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EFFICIENCY SUBSTANTIATION FOR A SYNTHETICAL METHOD OF CONSTRUCTING A
MULTIVARIATE POLYNOMIAL REGRESSION GIVEN BY A REDUNDANT REPRESENTATION

In recent years, the authors in their publications have developed two different approaches to the construction of a multivariate polynomial (in particular,
linear) regressions given by a redundant representation. The first approach allowed us to reduce estimation of coefficients for nonlinear terms of a
multivariate polynomial regression to construction of a sequence of univariate polynomial regressions and solution of corresponding nondegenerate
systems of linear equations. The second approach was implemented using an example of a multivariate linear regression given by a redundant
representation and led to the creation of a method the authors called a modified group method of data handling (GMDH), as it is a modification of the
well-known heuristic self-organization method of GMDH (the author of GMDH is an Academician of the National Academy of Sciences of Ukraine
O. G. lvakhnenko). The modification takes into account that giving a multivariate linear regression by redundant representation allows for construction
of a set of partial representations, one of which has the structure of the desired regression, to use not a multilevel selection algorithm, but an efficient
algorithm for splitting the coefficients of the multivariate linear regression into two classes. As in the classic GMDH, the solution is found using a test
sequence of data. This method is easily extended to the case of a multivariate polynomial regression since the unknown coefficients appear in the
multivariate polynomial regression in a linear way. Each of the two approaches has its advantages and disadvantages. The obvious next step is to combine
both approaches into one. This has led to the creation of a synthetic method that implements the advantages of both approaches, partially compensating
for their disadvantages. This paper presents the aggregated algorithmic structure of the synthetic method, the theoretical properties of partial cases and,
as a result, the justification of its overall efficiency.

Keywords: univariate polynomial regression, multivariate polynomial regression, redundant representation, least squares method, test sequence,
repeated experiment.

Introduction. Multivariate linear and non-linear re-  representation. In this paper, we explain the aggregated al-

gressions, constructed based on the results of active or pas-
sive experiments, are widely used in modern diagnostic in-
formation systems, in particular, medical ones, and in in-
formation management systems with a wide range of appli-
cations [1-10]. Universal methods for multivariate regres-
sions construction vary from classical statistical methods to
heuristics, such as the group method of data handling
(GMDH) or genetic algorithms. But none of them, due to
the complexity of the problem, dominates the others. Exist-
ing methods complement each other. Therefore, scientific
research in this field is still relevant.

We give in the abstract, at a qualitative level, the char-
acteristics of a synthetic method of constructing a multivar-
iate polynomial regression (MPR) given by a redundant

gorithmic structure of the synthetic method, substantiate
the logic of its construction, its theoretical properties, the
properties of partial cases of redundant representations of
MPRs that lead to the finding of coefficient estimates for
nonlinear members of the MPR with acceptable accuracy.

1. General theoretical provisions that we use.
1.1. Univariate polynomial regression (UPR) [11]. Let a
UPR be given in the form:

Y(x)=6,+t0x+..+0,x"+E, (D)

where E is a random variable with an arbitrary distribu-
tion, its mathematical expectation ME =0, its variance

DE = o? <, the variance or its upper bound is known.

© Pavlov A. A., Holovchenko M. N., Drozd V. V., 2023

Research Article: This article was published by the publishing house of NTU **KhPI"" in the collection

® "Bulletin of the National Technical University "KhPI" Series: System analysis, management and
information technologies.” This article is distributed under a Creative Common Creative Common QPEN ACCESS

Attribution (CC BY 4.0). Conflict of Interest: The author/s declared no conflict of interest.

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIIy. Cepis: Cucmemnuii
ananis, ynpasninus ma ingopmayiini mexnonozii, Ne 1 (9) 2023 3



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

According to the results of the experiment (xi -V,
i=l,_n), r<n, x, ele,d], where
Y =6, +0x .+ Ox 6, @)

where §, is an implementation of a random variable E in

the i-th test, estimates of unknown coefficients can be
found using normalized orthogonal polynomials of For-
sythe (NOPFs) constructed from the values of the input var-

iable x,,i=1n.
o, (x)= djo +qj1x+...+qjjxj ,j=0,r.
In this case, the UPR (1) has the form

Y=Y 00 ()+E, ©
j=0

aA)j:Zn:Yin(Xi)'jZT’ “)

0,= @0, +..+d0;,j=0r, )

Mo, = w,,Dd, =o*, M0, =06,,D0, =0'22qu . (6)
J=

1.2. A repeated experiment. A. Pavlov and D. Kova-
lenko proved that the results of a repeated experiment with

k repetitions of the main experiment (xi >V, i :1_n) are
equivalent to the experiment

Zkfl y .
Xi - p=0 P 3 i :ﬁ ’
k

and the variances of estimates éi , J= 0r , decrease by the

factor of k .

1.3. Estimation of coefficients for nonlinear members
of a UPR using a single set of NOPFs. It was shown in [12]
that the estimates of the coefficients for nonlinear terms of
a UPR (1) at arbitrary values of ¢ <d can be found using
only a single set of NOPFs based on the results of the fol-
lowing virtual experiment. We introduce a virtual deter-
ministic scalar variable z and for its values

2,<2,<..<1, (7)
we find with the specified accuracy a set of NOPFs Q,(z),
j=0,r. Having put

a=9=C .o p-c-d=C z,
Z, 74 Z,—4
x =az,+b,i=1n(x =¢,x,=d), (8)

substituting x=az+b, we reduce the UPR (1) to a virtual
UPR

Y(z)=6,+6,(az+b)+...+6, (az+b)r +E=

=yotnzt.tyz +E. ©)

The coefficients 6,7, j = or , are in a mutually un-
ambiguous correspondence

1
a a, Zo }7: )
a’ E (10)
0 :
NICYIRVE

According to
(xi Sy, i :1,_n) ,where x,,i=1,n, satisfy (8), we design

results of the main experiment

a virtual experiment (zi >y, i :1_n) Based on the set of
NOPFs constructed for z;,i =1n, we find estimates

Vi = 0,r, and based on the system of equations (10) we

find estimates éj N 0,r . Itis shown in [12] that

2 2
Z[yj —ZHin'j = m_inZ[yj _ZQJXiIJ :
= =0 0 1=0r i3 =0

2. Estimation with acceptable accuracy of the coef-
ficients for nonlinear members of a UPR (1) using a sin-
gle set of NOPFs. 2.1. Justification of the number of tests
n of the main experiment and the choice of values of
z,,i=1n, of the virtual scalar variable z. With the ap-
propriate selection of the values of the virtual scalar varia-
ble z, expression (10) significantly simplifies the prelimi-
nary analysis and the input data formation for the main
active experiment to obtain, with acceptable accuracy, esti-
mates of the coefficients for nonlinear terms of the UPR
and, as will be shown later, an MPR. Such a requirement is
for r,, <n acompromise between the number of tests n
of the main experiment and the value of variances of the
estimates of the coefficients for nonlinear members of the
virtual UPR (9). As a result of the analysis of the conducted
experiments, the following compromise solution is
proposed for r,, <5: n=10, z,=-50, z,=50,

Az =(z,—z,,)=const. In this case,
Dy, =4.26-10°¢%, Dy, =7.55-10°¢",

D7, =1.4-10%6%, Dy, =1.28-10%¢%,  (11)

that is, with an increase of j by one, Dy, is decreased by
three orders of magnitude, starting from Dy, .

2.2. Justification of conditions for obtaining estimates
for nonlinear members of a UPR (1) with acceptable accu-
racy. In [12], analytical expressions are given for variances

of estimates éj, j=2, for a UPR (1). The expressions

were obtained from the results of estimation by a virtual
UPR (9). This makes it possible to determine, depending on
the values of c, d, a, b (8), the number k of repetitions of

the main experiment (variances of the coefficient estimates

éi are reduced by the factor of k) that, using the three-

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XI1Iy. Cepisn: Cucmemnuii
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sigma rule, leads to obtaining the estimates éj , j=2,with

acceptable accuracy. Thus, when the repeated experiment
turned out to be practically feasible, the problem has a so-
lution.

Remark 1. The three-sigma rule for an arbitrary ran-
dom variable X is formulated as follows. With a probabil-
ity of 0,89, any realization of X belongs to the segment

[MX -3, MX +30], where o =+/DX .
Remark 2. Due to the roughness of the three-sigma
rule, the actual number of repetitions k is significantly less.
3. A decomposition method of estimating the coef-
ficients of an MPR given by a redundant representation.
3.1. The problem formulation. Let an MPR be given by the
following redundant representation [13]:
Y(y): Z bllh 'jjx(Xil)jl..-(Xil)j‘ +E, (12)
)

e
V(i i )€K Y (o) €K (i

where X:(xi,...,xm)T is a deterministic vector of input

variables,

x €[c.d], ¢>0,i=1m, (13)

where E is a random variable, ME=0, DE =0’ <o,
The values of the coefficients b/;" are unknown (b¢ is a

constant).
Remark 3. The condition ¢, >0, i=1m, corres-

ponds to the most common practical case. All the results
obtained below are trivially extended to arbitrary real val-

ues of the numbers ¢, <d;, i=1m.

3.2. The decomposition method [13] implements the
methodology of reducing the estimation of nonlinear mem-
bers of an MPR (12) to the sequential construction of UPRs
and the solution of the corresponding systems of linear
equations, the variables of which are the estimates for the
nonlinear members of the MPR (12).

The general algorithmic scheme for obtaining esti-
mates for nonlinear members of the MPR (12) consists of
two sub-algorithms [13].

3.2.1. Aggregated modified algorithmic scheme of the
first sub-algorithm [13]. The | -th step (I <L, , where L, is

the total number of nonlinear components in (12), each of
which contains at least one scalar variable raised to a power
greater than or equal to two) is implemented for the next
nonlinear term of the MPR (12), whose coefficient was not
estimated at the previous steps of the first sub-algorithm
and that contains a scalar variable to the maximum power.
Let's denote it as X, In the MPR (12), the scalar variable

Xip

=a; Z+Db; , where a; , b;, are found according to (8) for

d=d; , c=g

is replaced with a virtual scalar variable z: X =

- In the real main experiment, the scalar
variable Xi, takes the value according to (7), (8), and the

other scalar variables in all tests take fixed values. In this
case, the MPR (12) is transformed into a UPR, and the data
of the main virtual experiment are found based on the main
real experiment

F A
(xip’i jyip Xji =X, 2>Vl =1,nj,

namely:

S () ) =T |

1-1
okl )}

Z, > Y —

where ULIil{Jm} is the set of coefficients estimated with
acceptable accuracy at the previous steps of the first sub-
algorithm.

Remark 4. In a similar way, we found the data of a
repeated virtual experiment, in which the number of output
data is y;,i=1kn, and the input data of the main experi-
ment is repeated k times.

Remark 5. The maximum degree of a UPR is j,, .

The number of UPRs constructed at the | -th step can
be more than one if the corresponding coefficient(s) of the
first UPR is (are) expressed linearly by several coefficients
for the nonlinear terms of the MPR (12) not evaluated at the
previous steps of the first sub-algorithm.

The right-hand parts of the obtained nondegenerate
systems of linear equations are the estimates for nonlinear
terms of the UPRs. Their solutions are the estimates of the
corresponding coefficients for nonlinear terms of the MPR
(12).

3.2.2. Aggregated modified scheme of the second
sub-algorithm [13]. The I -th step (I <L,, where L, isthe

number of nonlinear components in (12) of the form b.ii. X
XX, -+, ) is implemented for a nonlinear coefficient b;

that was not evaluated at the previous steps and has a max-
imum value of t,. Each input variable x; , j=1t,, is ex-

pressed linearly by a virtual variable z: X, =&z +bij ac-
cording to (8) for c=c, , d =d, , j =1t . Inthe main ex-
periment, the variables x; , j=1,_t,,vary according to (7),
(8). Other scalar input vajriables take fixed values in each

test. The data of the virtual main experiment are determined
based on the data of the main experiment

(xilyi,...,xiq,i VX = X, je {il,...,itt } =Y, i :l_n) ,
namely:

i > Y — Z Biljﬁi'[jt (Xil,i )j1 ”'(Xi‘,i )j‘ -

Ky
ol )

- Y BATILxei=Ln,

T
Vb.il i(k EUm,l{Gm}

(15)

where K, is the number of steps of the first sub-algorithm;
G,, is a set of coefficients estimated with sufficient accu-
racy at the previous steps of the second sub-algorithm.

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIIy. Cepis: Cucmemnuii
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Remark 6. The data for the repeated virtual experi-
ment is found in a similar way.

Remark 7. The maximum degree of a UPR is t, .

3.3. Classes of redundant representations for which
the coefficients for nonlinear terms of an MPR (12) are es-
timated completely or partially with acceptable accuracy.
3.3.1. The redundant representation of (12) satisfies the fol-
lowing three conditions.

1) v(xiI )" , J; 22 canbe included in only one compo-
nent of (12);

2) for any two nonlinear components of (12) with co-

efficients b, b;" the following is true:

{ieeniy ) # (Lol )

3) Oelc,d]i=1m,

(16)

(17)

where m is the number of input variables.
Then the | -th step of the first sub-algorithm of the de-
composition method implemented for the input scalar vari-

able (Xip )j", J, 22, of the nonlinear component of (12)

b (%, )" +++(x,)"
must satisfy the following additional conditions. In all tests
of the active experiment, in each component of (12)
b, )b -, !, b US| (see (14)), one input
scalar variable whose index is not included in the set
fi..-..i, | (18) is equal to zero. In this case, the linear equa-

(18)

tion for estimating b (18) has the form

R t
o i
h---h F_ 5 _
bll,,,i[ (aip ) Hxim =7, =7i, *
m=

m=p

, (19)

E.
Vip

where 7, is the estimate of »; — the coefficient of the

corresponding virtual UPR (depending on its meaning, it is

arealization or a random variable), and ¢&; is the realiza-
P

tion of a random variable with zero mathematical expecta-
tion and the variance equal to D;?jp (if ?jp is considered a
random variable). Let 5(2}:1 j,)> 0 (this is an expertly set
upper bound on the value of |bif%jjif‘| below which the cor-

responding component (18) is excluded from the redundant
representation (12) as not essential). Then the values of

X Vi, i, #p,aresetequal to X =d, >0,m=p, and

thereby the number of repetitions of the main experiment
that guarantees the fulfillment of the inequality

<10* (aip )jp e(Xi] )lidim

m=p

‘gﬂ_ (20)

(with the corresponding probability, using the three-sigma
rule), is the minimum possible.

Remark 8. To obtain the estimate (20), the three-
sigma rule is applied to the random variable ;ﬂ-p , Which

realization is used to find the estimate of the coefficient
b))+ (18).
If

(1)

‘7ip‘<(a1‘p )jp &(Zia jl)gdim ’
e

then the component (18) is excluded from the redundant
representation (12). In the opposite case, we have found an
estimate of the coefficient for the component (18) with an
acceptable accuracy (20).

The | -th step of the second sub-algorithm of the de-
composition method implemented for the component

(22)

t

by [ Tx  t=max,
1=1

must satisfy the following additional conditions. In all tests

of the active experiment in each component of (12) of the

form bilj.lf fi;j( (Xi1 )h ”'(Xi( )j‘ ) bif.' .'i;j‘ € {Ur?il {J m }}U {U:Til {Gm }}

(see (15)), one input scalar variable whose index does not
belong to the set {i,,...,i,} (22) is equal to zero. The linear

equation for estimating b % (22) has the form

t
billl H aiI = 7;t =n* |‘9;[ | ' (23)
I=1

where 7, is the estimate of 7: — the coefficient of the cor-
responding virtual UPR. Let the number of repetitions of
the main experiment be feasible to fulfill, based on the
three-sigma rule, the limitation
t
|g%|310‘1g(t)Hail . (24)
1=1
Then, if
t
7l<e®]1a, .
1=1
then the component (22) is excluded from the redundant
representation (12). In the opposite case, we have found an

estimate of the coefficient b} (22) with an acceptable ac-

curacy (24).

Thus, if all the repeated experiments are feasible, the
decomposition method allows you to find all estimates for
nonlinear terms of the MPR (12) with acceptable accuracy.

Corollary. If for some steps of the first or second sub-
algorithms the required number of repetitions of the main
experiment is unfeasible, then the corresponding coeffi-
cients are not estimated, and conditions (15), (16) allow
such components of the redundant representation (12) to be
excluded from other steps of the first and second sub-algo-
rithms.

Remark 9. Each step of the first and second sub-algo-
rithms estimates only one coefficient of the MPR (12).

3.3.2. The redundant representation (12) is given by
the following four conditions.

(25)
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The first condition: all input variables included in the
redundant representation (12) of the form bl x

X(Xil )h ---(xi[ )’ z::1j| > 2, have a range of acceptable

values |1, di,J' I=1t.

The second condition: if an arbitrary input variable is
included in an arbitrary component of (12) to a power
greater than or equal to two, it is no longer included in any

other component of (12) of the form bl (x. )"1 (x )j‘ ,

to.
D i zt+l

The third condition: all nonlinear components of the

1

t - -
form by [,%, do not have common input variables.

The fourth condition: no input variable included in
any component of (12) that has Jj, =22, is included in any

1.1
(A

component of (12) whose coefficient has the form b

t>2.

Let the number of repetitions of the main experiment
for an arbitrary step of the first and second sub-algorithms
be feasible for obtaining, using the three-sigma rule, the
estimates:

a) for the first sub-algorithm:

‘g,&p ‘ S:I-Oil(aip )jp 5( I J|) ;

b) for the second sub-algorithm: estimate (24).

Then, if during the implementation of an arbitrary step
of the first and second sub-algorithms, the fixed input vari-
ables included in the nonlinear terms of the MPR in expres-
sions (14), (15) are set equal to one, then in expressions
(14), (15) from the values of y; will be subtracted the val-

(26)

ues of ZBifffi;j‘ , which will differ in modulus from the val-
v()

ues of Zbif?_'ji;j‘ , due to estimates (24), (26) and the rough-
v()

ness of the three-sigma rule, by values that can be practi-
cally neglected. Then all estimates for non-linear terms of
the MPR (12) are found with acceptable accuracy.

Remark 10. The number of repetitions of the main ex-

periment can be real if a, > %, i =1,m . This is also true for

the second sub-algorithm for the class 3.3.1.
Remark 11. The number of repetitions of the main ex-
periment at some steps of the first sub-algorithm can be sig-

nificantly smaller, if for this step the estimate for ‘gy.p‘ is of

the form (20). That is, some input variables that are not in-
cluded in (14), (15) can take maximum values.

Remark 12. If we exclude the third and fourth condi-
tions imposed on the redundant representation (12), then
the decomposition method implements only the first sub-
algorithm.

Remark 13. Each step of the decomposition method
for the redundant representation (12) that satisfies the four
or the first two conditions of the class 3.3.2, estimates only
one coefficient of the redundant representation (12).

3.3.3 (generalization of the class 3.3.2). A redundant
representation (12) satisfies the first condition of the class

33.1.¢<d;, ¢, >0, i=1,m, are arbitrary numbers. The
second condition is set based on the results of the imple-

mentation of the following version of the decomposition
method. When performing the | -th (1> 2) step of the first
sub-algorithm for the term b ;" (xi1 )i "'(Xit. )j" , the fixed
values of the input variables in (14), which are not part of
the set {Xil,.-., X, } are set modulo the minimum possible.
When implementing an arbitrary step of the second sub-al-
gorithm, all fixed variables included in (15) take modulo
minimum values.

Let the number of repetitions of the main experiment
for each step of the first and second sub-algorithms be fea-

sible to fulfill constraints (20), (24). Then the second con-
dition imposed on the redundant representation (12) is

v

Bilj{:i'tjl ‘ = 8(2::1 i )'1Op‘ p=2,or

bk \ <&(Xiad)-
It is obvious that for any real values of c; <d,,

i=1m, Mo (the maximum degree of the virtual UPR)
there is such a small enough value of the natural number p

that the replacement of exact values of b " in expressions

iy dy

(14), (15) with their estimates is statistically guaranteed to
have practically no effect on the values of coefficient esti-
mates for nonlinear terms of the MPR (12).

Remark 14. Only one coefficient of the MPR (12) is
estimated at each step of the decomposition algorithm.

3.3.4. The redundant representation of the MPR (12)
is arbitrary, the random variable E =0. Such a case occurs
when E is a measurement error and is neglected having
sufficient measurement accuracy. In this case, the general
algorithmic procedure of the decomposition method accu-
rately finds the values of all coefficients for the nonlinear
terms of (12). The exact values of the coefficients for linear
terms, including the constant, are found by the usual inter-
polation procedure, which consists in solving a system of
linear equations with the number of variables m+1, where
m is the number of input variables.

The advantage of the decomposition method over an
arbitrary interpolation method lies is two-fold: the coeffi-
cients for nonlinear terms of the redundant representation
are estimated using only a single set of NOPFs found with
a given accuracy; the needed-to-solve nondegenerate sys-
tems of linear equations have a significantly smaller dimen-
sion than the number of nonlinear components of (12), and
in most cases the dimension is equal to one.

3.3.5. The redundant representation (12) is arbitrary.
In general case, the detailed formalization of the first and
second sub-algorithms for finding estimates with sufficient
accuracy is inefficient. A visual analysis of the specific re-
dundant representation (12) using the above theoretical re-
sults allows for each specific case to create an efficient se-
quence of steps of an individual algorithm of the decompo-
sition method (which can be a step of the first or second
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sub-algorithm in any order), which leads to estimation with
acceptable accuracy of the maximum number of coeffi-
cients for nonlinear terms of the MPR (12).

4. A modified group method of data handling
(MGMDH). As a result of the implementation of the de-
composition method, we obtained a set {J} of coefficients

for nonlinear terms of the MPR (12) estimated with ac-
ceptable accuracy.

Remark 15. Insignificant coefficients are excluded
from the redundant representation (12) and the set {J}

To obtain the final result, we propose to use the
MGMDH described in [14] to construct a multivariate lin-
ear regression (MLR) given by a redundant representation.
Indeed, the problem of constructing an MPR given by a
redundant representation (12) was reduced to the following:

2

NCSOR

Y (%)= b (x, ) (%) + F(R)+E (@7)

(N

where f(X)=

> B () (%)
bl ela)
The regression problem without any changes (to an
accuracy of the content of the columns of the matrix A in

the expression (ATA)f1 AT of the general formula of the

least squares method) can be solved by the method [14],
since all unknown coefficients are included linearly in ex-
pression (27).

Remark 16. As shown in [14], the use of k repetitions
of the main experiment significantly increases the compu-
tational efficiency of the MGMDH. Namely, the variance
of estimates is reduced by a factor of k, and only the ma-
trices of the main experiment are used in the general for-
mula of the least squares method.

Remark 17. The MGMDH can solve the problem of
constructing an MPR given by a redundant representation
based also on the results of a passive experiment. In this
case, disappear only the advantages of an active experi-
ment: the possibility of using repetitions of the main exper-
iment.

Conclusions. 1. We considered the aggregated algo-
rithmic scheme of the universal synthetic method of con-
structing an MPR given by a redundant representation. The
synthetic method organically combines the decomposition
method of estimating coefficients for nonlinear terms of the
MPR with acceptable accuracy and the modified group
method of data handling.

2. We presented theoretically justified classes of re-
dundant representation of MPR, which allow to estimate
fully or partially coefficients for nonlinear terms of an MPR
with acceptable accuracy.

3. We substantiated the possibility of extending the
modified group method of data handling, created for esti-
mating the coefficients of an MLR given by a redundant
representation, to the case of estimating the coefficients of
an MPR given by a redundant representation.
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OBIPYHTYBAHHSA E®EKTUBHOCTI CHHTETUYHOI'O METOY NOBY/IOBH BAT'ATOBUMIPHOI
MOJIHOMIAJILHOI PET'PECII, 3AJIAHOI HAJUIMIIIKOBUM OINMMCOM

IpoTsiroM OCcTaHHIX POKiB aBTOPH B CBOIX MyOiKaIisgX MapajienbHO PO3BUBAIH J[BA Pi3HUX ITAXOAH JI0 MOOYI0BH 6araTOBUMIpHUX MOJIIHOMiaJIbHHX,
30KpeMa, JIIHIHHUX perpeciii, 3alaHuX Ha UTMIIKOBUM onucoM. [lepimii miaxia JO3BOJISB 3HAXOKEHHS OI[IHOK KOe(illieHTIB PpY HETIHIHHUX YIeHaX
06araToBUMIpHOT OJIIHOMIAIBbHOI perpecii 3BOANTH 10 MOOYI0BHU MOCIIOBHOCTI OJJHOBUMIPHHX TOJIIHOMIAIBHUX PErpeciii Ta po3B’i3aHHs BiIITOBITHUX
HEBHMPOJKEHNX CHCTEM JHIHHNX piBHAHB. Jlpyruii miaxin OyB peanizoBaHuil Ha MPHUKIAJ 6araTOBUMIpHOI JiHIIfHOT perpecii, 3a/1aHoi HaUTUIIKOBHM
OIHCOM, 1 IPUBIB JI0 CTBOPEHHSI METOAY, HA3BAHOTO aBTOpaMH MOAN(IKOBAHHM METOIOM TPYMOBOr0 ypaxyBauHs aprymentiB (MI'VA), Tak siK BiH €
Mo (diKaIlie MMPOKO BIiOMOTO METONy eBpucTH4HOI camoopraHnizauii MI'YA (aBrop MI'YA — akanemik HAH VYkpainu O. T'. IBaxueHko).
Mozndikaris monsrae B ToMy, 10 3aBJaHHsA 6araTOBUMipHOI JIIHIHHOT perpecii HaJINITKOBIM OITMCOM JI03BOJISI€ JUIS TOOYJOBH MHOXKHHH YaCTKOBHX
OINHUCIB, OAMH 3 SKUX MAa€ CTPYKTYpY LIYKaHOI perpecii, BAKOPUCTOBYBATH HE OaraTOpiBHEBUIl CENEKUINHMII anropuT™M, a e)eKTUBHHN aIrOpUTM
po3ouTTS KoediuieHTiB OaraToBUMIpHOI NiHIMHOI perpecii Ha aBa kimacu. Sk i B kmacmyHoMy MI'VA, po3B’S30K 3HaXOAUTHCSA 33 JIOMOMOTOIO
nepeBipodHoi mocnigoBHOCTI JaHuX. Lleifi MeTos Jierko MONMMPIOEThCS HAa BHUITAJOK OaraTOBMMIPHOI ITOTiHOMialbHOI perpecii, Tak sk HeBigoMi
koedinieHTH B OaraTOBUMIpHY IMOJIHOMIalIbHY PErpecito BXOAATH JiHiHHO. KoxeH 3 JBOX MigxoziB Mae cBoi mepeBaru i Hemoiiku. O4eBUIHUM
HACTYITHUM KPOKOM € TIO€JHaHHsI 000X MiIXOiB B ofuH. Lle mpu3Bemno 10 CTBOPEHHSI CHHTETUYHOTO METOAY, SKHil peaji3ye nepeBarn 000X MiIXo.iB,
JaCTKOBO KOMIIGHCYIOUHM iX HeoIiKu. B 1iif poboTi HaBesieHa arperoBaHa arOpHTMIYHA CTPYKTYpPa CHHTETHYHOTO METOJY, TEOPETHYHI BJIaCTHBOCTI
YaCTKOBUX BHIAJIKIB 1, SIK HACTIJJOK, OOIPYHTYBaHHS HOTro €()eKTHBHOCTI B IIIJIOMY.

KurouoBi cj10Ba: 0lHOBUMIpHA TOJIIHOMIiaNbHa perpecis, OaraToBUMipHa MOJiHOMIiallbHA PErpecisi, Ha/JUIMIIKOBUN OMKC, METOJ| HaHMEHIINX
KBaJIpaTiB, IIEPEBIPOYHA TTOCITIIOBHICTh, TIOBTOPHUH EKCIIEPUMEHT.
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JTOCJIKEHHSA METO/IIB BE3INIEYHOI MAPIIPYTHU3AIIII
Y IPOI'PAMHO-KOH®IT'YPOBAHUX MEPEKAX

VY cygacHoMy CBiTi Oe3rexa Mepexi € KIFOY0BUM IIMTaHHAM iH(popMariiHoi O6e3nexn. BipTyanbHi Mepesxi cTany HeBif’ €MHOIO YacTHHOIO cydacHol IT-
iH(pPACTPYKTYPH, IO CTABUTH NIEPE HAMH BUKIUKH y cbepi 6e3neku. OQHUM 3 pilieHsb i€l npo0ieMu € BAKOPUCTAHHS IPOrPAMHO-BH3HAYEHOT MEPExi
(SDN), sika Hatae 32001 KOHTPOJIIO Ta KepyBaHHS MepexeBrM Tpadikom. OnHaK, sk i 0yap-saka rexuosoris, SDN mMae cBoi Bpa3nuBOCTi, sIKi HEOOXiTHO
BpaxoByBaTu Mix 4ac ii posropranHs. OJHUAM i3 IHCTPYMEHTIB, SIKMil JOIOMarae BpaxyBaTH BpPa3JIMBOCTI MEPEKEBOI IHPPACTPYKTYpH, € CTaHIAPT
Common Vulnerability Scoring System (CVSS). L{e n03Bosisie KilbKiCHO BASHAYUTH PiBEHb YPa3IUBOCTI iHPPACTPYKTYypH, 110 3abe3reuye eeKTHBHMI
3axucT Mepexi. AHamiz crannapty CVSS € BaxmBHM eTanoM y po3poOui crpaterii 6e3nmexkn mMepexi. Y Il cTaTTi aHANI3YIOThCS CTaHAAPTU UL
MoOyIOBH TPOrpaMHO-KOH(DIrypoBaHuX Mepex. 3a3Hadaerbcs, mo SDN — e cydacHuil minxig 10 MpOEKTyBaHHS, MOOYJOBH Ta EKCILUTyaTamii
iHpopMaLIHIX KOMyHiKaniitHuX Mepex. Bukopucranus SDN nae MOXKIHBICTH Oe3MOCepeAHbO MPOrpaMyBaTH Ta AHUHAMIYHO KEPYBATH MEPEKEIO, a
TakoX abcTparyBaTH (YHKI[IOHAIBHI MOXIHMBOCTI piBHA iH(pacTpykTypu. OmHak 3poctanHs iHTepecy 10 SDN BHABHIO HEOJIKH iX 3aCTOCYBaHHS B
00poTH0i i3 3arpo3amu kibep6Oesneni. Cama apxitekrypa SDN, 30BHIIIHI IIKi/UIMBI aTaky, HEAOCTATHIN KOHTPOJb JOCTYIY Ta 3aCO0M MIHM(pPYBaHHS
Oy BH3HAHI OCHOBHHMH MpoOieMamu Oe3nekd. 3amporoHOBaHO BHKOPUCTAHHS IHCTPYMEHTIB OE3MEYHOI MapuIpyTH3alii Ha OCHOBI ITOKa3HHKIB
YPa3IMBOCTI IS ITiABUIIEHHS PiBHSA Oe3reKku Mepexi romuny fanux SDN. BinnoigHo 1o npoBeneHoro aHai3y Bpa3IuBOCTeH IUIOMMHY JaHUX SDN
Ta (YHKIIOHAIGHOCTI IHCTPYMEHTIB MapIIpyTH3allii, aBTOPU PEKOMEHIYIOTh BHUKOPHCTOBYBaTtH craHaapT CVSS Juisi KiIbKICHOI OIHKM piBHS
BPa3IUBOCTI iHMPACTPYKTYPH i/ 4ac po3pOOKHU Ta JOCTIHKEHHS MEPCIEKTUBHUX i AXO0AiB 10 O6e3MeYHO0i MapUIpyTH3aLii B IUTONIHHI JAHHX IPOrPAMHO
HAaJIAIITOBAHUX MEPEXK.
Kurouosi crosa: SDN, CVSS, spasmsicts, NFV, mnomuna narnx, NVD, nporpaMHo-Bn3HaYeHa Mepexa.

Beryn. PosropraHHs Takux MEpeXKHHX apXiTeKTyp,
sk TporpaMHo-koHpirypoBani mepexi (Software-Defined
Networking, SDN), cTukaeThcs 3 HOBHMH 3arpo3aMu
KibepOe3nerni, siki BUMaraloTb po3poOKy Ta JOCIiKEHHS
HOBUX CIIelliali30BaHUX PillieHb 00 MiJBUILEHHS PiBHS
MepexHoi Oe3rniekn. Hezakarouu Ha BUCOKY BIZIKPUTICTb i
MOXIIMBOCTI TIporpaMoBaHocTi, apxitekrypa SDN 3ami-
HIOE TPaIUIIiHY MEpexKy, PpoTe 30UIbLIYE KUIBKICTh MO-
TEHIIHHUX MEPEeKHHWX aTaK, M0 NPH3BOAWUTH 10 HOBHX
mpobyeM Oe3meKH.

Came ToMy y CTaTTi IPOBEJCHUIN aHAJTi3 CTAaHAAPTiB
moOyIOBH TPOTPaMHO-KOHQITYypoBaHHX Mepexk. Kpim
TOTO, TPEACTAaBICHO aHaJi3 BPa3JIMBOCTEH apXIiTEKTYp
SDN.

YactiHa poOOTH MpUCBsUEHA aHAJi3y BPa3INBOCTEH
oy Janux SDN 1 ¢yHKIIOHANBHUX MOXIMBOCTEH
3ac00iB  MapmpyTH3alii MOJ0 MPOTHUAIl MOMIJIUBUM
arakaM. [Ipuaineno yBary cnerudiri eBoJIONii TIONIMHA
nmanux apxitekrypu SDN, a TakoX ICHYIOYMM TEXHOJIOTISIM
i migxomam 3axucty miomubau maanux SDN. ITokaszano
MepCIIEKTHBHICTh BUKOPUCTaHHs 3ac00iB Oe3neyHoi Mapu-
pyTH3amii Ha OCHOBI 0a30BMX METPUK KPHUTHYHOCTI

BPa3IMBOCTEH AJIS MiBUIECHHS PiBHS MEPEKHOI Oe3mexn
wromuen gaanx SDN.

Takox mpoBeaeHu#t anani3 crapgapry CVSS momno
KIJIBKICHOTO PO3PaxyHKY PiBHS BpPa3JMBOCTI MEPEIKHOTO
o0agHaHHsA. Byno po3riisHyTO Kareropii Bpa3inBOCTEH,
BHUKOPHUCTAHHS HAlllOHAIBHOI 0a3M JaHUX Bpa3IMBOCTEH Ta
3arajJbHOi CHUCTEMHM OLIHKH Bpa3JIMBOCTEH, METPHKH
3arajbHOi CUCTEMH OI[IHKHU BPa3IHUBOCTEH.

Anani3 my6uaikaniii. Ocrosni cmandapmu nooyoosu
npozpamto-Kou@icyposanux mepedic. IIporpaMHO-KOH(DI-
TypOBaHI MEpexi € MiIX0I0M J0 MPOEKTYBaHH:, TOOYIOBU
Ta eKCIuTyaTalii iHQOKOMYHIKAIIHHUX MeEpex ILITXOM
PO3AiNeHHs TUIOMIKH yrnpasiinHsa (control plane) ta nepe-
naBanHst nanux (data plane). Takuii posmoin Hagae mepe-
X1 Ge3mocepeHp01 MPOrpaMOBaHOCTI Ta JHHAMIYHOCTI, a
TaKOXX J03BOJIAE€ abcTparyBaTé (YHKIIOHATbHI MOKIIH-
BOCTI PiBHA iHPPACTPYKTYPH.

Cam TepMmiH BHHHK Ie y cepenuti 1990-x poxkis.
Opnak jume y 2011 pomi ©Oyma 3acHoBana Open
Networking Foundation mis mpocysauus SDN, 1o mouana
BUKoprcToBYBaTH OPenFlow sik KJIFOYOBHH MPOTOKOI s
OIIUCY TOTO, SIK KEPYBAaTH MEPEKEIO Ta BHOCUTH BiINOBIIHI
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3MiHH CTaHOapTHU30BaHUM crnocobom. Hapasi OpenFlow —
JIMIIE OJIMH 3 TIPUKJIAJIIB i3 MHOXKUHH ITPOTOKOJIIB B3a€MO-
nii SDN KOHTpOJepiB i MPUCTPOIB IJIOMIMHHU JaHUX, 1 IS
HanaHHs MoxJnBocteil SDN Mo)kHa BHUKOPHCTOBYBaTH
iHIII MeXaHi3Mu 3B’ 513Ky [1].

IcHyIOTP pi3HI apXiTEeKTypH, IO BiTOKPEMIIOIOTH
JIOTIKy YIpPaBJIiHHA BiJl pecypciB 1mo3a IpUCTPOEM, alle BCi
miaxomu 1o nodoyxnosu SDN Brimrouarots koHTpoiep SDN i
BiAMOBIHI TpWKIagHi Tporpamui iHTepdeiicu — South-
bound API Ta Northbound API (puc. 1).

MnowwuHa
ynpaBniHHA
MnowuHa

[aHux

3aronosok nakery, (@
L0 HAaAX0AUTb

10 MEPEXHOro
npucTpoio

Puc. 1. bazoBa apxiTekTypa nIporpaMHO-KOH(IrypoBaHOi
Mepexi [2]

Puc. 2. Konuenuis BipTyanizarii Mmepexuux ¢yHkiii [1]

3i cBoro OOKy BipTyamizamisi MepeXHHX (QYHKIiH
(Network Functions Virtualization, NFV) e crangaptu3zo-
BaHUM CII0COOOM pO3pOOKH, BIPOBAKECHHS Ta KEPYBaHHS
MEpeXHUMU ciIyxOamu. JlaHa KOHIeNLis nepeadayae 3a-
MiHY CIeliaTbHUX TPUCTPOIB AJIsT MEPEkKHOI iHPpacTpyk-
TypH, TaKMX SK MapIIpyTH3aTopu Ta OpaHAMayepH,
CTaHAApPTHUMH CEpBEpaMu, KOMYTaTOpaMH, CXOBHILEM,
XMapor abo HaBiTh TYMaHHOIO OOYMCIIOBAILHOIO iH(pa-
crpykrypoto [1]. NFV Binokpemitoe Taki GpyHKiT Mepexi,
K MaplpyTu3alis, KOMyTamis Ta Oe3reka, Bia Ipo-
npieTapHUX a00 BUIUICHHX alapaTHUX MPHUCTPOiB, 1100
JIO3BOJIMTH M MpallOBaTH B MeXax NpOrpamMHoOro 3abes-
TICYCHHSI.

l'onosHa MeTa Bukopuctanus NFV momsrae B Tomy,
mo0 BHKOPHCTOBYBATH CTaHAApTHI TEXHOJOTII BipTya-
mizamii Anms KOHCOMNiZamii amapaTHOTO 3a0e3leUeHHS Ta
BipTyamizanii MepexHux (yHKUil y OJOKHM, sSKI MOXKHA
00’€eIHyBaTH JUIsl CTBOPSHHS HACKPI3HUX KOMYHIKaLliHHUX
mociyr. Ile moxe OyTH peamizoBaHO st OYJb-sSKOT
¢yHKOii TUTOIMHU yOpaBIiHHA ab0 IUIONIMHM JaHUX Yy
CEpeIOBUIII SIK MPOBOJIOBUX, TAK 1 OE3MPOBOOBUX MEPEK.

NFV 3’sBuBcst B 2012 pori, Koiu ciM TPOBITHUX
r100abHUX TOCTAYalIbHUKIB MEPEXHHUX MOCIyT 00’€x-
Hasmwcst mix [pymoro ramysesux crenudikariii (Industry
Specification Group, ISG) ETSI ms NFV [1]. Lle ocHoBHa
rpyna Juisi po3poOKH BHMOT Ta apxXiTEeKTypu AJsl BIpTY-
amizamii pisHuX QyHKIIH B iHpOKOMYHIKaIHHIX Mepexax
i s apxitektypHux cranaaptiB NFV, sokpema NFV
MANO (Management and Orchestration), sikuii cTaB cTaH-
naptoM jae-dpaxto s NFV.

Otxe, NFV cximagaeTscst 3 TPhOX OCHOBHHX KOMIIO-
HeHTiB [1]:

e BipryanizoBani mepexni ¢ynxkuii (Virtualized
Network Functions, VNF) — wmepexni ¢yHKmii, ski
peayizoBaHi B NpPOrpaMHOMY 3a0€3leueHHI Ta MOXYTb
OyTH po3ropHyTi B iHQpacTpyKTypi BipTyaiizauii Mepex-
uux ¢yukuid (Network Functions Virtualization Infra-
structure, NFVI).

e NFVI — zaranpHi amapaTHi Ta MporpamMHi KOM-
[IOHEHTH, e po3ropratotbes VNF.

e CepenoBumie kepyBaHHA Ta opkectpoBkum NFV
(Management and Orchestration, MANO) — apxitekTyp-
HUM (pedMBOpK, MO0 MICTHTh (YHKIIOHANBHI OJOKH,
CXOBHIIIA JaHHX, [II0 BUKOPUCTOBYIOTHCS LIUMH OJIOKaMHU,
Ta iHTepdeiicu, yepe3 siki QyHKUHiIOHANBHI OJIOKH OOMI-
HIOIOTHCS 1HQOPMAIIIEI0 3 METOI YIPABIIHHSA Ta OPKECT-
pamuii NFVI ta VNF.

3 KoHpemnuieo BipTyanizauii MepexHUX (yHKLIN
MO>KHa 03HAllOMUTHUCS Ha puc. 2.

WNF VNF

e ‘

Virsual ‘ Virtus ) Vinual
Compuse Storage 114 Network

VNF VNF ‘

Viruaizason Layer

Compute Storage Network

Hasdware Resouroes

Hwxkue HaBeneHo moOipKy KIIFOUYOBHX TpPYyN po3-
POOHHMKIB CTAHIAPTIB TICHO MOB’SI3aHUX MEPEIOBUX TEXHO-
noriyaux obnacreit NFV i SDN:

e ®dokyc rpyma SDN i NFV Alliance for
Telecommunications Industry Solutions (ATIS) 6yno
cTBOpeHo B ciuHi 2014 poky 3 MeTO0 00’ €HAHHS CEPBICIB
amapartHoro 3abesneueHHs/npuctpois NFV 3a nornomororo
koHuernii SDN, a takox po3pooku API mns inTepdeiicip
ta OAM s 3B’s3yBanHs ciayx0 OpenStack Ta
OpenDaylight [3].

e Broadband Forum (BBF) mpairioe six 3 SDN, tax
13 NFV, 30cepemkyrounch Ha HaJaHHI XMapHOTO ITHUPOKO-
cmyrosoro 3’eqHanns ta NFV. V 2017 poui BBF yknas
MeMopaHayM mpo B3aemoposyMmiHHs (MoU) 3 SDN/NFV
Industry Alliance [4].

e ETSI € ronoBHuM r100abHAM PYILIEM CTaHIAp-
tu3artii NFV [5].

e [HCTUTYT iH)KEHEPIiB 3 €JEKTPOTEXHIKH Ta EJEeKT-
powniku (Institute of Electrical and Electronics Engineers,
IEEE) 3aiimaerbcs cranpmaptuzamiero SDN y wmexax
JIOCJIAHUIBKUX TPYI, L0 BHUBYAIOTh MOXKJIMBOCTI CTaH-
JlapTH3allii B MPOrpaMHO-KOH(IrypoBaHNX Mepexax, Bip-
Tyanizamii MepexxHuX QyHKLIN i cyMiXHUX obnacTsx [6].

e MixHapogHa paja 3 BEIMKUX ENeKTPHYHHUX
cucrem (International Council on Large Electrical Systems,
CIGRE) mae pobouy rpyiy, AisUIbHICTb SIKOi 30CepeKeHa
Ha po3pobui cranmapty |EEE P1915.1, mo Bu3Hadae
CTPYKTYpy Oe€3neku, Mojesel, aHaJiTUKH Ta BUMOT IS
SDN/NFV [7]. CIGRE po3srisigae Mmozeni Oe3neKu, Tepmi-
HOJIOTIIO Ta aHAITHUKY (OCHOBHI KOMIIOHEHTH CEPEIOBHII
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SDN i NFV), m106 3a6e3neunTtr KoH(MIAEHIIHHICTD, Wijic-
HICTB 1 JOCTYITHICTb.

e Cekrop craHiapTu3amii TeleKoMyHikamii Mix-
HapOJHOTO COr3y enekTpo3s’s3ky (International Telecom-
munication Union Telecommunication Standardization
Sector, ITU-T) 3ocepenuecst Ha SDN 3 mucromamga 2012
poxy. ITU-T mpuifusB pesomonito 77, mod mpocyBatu
cragmaptuzamnito B SDN, a Takox BHKOHYe pOOOTY,
opierrosany Ha SDN, y rpymi WTSA-12 [8].

¢ Internet Engineering Taskforce (IETF) mparrroe sik
Hax SDN (uepes RFC 7426 SDN), Tak i Ham HOBOIO
rpynoto cranaaptie IETF SDN (12RS), 3ocepeausincs Ha
npoTokoiax mporpamysanus Southbound, NFV i mepex-
HUX nocayr [9].

e Internet Research Task Force (IRTF) mae rpymy
SDN, MeTo0 SIKOi € HaJlaHHs TIepeBar yciM THUIIAM MEPEeK,
BKITIOYar0YH 0e3MpOBOIOBI, MOOLIBHI, JOMAIIHI, KOPTIOpa-
TUBHI, IICHTpH 0O0pOOKH JaHWX 1 robanmpHI Mepexi [10].
JlocimigHUIBKAa Tpyna NpOrpaMHO-BU3HAYCHHUX MEPEX
(Software-Defined Networking Research Group, SDNRG)
IparHe BU3HAYMTH MiJXOJH, SKi MOJKHA PO3TOPHYTH Ta
BUKOPHCTATH HAHOMMKYMM YacoM, a TAaKOX 3aBAAHHA
MaiOyTHIX qociimkeHb. OCHOBHI cepH IHTepEeCiB BKIIO-
YalTh MaCIITabOBaHICTh pillleHb, a0CTpaKIii, MOBH NpOT-
paMyBaHHs Ta MAapaJWIMH, 5Ki OCOOJHUBO KOPHCHI B
konrekcti SDN.

e Internet Society (ISOC) mae rpynu IRTF i IETF,
ski 3ocepemkyroteest Ha NFV 1 SDN i 3abe3neuyorh
apxitekTypHuii Harnsa 3a Internet Architecture Board
(IAB) [11].

e Metro Ethernet Forum (MEF), 3acHoBanuii y
2001 pori, cpusie CTBOPSHHIO HEHTPAIBHUX IS TIPOMIC-
JIOBOCTI cepeoBHII Jutst opkecTpoBKH mociyr (OpenLSO)
i cmyx6 migkmrouenns L2—L7 (OpenCS) ua ocHosi SDN i
NFV [12].

e AunbsHC BinkpuTHx 1eHTpiB manux (Open Data
Centre Alliance, ODCA) 6yB ctBOopenwuii y sxoBTHI 2010
poky. ODCA kepye 00’€JHaHOIO XMapHOIO apXiTEKTYPOIO
31 CIIUIBHUMU CTaHAAPTAMH SIK JJIsl alapaTHOTro, TaK i Jyis
mporpamHoro 3abe3nedeHss [13].

e OpenDaylight Foundation 6y:a 3acHoBana B 2013
potii i mpocysae matgopmy SDN 3 BiIKpuUTHM KOIOM IS
CTBOPCHHS POTPaMOBAHUX i THYYKHX Mepex [14].

e Open Networking Foundation (ONF) — nexomep-
LiffHa OpraHi3ailisi, OpieHTOBaHA Ha KOPHUCTYBadiB, sKa
nparne npuckoputu BrpoBakeHHs SDN i NFV. ONF
nificao crumyitroBaB pyx SDN y 2011 pori, a y 2017 poi
ONF oromocus Open Innovation Pipeline, mo6 crpsimy-
BaTH rajysb 10 HactymHoro nokosinas SDN i NFV [15].

e Binkpura mmarpopma mmst NFV (Open Platform
for NFV, OPNFV), chopmoBana B 2014 poui ¢onmom

Linux, crpusie po3po6ui Ta eBouowii komrnoneHtie NFV
JUTS EKOCHUCTEM 3 BITKPUTUM KoJI0M [16].

e Optical Internetworking Forum (OIF) mae poGouy
IpyITy 3 apXiTEeKTypH Ta CUTHasi3aii, sika BU3Ha4Yae iHTep-
¢eiicu mis SDN [17].

Cneyughixa esonoyii niowunu Oanux apximexmypu
SDN. Ha cywsacHoMy etami po3BUTKY apXitekTyp SDN,
BITYM3HSHI Ta IHO3EMHI JTOCIII JHUKHY BBa)KAIOTh, 1[0 THUITOB1
npobaeMu Oe3MeKH y MpOrpaMHO-KOH(IrypOBaHUX Mepe-
JKax TIEpII 3a BCE MPOSBIAIOTHCA B TAKUX ACHEKTaX: MIKiJ-
JIMBE TIporpaMHe 3a0e3MeYeHHs, BPa3IuBICTh KOHTPOIIEPa,
JIETITUMHICTh Ta Y3TOJPKEHICTh IPaBHJI MOTOKIB, pobiemMa
cTaniapru3auii miBHiuYHOTO iHTEpdeEiicy, Oe3neka KOMyHi-
Kallii B mporeci BUKOPUCTaHHS MiBAEHHOTO iHTepdelicy Ta
iHme. Y Mexax poOOTH pOaHajIi30BaHO THIIOBI IpOOIeMHU
Oe3rmexu Ta O0’€KTH aTak y MeKaxX IUIOIIMHHM JaHHX —
MEPEXHHX MIPUCTPOIB, IO KEPYIOThCs: KOHTposiepoM SDN.
Pesynbratn ananizy HaBemeHo B TaOnm. 1. OueBmmHO, mI0
00’eKTaMU aTakd MOXYTh OyTH MPHUCTPOI Pi3HUX DPIBHIB
Mepexi, 1 BIATOBIAHO IO 4iTKOI OaraTopiBHEBOI apXiTek-
Typu SDN moxkHa kiacudikyBaTi 3arpo3u OesIieri Ha pi3-
HUX PIBHAX 3 ypaxyBaHHSAM ITiJIBUIICHHS.

Otxe, IUIOLIMHA JTAaHUX CKJIAJIAEThCS 3 KOMYTAaTOPiB
Ta IHIIMX MEpPEeXHUX INPHUCTPOIB 1 TOJOBHUM UYUHOM
BiNOBiZae 3a O00poOKy [daHUX, IX TepeCUIaHHs,
BIJIKU/IaHHS, a TAKOX 30ip cTaTHCTUKU. DYHKIIIOHYBaHHSI
TUTOLIMHY JJAaHUX BiI0OYBA€THCSI HA OCHOBI MPABHJI MOTOKIB,
10 HaJalThCcsd KOHTpoJiepoM Mepexi. Tunosi npobiemu
0e3MeKn y IUIOMINHI TaHUX PO3TIISAal0THCS BIATIOBITHO 10
HacTynHoro [18]:

e AmTopm3oBaHa aBTeHTH(]iKamis. [1o cyTi, Ha piBHI
TUTOIIMHY TaHUX BiICYTHIN e()eKTUBHHUI MEXaHi3M aBTCH-
TUQIKAIIT MiXK MEPEKHUM OOJaTHAHHAM 1 KOHTPOJICPOM.
TakuM YHMHOM, MOXYTb BHHUKHYTH JA€sKi IpoOiemu, a
caMme BHJaBaHHsA 0coOM 3a iHIIY OCOOy Ta HE3aKOHHHMI
noctyin. 3noBmucHuii SDN-koMyTaTop MoXKe reHepyBaTH
mizpo0ienuit abo QanplKMBUil MOTIK AaHUX Y Mepexi,
MaHIMyJIIoBaTH abo0 MepeBipsATH BMICT NaKeTIB JaHUX 1
BIAXWJISTH J03BOJICHI MakeTn AaHux. Lle Moxe npussecTu
JI0 TIOPYIICHHS IUTICHOCTI TaHWX 1 BIUTMHYTH Ha JOCTYTI-
HIiCTh MIOmMHA faHuX. KpiMm Toro, SIKI0 KOMyTaTop BCTa-
HOBITIOE 3’€THAHHSA 3 KOHTPOJIEPOM Oe3 aBTCHTHU(dIKaIii,
KOMYTaTOpOM MOXe€ KepyBaTH 3JIOBMHCHHH KOHTpOJEp,
o Moke mpu3BecTd 10 (anpcudikamii iHGopMmarii Tad-
JMI TOTOKIB, IO MPHU3BEJE 10 BUTOKY JAAHUX Ta 1HIINX
npobnem Oesmexkn. He BigmoBimHi Kepyrodi I1HCTPYKINI
MOXYTb CHPUYMHUTH IUIYyTAaHHHY B TaOIHLAX HOTOKIB
KOMYTaTopiB Ta 0e3MmocepeHb0 301IBIINTH PU3UKH MOPY-
IICHHS Oe3IeKH.

e [IpaBoMipHICTb i y3roKeHICTh MPaBMJI TIOTOKIB €
OTHMMH 3 TOJIOBHHX NPOOJIEeM Ha piBHI IUIONMHH JaHHX.

Ta6muus 1 — 3araneHa knacudikanis Merpuk CVSS [23]

[TpoGnema 6e3nexu

OG’exT aTaku

[Tprunna

ABTOpH30BaHa aBTEHTH(DIKAIiS

MepexHae o6naHaHHS

YrpaBiiHHA ZOCTYIIOM

IIpaBoMipHICTB IPaBHII MOTOKIB [IpaBuna moTokis

YrpaBiiHHA OCTYIIOM

VY3romKeHICTh IPABUIT IIOTOKIB [IpaBuia mMOTOKIB

Apxitexrypa SDN

DoS/DDoS araku Tabnuii noToKiB

Apxitexrypa SDN, 310BMHCHa aTaka

Araka CTOpOHHiMI/I KaHaJlaMH1

KondinenuifiHicts nanux

3710BMHCHA aTaka
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[TpaBoMipHICTH IpaBHII HOTOKIB CTOCYETHCS 3JI0BMHUCHOTO
a00 HEeBIPHOTO BIPOBA/KEHHS IPAaBWII MOTOKIB. 31 CBOroO
OOKy Y3TO/DKEHICTh TIpPaBWJI MOTOKIB B OCHOBHOMY
Bkirouae Tpu acriektu [18]. Ilin wac mpouecy reneparii
(YHKI[IOHYBaHHSI 3HAYHOI KiJIBKOCTI 3aCTOCYHKIB MOXe
BUKIMKATH KOH(MIIKTH ab0 TIepeBH3HAYCHHS TIPABIII
motokiB. Ilix dWac mpomecy BHITyCKy MpaBHI IOTOKIB
3aTpUMKa MepeaBaHHs ad0 3JI0BMUCHE BTPYYaHHS MOXKE
TaKOX CIIPUYMHHUTH IXHIO HEY3TOPKCHICTh MIX KOHTPO-
JIEPOM 1 KOMyTaTopaMu. 3i CBOr0 OOKY IPOIEC OHOBJIICHHS
IHIIIFOE CHHXPOHI3aIiI0 IPAaBWI MMOTOKIB MK PI3HAMH KO-
Mytaropamu. Ciill 3a3HaYUTH, IO IO OHOBJICHHS IIPaBUII
notokiB B SDN nmpu3BozsiTh, HalpuKiIaa, BiAIMOBU BY3IIiB
Mepexi, mepenava ciayk00BOro HaBaHTAXKEHHS a00 TEXHIY-
He OOCIIyrOBYBaHHS MEpEXi, 4epe3 IO MaKeTH OayuTH-
MYTh HEY3T'OKCHI YSBJICHHS MEpexi I0J0 i MOTOYHOTO
crany. TakuM YMHOM, SIKIO MAKETH JAHHUX MEepeAatoThCs
BiJINIOBiTHO /IO HOBUX i CTAPHUX MPABUII IIOTOKIB, TO MOXYTh
BUHUKHYTH TaKi MPOOJEMH, SIK «HUOpHI Aipw», MUKITIYHI
IULIXH 200 MepeBaHTaKCHHS MEPEXKi.

e DoS/DDo0S araku. Ilpoctip Tabnuii MOTOKIB
00OMe)keHHH, MPOoTe 3a 3BHYAHUX 00CTaBUH PO3MIPHICThH
TabJMLI TOTOKIB KOMyTaTOpa BiAIOBija€ BUMOTaM Iepe-
cunaHHs naketiB gaHux. OgHak B ymoBax DoS/DDoS atak
3JI0BMHCHHK CTBOPIOE HH3KY HE3aKOHHHX JOCTYIHIB, 1
MPOCTip TaOMHIll MOTOKY IEPEMOBHIOETHCS HEIIHCHUMU
npaBuwiamu tpadiky [18]. V pasi mporo Oyne croxuro
3HAYHY KUIBKICTh pecypciB TabiMIl MOTOKIB, a 3BUYAiHI
TIpaBHJIa IOTOKIB HE MAIOTh IOCTATHHO MICIIS ISl OOpOOKH.
Otxe, DoS/DD0S-ataku MOXYTh 3HAUHO TOTIPIIUTH [PO-
ITYKTUBHICTh MEPEXKi.

e Araka croponHiMu kaHamamu. SDN Beck wac
MIEPEHOCUTh TMPHUBATHY Ta KOH(iAEHMiHY iH(OpMaIiro
[18]. ¥ SDN arpubytu mpomecy (Hampukiaa, aTpuOyT
4yacy) KOXHOi Jii BUKOHaHHS pi3Hi. BukopuctoByroun
aTakd CTOPOHHIMH KaHallaMH, 3JIOBMUCHHUK MOXE OTpH-
MaTH TOB’s3aHy 3 Mepekero iHdopMarlliro npo crad (Ha-
npukiaa, iHpopmamio TaONUIl MOTOKIB), MEPEBIpSOYH
Yac BHKOHAHHS KOHKPETHOrO THITy NakKeTa JaHuxX. Tomy
TaOJIMIIA TOTOKIB MOXKE CIIPUYMHHUTH ITPOOIEMH 3 BATOKOM
JaHuX. XodYa aTakd dYepe3 CTOPOHHI KaHamu Oesmoce-
PEIHBO HE BIUTUBAIOTH HA JIOCTYIHICTh, KOH(IACHIIHHICTH
a00 OLTICHICTh JaHUX, BOHH MOXYTh BHKIIMKATH MOJAITBIII
aTaky.

TakuM YHMHOM, OCHOBHMMH IPHYMHAMH HpOOIJIeM
Oesrniexu € BracHe apxitektypa SDN, 30BHIIIHI MIKiAIUBI
aTakW, HEJOCTATHICTh KOHTPOJIO JOCTYIly Ta 3aco0iB
mmdpyBaHHS.

Merta Ta mocranoBka 3agadi. O6’exToM mocmin-
KEHHS € Tporec 3a0e3ledeHHs MepexHoi Oe3meku y
MIPOrPaMHO-KOH(DITYpOBaHUX Mepekax 3acobaMu Mapii-
pyTH3arii.

[Ipeamer mocmiJukeHHS — L€ CTaHAAPTH TOOYIOBH
nporpamHo-KoH(pirypoBanux wepex (SDN), cranmapr
Common Vulnerability Scoring System (CVSS) mono
KiJIbKICHOTO PO3PaxyHKy PiBHS Bpa3IMBOCTI MEPENKHOTO
oOnasHaHHs, QYHKIIOHAIbHI MOXIIMBOCTI IIpOoTOKOMiB [P-
MapIIpyTH3aIii.

Mera poboTu — aHaii3 CTaHAAPTIB MOOYIOBH MPOT-
paMHO-KOH(IrypoBaHux mepex, cranmapty CVSS, byHk-
IOHATBHUX MOKJIMBOCTEH MPOTOKOITiB [P-MapmpyTr3arii.

B po0oTi BUKOpUCTaHI HACTYITHI METOTU JTOCIII>KCHb !
(dopmarizarrisi, MOPIBHIHHI.

Jana poborta mpucBsiueHa aHallizy 3arpo3, 00’€eKTiB
aTaK 1 MOTCHI[IHUX PIllICHb MIOJIO MiJBUIICHHS PiBHSI Me-
pexHol Oe3neku y riomuHi qanux SDN mepex 3acobamu
MapIIpyTH3aIii.

Ananiz BpazauBocteii apxitextyp SDN. 3aBmsku
3pocratouomy iHTepecy n1o SDN Tta mmpoxomy posrop-
TaHHIO TPOTPaMHO-KOH(IrypOBaHMX MEPEK MOCTYIIOBO
BUSBIIIOTECA IXHI HEJOMIKH y O0poThOi i3 3arpo3zamu
kibepOe3neni. BinqnoBigHo muTaHHS m0x0 O€3MeKH TiCHO
nmoB’si3aHi 3 xapaktepuctukamu SDN. 3rigHo 3 mocmia-
skeHHAMH [ 18, 19], HaCTyIHI aceKTH POOIIATH IPOTrPaMHO-
KOH(IrypoBaHi Mepexi Bpa3IMBUMHU 0 aTak:

e SDN xkoHTpoOnep, 10 BiAINOBigae 3a LEHTPai30-
BaHMH KOHTPOJIb MEPEKEI0, Mae HEAOCTAaTHI MeXaHI3MH
3aXHCTy, 4Yepe3 M0 CTA€ IJUTI0 30BHIMNIHIX 3JOBMHUCHHUX
aTax.

e ¥V mpormeci CKIamHOI B3aEMOJII OB’ SI3aHUX MiX
c000F0 PI3HOMaHITHUX MPHUKIATHUX MPOTPAM 1 MEPeKHHUX
3aCTOCYHKIB MK HAMH YacTO BHHHKAIOTH KOH(QIIKTH Y
IpaBHJIax NepeJaBaHHs IIOTOKIB y MeXaXx IUTONIIMHN JaHHX.

e BiacyTHICTh HaJCKHUX MEXaHI3MIB aBTOPH3AIIil
Ta aBTeHTH(IKAI] NPUKIAJHUX [TPOTpaM PoOUTH IX Bpas-
JUBUMHM JUJISL aTaK 3 BUKOPUCTAHHAM 3JIOBMHCHOTO MpOT-
paMHOT0 3a0e3eUeHHS.

e ICHye meBHa HEAOCTATHICTH 3aCO0IB OC3MEKH Ta
mupyBaHHs B Ipoleci KOMyHiKamii MK IUIOLIMHOO
YIpaBIiHHA Ta IUIOMMHOI MaHuX. OTxe, MpaBuia mepe-
nasanust motokis (flow rules) BpasnuBi 110710 3710BMHCHOTO
BTPYYaHHS ITiJ] Yac IXHBOT MyOITiKaIii.

VY mexax apxitekrypu SDN peamizyroTbcs okpemi
PiBHI OO TUTOLMHY YNIPABIIHHS Ta IUIOMIMHY JaHUX Ha
BIIMIHY BiJ] TPAIUIIHUX MEPEXK, A€ Ili IUIOMUHN (PYHK-
LIOHYIOTh B €IUHOMY mpucTpoi. [lnomHa ynpasiiHHS
(dbopMyIroe mpaBuiIa MOTOKIB, a TUION[HHA JaHUX 31 CBOTO
0OKy BINNOBiJa€e JMIIe 3a MEPEeCcHIaHHs MaKeTiB JaHuX
BIJIMIOBIJTHO JI0 MPaBHJI MOTOKIB. Y TOH e Yac KOHTPOJIEP
Mepexi MOKE OTPUMATH CTAaTyC KOXKHOTO IPUCTPOIO Yepes3
miBaennuii inrepdeiic (Southbound Interface, SBI), w06
MaTu T00ajdbHE YSABIGHHS NP0 cTaH Mepexi. Take
¢dyHKIIOHATBHE po3AUIeHHS B apXiTekTypax SDN 3HauHO
Mi/IBUIIly€ THYYKICTH MEpEX, ajle TaKo)XX CTBOPIOE HOBI
3arpo3u Oe3meri, SKi TepPeBaKHO BiIOOpaKarOThCS B
HACTYIHUX JIBOX acnekrax [18]:

e BubipkoBuii 103Bin npucTpois 3axucty. SDN —
e Mepexa, L0 KepyeTbCs IMpaBWIaMH MOTOKIB, Je
Gi3MYHAN TPHUCTPill 3aXUCTy HE Mae TMpaBa MPUHHATTA
pimens. Came mpaBmiia MOTOKIB BU3HAYAIOTh, UM OyIyTh
MAaKeTH JIaHWX TepefaBaTHCsl Yepe3 MPUCTPI 3aXHUCTy Ta
konu came. Taxum umHOM, B SDN 3JI0BMHCHUK MOXKE
0OIHTH TPUCTPOI 3aXUCTY, IO MPHU3BEIE 10 30010 3aXOiB
0e3reKu repesi po3ropTaHHIM MEPEexKi.

e ABTOMAaTHYHE OTPUMAaHHS TI00aTBFHOTO YSIBICHHS
npo craH mepexi. B SDN koHTponep, sk KOMaHAHUH i
KOHTPOJIBHUHA TIEHTP YCi€i Mepexki, MOXKe CTBOPHUTH
riobaibHe YSABICHHS PO Mepexy. BiH Moxe oTpumyBarn
pi3HOMaHITHY iH(pOpMAIiI0 TPO CTaH MEPEXKi B PEXHUMI
peanpHOro 4yacy. Takum 4uHOM, iHpOpMaNLio NI0/0 CTaHy
Oe3mexkn Mepeki MOYKHA JIETKO OTPUMATH BiJl KOHTpoJIEpa.
OTKe, 3ITOBMUCHUKH MOXYTh JIICTaTH IJI00aJIbHE YSIBIICH-
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HS TIPO Mepexy Oe310cepeIHbO BiJl KOHTPOJIEpa, OUiKyIOUYH
HAMKpAIIoi HAro 1 JUIs MacIITabHOI aTaKH.

TexHoJ0rii Ta MiAX0AM 3aXMCTY MJIOUIMHU JAHUX
SDN. Ba3yrounch Ha IOCHKEHHSX THUIOBUX INPOOJIEM
0e3IeKH, cTae OYEeBUIHUM, 110 LIEHTPaTli30BaHe KEePYBaHHS
ta ¢yHKmii nporpamoanocti SDN HamgaroTh 3II0BMHC-
HUKaM TOTYXHi Ta 3pydHi KaHaiu aTak. OTxe, momupeHe
BUKOpUCTaHHA apXxiTekTyp SDN Ha mnpaktumi poOuts
MMUTaHHSA Oe31eKH Bce O1TpII moMiTHIMH. OCHOBHI iCHY0U1
TexHouorii 3axucty miomuHu manux SDN HaBemeni B
Tabm. 2.

e BusBneHHS NOMWIOK Yy Mepexi Moxe OyTH
peai3oBaHO 3a JOIIOMOTOIO allTOPUTMIB BUSIBIEHHS. Tak,
nanpukian, NICE [18] nagae tecToBy cxemy, 3acHOBaHY
Ha CUMBOJIIYHIH MOZIEJ i BUKOHAHHS 3 METOIO IEPEBIPKH, UM
CTBOPIOE IpOrpamMa BEPXHBOT'O PiBHS HEY3TOKEHUH CTaH
Mepexi. OfHaK [ METO/IU HE € PIlICHHSMH B PEaIbHOMY
gaci, MalOTh BEJIUKY 3aTPUMKY 00pOOKH Ta BUCOKHIA piBEHB
3anuTiB. Taki pillleHHs HE MOXYTb IPHHIUIIOBO YCYHYTH
BIUIMB KOH(ITrypariifHux KOHQIIIKTIB HA MEPEKY.

e Tlogmin mpaBmn moTokiB. Po3mozin mo3BomiB mo-
JATKIB Ha OCHOBI POJIi Ta IPIOPUTETY 00’ €KTa € OCHOBHUM
METOJIOM BHpILICHHsS MPaBOMIPHOCTI Ta Y3rOJHKEHOCTI
MpaBWJI MOTOKIB. /I03Bij MpaBuII MOTOKIB NOAUISETHCS 32
TaKUMHU METOJIaMH, K HUGPOBUIL MiIITKC, PO3MOILT PoIeh
i knacudikamis GyHKIi.

e BuspieHHs 3B’SI3HOCTI MOXKe OyTH peayi3oBaHO
pi3HMMH 3ac00aMM, HANpHKIAJA, LUIIXOM BUKOPHUCTAHHS
TEXHOJIOTi1 BipTyasIi30BaHOTO 0OMIHY 3 METOIO PO3IJICHHS
Mepexi Ha 1307p0BaHi ()parMeHTH 1 TaKUM YHHOM 3aIlo-
OiraHHs KOHQIIKTY TpaBWI IOTOKIB Y HUX; MEXaHI3MiB
BUSABIIEHHS IIUTIICHOCTI IIAKETIB HA OCHOBI ITO€IHAHHS
MIpaBUJI TOTOKIB 3 HOMEpOM Bepcii Tomro [18].

e Moayms aBTeHTH(GIKANII W aBTOpHU3aImii MOXe
BukopuctoByBatu cepsep RADIUS mns aBreHTHbiKarii
inenTudikatopa xocrta. KpiMm TOro, MoximBe 3acTocy-
BaHHs KBaHTOBOI Kpumnrorpadii st po3poOKku Hazierkoi
Bepudikamii misicocti [18]. 3a3HauaeThes, MO0 KBAHTOBI
napoJi € OibI Oe3neyHUMH, HiXK TpaaMLiiiHi, IpoTe TXHE
BIIPOBAPKCHHS MOXKE OYTH JOPOKINM.

e 3axwucr Binx D0S/DD0S-atak y miomuHi JaHuX
MoOXe OyTH TpaHC(OpPMOBaHa B 3a/1ady ONTUMI3allii Tal-
JIMII TIOTOKIB.

3aco0u OesmeuyHoi Mapmpyruszauii s NigBU-
IIeHHs PiBHA MepeKHOi 0e3mexn mromuan xanux SDN.
Ha cporogHimHii JeHb BaXKIUBE MiClle Y KOMILIEKCI
3ac0o0iB MiIBHUINEHHS MEPEXKHOI Oe3MeKH, y TOMY YHUCIi
Mmepexx SDN, BigBOAMTBHCS MPOTOKOJaM MapIIpyTH3allii,
AKi TOTPEOYIOTh CHCTEMHOI Ta CKOOPMHOBAHOT B3a€MOIi1
OJTHOYAaCHO MHOXXHHH MepeHuX eiemeHtiB — SDN-

KOMYTaTOpIiB, 1 KOHTPOJIEpIB Mepexi miJ yac popMyBaHHS
(po3paxyHKy) IUISIXiB 1 TPaBUII TIOTOKIB, B3JIOBX SKUX Mae
3abe3nevyBaTcs HEOOXiJHUH piBeHb Oe3leku 3a obOpa-
HUMH MTOKa3HUKaMH a00 KPUTEPIIMH.

Otxe, y HanpsMKy Oe3neyHol MapiIpyTH3aliii npose-
JICHO 3HAYHY KiTbKICTh TEOPETHIHHX JOCIiIKEHb, IIOYNHA-
F0YH BiJl HAMMIPOCTIIINX EMIIPUIHUX BapiaHTIB PillIeHb 10
CUCTEMHMX ONTHUMI3AIIMHUX T1AXO0IIB.

Tak, y pobGoti [20] po3pobieHo Ta JOCIHIIKEHO
Mozenp Oe3lmedHoi MaprmpyTusamii 3 OamaHCyBaHHSIM
HaBaHTaXXEHHs B Mepexax Ha ocHoBi SD-WAN. Texno-
JIOTiYHe 3aBIaHHS Oe3meyHoi MaprpyTH3amii 3 OadaHcy-
BaHHSAM HaBaHTaXEHHs Oyyo chopMylbOBaHO Y (opMi
ONTUMI3aIiifHOT 3a7a4i 3 KBagpaTHIHUM KPHUTEPiEM ONTHU-
manbHOCTi. Taka (hopma KpuTepito 103BOJIsI€ 30aJaHCyBATH
YaCcTKH TOTOKIB, IIO TepenaroThes B Mepexi. [Ipencras-
JieHa MoJieJib Oe3neyHol MapuIpyTH3anii 3 6aiaHCyBaHHIM
HAaBaHTAXCHHS 3 aJAWTHBHOIO METPHKOIO BPAaxOBY€E MpO-
JYKTUBHICTB 1 O€3IeKy Mepexi, J03BOJIse€ eQeKTUBHILIC
BUKOPHCTOBYBaTH HAasBHI MEPEXHI pPECypcH, ajie TaKOX
BpPaxoBy€ HWMOBIPHICTh KOMIIPOMETAIlli KaHAJIB 3B’SI3KY
i 9ac NpUHHATTA MapIIPyTHUX PilICHb.

Toni sik y pobotax [21, 22] nponoHyOThCS HOTOKOBI
MOJIeNTi MapIIpyTH3alii 3 BpaxyBaHHAM pPH3HKIB iH(pOp-
MariiHo1 Oe3leKn 3a JOMOMOrol 0a30BUX METPUK KpH-
THYHOCTI BpasnuBocTell. OCHOBY MOJENi CKJIAJAIOTh
YMOBHU peaizamii OIHO- Ta 0araToNUIAXOBOI Mapiipy-
TH3allii, 30epeKeHHs TMOTOKY Ta 3amo0iraHHs IepeBaH-
Ta)XCHHIO KaHAJB 3B’SI3Ky MEpexi, a 3amada Oe3medHoi
MapuIpyTu3alii Takox chopMyIbOBaHa K ONTHMI3alliiHa.
Y wmogmeni [21] must po3paxyHKY MapHIpyTHUX METPHK
BUKOPHCTOBYIOTbCS BHPA3H, SIKI XapaKTEepU3YIOTh PU3UK
iHpopMamiifHOi Oe3MmeKH B KaHajlaX 3B’S3Ky Mepexi Ta
BianoBigHO 10 pexomenmaniii NIST BpaxoByrTh 30UTKH
BiJl TOpYIICHAS KOH(DIIEHIIHHOCTI Ta IUTICHOCTI iH(pOp-
Mallii, IOCTYITHOCTI MEPEXHOI'0 pecypCy y BUNAJKy BUKO-
PHCTaHHS HAassBHUX BPa3IMBOCTEH; MOKA3HUKHU CKJIaJIHOCTI
BUKOPHCTAHHSI BPAa3JIMBOCTEH Ha By3Jlax MEpexi Ta OTpH-
MaHHS JOCTYITy JI0 MEPEXKHHUX EIEMEHTIB Ta MEpexi 3ara-
JIOM BHACIIiJJOK BUKOPUCTAHHS 3a3HAYEHUX BPA3IMBOCTEH.
3anponoHOBaHWN aBTOpaMH Miaxix 10 (GopMyBaHHS
MapIIPyTHUX METPUK MOXe OyTH BUKOPHCTAaHWIl Mmif 4ac
KOMIUIEKCHOTO BpPaxyBaHHS B Tpolieci PO3B’sA3aHHS 3a/1a4
MapIipyTu3ailii Sk MOKa3HUKIB MEPEKHOI OC3MeKH, Tak i
MOKa3HHKIB SIKOCTI 0OCITYTOBYBaHHSI.

Anani3z crangapry CVSS mono kinbkicHoro pos-
PaxyHKy piBHSI BPa3JHMBOCTi MepeKHOro 00/1aJHAHHS.
BusiBneHHs # ineHTH]IKALS BPa3IMBOCTEH — i€ MpoOIec
BUSIBJICHHSI BPa3JIMBOCTEH, SIKI MOXYTb OyTH BUKOPHCTaHI
3arpo3amMu IS 3aroIiTHHS KO aKTHBaM. Bpa3nmBicTh
— 1e cnabke micie abo HEeMOdiK y Mmpoleaypax Oe3nexu

Tabmms 2 — IcHytodi TexHouorii 6e3nekn y rronwHi gaHnx SDN [18]

TexHoJIoTis 3aXUCTy

[IpoGiema 6e3nekn

BusIBIICHHS TOMMIIOK Y MEpexi

[Tomunka koHiryparii

Krnacuikaris mpaBuiz moTokis

[IpaBoMipHICTB PaBUII TOTOKIB

DopMaNbHI MAaTEeMaTUIHUA aHAaJi3

[IpaBoMipHICTB PaBUII TOTOKIB

Bussnenns 38’ 13H0CTi

V3roKeHiCTh PaBUIl TOTOKIB

Mopnynb aBrenTudikauii i aBropu3arii

ABTOpH30BaHa aBTEHTU(IKALLis
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cUCTeMH, IPOEKTYBaHHI, peajizauii a00 BHyTpIlIHIX 3ac0-
0ax KOHTpOJIIO, SIKi MOXYTb OyTH BHIIaJIKOBO aKTHBOBaHI
a00 HaBMHCHO BHUKOPHCTaHI MiJl 4ac BHSBJICHHS 3arpo3u.
Otxe, nani po3MIITHYTO KaTeropii Bpa3iMBOCTEl Ta Ipo-
aHaI30BaHO MiAXOAU N0 iAeHTH(IKalii Ta JOKYMEHTY-
BaHHS BPA3JIMBOCTEH, a TAKOK 0OTOBOPEHO BUKOPUCTAHHS
HarioHabHOI 0asu mammx BpasmmBocTedi — National
Vulnerability Database (NVD).

Kamezopii epasznusocmeri. Y3aranpbHeHa Kiacudi-
Kallisl Bpa3IMBOCTEH MOXke OyTH MpecTaBlieHa HACTYITHUM
quHOM [23]:

o TexHiuHi Bpa3MUBOCTI: HEMOJIKU B po3po0ili, pea-
mizanii Ta/ado koHQirypauii nporpamHoOro 3abe3neyeHHs
Ta/ab0 amapaTHUX KOMIIOHEHTIB, BKIIFOYHO 3 MPUKIATHUM
NPOrpaMHUM 3a0€3MeUYeHHsIM, CUCTEMHHMM IIPOrPaMHHUM
3a0e3neueHHsIM, KOMYHIKalliiHUM TporpaMHUM 3abe3re-
YCHHSAM, OOYHCITIOBAILHUM OOJIQHAHHSIM, KOMYHIiKaIli#-
HUM 00JIaTHAHHAM 1 BOYIOBAaHUMH IIPUCTPOSMHU.

e BpazmuBocTi, CIpUYNHEH] MisTIBHICTIO JIFOIUHH:
3aJICKHICTP BiJl IEBHUX 0Ci0, MPOTAIMHY B 0013HAHOCTI Ta
HaBYaHHI, TPOTATMHH B TUCHHWIUTIHI Ta HEMpPaBOMipHE
0OME>KEeHHS JOCTYILY.

e @i3uuHi BPa3IMBOCTI Ta BPA3IUBOCTI Cepeo-
BUILA: HEJOCTAaTHIH KOHTPOJb ((i3UYHOTr0) JOCTYILy,
HEBJAJC PO3MIICHHs 00JIaHAHHS, HEBIAMOBIAHAN KOHT-
POJIb TEMIIEPATyPH/BOJIOTOCTI Ta HEHAICKHE KOHIMIIIFO-
BaHHS y NPUMIIICHHSX, ¢ 3HAXOAUTHCS 00JIaIHAHHSL.

e OmnepauiliHi Bpa3IuBOCTI: BIICYTHICTh KEPyBaHHS
3MiHaM¥, HEHAIIC)KHUH PO3MOil 000B’S3KiB, BIACYTHICTH
KOHTPOJIIO 32 BCTaHOBICHHSIM IIpOrpaMHOro 3abesre-
YeHHS, BIJCYTHICTh KOHTPOIIO Hag oOOpoOKol Ta
30epiranHsM MeniadaiiiB, BIICYTHICTP KOHTPOIIO HaJ
CHCTEeMHUM 3B’3KOM, HEHAJIEKHUI KOHTPOJIb JOCTYITY ab0
HEJIOJIKH B MPOLEypax KOHTPOJIIO JOCTYITY, HeHAJIS)KHHUI
3amuc Ta/abo Meperiisij 3amuciB CUCTEMHOI [isSUTBHOCTI,
HeaJeKBaTHUH KOHTPOJIb HaJ KiIo4aMu MHppyBaHHS,
HeaJieKBaTHE 3BITyBaHHsS, 0OpoOKka Ta/abo BUpIlIECHHS
IHIIMICHTIB OC3MEeKH, a TAKOXK HEaJCKBATHUNA MOHITOPHUHT
Ta OIliHKa e()eKTUBHOCTI 3ac00IB KOHTPOIIIO OE3MEKH.

e BpasmuBocrti Oe3nepepBHOCTI Oi3HECY Ta JTOTPH-
MaHHS HOPMATHBHUX BUMOT: HEIOPEYHi, BIACYTHI abo
HEBIATIOBIIHI MPOIECH [T HAJISKHOTO YIIPaBIiHHS Oi3HEC-
pU3MKaMH; HeaJeKBaTHE IUIAaHyBaHHS Oe3lepepBHOCTI
0i3Hecy Ta Aiif y pa3i BUHHKHEHHS HA/I3BHYAHUX CHUTY-
aIliif; a TaKoXK HeaJeKBATHUN MOHITOPHHI Ta OIHKA BiJ-
TIOBIHOCTI KEPIBHUM TOJTITHKAM 1 HOpMaM.

V Garatbox cepax, mepepaxoBaHUX TYT, BUSBICHHS
BpPa3UBOCTI KPUTUYHO 3JICKUTH BiJ iHIIIAaTHBU KEpiB-
HUIITBA Ta MOAANbIIMX Aid. Taki MeToaw, SK iHTEpPB’IO,
AHKETYBaHHS, TEPETI] IMONepeNHiX OIiHOK PHU3WKIB Ta
ayAUTOPCHKUX 3BITIB, a TAaKOX KOHTPOJIbHI CIIUCKH — yCi
BOHU CHPUSIIOTH CTBOPEHHIO €()EKTUBHOTO YSIBIICHHS JIaH]I-
magTy Bpa3InBOCTI.

Hayionanvna 6asa 0anux epasiueocmeii ma 3a2aibHa
cucmema oyinku @paziusocmeii. PosrisiHeMo OB
JeTalbHO cdepy TEeXHIYHHX BpassiuBocTed. BumatHum
pecypcoM € HalioHanbHa 0asza JaHUX TPO BPa3IMUBOCTI
NIST — National Vulnerability Database (NVD), i Biamo-
BiJ{HA 3arajibHa CHCTEeMa OLIIHKK Bpa3auBocTeir — Common
Vulnerability Scoring System (CVSS), onucana B NISTIR

7946, Tocibuuk i3 BupoBamkenus CVSS [21-25]. NVD —
le BUYEPITHUH CHHMCOK BIIOMHX TEXHIYHHX BpPa3IUBOCTEU
CHCTEM, alapaTHOrO Ta MPOrpaMHOro 3abe3neyeHHs.
CVSS 3abesneuye BigKpUTY CTPYKTYpY Ul Iiepenadi
xapaktepucTuk BpasznuBocteil. CVSS BuzHauae Bpasnu-
BICTh SIK MOMIJIKY, HEIOJIK, CIaOKiCTh a00 BiIKPHUTICTH
MPOTpaMH, CHCTEMHOTO TIPHUCTPOIO UM CEPBICY, IO MOXKE
mpu3BecTH 110 30010 KOH(iAEHIIIHOCTI, IiTICHOCTI YU
JIOCTYITHOCTI.

Otxe, mozmens CVSS Hamaraerbcs 3a0e3nednTH
MTOBTOPIOBaHI Ta TOYHI BUMIipIOBAaHHS, OJHOYACHO J[03BO-
JSIFOYM KOPHCTYyBauaM IeperiisiiaTi 0a3oBi XapakTepuc-
THKH BPa3JIUBOCTI, SIKI BAKOPUCTOBYIOTHCS JJIsl CTBOPEHHS
yucioBux omiHok. CVSS Hajnae 3aranpHy cHCTEMY BHMi-
pIOBaHHS Ul rajy3edl IPOMHCIOBOCTI, OpraHizauid Ta
YPSAIiB, SIKI BUMArarOTh TOYHHX 1 IMOCIHIIOBHUX OIIIHOK
BUKOPHUCTAHHS BPa3JIMBOCTEH Ta IXHBOI'O BILIMBY.

Pozymiaas CVSS no3Bonse OWIHUTH MIMPOKHI
CIEKTpP BPa3IMBOCTEH, SIKi BIUIMBAIOTh Ha cucteMu. Kpim
TOT0, CHCTEMAaTH30BaHa CXeMa /ISl OI[IHKH BPa3JIMBOCTEH y
CVSS € xopucHOI0O 11 pO3pOOKH MOAIOHOTO CHCTEMHOTO
MiAXOQy IO IHIIWX Bpa3NMHMBOCTEH, TaKWX SK Ti, IO
NOB’sI3aHi 3 OpraHi3alifHIMK MUTAHHSMH, HOJITHKOIO Ta
mpoIeypamMu, a Takox (GisuuHO iHPpacTpykTyporo. Ha
cporoaHimHii neHs CVSS mupoko mpuiHsSTHI 1 BHKO-
pucroByBaHuii minxin. Hampuknan, Bukopucranns CVSS
PEKOMEHAYEThCS A1 KITbKICHOTO PO3paxyHKY piBHS Bpas-
JIUBOCTI MEpPEeKHOTO obnaananus [21, 22].

Koxen 3amuc NVD wmictute HacTynHy iH(OpMAIio
[20]:

e VHIKaJbHHUH CIIOBHHKOBHH iI€HTHU]IKATOp Bpas-
nuBoctedt 1 pusukis — Common Vulnerabilities and Expo-
sure (CVE);

®  ONWC BPa3/INUBOCTI;

® [IOCWJIAHHSA Ha BeO-caliTW Ta iHIII MOCHIJIAHHS 3
iH(poOpMalli€ro, OB SI3aHOI0 3 BPA3JIMBICTIO;

e wmetpuku CVSS.

Mempuku 3a2anvhoi cucmemu oyinKu 8paziugocmel
— CVSS. Icnye 14 merpuk CVSS, po3nineHux 3a TpboMa
rpymamu [23]. Y Tabm. 3 nmepeniueHi OKpeMi TOKa3HUKH Ta
MOKa3aHi piBHI, BU3HAUCHI IJIS1 KOYKHOTO 3 HUX. Y KOKHOMY
BUTIAJIKy PiBHI BKa3aHi BiJi HAHBUIIOTO IO HAWHIKYOTO.
Io cyri, migpaxyHOK OaiiB 3MIHCHIOETHCS TAKUM YHHOM:
IUIA Ko>kHOT BHsiBIieHOi BpasnmBocti NVD Hanae piBeHb
JUTS KOSKHOTO TIOKA3HMKa B 0a30Biii TPpyIIi HA OCHOBI Xapak-
TEPUCTUK Bpa3iUBOCTI. Hampukian, MeTpuka BeKTopa
aTaKy BKa3ye, 4 MOXKHA aTaKy 3alyCTUTH BiJIaJIeHO Yepes3
Mepexy 4Yd uepe3 I[HTEpHET, 3amyckaTd JHIIe uepe3
MEpEXy, 10 KO MAKIIOUEHO SIK JDKEPeNo aTakd, Tak i
iJTBOBY CHUCTEMY, Ma€ OyTH 3IIHCHEHO 3a JOMOMOTOI0
JIOKAJILHOTO BXOMAY, a00 BUMarae ()i3m4HOTO JOCTYIY [0
MamwvHU. YuM BiJaJieHIa aTaka, TUM OUIBIIE JHKEpel
aTaKu MOJJIMBE, a OT)KE, TUM CepHO3HiIa Bpa3auBicTh. Lls
iHpopManis € Oe3LiHHOI0, OCKIJIBKH JJ03BOJISIE KOPHUCTY-
BavaM 3pO3YMITH XapaKTEPUCTUKHU BPa3JIMBOCTI.

Sk mokazaHo B TaOJl. 3, KOXKEH piBEHb METPUKH Mae
onucoBy Ha3By [23]. Kpim Toro, CVSS npusHavae 4ncione
3HaveHHs 3a mkanoro Big 0,0 mo 10,0, ne 10,0 € nHaii-
Cepio3Himo npobdiaemMoro Oe3meku. YncaoBi OIiHKA IS
MMOKa3HUKIB y TpyIi 0a30BHX MOKAa3HUKIB MOMIIIAIOTHCS B
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piBHsHHS, Bu3HaueHe B CVSS, ske cTBOpIOE CyKyIHUIA
Ga3oBuii MokasHuk Oe3neku B mianasoni Bix 0,0 o 10,0.

3HaTHOCTi BpaSHI/IBOCTi B OJHOMY KOMIIOHEHTI nporpam-
HOro 3a0e3MeueHH s BINIUBATH Ha pecypcu, 110 BUXOOATh 3a

Tabmms 3 — 3araneHa kiacugikanis Merpuk CVSS [23]

I'pymna 6a30BuX MeTpuk

Mo>XIHBICTh BUKOPUCTAHHS

Brus

I'pyma yacoBuX METpHK

I'pyna 6a30BUX MeTpUK

BexTtop araku:

— Mepexa

— Ilpunernuit

— JlokanpHUM

— Di3uuHMt
CKJIaHICTh aTaKu:
— Huspka

— Bucoka
Heo0xinHicTh npuBineis:
— Hemae

— Huzbka

— Bucoka

BruB Ha koH(DigEHIIHICTS:
— Bucoxnit

— Huspkuit

— Hemae

BruiuB Ha LiTiCHICTE:

— Bucokuit

— Huzbkuit

— Hemae

BruuB Ha 1OCTYMHICTB:
— Bucoxknit

— Huspkuit

— Hemae

— He Bu3HaueHmit

— Bucokui

— OyHKIIOHATBHUI
— Jloka3 KoHIemmii

— HenoBenenuit
PiBeHp BUITpaBIEHHS:
— He Bu3Hauenuit

— OOXiZHUN LUIIX

— TumyacoBe
BUIPABJICHHS

— OdiniiiHe BUTIPaBICHHS

3pidicTh KOAY €KCIUIONUTY:

Bumorn koH}iIeHIIHHOCTI:
— He Busnaueni

— Bucoxki

— CepenHi

— Huseki

Bumoru miicHOCTI:

— He BusnaueHi

— Bucoxki

— Cepenni

— Huseki

Bumoru nocTymHOCTI:
— He Busnaueni

B3aemoist 3 kKopuctyBadeMm: JIOCTOBIPHICTb 3BITY: — Bucoki
— Hemae — He Bu3HaueHa — Cepenni
— Bumaraerbcs — IlinTBepmxKeHa — Husbki
O06nacTh 3aCTOCYBaHHS: — O6rpyHTOBaHa

— be3 3miH — Hesigoma

— 3MiHeHa

bazoBa rpymna MeTpuK NpeicTaBiIse BHYTPIlIHI Xapak-
TEPUCTUKH BPA3JIMBOCTI, SIKi € HE3MIHHUMH TIPOTITOM Yacy
Ta cepel KOpHUCTyBadiB. BiH ckiagaeTscs 3 TppoX HaOOpiB
MMOKa3HUKIB [23]:

1. Moxnusicte Bukopuctanus (Exploitability): wi
MTOKAa3HHUKH BiOOPaXKAIOTh JIETKICTh 1 TEXHIYHI 3aCO0M, 3a
JIOTIOMOTOI0 SIKUX BUKOPHCTOBY€ETHCS BPa3IMBICTh. [1oka3-
HUKH:

e Bekrop araku, siKHii BKa3ye, HACKUIBKHU Bijjase-
HHUM MO>e OyTH 3JI0BMHCHHUK Bijl Bpa3JIMBOrO KOMIIOHEHTA.

e CrIIaIHICTh aTaku MNepelac piBeHb CKIAIHOCTI,
HEOOX1THU 3I0BMUCHUKY TSI BUKOPUCTAHHS BPa3JIUBOCTI
micist ineHTUdikanii uijboBoro komrnoHeHTa. CkiiaJHICTh
OLIHIOETHCS SIK BUCOKA, SKIIO 3JIOBMHUCHHK HE MOXeE
3MIMCHUTH aTaky 3a BJIacCHUM Oa)kaHHSM, ajie NOBHHEH
JIOKJIACTH IEBHUX 3yCWJIb JUIS TTIATOTOBKHM 200 BUKOHAHHSI.

e HeoOxinHi mpuBiNel XapaKTepU3YIOTh JOCTYII,
MOTPiOHMI 3MOBMUCHUKY AJIsI BUKOPHCTAHHS BPA3JINBOCTI.
3HaueHHs: «HeMae/None» (NpUBiLICHOBAaHUI JOCTYI He
noTpiben), «uu3pkuit/ 0wy (6a308Bi mpuBiNel KOpHUCTyBaya)
i «sucokwmii/highy (paBa aaminicTpaTtopa).

e Bzaemogis 3 KopucTyBaueM BKa3ye, 9 Ma€ OpaTu
y9acTh IHIIMKA KOPHCTyBad, KpIiM 3JIOBMHCHHUKA, [UIS
YCIHIIITHOI aTaKH.

2. BB (Impact): 1i nmokasHUKH BKa3ylOTh Ha CTY-
IiHb BIUIMBY HAa OCHOBHI 1111 O€3MeKU — KOH(ICHIIIHHICTB,
LUTICHICTh 1 OCTYMHICTh. Y KOXHOMY 3 IIMX BHITQJIKIB
OliHKa BiZJoOpakae HalTipLINHA pe3yiIbTar, SIKIIO ypaKeHO
OLUTBIIIE HIX OJJUH KOMITOHEHT. J[JIs1 KOXKHOT 3 TPhOX IIiJICH
BBOJIAThCS QHAJIOT1YHI 3HAYCHHS BIUTUBY: «BHCOKHit/high»
(moBHa BTpaTa KOH(DIIEHIIIHHOCTI, IITICHOCTI 200 AOCTYII-
HOCTi), «HU3bKHUi/lOW» (TIeBHI BTpaTh) i «Hemae/NONey
(BiICYTHICTD BIUIHBY).

3. Cdepa 3actocyBanHs (SCOpE): el MOKa3HHK
3HaXOJIUTLCSA B Tpymi 0a30BHX TOKAa3HHUKIB, X04a BIiH €
JIE0 HE3aJe)KHUM Bij pemtn Tpyn. BiH crocyerbes

MEXKi Oro MOXKJIMBOCTEH, a00 Ha mpuBiiei. [Ipukiagom €
BPa3JMBICTh Yy BIPTYaJIbHIH MalllMHI, 5SKa JIO3BOJISE 3J10-
BMHUCHHKY BUIAIATH (QaiijIi B ONepariitHii cucTeMi xocra.

3a3Bruail 6a30Bi Ta YacOBI METPHUKH BH3HAYAIOTHCS
aHATITUKaMK OIOJIETCHIB BPa3IMBOCTEH, MOCTavyanbHUKA-
MU IIPOTpaMHHX 3ac00iB Oe3mexn abo MporpaMHOro 3a0e3-
MIEYEHHSI, OCKIJIbKU BOHH MAIOTh KpaIly iHpOpMAIIifo II0I0
XapaKkTepUCTUK Bpa3IMBOCTEH, HiX KopucTyBadi. OmHak
MOKa3HUKH, IO CTOCYIOThCS CEpeIOBHIIA, BU3HAYAIOTHCS
KOpHUCTYBauaMH, OCKUIBKM BOHM HaiKpaiie MOXYTb OIli-
HUTH TOTCHIIAHUIA BIUIUB BPA3JIMBOCTI Y CBOEMY BJIac-
HOMY CEPE/IOBHIIII.

I'pyna 4acoBHX METPHK MNpEJACTaBIsIE€ XapaKTepHc-
THUKH BpA3JIMBOCTI, SIKi 3MIHIOIOTbCS 3 4acoM, aje He B
CepelloBHINI KOpHCTyBaua. BiH cKiamaeTbcss 3 TPHOX
MOKA3HUKIB. Y BUIAIKY, KOJIU 3HAUCHHS TAaKOoi METPHUKH
«HE BU3HAYCHOY, Iieil MOKa3HHUK CIiJ MPOIyCTUTH B PiB-
HSTHHI OITIHKH.

3piTicTh KOAY eKCIUIONTY OILIHIOE IIOTOYHUH CTaH Me-
TOJIIB EKCIUIONTY ab0 JOCTYIHICTH KO/ly. 3araibHOA0CTYII-
HUH TIPOCTHH y BUKOPHCTaHHI KOJ €KCIUIOWTa 30UIbIIye
KUIBKICTh MHOTEHUIMHUX  3JIOBMHUCHHKIB, BKJIIOYAIOUYM
HEeKBaJTi(PiKOBAaHHUX 0Ci0, THM CaMHM ITiIBUIIYIOUH cepiio3-
HICTh Bpa3nuBocTi. PiBHI BimoOpakaloTh CTYIiHb JOCTYII-
HOCTI Ta NPWAATHOCTI EKCIUIOWTa Uil BUKOPUCTAHHS
BPAa3JIMBOCTI.

PiBeHp BHIpaBIIEHHS BUMIPIOE CTYIIHb JOCTYITHOCTI
BUIIPABIICHHSI.

JloCTOBIpHICTE 3BiTY BUMIPIOE CTYTiHb BIIEBHEHOCTI B
iCHYBaHHI BPa3JIHBOCTI Ta TOCTOBIPHICTh BIIOMHX TEXHIU-
HUX JeTaleH.

I'pyna mMeTpuk cepenoBumia (ikcye XapaKTEPUCTHKU
Bpa3nMBOCTi, MOB’s13aHi 3 IT-cepenoBuieM KopucTyBaya.
Ile mae 3mory aHamiTHKy HajmamrtyBath ouiHky CVSS
3QIEKHO BiJl BXIUBOCTI ypaxeHoro IT-aktuBy mist
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opraHizanii KOpUCTyBaya, BUMIPSHOTO 3 TOYKH 30Dy
KOH(IAEHIIIITHOCTI, IITICHOCTI Ta JOCTYIHOCTI.

BucHoBku. Takum urHOM, Y aHii poOOTi OyI0 mpo-
aHAJI30BaHO CTaHIAPTH MOOYAOBH IMPOTPaMHO-KOHQIry-
poBaHmX wMepex. 3a3HaueHo, mo SDN € cygacHmm
MiAXOIOM 10 TPOEKTYBaHHSA, MOOYZOBH Ta EKCIUTyaTarlii
iHPOKOMYHIKAIHHIX MEpeX MUIIXOM PO3AUICHHS IUIO-
IIMH YIpaBIIiHHA Ta NEpEeJaBaHHs JaHUX. 3aBJIIKH TAKOMY
PpO3TOAiTy Mepexi Ha0yBarTh Oe3rmocepeIHbOI IPOrpaMo-
BaHOCTI Ta IWHAMIYHOCTI, a TaKoXX abcTparyBaHHs (yHK-
LIOHAIBHUX MOXKJIMBOCTEH piBHS iHpacTpykTypu. Kpim
TOTO, BipTyaji3amlis MepexHuX (YHKIIH cTana craHnap-
THU30BaHUM CHOCOOOM pO3pOOKH, BIPOBADKCHHS Ta
KEepyBaHHS MepeXHHUMHU ciyxOamu. [laHa KoHueNmis
nepenbavae 3aMiHy CHEHiaTbHAX TPHCTPOIB MEPEKHOT
IHPPACTPYKTYpH, TaKUX SK MapHIPYTH3aTOpHU Ta OpaHI-
MayepH, CTaHAApPTHHUMHU CEpBEpaMu, KOMYTaTOPAMH, CXO-
BHUILIEM, XMapoIo0.

IIpore, 3pocratoumii intepec mo SDN Ta ixHBOTO
pPO3TOpTaHHS [IO3BOJIWUIM BHSBUTH IXHI HENONIKH Yy
60poTh0I i3 3arpo3amu kidepoesmeri. Ha cydacHomy etami
po3BuTKy apxitekryp SDN noBeseHo, 1o THIOBI MpooO-
JeMu Oe3neKkH y MporpaMHO-KOH(]IrypoBaHUX MepexKax
MepIl 3a BCE MPOSIBISIFOTHCS B TAKMX acleKTax, K IIKif-
JIUBE TPOrpaMHe 3a0€3MEeUYCHHS, BPa3JIUBICTh KOHTPOJIEPA,
JIETITUMHICTB Ta y3TOJ/PKEHICTh IPaBHJI MOTOKIB, ITpodiema
CTaHJapTHU3aIil MiBHIYHOTO iHTEpdeiicy, Oe3meka KOMYHi-
Kallii B TIpoIeci BUKOPHCTAaHHS IIBICHHOTO iHTepQeiicy.
TakuM 4MHOM, OCHOBHUMHM IIPUYMHAMHU IpoOieM Oe3nexn
€ BiacHe apxitekrypa SDN, 30BHImIHI IIKiIIHBI aTaky,
HEIOCTATHICTh KOHTPOIIO JOCTYIy Ta 3aco0iB mmdpy-
BaHHsS. ba3yrodnch Ha MOCTIIKEHHAX THUIIOBHUX NPOOJIeM
0e3IeKH, CTae OYEeBUIHUM, II0 LIEHTPAJTi30BaHe KepyBaHHS
ta ¢yHkuii nporpamoaHocti SDN HanmaroTe 310BMHC-
HHUKaM TIOTYXHI Ta 3py4Hi KaHaJH aTak.

[IpoBenenuit aHai3 BPa3IUBOCTEH IUIONIMHUA TaHUX
SDN i ¢yHKIIOHATBHUX MOXKIHUBOCTEH 3aC00iB MapIipy-
TH3alii MO0A0 MPOTH/IT MOXIIMBUM aTakaM ITOKa3aB Iepc-
MEKTUBHICTh BHKOPHCTAaHHS 3aco0iB Oe3medHoi Mapri-
pyTu3amii Ha OCHOBI 0a30BHX METPUK KPHTHYIHOCTI
BPA3NMBOCTEH IS MiABUINEHHS PiBHS MEPEXHOI Oe3nexu
mwromuHen gaaux SDN.

Amnaiiz cragapty CVSS mono KigbKiCHOTO po3pa-
XYHKY DPiBHSI BPa3iMBOCTI MEPEKHOTO 00JaJHaHHS JOBIB
JOLIbHICT WOTO BUKOPUCTAHHS MiJ 4Yac PO3poOKu Ta
JOCITI/PKEHHST TIEPCIIEKTUBHUX TMIiAXOMIB 70 Oe3meuHoi
MapuIpyTH3allii y IUIOMKHI JTaHUX IPOTpaMHO-KOH(Irypo-
BaHHUX MEPEX.
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ENHANCING SECURITY IN SOFTWARE-DEFINED NETWORKING THROUGH ROUTING
TECHNIQUES EXPLORATION

In today's world, network security is a key issue of information security. Virtual Networks have become an integral part of modern IT infrastructure,
which presents us with challenges in the field of security. One solution to this problem is the use of software-defined networking (SDN), which provides
a means to control and manage network traffic. However, as with any technology, SDN has its vulnerabilities that must be considered when deploying
it. One of the tools that helps to take into account the vulnerabilities of network infrastructure is the Common Vulnerability Scoring System (CVSS)
standard. It allows you to quantify the level of vulnerability of the infrastructure, which enables effective network protection. Analysis of the CVSS
standard is an important stage in the development of a network security strategy. This paper analyzes the standards for building software-configured
networks. It is noted that SDN is a modern approach to the design, construction, and operation of information communication networks. Using SDN
makes it possible to directly program and dynamically manage the network, as well as to abstract the functionality of the infrastructure layer. However,
the growing interest in SDN has revealed the shortcomings of their application in the fight against cybersecurity threats. The SDN architecture itself,
external malicious attacks, and insufficient access control and encryption tools were found to be the main security challenges. The use of secure routing
tools based on vulnerability metrics is proposed to increase the level of SDN data plane network security. According to the conducted analysis of SDN
data plane vulnerabilities and the functionality of routing tools, the authors recommend using the CVSS standard to quantify the level of infrastructure
vulnerability during the development and research of promising approaches to secure routing in the data plane of software-configured networks.
Keywords: SDN, CVSS, vulnerability, NFV, data plane, NVD, Software-Defined Networking.
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PO3POBKA CUCTEMH KEPYBAHHA BUITAPHUM ATTAPATOM Y NPOLECI BUPOBHHUIITBA
OIITOBOI KUCJIOTH HA BA3I MPC-PET'YJISTOPA

VY 6inbmocti BUIAJKIB OYHMINEHHS BUXIAHOTO HMPOAYKTY IPOIECY BHPOOHUITBA OLTOBOI KHUCIOTU 3MIHCHIOETHCS NUIIXOM pekThdikamii. OCKiIbKI
npouec pektudikalii nousrae B po3isieHHi cymimel Ha ¢as3u 1Mo TemrepaTypi KHIIiHHS, TO CTa€ 3pO3yMiJIO, 10 JOCUTh BXKIUBUM TEXHOJOTIYHUM
apaMeTpoM € TeMIIepaTypa Ta KOHLUEHTPALs CyMilll, 0 00poOIsIEThCs. 3a3BUYai, JaHI TEXHOJIOTIYHI MapaMeTpy 3a1al0ThCs KUIT STHILHUKOM IIPH
pexTudikaniiHiil KonoHi, KK 1me 3BeThest KyOoMm Konoru. Came ToMy icHye moTpeda y sIKicHOMY Ta e()eKTHBHOMY KepyBaHHI KHIT SITHIBHUKOM, K
OJTHUM i3 BOYKJIMBYX TEXHOJIOTTYHUX 00’ €KTiB. ¥ poOoTi po3pobieHa Ta mpoaHaTi3oBaHa CHCTeMa KepyBaHHS KHUIT ATHILHAKOM Ha 6a3i MPC-peryisitopa.
PoGora MPC-perynsitopa 6a3yeTbCsi HA BUSHAUSHHI MOBE/IIHKHM 00’ €KTa Ta MPOrHO3YBaHHS MaliOyTHBOT MOBEIIHKH, MICIIS YOTO 33 paXyHOK ONTHUMI3alii
KepyBaHHs Ha IEBHOMY TIPOMIXKY 4acy 3/ii{CHIOEThCSl BUBEJICHHS Horo Ha 6axkaHy TpaekTopiro. [IpoMixkok gacy Ha sIKOMy 3/1iHCHIOETBCS PO3PaXyHOK
ONTHUMAJBHOI TPAEKTOPIi 1€ HA3MBAETHCS TOPU30HTOM. BI3HAaUeHHS TOPU30HTY BIUTMBA€E HA XapakTep 3/iHCHIOBAHOTO KepyBaHHS, TOMY HOTO BHOIp
MOBUHEH OyTH 00paHHU BUXOSUM 3 XapaKTepy AMHAMIYHHMX BJIACTUBOCTEI 00’ ekTy KepyBaHHs. Came TOMY P po3po0lli JaHUX PErysTopiB MOTPiOHO
JIOCTTIKYBATH XapaKTep BIUTMBY JJaHUX ITapaMeTpiB Ha nepeOir nporecy. B pesymbTati focmikeHHs Oyiio OTpUMaHO CTpaTerii KepyBaHHS JUIsl Pi3HUX
3Ha4YeHb TOPU30HTIB NMPOTHO3YBAHHS Ta KepyBaHHs. IIpoaHamizyBaBIIM pe3ynbTaTH PoOOTH PETyIaTOpa NpH Pi3HUX HaNalITyBaHHAX TOPH3OHTIB
MPOTHO3YBaHHs Ta KEPYBAHHS MOYKHA AIWTH BUCHOBKY, 1110 TIPH 301JIbIIEHHI TOPU3OHTY MPOTHO3YBaHHS 301IBIIYETHCS Yac MepeXiJHOT XapaKTepUCTHKa,
aJie TaKOX 3MEHIITYEThCA MepeperymoBanHs. ToMy pu BHOOpPi ONTUMAIEHOTO 3HAYEHHS TIOTPiOHO KePyBATHCS BILTHBOM II€PEPETyIIOBaHb Ha MPOIIEC.
Kurodogi ciroBa: ciuctema kepyBaHHS, Topu3oHT, MPC-perynsrtop, pektndikartis, kepyBaHHs, TlepexiiHa XapaKTepUCTHKa

Beryn. OnroBa KHCIOTa € AyXe IMIMPOKO BUKOPHC-
TOBYBaHUM TIPOAYKTOM B IIPOMHCIIOBOCTI, IPOTE y MOOYTI
il po3unH BHKOpHcTOBYIOTH He pimme. Cdepn 3actocy-
BaHHs y Hei Haja3BWuaitHO mmpoki. B mpomucnosocti ii
3aCTOCOBYIOTh HOYMHAIOYM 3 BUPOOHMIITBA IOJIIMEPIB Ta
3aKiHIYIOUH XapuyoBOIO ramxy33io. B moOyTi )k BoHa Hak-
YacTile BAKOPUCTOBYETHCA B SIKOCTI XapdoBOi 100aBKH U1
po3unHHHMKAa. ToMy HaragpHOK cTaja moTpeba i
BHPOOHHMIITBA y MPOMHCIOBHX MacmTabax. [lms BupoO-
HUIITBA BUKOPHCTOBYIOTh IIJIMH PSI/T TEXHOJIOTTYHUX CXEM.
BupoOHHITBOM OLTOBOI KHCIOTH 3aiiManucs Ime y
JIaBHUHY, aJie TOJi Iporec OyB OCUTH TPUBIaJIbHUM, 1 OyB
NIPE/ICTAaBICHUI 3BUYaliHOIO (PEPMEHTALIEI0 IPOIYKTIB
BUHOPOOCTBa. TakuM METOZOM KOPHCTYBAIHCH JIOCHUTH

QO

JIOBro, @X JO MOYaTKy AaKTHBHOTO PO3BUTKY IPOMHC-
JoBOCTi, KUl mpuiimoBcs Ha XIX — XX cr., came B TOH
Mepiof TOYAIHNCh JOCTIKCHHS CTOCOBHO TOTO, SIKi
MOXITMBOCTI 301JIbIIEHHs 00CATIB BUPOOHUITBA T SKOCTI
BUXIZHOTO TPOAYKTY MOXJIMBO 3aCTOCYBaTH. Takox Iie
MOB’5I3aHO 3 PI3HOMAHITTAM JOCTYIHOI B TOH 4ac cHpo-
BHUHH, Yoro pasime He Oymo. Came 3aBASKA LIbOMY MH
Ma€eMo 3apa3 TaKe Pi3HOMAHITTS TEXHOJIOTiid BUPOOHUIITBA.

Pazom 3 pO3BUTKOM OOYHMCIIOBAIBLHOI TEXHIKH
3’SIBJIIETHCSI MOXKJIMBICTD aBTOMATH3alii B MPOMHCIOBOCTI
3arajioM Ta 30Kpema ISl BUpOOHHIITBA OLTOBOI KUCIIOTH.
Lle mo3BOAMIO MiABUINMTH €(PEKTHBHICTD BXKE ICHYIOUHX
CXeM BUPOOHMITBA Ta BIIPOBAJUTH HOBI BHUMOTJIMBI JIO
YiTKOTO MiATPUMAaHHS IapaMeTpiB BUPOOHMITBA. 3
MOMEHTY BIIPOBA/PKCHHSI aBTOMAaTH3aLlil JeI0 3MiHIIAach
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KOHCTPYKIisl MPUIaiB, o ii peani3yloTh, ajle 3aralbHuN
NPUHLIUI HE 3a3HaB 3HauyHMX 3MiH. Cy4yacHi MiKpOKOHT-
poJiepH J03BOJISIIOTH BIPOBAIKYBAaTH OLIBII KOMILIEKCHI
3aKOHHU KEepYBaHHS, 110 3aCHOBaHI Ha Cy4aCHUX METOAAX, a
TaKOX OKpIM ILIbOTrO, 3’SBWJIACH MOXIIMBICTH BIIPOBAJ-
xeHHs1 SCADA-cucTeM A MiTNX BUPOOHUINX JTiHIH.

3aBIAKA 3HAYHOMY 3POCTaHHIO OOYHCIIOBAIBHOL
MOTY>KHOCTI KOMIT'FOTEpiB, € 3MOra JOCHUTh CKJIaJHOTO
MOJICIIOBAHHS TEXHOJIOTIYHMX 00’ekTiB. lle mo3Boise
320IaKyBaTH YMMaJli KOIITH HA pO3pO0IEHHI HOBHX TEX-
HOJIOTIYHUX arapaTiB, TaK SK € MOJMJINBICTh IPOBECTH
JIOCIIZPKEHHST poOOTH amapary Ha KOMIT FOTepHiil Mofedi,
HE BHTpPAyYalOud KOIUTH Ha BUTOTOBIICHHS pEabHOTO
amapary.

Orxe, po3pOOJICHHS aBTOMAaTU30BaHMX CHCTEM
KEepyBaHHS Ta JOCITIJDKEHHs e(eKTHBHOCTI iX poOoTH Ha
BUPOOHMIITBI OIITOBOT KUCIIOTH € aKTYaJIbHUM HaIPSIMKOM
OCHIDKEHHS.

AHaJIi3 OCTAHHIX JOCHiKeHb i myOJikamiii. Y
Iporeci BUPOOHMITBA OLTOBOI KHCIOTH BAXKIUBY POJIb
BiZlirpa€ sKiCTh BUXITHOTO MPOIYKTY, IO y BEIHKIH Mipi
3aJICKUTH BiJ €(peKTUBHOCTI IpOIeCy OUYMIICHHS (PEKTH-
¢ikauii). EdexTuBHICTH Tpoliecy OUMINEHHS BiJ TaKHX
TEXHOJIOTIYHUX TTapaMeTpiB K TeMIeparypa Ta KOHLEHT-
paifist CyMilmi, M0 3aJal0ThC KHII ATHILHUKOM MPHU
pekTudikaniiHii KoioHi. Buxoasuu i3 Buiecka3aHoro, €
notpeda y sIKICHOMY Ta €(DeKTHBHOMY KepyBaHHI KHII s-
TWIBHUKOM, SIK OJHHMM 13 BaKJIHMBHUX TEXHOJOTTYHHX
00’eKTiB Yy BUpOOHUITBI onToBoi kucioTu. Lle mixreep-
IDKeHO y poOorax aBToOpiB [1-2], a TakoX pPO3TISTHYTO
OCOOIMBOCTI, sIKi MOTPIOHO BpaxyBaTH LIS MOKpAIICHHS
mapaMeTpiB mpouecy pekrudikamii. Y npami [3] mocmia-
KEHO POOOTY CHCTEMH IPH HASBHOCTI B Hill HENMiHIHHUX
€JIEMEHTIB Ta PO3MOUICHOTO XapakTepy MapameTpiB Mpo-
TIKaHHS TPOLIECY, 110 BUKOPHCTOBYETHCS INPH MOOYHOBI
perymisTopa 00’ €exTy.

IMocranoBka 3aBaaHHsA. MeTo JaHOi poOOTH €
po3podKa Ta AOCHTIHKEHHS ¢(DEeKTUBHOCTI aBTOMAaTH30Ba-
HOI cHUCTeMH KepyBaHHS Ha 0a3i MPC-peryastopy
MIPOIIeCy BUPOOHUIITBA OITOBOI KUCIOTH Ta MOPIBHSIHHS 3
knacugHuM [1I/1-perynsaropom. JlocmimkeHHs TPOBOIATE-
cs y BUIIIIII NOPIBHSUTBHOTO aHami3zy poboru I1I/]-, MPC-
PETYIATOPIB.

Marepianu Ta pe3yabraTH gocJaigxeHHs. s
MIPOBEJICHHS TOPIBHUILHOI XapakTtepuctukn MPC-pery-
JIATOpa, TPOMOHYETHCS pEaizyBaTH yMOBHUU 0a30BUi

130 »—’1.—‘}—’ PID(s) b——
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piBeHb TOYHOCTI Ta e()EKTHBHOCTI pOOOTH aBTOMAaTHU30Ba-
HOi CHCTeMHM KepyBaHHS. BupimeHHs paHoi 3anmadi
Oazyerbcst Ha cuHTe3i kiacuyHoro [II/[-perymsitopa.
Cunmes cucmemu kepysanns Ha 0asi I1l/]-peeynisimopa.
HaiinpocTimuM BapiaHTOM JUIs HaJlalITYBaHHS peryJis-
Topa € cxema omHokaHampHoro III/I-perymsropa [4]. B
SIKOCTI KaHaJy KepyBaHHS BHKOPHCTAEMO BHUTPATy Harpi-
Barouoi mapu — TeMIepaTypa IMapiB ONTOBOI KHUCIOTH Ha
BUXOAI 3 amapary. s HamamTyBaHHS OyAeMO BHKOPHC-
toByBaTH Matlab Simulink [5—7]. s movaTky HE0OXiTHO
3ibpatn cxemy B mporpamMHOMYy ceperoBumi Matlab
Simulink. CxeMy cucTeMu KepyBaHHs IpPEACTaBICHO Ha
puc. 1. [lns HanmamTyBaHHS MapameTpiB peryistopa Oyne
Bukopuctano yruwiaity PID Tuner [8, 9]. Bikno Hanamry-
BaHHs KOHTpOJIepa HaBeJeHO Ha puc. 2. B pesynprari
HaJlalITyBaHHS OTPUMaJ HACTYIHI MapaMeTpH peryJs-
topa: P = 0.02319, 1=0.00878, D =-0.145037,
N =0.15989.

Cunmes cucmemu kepysaunsa Ha 6azi MPC-pezyns-
mopa. Pobora MPC perynsaropa 6a3yeTscsi HA BU3HAYCHHI
MOBE/IIHKM 00’€KTa Ta MPOTHO3YBaHHSA MaiOyTHBOI IMOBe-
IIHKH, TICII 90T0 33 paXyHOK OINTHMi3alii KepyBaHHS Ha
MIEBHOMY TIPOMDKKY 4acy 3IiHCHIOETBCS BHBEICHHS HOTO
Ha OakaHy TpaekTopito. B ocHOBI anropuTMmy KepyBaHHS
3HaXOJUTHCS 3a/aua MiHiMi3auii QyHKuii BaprocTi. 3a3BuU-
Yaif BUKOPHCTOBYETHCS JIIHIHHO-KBaJpaTUYHUHN (yHKIIIO-
Haut sikocTi [10]. BaxxiinBoo 0cOOIMBICTIO TAHOTO METOAY
KEpYBaHHS € Te, 0 PO3PAXYHOK BiZOyBa€ThCS HE OJpa3y
JUIsl BCi€l TpaekTopii, a Juiie Ui 3aJaHOro MPOMIKKY
yacy. Lls ocob6nuBicts Binpizuse MPC Bix LQR pery-
nsaropa. 3aBagku mpoMy LQR Mae kpamy rio0anbHy
npoaykTuBHiICTE, 2 MPC B CBOIO uepry kpaiie HOCSTae
JOKaTbHUX onTHMyMiB. [IpoMixkoK Hacy Ha sIKOMYy 3iiic-
HIOETBCS PO3PaxyHOK ONTHMAaJIbHOI TpaeKTOpii Ie Hasu-
BAETHCSI TOPU30HTOM. BH3HAYEHHS TOPH30HTY BIUTMBAE HA
Xapaktep 3IIHCHIOBAaHOTO KepyBaHHS, TOMY ioro BHOIp
MOBUHEH OyTW OOpaHMi BUXOISYM 3 XapakTepy AuHa-
MIYHHX BJIaCTUBOCTEH 00’ €kTy KepyBanHus [11, 12].

Hnst cuatesy MPC-perynsitopa OyaeMo BUKOPHCTO-
ByBatu Matlab MPC Designer [5-7]. dus nouatky Oyio
3i0paHo cHcTeMy KepyBaHHS B cepeosuini Simulink.
Cxema cuctemu KepyBaHHs 3 BukopuctanHsim MPC pery-
nsaTopa B cepenoBumni Simulink mpencraBieHa Ha puc. 3.
Jlys moanpIIoro HaJaITYBaHHS KOHTpoJiepa HEOOXiTHO
3a7aTH HOTro CTPYKTYpy. s boro HEOoOXiAHO BIAKPUTH
BikHo MPC Structure. BikHO HamamTyBaHHS CTPYKTYpH
MPC koHTpoJIepa IpecTaBlIeHo Ha puc. 4.
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Puc. 1. Cxema cucremu kepyBanHs Ha ocHoBi [TII-perynsropa
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Puc. 3. Cxema cucremn kepyBanHs B Matlab Simulink
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Puc. 4. BikHO HanamryBaHHs CTPYKTYPHU peryisTopa
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HanamrryBaBmm CTpyKTypy CHUCTEMH KepyBaHHS He-
00XiZIHO MPOBECTH HajlalITyBaHHS KoHTpojepa. [lapamer-
pamu, SKi BIUTUBAIOTh Ha POOOTY KOHTpOJIEpa, € TOPU3OHT
YIpaBJIiHHS, SKUH BU3HAYAE KUIBKICTh KPOKIB PO3PaxXyHKY
ONTHMAJIBHOTO KEepyBaHHS, TOPWU3OHT IPOTHO3YBaHHS,
SIKHA BU3HA4Ya€ KUTBKICTh KPOKIB [UIA PO3PaxyHKy Maii-
OyTHBOT TIOBEIIHKH.

Hocnioscenns enausy 20pu3oHmy npocHO3Y6AHHA
MPC-pezyramopa. OcrnoHoto ocobmuBictio MPC-pery-
JATOPA € PO3PaxXyHOK MaOyTHBOI ITOBEIIHKN Ha TIEBHOMY

Input Response (against "plant™)
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TOPHU30HTI NPOTHO3YBAHHS, TOMY HOT0 BU3HAYCHHS CHIIBHO
BIUIMBA€ Ha MOBEAIHKY KOHTpOJIEpa, 1 MpaBWIbHUN BUOIp
TOPU30HTY IPOTHO3YBAaHHS — BAXIIMBA YaCTHHA HaJalll-
TyBaHHs perynsropa [12]. [Iis Bubopy Oy/e BUKOPUCTAHO
eKCIIEpUMEHTAILHUH MeToJ, TOOTO MpPOBENEMO JIOCHTiJ-
JKEHHSI TIPH PI3HUX HAJAIITYBaHHAX TOPU30HTY Ta 00epeMo
HaMOLTBII BiATIOBiAHMI HamoMy 00’ ekTy BapiaHT. [louyne-
MO 3 TOPH3OHTY NPOTHO3YBaHHA B 15 KpOKiB, pe3ynbTaT
LBOT0 HAJAIITYBAaHHS NpPENCTaBlIeHO Ha puc. 5. Hactyn-

Output Response (against "plant")
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Puc. 5. PoGoTa perynstopa npu ropu3oHTi IPOTrHO3yBaHHs 15 KpokiB
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HUM 3HauYeHH:IM Oynme 25 kpokiB — puc. 6. [Ipoanamizy-
BaBIIM pe3yJbTaTH pPOOOTH peryisTopa INpH PI3HUX
HaJIAIITYBaHHSIX TOPU30HTY MPOTHO3YBAHHS MOKHA JIHTH
BUCHOBKY, 110 ITPY 301IbIIEHHI TOPU30HTY MPOTHO3yBaHHS
30UIBIIY€THCS Yac MepeXiTHOT XapaKTEPUCTHKH, aJIe TAKOXK
3MEHIIIYETHCS TIepeperyIoBanHs. ToMy mpu BHOOpPi onTH-
MaJBHOTO 3HAYEHHS TMOTPIOHO KepyBaTHUCS BIUIMBOM
nepeperyroBaHHb Ha Mpolec. Y HAIIOMY BHIAJIKY Hepe-
peryJtoBaHHS HE € 3aHaATO KPUTHYHUMHE B IEBHUX MEXKax,
TOMY ONTHMAaJBHUM JUIA TOCTIKYBaHOTO 00’eKTy Oyme

Input Response (against internal plant)

3HAYCHHS TOPU30HTY MPOTHO3YBaHHA 15 KPOKiB.
Jlocnioocennsi enaugy eopuzoumy ynpaeninus MPC-
peaynamopa. llle ogHUM MapamMeTpoM 3HAYCHHS SIKOTO
HEOoOXiTHO HalalTyBaTH y BIAIOBIAHOCTI 3 HEOOXIIHOIO
MOBEIIHKOK U TEXHOJOTIYHOTO 00’€KTa € TOPH30HT
yHOpaBIiHHA. [OpH30OHT yTpaBIiHHS BU3HAYa€ KUIBKICTH
KPOKIB [UIA PO3paxyHKy ONTHMAaJIbHOTO KepyBaHHS [12].
st BuOOpy IOTO MapamMeTpy CKOPHCTAEMOCH TAKOXK
eKCIIepUMEHTAIBHAM MeTooM. [IpoaHalizyeMo MOBeiH-
Ky CHCTEMH KEpPYBaHHA MpPH PI3HHX HaJIAITYBaHHAX

Output Response (against intemal plant)
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Puc. 8. PoGota perynsTopa rmpu ropu30HTI YIPaBIiHHS 5 KPOKIB
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JITAaHOTO Tapamerpa i oOepeMo 3HaueHHs, 10 HakKpaiie
BIJITIOBiJ]a€ XapaKTepy HAIIOTO MPOIIeCy.

MiHIMQJIBHUM 3HAYEHHSM TOPU30HTY YIPABIIHHS
Oyno o0OpaHO 2, TOBEAIHKY KOHTpoJiepa IPH LbLOMY
3HAYEHHI NPEJICTaBIeHO Ha puc. 7. Pesynbrat pobotu cuc-
TEMH TIPH TOPU30HTI YIPaBIIHHA 5 KPOKIB MPEICTaBICHO
Ha puc. 8. Ha puc. 9 HaBeeHO pe3ynbTaTu KepyBaHHS IpH
TOPHU30HTI yIpaBiiHHA 8 KpOKiB. MakcUMaIbHAM 3HAYCH-
HAIM TOPW3OHTY YHpaBiiHHA Oyno oOpano 10 Kpokis,
MOBEIiHKa CHCTEMH IIPH JaHOMY 3HAYeHHI 300pakeHa

Input Response (against internal plant)

Ha puc. 10.

[IpoananizyBaBmM OTpHMaHi pe3yibTaTd MOXHA
JUATH BUCHOBKY, IO MOBEIHKA TPH 3HAYCHHI TOPU30HTY
yIpaBiiHHSA § KPOKIB € HAlOUIBII IPUHHSATHOIO, TaK SIK J1a€
HaWOUIbIy IIBUIKICT MEPEXITHOTO MpoLeCcy Ta HaiiMeH-
I1I¢ 3HAYCHHS IIepeperyIIOBaHHS.

Hocniooncenna egpexmugrnocmi cucmemu KepysaHHa 3
MPC-pezyramopom. TlopiBHsnbpHa xapakrepuctuka I11]1-
ta MPC-perynsaTopis mpeacrasieHa Ha puc. 11.

Output Response (against internal plant)
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Puc. 9. PoGoTa peryssropa Ipu TOPU30HTI YIIPABIiHHS 8 KPOKIB
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Puc. 10. PoGoTa perynsropa npu ropu3onTi ynpasiinas 10 kpokiB
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0 W =1l il

D0
Puc. 11. [lopiBHATIbHA XapaKTEPUCTHKA PETYIATOPIB

3a MOPIBHAIBHOIO XapaKTEPHCTUKOI MOXHaA Imoba-
gutH, mo MPC-perynatop mae Ha TOPSIOK IIBHIIIE
MepexiIHUI TpoLec Ta 3 NepeperyIloBaHHsM, aie Iepe-
peryiioBaHHsi cTaHOBUTH MeHuie 10%, ToMy BOHO He
BIUIMHE Ha SKICTh TEXHOJIOTIYHOTo mporecy. OTxke st
Hamoro amapaty MPC-perynstop jae 3Ha4HO Kpauiuit
pe3ybTar.

BucnoBku.

[IpoBeneHo HaNMaMITYBaHHA MMAPAMETPIB OHOKAHAI-
Horo IIIJ]-perymsropa, OTpUMaHO MEpeXiTHI XapaKTepHc-
TUKA TEMIIEPATypH Ta BUTPATH MApPiB ONTOBOI KHCIOTH Y
BHPOOHHUIITBI OI[TOBOT KHCIOTH.

[TpoBeneHo mociiKEeHHs BIUIMBY TOPH30HTY IPOT-
Ho3yBaHHs MPC-perynstopa. OCOOIHBICTIO TAKOTO pery-
JIITOPA € BIUIMB TOPU30HTY IMPOTHO3YBAHHS Ta TOPU30HTY
YIpaBJIiHHS Ha HAJIAITYBaHHs. [ npaBUILHOTO BUOOPY
TOPU3OHTY HPOTHO3YBaHHS Ta YIPABIIHHS BUKOPHCTAHO
eKCIIEPUMEHTAJIbHUIT METOJ| JNOCIHiIKEHHS (KPOKH TOpH-
30HTY NporHo3yBanHs 5, 10, 15, 20, 25, Kpoku ropu3oHTy
ynopasiieHA 2, 5, 8, 10).

IIpoBeneHo mOpIBHAUIBHUE aHAMi3 e()eKTUBHOCTI
KepyBaHHS 3aJlaHUMH TEXHOJOTIYHUMH TMapaMeTpaMH Ha
ocHogi [1I/]- ta MPC-perymnsaropiB. OTpuMaHi pe3yabTaTu
MiATBEPIXKYIOTh, IO C(QEKTHBHIIIMM pErYyIATOPOM JUIS
KEepyBaHHS HEOOXITHUMHU TEXHOJIOTIYHUMH TMapamMeTpamu
y BUpOOHHUIITBI ourToBoi kuciotu € MPC-perynstop. B
pe3ynbTati poboTH OyJIO MPOAEMOHCTPOBAHO XapakTep
BIUIMBY TOPU30HTIB KEPYBaHHS Ta IPOTHO3YBAaHHS Ha Xa-
paKkTep KepyBaHHS TEXHOJIOTTYHUM 00’ EKTOM.
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DEVELOPMENT OF THE EVAPORATOR CONTROL SYSTEM IN THE ACETIC ACID PRODUCTION
PROCESS BASED ON THE MPC-REGULATOR

In most cases, the initial product of the acetic acid production process is purified by rectification. Since the rectification process consists in separating
the mixtures into phases based on the boiling point, it becomes clear that the temperature and concentration of the processed mixture are quite important
technological parameters. Usually, these technological parameters are set by the boiler at the distillation column, which is also called the cube of the
column. That is why there is a need for high-quality and effective management of the boiler as one of the important technological objects. A boiler
control system based on the MPC regulator was developed and analyzed in this work. The operation of the MPC regulator is based on determining the
behavior of the object and predicting its future behavior, after which it is brought to the desired trajectory by optimizing the control over a certain period
of time. The period of time during which the calculation of the optimal trajectory is carried out is also called the horizon. The definition of the horizon
affects the nature of the control performed, so its choice should be based on the nature of the dynamic properties of the control object. That is why, when
developing these regulators, it is necessary to study the nature of the influence of these parameters on the course of the process. As a result of the study,
management strategies were obtained for different values of forecasting horizons. Having analyzed the results of the controller at different settings of
the forecasting horizon, it can be concluded that when the forecasting horizon is increased, the time of the transient characteristic increases, but
overregulation also decreases. Therefore, when choosing the optimal value, it is necessary to be guided by the impact of adjustments on the process.
Keywords: control system, horizon, MPC regulator, rectification, control, transient characteristic.
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EJIEKTPOHHI ITYYKHA Y TPAJIEHTHOMY MATHITHOMY IOJII:
YIIPABJIIHHS NEPETBOPEHHSM MO3J10BXKXHbOI'O PYXY YV IONEPEYHUI

B po6oTi po3rIsIHYTO pyX €IeKTPOHIB y IITIHAPHYHOMY MarHiTHOMY IIOJI 3 IIOTEHIIAJIOM IPagi€HTHOro BUIIIiAy. OTpHMaHO, 0 y BHOPaHOMY IOJI
BUXIIHHII PyX €IEKTPOHIB Y3IOBXK IT03J0BKHBOI OCi EPETBOPIOETHCS Ha pafiaibHuil pyx. Bi3HaueHo, 110 Take mepeTBOPEHHs 00YMOBIICHO BIUTHBOM
COJICHOINAIbHOTO MAarHiTHOTO IOJIS 3 BEIMKUM IIO3JOBXKHIM TpajicHTOM. [lepeTBOpeHHS MO3[0BKHBOTO HANPSIMKY PyXy Ha IONEpeYHe BUSIBHIOCS
CTIHKHM B Jiamna3oHi eneprii 20...55 keB enexTpoHiB i B inTepBai 5...50 MM pagiallbHUX pO3MipiB MydKa YaCTUHOK. 3a JOIIOMOT'0I0 IIPOrPAMHOT0 3aC00y
BHBUYCHO OCHOBHI 3QJISKHOCTI PyXy €JIEKTPOHHOIO IyYKa B 33JaHOMY COJICHOINaJbHOMY MarHiTHOMY mouni. B nmawiit poGoTi mpuBeneHi pesynpTaTi
YHCENEHOT0 MOJIETIOBAHHS TPAEKTOPIH €IeKTPOHIB Y TPalicHTHOMY MarHiTHOMY II0JIi 31 BTOPHHHOEMICIi{HIM KaTo0M KpYroBoi (JOpMH, pO3TaIIOBAaHUM
y cepenuHi cucTeMu. J[ys BUBYEHHSI MEXaHi3My CTIHKOCTI IO BiJHOIIEHHIO O MarHiTHOTO MHOJISI BUKOPHCTAHO IBa €KCIICPHMEHTAIFHO pealli3oBaHi
MAarfiTHUX mossi. Ha OCHOBI HUX JBOX MOJIB YHCENbHO CHHTE30BAHO MACHBH JOAATKOBHX 4 moiiB. /st CyKymHOCTI 3 6 Ha3BaHHX IMOJIB YHCEIHHO
BHBUEHA poOOTA rapMaTH, KOJIM 9acTKa BiJUyBae CTiiike NepeTBOpPEeHHs HaNpsIMKy pyxy. [Toka3aHo, o npu 3aiaHiii eHeprii exeKkTpoHa Ta GikcoBaHOMY
MarHiTHOMY IIOJIi TapaMeTpoM, IO BU3HAYA€ II0BOPOT YACTHHOK, € TPaAi€HT MarHiTHOTO ITOJIS Ha MEXi JUISHKH BIbOTY. OTpUMaHO, 0 eeKT ITI0OBOPOTY
Mae Micie JUisl pO3MIITHYTOrO iHTepBaly padialibHUX PO3MipiB MydYKa, U0 MPU3BOAUTH A0 (OKYCYBaHHS YaCTHHOK. [I0ka3aHa MOXJIMBICTH HA OCHOBI
PeryJIIoBaHHS HOJIS B IIJIOMY KepyBaTH BEPTHKAILHOIO KOOPIMHATOIO C(OKYCOBAHOTO ITyYKa, THM CaMHM JIaHO iHTEepIPETaIio IOPOTroBOi 3aIe)KHOCTI
peectpariii eneKkTpoHiB Ha JerekrTopi. J[OCHiUkeHO 3alexHiCTh (OpMyBaHHS IIIJCYMKOBOTO DPO3MOALTY YacTHHOK BiJ aMIUNTYAH Ta IpajicHTa
MarHiTHOTO MHOJIs B3ZIOBXK oci cucteMd. HaBOAATBCS pe3ysbTaTH YHMCENBHOTO MOJCIIOBAHHS PYXY CJICKTPOHHOro motoky. Ha ocHOBI Mozeni pyxy
@JICKTPOHHOTO MOTOKY PO3IIIHYTO XapaKTEPHCTHKH PEe3yJIbTYIOUOTo €IeKTPOHHOrO Iy4ka. B maHiil craTTi mokasaHo, IO IMy4OK, 1[0 Ma€ pamialibHi
po3mipu 5...50 MM, HOKyCyeTbCs 110 BEpTHKAI HA AUISHKY pO3MipoM 1 MM.

Ku1r04oBi ci10Ba: e1eKTPOHHUI Iy4OK, MarHETPOHHA rapMmata, JUHaMika eJIeKTPOHIB, EPETBOPEHHS HANPSIMY PYXy, KEpYBaHH:, rpaiicHTHE

MarHiTHe I10JIC, MAaTEMATHYHEC MOJICITFOBAHH .

Beryn. MarneTpoHHi rapMaty 3 X0JI0AHUMU BTOPHH-
HOEMICIHHMMH KaTOAaMH MEePCIEKTHBHI JUIl BUKOPUCTaH-
Hs TX mpu ctBopeHH] notyxHux HBY-npunazis, npucko-
pIOBaJIbHOT TEXHIKM y 3B’S13Ky 3 BHCOKOK HIUIBHICTIO
CTpYyMY, KOHCTPYKTHBHOIO IPOCTOTO, CTabiIbHICTIO
emicii karomiB Ttomo [1-3]. Sk 00’€KT IOCIHIIKCHHS,
MarHeTpoHHa rapMaTa Mae Ty IlepeBary, 10 BOHa MOXe
Oyt Moau(ikoBaHa ISl TPOBEICHHS EKCIICPUMEHTIB
pizHOTO THIY [4—6]. 3acToCcyBaHHS IHTEHCHBHUX MAarHiT-
HUX TIONIIB 3 TWIiJBHIICHUM TPAJi€HTOM iXHBOI Harmpy-
JKEHOCT] Ja€ MOXIIMBICTh PO3IJISIHYTH HOBI SIBUIA B IPO-
CTOpOBI KapTHHI €BOJIOLIT eNeKTPOHHUX MyuKiB. He3Ba-
JKAIOYM Ha CKJIAJHICTh aHAJITUYHOTO JOCHipKeHHs [6—8],
JUIE OTPUMAHHS KIJbKICHHX 3aJIe)KHOCTEH I[IIKOM MOX-
JIMBE 3aCTOCYBaHHSI OOYMCIIOBAILHUX METOJIB Ta IOPIiB-
HSTHHS YUCJIOBUX PE3yJIbTaTiB i3 JaHUMHU EKCIIEPUMEHTY.

Panimie B xoi umcenbHHX ekcrepuMmeHTiB [8—11]
OyJIi BUSIBJICHI BUIIA/IKH TIEPETBOPEHHS 1T03/10BKHBOTO Py-
Xy eJIEKTPOHIB Ha pajiiajbHe, SKi Mau Miclie y rpaJiieHTHO-
MY MarHiTHOMY THOJIi MarHeTpoHHOI rapMaTi. Y poOoTi Ha
OCHOBI TaMiJIbTOHOBOTO ()OpPMali3My PyXy €JIEKTPOHIB y
MarHiTHOMY MOJIi CHHTE30BaHO NporpamHuii 3acid [6, 7],
110 JI03BOJISIE POBECTH YHCEIbHE MOJICIIFOBAHHS JIMHAMIKH
TpyOUaCTHX €IeKTPOHHUX IMOTOKIB y IMUIIHAPHIHOMY Mar-
HITHOMY TI0JTi. Pa3oM 3 TOCBiqU€HUMU TaHUMU HABOISTHCS
pe3yJbTaTH YHCEIBbHOTO MOJICNIIOBAHHSI PYXY E€JIEKTPOH-
HOTO TOTOKY. OTpuMaHi pe3yabTaTH MOJEITIOBAHHS CBifI-
YaTh MPO SBUILE PETYIHOBAHOTO IOIIEPEYHOTO PYXY.

() ®

Y HHI «X®TI» Ha ocHOBI MarHeTpOHHOI rapMartu
OyJI0 CTBOPCHO IPUCKOPIOBAY CJICKTPOHIB, SKHA BHKO-
PHCTOBYE OCHOBHH €IEKTPOHHUM MTYyYOK JJIsl OIPOMiHEHHS
MeTaneBux mimenei [1, 3, 6] (quB. puc. 1). Sk 00’ekT s
JIOCITIJPKEHb MarHETPOHHA rapMara Mae Ty TepeBary, 1o, 3
omHOoro OOKy, BOHa MoOXe OyTH MonugikoBaHa I
MIPOBEICHHS EKCIIEPUMEHTIB Pi3HOTO THUILY, 3 IHIIOTO OOKY,
HE3BaXKaloUM Ha CKIAJHICTh BHKOHAHHS aHAJITHYHOTO
JIOCJIIIKEHHS, JUIA OTPUMAaHHS KUTbKICHUX 3aJIeKHOCTEH €
MOXIIMBUM BHKOPUCTAaHHA OOYNCITIOBAJILHUX METONIB Ta
MOPIBHSHHS YMCIIOBHX PE3YJIbTATIB 13 JaHUMHU €KCIepu-
MeHTy. OTHUM 13 MOYKJIMBUX HAIPSIMIB € KOMOIHAI[is Mar-
HITHOTO TI0JIS1 B TapMaTi, CTBOPIOBAHOT'O COJICHOIAaMH, Ta
TOJIeM JIOJJATKOBUX MOCTiHHMX MarHiTiB [7-9, 12-15].

O6’exToM naHOi poOOTH € BUBYEHHS IMapaMeTpiB
€JIEKTPOHHOTO My4Ka IPH HOTro TPaHCIIOPTYBaHHI B IHTEH-
CHBHOMY TPaJi€HTHOMY MAaTHITHOMY IIOJNi COJEHOIma i
moOysoBa OOYMCITIOBAIBHOI MOJIEIN PYyXy €JIEKTPOHHOTO
MOTOKY B 00JIacTi 3pOCTaHHS OIS,

Mertoro nocimikeHHs! OYJI0 CTBOPEHHSI MOJEN pyXy
€JIEKTPOHHOTO ITy4YKa 3 €Hepri€lo B JecaTku keB y 3Ha-
KO3MIHHOMY TpaJlieHTHOMY MarHiTHOMY MOJIi, BUBUCHHS
(dhopMyBaHHSI TPAEKTOPIM E€IEKTPOHIB, 3aJEKHOCTI JMHA-
MIKM YacTHHOK BiJ] TIOYaTKOBUX YMOB Ta PO3MOALITY
Mar”iTHOTO TOJII B3J0BXK Oci cucteMu. HaBomsaTecs pe-
3yJIbTaTH MOJICNIOBAHHS PYXy EJIEKTPOHHOIO TOTOKY. Y
MpolLeci MOJIETIOBaHHS € MOXKIIMBICTh B yMOBaX €KCIIEpH-
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MEHTY BCTQHOBHTH SIBUINE MEPETBOPEHHS MO30BXKHHOTO
PYXy Ha pajiaibHe.

ONSS S o

4 ¢ _— <
A
A
\‘,

Puc. 1. brok-cxema ekcliepuMEHTaIbHOT YCTAHOBKH.

1 — cexuii conenoina (I, 11, 111, IV), 2 — BakyymHmii 06’em, 3 —
BHCOKOBOJIFTHHUH IMITYJIbCHHI TeHeparop, 4 — i3omsaTop, S —
OJIOK CHHXPOHI3allil, 6 — CHCTEeMa, 110 BUMIPIOE, 7 — CTPUKECHB,
10 LEeHTpyYe, 8 — MixHa BcTaBKa, 9 — muminap dapanest, 10 —
nmocTiitHui MarHiT, 11 — rereparop, 12 — ;kepeso cTpyMiB ISt
yIpaBIIiHHS MarHiTHUM TOJIEM coJieHOina, A — aHox, C — kaTox

1. MeToauka nocaigxenb

[MpoBeneno pocimifkeHHs MO (HOPMYBAHHIO €JIEKT-
POHHOTO TIyyKa MAarHETPOHHOIO TapMaTolo (IiamMeTp
40 mm, miameTp aHoxa 78 MM) Ta BUMipIOBaHHIO HOTO Imapa-
MeTpiB IpH Harpy3i Ha karoxi 20...55 xB.

B Tabun. 1 HaBeneHO mapaMeTpH eIEKTPOHHOTO ITyJKa
B 3QJEXKHOCTI Big KOH]Irypamii MarHiTHOTO ITOJS.
[MpoananizyBaBiiy i, MOXKHa 3pOOUTH BHCHOBOK, LIO 3a
MEBHUX YMOB ITy4OK eHeprii 55 keB sk 1ise pyxascs o oci
CHUCTEMH 1 peecTpyBaBcs Ha numiHapi Dapanes. 3a iHIIHMX
yMOB myuok Ha umiminapi ®apanmess He peecTpyBaBcs,
OCKUJIbKH, PYXalOuuCh B palialiI-HOMY HalpsMKy, BIy4aB
Ha MiaHy BCcTaBKy. [Ipu 1bOMY criocTepiraiucsi BUNa Ky,
KOJIM 3MiHa HANpsMKy Iy9Ka Ta MICIle peecTpamii Mania
CTPUOKOIIOIOHUH XapaKTep.

Tabmunst 1 — Tunm MarHiTHOTO TIOJIS Ta HANIPSIMKA PyXY ITy4YKa

MarsitHe CtpyMm B Crtpym B Ctpym B
nose 0CbOBOMY paniajJbHOMY | YOTHPBOX CEKIIisX
(puc. 2) HanpsIMKy, A | HanpsMKy, A cosieHoina, A
B, 30 0 35,0, 18, 54
B, 0 18 35,0,31,0
B, 0 17 -33,0,-16, -54

Ha puc. 2 npeacraBneno posnoxin noist B, (pomoOu-
kn). KoHpirypamis mporo moms, AOCHTH IJIaBHA, 3a0e3-
redye TPOXOKEHHS ITyYKa B3IOBXK BEPTHKAIBHOI OCi i
peectpartito Ha mutiHapi @apanes. Ha puc. 2 Takoxx HaBe-
JieHi KoHgirypauii moniB B, (kpyxeukn)i B, (xpectuxm),
Y SIKMX HaIpykeHicTh (Moaynem) He nepesuirye 0.1 T, mpu
npoMy rpamieHT mods gocsaraB 9 T/m. Tlpu cuHTE3l 1ux
moyiB y cxemi puc. | OyB I0IaTKOBO BUKOPHUCTAHHM

NOCTIHHMK KUIbleBUIT MarhiT HanpyxeHocti 0.21 T,
HAarpsMOK TOJISl IKOTO OyJI0 MPOTHIIEKHE HANPSIMKY HOJIS
coJIeHOiniB. B pe3ynbrari KOH)Iryparis MarHiTHOTo IoJist
Oyna 3HAKO3MIHHOK 1 Majla MUISHKA 3 BEITHKUM Tpaji-
€HTOM. PyX 4aCTHHOK y IOJISIX TaKMX KOH(Iryparii sikicHo
Bifpi3HABCA. 30KpeMa, ITy4OK eJICKTPOHIB AK IIiJie ITOBEp-
taBcsg Ha 90° i pyxaBcsl B paJiajIbHOMY HalpsiMi, IPUIOMY
CTpyM Tyd4ka Ha mwriaApi Papages MOPOrOBUM UYHHOM
3BEPTABCS B HYJIb.

0.2

Z, mm

Puc. 2. Tpu marwitai Tons B ; pom6uxu — mone B,

KOJIa Ta XpecTukH — nonst B, ta B,

Takum yMHOM, BUHHKAE 3a/iauya 3 BUBYCHHS BJIACTH-
BOCTEH €JIEKTPOHHOTO ITy4YKa IIPU HOTro TPaHCIIOPTYBaHHI B
IHTEHCHBHOMY MarHiTHOMY IpaJlieHTHOMY Mo 1 nooyo-
BU OOYHCITIOBAIIBHOI MOJIENI PYXY €JIEKTPOHHOTO TOTOKY B
00JacTi 3pOCTaHHS OIS

2. MarematuuHe MojaemoBanusa. KoHdirypamii
nomis B, B, i B, Bimpisustorses Bix mosst B, siBHO Bupa-
YKCHOIO PAaIEHTHOIO BIIACTHUBICTIO B iHTEepBai Big 170 MM
g0 210 mm. Ilicns emicii mMy4oK 4YaCTHHOK, PyXarouuCh
V370BXX OCI CHCTEMH, BJITAE B OOJIACTH 3 BEIMKHM
rpagi€eHTOM IOJIsL, B3aEMOIIS 3 SIKUM BU3HAYAE TPAEKTOPIIO
KOYKHOI YaCTHHOK.
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Puc. 3. Ha0ip i3 6 MarHiTHuX nostiB A,..., A, B obnacTi 3

BCIIMKUM I‘pa,[{iélHTOM, KpYyKaJIbIIsSIMA IoKa3aHi

noinst A, ta A

Ockinpku nons B, 1 B, CTBOPIOIOTBCS LLIAXOM

migiOpanux HaOOpiB BapiaHTIB CTpyMiB Ha OOMOTKax
cekiii-conenoinis (I, II, III, IV), onudpoBani MacuBU ITUX

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIIIy. Cepisn: Cucmemnuii
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NoJiB OyiM B3ATI 32 OCHOBY HOAAJIBIIOTO MOJICIIIOBAHHS.
[Iporpamuuii 3aci6 [5] 0y10 BUKOPUCTAHO IS YUCETHHOTO
MO/ICTIFOBaHHS AWHAMIKH TPYOYacTHX eNeKTPOHHUX IOTO-
KiB Yy MarHiTHOMY LMJIIHAPUYHOMY TOJI 3 BEJIMKHUM Tpai-
€HTOM. 3 LI€I0 METOI0 OyJI0O CTBOPEHO YHCIIOBI MacHBH
A, ..., A, 3 6 TOTaTKOBUX MArHITHHUX MOJIB:

A :Bz"'%(Bz_Ba)' 1)

Taxum unHOM, IpU K = 2 oTpumyemo mone A, = B,
anpu k=5 orpumyemo A = B, (mus. puc. 3).

[Ipu MmonemtoBanHI OyB 00paHUi My4OK 3 9 YACTHHOK,
[MOYaTKOBa yMOBa Ha CTapTi SKUX OyB piBHOMipHHI
posmofin 3a paxiycoM Big I =28 MM 10 I, =85 MM y
mrommHi (X Y, ) -

TunoBuil npukiaa TUHAMIKK Tydka 3 9 4YaCTHHOK
HaBeleHO Ha puc. 4. MoxHa 0auuTH, MO UIS BCIX
MOYAaTKOBUX PAJiyCiB TPa€eKTOpii ENEKTPOHIB CXOXi, a
came, B TpaJieHTHIN o0nacTi IXHIi pyX IEepeTBOPIOETHCS 3
MIO3/JOBXKHBOT'0 Ha MorepedHe. Taka 3MiHa Ma€ MicCIie BCIM
PO3MIITHYTHX ITOYaTKOBHUX paziycis. [Ipu npomy 3xificHio-
€TbCsl (POKYCYBaHHS JaCTHHOK Y3IOBX BEPTHUKAJIBHOI OCi
CHCTEMH.

Juis meramizamii THITY pyXy Ta CYIyTHIX IIOBOPOTY Ta
¢dokycyBaHHS OyJlnO BHKOHAaHO CEpil0  YHCEIbHHUX
eKCIIEPUMEHTIB, y SKUX 3MIHIOBaIHCH SK IO A, ..., A,

TaK 1 MOYaTKOBI YMOBH Ha IUIOIINHI (Xo; yo). CTIAKICTD

PYXy TakoXX IepeBipsuiacsi NUIIXOM Bapiamiii eHeprii
YacTUHOK E , a Tako MOYaTKOBUX YMOB BepTUKAII Z,.

Puc. 4. [Tunamika myuka (pukiiaz i3 9 yacTHHKaMH)

Ha puc. 5 HaBeneHo TpaekTopii YaCTHMHOK JUISl ABOX
noJiB rpagienTHoro tuny A 1 A;, a Takox mons B, 3
puc. 2 3i ciabko BUPaKEHOIO TPAJiEHTHOIO BIACTHBICTIO.
MoskHa 0aunTH, 110 TPAEKTOPIs YacTKU y noiii B, HocuTh
peryJisipHUil XapakTep 3 HEBEIHKOK 3MIHOI MOTOYHOTO
paniycy r=r(z) y nporoHoBomy intepsaii Bix 170 MM 10
210 mM. VY Tiit ke rpagieHTHii o0nacTi Mae Micle moBopoT
TPA€eKTOPii 3 HACTYMHUM (POKYCYBaHHSIM, IO PEECTPyBa-
JIOCSL JUIs BCIX LIECTH OB A ..., A, .

0.05]
_‘—'—'_._'_._'_'_'___'—F'_'—'
0.15 02 025
zZ,m
02t
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Puc. 5. [lpuknaau TpaekTopiit 4aCTHHOK

3mimenHs AZ ToOYku (POKyCyBaHHS TOKa3aHO Ha
puc. 6. Ilpu 3MiHi mapameTrpa KepyBaHHs K B niarna3oHi
napametpa 0...7 Bono ckiano 180 <Az <197 mm. Takum
YHHOM, 00J1aCTh, IO MICTUTB MiCIIe PeryIbOBaHOTO (OKY-
CYBaHHsI, Ma€ I03/10BXKHiH po3Mip =17 mm. Cama JinsHKa
(boKycyBaHHsI YaCTUHKH My4Ka, Y CBOIO 4EPry Mae po3mip
0Z~2 MM Y3[0BX BEpPTHKAJIbHOI OCi, IO YTBOPEHWUI
JIApPMOPIBCHKMMHU KOJMBAaHHSIMHU EJIEKTPOHIB y LIMJIIHII-
PUYHOMY MarHiTHOMY ITOJIi, YHsI aMIUTITYa BU3HAYA€ThCS
MOYaTKOBUM pajiiycoM [ .

3. Marematn4yHa MoJeJb Ta O0OroBOpeHHS
pe3yabTariB. Ha OCHOBI ramizbTOHOBOro QopmManizMy
PYXy €NEeKTPOHIB y MarHiTHOMY MOJi T0OyJ0BaHO IpOr-
paMHUH 3aci0, 110 JO03BOJSE MPOBECTH YHCEJIBHE

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIIy. Cepis: Cucmemnuii
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MOJICITFOBAHHS JIMHAMIKU €JICKTPOHHUX MOTOKIB y Tpaji-
€HTHOMY MarHiTHOMY mioii [3, 4]. CkopucTaeMocs mOJsIp-
HOIO CHCTEMOIO KOOpAMHAT (T,Z,9) Ta 3alMIeMo raminb-

TOHIaH €JIEKTPOHAa B MAarHITHOMY IOJI B IMMUTIHAPWYHIN
cucreMi [5, 6]

2 2
ALY LN @
m m

e €,, M- 3aps] Ta Maca CIIOKOIO €leKTpoHa, P,, P,,
p, — KaHOHIYHi iMITynbcH, A — MarHiTHHH NOTEHIlial.
Moro 3 ypaxyBaHHSIM a3MMYTaJIbHOI CHMETpIi 3aITHIIEMO Y
surmsiti A= A(r,z)=rB(z), ne B(z) — nanpysxenicTs

MAar"iTHOIO MHOJIS B TOYIII.

O
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Control parameter, k

Puc. 6. 3anexHiCTh KEPOBAHOTO 3MIILICHHS
0 BepThKaii AZ Bij mapamerpa BuGopy mois K

PiBHAHHS pyXy A KOOPAHWHAT Ta IMITYJBbCIB MAIOTh
3arajJbHUN BUTIISL

pePe
m
2=Po
m
Py
§==| P _erB(2) ]2,
mlr %" (2) r @3)
1(p p
pr:_a _g_eorB(Z) r_zg_eoB(Z) '
D, = % &—eorB(z) ( eorEB(z)j

Sk BuzHO 3 piBHAHB (3), HA POPMYBaHHS TPAEKTOPIi
YAaCTUHKM BIUIMBAE SIK PO3MOALT MarHiTHoro mnons B
B3JIOBXK OCI Z, TaK 1 HOro moxijHa.

Y cucremi (3) i3 6 pIBHAHb PO3MIITHEMO Jpyre
PIBHSAHHS U1l Z Ta II’sIT€ I KAHOHIYHOTO IMITyJbCy P, .
3 mux piBHAHB BHIUIMBae, mo moxigHa dp,/dt moxe

3IUTHCS 710 HYJIS, SIKIIO

(pg—eorzB(zF))gs(z) =0. ()

. .\, . . 0 .
VY rpamieHTtHiit 06xacTi moximHa 6_5(2) HiZe HE
Z
HepeTBOPIOEThCs Ha Hynb (puc. 2, puc. 3). Ilpu z=1z,
IMITyJIbC P, NPONOPLINHUN KaHOHIYHOMY IMIyJbCY P, ,

to610 (2E/E,)’, me E -

E, =511xeB — eHepris crnokoro enexTpoHa. Ha nouarky

eHepriﬂ CJICKTPOHA,

pyXy iMIyIbC P, 3MIiHIOETbCS He3HayHo. Ilix yac pyxy

B3IOBXX TIO3JIOBXKHBOI BIiCi €JEKTPOH HaOIMKAETHCA
JBOPYY IO Tpami€eHTHOI oOmacTi, y skiii ¢yHkmis B(z)
mBUAKO 3pocTae. IIpu nocuts Benukii BenuanHi B(z:) B
JEsKi To4ull Z = z. 3HAYEHHSI KPYTJIOi TyXKH B (4) 00ep-
TaeTbCs B HyNb. HaOmmKeHHS 4acTKHM 1O Ii€l TOYKH Z ,

OIHAaK, HOCHTh aCHUMITOTHYHHI XapakTep pyxy Yy
panianpHoMy HanpsMKy. Cama KoopAuHATa Z. Ha oci Z

3aJICKUTH Bif 00paHOTO MarHiTHOTO Mo (AuB. puc. 3) i
Il ONMHCAaHMX BHIUE NONIB Ay,.., A, 3MilllyBanacs Bif
z. =180 mMm mpu k=0 mo z. =197 mm mpu k=7.
Takum umHOM, 30UIBIIEHHS Kepyrodoro mnapamerpa K
BIANOBIa€ 3araJikHOMY 3MEHIICHHIO aMILTITYy a1 nojis A
3rigHo (1) i ToMy OiNbII BIYyYaHHIO YaCTUHKH B TPaIEHTHY
obnmactk (OMB. puc. 6) npu Ol KOOpAUHATI Z = Z, .
MoxHa cKa3aTH, 1[0 Ma€ MicIe «OYyIbI03epPHUI» eEKT.

Po3riasiHyTO pyX €NEKTpOHIB y NHITIHAPHYHOMY
MAarHITHOMY TIOJIi 3 TIOTEHIIiaJIOM TPaIi€HTHOTO BHTJIALIY.
BuBueHo GpopmyBaHHS ImydKa 3 eHeprieo 55 keB y takomy
MarHiTHOMy moni. OTpuMaHO, MmO y BHOpaHOMY MO
BUXITHUA pPyX ENCKTPOHIB Y3IOBX IIO3I0BXKHBOI OCI
MIePEeTBOPIOETHCS Ha padiadbHUN pyX. BusHaueHo, mo Take
MEpEeTBOPEHHS OOYMOBJIEHO BIUIMBOM COJICHOIHAIBHOTO
MArHiTHOTO MOJIS 3 BEJIUKHAM IMO3J0BXHIM TPaJi€HTOM.
[TepeTBopeHHs]  NO3JOBXHBOIO  HANpPSIMKYy pyxy B
MoTnepeyHe BHSBWIOCS CTIHKUM Y Jiana3oHi eHeprii
20...55 xeB enekTpoHiB Ta inTepBaii 5...50 MM pajiadbHUX
pO3MipiB TydYka YacTHHOK. [lokazaHo, 1o TpH 3amaHid
eHeprii enexkTpoHa Ta ()iKCOBAHOMY MAarHITHOMY IO
rapaMeTpoM, 10 BU3HAYAE TIOBOPOT YACTHHOK, € TPATI€HT
MarHiTHOTO IOJIsI Ha MEXi AUTSHKY BIp0TY. OTprMaHo, o
e(eKT MOBOPOTY Ma€ MiCIle U1 IHTEpBaly pamiadbHHUX
pPO3MIpiB Tmydka, IO MNPHU3BOAUTH 10 (OKyCyBaHHS
YAaCTHHOK.

BucHOBKH. Y JOCKOHAJIEHHS MarHeTPOHHOI rapMary,
IO MOJISITA€ Y 3aCTOCYBaHHI iIHTEHCUBHUX MarHiTHUX TOJIiB
3 TJABUINEHWM TPATi€HTOM iXHBOI HAMPYKEHOCTi, A€
MOJKJIMBICTh PO3TJISHYTH HOBI SBUIIA B IPOCTOPOBIH
KapTHHI €BOJIOLI] €JIeKTPOHHUX ITyUKiB.

[NoxazaHa MOXJIMBICTH Ha OCHOBI PETYJIIOBAHHS TTOJIS
SK 116 KepyBaTH BEPTUKAIHLHOIO KOOPAMHATOIO C(OKY-
COBAHOTO ITy4yKa, TUM CaMHM JaHO iHTEpHpeTalilo Mopo-
TOBOi 3aJIS)KHOCTI peecTpalii eNeKTPOHIB Ha AETEKTOpi.
JocnikeHo 3aiexHicTb (GopMyBaHHS MiJICYMKOBOTO
pO3MOAIMYy YAaCTHHOK BifA aMIUIITYOW Ta TpalieHTa
MAarHiTHOTO TIOJI1 B3IOBX Bici cucremu. Ha ocHOBI
YHCENHbHOT MOJIEINI PYXY €JIeKTPOHHOTO ITOTOKY PO3IIISIHYTO
XapaKTEePUCTUKN PE3YyJIbTYIOUOro €JIeKTPOHHOIrO ITydKa.
IToxaszaHo, 1m0 My4oK, IO Ma€ BXiAHI pagiaidbHI po3MipH
5...50 MM, hokycyeThCs O BEepTHKAII HA JUISAHKY 1 MM.
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ELECTRON BEAMS IN THE GRADIENT MAGNETIC FIELD: CONTROL FOR CONVERTING
LONGITUDINAL MOTION INTO TRANSVERSAL

The motion of electrons in a cylindrical magnetic field with the gradient-type potential is considered. The motion of electrons in the cylindrical magnetic
field with the gradient-type potential is considered. It is found that in the selected field, the initial motion of electrons along the longitudinal axis is
converted into motion along the radius. It is determined that such the transformation is due to the action of a solenoidal magnetic field with large
longitudinal gradient. The transformation of the longitudinal direction of motion into the transverse one turned out to be stable in the energy range of
20...55 keV of electrons and in the range of 5...50 mm of radial dimensions of the particle beam. The main dependences of the motion of the electron
beam in the given solenoidal magnetic field are studied with the help of the software tool. The results of numerical simulation of electron trajectories in
the gradient magnetic field with the circular secondary emission cathode located in the middle of the system are presented. To study the mechanism of
stability with respect to magnetic field, two experimentally realized magnetic fields were used. Based on these two fields, arrays of additional 4 fields
are numerically synthesized. For the set of 6 named fields, the operation of the gun, in which the particle undergoes the stable transformation of the
direction of motion, is numerically studied. It is shown that for the given electron energy and the fixed magnetic field, the parameter that determines the
rotation of the particles is the magnetic field gradient at the boundary of the entry region. It is found that the rotation effect takes place for the considered
range of radial beam sizes, which leads to particle focusing. The possibility is shown to control the vertical coordinate of the focused beam on the basis
of the field adjustment, thereby giving the interpretation of the pore dependence of the registration of electrons on the detector. The dependence of the
formation of the final distribution of particles on the amplitude and gradient of the magnetic field along the axis of the system is studied. The results of
numerical simulation on the motion of the electron beam are presented. Based on the model of electron flow motion, the characteristics of the resulting
electron beam are considered. It is shown that the beam, having radial dimensions of 5..50 mm, is transformed and focused vertically on the area of
1 mm.

Keywords: electron beam, magnetron gun, electron dynamics, motion direction transformation, gradient magnetic field, control, mathematical
modeling.
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®OPMYBAHHSI PEKOMEHJALIHHOI CUCTEMM JIJI51 «PO3YMHOI'O PET'TOHY» 3 METOIO
OBPAHHS IHOOPMALIVMHUX TEXHOJIOTTHM TA iX PEAJI3AILIII IIPU CTBOPEHHI 3ACTOCYHKIB

[IpoBeneHo aHai3 MOXKIMBOCTI BTUICHHS HAUIIEPCIIEKTUBHILIMX METOIOJIOTIH, 110 CIIPSAMOBaHI Ha CTBOPEHHS iHPPACTPYKTYPH «PO3YMHOTO)» PETIiOHY.
JletaspHe OMpAIOBAHHS PENEBAHTHHX JOCHI/UKCHHIO HAYKOBHX PO3BIIOK [TO3BOJSIE BHAUIATH Kpalli HampalioBaHHs. barato noCiigHHKIB
30CEePePKYIOTBCS TUIBKH Ha TEOPETHYHOMY acIeKTi IUTaHHA. ABTOPH CTAaTTi IpOaHAIi3yBajid 3acaiyd CTBOPEHHs iH(OpMauifHO-TEXHOJIOri4HOT
w1atdopMy, 110 MOKIHKAHA MOJIETIIHTH TIPOLEC B3a€MO/IT MEIIKaHI PErioHy 3 0TO4y0u0I0 iH(pacTpykTypoto. @opMyBaHHS «PO3YMHOIO PETiOHY»
MOKJIMKAaHe 3a0e3[eYNTH aKTUBHY KOMYHIKAI[IO MPEACTABHUKIB Pi3HUX cdep ariomepariii, TOOTO OpraHiB MiCLEBOTO yIPABIiHHS Ta Pi3HHUX raiy3ei
¢dyskiionyBanHs periony. Came Koorepauisi IHX BKIMBHX JIAHOK JKHTTE3a0E3IEUCHHS KOHITIOMEpallil HaCeNeHUX IYHKTIB, O3BOJISIE PO3BHBATH
CTpaTerio HallJIeHy Ha MOKPALICHHs YMOB IPOKMBAHH Ta e)eKTHBHOTO BUKOPUCTAHHS pecypciB. Ha cboroati, Bike € psij YCIIIIHUX IPUKIIAIIB, 00
(opmyBaHHs meBHOro 6a3ucy i 3aKJIaKH YCIIIIHUX MiBaJMH JJIS PO3BUTKY «PO3YMHHUX perioHiB». Came aHaji3 KpalluxX METOAMK 3 METOK CTae
OCHOBOIO aIlTiKaIii Ha peamizariro KoHmemii «Po3yMHnii perion 3akapraTTs» Ta po3pOOIIEHHS BIACHOI HOBaTOPCHhKOI iHQOpMANiHHO-TEXHOTOTiHHOT
miaThOpMH TS BIIPOBAHKEHHSI TEXHOIOTIH «po3yMHOTO» cepenoBuia. Came depe3 po3poOeHHs SKiCHOT iHbOpMaIiiHO-TEXHOIOTIUHOT miaThopMu
3IIIHICHIOETBCS YIPABIIIHHS PO3YMHHUM PETiIOHOM, 11100 MOKPALIUTH SKICTh MOCIIYT, 1110 IPOMOHYIOTHCS TPOMaJIsTHaM, 1 3pOOUTH yCi MPOLIECH YIPaBIiHHS
Oinpm edextuBHUME. [ BifHAMIEHHS HAMKpamioro IUISXy IPOEKTYBAHHS Ta 3a0e3MEHYeHHs BHMOT TPOMAaM PO3poOISEThCS peKOMEHMaliitHa
cucrema o0paHHs 1H(pOpMAaIIHHIX TEXHONOTIH Ta X peasizalii, i SK pe3yIbTaT BUXIIHUMHU JaHUMH, 110 MAEMO OTPUMATH 30aJlaHCOBaHY, ONTUMAJIbHY
MOJIENb 3aCTOCYHKY [UTsl iH(pOpMAaLiHO-TeXHOTIOTiuHOI TIaTdGopmir «Po3yMHUIA perioH 3akapmaTTsi».

Kurouosi cioBa: indpacTpykTypa, pekoMeHJaliiiHa cucTeMa, iHpopManiifiHO-TeXHOIOTIYHA IaT(opMa, BeO-3aCTOCYHOK, JaHi, pO3yMHE MICTO,
PO3YMHHUIA PETiOH, aITOPUTM.

Beryn. YV cydacHoMy cycminbeTBi st GopMyBaHHS — rpomansHaMm. [HpopmamiiiHo-TexHoNoriyHa 1miatdopma

PO3YMHOTO pETiOHY TeHEPYEThCS HAOIp TEXHOIOTIYHHX
IHCTPYMEHTIB 1 pIIlIeHb, CIPSIMOBAHUX Ha 3a0e3MCUCHHS
KOM(OPTHOTO TPOKUBAHHS HOTO MEMIKAHINB, SKOCTI iX
KUTTS, ¢PeKTUBHOI KOMYHIKalii, po3BUTKY iH(pacTpyk-
TYpH, TPaHCIIOPTY, €KOHOMIKH, HAyKH, TEXHOJIOTIi TOwIO.
Po3ymHi iHIlIaTHBY CHIPSIMOBaHI Ha IOKPAIIEHHS CUCTEM 1
CTPYKTYp perioHy. BaxmmBuM HampsMom ¢opMyBaHHS
PO3YMHOI'O DErioHy € CTBOPEHHS CHCTEMHO BHUBAKEHOI
iHpOpMaLiHHO-TEXHOJIOT1YHOI IITaT(GOPMHU, IO CIIPUATHME
MIOKpAIEHHIO 1HTerpallii BCiX y9acHUKIB Ta X B3a€EMO/Iii B
Garatbox cgepax. PozyMHHI perioH po3rismaeTbest SIK
eKocHcTeMa 1 (POKYCYEThCS Ha 3a0€3MeYeHH] COMiaTbHUX
671ar, eKOHOMIYHOTO 3pOCTaHHS Ta CTBOPEHHI HOBUX MOX-
JIMBOCTEH, IPYHTYIOUNCh HAa BHKOPHCTaHHI iH(opMmamiii-
HHUX TEXHOJIOTiH, OCKIJIbKM caMe BOHHM MOXYTbH 3abesre-
YUTH HaJifHUMM PIlICHHSMH, SKI NPUHOCITH KOPUCTH

() ®

(IT-mmatdopma) — 11e 3py4HE CEpEeIOBHIIE I CTBOPCHHS,
PO3rOpTaHHS Ta YNPAaBIiHHS PI3HOMAHITHUMHU IIPOTpaM-
HUMH 3aCTOCYHKaMH, sike 00’eqHye y cobi amapatHe
3a0e3neUeHHs, ONepaniiHy CHCTEMY Ta Pi3HI KOMIIOHEHTH
MIPOTPaMHOTO 3a0€3MEeYCHHS.

IT-matpopmu MOXyTh  BKJIIOWAaTH B cebe
pi3HOMaHITHI TEXHOJOT1I, Taki sIK BipTyami3amis, 00JIiKOBi
3aMMCH KOPUCTYBadiB, Oe3MeKy AaHUX, aHAJITUKY JTaHUX,
PO3IOiNIeHNH IOCTYTI [0 AaHUX, YIPABIIiHHS IPOIIECAMHU Y
PI3HUX Taly3fX IiSUTBHOCTI pO3yMHOTO perioHy. Bonn
MOXYTh OyTH po3pOOJeHi Ui MIATPUMKH TIEBHHUX BUIIB
MPOTpaMHOro 3a0e3IeUeHHs, HANpHKIad, BeO-3aCTOCYH-
KiB, MOOLIEHHX 3aCTOCYHKIB 200 iH(QOpMaLiTHUX CHCTEM.

Came 3 nOmMOMOroro iH(GOPMAIiHHO-TEXHOJIOTTYHOT
wiaTopMu 31HCHIOBATUMEThCS YIIpaBiHHS «Po3yMHUM
perioHoM 3akapnaTTs», M00 IMOKPAIIUTH SKICTh MOCIYT,
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0 TPOIIOHYIOThCS TPOMajsHaM, 1 3pOOHMTH yCi IpouecH
yIpaBJIiHHS OUIBII €)EKTHBHUMH.

Mera nmaHoi crarTi — mpoaHali3yBaTH OCOOIMBOCTI
CTBOpPEHHSI PEKOMEHJaliiHOI crucTeMH BHOOpY iH(opMa-
LiITHUX TEXHOJIOTIH Ta X peanizaliii 3 METO0 pO3po0IIeHHS
3aCTOCYHKY i iH(opMaIiitHO-TexXHOIoTiYHO1 maTdop-
Mu «Po3yMHMIT perioH 3akapmatTTsi».

AHani3 ocranHix gociaimkens. Kopinaa Mopanni,
Amnnpea Pomanno, Credano Jli Bita nmpe3eHTYIOTh pe3yiib-
TaTH JOCIIDKEHHS B3a€MO3B’ 3Ky MK iH(poOpMariitHuMu
Ta KOMYHIKaIliifHIMU TEXHOJOTISIMH i IPOCTOPOBHM IDIa-
HYBaHHSIM, PO3BHMBAIOYN KOHIICTIIIIIO «PO3YMHOCTI MicTa
JI0 PEeriOHAILHOTO BUMIpY. ABTOPH JOCIIIUIN BUKOPHC-
TaHHSA IHGOPMAIIMHUX Ta KOMYHIKAI[IHHUX TEXHOJIOTIH
JUIsl TIPEACTABIICHHS, IPOCYBaHHsI, YIPaBIiHHSA Ta MOMIN-
PEHHS IHTErPOBaHOI CHCTEMH HOCIYT Y PO3YMHOMY MICTi;
MPOCTOPOBUH BILIUB IIU(POBHX MOCIYT HA PO3BUTOK Y Pi3-
HUX MacmTabax (perioHaIbHUMA, MicCbKHA, MicrieBuit) [1].

I". Bimamosa, M. Kuiminr BiJ[3HAYAIOTH, 0 Y HrkHIN
CakcoHii 3aCTOCOBYIOTh HOBHH MigXiJ JO YIPaBIiHHS 3
METOIO IiIBUIICHHS €()EKTUBHOCTI PO3BUTKY Ta BIIPOBAJ-
JKCHHS 1HHOBAWill TIiJ] HAa3BOI «PO3YMHHH PpETiOH».
ABTOpU aHai3yl0Th (haKTOPH, IO CHPUSIOTH YCHIIIHOCTI
TaKUX MPOEKTIB, a TaKOX MpOOJIEMH, 10 BHHUKAIOTH B
mpoIieci iX peaiizaiii, JOCTIKYIOTh POJib CHIBOpAIi y
BU3HAYCHHI IHHOBALlIHHUX NPIOPUTETIB Ta HAJIAro/PKEHHI
IHHOBAIIHHUX TPOIIECIB. Y CTATTi Bi3HAYAIOTHCSI MEPEXKI,
KJacTepH Ta riatdopmu sk BaxuBi Gopmaru criBnpari
JUI Tiepenadi 3HaHb Ta NMPOCYBaHHS iHHOBaIiil. ABTOpH
BiZI3HAYalOTh, IO IPOLEC CTPATETiyHOTO IUIaHYBAaHHS
«3HH3Y BrOpy» Y «pO3yMHOMY PETiOHI» MiATpUMaHUH NpH
BHU3HAYCHHI NMPIOPUTETHUX HANPSIMKIB €KOHOMIYHOTO PO3-
BHTKY Ta TEXHOJIOTIYHOI crrerianizaiii B perioni ['amOypr,
mio y IliBnenniit Enp0i.

ABTOpHU HaroJomyoTh Ha AOLUILHOCTI (YOPMYBaHHS
perioHanbHUX MPOEKTIB. B perioni 'amOypr po3pobiiennit
I'eHepanbHuUii 1U1aH peaizaiii iIHHOBAIIMHUX MPOEKTIB, 110
BPaxoOBY€ CTpATETiuHI MPIOPUTETH Clieliaii3alii periony.
DopMyBaHHSI «PO3YMHOTO PETiOHY» IMOKIIMKaHe 3abe3Ie-
YyBaTH aKTUBHY KOMYHIKAllif0 MpPEACTaBHUKIB OpraHiB
MICIICBOTO YIIPABIiHHSA, €KOHOMIYHOI Tay3i Ta HAYKOBHX
KiJT.

ABTOpH CTBEpIKYIOTh, IO ITOB’s13aHi 3 IHpOPMAIIiii-
HUMH Ta KOMYHIKaIlifHUMH TE€XHOJIOT1SIMU iHHOBAIIii CITpH-
SI0Th (POPMYBaHHIO PO3YMHOTO PETiOHY, y SIKOMY aKTHBHO
PO3BHUBAIOTHCS YHIBEPCHTETH, BEIHMKI KOMIIaHii, opraHi-
3amii 1 TemaTWyHi Kiactepu. Pe3ympTatm mpoBeneHOro
JIOCITIKEHHS TTATBEP/DKYIOTh, IO CIiBITPAIlS 3 IHHOBAIIiii-
HUMH Cy0’€KTaMH, pO3TAalIOBaHUMH HOOJU3Y CTOIMIHHUX
Mmict I'amOypra, bpemena Ta 'anHOBepa crnpusie cTUMy-
JIIOBAHHIO 1HHOBaLIH y perioHi 'amOypr.

ABTOpH BiJI3HAYAIOTh, IO IHHOBALIWHI IiIXOAU O
YIPaBIiHHS «PO3YMHUMH PETiOHAMMUY» CHPHSIOTH CTAIOMY
perioHalbHOMY PO3BUTKY Ta TEpUTOpialibHIH €IHOCTI,
TaKWA{ MiIXix 3a0e3euye YaCTKOBE BHUPIMICHHS MiCIICBHX
E€KOHOMIYHHUX, COI[IaIbHUX YH SKOJIOTIYHUX mpodiem [2].

®abpinio Apneono; Pobepra Kacremni; [lanmmo
Borra amamisyroTe mocBim perioHy II’eMOHT, B siKOMY
MIPOBEICHO PEOPTaHi3aIliI0 MAPaJUTMH «PO3YMHOTO MICTa)
Ha KOHIIEMIIII0 «PO3YMHOTO perioHy». Pi3HI MpPOEKTH Ta
TEXHOJIOTI1, 3a/isiHI B I MEePCIIEKTUBHIA 3MiHi, OMUCaHi

Yyepe3 IeHe3UC €JMHOT0 PETiOHaJIBHOrO LEHTPY 00ciIyro-
ByBaHHsI, BTUICHHS MiJXOJy MOOLIBHOCTI SK MOCIYTH.
Po3ymHuit perioH € He JHIIe TOYaTKOBOIO TOYKOIO, aie i
BiJIIIPABHOIO TOYKOK HOBHX 3MiH [3].

Konuent «ingopManiiiHo-TexHoJIOTiYHAa MIIaT-
¢opmay. {11 cTBOpeHHS KOMPOPTHOTO KOMYHIKaTHBHOTO
CepeOBHUINa «PO3YMHOTO PETiOHY» JOUUIBFHO PO3pOOISITH
iH(pOpMaiHHO-TEXHOJOTIUHy IaTgopma, 0 IMOETHYBa-
THME pi3Hi IpOrpaMHi 3aCTOCYHKH, iH()OpMAaIiifHi TeXHO-
Jyorii Ta BiAKpHUTI iHQOpMaIIiifHi pecypcH.

«Po3ymHHI perioH» 3a aHAJOTIEI0 «PO3YMHOTO MicC-
Ta» MOKEMO BU3HAYHTH SIK BIIIKPUTY, CKJIaIHY Ta aJanTo-
BaHy CHUCTEMY, II0 IPYHTYETHCS Ha KOMIT FOTEpHIii Mepexi,
iHpopManiiHO-TeXHOJIOTIYHIN 1aThopMi Ta iHdopMmariii-
HHUX pecypcax, sIKi CIPHSIOTH CTBOPEHHIO BipTyaJbHOTO
QpoBOro cepeoBUIIa PErioHy.

IT-nnardopmu 103BONISIOTH CTBOPIOBATH, TECTYBATH,
BIPOBAKYBaTH Ta KEPYBATH ITPOTPAMHHIMH 3aCTOCYHKAMH
B 3pY4YHHH CIOCiO, IO CHpuse MiIBUIICHHIO MPOAYK-
THUBHOCTI Ta 3HMKEHHIO BUTPAT HA PO3POOKY Ta EKCIUIya-
Talil0 IpOrpaMHOTO 3abe3nedyeHHs. Takok BOHH MOXYTb
JIOTIOMOTI'TH 320€3MeUNTH CTaHIapTH3ALII0 TEXHOJIOTIH, 10
JIO3BOJISIE 3MEHIIUTH CKJIQIHICTh Ta 30UIBIINTH e(EeKTUB-
HICTh PO3pPO0JICHHS TPOTPaMHOT0 3a0€3Me eHHSI.

Indopmauiitno-komyHikaniitna mardopma Qopmy-
€TBCSL 13 OKpEeMHUX IPOTrpaMHMX 3aCTOCYHKIB, iH(opma-
LIHUX TEXHOJOTiH Ta iHpopMaliiHKX pecypciB. Takum
YMHOM KOHIENT «iH(opMmaniiiHo-TeXHoJIoTiYHa TaTdop-
May, TiICHO TTOB’s13aHUH 3 iH(pOPMAIiTHIMH TEXHOJIOTIIMH,
X04Ya OXOIUIIOE MHOXKMHY KOMIIOHEHTIB. Taki ruiardopmu
HaOyBarOTh BCE OUTBIIOTO IHHOBAIIITHOTO 3HAYEHHS Ta
BUKOPUCTOBYIOTECS B 0araThox cdepax (yHKIIOHYBaHHI
perioHy. Pa3om 3 TuM neit KOHIENT HE OTPUMAaB HiTKOTO
BU3HAYCHHS, & TPYHTYETHCS HA 3arajlbHOMY PO3YMiHHI,
HUM TIOCIyTOBYIOTbCS y HAyKOBUX ITyOJIKalisiX pPi3HUX
rajry3ei 3HaHb.

P. ®imman BiA3Hayae, 1m0 B MPOIECi PO3BUTKY
iHpOpMaliHHUX TEXHOJIOTiH KOHIENT «iHdopMaliitHo-
TEXHOJIOTIYHA TIaT(GOpMay» BCE YACTIIIE PO3TIISIAETHCS K
TEXHOJIOTIYHUI TpeH., sKuil 3abe3rnedye OCHOBY IS
PO3TOpTaHHS 3HAYHOI KUTBKOCTI 3aCTOCYHKIB Ta Oi3Hec-
nporeciB [4]. Huzka mocnmigHUKIB iMIUIEMEHTYBasla el
KOHIIENIT Yy PsI aKaJeMIYHUX AUCHUILTIH. [locimiqHuKu
Macauycetrcpkoro yHiBepcurery T. Eisenmann Ta iH. [5]
BBAXXAIOTh IIAaT(opMy 3aco00M, 10 J103BOIISIE 00’ €AHATH
(yHKITIOHATEHI MOXJIMBOCTI PO3pOOJIEHOTO 3aCTOCYHKY 13
IITOBOIO METOO 3aCTOCYHKIB, IPEICTABICHNX B MHOKHHI
3aCTOCYHKIB, IO PO3TamIoBaHi Ha TuaTdopMi, sKa 3a0e3-
Mevye CIidbHE iX BUKOPUCTAHHA. Takwil miaxing crpusie
€KOHOMII yacy Ta 00CSATY XMapHUX CXOBHIII.

JloCmiTHUKY pO3TISIIAIOTh MiIXOAHW 0 PO3TOPTAaHHSI
wiatdopmM, cepen SKUX CHOPMYIIOBAIM CTPATETIIO, SKY
Ha3BaJIM OXOIUIEHHAM TLiaTdopmu. [i cyTh nonsrae B Tomy,
1110 y BUMA/KY, KOJIM y TIPOBaii/iepiB miatdopm, siki oociy-
TOBYIOTh Pi3Hi CErMEHTH, 1HO1 30iratoThcs 6a3u KOPHUCTY-
BadiB, 1[0 MOTPEOYIOTH MOJIOHNX KOMIIOHEHTIB, IOLIEHO
3aCTOCOBYBATH TEXHOJOTIK KOHCONiIAIii, 00’€JHaBIIN
(hyHKIIOHATBHICTH CBOET BIacHO{ m1aThopMu 3 MIJILOBOIO,
mo6 3a0e3NeYuTH CHUTBHI TOTpedW KOPUCTYBAdiB ¥y
3araJbHUX KOMIIOHEHTaX [6].
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M. Kycymano [7] BBaxae, 110 TEXHOJOTIYHA ILJIaT-
(dbopMa I €KOCHCTEMHU — II¢ Ha0lp CHUIBHUX OCHOBHHX
TEXHOJIOTIH 1 TEXHOJIOTIYHHX CTaHIAPTIB, IO JICKATh B
OCHOBI OpraizamiiHoi cdepu 1 MIATPUMYIOTH CHUIbHE
CTBOPCHHS I[IHHOCTEW Yepe3 CIeliali3alliio Ta J0AaTKOBI
mpono3umii. Ha nymMKy mocmimamka — 1e HaHmmpoxo-
MacITaOHIMAK i HEOTHOPITHUN TOTIK, SKAH CIHPAETHCS
Ha pI3HOMAHITHI TEOPETHYHI TOYKH 30pPYy, BKIIOYAIOUH
MIPOMHUCIIOBE CITIBTOBApPUCTBO, CKOHOMIiYHI e(eKTH Ta
pecypcen [8].

JI. Tomac, E. HaBin, M. I'aan [9] BBakaroTh, IO
TEXHOJIOTIYHI IUIaTGOPMHU — 1€ HE CTIJIBKH IPOIYKTH,
CKIIBKU TPOLIECH YH MOCIYTH, SKi CHPUSIOTH 3pDOCTaHHIO
MPOJXYKTUBHOCTI E€KOHOMIKH. JlOCHITHUKH TpaKkTyIOTh
KOHLIENT IJIaTopMa K CYKyIHICTh TPOIYKTIB, TPOLECIB 1
TIOCITYT.

P. MaHremMaHTHH TPaKkTyIOTh KOHIIETIT «TEXHOJIOTIYHA
wiatgopma» SK NPOLYKT KyMYyJISTHBHHX IHBECTHLIH Y
HAYKOBO-JIOCTITHI PO3pPOOKH, SIKi CTBOPIOIOTH CiMeicTBa
TeXHoNoTiyHuX BapianTtiB [10]. Takwmit migxing mepery-
KyeTbes 3 TpakTyBaHHAM T. Kyna [11], a Takox b. Kima,
SIKAH BBa)Kae€, 110 HaOlp OCHOBHHUX TEXHOJIOTIH JO3BOJISE
BIIPOBAPKYBaTH Ta cTuMmyntoBaTH iHHoBauii [12]. b. Kim
BBaXkae, 0 IpU (OpMyBaHHI TEXHOJIOTIYHOI miaTdopmu
BUKOPHCTOBYETBCSl JIEKUIbKA IOKONiIHb TexHosorid. Ha
JIYMKY JOCIIiTHUKA, BEJIUKA KUTBKICTh MPOAYKTIB 1 MOCIYT
MOKe OyTH OTPHUMAHO 3 KOKHOTO MOKOJIHHS TEXHOJIOTIH,
SIKI TIPOXOJISITh KUTTEBUH LUK 1 3 4acoM OyAyTh 3aMiHEHI
HACTYITHUM ITOKOJIHHSM. SIK cTapi, Tak i HOBI TEXHOJIOTII,
Ha QYMKY aBTOpIB, IOIIBHO PO3TAIIOBYBAaTH Ha OIHIHN
TexHoJoTiyHIA mnardopmil12]. JocmigHUKN aHATI3yIOTh,
SK KepyBaTH IIEPEXO0JIOM MOKOJIHb TEXHOJOTIH 3 TOUYKH
30py MaKpOpiBHS, pO3pOOJISIOYM aHATITHYHI MOJENi Ta
TECTYIOUH X 3a JOIIOMOTOI0 1H(QOPMAIITHOTO MOJIEITO-
BaHHs. Pe3ynbTaTu MoKa3yloTh, K KIIOYOBI BU3HAYAJbHI
(axkTopu B3aEMOIIIOTH OAMH 3 OJHUM, 30KpeMa, SKHH
ONTHMAJIBHUK Yac IMepexoly MK IHOKOJIHHSMH TEXHO-
JIOTiH, SIK WOro MOKHAa BH3HAYMTH, OILIHIOIOTH BapTiCTh
MEPEXOAy Bifl OJHOTO MOKOJIHHS IO iHIIOrO Ta KOPHCTH,
SIKYy €KOHOMIiKa OTPUMYE BiJl BAKOPUCTAHHS TEXHOJIOTTYHOT
m1aThOopMH.

C. Benpaiirt, K. Kimapk Ta iH. [13] BBaskanu npoexTu
w1aTGopMH OpiEHTOBAHUMH HA NOTPEOH OCHOBHOI TPYIH
KITIIEHTIB, MPU3HAYCHUMH JIJISI JIETKOT MOIU(IKAIl] TUITXOM
JOJaBaHHs, 3aMiHM Ta BHAANeHHS (QyHKIiH. Take BH3HA-
YeHHsI KOHIIENTY HE IOSICHIOE, SK BiJ0OyBa€eThCs MOJIU-
¢ikamis TPOAYKTIB, a KOHIennioo miarpopmMu Oyio
3aCTOCOBAHO JI0 Pi3HUX TUIIB MOAU(DIKAIIiH.

T. Cimricon, 0. Maep, @. Mictpe [14] po3noaimunu
KOHIIETIT «TE€XHOJIOT14Ha mIaT(opmM» Ha IeKijbKa THIIIB:

Jo mepmioro tumy BigHeceHo Bu3HaueHHs T. Cimii-
coH, 0. Maep, ®@. Mictpe, sike epeKoHye, 10 OJHUM i3
THUIIIB € MacmTaboBaHa MPOAYKTOBA IUIaT(GopMa, siKa Mae
KOMITOHEHTH, IKi MalOTh OJTHAKOBY (YHKIIif0, ajie 3 Pi3HuU-
MU MOXJIMBOCTSMH [15].

Jpyruii TMII — 116 BU3HAYEHHS TEXHOJIOTIYHOI IUIaT-
(dopMH sIK TIATPOPMH MPOIYKTIB, 1 PO3IIISIAE KUTTEBUNA
LUK [POAYKTY SIK OCHOBY MJIsl IIBUJIKOTO PO3BHUTKY
HACTYITHOTO TTOKOJIIHHS MPOIYKTIB, 0 0a3yeThCs Ha Bi-
MIHHOCT1 MiX JXUTTEBUM ITUKJIOM TUIAT(GOPMH TPOIYKTY,

JKUTTEBUM LIMKJIOM AM3aiHY MPOJYKTY Ta )KUTTEBUM LUK~
JoM BapiaHTy nponykrty I'. Boibdmana ta A. AnGnaca
[16].

TperiMm, Tunom TpakryBaHHs 1iardpopm M. Maepom
ta }O. YHTepOakoM € po3risy iX sk MOy IbHUX MuaTdopm,
JIe BapiaHTH MPOAYKTIB B CEPEIHHI CiMEHCTBa MPOAYKTIB
CTBOPIOIOTHCA IIITXOM 3aMiHA MOZIYiB [17].

Po3pobiaenns pexomenganiiinoi cucremu. Ogaum
i3 emeMeHTIB iH(QOPMAIIHO-TEXHOJIOTIYHOI IITaTHOPMHU
«Po3ymHHI perioH 3akapmaTTsa» € TPOTPaMHHUI 3aCTO-
CYHOK — peKOMeH/alliiiHa cucTeMa, sika JOoroMarae oOm-
patu edeKkTHBHI iHpOpMAIiiHI TeXHOIOTil, iX peamizarii
JUIsl CTBOPEHHS 1H(OPMAIITHUX CHCTEM Ta 3aCTOCYHKIB 3
BpaxyBaHHSIM (PYHKLIOHAJIBHUX 3aBIaHb, sKi 3 IX JoIO-
MOT'OI0 BUPILIlyBaTUMYThCs. JlaHi 010 BUMOT /10 MaiOyT-
+HBOTO NPOTrPaMHOTO 3aCTOCYHKY BHOCSTBHCS SK BXIiJHI
JIaHi JJ1s1 peKOMEeHAaniiHoi cucteMH. J{ai mpoBOAUTRCS iX
aHaJi3 i Ha HOTO OCHOBI TeHEPYIOTHCS pEKOMEHIAII 010
0o0OpaHHs iH(pOpMAIIITHIX TEXHOJIOTIH, a B MEXaxX KOXKHOTO
KJacy iHQOpMaIiifHIX TeXHOJNOTiH Kpamli peamizamii, st
PO3pOOIIEHHST MPOrPaMHOTO MPOIYKTy. [yl BU3HAYCHHS
JOLITHPHOTO BUKOPHUCTAHHS Ti€i 9M iHIIOI iH(pOpMamiiHO-
TEXHOJIOTIYHOI peaizauii mpu po3po0eHH] 3aCTOCYHKY Y
pEKOMEHAAITIHHIM CHCTEMI BUKOPUCTOBYETHCS METOJ aHa-
ni3y iepapxiit. Pesynprat BHOaroThCs y Gopmi TabIHIL
(tabxn. 2 Ta Tabu. 3) i3 HOAANBLIOO Bi3yalialli€lo y BUIIISI
niarpam (puc. 3 ta puc. 4).

Meron anamizy iepapxiii pospobienuit Tomacom
JI. Caari [18] 1 Bix Tozi BAOCKOHAMIOBAaBCA. MeTO ] aHAITIZY
iepapxiii mepenbadae BUIIICHHS TPHbOX CKJIAIOBHX: KiH-
eBoi MeTH abo mpoOiieMu, SKy HEOOXiTHO BHUPINIHTH,
MOXJIMBI PILIEHHS, SIKI HA3WBAIOTHCS aJlbTEpHATUBAMH, 1
KpUTepii, 32 IKUMH BiZOyBaTUMETHCS OILIHIOBAHHS aJIbTEeP-
HatuB. MeTox 3a0e3nedye palioHaNbHY CTPYKTYpY JUIs
NPUIHATTS PIlIEHHS [UIIXOM KiUJIBKICHOTO BHM3HAYEHHS
KpHUTEpIiB Ta aJbTEPHATUBHHUX BapiaHTIB.

ExcriepTd MOpiBHIOIOTH BaXJIMBICTh KPUTEPIIB 1ILIS-
XOM TMOMapHOro NopiBHsAHHA. OILIHIOBaHHS MOXe OyTH
BepOaJbHUM, SIKE 3rOJIOM MEpPETBOPIOETHCS B BaroBi
KoeilienT, sKi MOXXHa ToOpiBHIOBaTh. L1 KimbKicHE
OIIiHIOBAHHS BiAPI3HSIE METOJ aHANI3Y iepapxill BiA iHIIHX
METOJIiB, SIKi JIO3BOJISIIOTH I'€HEPYBATH PEKOMEHIAIii JuIs
NPUHHATTS PilIEHb.

Ha ocrannboMy eTari mpomuecy 004HCITIOIOThCS YHC-
JIOBI TPIOPHUTETH ST KOXKHOTO 3 aJIbTEPHATHBHHUX Bapi-
aHTIB.

KopuctyBagamMn pekoMeHIAIiHHOI cHCTeMH Iepe-
BaXXHO OyIyTh 5 aKTOPiB:

®  BIIACHUK MPOJAYKTY;

NIPOEKTHUI MEHEIIKED;

IEKeHep i3 3a0e3meueH s SKOCTi;
DevOps-inxenep;

PO3pOOHUK.

Pobora pexomennaniiiHoi cucremMn BigOyBaeThCs 3a
HaCTYITHUM aJITOPUTMOM:

Kpok 1. Peectpamisi KopucTyBadiB, siKa JJIO3BOJISIE
KOpHCTYBa4aM CTBOPIOBATH OOJIIKOBi 3amMCH 3 YHIKaJIb-
HUMH iIeHTH(IKATOPaMH Ta APOJIIMHU [T aBTOPH3AIlii.

Kpok 2. ABropmsarist Ta aBTeHTH(]IKamis KOPUCTY-
BadiB, SKi JO3BOJSIOTH KOPHCTyBadaM aBTOPH3YBaTHCS Ha
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calTi Ta IMPOBOAWUTH aBTCHTH(]IKALIIO 3 BUKOPUCTAHHIM
3ac00iB, TAKUX SIK TOKECHH, CECIHHI KITI0Yi TOIIIO.

Kpoxk 3. BHecenHs 1aHux 1mpo c)opMOBaHi 3aMOBHH-
KOM BUMOTH JI0 3aCTOCYHKY.

Kpoxk 4. ITin6ip iHpopManiiHoi TeXHOIOTii Il po3-
pOOIEHHS 3aCTOCYHKY.

Kpox 5. [ixgbip peamizamiit o6panoi iHdopmariitaoi
TEXHOJIOTII.

Kpox 5. [IpoBeneHHS €KCIIEpTHOTO OILIHIOBaHHS Ha
OCHOBI aHaJi3y KOMEHTapiB Ha OQiIiifHNX caiiTax po3pod-
HUKIB 3aCTOCYHKIB.

Kpoxk 6. I'eHepyBaHHSI peKOMEHAAIlIN 3 BUKOPUCTAH-
HSM METOJy aHaJli3y iepapXii.

Kpoxk 7. Bizyaunizarist pe3yabTaris.

Po3rnsiHeMo reHepyBaHHS peKOMEHIAlill CHCTEMOIO
Ha NPUKIAAlI peanizamid Kjiacy XMapHHX TEXHOJOTIH.
[MepeBaru koxHOT peaizaiii OLIHIOIOTHCS 3a PI3HUMH KpH-
TEPisIMH.

JlocsATHEHHS METH TIOJsATae y BHOOpPI OHIi€l 3 anb-
TepHATHB HA OCHOBI MHOXHHH C(OPMYJIBOBAaHHX KpHUTE-
piiB. Bubip anpTepHaTHBH BUKOHYETHCS OOUNCICHHSM €J1e-
MEHTIB BEKTOpa MPIOPUTETIB, SIKi MOCTABJICHO Yy BiAMOBIA-
HICTb KOXKHIi albTepHATHBI. AJIbTEpHATHBA 3 HAWOIIBIINM
3HAQUEHHSM TAKOTO EJIEMEHTa BBAXKAETHCS HPUHHATHM
piLIEHHAM.

[lpu mpoBeneHHI NOMApHUX MOPIBHSHb peaizariii
XMapHHUX TEXHOJIOTiIH BU3HAYAETHCS, KU 13 IBOX MOPIB-
HIOBaHUX 00’€KTiB BayIWBIilIMiA. Mipa mepeBaru 00’ ekrta

A; Has 00’€KTOM Aj BHP@XKAETbCs CIEMEHTOM MATPHL

ajj - Matpuus napHux NOpiBHAHL A Mae BIACTHBICTb 3BO-

POTHOI cUMeTpii i BUKOHY€EThCS YMOBA!

BuxopucranHiO MeTOAy aHaNi3y iepapxiii mepemye
eKCIIepTHE OIIIHIOBAaHHS peallizalliii 3a HH3KOK KPUTEpiiB.
Js mopiBHSHHS 00paHO peaii3alii XMapHIX TeXHOJOTIN
AWS, Azure, Google.

Peaizauis Amazon Web Services (AWS) € nposin-
HHUM IIPOBalZIEpPOM XMapHHUX TeXHOJoridH. AWS mnpononye
LIMPOKHHA CIIEKTP MOCIYT, BKIOYAIOYM OOYMCIIOBANIBHI,
MepexeBi, 30epiranHsi JaHuX, 0a3u AaHUX, IHCTPYMEHTH
aQHAJITUKH, MITYYHUH IHTEJIEKT, MallMHHE HaBYaHHS Ta
1HIII.

AWS wMmae Oe3niu mepeBar, BKJIIOYAIOUYH BHCOKY
JIOCTYIHICTh, MacmTaboBaHiCTh Ta Oe3mneky. KiieHTH
MOXYTh BHMKOPHCTOBYBAaTH pi3HI mociayru AWS, miob
3a0e3NeunTH BUKOHAHHS CBOIX Oi3Hec-moTped, 3HM3HUTH
BUTPATH Ta MOKPAIIUTH €()EKTHBHICTb.

AWS Takoxx mpornoHye 0e37i4 iHCTPYMEHTIB yrpaB-
JiHHA Ta MOHITOPHHTY, Takux sk Amazon CloudWatch,
AWS Management Console Ta AWS Command Line
Interface (CLI), siki J03BOJIAIOTH KOPUCTYBAaYaM 3 JIETKICTIO
KOHTPOJIIOBATH Ta BiJUIaroKyBaTH CBOi XMapHi CEpBICH.

3aranoM, AWS € 10cUTb MOTYKHUM Ta PO3LINPEHIM
IHCTPYMEHTOM, SIKMH MOXE IOMOMOITH IiANPHUEMCTBAM
Oy/Ib-sKOTO pO3Mipy 30UIBIIYBATH CBOK) IPOIYKTHBHICTh
Ta 3HWXKYBATH BUTPATH.

Peanizanis Azure — e Ha0ip MoCiyT, 1110 HAAIOTHCS
Microsoft Azure nmns 3a0e3meveHHs XMapHUX OOYHCIICHb.
Azure € OHI€IO 3 MPOBIIHUX MIATGOPM XMapHUX 00YHC-
JICHB, sIKa TIPOIIOHYE PI3HOMAaHITHI CepBiCH:

Bipryanpni mamuman: lle MoXIHMBiCTH 3amyckaTu
BipTyaJIbHI MaIlMHH B XMapi, Je¢ MOKHA HaJalTyBaTH
pi3HOMaHITHI OmepariifHi CHCTEeMH Ta MPOTrpaMHi 3aco0H,
SIK1 TOTPiOHI AJIS 3aITyCKY 3aCTOCYHKIB.

Azure App Service: Lle MOXIIHBICTD pO3TOPTaHHS Ta
KepyBaHHS Be0-3aCTOCYHKaMH Ha Azure, IO JO3BOJIIE
30CepeuTHCs Ha po3poOIli mporpamMu, a He Ha KepyBaHHI
iHQpacTpyKTypoOIO.

Azure SQL Database: Ile mocmyra, sika J03BOJISE
CTBOPIOBATH Ta KepyBaTH 0a3aMu JaHUX B Azure.

Azure Cosmos DB: lle rodansHo po3nojisicHa 6a3a
JIaHUX, SIKa JI03BOJISIE MIBUJIKUI TOCTYN 10 NaHUX B OyIb-
SIKOMY MICIIi CBITY.

Azure Storage: Lle HaGip mocmyr mns 30epiraHHS
JMAHUX B XMapi, BKIOUalO4n ONOK-30epiraHHs, QaiimoBe
30epiraHHs Ta HIII.

Azure Virtual Network: Ile mociyra, ska m03BOIIsIE
HaJIAIITOBYBAaTH TPHUBAaTHI Mepexki B XMmapi Ta 3abesrie-
YqyBaTH Oe3MeKy MK PI3HUMH KOMIIOHEHTaMH 3aCTOCYHKY.

Azure Active Directory: lle imeHTndikamiiiHa Ta
yIpaBJiHCHKA MOCIYTa, SKa J03BOJISIE KEPYBaTH JOCTYIIOM
KOpPHUCTYBayiB 70 PI3HUX CEPBICIB Ta JOAATKIB B XMapi.

I peanizamisi 103BOJSE PO3POOHHMKAM Ta IiINPHU-
€MCTBaM LIBHJKO Ta €(EKTUBHO CTBOPIOBATHU, PO3TOPTATH
Ta KepyBaTH 3aCTOCYHKaMHU.

Peanizanis Google — 1ie Habip mocyT, SKi HATAIOTHCS
Google Cloud Platform (GCP) mist 3a0e3medeHHs XMapHUX
obunciens. GCP e ogHiero 3 mpoBigHUX WIaTGopM xmap-
HUX OOYHCIICHb, STKa HaJa€e PI3HOMAHITHI CEPBiCH, TaKi sIK
oOumcieHHs, 30epiraHHs JaHUX, IITyYHUH IHTEIEKT Ta
iHmn. [leski 3 xmapuux nociyr Google, ski HajarTbCs
Google Cloud Platform, BxitouaroTs:

Google Compute Engine: Ile mociyra BipTyanbHUX
MAIllMH, SKa TO3BOJISIE 3allyCKaTH BIPTyasibHI MAlldHH 3
PI3HMMHU OTNepalifHUMK CUCTEMaMH Ta HaJlalllTyBaHHSIMHU.

Google Kubernetes Engine: Ile mociyra koHTelHe-
pH3allii, sKa J03BOJIAE KEPyBaTH Ta OPKECTPYBATH KOHTEH -
HEpH 3 3aCTOCYHKAMHU.

Google Cloud Storage: Lle Habip mociyr ams 36epi-
TaHHA JaHWX B XMapi, BKIFOYAlOYN 00’ €KTHE 30epiraHHsi,
(hattroBe 30epiraHHs Ta HIII.

Google BigQuery: lle mocmyra ompaimfoBaHHS Ta
aHaJi3y BEJIIMKHX 00CATIB AaHWX 3 BHKOpHCTAaHHIM SQL-
3aTMTIB.

Google Cloud Al Platform: Lle Habip iHCTpyMeHTIB
JUISl CTBOPEHHSI Ta HAaBYaHHS MOJENIe IITY4HOTO iHTe-
JIEKTY.

Google Cloud Functions: Ile mociyra, sika 103BOJIsE
3amycKaTu Koj 0e3 HeoOXiZHOCTI KepyBaHHS BipTyallb-
HUMH MalldHaAMH.

Google Cloud Identity and Access Management: Lle
ineHTH(IKalil{Ha Ta YIPaBIIHCHKA MOCITYyTa, SKa J03BOJISIE
KepyBaTH JOCTYIIOM KOPHCTYBadiB JIO Pi3HUX CEpPBICIB Ta
3aCTOCYHKIB B XMapi.

s peamizamisi 103BOJIIE PO3POOHUKAM Ta IMiIIPH-
€MCTBaM IIBHUAKO Ta €()EKTHBHO CTBOPIOBATH, PO3rOPTATH
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Ta KEpyBaTH 3aCTOCYHKaMH Ta IOCIyraMd B XMapi, 3a-
Oe3rneuyloud BUCOKY NPOJYKTHBHICTh Ta MaclITaboBa-
HICTB.

[ITkana eKcriepTHUX OLIIHOK 200 CTYIEHIB BasKJINBOCTI
— sl TMapHUX IOPIBHSAHb IPH OIL[HIOBAaHHI IepeBaru
OHOTO O00’€KTa Haj IHIINM BHKOPHCTOBYBATHMEMO B
Mexax Bix 1 1o 9.

Y 1abn. | HaBeIeHO pe3yNIbTaTH €KCIIEPTHOTO OIiHIO-
BaHHA 3a 10-0apHOIO MIKAJIOIO.

Tabmus 1 — Pe3ynbTatu eKCIIepTHOTO OL[IHIOBAHHS

?iﬁ)ﬁéﬁiiﬁ'ﬁ? Besneka Haniitaicts
AWS 9 8 8
Azure 7
Google 6 7 6

bazyrounce Ha pe3ynbTaTH eKCIIEPTHOTO OLliHFOBAHHS
BU3HAYMMO HaWKpally peaiizalilo XMapHHX CEpBiCiB i3
3actocyBanHsM Mmerony Caari. [epimii kpoxk MAI mosst-
rae B IGKOMITO3MLIT Ta IPEACTaBICHH] 3a1a4i B iepapXiuHiii
¢opmi. Ha puc. 1 HaBeneHo noOymoBaHy iepapXxito e
JUIsl BHOOPY Kpaloi peanizaliii XMapHUX TEXHOJIOT1H 3 Me-
TOI0 PO3POOJIEHHS 3aCTOCYHKY Ui iH(opMariitHo-Tex-
HoJIOTi9HO1 TTaThopmu «Po3yMHHI periony.

Mu posriggaeMo IOMIHAHTHI iepapXii, ski Oymy-
IOTBCSL 3 BEPIIMHH Yepe3 MPOMDKHI piBHI (KpHUTepii, Bif
SIKMX 3aJIe)KaTh HACTYIHI PiBHI) IO HAHHIKYOTO piBHA,
KU CKIIaJIa€ TepesiK anbTepHaTuB. lepapxis BBaKaeThCs
MOBHOIO, SIKIIO KOXEH eJEeMEHT 3a/laHoro piBHS (yHK-
LIOHYE SIK KPUTEpiil JJIsl BCIX eIEMEHTIB piBHS, IO CTOITh
HIDK4YE. 3aKOH iepapxiuHol Oe3nepepBHOCTI BUMarae, mod
€JIEMEHTH HIDKYOro piBHS OynM TOMapHO 3piBHsHI
BIZIHOCHO €JIEMEHTIB HACTYITHOTO PIiBHS 1 T. /. 10 BEPIINHU
iepapxii.

Owrwy

Buvorn LOCMO B asé b

Pioject manages

Ay mawor

DevOps

| Crucon rexecactiin

Developer

Puc. 1. Jliarpama BapiaHTiB BHKOPHCTaHHS
PEKOMEHIAIIHHOT CHCTEMHU

3acTOCOBYIOUM METOJ| aHaNli3y iepapxiii copmyBanu
TPUPIBHEBY CTPYKTYpY. BepxHiii piBeHb 3aiiMae 1ib, siKa
CKJIaJaTUME OCHOBY DPEKOMEHHallii, 10 TIeHepyBaTHMe

peKoMeHpaliiiHa cucrema, Apyruil piBeHb ¢Gopmye MHO-
JKMHA KPHUTEpIiB, 32 SIKUMHU 3/IHCHIOETBCSI BHOIp anbTep-
HAaTUBHMX peaiizaliii XMapHUX TEXHOJOTiH Ui po3pob-
JeHHs 3acTocyHKy. Cami X anbTepHaTHBM peaizaiii
YTBOPIOIOTH HIKHIN PIBEHB 1€papXivuHOi cTpyKTypH. Jepe-
BO ITiylell mogaHo Ha puc. 2. ['eHepyBaHHS peKOMeHIaIil
moJisirae 'y BUOOpI OJHIET 3 MOXXJIMBHX albTEpPHATHB Ha
OCHOBi MOOYIOBHY BeKTOpa mpioputetis. [IpiopureT omiHI0-
€TbCA AK MIHCHE YHCIO, SIKE CTaBUTHCS Y BiATIOBIAHICTH
KOXKHIH albTepHATHBI. AJBTEpHATHBA 3 HAMBHIINM IIPio-
pureroM i OyIe OCHOBOIO peKOMEHIamii, Ky TreHepyBa-
THUME CHCTEMa.

Bubip peanizanii XMapHUX TEXHOJIOTiH

. . Kinpkicts
ODyHKIIOHAIBHI o .
. Besmnexa PiBHIB Hapniitnicts
MOJKJIUBOCTIL
TOCIyr

AWS ASURE

Google

Puc. 2. lepapxist a1s BUpileHHs Tpo0iieMy BUOOPY Kpamoi
peanizanii XMapHHUX CepBiciB

[Tix anbTepHaTHBaMH PO3yMiEMO pealtizaliii XMapHHX
TEXHOJIOT1H, aHaJi3 IKUX 301HCHIOEThCS 32 00PaHUMHU KpH-
TEpisiMH, 3a SKFMH BiI0YBaTUMETHCS OILiHIOBaHHS. Bakiu-
BUM (haKTOPOM y POPMYITFOBaHHI KPUTEPIiB, 32 IKUMHE Oy1e
o0paHO peamizamii € X MOXXIHBOCTI IIOJO CTBOPEHHSI
iH(popMamiifHOi crcTeMH 3 (YHKIIOHAJIOM, BU3HAYCHUM Y
BHUMOTaX 3aMOBHHKA.

st MaTpulp MONAapHUX MOPIBHSHB, MOOYJOBaHOT 3a
kpurepieM «DyHKIIOHAJIbHI MOXJIHMBOCTI», OOYHCICHO
TaKi napamerpu:

e OIliHKA HaAWOIJIBIIIOrO BJIACHOTO 3HAYCHHS, SKa

obuuciieHa 3a hopMyIoro:

ﬂ‘max = Zn:\/\llsl '
i=1

ne W, — Bara abTepHATUBYU 3 HOMEPOM 1, S; — cyma eite-
MEHTIB CTOBIIIIS 3 HOMEPOM | MATpHIli TTOTAPHHUX TTOPiB-
HSIHB, N — KUTBKICTh QIbTEPHATHB,
® iHJIEKC y3TOJIKEHOCTI:
A —N
Cl=—"%—,
n-1
e  [HJIEKC IIOCJIIJOBHOCTI CIIiBBiHOIIEHD:

_Cl

CR=—.
RI
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Tyt i mani Rl =1.24 — e BUMagKOBHUU iHACKC IS
N =6, 3HAYCHHS SIKOTO € OJHAKOBHMM JUIS BCIX MMOJAJBIINX
004YHnCIIeHb Bar ajJbTEepPHATHUB.

AHanoriyHi po3paxyHKH MPOBOJSTHCS 32 KOXKHUM 3
KpHTEPIiB.

VY Tabx. 2 HaBeJeHO HOPMOBAHY MATPHIIIO ITOTIAPHIX
MOpiBHSAHP ANBTEPHATHB BiNHOCHO KpuTepito «DyHKIIiO-
HaJIbHI MOXIHUBOCTI». Takok Ha puc. 3 IOmaHO Ie rpa-
¢iuHe BimoOpaskeHHs y iarpami.

Tabnuiyt 2 — HopMoBana MaTpuIist HOMapHUX MOPiBHSIHb
aIbTepHATUB BiTHOCHO KpUTepito « DyHKIIOHAIBHI

MOKJTHBOCTI»
>
: 3
- 5
2 z 2
5 'H = m s
g = 2 s o
= e [S) n 9 o =
=2 ;| B ¢ 8| B
8 = < Q) < @ E o=
Azure 1 7 9 3,979 0,765
Google 17 1 1/8 0,261 0,050
AWS 1/9 8 1 0,961 0,185
y= 125 | 16,00 | 10,13 | 5,202 1
IlopisHANEHHE AHATI3
20
10
U -I I . _I - [ | I
Azure Google  AWS ¥=
m Azure
u Google
AWS

u BexTop JOKATRHI TIPIOPUTETIE

Hopuoeamii eextop

Puc. 3. [lopiBHSNBHUI aHAMI3 peari3amiil XMapHUX TEXHOJOTIH
3a kputepieM «DyHKI[IOHATBHI MOXKIMBOCTI»

VY Tabin. 3 HaBeIeHO HOPMOBAHY MATPUIIIO MTOTTAPHUX
MOPIBHSHb AJBTEPHATHB BIJHOCHO KpHTepito «be3mexay.
Takox Ha puc. 4 momaHo 1e rpadidae BimoOpakeHHS y
Jiarpami.

Ilicns oOumMciaeHHS MAaHUX A MaTPUIl TOMApHUX
MOpiBHAHB, MOOYI0BaHOI 3a KpuTepieM «DyHKIiOHATBHI
MOJKJIMBOCTI», TapaMeTpH Ha0yBaIOTh TAKUX 3HAYCHb:

a,, =3.635,

. . a -n
e ingekc ysromkenocti 1Y = max—l =-0.12;
n —_
e IHJIEKC IOCJII JOBHOCTI CIIIBBiJHOIIEHD
Y
BY =—=-0.14.
RI

Ockimpkn BY =—-0.14 <1, TOo Marpuio MmomapHUX
MOPIBHSHB 32 KpuTepieM «DyHKIIOHATbHI MOXIMBOCTI»
BBAXKAEMO Y3TOJXKEHOIO.

Ta6muus 3 — HopMoBaHa MaTpHILs TOMAPHUX MOPiBHSIHD
IBTEPHATHB BiTHOCHO KpHTepiro «be3meka»

=
N =
g L %) %) §§ = )
= =1 o = 2 2.9 o g
Q N =t Q S 'a 9 o
2] < o < m = B T =
Azure 1 9 8 4,160 0,775
Google 1/9 1 17 0,251 0,047
AWS 1/8 7 1 0,956 0,178
y= 1,24 | 17,00 | 9,14 5,368 1
ITopiBHAILHHI AHATTIS
- -
Hopmoeammi eexTop R
BexTop NOKATEHI [e—
TpiopHTETiE e
AWS
|
Google B
]
Azure H
0 3 10 15 20
By = mAWS mGoogle mAzure

Puc. 4. IopiBHsBpHMI aHaNi3 peanizaliii XMapHUX CepBICiB 3a
kputepiem «besneka»

[licna oGuuncrneHHs U1 MaTpHIli MOMAPHHUX ITOPiB-
HSHb, TOOynoBaHOI 3a KpurepieM «besneka», Bka3zaHi
napaMeTpy HaOyBalOTh TaKUX 3HAYEHb:

a,, =3.383,

. . a -n
e ingexc ysromkenocri 1Y = —"2—— =0.19;

e HIEKC MOCITOBHOCTI CHIBBIIHOIIIEHD

BY = ~ =0.58.
RI
Ockinpkn BY =0.58 <1, To Mmarpuiio mnomapHHX
MOPIiBHAHD 3a KpuTepieM «DyHKIIOHANBbHI MOXJIHBOCTI»
BBa)KAEMO Y3T0KEHOIO.
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B pesyibrari 1OCHIPKEHHS MOKEMO KOHCTaTYBaTH,
o peatizamis AZUre — nepeMoKelb, IOMITHO CJIA0IIO0 €
AWS Ta HaiimeHIIy OLiHKY oTpuMaia peanizanis Google.

BucHoBkH. JlaHe 10CHTiDKEHHS, BUIIEOITUCAHUX TEO-
piif Ta MpaKkTUK, IO3BOJISIE CKIACTH KOMIUIEKCHUH anro-
PUTM Hiif 17151 pO3YMiHHS MIPaBUIBHOI TOPOKHBOT KapTH Ha
IULIXYy A0 BIPOBA/DKCHHS IIMPOKOTO CIEKTPY «Smart
Technology», mns wmicta 49m perioHy. Pasom 3 mmwm,
MOKa3aHi aHAJNITHYHI JaHi Ta 0a30Bi HampamiOBaHHA Y
BUKOPHCTAHHI MEPIINX MPOSABIB «PO3yMHHX» MPOTPaMHUX
pimens, TOOTO «XMapHi» JaHi, Ta poOoTa 3 JOIOMOTOIO
XMapHHUX CEpPBICIB Ta BIINOBIAHUX KOPIIOpalii, 1110 po3BHU-
BalOTh Leil HanpsiMok. Ha cworopni He icHye eauHO
MPaBUJILHOTO BapiaHTy MOOYAOBH «PO3YMHOT0» PETiOHY.
KosxHe MicTO 4M perioH, arjomepaiis Mae€ cBOI BIJIAcHI
creuiayibHi NOTpeOH, 3amuTH TPOMAIH, PIBEHb COLIalb-
HOTO Ta YIPaBJIiHCHKOTO KOHTPOJIIO, TOMY IIPH MPOEKTY-
BaHHI TIEBHHUX CHCTEM YH 1H(QOPMALiHO-TEXHOIOTITHIX
mwrathopM, BapTo OpaTH MIMPOKHN aCIEKT MOTped, came
KOHKPETHOTO OKPYTY 1 CTapaTucs BUAIINTH KiJIbKa OCHOB-
HUX HAINpsIMKiB BIIPOBaIKEHH:, OCKUTBKH METOJ iepapXiit
Joromarae noOyxyBaTH CTifKy CTPYKTYpY BiX MEHIIIOTO 10
OipLIOr0 Ta MOOYIYBaTH INEBHI 3aKOHOMIPHOCTI, IIOJO
3aJI0BOJICHHSI SIKOMOTa Oiibllie TOTpeOd «PO3YMHOTO perio-
Hy». [pyHTOBHHMI aHAIi3 MOKAa3y€ HACKUIbKH BaXKJIUBE
BUKOPHCTaHHS KpallMX HANpPaIOBaHb MPU BIIPOBAKEHHI
«pO3yMHUX» TeXHOJOTii. CydacHe )KUTTs IPOMaJIsiH HaCH-
YeHE BEJIMYC3HMMH MacuBaMu iH(OpMAIlil, SIKy TeHepye
caM MEMIKaHeNp i SKy MoTpedye BiH UM BOHA JUII CBOTO
MIOBCSIKACHHOTO 3al0BOJICHHST moTped. ToMmy crmix Haro-
JIOCHTH, III0 PO3BUTOK CaMOJIOCTaTHIX, COLIaJIbHO OPIEHTO-
BaHUX pETiOHIB HEMOXJIMBHH 0€3 IOCTYIy HOBITHIX
iHpOpMAaLiHHIX TEXHOJOTIH Ta PO3POOJICHHS KOMII-
JIEKCHUX 3aXOJiB MIOAO BIPOBADKEHHS iH(POpPMAaLiHHO-
TEeXHOJIOTIYHUX MIaT(hopM. TiAbKH KOMIUIEKCHUHN ITiIXi.
JI0 BHPILICHHS LUX MUTaHb Ta PO3POOKH BiAMOBIAHOTO
MIPOrPaMHOT0, MOKe 3a0e3MeUYUTH PO3BUTOK Ta J0OPOOYT
perioHiB 1 3araiom jepxasu. Lle oco0nMBO akTyanbHO B
Cy4acHHMX peaisXx eKOHOMIYHOi HecTaOlILHOCTI, OTPeOH
y COIIaJIbHOMY 3aXHCTi HACEJCHHS Ta HEOOX1THOCTI A0MO-
MOTH y B3a€MOJII JIFOJUHM 1 perioHansHOi iH(pacTpyk-
Typu. CaMe comialbHO Opi€HTOBAaHA CTPATEris PO3BHUTKY
pETiOHIB Mae OyTH ICHTPAJIbHOI Ta 00’ €IHYIOUOIO JIaH-
KOI0 MDK BCiMa JOTHYHUMH c(hepaMu KUTTEISTBHOCTI
Micra. Lleil onpanpoBaHuii MaTepiaa MaB Ha METi TOKa3aTH
JOIUTBHICTh Ta MPSIMY 3aJ€KHICTh €KOHOMIYHOTO 1 COIli-
IBHOTO NOOPOOYTY MEUIKaHIIB «PO3YMHHX PETIOHIBY Bif
BHKOPHCTAHHS IHHOBALIWHIX 1HQOPMAIIHHAX TEXHOJIOTIH.
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FORMATION OF ARECOMMENDATION SYSTEM FOR THE "SMART REGION" FOR THE PURPOSE
OF CHOOSING INFORMATION TECHNOLOGIES AND THEIR IMPLEMENTATION WHEN CREATING
APPLICATIONS

An analysis of the possibility of implementing the most promising methodologies aimed at creating the infrastructure of a "smart" region was carried
out. A detailed study of research-relevant scientific intelligence allows us to highlight the best developments. Many researchers focus only on the
theoretical aspect of the issue. The authors of the article analyzed the principles of creating an information technology platform designed to facilitate the
process of interaction of a resident of the region with the surrounding infrastructure. The formation of a "smart region™ is designed to ensure active
communication between representatives of various spheres of the agglomeration, i.e. local government bodies and various branches of the region’s
functioning. It is the cooperation of these important life support links of the conglomeration of settlements that allows the development of a strategy
aimed at improving living conditions and efficient use of resources. Today, there are already a number of successful examples of the formation of a
certain basis and the laying of successful foundations for the development of “smart regions". It is the analysis of the best methods with the goal that
becomes the basis of the application for the implementation of the "Smart Region of Zakarpattia" concept and the development of its own innovative
information technology platform for the implementation of "smart" environment technologies. It is through the development of a high-quality information
technology platform that the smart region is managed in order to improve the quality of services offered to citizens and make all management processes
more efficient. In order to find the most optimal way of designing and meeting the community’s requirements, a recommendation system for selecting
information technologies and their implementations is being developed, and as a result, we should get a balanced, optimal application model for the
"Smart Region of Transcarpathia™ information technology platform.

Keywords: infrastructure, recommendation system, information technology platform, web application, data, smart city, smart region, algorithm.
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BEPBAJIBHUI ONIUC TEXHOJIOI'TI INTAHYBAHHSI IIJIBUIIEHHS SIKOCTI HIJIMHOXUHU
MPOLIECIB ETAJJIOHHOI MOJIEJI 3PLJIOCTI SPICE

3a3Ha4eHo, 10 IS BUPIILEHHS 3a1a4i po3po0kH iHGOopMAaLiifHOT TeXHOIOT T IITaHyBaHH I IBUILICHHS PIBHS 3pLJIOCTI MMiIMHOKUHU TIPOLIECIB €TAIOHHOT
Mogzeni 3pinocti SPICE, monepensso e nuTaHHS HEOOXiTHO PO3IIISIHYTH Ha BepOaIbHOMY PiBHI SIK TEXHOJIOTiIO (IIOCTIZOBHICTB €TamiB) peaizamil
nocrasieHol npobnemu. Ha mepmomy erami npoBeneHo dopmanisariro cTpykrypu etanoHHoi Mogeni SPICE, sika ckimafaeTbest 3 MHOXKUHU OKPEeMUX
npoueciB. L1 MHOXHHA IpecTaBiIeHA SIK iEpapXiyHa CTPYKTypa: MepIInii piBeHb — MHOXKHHA MPOLECIB 1 [ ANpOLECiB; APyruil piBeHb — MHOXKHHA IPYIT
IpoILEciB; TpeTili piBeHb — MHOXHMHA KaTeropii mpomeciB. Ha npyromy erami po3INIIHYTO MeETOX OL(IHKM DIiBHS MOXJIMBOCTI OKPEMOTO
mporecy/mamnporecy eragonHoi moaeni 3pinocti SPICE, sikuit HaBeneno 3 mormsay aABox BuMipiB Mozeni SPICE: npusHadenHs npounecis; aTpudytu
MpoLEeciB (BUMIPHI XapaKTEePHCTUKH, HEOOXIAHI Uil YIPABIiHHS MPOLECOM 1 IMiJBHIIEHHS MOXIMBOCTI HOro BHKOHaHHs). TpeTiii eram TeXHOIOTi
MIPUCBSIYCHO CHHTE3Y MOJeNi IUIaHyBaHHs PO3BUTKY MiAMHOXUHHU nponeciB Moneni SPICE, sika Bu3Hayae piBeHb SIKOCTI OKpEMOI CKJIaJ0BOI IpoLecy
po3pobku mporpamHoro 3abesneuenHst (IIP I13), mo B CBOHO uepry MO3WTHBHO BIUIMBAE Ha PIBEHb PO3pOOKH mporpaMHuX cucteM. OmiHKa Ta
[UIAHYBAHHS PIBHS MOYIMBOCTI MiIMHOXKHHH IPOLIECIB PEATi3yeThCs HA ASIKOMY IUIAHOBOMY Iepiofii B yMOBaX OOMEXEHHX PECypCiB Ha OCHOBI iX
ONTHMAIBHOTO PO3IOJILY 3 ypaxyBaHHSIM BaXIIMBOCTI OKPEMHX IIPOLECIB Ta iX IPaKTHK YIPOIOBX IUIaHOBOro nepioxy. Ha werBeproMy erarmi
TEXHOJIOT1] PO3ITIAAAEThCS AITOPUTM ILIaHYBAaHHS PO3BUTKY ITiIMHOXKUHU IIPOLeciB eTasoHHoi Mozeni 3piocti SPICE Ha 0cHOBI MeTOy IOCIIJOBHOTO
aHamizy BapianTiB. Lle 00yMOBIICHO B meplily 4epry THM, [IO MOJEIb ONTHMI3alil Ma€ afuTHBHY LiIbOBY (GyHKLi0. MeTox I03BOsE Mix Yac HOro
BUKOPHCTAHHS BIIKHIATH Ti JOIyCTUMI DillICHHS, SIKI HE MICTATh ONTHMAJIbHHUX. Y MOJAIBLIIOMY IPH KOHKPETH3ALil MOJENi IUIAaHYeThCsl BUOpATH
AITOPUTM, SKUH BiTHOCHTBCS JI0 IBOTO METOXY 1 afanTyBaTH HOro 10 po3B’s3aHHs HocTaBieHoi 3axadi. II’stuit eran mpucBsiaeHO iHGOpManiiHiN
TEXHOJIOTIT peaizawii po3pobieHoi Moaeni Ta anroputMy. Ha iboMy eTari BUPIIIyeThCs HACTYITHA MHOXKHHA 3a/1a4. AHaJIi3 Oi3HeC-TIpoLeciB TEXHOMIOT 11
nokpameHHs sikocti ITP I13. Busnauenns Bumor no I13. ®@opmyBaHHs Jiarpamu BapiaHTiB BUKOpHCTaHHS. Po3pobka Mozmenelt nanux. OOIpyHTyBaHHS
BHOOpY iHCTpYMEHTapito Ui po3poOku I13. Bubip eraionHOT cucTeMHOI apxitekTypH. Jlani kogyBaHHs i TectyBanHs [13. Ha mocToMy erarmi Ha OCHOBI
iH(popMALIHHOI TeXHOIOT1i (OPMYEThCS MHOXKHHA BapiaHTIB IUTAHY MiABHIICHHS SKOCTI MiIMHOXHHHU mpoueciB Mozeni 3pinocti SPICE 3 meroro
MATPUMKH IPUHHATTA pimeHHs kepiBHUITBOM IT-komnanii. J[yist iboro nomnepeHE0 BU3HAYAETHCSI MHOXKHHA e()eKTHBHHX PillleHb, SIKa MPOIIOHYEThCS
JUISL BU3HAUSHHS OCTAaTOYHOTO BapiaHTa, SIKHH peasli3yeThesl y MOaNbIIoMy.

KaiouoBi cjoBa: piBeHb 3pioOCTi, MiIMHOXXHHA MPOLECIB, Mpouec PO3pOOKH MPOrpaMHOro 3abGe3MeveHHsS, TEXHOJOTis, MOJAENb, METO.

IIOCIIiIOBHOTO aHaJIi3y BapiaHTiB, MHOXXHHA e()eKTHBHUX PillIeHb.

Beryn. Po3po0ka nporpamHoro 3a0esnedeHHs craia
CKJIaJIHUM TIPOLIECOM, SIKUi pi3Hi aBTOpW y cdepi mnpor-
paMHOi iH)KeHepii BHU3HA4YalOTh Yy CBil croci0, Hamara-
I0YHCH MIAKPECTUTH HAOLIbII BOXIMBI, HA TXHIO AYMKY,
aCIIeKTH, €TalH i CyTh JaHOTO MOHATTA. Y po3nini «IHpop-
MalliiiHi TexHoJorii» rinocapito «Gathery HagaeThes Take
BU3HAYECHHS NpoLeCcy po3poOKH NpOrpaMHOTO 3a0e3redeH-
Hs (TP I13): ympaBmiHHS crierudikarisiMi, TPOCKTyBaH-
HSM, TIPOTPaMYBaHHSM, TECTYBaHHSAM, IHCTAISLIEIO Ta
HaBYaHHSM, ITI0B’3aHMUMHU 3 KOHKPETHHM IIPOCKTOM pO3-
poOku nonatki Oynb-sxoro posmipy [1]. Lle Bu3HaueHHs
BiZIoOpakae OjiHE 3 HAHOLIBLI MOIIMPEHUX TOUOK 30py [1P
13, mozinenoro Ha 4iTKi etanu. [Hmumu crosamu, T11P T13
— 1Ie CTPYKTYPOBAHUH MiAXiA 70 PO3POOKH MPOrpaMHOro
3a0e3neueHHs Uil cucreMu uu npoekty [2]. Ilpouec pos-
PpOOKH MpOrpaMHOro 3ade3neveHHs] TAKOXK MOXKHA BH3HA-
YHUTH SIK «HAOIp Ail, METOIB, IPAKTHK 1 IEPETBOPEHB, SKi
JIIOM BUKOPHCTOBYIOTH [UISI PO3POOKHM Ta MiATPUMKH
MIPOTPaMHOr0 3a0€3Me4eHHs Ta IO0B’S3aHUX INPOIYKTIBY.
3rigHo 3 Institute of Electrical and Electronics Engineers
(IEEE), npouiec po3poOku mporpaMHoOro 3a0e3rnedeHHs —
Ile MpolLec, 3a JONOMOIol0 SKOTro HMOTpeOM KOopHCTyBaya
MIePETBOPIOIOTHCA HA TPOTpamMHi poAyKTH. JlJist po3poOKu
MIPOTPAaMHUX TPOAYKTIB OylW NPHUHAHATI Pi3HI METOIH
pO3pOOKH MPOTpaMHOTO 3abe3meueHHs, Taki SK: MOJCh

() ®

BOJIOCIIAJly, ITepaTHBHA Ta IHKPEMEHTHA MOJIEIb, CIipajb-
Ha MoOJenb, V-MOJenb, IIBUAKA po3podKa mporpam,
MOJIeNIb MPOTOTUIIYBaHHS, THy4Ka MOJEJb Ta TriOpuaHa
cripanbaa Mozens [3]. Sk 6aunmo, T1P T13 cTaB CyKymHUM
MOHATTSIM, SIKE OXOIUTIOE BCi CKJIAJOBi, SIKi CBiTYaTh MPO
HOCTiiHe YCKJIaIHEHHS SIK CaMOro MPOLECyY PO3POOKH, TaK
1 CIOCOOIB KOHTPOITIO HOTO SKOCTI.

Cruparoyuch Ha BHIICHABEICHI BU3HAUYCHHS MOXHA
NPUHATH 710 BUCHOBKY, IO CHOTOJHI yHpaBJiHHS pO3po0-
KOO € CKJIATHAM 1 KOMIJICKCHHM 3aBIaHHSM, SIKe BUMArae
BIJIMIOBIJTHOTO MiXOAy UIS PO3POOKH BiAMOBIMTHOI MpPOT-
pamuoi cuctemu. [lounemo 3 TOro, IO HAaBITh TaKUil
MPOCTUH paHillle MpPOIeC SK BU3HAYCHHS BHUMOI 1O KiH-
LEBOTO IPOrPaMHOro NPOJYKTY Ha JIaHUH MOMEHT MOTpe-
Oye 3ayuyeHHs CIelialicTiB i Bilirpae BaKJINBY POilb, IIPO
110 3a3HaueHo y mpaii [4]. Po6ora [5] npucesiuena BBy
KPUTHYHHUX (AKTOPIB Ha YCHIX MOKpPAIIEHHS IPOLECY
po3pobOku. Takoxk CKIaAHICT TPOrpaMHOTO 3a0e3neYeHHS
BIUIMBAE 1 Ha Te, IO 3apa3 HaBiTh CKJIAJHO YSBHUTH, 1100
IpoLeC pO3pOOKH JIHCHO CKJIQJAHUX HPOTPaMHUX CHCTEM
BigOyBaBcs 3a ydacrti Jinie oaHiel komaHau abo jiuiie B
onHoMmy Micui. ToMy npoBoAAThCS Pi3HOMaHITHI JTOCHTiN-
YKEHHSI 3 TUTaHb po3poOku [13 rmobansHO po3MoAIIEHUME
KOMaH/IaMH, MIPOEKTaMK Ta Kommarismu [6], [7] Ta Buss-
neHHs 6ap’epiB, sSKi 0OMEXYIOTh OOMiH HESIBHHUMH 3HaH-
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HsIMHU B KoMaHzaax [8]. I ue nmuine oquH 3 npuKiIagiB po3uu-
penns [P I13 nomaTkoBuME mporiecaMu, Hpo SIKi paHimie
He Benacs i MOBa.

TakuM 4UHOM, IIi TOCIIKEHHS CBimuaTh, 1o ITP I13
BiZlirpae BayKJIMBY POJIb Y pO3pOOL AKICHOrO NPOrpaMHOTO
MPOXYKTY 1 MUTaHHS HOTO MOKPAIICHHS aKTyalbHE.

ITocranoBka Ta mera 3ajaui gocaigkenns. Xodya
mporpamMHe 3a0e3ledeHHs € BaXIMBHUM y BCiX cdepax
Cy4JacHOTO CBITy, caMa po3poOka mporpaMHOro 3abdesre-
YEeHHS 1€ HE CTaa ifealbHUM IporecoM. He3Baxxaroun Ha
crpoOu 3aCTOCYBAaTH METOMOJIOTIT PO3POOKH IIPOTPaMHOTO
3a0e3neueHHs, po3podka 13 He Oyna mOCTIHO YCHINTHOKO,
PO IO CBIAYMTH BUCOKA KUIBKICTh BiIKJIaICHHUX, 3aJIUILIE-
HUX a00 BIAXMJICHUX IPOEKTIB MPOrPaMHOTO 3a0e3redeH-
Hs. Benuka KimbKICTh TOCTIIKCHb MOKa3ye, MO0 (GakTopu
yCIiXy HpOEKTy MOXYTb OyTH TOB’s3aHi 3 BapTiCTIO,
4acoM JOCTaBKM, MacIuTaboM i sikicTio. Takum 4YHHOM,
BIJICYTHICTh SIKOCTi 0e€3[0oCepenHbO CHpHUSIE MPOBALY
mpoekty. ['Hyuki wmertomoiorii OynM WOMHpeHi, MO0
MOKPAIINUTH SKICTh IPOTPaAMHOTO 3a0€3IEeUCHHS Ta JIeTIIe
pearyBatu Ha 3MiHM. Ha Xamp, pe3ynbTaTH MigTBEpI-
KYIOTB, IIO0 IIi€i METH IIe He IOCATHYTO, 1 BIACYTHICTH
SIKOCTI IPOTPaMHOTO 3a0€3MeueHHS IPOJIOBKYE BUKIUKATH
3aHenokoenus [9].

barato JOCHiTHHMKIB 3aCTOCOBYBAIM KOHIICTIIIIIO
BIOCKOHAJICHHS IporpamMHoro mporecy (Software Process
Improvement, SPI), mo6 3ocepenurucs Ha SKOCTI Hpor-
pamHOro 3ab6e3nedeHHsA. SPI po3rnsmaeTscs SK KUTTEBO
Ba)XJIMBUI acleKT ONTHMIi3alii mporecy po3poOKH mpor-
paMHOTO 3a0e3MeveHHs, OCOOIMBO U1 MalluX 1 CEpeIHixX
opraHizaniii. OxHi€r0 3 HAHOUTBIIUX MPOOIIEeM IHIYCTpil
MPOTPaMHOTO 3a0e3MeUeHHs € PO3poOKa iHIIIaTHB IIOI0
BripoBapKeHHA SPI, sKi epeKTHBHO MTOTTOMOXKYTh MallUM i
cepenHiM opraHizamisMm. Hapasi HOCHIZHHIBKI 3yCHIIIA
30Cepe/pKeHi Ha BIIPOBA/PKEHHI CTaHAApTiB/(peiMBOPKIB
SPI anst miABMIIEHHS SKOCTI NPOrPaMHOTO 3a0e3NeueHHs
Ta MiJIBUIIEHHS NPOoAyKTUBHOCTI [10].

[ToHATTS ympaBiiHHS SIKICTIO 332 CBOEI CYTTIO €
HEBJIOBUMHM, OCKUIBKM BOHO Ma€ pi3HE 3HA4YCHHs JUIs
PI3HMX JIIONIEH, HAa PI3HUX POJISX, Y PI3HUX CHUTYAIisX 1 B
pizHUIT uyac. Hmxkdue HaBemeHO HU3KY CTaHIAPTIB, SKi
BUKOPHCTOBYIOTBCS JUI pO3POOKH MpOrpaMHOro 3abesre-
gernHs. [SO 9001 Bu3Hauyae HaOip omepariifHux Mpouecis i
MIPOTIOHYE MPOCKTYBAHHS, JOKYMEHTYBAHHS, BIPOBaJ)KEH-
HS, MOHITOPHUHT 1 TOCTiiiHE BIOCKOHAJEHHsS LMX ollepa-
niiaux mporeciB. ISO/IEC 9126: mel craHgapT MiCTHUTh
MOJENb SIKOCTI TPOrpaMHOTO 3a0e3ledyeHHs Ta Haoip
MmoKasHuKiB anst miarpumku mogem. ISO/IEC 25010: y
2011 pomi neit ctanmapt 3aminuB [SO 9126. Bin mictuth
MOJIepHI30BaHMHA Habip aTpuOyTIB SAKOCTi, i, 30Kpema,
aTpuOyTaM, TOB’S3aHUM 3 OE3MEeKOl0, MPHUIAIEHO OinbIie
yBaru. ISO/IEC 15504: neii cranmapt, sKuid iHOJI Ha3H-
BatoTh SPICE, oxorutoe mupokuii Habip mpouecis, MoB’si-
3aHMX 13 IPUIOAaHHIM, PO3pOOKOI0, eKCILTyaTalli€lo, mocra-
YaHHSM, OOCIYrOBYBaHHSM 1 MiATPUMKOIO HMPOTPaMHOTO
3abe3neueHrss. CMM/CMMI: tepmin CMM posmmdpo-
ByeThes sk Capability Maturity Model 1 Bu3Ha4ae nponecu
pO3poOKK TPOrpaMHOTO 3abe3nedeHHs. BiH cTpyKTypo-
BaHMH TaKUM YWHOM, IIIO OPraHi3allil0 Po3pOoOKH MOKHA
BU3HAYUTH AK TaKy, IO HAJICKHUTH O OJHOTO 3 HabOpy
PiBHIB 3piJI0CTI, 3aJIKHO BiJI MPOIIECiB, SKi BOHA MaE€.

Mogeni 3pinocti 0cOGIMBO KOPUCTYIOTHCS TOILYJISIP-
HICTIO cepell MiAXOMiB, sKi mifgBuiieHHs skocti [P II3.
ToMmy iX BHMKOPHCTOBYIOTH [UISi YNPABIIHHS HE JIMIIE
SKICTIO, a i MIoacbkuMu pecypcamu [11]. Ane icHye HU3Ka
npo0JieM, sIKi BITHOCSTHCSI IO MOJIENICH 3p1IOCTi.

[lepmoro mpobIEMOI0 € BiACYTHICTH (Qopmalizo-
BaHOTO ONHCY Mojeiel 3pinocti. Xou 3rigHo [12] 52,17%
(48 mocmimxenp) BUOpaHUX MOCITIHKEHb Ha3BalId (aKTop
«naH BuposakeHHs SPI» sk epexruBnuit SSF, skuit Mmae
MO3UTHBHUM BINIMB HA Taly3b MaJoOro MHpPOrpaMHOTO
3a0e3MeveHHs, Ta BCE X BIPOBA/LKECHHS BIOCKOHAJICHHS
axocti [IP I13 moci BUKIMKAIOTH TPYJHOL Y KOMITaHISX.
ITepmr 3a Bce me MNOB’S3aHO 3 TUM, LIO0 HE ICHYe
(dhopMai3oBaHOTO omuCy s Mojened 3pinocti. Tomy
JIOCHIIJDKEHHSI B JaHOMY HAaIlpSIMKy 3aJIMIIAIOTBCS JTyXKe
AKTyaJIbHUMH.

Jpyra npo0iema npeacTapiisie COO00 Te, M0 iICHYI0U1
(hopMaiizoBaHi MozeNi 3piTOCTI HANAIOTh OIIHKU SKOCTI
ITP I13 6e3 BpaxyBanHa ocobmuBocteit [T-xkommawnii. ds
CMMI 6yno hopMaizoBaHO ONHC Ta CTBOPEHO IIPOTPaMHE
3abe3meueHHs [13-16], ske MO3BOJISE KOMITAHISIM JIETKO
BIIPOBA/XKYBATH JaHy MOJENb 3piocTi, ogHak xo4 CMMI
peanizoBaHa y JABOX BapiaHTax (Oe3nepepBHOMY Ta
JUCKPETHOMY) Ta BCE K Ma€ TaKUU HEJOMIK SK BiICYTHICTh
BpaxyBaHHS ocoOnuBocteil [T-kommanii. Bona He
BpPaxOBY€E CHEIU(pIUHI TEXHOJOTII Ta MOMAETI >KUTTEBHUX
LUKJIIB, IO BHKOPUCTOBYE KOHKpETHAa KOMIaHisi, He
BpPaxoBy€ OCOOJHMBOCTI NpeAMETHOi obyacti Ta L
opraHizamii. 3 iHmoro 6oky, momems SPICE nosBomse
KOMIICHCYBAaTH BHIIe3rafaHuii Hemomik monemni CMMI,
OITHaK He Mae 3MOru HajgaBatu omiHky [IP I13 B mimomy,
OCKIJIBKY pealli3oBaHHi JHIIe B Oe3MepepBHOMY BH/II, IO
CBIIUUTH TPO TPETIO MpodireMy. OKpeMi MOl OMUCYIOTh
He Bech [P I13, a mume okpemi #oro mporecH. 3BincH
BuTikae Te, mo mojear SPICE Moxe oriHroBaTd piBHI
MOXIIMBOCTI OKpPEMHX MpoleciB, aje /i Hei He
copmoBaHi MOHATTS piBHS 3pinocti Beworo [IP I13 IT-
KOMITaHii.

I yeTBepTOIO MPOOJIEMOIO € BIACYTHICTH MOJENEH Ta
METO/IIB, SIKi OIMCYIOTh HE JIUIIIE OIIHKY SIKOCTI, a ¥ mporiec
ranyBaHHs po3BuTKy [1P I13 i kepyBaHHS M MPOIIECOM.
TakuM 4MHOM, MOXXHa 3pOOWTH BHCHOBOK, IO HE3BaXka-
I0YH Ha BEJNHKY KiJTBKICTh JOCTIKECHB, yCi HAsBHI METOAN
Ta MOJeNi He 3aJOBOJIBHSIOTH NOTpeOy IT-kommaHiit y
Ha/aHHi 3aranbHOI omiakw i1 [1P [13 Ta oriHkM okpemMo Beix
Horo miamporecis, cepex AKUX € H Ti, MO BiToOpaXkaroTh
0Cco0MBOCTI po3po0KkH y aawiii IT-koMmaHii, y TOMy 4uci
3 MOXJIMBICTIO IUIAaHYBaHHS MNOAAJBUIOTO PO3BUTKY M
MOKPAIIEHHS SIKOCTI KOXKHOTO TMiANpOIECY, BIACTHBOMY
i KOMMaHii, 3 METOI MIiJHITTS 3araJbHOTO pPiBHA
3pinocti Beporo 1P I13.

Otxe MeToro poOOTH € BepOIbHHUI OIHIC TEXHOJIOT1T
IUTAHYBAHHS MIABUIICHHS SKOCTI MiJIMHOXXHHH IPOIECIB
eratonHoi mozeni 3pinocti SPICE, sxuii € nepmoro cra-
JIEr0 po3poOKHU BIAMOBIIHOT iHHOPMAIIIHOT TEXHOJIOT 1.

BepOanbHmii  ommMc  TexXHOJIOTII  IIaHyBaHHS
MiABMIEHHS] IKOCTi MiIMHOKMHU MPOLECIB eTaJOHHOI
moneJi 3pinocti SPICE. [[ig BupimenHs 3a1a4i po3poOKku
Mojienieii, MeToIiB Ta iHpopMaIliiHOT TEXHOJOTil TUTaHy-
BaHHJ ITiIBUIIICHHS PiBHS 3piJOCTI MiAMHOKHWHHU MPOIIECIB
€TAJIOHHOI MOJIeNi 3pUIOCTI PO3TISHEMO 1€ MWTAHHS Ha
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BepOaJbHOMY pIiBHI Yy BHIJIIII TeXHOJIOTI peanizauii
npoOiemu (mocmigoBHOCTI eranis). Ha puc. 1 HaBeneHa y
HAOYHIH GopMi Taka TexHOJOTIs. Po3risHeMo HOKIaaHO Ti
eTany peaizalii 3 MEeTow y mojansmoMy (opmaizamii
KO>KHOTO 3 HUX.

QopMazIaIE CIPYETYPH eTazonRol Moaem SPICE

- J

J MeToa OlHKN PIBHS MOKINBOCT)
' OKPEMOI0 HPORECY CeTAJOHHOI -
Merosonoria [*
! sogen spuioctt SPICE
KOIEKTHBHOIO - :
{
CKCIMEPTHOTO * 1
» . . \
omtionanna ¢ CHMTET MO IUTANY BAHIA POIHITRY ? >
* UIMHOKHHR npouecie Moaem SPICE [
y
PoipoGxa arropirMa IIARYISEHE POTRUTKY THAMNOAINN
-
npouects eTivioRrol mogemn sprioctt SPICE 1 octors
e
MeTOIY MOCIUIORHOTO AHAMIIY BAPIANTIR
A 4
Indropuariiina TeXHOIOTIN MIAHYBARHA MUIBHITEHHA HKOCT "
. -
MLAMHORIHN Hpoitecin eTanontol Moaet spuoct SPICE
'
DOPMYBAHHA MHOKHHH BAPIAHTIE [UIAHY MUIBHINCHHA SKOCTI
NUIMHOKHHEI mporecit Mozen: spirocti SPICE 3 metoio ‘ -
nucrpHMEd apiites g punens OIP

Puc. 1. TexHonorisa miaBUIIEHHS SIKOCTI ITIAMHOKXHUHA
nporeciB Mmozaeni SPICE

Etamn 1. ®opmaizamist CTpyKTypH €TaJOHHOI MOJENTi
SPICE. Etanonna moxaenps SPICE wHa BimMmiHy Big mozeni
CMMI mMae Tinbku Oe3nepepBHHI BapiaHT PO3BUTKY
CTOCOBHO OKpEMHX IMpOIECIiB Ta MiJNPOLECiB MOJEII.
KoxxHuii 3 HUX Ma€ CBO€ IMpPU3HAYEHHS NPU peatrizamii
MpoIecy pPo3poOKH MporpaMHOTO 3abe3meueHHs [T-
Kommasii. BpaxoByroun Te, 110 METOH IOAAIBIIOTO
HAYKOBOTO JOCITIDKEHHS € (opMaiizalis BepOaIbHOTO
onHcy OKpeMuX mporieciB Mogeni 3pinocti SPICE, a Takox
PpO3po0Ka MOJIEeNi Ta aNTOPUTMY TUIAHYBAHHS ITiJBHILICHHS
piBHS 3pLTOCTI AEAKOi IiIMHOXHHH TIPOIECIB, SKHM
NIPUALIAETHCS 0coONMBa yBara kepiBHULITBOM I T-KomnaHii,
B yMOBax OOMEXEHUX PecypciB BHHUKae npobsiema ¢dop-
Maizaiii onucy Bciel MHOXHHHM mporeciB moaeni SPICE.
s MHOXKMHA MOKe OYyTH MpeCTaBlieHa y BUTIISI i€pap-
xigHOi cTpykTypHu. o mepmoro piBHA iepapxii BigHO-
CUTBCSA BCSI MHOXKHMHA TPOIIECIB 1 MiIMPOIECIB €TATOHHOT
mozem 3pigocti SPICE. JIpyromy piBHIO BiAmoBigae
MHOXHHA Tpym mpoueciB. Takux Tpym TpH: OCHOBHI
IIpoLIeCcH; JONOMDKHI IpoliecH; opraHizamniiiai npounecu. B
CBOIO Yepry, KO)KHa IpyIia IpoLeciB CKIIala€Thes 3 HEBHOT
MHOXKMHHM  KaTeropiii mpomeciB, sKi  BiJIOBiIalOTh
TPETHOMY PIBHIO i€EpapXidHOi CUCTEMHU.

3 orminy Ha ertanoHHy Mozpenb SPICE ocHoOBHI
MIpOIecH MICTATh B o0l HACTYIHI KaTeropii: mporecu, mo
0e3mocepeIHbO TIOB’s3aHi 31 CIOKUBa4YeM; MPOIIECH, IO
BCTAaHOBIIOIOTh BHMOTH /O CHCTEMH 1 HpPOrpaMHOTO

NPOJYKTY, NpOLECH peaiizawii Ta cynpoBoxy. JomomixHi
IpoLecCH MaloTh OHY Karteropito. Lle mpouecw, ski 3a0e3-
MEeYYIOTh 1 MBUILYIOTH [TPOXYKTUBHICTh 1HIIMX IPOLECIB
npoekTy. OpraHizamifiHi OpoIleCH MarTh HACTYITHI
KaTeropii: MpouecH 3aIycKy MPOEKTY Ta YIPaBIiHHS HOro
pecypcamu; TMpoIecH, IO BU3HAYAIOTH Oi3HEC-IIUTi opra-
Hizamii i 103BONAIOTH iX mocsrta. Ha derBepTomy piBHI
3HaXOAATHCS OKpeMi mporecH i mignpouecu. Ha m’saromy
PiBHI — MIPaKTHKH, HA OCHOBI SIKMX PEai3ylOThCs MPOIech
i mamporecH.

OTtxe, BepOambHO HaBeJCHA CTPYKTypa ETaTOHHOL
mozeni SPICE, siky y nogansmomy Oyne ¢popMaiizoBaHo 3
METOI0 BUKOPHCTAHHS NPU CHUHTE31 JUHAMIUYHOI MoJei
IUTAaHYBaHHS PO3BUTKOM IiJIMHOXHHH ii IIpoIieciB.

Etan 2. MeTo/ OI[iHKM PiBHS MOJIMBOCTI OKPEMOTO
nporiecy etajgonHoi Monenmi 3putocti SPICE. Omaum 3
KIIOYOBUX MUTaHb € (opManizaiis MNpoOJeMH OILIHKA
PiBHS MOXKIIMBOCTI OKPEMOTO IIPOIECY/IIANPOIeCy eTa-
nonHOi Mozeni 3pinocti SPICE. @akTtiuHO CTOITH 3a7a4a
pO3poOKH MeTOAy OWiHKH. BimmoBimHo 1o BepOambHOTO
ommcy mogeni SPICE, Bona mae 1Ba BUMipH:

- «mIpouec» — MICTUTh TBEPIXKCHHS NPO TpHU3HA-

YCHHS TPOIICCIB;

- «MOXIHMBICTB» — MICTUTh Halip arpuOyTiB, fKi
mpUaTHI 10 OYyIb-IKOTO MpOIeCy, MO Mpea-
CTaBJIAIOTh BUMIpPHI XapaKTEPUCTUKH, HEOOXiqHi
JUTSL YIPABJISTHHS POIICCOM/ T AMPOIIECOM 1 IMiIBU-
LIEHHSI MOXJIMBOCTI 10r0 BUKOHAHHSI.

ATpuOyTH TIpOIIeCiB IIe iX PHCH, SKi OIHIOIOTECS 3a
JIESIKOI0 IIIKAJIOI0, Ha SIKi BH3HAYAETHCS CTYIHb BOJIO-
IUHHS TIPOLIECOM/TIATPONECOM BiIOBIIHOI PHCOI0. 3
METOI0 Bi3yami3amii I[bOT0 NHTAaHHS MOXHA IIPOBECTH
MOPIBHAHHA 3 GYHKIII€I0 MPUHAICKHOCTI Y TEOPii HETITKHX
MHOXWH (puc. 2)

% XapaxtepscTing

o Crynis son0ims

N P | F
Puc. 2. Haouna inTepmperartist

ne. N —ne Bonogie; P — Boyomie yacTkoBo; L — Bonmojie
B OCHOBHOMY; F — BOJIOJIi€ IOBHICTIO.

VY eranonniii mozpeni SPICE BukopucroByeThCS
JIeB’sITh aTpUOYTIB, SIKi BU3HAYAIOTh PiBEHb MOKJIMBOCTI
npouecy abo mgnponecy. Lle HacTynsi arpudyTH:

1) BHUKOHaHH:] NPOLECY;

2) ymupaBIiHHS BUKOHAHHSIM;

3) ympaBiiHHSA pOGOYMMHE TIPOTYKTaAMH;

4) BU3HAYEHHS IPOLIECY;

5) 3abesmedeHHs MPOIECY PECYpCamu;

6) BUMiprOBaHHS;

7) KiNBKiCHE yIpaBIIiHHS POIECOM;

8) 3miHa mporiecy;

9) Oe3nepepBHE yIOCKOHAICHHSI.
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Ha ocHOBI BoJIOJIHHS prCaMH, 3aBISIKH BEpOAILHOMY
orucy mozeni SPICE, BU3Ha4aeThCsl piBEHb MOMIIHMBOCTI
OKpEeMHX IPOLECIB/MANPOIECiB HACTYTHUM YHHOM.
[Mpouec Mae mepiuii piBeHb MOKIIMBOCTI, SIKIIO MEPIIUA
atpubyT Mae CTYHiHb BONOJIHHS cBoero pucoo L/F .
Jlpyruii piBeHb BIINOBiJa€ CTYNEHIO BOJIOJIHHS PHCOIO
nepioro atpubyra F, a gpyroro ta tperboro L/F .

[Iponec/miamponec gocsrae TPETbOTO PiBHA MOKIHUBOCTI,
KOJIM TIePIIUH, APYTHH Ta TPETii aTpuOyTH MAIOTh CTYIIiHB

BOJIOZIIHHSA pucoto F , a uetsepTuii Ta m’suit — L/F . dani

TIPOIIEC/ M IPOLIEC MAIOTh YeTBEPTUH PiBEHb MOXIIUBOCTI,
KON aTpUOYTH 3 TEPIIOr0 MO I 'SATHH MAarTh CTYIiHBb

BONOJIHHA pucolo F , a mocTuii Ta chomuit — L/F . I mix
KiHeIb IT'SATHH PiBEHh MOXJIMBOCTI IpOIeCy/HiApoIiecy
BINIOBiZJa€ CTYNCHIO BOJOIIHHS PHCOIO aTpUOYTIB 3
nepuIoro 1o ckomuii F , a BockMoro Ta jie’storo — L/F .

OTxe, 3riHO 3 TakuM BepOAILHHM OIHCOM PiBHS
MOJKJTMBOCTI OKPEMOTO IPOIIECY/ I MPOLECY CTOITh 3aa4a
(dhopmaitizalrii TOHATTS «OI[iHKA PIBHSI MOXJIHBOCTI.

Eran 3. CuHTe3 Mopeni IUIaHyBaHHS pO3BHUTKY
miamMuOKkuHU TiporieciB Moaeni SPICE. Ominka piBHs
MOJJIMBOCTI OKPEMOT'0 MpOIeCy/mianporecy abo meskoi
MHOXHHH TIporieciB eraigoHHOi Monemi SPICE Bum3nawae
piBeHb SKOCTI OKpEeMOi CKJIQJIOBOi IpOLECY po3poOKu
MIPOrpaMHOTo 3a0e3MEeYEHHS, 110 B CBOIO YEPTY BIUINBAE HA
piBeHb PO3POOKM MPOTPAMHHUX CHCTEM, IIiJBHUIIYE
HMOBIipHICTE TOTO, O IT-TIpoeKT Oyae BUKOHAHO BYACHO
Ha 3aIUIaHOBAaHOMY pIBHI SIKOCTI Ta BUKOHAHHS Harepen
3a7aHuX (QYHKIIOHANBHUX 1 He(QYHKIIOHAIBHUX BHMOT.
KpiM 11b0r0, 3MEHIIYETHCSI PU3UK HPOBAJIBHUX MPOEKTIB.
Ane oOliHKa pIiBHS MOXIHMBOCTI TIpolecy € OuIbIl
aKTYaJIbHOIO 1 BQJXKJIMBOIO, SIKIIO BOHA pPealli3yeThcs Ha
JIesIKOMY TIJIAaHOBOMY TEpioJii Ha MHOXKHHI OKPEMHUX 0ro
Bifpi3kiB. OTKe, MOKHA CTBEpPJKYBATH, IO Taka iHQop-
MaIlis Ha MOpsAJOK OiIbII BaroMa Hi’k CTATHYHHI BapiaHT.
Habararo O1bIII aKTyalIbHOIO € PO3B’sI3aHHS 33141 YIIPaB-
TiHHA (TIaHyBaHHS ) TAKIMH OILIHKAMHU B YMOBaxX oOMesxe-
HUX PecypciB Ha OCHOBI Hamepes 3aJaHoTo KpuTepis abo
MHOXKUHHM KPHTEpiiB, KOXHUH 3 SIKMX Ma€ CBOI Barosi
koedimienTu. J{1s1 MHOXKHMHH IIPOLIECIB Taka 3a/ada BHUpi-
LIYEThCS 32 PaXyHOK ONTHUMAJIBHOIO PO3MOALTY PecypciB
MDK HUMH 3 YpaxyBaHHSIM Ba)XJIMBOCTI KOXKHOTO 3 HHX
NPOTATOM IUIAHOBOTO mepiofny. Lle 103BONUTH 3 NEesKO0
HMOBIpPHICTIO Hamepes OLIHIOBAaTH SKICTh TNPOTPaMHHUX
MIPOAYKTIB, SKa HANpsAMY 3alIeKUTh Bif SIKOCTI IpoOIECy
PO3pOOKH IPOrpaMHOTo 3a0e3eYeHHS.

Orxe, BHHHMKae 3anadya (opMyBaHHS JIMHAMIYHOI
MOJIeNi IUIAHYBaHHS ITIBUIICHHS PIBHS MOYIUBOCTI
MiAMHOXKUHY Tiporiecie/mignpoueciB moaeni SPICE. Taky
MoJieNb OyJIeMO CHHTE3yBaTH SIK JUCKPETHUH IMpoIec Ha
mianoBomy nepioni [0,T], TpuBasicts sikoro i KinbkicTs

MiATepioiB IIaHyBaHH BU3HAYAIOTHCS KepiBHUIITBOM IT-
KOMITaHii 3aJIe)KHO BiJ THX 3a/1ad, sIKi mepea Helo CTOSTh.
SKIO MM PO3TIISIIAEMO TAMHOXHHY IPOIECIB MOJENi
SPICE, 10 OymemMo BBakaTH, [0 BOHA Ha KOKHOMY
MiAmepioAl IUIaHyBaHHSA XapaKTePH3YEThCA AESIKHM CTa-
oM X,. Ileif craH 03BOIA€ TPOBECTH OIIHKY piBHS

MOXKIIUBOCTI KOXHOTO TIpOIecy i iX MHOXWHH. Bynaemo

— S0 .
BBaXaTu, 11O XO =X BU3Ha4Ya€ IIOYaTKOBHMM CTaH

CHUCTEMH 3 TOTIISAY IUIAHOBOTO Tepiomy. Y pes3ynbTaTi

MOJHa 3allpONOHYBAaTHU HACTYIHY 3QJIEKHICTh CTany Xt

Bin crany X, ,

X, =F (X ), te[LT],

Je I, —BapiaHT Kepyluoro BIUIMBY, SIKMH 3aJIe)KUTh Bif

(hinancoBux pecypciB. Bume Oymo mimkpecineHo, IO
nponec, SKUH PO3IISNAETBCSA, PEaTi3yeThCsi B yMOBax

obmexennx pecypciB. Hexait I, e R, ne R, — MHOXHHA
BapiaHTIB PO3BHUTKY IIPOIIECY, KA 3aJICKUTH BiJ] BUIIICHIX
Ha t-My mignepioai ¢iHancoBux pecypciB. Jami Oymzemo
BBAXKATH, 10 HA OCHOBi CTaHy X, , i KEPYIOUOro BIUTHBY

I, Moke OyTH NpOBE/eHA OIiHKA PiBHS MOXIIHMBOCTI BCiX
MPOLIECIB, SIKI PO3TIIAAIOTHCS

O (X 1), te[LT].

VY pesynbrari CTOiTh 3a7ada MaKCHMi3yBaTH CyMy
TaKUX OLHOK Ha IUIAHOBOMY IIEpPioJii 3@ JOTIOMOTOI0 MHO-

KHHH ynpaBiisifounx BImBiB {I} . Taka 3ajada Hasuea-

€ThCS JMHAMIYHOKO 3aJa4yelo JUCKPETHOI onTuMmizamii Ta
Moxke OyTu copMoBaHa y Takuii crmocid

T —_—
a3, (X,

t

T([ 1)+ D (X, ), X, =

=F(

Etan 4. Po3po6ka anropuTMy IUIaHyBaHHS PO3BUTKY
MZIMHOKWHHM NIPOLIECiB eTanoHHoT Mozedi 3pinocti SPICE
Ha OCHOBI METOAY TOCIIiJOBHOTO aHami3y BapiaHTiB. [Ipu
BHOOPi METONy, a Ha HOTO0 OCHOBI aNTOPUTMY ONTHUMI3aIil
MoOJIelTi, HEOOXiTHO PeTeNTbHO BUBYUTH CTPYKTYPY MOJETI,
il xapakTepucTWkd. Sk BiZOMO, BCi MoOjAeNi MOXKHA
MOJUIATH Ha aHANITUYHI Ta alTOPUTMIYHI. Y IBOMY pasi
MH OyAeMO pO3IIIsiaTH aHaJiTUYHY Mojenb. B cBoro
4yepry, Taki MojeNdl MOXKHa IOJUIMTH Ha MOJeT 3
Oe3rmepepBHUME  3MIHHMMH 1 JUCKpeTHI Momem. Sk
BapiaHT — riOpuaHI MoAeNi, SKi MalTh AMCKPETHI 1 0e3-
nepepBHi 3MiHHI. Y NOAAIBUIOMY MH OyJIeMO pPO3risiiaTu
MOJIETIb 3 TUCKPETHUMHU 3MIHHUMH, Ha LIIbOBY (QYHKIIiIO
K0T HaKJIaJaloThCsl pecypcHi oOmexxkeHHs. KpiM 1poro,
HEOOXiJTHO ITiAKPECIUTH, IO MOJAENb MaE aAJAUTHBHY
LTBOBY (DYHKILIIO.

Ha ocHoBi Takoro anaiizy Mo>kHa 3p0OMTH BUCHOBOK,
0 OJHMM 3 HaWOUTBII NPUAATHUX METOMIB IS
onTuMi3amii MoOAeNni € MeTOJ TMOCIiOBHOIO aHali3y
BapiaHTiB. BiH 103BoNsf€ mig Yac HOTO BHUKOPUCTAHHS
BIJKM/IATH Ti JOMYCTUMI DIIICHHA, AKi HE MICTATH ONTH-
ManbHUX. [10 1HIIOMY MOXHA CKa3aTH, 10 1Iie Mpoleaypa
CHPSIMOBAHOTO TIepebopy BapiaHTIiB, M Yac SKOTO CTaE
BIZIOMO, IO JiesiKi 3 HUX HE BXOJSTh JO ONTUMAaJbHOTO
pimreHHs.

OmHuMu 3 TepmuX Tpanb, B SKMX OyJo 3ampo-
MMOHOBAHO TaKWH MiAXiA JO omTuMi3amii momeneid Oymu
HAyKOBI HaNpallOBaHHS TaKMX BHJIATHUX BYEHHX SK
bennman P., Banpg A., Aiizexc P. ¥V nopansmomy mnpu

_>? , L eR, te[lT]
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KOHKpeTn3alii Mojelsi IUIaHyBaHHS PO3BUTKY HiJIMHO-
KMHH TpolieciB eTasioHHOi Mozeni 3pinocti SPICE
HEOOXimHO Oyae BHOpaTH JAESKHWA AITOPUTM, SKUH
BIZTHOCUTBCS /10 L[OTO METOAY, 1 ajanTyBaTH HOro 1o
PO3B’sI3aHHS ITOCTaBJICHOT 3aa4i.

Eran 5. IadopmariiiHa TeXHOJOTiS IUIaHYBaHHS
MiABUINEHHS SKOCTI MiAMHOXXWH TIPOIECIB €TaJIOHHOT
mozem 3pimocti SPICE. Ha mpomy erami BHpiIIyeTbes
HACTYITHAa MHO’KMHA 3a/1a4. AHaIi3 Oi3Hec-TIpOIIeCiB TEXHO-
sorii mokpamienHs skocti I1P I13. BusnaduenHs BUMor 1o
[13. ®opmyBaHHS [iarpaMu BapiaHTiB BHKOPHUCTAHHS.
Po3pobka mopeneit nanux. OOrpyHTYBaHHsS BHOOpY
iHCTpyMeHTapito it po3poOku I13. Bubip eranonHoi
cucteMHoOI apxiTektypu. Jlani kogyBaHHs i TecTyBanHs [13.

Etan 6. ®opmyBaHHS MHOXHMHHM BapiaHTIB IUIaHY
MiBUINCHHAS SKOCTI IMiJMHOXHHHU IPOIECIB MOJEII 3pi-
nocti SPICE 3 MeToro miaTpuMKH NpUUAHSTTS pitneHs OITP.

PosrastHeMo 3amady MiATPUMKH NPUHHATTSA pIllleHb
OesmocepennHb0 A0 (opMyBaHHA TIUIaHY ITiJBUINCHHS
SIKOCTI TIAMHOXHWHH TporeciB moxaeni 3pinocti SPICE.
Heo0xigHO MiAKPECInTH, IO Ha I’ ITOMY eTalli TEXHOJIOT1,
SIKy TIPEICTaBIICHO Ha pHUc. 1, iH(opMaIiifHa TEXHOJIOTis
JIO3BOJISIE BU3HAYMTHU JCAKUNA KOHKPETHHH IUTaH IIiJIBH-
ieHHs stkocti npoueciB moaeni SPICE, ane marouu TiTbKU
OIMH BapilaHT IUIAaHy HEMOJKJIMBO NPHUUHSITH DILICHHS 3
METOl0 #oro peanizauii Ha npaktuui. Heooxigno chopmy-
BaTH JICKibKa albTCPHATUBHUX IJIAHIB HA OCHOBI Bapiro-
BaHHS MHOXKHMHH PI3HHMX NapaMeTpiB i HA OCHOBI Teopii
MPUHHATTA pIIICeHh BU3HAYHTH ACAKHHA KOMIPOMICHUH
BapiaHT. Po3rinsHeMo 1ie MUTaHHA y 3arajJbHOMY BUTIISI 3
METOI0 HOT0 pealizalii Ipu AOCHiPKEHHI MOZeni etamy 3.
[To-mepure, HEOOXiJHO BHM3HAYWTH, SIKOTO THUILY IIPOIEC
NPUHHATTS pilIeHb po3risinaeTbes. MoxyTh OyTH Tpen-
CTaBJICHI JIBa BapiaHTa: KOJNEKTHUBHE MPUUHATTS PIilIeHb i
OJHOOCIOHe. 3BiCHO, 110 y TpoLeci NPUUHSATTS pillieHb
npuiiMae y4acTb TPH THUIM OCI0: eKcrepTH; ocolu, IO
¢dopmytots pitteHHs (ODP); ocobu, mo npuiiMaioTh
pimenns (OITP) [17, 18]. O®P e ¢GakTHIHO aHATITHKH,
SIKI pO3pOOJIAIOTh MOJIEM, AIITOPUTMHU 1 TEXHOJIOTIT hopmy-
BaHHSI KOMIIPOMICHUX (KOHCTPYKTHBHHX) pillIeHb 3a 3roj-
oo 3 OIIP. Tomy (hakTHYHO TOHATTSA KOJEKTHBHOTO Ta
OJTHOOCIOHOTO IPUHHSTTS PIlIEHb BiTHOCHUTHCS 0 €KCITep-
1iB i OIIP. V Hamomy pa3i OIIP ne xepiBauKky [ T-koMmaHii
abo rocmogapi KoMmaHii. MHOKUHA eKCIlepTiB pOPMYy€ETh-
cs 3 KkBaui(ikoBaHOTO ckiaay mpamiBHuKiB [T-kommaHii,
KEepiBHHKIB BiJIMOBIAHUX MiAPO3aiTiB. B neskux Bumagkax
3aITydarloThes GaxiBIll 3 1HIIMX KOMIIAHIH K He3alexHi
excreptH. [lepeiineMo 10 poO3MIIsAy OCHOBHHX €TalliB pO3-
B’SI3aHH 3a/1a4i IPUHAHATTS PillIeHb.

Ilepmmii etanm — BH3HAYEHHS METH 3ajadi. bygemo
BBa)KaTH, 110 METa BH3HAuUeHa 1 K 1e OyJI0 PO3IIISAHYTO
BUIIE — MiABHIIEHHS piBHSA 3pinocri [1P I13.

Hpyruii eran — ¢(opMyBaHHS OCHOBHHMX YMOB,
NPUNYIIEHb, 0a30BUX OCHOB, BHXIJIHUX JaHUX IIpH
moOyIoBi MoJeNli 00’€KTa TOCTIKCHHS, SKHH peati3ye
MIOCTaBJIeHY MeTy. byznemo BBaxaTH, 10 Ha OCHOBI IpynH
0ci0, 10 TPUIMAIOTE PIICHHS 32 JOTIOMOTO0 BiIOBITHIX
eKCIepTiB, NPUHHATO DPIMICHHSA, IO Taka MOAETb Oymy-
€ThCsl Ha OCHOBI ertaymonHol Mmomenm 3putocti SPICE. A
METOI0 € IUIaHyBaHHS ITiJIBHINCHHS 3piIOCTi (SKOCTI)
nesikoi  miaMuokuHM miporieciB momenmi SPICE, ska 3

oy OIIP e Halibinbin Baxusoro i [ T-koMnanii Ha
JTaHOMY eTarli 11 QyHKIIOHYBaHHS.

Tperiit eran — Oe3mocepenHs moOyJA0Ba MOJEIi Ha
OCHOBI BCIX JONYyIIEHb, sIKi OYyJI0 3p0o0JIeHO Ha Tonepen-
HbOMY eTari. Jlo popMyBaHHS Takoi MOJEN A0JTy4aeThCs
komaaga O®DP, sxa susaagaetscs OIIP abo rpymoro OITP.
I 3amaya pearnizyeTbcsi Ha OCHOBI eTamiB 2, 3, 4 TEXHO-
JIoTi1 MiABHUIEHHS SIKOCTI IMIAMHOXXHHH TMPOIECIB MO
SPICE (puc. 1). Bynemo BBaxkaTH, IO i aJTOPUTM OIITH-
Mi3allii MOJIENi TaKOX peai3yeThes miero komannon ODP.

UetBepTuii eTan — BU3SHAYCHHS OCHOBHUX ITOKa3HUKIB
(xpuTepiiB), Ha OCHOBI SKUX y MOJAJBIIOMY MpPHUITyCKa-
€ThCS aHANi3 MHOXHHUA MOXIUBUX BapiaHTIB IUIaHY
PO3BUTKY migMHOXuHU niporieciB moaem SPICE 3 metoro
BU3HAYCHHS JIEIKOTO KOMIIPOMICHOTO BapiaHTa.

Heo0xinHO migxpecauTy, 1o IpH po3B’s3aHHI Oara-
TOKPUTEPIATbHUX 33/a4 OJHUM 3 IiIXOMIIB € BU3SHAUYCHHS
OCHOBHOTO (TOJIOBHOTO) KpHUTEpifo, Ha OCHOBI SKOTO
MIPOBOIUTHCS OINTHMi3allisl, a BCi IHIII KpHUTEpii MOBHHHI
Oyt He MeHIe (He OiIbIne) MesIKUX BCTAHOBIICHHUX BEIH-
4uH 1, sIKi HA3MBAIOTHCS TOPOTOBUMH 3HAUCHHSIMH

f, (x) > max (1)
xeX, fi(x)=t, i=12.m; i=l )

JIe M — KUIbKICTh KPUTEPIiB, SIKi BCI MAKCUMI3YIOTHCS.

ONTHMAILHAM BBAXKAEThCA Oyb-sKe pimeHHs X'
iei 3aayi. Take pilIeHHs 3aBXK/IH € €1a00 e(heKTUBHIM, a
SIKIIIO BOHO €IWHE, TO i epekTuBHUM. [IuTaHHS mpo BUOIp
TOJIOBHOTO KPUTEPIIO CIIiJi BUPINIYBAaTH TaK, MO0 ITOJET-
[IMTH TIpU3HAYeHHs Benwduau t . [IpakTHYHO BKa3yeThCs

cepis HabOpiB {ti} 1 JUIA KOKHOTO Ha0OpY BHPIIIYETHCS
3agava (1), (2). Skuio 3HaueHHs 1 Benuki, To OOMeKEHHs

MOXYTb BUSIBUTHCH HECYMICHMMH 1 3a/1a4a He Oyne MaTu
pimenHs. Tomy 1ie TMTaHHS HEOOXITHO BPaxoBYBaTH IPH
dopmysani cepii HaGopis {t;} [19].

[epetinemo Ge3mocepeaHBO Bifl 3arallbHOTO ITiIXOIY
3 pO3B’sI3aHHS 3a/1a4i 0araTOKpUTEpiaTbHOT ONTUMI3AIIT 10
PO3IIIsAAy HAIIOi KOHKPETHO1 mpobiemu. bByaemo BBaxkaTw,
0 pO3IISAAAEThCS JBOKPUTEpiaibHA 3amava, B SIKid
MepIIUM KPUTEPIEM € MpHpicT piBHsA 3pinocTi (sikocti) TP
I13, a apyruit kpuTepiii — GiHAHCOBI pecypcH, HEOOXiaHI
JUIA po3B’si3aHHS 1i€l 3amadi. B cBoio wepry, y sIKOCTi
oOMexeHb Oy/IeMO BUKOPHCTOBYBATH (piHAHCOBI pecypcH,
SIKi BUIUIAFOTHCS. Ha KOXKHOMY ITiIIePio/Ii ITIaHyBaHHS.

[I’atuit eranm — Ha OCHOBI BH3HAYE€HUX KPHTEPIiB
(dopMyBaHHS MHOXKMHM BapiaHTiB IUIaHY MiJABUINCHHS
sIKOCTi miaMHOXuHE TpoueciB moxeni SPICE. fAx Gymno
BU3HAYCHO, HAa YETBEPTOMY eTalll 33ja4a HpUHHATTS
pilIeHs PO3IIIAAAETHCS 3 MOTIAAY IBOX KpuTepiiB. Ilpn
IIBOMY OJWH KpuTepiii — miaBumeHHs skocti [P I13 -
BBAXXA€THCS TOJIOBHUM, a APYTHH KpuTepiit — ¢iHaHCOBI
pecypcH — BH3HAYaeEMO SIK OOMEXKEHHs, JMJsl SKOTO
BCTAHOBJIIOEMO DsiJi TIOPOTOBUX 3HA4€Hb, KOXKHE 3 SKUX
BU3HAYa€ JESKHUH IUIaH PO3BHUTKY MiAMHOXHHH IIPOIECIB
mogeni SPICE mpu QikcoBanmx mnapamerpax MOJEI.
Bynemo BBaxaTH, 110 JesKi MapaMeTpy MO>KHA BapiloBaTH
B MEXax 33aJaHuX 1HTepBalliB. TaKMMHU apamMeTpamH €:
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- BaroBi Koe(ilieHTH BaXKJIMBOCTI OKPEMHX IpaK-
TuK 1 mpoueciB mozaeni SPICE;

- BaroBi KOeQillieHTH BaXJIMBOCTI OKPEMUX ITijrie-

pioziB IIaHyBaHHS;

- BepXHI MexXi 0OMexeHb Ha (piHaHCOBI pecypcH 1o

KO)KHOMY TIiIIepiofy IUIaHyBaHHS mIpu 30epe-
JKeHHI 3arajbHHUX (DiHAHCOBHX PECypciB Ha BCHO-
My Tepioi IIaHyBaHHS.

Ha puc. 3 mpencraBneHa Hao4Ha iHTEpIIpeTarlist
MHOKIHH BapiaHTiB IutaHy minBuimeHHs sxocti ITP 13
3aJIeKHO BiI BHIUICHWX pECypciB 1 BapifoBaHHS Iapa-
MeTpiB. 3 orsaay Ha yHAaMEHTaJIbHI BIACTHBOCTI CHCTE-
MU IIpH (IKCOBAHMX MapaMeTpax MoOJesi MOKHa BBaXKaTH,
IO 3AJICKHICTh €PEKTUBHOCTI (SIKOCTi, KOPUCHOCTI, 3pi-
JIOCTI) BiJ BKJIQJICHHX PECypciB st Oynb-sIKOi CKIlaJHOT
cucremu, Harpuknan [IP I13, Ha BchoMy iHTepBaii XKHT-
TEBOTO IHMKIY MOXKE OyTH SIKICHO OIMCaHa JOTICTHYHOIO
KpPHUBOIO, SIKa Ma€ TpH Bifpi3ku (puc. 4). [lepmmuii Bigpizox
[O,S] onmykinid BHH3. Ha mboMy pUCYHKY e(peKTHBHICTH

CHCTEMH JyXe KBOJIO 3pOCTa€ Bil HaTaHUX PecypciB i
rpajieHT 3pOCTaHHSA 30UMBIIYEThCS IOKH OIyKJa BHH3
3aJICKHICTE HE MEPeTBOPIOETHCS Y JiHiMHY. Ha apyromy

BIZIPi3Ky ]Sl, Sz] 3aJICKHICTh e(DeKTUBHOCTI Bi pecypciB
HaOMIDKAETbCSA 10 JTiHIHHOTO Xapaktepy. Ha Tpersomy
BiIPI3Ky |S,,+o0| 3amexHicTh epeKTHBHOCTI Bij pecypciB
omykia Bropy. Lle o3Hauae, mo pecypcu Aal0Th MEHIIHN
e(eKT, HiX Ha JIHIHHOMY BIJIPi3Ky, 1 3 IE€IKOrO MOMEHTY
HeMa CeHCy Hajall BKJIaJaTh PEeCcypcH Y IiIBUIICHHS
SIKOCTI CUCTEMH.

A
[pupict eextuBnoct

- b

B AR T U

Pecypen
. s 2

0 3F s, S, §

)
Puc. 3. MHOXWMHa BapiaHTiB IIaHy

locTuit erarn — BU3HAYECHHS] MHOXXWHH €(EKTHBHHUX
pimens. Ha mowarky miiaHyBaHHS MH MaeMoO HIESKUI
Buximuuit Bapiant IIP II3 3 mormsamy sKocTi mporeciB
mojeni SPICE i Oynemo BBaxkaTH, 110 BKJIaJaHHS PECyPCiB
MTOYMHAETHCS HA JIHIMHOMY BiIpi3Ky 3aJIeKHOCTI, Tpe-
craByieHoi Ha puc. 4. Ha puc. 3 Bu3Ha4eHi BapiaHTH IIaHY
JUTA YOTHPHOX BapiaHTiB MHOXHHH ITapaMeTpiB MOAETII, SKi
MMO3HAYEHI HACTYIMHUMH CHMBOJIAMIL «°», «+», «X», «*».
Kosxumii BapiaHT mapameTpiB MoJiesli BUKOPHCTAHO IpH
ONTUMI3aIil MOJIEII JAJIs1 YOTUPHOX BapiaHTiB 0OMEKEHb Ha
sarameHi pecyper: S,,S,,S,,S,. BpaxoByiounm Te, IO
Kkputepiit «Pecypcn» MiHiMiI3yeThes, a Kpurepiit «[Ipupict
e(eKTUBHOCTI» MAaKCHMI3ye€TbCs, Ha pUC. 3 BH3HAYEHA
MHOXHHA eekTuBHHX pimens. e mmann A,B,C, D, sxi

npencraBisitoreess  OIIP gns BuOOpY  OCTaTOYHOTO
BapiaHTa, SKUU PeaTi3yeThCs y MOJANBIIOMY.

b Edesmnmicts

Pecypen

0 S, S

Puc. 4. ®ynnameHTaIbHA BIACTUBICTh CHCTEMH

BucHOBKH, IUISIXH NOJAJbIIHX JOCTIIKeHb. Y
po0oTi 3a3HayeHO, WO JAJIsl BUPILICHHS 3a/a4i pO3pOOKH
iHpopMaIiiHOT TEXHOJOril IUIAHYBaHHS ITiBUIICHHS
PIBHSL 3pLIOCTI MiJMHOKHHU NPOLECIB €TaJIOHHOT MOAei
3piocti SPICE, momepenHpo Iie¢ MHTaHHS HEOOXiTHO
PO3IJISIHYTH Ha BepOaJbHOMY pIiBHI SK TEXHOJIOTIIO
(TIOCITiIOBHICTH €TaIliB) peaizailii mocTaBaeHoT IpooIeMu.
Ha mepmomy erami mpoBeneHO (opMatizaiiio CTpyKTypH
erasionHol moxeni SPICE, ska cxilamaeTbcs 3 MHOMKHHHA
OKpeMHEX IpoleciB. Ha npyromy erami po3risiHyTo METOx
OIIiHKH PiBHS MOXIIUBOCTI OKPEMOTO MPOIEeCy/IiAIpoIiecy
eramonHoi moxermi 3pimocti SPICE, sxwii HaBemeHo 3
nomsany nBox BumipiB moxaemi SPICE. Tperiit eran
TEXHOJIOTIT MNPUCBSYEHO CHHTE3Y MOJENl IUIaHyBaHHs
PO3BUTKY migMHOXHUHU mporeciB momenmi SPICE, ska
BU3HAYA€ PIBEHb SIKOCTI OKPEMOi CKJIAZOBOI MpPOIECy
po3pobkK mporpamHoOro 3abesneueHHs. Ha uderBepTomy
eTari TeXHOJIOTIi PO3INISAAEThCS aNrOPUTM IUIaHYBaHHS
PO3BUTKY WiJAMHOXXUHH TPOLECIB €TATOHHOI MOJEINi
3pinocti SPICE Ha oCHOBI MeTOIy TOCIIJOBHOTO aHAII3Y
BapiaHTiB. I[I’aTuit eram mpucBIYeHO iHpOpPMAIHHIH
TEXHOJIOTI1 peaizamii po3po0IeHOT MOIETi Ta alrTOPUTMY.
Ha mocromy ertami Ha OCHOBI iH(pOPMALIHHOI TEXHOIOTIT
(opMyeThbcsI MHOXKMHA BapiaHTIB IUIAHY ITiIBUIICHHS
SKOCTI IJMHOXHHHU mporeciB mozeni 3pinocti SPICE 3
METOIO MIITPUMKH NPUHHATTS pillleHHs KepiBHULTBOM [T-
KOMITaHii.

[opanburi mocmipkeHHss OyAyTh NPOBOIUTUCH Y
HACTYITHHUX HAMpPSIMKaXx:

- (dopmamizanis METOIy OILIHKM PiBHSI MOXJIHBOCTI

okpemoro mporecy moneni 3pinocti SPICE;
- CHHTE3 MOJelli IUIaHyBaHHS PO3BHUTKY MiJMHO-
*KUHHU TiporieciB Mojeni 3pinocti SPICE;

- po3poOka aJIrOpUTMY IIAHYBAaHHS PO3BHUTKY ITiJI-
MHOXHUHH TiporieciB Mojedi 3piocti SPICE;

- po3poOka iHpopMarliitHOT TEXHOJOT11 MJIaHyBaHHS
AKOCTI MiAMHOXXHHH MPOIECiB MOJENi 3piIocTi
SPICE.
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VERBAL DESCRIPTION OF THE TECHNOLOGY FOR PLANNING THE QUALITY IMPROVEMENT OF
A SUBSET OF THE PROCESSES OF THE SPICE MATURITY REFERENCE MODEL

It is noted that to solve the problem of developing information technology for planning the increase of maturity level of a subset of the processes of the
SPICE reference maturity model, this issue must first be considered at the verbal level as a technology (sequence of stages) for the implementation of
the given problem. At the first stage, the structure of the SPICE reference model, which consists of a number of separate processes, was formalized. This
set is presented as a hierarchical structure: the first level is a set of processes and subprocesses; the second level is a set of process groups; the third level
is a set of process categories. At the second stage, the method of assessing the level of possibility of a separate process/sub-process of the reference
maturity model SPICE is considered. It is given from the point of view of two dimensions of the SPICE model: the purpose of the processes; the attributes
of the processes (measurable characteristics necessary for managing the process and increasing the possibility of its execution). The third stage of the
technology is focused on the synthesis of planning model of the subset development processes for the SPICE model, which determines the quality level
of a separate component of the software development process (SDP), which in turn has a positive effect on the level of development of software systems.
Assessment and planning of the possibility level of a subset of processes is implemented during a certain planning period under conditions of limited
resources based on their optimal distribution, taking into account the importance of individual processes and their practices during the planning period.
At the fourth stage of the technology, an algorithm for planning the development of a subset of processes of the reference maturity model SPICE is
considered based on the method of sequential analysis of options. This is primarily due to the fact that the optimization model has an additive objective
function. The method allows discarding those appropriate solutions that do not contain optimal solutions. In the future, when specifying the model, it is
planned to choose an algorithm that belongs to this method and adapt it to the solution of the given problem. The fifth stage is devoted to information
technology implementation of the developed model and algorithm. At this stage, the following set of problems is solved. Analysis of business processes
of the technology of improving the quality of software development process. Definition of software requirements. Forming a diagram of use cases.
Development of data models. Justification of the choice of tools for software development. Selection of reference system architecture. Next, software
coding and testing. At the sixth stage, based on information technology, a number of variants of the plan for improving the quality of a subset of the
processes of the SPICE maturity model are formed in order to support decision-making by the management of the IT company. For this, a set of effective
solutions is preliminarily determined, which is proposed to determine the final option, which is implemented later.

Keywords: maturity level, subset of processes, software development process, technology, model, method of sequential analysis of options, set
of effective solutions.
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MOJAEJIOBAHHS PIBHS HE3AZJOBOJIEHHS ITIOTPES MEIIKAHIIIB MAJINX MICT Y CUCTEMI
HIATPUMKU IPUUHATTS PIINEHD JJISA BOJOIIOCTAYAHHSA B EKCTPEMAJIBHUX BUITAIKAX

Posrismaetsest mpobiaema 3a0e3nedeHHsT BOAONOCTAuYaHHs MalMX HAacelleHWX ITyHKTIiB B €KCTpeMalbHHX BHIankax. HaBemeHo, 1o aBTopH paHimie
cOopMyITIOBAIM Ta PO3B’SI3a1M 33jady CTBOPCHHS CHCTEMH MiATPHMKH HPHIHSTTS PIllieHb, sIKa J03BOJSE HPU HASBHOCTI JaHHUX PO KiJbKICTH
MEIIKAHI[B Y KO)KHOMY paifOHi Ta BIICTaHsIX MK pailOHaMH pO3paxyBaTH ONTUMAIbHUH MapIIPYT EpPeCcyBaHHs LUCTEPHHU 3 BOJOI0. 3 BUKOPUCTAHHIM
HM3KH napamertpis (cepeiHiii yac obciIyroByBaHHs, 00’€M LIUCTEPHH, CEPEIHil BIICOTOK HACENEHHS, 110 BUXOAUTh 3a BOJOK, OOMEKEHHS Ha 00CST
BU/IaBaHOI BOJH TOIO) CHCTEMa JIO3BOJISIE CKIIACTH PO3Kiaj (rpadik) pyxy LIUCTEpHH, a TAKOXK JaTH peKOMeHIamil oxo 301IbIIeHHS KIIBKOCTI X
LICTEPH 1 ONTUMAIIBHOTO IXHBOI'O PO3MOALLY 10 paioHaX, BU3HAYMTU MICILI 1X HaHKPAIOro pO3TalllyBaHHSI B KOXHOMY PaiOHi I MaKCUMaIbHOTO
3a/I0BOJICHHS BCiX Horo MemkaniiB. Hapasi po3po6iieHo MaTeMaTHIHy MOJENb [Usl PO3PaxXyHKY CHeLialbHOro Koedilli€eHTa, IKHi J03BOJISE OLIHUTH
piBEeHb HE3aJOBOJICHHS MOTped MEIIKaHIB B 3a0e3NeYeHHi MUTHOI BOoJo0. IIpornoHoBaHuil Koe(hilieHT MiCTHTH TPH CKJIAJOBI YaCTHHH, a caMe —
BiZIHECEHHS 00’ €My pPEeKOMEHIOBAaHOI BHIa4i MAKCHMAIBHO MOMJIMBOI KUTbKOCTI JITPIB HAa OAHY JIIOANWHY IO PO3PaxXyHKOBOI; BiIHECEHHS PeaJbHOTO
«4acy y Iopo3i» [0 ONTUMAJIbHO PO3PAXOBAHOIO; CEPE/Hs BIIHOCHA BIJNATCHICTh Bifl PO3PAaXOBAaHOrO LEHTPY paioHy. CTBOpEHa MOZEIb J0aHa SIK
JIOIATKOBUI MOJLYJIb JI0 HAsBHOI CHCTEMHM ITATPUMKH NPHHAHATTS PillleHb, HABEJCHO NPHUKJIAJH POOOTH CHCTEMH IIiJ] Yac PO3paxyHKY MapIipyTy Ta
MOJIOKEHHSI LIUCTEpH, 110 3abe3mnedytoTh M. Toperpk JloHernpkol obnacti. [Ipuknaam cBigyarth, 110 NPUYMHOI HAHOUIBIIOrO HE3aJOBOJEHHS €
HEIOCTATHs KiJbKICTh MAalllMH, HA JPYrOMy MiCIi — iX He JyKe BIaje po3TalllyBaHHS, HAassBHUW yac Maike HE BIUIMBAE Ha pe3yibTar. 301IbIICHHS
KIJTBKOCTI MAIIMH 10 ABOX 3HIKYE MeplIy CKIIaIoBy KoeillieHTy 1O OqUHHIN. Pe3ynpTaTi CBiI4aTh PO MOXKIMBICTS 3HIKEHHS MOKa3HUKa 3 1,305 1o

1,087.

Kuro4oBi ciioBa: 3a0e3neyeHHs BOJIOIO, ONTHMAIIBHUI MapIIpyT, IYIII-KapTH, LIEHTPU KJIACTEPiB, 330BOJICHHS MOTPeO, MaTeMaTHYHA MOJIENb.

Beryn. Cucrema BojonocradyaHHs, sika Ji€ y Oiib-
IIOCTI HEBEIMKKUX YKPATHCHKHUX MICT, MOXKe OyTH HOpyIiie-
HAa B PE3yJbTaTi CKCTPEMAJIbHHUX IMOJIN, 1 JOCTABJISHHS
BOJIM CIIOXKMBaueBi Oyne 3/1HCHIOBATHCS 3a JIOMOMOTOI0
CIIEIiali30BaHOTO aBTOTPAHCIIOPTY. Y paiioHax (MIKpO-
paiioHaX, OKpEeMHX KBapTajax) MICTa pO3TaIIOBYIOTHCS
TUMYAcOBI ITyHKTH PO3JIMBY ITUTHOI BOJH 3 aBTOLIUCTEPH y
Tapy crioxuBaua [ 1-5].

IlocranoBka 3aja4i Ta orisj Jireparypu. ABTopu
chopmymoBanu [6] Ta po3B’s3anm 3amady CTBOPCHHS
CHUCTEMH ITIATPUMKH IIPUUAHSTTS PillIeHb, sIKa JO3BOJISIE TIPH
HAasBHOCTI JaHUX MPO KUIBKICTh MEIIKAHINB Y KOXXHOMY
paiioHi Ta BiACTaHAX MK paliOHaMH poO3paxyBaTH
ONTHUMAJIbHUI MapUIPYT EPEeCyBaHHS [UCTEPHH 3 BOOIO.
3 BHKOPHCTaHHAM TaKHX IapaMeTpiB, SK CepemHild dac
o0ciryroByBaHHs, 00’ €M IIUCTEPHH, CEPE/IHIH BiZICOTOK Ha-
CeJICHHSI, 1110 BUXOJMTh 32 BOJIOIO, 1 OOMEXEHHs Ha 00csr
BU/IaBAaHOI BOJM, CHCTEMa JIO3BOJIIE CKIIACTH PO3KIA]
(rpadik) pyxy LHCTEpPHH, a TaKoX IaTH pPEKOMEHJamii

QO

111010 301IBIIEHHS KITBKOCTI IIUX IIUCTEPH 1 ONITUMAIILHOTO
iXHBOTO po3nojiny 1o paiionax [7]. Takox Oyio nocras-
JICHO Ta BUpINIeHO [8] HACTyIHE 3aBIaHHA: BU3HAYWTU B
KO’KHOMY paiioHi Take Miclie po3MillleHHs LIUCTEPHH, 1100
BOHO OyJIO PIBHOBIIMAICHUM BiJl YCIX TMPUIIETIAX OYIHH-
KiB 3 ypaXxyBaHHAM KiTbKOCTi MemkaHIiB. Ille oqHa MOX-
JMBICTH, Ky HA/JaB HOBHHM MOJIYJb KOpHCTyBadaM — L€
BU3HAYCHHS! TOYHUX KOOPJMHAT PO3TAIIYBaHHS LHCTEPHH
Ha MICIIEBOCTI 3a IOTIOMOTOIO0 T'yTII-KapT. Y podorti [9] 6ymno
chopMybOBaHE HOBE 3aBIaHHs: 32 HAasBHOCTI CTAaTHC-
TUYHHX JIaHUX PO aBapii, 110 CTAJKCs paHille Ha BOIO-
MPOBOJIi JAHOTO MiCTa, i TPUBAJIOCTI PEMOHTHHX POOIT y
KO)KHOMY BHITIQJIKy IOTpiOHO mependadntu (TOOTO crpor-
HO3yBaTH) TPUBAJICTh PEMOHTHUX pOOIT 3 BiIHOBJICHHS
BOJIOTIOCTa4YaHHSA MiCTa.

@®opMyJIIOBAHHSI HOBOI MAaTeMaTH4YHOI MojeJi.
Byno nocrasiieHe 3aBaHHsI BU3HAYSHHSI HOBOTO Koeilli-
€HTa, IO JI03BOJIMB OM OLIHWTH PiBEHb HE3a/J0BOJICHHS
notpeb HaceNeHHs B 3a0e3IIeYeHHI MUTHOI0 BOAOK0. Bimomi
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pillICHHs PO3paxyHKy (HaHmomupeHimuii crocio — iHxeKc
CHOXKMBYOI 3aJI0BOJICHOCTI) 0a3yloThCcs Ha OIMTYBaHHI
cnoxuBauiB [10], ToMy HENPHIHATHI.

Buznaunmo Taki nqaHi:

N — KinbKicTh (haKTOpiB, IO BIUIMBAIOTH Ha SIKICTh
BUKOHAHHS 3aBIaHHS;

direat, 1 = 1...N — 3HaueHHs i-ro ¢akropa, po3paxoBa-
HOTO I peajlbHUX JaHHX;

dioptimal, | = 1...N — 3Ha4genHs i-ro dakTopa, po3paxo-
BAHOTO VIS ONITHMAJIbHUX JaHUX;

ki, i = 1...N — koe®ilieHT MepEeBUINCHHS 3HAYCHHS
dbaktopa, skuit MoxHa po3paxyBaTh 5K Uireal / dioptimal
(puitmaemo Kioptimal = 1).

Takum 4MHOM, KOeQIli€HT OLIHKM pIBHS 3aJ0BO-
JIeHHs IOTpe0 HaceleHHs B 3a0€3MeUeHH] MUTHOIO BOJIOO
B 3araybHiil MOCTAHOBIII MOYKHA 3aITHCATH TaK (3BAKAKOYH
Ha HOTO MparHeHHs 10 ONTHMAJILHOTO 3HA4Y€HHsI, TOOTO 110
OJIMHHIII ):

25 &

VY [6-8] Oyno Bu3HaYeHO TPIHKY BIUIMBOBUX (haKToO-
piB, a came:

— KUIBKICTP CHeLiaJli30BaHUX MAIlMH (aBTOLUCTEPH),
SIKl TOCTaBJISIOTH BOJY;

— MapIIpyT pyXy CHEUiaTi30BaHOI TEXHIKM;

— MicIle po3TallyBaHHS IIMCTEPHU y palioHi (Take,
00 BOHO OYIIO piBHOBIIIANICHUM Bif] YCiX MpMIETIIAX Oy-
JIUHKIB Ta MAaKCUMAJIBHO 3PYYHUM JIJIsI MEIIKAHIIIB).

BaxkaHa KiTBbKICTH CIIeIiasli30BaHIX MAIIMH PO3pPaxo-
BYETHCS B [7], TOMy mepmuM (pakTopoM MPUAMAEMO Bij-
HECCHHSI 00’e€My PEKOMEHIOBAHOI BHa4i MaKCHMAaJIbHO
MOJJIMBOI KUIBKOCTI JITPIB Ha OJHY JIOAUHY 10 pO3pa-
XYHKOBOI:

Vyee I Veaier Ko >1

k== , @
, IHaKIIIe
Nc 'Vauto
= 3
S -Out )

ne Ve — PEKOMEHIOBaHA BHIAa4a MaKCUMAJIbHO MOJKIIH-
BO1 KUTBKOCTI JIITPiB Ha OJHY JIOUHY;

Vealc — pO3paxoBaHa BHaua MAaKCUMAIbHO MOXKIHBOI
KUTBKOCTI JIITPiB HA OJHY JIIOMHY;

N¢ — KUTBKICTh IIUCTEPH;

Vayto — MICTKICTh OJTHI€T IIUCTEPHM;

Shab — KUIBKICTh HACEJIEHHS, IKE€ MEIIKAE B 03HAYEHUX
paiioHax;

Out — o715 HaceNeHHs, IKE BUXOIUTh 3a BOJIOIO.

IMapametpu Vrec Ta OUt BH3HAYAOTHCS 3a3JAJICTi/Ih Ta
€ KOHCTaHTaMH, iHIII MaloTh OyTH PO3paxoBaHi.

Posrisremo Ham npukiag [6—8]: Vi = 18 mitpis,
Vauto = 4000 mitpis, Out=0,01 (mpuiiMaemMo K KOHCTaHTH),
Vealc = 4000 / (34378 - 0,01) = 11,64 nitpa, ki =18/11,64
=1,55. SIkmio B3STH 10 YBard PeKOMEHIAIlit0 301IbIIICHHS
KUTBKOCTI IIUCTEPH X04a 0 JI0 JBOX, TO HA KOXKHY ITUCTEPHY

MPUAAETHCS MEHIIA KiJbKICTh HACEICHHS, 1 Vcalc IIpHiiMe
3HaueHHs Bijx 23,27 mitpa, a ki = 1.

Po3paxyHOK oNTHMaIbHOTO MapuIpyTy pyXy crieria-
J30BaHOT TEXHIKH Ta CKJIaJIaHHs HOTo rpadiky HaBeIeHO B
[2-3]; Takox Tam € cmucok M paiioHiB MmicTa i3 3a3Ha-
YEHHSIM YHCENbHOCTI HACENCHHS Sj B KOKHOMY (BCHOTO B

M
micti S, = ZSi MEIIKaHI[IB) Ta TaOJMIlA BiICTaHEH
i=1
MDX pailoHaM¥ 3 ypaxyBaHHSM MOKJIUBOCTI a00 3a00poHU
IPSIMOTO MPOT3/y MK KOYKHOIO [TapOI0 paioHiB:

M M
F(X):Z:Z:Cijxij — min, (4)

i=1 j=1

sum

ge M — KibKicTh MIKpOpaioHiB 3 3yIMHKAaMH LIUCTEPHH
IIUISL CITOSKMBAYIB BOJIH;

Cij, i, j = 1..M — «martpuus Butpar, Cij— «BUTpaTH Ha
nepexia» 3 i-ro MikpopaioHy B j-if, TOOTO BiJCTaHb MiX
MU MiKpopaifoHamu;

Xij — MaTpuIs TepexoniB 3 KoOMIOHeHTaMu: X = 1,
SKIIO UCTEepPHA POOUTH epei3x 3 i-ro Mikpopaiiony B j-i,
Xij = 0, sIKIIO IMCTEpPHA HE BHKOHYyE mepeisn; i, j=1..M,
i #].

Maemo 0OMeEKEHHS:

M
D Xj=1j=1.M, ®)
i=1
M
D Xy =Li=1.M, (6)

j=1

U -U+M-X; <M -1i,j=1M,i=# ] )

YmoBa (5) o3Hauae, MO IHMCTEpHA KOXHUH parioH
3aJIMIIAaE TUIBKH OJMH pa3; yMoBa (6) — BXOAUTH B KOKEH
paioH TiTHKU OJUH pa3; yMoBa (7) 3a0e3nedye 3aKpHUTiCTh
MapIIpyTy, M0 MICTUTh MiKpOpaiioHu M, i He Mae 3aKpHu-
TUX BHYTPIMHIX meTens. OCKUTBKU KUTBKICTh MIKpOpaii-
oHiB y MicTi Topensky nopisHioe 6 [6—8], ans BupinIeHHS
3aBJJaHHS MO’KHa BUKOPHUCTOBYBATH METO/] TIOBHOTO Iepe-
0opy, o BuMarae nepedopy makcumym (N — 1)! BapiauTiB
(5! = 120).

Jis po3paxyHKy Apyroi ckiagoBoi Koe(illieHTy
MO>XHa BUKOPUCTATH «4ac y JOPO3i», TOOTO CKIIBKHU Yacy
MOTPiOHO IUCTEPHI AJIs TIEPEMIIICHHS Ta BHIa4i BOIU:

t
kz — n real , (8)
optm

Je  treal — HASIBHUI Yac y 10po3i;

toptm — yac, sikuii 0yJ10 po3paxosano y [7].

VY HamoMy npuKIaji i mapameTpy Maiike 0HaKoBi:
trea = 540 XBWJIMH, toptm = 526 XBWJIMH,
ki =540/526 = 1,03.

OcTaHHIf MyHKT MaTeMaTHYHO omucaHo Tak [8]. ¥V
KO)kHOMY 3 M paiionis € Hi Oyaunkis (i = 1..M), koxken
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oynunok Dj (j = 1..H;) mae ymoBHi xoopaunaru Djx ta Djy,
HeoOxinno Busnaumtu Taki Cix Ta Cjy, mo0 cepenns
BiZICTaHb BiJl OyAMHKY 1O LIEHTpY 300py (po3TamryBaHHS
MaIlMHN) OyJia MiHIMaJIbHOIO:

> (0, -c.) (D, -,

-1
Ciy) = :

F(C,, —min, (9

I ( 1X M : ( )
i=1.M.

3HaXOKEHHS IIEHTPIB CYKYIHOCTEH OyAHMHKIB

3MIACHIOBATIMEMO B Takuii crioci0. CroyaTKy 3HaXOIMMO
TIoTIepeIHi KOOPIMHATH:

M;

ZD : (10)
C, = " .C, = " i=1.M.

[ToTiM yTOYHIOEMO I1i KOOPIUHATH OJHHM i3 METOIIIB
[11-13]. Takox BHKOPHUCTOBYEMO TaKi MPHITYIICHHS:
KOOpAWHATaMH OyIHHKY BBa)Ka€MO HOTO «reOMETPHYHHUH
meHTp» (KIIBKICTh OyIUHKIB «0COOIMBOI (opMi» HeBe-
JUKa, 1 iX He MPUIIMaeMO); OCKUIBKHA B KOKHOMY paioHi
po3TarroBaHi OyIMHKH NPHOJIM3HO OJHAKOBOI IOBEPXO-
BOCTI, KiJIbKICTh MEIIKAHIIIB Y KOXHOMY OYIMHKY po3pa-
XOBYEMO MPOMOPIHHHO 10 IJIOII 1IboTo OyAuHKY. [leHTpn
CYKYITHOCTEH OyJMHKIB MOXYTh OYTH pO3paxoBaHi TphoMa
cnocobamu  [8]: «3BHYAWHMI» T'E€OMETPHUYHUI ULEHTP
KJIacTepa; LeHT, 110 BPaXOBYE KUIbKICTh OyIUHKIB; LIEHTD,
10 BPaXxOBY€ KiJIbKICTh MEIIKAHIIIB.

Jnst po3paxyHKy TpeThoi CKJIAJ0BOI HALIOro Koe-
(¢ilieHTa BUKOPHCTAEMO CEPETHIO BiTHOCHY BiITANCHICTh
Bil PO3pPaxOBAaHOTO MEHTPY, TOOTO (AN TPUBEACHHS
JTAHWUX) — BITHOCHI KOOpAMHATH:

M |R- _C |Ri —Ci|
ko =1 2 : ix iX y y 21/M
? ' i=1 Cix ’ Ciy 2|1, (ll)

ne  Ciy, Ciy — po3paxoBaHi KOOPAWHATH OINTHMAJIHHOTO
LEeHTpY i-ro paiiony, i = 1..M;

Rix, Riy — peaJibHi KOOpIUHATH PO3MIIIEHHS UCTEPHH
B i-My paiioHi.

OcratouHo ¢opmyna KkoedilieHTa OIIHKH PiBHSI
3aJI0BOJICHHsI TOTPEe0 HAceleHHs IIiJi 4Yac MOoCTa4aHHs
KHUTENISIM MallIX MICT MUTHOI BOJM B €KCTpEeMaJbHUX
BUIaKax Oy/ie BUMIIAJATH TAaKUM YHHOM:

V] M akmo >1
rec !
K = Shab " + Lreal +1+
1, inakrue toptm
M IR —C. Ri _Ci
A3 IR, .x|+| =G| 12[IM |/321.  (12)
i=1 Cix Ciy

Pesyabratn pospaxynkis. [lani noTpiOHO BHecTH
3MiHM B HasBHHUH JOJATOK Ul MOXJIMBOCTI 3iHCHEHHS
PO3paxyHKiB.

[epmmii BapianT anst micta Topenpk [14] HaBemeHo
Ha puc. 1. BiH CBiqUuTh, 110 MPUYMHOIO HAKOLIBIIOTO He-
3a0BOJICHHS € HEJOCTATHS KiJIbKICTh MAIllUH, Ha JPYTOMY
MicIi — iX He Ayke Baaie po3ramryBaHHsI. HasBHui gac
Maiike He BIUTMBA€E Ha Pe3yJIbTaT.

Jani 30iIbIIMMO KiNBKICTH MaliuH 0 ABoxX. Lle
3HIDKYE TIepIly CKJIQZOBY KOe(]imieHTYy [0 OIMHHMII
(puc. 2).

Tl Voe
Bxinye oo | Poapogren | Postaumane PEoes He2a0000neies
1041 K1 - BIORE0AMNA QT ENY PEROMEMTOESH0 S av 43 | ROIUNY D0 PO3D 0804
Viec = 18 e, Vealo = 11 628 nips

£40
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Puc. 1. Po3paxyHku y cucremi, BapiasTt 1

[SFRE——

B+ 034 | POIDIH - PoaTauySanes  PiEses 18330000 M
$1 - BRAHE ORI O0UNY oK OMEHDOSNT SHALGI HS | MOy 10 ROSDAG O8G0I

Ve = 16 mipe, Viesie = 22,271 nrpe

Puc. 2. Po3paxyHku y cucteMi, BapianT 2

Jlnst KoperyBaHHSI pO3TallyBaHHS MallUH 31H{CHUMO
MepeMillleHHsT YePBOHOTO KoJja HaHOJIMkK4ye 10 CHHBOTO
(TIpuKIIa IBOX palOHIB HaBEJCHO Ha pUC. 3 Ta puc. 4, iHIIi
3a aHAJIOTIEND).
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Puc. 3. 3mina po3rantyBanHs MammHK y paioni Llentp
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MODELING THE LEVEL OF DISSATISFACTION OF THE NEEDS OF RESIDENTS OF SMALL TOWNS
IN THE DECISION SUPPORT SYSTEM FOR WATER SUPPLY IN EXTREME CASES

The problem of ensuring water supply to small settlements in extreme cases is considered. It is stated that the authors previously formulated and solved
the problem of creating a decision support system, which allows to calculate the optimal route of movement of a water tank with data on the number of
residents in each district and the distances between districts. Using a number of parameters (average service time, tank volume, average percentage of
the population going out for water, restrictions on the volume of water dispensed, etc.), the system allows you to make a schedule (schedule) of the
movement of the tank, as well as give recommendations on increasing the number of these tanks and their optimal distribution by districts, to determine
the places of their best location in each district for the maximum satisfaction of all its residents. Currently, a mathematical model has been developed
for calculating a special coefficient that allows to assess the level of dissatisfaction of residents' needs in the provision of drinking water. The proposed
coefficient contains three components, namely, the ratio of the volume of the recommended dispensing of the maximum possible number of liters per
person to the calculated one; assignment of real "time on the road" to optimally calculated; the average relative distance from the calculated center of
the district. The created model is added as an additional module to the existing decision-making support system, examples of the system's operation
during route calculation and the position of tanks supplying the city of Toretsk, Donetsk region are given. The examples show that the reason for the
biggest dissatisfaction is the insufficient number of cars, in second place is their not very good location; available time has almost no effect on the result.
Increasing the number of machines to two reduces the first component of the coefficient to unity. The results indicate the possibility of reducing the
indicator from 1.305 to 1.087.
Keywords: water supply, optimal route, Google maps, cluster centers, satisfaction of needs, mathematical model.
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AN ALGORITHM FOR NLP-BASED SIMILARITY MEASUREMENT OF ACTIVITY LABELS IN A
DATABASE OF BUSINESS PROCESS MODELS

Business process modeling is an important part of organizational management since it enables companies to obtain insights into their operational
workflows and find opportunities for development. However, evaluating and quantifying the similarity of multiple business process models can be
difficult because these models frequently differ greatly in terms of structure and nomenclature. This study offers an approach that uses natural language
processing techniques to evaluate the similarity of business process models in order to address this issue. The algorithm uses the activity labels given in
the business process models as input to produce textual descriptions of the associated business processes. The algorithm includes various preprocessing
stages to guarantee that the textual descriptions are correct and consistent. First, single words are retrieved and transformed to lower case from the
resulting textual descriptions. After that, all non-alphabetic and stop words are removed from the retrieved words. The remaining words are then stemmed,
which includes reducing them to their base form. The algorithm evaluates the similarity of distinct business process models using similarity measures,
including Jaccard, Sorensen — Dice, overlap, and simple matching coefficients, after the textual descriptions have been prepared and preprocessed. These
metrics provide a more detailed understanding of the similarities and differences across various business process models, which can then be used to
influence decision-making and business process improvement initiatives. The software implementation of the proposed algorithm demonstrates its usage
for similarity measurement in a database of business process models. Experiments show that the developed algorithm is 31% faster than a search based

on the SQL LIKE clause and allows finding 18% more similar models in the business process model database.
Keywords: business process model, database of business process models, natural language processing, similarity measurement algorithm, activity

labels, software implementation of the algorithm.

Introduction. Business process modeling is the
baseline technique of the Business Process Management
(BPM) approach. It focuses on the depiction of
organizational workflows in the form of visual diagrams
similar to workflows but focused on business activities
rather than programming tasks. Business process modeling
helps to describe activities visually to train new employees,
detect inefficient spots in the company operations, capture
requirements to enterprise information systems, design new
business processes, etc.

Today BPMN is the de-facto standard for business
process modeling maintained by the Object Management
Group (OMG) since 2005 and then updated to the BPMN
2.0 in 2011 [1]. This modeling notation has been extended
to the XML-based (eXtensible Markup Language)
language suitable not only for visual depiction of business
process scenarios but also to exchange created diagram
files between heterogeneous BPM suites and execute
depicted workflows using BPM engines that can automate
routine process scenarios.

Therefore, organizations at the higher levels of BPM
maturity tend to continuously improve their business
activities using BPMN modeling techniques. However, it
does not mean enterprises should deal with BPM decisions
only based on their resources and experience. Most
organizations used so-called “reference models”
collections of typical business processes, generic or
industry-specific. Such reference models accumulate
proven industry standards, and best practices of multiple
successful companies, and could be customized according
to particular business needs [2]. Some of the most widely-

spread collections of reference business process models are
Process Classification Framework (PCF) by American
Productivity & Quality Center (APQC) and Supply-Chain
Operations Reference (SCOR). While APQC’s PCF is the
cross-industry taxonomy of business processes [3], SCOR
focuses on logistics process areas, such as supply,
manufactory, and delivery [4].

Hence, many organizations may face the problem of
searching for similar business process models in collections
of business process models, such as APQC’s PCF or
SCOR. The solution should provide the capability to find
similar BPMN models to a given model or only by the
textual description of a business process if an organization
does not have a BPMN model yet.

Literature review and problem statement. The
similarity measurement between business process models
has been studied in many papers. Some of the most relevant
studies ([5]; [6]; [71; [8]; [9]; [10]) are described below.

Paper [5] introduces the similarity search problem,
where the objects in a collection and a query object are
business process models. The authors consider the
similarity search as the comparison of the query object
against a collection of objects to identify ones that are close
to the query object [5].

Study [6] proposes three business process model
similarity metrics: (i) “node matching” metric based on
labels comparison, (ii) “structural similarity” metric based
on topology comparison, and (iii) “behavioral similarity”
based on causal relations [6].

In paper [7], authors mention that comparing business
process models is a complex problem, performed mostly
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manually. This is why the authors propose an approach to
measure the semantic similarity between business process
models in an automated manner [7].

The authors of [8] have identified a linear search of
similar business process models when a query model is
compared to each model in a collection as inefficient and
computationally complex. Hence, this paper suggests a fast
similarity search algorithm based on the comparison of
business process model features [8].

In paper [9] authors propose the “behavioral-based”
comparison of business process models based on the causal
footprints captured formally using Petri nets and informally
using Event-driven Process Chain (EPC) notation [9].

A previous study in this field proposes the business
process model similarity metric based on the graph
structural characteristics [10]. It allows comparing models
described using different notations and standards and takes
into account not only workflow elements but also the
secondary objects given in business process models (e.g.,
organizational units, data objects, information systems,
etc.) [10].

According to reviewed studies ([5]; [6]; [7]; [8]; [9];
[10]), business process models were mostly compared by
their structure or behavior, but the label comparison is the
less elaborated approach. Due to the lack of studies that
measure similarity between business process models using
NLP (Natural Language Processing) techniques, this study
should propose the respective approach to bridge the gap.

Research objective and tasks. The objective of this
paper is the improvement of a search process for similar
business process models within and across organizational
collections and reference process libraries.

Therefore, the following tasks are considered:

e to propose the NLP-based algorithm to measure
business process model similarity using activity labels
given in business process models;

e touse the proposed algorithm to compare business
process models given in different notations;

e to use the proposed algorithm compare textual
descriptions to business process models.

However, compared business process models should
be machine-readable, e.g. based on eXtensible Markup
Language (XML), JavaScript Object Notation (JSON), or
Yet Another Markup Language (YAML) formats.

NLP-based similarity measurement of business
process models. The proposed algorithm for NLP-based
similarity measurement of business process models
includes the following steps:

o take two BPMN business process models A and
B as the input and extract activity labels from these two

models to obtain two collections L, and Lg:
Ly :{IAi’i =ﬁ},

— 1)

Ly ={lg, i =1m},

where |,; —the i-th activity label extracted from the

business process model A;
lg; —the j-th activity label extracted from the

business process model B ;

n — is the number of activity labels extracted from the
business process model A;

m —is the number of activity labels extracted from
the business process model B ;

e split labels (1) into words and change obtained
words to lower case — two sets of words W, and Wy will

be obtained as the result:
WA = {WAi'i =1,_p},

_ (2
W, = {WBj’ i :1xCI},

where w,; —the i-th word extracted from labels of the
business process model A;

Wg; —the j-th word extracted from labels of the
business process model B ;

p —is the number of words extracted from labels of

the business process model A;
g — is the number of words extracted from labels of

the business process model B ;
e remove non-alphabetic and stop words from the
previously obtained sets of words (2) to get cleansed sets of

words C, and Cg respectively:
CA :{CAi7i =ﬂ},

o — ®)

Cg ={ch, i :l,s},

where C,; —the i -th meaningful word that describes the
business process model A;

cgj —the j-th meaningful word that describes the
business process model B ;

p —is the number of meaningful words that describe

the business process model A;
q - is the number of meaningful words that describe

the business process model B ;
e stem remaining words (3) to finally obtain sets of
words U, and Ug:

A~ Ai’._ v A
U {U |_1X} ()
UB——

{UB,‘: J =]-,_Y},

where U,; —the i-th stemmed word that describes the
business process model A;
Ug; —the j-th stemmed word that describes the

business process model B ;

X — is the number of stemmed words that describe the
business process model A;

y —isthe number of stemmed words that describe the
business process model B ;

e measure similarity between these two sets of
words U, and Uy (4) using Jaccard J(UA,UB), Soren-

sen — Dice SDC(U U B), overlap overlap (UA,U B), and
simple matching SMC(UA,U B) coefficients [11]:
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J(UA,UB)=H, (5)
SDC(UA,UB):%, (6)
overlap(UA,UB)zm, )
SMC(UA,UB):%. (8)

This algorithm is the improved algorithm for semantic
quality analysis of business process models proposed
earlier [12]. Whereas the earlier proposed algorithm was
supposed to measure the closeness of a business process
model to the textual description of a real business process,
now the elaborated algorithm considers the comparison of
business process models based on the semantic closeness
of their activities (5) — (8).

An alternative algorithm takes a textual business
process description A and a BPMN model B if the
business process model that should be used as the search
query does not exist. In this case, activity labels should be
extracted only from the BPMN model, while the given
textual description could be immediately split into a set of
words turned into the lower case style (4).

The flowchart of the proposed algorithm is given
below in fig. 1.

[

v

(Extrac( activity labels from A and B models]

-

v
Split activity labels into words

v

[ Remove non-alphabetic and stop-words h
\ J

v

Stem words of A and B models
\ J

v

P
Measure similarity between A and B models}

o

Fig. 1. The algorithm for NLP-based similarity measurement of
business process models

~

~

-

Now it is necessary to verify the proposed algorithm.
It can be implemented as a software component using the
Python programming language [13] and Natural Language
Toolkit (NLTK) [14]. The NLTK software platform is a

leading solution for building Python programs that handle
natural language processing [14].

Experimental usage of the proposed algorithm. In
this section we demonstrate the experimental usage of the
proposed algorithm (fig. 1).

The products supply process [4] according to the
SCOR model involves scheduling product deliveries with
the supplier, receiving the products at a specified location,
verifying the goods to ensure they meet requirements,
transferring the goods to the appropriate storage location,
and finally authorizing payment to the supplier after the
goods have been successfully delivered and inspected.

The BPMN model of described supply process [4] is
demonstrated in fig. 2.

Schedule Product Receive Verify
Deliveries Product Product
Transfer Authorize Supplier
Product Payment

Fig. 2. The supply SCOR business process model [4]

The products delivery process [4] according to the
SCOR model includes such steps as receiving, entering,
and verifying an order, reserving inventory and setting a
delivery date, preparing the products for delivery and
loading them onto a vehicle, shipping the products, and
invoicing the customer.

The BPMN model of described delivery process [4] is

demonstrated in fig. 3.
Reserve
Inventory
Receive, Enter &
Validate Order
Set Delivery
Date

Invoice
Customer

Load
Vehicle

Ship
Product

Pick
Product

Fig. 3. The delivery SCOR business process model [4]

Two example models of supply (fig. 2) and delivery
(fig. 3) business processes may be evaluated to illustrate the
efficiency of the proposed algorithm in determining the
similarity between such business process models.

The algorithm can construct and compare their
relative textual descriptions by importing the activity labels
from BPMN files that correspond these two business
process models, providing for a more comprehensive
understanding of their similarities and differences.

This data may be further used to discover areas for
improvement and to enhance delivery and supply chain
procedures for increased efficiency and profitability if
comparing real company workflows toward reference
models, such as SCOR [4] or APQC’s PCF [3].
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The original activity labels and obtained sets of words
for supply and delivery business process models offered by
the SCOR model [4] are demonstrated in Table 1.

Table 1 — The sets of words obtained for supply and delivery
SCOR business process models

Business process activity labels Sets of words (4)
Schedule Product Deliveries
Receive Product
Verify Product
Transfer Product
Authorize Supplier Payment
Receive, Enter & Validate Order
Reserve Inventory & Set Delivery

schedul, product,
deliveri, receiv, verifi,

transfer, author,

supplier, payment

receiv, enter, valid,
order, reserv,

Date inventori, set, deliveri
Pick Product date ié:k ’roduct ,
Load Vehicle  PIcK, p '

load, vehicl, ship,

Ship Product invoic, custom

Invoice Customer

The similarity measurement between the two sets of
words demonstrated in Table 1 using coefficients (5) — (8)
and the proposed algorithm (fig. 1) allowed us to obtain the
following values:

e 0.14 using the Jaccard coefficient;

e (.24 using the Sorencen — Dice coefficient;

e 0.33 using the overlap coefficient;

e 0.14 using the simple matching coefficient.

The comparison histogram of business process model
similarities calculated using coefficients (5) — (8) is shown
in fig. 4.

0.35 033

z 03
{ o)
=025 02
3 02
B 0.15 0.14 0.14
Z 01
]
o 0.08

0

Jaccard  Sorencen-Dice  overlap sunple
matching

Similarity coefficients

Fig. 4. The comparison of business process model similarities
calculated using coefficients (5) — (8)

According to the obtained results, Jaccard and simple
matching coefficients demonstrate equal similarity values
of 0.14, since in this particular case the mutual absence of
words in U, and Ug is impossible. Sorensen — Dice and

overlap coefficients show relatively low similarity values
of 0.24 and 0.33 respectively for the given business process
activity labels. Thus, further study in this direction may
omit the simple matching coefficient, while focusing on the
remaining ones.

The software tool for similarity measurement in a
database of business process models. The software tool
that implements the proposed algorithm and a database
(DB) of business process (BP) models is demonstrated in
fig. 5. The software tool, which implements the proposed
algorithm, is a Python command-line application [13] that
uses NLTK [14] and MySQL Connector [15]. Hence, the

database of business process models is a relational schema
created using MySQL database management system [16].

A R B

BP Model 1 BP Model 2 BP Model N

Similarity Measurement Software
g NLTK % MySQL Connector

— BP Models DB
w

Python Application

o Y

process model
PK | pm_«d nt process_activity
pm fide varchar(255%) A
_—+—‘ Yot { 4 1
pm descripban e i | s:‘ ‘m‘":] "
Y .
FK |mt id nt i D']I’ | "" 255
al o 2
| pm timestamp | daesme Pa_iabe) | viwchn(#9) |

\/
4
)

i :
: activity word
P Imt i int L ‘.m i

m
Ll
varchar(255)

" FK | pa_id
ml_narse | varchar(10)

aw_valus

e

Fig. 5. Business process models database and software
components that implement the proposed algorithm

According to fig. 5, the database of business process
models stores text descriptions (i.e. the “pm_description”
attribute) built from activity labels, activity label values
(i.e. the “pa_label” attribute), and words extracted from
activity labels (i.e. the “aw_value” attribute) for similarity
measurement according to the proposed algorithm (fig. 1).

The software component “Python Application” that
implements the proposed algorithm (fig. 1) uses Jaccard
coefficient (5) for similarity measurement.

Experimental usage of the software tool. First of all,
we have create the view “test_similarity” for querying the
DB of BP models. The first query, which uses SQL LIKE
clause, is shown in fig. 6.

1sgql = r"""SELECT
DISTINCT file_name
FROM
test_similarity
WHERE
description LIKE
'%invite logistic company®'"""

o I e R ¥y B S W T I )

Fig. 6. The search query using SQL LIKE clause
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The second query (fig. 7) uses prepared words for BP
models according to the proposed algorithm (fig. 1) and the
stemmed search words (we are using the Porter stemming
algorithm [17]).

1sgl = """SELECT

2 file_name,

3 COUNT(file_name) / 3 AS similarity
4 FROM

5 test_similarity

6 WHERE

7 word IN (%s, %s, %s)
8 GROUP BY

9 file_name
1@ HAVING
11 similarity = 1
12 ORDER BY
13 similarity DESC"""
14

15 val = ("invite", "logistic", "company")
16 val = tuple([porter_ stemmer.stem(word)
17 for word in wvall)

Fig. 7. The search query using the proposed algorithm

According to fig. 7, the similarity degree is calculated
using Jaccard index (5) and then used to filter only 100%
matches. Both queries in fig. 6 and 7 were looking for the
BP models containing “invite logistic company” activities
or similar.

The comparison of search results is given in Table 2.

Table 2 — The comparison of search results

Similarity search Second_s Found BP models
(average time)
SQL LIKE 0.0124 2 (3%)
Proposed algorithm 0.0085 14 (21%)

According to Table 2, the proposed algorithm is 31%
faster than SQL LIKE clause (we measured the average
time of 10 executions), while allowing to find 18% more
similar BP models (14 against 2, from a collection of 68
models of a goods dispatch process [18]).

These results are compared visually in fig. 8.

P d algorith 21%
roposed algorithm 0.0085
3%
SQL LIKE
Q 0.0124
0 005 01 015 02 025

% of found models Seconds

Fig. 8. The histogram of querying performance comparison

Conclusions. In this study, the algorithm for NLP-
based similarity measurement of business process models
is proposed.

1. The proposed algorithm (fig. 1) is based on the

natural language processing techniques (such as

tokenization, stemming, stop words elimination)
used to compare textual activity labels of business
process models or business process descriptions to
measure their similarity.

2. This algorithm was verified using supply (fig. 2)
and delivery (fig. 3) BPMN process models based
on the SCOR reference model. Obtained results
(fig. 4) demonstrate Jaccard and simple matching
coefficients give the same values when comparing
two sets with the impossible mutual absence of
elements. Thus it is proposed to used Jaccard or
simple matching coefficient in the further search
for similar business process models.

3. The proposed algorithm is implemented using
Python and NLTK to measure similarity in the
database of BP models created using MySQL.
Experimental results demonstrate that proposed
algorithm is 31% faster than the SQL LIKE clause
and allows to find 18% more similar BP models
than the SQL LIKE clause.

4. However, the limitation of the proposed approach
is the necessity of preliminary process of business
process models to apply the proposed algorithm.
This requires processing of large collections of BP
models, which may require significant computing
resources. Nevertheless, such a pre-processing of
BP models takes place much less frequently than
search for similar business process models.

Future work includes elaboration of computational

techniques and software solutions for efficient similarity
search in large collections of BP models.
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AJITOPUTM BUMIPIOBAHHSI HOAIBHOCTI MITOK JISIJIBHOCTEN HA OCHOBI NLP Y BA3I
JAHUX MOJEJEN BI3HEC-TTIPOLIECIB

MogernroBaHHS Oi3HEC-TIPOIECIB € BXIIMBOI YaCTHHOIO OPTaHIi3aI[ifHOTO yNPaBIiHHSA, OCKIIBKH JI03BONISE€ KOMIAHISIM OTPHMATH YSBIICHHS TIPO CBOT
oreparliiiHi Oi3Hec-TpolecH Ta 3HAUTH MOXJIMBOCTI Al po3BUTKY. OJIHAK OLIHUTU Ta KUIBKICHO BHMIPSATH CXOXICTh JEKIJIBKOX Mojeneil Oi3Hec-
IPOIECiB MOXKe OYTH CKJIAJHO, OCKIJIBKH IIi MOZEJI YacTO CHIIBHO BiJPI3HSIOTHCS 3a CTPYKTYPOIO Ta HOMEHKJIATyporo. lLle mociiukeHHs nporoHye
IIIXIM, SKAH BUKOPUCTOBYE METOIH 00pOOKH IIPUPOIHOI MOBH IS OLIHKH CXOXKOCTI MoJienelt Oi3Hec-TIpoleciB, A1l po3B’ 3Ky Liel 3aadi. ANTOpHTM
BHUKOPHCTOBYE MITKH AisTIbHOCTEH, HaBeAEHI B MOAENsAX Oi3HEC-NpOLEeCiB, sIK BXiJHI JaHi JUIi CTBOPEHHS TEKCTOBHX OINUCIB IMOB’s3aHUX Oi3Hec-
npoleciB. ANTOPUTM BKJIIOYAE JEKiJbKa €TamiB MonepeaHbol 00poOKM, MO0 rapaHTyBaTH, IO TEKCTOBI OMUCH € KOPEKTHUMHM i MOCIIJIOBHUMH.
CrioyaTky 3 OTPUMaHHX TEKCTOBHX OIHCIB BHIIYYAIOTBCS OKPEMi CJIOBA 1 MPENCTaBISIOTECS y HIKHBOMY pericTpi. Ilicist poro 3 oTpUMaHUX CIiB
BHUIAIAIOTHCS BCI HENITEPHI Ta CTOM-CI0Ba. [10TiM CII0Ba, 1110 3QJTUITHIINCS, MiJIAF0THCS CTEMIHTY, TOOTO IPUBEICHHIO A0 iXHBOI 6a30B01 hopmu. ITicns
MIATOTOBKY Ta MONEPEIHBOI 00POOKH TEKCTOBHX OMMUCIB aJITOPUTM OIIHIOE CXOXKICTh Pi3HUX MOJEINeH Gi3HeC-TIpoIeciB 3a JOMOMOTOK Mip CXO0XKOCTI,
BKioyaroun KoedimienTn Jaxxapa, Copencena — [laiica, mepernHy Ta mpoctoro koedinieHty BimnoinHocTi. Lli Merpukm 3abe3nedyrors Oinbin
JleTanbHe PO3YMIHHS MOMIOHOCTI 1 BIIMIHHOCTI MDK PI3HMMH MOJETISIMHU Oi3HEC-TPOIECiB, SKi MOTIM MOXYTh OyTM BHKOPHCTaHI JJs BIUIUBY Ha
MPUIHATTA pillleHb Ta IHILIAaTUB IIOA0 BIOCKOHAIEHHs Oi3Hec-mporeciB. [IporpamHa peanizallis 3alpONOHOBAHOTO AITOPUTMY JAEMOHCTPYE HOTO
BUKOPUCTAHHS JJIs1 BUMipIOBaHHS MOAIOHOCTI B 6a3i JaHUX Mojelnel 6i3Hec-TipoleciB. ExcriepuMeHTH 1eMOHCTPYIOTS, IO PO3POOIICHUI alrOpHTM € Ha
31 % mBummMM 3a nomyk Ha ocHoBi Bupasy SQL LIKE, a takox no3Bossie 3uaiitu Ha 18 % Oinbine momibHux Momeneit y 6a3i qaHux mojeneii Gizuec-
MPOILIECIB.

Karouosi cioBa: mogens OisHec-mporiecy, 6a3za maHMX Mojeneil Oi3Hec-TIporieciB, 0OpoOKa HMPHPOAHOI MOBH, alIrOPUTM BHMipIOBAaHHS
moAiOHOCTI, MITKH AisUIbHOCTEH, IPOrpaMHa peaizalis anropuTMy.
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IT'EOMETPUYHE MOJEJIOBAHHS TPAC I IIOTOKIB

JlociipkeHo Ta po3pobIIeHo MaTeMaTHYHI MOJIENI VIS BUPIIICHHS 3a/1ad ONTHMi3allii 3’€THaHHS B HEOHOCBSI3HUX 00JIACTSIX 32 TUIIOBUX TEXHOJIOTTYHHX
00MEKEeHb Ha TE€OMETPHYHI Ta TOIOJOTIYHI IapaMeTpH Tpac, HacaMmIlepe], Ha KPUBH3HY Ta KUIbKiCTh BHUIHHIB. Mozesni IOB'3aHi 3 iCHYIOUHMH Ta
MEPCIEKTHBHUMHU TOMOTeOe3NIHIMH MOJICISIMU MOTIrOHABHUX 300paykeHb Teputopiil. Po3B'si3aHHs 3a1a4 383Ky mepeadayae mouryk OnTUMAaIbHUX
TPaeKTOPiif MapLIPYTIB i CITOK y MeXax HEOOMEXKEHHX TeoMeTpHIHHX (opM. [y iboro moTpiGHa po3podka Ge3idi 3aralbHUX MOJENeH SIK MOJiB, e
3IIHCHIOIOThCS 3B’ A3KH. CIOJIy9eHHsI MOXKYTh OYTH Pi3HHX THIIIB, TAKUX SIK FHYYKi, MAHXETTEHCHKI, PiBHI, TBEPAI, @ TAKO)K MAPLIPYTH 1HIIUX THIIB.
CwmensikoB ta Amiceiiko (IltexoBa I'. A.) 3ayBayioTh, II0 IJI00agbHE Ta JIOKAIbHE PErYJTIOBAHHS FEOMETPHYHUX 3B’SI3KIB Ul PO3B’s3aHHs 3a1ad
3B’513KiB MOKHA TPEACTABHUTH SIK 3aralibHy ONTHMI3AL[iHY 3a1a4y 3B’ 3Ky, sSKa BU3HAYAETHCS sIK 3a7a4a Bubopy < Q, R >, ne R — Habip anbrepHatus, O
— IPUHIMI oNTUMaNbHOCTI. [Ipy nboMy Habip MOXKHA ITPEICTAaBUTH SK CYKYIHICTh (pa3oBOro mpoctopy ¢ Ta oOMexkeHb Q, sIKi 3aCTOCOBYIOTHCS 10
napameTpiB (a3oBoOro npocTopy @. Y cBOIO 4epry, JOLUIBHO YSBHUTH, IO (a3oBHil MPOCTIp ¢ € JeKapToBUM TOOYTKOM ¢ = X*Y*Z*U BHXITHUX JaHHX
X, 30ypens Y, mapamerpiB kepyBanus U Ta pe3ynbrariB Z. AHami3 3a7adi CBiqUHUTh PO Te, IO HacaMrepen epeKTUBHICTh MOAECIIOBAHHS (ha30BOro
IPOCTOPY ¢ MOB'A3aHA 3 OIMMCOM BHXiTHHX AaHux X mpo mromy F i mpocrip L moxnuBux marictpaneil B F. IlutanHs mocimipkyeThest Sk po3poOka
moOyIOBH CTPYKTYp MOJENEH Ta METOHOJIOTII iX BUKOPHCTAHHS, SIKi 6 YMOXIMBIJIN KOHCTPYKTHBHE Ta e)eKTHBHE (B OOYMCIIOBANIbHINA TEXHIIl)
MOJISITIOBAHHS Ta JOCTI/KEHHS PI3HOMaHITHUX MOJENEH Ta alrOPUTMIB, sKi 30epiraroTb T€OMETPUYHICTE Ta iHBapiaHTHICTH MozeNnel, siki HeoOXiaHi
JuIs X KOHKPETHOTO BHKOPUCTAHHS B yMOBAaX HPHHHATHOCTI BUKOPUCTAHHS PI3HUX BUXIIHHX CTPYKTYp HaHHX. JlaHe MOCIIUKEHHS HPHCBSICHE

PO3B’sI3aHHIO 3a/1a4i PO3pOOKK MOJIEII I 3a1a4 3B’5I3Ky B PAMKax T€OMETPUYHOTO IPOCKTYBAHHSL.
Kaio4oBi c1oBa: MaTeMaTHYHA MOJIENb, 3aada ONTHMIi3alii, 0OMeXeHHsI, TOIOJIOTIYHMII TapaMeTp, HOpMa 1 IIPaBHIO MOOYIOBY, TOMOTOIIS,

TOYHICTb.

IMocTanoBKa nmpodieMn Ta i akTyaabHicTh. O0’€k-
TOM JOCIHIDKEHHS € MaTeMaTW9HI MOJENI 3a7ad MOIIyKY
ONTUMAIIFHUX MEpeX 1 MapIIPyTiB, [0 BHHUKAIOTH TPHU
aBTOMaru3alii  NPOEKTYBaHHS Ta  yNpaBliHHA 3
ypaxyBaHHIM JaHAmadTy mpu oOMexeHHSIX Ha (opmy,
B3a€EMHE pO3TalllyBaHHS Ta IHIII HapaMeTpu 3B’SI3KY.
[Mpeamerom pochiikeHHS € po3poOka MaTeMaTH4HOi
MoOJeni Juisi BHUPILIEHHS 3a/adi TOIIYKY ONTUMAajbHUX
MapIpyTiB 1 CHOJYYHHX MEPEX Yy HEOJHO3B SI3HUX
o0jacTsaX TpuH OOMEXKEHHIX Ha KPHUBHU3HY, KIUIBKICTh
BHTHHIB Ta IHIIMX TEOMETPHUYHHUX TOIOJOTIYHUX Iapa-
METpIB 3B’S3KY, IO BiJOOpPaKAalOTh TUIOBI TEXHOJIOTiIUHI
BAMOTH. Y il CTaTTi BHUKOPHCTOBYIOTHCS TaKi METOIU
JIOCIIIJDKEHHS: METOIM OITHMI3allii, 00YMCIIOBAJILHI IijI-
XOIH, OOYHUCIIOBaJbHA TEOMETPis, MaTeMaTUYHE MOJe-
JIOBaHHA Ta TWiaxomaum KomoOiHatopHoi Ttomnonorii. Ilo
CTOCY€THCS TOIMOJIOTIYHUX ITapaMeTpiB, TO B JAaHil poOoOTi
MIPEACTaBICHO iX JCKOMITO3HINIO K CUCTEMY OCHOBHHX 1
CTaHJApTHUX 3aJla4; TOCTaBJICHO OCHOBHI 3aJadi OMNTH-
Mizarii.

AHaJi3 ocTaHHIX aociaigxkeHb i myOuaikauii. Haii-
OUThII S(EKTHBHHUU IiJXiJl JO BHPIIICHHS aHAIOTIYHHUX
3agay [1-5], sxi € NP-OBHMMHU HaBiTh Uil BHOAIKY
BUTUHIB y OmyKJIiid obnacti, po3pobieHo B poboTax
I0.T. Crosna Tta C.B.CwmenskoBa [6-9]. lle cunTte3

SO

KOMOIHATOPHUX 1 BapiallifHUX METOIIB ONTHUMI3allii B
paMKax iepapxigyHoi cumctemMu Mojenedl. HuspkopiBHEBi
MOJIeJTi OPiEHTOBAHI HA BUPIIEeHHS 0a30BUX 3a/1a4 MOIIYKY
ONTUMAJILHOTO MapUIpyTy 3a JOMOMOTOI0 BapialliiHuX
METOZiB, sKi Oymu pospobieri M. M. MoiceeBumM,
C. B. Cmensxosum i H. 3. Illopom. BucokopiBHeBi Mmozeni
OpIEHTOBAHI Ha JOCIIHKEHHS TOMOTOITHHX CIMEH Marict-
pasieii i Mepex Ha OCHOBI METO/IIB AUCKPETHOT ONTUMI3AIIii,
ki Oynmu pospobieHi B poborax B. 1. Muxanesunua,
L. B. Ceprienka, 0. I'. CrosHa, C. B. fIxosneBa Ta in. [10—
12]. HemoxmmBicTe TOBHOI (hopMamizamii BHUMOT [0
OymiBenmsHux HOpM 1 mpaBun (BHIill) (ax Hacmimok ix
HEY3rO/DKEHOCTI Ta HE MOBHOI crporocti (opmyn) Ta
MiAMOPSIKOBAaHUN XapakTep HpoOJsieM 3B’s3Ky I10 BiJHO-
IICHHIO 10 TpoOieM HopMmamizamii odiacTedl 3yMOBIIOE
HEOOXiHICTh IX BHUPIMIEHHA y JBOX pPEXHMax — OMNTH-
Mi3amii Ta imiTarii, koau ocoba, sika TpUAMAaE pillIeHHS,
3QIy4a€ThCS JI0 TPOIECY I1HTEPAKTHUBHOTO BHUPIIICHHS
pobJeM 3B’ A3KYy.

Meta pocaimxkenHs. MeToo naHoi pobotm €
po3poOKa MareMaTHYHOI MOJeNi Ul BHUPIIIEHHS ONTH-
Mi3aliiHUX 3a/1a49 3 €THAHHS B HEOIHO3B SI3HUX 00JIaCTAX
OpM  THINOBUX  TEXHOJIOTIYHMX  OOMEXKEHHAX  Ha
TeOMETPUYHI Ta TOIOJOTIYHI MapamMeTpu TpacH, Iepil 3a
BCE, HA KPUBHM3HY Ta KUIBKICTh BUTHHIB. MozeIb OBUHHA
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BIJINIOBIiJaTH ICHYIOYUM 1 TIIEPCIEKTUBHUM TOIOTCOe-
3WYHUM MOJEJISM IOJIITOHAILHOTO 300pa)KeHHsI TEPUTOPIT;
METOIM ONTHMi3alii MOBHUHHI TapaHTyBaThH e(eKTUBHE
BUpINICHHS OCHOBHUX KIACiB TPUKIAJHUX 3a1ad i J0-
MyCKATH MPUPOIHY IHTErPAIIiio B ICHYIOUI Ta MEPCIICKTUBHI
CHCTEMH IPOCKTYBAHHS Ta YIIPABIiHHS.

Juis mocsrHEHHS METH HEOOXiITHO BHPIIMIMTH TaKi
3aBJIaHHSA:

® BiJICOPTYBaTH OCHOBHI KpuTepii Ta 0OMeKeHHS,
SKi TIOB’s3aHI 3 TEOMETPHYHHUMH Ta TOMOJOTIYHUMHA
mapaMeTpamMu TpacH, sKi OyIyTh pO3MIIAOATHCS TIPH
MPOCKTYBaHHI 3’€JlHaHb, 1 Ha I[iil OCHOBI TOCTABHTHU
OCHOBHY 3a/1a4y ONTHMIi3allii;

® pO3pOOHTH 3arajbHy MOJEb MpoOJeM 3B’S3KY,
mo 3abe3nedyye IOCTAHOBKY OCHOBHHMX THIIB 3aj1ad
ONTUMI3AIll Ta MOICTIOBAHHS MAapIIPYTIB 3 BHKOPHC-
TaHHSIM (YHKI[IOHATGHUX KIJAciB JHIA Ta JO3BOJISE
HapOIIYBAaTH Ta iIHTETPYBATH B ICHYIOUi CHCTEMHU.

IMoGynoBa ta ommc moneni. Ochosni cmandapmu
no6y008u npozpamHo-eusHAYeHUxX mepedxc. BimmoBiqHoO 10
BHMOT, IO BHUCYBAIOTHCSH JO TOYHOCTI OJICpIKyBaHHUX
PO3B’A3KIB Ta 00YHCITIOBANBEHOI e()EKTHBHOCTI METOMIB X
moOyIOBH, a TaKOX MO ICHYKOUHX CBITOBHX TCHICHIIIN
BUKODHCTaHHS TOJIMOHAJBHUX Mojenieil penbedy B
cUCTEMaxX TOIOIEOJe3UYHOr0 3a0e3NeueHHs, B MOAECIAX
oOnacTeil 1 MeTomax ONTHMI3allii Ui BHPIIICHHS 3a1ay
3B’SI3Ky CJIiI BHKOPUCTOBYBATH MOJITOHAJIbHI MOJENI
HEOJHO3B’A3HO1 00J1acTi, sKa BKa3aHa Ui 3’ €JHaHb
MapIIpyTiB, a HE CITKOBI MOJETI, SIKi BHKOPUCTOBYIOTECS B
cygacHux cuctemax, Takux sk ReCAD i CREDO. Orxe,
00J1aCcTh PO3PaXOBYETHCS HACTYITHIM YHHOM:

Focl| 0| (1)

g
UFi
i=1

ne Cl — omepanis 3akpurts; Fo — 3aranpHa 06nacTs, sika

BHKOPHUCTOBYETHCS VTSl BUBYEHHS IIPOOIIEM MOJIEITIOBAHHS;

Fi, i=1 2, ...,n_) — oxHO3B’sA3Hi 00JaCTi, SKi B3aeM-
F

HO TIEpeTHHAIOThCS («3a00pOHEHI 30HW» AT MapLIpyTH-
3arii) B 0IHO3B’s13Hi#1 00nacti Fo Ha mromuHI.

3arajgpHOI0 MaTeMaTHYHOIO OCOOJMBICTIO IapHHUX
MapuIpyTiB (aBToMaricrpaiei, 3ajli3HIYHHUX 1 TpaMBaHUX
KOJIif) € BUMoOTra Oe3nepepBHOCTI Ta OOMEXKEHOCTI KpH-
Bu3HM. BuMmora mnoBuMHHa OyTH BHKOHaHa Juisi 3abes-
nedeHHs 0e3MeKn pyxXy TPaHCIIOPTY Ta BiZICYTHOCTI yIapiB.
VY 3B'3Ky 3 UM y OyAiBeIbHHX HOPMax i CTaHAApPTax

3a3Ha4YeHO, IO OCKOBI JiHIl aBTOMaricTpayi OyIyTh
TIpeIcTaBJIeHi craitHaMu
pP=51RC R SyrnCyrRy ... @)

Sm 'm Cm Rm Sm+1,

ne Si — kareru; Cij — myru ki, Fi, Rj — conydsi KpuBi, siki
MOXYTh OyTH TIpelcTaBlieHi (hparMeHTaMH KJIOTOiIu Ta

KyOiuHOi mapabonu; M — KUIbKICTH (parMeHTIiB Bifro-
BiJTHUX KPUBHUX.

Awnani3 OyamiBelNbHUX HOPM 1 IPaBWJ IOKa3ye, IO
OUIBIIICTh JOCHIKYBAHUX TEXHOJIOTTYHIX OOMEKEHbD JIJIs
TPaHCIIOPTHUX Ta IH)KEHEPHHX MEPEK MOXKHA 3BECTH JIO
HACTYITHUX OCHOBHHX KJIACIB T€OMETPHYHHX 1 TOIIOJO-
riYHIX 00MexeHb: Q1 — 0OMeXeHHSI Ha MaKCHMAJIbHY JI0B-
JKUHY TpsSMUX KaTeTiB; Q2 — 0OMeXeHHS Ha KyT MMOBOPOTY
o, 0.e(—90°, 90°), y Bepmnax; Qs — o6MexeHHs Ha (HYHK-

mioHansHuH Kitac raaakux kpusux: W, SC, SKC, SPC; Q.
— YMOBH Ha Topui (A7 BU3HAYCHHS NOTHYHUX Ta IX JOB-
KUHK B TouKax A i B); Qs — IpUMUKaHHS 3 JOMyCTUMHUMHE
nepetinHaMu; Qs — BY3JIM IUIS Y3TOKEHHS IOTOKIB 32 Ha-
npsMkoM; Q7 — po3B’s3kM A 3a0e3MedeHHs X JOCSK-
HocTi; Qg — MPUMHKaHHS 10 MEX Ta MapupyTiB; Qo — TOTO-
JIOT1YHA CTPYKTYpa IIYKaHOT Mepexi (3B’ S3HICTb, IUKIIN).
BinmoBigHO 70 HAliOHATBHHUX OYyIIBEIBHUX HOPM,
BUOIp Tpacu TpyOONpOBOAY, Marictpasi TOLIO MOBHUHEH
3[ICHIOBATHUCS 32 JOIIOMOTOI0 MaTeMaTHYHUX METOJIIB Ha
OCHOBI OAHOTO a00 KIIPKOX ONTHMAILHUX KPHUTEPiiB
(HampHKIaA, KpHUBI IOBHHHI TNPOEKTYBATHCA 3 TaKUMH
BENTMKHUMH pajiycaMH, K MOXIHBo). [Ipu npoMy KpuTepii,
SK TIPaBUJIO, BUPAKAIOTHCS TCOMETPHYHUMH NTapaMeTpaMu
MapmipyTiB 1 TOMONOTIYHUMH TMapaMeTpaMH MEpEeiK,
NPUYOMY JCsIKi 3 HUX MOXKYTh OyTH HeaquTHBHIUMU. Cepen
OCHOBHHX I'€OMETPUYHHX MapaMeTpiB Tpacu P HEOOXiJHO
BKazatu noBxuHy |(p), KinbkicTe M(P) BCTABOK Kiil Ta iX

paniycu KpHUBU3HH {pi}izl () (abo, mis crpidykoBoOi
n(p) i
{¢5| }i:1 m(®) ), po3TailyBaHHs Mapuipyty P B obnacti F.

JiHil, KUIBKICTh BWTHHIB KyTH TIOBOPOTY

BoHu BIUIMBaIOTh HA BapTICTh OymiBHUITBA C(P), BUTPATH
Ha TexHiuHe 00CIyroByBaHHs e(P), TeXHOMOTIuHiCT t(P) i
HaiiHicTh b(P), 1110 € OMHUM 13 HAWBAKITUBILIHIA 1 TPOTYKT
MOJKJIMBUX aHAJIOTIB HaIIHHOCTI

m
bm(p)=H l—i_ , (pi 21) form > 0;
izgs P
d

bg (p) =[] o) ®3)

[lincymoByroun, 3arajibHy 3ajady ONTHMi3alil
3’eqnane GPOC (General problem to optimize connec-
tions) 3 ypaxyBaHHSIM BBEICHHX KPHUTEpiiB i OOME)KeHb
MOYKHA ITOCTAaBUTH HACTYITHUM YHHOM.

3aranpHa TpobOiema omTuMizarii 3'eqHaHb. JlaHa

TakK 1 KijgpKa

obnacte F Mae sx Habip TOUOK {AI }izl N

MEpEex {Si}j:1 " HeoOxigHo 3’emHaTv LI TOYKH Ta

MEpEeXi CIIOIYTHOIO0 MEPEXEIo S*, sika CKIIalaeThes 3 JIIHIH
3aJ]aHOTO (PYHKIIOHATBHOTO Kiacy SOC , mo0 BiqmoBi-
naty 3amaHuM ooMexenusM Q tumy Q1—Qg, 1 BoHa Oyme
HaHO1IBII e(heKTUBHOIO 32 3HAYECHHIM 33JJAHOTO IPUHITUITY
ontumymy R(S).
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BpaxoByioun Buie3azHaueHy e()eKTHBHICTb AEKOM-
no3unii GPOC, sika 6a3yeTbcs Ha 3BeCHHI Li€T 3a/1a4i 10
cucrteMn 0a30BHX 3a]ad Ha KOHTHHYaJbHUX CiMEHCTBax
MapIHIPYTiB, IO JJO3BOJISIIOTH OTPUMATH TOYHUH PO3B 30K,
MOXKHa MaTH OCHOBHY THIOBY 3ajady onrtumizauii MOP
(Main optimization problem) st momryKy onTuManbHOTO
OUIAXY B KJIACl €KBiBAIIGHTHOCTI MapmipyTty [7] Ha 3ama-
HOMY QyHKITIOHaNEHOMY Kiaci miniit P(A, B) i3 3ananumu
kiHipsiMu A 1 B nipu BianoBigHOMY 3HIDKeHHI 00MexeHb Q™

OcnoBHa npobnema onrrumizarii MOP. O6unciauti

arg extr R(p). 4)

p<RQ (A B)

s crartsa Takox BHCyBae iH(opMmariitai Ta oOurc-
JIIOBaJIbHI BHMOTH JI0 MOEJed Uil pO3paxyHKy 3a3Ha-
YEHHUX TPoOIIeM.

Po3rmsiHyTO 33124y 17100a1BHOT Ta JIOKAIBHOT JIEKOM-
no3uii ta peryispusanii GPOC Ha ocHOBI 11 3BeJICHHS 10
CHUCTEMH OJHOpPimHMX O0a3oBux 3amau tumy (4). Lle
rapaHTye KOHCTPYKTHBHY peryisipu3amito Ta e()eKTHBHHMA
OOYHCTIOBAIFHUIM TIOXi [UIA BHpIMICHHS 3arajibHOI
npoOyemMu Ui omnTHMi3anii 3’€IHaHb, BUKOPHCTOBYIOUH
IUCKpeTHI Ta Oe3nepepBHi Moeni Ta MeToau. Jis mporo
BUKOPHUCTOBYEeThCs 1BopiBHEBa FL Monens FO. Crosna Ta
C. CmemsixoBa. Ha BepXHBOMY TOIIOJIOTIYHOMY piBHI
CTPYKTypa Liel Monesi BU3HAYa€eThCsl alreOpaiyHuM pos-
LIapyBaHHSM JIiHIH Ha KJIacH €KBIBaJEHTHOCTI MaplIpyTiB
i MEpex, a Ha TEOMETPHYHOMY PIiBHI — PO3IJIAAOM HEOO-
X1MHOTO (PYHKI[IOHAILHOTO KIIACY JiHIA Y KOKHOMY KJIACi.
OOMexeHHs1 MOXKYTh OyTH Hak/aJeHI Ha KOMIIOHEHTH Ha
000x piBHsx. Ockinbku MHoroBun F y dopmi (1) mae

TOMOTOIIYHMH XapaKkTep TUIy aucka 3 Ng = 0 oTBopamy,
CTPYKTYpa TOMOTOIIIYHOI MOJENi IiHIH CKIAQmaeThcs 3

BUIBHOI TpyIH C(n )» fKa JHCKPETH3ye HEIePEepPBHI Ci-
F

MeiCTBa MapIIpyTiB.

Mepexa ' = {7i} B obmacti F sBisie coboro

i=1, m

Ha0ip BHIPSIMIISHUX KPUBUX, KUTBKICTh SKHX OOMEKEHa.
Bonm He epeTHHAIOTHCS MiXK COOO0FO 1 He MAarOTh CITUTBHIX
TOYOK, KpiM KiHIIB. Orisig 3B'SI3HUX KOMOiIHAWiHd THITIB
Mepex, rpadiB TOIMO NPUBOANUTH IO 33/1a4 TPHOX KIIACiB:
MOUIYKY ONTHMaJIbHUX MEPEXK Ha TOMOJIOT Y HOMY PiBHI 0e3
ypaxyBaHHsS Treomerpii obmacti F; omrTumizailis BHECKIiB
abcTpakTHOT Mozeni B obunacti F i cTpykTypa ontumanbHOT
Mepexi B obmacti F. 11106 BupimmTé mi mpobiemu, MU
MOJXEMO BBECTH KOHIIETIiI0 a0CTpPakTHOI  Mepexi

s = (V*, R*) AK abCTPAKTHOTO CHMILTIL[albHOTO KOMII-

7excy 3 KiHumeBum 3B’sskom K :(V*, R*). Pearizais

abCcTpakTHOT
s=(V,R) e

MEpeXi TeOMETPHYHHUM  KOMILIEKCOM

TEOMETPUYHOI0  Mepexero. Mepexi

S = (Vl' Rl) is,= (VZ, RZ) € TOMOTOIIHUMH B F, sik1o
ix abCTpakTHI aHAJIOTU MAalOTh i30MOpPPI3M ®: S —> Sy,

Ipu  SIKOMY  BiANoBigHiCTH  0-CHMIUIEKCIB  O3HAuae
koMOiHanito BepmnH y F, a BigmosinHicTs 1-cumIuiexcis
O3Ha4Ya€ X NPHHAICKHICTH IO OJHOIO KJIacy eKBiBa-

JIEHTHOCTI MapupyTiB y F; mepexi $; 1 S, € BUIbHUMU

TOMOTOITHUMH, SIKIIIO BOHK TOMOTOITHI 3 TOUHICTIO JI0 3CYBY
0-cumruiekciB y F i nedopmaniiiHo eKBiBaJICHTHUMH, SIKIIIO
BOHH 130MOp(QHi Ta TOMOTONHI, a iX pi3Hi peOpa MOXKYyTh
MarTy CIiJIbHI TOYKH JIMIIE B OCHOBHUX BEPIINHAX, SKi BOHH
3’eqHyroTh. Clliji 3a3HaYUTH, O MEpeXeBUil i30Mopdizm
30epirae anreOpaiyni iHBapiaHTH A 0Aa30BHX BEpIIHH,
ajyie He BPaXxoBYye CTPYKTypy obmacti F 3 oOMexxeHHSIMH B
Hiit. [oMoTomist 30epirae ToMOTOIIiI0 MEPEeX, ajie He CIIPUSIE
ix i3oMOpdi3my yepes MosBy T0JaTKOBHX BepunH. [edop-
MaIlist Mepexi 30epirac roMOTOIYHI iHBapiaHTH.
l'eomerpraHa Momens MapmipyTiB — me (QyHKIO-

HajgpHI Kiach miHid A ={S, SC, SKC, SPC,W,W} B

obmacti F, siki MaroTh crmaifH-00pa3 (2). Jo HEX Takox
MOJKHA 3aCTOCOBYBATH TOIIOJIOTIYHI 0OMekeHHs. BBeneH-
HS Mojeneil mepex i minii no3soiste 3sectu GPOC mo
cucTeMH 0a30BUX 3a/1a4 TUITY (2) Ha pi3HI PYHKIIOHATBHI
KJIaCH JIHIA 1 THIIOBUX 3aa4 Ha T K KJacH, IO Bixo0-
paXKaroTh MOEAHAHHS OOMEXEHb, XapaKTePHUX AJs MpH-
KJIaJIHi 33/1a4i 1 3BOAATHCS 10 0a30BUX 3a/1a4.

BucHoBku. Po3pobiieHo iepapXidHy MaTeMaTHYHY
MOJieNib 3araibHOi 3agaui 3B'sa3ky. CyTe ii mossirae B
MOIIYKY ONTUMAJbHUX 3B'S3KIB (MapuipyTiB 1 3'€qHy-
BAILHUX MEPEXkK) B HEOJHO3B'SI3HUX perioHax. [IpoGinema
BUHHKAE TP IPOEKTYBAHHI TPAHCIIOPTHUX Ta IHKEHEPHUX
MEpEeX 1 peryioBaHHI PyXy aBTOTPAHCIOPTY Ha mepe-
ciueHilt micumeBocTi. Y paMkKax MOJeNi I 3aaada 3BO-
JIUTBCSI JI0 CUCTEMH 0a30BHX 1 THIIOBHX 33734 ISl MOLIYKY
ONTUMAIIEHUX MapIIpyTiB. BukopucTaHHA wi€l iepapXiqHO1
CTPYKTYpH MOJENe y CHCTeMaX MOpPUIHATTS pillieHb
JIO3BOJISIE BHUPILIMTH 33/1a4y aJeKBATHOTO MOJIEIIOBaHHS
3B’S3KIB Y HEOIHO3B’SI3HUX 00JaCTAX 3 TOYKUA 30Dy
TOYHOCTI, 00YMCITIOBANILHOT €()EKTUBHOCTI Ta BiJCYTHOCTI
iH(hOpMaIiHHOT HAUTUIIIKOBOCTI JIs BCiX (DYHKIIIOHATBHUX
wiacie BurHyti Ta piBHi miuii {S, SC, SKC, SPC}, sxi
PEryIIOIThCS HalliOHATEHUMU Oy IiBEIbHUMH HOPMaMH, 3
0OMEXEHHSIMH HAa KPHWBH3HY Ta IHIII TCOMETPUYHI Ta
TOTIOJIOTIYHI TapaMeTPH Tpac.
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GEOMETRIC MODELING: TRACKS AND FLOWS

Mathematical models to solve optimization connection problems in nonsimply connected regions under typical technological restrictions on geometric
and topological parameters of routes, first of all, on curvature and the number of bends, have been investigated and developed. The models are linked
with the extant and prospective topogeodesic models of the territory polygonal images. The solution of connection problems involves search for optimum
trajectories of routes and nets within unrestricted geometric shape areas. It needs the development of a plethora of general models as fields where
connections are carried out. The connections can be of various types such as bendy, Manhattan, even, solid as well as routes of other types. Smeliakov
and Pliekhova observe that the global and local regulation of geometric connections to solve connection problems can be presented as the general
optimization connection problem that is defined as the problem of the choice of ¢, where Q is a set of alternatives, R is a principle of optimality. In so
doing, the set Q can be presented as the totality of the phase space ¢ and the restrictions Q that are applied to the parameters of the phase space ¢. In
turn, it is expedient to imagine that the phase space ¢ is the Cartesian product ¢ = X*Y*Z*U of the output data X, disturbances Y, control parameters U
and results Z. The analysis of problem indicates that first and foremost the effectiveness of the modelling of the phase space ¢ is linked with the
description of the output data X on the area F and space L of possible highways in F. This research is devoted to the solution of the problem to develop
a model for connection tasks within the framework of geometric design.
Keywords: mathematical model, optimization problem, restriction, topological parameter, construction norm and rule, homotopy, accuracy.
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MOJEJTIOBAHHSI TA AHAJII3 KOJEPIB 3ABAJJOCTIMKAX KACKATHUX KOJIB JJIsI
JTUHAMIYHUX CUCTEM

Jlnst pisHUX KaHANIB mepenadi iHpopmaii, 10 MOXYTh BHKOPHCTOBYBATHUCH Yy JIOKAIBHHUX CHCTEMAax YIPABIiHHs IMIMPOKOTrO CIEKTPY MPOLECIB,
HEeoOXiIHI OCTYyIHI, 31aTHI 10 MaclTabyBaHHs i HE BUTPATHI METO/IHM Hepeadi, 10 J03BOJISIIOTH MepeiaBaTH HeoOXinHy iHdOopMalio 10CTOBIpHO 6e3
MOMIJIOK. [IOMMIIKH, IO TPAIUISIOTHCS Yy IUCKPETHHX OE3MepepBHHUX KaHAlax 3B 3Ky — L[ OCHOBHA MEPEMOHa Ul JOCTOBIPHOI mepenadi JaHHX.
OCHOBHI IIPUYMHN BUHUKHEHHs IOMUJIOK — 3aracaHHs CUTHAJY, LIyM Ta Pi3Hi Heperkoau. Sk pe3yabTaT aHalli3y CTATUCTHKH IIOMUIIOK y JUCKPETHHX
KaHalax repeaadvi AaHuX, Oyno 3po0JIEHO BHCHOBOK, IO OJHOKPATHI Ta JBOKPATHI MOMHJIKH TPAIULIIOTHCS y aGCOMIOTHIN OiMBLIOCTI BHIAIKIB.
3anpornoHoBaHO GOPOTHCH 13 IOMMJIKAMH IIIIXOM BHKOPHCTAHHS 3aBaJlOCTiiikoro konayBaHHs. Cepell 3aBaJOCTIMKMX KOMIB BUJIUICHI HAIJIMIIKOBI
OJIOKOBI PO3ILTBHI CHCTEMATHYHI KOIH, 0 SKHX BITHOCHTBCS KO XeMMinra. B ocHOBY Mozerni 3aBaIoCTIfIKOrO KOMYBaHHS 3aMPOIOHOBAHO MOKIACTH
BUKOPUCTAHHS CHCTEMAaTHYHOT0 KOy XeMMiHra 3 HOJajlbIINM KacKaIHUM KOJyBaHHSM IULIXOM J0/laBaHHs OiTy HepeBipKH Ha MapHicTb. Bukopucrana
MO/IENb HaJlalla MOXKIIMBICTh OGOPOTHCH 3 yciMa HaWOLIbII HMOBIPHIMH BHITaIKaMH BUHHKHEHHs TOMMIIOK. OCKUIBKH JIaHa MOJIENb KOyBaHHS IIOBHHHA
THYYKO BUKOPHCTOBYBATUCH B Pi3HHX CHCTEMaX, HEOOXiTHUM KpUTepieM Mozedi € ii yHiBepcanbHiCTh. TOMY BHKOHAHE TECTyBaHHS MOJENI Ha BUOIpII
3 KOJOBUMH KOMOIHALISIMU Pi3HOI KUTBKOCTI GiTiB. MeTOI0 IaHOi CTAaTTi € aHawi3 3aJeKHOCTI Yacy BUKOHAHHS MPOLEAYPH KOLYyBaHHS sl KOIAEPIB
Pi3HOTO piBHS: OKPEMOro KOZEpy IEepLIOro CTYIICHIO, @ TaKOX KOJepy MEpIIOro CTYIEHIO 3 JOJaBaHHSAM KOAepy Apyroro crymeHwo. IIpoBeneHo
EKCIIePHMEHTH 3 BEIMKOIO BUOIPKOIO, SIKi Oy/M y MOJAIbIIOMY IIpOaHANi30BaHi Ta iHTeprnpeToBaHi. OCKIIBKH MOJENb Y Pe3yIbTaTi eKCIIePHMEHTIB
BUsIBUIIA ce0Ge THYYKOI0, IIPOCTOIO, CTablIbHOIO Ta epEKTUBHOIO, @ TAKOXK MpoLiec GOPOTHOH i3 3aBaiaMH IUISIXOM BHKOPHCTAHHS KACKAIHHX KOAIB 100pe
ceOe 3apeKOMEH/IyBaB Y CBITOBIi PAKTHI, MOZEIb PEKOMEHIOBAHO Il BUKOPUCTAHHS Y Pi3HKX iHPOpMauiiiHuX yrpaBisirounx cucremax. HaBeneHa

peadizaiis Koaepy Ul 3aBalOCTIHKOI epeadi JaHuX.

Kaio4oBi c10Ba: 3aBaoCTiiKiCTh, OIT, KO, KOZOBa KOMOIHALIis, KACKaAHI KOAU, KOAYBaHHsI, KOJEp, MepeBipKa Ha MapHiCTb.

Beryn. ¥V cydacHMX KOMYHIKAiHHHUX TEXHOJIOTISX
LIMPOKO PO3MOBCIOKEH]I CTAHAAPTHI NPUHLUIIN Tiepenadi
naanx. Croyatky Ha OJHOMY IPUCTpPOI iHpopMalis rese-
PYETBCS, IOTIM BOHA KOAY€ETHCS, IEPEAAETHCS 110 KaHaJax,
JICKOAYETBCS 1 BUKOPUCTOBYETHCS CHOXKHBAueM BXKE Ha
IHITOMY TIPUCTPOI.

3aBajocTiiika mepepavya JaHWUX Iy)XKe BaXKIMBA IS
iH(pOpMaNiHOT TEXHOJIOTIT OIITUMI3aIil YIpaBIiHHS AHHA-
Mmiurumu cuctemamu [1]. Lle ocobnuBo HEOOXiaHO /IS Ha-
JiitHOro (byHKUIOHYBaHHS iH(GOPMALIHHUX YIPaBISIOUNX
CHCTEM B siiepHiil enepreruii [2]. Mogeni 3aBagocTiikux
KOJIiB TOBUHHI OYTH BpaxoBaHi Py BIIOCKOHAJIEHHI iH(Op-
MalliiHOT TEXHOJIOTIT onTHMi3alii ynpaBIiHHS CKJIAJHUMU
JUHAMIYHMME cucTeMami [3].

VY cyuacHil Teopil mepenavi JaHUX iCHY€e HU3Ka CIIO-
co0iB IS TOKpAIIECHHS SKOCTI JaHUX, 30UTBIICHHS JOCTO-
BIPHOCTI Ta 3MEHIICHHS eKCIUTyaTalidHux BUTpar [4].
Tomy inest cTBOpeHHsI HOBUX MOJENEH KOTyBaHHS, & TAKOX
MOKpAIIEHHs BXE ICHYIOUMX MoOJeell € KOHLENTyalbHO
OJIHI€T0 3 HAWBAXKITUBIIINX.

VY TemepimrHiil yac BEIyTHCS aKTHBHI PO3POOKH IO
CTBOPEHHIO HOBUX 3ac00iB 320€3MeUeHHs 3aBaJOCTIHKOCTI
y KaHaJiax nepejadi JaHuX 3 HIMPOKUM BIIPOBAKEHHSM Ta
npakTnaeuM BukopuctanasM [4]. Ille 3 wacis Kiomy
[llennony Ta #ioro mpami «MaTeMaTH4Ha TEOPis 3B’ A3Ky»
1948 poky KOHLeNIis 3aBa/JlOCTIMKOTr0 KaHally Iepenadi
JaHUX OyJia OJHIER0 3 HAMOLIBII IIKaBOFO JUIS TOCIIIXKCHB,
1110 JIO3BOJISUIM €KOHOMHUTH 0arato pecypciB Ta 3HIKYBATH

() ®

cobiBapricTh iHpopMariiinux cuctem [1]. Ockinbku 3 THX
qaciB iH(pOpMAIiHHUX CHUCTEM 1 TeXHOJIOTii crano Haba-
raTo OuTbIIe, TO i JOCIiIKSHHS 3a JaHUM HaIpsIMOM CTaJId
cxkaagHimumu. CydacHi JOCTITHWKH Tiepenadi JaHWX,
cepen skux Taki BueHi sk Panmi Amamki, Time Hikomnac,
Anpdopn Becni, bermxamin ®nexep, Jxon M. Berc ta
iHIII, TeHEepYBaIX HOBI imei B Teopii iHdopMarii, mporo-
HYBQJIM HOBI MiJXO[I{ Ta BIOCKOHAJIHMIM TOTEPEIHI TeX-
Houtorii [5, 6]. Ha ocHOBI cydacHOT Teopil Ta MpPaKTHKH
KOJIyBaHHS aKTyaJbHOIO € 3aj7a4ya BIOCKOHAJICHHS ICHYIO-
YMX MOJIEJICH 1 aJrOPUTMIB KOYBaHHS, X TOCIIKCHHS B
Cy4yacHUX iH(pOpMAIIHHUX CUCTEMAX.

Mera Ta 3aja4i gocaimkenns. Mera jgaHol crarTi
MOJISITAE B PO3POOII MOJIEI 3aBa0CTIHKOT epeadl JaHux
Uit iHQOPMAIIITHOT TEeXHOJOTIl ONTHMi3amii yHnpaBIiHHS
JIMHAMIYHMMH CHCTEMaMH [UISIXOM aHaJi3y MOXIIHBOCTEH
KOJIepiB 3aBaJIOCTIHKNX KaCKaJHHUX KOJIIB.

Jl1s boTO TIOCTaBJICHI 3a1a4i:

1) oOpartu 3aBaOCTIHKUI KO T MOJIEIIL;

2) peai3yBaTé MOJEIb HAa MOBI IIPOTPaMyBaHHS;

3) mpoBeCTH eKCIIEPUMEHTH 3 KOAYBaHHS;

4) mpoaHai3yBaTH pe3yJIbTaTH €KCIIEPHMEHTIB.

3aBagocriiiki xoam. Ilix 3aBagoCTIMKMMHU KOJamu
PO3YMIIOTh KOJIH, IO TO3BOJISIOTH BUSBJISTH 200 BUSABIISITA
Ta BWIIPABIIITH MOMUJIKH, SIKI BHHHUKAIOTh Y PE3yJbTaTi
BIUIMBY 3aBaJl. 3IAaTHICTh KOAY IIO BUSBJICHHS Ta BHIIPAB-
JICHHS TIOMWJIOK 0a3yeThCsl HA BBEICHHI HAJMIPHOCTI B
KomoBy iH(opManiiiHy komOiHamito. HammipHi cuMBOIH

© Hikymina O. M., Cesepun B. I1., lllapos B. O., 2023
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(OpMyIOTBCSI 32 TIEBHUMU IIPaBUIIAMH 1 HA3MBAIOTHCS IIepe-
BIpOYHMMH a00 KOHTPOJHHUMH. 30UIBIICHHS YHCIIa TAKUX
CHUMBOJIIB B KOJIOBili KOMOIHAIl MiJABUILY€E BUSBIAIOUY 1
BUIIPABIISIIOYY 34aTHOCTI KOJY, ajie MPHU3BOAUTH A0 3HU-
JKCHHS IIBUJIKOCTI Tiepenayi iHdopmartii.

HagmumkoBicTs K0Ty po3AUISEThCS HAa aOCOIOTHY Ta
BiTHOCHY. AOCONIOTHa HAIUINKOBICTh BH3HAYAETHCS
KUTBKICTIO TOTATKOBHUX PO3PSAMIB, SKi BBOAATHCH,

k:n—m, (1)

ne K — aGconoTHA HATHINKOBICTE ab0 KiNBKICTE Tepe-
BIPOYHHX €JIEMEHTIB;

N — 3arajbHa KiJIBKICTh €JICMEHTIB y KOJOBIH KOM-
OiHalii, qOBXKHHA KOAOBOI KOMOIHAILIT;

M — 3arajbHa KUIbKICTh 1H()OPMALIIIHUX €JIeMEHTIB
Y KOJOBilf KOMOiHaIIii.

BnacTtHBOCTI KOPUTYBaHHS HAUIMIIKOBHX KOJIB €
3aJIC)KHUMH BiJl KOXYBaHHS a00 MOOYJOBH CaMHX KOIIIB Ta
X mapaMeTpiB: 4HciIa po3psiiB, HaAMIPHOCTI, TPUBAJIOCTI
CUMBOJIIB ¥ iHIIUX. PO3risHYTI 3arajibHi MPUHLIWIHN BU-
KOPHUCTaHHS HaJIMIIKOBOCTI.

Hexaii Ha BXiJ KOAYIOYOTO NPHCTPOIO HamidILIa
Jesika MOCIIIOBHICTE M iH(pOpMaNiiHUX JABIHKOBUI PO3-
psaie. Ha Buxoi it Oyme BiAIOBIAaTH MOCIINOBHICTH 3 N
JBIMKOBMX CHMBOJIB, ¢ N>mM. Ycboro moxe oyt 2™

pI3HHX TOCTiZOBHOCTEH 3 2", AKi € JO3BOJEHHMH KOIO-
BUMH KoMOiHamisMu. [Hmn 2" —2™ 3 MOKIMBUX BUXITHUX
MOCTITOBHOCTEeH Ui Tepeaadi He BUKOPUCTOBYIOTHCH,
TOMY BOHHU Ha3WBAaIOThCs 3aboponeHnmH [5, 6, 7].

IcHye Bemuka KiJBKICTh 3aBaJOCTIHKuUX KomiB. Ha
puc. 1 HaBeseHa yacTKOBa iepapXis BUJIB 3aBaIOCTIMKHX
koxiB [5].

Kopuzysans#i xodu

3 nocmilHoK 82080
||

Cucmettamuiini

Hecucmemanmuvs Ui
2 boy3a~4oydxypi-
S oo ' T
0GHIEIO HBPEGIPKOSD - -
[ Ha napHcme I I Xemmied ] [ 3 noemopanHaM ]

3 OGOMT NEPSSIpRaY

Puc. 1. Buay 3aBagoCTIMKUX KOJIIB

HA NOINMICMS

VYpaxoByroun Ta aHATi3yIOYH YCi TIepeBaru Ta Helo-
JKW Pi3HUX BHUIIB KOJIB, PO3TIIAHYTI 3aBaAOCTIHKI KOAU
XeMMiHra, SKi € HAJJTUITKOBUMHY OJIOKOBUMH PO3AUTHHIUMU
CHUCTEMATHYHUMH KOJIaMH.

Koan Xemminra. Koau XeMMidra HaaroTb MOYKIIU-
BiCTh TapaHTOBAaHO BHIIPABISATH OJHOPA30BI IOMUIIKH.
JocmiKyeThes: BUKOPUCTAHHS KOJIB XEMMiHTra 3 J0ja-
BaHHSM JI0 HUX OiTy IepeBipkH Ha MapHICTh, IO JO3BOJISIE

BUIIPABISITH OJTHOPA30Bi IIOMWJIKU Ta BHUSBJIATH JBOPa30Bi
TIOMUJIKH.

Konu XemMiHra ¢popMyrOThCS CTaHIAPTHUM JJIS CHC-
TEMAaTHYHHUX KOMAIB MaTpuyHMM criocoboM. [lepeBipouna

marpuust H, . = GOpMYeTbCA 3 OAMHMYHOI MaTpuui
O,, Ta TpaHCIOHOBAaHOI IEPEBIPOYHOI MiAMATPHUIL
T .
Prx(n_my 1Ma€ BUIIISL
T
H(n—m)xn =Onm | Pmx(n—m))- (2

Konmn XemMmiHra € omHMMH 3 HaWNPOCTILIMX IpEa-
CTaBHUKIB OJIOKOBUX CHCTEMaTHYHUX KoAiB. [IpuHImm ix
(hopMyBaHHS aHAJOTIYHUI 3aranbHOMY NPHHIMITY 1100Y-
JIOBU CHUCTEeMaTHYHHX KofiiB. OCHOBHOIO 1JI€€l0 KOZiB
XeMMiHTra € 4YiTKe BHKOPUCTAaHHS MEBHUX DO3PSAAIB Yy
KOMOIHAIIT, 337151 JOCSATHEHHS MOJIIMBOCTI BUIPABIISATH
OJTHOKPATHY MTOMUIIKY [7].

JoBXHHa KOy N BUOHPAETHCS 3 YMOBH

2n
2" < , 3)
1+n
110 O3Ha4Ya€ BUKOHAHHS YMOBH
2K <m+k+1. (4)

Kox OymyeTbcst TakuM YHHOM, MO0 B Pe3yibTaTi
p=n- k MepeBipOK OTpUMATH P -po3psiiHE JBiKOBE
YKCJI0, [0 BKa3ye HOMEP CIIOTBOPEHOI MO3HUIlT B KOJOBIi
KoMmOiHarmii. /I mporo mepeBipoYHi CHMBONM TOBWHHI
nepeOyBaTH Ha TUX HOMepaxX IO3MIIiH, SKi BiIMOBIIAIOTH
CTYIEHSIM JBifiKH 20, 2t 22 2% ,...,ZH. Koxen 3
NepeBIpOYHNX CHMBOJIB BXOJHUTh TIJIBKM B OJHE 3
NepeBipOYHMX PIBHSHb. TakuM YMHOM, SIKIIO HyMEpYBaTH
MO3UIiT 371iBa HAIPaBo, TO KOHTPOJIbHI CUMBOJIM MOBHUHHI
3HaXOJUTHUCS Ha MEpIIii, APYTid, 4eTBEPTiH 1 T. 1. MO3HU-
LisX.

Pesynbrat nepiroi nepeBipku gae nudpy MOJIOIIIOTO
PO3psIly CHHAPOMY, TOOTO HOMEpY CIIOTBOPEHOTO OiTy, B
IBIKOBOMY 3ammci. SIKIo B pe3yibTaTi Iii€i mepeBipku
OTPUMAaHO 3HAYEHHA 1, TO OJMH i3 CUMBOJIIB MEPEBIPEHO]
TpyIHU cOTBOpeHUH. TakuM YMHOM, NEPIIOIO MEPEBIPKOIO
MIOBUHHI OyTH OXOTIJIEHI CHMBOJIM 3 HOMEPaMH, 110 MICTSITh
B JBIMKOBIH (pOpMi 3aIuCy OJUHHMII B IIEPIIOMY PO3PSIIi:
1,3,5,7,91T. 1.

Pesymbrar apyroi mepeBipku nae 1mmdpy Ipyroro
po3psany cuaapomy. OTKe, APYrol0 MEepeBipKOIO0 MOBHHHI
OyTH OXOIUICHI CHMBOJH 3 HOMEpaMH, IO MICTATh B
JIBIAKOBII (hopMi 3ammuCy OAWHUII B JPyroMy po3psiai: 2, 3,
6,7,101T. 1.

AHaJOTi4HO, NPU TPETii NepeBiplll MOBUHHI IepeB-
IpATHCS CHMBOJIN, HOMEPH SIKMX B JBIMKOBIH Gopmi 3ammcy
MICTSTh OJJMHUIL B TPETbOMY po3psni: 4, 5, 6, 7, 12 1 Tak
nai [6].

[IpuHIMD po3TanryBaHHS pO3PSIIB IS KOJOBOI KOM-
Oinarii Xemminra 7/4 nagano B a0 1 [8].

VY Tabn. 1 BUKopHCTaHi TO3HAYCHHS:

Ne — HOMEp po3psany y KoMmOiHaii;

F — Bka3ye Ha MicIs po3psiB 3a IPU3HAYCHHSIM;

I; — indopmariiiai po3psiny;
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K, — mepeBipouHi po3psay;
S, — po3psian, 3a sKi BiANOBiZa€e mpH IepeBipri i-i
nepeBipOYHUIT PO3PsI.
X — po3psiay, sIKi MiACyMOBYIOTBCS 32 MOJYJIEM 2.

Tabmuns 1 — Po3ramryBanHs po3psiniB koxy XemMiHra 7/4

Ne 1 2 3 4 5 6 7
F K, | K, | 1, |k, | 1, | 1, | 1,
S X | X | x | x
S, X | X X | X
S, X X X X

TakuM 4YMHOM, TEpeBIpOYHI IPYNU TOBHHHI MaTH
BUTJIAL;

S.7ke®K: Ok @Ky Ok, ® o

S.=k.2k:. k. 2k, 2Kk, ,®

S,=k,®k,©k, @K, ®Kk,,® -

S,=K. @K, OK:®K,®K,®-
ne @ — miJICyMOBYBaHHS 332 MOJYJIEM 2.

I[pu nonaBanHi 10 Kooy XeMMiHra OiTy nepeBipKku Ha
MapHICTh MPOXOJUTH TIEpeBipKa Ha MapHICTh yCiel KOJ0BOT
MOCITiIOBHOCTI, TOOTO hopMyeThest Kackaauuit ko [9].

Kackamni xonu. Kackaguuii kon, abo Typ6o-kox —
napaieabHui, OJOKOBHIA, CHCTEMATUYHUN KOJ, IKUW 3/1a-
TEH BUIPABISTH HOMUJIKH, 110 BUHMKAIOTh NPHU Iepeaayi
mudpoBoi iHGopMarii KaHaJIOM 3B 53Ky 3 IIymMaMmu. B oc-
HOBHOMY, KaCKaJHi KOJIU CKJIATAIOTHCS 3 IBOX a00 OinbIre,
MEHIIINX 32 PO3MipoM i mpocTtimmx koxiB. OcHOBHa ines
KaCKaJHOTO KOAY IOJSrae y TOMY, LIO ITOBiJOMJICHHS
OJJHOPA30BO KOIYEThCA Y Kozepi 1, MOTiM 1e 3aKog0BaHe
TIOBITOMJICHHSI KOJY€ETHCS ITOBEPX KOJASPOM 2 i Tak Jaji.
ITpu nekomyBaHHI Mponec JEKOAYBaHHS BHUKOHYETBCS Y
3BOPOTHOMY TIOPSIKY.

MOXJIIHMBICTh TPOBECTH MPOILEC EKOJYBaHHS I10-
BTOPHO POOMTH KacKaaHI Koau Ayxe 3pydrHumu. OqHIE 3
ieil TakoXk € Te, M0 Apyruil aekomep 30epirae y coOi
ajZipecy MOMUJIOK, SKi 30CTAIHCh BiJl IEPIIOTO JACKOAEPa, a
IpH 3BEPHEHHI JI0 IEpLIOro AeKoaepa, y HboMy 30epira-
IOTBCSL QJIPECH TMOMMIJIOK JPYroro, ToOTO Wi JeKoIepH
moB’si3aHi 1 30ipHi. 3arajpbHa cxema KacKaJHUX KOIIB
300paxxeHa Ha puc. 2 [8].

M(inpopmaninmi)

K(nepeeip)
< »

m (indpopauinni) ~

k(nepesip)

UL

Puc. 2. 3aranpHa cxema KacKagHOTO KOy

3aranpHa cxema KOJYBaHHs Ta JCKOIYBAaHHs KacKaJ-
HUM KOJIOM 3 JIOJIaBaHHSM OITy MEpPEBIPKH HA MAPHICTh
HaBejieHa Ha puc. 3 [9, 10].

Tnogenedi
At
! Hf" F Tlinte wlensy
Jazpen I-I Kowp -+ ‘:r; Mogyuroy [+ ¥ 1
Kogx ’ ‘ E Maoarw E Ananscemat mml- | Jap
T A | A |
UMI-YI-'I' | Mesesep o L [

Aemagynarep + ' ]
H Jhrae wo'mey

Puc. 3. 3aranpHa cxeMa KOLyBaHHS Ta AEKOIyBaHHSI

V naHiii cTaTTi pO3rIILAAETHCS NEPIINH eTal nepeaayi
iHpopMarii, a came KoayBaHHs KOJOM IEPIIOro CTYIEHIO,
MiCISL YOr0 BUKOHYETHCS KOJYBaHHS KOJOM JAPYroro
CTYNEHIO. 3arajbHa cXeMa KOJyBaHHS KacKaJHHM KOJIOM
nokasana Ha puc. 4 [11, 12].

v

Axepeno

——

Kogep
NepuIore

CTYNEHIO

Kogep apyroro

CTYNEHIC

l

Puc. 4. 3aranbHa cxema KOlyBaHHS KaCKaJIHUM KOJIOM

[puHUMO po3TamlyBaHHS PO3PSIIB Ui KOJOBOT
koMOinarii Xemminra 8/4 HagaHo B Ta0II. 2.

Tabmuns 2 — Po3ramryBanHs po3psziB Koay XemMinra 8/4

No 1 2 3 4 5 6 7 8
F Kl KZ ]1 K3 12 13 14 Kn
Sy X | X [ X[ X | X[ X[ X[|X
S, X | X | X | X
S, X | X X | X
S, X X X X

VY T1abn. 2 BuKopucraHo mnosHadeHHs K, — micue

po3ranryBaHHA OiTy mepeBipKkH Ha MAPHICTb.

s xomy XemMmiHra nomaBaHHS OiTy mepeBipkd Ha
MapHICTh O3HAYaE, MO MICIs KOTYyBaHHS KOJIOM MEpIIOro
CTYIEHIO MPOXOJUTH IiJJICYMOBYBaHHS 32 MOJYJIeM 2 Uist
ycix emementiB komGinamii [13, 14]. Tlotim pesymbrar
TaKOTO MiJICYMOBYBAHHS 3alMCY€ETHCS y OIT MEepeBipKu Ha
MapHICTh, «3aKPUBAIOYM» OANT.

Jis xoMOiHamiid 3 OUTBIIOD JTOBXUHOK TOBiOM-
JICHHS IPUHITUT TAKUIA CaMU, K 1 B Ta0. 2. OCKiIbKY IpU
KOJyBaHHI KO#OM XeMMiHra mnpu Oyap-siKiil JOBXHHI
iHpOpMaliHHOTO IOBIOMIICHHSI 3aBXKAW 3aJIMIIAETHCS
OJIMH He3alHATHH OiT, TOMy HOTO JOIIEHO BUKOPUCTATH
JUIS TIEPEBIPKH Ha HapHicTh [15].
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AHaui3z moaeneil koaepiB kony Xemminra. Kony-
BaHHs iHpoOpManiiHOi KoMOiHalii kogom XemMiHra 0Oe3
JOJlaBaHHs OITy MEpeBipKM HAa MAPHICTh 3aiiMae MEHIIe
4acy, HXK KOJyBaHHS KOZIOM XeMMiHra 3 J0JaBaHHsIM OiTy
NepeBipKy Ha MapHICTB.

JocmimkeHHsT i€l Pi3HWII BHKOHAHO 3 BHKOPHC-
TaHHSAM PI3HOTO TIporpamMHOro 3abesmedeHHs. Y HaHIN
CTaTTi BUKOPUCTOBYETHCS MOBa IporpamyBaHHs Java (lan-
guage version 8 a6o Bue) 63 BUKOPUCTAHHS CTOPOHHIX
(perMBOPKIB.

[Ipu mocnimkeHH] Yacy BUKOHAHHS MIPOTpaMH KoJiepa
BUSIBJICHI HACTYIHI 3aKoHOMipHOCTI. Ha puc. 4. HaBegeHO
3aJICKHICTh Yacy KOJIyBaHHS KOMOIHAIIH KooM XeMMiHra
0e3 mepeBipKM Ha TapHICTh KOMOIHAIINA Bil KUTBKOCTI
CHUMBOJIIB

Yac (mc)

{(p .{\fv '{@ {(9 .{@ {@ .{\“o {(—) .{\“o {(p *6{@ .{\f—:

A
VAN AX A ™
> VO LY 5
N ’b,);,go
e | gttempt es—? attempt 3 attempt

e gttempt e===5 attempt

Puc. 4. Yac komyBanHs Oe3 MepeBipKH Ha MApHICTh

s mosierieHHsT poOOTH 3 BHOIPKOIO JaHHMX 3a
OCHOBY IOYaTKOBOI KOMOIiHaIil oOupanuck 0iTH, ONM3bKi
JIO TIOBHUX OaMTIB, KiNBKICTh SIKMX ITOJBOIOBAIACH KOXKHO-
ro pasy.

HeoOxigno BimmiTuTH, mo g0 8 388 607 6iriB, 110
SBIAEThC  ekBiBasienToM 2 097 152 0aiiT, MBHIKICTH
KOAYBaHHS KOJEPOM IEPIIOrO CTYICHIO HE TIePEBUIIIyBaa
3 cekyH[I, IUII MEHIIO1 KITBKOCTi OiTiB Yac KOAyBaHHs OyB
HE3HAYHHUM, a JUId KoMOiHamiii 1o 8192 OiTiB IIBHIKICTH
OyJa Maiike MUTTEBOIO.

Ha puc.5 nHaBemeHo 4wac KoayBaHHS KOMOiIHAITii
KozoM XeMMiHTa 3 MepeBipKOI0 Ha MapHICTh KOMOiHAIIiH
3aJIE’KHO Bl KIIBKOCTI CHMBOJIIB.

Cxoxi pe3yabTaTH JEMOHCTPYE KOIYBaHHS KOJIOM
MEPIIOTO CTYIEHIO 3 OAaBaHHSM J0 HbOTO KOAY JPYToro
CTYIEHIO, a caMe JIOIaBaHHIO OiTy MepeBipKH Ha NapHICTh.

JlonaBaHHs Takoro OiTy JJ03BOJISIE TTIOBHICTIO BMICTH-
T OiToBi KOMOiHamii y Oaiitm Oe3 mpomyckiB. Lle e mie
OJIHIEIO TIepeBaro0 MoJielti, 00 HaBiTh 3 JOAABAHHAM OiTy
NepeBipKM Ha TIapHICTh, KiHIEBa KiJIbKICTh OalTiB He
3MIHIOETBCS, II0 HaJ[a€ IePeBar HaJl IHIIMMH KaCKaIHUMH
KOJIaMH.

Ha pwuc. 6. HaBegeHO Yac KoIyBaHHS KOMOiHAIliH
KomoM XeMmMiHra 6e3 MepeBipKH Ha MapHICTh Ta 3 Iepe-
BipKOIO Ha TIAPHICTH 3aJISKHO BiJ KIIBKOCTI CHMBOJTIB.

Yac (mc)
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Puc. 5. Yac komyBaHHS 3 IEpeBipKOIO HA MTAPHICTH
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Puc. 6. Hac xomyBaHHs 06€3 MepeBipKU Ta 3 IEPEBIPKOO Ha
MapHICTh

AHaJii3 pe3yJbTaTiB KoAyBaHHsI. AHaii3 oTpuma-
HHUX Pe3yJbTaTiB MOKa3ye, 10 Yac BUKOHAHHS MPOLEIypU
KOAyBaHHA 301NBIIYETHCA y TEOMETPHUHIill mporpecii Bix-
HOCHO KIUJIBKOCTI €JIEMEHTIB KOyBaHHS.

Pizke 3pocTanHs 4yacy oOpoOKM TakoX MOxe OyTh
MOB’sI3aHE 3 THM, III0 Ha KOJYIOYOMY HPHUCTPOI, y SIKOCTI
SKOTr0 BHKOpHcTOBYBaBcsi HOyTOyk ASUS TUF F15, B
saxkoro HasBHI 8 I'0 omeparuBHOI mam’siTi, 3aKiHYWIIACh
BiJIbHA OIlEpaTHBHA I1aM’sITh, TOMY y TIOBHOMY 00Cs31 TIpo
HEJIiHIfHE 3pOCTaHHS Yacy BHUKOHAHHS NPOLETYPH KOIY-
BaHHS BUCHOBKH poOUTH 3apano. [y 611101 HaMiifHOCTI,
HEOOXiZJHE TECTyBaHHSA Ha OUIBII TMOTYXHHX KOIYIOUHX
MPUCTPOSIX.

[NopiBHIOIOYM wac KoayBaHHS Oe3 momaBaHHS OiTy
NepeBipKU HA MApHICTh Ta 3 J0/AABaHHAM OITy NepeBipKu
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Ha TNapHICTh, CTA€ OYEBHJIHMM, LIO Yac, SKMH BHKOpPHUC-
TOBYETBCS JJIsl JOAABaHHs OiTy MEpPEeBIpKH Ha MapHICTh, HE
€ 3HaYHUM.

[epeBara nonaBaHHIO OiTy NEpeBIpKU Ha MAPHICTH Y
BUTJISJI BUSBJICHHS JABOPA30BUX NMOMMJIOK € 3HAYHOIO, 00
0€e3 CyTTEBOTO YCKJIAAHEHHS CHCTEMH i 0€3 3MiHU po3Mipy
MOBIIOMJICHb, OJABaHHS OiTy MEpeBipKM Ha MAPHICThH
Ha/1a€ 3MOTy OOPOTHCH 3 OCHOBHOIO KUJIBKICTIO HMOBIpHHUX
TTOMIJIKOBHX CHUTYAITii.

BucHoBku. B pesymbraTi aHamizy i moCHimKeHHS
HAyKOBHUX TpaIlb Pi3HUX aBTOPiB, OMMUPAIOYICH Ha Cy4acHY
Teopiro nepenaui indopmarii, y craTTi IPOBOJMBCS aHANTI3
MoJeni KackagHoro koxny. [IpoaHanizoBaHa eeKTHBHICTD
KOJyBaHHs 3BHYAHHOrO Koay XeMMiHra Ta KacKaiaHOTO
Koy XeMMiHra 3 I0JIaBaHH:M JI0 HhOTO OiTy epeBipKH Ha
napHicTb. EkcriepMeHTanbHO BU3HAUCHHUH Yac KOyBaHHS
JUIsl HABEJICHUX KOJIB. Y pe3yJbTaTi CliBCTaBICHHS EKCIIe-
PUMEHTAJIBHUX NAaHUX 3’SCOBAHO, IO BIUIMB JOAABAHHSI
0iTy epeBipKY Ha MAPHICTH € He3HAYHUM. [1J1s1 KoMOiHaITii
HEBEJMKOI JOBKMHU JOJATKOBUH 4Yac He mepeBuInye 7%
BiJl 3araJbHOTO 4acy TpH JOJaBaHHI OiTy HepeBipKH Ha
MapHICTh, IO J03BOJISIE SKOHOMUTH 4Yac NpU Iepeaadi, a
TOMy ¥ 301NbIIyBaTH NMPOMYCKHY 37aTHiCTh. HeoOXimHo
BIZIMITHTH, IO J0/IaBaHHs OiTy NepeBipKU Ha MapHICTh He
notpebye omaBaHHs I0AaTKOBUX OaWTIB MpH mepeaadi y
CKJIaji nakeTiB naHux. Lle He 301IbIye TOBXKHHY MaKeTy 3
JTAaHUMH, 2 TOMY He YCKJIaJHIO€ IPOTOKOJIH Tepeadl JaHuX
MepexeBoro piBHs. ToMy kackaaHuil KoJ XeMMiHra Hasae
MOXKJIUBICTh IPALIOBATH 3 yCiMa MPOTOKOJIAMH, SIKi BHKO-
PHCTOBYIOTBCS TIPH IIepeiadi JaHUX y BCiX CBITOBHX KaHa-
J1ax, 6e3 3MiH.
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SIMULATION AND ANALYSIS OF ENCODERS OF INTERFERENCE-RESISTANT CASCADE CODES
FOR DYNAMIC SYSTEMS

For various channels of information transmission that can be used in local control systems of a wide range of processes, affordable, scalable, and
inexpensive transmission methods are needed that allow the necessary information to be transmitted reliably without errors. Errors that occur in discrete,
continuous communication channels are the main obstacle to the reliability of transmitted data. The main causes of errors are signal attenuation, noise
and various interferences. As a result of the analysis of error statistics in discrete data transmission channels, it was concluded that single and double
errors occur in the absolute majority of cases. It is proposed to combat errors by using tamper-resistant coding. Among the interference-resistant codes,
redundant block-separated systematic codes are highlighted, among which is the Hamming code. The basis of the interference-resistant coding model is
proposed to be the use of a systematic Hamming code followed by cascade coding by adding a parity check bit. The used model made it possible to deal
with all the most likely cases of errors. Since this coding model must be flexibly used in different systems, a necessary criterion of the model is its
universality. Therefore, the model was tested on a sample with code combinations of different numbers of bits. The purpose of this article is to analyze
the dependence of the coding procedure execution time for encoders of different levels: a separate first-stage encoder, as well as a first-stage encoder
with the addition of a second-stage encoder. Experiments were conducted with a large sample, which were subsequently analyzed and interpreted. Since
the model proved to be flexible, simple, stable and effective as a result of experiments, and the process of combating interference by using cascade codes
has proven itself well in world practice, it is recommended for use in various information management systems. The implementation of the coder for
interference-resistant data transmission is given.
Keywords: immunity, bit, code, code combination, cascade codes, coding, coder, parity check.
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KOHIEIITYA/IBHA MEHTAJIBHA MOJIEJIb [TIOSICHEHHS B CUCTEMI ITYYHOI'O IHTEJIEKTY

ITpenmeToM IOCIIDKEHHS € mpolecH (GOpMyBaHHS IIOSICHEHb OO0 OTPHMAHHX B CHCTEMaxX INTYyYHOT'O iHTENEKTY pimleHs. 1 BUpinIeHHS IpobaeMu
HEIPO30POCTi MPHIHATTA pIllIeHb B TaKMX CHCTEMaX KOPUCTYBadl MarOTh OTPMMATH IIOSCHEHHS ILIOJ0 OTPUMAHMX piuieHb. [TosicHeHHs 103BOIsiE
JIOBIpATH IUM DIilIeHHAM Ta 3a0e3MeYNTH X BHKOPHCTAHHS Ha IpakTuni. Mera po6oTH Hoisrae y po3poOni KOHIENTyaabHOI MEHTaIbHOI MOJeNi
TIOSICHEHHS JUIsI BU3HAUYEHHS 0a30BHX 3aJIOKHOCTEH, II0 BU3HAYAIOTH 3B’A30K MDK BXiHMMH JAHHMH, a TaKOX MiIMH 3 OTPUMAHHS pe3ylbTaTy B
IHTENeKTYalbHi cucTeMi, Ta i KiHUEBUM pilleHHAM. J[si JOCATHEHHsS METH BHUPILIYIOTBHCS Taki 3agadi: CTPYKTYpPH3allis MiAXOAiB 40 MOOyZOBU
MEHTAJIBHUX MOJieNell MOSICHEHb; I0OYJO0Ba KOHIENTYaJbHOI MEHTAaTbHOI MOJENi IOSCHEHHS Ha OCHOBI 00’€HAHOTO NPEICTABICHHS 3HAHb
KOpPHCTyBaua.. BHCHOBKHM. BUKOHaHO CTpyKTypH3alil0 HiIXOMiB OO MOOYZOBH MEHTAIGHHX MOJENeH MOSCHEHb B IHTENEKTyaJbHUX CHCTEMaXx.
MeHTanbHi MOziei IpU3HAYeHi sl BiToOpa)KeHHs CIPUMHSITTS ITOSCHEHHs KOpUCTyBaueM. BUIiieHO Kay3anbHUi, CTATUCTHYHHN, CEMAHTHYHU N Ta
KOHIIENTYaJIbHUH MiAX0qu 10 MOOYIOBH MEHTAIBHUX Mogpeneil mosicHeHHs. IToka3aHo, IO KOHIENTyalbHa MOJENb 33Jac y3arajlbHeHI CXeMH Ta
TIPHHITAITE MO0 TIponiecy (YHKI[IOHYBaHHS iHTEIEKTyambHOI CHCTEMH. i TIONaNbIa JeTami3allis BUKOHYEThCA HA OCHOBI Kay3albHOTO MiAXOMY y
BUIMAJKy MOOYIOBH MOSICHEHHS U HPOLECIB, CTATUCTUYHOTO MiAXOMy HPH MOOYHOBI MOSCHEHHs IIOO0 PE3yNbTaTy POOOTH CHCTEMH, a TaKOX
CEeMaHTHYHOTO IIPH Y3TOMKEHHI ITOSCHEHHS i3 0a30BHMH 3HAHHSAMH KOPHCTyBada. 3allpONIOHOBAHO TPUPIBHEBY KOHIENTYaJIbHY MEHTAIBHY MOJENb
TIOSICHEHHS, 1[0 MICTHTh PiBHI KOHIIENIII 00 0a30BHX NPUHIMIIB (YHKI[IOHYBaHHS CUCTEMH IITYYHOT'O iHTENEKTY, IIOSCHEHHS, [0 AeTalli3ye L0
KOHLICIII0 Y MPHIHATHOMY Ta 3pO3yMIJIOMY I KOPHUCTyBaua BHIVII, a TAaKOX 0a30BHUX 3HAHb IPO HPEAMETHY O0NacTh, SIKi € OCHOBOIO IS
(hopMyBaHHS IOSICHEHHS. Y NPAKTHYHOMY aCIeKTi 3alPOIIOHOBAHA MOJIENb CTBOPIOE YMOBH UL TOOYIOBH Ta YIIOPSAKYBaHHS MHOXKUHHU Y3TOJDKEHUX

TIOSACHCHB, SIK1 OIIMCYIOTH IIPOLEC Ta PE3YJIbTAT p060TI/I iHTCHCKTyaJTLHOT CUCTEMU 3 ypaXyBaHHAM MOKJIMBOCTI iX CHpHﬁH}ITTﬂ KOpUCTYBaA4EM.

Kuiouosi cioBa: :
3aJI€)KHOCTI.

Beryn. Y mpoueci CTBOpEHHsT Cy4acHUX iHTe-
JIEKTyaJbHUX 1HQOPMaliHHUX CHUCTEM 3HAWILIMA IIUPOKE
3aCTOCYBaHHS METOJM MAalIMHHOTO HaBYaHHS, SKi Jal0Th
MOXIIMBICTh C(OPMYBATH MOJEIN NMPUUHSTTS pillieHb Ha
OCHOBI BUSIBJICHHS 3aKOHOMIPHOCTEH Yy BEIMKHX MacHBax
mauux [1]. OTpuMmaHi CKIAQAHI MOJENI, IO € <GIIPOM
TaKUX CHCTEM, CTAIOTh HENPO30PHMH Il HE3pO3yMUINMHU
JUIsl KOpHUCTyBadiB. ToMy KOpHCTyBadi MOXYTb HE JOBi-
pATH pilICHHSM, 3alpOIIOHOBAHUM TaKUMH 1HTEJIEKTYab-
HUMH CHCTEMaMH, IO 3MEHIIye e()eKTHBHICTh BHKOpPHUC-
TaHHS OTPUMAaHKX pe3yNbTaris [2].

Jist BUpilIeHHS TPOOJIEMHU HENPO30POCTI PUUHSTTS
pillieHh B CHUCTEMax IITYYHOIO IHTENEKTY KOpPHCTyBadi
MaroTh OTPUMATH MOSICHEHHS LIO0/J0 OTPUMAaHUX DillleHb.
[MosicHeHHsT O3BOJISIE IOBIPATH UM PillIEHHsIM Ta 3a0e3-
MEYUTH TX BUKOPUCTAHHS Ha mpakTuili [3].

HaBeneni mosio)KeHHST BKa3ylOTh Ha BaXKJIUBICTh
iHTepIpeTanii Uil KOpHUCTyBauya Ipouecy (GopMyBaHHS
pilIeHs Ta OTPUMAHOTO B iH(OPMAITiiiHINi CUCTEM] Pe3yIib-
TaTy.

st BupimeHHs 1iei mpo0ieMu 3aCTOCOBYIOTHCS J1BA
MIXOOM:

— BUKOPHUCTAHHS MOJIENIEH, 10 MOXYTh OyTH i1HTEp-
IIpeToBaHi 6e3MmocepeHko;

— BUKOPHCTAHHSI TOSICHEHD JUIS «HEMPO30PUX» alro-
PHUTMIB Ta MOJENeH, 10 JeXaTh B OCHOBI (DYHKITIOHYBaHHS
IHTETIeKTyaIbHO{ CHCTEMH.

[Ipobnema inTeprperauii mnpouecy NpUHHATTS pi-
IIeHb B paMKax IEpIIoro MiJIX0Xy BHMHHKA€E JHUIIE Yy

() ®

MOSICHEHHSI, CHCTEMa IUTYYHOTO iHTENEKTY, 3pO3YMUTHH [ITYYHUIl 1HTENEKT, 3aJIeKHOCTI, MEHTaIbHa MOIETb, Kay3albHi

BUIIAJKY KOMEpUiIHHUX OOMeXeHb Ha iH(OopMaliio 100
CTPYKTYPH MOJIEIIL.

B pamMkax apyroro miaxomy MiJCHCTeMa MOSICHCHb
BOY/IOBYETBCSI Ha eTami po3poOKH 1HTENEeKTyalbHOI CHuC-
TeMH a00 X PO3pOOIAETHCS OKPEeMO U BXKE iCHYOUOT
cucreM. [Ipu moOyI0Bi MOSICHEHb, 3TITHO 3 KOHIICIIIEIO
3p03yMLUIOTO (MOSCHIOBAIBHOTO) MITYYHOTO IHTENEKTY [3,
4], BUpIIYIOTHCS TpH 0A30BUX 3aJ1adi:

— moOynoBa MEHTAJIbHUX MOJENCH TOSCHEHb Ha
OCHOBI y3araJIbHGHHS Ta PO3IMMUPEHHS IICHXOJIOTIYHUX
TEOpiil MOSICHEHB;

— po3poOKa HOBMX METO/IiB MAIIMHHOTO HABYAHHS Ta
METOJIiB MOOYZOBH TJIyMaueHb IJIsl CTBOPEHHS e(eKTHB-
HUX MOSICHEHb;

— oIfiHKa e(h)eKTHBHOCTI METO/1iB 00y 10BU MMOSCHEHB
[pYU BUPIMICHHI 33/a4 AHATITHKH JAaHUX Ta MiITPUMKHU
ABTOHOMHUX areHTiB.

Bupinrenns mepmioi 3aadi 1a€ MOKIHBICTh popma-
Ji3yBaTH CHPUHWHATTS TIOSICHEHHS JIIOJMHOIO-KOPHCTY-
BayeM IHTEJCKTyaJbHOI CHCTeMH. Takox pearizariis
nepmoi 3aaavi CTBOPIOE YMOBH [UISi PO3POOKH HOBHX
METOJIiB MOOYJOBH TIOSCHEHb Ta OI[IHKK OCTaHHIX TPH
BUpIIICHHI 3324 aHAJTI3Y JaHUX Ta PO3POOKH aBTOHOMHHX
arcHTiB.

BukopHcTaHHS MEHTaJIBHUX MoJielieil 3abe3neuye
YMOBH JJsl TIPEJCTAaBIICHHS TMOSCHEHHS y  opmi,
3pO3yMUTIH I KOPHCTyBada, 3 ypaxyBaHHS PiBHA HOro
MiJTOTOBKH, a TAKOXX HOro 3HaHb [5]. 3a3HaueHe CBIUYHUTH
PO aKTYaJIbHICTh JJAHOTO HAPSMKY JOCIIJKEHb.
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AHAJI3 0CTaHHIX JOCHiIkKeHb i mMyOaikamiii.

HocmikeHHss 1mono QopMyBaHHS TIIOSCHEHb B
Cy4acHHMX CHCTEMax IITYYHOTO IHTEJEeKTy OYylH CYTTEBO
iHTeHCH(IKOBaHI B paMKax HpOrpaMH 3pO3yMiIOTO
wryqHoro iHrenekry (XAIl) [3], ne Oymo BuaineHo 5K
OKpeMHuil HampsSMOK ITOCTIKeHb 3afady NOOYyIOBH MEH-
TaTbHUX MOJENeH MosiCHeHb [4]. MOXJIHMBOCTI MOEIIO-
BaHHS NOSICHEHb 3 ypaxyBaHHAM KOTHITHBHHX acCIICKTiB,
0 CYTTEBO BIUIMBA€ HA CIPHAHATTA NUX TIyMadcHb
JMOABMH, Oyi0 po3rsiHYyTO B poboTi [6]. Icmxomoriuni
aCIIeKTH TIIyMa4yeHb, IKi BU3HAYAIOTh MOMIIUBICTH IOOYIO-
BU KOHIENTYaJbHOI MEHTaJbHOI MOJETl IOSICHEHB,
pO3rIsIHYTI B poboTax [7-9]. B mux poboTtax BHIiICHO
CcTpyKTypy Ta (yHKUii mosicHens. [lepeBarm moOymoBu
MOSICHEHb 3 ypaxyBaHHSM SK Kay3aJbHOTO, TaK i TEMIIO-
paJIbHOTO acTeKTiB OyIH po3riIAHyTi B pobortax [10-12].

Bukonanuii aHami3 okasas, 1[0 Ha CbOTOHI F'0JIOBHA
yBara MpH BHpIMICHHI 3amadi MoOyJOBH MEHTAIBHHUX
MoJieTIel TTOSICHeHb MPHUIUISIACH TOOYAOB] ONMCOBHUX IICH-
XOJIOTIYHHUX MOJIENIEH TIOSICHEHb, & TAKOXK CTICIiali30BaHUX
MEHTAJbHUX MOJeNeH, sKi BiZOOpakaloTh CHPUHHATTS
MOSICHEHHSI IIOI0 OKPEMHX 3aJad Ta IPoLEeciB B iHTe-
JICKTYaJIbHIN CHCTEMI.

OpnHak a7 po3poOKH METOIB T00OYI0BU TIIyMaueHb
HEOOXiTHO TaKOX pPO3POOUTH KOHLENTYaJbHY MOJENb
MOSICHEHb, $IKa MOXKe OyTH JIONOBHEHA JIOKAJIbHUMH
MojensiMu. Taka MOZENb 1a€ MOXIIMBICTh KOPUCTYBadeBi
3pO3YMITH KJIFOYOBI NPHHIMIHN MOOYJOBU MOSCHEHb, IO
CTBOPIOE ISl €()eKTHBHOTO BUKOPUCTaHHS KOPUCTYBadeM
pIIIeHB IHTENEKTYalbHOI CHCTEMH 1 CBITUUTH HPO BaXK-
JUBICTH BUPIMICHHS 3a]a4di TOOYIOBH TaKOT MOJEII.

Merta Ta 3agad4i gocaimkenHs. Meta poboTH mos-
ra€ y po3poOmi KOHIENTyadbHOI MEHTaIbHOI MOJEINi
TIOSICHEHHSI /I BM3HA4YEHHS O0a30BHX 3aJIeKHOCTEH, IO
BU3HAYAIOTh 3B 30K MK BXIJHAMM JAaHUMH, a TaKOXK
JISIMU 3 OTPUMAaHHSI Pe3yJIbTaTy B IHTENEKTYalIbHIH cUcTe-
Mi, Ta 11 KIHIIEBUM PIillICHHSM.

Jliist MOCSITHEHHST METH BUPIIIYIOTHCS Taki 3a1au4i:

— CTPYKTYypH3allisi MiIXO/IB 10 MOOYJOBH MEHTAJIb-
HHUX MOJIeJICH MOsICHEHbD;

— mo0OynoBa KOHIENTYalbHOI MEHTalbHOI MOAeni
TIOSICHEHHSI Ha OCHOBI 00’€/THAHOTO IIPEACTABIICHHS 3HaHb
KOpHCTyBaya.

CrpyKkTypH3alist MaIXoaiB 10 MOOYJOBH MEHTAIEHOL
MOJIETI MOSICHEHb.

Mera po3poOKM MEHTaJbHOI MOENi TMOSICHEHHS —
3a0e3MeUnTH PO3YMIHHS KOPHCTyBadeM BHYTPIIIHIX
MIPOIIECIB CHCTEMH IITYYHOTO IHTENIEKTy. 3a0e3neuyroun
npo3ope Ta IHTEpHpeTOBaHE IIOSICHEHHS, MEHTaJIbHA
MOJIeNIb Ma€ CTBOPIOBATH YMOBH JJIS IMiJIBUIIEHHS TOBipH
KOpUCTyBaua, a TaKOXK 3a0e3leuyBaTH KOPUCTyBayam
MOXIIMBICTh OILIIHUTH PEJICBAHTHICTh pILIEHb CHUCTEMH
LITYYHOTO iHTENeKTY. Mozenb Mae cripusit e(heKTHBHOMY
BUKOPHCTaHHIO OTPHUMaHHX B IHTEJICKTYyalbHIH CHCTEMI
Ppe3ynbTaTiB.

MeHTanbHa MOJENb IOSCHEHb BH3HA4Ya€ KOHIIETI-
TyajbHE TIPEJICTABICHHS, $KE BUKOPHUCTOBYE IHTEJIEK-
TyallbHa CHCTEMA JJIs TIIyMadeHHs CBOIX pimieHs abo i 3
OTpuUMaHHs MUX pimeHsb. Lle agantoBane no 3amadi mooy-
JIOBH TIOSICHEHb IPEACTABICHHS 3HAHB IOJO BHYTPIMIHIX
TIPOIIECIB Ta IMOCIIJOBHOCTI BUBOJY B CHCTEMI IITYYHOTO

IHTEJIEKTY, K€ MOXXe OyTH IHTEpIIPETOBaHO 3 THM, LI00
JIOTIOMOI'TH KOpHCTyBadyaM a0o 3alliKaBJICHHM CTOPOHaM
3pO3yMITH, YOMY IHTEJIEKTyaJbHa CUCTEMA MPUIHAJIA NEB-
HE pillleHHs.

KitrouoBi migxoau 10 moOyI0BH MEHTAIbHOI MOJAETI
MOSICHEHb 0a3yIOThCSA Ha TIIXOAaX OO MOOYIOBU TIpen-
CTaBIICHHS 3HaHb 1 MICTATH y co0i: Kay3aJIbHHI; CTaTHC-
TUYHUH; CEMAaHTHYHHN; KOHIENTYAIbHUH ITiIXO0IH.

INopiBHANBHY XapaKTEPUCTUKY PO3INISHYTHX IiIX0-
IIiB HaBeJeHO y Taou. 1.

Bubip ¢opMu mpemcraBieHHS MEHTAIbHOI MO
3aJIeKNUTh BiA 3a1ad, SKi BHUpILNIyE CHCTEMa MITYYHOTO
IHTEJIEKTY, a TAKO)K KOHTEKCTY BUPILICHHS IUX 3a/1a4.

Migxin 10 TOOYA0BH MEHTAILHOT MOJICITI TTIOSICHCHHS,
OCHOBaHMH Ha Kay3aJbHHX 3aJIe)KHOCTSX (HaIrpuKiIal,
npaBmiax), 3abesnedyye (GopMyBaHHS TIIyMadeHb pillleHb
CHCTEMH IITYYHOTO IHTENEKTY Ha OCHOBI HaOopy more-
PEIHBO BH3HAYCHHUX IPABIII: 0OMEXeHb a00 yMOB. Binmin-
HOCTI MK HAMHU TOJTAIOTh y TOMY, IO OOMEXCHHS €
ICTHHHUMH JJIs BCIX BapiaHTIB mporecy (opMyBaHHS
pIIICHHS, a YMOBH — JIMIIE JUIA MIAMHOXHHH TaKUX aJlb-
TEepPHATUBHUX BapiaHTIB.

Ta6muns 1 — Iligxomu 10 moOyI0BU MEHTAIBHOT MOJIENI
MOSICHEHD

OcobnuBoCTI
BukopHCTOBYIOTBCS Kay3aiabHi
3ae)KHOCTI. MOXKIIMBICTS HaaTH
TIOSICHEHHS SIK Pe3yJbTaTy poooTH
IHTEJIeKTyaJIbHOI CHCTEMH, TaK 1
TIporecy OTPUMAHHS JAaHOTO
pe3ynbTaTy.

BHKOPHCTOBYIOTHCS TATEPHU Ta
3aJIeKHOCTI, OTPUMAaHi Ha OCHOBI
aHaJIi3y JaHMUX IHTENEeKTyalIbHOT
cuctemu. OpieHTOBaHUIl B mepIry
Yepry Ha MOSICHEHHS PillleHHs
CHCTEMH IITYJHOTO iHTENEKTY.
BukopHCcTOBYIOTHCS 3HAHHSA 3
MpeaMeTHOT 00JacTi (a ToMy Yrcii
TEMITOPAJTBHI) 010 MPOLIECY
NPUHHSTTS PillIeHHS Ta pe3yJabTaTy
IHTEJIEKTyaIbHOI CUCTEMH.
MOKIIMBICTD aanTariii 10 piBHS
3HAaHb KOPHUCTyBava.
BukopHCTOBYIOTHCS 3HAHHS OO0
3aralbHAUX IPHHIINIIB, CXEMH,
TEXHOJIOTI{ Ta TPOLeCy MPUHHATTS
pillieHb y mpeIMeTHil o0acTi.
MosxnuBicTs no0yn0BH
BHCOKOPIBHEBOTO MOSICHEHHSI, 10 €
y3araJbHeHUM IS Pi3HUX KOHTEKCTIiB
MPUUAHATTS PilIeHb y TPEAMETHIN
obOmacti. MoxmBicTh aetanizanii Ha
OCHOBI Kay3aJIbHOTO, CTATUCTHIHOTO
Ta CEMaHTHYHOTO ITiIXOIiB.

Migxin
1.Kayzanbuuii

2. CTaTUCTUYHMIA

3. CeMaHTHYHHI

4. KonuenrtyanbHUi

BkazaHi 3aieXHOCTI MaroTh OXOIUIIOBATH Ta y3a-
TaJIbHIOBATH BECh MPOIEC NPUHHATTS PilleHb iHTEIEKTY-
AIBHOIO CHCTEMOIO 3 THM, III00 HaIaTH IPO30PE MOSICHEHHS
K OKpeMHX JMii, Tak 1 X MOCHiOBHOCTEMH, 110 3abe3re-
YYIOTh IOCATHEHHS PE3yJIbTYI0OUOrO PillICHHS.
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VY kay3anbHiii MEHTaJNbHIA MOJECTI MOSCHEHHS
BUBOJATHCS INUISXOM OIIIHKH BXIJIHUX Ta MPOMIKHHX
JIaHUX 3 BUKOPHUCTAHHSIM HAaOOopy JoriyHux npasui. Koxne
NPaBWJIO CKJIANAETECS 3 yMOBH abo Habopy yMOB, siKi
NepeBIPSAIOTh 3HAUEHHS MEBHUX 3MIHHMX, 1 OB S3aHOTO
mosicHeHHsT abo momanemoi nii. Komn ymoBm mpasmia
3a7I0BOJIBHAIOTHCS, BiJIIOBIAHE TOSICHCHHSA HAagaeThes SIK
pe3ynbTar. AGO XK BUKOHYETHCS [Iisl 13 YTOYHEHHS MOXK-
JMBOTO MOSICHEHHA. [IOCTIOBHICTD TaKMX HPaBHI MOXKE
HaJlaTH TIOSICHEHHS SIK I IPOLECY, TaK 1 Ui pe3yibTary,
OTPUMAHOTO B CHCTEMi IITYYHOTO iHTEIEKTY.

®dakTHyHO, TpaBHia BU3HAYAIOTh I'DAaHUYHI YMOBH,
SIKi BIUIMBAIOTh HA TIPUHHATTS PilICHHS.

[epeBara naHoro migxonay A0 NOOYAOBH MEHTAIbHOT
MOJICJi MOJIATaE Y MOXIIMBOCTI ii Oe3mocepeHboi iHTep-
npetauii. Taki MOSICHEHHS € IHTYITUBHO 3pO3YMIJIMMH,
OCKIJIbKM BOHU 0a3yIOThCsI Ha JAETEPMIHOBaHHX 3aJIEKHOC-
TSIX, SIKI CHPOLIYIOTH TIPOIIEC IPUHHSATTS PillICHb B CUCTEMI
MITY9YHOTO {HTEJEKTY.

Hepomix migxomy moB’s3aHuil i3 OOMEXEHHSIMH B
MIPEJCTaBIICHHI CKIIAJHUX 3B’S3KIB MK BXITHHUMH JaHUMHU
1 OTpUMaHNM pEe3yJIbTaTOM, a TAaKOX HEBH3HAYEHOCTI sKa
MOXKE BHHHMKAaTH B pe3ylbTaTi 30BHIIIHIX BIUIMBIB Ha
IHTEJIeKTyalbHy CHCTeMy. 3a3BHYail Takuil Mmiaxix mimxo-
JUTH JIJIs BUMAJKIB, KOJU MOXYTh OyTH BH3HAYCHI YiTKI
YMOBH Ta OOMEXXEHHS y POLEC NPUIHATTS PillICHHS.

[ToOynoBa MeHTanbHOI MOJENl Ha OCHOBI TpaBHII
nependavyae BU3HAYCHHS TpaBWiI, BUOIp QYHKIIH OIIHKK
MpaBWI AL BiIOOpY anbTEepHATHUB MOSCHEHHS, a TaKOoX
MOCTIHHE BJIOCKOHAIECHHS MHOXWHHU IIPaBWI 3 ypaxy-
BaHHSIM 3MiH i JIOTIOBHECHb Y MPOLECi MPUHAHATTS PIlICHHS
Y CHCTEMI IITYYHOTO iHTEICKTY.

CTaTHCTHYHUH MiOXin A0 TOOYIOBH MEHTAIBHOL
MOJIeNi TIOSICHEHHS B CHCTEMi INTYYHOTO IHTENEKTY
OpI€HTOBaHMH Ha BH3HAYEHHS KIIOYOBHX OCOOIMBOCTEH
abo QakropiB, sKi BIUIMHYJIM Ha OTPUMaHE pIillIEHHS.
IosicHeHHsI BHBOISTHCS HAa OCHOBI aHaJi3y MATEpHIB Ta
3aKOHOMIPHOCTEH, HAasBHUX Yy JaHHUX, SKi BUKOPHCTOBYE
cUcTeMa LITYYHOTro iHTeNeKTy. L{i 3aKoHOMiIpHOCTI MOXKYTh
OyTn OTpHMMaHi MeTOJaMM MAIIMHHOrO HaByaHHS. Ha
BiIMiHY BiJl TOMEPEAHBOTO MiAXOIy, B ITAaHOMY BHUIAIKY
KJIFOUOBA yBara NpHIUIIETHCS BCTAHOBJIEHHIO 3B’ SI3KIB MiXK
BXITHUIMH JITaHUMH Ta KiHIIEBUM pPE3yJbTaTOM IHTENEKTY-
aJIbHO1 CUCTEMH.

[lepeBara maHOro MiAXOMY IOJNSTaE y 3IaTHOCTI
3aikcyBaTH CKJIagHI HENiHIAHI 3B’A3KM Ta BPaXOBYBAaTH
HEBHM3HAYEHICTh B JaHUX. TaKoX BPaxOBYEThCS KOHTEKCT
MPURHATTS PIlICHHS.

Henonik migxomy moinsrae 6a3yeTbcss Ha HOro MMo-
BipHICHIH TPHUPOAi i moyArae y BiACYTHOCTI BU3HAUYEHHS
JIETePMIiHOBAaHHX Kay3aJbHHUX 3aJIC)KHOCTEH.

CeMaHTHYHHHA MiOXil T0 MOOYJOBH MEHTAIBHOL
MO/IeIi TOSICHEHHS 0a3y€eThCs HA BUKOPUCTaHHI CEMaHTHKH
npeaMeTHoi obnacti. B maHoMy BHmazky MOXyTh OyTH
BUKOPHCTaHI OHTOJIOTIi, CEMaHTHYHI MepexKi, rpady 3HaHb.
Po3po0Oka npencraBieHHs 3HaHb MOXe OyTH BUKOHAHA 5K
3a JIOIIOMOTOI0 iH)KEHEpiB 3HAHb, TaK 1 3 BUKOPUCTAHHIM
METO/IiB aBTOMAaTHU30BaHOI M0OYI0BU 0a3u 3HAHB.

IlepeBara gaHOTO MiAXOAY TMOJSITAE Y MOMKIHBOCTI
HaJaBaTH YiTKi, IHTEPIPETOBaHI Ta 3pO3yMIiJi MMOSCHEHHS,
CITUPAIOYHCH Ha 3pO3YMiJIi JIIOIUHI TipeacTaBiIeHHs. Takuit

MiAXIT MOXKe BimoOpaXkaTH CKIIAJHI BiTHONICHHS, B TOMY
YHCIIi Kay3aJibHI Ta TEMIOPAJbHI, JO3BOJISIOYH KOPUCTY-
BadaM MOSICHUTH PO3TOPTAHHS MPOLIECY MPUHHATTS pillIeHb
y 4aci.

Henonix migxony nossrae moB’s3aHuid i3 0OMeXKeH-
HSM TIpU GOpPMYBaHHI 3HAHb Ta MPHU MOSACHEHHI 30BHIMIHIX
BIUIMBIB, OCKUTBKH BOHHU HE 3aBXIU BiOOpaXkeHi y Bis-
MOBiIHIN 0a3i 3HAHB.

[inxin 1o moOynoBH aOCTPaKTHOI MEHTAIBHOI MOJIEe-
JIi TOSICHEHHS B CHCTEMI IITYYHOTO 1HTEIEKTY 0a3yeThes Ha
BUKOPUCTAHHI 3arajbHUX IPUHIMIIB, KOHIENIA Ta
MoJielield, [0 Jie)KaTb B OCHOBI MPOIECY HPUHHATTS
pimens. Ileit miaxin Mae Ha MeTi 3a0e3MEYUTH KOHIIETI-
TyajbHe PO3yMiHHS TOBEIIHKHM IHTEIEKTYaJIbHOI 3aMiCTh
MOSICHEHHSI KOHKPETHHX IPOIIECiB a00 pe3ysIbTaTiB.

KonuenryanbHa MeHTaJIbHa MOJIEIb MOSICHEHHSI Mic-
TUTh 3HAHHS LIOJI0 CTPYKTYPH Ta BIACTHBOCTEH MpeaMer-
HOi oOmacti. Taka Momens 0a3yeThcsi HA IICHXOJOTIIHIX
Teopisx mnosicHeHHA. OCTaHHI BUKOPHCTOBYIOTHCS TIPH
aHali31 HABYaHHS JiTe! y II0JJChKOMY CYCHiTBCTBI. Hampu-
KJaJ, KOHLENTYyaJbHE IOSICHEHHS INOJO PO3Mi3HABAHHSI
300pakKeHb Ma€ OXOIUIIOBATH INPHUHIMIH PO3Mi3HABAHHSA
00pa3iB, BUALICHHS O3HAK, KJIACHU(IKAIlil, a TAKOXK KOHIICTI-
il 3rOpTKOBUX HEHPOHHUX MeEpex, Toio. B naHomy
BUIAJIKYy 3aMiCTh NMpaBwil ab0 MaTEepHIB MOSICHEHb ILOJO
KOHKPETHOTO DPe3yJbTaTy MOJENb IiJKPECIIIOE 3araibHy
cXeMy, MpoIec Ta NPUHIUIK PO3Mi3HaBaHHS 300paXKEHb Yy
KOHKPETHI IHTENeKTyalbHIi CHCTEeMI.

VY NpakTHYHOMY acHeKTi KOHIENTyaJbHE IpPEeACTaB-
JICHHSI MOK€ BH3HAYaTH KIIIOYOBI €JIEMEHTH Ta MPUHINIH
00pOOKM BXiTHUX IaHWX, SKi IHTEJIEKTyaJbHa CHCTEMa
BUKOPHCTOBYE JUISl IPUHHSATTS PilICHHS.

Hanpuxmnan, 11 mosCHEHHS I0JI0 PIiICHHS «TI0JMHA
Ha 300pakeHHi O1KHUTEY, IPUIHHATOTO CHCTEMOIO PO3ITi3HA-
BaHHsI 300pa)KeHb, MOXYTh OYTH BHJIJIEHI 30HH 300pa-
JKCHHS, 10 BiTOOpaXkaroTh BIAMOBiAHI ()parMeHTH Tija
JIOJUHU y pyci. B naHoMy Bunanky kKoHuemniis 6a3yerbes
Ha BU3HAYCHHI MMiJMHOXXHHHU (parMeHTIiB 300paXKeHHsI, sKi
€ KJIIOYOBUM JUIsl TPUHHATOTO B 1HTEJEKTyalbHINA CHCTEMI
pillieHHsI.

AHaJOTIYHO, KOHIENTYaJbHUM MOSCHEHHSM II0J0
KPEIUTHOTO PIlICHHS B IHTENEKTYANbHIN CHCTEMI, 1[0 Mae
BIAMOBIaTH CHPUMHATTIO JIIOAWHHW, MOE BHUCTYIIATH
3aIEKHICTh MK KpPEIUTHHM PEUTHHIOM Ta JOXOJIOM
KITi€HTA.

[lepeBara naHoOro MiAXOAY TIOJISITAE B TOMY, IO
KOHIIETITyaIbHa MEHTaJIbHA MOJIENb 3a0e31euye po3yMiHHs
MOBEiHKH {HTEIEKTYaIbHOI CHCTEMH Ha OLIBII BHCOKOMY
piBHI aOcTpakiiii, o0 Ja€ MOXIWBICTh Yy3arajJbHHUTH
KOHTEKCT NPHHHATTS pIlICHHS B pamKax IMOSCHEHHS.
Takuil miaxig K03BOJISE KOPUCTYBadyaM 3pO3yMiTH 0a30Bi
NPUHIUIKA Ta KOHIEMNIIl NMPUHHSATTS pPIlIEHb CHCTEMOIO
MITYYHOTO IHTEJNEKTY, IO Ja€ MOXIHBICTH chopMyBaTu
YMOBH Ta OOMEXKEHHS IIOJI0 3aCTOCYBAaHHS IIMX DilleHb,
BU3HAYMTH CEMAHTHKY LIUX PillleHb, a TAKOX TependadunTu
JIOZIATKOBI MOXKIIMBOCTI X BUKOPUCTaHHSI.

Henonix KoHIENTyaJIbHOTO MiAXOAY A0 MOOYIOBH
MEHTAJbHOI MOJENi TIOSICHEHb TIIOJIATa€ Y BiACYTHOCTI
KOHKPETHHUX JeTajieil MI0JI0 KOHKPETHUX pillleHb iHTe-
JEKTyallbHOT cHcTeMu. ToMy JaHWil MiaxXix mnoTpedye
JIOTIOBHEHHS MOYKIMBOCTSIMH 1HIINX IT1IXOIB..
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3B’S130K IMiIXO/IiB 10 TOOYAOBU MEHTAIBHHUX MOJICICH
MOSICHEHHSI TIPE/ICTaBJICHO Ha puc. 1. JlaHwuii 3B’ 130K Bi100-
pakae 3arajbHy CXeMy MOOYJOBH CHCTEMH MEHTAJIbHHX
MOJIEJIEH B 3aJIEXKHOCTI BiJi BUMOT 10 MOSICHEHb B CUCTEMI
IITYYHOTO IHTETICKTY.
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Puc. 1. IocnizoBHICTh Ta yMOBH peai3awil miaxoaiB 10
mo0yI0BM MEHTAIBHUX MOJIETIEH MOSICHEHb

TTopiBHSHHS TIPENCTABICHUX MiAXOMIB J0 MOOYI0BU
MEHTAJIBHOI MOJIETi TIOSICHEHb JIa€ MOKJIMBICTH 3pOOUTH
BHCHOBOK IIPO T€, 110 KOHLENTYyajJbHa MEHTaJIbHAa MOJIENb
MOSICHEHHSI Ma€ PO3POOIIATHCE B IEPINy YEpry i B IOIab-
IOMY PO3LIMPIOBATUCH 3 BUKOPUCTAHHSIM DPO3IIISIHYTHUX
Kay3aJIbHOTO, CTATUCTUYHOrO Ta CEMAHTUYHOTO MiAXOIIB.

CTaTUCTUYHUMA MiAXi MOE TMepeBard Yy BHIAIKY
BUpIIIEHHS 3a/a4i TIOSICHEHHS pe3yJbTaTy poOoTH
IHTEJIEKTYaIbHOI CUCTEMH, Kay3albHUH — JUIS TITyMayeHHs
npolecy OTpUMaHHsS pe3ynbTary. CeMaHTHYHWH Miaxin
Jla€ MOJKJIMBICTH aJanTyBaTH IOSICHEHHS 1O PIBHS TiJ-
TOTOBKH KOPHCTYBa4a Ta CTBOPIOE YMOBU IS ITOSCHEHHS
IOA0 CHOCO0y BHKOPHCTaHHS OTPHUMAHOTO B CHCTEMi
pesynbTary.

KoHnenryansHa MEHTaJIbHA MOJIEIb TOSICHEHHS.

3anpornoHoBaHa KOHIENTyalbHa MEHTAJIbHAa MOJCIb
CKJIA[IA€ThCS 13 €JIEMEHTIB, OB SI3aHUX CTPYKTYPHUMH Ta
TEMITOPAJIbHUMH  BiJTHOLICHHSIMH, BPaxOBY€ OHTOJIOTIIO
MOHATH B IPEAMETHIH 00JacTi, a TakoX MOXKe SIKICHO
ONUCYBaTW BIUIMBM Ha NpOLEC NPUHHATTA pilleHb B
CHCTEMI IITYYHOTO 1HTEJIEKTY.

KirouoBa 0OCOOJMBICTH KOHIIENITYyadbHOI MO
noJjirae B TOMY, LIO BKa3zaHI €JEMEHTH MOXYThb OyTH
Hey3rojkeHuMH. lle CTBOprO€ yMOBH Ui TOOYIOBH
AIBTCPHATHBHUX BapiaHTIB MHOSCHEHb. B momanemomy
KO)KEH BapiaHT TIIOSCHEHHS MOXe OyTH HMOBipHICHO
OLIIHEHUH.

Haii0inpmm HWMOBIpHUI BapiaHT pPO3TIIAAAETHCS SIK
KJII04OBe MosicHeHHs. OTpuMaHe MOSICHEHHS Mae OyTH
MOB’S3aHO 13 KOHIICMIN€I0, 10 y3arajbHIOE CUTYAIlI0 Ta
YMOBHM NpUHHATTA pimieHHs. B pesynpraTi 6a3oBUM
€JIEMEHTOM KOHIICITYalIbHOI MOJICI € Tpifika (3HAHHS, 110
JIETANI3YIOTh  MEBHY KOHUEMIII0 II0J0 MPUHHATTS
pilieHHs1; 6e31ocepeHbO KOHLEIIs; TOSCHEHHS).

3HaHHA MO0 TNpPeAMEeTHOI obylacTi BH3HAYAKOTH
BJIACTHUBOCTI TIEBHOi KOHIEMIii NPUAHATTSA pIlICHb B
IHTENEKTyaIbHIA CHCTEMI 1 MOKYTh MICTHUTH:

— OIUC CTPYKTYPH NMPEAMETHOI 001acTi;

—omuc 0a30BHX 3AJISKHOCTEH, Ha SIKMX 0a3yeThCs
mpolec MPHHHATTA pilleHh Y CHCTEMi IITYYHOTO iHTE-
JIEKTY;

— ONHUC 30BHINIHIX BIUIMBIB Ha NpPOLIEC HMPUHHATTS
pILLIEHHS B CHCTEMI:

— MOKa3HHUK OI[IHKH MOSICHEHb, 10 JIa€ MOXJIUBICTh
YIOPS/IKYBATH X 3a BIAMIOBIHICTIO KOHIIETIIII.

Tobro koHuemiist SIK y3arajibHEHE HpeACTaBICHHS
00 TIEBHOT KaTeropii abo Kiacy 00’€KTiB Ta MpPOIIECiB, a
TAaKOXK IX BJIACTUBOCTEH 1 B3a€MO3B’S3KIB MK HHMHU
HOSICHIOETBCSL Yepe3 i€papxiuHy CTPYKTYpy HpeIMETHOI
obnacTi Ta mpouecy BHKOPHCTAHHS LI€l CTPYKTYpH JUIs
OTPUMAaHHS pillIeHHS.

VY3aranpHEHY CTPYKTYpPY KOHIIENITyalbHOI MOZETi
MIOSICHEHHSI HaBEJIEHO Ha pHC. 2.

MHOXHHA KOHIIETIIII
(YHKIIOHYBaHHSI IHTEJIEKTYaJIbHOT
CHCTEMH
[TosicHEHHS KOHIIEMIINA K
Y3rO/KCHA TT1IMHOXHHA 3HAHb
OO MPEIMETHOI 001acTi

3HaHHS O[O0 MPEIMETHOT 001acTi:
CTaTHYHA Ta JUHAMIYHA CKJIaJ0Ba

Puc. 2. CTpykTypa KOHLENTYaIbHOI MOJIEI MOSCHEHHS
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3rifHo mpejcTaBlIeHOI CTPYKTYPH, KOHIENTyalbHa
MoJlelb MOSCHEHHs s KopucTyBaua M ckiafaeTbes i3
MHOXUHH KOHLISTILIi i C={q}, MOSICHEHb

Expl = {expli’ i }, a TaKkoXK 3HaHb Al GOpMYyBaHHS MOsIC-

HeHp K = {km} 32 YMOBH JIOKQJIbHOI y3T0/DKEHOCTI KOH-

IIel'IIIﬁ Ta IMOSICHCHHS .
M = (C,Expl, K | Expl < K). (1)

3 ypaxyBaHHSM MOJIMBHX NPOTHUPIY y 3HAHHAX
00 MPOIIECIB MPUHHATTS PIMIEHbh B CUCTEMi IITYYHOTO
IHTENIeKTY, 3alPOIIOHOBaHA MOJENb BUKOPHCTOBYE NPUH-
LIHII JIOKAJIbHOI Y3TOPKECHOCTI 3HAHb.

3rigHo IAaHOTO TIPUHITAITY

KOXKHa  mapa

(rkonyenyis; noscnenns) mae GyTH Y3TOIUKEHOIO, TOOTO
Ma€ XapaKTepU3yBaTHCh BIIACTUBOCTSMH IOBHOTU Ta
HECYIEPEWINBOCTI.

[HIIMME cTOBaMHy, i3 MHOKHHU 3HaHb K 1110710 mipe-
MeTHOI o6Jacti st mosicHeHHst eXpl, i BiTOMparoThCS

JIMIIE Y3TO/DKEHI 3 KOHICTIE 3HAHHS. Y3TOKCHICTh
TNOSCHEHHS 1 KoHIemii ¢; ~ expl; ; BusHauaeTbes HacTym-

HHUM YUHOM!

¢ ~expl, E(Vi){expliyj};t@, @
(Vi, j,m)(expl, ;—expl, , ) = false.

KoHnernuis B paMKkax Moielli OB’ A3ye 00’ €KTu 0,0,

. | .
BIZTHOIIEHHSM [, , III0 JJa€ MOXJIMBICTh BU3HAYHTH BHCOKO-
PiBHEBI 3B 3K y TIpeMETHiH obnacTi. BiamosigHo, KOH-
LEMIis BU3HAYAETHCS TPIHKOIO:

orlo

m~m?

(0,,0,)€0,r, eR. (3)

IIpencraBnenns koHuemniii y Bumsig (3) mae
MOXIJTMBICTh BU3HAUYUTH SIK KIJIFOUOBI CKJIAZ0BI i€papXiduHOi
CTPYKTYpPH TIpeIMETHOI o00JIacTi, IO BIUIMBAIOTH Ha
NPUIHATTS PIlIEHHS, TaK i 3aJIaTh KIIFOUOBI 3QJIE)KHOCTI y
caMoMy ITIPOIECi MPUHHSTTS PillICHHS.

B nepmomy Bumagky Moxe OyTH BHKOPHUCTaHHMN
OHTOJIOTIYHHH TiIXil, a B IpPyroMy — Kay3aibHi abo
TEMITOpaJIbHI 3aJIE)KHOCTI.

Konnenmis y Burisiai (3) dopmye y3araapHEHi 3aru-
TaHHS /U1 TOSCHEHHS IIOA0 pe3yJibTaTy poOOTH iHTe-
JeKTyanbHoi cuctemu : YoMy 06’ektu 0,0, MalOTh Mk

06010 38’130K BUIY I'| ? 3amMTaHHS 00 IPOLECY MPHii-
HATTS piieHHs Mae BUIIL: YoMy 3a 06’ €kToM (200 Jiero)
0, TIpH NPUIHATTI pilIeHHs OyI0 BUKOPUCTAHO 00 €KT O,
criocoboM I ? KoHIenTyasbHi 3alHTaHHS MO0 CEMAaH-
TUKWA TIPUAHATTS PIIICHHS MOXYTh MaTH BHIIIAA: Skuit
ceHc (MOXKIIMBOCTI BHKOPHCTaHHSA) Ma€ OTPUMAHUN SK
pilieHHs 00’€KT O, Uil BXIAZHOTO O0’€KTy O, 3 ypa-
XyBaHHSM KOHTEKCTY HPHHHATTS pimeHns I ?

Y HaBelneHOMY BHUIIE TMPUKIAAI IMOAO0 AaHATI3Y
300paxeHb B SIKOCTI 00’€KTy O, KOHLEMNii BUCTYTae
(dparMeHT 300pa’keHHs JIIOAWHM (30KpeMa, 300pakeHHs

HIr), AKUM cBiguuTh Hpo ii pyX, B SKOCTI 00’€KTy O,
BHCTYIIA€ XapaKTEPUCTHKA PyXy JTOAWHU (O1KUTB, CTOITH,
Hne), a 3aJ1eKHICTh rn: BH3HAYAE TIPUHITAI PO3Mi3HABAHHS

pPyXy Ha 300paKeHHI: 3a CTAHOM IEBHUX (pparMeHTIB Tijla
JIFOJIVHH.
KoxHuil 00’€KT KOHIENIIT 0, 3aJa€ThCs Yepe3 MHO-

JKHHY HOTO BIIACTMBOCTEN V|, 1 O = {V,'n} . Take npexacras-

JIeHHS 00’ €KTy J1a€ MOKIIMBICTh JETaji3yBaTH KOHIICIIIIIIO
gepes 3aJeKHOCTI MK OKPEMHMH BIIACTUBOCTAMHU 00’ €K-

TiB. Taki 3aeXHOCTI p,'n’”q MOJXYTh BHCTYIIaTH B SKOCTI

OCHOBH JJIs TIOSICHEHb €XP |i. j momo KOHIIETIIIT C:

eXpli.j = vl,nprln'?qvm,q' (4)

BucHoBkH. BUKOHaHO CTPYKTYpHU3alliio MiX0IB 10
MoOyJOBH MCEHTAIBHUX MOJENei IOSICHEHb B IHTEINCK-
TyalbHHX CHUCTeMaX. MeHTalbHI MOJAET MpU3HAYCHI IS
BiJOOpa)KCHHSI CIPUIHATTS TOSCHEHHS KOPUCTYBAaueM.
BunineHo kay3anpHHNA, CTATHUCTHYHUHA, CEMAaHTHIHHH Ta
KOHIICNITYaIbHAN MIAXOMW 1O TOOYIOBH MEHTaIbHHUX
Mogmeneli moscHeHHA. [lokazaHo, IO KOHIENTyallbHA
MOJIENIb 33J]a€ y3arajbHEHI CXEMH Ta MPHUHIUIU IIOJ0
nporecy (yHKIIOHyBaHHS iHTEIEKTyambHOI cucTeMu. Ii
MOJTAJTbINA JETaTi3alliss BUKOHYEThCS Ha OCHOBI Kay3allb-
HOTO MIiJAXOJY y BUMAAKY MOOYIOBU MOSICHEHHS JJIS MIPO-
[eCiB, CTATUCTUYHOTO MiIX0My NP MOoOYI0BI MOSCHEHHS
HIOZ0 pe3yJbTaTy pOOOTH CHCTEMH, a TaKOX CEMaH-
TUYHOTO TPH Y3TOKCHHI MOSICHEHHS i3 0a30BUMH 3HAH-
HSIMH KOPHCTYyBaya.

3anpornoHOBaHO TPUPIBHEBY KOHIICTITyal bHY MCH-
TaNbHY MOJENb TOSCHEHHS, II0 MICTUTh PiBHI KOHIICMIIiT
moao 0a30BHX TNPHUHIOUIIB (QYHKIIIOHYBaHHS CHCTEMHU
IITYYHOTO IHTEJEKTY, MOSCHCHHS, IO JETalli3ye I[F0
KOHIICIII[II0 y MPUHHATHOMY Ta 3pO3yMIJIOMY JUIS KOPHC-
TyBaya BHUIJISAI, @ TAKOXK 0a30BUX 3HAHBb IPO MPEIMETHY
o0nacTh, sKi € OCHOBOI st GOopMyBaHHS MOSICHEHHS. Y
MPAaKTUYHOMY AaCIEKTi 3alpOIOHOBaHA MOJIENIb CTBOPIOE
YMOBH JiJIsI TOOY/TOBH Ta YIIOPSAKYBAHHS MHOXKUHH y3T0/I-
JKCHUX TIOSICHEHB, SKi ONHCYIOTH IPOIEC Ta pe3yibTaT
pOOOTH IHTENEKTYalbHOI CUCTEMH 3 YpPaxXyBaHHSIM MOX-
JUBOCTI 1X CIIPUHHATTS KOPUCTYBAYEeM.
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THE CONCEPTUAL MENTAL MODEL OF EXPLANATION IN AN ARTIFICIAL INTELLIGENCE
SYSTEM

The subject of research is the process of formation of explanations in artificial intelligence systems. To solve the problem of the opacity of decision-
making in artificial intelligence systems, users should receive an explanation of the decisions made. The explanation allows you to trust these solutions
and ensure their use in practice. The purpose of the work is to develop a conceptual mental model of explanation to determine the basic dependencies
that determine the relationship between input data, as well as actions to obtain a result in an intelligent system, and its final solution. To achieve the goal,
the following tasks are solved: structuring approaches to building mental models of explanations; construction of a conceptual mental model of
explanation based on a unified representation of the user's knowledge. Conclusions. The structuring of approaches to the construction of mental models
of explanations in intelligent systems has been carried out. Mental models are designed to reflect the user's perception of an explanation. Causal,
statistical, semantic, and conceptual approaches to the construction of mental models of explanation are distinguished. It is shown that the conceptual
model sets generalized schemes and principles regarding the process of functioning of the intellectual system. Its further detailing is carried out on the
basis of a causal approach in the case of constructing an explanation for processes, a statistical approach when constructing an explanation about the
result of the system's work, as well as a semantic approach when harmonizing the explanation with the user's basic knowledge. A three-level conceptual
mental model of the explanation is proposed, containing levels of concepts regarding the basic principles of the functioning of the artificial intelligence
system, an explanation that details this concept in an acceptable and understandable way for the user, as well as basic knowledge about the subject area,
which is the basis for the formation of the explanation. In a practical aspect, the proposed model creates conditions for building and organizing a set of
agreed explanations that describe the process and result of the intelligent system, considering the possibility of their perception by the user.
Keywords: explanation; artificial intelligence system; understandable artificial intelligence; dependencies; mental model; causal dependence.
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ADAPTATION OF LAMBDAMART MODEL TO SEMI-SUPERVISED LEARNING

The problem of information searching is very common in the age of the internet and Big Data. Usually, there are huge collections of documents and only
multiple percent of them are relevant. In this setup brute-force methods are useless. Search engines help to solve this problem optimally. Most engines
are based on learning to rank methods, i.e. first of all algorithm produce scores for documents based on they feature and after that sorts them according
to the score in an appropriate order. There are a lot of algorithms in this area, but one of the most fastest and a robust algorithm for ranking is
LambdaMART. This algorithm is based on boosting and developed only for supervised learning, where each document in the collection has a rank
estimated by an expert. But usually, in this area, collections contain tons of documents and their annotation requires a lot of resources like time, money,
experts, etc. In this case, semi-supervised learning is a powerful approach. Semi-supervised learning is an approach to machine learning that combines
a small amount of labeled data with a large amount of unlabeled data during training. Unlabeled data, when used in combination with a small quantity
of labeled data, can produce significant improvement in learning accuracy. This paper is dedicated to the adaptation of LambdaMART to semi-supervised
learning. The author proposes to add different weights for labeled and unlabeled data during the training procedure to achieve higher robustness and
accuracy. The proposed algorithm was implemented using Python programming language and LightGBM framework that already has supervised the
implementation of LambdaMART. For testing purposes, multiple datasets were used. One synthetic 2D dataset for a visual explanation of results and
two real-world datasets MSLR-WEB10K by Microsoft and Yahoo LTRC.
Keywords: learning to rank, information retrieval, semi-supervised learning, pairwise ranking, LambdaMART, pseudo labeling, NDCG.

Introduction. A modern person searches for useful
information or some stuff every day. Usually, we sort a list
of items to find the best option. But today in the Big Data
age almost all information stored on the internet and
information retrieval systems like search engines can help
us to handle this. Search engines based on learning to rank
(LR) methods. LR is the application of machine learning
that constructs ranking models for information retrieval
systems. The ranking model proposes to rank, i.e.
producing a permutation of items in new, unseen lists in a
similar way to rankings in the training data.

One of the naive and simple to understand approaches
in LR is pairwise comparison. In this case, we take two
objects and try to classify which of them is more preferable
than another. For example, bubble sort works with the same
rules. The main advantages of this approach are simplicity
and the ability to describe an algorithm's behavior. The
pairwise approach is popular in the state-of-the-art ranking
methods, i.e. LambdaMART [1]. This method was
developed more than ten years ago, but still one of the most
efficient and faster.

As we say above, today we are dealing with a huge
dataset. And not always there is an opportunity to label all
data, because of cost or complexity. So when we can't mark

the whole dataset we can use some compromise in the form
of semi-supervised learning: train model on labeled and
unlabeled data at the same time. In our research, we've
developed a semi-supervised version of the LambdaMART
algorithm.

This paper is organized as follows: Section 2
describes the problem statement. Section 3 provides a short
review of related literature in the area of the research.
Section 4 describes the proposed semi-supervised learning
to rank approach. After that, we'll show the accuracy of the
proposed algorithm on multiple datasets in Section 5.
Finally, Section 6 contains conclusions.

Problem statement. Suppose that D ={d,,....d,} —
set of documents, where N —denotes number of

documents, Q ={q,,...,0,,} —set of queries, where M —
number of queriesand N > M. R ={r,,...,r, } — ordinal set
of ranks, where K denotes the number of ranks. Usually
in Information Retrieval (IR) K €[2,5] e.g.
R = {irrelevant, relevant} in binary case and if K=5
then R = {bad, fair, good, excellent, perfect} [2]. There
exists a total order between the ranks 1 >1r_, >..>1,

where "~ "denotes a preference relationship.
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Each query ¢; related with a subset of retrieved
documents D; ={d,,...,d; )}, where n(q,) —size of D,
and list of labels Y, ={Y,;,..., Yin(q)}» Where y; €Y and

denotes rank of document d;, n(q)>m(q) —some
documents haven't labels as a part of the query. Feature
vector X e X represent the "query —document” pair
x; =¥(q;,d;) [3]. Usually, only query—document
features are available, queries and documents feature not

disclosed because it's a commercial secret of search
engines. Thus training data can be formally represent as

subset of labeled query —document pairs L ={(x;,y;)},
[L|=1 and subset of unlabeled pairs, U ={x;}, |[U|=u

the set U will be used in an unsupervised manner.

In IR information about labels can take several forms
such as absolute labels, preference relations, complete
orderings, or partial ordering. We'll use pairwise preference
relations of the form document "i is preferred to j", and

denoted by i> j. This information can be obtained by
comparison of documents' labels.

Our goal is to estimate a function f (X, W), where w
— the function's parameters, which compute the score of a
document related to a query: o, = f (X;,w) . For any pair of
items X; and X; we'll compute the score o; and 0;. The
two scores are mapped to a learned probability that X,
should be ranked higher that X; using a probabilistic

model P(x; > X;). The one of the widely used in IR is
Bradley — Terry model:

P> j)=——. ®

Let O={i > j,.i, > j,,...} be a set of observed
pairwise preferences. We can estimate parameters w by
maximizing likelihood.

C= > I, logP(i> j)+
(i, j)eL

+ > 1, log P(i > j) - max,

(i.))eU

)

where |; ; —the indicator that denotes the observed

pairwise preference, |;,; =1 when i j, 0 otherwise [4];

o — regularization coefficient.

Related works. During this research, we relied on the
different groups of papers. First of all is an overview of
ranking algorithms, especially pairwise methods.
Christopher J.C. Burges showed in his work evolution from
RankNet — and neural networks-based algorithm to
LambdaMART boosting-based approach for ranking. And
nowadays LambdaMART is one of the state-of-the-art
algorithms in LR. According to him the key observation of
LambdaRank is thus that to train a model, we don't need the
costs themselves: we only need the gradients (of the costs

with respect to the model scores). The arrows (A1'S)

mentioned on fig. 1 are exactly those gradients. Note that
this does not mean that the gradients are not gradients of a
cost. The model was designed to learn Normalized
Discounted Cumulative Gain (NDCG). LambdaMART
combines MART (multiple additive regression trees) and
LambdaRank [5].

—

I

Fig. 1. An example of RankNet gradients (black) and
LambdaRank gradients (red)

In [6] the authors covered clustering. They compare
unsupervised and semi-supervised clustering, describing a
typology of methods. The main difference of semi-
supervised clustering is the availability of some external
knowledge. But they also consider that the available
knowledge is too far from being representative of a target
classification of the items, so that supervised learning is not
possible, even in a transductive form.

So if we have labels of good quality but still not
enough for supervised learning the good choice is
transductive learning. One of the first approaches of
transductive learning is T-SVM [7] by Vapnik. Also, the
transductive  approach was applied in LR by
Rahangdale A. U., and Raut S. in [8]. The authors propose
rank preserving clustering with PLoacalSearch and get
pseudo labels for unlabeled data. They present semi-
supervised learning that adopts a clustering-based
transductive method and combines it with a non-measure-
specific listwise approach to learn the LTR model.

And another group of methods is proposed cost
function for boosting algorithms with regularization on
unlabeled data and. [9] presents a boosting-based algorithm
for learning a bipartite ranking function (BRF) with
partially labeled data. The proposed approach is a semi-
supervised inductive ranking algorithm which, as opposed
to transductive algorithms, can infer an ordering on new
examples that were not used for its training. And in [10] the
authors made the assumption that unlabeled data gives

information about the data distribution P(x) and the
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structure of the unlabeled data tells us about the ranking
function. The authors show it on non-convex clusters. So
unlabeled data defines the extent and shape of clusters and
labeled data determines the class/function value of each
cluster.Semi-supervised ranking function. The proposed
semi-supervised approach consists of two steps: pseudo
labeling and learning of ranking function. The main focus
of the paper is a second step.

During the pseudo labeling step we used the k -NN
algorithm for label assignment. This algorithm is very
common choice in semi-supervised learning. The k -NN
algorithm uses the compactness hypothesis: nearest docu-
ments have the same labels. For each example in the labeled
training set L, we assigned the same label to its nearest
neighbors from U [11]. The k -NN algorithm with a small
number of neighbors (<3) showed the best experimental
result. It could be explained by complicated structure of
cluster, overlapping between them and noise in the data.

As we described above the pairwise ranking approach
based on the Bradley — Terry model, which could be
expressed as sigmoid (fig. 2):

0;—0;
P(i- ) =——=
0,+0; 1+e""

=1-P(j=i). 3
So sigmoid usually optimized using cross-entropy
loss:
C, =P, logP, - (L-R))log(l-R,) =
=-P[log P, ~logl-R)]-logL-P) = (4)
=—P;(0,—0;)+log(1+e™),

where 5”, P, —true and predicted probabilities respect-
tively.
10 p—
08
06
=
& /

02 /

00

o4
4

Fig. 2. Bradley — Terry model

Derivative of the loss function:

6C;  6C; 60y 5CU 8o, 60;

ij 5
oW 50 §W 60 [5W 5w] ®)

Let's describe the derivative:
5C.  S(-Po. a0y _
i ( ij .,)+5|Og(1+e ):—Pij-i-Pij. (6)
50, 50, 60

] ] ]

Training process using mini-batch gradient descent,
but the batch is a query. And the query consists of labeled
and unlabeled documents, the LambdaMART learning
looks like this:

)
where 77 — learning rate.
Formula (7) should be modified for semi-supervised
model:

oC, o6C,
W—W-— —+
U[ZL: ow az ow

U

(8)
The equation above introduced a semi-supervised
version of the LambdaMART model.
For clarity, we'll use an example: a query consisting
of 5 documents: 1, 2, and 3 with labels and 4, 5 without
labels. In this case, describe the equation (8):

oC, oC,
—+a
ZL: oW Z 5w
_06Cy, 60, ) 6Cyy (50 50)
5012 owo 5W 5013 oW oW
Cy (502 ) 45 (504 __)
5023 oW oW 5 oW oW ©)
14 (5 o 504) Cis (501 )
5 oW Ow 5 oW oW
24 (502 502 25 (502 )
5024 oW oW 5 oW oW
5C3 (503 502) C. (503 505)
5 oW oW 6 oW oW

For optimization, we'll introduce factorization,

oy 90
because S0, computed faster than w :

ij W
& 5C12 _'_5(:13_’_065C 15]
oW 50, 00, 00, 5015
50 [5C 5(:24 r 0Cy 5C12]+
5W 5023 5024 00, 00,
3 [ 5C35 _ 5C13 _ 5C23]+ (10)
ow 5034 5035 00,; 00,
+&[O{ 5C45 —a 5C14 —a 5C24 —a 5034]+
OW 50, 00, 00, 5034
+%[ é‘(:45 —a 5(:15 —a 5C25 35 ]
ow 00, 00, 00, 5035

Let's introduce lambda:
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_ oGy
" S0,
A= Y - Y A+ (11)
ifi, jyel, i idely
+(Z[ Z ﬂ,u- - Z ﬂ1j+]'
ifi, jyely i j3ely
where | — set of pairs of indices {i, j} .
So in general:
oC !
59, (12)

/I
2 50, Zaw)“"

ijel i

Only need to add an NDCG component to the
gradient. The idea is quite straightforward: if the change in
NDCG by swapping i and | is large, we expect the
gradient to be large as well to make this happen in the hope
of maximizing NDCG. And indeed, the paper showed that
this works empirically:

5C LambdaRank,ij

fon
=1 | ANDCG; |, (13)
ow

ow

where | ANDCG; | — change in NDCG score if document

i swapped with j.

| ANDCG; |-
- iDi:G | |o§2111n) +(Io;?1jj))+m)_
“I5es @ 2 gy s 0

where s, — true label of document i;

r, —rank position of document i returned by the

model [12].

Experiments. For the experiment was used
LightGBM - an open-source gradient boosting framework
that uses tree-based learning algorithm. It is based on
decision tree algorithms and wused for ranking,
classification, and other machine learning tasks. The
development focus is on performance and scalability. The

eoeo 00
i

o WN

Fig. 3. Ranking methods comparison: a — supervised on full dataset, b — supervised using only available part of dataset,
¢ — semi-supervised method. Here: —1 — no label, 1-5 — ranks
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framework has an implementation of a pairwise ranking
approach and allows the use of custom learning objections
for ranking.

First of all, we've generated a dataset with 2D feature
space and multiple queries. These allow us to visualize
results and understand the models. The fig. 3 compares
supervised and semi-supervised methods.

Fig. 3, ¢ shows that a semi-supervised approach with
a small number of labels can build decision function almost
the same as the supervised with all labels. For pseudo
labeling was used the k -NN method with the number of
neighbors equal to 3. With synthetic data, the semi-
supervised clustering method works also well, but for
concordance with real-world, datasets were chosen exactly
the k -NN approach.

A dataset was used Microsoft Learning to Rank
Datasets (MSLR-WEB10K) and C14 — Yahoo! Learning to
Rank Challenge (Yahoo LTRC). Both datasets consist of
feature vectors extracted from query — URL pairs along
with relevance judgment labels from 0 to 4.

As we can see in tab. 1 the datasets are imbalanced:
the higher the rank, the fewer documents are found in the
dataset.

So to make a semi-supervised dataset we removed
labels of 90 % documents per query. Documents for label
removal were chosen by uniform distribution and this
aggravated the disbalance problem. Because in some
queries there were only a couple of relevant labels and after
labeling these queries lost their relevant document with
labels at all. Let's say in this way we generate the worst
case.

As a metric NDCG was chosen. The metric works
with multiple relevance levels and always in range [0, 1].
For better measuring, we take NDCG on different levels 1,
3, and 10.

First, we measured baseline on full (upper) and only
semi-supervised (lower) editions for both datasets (tab. 1).
As we can see in the table below the additional 90 % of
labeled data can increase metric only by 0.05.

Table 1 — Dataset description

MSLR- Yahoo
WEB10K LTRC
Number of train docs 723412 473134
Number of train queries 6000 19944
Number of docs per query mean 120.57 23.72
Number of docs per query std 70.15 9.00
Number of docs per query mode 110.00 9.00
Ranks distribution 0-0.52 0-0.25
1-0.32 1-0.36
2-0.13 2-0.29
3-0.02 3-0.08
4-0.01 4-0.02

The tab. 2 and tab. 3 show that the proposed semi-
supervised method can improve accuracy. Also, we can see
that improvement grows with relevance level (an
improvement on level 1 higher than on level 10).

For pseudo labeling was used the k -NN method with
the number of neighbors equal to 1. This is caused by the

method's sensitivity to labeling quality. So datasets
complex inner structure has a negative influence on pseudo
labeling quality with a high number of neighbors or semi-
supervised clustering approaches. And as a result, it's
bringing the model accuracy decreasing.

Table 2 - MSLR-WEB10K results

NDCG@1 | NDCG@3 | NDCG@10
Lower baseline 0.5169 0.5089 0.5163
Upper baseline 0.5621 0.5440 0.5416
Proposed method | 0.5290 0.5118 0.5184

Table 3 — Yahoo LTRC results

NDCG@1 | NDCG@3 | NDCG@10
Lower baseline 0.7187 0.7206 0.7738
Upper baseline 0.7583 0.7545 0.7965
Proposed method | 0.7310 0.7286 0.7778

Conclusion. The given research described a semi-
supervised adaptation of the LambdaMART algorithm. The
proposed semi-supervised method is based on the
regularization and pseudo labeling approach and improves
the ranking accuracy on datasets with a small number of
labeled documents. It especially improves accuracy on a
high relevance level. But the proposed method is very
sensitive to the quality of pseudo labeling. Also, the task is
complicated by unbalancing the target datasets. Because of
that, we should choose labeling algorithms very carefully.
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AJATITAIOIA MOAEJI LAMBDAMART 10O HAINIBKOHTPOJIbOBAHOI'O HABYAHHA

Ipo6iema nomyky iHdopMamii gyxe HOIIMPEHa B eOXy [HTEpHETY Ta BEIMKUX JaHUX. 3a3BUYall iCHYIOTh BEJIMYE3HI KOJEKIl TOKYMEHTIB, 1 e
KiJIbKa BIICOTKIB 3 HUX € aKTyaJlbHUMHU. Y I[bOMY HaJAIITyBaHHI MeToIn mepebopy HeepekTuBHi. [TomTyKoBi crcTeMH JOMOMAararoTh BUPIMIUTH IFO
npo0ieMy ONTHMAILHUM CHOCOOOM. BifbIIicTh MOIIYKOBMX JBHUIYHIB 3aCHOBaHI Ha METO/AX HABYAHHS PAHXHMPYBAHHIO. TOOTO CIOYATKY aJTOPUTM
BHJIa€ OLIHKN JOKYMEHTaM Ha OCHOBI iX 03HaK, a ITOTIM COPTYE IX BiAMOBIJHO /10 IIUX OLHOK Y BiIIOBITHOMY HOPSIIKY. IcCHYe GaraTo anropuTMiB y mii
Trarysi, aje ofHAM i3 HAaWIBUIIINX | HATIHUX anropuTMiB pamkupyBaHas € LambdaMART. Lleif anroputm 3acHOBaHNM# Ha OyCTiHTY Ta pO3pOOIeHHIt
JIMIIE JUIs HABYAaHHS 3 BUUTENEM, i€ KOKEH JIOKYMEHT y KOJIEKIiT Ma€ paHr, OLiHEHUH ekcrepToM. AJjie 3a3Buyail y 1ii cdepi Koiekuii MicTATh Macy
JIOKYMEHTIB, 11X aHOTaIlisl BUMarae 6arato pecypcis, sIK-0T 4acy, IPOIIeH, eKCIIEPTiB TOII0. Y IbOMY BUITaJIKy HaIliBABTOMATHYHE HABYAHHS € IIOTYKHUM
migxonoM. HamiBaBTOMaTHuHe HaBYaHHS — II€ MiAXiJ y MAIIMHHOMY HaBYaHHI, SIKHIl NOEJHYE HEBENMKY KINBKICTh IO3HAYEHUX JAHHUX i3 BEIHKOIO
KIUTBKICTIO HE NMO3HAYEHMX JaHMX IiJ1 4ac HaB4yaHH:. J{aHi 6€3 MIiTOK y MO€THAHHI 3 HEBEIMKOIO KUTBKICTIO MIYEHUX JAHUX MOXKYTh 3HA4YHO i IBHUIIUTH
TOYHICTh HaBYaHHA. Ll crarTs npucesueHa aganrarii LambdaMART no HamiBaBTOMaTHYHOTO HaBYaHHs. ABTOP NPOIIOHYE JI0/1aBaTH Pi3Hi BaTH IS
PO3MiUEHNX i HEPO3MideHNX JIOKYMEHTIB il 4ac MpOIeypH HaBYaHHs, 00 JAOCATTH OiIbITy HAIIHHICTh 1 TOYHICTB. 3aNPONIOHOBAHMIT aNTOpPUTM OYII0
peanizoBaHO 3 BUKOPUCTAHHSM MOBH Tporpamysanis Python ta dpeiimBopky lightGBM, sikuit yxxe mae pearmizamito LambdaMART s HaByaHHS 3
BunTeneM. J{ns minelt TectyBaHHs Oyso BHKOPHCTAaHO Kinbka HaOopiB fgaHmx. OmuH cuHTeTnuHMi 2D-Habip maHWX JUIS Bi3yalbHOTO ITOSCHEHHS
pe3yabTartiB i 1Ba peansHux Habopu manux MSLR-WEB10K Big Microsoft i Yahoo LTRC.

KuiouoBi cioBa: HaBYaHHS pPaHXKYBaHHIO, IMOWIYK iH(opMalii, HamiBaBTOMAaTUYHE HaBYaHHS, IONAapHe paHxyBaHHsA, LambdaMART,
ncesomapkysanns, NDCG.
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PARSIMONIOUS MACHINE LEARNING MODELS IN REQUIREMENTS ELICITATION TECHNIQUES
SELECTION

The subject of research in the article is machine learning algorithms used for requirement elicitation technique selection. The goal of the work is to build
effective parsimonious machine learning models to predict the using particular elicitation techniques in IT projects that allow using as few predictor
variables as possible without a significant deterioration in the prediction quality. The following tasks are solved in the article: design an algorithm to
build parsimonious machine learning candidate models for requirement elicitation technique selection based on gathered information on practitioners'
experience, assess parsimonious machine learning model accuracy, and design an algorithm for the best candidate model selection. The following
methods are used: algorithm theory, statistics theory, sampling techniques, data modeling theory, and science experiments. The following results were
obtained: 1) parsimonious machine learning candidate models were built for the requirement elicitation technique selection. They included less number
of features that helps in the future to avoid overfitting problems associated with the best-fit models; 2) according to the proposed algorithm for best
candidate selection — a single parsimonious model with satisfied performance was chosen. Conclusion: An algorithm is proposed to build parsimonious
candidate models for requirement elicitation technique selection that avoids the overfitting problem. The algorithm for the best candidate model selection
identifies when a parsimonious model's performance is degraded and decides on the suitable model's selection. Both proposed algorithms were
successfully tested with four datasets and can be proposed for their extensions to others.
Keywords: requirements elicitation techniques, Bayesian Information Criterion, Bayes factor grades, log-likelihood, parsimonious model.

Introduction. Business analysis as an extension of
requirements engineering is crucial to software
development. The main business analysis deliverables are
requirements and designs used as a basis for solution
implementation, testing, and deployment. In turn, the
critical input for the tasks of analysis, specification, and
modeling of requirements and design for software is the
information collected during the elicitation. Standard
approaches to the requirements-gathering process have
been systematized and described in the form of dozens of
standard elicitation techniques. Industrial guidelines and
empirical studies contain detailed descriptions of the
techniques' elements and usage considerations but do not
provide an elicitation selection process [1].

Consequently, one of the challenges for business
analysts/requirement engineers, especially novice ones, is
the selection of the appropriate requirements elicitation
techniques that best fit their project. As a result, some of
them are misused, others are never used, and only a few are
constantly applied. To solve the problem, a machine
learning model to predict/recommend using the following
elicitation techniques as Interviews, Document Analysis,
Process Analysis, and Interface Analysis depending on the
project's context was proposed [1].

In the study [2], the model's prediction accuracy was
increased by transforming the dataset from imbalanced to
balanced, thus making a Random Forest Classifier learner
unbiased to the majority class. Feature importance score
was identified by mutual information criteria, i.e.,
independent from the machine learner classifier. It served
as an assurance that the feature's score doesn't depend on
the learning algorithm's bias. Ten features with the most

significant importance score were reported in tables 4-5 as
predictors for choosing the elicitation technique.

However, in both [1] and [2], selecting the best model
from the candidates remained based on the performance
metrics such as Accuracy and AUC.

A model selected that way is also called a "best-fit"
model. The "best fit" model is complex — it includes many
parameters in order to better approximate training data. The
more variables included in a model, the more dependent the
model becomes on the observed data so that it can fail on
the test data due to noisy, uninformative, and
unrepresentative data being included in the model. i.e., a
"best-fit" model is prone to overfit data [3].

Although the "best-fit* models included twenty
features, we took ten features with the most significant
importance score, which potentially may be incorrect if the
model due to include less than ten features.

To eliminate the mentioned problems for the model
proposed in works [1-2] in the current study, we will
develop a parsimonious model that still accurately
predicts/recommends using the techniques: Interviews,
Document Analysis, Process Analysis, and Interface
Analysis.

Analysis of last achievements and publications.
The principle of parsimony suggests a model should be as
simple as possible concerning the included variables,
model structure, and several parameters. It is a desired
characteristic of a model defined by a suitable trade-off
between squared bias and variance of parameter estimators
[4]. The construction of the parsimonious model happens
in the following steps:
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e build multiple candidate models from the same

dataset but include a different number of features;

e compare and select the best candidate as a final

parsimonious model;

e assess the fit of the selected candidate.

So to develop a parsimonious model, it is required to
choose the methods:

e for selecting the variables for the model,;
for comparison of the candidate models;
for assessing the fit.

There are three commonly used methods for
selecting the variables [5-71]:

purposeful selection;

stepwise selection;

e Dbest subsets.

A purposeful selection — initially, a multivariable
model is built with variables which are having a significant
univariate test. Then, variables skipped on the 1st step are
added one by one to the model to identify the variables that
are not significant by themselves but contribute to the
presence of other variables. The process of deleting,
refitting, and verifying continues until it appears that all of
the essential variables are included in the model, and those
excluded are statistically unimportant. The major problem
of purposeful selection is that a final model may "overfit".

A stepwise selection is based on a statistical algorithm
that checks for the "importance” of variables and either
includes or excludes them based on a fixed decision rule.
The "importance” of a variable is defined in terms of a
measure of the statistical significance of the coefficient(s)
for the variable. The statistic used for linear regression is
an F-test; for logistic regression — likelihood ratio, score,
and Wald test.

A "best subsets" are the number of models containing
one, two, three variables, and so on, which are fitted to
determine the "best" according to specified criteria.

Due to meeting the current research's goals, only the
"best subsets" approach from the listed able can be applied.
The statistical measure that is commonly used to compare
models with different numbers of parameters based on the
parsimonious principle is the Akaike Information Criterion
(AIC). It measures the distance between a candidate model
and the accurate model — the closer the distance, the more
similar the candidate is to the truth model. AIC calculates
the distance between models as expected relative to
Kullback — Leibler (K-L) divergence. Although AIC is a
consistent estimator of K-L divergence, there is no
statistical test to compare values of AIC [8-9].

Another criterion to compare candidate models is
Bayesian Information Criterion (BIC), derived from Baye-
sian statistical analysis and estimates. BIC approximates a
Bayes factor with desirable properties for hypothesis
testing and model selection [10-13]. BIC is calculated for
each candidate model by equation (1)

BIC, =-2logL, + plogn, 1)

where Ly is a maximized log-likelihood; p — the number
of estimable parameters included in the model and n —the
number of observations in the dataset; d =1,D where D

is the number of candidate models. To calculate BIC of
binary classification models with predictors matrix

X € R™P and target y € R" which takes values in the set

{0, 1} and which is built with learner algorithms: logistic
regression, support vector machine (SVC), or decision tree
classifiers (RandomForestClassifier), a maximized log-
likelihood from (1) is calculated as a logistic loss function:

Ly (¥, p) = D ~(y; log(p,) + (L~ y;) log(l- p,)), (2)
i=1
where p; is a probability with which a fit model predicts a
positive class
. 1

b= 1+ exp(—Xij Fj—ﬂjo) ’

@)

where i=1...,n, j=1...,p, §;, B;, — coefficients of the
model.
The final look of equation (1) is specified in (4)
BIC, =-2log L, (y, p)+ plogn 4

The model with the smallest BIC is preferable because
the complex models are almost always likely to fit the data
better, so the first term in definition (4) will have a low
value; however, the second provides a way to penalize
these extra parameters, therefore causes BIC is increasing.

Candidate models' comparison by BIC, is done by BIC
weights wy calculated by equation

. exp(—;Ad) ©
gexp(—;AdJ'

where Ay is a difference between d-th candidate model

Wy

with calculated BIC, and the minimum value of BIC. BIC

weights are the probability that d-th candidate model is the
best among the candidate models. BIC weights use Bayes
factor grades to evaluate a candidate model according to the
rules:

o If wy <0.5, then this is a weak candidate model;

e If0.5< wy <0.75, then this is a positive candida-

te model;

o If0.75< wy <0.95, then this is a strong candidate

model;

e 1f0.95< wy <1, then this is very strong.

To assess the goodness of fit of the selected candidate
models compared to etalon (or best-fit) models in works
[14] is proposed to apply testing of the hypothesis based on
a difference between sample means of the model's
performance metric. When the mean accuracy of the
selected parsimonious models is A and the mean accuracy
of best-fit models is A, then the parsimonious models fit if

the null hypothesis is not rejected by the computed two-
tailed p-value of the t-statistic (eq. 6).
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t= Ai_z‘z —, (6)
n ) [;(An_Am)J
1 AR
n n — ddof

where n is the number of the parsimonious models included
in the test; ddof is the delta degree of freedom with a value
equal to 1. Other classification metrics, such as AUC, fl1
score, precision, recall, and Jaccard score, can be used to
measure the goodness of the parsimonious model in the
same manner as specified in equation 6 for the accuracy
metric.

The problem statement. We aim to build
parsimonious models for four datasets considered in works
[1-2] to avoid overfitting problems associated with the
best-fit models. To design an algorithm for assessing a
parsimonious model's performance compared to the best-fit
model and selecting the best candidate. To execute tests to
prove that the proposed algorithms can be used with other
datasets.

Experiment Methodology. Our experiment metho-
dology for constructing and assessing the parsimonious
model is specified per each phase of the supervised learner
model's creation lifecycle [15].

Data preparation and acquisition. Original data was
formed based on a survey conducted among business
analysts and requirement engineers in Ukraine regarding
their use of requirement elicitation techniques and their
context. Three hundred twenty-eight practitioners comple-
ted the survey. Four respondents were disqualified due to
incorrect data: non-filled industrial sector and non-filled
team types. The features included in the dataset used in this
study are two types:

o features to describe the project's context;

o featuresto list all elicitation techniques used in the

project.
The following features belong to the first type:
e country;

e project size: small — till 15 people, mid-size —
15-30 people, big — 30-100 people, and very big
— more than 100 people;

e industrial sector;

e company business model: IT company+outsour-
cing, IT company+outstaffing, IT company+pro-
duct, Non-1T company;

e company size: small —till 80 employees, mid-size
— 81-200 employees, upper-mid size — 201-800

employees, big — 801-1500; very big — over 1500
employees;

e Software type (current project): business, embe-
dded, scientific, system, other;

e Team types: collocated, distributed;

e Experience in business analysis/requirement
engineering: up to 3 years; 3-5 years; 5-10 years;
over ten years;

e Methodology: Agile, Hybrid, plan-driven (e.g.,
Waterfall)

e Project Category: development from scratch, user
interface engineering, solution reengineering (re-
design and reimplementation), solution custo-
mization;

e husiness analysis activities in which the respo-
ndent is usually involved in: Business analysis
planning & monitoring, Strategy analysis, Elici-
tation & Collaboration, Requirements analysis
and design definition, Solution evaluation, and
Requirements life cycle management;

o certification.

The following features belong to the second type:

benchmarking and market analysis;

brainstorming;

business rules analysis;

collaborative games;

data mining;

design thinking / lean startup;

document analysis;

interface analysis;

interviews;

observations;

process analysis/process modeling;

prototyping;

reuse database and guidelines;

stakeholders list, map, or personas;

survey or questionnaire;

workshops and focus groups.

The dataset contains information about the features,
along with the names of target classes such as "Elicitation",
"Document Analysis", "Interface Analysis", and "Process
Analysis". However, a feature with the same name as a
target class is not included in the list of features. Databases'
characteristics and imbalanced ratios calculated as
majority-to-minority samples are specified in table 1.

Data preprocessing. The imbalance predictors matrix
X and a target vector y were transformed into balanced X*,
y* by applying SMOTE method. This method allows us to

Table 1 — The characteristics of datasets

Target class name Majority | Minority | Imbalance Machine learning Feature | Missing
class class ratio task type values,
Y/N?
Interviews 282 41 6.9
Document Analysis 276 47 5.9 . |assificati .
Interface Analysis 232 o1 25 Binary classification | Discrete N
Process Analysis 213 110 19

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIIIy. Cepisn: Cucmemnuii
84 ananis, ynpasninus ma ingpopmayiini mexnonozii, Ne 1 (9) 2023



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

generate synthetic samples that diminish the class
imbalance problem. SMOTE gets a new sample from two

samples from the minority class (x® and x) with
0<k<1 x® is randomly chosen among the 5-minority
class nearest neighbors of x.

Modeling. The steps undertaken are described as per
pseudocode (fig. 1).

Input: X", y*, Acc_min, AUC_min, F

Output: S

S=[]

1. FOR iinrange (F)

select i features with the biggest Ml scrore
get predictors matrix X~ e R™

3

4. divide X~ and y* on train/test subsets.

5. create model object and fit with train data.
6. calculate Acc, AUC on test subset
7

8

9

1

N

IF (Acc >= Acc_min) && (AUC >= AUC_min)
add model object to vector S

. ENDIF
0. ENDFOR

Fig. 1. Modeling algorithm

In lines 2-5, candidate models are fitted with
increasing by one number of included features. The first
candidate model includes one feature, and the last candidate
includes F features, where F is the maximum number of
features in our datasets. In line 2, i-features are sorted
according to their mutual information (MI) score in
descending order; the i-features are selected from the start
of the sorted list with M1 scores. In lines 34, the predictors'
matrix is truncated to include only selected features, and a
target variable and train and test subsets are formed from it.
In lines 5-6, a model fits with the training subset, and
performance metrics accuracy (Acc) and area under the
ROC curve (AUC) are calculated on the test subset. In lines
7-8, if the model object's calculated performance satisfies
the minimum performed level of accuracy (Acc_min) and
AUC (AUC_min), then the model object is saved in the

result vector S .

A general guideline is used in supervised machine
learning with the following intervals for accuracy and AUC
metrics:

e if Accuracy/AUC = 0.5, then this is a guessing

equal to flipping a coin;

e if 0.5 < Accuracy/AUC < 0.7, then this is poor

classification;

e if 0.7 < Accuracy/AUC < 0.8, then this is an

acceptable classification;

e if 0.8 < Accuracy/AUC < 0.9, then this is an

excellent classification;

e if Accuracy/AUC >= 0.9, then this is outstanding

discrimination.

The above rules are to be used to set minimum values
of Accuracy and AUC for the algorithm (fig. 1). If in the

result of the execution of the algorithm vector S is empty,
then we propose to lower the minimum values of the

performance metrics. If vector S isnot empty, then we can
move on to grade candidate models by Bayes factor and
grades the steps undertaken are described as per
pseudocode (fig. 2).

For each model object from S in line 2 is identified a
BIC weight, denoted as w,, . Then in lines 3—-6, each model
is graded according to the Bays factor's rules. "Positive"
models are saved to vector M, . "Strong" — to vector M,,
"Very Strong" — to vector M3 . In current work, we ignored
"weak" candidates.

Input: S

Output: M;,M,, M,

1.FORmin S

2. calculate BIC w,

3. IF w,>=0.5&& w, <0.75
add the model object to M,

4. ELSEIF w,>=0.75 && w,, <0.95
add the model objectto M,

5. ELSEIF w,>=0.95

add the model object to M,

6. ENDIF
7. ENDFOR

Fig. 2. Steps to grade the candidate models

Model validation. The assessment of the goodness of
fit of models from M;,M,,M, compared to best-fit
models B was done through the steps as per pseudocode
(fig. 3).

Input: M;,M,,M;,B

Output: R, M

R=[] i
.calculate A, for models from B .

.calculate A, for models from M.

. calculate t-statistic.

.compute the two-tailed p-value of the normal
distribution.

. IF p-value>0.05

5

6. add the model object to R
7. ENDIF
8
9

AW N -

JIF R is empty
repeat steps 2—7 with models from M, and M,
10. ENDIF
11. IFR is empty
12. select a model M with the best performance from
M,,M,, M or model from B
13. ENDIF

Fig. 3. Steps to assess goodness of fit of parsimonious models
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In lines [1-4], mean values, the t-statistic, and the
two-tailed p-value of the normal distribution for "very
strong” models are computed. In lines 5-7, if the null
hypothesis is not rejected, then a parsimonious model is
added to the result vector R . Lines 8-9 are executed if the
goodness of fit test is failed for models from M. In this
case, steps 2—7 are repeated with "strong" and "positive"
models. Lines 11-14 are executed only if all models from
M,,M,, M, failed goodness of fit test. In that scenario, the
model M with the best performance is selected from
M;,M,,M,. The algorithm (fig. 3.) leaves experts to
finally judge which model to use if all parsimonious
candidate models failed the assessment. It could be either
best-fit models from B or the parsimonious model with the
best performance metrics because their minimum values
are set as an input parameter of the algorithm (fig. 2).

Study results and their discussion. Multiple
candidate models are created according to designed
algorithm (fig. 1). Applied Bayes factor grades as specified

Interviews-maodel candidates

R e o S e

acy. AL

04

-------------------

3456 7T B9DURLBMALSBLITIBIONNRBUSHY

Number of feature

in fig. 2 allowed to select: a "very strong" parsimonious
model to recommend Interviews as an elicitation technique
that included eight features and evaluated with performance
Accuracy = 90 %; AUC =98 % (fig. 4, a) which are 4 %
and 1 % lower than Accuracy and AUC of best-fit model
(table 2 — "Interviews"); a "very strong" parsimonious
model to recommend Document analysis as an elicitation
technique that included five features and evaluated with
performance Accuracy = 90 %; AUC =95 % (fig. 4, b)
which are 1 % and 2 % lower than Accuracy and AUC of
best-fit model (table 2 — "Document Analysis").

A "strong" parsimonious model to recommend
Interface analysis as an elicitation technique that included
nine features and evaluated with performance Accuracy =
81 %; AUC = 88 % (fig. 5, a) which are 3 % and 2 % lower
than Accuracy and AUC of best-fit model (table 2 —
"Interface Analysis"); a "strong" parsimonious model to
recommend Process analysis as an elicitation technique that
included fifteen features and evaluated with performance
Accuracy = 81 %; AUC = 86 % (fig. 5, b) which are 1 %

Documents analysis-model candidates

e

.........................
34567890 HNNRLBKISIBITBINR2M85%2

Number of features

Fig. 4. Candidate model(s) BIC weight, Accuracy, AUC:
a — Interviews; b — Document analysis
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Fig. 5. Candidate model(s) BIC weight, Accuracy, AUC:
a — Interface analysis; b — Process analysis
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Table 2 — Performance of parsimonious and best-fit models

. Accuracy AUC

Techniques Parsimonious | Best-fit | Difference | Parsimonious | Best-fit | Difference
Interviews 0.90 0.94 4% 0.96 0.97 1%
Document Analysis 0.90 0.91 1% 0.95 0.97 2%
Interface Analysis 0.82 0.84 3% 0.88 0.90 2%
Process Analysis 0.81 0.82 1% 0.86 0.88 2%

and 2 % lower than Accuracy and AUC of best-fit model
(table 2 — "Process Analysis").

As specified in fig. 3, the hypothesis test is applied
with the models' performance metrics from table 2. A null
hypothesis Ho: the mean difference between the
parsimonious and best-fit models' accuracies is 0. An H;
hypothesis: the difference between the accuracies is
different. T-statistic per equation 7 gives t= -2.8. The p-
value with the degree of freedom equal to 3 is 0.066, which
is greater than 0.05, so our Ho is accepted, i.e., the
parsimonious models are accepted, and best-fit can be
ignored. Similarly, the hypothesis test with a null
hypothesis Ho: the mean difference between the values of
AUC of the parsimonious model and the values of AUC of
best-fit models is 0. Hy hypothesis: the mean difference
between AUC values is different. T-statistic per equation 7
gives t= —7. The p-value of t=-7 with the degree of
freedom equal to 3 is 0.006, which is less than 0.05, so our
Ho is rejected, and the best-fit model is preferable due to the
reduced parsimonious model's performance based on the
mean value of AUC.

Thus, it can be concluded that applying the algorithm
as per fig. 3 with each performance metric in sequence
helps to identify when a parsimonious model's performance
is degraded and decide on the suitable model's selection.
We accepted the built parsimonious models in the current
test experiment because the model's accuracy didn't
deteriorate based on the goodness of fit test.

Conclusions and perspectives of  further
development. In the current study, the algorithms to build
parsimonious candidate machine learning models and
select the best candidate were designed and tested with four
datasets collected for requirement elicitation technique
selection. The results showed that the best candidate
models graded as "very strong" and "strong" reduced the
number of features: three times for Interviews and Interface
analysis, five times for Document analysis, and 1.7 times
for Process analysis. It helped to avoid the overfitting data
problem.

The designed algorithm to assess the goodness of fit
of the parsimonious models was applied with two
performance metrics: accuracy and AUC in sequence.
Based on the received results is concluded that by applying
the proposed procedure, the gaps in the performance of the
parsimonious model compared to the best-fit model can be
detected, and a decision on the suitable model's selection
can be made.

In summary, the obtained results allow us to
recommend using a parsimonious model instead of the
best-fit model to predict the using the particular elicitation

technique in IT projects and form recommendations based
on that model.

Several directions for future research can be
considered, such as creating machine learning models for
other business analysis techniques, e.g., specification and
modeling, prioritization, and structure of business analysis
architecture.

References

1. Gobov D., Huchenko, I. Influence of the Software Development
Project Context on the Requirements Elicitation Techniques
Selection. Lecture Notes on Data Engineering and Communications
Technologies. Cham: Springer, 2021. Vol 83. P. 208-218. DOI:
10.1007/978-3-030-80472-5_18.

2. Gobov D., Solovei O. Approaches to Improving the Accuracy of
Machine Learning Models in Requirements Elicitation Techniques
Selection, arXiv:2303.14762, 2023. DOI:
10.48550/arXiv.2303.14762.

3. Harrell F. E. Regression Modeling Strategies with Applications to
Linear Models, Logistic Regression and Survival Analysis. New
York, USA: Springer, 2001. 582 p.

4. Anderson D., Burnham K. Model selection and multi-model
inference. Second ed. New York, USA: Springer-Verlag, 2004. 488 p.
DOI: 10.1007/b97636.

5. Bursac Z., Gauss H. C., Williams D. K., and Hosmer D. W.
Purposeful selection of variables in logistic regression. Source Code
for Biology and Medicine. 2008. Vol. 3 (17). P. 3-17. DOL:
10.1186/1751-0473-3-17.

6. Zhang Z. Variable selection with stepwise and best subset approaches.
Annals of translational medicine. 2016. Vol. 4(7). P. 136. DOI:
https://doi: 10.21037/atm.2016.03.35.

7. Solovei O. New organization process of feature selection by filter
with correlation-based features selection method. Innovative
Technologies and Scientific Solutions for Industries. 2022.
Vol. 3 (21). P. 39-50. DOI: 10.30837/1TSSI.2022.21.039.

8. Vrieze S. Model selection and psychological theory: a discussion of
the differences between the Akaike information criterion (AIC) and
the Bayesian information criterion (BIC). Psychological methods.
2012. Vol. 17, Ne. 2. P. 228-243. DOI: 10.1037/a0027127.

9. Armold T. Uninformative parameters and model selection using
Akaike's Information Criterion. The Journal of Wildlife Management.
2010. Vol. 74, Ne 6. P. 1175-1178. DOI: 10.1111/j.1937-
2817.2010.th01236.x.

10. van de Schoot R., Depaoli S., King R., Kramer B., Mirtens K.,
Tadesse M. G., Vannucci M., Gelman A., Veen D., Willemsen J., Yau
C. Bayesian statistics and modelling. Nature Reviews Methods
Primers. 2021. Vol. 1. DOI: 10.1038/s43586-020-00001-2.

11. Lesaffre E., Lawson A. Bayesian Biostatistics. West Sussex, United
Kingdom: John Wiley & Sons, 2012. 544 p. DOL:
10.1002/9781119942412.

12. Wasserman L. Bayesian model selection and model averaging.
Journal of mathematical psychology. 2000. Vol. 44. Ne 1. P. 92-107.
DOI: 10.1006/jmps.1999.1278.

13. Rouder J.N., Speckman P.L., Sun D., Morey R. D., Iverson G.
Bayesian t tests for accepting and rejecting the null hypothesis.
Psychonomic bulletin & review. 2009. Vol.16. P. 225-237. DOI:
10.3758/PBR.16.2.225.

14. Hosmer Jr. D., Lemeshov S., Sturdivant R. Applied logistic
regression, West Sussex, United Kingdom: John Wiley & Sons, 2013.
510 p.

Bicnuk Hayionanvnozo mexuniunozco ynisepcumemy «XI11». Cepia: Cucmemnuii
ananis, ynpasninus ma ingopmayiini mexnonozii, Ne 1 (9) 2023 87



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

15. Ghoroghi A., Rezgui Y., Petri I., Beach T. Advances in applicationof 8. Vrieze S. Model selection and psychological theory: a discussion of

machine learning to life cycle assessment: a literature review. The the differences between the Akaike information criterion (AIC) and
International Journal of Life Cycle Assessment. 2022. Vol. 27. the Bayesian information criterion (BIC). Psychological methods.

P. 433-456. DOI: 10.1007/511367-022-02030-3. 2012, Vol. 17, no. 2, pp. 228-243. DOI:10.1037/a0027127.
9. Arold T. Uninformative parameters and model selection using
References (transliterated) Akaike's Information Criterion. The Journal of Wildlife Management.
2010, vol. 74, no. 6, pp. 1175-1178. DOI: 10.1111/j.1937-

1. Gobov D., Huchenko, I. Influence of the Software Development 2817.2010.th01236.x.

Project Context on the Requirements Elicitation Techniques 10. van de Schoot R., Depaoli S., King R., Kramer B., Mirtens K.
Selection. Lecture Notes on Data Engineering and Communications Tadesse M. G., vannucei M., Gelman A Veen D., Willemsen 1, Yau

Technologies. Springer, Cham, 2021, vol 83, pp. 208-218. DOI:
10.1007/978-3-030-80472-5_18.
2. Gobov D., Solovei O. Approaches to Improving the Accuracy of 14

C. Bayesian statistics and modelling. Nature Reviews Methods
Primers. 2021, 1, vol. 1. DOI: 10.1038/s43586-020-00001-2.
. Lesaffre E., Lawson A. Bayesian Biostatistics. West Sussex, United

Machine Learning Models in Requirements Elicitation Techniques Kingdom, John Wiley & Sons, 2012. 544 p. DOI:
Selection arXiv:2303.14762 2023. DOI: ) ' ’ ’ ’
e ' 10.1002/9781119942412.
10.48550/arX|v.2303.14762. . . . - 12. Wasserman L. Bayesian model selection and model averaging.
3. Harrell F. E. Regression Modeling Strategies with Applications to Journal of mathematical psychology. 2000, vol. 44, no. 1, pp. 92-107.
Linear Models, Logistic Regression and Survival Analysis. New DOI: 10.1006/jmps.1999.1278.
York, USA, Springer, 2001. 582 p. 13. Rouder J.N., Speckman P.L., Sun D., Morey R. D., Iverson G.

4. Anderson D., Burnham K. Model selection and multi-model ; ; F ot ;
. ! ; Bayesian t tests for accepting and rejecting the null hypothesis.
inference. Second ed. New York, USA, Springer-Verlag, 2004. 488 p. Psychonomic bulletin & review. 2009, vol.16, pp. 225-237. DOI:

5. Bursac Z, Gauss H. C., Williams D. K., and Hosmer D. W. 14 posmer Jr. D., Lemeshov S. Sturdivant R. Applied logistic

Purposeful selection of variables in logistic regression. Source Code reqression. West Sussex. United Kinadom. John Wilev & Sons. 2013
for Biology and Medicine. 2008, vol. 3(17), pp. 3-17. DOL: 51% D. ' ' gcom, 4 ' '

10.1186/1751-0473-3-17. 15
6. Zhang Z. Variable selection with stepwise and best subset approaches.
Annals of translational medicine. 2016, vol. 4 (7), p. 136. DOI:
10.21037/atm.2016.03.35.
7. Solovei O. New organization process of feature selection by filter
with correlation-based features selection method. Innovative
Technologies and Scientific Solutions for Industries. 2022, vol. 3 (21), Received 15.04.2023
pp. 39-50. DOI: 10.30837/ITSS1.2022.21.039.

. Ghoroghi A., Rezgui Y., Petri ., Beach T. Advances in application of
machine learning to life cycle assessment: a literature review. The
International Journal of Life Cycle Assessment. 2022, vol. 27,
pp. 433-456. DOI: 10.1007/s11367-022-02030-3.

YJIK 004.415.25

0. JI. COJIOBEMH, xaununar texuiunnx vayk (PhD), Kuiscokuii HanioHansHuii yHiBepcuTeT Gy IiBHALTBEA i apXiTeKTypH,
JoreHT Kadeapu iHGopMaIiifiHIX TEXHOJIOTIH TPOEKTYBaHHsI Ta MPUKJIaAHOT MateMatku, M. KuiB, Ykpaina; e-mail:
solovey.ol@knuba.edu.ua; ORCID: https://orcid.org/0000-0001-8774-7243

. A. TOBOB, xaununar TexHiynux Hayk, Hamionansuuil TexHiunmii yuisepeuret Ykpainu "KuiBCbKuil momiTeXHiaHMi
iHcTHTYT iMeHi [ropst Cikopcbkoro", moueHT Kadeapy iHpopMaTHKU Ta MPOrpaMHOi iHxKeHepii (pakynbTeTy iHpopMaTHKH Ta
obuucmoBansHOi TexHiku, Kuis, Ykpaina; e-mail: d.gobov@kpi.ua; ORCID: https://orcid.org/0000-0001-9964-0339.

EKOHOMHI MOAEJI MAIIMHHOI'O HABYAHHAA VIS BUBOPY TEXHIK BUABJIEHHSA BUMOT

IpeaMeToM OCTIIKEHHS B CTATTi € ATOPUTMH MAIIMHHOTO HaBYaHHS, 110 BUKOPUCTOBYIOTHCS ISl BUOOPY TEXHIK BUSIBJICHHSI BUMOT. MeTor0 poboTi
€ 100ynoBa epeKTHBHUX €KOHOMHMX MOJelNell MaIMHHOTO HAaBYaHHS JUI IPOTHO3YBaHHs BUKOPUCTAHHS METO/IiB BUsABIEHHs BUMOT B IT-mpoekrax,
SIKi JI03BOJIAIOTH BUKOPHCTOBYBATH SKOMOTa MEHIIIE HE3aIEKHHUX 3MiHHIX 6€3 3HAUHOTO MOTipPIICHHS AKOCTi IPOTHO3Y. Y CTATTi BUPIIIYFOTHCS HACTYIIHI
3aBJaHHs. PO3po0Ka aIrOpPUTMY HOOYIOBU €KOHOMHUX MOJIeNel-KaHJUJaTiB MAIIMHHOTO HAaBYAHHS /111 BUOOPY TEXHIKH BUSBJICHHS BUMOT Ha OCHOBI
3i0panoi iHpopMallii Tpo TOCBix MPAKTUKYIOUHNX (haxiBIliB, OIiHKA TOYHOCTI MOJIEINi EKOHOMHOTO MAllIHHOTO HABYaHHS Ta pO3po0Ka alnropuTMy BHOOpY
HalKpaioi Mojieni-kanau1aTa. BHUKOpHCTOBYFOTBCS TaKi METOJTH: TEOPis alTOPUTMIB, TEOPIs CTATHCTUKH, METOAM BUOIPKH, TEOPist MOJIETIOBAHHS TaHHUX
Ta HayKOBI eKCIIEPUMEHTH. Bylio oTpuMaHo HacTymHi pe3yibratu: 1) Ui BUOOPY TEXHIK BUSIBJICHHS BUMOT TTOOYJOBAaHO €KOHOMHI MOJIENi-KaHIUIaT!
MaIIMHHOTO HAaBYaHHA. BOHM BKIJIFOYaM MEHIIE mapaMeTpiB, 10 J0IoMarae y MaiOyTHbOMY YHHKHYTH TpOOJIeM i3 TlepeHaBYaHHAM, MOB S3aHUX i3
HaNKpaIMMH MOJISIISIME; 2) BIATOBIIHO JI0 3aIPOIIOHOBAHOTO alrOPUTMY ISl BiOOpY HalKpaIoro Kaumaara Oyia o0paHa oJjHa eKOHOMHA MOJIENb
i3 3a/I0BIJIBHOIO MPOJTYKTHBHICTIO. BHCHOBOK. 3alporoHOBaHO AJrOPUTM Uil HOOYJOBH OIIJIMBUX MOJENEH-KaHAWAATIB Ul BUOOPY TEXHIKH
BUSBIICHHS BHUMOT, $Ki JIO3BOJSIOTH YHHKHYTH IPOOJNEMM MepeHaBYaHHsA. AJITODHUTM BHOOpY HaWKpamioi Mojeli-KaHAuJaTa BH3HAYa€, KOJIH
TPOYKTHBHICTh €KOHOMHOT MOJIENTi TOTipIIYeThCs, 1 MpHUiiMae pillleHHs o0 BHOOPY BiAmoBiaHOi Mozeni. O6nBa 3arpornoHOBaHi alnropuT™Mu Oy
YCHIMIHO MPOTECTOBAHI 3 YOTHPMa HAOOPaMH JaHUX 1 MOXKYTh OYTH 3aIPOIIOHOBAHI JUIS X PO3UIMPEHHS JUIS HIINX.

Kuro4oBi ciioBa: TexHIKM BUSABICHHS BUMOT, OaiieciBcbkuil iHpopmaniiinmid kpurepiit (BIC), dakrop Baiteca, noBipunii iHTepBai, eKOHOMHA
MOJIeNb, TOYHICTB, IuTomma mix kpuBoo ROC.
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USING LONG SHORT-TERM MEMORY NETWORKS FOR NATURAL LANGUAGE PROCESSING

The problem of emotion classification is a complex and non-trivial task of language interpretation due to the natural language structure and its dynamic
nature. The significance of the study is in covering the important issue of automatic processing of client feedbacks, collecting opinions and trend-
catching. In this work, a number of existing solutions for emotion classification problem were considered, having their shortcomings and advantages
illustrated. The evaluation of performance of the considered models was conducted on emotion classification on four emotion classes, namely Happy,
Sad, Angry and Others. The model for emotion classification in three-sentence conversations was proposed in this work. The model is based on smileys
and word embeddings with domain specificity in state of art conversations on the Internet. The importance of taking into account the information
extracted from smileys as an additional data source of emotional coloring is investigated. The model performance is evaluated and compared with
language processing model BERT (Bidirectional Encoder Representations from Transformers). The proposed model achieved better performance at
classifying emotions comparing to BERT (having F; score as 78 versus 75). It should be noted, that further study should be performed to enhance the
processing by the model of mixed reviews represented by emotion class Others. However, modern performance of models for language representation
and understanding did not achieve the human performance. There is a variety of factors to consider when choosing the word embeddings and training

methods to design the model architecture.

Keywords: natural language processing, neural network, natural language, long short-term memory networks, text classification, emotional text

analysis.

Introduction. Over the past few decades, the amount
of text data produced by humanity has grown exceedingly.
One of the reasons behind this fact is that we actively
exchange information and publish our thoughts on websites
and social media.

Such unstructured data is represented in arbitrary
form and is often complemented by emojis, which makes it
difficult for a computer to categorize and derive meaning
from the source. On this basis, the challenge to teach
computers to properly process the information arose.

Natural language processing (NLP) is widely used for
text data analysis and classification [1].

The core aspects of language understanding include
three parameters, which are morphology, semantics, and
syntax. Morphology is the study of word or statement
structure; semantics is the study of meaning or reference;
syntax is the study of how words and morphemes combine
to form larger units such as phrases and sentences [2].

Modern models consider all three parameters. The
models are using data-driven approach through machine
learning and deep learning.

The goal of this work is to consider existing solutions
for text data processing in terms of emotional classification
and propose the model that can solve such task.

Problem statement. The semantic evaluation
problem of emotion classification will be considered in this
work. The deep learning approach will be based on Keras
and TensorFlow — the Python frameworks. These frame-
works have ready to use functions for rapid optimization,
model prediction, model tuning and many more. This will
allow to achieve approximate state-of-art results with an
original model architecture. BERT will also be imple-
mented to obtain a state-of-art model in natural language

understanding. The received results will be evaluated and
compared [3].

The theoretical fundamentals of emotional
classification models will be discussed. The practical
details of the proposed model’s training and BERT on
unseen test data will be presented. The obtained results will
be evaluated and compared. The differences between the
models will be illustrated.

It should be considered that the proposed model will
be implemented using Keras and TensorFlow. The trained
models will be applied to a specific pre-defined dataset to
solve the semantic evaluation problem of emotion
classification. The models will be trained on four CPU
cores. These conditions apply specific limitations on the
scope of the project.

Analysis of existing solutions. Machine learning is a
modelling approach focused on finding underlying patterns
in a dataset. An algorithm with learning function is applied
to rich dataset. The parameters of model are modified to
enhance the predictive performance of a model. The unseen
data is used to evaluate the trained model.

Recurrent Neural Network (RNN) is a class of
artificial neural networks, where connections between
nodes form a directed sequential graph. By this, the
sequential nature of input can be considered when making
output predictions [1].

A set of feedback weights contained in a hidden state
vector is computed at every step in the sequence that pass
information from earlier states. The ability to predict to
which class the sequence belongs to is provided by the
model reformulation. This will allow to incorporate new
time dependency by using the final recurrent hidden state
vector to make softmax probability predictions:
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¥ =0(Vh)), (1)
where
h, = 8(Ux, +Wh,,.,)). )

The parametrization W of the model is comprised of
the weight matrices U, V and W . The hidden layer is
dependent on earlier states.

The fig. 1 provides more information about the
recurrence mechanism applied.
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Fig. 1. The unfolding concept

New hidden state vector is computed at each step. The
vector is trained to pass forward the most significant
information for solving the problem through gradient
descent with an appropriate loss function [3].

Long short-term memory (LSTM) networks have two
enhancements comparing to previously considered RNNs
[4]. The first enhancement is that each time step passes a
hidden state vector and a local context vector to the next
recurrent node. The second enhancement is that long short-
term memory network contains a set of gating mechanisms
(fig. 2). These mechanisms provide the ability to the model
to decide which data to pass forward in recurrence. These
enhancements allow the LSTM model to learn long-term
dependencies in the sequence in a more stable way [5].

The gating mechanisms of LSTM contain an input
gate, a context gate, a forgetting gate and an output gate,
which are the activated matrix manipulations. The
manipulations are based on gating weights optimally
learned through training. The following relationships
define the gates and their associated weights [1]:

f, =8(x,U"+h W), 3
i, =3(x,U'+h W), @)
0,=3(x,U°+h W?°). (5)

The functions are recurrent to the hidden state of the
previous time step and the current input data.

A candidate C, for the context state ¢, is computed
by the given formula:

¢, =tanh(x,U° +h W°*). (6)

The previous context information is filtered by the
forgetting gate and the present information from input gate
in an equation is filtered through the context gate form the
context state.

The gating machinery provides an ability to determine
which long-term and short-term data to filter and pass to the
final output representation [5].

The hidden state representation of the sequence h,

is computed as a combination of the filtered output from the
output gate and current context information:

h, =0, tanh(c,). (7)

The received output state can be used for predictions.
This output can be used in the same way as hidden states
were used in RNN architecture equation (1) considered
above [6].

On this basis, LSTM can represent complex
sequences and make stable predictions.
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Fig. 2. The LSTM node

Bidirectionality. It should be considered that not all
words can be predicted by the previous words in a
sequence.

In the sequences like “bow tie” and “bow ring”,
“bow” is contextually dependent both on the previous and
following word sequences. This is a challenge for regular
recurrent networks. The solution for this challenge is
bidirectionality, which means reversing direction of the
sequence and feeding it to network. Both resulting hidden
states are concatenated, which is a standard practice for
many language models [7].

In fig. 3, the simple RNN from fig. 1 is extended to
work bidirectionally.
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Fig. 3. Bi-directional RNN

The states hin fig. 3 can be extracted from regular

nodes or LSTM. The network with the reverted states is a
copy from the original network. The resulting hidden states
are concatenated into form:

h, = (h,h). ®)

The final hidden state vector can be used similarly as
for RNN through equation (8). The bidirectional models
can be modelled by doubling the number of weights. This
method is often applied to improve model representation
and predictions due to its ability to add contextual
information to language models [7].

Vector Representation of Language. Machine
Learning models represented above have real valued

vectors X; . The language is represented as vectors which is

an essential step in using neural networks as emotional
classifiers. The words ware gathered in a vocabulary to
form the bag of words [8]:

V={w,:iel..,N} 9)

The phrase is divided into one-word hot vectors,
which do not provide any extra information about the
context. The vectors are also computationally hard to use
as a single vector is a single word.

Word Embeddings. A more efficient solution is to

pass a lower dimensional vector X; € Ry,(d <N), which

also contains language information about the word W; .

Less computational power is required to process such
vector by the classificational model. This vector contains
more language information than one-word hot vector. This
type of lower dimensional representation is called word
embedding [9].

Statistical language modelling is the other language
feature. The words are used in conjunction with each other.
This can extract more information about the semantic and
syntactical use of a word through the context [10].

Principal Component Analysis (PCA) is a classic
dimensional reduction technique, which is based on
singular value decomposition of the co-occurrence matrix.
This approach does not need linguistic rules to be fed to the
system, which makes it unsupervised. It considers the text
corpus in a whole, in different context, which also makes it
computationally expensive.

This can be solved by using a feed forward neural
network to predict the n-gram probabilities of the words in
the vocabulary given by the context [10].

Trainable d-dimensional random initialized vector
representation of each word and n previous words are used
as a context. These vectors are concatenated and fed
through several hidden layers. The output layer is a softmax
probability over the vocabulary of all the probabilities to
meet each word by the context words. The network is
learning linguistically valuable information in the matrix of
d-dimensional vectors while training to predict n-grams
[11].

On this basis, words embedding can be used as the
sole input to the other machine learning models for real
NLP tasks, such as machine translation, and semantic
sentence parsing. The fig.4 illustrates a scheme of such feed
forward neural network.

w(t-2)

w(t-1)

wi(t)

w(t+1)

w(t+2)

-~

Fig. 4. Scheme of a feed forward neural network

It should be considered that this model is expensive to
train. To increase the context window for the network to
learn, there is a need to increase the number of input nodes,
and the task of emotional classification requires a lot of
context.

GloVe. The skip-gram model is another proposed
RNN approach which is efficient on smaller datasets with
rich context information. RNNs efficiently model rich
context information due to the fact they have a sequence
memory of the previously observed words. The model
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starts with the opposite probability comparing to the n-
gram prediction, because this is the probability of different
context words. The basis of this probability is a target word
[12].

GloVe is the other unsupervised learning algorithm
for obtaining vector representations for words. The
difference of GloVe from the skip-gram and feed forward
word embedding is the fact that GloVe is trained on a loss
function. The loss function considers both local co-
occurrences from the n-length context windows and global
count-based co-occurrence probabilities from the text
corpus. This allows to encode more of the language features
comparing to PCA. This ability is provided since including
only local context data does not give enough information to
features about the frequency the words occur in rare
contexts [12]. The loss function has slightly richer context
information embedded in the vectors comparing to skip-
gram model.

BERT. Pre-trained word embeddings in language are
easy to use and flexible. Their drawback is that one vector
can represent only one word. This means homonyms or
phrasal verbs, like ‘key’ or ‘get’ lose their language
information [14]. This can be mitigated by using RNN or
LSTM to carry information over sequences to create a
context for a single word, but these networks cannot
provide rich context data to predict context-heavy language
constructions.

One of the proposed approaches to solve this issue is
BERT (Bi-Directional Representations from Transfor-
mers). In its core, the transformer relies on attention
mechanism for its representation to improve the contextual
awareness [14].

The weighted representation of all hidden state
vectors is trained at the same time with the recurrence
relations. This allows the network to be aware of the
previous hidden states and do not rely solely on the final
hidden state representation when making predictions.

The transformers apply attention mechanism to
underlying word vectors from the original sequence to
extract relevant language features. This is called text
encoding. Since transformers do not use any recurrent
relations, this allows to conduct training in parallel [5].

On this basis, BERT model is applicable to solve NLP
tasks. BERT pre-trained weights can be downloaded via the
Internet and used for transfer learning. This will allow to
compare BERT with the other models in the task of
emotion classification.

BERT is a sequence-to-sequence language represent-
tation model, which is efficient for NLP tasks. A sequence

of language information X =(I,...,1,) is used as inputs
and outputs as contextualized vector representation
H =(h,,....h,) of the elements of the input sequence.

During the pre-processing phase, the model splits
words into word-parts. The placeholder tags are inserted
before the sequence and after sentences, however this does
not allow input vectors to directly correspond to the
underlying words in the sequence [13].

Due to the design of BERT model, the output

presentation h, becomes a distributed representation of the

underlying sequence. This sequence is similar to the final
hidden state of RNN. A classification model can be
obtained when adding an extra hidden layer to the BERT
model and activating this model via a softmax function [9]:

¥y =o(Vh). (10)

Encoders, which are stacking nodes, are the other part
of this language representation framework. Encoders are
used to create encoded text representation (fig. 5).

Every encoder layer abstracts language patterns from
an input sequence. It allows to form more complicated
patterns as the information flows to the further layers. The
first encoder layer L receives language inputs and the last

encoder layer outputs the final encoded language
information [15]:
H,=Encoder(X)
(11)
y=o(Vhy).
" fﬁ
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Fig. 5. Layers of the model

The first vector h of the final H representation is the
basis for the classification task. Two sub-processes form
each encoder layer. As the first step, the inputs to the
encoder are passed through a multi-head self-attention
layer. This layer uses a series of matrix manipulations to
extract language information from the data inputs. The
definition of this process is multi-head self-attention

(fig. 6).

Z, ! hlo

>

| S—

Fig. 6. The encoder dissection

The second sub-layer receives the outputs of the first
layer after these outputs are residually connected and
normalized. The second sub-layer retrieves the most
valuable information from the attention layer. This data is
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residually connected and normalized yet another time [15].
After this, the outputs are sent onwards to the following
encoder layer.

Theoretical propositions. This section is dedicated
to proposition of a model for classifying the last phrase of
three-turn conversations into any of pre-defined emotions.
These emotions are Happy, Angry, Sad and Others. The
context is defined by the previous two sentences. The
datasets are classified beforehand by the emotion they
represent, since model training should be performed on
high-quality data. The dataset examples (data samples) of
three-turn conversations and their corresponding labels can
be seen in table 1. These data samples may include emojis
and smileys as separate complete response options with
emotional coloring.

This task is solved by creation of neural network
architecture. BERT is used as a state-of-art language
representation model. The proposed model and BERT are
compared in terms of their performance on the given
problem.

The pre-processing is divided into two steps. The first
step is data cleaning, which stands for defining and fixing
data irregularities. The second step is tokenization, which
is a mathematical mapping of text data into a suitable input
for classification models.

Table 1 — Data sample

id Turn 1 Turn 2 Turn 3
112 It’s cool meme Ha-ha, Happy
yes
154 | Idon’tthink itisa You No, | Angry
good idea better won’t!
think
twice
186 In my hometown Where In Kyiv | Others
there are many is it?
chestnuts

Data cleaning provides an ability to the model to
clarify the text content and boost the coverage. The
coverage is measured by pre-trained embeddings as the
number of words for which pre-trained embeddings exist
divided by the total amount of unique words in the problem.
Since our dictionary is problem-dependent and GloVe
embedding matrix is generalized, it is not certain that the
embedding matrix has a vector representation of a given
word. Thus, data cleaning is recurrently applied to boost the
coverage.

In the given problem, data cleaning is used to
decompose abbreviations into their initial state and replace
symbol emojis with Unicode emojis. This allows to
improve sentence representation in terms of their meaning.

After the data cleaning, tokenization is applied. The
words are vectorized and prepared for passing into
classification models. The words are separated and mapped
to unique numbers for further decoding. Keras, which is
used to solve the problem, has this as a built-in feature.

As a result, tokenized texts are mapped with
embedding matrices which represent the sequences in a
vector space. The vector represented sequences are passed
to LSTM models. The inputs have to be of equal length to

allow to train the model weights to recognize features at the
same positions in different sequences. To solve this, the
vectors are zero padded to the same length, which is
constrained to 100 words per sentence.

The fig. 7 illustrates the word length distribution of
the training data.

Number of words
12000

10000

Frequency
8

4000

2000

10 15 20 25 30 a5 “ L] 50

Fig. 7. Word lengths per sentence

Each sentence in a conversation is a matrix with
elements of padded vectors representing the sentences. The
corresponding labels are one-hot vectors. The index of the
element 2 represents the emotion the training example is
connected to. The indexes are as follows: 0 — Angry, 1 —
Sad, 2 — Happy, 3 — Others. The given dataset is ready for
further processing.

Proposed model. The proposed model (fig. 8) is built
as follows. The standard LSTM outputs straight to a
prediction layer and is filtered through the softmax
function. The result is a probability vector. We use GloVe
embeddings, trained on the text corpus represented by the
data from Wikipedia. The 100-dimensional word
embeddings and 128-dimensional LSTM layer with built in
dropout are used by the model.

X —| Pre-process — GloVe 1000

LST™M
embeddings

Fig. 8. The proposed model architecture

The model passes several improvements, which allow
us to define features with high impact on model
performance. This impact is quantitatively represented by
F, score. Such features are isolated and used to create

simple networks.

The first improvement is to separate the phrases of the
conversation and pass them to LSTM nodes. Thus, the
model is provided by a clearer vision of sentence
differences.
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The second improvement is to extract emojis and
smileys from text for further separate processing. The
emojis are represented with Emoji2Vec embeddings, which
provides new language information to the model.
Emoji2Vec is a 300-dimensional representation of Unicode
smileys. Further concatenation of information contained in
emojis with the data from the rest of the model is passed
through the final dense layer. This allows the model to
weight the relative importance of smileys for emotion
classification. The rectified linear unit is the activation
function in this dense layer.

BERT is used due to its applicability in wide range of
problems. The model is hosted on TensorFlow hub.
TensorFlow is a Google pre-trained machine learning
repository.

It provides an ability to download an implementation
which has to perform the following: the number of encoded
layers, the number of heads in the multi-head attention, the
number of dense layers in the feed forward network and the
number of used training samples.

On the contrary to GloVe embeddings, BERT uses
word-piece embeddings and follows different pre-
processing and tokenizing which can be downloaded with
the ready-to-use pre-trained model. This allows us not to
perform the pre-processing step of the sentences but
directly pass them to BERT.

Experimental results. The table 2 illustrates the
comparative micro-averaged F, results for the models on

emotion classification. The performance of the models was
considered by evaluation metric on Happy, Angry and Sad
emotions. The model performance on emotion class Others
was ignored in this evaluation.

The LSTM model achieved overall micro-averaged
F, as 0.616. This model required minimal data pre-

processing and GloVe word embeddings. The word
embeddings were trained on the Wikipedia data. It can be
seen in the table, that the model achieved the worst results
on Happy conversations and the best results on Angry
conversations. The shortcoming of the model is the
inability to distinguish the Happy, Angry and Sad emotion
classes from the emotion class Others.

Table 2 — F1 scores

Emotion F1
Model Rappy Sad Angry Micro F1
LSTM 0.523 0.601 0.724 0.616
BERT 0.687 | 0.799 0.771 0.752
SS-LSTM 0.556 0.818 0.784 0.719
mggfed 0784 | 0767 | 0811 0.787

BERT model achieved better results in macro F,

comparing to LSTM due to the presence of extra context
information. The Angry emotion class was predicted as

0.771 F, points. The Sad emotion class was also predicted
better in F, points comparing to LSTM. The proposed
model F, scores are shown in the table. The model has

shown the best results on Angry and Happy emotion
classes.

The confusion matrix of the proposed model is shown
in table 3. The matrix illustrates the distribution between
the emotion labels in the test dataset. The most confusion
comes from distinguishing the Others emotion class from
Happy, Angry and Sad emotion classes. Angry and Sad
emotion classes are never evaluated by the model as Happy
and vice versa. The confusion between predicting Angry
and Sad labels is present rarely. On this basis, the focus
should be put on prediction improvement among Others
emotion class and the other three emotion classes.

Table 3 — Confusion Matrix

Predicted
TRUE Others Happy Sad Angry
Others 4103 101 80 94
Happy 63 215 4 1
Sad 40 0 212 8
Angry 46 0 6 334

The idea of whether the early stopping effectiveness
on outfitting prevention is got by looking at the loss
function over the training steps. The decrease of training
loss is present over the training steps. The validation loss is
decreasing by reaching the minimum after three epochs and
is rising afterwards (fig. 9).

0,7
0,6
05
04
03 = — \/
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Fig. 9. Training and Validation Loss

The explanation behind the given tendency is the
different distribution of emotions in the training dataset and
validation dataset. This can be seen in table 4.

Table 4 — Emotion Class Distribution

Others | Happy Sad Angry Size
Train 0.441 | 0980 | 0.211 | 0.194 29884
Validation | 0.793 | 0.045 | 0.054 | 0.052 2467
Test 0.882 | 0.039 | 0.061 | 0.044 5804

The loss from the training set updates the gradients.
The gradient updates change the validation loss in other
ways. The amount of data points in the validation set is
fewer comparing to the training set, which contributes to
higher variance in the effects of updating the loss. On this
basis, it is important to use early stopping after 3 epochs
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since the improvements in training loss are not contributing
into improvements in validation loss after this epoch.

Conclusions. The problem of emotion classification
is a complex and non-trivial task of language interpretation.
The existing generic solutions for text data processing were
considered in this work, having their shortcomings and
advantages illustrated.

The evaluation of performance of the considered
models was conducted. New model for emotion
classification was proposed. The model is based on 128-D
LSTM neural network combined with 100-D GloVe
embeddings and BERT as a state-of-art language
representation model.

The proposed model shows better results comparing
to generalized model with transfer learning (having F:
score as 78 versus 75). It should be noted that the proposed
model needs further improvements to better capture
ambiguous or mixed emotional expression differences
represented by Others emotion class. It also showed slightly
lower results on Sad emotion class compared to SS-LSTM
model (having Emotion F; score as 0.767 versus 0.818).
However, the proposed model still overpowers all
considered models in micro Fy score.

There are many decisions applicable for solving the
emotion classification problem. There is a variety of factors
to consider when choosing the word embeddings and
training methods to design the model architecture.

To date, machine learning models did not achieve the
human performance in terms of language representation
and emotion classification. The confusion is present in
labeling complex sentence structures. Such nuances are
explained by the language structure and its dynamic nature.

However, the area of capturing the language nuances
is constantly evolving and new approaches are created
every day.
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BUKOPUCTAHHA MEPEX JIOBIOTPUBAJIOI MAM’ATI VIS OBPOBKU ITPUPOTHOI MOBH

IMpo6rema xnacudikanii eMomiii € CKIaAHIM Ta HeTPUBIaTbHUM 3aBJaHHAM IHTEpPIPETAIlii MOBH 4epe3 CTPYKTYpy IPHUPOAHOI MOBH Ta ii AMHAMIYHUI
XapakTep. AKTYalbHICTh IOCITIIKEHHS MOJATa€ B OXOIUICHHI BaXJIMBOI MPOOIEMH aBTOMATHYHOI OOPOOKHM BiATYKiB KITIEHTIB, 30MpaHHs IyMOK Ta
BUSIBJICHHS TEHACHIIN. Y 1ill poOOTi pO3IIISHYTO P iCHYIOUHX pillieHb A mpobiemu kiacudikanii emMoLiii, 1e TpoaIeMOHCTPOBAHO TXHI HEITOMIKH Ta
nepesary. OuiHKa IPOXYKTUBHOCTI PO3MIIHYTHX MOJeNei Oyiia poBeseHa Ha Kinacugikauii emowuiit votupbox kiacis: Happy, Sad, Angry ta Other. V
it po6oTi 3ampOMOHOBAaHO MOAENb s Kiacubikalii eMoLii B TPUPSIIKOBHX po3MoBax. Mojenb 6a3yeThesi Ha eMOI3i Ta NPECTABICHHSX CIIiB 3i
crerudikoro obnacti cydacHux po3MoB B IHtepHeri. JlocmimKyeThess BaXIMBICTh BpaxyBaHHs iH(OpMamii, OTpuMaHoi 31 eMOA3i SK TOJATKOBOTO
JUKepesa JaHuX 3 eMOLiHNM 3abapsieHHsM. OLiHEHO MPOXYKTHBHICTH MOJENi Ta MOpiBHAHO ii 3 MoBHOI Monemto BERT (Bidirectional Encoder
Representations from Transformers) st kinacudikauii emowiit. 3anponoHoBaHa MoJeNb MOKa3aia Kpaily NPOAyKTHBHICTh y Kiacudikamii emouiii
nopiBasiHo 3 BERT (3 Fi-oninkoro 78 mopiBusiHo 3 75). Ciif 3a3Ha4UTH, MO TOTPIOHI TOAATKOBI JOCIIKEHHS IS MOMIMIICHHS 00pOOKH MOJEILTIO
3MIIIAHKX BIATYKIB, 110 npezacTasieHi kiacoM emouiii "Other". OxHax, cydacHa HPOAYKTHBHICTH MOJIEISH JUTsl IPEACTABICHHS Ta PO3YMiHHS IPHPOIHOL
MOBH He JO0CSrIa piBHA JoauHU. € pi3HOMaHITHI (hakTopH, sIKi HEOOXIIHO BPaxoBYBaTH MPU BHOODI MPEACTABICHb CIiB TA METOIIB HABYAHHSI IS
MPOEKTYBAHHSI ApXiTEKTYPH MOJEII.

KuarouoBi cioBa: 00poOka mpupoaHOi MOBH, HEHMpPOHHA Mepexa, NPUPOJHA MOBA, MEPEKi JOBrOTPUBAJIOI MaM’sTi, TEKCTOBA Kiacuikallis,
eMOLIHHI aHaNi3 TEeKCTY.
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USING OBD-2 TECHNOLOGY FOR VEHICLE DIAGNOSTIC AND USING IT IN THE INFORMATION
SYSTEM

This article considers the research of OBD-2 technology for interaction with on-board vehicle systems, the creation of a unified system that can work
with different makes and models of cars. The history of OBD-2 technology, its development, existing standards and their implementation in modern cars
is described. Basic diagnostic functions are described, with which you can get information about the car, as well as perform its settings and send various
commands to it. In addition, the hardware part of the scanner, its technical features, nuances of interaction with it and the purpose of each of its pins are
considered. Also reviewed couple models of scanners that can be used to develop this system. Conclusions are drawn on the practicability of their use,
taking into account their capabilities. Existing software analogues, their main functions, advantages and disadvantages are considered. The general
concept of interaction with the car via OBD-2, the interaction algorithm and step-by-step analysis of the interaction between the scanner and the car are
also considered. The software part of the interaction between the car and the scanner, special codes used to send requests and responses, their further
analysis and interpretation in a human-friendly form are considered. The possibilities for the unification of these codes for different car manufacturers
and the common code base to create a universal system that will be suitable for different cars from different car manufacturers are highlighted. A model
of the software system is proposed, which can embody a large set of useful functions for any motorist and will be compatible with a large number of
modern cars equipped with universal diagnostic tools, while using an affordable scanner model without the use of expensive professional equipment.

Keywords: Car, on-board computer, computer diagnostics, scanner, OBD2, information system.

Introduction. Despite the rapid pace of development
of the automotive industry, today a large number of cars are
quite primitive and do not even have an on-board computer
or have it, but it is endowed with a very narrow
functionality. But at the same time, almost all modern cars
are equipped with diagnostic ports that allow you to get a
lot of useful information about the car.

OBD2 car computer diagnostics technology is a
standard for diagnostics of various car systems performed
by car control units. It was introduced in 1996 as mandatory
for all vehicles sold in the United States of America, and
subsequently for all other vehicles.

Now, more or less every car is equipped with this
diagnostic port, and the number of those that are not
equipped is so low that it can be written off as an error.

So we can say with great confidence that this
technology is promising for research.

Today, there are a large number of similar programs
that allow motorists to self diagnose their own car. But
there is a number of certain disadvantages. All these
programs can be divided into 2 types: professional software
and those intended for general use.

Professional software usually has wide functionality
and provides a large number of opportunities to the user.
But this software, firstly, requires professional equipment,
and secondly, it has a high cost. These factors negate any
sense of mass use of this software.

Another category of programs are those that are
intended for general use. It has a small cost, but the vast
majority have narrow functionality, shortcomings in their
work or simply an inconvenient and unintuitive interface.

Also, one of the most common problems faced by
motorists is the problem of car theft. Standard alarms of all,
without exception, car manufacturers are not reliable
protection of the car. There are a huge number of illegal
devices on the black market that allow thieves to overcome
standard security measures and enter the car. Cars equipped
with keyless access systems are especially prone to this
threat. Thieves who have a special device for transmitting
a signal from the key to the car can easily break into the car
and steal it.

Today, a large number of motorists own not the most
modern cars, which do not even have such a vital option as
an on-board computer. This is a very functional tool that
allows the driver to get rid of a very large number of
different worries. But people don't only fill cars with fuel.
Lubricant, antifreeze and other special fluids need to be
replaced in it.

This led me to the idea of researching the technologies
of computer diagnostics of the car to create a system that
would allow any motorist to receive information about his
car on his own, which was previously available only at
specialized stations.

© Rybitskyi O. M., Golian V. V., Golian N. V., Dudar Z.V., Kalynychenko O.V., Nikitin D.M. 2023

Research Article: This article was published by the publishing house of NTU **KhPI"" in the collection

® "Bulletin of the National Technical University "KhPI" Series: System analysis, management and
information technologies.” This article is distributed under a Creative Common Creative Common QPEN ACCESS

Attribution (CC BY 4.0). Conflict of Interest: The author/s declared no conflict of interest.

Bicnux Hayionanvnoco mexuiunozo ynisepcumemy «XIIy. Cepis: Cucmemnuii
ananis, ynpasninus ma ingopmayiini mexnonozii, Ne 1 (9) 2023 97



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

The purpose of the research is to study the
possibilities of OBD-2 technology and its application in a
software system that is an analogue of a car's on-board
computer, to study the possibilities of integration with
services that provide the necessary information for car
diagnostics, to design a motorist's assistant system that
provides car diagnostic functions.

Proposed model. Analyzing similar programs, we
can conclude that today there are a large number of
software products on the market that provide real-time
computer diagnostics of the car using universal OBD
reading devices.

But most of these products are aimed primarily at
professional auto mechanics who are engaged in car
diagnostics, have professional equipment and extensive
knowledge in the field of car diagnostics and its structure.

This means that such products are not suitable for use
by the masses of motorists, since they have neither
expensive equipment nor professional education. They
generally do not use such professional tools.

In addition, such solutions often cost a lot of money
and their purchase is simply unprofitable for an ordinary
car enthusiast who needs to get some basic information
about his car.

Research begins with the development of the
program. A research program is a document that regulates
all stages, stages of preparation, organization and conduct
of a specific study. The research program contains
theoretical substantiations of methodological approaches
and methodical methods of studying a certain phenomenon
Or process.

In the research of the study, the main possibilities of
OBD2 technology for computer diagnostics of the car were
studied. The main goal was to study the possibility of
creating a system that would allow diagnosing any modern
car, while having a universal car scanner without of using
of OEM equipment.

Results and discussion. A standard OBD-II
diagnostic connector is used to connect to the car. Most of
the serial cars produced after 1996 are already equipped
with such a connector. Although such a diagnostic
connector is standardized, it supports several protocols of
different engine control systems at once, that is, different
contacts on the connector are physically used, which the
scanner communication module must know. Accordingly,
different brands of cars may have different internal busses
for obtaining diagnostic data from the engine management
side.

One way or another, but all specialized solutions are
more advanced industrial products, compared to the usual
device for reading diagnostic codes based on the ELM327
microcircuit of the Canadian company Elm Electronics.
ELM327 is a universal converter of protocols used in
diagnostic tires of cars into a serial protocol of the RS-232
type.

Interaction with ELM327 is carried out by standard
AT-commands supported by the chip. You just need to
organize the exchange of text messages using the RS-232
protocol. Namely, a low-level physical connection via
USB, Bluetooth or Wi-Fi is implemented using RS-232
serial protocol conversion chips. That is, to turn a car into

an loT device, it is enough to connect the ELM327 chip to
the OBD-II diagnostic connector and at the output of this
chip, for example, put a serial interface converter in
Bluetooth or Wi-Fi. Then, you can “read” car diagnostics
from your smartphone or computer. However, there are
more than enough such ready-made modules or blocks on
the market. And their price on AliExpress ranges from a
few dollars to thousands for professional devices.

The most common interface CAN (Controller Area
Network) is used for interaction with the car. At one time,
the CAN standard, proposed by Bosch, made significant
progress in the development of systems for automotive
electronics. If the car in the Internet appeared only recently,
then the concept of the network inside the car has existed
since the mid-80s. The idea is very simple, and just as
Ethernet made a break-through in computer networks,
CAN became the basis of reliable communications inside
the car.

CAN bus is an automotive bus developed by Robert
Bosch that is mostly adopted in the automotive and
aerospace industries. CAN is a serial bus protocol, with the
connection of individual systems and sensors as an
alternative to the usual multiwire bundle. Allows you to
connect automotive components in a single wire called a
data bus network with a high speed of information transfer.
Before the CAN bus was released, cars had a large amount
of wiring that was necessary to connect various electronic
components. That is, it is a bus that connects various blocks
and components in the car and allows them to exchange
information in real time.

Previously, in cars, tires of various modules and
devices converged to the central engine control unit. The
serial CAN bus made it possible to implement independent
intelligent modules that communicate with each other
actually using a network protocol. At the same time, the
amount of wiring inside the car is significantly reduced.

Data transmission in the CAN bus resembles a
publisher-subscriber model, where each device on the bus
has a unique identifier, and when one device transmits data,
all the others listen and make a decision based on this
identifier - whether it need that data to receive and
processing or not.

Moreover, there are two different CAN nets. One
works with a higher speed (1 Mbit/s) and is used to monitor
the engine and interconnect the ECU. The other one is used
to communicate the rest of the parts of the vehicle such as
doors, seats or lights and works with less speed (250
Kbit/s).[1]

It is this feature that allows the user to connect a
diagnostic scanner through a special port and receive real-
time information about his car, read errors, etc.

The main method of computer diagnostics is the
connection of special scanners that are connected to car
electronics and read data in digital form.

First, computer diagnostic tools are used to read not
only the error codes, but also all the digital data that is
directly related to the problem that occurred. Here you need
to understand that the scanner can fully decipher detected
malfunctions.

At the second stage, all these data need further
confirmation. And above all, the car's electronic systems
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need to be thoroughly checked to ensure that it is fully
operational

Next, the scanner displays the data in real time. This
function can be used to check signals from sensors and
other controls to detect malfunctions.

Interaction of the scanner with the car. Modern cars
are not only mechanical parts, it are also many electronic
units. It monitor the operation of various systems and units,
monitor their condition, and track their errors in operation.
Reading these metrics makes computer diagnostics and
troubleshooting possible.

The multifunctional adapter, which connects to a
standard OBD-2 port, supports cars of various makes and
models. Special software for them contains in the database
both standard error codes that are common to most cars, and
codes that are unique to each brand.

In addition to reading fault codes, the latest OBD-2
scanners offer several options for tuning the vehicle's
electronics.

The OBD2 scanner can analyze both the entire on-
board network and individual systems. The ability to
monitor such parameters as engine speed, speed, oil and
antifreeze temperature, oil and fuel pressure, intake
manifold and exhaust manifold pressure in real time.

Within the OBDII diagnostic standard, there are 5
main communication protocols between the electronic
control unit (ECU) and the diagnostic scanner. Physically,
the auto scanner is connected to the ECU via the DLC
(Diagnostic Link Connector), which complies with the
SAE J1962 standard and has 16 pins (2x8). Below is the
layout of the contacts in the DLC connector on the Figure
1, as well as the purpose of each of them.

Fig. 1: Pin assignment in the DLC (Diagnostic Link Connector)

Pins list:

1. OEM (manufacturer's protocol);

2. Bus + (Bus positive Line). SAE-J1850 PWM,

SAE-1850 VPW,

Defining by manufacturer;

Body grounding;

Signal ground;

CAN-High line of CAN Highspeed bus (ISO

15765-4, SAE-J2284);

K-Line (ISO 9141-2 and 1SO 14230);

Defining by manufacturer;

CAN-Low line, CAN Low speed bus;

0. Bus - (Bus negative Line). SAE-J1850 PWM,
SAE-1850 VPW;

11. Defining by manufacturer;

12. Defining by manufacturer;

13. Defining by manufacturer;

14. CAN-Low line of CAN Highspeed bus (ISO

15765-4, SAE-J2284);
15. L-Line (ISO 9141-2 and ISO 14230);
16. Power supply +12v from the battery.

ook w

B oo

The assignment of undefined contacts is at the
discretion of the wvehicle manufacturer. Next, we will
consider in detail the format and physical layer of each
communication protocol within the OBDI|I standard.

The OBD-II system uses 9 measuring modes, each
one of them allows the access to the ECU data in the vehicle
check Table 1. In order to request data, it is necessary to
use PID [Parameter Identification] codes. Each PID is
related with a specific measurement of the modes 1 and 2
of the OBD-II system. For instance, if the real-time datum
of the vehicle speed is requested, the mode 1 should be
chosen and the PID “OD” has to be used. [2]

Table 1 — OBD measuring modes

Mode Features
01 Collecting updated data: it allows the real-time
access to the ECU inputs and outputs.
02 Access to frozen data frames: the ECU takes a
sample of the values related with the emissions at
the exact moment when a failure arises.
03 Gathering of the failure codes: it allows to extract
all the DTC [Data Trouble Codes] stored in the
ECU memory.
04 Code erasing and failure in the stored values: it

allows to delete all the stored codes in the ECU,
including the DTC and the saved data frame.
05 Tests results in the oxygen transductors: it allows
the access to the test results performed to the
oxygen transductors.
06 Tests results of other transductors: results of the
diagnostics in components not submitted to
constant surveillance.
07 Pending failure codes sampling: it allows to read all
the pending DTC from the ECU memory.

08 08 Components operating control: it permits the
execution of tests in the actuators.
09 Vehicle information: it allows to request the VIN

[Vehicle Identification Number].

Within the OBDI|I standard, there are 5 data exchange
protocols between the ECU (electronic control unit) and the
diagnostic scanner.

SAE J1850 PWM on the Figure 2.

Looking into wehicle disgnostic conmedor

' e
Jli e N

OmmmEm . R

J1850 PWM

Must have pins in 2, 4, 5, 10 and 16

Fig. 2: SAE J1850 PWM protocol connection diagram

There are two types of J1850 protocol. The first of
them is high-speed and provides a performance of 41.6
KB/s. This protocol is called PWM (Pulse Width
Modulation). It is used by Ford, Jaguar and Mazda. For the
first time this type of communication was used in Ford cars.
In accordance with the PWM protocol, signals are
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transmitted over two wires connected to pins 2 and 10 of
the diagnostic connector.

SAE J1850 VPW (Variable Pulse Width) on the
Figure 3. The VPW protocol supports data transfer at a rate
of 10.4 KB/s and is used in General Motors (GM) and
Chrysler vehicles. It is very similar to the protocol used in
Ford vehicles, but is significantly slower. The VPW
protocol provides for data transfer over a single wire
connected to pin 2 of the diagnostic connector.

ISO 9141-2 on the Figure 4.

Looking into wehicle diagnostic connector

'
OEmBE

N R~

J1850 VPW

Must have pins in 2, 4, 5, and 16, but not 10

GHND

Fig. 3: SAE J1850 VPW protocol connection diagram

Looking into vehicle diagnostic connector

.
mjaa]: | s |njnm

I s R 12

IS0 9141-2 & KWP2000

Must have pins in 4, 5, 7 and 16, may also have pin 15

GND

Fig. 4: 1SO 9141-2 protocol connection diagram

Applies to most European and Asian vehicles and
some Chrysler vehicles. The 1SO9141 protocol is not as
complex as the J1850 standards. While the latter require the
use of special communication microprocessors, 1509141
requires conventional serial communication micropro-
cessors, which are found on store shelves. Uses pin 7 (K-
line) and optionally pin 15 (L-line).

1SO 14230 KWP2000 (Keyword Protocol 2000).

Physically identical to ISO 9141. Also uses pin 7 (K-
line) and optionally pin 15 (L-line).

ISO 15765 CAN (250 kBit / s or 500 kBit / s) on the
Figure 5.

The CAN protocol was developed by Bosch for
automotive and industrial applications. Unlike other OBD
protocols, its variants are widely used outside of the
automotive industry. CAN was not OBD-II compliant for
vehicles in the US until 2003, but as of 2008, all vehicles
sold in the US must support CAN. Within OBDI|, it uses 2
pins: 6 and 14. It is the fastest and most modern.

Looking into vehicle diagnostic connector

'
OOCaEE

1 s e 12

ISO 15765 CAN

Must have pins in 4, 5, 6, 14 and 16

GND

Fig. 5: ISO 15765 CAN protocol connection diagram

Existing software. TOAD is short for Total OBD &
ECU Auto Diagnostics. It is an OBD diagnostic software
that performs vehicle diagnostic systems and provides
diagnostic reports. It monitors electronic sensors in the
engine, transmission and emissions system [3].

Benefits:

o provides wide possibilities of diagnostics;

e error reading in real time;

e makes it possible to clean blocks of cars from

errors;

e has the function of saving a snapshot of block data

at a certain point in time;

e compatible with almost all makes and models of

cars.

Disadvantages:

e very high price;

o only compatible with Windows OS;

e requires a deep understanding and skills in car

diagnostics.

PCMSCAN is a full-featured generic OBD-II scanner
and diagnostic tool that supports a wide range of OBD-II
hardware interfaces [4]. It allows viewing, graphing,
logging and playback of real-time diagnostic data through
the vehicle's OBD-II diagnostic port. It also allows you to
view vehicle diagnostic trouble codes, real-time auto data,
and other vehicle information.

PCMSCAN supports almost all modern cars.

Benefits:
provides wide possibilities of diagnostics;

e error reading in real time;

e error clearing;

e compatible with almost all makes and models of

cars that were released after 1996.

Disadvantages:

o only compatible with Windows OS;

e requires a deep understanding and skills in car

diagnostics.

Scanners. BAFX Products Bluetooth Scanner — this
scanner has one of the best ratings on the Amazon platform.
It is compatible with Android and Windows and allows you
to read Check Engine codes, reset/clear the Check Engine
Light, read data from various car sensors, check if the car
is ready to pass the emissions test and much more.

Panlong Bluetooth OBD2 Car Diagnostic Scanner —
compact scanner from the Panlong company has a good
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rating on Amazon, plus it boasts an attractive price. It
allows you to read errors and various car data that are not
available on the instrument panel.

ELM327 — one of the most popular and widespread
mobile scanners on the market, it provides the ability to
connect using Bluetooth, supports Android and Windows.
Also one of the cheapest. This scanner will be used for
investigation.

All information from the car is sent using a special
ELM327 adapter that connects via the OBD-2 port and
transmits all data via Bluetooth. MCP-2551 is used for
communication of ELM-327 with CAN. The
communication with the ECU can be achieved with these
two integrated tools. Wired or wireless communication can
be used to transmit this communication to an external
device. [5]

Before starting the computer diagnostics, you need to
establish a connection with the scanner and execute the
initialization commands.

Interaction with car. Access to ECU data with
mobile devices of the drivers is performed by diagnostic
device connected to OBD-I1I connector [6].

Once all the commands supported by the car have
been defined, you can send requests and get the information
you need. But to interpret it in a form acceptable to a
person, you need to decipher the codes returned by the
machine. That is, to have a certain base of all codes.

Each command has its own unique identifier, the
response format, that is, the number of bytes it returns, the
range of values, in which the response is returned.

As mentioned earlier, special codes are parameter
identifiers that are used to request diagnostic information
from cars. The SAE J1979 standard defines a standard list
of such codes, but manufacturers are free to add their own
specific codes. Also, manufacturers may not use all the
codes regulated by the standard SAE J1979.

General schema of interaction depicted on Figure 6.

. Bluetoott

“Ocpy
~

Fig. 6: Schema of interaction with car

First of all, it should be noted that all data from the car
will be transmitted using a special adapter ELM327, which
connects via the OBD-2 port and transmits all data via
Bluetooth. [7]

To get started you need to perform initialization
commands, here are the main ones you need to get started:

e ATZ - Resets the adapter to the factory settings;

e ATLO - Disable line breaks;

ATE1 - Echo on;

ATH1 - Headers on;

ATSTFF - Set the timeout to maximum;

ATDP - [Describe the current Protocol] The
scanner is able to independently determine the
protocol of the vehicle to which it is connected:;

e ATSPO - [Set Protocol h] Command to select the

protocol in automatic mode.

Based on the above commands, you can generate an
initialization string. It will look like this;

Special PID's commands are used to read diagnostic
data. PID (Parameter id's) - codes used to require data from
the ECU, like RPM in idle speed [8].

The main pads support all cars that have an OBD-2
port. There are also sets of commands for certain makes and
types of cars. In our case, the study focuses on basic car
diagnostics, so we use a basic set of commands.

Each car supports a certain set of floors. That is, when
working with a particular car, you need to operate with a
certain set of basic in order not to send the car requests that
it does not support. To do this, you need to fulfill a special
request, to which the car will return all the floors that it
supports. This should be done immediately after the
connection is established.

All queries and answers to them are executed in
hexadecimal.

To install all supported floors, run a special command
with the following code - 0100.

Suppose the car returned the following value -
BB1E3211. Next, we translate the result into the binary
number system.

BB1E3211(16) is equal to 101110110001111000110
01000010001(2).

Using the general floor table shown in Figure 7,
determine which ones are supported.

1 " 1 1 | 0 1 UL " 1 ] 1 L e o 1

2 M 05 06 0T 08|09 0A 0B OC 0D JOE F 1D 12113
1 0 e 1 (0 0 0 0 P o0 0 1

T8 19/ IAIBIICIIDIIEIF 0

Fig. 7: Table of codes

Based on these data, we can determine that our car
supports the following types: 01, 03, 04, 05, 07, 08, 0C, 0D,
OE, OF, 13, 14, 17, 1C, 20.

Now we will use only supported commands to
increase productivity.

This is usually not the whole list of floors, but only a
small part of them, given as an example.

Car errors can also be different and there are separate
commands for them. example:

e 03 - Todisplay saved error codes;

e 0A - To display constant error codes.

As with other teams, car errors come in coded form,
respectively, as in other teams, they need to be decoded to
obtain the necessary information.

After the car responds to the request, you will need to
decrypt its response and find the appropriate code in the
database, and then display all the information about the
error. [9].
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The main advantage of OBD2 technology is the
unification of ports, as well as standards for data
transmission and interaction with them.

It was found that all modern cars, which are equipped
with diagnostic ports of the OBD2 standard, have a
universal standard of interaction with the car, as well as a
certain unified set of commands, which is subject to the
SAE J1979 standard, which allows creating a single
interface for interaction with the car [10].

At the same time, there are nuances, such as the fact
that automakers are free to deviate from this standard, to
introduce their own innovations in their cars, but for my
task of high-level diagnostics, this is not a problem. After
all, based on open sources, the basic diagnostic commands
are universal for most machines.

That is, if there is an open base of basic commands, as
well as their interpretation, most modern cars can be
diagnosed with a universal diagnostic device.

The end user needs to purchase an ELM327 type
adapter, download a special application and use the system.

When developing a software product, it is advisable
to use a flexible development methodology, because when
writing a system, you need to be ready for changes in
requirements and quick correction of shortcomings.

Since, according to the specifics of working with the
ELM327 adapter, requests are sometimes executed for a
long time, due to the fact that data transmission using the
RS232 protocol occurs sequentially, it will be appropriate
to use an asynchronous model of interaction with the
adapter based on messages using broker messages.

The main problem is to check the correctness of
working with this or that car, because the features of
working with them may differ not even between brands or
models, but even between complete sets of the same model,
depending on the presence of certain electronic options
[11].

So after developing a system with basic functions, a
very important stage is testing on different makes and
models of cars. The proposed system will greatly shorten
the time to detect vehicle trouble condition [12].

Obviously, it is impossible to test the product on a
significant percentage of all cars. Therefore, it will be
advisable to organize open beta testing after closed testing,
to encourage owners of different cars to cover a larger
percentage of tested cars and collect data on defects related
to specific models for their further elimination.

Conclusions. As a result of the article, a scheme of
research was developed on the basis of which a software
system will be developed, which will provide opportunities
to use OBD-2 technology to diagnose the car. It will also
contain the functions of the on-board computer, collect
statistics. Also, was researched history of that technology
development, as well as the features of its use in software
systems were analyzed

Different models of scanners currently on the market
were compared and the most affordable and suitable for this
task of high-level car diagnostics was selected. The scheme
of interaction with the car is considered using special
commands that allow you to get any information about the
vehicle in real time.

The practical significance of the obtained results is
that the model of interaction of the car with the help of
OBD-2 technology with the program proposed in the article
is a theoretical basis for the development of a system
analogous to the on-board computer of the car.
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BUKOPUCTAHHS TEXHOJIOT'Ti OBD-2 JUISI JIATHOCTUKH ABTOMOBLJIIB TA ii BUKOPUCTAHHSI
B IHOOPMALUIMHIN CUCTEMI

V cTatrTi po3riIsaaThes 1oCkiuKeH s TexHooril OBD-2 s B3aeMonii 3 60pTOBUMHU CHCTEMaMy aBTOMOOLIIS, CTBOPEHHS YHi()iKOBaHOI CHCTEMH, sKa
MOJKe MPALOBATH 3 PI3HUMHU MapKamu i Moze/siMu aBToMo6iniB. Omcana icropist rexuosorii OBD-2, 1l po3BUTKY, iCHYIOUi CTaHAAPTH Ta 1X BTLTCHHS
y cydacHUX aBTOMOOUIIX. ONHCaHO OCHOBHI AIarHOCTHYHI (QYHKIII, 32 JOIIOMOTOI0 SIKMX MOXKHa OTPHMYBATH iH(pOpMaLilo mpo aBTOMOOILNIb, a TAKOXK
BUKOHYBAaTH HOr0 HalaIITyBaHHs Ta HaJCWJIAHHS HOMY Pi3HUX KoMaH[. [0 TOro » po3IIIsSTHYTO anapaTHy YacTHHY CKaHepy, HOro TeXHIYHi 0COOIUBOCTI,
HIOAHCH B32€MOJI1 3 HUM Ta MPU3HAYCHHs KO)KHOTO 3 Horo miHiB. Tako pO3MISIHYTO KillbKa MOJENel CKaHepiB, sIKi MOXKHA BUKOPHCTOBYBATH IS
po3pobKy wi€i cucteMu. 3po0JICHO BUCHOBKHU PO JOLIIBHICTE X BUKOPHCTAHHS 3 ypaxyBaHHSAM iX MOXIMBOCTeH. PosrisiHyTo icHyrodi mporpami
aHaJOIH, iX OCHOBHI (DYHKIII, IIepeBaru Ta HeJONiKH. Takoxk PO3IIISTHYTO 3aralbHy KOHIIEMIII0 B3aeMofii 3 aBTomoOineM depe3 OBD-2, anroputM
B3a€MOJIii Ta TMOKPOKOBO PO3i0OpaHO B3a€EMOJII0 CKaHepa i aBTOMOOLIL. PO3MISSHYTO MporpaMHy 4acTHHY B3a€MOJII MiXK aBTOMOOIJIEM i CKaHEpOM,
CIeliaNbHi KOIH, [0 BUKOPHCTOBYIOTHCS IS HAJICHIIAHHS 3allUTIB Ta BiANOBiJEH, iX MONAIbIIMI aHAMi3 Ta IHTepIpeTanis y NpUAaTHHN UL TIOANHA
BUTIISAA. BucBiTieHo MOXIMBOCTI mo/10 yHi(iKalii X KOMIB /Ul Pi3HWX aBTOBMPOOHMKIB Ta 6a3y 3arallbHUX KOJIB JUIS CTBOPEHHS yHiBepCaIbHOI
CUCTEMH, siKa Oy/ie MiIXOQUTH VIS Pi3HUX aBTOMOOIIIB Pi3HMX aBTOBUPOOHHUKIB. 3alIpOIIOHOBAHO MOJIEIb TIPOrPAMHOT CUCTEMH, 1110 3MOXE BTUIUTH B
co0i BenMKHH Halbip KOpHCHHX (YHKLIH 11t Oyab-sfKoro aBTOMOOUIiCTA Ta OyJae CyMICHOIO 3 BEIHMKHM YHCIOM CYyJacHHX MAIIHH OOJaJHaHWX
YHIBEpCAIIBHIMHA 3aC00aMH JIIarHOCTHKH Yy TPH I[bOMY BHKOPHCTOBYIOUM JIOCTYITHY MOJIENb CKaHEpy Oe3 3aCTOCYBaHHS Jopororo mpodeciiHoro
o0naHaHHs.
Korodosi ciioBa: ABTOMOOiNB, 6OPTOBHIT KOMIT'IOTEP, KOMIT'FOTEpHA JliarHOCTHKA, ckaHep, OBD2. Indopmariiiina cucrema.
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SPECIFICATION FORMALIZATION OF STATE CHARTS FOR COMPLEX SYSTEM MANAGEMENT

This article presents a formalization approach for the requirements of object-oriented programs with state machines, using a spacecraft control system
as a case study. It proposes a state pattern implementation, where each state is represented as a class with clearly defined responsibilities, and the
transitions between states are controlled by the state objects themselves. Additionally, the application of model checking, theorem proving, and code
generation techniques are discussed. The effectiveness of the proposed approach in ensuring compliance with the specified requirements is demonstrated,
while also identifying potential drawbacks and limitations of the approach. The implementation is validated using a range of formal verification
techniques, including model checking and theorem proving. The article also discusses how the approach can be extended and applied to other complex
systems. Overall, the valuable insights into the formalization of requirements for object-oriented programs with state machines are provided, offering a
practical and effective approach for verifying the correctness and completeness of such implementations. The results of this work have important
implications for the development of safety-critical systems and can potentially improve the quality and reliability of software systems in various domains.
By using mathematical models and rigorous formal methods, it is possible to detect and eliminate errors early in the development process, leading to
higher confidence in the correctness of the final product. Future research in this area could explore the use of more advanced techniques, such as model-
driven development and automatic code synthesis, to further streamline the software development process. Additionally, the development of more
efficient and user-friendly tools could make these techniques more accessible to a wider range of developers and organizations. Altogether, the
combination of formal methods and software engineering has the potential to revolutionize the way software systems are designed, developed, and
verified, leading to safer and more reliable software for critical applications.

Keywords: formal methods, automated programming, state machines, model checking, theorem proving, code generation, object-oriented
programming, spacecraft control, requirements formalization, verification and validation.

Introduction. Formalization of requirements for
automated object-oriented programs involves the process
of translating natural language requirements into a precise
and unambiguous specification that can be used to guide
the development of software systems. Object-oriented
programming (OOP) is a popular approach to software
development that emphasizes modular design, code reuse,
and encapsulation of data and functionality within objects.

To formalize requirements for OOP programs,
developers use a combination of textual descriptions,
graphical models, and formal languages such as Unified
Modeling Language (UML) or Object Constraint Language
(OCL). UML provides a standard notation for modeling
software systems, including class diagrams, sequence
diagrams, and state machine diagrams, which can be used
to visualize the structure and behavior of software
components. OCL is a formal language for specifying
constraints and operations on objects in an OOP system.

One key benefit of formalizing requirements for OOP
programs is that it helps to minimize ambiguity and
inconsistency in the software development process. By
using a formal language to express requirements,
developers can identify potential issues or conflicts early in
the development cycle and ensure that the resulting
software system meets the desired functional and non-
functional requirements. Formalization of requirements
also  facilitates  collaboration among developers,
stakeholders, and end-users by providing a common
language for discussing and refining requirements.

However, formalization of requirements for OOP
programs can also be a challenging and time-consuming
process. It requires a deep understanding of both the
application domain and the OOP paradigm, as well as
expertise in modeling and formal languages. Additionally,
there is a risk of over-specifying requirements, which can

lead to inflexibility and difficulties in adapting to changing
user needs or system requirements. Thus, it is important to
strike a balance between formalization and flexibility, and
to involve all relevant stakeholders in the requirements
engineering process.

Specification Formalization of State Charts.
Specification formalization of state charts involves
defining the behavior of a system using a graphical notation
that represents states, transitions, and actions in a structured
and systematic way [1]. State Charts can be used to model
complex systems and provide a clear and concise way to
specify the behavior of a system [2]. Such formalization
involves creating a precise and unambiguous specification
that can be used to verify the correctness of the system.

There are several formal methods that can be used to
specify and analyze state charts, including model checking,
theorem proving, and code generation. These methods can
help to detect errors in the system design and ensure that
the system meets its requirements.

Formalization of state charts is particularly important
for safety-critical systems, where errors in the system
design could have serious consequences. In these systems,
formal methods can be used to verify that the system meets
safety requirements and that it behaves correctly under all
possible conditions.

An automated state machine can be used to control the
behavior of a vehicle during its mission. The state machine
can be defined using a set of mathematical formulas that
describe the transition between states and the actions to be
taken in each state [3].

For example, let us consider a spacecraft that is
designed to perform a series of maneuvers, including
attitude control, trajectory correction, and payload
deployment. The state machine for this spacecraft could be
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defined using a set of differential equations that govern the
spacecraft's motion and the forces acting on it.

The state variables in this case could include the
spacecraft's position, velocity, and attitude, as well as the
state of its propulsion and control systems. The state
machine could be defined using a set of mathematical
equations that specify the transition between states and the
actions to be taken in each state.

For instance, the state machine could transition from
the attitude control state to the payload deployment state
when certain conditions are met, such as reaching a certain
altitude or orientation. The mathematical formula for this
transition could involve calculating the spacecraft's
position and velocity relative to the payload and adjusting
the attitude and thruster firing accordingly.

Let's present a spacecraft that needs to perform an
attitude control maneuver to align its sensors with a target
object in space. The spacecraft's attitude can be described
by its orientation relative to a reference frame, such as the
Earth-centered inertial (ECI) frame.

The spacecraft's attitude is described by a quaternion

q ::[qO'ql’qZ'q3]7 1)

where g, represents the scalar component and ¢,, g, and
0, represent the vector component of the quaternion. The

goal of the attitude control maneuver is to adjust the
quaternion to a desired value that corresponds to the desired
orientation of the spacecraft. The equations could be
represented using matrix algebra, as follows:

IW+WIlw = BU , )

where | — spacecraft's inertia matrix of the spacecraft,
which is a 3x3 matrix representing the distribution of mass
in the spacecraft about its center of mass;

w — spacecraft's angular velocity vector;

W — skew-symmetric matrix of w;

B - spacecraft's control torque matrix, which
represents the external torque applied to the spacecraft by
the control system. It is a 3x3 matrix that is determined by
the control law used to adjust the spacecraft's attitude;

U — control input vector, which represents the control
commands issued by the spacecraft's control system. It is a
3-dimensional vector that is determined by the control law.

The dot notation denotes the time derivative of a
variable, representing its rate of change over time.

W is a matrix representation of the cross product of w
with itself, defined as follows:

0 -w, w,
W | 3)

The equation (1) states that the rate of change of the
spacecraft's angular momentum (Iw) is equal to the external
torque applied to it (BU), with the skew-symmetric matrix
of w (i.e., WIw) representing the Coriolis and centrifugal
forces acting on the spacecraft. The equation is a second-
order ordinary differential equation and can be solved

numerically to obtain the angular velocity vector w as a
function of time.

The external torque is generated by the spacecraft's
control system, which adjusts the angular velocity of the
spacecraft in response to the error between the desired and
actual quaternion values.

The control torque matrix B and the control input
vector U can be derived using a control law that minimizes
the error between the desired and actual quaternion values.
This control law could be represented using a formula such
as:

B=-k Q-k,W,
{ QK (@)

U=k, q+k,w,

where ¢ is the error quaternion between the desired and
actual orientations, Q is the skew-symmetric matrix of q,

and k, and K, are the proportional and derivative gain

matrices, respectively.

The control law uses the error quaternion and the
angular velocity of the spacecraft to calculate the control
torque and input vectors that adjust the spacecraft’s attitude.

The proportional and derivative gains, k, and Kk, are

tuning parameters that determine the response of the
control system to changes in the error and velocity.

These equations form the basis of a closed-loop
control system that adjusts the spacecraft's attitude to the
desired orientation. The state machine can transition to the
next state once the desired orientation is achieved, such as
when the spacecraft's sensors are aligned with the target
object in space.

Here is an example Python code listing that
implements the formulas described earlier:

import numpy as np
def spacecraft dynamics(I, w, B, U):

Computes the derivative of angular
velocity vector w
Args:

I: 3x3 inertia matrix

w: 3-dim angular velocity vector
B: 3x3 control torque matrix

U: 3-dim control input vector

Returns:
3-dimensional array representing the
time derivative of the angular velocity

vector w

w_dot = np.linalg.inv (I).dot (-
np.cross(w, I.dot(w), axisa=0, axisb=0) +
B.dot (U))
return w_dot
This code defines a  function called

spacecraft_dynamics that takes as input the spacecraft's
inertia matrix 1, angular velocity vector w, control torque
matrix B, and control input vector U, and computes the time
derivative of w using the spacecraft dynamics equation. The
numpy module is used to perform the necessary matrix
operations, such as matrix inversion and cross products.
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State Charts in OOP Domain. In the "State" object-
oriented design pattern, each component of the model
would have its own state object that encapsulates the
behavior and data specific to that state [4]. Here's how the
state objects could be defined and described for each
component of the spacecraft dynamics model:

1. Angular Velocity State: represents the current
angular velocity of the spacecraft. It has a single variable,
w, that stores the current angular velocity vector. The state
object provides methods to update the angular velocity
vector and to compute its time derivative using the
spacecraft dynamics equation.

2. Inertia State: represents the current inertia matrix
of the spacecraft. It has a single variable, 1, that stores the
current inertia matrix. The state object provides methods to
update the inertia matrix.

3. Control Torque State: represents the current
control torque applied to the spacecraft. It has a single
variable, B, which stores the current control torque matrix.
The state object provides methods to update the control
torque matrix.

4. Control Input State: represents the current control
input commands issued by the spacecraft's control system.
It has a single variable, U, which stores the current control
input vector. The state object provides methods to update
the control input vector.

Each state object has its own set of methods that allow
it to interact with other states and components in the
spacecraft dynamics model. For example, the Angular
Velocity State might have a method that computes the
Coriolis and centrifugal forces acting on the spacecraft,
given the current inertia matrix, and control torque and
input states. Similarly, the Control Input State might have
a method that generates control input commands based on
the current spacecraft state.

Using the "State" design pattern can help to
modularize the spacecraft dynamics model, making it
easier to modify and extend in the future. By encapsulating
the behavior and data specific to each state in its own
object, the overall complexity of the model can be reduced,
and its overall structure made more maintainable [5].

In the provided spacecraft example, the states can be
replaced with each other through a process of state
transitions. This means that as the spacecraft system runs,
each state object can update its own internal state and then
transition to a new state object, which will take over control
of the system.

The process of state transition can be controlled by the
spacecraft control software, which can determine when a
state object should transition to a new state based on certain
conditions. For example, the control software may trigger a
state transition when a certain time has elapsed, when a
certain event occurs, or when certain sensor readings meet
certain thresholds [6].

To implement state transitions in the spacecraft
control system, each state class should implement an
update() method that updates its own internal state, and
then returns a new instance of a state class that represents
the next state of the system. The control software can then
update the current state object with the new state object,
allowing the system to transition to the new state.

For example, the AngularVelocityState class might
implement an update() method that reads sensor data to
calculate the current angular velocity of the spacecraft, and
then returns a new instance of a state class that represents
the next state of the system based on that velocity. This new
state object might be an instance of the InertiaState class,
which would update the system's internal state based on the
current inertia of the spacecraft.

Overall, by implementing state transitions in this way,
the spacecraft control software can dynamically switch
between different state objects to control the spacecraft
system in a safe and reliable manner.

Formal Methods of State Chart Analysis. To use
model checking, theorem proving, and code generation
with the spacecraft example, we can first start by creating a
formal specification of the system using a modeling
language such as Statecharts or Mermaid. This formal
specification will represent the desired behavior of the
system, including the states and transitions between them,
as well as any constraints or requirements that must be
satisfied [7].

Once the formal specification is created, we can use
model checking and theorem proving techniques to verify
that the specification is correct and satisfies the desired
requirements. Model checking involves automatically
verifying that a model of a system satisfies a given set of
properties [8]. Theorem proving, on the other hand,
involves manually proving that a model satisfies a set of
logical properties using formal logic and mathematical
reasoning [9].

Finally, once we have verified that the formal
specification is correct, we can use code generation
techniques to automatically generate code that implements
the desired behavior of the system. This code can be written
in a programming language such as C or Python and can be
used to control the behavior of the spacecraft in accordance
with the formal specification as illustrated in fig. 1.

AngularVelochtyState ControlTorquesState

value: doubie + value: doubie

~updater() ; voxd supdatey) : void
~getvalue|) @ doudle sgetValue() : double
A r
wpdates dopends or wpdates depends an  copends on  updates
. " - *
inertiattate ControlinputState
« yalue: double + value: double
implewents nplermentsy
supdated) | vord updated ) © vold
spetValuwe() ; double spetVatue) ; doubls

mplemonts implemonts

IState

supdatey) : vold

Fig. 1. State chart implementation for the spacecraft

In fig. 1, each state class (AngularVelocityState,
InertiaState, ControlTorqueState, and ControllnputState)
contains a value property, update() and getValue()
methods. The update() method changes the state of the
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object, while the getValue() method retrieves the current
value of the object's state.

The IState interface contains only an update() method,
which is implemented by each of the state classes.

This diagram represents the relationships between the
four state classes and the IState interface that they all
implement. It also shows the dependencies between the
states (for example, AngularVelocityState depends on
ControllnputState) and the state updates (for example,
InertiaState updates AngularVelocityState).

Overall, the use of model checking, theorem proving,
and code generation can help ensure the correctness and
reliability of the spacecraft's control system and can help
mitigate the risks associated with space missions [10].

First, model checking can be used to verify that the
state transitions in the spacecraft control software are
correct and satisfy the system requirements. A model of the
spacecraft control software can be created, and the model
checker can explore all system states to check that the
software behaves as intended under all possible conditions.

Second, theorem proving can be used to formally
prove that the state transitions in the spacecraft control
software are correct and satisfy the system requirements. A
formal specification of the spacecraft control software can
be created, and the theorem prover can use mathematical
logic to prove that the software satisfies the specified
requirements.

Finally, code generation can be used to automatically
generate executable code from the formal specification of
the spacecraft control software. The formal specification
can serve as a precise and unambiguous description of the
software behavior, and the code generator can
automatically generate code that faithfully implements the
specified behavior.

By applying these formal methods to the spacecraft
control software, we can ensure that the software is correct
and reliable, and that it satisfies the system requirements.
This can help to reduce the risk of errors and malfunctions
in the software.

Model Checking. To verify that the spacecraft
control software behaves correctly under all conditions, we
can model the software using a state machine and use a
model checker to explore all possible system states and
check that the software behaves as intended [11]. Here is
an example of a state machine model in Promela, a
modeling language for the Spin model checker:

mtype = {IDLE, ACCELERATING,
DECELERATING} ;
mtype state = IDLE;
active proctype spacecraft() {
do
state == IDLE ->
state = ACCELERATING;
state == ACCELERATING ->
state = DECELERATING;
state == DECELERATING ->
state = IDLE;
od

In this model, the spacecraft can be in one of three
states: IDLE, ACCELERATING, or DECELERATING.
The spacecraft transitions between states based on certain
conditions, and the model checker can explore all system
states to check that the software behaves correctly under all
conditions.

Theorem Proving. If we want to prove that the
spacecraft operates as expected we can use a theorem
prover to create a formal specification of the software, and
then use mathematical logic to prove that the software
satisfies the requirements [12]. Here is an example of a
specification of the spacecraft software in Z notation:

state HEES IDLE | ACCELERATING
DECELERATING

SPC ::= [state: state]

InitSPC == state = IDLE

AccelerateSPC == state = ACCELERATING

DecelerateSPC == state = DECELERATING

NextSPC == AccelerateSPC \/
DecelerateSPC \/ (state = IDLE /\ state' /=
IDLE)

This specification defines the initial state, the state
transitions, and the constraints on the possible state
transitions. We can use a theorem prover to prove that the
specification is correct, and that the software satisfies the
specified requirements.

Code Generation. When there is a formal
specification of the spacecraft control software, and we
need to automatically generate executable code that
implements the specified behavior, we can use a code
generator to automatically generate code from the formal
specification [13]. Here is an example of how we could
generate C# code from the Z specification above using the
Zing code generator:

public class SPC {
private enum state {
ACCELERATING, DECELERATING };

private state state = state.IDLE;

public void AccelerateSPC() {
_state = state.ACCELERATING;

}

public void DecelerateSPC() {
_state = state.DECELERATING;

}

public void NextSPC() {

IDLE,

if (_state == state.IDLE) {
_state = state.ACCELERATING;
} else if (_state ==

state.ACCELERATING) {
_state = state.DECELERATING;
} else if (_state ==
state.DECELERATING) {
_state = state.IDLE;
}
}
}

Contract Compliance. To ensure compliance with
the contract of the states in the spacecraft example, we can
use a combination of static code analysis tools and
automated testing.
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Static code analysis tools can help detect violations of
coding standards and best practices, as well as potential
errors and vulnerabilities in the code. These tools can
analyze the code and flag any violations of the interface
contract, such as missing or incorrect method signatures or
non-compliant access modifiers.

Automated testing can help ensure that the code
adheres to the interface contract by verifying that each state
class behaves as expected [14]. Unit tests can be written to
verify that the update() and getValue() methods of each
state class perform their expected functions, and that the
state transitions between the classes are correct. Integration
tests can also be written to test the system as a whole, and
to verify that the interactions between the state classes are
correct.

By using both static code analysis tools and automated
testing approach, we can ensure that the code adheres to the
contract of the states and prevent bugs and errors in the
system.

State Chart Implementation Concerns. The state
pattern provides a way to encapsulate state-specific
behavior in separate classes and allows for the object's
behavior to change dynamically as its state changes [15].
While the state pattern can be a useful tool for designing
complex software systems, there are potential drawbacks to
its implementation:

1. Increased memory usage: as each state object
maintains its own internal state and any associated data, this
can lead to increased memory usage, which may be a
concern in systems with limited memory resources;

2. Complex object interactions: as the state objects
interact with each other to transition between states, the
code can become more complex and difficult to follow.
This may make it harder to debug and maintain the code
over time;

3. Potential for errors in state transition logic: the
transition logic between states is implemented in each state
object's update method, which may lead to errors if not
implemented correctly. For example, if the state transition
conditions are not properly defined, the system may get
stuck in a certain state or transition to the wrong state.

4. Increased development time: implementing the
state pattern can be more time-consuming than other
approaches to managing state, such as using a switch
statement or if-else blocks, which may lead to longer
development times and increased costs.

5. Potential for performance issues: as the state
objects update and transition between states at run time, this
may introduce performance overhead and impact the
system's overall performance.

Conclusions. The use of formalization techniques
such as model checking, theorem proving, and code
generation can greatly enhance the reliability and safety of
automated systems such as spacecraft control systems. By
formalizing the system requirements and specifications,
potential errors and bugs can be caught early in the
development process, reducing the risk of catastrophic
failures.

In the context of the discussed spacecraft example, it
was demonstrated how the use of state machines and the

state design pattern can provide a structured approach to
modeling and implementing complex control systems.

The use of formal methods for developing reliable and
correct software systems was explored, specifically in the
context of state machines.

The results present a detailed example of using the
state pattern to model the behavior of a spacecraft and how
formal verification techniques can help ensure the
correctness and completeness of the system design. The
article demonstrates how model checking can be used to
detect potential errors and violations of the system
requirements and how theorem proving can be used to
formally verify the accuracy of the system's behavior.

Despite the benefits of using formal methods for
developing state machine-based systems, there are also
some limitations and challenges that need to be addressed.
Some of the drawbacks of using this approach, such as the
complexity of the mathematical models and the high
computational costs of verification techniques, have been
discussed.

Overall, the use of formal methods is a promising
approach for developing reliable and correct software
systems based on state machines. By ensuring the
correctness and robustness of state machine-based systems,
we can increase their security and overall quality, which is
especially important for safety-critical systems such as
those used in aerospace and transportation.
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®OPMAJIBAIIA CHEHUPIKALIIT CXEM CTAHY JUISI YIIPABJIHHS CKJIAJTHUMHA CUCTEMAMM

V crarTi npecTaBieHo miaxia gopmaisaii /Uit BAMOT 00’ €KTHO-OPi€HTOBAHHX MPOTPaM i3 KiHIIEBUMH aBTOMAaTaM1 3 BUKOPHCTaHHAM SIK PHUKIIaTy
CUCTEMH KepYBaHHS KOCMIYHUM arapaToM. 3alporOHOBAHO peasli3allilo madlIoHy CTaHy, 1€ KOXKEH CTaH MPEACTAaBICHO SIK KJIac i3 4iTKO BU3HAYEHUMH
000B’sI3KaMH, a TIEPEXOIM MK CTaHAMH KOHTPOJIIOIOTHCS CaMUMH 00 €KTaMH cTaHy. KpiM TOro, o0roBOPIOETHCS 3aCTOCYBAHHS METOJIIB MEPEBiIpKH
Mogieri, TOBeleHHs TeopeM i reHepanii koxy. IIpomeMoHCTpoBaHO e(eKTHBHICTH 3alpOIIOHOBAHOTO IMIAXOAY WIOAO0 3a0e3MedeHHs BiIIOBITHOCTI
3a3HaUYEHUM BUMOTaM, a TAKOXK BUSBJICHO MOTEHI[IHHI HEJOMIKH Ta OOMEXEHHS Miaxoay. Peanizaliis nepeBipg€eThest 3a 1OMOMOrol0 HU3KH (POPMaIbHUX
METOJIIB TIEPEBIPKH, BKJIIOYAIOYM MEPEBIPKY MOJENI Ta IOBEJCHHS TeopeM. Y CTaTTi TaKOX OOrOBOPIOETHCH, SIK IEH MiJIXiJl MOXKHA PO3LIMPUTH Ta
3aCTOCYBATH JIO HIINX CKJIAJHUX CHCTEM. 3arajioM, HaJJaHO JeTalbHy iH(popMallifo moao Gpopmaisarlii BUMOT 10 00’ €KTHO—Opi€HTOBaHMX MPOTpaM i3
KIHIIEBUMH aBTOMAaTaMHu, 1110 MPOMOHYE MPAKTUYHUH Ta epEeKTUBHUM MiAXi U1 IePEeBIPKU MPaBHIBHOCTI Ta MOBHOTH TaKMX peanizauiid. Pesynbratu
i€l poOOTH MalOTh BRKJIMBE 3HAUEHHS JUIS1 PO3POOKH KPUTHYHO BKIMBUX VISl OE3MIEKH CUCTEM 1 MOTEHIIHHO MOXKYTh ITiIBULLIUTH SKICTh 1 HaAilHICTh
MIPOrPaMHUX CHCTEM Yy Pi3HUX 00JacTsX. 3a JOMOMOIO0 MaTeMaTHIHMX MOJeNel i CTPOruX popMabHIX METO/IB MOXKHA BHSBUTH i YCYHYTH IIOMIJIKH
Ha PaHHIX CTAJisIX MPOILECY PO3pOOKH, 110 Bee A0 OLIBIIOT BIEBHEHOCTI B MPaBHIBHOCTI KiHIIEBOTO MPOAYKTY. MaiOyTHI JOCTIKEHHS B LiH ramysi
MOXYTb BUBYMTH BUKOPHCTAaHHS OilbILI MEPEIOBHX METOJIB, TAKHX SK po3poOKa HA OCHOBI MOJEINI Ta aBTOMAaTUYHHUNA CHHTE3 KOAY, IS MOAANBIION
ONTHMI3alii Tporecy po3poOKH mporpamHoro 3abesnedeHns. KpiM Toro, po3pobka OinbIn epeKTHBHHX 1 3pydyHHMX iHCTPYMEHTIB MOKE 3pOOHTH Iii
METOM OUTBII JTOCTYITHHMH JUIsl IIMPOKOTO KOJIa pO3POOHUKIB i opraHizaimiid. 3aranom, noeqHaHHs (HOpMaTbHUX METOAIB 1 pO3POOKU MPOrpaMHOro
3a0e3MeueHHs] Ma€ MOTEHIlial PEBOMIOIOHI3YBATH CIIOCIO MPOEKTyBaHHS, PO3POOKHU Ta MEPEBIPKU CHCTEM IPOrPaMHOro 3a0e3Me4eHHs, CTBOPIOIOYHN
OesreyHinle Ta HaJlilfHIIIe MporpaMHe 3a0e3MeYeHHs Ul KPHTHYHNX POTPaM.

Kurouosi ciioBa: popManbHi METOM, aBTOMAaTH30BaHE MPOrPAMYBaHHs, KiHIIEBI aBTOMAaTH, MEpEBipKa MOJIENI, TOBEACHHS TEOPEM, TeHepallis
KOy, 00’ €KTHO—OpIEHTOBaHE MPOrpaMyBaHHsI, YIIPABIiHHSI KOCMIYHUM KopabiyieM, (opmaiizarist BUMOr, Bepudikaiis ta Bamifaris.
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AHAJII3 THOOPMAINIMHUX TEXHOJIOI'TH JJISI JUCTAHIIMHOI ITEHTH®IKALIT JUHAMIYHUX
OB’€EKTIB

PosrisiHyTO IpobiieMy ineHTH(iKanil AMHAMIYHEX 00’ €KTIiB 3 BUKOPHCTAHHAM 1H(QOPMaLifHUX TEXHOJOTiH JucTaHNiiHOI ineHTH(IKamii. 3a3HaueHO,
o ifeHTHOIKAL pyXOMUX 00’ €KTiB Ma€ Ba)XK/IMBE 3HAUECHHS B Pi3HUX cdepax, BKIIOYal0YN aBTOHOMHI TPaHCIOPTHI 3aCO0H, MEINYHY JiarHOCTHKY Ta
poboToTexHiky. Mera cTaTTi HoJSrae B aHami3i pi3HUX iHMOPMAIIHHAX TEXHOJIOTIH BUSIBICHHS 00’ €KTIB, Ki MOXYTh OYTH BUKOPHUCTaHI B MaiOyTHIX
JIOCIIJDKeHHAX 3 UCTaHLIHHOI inenTndikamii. [IpoBeseHo aHani3 MeTONiB BU3HAYEHHS MBHUAKOCTI SK AUHAMIYHOTO IIapaMeTpy, aHali3 JBOKPOKOBHX
Ta OJIHOKPOKOBUX METOJIIB BiJTalIeHOI iieHTH(]iKallii 00’ €KTiB, aHai3 paHHIX METO/IB ieHTH(]IKALIii, a TAKOX aHaJIi3 METOJIIB MOKPALICHHS BiIa1eHOT
inentudikanii 06’ekTiB. Po3risiHyTO KijbKa 3aC00iB BH3HAYECHHS PyXy 00’€KTIiB, 30KpeMa, MpOMOpPLiHHO-iHTerpaabHO-Au(bepeHIaTbHAI PEryIsTop,
MeTon OJIOKY BHpiBHIOBaHHS, (ha30Ba KOPEIIILis, alTOPHTMH IIKCEIbHOI peKypcii Ta MeToan ontuyHoro notoky Jlykaca — Kanani, Xopna — llyHka,
®dapHOeKa, TycToro onTHIHOro noToky. Li 3aco6n MoxxyTs OyTH BUKOpHCTaHI JUIsi e()eKTHBHOTO BU3HAUCHHS PyXy 00’€KTIB Ta imeHTH}iKanii iXHbOT
LIBUIKOCTI HE3AJICXKHO BiZl pO3MIpy Ta MOJOKEHHS 00’ €KTiB. PO3IIsIHYTI ABOKPOKBI Ta OMHOKPOKOBI METOM BUSIBICHHS 00 €KTIB: METOI PETiOHIB 3i
3rOPTKOBUMH HEHPOHHHMH MepekaMH, HOro IOKpalleHHs, MepeXi IyliHry IpocTopoBoi mipamimu, meron "Tu nuBuiics mume oxuH pas”,
OJHOKPOKOBHII 0araTopaMKOBHII METOJI, MEpeXi CITKIBKH, KyToBa Mepexa, EHTpalbHa Mepexka Ta TpaHc(opMep BUSIBICHHS, SIKi BAKOPHCTOBYIOTH
Pi3HI MiAXOQH IS MOKPAIICHHS MPOAYKTHBHOCTI Ta TOYHOCTI BHSBICHHs 00 ekTiB. IligKpecaeHo HeoOXiMHICTh BUKOPUCTAHHS METOMIB 3rOPTKOBHX
HEHPOHHUX Mepek Ta Mepex IIyJIiHTy IIPOCTOPOBOI MipaMiau 1t eheKTHBHOI ineHTH]ikanii 06’ €KTiB HE3aIEKHO Bijl IXHBOTO PO3MIPY Ta IOJIOKEHHS.
TIporoHyOThCS HOBI I IXO/H, SIKi JO3BOJISIIOTH CTBOPIOBATH NPECTAaBICHHS (DiKCOBAHOI JTOBXHMHH JJIs 00OpOOKH 300pa’keHb Ta PErioHiB iHTepecy, a
Takox MeTonu Bionu — J[)koHCa, ricTorpaMi Opi€HTOBaHUX IPami€HTIB, Mozemi qehOopMOBaHHX YaCTHH. JIOCTiDKEHHsT B 001acTi BUsABICHHS 00 €KTIB
CIPHAIOTH PO3BHTKY 1H(POPMALIHUX TEXHOJIOTIH Ta IOKPAIICHHIO ePeKTUBHOCTI CHCTeM ineHTHdikanii xuHaMivHUX 00’ekTiB. IlImsaxoM ormsimy Ta
aHAaJT3y Pi3HUX METO/iB Ha/JaHi PeKOMEH/IAIIii JUTs IOCTIAHNKIB i MPAKTHUKIB, IO MPAIIOOTh Y Taly3i JUCTaHIiHHOT ineHTndikamii IMHaMiYHIX 00’ €KTIB.

Kuarouosi ciioBa: J{ucranmiiina igeHtidikamis THHAMIYHAX 00’ €KTIB, BUSIBICHHS 00’ €KTiB, ONTHYHHUI MOTIK, AIeHTU(IKALIIS IBHIKOCTI, TIHO0KE
HaBUYaHHS, 3TOPTKOBI HEHPOHHI Mepexi.

Beryn. [lucranuiiiHa ineHTHdikamis mapaMeTpiB
quHamiuHux 00’exriB (JII1JO) cnpsimoBana Ha igeHTH-
¢ikauito mapamerpiB 00’€KTIB Ha BiJCTaHI 3 BHKOpPHUC-
TaHHSM PI3HUX JATYUKIB Ta 300pakeHb 1 € MiAraay3sio
BusiiieHHs: 00’ektiB (BO). BO € dyHnameHTansHuM
3aBIaHHAM B 00JacTi KOMII'FOTEPHOTO 30py 3 pi3-

HOMaHITHUMH 3aCTOCYBaHHSIMH, TaKUMHM SK Harjsg,
aBTOHOMHI TpPaHCHOPTHI 3aco0u, poOOTOTEXHiKa Ta
po3ymHe BupoOHUITBO. OcHOBHOIO Meroro BO €

imeHTHdIKaIis TapaMeTpiB BUSBICHHX 00’ €KTIiB, BKIIO-
Yaroud TOJOXEHHS, po3Mip, (opMy Ta Opi€HTAIIo.
Hanmano KOpOTKHMI OISy MiIXOMIB 10 BiJJIAJICHOTO
BHU3HAYEHHS MapaMmeTpiB 00’€KTa, BKIIOYAIOYH METOAU
BU3HAYCHHS LIBHJKOCTI SIK JWHAMIYHOTO Mapamerpy,
METOIM Ha OCHOBI MOJEIIEH, METOAN HA OCHOBI MAIIMHHOTO
HaBYaHH, METOAM Ha OCHOBI o3Hak. Iligxix Ha OCHOBI
MAIlIMHHOTO HAaBYaHHS BKJIIOYA€ BUKOPUCTAHHS PI3HUX
ITOPUTMIB HaBYAHHS, TAaKUX SIK TTMOOKE HABYAHHS IS
BU3HAYECHHS MapamMeTpiB 00’e€KTa 3 BEJIMKOTO HabOpy
JAHUX 3 MITKaMu 300pakeHb. Lle mocimimkeHHs miaKpec-
JIIOE B@KJIMBICTH BiJIaJIEHOrO BHM3HAYEHHS IapaMeTpiB
o0’exkTa 1 Hajae IWiHHI TOCWIAHHS HA PECypcH I

() ®

JIOCHIIZIHUKIB Ta MPakKTHKIB, [0 TNPalOTh B ranysi
KOMIT FOTEPHOTO 30DYy.

Merta Ta 3aaa4i focjaigkeHHs. Merta cTaTTi nonsrae
B anani3i meroais IO s BukopucTaHHs B MaliOyTHIX
JOCIHipKeHHsX. [l1s1 OCSTHEHHS] METH TTOCTaBJICHO 3a1aui:

1) mpoaHami3yBaTH METOAM BU3HAYEHHS MIBHAKOCTI
SK AMHAMIYHOTO HapaMeTpy.

2) mpoaHaiizyBatu MeTo i BO Ha 0CHOBI 3TrOPTKOBHX
HelipoHHUX Mepex (3HM);

3) npoaHanizyBaTu panHi Mmetoau BO;

4) mpoaHai3yBaTH METO.IH, sIKi MOKpamyTs BO.

Metoan BU3HAYEHHSI PyXy 00’ekTiB. [Ipomopiriii-
Ho-iHTerpanpHO-Tudepermiansanid (I1I1) perymsrop Bu-
KOPUCTOBYEThCS Uil BM3HAUEHHs pyXy a0 MIBUAKOCTI
o6’exra. llelt perynarop BKIOYa€ TPHU KOMITOHEHTHU:
MPONOPUiHHUH, iIHTeTpaIbHU Ta qudeperniatpanil. [Ipo-
MOpIliifHAa CKJIaJ0Ba BPAaxXOBY€ MOTOYHY IOMMIIKY MiX
3371aHOI0 1 ()aKTUYHOIO BETMUUHOIO, 1 IPOIIOPLIHHO 301J15b-
1rye abo 3MEHIye BUXIJHUH CHTHAJI JJIsI HAOJVDKEHHS JI0
3a7aHoTO 3HadeHHs. Lle 703Boisie MIBUAKO pearyBaTd Ha
3MiHHM 1 BIIMOBIATH HAa HUX MPOMOPIiiHO. [HTerpampHa
CKJIaJI0Ba HaKONMYY€ MOMMJIKH B 4Yaci Ta BPaxoBYE iX y
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BuXigHOMY curtaii. l{e nonomarae ycyHyTn craiaui ctaH
MTOMIJIKH 1 3a0e3medye TouHime perymoanns. JudepeH-
IiaJbHa CKJIaJ0Ba OLIHIOE IIBUIAKICTG 3MIHM MOMMIIKH 1
3MIHIOE BUXIJHUH CHI'HAJI JUIs 3MEHIICHHS OCIMIALIN Ta
301IbIIEHHS CTA0OUIBHOCTI CUCTEMH. 3aBISIKM KOMOIHAIl
mux TpboxX ckiamoux IIIJI-perymsaTop mo3Bomse edek-
THBHO BW3HAYaTH PyX abo MBUAKICTE 00’e€kTa 1 Hama-
TaeThesl 3MEHIIUTH TMOMMJIKY MK 3aJaHUM 3HAUCHHAM 1
(akTHIHUM CTaHOM 00’€KTa. MeTo 1 60Ky BUpPIBHIOBaHHS
(bB) BUKOPUCTOBY€ETHCS ISl BU3HAUCHHS PyXy 00 €KTIB Ha
Bifgeo3amucax. 300paXeHHsI PO30MBA€THCS HA OJIOKH, 1 IS
KO>KHOTO OJIOKY BUKOHYETBCS TIOIIYK BiJITIOBITHOTO OJIOKY
Ha HacCTYITHOMY KaJipi. MeTo 60Ky BUPIBHIOBaHHS MOYXKE
OyTu 3aCTOCOBaHMI Ha PI3HUX pIBHAX, HANpHKIaJ], Ha
miKceIbHOMY piBHI a00 Ha piBHI mipamian 300pakeHb. Bin
€ TIPOCTHM Ta €PEKTUBHUM METOJIOM JUISl BUSIBIICHHS PyXY
Ha Bijeo3ammcax, OJHAaK HOrO TOYHICTH MOXE OyTH
HenocTaTHhol0. PazoBa KoOpewALis € OJHUM 3 METOJIB,
SIKHH MOX€ BUKOPHCTOBYBATHUCSI JUTSI BU3HAUYEHHS PyXy a00
IIBHIKOCTI 00’€KTa B KOMIT IOTEpHOMY 30pi Ta 00poOii
300paxens. Lleil MeTom IpyHTyeThCs Ha BHKOPHCTAHHI
¢a3oBoi iHpoOpMamii B CHTrHaJaX 300pakeHb I
BUSIBJICHHS TIEPEMIIIIEHHS MK KaapaMu abo N1abjioHOM Ta
BXI1IHUM 300pakeHHIM. AJITOPUTMH MIKCEILHOT peKypCii €
METOJaMH, $SIKi BHMKOPHCTOBYIOTh aHaJi3 IMIKCENiB B
300paxenHi. KoxkeH mikcesnb y 300pa)KeHHI aHali3yeThCs
OKPEMO 1 MOPIBHIOETHCS 31 CBOIMH CYCIMHIMH MiKCEIAMU
abo mormepeaHiMH KaJpamMu 300pa)KeHHS. 3a JI0IOMOTO0
AITOPUTMIB Ta METOIIB OOPOOKH, TaKUX SK MOPIBHIHHS
IHTEeHCUBHOCTI, TPaJi€HTIB, KiacTepu3amis abo BHKOpPHC-
TaHHSI [MAOJOHIB, MOKHA BHUSABUTH 3MIiHY MO3MIIi abo
3HAYCHHS MIKCEIs 1| BU3HAYUTH IMIBHIKICTh PyXy 00’€KTa.
Takox po3poOJIeHI METOAM ONTHYHOTO MOTOKY. Meton
onTHYHOTo NoToKy Jlykaca-KaHaay BUKOPHCTOBYE iHTEH-
CUBHICTh MIKCENIB /Ul BU3HAYEHHS ONTHYHOTO IMOTOKY 1
0azyeThbcs Ha anpoKCUMAIli{ JIOKaJIbHOTO PIBHSHHS Pi3HUII
IHTEHCHBHOCTI 3 BHMKOPHCTaHHSM METOJy HaHMEHIINX
kBaapatiB. Meron ontuyHOro moroky Xopaa — Illyrka
TaKOX BUKOPHCTOBYE IHTCHCHBHICTH IMIKCENIB 1 IIAJIKICTh
ONTHYHOTO TOTOKY, (hopMyItoe 3amady ONTHMIamil Juis
3HAXO/KEHHS TI00aTbHOTO ONTHYHOTO TOTOKY 3 MiHiMi-
3ami€ero (YHKIOHATY eHeprii. MeTol ONTHYHOTO TMOTOKY
dapHOeka BUKOPHCTOBYE METOJ| ampoKcHMamii MOJiHO-
MaMM Il BU3HAYEHHS ONTHYHOTO MOTOKY, AJTOPUTM
moOymoBH TipaMiam At OOpoOKH 300pa)KeHb pi3HHUX
pO3MipiB i OTpUMaHHS TOYHUX pE3ynbTaTiB. Meron ryc-
TOTO ONTHYHOTO NOTOKY BUKOPHCTOBYE T'YCTY CITKY TOYOK
JUIsl BU3HAUYEHHS ONTHUYHOIO IMOTOKY Ha 300pa)keHHI Ta
Hajae indopmariro mpo pyx B obnactsax 300paxenns [13].

Metoaun Ha ocHoBi 3HM. VY 2012 p. BigOymocs
BigpomxeHHd 3HM. OcHoBY Akux mmie nmokmagaeHo y 1998 p.
S1. JlekyHOM Ta BHMKOpHCTaHi JJsl pO3IMi3HABaHHS PYKO-
nucHuX 1udp. Ockinbkun 3HM MOXyTh HaBuaTucs CTii-
KAM 1 BHCOKOPIBHEBMM O3HaKaMm 300paxeHHs, y 2014 p.
st BO 3anponoHoBaHO METOJ PETiOHIB 3i 3rOPTKOBHMH
Helipouanmu Mepexxamu (MP3HM). 3 rtoro wacy BO
MoYajo MIBUAKO EBOJIOLIOHYBAaTH. Y  TIHOMHHOMY
HaBYaHHI BHJIULIIOTH JBI TPymH METOAIB. ''MeToan 3
JBOKPOKOBOIO apXiTeKTyporo" 1 "MeTou 3 0AHOKPOKOBOIO
apxiTeKkTyporo", Je Tepin pOo3TAdaroTh BHSBJICHHS SK
"rpybe 1m0 TowHOTO", a ApYri SK "3aBEepIICHHS 3a OIWH

kpok". Y MP3HM cnouvatky 3mifiCHIOETBCS BHIIJICHHS
Ha0Opy MPOMO3uIlii 00’€kTiB, TOOTO Kanaunarie y BO.
[ToTiM KOXXHY HPOIIO3HUIIII0 MacIITa0YIOTh JI0 300pakeHHs
(iKCOBaHOTO pO3MiIpy Ta BBOJSATH Y MONEPEIHHO HABUCHY
mozaens 3HM, mo6 orpumaru o3naku. Hapemri, miHiitHi
omopHo-BekTopHi Mamman (OBM), ski Ha3HBaOTHCS
OBM-kiacudikaTtopaMn, BUKOPHUCTOBYIOTHCS OIS IIPOT-
HO3y HAasBHOCTI 00’€kTa B KOXHIH o0nacTi Ta AN BH-
3Ha4eHHs Kiacy o0’ektiB. MP3HM 3HauHO mOKpamrye
pe3ynpTaTH Ha BHOIpHI Bi3yadbHHX 00 €KTIB KIaciB.
Henonikom MP3HM € HaaMmipHi OOYHCIEHHS O3HAaK Ha
BEJINKIM KUIBKOCTI NMPONO3MLiH. 3 OZHOro 300pa)KeHHS
Moxe Oytu monaa 2000 npsIMOKYTHHUKIB, L0 PU3BOAUTH
JIO HaJ[3BUYAHO MOBUIBHOT IBUIKOCTI BUSBICHHS, TIOHA]
14 cexyHn Ha onHe 300pakeHHS 3 BUKOPHCTAHHIM
rpadiynoi kaptu. Y 2014 p. Oyiu 3anpornoHoBaHi Mepexi
nyJiHry npocropoBoi mipamiau (MIIIIIT), sixi 1o3BONSAIOTH
TeHEepyBaTH TPEICTaBJICHHS (IKCOBaHOI MOBXKMHM He3a-
JISKHO Bix po3mipy 300pakeHHS abo perioHy iHTepecy.
Bukopucrtanas MIIIIII go3Bosse 00YUCIUTH O3HAKHA JIUIIE
OIIMH pa3 g BCHOTO 300paKEHHs 1 MOTIM 3reHepyBaTH
mpeAcTaBiICHHs (IKCOBaHOI JOBXKHHH ISl  PETiOHIB
iHTEpecy, 10 MPUCKOPIOE MPOLeC BUSBICHHS 0€3 BTpaTtu
tounocti. Hemonikamu MIIIIIT € HeoOXigHICTh OaraTokpo-
KOBOT'O HaBUaHHS Ta (JOPMyBaHHS MOBHO3B’S3HUX LIAPIB,
irHopytoun mnonepenHi mapu. Y 2015p. P. Tipmmk
3anpononysas mBuaAkud MP3HM (IIMP3HM), sxuii €
yaockoHanenusm MP3HM ta MIIIIIT. HIMP3HM no3Bo-
Jsl€ OJJHOYACHO HAaBYaTH METOJ Ta perpecop OOBEICHHS
NPSIMOKYTHUKIB B paMKaX OJHAKOBOi KOH}iryparmii
Mepexi. Xoua IIIMP3HM ychimHO moeqHye mepeBaru
MP3HM Ta MIIIIII, #oro mBHAKICTh BHSIBJICHHS BCE IIIE
oOMe)keHa BUSBICHHSIM Tpornosutiii. ¥ 2015 p. 3amporro-
HoBaHO HaamBuakuii MP3HM (HMP3HM), sikuit mpaitoe
Maibke B peanbHOoMy dYaci. Y HMP3HM BropoBamkeHi
MEpEeXi PETiOHIB MPOIO3MIIiHA, 10 A03BOJISIE MPAKTUIHO
0E3KOIITOBHO TeHepyBaTu Mponosuiii perioxis. [lpu
nepexozi Bix MP3HM no HMP3HM OinbluicTs OKpeMux
omokie cuctemu BO, Taki SK BHIUICHHS IPOIO3HMIIIH,
BUJIYYCHHS O3HAK, perpecis 00BeCHHS MPSIMOKYTHHKIB Ta
iHIII, OyJIH MOCTYIOBO IHTETPOBaHI B €IMHY HaBYAJIbHY
paMKy 3 KiHIIA [0 KiHIs. X0d9a Bee IIe 30eperiacs Belnka
KUTBKICTh 00YHCIIeHb Ha HacTymmHOMY kpoti BO. Y 2017 p.
3aMpoOINOHOBaHi mipamMifanbhi Mepexi o3Hak (IIMO). o6
He BUKOHyBaTH BO nmme Ha KapTax O3HaK BEPXHBOTO
mrapy Mepexi, po3pobiieHa apxiTeKTypa 3BepXy BHH3 3
OluHMMH 3B’S3KaMK s 1OOYIOBH  BHCOKOPiBHEBOT
ceMaHTHKX Ha Bcix mkanmax. Ockinbku 3HM mpupomHO
dbopMye mipaminy O3HaK Mia Yac MPSIMOTO TONIUPEHHS,
IIMO ynockonamunu BO 3 pi3sHOMaHITHIMH MacIITabaMu.
Bukopuctanas IIMO B 6a3oBiii cuctemi HMP3HM
JIOCSTII0 Halikpamux pesynbraTiB BO 3 BukopucTaHHSIM
onuiei moneni. [IMO cranu ocHOBHMM OyaiBeIbHUM OI10-
KOM 0araTtb0x MalOyTHIX MeTOAiB. TakuM YHHOM, BilIpOJ-
JKEHHs 3TOPTKOBUX Helpomepex y 2012 p. cnpuumHHUIO
PEBOJIOIII0 B BHUSBICHHI 00’€KTIiB. /IBOKPOKOBI METOJH,
nouynHaroun 3 MP3HM, posBuBanmcs 3 HebadeHOIO
HIBHJIKICTIO, 1110 Tipu3Betio 1o nossn HMP3HM — nepmioro
MeTOoJla TTMOMHHOTO HAaBYaHHS Maibke B pealbHOMY 4Yaci.
IIMO mnokparmmau BO 3a 1o1moMororo apxiTeKTypHu 3ropH
OHM3Y 1 OIYHUX 3B’SI3KIB IS MOOYJ0BH BHCOKOPIBHEBOT
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CEeMaHTHKHU Ha BCIX IIKajgax. MeToan 3 OZHUM KPOKOM Ha
OCHOBI 3rOPTKOBUX HEHPOHHHX MEPEX MOXYTh BUSBIISTH
Bci 00’eKTH 3a OJUH KpOK. BoHHM momynsipHi cepen
MOOUTBHUX MNPUCTPOIB 3 (YHKUIIMH, SIKIi BUKOPHCTO-
BYIOTBCSI B peajIbHOMY 4aci Ta IPOCTOTI pO3TOPTaHHs, ajie
iX MPOAYKTHUBHICTH MOMITHO 3HWXKYETHCS IPH BUABJICHHI
TYCTO pO3TamIOBaHWX Ta Maimmx o0’ektiB. Y 2015 p.
3alpONOHOBAHO MeTOA «TH AMBHUIICS nWIIE OXUH pasy»
(MTJJIOP). MT/IJIOP mpaioe Haa3BHYAWHO IIBHAKO i
BHKOPUCTOBYE OIHY HEHPOHHY MEpexy s 0OpoOKH
moBHOTO 300paskeHHs. Jnsas MT/JIOP xapakrepne 3HH-
YKEHHsI TOYHOCTI JIOKai3alil MOPiBHIHO 3 JBOKPOKOBUMHU
METOJIaMH, OCOOJIUBO JJISl ISSIKMX Majiix 00’ ekTiB. Takox
y 2015 p. OyB 3amponoHOBaHUI OJHOXOJOBHil OaraTo-
pamkoBuit Meron (OXBM), sikuif 3HAUHO MOKpAILy€E TOY-
HICTh OJIHOKPOKOBHX MeToliB BO, 0cobnmuBo ais eBHUX
Manmux 00’ekTiB. OXBM BusIBIIIE O0’€KTH Pi3HUX Mac-
mTabiB Ha pi3HHX mapax mepexi. Y 2017 p. mocmimkeHi
NPUYMHHA BiJCTAaBaHHA 3a TOYHICTIO Bi JBOKPOKOBHX
Metonie BO i 3ampomonoBani mepexi citkiBku (MC).
BoHn BHsSBWIHM, IO OCHOBHOIO MNPUYMHOIO € He30aiaH-
COBaHICTh KJIACIB IIEPEIHBOTO Ta 3aJHBOTO IUIAHY. 3 II€0
Meroro B MC Oyna BBeJeHa HOBa (yHKLis BTpar IIij
Ha3Bow0 "(oKycoBaHa BTpaTa", m00 METOM OLIbIlC yBaru
3BEpTaB Ha CKJIaJHI HEBIPHO KiacH(iKOBaHI IPHUKIIAIH ITij
Yac HaBYaHHSA Ta JOCSATHEHHS TakKoi JX TOYHOCTI B
MOPIBHSIHHI 3 JIBOKpOKOBMMHU MeToxamu. Y 2018 p. BBe-
neHo kyroBy mepexy (KM). s BupimerHs npobiem 3
HEPIBHOMIPHICTIO KJAciB, BEJHKOI KUTBKICTIO PyYHHX
rimepmapaMeTpiB i TpUBaIUM YacoM 30DKHOCTI Oyna Bif-
KHHYTa TONepeHs MapajurMa BUSBICHHS Ta PO3IIISTHYTa
3amada mependadeHHs kmodoBux Todok (KT). Iicms
orpumanHs KT KyToBi Mepexi po3rpylnoByIOTh Ta 3HOBY
rpymyiote KT. ¥V 2019 p. K. XKoy Ta iH. 3anpomnoryBaim
Lentpansny Mepexy (LIM), sxa takox BukopucroBye KT,
ajyie BUKJIIOYA€E BUTPATHI MICISIPOLECH, TaKi SIK IPyrnoBe
NPU3HAYCHHS KIIOYOBUX TOYOK (kK y KM, excTpemanbHiii
Mepexi Tomo) Ta He MakcuMaibHe npuaymenHs (HMID),
10 MPU3BOAWTH 1O TOBHOIIHHOI Mepexi BHUSIBICHHS
KiHelp 10 KiHig. [[M BBaxkae 00’€KT OJHIE€I0 TOYKOIO,
TOOTO IIEHTPOM 00’€KTa, 1 perpecye BCi Horo aTpuOyTH,
Taki SK po3Mip, Opi€HTAlis, PO3TAllyBaHHSI, Ha OCHOBI
MOCHJIAHHS Ha [EHTPAJIbHY TOUYKY. MOJeb € IPOCTOI0 Ta
@JIETaHTHOIO, 1 MOXX€ BHKOPHCTOBYBATHChH JJISI TPHOXBHU-
MipHoro BO, O1iHKY 103M JIIOAWHH, BUBUYCHHS ONITHYHOTO
MOTOKY, BHM3HAYEHHsS TJIMOMHM Ta IHIIMX 3aBIaHb. Y
2020 p. H. Kapion Ta iH. 3amponoHyBaiud TpaHchopmep
BusiBieHHs (TPBU), ne Borm posrmsimanu BO sk 3amauy
nepenOayeHHss MHOXHHHM Ta 3alpolOHYBAJIH MEpeKy
BHSIBJICHHSI 3 BUKOPHCTaHHSM TpaHcopmepiB. IlizHime
K. Xy Ta inmi 3ampononysanu nepopmosanuii TPBU ms
BUpIMIEHHS NpobyieMu Benukoro vyacy 30i>kHocti TPBU Ta
00MeXeHOI MPOAYKTHBHOCTI BUSIBICHHSI MaJIMX 00’€KTIB,
mo Jjano Halkpami pesyiasrath. BO € KpuTH4HUM
3aBIAaHHSIM Y KOMIT'IOTEpHOMY 30pi. OJHOKDOKOBI Ta
JBOKpoKoBI Meroqun BO wmarote cBoi mnepeBarn Ta
Hepouikn. OgHOKpokoBi MeToau BO, Taki sk MTJIOP,
OXBM, MC, KM Tta IIM matoTh nepeBaru y MOOiTbHHUX
3aCTOCYHKAX 1 CIIEHApisX PeaTbHOTO Yacy 3aBASKH CBOTH
MPOCTOTI Ta IIBHUIKOCTi, TOMi SIK JABOKPOKOBI METOIM €
OiybI TouHUMH, aie moBinpbHIUME. TPBU BimoOpakae HOBY

epy y BUSBIICHHI 00 €KTIB, /¢ BUKOPUCTOBYIOTHCSI TPAHC-
¢dopmepu, a nepopmosanuii TPBU nocsr Halikparoi mpo-
JyKTUBHOCTI.

Panni metoau BO. Y 1990 x pokax paHHi alrOpUTMHU
BO Oynn noOynoBaHi Ha OCHOBI IITYYHO CTBOPEHHUX O3HAK.
e meromn Biomm — J[xoHCa, TicTOrpaMu Opi€HTOBaHHUX
TpazieHTiB, MOJEINi HAa OCHOBiI AeOpMOBaHHX YacTHH. Y
2001 p. I1. Bioma Ta M. J[>KOHC BHepIe TOCSTIIA BUSBICH-
HS JIOJACHKUX 00NMY B peanpHOMY 4aci. Ilparroroun Ha
nporecopi Pentium III 3 TakroBoto wactoToro 700 MI'm,
Meton Biomm—/{xonca (B/]) OyB B mecsatku abo HaBiTh B
COTHI pa3iB MIBUALINM 3a iHIII aJITOPUTMH CBOTO Yacy Mpu
nopiBHsiHHI TouHOCTI BO. Meton B/l BukoprcToBye BikHa
MOUIYKY ISl POXOKEHHS 4epe3 BCI MOMIIMBI MiCIS Ta
MacmTabu Ha 300pa)keHHi, I100 MepeBipUTH, YU MICTHUTH
BIKHO ITIO7Icbke 00nmuus. Meron BJl 3HayHO mOKpamiue
mBuaKicTs BO, TO€IHABIIA TPU BaXIJIMBI TEXHIKH:
iHTeTpaJbHEe 300pakeHHS, BHOIp O3HaK Ta KacKagHi
knacudikaropu. Y 2005 p. H. Jaman ta b. Tpurrc 3ampo-
MOHYBAJII METOJ TICTOTpaMH OpIEHTOBAHUX TPATi€HTIB
('OI'). Meroxn I'OI' € BEOCKOHAICHHSIM METOAY IHBa-
piaHTHOrO 10 MaciTady MEPETBOPEHHS O3HAK Ta METOMY
KOHTeKCTiB hopmu. Jl7st 3a0e3neyeHHs OanaHcy iHBapiaHT-
HOCTI O3HAaK, WLIO BKIIOYAIOTh TPAHCILLII, MacliTa-
OyBaHH, OCBITJICHHS 1 T. 1., Ta HemiHiAHOCTI MeToa ['OI"
PO3paxoBYETHCSl Ha MIUJIBHIN CITHI PIBHOMIPHO pO3TAIIO-
BaHMX KOMIPOK 1 BUKOPHCTOBYE JIOKaJIbHY HOpMaJIi3allilo
KoHTpacTy Ha "Onokax". [{ns BO pisHOro po3mipy MeTof
I'OI' 3MiHIOE MacmTa®d BXIZHOTO 300pa)KCHHS IEKiJbKa
pasiB, pU IIbOMY PO3MIp BIKHA BUSIBJICHHS 3aJIUIIAETHCS
HeamiHHEM. Meton 'Ol cTaB Ba)IMBUM (QyHIZaMEHTOM
it Oaratbox MeroniB BO 1 MIMPOKOTO  CIEKTPY
3aCTOCYBaHb y Taly3i KOMII'IOTEPHOTO 30py HPOTSITOM
OaraTpoxX pokiB. Meton Moxen aepopMOBaHHX YacTHH
(MAY) zanpononosanwuii I1. @ensrenmsantom y 2008 p.
gk posmmpenHs merona ['OI'. Bin cuinye ¢inocodii
"po3minsit 1 maHyi", ae HaBUAHHS PO3MIIAIAETHCS SK
BUBUEHHSI croco0y po3knaaanHs o0’ekra. Hampukian,
3agauy BO "aBroMoOinb" MoxHa poskiactu Ha BO iioro
BIKOH, Ky30Ba Ta kojic. Meroq M/IY P. Iipiink po3upus
UL poOOTH 3 00’€KTaMH Y peallbHOMY Yaci 3 OLTbIIIMHA
BapiamismMu. Lli MeTogm Maim TOTEHIIan pO3BHUTKY,
cydacHi TexHiku BO, 3acHOBaHI Ha TTHOOKOMY HaBYaHHI,
e(eKTHBHIIII 3aBIIKA aBTOMATHYHOMY BHBUCHHIO PO3IIi3-
HaBaJIbHUX O3HAK 3 BEIMKUX HabopiB nanux [4-20].

Mertoau, aki nokpamyots BO Ha ocHoBi 3HM. VY
2017 p. Xy Ta iHII 3ampoONOHYBAId MEPEXi BiJHOLICHb
(MB) mns BO: agantoBaHuWii MOIyJb yBarh Ta MOIYIIh
BITHOMIEHb 00’€KTa, SKWHA BPAaXOBYE B3aEMOJII0 MiX
pi3HUMHM [UIAMH Ha 300pakeHHi, BKIIOYAOYH iX
XapaKTepHi 03HAKH Ta TeOMETpUUHY iH(hopMaIiro. Moayib
BiTHOIICHb 3aMiHsi€ KpoK micisa o0poOoku HMII, mio
JIO3BOJISIE TOCATTH OUTBIIIOT TOUHOCTI opiBHstHO 3 HMIL. ¥V
2018 p. Mait Ta iHmi 3anporoHyBanmu aedopMOBaHi
croptkoBi Mepexi (JCM). KHM moxyTh (okycyBaTucs
TUIBKM Ha O3HaKaxX (hiKCOBAHOTO KBaJIPaTHOTO PO3MIpY.
JCM MoxyTh cTBOpIOBaTH Je(OpMOBaHE SIpO, a 3Mi-
ImIeHHS (DIKCOBAHOTO PO3MIPY BiJ IOYATKOBOTO KOHBO-
JIFOLIHHOTO $/Ipa 3HAXOAMUTHCS IIUIIXOM HABYAHHS MEPEK.
JlebopMoBaHuii IMyJIIHT TaKOX MOXE aIanTyBaTHCS IO
po3TanryBaHHS YacTHH JJIs1 00’ €KTIB 3 pi3HUMH (HOPMaMHU.
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JACMBI1 nocsr 3HayHOrO mokpaieHHs: TouHocti. JJCMB2
BUKOPHCTOBYE Oinblie 1eOpMOBAHMX KOHBOJIOLIIHUX
mapis, Hbk JICMB1. ABtopu 3 ['yrmt Mo3Kky BUKOpHCTAIH
MOUIYK HEHPOHHHMX apXiTeKTyp Ul 3HaXOJDKEHHS HOBOI
apXiTEeKTypu WipaMigy O3HAaK, SKy Ha3Bald IOUIYKOM
apxitektypu HeripoHHoi Mepexi (IIAHM) IIMO. Bona
CKJIQJAETHCS 3 MiAKIIOUCHD 3BEPXY BHU3 1 3HU3Y Bropy I
00’emHaHHA O3HAaK pi3HHX MacmrabiB. IlmaxoMm moBTO-
penns apxitektypu [IMO omHoro i Oimpmre pasiB Ta ix
KOHKAaTEHAI[il CTBOPIOETHCS BENMKA apXiTeKTypa IiJx Jac
MIOIITYKY, BUCOKOPIBHEBI MIapH O03HAK BUOHMPAIOTH O3HAKU
pi3HuX piBHIB. JlofaBaHHsS JOMATKOBUX MEpPEX IMipamij,
30UIBIIEHHST PO3MIPHOCTI O3HAK 1 BUKOPHCTAaHHS BEJIMKO-
MICTKHX apXiTeKTyp 3HA4YHO MiJBHIIYIOTH TOuHICTH BO
[21-23].

Xy Ta CriBaBTOpHU 3aIlPONOHYBaJIK MOAYJb 00’€KTO-
BUX BimHOWICHb it BO, skuii BpaXoBYy€ B3aEMOMII0 MiXK
OUTSIMA Ha 300pa)keHHi, 3aMIHIOIOYH KpPOK MiCII00pOOKH
HMII i mocsratoun Bucokoi TouHocti. JJCMB2 BuKopuC-
TOBye Oinmbine aeopMoBaHMX mapiB Ta (YHKIII0 MiMi-
KyBaHHS O3HaK IS IOKPAIIEHHS 1e(OPMOBAHOTO €PeKTy
ta touHocti BO. ITAH IIMO - me momryk Heipoap-
XITEKTYpU IS HOBUX apXITEKTyp MipaMigu O3HAaK, IO
CKJIaJal0ThCs 3 MIAKIIIOYEHb 3BEpXY BHU3 1 3HU3Y BrOpY, sIKi
MOXYTh TEHEPYBaTH OCOOJMBOCTI BHCOKOI PO3ALIHHOT
3JaTHOCTI [ BHSABIIEHHS MaluX O0’€KTiB, a CTEKiHT
JIOAaTKOBUX ITIPaMiTHUX MEPEeX 1 JoIaBaHHS PO3MIPHOCTI
03HaK 3HAYHO MiJABUIIYIOTH TOYHICTH BusiBieHHs. LIIBun-
KICThb BHSBJICHHS MOXX€ OyTH MOKpalieHa 3aBASKH BH-
BYCHHIO TPhOXBUMIpHOT hopmu 06’exTta [24].

CKIIaIHICTh BiICTe)KEHHS Ta imeHTH(]iKamii 00’€KTiB
KaMepaMH CIIOCTEPEXEHHS B peaslbHUX YMOBax MOJIATaE B
HECTaOUIFHOCTI Pe3yNbTATIB CIOCTEPEKCHHS, HAIIPUKIIA],
30ypeHHAX, BUKIMKAHUX 3MIHOIO BHIUMOCTI 00’ €KTa CITo-
crepexxenust [25].

Hepcnexktusu JAIMAO. Poszsutoxk HAIIO € Baxk-
JIUBUM JUTS peajtizalil Oe3miIOTHIUX aBTOMOO1IIB Ta 1HIITHX
ABTOHOMHHUX TPAaHCHOPTHHX 3aco0iB. IneHTndikamis
LIBUKOCTI, PO3MIpy, MOJIOXKEHHs Ta OpieHTalii 00’ €KTIB
Ha JOpO3i MOXE JONOMOITH B YHUKHEHHI 3ITKHEHb Ta
3a0e3neueHni 6e3nexu. JIITO € BaXIMBUM €IEMEHTOM B
poOoTOTEXHiIl, e pOOOTH MOBHHHI B3a€MOJISTH 3 PyXO-
MHUMH 00’ €KTaMH B HABKOJHITHROMY cepenosutii. 110
€ B)XJIMBUM KOMIIOHEHTOM CHCTEM BiJICOCIIOCTEPEKECHHS
Ta 3a0e3medeHHs Oesmexu. AIIIJO moxe Oytm 3acToco-
BaHa /ISl MOHITOPUHTY HAaBKOJHUIIHBOTO CEpelOBHIIa,
TaKoOTO SK BHSABICHHA PYXOMHX O0’€KTiB Ha BYNHIIX, B
aepornoprax abo B MPOMHUCIOBHUX MaigaHunkax. [le moxe
3a0e3meunT Oe3MeKy, BHUSBJICHHS HE3BHUYAHHOI aKTHB-
HOCTI Ta BYAaCHE pearyBaHHS Ha BHUIAIKH aBapii 49U
nopymens. JITT/I0 moxxe OyTu 3acTocoBaHa B MEIWYHIiM
JIarHOCTHIII J1s1 BU3HAYCHHS XapaKTePHCTHK PyXY OpPraHiB
Ta TKaHWH. Hampukian, BHU3HAYEeHHsS MIBHJIKOCTI KPOBO-
TOKy abo pyXy cepus MOXe JOIOMOITH Y BHSBICHHI
aHOMAaJIid Ta JOMOMOITH B PaHHIN JIarHOCTHIN XBOPOO.
Bona Mosxe OyTH BUKOpHCTaHA /I BUSBICHHS M1103p1LINX
I, BIICTE)KEHHS PyXy Ta imeHTUdIKaIil 0cib a00 00’ €KTIB
y pexuMmi peanbHoro vacy. JIIIJIO moxxe OyTH BHKO-
pUCTaHa IJs TOKPAIICHHSA BIPTyaJlbHOI pPeajbHOCTI Ta
pos3mmpeHoi peanbHOCTi. Ile m03BONSE B3aeMOMIATH 3
PYXOMHMH 00’€KTaMH Y BipTyaJbHOMY CEpeIOBHINI abo

PO3LIMPIOBATH peallbHUH CBIT 3 JOAATKOBOIO iH(OpMamiero
PO PyX Ta mapameTpu 00’€KTiB. B irpoBUX i CIOPTUBHUX
obmactsax JIITJIO moxxe OyTH BHKOpHCTaHA JJIS aHATI3Y
pyXy TpaBLiB, TPEHYBaHHS Ta IOKpALICHHS CTpaTerii.
Bona 103BOsIE BUMIpIOBaTH HIBHUAKICTH, TPAEKTOPIIO Ta
1HII XapaKTePUCTUKU PyXy 00’ €KTIB y peKUMi peaIbHOTO
qacy.

BucnoBku. Ilix dac mepiony BO Ha ocHOBI
TTHOOKOTO HaBYAHHS BiOYIIOCS 3pOCTaHHS BUKOPUCTAHHS
CTOPTKOBUX HEHPOHHHUX MEPEXK, SKi CAMOCTIHHO BUBYAIOTh
o3Haku Ta 3xiiicHioTs BO. Meton B/l BukopucTOoBYyBaB
o3Hakn Xaapa i aJTOpPUTM aJaNTHBHOTO MiJCHICHHS IS
BUSIBJICHHSI 0014 y peanbHOMY 4aci. /IMY Ga3yBaBcs Ha
MOJIeTl MIKTOpiaJIbHOT CTPYKTYpH 1 BHKOPHCTOBYBaB
cymim yactus 11 BO. B HMP3HM Brepiuie Bukopucrasi
MPII i oTpuMaHi cydacHi pe3ysbTaTu Ha Pi3HUX KOHTPOJIb-
HUX HaOopax manHux i BO. VYV mepiox BusBIEHHS Ha
OCHOBI TJIMOOKOTO HaBUAHHS BiJI3HAYAIOTHCS KUTBKA BaXK-
JUBHUX METOJIB, sKi Oa3yBaimcs Ha TTHOOKUX HEHPOHHHUX
Mepexax, 30kpema OXM ta MTIJIP y 2016 p., MC y
2017 p. OXM BHKOPHCTOBYBaB OIHY MEPEXYy SK LIS
Jokamizamii 00’exTiB, Tak i anmsa kmacudikamii. MTIJIP
BUKODHCTOBYBaB OJIHy MEpPEXYy [Uli HPOTHO3YBaHHS
OXOIUTIOIOYMX MNPSMOKYTHHUKIB Ta HMOBIPHOCTI KiaciB
6e3nocepeHbO 3 MOBHUX 300pakeHb, a MC BBiB QyHKIIiI0
(dokycoBaHOI BTpaTH, siKa BHpillyBaia npobdiemMy He30a-
nancoBaHocTi kiaciB y BO. JIITTJIO BigHOCUTBCS 1O TIPO-
necy ineHTu(dikanil Ta BIICTEXEHHS PyXy Ta MOBEIIHKH
00’exta y peanpHOMY 4aci. Lleit mporec 3anexuts Bix BO,
gKe Tependadae BH3HAUEHHS HAsSBHOCTI Ta MiCIe3Ha-
XOJDKEHHS 00’ ekTa Ha 300paxxenHi a0o Bineokazpi. 11O
€ BXXJIMBOIO Ta aKTyaJIbHOIO MPOOIEMOI0, a 3aCTOCYBaHHS
PI3HUX METONIB, BKJIIOYAIOYM Ti, IO 0a3ylOThCI Ha
3TOPTKOBHX HEHPOHHHMX MEpeXax Ta ONTHYHOMY HOTOII,
JIO3BOJISIE JIOCSITTH BUCOKOI TOYHOCTI Ta MPOAYKTUBHOCTI B
npolieci BUSsIBIICHHs Ta iieHThdiKkaiii 00’ eKTiB.
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ANALYSIS OF INFORMATION TECHNOLOGIES FOR REMOTE IDENTIFICATION OF DYNAMIC
OBJECTS

The problem of identification of dynamic objects using remote identification information technologies is considered. It is noted that the identification of
moving objects is important in various fields, including autonomous vehicles, medical diagnostics and robotics. The purpose of the article is to analyze
various information technologies for detecting objects that can be used in future research on remote identification. Analysis of methods for determining
speed as a dynamic parameter, analysis of two-step and one-step methods of remote identification of objects, analysis of early identification methods, as
well as analysis of methods for improving remote identification of objects was carried out. Several means of determining the motion of objects are
considered, in particular, the proportional-integral-differential controller, the leveling block method, phase correlation, pixel recursion algorithms, and
the optical flow methods of Lucas — Kanady, Horn — Shunk, Farnbeck, dense optical flow. These tools can be used to effectively determine the movement
of objects and identify their speed regardless of the size and position of the objects. Two-step and one-step object detection methods are considered:
region method with convolutional neural networks, its improvements, spatial pyramid pooling networks, "You only look once™ method, one-step multi-
frame method, retinal networks, corner network, central network and detection transformer, which use different approaches to improve the performance
and accuracy of object detection. The necessity of using methods of convolutional neural networks and spatial pyramid pooling networks for effective
identification of objects regardless of their size and position is emphasized. New approaches are proposed that allow creating fixed-length representations
for image processing and regions of interest, as well as Viola — Jones methods, oriented gradient histograms, and deformed part models. Research in the
field of object detection contributes to the development of information technologies and the improvement of the efficiency of dynamic object
identification systems. Through the review and analysis of various methods, recommendations for researchers and practitioners working in the field of
remote identification of dynamic objects are provided.

Keywords: Remote identification of dynamic objects, object detection, optical flow, velocity identification, deep learning, convolutional neural
networks.
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