCTI OOCIYroBYBaHHS NPU HACTaHHI Pi3HUX
BapiaHTIB HaI3BUYaWHUX cuTyamiil. Tak sk iIMOBIpHICTs HACTAHHS HAJ3BHYAHHUX CHTYaIlill HEBilOMa, MiHIMAKCHHIT KPUTEPili BUKOPUCTOBYETBCS JUIS
MiHiMi3aliil pu3KKy npu BUOOpi panioHanbHOi KoH}irypaii gorictuaHoi Mepexi. [ 1boro BUPaxoBYIOThCs 30MTKH BiJl HaA3BUYAHHUX CUTYAIIii 1O
BCIM KpPHUTEpIisM, Ta 3HAXOJUTHCS BapiaHT KOHQIryparii JoricTH4HOi Mepexi, skuil Oyne HaMeHII pu3UKOBUM. TOOTO, MM HE 3MOXKEMO OTPUMATH
TipIIMii pe3ynbTaT, HiXK TOW, Ha SKHH MM omupaeMocs. Pe3ynmbTaTn JOCTiZKEHHs TIpeJCTaBleHi y BHIVIAAI BapiaHTy KOH]Iirypamii JoricTHaHOl
CUCTEMH JUCTPUOYIIiT, ika MOXKe OyTH BUKOPHCTAHA B IOJAJIBIIOMY Ul BU3HAUCHHS BapiaHTIB BeJeHHs Oi3HECY.

KaiouoBi coBa: crpareriuyHmii MEHEHKMEHT, BapiaHT KOH(QIryparii IOTiCTHYHOI Mepexi, piBeHb CepBicy, Haa3BHYAiHA CHTYaLlis,
MiHIMaKCHHUHI KpUTeEpiii, cepBic-opieHTOBaHa apXiTEKTypa.

H. M. TOVIEBCKHH, M. J]. TOJVIEBCKHH, H. B. CTATHBKA

NHOOPMALUOHHASA TEXHOJIOTUA ®OPMUPOBAHUSA BAPUAHTA KOHOUT'YPAIIUN
JOTUCTUYECKOI'O KAHAJIA TUCTPUBBIOIIAA YCTONYUBOI'O K YPE3BBIYAMTHBIM
CUTYALIUAM

PaccMoTpeHa 3ajjaua W OCHOBHBIE OTambl BHIOOpA PAlMOHATIBHONM KOH(HIYpAlMH YEeTHIPEXYPOBHEBOM JIOTMCTHYECKOH CETH, YCTOMYMBOH K
BO3/ICHCTBUIO UPE3BBIYAMHBIX CHTYalWid, JUIl CTPATETMYECKOr0 IUIAHUPOBaHWs. PaccMmarpuBaemas 3aja4a OTHOCHTCS K Kiaccy 3ajad
MHOTOKPHUTEPUANIBHOM onTuMusanuu. Kpurepuu, cBs3anHble ¢ (QMHAHCOBBIMU 3aTPATAMK HA CTPOUTENHCTBO U (PYHKIMOHUPOBAHUE JIOTHCTHIECKOTO
KaHaJla JUCTPUOYIIMH, a TAK)Ke KPUTEPHUHU, CBSI3aHHBIC C YPOBHEM Ka4ecTBa 00CIyKMBaHHs MOTPeOHTENEH, IPOTHBOPEYNBLL. JJIsl pereHus mpobIieMsl
YCTONYMBOCTH KOH(MHUIYPALMHU JOTHCTHIECKON CHCTEMBI K UPE3BBIYANHBIM CUTYAIMsM, TAKUM KaK BBIXOJ] U3 CTPOS IIPOMEXYTOUHBIX COCTABOB, OTKA3
TPAHCIIOPTHBIX apTEpUil M T.IL., pa3paboTaHa WHGOPMAIMOHHAS CUCTEMA CTPATETHYECKOTO YIPABJIEHHs MOCPEACTBOM MHTErPAIMU CYIECTBYIOIHMX
[POrpaMMHBIX KOMIIOHEHTOB Ha YPOBHE KOPIOPATHUBHBIX MPOTPaMMHBIX NMPHJIOXKeHHH. WHTerpaums cucremMsl GasupoBaiach Ha OCHOBE CepBFCa
OPUEHTHPOBAHHON apXHUTEKTYpHI, TaK KaK BCE e KOMIIOHEHThl Pa3HOPOIHBI MO cBoel mpupoae. Takodl MOAXOJ MO3BOJSET HCIOJIB30BATh
CYILIECTBYIONIMI MPOrpaMMHBIA Ko J{Jist OnpeiesieHds YCTOWUMBOroO BapyuaHTa KOH(MUTYPALMU UCTIONB3YIOTCS 1B KPUTEPHUS, KOTOPBIE CUUTAIOTCS
PaBHOLICHHBIMH: YPOBEHb 3aTpaT Ha COJEp)KaHWe JIOTHCTHYECKOTO KaHajla M KayeCTBO OOCIY)KMBAHHS NPH HACTYIUICHHH Pa3IMYHBIX BAPUAHTOB
Ype3BbIYAMHBIX CUTYalMil. Tak Kak BEpOSTHOCTh HACTYIUICHHS YPE3BbIYAMHBIX CHTYalUil HE M3BECTHA, MHHUMAKCHBIA KPUTEPUId HCIIONIB3yeTCs JIst
MUHHAMH3AIMKA PUCKA TIPU BHIOOPE PAlMOHAIBHOM KOHQPUTYpAIMH JIOTUCTUYECKON ceTh. JlIsl 3TOr0 PacCYUTHIBAIOTCS YOBITKM OT YPE3BBIYAMHBIX
CHTYalWii 110 BCeM KPUTEpHsIM, ¥ HAaXOJHUTCS BApUAHT KOH(UTYpALMH JIOTHCTHYECKON CeTH, KOTOPBIN Oyler MeHee PUCKOBAaHHBIM. TO ecTh MBI HE
CMOKEM TOJIyYUTh XYyAIIMHA pe3ysbTaT, 4eM TOT, Ha KOTOpPBIA MblI ONMpaeMcs. Pe3ynbraThl HMCCIICIOBaHHS IpEJCTABICHBl B BHIE BapHaHTa
KOH(UIypaluy JIOTUCTUYECKON CHCTEMbI JUCTPUOYIIMH, KOTOPas MOXKET HCIONL30BATLCSA B JAIbHEMINEM Ui ONpPE/ETCHUsS BAPUAHTOB BEICHUS
Ou3Heca.

KuroueBble c10Ba: CTpaTernuecKuii MEHEDKMEHT, BapHaHT KOH(HUI'Ypallly JIOTHCTHYECKOM CETH, YPOBEHb CEpBHCa, Ype3BbIUaiiHas CHTyaIHsl,
MUHUMAKCHBIN KPUTEPHHA, CEPBUC-OPUEHTHPOBAHHAS APXUTEKTYPA.

Introduction. Logistic system configuration is a  connections such as roads through which logistics flows
spatial structure of nodes such as warehouses, and move. The central production company is interested in

© I. M. T'omnescokuit, M. [1. 'omecbkui, I. B. CrariBka, 2021
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optimizing logistics performance to reduce transportation
and storage costs. The study considers a four-level
logistics network, which consists of warehouses of
production, national, regional and local levels. In strategic
planning, it is necessary to determine which configuration
of the logistics network will be optimal for the business,
so that costs are as low as possible and the level of service
is as high as possible.

To minimize transportation costs, an information
system has been developed [1]. The optimal location of
regional warehouses and volumes of deliveries are found
with the help of this information system. As a result, the
decision-making expert obtains logistics network
configuration options based on the entered parameters.
The obtained configuration options are equivalent, but
have different degrees of resistance to emergencies, for
example: problems with transport, closure of warehouses,
shortage of products, blockage of transport arteries, etc.
The stability of the logistics network configuration is a
very important characteristic for strategic management, so
the expert when choosing a configuration option should be
aware of the degree of its stability, so that in an
emergency the logistics company suffers less damage than
it could.

The aim of the work is to develop a software module
for the existing information system to form a matrix of
variants of losses from emergencies, which is the basis for
choosing the criteria of multicriteria synthesis: maximin,
maximax criteria, Hurwitz criteria and Laplace criteria.
The decision-maker can choose a criterion depending on
the degree of uncertainty about the probability of
emergencies. The developed module helps experts to
assess the degree of stability of logistics network
configuration options when choosing a logistics network
configuration option for strategic planning, which in the
long run will help to reduce costs, losses and increase the
level of service.

Literature review. The issue of optimizing various
indicators in logistics, such as cost and level of service,
has been and remains extremely relevant. Powers [2]
described the importance of computer modeling in
logistics and decision-making in logistics. He wrote that
three types of solver technologies heuristics, optimization,
and simulation are used most often when dealing with a
problem being solved in logistics.

The direction of optimization in logistics was
covered by Michael R. Bartolacci et al. [3], who described
the process of finding optimal supply chains for a three-
tier logistics network in terms of transportation costs from
vendors, through distribution centers (DC) and to
consumers, having for initial data DC capacities, costs per
CWT shipped from vendors to DCs, costs per CWT
shipped from DCs to customers and customer demands. In
this work, the logistics network has only three levels,
which are sometimes not enough for some logistics
companies.

Recent works in the field of logistics simulation
include the work of Jesus Silva et al. [4], who developed a
computer simulation of the logistics distribution system
and conducted experiments by changing the input

parameters of the model and obtained different levels of
logistic systems performance. To model the logistics
network Thibaut Demare et al. [5] utilized agent-based
model and dynamic graphs to obtain a model that helps
the decision making of land planning. Agent modeling can
also be used to determine service levels of logistics
network configuration options, as was described in Ihor
Godlevskyi [6].

Multiple Criteria Decision Making (MSDM)
methodology for solving problems is also often used in
logistics, as it is important to find a solution that will
provide an acceptable level of various criteria, such as the
cost of transportation and the level of service. For
example, Jacek Zak [7] demonstrated how MSDM can be
utilized to obtain solutions in mass transit systems for
transit system development scenarios and for crew size
optimization.

Methods. The problem under consideration is
related to strategic management, so it is important to
consider the problem of resilience of the existing
configuration options of the logistics channel to
emergencies, such as: failure of intermediate warehouses,
shortage of products, problems with transport arteries, etc.

Criteria related to the financial costs of building and
operating a logistics channel, as well as criteria related to
the quality level of consumer service, are contradictory.

First, variable vectors were selected:

1) § — determines the structure of the logistics
channel.

2) P — determines the parameters of the system.

3) I — determines the parameters that are set at the
beginning and are immutable [8].

Next, the models of structural-parametric synthesis
were defined in general terms. The first group of criteria
was determined by the vector

F={F}={fi(sPM,iem 1)

where | is the set of criteria of the first group [8].
The second group of criteria was defined as

b=(@)={psPmie} @

where | is the set of criteria of the second group. The
range of allowable variation of the variables vectors S and
P of criteria (1), (2) was determined by the following
restrictions

q4(S,P, 1) < by, g €G, (3)

where G is the set of constraints, {b,} is the vector of
parameters, which can be determined by constraints on
both the structure and the parameters of the system [8].

Since criteria (1), (2) may have a different
dimension, it was brought to isomorphic form using
following functions

fi(s, P, ) — fHr

o/ (fi(s,P, M) = €, @)
(S, P, 1) — )"

w? (f,-(S,P,n))=(p’ R Hr(pf €], (5)
@ P
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where fHK £HT are the best and worst values of the ith
criterion of the first group and ¢}, ! are the best and
worst values of the j-tA criterion of the second group [8].

The next step was to determine the weighting factors
of these criteria to create complex criteria. For this
purpose, the methodology of collective expert assessment
was used [1] and complex criteria were presented in the
following form

FS,Pm = plofPI, (g
iel
jeJ
where
pl >0i€el Zp[=1: (®)
iel
P]?ZO']'EJJ zple. (9)
Jjej

where {pif}, {p]‘."} — is the vector of weighting factors of
the criteria of the first and second groups [8].

Based on the variation of the variables vector S for
each structure of the parameters vector P, a set of
configuration options for the logistics channel was
formed. From these options, a set of effective solutions B
(Pareto set) was selected.

Set of effective solutions B — was narrowed by
setting the vectors of upper and lower limits for weighting
factors of importance criteria F and @, pg = (uf, uf) and

py = (pf, ufh), which met the following requirements
Wb, U5, g, 1t 2 0,

up+ug =1,

i+ g =1

As a result, a set was formed B € B . We assume
that it consists of N configuration options for the logistics
channel, the method of obtaining which is described in
[9].

B = {BllBZ’B3""IBN} (6)

Next a set of emergency situations (ES) was formed
A=1{A,A, A5 ..., Ay} [8].

Assume that the likelihood of ES is known, and each
causes a predetermined loss in terms of criteria F and ®,
where i — version logistics channel and j — version ES
(table 1).

Table 1 — Negative payoffs from the emergencies occurence

Ay A, As Ay
By Uiy Uiz U3 Uim
B, Uz Uz, Uss Uzm
By Un1 U2 Uns Unm

The following criteria can be used when choosing a
rational strategy [10].

1. The probability of each emergency is unknown.

— Minimax criterion

U* = min max Uy;
i=1,N j=1,M
This strategy eliminates risk. In this case, the
decision maker can not have a worse result than the one he
focuses on. Therefore, it is considered that this criterion is
one of the fundamental ones.
— Criterion of extreme optimism

In this case, a decision maker sees his position from
a gambler’s point of view who bets for the best option.
— Hurwitz criterion

U= min, Ui(a),

where’

For this criterion, the evaluation function is between
the views of extreme optimism and extreme pessimism.

2. The probability of each emergency is the same. In
this case, the Laplace criterion is used, which has the
following form

M

1
Ut = min MZ Uij

j=1

3. The probability of each emergency is known and
these probabilities are equal to P;, P, ..., Py,. Then

M

The minimax criterion was used for rational strategy
choosing, which provides the greatest caution in the
choice for the situation where the probability of
occurrence of each emergency is unknown.

Further the matrix U = {U;;} (table 1) was formed on
the basis of a complex criterion W, which is determined
by convolution of criteria F and ®

W = p"F + p?®; p*,p? 2 0,p" +p? =1, (10)
where pf, p? — weight coefficients of complex criteria of
the first and second groups [8].

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XI1». Cepisn: Cucmemmnuii
ananis, ynpasninus ma ingopmayiini mexnonozii, Ne 2 (6) 2021 91



ISSN 2079-0023 (print), ISSN 2410-2857 (online)

Sets B and A X B meet the following values of the
criteria of the first and second groups
B ={B;i=1N}= {W,i=1N}, (10)
(BxA)={B,i=1,N}x{4;,j =1 M} =
Wy, i=1N,j=1,M}.

As a result, the elements of the matrix U are
Uj =W, -Wy), i=TN; j=T,M [8].

Information technology. Consequently an informa-
tion system was created to find a rational variant of the
logistics network configuration. For this purpose, the
previously implemented services of finding the optimal
variant of the logistics network configuration and finding
the service level were integrated. The integration was
carried out at the level of enterprise software applications
(Enterprise Application Integration — EAI), which means
reusing not only the internal data of the applications being
integrated, but also their program code. Technology based
on service-oriented architectures (SOA) was used as the
integration technology [11]. Fig. 1 depicts the interaion of
integrated components.

Results. A total of 4 configurations with different
constraints of regional warehouse number were analyzed
using 3 types of emergencies: closing of a regional

warehouse that serves logistic channel, changing the
shortest way from national to the regional warehouse due
to road repair, closing national warehouse. The results of
the changes in configurations are shown as the list of
warehouses of the regional level.

Configuration 1 has the constraint of national
warehouses number equals 5 which are: Zhytomyr, Kyiv,
Dnipro, Odesa, Mykolaiv (table 2).Emergency 1 is closing
the regional warehouse in Dnipro city. When emergency 1
happened logistic system configuration changed and a
regional warehouse in Lutsk city would be opened.
Emergency 2 is the situation when the road Odesa —
Mykolaiv (132 km long) is closed due to road repair and
the detour is 479 km long. When emergency 2 occurs, it is
cheaper to open a warehouse in Lutsk city than transport
products from Odesa to Mykolaiv by detour. Emergency 3
is a temporary or permanent closing of a national level
warehouse in Odesa. If situation 3 happened, a regional
warehouse in Kharkiv city would be opened.

Configuration 2 has the constraint of national
warehouses number equals 6 which are: Zhytomyr, Kyiv,
Dnipro, Odesa, Mykolaiv, Lutsk (table 3). When
emergency 1 happened regional warehouse in Kharkiv
city would be opened replacing one in Dnipro. When
emergency 2 happened regional warehouses in Kharkiv
and Lviv cities would be opened. If situation 3 happened,
a regional warehouses in Lviv and Kharkiv cities would
be opened instead of Mykolaiv and Kyiv warehouses.

<<camponent>>
ESB

<<component>> 3]

json to csv translator
M

<<component>> |

Splitter <~

<<componernt>> 5]
Router

=~ Transformator

g] <<componert>>  §]
Database
<<component>> 2] H
Joiner
v

<<component>> 2]

. Manipulate data

Find configuration

Find service level

S i

|
|
|
|
i
|
|
|
<<component>> 'l
|
I
|
i
|
|
I
|
i

<<component>> =] <<component>> g]
<<subsystem==> <<subsystem==> <<subsystem==>
Stable configuration Configuration Service level
finding system finding system Find finding system
configuration Find service
<<component>> g] | Ie\;'el
<<service==> <<component>> gl <<component>> 8]
<<subscriber>> <<serv_ice>> <<service>=>
Stable configuration <<provider>> <<provider>>
finding service Configuration finding Service level finder
/:\ service service
<<component>> 8] A A
Stable configuration <<component>> g] <<component>> &
option finding Configuration finding Service level finding
Web-interface Web-interface Web-interface

Fig. 1. Components diagram
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Table 2 — Regional warehouses for configuration 1 in different
emergencies

Table 6 represents the value of the negative payoffs

from the emergency occurrence.

Configuration 1 Table 6 — Negative payoffs from the emergencies occurence
Emergency Emergency
absence 1 2 3 Emergency | Emergency | Emergency
Zhytomyr Zhytomyr Zhytomyr Zhytomyr L 2 3
Dnipro Lutsk Dnipro Lutsk Configuraion 2| 0.0646 0.0646 0.5693
Odesa Odesa Odesa Odesa
Mykolaiv Mykolaiv Lutsk Kharkiv Configuraion 3 0.0744 0.0625 0.3027
Table 3 — Regional warehouses for configuration 1 in different Configuraion 4 0.4908 05161 03191

emergencies

Configuration 2
Emergency Emergency
absence 1 2 3
Zhytomyr Zhytomyr Zhytomyr Zhytomyr
Lutsk Lutsk Lutsk Lutsk
Kyiv Kyiv Kyiv Kharkiv
Dnipro Kharkiv Lviv Dnipro
Odesa Odesa Odesa Odesa
Mykolaiv Mykolaiv Kharkiv Lviv

Tables 4-6 show regional warehouses that were se-
lected for emergencies 1-3 in comparison with the initial

configuration.

Table 4 — Regional warehouses for configuration 1 in different
emergencies

Configuration 3
Emergency Emergency
absence 1 2 3
Zhytomyr Zhytomyr Zhytomyr Zhytomyr
Lutsk Lutsk Lutsk Lutsk
Kyiv Kyiv Kyiv Kyiv
Dnipro Kharkiv Dnipro Dnipro
Odesa Odesa Odesa Odesa
Lviv Lviv Lviv Lviv
Mykolaiv Mykolaiv Mykolaiv Kharkiv

Table 5 — Regional warehouses for configuration 1 in different
emergencies

Configuration 4
Emergency Emergency
absence 1 2 3
Zhytomyr Zhytomyr Zhytomyr Zhytomyr
Lutsk Lutsk Lutsk Lutsk
Kyiv Kyiv Kyiv Kyiv
Dnipro Odesa Dnipro Dnipro
Odesa Lviv Odesa Odesa
Lviv Kharkiv Lviv Lviv
Kharkiv Mykolaiv Kharkiv Kharkiv
Mykolaiv Mykolaiv Mykolaiv

As a result of changing logistic system configuration
due to emergencies, products are transported over longer
distances than in initial configurations. This leads to

increasing in the cost of goods transportation.

As fundamental minimax criterion was used to

eliminate the risk of choosing the worst alternative than

fo

reshadowed one, configuration 3 was selected as the

most rationable configuration. When using other criteria,
the result may differ from that obtained.

Further use of the obtained results is associated with

determining the option of doing business using the method
of hierarchies analysis based on SWOT analysis [12].
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12.
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C. B. IIOI'PEBHAK, 0. 0. BO/JKA

3ACTOCYBAHHS METO/IB IITYYHOT'O IHTEJEKTY JJ51 AIPOKCUMAILIl MEXAHIYHOI
IOBEJIHKHU I'YMOIIOAIBHUX MATEPIAJIIB

VY XXI cropivyui HeHpOHHI Mepexi MIHUPOKO BUKOPHCTOBYIOTHCS B Pi3HUX cepax, B TOMY YHCIIi B KOMII IOTEPHOMY MO/JICIIOBaHHI i B MexaHiui. Taka
HOMYJISIPHICTh Yepe3 Te, 1[0 BOHU NAIOTh BUCOKY TOYHICTb, HIBHIKO IPALfOIOTh Ta MAOTh Iy)XKe€ IIMPOKHH CIEKTp HajaumrtyBaHb. Mera poboTi
CTBOPEHHS [IPOTPAMHOr0 MPOAYKTY 3 BHKOPHCTAHHSM EJIEMEHTIB INTYYHOTO IHTEIEKTY, MU IHTepHoOJLILil Ta ampoKCHMamil eKCHEePHMEHTaIbHUX
nanux. IIporpamue 3abe3leyeHHs IIOBHHHO KOPEKTHO IIPAalLllOBaTH, Ta JaBAaTH Pe3yJbTaTH 3 MiHIMalbHOIO HoxuOKoro. Hemomikom BHKOpHCTaHHS
MaTEMaTHYHHUX MiJXOJiB 10 OOYHMCICHHS Ta IPOTHO3YBAHHS IETENb TiCTEPE3UCY € Te IO BOHHM JIOCHThH IIOTAHO OINUCYIOTh PO3BAHTAKCHHS, TAaKUM
YHHOM OTPHMYEMO HE KOPEKTi JaHHI /Ui pO3paxyHKIB HalpyXeHO-IepOPMOBAHOrO CTaHy KOHCTPYKIii. IHCTpyMeHTOM BupimieHHs Oys1o
BUKOPHCTAHHS €JIEMEHTIB IITYYHOrO IHTEJEKTY, a TOUYHille HEWPOHHUX MEPEeXK HPSIMOro MoIupeHHs. B poGoti 30ynoBaHa Ta HaBYeHAa HEMpOHHA
Mepeka MpsAMOro moumpenHs. Bona Oyna HaBueHa BYHTeIeM (BYMTENb 3 BUKOPUCTAHHAM METO/a 3BOPOTHOTO PO3MOBCIOKCHHS IOXUOKH) Ha OCHOBI
HABYAOY0l BHOIPKH IONEPEIHBO IMPOBEACHOrO eKcHepuMeHTy. Jlus TecTyBaHHs Oyao mMOOyZOBaHO MEKiIbKAa MEpPEX pI3HOI CTPYKTYpH, SKi
OTPUMYBAJIM HA BXiJ OJHAKOBHH HaOip JaHHWX SKUHl HE BUKOPHCTOBYBABCS MPH HABYAHHI, ane OyB BiJOMHIl 3 EKCIIEPHMEHTY, TAKAUM YHHOM Oyia
3HaiileHa MOXHOKa Mepexi 3a KIIbKICTIO BHIUICHOI eHeprii Ta 3a CepeqHbO-KBAAPATUYHHM BIIXHICHHSAM. Y CTATTi OETAJbHO OIMHCYETHCS
MaTeMaTHYHa IHTepIpeTallis HEHPOHHUX MEpeK, CIIoci0 X HaBYaHHsI, IONEPEIHBO IPOBEACHHUN EKCIIEPHMEHT, apXiTeKTypa Mepexki Ta ii TOmooris,
METO/I HABYaHHS, MArOTOBKH HABYalO40i BHOIPKM Ta BHOIpKM TecTyBaHHs. B pesynprati mpoBemeHoi po6oTu Oyio 30ymoBaHe Ta MPOTECTOBAHE
mporpamMHe 3a0e3e4eHHsI B IKOMY BUKOPHCTOBYBAIIACH IUTyYHA HEHPOHHOI Mepexa, Oyio moOyaoBaHO Ta MPOTECTOBAHE JEKiNbKa THIIIB HEHPOHHUX
MEpeX 3 Pi3HUMHU BXiTHHMH JaHUMH Ta BHYTPINIHIMU CTPYKTypaMH, BU3HAUeHI iX MOXUOKH, c(popMOBaHi MO3UTHBHI Ta HETaTUBHI SKOCTI MEPEX SIKi
BUKOPUCTOBYBAJIUCH.

KaiouoBi ciioBa: mTydyHa HefpoHa Mepexa, KOMIT IOTEPHE MOACIIOBAHHS, LITYYHHN IHTENEKT, ampOKCHMALLsI, IHTEpIOJALis, IporpaMHe
3a0e3MeueHHS.

C.B. IIOT'PEBH/IK, A. A. BOJAKA

HCITIOJB30BAHHUE METOAOB UICKYCCTBEHHOI'O UHTEJUVIEKTA JJISA AIIMIPOKCUMALINA
MEXAHHUYECKOI'O TIOBEAEHUA PE3UHOIIOAOBHUX MATEPHUAJIOB

B XXI Bexe HEHpOHHBIE CETH YacTO HCIIONB3YIOTCS B PasHBIX cepaX, B TOM 4YHCIEe U KOMIBIOTEPHOM MOJCIUPOBAHUM, M MeXaHHKe. Takas
MOIYJIIPHOCTb, MOTOMY 4YTO, OHH JAIOT BBICOKYIO TOYHOCTb, OBICTPO PAabOTAIOT MU MMEIOT O4€Hb OOMIMpPHBIA CreKTp HacTpoek. Llenbio paboTsl
SIBJIICTCSL CO3/IaHHE TIPOrPaMMHOTO TIPOAYKTA C MCHOJIb30BAHMEM 3JIEMEHTOB HCKYCCTBEHHOTO MHTEIUICKTa, AU MHTCPHOJALMH U allpOKCUMAIN
9KCIIEPHUMEHTANBHBIX JaHHBIX. IIporpaMMHOe obecliedeHHe MODKHO KOPPEKTHO paboTaTh, M JaBaThb Pe3ylbTaThl ¢ MHHUMAIBHOW ONIMOKOIL.
HenmoctaTkoM MCTIONB30BaHHS MATEMATHYECKUX MOIX0/0B K pacueTaM M MPOTHO3HPOBAHHIO METENIb ITUCTEPE3nca €CTh TO, YTO OHH JAOCTATOYHO IIIOXO
OIKMCHIBAIOT PAa3rpy3Ky, TAKMM 00pa3oM, OTydaeM He KOPPEKTHBIC JaHHBIC [UIs PACUETOB HANPSKEHHO-Ie(OPMUPOBAHHOTO COCTOSIHHS KOHCTPYKIIUH.
VIHCTpYMEHTOM JUTsl pelIeHus] ObIIO HCTIONB30BAHO 3JIEMEHTH! HCKYCCTBEHHOTO HHTEIUIEKTa, a TOYHee HeHPOHHBIE CETH MPSIMOTO paclpocTpaHeHus. B
poGoTe mocTpoeHa M oOydeHa HEHpOHHAs CeTh MpsMOro pacrnpoctpaHeHus. OHa oOywanach ¢ y4yurteneM (Y4uTedb C HCHOJIB30BAHHEM METO/a
00paTHOro pacnpocTpaHEHHs OLIMOKKM) Ha OCHOBE 0oOydaroleil BHIOOPKH MpeIBapUTENIbHO MPOBEJCHHOTO KCrepuMeHTa. [y TecTupoBaHus ObLIO
MIOCTPOCHO HECKONBKO ceTeil pa3sHOW CTPYKTYphl, KOTOpBIE Ha BXOJ MOJydYalH OJMHAKOBHIH HaOOp NAaHHBIX, KOTOPHI HE HCIIONB30BAJICS HPH
o0y4eHHH, HO ObUI M3BECTEH M3 SKCHEPUMEHTa, TakKMM o0Opa3oM ObUta HaiifieHa OImMOKa CETH 1O KOJMYECTBY BBIACICHHOW SHEPTUM M II0
CpPEIHEKBAaAPATHYECKOMY OTKJIOHEHHIO. B cTaThe MOAPOOHO OMUCHIBACTCS MaTeMaTHYECKasi HHTEPIPETalisl HSHPOHHBIX CeTel, crocod ux o0ydeHwus,
MIPeIBAPUTENBHO TIPOBEICHHBINH JKCIIEPUMEHT, apXUTEKTypa CETH M €€ TOIOJIOIHs, METO]] 00ydeHHs], OAr0TOBKa 00ydJaronieil BRIOOPKH, H BEIOOPKH
TECTUpPOBaHUs. B pesynbraTe mpoBeneHHOI poOOTHI OBIIO MOCTPOCHO M MPOTECTHPOBAHO MPOrpaMMHOE O0OecreyeHne, B KOTOPOM MCIIONIb30Baach
HCKYCCTBCHHAsl HEHPOHHasi CeTh, OBUIO MOCTPOCHO M MPOTECTHPOBAHO HECKOJIBKO THUIIOB HEHPOHHBIX CETEH C Pa3HBIMH BXOJHBIMU JAHHBIMH H
BHYTPEHHUMH CTPYKTYpaMH, OIpezelieHa OMHOKa HX paboThl, c(OPMHUPOBAHBI TIO3UTUBHEIC M HETATUBHEIC CTOPOHBI CETeH, KOTOPHIE HCTIONB30BAIIHCh.

KiioueBble cJI0Ba: HCKYCCTBCHHas HCHPOHHAs CETh, KOMIIBIOTEPHOE MOACIMPOBAHME, WCKYCCTBCHHBIH HMHTEIUICKT, amMpOKCHMAIlus,
HHTEPIOJLNS, IPOrPaMMHOE 00ecTIeyeHne

S. V. POHREBNIAK, O. O. VODKA

THE USE OF ARTIFICIAL INTELLIGENCE METHODS FOR APPROXIMATION OF THE
MECHANICAL BEHAVIOR OF RUBBER-LIKE MATERIALS

In the XXI century, neural networks are widely used in various fields, including computer simulation and mechanics. This popularity is due to the fact
that they give high precision, work fast and have a very wide range of settings. The purpose of creating a software product using elements of artificial
intelligence, for interpolation and approximation of experimental data. The software should work correctly, and yield results with minimal error. The
disadvantage of using mathematical approaches to calculating and predicting hysteresis loops is that they describe unloading rather poorly, thus, we
obtain incorrect data for calculating the stress-strain state of a structure. The solution tool use of elements of artificial intelligence, but rather neural
networks of direct distribution. The neural network of direct distribution has been built and trained in this work. It has been trained with a teacher (a
teacher using the method of reverse error propagation) based on a learning sample of a pre-experiment. Several networks of different structures were
built for testing, which received the same dataset that was not used during the training, but was known from the experiment, thus finding a network
error in the amount of allocated energy and in the mean square deviation. The article describes in detail the mathematical interpretation of neural
networks, the method for training them, the previously conducted experiment, structure of network that was used and its topology, the training method,
preparation of the training sample, and the test sample. As a result of the robots carried out, the software was tested in which an artificial neural
network was used, several types of neural networks with different input data and internal structures were built and tested, the error of their work was
determined, the positive and negative sides of the networks that were used were formed.
Keywords: artificial neural network, computer modeling, artificial intelligence, approximation, interpolation, software

Beryn. Kowmm'rworepue wmogemoBanHs y  XXI  Hayku Ta TexHikM. BOHM Jar0Th MOXIUBICTH IIBHJIKO
CTOpiYYi IIMPOKO BHKOPUCTOBYETHCS Y Pi3HHX cdepax  oOpoOSATH Ta BiIHOBIIOBATH pe3yabTaTH. HelpoHHi
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Mepexi Bce 4acTillle i yacTillle 3aCTOCOBYIOThCS Y HAYKO-
BUX Ta MpPHUKIAJHUX NPOrPaMHUX KOMIUIEKcaXx. BoHu
JIA0Th 3MOTY IIBUJKO Ta SIKICHO OOpOOJISITH pe3yNbTaTH,
JlaBaTH IPOTHO3 Ta MPOMDKHI 3HaYeHHs. 32 yMOBHU r'apHOT
no0yOBH iX CTPYKTYpH Ta HaBYaHHS, BOHHU 3/1aTHI JJaBaTH
pe3ynapTaTH 3 MIHIMATBHOIO TOXHOKOI. TakuM dYHHOM
BUKOPHCTaHHS HEWPOHHMX MEPEX Yy MOJEIIOBAaHHI, IIe
MOXIIMBICTh OTPUMYBATH PE3YNIbTaTH BHCOKOI SKOCTI 3a
MiHIMAIBHIA MPOMDKOK dYacy, TaKOX BOHH CIIPOMOJKHI
BIITBOPIOBATH PE3YJIbTAaTH 3a IHIMIHX YMOB abo JaBaTH
mporao3. OTxe, A 00pOOKH Pe3yIbTaTiB eKCIIEPUMEHTY
Le JOCUTh TapHHUH IHCTPYMEHT, KUl 3MOXeE anpoKCH-
MYBaTH Ta IHTEpIIOJIIOBATH JaHHI 3 BUCOKOIO TOYHICTIO.

Jlireparypuuii orasa. B crarri [1] npuBoanTbes
NIPUKJIaJ CTBOPEHHS pe- KypeHTHOI Mepexi, sika Ha BXij
OTPUMYE, HACTYIHI Mapa- METpPH: KyT Halpy»XeHHS,
Hanpy)XeHHs, KyT LMKy, Ta JelbTa HampykeHHs. Ha
BHUXOZ1 JaHa Mepexka Jae aedopmariro. Hemonmikom manoi
Mepexi, € Te 10 HOopMali3alis JaHUX MPOBOIMIACH B
mianazoi Bix 0,1 mo 0,9 ta 1,0 mo 12,0, 3a TakuX BXITHUX
MAHUX ICHY€ BIPOTiOHICTH TOTO IO JaHHI 3 OULTBIIHM
3HAUEHHSAM OyIyTh MaTH MPIOPHUTET, [I€ MOXKE BIUIMHYTH
Ha IBHJIKICTh HaBYaHHS MEPEXi, TaKk 1 Ha BUHUKHEHHS
MOMUJIOK ITPU BHUKOPUCTaHHI MEpexi, Tak SK JAaHHI JTyXe
CHIIbHO po30iratorbesi. TakoXk MPOIOHYETHCS CTBOPEHHS
PEKYpEHTHOI Mepexi, 3a Takoi Mepexi HEMOXIMBO Bij-
CTEeXKHUTHU BHYTPIILHI NIepeOiru, KOJau BOHU BUKO- HYIOTBCS
a KOJIM Hi, 32 TaKMX YMOB TaKOX MOXXHa IOTpa- MUTH B
30HY KOJH Meperka Oy/ie TaBaTH He KOPEKTHI Bill- OBII.

B po6oti [2] BuKOpHCTOBYBaIach Mepexa MpsIMOTo
MIOMIMPEHHS JUIS TIOLIYKY iHTeTrpaly Halpy>KeHHsS IO Jie-
¢dopmarii. Ha Bxix momarotecs 3 HanpysxkeHHs (1 moTouHe
Ta 2 nonepenHix) ta 3 aedopmarii (1 morouyne Ta 2 morne-
penHix). HemomikoM mgaHOi MOZemi € Te MO0 BOHA paxye
JIMILIE KiJIBKICTh BUJIUICHOT €Heprii 0 MOXKHA BUPaxyBaTH
YHCEIbHO 3BUYAaWHUM iHTErpanoMm, JUIig 4oro He 00OB’A3-
KOBO BHKOPHCTOBYBATH HEHPOHHY Mepexy. Takox y na-
HOTO CHOCO0Y BIJICYTHSI aIPOKCHUMAIIIS T IHTSPIIOJISIIIS.

B crarti [3] BUKOpUCTOBYBaJIKCS Mepexa IpsIMOTO
MOIIMUPEHHSI, HA BXI1JT K0T MOJaBAIUCS HACTYITHI apamMeT-
pu: HanpyKeHHs Ta AedopManii (4 HampyKeHHs, 3 3 AKUX
Oynu mornepeaHiME Ta 3 nonepeaHi qedopmaiiii) Ha BUXO-
IIi OTPUMYBAJIM MOTOYHY Ie(OopMalito, JACTANBHINIE PO
JaHWi TUI Mepexi ommcaHo B ctarTi [4]. B pesynbrari
MIPOBEJICHUX EKCIIEPUMEHTIB OYJIO BCTAHOBJIEHO LIO Me-
pexa Ja€e TOCHUTh TapHUH pe3yiabTaT IpU TapHO HABYEHIN
Mepexi. Tak sk, Ha BiIMiHy BiJ MONEpeIHBOI CTATTi BH-
KOPUCTOBYBAJIM JIaHHI BimMamTaboBaHi B MPOMIKOK Bijg
—1 7o 1, TakUM YMHOM 3MEHIIWIACH BiPOTiIHICTH BIUIMBY
THUX YM 1HIIUX JaHWUX Ha BiJOBiIb MEPEXi, a OTXKeE 1 Bipo-
TiIHICTH OTPUMATH 3HAYHY MOXHMOKY 3MEHIIMIach. Taka
Mepexa Jia€ 3MOTy B HOAAJBLIOMY IHTEPIIOJIIOBATH IPO-
MDKHI pe3yJbTaTH 3 BUCOKOIO TOYHICTIO, Ta 3 JIETKICTIO
OoTpHUMaTH KUIBKICTh BUALIEeHOT eHeprii. ToOTo gaHa po6o-
Ta 00’€THANTA B COO1 MOXKIIMBOCTI TBOX TOMEPEIHIX.

IMocranoBka 3aga4i. B poGoTi nponoHyeThCs po3-
poOUTH  mporpaMHHH  KOMIUIEKC, IO  JIO3BOJISIE
aBTOMAaTH3yBaTH OOPOOKY eKCHEpUMEHTAIBHUX NaHUX 3
BUKOPHCTAHHIM IITYYHUX HEHPOHHHX Mepex. g mporo
HE0OXiHO BUKOHATH HACTYTI- Hi 3a7a4i:

— 3 nmiTepaTypHUX OIJISAIB BU3HAYUTH THUIIOBI CIIOCO-
6u noOynoBu mrTy4yHoi HeWponHoi Mepexi (IHHM) Ta
pe3ynbTaTH ix pobory;

— Po3poburn IIHM juis anpokcumarnii Ta iHTepro-
JISIIT eKCICPUMECHTAIBHUX JaHUX 3a JOMOMOIOK 0i0Iio-
teku Tensorflow Ta MoBH nporpamyBanas Python;

— [MigrotryBatn naHHi A7 HABYAHHS Ta IPOBECTH Ha-
BYAHHS,;

— IIpotectyBatn poGOTY MPOTrPaMHOTO KOMIUIEKCY
Ta OL[HUTH TOYHICTH i1 poOOTH.

Hapuannst IITHM. 3araneuuii Burissg IHTHM[5]:

n

y=Ff Zwixi ) @

i=1

Jle, N — KUIBKICTh BXIIHHMX IapaMmeTpiB, W; — Barosi
koedimienTH, Xx; — BXimHi curHamnu, f(..) — OYHKII
aKTUBalii.

[epmoueproBo BaroBi KOe]iLi€HTH 3alalOTHCS
BUIIAJIKOBUM YHHOM, TOMY JUIS iX KOpPEKLii NMPOBOISATH
HaBYaHHS.

MogenroBaHHS HaBYaHHS 3a JONOMOTOI0 KOMIT'IO-
Tepa mependadae TOCTIHHY 3MiHY Bar i MOpOTIB TaKUM
YUHOM, IO KJIacudikallis HaOyBae OUIBII BUCOKUI piBeHB
TicIIsl KOXKHOTO KpoKy. HaBuaHHs Moxe OyTH pealizoBaHO
PI3HHMH aNTOPUTMAMH:

— HapuaHHs 3 y4HTeJeM — BiIOMi BHXIJHI pe3yJb-
TaTH HEUPOHHOI Mepexi;

— HaBuanns 6e3 BunTesss — HEHPOHHA MEpeka orpa-
I[OBYE TUIbKM BXiMHI JaHI Ta CaMOCTIHHO (opmye
BUXiMHI pe3ynbTaTH. Taki Mepexi Ha3WBalOTh CaMo
OpraHizalitHIMu;

— HaBuaHHA 3 migKpimieHHsM — cHCTeMa IIPU3HAYEH-
Hs mTpadiB 1 320X0YCHB BiJ CEPEIOBHUIIIA.

MeTor HaBYaHHA € 3MEHIIEHHS MOXUOKH BIIMOBIII
Mmepexi [6]. TIpu Ko)KHOMY 3 TUIIIB HaBYAHHS BiOyBa€Th-
sl 3HaXO/KEeHHs nojioHocTei. [Ipu HaBYaHHI 3 yduTeaeM
BiZI0YBAETHCS KOPEKIIisl BArOBUX KOE(DILIEHTIB, MICIIs KOXK-
HOI iTepalii BYMTENb MOPIBHIOE BIJIIOBIb MEPEXi Ta SIKY
MOBUHHI OyJIM OTPHMAaTH Ta KOpPEerye iX 3 METOI 3MeH-
IICHHS DPI3HUII MDK BIAMOBIIII0 MEpEXi Ta BIANOBIIJIO
eKCIIepUMeHTy (Il TOMMJIKa Ha3MBAETHCS TOMUIKOIO
HaBYaHHS).

B po6oTi BUKOpHCTOBYBaIOCH HABUAHHS 3 BUUTEJIEM,
METOZOM 3BOPOTHOTO PO3MOBCIO/DKCHHS MOMHJIKH [7].
AnropuTt™ aii HaCTYITHHHA:

1. 3agarThCs NMOYATKOBI BaroBi KOCQII[iEHTH BU-

MaIKOBUM YHHOM;

2. Tlomaerscs Ha Bxig [ITHM HacTymHuii BEKTOp 3
HaBYal040i BUOIPKH;

OOuHCTIOETECS BUXITHE 3HAYSHHS MEPEXKi;

4. OOYHUCTIOETHCS PI3HUII MiXK BiAMOBIIIIO MEPEXKi
Ta MOTPiIOHUM 3HAYEHHSIM;

5. Koperyrotecsi BaroBi koeQillieHTH Ui 3MEH-
IICHHS MTOXUOKH;

6. IloBTOpIOIOTBCS KPOKM 3 2 IO 5 JIOKM HE MiHi-
MI3Y€EThCs MMOXUOKA J0 33aHOi a00 10 KITBKOCTI
iTepaii [8, 9].

Kopexis BaroBux koe(ilieHTiB BUXiJHOTO IIapy:

w
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BBoauthcs BenmunHa § sKa BIAMOBIAAE HACTYIHIN
bopmymi:

8, = 0UT,(1 - OUT,)(T, — OUT,), )

ne T, — motpibne snadenns, OUT, — Bianosige mMepexi,
IHIIEKC P — HEWPOH 3 SKOT0 BUXOJIC CHHONTHYHA Bara, q —
HEHPOH B SIKMH BXOJIE.

Jai xoperyemo BaroBi KoeimieHTH:

Wy_q(i +1) = w,_, (i) + ud,0UT,, (3)

le 1 — HoMep MOTOYHOi iTepalii HaBYaHHSA, Wy_, — Bara
CHHONTHYHOTO HEHpOHy 3’€IHYyIOWOro HEHpoH p 3
HEHpOHOM ¢, [ — KoedimieHT mBHAKOCTI HaBdaHHs, OU T,
— BHXIJ] 3 HEHpoHa P.

Kopekmis BaroBux Koe(illieHTIB MPUXOBAHOTO
mapy:
N
8, = 0UT,(1-0UT,) z ke Wae (4)
k=1

Kopekuisi BaroBux koedilieHTiB BinOyBaeThCcs 3a
(hOpMyYIIOI0 aHAJIOTIYHOK I KOPEKIlii BHUXITHOTO IIapy
[10].

Onuc mnonepeAHLO NMPOBEAEHOr0 €KCIEPHMEHTY.
JocmimkeHHsT CTaTUYHOI MIIHOCTI 1 BU3HAYEHHS KPHUBOI
nedopmarii IPOBOAMIN 3 BUKOPHCTAHHIM CIICIiai3oBa-
HOrO BuMiproBambHOro Komiuiekcy LIBik / Poemn Z100
[11-12]. 3pa3ku BiAMOBigamK r€OMETPHUYHAM CTAHAAPTAM
JUIL  MEXaHIYHUX BHIPOOYBaHb TyMOBHX ITOMiOHHUX
MaTepialiB i pesnHOKOpaHUX Kommo3utis [SO 527-2 1A,

3pa3ky MajM Taki reoMeTpuyHi mapamerpu: (ak-
tuuHy ToBIIMHY: 10 £+ 0,1 MM; mmpuna: 10 MM; JTOBKHHA
pobouoi yactuuu: 80 MMm; 3arambHa moBkuHa: 150 mwm.
Tomuua 3pa3kiB Mae Bapiaiii 1 % uepe3 TeXHOJOTIUHI
JIOIYCKH, SIKAM ICHY€ y BHMPOOHHUITBI KOMIO3UTHHX
ncTiB. [HIN MapaMeTpu MarTh TOYHI 3HAYEHHS, TOMY IO
BCi 3pa3ku OyiW OTpHMaHi INUIAXOM pO3pi3aHHA IX,
BUKOPHCTOBYIOUYH OJIMH 1 TOW kK€ IITaMI 3i CTaHAAPTHUM
po3mipom. Ha puc. 1 mokazaHuii cxeMaTHIHAN KPECICHHS
reoMeTpii 3pa3kiB Ta iforo gororpadii.
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Puc. 1. I'eomeTpist 3pa3kiB uist BUIPOOYBaHb

3pasku OyaM KOPCTKO 3aKpillIeHi 3a JOIOMOTO0
MEXaHIYHAX 3aTUCKaviB. TakuM YHHOM, BHMIPSIIH
3ycWwlIsl, sIKi BigOyBalOThCSd B HWXKHIX 3aTHCKadax 3a
JOIIOMOTOI0  CTaHAApPTHUX  JaT4MKiB  (MakCHUMallbHE
syewis 10 xH £+ 0,01 N). PesynpraTéi aBTOMaTHYHO
3anucyroThess koxHi 0,1 cekynam. B Xozxi BUTIpoOyBaHb
3pa3Kd MM IHMKJIIYHI HaBaHTaXeHb 3 (PiKCOBAaHUMH

piBHsAMH nedopmanii, MO JO3BOJISE BU3HAYATH HPYXKHI
BJIACTHBOCTI TAaKUX MaTepialliB B CTaO1J1I30BaHOMY CTaHi.

HanpyxeHHs oTpumaHi 3a IMMH NPOTPaMHUMHU
HABaHTAXKCHHSIMU HaBeleHI Ha pHUC. 2, a. XapakTepHi
KpuBi nedopmanii-HanpyKeHHsI eKCIIEpUMEHTY HPOBOJIU-
JIMCH 33 IPOTPaMy HaBaHTaKEHHS pHC. 2, 0.

[licns mpoBemeHHS MaHOTO EKCIIEPHMEHTY Oylo
OTpUMaHO (aiiyl 3 TaHUMH 3aJIKHOCTI acy, Hapy>KeHHS
ta pedopmarii. Tak sIK MPOBOAWTH MaHWK EKCTIEPHUMEHT
Ile KOMITOBHA pid, OyJ0 BUPIMIEHO PO3POOUTH HpOTpam-
HUI KOMIUIEKC SIKH{ BiITBOpIOBaB pe3ynbTatu. Llei cmo-
ci0 € MeHII 3aTpaTHUH (HiHAHCOBO Ta 3aiiMae MEHIIE Yacy.

Puc. 2. Llvkin HaBaHTa)XEHHSI, 110 BUKOPUCTOBYBAJIOCH IS
HaBYaHHS MEPEXi: @ — MporpaMa HaBaHTAXXEHHs, 6 — Pe3yJbTaT
€KCIIEPUMEHTY.

I3 manoro excriepuMeHTy Oysi0 00paHo 2 UKW s
HaBYaHHSI Ta | TUKI JUIS OLIHKK TOXUOKW Mepexi. Ha
puc. 3

Ha puc. 3, 300paxeHi HaHHI 111 HaBYAHHS Ta JJIS
OLIIHKH MOXMOKM poOOTH HelpoHHOT Mepexi (Homepa 1 Ta
3 BUKOPUCTOBYBAJIUCS I HABYAHHS, JUIL OI[IHKU
MOXHOKHM BUKOPUCTOBYBAJINCS JJaHHI ITiJ1 HOMEPOM 2).

3a TUIOmEI0 TeTelh MOYKHA BU3HAYUTH KiJIBKICTh
TEIUIOTH SIKa BHUIMJIACH MiJl 4aC MPOBEACHHS EKCIIepH-

MeHTy. AGO0 3a hopmyIoro:
T

= 1 d 5
w _ﬁo o(t)s(t)dt, (5)

ne T —ugac.
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Puc. 3. Bxigui nanni juis Hauanuas [ITHM

BuzHaueHe TeNIOBHIICHHS KOMIIO3UTHHX MaTepia-
JiB € B@OKIMBOIO  IPAKTUYHOIO  3aJadeio  IpH
JOCHIDKCHHSX ~ TEMJIOBOTO  CTaHy  KOMITO3HTHHX
MaTepialliB TPy MUKIITHOMY HaBaHTa)KCHHI.

Po3podka neiiponnoi mepexi. s po3poOku Heli-
pOHHOT Mepexi OyaeMO BHKOPHCTOBYBATH MEpPEXYy
NpsSIMOTO  PO3MOLIMPEHHsT (B Hi HEHPOHM MOTOYHOTO
LIapy MaoTh 3B’SI3KH TiJIbKH 3 HEHPOHAMM HACTYITHOTO Ta
HE MaloTh 3B’SI3KIB 3 HEHpOHaMHM 3 MONEPEIHIX IIapiB).
Bxinni napamerpu 0yaeMo BUKOPHCTOBYBATH:

— nonepeaHs aedopMartis;

— 3HaK gedopmartii.

Takox ams crabimizamii Mepexi OyiH MPOTECTOBaHi
OATKOBI NTaHHI SKi MOJABAJIMCh HAa BXiM MEpexi me —
JIOTHYHA J10 neTii ricrepe3ucy (puc. 4, a) abo inTerpan 3a
npoiineHuM twisixom (puc. 4, 6). Ha Buxomi mepexi odi-
KYEMO HaIpy>KeHHSI.

+6i

noTHaHa

€.

€ .

I

_._6i

7

Puc. 4. ApxiTekTypr HEHPOHHHUX MEPEK: @ — apXiTEKTypa
MepeXi 3 BUKOPUCTaHHSAM JIOTUYHOI, O — apXiTEKTypa Mepexi 3
BHKOPHCTaHHSM iHTErpajy 3a NPOHIEHUM IUIIXOM.

JaHHi 1 HaBYaHHS Ta TECTYBaHHS L€ Iepiia Ta
TpeTs merm rictepesucy. [lepmoueproBo manHi Oymn
HOpMaJli3oBaHi y mpoMikok [—1; 1] MiHIMI3yfouu TakuMm
YUHOM BIUTMB BEIMKHUX 3HAYEHHS Ha BiANOBIAb MeEpexi.
Takox NaHU KpOK MPUILIBU/IIYE HABUAHHS.

HaBuanHs mpoBOAMIOCH 3 y4HTENIEM, HaBYalya
BuOipka Oyna chopMoBaHa 3 mepiioi Ta TPeThoi HeTi
ricrepesucy, TECTyBaHHS IIPOBOAWIOCH Ha JApYyrid merii

ricrepesucy. Tak sk, Apyra memis HeBioma JUisi HaIIol
MepeXi MM MOKEMO SIKICHO OLIIHUTH MEPEeXy B pe3yJbTari
HaBYaHHSI.

Ha pwc.5 w™Mum Moxemo OauuTw  pe3ysbTar
ONUTYBaHHS HaBYeHOI Mepexi (3ipOYKH  CHHBOTO
KONbOpYy), Ha BXiAg sKkoi OymM TONaHHI MJaHHI SKi

BHUKOPHUCTOBYBAJIUCS TIPH ii (ITOMapaHIEBOTO KOJIBOPY).

3 maHoro rpagiky Mo>kKHA 3pOOHTH AEKITbKa BUCHOB-
KiB: II0 TIepIIie, Mepe)ka Ma€ HEJOTIK y BUTIISAII CTOPOHHIX
BUKHIIB — IF0 MPOOJIeMy MOXHA CHpoOyBaTH BHUPIIIATH
¢GinbTpyBaHHAM HABUYAIOYOi Ta TecTOBOI BHOipKHU. Tax sk,
JlaHH1 OyJM peasibHi, TO BOHH MAalOTh JIEIKY TOXHOKY Ta He
JIOCUTB TNAAKy CTPYKTYpPY, SIKIIO iX Mpo(iiabTpyBaTH abo
3MIAINTH TO 1€ BUPILIKTh L0 NpoOIIeMy, 1o Ipyre, Mepe-
JKa Ma€ JIOCUTh CYTTEBHH HEJOJIK 116 — BOHA HAMAraeThCs
BUPIIINTH 3a/jauy KJlacTepu3allii a He 3aBIaHHs perpeciii-
HOTO aHai3y.

1.004

0.75 4 .

0.50

0.25 4

0.00 4

o, Na

-0.25 4

~0.50 4

—-0.75 A

-1.00 4

-1.00 -0.75 -050 -0.25 0.00 025 050 075 100
€

Puc. 5. PesynpraTi onutyBaHHs Mepei Ha HaB4aro4iil BUOIpII

BucHoBkn. Buxonsuu 3 mocraBieHoi 3amaui Oyio
BHUKOHAHO!
— BHBYCHA HasBHA JITEpaTypa,
— TMHOTOTOBJIICHHI JaHHI I HAaBYaHHA Ta TECTy-
BaHHS HEHPOHHOT MEpexKi,

— chopmoBaHi BXiHI Ta BUXiJHI JaHHI;

— moOymoBaHa HEWpPOHHA MepeXa Ui aIlpOKCH-
MaIlii-iHTePIOJISIIIi METII TiCTepe3ucy;

— NPOBEIEHO HaBYaHHS HEHPOHHOT Mepexi;

— TpOBeJieHa sIKiCHA OLliHKAa HaBUEHOT MEPEexi;

— chopmoBaHi BHCHOBKH, MTO3UTHBHI Ta HEraTUBHI

AKOCTI OTPIMAaHOI MEpexi.

Buxozsuu 3 BuIe mpeacTaBIeHoro rpadiky pe3yib-
TaTIB OMUTYBaHHS MEPEXi MOXKHA 3pOOUTH BHCHOBKH IO
Mepexa IPsSMOTO PO3MOLIMPEHHS A€ HE TOTaHi Pe3yiib-
TaTH JUIsl BUPINICHHS 3a7ayi ampOKCHMAIii-IHTePIIOIIIi
METII TICTePEe3UCy PEe3NHOKOPIHOrO BUPOOy. Alle, BHXO-
JIST9M 3 BUIIE IEPepaxoBaHUX HEIOJIKIB MMOTPIOHO J01aTh
GinbTpyBaHHA BXIAHHUX IAaHUX Ta 3MIHUTH KOHQIrypamiro
Mepexi s i crabimizamii, mo0 BoHa He BUpilTyBaiga
3a/avy KJIAcTepHu3allii a BupimryBaja 3agady perpecii, Ta-
KMM YHHOM BOHA 3MOXE Kpallle OMHCYBaTH IETJi ricTe-
pesucy. Takox moTpibHO T0gaTH PO3paxyBaHHS KiJIBKOCTI
BHUJIJICHHS TeIJIa — II€ JaCTh 3MOTY SIKICHO TIOPiBHIOBATH
Pe3yIbTATH EKCIIEPUMEHTY Ta HEHPOHHOT MEpPEexKi.
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JI. B. BOJHAP, K. C. IIYJIAKOBA, JI. E. TPU3YH

AJITOPUTMIYHE 3ABE3IEYEHHS PEKOMEHJIAIIIMHOI CHCTEMM BEBCEPBICY JIJIsI
BUBYEHHS IHO3EMHHUX MOB

Jlana po6oTa MpUCBSYEHA aHATI3y AITOPUTMIYHOrO 3a0e3[eUeHHs] PEeKOMEHAAIIHHNX CUCTEM MYJIbTHUMEAIHHOrO KOHTEHTY Ta po3poOii BeGcepBicy
JUTS THABULICHHS e(eKTHBHOCTI BUBYCHHS iHO3EMHHX MOB 32 JOINOMOIOI0 PEKOMEHIAL[IHHOI CHCTEeMH, siKa MEePCOHATI30BaHO Iig0Hpae HaBYAIIbHUT
KOHTEHT JUIs KopucTyBaya. i1 GpopMyBaHHS IepeliKy HeoOXiTHOro MyJIbTUMEIIHHOTO KOHTEHTY Oynu oOpaHi OCHOBHI KpHTepii pekoMeHIaniiHo1
CHCTEMH, BUSIBJICHI OCHOBHI MOTPEeOU KOPHCTYBAdiB, SIKi MOBHHHA BHUPIIIYBATH CHCTEMA, OCKIIBKU MiABUIICHHS €(EKTHBHOCTI BUBYCHHS 1HO3EMHOI
MOBH JOCSTA€ThCS HE TUIBKH IULIXOM BHOOpPY METOAIB HABUYaHHS, ale H MEeperjsagoM MYIbTHUMEAIHOro KOHTEHTY, a caMe HOBHH, (iIbMIB,
HAaBYAIBPHUX POJNUKIB, KIiMiB Ta iH. 3 60Ky MeTOXdy peami3alii alrOpUTMIYHOTrO 3a0e3HedeHHs OyIIH PO3INISHYTH Pi3HI BHAM (GiNbTpamii JaHHX Bix
CyYacHHX TEXHIYHHUX METOAIB 10 6ibmioTek A 3abe3neyeHHs GpyHKIIOHATBHOCTI CHCTEMHU Ta OOpaHO ajrOpPUTM Ha OCHOBI TiOpHIHOI BinbTpaLii, npu
SIKOMY BUKOPHUCTOBYIOTBCS BiJOMI OLIHKM KOPHCTYBAUiB [Jis IPOTHO3YBaHHs yHoO00aHb iHIIOro KopucTyBada. Po3pobieHi ¢GyHKLIiOHAIbHI BHMOTH Ta
3aIIPOIIOHOBAaHO BeOCEpBiC, SIKMH YMOXIIMBIIIOE KOMIUIGKCHHIl BIUIMB HAa HaBYaHHS KOPHCTyBadya IIPM BHBYCHHI iHO3EMHOI MOBH, HpOrpamHa
peanizawisi SKOro BHKOHaHA 3a gormomororo MoB Java Script, Python ta momatkoBux 6iGmiorex. Lls peanisamis mo3Bomsie moOyayBaTH Mpoiiec
BIZICTeKCHHsI 3MiH CTOCOBHO BHMOI KOPHCTyBaua Ta nepeaaBatd iHdopmauiro B 6azy manux (B/I) 1 micisa anHamisy BXiJHHX JaHHX 3MiHIOBATH
3aIIPOIIOHOBAHMI MYJIBTUMEAIHII KOHTEHT KopucTyBady. I1i yac mojaibimx JOCHiKeHb 3aIUIAHOBAHO NPOBEACHHS IPAKTHYHNX EKCIIEPUMEHTIB 3
ypaxyBaHHIM CHeUuGiKA THX UM IHIIMX METOMIB HABYAHHS IHO3EMHHX MOB 1 3aCTOCYBaHHs CTATHCTHYHHX JAHHX /U OLIHKK eEeKTUBHOCTI pobOTH
AITOPUTMY 3alPOIIOHOBAHOI PEKOMEH/IAIIHOI CHCTEMH.

Kuro4oBi ci1oBa: anropuT™, pekoMeHaniitHa cuctema, riopuana ¢inerpauis, b, Bedcepsic, Python, dinprpamis 3a 3micTom, KolabopaTiBHa
(inpTparis.

JI. B. BOJHAP, E. C. IIIYJIAKOBA, JI. 3. T'PU3YH

AJITOPUTMHUYECKOE OBECIIEYHEHHUE CUCTEMBI PEKOMEHJIAIIMU BEB-CEPBUCA JIUIA
N3YYEHUSA HHOCTPAHHBIX SA3BIKOB

JlanHast paboTa MOCBsILEHA aHAIN3Y AJITOPUTMUYECKOr0 00ECHEYEHHsI PEKOMEHAATEIbHBIX CHCTEM MYJbTUMEAMHHOIO KOHTEHTA U pa3paboTke BeO-
cepBrca ISl MOBbIIICHHS P(EKTUBHOCTH U3Y4CHHSI MHOCTPAHHBIX SI3bIKOB C ITOMOIbIO PEKOMEH/IATEIBHOM CHCTEMBI, KOTOpas IePCOHAIM3HPOBAHHO
noxbupaer oOydJaromUi KOHTEHT Al moib3oBaTels. [ ¢opMupoBaHus NepedHs HEOOXOIMMOro MyJIbTHMEIHIHOIO KOHTEHTa OBLIM BHIOpAaHBI
OCHOBHBIE KPUTEPHUM PEKOMEHIATEIbHONU CHCTEMbI, BBIABIECHbl OCHOBHBIE IMOTPEOHOCTU I0Jb30BaTeNeH, KOTOpbE MODKHA pEIlaTh CHCTEMA,
[IOCKOJIBKY TOBBIIICHHE 3(P(PEKTHBHOCTH H3YYCHMSI MHOCTPAHHOrO s3bIKa [OCTUrAaeTCs HE TOJBKO ITyTeM BHIOOpAa METOLOB OOYdYeHMS, HO H
IIPOCMOTPOM MYJIbTUMEIUHHOTO KOHTEHTa, a HIMEHHO HOBOCTEH, (PHIBMOB, OOYYAIOIINX POJIHMKOB, KIHMIOB U T.1. CO CTOPOHBI METOIA pean3amiu
ITOPUTMHYECKOr0 00ecIeyeHnst ObIIN PACCMOTPEHBI Pa3IUYHbIC BUABI (QUIBTPALNK JAHHBIX OT COBPEMEHHBIX TEXHHYECKUX METO/IOB 10 OMOIHOTEK
it obecredeHus] GYHKIHOHAIBHOCTH CHCTEMBI U BBIOPAH alTOPUTM HA OCHOBE THOPHIHON (MIIBTpALUM, IPH KOTOPOM HCIOIB3YIOTCSI U3BECTHBIC
OLICHKH II0JIb30BaTelNel I NMPOrHO3HUPOBAHMS HMPEIIOUYTEHHH APYroro moib3oBartelns. Pa3paboTaHsl (yHKIMOHANBHBIE TPEOOBAHMSI U HPEITIOKEH
Be0-CEPBHUC, MO3BOIAIONINN KOMILUIEKCHO BO31€iICTBOBATh Ha 00yUeHHE M0Ib30BaTelIsl IPH U3y4eHHH HHOCTPAHHOTO S3bIKa, IIPOrpaMMHas peanu3alus
KOTOPOTO BBITIOJIHEHA C MOMOMIBIO s36IKOB Java Script, Python u momonHuTensHbIXx OHOMHOTEK. DTa peaiu3anusi MO3BOJSET TOCTPOHUTH MPOLEce
OTCIIe)KUBAHHS N3MEHEHUH B IT0JIb30BaTEILCKUX TPeOOBaHMAX U HepenaBaTh nHGopManuio B 6a3y nanubX (bJ]) u mociie aHanm3a BXOAHBIX JaHHBIX
M3MEHATH NpeiaraeMblii MyJbTUMEAUNHBIA KOHTEHT 0JIb30BATENI0. B X0/1€ JanbHeHIX UCCAEI0BAHUN 3aIIJIaHMPOBAHO MIPOBEACHHUE IPAKTUYECKUX
9KCIEPUMEHTOB C Y4eTOM CHElM(HKU TeX HIM UHBIX METOAOB 00y4YeHMsI HHOCTPAHHBIX S3bIKOB M IPUMEHEHHS CTATUCTUYECKUX JAHHBIX IS OLEHKU
3 HEKTUBHOCTH pabOTHI AITOPUTMA TIpeIaraeMoil peKOMEHIATEIbHOIN CHCTEMBI.

KiioueBble cjI0Ba: aTOPUTM, PEKOMEHIATENbHAs ciHcTeMa, rHOpuanas Gpunbrpanus, bJ1, Be6-cepBuc, Python, dhuibTparius mo comepkuMomy,
KosutabopaTuBHas GUIBTPALHSL.

L. V. BODNAR, K. S. SHULAKOVA, L. E. GRYZUN

ALGORITHMIC SUPPORT OF THE WEB SERVICE RECOMMENDATION SYSTEM FOR
LEARNING FOREIGN LANGUAGES

This work is devoted to the analysis of algorithmic support of multimedia content recommender systems and the development of a web service to
increase the efficiency of learning foreign languages using a recommender system that personalized the selection of educational content for the user.
To form a list of necessary multimedia content, the main criteria of the recommender system were selected, the basic needs of users were identified,
which the system should solve, since increasing the efficiency of learning a foreign language is achieved not only by choosing teaching methods, but
also by watching multimedia content, namely news, films, educational videos, clips, etc. Therefore, in order to form a list of the necessary multimedia
content, the main criteria of the recommender system were formed, the main needs of users were identified, which the system must solve. From the
side of the method for implementing algorithmic support, various types of data filtering were considered, from modern technical methods to libraries
to ensure the functionality of the system, and the algorithm based on hybrid filtering was chosen, in which known user ratings are used to predict the
preferences of another user. Functional requirements have been developed and a web service has been proposed that allows a comprehensive impact on
user learning when learning a foreign language, software implementation of which is made using Java Script, Python and additional libraries. This
implementation allows you to build a process for tracking changes in user requirements and transfer information to the database (DB) and, after
analyzing the input data, change the proposed multimedia content to the user. In the course of further research, it is planned to conduct practical
experiments, taking into account the specifics of certain methods of teaching foreign languages and the use of statistical data to assess the effectiveness
of the algorithm of the proposed recommender system.
Keywords: algorithm, recommender system, hybrid filtering, DB, web service, Python, content-based filtering, collaborative filtering.

Beryn. barato Hai6inpIIMX KOMEPIIHHUX BeOCAlTIB ~ BUKOPHUCTOBYETHCS B CLEHAPIsX €IEKTPOHHOI KOMepilii,
BXE TPUBAJIMH Yac BHKOPHCTOBYIOTh PEKOMEHJALINHI  BHABISIE B3a€MOJIl MK KOPHCTYBadyaMHM Ta €JIEMEHTaMH i
CUCTEMH, 1100 JONMOMOITH CBOIM KOpPHCTyBauaM 3HaWTH  SBJISiE COOOI0 alrOpUTM peKoMeHpaaliiHoi cuctemu. Ha
HeoOxinuui koHTeHT. CrisbHa (inbTpalis, ska 3a3BM4Yaii  OCHOBI wi€l QubTpanii nependavaroThecs ynomoOaHHS
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KOPHCTYBaYiB, aHANI3YIOYH iX TOBEAIHKY B MHHYJIOMY,
3TiIHO 3 SIKOI0 pPEeKOMEHJAlliiiHa cHucTeMa IepeHaByae
MaTeMaTu4Hy MOJeNb Ta IPOINOHYE HOBI CIIUCKH
KOHTEHTY [1], moroMararoud TUM CaMUM KOpPHCTYBaueBi
3HaNUTH HEOOXiTHY 1HPOpPMAIIiTO.

IMocranoBka mnpodaemu. CpOrogHi HAMIYYIOTH
6mu3pko 6000 iHOZeMHHX MOB [2]. 3a CTaTHCTHKOIO, Yy
cBiTi 1,5 Mnpxa mromell BUBYArOTH aHTIHCHKY MOBY [3],
aJle TajJeKo He Y BCiX € MOXIIMBICTD 3aiiMaTHCS 3 BHKJIA-
nadeM oduiaiiH, TOMy BOHH BHKOPHCTOBYIOTH Pi3HOMAaHIT-
Hi BeOcepBicu. Kpim Toro, icHYI0Th HOCHiKeHHS [4], sKi
MOKa3ylTh, IO BHKOPHCTaHHS BEOCEPBICIB HT03BOJISE
MiABUIUTH €(PCKTUBHICTH BUBUCHHS 1HO3EMHOT MOBH.

OCKITbKH  KUIBKICTh PI3HUX I1HCTPYMEHTIB JOCHUTb
BEJIMKA, 1 CKJIACTH CBifl CTEK OCBITHIX TEXHOJIOTIH MOXe
OyTun HeJerko, TOMy MeTa JaHoi poboTH - po3poOka
BeOCepBICY 3 AITOPUTMIYHUM 3a0e3MeYeHHIM PEeKOMEH /1a-
miffHoi cuctemu, sika (OpMye CIHCKH HEOOXiTHOTO
HABYAJHHOTO KOHTCHTY iHIUBIAYaJIbHO IIiJl MOTPEON KOX-
HOT'O KOPUCTYBaya.

Juis nocsTHEeHHST MeTH HeoOXimHO OyJo po3B's3aTh
HACTYITHI 3aBJaHHS:

® pPO3pOOUTH MPUHIKI pOOOTH BeOCEPBICY;

e BU3HAYMTH PIBHI JOCTYITy KOPUCTYBadiB BeOcep-
BiCY;

e 00paru anropuTMidHe 3a0e3MeUeHHS PEeKOMCH Ia-
LIAHOT cCTEeMH BeOCEpBICY;

e oOpatu Momeni [OaHMX I peatizamii 0a3u
JIAHUX;

® BHUKOHATH MPOEKTYBAaHHA Ta pO3pPOOKYy 0Oaszu
JIAHUX;

® pPO3POOUTH CEPBIC PEryIFOBaHHS HABAHTAXKCHHS,

e IHTETpYBaTH KCIIyBaHHSA JaHUX 1 pe3yJbTaTiB
3aIIMTIB;

e pOo3po0HUTH BeOCEpBIC Ta HAJIAIITYBATH CEPBEPHY
YaCTHHY.

3MICTOBHA TIIOCTAaHOBKa 3ajadi
urisiai IDEFO-mgiarpamu (puc. 1).

npeacraBjicHa Yy

Bumoru go BeGeepeicy

IHdbopMaLis npo kopucTyBadis J/

Cnckun
pekomeHaauin
AnropuTm KopucTyBayam
copmyBaHHA
pekomeHaauin

IHbopMaLis Npo HaBYanNbHUIA KOHTEHT

OujiHKM KopucTyBaya

HaB4anbHWi KOHTEHT

Puc. 1. IDEFO-niarpama

AHani3 crany npobjemu. J[oCUTh 4YacTO MJIaHU
CTBOpPEHHSI peKoMeHpaaliifHoi cucremu ta bJ{ roryrorbes i
OLIIHIOIOTHCS] HA OCHOBI J{yMOK 3aMOBHHKIB 1 PO3pOOHHKIB
po HeoOXimHI (YHKII Ta MOXKIIHMBI SKOCTI MPOrPaMHOTO
3a0e3neueHHs. Y 3B’SA3Ky 3 IMM, IIOMWIKH MpHU
BH3HAYECHHI HEOOXIJHWX IIOKAa3HMKIB IPOrHO3YBAHHS,
OIIIHKM  TPYAOMICTKOCTi, BapTocTi Ta TPHUBAJIOCTI
CTBOPEHHSI PEKOMEHJAIIHHOI CHCTEMH € TMOIHUPEHUM
SIBUILIEM.

YacTto pekOMEHMAIiiiHI CHCTEMH HE BiIMOBINAIOTH
BUMOIaM JI0 LIBHAKOTO Ta TOYHOTO MiOOpY KOHTEHTY,

OCKIJIBKM peaiizallisi [bOro THUIy aJIrOPUTMIB JyXKe
CKJIaJIHa, 11 BA)KKO MiATPUMYBATH, TaK SIK HaBiTh HE3HAYHI
KOpUT'yBaHHS B POOOTI MPU3BOJATH J0 3MiH alIlOPUTMY.
Tomy npu po3poOri BeGcepBicy mepir 3a Bce HEOOXiITHO
NpOJIyMaTu JIOTIKYy POOOTH, BH3HAUHUTH YiTKE alropuT-
MiYHE 3a0e3NeUeHHS PeKOMEHAANINHOI CHCTEMU MYJIBTH-
MEmIHHOTO KOHTEHTY Ta o0paTh Mojaelmi MaHuX It
peamizamii 0a3M HaHWX, IO WIiAXOAWTH caMe LHOMY
BeOcepBicy.

AHani3 icHyrounx ajaropuTmiB. 3a3BH4yail MaTema-
TUYHI aNTOPUTMH PEKOMEHIAIIIMHAX CUCTEM C(OpPMOBaHi
3a yoTUpMa Kpurepisimu [S]:

®  KIJIBbKICTh PEKOMEHIOBAHOTO KOHTEHTY;

® KUIBKIiCTh iH(pOPMAIL] PO PEeKOMEHJOBAaHUH KOH-
TEHT JUIs yTOYHEHHS NOTpeOd KOPHUCTYBaya;

e JofaTKoBa iH(oOpMaIlis MPO KOPHCTyBaya st
KOHKpeTH3aIlil madopy peKoMeHaaIlii;

® CProHOMIYHICTH CEpBICY IUIA 3pyYHOCTI BiIBimy-
Bava (yrM KoM(OpPTHIIIe, TUM OiIbIIe iHpopMaii MokHa
OTpHUMaTH Npo HOro peaxiii Ha Mopaan peKOMEHAAIIHHOT
CHCTEMH).

Ha cporomuimHi#i 1eHP HaWOUTBII TOMMPEHI TPHU
ITOPUTMHU PEKOMEHIALIHAX CHCTEM:!

® Ha OCHOBI cHiJIBHOI (kKomabopatuBHOI) (igbTpa-
wii [6], A€ NPOTHO3M CKJIAJAIOThCS IHIUBIIYaIbHO VIS
KO>KHOTO KOpPHCTYBada, Xoua BUKOPHCTOBYBaHa iH(popMma-
mist 3i0paHa Bijn 0araThboX Yy4YacHUKIB BHACHIZOK 4YOTO
QITOPUTM TIOTaHO MacIITa0yeThCs;

e Ha ocHOBI (¢inbTparii 3micty (content-based) [7],
B SIKOMY KJIFOUOBI CJIOBa BHKOPHCTOBYIOTHCS JISI OTIHCY
€JIEMEHTIB, a TNpodiIb KOPHUCTYyBada CTBOPIOETHCS JUIS
BU3HAYCHHS TUITY €IEMEHTa, IKUi HoMy T0100a€ThCs;

e Ha OCHOBI (pinbTparii 3HaHb [8], sAKi 3aCHOBaHI Ha
SIBHUX 3HAHHSX, KOPUCTYBAIbKHX IepeBarax i KpUTepisx
peKOMEHaAITIi.

Amnanizyroun poOOTy alropuTMiB, KoJabOpaTHBHA
GbinpTpallis Hamgae PEKOMEHMAIl TIIBKKA JOCBIIUYCHUM
KOpHCTyBadam, sIKi BJK€ B3a€MOJIISITN 3 CUCTEMOIO, TaK SIK
BOHAa PEKOMEHJIYE€ Ha OCHOBI 1X ymomo0aHb, 10 POOHTH
HEMOJJIMBUM TE€HEpYBaTH pPEKOMEHZAIIl Ul HOBHX
KOpHCTYBadiB. AnroputM QuIbTpamii 3a 3MICTOM Hajiae
pEeKOMEeHAaIlil HOBUM Ta JOCBIUEHHM KOPHCTyBauaM Ha
OCHOBI KJIIOYOBHUX CIIB, SIKi KOPHUCTYyBa4 BH3HAUUB IS
omucy eneMeHTiB. OCKUTBKHM el MiAXiJ 3aJeXHUTh BiJ
SIKOCTI OIKCY METa/IaHUX EJIEMEHTIB Ta KOPHUCTYBaYiB, Iie
MPUHOCHUTH 0arato oOMeXeHb cHcTeMi. AITOpUTM (ibT-
parii 3HaHb MOTpedye TOAATKOBOTO JpKepena iHdopmariii,
a TaKkoX SBHUX 3HaHb MPO MEPCOHAIbHI BUMOTH KOpPHC-
TyBadiB, ajie BUPiIIye IpoOIeMH XOJIOTHOTO CTaPTy.

AHani3 icHyl4YHX pekoMeHaauiiHux cucrem. Ha
CBOTO/HIIIHIA JIeHb ICHYIOTH JyXKe Oarato OHJaiH
pecypciB 3 BUBYCHHS IHO3EMHHX MOB BiJ| BeOCaWTIB 10
BeOIOIATKIB Ha MOOLIBHI [iBalicw, aile BIACYTHI PEKO-
MEHJIAIIHI CUCTEMH, SKi MOXYTh JAOMOMOITH MigiOpaTn
KOHTEHT HE TUIbKH JJIsI BUBUCHHS iHO3EMHOI MOBH i
NepCOHAJbHI MOTpPeOH, aje NpH HaBYaHHI B IIUIOMY, IO
pPOOUTH HEMOXJIMBUM 3pOOWTH aHA3 ICHYIOUHX PEKO-
MEHJAIIMHNX CHCTeM HaBYAJILHOTO KOHTEHTY. IIpoTte
ICHYIOTh TIOHIOHI pO3BakalmbHI BeOCEpBICH 3 PEKOMEH-
JNaIifHUMU CHCTEMaMH MYJbTUMEIIHHOTO KOHTEHTY, SKi
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BUKOPHCTOBYIOTHCS B OCHOBHOMY y BHTJISIII BiIGOXOCTHH-
ry: YouTube [9], Netflix [10], MEGOGO [11], lvi [12] Ta
1HIII.

Jis copoineHHst 300py iH(pOpMAIi MO0 BIATYKIB
ta 3amutiB Netflix BukopucToBye KOMabopaTuBHY
¢binpTpamnito, MPOoTe BETUKAa KiIBKICTh NAaHUX MPUBOIUTH
IO 3MIIIEHHA pPe3yJbTaTiB PEKOMEHIAIIHHOI CHCTeMH i
3HIKCHHSA 11 eQeKTHBHOCTI. PexoMeHpariiiHi cucteMu
MEGOGO Ta lvi, mo mpaifofoTh Ha OCHOBI HESBHHX
NPU3HAYEHNX M1 KOPHUCTyBada OIIHOK, TSTHYTH 32
c00010 mpobIeMy TOTpHUMaHHS KOHQIICHIIHHOCTI KOpHC-
TyBayiB, 3aXHUCTY NEPCOHAIBHUX AaHUX. KpiM 1poro, ciin
BUJIIUTH TIPOOJIEMY XOJIOJHOTO CTapTy IO BiJHOLIEHHIO
JI0 KopucTyBauya (KOJM HEBIJIOMO IO PEKOMEHIYBaTH
[IOWHO 3apeecTPOBaHiil JMIOAMHI) Ta MO BiTHOIICHHIO 0O
KOHTEHTY (y BHIIAJIKy HEBU3HAYEHOCTI IIOJIO0 TOTO, KOMY
MOHa MOPEKOMCHIYBAaTH MIOWHO CTBOPECHHH KOHTEHT)
[13]. Cucrema pekomenparniii YouTube BHKOpPHCTOBYE
KUTbKa HUTHOBUX (QYHKIN AN paHKyBaHHS i BPaxOBYeE
0coOHCTI IepeBarn KOPHCTYBada 3a PaXyHOK aITOPUTMY
SVD [14], sixuit 6a3yeThes Ha KoabopaTuBHii ¢inpTparii
Ta QUIBTpaIii 3a 3MICTOM, TOMY QJITOPHTM Ma€ MEHIIE
HEJ/IOJIIKIB, HIK BUINE BKa3aHi aaroputMmu okpemo. Came
TaKui TiOpUAHUIA aIropuT™M Oyze 3aCTOCOBAaHO JJIsl BUDI-
LICHHS 3aBJlaHb PEKOMEHAALINHOI CHCTEMHU HaBYaJIbHOTO
KOHTEHTY, SIKUil 0OpaHO mpu po3podili JaHoro Bebdcep-
Bicy. OCHOBHOIO MPOOJEMOIO 3AJIUIIAETHCS XOJOIHUIN
CTapT MO BiJHOLICHHIO IO KOHTEHTY, OCKUIbKH HE MOKHA
HaBYUTH HEHPOHHY MEpPEXXy KOPEKTHO IependadaTH OmiH-
KW, HE MarOYd TECTOBOI BHOIpKH, aye iHII 3aBJaHHS Ja-
HUH aJTOPUTM BHPIIIYE.

AJuropurmiuHe 3a0e3nmeyeHHs] pPeKOMeHAAUiiHOT
cucremn Bedcepicy. [OpuIHUIT AITOPUTM CKITATA€THCS
3 BunaakoBoro i KNN anroputmis. Bunaakosuii anroputm
BUKOPHCTOBYETHCS JUIsl BUPIILICHHS MTPOOJIEMH XOJIOJJHOTO
CTapTy MO BIJHOIIEHHIO 0 KOPHUCTYBada 1 30epekeHHS
pisHoManiTHOCTI pekomenmariitnoi cucremu. KNN amro-
PHUTM 3HAXOAWTH K aHAJIOTIYHUX KOPUCTYBAUiB 3a TIEBHOO
KUJIBKICTIO TeperjisiHyTHX eneMeHTiB. Hexaill mneperisia
enemenTtiB (TR) 6yne moporom pexomenamiii KNN, sikuit
Bu3Hauae uu BukopuctoByBatH anroput™ KNN, Tomi
KIJIbKICTh THEperNITHYTHX KOpPHUCTyBaueM Ui €JIEMEHTIB
cranoButh |br(uj)] ta € mepemukadem KNN, skwuit
3a7a€ThCs

true, if |br(u;| = TR,

kNN switch = { false, otherwise.

Ha crabinpHiif cramii KiIBKICTh HEPETIITHYTHX
enmemenTiB TR moctatHs st BukoHauHs anmroputmy KNN,
o0 peKoMEeHAyBaTH HEOOXiMHY KUIbKICTh E€JIEeMEHTIB.
ITyHKTH CHHCKY HaBYaJbHOTO KOHTEHTY (OPMYIOThCS B
ocHoBHOMY Ha 6a3i amroputmy KNN, anme mis pizHOMa-
HITHOCTI pEKOMEHJALili BUKOPHCTOBYETHCS BHIAJIKOBHUI
NTOPUTM, 1100 PEKOMEHyBaTH INEBHY YacTHUHY eJIeMEH-
TiB.

[HKpeMeHTHUI TiOpUAHUKA aNropuT™ NpecTaBICHUN
anroput™MoMm 1 (puc. 2). BXigHi gaHi BKIIOYAIOTH 1ICHTH-
¢ikarop xopuctyBada (Uig) 1 TpY 3alaHUX KOPUCTyBAUYEM
napamerpa. Lle 3arampHa pexoMengoBaHa Kigbkicts (N),
CITiBBiIHOIIEHHs BUNaakoBux pekomenmanii (RT) i TR.
DakTUIHO, BiH CKIAIA€THCS 3 YOTUPHOX KPOKIB.

Input: 14,;. N. RT. TR

Output: recommender iiems(T,)

Method: hybrid Algorithm

(1) Ty =the browsed items by 1,

(2) bm = the browser matrix of all users,
(3) if (bsn =0 or T}, = @) then

4y T, =recommended N items by random algorithm;
(5) rewrn T,:

(6) endif

(N U={up ...}

(8) Count =0:

(9) for each (1;in U) do
(1)
(1)

Ny, = the number of browsed items by

if (N, = TR) then

(12) Count = Count + 1;

(13) endif

(14} end for

(15)if (Count < 0) then

(16) T, = recommended N items by random algorithm;
(17) retarn T,;

(18) end if

(19) N, =N = (1 — RT):;

(20) T, = recommended N, items by kNN algorithm;
2N =N - |Ti):

(22) 1, ; = recommended N, items by random algorithm;
2HT,. =1, Ul

(24) return T,;

Puc. 2. Anropurm 1

Kpoxk 1. Ha erami iHimiamizamnii HeMae HiIKHX TaHUX
icTopii MaTpull neperIsay. 3acTOCOBY€EThCSI BHITAAKOBHN
ITOPUTM JUISl BUPIIIEHHSA MPOOJIEMH XOJIOJHOTO CTapTy.
Lleii kpox BimoBiAa€ psiikam 3-6 anropuTMy.

Kpox 2. BuxopucroByeThcsi, mo0 BH3HAUUTH
HeoOximHicTh 3actocyBanus amroput™my KNN. Crmogartky
MIIPaxOBYETHCS KIJIBbKICTh MEPErITHYTHX €JIEeMEHTIB 1o U.
Sxkmo Np>TR, BukopucroByerbest anmroputm KNN. Ieit
KPOK BiIOBifae psiikaM 8-14 anroputmy.

Kpoxk 3. Komm pekomennamii mnparmroots 06e3
MOMHWJIOK, BHKOPHUCTOBYETHCSI BHIAJIKOBHH aJTOPHUTM,
100 peKOMEHAYBaTH JesKi HOBI €IEMEHTH JJIsl BUBUCHHS
HoBHX MarepiamiB. Lleit kpok Bigmosimae psakam 15-18
AITOPUTMY.

Kpox 4. Asropurm KNN BHKOpHCTOBYETBCS, 100
PEKOMEHAyBaTH Jiesiki MYyHKTH CIHCKY. IHII HYHKTH
CIHCKY PEKOMEHIYIOTBCSI Ha OCHOBI  BHIIaJIKOBOTO
aJrOpUTMY Ha MepeximHii 1 cTabimpHil cTamisx. Llei kpok
BizmoBigae psakam 17-23 anropurmy.

BuxinHi nmani anroputmy 30epiraioTeCsi B Tam'sTi
JUIL  alNropuT™My 2, 3a pe3yibTaraMd poOOTH SIKOTO,
KOPHCTYBauy HAaJA€ThCsl IHTEPAKTUBHA pPEKOMEHJAlis

(puc. 3).
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Input: N. RT. TR

Output: Recall and diversily

Method: interactiveRecommender

(1) Rf =true[{ Rf is the flag of successfully recommender:
(2) U=Aty,tig,...;u}k

(3) U' = an randomized array of U

@ T ={tyty....1,}%

(5) while (Rf} do

6) Rg= false:

() for each (1, in Ur) do

(8) T, = hybridAlgorithm(u,,, N, RT, TR):
9 T, = the interestarray of

(10) if (T; T, = @) then
(1) the user quits to the RS:
{12} else
(13 the browsed ilem is recorded into bmii, )
(14) R 5 = true;
(15} end if
(l6)  end for
(17) end while
i i
(18)recall = m-

" Hh '

i1 iy U g
(199BR(u, TYC T
|UyerBR(, T)|
T ’
(21) return recall and diversity,

(20) diversity =

Puc. 3. Anroputm 2

IIporpamue 3a0e3neyeHHs peKOMeHIAUIHOT
cucremMu Bedcepricy. J[ist KopekTHOI poboTu BeOCepBicy

Administrator

Id: number

email: string

password: string

name: string

created_at: datetime
current_sign_in_at: datetime
current_sign_in_ip: inet

OyJ10 BUIIJIEHO TPH PiBHI IOCTYIY /10 BEOBEPBICY:

e TICTh — HE3apPEECTPOBAHUII Ta HEaBTOPU3OBAHUIA
KOpPHUCTYBa4 CHUCTEMH, SIKMH HE Ma€ JOCTYIy A0 (QyHKIil
BeOCepBiCy KpiM Meperisiay;

® KOpHUCTYBay - 3apEECTPOBAHUIN Ta aBTOPU30BAHUI
KOPHCTYBa4 CHCTEMH, SKHA Ma€ IOCTYNm 10 (QYyHKIIH
BeOCepBiCy, fAKi BiAIOBIAAIOTH 32 BiTOOpakeHHS pEKOMEH-
JAIIITHOTO Meaia-KOHTEHTY;

® anMiHICTPaTOp — aBTOPH30BAaHUH KOPHUCTYBad
CHCTEMH, KU Ma€ JOCTYH 10 BCiX (yHKMIIii Bebcepsicy,
HAJAIITYBaHHS CHCTEMH Ta Ieperyiily CTaTUCTUYHHX
JIaHUX.

[Ticns BU3HAa4YeHHS PIBHIB JOCTYIy Ta 3anad, SKi
BUKOHYE KOXXEH KOpuCTyBad (Tabu. 1) Oyma moOymoBaHa
B]/l, sixa Oyna po3MekoBaHA 3TiJHO IMpaB OCTYITY, IO
Halae€Thcsl ~ KOPHUCTyBayaM  CHCTEMH B paMKax
BUpIITyBaHUX HUMH 3amad (puc. 4). Buxomsun 3 1p0r0,
pospobyieHa cuctema st (OPMYBaHHS PEKOMEHIALIH
Oyma  peami3oBaHa 3  CEpBICOM  peTyIIIOBaHHS
HABAaHTAKCHHS HAa CUCTEMY, KCIIyBaHHAM JaHHX 1
3aIUTIB.

Jiss  po3poOku  BebOcepBicy  BHKOPHCTOBYBAJIACS
OaratomapoBa apxitektypa [15], a came 4-piBHeBa
apxiTeKTypa, sKa Hajaja cepBicy IHY4YKICTh, MOXKIJIUBICTh
BHECEHHsS 3MiH B MEBHHMH IIap, 3aMicTh TOro, Moo
nepepoOIIsITH BECh TOJJATOK LIJIKOM.

B sikocti mporpamuoi peamizauii BeOcepicy Oynu
3aCTOCOBAHI TaKi TEXHOJIOTII, SIK:

e Python — 06'ekTHO-OpieHTOBaHA MOBa MpOrpamy-
BaHHS BHCOKOTO DIiBHA 31 CTPOTOI TUHAMIYHOIO THITi3a-
miero [16];

encrypled password:string
last_sign_in_at: datetime
last_sign_In_ip: Inet

resel password senl al daelime

Author

Id: numbear
name: string

resel_password_loken: siring bttt e

sign_in_oount: number
updated_at: datstime

MediaAuthors

bd: number
Li n—| author_id: number Genre
book_id: number T mlmber

name: string
description: string

Id: number

amall: string

password: string

narme: string
lcreated _at: datetime
fcumment_sign_in_at: datetime
leurrent_sign_in_ip: inet
|encrypted password:string
last_sign_in_at: datetime
last_sign_in_ip: inet
resel_password_senl_al: datetime
reset_password loken: string

sign_in_ecount: number

' |
Media

id: number
titile: string
name: string
description: string —n
length: string
image_url: string
author_id: number
genre_id: number

updated_ at: datetime

]
-

Rating

Id: number

like: boolean
user_id: number
book_id: number

Id: number
content: string

Puc. 4. Cxema BJ1
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Tabmurt 1 — [lepenik 3a1a4 KOPUCTYBadiB

PiBHi noctymy Tlepenix 3amau Bxigna indopmanis Buxinna indopmartist
1) nonaBaTy, BUIAITH, Iadopmaris, mo 3a3Hadena B | [lixTBeprkeHHS yCHINIHOCTI 3aIUTy B
3MiHIOBatu aaHi y B/l; JIOKYMEHTAax Ta OIHC HOBUX pasi 1oxaBaHHS, BUAAIEHHS a00 3MiHU
2) mouryk iHdopmariii 3a Oyab- 00’ekTiB mpenmeTHoi obnacti | iH(opmanii B Bl un 3minu camoi B/I;
Ticth SKHAM 3 MOXKJIUBHX KPUTEPIiB; y pasi nmouryky indopmariii HaJaeTbCst
3) 3sminroBatu b/l BinnoBigHO 110 Marepiai abo MoBiIOMIIEHHS PO Horo
HOBUX BUMOT IIPEIMETHOT BIZICYTHICTb
obacri
1) peectpartist Ta aBTOpH3ALis; JloriH Ta maposs, Ha3Ba [TinTBepHKEHHS YCIINTHOTO 3aIUTy
2) TOIIYK Ta MeperJsig Marepiaiy IIOJI0 peecTparlii/aBTopu3arnii
MYJIBTHUMEIIHHOTO KOHTEHTY; KOpHCTYBa4a; HaJaeThCsl MaTepiall,
Kopucrysau 3 . . .
) meperssiz iHGopManii moxo 110 noTpidHO 3HaiTH, 060
aKayHTY MIOBiJOMJICHHS PO BiJICYTHICTb
iHpopMmaii; iHbpopMaLis akayHTy
1) meperyisa CTaTUCTUKA IIpomixkok yacy, kpurepii BinoOpaxeHHS CTaTUCTUKH 3
Anmisicrpatop KOPHCTYBaiB; BI/I60py.E<OpI/ICTyBa‘{iB, YPaxyBaHHSM MOIIYKOBHX KpnTepi'l’B;
2) HaNAIITYBaHHS CHCTEMH KpuTepil BUOOpy MIiATBEpDKSHHS 3aIIUTY LI00 3MiH B
MYJIBTHMEIHHOTO KOHTEHTY | CHCTeMi

e JavaScript — muHamiuHa, 00'€KTHO-OpPiI€HTOBaHA
MIPOTOTHUITHA MOBA MPOTpaMyBaHHS IJIsl CTBOPEHHS CIIEHa-
piiB BeOCTOpIHOK Myl B3a€EMOZil 3 KOPHCTyBadeM Ta
o0OMmiHy qanumu 3 cepBepom [17];

e NodelS — miardopma asi BUKOHAHHS Ha cep-
BEpHI YacTWHI MepekeBUX Java script — CKpHNITIB 3a
JIOTIOMOTOK0  TIporpamMHoro  pymis  Java  Script
Google V8 [18];

o Fastify — mBuakuii, acuHxpoHHUH BeOdpeiiM-
Bopk it Node.js [19];

e MongoDB — nokymeHTO-Opi€eHTOBaHa cucTeMa
KepyBaHHS OazaMW [aHHX, SKa IITPUMYE 30epiraHHsa
nmokymeHTtiB B JSON-monibHOMy ¢opmati, Mae HOCHTH
THY4YKy MOBY it (hopmyBanHs 3amutis [20];

e Mongoose — 3acib MoxenmtoBaHHs 00'€KTiB 0a3u
nanux MongoDB, nmnpusHaueHudl A aCMHXPOHHOT
pobotu [21];

e Redis — posnoxineHe cxoBwuile map KIHOY-3Ha-
YeHHs, sIKi 30epiraloTbCsi B ONEPATHBHINA mam'sTi 3 mij-
TPUMKOIO CTPYKTYpPOBaHHMX [aHUX, TaKUX SIK: CIHCKH,
xei i MEOXuHH [22].

BucHoBku. B po6oTi mpenacraBieHo po3poOiieHuiH
BeOCEpBIC 3 aNTOPUTMIUYHUM 3a0€3MEUeHHAM pPEKOMEH/a-
LiifHOT cHCTeMHU, IO BiJIOBiAE 32 HaJaHHS HABYAJIBHOTO
KOHTEHTY IpW BUBYEHHI iHO3eMHOi MoBM. Ha pasi mia-
HYETBCSI BIPOBAKEHHS B JIEKiJIbKa €TalliB: Ha HEpPIIOMY
eTam, cepei CTYAEHIB NEpIIOKYPCHHKIB JlepikaBHOTO
YHIBEPCUTETY IHTEIEKTyaIbHUX TEXHOJIOTIH 1 3B’5I3Ky; Ha
JIPyTOMY, Cepel CTYACHTIB 3 MOTJIMOJICHHM BHBYCHHAM
AHTJINCBKOI MOBHM; Ha TPETHOMY, Cepell BCiX CTYACHTIB
yHiBepcurety. [licng BmpoBaKeHHS poOOTa aNroOpUTMy
MoOke OyTH TOKpalleHa Ha KOXXHOMY 3 €TalliB, MUIIXOM
MepeHaBYaHHs MiJ OUIBII ITEpCOHATI30BaHI peKOMEHIaIi]
3a paxyHOK OLTBIIOi KiNBKOCTI KpHTepiiB (opmMyBaHHS
ITYHKTIB CIIMCKY.

[MincymoByroun poOoTy, ciiJ 3a3HayMTH, IO
PEKOMEHIALIHI CHCTEMH MYJIBTUMEIIHHOIO KOHTEHTY
MaroTh 3Ha4yHI MEpPCIEKTHUBH 3aCTOCYBaHHS B IHAMBIAY-
aIbHOMY OHJIAiH HaBYaHHI, aJUKe KOXKEH KOPHCTYBa4 Mae

IHAMBiMyadbHI TOTPeOH, IO CHOHYKAae HOTO oOWpatu
BeOcepBicH, sKi 30epiraTUMyTh HOro dYac Ta HaJaBa-
TUMYTB HEOOXiTHI MyIbTUMENIHHI MaTepiam.
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