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CUCTEMHMI AHAJII3 1 TEOPISI IPUAHSTTSA PINIEHD

SYSTEM ANALYSIS AND DECISION-MAKING THEORY

UDC 004:519.24:681.3.06 DOI: 10.20998/2079-0023.2022.02.01

A. A. PAVLOV, M. N. HOLOVCHENKO

MODIFIED METHOD OF CONSTRUCTING A MULTIVARIATE LINEAR REGRESSION GIVEN BY
A REDUNDANT DESCRIPTION

A number of scientific works of Prof. O. A. Pavlov and his disciples is devoted to the development of an original method of efficient estimation of
coefficients at nonlinear terms of multivariate polynomial regression given by a redundant description under the conditions of an active experiment. The
solution of the formulated problem is reduced to the sequential construction of univariate polynomial regressions (finding efficient estimates for the
coefficients at nonlinear terms) and solving the corresponding systems of linear nondegenerate equations, the variables of which are the estimates for
coefficients at nonlinear terms of the multivariate polynomial regression given by the redundant description. Thus, the problem was reduced to the
estimation of the coefficients at linear terms of a multivariate linear regression given by a redundant description in the conditions of an active experiment.
We have proposed an original method of its solution that uses a cluster analysis algorithm. The algorithm’s implementation significantly reduces the
enumeration of partial descriptions of multivariate linear regression followed by the finding of the residual sum of squares for each of them. This allows
using the chi-squared criterion to build a linguistic variable which value gives a qualitative assessment (high reliability, acceptable reliability, low
reliability, unreliability) to the obtained result. The analysis of the computational experiments made it possible to modify the proposed method, which
significantly increased its efficiency, first of all, of finding a reliable structure of the sought multivariate linear regression given by the redundant
description. The method modification, in particular, has reduced the enumeration of partial descriptions and has led to a more efficient use of the general
procedure of the least squares method.
Keywords: multivariate linear regression, least squares method, redundant description, cluster analysis, active experiment, linguistic variable.

O. A. IIABJIOB, M. M. 'OJIOBYEHKO

MOJUPIKOBAHUI METO/I IOBYIOBH BATATOBUMIPHOI JIHIMHOI PEI'PECII, 3AJAHOI
HAJIJIMIIKOBUM OIMUCOM

Hmska HaykoBux po6it mpo¢. ITaBmoBa O. A. Ta Horo ydHiB NpHCBSYeHa po3poOIli OpUTiHATFHOrO MeToaa e(EeKTUBHOI OLIHKH Koe(illieHTiB mpH
HENHIMHUX 4ieHaX OaraToBMMIpHOI MOJMiHOMIalbHOI perpecii, 3ajaHoi HaUIMIIKOBUM ONKMCOM B YMOBaX aKTHBHOIO €KCIIEPUMEHTY. Po3B’s3aHHA
copmynpoBaHOi 3amadi 3BOAUTBCSA JIO TIOCIIJOBHOI MOOYIOBM ORXHOBHUMIPHHUX TONIHOMIaJbHUX perpeciii (3HaXo/pKeHHS e(eKTHBHMX OIliHOK
koeilienTiB NpK HENiHIIHUX YIeHaX) Ta pO3B’sI3aHHS BiANOBITHNX CHCTEM JIHIITHIX HEBUPOKEHUX PIBHSIHB, 3MiHHUMHU SIKMX € OIiHKM Koe(ilieHTiB
MpU HENHIHHUX WieHax O0araTOBMMIPHOI MOJiHOMianbHOI perpecii, 3aJaHOl HAJUIMIIKOBUM OMMCOM. TakuM YMHOM, 3a/1adya 3BeNacs IO OLIHKH
koeilienTiB NpH JiHIHHMX WwieHax GaraToBMMIpHOI JiHIIfHOT perpecii, 3aaHoOi HaJINIITIKOBIM ONMCOM B YMOBAaX aKTHBHOTO €KCIIEpUMEHTy. By
3aIpONIOHOBAHNI OPUTIHATBEHUI METO ii pO3B’A3aHH, 10 BUKOPHUCTOBYE aITOPUTM KJIaCTEPHOTO aHai3y, peaizallis SKOro CyTTEBO 3MEHIIye nepedip
BapiaHTIB YaCTKOBOTO OIHUCY JIiHIMHOI OaraToBUMIpHOI perpecii 3 HACTYIMHUM HAaXOJDKEHHSM IS KOXKHOI 3 HHX 3aJIMIIKOBOI CyMH KBaJparTiB, IO
JIO3BOJIAE 3 BUKOPHCTaHHAM KPHTEpis Xi-KBaapaT MoOyayBaTH JIHTBICTHYHY 3MiHHY, 3Ha4YEHHS SIKOi Ja€ SKiCHy OIIIHKY (BHCOKa JIOCTOBIpHICTB,
JIOITYCTHMa JIOCTOBIPHICTB, Malia JOCTOBIpPHICTh, HEJOCTOBIPHICTE) OTPUMAHOTO PE3yNbTaTy. AHaii3 MPOBECHNX OOUYNCITIOBAIBHUX EKCIIEPUMEHTIB
JI03BOJIUB MOAUDIKYBATH 3aIIPONIOHOBAHHI METOJI, LIIO CYTTEBO MiABUIIMIO HOro eeKTHBHICTD, B IEpIIy Yepry 3HaXOMKEHHs JOCTOBIPHOI CTPYKTYPH
IIykaHoi JIiHiifHOT 6araToBUMipHOI perpecii, 3a1aH0T HaJUTHIIKOBAM orrcoM. Moudikaris MeTo Ty, 30KpemMa, 3MEHIITNIIA TTepedip BapiaHTiB 4aCTKOBHX
OTIHCIB Ta TIpUBeNa J10 OibII eheKTUBHOTO BUKOPHUCTAHHS 3aralIbHOI IPOIIEypH METOly HalfMEHIIINX KBaIPATiB.

KuarouoBi cioBa: OararoBuMipHa JiHifHAa perpecis, MeTOJ HaWMEHIIMX KBaJpaTiB, HAUIMIIKOBHH OIKC, KJIACTEPHUH aHali3, aKTUBHUI
€KCIIEPHMEHT, JIIHTBICTUYHA 3MiHHa.

Introduction. Models of regression analysis are
widely used in various spheres of human activity, such as
science, engineering, economics, medicine [1-9], etc.
Forecasting models are created using multivariate (in par-
ticular, linear) regression. As the analysis of the scientific
literature shows, the theoretical and practical aspects of
creating efficient universal methods for constructing re-
gression models with the simultaneous finding of input
deterministic variables that affect the value of the output

variable are still an actual problem today. The method of
constructing a multidimensional polynomial regression
given by a redundant description based on the results of an
active experiment described in scientific works [10, 11]
reduces this problem to the problem of constructing a mul-
tidimensional linear regression (MLR) given by a redun-
dant description. An original method of its solution is given
in [12] based on:
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e using the algorithm of cluster analysis which re-
duces the selection of partial descriptions of the
searched MLR;

e construction of a linguistic variable based on the
simultaneous fulfillment of two criteria: minimi-
zation of the residual sum of squares (RSS) and

the 2 criterion. The value of the linguistic vari-
able characterizes the reliability of the final result.
In this work, we increase the efficiency of the new
method, in particular, due to the modification of the cluster
analysis algorithm; the use of a test sequence (results of a
repeated active experiment) to find the RSS; refinement of
the estimates of the coefficients of the found MLR structure
for the entire data ensemble using only the previously
constructed inverse matrix.
The problem statement. A MLR given by a re-
dundant description has the following form:

Y(X)=by+> bx, +E, (1)
j=1

where X =(X,...,X,)  is the redundant vector of deter-

ministic input variables;
E is arandom variable, its mathematical expectation
ME =0, its variance DE <

%, = (X, %) is the vector of values of input de-

terministic variables in i -th test, i=1n:
The result of an active experiment is the data of

()‘(i =Y, i =1,_n) where
=h, +Zb]x“+e (2)

where &; is the realization of the random variable E in the
i -th experiment.
We consider Y; as an implementation of a virtual

random variable Y;, i=L_n; random variables Y;, i=1,_n,
are independent
Y, =b, +Zb]xJ,+E i=1n, €)

where the random variables E, i=1n are virtual inde-
pendent copies of the random variable E (&; are considered

realizations of the random variable E;, i:L_n). Let
Y=o a)', Y = (Ve
ficients b;, j = o,m , are unknown. A redundant description

(or representation) means that some input variables may not
affect the value of the output variable. We need to find the
true structure of the MLR using the general procedure of the
least squares method (LSM) and estimate the values of its
coefficients.

Modified procedures of the construction method
for the MLR given by a redundant description [12].
1. Design of the active experiment. As computer experi-
ments have shown, it is desirable not to set the values of the

LY, ). The values of the coef-

input variables equal to zero, i.e. Vx; # 0. The explanation

of the recommendation follows from the fact that, based on
the results of the active experiment, all input variables that
do not affect the output variable should be excluded.

2. Modified cluster analysis algorithm. The cluster
analysis algorithm [12] consists of the following routines.

Finding estimates of the coefficients b;, j =0,m , and
ranking of the modules of their values according to the
results of an active experiment ()“(i >V i =1,n) using the
redundant description (1) and the general scheme of LSM:

A

> b

A

..>b.

Im+t| *

b,,

i2

We use a sequential procedure to split all coefficients
b;, j=0,m  into two classes: M; and M, .

The first step: b, eM;,b; eM,. If ‘le‘— 6]2 <

2 _‘bjmﬂ !

The partitioning is complete.

1 else by, b, b e M,

|-

j2

+b, []-[p,.| <

1~
The second step: b;, e M,. If EQbh

i2 i3

<[b,, —‘BJM, then b;, €M, else the partitioning is
complete, M {bu’ blz} = {bis"“’bim+1}'

Step I': b, eM,. If T;‘bii _‘ i <‘bi|+1 _‘bimﬁ. '
then b, eM,, otherwise the partitioning is complete,

Ml = {bjl""’ bjl }’ M2 = {bi|+1""’bim+1}'
It is obvious that in a limited number of steps the al-
gorithm completes the partitioning of coefficients b,

j=0,m, into two classes M; and M, .

The partitioning of the coefficients of the MLR given
by a redundant description into two classes [12] allows to
find estimates of the coefficients of partial descriptions of
the desired MLR based on the results of an active experi-
ment ()‘(i -, i =1,_n). We form the partial descriptions
according to the following rule: each of them includes all
terms whose coefficients are in the class M, as well as all
possible different combinations of the members whose
coefficients belong to the set M, .

Remark. If b= (ATA)1 y inthe LSM formula, and the
matrix A was built to estimate the MLR coefficients given
by the redundant description based on the results of an
active experiment (>_<i -, i :1,n), then in order to build
the corresponding matrix to estimate the coefficients of a
partial description of the MLR based on the results of the
active experiment (>_<i L =1,n), we need to keep only
those columns in the matrix A corresponding to the
coefficients included in the partial description. The vector
y does not change.

In the general case, having a sufficient number m of
input variables and a significant scatter of the absolute non-
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zero coefficient values of the sought MLR, the set M, can
include non-zero coefficients, and its cardinality |[M,| can

be a sufficiently large number, which can lead to the
construction of an unacceptably large number of partial
descriptions of the MLR. Therefore, we propose the
following modification of the cluster analysis algorithm:
the algorithm is supplemented with the following proce-
dure.

Exclude from the set M, the members b. ,b,

IR I L
b; . thatsatisfy the conditions

A A

b

A

bil

: < : )
Im+1 _ADE,H' j1 im+ >ADE,n1 (5)

where Ape, >0 is an expert bound, its value is found ac-
cording to the results of experiments and depends on the
value of DE and the number of experiments n. The bound
statistically ~ significantly  guarantees that bjk =0,

k=1,m+1. Thatis Ay, >0 must be a sufficiently small

number. This means that non-zero coefficients may remain
in M, and the need to enumerate the set M, remains, but
the number of redundant partial descriptions of the MLR
significantly decreases. The desired regression is found [12]
using simultaneously two criteria; the minimum of RSS and
the value of #” that checks the hypothesis that the estimates
of the random variable E realizations correspond to the
given distribution.

3. Modification of RSS construction algorithm for
partial descriptions of a MLR. In [12], the RSS for each
partial description is given by formula (22).

Remark. For the MLR problem, we set to zero f(X,),

i=1n, in formulas (22), (23) [12]. In [12], the RSS is
found according to the results of an active experiment
()‘(i >y, i :L_n). This leads to such a value of the RSS of

the partial description that has a correct structure and is
practically minimal but never minimal. We proposed there
to use the main idea of the group method of data handling
by O. G. Ivakhnenko, namely, the RSS of each partial
description is found by data that are not the components of
the vector ¥y (2). To find such data, we implement a re-

peated active experiment (>'<i = Yoo =1,_n). Next we will
show that in this case we use only the inverse matrices
found by the results of the active experiment (x —

- ymi,i:l,_n) to find the coefficient estimates of the
MLR partial description on the whole dataset. Thus, the
numbers y,,i=1n, are replaced with the numbers vy,,;,
i=1n in the formula (23) [12] to find the RSS of each

partial description.
That is

RSS(Ml- M ) = Zn:[Ynn _ZVB,EMI(B' “Xij )VBO -

_Zvﬁgw‘ (6| 'Xli)V60:|2

where M) M, ; M,,M/ unambiguously define a partial
description of the MLR.

Remark. The expression vBO included in the formu-
las (12) and (22), (23) [12] means that the coefficient b,
can either be included in the set M, or M/, or not belong
to M, or M/,

4. Modification of the algorithm for finding realiza-
tions of the random variable E . 4.1. Rank and renumber
the partial descriptions of the MLR by the increasing values

of their RSSs, and then keep the first t of them that meet
the conditions

RSS(Mj,M3) SRSS(M;, M3 )<...< RSS(My, M} ), (6)
RSS(My, M} |~RSS(My, M3 ) <
<RSS(My,M5™)-RSS(My, M} ).

Inequality (6) means that the values of RSSs of the
first t partial descriptions are practically the same, and the
values of RSSs of other partial descriptions are sufficiently
different from them.

Remark. t can be equal to one. The practical equality
of RSS values can be set in the form of fractions of the

value of the minimal RSS(Ml, M%) and found experimen-
tally. On average, it states 2+3 % of the RSS(M,,M})

value.
Let us find again for each of the partial descriptions

(Ml, M;), I =1,t, estimates of their coefficients using the
whole experimental dataset: ()'(i =Y, =1,_n) and (X, —>
= Voir i = 1_n) Let us show that for this it is not necessary
to find a new matrix A and the corresponding inverse
matrix (ATA)_l in the general formula of the LSM when
using the vector of initial data with the components
y,,i=12n.

Let us consider the basic formula of LSM in the gen-
eral case, i.e. for an arbitrary partial description of a MLR.

G=(A"4) A"y, @)
Oy =(A"4) " A"Y ®)

where y=(y1,.-.,yn)T is the realization of the random
vector Y ;

6., isarandom vector, the vector @ is its realization,

M6, =0;

DY, = DE -

0 is a vector of exact coefficients of an arbitrary
partial description (Ml, Mz’)

The matrix A was built based on the results of an
active experiment (>_<i L :L_n)_ Let us conduct the

repeated active experiment (>_<i = Youio | =1,_n), let y' =

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIIy. Cepis: Cucmemnuil
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. —\r
= (ymi =1 n) be the implementation of a virtual random
vector Y,. Then,

MO, =M (A74) A"V, =0, 9)
where DY, = DE,i=1n;

Y,,i=1n,Y,,i=1n are independent random varia-

bles. The matrix A in formulas (7)—(9) is the same.
Statement. The estimates obtained by formulas

N T -1 Tl 1
0 =(A"4) 4 E(y+y), (10)

e 1 1
Ory =(4"4) ATE(Y+Y1) (11)

are unbiased, that is, Vj M0, =0, and
. 1 4
Vj DOy :EDeij ,
where 0 RV éYRV are the j -th components of the vectors

0., . O, , respectively.
Proof.

Még, =M [(ATA)l A" %(Y +yl)} -

1 : . 1
:E[M (ATA)*ATY +M(ATA)" ATYl} =5 (0+0)=0.

Vectors Y and Y, are independent.
- a1 opl
DOy =D (A 4) 4 E(Ifﬂfl) -

_ %[D((ATA)_l ATY )+ D((AT A’ ATYl)} - % Dé,, .

Remark. Formulas (10), (11) follow from the equality

((ATAT)(QDl [(ATAT)GJ] =%(ATA)’l AT %(Y +Y,).

Corollary. Suppose that the experiment (K - Y

i =1_ﬂ) is repeated k times. Then the estimates obtained
by the formula

e . 1 k-1
by = (A7 A) lATE[Y+ZYj]
j=1
are unbiased, and the variances of the components of the
random vector é;V are k times less than the variances of

the components of the random vector éRV (8).

Remark. An active experiment (>_<i >V i =1_n) can
consist of k repeated experiments, and then the whole
dataset can be split in two parts: the first one for finding

estimates of the coefficients of partial descriptions, the
second one for finding their RSSs. Inverse matrices can be
built for the input data of a single experiment.

4.2. We find estimates E; of realizations of the ran-

dom variable E for a partial description (Ml,sz), j=1t
of the MLR by the formulas

=2 (b5 ) By =1,
Enj+i = Youi _ZvﬁeMl(B' .X")VBO a

_thﬁlgmzl(b’\l 'X“)V 0,i=1, .

5. A modified algorithm for a linguistic variable con-
struction. From the set of the MLR’s partial descriptions

(12)

(Ml, Mz‘) j =1, we choose the one containing the min-
imum number of terms.

Remark. In most cases, it corresponds to the minimum
RSS.

We propose to consider this partial description as an
effective approximation of the sought MLR that contains
only the input variables significantly affecting the output
variable’s value. For this description we build a linguistic
variable. Let us denote this MLR’s description (Ml, M 2‘1)

If we know the density function of the random varia-
ble E or aware of its analytical expression with accuracy
up to the values of its numerical parameters, then we check
the hypothesis that these estimates are its realizations. We
do this based on the estimates of the realization of the
random variable E (12) for the partial description

(Ml,szl) of the MLR using X" criterion. Let ;(Z(Ml,
MZJ) be the realization of #” criterion for the partial de-
scription of the MLR (Ml, szl) that has r >3 degrees of

freedom if the checked hypothesis is true. Suppose expert
numbers 0, 0, are given satisfying the conditions

P(x*24,)=005, P(y*2q,)=04,  (13)

the random variable 7° has r>3 degrees of freedom, and
r—2 is the argument value at which the density function of

the random variable % reaches its unique maximum. Then,
if the condition

r—2< (M, M})<q, (14)

is met, then, with a high probability, the partial description
(Ml, Mzil) of the MLR is the sought MLR that contains all

variables, each of which essentially affects the original
variable. If

UIZSXZ(MPMzh)<%| (15)
then the obtained result has a sufficient reliability degree. If

Xz(Mllejl)Z‘h’
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then the obtained result is unreliable, primarily due to in-
sufficiently accurate estimates of the partial description

(M,,M 2} coefficients of the MLR,

Remark 1. If there are several descriptions with a
minimum number of members (Ml,szl), (Ml,Mz’”),
then we study all of them, but the first contender for the
solving is the one that achieves

H _9_ .2 Ji
rlrzll%][r 2— % (M, M) )]

Remark 2. As a possible additional analysis, special-
ists in the subject field may consider other partial descrip-

tions from the set (Ml,sz), j=1t, which have been

checked by the x° criterion for belonging of the numbers
(12) to the distribution of the random variable E .

Conclusions. The content of this scientific article is
the presentation of modified algorithmic procedures for the
method of constructing a multivariate linear regression
given by a redundant description [12]. The modifications
follow from the analysis of statistical experiments results.

1. We have given recommendations for an active ex-
periment design.

2. We have modified the cluster analysis algorithm for
splitting the coefficients of a multivariate linear regression
given by a redundant description into two classes.

3. We have modified the algorithm for finding the
residual sum of squares for partial descriptions of a multi-
variate linear regression.

4. We have modified the algorithm for finding reali-
zations of the random variable E .

5. We have presented a new theoretical property of the
least squares method.

6. We have modified the algorithm for the linguistic
variable construction.
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0. C. KOHYAKOBCBKA

BUKOPUCTAHHS METOAY KBA3I®YHKIIN I'PIHA - PBAYOBA Y YUCEJIBHOMY AHAJII3I
OJHIE]I EJJEKTPOCTATUYHOI HAHOEJIEKTPOMEXAHIYHOI CUCTEMHU

VY poboTi po3risiiaeThes 3a1ada YUCEIBHOTO aHANI3Y OIHIET eIEeKTPOCTaTHYHOI HAHOESJIEKTPOMEXaHiuHO1 ciucTeMu. HaHoeaekTpoMexaHiuHi cCHCTEMH —
MiHIaTIOpHI IPUCTPOT, 110 MOEIHYIOTh CICKTPOHHI Ta MEXaHIYHI KOMIOHEHTH MiKPOHHHUX Ta HaHOPO3MipiB. EnekrpocTaTnyHa akTHBaLis MEXaHIYHHUX
KOMITOHEHTIB TAKHX CHCTEM € OJJHHM i3 HAHIOMIMPEHIINX BU/IB aKTHBAL(] TA BUKOPHCTOBYETHCS B aKCEICPOMETPaX, IepeMUKadax, MiKpoA3epKaiax ta
MiKkpope3oHaTopax Toio. Hemomiku Takux NpUCTPOIB MOB’s3aHi 3 HeCTaOUIbHICTIO BTsryBanHsL. Lleit eekT BHHUKAE, KOJIM HANpyTa, MPUKIAICHA [0
PYXOMOTO €JIeKTPOAia, IEPEBHIye KPUTHYHE 3HAYCHHS, B PE3yJbTaTi 4Oro CHCTEMa BTpadae CBOIO HepyxoMy KoHdirypamiro. [i1s MaTeMaTH4HOro
MO/ICITIOBAHHS NPOLIECY BHKOPHCTAHO HAIIBIIHIMHE eTiNTHYHE PIBHAHHS 3 omeparopom Jlamaca Ta meprior KpaifoBor yMmoBow. [yt moOymoBu
HaOJIMKEHOr0 PO3B’A3KY 3ajadi IIPOIOHYEThCS BHKOPHCTOBYBATM METOJAM HENIHIHOTO aHali3y B HAIiBBIIOPAAKOBAaHUX IIPOCTOpAX, 30KpeMa,
pesyabrati B. 1. OmoiiueBa npo po3B’si3HICTh HENIHIHHUX ONEPATOPHHX PIBHAHb 3 I€TEPOTOHHHMM omepatopoM. KpaiioBa 3amaua, 10 MOJIEINIOE
HAHOEJIEKTPOMEXaHIYHy CHCTEMY, 3BOJUTHCS 10 IHTErpaIbHOTO PIBHSIHHS YPHCOHA 32 JOIOMOT 00 MeToay KBa3idyHkiii I'pina — PBauoBa, 1o 1o3Boiise
PO3IIMPHUTH 3aCTOCYBAHHS METO/Y ABOOIYHUX HAOMIKEHb MU 00JacTei JOCHTh JOBIIBHOI reoMeTpil. Y cTaTTi O0IPYHTOBAHO MOMKIIMBICTH [T0OYIOBU
JIBOCTOPOHHIX HAOJIKEHb 10 JOJATHOTO PO3B’sI3Ky 3a/adi, a caMe: HaBEACHO OOUYHCIIOBAJIbHY CXEMY, OTPHMAHO YMOBH ii 30DKHOCTI IO €IHHOTO
JIOIATHOTO PO3B’SI3Ky PO3IIISYBAHOI 3a/1a4i, a TAKOXK OTPHMAHO OLIHKY IIOXHOKH. MeTo/ pOoLIFoCTPOBAHO 00YHCITIOBAIBHIMI EKCIIEPUMEHTaMHU JUTSI
3aj1a4i, 0 PO3MLIAAETHCS Y HPSIMOKYTHiH 001acTi. Pe3ynpraT 00YHCITIOBAIbHUX EKCIICPUMEHTIB MPEACTABICHI y BUILIAI YHCIOBOI Ta TpadidHoi
iH(opmarrii.

Karo4uosi ciioBa: Meron 1BoOIYHHX HaOIIIDKEHb, MeTo/ KBasipyHKLii ['pina — PBadoBa, nomaTHUil po3B’ 30K, TEOpis HENIHIHHUX ONEpaTopiB,
pIBHSHHS YPHCOHA, HAMIBYMOPSIAKOBAHUN MPOCTIP, CHJIBHO IHBAPIaHTHHH KOHYCHHI BiOpI30K, FETEPOTOHHHUN OMEpaTop, HAHOEICKTPOMEXaHIYHA
cucTeMa.

0. S. KONCHAKOVSKA

USING THE GREEN - RVACHEV’S QUASIFUNCTIONS METHOD IN THE NUMERICAL ANALYSIS
OF ONE ELECTROSTATIC NANOELECTROMECHANICAL SYSTEM

The problem of numerical analysis of one electrostatic nanoelectromechanical system is considered in the article. Nanoelectromechanical systems are
miniature devices that combine electronic and mechanical components of micro and nano sizes. Electrostatic actuation of the mechanical components
of such systems is one of the most common types of actuation and that used in accelerometers, switches, micro-mirrors, micro-resonators, etc. The
disadvantages of such devices are related to the pull-in instability. This effect occurs when the voltage applied to the moving electrode exceeds a critical
value, causing the system to lose its stationary configuration. A semi-linear elliptic equation with the Laplace operator and the first boundary condition
was used for mathematical modeling of the process. To construct an approximate solution of the problem, it is suggested to use the methods of nonlinear
analysis in semi-ordered spaces, in particular, the results of V. I. Opoitsev on the solvability of nonlinear operator equations with a heterotone operator.
The boundary value problem modeling the nanoelectromechanical system is reduced to the integral Urysohn’s equation using the Green — Rvachev’s
quasi-function method, which allows us to expand the application of the two-sided approximation method for domains of fairly arbitrary geometry. The
article substantiates the possibility of constructing two-sided approximations to a positive solution of the problem, namely: a computational scheme is
given, conditions for its convergence to a single positive solution of the problem under consideration are obtained, and an error estimate is obtained. The
method is illustrated by computational experiments for a problem considered in a rectangular domain. The results of computational experiments are
presented in the form of numerical and graphical information.

Keywords: method of two-sided approximations, Green — Rvachev's quasi-function method, positive solution, theory of nonlinear operators,
Urysohn’s equation, semi-ordered space, strongly invariant cone segment, heterotone operator, nanoelectromechanical system.

Beryn. CtpiMknii po3BUTOK MIKPOCHCTEMHOI TEXHi-
KH CTBOPHB TIEPEAYMOBH IS PO3IMHUPEHHS (PYHKITIOHATD-
po3mipy. Taki mprCcTpOi 3HAXOIATH MUPOKE BUKOPUCTAHHS
B MCIOUIIMHI, aBiallifiHii TeXHili, aBToMO0iIeOyIyBaHHI,
poboToTexHirli, cuctemMax 3B’sA3Ky Tomio. st mocia-
KEHHsI eJICKTPOCTATHYHHMX, MEXaHIYHUX, MAarHiTHHX,
ONTHYHMX YW IHIIMX BJIACTUBOCTEH TaKUX CHCTEM
3aCTOCOBYIOTh PI3HOMAHITHI METOAW MaTeMaTHYHOTO
MozemoBanHs [1].

Jns HaWOULIBII TOYHHMX Ta CKIQJHHX MOJeNeh
OCHOBHMMH METOJIaMH 3HAXO/DKEHHS PO3B’SI3KY € YHCEIbHI
METOJIH, SIKi JAOTh ITepalliiiHy IMOCIiIOBHICTh, IO Mae
JBOOIYHY 301KHICTD 70 IIyKaHOTO po3B’si3Ky. Lli Meronu
Jal0Th  3MOTY  aloCTEpiOpHO  OLIHIOBATH  MOXHOKY
Ha0JIMKEHOT0 pO3B’sI3Ky HA KOXXHOMY KpOLi iTepariiiHoro
nporiecy. JIist qocmimpkeHHs KpaioBoi 3a1a4i, 10 MOICITIOE

€JIEKTPOCTATUYHY  MIKPOEJIEKTPOMEXaHIUHy  CHCTEMY
JBOOIYHI MeTo/ 1 OyJu 3acTocoBaHi y poborax [2—6]. Jlana
poboTa MpoOBKYE PO3MOYATI B HAX JOCIIIKCHHS.

ITocranoBka 3amavi. OCHOBHUM  €JIE€MEHTOM
CJIEKTPOCTATUYHUX  CJIEKTPOMEXaHIYHUX  CHUCTEM €
MPUCTPIN, IO CKJIAAAETHCS 13 3aKPIIUICHOI B3OBXK MEXIi
€JIACTUYHOI JIieIEKTPUYHOI MeMOpaHH, IO PO3TalloBaHa
HaJl KOPCTKOIO HEENaCTUYHON IUIACTHHO, siKa J00pe
NPOBOJUTH CTpyM. I[Ipy LbOMY MOBEpXHS MeMOpaHU
MTOKPHTa TOHKOIO METAJIEBOIO ITiBKOI0. BHacTinoK moadi
HaIrpyry Ha IUTiBKY MeMOpaHa BIAXWUIISETbCS 10 TUIACTHHU
1 Moxe BIiIOyTHCS 3IIMIaHHS €JEeKTPOMiB. 3BOPOTHIN
IpoLeC Ha3UBAETHCS CTIHKMM craHoM cucreMu. Cxema
po0OTH HaWMPOCTIIIOi €IEeKTPOCTAaTUYHOI eleKTpoMexa-
HIYHOT cucTeMu 300paxkeHa Ha puc. 1.

MiHiaTropu3aniss IPUCTPOIB NPHU3BOAUTH IO HEOO-
XimHOCTI ypaxyBaHHS KpiM cmiau Kynona me # cumm
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Kasumupa. Ll cmia ommcye B3a€MOJIII0 NPHIIETIINX
He3apsUKEHUX MMOBEPXOHb 3 PI3HUX MarepianiB (MeTaiB,
JIeNIeKTpUKIB 200 HamiBIIPOBiMHUKIB). HasBHiCTH cuin
Kasumupa 3Ha4HO 00MEXKYIOTh MiHIaTIOpU3aIliIo eJIeKTPO-
CTaTUYHHX NPHUCTPOIB, OCKUIBKU 32 IEBHOTO KPUTHYHOTO
po3Mipy HECTaOUTBHICTh BIIXWIISHHS, IO BUHHUKAE TPHU
HYJTBOBIH Hampysi, MOXe TPH3BECTH IO pPYyHHYBaHHI
MpHUJIaTy B IpOIeci BUTOTOBIEHHS [7, §].

[ Touka MeTanesa MMBKa ]

i 11' - Enactisna
AleneKkTpHYHA
smemOpaxa

JKoperka HeenacTmyHa NaacTHHA

Puc. 1. Cxema po6GOTH HalPOCTINIOT €IeKTPOCTATHIHOL
€JIEKTPOMEXaHIYHOT CHCTEMH

MaremMaTHYHOI0 MOJEIUII0 OIMCAHOTO IIPOIECY €
HACTYyIIHa KpailoBa 3azmaya [7, 8]:

I A )

_(1—u)2 (1—u)“+P(X)’ XeQ, (1)
ux)>0, xeQ, 2
u(x)=0, xeoQ, 3)

me Q — miocka o0JacTe 3 KYCKOBO-TJIAJKOI0 MEXKEI0
0Q;

X = (X, %) ;

U — BelMYMHA OPOTHHY MeMOpaHu;

P(X) — 30BHiuIHIi THUCK;

f(x) ta g(x) — GyHKII, M0 OMUCYIOTH JIIENEKT-
pHYHI BJIaCTHBOCTI MeMOpaHH;

A Ta u — mapameTpH, IO XapaKTEePU3YIOTh CHIIA
Kynona ta Kazumupa BifnoBiHo;

- &V’
2Gohgg ,

B nem’ I
“ 2400,hg;

0, — Hampyra y MeMOpasi;

g, — BiACTaHb MiX JIBOMa €JIEKTPOIAMH 3a BiJCYT-
HocTi aedopmarii MemMOpaHu;

h — roBumua nepopmoBanoi MeMOpaHu;

&, — BaKyyMHa JlieJIEKTpUYHA CTaJa;

L — nosxuHa MeMOpaHH;
V — mpukiaseHa HampyTa;
n — crana [lnanka;

C — OIBMAKICTH CBITJIA Y BaKyyMi.
3a cBoim ¢iznunnm cencom ¢ynkmii f(X), g(x) i
P(X) € HemepepBHUMH i HeBiJ’eMHIMH IpH X € Q .

Hexait G(X,S) — ¢yukuist ['pina 3amaqi (1)—(3). Toxi

po3risiiyBaHa  3ajavya  €KBIBAIGHTHA  IHTErpalbHOMY
piBHsHHIO ["ammepiTeiina
u(x):je(x,s){ ZAON ’ug(s)4+P(s)}ds,(4)
2 d-u(s))” (A-u(s)

e s=(s,5,).

[IpakTryaa peamizaiiss MeTOAy IOBOOIYHHMX HAONIH-
J)KCHb Ha OCHOBI piBHAHHS (4) CTHUKA€THCS 3 ICBHUMU
TpyAHOIIAMH, 00 B CKiHUCHHOMY BUTIIAI QyHKII0 ['pina
(HaBiTH 32 YMOBH ii iCHyBaHHS) MOXHA IMOOYIyBaTH JIHIIE
Ui o0lacTe MTOBONI TPOCTOI, KIIACHYHOI, Te€OMETpii.
ANBTEpHATHBOIO € BUKOpPHCTaHHS KBasipyHkuii ['piHa —
PBauoBa, 3a JOMOMOror0 SKOI T€X MOXHA MOOYIyBaTu
ekBiBanieHTHe 3ama4i (1)—(3) HemiHiliHe iHTerpanbHe
piBasinas. KBasigynkuisi 'pina — PBauoBa OyayeTtbes 3
BUKODHCTaHHSIM KOHCTPYKTUBHOTO amapary teopii R-
¢yHKIi# Ta MOKe OyTH MOOYI0BaHA B SBHOMY BHUTJISLAIL LTS
obacTeit OCHUTH TOBiIBbHOI reomeTpii [2, 9].

OTxe, aKTyalbHOIO € po3poOKa HOBHX Ta BIOCKO-
HaJICHHS ICHYIOYMX JBOOIYHHMX iTepalifHMX METOIIB.
BiamoBimHO 10 IFOTO METOIO JaHOT POOOTH € po3podKa I
po3B’sizanns  3amavi  (1)—(3) irepamiiiHoro wMeromy 3
IBOOIYHAM XapaKTepoM 301KHOCTi, 3aCHOBaHOMY Ha
BUKOpHCTaHHI kBazidyHkuii ['pina — PBavona.

Merton nocaimxennsi. Hexait mexa oOmacti 0Q
CKIIaMa€TbCsl 31 CKIHYCHHOI KUTBKOCTI KYCKiB IiHIH
0,(X)=0,1=L12,..,r, ne koxHa o,(X) — eaeMeHTapHa
¢yukuis. Toxi 3a momomororwo Merony R-oymkmii [9]
MOXHa MOOYJyBaTW Y BHIVISAI €JMHOTO aHATITHYHOTO
BUpa3y eleMeHTapHy (yHKIif0 @(X), OO ommcye reo-

MeTpiro obnacti Q, To0TO:
a) w(X)>0y Q;
0) w(x)=0 na 0Q;
B) |ch(x)| #0 Ha 0Q.
Takox QyHKmis @(X) MOXHE MaTd MEBHI BIACTH-

BOCTI TU(EPEHITIHOBHOCTI, 3aBISIKM BUKOPUCTAHHIO Pi3HUX
JIOCTAaTHBO MOBHUX cucTeM R-dyHkiii [9].
O3nauvenHns. Ksazipynkuiero ['pina — PBauoBa mep-

. o . . 2
moi Kpaitooi 3amaui jisa oneparopa —A y R° Hazeemo

(hyHKIIIO
Qx, 5) = iln {1_’_ 460()(260(3) ’ (5)
27 r

ae X=(X,%);
S= (511 Sz) ;

r=|X_S|=\/(X1_Sl)2+(xz_sz)2 ;

@(X) — QyHKLisL, MO onUcye reoMeTpiro oomacTi Q.

3ayBakumo [12], mo ans BUMAAKY, KO Q — Kpyr
. 1 .
pamiyca R y R*, a o(X)= E(RZ -x} —x2), xBasi-

¢ynkuis ['pina — PBauosa (5) nmepeTBOPIOETHCS HA TOUHY
¢ynkuito I'pina nepmoi kpaioBoi 3amadi Ui omneparopa
Jlarutaca, po3risigyBaHoi y kpy3i Q.

Ksazipynkuis I'pina — PBagoBa (5) mae Taki Biac-
THBOCTI [2]:

a) Q(x,8)=0 ua 0Q;

0) e cumeTpuuHOro PyHKuier: Q(X, s) =Q(Ss, X);

B) Ma€ TaKy X OCOOJIMBICTH NMpH X =S, IO 1 Kia-
cuaHa QyHKis ['pina;
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r) mogarHa B oOmacti Q: Q(X,8)>0, X,s€Q,

X#S.
Hexait U — kimacuunuii po3s’s3ok 3amaui (1)—(3), a
GbyHKIIA

a(x, s):iln !

2 Jr? +do(X)o(s)

Toni [2] pyHkiis U(X) 3a10BOJIBHSE IHTETPATBHOMY
PIBHSHHIO

u(x) = j K (X, s)u(s)ds +

A (s) #g(s)
+£Q(x, s){(l_u(s»2 ey P(s)}ds, (6)
e K(x,8)=-A.0(X, s)=—(%+%jg(x, S).

Herminiiine iHTerpansHe piBHAHHSA (6) MOXKHA TTOIATH
Y BUIIISAI piBHAHHS Y pHCOHA

u(x) =JP(X, s, u(s))ds,

ne
P(X, s, u(s)) = K(x, s)u(s)+

£ (s) 1g(s)
@-u(s)?  @-u(s))*

Takum uunOM, sKIIO 3ana4da (1)—(3) mae kracuuHwMiA
PO3B’SI30K, TO BiH 33JI0BOJIbHSIE TAKOXK PiBHIAHHS (6). SIK1110
K KJIACHYHOTO PO3B’S3KY 3a/1a4i He iCHY€E, TO PiBHSIHHSA (6)
MOKHa BHKOPUCTATH ISl BBEJICHHS IOHATTA y3arajb-
HEHOro po3B’s3Ky 3axaui (1)—(3).

PiBasiHHS (6) po3rimspgaTuMeMo y OaHaAXOBOMY IpOC-

+Q(x, s){ + P(s)} .

topi C(Q) ¢ynkuiit, Henepepsrnx y Q. Hopma y C(Q)
BBOIMTBCS 3a mpaBuioM ||uf|= mag(|u(x)| .Y mpoctopi
C(Q) Buximumo xouye K, ={u e C(Q):u(x)>0, x € Q}
HeBin'eMHMX (QyHKHid. 3a gomomoroio koHyca K,y
npocropi C(Q) BBeIeMO HamiBYIOPSIKOBAHICTH 3a Ipa-
suiom [10, 11]:
IS u,VeC(ﬁ) U<V, skmo V-uek,,

T00TO

u <V, skmo u(x) <V(X) msBeix X e Q.

Konyc K, y C(Q) ¢ Hopmansuum (i HaBiTH TOCT-
puMm), T006TO 3 U < V BUILIMBAE, IO ||u|| < ||V|| .

O3navenHsi. Po3B’s13koM (y3arajbHEHHM) KpaloBOi
sagaui (1)—(3) masuBarumemo ¢yukuiro U™ €, sxa €

PO3B’S3KOM IHTETPATBHOTO PiBHIHHA (6).
[Tobymyemo mporiec 1BOOIYHAX HAOIMKEHb 3HAXO.-
JKEHHS PO3B 3Ky iHTETrpasibHOTO PiBHSAHHSA (6) (a oTXke, i

po3B’s3Ky KpaitoBoi 3agaui (1)—(3)), BUKOPHCTOBYIOUH Me-
TOJM Teopii HENHINHMX ONepaTopiB y HAIMIBYMOPSIKOBa-
HuX npocropax [10, 11].

BBeznemo o po3risay HediHiHHMK omepaTop T , 1o
mie'y C(Q) 3a npasuiom

T(U)(x) = [P(x,s, u(s))ds )
ITozHaunmo

K*(x,s) =max{0, K(x, s)},

K™ (X, s) = max{0, - K(x, s)}.

K*(x,8) >0,
(X # s) , npuuomMy

Toni K7(x,8)20 mpu X,s€Q

K(x,s)=K"(x,8)-K™(x,5),
[K(x, 8)|=K"(x,8)+K (x,5),
iomeparop T Bursiny (7) HaOyae BUTISLTY

TU)(x) = j K*(x, s)u(s)ds—_[ K™ (X, s)u(s)ds +

A (8) 1g(s)
+ i Q(x, s){(l_u(s»2 ue P(s)}ds. (8)
OCKUNBKH (QYHKITIS
F(X,U): }“f(x) 5 :ug(x) ; +P(X)
@-u(x)”  @-u(x))

MOHOTOHHO 3pOCTa€ 3a U ais Bcix X € Q , To omepatop T
Buriany (8) Oyae reTepoTOHHUM 3 CYNpPOBIIHUM oOmepa-
TOPOM

T (v, W)(X) = j K* (X, s)v(s)ds—_[ K~ (X, s)w(s)ds +

A (8)
1-v(9))?

1g(s)
@-v(s))*

+[Q(x, s){ + P(s)}ds )

Omnepatopu T i T € HiJIKOM HENEPEPBHUMH.

Bupinumo y konyci K, cuiIbHO iHBapiaHTHHI
KOHYCHHI BiJ[pi30K < vo,we > YMOBaMHU TV, W) >V,
T(W°,v°) <W°, saki quis onepatopa T , 0 BU3HAYAETHCS

piBHicTIO (9), HAGYBAIOTH BUITISLY: A7Is BCiX X € Q

JK*(X, s)V°(s)ds —f K™ (x, s)wW’(s)ds +

A (s) ug(s)
@-v°(s))?  @-v°(s))*

>vO(x),

+[Q(x, S){ + P(s)}ds >

(10)

jK*(x, s)W(s)ds —J' K~ (x, s)V’(s)ds +
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M (8)
A-w(s))*

ug(s)
@-w’(s))*

+[Q(x,5) 4 P(s)}ds <

<w’(x). (11)

Jani 3a mactymaoro cxemoro: V@ =v®, w® =w’,
vk :f(v(k)'w(k)) ' wikn :T"(W(k)’v(k)) k=012,

chopMyeMo iTepaliiHuil mporec

VD (x) = [ K (x, sV (s)ds — [ K™ (x, s)w (s)ds +

i (s) N ug(s)
@-v9(s)?  @-v¥(s))*

+IQ(X, S)[ + P(s)}ds . (12)
Wi (x) = I K*(x, s)w™ (s)ds —J' K~ (x, s)v® (s)ds +

A (s) . ug(s)
@-wh(s)*  @-w(s))*

+_fQ(X, S)[ + P(s)}ds , (13)

k=0,12,..,

vO(x) =V (x), w?(x)=w’(x). (14)

Ockinbky KoHycHHil Bimpizok <V°,W’ > € cHIBbHO
iHBapiaHTHUM ISl T€TEPOTOHHOTO omeparopa T, s
SIKOTO Omeparop | € CympoBIOHHM, TO IOCIIJIOBHICTH

K . .
{v™(x)} me cmamae 3a xomycom K,, a MOCHiZOBHICTH
k .
{w" (x)} me 3pocrae 3a konycom K, . Kpim Toro, 3 HOp-

MaJIbHOCTI KOHyca /C, i IIOBHOI HEMepepBHOCTI oneparopa

T BumimBac icHyBaHHA rpanuip V' (X) 1 W'(X) umx

nocnigoBHocTed. Toni CHpaBIKYEThCs JIAHIIOT HeEpiB-
HOCTEH

VO =v@ v <o gv g
% k 1 0 0
<wW <o <w® < gw® <w@ =w,

MOXIUBAMH € [Ba BUMAmKH: V- <W' 1 Vi=w".V
JIpyroMy BUmagky U' =V =W — e¢iuHa Ha KOHYCHOMY
Bigpisky <V°,W’> Hepyxoma Touka omepatopa T, a
omke, U' — emuamii Ha <V°,W° > po3B’s30K KpaifoBoi
3amauyi (1)—(3).

@yuknii V'(X) 1 W (X) € po3B’I3KOM CHCTEMH
piBEstEs V=T (V,Ww), W=T(W,V), sika y pO3IsyBaHOro

BUIIAJIKY Ma€ BUTJIAM:

v(Xx) = _[ K*(x, s)v(s)ds —J K™ (x, s)w(s)ds +

A (s) ug(s)
@-v(s))*  (@-v(s))*

W(X) = j K™ (X, s)w(s)ds — j K™ (X, s)v(s)ds +

+[Qx, s){ + P(s)}ds . (15)

A (8)
(1-w(s))’

#g(s)
@-w(s))’

+[Qx, S){ + P(s)}ds . (16)

VMOBOIO BHKOHaHHs piBHOCTI V' =W' € Te, w0
cuctema (15), (16) e Mae Ha < V°,W° > Takux po3B’s3Kis,
mo v=w [10].

Otxe, CIIpaBIKYETHCS Taka TEOpEMa.

Teopema 1. Hexait <V°,W’> — cumeHO iHBapi-
AQHTHHUH KOHYCHMH BiZIPi30K JIJIsl TETEPOTOHHOTO OIlepaTopa
T sBursany (8) 3 cynpoBigHUM OIIEpaTopoM T Burisny (9)
i cucrema pisnaus (15), (16) me mae ma <V°,w° >
PO3B’sI3KIB Takux, mo V=W. Toxi iTepauiitanii mpouec
(12)—(14) 36iraeTsest y Hopwmi mpoctopy C(Q) 10 exumoro
Ha <V°,W’ > HemepepBHOTO J0JAaTHOTO PO3B’A3KYy U'
kpaitoBoi 3amaui (1)—(3), mpuduoMy Mae Micie JaHIIOT
HepiBHOCTEH

<o <w® < gw® <w@ =wl, 17)

3ayBa)xMMo, 110 JIAHLIOT HepiBHOcTeH (17) sk pa3 i
xapakrepu3sye irepariiinuii npouec (12)—(14) sik meron
IBOOIYHUX HAOIMKEHB.

YMOBOI0, sika 3a6e3MeUnTh PiBHICTh V' = W', € yMOBa
icayBanns takoro y € (0;1), o

||f (v,w) —T(w, v)|| <yv—w (18)

amst Beix v, we< v, w® > [12].
Hexait 0<Vv,w< M, ne M, =mag<w°(x), M, <1.
Ockinpku mpu 0 <v, W< M,
11 |2
vy @-wy| @-Mmy,)

1 1 4
4 4 = 5 |V_ | )
-v)' @-w'| (1-My)

TO OTPUMAEMO HEPIBHICTh

|F (%, v(x)) — F (x,w(x))| <

{ 20f (X)

4pg(X) 3
My + }|v(x) w(x)| .

a-M,)
Posrustremo pizamio T (v, W)(X) —T (W, v)(X) :
T (W, v)(X) =T (v, W)(X) =

= I[K*(x, s)+ K™ (X, s)][w(s) —v(s)]ds +

+[QUx, )IF (x,v(x)) — F (x, w(x))]ds .

Toni

N'I: (v, w) =T (w, v)" = max |'f(v, w)(x) =T (w, v)(x)| <
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< max +
XeQ

[TK™ (%) + K™ (x, )] [w(s) - v(s)]ds

+Mmax <
XeQ

[Q(x, $)[F (s,v(s)) - F (s, w(s))]ds

2)M 4uM
<M g V= = — ,

A€ IIO3HAYCHO

M, = rgag(.[[K*(x, s)+ K™ (x, s)]ds,
M, :rgag(jQ(x, s)f(s)ds,

M, = max [Q(x, $)g(s)ds,

v 20M,  4uM,
=M, + + .
VI S VIS

3 ormsmy Ha HepiBHICTH (18), oTpuMaemo

||W(k+1) _ykD

'f(v(k) W) =T (w® v(k))”s
< y”w(k) VO] " _ y”f(v(k’” kD) (D kD )" <

< y2 ||W(k—l) — kD " <. < yk+1

w® _,,@ " < yk+lM0 .

_yk

3BijfiCH BUILIMBAE, IO l!im"w(k”) =0, To6TO
—®

Vi =W, akmo y <1. OTKe, COpaBIKYETLCS TEOPEMA.
Teopema 2. Hexait <V°, W’ > — cunbHO iHBapiaHT-
HHU{ KOHYCHHH BiZIpi30K JUIsl FETEPOTOHHOTO oneparopa T
BUTIIAAY (8) 3 CYNPOBITHIM OTIIEPaTOPOM T Buriiny (9) i
Mae Mmicre ymoBa y <1. Tomi itepamiitauii mpomec (12) —
(14) nBOGIYHO 30Ira€THCS Y HOPMI IIPOCTOPY C(Q) o emu-
Horo Ha <V°, W’ > HemepepBHOrO J0JATHOTO PO3B’SI3KY
u* kpaiiooi 3anaui (1)—(3).
Ha K -i1 irepaiiii 3a HabnukeHuit po3B’ 130K KpaiioBoi
3agadi (1)—(3) caig B3t QyHKLIIO
w (x) + v (x)
> .

Toni Ui noxnbku HabmkeHoro po3B 3Ky (19) ma-
THMEMO 3pYYHY alloCTePiOPHY OLIHKY:

u®(x) = (19)

u* —u(k)”slma)((w“‘)(x)—v(")(x)). (20)
2 xeQ
Hasricte oninku Burisimy (20) € 06e3yMOBHOIO
mepeBaroro  MmoOyJoBaHOTO JBOOIYHOTO iTepariiiHOTro
poIecy.
Skmmio 3agana TouHIicTh € > 0, TO iTepaniitHuii mporec
CJTi/T MPOBOJUTH JJO BUKOHAHHS HEPIBHOCTI

mag((w(k) (x)-v®(x)) < 2¢,

TOJIi 3 TOUHICTIO & MOKHa BBaXaTH, mo U (X) =~ u™ (x).

Kpim Toro, 3a yMOB Teopem: 2 MOKHA BKa3aTH i
amnpiopHy OLIHKY ITOXUOKH:

k
* (k) Y 0 0
u —u ||s?rrx1§g<(w (X)—=v'(x)).

Toni 3 HepiBHOCTI

%ng((WO(X)—Vo(X)) <&

3HaXo0AnMO, 10 AJIA JOCATHCHHA TOYHOCTI & Tpe6a

| max(w°(x) —v°(x))
n XeQ
K, (c) = 2¢ +1
In1

Y

(20)

iTepariii, e KBaapaTHi JyKKU MMO3HAYAIOTH 1Ty YaCTHHY
qHca.
3 ornsAny Ha KpailoBy yMOBY (2) MOXKHa pEeKOMEH-

0

myBath mykaTu Kimmi V®, W° cHiIbHO iHBapiaHTHOTO

KOHycHOTo Bipiska <V°, W’ > yBurmani V°(X) = o,y (X),

WO(X) = Bu,(x), 0<a<p, ne

Up (X) :jQ(x, s)ds .

Pe3yiabTaTn 004HC/JII0BAJIBHOIO €KCIEPUMEHTY.
Posrnmsiremo 3amauy (1)—(3) y kBagpati Q 3i CTOpOHOIO

N gitepatypi [13] 3anpornoHoBaHO MPH AOCITIHKEHH]
EJIEKTPOMEXAHIYHUX CHCTEM Y MPSIMOKYTHHX 00JacTsixX
BUKOPHUCTOBYBaTH (DYHKIIi, [0 ONMUCYIOTh JieJNeKTPUYHI
BJIACTMBOCTI MEMOpPaHH y BUTJIISLI

f(x) =[Ej2|x—x°|,

2|x—x°|2
f(x)=exp| o -1

[¢]

A

2 2

|x—x°|:\/(x1—x1°)2+(x2—x§)2.
Hexait P=0,25, 1=0,1, ¢ =0,1, a ¢pyukuii odpa-

HO HACTYMHOMY BUTILII ipu & =3

f(x) 2(5]2 {xl—gf +[x2 —%T ,

o8 8]

g(x)=exp| o
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Toni kBazidyukuis ['pina — PBauosa Q(X, S) 3amaui
(1)—(3) y npsimokyTHiit obmacTi ) BU3HAYAETHCS (HOPMY-
1010 (5), me dyukuis w(X) = w(x,,x,) Mae BUTIAL
Wr—x)x | (Jr—x)x,

+ —
N N

. J(ﬁ ) Wr-x)'

T T

o(x;,x,) =

Kiami cumpHO iHBapiaHTHOTO KOHYCHOTO Binpi3Ka
urykatumemo y Bursai VO (X) = ouy (X)), WO (X) = Bu, (X),

ne 0<a<p, uo(x)sz(x,s)ds.

bymo mimiopano, mo mi (yHKIHT 3a10BOJLHSIOTH
ymoBu  (10)—(11), sxkmo a=0,2, f=13. Toni

3HAXOIUMO, 1110 M, =0,1672, M, =0,7082,
M, =0,0269, M, =0,0108 i y=0,7283. Ockinbku,
y<1 3rigHO TeopeMH 2 MOCIHIZOBHI HAOJIKCHHS, IO

¢dopmyrotsest 3a cxemoro (12)—(14) nBobiuHO 30irarThCs
0 po3B’s3ky 3amadi (1)—(3), posrmsimyBaHOl B KBajaparti
Q.

OCKUIBKH

mag((w‘g’ (x)-v?(x))=0,13-1072,

10 3 TounicTio 0,65-10* orpumaemo

w (x) + v (x)

—

B 11b0My BHITAAKY "u(g) " =0,0643. JIBo6iunumii xapak-

u*(x) =u@(x) =

Tep 301KHOCTI MOCTiOBHIX HAOIMKEHB MPOLTIOCTPOBAHO
pHC. 2, e IpeCcTaBIeHi Tpadiku BepXHiX (CYIIbHA JIiHIS)
Ta HIDKHIX (IIYHKTHpHA JiHis) HAOIIKEHb O PO3B’S3KY

. b T
3a1a4l Impu X, :7. IToBepxHs Ta miHii piBHA HAOIH-

seHoro po3s’asky U (X) s06paxeni Ha puc. 3 Ta 4 Bix-

MOBiAHO.

Puc. 2. I'padiku BepxHiX Ta HIKHIX HAOJIDKEHB 10 PO3B’SI3KY

3ajadi y mepepisi X, = —

0.0

0.0 0.5 1.0 1.5
Puc. 4. I'pacdik miHii piBHSA HAOTMKEHOTO PO3B’SI3KY

BucnoBku. Y po6oTi Briepiie 00IpyHTOBaHO MOYKJIIH-
BICTb 10OYIOBU NIBOOIYHMX HaOJIMKEHb (Ha OCHOBI BHKO-
pucranHs kBaszidynkuii 'pina — PBauoBa) 10 po3B’si3Ky
nepioi KpaidoBoi 3aaadi JJisl HAMmiBIIHIHHOTO ENiNTHYHOTO
PIBHSIHHSI, 110 BUHUKAE€ NPU MOJENIOBAHHI €JIeKTpoCTa-
TUYHUX HAHOEIEKTPOMEXaHIYHUX CHUCTEM. 3aCTOCYBAaHHS
METOJy TOCJIiIOBHUX HAOIMKEHb 3 JABOOIYHUM Xapakre-
POM 301KHOCTI IO pO3B’sA3KY 3aj1adi I03BOJISIE MOOYIyBaTh
3pYYHHUI OOYMCIIOBAJIBHUI QJITOPUTM 3 arloCTEPiOPHOIO
OLIIHKOI0 TOXMOKM Ha KOXHIM itepauii. EdexTuBHICTH
poOOTH 3aIPOIIOHOBAHOTO METOJTY IMiATBEPIKEHO HU3KOFO
00YHCITIOBAJIBHUX €KCIIEPUMEHTIB JIJIsl TECTOBHX 3HAY€Hb
mapameTpiB y IpSIMOKYTHil obiacti. 3 oIy Ha 11e, mepc-
MEKTUBHUM € 3aCTOCYBaHHS pPO3POOJICHOTO METOHy IUist
PO3paxyHKy peajbHUX HAHOEIEKTPOMEXaHIYHHX CUCTEM.
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B. B. MOCKAJIEHKO, A. P. CAHTAJIOBA, H. I. ®OHTA

JOCJIJKEHHS HEHPOHHUX MEPEX JIJISI TIPOTHO3YBAHHS BAPTOCTI AKIIA KOMITAHIA
Y HECTABLIbHII EKOHOMIIII

Jlani nocnimkeHHs IPUCBSYCHI aHai3y 1 BUOOPY HEHPOHHHX MEPEeK Pi3HOI apXiTEeKTypH Ta FiOpHIHUX MOJEINeH, 10 AKHX BKIIFOYCHI HEHPOHHI Mepexi,
UL POTHO3YBAaHHS PHHKOBOI BapTOCTI akuiii Ha (OHIOBOMY DHHKY KpaiHH, ska mepeOyBae y mpoleci HecTabiIbHOro pO3BHTKY. AHami3 Ta
[POTHO3YBAaHHS TaknX (POHJOBHX PHHKIB HE MOXE OYTH MPOBEACHO 3 BHKOPHCTAHHSAM KIACHYHHX METOIIB. AKTYaJdbHICTh TEMH OCIIiKCHHS
3yMOBJICHA HEOOXITHICTIO pO3POOKH MPOrPAMHUX CHCTEM, SKi PEalli3yloTh alrOpUTMiuHE 3a0e3eueHHs NPOTHO3YBaHHS PHHKOBOI BApPTOCTI aKuiil B
Vkpaini. BrnpoBamkeHHsT TakuX MPOrpaMHHX CHCTEM IO KOHTYPY MPUHHATTS IHBECTHLIMHMX DillleHb y KOMIIAHisX, SIKi 3alliKaBJICH] Yy MiJBUIICHHI
iH(popManiitHoi Ipo30pocTi HOHAOBOrO PUHKY YKpaiHM, JaCTh MOMKIIMBICT IOKPAIUTH IIPOTHO3M IIOJI0 PUHKOBOI BapTocTi akuiil. Lle y cBoro uepry
CIPUATHME MOKPAIIECHHIO iHBECTHLIHOIO KJliMaTy Ta 3a0e3MeYnTh 3pOCTaHHs IHBECTYBaHHS B YKpaiHChbKY eKOHOMIKY. IIpoBeieHO aHaili3 pe3yibTaTiB
iCHYIOUHX JOCII/DKeHb LIOJ0 BHKOPHUCTAHHS HEHPOHHHUX MEPEX Ta IHIIMX METOMIB OOYMCIIOBAJIBLHOIO IHTEIEKTY ULl MOJIETIOBAHHS ITOBEIIHKU
Y4YaCHHKIB ()OHIOBOTO PHHKY Ta HPOTHO3YBAHHS PHHKY. Y CTAaTTi HaJaHO Pe3ysbTaTH JOCIIDKEHHS [IOA0 BUKOPHUCTAHHS HEMPOHHHUX MEPEK Pi3HOI
apXITeKTYpH [JIs1 MPOrHO3yBaHHS PUHKOBOI BAPTOCTI aKiliil Ha POHTOBUX pHHKaX YKpainu. J{is nporano3yBaHHs 6ysi0 00paHO YOTHUPH aKLiil YKpaiHCHKOL
tdoumosoi 6ipxi: Lentpenepro (CEEN); Vkprenekom (UTLM); Kprokiscekuii BaronoOynisuuii 3aox IIAT (KVBZ); Paiiddaiizen bank Asaib
(BAVL). [lns excrepuMeHTaIbHOTO TOCTiIKEeHHs Oynu oOpaHi Taki MoJei: JoBra KOpoTKocTpokoBa mam’site LSTM; 3ropTkoBa HefipoHHa Mepexa
CNN; ribpuaHa Mozenb, ska moeaHye aBi HelipoHHoi Mepexxi CNN i LSTM; ribpuana momesb, IO CKIATAETBCS 3 AITOPUTMY ACKOMITO3HUIIT
BapialiifHOro0 PeXUMY Ta HEHPOHHOI Mepeski goBroctpokoBoi mam’sati (VMD-LSTM); ribpuana mogens VMD-CNN-LSTM rnubokoro HaBYaHHs Ha
0CHOBI BapianiiitHoro pexxumy (VMD) Ta 1BoX HeHpOHHUX Mepek. Po3paxoBaHO OLIHKH SIKOCTI IIPOTHO3Y 3a Pi3HUMHU METPHKaMH. 3p00IeHO BICHOBOK,
mo Bukopuctanus riopuaHoi Mozmeni VMD-CNN-LSTM pae MiHiMagbHy MOMHJIKY MPOTHO3YBAaHHS PHHKOBOI BapTOCTiI akmiili yKpaiHCHKUX
mignpueMcTB. TakoX IOLIMEHO BUKOPHCTOBYBATH Mozenb VMD-LSTM st nporHo3yBaHHs Ha Oipkax KpaiH 3 HecTabiIbHOI0 eKOHOMIKOFO.

Kuro4oBi cjioBa: nporHo3yBaHHs, iIHBECTHULI], HEHPOHHA MepeXka, JOBIOTPHBAiA [1aM’siTh, 3rOPTKOBA HEHPOHHA Mepexa, TibpHaHa MOIeNb,
BapiamiifHa IeKOMIO3HILis, TTHOOKE HABYAHHSI.

V. V. MOSKALENKO, A. R. SANTALOVA, N. G. FONTA

STUDY OF NEURAL NETWORKS FOR FORECASTING THE VALUE OF COMPANY SHARES IN AN
UNSTABLE ECONOMY

These studies deal with analysis and selection of neural networks with various architectures and hybrid models, which include neural networks, to predict
the market value of shares in the stock market of a country that is in the process of unstable development. Analysis and forecasting of such stock markets
cannot be carried out using classical methods. The relevance of the research topic is due to the need to develop software systems that implement
algorithmic support for predicting the market value of shares in Ukraine. The introduction of such software systems in the circuit of investment decision-
making in companies that are interested in increasing the information transparency of the Ukrainian stock market will improve the forecasts of the market
value of shares. This, in turn, will help improve the investment climate and ensure the growth of investment in the Ukrainian economy. The analysis of
the results of existing studies on the use of neural networks and other methods of computational intelligence for modeling the behavior of stock market
participants and market forecasting has been carried out. The article presents the results of a study for the using of neural networks with various
architectures for predicting the market value of shares in the stock markets of Ukraine. Four shares of the Ukrainian Stock Exchange were chosen for
forecasting: Centrenergo (CEEN); Ukrtelecom (UTLM); Kriukivs’kyi Vahonobudivnyi Zavod PAT (KVBZ); Raiffeisen Bank Aval (BAVL). The
following models were chosen for the experimental study: long short-term memory LSTM; convolutional neural network CNN; a hybrid model
combining two neural networks CNN and LSTM; a hybrid model consisting of a variational mode decomposition algorithm and a long-term memory
neural network (VMD-LSTM); hybrid VMD-CNN-LSTM deep learning model based on variational mode (VMD) and two neural networks. Estimates
of forecast quality based on various metrics were calculated. It is concluded that the use of the hybrid model VMD-CNN-LSTM gives the minimum
error in predicting the market value of the shares of Ukrainian enterprises. It is also advisable to use the VMD-LSTM model to predict the stock exchanges
of countries with an unstable economy.

Keywords: forecasting, investment, neural network, long-term memory, convolutional neural network, hybrid model, variational decomposition,
deep learning.

Beryn. BaxinBoio yMOBOIO CTa0iIBHOTO PO3BUTKY
OyIb-IKOT HAlliOHAIBHOI €KOHOMIKH € ()OHIOBHUH PHHOK.
HasiBHICTh p0O3BHHEHOTO (DOHIOBOTO PUHKY HAJA€ KOPIIO-
parisiM BeJIMKI MOXKIIMBOCTI JJIS 3aJIy9I€HHS aKIiOHEPHOTO
KamiTanay Ta CTBOPIOE YMOBH IS X MTOJJANIBILIOTO PO3BUTKY.
Mo>ITHBICTB IEpe10aunTH pyX (POHIOBOTO PUHKY € OTHUM
i3 (pakTOpiB 30UTBIICHHS iHBeCTUIIH. [HBecTOpH MOUYMHA-
I0Th BHKOPHCTOBYBATH aKIii SIK 3aci0 OTpUMaHHSA KOHT-
pOJIIO HajJ KOMHaHI€o, JUIsl 30€peXeHHs 3a0Ila/KeHb Ta
OTpHUMaHHS iHBeCTHLIHHOTO 1ox0oay. OCKiIbKY Ha QYyHKIII-
OHyBaHHs ()OH/IOBOTO PUHKY BIUIMBAE Oarato (hakTopis, TO
YYacHHKaM PHUHKY HEOOXiTHO Uil eeKTHBHOI poboTH
BHUKOPHCTOBYBATH Pi3HI METOAU MPOrHO3YBaHHS PUHKOBOT

BapTOCTi I[IHHUX TMalepiB Ta IHMMX TNOKa3HHKiB [l].
OCHOBHA 1iliesl YCHIIIHOTO MPOTHO3Y (POHJOBOIO PUHKY
HoJArae y ToMy, 1100 OTpUMATH IIBUJIKO pe3ylbTaTH 3
HaMEHIIIOI0 ITOMMJIKOI0, BHKOPHCTOBYIOUH BXiJHI JaHi,
SIK1 TTIOCTIMHO 3MIHIOIOTHCS 3a BaKKO BU3HAYEHOIO TEHICH-
miero. CTaTUCTHYHI METOIM MPOTHO3YBAHHS JO3BOJIIOTH
OTpHUMATH MPOTHO3M JUIs OLTBII-MEHII CTa0IIbHUX PUHKIB.
Ane B yMOBax HEpIBHOMIpPHOTO 3pocTaHHs abo cramy
PHHKY, 0oro (yHKIIOHYBaHHS 32 yMOB HECTaOUILHOCTI Ha-
IIIOHaJIbHOT €KOHOMIKHM TaKi METOAM HE JAI0Th a/IeKBaTHUX
MPOTHO3iB, TOMY HEOOX1/THO BUKOPHCTOBYBATH HOBI Mi/IX0-
1 70 TPOTHO3yBaHHA [2]. B ocTaHHI AECATHIITTS IyXe
aKTHBHO TOYaJId PO3BUBATUCS METOIU NMPOTHO3YBaHHS 3
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BUKOPUCTAHHAM INTY4YHUX HeWpoHHHXx Mepex (IIIHM),
TCHETUYHUX anropuTMiB Tomio [3]. OTxke, MPOMOHYETHCS
JUIsl IPOTHO3yBaHHS BapTOCTI akuill y KpaiHax, ne GpoHI0Bi
PHHKH nepe0yBalOTh y CTajii CTAHOBJICHHS Ta PO3BUTKY,
Hanpukiang, B YkpaiHi, BukopucroByBaru [IIHM Tta
ribpugHi Mozmemi, JO CKIamy SKUX BKIIOYEHI HEWPOHHI
Mepexi [3]

IMocTanoBKa Ta MeTa 3aaa4i J0CTigxKeHHS. AKTY-
ANBHICTh AOCIIKEHHS HEHPOHHUX MEPEXK IS MPOTHO3Y-
BaHHS BapTOCTi akUiif KommaHili YkpaiHu oOyMoBiIeHa
THM, IO ICHYIOYH Pe3yJIbTaTH TOMEepPEeAHiX TOCITiKECHb
CTOCYIOTBCS TIPOTHO31B Ha (DOHIAOBUX PHHKAX CTAOUIBHHUX
eKOHOMIK. [[y1s Toro 11100 BUKOPUCTOBYBATH BXKE 1CHYIOUH
METOJU MPOTHO3yBaHHA /I (POHIOBUX PUHKIB KpaiH, sKi
nepeOyBalOTh Y CTaJil CTAHOBJICHHS Ta PO3BUTKY, MOTPi0-
HO IIPOBECTH JOCJIIKEHHS 111010 0COOIMBOCTEH Ta OB~
HOCTI iX BHKOpucTaHHs. [Ipu NpoOrHo3yBaHHI BapTOCTI
aKmiit Ha POHIOBHUX pUHKAX, AKi (PYHKIIOHYIOTH B YMOBaxX
HeCcTaOUIbHOT eKOHOMIKH, TOOTO 32 YMOBH MTOCTIHHUX 3MiH
TPEHMIB CTATHCTHYHUX JAHWX, BUHUKAIOTH JBI OCHOBHI
3amayi:

1. 3amaya oTpUMaHHS NPUHHATHOTO PiBHSA TOYHOCTI
nporHo3yBaHHs. [Ipn BUKOpPHCTaHHI KJIACHYHHUX CTaTHC-
TUYHUX METOMAIB MNPOTHO3YBaHHS JIsi PHHKIB 3 cjiabo
MO/JIETIbOBAHOK TUHAMIKOIO BUHHKAE PU3UK HEOTPHUMAaHHS
NPUIHSATHOTO PiBHS TOYHOCTI HPOTHO3IB.

2. OOrpyHTyBaHHS Ta BUOIp METOy MPOTHO3YBaHHS
PHHKOBOT BapTOCTI aKliii KOMIIaHi#, sKi (pyHKIIOHYIOTh B
y HecTaOUIbHIN ekoHoMimi. Hampwkian, craTcTHHI
METOJIM IPOTHO3YBAHHS, SIKi 3aCHOBaHI Ha aHAIIi31 YaCOBHUX
psamie  TakumMu sk ARIMA  103BONSIOTH OTpUMATH
MPOTHO3W U CTaOUThHUX pHHKIB. [ HecTaOUThHHIX
JMHAMIYHHMX CTaTUCTHK BHUKOpucToBYIOTH LITHM, Hanpuk-
Jaj, Mepexa 3 JJOBrol KOpoTkodacHOr mam’sttio (Long
Short-Term Memory — LSTM) Ta 3ropTkoBi HeipoHHI
Mepexi (CNN). CtaTUCTHYHI METOIU Ta HEUPOHHI MEpexki
3a3BUYail BUKOPUCTOBYIOTBCS JJIsI MPOTHO3YBAHHS 4aco-
BHX PSAIiB.

Omxe, Meror npochimkeHHs € Bubip IITHM mis
NPOTHO3yBaHHsS PHUHKOBOI BapTOCTI akmid Ha (OHIOBUX
PHHKaX KpaiH, sIKi epeOyBaloTh y IPOLECi CTAHOBJICHHS Ta
PO3BUTKY. Y SKOCTI TpHKIaAy OyJIo B3ATO aKIii, sKi
IpeJCcTaBJIcHI Ha Y KpalHCHKUN (POHIOBIH OipiKi.

AHaJji3 nonepexHix gocaimkens. [IpoBeneHo anami3
BukopuctanHs L[IHM 1 mporHo3yBaHHS MOKa3HHKIB
(iHAHCOBOTO PUHKY y Pi3HHMX HAI[lOHAIPHUX €KOHOMIKaXx.
Y pobori [3] wmamano ormanm 148 mocmimkeHp i3
BHKOPHCTAHHAM HEWPOHHUX 1 TiOpUIHNX HEHPOTEXHITHIX
METOJIiB JJIsl IPOTHO3YBaHH: ()OHIOBUX PUHKIB Y BiTHOCHO
CcTabUIbHUX yMOBaX. BHUCHOBKH MiJIKPECTIOIOTh, IO
METOAW  INTYYHOTO  IHTENEeKTy MOXKHa  YCIIIIHO
BUKOPHCTOBYBATH JUII BHBYEHHS Ta aHaJi3y IisUIbHOCTI
¢donmoBoro puHKy. Po3risiHeMO JeranbHilIe JesKi 3 IUX
METO/IIB.

Y nocmimkenHi [4] nporHo3yBaHHS (HOHIOBOTO
inekcy 3givicaeHo 3a moxemmo ATT-LSTM, sika 3acHO-
BaHa Ha MexaHi3mi yBarm ATT Ta HelipoHHOI Mepexi
LSTM. BxigauMu XapakTepHCTHKAaMH MOJENi € IiHa
3aKPUTTS, IiHA BiJKPUTTS, MaKCUMaJbHA I[iHa, MiHIMaJIbHA
1iHa, 3pOCTaHHI/TMAaMiHHA [[iHU Ta 00CAT TOPTiB (HOHITOBOTO
IHACKCY, a BUXIIHUMH € TMPOTHO30BaHA I[iHA 3aKPHUTTS

HACTYITHOTO TOproBoro JHsA. KijgbkicTh HEHpOHIB Yy
BXIJTHOMY 1 BUXiTHOMY IIIapax CTaHOBUTH 6 1 | BiAMOBIIHO.
JlomaHo BXiJgHI XapaKTEPUCTUKU MOJeNi: Koe(illieHT
00OpOTHOCTI  OKpeMHuX akliif, KoediuieHT o0csry,
CHIBBITHOIICHHS LIIHK Ta MPUOYTKY, CIiBBITHOILECHHS LIIHH
mo Oamancy, IiHa OO0 KoeimieHT MpomaxiB i1 3arampHa
pPUHKOBa BapTicTh. KiIbKiCTh HEHPOHIB Y BXiTHOMY mIapi
Ta BUXiZHOMY mmrapi craHoBuTh 12 i 1 Bimmosimuo. Ilpm
OCTIKeHHI (DOHIOBOTO IHAEGKCY Ta OKPEeMHX aKIlii
KUTBKICTh HEWPOHIB Y IPUXOBAaHOMY ITapi CTAaHOBUTH 128.
Pe3ynpraTi MOAENIOBAaHHSA Ta €KCIICPUMEHTY IOKa3yIOTh,
110 BIPOBA/KCHHS MEXaHI3My yBarud MOe IPHU3BECTH JI0
MeHIIoi  moxuOku  mporHody.  Hamano — mopens
MPOTHO3yBaHHA LIHM aKIii y po6oTi [5]. Tyt posrisuyro,
KOJIH IIiHa MTEPeBUIIYe pUHKOBUH iHaekc. Ha ocrori IITHM
13 BUKOPUCTaHHSM TIIMOOKOI0 HaBYaHHS IPOBEJICHO aHall3
Ta MPOTHO3yBaHHS BHCOKOBOJATWJILHMX MOJENeH LiH Ha
akmii. Y JDociiKeHHi [6] 3ampormoHOBaHO aHaJli3 BETHKIX
MAHUX U1 TIPOTHO3Y MIoAeHHOi mpudOyTtkoBocti SPDR
S&P 500 ETF (tukep: SPY). Bukopucrano riOpumgHi
ITOPUTMHU MAIIMHHOTO HAaBYAHHS JUIs MPOTHO3yBaHHA 60
(iHAHCOBMX Ta EKOHOMIUYHUX XapaKTepHCTUK. [ mOoki
HeliponHi Mepexxi DNN (deep neural network) i Tpagumiiini
IITYYHI HEHPOHHI MEPEXi PO3TrOPTAOTHCS Ha MONEPETHBO
00pobsicHOMY Ta HeTpaHC(OpPMOBAHOMY HAOOpI MAHHX.
Takox s mepenOaueHHs IIOJSHHOTO HANpPSIMKY 3MiH
MaiOyTHIX JOXOiB (OHIOBOrO PHHKY BHKOPHUCTAHO IBa
HabopHu JaHMX, sIKi TpaHc(OpPMOBaHI 3a JIONOMOTOIO
aHamizy ronoBHHX kKommoHeHTiB (PCA). IIpomemonct-
poBaHO MIaONOH i TOYHOCTI Kiacupikamii DNN.
[TpoBeneHo eKCIIepUMEHT 111010 OCTYIIOBOTO 301IbIICHHS
npuxoBaHUX mapiB Bix 12 mo 1000. PesymbraTa Mmomemto-
BaHHS MOKa3ylOTh, II0 TOPTOBi CTpaTerii, AKi KepyoThCs
DNN Ha ocHOBiI nmanmx, mpencraBieHux 3a PCA, mpa-
ILIOIOTh Kpalle.

MeTo MPOrHO3yBaHHS 3 BUKOPUCTAHHIM TEXHOJIOTIT
rMOOKOro HaBYaHHS, SKUH 00’€HY€E TpaAWIiiHI 3MIHHI
¢doHmoBoro (GiHAHCOBOTO IHIECKCY Ta TEKCTOBI (YHKIIT
coLiaJIbHUX MEPEeX SIK BXI/IHI JaHi MOJIeJIi TPOTHO3YBaHHS,
NPOTMIOHYETHCSL Y OCHipKeHHI [7]. Y 1poMy mociipkeHHi
BUKOPHUCTOBYEThCs Doc2Vec Juisi CTBOpEHHS JOBTUX
TEKCTOBHX BEKTOPIB O3HAK i3 COIiaJbHUX Me[ia, a MOTiM
3MEHIIyE pO3MIpH BEKTOPIB TEKCTOBHX (YHKIIH 3a
JIOTIOMOTOI0 CTEKOBOTO aBTOMATHYHOTO KOJyBaJIbHUKA,
mo6 30aJaHCyBaTH PO3MIPH MK 3MIHHUMH TEKCTOBHX
¢byHKIiH 1 3MiHHIME (OHIOBOTO (iHaHCOBOTO iHAEKCY. Ha
OCHOBi BEHBJIET-TICPETBOPEHHS J1aHI YaCOBUX PAIIB LiHU
aKIif pO3KIAJa0ThCA, MO0 YCYHYTH BHUITAJKOBHHA MIyM,
CHOPUYMHEHNH KOJHMBAaHHAMH (OHIOBOrO puHKy. Lle
JIOCHIJDKEHHSI BUKOPHCTOBYE MOJIENIb  JOBIOTPHUBAIOL
KOPOTKOYAacHO{ IaM STl AJI MPOTHO3YBAaHHA KypCy aKIii.
VY crarti [8] BUKOPHCTOBYETHCS HariBIapaMeTpUUYHUNA
METOJl, BIJOMHH SIK JiepeBa mpuckopeHoi perpecii (BRT),
JUIl TIPOTHO3YBaHHS NPHOYTKOBOCTI akwiii 1 Mica4HOI
BOJIATLIBHOCTI. Pe3ynbraT mokasyroTh, 10 PO3MIMPEHHS
HaboOpy yMOBHOI iH(oOpMalii NPU3BOAWTH 1O OUIBIIOT
TOYHOCTI M03aBHOIPKOBOTO IPOTHO3YBAHHS MOPIBHSIHO 3i
CTaHJIaPTHUMHU MOJIEIISIMH.

Y crarti [9] TpomoOHyETbCS METON TIUOOKOTO
HaBYaHHS HAa OCHOBI 3TOPTKOBOI HEHPOHHOI MEpexi is
MPOTHO3YBAaHHA pPyXy KypCiB akIii Ha KHTaHChKOMY
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¢donmoBomMy puHKY. LliHa BiIKpHUTTS, MakcHUMalbHa ILiHa,
MiHIMalbHA I[iHA, I[iHA 3aKpUTTS Ta OOCAT aKIIiH,
OTpUMaHuX 3 [HTepHeTy, BCTAaHOBIIOIOTHCS SIK BXiJHI JaHi
Uil oOyJOBHM MEpEeXeBOi apXiTeKTypHu. PesymbraTu
MOKa3aJIu, 1110 BUKOPHCTaHHS METOIY TJIMOOKOr0 HaBUYaHHS
HAa OCHOBI 3rOpPTKOBOi HEHPOHHOI Mepexi s
MPOTHO3YBaHHS PyXy HiH Ha akuii B Kwurai € mocuth
HaIIHHNM.

Meronrka CTBOpPEHHS MOJENEH IPOrHO3YBaHHS
PUHKY 3 BHKOPHCTaHHSM MYJIBTIaréHTHHX 1 HEYITKHX
cucreM mpenctasieHa B [10]. Arentm B cucremi
MIPE/ICTABISIFOTh TPEHIEPiB, SIKI BAKOHYIOTh 3aMOBJICHHS Ha
KyImiBIIO Ta TMpojAax Ha pHHKY. HewiTki cucremu
BUKOPHCTOBYIOTBCS JUIS MOJICJIIOBAHHS IPaBWII, SIKUX
MOTPUMYIOTBCS TpEeWIepu i 3IiHCHEHHS omepanii Ha
peaJbHOMY PUHKY, a HEUiTKa JIOTiKa — ISl MOJIEIIIOBaHHS
HEBHM3HAYEHOCTI X pimens (iHTYyiuis Tpeiaepis). Excre-
PHMEHTH IIOKa3alH, IO Taka MOZIETh MOXXe OyTH 3acTo-
COBaHa, ajie P NEBHUX yMOBAX.

Mozenp TOBrOCTPOKOBOI KOPOTKOYAcHOI ITaMm’sTi
(LSTM) y rmmbokomy HaBuanHi (DL) i1 momens
aBTOPETPECIfHOTO IHTErPOBAHOTO KOB3HOTO CEPEIHBOTO
(ARIMA) BuOpaHo Uil T[POTHO3YBAaHHS  IHJEKCY
[anxaticekoi ormoBoi Gipxki 50 Index y poborti [11].
Pesynbratn JOCIT IDKSHHS MOSICHIOIOTb, 1110
cepenHbokBapariyHa nomuika (RMSE) moneni LSTM
HU)KYa, a MOJIeITh, 3aCHOBaHa Ha MeToAl DL, Mae CuIIbHIILY
3MATHICTh MNPOTHO3YBAaTH IHAEKC IIiH Ha aKIli, HiXK
TpaaMiiiiHa MOZAEIb MIPOTHO3YBAHHS aKLil y 3pOCTarodoi
€KOHOMILI.

OTxe, eMIIpUYHI pe3ynabTaTH Mokazamy, mo [ITHM
MIEPEBEPIIYIOTh JIIHIHHY perpeciro, 0COOIMBO y BUIAIKY
OUTBII CKIIQJHOI TIOBEMIHKH 3AJICKHHUX 3MIHHHUX, HAIPHUK-
JIaJl HEJNIHIHHOI, JIWMHAMIYHOI Ta XAOTHYHOI IOBEIIHKHU
rpaBuiB puHKY. HeHpoHHI Mepexi € HamiiHUMH s
MOJICTIFOBAHHSI ~ HEJNIHIHHMX  JUHAMIYHUX  PUHKOBHUX
nporHozis. [IIHM poOuth ayxke Majo NpulylleHb Ha
BIZIMIHY BiJl IPUIYIIEHb PO HOPMAIbHICTh BUOIPKH, SIKi
3a3BUYail  3yCTpPIYAIOThCS B CTaTUCTUYHHX METOJax.
HelipoHHa Mepexa MOK€ BHMKOHYBaTH IIPOIHO3YBaHHS
ICJIST BUBYCHHS OCHOBHOTO 3B’SI3KYy MK BXiITHUMH 3MiH-
HUMH Ta BUXOJAMH. 3 TOUKH 30pY CTaTUCTUKH, HEWPOHHI
MEpexXi € aHaJOroM HeNmapaMeTPUYHMX, HENHIMHUX per-
peciitHux Mmoneneit [12].

Hocaimkennss mono sukopucranusa IITHM pisnoi
apxiTeKkTypu Juisi nporuo3yBanns. J[is 3ana4i nporxHo-
3yBaHHS PHWHKOBOI BapTOCTi akiif Ha (HOHIOBUX PHHKAX
KpaiH, sIKi 3HaXOAATHCA B MPOIIECi CTAHOBJICHHS Ta HecTa-
O1TPHOTO PO3BHUTKY Oyno 0OpaHO Taki HEHPOHHI Mepexi:
LSTM; CNN; ribpumgHa mMojens, sika noeanye nsi ITHM
CNN i LSTM; ribpumna Mojeinb, O CKJIATAETHCS 3 ajlro-
PUTMY JAEKOMITO3MIIT BapiallifHOTO PeXUMY Ta HEHPOHHOT
Mepexi 1oBrocrpokosoi nam’sti (VMD-LSTM); riopunxa
mozeib VMD-CNN-LSTM.

VY poboti [2] HagaHO pe3yNbTAaTH LIOAO MPOTHO3IB
PHHKOBOI BapTOCTi akuiii YKpaiHCbKol (OHIOBOI Oipxi:
Lenrpenepro (CEEN); Ykpremnexom (UTLM); Kprokiscs-
kit BaronoOynisanii 3aBog [TAT (KVBZ); Paiiddaiizen
Bbank ABanb (BAVL). V wiit poboTi HaBegeMO pe3yabTaTi
(dhopmyBaHHS HaHUX, BUOOPY cTpykTypu LITHM Ta ribpun-
HUX MOJIENEHN.

Mogeni oBroi koporkoctpokoBoi mam’ari (LSTM)
HalJacTille BUKOPUCTOBYIOTB JUIsl aHAJII3y YaCOBHX PSiB
Ta NOOYIOBH MPOTHO3iB. BOHN MOXYTb pOOHTH IPOTHO3H
Ha JOBUIBHY KiJbKicTh KpokiB. Tumoa mepexa LSTM
CKJIQIa€ThCs 3 OJIOKIB mam’sTi, SIKI HAa3UBAIOTHCS KOMIp-
koto. Komipka LSTM 300paxena Ha puc. 1 [13]. Moxynb
(xomipka) LSTM mae 1’Th OCHOBHHX KOMITOHEHTIB. 3a
JOTIOMOTOI0 IUX KOMIIOHEHT 3IIHCHIOETHCS MOIETIOBaHHS
JOBTOCTPOKOBHX Ta KOPOTKOCTPOKOBHX JaHUX. Y KOMIpKY
NepenaloThCs JBa CTAHW: CTaH KOMIPKH Ta HMPUXOBaHUH
cran. CTaH KOMIpKH — II¢ OCHOBHHU IQHIIOT TOTOKY
JIaHUX, SIKAHA JTO3BOJISIE TAaHUM TIpoTikatu 6e3 3miH. OnHaK
MOXIIMBI JesKi JiHIMHI mneperBopeHHs. JlaHi MokHa
JmoJaBaTH a0 BHIANATH 31 CTaHy KOMIPKHA dYepes
curMononioHuil redT (Bopota). I'eiitn moniOHI no mapy
abo cepil MaTpHUYHMX omepauiil, sSKi MICTIATh pi3HI
IH/IMBiTyasIbHi BarH.
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Puc. 1. Komipka LSTM

LSTM po3pobieHo, miod YyHUKHYTH NpOOJIeMH
JIOBIOCTPOKOBO] 3aJIEXXHOCTI, OCKUIBKH Mepeka BUKOPHC-
TOBY€E TEHT ISl KEPYBaHHS MPOLECOM 3alaM sITOBYBaHHSI.
[epmmmM kpokoM y moOynoBi mepexi LSTM e imeHTH-
(dikamist iHpopmamii, ska He moTpiOHa Ta sKa Oyne
MpOTyIIeHa 3 KOMipKH Ha bomy Kpoti [14]. Lle# npomec
iIeHTU}IKAII] Ta BUKITIOUCHHS JaHUX BH3HAYA€THCS CHUT-
MOiZIHOI (YHKLIEI O, sika MpUKMAE BHXiJ OCTaHHBOTO
61oxy LSTM (h,_,) e MmomenT yacy t—1 Ta moTouHuii BXiz
(X,) y MomenT wacy t. CurmoimHa (QYyHKLIS TaKox
BU3HAYaE, Ky YaCTHHY 3 TOIEPEIHBOTO PE3yJbTaTy CIIill
ycynytd. L{i reifTu Ha3WBalOTLCS reWtamMu 3a0yTTS Ta
03HA4al0ThCA K f,

f, = S(Wt[ht—l’ xt]+ be),

ne f, —reirt 3a0yTTs, sikuil BU3HAYAE, CKIJIbKU iHpopMaIil
3 MOTOYHOTO BBOJAY Ta IONEPEAHBOIO CTaHy KOMIpKH
mepeTikae y MOTOYHHHM CTaH KOMIpKH; e BEKTOp 3i
3HAYCHHSAMH Yy Aiana3oHi Big 0 1o 1, mo BiImoOBigae KOX-
HOMy uHcily B craHi komipku C,,; W, ta b, — Barosa

MAaTpHIIS Ta 3MIIIECHHSI, BIIIOBIIHO, TeliTa 320y TTs.
HacTymHuM KpOKOM € TpHHAHATTS pIIIeHHS Ta
30epexxenHst iH(popmanii 3 HoBoro Bxoxy ( X,) y craH

KOMIPKH, a TaKO>X OHOBJICHHSI cTaHy KoMipku. Lle# kpok
MICTUTH JIBa piBHI: CHUIMOINOMIOHWH map i Apyruil map
tanh. CurmonoaiOHUA piBeHb BUPIIIYE, YU CIiJ OHOBIIO-
BaTH HOBY iH(opMmamnito uu irHopysatu (0 abo 1), a mo-
apyre, GyHkuis tanh Hagae Bary 3HaAYCHHSM, SIKi IPONIILTH
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TI0B3, BUPILIYIOYH piBeHb iX BaxkiuBocTi (Bix —1 mo 1). JIBa
3HAYCHHS MHOXKAThCSI, 1100 OHOBUTU HOBUH CTaH KOMIpPKH.
L1s HOBa TaM’ATh MOTIM JOAAEThCA 10 cTapoi mam’saTi C,

10 npu3BoauTh 10 C, !
i[ = O'(VVi[ht-lv Xt]+ bi)l

Ie i, — BXimHMil BeHTWIb, SIKHI BU3HAYAE, CKIIBKU iH(OP-
Marlii HaIXOIUTh BiJ] IOTOYHOTO BXOIY /IO CTaHy KOMIPKH;

C, =tanh(W, [k, X,] + b,);
C =Cuf +61it'

ne W,, W, b, b, — Barosi marpui ta 3cyB, BiImoBiaHo,
cTaHy KoMipky; C, — CTaH OcepelIKy — BHYTpIlIHS aM’ATb
OCeperKy, y sKill 30epiraloThCs K KOPOTKOCTPOKOBA, TaK i
JIOBrOCTPOKOBA IaM’ITh B MOMEHT 4acy {.

Ha ocrannboMy kpoui BuXigHi 3HadeHHs ( h,) Oa3y-

I0TbCS Ha cTaHi BuxigHoi komipku (O,) ane € Binginbt-

poBaHOIO Bepciero. CurmMomnomiOHUil mmiap Bupimrye, sKi
YaCTHHU CTaHy KOMIpKH MOTPAIUISIOTh Ha Buxia. Jlami Bu-
XiAHUH cUrHAT cUrMoinHoro BeHTHi ( O,) MHOKHUTBCS Ha

HOBI 3HAa4YeHHs, CTBOpeHi mapoM tanh 3i crany xomipku
(C,)) 3i 3HaueHH:AM y niamasoHi Bix —1 mo 1.

O, :O-(VI/()[ht—l’Xt]+bo) ;
h, =0, tanh (C,),

ne O, — BUXiIHUH BEHTWIIb, SIKUH BU3HAYAE, CKIIBKH TIepe-

X0uTh 1H(pOpMALI]l 3 MOTOYHOTO JI0 MPUXOBAHOIO CTAHY
JUTS TOTO, 100 TIpH moTpedi Mepeska MOTiIa BUOUPATH Tijlb-
KH JIOBFOCTPOKOBY NaMm’siTh a00 KOPOTKOCTPOKOBY; h, —
MIPUXOBAHUM CTaH, SKMH MICTHTh IHPOPMALIiO 11I0JJ0 CTaHYy
BUBEJICHHSI Ta PO3PaXOBYETHCS IIOJIO MOTOYHHUX BXIJHUX
JIaHUX 1 MOTMEPEeHBOr0 NPUXOBaHOTO cTaHy. [IpuxoBaHuii
CTaH MOXE BHUTAITH JIMIIE KOPOTKOCTPOKOBY abo JOBro-
CTPOKOBY IaM’sTh, a00 0OUIBI maM’sTi, sIKi 30epiratoThes
y cTaHi koMipku s nepenbadenus; W, i b, — Barosi
MaTpHIli Ta 3CyB, BIANOBIAHO, BUXiIHOrO BeHTWI; tanh —
(byHKILIsI, 5Ka BUBOIUTB 3HaUeHHs oT —1 10 +1 (Macuradye
3HA4YECHHS KOMIpKN).

Jnst Bu3HaueHHs ontuManbHoi apxitektypu ITHM
(ximpkocTi mpuxoBaHUX mapis tunmy LSTM) ans mporHo-
3yBaHHS PHHKOBOI BapTOCTi aKmii Oyso peanizoBaHo 5 pi3-
HUX BapiaHTiB, a came: 2, 3, 4, 5 Ta 6 MPUXOBAHMX IIAPIB.
Ha puc. 2 npencraBineHo 3HHKEHHS TOYHOCTI ITPOTHO3IB 3a
Mmerpukoro MSE. Ockinbkn, MiHIMaiabHe Ta HaHOULIBII
CTIHKe 3HIPKEHHS 3HAYECHHS IOMWIIKH Bijl €MIOXH 10 €TIOXH
nemoHcTpye LSTM i3 1BOMa NprXOBaHUMHU IIAPaMH, TOMY
BHKOPHCTAHO CaMe TaKy apXiTeKTypy. Sk 6a30Ba KiIBKICTh
HelipoHiB B ogHOMY mapi Oyno B3sto 50 mTyk. 306imb-
IIEHHS KUTBKOCTI IOHITIB y KOYKHOMY mapi 10 256 m1o3Bo-
U0 JOCATTH 3HAYHOTO TIPUPOCTY SKOCTI Mozenm (3
0.009235 no 0.005375 mnst gBommapoBoi Mepexi). IlIporte
To1ambliie 30UTBIICHHS KiTbKOCTI HEHPOHIB HE BILTUHYJIO
Ha MOKAa3HUKH SIKOCTI MPOrHo3y. OTXe, NpH IOJANIBIINX
eKcriepuMeHTax Oyno BukopucraHo mapu LSTM 3 256
IOHITaMHU.

LSTM validation loss

6 loyers

§ 006

) 0 a0 P 0 100
Epoch
Puc. 2. INopiBHstHAS sikocTi TporHo3iB LSTM 3 pizHoto
KiJIBKICTIO IPUXOBAaHUX mapis (2, 3, 4, 5 Ta 6)

3ropTkoBa HelponHa mepexka CNN Bkio4ae mapu
(GUTBTPIB-3rOPTOK 1 MiABHOIPKH 3 JONAaBAaHHIM ITOBHO-
3B’SI3KOBHX MIAPIB 32 HEOOXiTHOCTI. JIBOBUMIPHICTH BXij-
HUX JaHUX Iependavyae ABOBUMIPHICTH 3ropTKU. HeoOxin-
HO BHUKOPHCTOBYBATH INapH MiABHOIPKH 31 30epekeHHIM
KpaiB yepe3 HEeBEIUKUI pO3Mip MOYaTKOBOT MaTPHUIli O3HAK
[15]. PeanizoBaHa apXiTeKTypa 3ropTKOBOI HEHPOHHOT Me-
pexi 3acHoBaHa Ha nocnipkenHsax L. Yena (Sheng Chen)
and Ta X. Xe (Hongxiang He). ¥V po6orti [16] o6rpyHTO-
BYETHCSI MaKCHMaJlbHa ¢(eKTHBHICTh KOH(DIryparii Mepe-
XKIi, IKa HaBeJICHA Ha puC. 3.

Input layer  Convolution layer Fully Connected layer Softman layer

Pooling [BVer  copylution layer

@ g | a1

‘Tlass 2

Puc. 3. Apxitektypa CNN

Mognems CNN-LSTM  OynyeTbes TOCTIZOBHO SIK
00’ennanHs MonyniB Heiipomepexx CNN i LSTM. Ilicas
TOTO, sSK BUXimHI naHi mpoxonate mapu CNN, BOHH
nepenatotbesi o Moyt LSTM. Jlami  dopmyerbes
YHUCEeNLHUN TPOTHO3 32 JIOMIOMOTOK0 MOBHO3B’SI3KOBOTO
mapy 3 OAHOTO HelipoHa. Ha oCHOBI eKkcriepuMeHTaTbHUX
JIOCTI/KEHb BH3HAYA€THCS TOCHIJOBHICTh Ta MapaMeTpu
mapiB ycepeauHi MomaymiB. OCKIIBKH y KOXHIH 3
HEWpPOHHMX MepeX ICHye MHOXHMHA IlapaMeTpiB JuIs
ontuMizanii, BUOip igeanbHOi KoMOiHaLii IX MOXe 3aiHATH
HeoOMexxeHnit 4vac. ToMmy s eKcliepUMEHTaJIbHOI
peanizanii riopunHoi Mozeni CNN-LSTM Oyno oGpano
apxiTeKTypy, fKa 3alpolOHOBaHa y HociimkeHHi [17],
OCKIJIbKM BOHAa Ma€ JOBeJCHY e(QeKTuBHIicTh (puc. 4).
Kinpkicte HeliponiB y LSTM Tta moBHO3B’s3HOMY mHIapi
peaizoBaHO BHXOASYM 13 3HAYEHb IS MOTEpeTHiX
Mojenen — mo 256.
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Puc. 4. Apxitektypa CNN-LSTM

I'6punna mozxens VMD-LSTM cknagaerses 3 Kia-
CHUYHOTO JITOPUTMY MAlIMHHOTO HaBYaHHS Ta HEWPOHHOI
Mepexi. Y Takiii mozeni Variational Mode Decomposition
(VMD) npuiimMaeTbes Ha BXiJl OTHOBUMIPHHUN YaCOBHH Pt
1 CTBOpIOE TIPOCTIp O3HAK MOXANBIIOI OOPOOKH TaHUX
Mepexero LSTM. OmnrumansHa xoH¢irypamis LSTM
BHM3HAUAETHCSl eKcnepuMeHTanbHo. VMD mpencrasise
MOJHU 5K BY3bKOCMYTOBI CHUTHAIH 3 OKPEMHUMH CMYTaMH,
SKi CTHCHYTI HABKOJIO Pi3HUX LEHTPaJIbHHUX YacToT. Meton
VMD 0inpm CTIHKHHA O IIyMYy Ta TOMIJIOK BHOIPKH Y
MOPIBHSIHHI 3 MeTogaMH, 3acHoBaHuMU Ha EMD. EMD —
e METOJl PO3KJaJaHHs CUTHaJIy Ha Hallp 3 HYJIbOBHM
CepeIHIM Ta Maii)ke OJHAKOBOKO KiJIBbKICTIO KOMITOHEHTIB
MaKCHMYMIB Ta MIHIMyMIB, BiH BUTSTYE PEXKHMH PEKyp-
cuBHO, a VMD 3a 10moMororo iTepaTHBHOI MPOIEAYPH PO-
OUTH 1Ie OJHOYACHO. 3 TOYKHM 30py MaTeMaTH4HOI peajli-
3arii VMD ananizye K-pexumu (curunaiu), siki 0JJHOYacHO
3MIACHIOIOTH MiHiMi3allito mapamerpa. 3i 30imsmenasam K
30UTBITYEThCA CKIAMHICTD 3adayi ONTHUMIi3alii, mI0 YIIo-
BUTbHIOE 30DkHICTH amroputMy. OTmxke, Tpeba mepen
3aIlyCKOM anroputMy VMD mnpaBHIIBHO BCTAHOBUTH 3HA-
yenns K. Kom0inaris BapiamiiHOi MOJOBOT IEKOMITO3HIIIT
(VMD) ta LSTM peainizoBaHa Ha OCHOBI JOCIIiKSHHS
[18]. TTapamerpu mist mogynst VMD-LSTM 36iratotsest 3
npoctoro LSTM (puc.5).
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Puc. 5. Apxitekrypa VMD-LSTM

Monens VMD-CNN-LSTM ranbokoro HaBYaHHS Ha
ocHOBI BapianiiiHoro pexumy (VMD). VMD Buxopuc-
TOBYETBCS JUISl PO3KJIQIaHHS BUXIJJTHOTO YacoOBOT'O psily Ha
Kijgbka migcurHaiiB. IIoTiM 3acTOCOBYETHCSI 3ropTOYHA
HeriponHa wMepexka (CNN) st BUBYEHHS 11a0JIOHIB
PEKOHCTPYKITii pO3KIaJACHUX CyOCUTHAIIB JIJISl OTPUMAaHHS
KUTBKOX PEKOHCTpyHOBaHMX cyOcurHaiiB. Hapemri, me-
pexa oBroctpokoBoi mam’sti (LSTM) BUKOPHCTOBYETHCS
JUIS TIPOTHO3YBAaHHS YaCOBHX PSAIB i3 PO3KIAACHUMHU
MIICUTHAJIAMU T4 PEKOHCTPYHOBAaHUMH ITiJICUTHAJIAMH SIK
Bxoau. 3amporoHoBanmii miaxim VMD-CNN-LSTM
MOXOAUTH BiJl CTPYKTYPH JEKOMIIO3HLIi-PEKOHCTPYKIIii-

aHcaMOJIs Ta iIHHOBALIMHU# IIIXOM BOYOBYBaHHS €TaIliB
PEKOHCTPYKIIi1, €EIMHOTO MPOTHO3YBAHHS Ta aHCAMOIIO B
yHi()IKOBaHUI MiAXix rIMOOKoro HaB4aHHs. biok-cxema
peamizanii mogeni VMD-CNN-LSTM noxka3ana Ha puc. 6
[19].
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Puc. 6. brok-cxema peaizanii Mmogeri VMD-CNN-LSTM

3ampononoBanuii minxin VMD-CNN-LSTM B oc-
HOBHOMY CKJIQIA€THCSI 3 HOTUPHOX KPOKIB:

1. VMD BHKOPHCTOBYETHCS U IEKOMIIO3HUIII TO-
4aTKOBOTO 4acy. cepii B K sub-curnanis.

2. CNN 3acTOoCOBYy€ThCS I BHUBYCHHS IIa0JIOHIB
PEKOHCTPYKIIT PO3KIAACHUX MiICUTHAIIB JJIs1 OTPUMAHHS
pekoHcTpyioBaHuX cyOcurHaniB (po3mip sumpa CNN
nopieaioe K Ha L, me L € MOBKHMHOIO BXIZHOI MOCIHI-
nmoBHOCTI, 1 sapo CNN MOXHA pO3IJISAATH SIK Bard pe-
KOHCTPYKIIi AJIST pO3KIaICHUX CYOCHUTHAIIB).

3.LSTM BHKOPHUCTOBYETHCS [UIA MPOTHO3YBAHHS
PO3KIAICHUX MiJACHTHATIB i PEKOHCTPYHOBAHUX IIiJICHT-
HaliB (pO3KJIAJCHI MiJACHTHAIN i PEKOHCTPYHOBaHI Tij-
CHTHAJIM MOYKHA PO3TJISIJIaTh SIK OaraToBUMipHE IPEeaCTaB-
JICHHSI BUXiTHOTO YaCOBOTO PSY).

4. TIOBHICTIO TOB’sI3aHUN PIBEHb BUKOPUCTOBYETHCS
Juist 00’eIHAHHS pe3ynbTaTiB nporHo3dyBaHus LSTM mis
OTPUMaHHS KIHIEBHUX PE3YJIbTATIB IPOrHO3YBAHHSI.

PesyabraTn Bukopucranusa IHIHM pus nporso-
3yBaHHS PUHKOBOI BapToOcCTi akuii ¢oHI0BOro pHMHKY
KpaiHu 3 HeCTa0IbHOI0 eKOHOMIiK0I0. OCKUIBKH SKICTh
MIPOTHO31B 3HAYHOIO MIpOIO 3aJISKUTH BiJl BXITHUX JAHUX,
TO OyJIO TpOBeIeHO MiAOip HAOOPIB JaHWX IS HABYAHHS 1
TecTyBaHHA. BuMoru no HaBuasbHOT BHOIPKHM: BOHa He
MOBHHHA OYTH MEHIIOK 3a PiK, 00 BpaxyBaTH CE30HHI
3MiHHM IiH aKIii, i He TOBUHHA OYyTH 3aHAJITO BEIIHUKOIO,
100 YHHKHYTH TI€pEHABUaHHS MoOJeNie Ta BEJIHMKUX
BUTPAT YACOBHUX Ta OOUYHCITIOBAILHUX PECYPCIB.

Ot1xe, Al eKCIIEPUMEHTAJIBHOTO TECTyBaHHS OYIo
oOpano 4 BapianTu: maHi 3a 1 pik, 2 poku, 5 ta 10 pokis.
PesynbraTi MOpIBHAHHS SKOCTI NPOTHO3Y 3a DI3HUMHU
METPHKaMH JIJIsl YaCOBUX TIEPiofAiB 3BeaeHO y Tabm. 1. 3a
JaHUMU Tabn. 1 MOKHA JINTH BHCHOBKY, IO naHi 3a 10
POKIB i 2 pOKHM 3HAYHO NEPEBUILYIOTh iHIII BapianTH. [1pn
[[bOMY HaBUQJIbHY BHOIpKY 3a 2 POKM MOXXHa BBa)KaTH
HaWKpamniolo sK 3a KUIbKICTIO HAKpaluX 3Ha4YeHb METPHK,
IO MiITBEPKYIOTH 1HII TOCTiKeHHs [2], Tak i OLIbII
3pYYHOIO B IPOLEC] eKCILTyaTallii.

JI1s OIHKM SIKOCTi MPOTHO3Y PO3paxoBaHi Taki MO-
ka3aukn: RMSE (Root Mean Squared Error) — cepennpo-
kBagpatnuHa nommika; MAPE (Mean Absolute Percen-
tage Error) — cepennst abcosroTHAa BiICOTKOBA IOMMJIKA;
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MDA (Mean Directional Accuracy) — cepentst abcoOTHA
BIZICOTKOBa NOMMJIKA, 3a0e3medye HMOBIPHICTH TOTO, IO
JOCII/DKYBaHUH METOJl 3MOXKE BH3HAUUTH IPaBHIBHUH
HamnpsIMOK 4acoBOTo psiny. Y Tabi. 1 KoJpopoM mo3HaueHi
HalKpall 3Ha4eHHsT METPUK IMOMWJIOK ITPOTHO3YBAaHHS 3a
MozmemaMu (mo crpokam). [Ipm BUKOPWUCTaHHI METPUKU
RMSE d9uMm HIDKYe 3HAYCHHS, THM KpaIluii IpOTHO3 3a
JAHOI0 MOJICIUTI0 3 BHKOPHCTaHHSAM JaHWX HaBYaJIbHOI
BuOipku. Ynm Hibk4e 3HaueHHS MAPE, THM Mermma cepen-
HS PI3HUII MIDXK IPOTHO30BAHMM 1 (DaKTHIHAM 3HAYCHHSM,
OTXE, MCHIIIEC 3HAYCHHS BBA)KA€ThCS HAaHKpamuMm. A Ui
Merpukn MDA HaBmaku — Halkpaiioro Oyne BBaXKaTHCS
MOJIeNb, SIKa Ja€ Haiioinbme 3HaueHHs MDA.

Tabmurt 1 — [TopiBHSHHS SKOCTI IPOTHO3Y 32 POKaMH

SKICTh NMPOTrHO3YyBaHHs. OCKIIBKM ISl TIOPIBHSHHS HPOT-
HOCTUYHOI 3JaTHOCTI pI3HHX Mojeneii HeoOXimHui
OJTHAKOBHMU HaOIp BXIJHHMX NaHUX, JaTi Ui HEpepaxo-
BaHMX BUILE MOJIENIEH BUKOPHCTOBYIOTHCS BC1 5 O3HAK.

Y Bumagky VMD-LSTM Tta VMD-CNN-LSTM
MPOCTip O3HAKOI TEHEPYEThCcA IpU 0OpoOI Momynem
VMD 11iH 3aKpHTTS aKIii 1 € 5 MO A KOKHOTO 3aInCYy,
mo 30iraeTbecs 3 (opMaTOM BXINHUX NAHUX U 1HIIHX
Mozeneii. KpiMm TOTO, BIUIMB Ha SKICTH Hamae po3Mip
pyXOMOTo BiKHa, BiAIOBIIHOTO KIIBKOCTI MOIEPEIHIX
3aIMCiB, HEOOXITHUX [T pO3PaxyHKy IMPOTHO30BAHOI IIIHU
3aKpUTTA. Y OUIbIIOCTI MOAIOHMX cTaTeld po3Mip BiKHA
Bianosigae 30 abo 60 3anmcam. Takox BapTO MEpEBIpUTH
3HaYHO MeHIi Ta Oimpun po3mipu: 10 ta 90. ¥V Tabmn. 3
HaBEJCHO IOMMJIKM MPOTHO3IB JUIi PI3HUX PO3MIpiB

HapuanbHa BUbipKa 32 pOKaMu KOB3HOTO BIKHA.
Mogpens | [Tomunka 1 > 5 10
RMISE 10.435 8.356 8030 8173 Ta6munst 3 — [TopiBHSIHHS SIKOCTI l'Ip.OFHO?;iB JUIS Pi3HUX PO3MIpPIB
LSTM | MAPE | 3.707 | 2.878 | 2.803 | 2.768 KOBSHOTO B
MDA 0.514 0.517 0.510 | 0.503 3HaueHHs TOMUJIKH TIPOTHO3IB B
RMSE 10.366 8.123 9.396 10.86 Mogens | IToMuiKa | 3aJI€XHOCTI Bi pO3Mipy PyXOMOTO BiKHA
CNN MAPE 3.687 2.785 3.193 3.847 10 30 60 90
MDA 0.503 0.507 0.510 0.517 RMSE 16.684 17.728 8.458 4.781
CNN- RMSE 13.695 14401 | 10.752 | 8.790 LSTM MAPE 6.119 6.446 2.923 1.678
LSTM MAPE 5.185 5.514 3.829 3.083 MDA 0.508 0.510 0.517 0.5
MDA 0.507 0.517 0.5 0.497 RMSE 16.154 17.036 8.480 4.681
VMD- RMSE 11.507 8.080 8.104 8.232 CNN MAPE 5.920 6.206 2.932 1.662
LSTM MAPE 4.222 2.731 2.734 2.791 MDA 0.503 0.503 0.507 0.5
MDA 0.517 0.517 0.517 0.503 CNN- RMSE 14.696 16.449 14.757 | 18.91
VMD- RMSE 20.531 5.884 7.278 9.431 LSTM MAPE 5.124 6.079 5.674 8.023
CNN- MAPE 4.432 1.286 2.897 2.489 MDA 0.0 0.0 0.514 0.0
LSTM MDA 0.5 0.517 0.517 0.503 VMD- RMSE 16.369 17.171 8.154 6.639
LSTM MAPE 6.008 6.255 2.761 2.435
KpiM o6csry Bubipku, 3HaYHy pOJIb Bigirpae cTpyk- MDA 0.505 0.507 0.517 0.5
Typa JaHuX: NEpeI0aueHHs IiHA 3aKPUTTA aKIiil KoMIaHii VMD- | RMSE | 19.768 | 25.076 | 5.765 | 9.531
MOK€e IPYHTYBAaTHCS SIK BHKIIOYHO Ha IliHAX 3aKPHUTTS CNN- | MAPE | 4.432 6.008 1286 | 2435
MOTEPEIHIX THIB, TaK 1 Ha JOJATKOBHX JaHUX, TAKUX SIK LST™M MDA 0.505 0.517 0.517 0.5

IiHa BIKPUTTSI, MaKCUMaJlbHA Ta MIiHIMajabHA 3a JCHB, a
TaKOX 00CAT MPOJIAHUX 3a JICHb aKIiif. Y Tabu. 2 HaBelleHO
pe3yJabTaTH PO3PAXyHKIB MOMHIJIOK MPOTHO3YBAHHS IS
O}IHOBI/IMipHI/IX Ta 6aFaTOBI/IMipHI/IX JaHUX JIs1 HAaBYaHHA

HM.

Tabmuns 2 — [TopiBHSIHHS OJHOBHMIPHUX Ta 0araTOBUMipHUX
JIaHMX JUIsl HABYAHHS

Moxers Merpika Kinlbkicn npm};alcis
RMSE 8.395 8.413
LSTM MAPE 2.857 2.894
MDA 0.507 0.520
RMSE 8.531 8.925
CNN MAPE 2.894 3.073
MDA 0.507 0.510
CNN RMSE 19.947 10.336
LSTI\;I MAPE 8.227 3.680
MDA 0.0 0.5

Xoua mma LSTM ta CNN 3HaYeHHS METPHK INPH
OJHOBUMIpPHUX Ta 0araTOBUMIPHUX TPEHYBaJbHHUX JaHUX
MPaKTHYHO 30iratoThes, y pasi riopumHoi moxeni CNN-
LSTM nonaTkoBi O3HAKU JO3BOJISIOTH 3HAYHO ITIABUIUTH

VY npoMy BUNaJKy BU3HAYUTH ONTHMAaJIbHE 3HAYCHHS
CKJIaHIIIE, OCKUIBKM KUIBKICTh HAWKpamMX MOKAa3HHUKIB
it po3mipiB 60 ta 90 nmpakTuuHO 30iraeTbes. [Ipu npomy
MDA mist BCix Mojiesieli Kpaiie mpu IpOorHo3yBaHHi 3a 60
MOMEPeHIMA 3HAUCHHSIMH, a 1€ HalBaXJIHBiNIA Ha
npakTuli merpuka. KpiMm 1poro, 60 3HaueHb J03BOJISIE
CKOPOTHTH BUTPATH Yacy Ta 00UUCIIOBAIILHY MOTYXHICTh
nopiBHSIHO 3 90.

Anainiz pesyasTatiB. Ha migcraBi mnpoBemeHHX
EKCIIEPUMEHTIB MifiOpaHO ONTHUMAJbHI TMapaMeTpu Ul
BCIX MOJeJIcH: HaBYallbHa BHOIpKAa CKJIANAETHCS 13 IiH
3aKpUTTS aKLiil 3a 2 pOKH; y pyxoMoMy BikHI 60 3HaueHb;
yci 3HaUeHHS MONIEPEHB0 HOPMYIOThCs Y Tpomixkok [0,1];
KO)KHA 3 MoJieNieil peayi3oBaHa B ONTHMaJbHIH KOHQIry-
parii. Yci pe3yapTaTi MPOTHO31B PHHKOBOT BAPTOCTI aKITiit
HaBeJeH1 y po6oTi [2]. 3po6ieH0 BUCHOBOK, IO HAHOIIBIIT
e(eKTHBHOIO MEPEXKEI0 AJIS TPOTHO3iB PHHKOBOI BapTOCTI
akIii ykpaiHcbkoro (oHIOBOTO pUHKY € Monens VMD-
LSTM (pwuc. 7).

Sk migcyMok Tpeba BiI3HAYMTH, IO TiOpua MeToxry
MAalIMHHOTO HaBYaHHS Ta HEHpOMeEpeXi BHUSBUBCS eQek-
TUBHILIMM 3a 3’€JHaHHS JIBOX PI3HUX THIIB HEHPOHHHX
mepex. [Ipu upomy sik nonasanHs VMD no CNN-LSTM
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3abe3neuye mpupict sikocti, Tak i VMD mo LSTM. He
MOJKHA CTBEP/DKYBATH ICHYBaHHSI 3aJICKHOCTI MiX CKIIaJI-
HICTIO TiOpUIHOT MOJeNi (KUTBKICTIO CKIaJIOBHX MOJYIIIB)
Ta 11 SKICTIO, TOMY IO B PE3yJbTaTi CKCIEPUMEHTAILHUX
nociikeds noasiiina Moxeils CNN-LSTM BusBuiacs
ripmoro 3a oguHapHy CNN. SIKICHOI0 MOIEIUTIO IS TIPOT-
HO3yBaHHS WiH akmiii € ribpumHa mMomens VMD-CNN-
LSTM, ame i momenms VMD-LSTM mnokasye rapai pe-
3yJBTATH.

Predictions ve Ground Truth
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Puc. 7. [Iporrosu purkoBoi BaptocTi akiiit CEEN, UTLM,
KVBZ ta BAVL BAVL Ha ocaosi mogeni VMD-LSTM

BucHoBkH. VY 1iif cTaTTi IPOBEICHO aHANI3 PE3yIIb-
TaTiB ICHYIOYMX JOCIHI/DKEHb LI0J0 BUKOPHUCTAHHS HEH-
POHHUX MEPEX Ta 1HIIIX METO/iB 0OYNCIIOBAIBHOTO 1HTE-
JIEKTY JUIS MOJIIOBAHHS MOBEAIHKH YYaCHUKIB (HOHIO-
BOT0 PHHKY Ta MPOTHO3YBaHHs puHKY. Hanano pesynbraTu
JIOCHI/DKEHHST 1[0JJ0 BUKOPHUCTAHHS HEHPOHHHMX MeEpex
pi3HOi apXiTeKTypH Ajsl MPOTHO3YBAHHSA PHUHKOBOI Bap-
TOCTI aKmiid Ha GoHIOBOMY pHHKY YKpainu. [l mporHo-
3yBaHHS Oyno oOpaHo 4OTHpH akuii YkpaiHcekoi ¢oHmo-
Boi Oipxi: Llenrpenepro (CEEN); Ykprenekom (UTLM);
KprokiBcbknit BaronoOynisumit  3aBon [IAT (KBB3);
Paiidpdaiizen bank Asams (BABJI). [ns ekcnepumen-
TaJIBHOTO JOCIiKeHHs Oynu oOpaHi Taki mogeni: LSTM;
CNN; riopuaaa mogens CNN i LSTM; ribpunHa Moaenb
VMD-LSTM; riopuasa mogens VMD-CNN-LSTM. Pos-
PaxoBaHO OIIHKH SIKOCTi MPOTHO3Y. 3pO0JIEHO BUCHOBOK,
o BUKOpHCcTaHHs TiopuaHoi moxeni VMD-CNN-LSTM

Jla€ MiHIMaJIbHY IOMWJIKY NPOTHO3YBaHHS PUHKOBOI Bap-
TOCTI aKmiil yKpaiHCHKHMX MiJIPHUEMCTB. TaKoX AOLIIBHO
BUKOpUCTOBYBatd Mojens VMD-LSTM g mporsosy-
BaHHS BapTOCTI akiiii Ha Oipkax KpaiH 3 HecTaOiIbHOIO
€KOHOMiKO0. Pe3ynbraTy IMX J0CHTiKEeHb OyIyTh BKIIIO-
YeHl y MiCUCTEMY NMPOTHO3YBAaHHS AK CKJIAZ0BOI MOIYJIS
VIpaBITiHHS 1HBECTHIIHHOIO AISUTPHICTIO CHCTEMH YIIPaB-
JmiHHEA edeKTuBHICTIO mianmpueMctBa [20]. Y HacTymHHX
JOCIIIKEHHSIX Oyne 3BEpHEHO yBary Ha IPOTHO3YBAaHHS
MTOKAa3HMKIB iHBECTUIIIHOTO PUHKY KpaiH 3 HecTabiIbHOIO
€KOHOMIKOIO.
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L. G. RASKIN, L. V. SUHOMLIN, D. D. SOKOLOQOV, L. V. DOMOCHKA

ASSESSING THE INFORMATIVENESS OF THE CONTROLLED PARAMETERS IN THE TASK OF
IDENTIFYING THE STATE OF THE SYSTEM

The effectiveness of solving the problem of identifying the system state significantly depends on the number of controlled parameters and the degree of
their informativeness. The traditional method for assessing the informativeness of these parameters is based on the measure of distance between the
probability distributions of the values of the controlled parameter for different states of the system proposed by Kullback. The shortcomings of Kullback
measure have been revealed. Firstly, the value of this measure is not normalised and is not limited from above. Secondly, this measure is asymmetric,
i.e. its numerical value depends on the way its components enter the calculation ratio. The method for calculating the informativeness criterion proposed
in this paper takes into account the uncertainty that arises due to the fuzzy description of the boundaries of the areas of possible values of the controlled
parameters for each of the possible states of the system. An important enhancement of the known methods for assessing the informativeness of the
controlled parameters is to take into account the real existing inaccuracy in estimating the values of the results of measuring these parameters themselves.
These circumstances determine the subject and purpose of the study that is the development of a method for calculating the distance between the
distributions of fuzzy values of the controlled parameter, free from the shortcomings of the Kullback measure. To calculate the measure of the distance
between the distributions of the values of the controlled parameter under conditions of uncertainty of the initial data, described in terms of fuzzy
mathematics, a symmetric criterion is proposed, which is easily calculated. Examples of the criterion calculation are given. The possibilities of increasing
the level of informativeness of the criterion using analytical descriptions of membership functions of fuzzy values of the controlled parameter for different
states of the system are considered.
Keywords: identification of system states, Kullback information measure, assessment of informativeness of fuzzy controlled parameter.

JI. I. PACKIH, JI. B. CYXOMJIHH, ]. /1. COKOJIOB, JI. B. TbOMOYKA

OIIHKA IHOOPMATHUBHOCTI KOHTPOJIbOBAHUX ITAPAMETPIB Y 3ABJIAHHI
INIEHTU®IKAIII CTAHY CHCTEMHA

EdexTuBHICTS po3B’s3aHHS 3a7adi ifeHTH(IKALI] cTaHy CHCTEMH CYTTEBO 3aJEXKHUTh BiJl KUIBKOCTI KOHTPOIBOBAHMX HMapaMeTpiB i CTYHEHsS IXHBOI
iHdopmaTuBHOCTI. TpajuILiiiHa TEXHOIOTIS OL[iHIOBaHHS 1HPOPMATUBHOCTI LMX HapaMeTpPiB CIUPAETHCS Ha 3anpornoHoBaHy Kyiaps0akoMm Mipy BiacraHi
MK HMOBIPHICHIMH PO3MOIiIaMH 3HAYSHb KOHTPOJIbOBAHOTO TApaMeTpa Ul PI3HHUX CTaHiB cucteMu. Busineni Henomiku Mipu Kynb6aka. [To-niepiie,
3Ha4YeHHs Liel Mipu He HOpMOBaHe 1 He oOMexeHe 3BepXy. Ilo-mpyre, g Mipa acuMeTpH4Ha, TOOTO ii YHCeNbHE 3HAYECHHS 3aJIeKUTH BiJ CHOCOOY
BXO/DKCHHI ii KOMITOHEHTIB y PO3paxyHKOBE CITiBBiJHOIICHHsI. 3alIPOIIOHOBAHA B POOOTI TEXHOJIOTIsI pO3paXyHKY KPHTEPito iHPOPMATHBHOCTI BpaxoBye
HEBH3HAYCHICTB, 1110 BUHUKAE BHACIIOK HEYITKOCTI OIUCY MeX 00JacTeil MOXKIIMBUX 3HAYCHb KOHTPOJIbOBAHHX NapaMeTPiB ULl KOKHOTO 3 MOXKIIHBUX
CTaHIB CHCTEeMH. BakiiBe NMOCHIEHHS BIOMHX TEXHOJIOTIH OLIHIOBAaHHS iH(OPMATHBHOCTI KOHTPOJBOBAHUX INapaMeTpiB IOJSrac y BpaxyBaHHI
peabHO ICHYI0UO0I HETOYHOCTI OLIHIOBAHHS 3HAYEHb CAMUX PE3y/IbTATiB BUMIPIOBAHHS [[HX apaMeTpiB. 3a3HaueHi 00CTaBHHH BU3HAYAIOTH MTPEAMET i
METy JOCIIKEHHS. — pO3pOOJIEHHsST METO[a PO3PAaXyHKY BIJICTaHI MIX PO3MOALIAMH HEUYITKHX 3HAa4€Hb KOHTPOJIBbOBAHOTO IAapaMeTpa, BUIBHOIO BiJ
HenonikiB Mipu Kyms0aka. [l po3paxyHKy MipH BiCTaHI MDK pO3IOIIJIaMH 3HA4eHb KOHTPOJBOBAHOTO IIapaMeTpa B yMOBaX HEBH3HAYEHOCTI
BUXIJJHUX JaHUX, OMMCAHUX Yy TEPMiHAX HEYITKOI MaTeMaTHKH, 3alPOIOHOBAHO CHMETPUYHHMU KPUTEpid, SIKHH Jerko oduucmoerbes. HaeneHo
MPUKJIAAN PO3PAXyHKY KpHUTepito. PO3IISIHYTO MOXIMBOCTI 301MIbIIEHHS PiBHS iHPOPMATUBHOCTI KPUTEPIIO 3 BUKOPUCTAHHSAM AaHAJITUYHUX OMHCIB
(yHKIiiT HATEKHOCTI HETiTKUX 3HAUSHb KOHTPOJIHOBAHOTO ITapaMeTpa IS Pi3HUX CTaHIB CHCTEMH.

KuarouoBi cioBa: inentudikamis craniB cucremu, inpopmaniiina Mipa KynbOaka, ominka iHGOPMAaTHBHOCTI HEYITKOTO KOHTPOIbOBAHOTO
apamerpa.

Introduction. Assessing the state of the system based
on the results of processing a set of controlled parameters
is a typical task of everyday practice. The elementary
mathematical model of this problem is formulated as
follows.

Itis assumed that the system can be in one of the many
(H,,H,,...,H,,) states, for the identification of which the
parameters X = (X, X,,...,X,) are used.

Let from theoretical considerations (or based on the
results of processing preliminary observations) a matrix of
conditional distribution densities of random values of
controlled parameters for possible states of the system be
obtained: f(x;/H)), i=12...,m;j=12..,n.

It is clear that the task of analyzing the results of

observations is the simpler, the smaller the number of
controlled parameters.

The natural way to reduce this number is to estimate
the informational value of the parameters and select the best
ones.

Analysis of known results. One of the traditional
approaches is the calculation and comparison of the
“distance” between the distributions of random values of
controlled parameters for various system states using the
Kullback measure [1, 2].

This measure is introduced as follows. To assess the
information value of a specific controlled parameter x used

to identify system states, for example, H, and H, the
Kullback numerical criterion is calculated by the for-
mula (1):

r,=F(f(x /H), f(x /H,))=

FO THY) o (1)

:j f(x /H,)log o TH)
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In a particular case, for Gaussian distributions o) -02,
= +0,);
1 (X— )2 A& 020- 2 (ml 1 )
f(x/H,) = exp{— o) L. 1o
! 2 20,2 ' 2
70y 1 A - mo,” —m,o;” .
. 2 B oo’ '
f(x/H,)= ! exp{—(X mj) } L
\2ro, 20, m’c,’ —m,’c,
A3 - 2 2
We have 0, 0,
© Then
. exp{_w}x
1,2 2
R o mlog %o ()
) o, 20,0, )
exp {_ (X2_0_m1) } -o; (022 —0'12)— 2(m12022 -m,’o )j|
lo ! dx = .
8 g (x— 2) The approach proposed by Kullback to assessing the
exp 2.2 informativeness of indicators has obvious shortcomings.
) A -
The most significant of them is the asymmetry of the
w introduced ratio, which leads to unpredictable differences
1 (x-m,)*
= I exp{ il }Iog in the results of calculating the measure "when the nature
Nex 20 ! of the occurrence of f(x/H,) and f(x/H,) in formula
) ) (1) changes. Secondly, the measure of informativeness of
xexp{{(x—mzl) - (x—mzz) }}dx_ (1) is not normalized. Numerical value 7 is equal to zero,
20, 20, if the distribution densities f(x/H,)and f(x/H,)

. ) coincide, and can take on an arbitrarily large, not limited
_ J~ 1 exp{— (x—m,) Hlogﬁ_ from above, value otherwise [3-5]. Thirdly, the analytical
e \/Zal 20, o, complexity of the construction of criterion (1) leads in
many practical cases to the need to use numerical
{(x—ml)z (X_mZ)Zﬂdx integration [6, 7]. Finally, fourthly, the Kullback measure

Oy

is designed to distinguish between distributions of random
variables and cannot be used directly if the uncertainty of

the initial data is described differently, for example, in
ex p{ (x- ml) }L(x)dx terms of fuzzy set theory. This situation requires special

2 2
20, 20,

Iog———J' J_a

consideration. The point is the following. The functioning
of real systems, as a rule, occurs in changing conditions. At

l

2 _2 2 2_2 the same time, the mechanism of formation of the observed
L() = olo,) (X o, —2XMo; +Mo, values of the controlled parameters of the environment and
the system changes. As a result, the axiomatic requirements
_XZGlZ + 2xm22c)—12 _ mzzglz) = of probability theory are violated. Under these conditions,
the level of adequacy of empirical distribution densities
X(0,2 - 0) - 2x(M 5,2 —m,0?) + m2o,? —m, o) obtained by continuous approximation of histograms
= T ) formed from the results of experiments may turn out to be
01 92 unsatisfactory. The natural correct alternative is to use
o fuzzy mathematics formalisms.
7, =log—=%— In accordance with this, the purpose of the research is
21 to develop a criterion for the distinguishability of
, s distributions of fuzzy values, free from the shortcomings of
J‘ expd— (X m)* | (o," —a,")x dx— the Kullback criterion, in the problem of choosing
J_ 7o, 20} oo, parameters for identifying the state of systems.
Development of a criterion for the
2 (x=m)? | (mo,” —m,o.%)x distinguishability of distributions of fuzzy values. Let’s
—ZJ eXpy— 2 7 2 dx + consider the standard procedure for using some parameter
: \/Eo-l 20, 0,0,

of an object to diagnose its state. Let an object be in one of
} two states H, or H, . Let's introduce membership functions

Tl X— m’c,” -mj o’
EXP{ ( mzl) }( % 2 %1 )dX = of (L—R) type of fuzzy controlled parameter x for the
2 N2ro; 20, .

states H, and H,:

+

= |Og%—%(Ai—2A2 +A3); Hy, (X) =<my, e, >I/JH2(X) =<My, a,, 3, >
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The simplest special case, when these functions are
triangular, is shown in fig. 1.

A
Hyp (x)
Hi, (x)
1
1 1 3
I T T T T L
m —a mom, —o, m o+ f m, w,+f, X

Fig.1. Membership functions z, (X), t,, (X)

In this case, the area of possible observed values of
the parameter x is divided into subareas:

I, =[m -a,,m, —a,] —is the subarea of values x, that
can be observed only if the object is in state H, ;

I, =[m, +4,m,+pB,] — is the subarea of values x ,
that can be observed only when the object is in state H,;

I, =[m,—a,,m +B] —isthe subarea of values x
that can be observed for both state H, and state H,
(compatibility interval);

I, =[m —e,m + B ]ulm, —a,,m, + ,] —is the area of
all possible observed values of the parameter x

Now let's introduce the criterion:

Tzll—’z. 3)

It is easy to see that criterion (3) is free from the
shortcomings of the Kullback criterion (1). Indeed, the
calculation result of the criterion calculation does not
depend on the order of calculation of its components.
Further, this criterion is normalized.

The criterion 7 is 0 (z=0) if the length of the

compatibility interval 1, is equal to 0, that is, the areas

of possible values of the parameter x for the states H, and
H, do not intersect.

The criterion 7is 1 (z=1) if the areas of possible
values of the parameter x for the states H, and H,

coincide. Thus, the length of the compatibility interval 1 ,

in a certain, easily interpreted way, characterizes the
informativeness value of the parameter x .

At the same time, for describing the uncertainty of the
initial data, it is proposed to use membership functions of
(L-R) type that are convenient for carrying out
calculations. Thus, the task is solved.

It is clear that the level of informativeness of the
criterion clearly depends on the length of the compatibility
interval 1,,. Wherein, if the observed value of the

controlled parameter turns out to be within this interval,

then this fact, in itself, does not contain any information
regarding the state of the object. However, this information
can be extracted using analytical descriptions of the
membership functions of controlled parameters for
different states of the object H, and H, . The desired effect
is achieved as follows.

For each of the membership functions of the values of
the controlled parameter, we define its probabilistic
counterpart. To this end, we determine the areas under the
curves given by the functions z, (x) and 4, (x).

Let's introduce
m+ B
S, = j fy, (X)X ;
m -
my+ 4,

S,= |, (X)x

my—a;
Then

. Hy, (X)
fi, () ==
SZ
(4)
Hp, (X)
S,
The functions given by formulas (4) have all the
properties of the distribution densities of random values
[8, 9]: they are nonnegative and

T i, (X)dx =1;

i, (X) =

T Ay, (X)dx =1.

As a result, they can be used to calculate the
probabilities that the observed values of the controlled
parameter x fall into the interval 1, for the states H, and

H,:

m 4+,

R, (xely)= [, ()dx ©)
m A

P, (xel,)= j £, (X)dx. (6)

Possible differences in the numerical values of the
obtained probabilities contain additional information about
the state of the object, increasing the information value of
the controlled parameter. Let's consider examples.

Example 1. Let's introduce triangular functions  of
(L —R) type of a fuzzy controlled parameter x for the states

H, and H, (fig.2):
0,x <10;
x-10

10 < x < 25;

,qu(X):
40_X,25sxs40;

0, x > 40;
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0,x < 30; ™A X — 30
P(xal)—jm()xj =

X 30,303x<55; ms — 25- 20

X) =
400129 . ¢ |40 30x 40
15 ’ T 2.25.2030 25.20(30
0,x > 70.
m+f; 40

40-x
P, (xel)= 1, (X)dx = dx =

A.uf::{x) Hl( © ) mz‘[azlqu() 3";1515

#,,E(X)
1 40x_ 140 7 0oy
T15.15[30 21515130

Example 2. Let's introduce the membership functions
of the controlled parameter x for the states H, and H,

(fig.3):
> 0,x<10
X p—
X 10,10sx<35;
X) =
Fig. 2. Graphs s, (X), 4y, (X) Hi, () 40—x )
The interval 1, of compatibility of possible values x 0.x > 40"
for H, and H, is I, =[30;40]. Now, using formulas (4)-
(6), we calculate the probabilities that the parameter x will 0,x < 30;
fall into 1,, for H, and H,. -
Welie 2 X=30 30<x<65;
X) =
:qu( ) 70— x
m+f 1 J‘
S = 7 (x)dx_— (x-10)dx +— | (40—x)dx =
ml‘[ " j 155 0,x>70.
2|25 25 40 2|40 A
=i{i -4m‘}+1{m4 —i-}:w; #, (1)
15| 2 |10 10| 15 25 2125 ()
my+f, 55 70 1
x—30 70—x
x)dx = dx+ dx = 20.
ju( ) j - j
0,x<10
X710 o< x <25
. My, (¥) _]15.15
/qu(X) = S 40— x
! ,25 < x < 40;
15.15
0.x>40; Fig. 3. Graphs 11, (X), #y,(X)
0,x < 30; The compatibility interval of possible values x for
x-30 H,and H, is | =[30;40], that is, it coincides with this
,10 < x < 25 . .
()= e () _]25.20° interval in example 1. Further we have:
o (X) =
2 s, 70—
=X g5 < x<70; A 1%¥x-10  1740-x
15.20 S, = j ;4h()d %) % -j =
0,x>70. m—a
Then 1 X—235—10X 35 +l 40x 40_x_2 40
25| 2 |10 10| 5 3B 235 7
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m,+/5, 65 70
X— 30 1770-x
= X x—— = dx = 20.
ja i, =30 ) 55 ]
0,x<10
X— 10
. ty, (X) | 25.15 A0 x <35
A0 =75 =40 x
! ,35< x<40;
5.15
0, x > 40;
Then
0,x < 30;
X230 a5 <x<65;
. uHZ() 35.20°
A, ) ="g =70
2 ,65<x<70;
5.20
0,x>70.
It follows that
m+p 40
40-x
P, (xel)= 1, (X)dx = dx =
, (xel) mlaz”“l() 3{0515
_40x [0 x* |40
 5.15(30 2.5-15[30
m+fy
X 30
P.(xel)= X)dx = =
= ] =[50
2 40 40
X _ 30 1996 o,
2-35.20(30 35-20130

Example 3. Let's introduce the membership functions
of the controlled parameter x for the states H, and H,

(fig.4):

0,x<10
x-10

,10< x <15;

X) =
/qu( ) 40—

, 15 < x <40;

0, x > 40.

0, x < 30;
x—-30

,30< x < 35;

X) =
IUHZ( ) 70— x

0,x>70.

A
0, ()
Hyy, (x)

,qu (X) ’qu (X)

< ¥

Fig. 4. Graphs 4, (X), t4, (X)

The compatibility interval of possible values x for

H, and H, is still 1 =[30;40]. Further, similarly to
considered above, we have:
my+f,
I H, (X)dx = 20;

my+f,

j H, (X)0lx = 20.

m-a,
Then

0,x <10
x-10 10
qu(X) 5.15
S 40-X 15 <y < 40;
25.15

0,x > 40;

10 < x <15

/:‘H1 (x) =

0, x < 30;

X— 30

M, () _]'5.20
S, 10-x , 35 <X <70;

35-20

0,x>70.

,30 < x < 35

A, (%) =

It follows that

my+ Ay

P, (xel)= j fiy, (X)X = j

35
+
30

+_[ 10X 4 x* |35 30x
35. 20 ©2.5-20[30 5-20
40 x? |40
35 2-55-20|35

355

70x
+
35.20

=0,125=0,457;

m+f
240-x
R, (xel)= j fiy, (X)X = j2515 =

m, —a,

40 x> |40
30 2-25-15|30

_ 40x
25-15

=0,133.
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Let's analyze the results obtained in the examples.
The calculated values of the probabilities of falling the
controlled parameter x into the compatibility interval 1,

for different states of the object H, and H, obviously
depend on the analytical description of the membership
functions &, (X), 4y, (X) .

In the given examples, the membership functions of
the fuzzy parameter X are deliberately chosen so that their
carriers for the states H, and H, coincide, but their modal

values are different. Comparison of the calculated values of
the probabilities of the controlled parameter x falling into

the compatibility interval 1, for H, and H, shows the

existence of their significant differences.

Thus, a possible suggestive idea that the level of
informativeness of the controlled parameter depends only
on the length of the interval of compatibility of membership
functions for different states H, and H, is not quite

accurate. The use of analytical descriptions of these
membership functions and the associated possibility of
calculating the probabilities of a controlled parameter
falling into the compatibility interval can significantly
increase its informativeness. This circumstance is
especially important in cases where the length of the
compatibility interval is large.

Now it can be noted that the results of the carried out
research for the case when the set of possible states of the
object contains only two states can easily be extended to the
general case.

Let, for example, in the task of assessing the quality
of an object, the following states be possible: H, (low), H,

(satisfactory), H, (good), H, (excellent).

At the same time, for some controlled parameter X,
the membership functions s, (x), k =1,2,3,4, of values of

this parameter for each of the states are introduced (fig. 5).

A
Ly (x)

/qu(X) Hy, ()

1,2 Iz,s |3,4 X

Fig. 5. Graphs of membership functions of a controlled
parameter X in intervals of possible values

It is naturally that the compatibility intervals I, ,

l,5, 15, appear.
For eachinterval I, ,, let's calculate the probabilities

of the controlled parameter falling into this interval for the
states of the object H, and H,,, k=1,2,3,

My +f
P, (x)= I fly, (X)dx;
mk*ﬂ;
R (0= [ A4, (0dx;
My —Ain (7)
Hy, (X)

k

A, (%) =

my + By
S, = j fy, ()X, k =1,2.

m —ay

Possible differences in the wvalues of these
probabilities improve the accuracy of identifying the state
of the object.

One more step can be taken in this direction. Let for

the measured value x_ of the controlled parameter x, an

. A A .
interval [x_ 5 X, +E] be introduced that covers the true

value of this parameter with a given probability P . Let's
calculate the probability of the parameter value falling into
this interval for each of the possible states H, :

A
X +=

° 2
B, 0= [ sy (Qdx= s (x)-A k=12 (8)
A
xg—E
The results of calculating these probabilities for
different H, contain important information about the state
of the object. Let's consider the corresponding method.
Let's introduce:
an event A —is a fall of the value of the controlled
parameter into the compatibility interval;

R, (X) —is the probability that the parameter value

will fall into the compatibility interval, provided that the
objectis instate H, ,k=1,2.
Since

P(AH,)=P(A/H,)-P(H,)=P(H,/A)-P(A),

then
_P(A/H,)-P(H,)
P(H, / ) === ©
At the same time, since
P(A)=P(A/H,)-P(H)+P(A/H,)-P(H,) (10)
then, substituting (10) into (9), we obtain:
P(H, / &)= ALH) P (11)

> P(A/H,)-P(H,)

which corresponds to the Bayesian theorem [10, 11].

Thus, relations (8)—(11) provide the possibility of
constructive use of analytical descriptions of membership
functions of fuzzy values of the controlled parameter from
the compatibility interval to identify the probability
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distributions of the states of the monitored object. At the
same time, it is clear that any refinement of the description
of these membership functions creates the prerequisites for
increasing the informativeness of the corresponding
controlled parameters. Let's show that.

Let's return to the considered above problem of
assessing the informativeness of the controlled parameter
X, which is used to identify the states of the object H, and

H,.
Let,
functions  of

as before, the corresponding membership
(L-R) type have the form
py () =<py B> py (X)=<py0,B,>.

Let's now assume that, based on the results of
processing the initial data, the fuzziness of the parameter
m, of the odd value x for the state H, is established and
the corresponding membership function is determined as
follows g, (m)=<m, ., a, . B, >.

Let's analyze the situation. To this end, we recalculate
the probability that the value x falls into the compatibility
interval for the state H, . We have

My B, [ my+By

S, = I J. /qu(X)dX /qu(ml)dle:

my.— —
m,~ m, | M

my+py

[ a1, 090 |, (m;)dm, + (12)

m,
my

- |

[, 090+

My = A, | M—ay my

M =P [ my my+5;
+ [ ]| s 0dx+ [, (0dX g, (my)dmy;

m, my—a; my

M

. 1
i, (%) =, (X); (13)
S
M, m+8
PHI(XG l.) = f I ﬁHl(X)dX /&Hl(ml)dml+
mml—ozm1 my, —a,
mm1+ﬂm1 my+py (14)
+ j j fi, ()0 | 2, (m,)dm,.
M, m,—a,

Let's perform calculations using formulas (12)—(14),
choosing the initial data for y, (x) from Example 1, that is,

ty, (X)=<25;15;15>, and adding ¢, (M) =< 25;2;10 >.
As a result, we getR, (xel;,)=0,61 (instead of the pre-

vious 0.222). Thus, the shift to the right of the value of m,

expectedly has led to a noticeable increase in the numerical
value of the probability P, (xel,,), while increasing the

informativeness of parameter x.

Finally, it should be noted that some additional
contribution to the assessment of the informativeness of a
controlled parameter can be made by differences in the
level of membership functions of the observed value of this
parameter for different states of the system.

The direction of further research is the assessment of
the informativeness of the controlled parameters in a

situation where they are used to evaluate the effectiveness
of the system in a multicriteria problem. A possible
approach is proposed in [12].

Conclusions. A method for identifying the state of
systems under conditions of fuzzy initial data has been
developed.

A symmetrical criterion for evaluating the
informativeness of the controlled parameters of the system,
the values of which are not clearly specified, is proposed.
The situation is considered when the parameters of
membership functions of a fuzzy controlled parameter are
themselves fuzzy. A method for solving the binetch
problem that arises in this case is proposed.
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K. B. ATYII

3ACTOCYBAHHSA KIIACTEPHOI'O AHAJII3Y B MEPEXKAX SMART GRID

Po3risiHyTO 3a1a4y po3poOKH Ta BAOCKOHAJIEHHS IHTEICKTYaIbHUX MyJbTHATGHTHUX CHCTEM KEePYBaHHS, SIKi HAJAI0Th MOMKIIMBOCTI IHTEIEKTYaIbHOIO
OHJIAMH aHaJIi3y EJIEKTPUYHOI CHCTEMH €JIEKTPONOCTaYaHHs 3a0e3MIeUeHO0 CMapT IPifl CHCTEMO. MeToro ctarTi € (popMyBaHHs KJIACTEPiB AIIAHOK
@IIEKTPUYHOI MeperKi, BUXITHIMH IIapaMeTPpaMU SIKOi € OCHOBHI IIOKA3HUKH SIKOCTi €JIeKTPUYHOI eHeprii y BiIOBIAHOCTI i3 IPUHHATAMY CTaHIapTaMH.
B sikoCTI TakMx HapaMerpiB oOpaHi KOe(ilieHT HECHHYCOIJabHOCTI HAnpyr, KoedillieHT HeCUMETPil KUBUJIBHUX HAIpPYT, PEaKTHBHA IMOTY)XKHICTh
HaBaHTaXXeHb. Pe3ysbTaTH MPOBEICHOI iepapXiuHOi KiacTepizallii JISTHOK Mepexi eleKTpONoCTayaHHs 3BeJeHI y BiANoBiaHOI aeHmorpamu. st
(hopMyBaHHS IEHAOTPAMH IUITHOK CHCTEMH €JIEKTPOIOCTAa4aHHS BUKOPHCTOBYETBCS METOJ OBHOTO 3B’5i3Ky. TakKuil METOX BH3HA4YAE BiICTAHb MiXK
KJIacTepaMH SIK HahOUIbIIy BiJCTaHb MK OyIb-SKMMH 00’€KTaMH Yy PIi3HHUX KJacTepax 4M HaiOiiblI BigmaneHuMH cycizamu. Mipa GIM3bKOCTI
BH3Havanacs EBKIi10BO0O BificTaHHi0. OTpHMaHa JepeBoIo1iOHa JiarpamMma JeMOHCTPYE PO3MOII AIISHOK PO3IIIIHYTOT CUCTEMH €JIEKTPOIOCTaYaHHs
Ha YOTHPH IPUPOJHI KIACTEPH, IO HAOYHO PO3IUIIE AUITHKM CHCTEMH EIEKTPOIOCTa4YaHHS Ha OKPeMi IPYIH 3a BU3HAYCHHMH O3HAKaMH, a caMe
OCHOBHUMH IapaMeTpaMu SIKOCTI eNeKTpHYHOI cucTemu. [lokazaHo, 110 MaTeMaTHYHUIl amapaT KJIACTEPHOTO aHalidy JO3BOJISIE BUPILIMTH 33a7ady
Kiacudikamii JiITHOK CHCTEMH €JICKTPOIIOCTAYaHHs IPH BiIXHIICHHI OCHOBHUX IMapaMeTPiB SIKOCTI €JEKTPHYHOI eHEeprii BiJl HOPMAJIbHO JOMYCTUMHX
3HadeHb. JloBeieHO, M0 KIacH(iKaIlis MoXe HPOBOAUTHUCS He JHINE 33 OAHHM IIapaMeTpoM, a 1 3 BUKOPHCTAHHS KOMOiHamii AeKiIbKOX HapaMeTpiB.
Pe3ynbTaTé IPOBEICHOrO aHAITI3Y HAAAI0Th MOXKIIHBICTh B IOAAIBIIOMY C(OPMYBATH NPOAYKIiHHI MpaBHia BUOOPY 3aXO0/IiB 010 MOKPAIECHHS SKOCTI
€IIEeKTPUYHOI eHEpTil, 1[0 3aCTOCOBYIOTHCS [0 Ti€l UM 1HIIOI JUISHKH CHCTEMH €JIEKTPOIIOCTAYAHHSL.

Kuaouosi caoBa: mepexxa Smart Grid, kiacrepHuil aHaiis, sIKiCTb €ICKTPUYHOI €Heprii, eKCIIepTHA CHCTeMa, 3ajada Kiacugikauii, BUXigHi
O3HAKH.

K. V. YAHUP
APPLICATION OF CLUSTER ANALYSIS IN SMART GRID NETWORKS

The task of developing and improving intelligent multi-agent control systems, which provide opportunities for intelligent online analysis of the electrical
power supply system provided by the smart grid system, is considered. The purpose of the article is the formation of clusters of sections of the electrical
network, the initial parameters of which are the main indicators of the quality of electrical energy in accordance with the accepted standards. Total
harmonic distortion coefficient of voltages, coefficient of unsymmetry of supply voltages, reactive power of loads are chosen as such parameters. The
results of the hierarchical clustering of power supply network sections are summarized in the corresponding dendogram. The method of full connection
is used to form a dendogram of sections of the power supply system. This method defines the distance between clusters as the largest distance between
any objects in different clusters or the most distant neighbors. The measure of closeness was determined by the Euclidean distance. The obtained tree-
shaped diagram demonstrates the distribution of the sections of the power supply system into four natural clusters, which visually divides the sections
of the power supply system into separate groups according to certain characteristics, namely the main parameters of the quality of the power system. It
is shown that the mathematical apparatus of cluster analysis allows solving the problem of classification of sections of the power supply system when
the main parameters of the quality of electric energy deviate from the normally permissible values. It is proved that the classification can be carried out
not only by one parameter, but also by using a combination of several parameters. The results of the conducted analysis provide an opportunity to further
form production rules for the selection of measures to improve the quality of electric energy, which are applied to one or another section of the power
supply system.)
Keywords: Smart Grid network, cluster analysis, quality of electric energy, expert system, classification problem, initial features.

Beryn. OOMeXeHICTh €HepropecypciB, IOJOPOK-
YaHHS PI3HOMAaHITHHX BH[IB OPTaHiYHOTO IMAJHBa, MPOO-
JIEeMHU CTapiHHS 1 3HOCY MEpPEeXKeBOT0 I'OCIIOIapCcTBa, aBapil
Ta pyHHYBaHHs], L0 TPAIUIIOTHCS B JIIHISAX €JIEKTpoIie-
penaui, 30UIbIIEHHS BUKOPUCTAHHS €JIEKTPOCHEPTii B MO-
OyTOBHX YMOBaX CTaBJISITh HOBI BHKJIMKH €HEPrOCHCTEMI
YkpaiHu i BUMararoTh NOIIYKY HOBHX 3aC001B e()eKTHBHOT
€KOHOMIi eJIeKTPUYHOT eHepril 1 MiABUIIEHHS 1T SIKOCTI.

HoBi MoXMBOCTI B IMX HalpsiMKax BiIKPHBaeE
PO3BHTOK IHTEJIEKTYaJIbHUX EJIEKTPOCHEPTETHIHNX CUCTEM
(Smart grid) — MozaepHi30BaHHX MepeK EJIEeKTPO-
MOCTa4YaHHsI, IO JIO3BOJITIOTH aBTOMATHYHO ITiJBHIYBaTH
€HEepProeeKTUBHICTh, HAMIAHICT, 30UIBIIYBATH EKOHO-
MIYHUH e(eKT TOIlo, Ha OCHOBI IPOBEAEHOro 300py i
aHami3y iHopmarii, 3aBIsIKd BUMIPIOBAaHHSIM TOKa3HUKIB
€JICKTPUYHOI eHeprii 1Mo BCIM IiJSHKAM eJIeKTPUIHOL
Mmepexi [1].

OpmHUM 3 TPIOPUTETHUX HANPSIMKIB peamizamii Tex-
HOJIOTil cMapT Tpil € BHUKOPUCTAHHS IHTEIEKTYyaJbHHX

MYJIBTHAT€HTHUX CHCTEM KEpYBaHHS, SKi HAJalOTh MOX-
JIMBOCTI IHTEJIEKTYyaJbHOTO OHJIAMH aHaJi3y eJIeKTPHIHOI
CHCTEMH eJIEKTPOIIOCTAYaHHSI, HA MiJICTaBl apXiBHUX JaHUX
i AaHuX, SKi HaIXOJsATh B peajbHOMY 4Yaci [2—5]. Bax-
JIMBUM B LIbOMY aCHEKTi € JOCIIIPKEHHS] BUKOPUCTAHHS THX
9M IHIIMX METOMAIB 300py Ta aHami3y iHdopMariii i BuOoOpy
NOAAJBUIMX AJTOPUTMIB [iif, HANpHKIaJ, IHTEJEKTY-
IPHOMY MOJIEJIIOBAaHHI CIIPalbOBYBaHHS PI3HOMaHITHUX
NPUCTPOTB aBTOMATUKH, BU3HAYECHHI MOTEHLIHHUX HpOO-
JIeM B eKCIUTyaTallil, IPOTHO3YBaHHS BiT'YKY CHCTEMH Ha
IiT omepaTopa; peajizallis CleHapiiB «II0 — AKIIO».

BaxnmBy posip B oprasizamii TakuxX TEXHOJOTiH
BiZlirpae oONTHMi3alis IMPOLECY 3aXOMAiB 3a JIONOMOTOI0
EKCIIepPTHOI CHCTEMH, OCHOBOIO SIKOi € 6a3a 3HaHb.

VY Takiit chepi 00mik oTpuMaHOi iHGOpMamii MoKe
OyTH BUKOPHUCTaHHUH 3 METOI0 GOPMYBaHHS MPOAYKIIITHIX
MpaBWwJI BHOOPY 3axXOAiB IIOAO TOJIMIICHHS SKOCTI
€JIeKTPHYHOI €Heprii, 110 3aCTOCOBYIOTHCS /10 Ti€l uu iHIIO1
JUISSHKK CHCTEMH  €JIeKTPOIIOCTAauYaHHS 3a KOPOTKHi
MPOMIXKOK Hacy.

© K. B. frym, 2022

Jocainnuubka crarra: Lo crattio omy6nikoBano BugaBHuutBoM HTY «XIIIy» y 30ipHUKY «BicHUK

o0

Harmionaneroro texniunoro yniBepcurery "XIII" Cepis:
indopmauiiiai TexHonorii». L{g cTaTTs MOMWKMpPIOEThCs 3a MikHapoaHOto Jinensiero Creative Common QPEN
Attribution (CC BY 4.0). Konduiikr inTepeciB: ABTOp/H 3asBHB/HIIH PO BiAACYTHICTh KOH(IIIKTY.

CucTeMHMH aHaJi3, YNpaBIiHHS Ta

ACCESS

Bicnux Hayionanvnozo mexniunozo ynisepcumemy «XII».Cepisn: Cucmemnuii
32 ananis, ynpasninus ma ingpopmayiini mexnonozii, Ne 2 (8) 2022


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

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

CyTh Takux NpaBWIJI IOJISITAE Y BXKMBAHHI BiJIIOBII-
HUX OpraHi3alifHUX 3aXOIB IOJO IiBUINCHHS SKICHUX
MOKa3HUKIB eJIEKTPUYHOT €HEpTii, PO3MOALT AKUX 31 CHIO-
€THCS IHTEJIEKTyalbHUMU CUCTEMaMH BUXOISYH 3 aHAJI3y
OTPUMAaHUX JaHUX.

[lepmroueproBuM y TakoMy MiAXOJi € aBTOMaTHIHE
BH3HAYCHHS KJIACY 3aXO0/iB, SIKi HEOOXiTHO 3aCTOCYBATH 0
TIISTHKY  eJIeKTPUYHOI Mepexi, HalpHKIad, BMHKAHHIM
KOPEryBaJIBHOTO TPHUCTPOIO, IIO IiABUIIYE CHEPTeTHIHI

MMOKa3HUKH CHUCTEMH eJIeKTpomocTadanHs ((imsTpw,
iHBepTOpH TOmO) abo CIOCOOOM pETYIIOBAHHS BXKE
HasiBHUM  TIPUCTPOEM  (HAJAINTYBaHHSAM  I1apaMeTpiB

KOMITCHCYBaJIbHUX IPHUCTPOIB, BUNPSIMIIAYIB 1 T. 11.). [Ipn
TAKOMY IiJXOJi KIIOYOBUM €TallOM € 3aCTOCOBYBaHHS
KJIaCTEPHOTO aHallizy, SKUH HaJae MOXKIUBICTh Kiacupik-
yBaTH AISIHKA CUCTEMH €JICKTPONOCTaYaHHs 32 OKPEMUMHU
o3Hakamu [6-11].

Mera pocuaigskeHHss. MeTOrO CTaTTi € JOCHIIUKEHHS
MOXJIMBOCTEH 3aCTOCYBaHHS KJIACTEPHOTO aHaNi3y, II0J0
BHOKPEMIJICHHS IUISHOK CHCTEMH CMapT Tpil 3a OCHOB-
HUMH TIOKa3HMKAaMH SIKOCTI E€JIEKTPHUYHOI eHeprii, o
3aCTOCOBYIOTHCS B CHEPTETHIII.

OcHoBHHUIT TekcT. MaTemMaTHUHUN amapaT Kiac-
TEPHOTO aHaji3y HaJa€ MOXJIHMBICTH PO3OUTTS MHOXHHH
00’€KTIB, IO AOCHIKYIOTBCS, 1 O3HAK, Ha OJHOPIAHI Y
BIZIMOBITHOMY pO3YMiHHI rpynu abo kimactepu. ToOrto
KJIaCTepHUH aHalli3 J03BOJISE€ BHUPIMIMUTU 3a/ady Kiacu-
¢ikariii JaHUX Ta BU3HAYCHHS BIAMOBIIHOT CTpYKTYpH. Jliist
MIABHUINECHHAS SIKOCTI €JICKTPOCHEPTil BaXKIMBO PO3PI3HUTH
JUISTHKM CHCTEMH €JEKTPOIIOCTA4aHHS, 33 OKPEeMHUMH
O3HaKaMH, J0 SKUX MOXKHa OyJe 3aCTOCYBaTH BiJMOBiITHI
3aX0/, II0/10 TTOKPAIIEHHS eJIEKTPOCHEPTETUYHIX IT0Ka3-
HUKIB. Bru0ipka IiISHOK eNeKTpUYHOI Mepexki i3 IMoKas-
HHUKaMH SKOCTI eJIESKTPHUYHOI eHeprii, 3aMipsIHUMH IpOTSI-
T'OM JIESIKOTO Yacy B JaHOMY BHUIIAJIKY MPEACTaBIIsIE COOO00
0a3y MpOBEACHHS KJIACTEPHOTO aHamizy. Bubip BXigHHX
napameTpiB sl IPOBEJCHHS KJIACTEPHOIO aHai3y BHKO-
HA€EMO 3TiHO i3 OCHOBHUMHE cTaHaapTamu [12], mo BuKo-
PHUCTOBYIOTHCS HA IaHUH Yac.

Takumu napamMeTpamu MarOTh OYTH HACTYIIHI CYTTEBI
MMOKAa3HUKHM SIKOCTI eJEKTPUYHOI EeHeprii: KoeQilieHT
HECHHYCOIAAITBHOCT] HANIPYT CUCTEMH €JIEKTPOIIOCTAYaHHS
(mo BimoOpaskae BHKPHUBICHHS CHHYCOITAIBHOI (OpMH

Halpyrd B MEpeXi Ta HAasBHICTh BHUINUX TI'apMOHIYHUX
CKJIQJIOBUX Y Mepexi), KoedilieHT HecUMeTpii cTpyMiB
(10 1eMOHCTpPYE HEPIBHOMIPHICTh HaBaHTaXeHHs (a3
CHCTEMH EJIEKTPOIIOCTaYaHHs) Ta PeaKTHBHA MOTYXKHICTh
HaBaHTAXEHHsS (110 OOYMOBIIIOE BTpaTH B JiHIi €JIEKT-

poriepenadi).
B nocmimkeHH] po3TISIIAIOTHCSI BETHIMHA BUXITHUX
mapaMeTpiB  TUISHOK  CHCTEMH  €JIeKTPOIIOCTadaHHS

HU3BKOTO Kiacy Hampyr 0,4 kB, BimoOpaxkeHi B Tabm. 1.
JocTmipKeHHsT NPOBOIMTBCSA Ul JBaHAIIATH IiISTHOK
CHCTEMH eJIeKTpornocTadyanHa. KoxHi TpH OUITHKY MaroTh
OJIVH (4M JBa) MapaMmeTp, KU CYTTEBO BIAXMIISETHCS BiJl
HOPMH, a caMe — IepIlli TPH MAIOTh 3HAYHE BIIXUIICHHS Bijl
HOpPMHU Koe(illieHTy HecHMeTpii, Ipyra rpyna — BEJHKi
3HAQUEHHS PEAaKTUBHOI TMOTYXHOCTI, TpeTs — 3HayHi
BIAXHMJICHHS BiJl HOpMH Koe(illieHTY HeCUMETpii, 4eTBepTa
rpyna Ma€ BIAXWJICHHS OJHOYACHO 3a KoedilieHTOM
HECHMETpIi i peaKTHBHOIO TIOTYXKHICTIO.

Jns oTpUMaHHS NPaBWJI BHOKPEMJICHHS OIISHOK
CIIEKTPUYHOT MEPEXi 3 METOIO IIPH3HAYCHHS PEKOMEHIAIIH
IUISl TIOKpAILICHHs SHEPreTHYHHX ITOKAa3HUKIB IOCIHiANMO
MOYKJIMBOCTI BUKOPHUCTaHHS KIIACTEPHOrO aHaJi3y CTATHC-
TUYHMX JIAaHWX 13 3araJlbHUMHU O3HaKamu. MeToro JaHoro
aHaJi3y € pO30UTTS JIITHOK CHCTEMH CIEKTPOIOCTauaHHS
Ha KJIaCH, KOXKEH 13 KHX BIAMOBia€e MEBHIH TpyIi, 10 SKOT
Hajgali MokHa OyJe 3acTOoCyBaTH IEBHHH KOMILIEKC
3axoniB. TakuM 4WMHOM, O OJHOTO KJacy IMOBHHHI IO-
TPAIUIATH JUITHKH CUCTEMH €JIEKTPONOCTaYaHHs 3 MaKCH-
MaJIbHO CXOKMMH BiIXHUJICHHSIMH BiJl HOPMH ITOKa3HHKaMH
€JIeKTPIYHOI CHepPTii.

Buxonsguu 3 oTpuMaHUX pe3yibTaTiB KiIacHU(ikaril
JISTHOK, MOXKHA 3aCTOCYBAaTH KOMIUICKC 3aXOIiB s
MOJIMIIEHHS SKOCTI EIeKTPUYHOI €Hepril Ui BHOKPEM-
JIGHOTO KJlacy JIiNSIHKU eNEeKTPUYHOI Mepexi, a came
chopMyBaTH NPOIYKIIHHI IpaBUia BUOOPY 3aX0IiB 11010
MOKPAIIEHHs SIKOCTI eJIeKTPUYHOT eHeprii.

Jlyis ipoBeIeHHsI KJIACTEPHOI'0 aHaji3y oOpaHo crie-
[iaji30BaHuil CTATHCTUYHMI nakeT Statistica, 1[0 103BOJISIE
3aCTOCYBATH HAMCYYacCHiIl METOIU MaTeMaTHYHOI CTaTHC-
TUKH JJIs8  00poOku naHux. Kpim TOro, Ba)JIMBOO
HIepeBarolo [bOro MaKeTy € 3pY4HICTh 10ro BUKOPUCTaHHS,
IIBUJIKICTh BUKOHAHHS OOYHCICHb Ta IIUPOKiI rpadiuni
MOXITHBOCTI.

Tabmurs 1 — [Toka3HUKH BUMipiB OCHOBHHX MapaMeTpPiB Ha JBAHAAMATH JUITHKAX eJIeKTpHYHOi Mepexi SmartGrid

HOMep AKTI/IB.Ha Hanpyra Crpym Koeq)iuiegf PeaKTI/Il.ZHa Koeq)"iuieHT .
JUIISTHKA HOTY)KHICTb HaBaHTKCHHSI HEeCHMeTii HOTY)KHICTb HECHHYCOiJaTbHOCTI
1080 400 2,7 2,7 127 0,3
2 1800 400 4,5 0,7 210 4,8
3 3120 400 7,8 3,25 405 0,8
4 2840 400 7,1 4,45 115 0,4
5 920 400 2,3 0,7 418 0,3
6 1520 400 3.8 0,6 450 04
7 2520 400 6,3 3,67 390 0,8
8 1600 400 4 0,6 168 3,96
9 2400 400 6 0,5 470 0,5
10 2240 400 5,6 3,05 167 0,5
11 3240 400 8,1 2,95 350 0,8
12 1040 400 2,6 0,5 123 4,16
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Tabnuist 2 — BuxiaHi JaHHi iHTeNeKTyanbHOT CHCTEMH ITiCiIsi BAKOHAHHS Oneparil cTaHaapTu3alii HaJj OCHOBHUMH
MOKAa3HUKAMH SKOCTi €JIEKTPHYHOT eHeprii

HOMep AKTI/IB'Ha Hanpyra Ctpym Koe(biuieH”l'" PeaKTI/I].?.Ha Koe(;b"iHiGHT .
JUITHKA | TTOTY)XXHICTB HaBaHTA)KCHHS HEeCUMeTpil TIOTY)KHICTh HECHHYCOiTaNbHOCTI

1 1080 400 2,7 0,486083 -1,09616 -0,68162

2 1800 400 4,5 -0,85023 -0,51201 1,925136

3 3120 400 7,8 0,853569 0,860391 -0,39198

4 2840 400 7,1 1,655355 -1,18062 -0,62369

5 920 400 2,3 -0,85023 0,951885 -0,68162

6 1520 400 3,8 -0,91704 1,1771 -0,62369

7 2520 400 6,3 1,134194 0,754822 -0,39198

8 1600 400 4 -0,91704 -0,80761 1,438542

9 2400 400 6 -0,98386 1,317859 -0,56576

10 2240 400 5,6 0,719938 -0,81464 -0,56576

11 3240 400 8,1 0,653122 0,473303 -0,39198

12 1040 400 2,6 -0,98386 -1,12432 1,554397

HaouHoto neMoHcTpanieto po30UTTs AUISHOK CHCTEM
€JIEKTPOIIOCTaYaHHs Ha KJIaCTEPH 32 OKPEMHUMH O3HAKaMU
Mae OyTH MoOyI0oBa JCHIOTPaMHU.

HaBeneni B Tabn. 1 mapameTp, BUKOPHCTOBYIOTh
PI3HOMaHITHI OZMHUIII BUMIPIOBAHHS, IO 3yMOBIIIOE HEOO-
XIIHICTh IXHBOI HOpMAaJi3allisi — IO mpuBeae 10 0e3po3-
MIpHUX OJMHHMIb 1 HAJACTh B MOJAJBIIOMY MOXJIHMBICTH
BHUMIiprOBaHHs OMI3bKOCTI 00’ €kTiB [13, 14].

PesynbraTe BHKOHaHHS HOpMali3amii 3BeleHI B
TaoI. 2.

TexHika HOPMYBAHHS 3BOJIUTH JAHHI J0 €IUHOTO
MacmTaly, Mo HaJlae MOXJIMBICTh BiOOpakaTH NaHHI B
PI3HUX OJMHHUILIX BUMIPIOBAHHS BiIOOpakaTH B €IMHIN
cUCTeMI KOOpAMHAT. B po3risiHyTOMy JOCIIKEHHI JaHHi
OyJM HOPMaJIi30BaHI BiAHIMAHHIM CEPEIHBOTO 1 TITCHHIM
Ha CTaHIAPTHE BIIXUJICHHS, TAKUM YHHOM, IO JUCIEPCIs
cTajia piBHOO OJTUHHIII.

Jis  moOy[0BM JEHAOTPAMH  AUISHOK CHUCTEMU
€JIEKTPOIIOCTAYaHHSI BUKOPUCTOBYBABCSI METOJ MOBHOTO
3B’s13Ky. Takuii METO/1 BU3HAYAE BiJICTAHb MK KJIACTEPAMHU
SIK HaWOUIBITy BiACTaHb MK OyIb-IKUMH 00’€KTaMU Y
PI3HUX KJacTepax Yi HAHOIIBII BiTAICHUMH CyCiTaMH.

Mipa Omu3pkoCTi BU3HA4aiacs EBKIIIOBOIO Bifc-
TaHHIO (BIJICTAHHIO 32 MPSAMOI0) 32 GOPMYJIIOI0

d(xy) = [ 205 - )’ )

[Ipn BHKOHAHHI KJIACTEPHOTO aHai3y B SKOCTI
00’€KTIB BHKOPHCTOBYBAJHCS CIIOCTEPEKEHHS, a CaMe,
JIBAHAALAITH JUISTHOK CHUCTEMH EJIEKTPOIIOCTa4yaHHsS, a B
SIKOCTI 3MIHHUX BHUKOPHCTOBYBAJHCSI TOKa3HUKH SKOCTI
€JIEKTPUYHOI eHeprii — KoedilieHT HeCUMETpii, peakTHBHA
MOTY>KHICTh Ta KOS(IIliEHT HECHHYCOiTabHOCTI.

Otpumana JgepeBomoniOHa miarpama (puc. 1)
JIO3BOJISIE  3pOOMTH BHUCHOBOK, IO JUISHKHA CHCTEMH
€JIEKTPOIIOCTAYaHHSl  YTBOPIOIOTH  YOTUPU  HPHUPOJIHI
KJIaCTepH.

o nepoi rpynu yBiitnumm ginstaku C 2, C 8, C 12,
B SIKHX 3arajbHa O3HaKa — BIAXWICHHs KOe(Dilli€HTY HECH-
HYCOIZaJbHOCTI Bil HOPMAJBHO JOIYCTUMHX 3HAYCHb.
Jpyruii knacrep yrBoproe MHOXHHY AuisiHok C 5, C 6,
C 9 3 BHCOKHMM NOKa3HUKOM PEaKTUBHOI NOTYXHOCTI. [lo
TpeTboro knacrepy BigHocsaTbes aisiaku C 3, C 7, C 11
0 MAalOTh BiIXWIEHHA BiApa3y IO ABOM MapaMmeTpaMm —
Koe]ilieHTy HECUMETpii Ta peaKTUBHOIO MOTYXHicTio. J[o
YETBEPTOTO OKpEeMOro kiactepy yBivnum mimsaka C 1,
C_41C _10 i3 xoedimieHTOM HECUMETpIii, 3HAUCHHS SIKOTO
OakaHO 3HHM3WTHU. 3TiHO 3 IEHIOTPAMOIO Apyra, TPeTs i
YyeTBepTa Ipynu KiacTepiB 00’€HaHI B OJHY IpyIy, Ky
MOXKHa TPaKTyBaTH, IO 1Ii TPYNH MAlOTh 3arajbHi 03HAKU
— BIIXWJICHHS BiJl HOPMaJIBHO JOIYCTUMHUX 3HAUYEHb JIBOX
napameTpiB, a caMe peaKTUBHOT HOTY)KHOCTI 1 KoeiLlieHTy
HEeCHUMETPIi.

Takum YMHOM B pe3ynbTaTi BUKOHAHOTO JOCHIi[-
’KEHHsI TI0Ka3aHo, 1110 3aCTOCYBaHHS KJIACTEPHOTO aHaJli3y
HaJla€ MOXJIMBICTh €(EKTUBHO BHOKPEMIIIOBATH AIISTHKA
CHCTEMH €JIEKTPOIIOCTaYaHHs 32 OCHOBHUMH ITOKa3HUKAMHU
SIKOCT1 €JIeKTPUIHOI EHeprii.

BucnoBku. 1. BusHaueHi 0CHOBHI O3HAKH, IO SIKMM
MOXHA TPOBOJHUTH KJIACTEPi3allilo AUISHOK €IEeKTPUYHOI
Mepexi. TakuMu o3HaKaMHu MaroTh OYTH OCHOBHI ITOKa3-
HUKH SKOCTI €JEeKTPHUYHOI eHeprii — KoedillieHT HecH-
MeTpii, peakTHBHA MOTYXKHICTh Ta KOE(IIiEHT HECHHYCOi-
JAIBHOCTI.

2. Tloka3aHo, 10 MaTeMaTHYHHI amapar KiacTep-
HOTO aHaJi3y JO3BOJISE BUPIMIUTH 3aaady Kiacudikarii
JIITHOK CHCTEMH eJIEKTPOIIOCTayaHHs IpU BiIXWICHHI
OCHOBHHX IIapaMeTpiB SIKOCTI EJNeKTPUYHOI eHeprii Bix
HOPMAaJIBHO JIOITyCTUMUX 3HAYCHb.

3. JloBezaeHo, Mo KiIacuQikallis MOXKe MPOBOJAUTHUCS
He JMIIe 32 OJHHUM IapaMeTpoM, a 1 3 BHKOPHUCTaHHS
KOMOIHAIll JNEeKUIPKOX mapaMerpiB. Y TakOMy BHIAJKy
TISTHKA CUCTEMH 13 TBOMA TIOKa3HUKaMU OyJu BUICHI B
OKPEMMI KJIACTED.
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Puc. 1. IepapxivHa KiacTepizallisi JUITHOK MEPEKi eCKTPONIOCTaYaHHS

4. Pe3ynbraTH TNpPOBEJCHOrO aHaji3y H03BOJATH B
noJiajabpuioMy copmyBaTH NpOIYKLiiiHI NpaBuia BUOOpY
3aXO0/IiB 1I0/I0 MOKPAIIEHHS SIKOCTI €JIEKTPUYHOI eHeprii,
IO 3aCTOCOBYIOThCS JI0 BHOKPEMJIEHHX KJIACiB JIISHOK
CHCTEMH €JIEKTPOIIOCTaYaHHS.
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C. B. IIEBYEHKO

KOHCTPYIOBAHHS BAI'ATOKPUTEPIAJIBHUX PIIIEHDb 3ATAY BUBOPY

Posrisigaethess MiAXia A0 BUPILICHHS 3ajad 0araTOKPHTEPIabHOrO BHOOPY 3 BHU3HAYCHHSM JOLIIBHHX HPETCHICHTIB Ha MiACTaBi 3HAYEHb PSIY
KputepiiB. Biomi mizxoau 10 BUpILIEHHS LUX 3aJa4 HE 3aBXKAW J03BOJISIIOTH BH3HAYaTH OOIPYHTOBAHI PIlICHHS 3 ITOBHOLHHUM BpaxXyBaHHAM
0co0IMBOCTEH OOpaHHX KPHTEpiiB Ta yMOB iX omiHroBaHHS. ITOpiBHSIHHS OLIHOK IO KPHUTEPiAM YacTO BinOyBaeThCS 3 CyO’€KTHBHHX IO3MLIH Oe3
HAJICKHUX OOTPYHTYBaHb, IO [O3HAYAETHCS SK HA Pe3yJbTaTax BUOOPY, TaK i Ha MOXKJIMBOCTSX iX MPAKTHYHOIO 3aCTOCYBaHHsS. Bigomi mpouemypu
6araToKpHUTEpiaIbHOr0 BUOOPY BUKOPHCTOBYIOTH (hiKCOBaHI IIKAIM BUMIPIOBAHHS ISl IOPIBHSHHS 3HAYCHb, SIKi B MIPAKTUYHUX CUTYAUisX MOXKYTh HE
BIJIMOBIATH PEAIbHUM CITiBBITHOLICHHIM IMOKa3HHUKIB. [HIIHM CYTTEBUM HEIOMIKOM LIHX MPOLEAYP € IrHOPYBAHHS HASBHOCTI HEHIHUX 3aI€KHOCTEN
MDK OLIHKaMHM 33 KPUTEPisMH Ta aTpuOyTaMH pillleHb, [0 NPHIIMAIOThCA, y Pi3HUX Jiama3oHax ix 3HaueHs. [lepenmiueHe CBiTUUTH PO MOXKIUBICTH
OTPUMAaHHS HEaJeKBaTHUX OLIHOK DilleHb 3 BiAMOBIIHMMH HETaTUBHHUMH HaclifkaMi. B poOOTi mpONoHyeThCs MiAXig 4O KOHCTPYIOBAHHS pillleHb
OaraToKpHTepiaIbHUX 3a/lad4 BUOOPY HA OCHOBI BH3HAYCHHS NPETCHACHTIB LUIIXOM YHOPSIKYBAHHS 1X 3a CTyleHeM HaOJIIDKEHHS 1O BapiaHTy 3
KpAaIlIMH CIIiBBiTHONIEHHSMH OLIHOK IO OOpaHHM KpHTepisiM e(pEeKTHBHOCTI HAa OCHOBi ITEPaTHBHUX IIOCTYIOK 3a 3a3HAUCHHMH KPUTEPisMH.
ITopiBHSHHS NpPETCHJCHTIB BinOyBa€ThCA HA MiACTaBi CIHIBBIAHOLICHb OLIHOK 32 Y3rOMKCHHMMM KPUTEPiSMH, BU3HAUCHHS SKHMX 3a0e3leuyeThest
CYKYIHICTIO MaTeMaTHYHHX MOJIENCH, 10 BiATBOPIOIOTH 3aJIEKHOCTI 3HAUYeHb OKPEMHX KPHTEpIiB Bi aTpuOyTiB NpeTeHACHTIB pinieHb. DopMyBaHHs
IIOCIIIIOBHOCTI TPETEHJCHTIB pilleHb BiAOYBA€THCS HAa OCHOBI pe3yNbTaTiB IOPIBHAHBb 32 OKPEMHMH KPHTEPiIMH, IO JO3BOJISIE BH3HAYATH
aNpTePHATHBHI BapiaHTH PillIeHb Ta IX OLIHKH e(eKTHBHOCTI 3 00y n0BOIO miaMHuOxuHH [Tapero. Po3risHyTo npukiaz, 1o BiATBOPIOE IPOLIECH BHOOPY
aNbTePHATHBHUX BapiaHTIB MOOYOOBH BIPTyaqbHOI CHCTEMH OOpOOKHM MaHHX Ha OCHOBI XapaKTepHUCTHK BIpTyalbHHX MALIMH Bif mpoBaiigepis
TEXHOJIOTiH XMapHOI 00poOku. OTpUMaHi pe3ysIbTaTé JOCTIPKEHb CBITYaTh PO MOKJIMBICTH BUKOPHCTAHHS ITiIXOAY, IO HMPOIOHYIOTECS, y CKIIami
MIJCHCTEM MIJTPUMKHA HPHUIHATTS pIlIeHb JUIs BUPILICHHSA 3aJa4 ONEPATUBHOIO YIPABIIHHA IMHAMIYHMMU MpoLecaMu OOCIYrOBYBaHHS Ta
BUPOOHMLITBA.

Kuarouosi cioBa: 3amaqi Bubopy, Kpurepii, 6araTokputepiaabHUi BHOIp, KOHCTPYIOBAHHS DIllIeHb, METOJ YCTYIIOK, IiJICHCTEMH NPUHHSATTS
pilieHs.

S. V. SHEVCHENKO
CONSTRUCTION OF MULTI-CRITERIA SOLUTIONS TO SELECTION PROBLEMS

An approach to solving the problems of multi-criteria selection with the determination of suitable applicants based on the values of a number of criteria
is considered. Known approaches to the solution of these problems do not always allow determining reasonable solutions with full consideration of the
features of the selected criteria and their evaluation conditions. Comparison of evaluations by criteria often takes place from subjective positions without
proper justification, which affects both the results of the selection and the possibilities of their practical application. Known multi-criteria selection
procedures use fixed measurement scales to compare values, which in practical situations may not correspond to real ratios of indicators. Another
significant shortcoming of these procedures is ignoring the presence of non-linear dependencies between evaluations by criteria and attributes of decisions
made in different ranges of their values. The above indicates the possibility of obtaining inadequate evaluations of decisions with corresponding negative
consequences. The paper proposes an approach to the construction of solutions to multi-criteria selection problems based on the definition of applicants
by ordering them according to the degree of approximation to the option with the best ratios of evaluations according to the selected performance criteria
based on iterative concessions according to the specified criteria. Applicants are compared on the basis of the ratios of assessments according to the
agreed criteria, the definition of which is provided by a set of mathematical models that reproduce the dependence of the values of individual criteria on
the attributes of the applicant decisions. The formation of a sequence of candidates for solutions is based on the results of comparisons according to
individual criteria, which allows to determine alternative solutions and evaluate their effectiveness with the construction of a Pareto subset. An example
is considered that reproduces the processes of choosing alternative options for building a virtual data processing system based on the characteristics of
virtual machines from providers of cloud processing technologies. The obtained research results indicate the possibility of using the proposed approach
as part of decision-making support subsystems to solve the problems of operational management of dynamic service and production processes.
Keywords: selection problems, criteria, multi-criteria selection, construction of decisions, method of concessions, decision-making subsystems.

Beryn. 3amadi BuOOpy — 1€ 3a71a4i, BUPILICHHS SKUX
Npu3Ha4YeHe JUIs 0araToKpUTEpialbHOrO OOIPYHTYBaHHS
pillieHb, cepen SKuX Mae 0yt oOpaHuM oJIMH abo JieKiIbKa
JOLIbHUX BapiaHTiB. {1 0araTtopa3oBOro BHUpIIICHHS
TaKWX 3aJa4 MOXYThb OyTH pO3poOJieHI BiATOBiAHI
iHpopMaliiHI TEXHOJOTl B TiACHUCTEMaX MiATPUMKH
NIPUHHATTS pillleHb y PI3HUX NpeaMeTHHX oOnactsx. [Ipu
(opMyBaHHI pillIeHb BHUKOPHUCTOBYETHCS JiesiKa iepapxis
KpUTEpiiB SKOCTI NPETeHAEHTIB BHOOpPY, NpHTaMaHHA
MpeAMeTHI 001acTi MPEeTeHJEHTIB, iX 0COOIUBOCTSIM,
BHUKOPHCTAHHIO Ta 00CTaBHHAM, 1[0 CKIIAITHCS.

Bubip xpurepiiB mokiamaeThcsi Ha 0coly, IO
mpuitMae pileHHs, i, IK IpaBmIo, € Cy0’€KTUBHUM, BPaxo-
BYIOYH 30BHIIIHI Ta BHYTPIIIHI YHHHUKH, [0 BIUIMBAIOTh
Ha Tporiec BUOOpYy.

BpaxyBanHs iepapxii kputepiiB no3Bossie hopmai-
3yBaTH IPOILIEC OLIIHKU MPETEH/ICHTIB.

i oOrpyHTYBaHHS pillleHb 3a7a4i  0aratokpu-
TepiaJIbHOr0 BUOOPY, OKPEMHX AacleKTiB MiJATOTOBKU Ta
MPUAHATTA pIilIeHb 3allPONOHOBAHO 0araro MiTXOMdiB, SKi
0azyroTbcsi Ha iHQOpMalii, MO XOCTYIHA HAa MOMEHT
NPUAHATTA pileHb. B OCHOBI 3a3HaYeHHWX MiAXOAIB
371e0UIBIIOT0  BUKOPHCTOBYEThCS TOPIBHAHHS TNpETEH-
JICHTIB 10 DPIBHIO BIANOBIZHOCTI BHCYHYTHM KpHTEpisiM
SKOCTI, SIKi B CBOIO 4epry MOXYTh OyTH (hopMaiizoBaHi 3
PI3HUMH CTYIIEHSIMH BHM3HAYEHOCTi, MIO BiATOBiAAIOTH
MPUHHATHOMY PIBHIO JOCTOBIPHOCTI, 1 JO3BOJSIOTH OTPH-
MaTH JaHi Ui peamizamii mporecy BHOOpPY MPETEHICHTIB
pilIeHHs B yMOBaxX OOMEKEHHX PECypCiB 3 ypaxyBaHHSIM
OIIIHOK 110 OOpaHUM KPHUTEPisM.
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Ane npu 1pOMy nependavyacThesi HasBHICTh HU3KU
YMOB, sIKi He 3aBXAM BUKOHYIOThCcS Ha mpaktumi. Lle,
HaNpHKIaJg, camMa MOXIIMBICTh IIOPIBHSHb OLIHOK, IO
BiJINIOBIJJAIOTh SKICHO PI3HUM Ta HECYMICHUM MPESIMETHUM
o0acTsiM, NPUIYIIEHHS IIPO ICHYBaHHS JIHIIHUX CITIBBiJ-
HOIICHb MDK [ialla30HaMU 3HA4YCHb OIIHOK ITOPiBHSIHB
Ta iH.

IMocTanoBKka 3amavi. YMOBH OTPHUMAaHHS pe3yibTa-
TiB BUPIIIEHHS 331441, III0 PO3TIIAJAETHCS, MICTATh HACTYTI-
He. OxpeMi BapiaHTH BHUPIIOICHHSA 3amadi 0OaraTokpwu-
TepiaJIbHOTO BUOOPY OIIHIOIOTHCS 3 O3HIIN PsITy 0OpaHuX
JIOKAIBHUX KPHUTEPIiB €(PEKTUBHOCTI 1 10 OTPUMaHUM
pe3ynbTataM IOpiBHSHb MOBWUHHI OYyTH HaiKpamuMu.
[TonsTTs HaliKpalmoro pilleHHS Ta MpPOLEC HOro BH3HA-
YeHHsI MaloTh OyTH MOBHICTIO (hopmaiizoBaHuMH. Buko-
pHCTaHHS 3a3HaYE€HOI0 MpOlecy MMOBHHHE 3a0e3IeuyBaTH
OoTpUMaHHsi OOIPYHTOBaHUX pe3ynbTariB. HasBHICTB cy-
KYIHOCT1 KpUTEPiiB, 0COOIMBOCTI iX BU3HAYCHHS, @ TAKOX,
SK TPaBHJIO, CYNEPEYHICTh MOTPEOYIOTh MOIIYKYy MeXa-
Hi3MIB y3TOJIKCHHS pillIeHb Ta BU3HAYCHHS KOMIIPOMICHHIX
BapiaHTiB miAMHOXUHH [lapeTo-onTHMAaNbHHUX PIlICHb.

B mnpomeci mopiBHSAHHSA TpeTEHACHTIB BHOOpPY 3a
OKpEMHMMH KPUTEPIsIMU MPU BU3HAYCHHI PIBHS MepeBar 3a
OIHMMH KpUTEpisIMH Tmepen IHIIUMHU Ta (QOpMyBaHHI
MiZICYMKOBHX OIIIHOK €()EeKTUBHOCTI, IO MOKJIAJCHI B
OCHOBY ICHYIOUHX ITiJXO/IIB OaraToKpuTepiaJbHUX OL[IHOK,
BHUHUKAE Psii 00’ €KTUBHUX MEPEIIKO, OB’ I3aHUX 3 HEOI-
HOPIIHICTIO KPUTEPIiB, HASABHICTIO CEPel HUX HENiHIHHUX
B3a€EMO3AICKHOCTEH Yy pI3HUX Jiala3oHax MOPiBHSAHb,
HEY3TO/UKCHICTIO 3HAYCHb, BIICYTHICTIO OOTPYHTOBaHHX
IIKaJ] BUMIPIOBAHHS Ta OLIHIOBAHHS MJIsI TOPIBHSHHA
3HAYCHB OL[IHOK 332 KPUTEPIsIMH.

I'ereporenHicTs Ta CynepewIMBICTh CYKYITHOCTI KpPH-
TepiiB, 0 MOXYThb 3aCTOCYBATHCS AJISI OL[IHKHA €(EKTHB-
HOCTI pillleHb B OKPEMHUX MPEJAMETHUX O00JNACTAX, BUMArae
o0y T0BH OOTPYHTOBAHUX, IPO30PHUX Ta JOCTOBIPHUX MPO-
uenyp iX THOpIBHSIHHS 3 ypaxyBaHHSM YHMHHHKIB PIBHS
Ba)XXJIMBOCTI Ta NPUIHATHOI TPYJOMICTKOCTI OTPHUMaHHS
Ppe3yJNbTaTiB, 0COOJIMBO B YMOBaX OOUHUCIICHb Y peabHOMY
qaci.

[lepeniveni yMOBH Ta BUMOTH 10 BHPIIICHHS 3a1adi
0araToKpUTEpiaTbHOTO BHOOPY MOTPEOYIOTh pO3POOKH Ta
3aCTOCYBaHHS aJCKBaTHUX IMAXOMIB 10 (opMyBaHHS
IIPaBMJI OPIBHSAHHS 3HAYEHb PI3HOPIIHUX JIOKAJIbHUX KPH-
TepiiB OLIHKKA €()EeKTUBHOCTI PIllIEHb 3 PI3HUMH PiBHIMU
BaXXJIUBOCTI, 10 (OPMYBAHHS IHTETPAJIBHUX ITiICYMKOBUX
OIIHOK e()eKTHBHOCTI NMPETEHACHTIB BHOOPY HA TiACTaBi
OTPUMaHUX pe3yJbTAaTiB MOPIBHIHb 3HAYEHb JIOKAJBHUX
KpUTEpiiB, O MeEXaHI3MIB Y3TO/KEHHA Ta TOMIIYKY
30aJaHCOBAaHUX pIillleHb, SIKUM BiJIOBial0OTh BH3HAYEHI
MIPETEeHIEHTH BUPINICHHSA 3a4adi OaraTOKpHUTEpiabHOTO
BUOOpY.

Binmiueni mponenypy NMoBHHHI OyTH peani3oBaHi y
cKkJai iHhOpMAIIIHAX TEXHOJIOTIH, SIKi TO3BOJISIFOTH BUKO-
HyBaTH HEOOXITHI OOUMCIICHHS Ta TOCIIXKYBaTH OTPUMaHi
pe3ysbTaTH.

Binbmricte nporneciB ynpasiiHHS, OCOOJIMBO, B PHUH-
KOBHX YMOBaXx, MPOLIECIB MPOSKTYBAHHSI CKJIAJHUX CUCTEM
Ta TEXHOJIOTIM IOB’s3aHa 3 HEOOXIMHICTIO BUPINICHHS
3amadi OaraTokpuTepiadbHOrO0 BUOOPY JNOLIJLHUX BapiaH-

TIB cepell JOCTYIHOI MHOKMHH aJbTEePHATUBHUX IMPETCH-
neHtiB. CaMe TOMY BHUPIIIEHHIO ITUX 3a/a4 HPUCBSIYCHO
JIOCUTB OaraTo myOuTiKarii.

Cepen HUX OJHMM 3 BIJJOMHX € METOJ aHaNi3y
iepapxiit (MAI), 3anponionoBanuit T. CaaTi [1]-[3]. Metox
JIO3BOJISIE BH3HAYUTU TIPIOPUTETH OKPEMHUX allbTEpHa-
TUBHHX pIlICHb, IO PO3INIAJAIOTHCS, CIHPAOYHCh Ha
OTpHMaHI eKCIEPTHI OI[IHKY IT0 CYKYITHOCTi OOpaHUX KpH-
TepiiB epexkTHBHOCTI. s MOPIBHAHB BHKOPHCTOBYETHCS
JHTBICTHUYHA [IKaNa, AKiif BiANOBIiNarOTh (JiKCOBaHi BaroBi
KoedimienTr. Matoun JOCHUTH 0arato NMpHUITyIIeHb, METO
MOXe€ JIOLILHO BUKOPHCTOBYBATHCS B OOMEKEHHX yMO-
BaX, He 3a0e3neyylour MOBHOIIIHHE BpaxyBaHHsS BCiX 00-
CTaBUH Ta OCOOJIMBOCTEH yMOB IPUHHATTS pileHb. He3sa-
JKal04H Ha I1e, IPOCTOTA 3aCTOCYBAaHHS METOLY IIPUBEIA J10
JIOCHUTB TIOIIMPEHOTO iforo 3actocyBanus [4]-[9].

Icuye Oarato mnpukianis momudikamii MAI, ski
HaIlpaBJIeHI HA YCYHCHHS OKPEeMHX HEIOJiKiB MeToxy abo
Ha BpaxyBaHHs yYMOB iforo 3actocyBanns [7]-[9].

Psn iHIMX MigXoniB IPYHTYIOTHCS Ha BUKOPHUCTAHHI
mepeBar BHpIIICHHS 3a/adi 3 OJHUM KPHUTEpieM 3MiHOIO
MPE/CTABICHHS BUXIAHOI 3ajadi BHACHIJOK ITO€JHAHHS
BCIX KpWUTEpiiB B OOWH a00 BH3HAUCHHI Cepel HHUX
OCHOBHOT'O Ta MEPEMIllleHHI OCTaHHIX y CKJaJ 0OMEKeHb
[10]-[11]. Taki migxoau € IOIILHUMH, K IPABHIIO, IS
OKpeMHX KJIaciB NMPAaKTUYHHUX 33/1a4 3 CYMICHUMHU KpHTe-
pisIMH.

Just 3a1a4 3 cynepewsIMBUMU KPUTEPISIMH BUPILICHHS
MAaloTh OyTH OTPHMaHi HAa OCHOBI ITOIITYKY KOMITPOMICHHUX
pillieHb, IO AOCATAIOTHCS NUIIXOM HPUHHATTA AESKOl
3rOJM Ha CIIBBIIHOIICHHS MiX 3HAYCHHSIMH KPUTEPIiB, 110
MOpiBHIOIOThCA. L{e HaliOiIbII MOMHUPEHHHA KITaC TIPaKTHY -
HUX 33/1a4 i IX BHUPIMICHHIO NPHUCBSIYEHI POOOTH 3 MOOY-
JIOBOIO MIAMHOXWHHU [lapeTo-onTHManbHHUX pilleHb Ta
pe3yabTaTaMH JOJATKOBHX JOCIHI/DKEHb OCOOIMBOCTEH
YMOB TIPUAHATTS pimens [12]-[13].

OnmHUM 3 TOIIMPEHHMX MiAXOMiB A0 (OopMyBaHHS
[MTapeTo-onTHMaNILHOT MIIMHOKUHH € BAKOPUCTAHHS METO-
Jly OCTyIoK. MeTox nependavae y X0/ MOIyKy KOMIIPO-
MICHOTO pIllIeHHS BUKOHAHHS IIOCTYNOK II0 OLHKaM
3HAYCHb 32 OKPEMHMH KPHUTEpIsIMH Ul HOCJiZOBHOCTI
pilieHs, M0 BU3HAYarOTECS. Binomi 3acrocyBaHHs MeTony
0OMeKeH1 pealtizalisMu B 3aJaHAX YMOBaX.

lupoke kom0 myONmiKamiii 3a JaHUM HAIPIMKOM
JIOCJIIJKEHb CBIIYMTH MPO iX aKTyaJbHICTh Ta MPO HAsB-
HICTh HE MOBHICTIO BUPIIICHUX MMUTAHb.

Hana pobora mpucesiueHa (OpMyBaHHIO WiAXOIY,
SKAN O3BOJISIE KOHCTPYIOBATH BHUPIIIEHHS 3a7adi 6araTo-
KpPHUTEpiaIbHOTO BHOOPY B PO3TIISTHYTOMY KOJi TUTAHb.

B podoti mpomoHyeTbesl TiAXiJ 10 BUPIMIEHHS
3a1adi GaraTOKPUTEPiaIbHOTO BHOOPY SIK TOCIHiJOBHOCTI
BU3HAYCHb OKPEMHX JIOKAIBHHUX PIlIeHb Yy CKJIaJli 3araib-
HOTO pIllleHHS, SKi HUIAraloTh MOJANIBIIOMY iTepamiii-
HOMY Y3TO/DKEHHIO 3 IO3HUILIH BUMOT /10 BHKOPHUCTaHHS
pecypciB. Taknit miaxiza g03Bosie GOpMyBaTH PILLIEHHS K
KOMITO3HMIIiIO pillleHb, 0 Mo0yJ0BaHi Ha MiACTaBi MOpiB-
HSHB SIKOCTI MPETEH/ICHTIB 3TiHO OIIHOK 3HaueHb o0pa-
HUX KPUTEPiiB e(EeKTUBHOCTI, BPaXOBYIOUH iX BaXKIHMBICTh
Ta 00CATH pecypciB, HEOOXITHUX ISl TOCATHEHHS BU3HAYE-
HOTO PiBHS OITIHKH €()E€KTUBHOCTI.
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Bynemo BBaxkaTH, 110 NPETECHJICHTH BUOOPY MOXYTh
OyTH TOpIBHSHI Mik CO0OI0 332 3HAYCHHSMHU BBEICHUX
KpHUTEPiiB eheKTUBHOCTI, 110 CKJIaal0Th MHOXHUHY F

F={f}icl={12 . m.

MuoxuHy  kpuTepiiB F, 1m0 BH3HAYarOTh
JOIUTBHICT OOpaHHS THUX YW IHIINX HPETCHICHTIB, Ta
cepen skux Mae OyTH oOpaHuii Halikpamiuii BapiaHT,
MOXKHa PpO3IUIMTH Ha [JBl MiAMHOXHHH KpHUTEPiiB
F=F UF, 3 BIANOBIIHUM pO3HOAITIOM MHOXHHU

I=1Lul,.
Jo nminMHOXMHU F, BimHeceMo Kputepii, AKi BUKO-

PUCTOBYIOTBCS Y CHUTYAIlisIX BIJCYTHOCTI MOBHOIIIHHOT
JIOCTOBIpHOT iH(OpMAIIiT BITHOCHO OIIIHOK SIKOCTi IPETCH-
JICHTIB BUOOpY, BUSIBICHHS PsAYy YHMHHUKIB, IIO MAroTh
HEBM3HAUYEHHWH XapakTep BIUIMBY Ha piBEHb OILIHOK, a
TaKOXX TaKHX, 10 BiTOOpakatoTh Cy0’€KTHBHI YIOJO0aHHS
ocobw, sika mpuiiMae pimeHHs. [IpukiamoM KpuTepiiB miel
TPYIH MO>KHA BBa)KaTH PEUTHHIH NMPETCHICHTIB BUOOPY Yy
pi3HUX yMOBaX OOpaHHS, PEHTHHIU NPEICTABHUKIB Ta
MOCEPEHNKIB, IIOB’S3aHUX 3 IOXO/DKCHHSIM ajbTepHa-
TUBHUX BapiaHTIB, €KCIIEPTHI OLIHKX 30BHIITHIX YMOB, IO
BIUIMBAIOTH Ha BHOIp 1 BAKOPUCTAHHS IIPETEH/ICHTIB.

OuiHKY Ta OOTPYHTYBaHHS NPETSHACHTIB BUOOPY IS
uiel rpynu KpuTepiiB MOKYTh OYTH OTPHMaHi aHaJIOTi4HO
miaxomiB, HaBegeHHx y pobGorax [7]-[8]. 3acrocyBanms
KpUTEPIiB AaHOI TPy MOXKE CYTTEBO OOMEKHTH CyKyIH-
HICTh BapiaHTiB BHOOpPY IO OUTBIIOCTI SKICHUX Xapak-
TEPUCTHK NPETCHICHTIB, aje He I03BOJISE IMOBHOLIHHO
31CTaBUTH y IOPIBHSAHHAX CYKYITHOCTi 00’ €KTHUBHUX TTOKa3-
HHKIB Ta MOXJIMBOCTEH mpeTeHAeHTiB. ToMy mis mpose-
JICHHS TOBHOI[IHHOTO OOIPYHTYBaHHS BHOOPY MOLLITHHHUX
BapiaHTIB CKJIaJ KPHUTEPiiB TOMOBHIOETHCS KPHUTEPIIMHU
HiIMHOXUHHE F,, BUKOPHUCTaHHSA SKUX PO3MJIANAETHCA Y
JIaHii poOOTI.

[TinMHOXHMHA KpUTepiiB F, Moxe OyTH BHU3HAueHa
TaKUMHM, IO BiIOOPaXyrOTh CYTTEBI aTrpuOyTH, HpUTa-
MaHHI CYKYITHOCTi aJIbTepPHATHBHUX BapiaHTiB, CUCTEMHI
Ta CHHEPreTHYHI XapaKTepUCTHKU MPETSHICHTIB, 0COOJIH-
BOCTI TX BUKOpHUCTaHHs, (JiHAHCOBI Ta EKOHOMIYHI Xapak-
TEPUCTHKHU.

MHOXHHA JOMYCTHMHX pillleHb 3ajadi 3aga€eThCs
MHOXHHOIO D, sIKa MICTUTB CYKYyIHICTh IIPETEH/ICHTIB BH-
6opy y Burisi BektopiB X, je€J={12,..,n}, KokeH

3 SIKUX TIOBHICTIO BiAITIOBiJIa€ yMOBaM BHOOPY.
KoMnoHeHTH BEKTOpiB MNPETEHACHTIB BHPIIICHHS

3agaul X = {Xi j}, jeJ, oOMexeHi BIAMOBIAHUMH TIiI-
muoxuHamMu G, i€ |, eneMeHTH SKMX BH3HAYAOTH JI0-

ITyCTUMI 3HAYEHHS aTPUOYTIB Ta XapaKTEPUCTHK.
Toxal MHOXKHMHA JONMyCTUMHUX PIIICHb 3agadi MOXKe
OyTu npeacTaBiIeHa HACTYITHUM YHHOM

D ={X,, X0 X, }: X ={%;}, %, €Giel, jel.

BuxopuctaHHsS CyKyImHOCTI KpHUTepiiB e(eKTUBHOCTI
JUI OIIIHKHM TPETeHJCHTIB BHOOPY J03BOJIIE PO3POOHUTH
mporexypy nodyaoBu migMHoXuHHU [lapeTo-onTumansHIX
pillleHb, cepell eJIEeMEHTIB sAKoi Moxke OyTm oOpaHuit

MPETSHICHT, 1 sikuit Ha morysix OITP HaiiOinbie BiAmOBinae
BUMOTaM OOCTaBHH Ta CUTyallii Ha MOMEHT HPUHHATTS
pilIeHs.

3acTocyBaHHSl IIepLIOl IPyNU KPHUTEPIiiB JO3BOJISIE
BuimuTy miamHoxuny D,, D, < D, sxa obmexye cy-
KYIHICTB BapiaHTiB BUOOPY MPETEHAEHTIB, 10 MiJSIraloTh
aHawi3zy.

IMinMuoxuHa D, MOxe OyTH BU3HaYE€HA HACTYIHUM
YHHOM

D, ={X;eD: q; = f(X;)2p.iel, jed},

ne P ={p,} —BEKTOp EKCHEPTHHX OLiHOK IOMyCTUMHX

3HaueHb OOpaHMX KpUTEpiiB eeKTHBHOCTI MPETEHICHTIB
BUOODY.

BukopucranHsi qpyroi rpynu KpUTEpiiB JT03BOJISIE
noOyAyBaTH MpOUENypYy BU3HAYCHHS MiJMHOKXHHHU e(ek-
tuBHUX pimens D;, D; < D, < D, enementu sxoi Bix-
noBinaroTh ymoBaM I[lapeTo-onTHMajbHUX pillleHb IS
MIPETCHICHTIB BHOOPY.

Bynemo BBaxkatu, o Kputepii eekTHBHOCTI MalOTh
ouiHku piBHs Baxmsocti {I},iel. Slkmo nposectn

VIOPSAKYBaHHS ~ KPUTEpiiB Yy CKIagl  IiAMHOXHHU

I,={12,...,k} no cnamanHi 3HaYeHb iX OLIHOK piBHs
Ba)KJIUBOCTI, TO OTPUMAEMO MiIMHOXHUHY |,
L ={i iy € 1,0n 20 2021 ),

BukopucraHHs MIMHOXWHA |, 03BOJISIE BUKOHY-
BaTH OOYMCICHHS, MOYHMHAKOYHK 3 OI[IHOK IJIsS HaHOiIbII
BOXJIMBHX KPHUTEpiiB, IO CHOpUs€E MiIBHIICHHIO aJeK-
BaTHOCTI pe3yJbTaTiB OOUHCIICHB.

[IpomnonyeTbcst 0OMpaTH TPETEHIEHTIB BHUPILIEHHS
3a7a4i OaraToOKpuTepiaJbHOro BHOOpPY Y CKIaai TOCi-

noBHocTi migMHoxkud Dy, D,, ..., D;, BU3HaueHHs sKHX

3abe3neyye HAcTymHa mporeaypa (HOpMyBaHHS IIiJIMHO-
JKHHU e€(DEKTUBHUX PillICHb NPETEH/ICHTAMH 3 TOCITi IOBHUM
BpPaxyBaHHSIM 3HA4Y€Hb OI[HOK JIOKAJbHUX KPHUTEPIiB 3i
CHaJaHHIM BaXXIIMBOCTI y HACTYIHIA TOCIIJOBHOCTI 00-
YHUCIIEHD:

1. Hexaii nHomep itepauii | =1.

2. Busnaunmo

D=:X; eD,,: X, =argmin(max) f (X),iel,

XeD4

3. Sxmo |D|:1,To X, € D € pimennsm 3aadi.
4. Sxmo |D| >1, ro Busnaunmo D, =D, \D.

5. Sxmo |D|| >1, To BBakaemo | =1+1 i moBTOpIO-
€MO OOYMCIIEHHS 3 IYHKTY 2.

6. Sxuo |D,|=<, To maemo D; =D, .

B pesysnbrari mpoBeneHHs JaHUX OOYMCIEHb Oyne
OTpUMaHO abo pilIeHHs, IO BiJIOBiga€ KOMIIPOMICHUM
3Ha4YEHHSM BCiX KpHUTepiiB, a0o miamMHokuHa D, , enemen-

TH SIKOT HE MOXKYTh OyTH TOJIIIIICH] 32 3HAaYE€HHAMH 00pa-
HUX KPUTEPiiB ePeKTUBHOCTI.
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3anpornoHoBaHa NPOLEAypa € KIHICBOIO B CHIIY
BUKOPUCTAHHS IiJMHOXXUH, BH3HAUCHMX Ha IIiJICTaBi
KiHIEBUX MHOXUH D Ta |,, eIeMeHTHU SKHUX MOCIiTOBHO

3ay4arThCs TNPU BHKOHAHHI OOYMCIICHb, & TaKOX B
HACIIIZIOK MOCIIOBHOTO OOMEXEHHS IiJIMHOKUHH PIlICHb
332 PaxyHOK BHIIyYCHHS MPETCHICHTIB 3 CKCTPEMaIbHIUMU
3HAYCHHSAMH JIOKAJHbHUX KPUTEPiiB ePEKTHBHOCTI.
OueBHAHO, MO0 TPH BIACYTHOCTI JAaHUX IMOJO
BaYXJIMBOCTI KPUTEPIiB, 3MICT OOUYHCICHD HE 3MIHIOETHCS.
ITepaTrBHE 3aCTOCYBaHHS MEXaHi3My IMOCTYIOK 3a
pPaxyHOK BHJIYYEHHS UEProBHX MPETEH/CHTIB 3TiIHO
OTPUMAHUX iX BH3HAYCHb 33 MOTOYHUMHU 3HAYCHHSIMHU

JIOKaJIbHUX KPUTEPiiB 3 MiAMHOXUHU |, , IPU3BOAUTH 10O

BUOOpY HACTYITHHX NPETEHJCHTIB, 3a0€3MeUy0YH MOLIYK
pillIeHb cepesl TaKKX iX MPEACTaBHUKIB, 1[0 MAIOTh Kpale
MO€/THAHHS 3HaYeHb 0OpPaHUX KPUTEPIiB.

ITpu BUOOpI HOBHX TpETEHIEHTIB Oyae crocrepi-
raTucs MOTipIICHHS OLIHOK, 0 Oy/IM BU3HAUEHI JUIA MoTIe-
pEeIHIX IpeTeHIeHTIB Oe3 3MiH 3aralbHUX 00CATIB pecypciB
a00 HEOOXIAHICTh IX 30UTBIICHHS Ta MOXXIIHUBOTO HACTYII-
HOTO Tepepo3mnoaury. Taki criBBigHOIIEHHS OyIyTh CBiA-
YHUTH NP0 HAOIIDKSHHS YePrOBHX MIPETESHICHTIB 10 THX, 1110
BiAmoBinatoTh ymoBam [lapero-ontumansrocti [12 ].

[NoGynoBa Ta monanbplie 3aCTOCYBaHHS OYAb-SIKHX
cucteM TOTpeOye BHUKOPHCTaHHS PECypCiB, 1O BH3HA-
YalThCs 00CATaMH Ta pUHKOBOIO OIIIHKOIO BapTOCTi. Tomy
cepell OCHOBHUX YHMHHHMKIB, LIO BIUIMBAIOTh Ha PpiBEHb
OLIIHOK MPETeHICHTIB 3TiJJHO 3HAYeHb KPHUTEPIiB MiIMHO-
KUHU |, , CIIi BIAHECTH YaCTKU OOCSTIB CIIUIBHUX pecyp-

CiB, PO3IMO/LI Ta MIEPEPO3MOALT SKHX CTBOPIOE MOXKIIMBICTh
¢dbopmyBaHHs niAMHOXKUHK edekTuBHuX pitens D, . J{ns

BpaxyBaHHS BIUIMBY [IMX YWHHHKIB Ha IPOIECH BHOOpY
HEeoOXiTHO MoOyAyBaTH MaTeMaTH4YHI MOJei, 10 BiloO-
PaKYIOTh (YHKIIOHAJIBHI 3aJeKHOCTI OLIHOK 3HAa4YeHb
JIOKJIILHUX KPUTEPiiB epEeKTUBHOCTI BiJ MapaMeTpiB Ipe-
TEHJICHTIB Ta BUALICHUX 00CATIB peCcypcCiB.

Bynemo BBaXkaTH, 11O IIi 3aJICKHOCTI BIZIOMI 1 MalOTh
HACTYITHUI BUTJISA]

q; =f(X;), X; €Dy iel, jed.

[TpoBenenHst oO4MCIIEHb NPH BU3HAYECHHI pillleHb
3a7a4 OaraTOKpUTEpiaIbHOr0 BHOOPY PpO3IJISIHEMO Ha
npuKiaai GopMyBaHHS apXiTeKTypH BipTyaJbHOI CHCTEMHU
00poOKH JaHUX Y CePEOBHUII XMapPHUX O0UHCIIEHb.

PosrastHeMo ocobaMBOCTI IUX 3a/1ad.

AKTyanbHICTh 3aCTOCYBAaHHS TEXHOJIOTiH XMapHHX
o0uncieHb 00yMOBIJIEHA 3POCTAIOUUM HEPENIKOM IOCIYT
Ta MOXJIMBOCTEH y TIO€JHAHHI 3 IPUBAOIMBUMH €KOHOMIY-
HUMH YMOBaMH IPOILECIiB BUKOPUCTAHHS PECYPCIB BIpTY-
AIBHUX 00YHCITIOBAILHUX CHCTEM.

EdektuBHicTh Takux pimeHbp OOyMOBIICHa BHU3HA-
YEeHHSIM BapTOCTI IHOPMALIHHUX IOCIYT, TEXHOJIOTIH Ta
pecypciB cydyacHUX BUCOKONPOAYKTHBHHX KOMII IOTEPHHX
CHCTEM 3 BCTAHOBJICHUM MPOTPAMHUM 3a0e3MeueHHsIM Ta
00pOoOKH TaHWX TUTBKH 3a Oe3rmocepeHiil yac MpoBeIeHHS
obumncienp abo kopuctyBaHHs. CrocTepiraeTbCcsi HasiB-
HICTh 3arayibHO{ TEHAEHII] 301MBIICHHS YacTKU Oe3KOoI-
TOBHUX Tapu(iB.

BpaxoBytoun noTpeOM 3aMOBHUKIB BHUKOHAaHHS
npoueayp oOpoOKH JaHHMX, MOKHAa 0OpaTH apXiTeKTypy
BipTyaJIbHOI CUCTEMH, SIKa HalOLIbIIIE BIITIOBIIA€ BUMOTaM
00poOKH Ta 0OpaHUM KPUTEPISIM.

Cepen  kputepiiB  e()EKTUBHOCTI, IO CHPHUSIIOTH
OOTpYHTYBaHHIO PIillICHb IPH BHOOPI apXiTEKTypH BipTy-
AIBHUX MAIIWH, CIIiJ PO3TIIHYTH BapTiCTh IIOCITYT 00po0-
KH JaHWX, BapPTiCTh OOCSTIB BUKOPHCTAHHSA OOUYHCITIOBAIIb-
HUX peCcypciB BipTyaJabHOI KOMII'IOTEPHOI CHCTEMH, Yac
00pOoOKHM JaHWX, TOTOBHICTH CHCTEMH OOpOOKH 1O pea-
Ji3arii oOYnCIeHh Y MOMEHT 3BEpTaHHsI, HaliHICTh BUKO-
HaHHS OOYHMCIIeHb, BapTICTh OOCATIB 1 yacy 30epiraHHs
JIaHUX 3aMOBHHKa Ta iH.

BpaxoBytoui AMHAMIYHICT 3MiH HOTPEO Y BUKOpPHC-
TaHHI TEXHOJIOTIH BipTyanbHOi OOpOOKM NaHWX, BHCOKI
MOKa3HUKH TOTOBHOCTI BIpPTyalbHUX OOYHCIIOBAJIBHUX
3ac00iB, X €(EeKTHBHICTh Ta MOXKJIMBICTH OIEPATUBHOI
Bapiamii o0cAraMu pecypciB, IO BUKOPUCTOBYIOTHCS IIiJ
gac 00poOKH, Meperik KPUTEpiiB MO CHCTEM BipTyalbHOI
00poOKN Moke OyTH OOMEXeHHH BpaxyBaHHIM ii Bap-
TOCTI, MPOJYKTHBHOCTI Ta 4YaCy BUKOHAHHS OOYHCIICHb.

[Nomepenuiit BuOip OakaHWX BapiaHTIB apXiTEKTypH
Bijl IpOBaii/iepiB MOKe OyTH BUKOHAHO 3 BUKOPHUCTAHHIM
HEUiTKOT Jioriku. JleTanpHUN aHammi3 MNPETCHICHTIB Mae
OyTH NpOBEJCHUI BIINOBIAHO 10 BHIIEHABEJICHUX MOJIO-
JKCHB.

BararokpurepianbHuit aHayi3 albTepHATUB
BUpINICHHA 3ajayi, 10 PO3IJIANAETHCS, CKIANAETHCS B
YHOPSIKYBaHHI €JIEMEHTIB MHOKHUHH BapiaHTiB MOOYIOBU
aApXITEKTypH CHCTEMH OOpPOOKHM MaHWX 32 OOpaHUMU KpPH-
TEPisIMU.

B wimomy 3amaya BuOOpY mpoBaiiepa XMapHHX
00YHCIICHb 3 PO3MOAUIOM OOCSTIB poOIT 0OPOOKM maHWX
MOke OyTH TpENCTaBlIeHA MAaTeMAaTHYHOK MOJCIUIIO
JIICKPETHOTO MPOTPAaMYBaHHS 3 BEKTOPHUM KpPUTEPIEM Y
HACTYIIHIH MOCTAHOBII.

Jlist BiTOMHUX HAa MOMEHT 4yacy { MHOXKMHH MOXKJIMBUX
cTaHiB (), IOTOYHOTO CTaHy cUCTeMHU S; € Q, BEKTOpY

BXIZIHUX JaHUX X,, 0 HOTPeOyoTh 00pOOKU, HEOOXITHO
3HAlTH 3HA4YeHHS BEKTOpY ympaBmiHHA Y, € D, skuii

3abe3neuye Ha MOMEHT 4acy 7 =1 moTpiOHy 3MiHy cTaHy
cuctemu S, (t) > S, (r) € Q 3 ekcTpeMaIbHIM 3HAYCHHIM
BEKTOPHOTO KPUTEPit0 e(EKTHBHOCTI:

F(X., Y, S, (t), S, (7)) — extr, (1)
S,(t) > S, (z), v=t, )
S;,S, €Q, Y, eD. 3)

BpaxyBaHHS Ba)XJIHMBOCTI OKpPEMHX KPHTEpiiB Hamae
MOJKJIMBICTh BUKOHATH TIOIIYK pPilIeHb 3a1adi 3 (Gopmy-
BaHHIM IMOCIIIOBHOCTI MPETEHICHTIB, OTPHUMYIOYH OLIHKA
JUIL YeproBOTO BapiaHTYy apXiTeKTypd 3a MOTOYHUM
KpPHUTEpiEM Ta 3MEHIIYIOYH KUIBKICTb aJbTEPHATHB IS
HACTYITHOTO aHalli3y, BHAAISAIOUM 3Hal/IeHE pilleHHS 3
MOAAJBLINX po3paxyHKiB. Takuii mpouec po3paxyHKiB Ha-
OyBae (opMy KOHCTPYIOBAaHHS pillleHb Yy BiAIOBIJHOCTI 3
00paHUMH KPUTEPISIMH.
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Dopmanizauis cmiBigHomenb (1)—(3) ms 3amaui
BUOOpPY apXiTEKTYpH BipTyaJbHOI CHCTEMH 00POOKH TaHUX
y XMapHOMY CEepelOBHINI J03BOJSIE OTPUMATH MaTeMa-
TUYHI MOJIeJi, HA OCHOBI SIKHX MOXYThb OyTH BH3Ha4eHi
pIILICHHS, 110 BiANOBIJAIOTh ITOCTABJICHUM LM 1 JO3BO-
JISIOTh OTPUMATH OLIIHKHU 32 0OpaHUMU KPHUTEPIisM.

Jus mpuknmagy TpOBENEHHS pO3paxyHKIB Oynemo
KOPHUCTYBaTHCS YMOBHUMH JAaHHMH, IO BIZOOPaxyrOTh
CIIBBITHOIICHHS PeaJbHUX 00’€KTiB, 3HAUEHHS SAKHX PO3-
MIIIIeHI Ha caifTax mpoBaiiepiB XMapHHUX IOCIYT.

B T1abn. 1 mpencraBieHi YHCIOBI XapaKTEPUCTHUKU
3aBIaHb, L0 NOTPEOYIOTh OOpPOOKHM 3 BUKOPHCTaHHIM
00YHCITIOBAIBHUX PECYPCiB XMapHHX IIPOBalAEPIB.

B Tabn. 2 HaBezneHi naHi, SKi CTOCYIOTBCSI BapTOCTI
BUKOPHCTAaHHS 4acy Hpolecopa, MPUCTPOIB ONepaTHBHOL
nam’siti (OIT), mincuctem BBeneHHs/BuBeneHHs (I1IBB)
JIaHUX, iHiliaii3anii BUKOHaHHS OOpOOKHM, L0 MPONOHY-
I0ThCS TIPOBAHIEPaMH.

3 METOI0 CIPOMICHHS AEMOHCTPALIi 3MICTy IiIX0Xy
710 KOHCTPYIOBAaHHsI 0araTOKpHUTEepiabHUX PillIeHb PU BU-
3HAYEHHI CKJIQ/ly Ta XapaKTEPHUCTHK CYKYITHOCTI BipTyallb-
HUX MallliH HAa iJCTaBi 00YHCICHHS OIliIHOK e()eKTUBHOCTI
BUKOHAHHS TpOLECiB OOpOOKM [aHWX 3aBAaHb KOpPHUC-
TyBaua Oyja oOpaHa MaTeMaTH4YHa MOJENb Y BUIIAIL
JHIKHOT 3ajavi onTuUMizalii 3 MiHIMI3ali€l0 BapTOCTI
BUKOHAHHS 3aBJaHb Ta ypaxyBaHHSM OOMEXEeHb, IO
BiJ[3HAYAIOTh 3aJICKHOCTI MK XapaKTCPUCTHKAMU 3aB-
JlaHb, NapaMeTpaMH BIPTyaJbHMX MalldH Ha IMiACTaBi
3HAYEHb JIOTIYHMX 3MIHHHX, BBEJCHUX JUIl BH3HAYCHHS
PO3MOALTY 3aBHaHb MiX BIpTyaJbHHM MAITMHAM 3TiTHO
rmapaMeTpiB TMpoIeciB 00poOKH BIAMOBIAHO A0 MoJeneit
tuny (1)—(3). Jani 3aBaaHb XapakTepU3yrOThCS BillOMOC-
TSIMH TIPO YMOBH iX BUKOHAHHS Ta MICTSTb 3arajibHi Xapak-
TEPUCTUKU TPOTPAMHUX MOIYJIB i OOCSTIB JaHHX, IO
BUKOPHCTOBYIOThCS NMPU BHKOHaHHI 3aBJaHb Ha eramax
BBEJICHHA JaHUX, 00pOOKM Ta BUBEJCHHS PE3yNIbTaTiB.

JuHamiuHe 3a0e3MCUcHHS MPOLECIB HEOOXITHUMU
00YHCITIOBAJIbHUMH pecypcaMy Ta YIPaBIiHHS IX BHKO-
HaHHSM TOKJIAJIA€ThCS HA MOJIYJl OnepauiiiHol cucremu
(OC), sKi Tako) MOTPeOYIOTH IUX pecypciB. s omiHOK
NpOLIECIB BUKOHAHHS 3aBJaHb 32 KPUTEPiIIMH HEOOXIimHI
BiJOMOCTI PO TEXHIYHI XapaKTEPUCTHUKH BipTyaJbHHUX
MAIIIMH BiJl IpOBaiepiB.

3mict iHpopMarii HaBeJeHNX TaOIHIb 3aJIeKUTH Bif
00paHMX KOHIENIiH OOYHCICHb, THUIIIB MaTeMaTHYHIX
MoJienelt 3a1a4 BU3HAUYCHHS OIIIHOK 3a KpUTepisMu edek-
TUBHOCTI TIpH KOHCTPYIOBAHHS PilleHb OaraToKpHTepi-
AIBHUX 3a71a4 BUOODY.

[TouyatkoBe (oOpMyBaHHS CYKYNHOCTI BipTyaJbHUX
MallllH, cepell SIKMX MOXYTb OyTW 3HaleHi Kpalli ajb-
TEpHATUBH JUIsl BUKOHAHHS 3aBlaHb, Iependavyac HasiB-
HicTh iH(OpMaLil PO TEXHIYHI XapaKTepUCTHKH NpETeH-
JICHTIB, 110 IPOIOHYIOTHCS MpoBaiiliepaMM Ha MiACTaBi
BUKOPUCTAaHHS KPUTEPIiB MEPIIOi IPYIIH.

Li BiTOMOCTi TO3BOJISAIOTH LIIECIIPIMOBAHO BUKOHY-
BaTH pO3PaxXyHKH TIOTPIOHUX OOCSTIB BUKOPUCTAHHS
OOYNCITIOBAIBHUX PECYpPCiB JIOCTYNHHX MiJCHCTEM Ta
HPHUCTPOIB y CKJIaAi OKPEeMHUX BIPTyaJbHUX MallWH JUIs
BUKOHAHHS 3aBJjaHb 3 BU3HAYCHHIM TEXHIKO-€KOHOMIYHHX
MOKa3HHUKIB 00YHCIIEHb, 10 MOXYTh OYTH BpaxoBaHi Mpu
BU3HAYCHHI OLIIHOK 32 IOTOYHUMU KPUTEPISIMH Ta CIIPUATH
BUOOpPY JOLIJIBHUX BapiaHTIB cepe HaJaHoi CYKYITHOCTI.

Ipuknag BiTOMOCTEH MPO 3HAYCHHS TEXHIYHUX
napaMeTpiB Ta XapaKTEPUCTHK BipTyalbHUX MAIlUH, L0
pPO3TISIIAIOThCA B poOOTi, HaBenmeHi B Tabm. 3. B Tadm. 4
po3MmimeHa iHpopMallis PO MPOIYKTUBHICTH BIpTyallbHUX
MalliH, 4Yac HPHUBEICHHS OO TOTOBHOCTI, YMOBH BHKO-
PHCTaHHS NPUKIIATHOTO porpamMHoro 3adesnedeHHs (I113),
OC Ta migcucteM BBeAcHH-BUBeAeHH nanux (ITBB). J{ns
BUpIIICHHS 3a[a4i PO3MOILTY 3aBJaHb OYB 3aCTOCOBaHHU
naket What’sBest [14].

Tabmuis 1 — XapakTepucTUKU 3aBAaHb

Iporpamui Moayimi
XapakTepuCTHKH
M1 | M2 M3 [ M4 | M5 | M6 M7
Kinekicts onepamiii, *E+06 30 | 300 250 | 522 | 40 | 110 | 1000
O6csr motpibHOT onepatuBHOi mam’sTi, Mb 250 | 2000 | 1000 | 450 | 330 | 250 | 1200
Yac imimiamizanmii, ¢ 5,0 2,5 3 1,2 2,5 2,0 2,5
[Ipiopurer 1 2 3 4 5 6 7
IHTEeHCUBHICTE BBEICHHS/BUBEIECHHS, OIL./C 20 300 300 510 2 3 12000
OO0csr nanux BBeIeHHsA/BUBeNeHHs, Mb 5 11 30 25 15 28 30
UYac BupileHHs, C 10 5 28 12 30 40 25
Tabmums 2 — BapTicTs KOPHCTYBaHHS pecypcaMt BipTyalbHUX KOMIT FOTEPiB XMapHUX MPOBaiepiB
Bapricth Baprictp Baprictp .
. . Bapricts .
BipTyasbHi KOPHCTYBaHHS KOpHUCTyBaHHs1 | kopuctyBanus | . . .. . . | IlouarkoBuii
iHimiami3amii,
MallliHU IIPOLIECOPOM, IIPUCTPOSIMHU [1BB, $ CTaH
$/c OT1, $/(MB*c) $/(MB*c)
VM1 40,00 0,12 200 1200 0
VM2 28,80 0,20 300 1500 0
VM3 24,00 0,14 300 1300 0
VM4 40,00 0,16 500 2000 0
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Tabmurt 3 — OGpaHi XapaKTepUCTHKH BipTyaIbHUX MAIIHH

. . L Kinbkicte O6csr YacroTa
Biptyansni Tun Kinbkicts . s
ALITHE npottecopa npottecopis saep ONEpaTHBHOT | CHHXPOHi3auiT,
M nponecopa | nmam’sri, GB GHz
VM1 Type 1 1 10 10 7,00
VM2 Type 2 2 1 20 4,00
VM3 Type 3 1 20 40 5,40
VM4 Type 4 2 40 40 6,00

Tabmunst 4 — XapakTepuCTUKH BIpTyaJbHUX MAIlUH BiJl XMapHUX NpoBaiaepiB

IIponyckna Yactka
. . Cepenns Yac no . Yactka .
Bipryanshi . . 3/1aTHICTh .. | mpomyxTuBHOCTI
MIPOAYKTUBHICTh, | TOTOBHOCTI, OTIepaTHUBHOI
MAaIlIuHA on/c c IIBB, mane’siTi 113 nporecopa ais
) MB/c*E+03 0oC
VM1 22857143 10 200 0,2 0,2
VM2 80000000 12 170 0,4 0,4
VM3 25925926 15 220 0,3 0,3
VM4 53333333 20 250 0,4 0,4

Pesynpraty BupilieHHs 3ana4i HaBeneHi B TaOui. 5.
3rigiHO naHuWxX Tabna. 5 BCi 3aBIAHHS PO3NOAUICHI JUIs
BUKOHaHHA MDK BIPTyaJbHUMH MAIIMHAMH, JUI1 SKHX
BU3HA4YEHA IX iHIIamizais.

Ha ocHOBI oTpuMaHHX pe3ynbTaTiB Oynu BH3HAYCHI
OLIHKHM 3a 3a3HAYEHHMH KPHUTEPIsIMH: 3arajbHa IPOAYyK-
TUBHICThP CHCTEMH OOpOOKHM MHaHWX TIpH BHKOHAaHHI
3aBJiaHb, PIBEHb 3aBaHTA)XEHOCTI PECypciB Ta 4ac BHKO-
HaHHS 3aBJaHb. OOUHCIIOBANIBHI peCypcH APYrol MaliniHu
HE BHUKOPUCTOBYIOTHCS, IO TMOSICHIOETHCS BapTICTIO {i
iHilamizamii Ta BapTICTIO MPOLECOPHOrO 4acy, SKi y
MOPIBHSAHHAM BHXIJHAX 3HAYCHb BHINI, HDK Y IHIIAX
MalliHH.

PesynbraTi BupimeHHS 3afadi YHOpaBIiHHS pPO3MO-
IIUTOM Ta 0OpOOKOI0 JaHUX 3aBJaHb MOXYTh OYTH BHKO-
pHCTaHi JUIs HACTYITHOTO aHAJI3y 3aJIe)KHOCTEH OLIHOK 3a
KPHUTEPIsIMH Bil XapaKTEepUCTHK IPOIECiB BUKOHAHHS Ta
mapaMeTpiB CKIIaJJOBUX IiICHCTEM.

[Ipu BU3HAUEHHI AOIUIFHUX BapiaHTIB BipTyalbHHUX
MaliiH, [0 MaloTh BHKOHYBaTH TpoIecH 0OpoOKu
3aBJaHb, MOKHA BUIIMTH HASBHICTH CIIJILHUX YHHHHKIB
JUIl CYKYIHOCTi aJbTepHATHUB, PIBEHb 3HAYEHb SIKHX
CYTTEBO BILUIMBAE Ha OIIHKK 0OpaHMX KpurtepiiB. Hacam-
nepen, L€ CTOCYEThCS YacTOK CIIUIBHHUX PECypCiB, sKi
BUIIIAIOTHCS JUIs 3a0€31eUeHHs 3HaYeHb OLIHOK OKPEMHUX
KpHTEPIiB.

[Ipu npomy A BU3HAYEHHS 30aIaHCOBAHUX PIllICHb
3a 00paHUMM KpHUTEpisIMH HEOOXiTHO NMPOBOAWTH poO3pa-
XYHKH PO3IOJUTYy YacTOK CIUJIBHUX PECYpCiB 3 METOIO
MOUIYKY JIOIUIEHOTO PiBHS MOCTYIIOK 32 KPUTEPISIMH, SIKHHA

€ TPUHHATHUM JUIS 3aMOBHMKAa 1 BIANOBiJae yMoOBaM
npuaOaHHs HEOOXIJHUX PEcypciB y BH3HAUCHHUX oOcsrax
Ta TepMiHaX MOCTayaHHA a00 BUKOHYBaTH BHOIp TaKUX iX
3HAa4eHb, MO 3a0E3MEUYyIOTh 1 PpO3MOALT pecypciB, i
BU3HAYAIOTh 0E3MOCepPEeIHBO 3HAUCHHS OLIIHOK OKPEeMHUX
KpHUTEpiiB.

Juis 3amadi BHOOPY BipTYaJIbHUX MAIIHH, IO PO3-
TJSIIAEThCST SIK TPHKJIA] KOHCTPYIOBaHHS OaraToKpHTe-
piajbHUX pillieHb, KIIIOYOBUM MapaMeTPOM Pa3oM 3 piBHEM
YIIPaBJIiHHS BUKOHAHHSM NPOTPAaMHUX KOJIB CIIiJI BBAXKATH
TaKy XapaKTEPUCTHKY LEHTPAIbHOIO Ipollecopa sK
KUTBKICTh BOYIOBaHHMX sII€pP, LIO Pa3oM 3 YacTOTOHO
CHHXpOHI3alii BHU3HAYarOTh 1 3arajibHy NPOAYKTHBHICTb
BUKOHAHHS, 1 9ac BUKOHAHHS, 1 BApTOCTI pO3paxyHKIB Ta
CHCTEMH OOYHCIIEHb B IJIOMY.

OuiHKM 32 BKa3aHUMH KpPUTEPISIMH JIO3BOJIMIH
o0y yBaTH 3aJIe)KHOCTI 1X 3HaYCHB BiJ KUTBKOCTI sACp Y
CKJIa[i Tpolecopa, sSKi MOXYTh BUKOHYBATH HE3aJEXKHY
00poOKy mporpamHOro KOAy. Lli 3aMeXKHOCTI MOXKYTh
3aCTOCOBYBaTHCSl JUIS BU3HAYECHHS CTYICHIO BIUIMBY
rapaMeTpiB CUCTEMH Ha OLIHKH KpHUTepiiB e(heKTHBHOCTI,
10 JI03BOJISIE BU3HAYATH JIOLUUIBHUHA PIBEHb MOCTYIOK Yy
XO0J1i KOHCTPYIOBaHHS 0araTOKpUTEpialbHKUX PillIeHb 3a/1a4
BHUOODY.

AHalmi3 CHiBBIIHOIIEHh Ha puc.l CBigYaTh Mpo
CYTTEBY 3aJIEXKHICTh Yacy 0OUYHCIIEHb BiJl NPOJYKTHBHOCTI
00paHMX BIpTYaJILHUX MAallMH 3 Pi3HOIO KUIBKICTIO siliep 3
BIJMIOBITHOIO iX BapTICTIO, & TaKOX 3HAYHO MEHIIY
3aJIEKHICTh BapTOCTI OOYMCIIEHb BiJ BHILIEBKa3aHUX
YMHHHKIB, BPaXOBYIOUN BHKOPHUCTAHHS Ha Pi3HHUX eTarax

Tabnuit 5 — Po3nozin nporpaMHUX MOJTYJTIB Ta iHiL{iasi3arwis

BipryanbHi [Tporpamui Moayi
MalluHU M1 | M2 | M3 | M4 | M5 | M6 | M7 | Ininianizanis
VM1 0 0 0 1 0 0 1
VM2 0 0 0 0 0 0 0
VM3 1 1 0 0 0 0 1
VM4 0 0 1 0 1 1 1
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00poOKM AaHWX 3aBIaHb IHIIUX MPUCTPOIB Ta 00YMCIIIO-
BaIBHUX pECypCiB, MiJCUCTEM KOMYyHiKauid 3 ¢ikco-
BaHMMH Tapu(aMu, NPUIHATHMH NPOBaiepaMyu XMapHUX
TIOCITYT.
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Puc. 1. 3anexnocTi yacy i BapTOCTi OOUUCIICHD Bij
XapaKTepHUCTHUK Mpoliecopa

Ile mMOSICHIOETBCS TAaKOX CHIBBITHOIICHHSIMH MiX
3araJibHOIO TPOIYKTHUBHICTIO Ta PiBHEM YTHIII3aLii pecyp-
ciB renTpansHoro npouecopa (CPU) BipTyanbHUX MallluH
B pe3yJbTaTi BUKOHAHHS OOYHCICHD 3 PI3HOK KUIBKICTIO
siIep y CKJIai mporiecopa, 1o moka3aHi Ha puc. 2.
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Puc. 2. [IpoxyKTUBHICTE Ta piBEHb YTHITI3ALI1

L1i 3a/1€)KHOCTI CBi4YATH, 1[0 BUCOKA MPOTYKTHBHICTh
BIpTyaJIbHUX MalIMH NPH BUKOHAHHI IOTOYHHX 3aBJaHb
CYIPOBOIKYETHCSI HEBUCOKUM piBHEM yTHIII3aIlii IPOAYK-
TUBHOCTI BIPTyaJbHUX MAIIWH BiTHOCHO HOMiHAIIbHUX
3HAUCHb.

3 iHmoro OOKy Taki CITiBBiITHOIIEHHS CTBOPIOIOTH
YMOBH JUUISI I ITPUMKH BHCOKOT'O PiBHSI TOTOBHOCTI MallIH
JI0 TI0YaTKy BUKOHAHHS 00YHCIIEHb

BucnoBku. 3a1aui 6araTokpuTepiaabHOTO BHOOPY 3
BH3HAYEHHAM JOIIFHIX BapiaHTiB MPETEHICHTIB CKJIa1a-
I0Th TOLIMPEHUH Kiac 3ajad, BUPIIICHHIO SKUX MpH-
CBSIYEHO JIOCUTh 0araTo IOCIHiKeHb. [CHYIOYi TAX0IU 0
BUPIIICHHS X 3a]a4 He 3aBKAM JJO3BOJISIIOTh BU3HAYATH
00rpyHTOBaHI 30a1aHCOBaHI PIIIEHHS 3 TOBHOI[IHHUM ypa-
XyBaHHSIM 0OCOOJMBOCTEH NpeameTHoi obOiacti, oOpaHnX
KpHTepiiB Ta yMOB iX oniHroBaHHs. [I0piBHSIHHS OLIIHOK IO
KPHUTEPisiM 4acTo BiOyBaeThCs 3 CyO €KTUBHHMX MO3UINH
0e3 HaJe)KHUX OOIPYHTYBaHb, IO IO3HAYAETHCS SIK HA
pesynbTatax BHOOpY, Tak 1 Ha MOXJIMBOCTSX IX Mpak-
TUYHOTO 3acTocyBaHHA. Bimomi mpouenypu OaraTokpu-
TepiaJbHOTO BHOOpPY, Taki, SIK METOJ aHANi3y iepapxii,
BHKOPUCTOBYIOTh (DiKCOBaHI IIKadX BUMIPIOBAHHS ISt

MOPIBHSHHS 3HAY€Hb, 110 B NPAKTUYHHUX CUTYaLisiX MO-
JKYTh HE BIIOBIZATH peaJbHUM CITIBBITHOIICHHSM ITOKa3-
HUKIB. [HIIUM CYTTEBMM HENOJIIKOM TakKUX IPOLEAYp €
BIZICYTHICTh BpaxyBaHHS HasBHOCTI HENIHIHHUX 3ajex-
HOCTEH y CKJaJl CHiBBIJHOIIEHb MK OIIIHKaMH 3a KpH-
TepisIMH Ta aTpUOyTaMH PIllleHb y PI3HUX [iama3oHax ix
3Ha4yeHb. Lle Moke MPUBOANTH 10 OTPHMaHHS HealeKBaT-
HUX OI[IHOK PillIeHb 3 BiAIIOBITHUMH HETaTUBHAMH HACII]I-
KaMH.

[ponoHyeThCsl BUKOHYBAaTH KOHCTPYIOBAaHHS PillleHb
OaraTokpuTepiaJbHHX 3a/7a4 BHOOPY HAa OCHOBI YHOPSI-
KyBaHHSI ITPETCHACHTIB MIJISIXOM ITepaTHBHUX IOCTYIIOK 3a
oOpaHuMu KputepisiMu eeKkTUBHOCTI. B pesynbraTi ymo-
pAIKyBaHb IMPETCHAEHTIB pillleHb BinOyBaeTbesi (opmy-
BaHHs [lapeTo-onTHUManbHOI MiAMHOKMHU Ha TMiJCTaBi
BU3HAYCHHS KpAlMX CIIiBBIJIHOLIEHb OILIHOK 3a y3roJpKe-
HUMU KPUTEPISIMU.

Jns BH3HAYGHHS OKPEMHX OLHOK pillleHb, IO
NPUHAMAIOTBCS,, BUKOPUCTOBYETHCS CYKYIHICTH MareMa-
THYHUX MOJeNeHd, sKi O3BOJAIOTh MOOYIYyBAaTH 3aleK-
HOCTI 3HaUCHb KPUTEPIiB Bix aTpUOYTiB MPETEHACHTIB pi-
meHs. @opMyBaHHS HOCHTITOBHOCTI IPETEHACHTIB PillleHb
BiZI0OYBAE€THCSl HA OCHOBI pe3yJbTaTiB MOPIBHSHB 32 OKpe-
MHUMH KPUTEPISIMHU 3 BU3HAYCHHSIM aJIbTEPHATHBHUX Bapi-
aHTIB pillIeHb Ta X OLIHOK €)eKTUBHOCTI.

PosrisHyTHii npuKiIag 6araToKpuTepialbHOTO BHOO-
PY AOLIJIBHUX BapiaHTiB MOOYAOBH BIPTYyalbHOI CHCTEMH
00poOKHM JaHUX Ha OCHOBI XapaKTEPUCTHUK BIipTyaJbHUX
MAaIlliH BiJl TPOBaWIepiB TEXHOJOTiIH XMapHOI 0OpOOKH
JaHUX CBIYUTH MPO MOXKIMBICTH 3aCTOCYBaHHS IiIXOIY,
IO TIPOTIOHYIOTHCA, Yy CKJIAHl MACHCTEM IiITPUMKH
NPUHAHATTS pillieHb JUIs BUPIIICHHS 3a7a4 ONepaTHBHOIO
YIpaBJIiHHSA AMHAMIYHAMH ITpoLiecaMy 00CIyrOByBaHHS Ta
BHUPOOHUIITBA.
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YIIPABJIIHHA B TEXHIYHUX CUCTEMAX

CONTROL IN TECHNICAL SYSTEMS

YK 62-52 DOI: 10.20998/2079-0023.2022.02.07

O. C. KYIIEHKO, C. B. KOBAJIEHKO

KBA3IAHAJITUYHUNA METO/{ OGEPHEHHSA JITHIMHUX JMHAMIYHUX CUCTEM

3agaua OOepHEHHS AMHAMIYHHX CHCTeM Halyia IIMPOKOTO MOIIMPEHHS IPH PO3B’SA3aHHI 3a7ad yNPaBIiHHA, iJeHTU]iKamii, BUMIPIOBaHHS, IO
BUHHUKAIOTH IPH NIPOEKTYBAHHI Ta JOCHTIIKEHH] eeKTPHYHUX 1 MEXaHIYHUX TUHAMIYHUX CHCTeM. IHBepTyBaHHS € e()eKTHBHHM CIIOCOOOM peaizamil
MPOLIECIB YIIPABIIIHHI 10 00YPEHHIO, 8 TAKOXK Y KOMOIHOBAaHHX CHCTEMaX yIMPAaBIiHHS 3 IPOTHO3YIOYO0I0 MOJIEILTIO. AHAII3 Kepen iHdopMmarii mokasas,
110 TIPY IPAKTHYHOMY PO3B’si3aHHI OLIBIIOCTI 3324 0OepHEHHS BUHUKAE HU3KA TPYIHOILIB, [IIO ITOB’s3aHi 3 BUCOKOI Yy TIMBICTIO Pe3yJIbTaTiB CTOCOBHO
TOYHOCTI 3aBJaHHS IIapaMeTpPiB MaTeMaTHYHOI Mopeni 00’€KTa yIpaBIiHHS, HECTIMKICTIO 3BOPOTHOI MoJeNi HeMiHIMalbHO-(a30BHX 00’€KTiB,
MOPYIICHHSIM yMOB ()i3HYHOI peatizoBaHOCTi. B po6GOTi mpomoHyeThest e)eKTUBHUN METOA OOCpHEHHS! JIIHIHHUX CTAI[IOHAPHUX AWHAMIYHHX CHCTEM
0araTo B 4OMy BiNBHHMII BiJ 3a3HAUCHUX HENONIKiB. B 0CHOBY MeTony MOKIJIaJeHO MOJAHHS BXiJHUX Ta BUXIAHHX CHUTHAJIIB y BHIVIAI HECKIHUEHHUX
JHHIHHUX KOMOIHALiH iX IMOXiJHMX. 3alpOIOHOBAHO METOJ BH3HAYEHHS MOCIIJOBHOCTI MAaTPHYHHX KOe(ILi€HTIB JIHIHHUX ySABIECHb BXiTHHX Ta
BUXiZHUX curHamiB. OCHOBHUM TEOPETHYHHUM PE3yJbTATOM € OTPUMAHHS B3a€MO3B'A3KIB MK MATPUYHUMH KOC(ILi€HTaMH BXITHHX Ta BHXiJHUX
cursaiis. B po0oTi po3risiiaroThess MaTeMaTH4HI MOJENI JIHIHUX JMHAMIYHHAX CHCTeM Y GopMi qudepeHniaTbHuX PiBHAHb y MPOCTOPI CTaHIB Ta B
eKkBiBaeHTHIN (opMi «BXiI-BuXig». PO3rmsHyTi cHCTeMH NOBHHHI BIANOBiZaTH yMOBAaM AaCHMIITOTHYHOI CTiHKOCTi, a TAaKOX YMOBi PiBHOCTI
pO3MipHOCTEl BEeKTOPiB BXOAy i Buxoay. HaBeaeHO BUMOrH 0 MaTeMaTHYHUX MOJENCH BXiJHUX Ta BUXIJHHX CHIHAJiB, BUKOHAHHS SIKUX JO3BOJISE
3aMiCTh HECKIHUEHHUX CyM, IO NPEJCTABIIIOTH CUIHAIH, OOMEKHUTHCS KiHIIEBUM YHCIIOM JJOAHKIB.

Kuarouosi cioBa: nuHaMiuHi cucremw, JNiHIHHI JudepeHmianbHi PiBHAHHS, TPUKYTHI OIOKOBI MaTpumi, 3ajada oOepHEHHS, NPOCTIp CTaHIB,
MATPUYHI PIBHSHHSL.

0. S. KUTSENKGQO, S. V. KOVALENKO
QUASI-ANALYTIC METHOD OF LINEAR DYNAMIC SYSTEMS INVERSION

The problem of inversion of dynamic systems has become widespread while solving the problems of control, identification, and measurement problems
arising during the design and research of electrical and mechanical dynamic systems. Inverting is an effective way of implementing disturbance control
processes, as well as in combined control systems with a predictive model. The analysis of information sources showed that in the practical solution of
most inversion problems, a number of difficulties arise, which are associated with the high sensitivity of the results in relation to the accuracy of the
parameters of the mathematical model of the control object, the instability of the inverse model of non-minimum-phase objects, and the violation of the
conditions of physical feasibility. The work offers an effective method of inverting linear stationary dynamic systems, free from the mentioned
shortcomings in many respects. The basis of the method is the presentation of input and output signals in the form of infinite linear combinations of their
derivatives. A method of determining the sequence of matrix coefficients of linear representations of input and output signals is proposed. The main
theoretical result is obtaining relationships between matrix coefficients of input and output signals. The work considers mathematical models of linear
dynamic systems in the form of differential equations in the state space and in the equivalent “input-output" form. The considered systems must meet
the conditions of asymptotic stability, as well as the condition of equal dimensions of the input and output vectors. Requirements for mathematical
models of input and output signals are given, the fulfillment of which allows, instead of infinite sums representing signals, to be limited to a finite number
of terms.
Keywords: dynamical systems, linear differential equations, triangular block matrices, inversion problem, state space, matrix equations.

Beryn. OOepHEHHS TMHAMIYHHUX CHCTEM € OJJHUM i3
OCHOBHHMX HAmNpsAMIB CydacHOi Teopii yHpaBIiHHS.
Po3B’s13aHHS 3a1a4i 0OCpHEHHS — BiHOBIICHHS BXiTHOTO
BIUIMBY MO BIZIOMOMY BHXOJy, HACHpPaBIi BBaXKA€ThCS
OJTHUM 13 HIIAXiB PO3B’sI3aHHS 3ajadi ynpaBiiHHA. Kpim
pO3B’si3aHHSA 3ajadi YIpaBIiHHA, 3a7ada OOepHEHHS
3HaXOAWTh 3aCTOCYBaHHS IpHM BHPIMIEHHI MIMPOKOTO
CHEKTpa TMpaKTUYHHUX 337a4, T[OB'A3aHUX 3 TEOpi€lo
ympaBimiHHSA.  Jl0o  OCTaHHIX  BIJHOCATBCS  3ajadi
iZeHTUdIKaIil IUHAMIYHUX ITapaMeTpiB CHUCTEM Ta

o0ypeHb, (inbTpanii curHamiB, KepyBaHHS 3a HasBHOCTI
00ypeHb, 1110 He BUMIPIOIOTHCS, TOLIO.

Orasig i ananiz mxepen indopmanii. Ilepmmvu
myOmiKamissMA y IIbOMY HAIpPsSIMi BBOKATHMYTBCS POOOTH
[1,2], vy sxux Oymo oGIrpyHTOBAaHO KpuTEpii iCHYBaHHs
3BOPOTHHUX OMNEpaTopiB Ta METOAM IX MNOOYyIOBH st
TMiHIAHUX cucTeM. 3HAYHUN BHECOK y PO3BUTOK Teopii Ta
NPaKTUKKA 1HBEpCii IUHAMIYHMX CHCTEM 3po0JeHO0 Y
pobortax [3-5]. Y HHMX 3anpoIOHOBAaHO OpUTiHAIIBHI
KpuTepii 000pOTHOCTI JAWHAMIYHUX CHCTEM Ta HaJaHO
KOHKPETHI LIUISIXH PO3B’si3aHHS 3aja4i oOepHeHHs. Huska
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NPaKTUYHUX pE3yJbTaTiB PO3B’s3aHHS 3ajad iHBEPTY-
BaHHsS CTOCOBHO €JIEKTPHUYHHUX 1 MEXaHIYHHUX CHCTEM
HaBesieHa y poboTax [6, 7].

Pi3Hi anroputmMu OOEpHEHHS IUHAMIYHHX CHCTEM
MOXHa 3Haiitu y poborax [8,9]. ¥ mux poborax
JOCTIKYIOTBCSI TTUTAaHHS, TOB’S3aHi i3 OOOPOTHICTIO Ta
OJTHO3HAYHICTIO BiHOBIEHHS BXoxy. OCHOBHOIO MpoO-
JIEMOI0 TIPH PO3B’s3aHHI 3a1ad OOCpHEHHS JWHAMIYHUX
cucteM € mpoOieMa CTIMKOCTI METOHIB pilieHb 110
BiJHOMICHHIO 10 pI3HOMAaHITHUX HEBHU3HAYCHOCTEHl:
MoXMOOK TpH 3aJaHHI TMapaMeTpiB CHUCTEMH, 30ypeHb,
MOXMOOK BHMIpIB BHXOAY TOIIO. AJTOPUTMH OOCpPHEHHS
OyIyBaiucs y MeXaxX METO/IiB FapaHTOBAHOT'O OL[IHIOBAHHS
[10, 11], metoxiB Teopii HekOpekTHUX 3amau [12—14] Ta
Teopii aBTOMAaTUYHOrO ymHpaBiiHHA. 3anadi OOepHEHHS
IWHAMIYHUX CHCTEM TICHO IIOB’si3aHl 13 3amadamu
IUHaMiyHUX BuMipiB  [15, 16]. OpurinanbHi  MeTOAU
PO3B’s3aHHSA 33129l TUHAMIYHOTO BUMipy 3aIIpOTIOHOBaHI B
[17, 18].

3 amamizy mxepen iHpopMarii MOXHa IIHTH IO
BHCHOBKY y TOMy, IO TpH NpPaKTUYHIA peami3armii
OUTBIIOCTI MeTOMIB OOCpHEHHSI BUHUKAE Oe3Iid mpobiem,
NOB’si3aHUX 3 3a0e3medyeHHsM  CTidkocTi, (iznuyHOl
peasi3oBaHOCTi, POOACTHOCTI 1 KOPEKTHOCTI 3BOPOTHHX
ormeparopis.

[lepepaxoBaHi CKJIagHOII B Psiji BHMNAIKIB MOXKHA
00INTH, IPYHTYIOUHUCh HAa CIPOIICHUX MaTeMaTHYHHX
MOJIEIISIX TUHAMIYHHUX CHCTEM, a TAKOK Ha aHaJITUYHOMY
ySIBJICHHI CHTHAJIIB Ha BXOJaX Ta BUXOJAX.

OoOepHenns cucreMu y ¢opMmi «BXiZ—BHXim».
Po3srnsiHeMo MaTeMaTHYHY MOJIEJb KEPOBAHOTO MPOLECY Y
(bopMi «BXig—BHXII»:

AYP + AYPY 4+ Aly=Bu® +Bu“ +
+...+ Bqu,

1)

e AO,Ai,...,Ap —nxn, a BO,BI,...,Bq - nxm
MAaTpHIIi MapaMeTpiB 00’ €KTa YIIpaBIiHHS;

yeR" T1a UeR" —Bektopu BuXOQy Ta BXOOY
BiAIIOBiHO.

[ependauaeTbest Takoxk, mo cucrema (1) criiika Ta
3a[I0BOJIGHSE YMOBI (i3u4HOI peanizyemocti P=0. 3
iHImoro 60Ky, mepeadavyaeTses, mo cucrema (1) HeBHpoOI-

KeHa, To0TOo |Ap| #0 Ta |Bq| # 0, a po3MipHOCTI BEKTOPiB

BXOJy Ta BUXOJMy 30iratotecst (N=m).

3 Teopii cucteM NiHIHHUX TU(EpEHITIaTbHIX PiBHIHD
BiJIOMO, 1110 PO3B’s130K (1) CKJIagaeThCsl 3 IBOX KOMIIOHEHT:
BJIACHOT Ta BUMYIIICHOI. BiIacHa CKi1ajoBa 3aJIeKUTh TUTBKU
Bijl mapametpiB cucremu (1) 1 At CTIKMX cUCTEM IIparse
HyJIs 31 IIBUAKICTIO, [0 BH3HAYAETHCS PO3IOILIOM
KOPEHIB  XapaKTepUCTHYHOTO pIiBHAHHA. BumymieHa
CKJIaJIOBa BU3HAYAETHCS SIK ITapaMeTpaMu CUCTEMH, TaK i
BHIIOM Kepyrouoro BILTHBY U(t), a ToMy # mpeacTaBise

OCHOBHHMH 1HTEpeC 3 TOYKHM 30py PpO3B’S3aHHS 3aj1ad
YIOPaBJIiHHS.
Bynemo mykaru BumymeHuit po3B’si3ok (1) y Burmsii

y() =3 cu®, 0

ge  C,,C,,...
YEHHIO.

Jis iX 3HaXOMKEHHA MiAcTaBUMO (2) y BHXiTHE
piBasaHHEA (1) 1 IpHUpiBHSIEMO MaTpPHYHI KoeilieHTH TpH
OTHAKOBHMX TMOXIMHUX Yy JiBiif Ta mpaBiii dYacTHHAX
OTPHMAHOTO CITiBBITHOIICHHS. B pe3ymbraTi oTprMaemMo
HECKIHYEHHY CHCTEMY MaTpUYHHUX JIIHIHHUX PIBHSHb JUIS
BusHauenns C,,C,,...:

— NxN MaTpuil, WO MiJIATal0Th BU3HA-

AC, =B,
AC +A,,C, =B,
ApCp + Ap—lcp—l +...
ApC +Ap_ICp +...

©)

BinnoBigHuii GJIOYHO-MATPUYHUIN 3aKHC CHCTEMHU
piBHAHB (3) HaOyOEe BUTIIALY:

A, 0 0. C, B,

ALA O, C.| |By

A A LA =] By |- (4)
.......................... 0

0 0.A ..A

.......................... : 0

Ockinpkn cucrema (3,4) Mae OJOYHO-TPUKYTHY
CTPYKTYpPY, 1 PO3B’A30K JIETKO OTPUMATH IOCIHiTOBHUM

PO3B’SI3aHHSIM ~ HAWIPOCTIIIMX  MAaTPUYHHUX  JHHIHHHX
PIBHSIHB:
AC,=B,, C,=A'B,, AC,+AC =B,
C, = A} (B, - A,.C,),
A, Co+ALC+AC, =B, ,,
C,= A;l(Bq_2 -A,C,—A_C),
1 Tak maii.

HeBaxkko mobGauntu, mo po3s’s3aHHs (4) BHMarae
JIUIIE OJTHOTO OOCPHEHHS MaTpPHIL Ap . lle MmoxxHa Bpaxy-

BaTH y BHUXIJHOMY TIOJaHHI MaTeMaTHIHOT MOAeTi 00’ exTa
VIOPaBIiHHS, pO3MIAAOYM  HaBEACHY MOJEJb, sKa
OTpYMMaHa 3 BUXITHOI MHOXEHHSIM BCix Marpuilpb (1) Ha

-1 . .
MaTpPULIO Ap . Takum unHOM, 6€3 OOMEKEHHS CITITHPHOCTI

MO>KHa BB)KaTH MATPHULIIO /-\p B (1), (3), (4) onuHUYHOO.

Hdnst po3’s3aHHSA 3amadi OOCpHEHHS MOMIHIEMO
MicisiMu  Bxix 1 Buxig cumeremu (1) 1 3amicte (2)
mykatumeMo ¢Qyukiiro U(t) 3a samanoro Y(t) y Bursmi
aHaNIOTIYHOMY (2):

u(t) = i D, y®, (5)
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ae Dy, D,...
Toni cucrema piBHSAHD I OOYHCIEHHS MaTpHUIlb

— NxN Matpur.

D,,D,,... Habyne Burisiny aHajoriuaomy (4)
B, D) (A
By: B, D, A
B,, B, B, D, | | - | ©)
....................... . A,
.............. B,..B, || - 0
V pasi SISO cucrem marpuni C,,C,,..., Dy, D,,
ABIISIOTE €000 ckasipu. Bekxropu ¢ =(cy,¢,¢,...) 1

d=(d,.d
BEKTOpaMH IIPIMOTO Ta 3BOPOTHOTO OJHOBHMIPHOTO
06’exTy ynpapiinHs. XapakrepucTuuni Bektopu ¢ i 0 €
s SISO enemenTa 3 mepenaTHOO (HYHKITIERO

d2 ) Ha3MBAaTUMEMO XapPaAKTCPUCTUYHUMU

w(s) = =

p p-1 ’
aos +as +...+ap

Ta OOYHCIIOIOTHCA TTO/1I0HO OaraTOBUMIpHUM 00’ €KTaM.
Po3risiHeMo mociIoBHE 3’ €JJHAHHS IBOX €JICMEHTIB 3
nepematHuMu GyHkuisMu W, (S) i W,(s) (puc. 1) Tta

XapaKTepPUCTHIHUMH BEKTOpaMu € 1 § BigMOBiTHO

4)"(” w,(s) =) w,(s) —}'V(I)

Puc. 1. ITocnigoBHe 3’€AHAHHS TAHOK

Toxi s Buxigaux curHamxie X(t) i y(t) ) moxna

3anucaTy CHiBBiAHOMEHHS BUIY (2) Ta (5)

Yyt =>g,x, %
i=0
x(t) = icku(k). 8)

MincraBnsroun (8) no (7), orprMaemMo

y(t) = Zg,dt,[ch ‘“j Zg Zc Uk =
=3 fu®,

i=0

©)

Jle KOMIIOHEHTH XapaKTEepPUCTUYHOIO BEKTOpa MOCIi-
nosroro 3’enHanns T =(f, f,...) obuucmoerses 3a op-

MYJIOHO:

=3 g6, iik=012. . (10)

jrk=i

Cxopucraemocs cmiBpigHomerHaMu (9) 1 (10) ms
3HAXO/KEHHS B3a€EMO3B’SI3KY MK XapaKTePUCTHUIHHMHU

Bektopamu ¢ i 0 TmpsMoi Ta 3BOpOTHOT IMHAMIYHMX CHC-
TEM, MOCIIIOBHE 3’ €JHAHHSA AKUX HaOyJie BUIIIALY, 300pa-
>KEHOTO Ha puc. 2

“O |3 eun| YO S,y | O

k=0 =0

Puc. 2. TlocninoBHe 3’€AHAHHS IPSMOT Ta 3BOPOTHOI CHCTEM

Toni, 3rigao 3 (9) Ta (10), oTpumaemo

u®)=> > ¢du® kj=012.. (11)
i=0 K+ j=i
I3 (11) 6e3mocepenHpo ciigye
d,c, =1,
3 dc, =0, i=12.;kj=012.. (2

K+ j=i

CrissigHoreHHs (12) mpUPOAHO MOXHA MTOIIUPUTH
Ha kBaapatHi MIMO cucremu:

DOCO - 1
3 D,C, =0, i=12.;kj=012.. @3
K+ j=i
[lomiHsieMo MicusMH TpsMy Ta 3BOPOTHY 3ajaui
(puc. 2). Tomi oueBumuo, mo it SISO cucremu

crniBBigHomeHHs: (12) He 3MinAThes. o x mo MIMO
CHCTEMH TO aHAJOT CHiBBigHOIIEHS (13) HaOyme BUTISAY

C,D, =E,
Y. C,p =0,

k+j=i

(14)

i=12.:k j=012.. .

CmisigHoriennst (13) a6o (14) cmimsaO 3 (4)
JTO3BOJISIFOTH JIETKO OTPHUMATH PO3B’ 30K 3a7a4i 00epTaHHS
NHIHHOT TMHaMiuHOT cucTeMu (1) y BUIJIsIII HECKIHUEHHOT
cymu (5). dani 6yne po3mIsHYTO YMOBH, 3a SIKHX MOJKHA
00OMEXUTHCS KIHIIEBUM YUCIIOM JOIaHKIB y BHpa3i (5).

OOepHeHHs1 JiHIHHUX JAMHAMIYHMX CHCTEM Y
NpocTopi cTaHiB. Y3aralbHUMO PO3IVISIHYTHH METOxA
oOepHeHHsI JiHIHHUX CHCTEM, 3aJaHuX y (opMi «BXim—
BUXIl» Ha CHCTEMH, 3aJaHi y MpocTopi crtaniB. Hexait
JudepeHmianbHi PiBHAHHS CUCTEMH MAlOTh TPAIMLIiHHNI
BUTJIST

X = Ax + Bu, (15)
y = CX, (16)
ne X e R" —Bekrop crany;
Ue R"™ — BekTop ynpapiinb;

y € R® — BexTOp BHXOY;

A,B,C — nocriiini MaTpwIli BiMOBIAHUX PO3MIpiB.

Hanami mpumyckaTuMeMO «KBaJpaTHY» CTPYKTYPY
cuctemu (15), (16), To6TO PO3MIPHOCTI BEKTOPIB yIIpaB-
JIiHB Ta BUXOY 30iratothcs (S =m).

BynemMo miykatH BHMYILEHY CKJIaJOBY pO3B’S3KY
(15), (16) y Burmsni anamoriudomy (2). Hdas uporo
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HomepeIHbo 3HalAeMO po3B’ 130K (15) BiJHOCHO BeKTOpa
CTaHy y BUIIISAIL

x(t) =3 C,u® (t) (17)
I3 (17) chipye
%(t) = > C,utD ). (18)

MMincraBumo (16), (17) i (18) B (15). B pesymnprarti
OTPUMAEMO

Zx:Cku(k“} = Aicku(k) +Bu.

k=0 k=0

(19)

[MpupiBHIOIOYM MaTpU4HI KOS(ILIEHTH MPU MOXITHUX
u® oxmoro NOPAAKY B JiBiH Ta mpaBiit wactuHax (19),
OTPUMAEMO CHUCTEMY PEKYpPEHTHHX CIIiBBIIHOIICHb IS
obuncnenns matpunp C,

AC,+B=0, AC,,=C,, k=00,

3 AKHUX Oe3MocepeHbO BUILTHNBAE
C,=—-A"'B, C,=-A"’B, ..,C, =—A VB, (20)

TakuM 4YHHOM, BHMYIICHA CKJIaJ0Ba pPO3B’SI3KY
cuctemu (15), (16) Habyne BUTIISLITY
= (K
y(t)=>.Cu“ ), (21)
k=0
ne C, =—CA*"B,

Jliist 3HaXOJKEHHST 3BOPOTHOTO OMeparopa CKOpHUC-
TAEMOCS pe3yIbTaTaMu, OTPUMAaHUMU paHille y pasi npej-
CTaBIICHHS cUCTeMH y hopMi «BXin—Buximy. lllykarumemo
po3B’s30Kk 3amaui iHBepcii y Burmani (5). Tomi marpwmi
D,,D,,... Moxyrb OyTH OOYMCIEHI Ha MiJICTaBi CIHiB-
BimHoIIeHb (13) abo (14).

BinmoBimHa cucTeMa JTiHIHHUX MATPUYHUX PiBHSHB
HaOyie BUTILILY

D,) (E
D | |0
D, |=| 0

Po3B’530K OCTaHHBOI CHCTEMH PiBHAHB 3HAXOIAUTHCS
B pe3yNbTaTi HACTYITHOI PEKYPEHTHOI IpOLeAypH

Dy =561'
D, =-D, Y CD;; j=012.,i,k=12.. (22

i+j=k

VY pe3ynbTaTi 3BOPOTHHI OMEPaToOp MATUME BHIJIS
(5), me matpuwi Dy, D, D,... o6unciroroTscs 3riguo (22).

Mpukaan. 3agana nuaamivaa SISO cucrema apyro-
T'0 MOPSAJKY Y IPOCTOPi CTaHiB

X =X, +U,
X, ==X — X, +U, (23)
Y =X +X,.

Tpeba 3Haittu kepytounii curaan U(t) , sskomy Bixno-

Biz[ae BUMYIICHA CKJIaJ0oBa CUT'HAJTy Ha BI/IXO[[i
y(t) =1+t +t>. (24)

Y BekTOpHO-MaTpU4HINA Popmi (23) Mae BUTIIAA

B
()

ne A=(_°1 _llj b=®, T =(11).

3HaiaeMo po3B’s130k (23) y Burimsazi (21). 3rimHo (20)
Ta (21) mOCMiOBHICTE MAaTPUIHHUX KOe(]ilieHTiB C . Oyme

MaTHu BUTISAO
C,=1 C,=-1 C,=0,C,=1 C,=1.... (25

KoedirieHTr 38B0pOTHBOTO OIepaTopa 3HAXOIMMO 3a
¢dopmynamu (22)

D,=1 D =1 D,=1 D,=0, D,=-2....
a 3BOPOTHHII onepatop Oyne MaTH BUTIISA
ut) =y +y® +ym -2y @ +... .

[icns mixcranoBku (24) B (26) oTpuMaeMo BUpa3 s
CUTHAIIy Ha BXOJi, IKOMY BimoBinae Buxin (24)

(26)

u(t) =—4+3t+t>. 27)

Jdus mepeBipku minctaBumo (27) y Bupas (21) 3
xoedinienramu C, (25). OTpumaemo

y(t) =u(t) —u(t) +u®) +u™ ) +...,
y(t) =1+t +t?,

10 CHIBIIAJA€E 3 BUXITHAMHA TaHUMH.

OOroBopenHsi  pe3yJbTarTiB.  3amporOHOBaHUHN
MeTo]1 00epHEHHS TIHIHHUX TUHAMIYHUX CHCTEM, 3aJJaHUX
a6o y dopmi «BxXix — BuXigy», abo y IpocTopi CTaHIB 3BO-
JIUTBCSL IO TIOCTiZOBHOCTI MaTpPUYHUX OIepaliii 3 MiHi-
MaJbHOIO KIUJIBKICTIO OOCpPHEHb MATpHIb. YCi MaTpH4HI
orepartiii 31 CHIOIOTBCS Y MPOCTOPi 3 PO3MIPHICTIO, IO
BiJINIOBiZ]a€ PO3MIPHOCTI BUXITHOI cHUCTeMHU AudepeHii-
AIBHUX PIBHSHB.

OCHOBHUM OOMEXKCHHSIM METOJy € TEOpeTHYHA
HECKIHYCHHICTh KIUTBKOCTI WICHIB CYMH CKJIAQJOBHX
piureHHs 3ama4i oOepHEHHs. Y 3B’SI3KY 3 UM MPHPOIHO
HaKJIaCTH OOMEXEHHS Ha Kiac QpyHKmii yacy u(t) i y(t),

1110 MOJIEITIOIOTH CUTHAJIM Ha BXO/Ii Ta HA BUXO/Ii CHCTEMHU.

Hanpuknan, xkmac Z,, siKuid sBisie o000 MHOXUHY
Oe3mepepBHUX OOMEXeHHX (YHKIIH, mo audepeHtio-
IOTBCS Ta MalTh OOMexeHi moximui g0 |-ro mopsuky
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BKIIFOYHO, & TOXiJHI OUIbII BHUCOKHX TOPSIKIB JOPIiB-
HIOIOTh HYJIIO

Z, ={z() 11 2% (1) < . Vt €[0,7], Vk €01,

(28)
u, =0,Vk>1 }

V pasi HanexHocti pyHkmid u(t) i y(t) kmacy Z,
HeckiHueHHI cymu (2), (5), (21) mepeTBOpIOIOTHCS Ha
KiHIeBi. HaiiikaBimmMm npeacTaBHUKOM Kiacy (YHKIH
Z, e noninomu crynens He Bumie | . Metoau intepmossrii

Ta anpokcUManii GyHKIIH mojliHoMaMu 100pe BUBYEHI Ta
3HAMIUIM IIMPOKE 3acToCyBaHHs Ha mpaktumi. Crin
3a3HauMUTH, 0 BIANOBIAHO 10 TeopeMu Beliepiirpaca npo
anpokcuMaliiro, Oyap-sKy Oe3nepepBHY (DYHKIIIO MOXHA
aTPOKCHMYBATH MTOJIIHOMOM 3 HaIlepe]] 3aJaH0K0 TOUHICTIO.
KiHueBuMHu cyMaMu NPUOIU3HO MOXKHA OOMEXHUTHUCS TaK

caMo y BHmajKy, skimo mocrmizosrocti u® (t) i y®(t)

k=0,1,2... BKOXHHUII MOMEHT Yacy sABJISIOTH COOOIO PsIIH,
wt

o cxonathes. [Ipuknanamu mux Gyukuiii e f (t) =e” Tta
g(t) = asin wt + bcos wt . JliiicHo:

FO@) =we”, k=012...

CryneHeBuit 1, w, w*... sBiIsEe coOOIO

psx:
reOMETPHYHY IIPOTpecifo, Imo 30iractees mpu @ <1,
AHAJIOTIYHUN pe3yJbTaT MAE€ MiCIEe 1 JUId TapMOHINHHOT
¢byukii g(t) .

[Ipy npakTUYHOMY 3aCTOCYBaHHI 3alPOIIOHOBAHOTO
METOJy HEOOXiZHO BpaxyBaTH 3aTPHUMKy pe3yJIbTaTy
IHBEpTYBaHHSI, ITOB’A3aHY 3 00POOKOIO BHXITHOTO CUTHAITY
y pasi goBimeHOTO BHAy Y(t) . YV mpoMy BHOAIKY ciim pe-

KOMEH/1yBaTH IHTEPIIOJIAIIII0 MHOKHHN BUMIPIOBAaHHX 3Ha-
YeHb DPI3HUMHU aHANITHIHAMHU (QYHKIIISIMHA: TOJTiHOMaMH,
eKCIIOHCHTaMH, TapMOHIHHUMHU QYHKIIAMH, a TaKOX
crtaiiHaMu. JeTanapHO 3 TaKUM IMiJX0J0M MOXKHA O3Haio-
MUTHCH y poboTax [18, 19].
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0. B. AKHIIEZER, G. L. GRINBERG, L. M. LYUBCHYK, K. S. YAMKOVYI

FAILURE RATE REGRESSION MODEL BUILDING FROM AGGREGATED DATA USING KERNEL-
BASED MACHINE LEARNING METHODS

The problem of regression model building of equipment failure rate using datasets containing information on number of failures of recoverable systems
and measurements of technological and operational factors affecting the reliability of production system is considered. This problem is important for
choosing optimal strategy for preventive maintenance and restoration of elements of process equipment, which, in turn, significantly affects the efficiency
of production management system. From a practical point of view, of greatest interest is the development of methods for regression models building to
assess the impact of various technological and operational factors controlled during system operation on failure rate. The usual approach to regression
models construction involves preselecting the model structure in the form of a parameterized functional relationship between failure rate and affecting
technological variables followed by statistical estimation of unknown model parameters or training the model on datasets of measured covariates and
failures.The main problem lies precisely in the choice of model structure, the complexity of which should correspond to amount of data available for
training model, which in the problem of failure rate modeling is greatly complicated by lack of a priori information about its dependence on affecting
variables. In this work, such a problem is solved using machine learning methods, namely, kernel ridge regression, which makes it possible to effectively
approximate complex nonlinear dependences of equipment failure rate on technological factors, while there is no need to pre-select the model structure.
Preliminary aggregation of data by combination of factor and cluster analysis can significantly simplify model structure. The proposed technique is
illustrated by solving a practical problem of failure rate model building for semiconductor production equipment based on real data.

Keywords: dependability, factor analysis, failure rate, kernel methods, machine learning, production processes, preventive maintaince, ridge
regression, regression model.

O. b. AXIE3EP, I. /1. TPIHBEPT, JI. M. IFOF9HK, K. C. IMKOBHH

MOBYJIOBA PET'PECIMHOI MOJIEJI IHTEHCUBHOCTI BIIMOB 3A ATPETOBAHUMHA
JAHUMU 3 BUKOPUCTAHHAM METOAIB AAEPHOT'O MAIIMHHOT'O HABYAHHSA

Po3misiHyTO 33724y MoOyIOBU perpeciiHoOl MOJIeii IHTEHCUBHOCTI BiZ]MOB 00JIaTHAHHS 3 BUKOPHCTAHHAM HAOOPIB AaHUX, 1[0 MICTATh iIHPOPMALIiIO PO
KiJIBKICTB BiJIMOB BiZHOBJIFOBaHMX CHCTEM Ta BUMIPHOBAaHHS TEXHOJOIIYHUX 1 €KCIUTyaTal[iiHUX (haKTOpiB, IO BILIMBAIOTh HA HAMIMHICTH BHPOOHUIOT
cucremu. Lls npoGiemMa € BaXJIMBOIO Uil BHOOPY ONTUMAIBbHOI cTparerii mpodiJakTHYHOrO PEMOHTY Ta BiJHOBICHHS €JIEMEHTIB TEXHOJIOTIYHOIO
o0JIaIHAHHS, 1[0, ¥ CBOIO YEPry, CYTTEBO BIUINBAE HAa €(PEKTUBHICTH CHCTEMH YIPABIIHHS BHPOOHHIITBOM. 3 MPAKTHYHOI TOYKH 30py HAWOIMBIINIA
iHTepec MpeICTaBIsIe PO3po0Ka METO/IIB MOOYIOBH PErpeCciiHUX MOJIesel /1S OLIHKH BILIMBY Ha IHTEHCHBHICTb BiZIMOB Pi3HOMaHITHUX TEXHOJIOTTYHHUX
Ta eKCIUTyaTalidiHuX (haKTOpiB, KOHTPOJIBOBAHUX IIiJ Yac POOOTH CHCTEMH. 3BMYAWHMM MiAXix 10 moOymoBH perpeciiiHux mojelnei nepenbauvae
MoTiepe Hii BUOIp CTPYKTYpH MoZeNi y GopMi HapaMeTpru30BaHOTO (hYHKIIOHAIBHOTO 3B’ 3Ky MiXK iIHTEHCHBHICTIO BiJIMOB 1 TEXHOJIOTTYHUMH 3MiHHUMH
3 HACTYIHOIO CTAQTHCTUYHOIO OLIIHKOK HEBIJIOMHUX MapaMeTpiB Mojeni abo HaBYaHHSAM MOJENi Ha HabOpax JaHHX BHMIPSHHMX KOBapiaT i BiIMOB.
OcHOBHa npo0JemMa Noysrae came y BUOOpi CTPYKTYpH MOJIENi, CKIAIHICTh SIKOI MOBUHHA BiJIIOBIIATH KUIBKOCTI JaHUX, JAOCTYIHUX JUIS HaBYAHHS
MoOgieNi, 0 B 3aJadi MOJENIOBAHHS IHTEHCHBHOCTI BiIMOB 3HAUHO YCKIAIHIOETHCS BIICYTHICTIO ampiopHoi iH(popMmamii mpo ii 3aexHicTh Bix
BIUTMBAIOYMX 3MiHHUX. Y JaHiii poOOTi Taka 3a7aya BUPIIIYETHCS 3a JOMOMOTOI0 METO/IiB MAIIIMHHOTO HABYaHHSI, a caMe siIepHOT TpeOHeBOI perpecii,
110 J]a€ 3MOT'Y e()eKTUBHO allpOKCUMYBATH CKJIAJIHI HENIHIMHI 3aJIe)KHOCTI iIHTEHCHBHOCTI BiIMOB 00JIaIHAHHS B/l TEXHOJIOTTYHUX (haKTOPIB, IPH LILOMY
HeMae HeoOXiJHOCTI MOIepeHbOro BUOOPY CTPYKTYpH Mozeni. IlonmepenHe arperyBaHHs JaHUX IULIXOM HOETHAHHS (DPAKTOPHOTO Ta KIACTEPHOTO
aHaJTi3y MOXe 3HA4HO CIPOCTUTH CTPYKTYpY Mozeni. [IporoHoBaHa METOIMKA MPOLTIOCTPOBAaHA PO3B’SI3aHHAM MPAKTUYHOI 3a1a4l TOOYI0BH MOJENi
IHTEHCHBHOCTI BiZIMOB 00JIaJHAaHHS JUIsl BAPOOHHIITBA HAIIBIIPOBIIHUKIB HA OCHOBI pEANIbHUX JaHHX.

Kurouosi cioBa: HafiitHicT, QakTOpHMI aHANI3, iBEHB BiIMOB, SJIEPHI METO/IN, MAaIIMHHE HABYAHHS, BUPOOHNYI ITPOIIECH, TPOTHO3HE TEXHIUHE
o0cITyroByBaHHs, XpeOTOBA perpecis, perpeciiiHa Moaenb.

Introduction. Among the problems of production
management, an important place is occupied by preventive
maintenance, which is an effective tool for reducing costs
associated with failures and interruptions in production, its
repair and restoration, as well as maintenance costs [1].
Preventive maintenance ensures to determine when
maintenance should be carried out by estimations and
predictions of degradation state of production items and
expected time for occurrence of failures. Preventive
maintenance is also play in important role for production
and information and control system dependability ensuring.

In preventive maintenance implementation, failure
rate is widely used as important metric for evaluating
equipment reliability, wherein failure rate prediction is an
effective way to maintaince decision making [2].

The problem of estimating and predicting failure rate
using statistical data of failure streams has been studied in
detail in the literature. From a practical point of view, of
greatest interest is the development of methods for
predicting failure rate using their models, which take into
account the influence of technological and operational
factors controlled during the operation of the system. This
approach is implemented by building multivariate
regression models to estimate the relationship between
affecting factors (predictors or covariates) and failure rate.
A common approach to building regression models
involves preselecting of model structure as a parameterized
functional relationship between the output variable and the
affecting variables, followed by statistical estimation of
unknown model parameters or model training model on
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datasets of measured covariates and outputs. The main
problem lies precisely in the choice of model structure, the
complexity of which should correspond to the amount of
data available for training model, which in the problem
under consideration is greatly complicated by the lack of a
priori information about the dependence of failure rate from
affecting factors.

In this paper, the problem of failure rate regression
model building is solved in machine learning framework
using kernel regression method, which makes it possible to
effectively approximate nonlinear dependences of
equipment failure rate from technological factors. The
advantage of proposed approach is the possibility of
effective approximation of complex failure rate
multivariable dependence from affecting factors, while
there is no need to pre-select model structure, complexity
of which under such an approach is determined only by
amount of training data available.

Preliminary data aggregation using factor and cluster
analysis can significantly simplify regression model
structure. At the same time, the use of learning on clusters
method made it possible to significantly reduce the
complexity of resulting model and ensure its smoothing to
prevent the effect of “spatial oscillation”.

The proposed technique is illustrated by solving a
practical problem of failure rate model building for
semiconductor production process based on real data.

State of the art. The problems of failure rate model
building have been considered in detail in literature; the
main attention was paid to the development of methods for
constant or slowly changing over time failure rate
estimating using only data on failure statistics, building
models of the change in the failure rate over time and its
trend prediction using time series models [3].

A further development of such an approach was
development of methods for failure rate predicting using
their models, which take into account various affecting
technological and operational factors controlled during
production system operation. This approach is
implemented by building regression models of failure rate,
the foundations of which were laid in fundamental work
[4]. Subsequently, methods for failure rate regression
models building were studied in works [5-6]. Regression
analysis provides a set of statistical methods to estimate the
relationship between affecting (explanatory) variables and
failure rate as a model outcome. Explanatory variables
(predictors or covariates) are variables which might affect
a response variable, in reliability context, failure rate.

The usual approach to building regression models
includes a preliminary selection of model structure in the
form of a parameterized functional dependence between
output variable and explanatory variables (covariates),
followed by unknown models’ parameters statistical
evaluation or model training using datasets of measured
covariates and failures. The main problem lies precisely in
the choice of model structure, the complexity of which
must be consistent with amount of data available for model
training, which in the problem under consideration is
greatly complicated by the lack of a priori information
about the dependence of failure rate on affecting variables.
Recently, to building regression models, methods of

machine learning and neural networks have begun to be
used [7]. In this paper, to solve this problem, we use kernel-
based machine learning method [8] developed to build
high-dimensional ~ multivariate  nonlinear  regression
models.

Problem statement. Consider the problem of
building a regression model of failure rate using dataset,
containing information on the number of failures of
recoverable systems in certain time intervals and the results
of measurements of technological and operational factors
affecting system reliability. A set of of restored items are
considered, moreover, on each time interval n with length
7 the number of failures {f,(t), n=0,12,...}is observed.
At the same time, a set of technological and/or operational
factors (covariates in terminology of reliability regression

analysis) x" :[x1 X2 ... xN], that affect the failure rate

A(X) is measured; measurements are made at successive
times instances Xx(t, ) during a certain observation time

interval.

It is assumed, that at each observation interval
affected factors relative variations are insignificant and
they can be replaced with a sufficient degree of accuracy
by their average value over the interval, thus

X,T = [x% xrz] xr',\‘]will be considered as feature vector.

We will interpret the number of failures at current
observation interval as the results of “measurements” the
failure rate for corresponding value of feature vector at this
interval. In this way, the problem of failure rate model
building is reduced to restoring unknown dependence
A(x), using measurements dataset {f,, x,3™,, where M

is a number of observations intervals. In what follows, we

will denote X,\TA =[X; Xy ...Xy] the matrix of feature

measurements (training dataset) over entire observation.
Let’s take failure rate multivariable regression model
in parametrized quasi-linear form

AW, x) =" (x)w,

T 1 2 N (1)
9’ (x)=[¢ (x), 0" (x),...0" (x)],

where WT = [W1 W2 WN ] — model’ parameters vector;

o(x) — vector of coordinate functions,

T —sign of transposition.
Then measurement model taking into account (1) in
turn can be represented as

yn=¢T(xn)w+gn, n=1M, 2

where y, = f,/t — number of failures per time unit in
n -th observation interval,

&, — failure rate measurement error, which is, in
fact, the deviation of recorded number of failures on time
interval from their predicted by model (1) value.

In matrix-vector form measurement equation (2) may
be represented as
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Ym =DuW+ey,
T (3)
Dy =[o(x1) p(x3) ... p(xp )],

where y,\T/. =[y; Yo - Ym]and &) =[&1 &5 ...e ] are

vectors of measurements and errors respectively.

Using the ordinary least squares (OLS) method,
model (1) parameters estimate can be obtained as a solution
of following optimization problem:

(Ym — @y W) (ym — Dy ) = min, @)

which is well known Wy, = (@ @y ) 2Oy Yy -
Meanwhile, the use of such traditional approach in the
case under consideration encounters significant difficulties
connected with the necessity of rational choice of
coordinate functions ¢(x) and their number, which, in the

absence of a priori information about unknown restored
dependence, is a difficult problem. In addition, the possible
ill-conditionality of measurement’s matrix @@y,

which occurs with a relatively slow change in affected
factors, leads to a significant increase in estimation error.
Materials and methods. In this regard, to solve the
problem of failure rate model building, it is advisable to use
kernel-based machine learning method [8], which removes
the problem of choosing of a system of coordinate
functions. Let us choose coordinate function such that their

scalar products ¢ (x;)-p(x;) = x(x;, x;), i,j=1M are

kernel functions; for definiteness, choose a system of
kernels in the form of radial basis functions (RBF)

k(%X ) =exp(=o - (x=x )T (x=x")), o>0.
In accordance with kernel-based learning technique,

introduce kernel matrix Kn:CDMCDI,,,Which may be
found directly without reference to coordinate vector
functions, because Ky, =[k;; 1, kjj =x(x;,x;), i, j=1M.

We find model (1) parameters, in according to OLS
kernel approach [8] by regularized functional minimization
with linear constraints

81|\;|8M +yww —> min, em =ym —Ouw, (5
W,e
where  y > 0 —regularization parameter.
Introduce Lagrange function
Aley o w, p) =
T T T (6)
=emem Tyw wp (&g —ym +Dyw),
we obtain optimization problem (5) solution in the form
A T T \-1
Wy =@y (I + @y Py ) "y - ()
Taking into account that
@, @, =K, =[x(x;, x))], ®)
0 (x) Dy =[x(x,x;) K(x,X,) ... (3, x3)] = 5y, (%),
we get final expression for failure rate model XM (x)

obtained by training data {f,, X}, n =1LM

A () = 1y ()T + K)o ©
Note that regression model (9) depends only from

elements of kernel matrix K,; and vector k) (x),
calculated at the points of training sample and does not
require a preliminary choice of coordinate functions.
Regularization ensures stability of computational
procedure even for ill-conditioned kernel matrix Ky, .

Using kernel approach allows approximating complex
multidimensional dependencies, however, since the
number of kernels used is determined by number of points
in training dataset, the resulting restored dependency may
have the property of “spatial oscillation”. To prevent this
undesirable effect, it is advisable to carry out additional
smoothing of restored dependence on data cloud.

To do this, we use an additional regularization of
optimization problem (5), using data graph model [9],
described by adjacent graph, consists of nodes, that are all
observed data points, and matrix V =[v;], i,j=1M
determines edge weights v, in adjacency graph, wherein
the edge, connecting two data graph nodes (x;,x.),Iis

i
weighted by kernel function
2
vy =x(x, %) =exp{-o[x - x|} ©>0, (10)

defined over graph nodes [10] and reflect data cloud
geometric structure.

In this way, additional regularization term, smoothing
the evaluated function A(w,x)on training dataset with

edge weights V;; is the following:

QW X, ) = 3% (1w, x) - 20w, %) (1)

i, j=1
Thus, graph regulariser (10) ensures to find restored
function A(w,x)which has similar values for close data

points from training dataset.
In accordance with [11] approach, let’s take manifold
regularization term as data depended semi-norm

Qw, X,,)=4"(w, X,, ) LA(w, X,,),

A(w, X,,) =[A(w,x.), A(w, x,) ..y MW, 2, D], (12
where L —graph Laplacian matrix,
L=D-V,
(13)

M
D = diag[d,; d,, ... dyy ], dj = >V
i=1

At that, to construct a smoothing regulariser, we will
use data-depended kernels, corresponding to semi-norm
Q(w, X,,); explicit form of transformed reproducing

kernel £(x,x"), derived in [11], are given by:

k(X X)) =x(X,X)+

(14)
+ky ()(Iy + LKy, )" Lky, (),
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where K, ,K,, (X) defined by (8).

Such a choice of kernel functions implements the
smoothness assumption with respect to training dataset
geometric structure.

Obtained transformed kernels can be used to modify
failure rate kernel-based regression model:

- T N

Wy =@y (I + Ky ) "M

= T =1
Am (X)=ky ()7 Iy +Ky) “ym s

e () =[R(x, %) £(x, xp) .. £(x, )],

(15)

where K, =[x (x;, x;)] is transformed kernel matrix.

Thus, dependence (15) describes obtained smoothed
kernel-based regression model, that determines relationship
between failure rate and affecting factors.

Case study. The proposed technique was investigated
using real data from semiconductor manufacturing
industry, which was provided by Michael McCann and
Adrian Johnston [12]. The study uses Semiconductor
Manufacturing (SECOM) dataset available from
University of California, Irvine Machine Learning
Repository UCI Machine Learning Repository: SECOM
Data Set. The SECOM dataset contains data collected du-
ring semiconductor manufacturing process and represents a
series of monitoring signals from sensors at process mea-
surement points. Each example of SECOM dataset repre-
sents a single production entity with associated measured
features (affected technological factors), the labels
represent a simple pass/fail Yield in production quality
control (Yield = —1, pass, no failure, and Yield = +1, fail),
and associated date time stamp.

Training dataset contains 1567 examples, each with
590 measured features, and only 104 themes represent yield
failures.

Two datasets are provided [12]:

— secom_data.csv, contains time series of features
measurements from sensors;

— secom_labels.csv, contains time units and for each
time unit output result (yield pass/fail).

— Calculations for numerical experiments were
carried out using free software machine-learning library
Scikit https://scikit-learn.org/stable/.

The presence of a large number of observations and
their heterogeneous structure and statistical properties
predetermine the need of preliminary data cleaning and
preprocessing.

Some results of preliminary analysis of SECOM data
are illustrated in fig. 1. Proportion of failures in total set of
observations (fig. 1, a) indicates, that dataset is unbalanced,
there are only 7% “failed” items. Analysis of statistics of
failures distribution at fixed time intervals (fig.1, b)
confirms the hypothesis of its Poisson distribution, and
founds the assumption of failure rate constancy at certain
time intervals.

Analysis of empirical distributions of affecting
technological factors showed that in the most cases features
are distributed approximately normally, for example,
histograms visualization of measurements from first 9
sensors are presented at fig. 2.

a) b)

Fig. 1. Training dataset properties:
a — diagram of proportion of failures in total observations;
b — histogram of the daily distribution of failures
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Fig. 2. Measured signals from first 9 sensors histograms

s

Features covariance matrix heatmap is presented at
fig. 3, the number of factors having positive or negative
covariance values of more than 70% is equal to 262. At the
stage of data cleaning, pairs of features with a covariance
of more than 70% were removed; after this manipulation,
we get a total of 212 features.

Fig. 3. Features covariance matrix heatmap

Preliminary analysis showed that training dataset has
significant redundancy and contains many collinear feature
vectors. Thus, there is a need to aggregate data, which is a
prerequisite to reduce model complexity and training time
and increase model performance.

Data aggregation was carried out in three stages. At
the first stage, the entire set of observations was divided
into successive intervals, for each of which the observed
number of failures was fixed, and the feature vectors were
replaced by their current average value over the intervals.
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At the second stage, the reduction in the number of
features was performed by method of factor analysis, which
performs a linear transformation of original feature vectors
into the space of hidden factors of a smaller dimension.
Experimentally, the number of hidden factors, which
aggregate original features, was chosen as 5, the structure
of correlations between the initial features and found
hidden factors is illustrated by corresponding covariance
matrix, which is shown in fig. 4.

Fig. 4. Features-factors covariance matrix heatmap

Fig. 4 clearly shows, that each of hidden factors
correlates well with a certain group of initial features, while
obtained factors themselves do not correlate (fig. 5).

Fig. 5. Hidden factors covariance matrix

At the third stage of preprocessing, the clustering of
reduced dataset in factor space was carried out in order to
reduce the number of kernel functions in resulting failure
rate model, while centers of clusters were chosen as centers
of the kernel components of regression model, and average
values of number of failures for each cluster were used as
measured response function. At that, the construction of a
regression model on clusters in hidden factors space
provides its additional smoothing as a result of number
reduction of kernel functions used.

On fig 6, 7 the results of model training are presented,
regression model surface is given in projections on axes
corresponding to hidden factors (a — X1-X2 projection, b —
X1-23 projection, ¢ — X1-X4 projection, d — X1-X5
projection). Fig 6 shows visualization of base regression
model, trained on dataset constructed from original

features, averaged over the intervals, fig. 7 shows cluster-
based regularized smoothed model.

" : n
-_ -
» | ‘M - L
a .l -
“" |
m #

d

Fig. 6. Failure rate base regression model visualization
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Fig. 7. Failure rate smoothed regression model visualization

As a performance metric for built regression models
mean absolute mean absolute error (MAE) was chosen. The
results of computational experiments show that cluster-
based smoothed model demonstrates slight decrease in
accuracy (MAE=0.0211 compared to MAE=0.0199 for
base model), but avoids “spatial oscillation” as well as
overfitting, and is more stable to outliers and noise.

Conclusions. The results obtained indicate, that
proposed method for failure rate kernel-based regression
model building using machine learning technique provides
an opportunity to analyze the influence of a large number
of technological and operational affecting factors and to
successful approximate complex dependences of reliability
indicators with high accuracy. Further development of
proposed approach is expedient in terms of developing
methods and algorithms for failure rate and failures
themself forecasting based on time series of affecting
factors measurements in real time. To build a predictive
time-series model, it is also advisable to use kernel machine
learning methods.
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O.M. HIKYJIIHA, B. I1. CEBEPHH, B. O. IlIAPOB

PO3POBKA MOJIEJII 3ABAJJOCTIMKOI MEPEJAYI JAHUX AJIS1 IHOOPMALIIITHOT
TEXHOJIOT'Ti ONTUMI3BALII YIIPABJIIHHSI JUHAMIYHUMU CUCTEMAMHU

J11st KaHaJiB nepeadvi JaHHX, 1[0 BAKOPUCTOBYIOTCS Y JIOKAIbHUX CHCTEMaXx YIIPABIiHH Pi3HUMH ITPOLECaMy, HEOOXiHI IPOCTI i HE 3aTpaTHi METOAH,
SIKi TO3BOJIATH NepeJaBaTi HeoOXinHy iHpopManito 6e3 mommiok. [ToMuiky, siKi TparIsioThCs y Oe3NepepBHUX KaHalax 3B SI3Ky — OJJHA 3 OCHOBHUX
MeperoH s JOoCcTOBipHOI mepenadi iHpopmarii. B pesymprari aHamizy CTaTHCTHKH IIOMIJIOK Y JHCKPETHHX KaHalaX 3pOOJIEHO BHCHOBOK, IO
HaiyacTilie BUHUKAIOTh OJHOKPATHI Ta JBOKpATHI MOMMIKK. MeTa naHOI CTaTTi mojsirac B po3poOLi Mojelni 3aBafoCTiiKol mepenadi JaHUX s
iHdopMawiiHOT TeXHOIOrIT oNTUMI3alii yIpaBIiHHA JUHAMIYHUMH cucTeMaMu. [IpoaHaltizoBaHi IPUYNHN BHHUKHEHHS IOMUIIOK — 3aTaCaHHsI CUTHAIY,
LIyM Ta pi3Hi mepemKkoau. PesyapTyrounii nepefaHuii CHrHaJI BU3HAYAETHCS MOEAHAHHIM KOPUCHOIO CHTHAIY i CHTHAIy Hepemkox. Ilpu posrisiai
JIUCKPETHUX CHTHAIIB BHAICHO IEKUIbKA MPUYMH NOMUIIOK — KPaHOBi CIOTBOPEHHS, APOOJICHHS IMITyIbCiB Ta iHImN. Po3rmsHyTti MeToau 60poTsou 3
3aBaJjaMH: 3aCO0U EKCILTyaTalliiHOrO i IPO(ITAKTUYHOrO XapaKTepy; 3aCO0H ITiIBHILIEHH NEePEIKOAOCTIHKOCTI IpH Iepenadi OJUHUYHHUX eJIEMEHTIB;
BHKOPHCTAHHsI 3BOPOTHOTO 3B’SI3KY; JOJABAHHS HAUIMIIKOBOCTI O KOAY; 3aBaJOCTiliKe KOIyBaHHs. 3alpOIIOHOBAHO OOPOTHCH i3 MOMHJIKAMH
BUKOPHCTAaHHAM 3aBaJI0CTiiiKoro koayBaHHs. Cepesl 3aBa0CTIKMX KOIIB BHIIICH] HAIUIIKOBI OJI04YHI PO3IUTHMI CHCTEMATHYHI KOJH, SIKi TOIISAIOTh
Ha LUKJIYHI KOau Ta KoJ XeMMiHra. B 0CHOBY Moferni 3aBa0CTIHKOro KOAyBaHHS 3alpPOMOHOBAHO MOKJIACTH BUKOPUCTAHHS CHCTEMATHYHOIO KOIY —
LUKJIIYHOr0 Koxy abo koay XeMMiHra 3 HacTyIIHHM KacKaJIHHM KoxyBaHHSIM. OCKIJIBKM MOZEIb KOJIYBaHHs Ma€ aJalnTHBHO BUKOPHUCTOBYBATHCH B
pI3HUX cHCTeMaX, HEOOXiAHHM KpuTepieM Mogneni € ii yHiBepcaibHiCTh. Mojens MOBHHHA MPALOBATH B PI3HUX CHCTEMax 0e3 3MiHH AITOPUTMIB
KOIyBaHHs Ta AekomyBanHs. Cepen 6araTboX BHIIB 3aBaJOCTIMKUX KOIIB 00PaHO /I BAKOPHUCTAHHS KacKaJHi Koqu. PO3MOBCIOMKEHI KACKaIHI KOIH €
YHIBEpCAIBHUMH, JIETKO MaCIITa0yIOThCS, MPAIOI0Th CTabiIbHO, no0pe cebe 3apeKOMEHIYBaIN Y CBITOBIill MPaKTHIl, TOMY iX PEKOMEHIOBAHO UL
BUKOPUCTAHH Y Pi3HUX iH(OpMALIHHUX ynpaBisiounx cucTeMax. HaBeleHna peanizariis Mozieni 3aBafoCTiiikol nepegadi JaHuX.
KarouoBi ciioBa: nepeqava qaHuX, 3aBaJOCTIHKICTh, KOAYBaHHs, KOPHI'YIO4i KOAU, MOJENb, IHHAMIYHI CHCTEMH, iHDOPMAILIiiHA TEXHOIOTIL.

O. M. NIKULINA, V. P. SEVERYN, V. O. SHAROV

DEVELOPMENT OF A MODEL OF INTERFERENCE-RESISTANT DATA TRANSMISSION FOR
INFORMATION TECHNOLOGY OF CONTROL OPTIMIZATION OF DYNAMIC SYSTEMS

For data transmission channels used in local control systems for various processes, simple and inexpensive methods are needed that will allow the
necessary information to be transmitted without errors. Errors that occur in continuous communication channels are one of the main obstacles to the
reliable transmission of information. As a result of the analysis of error statistics in discrete channels, it was concluded that single and double errors
occur most often. The purpose of this article is to develop a model of interference-resistant data transmission for information technology optimization
of control of dynamic systems. The analyzed causes of errors are signal attenuation, noise and various interferences. The resulting transmitted signal is
determined by the combination of the useful signal and the interference signal. When considering discrete signals, several causes of errors are highlighted
— edge distortions, pulse splitting, and others. Considered methods of combating obstacles: means of operational and preventive nature; means of
increasing interference resistance during the transmission of single elements; use of feedback; adding redundancy to the code; tamper-proof coding. It is
proposed to combat errors using tamper-resistant coding. Among the interference-resistant codes, redundant block separable systematic codes are
selected, which are divided into cyclic codes and Hamming code. The basis of the interference-resistant coding model is the use of a systematic code -
a cyclic code or a Hamming code followed by cascade coding. Since the coding model must be adaptively used in different systems, a necessary criterion
of the model is its universality. The model should work in different systems without changing the encoding and decoding algorithms. Among the many
types of interference-resistant codes, cascade codes are chosen for use. Widespread cascade codes are universal, easily scalable, work stably, have proven
themselves well in world practice, therefore they are recommended for use in various information management systems. The implementation of the
interference-resistant data transmission model is presented.
Keywords: data transmission, immunity, coding, correcting codes, model, dynamic systems, information technology.

Beryn. Maibke KOXHHN NEPCOHATIBHUNA KOMII IOTEP
mijp’eqHaHUW 70 €IUHOI CBiTOBOI riI0OAIBHOT Mepexi,
KOXKHE HIJIPUEMCTBO MAa€ CBOIO JIOKAJIbHY 00UHCIIOBAIIb-
Hy Mepexy. Bce 1e ckiagae MinbsIpau 3’€IHaHUX HPHUCT-
poiB. [l 3abe3neueHHs 3B’ 53Ky MK yciMa NPHCTPOSIMHU
MIPOKJIaJICH] KaHAJH, SKi iX 3B’S3YI0Th. 3 IIbOTO BHUIIJIMBAE
BeJIMKa KUTBKICTH MpobieM 3B S3Ky: sIK mepenatd iHdop-
Malilo TakK, o0 OTpUMYBay NOBIIOMIICHHS OTPUMaB TY K
camy iHdopMmariro, SKy HOMy BiATIpaBISLIM;  SIK
MiHIMI3yBaTH BUTpPATH Ha YTPUMaHHSA KaHANIiB 3B 3Ky Ta
iHTII.

Ha cworomni mpoGnema 3aBamocTiiikoi mepemadi
JIAHUX TI0 KaHajaM 3B’S3KY € KOHIIENTYaJbHO OJHIEI0 3
HalBaXXJIMBIMIMX y Teopii mepenadi AaHUX. 3a peaTbHUX
YMOB IIpH TIepejadi BEIMKHX MAacHBIB JaHWX Ha IOKpa-
IIEHHs SIKOCTi iH(oOpMalii, mo mnepenaerscs, i 3abe3re-
YeHHsI 3aBaJ0CTiHKoCTI iHopMmanii koMIaHii BUTpadaroTh

HE MEHIIIE, a IHO/I U Olblie pecypciB, HK Ha TeHEePaIlio
Ta 00poOKy wiei iHdopmauii. Tomy mnpobiema 3aBasno-
CTIMKOCTI mepeadi JaHuX € aKTyaJlbHO0.

3aBajgocrilikicTs TuHAMIYHNX cucTeM. B Tenepimr-
Hill 4Wac icHye 0arato CKJIQJHUX IWHAMIYHHUX CHCTEM,
YIpaBIiHHSA SKAMHM BUMara€e BHUKOPUCTaHHA iH(opMa-
LIHUX TEXHOJIOTIH Uit CTBOPEHHS ab0 yJOCKOHAJICHHS
crewnianizoBaHux 1HGOPMALIHHNAX YIPABISIIOYMX CHUCTEM.
THumoBUM IpUKIIaI0M TaKO1 CKIIaJHOT TUHAMIYHOT CHCTEMHU
€ iHpopMariiiHa ynpasistoda cucteMa eHeproonoky AEC,
IO CKJIAJIA€ThCSI 3 0AaraThOX JIOKAIBHUX CHCTEM Ta TOTpe-
Oye MOJepHi3aIlil TUISIXOM ONTHMI3allii pi3HUX MOKa3HUKIB
sikocri [1, 2].

OpxHUM 13 TIOKAa3HUKIB € SKICTh KaHATIB 3B’S3KY, SKi
BUKOPHCTOBYIOThCS JuIsl Tepenadi iHpopmarii. Heskichi
KaHAIM Tiepefadi JaHWX, a00 HEesAKiCHI TEXHOJOTII, sKi
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BUKOPHCTOBYIOThCS Yy KaHajJax Iepeaadi JaHWX EeHepro-
6noxky AEC, MOXyTh NMPU3BOJIUTHU JI0 MO3AIITATHUX CUTY-
arii npu excrutyarauii pisHux cucreM Ha AEC, abo HaBiTh
aBapiil.

[TpoGnemMu MOXYTh BUHHKATH 3 NPHUYMHU TTOMHIIOK,
SIKI TPAIUIIOThCA y KaHANaxX Iepenadi JaHWX, M0 MOXKe
MPU3BOAWTH 0 HEMpPaBWIBHOI iHTEepHpeTamii JaHUX.
Hanpukian, 3amicts koxy «0100110110111010», mo Oyme
o3HauaTtH «Temmeparypa peakTopa y HOPMi» MpHiIe KOJ
i3 ¢azoBum 3cyBom «0010011011011101», mo Oyzme
o3Hauyatn «Temmeparypa peakTopa HIDKYE HOPMI», IO
MOXe€ ITPUBECTH, SIK HACIJIOK, 10 TEXHOTEHHOI KaTtacTpodu
MacurabiB Yopaobuimo a6o dykycimu.

CraTrncTnka NoMmIOK mepenadi ganux. Y Taou. 1
HaBeJleHI NpHOIU3HI 3Ha4eHHs IIMOBIpHOCTeil P, mepe-

Kpy4yBaHb CJIIEMEHTApHHX IBIKOBHX CHMBOJIB IJIs pi3-
HHUX THIIB KaHamiB 3B’s3Ky. [l aHami3y BHKOPHCTOBY-
€TbCcs UMOBIPHICHUH KpUTEPii, OCKUIBKHA HOTO TOLIIHHO
BUKOPHCTOBYBATH JUIS OL[IHKH 3aBaJOCTIHKOCTI AMCKpPET-
HUX KaHaJIiB 3B’s3KY IIPU BiIOMUX HMOBIPHICHHX XapaKTe-
pHCTHKax curHany i nepeurkon [3].

Tabmun 1 — VimoBipHOCTI epekpydyBaHb eJIeMEHTapHUX
JBIHKOBUX CHMBOJIIB

Tun kaHay 3B’SI3Ky Imosipuicts p,
ToBiTpsHi IPoBiHI KaHaH 107%-107°
KabenpHi 1 XBHIbOB1 KaHAIN 10 -10°
Pajtiopeneiini kananu 10°%-10"
VKX kanamu npsmol BUANMOCTI 10°-10"
KopoTKOXBHIIbOBI KaHAIN 10"-10"

Jnst kabedpbHMX, XBHJIBOBHX Ta OUTBIIOCTI IHIIMX
TUIIB KaHAIIB MPUTAMAaHHE 3HAYCHHS HMOBIPHOCTI mepe-
KpydyBaHb [, =107, TOMY caMme JIsl TaKOol HMOBIPHOCTI
PO3TIITHYTO KPaTHICTh HOMHIOK [3, 4].

VY kanamax 0e3 mam’sATi, TOOTO y KaHalaX, y SIKHUX
HMOBIPHICTH [OSIBU CUMBOJIY Ha BUXO/Ii 3 KaHAJTY 3aJIE)KUTh
TITBKH BiJ] CHMBOJY Ha BXOJi /O KaHAITy, HMOBIpHICTH
OTPUMAaHHS OYAb-SKOT TIOCiJOBHOCTI CHMBOJIIB Ha BHXOII
BHM3HAYAETHCS 3aJaHOI0 IOCTIAOBHICTIO Ha BXomi. Tak
HMOBIPHICTB NEpeKpyYyBaHHs N PO3PSIIIB 3HAXOAUTHCS 38

dbopmyioro [5]
R=Cpp-(d-p)"", @)

ne P, — HMOBIpHICTD MOMMJIKM KpPaTHOCTI t B KOIOBIiH
KOMOIHAIT;

C, — 4mcyI0 NoeHaHb 3 N 10 t .

HaBenena #MoBipHICTH mepekpydyBanb (1) mae
MOJKJIMBICTB IPOAHATI3yBaTH y SIKHX PO3psiax HalfgacTime
TPAIUISIIOTECS TTOMMJIKM Ta KPATHICTh SIKUX ITOMHJIOK €
HaiiOLIpI HeOe3NMeYHOI0 dYepe3 BTPATy JOCTOBIPHOCTI
iHpopmarii. CTaTHCTHKA TOMIJIOK 3JICKHO BiJl JTOBXKHHU
OJOKy JaHWX HaBelAeHa B Talm. 2, ge N — 3araibHa
KUTBKICTh PO3PSZIiB Y MOBIIOMIIEHHI, P, — HMOBIpHICTH

nn

NIOMMIKOBOTO MpUoMy 60Ky JaHMX po3MipoM N, i —

MOMHIIKA KpaTHOCTI t mpu Gnoui posmipom N [3]. Mimo-
BIPHICTB P,, — II€ CyMa BCiX HMOBIPHOCTEH MOMMIIOK IS
BCiX po3psaiB y KoMOiHaii 3a popmymnoro (1).

Ta6mums 2 — CTaTUCTHKA ITOMHIIOK

n KpaTHicTh IOMUJIKH ) Y BificOTKax D

1 [ 2 [ 3456 "
4 78 21 1 - — — 1 0.01600
9 56 32 9 3 — — 1 0.00274
16 42 37 12 6 1 — | 0.00400
30 40 29 13 8 5 2 0.00630

3 manmx Tabn. 2 BHOHO, IO aOCOJIOTHA OIIBIIICTH
MOMMJIOK TIPUITaJa€ Ha TMOMIUIKA KpaTHOCTi 1 1 2, Takmx
rmoMuiIok Oinbine 80 %.

Ha puc. 1 moka3zani rpagiku 3ane:xHOCTI IMOBIPHOCTI
TIOMMJIKH KpaTHOCTI t

t
P() = P - 1 @)
Bix N Ta P, , M0 BU3HAYAIOTh HMOBIPHICTH IEPEKPY-
YyBaHb.
1 =4 Bu=9 =16 B n=30
0,1xe
1,167
bypazs
111Ky
0,005
2 04 M8 ains
01,0603 b
) " 3 ;;hn_
02 L
0,001 (R0 P _ =S
0,01 [T — ===

Puc. 1. VIMOBIipHICTb IIepeKpy4IyBaHb 3aJI€XKHO BiJ] KPaTHOCTI
TTOMUJIKK Ta HMOBIPHOCTI IIOMHIJIKOBOTO TIPUHOMY

3a maHuM rpadikoM MOMUJIKU KPAaTHOCTI Oinbiie 2
HACTUIbKM MaJIOWMOBIPHI, 1O TX MOYKHa HE BPaXOBYBATH.
OCKINBKH st OLTBIIOCTI KaHAIIB 3B’S3KYy IMPHUTAMaHHE

-4
nepekpydyBane P, =107, a
CyYacHi KaHalM 3B’A3Ky HABITh MOXYTh TapaHTYyBaTH

3HAYCHHS WMOBIPHOCTI

3Ha4YeHHI P, =10"°. OnroBonokoHHI KaHamw nepenadi

3a6e3neuyroTh 3HaueHHs P, Big 10° 10 107 [4]. Takum

YUHOM HMOBIpHICTh (2) MOMMWIKH KpaTHOCTI Oinmbhie 2
HacTinpkn MamoimoBipaa (= 0,0000004), mo Taki
MOMMJIKA Ha MPAKTHUIN MOKHA HE BpaxoByBatH [4].

Mera Ta 3aaa4i qocaigxeHHs. MeTa cTarTi monsrae
B po3poO0Ii Mojemni 3aBajoCTiMKOi Mmepemadi JaHuX st
iHpopManiiHOT TeXHOJIOTIi onTHMIi3awuii yrpaBIiHHs AUHA-
MIYHUMHU cucTeMaMH. [l TOCSATHEHHS! METH IIOCTaBJIEHO
3ajadi.

1. IIpoananizoBaTé MPUYNHN BUHUKHEHHS IIOMUJIOK.

2. PosrisiHyTH MeTOM OOPOTHOU 3 3aBalaMH.

3. [loOynyBaTi 3aBafOCTIMiKy MOAETIbh mepeaadi
JaHHX.
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AHAJI3 NIPHYUH BUHUKHEHHS IOMUIOK. Bynb-sxuit
TEXHIYHHIA 3aci0 MOXE BUKIMKATH TMOMHJIKH — CHUTYAIll,
KOJIM JIBIHKOBa OJNWHHMII TMiJl BIUIMBOM psny (akTopiB
NepEeTBOPUTLCS. HA HYJb 1 HaBHakW. [IpyuvHaMu BHHUK-
HEHHS TIOMWJIOK € 3aracaHHsl CUTHAIY, IIyM Ta pi3Hi nepe-
mkoxau [3].

3aracaHHs CHTHAIy — II€ 3MCHIICHHSI 3HAYCHHS
CTpyMY, HanpyTu abo MOTYKHOCTI CUTHATY, KOJIM YaCTHHA
€Heprii CHTHally pO3CIIOETBCS Y BHIBILI BTpAT MiX dac
MIOIITMPEHHS CUTHAITY B JIiHIT 3B 3Ky, IO 3HWXKYE HiTKICTh
nputiomy. Llym — 11e mIKiATHUBI CHTHAIHM, SKi TIO€THYIOTHCS
3 KOPHCHHM CHTHAJIOM, NPHU3HAUYEHHMM JUIsl Iepeaavi Ta
npuiioMy, i CIIOTBOPIOIOTH Horo. binmit mym (TeruioBuid
LIyM) — CTQTUCTUYHHUI OJHODPITHUI LIyM, IO € PE3yJib-
TATOM DYyXY 3aps/DKEHHX YacTHHOK y (i3UYHOMY cepe-
noBumi nepenadi. [lepemkona — HebakaHa eHepris, IO
MPU3BOJNUTE JI0 CIOTBOPEHHS CUTHAITY MiJ 4ac oOpoOKu,
30epiranHs Ta nepenadi inpopmarii. [lepentkoau MOXKYTh
BUHMKATH 11033 allapaTHUMHM 3ac00aMu, IO NPUIMAiOTh
cuTHaN (30BHIIIHI TEepemKOAW), TaK 1 BCepeAMHI HHX
(BHyTpimIHI nepeukoan) [5].

Po3spisssttors kopucHuii curHan S, (t), To6ro. Cur-
HaJl, 110 Hece iHopMallilo, SIKy CIIiJI epeaaTH, Ta CUTHAIH
nepemkon S, (f), W0 TeHepPYOTBCS JDKepenaMu mepe-

mkoq. Pesynbryrounit curHan «(t) BHU3HAYAEThCS MOEI-

HaHHSAM KOPHUCHOTO CHT'HAIY 1 CUTHATY NEPEIIKOI.
Skmio pesynpryrounit curHan ¢(t) mpencraBieHo y

Burisiai a(t) =S, (t) +S, (f) , To meperkona Ha3uBa€ETHCS
amuTuBHOM. Skio x «(t) mpeacTaBusSeTbCs Y BUISI
a(t)=S,(t)-S, (t), To mepemkona Ha3UBAETHCSI MYJIBTH-
iikatuBHOW. Skmo curnan S, (t) € HijKoM BU3HAYCHOO

(GYHKIIOHAJIBHOIO 3aJICXKHICTIO, 32 SIKOI0 MOXKHA a0COJIIOT-
HO TOYHO BiTHOBUTH KOPHCHHI CHTHAJ Ha OCHOBI Pe3yJib-
TYHOUOr0 CHTHAJy, TO BIAMOBIIHI MEPENIKOIH HA3UBAIOTh-
cst peryasipaamu [5, 6].

SIKIIO K BIJHOBUTH BUXITHUI CUTHAT HEMOXIIMBO, TO
TOBOPSATH IPO HEPETYIBIPHI MEPEIIKOIH. 32 BUTIISAOM CHUT-
Haiy 3aBan S, () BUIUIAIOTH JBa TUIHM 3aBaj — IIYMOBI Ta
immyinibeHi 3aBanu [3]. lllymoBi 3aBanyu popMyOTh CHTHAI
S, (t) sk GesmepepBHy BHmaakoBy (yHKIif0 yacy. Taki

3aBajii HaifuacTilie MiAMOPSIKOBYIOTECS HOPMAJIbHOMY
3aKOHY po3mojiny. IMmynbcHI 3aBasid GOPMYIOTh CHTHA
S, (t) sK MOCIHiIOBHICTH OKPEMHX CHEPTETUYHHX BHKHIIB

3 BHIIQJIKOBHUMH IapaMeTpamMH: aMILIITyI0l0, MOMEHTOM
MTOSIBY, TPUBAJTICTIO.

IIpn posrmsai TUCKPETHUX CUTHAIIB BUAIUISAIOTH
JIeKiJIbKa MTPUYMH MOMMIOK. KpaiioBi CrIOTBOpEHHS, KOJIH
3MIMIAETECS (PPOHT IMITYJIbCY, MOXYTb YTBOPHTHCS 3
MIPUYMHM NIEBHOT 3aTPUMKH { y MiJICHIIOBAaJIbHUX I'eHepa-
TOpax, KOTpi MO Mipi MPOXO/HKEHHS CHTHANY TI0 KaHAJy
BiTHOBJIFOIOTH CUTHAJI JIIs BiTHOBJICHHS (POPMHU IMITYJIBCIB.
[Mpukinax kpaiioBOTO CIIOTBOPEHHS ITOKAa3aHO Ha pHC. 2, 1e
t Ta t MEXI MOXXJIHMBOTO 3MillleHHs (DpOHTIB

'MaKc "MiH
MIPUAHSITOTO IMITYJIBCY.
JInst  AMCKpEeTHOTO TOBIAOMIIEHHS Take KpaioBe
CIIOTBOPEHHS O3HAYAE, 10 NepeaHa KOMOIHaIlisl CHMBOJIIB
«1110» 6yzne ciorBopeHa Ha koMOiHaito «0111» (puc. 3).

| Mepegatui
[t cepeane I iMnynsc
N
Ewin | I
| ]
|
4 ——

MpUAHATHA iIMNyAbC

Puc. 2. Ipuxnan kpaliloBOr0 CIIOTBOPEHHS

Nepeganni
imnynsc

MprBHATUR iMAyN b

0 1 1 1

Puc. 3. [Ipukmnag KpalklOBOTO CIOTBOPEHHS Y TUCKPETHOMY
¢dopmari

JpoOineHHs IMITYJIbCIB y BUTJISIII PI3KOTO 3HMXKEHHS
piBHS 200 HOJISIPHOCTI CUTHAILy y CEpEelUHI IMITYJbCIB €
pe3ynbTaToM HecTablIBHOCTI KoedillieHTa nepeaadi KaHa-
Iy 3B 513Ky, IMITYJIbCHHX 3aBaJl Ta iHIKUX npuuuH. [Tpukian
IPOOJICHHS IMITYNIBCIB MOKa3aHO Ha puc. 4. [IprmamHamu
HEeCTaOUTFHOCTI KOeQiIieHTy Tiepeaadi y APOTOBHUX JIHISIX
3B’SI3Ky € KOMYTallisi, METeOPOJIOTiYHI YMOBH, IIepCHaBaH-
Ta)KCHHS I ICHITIOBaYiB, OTaHi KOHTAKTH, MEPEKIIFOUCHHS

y amaparypi.

MepegaHmi imnynoc

MpUAHATHEA IMAYNBC

Puc. 4. Ilpuknaja 1poOieHHs iMITyJIbCiB

[Ipu nepexoai 10 AUCKPETHOTO MOBIIOMIICHHS APOO-
JICHHS IMITYJIBCIB Oy/Ie 03HAYaTH, IO IepejaHa KOMOiHaIis
cumBoiiB «11110000111110» Oyzxe cnoTBOpeHa Ha KOM-
6inaniro «01011100101111» (puc. 5).

[omunku mix gac mepemadi KOMOiHAIi CHMBOIIB
MOXYTb OyTH OJJHOPa30BUMH (OJHOKPATHUMH) 1 OaraTopa-
30BUMH — JIBOPA30BUMH (IBOKPATHHMH), TPHPA30BHMHU
(TpuKpaTHUMH) i TaK Aaji. 3 IPOBEIEHOTO aHAII3Y IPUIHH
BUHHMKHEHHSI TOMWJIOK MOXHa 3pOOUTH BHCHOBOK, IO
MOMHJIKH TIPH Tiepejadi JaHuX — PO3MOBCIODKEHE SIBUIIIE, 3
SKHM HeoOXimHo Ooportuch. Jlis Toro, mo0 migioparu
MeToau 00pOTHOU 3 3aBajaMu, HEOOX1THO POaHai3yBaTH
ui merozu [7, 8].
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1,1,1,1 0,0,0,0,1, 1,1 1 1

0 Nepeaarmit imnyasc

) t

MPUIAHATIA iMMTYAbC

010111001011 1"1

Puc. 5. [Ipuxnan qpoGieHHs iMITyJIBCIB Y
IMCKPEeTHOMY (popMari

Metoaun OopoThOuM 3 3aBagamm. IcHye Oarato
MeToZiB 0OpOTHOM 3 TOMWJIKAMH TPHU TIepenadi JaHuX. Y
pPO3LIMPEHOMY AWCKPETHOMY KaHali, IO BKIIOYAE
JIMCKPETHUH KaHaJ, KOJep Ta JEKOAep KaHaly, BUALIAIOTh
HACTYIHI METOAM MiJIBUIICHHS IOCTOBIPHOCTi: 3aco0u
EKCIUTyaTali{HOTO 1 MPOLIaKTHYHOTO XapaKTepy; 3aco0u
MIBHUICHHS TEPEIIKOIOCTIHKOCTI IPH Mepeaayi oOauHUY-
HUX EJIEMEHTIB; BUKOPHCTAaHHS 3BOPOTHOTO 3B’S3KY;
JI0JIaBaHHsl HaUTUIIKOBOCTI 10 KOXy; 3aBaJIOCTiHKe KOIy-
BaHHs [4]. 3aco0u ekcIuTyaTamiiHoro i MpoQiTaKTHIHOTO
XapaKkTepy MaroTh BEJIMKE 3HAUCHHs IMPU Mepenadi MoBi-
JIOMJICHb, aJIl¢é BOHM NOTpeOyIoTh 0arato 9acy i 3Ha4Hy
KUTbKiCTh (piHAHCIB. 3acoOM MiIBUIIEHHS IEPEIIKOI0-
CTIMKOCTI JAIOTh MOMJIMBICTH JOCSATTH JICTIIOI EMOIY-
TSIl Ta MEHIIO! HMOBIPHOCTI MEpeKpydyBaHb, alle MpH
OBOMY € HEOOXiJHICTh BUKOPWUCTAHHS OLIBIN TOTYXHHUX
MOIYJATOPIB, SKICHINIMX KaHANIB Iepenadi, M0 TaKOXK
notpedye icTOTHO OinbIIMX (iHAHCOBUX BUTpaT. Buko-
pHCTaHHS 3BOPOTHOTO 3B’SI3Ky Mae SIK IepeBary, 0 He
MOTPiOHO YCKJIQAHIOBATH CHCTEMY Ta BHUKOPHUCTOBYBATHU
OLUTBIN sSIKiCHE O0JIQHAHHS, TaK 1 HEIOJIK — CYyTTEBE 301J1b-
LIEHHS BUTpaTH yacy. JlojaBaHHs HaUTMIIKOBOCTI 0 KOy
TEX Ma€ IepeBaryd — MOKJIMBICTh BUIIPaBICHHS a00 BHSB-
JICHHS TIEPEeKPydyBaHb, BIICYTHICTH HEOOXITHOCTI BHUKO-
pUCTaHHS OUIBII SKICHUX KaHAJIB 3B’SI3Ky, a TaKOX I
HEJIOJIK — 3HWKEHHS 1HPOPMATUBHOCTI OBiIOMIICHS [7].

AHaii3 mux MetoniB 00opoTeOM 3 3aBajaMu OOIPYH-
TyBaB Ui OOpOTHOM 3a 3aBafOCTIMKICTH BHOIp METOIY
BUKOPHCTAHHS 3aBaI0CTIHKOTO KOJYBaHHS.

OcHoBa MopeJti 3aBajocTiiikoro kogyBaHHs. IcHye
Iila HU3Ka 3aBaJOCTIHKUX KOAiB. BOHH pI3HATHCS 3a
CBOIMH (DYHKIIISIMH, OCOOJIMBOCTSIMU CTPYKTYpH Ta (izud-
HUMU BIacTUBOCTAMH. Kitacudikarrist 3aBagocTiiikux Ko1iB
nokasana Ha puc. 6. Cepen 3aBaJOCTIHKHX KOJIB IepeBary
MaroTh HUIMIIKOBI OJIOYHI PO3ALIMMI CHCTEeMaTH4HI
koau. Taki KOAW HOAUIMIOTh HA IMKIIYHI KOIM Ta KOZ,
XemMiHra. B ocHOBY Mojierni 3aBaloCTIHKOTO KOAYBaHHS
3aIPOIIOHOBAHO NOKJIACTH BUKOPUCTaHHS CHCTEMATHYHOTO
KOJly — IUKJITYHOTO KOty a00 Koy XeMMiHra 3 HaCTyITHUM
KacKaJHUM KoayBaHHsM [9].

CucreMaTHUHUIN KO Mae CKIIaJaTH HEpIIy CTYIiHb
KacKamy, 10 SIKOi JOA€ThCs IpyTra CTYIiHb Y BUTIIAL OiTy
MepeBipku Ha mapHicTh. JlomaBaHHsA OiTy mepeBipkd Ha
MapHICTh CIPUYMHUTD MOXKJIMBICTb BHSBIISTH TOMMJIKH
MapHoi KpaTHOCTi, TOOTO 110 MOKJIMBOCTI BHIIPABIISITH
OJTHOKPATHY TIOMMJIKY JOJAETHCS 1€ BUSBICHHS BOKPAT-
HOI IOMHMIJIKH, IO ICTOTHO MiJABHINMTHL 3aBafOCTIHKICTH
konysauHs [10].
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Puc. 6. Buau 3aBajiocTiiikux KoaiB

| Tnen

IMo6ynoBa 3aBanocriiikux koxi. [ToOynoBa 3aBano-
CTIMKUX KOIIB MOXJIMBA 3aBIOAKH BBEICHHIO HaJJIHILIKO-
BocTi B kox. lle o3Hauae, mo mia mepexadi iHdopMmarii
3aCTOCYETHCS KOJI, Y SKOTO B BUKOPHUCTAHHI 3HAXOMATHCS
HE BCi IOCTYTHI KOMOiHAIIi1, a TIJIBKHU AEsKi 3 HUX — KOPH-
ryBasibHi 2060 HaaMIkoBi koau [7, 10, 11].

HagnmumkoBicTh KOy MOMUIAETHCS Ha aOCOMIOTHY Ta
BiTHOCHY. AOCOJIFOTHA HaIMIITKOBICTh — KiJIBKICTh J0/aT-
KOBHX PO3DSIIiB

Ie N —3araipHa KUTBKICTH €JIeMEHTIB y KoMOiHarii abo
JIOBXKMHA KOMOIHAIT;

M — 3arajpHa KUTBKICTh 1H(QOPMAIIITHEX PO3psAiB ¥
KOMOiHaIil.

BigHocHa Ha/JIMIIKOBICT BKa3ye Ha Ty YacTUHY
3arajibHOi KIJBKOCTI CHMBOJIB KOJOBOI KOMOiHAIli, SKY
CKJIaIal0Th iH(OpMAIiliHI CUMBOIIH,
kK n-m 1 m
BigH H - n - _F '

BisHOCHA HAUIMIIKOBICTL BHU3HAYa€ MIBUAKICTL IIe-
penadi indopmarii.

BractrBoCTI KOpWTYBaHHS HAUIMIIKOBHX KOMIB €
3aJIe)KHUMH BiJ] TOOY/TOBH CAMHX KOJIB Ta iX mapaMeTpiB —
quclia PO3PSAIiB, HAIAMIPHOCTi, TPUBAJIOCTI CHMBOJIB Ta
iHmMX. PO3rIssHyTO 3arajbHi MPUHIMINN BUKOPUCTAHHS
HaUIMIIKOBOCTI KoiB [10, 11].

Ha BXim #OpUCTpOrO, MO BHKOHYE KOJYBAaHHS,
HAJXOJWUTh JesKa TOCTIJOBHICTE M  iHpOpMamidHUX
nBifikoBHUiA po3psaiB. Ha Buxoni mii mocmigoBHOCTI Oyme
BIJAIIOBIATH MOCIZOBHICTE 3 N NBIMKOBUX CHMBOJIIB, €
n>m. Vceoro moxke icHyBatm 2" pi3HHX MOCITiTOB-
Hocreli 3 2", [Ki € 103BOJIEHUMH KOOBUMU KOMOIHAIISIMHL.
Inmi 2" — 2" nocmizoBHOCTI 1St mepenadi iHpopmanii He
BUKOPUCTOBYIOTHCS — BOHH € 3200pOHECHUMH.

[Momunkn npu nepenadi iHopmanii CIpUIUHSIIOTHCS
THM, IO JESKIi 3 MPABIILHUX CHMBOJIIB, IO TIEPEIAIOTHCS,
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3aMiHIOIOTECSA HA iHII — HempaBuibHi. Bynb-ska i3 2"
JI03BOJICHNX KOMOiHaliii Moke OyTH mepekpydeHa Ha
Oynp-sAKy iHIIy. YCBHOTO TAaKMX BHIIAJKIB IEPEKpyYEHBb
Moxe Oyt 2M2":

1) 2" Bumankie GE3MOMHUIKOBOI MEPEAadi;

2) 2" (2" —1) Bunanxis mepeBoay B iHII JO3BOJEHI

KoMOiHarii, mo Oy/e BiqNOBigaTH MOMUIIKAM, SKi HEMOX-
JINBO BHMSIBUTH,

3) 2"(2" —2") BumanKiB mepexomy y HEMO3BOJEHI
KOMOiHaI1l, mo OyJe BIiNMOBIATH MOMMJIKAM, SIKI MOX-
JINBO BUSBUTHU.

YacTrHa IIOMHJIKOBMX KOIOBHX KOMOIHAIN, SKI
MOXKJIMBO BHSIBUTH, BiJ 3arajbHOrO 4KCIIAa MOYKIMBHUX
BUIIAJKiB KoMOiHamii [8]

2" (2" -2™) 2"
gy 7

J1Jist OLIHKY CTYTEHIO BiIMIHHOCTI MiXK JIBOMA JIOBLJIb-
HUMH KOMOIHAI[ISIMA BHXIHOTO KOAY BHKOPHCTOBYETHCS
XapaKTepUCTHKA y BUTIISAAL BiJICTaHI MK KOMOIHAITISIMH.
HaiiMeHmia BigcTaHp MiXK JO3BOJEHUMU KOLOBHUMH KOM-
OiHamisiMu d ., — e qyKe BaXKJIMBa XapaKTEPUCTHKA KOAY,

TOMY IO CaMe BOHa XapaKTEepPH3y€e HOT0 KOPUTYBaJbHI
3110HOCTI.

Hexaii HeoOXiqHO MOOYAyBaTH KO, SIKUH rapaHTo-
BaHO BWSBISE BCI MOMWJIKH KpaTHICTIO t 1 HIDKYe.
IMoGymyBaTH Takuii KOJ — Lie 03HAYAE, 0 13 MHOKUHA 2"
MOKJIMBUX KOMGiHawiH oTpi6HO 06patn 2" 103BOJEHUX
KOMOIHAIIil TaKUM YHHOM, 00 KOXKHA 3 HHX y CyMi 3a
MOJyJIeM JiBa 3 Oy[Ib-SKHM BEKTOPOM MOMHJIOK Baroro
W<t He maBama O y pe3ymbTari Oyab-sKOi TO3BOJCHOI
KoMOiHaii. J{as 1p0ro HeoOXiaHO, 1100 MiHIMAlIbHA KOJI0-
Ba BiZICTaHb 3a/I0BOJIbHSIIA YMOBI

d, 2t+1.

KomoBa BincTaHb — Iie CTYMiHb Pi3HOCTI IBOX OYyIb-
SIKUX KOZOBUX KoMOiHamiid. [Iyis Toro, mo6 migpaxyeBatu
KOJIOBY BIJICTaHb, HEOOXIIHO ITiACYMYyBAaTH KIJIBKICTh OJTU-
HUIIb Y CYMi [IMX KOMOiHamii 3a Mmoaynem 2 [12, 13].

Peanizauist monesti 3aBagocTiiikoi nepeaavi 1aHux.
Jis moyatky poOOTH MOJeNi 3aBajoCTiMKoi Iepenadi
JaHUX HEOOXITHO C(hOPMYBaTH MOYATKOBY KOJOBY KOMOi-
Harilo, sika Oy/ie mepeaBaTHCh 0 KaHATy nepeadi JaHuX.
Tomy Ha mepmiomMy eTari BUKOHY€EThCSI KOJyBaHHS iH(Op-
MalliHOI KOMOIHAmil IEIKMM CHCTEMATHYHHM KOIOM.
ITicns mporo mo chopmoBaHOi KOAOBOI KOMOIHAIT J01a-
€Thcs OIT MepeBipKM Ha MapHICTh. Taka KoMOiHamis Bke
MepeacThCs MO KaHay.

JlexomyBaHHSI KOJOBOT KOMOiHAIii BUKOHYETHCS 3a
AITOPUTMOM, OJIOK-CXeMa SIKOTO TIOKa3aHa Ha puc. 7.

SIkmo mepeBipka Ha MApHICTH i MepeBipKa MepIIoi
CTYIEHI KacKaJHOIO KOJYy HE BHsBWJIA IIOMWIKH, TO
KOMOiHaLlisl HACHIIAETHCSA 10 criokuBayva [13].

Slkmio mepeBipka Ha MAPHICTh HE BHUSBHIIA TTOMUJIKH,
aJie Ipu JIEKOyBaHHI IEpIIOro CTyNeHIo Oyna oTpuMaHa
MIOMUJIKA, TO JO BiANIPaBHUKA HAJCWIAETHCS 3alUT IPO
ITOBTOPHY BiANPaBKY MOBiOMIIEHHS. SIKIO mepeBipka Ha
MapHiCTh HE TpOiieHa, TO POOHUTHCS BUCHOBOK IIPO

HAsSBHICTH OJHOKPATHOI MIOMUJIKA. Y BHIAJIKY, SKIIO TPH
JIEKOIyBaHHi MEPIIOTo CTYNEHIO Oyiia BUABJICHA TIOMUIIKA,
TO BOHA BMIPABISETHCA, 1 BUIpPABJICHE TMOBiIOMIECHHS
MEPECUIAETLCS  CIIOKKMBAUy. SIKIO TpH JAEKOIAyBaHHI
MEPLIOr0 CTYMEHIO TOMUIIKA HE BHSBIEHO, TO MOMHJIKA
cranach y OiTi mepeBipku Ha mapHicTh. Tomy meit Oit Bix-
KHTAE€THCS 1 KOMOIHAIIISI TIepeaaeThes croxunBaqy [13].
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Puc. 7. Anroputm nexoxyBaHs

HaniigicTs MOIEIl BU3HAYAETLCA THM, 1[0 HABITH 3a
HasiBHOCTI TIOMMJIOK Y TPhOX 3 YOTHUPHOX BHIAJKIB JJOCTO-
BipHa KO/I0Ba KOMOIHAIsl Ha/lili/ie 10 CIIOKUBava.

BucnoBku. J[lana crarts mpucBsYeHa PoO3poOLi
MO/JIeJTi 3aBaI0CTINKOT Mepeayi qaHux 1t iHGopMariiitnol
TEXHOJIOTI1 ONTHUMI3aIlii YIPaBITiHHSA TUHAMIYHAMHU CHCTE-
MaMH. 3a OTPUMAaHHUMH pe3yJIbTaTaMH 3pOOJIeHI HACTYIIHI
BUCHOBKH.

1. HaBesieHa cTaTHCTHKA IOMHJIOK Iiepeaadi JaHUX.

2. [IpoananizoBaHi MPUINHI BUHUKHEHHS TTIOMHUJIOK.

3. PosrstayTi MeToam 60poTHOU 3 3aBaiaMHu.

4. TloOymoBaHa 3aBamoCTiika MOJEIb Mepeaadi
JIaHUX, sIKa € 3arajJbHUM BHIIAQJIKOM BUKOPHCTAHHS CIIPO-
IIEHOTO KacKaJJHOTO KOAYBaHHS, sIka JIEMOHCTPYE JOI1IIb-
HY IPOCTOTY BUKOPUCTaHHS i IPAaKTHYHY LIHHICTH JAHOTO
THUITy KOJyBaHHS, IO € 0a3010 Ui MOJABIIOr0 PO3LIN-
PEHHS AOCJIIHKEHHS 110 aHii TeMi.
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YIPABJITHHS B OPTAHIBAIIIMHUX CUCTEMAX

MANAGEMENT IN ORGANIZATIONAL SYSTEMS

VJK 330.46 DOI: 10.20998/2079-0023.2022.02.10

O. C. MEJIbHHUKOB

JUCKPETHO-KOHTIHYAJIBHA MOJEJIb YITPABJIITHHSA 35YTOM Y PEAJIBHOMY MACIHITABI
YACY

IIpenqmeroM moCHiKEHHS € po3poOKa cTparerii IMHAMIYHOTO YIPABIiHHS I[HAMH IIpU peamizanii Npoxykuii Ha (ikcoBaHOMY iHTepBali dacy.
Po3riusiHyTO BUIAOK, KOJIM MOIMT Ha MPOAYKLII0 MPOAABIS MOXKHA IPEACTAaBUTH K KOMOIHANiI0 IBOX BHIIAJKOBHX IIpOLeciB: 1) IIyacCOHIBCHKOTO
MOTOKY MOTEHLIMHUX CMOKHUBAYiB; 2) KYMIBI TOBAapy IHIMBIAyaJbHHM CIIOKHBA4YeM, HMOBIPHICTH SKOI 3BOPOTHO 3aNIKUTh BiJ LIHH MPOMYKIIi.
CrioxxuBayi MoTpeOyOTh IOHAKOIBIIE OHY OJUHHUIIFO TOBAPY, IO MPOJAETHCS I MAIOTh HE3aJICKHI OJHAKOBO PO3MOAIICH] OLIHKH HOr0 CIOXUBYOT
BaprocTi. Taka CTpyKTypa MOMKUTY 103BOJIsiEe opMarizyBaTd BUOIp LIHOBOI CTparerii sSK 3a7ady ONTHMAJIbHOTO YHpaBJiHHA. PilieHHs i€l 3amadi
METOJaM{ JMHAMIYHOrO MPOrpaMyBaHHS HABOAUTH 1O CHUCTeMH AU(EPEHIIHHUX pIBHAHb THUIy Pikkati, po3B’s30K SIKMX [O3BOJISE OTPUMATH
ONTHMANbHY LIHOBY IOJNITHKY Y BUIIIsAL QYHKIT B yacy 0 3aKiHUEHHS TepMiHy peaii3alii Ta piBHs 3aIUIIKIB Hepo3NpogaHol npoaykuii. PosrstayTo
MIPUKJIA]] IPAKTUYHOTO BUPILICHHS 3a1a4i ONTUMAIBHOIO YIIPABIIIHHS IIHAMH JULSI OKPEMHX BHIIAIKIB, KOJIM BIAETHCS 3HAUTH aHAIITHYHE pimeHHs. i
3araJibHOr0 BHUIIAIKY MOKAa3aHO, SIK 3HANTH ONTUMAIbHI LHM 32 JOTMOMOTOK YHCENTbHUX METOAIB. PO3paxyHKH CBimuaTh, M0 ONTHMAIBHI LiHU €
criagHUMU QYHKIISIMH BiJ 9acy Ta KibKOCTI Hepo3nponaHoi npoxykuii. KomOinamis nux ¢paxkTopiB pa3oM i3 BUIIAAKOBHM XapaKTepoM 30yTy MPOLyKIii
HaBOIITh 10 JOCUTh CKJIQJHUX TPAEKTOPiH CIIOCTEpexyBaHMX ILiH, NMPUKIAJH SKHX OyJIM OTpHUMaHi 3a JONOMOIOI0 IMITallifHHX eKCIEePUMEHTIB.
30kpema, B 0araTbOX BHIMAAKAX PE3yJbTATOM IMIUIEMEHTALil 3apOMOHOBAHOI CTpaTerii € IMKIiYHA MOBEAIiHKA L(iH, PO3MOBCIOMKEHICTh SIKOI B
po3npibHii TopriBii € 1o0pe HOKyMeHTOBaHUM (eHOMeHOM. Takox OyJio pO3IIIIHYTO 3ajady ONTHMIi3amlii OYiKyBaHOTO IOXOXY NPOXABLS IPH
BUKOPHCTAaHHI HAM IOCTiMHUX WiH. 3iCTaBIEHHS OYiKyBaHOTO JOXOAY IIPOJABII P CTATHYHHX i TMHAMIYHHX LiHaX CBIJUUTH NIPO 3HAYHY IepeBary
ocTaHHiX. EKOHOMIUHHIT e(eKT BiJl BUKOPHCTAHHS AUHAMIYHOTO LIHOYTBOPEHHS € HaifGiIbIl BATOMUM y CHTYALisIX, KOJH HAOIMKYEThCS OCTATOYHHUI
CTPOK peaJrizanii mpoIyKIiii.
Kuro4dosi ciioBa: ynpasitinHs 30yToM; JUHAMIYHE [[iHOYTBOPEHHS; ITyaCCOHiIBCHKMIA MPOIIEC; METOJ 3BOPOTHOI iHYKIIii; BapialliiiHe YHCIIEHHS

0. S. MELNIKOV
DISCRETE-CONTINUOUS MODEL OF SALES MANAGEMENT IN REAL TIME

The subject of the research is the development of a strategy for dynamic price management when selling products over a fixed time interval. We consider
the case when the demand for the seller's products can be represented as a combination of two random processes: 1) Poisson flow of potential consumers;
2) the purchase of goods by an individual consumer, the probability of which is inversely related to the price of the product. Consumers need at most
one unit of the good and have independent equally distributed estimates of its consumer value. Such demand structure allows to formalize the choice of
the optimal pricing strategy as an optimal control problem. Employing dynamic programming methods to solving this problem yields a system of Riccati
differential equations. The optimal solution is obtained in the closed—loop form as a function of the time to expiration of the product value and unsold
inventory levels. Examples of a practical solution to the optimal pricing problem are given for special cases when it is possible to find an analytical
solution. For the general case, it is shown how to find the optimal prices using numerical methods. Calculations show that optimal prices are decreasing
functions of time and inventory levels. The combination of these factors, together with the random nature of the product sales, leads to rather complex
observed price trajectories, examples of which were obtained using computer simulations. In particular, in many cases, the implementation of the
proposed strategy results in cyclical price behavior, the prevalence of which in retail is well documented. The problem of optimizing the expected income
of the seller when using constant prices was also solved. Comparison of the expected income of the seller under static and dynamic prices indicates a
significant advantage of the latter. The economic effect of using dynamic pricing is most significant near the expiration of the product value.
Keywords: sales management; dynamic pricing; Poisson process; backward induction; calculus of variations

Beryn. OnHUM i3 TOJNIOBHHX €JIEMEHTIB, IO 3a0e3-
nedye (YHKIIOHYBAaHHS PHHKOBOTO MEXaHi3My, € 37at-
HICTb IiH aaNTyBaTUCS 10 MiHJIMBUX €KOHOMIYHUX YMOB.

—4ac, HEOOXiIHUH Ha YCBIOMJIGHHS 3MiH, IO Bij-
Oynucs;
— BHCOKi BUTPATH, OB s13aHi i3 3MiHOO 11iH [1].

[Ipote, mBUIKICTD TaKOi ajanTailii He 3aBXIU € BUCOKOIO.
Jlo dakropiB, SKi YMOBUIBHIOIOTh TEMITM 3MiHU IIiH, M-
MIPUEMII] BiTHOCSTB:

— Opak ornepaTHBHOI iH(opMaii;

Jesiki BUAAaTHI €KOHOMICTH (30KpeMa, KeWHCiaHChKOT
Ta HEOKEWHC1aHCHKOT IIKOJIM) HaBiTh BBAXKAIOTh HAAMIPHY
craTuuHicTh il («StiCKy Prices») romoBHUM YHHHHKOM
MepioIMYHNX eKOHOMIUHHX Kpu3 [2].

© O. C. Menbhukos, 2022
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Po3BuTok enekrpoHHOi Komepuii Halae KOMIIaHISM
YHIKaJIbHI MOKJIMBOCTI IS O1IbLI ONEPaTUBHOTO KOPHTY-
BaHHs 1iH. [[poMy cripustoTh:

— IOCTYIHICTh BEIUKHUX 0OCATIB TaHUX PO CTPYKTY-
Py HOMUTY B pealbkHOMY MacuITadi yacy (1aHi npo BiaBigy-
BaHICTh caiiTy, KOHBEPCIIO MPOIAXIB, TOLIO);

— HU3BKI BUTPATH Ha 3MiHY MPOJAXXHUX IiH;

— MOJKJIMBICTH IMIUIEMEHTAII] TOCUTH CKIIAIHUX all-
TOPUTMIB KOPUTYBaHHs IiH Oe3I0CEepeHbO Y Iporpam-
HOMY CEpEJOBHIL IHTEpHET-MarasuHy.

e cupusimo akTuBizarii iHTEpeCy 10 BUKOPUCTAHHS
NITOPUTMIB AHHAMIYHOTO [IHOYTBOPEHHS [T YIIPABIIiHHS
30yToM. Y MHPOKOMY CEHCi Iifi JHHAMIYHAM MiHOYTBO-
PEHHSAM PO3YMIIOTh CTpATErito THYYKOl 3MiHH MPOTAKHUX
I[iH B 3aJIE)KHOCTI BiJl pUHKOBHX YMOB. UMHHUKaMH, IO
BIUIMBAIOTH Ha IiHY TOBapy, MOXYTb OyTH ITOpa POKY, I€Hb
THXHS, TOT0JIa, YMOBH MMOCTAYaHHS MPOIYKIIil, Tii KOHKY-
PEHTIB TOIIIO.

Oco06yMBY NOMYJISIPHICTH METOHM JUHAMIYHOTO I[IHO-
YTBOPEHHS HaOyJIH B THX Tajy3sX, ¢ B KOPOTKOCTPOKOBIH
MEepCIIEKTHBI NPOIIO3HUIIII0 TOBAPiB CKIaHO 3MiHUTHU. [Ipu-
KJIaIaMH TaKAX CUTYyaIliii MOXyTh OyTH TpOJaxi KBUTKIB
Ha aBiapeiicu, KpYi3HiI JallHepW, KOHIEPTH, CIIOPTHUBHI
mofii; OpOHIOBaHHSA TOTENIB, HOPOXKHI 300pH; TOCITYTH
MOCTa4YaHHs ra3y Ta €IEeKTPOCHeprii Ta iH. YcIiX Takux
MPAaKTUK CHpPHUSAE iX PO3MOBCIOIKCHHIO TaKOX 1 B iHIII
ray3i eKOHOMIKH.

O1xe, TOCTIHKEHHST MEXaHi3MiB JUHAMIYHOrO IiHO-
YTBOPEHHS JJIs ONIEPaTUBHOTO YIPaBJIiHHA 30yTOM 1 aHaIi3
X eKOHOMIYHOT €()EKTHBHOCTI € aKTyaIbHHUM.

AHaJi3 ocTaHHiX JociailkeHb i myOJikaiii.
HanesHo, Haiiniepiie iJiet0 ANHAMIYHOTO PETyJIFOBaHHSI [[iH
JUTS MakCUMI3alll J0Xomy Bix pearizaiii npoaykiii 0ysio
3anporoHoBano B pobori Kinkeiina — lapminra [3], ska He
MIpUBEpHYJIa MHUPOKOi yBaru A0 90-x pokiB XX cTopivyds.
VY poborti [4] posrismanack 3ajgada pearizamii OXHHUII
TOBapy AJIsl BUITAJIKy OJHOPIIHHUX CIIOKMBAUiB, SIKI MalOTh
OJTHAKOBY, aJI¢ HEB1IOMY JJIsl IPOJABIIS OLIHKY CIIOKHBUO]
BapTocTi ToBapy. [IponaBens Moke MOCTYIIOBO Ji3HATHCH
II0 OIIHKY NUISXOM 3MiHH IIiH Ha TOBap, IO pealli3yeThesl.
B po6orti 10BOANTBCS, IO ONTHMAIBLHOIO MOJITHKOIO MPO-
JIaBIIsL € TOCTYIIOBE 3HIDKEHHS IiH. Ll mpakTuka Bijoma B
MapKETHHTY SIK «3HSTTS BEPIIKIBY.

HaiiBigoMilmmuM JOCHIIOKEHHSIM 3 NaHOI TEMATHKU €
pobora T'amero — Ban Paiizina [5]. B Hiii monut Ha
MPOAYKILIO pO3TIAAAEThCd AK Oe3lepepBHUN Tporec
[Tyaccona 3 iHTEHCHBHICTIO, SIKa 3aJ€XHTh BiJ I[iHM pea-
mizanii. Ha 6a3i MeTo/iB BapiallifHOTO YHCICHHS OTPUMA-
HO cucteMy Au(pepeHUiHHUX PIBHSAHb JUI ONTHMAIbHOI
LiHOBOI cTpaTerii mpoaasus. [y eKCIIOHeHIIHHOT QyHKIIT
MONUTY ABTOPH OTPUMAIIM aHAJITHYHE pIlICHHS, a JUIs
3arajJbHOI0 BHIIAJKy BCTaHOBHWJIM JI€SKi BIIACTUBOCTI
ONTUMAJIBHOI MiHOBOi MOJNITHKK IcHye Oarato momwmdi-
KaIliif Ta po3mupens i€l moneni. Hanpuknan, B po6oTi [6]
PO3TIISIAI0THCSl OOMEXKEHHS Ha MHOXHHY TPUAHATHHUX JIJIsI
MpoAaBLs IiH, B poOoTi [7] — HecTalioHapHAN MOMUT Ha
roro mpoaykiito. B po6oTi [8] aHaMI3y€eThCS MOMXIIUBICTD
CTpaTeriqyHoi MOBEAIHKM CIIOXMBAUiB, 30KpeMa, iX mepen-
OavdyBaHHS MOXJIMBOTO 3HIKEHHS IIH Y MalOyTHBOMY.
PoGora [9] posrnsiae BIUIMB J1ifi KOHKYPEHTIB Ha LIHOBY

HNOJNITUKY TpoaaBLs. JleTanbHUN OmIsia UX JOCIHIIKEHb
mictuthes B [1].

OcraHHi 0CHIUKEHHS 3 JaHOT TEMaTUKH IIPUCBSYCH1
3aCTOCYBaHHIO aJTOPUTMIB MAaIIMHHOTO HaBYaHHS JUIs
ominku GyHKIiH cnoxuByoro momuty [10], [11]; oOuwmc-
JIOBAJIGHUM AacIlleKTaM peaji3allii aJropuTMiB IWHAMIY-
HOTO IIHOYTBOpPEHHS [12]; eBpUCTHUHNM TIPaBUIIAM pery-
JFOBAHHS IiH B yMOBax o0MeskeHoi indopmartii [13].

[Ipore, 6arato mMuTaHp IIOXO JOIMUIBHOCTI 3aCTOCY-
BaHHS METOIB TMHAMIYHOTO IIHOYTBOPEHHS 3 TOUKH 30PY
iX ekOHOMIuHOi e(peKTHBHOCTI Ta MPAKTUIHOI IMIUIEMEH-
Tauii 3aIHUIIAITHCS CYNEepewIMBIMHU. 30KpeMa, BUKINKAE
iHTEepec po3polKa TaKuX alrOPUTMIB JTUHAMIYHOTO pery-
JIFOBaHHS IiH, sIKi OyJ10 6 MpOCTO peasi3yBaTy Ha MPAKTHULI
B peaJbHOMY MaciuTadi dacy, a TakoX iX MOpIBHSHHS 3i
cTpaTerisaMu (iKCOBaHUX IIiH.

Mera poooru. B po6oti [13] aBTopom Gyio 3ampo-
MOHOBAHO aJITOPUTM JHHAMIYHOTO YIpPaBIiHHSA I[iHAMU Ha
(hikcoBaHOMY IHTEpBANi Yacy sl MOJENTI IOIHTY, KOIH
CHOXWBA4Yl TPONYKIii MIANPHEMCTBA 3aliKaBIeHI ¥y
npuaOaHHI IMOHAHOUTBIIE OTHIE] OAMHUII TOBAPY, a MOTIK
CIOXXHBAYiB Ma€ MOCTiHY IHTEHCUBHICTE. Y MaHiid poOOTi
11 MOJICJIb PO3BUBAETHLCS HA OLUIBII MOIMMPCHUIN BUIAIOK,
KOJIM TIOTIK CIIO)KHMBAYiB € BUIAIKOBUM IIPOIIECOM i3 Mmyac-
COHIBCBKHM po3nojiioM. Taka Mojenb Jo0pe 30iraeThbes 3
TaKUMHU MPAKTHYHAMU 3a/lauaMM YIPaBJIiHHS 30yTOM, SK
NpOJIaK aBiaKBUTKIB, OPOHIOBaHHS HOMEpIB y TOTEJX,
po3apiOHa TOpPriBis TOBapamM i3 (IKCOBaHUM TEPMiHOM
peauizauii, Tomo. [TopiBHSHO MPOCTHIl XapakTep IOMUTY
JIO3BOJIIE B JHEAKMX BHIIAJKaX OTPUMATH aHAIITHYHE
piLIeHHs U1 ONTHMAJIBHOI LIHOBOT MOJITHKH, BCTAHOBUTH
il SIKICHI XapaKTEPUCTHKH i BUSIBUTHU IIEPEBArd MOPIBHIHO
i3 3aCTOCYBaHHSAM CTaTWYHUX IIiH TOPTiBJIS TOBapaMu i3
(hikcoBaHMM TEPMIHOM peaizailii, TOIIO.

Buknax ocHoBHoro marepiaay. PosrimsiHemo
NpoJaBLsi, SKOMY HOTpPIOHO peai3yBaTH X OJHMHUIb
OJTHOPIZIHOTO TUCKPETHOI'O TOBAPY IIPOTArOM 3a3/ajierijib
BU3HAYEHOT0 0OMEXKEeHOT0 nepioy 4acy T. BBaxxarumemo,
10 MPOJABEIlb MAa€ NICBHUN CTYIiHb PUHKOBOI BJIAJH, 110
HaJae oMy MOJJIMBICTh BapiloBaTH ILIHK B IIEBHOMY
niana3oHi. MeTow MpoJaBLs € OTPUMAHHS MaKCUMallb-
HOTO OYIKYyBaHOTO JOXOHY BiJ peaii3almii mpoAyKIii Ha
yacoBoMy iHtepBai [0,T], a 10ro KOHTPOJILHOIO 3MIHHOO
— IiHa, sIKa BCTAHOBIIOETHCS B TIepiof dacy t, p(t). [Tomut
Ha MPOJYKIIIO MPOJABI € CYNEPIO3ULIEI0 JIBOX BHIAN-
KOBHX IPOIIECIB:

1) npuOyTTS MOTEHLUIHHUX CIIOKHBAYIB;

2) MPUIHSITTS PIlICHHS PO KYIIBJIIO TOBApy iHIUBI-
JIyaJIbHUM CIIOKHBa4eM.

KoxHuii moTeHIiiHnA CHOXUBa4, SKOro OymaeMo
iHgeKcyBaTn depe3 K, Mae MakCUMasbHy LiHy & , Ky BiH

3rofIeH 3alUIaTHTH 3a ToBap (Hajaii y BiJIOBIIHOCTI 3
NPUHHATOI0 B MIKPOEKOHOMIIIl TEPMIHOJIOTiEI0 OyneMo
Ha3uWBaTH 1i PE3EPBOBAHOK WIHOKW croxuBaya [14]).
CrioxuBad KyIye OIWHUITIO TOBApy, AKIIO HOTO pesep-
BOBAaHAa I[iHA IEPEBHIIYE I[iHy, BCTAHOBJICHY ITPOAABIIEM Ha
MOMEHT MpUOYTTs K-ro croxwnBaya. bymgemo BBaxatw, 1o
pe3epBOBaHi IIHU OKPEMHX CIIOKMBAUIB € HE3AICKHUMH
OJIHAKOBO PO3MOIJICHUMH BHITAIKOBUMU 3MIHHUMHU 13
3akoHoM posnoainy F(p)=P{& < p}.

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XI1l». Cepisn: Cucmemmnuii
64 ananis, ynpasninusa ma ingopmayiini mexronozii, Ne 2 (8)°2022



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

[TpubyTTs coxnBauiB 10 NpoaaBus Oy1eMO OIHCYB-
aTH ITyaCCOHIBCBKMM TIPOIECOM i3 1HTEHCHBHICTIO A.
[Mo3Haunmo depes N(t) 3araabHy KiNbKICTh CIOXKUBAYIB, 10
BiJIBIZIa)TM MPOJaBI Ha iHTepBaii vacy [0,t]. Busnauumo
BHUITJIKOBUII MOMEHT B3aeMomii K-ro criokuBava i3 mpo-
JIaBLIEM SIK

7y = inf{t|n(t) = k}. 1)

3a BJIACTHBOCTSMH ITyacCOHIBCBKOTO Mporecy (au-
BHCH, HalIpuKJaz, [15]) iHTepBan yacy Mixk OCHTiTOBHUMHA
npuOyTTSIMH CHOXHBAUIB A, =7 —7;_; Ma€ eKCIOHeNii-

HU po3MoAia i3 mapaMeTpom A, TOOTO
P{A, <t} =1-exp(-At) Vk e N. (2)

Io3naunmo vepe3 X(t) piBeHb 3aJTHIIKIB Hepeatis-
OBaHOI MpoAYyKUii y HpojaBLs B MOMEHT yacy t. Mera
MPOJIABLIA MOJISITa€ Y MaKCUMi3allii O4iKyBaHOTO IOXO/1y Ha
inrepBaii yacy [0, T] 3a ymoBu X (0) = X :

N(T)

VIxT]=M {Z P(@) H{P(E) <& }X(0)=x | (3)

k=1
ne I{A} nosmauae imguxarop moaii A, N(t)=min(s,t),
s=inf {t‘liin X(u)= O} , @ TMHAMIKa BHIIAJIKOBOTO MpOIIe-
ult

Cy 3MiHH 3aIHIIKIB HepeamizoBanoi mpoxaykmii X(t) 3ama-
€THCSI PIBHSIHHAM

n(t)
X(t)=X(0)- Y 1{p(r) < &}. @)

k=1

JHuuamika nporiecy X(t) imrocTpyethbes Ha puc. 1.

pit) :
\\\” l\ ﬁs

T, T
) s |T

Wy
#(0-1

Puc. 1. [Ipomuec eBomromii 3aMHIIKIB HEpeaTi30BaHOT
mpoaykii X(t)

Bupimmumo 3amauy (3)—(4) cnoyaTky i cHeriaib-
HOTO BUMNAAKy Koimu X=1. B 1mpoMmy BUNAAKYy MiJhOBa
¢yHK1ist (3) cnpouryeTses 10 BUpazy

V[ITI=M[ p(s)I {s<T}| X (0)=1]. (5)

3agauy (5) MOKHa BUPIIIUTH 32 JOIOMOT'OI0 METOY
3BOpOTHOT iHAyKLIi [16]. BBegemo (yHKIIFO 0YiKyBaHOTO
BUTpAIILy [TPOJABIISE HA MOMEHT 4acy t sk

V(t)=M[ p(s)l {s<T}|X (T -t)=1]. (6)

Posrnmsremo 3miny ¢yuknii V(f) Ha HeckiHYEHHO
MajioMy mpoMmixkky uwacy [t,t+dt]. Tlozmauumo uepes

g (h) JimoBipHicTs MOsIBH K MOTEHIIWHHUX CHOKXHBadiB

HIPOTITOM iHTEepBaTY TOOTO

g (h) =P{n(t+h)—n(t) =k}
OCKIJIbKH ITyacCOHIBCHKHH MPOLIEC € CTalliOHAPHUM i3
HE3aJIe)KHUMH THKpPEMEHTaMH, I MMOBIPHICTh HE 3alie-

(2h)"
k!
npomixky h, g, (h)= o(ql(h),qo (h)) st k> 2. Takum

qacy h,

JKUTH Bif t 1 mOpiBHIOE e M, BoueBuap, 1151 Majioro

unnoM, Og(h)+q(h)=11i

o (h) =exp(-1h) = 1- Ah;

¢, (h) »1-qgy(h) = Ah. ()

Omxke, SKIIO €IUHY HASBHY OJMHUIIIO TOBApy LIe HE
OyIi0 mMpoaHO Ha MOMEHT 4acy t, TO MPOTATOM MPOMIKKY
vacy dt MOXJIHBI [1Ba pe3ybTaTH:

1) ToBap Oyjie MPOAAHO, MICIs YOro MPOLEC MPOIAKY
3aBepUIyEThbCs. Y CBOIO uepry, TaKud pe3ysbTar
MOJJIMBUN SK JOOYTOK ABOX MOMiii: B NEAKAH MOMEHT
7 e[t,t +dt] o npomasus npudyBae croxusad, i ##oro pe-
3epBOBaHa LliHa BUABIAEThCSA BULIOO, Hix P(t). Ji1s kom-
nakTHocTi popmyn mosHaunmo P(t) =u, Q(u)=1-F(u).
Toni HMOBIPHICTE 3a3HAYCHOTO pE3YNIbTATy CKIANaE
0y (dt)Q(u) = AQ(u)dt.

2) roBap He OyJe MpOAAaHO 3 KOMIUTIMEHTAPHOO
imogipHicTio 1— AQ(u)dt. Tozi mporec mpogaxy MoHOB-
JFOETBCSL B MOMEHT Yacy t+dt, 10 IPHHOCHTH MPOJABLIO
ouikyBauuii Burpam V (t + dt).

OTxe, 32 3aKOHOM TIOBHO{ HMOBIpHOCTI

V (t) =uAQ(u)dt +V (t+dt) (1- AQ(u)dt). (8)
3Bincu

V(t+dt) -V () _

-~ —AUQ(u) + AQ(U)V (t+dt).  (9)

Mepeiitmosim B popmyii (9) no rpanuni npu dt — 0,
O0TpPUMAEMO
av(t) .
MO v - s m-w.
dt
OcCKinbKku WMOBIpHICTH NPUOYTTS CHOXHBada Ha
HYJFOBOMY IPOMIXKY Yacy JOPIBHIOE HYJIIO, PiBHIHHSA (9)
MOYKHA JIOTIOBHUTHU rpaHnyHoI0 ymoBoto V (T)=0.

(10)

3aminuMo 3MinHi 3a popmysnoro 7 =T —t, ne r7—yac,
10 3aJIMIIMBCS A0 KiHIEBOTO TepMiHy peamizamii. OTpu-
Ma€eMO HACTYITHY 3a7ady BapialliiiHOTO YHUCICHHS:
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T .
V(T):V(T)—V(O):'[th—>max. (11)
0

[incraBuBmm B ¢opmyny (11) piBHSIHHS AWHAMIKK
ouikyBaHoro noxony (10), orpumaemo

)
j AQ(U)V ~u)dt—>min. (12)
0

PiBusuns Eitnepa s 3amadi (12) MaTUMe BUTIISI

Qv -u)-Qw -0 13

Jnst Oyap-SKOTo 3a1aHOTO PO3MOIITY Pe3epPBOBAHUX
in cnoxuBauis Q(U) dopmyna (13) Gyne anreGpaidHum

PIBHSHHSM, 3 SKOTO ONTHMAIbHE YIPABIiHHA U  MOXKHA
BHpAsHTH sK GynKiio Bix V. IlixcraBusum mamam u (V)
B piBHAHHA amHamiku (10) i iHTerpyBaBmIKM HOTO WpHU
rpasnaHiii ymoBi V(0)=0, MoxHa otpumarn U i V B
SIBHOMY BUTJIIIL SIK (DYHKIIIT Bif 9acy.

B sxocti mpuknamy poO3INISHEMO BUIIAA0K, KOJH
pe3epBOBaHi 1iHU CIIOKUBaUiB PO3IOIiNIEHI pIBHOMIPHO Ha
OMHUYHOMY iHTepBami. Y mpoMy Bumaaky Q(U)=1-u i
piBasiust (13) npuiimae Burnsg U—V —(1—u) =0, 3Bigku
u=(V+1)/2 abo V =2u-1. TligcraBUBLIIK OCTaHHI
BHpa3 [0 piBHAHHA auHaMiku (10), orpuMaemo

20 = A(L-u)(U—-2u+1) = A(l—u)?. (14)

Piusins (14) € nudepeHuianbHUM pIBHSHHSAM 3

BIZIOKDEMIIIOBAHUMHU ~ 3MiHHUMH, SIKE€ Ma€ 3arajibHe
piteHHs
2
u=1- , (15)
At+C
ne C — HeBu3HaueHa KoHcTaHTa. CKOPHCTaBIIKCH

rpannaHo0 ymoBoto V (0) =0, orpumaemo C =4. Orxe,
OCTaTOYHI PIBHSHHS I ONTUMAJILHOI IIIHOBOI MOJIITHKH
NpOJIaBLs Ta HOro OYiKyBaHOTO JIOXOAY MaTUMYTh TaKHi
BUTJIAN;
At+2 At

p V()= .
At +4 Ar+4

p(r) = (16)

Jlerko Gauwrn, mo obuasi Gpyukmii p(z) i V(r) €
Oe3nepepBHIMH, MOHOTOHHO 3POCTAIOYHUMH, OITYKJIUMHU
(YHKIISIMH CBOIX apryMEHTIB, 1[0 CXOAATHCS 10 OJMHHII
npu 7 —> 0. ['padikn nmx (yHKIA, MO BiAMOBIIAIOTH
snauenuo A =0,5 HaBemeno Ha puc. 2.

[ToBepHeMOCH Temep 10 3arajJbHOTO BHNAJAKY 3a1adi
(3)—(4). Tosnaunmo uepe3 V (X,t) maTemaTwdHe CIOIi-
BaHHS BUpa3ly B KBaJpaTHUX AyXkax B ¢opmyini (3) 3a
ymoBu X (t) =X i uepes p(X,t) — miny, Ky BCTAaHOBHTH
MpOAaBelb B MOMCHT t 3a Tiel caMol yMOBH.

RV
/

0 10 20 30 40 50

Puc. 2. Tpadiku dpynxuiii p(zr) i V(z) (4 =0,5, T =50)

3a 3po0ICHUMH TIPUITYIICHHSIMH CIIOKHUBAdi HiKOJH
HE KYIULTIOTH OUTbIe OOMHHUIN ToBapy. Tomy mpu Oynb-
SKii [[iHOBi# momituii BunaakoBuil mporec X (t) Oyme
3MIHIOBaTUCh AMCKPETHO, OJMHUYHUMHU JIEKPEMEHTaMHU.
[Moxii, siki MOXYyTh BIIOYTHCS TNPOTATOM HECKIHYEHHO
MaJIoro mpoMikKy 4yacy dt 3aMIaoThest TAKMMHU CAMHUMH,
AKi Oynu oOKpeciieHi npu BuBeAeHHI ¢Gopmymu (8) i
MaTHUMYTh Taki K caMi HWMOBIpHOCTI. €auHA PI3HHUIL
nojsrae B TOMY, 1IN0 SKIIO IIPOJABIIO BIACTHCS
peaizyBaTi OJUHHIO NPOAYKLIl 32 el MPOMDKOK dacy,
foro MaifOyTHil OdiKyBaHHMI BUTpamI i IiHa peaji3armil
ckmagatuMyTth V(X =1 t+dt) i p(x-1t+1), BiznosimgHo.
OTxe, 3aCTOCYBABIIH III¢ pa3 3aKOH MOBHOT HMOBIPHOCTI,
0TpPUMAEMO

V(x,t) =[u+V(x—1t+dt)]2Q(u)dt

+V (X, t+dt)[1- 2Q(u)dt], (17

Jie, SK 1 paniiie, KOHTpoJIbHY 3MiHHY P(X,t) mo3HaueHo
yepe3 U Uit KOMIAKTHOCTI 3anucy. [licist ynopsaKyBaHHs
JOIAHKIB i rpaHmaHOTrO nepexoxy npu dt — 0, orpumaemo
HacTymHe AudepeHIiiiHe piBHIHHS:

v (x,1)

Y =AQ() [V(x,t)—u—-V (x-11)].

(18)

OCKUTBKE X € IIJIOYHCIIOBOIO 3MIHHOIO, (YHKIIIT
V(x,t) i p(x,t) MoxHa pO3rysLIATH SIK MHOXKUHY (DYHKITi i
yacy, iH/IeKCOBaHHUX HapaMeTpoM X. Takum umHOM, (18) €
3BUYalHUM JudepeHuiiHIM piBHAHHIM. 3pOOUBIIN 3aMi-
Hy 3MiHHHX 7 =T —t, mosHauusiu yepe3 V (X,t) i V,(t)
OITyCTHBIIH JUISl CTHCIIOCTI apryMeHT 4acy, popmyiy (18)
MOXHA ITEPENHCaTH SIK

Vx = AQ(U) [U+V, 4 —V, ] (19)

HinpoBuil pyHKIIOHAT IPOIABIL MOYKHA 3ATTHCATH SIK

;
max V, (T) < max IVx(t)dt, (20)
u u
0
a piBHsAHHs Efyiepa a1 HbOro MaTUMe BUTIIS
av,
G =V -n-Quy=o.  *
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Cxema pimieHHs cUCTeMHU piBHsHB (20) MOBHICTIO
aHaJOriyHa HaBEJCHIH BHIIE MpOLEAypi pillleHHS
piBHAHHS (13) 1 YCKNAJHIOETHCS JIMIIE THM, IO PillIEHHS
CJIiJI MPOBOAUTH iTepaTtuBHO Wit X =1,2,....

Hampuknan, ans po3risHYTOrO BHUIIE NPHKIALY,
KOJIM PE3epBOBAHI IiHM CIIO)KUBAYiB PIBHOMIPHO PO3IIO-
IileHlI Ha OOMHWYHOMY iHTepBaii, piBHAHHA (21) cmpo-
LIYEThCS 10

u-V, +V,;-1+u=0, (22)

3BIIKM U= P, =

% abo V, =V, _; +2p, —1.

[lincTaBUBIIM OCTAaHHE CIiBBITHOIICHHS B PIBHAHHS
(19), oTpumaeMo HACTyNHY CHCTEMY IU(EpEHIIHHNX
PIBHSHB JUTS ONTUMAIIBHOT LIIHOBOT ITOJIITUKY POAABIIA:

2p,—AL-p ) +Vx1=0 (23)
TIpU TPaHUYHIH YMOBI
Vo(t)=0Vvte[0,T]. (24)

PiBasHHS (23) € mudepeHniiauM piBHIHHAM PikkaTi
[17]. IIpu X =1 ocranHiii foAaHOK B piBHsHHI (23) 3HUKAE,
1[0 JI03BOJISIE BHPIIMIUTH HOTO aHAIITHYHO, 10 U OyIio
3pobneHo mnpu BuBeneHHi ¢opmymm (16). Jdma x>1
pimeHHst piBHAHHA (23) MOXHa 3HAMTH 3a JOMOMOTIOO
yrcedbHUX MeToniB. Ha puc. 3 HaBenmeHi pe3yiabTaTé
YHCENILHOTO 1HTErpyBaHHs piBHAHB (23) MeTomoM Pynre —
Kyrra gns Xx=1,...,5, oTpumani B mporpamHomy cepe-
nosumii Matlab [18]. Ha puc. 4 HaBemeHi BiAmoBigHi
GbyHKLIT ouikyBaHOTO NOX0ay mponasis V, (t).

Puc. 3. OntuManpHa L{iHOBa HOJITHKA MpoaBus P, (t)

Jlerko OaumTH, IO ONTHMAJBHI IIHU MPOAABIT
3pOCTAIOTh 13 30UIBIICHHSAM dYacy, IO 3aJIMIIAETHCS 0
KIHIIEBOTO TEpMiHY peaii3awii i 3MEHIIYIThcsS i3 3poc-
TaHHSAM 3JIUIIKIB HepeatizoBaHoi npoaykuii. CyKymHiCTh
LUX JBOX BJIACTHBOCTEH HABOAUTH [0 JOCHTH CKIIQJHOI
JUHAMIKH CIIOCTEpeKyBaHUX IiH: IPH 3arajJbHOMY TPEHII
710 3HW)KEHHS IIiH 3 MPOTATOM 4acy, KOJKHA IPOIaX TOBapy

HABOJUTH J0 CTpUOKOMOAIOHOTO 3pocTanHs wiH. Ha puc. 5
HaBEJCHI JICsIKI MOJMJIMBI TPAEKTOPIi I[iH, OTPUMaHi 3a
JIOIOMOTOI0 IMITAI[IHHOrO MOJEIIOBAHHS.

Puc. 4. OuixyBanuii Burpam npoaasus V, (t)

JLis OLliHKY €KOHOMIYHOTO e(DeKTy BiJ 3aCTOCYBaHHS
MUHAMIYHOTO IIHOYTBOPCHHS, MOPIBHAEMO OYiKyBaHHU
Burpamr npogaBus V,(t) 3 TuM, skuii MoxHa Oymo ©

OTPUMATH TIPH MTOCTIHHUX IIiHAX.

04

(11 S R i

)=} . Sy | ST, - . M.,

1] 5 10 15 20

Puc. 5. [Ipukiaan TpaekTopiii cOCTEpeKYBaHHX IiH B
IMITaliTHAX €KCTIEPIMEHTaX

SIKIO TpoJaXKHA IiHA P 3aJMIIAETHCS HE3MiHHOIO
MPOTSrOM TEPMiHY peali3alii, TO TPONEC YCIIIITHUX
npoaaxis Oyze MyacCOHIBCHKMM i3 inTencuBHicTIO AQ(P)

1 OUiKyBaHMH BUTPAI IIPOAABII MOXHA PO3PAXYBATH SIK

Wy (p,t) = pM[min(v(t), x)], (25)
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ne v(t) — sunagkoa KinbKicTh mopiil Ha inTepBai [0, t]
3rigHo 3 posnoinom [lyaccona 3 inTencuBHicTIO AQ(P).

OntumainbHy (QiKCOBaHy I[iHYy TIpU TOPU3OHTI
IUTAHYBaHHSA | MOXHa 3HANTH NUIIXOM MaKCHUMi3alil
Bupasy (25) mpu t=T. Hanmpuxnan, npu X=1 i piBHO-
MIpHOMY pO3IOAiI pe3epBOBAaHHUX IiH CIIOKHWBAYiB Ha
OIMHIUYHOMY iHTEpBali, ONTHMalbHA HiHa (i, BIANOBIIHO,
OUiKyBaHHMI BUTpal POJIABIIS) MOXHA OTPUMATH LUISIXOM
BUPINICHHS ONTUMI3aIliiiHOT 3a1a4i

W(p,T)=pd-e**PTy 5 max.
pel0.1]

(26)

3agaya (26) He Mae aHAJITUYHOTO PILIEHHS, MPOTE,
JIETKO PpO3B’S3y€TbCsl OYyIb-IKUM METOJOM YHCEIIBHOT
onrtuMizanii. Ha puc. 6 mopiBHIOIOTECS OYiKyBaHi JOXOIU
MPOAABIS TIPH ONTHUMANBHIN (ikcoBaHId MiHI (MITPUX-
IMyHKTAPHA JiHIA) 1 TpH OUHAMIYHOMY IiHOYTBOPEHHI
(cymineHa miHisg). Takoxk Ha puc.6 BimoOpaskeHO BHTpPAIIT
BiJl TUHAMIYHOTO YIPABIIHHA IIHAMH Y BiTHOCHHX OJH-
HULISIX.

17 100.00%

L 80.00%

60.00%

40.00%

20.00%

AAAA.HAA.-&A.A—AH

0 0.00%

0 5 10 15 20

[— — — WIt) (NOCTORHKbIE LeHbI) Vit) (nepemertsie yessl) —a— Bemrpeiw, %

Puc. 6. Burpam Big 3acTocyBaHHS JHHAMIYHOTO IIHOYTBOPEHHS
MOPIBHSHO 31 cTpaTteriero nocriiamx mid (A =1, T=20)

3 puc. 6 MOXHa TO0AYUTH, LIO MPU TPHUBAIOMY
TEPMiHi pealti3allii BUrpal BiJl JHHAMIYHOTO PETYITFOBaHHS
IiH € He3HayHuM. [Ipote, BiH MBHAKO 30iIBIIyETHCH i3
HaOIDKEHHSIM KiHIIEBOTO TEPMiHY peaizamii mpoaykiii. B
PO3TISIHYTOMY TPHKIAAI HANPUKIHII MEepioay peaizamii
BiHOCHWMIA BUTpa csrae 86 %.

PesynbraToM 3acTocyBaHHA pO3MISHYTOI MO
9acTo € IUKJIIYHA MOBEJiHKa CIIOCTEPEXKYBaHUX IiH (IO,
BJIACHE, MOXKHa NOOAYUTH 3 pe3yJbTATiB IMITAIliHUX
eKCIIepUMEHTIB, HaBeleHuWX Ha puc. 5). Ile moOpe
Y3rOJDKYEThCSI 3 IPAaKTHUKOK HAJAHHA MEPiOJUYHHX
I[IHOBHUX 3HI)KOK B TIJMPHUEMCTBAX PO3APIOHOI TOPTiBIi
[19, 20]. Emmipuuna mepeBipka y3rofKEHOCTi JHHAMIKA
CIOCTEPE)KYBAaHUX PO3APIOHMX MiH i3 3alPONOHOBAHOIO
MOJIEJUTIO € HEPCIIEKTUBHUM HANpPsIMKOM JUISl TTOJIAJIBIINX
JIOCITIKEHb.

BucnHoBkn. B poOoTi po3poOieHO MaTeMaTH4YHY
MOJIeNIb JUHAMIYHOTO PETYJIIOBAaHHS IiH B peEaJbHOMY
MacmTadi yacy IpH yIpaBIIiHHI 30yTOM HPOIYKIIii, OUT
Ha SIKYy MOJYXHa ONHCATH KOMIIO3UTHHUM IyacCOHIBCHKHM
mporiecoM. BoHa 103BOJIsIE BU3HAYUTH ONTHMANBHY I[IHY
MpOAYKIl SK (YHKIIIO BiJ IMOTOYHOTO PIiBHSA HeEpeai-
30BaHOT MMPOYKITil Ta Yacy, 110 3IUIIAETHCS 10 KiHIIEBOTO

CTpoOKYy 11 peanizauii. [IpoBeneHi po3paxyHKH Ta iMiTaLiiiHi
CKCIICPUMCHTU CBIMYaTh TIPO BHCOKY €(EKTHBHICTh
3alPONOHOBAHOTO MEXaHi3My IIHOYTBOPCHHS TOPIBHSHO
31 CTpaTeri€ero MOCTIHHUX MiH. [IMHAMIKa ITiH, KA BUILIHBAE
i3 TPAKTUYHOI IMIUICMEHTAIll 3ampONOHOBAaHOI MOJIEII,
JI0Ope Y3TOIKYETBCS i3 EMIIPUIHAMH CIIOCTEPEIKCHHIMU
CTOCOBHO HUKJIIYHO{ MOBEIIHKN pPO3APIOHUX ITiH.
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S. V. OREKHOV, A. M. KOPP, D. L. ORLOVSKY]

EXAMPLE OF USE OF VIRTUAL PROMOTION MAP

The paper presents an example of using new technology to solve the problem of promoting goods and services according to the 7P concept. The
technology was called virtual promotion. The reason for its occurrence is a decrease in the effectiveness of the currently classical search engine
optimization methodology on the Internet. The task of the latter is to bring the given corporate WEB resource to the first place in the search server’s
answers to the requests of potential buyers. Virtual promotion is based on two ideas. The first is based on marketing theory when to sell a product or
service, you need to build a marketing channel. The second is that a search server is an intelligent machine. Then, to get the first position, we need to
teach the virtual space, which consists of Internet nodes, to activate in such a way that the number of links to the WEB page with the desired product is
maximum. To implement these ideas, two objects are synthesized as part of the virtual promotion: a semantic kernel and a promotion map. A semantic
kernel is a description of a product or service or a training sequence of keywords. A map is a set of nodes on the Internet, where the semantic core should
be placed to attract the maximum number of buyers of the product. The map is also a variant of marketing channels on the Internet. The paper considers
an example of a situation where a semantic core and a minimal map have already been created using the classical approach (search optimization). In this
case, the classic approach gave an increase in the number of visits to the WEB site, but there was not a single buyer of the product for six months. That
is, the classical approach improved the key performance indicator, but it did not affect the sales performance in any way. The paper demonstrates how
virtual promotion forms such a modification of the map that gives a given result in a given period. At the same time, it is not enough to synthesize a new
map. It is necessary to apply a special mechanism for its implementation. For this purpose, the paper shows a real task of inter-functional coordination,
which makes it possible to implement a promotion map. Real data for 2021, which was used to promote the product on the Ukrainian market, is given.
The introduction of the new version of the map resulted in the first two orders within the first two weeks.
Keywords: virtual promotion map, coordination, semantic kernel.

C. B. OPEXOB, A. M. KOIII, JT. JI. OPJIOBChKHH
MPUKJIAJI BAKOPUCTAHHS KAPTH BIPTYAJIBHOI'O IPOCYBAHHSI

VY crarTi npeAcTaBIeHO MPHKIAJ BUKOPHCTAHHSA HOBOi TEXHOJOTIi JUIs BHpINIEHHS 3ajadi MpOCYBaHHsS TOBApiB Ta MOCTYT 3TigHO KoHmemmii 7P.
Texnororiss oTpuMana Ha3By BipTyanbHEe NpocyBaHHA. IIpnumHOMO {i BUHHKHEHHS € 3MCHIIEHHS €(EKTUBHOCTI KJIACHYHOI HA JAHMH MOMEHT
METO/IOJIOTT MOIIYKOBOI onTuMizamii B Mepexi [HTepHeT. 3aBiaHHs OCTaHHBOI MOJSIrac B TOMY, 00 BHBECTH 3aaHuii koprnopartusauii WEB-pecypc
Ha IeplIe MiCIe Y BiJIIOBiAsX IONIYKOBOTO CepBepy Ha 3allUTH ITOTEHIIHHUX MOKYNLIB. B 0CHOBI BipTyaJbHOro NpocyBaHHS JIexkath 1Bi ixei. [lepmra
0a3yeTbCcs Ha Teopii MapKeTHWHTY, KOJIM 00 MPOJaTH TOBap Y MOCTYry Tpeba MmoOyayBaTH MapKeTHHTOBMiII kaHan. Jlpyra momsrae B TOMy, IIO
TMOIIYKOBHM CEPBEPOM € iHTENeKTyalbHa MatnHa. Tozi, 1100 OTpUMATH NepIly MO3HUIIi0, HaM Tpeba HaBYUTH BipTYaIbHHI IPOCTIP, KUl CKIaJa€ThCs
3 By3JIiB Mepexi [HTepHeT, akTUBYBaTHCS TAaKMM YHHOM, 100 KUIBKiCTh mocwiianb Ha WEB-cTopiHky ¢ moTpiOHEM ToBapoM Oyia MakcuMaibsHO0. s
peamizanii UX ifiell y cKiazi BipTyalnbHOTO NPOCYBAHHS CHHTE3YEThCS JBa 00 €KTU: CEMaHTHYHE SIPO Ta KapTa npocyBaHHs. CeMaHTHYHE SApO — Ie
OITKC TOBAPY YH MOCIYTH, 400 HABYArOYa MOCIIJOBHICTh KIIOYOBHX ciiB. KapTta — 11e MHOXHHA By3iB Mepexi [HTepHeT, 1e ceMaHTHYIHE sApo Tpeda
po3MilyBaTH, o0 3aIydUTH MaKCHMAaNbHY KiJIbKiCTh MOKYMIiB ToBapy. KapTa — Iie TakoX BapiaHTH MapKeTHHTOBHX KaHaIIB B Mepexi InrepHer. B
POOOTI PO3MIIHYTO MPUKJIA]] CHTYALil, KOJIU 3ac00aM¥ KIIAaCHYHOTO MiX0/y (TOIIyKOBa ONTHMI3allisl) BXKe CTBOPEHO CEMaHTHYHE SIIPO Ta MiHIMaJIbHA
KapTa. B iboMy BUNajKy KJIaCHYHUN MiIXiA JaB NpUpICT KinbKOCTi Bi3uTiB Ha WEB-caiit, ane He 0yi0 KOAHOTO MOKYIILS TOBAapY BIIPOIOBXK MiBPOKY.
TobTo KIIacHYHWMIA Ti/XiJ JJaB MOJIIMIIEHHS KITFOYOBOTO MOKAa3HMKA e(EeKTHBHOCTI, aJie Iie HisK He BIUIMHYJO Ha e(peKTHBHICTh mpojaxy. B pobori
TIPOJIEMOHCTPOBAHO, SIK BipTyallbHe IpocyBaHHs (hopMye TaKy MoaupiKaIlito KapTH, sKka JIa€ 3a1aHui pe3yIbTaT 3a 3aJaHuii TpoMixok dacy. [Tpu eomy
HE JIOCTaTHHO CHHTE3YBaTH HOBY KapTy. Tpeba 3aCTOCOBYBATH ClelialbHUK MeXaHi3M ii BipoBapkeHHs. [ boro B poOOTI MOKa3aHO pealibHy 3a/1auy
MiX(YHKIIOHAIBHOI KOOPAMHAILIT, fKa Jla€ 3MOTy BIIPOBAaJNTH KapTy mpocyBaHHs. HaBeneno peambHi mani Ha 2021 pik, sxi Oymu 3acTocoBaHi s
TIPOCYBaHHS TOBAapy Ha pUHKY YKpainu. BripoBamkeHHs HOBOI Bepcii KapT 103BOJIMIIO OTPUMATH TIEPIIi JBa 3aMOBJICHHS BKE BIPOJIOBXK MEPIINX JBOX
THJKHIB.
Kuro4ogi ci10Ba: xapTa BipTyaqbHOTO IPOCYBAHHS, KOOPJMHALLS, CEMaHTHIHE S/IPO.

Introduction. The paper examines the process of
verification of the already existing classic process of search
engine optimization, which was implemented over six
months for a real WEB resource. Classical approaches
include optimization of HyperText Markup Language
(HTML) code and online advertising. Indeed, the
implementation of these methodologies made it possible to
improve the value of the WEB metric (traffic) three times
from the initial value (Fig. 1). But the conversion rate of
these visits was zero (Fig. 2), that is, the number of orders
during six months was zero. Thus, we have a problematic
situation when the promotion customer does not receive the
desired result, namely a large number of online orders.

To improve the conversion rate, it was proposed to use
virtual promotion technology [1-2]. Its application is based
on two objects: the semantic kernel and the virtual

promotion map. In this project, the semantic kernel was
generated. However, the methods and directions of its
implementation were wrong. To do this, we proposed to
synthesize a new promotion map and implement it. The
process of implementing the map is based on solving the
problem of cross-functional coordination [3-5]. Consider
the results of the implementation of the card through the
coordination of providers on the Internet.

Problem statement. This test project became an
example of a situation where the map and the semantic
kernel were synthesized thanks to classical methods of
search optimization [6-7], but the result they provided did
not satisfy the customer. Such a case occurs because the
task of functional coordination has not been resolved.

Proposed approach. Let’s consider the use of the
coordination method to improve the promotion result
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achieved by classical methods of search engine
optimization. The semantic kernel has already been used in
online advertising (Fig. 3). But the map of virtual
promotion was not synthesized. That is, only the kernel, the
maximally simplified promotion map, and HTML
optimization of the e-content of this WEB resource were
implemented.

The virtual promotion map was proposed in the work.
The main idea of the map was to create it as an alliance of
providers. Two groups of Limited Liability Partnership
(LLP) providers were formed: marketplaces and social
networks (Fig. 4). That is, there are only LLP providers on
the map, but of two groups: Facebook, Instagram,
OLX.UA, Prom.UA, Rozetka.UA, and Google Ads. This
configuration of the virtual promotion map is quite
common nowadays because it allows you to effectively
manage the promotion process. In addition, each such LLP
provider has its own promotion budget but works only

New users

1.9K

Users

1.9K

Traffic value

WJ\»MMJJW W\N%\Nw

01 0 I
Nov De

thanks to the financial resource provided by our union, that
is, the marketing department of the enterprise.

Consider the setting of a new map based on solving
problem (1)—(4). Let’s write down the specified formulas
taking into account the requirements within the test project
(Fig. 1-4):

Z Zb NEil (X

(X - AX®))?

—min, )]
meM; s=1 _X )
4 6 4 6
5ZZX ZZY 2)
s=1 m=1 s=1 m=1
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where X °™ is boolean variable that includes or excludes the
m -th node of the map from the coordination process for the
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Fig. 1. WEB statistics of testing WEB resource

Monetization overview @ -

Total revenue (3

rpH.0.00

Total ad revenue

rpH.0.00

Ecommerce revenue (&

rpH.0.00

Zero conversion

by Dac Ja

First time purchasers @

0 0

Total purchasers (-‘-’

7
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time interval s; by and & are weights (prices of node rent);
M ; is a set of providers (nodes of a map); Y " is a budget

for semantic kernel placement in m -th node of the map for

the time interval s; x° is starting value of conversion rate;

x* is an objective value of conversion rate.
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Fig. 4. Example of virtual promotion map

According to the conditions schematically depicted in
Fig. 4, we have one set of nodes of the promotion map (

me Mj). According to Fig. 4, the period of virtual

promotion lasted approximately four months (s =1,4). The
key indicator of the project’s effectiveness was the number
of online orders in the node, that is, we have only one key
indicator. We also take into account the fact that we have
only one main operation of processing the semantic core,

namely its storage in the node. That is, at this step of virtual
advancement, the core remains unchanged. In addition,
according to the request of the customer, we had only one
option of using financial resources to influence the value of
the key performance indicator, namely the payment of an
advertisement in the customization node. Then condition
(2) reflects the fact that at least one node had, during each
time interval, an advertisement to increase traffic.

Following the average values of prices for advertising
services in the nodes that existed at the end of 2021, we
finally obtained the following problem:

6 6 6
(324> XM +256% XM +19,6D X" +
=1 =1 =1

A @)
+14,4Z X 4™y = min,

m=1

4
Z(lsox L 1180X %2 +40X % +
1 (5)

+250X 54 + 250X ° +900X ) = 5000,

XM <1, XM {01}, s=14, meM,. (6)

Solving problem (4)—(6) shows that at the end of the
third month of virtual promotion, the desired result can be
obtained with this map configuration under the given input
conditions (Table 1). At the same time, condition (5)
guarantees that the budget of the union will be used in full.
In addition, all providers will function according to their
initial conditions regarding the use of financial resources of
the union or our enterprise.

Results. In the case of a decrease in the number of
providers, for example, without the functioning of online
advertising, the period of virtual promotion should be
increased to exhaust the entire promotion budget.
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Therefore, if the union wants to reduce costs, then this fact
should be reflected in condition (5).

Table 1 — Input values

Node 6 ,UAH Node name Comment
1 180 Facebook Social network
2 180 Instagram Social network
3 40 OLX Marketplace
4 250 Prom Marketplace
5 250 Rozetka Marketplace
6 900 Google Ads Online advertisement

Thus, the implementation of the second level of the
virtual promotion map makes it possible to evaluate the
effectiveness of the map and the number of financial
resources to achieve the desired value of the key
performance indicator for a given period. In addition, the
selection of weighting coefficients and the size of the
financial resource, as well as the desired value of the work
efficiency indicator, was carried out based on trained neural
networks. They gave the predictive value of each node
based on available WEB statistics.

The main conclusion to be drawn from the results of
the test project is the fact that the methodology proposed in
the paper can work both separately and in connection with
classic methods of search engine optimization on the
Internet. The main difference of the new methodology is
that it provides an opportunity to manage the promotion
process itself, so to speak, from the remote control within
the enterprise. The enterprise manages the promotion
process by coordinating the nodes of the Internet network,
which were chosen by the enterprise itself according to key
performance indicators and their predictive values, which
were obtained thanks to neural networks.

Summary. The example of real WEB projects given
in the paper confirmed the effectiveness of methods,
algorithms, and technology of virtual promotion [1-2]. The
given example also really demonstrates the presence of a
new methodology that has better results compared to the
classical methods of the theory of search engine optimi-
zation on the Internet [6-7]. Let’s consider the analysis of
these results in detail.

The first conclusion is related to the methodology of
checking the scientific materials presented in the paper. It
is proposed to perform this verification using the classic
methodology of high-level verification of information
technology, which is currently the most modern and
widespread [8-10]. As is known, in experimental
modeling, it is advisable to compare the results with
classical methodologies already known at this time.
Therefore, in the work, all experimental data were
compared with WEB statistics, which were also obtained
thanks to classical methods of search optimization on the
Internet. The main representative of classic promotion
technologies is a set of Google services.

According to the results of the test project, it is also
shown that the proposed technology can be used both in
parallel with Google’s methods and in connection with
them. In both cases, the implementation of our technology
increases the efficiency of the result tenfold. Thus, the
proposed technology of virtual promotion can be

considered as a reengineering of already existing classical
methodologies [11-13].

The second conclusion can be made through a
methodological comparison of classical approaches to
search engine optimization on the Internet and the new
technology of virtual promotion. The following points can
be highlighted here.

First, in the classical approach, there is no model for
assessing the quality or effectiveness of the specified tools
and the duration of their use. Such an assessment is the
most important for the customer because it minimizes
financial costs and guarantees a given promotion period.
This fact is important, because “...in the market, it is not big
or small that die, but the slow ones” [14].

Secondly, for the implementation of the classic
approach, a high qualification is required on the part of the
customer at the level of a programmer or content manager,
who knows one or more programming languages, has
experience in working with WEB services, for example,
from the Google API (Application Programming
Interface), of varying complexity. This leads to a
misunderstanding between the customer and the contractor.

Thirdly, to achieve the result, it is necessary to mount
or consistently execute certain algorithms for using WEB
services. This requires experience on the part of both the
customer and the contractor. The description of such
algorithms is not widely available or is limited. Therefore,
it is clear that the complexity of such algorithms leads to
errors, ambiguity, and misunderstandings.

These considerations can be demonstrated by an
example. The main element of the classic methodology of
search optimization is also the semantic kernel [15]. But in
practice, there are no metrics for determining its quality,
nor stable algorithms for its synthesis and use. There is only
a definition as a set of keywords, which can be built based
on search server services, for example, Google Trends [7].

Current methods of search engine optimization
generally boil down to placing advertisements based on the
semantic kernel in services such as Google Ads, or to
correcting the HTML code to more accurately reflect the
kernel in the responses of search services such as Google
Search Console and Bing API.
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MATEMATHUYHE I KOMIP'IOTEPHE MOJAEJIIOBAHHA

MATHEMATICAL AND COMPUTER MODELING
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A. M. KOPP, D. L. ORLOVSKYI

A SOFTWARE TOOL FOR QUALITY MEASUREMENT OF BUSINESS PROCESS MODELS USING
DISTANCES IN N-DIMENSIONAL SPACE

This paper considers the problem of quality measurement of business process models using the n-dimensional space distances. Business process models
are graphical schemes similar to flowcharts or activity diagrams utilized in software engineering, usually represented using the BPMN (Business Process
Model and Notation) or EPC (Event-driven Process Chain) notations. Business process modeling aims to capture current enterprise workflows for their
analysis and then improvement using automation through IT (Information Technology) systems deployment. Therefore, designed business process
models should be of high quality, so all “weak spots” of described organizational workflows could be properly identified and replaced with more efficient
solutions. Whereas process models, which are not understandable, un-structured, and/or uncertain, may cause even more issues when used to improve
organizational activities. Therefore, this study proposes quality measures and a software tool that can be used to detect errors in BPMN and EPC business
process models using distances in n-dimensional space. The formal problem statement based on the graph-based description of business process models
was given. Business process model quality characteristics and measures that consider features of both BPMN and EPC notations were proposed.
Distances in n-dimensional space were suggested for usage to measure the quality of business process models. The algorithm for business process model
quality measurement was proposed. The software tool to measure the quality of BPMN and EPC business process models was designed and developed.
The quality of sample business process models was measured using the software tool. Obtained results were analyzed and discussed. This paper considers
the Euclidean distance only, while other existing n-dimensional space distance measures or, on the opposite, similarity measures, can be used to evaluate
business process model quality in further research.
Keywords: business process model, quality measure, software tool, distance measure, n-dimensional space.

A. M. KOIIII, 1. /1. OP/IOBChbKHH

MPOTPAMHE PIIIEHHSI 1151 BAMIPY SIKOCTI MOJIEJIEM BI3BHEC-TIPOILIECIB 3
BUKOPUCTAHHSM BIJJCTAHEN Y N-BUMIPHOMY IPOCTOPI

VY naHiit poOOTI po3riIAaaeThCs 3a7a4a BUMIPIOBaHHS SKOCTI MOZEINeH Oi3Hec-TpoLeciB 3a JOMOMOTOI0 BiJICTaHeH y n-BUMipHOMY mpocTtopi. Mozeni
6i3Hec-TIporieciB — 11e rpadivHi cxemu, oJioHi 10 6110K-cxeM abo JiarpaM JisIbHOCTI, SIKi BAKOPHCTOBYIOTBCS B PO3POOIIi ITPOrpaMHOTo 3a0e3MeueHHs,
3a3BHYail pezcTaBIIeHi 3a qoromoroto Hotariii BPMN (Business Process Model and Notation) abo EPC (Event-driven Process Chain). MonemoBanHs
Oi3Hec-mpoleciB Mae Ha MeETi OXOIHUTU IMOTOYHI IOTOKM POOIT MigNPHEMCTBA A IX aHai3y Ta MOJAJBLIOT0 YAOCKOHAIEHHS 3a IOIOMOTOI0
aBTOMatH3awii yepe3 posropranus IT-cucrem (iHpopmaniiiHux TexHomnorii). Tomy po3pobieni Mozxerni Oi3Hec-IpoOIeCiB MaroTh OYTH SKICHUMH, 100
yci «cmabki Micis» ONMCcaHUX opraHi3aliifHux 6i3Hec-TporieciB Morii GYTH TPaBUIIBHO BU3HAYEHI Ta 3aMiHeHi Oinbin edexTuBHNME pinreHHsMu. Toxi
SIK MOJIEJ TPOLECIB, Ki € HE3PO3yMUIMMH, HECTPYKTYpOBAaHMMH Ta/ab0 HEBU3HAYEHHMMH, MOXYTh BHUKJIMKATH Iie Oiiblie mpoOiieM, sKmo ix
BUKOPHCTOBYBATH JUIsl TOKPAIIEHHS OpraHi3aliifHoi AispHOCTI. ToMy B IIbOMY JIOCHiKEHHI TIPOMOHYIOTBCS MipH SKOCTI Ta IIPOrpaMHMIA 3aci0, SKuit
MOJKHa BUKOPHCTOBYBATH JIJIsl BUSBIICHHS TOMIJIOK y MoJiensix Gi3Hec-mporecis y HoTamisx BPMN ta EPC 3 BukopucTaHHsAM BijicTaHeH y n-BUMipHOMY
mpocropi. Jlano $GopMaibHy MOCTaHOBKY 3aiadi Ha OCHOBI rpad)iuHOrO OMHCY Moenei Oi3Hec-TmpoleciB. 3ampoNOHOBAHO SKICHI XapaKTEePUCTHKA
MoJieneit Gi3Hec-TpoIeciB Ta MipH, sIKi BpaXxoBYIOTh ocobmBocTi HoTamiit sk BPMN, tak i EPC. Bincrani B n-BuMipHOMY IpocTOpi Oy/m 3alporoHOBaHi
JUIsL BUMIPIOBAaHHS SIKOCTI Mojiened Oi3Hec-mporeci. 3anpornoHOBaHO alTOPUTM BUMIPIOBaHHS AKOCTI Mojenel Gi3Hec-mporieciB. CIIpOeKTOBaHO Ta
po3pobiaeHo mporpaMHHUid 3aci0 Uit BUMIpIOBaHHS sKOCTI Mojened Oi3Hec-mpoueciB y HoTauisix BPMN ta EPC. IIponeMoHCTpoBaHO NpUKIaan
BUMIpPIOBAaHHS SIKOCTI Mojieneil Gi3Hec-TpoIeciB 3a JOMOMOTOI0 po3pobIeHOro mporpaMHoro 3acody. OTpuMaHi pe3yabTati OylIo IpoaHali30BaHO Ta
obroBopeHo. Y wiif crarti posrsanaerses aunie EBKiifoBa BifcTaHb, TOAI K iHIII iCHYFOWI BIJICTaHI Y N-BUMIpPHOMY NpOCTOpi a00, HaBMaKu, MipH
moiOHOCTI, MOXYTh OyTH BUKOPHCTAaHI [UISl OLIIHKH SKOCTI MOJieneil Oi3HEeC-MPOIECiB y MOAANBIINX TOCHTIIKEHHSIX.
Kurouosi ciioBa: Mojiens 6i3Hec-Tipoliecy, Mipa SKOCTI, IPOTrpaMHHiA 3aci6, Mipa BiJcTaHi, N-BUMipHHI IPOCTIp.

Introduction. Business process modeling is a key
activity within the Business Process Management (BPM)
domain [1]. Process modeling ensures IT (Information
Technology) and business alignment by making easier
communication between business users, such as chief
officers, managers, and other stakeholders on the one side,

and IT engineers who design and maintain enterprise
information system(s) on the other side.

Graphical business process models are used to capture
and analyze current workflows in order to find ways for
their improvement by means of improvement of current IT
systems or introducing new IT system modules in the case
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considered workflows are still not automated. Hence,
captured business process models should be
understandable, well-structured, and may not have any
uncertainties. Otherwise, it will not be possible properly
analyzed current enterprise activities and suggest efficient
ways for their improvement. Moreover, improper business
process models may signalize improper business processes
themselves, so modeling mistakes may appear because the
reflected real business process has certain faults.

Considered process modeling issues may negatively
affect BPM projects, since fault business process models
may cause even more inefficient spots in so-called
“improved” or “TO-BE” workflows. Moreover, further
costs to fix arisen errors at the stage of IT system
maintenance may be literally 100 times greater than at the
stage of system design [2], where the business process
models are created and analyzed.

This study aims to provide quality measures to
improve business process modeling and analysis activities
of BPM projects. A research object includes business
process modeling and analysis activity, conducted by
business analysts or IT management specialists. A research
subject includes quality measures for BPMN (Business
Process Model and Notation) [3] and EPC (Event-driven
Process Chain) [4] models used nowadays the most to
capture organizational workflows [5].

In order to achieve the research aim, there should be
solved following tasks:

e give the formal problem statement based on the
graph-based description of business process models;

e propose business process model quality
characteristics and measures that con-sider features of both
BPMN and EPC notations;

e suggest usage of distances in n-dimensional space
to measure the quality of business process models;

e propose an algorithm to measure the quality of
business process models;

e design and develop a software tool to measure the
quality of BPMN and EPC business process models;

e measure quality of sample business process
models using the software tool, analyze, and discuss
obtained results.

These tasks could be solved using methods of
business process modeling [6], graph theory [7], metric
geometry [8], and software engineering [9].

Problem statement. Business process elements that
deserve the most attention in business process models are
tasks or also referred to as activities.

Since business process models could be described as
directed graphs [7], the following formalism could be used
to describe the structure of a business process diagram:

BPG =(T,SF). (69)

The BPG stands for the Business Process Graph, the
formal description of a business process model, which is
then should be used to analyze business process diagrams.

The T stands for the Tasks, the set of activities of a
business process model. Each task could be described using

the following tuple of incoming sequence flows t" and
outgoing sequence flows t** as well:

T={t=(t"t")teT}. @)

The SF stands for the Sequence Flow, the set of
sequence flows that connect tasks of a business process
model and other elements, such as events and gateways.
Each sequence flow could be described using the following

tuple of the source task sf *"* and target task sf “*":

SF = {sf = (sf =, sf “) sf & SF}, @A)

out

Hence, each of t" or t® tuples could be formally

described as following: t° ={sf,sf € SF}, se{in, out},

while teT .

The linkage between considered formalisms (1)—(3)
and business process modeling elements in BPMN and
EPC notations is demonstrated in Fig. 1.

Using introduced formalisms (1)—(3) and proposed
quality characteristics of business process models, there
could be formulated following measures.

Title

BPG = <T, SF= Functions (Task), te T Sequence Flows, s/ € SF
BPMN Title—

Fig. 1. Connecting graph theory formalisms with BPMN
and EPC elements

Business process model quality characteristics and
measures. The following quality characteristics [10] could
be used to describe a business process model:

e Complexity — how large the business process
model is, how dense, connected, and coupled are sequence
flows that associate elements to each other in the business
process model.

e Structuredness — how the business process model
is structured: elements should be properly connected and
the connection of business process model elements also
should be consistent and coherent.

e Uncertainty — business process workflows,
demonstrated by models, should be free of the uncertainty
of depicted scenarios — business process branching should
be explicitly determined and depicted without any
uncertainty.

The complexity of a business process model could be
described using a tuple instead of a single measure:

BPG. = (fg o f ) - (4)

avg ! "min ? “max

The favg is the average degree of a business process

model activity, where degree stands for the number of
incoming and outgoing sequence flows associated with a
business process model element:

. 1

t, =—

avg |T| ;(

tin

tOUt

+

). 5)
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The £ . is the minimum degree of a business process
model activity:

fm tin tout

L= min{
in teT

+

} . (6)

The £, isthe maximum degree of a business process
model activity:

f :max{t‘” +[t

ax teT

b W)

The proposed measure of business process model
complexity gives only relative values and, therefore, could
be used to compare business process models of different
sizes. The introduced measure of business process model
complexity considers degrees of activities and derived sub-
measures, such as average degree, minimum degree, and
maximum degree of the task in a business process model.
Usage of such relative measures also allows comparing
business process models of different sizes to each other.

Structuredness of a business process model is a much
more complex quality characteristic, which also could be
described using the following tuple-based measure:

in " tout

BPG, = <f<°> f<°>>. (8)

The £ is the relative number of tasks (the percent of

all tasks of a business process model), each of which does
not have incoming sequence flows:

2o ©)

teT

fo_ 1
T

The £\ is the relative number of tasks, each of which

out

does not have outgoing sequence flows:

o) _ 1
f° T ZJM:O.

teT

(10)

Here ]T and ]T are the respective indicator

in ‘:0 tout|_o

functions.

Introduced relative measures of business process
model structuredness demonstrate if there are present tasks,
which do not have incoming or outgoing sequence flows
that signalize interruptions of a business process.

Business processes should start or end with respective
events, while activities that trigger business process
workflow execution or serve as the ends of business process
workflow may signalize inconsistent and incoherent busi-
ness processes [6].

Uncertainty of a business process model is even more
complex quality characteristic in comparison to structu-
redness, which also could be described using the following
tuple-based measure:

BPG, = (£, ).

7 out

(11)

The £ is the relative number of tasks, each of which
has multiple incoming sequence flows:

P (12)

1
|T teT

The £ is the relative number of tasks, each of which

out

has multiple outgoing sequence flows:

"(>1) :i
fo T tzT]T‘ L (13)

Here ]T"" and ]T‘ are the respective indicator

>1 >1

functions.

Considered relative measures also demonstrate the
presence of tasks, which implement implicit branching of a
business process workflow. There are exclusive and
parallel branching scenarios, which could be declared
without special workflow patterns using XOR-gateways
and AND-gateways [6]. Such implicit decisions bring
uncertainty to described business processes and should be
re-designed to achieve better understandability and
maintainability of business process models.

Using distances in n-dimensional space to measure
the quality of business process models. Therefore, the
business process model graph could be described using the
following ordered set of measures (4), (8), and (11):

BPG,, =(BPG.,BPGs,BPG). (14)

By expanding this tuple (14), we could obtain the
following vector, which describes a business process
model:

X BPG _ (f

avg it

min !

£ £0 £ £ f(>1))_

max ! Sin ! tout * tin ! “out

(15)

The vector of a business process model, which does
not have any flaws, which violate complexity,
structuredness, and uncertainty, could be described as
follows:

X £ =(2,2,2,0,0,0,0). (16)

Hence, the quality of the business process model
could be measured as the distance between the vector of a

“perfect” business process model X ¢ and the current
business process model under evaluation X ®°¢ [8]:

d(XBPG’X:PG):\/i(XkBPG _XOBkPG)Z-

k=1

(7

As it is shown, the Euclidean distance in the n-
dimensional space (n=7) could be used to measure the
similarity between the “perfect” business process model
and the measured business process model [8].

Therefore, business process models of high quality

should demonstrate zero distance d(X®*™°,X;")=0 to
the vector of a “perfect” business process model XF™° .
Otherwise, if d (X, X§")>0, there could be present

violations of complexity, structuredness, or uncertainty
quality features.
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The algorithm for business process model quality
measurement. The algorithm for business process model
quality measurement may include the following steps.

Step 1. Enter the name N of the measured business
process model.

Step 2. Enter the name N, of the activity and its
tin

Step 3. Return to Step 2 if one more activity should be
added. Otherwise — go to Step 4.

Step 4. Build the set of activities T, calculate
measures defined in (4), (8), and (11), and build the vector
X ®¢ for the model N .

Step 5. Calculate the distance value d (X **, X7 ).

If d(X®°,X*°)=0, model N

complexity, structuredness, or
Otherwise — go to Step 6.

Step 6. Check the vector X®°¢ and make the
following assumptions, so fault activities N,,teT could
be detected and fixed:

o if £ =2vi, 22V, #2,
complexity issues in model N ;

o if f£920vi%=0,
issues in model N ;

o if {20V %0, there are uncertainty issues

out
in model N .

In order to provide the efficient quality measurement
of business process models, the proposed algorithm should
be implemented as a software tool. Details related to the
design and development of such a software tool are outlined
in the subsequent section.

Design and development of the software tool to
measure business process model quality. The developed
software tool is a client-server web application based on the
Java platform and programming language [9]. We used
Java because of its cross-platform capabilities, relative
simplicity for object-oriented design, and scalability. It uses
the collection of BPMN models and the Camunda BPMN
library [11]. The collection of business process models
locates on the application server or on the dedicated file
server. Fig. 2 below demonstrates the main nodes and
components of the developed software.

Let us briefly describe the main software components
(see Fig. 2 above). The client-side contains the single web
page and the stylesheet. The web page communicates with
the Java servlet (a server-side application that processes
requests and provides responses). Utility classes (see the
package “util”) allow reading and measuring BPMN
models given in a collection of files. Java beans (simple
object representations) describe BPMN elements, models,
and measured indicators.

Fig. 3 below explains the interaction of the main
software components. The described workflow includes the
following steps:

e the user uploads a BPMN model to the server;

o the user visits the software tool’s homepages (i.e.
the “index” page);

tOUt

input/output sequence flow numbers and

does not have
uncertainty mistakes.

there  are

there are structuredness

o the homepage accesses the backend Java code (i.e.
the “MeasureServlet” class);

o the respective servlet calls the special method of
the “CollectionUtil” class to read the collection of BPMN
models from the server;

e the servlet then calls the special method of the
“CollectionUtil” class to measure the quality of retrieved
BPMN models;

o the “CollectionUtil” class returns the results to the
servlet that then displays these results on the “index” page
to the user.

Web Browser

index. jsp }‘_)‘ styles.css ‘
) L

Web Server
serviet', utill,

L

|

Measureserviet. java }‘ | I cCollectionutil.java

4 4
] £1]
ReadUtil. java ‘ MeasurelUtil. java

I
Y

L
‘ — —
Model java }—‘:’ Measure, java ‘

L —
Element.java_ <

Fig. 2. Component diagram of the software tool

f :
A BPMN Modzls

Server inclex

MeasureServist CallectionUtil

Usgf
| Upload a EPMN model |
| Load the homepage | o
poocett
read8PMNCollection()
measureBPMN Collzction(}

Return results

| Display resules
e

: = 5 - ionUti
User index MeasureServiet CallectionUtil

BEPMN Models
Sarver

Fig. 3. Sequence diagram of the software tool

Quality measurement of sample business process
models. Fig. 4 below shows the usage of the developed
software tool “BPMNmeter”. We used the Camunda
repository [12] of goods dispatch process models. Models
with measures different from “perfect” are colored in red,
while high-quality models are highlighted in green. Models
are sorted in reverse order by distance from the “perfect”
model.

Fig. 5 below demonstrates one of the goods dispatch
business process models of poor quality, named as
“Shippingl c87¢f14a31294d689947d679015e8afb™.

Fig. 5 below demonstrates one of the goods dispatch
business process models of poor quality, named as
“Shippingl c87¢f14a31294d689947d679015¢8afb”.
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BPMNmeter

|Name ||ang|5minT||maxT||inT[=0)|;nutT(=ﬂ)||inT(>1)!|0urT(>1)|;Qnalit_v|
warenversand_-_english_a830c588e7d54de ladd30aaddee62cd6.bpmn 222 [200 [400 Jooo Jooo Jpoo o1 J202
Shipping]_cR7ef14a31294d689947d67901 5eBafb bpmn 200 J100 300 foia Jooo Joia Jooo  Ji43
[Warenversand_7£50c52e9d69490db819¢1d685¢59=3a bpmn 140|100 |poo Jooo Joeo |poo oo 131
dispatch_of goods 2a1{9e8760a844{9b1794af65d2746ee.bpmn 217 J2.00 |3.00 Jo.oo  Jooo  Jp.17 Jooo 103
[Excercise 1 Dispatch_261502¢16e3a457e8£2787775defecdd bpmn 217 [2.00 [B.oo Jooo Jooo  Jp17 oo Jro3
iwarenversand - english 027ce98fab3a4bidadas47ccf03e3c3 1. bpmn 2.17 [2.00 |3.00 [0.00 |0.00 017 looo 103
My first_example process 2 40ebe9och3e142f7823aede43cd7d617 bpmn  |2.11 [2.00 [300 Jooo Jo11 o1t looo 102
Dispatch of goods 42528d54df304(9£a9c747c8d40d=b3 5 bpmn 211 [2.00 |3.00 Jooo Jooo  Jpar oo Jro1
Dispatchin_of goods calacld3=9cedcda979953ebe 59hf6b7 bpmn J2.00 |2.00 |2.00 Jo.oo Jo.oo oo oo Jo.00
Dispatch 01 6a478{b945e4464abc19d1a745903390.bpmn 2.00 [2.00 Jp.oo Jooo Jooo Jooo Jooo  Jo.oo
Dispatch_1cb656bdb9ecd3Sibe33bidf633c265 bpmn |2.00 |2.00 .00 Jo.oo Jooo oo oo Jo.00

Fig. 4. Detected business process models of the lowest quality

)
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2 .| pepare goods
E package goods L pickup
g —

Fig. 5. One of the BPMN models of poor quality

Its distance from the “perfect” BPMN model is
d (X e X e ) =1.43. Fig. 5 demonstrates the respective

diagram, which contains two types of modeling mistakes:

e missing incoming flow for the “Determine
shipping method” task leading to the never initiated process
path;

e multiple incoming flows for the “Create package
label” leading to missing synchronization.

Obtained measures prove the observations outlined
above. The considered model demonstrates deviations of
measures from “perfect” indicators:

e the maximum degree of a business process model
activity, £ _ =3=2;

o the relative number of tasks, each of which does
not have incoming sequence flows, £ =0.14=0;

e the relative number of tasks, each of which has
multiple outgoing sequence flows, £ =0.14 = 0.

These measures reflect complexity, structuredness,
and uncertainty issues in the analyzed BPMN model.

Complexity issues signalize the complicated
modifiability and maintainability of such a model.
Structuredness issues signalize modeling errors that violate
the workflow of a business process (e.g. the path beginning
with the “Determine shipping method” activity may never
trigger). Uncertainty issues signalize the complicated
understandability of such a model and, therefore, a business
process (e.g. how possible parallel flows synchronize
before the “Create package label” activity).

Conclusion. In this study, we considered the problem
of quality measurement of business process models using
the n-dimensional space distances. Since process models,
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M. JI. TOJUVIEBCbKHH, JI. K. MAJIEL]b

CHHTE3 ®YHKUIi KOPUCHOCTI IPOLECY PO3POBKH ITPOI'PAMHOI'O 3ABE3INIEYEHHS
IT-KOMIIAHII HA OCHOBI ETAJIOHHOI MOJEJII SPICE

VY po6oTi BUAIIEHO ABA THIIH CKJIaAHUX CHCTEM: «pealibHi CHCTEMI» 1 «BIpTyasibHi cucTeMuy. [lepii € 06’€KTOM IOCIiIKEHHS KOMIT IOTePHUX HAyK, a
npyri — imkenepii nporpamuoro 3abe3neuenHs. o ocranuix BigHocaThes nporpamui cuctemu (I1C) i mporiec po3poOku MporpaMHOro 3abe3neyeHHs
(ITP I13), sikmii € 00’eKTOM HayKOBOTrO jaociipkeHHs poOotu. IIP TI3 BigHOCHTBCS 1O LiJIECHPSAMOBAaHUX CHCTEM. B TakuMxX cucTeMax Ha OCHOBI
MOCTABJICHUX L[iJIel BUHHUKAE 3a/[a4a CHHTE3Y IX CTPYKTYPH (OKpeMi eJIeMEHTH 1 BiIHOICHHS MiXK HUMH), sIKa CIIPSIMOBAHA Ha JOCSATHEHHS IIOCTABICHUX
winei, mos’si3anux 3 skictio 1P I13. Beaxaerscs, mo yemix po3podku IIC Ge3mnocepennbo 3anexuts Big skocti TP I13. V po6oti posrisaaerses
npobnema ominku i mokpamieHHs 1P I13 Ha ocHOBI aBOX Mozenei 3pinocti: CMMI, SPICE. [lns 060X Mozaeneil BUKOPHCTOBYEThCS OalbHa IIKaaa
TMEPIIOro THITY, KOJIU OLHKA IPOBOAUTHCS 33 00’ €KTUBHUMH KPUTEPISIMH, TaK IO 1HANBIIyalbHi OLIHKH € JeIKUMHU (IIYKTYaL[iSIMH pealbHUX 3HAYCHD.
IIpu boMy € 3araJbHOIPHAHATHI €TATOHH, 10 BiMNOBIAAI0TH rpajalisam O6ansHol mkani. OcHoBHa ckiaanosa moaeni CMMI — dokycHa o6iacTs, sika
XapaKTepU3y€EThCS «PiBHEM MOXKIMBOCTI» B GanbHiH mkam Bix 0 mo 3. OcHoBHa ckinanoBa Mozeni SPICE — mporiec, sikuii XapakTepU3yeThes «piBHEM
MOXIMBOCTI» B OanpHii mkaii Bix 1 1o 5. Jlns muckpersoro Bapianta mozaeai CMMI BUKOPHCTOBYEThCS TIOHSTTS «PiBEHb 3pITOCTI», 3aBISKU SKOMY
npoBoauThes ouinka sikocti ITP I13 Beiel IT-opranizaii. [IpoBeneHo dhopmarizaiiito Mozeni i peanizoBaHi CTaTHYHA Ta JUHAMIYHA MOJEN ITIAHYBaHHS
possutky I1P IT3 IT-opranisarii, siki iHTErpoBaHi B €IMHY TEXHOJIOTII0 «KOB3aHOT0) IUIaHyBaHHs. OJJHUM 3 OCHOBHHX HEJOJIIKIB IUCKPETHOTO BapiaHTa
mozeni CMMI e Te, 110 BiH He BpaxoBye ocobiuBocTi misutbHOCTI IT-opranizanii. 3 inmoi ctoponn, mogens SPICE He 103Bosisie IPOBOANTH OLIHKY
Bcboro [1P I13 IT-oprauizawii. Tomy OyJ10 3anpOMOHOBAHO CHHTE3 JUCKPETHOI MOJEIi 3pinocTi Ha ocHOBI eTanonHoi Moaeni SPICE. OcHoBHa ii i —
MiHiMi3yBaTH ocHOBHI Baau Mozeni CMMI. 3 1iieto MeToro OyI10 3arpornoHOBaHO BUKOPUCTaHHS Teopii kopucHocTi. ChopMoBaHa iepapxiuyHa CTpyKTypa
KPHTEPIiB, HA OCHOBI KUX MPOBOAUTHCS CHHTE3 QyHKLIT KopucHocTi. [Tonepeanso Ha piBHI 0kpemoro mnpouecy GpopmarnizoBana moaens SPICE i Ha wmiit
OCHOBI BU3HauCHa CTPYKTypa (yHKLIT KOPHCHOCTI. 3 OIsioy Ha (hyH/IaMEHTANIbHI BIIACTUBOCTI CHCTEM NPE/CTABICHO TPEH il 3MiHHU BiJl BUKOPUCTAHUX
pecypcis. Jlani ekcrepTH 3iCTaBIAIOTh XapakTepucTHku npoueciB moxeni SPICE i IT-koMnaHii 3 HOmIsy BaXIIMBOCTI IIPOLECIB ISl 3pOCTaHHS PiBHS
3pinocri 1P I13. Ls indopmalrtist Bix eKCriepTiB HATAETHCS AHAIITUKAM, SIKi PO3TAIIOBYIOTh IIPOLIECH Y YePTy 3aJIKHO BiJl BOKIHMBOCTI 3 MOTJIAAY QyHKIIiT
KOPHCHOCTI.

Kuro4oBi ciioBa: nporpamMHa cucteMa, IMpolec po3poOKU MPOrpaMHOro 3ade3nedeHHs, MOAECNIb 3piIOCTi, OalbHa IIKaia, Teopis KOPHCHOCTI,
JIMCKPETHA MOJIEIb 3pPIIOCTI, EKCIIEPTH, aHATIITHKH.

M. D. GODLEVSKYI, D. K. MALETS

SYNTHESIS OF THE UTILITY FUNCTION OF THE IT COMPANY'S SOFTWARE DEVELOPMENT
PROCESS BASED ON THE SPICE REFERENCE MODEL

The work distinguishes two types of complex systems: "real systems" and "virtual systems". The first ones are the object of computer science research,
and the second ones are the object of software engineering. The latter include software systems (SS) and the software development process (SDP), which
is the object of scientific work research. SDP refers to goal-oriented systems. In such systems, on the basis of the set goals, the task of synthesizing their
structure (individual elements and the relationship between them) arises, which is aimed at achieving the set goals related to the quality of SDP. It is
believed that the success of SS development directly depends on the quality of SDP. The work considers the problem of assessment and improvement
of SDP on the basis of two maturity models: SMMI, SPICE. Both models use a point scale of the first type, when the assessment is made according to
objective criteria, so that individual assessments are some fluctuations of the real values. At the same time, there are generally accepted standards that
correspond to the gradations of the point scale. The main component of the SMMI model is the focal area, which is characterized by the "level of
opportunity" on a point scale from 0 to 3. The main component of the SPICE model is a process characterized by a "level of possibility" on a point scale
from 1 to 5. For the discrete version of the SMMI model, the concept of “maturity level” is used, thanks to which the quality of the SDP of the entire IT
organization is assessed. The formalization of the model was carried out and static and dynamic planning models of the SDP of the IT organization have
been implemented, which are integrated into a single technology of "sliding" planning. One of the main disadvantages of the discrete version of the
SMMI model is that it does not take into account the specifics of the IT organization activity. On the other hand, the SPICE model does not allow for
the assessment of the entire SDP of the IT organization. Therefore, a synthesis of a discrete maturity model based on the SPICE reference model was
proposed. Its main goal is to minimize the main drawbacks of the SMMI model. For this purpose, the use of utility theory was proposed. A hierarchical
structure of criteria is formed, on the basis of which the utility function is synthesized. Previously, at the level of a separate process, the SPICE model
was formalized and the structure of the utility function was determined on this basis. Taking into account the fundamental properties of the systems, the
trend of its change based on the used resources is presented. Next, the experts compare the characteristics of the processes of the SPICE model and the
IT company from the point of view of the importance of the processes for increasing the level of maturity of the SDP. This information from the experts
is provided to the analysts, who place the processes in a queue depending on the importance from the point of view of the utility function.

Keywords: software system, software development process, maturity model, point scale, utility theory, discrete maturity model, experts, analysts.

Beryn. 3 nornsay XxapakTepHUCTHK CKIIAIHUX CHCTEM
BHIUTAMO 1B iX THUIH: «peajbHI CHCTEMH», «BIpTyabHi
cuctemu». Jlo «pea’dpbHUX cUCTeM» OyaeMO BiIHOCHTH
Oynp-AKi CHCTEMH, IO iCHYIOTh B peanbHOMY cBiTi. Lle
MOXYTh OYTH CyTO TEXHIiYHi, COIiajdbHi, TEXHIKO-
€KOHOMIYHI CHCTEMH, Taki SK: KOHKPETHE IiIIPHUEMCTBO,
TEXHOJIOTIYHUI Iporec, OyA-sKa iHIIa CKIagHa CHCTEMa.
BBaxkaeTncs, 110 Taki CHCTEMH € 00’€KTOM JOCIIiIKEHHS

KOMIT FOTEpHUX HayK. J[o «BIpTyaJIbHUX CHCTEM» OyaemMo
BigHOCHUTH pi3HOTO poxay nporpamHi cuctemu (I1C) i mpo-
1ec po3poOku nporpamuoro 3abesneuenns (1P I13) [1, 2].
BBaxkaeTncs, 1m0 00’ €KTOM JOCHIIKEHHS TaKMX CHCTEM €
IHKEeHepisd MpOorpaMHOro 3a0e3neyeHHs. 3 MOTIsiLy Teopil
MPUAHATTA pillleHb iHTEpeC MPeICTaBIAIOThH IUIECIPAMO-
BaHI CUCTEMH, SKi CTaBIIATH Mepe] CO00k0 miii, abo mepen
SIKUMU CTaBJISATHCS L1 JUIsl BUKOHAHHS. 3a3BH4aii BHHHKAE
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3a7ia4a OLIHKM CHUCTEM 3 HOIJLIY JOCSTHEHHS IoCTaBiie-
HUX ninei. [le moxxe OyTH 3a7aya CHHTE3y TaKoi CHCTEMH,
sIKa HalKpalle peaii3ye mocrasieHi Hini. BupimeHus miel
npoOyieMH peasi3yeTbesl HUIIXOM BHKOPHCTaHHS Teopii
NPUHHATTA pillieHb, KA € YACTUHOIO CHCTEMHOIO aHaJli3y
Ta Teopii cucTem.

Y poboti o6’ektom pocmimkenHs € I[IP II3
OCHOBHOIO METOI0 sKoro € po3pobOka IIC Ha ocHOBI
(YHKIIOHATHHUX Ta HEPYHKIIOHATBHAX BHUMOT. Tomy
PO3IIITHEMO 3arajbHe BH3HAUCHHS LIJIECHPsIMOBAHOI CHC-
TeMH, 00 TINBKM AT TaKUX CHCTEM BHHHUKAae mpobiema
npuitHATTS pimens. [lin cucremoro OyzaemMo po3ymiTu
MHOXHHY OJHOPiZHUX 200 pi3HOpinHux eixementis M
Ha SIKifl peasi3oBaHO jesiky MHOXuHY BigaocuH R . Ii
BIZTHOCHHH BIIOPSIKOBYIOTH €JIEMEHTH B CTPYKTYpY, SKa
BOJIOZIE€ JESKMM HAOOpPOM BIIACTHBOCTEH, IO JO3BOJISE
nocartd 3amaHoi Metd. OTKe, BIOPSIKOBaHI MHOXKHHH
€JIEMEHTIB 1 BIIHOCUH Mi>X HUMH YTBOPIOIOTh IIEBHY CTPYK-

Typy C = {M ) R} . SIK110 MeTa CHCTEMHU 3a[aHa, TO PO3B -

3YETBCSA 3aada yCBIIOMIICHOTO  (I[JIECTIPSIMOBAHOTO)
CHHTE3Y CHCTEMH 3 BIACTUBOCTSAMH P, siki 3a6e3ne4yoTh
nocsirHeHHsT Metd. g 3agadya monsirae 'y BH3HAYCHHI
migMHOKMHU enemeHTiB M 1 BigHocun R, mo
YTBOPIOIOTH MHOHHY BapianTis ctpyktyp C i3 3amanumu
BractuBocTAMU P . Omke, uijgecnpsAMoBaHa cUcTEMa
Moxke OyTM BHM3HAueHa SK BIOPSIKOBaHa MHOXHHA

S= ({M , R} , P) . OTxe, 3 TOTIIAMY Teopii cUCTEM, MeTa

HayKoBOi pobotH — chopmysaru TP T13 3 Muoxuau M
OKpPEMUX €JIEMEHTIB 1 BU3HAUNTH MHOXKUHY R BimHocun
MDK HUMH, SIKi YTBOPIOIOTH NEBHY CTPYKTYPY CHCTEMH 3
pnactupoctsMu P . Jlocaruenns TP T13 nesxux BracTu-
BocTel P — 1 pesynbrar cykynHoCTi ail, ki cipsaMoBaHi
Ha TokpameHHs xapakTtepuctuk [IP. IIpu mpomy HeoO-
XIIHO MIAKPECIUTH, M0 MOKA3HUKAMHU YCIIXy IHX Iid €
MHOxkHMHa P Bnactusocreii I1P, a He cama IIC. Bpaxa-
€Thes, MO ycmix po3podku [1C Ge3nocepelHRO 3aleKUTh
Bix sikocti [1P I13. B poborti Oymemo po3risaaté mpodiemy
omiHku i mokpameHHs skocti ITP I13 Ha ocHOBiI nBOX
OCHOBHHX MoJielie#t 3pinocti [3-5]:

— Capability Maturity Model Integration — CMMI,

— Software Process Improvement and Capability
dEtermination — SPICE.

ITpu mopiBHAHHI OKpeMHX 00’ €KTIB, 3 HOTJISAY BU3HA-
YeHHs Kpalloro, BUKOPHCTOBYIOTHCSI PI3HOTO POAY KpH-
Tepii, 11 KOKHOTO 3 SIKWX BHU3HAYAETHCS IIKaJIa, HA SKii
MPOBOJUTHCS OIIHKA 3HAYEHHS BIAMOBIIHOTO KpHUTEPIs.
[xanu kpuTepiiB OyBarOTh ABOX THUIMIB: SIKICHI, KIIBKICHI.
SIkicHI OIKaNM TOAUISIOTHCS HA INKajdd HallMEHyBaHb
(HOMiHaJIbHI) 1 IIKaNnK NopsaKy (paHrosi). Po3pisHAIOTHCS
TPHU THUIN KUIBKICHUX HIKaJ: MIKAIA IHTEPBAJIB, LKA
BiHOMICHE (1Oi0HOCTI), abcomoTHI mKamu. JJo okpemoro
MiAKIACY IIKaJI MOPSAAKY BiTHOCATHCS OaybHI IMIKalH, SIKi
Ha BiIMiHY BiJl KUTbKICHHX OIIHOK, BiITIOBITHUX, 3a3BUYAA,
00’€KTHBHMM BHMipaM IIOKa3HHUKiB, BHKOPHCTOBYIOTh
eKcrepTHi OmiHKM (cy0’eKTMBHI OyMKH  (axiBIiB).
BinpisHaroThCsl 1Ba BUAM OajJbHUX OIMIHOK. Y MEPIIOMY
BHIIQJIKY OI[iHKA POBOJIUTHCS 332 00’ €KTUBHUM KPHTEPIEM,
TaK 10 IHAMBITyaJbHI OI[IHKH € NeSIKUMH (DIyKTyamisMu

peajbHUX 3HAYeHb. 3a3BMYail NpH LBOMY € 3arajbHoO-
MPUAHATHI €TAJIOHHM, IO BiIOBIJAI0Th TPaallisiM IIKaIH,
3 SKUMH TODIBHIOIOTBCS 00’€KTH, SIKi PO3TISIAIOTHCS.
banpHa omiHKa Ipyroro BUy BUKOPHCTOBYETHCS, KOJIU HE
TUIBKW HEMa€ 3arajbHONPUHHATHUX €TAJIOHIB, a U CyM-
HIBHa caMa HasBHICTh SKOTOCh €JMHOTO 00’€KTHBHOTO
KpHUTEpiro, cyd’ eKTHBHUMH BiJOOPaKEHHSIMH SIKOTO € OIIiH-
kn. B momemax 3pinocti CMMI Tta SPICE BukopucTo-
BYIOTBCS OaJbHI MIKaU mepmoro Tuiry. OCHOBHOIO CKIIa-
noBoto Mmozedi 3pinocti CMMI e ¢poxycHa 001acTh, KOKHA
3 SIKUX ONHCY€E AKICTh OKPEMOTO IIPOIeCy OpraHizarii Ha
OCHOBI PIBHIB MOXIIUBOCTI, SIKi BU3HAYAIOTHCS B OaJiaxX BiJ
0 no 3. XapakTtepucTrka (eTaloH) KO>KHOT'O PiBHS MOXKJIIH-
BocTi HaBeaeHa B [6]. s eranonnoi mozeni SPICE takox
OCHOBHOIO CKJIaJIOBOIO € TIPOLIEC, KOXKHUH 3 IKUX Ma€ CBOE
NPU3HAYCHHS 1 XapaKTepU3YEThCS MOHATTAM «MOXKIIH-
BICTBb», sIK€ MiCTHTh Habip arpuOytiB [6]. ATpuOyTn
MPOIIECIiB 1€ iX PHUCH, SKi OIIHIOIOTHCS 32 BiAIMIOBIITHOIO
mKkanor ([6], Tabm. 6), Ha AKiiH BU3HAYAETHCA CTYIIHD
BOJIOJIIHHS TPOIIECOM BIIMOBIAHOIO pHcoio. CyKyIHICTH
aTpuOYyTiB IPOIIECY 3 BiAMOBITHUMH CTYICHIMH BOJIOIIHHS
pUcaMH Ha OCHOBI aNrOpUTMYy, SIKMH HaBeleHO B [6],
TabJ1. 7 BU3HAYA€E PIBEHb MOXIIMBOCTI B OaIbHIN 1K Bil
1 no 5.

IMocranoBka Ta MeTa 3aadvi qoc/ixkenHs . bajgpHa
IIKaja OI[HKH PIBHSA MOXIHMBOCTI OKpeMoi (OKyCHOT
o6nacti moneni CMMI B pobori [7] Oyna Bukopuctana Juis
OKpeMol IMpakTHKH (OKYCHOi oOyacTi i 3alponoHOBaHa
OIliHKa PIiBHSA MOXIHUBOCTI (POKYCHOi 00yacTi Ha OCHOBI
3TOPTKH OIIHOK ii OKpEeMHUX MpPaKTHUK 3 ypaxyBaHHIM ix
BaroBUX KOE(]IIi€HTIB BAXIMBOCTI MOAO0 (POKYCHOT
o0acri, B IKy BOHHU BX01s1Th. Mogens CMMI peanizoBaHa
B JIBOX BapiaHTaX — MUCKpETHHH 1 Oe3mepepBHUiL. Buie
HaBEJICHO BHKOPUCTAHHA OaJIbHOT IIKAIM OIIHKH JUIs
Oe3mepepBHOTO BapiaHTa, 3aBASKH Kii peaizoBaHa OIiH-
Ka oKkpeMol (hOKYCHOI 00JIacTi NUISXOM MOHSATTS «PiBEHb
MOJKJIMBOCTI». J[JIsi TUCKPETHOro BapiaHTa BUKOPHUCTAHO
MOHSATTSl «PIBEHb 3pUIOCTI», 3aBISKH SIKOMY OLIHIOETHCS
akictb [IP I13 yciel opranizauii. Pieui 3pinocri TP I13
dhopmyroTecs y Takuii crioci6. [epiuii piBeHb BBaXKaeThCs
BUKOHAaHUM sl Oyap-skoi mparnesnatHoi [T-kommaHii.
Hactynmauii npyruii piBeHb CKIaJa€Tbes 3 JESIKOI MHO-
KUHH (POKYCHUX 00JacTel, Ha SKOMY HEOOXiIHO, o0 yci
(hoxycHI 001aCTi HOCSTIN IPYyroro piBHA MOKIHMBOCTI. Ha
TPETHOMY PiBHI 3piJIOCTi JOJAOTHCS HOBI (POKYCHI 007acTi
1 BC1 BOHM MTOBHHHI JTOCATTH TPETHOTO PiBHA MOKIIHBOCTI.
Ha uerBepToMy i1 II’SITOMy pIBHSIX 3piIOCTI TaKOX J0jAa-
IOTHCS HOBI (POKYCHI 00J1aCTi, SIKi T€X HOBUHHI MaTH TPETii
piBeHBb MOXIHBOCTI. Y poboTax [8, 9] peanizoBani cTaTny-
Ha Ta AWHAMiYHA MOJeJi iaHyBaHHS po3sutkom 1P I13
IT-opranizarii, fKi IHTETpOBAaHO B €JUHY TEXHOJOTIIO
«KOB3HOTO» IUIaHYBaHHS. Takui Miaxix mo3Bossie cdop-
MyBaTH TpaekTopito po3Butky I1P I13 Ha neskomy mano-
BOMY I1€pio/Ji, siIKka BAKOPUCTOBYETHCS ISl CHHTE3Y CTaTH-
HOi OUIBII JETambHOI MOJENI Ha MEpIIOMY MiIImepiofi
utanyBaHHs. Peamizamis Takoro migxomay [10, 11], 3aBasaku
po3pobneHiii  iH(opmamiiiHii  TeXHOJIOTI],  JI03BOJISIE
KepiBHHLTBY I T-KoMmaHil parioHaTbHO BUKOPHUCTOBYBATH
(hiHaHCOBI pecypcH IJsl IPOCYBaHHS OpraHi3amii Ha IuIa-
HOBOMY IIepioIi 10 6161 BUCOKOTO piBH:A 3pinocTi TP I13.
OmHUM 3 OCHOBHUX HEJIONIKIB JUCKPETHOTO BapiaHTa
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mozeni CMMI e Te, mo BiH HE BpPaxoBYE OCOOJIMBOCTI
nisuteHOCTI I T-0pranizarii.

Y poboti [12] momo etamonnoi mopmeni SPICE
mpoBeicHa (hopMaltizailis OIHKH pIBHSA MOXIHUBOCTI
OKpEeMOro mpoliecy MoJeli. BBeneHi AUCKpeTHI 3MiHHI, SIKi
BH3HAYAIOTH CTYIIiHb BOJIOJMIHHS PHCOI0 OKPEMOTO aTpH-
OyTa, IKHUI BiTHOCUTHCA JI0 BiAMIOBITHOT IIPAKTHKH IESKOTO
mnporiecy moxeni SPICE. Ha miif ocHOBI 3amponoHOBaHO
ITOPUTM OLIHKH PiBHA MOJIMBOCTI OKPEMOTO MpOIIECY,
SIKHHA 0a3yeThCA Ha OIIHKAX aTPHOYTiB OKPEMHX IPAKTHK
TIpoIiecy i BaroBUx koedimieHTax BayKJIMBOCTI MPAKTHK, SIKi
Hanexathb nporecy. Lle mo3Bommio chopmyBaTi MOIEb
IUIAaHYBaHHS PO3BUTKY MiJIMHOXXHHHU ITPOLIECIB €TAIOHHO]
mozeni SPICE Ha neskoMy TIIaHOBOMY MEpiofli B yMOBax
oOMmerxeHux (iHaHcoBUX pecypciB. OTxe, kepiBHUITBO I T-
KOMIIaHii Ma€ MOXJIIMBICTH C(HOpPMYyBaTH CBOE OaueHHs
CTOCOBHO PIBHIB MOXJIMBOCTI IiJIMHOXHHH IPOIICCIB Ha
KiHeI[b IUIAHOBOTO IIEPIOAY 1 CHHTE3YBaTH TPAEKTOPIIO
PyXy Z0 OakaHOT METH.

Heo0xigHO miaKpecIuTy, 0 CHHTE30BaHA MOJICITh HE
Jla€ MOXKJIBOCTI TIPOBECTH OIIIHKY PIiBHIB 3pilOCTi BCHOTO
[P I13 i TuM made chopMyBaTH TPAEKTOPIitO0 po3BUTKY 1P
I13 IT-opranizamii 3 ypaxyBaHHSIM HEIOJIKIB, SIKi MpHTa-
MaHHi auckpetHiit Mmomeni CMMI. Tomy MeTor0 poboTH €
po3pobka mepmioro HaOIMKeHHsS (OOJIKOBHX XapakTe-
PHUCTHK) TeXHOJIOTII MOOYNOBU AUCKPETHOI MOJeNi MO-
mudikanii SPICE, sxy nami Oynemo HnasuBati SPICE
INTEGRATION (INT). Ha Bigminny Bix CMMI Bona
MIOBUHHA YPaXOBYBaTH:

— ocHoBHI 1t [T-koMITaHii 3 TOTTISAAY PO3BUTKY;

— wMogeui xxurTeBoro mukiy [P I13;

— 0COONMHMBOCTI METOHONOTIH YIPaBIiHHA MPOEK-
TaMH;

— 0co0nmMBOCTI Ta crienudiky mpeaMeTHOI 00IacTi,
B sikiit npariftoe IT-kommaHis;

— po3wmip IT-komnaHii i T. iH.

Ouinka IIP II3 Ha ocHOB ¢yHKHiI KOPHCHOCTI.
Tpynuouti npoGiiemu ouintoBanHs [IP I13 sk 006’exta
JOCIIJKEHHS TIOJIATaloTh B TOMY, IO BiH XapakTepH-
3yeTbes OaraTbMa MOKa3HHKAMHU (KPUTEPIsIMH) 1 HEMOX-
JUBO BUOpAaTH €QUHUN KPUTEpidl, SKUH TOCHTH ITOBHO
XapakTepu3ye Imed 00’€KT. Y 3B’S3Ky 3 [UM BHHHKAE
HEOOXITHICTB:

1) dbopmyBaHHS MHOXHHH JIOKaTbHUX KPUTEPIiB, SKi
JOCUTHh TIOBHO BiOOpaXKalOTh ycCi 3HAYYII XapaKTepwHC-
trku 1P T13;

2) BuOOpYy Ha MHOXWHI JIOKAIFHUX KPHUTEPilB MeT-
PHKH, 110 T03BOJISIE BCTAHOBIIOBATH HA MHOKHHI BapiaHTIiB
peauizarii [TP [13 BigHOIIEHHS TOPSIKY.

PosrnssHeMO MeTOJOJOTiYHI MiACTaBM PO3B’SA3aHHS
KOXHOI 3 X 3a1a4. @yHKIioHanbHa JockoHamicTs [P I13
SK IIJIECTIPSIMOBAHOI BIPTYalbHOI CUCTEMHM BH3HAYAETHCS
CTYIEHEM JOCSTHEHHS METH, sIKa BU3HAYA€ThCS HHU3KOIO
KpUTEpiiB. Y CYKYITHOCTI BOHU XapaKTepU3ylTh QyHKIiO-
HaJlbHY JOCKOHAJICTh (€(eKT) KOXKHOTO 3 MOXKIMBUX
BapiaHTIB 00’ €KTa AOCHIPKEHHS. Y HAIOMY BUTIAJIKY KOXK-
HUH JIOKaJIbHUH KpUTEPId BIHOCUTHCS JIO OKPEMOTO
mpornecy eranorHoi moxaermi SPICE. ¥V poGoti posrmsaa-
€THCSI MHOXWHA HJIEKCIiB MpolieciB (I Anpoiiecis)

s~y Ue,
geG keK,

ne: G — MHOXMHA Tpyn mpoueciB; K, — MHOXHHA KaTe-
ropiii mpouecis ¢ -i rpymn, ne g € G; B, — mHOXuHA
ingekciB okpemMux mporecis (magmnponecis), ae K e Kg.

Hamni 6ynemo BBaxaTH, O X, — OKpeMHii P -ii mpowec, ae
pe F_’, a X = {Xp, pe 5} — MHOHHA TIPOLICCIB.

TeoperndHo0 OCHOBOI0O (hopMyBaHHS OaraToKpH-
TepiaJIbHUX CKALIPHUX OLIHOK € Teopist kopucHocTi [13],
sKa mependavae iCHyBaHHsI KiJBbKICHOI OLIHKH IepeBart
OKpeMHX anbTepHaTHB. Lle o3Havae, 110, KO aabTepHa-
tuBHUH Bapiant 1P I13 X, mepeBaxae anbTepHaTUBHUH
Bapiant X,, 10 F(X;)>F(X,), ne F(X,), F(X,) -
GbyHKIIT KOPpUCHOCTI. Y 3arallbHOMY BUIAAKY CIIPaBEJINBO
1 3BopoTHE TBepkeHHA. OTXKEe, KOPUCHICTB € KUTBKICHOIO
MIpOIO «IKOCTI» pillleHb. Y 3B 53Ky 3 IIIM BHHHUKAE 33/1a4a

oOIpyHTYBaHHS TpaBuiIa (METPUKH), 32 SKUM (OPMYETHCS
(GYHKIIST KOPUCHOCTI B IPOCTOPI MHOXHHH JIOKQJIbHUX
KpHUTEpiiB {fi (X),ie IS} .

Po3rnsHeMO  CHCTEMOJIOTIYHI  MiZICTaBU  BUOODPY
MeTpuku GyHKUIT KopucHocTi. CuHTE3 Oy/b-1K01 MaTeMa-
TUYHOI MOJEN, Y TOMY 4ucli i QyHKLIT KOPUCHOCTI s
BU3Ha4yeHHs skocti (3pumocti) IIP II3, mnependauae
HEOOXIHICTh PIMICHHS IBOX B3a€MOIIOB’S3aHUX 3a7a4:
CTPYKTYpPHOI, mapaMeTpuyHOi ineHTHdikamii. [Tepma 3 HIx
nepenbadae: 1) BH3HAYECHHS 3HAYYIINX UYWHHHKIB, SIKi
BILUIMBAIOTh HA BUXIJHI JaHI MOJeNi; 2) BHU3HAYCHHS
CTPYKTYpH, TOOTO BHIy oOmeparopa, SKHH BCTaHOBIIOE
3B'SI30K MK BXIIHHMH Ta BUXITHHUMHU JTaHAMH MOJICII.
Jpyra 3amaya mojisra€ y BU3HAYCHHI KOHKPETHHUX Kijlb-
KiCHMX 3Ha4€Hb [apaMeTpiB MOJEI.

VYci joKanbHI KpUTEpil OMUCYIOTh Pi3HI BIACTHBOCTI
00’€KTa AOCHTIMKEHHS, Or0 €JIeMEHTH 1 BiIHOIIEHHS, 1 B
3arajlbHOMY BHIQJIKy MArOTh Pi3HY PO3MIPHICTb, BaXIIH-
BiCTh, IHTEPBAIM 1 IIKaJW BUMIPIOBAaHHS. Y pPe3yibTaTi
CTOiTh TIpoOeMa cuHTe3y (YHKIN{ KOPUCHOCTI, KA Tpae
poxb Mozeni omintoBaHHs [1P 13

F(X)=F(3{a;}.{fi(X).icP})

i moTpedye pilleHHs HACTYIHHX 3a1a4:

1) HOpMadizarii, TOOTO MpUBEACHHS A0 i30MOpdHOTO
BHJly BCiX JOKanbHuX Kputepii f,(X); 2) BusHaueHHs
CTPYKTYypH Mojieni, ToO0To imeHTudikarii Bugy omeparopa
F ; 3) po3poGKH METOiB TapaMeTpudHoi ineHTHikarii
MojeNi, TOOTO METOMIB OTPUMaHHS BiJ 0coOH, W10
npuitMae pimeHHs iHpopmarii mpo KoedimieHTH B3aEMHOT

BaYJIMBOCTI J ({a J. }) nokanbHux kputepiiB f (X ).

Cunte3 ¢ynkuii kopucHocti ITP I3 Ha ocHoBi
eranonHoi moaeni SPICE. Ilepeiinemo Ge3nocepemnHbo
Bil 3araJbHOr0 miaxoxy nx0 GopmyBaHHS (yHKIIT
kopucHocTi orinku [TP 13 IT-kommnanii 1o ii moOynoBu Ha
ocHOBi etamoHHOi Mogmeni 3pinocti SPICE. Byaemo
BBaXATH, IO (PYHKIi KOPUCHOCTI ITOPIBHIOE OJMHHIL,
ko ITP I13 BuxopucroBye Bci npouecu moxeni SPICE i
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KOXKHHH 3 HMX Ma€ MaKCUMaJbHUI PIBEHb MOKJIHMBOCTI,
SIKM{ JOPIBHIOE I1’SITH Oanam. lepapxiuHy CTpyKTypy Kpu-
TepiiB, Ha OCHOBI SIKOT IPOIIOHYETHCS (POPMYBATH (QYHKIIIFO
KOPHUCHOCTI, HaBeZIeHO Ha puc. 1.

Orrigea =t t
e 113 ) (X )
| | |
~ "~ ~
Oz t 7 t
nﬁmoumn G)l ®g ®J
5 | |
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Puc. 1. lepapxiuna cTpykTypa KpuTepiiB

Ilepmmmii piBeHs iepapxii BigmoBimae QoKycy
mpobiemu, a came QyHKIi1 KopucHocTi Bcboro [1P I13 IT-
koMmmaHii. Ha gpyromy piBHI 3HaXOISATHCS TPYIH MPOLIECIB
eranonnoi mozeni SPICE, Ha TpeTboMy piBHI — KaTeropii
MPOLIECIB, @ HAa YETBEPTOMY O€3MocepeIHbO KPUTEPIT, SIKUM
BIJINIOBIAIOTh OKpeMi mporecu (miamporiecu). Sk Oyio
MIZKPECICHO BHUIIE, KOKHHUHA IMPOIEC MOKE MaTH PIBEHb
MOKJIMBOCTI B OanbHIM mmKam Bix 1 10 5 3alexxHO Bif
OLIHOK Horo atpuOyTiB. [lepeiineMo 10 po3risay MUTaHHS
MIpeCTaBICHHS JOKaIbHUX KPUTEPIiB Y i30MOpPPHOMY BHII
B Mexax Big 0 mo 1. Ha puc. 1 Bcs MHOXXHHA KpHUTEpiiB
{ f.(X)ie P} TpeJICTaBleHa K iepapXisi, Ha OCHOBI AKOT,
AK 11e OyJI0 MiJAKPECICHO BHIIE, BU3HAYAETHCS CTPYKTYpa
Mozeni. Y po6oTi [12] amst koxkHOTO mporiecy (MiAIporecy)
Ha IUIaHOBOMY  migmepiomi  t BBEIEHO  3MIiHHI
@g& (7)6(0,1] , AKi BU3HAYAIOTh PiBEHb JOCATHEHHS J
piBHS MOXJIMBOCTI P -ro MpOLECY, AKUN HanexuTh K -if
kateropii ¢ -1 rpynu npoueciB eranonnoi moaeni SPICE.
Hanpuknaz, sxmo y =1 i ©f (1) =1, ue o3nauae, mo mpo-
1IeC MA€ PiIBEHb MOKIIHUBOCTI OJIUHHUIISA. PIBEHb MOMKIIMBOCTI
IBa BiH JOcsTa€, KON ®gi (2)=1 i pani piBen» MoxIH-
Bocti mATh o3Hadae, mo OF (5)=1. IIpomonyerhcs
NepeTBOPEHHsT OaNbHOI MIKAaJIM KPUTEpiiB y i3oMopdHY
LIKaJy, /Ie 3HAUCHHs] KPUTEPIiB HAJI)KATh IHTEpBAITY (0,1].

Jl1st uboro BBEIEMO TaKe MEPETBOPEHHS
5
APt _ pt
®gk _HG)gk (7) '
r=1
N LbOMY BUNAJKY,

0% (1)=0% (2)=..=0k (5)=1,10 O} =1.

Ha ocHoBi MeTona mapHux mopiBHsAHb Caati BH3Ha-

SIKIIO

YarOTHCS BaroBi KOSQIIIEHTH BaKIHBOCTI { ﬁgﬁ(, pe ng} ,

ne ke K;,g €G, aKi 3aI0BONBHAIOTH YMOBI

Ph>0VpeP,; > ph=L1

pePy

Barosi xoedimieHTn { Py ke Kg} TAKOX BH3HAYa-

IOTBCS HAa OCHOBI METOJa MapHUX mopiBHAHL Caarti, ne
g € G . BoHM 3310BOJIBHSIOTH YMOBI

Py >0VkeK ;> p, =1.

keKg

BaroBi  koediuieHnTi { Py:0 € G} BH3HAYaIOTh

B)XJIMBOCTI OKPEMHUX TpYIl IMPOLECIB €TAIOHHOI MOJei
SPICE, Bu3Ha4arOThCsl aHAJOTIYHO TUM, SIKI PO3TIITHYTO
BUIIIE, 1 32/I0BOJIBHSAIOTH YMOBI

P, >0vVgeG; Y p =1

geG

Toni ¢yHKIIsE KOpUCHOCTI Ha t -My mianepiofi mia-

HyBaHHs BH3HAYA€ThCS Y TAKHH CIOCIO
—t t) _ ~ = —p APt
F (X ) g;pgk;:gpgk p;;;kpgk O -

OnHi€r0 3 OCHOBHHX 33ja4 HAIIOTO JOCITIIKCHHS €
po3poOka pamioHanbHOI cTpaterii npocysanns [1P I13 IT-
KOMIIaHii 10 OLIbIIl BHCOKOTO PIBHS SIKOCTI (3puocTi) 3a
paxyHOK BHUKOPHCTaHHS PI3HOTO pony pecypciB (¢iHaH-
COBI, JIOACHKI 1 T. iH.). ToMy OyaeMo BHKOPHUCTOBYBAaTH
(byHmaMeHTanbHY BIACTHBICTH cucteM [14], srimHo 3 sikoro
3aJIeKHICTh 3POCTaHHS KOPUCHOCTI (SIKOCTi, 3piIocCTi)
Oynb-sIKOT CKJIaJJHOT CUCTEMH BiJl BAKOPUCTaHUX PECypciB
Ha BCHOMY IHTEpBajJi J>KATTEBOTO IMKIy MOXeE OYyTH
OIICaHa JESKOK JIOTICTHYHOK KpUBOIO, sfKa Mae S -
o0pazuuii xapakrep (puc. 2). BignosigHo n0 pucyHky 2
00sacTh 3MiHH (DYHKINT KOPUCHOCTI MOXHA MOMIJIMTH Ha
Tpu iHTepBanu. Ilepumii iHTEpBan [0, Ll] , Ha SIKOMY

3aJIe)KHO BiXl BHUAUIEHUX pecypciB skicts I1P 13 3poctae
JTOBOJII TIOBUTBHO 1 MA MaeMO (DYHKIIIFO KOPUCHOCTI OITYKITY
JnoHu3y. Jpyruil iHTepBaj HaJIeKUTh BIIPI3KY ]Ll, Lz] i
(hyHKIIiST KOPHCHOCTI OJDKYe 32 BCE BiANOBINa€ JTiHIAHIN
3anexxHocTi. TpeTiit iHTEepBam — 1e BiApi30K ]Lz,l]. Bin
BIJIMIOBiZIa€ OMYKJIili Bropy MOHOTOHHIH 3aJ€KHOCTI Bif
BUICHUX pecypciB. KOpHUCHOCTI, sika TOPiBHIOE OHHUII,
Bignosigae [1P I13, sikuit Mae B CBOEMY PO3MOPSIKEHHI BCI
NpOLECH 3 MaKCHUMaJIbHMM DIBHEM MOMIIMBOCTI, SIKHA
JIOPIBHIOE 5 Gayam.

[epeiinemo 1m0 posrisy NHTaHHS (HOPMYBaHHS
(yHKIIIT KOPUCHOCTI 3aJIe)KHO BiJl pecypciB, sIKi Hampas-
JICHI Ha 3pOCTaHHS 11 piBHSI Ta BUSBICHHS BIAIOBITHUX [IAM
pecypcaM KOHKPETHHX TMPOIECIB 1 X PiBHIB MOXJIHBOCTI.
Bynemo po3risigaTy 1ie MMTaHHS 3 YpaxyBaHHIM TOTO, IO
(yHKIIST KOPHCHOCTI  (OpPMyeTbCs Ui KOHKPETHOI
IT-kommaHii 3 BiamoBigHUME XapakTepucTukamu. Excrep-
TH MOXXYTh 3ICTABUTH XapaKTEPHCTHKH MPOIECIB MOJEi
SPICE i xapaxrepuctuku 1T-kommaHii 3 norisgy Baiiu-
BOCTI TPOLECIiB MOJENi MAJs 3pOCTaHHSA PIBHA 3PiJOCTi
TP IT3. Lls indopMmariist Bix eKCHIEPTIB HAJAETHCS aHATITH-
kam (ocobam, o popmyroTs pimenus — ODP, puc. 2), ski
PO3TalIOBYIOTh ITPOLIECH Y YEPTy 3aJIEKHO BiJl BaXKIJIMBOCTI
3 ypaxyBaHHSM TpEeHIy 3MiHM (yHKLIi KOpHCHOCTI (SIK
JIOTiCTHYHOT KPHBOT).
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Puc. 2. CunTes QyHKIIT KOPUCHOCTI po1ecy po3poOKH mporpaMHoro 3abeznedenns 1 T-kommnanii
Ha O0cHOBI eTanonHoi moaeni SPICE

BucHOBKH, HLISAXH NOJAJBIINX AOCHiIKEeHb. Y
po0orTi miakpecieHo, mo 06’ektoM mociimkenHns € [1P I13
i ycmix po3pooku [1C 6e3mocepenHbO 3aIeKUTh Bif HOTO
sikocTi. bazoBumu mmsa mokpammenHs sikocti 1P T13 Bumi-
neni mogeni 3piocti CMMI Ta SPICE, siki 6a3yroTbes Ha
BUKOPHCTaHHI OaJIbHUX LKA nepuioro Tumy. Taki mkanu
MAaIOTh 3araJIbHOTNIPUIHSATHI €TaIOHH, SKAM BiIMOBIIAI0ThH
rpagamii mkand. ToMy OI[HKH EKCIEPTIB € IESIKUMHU
GIIyKTyalisiMi €TaJIOHHUX 3Ha4YeHb. I[limKpeciceHi Baju
nuckpetHol moaeni CMMI, siki moB’si3aHi 3 BiJICYTHICTIO
ypaxyBauHs ocobmmBocteit [P TI3 IT-kommanii. Tomy
3alpOIIOHOBAHO BpaxyBaTH Ii BaaW 3aBISKH IOOYIOBI
muckpetroi Mogeni SPICE INT Ha ocHOBI cuHTe3y QyHKIIIT
kopucHOCTI etagoHHOi Mojeni SPICE, ocHOBHI mpuHIMH
o0y TOBH SKOT 3aIPOIIOHOBAHI ¥ POOOTI.

IMopmanpmi nocmimkeHHs OYAyTh MPHUCBUCHI BUPIIIIe-
HHIO HACTYITHUX IpoOIeM:

— Ha OCHOBI 3icTaBiieHHs XapakrepucTuk I T-kommnanii
Ta okpemux mporuecis eranonnoi moneni SPICE po3podka
TEXHOJIOTIT YIMOPSAKYBaHHS MPOLECIB 3 MOMISAY iX Bax-
JIMBOCTI JIIs NiAHATTS piBHA 3pinocTi [TP T13;

— (opMyBaHHS eKCHEPTHHUX OLIHOK HEOOXiAHUX (i-
HAHCOBHX BHUTpPAT Ha IIJHATTS PiBHS BOJOAIHHS OKPEMHX
MIPaKTHK BiJIIOBIIHUMHU prcamMu aTpHOYTiB;

— BU3HAYEHHS BAXKIIMBOCTI OKPEMHX IIPakTHK B
MesKax IpOoIecy, IKOMY BOHH HaJle)KaTh;

— Ha OCHOBI HEOOXiTHMX (IHAHCOBMX BHTpaT Ha
MiAHATTS PiBHA MOJMJIMBOCTI OKPEMHUX HPOIECIB 1 TPEHAY
3MiHH (YHKIIi KOpHUCHOCTI (puc. 2) BH3HA4YE€HHS HE0O0-
XITHUX PIBHIB MOMIJIMBOCTI OKPEMHX IPOIECIB 3aJICIKHO
BiJI piBHS MOKpamieHHA QYHKII{ KOPUCHOCTI;

— BU3HAYCHHS KiJBKOCTI PiBHIB 3pUJIOCTI JUCKPETHOI
mozeini SPICE INT;

— BH3HAYCHHS KOHKpeTHUX nporueciB moxem SPICE,
SIKI HOBUHHI PO3IIIAAaTUCS Ha KO>KHOMY PiBHI 3piJIOCTi.
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N. V. GYBKINA, M. V. SIDOROV, H. V. STADNIKOVA

MATHEMATICAL MODELING OF THE QUASI-STATIONARY PROCESSES OF VISCOUS
MIXTURE MIXING IN A RECTANGULAR AREA BY THE R-FUNCTIONS METHOD

Mixing processes are found in the chemical, pharmaceutical and food industries. Fluid mixing is one of the fundamental scientific problems
associated with modern concepts of regular and chaotic dynamics. The paper considers the problem of mathematical modeling of the quasi-stationary
process of mixing a viscous mixture. This problem consists of two sub-problems: determination of the velocity field in the flow region (Eulerian
formalism) and investigation of the trajectories of individual fluid particles (Lagrange formalism). To solve the first subproblem, it is proposed to jointly
use the principle of superposition, the structural method (method of R-functions) and the Ritz variational method. The methods of nonlinear dynamics
and qualitative theory of differential equations are used to solve the second subproblem. A plane quasi-steady flow is considered in a rectangular region
and it is assumed that the side walls are at rest, and the upper and lower walls move alternately according to the given laws. According to the method of
R-functions, the structures of the solutions were built and the use of the Ritz variational method for the approximation of the uncertain components of
the structures was justified. The operation of the proposed method is illustrated by the results of a computational experiment, which was conducted for
different modes of wall motion. The practical interest of the considered regimes is due to the fact that they lead to the emergence of chaotic behavior
when mixing occurs most efficiently. Using the methods of nonlinear dynamics, the location of periodic (hyperbolic and elliptical) points was
investigated and the Poincaré section was constructed. Further research with the help of the method proposed in the work can be related to the
consideration of flows in more geometrically complex regions and more complex mixing regimes, as well as in the application to the calculation of
industrial problems.

Keywords: viscous fluid quasi-stationary flow, mixing flow, stream function, R-functions method, Ritz method, periodic points

H. B. THBKIHA, M. B. CH/]OPOB, I'. B. CTA/THIKOBA

MATEMATHUYHE MOJEJIOBAHHA KBA3ICTAHIOHAPHHUX ITPOLECIB HEPEMIIITY BAHHSA
B’SI3KOI CYMIIII Y IPSIMOKYTHIA OBJIACTI METOJIOM R-®YHKIIIA

Iporniecu mnepeminryBaHHS 3yCTPiYalOThCS B XIMiuHIH, (apMalleBTHYHIM Ta Xap4oBii HPOMHUCIOBOCTAX. IlepeMillyBaHHS DPIIMHH € OXHIEI0 3
(yHIAMEHTAIbHUX HayKOBHX IPOOJIEM, IIOB’I3aHHX 3 Cy4aCHHMM KOHLCTIISIMH PEryJIIpHOI Ta XaOTHYHOI AMHAMIKK. Y PoOOTI PO3IIIHYTO 3aady
MaTeMaTHYHOrO MOJIEIIOBAHHS KBa3iCTAI[IOHAPHOTO MpPOLeCy MepeMinryBaHHs B’ s3K01 cymimni. L[st 3aqada ckimagaethes 3 IBOX MiA3aad: BU3SHAYCHHS
nonst mBHAKocTell B obmacti Tewii (dpopmaniam Eiinepa) Ta DociimkeHHS TpacKTOpii okpeMuX 4acTHHOK pimmHH (popmamizm Jlarpamxka). st
PO3B’s13aHHS TIEPILIOT MTi/13a1ati IPOMOHYETHCS] CYMICHO BUKOPUCTATH IPUHIIMII CYIIEPHO3HLT, CTPYKTYpHHA MeToA (MeTon R-dyHKii) Ta BapiamiiHuit
merox Pitua. s pos3s’si3aHHs APYroi mig3agadi BUKOPHCTOBYIOTHCS METOIM HETiHIMHOI AMHAMIKK Ta SKICHOI Teopii AudepeHIianbHuX PiBHIHb.
ITnocka kBa3icTamioHapHa Tedist pO3IIILAAEThCS B MPAMOKYTHIH o0JacTi 1 BBaXkaeThes, MO Oi4HI CTIHKH Nepe0yBaroTh y CTaHi CIIOKOIO, a BEPXHS Ta
HIDKHS CTIHKH PYXalOThCs 110 Yep3i 3a 3aJaHiMH 3aKOHaMH. BigmosinHo g0 Metoxy R-byHKLi# moOyI0BaHO CTPYKTYpH PO3B’SA3KIiB Ta OOIPYHTOBAHO
3aCTOCYBaHHS JUISl allpOKCUMaLlil HEBU3HAYEHUX KOMIIOHEHT CTPYKTYp Bapiawiinuii Meros Pitia. Po6oTy 3anpornoHOBaHOTO METOY MPOLITIOCTPOBAHO
pe3ynbTaTaMu O0YHCITFOBAIEHOTO EKCIIEPHMEHTY, SIKHH OYJI0 IPOBEISHO UL PI3HUX PEXUMIB pyXy CTIHOK. [IprKiaHui iHTEpeC pO3IIITHYTHX PEXUMIB
00yMOBJIEHHH THM, 1110 BOHU ITPU3BOATH 10 BAHUKHEHHS XaOTUYHOI [TOBE/IiHKH, KOJIM TIepeMilllyBaHHS Bi10yBaeThcsl HAWO1Ib1I eheKTHBHO. MeTogamu
HEJNHIMHOT AMHAMIKY JTOCHIXKEHO PO3TallyBaHHS NepioANYHUX (TinepOoNiyHUX Ta eNNTHYHUX) TOUOK Ta moOynoBaHo nepepi3 [lyankape. [Toganbun
JIOCIII [UKEHHS 3a JOTIOMOTOI0 3aIIPOIIOHOBAHOTO Y POOOTI METOYy MOXKYTh OYTH MOB’s13aHI 3 PO3IIISIOM TeUil y OLIBII TeOMETPHYHO CKIIAJIHUX 00JIaCTSX
Ta OLIBII CKIIAHUX PEXUMIB EPEMIIIyBaHHS, a TAKOXK y 3aCTOCYBAHHI 10 PO3paxyHKy IPOMHUCIIOBUX 3a/1au.
KurouoBi ciioBa: kBasicTaiioHapHa Tevis B’SI3KOi piivHHU, epeMilryBanHs, GpyHkuis Tedii, meron R-dynkuiit, meron Pitia, nepionuyHi Touku

Introduction. Mathematical modeling of viscous
flows is widely used in investigation of mixing processes
in chemical, pharmaceutical and food industries, etc. [1-3].
On the other hand, the problem of liquids mixing research
is a fundamental scientific problem associated with chaotic
dynamics [2-5]. There are several methods that are used for
numerical simulation of these processes. But they do not
have the universality property and can be only used to
investigate processes in geometrically simple areas. In
particular, in J. M. Ottino, H. Aref, V.V. Meleshko, T.A.
Dunaeva, T.S. Krasnopolskaya [1, 6-8] and others works,
the mixing problem was solved in a circle, a semicircle and
a circular sector, etc. The methods proposed in these works
cannot be applied to studying of mixing processes in more
complex areas.

The geometric information included in the problem
formulation can be taken into account accurately. This can
be achieved by the usage of the constructive apparatus of
the R-functions theory. The theory was proposed by V.L.

Rvachev, Academician of the National Academy of
Sciences of Ukraine [9]. Thus, it is a relevant scientific
problem to develop new methods of numerical analysis of
mixing processes based on the application of the R-
functions theory. For instance, the R-functions method was
applied to study the viscous fluid flows in [10-14]. This
work continues the research initiated in [15, 16].

Problem statement. Let’s consider a flat quasi-
stationary flow of viscous incompressible fluid that fills Q

, the inside of a rectangle Q =[0,a]x[0,b]. We assume
that the side walls Q are at rest and the top and bottom
walls take turns move with speeds v, (t) = (v, (t), 0) and
Vot (1) = (v, (1), 0) , respectively. Fig. 1 illustrates the

scheme of such flow.
To solve the first part of the mixing problem we need
to obtain the velocity field (v,,v,) in the flow area Q.

Let’s assume that the considered flow is creeping. Then the
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nonlinear terms in the Navier — Stokes system of equations
can be neglected and the flow can be described using the
Stokes approximation [17].

Vi (1)

—

0 —— a
Vbot(t)
Fig. 1. Flow scheme
It is convenient to describe plane flows using the
stream function w(x, y,t) associated with the components
of the velocity vector (v,,v,) by the relations [17]
x = % ' Vy
Under such conditions, we can set the following
boundary-value problem for the stream function w(x, y,¢)

in the Stokes approximation:

__

Y = .
OX

Ny =0 in Q, 1)
V] =0,
P _VtOp (t)! (X, y) € 691 = {y = b},
% I V® (R Y)edQ={y=0}, (2

0, (X, y)edQ, ={x=0}u
woQ, ={x=a},

where n — is the external normal to the boundary 06Q of the
flow area Q;
A? — biharmonic operator,

4 4 4
A = 6—4 + 2% + 8—4 .
OX ox‘oy: oy
The solution of the second part consists of solving the
initial problem for the equations system of Lagrangian
particle motion:

oy Ovnyit) L Op(x )
X(t)——ay ;Y@ R

X(to) =Xos y(to) =Y, (4)

and constructing and analyzing the motion trajectories.
Basic Information on R-Function Theory. Let’s

consider the basics of the R-functions theory and the

general application scheme of this theory methods in

, ®3)

mathematical modeling of physical and mechanical fields
[0
A function f:R" — R is called the R-function that

corresponds to the three gradations partition of the set
x = (—OO, +OO) =R

$;'(0)=X(0)=(-,0), S;'(1)=x(1)={0},

$,"(2)=%(2)=(0,+),

if such a three-valued logic function Y =F(X,,..., X,)
exists, that
SHRECTRERS) Ll EACHIRRENC NI ®)
where
0, t<0,
S;(t)=41 t=0,
2, t>0.

The three-valued logic function F that satisfies
condition (5) is called accompanying for R-function f .

Thus, the definition (5) points out a functions class
among the continuous argument functions. They have
properties of the logic algebra functions (a discrete
argument functions). In the R-functions theory, it is proved
that this class has a nonempty intersection with the set of
elementary functions. One of the most used in practical
applications is the following R-functions system

_ . 2 2 .
G=-0; 0,A,0,=0,+0,—+l0} +0, ;
0,V 0, =0, +0, ++J0] +0) (6)
1V 0, =0, 10, 1170, -

Accompanying functions for the R-functions of
system (6) are three-valued negation, disjunction, and
conjunction, respectively.

The application of the R-functions is primarily
associated with an analytical description of geometric
objects (solving the inverse problem of analytic geometry).
Itis also used to form structures for solving boundary value
problems of mathematical physics (structural method).

One can describe an application scheme for the R-
functions theory apparatus to solve the inverse problem of
analytic geometry in the plane. Let a geometric object
Qc R? be constructed from  support  sets
%, =(o;(x,y)=0), i=1..m, using algebra of logic
operations —, A, v inthis form

Q=F(,...%,). @

We assume that o,(x,y), i=1..,m, are simple
continuous (elementary) functions, i.e. at the same time
o,(x,y)=0 is the boundary of sets o;(x,y)>0 and
o,(x,y)>0.Ifin (7) we carry out a formal substitution for
set Q with w(x,y), X, with o, (x, y) , and the logic algebra
symbols —, A, v with the corresponding R-functions
symbols, we obtain an elementary function w(x, y) in the
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form of a single analytical expression that is equal to zero
on the boundary 0€2 . Moreover, the inequality w(x,y)>0

is true for the internal points Q.
Thus, the implicit equation w(x,y) =0 defines the

locus, which is the boundary of Q.
Also, this function w(x, y) can be subordinated to the

normalization conditions:

o(x,y)=0 at 0Q; w(x,y)>0 in Q;

@l -, ©
on|.q
where n —external normal to o6Q .

For boundary-value and initial-boundary-value
problems of mathematical physics, the R-function method
allows to construct general structures for solving. These
structures are bundles of functions that exactly satisfy all
the boundary conditions of the problem.

The application of the R-functions structural method
for the numerical study of physical-mechanical fields
consists of the following steps:

1) an exact analytical geometric description of the
area Q in which the field is considered, i.e. the
construction of a function w(x, y) with properties (8);

2) continuation of the boundary conditions into the
area, i.e. until the functions and operators become defined
on the boundary at internal points of the area Q;

3) the construction of the general solution structure,
i.e. such formula that depends on one or more indefinite
functions and which, with any choice, exactly satisfies all
boundary problem conditions;

4) the construction of an approximate solution, i.e. the
approximation of the indeterminate components of the
structure by some numerical method (grid method, Ritz
method, Galerkin method, etc.).

The following two approaches are the most common
ways to extend the boundary conditions within the area [9].

Let the function ¢, at the points 6Q be defined as

composite like this

Py (s), s,
Py (S) =

o)(s), seaq,,

where the border sections 0Q,, ..., 0Q, are pairwise

different, they do not have common internal points and
=00, U...uQ, .

If functions o,(x,y), are such that
Ol =00, and  o(x,y), that
w;(x,y)=0 at 0Q, and w;(x,y)>0 in QuU(OEQL\Q,),
then the function

i=1..r,

i=1..r, such

(0,050, F Q0,00 F ... F PO,

o) C))

0, Wy... 0 + O 03...00, + ...+ O, 005...00,

has a property q0|m = @,. We will mark this continuation as

ECoy=0.

The second approach is connected to the continuation
of the differential operators into the area Q. These
operators are defined on the boundary 0Q . Let w(x,y)=0
be the normalized equation of the boundary 0Q of the area
Q (i.e. the function w(x, y) satisfies conditions (8)). Then

the operator D, , that behaves according to the rule

=, oot (10)
OX OX oy oy

at regular points of 0Q satisfies the equality

ou
_Dlu|ag = % !

where n —external normal to 0Q. The expression Du

makes sense everywhere in QU 0Q.
In particular [10], the structure of the problem
solution

Au=F in Q, (11)
; au ~
ul,,=1(s), —| =4d(s), seoQ, (12)
oQ an o
can be represented as follows
u=f—o(Df +g)+0°®, (13)

where f=ECf and g=EC§ - are extensions of
functions f and § in Q which are constructed using
formula (9);

the operator D, is determined by equality (10);

® is the indefinite component of the structure, and
the function w(x, y) satisfies conditions (8).

Method of Numerical Analysis of Quasi-Stationary
Viscous Fluid. In accordance with the principle of
superposition, the solution of problem (1), (2) is
represented in the form

w(x, y,8) = v, Oy (X, 3) + v (D, (x, ), (14)
where y, (x,y) —is the solution of the problem
Ny, =0in Q, (15)
Vilo =0,
| _ {1, (X, y) € 0Q,, (16)
onl, 10, (Xy)edQ,uiQ,uiQ,,
and w, (x,y) —is the solution of the problem
Ny, =01in Q, 17)
Yalog =0,
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(x,y) € 0Q,,

O, _]L
o 0 (xy)ean, uan,uaQ,.

n (18)

To solve problems (15), (16) and (17), (18), we use
the R-functions method and Ritz method.
Let’s introduce the following functions

w=b-y, w,=x, w;=y, w,=a—x.
Each of these functions w,(x,y), 1=1,2,3,4, has
properties:
1) o, =0 at 0Q;;

2) ;>0 in QU(Q\QY,);
3) ?:—1 at 0Q,, n —external normal to 0Q; .
n

Then the function

1 1
0=| 2xta=2) |no| 220-3)|.
a b
where A, — the R-conjunction sign, satisfies the conditions
(8).
Each of problems (15), (16) and (17), (18) can be

reduced to the form (11), (12) if (according to (9)) we
choose

(19)

W, Ny Wy Ng (0 W) Ny 0y Ny 0O

9, =

1 2 = .
W+, Ny W3 Ny O Wy + W Ny 0, Ny O

Then by formula (13) we obtain the solution structures
for the problems (15), (16) and (17), (18) in the form

Y, =—0g, +0°®,, =12, (20)

where the function @ is (19);
®,, ®, are the indeterminate components of the

structures.

To approximate the indeterminate components in (20)
we use Ritz’s variational method [18]. To do this, in
problems (15), (16), and (17), (18) we first make
substitutions

v =h +u;, (21)

where h =-wg,, U =o’®, — new functions we are
looking for, i=1,2. Substituting (21) into (15), (16), and
(17), (18) for functions u, , i =1, 2, we obtain problems with
homogeneous boundary conditions:

Ay, =-A’h in Q, (22)
ul, =0, & —o. (23)
oQ an o

We consider boundary value problems (22), (23) in
Hilbert space L,(Q). We will associate each of these

problems with an operator A= A’ at the function definition
area

_a

ueC*(QNCHQ),u =o} cL(Q).
on|s

DA={u

The operator A defined in this way is symmetric and
positively defined. If we close the set D, in the norm

generated by the scalar product

oQ

[u,v]= H AuAvdxdy ,

then we get the energy space H,. Then, by the theorem on
the energy functional [18] (provided that Ah € L,(Q),
i =1, 2) the generalized solution of problems (22), (23) is
u, =arg inf H[(Au)z +2AUAh Jdxdy , i=1,2.
Q

ueH,

According to the Ritz method [18], approximate
solutions of these variational problems will be sought in the
form

N N
— 2D ~ — 2 — 2 0. _ ()
U =0~y =0'® =0 E,Ck Tk_E,Ck Py s

k=1 k=1

where i=1,2, {r,} — any complete in L,(Q) system of
functions (degree or trigonometric polynomials, splines,
etc), o, =0’ .

The sequence {¢,} is coordinate because

1) ¢; € D, foranyone j;

2) ¢y, ..., ¢ linearly independent for each N ;

3) the system {¢,} is full in space H,.

To determine the unknown numbers ¢, ..., c{,
i=1 2, itis necessary to solve the Ritz system

N .
D lo 9;1c” =—(ah, Ag)),
k=1

j=1..,N,i=12,

where

[(Pk'@j]=ﬂA<PkA<P,-dxdy, k,j=1.. N,
Q

(Ahi,A@j)=IjAhiA¢jdxdy, j=1..,N,i=12.
Q

The matrices of systems (24) are independent of i and
can be calculated once, when we solve problems (22), (23).
In addition, these matrices are symmetric, which also
reduces the amount of computation.

It follows from the Ritz method convergence theorem
[18] that the sequences of functions u;,, 1=12,

N — oo, converge to the unique generalized solutions of
boundary value problems (22), (23) in both norms L, (Q)
and H,. Then the sequences of functions v, =/ +u;  ,
i=12,convergeinnorm L,(Q) tothe unique generalized

solutions of problems (15), (16) and (17), (18) and the
sequence of functions
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Wy (%, 1,8) = =iy (O (X, ) + v (O (%, 9)

converges to the unique generalized solution of the original
problem (1), (2).

So the first part of the mixing problem is solved.

To solve the second part of the mixing problem we
need to study the methods of qualitative theory of
differential equations of the initial problem

%(t) _ oy (a8 o) __Oyy(xyt)

w0 &

X(to) =Xy, y(to) = Yo (26)

that describes the behavior of individual fluid particles
(markers).

In considered problem (25), (26), it is necessary to
find the periodic points of system (25), find out their nature,
study the behavior of phase trajectories, etc. [5].

Results. The computational experiment was
performed for a rectangular area for different ratios a:b
and for different movement modes of the top and bottom
walls. The integrals in system (24) were numerically
calculated using a Gaussian cubic formula. The fifth-degree
Schonberg splines for the system {z,} were chosen. Two

quasi-stationary modes (T — period) were considered:

—mode A: alternately at time intervals [kT; TE + kT} :

[%+ KT; T+ kT} , k e N, the top and bottom walls move

respectively at regular intervals in opposite directions at
constant speeds;
— mode B: the top wall moves at the time interval

{kT —&; %+e+kT] k e N, and the bottom wall moves

in the opposite direction at the time interval

F—E—gﬂcT; T+kT+e}, keN (0<8<TE).

The quasi-stationary modes under consideration are of
applied interest. In these cases, chaotic behavior may occur
when mixing is the most effective. In the case of stationary
mode, the phase trajectory of markers in the area Q is a
closed curve without self-intersection points. For quasi-
stationary mode the phase trajectory has more complex
behavior. Fig. 3 shows the marker trajectory exiting from
the point (0.52; 0.53) in 10 periods in case of mode B.

Periodic points for different ratios a:b were nume-
rically found for the considered modes. Schemes of their

location in the area Q are shown in Fig. 3 and 4 ( = -

hyperbolic point; * — elliptic point). Poincare Sections for
300 points were constructed as well. The obtained cross
sections allow us to conclude that in quasi-stationary mode
A the regularity of the flow is disturbed. In mode B there is
an area of global chaos with the exception of only the
border zones. For the area Q when a=1, b=1, their
examples for different modes are shown in Fig. 5 and 6.
The obtained results are in good agreement with the results

of physical experiments [1, 5] and with the results obtained
by means of other methods [4, 8].

0.8 |

0.6 |

0.2 |

0.2 0.4 0.6 0.8 1

Fig. 2 The marker trajectory exiting from the point (0.52; 0.53)
in 10 periods (mode B)

0 1

Fig. 3 Location of periodic points in the area Q (a=1, b=1,
modes A and B)

3 3
. *
>, >,
x & x ¢ X
=,
L ] L ]
0 1 0 1
a b

Fig. 4 Location of periodic pointsinarea Q (a=1, b=3)
mode A (a) and mode B (b)

Conclusions. The technique for investigating the
processes of mixing viscous mixtures was proposed. It is
based on the joint application of the structural method (R-
functions method) and methods of qualitative theory of
differential equations. The application of the R-functions
method made it possible to obtain the analytic solution of
the first part of the mixing problem — viscous stream flow
function. That facilitated its further usage for solving the
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second part of the mixing problem — to study the properties
of the trajectories of the marker movements.

0.8 F

P d -
] "
0.6 F ' ‘
! '
) \
0.4 F ' 1)
! '
] 1
b S

0.2

L L L L £

0.2 0.4 0.6 0.8 1

Fig. 5 Poincare Intersection of the trajectory exiting from the
point (0.52; 0.53) (mode A)

Fig. 6 Poincare Intersection of the trajectory exiting from the
point (0,52; 0,53) (mode B)

The application of the R-functions method allows to
perform computational experiments for more complex
areas than those found in modern research. That made the
proposed method more universal than the known ones.
Experimental studies of two of mixing modes allowed us to
make conclusions about their effectiveness. Further studies
of the proposed method may be related to the consideration
of flows in more geometrically complex areas and more
complex mixing modes.
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M. JI. TOJVIEBCBKHH, T. O. BYP/IAKOB

IINIAHYBAHHS PO3BUTKY ITPOLECY PO3POBKH TPOT'PAMHOI'O 3ABE3IIEYEHHS HA
OCHOBI METOJA IMOCJIILAOBHOI'O AHAJII3Y BAPIAHTIB

3a3HaveHo, 110 NPOLECHH MiAXiJ € 3ac000M HayKOBOTO JOCIIDKEHHS 1 IPaKTUYHOI 3MiHH HaBKOJMIIHBOTO CBITY, SIKHI 1O3BOJISIE TIPENCTABIIATH Ta
peaizoByBaTH BHPOOHMYI CHCTEMH y BHIVIIAI MHOXKHHH IIpolLeciB. Y poOOTI pO3MIAAaoThCs OCOOIMBOCTI BUKOPHCTAHHS TAaKOroO MiJXOXy IO
JTOCITi [UKEHHS JIIOACHKOT TisUTbHOCTI, OB s13aHOI 3 po3po0Koio nmporpamuoro 3abesnedenns (I13). [IpeactaBieHo nepernik HAyKOBLIIB, sIKi 3BEPHYIIH yBary
Ha HeoOXiJHICTh peati3amii nponecHoro miaxoxy 1o po3pooku I13 i Ha niif ocHOBI OyI0 BBeieHO MOHATTS npouecy po3pooku I13 (ITP I13). Busnaueno
MoHATTS Mogneni xwurteBoro nukiny (MIXKI). ITigkpecneno, mo Haiibutem Bizomumu Habopamu MXKI] e moneni 3pinocti CMMI Ta SPICE. Tlix
nokpatueHusm [1P I13 y po6oti po3ymieTbest MHOKHHA ii, CIPIMOBAHHUX Ha MOJIMIICHHS HOro XapaKTepHCTUK IULIXOM BUKOHAHHS JESKOT0 HaOOpy
3aXO0JIiB, sIKi 0a3yrOThCs Ha iHXKeHepil AKoCTi, y ToMy uucii Ha TQM. ITinkpecieHo, o MOIeNi 3piiocTi BiTHOCATBCS O OJHIEl 3 JBOX TOJOBHUX
Kareropiii: OesnepepsHi (continuous) i auckpetHi (staged). Moxens CMMI peasti3yeThcs Ha OCHOBI IBOX MiaxoiB, a Mozelb SPICE Tisibku Ha OCHOBI
6e3nepepsHoro miaxoxy. Ha renepimmiit uac mogens CMMI popmanizoBano, 1o 103800 mianyBats po3sutok [1P 13 a6o iioro okpeMux mporecis
B yMOBaxX 0OMEXeHHX pecypciB. 3 norsny eranonHoi moneni SPICE npencrasnena gpopmaisaris ii CTpyKTypH y BUIIILAI HACTYIHOI iepapXii: MHOXKHHA
TPYII IPOLIeCiB; MHOXKMHA KAaTEropiil; MHOKHHA IIPOIIECiB; MHOXKHMHA NPakTUK. Ha 0CHOBI HaBe#eHOI CTPYKTYpH NIpoBeeHa (GopMatizamis OLiHKY PiBHA
MOXIHBOCTI okpemoro mporecy mozaerni SPICE. Po3pobiena Monenp craga OCHOBOIO sl PO3POOKH ONTHUMI3ALifHOI 3a1a4i IUTaHyBaHHS PO3BHTKY
MiAMHOXUHK TipouieciB Mozeni 3pinocti SPICE. 3 meroro aHamizy wmi€el 3amadi i po3poOku anropuTMy ii peanizailii B poOOTi BOHA IpeCTaBlICHA y
CKOPOYEHOMY BHTJISI. [f MiMboBa (hyHKIIis € aMTHBHOIO i BU3HAYAE iHTETPaNbHII TOKA3HUK 30iMBIIEHHS PiBHS MOXUTMBOCTI i IMHOKHHH IPOTIECIB HA
BCbOMY IIAHOBOMY Iiepiozi. Mozesnb Ma€e pecypcHe 0OMEKEHHsI, SIKe XapaKTePH3Y€EThCs TUM, 10 PECYPCH, SIKi He BUKOPHUCTAHO Ha 3aJaHOMY IiANepioi,
MOXYTb OYyTH peanizoBaHi Ha HACTYIHHX HiJrepionax IuiaHyBaHHs. ITokaszaHo, mo it onTHMi3alii Takoi Mopesni HaHOIIBII NPHIATHUM € METOX
TIOCITiZIOBHOTO aHaJIi3y BapiaHTIB, IKWI Mojke OyTH peaizoBaHNM Ha OCHOBI Pi3HMX alTOpHTMIB. Y poOOTi BUKOpPHCTaHO anroput™ «KuiBcbKuit BIHUKY,
SKMA € 0araTOKpOKOBUM TIPOIIECOM, Ha KOXHOMY IiINepiofi IUIAaHYBaHHS SIKOTO PEAN3YEThCS  «BIAMITaHHSI» JAEIKOI MHOXHHH
HEKOHKYPEHTOCIPOMOXHHUX BapiaHTIB.

KurouoBi cioBa: mporecHui miaxix, nmporpaMue 3a0e3nedeHHs], IpoLec Po3poOKH MPOrpaMHOTO 3a0e3MeUeHHsI, MOJIeb XKHUTTEBOTO LUK,
IHXKEHepist IKOCTi, MOJIeNIb 3P1JIOCTI, METOJ| IOCIIJOBHOTO aHai3y BapiaHTIB.

M. D. GODLEVSKYI, G. O. BURLAKOV

PLANNING THE EVOLUTION OF THE SOFTWARE DEVELOPMENT PROCESS BASED ON THE
METHOD OF SEQUENTIAL OPTION ANALYSIS

It is noted that the process approach is a means of scientific research and practical change of the surrounding world, which allows representing and
implementing production systems in the form of a set of processes. The paper considers the peculiarities of using this approach to the study of human
activity related to software development. A list of scientists, who drew attention to the necessity of implementing a process approach to software
development, is presented, and on this basis, the concept of the software development process (SDP) was introduced. The concept of a model life cycle
(MLC) is defined. It is emphasized that the most well-known sets of MLC are SMMI and SPICE maturity models. The improvement of SDP in the work
is understood as a set of actions aimed at improving its characteristics by implementing a certain set of measures that are based on quality engineering,
including TQM. It is emphasized that maturity models belong to one of two main categories: continuous and discrete (staged). The SMMI model is
implemented on the basis of two approaches, and the SPICE model is implemented only on the basis of a continuous approach. Currently, the SMMI
model has been formalized, which made it possible to plan the development of the SDP or its separate processes under conditions of limited resources.
From the point of view of the SPICE reference model, the formalization of its structure is presented in the form of the following hierarchy: a set of
process groups; multiple categories; set of processes; set of practices. Based on the given structure, the assessment of the possibility level of a separate
process for SPICE model was formalized. The developed model became a basis for optimization problem development of planning evolution of a
processes subset for the SPICE maturity model. In order to analyze this problem and develop an algorithm for its implementing, it is presented in a
shortened form. Its objective function is additive and determines the integral indicator of the increase in the level of possibility of a processes subset over
the entire planning period. The model has a resource limitation, which is characterized by the fact that resources that are not used in a given subperiod
can be implemented in subsequent planning subperiods. It is shown that the method of sequential analysis of options, which can be implemented based
on various algorithms, is the most suitable for the optimization of such a model. The work uses the "Kyiv Broom" algorithm, which is a multi-step
process, at each planning sub-period of which "sweeping out" a certain set of non-competitive options is implemented.

Keywords: process approach, software, software development process, model life cycle, quality engineering, maturity model, method of
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Beryn. IlponecHuii migxin € 3aco00M HayKOBOTO
JOCIIKSHHS 1 IPAaKTUYHOI 3MiHM HaBKOJIMILIHBOTO CBITY,
SIKMH J03BOJISIE TIPEJICTABISITH Ta PEali3oBYyBaTH BHUPOO-
HUYi CHUCTEMH MHOXXUHOK MPOIECIB, J¢ Mijl MPOIECcCOM
OynemMo pO3yMiTH NOB'si3aHUN HaOIp (QYHKUIH, MK
MIEPETBOPIOE BUXiIHY iH(OpMaIlifo B KiHIIEBY iH()OpMAIIiio
(IpoayKT, MOCIYTY) BIiANOBIOHO MO TONEPEAHHO BU3HA-
YeHWX NpaBWI. Y poOOTi pPO3TIAAAIOTECS OCOOIMBOCTI
BUKOPHCTAHHS TAaKOTO MiAXOAY [0 TOCITIIKEHHS JIFOACHKO]
TiSUTEHOCTI, TIOB’5I3aHOI 3 pO3pOOKOI0 IMPOTPaMHOTO 3a0e3-
nedeHHs. BUXiTHUM MaTepianoM Ut TaKoTo pOxy IisiTb-
HOCTI € BUMOTH JI0 IPOTPAaMHOT0 TPOAYKTY abo0 cepBicy i
HeoOximHI pecypcH, a ii pe3ynbrar — KiHLUEBHH Mpor-
paMHUi TpoayKT abo cepBic. OueBHIHO, IO TaKa JisUIb-
HICTb BIJITIOBiZIa€ paHilllc HABSJACHOMY MOHSTTIO MPOIIECY i,
SIK CIIICTBO, MOXKHA BBECTH HOHSTTS IPOLECY PO3POOKH
nporpamuoro 3adesneuenns (1P I13) [1-5].

[lepmmm  mocmimHUKOM, SIKMH 3BEpHYB yBary Ha
HEOOXIOHICTP  peaji3amii MPOLECHOTO TIIXOAy MO
po3podku I13 OyB Xamdpi, OCHOBHI pe3yabTaTH
JOCITIDKEHb SIKOTO BimoOpaxkeHi y MoHorpadii [6].
Hoxkymerr SWEBOK [7] (axwii omucye 6a3oBuii Habip
3HaHb MpPOrpaMHOI iHXKeHepil Ta BiOMHUI SK CTaHAapT
ISO/IEC 19759) HaBoauTh HACTyIHE BU3HAYCHHs: i [1P
13 po3ymieThest HaOIp AisUTLHOCTEH, METO/IIB, MPAKTHYHUX
NpoLeAyp Ta TMepeTBOPeHb, SIKI BUKOPHUCTOBYIOTHCS
JIFOABMH JUIsE pO3pOOKH 1 miaTprMKH [13 1 OB’ A3aHUX 3 HUM
npoxykriB. JlaBpimesa [8] Busnauae [1P I13 (mig Ha3Boro
«0a30BHI TIpoIIeC MPOTPAMHOI iHXKEHepii») STK MHOXHHY
JIOTIYHO TOB’SA3aHUX BHUIB OpTaHi3aIliifHOT MisSUTBHOCTI
oprasizamii-po3poOHnka 1 Habopy  3aco0iB  Ta
IHCTPYMEHTIB, sKi BIIHOCATBCS JIO BHUTOTOBIICHHS
MIPOTPaMHOT0 MHPOAYKTy. Sk 0aummo, I1i BH3HAYCHHS
BiJIPI3HSFOTECS TUTBKH YAaCTKOBOCTSIMH 1 € Y3TOJKCHUMH B
OCHOBHOMY: y Bcix Bu3HaueHHsx min [1P I13 posymierbcs
yIOpsIIKOBaHA MHOXKMHA [iH, SIKi CTaBJISITh CBOEKD METOIO
CTBOPEHHSI  TPOrPaMHOrO  MPOAYKTY.  BiaMiHHOCTI
(GakTUYHO TOB’S3aHI 3 IHTEPIPETali€ld KOHKPETHOTO
Habopy naiii. OmUC CTPYKTYpH KOHKPETHOTO eK3eMILIIpa
1P I13 Bu3Hauae HaOip eTariB i OKPEMHX HOTO €JIEMEHTIB.
Ilpu peamizamii KOHKPETHHX TMPOEKTIB BU3HAYAETHCS
MTOPSIOK CIIIAKYBAHHS IIUX €TaIiB 1 KpUTepil mepexory Bif
eramy a0 eramy. ®akTHYHO, HEOOXiAHO OTpPUMAaTH
BI[INIOBiJb HA JBa OCHOBHHMX mwuTaHHA [2]. Sxuit Habip
eramiB  [IP TI3 BHKOPHUCTOBYeThCS B  KOHKpPETHIii
peanizanii? SIk 3aa€ThCs MOCIiOBHICTD IIUX €TAIiB 1 YMOB
nepexoxy Mik HuMH? BiamoBine Ha mepie MUTaHHS Ja€e
BH3HAUEHHs TporieciB xutteBoro mukny (OKL[) TTP TI3.
Biamosins Ha npyre nutaHHs gae€ Bu3HaueHHs Moaeni JKI
IIP II3. Taka Mopenb Oa€ MOCHIJAOBHICTh BHUKOHAHHS
mporecis XKL (IDKL]) i ymoB nmepexoxy Mixk HUMH. IcHye
6ezmiu  BapiantiB [IXKIL[, sKi BHKOpHUCTOBYIOTBCS B
KOHKPETHHX peali3alisix Ipoiecy po3poOku (Moxerni
XKHUTTEBOTO IMKIY). 3a3Buyail Taki BapiaHTH MaroTh
MHOXXHHY 3arajbHuX ejeMeHTiB. Y poOorti [9] HaBeneHo
3arajnpHui HaOip ckmagoBux [DKL, skuit € mokpuTTsIM
GinpmiocTi icHyrounx BapiaHTiB. HaiiGinbpm BigoMuMun
Habopamu DKL, siki BUKOPHUCTOBYIOTBCS HA MPAKTHII, €:
HaoOip [DKII, Bu3HAUeHHI METOAOM MOKPAIIEHHS MPOIECY
po3po0OKH, sSKkui Oa3yeTrbecs Ha Mojenm 3pinocti CMMI
(Capability Maturity Model Integration); mabip ITLDK,

SKAH BHM3HAYAE€THCS METOJOM HOKpAIIEHHS Ipolecy
po3pobkH, sxui 0azyerbcs Ha Mozeni 3pinocti SPICE
(Software  Process Improvement and  Capability
dEtermination) [10].

IMocranoBka Ta Mera 3anaui gociaimxennsi. Ilin
nmokpamenasm 1P TI3 (Software Process Improvement,
SPI) [11, 12] po3ymieTbcss MHOXKHHA Tild, CIIPIMOBAaHUX Ha
MOJINIICHAS XapaKTepUCTHK TIPOILECY pPO3POOKH B
pe3ynbpTaTi  BHUKOHAHHS  JESKOTO HAa0Opy  3aXOmiB.
BayxmmBuM MOMEHTOM € TOW (aKT, 0 KPUTEPIEM YCIiXy
X Oif € XapaKTepUCTUKH Mporecy po3polku (iforo
JIOKyMEHTYBaHHS, KEpOBaHICTH 1 T. 1H.), a He
XapaKTepUCTUKU  IPOrpaMHOrO  3a0e3ledeHHs,  sKe
PO3po0IsEThCs. Y IIbOMY ISl TEXHOJIOTISl CIIUPAETHCS Ha
migxoau imxkeHepii sikocTi, y Tomy uncii Ha TQM (Total
Quality Management). BBaxkaeTbcs, 110 TOKpalleHHS
XapaKTepUCTUK TPOLECY PO3POOKH HANpsMy IOB’s3aHE 3
SAKICTIO HOTO pe3ynbTaTiB. ICHYIOTH pi3HI MIXOoAHW IO
MOKpAIIEHHs Iporecy po3pooku. Jlam Mu 30cepenumMocs
Ha MigXonaX, sKi 0a3yloThCAd Ha MOZAETSIX 3PUIOCTI Ta
MPE/CTABILSIIOTH OMHC 1€aIbHOTO NMPOCYBAHHS OpraHizamii
(abo oxpemoro migpo3aiTy) 1o OaxkaHOTO PiBHA peaizaril
npoLecy po3poOKH, SIKMH 3aJaHO JEKiIbKOMa IOCIiI0B-
HUMHU eranamu abo piBHsAMH. Takuil Tpolec JJOMoB-
HIOETBCS 3ac00aMU OL[IHKH TOBHOTH BUKOHAHHS eTaIiB abo
BIAMOBITHOCTI MPOLECy OpraHi3awii piBHAM, SIKi OTMHCAHO.
Taka MoJenb J03BOJISIE OpraHizailii OI[HHUTA CBOIO
peaizawiio mporecy po3poOKy HUISIXOM i IOpIBHSIHHS 3
KpalquMe BapiaHTaMH Takoi peamizamii (a6o 3 BapiaHTaMu
KOHKYpEHTIB). MeTa Takoro MOpiBHSHHI — cpopMmyBaTu
CTPYKTYPOBaHWI TUIaH TOKpAaIIeHHS i€l peaii3armil
nporecy.

Ha meii 9ac npuiHATO BiTHOCHTH MOAEII 3piJIOCTI 110
OnHi€T 3 TBOX TOJIOBHHUX KaTeropii: Oe3mepeprHi (conti-
nuous) i auckperHi (moeranHi, staged) migxomu. Bume
HaBezZieHa Mozaenb CMMI peanizyeTbcss Ha OCHOBI JBOX
migxoniB, a Moaens SPICE Tinpku Ha OCHOBI Oe3me-
pepBHoro miaxoay. Ilpu oMy momens CMMI no3Bosse
npoBoauTH omiHKy [1P I13 Bciel opranizariii 3a jonomMororo
JIICKPETHOTO TMigXoqy i okpemux mpoueciB ((hokycHux
oOxacreit) mpu 6e3mepepsHoMy miaxoni. Mogens SPICE
JTO3BOJISIE OIIHIOBATH SIKICTh TUTBKH OKPEMHUX IIPOLIECiB 200
MHOXKMHH Takux mporeciB. OCHOBHUM HEIOJIKOM IHX
Mojeneit Oyna BiICYTHICTD iX OpPMaIbHOTO OMHCY, KU
I03BOJIsIe TIanyBath po3BUTOK [1P 13 abo #oro okpemmx
MpOIeCiB B yMOBax OOMEXKEHHX pEeCcypciB Ha MESIKOMY
mraHoBomy mepioni. Lle# Hemomik Oyino ckacoBaHO IIIOJIO
mozaeni CMMI y pobotax [13, 14]. [IpoBeneHo mnepii
JIOCIIPKeHHS PO  (hopMaltizaiifo MpOIeciB  €TaJOHHOT
mozemni 3pinocti SPICE [15]. @opmanizoBaHo OIIHKY piBHS
MOXJIUBOCTI  okpemoro mporiecy wmoxaeni SPICE i
PO3pOOJICHO IUHAMIYHY MOJENb IUIAaHYyBAaHHS PO3BHTKY
migMHOkuHM TpoueciB Mozpeni 3pinocti SPICE. Tomy
METOI0 pOOOTH € PO3poOKa AITrOpUTMy pearizamii wiel
MOJIETI Ha JIeSIKOMY IUIAaHOBOMY Iepioji B yMoBax oOme-
JKeHuX pecypciB. s QopMmyBaHHS airopuTMy Iore-
pPEeIHBO KOPOTKO PO3TIITHEMO MOJENb 3ajadi, siKy Oylo
po3pobieno B [15].

JuHamiuyHa MoJedb IUIAHYBaHHSI  PO3BHUTKY
NMiAMHOKMHHM TPOIECiB eTaJoHHOI Moaesi 3pigocti
SPICE. BBeneMo HacTyIHI MO3HAYCHHsS, SKi HEOOXIHI
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JUTS PO3POOKU TUHAMIYHOI MOJIEI TUNIAHYBaHHS PO3BHUTKY
MiIMHOXKUHU TIporieciB etamonnoi mozeni SPICE: G-

MHOXMWHA TPy Tipotieci, e g € G ; K, — MHOKMHA KaTe-

ropiit mporecis g -i rpymu, ne ke K;; P, — MuoxuHa

OKpeMux mpoueci (manpouecis), xe p € P o — MHO-

| P
gk
JKHHA TPAKTHK, 1e i€ |5 . Koxkna mpakTuka XapakTepu-
3YETHCSA MHOXKHHOIO A aTpuOyTiB, e ¢ € A, sIKi HABEJICHO
y [15, tabn. 1]. 3 merorw dopmanizauii Mogeni SPICE
BBEIEHO HUCKPETHI 3MiHHi Xg”kt (i,a)ef{1,2,34}, sxi
BU3HAYAIOTH UTS | -1 IPAKTHKHU CTYMiHb BOJOAIHHS PHUCOI0
atpubyra ¢ y t -My mianepiozi rianysanms, ge t € [1T],
a T — xinpkicTh mianepioniB. ONUHUIL BU3HAYAE MiHi-
MaJlbHE BOJIOAIHHS prcoio B Mexax [0% — 15%], a yotupn
— MakcuManbHe B Mexax [86% — 100 %]. OTxe, KO)XHUN
nporec moxedi 3pinocti SPICE xapakTepu3yeThcs HacTyTI-
HOO MaTPHIICIO OIIHOK

X=X (ha) il ac Al per,

gk?
kng,g eG,te[l,T].

Jami BBeACHO MOHATTSA T'PaHUYHOI MAaTPHI OLIHOK
PIBHS MOXIIMBOCTI OKPEMOI PaKTUKU

A:{A(;/,a),y:ﬁ,ae A},

e 7 — piBeHb MOXJIMBOCTI, @ — iHAEKc atpuOyTty. Ha

OCHOBI MaTpHIli OIIHOK 1 TIpaHMYHOI MAaTPUIll LUISTXOM
3rOPTKM OKPEMHX IMPAKTUK B MEXax BiJIIOBIZHOTIO IpO-
recy [15] chopMoBaHO BEKTOP BIAMOBIAHOCTI PIBHIM MOX-
JIUBOCTI JUIst P -TO mporiecy etagonHoi mojeni SPICE

0% — {02 (v),7 =0.5}.
KoxxHuit p -if mpouec gocsirae y -piBHSI MOXKITUBOCTI
HpY YMOBI, 1110 @gf( (7)=1. Sxmo @gf( (7)<1, 10 Gynemo
BBa)KAaTH, NIO CTYIMiHb JOCSTHEHHS ) -pPiBHS MOMJIUBOCTI
p-M mpouecom ropisuioe Of (7). BBakaerscs, mo
IHTerpaJIbHUIM PiBeHb MOXKJIMBOCTI P -To mpouecy y t-my

iinepio/ii IIaHyBaHHS BU3HAYAETHCSI HACTYITHUM YHHOM

6% =T TOF (). pePy kK, geGte[LT],

y=1
nme G — migpmHOXuHa rpyn mpomecis, G <G} Kg -
MiIMHOKHHA KaTETOPid MpPOIIECiB, }Zg c Kg; F_’gk — mig-

MHOXHHa npouecis (nianpouecis), By < B, . PiBeHs Moxk-
muBocTi ¥y =0 BBaXKAE€THCS NOCATHYTHM II0 BH3HAYCHHIO.
Bexrop BianosigHocTi OF ok 3QJEKUTH Bijl MATPHIII OLIHOK
Xgpll. Tomy iHTEerpaJbHHH PiBEHb MO>JIMBOCTI IiJMHO-

XHWHHU TpoueciB y t-my mimnepiomi moxxe OyTH BH3Ha-
YeHUM Y TaKHi crociod

( ) Zpgngkngk (:)g‘i<xgp|:)’

geG keK peP

e { ,59 } , { Egk } , { ,55( } — BIJIMIOBiTHI BaroBi koedirieHTH, a

gk !

X! {Xm(la)lelpk,aeA peP
te[l,T].

kelzg, geé},

B pesynbrari minsoBa (yHKILIS JUHAMIYHOT MoJesi
IUIAaHYBaHHS PO3BUTKY ITIMHOXHHHU TPOIECIB MOJei
3pinocti SPICE 3anucyertbes y Takuii ciocio

F(X)= X2 & (X7X") @)
te[LT]
aec
(X, X) = F(X)=F(X),
a {&} - Bexrop BaroBuX Koe(illieHTIB BaXJIMBOCTI

OKpEeMUX MiANepioiB IUTaHyBaHHS.

[lepeiineMo m0 po3risiny NHUTaHHS (GOPMYBaHHS
¢yukuii ¢inancoBux Butpar Ha (t—1)-my migmepioxi
TUIAaHYBaHHS, SIKi 3a0e3NeuyloTh NPUPICT PIBHS 3pPIIOCTI
MIIMHOXKMHH TIponeciB y t-My miamepioni Ha BEIHYHHY

D, ()? = X! ) 3 mi€r0 METOI0 BBEACHI TPUKYTHI MATPHII

BapiaHTIB PO3BUTKY OKPEMHX aTPHUOYTIB MpakTHK (Tadm. 1),
CIIEMEHTH SIKHX

a . pi pt-1/; pt (3
[ (ng (I,a), ng (I,a)),a e A
ie Igpk,pe gk,keK ,geG
BU3HAYaIOTh HEOOXiiHI (iHAHCOBI pecypcu mpu nepexomui
Bi1l cTynens Bonoinus pucoo X7 (i,a) «a -arpubyty
no crynens X 5 (i,«) . Omie, cymapHi dinancosi Butpaty

y (t—1)-my miamepiofi IIaHYBaHHS MAalOTh HACTYITHHUM
BUIJISL:

R(XTX)=2 20 20 2 3 i (X5 (@) X5 (i.)).

geG K peng |EIp aeA

Tabmuus 1 — TpukyTHa MaTpuus i o -aTpHOyTy

Xg (i)
1 2 3 4
X5 (i,
1 0 d2) | rE@s) | r(L4)
2 0 0 13 (2.3) 15 (2.4)
3 0 0 0 15 (3.4)
4 0 0 0 0

Toni ¢dopmyerscs MHOxmHa [LT] dinancosux

00OMEXEHD

iﬁ,()?“,)?t)si
=1 0

R te [1 T] 2
ne R, ¢inaHCcOBI pecypcH, siki BuminsoTbes IT-
KOMITAHI€EI0 Ha PO3BUTOK IiIMHOKMHU TPOIECIB y T -
miamnepioi. SIKII0 BOHU HE BUKOPHCTAHI y 7 -HiINEepioni,
BOHHU TIEPEHOCATHCS Ha HacTymHi mignepiogn. OTxe, HA
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OCHOBI c()OpMOBaHOI MOAEINI ITAHYBaHHS PO3BHUTKY ITiJ-
MHOXuHH mpoueciB Moxeini 3pinocti SPICE craButhes
HacTynmHa 3ajavya. 3HAalWTH ONTHMalbHE 3HAYCHHS

= (et
X = { X } , AKe 3a0e3neuye MaKCUMaJbHE 3HAYCHHS KPH-

tepist (1) mpu odmexeHHsX (2).

AJropuTM MeETOAY MOCTiIOBHOI0 aHAJII3y BapiaH-
TiB. OnTuMizamiiiHi 3aga4i XapakTepU3yIOThCS THM, IO
yuM Oljbllle OOMEXEHb HAKJIaJacThCs Ha 3MIiHHI, TUM
CKJIaJHIIIe 3aJada onTuMizamii. 3 iHIIOI CTOPOHH, YUM
MEHIIIa 00J1aCTh JIOMyCTUMHUX BapiaHTIB (QYHKIIIOHYBaHHS,
TUM OULTBII ONTUMICTUYHOIO € 33jaya, SiKa 3BOJUTHCS JI0
CHpsIMOBaHOTO a0 MOBHOTO nepedopy BapiaHTi. DakTuy-
HO, METOJ TIOCIIZOBHOTO aHAaJIi3y BapiaHTIB MOOYIOBaHO
Ha Miff OCHOBI NUISTXOM BHUKOPHCTAHHS IMPOLENYp HENps-
MHX OI[IHOK, SIKi TO3BOJISIOTH BIIKHHYTH HE ONTHMAIBHI
pimenHs. OTKe, B XOi peanizalmii MeToqa BiIKHIAIOTHCS
HEKOHKYPEHTHI BapiaHTH IOKH HE 3aJMIIAEThCS JICeKibKa
abo ommH BapiadT. [Ipy HasBHOCTI NEKiITHKOX BapiaHTIB
BOHH MOPIBHIOIOTHCSI Mi’K COOOI0 1 BUOMPAETHCS KPAIIIHIA.
Ils imes meroma MOCIIIOBHOTO aHAi3y BapiaHTIB Oyia
peanizoBana akagemikamu H. 3. Illopom i B. C. Mixanesu-
4yeM siKk anroputm «KuiBchkuil BiHMK», sIKMH € OaraTo-
KpPOKOBHM TipoliecoM. Ha kokHOMY mijnepio/i miiaHyBaH-
Hsl BUPILIY€EThCSA 3a7a4a «BiIMITAHHS» MHOXUHH HEKOHKY-
PEHTOCIIPOMOXKHHX BapiaHTiB. BUKOpUCTaHHS anropuTMmy
J03BOJISIE 3HAWTH ONTHMAJIBHUI BapiaHT pPO3B’SA3aHHI
3amaui.

[lepetinemo 1o #oro amamTamii O BiXHOMICHHIO IO
MoOZeNni IUIAHYBaHHS PO3BUTKY IiIMHOXXHHH IIPOLIECIB
eranonHoi mogeni 3pinocti SPICE. 3pobumo HaouHy
IHTEpIPETALlI0 AJITOPUTMY 3 METOI0 OUIbII JETaJbHOTO

Woro po3risiny. Beenemo mpocropu e, ..., 11" amin-
Hux, Bignosigso, X°, X*,..., X" wmogmeni (1), (2). 3 norus-
Jly Ha pecypcHi oOMexeHHs (2) OyaeMo BBakatw, 10 Ha
KO)KHOMY MIiIIEpioai IUIAHYBaHHS ICHYIOTh ITHUCKPETHI
muoxuan Q°, Q... Q" sxi BusHauaroTh OGMACTi 3MiH-

HHX, BIJIIOBIIHO, X0 XL . XT.y pe3yIbTaTi MaEMO:
XeQ’cl®, Xt eI, . X Q' 1T

3minna X° ="X° BusHauae mowaTtkoBmIi CTaH mix-

MHOXHWHH TiporeciB Mogeni 3pinocti SPICE i Tomy mHo-
0 .

kKuHa ()° CKIANAEThCs 3 OFHOTO EIIEMEHTA. pe3ylbTaTi
w 270 *Ul 7 T

BUHHUKA€ 3aJaya BU3HAueHHs JamaHol X, X7,.., X',

«IOBXHWHA SIKOI MaKCHUMaJIbHa 1 sIKa 3a10BOJIbHAE YMOBaM
X (i) € {1,2,3,4}, "X (i,a) € {1,2,3,4},

X (i) < X (L) ie Il

aehApe ng,k e Kg,g eG,te[l,T].
PosrnsiHemo Ge3nocepeHpo peanizaliiio aJropuTMy
«KuiBChKHIA BIHWKY», CIIUPAIOYHMCh HA HAOYHY iHTEpIIpe-

TaIilo alropuTMy, Ky HaBeleHO Ha pucyHky . Ilome-
penHBO HOPMYETHCSI MHOKHHA

O ={X' X< X< X R (X, XY <Ry

Jnst KoxKHOT 3MIHHOT X' e Q' BusHAuaETHCS «IOB-
L 71 70 vl
JKUHA BIAPI3Ky» ‘Pl(X )zflcbl( XX )
Bennunna ‘Pl(Xl) BU3HAYa€ MpPUPICT LLILOBOI

¢byHKIIT Ha mepIIoOMy MiNepioAi IUIAHYBaHHS IPHU Pi3HUX
3HayeHHAX X, . Jlami po3risHeMo HiTBOBY (QYHKIIIO

F()Z),z[e )z={)zt,te[O,T]}.

[IpencraBumo ii y HaCTYIHOMY BHTJISAI

max F ({X',t[0,T]}) = xpl(zl)+:22;q>t (X, %)

x%eq®

MoyHa cka3atd, IO Oyab-iKa JaMaHa, B SKil
BIJICYTHI# BIAPI30K ‘Pl()zl), HE € MPETeHACHTOM MJisi
MOIIYKY ONTHMAJbHOTO pilieHHs. JSIKImo BBa)arw,
BiJIMIOBIJTHO 70 KOHIIEMIIiT anroputMy «KHIBCHKHIA BIHUK,
0 Ha KOXXHOMY t-My KpOIli aqropuTMy MPOBOIAMTHCS
«BIIMITAaHHS» MHOXKUHM ©' HEKOHKYPEHTOCHPOMOMKHHX
BapiaHTIB, MPO SKy CTa€ BiJIOMO, IO BOHA HE MICTUTh
ONTHUMAIIFHOTO BapiaHTa, TO ®°=Q  OoCKiNBKH 15
MHOXMHA CKJIAJA€ThCs 3 OJHOro enemenra. Jlami
PO3IIITHEMO HACTYIHHH KpPOK alnropurmy i chopmyemo
MHOXHHY

Pecypcn, siki He BHKOPHCTaHO Ha IONEPEIHHOMY
miAmepioni, MOXYTh OYTH BHUKOPHUCTAaHI HAa HACTYIHHX

miArepiogax IuiaHyBaHHS. Tomy Q'c0?. Hamni 6ynemo
BBa)kaTH, IO JIaMaHa «MaKCHUMAaJbHOI JOBXKHHH», SKa
3’€IHyE X? 3 X", BusHauaerbes HACTYITHAM YHHOM
W, (X?) = max (W, (X*)+ &0, (X, X)), X2 e 2,
X*elY

B pesynbraTi Makcumizanii BiIKUAAETHCS JesIKa MHO-
KuHA ©' HEeKOHKYPEHTOCHPOMOXKHMX BapiaHTiB. Makcu-
Mi3aIlisl peani3yeThCs HUIAXOM IOBHOrO mepebopy ee-
merTiB X' e Q' g koxkHoro enementa X2 e Q2.

IIpu 1poMy BBaXKaeTbcsl, LIO X< X2, Jam mo
aHaJIOTI1 3 TONepeTHIM KPOKOM ANTOPUTMY

Jlamana «MaKCHMAJTBHOI TOBKHHI, SIKa 3’ €qHye X °

3 *X°, Bu3HauaeThCs HACTYMHAM yiHOM (prc. 1):
W (X°) = max (W, (X?)+ &, (X2, X)), X e 00
X“eQ

Y pe3ynpTaTi MakKcHMi3allii BIIKHIAETHCS JesKa
MHOXHMHA ©®° HeKOHKYpPEeHTOCHPOMOKHHX BapiaHTis. Ha
OCHOBI OTpPHMaHHX pE3yNbTaTiB Ha TMEPHINX KPOKax
aJTOPUTMY TIPOBENIEMO X y3arajabHEHHS Ha TpuKIadi t -ro
KPOKY, JUIS IKOTO (POPMY€ETHCSI MHOKUHA
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Sk i 6yJ'I0 OpeacTaBJICHO BHUIIEC, JJaMaHa «MaKCH-

MAaJIbHOT TOBXKHHUY, IKa 3’ €IHYE X' 3 *X° Busnawaerbcs
TaKUM YHHOM:

W (XY= max @ (XT)+ g0 (X X)) X e

thl EQlfl

Ha xoxHOMY KpOIli aITOPUTMY «BiIMITA€THCSI) esKa
MHOXHMHA @' HEKOHKYpPEHTOCIPOMOKHHX BapiaHTiB. B
pe3ynbTaTi Ha OCTAHHBOMY | -My KpOLi MH OTPHUMYEMO

MHOYKHUHY {‘I’T ()?T ) X" e QT} . Kpammii BapianT Bu3Ha-
YAETHCS HACTYITHUM YHHOM:
¥* = max {‘PT ()_(T )}
XTeQ"
HeoOxigHo miakpeciauty, 1mo anroputM «KuiBcbkuii
BIHHK» JI03BOJISIE 3HAUTH TTI00ABHUI EKCTPEMYM HUJILOBOT
¢yukuii. [pu upomy Ha okpemi ¢yHkiii @, (XH, Xt)

HIiSIKHX YMOB (OMYKJIiCTb, YBITHYTICTh) HE HAKIIATA€THCSL.

0 1 2 3 T-1 r
Puc. 1. Haouna iHTepnpeTartis anroputMy

AJe OIHUM 3 HENOJIKIB alrOpUTMY € HOro BelnKa
TPYAOMICTKICT. TOMY BHHHKAE 3a7a4a PO3POOKH JCSSTKHX
AITOPUTMIB, 5IKi, 3 OJHOrO OOKY, HE JO3BOJISIFOTH 3HAWTH
rI00abHAN eKCTPEMYM, ale JalTh MOXKIMBICTH 3HAYHO
3MEHIIUTH HOTro TpymomicTKicTe. OMHUM 3 MAXOIIB IO
BuUpilIeHHs 1i€i npobnemu € meron «biykatoua TpyOKay.
BiH Mae xapakTep MeToAa MOCHIJOBHUX HaOJMKEHb 1 He
3a0e3neyuye 3HaXOKEHHS TII00AIBHOTO €KCTpEMyMYy, aje
Ma€ 3HaYHO MEHIIY TPYIOMICTKICTh IO BiJHOIIEHHIO 10
anroputMy «KUIBCHKHUI BIHUKY.

BHCHOBKH, HLISAXH NOAAJIBIIMX JOCTIIKEHb. Y
po6OTi MiAKpecaeHa BaXKIUBICTh MPOIECHOTO MiTXOAY Y
JIOCTI/KCHHAX, IIOB’S3aHUX 3 PO3POOKOI0 MPOTPaMHOTO
3abe3meueHns. [IpeacraBieHi HaAHOUTBIT BigOMi JTOCIIN-
HUKH, SKi TepIINMH BU3HAYMIM HEOOXiAHICTH peajizarii
npouecHoro miaxoxy xmo po3podku I13. HaexeHo
HalOIBII BiJOMI HAOOPHU MPOLECIB KUTTEBOTO LUKITY, 10
SIKHX BigHOCSTBCs Mojeni 3pitocti CMMI ta SPICE. Ha
OCHOBI TIOTIEpEIHBO PO3POOIIEHOT AMHAMIYHOI Moeni
IUIAaHYBaHHS PO3BUTKY IIJIMHOXKHHHU ITPOLIECIB €TAJIOHHO]
mozem 3pitocti SPICE mocrarieHa 3amada po3poOKd

ITOPUTMY peaitizawii 1iei Moaeni Ha AeKOMY TUIaHOBOMY
nepiozi B yMoBax oOMekeHUX pecypciB. B poboTi ctucio
Npe/CTaBIeHa AMHAMIYHA MOJENb B OUIBII 3pO3yMIJIOMY
pakypci 3 MeTol I BHKOpPHCTaHHS IpH pPO3poOIi
aNropuT™My. AHAaJi3 MOJEI [TOKa3aB, M0 HAHOUIBII Ti€BUM
METOZOM I i peari3alii € MeTO MOCTiTOBHOTO aHAJli3y
BapiaHTiB. B pe3ynpraTi momambIIOro aHamizy MOZETi
CTalo 3po3yMimmM, mo a8 ii peamisamii HaiOinbe
migxoauts anroputM «KuiBcekuit BiHMK». B poboTi
MPOBEICHO AJalTallif0 IFOTO AJTOPUTMY BITHOCHO [0
KOHKPETHOI MOZIeINI Ta HOT0o NpeCTaBICHHS K IPUAATHIM
JUIS TIPAKTUYHOT peajtizarii.

[opaneun  mocmipkeHHs OyAyTh NPOBOTUTUCH Y
HACTYITHUX HalpsIMKax:

- BMEHIIEHHSI TPYJOMICTKOCT] aITOPUTMY 33 paXyHOK
BUKOPHCTaHHs MeToia «birykatoda TpyOKay;

- peamizanis iHGOPMAIIITHOT TEXHOIOTII MATPUMKH
NPUHAHATTSA PilleHb NMPU IUIAHYBAaHHI PO3BHTKOM IiJMHO-
JKUHH TIpoIieciB eTanonHoi mozeni 3pimocti SPICE;

- IOCHIKeHHST po3pobieHol iHdopMariitHoi TexHo-
JIOTi1 Ha TECTOBHX NPHKIIAIaX PeasbHOI pO3MIpHOCTI.

Cnucok jgitepatypn

Goodman F. A. Defining and deploying software processes. Auerbach
Publications. 2006. 221 p.

2. Madachy R. J. Software process dynamics. Hoboken, NJ: IEEE Press,
Wiley Interscience, 2008. 601 p.

3. Li T. An Approach to Modelling Software Evolution Processes.
Berlin-Heidelberg: Springer, 2008. 213 p.

4. Agile Processes in Software Engineering and Extreme Programming
/ P. Abrahamsson, R. Baskerville, K. Conboy, et al. (eds.). Berlin-
Heidelberg: Springer, 2008. 258 p.

5. Anpon ®. U., Kosane I'. U., Koporyn T. M. Ocrogel unscenepuu
Kavecmea npozpammuulx cucmem. Kues: Akagemnepuoauka, 2007.
672 c.

6. Humphrey W. S. Managing the software process. Boston, MA:
Addison-Wesley, 1989. 512 p.

7. Software Engineering — Guide to the Software Engineering Body of
Knowledge (SWEBOK), ISO/IEC TR 19759:2005. ISO, 2005. 173 p.

8. Jlapimesa K. M. [Ipocpamna inoicenepia. Kuis: Axanemmepionnka,
2008. 319 c.

9. Scacchi W., Marciniak J. Process models in software engineeringi:
Encyclopedia of Software Engineering. New York: John Wiley &
Sons, 2002. P. 993-1005.

10. Oyenxa u ammecmayuss 3peiocmu  NPOYECcO8 CO30aHUs U
CONPOBOICOCHUS.  NPOSPAMMHBIX  CPEOCME U UHGOPMAYUOHHBIX
cucmem (ISO/IEC TR 15504-CMM). Mocksa: Kuura u 6usnec, 2001.
348 c.

11. Persse J. R. Process Improvement Essentials. O'Reilly, 2006. 352 p.

12. Poulin L. A. Reducing risk with software process improvement.
Auerbach Pubs, 2005. 288 p.

13. Godlevskyi M. D., Goloskokova A. A., Chipizhenko A. A. Medium-
term planning information technology for quality improvement of the
software development process based on the CMMI model. Bicnux
Hayionanvnozo  mexuiunozo  ynisepcumemy  «XIIly.  Cepis:
Cucmemnuil  ananis, ynpaguinus ma in@opmayitini mexnonoeii.
Xapkis: HTY «XIII», 2017. Ne 51 (1272). C. 32-37.

14. Godlevskyi M. D., Goloskokova A. A., Bielous O. S. Information
technology of a static model solving for quality improvement of the
software development process based on the CMMI model. Bicnux
Hayionanvnozo  mexuiunozo  ymnisepcumemy  «XIIly.  Cepis:
Cucmemnuil ananis, ynpaguinms ma IH@opmayitini mexnHonozii.
Xapkis: HTY «XI1I», 2017. Ne 55 (1276). C. 26-30.

15. Tognesckuit M. 1., 'onockokopa A. A., Bypnakos I'. O. JlnnamivHa
MOJCJIb ITUIaHYBaHHS PO3BUTKY l'Iil[MHO)KI/IHI/I npoueciB €TaJIOHHOT
mozeni 3pinocti  SPICE. Bicnux Hayionanenoeo mexniunozo
ynigepcumemy «XIIl». Cepia: Cucmemnuili ananis, ynpaeuinus ma
inpopmayitni mexnonoeii. Xapkis: HTY «XIII», 2020. Ne 2 (4).
C. 10-16.

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIIIy. Cepisn: Cucmemnuii
98 ananis, ynpasninusa ma ingopmayiini mexronozii, Ne 2 (8)°2022



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

10.

References (transliterated)

Goodman F. A. Defining and deploying software processes. Auerbach
Publ., 2006. 221 p.

Madachy R. J. Software process dynamics. Hoboken, NJ: IEEE Press,
Wiley Interscience, 2008. 601 p.

Li T. An Approach to Modelling Software Evolution Processes.
Berlin-Heidelberg: Springer, 2008. 213 p.

Agile Processes in Software Engineering and Extreme Programming
/ P. Abrahamsson, R. Baskerville, K. Conboy, et al. (eds.). Berlin-
Heidelberg: Springer, 2008. 258 p.

Andon F. I., Koval G. I., Korotun T. M. Osnovyi inzhenerii kachestva
programmnyih sistem [Fundamentals of Software Systems Quality
Engineering]. Kyiv, Akademperiodika, 2007. 672 p.

Humphrey W. S. Managing the software process. Boston, MA,
Addison-Wesley, 1989. 512 p.

Software Engineering — Guide to the Software Engineering Body of
Knowledge (SWEBOK), ISO/IEC TR 19759:2005. ISO, 2005. 173 p.
Lavrischeva K. M. Programna Inzheneriya [Software Engineering].
Kyiv, Akademperiodika, 2008. 319 p.

Scacchi W., Marciniak J. Process models in software engineeringi.
Encyclopedia of Software Engineering. New York: John Wiley &
Sons, 2002, pp. 993-1005.

Otsenka i attestatsiya zrelosti protsessov — sozdaniya i
soprovozhdeniya programmnyih sredstv i informatsionnyih sistem
(ISO/IEC TR 15504-CMM) [Assessment and certification of the
maturity of the processes of creating and maintaining software tools
and information systems (ISO/IEC TR 15504-CMM)]. Moscow,
Book and business, 2001. 348 p.

11
12.

13.

14.

15.

Persse J. R. Process Improvement Essentials. O'Reilly, 2006. 352 p.
Poulin L. A. Reducing risk with software process improvement.
Auerbach Pubs, 2005. 288 p.

Godlevskyi M. D., Goloskokova A. A., Chipizhenko A. A.Medium-
term planning information technology for quality improvement of the
software development process based on the CMMI model. Visnyk
NTU "KhPI": zb. nauk. pr. Seriya: Sy 'stemny ’j analiz, upravlinnya ta
informacijni texnologiyi. [Bulletin of NTU "KhPI". Series: System
analysis, control and information technology]. Kharkiv, NTU "KhPI"
Publ., 2017, no. 51 (1272), pp. 32-37.

Godlevskyi M. D., Goloskokova A. A., Bielous O. S. Information
technology of a static model solving for quality improvement of the
software development process based on the CMMI model. Visnyk
NTU "KhPI": zb. nauk. pr. Seriya: Sy 'stemny ’j analiz, upravlinnya ta
informacijni texnologiyi. [Bulletin of NTU "KhPI". Series: System
analysis, control and information technology]. Kharkiv, NTU "KhPI"
Publ., 2017, no. 55 (1276), pp. 26-30.

Godlevskyi M. D., Goloskokova A. A., Burlakov G. O. Dinamichna
model planuvannya rozvitku pidmnozhini protsesiv etalonnoyi
modeli zrilosti SPICE [A dynamic model for development planning
of process subsets for the SPICE reference maturity model]. Visnyk
NTU “KhPI": zb. nauk. pr. Seriya: Sy 'stemny ’j analiz, upravlinnya ta
informacijni texnologiyi. [Bulletin of NTU "KhPI". Series: System
analysis, control and information technology]. Kharkiv, NTU "KhPI"
Publ., 2020, no. 2 (4), pp. 10-16.

Haoitiuwna(received) 25.10.2022

Bioomocmi npo asmopis / About the Authors

T'oonescvkuit Muxaitno /Imumposuy — NOKTOp TEXHIYHUX HAyK, npodecop, HamionansHuii TeXHIYHUN YHIBEPCUTET
«XapKiBCHKHUI MOJIITEXHIYHUN IHCTUTYT», AUPEKTOP IHCTUTYTY KOMII'IOTEpPHHX HayK Ta iH()OpPMAaLiilHUX TEXHOJIOTIH;
M. XapkiB, Ykpaina; ORCID: https://orcid.org/0000-0003-2872-0598; e-mail: god_asu@kpi.kharkov.ua.

Bypnaxose Teopziii Onexcandposuu — «SheerChainy» OU, ronosmmii Buxonyroumii ampektop; ORCID:
https://orcid.org/0000-0002-0423-6024; e-mail: george@sheerchain.com.

Godlevskyi Mykhaylo Dmytrovych — Doctor of Technical Sciences, Full Professor, National Technical University
"Kharkiv Polytechnic Institute”, Director of the Institute of Computer Science and Software Engineering; Kharkiv,
Ukraine; ORCID: https://orcid.org/0000-0003-2872-0598; e-mail: god_asu@kpi.kharkov.ua.

Burlakov Heorhii Oleksandrovych — «SheerChain» OU, Chief Executive Officer; ORCID: https://orcid.org/0000-
0002-0423-6024; e-mail: george@sheerchain.com.

ananis, ynpasninus ma ingopmayiini mexnonozii, Ne 2 (8)°2022

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XI1Iy. Cepis: Cucmemnuii

99


https://orcid.org/0000-0003-2872-0598
mailto:god_asu@kpi.kharkov.ua
https://www.e-krediidiinfo.ee/14505548-SHEERCHAIN%20O%C3%9C
https://orcid.org/0000-0002-0423-
mailto:george@sheerchain.com
https://orcid.org/0000-0003-2872-0598
mailto:god_asu@kpi.kharkov.ua
https://orcid.org/0000-0002-0423-
https://orcid.org/0000-0002-0423-
mailto:george@sheerchain.com

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

YJIK 004.891.3 DOI: 10.20998/2079-0023.2022.02.15

C. ®. YAJIHH, B. O. IEII[HHCbKHH

MOJIEJIb IIOSICHEHHSA B IHTEJIEKTYAJIBHII CUCTEMI HA JIOKAJIBHOMY, TPYIIOBOMY TA
IJIOBAJIbHOMY PIBHSAX JETAJI3AILIL

[IpenmeroM IOCHiDKEHHS € mpolecH (OpMyBaHHS ITOSICHEHb B IHTENEKTyaIbHUX 1H(GOPMAIiHHUX cucTeMax. B cydacHHX IHTEIEKTyalbHUX CHCTEMaxX
BUKOPUCTOBYIOTHCSI METO/IM MAIIMHHOTO HaBuaHHA. [Iponec oTpuMaHHs pillieHHs, c)OPMOBaHMX HAa OCHOBI TaKMX METOIB, € 3a3BHYail HEIPO30PUM
UL KOpHCTYBada. BHACIIIOK TaKoi HEMPO30POCTi KOPUCTYBAad MOXKE HE JOBIPSTH THM DILICHHSM, sIKi 3alPONOHYBaja iHTENeKTyanbHa cucrema. Lle
3HMXKY€E epeKTHBHICTb 1l BUKOPUCTAHHS. JIJIsl IMiIBUIIIEHHS IPO30POCTI pillleHb BUKOPUCTOBYIOThCS TOACHEHHSL. [T0SICHEHHS IPEeICTaBISAEThCS 3HAHHAMH
LI0J0 MPUYHH (GOPMYBaHHS Pe3yJIbTaTy B IHTEIEKTyalIbHIN CHCTEMI, a TAKOXK II0J0 MPUYHH OKPEMHX il y mporeci popMyBaHHs pe3ynbTary. Takox
MOSICHCHHSI MOYKE MICTHTH 3HAaHHSI [IIOJI0 BIUIMBY OKpeMuX (YHKIIH HAa OTPUMAHKX IHTEICKTYaIbHOK CHCTEMOIO pe3yiibTaT. TOMy MOSCHEHHS AOLIIBHO
dhopMmyBaTH Ha PI3HHX PIBHSX JAeTanmi3amii 3 THM, 1100 MOKA3aTH SK y3arajJbHEeHi IPUYNHU Ta BIUIMBU HAa OTPUMAHE DIIICHHS, TAK i MPUYUHU BUOODY
OKpEeMHX MPOMDKHHUX Aiil. MeTa poboTH moJisirae B po3poOLi y3aralibHeHOi MOl TOSICHEHHS 3 ypaXyBaHHIM CTaHIB Ta PiBHIB AeTanisawii mpouecy
MPUHHATTS PilIeHHs B iHTENEKTyalbHIH CHCTeMI sl TOOYIOBH MOSICHEHb Ha OCHOBI BiJIOMHX JIaHUX IIOJI0 IOCTIZOBHOCT] CTaHIB Ta BIACTHBOCTEH IMX
cTaHiB. {1 JOCSTHEHHS] METH BHPILIYIOTBCS TaKi 3a/1aui: CTPYyKTYPHU3aLlisl BIACTUBOCTEH MOSCHEHb; BU3HAUCHHSI MOXKJIMBOCTEH MiAXOIB 10 MOOYIOBH
MOSICHEHb HA OCHOBI CTaHIB Ta CTPYKTYpPH Hpoliecy popMyBaHHsI PillIEHHs, @ TAKOXK HAa OCHOBI BXIZHUX JaHHX; M00YI0Ba MOZIEII OSICHEHHS. BUCHOBKH.
3anpornoHOBaHO y3aralbHeHy MOJENb IIOSCHEHHS B IHTeNEeKTyalbHINi cHCTeMI TS JIOKaJIbHOTO, TPYIIOBOTO Ta INI00AIBHOrO PiBHIB eTani3amii mpouecy
MPUAHATTS pilieHHsT .Mojenb MPeACTABISIETHCS YIOPSAKOBAHOIO ITOCTIAOBHICTIO 3BAXKEHUX 3aJICKHOCTEH MiX HOTISIMEH ab0 CTaHAMU MPOLECY
HPHUIHATTA pilneHHs. Mozenb Opi€HTOBAHO HAa MPEACTAaBICHHS MOXIMBOCTI B paMKaX INI00aJIbHOrO MOSCHEHHS BUJJINTH JIOKAJIbHE IOSCHEHHS Ta
[PEACTABUTH JIAHIFOKOK TPYIIOBHX MOSCHEHb MK MOAISIMM OTPHMAHHS BXIJHHX JAHHX Ta Pe3yJbTYOYOro pimieHHs. Y NPaKTHYHOMY IUIaHi
3aIIpPOIIOHOBAaHA MOJEb MpU3HA4YEHA I IO0OYZOBH MHOSCHEHb 3 BMKOPHCTaHHSAM IIXOAIB Ha OCHOBI CHPOIICHHS Hpouecy (YHKI[IOHYBaHHS
iHTEJIEKTYaIbHOI CHCTEMHU Ta HAa OCHOBI BUIIICHHS BIUTHBY OKpeMHX (YHKIIiH Ta [iif Ha KiHLeBuUii pe3ynbTaT. JI0MaTKOBI MOKIMBOCTI MOJIEII OB’ A3aHi
i3 Jeraizali€ero MoAiil nmpouecy NPUHHATTS PilIeHHs 3 BUIUICHHS OKPEMUX 3MIHHHUX, SIKi XapaKTepH3YIOTh CTaH LLOTO IPOIIECY, 110 J1a€ MOXKIIHBICTh
(hopMyBaTH MOSICHEHHS HA OCHOBI BUKOPHCTAHHS BiIOMHUX KOHLETI/ Ta MOHATh Y IPEMETHil 001acTi.
K1040Bi c10Ba OsICHEHHST; IHTeNEeKTyalbHa iH(hOpMaIiiiHa cHcTeMa; 3aJIeKHOCTI; PiBHI AeTasi3allii MosCHEeHb MPUYMHHO-HACIIJKOBI 3B’ I3KH.

S. CHALYI, V. LESHCHYNSKYI

AN EXPLANATION MODEL IN AN INTELLIGENT SYSTEM AT THE LOCAL, GROUP AND
GLOBAL LEVELS OF DETAIL

The subject of research is the process of formation of explanations in intellectual information systems. Machine learning methods are used in modern
intelligent systems. The process of obtaining the solution formed on the basis of such methods is usually opaque to the user. As a result of such opacity,
the user may not trust the solutions proposed by the intelligent system. This reduces the efficiency of its use. Explanations are used to increase the
transparency of decisions. The explanation is represented by knowledge about the reasons for the formation of the result in the intellectual system, as
well as about the reasons for individual actions in the process of formation of the result. Also, the explanation may contain knowledge about the influence
of individual functions on the results obtained by the intelligent system. Therefore, it is advisable to form an explanation at different levels of detail in
order to show both the generalized reasons and effects on the obtained decision, as well as the reasons for choosing individual intermediate actions. The
purpose of the work is to develop a generalized model of explanation considering the states of the decision-making process in an intelligent system to
build explanations based on known data regarding the sequence of states and the properties of these states. To achieve the goal, the following tasks are
solved: structuring the properties of explanations; determining the possibilities of approaches to building explanations based on the states and structure
of the decision-making process, as well as on the basis of input data; construction of an explanatory model. Conclusions. A generalized model of
explanation in an intelligent system for local, group and global levels of detail of the decision-making process is proposed. The model is represented by
an ordered sequence of weighted dependencies between events or states of the decision-making process. The model is focused on presenting the
possibility to highlight a local explanation within the framework of a global explanation and to present a chain of group explanations between the events
of obtaining input data and the resulting decision. In practical terms, the proposed model is intended for the construction of explanations using approaches
based on the simplification of the process of functioning of the intelligent system and on the basis of highlighting the influence of individual functions
and actions on the final result. Additional capabilities of the model are related to the detailing of the events of the decision-making process from the
selection of individual variables that characterize the state of this process, which makes it possible to form an explanation based on the use of known
concepts and concepts in the subject area.
Keywords: explanation; intelligent information system; dependencies; levels of detail of explanations cause-and-effect relationships.

Beryn. IIpu noOynoBi cy4acHMX iHTENEKTYaJIbHHX
iH(pOpPMAaLifHIX CHCTEM IIHPOKO 3aCTOCOBYIOTHCS METOAH
MAaIIMHHOTO HAaBYAaHHS 3 BUKOPUCTAHHAM 00’ €MHUX Ha0O-
piB manux [1]. B pe3ymnbrati Momeni, sIKi JIe)aTh B OCHOBI
(YHKIIOHYBaHHS TaKUX IHTETIEKTYAIbHUX CHCTEM, CTAIOTh
Jy’Ke CKIaJHUMHU JIsl PO3YMIHHS 1 HENpO30PHUMH JIJIst
KopHUcTyBaua. BinnoBigHo, KOpUCTYBau He 3aBXKAUW MOXe
JIOBIPATH DILIEHHSM, SIKi 3alpOIIOHYBaja TaKa IHTENEeK-
TyasipHa cuctema [2].

Tomy KopucTyBadi iHTEJIEKTyaJIbHUX CHUCTEM IOTpe-
OYIOTh TOSICHEHHS INOJNO OTPUMAHUX pillleHb, 100

JIOBIPATH IIMM pilIEHHSAM Ta e(eKTHBHO IX BHKOpHC-
toByBatH [3]. YV HaykoBOMY acCMeKTi TOSCHEHHS TalOTh
MOXIIMBICTh BUSIBUTH YIEPEIKCHICTh Y OTPUMAHHUX MOJIe-
nsx. Taka ymepemkeHICTh TOB’s3aHa i3 BUKOPUCTAHHSIM
JUTsI HaBYaHHs HAOOpiB JaHUWX, B SKHUX 3aiKCOBAHO yrie-
pPEeKEHICTh y pimeHHsX Toned. Hanpuknaa, nmpobiema
YIIEPEIKEHOCTI 32 NEBHUMH O3HAKaMHM MOXKE BHUHHKATH
IpY IpUHOMI HA poOOTY 3 BUKOPHCTAHHSM 1HTEJIEKTYallb-
HOT CUCTEMH MiATPUMKH OPUAHATTSA pilleHs [4].

VY NpakTUYHOMY acleKTi MOSCHEHHS JaroTh MOXKIIH-
BICTb OIIIHUTH PHU3MKM BIIPOBA/DKEHHS IHTEJEKTYaJbHUX
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iH(pOpMAILIHHIX TEXHOJIOT1H, OOIPYHTOBYIOUH SIK BIAMIOBI -
Hi TOCHIJIOBHICTh [ifi MpH peaii3aiii OCTaHHIX, TaK i
orpuMani pesynbraTd. CIij TakoX 3a3Ha4yWTH, IO KO-
pHCTYBadi MalOTh OTPUMYBATH IOSICHEHHS Y Pi3HiH Gopmi,
B 3aJIC)KHOCTI BiJl 33/1a4i, 1110 BUPILIYETHCS, @ TAKOXK BiJ iX
piBHS MiATOTOBKH Ta 3HaHb [5].

3a3HayueHe CBIAYUTH MPO BAXKIMBICTH 3a/adi iHTEp-
TIpeTarlii 111 KoprcTyBada mporecy GopMyBaHHS pillIeHHS
B iHTeJNEKTyalbHill cucTeMi. SIKIIO anropuTMH Ta MOJIENI,
110 JIeXKATh B OCHOBI pOOOTH CHCTEMH, € HETIPO3OPHMH, TO
BOHHU MalOTh OyTH JOTIOBHEHI MOSCHEHHSIMHU.

AHaJI3 oCTaHHIX JoCaiIkeHb i myOrikamiii.

JocnimKkeHHs 00 MOXKIMBOCTEH MoOYyI0BH MOsic-
HEHb B CyYacHHUX IHTEJIEKTyalbHUX CHCTeMax OyiM iHTer-
pOBaHi Ta 3HAYHO IHTEHCU(IKOBaHI B paMKax NpOTrpaMu
XAl [3]. HocriimKkeHHs MPOBOAATHCS B HAMpPSMKax BH-
3HAYCHHS KOTHITUBHHUX aCIEKTIB MOSCHEHb [6], mOOYyI0BU
IHTEJIEeKTyaIbHUX CHCTeM, (YHKIIIOHYBaHHS SKHX MOXeE
OyTH iHTepIIpeToBaHO Oe3mocepenHro [7, 8], hopmyBaHHS
MIOSICHEHb 3 BUKOPHCTAHHIM Kay3aJIbHUX Ta TEMITOPaIbHAX
sanexkuocrei [9—11].

OpHak icCHYIOUI MAXOON HE TMPHUAUIOTH JOCTaTHBO
yBarum MOOYAOBI TOSICHEHb 3 ypaxyBaHHSIM piBHS iX
nmeTamizamii. B Toif Jke yac, BHIIIEHHS IOSCHEHb Ha
BIJIMIOBITHUX PIBHA JAETali3alii MOSCHEHb € HEOOXIiTHOIO
YMOBOIO JUIs iX TIpeICTaBlICHHS PI3HUM KaTeropism
KOpHUCTYBaviB — pO3pOOHMKAM, ayJUTOpaM, €KCIepTaM B
MPEeIMETHIN 00J1acTi, KIHIICBUM KOPHUCTYBayaM. 3a3HaueHe
CBITUUTH MPO BAXKIIMBICTH MOOYIOBH y3aralbHEHOT MO
MTOSICHEHHS 3 YpaxXyBaHHAM piBHIB HOTO JeTamizamii 3 THM,
o0 aJanTyBaTH HMOSCHEHHS 10 OTPed pi3HUX KaTeropii
KOPHCTYBadiB.

Mera Ta 3ama4i gocaixkenHs. Mera cTarTi rojsrae
y po3poOli y3araJbHEHOiI MOJENi TOSICHEHHS 3 ypaxy-
BaHHSIM CTaHIB Ta PiBHIB AeTasi3alii npouecy npuiHATTS
pillICHHS B IHTENEKTYalIbHIH cucteMi /i moOy0BH MOsIC-
HEHb Ha OCHOBI BIZIOMHMX JaHHMX WIOJO MOCIIiAOBHOCTI
CTaHIB Ta BIIACTUBOCTEH LIMX CTaHIB.

JList MOCSITHEHHST METH BUPIIIYIOTHCS Taki 3a1au4i:

— CTPYKTYpH3allisl BIAaCTUBOCTEN MOSICHEHB;

— BU3HAYCHHSI MOXKJIMBOCTEH IMIAXOMIB 10 MOOYIOBU
TIOSICHEHb Ha OCHOBI CTaHIB Ta CTPYKTYpH npouecy hopmy-
BaHHS pIlIEHHS, a TAKOXX HA OCHOBI BXiTHUX JTaHUX;

— 1o0ymoBa MOJIENi MOSICHEHHSL.

BiaacTuBoCTi N0sICHEHDb B iHTe/1eKTyaIbHUX CHCTe-
Max. [HTenekTyanbHi CHCTEMH 3 TOYKH 30pY 3pO3yMIIOCTi
iX poOOTH MAPO3AUIAIOTHCS MPO30Pi Ta HEMPO30Pi.

[Tepuri xapakTepu3yIOTHCSA THM, IO IPOLIEC IPUIHHST-
TS pilIEHHS € 3pO3yMIJINM JIsl KopHcTyBada. To6To Jifo-
JMHA MOJKE 3pO3YMITH il CHCTeMH, peanizoBaHi (QyHKIIT
0e3 moTpedu y JOJaTKOBUX MOSICHEHHSIX.

3pO3yMUTICTIO CHCTEMH € 1i BIACTHBICTH IPEICTaB-
JISITH 3HAHHS, HA OCHOBI SIKUX BOHA OTPHUMYE DILLICHHS, y
3pO3yMITIH 7151 KOpUCTyBava (hOpMi.

3 ypaxyBaHHAM XapaKTEPHCTHK 3pO3YMIJIOCTi Ta
HE3PO3YMLJIOCTI IHTENEKTYaIbHI CHCTEMHU MOIUISIOTHCS Ha
CHCTEMH 3 MOJKJIMBICTIO IHTEepHperamii Ta CHCTEMH 3
MOXJIABICTIO TosicHeHHs [7—11].

CucreMn INepuioro THUIY BHKOPHCTOBYIOTH MOJENI,
SIKI OMUCYIOTH MPOIIEC MPUUHATTS PillleHb y 3pO3yMImiit
JUTSE KOpUCTYyBada Gopmi.

[HTenexTyanpHi iHMOpMaLiiiHI CUCTEMH 3 MOXKIIH-
BICTIO TOSICHCHHSI MICTATh NOJATKOBUH iHTepdeiic mnst
JIIOJIUHY, SIKUHA NMpU3HAYeHUH A1 iHTeprperanii oTpuMa-
HUX B IHTEJIEKTYaJIbHI/ CHCTEMI pillieHb Ta 6e3Mocepe b0
npolecy MpUHHATTS pillleHb. 3aralbHy CXeMmy, 110 Bigo0-
pakae 3B’SI30K HABEJCHMX BIACTHBOCTEH, MPENCTABICHO
Ha puc. 1.

ITpo3opicTb Hemnpo3zopicts
v v
Monens
TIPUIHATTS
[Ipo3zopa mis pimieHHs B
KOpHCTyBada IHTEeTeKTyaIIbHil
MOJEIb CHCTEMI, IO B
MIPUAHATTS KITFOYOBUX
pillIeHHS JIETaIIX HE €
3pO3yMIJIO0
KOpPHCTYBaueBi
MosKTHBICTE IMoscHIOBaHICTH
. 4 A 4
iHTepnpeTanii
' \ 4
JlonaTtkoBa
micucTeMa
[HTenexryanbHa [IOSICHEHE
cucreMma,
(hyHKITIOHYBaHHS
SIKOT
IHTepIpPETYEThCA \ 4
6e3mocepeHbO InrenexryansHa
KOPHCTYBa4eM CHUCTeMa, IpoIiecC
TIPUIHATTS
pilIeHB B AKIiH
IHTepIPETYEThCA
3posyminicTb KOpHUCTyBa1IEM
< v \ 4

Po3yminHs anroputmy podoTn
IHTENEKTYaIbHOT CUCTEMH 1, SIK
HACIIIZIOK, TOBipa KOpHCTyBada J10
OTPHMAHOTO B IIiif CHCTEMI pPIlICHHS

Puc. 1. 3’5130k BIacTHBOCTEH IHTEPIIPETOBAHOCTI Ta
HOSICHIOBAHOCTI iHTEJICKTYaJIbHOT CHCTEMH

[ToOyoBa mosiCHEHb B iHTENEKTyaIbHIA CHCTEMI Bi-
OyBaeThcs B paMKax JBOX KIIIOYOBUX HAIPSIMKIB

—IOSICHEHHS Ha OCHOBI CTaHIB Ta CTPYKTYpH
IHTEJIEKTYaIbHOI CUCTEMH;

— MOSICHEHHS 3 BUKOPHCTaHHIM BX1JTHUX JJaHUX.

B pamkax meprmoro HanpsIMKy BHIUISIOTBCSA Taki
IIXOIN:

— CIIPONICHHS MPOIIECY POOOTH CUCTEMH;

— BU3HAUEHHS BIUIMBY OKpeMHX (QYHKIIH Ha
pe3yNbTaT poOOTH 1HTENEKTYIbHOT CHCTEMU;
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— BUKOPHUCTAHHS BIIOMHX KOHICMIIA Ta IMOHATH Y
MPEIMETHIN 00JIacTi.

Kitro4oBi BiIMIHHOCTI JaHUX IMiAXOJIB HABEACHO Y
Tabm. 1.

ITiaxin g0 o0y 0BU MOSICHEHb HA OCHOBI CIIPOIICHHS
3HaHb IIOJI0 TPOIECY POOOTH IHTEIEKTYyalbHOI CHCTEMH
BUKOPHCTOBYE y3arajibHeHi, eKCIIePUMEHTAIBHO MiATBEP/I-
JKCHI 3aKOHOMIPHOCTI, SIKi BimoOpakaloTh MpPOIECH Ta
SIBUIIA y TpeAMETHil o0macTi ane He BHUKOPUCTOBYIOTH
MOJIeNb IpeIMeTHO1 obnacTti. Hampukiam, 3akoHOMipHOCTI
BHIY «IIOIM YacTillle XBOPIIOTh HA TPHII BOCEHW», 0e3
ypaxyBaHHS IPUPOIM TAKUX 3aXBOPIOBAHb.

Tabmurt 1 — [osicHeHHS 3 BUKOPUCTaHHSM CTaHIB Ta CTPYKTYpH
IHTEJIEKTyaIbHOT CHCTEMHU

Iligxin Ocob6nmBoOCTI

1. Ha ocHoBi
CIIPOILCHHS
nporecy
(yHKIIOHYBaHHS
IHTETIEKTyaIbHOT
CHCTCMH

2. Ha ocHoBi
BU/IICHHS
BIUTHBY OKPEMUX
(byHKUiN Ta g

I[J'IH TOSAICHEHHS BUKOPUCTOBYIOTHCS
MOZ[CJ'Ii «IIOBEPXHEBUX» 3HAHDb.

B paMkax maHOTO MiIXOIy B SIKOCTI
TIOSICHEHHS BiZJOOPaXKaeThCs BILIUB
OKPEMHX €TalliB IpoLecy IPHHHSITTS
pimeHHs a0o okpeMux (YHKIIH, 110

OKPEMHX CTPYKTYPHHX €JIEMEHTIB MOJIEJ IpoLecy mpuii-
HATTS PILIEHHS B IHTEJEKTYaJIbHIH cUCTEeMi Ha KiHLEBHN
pesynbTart. i1 BiqoOpaskeHHs JaHOTO BILTUBY BUKOPHCTO-
BYETBCSl KUIBKICHA OIliHKAa BIUIMBY II€BHHX MOHSTH Ha
oTpuMaHe B cucTeMi pimenHs. ToOTO BXigHi gaHi cop-
TYIOTBCS 32 iX BIAMIOBIIHICTIO IEBHUM MOHATTSM Ta KOH-
LETLisM, [CII YOr0 BCTAHOBIFOETHCS BIUIUB LIUX IIOHSAT.
Hanpuknan, BXigHi 300paXkeHHS T KIIacHU(iKaIlii MOXYTh
OyTH BiZCOPTOBaHI 3a KOJIHOPOM, 3a (OPMOIO IIiHIM Ha
300pakeHHi (TOYKOBa, 3UT3araMH, TOIIO), 32 00’ €KTaMH Ha
300pakeHHi (YOIOBIK, JKiHKA, TUTHHA).

[Ipu BUKOpHCTaHHI HEHPOHHUX MEPEX JaHUK MiJIXif
peaizyeTbCsi METOJOM KINBbKICHOTO TECTYBaHHS 3 BEKTO-
pamu aktuBaiii koxuermii (Testing with Concept Activa-
tion Vectors — TCAV). MeTtoa CTBOPIOE Opi€HTOBaHYy Ha
PO3YMIHHS JIOJUHOIO JiHIHHY IHTEpIpETaIit0 BHYTPILIHIX
CTaHIB MOJIeJli IIINOOKOro HaBYaHHS B TEpPMiHaX MOHSITH Ta
KOHIICTIIIi}f TpeMeTHOT 00JIacTi.

3a OpyriuM HaIpSMKOM BHIUISIOTHCS TaKi MiIXOIH:

— Bi3yai3alis BIUIMBY BXiJHHAX NaHWX HAa OTPUMaHE
pilIeHHs;

— BUKOPUCTaHHS NPUKIAiB IPUHHATTS PilICHHS.

Kitro4oBi BiAMIHHOCTI JaHHX MiJAXOJIB HABEACHO Y
Tabm. 2.

Ta6mmrst 2 — [TosICHEHHS 3 BUKOPUCTAHHSIM BXiTHUX JTAHUX

Ha KiHIIEBUI

OyJI BUKOPHCTAHI y JaHOMY IIpOIIeci,

KOHIIEMIIH y

pe3yJbTar Ha MIOKa3HUKH OTPHMAHOTO PE3yJIbTaTy.
3. Ha ocHoBi 3rigHO JAaHOTO MiAXO0AY BUKOHYETHCS
BITOMHUX Bi3yasti3allisi BHyTPILIHBOTO CTaHy

MOJIENi, IO JISKUTH B OCHOBI IpOIIECy

ITigxin

Oco0MBOCTI

1. Bizyamizarmis
BIUIUBY BX1THHUX
JIaHUX

Januii migxix opieHTOBaHMIA Ha
mpeacTaBIeHHS TpadikiB, M0

HpeIMeTHIN
obnacti

TIPUIHATTS pillICHHS.

ToOTO ckmamHi 3aKOHOMIPHOCTI MPOIECY MPUAHATTS
pillICHHS, OTPUMaHi, HalPHUKJIa/l, B pe3yIbTaTi MAIMHHOTO
HaBYaHHS, MPEICTABISAIOTECS CIPOIIEHUMH MPUYNHHO-
HACIIIIKOBUMHU ab0 TEMITOPANIbHUMH BiIHOIICHHSMH, SIKi
3aJ1al0Th 3B 530K MK KJIIOYOBUMH MOJISIMH Ta (akTamu
npeaAMeTHOT obuiacTi, 6e3 neranizamii Takoro 3B’ s3Ky.

Jpyruii minxig g0 ¢popMyBaHHs MOSCHEHb BifoOpa-
’Kae BIUIMB OKpPEMHX Jiif abo (yHKIIH Ha KUIbKICHI Biac-
THUBOCTI OTPHMAHOTO B IHTEJNEKTYyalbHIil cCUCTEMI pe3ylib-
TaT. B sIKOCTI NOKa3HHMKIB BUKOPUCTOBYIOTHCS, HATIPHKJIIA]L,
TouHicTs, AUC, Tomro.

[pu peaizamii 1aHOTO MiIX0Y 3aCTOCOBYIOTHCS, Ha-
TIPUKIIAJ, JiarpaMa cepelHboTo 3HIKEeHHs TouHocTi (Mean
Decrease Accuracy — MDA), metox DeepLIFT.

MDA noka3zye, HACKLIbKH 3MEHIIYETHCS TOUHICTh 32
YMOBH BUKJIIOYEHHS BIAMOBIAHOI 3MIiHHOI i3 Momeni
MIPOLIECy TPUHAHSATTS PIllIEHHS B IHTEJIEKTyalbHIl CUCTEMI.
3MiHHI Ha Jiarpami IpeaCTaBISIOTHCS 32 3MEHIICHHSIM iX
BaXXJIMBOCTI.

Meton DeepLIFT BUKOHYE JEKOMITO3HUIIIIO PE3yIIb-
TaTy poOOTH HEHPOHHOI Mepexi IT KOHKPETHOTO BXOAY
3a paxyHOK 3BOPOTHOTO PO3MOBCIOKCHHS BiIKJIMKIB HEl-
POHIB Ha KOXKHY O3HaKy BXiJHOTO cHrHaiy. /laHuil MeTox
HaJla€ OLIHKY BKJIaJy KOXKHOI'O HEHPOHY Y pe3yibTaT,
MOPIBHIOIOYHM TIOTOYHY Ta €TAJIOHHY aKTHBAIlii.

[Migxin mo moOyMOBH MOSCHEHh HA OCHOBI KOHIICTIITiH
Ta TIOHATH OPIEHTOBAaHMH Ha Te, MO0 IOKa3aTH BILIUB

BiZ0OpakaroTh JAeTalizoBaHi abo
yCcepeaHeHi 3aJIeKHOCTI pe3yinbTaTy Bif
BXiZHOT QyHKII.

2. Ha ocHoBi 3a7a0ThCs MIPUKIIAIH, 10 HalKpanmum
THUITOBUX YHHOM LTIOCTPYIOTH ITPOLIEC TPHUHHSTTS
TIPUKITAIiB pilIeHHS B iHTEIEKTYAIbHIH CHCTEMI.

pOOOTH CHCTEMH

[Tpu Bizyamnizanii MOsICHEHHS BUKOPUCTOBYIOTHCS, SIK
npaBmwio, Tpadiku, 1O BiZOOpa)XalTh 1HIMBIdyalbHE
ymoBHe ouikyBanus (Individual Conditional Expectation —
ICE), a6o »x wuactkoBi 3anmexxHocti (Partial Dependence
Plots — PDPs).

B nepmomy Bumaaky Ha rpadiky NpencTaBISIETHCST
337a€THCS 1HIUBIyallbHA 3aJIeKHICT TIEBHOTO TIOKa3HUKA
Bil 3amaHoro mapaMerpa abo ¢yHKOii (HampHKIA,
3aJIe)KHICT 3aXBOPIOBAHOCTI BiA BiKy JoanHH). B npy-
roMy BHUIAJKy 3aJa€ThCS CEPEJHE 3HAYEHHS LOTO II0-
Ka3HHKa.

ITixximx 10 moOyI0BM TOSICHEHb Ha OCHOB1 MPUKIIAIB
nependadae mMoOya0By MHOXWHHU TPUKIAIIB, IO 1TFOCT-
PYIOTH MPOIIEC OTPUMAaHHS PE3YJIbTATIB B IHTEICKTYaIbHIi
CHCTEMI.

JlokanbHnii, rpynoBuii Ta riao0aJbHMii PpiBHI
Aerajizamii mosicHeHb. Po3risHyTI y nonepegHbOMY
MiAPO3ILTI MiIXOIM OPIEHTOBAHI HA MOOYIOBY MOSICHEHHS
Ha JIOKaJIbHOMY, TPYNOBOMY Ta TIJIOOQJIbHOMY pIBHSIX
Jeraiizarii.

JlokanbHe TOSICHEHHS NPU3HAYEHO Uil OOIPYHTY-
BaHHSI KOPUCTYBAueBl OTHOr0 KOHKPETHOTO Pe3yJsIbTaTy.
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I'pynoBe nosicHeHHs 3a0e3euye po3yMiHHS KOPUCTY-
BauyeM MiAMHOXHHHU CXOXXHX pe3yJbTaTiB poOOTH iHTe-
JIEKTyaJIbHOT CUCTEMU.

I'mo6anbHe NosICHEHHSI pOOHTH «IIPO30PHM» Oe3roce-
PEIHBO TPOIEC OTPUMAHHS PINICHHS B IHTCIICKTYaJbHil
CHCTEMI.

Mix nuMH piBHAMHE JeTani3amii MOKHa BCTAHOBHTH
Taknil 3B’s30K. IlosICHEHHS TI00aMbHOTO piBHA BimoOpa-
JKa€ TIOCIITOBHICTh BIUIMBIB OKpeMHX Aiii abo (yHKHil
nporecy GopMyBaHHS PIlIeHHS B iHTENIEKTyalbHINA CHUCTe-
Mi Ha KiHIIeBU pe3yibTaT.

[pouec ¢hopmyBaHHS pillleHHS peaji3yeThes ACKiib-
Ka pasiB IJIsl OTPUMAaHHs Pi3HUX pe3ynbrariB. Tomy rio-
OaybHE MOSCHEHHS MICTHTh 3aJI€KHOCTI, IO € CIIJIBHUMHU
JUISL BCIX LIMX E€K3eMIUIIPIB MPOLECY OTPUMAaHHS Pe3yiib-
TaTy.

I'pynoBe TMOSCHEHHS MICTHTh 3aJIeKHOCTI IS
HIIMHOXHHH €K3eMIUBIPIB MPOoLecy OTPUMaHHs PillICHHS.
Tomy B JaHOMY BHIIaJKy BHKOPHUCTOBYETBCS MiIMHOXHUHA
3aJICKHOCTEH, TUITH SKUX BiAPI3HAIOTHCS Bill y3aralbHEHHUX
3aJIeKHOCTEH II100ansHOro nosicHeHHs. Hanpukinazn, oome-
JKEHHS Ul TPYNOBOTrO MOSCHCHHS HE 3aBXIM € oOMe-
YKEHHSIMU JUTS TIOBHOTO MIPOLIECY IIPUUHSTTS PILICHHS.

JlokanpHi MOSCHEHHS Yy JaHiil iepapxii JOLITBHO
pO3MIIsIaTH K 3JIEKHOCTI MiX KOHKPETHHM Habopom
BXIIHUX JIJAHWX Ta OTPUMAHKUM B IHTCJICKTYyalbHIH CUCTEMI
pe3yabTaToM. BiMiHHOCTI Mi’K BKa3aHHUMU PIBHSAMH IMOSIC-
HEHb HaBEJICHO Ha pHC.2.

JlokaJybHe MOSCHEHHS HAJA€THCS TSl OJJTHOTO EK3eMII-

mpy E; = <eiv1,ei'2,...,eil J> Iporecy MPUHHATTS PillleHHS
Ta IOB’A3y€e HEPIIy €, Ta OCTAHHIO € ; IOJii, IO Bigo6-
PaXarTh BUKOHAHHS I[LOTO TPOIIECY.

Tob6To NoKaJIbHE MOSICHEHHsI OOIPYHTOBYE KiHIIEBUIA
pe3yabTaT Al KOPUCTyBaya, 3aal04u 3B 30K MK BXij-

. i1 .
HUMU JIAHAMM Ta KiHLIIEBUM PE3YJIbTATOM 7'y y BUIUISM
(YHKIIOHATBHOI 3aiekHOCTI | (ei 165 ) MDK TIOHI€IO

OTPUMAHHS BXIJHUX JJaHUX €;, Ta Pe3yJbTaTy €, :

75 =f(e.e,) (1)

prHOBC [MOSICHEHHSI MICTUTh 3aJIeKHOCTI JUIA

migmMaOXHHEN EYP = {Ei}, EY < E. Mmuoxuan E Bcix
MOXIIMBHX peajti3amiidi mpouecy NpUHHATTA pillieHHS B
IHTeNeKTyanbHill cucrteMi. I'pymoBe TOSCHEHHS Mae
BUTJISAL;

79} =1 (e ,em)|EIE9“’“p ={E}: @
(3i):e,=e.e,=¢,.

BinmosizHo 10 (2), rpymnoBe MOSICHEHHS MICTUTH Y
€001 B IKOCTI OKPEMOTO €JIeMEHTa JIOKAJIbHE TIOSICHEHHS B
TOMY BUNAJKY, Akimo E*" micTuTh nuie ouH exeMeHT
E,:

ﬂ_ii’,j = ﬂ-gnjw |Egroup — {El}’ J =1,J=m. (3)
I'mobanbHe MOSCHEHHS ﬂrf] 00’etHyE BCi Bitomi pea-

Ji3anii mpouecy OTpUMaHHS pilIEHHS B IHTENEKTyaJbHil
iHpOpMaLilHili cucTeMi:

=€, (4)

1.3i:ei‘j =e,
2.3j3m:(Vi)e,  =e

ei,m

Il
@D

j?

JIokanpHe NOsSICHESHHS 77,'.'

I'pymoBi nosicHeHHs

1

79,
1 2
79, 79,
| \ /AL
l en1 €12 —...— >
e1 ez
ez1 #@ e

( ez P e32 —>@
el > ez —>

be3 nosicHeHHs1

I'noGanbHi HOsICHEHHS

Puc. 2. JlokanbHi, rpynoBi Ta rio0anbHi HOSICHEHHS

I'mobGanbHe NOSICHEHHS MICTHTH 3alIeXHOCTI y (opmi
YMOB Ta OOMEKeHb BHKOHAHHS [l mporecy MpUHHATTS
pileHHs.

YMmogu (1) BU3HAUaIOTh, IO MPEACTABIEHA MOSICHEH-
HSIM 3aJIeXKHICTh € MIHCHOIO JIWIIE IS IMiIMHOXHWHU pea-
mizamiil mporecy GopMmyBaHHS pe3yibpTary. ToMmy ymoBa
Mae OyTH aKTyaJIbHOIO JIJIi KOHKPETHOI peaizarii, s
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SIKOT 3aCTOCOBYETBHCS INI0OaIbHE MoscHEeHHs. [lo3HaunmMo
yMOBY sIK 7T .

Toni zr) Mose GyTH BHKOPHCTAHA ISl IOSCHEHHS
Takux E;, peamizaniii mpouecy OTpUMaHHS PE3yNbTaTy y
IHTETIeKTyaIbHIH CHCTEeMI, JJIS SIKIX BUKOHY€ETBCS:

(VE)zr) =x'). (5)

OOMeXeHHSI BHKOHYETBCS Ul BCIX peaiizawiit
NpoLeCY NPUHHATTA pIMIEHHS 1 TOMY OOMEXEHHS SK
rio0ajgbHE TOSICHEHHS MOXKE OYyTH BHKOPHCTaHO Y BCiX
BUIIJIKaX OTPUMaHHS Pe3yJbTaTy.

YmoBa (5) ¢QakTu4uHO BiANOBiZAE€ JIOKATEHOMY
MOSICHEHHIO, TOOTO:

(VEi € Egm”p)m’nf =rg). (6)

TakuMm 4nMHOM, TI00aNBHI MOSICHEHHS 3 (GopMaTbHOT
TOYKH 30pYy MOEAHYIOTh MOSICHEHHS! Ha OCHOBI OOMEXEHb
BUKOHAHHS JIiil 3 OTPUMaHHs pe3yJbTaTy ad0 BIAMOBIAHUX
(YHKIIN, a TAKOXK TPYIOBI Ta JIOKAJIbHI MTOSICHEHHS.

Tomy B momampmomy OyIyTh PO3IIISIIATUCEH JIMILIC
rI06atbHi MOSICHEHHS. 77, .

IMocnigoBHOCTI TOOANEHUX TOSCHEHb, HATPUKIIA[
I = <7z§,7r32,7r|"1> abo IT = <7r;7r§7rll> Bigobpaxa-

I0Th MIPOLIEC MPUHHATTS pilieHHs y (opmi, npo3opii s
KOpHUCTYBaya.

OpnHak 3 1i€i IPUYMHYU MOSCHEHHS HE B MOBHIN Mipi
BioOpaXkae CTaHW IHTENEKTYyallbHOI CHCTEMH 1 IIPOIEC
NPUAHATTS pillleHb B LinoMy. ToMy MoJeib MOSCHEHHS
Ma€ BpaxOBYBaTH CTOXacCTHYHY CKIJIAQJOBY HPH OIUCI
CHCTEMH, OO0 SKOI (GOPMYEThCS MOSCHEHHS, a TAKOX
MOJKJIHBI 3MiHH €(PEKTHBHOCTI pOOOTH CHCTEMH B PE3YJib-
TaTi KOPUI'YBaHHS B3a€EMOJIIi 3 KOPUCTYBaYeM Micis OTPH-
MaHHSI ITOSICHEHHSI.

BianosigHo, npu ¢GopMyBaHHI MOCHIIOBHOCTI MOSIC-
HEeHb HEOOXI/IHO OI[IHIOBaTH 1X e()eKTHBHICTh. Taka oliHKa
e(eKTUBHOCTI MOXXe OYTH B IOJAJbIIOMY IpEJCTaBlIeHa
Barolo MOSCHEHHs W, , 10 BPaXoBye HOro cTOXacTHYHMii

acriekT. BunineHHs Baru gae MOXIIUBICTb BiZliOpaTH Kparii
33 [[UM [MOKa3HUKOM TOSICHEHHS 13 MHOKHHU MOYKJIHBHX.

Ominka Moxe OyTH BHKOHAaHA Ui KOXKHOTO TOSIC-
HEHHS B IOCIIIOBHOCTI a00 X IS BCi€l MOCIIIOBHOCTI
MOSICHEHb. B JpyroMy BHUIagKy Moxe OyTH BHKOHAHO
(opMyBaHHS Ta MOPIBHSIHHSA JEKIUTBKOX IOCIIIOBHOCTEH
MOSICHEHb 3 MMOJANBIIO TUHAMIYHOK 3MIHOK0 IUX TOCITi-
JIOBHOCTEH B 3aJI€KHOCTI BiJl pe3yibTaTiB B3aeMOMii 3
KOPHCTYBAUEM.

MopneJib MOSICHEHHSI HA JIOKAJLHOMY, IPYIHOBOMY
Ta riodajibHOMY piBHAX deTaJjizauii. [ToscHeHHs 3riTHO
(4) BCTaHOBJIIOIOTH 3B’SA30K MK TapaMH TOMiH, IO
BiIOOpaXarOTh CTaHM IHTEJIEKTyaJlbHOI cucTeMH. ToOTo
HACTYITHHUU CTaH y MOSICHEHHI 3aJICKUTh BiJl TOTIEPETHHOTO
CTaHy 1 MOSCHIOBAIBHOI Jii, sIKa MPHBEJa 0 IePEX0/IiB MiXK
O¥MMH cTtaHamMyd. ToOTO MM Mae€MO BIAIIOBIIHICTE MK
CTaHAMMU IOSICHEHHS S; Ta MOAIAMH €; , 11O BiZ0OpaKaoTh

mporiec MPUUHATTA pIlICHHS. BiamoBigHO, MOSICHEHHS
MO3Ke OyTH IPEICTABICHO y BUTIISII:

i =

7) =1 (s;.s,) e s, e, s, @)
Toni i BuOOpY HaAWKpaIIoro NOSCHEHHS HEOOX1THO

OWIHUTH Horo edeKkTHBHiCTh. Sk OyJi0 TOKa3aHO BHIIE,

JIOKaJbHI Ta TPYIOBi MOSICHEHHS € OKPEMHM BHITQJKOM

ro0anbHOTO TOsiICHeHHs. [mobanbHe X MOSICHEHHS Mic-

TUTb MHOXHHY MOJIMBHUX CJICMCHTAPHUX IMOSACHCHb 72';-] ’

0 CKNIaaalThes y nocmigoBHicts [1, ska 3abesmneuye
MPO30PICTh BCHOTO MPOIIECY BiJ MOYATKOBOI MOAii € 1 10
KiHneBoi moxii ;. Ile cBiAYUTH IPO BaXKIUBICTH BHKO-
pUCTaTH OIHKY BCBHOTO IIpoIecy. Y BHNAIKY KiHIIEBOI
MHOXXHUHH TMOJIi# MPOIIeCy, AJs SIKOTO HAJA€ThCs PIllICHHS,
Taka OIliIHKa MaThMe BHIIIAN cyMHu (8) abo cepeaHBOTO
3HavYeHHS (9) OIiHOK W! OKpeMHX MOSICHEHb 7 .

Wy =>wl. (8)

2
L1/ L —
' |{ijm}

Ciig 3a3HauWTH, IO BHACIIZOK CTOXACTUYHHX
XapaKTEPUCTUK TPOIECY MOSACHEHb OILIHKA OKPEMOTO
MOSICHEHHSI MOKe OyTH 00YrCIIeHa Ha OCHOBI HMOBIpHOCTI
BHUKOPHUCTAHHS MOCIiJOBHOCTI TIOSICHCHD B IILIOMY.

VY BHUNaAKy, KOO KUTBKICTH TOAIH € HEBiIOMOIO
(Hanpukiaa, Uil iTEpaTHBHOrO mpoiecy (opMyBaHHS
pillIeHHs! Y B3a€MOJIT 3 KOPHCTYBaueM), Taka OLiHKa Mae
BPaxOBYBAaTH B MEPIIY YEPI'y BAKIUBICTh MOTOYHHUX MOSC-
HeHb. J{J1s1 1bOro 3a3HaveHa OIliHKa BUKOPHCTOBYE Koedi-
I[IEHT ¥ , IO JISKUTH B Jiara3oHi Big Hy/s 10 1:

©)

j-1 m-1
S w4 i
R (10)
j.m
TakuM 4YUHOM, MOJENL IOCIIJIOBHOCTI II00albHAX
[TOSICHEHb MA€ BUTJISAJ:

M :{H,Wn}, (11)

e H:<7zr1ﬂ,...,7z’,...,7r,"l>, a W, 00YHMCITIOETBCS 3TiIHO

m
(8)-(10).

ana momens 00’eqnye, sik Oyio mokasaHo y (3) ta
(6), TOKaJBHI Ta TPYIOBI HOSCHEHHS.

BucHoBKH. 3amnporioHOBaHO Yy3aralbHEHY MOJIEINb
MOSICHEHHS /I JIOKaJIbHOTO, IPYNOBOTO Ta INI00aIbHOTO
piBHIB JeTamizamii, sika IPEICTaBICHO YIOPSAKOBAHOO
IMOCJIIIOBHICTIO 3BKEHUX 3aJI€KHOCTEN MIXK MOIisIMHA abo
CTaHaMU TPOLEeCy NPUHHSTTS PIlICHHS B IHTEJICKTYaIbHIN
cHCTeMi, IO JIa€ MOXJIMBICTH B paMKax TIJI00aJbHOTO
MOSICHEHHSI TIPE/ICTABUTH JIOKAJIbHE TIOSICHEHHSI Ha OCHOBI
JIAHIFOKKY TPYHOBUX MOSCHEHb MIXK MOISIMH OTPUMAaHHS
BXi/THUX JaHUX Ta PE3yIbTYIOUYOTO PillIeHHS.

Y npakTHIHOMY acmeKTi po3pobiieHa MOeTb OpieH-
TOBaHAa HAa BUKOPHCTAHHS PO3TISHYTHX IiIXOAIB MOOy-
JIOBH TIOSICHEHb Ha OCHOBI CIIPOIIEHHS Tpolecy (yHK-
I[IOHYBAaHHS 1HTEJIIEKTYadbHOI CHCTEMH Ta Ha OCHOBI BHIi-
JICHHSI BIUIMBY OKpeMHMX (YHKIIH Ta Jiif Ha KiHIEBUH
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