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Key words: d-function, When design engineers are creating new design methods, it is important for
asymptotic method, hybrid them to have analytical dependencies to assess the impact of the parameters and
approximation by perturbation external loads of the system under study on its stability and dynamic behaviour.
and WKB-methods, variable This is used to create heterogeneous structures for aerospace engineering, the
coefficients, approximate construction industry, and mechanical engineering. The solution of a large
analytical solution, singular number of mathematical physics problems that boil down to the necessity of
nonlinear differential equation. solving singular differential equations with variable discontinuity coefficients

is often based on the use of numerical methods that do not allow for a
qualitative analysis of the dependencies obtained. A feature of this work is the
development of a hybrid WKB-Galyorkin asymptotic approach to the solution
of nonlinear singular (with a “small” parameter at the older derivative)
differential equations with variable discontinuous coefficients in the presence
of a 6-function in the right-hand side. An approximate algorithm of analytical
solution suitable for solving of mathematical physics applied problems using
the perturbation method, which allows estimating the influence of the nonlinear
component of the equation and computer algebra. is proposed. As an example,
a nonlinear Duffing type differential equation with variable coefficients
is considered. Particular attention is paid to the influence of the nature of
the change in the coefficients of the main singular differential equation on
the effect of the presence of a d-function in the first derivative. Numerical
results of analytical solutions (depending on the value of the parameters of
the asymptotic development in two approximations) and comparison of the
approximate analytical solution with the direct numerical solution of the
problem under study are provided. Using computer algebra software package
“Mathematica”, graphs of the results of calculations of the main equation of
the problem are constructed by the direct numerical integration and the hybrid
asymptotic method.
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TBPUJIHAN ACKMIOTOTUYHUM NIAXII 1O PO3B’SI3AHHS
HEJIHINHUX TU®EPEHIIAJBLHUX PIBHSIHD 31 SMIHHUMH
KOE®ILICHTAMM 3A HASIBHOCTI 5-®YHKIIT
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Knrouosi cnosa: 5-gynxyis,
acuUMnMOmMu4HUL Memoo,
2ibpudHa anpoxcumayis 3a
Memooamu 30ypeHHss ma

BKb, 3minni koegiyicnmu,
HAORUNICEHUT AHATTMUYHUL
PO38 30K, CUHSYNIAPHE HeNIHiliHe
ougheperyianvre pigHAHHSL.

Js iHXKeHepiB-KOHCTPYKTOPIB y CTBOPEHHI HOBUX METOMIB MPOEKTYBAaHHS
BOXJIMBO, 100 ICHYBanM aHANITUYHI 3aJ€KHOCTI AJS OIIHKHU BIIIUBY
napaMeTpiB 1 30BHIIIHIX HaBaHTaXeHb JOCHIIKYyBaHOI CHUCTeMH Ha ii
CTaOUIBHICTE 1 JUHAMIYHY TOBEIiHKY. lle BHKOPHCTOBY€ThCS y CTBOPEHHI
HEOIHOPITHUX  KOHCTPYKIil  aepokocMiuHOi  TexHikW, OymiBeNbHOI
IPOMUCIIOBOCTi, ~MAIIMHOOYAyBaHHsA. BupimeHHs BeIMKOi  KUIBKOCTI
3aa4 MaTeMaTHYHO! (Pi3HKH, IO 3BOIAATHCSA A0 HEOOXIIHOCTI pO3B’S3aHHS
CHHTYISIDHUX JU(EepeHIiaTbHUX pIBHSAHb 31 3MIHHUMH  PO3PHUBHUMHU
Kkoe(ilieHTaMy, 4YacTilmie 3a Bce 0a3ylOTbCs Ha 3aCTOCYBAaHHI UHCEIBHUX
METO/IIB, IKi HE JO03BOJIAIOTH SKICHO MPOAHaNi3yBaTh OTPUMaHI 3aJIeKHOCTI.
OcobnuBicTio  pobotu €  po3Butok  ribpugnoro  BKb-lamsopkin
ACUMOTOTUYHOTO MiAXOAYy 1O pO3B’S3Ky HENIHIHMX CHHIymspHUX (i3
«ManuM» HapaMeTpoM MpHU CTaplIiil MOXigHii) IudepeHIialbHUX pPiBHSIHb
31 3MIHHMMH PO3PUBHUMH Koe(illieHTaMH 3a HasgBHOCTI O-(pyHKIIT y mpaBiit
YaCTHHI 31 CTBOPEHHSIM QJITOPUTMY HAONIHKEHOTO aHAJITUYHOTO PO3B’S3KY,
IOPUAATHOTO 1O BHPILIEHHS NPUKIAJHMX 3a7ad MaTeMaTH4yHOI (i3uku i3
3aCTOCYBaHHSIM METOAY 30ypeHHsI, SKUH J03BOJISIE OI[IHUTH BIUIUB HENiHIHHOT
CKJIaJI0BOi YAaCTHHU PIBHSHHS, Ta KOMII'IOTepHOi anrebpu. Sk mpuxnazn
po3mIsLIaeThCsl HeMiHiMHe audepeHmiagbHe piBHAHHSA THIY [lrod¢inra.
Oco6m1Ba yBara npuijieHa BIUIUBY XapaKkTepy 3MiHU KOe(illi€HTiB OCHOBHOTO
CHHTYJISIPHOTO IU(EepeHIIIaNbHOTO PiBHSIHHS Ha e(peKT HasBHOCTI O-(pyHKmii
npu nepuriil moxinHii. Hanani yucenbHi pe3ynbTaTH aHATITHYHUX PO3B’S3KiB
(3aJIeXKHO BiA BENIMYMHM HapaMeTpiB aCUMITOTHYHOIO PO3BHHEHHS Y JIBOX
HAOMIDKEHHAX) 1 TOPIBHSAHHS HAOIMKEHOTO aHANITUYHOTO PO3B’SI3KY i3
IOpSMUM YHCEITBHUM PO3B’SI3KOM JOCHIPKYBaHOI 3a/1a4i. I3 BUKOpUCTaHHIM
IporpaMu KOMI'IoTepHOi anrebpu «Mathematicay mnoOymoBaHi Tpadiku
pe3yabTariB 00YMCICHh OCHOBHOTO PIBHSHHS 3aja4i 332 MPSMHUM YHCEIbHUM
IHTErpyBaHHAM i FiOPUIHUM aCHMITOTHYHUM METOIOM.

Introduction. Numerical calculation methods,
which are often used to construct new structures with
variable parameters dependent on coordinates and
time, for example, multilayer plates and shells of
revolution made of variable mass composite materials,
which are subjected to external pressure dependent

Computer Science and Applied Mathematics. Ne 1 (2024)

on time, do not provide reliable analytical results
and require a significant amount of computer time.
Therefore, the exact solution of nonlinear singular
differential equations with variable coefficients and
8 -function, with the help of which such structures
are built, is an urgent problem for the theory of
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differential equations. As a result, in recent years,
for the analytical solution of such problems, hybrid
asymptotic methods based on perturbation methods
and phase integrals (WKB method) have been used
[1-10], which make it possible to construct fairly
accurate approximations that do not depend on the
value of the parameters in the first derivative. The
purpose of the research is to create an algorithm for an
approximate analytical solution of the equation. The
object of the study is a non-homogeneous nonlinear
differential equation with variable coefficients and a
d -function on the right-hand side.

1. Formulation of the problem of solving a
nonlinear differential equation with a é-function
on the right-hand side. Approximate analytical
solution using the hybrid asymptotic approach.

The basic differential equation of the problem of
the dynamics of systems with discrete-continuous
characteristics and time-varying coefficients in a
nonlinear formulation has the form:

V() +a(t)y' (t)+o’ (1) y(1)=
==N(0)y*(1)=v(1)y'(1)3(1~1,),
where o (1)= o, B (1).

Dividing both parts of the equation by ?, we
have:

(1

S +a(y(O]+B0r0=

o, > 1 —natural oscillation frequency,

8(1—1,)

N =uN, (t ) )

p — nonlinearity parameter (p<0).

The resulting equation is a prototype of the Duffing
differential equation with cubic nonlinearity. To solve
such an equation, we will use the hybrid asymptotic
approach. Using the perturbation method, we present
the function y(7) in the form of an asymptotic series
according to the parameter p :

Y() =y (1) +wy (£) + 12y, (1 Zuy, e

We obtain the equation in the first approx1mation
after substituting equation (3) into equation (2):

& o (1) + (1) v (1) ] +B(2) 3 (1) =
=7 (1) y, (£)8(¢—1,).

Using the WKB method (method of phase
integrals), the homogeneous equation is:

& [y (1) +a(t)y, ()] +B(1)», (£)=0  (5)

and solution will be obtained in the form:

— the Dirac function,

“4)

Computer Science and Applied Mathematics. Ne 1 (2024)

ni-c exp@[fslﬁ% (t)—“—’)“)@(’)jdt}
(6)

Considering that:
1
0u: (1) = 4B (1) )

solution (6) can be represented in the form:

v (1)= expl:ija(t)%(;))dt:l.

.[Cl cos(k(t)) +C, sin (k (t))]

where k() =[e"B" (1) dr. (9)
Solution (8) is simplified if o(r)=0. We use a
hybrid approach:
o ()= C cos(k(t))+C,sin(k(z)).  (10)
The method of variation of arbitrary constants

makes it possible to obtain a solution of the
inhomogeneous equation (4):

o (1) =C, (t)cos(k())+C,(t)sin(k(r)). (11)
To find the constants C,(z) and C,(r), we
substitute (11) in (4), we have the first derivative:

Yo ()= k'(t)[—Cl (t)sin(k(t)) +G, (l)cos(k(t))] +
+C, (t)cos k(1)) + C, (¢)sin(k(1))
The second derivative has the form:

o (1) =k"(1)[ =C, (¢)sin (k(£)) + C, (¢)cos k(1)) ] +

@®)

(12)

+k’(l)[—C' (t)sin(k(1))+C, (l)COS(k(l))]-i- (13)
k2 (1)[=C, (1) cos (k (1)) = C, (r)sin (k (1)) ]
Provided that: p

(=" l(t) (14)

we substitute (11), (12) and (13) into equation (4):
I k"(t)[f sm( t)) cos( (t))}r
)

+k' (t)[ sm( (t) cos( (t))}+ +
e || +k" (1) -C (¢ )cos(k(t))——C (¢ )sm( (t))}
(z

&}

15
[ s1n(k(t ) cos(k(t))}+ (15)

| C (1) cos( )+C2(t szn( )
+u(z)[Cl(t)c0s(k (1))+C, (¢)sin(k(r) )J ()it 1)L

After some simplifications we obtain a system
of algebraic equations for finding the unknown
constants C,(¢) and C,(r), provided that £"(r) can
be neglected:

ISSN 2786-6254



sm(k(t)) =0

oo (k1) = F (1)
where F (¢ ):_k’_(t)yo( )8(¢—1,). (17)

We find the functions C,(7) and C,(r), taking

Latmtone
7(1)

into account the properties of the Dirac & -function
and the function F(7):
G (t) =% (to)yo (to)>
Cz(t)zyz(to)%(to)a (18)
Y(¢,)sin( k(¢
where 7, (1,) = 7( O)S(IH( ( 0))’
K'(1,)
Y(t,)cos(k(z
1) - Ll k) (19)

Therefore, the general solution of the linear
inhomogeneous problem in the first approximation
has the form:

v (1)= cos(k(t))[Cl +7, (1) v (4, )] ¥
NG~ (6)7 (1)

Then the function of the main equation in the
second is approximated by the parameter p :

2 (1) =cos(k (1)) d + TN, (t)dt+v,(1,) v, (1) ]+

(20)

+sin (k (¢

21
wsin(k (1)) dy =N, (1)dr+v, (1) 3 (1) ]
where ]VOI (1)= N, Sin(k(f))>
N,, (t)= N, cos(k(1)). (22)

The general solution of the nonlinear differential
equation (1) will have the form:

y(t):y0(1)+pyl( )=cos(k(r) [C 1, (1) 3 () ]+
sin(k(0))[ G, ++v, (1) 3 (1) ]
. cos (k (1)) d; +7, (1) v (1 ) No, (1
+sin(k (1)) dy =72 (1) 3o (1) =
=cos (k(){C++(1+m)7, (1) 50 (1) +
+sin(k(1)){C, = (1++1)72 (1) 7, (1) -1
where C, =C, +ud,,
C,=C, +ud,. (24)

2. Numerical solution of the main differential
equation of the problem. Comparison with the
analytical solution.

As an example of a numerical solution, a
differential equation of the form is considered:

()4 B (1) =T () () (-1,

)t ]+
<>J
Ny, ()} +
Ny, (1)t}

5, = 23

(25)

Computer Science and Applied Mathematics. Ne 1 (2024)

We set the functions B(¢) and ¥ (¢):
B(t)=1>,

y(t)=t (26)

The corresponding homogeneous equation takes
the form:

ey, (t)+1’y,(1)=0 (27)
under initial conditions:
=1
3 (0)=1, 28)
B2 (0) =0.
has a solution:
t2
t)= — . 29
()= £ )

Then the solution of the linear inhomogeneous
problem has the form:

el Zfromlz]

(30)
|7 t
+sin [ZHQ —7,(t,)cos {E}}
Provided that
2
=gsin (ij
2
2
scos(i] 31
the solution will be written as:
2 2 2
J, () =cos {;—J {Cl +esin {;—"J cos {;—J} +
(32)

IZ t2 tZ
+sin| — | C, —ecos| -~ |cos
2¢ 2¢ 2¢

If 1,=0,5 and £=0,1, we present the solution in
the form:

Fo(t)= cos[Stﬂ{Cl +0,095cos [512 ]} +

(33)
+sin[ 51 ]{C, —0,032cos[ 51" ]}.
To find the coefficients C, and C,, we substitute
the initial conditions. The final solution of the
equation has the form:

Fo ()= cos[Stz]{O,905 +0,095 cos[St2 ]} +
34
+sin[5t2]{—0,032cos[5z2]}. B9

Figures 1-4 present the results of calculations using the
hybrid asymptotic method and direct numerical integration
of the main equation of the problem using computer
algebra based on the “Mathematics” software package:

ISSN 2786-6254
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Fig. 1. The solution of the equation
obtained on the basis of the hybrid
asymptotic method (£¢=0,1)

YnCenbHWA /
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08

-05 |

aHanimMyH1n

Fig. 3. Comparison of approximate analytical
and numerical solutions for ¢=0,1

Conclusion. An approximate analytical solution in
two approximations of an inhomogeneous differential
equation with variable coefficients and a & -function
is presented. Sufficient convergence of numerical
results based on approximate analytical and direct
numerical calculations is shown. From the point of

05

02 04 06 08 1

-05

Fig. 2. Solution of the equation obtained
on the basis of direct numerical
integration (¢=0,1)

Fig. 4. Three-dimensional dependence
of the solution on a small parameter ¢

view of further development of this approach, it is
considered expedient to study the influence of the
presence of the & -function and the nature of the
nonlinearity (with the possible existence of “turning
points”) on the solution of singular differential
equations with variable coefficients.
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PosmisgaeTbes nepiia OCHOBHA FpaHUYHA 3a/ada JiHIMHOT Teopil mpyKHOCTI
PO JIiF0 30CEPEPKEHOI CHIIM HOPMAJIBHOT JI0 TOBEPXHI MPYKHOT OJHOPIIHOT,
CYIIJIBHOT OPTOTPOIMHOT MIBIUIONMHM B yMOBax IUIockoi aedopmarrii. Ha
HECKIHYEHHOCT1 HaIpy>KeHHsS NpSAMYIOTh 10 Hynia. HeoOXigHO BU3HAYUTH
HAINPYXKCHHS Ta MEPEMILICHHS y JOBUTBHIHN TOYIII MiBIIONIHHY.

Po3B’s130k mocTaBiIeHOI TpaHWYHOI 3a1adi OIS OPTOTPOIHOI IiBILIOMIMHU
IIYKAETbCA Y TPOCTOPI TpaHC(POPMAHT OJHOBUMIPHOTO 1HTErPaIbHOTO
neperBopeHHst Dyp’e. Bcei OCHOBHI pIBHAHHS 3a7a4i Ta TPaHWYHI YMOBH
MIATAIOTECS  OPSAMOMY IEPETBOPEHHIO ONHOBUMIPHOTO — IHTErpaibHOTo
nepersopeHHs: Dyp’e.

Po3B’si3anHs  chopMyNTbOBaHOT IUIOCKOT 3ajmadi 0a3yeTbcss Ha TOOYIOBI
tpancpopmantu Oyp’e GYHKIIT HAPYKEHB, KA 33IOBOJBHSE BiIIOBITHOMY
aHajory OirapMoOHIYHOTO JU(epeHIiaTbHOTO PIBHAHHSA Yy IPOCTOpi
TpaHc(HOPMaHT IS BUTIAJKY OPTOTPOITHOTO Marepialy.

Bursan tpancdopMaHTH (YHKIIT HAPYKEHB 3aJICKHUTH BiJl 3HAYCHB IPYKHUAX
CTaJIUX OPTOTPOITHOTO MaTepiairy, a caMe BiJl 3HaueHb KOPEHIB OTPUMAHOTO Yy
pocTopi TpaHCHOPMAHT XapaKTEPUCTHIHOTO PIBHAHHS. PO3IISHYTO OMuWH i3
TPHOX MOMIIUBUX BHUIAJKIB.

TpancdopMaHTH HapyKeHb 1 IepeMillleHb TOYOK MiBIUIOIINHI BUPAKAIOTHCS
yepe3 TpaHchopMaHTy (YHKIIIT HAIIPYKEHbB, KA BUPAKAETHCS Yepe3 YOTUPH
JIOTIOMDXH1 PyHKIIiT, TOB’s3aHi 3 HABAHTAXXCHHSIMU Ha TIOBEPXHI MiBILIOIMIUHY.
3 yMOB Ha MeXi 3HaXOAATHCS AB1 3 YOTHPHOX JOMOMDKHUX (DYHKIIiH, a 3 yMOB
Ha HECKIHYEHHOCT] BCTAHOBIIOETHCS 3B’ 130K MIJK JBOMA 1HILIUMHU.
[IpoBeneHo JOCHimXEHHA TMOBEAIHKM TpaHC(OPMAHT HANpyKeHb Ha
HECKIHYCHHOCTI, BHACIIJJOK SKOTO OTPUMAaHO YMOBH, IO 3a0e3MedyroThCs
CKIHYCHHICTh HAIIPY)KEHb 1 TEPEMIllICHb.

[Ticas 3acTtocyBaHHS OOEPHEHOTO 1HTETPajbHOTO MepeTBopeHHs Dyp’e mo
OTPUMaHHUX BHUPA3iB A TPaHC(HOPMAHT BU3HAYAIOTHCS ICTHHI 3HAYCHHS
HaIpy>keHb 1 IePEMIIIeHb ¥ TOYKaX OPTOTPOITHO]I ITiBIUTOIIUHH.

HaBezneno po3B’si3ku 17151 KOHKPETHUX BUTIAIKIB 132 10Oy10BaHUMU rpadikamu
HANpYXEHb 1 TEpeMIlleHb Y MBIUIOMMHI TMPOBEACHO aHalli3 YHCIOBUX
pe3yIbTaTiB, KOHTPOIb BUKOHAHHS TPAHUYHUX YMOB. OTpUMaHi po3paxyHKH
CBiJUaTh MPO aJCKBATHICTH PE3yJIbTATIB 1 JIOTIYHICTh 3aCTOCYBaHHS 00PaHOTO
METOY JUTSl PO3B’I3aHHS TIOCTABJICHOT 3a/1aui.
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Key words: elastic orthotropic We consider the first basic boundary value problem of the linear theory of
half-plane, plane deformation, elasticity on the action of a concentrated force normal to the surface of an elastic
Stress-strain state, concentrated homogeneous, continuous orthotropic half-plane under plane deformation.
force, stress function, integral At infinity, the stresses tend to zero. You need to determine the stresses and
Fourier transform. displacements at an arbitrary point in the half-plane.

The solution to the boundary value problem for an orthotropic half-plane is
sought in the space of transformants of the one-dimensional Fourier integral
transform. All the basic equations of the problem and boundary conditions are
directly transformed by the one-dimensional integral Fourier transform.

The solution of the formulated plane problem is based on the construction of
the Fourier transform of the stress function, which satisfies the corresponding
analog of the biharmonic differential equation in the transform space for the

case of an orthotropic material.

The appearance of the transformant of the stress function depends on the values
of the elastic constants of the orthotropic material, namely, on the values of the
roots of the characteristic equation obtained in the space of transformants. One

of three possible cases is considered.

The transformants of stresses and displacements of points of the half-plane

are expressed through the transformant of the stress function,

which in turn

is expressed through four auxiliary functions associated with the loads on the

surface of the half-plane.

Two of the four auxiliary functions are found from the boundary conditions,
and the connection between the other two is established from the conditions

at infinity.

The behavior of the stress transforms at infinity is studied, as a result of which
the conditions that ensure the finiteness of stresses and displacements are

obtained.

After applying the inverse integral Fourier transform to the obtained expressions
for the transformants, the true values of stresses and displacements at points of

the orthotropic half-plane are determined.

The solutions for specific cases are presented, and the numerical results are
analyzed and the fulfillment of boundary conditions is monitored based on the
plots of stresses and displacements in the half-plane. The obtained calculations
indicate the adequacy of the results and the logical application of the chosen

method for solving the problem.
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Beryn. ocuts dacto y OymiBenbHIH MeXaHiIll
BUHHUKA€ 3a7ada NP0 BHU3HAYCHHSA HANpPy>KEHOTO
CTaHy MPY>KHOI MiBIUIOMIMHY i/ AI€I0 30CepeKEeHOT
CUJIM, HalpUKJIaX Uil 3HAXOKCHHS HalpyXeHb Y
IPYHTaX, TyHENAX, MA3eMHUX CHOPYAax, s po3pa-
XyHKY (DyHJTAMEHTIB TOIIIO.

VY crarri [1] po3B’s3aH0 3a7a4dy Mpo Aif0 00’ eM-
HOTO 30CEPEPKEHOr0 HABaHTAXCHHS HA MPYXHY
i30TPONHY IMIBILIOMIUHY 3 BHUKOPUCTAHHSM 1HTE-
rpasibHOro neperBopeHHs ®dyp’e. YV [2] HaBelneHO
iTepamiifHUN aNrOpuUTM IS PO3B’A3KYy 3a1adi Ipo
BHU3HAUEHHS  HampyXeHO-Ie(QOpMiBHOIO  CTaHy
i30TponHOi MJIACTHHU 13 TPIMIMHOIO, IO 3HAXO-
IUTHCS T Ai€0 30CepemKeHol cuin. Po3msiHy THii
METOJ 103BOJIsIE BU3HAYUTH HANPY>KEHO-IehopMiB-
HUI CTaH B OKOJIMILI BEPIIMHH TPILIMHU Ta Ha BEJU-
Ki¥ BigcTaHi Bix Hel.

VY [3] mpoaHanizoBaHO 337a4y KOHTAKTy TYMOBOI
BUIMKH 13 JKOPCTKUM KIIMHOM, [UISl KO BUBEICHO Ta
PO3B’sI3aHO OCHOBHI PiBHAHHS JedopMarlii mooIu3y
KyTa Hazapisy. Po3misHyTO BUIAagOK, KONM HAIiBry-
MOBa IUIOIIMHA KOHTAKTYE 3 XKOPCTKUM KIMHOM, IS
SIKOTO OTPUMAHO TOBHICTIO aHAJITHYHI PO3B’SI3KU
SIK JUI CEKTOPA, L0 PO3IMIMPIOETHCS, TaK 1 I CeK-
TOpa, MO CTHUCKAEThCsA. Y poborti [4] HaBeneHO aHa-
JMITUYHUHR PO3B’ 30K 3ama4i dramMaHa 3a TOTIOMOTOI0
OIHOMAPAMETPUYHOTO TPYNOBOIO  IEPETBOPCHHS
OirapMOHIYHOTO PIBHSHHS, IO JO3BOJIIE BPAaXOBY-
BaTH CHUHTYJIAPHE HAaBAaHTAXEHHS OE3MOCepenHbo 3a
JIOTIOMOT 010 Jtenbra-pyHKIii lipaka.

LixaBum € 3actocyBanHs 3azadi Prnamana no
JMOCII/PKEHHST TPOLECiB  pyHHYBaHHS IUTICHOCTI
MTOBEPXHI IUIOAY KiCTOYKOBUX KYJIBTYp MPH 00poOIIi
[5]. MarematuuHa Monenb PO3MIAHYTOTO IMPOLECY
3BOIUTBCA [0 PO3B’sI3aHHS PIBHSAHBL TEOpii MpyXk-
HOCTI BU3HAUEHHS TUIOCKOTO HampyXeHo aedopmiB-
HOTO CTaHy MiBIDIONIMHHA MaTepiay TUIOLY i Ti€ro
HOPMaJIbHOT 30CepeIKEHOT CHIIM 3a I0IIOMOT0I0 1HTe-
rpajgbHOro nepeTBopeHHs Pyp’e.

VY posmisHyTHX poboTax 3amada dnamana moci-
JDKY€ETBCSI TUIBKM AJIS1 130TPOITHUX MarepiaiiB, aje
peanpHi Martepiasn Kpaile MOXYyTh OyTH ommcasi
AHI30TPONIHUMH MOJEISAMH, 30KpeMa OpTOTPOI-
HUMH. [JJ11 OpTOTPONHUX MaTepialiB Kiac po3B’si3a-
HUX 3a7a4 Ha0araTo MEHIIWH, HiX Ul 130TPOIHHUX.
[loctaBumo 3a MeTy moOyayBaTH pO3B’SI30K 3ajadi
PO Iif0 30CePeIKEeHOT CHITN Ha IPYKHY OPTOTPOIIHY
MTiBIIOLIUHY.

IMocranoBka 3agmaui. Posmiamaerscd mepiua
OCHOBHA T'paHMYHa 3ajgada JiHiMHOI Teopil Hpyx-
HOCTI TIPO [Jil0 30CEPeIKEHOI CHIM HOPMAIbHOI 10
JCHHOI TOBEpPXHI MPYKHOi OXHOPIZHOI, CYLiNbHOL
OPTOTPOITHOI MiBIJIOMIMHHU B YMOBaX IIOCKOT ieop-
Manii. Ha HeckiHUeHHOCTI HampyXeHHsS NPSMYIOTbH
1o Hy”s. [ToTpiGHO BU3HAYNTH HANpy>KEHHS Ta Mepe-
MIIICHHS y JOBUTBHIHN ToYIli miBruonuHy. J{is mooy-
JIOBH MaTeMaTHYHOI MOJIEJIl OCTaBIEHOI 3a1ayl Ta Ti
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MOJANTBIIIOTO JOCIiPKEHHS BiTHECEMO TiJIO IO TpS-
MOKYTHO{ JIEKapTOBOI CHCTEMH KOOPIWHAT, K TIOKa-
3aHO Ha pHc. 1.

const,x =0

Q
f‘(x):{ 0,x#0

y

£,() 0

Puc. 1. ITocTtanoBka 3aaaudi

Tomi miBmumommHa Oyme 3alimMatd  00NacTb:
—00 < X < +00, , .
G(x,y): Marepian iBILIO-
—0<y<0

IIMHA  XapaKTepH3ye€TbCAd MOMYISAMU HPYXKHOCTI
E,E, s Vigs Vs Vs Vi

Y TOYL 3 KOOPAMHATAMHU (0,0) Ilie 30CepeHKeHE
HOpMaJIbHE HaBaHTAXKCHHSI:

o, (x,0)=fi(x)=
chonst,sz’Txy( ) fz( )E

0,x=0
Ha neckiHYeHHOCTI Hampy>XeHHS NPSIMYIOTH IO
HYJIS:

(1)

Jlim o, (x,»)=0, lim o, (x,y)=

X +y24)ao X7 +yT o0

=0, lim rxy(xy) 0.

X+y

2

[TotpibHO BU3HAYUTH
o, (%), 0,(%¥), 7, (xy) 72
u, (x,5), u, (x,y) y AOBinbHiMN TOYL MTiBILIOLIMHA.

MeTonu. Po3r’s13aHHs mocTarieHol 3a1a4i OyneMo
MIPOBOAUTH, CITUPAIOUNCH HA CXEMY, HaBeJIeHY B [6].

Po3B’s130k  1IyKaeThes 'y mpocTopi TpaHchop-
MaHT OJHOBHUMIPHOTO iHTErpaJIbHOTO TEPETBOPEHHS
®yp’e [7] 3 BUKOPUCTaHHSIM TpaHCPOPMAHTH QYHK-
il HanpPyKEHb.

HaBenemo cxemy po3B’si3aHHs 3ajadi  Jist
OpPTOTPOIMHOI MIiBIJIOMUHU: 1) 3HAXOAUTHCS TpaH-
chopmanTa GyHKIIT HATPYKEHb; 2) 3HAXOIATHCA
TpaHC(OPMaHTH HANpPYKEHb 1 EpeMillleHb i3 ypa-
XyBAaHHAM 'PAaHHYHHX YMOB T4 yMOB Ha HECKiHYCH-
HOCTI; 3) 1o OTPUMAHHUX BHpa3lB TpaHc(HOpMaHT
®Oyp’e Hampy)eHb i nepeMuueHL nrapy 3acToco-
Bye€ThCcsl OOEpHEHE iHTerpajbHE MepEeTBOPECHHS
®yp’e; 4) mepeBipka aleKBaTHOCTI OTPUMAHUX
pe3yabTaTiB.

Po3B’s130k mocTaBieHol 3amadui OymayeEMO 3 BHKO-
prcranHsM GyHKII HampyxkeHb @(x,y), sfKa €

Harpy >KEHHSI
nepeMilleHHS

ISSN 2786-6254



14

pO3B’sI3kOM OirapMOHIYHOTO PiBHAHHA (3) TUTOCKOL
Teopii MPy>KHOCTI I OPTOTPOITHOTO Marepiany [8]:
l1-v_-v 84

yz zy 1+ \Y V V,Vx _ ny + sz : sz

E, JE. E, E, 3)

oo 1-v_-v
PEr A4
Ox“0Oy E oy

AC VsV, V
Marepiaiy mapy.

OyHKIIiT HAaNPYKEeHb 1 TepeMilleHb TOYOK MiBILIO-
LIMHE 110B’s13aHi i3 yHKIi€r0 HapyxkeHb ¢ = ¢(x, )
CriBBiZHOMIECHHMH (4):

s Voo EL B, — MPY>KHI KOHCTaHTH

Do o _Pe %
et Y Y axoy’
ou, ou, ou,
= =(,0, clzc),,a—)'chg:C;ﬂxy, (4)
l-v_ v v, TV
Ac G = E 0 = E )
x y
2-(1+ v, v,
€y = ( S )f KOHCTaHTH TPYKHOCTI y
JE.-E,

3akoHi ['yka mmst oprorporHOro Marepiamy [9].
CrieBigHomrenus (1) — (4) miggaeMo OgHOBUMIp-
HOMY iHTerpanbHOMY nepeTBopernHto Oyp’e. Braci-
JIOK IIBOTO MEPEXOIUMO JI0 3a7adi y IpoCTOpi TpaH-
chopmant Oyp’e.
3anumiemMo OoTpUMaHi aHAJIOTH y TIPOCTOpPi TpaH-
cthopmanrt criBBigHOmEHD (1) — (4):

o, (&0)=/(8).7, (&0)=
lim o, (&,5)=0, lim 5 (&) =

lim 7 (&.7)=0;

(1)

29

E(é,y)=a—2, c,(67)=-8"9, 1, (& y)—za
(é y) (Cu (é J’) Clzc_y(ésY)),
- (39
0 ()= () -2 |
y i 3Ty (&Y & 5
d'o ;
4,5 0248 0. @)
TYT = I_VXZVZX > Cy :1 MAL > C33 :La
B, Ey ny
JE. - E
cn—V FVisVy G, = — KOHCTaHTH

Computer Science and Applied Mathematics. Ne 1 (2024)

MPY)KHOCTI Yy  3aKOHI

A3:035633_0129(_P:¢(§:Y) -
®yp’e (5) no 3minHil x Bix ¢(x,y).

[lepma ¢opmyna BH3HA4Ya€e MpsMe OAHOBHMIpHE
iHTerpasibHe TepeTBopeHHs Dyp’e mis  pyHKIIT
¢(x,y), apyra — obepHeHe.

7= Jolu)-eds
. (5)
j (&y)-e™de,

I'yka, A4 =c¢,, 4,

TpaHchopMaHTa

=Cp,

o(x,y)=

3ayBakMMO, W10 piBHSHHA (4')e 3BHUAiHHM
nudepeHiaTbHIM PIBHSAHHSIM YETBEPTOTO MOPSIIIKY
JUTSL KOYKHOTO 3HAYEeHHS napameTpa & .

Burnsg tpanchopmanTH QyHKIT HampyKeHb
3aJIeXKUTh BiJl 3HA4eHb KOPEHIB BiAIMOBIAHOTO 10
(4') XapakTepUCTHYHOTO PiBHAHHS.

HaBeznemo Bupasu, 0 BiNOBIIAIOTE IIMM BHUIA[I-
KaMm, a came:

2
KEHIX KépeHiB;
(T)(é,y):(Cch(ry\/aT)+Ash(ryJaT))-cos(ry a2)+
(Dch(ryf)+3sh(wf)) sin (rya,

4
e =l = ,/2 Afz

&), B=B(g),

2 > 1, BUIAI0K IBOX Map KOMILJIEKCHO CIIpS-

(6)

— HeBigoMi QyHKOii mapamerpy
IHTerpyBaHHS.

2 A

2 =], BHNAIOK i3 JBOMa JIHCHUMH Kpar-
3
HUMH KOPEHSIMHU:

0= Ask (o) 1y o )

(7
ol ) D),
ne r=[g|.\a, = %, A,B,C,D — dynxuii napa-
Mmetpa &. 1
AIAZ o
3) 7<1, BUIIAJIOK YOTUPBOX AIMCHUX OIHO-

3
KpaTHUX KOPCHIB

P(&y)= Ach(r;«/aT)+Bsh(ryJa7)+

+Cch(ry a2)+Dsh(7y\/Ez), ®
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A3 A]A2
= = — 1 1—_
e r |§|,,/al ’AI , + / A32 s
A, A A
P e S R . L B
CNa N L

[IpoaEMOHCTPYEMO CXeMy pO3B’SI3aHHS UL
BUIIAJIKY JBOX JIHCHMX KPaTHUX KOPEHIB.

Bupasumo ®(&,y) uepes ,Z[OHOMi)KHi bynKmii
a(g), 8(&), B(&), (E_,) (9). moB’s3aHi 3 yMOBaMH Ha
BepxHill Mexi y =0 miBrutomunu [10]:

_ i€,
o, -—
»=0 r

A i u,
ﬁ(g):_y:" 0

- v
2alcll ”Y(é) 2glcll ,

)

|y (alzc”a +ac,a+ 2azc”y) +

+(3alc11 +cp, —Cy )8 —2ac, B

i) ol
2a, J;lcllrz

-(2a,c],0c + ry(aICHB +€,,0 —¢3,0 — 2a,c”B))‘

(10)

2
2a,c,r

3 ymoB (1') 3maxomumo o(§), 8(§). Tak sk
1, (x,0)=0 Toi () =0. I106 3HaiiTH o (§), 3ami-
HUMO 30Cepe/KeHy cuily () Ha eKBIBaJeHTHE PiB-
HOMIPHO PO3IOfiIeHe Mo o0nacti [—a;a| HaBaHTa-

JKEHHS 3 IHTEHCUBHICTIO —.

a
1%
c, (x,O) ={2a’ |x| =4
0, x|>a
a Q Q i&x a
_ Y e .
a(&)—£1£r3£2a ¢ dx—£1£r3 a i -
—-a
. _sin(&a)
limQ ta 0

Takum grHOM 0 (&)= Q.
3 ypaxyBaHHSM BHUIIIE OTPUMAHUX 3HAYE€Hb MAEMO:

Jash(ryfa)

2¢,,

G, = ((alcl]ry+C]2ry)Q+ 2¢, B+ Zalcnryy)

ch(ry( )

2Cle +2a,¢,ryp+ 4"16117)
2¢,,

0, = ((alcllry + CIZW)Q —-2¢, B+ 26!10117:)/}/)-

Shﬁ{.l)*ch(ryﬁ )-(0-B),
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T_xy = ((alcll —clz)Q—2achry[3—2a,c” Y)'
lF, sh(ry() li-ch(ry\/aT)
2\/—(:11 2¢,r .

(( ac,ry + clzry)Q + Zalcller)'

(11)

AHaJOriYHO TiJCTABUMO OTPUMaHi BUPA3H Y
TpaHc(OPMaHTH MEPEMillICHb:

u, (&)=

22 2
— [(al oy + zalcllclzw+CIZW)Q+
2 22
+2a,6,,B—2¢,,¢, B+2a; ¢y y + 2a,0,¢,10 Y

zsh(ry() lch(ryf)
2atc, ¢

22 2
(al Gy + 24166y + 016Gy + G _612633)Q+

alCHl’yB+clzl’yB+ 2a,c,, V)

u, (&,y) = +2a12c121ryB +2a,¢,,¢c,,1y B —2a,c, ¢,y B+

+6a12c121Y +2a,6,,¢, Y —2a,6,¢55 Y
sh(ry() ch(ry\/aT) .
2\/70ll 2¢,,r

20 2
[(al C 1Y + 20,6, Cp1y — a6y CyTy + Clzr)’_clzcasry)Q"'

(12)

+4‘110121[3 + 2"120121”)”/ +2a,6,,0,7yY — 20,6031V Y

YMOBH Ha HECKIHYEHHOCTi JO3BOJISIOTh BCTAHO-
BUTH 3B’S130K MK JIBOMA 3HAWICHUMU JIOTIOMI>KHUMH
dysxmismu Ta B(E), v(E).

3a yMOBOIO 3a/1adi IpU y —> —co BCi HANPyKEHHS
MPSIMYIOTh 10 HYJIS, TOMY 1 TpaHC(OPMAHTH IIyKa-
HUX BEJIMYHMH TAKOXK MPSIMYIOTh JI0 HYJISI TIPH ) —> —00.

Dopmynu JUTS TpaHc(hopMaHT Harpy-

JKEHb MICTATh  (YHKIIT Sh(ry\/;, ), ch(ry\/aT )
rysh(ryﬁ),rych(ryﬁ), KOXXHa 3 SKHX TIpH
r#0 1 y—>—o0 HEOOMEKEHO 3pOCTAa€, OJHAK iX
ksh(ry\/aT) + pch(ry\/aT) i
Ay sh(ry\/;1 ) + ﬁrych(ry\/aT ) MMOBUHHI 3a0e3redy-
BaTH MPSIMYBaHHS JI0 HYJIS TIPU ) —> —00,

AmHauiz BHpa3iB A TpaHCPOPMAHT HaNpyKEHb
JIa€ MOXJIMBICTh 3pOOUTH BUCHOBOK, 1[0 BUKOHAHHS
IIAX YMOB MOXKJIUBE, SKIO KOS(DIIIEHTH MPH e"vM
JOPiBHIOIOTH HYJIIO. 3BIAKH OTpUMaEMO —A +u =0 Ta
-A+0=0

3 SIKUX MH OTpUMAEMO (QYHKITIT;

2611\/7‘311 3alcll+clz 033)'8(@

2alcll

JHHINAHI KOMOiHari

=0\a,,
+2\/7c11

Zalcll

_ (alcll _Clz)'Q

2aic,,

Y(Z}) _ (alcll c12

(13)
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Otpumani Bupasu (13) migcTaBnseMo y TpaH-
chopmantn HanpyxkeHb (11) i mepemimens (12),
OTPUMAEMO:

o, (&)= 0e""a (rfa, +1),
o, (&) =-0¢""a (ry\Ja, 1),

T, (&) =iQayee™ .

. ry\/:
iQe" " (al\/alcllry+ a,cy +\/a1012”y_clz)

1)

u, (8,y)= ;
& :
u_y(é,y) _ Qe'y\/;al (alcllry+cliry_rj/c33 +2\/a>lc“ )’ (127
A
e r:|§,\/a_1: =5
4,

OcTarouni BUpa3y i TpaHC(HOPMAHT (1 1 ),(12')
migmaeMo OOepHEHOMY IHTETpallbHOMY MEpPeTBO-
pEHHIO I OTPUMAEMO ICTHHHI 3HaYeHHSI. B okpeMux
BHIIAIKaX BIAETHCS OTPUMATH aHAJITHYHI BHpPa3H,
y 3arajJbHOMY BUIAJKy 3aCTOCOBYETHCS YHCENHHE

iHTeTpyBaHHS.

Yucaosi PO3PAaXyHKH. Posmiistnemo
OpPTOTPOTHY T BIIOIHIHY, Marepian SIKOT
XapaKTEePHU3Y€ETHCS py>KHUMHA KOHCTaHTaMH

15% |u':
Lex10] e pre=

14 x 107
12 x 10"
1w 10"

X, % 10°=

6. % 10"

4% 10°

5
2o 107

(=

(a)

v, =0,26, v_ =0,235, v,.=0,17, v, =0,3,
E, =1,73-10’(Ila), E, =3,31-10°(ITa).

Posrnsinemo 30CepeKeHe HaBaHTA)KEHHS
o,(x,0)=2-10° (TITa), 7, (x,0) =0 (Ia), sixi 3axano
Ha mexi y=0. Ilpu x°+)* o0 HanpyKeHHs
JOPIBHIOIOTH HYJIIO.

Sk 6aunMo 3 HaBEeJCHUX PO3PaxyHKiB, HAWOLIBIII
3HayeHHs B okoni x=0. [lpu BigmaneHi Big Hyns
3HAUCHHs 3MEHINYIoThCS. OTpuUMaHi pe3ylbTaTH
CBiYaTh NP0 BUKOHAHHS MEXOBHX YMOB Ta yMOB Ha
HECKiHYE€HHOCTI.

OtpumaHi  pe3yibTatd sl IEepPEeMIlIeHb
u,(x,y), u,(x,y)  IEMOHCTPYIOTH  CHMETPHUHHMIL
xapaktep JegopMyBaHHA. MakcuMaibHI 3HAUCHHS
HOPMAIbHUX TepeMilenb u,(x,y) BiANOBIIAKOTH
TiHiT Aii MAKCUMAJIBHOTO HOPMAaJIbHOTO HABAHTAKECHHSI.

BucnoBku. Po3risinyTo miaxia po3s’s3aHHs Hep-
1ol OCHOBHOI TpaHUYHOI 3ajadi Teopil MpYKHOCTI
PO Jif0 30CepeaKeHOT CHIIM Ha OPTOTPOIHY IMiBILIO-
HIMHY, 10 6a3y€ThCs HAa 3aCTOCYBaHHI METOAY OIHO-
BHUMIPHOTO iHTErPaJIbHOTO TepeTBopeHHss Dyp’e 10
(GyHKUIT HaNpYKEHb.

Ha 6a3i oTpyMaHuX aHAITHYHUX PO3B’SI3KIiB IS
OpPTOTPONHOI MiBIUIOIIUHKA Oyny 3po0JeHi 4YHCIIOBi
po3paxyHKH, TOOya0oBaHi rpadiku Ta BUKOHAHUH I1X
aHaitiz. OTpUMaHi po3paxyHKH CBiI4aTh MPo aJIcKBaT-
HICTh pe3yJbTaTiB 1 JIOTIYHICTH 3aCTOCYBaHHs 0Opa-
HOTO METOZY IS PO3B’sI3aHHS [TOCTABJICHOT 3a/1adi.

(6)

Puc. 2. 3nauenns nanpyxens o (x,y)l(a),t,, (x,y) (6)
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00003~

00002 -4

0000 |~

r—

w0 000 | =4

— 00002~

0000 3~

(a) (6)

Puc. 3. 3naqenns nepemimens u, (x,y) (a), u,(x,y) (6)
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PO3POBKA MOJAEJII HABYAHHSA PO3III3BHABAHHSA OB’EKTIB
I3 BIIEOIIOTOKY AJIsd CUCTEM YIIPABJIIHHA TAPKYBAHHAM
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CydacHa HEOOXiTHICTh JUIS Maikeé BCIX BEIMKHUX MICT — 1€ HasBHICTh
CHCTEMH YIIPaBIiHHSA NMapKyBaHHSM, SKa MOXKE 3HAXOAMTH IOCTYIHI MicCIs
JUIS TapKyBaHHA. Taka cucTeMa J03BOJIsi€ KOPUCTYBayaM JIETKO i ONepaTHBHO
BU3HAUaTH, YU € BUIbHE MiCIle Ha KOHKpETHIH IapKoBIli, ¥ OTpPUMYBaTH
iHpopmariito mpo ioro wmicreposranryBanHa. Mask R-CNN — 1e mopens
ITMOOKOTO HaBYaHHS, SIKA MOXKE BHKOPHCTOBYBATHUCS JUIS PO3Mi3HABAHHS
Ta cerMeHTallii 06 €KTiB Ha 300paXeHHAX. 1i MOKHA BUKOPUCTOBYBATH s
CTBOPEHHSI CHCTEMM pO3Ii3HABAaHHA BUIBHMX IapKyBaJIbHUX MICI[h, fKa
MOK€ JJOITIOMOTTH BOAISAM 3HAWTH Miclie JJIs mapKyBaHHS. [Iponec HaBuaHHS
MOXE PO3IISAATHCA SIK BU3HAUCHHSA apXiTEKTYpH MEpexi, HalallTyBaHHS
BaroBux Kkoe(]imieHTiB ab0 3aCTOCYBaHHSM pIi3HHX METOJIB JOHABUYAHHS
JUisi e(peKTUBHOTO BHKOHAHHS IOCTaBJICHOI 3anadi. Y poOOTi JOCIiIKEHO
TpaHchepHe HaBuyaHHS 11 Mmomeni Mask R-CNN. Bymo 3ampomonoBano
MOJIeNIb TpaHC(EepPHOTO HaBYaHHA JJIsi PO3Mi3HABAHHS BUIBHUX MICIh IS
napKyBaHHS. Mojenb CKJIamaeThcs i3 Tphox eramiB. [lepmmii etam — 1e
HaBYaHHS Ha BenukoMy Habopi manmx COCO. Hap4yaHHsS Ha BEIHKOMY
HaOOpi JaHUX JO3BOJISIE MOJENI y3aralbHIOBaTH Bi3yallbHI OCOOIMBOCTI
TpPaHCIOPTHUX 3ac00iB 1 MapKyBaJlbHUX MicIlb. J{pyTiii eTan — 11e TOHABYaHHS
Ha MaJCHbKOMY Ha0Opi MJaHUX, CTBOPEHOMY 3 KaApiB BiJCONOTOKY.
JloHaBuaHHS Ha MaJoMy HAaOOpi JaHUX JO3BOJIIE MOAETI aJalTyBaTHCS IO
cnenn(ikyd MapKyBaJIbHUX Miclb Y KOHKpeTHoMy MicTi. Tperiit eram — 11e
JIOHABUaHHSA 3 BHUKOPHUCTAaHHSAM aJalTHBHOI HeHpo-HewiTkoi Mepexi. Llei
eTarn BUKOPUCTOBYE aallTHBHY HEHPO-HEUiTKY MEPEXY IS JOOIPALIOBAHHS
0a30BUX XapaKTepUCTHK. 3arajbHa MOAETh HABYAHHS Ja€ 3MOTY €(EeKTHBHO
pO3mi3HAaBaTH BUTBHI Micls Ha MapKoBIl. BukopucraHHS TpaHChepHOTro
HaBYaHHS POOUTH II0 MOJENb OUThII €(PEKTUBHOK Ta MPOMYKTHUBHOIO.
TpanchepHe HaBUaHHS MOKe OyTH KOPHCHHM Yy 0araTboxX BHIAAKax: KOJH
JIOCTYITHI 0OMeXeH1 JlaHi JUIss HaBYaHHS MOJIENI JUIsl KOHKPETHOTO 3aBIaHHS
(y upoMy BUTIQAIKY TpaHC(epHE HaBUAHHS MOXKE JIOTIOMOT'TH MOJIENi JIOCATTH
Kpamoi TOYHOCTi, HIXK SKIIO OH ii HaBUANX 3 HyJIsl); KOJIU MOTPIOHO MIBUAKO
HABYUTH MOJIENb JUIsI HOBOTO 3aBHaHHS (TpaHc(epHE HABYAHHS MOXKE
JIOTIOMOTTH CKOPOTHTH 4Yac HaBYaHHS MOJEIi); KOJW IMOTPIOHO HABYUTH
MOZETH TS 3aBAAaHHS, IS SIKOTO HEMAa€ JOCTYITHHX JaHUX.
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A modern necessity for almost all large cities is the availability of a parking
management system that can locate available parking spaces. Such a system
allows users to easily and quickly determine whether a particular parking
space is available and receive information about its location. Mask R-CNN
is a deep learning model that can be used to recognize and segment objects
in images. It can be used to create a parking space recognition system that
can help drivers find a parking space. The training process can be viewed as
defining the network architecture, adjusting the weighting coefficients, or
applying various retraining methods to effectively perform the task. In this
research, we investigate transfer learning for the Mask R-CNN model. As
a result of the study, a transfer learning model for recognizing free parking
spaces was proposed. The model consists of three stages. The first stage is
training on a large SOSO dataset. Training on a large dataset allows the model
to generalize visual features of vehicles and parking spaces. The second stage
is retraining on a small dataset created from video stream frames. Training on
a small dataset allows the model to adapt to the specifics of parking spaces
in a particular city. The third stage is post-training using an adaptive neuro-
fuzzy network. This stage uses an adaptive neuro-fuzzy network to refine the
basic characteristics. The general learning model allows you to effectively
recognize free parking spaces. The use of transfer learning makes this model
more efficient and productive. Transfer learning can be useful in many cases.
When limited data is available to train a model for a specific task. In this case,
transfer learning can help the model achieve better accuracy than if it were
trained from scratch. When you need to quickly train a model for a new task.
Transfer learning can help reduce model training time. When you need to train
a model for a task for which no data is available.

Beryn. TpaawmiiiHi Momeni MAaIIMHHOTO HaB-
YaHHS BUMAararoTh HaBYaHHs 3 HYJd, IO HOTpedye
BEJIMKOI KIJIBKOCTI JaHWUX Ul JOCSATHEHHSI BHCOKOL
MIPOAYKTUBHOCTI. MeToau, SKi BHUKOPHUCTOBYIOTHCS
B TaKOMY BHUIAJKY, MAalOTh 130JIbOBAHUU MiIXiMl JO
HaBYaHHA, KOJIM KOXXHA MOJIETb HE3aJIe)KHO HaBda-
€ThCS JUIA TIEBHOI MeTH, 0e3 Oymb-fKoi 3alie)KHOCTI
BiJ MUHYIMX 3HaHb. OfHaK OyBarOTh BUIIAQAKH, KOJIH
30MpaTH HaBYAJIbHI TaHiI BaXKKO, TOPOTO, a TOIEKOIH
HEeIOITbHO. TakuM YHHOM, iCHy€ ToTpeda CTBOPHUTH
MOJIeNb, SIKa OTPUMY€E HaHi 3 pi3HuUX oOmacteil. Ls
METOJ0JIOTis HA3UBAETHCS TPAHC(EPHUM HABUAHHSM.

Tpancdepue naBuanHs (Transfer Learning) — me
METOJl MAIIMHHOTO HaBYaHHS, KOTPHH J03BOJIsIE MOJIE-
JISIM IITYYHOTO 1HTENEKTY BUKOPHCTOBYBATH 3HAHHS,
HaOyTi y mpolieci BUKOHAHHS OJHOTO 3aBIaHHS, IS
MOKpAILEHHsS. BUKOHAHHS iHIIOIO, aje MOB’S3aHOro
3apmaHHs. Llefi mMerom KOpHCHHH, KONMW JOCTYIHI

Computer Science and Applied Mathematics. Ne 1 (2024)

oOMekeHi JjaHi I HaBYaHHS MOJENI IJIsl KOHKPET-
HOT'O 3aB/IaHHs. MeTox J103BOJIsSIE MOJIEI BUKOPUCTO-
BYBATH 3HaHHS, OTPUMaHi 3 OMIOHOTO 3aB/IaHHs, K
Mae Oinpmuii oOcsr maHux. Hampuxman. Mopnens,
HaBueHa Ha Habopi jganmx ImageNet, moxe Oytu
JIOOTIpanboBaHa I Kiacugikallii THIIIB aBTOMOOI-
JiB (JIETKOB1, BAHTAXKiBKH, aBTOOYCH TOII0) HA OCHOBI
300paxenp i3 COCO. Ile moxe OyTH KOpPHCHO IS
TaKUX 3aB/laHb, K aBTOMAaTH4HE COPTYBaHHS TpPaH-
CIIOPTHHX 3aCc00iB Ha MApKOBKaxX ab0 po3Ii3HaBaHHS
THITy aBTOMOOLJISI Ha KaMepax CHOCTEePEKEHHS.
AHaJi3 nonepeaHix aoc/igxkeHb i myOaikaniii.
I'muboke HaBuaHHS MpHUBEpTAE Aeani OilblIe yBaru
JIOCIIITHUKIB Ta YCINIITHO 3aCTOCOBYEThCS y Oara-
TBOX Tay3sX, MPOTE Yy AESKUX Cepax CTBOPEHHS
BEJIMKMX AHOTOBAaHMX HA0OPIB JaHUX € CKIAIHUM
3aBJIaHHAM Yepe3 BUCOKY BapTicTh 300py i aHOTAaIlii
JaHUX, 10, Y CBOIO 4epry, 0OMeKye PO3BHUTOK LHUX
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rary3eil. 3aBIsKU IMHUPOKUM MEPCIIEKTHBAM 3aCTOCY-
BaHHS TpaHC(EpHE HABYAHHS CTAJIO TMOMYISPHUM 1
MIEPCTIEKTUBHUM HANPSMKOM MAIIMHHOTO HAaBYAHHS.
VY nocmimxendi [1] po3nsanaerbes nonan 40 perpe-
3€HTaTUBHUX ITIXOMIB IO TNEPEHECEHHs HaBYaHHA,
OCOOITMBO OHOPITHUX, 13 TODISITy AaHUX 1 MOAETI.
Y poOoTi mpencTaBiIeHO 3aCTOCYBaHHS CHCTEMH
TparcdepHoro HaBuaHH:. [1l00 mpomemoHcTpyBatn
e(heKTUBHICTh TEPEHECEHHs HABYaHHSA, B EKCIIEPH-
MEHTaX BHKOPHCTOBYEThCS ToHay] 20 perpe3eHTa-
TUBHUX MoJleneid. Momeni HaBYarThCS Ha TPHOX
pi3HHX Habopax maHuX, ToOTO Amazon Reviews,
Reuters-21578 ta Office-31. Crarti [2—4] 30cepe-
JOKEHI Ha OMISAl MOTOYHUX JOCHIKEHb TpaHChep-
HOTO HaBYaHHS y pI3HHX Taiy3sx. JlocmikeHHs
[5-8] BUCBITIIIOIOTH Pi3HOMaHITHI METOAM ¥ anro-
putMmu TpanchepHoro HaBdaHHA. OCTaHHIMU POKAMH
JOCIITHHUIIBKE CITIBTOBAPHCTBO 3 MUTaHb TpaHChep-
HOTO HABYaHHS MEPEBAKHO 30CEPEIKEHE Ha TaKHUX
JIBOX aCIIeKTax: aJamnTallisi JOMEeHY Ta MepeHeCeHHs
JIOMEHIB 13 KUNBKOX JDKepell. 3aBASKH TITHOOKOMY
HaBYaHHIO 33 OCTaHHI POKH OYJI0 TOCATHYTO 3HAYHHUX
yCcmixiB y pi3HUX cdepax, omHaKk Oarato Mojenei
HABYAIOTHCS 3 HyJNS W YHHKAIOTh IEPEHECEHHS HaB-
YaHHS Yepe3 pi3Huil xapakrep qaHux [9].

Mera poGoru. EdexTuBHICTE TIHOOKOTO HaB-
YaHHS 3HAYHOIO MiIpOK0 3aJIeKUTh BiJl HAasBHOCTI
MacmTabOHUX Ha0OpiB MaHWX, fAKi 3a0e3MeYyroTh
MOJIENIb Pi3HOMaHITHUMHE 300paxkeHHsMH. L1i 300pa-
JKEHHS MICTATh iH(OpMAILito, 10 JOTIOMAarae MoJeli
Kpamie po3yMiTH pi3Hi Kareropii Ta, sIK HacIiJoK,
MTOKPAIyBaTH pe3yiabTaTH Kiacuikamii, omHaK y
peaNpHUX TPUKIAJAHUX 3a7adaX dYacTo CKIJIATHO
3i0patu BeIMKY KiIBKICTh 300paXKeHb, SIKUX O
BHCTauaso I HaB4aHHS Mozeni. [le oOmexye Mox-
JIUBOCTI HABYEHOI MOJIENi, TOMY CTa€ aKTyalbHHM
MUTaHHS TIPO Te, K MAKCUMaJIbHO €()EeKTHBHO BHKO-
pUCTOBYBaTH OOMEXEHi JaHi A1 HaBYaHHS MOJEINI
JUIsl pillleHHs 3a7a4i BU3HAYEHHS BLIBHOIO MapKy-
BaJIbHOTO MiCIIS HA TAPKOBKAX MiCTa.

BukianeHHss OCHOBHOro Marepiany W aHaui3
OTpHUMaHUX pe3yabTartiB. TpaHchepHe HaBYaHHS
€ TIOTY)XHHUM METOJIOM MAIlIMHHOTO HaBYaHHS, SKUAN
MOKe OyTH BUKOPHCTaHUH JUIsl MOKpamieHHs edek-
TUBHOCTI MOZIEJICH IITYYHOTO 1HTENEKTY B IIUPOKOMY
CHeKTpi 3aBaanb. GopmansHO TpaHCchepHe HaBYaHHS
MOXKHA ommcaTh TakuM 4nHOM: Hexaiét 7' — Ga3oBe
3aBIaHHs, a S — HoBe 3aBmaHHs. Hexait D, — HaOip
JaHUX A7 0a30BOro 3aBAaHHsA, a Dy — Ha0lp JaHuX
JUTSI HOBOTO 3aBaHHs. Hexait O — mapamerpu moperi.

TpancdepHe HaB4aHHS — 1€ METOJ MAITHHHOTO
HaBYaHHS, SKHA JO3BOJIAE TOKPAIIUTH TOYHICTH
MOJIeNi JIT HOBOTO 3aBJaHHS S, BUKOPHCTOBYIOUH
Ha0ip maHuX I 6a3oBoro 3aBnanHs 1 . GopmanbHO
TpaHcepHe HaBYAHHS MOXKHA OIMCATH SK 33739y
onTUMi3aIii:

meinL(O,Ds), (1)
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ne L(,) — QyHKIis BTpaT.

Ha mpakTurii TpancdepHe HaBdaHHS BUKOHY€ETHCS
y JIBa eTaru:

— Haguannus novarkoBoi Mozeni. Ha npomy etarri
MOJIeTTh HaBYAEThCS Ha HAOOpi maHUX i1 0a30BOTO
3apaaHHs D, .

— OinanpHe HaBYaHHA. Ha mpomy etami Momein
aJIanTyEeThCs 10 HOBOTO 3aBaHHs D .

Ha erami ocraTrouHoro HaB4aHHS MOJIEIb MIEpPeHa-
BUYAETHCS HA HA0OP1 JaHMX 7 HOBOIO 3aBAaHHs D .
MOoXyTh BUKOPHCTOBYBATHCS Pi3HI METOAM afanTarii
MOZIEJI1 1O HOBOTO 3aBIaHHS.

Cucrema po3mi3HaBaHHS BUTBHUX MICITh IS TIap-
KyBaHHsI TParde IMOJICTTIUTH JKUTTS aBTOBIACHUKaM
Yy MICTi, aBTOMAaTUIHO 3HAXOMSYN BITBHI MICII IS
nmapkyBaHHs. Ll cucremMa BHUKOPHCTOBYE KaMeEpH,
mo0 CKaHyBaTH MApKOBKM Ta BU3HAYaTH BiNTbHI
Mmicrs. [HopMaris mpo BimbHI Micusg Moxke OyTh
JIOCTYITHA aBTOBJIACHHKAM dYepe3 MOOUTBHHI 3acTo-
cyHOK. Etamu pobotu cucremu:

— Bubip motpiOHOT mapKoBKH ab0 HAHOIMKINX
32 T€OMO3ULII€IO.

— Kamepn Ha mapkoBkax (QikCyloTh BiIBHI Ta
3alHATI MiCLISL.

— Cucrema aHamizye naHi 3 00OpaHHUX MapKOBOK i
nepenae iHhopMaIIiro Ipo BibHI MICIIS.

[omoBHOIO CKIIAOBOI0 YAaCTHHOK TMPOTPAMHOT
CHUCTeMH BH3HAYCHHS BIIbHUX MapKyBaJIbHUX MiCIlb
€ MOAYJb po3Mi3HaBaHHs. Js peamizatii anropurmy
pO3Mi3HaBaHHS BUTBHUX MICIb IJIS TApKyBaHHS Y
PEeXHUMI peansbHOTO Yacy BUKOpHCTaHa Monenb Mask
R-CNN, Mozenp DIMOOKOrO HaBYaHHS, KA MOXE
OTHOYACHO BWSIBIIATH Ta CETMEHTYBAaTH OO €KTH Ha
300paXeHHSX.

TpancdepHe HaBUAHHS MOXHA peani3yBaTH s
Mask R-CNN xinpkoMa criocobamu. OquH 13 HOIIH-
pPEHNX CHOCOOIB — 1€ 3aMOPO3WUTH HIKHI Iapu
MOJIENTi Ta TIepEeHaBUMTH JIUIIIe BepxHi mapu. Lle 103-
BoIsie Moneni 30eperTe 0a30Bi MOHSTTS, SKi BOHA
HaBuMiacsa Ha 0a30BOMY 3aBJaHHI, W amanTyBaTucs
JI0 HOBOTO 3aBIaHHA, JIUIIIE HABYAOUM MIAPH, Bif-
MOBiTaNibHI 32 BHABJICHHS KOHKPETHHX O3HAK IS
HOBOTO 3aB/IaHHSI.

s peanizariii iporo croco0y MoxHa BUKOPHCTO-
BYBAaTH TaKi KPOKH:

1. 3aBa"TaxuTtu Ta HaBunTH Moxeirb Mask R-CNN
Ha HaOopi JaHUX [Tt 6A30BOTO 3aBIaHHS.

2. 3aMOpO3UTH HWXKHI IIApU MOJIETII.

3. [lepenaBunty BepxHi mIapu Mojeli Ha Habopi
JTAHUX JJIS1 HOBOTO 3aBJaHHS.

4. Ouiantd oTpuMaHuil pesynprar. Ha mpomy
erarmi MOJeNb OIIHIOEThCS Ha HaOOpi MaHuX s
HOBOTO 3aB/IaHHSI.

Jist omiHkM eheKTUBHOCTI MOJIeTi TTicis TpaHcdep-
HOTO HaBYaHHs BUKOPUCTOBYIOThCS Taki meTpuku [10]:

— Accuracy — BiJICOTOK TpaBHUJIbHO KiacuikoBa-
HUX 300pakeHb.
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— Precision — BiICOTOK NPaBUJIbHUX MTO3UTUBHUX
pe3yibTaTiB.

— Recall — BificOTOK TPaBHIBHUX IMMO3UTUBHUX
pe3yabTaTiB, SKi Oy IpaBUILHO BUSBJICHI.

— Fl-score — cepenHe rapmoHiuHe BiIHOLICHHS
precision i recall.

— mAP (Mean Average Precision) — cepente 3Ha-
YEHHS CepeIHbOT TOUHOCTI.

Jua peamizanii anroputMmy po3mi3HABaHHS BiJb-
HUX Miclp AJs MapKyBaHHS Yy PEXUMI pearbHOro
yacy moTpiOHO pearizyBaru Taki aii (puc. 1):

1. IIpoBecTn momepenHe HaBYaHHS Ha HaOOPi
nanux COCO [11].

2. AnanTyBaTy MOJIEJIb 10 HOBOTO 3aBAaHHS LIS
XOM TOYHOTO HaJIalITyBaHHS Bar BUIIMX PiBHIB.

3. JIng nmonansiroi poOoTH NOTPiOHO BUKOPHCTATH
KaZpH 3 KaMep aBTOCTOSHOK. il 11boro HEoOXigHO
CTBOpPHUTH Habip 300pakeHb i3 BileOKaapiB 0OpaHUX
MapKOBOK MicCTa.

4. IIpoBecTn Apyruii eTan HABYaHHS Ha BiIEOKAI-
pax oOpaHMX MAapKOBOK.

HaeuanHA mogeni

¥

HanawTyeaxHA

17

Hatip gaHux

(kagpu
ABTOCTOAHKW)

[oHaauaHHA Mmogeni

Puc. 1. TpanchepHe HaBuUaHHSA
AJIS BUPilIeHHd 3aa4i po3NMi3HABaHHSA
BIJILHOT0 MAPKYBAJbLHOI0 MicIA

st ctBOpeHHs HAOOpy TaHNX 300pakeHb aBTOCTO-
STHOK MicTa BUKOPHCTAaEMO BiICO3aIMCH 3 aBTOCTOS-
HOK, sIKi Hazauti OyayTh po30uBatKcs Ha Kaapu-300pa-
xeHHs. Habip manux Oyje cKiagaTtucs 3 po3MideHUX
300paKeHb YOTHUPHOX HAWOUIBIIUX IMApKOBOK MICTa.
VY 300pakeHHsIX TIPEICTABIICH] Pi3HI YaCOBi MPOMIXKKH
(nenb, Bedip, HiY, paHOK). SIK pe3ysbTart, IUIsl TOHAB-
yaHHs1 OyI1o BimiOpano 6muzbko 1 000 300paskeHs.

[Ticnst TorO, SIK IPOIiIEHO TOBHUI KYypC HABYaHHS,
MOTPIOHO MPOBECTH TE€CTyBaHHSA Mojei. s 1poro
HEOOXiTHO BCTAHOBHUTH 3B’SI30K i3 BiJieOKaMeporo;
OTpUMATH KaJ[pH 3 BiJEONOTOKY; PO3Ii3HATH BCI
aBTOMOOLTI Ha MOTOYHOMY KaJpi; OTPUMATH BiJIbHI Ta
3aHATI MICIIS Ha MAPKOBII.

Iurepdeiic kopucTyBada peanizoBaHo 3a I0IOMO-
ror0 MOOITBHOTO 3acTOCYHKY. Ha puc. 2 300pakeHo
MOJIENTb PO3Mi3HABaHHS BIUIBHHUX MICIb IS IMApKYy-
BaHHSL.

VY peamizoBaHiii cucTemMi MOXyTh OyTH HE BCi
MapKOBKM MicTa, TOMy Tpeba 1ie pa3 mpoiTu JoHaB-
yaHHA. 71 1bOro MOXKHa BUKOPUCTATH AJalNTHBHY
Helipo-HeuiTky mepexxy (AHHM). ApmantuBHa Heii-
PO-HEUiTKa Mepeska — Lie TUIl HEHPOHHOI Mepexi, sika
MO€AHY€E TPUHLUIN HEMPOHHUX MEPEX 1 HEWiTKOi
JIOTIKH.

[lepeBaru BukopuctanHs AHHM nns gonas-
YaHHI MOJIEJNI:

— Edexrunicte. AHHM Moxe HaB4atucs Ha
HEBEJNIMKUX Ha0opaxX AaHWX OUThII €QEeKTHBHO, HIXK
TpaauIiiHI HEUPOHHI MEpexi.

— Tounicte. AHHM wmoxe maBatu OLJIBIII TOYHI
pe3yNbTaTh, HiXK TPaJuIliifHi HEHPOHHI MEpexi, 3aB-
JISIKK CBOTH 3]aTHOCTI BpaXOBYBaTH HEBU3HAYEHICTb.

— IarepnperoBanicte. AHHM nerme iHTEp-
MpeTyBaTH, HK TPaaWIliiHI HEHPOHHI Mepexi, Mo
poOuTh X OINBII 3pYYHHMH AJII BUKOPHCTAHHS Y
3a1a4ax, e BaXKJIMBA MOSICHIOBAHICTb.

Jns AHHM Oyrno BuBeneHo 18 npaBui Ha OCHOBI
CHCTEMH HEYiTKOTO JIOTIYHOTO BUCHOBKY THIy Taka-
ri-Cyreno. Hanpuknaz: SIkimo <rpancnopTHHi 3aci0
3aiimae Mmenme 10% mnapkyBanpHOrO Micisr> To
<Micle CWILHO BUIbHE> F1.

[ HaByaHHS Ta TecTyBaHHS OylO BHKOpPHU-
cTaHO JBa HabopW AaHWX 1 0a3a HEYITKUX IPaBHUI
(Tabmug 1).

PesynbTaTn. [l excrnieprMEHTaIbHOIO JOCi-
JUKeHHs Oyio Bukopuctano Mozaens Mask R-CNN Bix
Matterport — e odiniiina peamizauis Mask R-CNN i3
BIIKPUTHM BUXIJTHUM KOZIOM, ToOyaoBana Ha Python,
Keras i TensorFlow. Yci ekciepuMeHTH TPOBOIMITUCS
Ha KOMIT' IOTEpax, OCHaIIeHUX mpouecopoMm Intel
Xeon(R) E2678 v3@2,50 I'T1 i rpadiunmm nporueco-

BWzHaYeHHA
33AHATOCTI
NapkysaneHu: MiCLE

BWABNEHHA
TPAHCTOPTHIMX
3acobie

!

TeHepYEaHHA

BrzHaYEHHA ; =
> saﬁHqT;c:Ti napkosu | |  BiGnoBidi AnA
i PrOaK KOPUCTYEAYE

KOOPOWMHETH
napxyeansHux:
MiCUb

Kagpw
QBTOCTOAHKN

Puc. 2. Moneas po3nizHaABaHHS BiIbHHUX i 3ailHATHX Micb Ha 00paHiii mapKoBLi
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Tabmung 1

CKJj1aJ HAaBYAJILHHUX i TeCTOBHX JaHUX

HapuyajabHuii Habip
(KIBKiCTH 00’ €KTIB)

Ha6ip nns TectyBanHs
(KiIbKicTh 00’ €KTIB)

COCO 56000 14000
CneuiansHuil HaOip 700 300
baza HewiTKuX mpaBuII 18 18
Tabnurs 2
IopiBassHHST MAP
AP AP " AP OCHOBA
[Ticnsa meprroro JOHABYAHHS 60,53 82,48 64,53 Mask R-CNN
ITicas amanTHBHOTO HaBYAHHS 61,94 91.11 69,68 Mask R-CNN +ANFIS

pom Nvidia RTX 3060ti uepe3s FiftyOne, peanizoBani
CUDA 11.8 1 CUDNN 11.8.

[TapameTpu, ski Oy70 BHKOPHUCTAHO IJIA TPEHY-
BaHHs: 50 emox. HapuawHsS Mojem MpoXomuiao Ha
mogeni COCO, nounHarouy 31 MIBUAKOCTI HaBYaHHS
0,001. byno Buxopucrano posman Baru 0,0001 Ta
imrrynse 0,9. e 3aifHsUI0 BiciM TOMWH HAaBYAHHS HA
omHii MamwmHi 3 1 rpadiuamM mporecopom. Jonas-
JaHHSI MOJEJ MPOXOAMIIO Ha CIemialbHOMY Habopi
Ta 3aiHSAIIO 1B TONWHHU.

3a pe3ynbpraTaMy JOCIHIHKEHHS MOXKHA 3pOOHUTH
BHCHOBKH, 1m0 MAP [0.5;0.95] 3a xopommux morom-
HHAX YMOB y neHb mAP= 92.23. V Tabmumi 2 HaBe-
JIEHO TIOPIBHSUIbHI JMIaHI MO0 KJIACHYHOI MOmemi
Mask R-CNN. AP, AP50 ta AP75 HanaroTh neTajb-
HiITy iHpOpMAIliI0O PO TMPOTYKTUBHICTE MO
00’extHoTO BUsBICHHA. AP (Average Precision) — me
CepenHs BeIMYMHA TOYHOCTI (precision) 1o BCiM piB-
HAM BigkmukanHs (recall) mms mporo kimacy o0’ex-
TiB. AP50 — 11e cepemHs TOYHICTH NP PiBHI BiIKIIH-
kaHHA 50%. Lle o3Havae, 1m0 3 ycix 00’ €KTiB MEBHOTO
KJIacy, MPUCYTHIX Ha 300pakeHHSX, MOZCIIb TTOBUHHA
mpaBuibHO KinacudikyBaru 50% i3 Hux. AP75 — me
cepenHs TOYHICTh TpH piBHI BinkimukaHHSI 75%. Lle
03Hayae, M0 MOJAETh MOBHHHA MPaBHIBHO KiITacudi-
KyBatu 75% 00’€KTiB IEBHOTO KIIACY 3 yCiX MPHUCYT-
HiX Ha 300pakKCHHSIX.

BusBrneHHs mapkyBadbHHX Miclhb 1 iX KJIacH-
(dhikaIiro 3a KpUTEpiEM 3aWHATOCTI aBTOMOOIIIMH

YCKIIQIHIOE HI3Ka YHHHHKIB: PO3TAIIyBaHHSI KaMep;
Pi3HHI piBeHHb OCBITIIEHOCTI; IMOTOIHI YMOBH; TPH-
pOIHE CTUpaHHS JiHIA MapKyBaJbHOI PO3MITKH 200
B3araji mapkoBKa 0e3 pO3MITKH; MEPEKPUTTS JTiHii
PO3MITKH TPAaHCIIOPTHUMH 3ac00aMH Ha CTOSTHITI 2060
THMH, IO TIPOTKKAIOTE MUMO; HEKOPEKTHE MapKy-
BaHHS TOIIIO.

BucnoBku. byno 3anponoHOBaHO MOAENb TpaH-
cthepHOTO HaBYaHHS, SKa BKIIOYA€E B ce0E CIIOYATKY
HaBYaHHS Ha BemukoMmy Habopi mannx COCO, noHaB-
YaHHsS Ha MaJEHBKOMY Ha0Opi JaHWX, CTBOPEHOMY 3
KaJpiB i3 BiJIEONOTOKY, B3STHUX i3 Kamep, PO3TaIlo-
BaHUX Ha aBTOCTOsSHKax Micta. [lpyruit eran moHaB-
YaHHS BHUKOPHCTOBYE aIallTUBHY HEHPO-HEUITKY
Mepexy. LIs Mmepexa MoXke TUHAMIYHO aJlalTyBaTUCs
JI0 HOBUX JAaHWX, IO TOKpamlye ii eQeKTHBHICTD i
MPOAYKTUBHICTh MOPIBHIHO i3 TPaJAHULIHHUMHI HEW-
POHHUMU MepekaMu. 3aBlIIKH BUKOPUCTAHHIO 3a3/1a-
JIETiTh HABYCHUX MOJIeNIel alanTHBHA HEHpO-HEediTKa
Mepeka MOXKe ITOYaTH HaBYaHHS 3 Kpamioi TOYKH.
Ile cropodye yac HaBYaHHS Ta MOKPAIY€ KiHIIEBUN
pe3ynbTar.

[IpoBeneHo omuc eTarmiB CTBOPEHHS MOZEINi HaB-
YaHHS JUIsI CUCTEMH PO3Mi3HABaHHS BIIBHUX MiCIlb
JUTSL TIapKyBaHHS. BW3HAU€HO METOAM ITiJrOTOBKU
BXIIHUX JITaHUX 1 3arajibHa MOJIe]Ih HABYaHHSI.

Buxopucranast TpaHcepHOTro HaBYaHHS MOKpa-
11ye e(peKTUBHICTh MOJIENI Ta 3MEHIITY€ Yac i pECypCH,
HeoOXiaH1 i i1 HaBYaHHS.
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The article deals with the fractal analysis of images of continuous wavelet
spectra of radar signals with linear frequency modulation, taking into account
the level of additive Gaussian noise and the frequency modulation coefficient.
As a result of the analysis, the numerical value of the level of Gaussian noise
additively added to the signal above which the identification of the terrain
image or signal spectrum is impossible to be obtained. The Mexican Hat
wavelet function, which provides the maximum range of fractal dimensionality
variation with noise variation, is determined. Methods of threshold detection by
proximity of series of scaled wavelet noise and signal scales are investigated.
An example of the Shapiro-Wilk normality test has shown the inefficiency
of using statistical methods to determine the noise threshold of the series of
wavelet coefficients that form the images of spectra. Two methods of detecting
the noise threshold versus global scalograms and autocoherence of the signal
and noise transformed into wavelet coefficient series are considered. The
autocoherence method is more efficient due to the availability of numerical
values. For the identified thresholds of two frequency modulation signals,
with and without additional amplitude modulation, spectrum images are
obtained and maxima of fractal dimension at the noise threshold boundaries
are determined. By numerical values of maxima it is suggested to identify
spectra by noise threshold for neural networks, for example, for preparation of
a set of recognizable images.
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VY cTarTi IpoBeAeHO (ppaKkTaIbHUI aHAJI3 300paXKeHb Oe3MepepBHUX BEHBIET-
CIEKTPIiB pajioiOKallifHUX CUTHAMIB i3 JIHIMHOIO YaCTOTHOK MOIYJIALIEI0
3 ypaxyBaHHAM piBHS aJUTUBHOTO [aycCiBCBKOro IIyMy Ta KoedilieHTa
qacToTHOI Momynsnii. OTpUMaHO YHCENbHE 3HAUEHHSA PIiBHA aJJAUTHBHO
JIOIAHOTO 10 CUrHaTy ['ayciBCBKOTO IIyMy, BUILE PiBHS SIKOTO ileHTU(IKaLis
300pakeHHs MiCLIEBOCTi 200 CIIEKTPY CUTHATY HEMOXIIMBA. Tako BU3HAYEHO
BeilBneT-pyHKIiI0  «MEKCUKAaHCBKUM  Kalelmrox», KoTpa  3ale3medye
MaKCUMaJIbHUI iala30H 3MiHU (PPaKTaIbHOI PO3MIPHOCTI MPH 3MiHI HIyMy.
IIpuxnan Tecty HopmanbHocTi [llamipa-Bunka moxa3aB Hee(eKTHUBHICTbH
BUKOPUCTAHHS CTaTUCTUYHUX METOJIB BU3HAUCHHS IIYMOBOTO IOPOTa PsAiB
BeiiBIEeT-K0A(PPUIIECHTOB, SIKi YTBOPIOIOTH 300pakeHHS CIIEKTPiB. Po3mIsiHyTO
JIBa CIIOCOOM BHSBIEHHS IIYMOBOTO IOPOTY MOPIBHSHO i3 I0OaIbHUMHU
CKaJloTpaMaMu M aBTOKOTEPEHTHOCTI IEPEeTBOPEHOTO Ha psAAM BEUBIET-
Koe(ilieHTiB curHany ta urymy. HaifGinbIm e(yeKTUBHIM Y 3B’SI3KY 3 HASIBHICTIO
YHCIIOBHUX 3HAYCHb € METOJ aBTOKOTE€PEHTHOCTI. JIJIs1 BUSIBIIEHUX IIOPOTiB JIBOX
CHTHAJIiB YaCTOTHOI MOAYJISINIi, 3 JOJATKOBOIO aMILTITYHOIO MOIYIIAII€I0 Ta
0e3, OTpUMaHO 300pa’KCHHS CIEKTPIiB 1 BU3HAUEHO MAaKCUMYMH (hpaKTalbHOI
PO3MIPHOCTI Ha MeXKaxX LIYMOBOTO IOpOTa. 3a YHCIOBUMH 3HAueHHIMH
MaKCHMYMIB 3aIIPOIIOHOBAHO 1IEHTH(]IKyBaTH CIEKTPH 3a PiBHEM LIYMY JUIS
HEHPOHHUX MEpeX, HANpHUKIaJ, Ui IMiJrOTOBKH HaOOpy 300pakeHb, IO
PO3Mi3HAOTHCA.

Introduction. Signal distorted by noise and maxi-
mum critical interference is processed using computer
technology. An example is the distortion of medical
and ultrasound images, localization trajectories, and
visualizations of an object at a distance [1]. Since the
image is a data set, it is very important to reconstruct
the original signal to maximize the amount of data.
We need to take into account that interference can
occur during both signal transmission and reception.

A large number of different ways of filtering the
signal from noise have been described in the litera-
ture. Linear and nonlinear filtering methods [2] such
as Gaussian filter, median filter, mean filter and Wie-
ner filter [1; 3] are widely used for noise reduction.
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A number of works have proposed algorithms for
identification of non-Gaussian noise using various
adaptive filters, such as the Kalman filter [4]. Com-
mon to these methods of information signal process-
ing is filtering by noise removal and restoration of the
useful signal.

The most complex, in our opinion, is the task of
signal processing of radar detection systems. The
task combines both accurate processing of informa-
tion from huge amounts of data with visualization of
the result, and processing of highly noisy signals [5].
The complexity of processing such signals is directly
related to the a priori uncertainty about the probabili-
ties of occurrence of detectable signals [6]. However,
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this area of technology is characterized by the fact that
it often involves signal processing in situations where
the share of noise in the signal may significantly
exceed the information component. This condition
cannot be ignored when developing methodological
approaches to new methods of signal processing.

In addition, it should be noted that the efficiency
of radar systems depends directly on the signal detec-
tion range [6]. This puts an additional requirement to
the applied information technologies of signal pro-
cessing. At the same time, the increase in resolution
is achieved by reducing the pulse duration. This leads
to a decrease in signal power and, consequently, in
the detection range. This problem is a key issue in the
use of information processing techniques in military
radar systems to monitor enemy behavior [7] on the
battlefield.

In recent years, information technology specialists
all over the world actively pay special attention to the
development of radar techniques based on wavelet
transform for recognizing pulse modulation features.
This is confirmed by the active implementation of
innovations in this technology [7].

Literature Review. The use of linear frequency
modulated signals is a compromise solution. The fac-
tor that affects the detection range is the modulation
factor. The authors of the publication [2] propose a
method of detecting a signal with linear frequency
modulation by calculating the fractal dimension of
linear spectrograms using the cell coverage method.
This method does not reflect the peculiarities of sig-
nal modulation due to the limited time resolution of
the Fourier spectrum.

The authors of [3] proposed to solve the problem
of identification of a wide spectrum of signals by
mathematical processing of discrete wavelet coeffi-
cients with subsequent filtering from noise [4—6] and
construction of the correlation matrix of the obtained
series of discrete wavelet coefficients [7].

In publication [8], an algorithm based on the use
of continuous wavelet transform coefficients and
higher order statistics in determining the features of
selected signals was proposed. The principal com-
ponent method was applied to reduce dimensional-
ity. An artificial neural network was used as a clas-
sifier [8].

The continuous wavelet transform method has the
ability to visualize the results. Such a representation
is outlined in [9], which is devoted to the estimation
of the Hurst coefficient [10] from the slope of the
power spectrum based on the wavelet transform. The
estimation of the Hurst coefficient for a volumetric
data set allows us to identify belonging to certain pat-
terns (trends or comparison signals) in the data set.
However, the transformation of the input signal by
accumulation from the mean does not allow to dis-
play individual features of the signal.
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The use of fractal dimensionality is investigated in
the monograph by G. Schuster, “Deterministic Chaos.
Introduction” [11] using the correlation dimension
InC(g)/In(e) (where C(g) is a correlation integral)
on the slopes of graphs InC(g) from In(¢) for differ-
ent noise levels at which, there are observed kinks on
scales corresponding to noise levels below which the
slopes are approximately equal.

However, at the time of publication of this fun-
damental work, the theory of the continuous wave-
let transform was not yet sufficiently developed, and
the author used the Fourier transform to analyze the
spectrum [11 p.65]. Therefore, the type of noise inter-
action with the signal and its property (white or cor-
related) was not determined.

The solution to this question appeared later in
[12 p.512]. Since the neighboring frequencies in the
Fourier analysis for a time series of white noise are
uncorrelated. This is no longer relevant to wavelet
analysis. The correlation between CWT of two differ-
ent scales sl and s2 at different moments of time tl1
and t2 is defined as:

C(sy,5,,8,1,) = (W (5,6 )W (s,,1,) .

In the presence of uncorrelated white noise, the
correlation between the scaling factors may change
the nature of the noise effect on the fractal dimension,
especially in the case of frequency modulation of the
signal, as it may lead to the appearance of additional
spikes. The main change is that the known statisti-
cal methods for determining the noise threshold for
Fourier analysis, are no longer effective for wavelet
reconstruction of image matrices.

Therefore, the computational experiment is rele-
vant and timely, especially in connection with the use
of wavelet transforms for the development of data set
for neural networks

Determination of the dependence of the fractal
dimensionality of the power of the wavelet spec-
trum of a signal on the noise level, frequency mod-
ulation coefficient and wavelet function

We will determine the wavelet coefficients from
the known formula for the continuous local wavelet
spectrum [3-5]:

1 t—b
W -7 J;x(t)w(Tjdt, (1)
where: x(t) is a signal with random component;
is a basic wavelet from the list ‘cmorl1.5’, ‘cgau5’,
‘cgaul’, ‘shan0.5-2’, ‘morl’; a #0 is a scale parame-
ter; >0 is a shift parameter.
The data under study is discrete, so we write for-
mula (1) in the form, selecting two arrays for scales
coeffs for shifts fred:

coe]%,fredz%;x(ti)\v(t‘ ;bj. ()
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When analyzing images of spectra, scale is of
more interest than shift. Therefore, it is necessary to
eliminate the dependence on the shift 5, obtaining a
representative amplitude of the scale inhomogeneity
coeffs for fred shifts.

Obtaining an image of the power spectrum using
the wavelet transform is to use their absolute values
abs(coeffs) rather than the squares of the wavelet
coefficients.

We will use the ratio for a signal with linear fre-
quency modulation:

x(t,. ) =anp cos(2nf0t,. + Tth,.z ) +M;» 3)

where anp is a signal amplitude; f0 is an initial
frequency value; f is a linear frequency modulation
coefficient, # is an uncorrelated Gaussian noise with
zero mathematical expectation.
The estimation of the noise influence is obtained
from the relation:
a— 2
x(z
R0 “

Dbe(e)-x ()1
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where: X(,)=anp cos(2nfotl. + nBtf) .

To calculate the fractal dimension D=2-H through
the Hurst coefficient (H) for a range of absolute val-
ues of scaling wavelet coefficients, we use the fol-
lowing algorithm. We create a range of delay values,
calculate an array of delayed differences and after
linear approximation obtain the Hurst exponent. We
will investigate the change of fractal dimension of
signals in the frequency range from -14 to 14 dB, for
frequency modulation coefficients =128, 256, 512
and initial frequency f0=50 MNz of five continuous
wavelets. To find the wavelet that provides the max-
imum range of variation of the Hurst coefficient (H),
we plot the graph.

It can be seen from the above graphs that the
dependence of fractal dimensionality on noise power
is nonlinear and decreases with decreasing noise. The
range of variation of the dimensionality depends on
the selected wavelet and is maximal except for its
value at =256, which indicates its influence on the
distribution.

For modulation factor i = 256
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Fig. 1. Fractal dimension of the spectrum and time domain of the main wavelet:
a) for modulation coefficient b) ¢) ¢) mexh wavelet
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Analyzing the applicability of statistical meth-
ods for determining the noise threshold for series
of scaling wavelet coefficients of the spectrum
image on the example of the Shapiro-Wilk test

For signal (3) in the noise range from -14 to 14
dB, the noise threshold by the Shapiro-Wilk test is
determined as shown in the following figure:

At uncorrelated noise and correlation of scaling
wavelet coefficients by the ratio [12]:

C(8y,8,,0,8,) =W (s,,1)W (5,,1,) - (5)

The value of noise threshold for continuous wave-
let spectra cannot be determined because the statistics
of detection p over the entire range of noise is zero as
shown in the graph:

Statistical methods of noise threshold detection
using the example of Shapiro-Wilik test are unsuita-
ble for noise threshold detection on wavelet spectrum
images.

Method of detected noise threshold by compar-
ison of global wavelet scalograms

The local power spectrum is determined by rela-
tion (1) and the global one by relation [13]:

E,@)=[W.,db= [ E,(abydb.  (6)

Ratio (6) is called the scalogram or variance of
the wavelet transform. The scalogram E (a) corre-
sponds to the power spectrum smoothed at each scale
by the Fourier spectrum of the analyzing wavelet.
This allows us to obtain more localized power infor-
mation necessary to detect the noise threshold.

We will compare the scalogram of the noise gen-
erated in the scale of the signal with the scalogram
of the deterministic signal with noise, achieving a
change in the noise level of equality of these scalo-
grams.

Shapino-Wilk test. Reject the normality hypothesis

statistic: QL9941 po0 0498 Gawssian nobse threshold: -11.1
014 s

a1z
0104
Q08 4
006

0.0 4

- J
0.0 = v

29

In Fig. 4 on the mashtabograms, the white spots
reflect the noise. The comparison results reflect the
scalograms, in which the Fourier power spectrum and
the global wavelet spectrum with 95% confidence
level are given.

A method for detecting the noise threshold
from the autocoherence of a number of wavelet
coefficients of the signal itself

The crossed wavelet spectrum discussed above for
testing the significance of the relationship between
two processes, one of which is Gaussian white noise,
is difficult to test. Instead, it is better to apply autoc-
oherence according to the series of scaling wavelet
coefficients (2). And calculate the derivatives using
the correlation distance between the series for signal
and noise by the ratio:

a i-o a
A Gdx(t) (t-b
Sy__ai=0 dr, \V( a j @
,_Isf
=
A

It should be noted that the system of equations (7)
is a rational modification of the well-known wave-
let coherence system [14], but it is based not on the
comparison of two different series, but on the com-
parison of the series itself with its derivative in the
time domain.

For reproducibility of the results of comparison
with noise it is necessary to ensure equality of scales
and the same wavelets used for decomposition. In
addition, the size of the image itself (extent) [15] and

Shapiro-wilk test. Accept the nomality hypothesis:
statistic: 09577 07469 Gawssian noise threshald: <1148

Q.14 4

0104 |

008 4
008 4
L]

ooz

0,00 e

b)

Fig. 2. Detection of noise threshold for linearly frequency modulated signal by relation (3):
a) — distribution for noise threshold; b) — distribution up to threshold per step c=0,1 downward c
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Shapiro-wilk test. Reject the normality hypothesis:
statistic: 0,937 pe0.0 Gaussian nodse threshald: <1235
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Shapire-Wilk test. Reject the normality hypothesis:
statistic: 08949 polU0 Gaussian nolse threshold: 17.05
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Fig. 3. Failure of the statistical test for the wavelet spectrum: a) — distribution for 12.35 dB noise;
b) — distribution for 17.5 dB noise

Signal+Gaussian ahvte noke

Gaussian white noke

b)

Fig. 4. Wavelet scalograms: a) for a signal with noise is 6.95 dB for =512 ; b) noise is 7.3 dB

the palette (cmap, aspect) should be the same during
visualization.

Let’s build autocoherence for signals and noise on
one graph by changing the noise level in the range
from -14 to 14 dB. Let’s find the intersection points
of noise and signal series for maxh (“Mexican Hat”)
wavelet.

Analysis of wavelet spectrum autocoherence from
the signal (3) for comparison is necessary together
with the ratio taking into account the amplitude mod-
ulation of the half-sine wavelet:

x(1,)=anp cos(2nfoti + 7t )sin(nt) +m,. (8)
Using the fractal dimensionality of wavelet
spectrum images to prepare DataSet neural

networks with taking account of noise thresh-
olding
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Preparation of images in the form of scalograms
significantly increases the efficiency of neural net-
works for image recognition. In this case, to form a
data set it is necessary to form a set of signals with
different noise levels and at the same time be sure that
the signal carries information and not chaos.

For this purpose, let’s transfer the already defined
noise threshold to the dependence of fractal dimen-
sion on noise for spectra images. For this purpose,
we need to make sure that the character of changes
in fractal dimensionality is close to the changes for
series of scaling wavelet coefficients.

In [16, 17], the following cell covering method
is proposed to calculate the fractal dimensionality of
images. For our problem, the spectrogram images are
reduced to binary so that a pixel is considered filled
but not white. According to the cell coverage method,
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Fig. 5. Determination of noise threshold using autocoherence of continuous wavelet spectrum
for wavelet mexh and scales=range(1,128): a) for frequency modulated signal by relation (3);
b) for signal by relation (8).It should be noted that the noise threshold in both plots is about 0.7,
which corresponds to the noise power. For a frequency modulated signal the level of noise threshold
does not depend on the modulation coefficient

the fractal dimensionality D can be defined as a linear
regression coefficient from the relation:

logl,—logC(s)zo, ®)
s

where: s is the size of the side of the image blocks
in pixels; C(s) is the number of image blocks of size s
that have at least one filled pixel.

Let us define the fractal dimensionality of the
images of the considered spectra:

The visually undetectable image change (Fig. 6)
is identified numerically by the maximum of frac-
tal dimensionality with sensitivity (1.6122-1.6106)/
(-13.3 +11.6)=-0.0016/1.7. Change in fractal dimen-
sion (Fig. 7) with sensitivity (1.6116-1.5979)/
(-11.748.3)=-0.0137/.4. The changes in the third and
fourth digits do not seem significant, however, such a
change is stable and in some cases may be the only
way to select images in the data set for neural net-
work. Such a task is relevant, because the insufficient
number of images associated with their limited selec-
tion strongly reduces their recognition in neural net-
works [17-20].

Discussion. The need for greater accuracy of infor-
mation processing pushes us to search for new meth-
ods of noise filtering. The work performed allows to
prepare any image for noise cleaning, which is impor-
tant for many areas of human activity (machine learn-
ing, computer vision, aerial photography, etc.).

In the article, for the first time, the autocoherence
wavelet of the noisy signal and noise is compared to
determine the level of noise in the signal. It is shown
that the autocoherence of noise depends only on the
law of its distribution and continuous wavelet, and
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the autocoherence is constant over the whole range
of noise power variation, which allows to use noise
augmentation when preparing data for CNN.

Fractal time series analysis considers the behavior
of the system not only at a given moment but also its
prehistory. Wavelet analysis is applicable to non-sta-
tionary data processing. It provides local high-fre-
quency and global large-scale information about an
object. It also allows us to judge at what point in time
certain signal components appeared. In this article,
for the first time, a noise threshold is found, which
improves the detection accuracy.

The question of the feasibility of using fractal
analysis together with continuous wavelet analysis of
images when preparing a data set for CNN remains
open. Since convolutional neural networks (CNNs)
are used to identify images, terrain, or signal spectra,
in which Gaussian noise is added to the image data
set to improve recognition accuracy [3] and when
the level of added noise is exceeded, it can have the
opposite effect when the image signal is converted
into noise.

Conclusions. Dependences of the fractal dimen-
sionality of wavelet spectra images of a frequency
modulated signal on the noise level and modulation
coefficient are obtained. The Mexican Hat wavelet
function, which provides the maximum range of
fractal dimensionality variation with noise change,
is determined. Methods of threshold detection by
proximity of series of scaled wavelet noise and sig-
nal are investigated. On the example of the Shap-
iro-Wilk normality test the inefficiency of using sta-
tistical methods to determine the noise threshold of
wavelet coefficient series that form images of spec-
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Fig. 6. Spectrum images and maxima of fractal dimensionality for transition through noise threshold
for signal (3): a) wavelet spectrogram image for noise up to noise threshold; b) maximum of fractal
dimensionality for spectrogram image; c) spectrogram image for noise above noise threshold;

d) maximum of fractal dimensionality for spectrogram image

tra is shown. Two methods for detecting the noise
threshold are considered, comparing global scalo-
grams and autocoherence of the signal and noise
transformed into wavelet coefficient series. The
autocoherence method is more efficient due to the
availability of numerical values. For the identified
thresholds for two frequency modulation signals,

Computer Science and Applied Mathematics. Ne 1 (2024)

with additionally amplitude modulation and with-
out. Spectra images are obtained and maxima of
fractal dimensionality at the noise threshold bound-
aries are identified. By numerical values of maxima
it is proposed to identify spectra by noise level, for
example, for preparation of a set of recognizable

images, for neural networks.
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Fig. 7. Spectrum images and maxima of fractal dimensionality for transition through noise threshold
for signal (8): a) wavelet spectrogram image for noise up to noise threshold; b) maximum of fractal
dimensionality for spectrogram image; c) spectrogram image for noise above noise threshold;

d) maximum of fractal dimensionality for spectrogram image
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In the ever-evolving landscape of Computer-Aided Design (CAD) engineering,
the demand for groundbreaking solutions and innovative designs necessitates
a harmonious blend of technical expertise and creative thinking. Recognizing
the growing importance of creativity, this article addresses the need for a
transformative approach that goes beyond traditional linear problem-solving
methods within CAD engineering.

The primary objective is to unravel the intricate relationship between technical
proficiency and creative thinking, exploring the nuances of creativity in the
CAD engineering context. By delving into the distinct realms of linear and
lateral thinking, the article aims to provide a comprehensive understanding of
the creative process and principles specific to CAD engineering.

The exploration is structured across several subsections, beginning with the
definition of creativity tailored to CAD engineering and a detailed analysis of
linear and lateral thinking. The creative process and principles are dissected,
laying the groundwork for practical insights into fostering creativity at
educational institutions and individual levels. Drawing inspiration from real-
world examples, the article outlines actionable steps and strategies to enhance
creative thinking skills for CAD engineers.

The findings reveal that a holistic integration of creativity is imperative for
CAD engineers to navigate the complexities of design challenges effectively.
By understanding the roles of technical universities, educators, and individuals,
the article provides a roadmap for fostering a culture of creativity within CAD
engineering.

The article derives its novelty from synthesizing theoretical frameworks with
practical insights, bridging the gap between conceptual understanding and
actionable strategies. The incorporation of HP’s innovative culture rules adds
a distinctive layer, offering tangible principles that resonate with the spirit of
creativity in a dynamic engineering environment.

The practical value lies in empowering CAD engineers with a toolkit that
extends beyond technical skills, fostering a mindset conducive to innovation.

Computer Science and Applied Mathematics. Ne 1 (2024) ISSN 2786-6254



37

By emphasizing interdisciplinary collaboration, structured creative techniques,
and continuous learning, the article provides tangible strategies for engineers
seeking to enhance their creative thinking skills.

While the article comprehensively explores the current landscape, there are
avenues for further investigations into the long-term impact of creativity
in CAD engineering. Future research could delve deeper into assessing
the effectiveness of specific strategies in fostering creativity and explore
how emerging technologies influence the creative aspects of CAD design.
Additionally, examining the intersection of creativity and sustainability within
CAD engineering could be an intriguing area for further exploration.
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VY moctiifHO MiHNMBIN cdepi cHCTEM aBTOMAaTH30BAHOTO MPOCKTYBAHHS
(CAIl) monut Ha HOBATOPCBHKI pillleHHA ¥ IHHOBALiNHI MPOEKTH BHMArae
TapMOHIMHOTO IO€AHAHHS TEXHIYHUX HABUYOK 1 TBOPYOTO MHUCIICHHS.
BusHatoun 3pocTaody BaKINUBICTh KPEaTUBHOCTI Ta TBOPUOTO MHUCIICHHS, IS
CTaTTA po3TIsAae notpedy y TpanchopMaliitHoMy MiAX0/i, SKUil BUXOAUTH 32
paMK{ TpaaUIiHHUX NiHITHUX MeTOiB BUpimeHHs npobiaeM y CAIL

Merta cTarTi — pO3KPUTH CKJIAJHHUNA 3B’SI30K MK TEXHIYHUMH 3HAHHIMH Ta
TBOPYHUM MHCJICHHSAM, JOCII/PKYIOUM HIOAHCH TBOPUYOCTI B i1H)KEHEPHOMY
koHTeKcTi CAIL 3armmbmiotouncs y pi3Hi cdepu NiHIHHOTO Ta JaTepasbHOTO
MHCJICHHS, CTaTTs Ma€ Ha MeTi 3a0e3meunTy BceOidHe PO3YMIiHHS TBOPUOIO
IpoLecy Ta MPUHIHUIIB, XapakTepHuX It npoektyBaHHs CAIL
JocnikeHHsT CTPYKTYpPOBaHO 3a KiUTbKOMAa MiApO3AiIaMU, MOYMHAIOUH
3 BHU3HAUCHHS KpeaTHBHOCTI y KoHTekcTi chepu CAIl i mgerampHOTO
aHajizy ocoOnMBOCTell NiHIHHOTO Ta NaTepanbHOTO MHUCIEHHS. TBOpUHIA
Ipoliec 1 MPUHIUIN KPEaTHBHOCTI PO3ITISAAAIOTHCSA 3 METOI0 BH3HAYCHHS
OPaKTUYHUX 3acaj AJs CHPHUSHHSA TBOPUYOCTI y 3aKyiajfax OCBITH Ta Ha
IHOUBiNyanpHOMY piBHI. basylounmce Ha peanpHHX NPHUKIALAX, CTATTS
OIIHCY€E Ni€Bi KPOKHU Ta CTpaTerii s BIOCKOHAICHHS HaBHYOK TBOPUOTO
muciieHHs st inxenepis CAIL

Pesynpratu mokasyioTh, IO IITiCHA iHTerparis HpodeciiHuX TEXHIYHHX
HABUYOK 1 TBOPYOCTi € 000B’s13k0BOIO is1 iHxkeHepiB CAIl mis edexTuBHOTO
Opi€HTYBaHHS y CKJIAJHUX 3aBIAHHSAX IPOCKTYBaHHSA. BHCBITIIOIOYHM PO
TEXHIYHHUX YHIBEPCUTETIB, BUKJIA1a4diB, @ TAKO)K OCOOHMCTICHUX XapaKTEPUCTHK
II)KeHepa, CTaTTs MPOIOHYE MNOPOXKHIO KapTy AT PO3BUTKY KYIBTYpH
TBOPYOCTI B IH)KEHEPHOMY NPOEKTYBAHH.
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HoBu3Ha crarTi momArae y CHHTE31 TEOPETHUHHX OCHOB i3 MPAKTUYHUMHU
iIeIMH, TIOIOJAHHS PO3PHBY MK KOHLENTYaJIbHUM PO3YMIHHAM 1 J1€BUMHU
cTparerisMu. Po3rsn npasui iHHoBamiiHOI KynsTypu HP no3Bomnse BindyTn
Ba)KJIMBI NPHHIUIIH, SKi IEPETYKYIOTHCS 3 [yXOM TBOPUOCTI Y JHHAMIUHOMY
1H)KEHEPHOMY CEpPEIOBHIILL.

IIpakTiuHa HiHHICTE MoMNsATae y HamaHHi imxeHepam CAII iHcTpymeHTapito,
SAKW BUXOAWTH 32 MEXI TEXHIYHMX HABUYOK, CHPHUAOYA (POPMYBaHHIO
MUCIICHHS, 10 crpusie iHHOBamisM. [liIKpecIoYr MiKIUCIMILTIHAPHY
CHIBIpAIlO, CTPYKTYpOBaHi TBOPYI METO/IX Ta Oe3repepBHE HABYAHHS, CTATTS
IPOTIOHYE PeanbHi CTpaTeril Il iHKEHEePiB, KOTP1 MPAarHyTh MOKPAIIUTH CBOI
HABUYKH TBOPYOTO MUCIICHHS.

Xoua CTaTTs IOBOJI TIPYHTOBHO MAOCHIIPKYe MOTOYHHM CTaH mpobiemu,
ICHYIOTh IUISXM TOJAJIBIINX JOCH/KEHb JOBIOCTPOKOBOTO  BIUIUBY
kpearuBHOCTI y chepi CAIl. MaitOyTHi HOCTIIKEHHS MOXYTh 3aITHOUTHCS
B OIIIHKY €(eKTHBHOCTI KOHKPETHHX CTpAaTeriil y CHpPUSHHI TBOPUOCTI Ta
JOCIITUTH, SIK HOBI TEXHOJIOTIi BIUIMBAIOTh Ha TBOPYi ACIIEKTH MPOCKTYBAaHHS
CAIl. Kpim TOTO, BUBYECHHS IIEPETUHY KPEAaTUBHOCTI Ta CTAJIOTO PO3BUTKY B
pamkax npoektyBaHHs CAIIl Moke OyTH IHTPUTYIOYHMM 1 I[iIKaBUM HaIpsSMOM

JJIA IOJAJIbIINUX 10 CJ'IilI)KeHL .

Introduction and Problem Statement. In the
dynamic landscape of CAD engineering, technical
proficiency alone no longer suffices in the pur-
suit of groundbreaking solutions and innovative
designs. The realm of Computer-Aided Design
demands a marriage between technical prowess
and creative ingenuity. Creativity is one of the
most important and noted skills for success in the
21st century, and it is increasingly recognized as
being important to engineers [1]. Unlike the linear
application of technical skills, the creative dimen-
sion in CAD engineering introduces the capacity
to explore unconventional solutions, tackle com-
plex problems, and breathe life into innovative
concepts. The growing competitiveness of the
commercial sector and the increasing complexity
of systems is creating greater pressure for inno-
vative solutions [2], and hence a greater need for
creative performance [3].

Within the CAD engineering context, the con-
ceptual design phase stands out as a critical arena
where creative problem-solving takes center stage.
Here, the ability to think laterally, considering novel
approaches and unconventional solutions, becomes
paramount. Creative problem solving is valuable at
any stage in the design process, but it is of critical
importance in the conceptual design stage [3]. ACAD
engineer armed with creative thinking not only nav-
igates through the maze of constraints but also envi-
sions possibilities that may elude those, relying solely
on linear thinking.

Moreover, the role of intrinsic motivation among
CAD designers cannot be overstated. Engineers, akin
to consumers, are shaped by their unique experiences,
beliefs, motivations, expectations, capabilities, and
cultural influences [4]. Nurturing creativity within
CAD engineers involves tapping into this intrinsic
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motivation, allowing it to propel the design process
forward. Recognizing that CAD engineering is not
merely a technical endeavour, but a creative endeav-
our, transforms the way engineers approach chal-
lenges, encouraging them to explore, innovate, and
ultimately redefine the possibilities within their field.
In essence, the fusion of technical acumen with crea-
tive thinking emerges as the cornerstone for the CAD
engineer striving not just to meet specifications but to
surpass them, forging a path toward innovation and
excellence.

The article aims to unravel the intricate rela-
tionship between technical proficiency and creative
thinking within the field of CAD engineering. As we
delve deeper into the subsequent sections, the explo-
ration begins with a comprehensive definition of cre-
ativity tailored to the CAD engineering context. The
dichotomy of linear and lateral thinking is dissected,
providing insights into the structured and exploratory
dimensions of problem-solving. We navigate through
the stages of the creative process and uncover the fun-
damental principles guiding creative thinking in CAD
engineering, ultimately establishing a robust founda-
tion for understanding the nuances of innovation in
this domain.

Moving forward, the focus shifts to practical
strategies and approaches, examining the pivotal
role of universities and teachers in fostering a culture
that nurtures creativity. The section will delve into
the specific methods and techniques that individuals,
particularly CAD engineers, can adopt to enhance
their creative thinking skills. Drawing inspiration
from established principles and real-world examples,
we aim to empower CAD engineers to not only meet
the demands of their profession but to surpass them,
fostering a mindset that drives excellence and inno-
vation.

ISSN 2786-6254



Defining Creativity and Creative Thinking
within the CAD engineering context. Within the
specialized realm of CAD engineering, creative
thinking takes on a unique significance, reshaping
traditional problem-solving paradigms and propel-
ling the design process into uncharted territories.
The application of creativity within CAD engineer-
ing is not a one-size-fits-all approach but rather a
nuanced interplay of various cognitive processes
and principles.

As we delve into the defining aspects of creativ-
ity and creative thinking within this context, three
major themes emerge as crucial focal points. First,
the dichotomy between linear and lateral think-
ing becomes paramount, delineating the structured,
sequential approach from the more exploratory,
non-linear perspective. Understanding the interplay
between these thinking modes is instrumental in
navigating the intricate decisions involved in CAD
engineering. Second, we unravel the intricacies of
the creative process itself, dissecting its stages and
exploring the principles that guide ideation, iteration,
and refinement. Finally, we bring the discussion home
to the CAD engineering context, examining how cre-
ativity manifests within this domain and its profound
impact on shaping innovative solutions and pushing
the boundaries of design possibilities.

1. Linear and lateral thinking.

In the realm of CAD engineering, the distinction
between linear and lateral thinking represents a crit-
ical dichotomy in problem-solving approaches. Fig-
ure 1 illustrates the general concepts of linear and
lateral thinking.

39

Linear thinking, characterized by a systematic
and sequential progression of thoughts, adheres to
a structured pathway where each step builds upon
the preceding one. CAD engineers employing lin-
ear thinking follow a methodical route, allowing for
precise execution and predictability in design pro-
cesses. This method is particularly valuable in sce-
narios where a well-defined and systematic approach
is required, such as when dealing with established
design standards or addressing straightforward tech-
nical challenges.

Conversely, lateral thinking introduces a dynamic
and exploratory dimension to the CAD engineering
thought process. It deviates from the linear path,
encouraging engineers to venture beyond the con-
ventional and explore innovative solutions. Lateral
thinking becomes instrumental in situations where
the complexity of the problem demands a departure
from routine methods. CAD engineers leveraging
lateral thinking are adept at breaking away from
preconceived notions, challenging assumptions, and
envisioning novel perspectives that might elude a
purely linear approach. This thinking style thrives in
the conceptual design phase, where the exploration of
unconventional ideas can lead to breakthrough inno-
vations.

For CAD engineers, the integration of both think-
ing styles is paramount. Linear thinking ensures pre-
cision and adherence to established guidelines, while
lateral thinking injects the necessary creativity to
navigate through ambiguous challenges and devise
inventive solutions. Striking a balance between
these thinking modes empowers CAD engineers to

LINEAR VS. LATERAL THINKING

Linear

Lateral

¢ Use of logic
*  Step-by-step approach
+ Vertical flow down a

planned path for
innovation

¢ Creative thinking
* Open to possibilities

* Adgility in problem solving

to consider better
alternatives or
solutions

Fig. 1. Linear vs. lateral thinking

Source: [5]
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approach problems with versatility, adaptability, and
a holistic perspective, ultimately fostering a dynamic
and comprehensive problem-solving toolkit essential
for the demands of modern design challenges.

While it is feasible to excel as an engineer by
prioritizing linear thinking, numerous contemporary
perspectives in the realms of entrepreneurship and
engineering underscore the significance of creativ-
ity and lateral thinking. In the dynamic landscape of
today’s business environment, many viable ventures
emerge not only through logical progressions from
existing products and services but also from innova-
tive and unconventional approaches. The emphasis
on creativity in these contexts can be attributed to
several factors, including heightened global compe-
tition, the rapid pace of technological advancements,
and the intricate nature of trade and communication
systems [6]. These elements not only shed light on
the prevalent emphasis on creativity within engineer-
ing, but also underscore the compelling reasons for
prioritizing and fostering creative thinking within
these domains. “Product developers of the twen-
ty-first century are expected to do more than simply
push products and innovations a step further down

preparation

Identify, analyze and
understand the
problem

Explore the state of art
Develop partial
solutions

Consciously moving

away from the
problem/ opportunity
Relax
Defamiliarize
problem/situation

a planned path. Newer generations of entrepreneurs
are expected to be path breakers in new products, ser-
vices, and processes” [5].

2. The creative process and creative principles.

The creative process within the context of CAD
engineering is a multifaceted journey that encom-
passes distinct stages, each contributing to the devel-
opment of innovative solutions (fig. 2). The pro-
cess typically begins with a phase of preparation,
where engineers immerse themselves in the problem
domain, gathering relevant information and estab-
lishing a foundational understanding. This stage
lays the groundwork for the subsequent phases and
is crucial in providing a comprehensive perspective
on the challenges at hand. Following preparation, the
incubation stage unfolds, allowing ideas to percolate
in the subconscious mind. This phase often involves
stepping away from the problem momentarily, ena-
bling the mind to make unexpected connections and
associations.

Ideation, the next phase, is the focal point of crea-
tive brilliance. Here, CAD engineers engage in brain-
storming sessions, exploring diverse perspectives and
generating a multitude of ideas. This stage encour-

illumination/
idaetion

Dealing with the
problem/situation again.
Develop an idea
spontaneouslyi{flash of the
inspiration/illumination)
Or systematically {ideation)

Reflecting on ideas and
developing them further
Evaluate ideas
Descnbing ,visualizing
and communicating
ideas

Overcome barriers

Fig. 2. Linear vs. lateral thinking

Source: [5]
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ages a free-flowing exchange of thoughts, unbridled
by constraints, and promotes the emergence of novel
concepts. Whether an idea is creative, is judged based
on its novelty and usefulness [7].

The verification stage is the final crucible, where
the feasibility and viability of ideas come under
scrutiny. Rigorous testing, analysis, and refinement
ensure that the creative concepts align with practical
engineering constraints and contribute to the overall
effectiveness of the solution.

Accompanying this creative process are a set of
principles that serve as guiding beacons for CAD
engineers navigating the intricacies of design chal-
lenges:

— Association involves linking seemingly unre-
lated concepts or elements, fostering the discovery of
innovative solutions.

— Analogy encourages drawing parallels between
disparate domains, unlocking fresh perspectives.

— Decomposition involves breaking down com-
plex problems into more manageable components,
simplifying the approach to intricate challenges.

Challenging common wisdom and industry con-
ventions urges CAD engineers to question estab-
lished norms, fostering a culture of innovation.
Experimentation and changing habits play a pivotal
role, allowing engineers to explore uncharted territo-
ries and break free from routine, potentially leading
to groundbreaking outcomes. These creative princi-
ples serve as catalysts in the CAD engineer’s pursuit
of innovative solutions, providing a framework that
nurtures and channels creative thinking into tangible
advancements within the field.

3. Creativity in the CAD engineering context.

Creativity within the CAD engineering context
is a dynamic and adaptive cognitive process that
transcends traditional problem-solving approaches.
Drawing upon established definitions, creative think-
ing in CAD engineering involves the generation of
novel ideas and the establishment of fresh connections
between existing concepts [8]. It serves as a power-
ful tool in overcoming rigid methodologies by chal-
lenging conventional approaches and fostering the
exploration of innovative ideas that are contextually
relevant. CAD engineers, when engaging in creative
thinking, go beyond mere imagination; they actively
question, combine, change, and reapply existing con-
cepts to navigate complex design challenges.

In the realm of CAD engineering, creativity is not
merely the act of turning imaginative ideas into reality,
as traditionally defined [9]. It is an intricate interplay
of perceiving the world through a new lens, uncover-
ing hidden patterns, and making connections between
seemingly disparate phenomena. The essence of cre-
ativity within CAD engineering involves two pivotal
processes: thinking and producing. Ideas are not just
conceived but actively translated into tangible solu-
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tions, emphasizing the transformative impact of crea-
tivity in engineering design.

Expanding on the spontaneous and continuous
facets of creativity as defined by Oleynick et al. [10],
CAD engineers experience creative breakthroughs
both in sudden, inspired moments and through sus-
tained, tenacious efforts marked by deep concentra-
tion and perseverance. It is a nuanced amalgamation
of spontaneous flashes of insight and the deliberate
application of creative problem-solving methodol-
ogies. Furthermore, within the CAD engineering
domain, creativity is not a standalone concept but is
explicitly linked to creative problem-solving in engi-
neering design [3]. It encapsulates the ability to over-
come challenges, innovate, and shape solutions that
extend beyond the conventional boundaries of engi-
neering practice.

In essence, creativity within the CAD engineering
context is not a sporadic act but a dynamic interplay
of linear and lateral thinking guided by a structured
process and fundamental principles. It is the art of
traversing through traditional and unconventional
pathways to craft solutions that redefine the bounda-
ries of engineering design.

Building approaches to foster creativity and
creative thinking. As we navigate the theoretical
underpinnings of creativity within CAD engineer-
ing, the focus now shifts to actionable strategies and
tangible steps that bridge the gap between theory and
application. The next section delves into practical
approaches for fostering creativity, recognizing the
indispensable role of educational institutions. Beyond
the classroom, the spotlight turns to individuals,
exploring the steps they can take to augment their cre-
ative prowess. From embracing creativity techniques
to cultivating a habit of experimentation, these prac-
tical insights aim to empower CAD engineers, pro-
viding them with a toolkit to navigate the evolving
challenges of their field with ingenuity and resilience.

1. Universities/Teachers’ role in creativity foster-
ing.

Creativity is a skill that can be developed and a
process that can be managed [9]. In cultivating a cul-
ture of creativity within the domain of CAD engineer-
ing, the role of technical universities and engineering
educators stands paramount. These institutions serve
as crucibles where future CAD engineers are not
merely equipped with technical knowledge but are
also nurtured in the art of creative thinking. Univer-
sities play a crucial role in providing a platform for
students to develop and build productive creativity,
they must foster the creation and realisation of new
ideas and innovation [11]. By instilling a mindset that
values innovation and encourages non-linear think-
ing, these institutions play a pivotal role in preparing
CAD engineers for the challenges of a rapidly evolv-
ing technological landscape. We need to encourage
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students to seek novel solutions to problems, to take
risks and make links they may not have previously
thought of [12].

Within the academic realm, students are not only
expected to acquire and apply a diverse set of compe-
tencies and skills but are challenged to use these skills
in novel ways — forming new relationships between
established elements and uncovering previously
unconsidered connections [11]. In technology and
design education programs, contemporary changes
are embraced, incorporating the full utilization of
technology, blended learning situations, flipped
classrooms, e-learning, and a STEM approach [13;
14]. These strategies, such as project-based learning
and problem-solving through authentic experiences,
promote analytical, independent, and creative think-
ing within communities of practice guided by field
experts.

Teachers in university settings play a critical role
in nurturing creativity, encouraging students to gen-
erate ideas, solve authentic problems, and synthesize
innovative solutions [15]. This educational fusion is
essential as creativity often thrives in collaborative
settings, enabling diverse perspectives and the ability
to abandon habitual thinking patterns [11]. Encourag-
ing students to ‘think the impossible’ is fostered by
providing ongoing support and cultivating an under-
standing that venturing into uncertain territories and
taking risks with their ideas is essential for innovation
and social responsibility [16]. However, the challenge
of assessing creativity remains, as it is subjective and
difficult to evaluate [17].

Tutors, peers, and the social environment signif-
icantly influence the creative outcomes of students,
necessitating the creation of supportive, risk-free,
and innovative environments [18]. Creativity is
increased when students show greater enthusiasm
and this occurs when problem-based instruction is
incorporated, as the brain learns through association
and analysis. When utilizing an inquiry and prob-
lem-based method of instruction, student creativity
is increased and more productive [19]. Addressing
disparities in perceptions of creativity between tutors
and students requires formalizing creativity as a key
skill, embedded across curricula through teacher edu-
cation, assessment, and educational policy [20]. This
approach aims to remove ambiguity surrounding cre-
ativity and create a cohesive foundation for fostering
creativity within university settings.

2. Approaches to enhance creative thinking.

Enhancing creative thinking for CAD engineers
involves a proactive and intentional approach that
integrates various strategies into their professional
development. One crucial step is to cultivate a mind-
set of continuous learning and exploration. CAD
engineers can stay abreast of emerging technolo-
gies, design methodologies, and industry trends to
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expand their knowledge base and stimulate creative
thinking. Engaging in interdisciplinary collabora-
tion is another potent avenue, as exposure to diverse
perspectives fosters a broader understanding of
design challenges and encourages innovative prob-
lem-solving.

CAD engineers can further enhance their crea-
tive thinking by incorporating structured techniques
into their workflow. This includes embracing brain-
storming sessions, mind mapping, and design think-
ing methodologies during the ideation phase. These
methodologies are widely described in the literature,
sources [21, 8] may be a good point to start. Experi-
mentation is key; engineers should not shy away from
trial and error, as learning from failures often sparks
innovative solutions. Additionally, fostering a cul-
ture of open communication and idea-sharing within
engineering teams can create an environment where
diverse viewpoints are valued, contributing to a richer
pool of creative ideas.

Continued professional development is vital for
CAD engineers seeking to enhance their creative
thinking skills. Participating in workshops, attend-
ing conferences, and pursuing advanced training in
design thinking and creativity methodologies can
provide exposure to new concepts and approaches.
Embracing a mindset that welcomes challenges and
views constraints as opportunities for creative solu-
tions empowers CAD engineers to navigate the com-
plexities of their field with ingenuity and resilience.
Ultimately, the enhancement of creative thinking for
CAD engineers involves a holistic approach that inte-
grates both individual efforts and collaborative prac-
tices, creating a dynamic environment conducive to
innovation and excellence.

According to the Dyer, Gregersen, and Chris-
tensen [22], the ability to generate innovative ideas is
not merely a function of the mind, but also a function
of five key behaviours that optimize brain for discov-
ery:

Associating: drawing connections between ques-
tions, problems, or ideas from unrelated fields

Questioning: posing queries that challenge com-
mon wisdom

Observing: scrutinizing the behavior of custom-
ers, suppliers, and competitors to identify new ways
of doing things

Networking: meeting people with different ideas
and perspectives

Experimenting: constructing interactive expe-
riences and provoking unorthodox responses to see
what insights emerge.

To foster a culture of creativity and innovation,
HP’s rules, rooted in its humble beginnings in a
garage, provide a succinct and powerful guide for
CAD engineers seeking to enhance their creative
thinking [23]:
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— Believe you can change the world: Cultivate
a mindset of ambition and possibility, instilling the
belief that your contributions can have a transforma-
tive impact on the engineering landscape.

— Work quickly, keep the tools unlocked, work
whenever: Encourage agility and flexibility in work
habits. Swift actions and an accessible toolkit facil-
itate the rapid iteration crucial for creative prob-
lem-solving.

— Know when to work alone and when to work
together: Recognize the value of individual focus and
collaborative efforts. Effective creative thinking often
involves a balance between solitary reflection and
group dynamics.

— Share —tools, ideas. Trust your colleagues: Foster
an environment of open communication and idea-shar-
ing. Trust in your colleagues’ abilities and collectively
leverage a shared pool of knowledge and resources.

— No politics. No bureaucracy: Eliminate unneces-
sary obstacles that hinder creativity. A streamlined and
transparent work environment promotes a focus on
innovative solutions rather than bureaucratic hurdles.

— The customer defines a job well done: Prior-
itize customer satisfaction as the ultimate measure of
success. Aligning creative endeavors with customer
needs ensures the practicality and relevance of the
solutions.

— Radical ideas are not bad ideas: Embrace
unconventional and radical concepts. Innovation
often arises from ideas that challenge the status quo
and push the boundaries of traditional thinking.

— Invent different ways of working: Encourage
experimentation with various methodologies and
approaches. Creativity flourishes when engineers
explore alternative ways of tackling challenges.

— Make a contribution every day. If it doesn’t
contribute, it doesn’t leave the garage: Instill a com-
mitment to continuous progress. Evaluate the value
of each contribution, ensuring that efforts contribute
meaningfully to the overall goals.

— Believe that together we can do anything.
Invent: Cultivate a collective sense of purpose and
capability. Collaborative innovation thrives when
individuals believe in their collective potential to
bring inventive solutions to fruition.
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Conclusions. The integration of creativity within
the realm of CAD engineering emerges as a catalyst
for innovation, pushing the boundaries of what is
achievable in the design and development of prod-
ucts and systems. From the foundational understand-
ing of linear and lateral thinking to the exploration
of the creative process and principles, CAD engi-
neers are equipped with a comprehensive toolkit that
transcends traditional problem-solving approaches.
Design is neither orderly nor linear, it implies a con-
tinuous and active search to resolve trade-offs and
satisfying constraints [4].

The distinct roles of technical universities and
educators in fostering creativity underscore the
importance of cultivating a mindset that values not
only technical proficiency but also imaginative think-
ing within educational institutions. By using known
methods of encouraging creativity by providing
rewards for taking risks, and not just for the actual
final outcome, the students work showed a higher
achievement and creativity level [12].

There are actionable steps that both educational
institutions and individual CAD engineers can take
to enhance creative thinking. These steps offer a
roadmap for engineers, navigating the ever-evolving
landscape of CAD design, and may include embrac-
ing interdisciplinary collaboration, structured crea-
tive techniques, and continuous learning.

The convergence of theory and application is
encapsulated in the rules derived from HP’s innova-
tive culture, providing a distilled set of principles that
resonates with the spirit of creativity in a dynamic
and collaborative environment. By adhering to these
rules and embracing a culture that values experimen-
tation, open communication, and customer-centricity,
CAD engineers can cultivate a climate where creative
thinking thrives.

In essence, the article champions the idea that cre-
ativity is not a supplementary aspect but an integral
force driving excellence in CAD engineering. As the
field evolves, the ability to balance technical exper-
tise with creative ingenuity will define the next gen-
eration of engineers, paving the way for groundbreak-
ing solutions that shape the future of technology and
design.
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V¥ crarTi npoBezieHo po3poOKy METOA0NOT1i pAHHBOTO BUSIBICHHS OTEHIIHHUX
KaHAJIB ypa)kKeHHS KOMII'IOTEPHUX CHCTEM. 3a3HAYAETHCS, IO KOMIIOHEHTH
0aratoareHTHOI CHCTEMHU BUSBIICHHS IIOTEHIIMHUX KaHAIIB YpaXKEHHs
KOMIT FOTEPHHUX CHUCTEM — II€ B3a€MOJi0Ui MK COOOI0 areHTH, SIKi CHIBHO
BUPINIYIOTh 3arajbHE 3aBJaHHS BUSABICHHS BTOPTHEHb Y KOMII IOTEPHY
cucreMy. ApXiTeKTypa 3a3Ha4eHOI CHUCTEMH BKIIIOYAa€ OIWMH abo KijibKa
eK3eMIULIPIB areHTIiB Pi3HUX THUIIB, CIELialli30BAHUX HA BUPILICHHS 3ajadi
BUSIBJICHHS [TOTCHLINHUX KaHATIB YPaXXCHHS KOMIT IOTEPHUX CUCTEM. ATEHTH
PO3IOALNICHI MO €IEMEHTaM CHCTEMH, IO 3aXUINA€ThCA, CIIEIiali3oBaHi 3a
THUIIaMU PO3B’3yBaHUX 3aBJIaHb 1 B3a€MOJIIOTH OJIVH i3 OAHUM 3 METOIO OOMiHY
iHpOpMalli€l0 Ta NPUHHATTS Y3TOMKEHUX pilleHb. Haromomryerscs, mo y
OpUHATIN apXiTeKTypl y SBHOMY BUDISJI BiJCYTHIH «IEHTP yNPaBIiHHI»
CIMEHCTBOM areHTiB — 3aJI€XKHO BiJI CUTYAIlil IPOBIIHUM MOXKE CTAaBaTH Oy/b-
KU 13 areHTiB, KoTpuil iHimitoe i (abo) peamizye QyHkuii koomepamii i
ynpaBiiHHA. Y pasi HOTpedu areHTH MOXYTh K KJIOHYBaTucs (yTBOPIOBATH
HOBI CYTHOCT1), TaK i IPUIHMHATH CBO€ (DYHKIIOHYBaHHS. 3aJIeXKHO BiJ] cUTyanii
(BHIy TaKiJTBKOCTI aTaK HA KOMII IOTEPHY CHCTEMY, HASIBHOCTi 00U CIIOBATIBHUX
pecypciB Ui BUKOHAHHs (DYHKIIH 3aXHCTy) MOXKE 3HAJOOUTHUCS TeHepaiis
KIJTBKOX €K3EMIUIIPIB areHTiB KOXHOTO Kiacy. Po3po0neHa MeTomosoris
MpU3HAYCHA ISl MiABUINEHHS e(eKTUBHOCTI ineHTH(iKallii MOTeHIIHHUX
KaHAJIB YpaXXCHHS KOMII'IOTEPHUX CHCTEM, IO JO3BOJUTH 3a0€3MEUUTH
HEeoOXiTHUH piBeHb WIJCHOCTI Ta AOCTyNMHOCTI iH(popmarii. Mertonosoris
PaHHBOTO BHUSIBJICHHS HOTCHIIIITHUX KaHANIB yPa)kKeHHS KOMII IOTEPHHUX CHCTEM
0a3yeTbCsl Ha KOHLEMNIIi MYNBTHKOMII IOTEPHUX CHUCTEM i3 KOHTPOJIEPOM
OpUIHATTS pIlIeHb JUIS BUSBICHHS INOTEHIIMHUX KaHANIB ypakeHHS Ta
OpOTUAll MIKIATMBUM IporpaMaM i KOMIT'IOTEPHHUM arakaM. 3acTOCYBaHHS
po3poliieHoi MeToMoJoril PAaHHBOTO BHSIBICHHS MOTEHIIMHUX KaHAIIB
YPaKEHHS KOMIT'IOTEPHUX CHCTEM JI03BOJISIE MiABUIINUTH THYUYKICTh CUCTEMHU
Ta 3a0€3MeYNTH HEOOXiIHUH PiBEHb 3aXHIIEHOCTI iIHPOpMaiHHIX CUCTEM.
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Within the scope of the article, the methodology for early detection of potential
channels of damage to computer systems has been developed. It is noted that
the components of the multi-agent system for detecting potential channels
of damage to computer systems are interacting agents that jointly solve the
common task of detecting intrusions into the computer system. The architecture
of the specified system includes one or more instances of agents of various
types, specialized in solving the problem of identifying potential channels of
damage to computer systems. Agents are distributed among the elements of
the protected system, specialized in the types of tasks to be solved and interact
with each other in order to exchange information and make agreed decisions. It
is emphasized that the adopted architecture clearly lacks a “control center” for
the family of agents — depending on the situation, any of the agents who initiate
and (or) implement cooperation and management functions can become the
leader. If necessary, agents can both clone (form new entities) and stop their
functioning. Depending on the situation (the type and number of attacks on the
computer system, the availability of computing resources to perform protection
functions), it may be necessary to generate several instances of agents of each
class. The developed methodology is intended to increase the efficiency of
identification of potential channels of damage to computer systems, which will
ensure the necessary level of integrity and availability of information. The
methodology for early detection of potential damage channels of computer
systems is based on the concept of multi-computer systems with a decision-
making controller to identify potential damage channels and counter malicious
programs and computer attacks. Application of the developed methodology for
early detection of potential channels of damage to computer systems allows to
increase the flexibility of the system and ensure the necessary level of security
of information systems.

Beryn. KopuctyBadyam KOMIT'IOTEpPHHX CHCTEM
noTpiOHI cHCTEeMHM PaHHBOTO BHSIBICHHS MOTCHIIN-
HUX KaHaJiB ypa)KeHHs, ILIKiJUIMBOTO HPOTPaMHOr0
3a0e3MeYeHHs] Ta KOMII'IOTEpPHUX arak, KOTpi A03-
BOJISITh, KpiM 3a0e3nedyeHHs Oe3MeKH, BU3HAYUTH
IMOBIpHICTh BTOpTHEHHsI Ha pi3HHX eramax. Cepen
CHCTEM BHSBJICHHS MOTCHIIHUX KaHANIB ypakKeHHS,
LIKIAJTMBUX TPOTpaM 1 KOMIT IOTEPHHUX aTaK € CHC-
TEeMH, 5IKi, OKpIM BHSBICHHS 3arpo3, CTBOPIOIOThH
XUOHI LT JUIS aTaK y KOMIT IOTEPHUX CHCTEMaX, 10
JI03BOJISIE aIMIHICTPAaTOPaM TaKHX CHCTEM BiJCTEXY-
BaTH MPOLECH, SIKi € 3TOBMUCHUMH a00 BUXOAATH 3a
paMkaMu BcTaHOBIeHUX (yHKUiH [1]. Takum 4rHOM,
CHCTEMH, OpPI€HTOBaHI Ha BHUSBIICHHA MOTCHLIMHUX
KaHaJIiB ypakeHHA, IO MNPOHIUIM MEBHI CTyIeHi
3aXHCTy Ta BUKOPHUCTOBYIOTH TpaauliiiHi 3ac00H Ta
CHCTEMH 3aro0iraHHs, BUSBICHHS Ta IPOTHII1 BTOPT-
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HEHb, MPU3HAYCHHS AKUX 1 MOXKJIMBI BapiaHTH KOH(i-
rypauii BAKOPHUCTAHHS SIKUX BiIOMi 3T0BMHUCHUKAM, €
NEPCIEKTUBHUM HAaIPSIMKOM PO3BUTKY. Cepen Takux
cucteM ocobnuBe Micue y Kinacudikamii mocinarTb
CHCTEMH 3aro0iraHHs, BUSIBICHHS Ta MPOTUAII 3 TIeB-
HUM HaOOpOM NPUMAHOK 1 MACTOK IS IIKIJUTMBUX
TIpOrpaM i KOMIT'IOTEPHMX aTakK. IX BHUKOPUCTaHHs
CTBOPIOE JIJIsl 37T0BMUCHHUKA TIOMHJIKOBI LTI JJIs1 aTaK
1 m03BOJIsIE 30epiraTu iHGOpMAIiIo PO TakKi aTaky Ta
MOUIMPEHHS WIKiATUBUX MIPOTPaM Ha KOMIT IOTEPHUX
CTaHLIAX Y MEPEXKi.

o6 migBUIIUTH €GEKTUBHICTH CHUCTEM BUSB-
JICHHS Ta MPOTUAIT IIKiUINBUM HpOrpaMam i KOMIT 10~
TEpPHUM aTakaM 3a JOMOMOTOI0 IPUMAaHOK 1 MAacTOK,
HEOOXiTHO iHTerpyBaTd Wi 3aco0M y CKIaAHI CHC-
TEMH, L0 BKJIIOYAIOTH BCi KOMIT'IOTEpPHI CTaHLIil y
Mepexi, i opraHizyBaTH iX pPOOOTYy TakUM UYWHOM,
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100 BOHHM MOTJIH CITUTBHO 1 06€3 BTpy4YaHHs KOPHCTY-
Bada pearyBaTH Ha HIKiJTUBI i aHOMAaJIbHI TPOIIECH.
Takum 4yuHOM, HEOOXimMHO MOOYmTyBaTh HE TPOCTO
OIHY NIPUMAHKY 1 IaCTKy Ha KOHKPETHiH KOMII 10Tep-
HI cTaHIii, a Mepexy MPUMaHOK 1 MacTOK, 1100
3a0€3MEUNTH KOMIUIEKCHUI 3aXUCT KOMII FOTE€PHOL
CHUCTEMH Ha eTalli, KOJIM KOMIT IOTEpHI aTaku 3yMilln
MIPOUTH uepe3 OpaHaMayep i HIKiNTUBE TpPOTpaMHe
3a0€3MeUCHHS] 3yMIIO TOXOJAaTH CKaHyBaHHS aHTU-
BipyCHMMH 3aco0aMu Ta cucTeMamu. Taka cucrema
MIPUMAaHOK 1 TaCTOK MOXke OyTH KOMOIHOBAHOIO, 1 JJIst
JNOCATHEHHs €()eKTUBHOTO Pe3yJbTaTy BOHA IOBUHHA
MICTUTH TiHbOBI TPUMAaHKH Ta MACTKH, K1 JO3BOJIATH
BCTAaHOBUTHU 1 BIJICTEKHUTHU MOBEOIHKY 3JOBMHCHHKA
]| Yac aTakd, a TaKOoX BHSABISATH MIKiIJIUBI TPO-
rpaMu Ta KOMIT FOTepHI aTaky 3 OiJbIIIOI WMOBIpHi-
cTio. EpeKTHBHICTh TakWX IHCTPYMEHTIB 3aJIeKUTh
BiJl OpraHi3amiiHOi CKIIaZJ0BOT YACTHHH CUCTEMHU.

O Jjgiteparypu. PopMyarOBaHHS HAyKOBOI
OYMKH 100 Oe3MeKH KOMI IOTEPHUX CHCTEM € Pi3-
HOPiTHUM 1 MacuTaOHUM. Y Cy4acHii HayKOBIiH TIIO-
IIWHI 3 SABISIOTHCS pOOOTH, MPUCBSIYEHI J0CIiHKEH-
HSIM KaHaJIiB YPa)KeHHS Ta TONEePEIHKEHHS 3JI0MY IS
i IBUIIICHHS PiBHS KiOepOe3eKy.

C.®. Tonuap ta M.IO. Komapos [2] po3pobuin
TaKCOHOMiIO Kibep3arpo3 iHpOpMAaIliitHO-TeNeKOMYHi-
Kal[iiHIM Mepe)kaM 00’ €KTIB KPUTHYHOI iH(PacTpyK-
Typu. Takox aBTOpamMM CKJIaZ€HO MAaTpHULI0 3aJICK-
HOCTI iH(QOpMAIIfHUX OO0’€KTIB 3aXUCTy BiJ| THUITY
MOTEHIIMHUX 3arpo3, 10 MOXKYTh Ha HHX BIIMBAaTH,
Ta CXMJIBHOCTI O KOHKPETHHX 3arpo3, po3poOyieHO
Monenb 0a3u JaHWX Kidep3arpos iHopMariitHuM
00’ekTaM 3axHCTy iH(OpPMAIliHO-TEIeKOMYHIKaIIii-
HUX CHCTEM 00’ €KTiB KpUTHYHOI iH(PpacTpyKTypH.

VY [3] chopmoBaHO TeOpeTHUHI MOJIOKEHHS, HAy-
KOBO-METOJIMYHI MiIXOIU Ta MPAKTU4YHI PeKOMEeHIa-
uii moyo ¢popmyBaHHs iHpopMaIliiiHOT Oe3rmeKu Haili-
OHAJIbHOI EKOHOMIKH.

b.B. Iletpuk, B.P. [eiinera ta I.B. Henaca [4]
PO3IISIHYJIM NHUTaHHS aHai3y MEpEeKeBOro Tpadiky
JUIs BUSIBJICHHSI TOTEHLIMHUX IpoOsieM 3a JO0mOoMO-
rol0 BeHBIET-aHaJi3y 3 BUKOPUCTAHHSIM BEHBIETY
Xaapa i anroputmy Manna. Takox Oya0 omucaHo
MpoIleC yCyHEHHs LIyMiB Y CHTHaJIi P BeHBIIET-a-
Hai3i.

ABTOopamu [5] mpeACTaBI€HO METOHA BHUSBICHHS
kibeparak comianbHOI imkeHepii. [1inxin BUSBICHHS
Kibeparak BHKOPHCTOBYBaB UOTHPH AITOPUTMH
MamuHHOro HaBuaHHs (decision tree, random forest,
K-nearest neighbor, extreme gradient boosting).
AHaui3 30cepe/KeHO Ha JaHuX, 310paHHX i3 XOCTiB
MEpexi, IKi MOXKYTh CIIy>KUTH 1IHAMKAaTOpaMH ITOTEH-
HidHOT aTaku coIliaNbHOI iHKeHepii. EmmipuyHi
pe3yNnbTaTH MPOAEMOHCTPYBaJd BHCOKY TOYHICTb
BH3HAYCHHS.

I3 3apyOixHHX aBTOPIB BapTO BiAZHAYUTH POOOTH
Takux HaykoBHiB, sk Poyrep Ulimxy, Luamxi
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Carpsnakmmi [6], Canix Asap, AOmynpas3ak Maii-
BaH [7], Wladeit Xaminpesa, Jli JIi, Arinepa Pikapmo
[8], Cnenc Aapown, banraii lllon [9], JIto Cso-Xyei,
Jonr L3tonH, fu I'yan-Xonr [10], Takaxami Makoro,
Manymoto Koxeit [11], Payrep Lliro, Lusamxki
Carpsmakmmi [12], C. Pamxkan, P. Kapruka [13],
Taxyn Amni, Apada Moxamman [14] Ta iH.

OpnHak, He3BaKalOuM Ha MacIITaOHICTh HAYKOBUX
JOCTIIKEeHb, aKTyaJIbHICTh POOOTH HE BUKIIMKAE CyM-
HiBiB.

Metoau. [{ns BHKOpHCTAaHHS TEXHOJOIIl paH-
HBOTO BUSIBJICHHS IMOTEHUIMHUX KaHAIIB ypa)kKeHHS
KOMIT'IOTEpHUX CUCTEeM OynaHu po3poOieHi pi3Hi BUAH
NPUMAaHOK 1 HAaCTOK, SIKi IMITYIOTb POOOTY peajbHUX
cucteM. PUHOK MPOTIOHY€E AeKiIbKa PillieHb, 3aCHOBA-
HUX Ha BUKOPUCTaHHI TEXHOJOTH oOMaHy Ta ILIKiJ-
JIMBUX MIPOTPaM.

PosrisinaeTbcst MOKITUBUI BapiaHT METOMOJIOTIT
PaHHBOTO BHSBJIEHHS NOTEHLIHHUX KaHAIiB Yypa-
JKEHHS KOMIT FOTEPHUX CHCTEM, 30KpeMa apXiTeKTypa
CHCTEMH 13 YaCTKOBOIO LIeHTpatizawiero. /s cHaTe3y
TaKUX CHUCTEM pO3pOOJIEHO HOBMII METOZ CHHTE3Y
YaCTKOBO IIEHTPAJi30BaHMX CHUCTEM ISl BUSIBICHHS
HIKIUIMBAX TOPOrpaM Yy KOMIT IOTEPHOMY Cepeno-
BUILI HA OCHOBi aHANITUYHUX BHpAa3iB, sKi BU3Haua-
I0Th CTaH OE3MEeKH TAKUX CHUCTEM 1 iX KOMIIOHEHTIB.
Metoau cUHTE3y YaCTKOBO LEHTPaTi30BaHUX CHCTEM
3aCTOCOBYIOTBCS JJIsl BUSIBICHHSI TIOTEHIIITHUX KaHa-
B ypaXKeHHs] KOMI IOTEPHUX CHCTEM.

Pe3ynbTaTn. MeTonosoriss paHHROTO BUSIBIICHHS
NOTEHUIHHNX KaHAJIiB ypaKEHHS KOMIT IOTEPHUX
CHCTEM IPYHTY€EThCSI HAa CTBOPEHHI YacTKOBO IIEH-
Tpajli30BaHUX KOMIIOHEHTIB 1 CHCTEM BHSIBICHHS
HIKIUTMBUX TPOTpaM y KOMIT FOTEpHUX Mepexax. Ha
puc. 1 HaBeACHO cxeMy peaizallii MeTOJO0IOTiuHOT
CKJIaJJ0BO] 3alIPOTIOHOBAHOTO MiAXOLY.

HeramizyeMo KokeH 13 HaBEJCHUX NPHHLUIIIB
(byHKIIOHYBaHHS Ta XapaKTEpUCTHK. Bce 11e moBUHHO
OyTU CHHTE30BaHO y TAKUX CUCTEMaX MOBHICTIO. 3aB-
JSIKM TAKOMY CHHTE3y CUCTEMa CTaHEe CaMOOpraHi3o-
BaHOIO, aJJallTUBHOIO Ta YaCTKOBO LICHTPaJIi30BaHOIO.

®dopMyBaHHS CUCTEMH S i3 KOMIIOHEHTIB MOXE
3[ICHIOBATUCS Ha IMOYATKY 11 IHCTAIIALIT Ta BBEJICHHS
B JIif0, 3a HEOOXIJHOCTI y MpOIECi eKCIuTyaTallii Ta
TICJISI BKITFOYCHHS KOMIT FOTEPHHUX CTAHIIIN Y MEPEXKY.
Kpim TOro, 10 cuctemMu MOXKHa JT0JJaBaTH HOBI KOM-
NnoHeHTH a0o0 BUAaNsATH HasBHi. KpiM TOro, MOXYyTb
OyTH JesiKi KOMIT FOTEPHI CTaHIIil, HA SIKUX BCTAHOB-
JIeHi KOMITOHEHTH BUMKHEHO Ha TPUBAIUH Yac; OTXKe,
cucTeMa MiICTUTUME MEHIIY KiTbKiCTh KOMIIOHEHTIB.

Komm’toTepHi cTaHWii i3 CHCTEMHHUMH KOMIIO-
HEHTaMH MOXYThb OyTH BKJIIOUEHI OHOYACHO a0o y
pi3Hmii yac. KoM’ roTepHi cTaHIii MOKHA HE BHUMHU-
KaTu, TOOTO BOHU MOXYTb OyTH BKJIIOUEHI ITOCTIHHO.
L1i BumajKy BIUIMBAaTUMYTh Ha (POpMYBaHHS CHCTEMH
S. BcraHOBUMO iX y cucTeMi, 00 i1 HEHTp NPUUHATTS
pillieHb MIr PO3MIAJaTH i BUMAAKH Ta iX Bapiamii y

ISSN 2786-6254



49

dopmyBaHHA BcTaHOBNIEHHS 3B’ 3Ky 30epexeHHs
CHCTEMH 3 > MK KOMIIOHCHTaMU »  IUIICHOCTI CHCTEMH
KOMITOHEHTIB CUCTEMH
A 4
OmiHka cTaHy Mirpariist neHTpy YacrkoBa
KOMITOHCHTIB < NPUNHATTS PILIICHb [« LEHTpaNi3aIisa
CUCTEMU
A
OriHka pe3yJbTaTiB dopmyBaHHS Peopranizaris
PO3MOIiIeHUX I PILICHHS Y KITBKOX > aApXITEKTYpU CHCTEMH
00YNCIICHD 3a KOMITOHEHTaX
KOMIIOHEHTaMHU
3aBepiieHHs BusnaueHHs nmomanbpImx
(GyHKITIOHYBaHHSA < KPOKiB CHCTEMH Y
KOMTIOHEHTIB 1 CHCTEMH MTOTOYHUI MOMEHT Yacy

Puc. 1. MeTogoJ10risi pAHHLOr0 BUSIBJIEHHSI NOTEHUIHHUX KAHAJIB YPaKeHHS KOMII'KOTEPHUX CHCTEM

mporieci popMyBaHHS Ta QYHKIIOHYBAaHHS CHCTEMH,
a TaKOX SIK aKTHBHY OCTaHHIO Tofiro. Bapiantu dop-
MYBaHHS CHCTEMH BU3HAYAIOTHCS K CYKYIMHICTb,

var,l __ var,1
M; —{m R (L w]}
My

nen,., — ue KUTBKICTh BapiaHTiB. Hampukman,
TaKi €JIeMEHTH SIK:
mjj”l — XapaKTepu3ye 3apO/>KEHHs] CUCTEMH Ha 11
[MOYaTKy ¥ aKTHBAIIIIO;

mjf’{’lf xapakTepru3ye (HOpPMyBaHHS CHCTEMH Y
nporieci GYHKITIOHYBaHHS 3a MMOTPeOu;

mjf’;’lf xXapakTepu3y€e (POpMyBaHHS CHCTEMHU
ITiCTIST BKITFOUEHHS KOMIT IOTEPHHUX CTaHIIINA Y MEPEXy.
Omuii, sKi BcTaHOBMIOE MHOKHMHA M| Ha MOTOY-
HAW MOMEHT dYacy Moxe OyTw jwmmre omHa. ToOto
cucTeMa S aHali3yBaTWUME OCTaHHIM BapiaHT CBOTO
dhopmyBanHs. IJ1s BU3HAUYCHHS OCTaHHBOTO BapiaHTa
moOyIOBY CHCTEMHE BBEIIEMO IPEINKAT Ha eleMeHTax
MHOXHMHH y BUDIsii: M Bapiant, 3aqanuii MHO-
YKUHOIO, Ha TIOTOYHUH MOMEHT Jacy MO)Ke OyTH JTUIIIe
omuH. ToOTO cucTeMa aHali3ye OCTaHHIN BapiaHT

Horo ¢popMyBaHHS.

var,l var,1
s, 20002 o

var,1

prard (mv"”l ) _|0,m" — neakmyanvHasepcis
o S, - D ’1 .
) i q,m.," — akmyanvnasepcis
q :172""9nMY‘[H‘A]

ITomiOHMM 4YWHOM BBOIWMO HaOIp Bapiamii 3a
JIOTIOMOTO0
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w2 = |

ne n,..ue KibKicTh Bapianii. Hanpuknan, Taki
eJIEMEHTH SK:

m* — JIONIOBHEHHS CHCTEMH 3 HOBHMH KOMIIO-
HEHTaMU;

mjf‘z”z— BUJIAJIEHHS KOMIIOHEHTIB 13 CUCTEMHU.

s Bapiariiii, 3anaHux HaOOPOM BUTIA/IKIB M:‘"”Z
, BBOIIUMO TIPEIUKAT, 3HAYeHHsI SIKOTO Oynie BimoOpa-

JKaTH iX HasBHICTH 200 BIJICYTHICTh

var,2

prar2 (mv”"’z ) _|0,m " — neakmyanvnasepcin
K S,q - var,2 .
q,m,"" — akmyanenasepcisi
q= 1’ 27 EERE) anr-,z

[loniOHMM uYnHOM BBOAWMMO HAOip Bapiamiid 3a
JIOTIOMOT' OO
var,3
cam 3}
My

ne n,.., — 1e KUTBKICTE Bapiartii. Hampuxman,
TaKi eJIeMeHTH:
m’\* ~KOMIT'IOTEpHI CTaHILii, y SKHX € KOMIIO-
HEHTH CUCTEMH, BKITIOUEHI y MEeBHUH 4ac;
mf"z” — KOMII'FOTEpHI CTaHIIi1, Y SIKUX € CHCTEMHI
KOMITOHEHTH, Ki BMHKAIOTbCA y PI3HUH 4ac;
mfgr’3 — KOMIT'FOTepHI CTaHIlii, Y SKUX KOMIIO-
HEHTH CHUCTEMHU HE BUMHKAIOTHCS MPOTSATOM YCHOTO

gacy poOOTH CHCTEMH.

s, 272 o

var,3 _ var,3 var,3
M = {m m
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[l Bapianii, 3ajaHux HAOOPOM BUTIAJIKIB MSV‘”‘3 ,
BBOJIMMO IIPEJIUKAT, 3HAYCHHsS SKOro Oyne BimoOpa-
JKaTy X HasABHICTH a00 BIICYTHICTE:

var,3 .
prar (mv‘""3 ) _|0,m" — neaxmyanvraeepcis
s

5.q var,3

g,m.,"” — aKmyanbHa eepcis

q=12,...,n

M:‘urﬁ
[loniOnum uymHOM BBOOMMO Habip Bapiamiii 3a
JI0IIOMOT 00

var,4 __ var,4 var,4 var,4
M, —{m m . m }

s, 272 9ttt S var 4
Mg

ae n.. — e KUTbKiCTh Bapiamiit. Hanpuknan,
TaKi €JICMEHTH:
mjj”“ — YacTHHA KOMII FOTEPHUX CTaHIIIN, ¥ SIKUX
BCTAHOBJICHI KOMITOHEHTH, MOXe OyTH BHMKHEHa
Ha TPHUBaJIHWi 4ac, cucreMa Oyne MICTUTH MEHIIY
YaCTHHY KOMIIOHEHTIB 1 BOJHOYAC MOXE BiJIOyBaTUCS
il moTouHe (hopMyBaHHs, BUKIMKAaHE IEBHUMH IO~
sIMH 0€3 IMX KOMIIOHEHTIB;
m;“z"‘ — monu(ikaiis CUCTeMH He BifOyBajacs
0e3 KOMIIOHCHTIB, SKi 3HAXOIWINCS Y BHMKHEHHX
KOMIT IOTEpPHUX CTaHIIisIX.

Hns Bapianii, 3amanoi HabopoMm BUMAAKIB M, f‘”’“
, BBEIEMO TPEAMKAT, 3HAYeHHs SIKOTo Oyzne BimoOpa-
JKaTU X HAsSBHICTh a00 BIJICYTHICTB:

var,4d .
prars (mv‘”' 4) _|0,m" — neakmyanena sepcis
s

S,q var,4

g,mg," — aKkmyaibHa 8epcis

qg=12,...,n

M:wr,A

HaBeneni ¢opmynu ommcyioTh cTamiro ¢Gopmy-
BaHHsS CHCTEMH S Ta KOHKPETH3YIOThb ii BapiaHTH.
Pesynbrati OOYHMCIIEHHS TIpPEAMKATY € YaCTHHOIO
BXIJIHUX JaHUX JUISI IICHTPY NPUHHATTS PIillICHb CHUC-
temu. Ilicist BCTaHOBJICHHSI BCIX KOMITOHEHTIB CHC-
TEMH Ha KOMIT IOTePHHUX CTaHIIISAX y MEpexKi, Bpaxo-
BYIOUHM KOMITOHEHTH 13 IIEHTPOM TPHUUHATTS PIMICHb
i 0e3 HBOTO, P TIEPIIOMY 3aITYCKy CHCTEMHU KOMIIO-
HEHTH 13 LIEHTPOM TPUUHATTA PIillIeHb MEepPeBipSrOTh
3HAYCHHS MPEIUKATIB JUI Pi3HUX €IEMEHTIB Ha0opy
M*"'i BCTAQHOBIIOKOTH, 0 BCi BEJIUYUHH JOPiBHIO-
10Th Hymo. Jlami cucremMa caMoCTiiiHO, 03 KOpPHCTY-
Baua Yd agMiHiCTpaTopa, MOoYHe NMepBUHHE (HopMy-
BaHHS CBOIX KOMIIOHEHTIB 13 HAsABHUX HIIMHOXHAH
(hyHKIIHA, a michs 3aBepIIeHHs Takoro (opMyBaHHS
mepeiiie 10 Momiay KOMIIOHEHTIB i3 HEHTPOM IIpH-
HWHATTS pillleHb Ha aKTHBHI Ta HEAKTHBHI.

Jnis 3a0e3medeH st 3B’ 3Ky MiXK KOMIIOHCHTaMH Y
cUcTeMi S OpraHi3yeMo 3B’S130K MK KOMIIOHEHTaMH
HE JIAIIE 32 JIOTIOMOTOI0 CTAaHAaPTHOI PO3CHIIKH ITOBI-
JIOMJIEHB 13 BiIIOBIZTHOIO KiJIBKICTIO TTIOBiTOMJICHB ITifl-
TBEPIKCHHS, a 1 13 TTOCIIIIOBHUM JOXaBaHHAM JI0 HAX
MIEBHUX 3aBIaHb, PE3yNbTaT SKAX BIIOMUN y KOMIIO-
HEHTIB, sIKi IJIAHYIOTh BiJIIPAaBUTH OCHOBHE TIOBIZOM-
JIieHHs1 a00 3aBJIaHHS, a TAKOXK MPOBECTH aHAJI3 Yacy,
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BUTPA4YE€HOI'0 MiXk BiANIPABICHHSIM IEPIIOIO 3allUTy Ha
MIKTIOYEHHS 0 OTPUMaHHS PE3yJIbTaTiB TECTOBOTO
3aBIaHHs. 3arajioM, ycsi CUcTeMa S JiSTUME K OIWH
BEJIUKUH JIaTYMK, KOTPUH pearyBaTHME Ha 3MiHH Y
POOOTI il YacTHH, BKITFOYAKOYH 3B’ SI30K Mi>K KOMITOHEH-
TaMH. SIKIIO BCi KOMIIOHEHTH BUMKHYTH OJHOYACHO,
TO BOHH (DIKCYIOTH 3aBJIaHHS, BUKOHAHHS SIKOTO BOHH
MOBUHHI BHWKOHATH TICISI HACTYIHOTO BKITIOYCHHS.
OnHak MOXKe CTaTHCs TaK, UI0 KOMIT I0TepHa CTaHLs
aBapiifHO BIMKHEThCS, 1 Taka (ikcallisi IeBHOTO KOH-
TPOIBHOTO 3aBIAHHSA HE BiOyACTHCSA. TakuM YWHOM,
BIPOBa/KCHHS PE3EPBYBAHHS B OPTaHi3allifo 3B’SI3KY
MK KOMIIOHEHTaMH BHMarae BpaxyBaHHS BapiaHTIB 3
YBIMKHEHHMH Ta BAMKHEHUMH KOMIT IOTEPHUMH CTaH-
LisIMU Ta CHHXPOHI3allii 4acy, IPOTATOM SIKOTO KOMIIO-
HEHTH aKTUBHI Ta BCTAHOBIIOIOTH 3B’ 130K MIX COOOIO.
Tomy BBemeMo Habip BapiaHTIB

M:ar,S _ {m:a115 ,m:‘azr,S s mes }

S,n MyrsS

AEH, s — KUTBKICTh BapiaHTIB, SIKi BUHUKAIOTh,
KOJMM BBOOUTHCS PE3EPBYBaHHSA MJIsi Opraizamii
3B’A3KYy MK KOMITOHEHTaMHU.

Enementy HabOpy BU3HAYAIOTHCS SIK:

m’\’ —KOMIT'IOTepHI cTaHuii, y sKili cucTemi
KOMIUICKTYIOUI HasiBHI, BKIFOUCHI OJIHOYACHO;

me ¥ — KOMIT'FOTEPHI CTaHIii, y IKNX KOMIIOHEHTH
BMHKAIOTBCSl Y PI3HUH 4ac, YaCTHHA MOXKE BHUMKHY-
THCS uyepe3 NEBHUH 4ac poOoTH, a IeBHA 4acTUHA
MOK€ BBIMKHYTHCS TICIIsl IbOTO Yacy abo He BMHUKa-
THUCsI B3araJli IpOTATrOM TPUBAJIOTO Yacy.

BinnoBigHO, KOMIIOHEHTH CHUCTEMH S TaKOX
MOBMHHI OyTH AaKTHBHHMH JIMIIE€ TOMAI, KOJIK
KOMIT FOTepH] CTaHIii yBIMKHEHI Ta (YHKI1OHYIOTb.
Habip ormifi BU3HAYAETHCS SIK:

M:’ar,() _ {mvar,é’m:’azm’_“’mmr,s }

5,1 X’"Mf‘” 6

nen, ... — KUTBKICTh BapiaHTiB, 10 BUHHUKAIOTH
IpH 3aBEPLICHHI POOOTU KOMIT FOTEPHUX CTAHIIIH, HA
SIKNX BCTAHOBJIEHI KOMIIOHEHTH CHCTEMH.

EneMeHTH MHOXHHH BHM3HAUalOThCS  TaKUM
YUHOM:
m'* — KOMIT'IOTEpHI CTaHIi, y SKMX CHCTEMHI

KOMITOHEHTH TIPHCYTHI, BAMKHEHO ITPAaBIILHO B OWH
1 TOM caMuii 4Jac;

m'%° — KOMIT'IOTepHI CTaHL(ii, y SKHX € KOMIIO-
HEHTH CHUCTEMH, BiJIKIIOUCHI aBapiiHO B OIHAKOBUU
qac;

m'%*® — KOMIUIOTEpHI CTaHIlii, 110 MPAIOKTh
TIPABHIIBHO;

m;* ~KOMII'FOTEpHI CTaHILii, B SKHX € KOMIIO-
HEHTU CHCTEMH, BIJKIIOUEHI y Pi3HUH yac, 4aCTKOBO
NPaBHIBHO, YACTKOBO aBapiliHO.

3a HaBeACHUMH MHOXHHAMHU MOJKHA C(OPMYyBaTH
JIBOCJIEMEHTHI MHOXHHU, 5IKi XapaKTepU3yIOTh MOl
3B 3Ky y CUCTEMI 3aJIC)KHO BiJI KOMIT FOTEPHUX CTaH-

Li¥ TAKUM YHHOM:
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var,5 , var,6 | . var,5 , var,6 | . var,5, _ var,6
{ms,l s, }’{ms,] s 5 }’{m,v,l LS }
var,5 var,6 | . var,5 , var,6 | . var,5,  var,6
{ms,l ’m.v,4 }’{mxi ’ms,l }’{ms,Z ’m.?,Z }
var,5 var,6 | . var,5,  var,6
{ms,Z ’ms,S }’{ms,Z ’ms,4 }
st OKpeMuX KOMII FOTEPHHUX CTaHIIIH HEOOXiTHO
po3pobasaTH MOMiIOHI 3a7a4ui KOMIUIEKCHO, OCKIUTBKH
BIIMIOBITHO /10 HUX Oyne 3a0e3medeHunil 3B’ 130K MiXK
OKPEMHMH KOMITOHEHTaMH y CHCTEMI. 3arajioM y CHc-
TeMI 3B’SI30K MK KOMIIOHEHTAMHU Ta HaJICHIAHHIM
MTOBiIOMIIEHB OyJle BCTAHOBJIOBATHUCS BiAMIOBIAHO 710
TaKUX BIJHOCHUH: «OIHMH IO BCIX» (m ); «BCi 110
OITHOTO» (mv"”) «KOKHOMY 13000070705 (mv “7Y); «omuH
J10 [IEBHOT KiIBKOCTI, ajie He 10 BCix» (m."}); «meBHe
YHCIIO, aJI€ HE BC1, 10 OAHOIO» (m”" 7 ); «TICBHE YHCIIO,

aJie He BCl, JI0 IEBHOT KiIbKOCTI, ajie He BCiM» (m, )
BuszHaunmo 111 BiiHOIIEHHS SIK Ha0ip

var,7 __ var,7 var,7 var,7
MS - {ms‘,l s ms.Z [ ms,nMW.J }
ae n,., ue KIJIBKICTD, My =6.
I[J'IFI BU3HA4YCHHS 3B HBKy MK OKpEMHUMHU KOMII ' 10-
TepHI/IMI/I CTaHHlfIMI/I BBOAMMO Ha61p HapaMeTplB
var,8 __ var,8 var,8 var,8
M: —{m NN ] }

5,1 s,n“/{“w,8

ae n,.. e KiJIBKICTB BaplaHTlB SIKI BUHUKAIOTh
y TIpOLECi BCTAHOBJIEHHS 3B’SI3Ky MK KOMII IOTep-
HUMH CTaHIISMH, Y SIKUX 3HAXOISTHCS KOMIIOHEHTH
CHCTEMH.

Enementn Habopy Taxi:

m'"* — KOMIT'FoTepHa CTaHIs, y SKill 3Haxo-
JUTHCS BKITIOYEHUH KOMIIOHEHT CHCTEMU;

m'"* — KOMIT'IOTepHA CTaHIisl, y KU PUCY THIH
KOMIIOHEHT CHCTEMH, BAMKHEHUH MTPaBUIIBHO;

m'%"* — KOMII'IOTepHA CTaHLisl, y sKiif KOMIIOHEHT
CHCTEMH, aBapiiiHO BUMKHEHHH.

3a 3amaHOI0 MHOXHWHOIO C(hOpMyeEMO HIBOEIIe-
MEHTHI MiAMHOXHHH, S$Ki XapaKTepU3ylTh CTaH
KOMIT FOTEpHUX CTaHINM MO0 ITOYaTKy Ta 3aKiH-

YEHHS 1X pO6OTI/I TaKHMM YHHOM:
var,8 , var,8 | . var,8 , var,3
{mx,l ’mx,Z }’{ms,] ’m.v,3 }

OTxe, KO CTaH KOMIT FOTEPHOI CTaHIi, y AKiit
npncyTHiﬁ KOMITOHEHT S CHCTEMH, XapaKTCPU3YEThCSI
i IMHOKHHOIO {mf‘{’ 8,m:f’2"8} , TOMi TOBiJIOMJIEHHS,
sIKI BIH OTpUMY€E Ta HajCHJa€, OyayThb BBa)KaTHUCS
LIEHTPOM TPHUUAHATTS pillleHb, BUKOHAHWMH IIpa-
BWJIBHO. B iHIIOMY BUIaIKy, TOOTO JUIS ITiIMHOXHHU
{m;’f’l"’g;mm’ 8} LEHTp NPUIHATTA pileHb (1)11<cy€ TaKy
MOJIF0 1 MPU HACTYITHOMY BKIIFOYEHHI KOMII FOTEp-
HOI cTaHIii 0OpoOJIse MOMaTKOBY CITEIiabHy TIPO-
LEAYPY BCTAHOBJICHHS 3B’S3KYy 3 IIUM KOMITOHCHTOM
JUTSI OHOBJICHHS ITHOTO KOMIIOHEHTAa y crucTeMi. Kpim
TOTO, IPH BUKOHAHHI CTaHAAPTHOI KOMYHIKaliitHOT
Iii MK OyJIb-SIKMH TBOMa KOMITOHEHTAMHU CHCTEMH,
HE3aJIeKHO BiJ THIIy €JeMEHTa MHOXUHH M :”"’7,
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BUKOHAHHS JTOJJAaTKOBOI INEPEBIPKH € 00OB’SI3KOBUM
1 moyisirae y BUKOHAaHHI TIEBHOTO 3aBIaHHS KOMIIO-
HEHTY, SKUW TJIAHYE€ BCTAHOBUTH 3B’S30K, 1 Take XK
TIEBHE 3aBJIaHHS BiJl KOMIIOHEHTA, 3 SKUM IUIaHY€ThCS
3’€THaHHS.

TakuM YMHOM, BCTAHOBJICHHS 3B’S3Ky MK KOM-
MMOHEHTAMHU CHUCTEMH Y PI3HUX By3JaX Mepexi Oyme
3MIHCHIOBATHCS 3 ypaxyBaHHSIM THIIIB 3B’ S3KiB, KOTPi
JO3BOJISIIOTH CHHTE3 YaCTKOBOI LEHTpasizamii Ta
JIOJIATKOBOT TIEPEBIPKH JIETITHMHOCTI KOMITOHEHTA.

KopropatuBHa Mepexa MiIIPHEMCTBA MOXKE
MaTH Kigbka cerMeHTiB. KoMIOHEHTH cHucTeMu
S MoxyTb OyTH BCTaHOBJIEHI y PI3HUX YacTHHAX
MEpeXi Ta BIIJANEHO y MOMAIIHIX KOMIT FOTEPHHUX
CTaHIIAX. Y KOPIOPAaTHBHIA Mepexi KOMyTaTopu
MOXYTh BUITH 3 Jlagy a0 MOKYTh BUHUKHYTH 1HIII
MIPUYWHH, K CIIPUYUHSATH IO/ CHCTEMH Ha JIB1 400
Oinpmie HEMoOB’sA3aHMX mincucTeM. ToOTO cucrema
y mpolieci QyHKLUIOHYBaHHS MOXKE PO3MafaTHCs Ha
HEToB’si3aHi MiXK co0oto dactuHU. [loTiM KOXHA i3
YaCTHH TIEPETBOPIOETHCS HA CKOPOUEHY CHCTEMY S i
MPOJOBXKYE TMPAIIOBATH, AKIIO B KOXKHIN 13 4aCTUH
3IAIIAIOTHCS X04Ya OW /1Ba aKTUBHI KOMIIOHEHTH i3
IIEHTPOM TIPUAHATTS PillleHb. SIKIO OmHA 13 YaCTHH
HE Ma€ aKTHBHHUX KOMITOHEHTIB i3 IIEHTPOM IIpH-
HHSATTS PIllICHb 1 € HEAKTUBHOO, TO KOMIIOHEHTH ITi€1
YaCTHHH OJIOKYIOTH POOOTY KOMIT IOTEPHUX CTaHIIIN
1 BUJAIOTh BIAIIOBITHE MOBIIOMJICHHS aJMIiHICTpa-
TOpY. SIKIO KOMIOHEHTH i3 IEHTPOM MPHHHSATTS
pilllecHh HEaKTHBHI B MOMEHT II€BHOI aBapiitHOi
cuTyanii abo HaBMHCHOTO BiJOKpPEMJIEHHS Ipyroi
YaCTHHH, SIKa MICTUTHME BCI aKTHBHI KOMIIOHEHTH 13
[EHTPOM TMPHUHHATTA pillleHb CHCTEMH, TO iX Tepe-
BEJICHHS B aKTUBHHM CTaH BiIOYAETHCA ITiCIIS Yepro-
BOT'O CEaHCY 3B’sI3Ky Ta BCTAHOBJIOETHCS BiJICYTHICTh
3B’SI3Ky aKTUBHUX KOMIIOHEHTIB i3 IIEHTPOM IIpH-
WHATTA pimieHs. [linTpuMaHHS IITICHOCTI CUCTEMH S
mig yac i poboTu 3abe3nedyBaTHMEThCS Tepioany-
HUM OOMiHOM MOBIOMJICHHSIMH MK KOMIIOHCHTaMU
CHCTEMH 3TiHO 3 BiIHOLIEHHAM i3 MHOKMHH M,
Akl OyayTe oOpaHi BHUMagkoBUM 4WHOM. Kpim nmx
JIBOX BHIIAJIKiB, IO XapaKTePU3YIOTh 3a0e3MedeHHs
IITICHOCTI CHCTEMH, iICHY€E TaKOXX BUTIAI0K, ITOB’sI3a-
HUH 13 CHHTE30M YacTKOBOI LieHTpami3amii y cuctemi
S. SIKmo yacTHHAa aKTHBHUX KOMIIOHEHTIB, SIKI Mic-
TATh LEHTP NPUUAHATTS PIlIEHb CHCTEMH, 3 TIEBHHUX
MPUYKH BUAAJICHO i3 CUCTEMH, TO YaCTHHA, 1110 3aJIH-
mIIacs, MovHe mpolenypy (opMyBaHHS cHCTEMHU
3 HasBHHUX KOMIIOHEHTIiB. A€ SIKIIO TaKUX KOMIIO-
HEHTIB MEHIIIE JBOX, TO BCI aKTUBHI KOMITOHCHTH, B
TOMY 4ncIi 06e3 GyHKIiOHATY 13 HUEHTPOM MPHHHATTS
pileHp, OIOKyBaTUMYyTh pPOOOTY KOMIT FOTEPHHX
CTaHII 1 BUAAAYTh BIANOBIAHE ITOBIIOMIICHHS
CHUCTeMHOMY aaMiHicTpatopy. OTke, Taka oOprasi-
3arlis 3a0e3levYeHHs MUTICHOCTI CUCTEMH BpPaxOBY€
MOXKJIUBICTh CHHTE3Y B CHCTEMi S 9aCTKOBOI IIEHTpa-
Ji3auii ¥ afanTUBHOCTI.
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CucTeMa € 4aCcTKOBO IIEHTPATi30BaHOI0, OCKITBKH
BCl 11 KOMIIOHEHTH MMOIIAIOTHCSA Ha JIBI HIIMHOKAHUA:
MIMHOXKHHY KOMIIOHEHTIB, SIKi MOXYTh OyTH IIeH-
TPOM CHCTEMH, 1 MiIMHO)KHHY KOMITOHEHTIB, KOTpi HE
MaroTh QYHKIIN 1 3a0e3mederHHs QYHKIIOHYBaHHS
HEHTPY MPUHHATTSA PIlICHb CHUCTEMHU. YTpPaBIiHHS
BCI€I0 CHCTEMOIO BiIOYBAa€ThCS BiJi KOMIIOHEHTIB, Y
SIKMX 3HAXOJMTHCS IEHTP MPUUHSATTS PIlllCHb CHC-
Temu. ToMy BOHa IeHTpasizoBaHa. YacTkoBa IICH-
Tpaiizamis 3a0e3MeuyeTbcss THM, 10 KOMIIOHEHTH
CHUCTEMH S, y SIKUX 3HAXOMUTHCS LEHTP MPHAHATTS
pillieHb CHCTEMH S JJisi MPUUHSTTS PillieHb, PO3PO-
OJISIFOTH TIPOTIO3UIIT OKPEMO B KOXKHOMY 3 ITUX KOM-
[TIOHEHTIB, TOOTO JIEIEHTPATi30BaHO, 1 TIOTOMKYIOTh
iX coinbHO. TakMM YHMHOM, CHCTEMA HE € IIOBHICTIO
[EHTPAITi30BAHOIO.

BiaplnicTe BCTAHOBIEHHX KOMIIOHEHTIB CHCTEMH
S y KOMIT FOTEpHUX CTaHIISX MIOBUHHI MICTHTH (YHK-
LIOHABHICT, MO 3a0e3neuye (yHKIIOHYBaHHS IIEH-
TPy TPUAHATTS pillieHb cucteMHu. [licns 3aBepIieHHs
BCTAHOBJICHHS CHUCTEMH 3IHCHIOETHCA  MEPIIUiA
3alyCK CHUCTEMH 3 YBIMKHEHHMH BCiMa KOMIT FOTEp-
HAMHM CTAHI[SIMH, Ha SIKMX BCTAHOBJIEHI KOMIIOHEHTH
cucremu. Ha mipomy erani QyHKIIOHYBaHHS CUCTEMH

BCi KOMITOHEHTH, SIKI MOXKYTh MaTH LEHTP MPHAHATTS
pillleHh cHCTeMH, OpaTUMyTh y4acTh y TiJITOTOBII
HEpUIOr0 OCTATOYHOTO DIiIICHHS MO0 BH3HAYCHHS
HepUIoro KpoKy cucTeMH. lle pillleHHs JO3BONUTH
3MEHIIUTH KUTBKICTh aKTHBHHX KOMIIOHEHTIB LIEHTPY
NPUIAHATTS PillIeHb, TIEPEBIBIIN YaCTUHY 3 HUX y HEaK-
TUBHHUIA CTaH, IO MiJBHUIINTH IMOBIPHICTH PaHHBOTO
BUSIBIICHHS IOTEHILIHIX KaHAIIIB ypa)KEHHS CHCTEMH.

BucHoBkn. MeTomonoris paHHbOTO BHSBICHHS
NOTEHIIMHUX KaHAIIB YPaXEHHS KOMIT IOTEPHHUX
cucTeM 0a3yeThCsl Ha KOHIICMIIT MyJIBTHKOMII FOTep-
HHUX CHCTEM 13 KOHTPOJICPOM TPUUHSATTS PilICHb IS
BUSIBJICHHS TIOTCHLIHHUX KaHAJIIB ypaXKeHHs Ta MpPO-
TUZIT WKIJIMBUM TPOrpaMaM 1 KOMII'FOTEPHHUM aTa-
kaM. Jlns mertamizarii apXiTeKTypu MYJIBTHKOMII FO-
TEPHOI CUCTEMH 3 KOHTPOJIEPOM IPHHHSATTS pillICHb
IIOZI0 BHSBICHHS Ta MPOTUAIl IIKIAJIMBAM MPO-
rpaMHUM 1 KOMIT'FOTEPHHM aTakaM, IO BiAIOBigae
3alpPONIOHOBAHOMY NPHHLWIY CHHTE3y TaKHX CHC-
TeM, HEOOXiIHO PO3POOHUTH KOHLENTYyalbHY MOAEIb
ii apxitextypu. Peamizawisi perynaropa HpUHHATTS
pilieHb yepe3 po3poOKy METOLY CHHTE3y CHUCTEM i3
KOHTpoJiepoM Oyae HampsiMOM MOAAJbIINX JOCHi-
JOKEHb.

10.
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Knruosi cnoea: I1ix TexHOMOTIEI0 6IOKUEIH PO3yMiIOTh TOOYIOBAHHI 32 IEBHUMH MIPAaBUIIAMU
Kpunmoepagiuui 3axo0u, 3axo0u  JaHLIOT OJIOKIB, e KOXKEH OJO0K MICTUTH iH(OpMAIIiIO PO BIACHY XEII-CyMY
be3nexu, 0eyeHmpanizoeami Ta Xell-cyMy HornepeaHboro Onoka. Taka opranizallis 3auciB mpu 30epekeHHi
Mepedici, xeuty8auHs, Yyupposi iH(popMallii 103BOJIsIE€ 3aI00IrTH HECAHKITIOHOBAHUM 3MiHAM, OCKIUJIbKU 3MiHa
nionucu, kpunmoepaqis i3 JaHux y Oynp-sikoMy i3 OJ0KiB moTpedye 3MiHH Xell-CyM YChOTO JIaHIIOTa
GIOKpUMUM KTIOYeM, 00KA3 i3 naHux. Jlo mepeBar METO/IB 3aXUCTy iH(popMalii Ha 0a3i TexHOIOTiT OI0KUeitH
HYIbOBUM 3HAHHSM. MOXKHa BiJHECTH O€3MeKy, [eleHTpalli3allilo, MOXKIUBICTh BiJICTEXKEHHS,

HE3MIHHICTh, aBTOMATH3allil0, B3a€MOi0. TeXHOJIOris OJOKYECHH T03BOJIIE
3a0e3MmeunTH Oe3MeUHUil 1 3aXUIIEeHUH BiJ BTpyYaHHs CIOCiO 30epiraHHs Ta
nepenayi JaHuX, OCKINbKM JaHi 30epiraroTbes y O0Kax, siKi 3’€HaHI pa3oM
y naHIor. Lle yckiIaaHIoe Ui HeaBTOPU30BaHUX KOPUCTYBAdiB 3MiHY JaHUX
abo goctyn 10 Hux 0e3 103Bouty. Ll cTaTTst MICTUTh PE3yabTaTU JOCTIIKEHHS
0co0NMBOCTEll BUKOPUCTAHHS METOJIB TEXHOJIOTIT OJOKUEH Al BUPIIICHHS
npobiemu 3axucty iH(opMmanii Bix migMiHu. Y po0OoTax, MpeAcTaBlICHUX Y
IBOMY JIOCTII/IDKEHHI, BAKOHAHO aHaJi3 Pi3HUX aCMeKTiB TeXHOJIOT1 OIOKUeiiH,
BKJIFOYAIOUM CTPYKTYypH JAAHHUX, MPOrpaMM, MpPaBOBI HACHIJKH, YHPaBIIiHHS
JIAHITIOTOM ITOCTABOK, U(POBI MIANNCH, KPUOTOTpaito 3 BIAKPUTUM KIIIOUEM i
JIOKA3H 3 HylbOBUM 3HAHHSM. J{J1s1 3aXUCTy TaHUX Y OJI0KUEiHI BUKOPUCTOBYIOTh
METOAM XEIIyBaHHSA, METOAM POOOTH 3 HUGPOBUMH MiANHCAMU, METOAH
kpunrtorpadii 3 BIAKpUTHM KIIOUYEM, METOIU AOKa3y 3 HYIbOBUM 3HAHHSIM.
Taki meroan IO3BOJIAIOTH 3abe3nedyBaTH Oe3meky, KOH(iIeHIIHHICTh Ta
e(eKTUBHICTh 0OPOOKH JaHUX, ajie IPOAYKTUBHICTH IX peai3alliil 3aJeKuTh
BiJl 00paHOro MporpaMHOro W amapatHoro 3a0esnedeHHs. Takox 3a3Ha4yeHi
METOJIM MaroTh BJIACHI cienuivHi Bpa3IHBOCTI 00 KibepaTak.
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Blockchain technology refers to a chain of blocks constructed according
to certain rules, where each block contains information about its own hash
sum and the hash sum of the previous block. This organization of records in
storing information allows preventing unauthorized alterations, as any change
in data in any of the blocks requires changing the hash sums of the entire
data chain. Among the advantages of information protection methods based on
blockchain technology are security, decentralization, traceability, immutability,
automation, and interaction. Blockchain technology enables a secure and
interference-resistant method of data storage and transmission, as data is stored
in blocks linked together in a chain. This complicates unauthorized users’
attempts to alter data or access it without permission. This article presents the
results of research on the use of blockchain technology methods to address the
issue of protecting information from tampering. The research conducted in
this study analyzes various aspects of blockchain technology, including data
structures, programs, legal implications, supply chain management, digital
signatures, public key cryptography, and zero-knowledge proofs. Methods
such as hashing, digital signature operations, public key cryptography, and
zero-knowledge proofs are used to protect data in blockchain. These methods
ensure the security, confidentiality, and efficiency of data processing, but
the performance of their implementations depends on the selected software
and hardware. Additionally, these mentioned methods have their specific
vulnerabilities to cyberattacks.

Beryn. Ilin texHomorieto OJIOKYEHH pO3yMilOTh
no0yIoBaHMH 3a TIEBHUMH MPaBUJIAMHU JIAHITIOT OJ10-
KiB, Jie KOKEeH OJIOK MICTHTB iH(OPMAIIif0 TIPO BIACHY
XeII-CyMy Ta XeII-CyMy mnomnepeaHboro Omoka. Taka
opraHizamisi 3amuciB Tipu 30epexeHHi iHdopmariii
JI03BOJISIE  3amoOIrTH  HECAHKI[IOHOBAHMM 3MIHaM,
OCKIJIBKH 3MiHA JJaHHUX y OyAb-IKOMY i3 OJOKIB IOTpe-
Oye 3MIHM XeII-CyM YyChOTO JIaHIIOra JIaHuX. Ll
CTaTTs MICTHTh Pe3yNbTaTh AOCITIKEHHS 0coOmm-
BOCTEH BUKOPUCTAHHS METOJIiB TEXHOJOT11 OIOKIeHH
JUTS BUPIMIEHHS MPOoOJIeMu 3axucTy iHdopmarlii Bif
miamMiga. OTKe, TEXHOJIOTiS OIOKYEHH MOKe 3a0e3-
reqnTy Oe3nevyHnii 1 mpo3opuii crocid 30epiraHHs Ta
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nepenadi ingopmariii, 1110 poOUTH 1i MEPCIEKTUBHUM
pilIeHHAM ISl 3aXHCTY KOHQIASHIIMHUX NaHuX. 3a
OCTaHHI pOKH OIyOJiKOBaHO 3HAYHY KiJIbKICTh HAyKO-
BUX POOIT, MPUCBAYEHUX BUKOPUCTAHHIO OJIOKYEHHY
JUTSL 3aXUCTy 1H(opMaii.

Amnaniz myOmikamidi I103BOJNSE BHOKPEMHUTH Taki
TEeMaTHYHI HAIPsAMHU:

— JOCHIDKEHHSI TOTEHIIady TEXHOJOTIi OJOK-
YelH i3 monsiAy 3a0e3nedeHHs] 0e3IeYHOr0 i MPOo30-
poro criocoOy 30epiraHHsl Ta KepyBaHHS JaHUMU;

— JOCIIKeHHS 0COOIMBOCTEH  3a0e3neucHHs
KOHQIACHIIITHOCTI y BUKOPHCTaHHI OJOKYCHHY LIS
3aXHCTY JaHUX;
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— JOCJIDKeHHS TIOTEHIiaTy TEeXHOJOTii OJIOoK-
YeWH IS TIONIETIIIeHHs B3aeMOIii # OOMiHYy AaHUMU
MDK DPi3HUMH OpraHi3amisiMu: 3a0e3neueHHs] cymic-
HOCTI CUCTEM Pi3HUX CTOPiH, OCOOIHUBOCTI MPOTOKO-
JIIB TOILIO;

— JociipkeHHs chepH 3acCTOCYBaHHS TEXHOJOTI1
ONOKYeHH y mpoOieMi 3aXUCTy TaHUX: aHali3 METO-
IiB 3a0e3leyeHHss MacIiTa0OBaHOCTi, MPOMYKTHB-
HOCTI Ta KEPOBAHOCTI CUCTEM 3aXUCTy iH(OpMAIIii.

MeTor0 nocaiizKeHHs € aHAN3 MyOiKamii, mpu-
CBSYCHHUX BUKOPHCTAHHIO TEXHOJOTIi OIIOKYEHH st
3axXUCTy iH(popMarIii.

OO0’ €exT JOCTiKEHHS — KOMIT FOTEPHI CHCTEMH Ta
METOM 3aXUCTy 1H(OpMAIIii.

[IpenMeT mociimKeHHS — METOAM BUKOPHCTaHHS
TEXHOJIOTIi OJIOKYEHH /I 3aXUCTy iH(pOopMaIrii.

Metonun. IcHye KinbKka NOTSHIIWHUX IepeBar
BHKOPUCTAHHS TEXHOJIOTi{ OJOKYeWH st poOoTH 3
MaHUMH. 30KpemMa, aHaji3 HayKOBUX POOiT, ormyOmi-
KOBaHHX 3a OCTaHHI I'STh pokiB [1-24], mo3Boisie
BHOKPEMHTH TaKi:

— 0e3meKy;

— JIeUeHTpai3allio;

— BIJICTEXXEHHS,

— HE3MIHHICTB;

— aBTOMAaTH3AaLliIo;

— B3aEMOJIIO.

TexHonoris OJOKYEHH MOO3BOJSE 3a0€3MEUUTH
Oe3neyHuit 1 3aXUIIeHNH Bi BTpydYaHHs criocib 30e-
piraHHs Ta Tepenadi JaHWUX, OCKUIbKHM JaHi 30epi-
raroThcs y OJokax, 3’€IHAHUX pa3oM y JyaHior. Le
YCKJIATHIOE JUII HEaBTOPU30BAHHX KOPUCTYBadiB
3MiHY JaHUX 200 JAOCTYII A0 HUX 0e3 T03BOIY.

TexHoOTisE OIOKYEHH TaKOX IO3BOJISIE CTBOPIO-
BaTH JIEIEHTPATi30BaHI Mepexi, Jie KidbKa CTOpiH
MOXYTh OTPUMYBATH JOCTYII IO JAHUX Ta OHOBIIO-
BaTH iX 0e3 HeoOXiJHOCTI eHTpalbHOTO oprany. Lle
MOJKE JIOTIOMOT'TH ITEPEKOHATHUCS, IO IaHi He KOHTPO-
JIIOKOTHCSL OJTHIEIO OpraHi3alli€lo Ta € OUTBII TPO30-
puMH Ta HagiiHUMU [1].

Y TexHonorii OJOKYEHH MOXHa CTBOPIOBATH
KOHTPOJhOBAaHUHN TMOTIK JaHWX, OCKUIBKA KOXKHA
TpaH3akiliss ad0 OHOBJIICHHS IaHHUX 3allUCYETHCS Y
omokuetini. lle Moxke TOITOMOTTH 3a0€3IeUnTH ITiTic-
HICTh 1 aBTEHTUYHICTH JAHUX 1 IOJETIIUTHA BIJACTE-
’KEHHSI 3MIH 13 YaCOM.

XapakTepucTuka HE3MIHHOCTI IPYHTYEThCA Ha
0COOJMBOCTSX 3aIliCy Yy JIAHIIOT: KOJH JIaHi 3aru-
CYIOThCS y OJIOKYEHH, iX cTae BakKo 3MiHUTH abo
BuganuTu. lle Moke HOMOMOITH 3a0e3MEUnTH
MOCTIHHICTS 1 ITICHICTh JaHUX 1 3pOOUTH iX OLIBII
HaI1HHUMH.

TexHONOTiF0 OJIOKYEHH BUKOPHCTOBYIOTH JUIS
aBTOMaru3allii MpoIEeCciB, TaKUX SK BHUKOHAHHS
CMapT-KOHTPAKTiB. SIK pe3ylibTar, MOXJIHBO 3MEH-
LIMTH TOTpeOy B PyYHOMY BTPYYaHHI Ta HiJBUIINTH
e(heKTUBHICTH [2].
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Ilpn cTBOpEHHI CYMIiCHHX CHUCTEM TEXHOJIOTis
OJOKUEHH JT03BOJISIE OOMIHIOBATHCS JAHUMH MiXK pi3-
HUMH OpraHizauisiMu uu cucteMami. Lle moxe momo-
MOTTH MOKPALIUTH TMOTIK iHPOpMAIii Ta MOJETINUTH
CHIBIpalio.

BaxnuBO 3a3HAUUTH, 10 €PEKTUBHICTD TEXHONIO-
rii OJIOKYEIH 3aJIeKUTh Bijl criocoOy 11 peasizartii.

Jns 3aXxucTy naHux y ONOK4YEeiiHi BUKOPHCTOBY-
I0ThCS Pi3HI KpunTorpadiydi MeToau, SKi € OKpe-
MHUMH [PEAMETaMH HayKOBHX JOCIIIKeHb. 30KpeMa,
aKTyaJIbHUMH € TaKi KpunTorpadiuyHi MeToau:

— METOAM XeIlyBaHHS;

— MeToau poOoTH 3 TH(POBUMH HiANIUCAMU;
MeToIH Kpunrorpadii 3 BIAKPUTHM KITIOYEM;
METOIH JI0Ka3y 3 HyTbOBUM 3HAHHSM.

HonatkoBo mmdpyBaHHs Ta OaratodakTopHa
aBTeHTH(]IKALliI MOXYTb BHUKOPHCTOBYBATUCS JUIS
MiBUILICHHS Oe3MeKH JaHuX y OnokueiHi [3].

1. Memoou xewysanns

XemryBaHHS — 11e KpunTorpadiyauii MeToxn, KU
nependavyae OTPUMaHHS BXiTHUX JaHUX (HApUKIAI,
MOBiIOMIIEHHST a00 JaHWX) i iX BUKOHAHHS 4epe3
MareMaTHuHy (yHKLi0, BiOMY SIK XemI-(yHKIis,
JUIL CTBOPEHHSI BHUXITHHX JaHUX (iKCOBAHOTO PO3-
Mipy, BIIOMHX SIK XeIll. Xell € YHIKaIbHUM IS BXiJ-
HUX JaHWX 1 MO)K€ BHUKOPHCTOBYBATHCS AJsl Tepe-
BipKU I[JIICHOCTI JJaHUX.

VY TexHonorii 6JOKYeHH Xellli BUKOPUCTOBYIOTHCS
JUTS 3B’s13yBaHHS OJIOKIB y JIAHIIFOXKOK 1 AJ1s1 3a0e31e-
YEeHHS MUTICHOCTI JaHMX, 10 30€piratoThes y ONOK-
yelini. Koxken 050k y Ook4eliHi MiCTUTH Xell more-
peIHBOTO OJIOKY, a TaKOXK YHIKaJlbHE Xell-3HaueHHS
JUISL JTaHWX, Mo Mictartekes y Onomi. Lle crBoproe
3aXHIICHUH Bi BTPYYaHHS JIAHIFOXKOK AaHUX, SIKUH
MOXKHa BUKOPUCTOBYBAaTH JJIsl IEPEBIPKU LIJIICHOCTI
JaHUX y OnokueitHi [4].

Xelnl € BaXJIUBOIO YaCTUHOIO O€3leKy Ta LiIic-
HOCTI TEXHOJIOTIT OJIOKUEHH, OCKIILKY BOHH 3a0e31e-
YyIOTh CIIOCIO rapaHTyBaTH, IO JaHi B OJIOKYEiHI He
Oynu 3MiHeHi abo mizpo6ieHi. Bonu Takox Bixirpa-
I0Th KJIIOYOBY pOJIb Y JACUCHTPai30BaHOMY Xapak-
Tepl TEXHOJIOTIi OJOKYEWH, OCKUIbKU JI03BOJISIOThH
By3JlaM Y MEpexi MepeBipATH LUTICHICTh AaHUX 0e3
HEOOXiTHOCTI AOBIPATH LIECHTPaIbHOMY Oprany [5].

PoGora [6] nocainnukie llyo Yen, ®an Jlonr, K
Crolf MIiCTHTH OINISIJ CTPYKTYpH AaHUX OJIOKYEHHY
i 0OTOBOpIOE PONIb XEIIyBaHHS Yy 3aXUCTiI JaHUX Y
onokueiini. s poborta 30cepemxyeTbcss HA MOPIB-
HSIHHI Pi3HUX CTPYKTYP JaHUX OoKueiiHa Ta ix edek-
TUBHOCTI 3 Momsiay Oe3lekd, MaclTa0oOBaHOCTI i
eHeproeeKTUBHOCTI. ABTOPH NPOBOASTh PETEIbHUIH
aHaJli3 PI3HUX CTPYKTYP NaHUX OJOKYEHHA, BKIIOYA-
I0YM TIOB’SI3aHi CIIMCKH, JAEPEBOBHUIHI CTPYKTYPH Ta
CIpSIMOBaHI alUKIiYHI rpadu.

Crarts [7] Haae oIl pi3HOMAaHITHUX 3aCTOCY-
BaHb TEXHOJIOTil OJIOKYEWH, y TOMY YHCIi Y QiHaH-
cax, yNpaBIiHHI JaHIIOTaMHU MOCTaBOK 1 HU(POBIi
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imeHTH(ikamii. ABTOpH TaKoX OOTOBOPIOIOTH TeX-
HiYHI TIpoONeMH W OOMEKEHHS TEeXHOJOTii OJIOK-
YyeiiH, Takl SK MacIITabOBaHICTh 1 CIIOKMBaHHS
eHeprii. ¥ crarti poOUThCS BHCHOBOK, IIO, XO4a
TEXHOJIOr1s 0J0KYEHH Ma€ 3HAYHUN OTEHLIaI, 11
MTOBHOI fioro peaizarii HeoOXiTHI MOANBIII AOCITi-
JOKSHHS Ta PO3POOKH.

VY [8] 00roBoprOOTHECS IPABOBI HACII KU BUKOPH-
CTaHHsI TEXHOJIOTIi OJOKYEHH 1 JOCTIIKYETHCS POIh
XeITyBaHHS Yy 3aXUCTi AaHWX y OnokueiiHi. [ocmiza-
HUK PO3IVIs/Iae MPaBOBI HACIHIIKKA TEXHOJOTii OJIOK-
YeifH, 30KpeMa 010 TPAAUIIHHUX IPAaBOBUX PAMOK.
ABTOp CTBEpIKY€E, IO TEXHOJOTiS OJIOKYEHH Mae
MIOTEHITia) MOPYIIUTH TPATUIIiHI PaBOBI CHCTEMHU
Ta [0 MPaBOBI pPaMKW HEOOXIHO aJanTyBaTH st
i€l HOBO1 TeXHOJOTIl. Y cTaTTi poOUTHCS BUCHOBOK
PO HEOOXiTHICTh MOMANBIINX OCIIPKEHb Y il
raiy3i, mo0 MOBHICTIO 3pO3YMITH MPaBOBI HACIIIKH
TEXHOJIIOTii OJIOKYEHH.

VY mpani [9] HaykoBust Kmietpi MiCTHTBCS OIS
BHKOPUCTAHHS TEXHOJOTI ONOKYeHHY AN yIpaB-
JIHHS JIAHITIOTOM TIOCTABOK i OOTOBOPIOETHCS POIIb
XeITyBaHHS Yy 3aXHCTi JaHUX y OJOKYeiHi. ABTOp
BHCBITIIFOE MTOTEHIIIHHI TIepeBar BUKOPUCTaHHS TEX-
HOJIOTi1 OJIOKYEIH B yIIpaBIIiHHI JAHIFOTOM MTOCTABOK,
Taki K TOKpallleHa BiJCTEeXKYBaHICTh, IMPO30PICTh
i Oe3meka, a TakoX JesKi MpoOIeMH W O0OMEKEHHS
BHKOPUCTAHHSI TEXHOJIOTii OJOKYEWH B yIpaBIiHHI
JIAHIFOTOM TIOCTaBOK, TaKi K MacIITabOBaHICTh 1
BiJIMOBITHICTF HOPMAaTUBHUM BHMOTaM.

Y [10] mpoBomuThCS OISR CHUCTEM OOMIHY
JAaHVNMH Ha OCHOBI OJIOKYEHHY I aHa3yeThCs POIb
XeITyBaHHS Yy 3aXHCTi aHUX y OJOKYeiHi. ABTOpH
PO3IIAAIOTH Pi3HI THUIH CHUCTEM OOMIHY IaHUMH,
TaKi SIK OJTHOPAHTOBI Ta PO3MOALIEHI CUCTEMH OOMIHY
JAaHVMH, i OOTOBOPIOIOTH iXHI NIEpeBaru Ta HEIOIKH.

3a pesynsraramMu aHanizy poOiT [6—10] moxHa
3p0oOUTH BHCHOBOK, III0 BUKOPUCTAHHS XEIIiB Yy TEX-
HOJIOTii OJIOKYEHH Mae SK MepeBart, TakK 1 HEIOJIKH.
30kpema, IepeBard BUKOPUCTAHHS XeIlliB y TEXHOJIO-
rii OJIOKYelH BKITIOYAIOTh:

— 0e3neKy — MOXKIIUBICTh XeIIiB 3a0e3MeunTH 0e3-
MEeYHHUH crocid NepeBipKy HiMiCHOCTI AaHuX y OI0K-
YeiHi, OCKIIBKH 1X BaXXKO MigpoOuTH abo 3MIHUTH
(e Takok MOXKE TOTIOMOTTH 3a0€3MEeYUTH JOCTOBIp-
HICTh IaHUX y OJIOKYElHi);

— 0o0uMCIIOBaJbHY €(EKTHBHICTh: XElll MO)KHA
IIBUIKO OOYUCIIHTH, 110 MOXKE ITiIBULITUTH €(EKTHB-
HICTh NEPEBIPKH LTICHOCT] JaHUX Yy ONOKYEHHi;

— JEeLeHTpaji3alilo — apXiTeKTypHay BIacTH-
BiCTh MEpeXi AJsl MEepeBipKU LIJOCHOCTI JaHHUX Y
OnokueitHi 0e3 HeoOXiTHOCTI BUKOPUCTAHHS OJTHOTO
LIEHTPaIHHOTO OPTaHy.

Jo HenonikiB BUKOPUCTAHHS XEIiB Y TEXHOJOTI]
OJIOKYEIH BKIIFOYAIOTh TaKi BIaCTUBOCTI:

— Bpa3iMBiCTh A0 KiOeparak, HaNpUKIAJ, MUIA-
XOM CTBOPEHHS XeIII-KOJi3il;
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— 3aJIeKHICTh OE3MEKU BiJl OCHOBHOI KPUIITOTpa-
¢iunoi cucremu;

— 3QJICKHICTh IPOAYKTUBHOCTI BijI anapaTHOTO Ta
NPOrpaMHOro 3a0e3MeueHHs], 0 BUKOPHCTOBYETHCS
JUTS miaTpuMKu Onokueitny [11].

3aramoMm, Xo4a Xeuli MOXYyTb 3a0e3neynTu 0Oe3-
neyHuid 1 eekTUBHUIN croci® mepeBipKy LiJIICHOCTI
JaHHUX y OJOK4YElHI, BaXKIMBO PETENBHO PO3IISHYTH
MOTCHIIHI HEMONIKK ¥ OOMEXEHHS IhOTO MiIXOIy
Ta BIPOBAIUTH BiJIOBIIHI 3aX0au OS3MEKH JIJIs 3aXU-
CTYy BiJ IOTEHUIIHUX 3arpo3.

2. Memoou pobomu i3 yugposumu nionucamu

[Tix uudppoBUMHU migNHCaMU PO3YMIIOTH KPUITO-
rpa¢iuHuil 1HCTPYMEHT, SIKHH BUKOPUCTOBYIOTH LIS
MEPEeBIPKH aBTEHTUYHOCTI LU(POBUX MOBIIOMIICHD
a00 JOKyMEHTIB. Y KOHTEKCTI TEXHOJOTil OJIOKYEHH
oUQpOBI MiANUCH BUKOPUCTOBYIOTHb, OO rapas-
TyBaTH, 10 TPaH3aKIlii y OJOKYCHHI € MiiCHUMH Ta
MOXYTb BUKOHYBATHUCSI JIMIIE TUMH CTOPOHAMH, SIKi
MaroTh Ha L€ MPaBo.

Lndposi mignucu NpamrooTh 3a JONOMOT 00 TapH
KJIIOYiB, BIKPUTOTrO Ta 3aKpuToro kirova. IIpusar-
HUH KITI0Y 30epiraeTbes y CEKpeTi BIACHUKOM 1 BUKO-
PHUCTOBY€EThCA AN MANKCY TU(POBUX MOBIIOMIICHD
a00 JIOKyMEHTIB. BilKpUTHH KITFOY HAJTAETHCS THIIAM
1 BUKOPUCTOBYETHCS AJISl TMEPEBIPKM aBTEHTUYHOCTI
mignucy [12].

1106 mixmucatu MOBiOMIICHHS a00 JOKYMEHT 3a
JTIOTIOMOTOI0 ITU(POBOTO MIAMKCY, BiIPABHUK BHKO-
PHUCTOBY€E CBilf 3aKpUTHUH KIIO4Y, 100 3aCTOCYBaTH
O TOBiTOMIIEHHS a0 JOKyMEHTa MaTeMaTH4HY
¢yHkuito, Bigomy sk xem-QyHkuis. Otpumane
XelI-3HaYCHHS, BiJIOME SK MIAMKC, € YHIKATBHUM JJIs
MOBiJOMIIEHHSI 200 TOKYMEHTa Ta JOAAETHCS 10 MOBi-
JIOMJICHHSI 200 IOKYMEHTA.

o6 mepeBipuTH MiAMUC, OAEPKYBad BUKOPUCTO-
BY€ BIAKpUTHH KIIOY BiJlpaBHHKA, 1100 3acTOCY-
BaTl Ty caMy XemlI-(QyHKIII0 A0 TOBIIOMICHHS YH
JIOKyMeHTa. SIKIII0 OTpUMaHe 3HAYCHHSI Xel-(PyHKI
30iraeTbcs 3 MiNICOM, OICPKYBau MOXKE OyTH BIICB-
HEHHH, 1110 TIOBiZJOMIICHHS a00 TOKYMEHT € aBTCHTHY-
HUMH Ta He Oynu migpoOIeHi.

3arajgoM UUQPOBI MIINHCH € BAKIMBUM IHCTPY-
MEHTOM U1 3a0e31eYe s aBTEHTUYHOCTI Ta I{LIICHO-
CTi TpaH3aKUiil y OIOKYEHHI Ta MIUPOKO BUKOPHCTOBY-
IOTBCSl Y CHCTeMax Ha OCHOBI OJIOKYEHHY ISl 3aXUCTY
JaHUX 1 CIPUAHHS AOBipi Mixk ctopoHamiu [13—15].

VY [16] 3pobiieHO OISl BUKOpUCTaHHS HU(PPOBUX
MiJNKUCIB Y TEXHOJIOTIi OJOKYEHHY Ta JOCIIIKEHO
HACJIIJIKU 1bOTO MiJIXOMY Ui OC3MeKH Ta KOHQIICH-
LifiHoCTI.

V¥ crarTi [17] IpOBOAMTHCS OIS CXeM HH(PPOBUX
MiANUCIB, 10 BUKOPUCTOBYIOTHCS y CUCTEMax OJIOK-
4eliH, 1 aHaJi3yloThcsl iXHi (QYHKUIT Ta MPOIYKTHB-
HICTb.

PoGota [18] MicTUTh OIS BUKOPUCTaHHS LU}-
pPOBUX TIAMHUCIB y CHCTEMax, 3aCHOBaHUX Ha OJIOK-
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YeiHi. Y miif poOoTi T0CITIHKEHO HACTI KA IBOTO IS
Oe3nexu Ta KOH(]iIESHIIHHOCTI.

Y [19] npencraBieHO NpUKIAL BUKOPUCTAHHS
nM(ppPOBUX MIAMKUCIB Yy CUCTEMI YIIPABIIHHS JAHIFO-
rOM IIOCTaBOK Ha OCHOB1 OJIOKYEHHYy Ta po3msiza-
IOTBCS [IEpEeBaru Ta NpoOJIEeMH LIOTO MiTXOMY.

Y noxymenTi [20] MiCTUTBCSI OTJISIA BUKOPHCTAHHS
IM(pPOBUX MIIMUCIB Y CMapT-KOHTPAKTaX HAa OCHOBI
ONOKYEIHY Ta HACTIIKIB IIBOTO IMiIXOMY I Oe3neKn
Ta KOH(IIEHIIHHOCTI.

Amnamni3 po0iT [16—20] 103BoIISIE CTBOPUTH CXEMY,
sIKa JIEMOHCTPY€ Pi3HI BUTIQJKH BUKOPUCTAHHS I (]-
POBHX MiJNHUCIB y KOHTEKCTI TEXHOJIOTiI OJOKYeiH
(puc. 1).

Buxopurcranas nndpoBUX MiANKCIB Y TEXHOIOTIT
ONOKYeiH Ma€ KiJlbKa MepeBar, Taki sSK:

— Oesmeka 3a paXyHOK BUKOPUCTaHHS KPUIITOTpa-
(hbiuH1 METOIB, SIKi BAXKKO IMiApoOUTH 200 3MIHUTH;

— HaIIMHICTH;

— e eKTUBHICTH: NU(POBI MiMTHUCH MOXKYTH JOITO-
MOTTH aBTOMAaTH3yBaTH NPOLECH, TAKi K BUKOHAHHS
CMapT-KOHTPAKTIB, IO MOXE 3MEHIIUTH MOTpedy B
pPYYHOMY BTPYYaHHI Ta IMiIBUMIUTU €()EKTUBHICTH;

— KOH(iAeHIIHHICTh: MU(POBI MIAMKCH MOXXHA
BHKOPUCTOBYBATH JUIS 3aXUCTy KOH(iAEHIIHHOCTI
TpaH3aKIii y OJOKYElHi, OCKITBKA BOHU J03BOJIS-
IOTh CTOPOHAM MEPEBIPUTH aBTEHTHUYHICTH TpaH-
3aKIii, He po3KpuBaroun (paKTUYHI JaHi, M0 Hepe-
JlaroThes [22].

IcHye kinmpka MOTEHIIHHUX HEAONIKIB ab0 oOMe-
JKeHb BUKOPUCTaHHs U(POBUX MiAMKUCIB y TEXHOIO-
rii OMoK4eliH, 30KpemMa;

— KepyBaHHA KiodamMu: [udpoBi  mignucu
MOKJIAIal0ThCS HA BUKOPUCTAHHS 3aKPUTOTO KIIIOYa,
KOTPUH BIIACHHMK MOBHHEH 30epiraru y TaeMHHULI Ta
3axMIIaTH (AKIO MPHUBAaTHUH K04 Oyae BTpadeHO
a0o0 BHKpaaeHO, HOoro Moxxke OyTH BasKko a00 HEMOXK-
JIUBO BIJTHOBUTH, IO MOXKE MaTH CEPUO3HI HACIIIKH
1151 Oe3MeKy TaHuX y OJIOKYEeliHi);

MpocrexysaHicTs
o Nigroepaxedrs Undposa
Jaxuey MM
oty ocobu nesTupikaya

Meanyni 2anucu

YnpaeniHur

= umbposumn
axTHBaMM

— ypasnuBicTh A0 Kibeparak: IUQPOBI ITiIMTUCH,
gK 1 Oynmb-siKi iHII KpunrorpadivyHi METOAH, OTEH-
1iiiHO MOXyYTb OyTH Bpa3JuBi 1O KibepaTak, TAKHX 5K
3JI0M KITFOYiB 200 migpoOKa;

— 3aJIeXKHICTH BiJ 0a30B01 KpunTorpagivHoi cuc-
Temu: Oesleka Ta HaAIHHICT, IMU(PPOBUX IMiAMUCIB
3aNeKUTh Bl 0a30BOi KpunrorpadidHoi CHCTEMH,
SIKa BUKOPHUCTOBY€ETBCSI, 1110 MOXKE€ MaTH BPa3IMBOCTI
a0 ci1abKi MicLs, TKUMH MOXKYTb CKOPUCTATHCS 3710~
BMHUCHUKU;

— IOpUOMYHI Ta  PeryjliaTUBHI  HpoOieMu:
MOXYTh BUHUKHYTH NPaBOBi Ta HOPMAaTHBHI Mpo-
OneMH 100 BHKOPHCTaHHS UM(POBUX MiANHKCIB,
30KpeMa y KOHTEKCT1 TPAaHCKOPAOHHHUX TPaH3aKIii
abo cynepeuok [23].

3aranoMm, He3BaXKalO4M Ha Te, 10 muQpOBi mi-
MUCH MOXYTh 3a0e3neunTy Oe3neyHuid Ta eekTus-
HUH croci0 mepeBipky aBTEHTUYHOCTI TPaH3aKLii y
ONOKYEliHI, BaXXJIMBO PETENHbHO PO3IISHYTH IMOTEH-
[idHI HEJONIKM W OOMEXKEHHs I[LOTO IMiJXOmy Ta
BIIPOBAIUTH BiAMOBIIHI 3aX01 OE3MEKH IS 3aXHCTY
BiJl IOTSHIIIMHUX 3arpo3 [24].

3. Memoou kpunmozcpaii 3 giokpumum Kaouem

Kpunrorpadis i3 BiTKpUTUM KITIOUEM — [1€ KPUTITO-
rpagivyHa cucTeMa, sSika BUKOPHCTOBYE Tapy KIIOUiB,
BIIKPUTHH 1 3aKpUTHH KIIOY, JUIS 3aXUCTy 3B SI3KY.
VY KOHTEKCTi TexHouorii OnoK4yeiH Kpumrtorpadis 3
BIIKPUTHM KJIFOYEM BUKOPHUCTOBYETHCS TS 3aXHCTY
TpaH3akIid y OJIOKYeHHI Ta mis TOro, MO0 JHUIIe
MIEBHI CTOPOHH MOIJIM OTPUMATHU JOCTYII A0 JaHHX.

VY xpuntorpadii 3 BiIKPUTHUM KIIIOYEM KOXKHOMY
KOPHCTYBauy€Bi MPU3HAYAETHCS Tapa KIIIO4iB, BiAKpH-
TUH KITI0Y 1 3aKpuTHi. Binkputuil ko4 HagaeThCs
IHIIUM 1 BUKOPHCTOBY€EThCA ISl IIM(PyBaHHS MOBi-
JOMJIEHb 200 TaHHUX, IPU3HAYCHUX AJIs1 KOpUCTYBaya.
[TpuBatHUil K04 30€pira€TbCsi KOPUCTYBA4eM Y
TAEMHUI T4 BHUKOPHUCTOBYETHCS IJISI PO3IIU(PPOBKH
MOBiIoMIIeHb a00 JaHuX, sKi Oynu 3amudpoBaHi 3a
JOMIOMOTOIO0 BiIKPUTOTO KITIOYA.

ABTEHTHUHICTE Jaxwcr 8ig Besneusi nnarexl
NPOAYKTY niapoGKK 30 NOCTABKY
BianosigHicty Besneuui _Reuexrtpamsopara
KYC/AML TpaH3akyi ineHTndikayin
Konpigenyiisicrs Beaneunnit Kninismi
NAaHWX 38 A30K BUNPOSYRAHKA
Geanevmi
- BignosipHicTe —— rpowWoBi ~ n"mz"o‘g:"'"”
TpaHsaxyl

Puc. 1. Pi3Hi BUnaaku BUKOpUCTaHHA HU(POBUX MiANUCIB y KOHTEKCTi TEXHOJIOTii O10K4yeiin [21]
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{06 HamiciaTh MOBigOMIIEHHS a00 MaHi 1HIIOMY
KOpPHCTYBadeBi 3a IOTIOMOTOI0 KpHUnTorpadii 3 Bigkpu-
TUM KJIIOYEeM, BiATIPABHUK BUKOPUCTOBYE BiIKPUTHIM
KIIIOY Ofiep>KyBaua JUlsl HU(PyBaHHS NOBIIOMIICHHS
a6o manux. [loriM 3ammdpoBane noBigomieHHS ab0
JIaHi MOXYTh OyTH TepelaHi ofepiKyBady, KOTpUi
MOX€E BUKODUCTOBYBAaTH CBili 3aKpUTHH KIIIOY VIS
po3mK(POBKH MOBIIOMIICHHS 200 TaHUX.

3arajgom kpunrorpadis 3 BIAKPHUTUM KIIOYEM €
Ba)KJIMBUM 1HCTPYMEHTOM JJIS 3aXUCTY TPaH3aKUil y
0JI0K4EIHI Ta IUPOKO BUKOPUCTOBYETHCS y CUCTEMAX
Ha OCHOBI ONOKYeiHy 1uis 3a0e3redeHHs] KoH(piaeH-
IHHOCTI Ta IMiTicHOCTI maHux [25-30].

ANTOPUTM BUKOPUCTAHHSA Kpurtorpadii 3 Biakpu-
TUM KJIIOYEM MOXHA MPEACTABUTH SIK MOCIiJOBHICTb
nin (puc. 2).

PoGota [31] MICTHTB OIJIs,T BUKOPUCTAHHS KPHII-
torpadii 3 BIIKpUTHUM KIFOYEM y TEXHOIOTIi OJIOK-
YeiiHy W OOTOBOPIOE HACHIJKHA IHOTO MiAXOmy ISt
Oe3nexu Ta KOH(iIESHIIHHOCTI.

VY [32] mpoBeneHo ornsia cxeM kpunrorpadii 3
BIIKPUTHUM KJIFOUEM, SIKi BAKOPHCTOBYIOThCS y CHUCTe-
Max Ha OCHOBIi OJIOKYelHY, i 3po0JIeHO aHaMi3 iXHiX
(hyHKIIIH 1 TPOXYKTHUBHOCTI.

VY crarti [33] npeacTaBieHO NPHUKIAA BUKOPU-
cTaHHs KpunTorpadii 3 BIIKPUTHM KIIFOYEM B YIIPaB-
JIHHI JIAaHITIOTOM TIOCTaBOK Ha OCHOBiI OJOKYEiHY,
nepeBary Ta npoOJieMH LBOTO MiJXOAY.

[34] € ommsamoM BUKOpPUCTaHHA KpunTorpadii 3
BIJKPUTUM KJIIOYEM y CMapT-KOHTPAaKTaX Ha OCHOBI
ONOKYEIHY Ta HACTIJIKIB IIBOTO ITiIXOMY IS Oe3neKn
Ta KOH(IICHIIHHOCTI.

VY pobori [35] 3po0neHo o111 BUKOPUCTaHHS! KPHII-
Torpadii 3 BiJKPUTHM KIIIOYEM y CHCTEMaX OOMiHY
JAHUMH Ha OCHOBI OJIOKYEIHY Ta HaBEJICHO HACIIJIKU
LBOTO MAXOY Tt Oe3MeKH Ta KOH(IIeHIIHHOCTI.

Ha mincrasi ananizy po6it [31-35] moxHa Bin-
3HAUUTH TaKi epeBard BUKOPUCTaHHS KpunTorpadii
3 BIJKPUTHUM KJIFOYEM y TEXHOJIOTIi OIOKYeiH:

IHiyroBaTH
TpaH3axL|iKn

MignncaTi
TPaH2aK LK

BeaneyrHmia
3B'A30K

AeueHTpanizosaHa
Gaza

Janucatm
TpaHzaKLik

BiaxpuTiia
KA

TpaHcrauia
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— Oe3neky: kpurrorpadist 3 BIIKPUTUM KIIHOYEM
3abe3neuye Oe3meuHuii crnocid 3axucTy KoH(pigeHLi-
HWHOCTI Ta HMUTICHOCTI AaHUX Yy ONOKYEHHI, OCKUTbKU
BUKOPHUCTOBYE KpHITOrpadiuHi METOIH, SIKi BaXKKO
migpoduTu abo 3MIHHUTH;

— HEBIAMOBHICTb: KpunrTorpadis 3 BiAKpUTHM
KJIIOYeM HaJa€ CcrociO JOBECTH aBTEHTHYHICTh TpaH-
3aKUii 41 MOBiAOMIICHHS, 10 MOXE OyTH KOPHUCHUM Y
BUIAJIKaX, KOJIM OIHA CTOPOHA MOKe 3a0akaTH 3arie-
PEUYHTH BiANPAaBKY YW OTPUMAHHS HOBiIOMIICHHS (11
BJIACTHBICTH MOXeE OyTH OCHOBOIO ISl 3arl00iraHHs
nraxpaiictsy abo cymepedykaM IMIOAO JOCTOBIPHOCTI
JaHUX);

— eQeKTUBHICTb: Kpunrorpadis 3 BiIAKPUTHM
KIIIOYeM MOXKE TOITIOMOTTH aBTOMAaTU3yBaTH MPOLIECH,
HaNpHKJIaJ BUKOHAHHS CMapT-KOHTPAKTIB, IO MOXE
3MEHIIUTH MOTpeOy B pyYHOMY BTpY4aHHi Ta MiABHU-
IIUTH €(DEKTUBHICTB.

3a anamizom [32; 33], sk miACYMOK I€MOHCTpaii
TexHOJOoTii KpunTorpadii 3 BiZkpuTuUM Kitouem, OyIo
CTBOPEHO CXEMY.

Cepen HenomiKiB BUKOPUCTaHHs Kpunrtorpadii 3
BIIKPUTHM KJIFOYEM MOKHA BiI3HAUYNTH:

— Tpo0bneMy BTpaTd MPUBAaTHOTO KIOYa — SIKIIO
NpUBaTHUM K04 Oyde BTpaueHO abo BUKPAJCHO,
fioro Moxe OyTH Ba)XKO a0 HEMOXIIMBO BiIHOBHTH,
II0 MOXE MaTH CEepHO3HI HACHiOKU Uil Oe3MeKH
JaHUX y ONMOKYelHi;

— Bpa3IMBICTH [0 KibepaTak, [0 IPYHTYIOTHCS Ha
MiMIHI TPUBATHOTO KJTFOYA;

— 3QJIEKHICTh Bl OCHOBHOI KpunTorpadigyaoi
cucteMu: Oe3neka Ta HaJiiHicTh Kpunrorpadii 3 Bia-
KPUTUM KIIOYEM 3aJIeKHUTh BiJl BHKOPHCTOBYBaHOI
0a3oBoi kpunrorpadiuHoi CUCTEMH, K2 MOXKE MaTH
BPAa3IMBOCTI ab0 clabki MicIlsl, IKUMH MOXYTb CKO-
pHCTaTHCS 3TTOBMUCHHKH;

3aranoM, HE3BXAIOUM Ha Te, IO KpUnTorpadis
3 BIIKPUTUM KJIIOYEM MOXKe 3a0e3MeUnTH Oe3MeuHui
Ta eeKTUBHUI cnoci® 3axucTy KOHQIAEHIIHHOCTI

NepegipAaTin

n :
J'ni_l'[i'll-1{ EepeBIpATH

BNOKYBaHHA

: CAATH 40 GNoK)
NaHUKEIR Aca H ¥

Puc. 2. Jlanuioxox aiii, axuii mnokasye po6oty kpunrorpagii 3 BIIKpUTHM KJII04eM
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Ta OITICHOCTI JAaHUX Y OJIOKYEHi, BAYKITHMBO PETEIHHO
PO3IIISIHYTH TIOTEHIIHHI HENONIKH W OOMEeXEeHHS
BOTO MIAXOAY Ta BIPOBATUTH BiIIMOBIIHI 3aX0mu
0e3MeKu /I 3aXHUCTY BiJ MOTEHIIHUX morpo3u [36].

5. Memoou 0okazy 3 Hy1bOBUM 3HAHHAM

Jlokas i3 HyTbOBUM 3HAHHAM — I KpUnTorpadid-
HUW METOJ, KWW JO3BOJISE ONHINA CTOPOHI (JI0Kazy)
JIOBECTH 1HIIIHA CTOPOHI (Bepudikaropy), MO BOHU
BOJIOAIIOTH TNEBHUMH 3HAHHSIMH, HE PO3KPUBAIOYH
(bakTHYHHX 3HaHb. Y KOHTEKCTI TEXHOIOT1i OIOKIeHH
MOXXHa BUKOPHCTOBYBAaTH J0Ka3H 3 HYJIbOBUM 3HaH-
HSIM, 100 TapaHTyBaTH 3aXHCT JIAHUX y OJOKYEiHi,
JIO3BOJISIFOUH TIEPEBIPKY TpaH3aKIii [37].

106 cTBOpPUTH OKA3 HYJILOBOTO 3HAHHS, Iepe-
BIpSUIbHHK CTBOPIOE MAaTEeMaTHYHUM JOKa3, KU
JIEMOHCTpYE, 10 BiH 3HAa€ MeBHY iHQOpMalito, He
PO3KPHUBAIOYH CaMy (baKTI/IqHy iHdopmMariito. ITotim
Bepu(DiKaTop MOXKeE HepeBlpHTI/I JI0Ka3, o0 miaTBep-
IUTH, 110 TOH, XTO MEpeBipse, 3Hae iHpOpMaLilo, He
BHBYAIOUH CAMY (I)aKTPI‘IHy iHpOpMaIito.

OnmnHuM i3 TpUKIagiB BUKOPUCTAHHS JIOKa3iB
HYJBOBOTO 3HAHHA Yy TEXHOJOril OJOKYEeHH € KOH-
TEKCT TpPaH3aKIii 31 30epexeHHSAM KOH(DiIEHITiH-
HOCTI, KOJIM KOPHCTYBaui MOXYTb IOBECTH, 1110 BOHH
aBTOPU30BaHi 111 BUKOHAHHA IIEBHOI TpaH3aKIii, He
PO3KpHUBAIOYH CBOIO 0CO0Y 4M JeTaji caMoi TpaH3akK-
mii. Ile Moke MOMOMOTTH 3aXWUCTUTH KOH(IiIEHITiH-
HICTh KOPUCTYBaUiB y OJIOKUYEiTHI Ta 3a1mo0irTi MOTeH-
iHHOMY 3JIOBXHBaHHIO JaHuMU [38—40].

3arajioM J0Ka3u 3 HyTbOBHM 3HaHHIM € KOPHCHUM
IHCTPYMEHTOM JUIS 3aXUCTY TPaH3aKIil y OIokdeiHi
Ta JUIS 3aXUCTy KOH(IMEHIIHHOCTI KOPHCTYBaYiB i
Jefjalli yacTille BUKOPUCTOBYIOTBCS Y CHCTEMax Ha
OCHOBI OJIOKYEHHY JJIsl CIPUSHHS JOBipi Ta Oe3red-
HOTO OOMiHY TAaHUMH.

VY poboti [41] 3pobneHO OmIsiA BUKOPUCTAHHS
JIOKa3iB i3 HYJbOBHM 3HAHHSM Y TEXHOJOTII OJOK-
4eliHy Ta c(OpMyIbOBAHO HACIIAKH LBOTO MiAXOLY
JUTs Oe3neKu Ta KOH(IIeHIIHHOCTI.

VY crarti [42] npoBeeHO OIS CXeM JIOKa3iB i3
HYJBbOBUM 3HaHHSM, SIKi BUKOPHCTOBYIOThCSI y CHCTe-
Max Ha OCHOBI OJIOKYElHY, 1 3po0iIeHO aHami3 GyHK-
il 1 IPOAYKTUBHOCTI.

VY [43] mpencraBieHO MpUKIAJ BUKOPUCTAaHHS
JIOKa3iB 13 HyJIbOBUM 3HaHHSM B YIPaBIiHHI JaHIIO-
T'OM MIOCTABOK HA OCHOBI OJIOKYEHHY.

[44] MicTHTB OINIAN BUKOPHCTAHHS JOKa3iB i3
HYTBOBHM 3HAHHSIM Y CMapT-KOHTPakTax Ha OCHOBI
OJ0K4eHHY Ta IOCHIJUKYE HACTIIKA BUKOPHCTAHHS
LOTO i AXOMY.

VY [45] npeacTaBlieHO Ol BUKOPUCTAHHS JOKa-
31B i3 Hy/IbOBUM 3HaHHSM y cUCTeMax 0OMiHy JaHUMH
Ha OCHOBI OJIOKYeiHy Ta c(hOpMyITBOBAHO HACIIAKH
LBOTO MiAxomy aist Oesneku Ta KOoHQIACHIIHHOCTI
TaKUX CHCTEM.

[lepeBarn BUKOpPHCTaHHSA [OKa3iB i3 HYJIHOBUM
3HAHHSIM y TEXHOJOTIi OJIOKYeiiH:
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— Oesmeka: JoKa3u 3 HyJIbOBUM 3HaHHSM 3a0e3I1e-
9yI0Th O€3MeUHuil croci0 mepeBipku aBTEHTUYHOCTI
TpaH3akIii y ONOKYEiHI, OCKITbKA BOHH TOKJIaJa-
I0ThCS Ha KpUNTOrpadidHi METOIH, SIKi BasKKO MiJIpo-
6uTH a00 3MIHNTH;

— KOH(IIEHUIHHICTh: MiATBEPAXKECHHS 3 HYJIBO-
BOIO iH(OpMALIIEI0 JO3BOJIIOTH CTOPOHAM IEepeBi-
PHUTH CIIPaBXHICTh TPaH3aKIil YM MOBiTOMJICHHS, HE
PO3KpuBaro4H (HpaKTHYHI JaHi, 0 NepenaloThCs;

— e(eKTUBHICTb: JOKa3U 3 HYJIBOBUM 3HAHHAM
MOXYTb JIOIIOMOTTH aBTOMAaTH3yBaTH MPOLIECH, TaKi
K BUKOHAHHS CMapT-KOHTPAKTiB, II0 MOXE 3MEH-
LIMTH TOTpedy B PyYHOMY BTPYYaHHI Ta MiJBUIINUTH
eekTuBHIiCTh [46—49].

Henoniky BUKOpHUCTaHHS [OKa3iB i3 HYJIbOBUM
3HAHHSIM y TEXHOJIOTii OJOKYEIH BKIIIOYAIOTh:

— CKJIAJIHICTh peaizarlii;

— TPOIYKTHBHICTB, IO 3aJICKUTH BiJ CKIaTHOCTI
JIOKazy 1 iHppacTpyKTYpH amapaTHOrO Ta MpOrpam-
HOTO 3a0€3Me4YeHHS], 110 BUKOPUCTOBYETHCS VIS MiJ-
TPUMKH OJIOKUEiiHY;

— 3aJISKHICTH BiJ| 0a30BO1 KpUnTorpagiuHoi cuc-
TeMu: Oe3reka Ta HAJIMHICTh JOKa3iB i3 HYJIbOBUM
3HAHHSM 3aJIe)KUTh BiJl BUKOPUCTOBYBaHOI 0a30BOi
KpunrorpagiuHoi CUCTeMH, KOTpa Moke OyTH mif-
JaHa BPa3IMBOCTSIM a00 CIa0KUM MICISIM, SKUMH
MOXYTb CKOPHCTATHUCS 3I0BMUCHUKH [50].

3aramoM, Xoya JOKa3d 3 HYJbOBUM 3HaHHIM
MOXYTb 3a0e3neyuTd Oe3leuyHuid Ta eQEeKTUBHUIM
croci0 TmepeBipKM aBTEHTHUYHOCTI TpaH3aKIid Yy
ONOKYEHHI, BaXXJIMBO PETENBbHO PO3IISHYTH TMOTEH-
IidHI HEJONIKM W OOMEKEHHs I[hOTO MiJXOMy Ta
BIIPOBAJIUTH BiAMOBITHI 3aX011 O€3MEKH IS 3aXUCTY
BiJl IOTEHIIIMHUX 3arpo3 [51-53].

Juckycin. [lopiBHsIBbHE JOCHIIKEHHS TMOKa-
3amo, mo podotu [1; 11] mpHUCBAYEHO TEXHOMOTIT
ONOKYEHHY Ha Pi3HUX CTPYKTypaxX JaHHX 1 CHCTeMax
o6M1Hy JAHUMHU. L[l pO60TI/I BKITIOYAIOTh TEXHIUHUH
aHai3 p13H1/1x BapiaHTIB peam3au11 a TakoX iXHi
BiJMOBiAHI mepeBard Ta Henomiku. OCHOBHY yBary
pobotu [3—6] mpHUIIICHO TOCIIHKEHHIO POIYKTHB-
HOCTI PI3HUX CTPYKTYp AaHUX 13 MODIALy Oe3mexw,
MacmTabOBaHOCTI W E€Heproe(eKTUBHOCTI, TOAl SIK
poGora [10] MicTUTh OIS PI3HOMAHITHUX CHCTEM
0oOMiHy JaHWMH, 3alPONOHOBAaHUX 1 BIPOBAIKEHUX
OCTaHHIMH POKaMH.

[7; 8] mpucBsueHO nOCHipKEeHHIO chepHu 3acTo-
CYBaHHS TEXHOJIOTIi OnokyeitH. OOuABI cTaTTi NOAa-
I0Th OIS Pi3HUX cdep, Y SIKUX MOXKE BUKOPUCTO-
BYBAaTHCSl TEXHOJIOTIS OJIOKYEHH, TakuX SK (iHAHCH,
YIpaBIliHHS JIAHIFOTOM TIOCTaBOK 1 Imudposa ineH-
THYHICTh. OOUABI CTATTI TAKOXX BUCBITIIOKOTH MPO-
OneMu W OOMEKEHHST BHKOPUCTAHHS TEXHOJOTIi
Onokueiin. OCHOBHA BIAMIHHICTh MI>K HUMH ITOJISTAE
y TOMY, IO TIepIia € OibII 3araJbHOI0 i 00roBOpIOE
Pi3HI I0JaTKU, TOAl SIK Jpyra € OUIbII KOHKPETHOIO
Ta QOKYCy€eThCS Ha yNPaBIIiHHI JIAHIFOTOM ITOCTABOK.
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Crarta [9] nocniganka CmiTa BiApi3HAETBCS Bif
IHIINX, OCKITBKH 30CepeKeHa Ha TPaBOBUX HACITI/I-
Kax TE€XHOJIOTii OJIOKYEeliH, 30KpeMa Ha TOMY, SIK BOHa
MOXKE TOPYIIATH TPAIWINiiHI TPaBOBI CHUCTEMH.
ABTOp CTBEPIIKYE, 10 3aKOHOJABUY 0a3y HE0OXiTHO
aJarnTyBaTH s i€l HOBOI TEXHOJIOTII Ta IO iCHYE
morpeda y momaibIiuX MOCHIHKEHHIX Y 1M ramysi.
IH1mi mparti, oGroBoproroun Aesiki mpodiaemMu it oome-
KEHHSI TE€XHOJIOTii, HE 30CEPEIKYIOThCSI KOHKPETHO
Ha TpaBOBUX HACIiJKaX i BIUIMBI Ha TPaTuIliiiHi pa-
BOBI PaMKH.

PoGotu [12-24] mnpuCBAYEHO BHKOPHCTAHHIO
nudpPOBUX TiAMHCIB y TexHomorii Onokueitn. Ix
00’eHy€ CIIBHUNA TpeaMeT TOCHIKEHHS: pealli-
3aIlisl Ta BUKOPUCTAHHS IUGPOBUX IiIMUCIB Y Pi3-
HUX cucTeMax Omokueiiny. [ 16; 17] ormsin g poBux
ITiIMTUCIB 1 TX BUKOPUCTAHHS Y TEXHOJIOTI{ OJIOKYEHH.
Crarti [18, 19] Ginbiie 30cepemkeHi Ha TeMaTH4-
HUX JOCII/DKeHHSIX Ta aHaji3i MugpoBHUX MiIIUCIB
y KOHKPETHHUX CHCTEMaX, TAKUX SIK YIPaBIIiHHS JIaH-
IIOTOM TOCTaBOK. [20] MIiCTHUTh BCEOIYHHMH OIS
nupoBUX MAMKUCIB Y CMapT-KOHTPAKTaX HA OCHOBI
ONOKJeHY.

[25-36] mpuCBSYEHO BUKOPUCTAHHIO KPUIITOIpa-
¢ii 3 BIIKpUTUM KIIIOYeM y TEXHOJOT1] OoKderH. Yei
BOHHM TOAIISIOTH CIIJIBHY TEMY JOCHIJKEHHS OCO-
OIMBOCTEW BIPOBAIKCHHS Ta BUKOPUCTAHHS KpHUII-
torpadii 3 BIIKPUTHUM KIIOYEM y Pi3HHUX CHCTEMax
onokueitny. [31] i [32] MicTaTh omisin Kpumrorpadii
3 BIJKPUTHUM KITFOYEeM Ta 1i BUKOPUCTAHHS Yy TEXHO-
norii 6mokdeiiH. [33] 1 [34] Oinble 30cepekeHi Ha
TEMaTHYHUX JAOCHIPKCHHAX Ta OMNISAlI KPHUITOrpa-
(bii 3 BIAKPUTUM KIIIOYEM y KOHKPETHHX CHCTEMaXx,

TaKuX SIK YNPaBIiHHS JIAHLIOIOM NOCTaBOK. CTarTs
[35] momae BuvepnHwMii orisi kpuntorpadii 3 BigKpH-
THUM KIIIOYEM Y CHCTeMaxX OOMiHY JaHMMH Ha OCHOBI
ONOKYCHHY.

Po6orn [37-48] mnpucBIvYEHO OCIIIHKEHHIO
BUKOPHUCTAHHS JI0Ka3iB i3 HyJIbOBUM 3HAHHSM y TeX-
HoJorii OnokuciitH. Crarti [46, 47] HAZarOTh OLVIAM
JIOKa3iB 13 HYJIbOBUM 3HAaHHIM 1 iX BUKOPHCTaHHS B
TeXHOIOrii OnokueliH. [38, 39] GinbIne 30cepemKeHo
Ha TEMaTHMYHUX JOCIIDKCHHSAX 1 TepeBipIli 0Ka3iB
HYJIBOBOTO 3HAHHSA Yy KOHKPETHHX CHCTEMax, TaKuX
SK yIpaBJIiHHA JaHIIOTOM ITOCTaBOK.

Byno mpoBeneHO KOMIUIEKCHUH aHajli3 METOAIB
3axucty iH(opMmauii Big MIMIHM Ta BUAAJICHHS,
3aCHOBaHMM Ha BHUKOPUCTAaHHI TEXHOJOTril OI0K-
yeliH. [onoBHOIO MeTOI0 aHanizy Oylo BHSBICHHS
OCHOBHMX IIepeBar i HEIONIKIB TaKMX METOHIB, a
TaKOX BU3HAYEHHS OOMEKEHb iX BUKOPUCTAHHS LIS
KOHKPETHHX 3aBlaHb y cdepi KibepOesneku. 3agaqa
aHaJi3y: oliHKa e()eKTUBHOCTI TEXHOJOTI] OI0KUeiH
JUTst 3a0e3neueHHs IUTICHOCTI nanux. byma mpose-
JIcHa OIIHKa MOXJIMBOCTEH TEXHOIOTii OJIOKYEHH Y
3a0e3neYeHH] HeMOPYIIHOCTI JaHUX.

Bukopucrani mani nna rpadikis Oynam 3i0pani
IUISIXOM [IPOBENEHHS EKCIIEPUMEHTIB 13 Pi3HUMH
METOJaMH 3aXHCTy OaHUX y KOHTEKCTI TEXHOJO-
rii Onokueiin. Koxxen meron OyB BiaTecTOBaHWU Ha
BJIACHHUX BI1IOMOCTSIX 13 BUKOPHUCTAHHIM CIELiaTbHO
PO3pOOIEHOr0 TECTOBOTO CEPEIOBHILIA.

Jxepena i1 eKCIIEpUMEHTH:

Meroau xeuryBanss. LlIBuakicts 00poOku JaHuX
Oya BUMipsiHa 32 JOIIOMOTOI0 CTaHJAPTHUX (YHKIIIH
xelryBaHHs, Takux sk SHA-256 ta SHA-512. Excne-

LBnakictb 06pobKu gaHux ana
Pi3HUX MeToAiB 3aXucTy
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MeTog, MeToau poboTi 3 MeTogm MeTogm gokasy 3
XelyBaHHA UMb poOBMMI KpUunTorpadii 3 HYTbOBMM
nignucamm BigkpuTHM 3HaHHAM
KAK4YeMm

Puc. 3. llIBuakicTh 00p0OOKHU JaHUX IS Pi3HUX METOAIB 3aXHCTY
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Yac BUABNEHHA NigMIHU ANA Pi3HUX
METOAIB 3aXUCTy
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MeTog xewysanHa Metoam poboTu 3 MeToam MeToawm nokasy 3
UHMPPOBMMM KpunTorpadii 3 HYABLOBMM
nignuMcamm BiaAKpMTHM 3HaHHAM

K/HYEM

Puc. 4. Yac BUSIBJIEHHA MiAMiHU AJ1s1 PI3HUX METOIIB 3aXUCTY

PUMEHTH MPOBOAWINCS Ha BiIOMHUX TECTOBHX Ha0O-
pax JaHuX.

MeTtoau poboTH 3 nuppoBuMH mianucamu. s
LBOTO EKCHEPHMEHTY BHUKOPHCTOBYBAJIHUCS Pi3HI
anroputMu nudposoro miamucy, Taki sk RSA i
ECDSA. Yac 06poOku OyB BUMIpsSHUH NpHU CTBO-
PEHHI Ta MmepeBipili MiMKUCiB Ha BUMAIKOBUX IOBi-
JOMJICHHSIX.

Meroau kpunrorpadii 3 Binkputum kimouem. s
LBOTO EKCIIEPUMEHTY Oyl BUKOPHCTaHI alrOPUTMH
mudpyBaHHS 3 BIIKPUTUM KItoueM, Taki sk RSA i
ECC. Yac mm¢pyBanns Ta gemudpyBanss OyB BUMi-
PSHMI A7 Pi3HUX PO3MipiB MTOBiTOMIICHb.

Mertoau 10Ka3y 3 HyJIbOBHUM 3HAHHSAM. Y LBOMY
eKcriepuMeHTi Oylii 3acTOCOBaHi Pi3HI MPOTOKOIH
JOKa3y 3 HyJbOBHUM 3HaHHAM, Taki K zk-SNARKS.
Yac renepanii goka3iB i nmepeBipku OyB BUMIpSHHIMA
JUTS Pi3HUX 00’ €MIB BXiTHUX JaHUX.

Pesynbratn  ekcnepumeHTiB  Oynmu  oOpoOineHi
Ta TpoaHali3oBaHi s (GopMyBaHHS BiINOBITHHX
JaHUX, SIKi BAKOPUCTOBYIOTHCS Y TaOMHUIISIX.

I'pagik 1 nmeMoHCTpye NOpIBHSJIBHUN aHai3
LIBUIKOCTI 00pOOKH NaHUX Ui TPHOX Pi3HUX METO-
IiB 3aXUCTy: METOAY XeIIyBaHHs, UUPPOBHX MiJ-
MUCIB 1 IOKa3y 3 HyJbOBUM 3HaHHIM. SIK BHIHO i3
rpadika, METOJ I0Ka3y 3 HyJbOBUM 3HAHHSAM JIEMOH-
CTpY€ HalBHIIY MIBUIKICTH 0OPOOKH NaHMX, TOMI SIK
MeTOoA UG POBUX MIAMKUCIB Ma€ HAHOLIBII 0OUUCITIO-
BaJIbHI BUTpATH.

I'pagik 2 BinoOpakae yac, OTPiOHUH I BUSIB-
JICHHS MiAMIHM JaHUX Y OJOKYEHHI 3 BUKOPUCTAHHSIM
PI3HUX METOAIB 3aXUCTy. MeTO/ XEelIyBaHHS IOKa3ye
HAaWIIBUALIN pe3yNbTaTH BHABJICHHS MiAMiHH, TOAI
SIK METOAX HU(PPOBHX MiJNKCIB 1 JOKA3y 3 HYJbOBUM
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3HaHHSIM BHMAraroThb OifbIle 4Yacy Ijsl MEepeBipKH
LUTICHOCTI JaHHX.

Byno BusiBneHo, 110 METOAM 3aXUCTy iH(popMarii
Ha OCHOBI1 TEXHOJIOT1] OJIOKYEHH BUSBISIOTHCS edeK-
TUBHUMHU Yy OOpOTHOi 3 MiAMIHOIO Ta BHIAICHHIM
JaHuX. BukopuctaHHs Xem-cyM, HUQPOBHX MiIMHUCIB
1 METOZIB 10Ka3y 3 HyJbOBUM 3HAHHSIM MOXKE 3HAYHO
MiIBUIIMTH piBeHb Oe3neku indopmanii y 61okueiiui,
OJIHaK BapTO BPaxOBYBaTH, IO TaKi METOOH MOXKYTb
MaTtd OOMEXEHHS Yy IIBHUAKOCTI OOpPOOKH MaHMX i
MacmTabOBaHOCTI, IO MOXE YCKJIaJHIOBATH X BUKO-
pUCTaHHS JUTS BeIUKUX 00csATiB iHpopmarii [S0-58].

BucnoBku. Ha mincraBi anamizy myOmikarii
MOKHa 3pOOUTH BUCHOBOK, III0 TEXHOJIOT1sI OJI0KYEiH
Ma€ 3HAYHMK TOTeHIian. JIoCTimKeHHs, MOB’s3aHi
3 pealizali€ro Ta BUKOPUCTaHHSAM TEXHOJIOTIT OIOK-
4eliH, € aKTyaJbHUMHU.

Jns 3aXxucTy naHux y ONOK4YEiiHi BUKOPHCTOBY-
I0Th METOAM XCUIyBaHHSA, METOIU poboTH 3 uudpo-
BUMH MiJNHCaMH, METONU KpumTtorpadii 3 BiaKpu-
TUM KIIOYEM, METOH JIOKa3y 3 HYJILOBHM 3HAHHSIM.
Taki mMeTogu IO3BOJSIIOTH 3a0e3leuyBaTH Oe3IMeKy,
KOH(QIACHIiHICTh 1 €eKTUBHICTb OOpOOKH NaHHX,
aje TPOIYKTHBHICT iX pealizaimili 3aJeKuTh BiJl
00paHOro MPOrpamMHOro i arnaparHoro 3a0e3MeueHHS.
Takox 3a3Ha4eHi METOAM MAalOTh BIACHi crierudivHi
Bpa3JIMBOCTI 111010 KibepaTax.

[Momanpimi JOCTiKEHHS TOB’s3aHi 31 CTBOpPEH-
HSM 1 MOAEpHI3yBaHHSIM MEXaHi3My MAJISl 3aXHCTY
iHopMallii BiJl BUJAJICHHS 1 3MIHM y OJIOKYCHHI.
Opwiero 13 kio4oBUX cep € poboTa HajJ caMuM
MexaHi3MoM. Takok Ba)KIIMBUM € BUBYCHHS MOTEH-
IHHUX BPa3JIMBOCTEH Ta aTak, sIKi MOXXYTh BUHUK-
HYTH B IMIUIEMEHTAIl IIbOTO MEXaHi3My, 3 METOIO
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po3po0KK edeKTHBHUX METOMiB 3axHUCTy. [lomarko- 1bhOTO MeXaHi3My y HasBHI OJMIOKYeHH-TUIaTGOpPMH Ta
BOIO M(eporo JOCIiHKEeHDb € OIliHKa BIUIMBY BHUNAJA- BH3HAYEHHS WOTO BIAMOBITHOCTI CTaHAapTam Oe3-
KOBOTO BHOOpPY Ha WPOAYKTHBHICTH MepexXi Ta IeKd. Taki JOCTIDKEHHS CIPHATUMYTHh PO3BUTKY i
BU3HAYCHHS ONTHUMAJIbHUX IapaMeTpiB Ul PI3HUX  YJOCKOHAJICHHIO OJIOKYEHH-TEXHOJIOTIH, pooisaun ix
CEKTOpIB, TaKuX SK (piHAHCH, OpTaHM BIAJM Ta iHII.  OLTBII e(pEKTUBHUMHU Ta HAMIHHUMH Y PI3HHUX Tajy-
BaxuBo TakoX poO3MIISAATH MOXKIIMBICT IHTETpallii 35X 3aCTOCYBaHHS.
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In today’s data-centric world, understanding the intricate relationships within
complex data structures is essential for making informed decisions and
deriving meaningful insights. This article delves into the development of an
application tailored for visualizing hash map data structures. Hash maps, a
fundamental data structure in computer science, are widely used for efficient
data storage and retrieval. However, comprehending the internal workings of
hash maps can be challenging due to their dynamic nature and underlying
complexities. The application discussed in this article offers a solution by
providing users with an intuitive and interactive platform to explore hash
maps comprehensively. Leveraging modern visualization techniques and user-
centered design principles, the application transforms abstract data structures
into visually engaging representations. Users can interact with the hash map
visualization, dynamically adding or removing key-value pairs, adjusting
parameters, and exploring the structure’s nuances in real-time. Key features
of the application include interactive animations to illustrate hash collisions
and resizing. By combining these elements, the application facilitates a deeper
understanding of hash map operations and behaviors. The application’s user
interface is designed to be intuitive and accessible, catering to users with
varying levels of expertise in data structures and visualization. Error handling
mechanisms are implemented to detect and address common issues, such as
invalid input or hash collisions, ensuring the integrity of the visualization
and enhancing the user experience. Overall, this article demonstrates the
transformative potential of visualization techniques in elucidating complex
data structures. By providing a user-friendly platform for visualizing hash
maps, the application empowers users to explore, analyze, and gain insights
from their data effectively. The discussion also highlights avenues for future
research and development, including advanced visualization techniques,
integration with other data structures, and applications in diverse domains
such as education, software development, and data analysis.
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Y cyuacHOMy CBiTi, Opi€HTOBAHOMY Ha JaHi, PO3YMIHHS CKJIAJHUX
B3a€MO3B’SI3KIB y CKIaJHUX CTPYKTypaxX JAHUX Ma€ BOXIMBE 3HAYCHHS IS
OpuiHATTS OOIPYHTOBAaHUX pIllIEHb Ta OTPUMAaHHS 3HA4yIloi iH(opmarii.
VY crarTi inerbes npo po3poOKy HMporpamu, MpU3HA4eHOi AN Bisyasizamii
CTPYKTYp AaHHX Xelll-Mman. Xeml-mamna, ¢pyHIaMeHTallbHa CTPYKTypa JaHUX B
iHpOpMaTuIli, IIMPOKO BUKOPUCTOBYIOTHCS Al €(PEKTUBHOTO 30epiraHHs Ta
nouryKy gaHux. OfHaK 3p0o3yMiTH BHYTPIIIHIO pOOOTY XelI-Man Moxe OyTH
CKJIaIHO yepe3 iX AWHAMIYHy MPUPOIY Ta CKIATHOIII, 10 JeKaTb B OCHOBI
miei cTpyktypu nanux. IIporpama, mpo sKy HaeTbcs Yy CTaTTi, HPOIOHYE
pilICHHS, HAJAIOYM KOPUCTyBauaM IHTYITMBHO 3pO3yMily iHTEpaKTHBHY
wiatopMy Al BCEOIYHOrO BHUBUECHHS XeIlI-Man. BUKOpHCTOBYOUM CydacHi
METO/M Bi3yastizallii if opieHTOBaHI Ha KOPUCTyBada MPUHIUIIN IPOCKTYBAHHS,
Iporpama nepeTBopIoe a0CTPaKTHI CTPYKTYPH AaHHUX y Bi3yalbHO NPHBAOIHBI
npexacTasieHHs. KopucTyBadi MOXyTh B3a€EMOJISITH 3 Bi3yalli3alli€lo Xell-
Many, AWHAMIYHO [ofaroud a0 BHUAANAIONM MapU K04 — 3HAYCHHS,
KOPUT'YIOUH ITapaMeTpPH Ta JOCTIDKYIOUH HIOAHCH CTPYKTYPHU JaHUX Y PEKUMI
peanpHOro uyacy. OCHOBHI (DyHKIII MpOrpaMH BKIIIOYAIOTh IHTCPAaKTHBHY
aHIMaIo A UTIocTpamii Xem-komi3id 1 3MiHHM po3Mipy caMmoi CTPYKTYpH
naHux. IloenHyroun 1i eneMeHTH, Iporpama CHpusie IHOIMIOMY PO3YyMiHHIO
oleparliii xem-manmu Ta MOBeHiHKU. I[HTepdeiic kopucTyBada mporpamu
pO3pO0OIEHUH 1HTYITHBHO 3pO3YMIIMM 1 JOCTYIHHM JUIi KOPHUCTYBadiB
i3 pi3HUM pIBHEM 3HaHb y CTPYKTypax JIaHMX 1 Bi3yamizamii. MexaHizmu
00pOOKH MOMIJIOK peali3oBaHO JUIS BHUSABJICHHS Ta BHPIIICHHS MOUIMPEHUX
npoOrieM, TakuX SIK HeAicHUM Bxin abo komisii xemriB, 3a0e3Medyrodu
IIUTICHICTh Bi3yasmizallii Ta MOKpAN[yIoOYd B3AEMOJII0 3 KOPHUCTYBaueM.
3aranoM 1 CTATTS JEMOHCTPY€E TpaHC(HOpPMALiMHUN TOTEHIial METOJIB
Bizyamizamii A7l 3’ACYBaHHS CKJIAJHHUX CTPYKTYp HaHHX. 3a0e3Medyrodn
3py4Hy IuatdopMy JUId Bidyaizallii Xer-Mail, IporpaMa Ja€ KOpHCTyBadyam
3MOry e()eKTHBHO [OCIiXKYyBaTH, aHAII3yBaTH W OTPUMYBAaTH PO3YyMiHHS
cBOiX maHuX. OOrOBOPEHHS TAKOXK BUCBITIIIOE IIISIXU MaOyTHIX J0CIiIKESHb
1 po3po0OK, BKIIFOYAOUYH MIEPE0BI METOIH Bi3yauisailii, iHTerpaliito 3 iHIMMH
CTPYKTYpPaMH MaHUX 1 3aCTOCYBaHHS B pi3HHX c(epax, TaKUX SK OCBITa,
po3poOKa MporpaMHOTro 3a0e3rNeueHHs i aHalli3 JaHHuX.

1. Introduction. In today’s data-driven world,
the ability to comprehend and manipulate complex
datasets efficiently is paramount. Data structures
serve as the backbone of computer science, provid-
ing organized ways to store, access, and manipulate
data. As datasets grow in size and complexity, the
need for effective visualization techniques becomes
increasingly crucial. Visualization of data structures
bridges the gap between abstract data representations
and human comprehension, offering intuitive ways to
analyze and understand intricate data relationships.

This paper underscores the significance of visu-
alizing data structures, delving into a simple visu-
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alization approach and tools employed to represent
diverse types of data structures effectively. From
fundamental structures like arrays and linked lists to
more intricate ones such as trees, graphs, hash tables
and hash maps, visualizations offer insights into the
inner workings and behaviors of these structures. By
leveraging visual representations, researchers, devel-
opers, and analysts can gain deeper insights, identify
patterns, detect anomalies, and make informed deci-
sions based on their data.

The effectiveness of a visualization heavily relies
on its ability to convey complex information clearly
and concisely. Therefore, this paper also strives to
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put into practice principles of effective visualization
design, including scalability, interactivity, and aes-
thetic appeal.

The research in this area has been extensive.
For example, in [1] a sketch-based interface CSTu-
tor is presented as an environment in which a user’s
sketched diagram and code are combined seamlessly.
The tool analyzes the user’s diagrams in real time and
automatically generates code. The tool is intended to
bridge the gap between the conceptual diagram of a
data structure and the actual implementation. In [2]
a web-based application for visualization of bubble,
sequential and selection sorting algorithms are pre-
sented. [3] demonstrates preliminary work on build-
ing interactive teaching modules for data structures
and algorithms courses that allow students to visu-
alize course material and assess, log and analyze
their learning progress. [4] presents an interactive
visualization tool for understanding data structures.
The work uses the inner execution trace to monitor
the run-time data structure change and render the
corresponding presentation in real-time for review
and analysis. In [5] a dynamic heap analysis system
is described that allows to examine and analyze how
Java programs build and modify data structures. [6]
presents Travioli system that can be used for visual-
izing data-structure traversals. [7] surveys the state of
the art in visualizing dynamin graphs. The review of
this research shows that visualization approaches are
difficult for an average user and are highly specific for
a given context.

In this paper we strive for simplicity in present-
ing the innerworkings of a HashMap by developing a
java-based application for visualization of the given
data structure. We also describe the design of the
application that serves as the basis for the application
implementation.

By elucidating the importance and potential of
visualization techniques, this research endeavors to
inspire further innovation in the field, fostering the
development of simple but more powerful and intui-
tive tools for data analysis and interpretation.

2. Methods. Developing an application for vis-
ualizing a hash map data structure involved several
key steps and methods. Here’s an outline of how we
approached this:

First, we defined the requirements and objectives
of the visualization application. We considered the
target audience, the specific features we wanted to
include, and the platforms on which the application
would run. With the help of this application, the user
must be able to track changes in the hash map and its
structure. The user must be able to add and remove
values from the hash map, search for values by key,
find the size of the structure, and clear it completely.
This application can be used in the process of training
specialists in computer science, as it helps to study
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the innerworkings of hash map data structure, as well
as for individual research.

Next, we chose a Programming Language and
Framework. The project code is written in the Java
programming language version 17. We used the java.
awt and javax.swing packages for the project inter-
face. Next, we performed the User Interface design.
We designed an intuitive user interface that allows
users to interact with the hash map visualization effec-
tively. We considered incorporating features such as
search functionality, tooltips for displaying additional
information, and controls for adjusting visualization
parameters.

The implementation of the Hash Map Data Struc-
ture visualization followed. We developed the under-
lying hash map data structure in java programming
language and implemented methods for adding,
removing, and retrieving key-value pairs. Then, we
chose the Visual Representation of the hash map. This
involved using shapes and symbols to represent indi-
vidual buckets, color-coding, and animations to illus-
trate insertions, deletions, and hash collisions. Next,
we performed Rendering and Display using java.awt
and javax.swing java libraries. We ensured that the
visualization was responsive and could handle large
datasets efficiently. We also considered Interactivity
and implemented interactive features to enhance user
engagement. This included allowing users to interac-
tively add or remove key-value pairs, adjust visual-
ization settings, and explore the hash map structure
dynamically.

Then, Error Handling and Validation phase fol-
lowed. We implemented error handling and valida-
tion mechanisms to ensure the integrity of the hash
map data structure. This included handling edge cases
such as invalid input, hash collisions, and resizing of
the hash table appropriately.

And, finally, we performed Testing and Debug-
ging. We thoroughly tested the visualization appli-
cation to identify and address any bugs or issues,
conducted both unit tests and user acceptance tests to
validate the functionality and usability of the appli-
cation.

3. Implementation of Application and Results

3.1. Screen Design. During the User Interface
design phase, we developed the prototype of the main
screen shown in Figure 1. The screen is divided into
visualization and control panels. The control panel
contains fields for key and value and buttons to per-
form operations with Hash Map data structure.

3.2. UML use-case diagram. After the require-
ment gathering phase, the requirements have been
analyzed and the use-case diagram was created for
use cases UC-01 through UC-06 (see Fig. 2). These
are the use cases: UC-01 Viewing the graphic rep-
resentation of Hash Map data structure, UC-02 Add-
ing an object to the Hash Map data structure, UC-03
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Getting the object by key from the Hash Map data
structure, UC-04 Deleting the object by key from the
Hash Map data structure, UC-05 Clearing the Hash
Map data structure and UC-06 Getting the size of the
Hash Map data structure.

3.3. UML class diagram. After the requirements
have been analyzed for possible classes, the user
interface screen model and the use case diagram cre-
ated, we identified the classes and the relationships
among them shown in Figure 3.

3.5. UML sequence diagrams. After the use-case
and class diagrams were created, we created sequence
diagrams for all use cases from the use-case diagram.
We show one such sequence diagram for use case
UC-02 Adding an object to the Hash Map data struc-
ture in Figure 4.

3.6. Screen shots of application at work. Next,
we show some screen shots of the application dur-
ing its work. Figure 5 shows the main window after
the application has been started. The program has
two panels: a panel for displaying the Hash Map data
structure and a control panel. The initial size of the
Hash Map data structure is 16 cells.

Figure 6 shows adding a new value in the Hash
Map data structure.

Figure 7 shows a scenario when a value is added
to the already occupied cell. As can be seen, a linked
list is created in cell 15.

Figure 8 shows a scenario when the number of ele-
ments added to the Hash Map data structure is greater
than 75% of its capacity. As can be seen, when adding
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User

C-01 Viewing the graphic
representation of HashMap
datastructure

UC-02 Adding object to
HashMap datasiructure

C-03 Getting the object by
key from HashMap
datastructure

{1C-04 Deleting the object b
key from HashMap
datastructure

C-05 Clearing the HashMap
datastructure

C-06 Getting the size of the
HashMap datasiructure

Fig. 2. Use-case diagram
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Fig. 3. UML class diagram

the 13th element, the size of the Hash Map data struc-
ture is doubled.

4. Discussion. The development of our hash map
visualization application offers valuable insights into
the challenges and opportunities inherent in repre-
senting complex data structures in a visual format.
Through the process of designing and implementing
the application, several key points emerge for consid-
eration.

Firstly, the choice of visualization techniques sig-
nificantly impacts the usability and effectiveness of
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the application. By employing intuitive visual rep-
resentations, such as color-coded buckets and inter-
active animations, users can gain a deeper under-
standing of the hash map’s structure and behavior.
However, striking a balance between visual appeal
and clarity is crucial to prevent information overload
and maintain usability.

Secondly, the interactivity features incorporated
into the application play a pivotal role in enhancing
user engagement and exploration. Allowing users to
dynamically interact with the hash map, add or remove
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key-value pairs, and adjust visualization parameters
empowers them to customize their experience and
delve into specific aspects of the data structure. This
emphasizes the importance of user-centered design
principles in developing effective visualization tools.
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Additionally, the application highlights the signifi-
cance of error handling and validation mechanisms in
ensuring the integrity of the hash map data structure.
Handling edge cases such as hash collisions, resiz-
ing, and invalid input gracefully contributes to the
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robustness and reliability of the application. More-
over, providing informative feedback to users when
errors occur enhances the overall user experience and
fosters trust in the application.

Despite the advancements made in developing
the hash map visualization application, several chal-
lenges and opportunities for future improvement
remain. Enhancing the scalability and performance of
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the application to handle larger datasets efficiently is
a critical area for further development. Additionally,
exploring alternative visualization techniques and
incorporating advanced features, such as data cluster-
ing or trend analysis, could enrich the user experience
and expand the application’s capabilities.

5. Conclusion. In conclusion, the development of
the hash map visualization application represents a
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Fig. 8. Doubling the size when reaching 75% capacity

significant step towards facilitating the understanding
and exploration of complex data structures. By lev-
eraging intuitive visual representations, interactive
features, and robust error handling mechanisms, the
application empowers users to gain insights into the
inner workings of hash maps effectively.

While the current version of the application
demonstrates promising functionality and usabil-
ity, there is ample room for further refinement and
innovation. Continued efforts to enhance scalability,
performance, and feature richness will contribute

to the application’s utility and relevance in various
domains, including education, software development,
and data analysis.

Overall, the hash map visualization application
serves as a testament to the transformative poten-
tial of visualization techniques in elucidating intri-
cate data structures. By embracing principles of
user-centered design, innovation, and continuous
improvement, we can unlock new possibilities for
visualizing and understanding complex data in the
digital age.
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VY CBITI IIBHUAKOTO TEXHOJIOTIYHOTO PO3BUTKY €(EKTHBHICTh 1 THYUKICTh
apXiTeKTyp MPOTrpamMHOi iH)KeHepii BigirparoTh KIOYOBY POJIb Y CTBOPEHHI
MaclITabOBaHUX 1 BiAMOBOCTilikuX cucreM. lle HabyBae KpUTHYHOIO
3HAYEeHHS JUIA CHCTEM CKiHYeHHO-eideMmeHTHoro aHamizy (FEA-cuctem),
SKi BUKOPHCTOBYIOTBCS JUIl MOJCIIOBAHHS CKIAJHUX (pi3UUHHUX MPOLECIB B
IHKeHepil Ta 4acTo MOBMHHI 0OpoOIATH BenuKi 00cAru AaHuX. bimbmiicTs
cyqacHux FEA-cucteM BHKOPHCTOBYIOTH MOHOJITHY apXiT€KTypy —
TpaguLiiiHy MOJENb i3 €AMHOI0 KOMOBOI 0a3010 IS BUKOHAHHS PI3HUX
¢yHkuii. Takuit miaxin Mae nepesary, Taki K €JJUHE CEPEIOBUIIE PO3POOKH
Ta JIeTIIE HAaJaro/JPKeHHS B3a€MOJii KOMIIOHEHTIB, 1 CYTTE€BI HEIOJNIKH:
CKJIaJIHICTh MacIITa0yBaHHS, HU3bKY BIIMOBOCTIHKICTh, OraHE OallaHCYBaHHS
HABAaHTAKCHHS, 3pOCTaHHS 4acy BiANOBiJI MpH 301IbIIEHHI OOCSTiB JaHUX i
CKJIQJIHICTh BIIPOBA)KEHHSI HOBUX (DYHKI[i}/TeXHOIOTIH.

OnHUM i3 MOXJIMBHX DILIIEHb € KOHIIETILiS MIKPOCEPBICHOI apXiTeKTypH, sKa
nepeadadae po3OUTTS MPOrpaMHOro 3a0e3MeUYeHHs Ha HEBENHKI He3allexkHi
KoMroHeHTH (cepBicu). KoxkeH cepBic BUKOHYE OIHY (YHKIIIIO 1 B3aeMoOJi€
3 IHIIUMH Yepe3 YiTko Bu3HadeHi iHTep¢eiicu. OCKiIbKM BOHHU MPALIOIOTH
HE3aJIeXKHO, X MOXKHA OHOBJIIOBATH, 3MiHIOBATH, PO3rOPTaTH a00 MacIITa0yBaTH
okpemo. lle Hamae HM3Ky mepeBar: IIBUIKE PO3TOPTaHHS, HE3aJeKHICTh
CepBiciB, THyYKe OKpeMe MaciTabyBaHHS, CTIHKICTb 10 3001B, TEXHOJOTIUHY
THYYKiCTh, Kpallly OpTraHi3alio Ta IpOCTOTY TECTYBaHHS, IEPEBAr y XMAPHUX
cepenoBuiiax. ¥ crarTi nopiBHIOWOTECA MOHOMNITHI (Elmer FEM, FreeFEM),
MmikpocepBicHi (SimScale) i xmapHo-moHomiTHI (ANSYS Cloud) FEA-
CHUCTEMH 32 KPUTEPISIMU apXiTEKTypH, MacIITa0OBaHOCTI, BIIMOBOCTIHKOCTI,
posroptaHHs Ta Momudikarii. OGTpYHTOBYETHCS IepeBara MikKpoCepBiCHOTO
HiAX0oy Ta HMpOmoHyeThesl apxiTekrypa FEA-cucremn Ha OCHOBI maTepHiB
API Gateway, Aggregator, Database per Service, Event-Driven, Publisher/
Subscriber, Backend for Frontend.
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In a world of rapid technological development, the efficiency and flexibility
of software engineering architectures play a key role in creating scalable
and fault-tolerant systems. This becomes critical for finite element analysis
systems (FEA systems), which are used to model complex physical processes
in engineering and often need to process large amounts of data. Most modern
FEA systems use a monolithic architecture — a traditional model with a single
code base for performing various functions. This approach has advantages,
such as a single development environment and easier interaction between
components, but also significant disadvantages: difficulty scaling, low fault
tolerance, poor load balancing, increased response time with increasing data
volumes, and difficulty implementing new features/technologies.

One of the possible solutions is the concept of microservice architecture, which
involves breaking software into small independent components (services).
Each service performs one function and interacts with others through clearly
defined interfaces. Since they work independently, they can be updated,
modified, deployed, or scaled separately. This provides a number of advantages:
fast deployment, service independence, flexible individual scaling, fault
tolerance, technological flexibility, better organization and ease of testing, and
advantages in cloud environments. The article compares monolithic (Elmer
FEM, FreeFEM), microservice (SimScale), and cloud-monolithic (ANSYS
Cloud) FEA systems by the criteria of architecture, scalability, fault tolerance,
deployment, and modification. The advantage of the microservice approach
is substantiated and the architecture of the FEA system based on the API
patterns Gateway, Aggregator, Database per Service, Event-Driven, Publisher/
Subscriber, Backend for Frontend is proposed.

Beryn. B emoxy CTpIMKOTO TEXHOJIOTIYHOTO
MpPOrpecy CHCTEMH CKiHYEHHO-EIEMEHTHOIO aHa-
JIi3y BIMITparoTh BaroMy poJib B IH)KEHeEpii Ta mpo-
MHUCIIOBOCTI. BOHH 3acTOCOBYIOTBCS ISl MOJIe-
JIOBaHHS W aHami3y TMOBEHIHKA KOHCTPYKIIiH,
MEXaHi3MiB, TPOIECiB i 0ararboX IHIIUX CUCTEM
i BIUTMBOM Pi3HOMaHITHUX YHHHUKIB. FEA-cuc-
TEMH JIO3BOJSIOTH TPOBOJWTH CKIAJHI po3pa-
XYHKH, Bi3yalli3yBaTH pe3ylbTaTH Ta NpUAMaTH
ONITHMAalIbHI pINICHHS Ha eTamax MPOeKTYBaHHS,
3MCHIIYIOYH BUTPATH Ta MiABUIIYIOUH €(EKTHB-
HICTh BUPOOHUIITRA.
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[Ipore kiTacnyHa MOHOJITHA apXiTEKTypa, SKY
BHKOPHCTOBYIOTh OiNbIICTh cydacHuUX FEA-cuc-
TeM, Ma€ HU3KY HEJOMIKIB, cepell KOTPUX CKIIATHICTh
MacmTaOyBaHHs, HU3bKa BiJIMOBOCTIHKICTh, TIOTaHE
OanaHCcyBaHHS HABAHTAKCHHS Ta 3POCTaHHS Yacy
BINIMOBIZI TIpw 30UIbImIeHHI 00OCATIB maHWX. MOHO-
JiTHA apxXiTeKTypa Tmepeadadae, IO TMporpaMHe
3a0e3neueHHs po3pPOOIIAETHCS SIK €MUHUN HEPO3Iih-
HMI KOZOBHH OJIOK, Jie BC1 KOMIIOHEHTH TICHO ITOB’SI-
3aHi MiX c000I0.

TakuM YMHOM, aKTyaJbHUM CTa€ MOIIYK albTep-
HATHBHOI apXiTeKTypH, sika 0 He Maja BHINE3a3Ha-

ISSN 2786-6254



YeHWX HEIOJIKIB 1 BiJlOBilaga Cy4YaCHUM BHMOTaM
JI0 MacIITabOBaHOCTI, THYYKOCTI Ta MPOXYKTUBHOCTI
nporpaMHux cucteM. OIHHUM 13 MOXJIUBHUX pillleHb
€ KOHIENIlis MIKPOCEepPBICHOI apXiTeKTypH, KOTpa
nepeadadae po30OUTTS IPOrPaMHOIO 3a0€3MEUCHHS Ha
HEBEJMKI He3alle)kHi KOMIOHEHTH (CepBicH), 3[aTHi
B32EMOJIISATH MK COOOFO i OHOBITFOBATUCS OKPEMO.

AHani3 nonepegHix J0CTiIXKeHb i myOJikamii.
[IutanHs mepexomy BiA MOHONITHOI O MiKpocep-
BICHOI apXiTeKTypH € HaA3BUYalHO aKTyalbHUM Y
Cy4acHii mporpamHii imkeHepii. UucieHHi mocii-
JOKEHHSI Ta IyOdiKallil po3mIsSAaroTh Pi3HOMAaHITHI
aCIEeKTH MIKPOCEPBICHOTO MiJXOAY Ta HOTo IepeBaru
MTOPIBHSHO 3 MOHOJIITHOIO apXiTEKTYPOIO.

VY mpari [6] po3misinaeThes epexis Bil MOHOJIT-
HOI 10 MIiKpOCEPBICHOI apXiTeKTypH y CepelOBHIII
XMapHUX OOYHCIIEHb, @ TAKOX IPOIIOHYETHCS KOMII-
JIEKCHMI MiAXia 4O MiJABUILEHHS MAacIITa00BaHOCTI,
THYYKOCTI Ta HaJilHOCTI OOYMCITIOBAILHUX CEPBICIB.

[lepexia Bix MOHOIITHOI O MiKpOCEpBICHOT apXi-
TEKTYPH PO3TIsAaeThes y HU3MI crarei [19; 20; 23].
ABTOpH TIPOIIOHYIOTH TOKPOKOBUH 1 KOMITJIEKCHHI
IiJXiJ] TIepexXoay BiJ MOHOIITHOI JI0 MiKpOcCepBic-
HOI apXiTeKTypH, BUKOPUCTOBYIOUH Pi3HI apXiTek-
TYpHIi NaT€pPHH, Ta HABOIATH BIUIUB KOKHOTO 3 HUX
Ha MacIITabOBaHICTh, CTIHKICTh 1 MBUAKICTh pOOOTH
CHCTEMH.

Husky crareii npucBsdeHo Oe3nocepenHbo Mmpo-
[ecy TepexoAy Ha MIKPOCEpBICHY apXiTeKTypy.
Hanpuknan, AWS [14; 15] nponoHye MOKpOKOBHH
IJIaH Mirpaiii 3 MOHOJITHOTO JIOaTKy Ha MiKpocep-
BiCHY apXiTeKTypy i3 3aJy4eHHSM BIIACHOTO 1HCTPY-
MEHTapir0. AHAIOTIYHUH MiIXiJ BUKJIAIEHO Y JOKY-
MeHTarlii Microsoft Azure [17] i Google Cloud [16].

Hocmimkenns [21; 22; 24] anHamizyroTh 3acTo-
CyBaHHSl apXiTeKTypHUX MarepHiB, Takux sk API
Gateway, Database per Service, Event-Driven
Architecture, Publisher/Subscriber i Backend for
Frontend, nns 3abe3neueHHsT THYYKOCTi, MaciTabo-
BaHOCTI Ta MOAYJABHOCTI MiKPOCEPBICHUX CHCTEM.

o crocyeTbest cUCTEM CKiHUEHHO-EJIEMEHTHOTO
aHaji3y, TO NPUHLUUIM iX POOOTH PO3MIAAAIOTHCS Y
crarti [5] i pyHmaMeHTaNbHUX migpy4yHHKax [8; 9].
[Ipore nuranus apxitekTypu cydacHux FEA-cuctem
BUCBITIIIOETBCSl TIEPEBAXKHO Yy TEXHIUHIM JOKyMeH-
TaIii KoMepiiiHux npoaykris [1-3; 7; 18], a Takoxk
y IOCHifKeHHi [6], MPUCBIYEHOMY 3aCTOCYBAaHHIO
MikpocepBicHoi apxitektypu s FEA-cucrem y
XMapHOMY CEpEIOBHILII.

Takum unHOM, aHaNi3 JuKEpes MoKas3ye, o Iepe-
Baru Ta MigXOAM A0 BIPOBAKEHHA MiKpOCEpBiCHOL
apxiTeKTypH € 1o0pe BUBYCHUMH 3arajioM. BogHouac
MUTaHHS PO3pPOOKH i ONTHUMI3aLil apXiTEeKTypH came
JUIL CUCTEM CKiHYEHHO-EJIEMEHTHOIO aHallizy e
norpedye MOAaNbIINX NOCIIIKEHb 13 ypaxyBaHHIM
crneundiky Ta BUCOKMX BUMOT A0 MPOXYKTUBHOCTI Ta
MaciTaboBaHOCTI TAKHX CUCTEM.
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MeTo10 po00TH € OTJISi | HOPIBHAHHS MOHOJITHOT
Ta MIKpOCEPBICHOT apXiTEKTyp Y KOHTEKCTi CHCTEM
CKiHYEHHO-EJIEMEHTHOTO aHajli3y, aHalli3 iX IepeBar,
HEJIOJIKiB 1 MO>KITMBOCTEH 3aCTOCYBAHHSI TSl BIOCKO-
HaneHHs FEA-cucrtem.

BuxiyiageHHs1 OCHOBHOIO Marepiaiay. ApXiTek-
TYPHHUH THiIXiZ Ha OCHOBI MIKpOCEpBicCiB mependavae,
10 TporpaMHe 3a0e3NeYeHHs CKIaJaeThesl 3 HEBEH-
KHX HE3aJIS)KHUX KOMITIOHEHTIB (cepBiciB). Koxen cep-
BiC BHKOHY€ OAHY (PYHKIIIO Ta B3a€EMOJI€ 3 1HIIUMH
cepBicaMM uepe3 4YIiTKO BH3Ha4eHi iHTepdeiicy.
OCKITbKM BOHH MPAIIOIOTh HE3aNEXKHO, TO MOXKHA
OHOBJIIOBATH, 3MIHIOBATH, PO3ropTaTi abo MacmTaly-
BaTH KOXKHY CIIy>KOy OKpeMo B Mipy HeoOxigHocTi [13;
19; 20]. 1106 kpare 3po3ymiTH TIepeBaru Mikpocep-
BICHOI apXiTeKTypH HaJl MOHONITHOIO, HEOOXiJHO IS
MOYaTKy OUIBLI AETABHO PO3MITHYTH OCTaHHIO.

MoOHOMITHI CHCTEMH PO3POOISIOTHCA SIK €MHUN
HEpO3IiNbHUI KOTOBHi O10K. Bynb-siKi 3MiHHU, HABITH
MiHiMaJIbHi, BUMaraloTh MMOBHOI MepeOyI0BH Ta MOB-
TOPHOTO PO3TOPTaHHs BCHOTO 3aCTOCYHKY. [3 wacom
MiATPUMYBATH YHCTOTY MOIYIBHOI CTPYKTYpH CTa€
Jlenani CKIajHiie, a 3MiHA B OJTHOMY MOAYJI 4acTo
BIUIMBAIOTH Ha iHIII MoAyJi. MacitaOyBaHHS MOHO-
JITHUX TIporpaM Moxe OyTH CKJIAAHUM, OCOOIHBO
KOJIM Pi3HI MOJAYJI MarOTh Pi3HI MOTPEOH IO pecyp-
ciB. Hampuknan, omuH MOIynb MOXE BHKOHYBATH
00poOKy 300paxeHb, 1110 IHTEHCUBHO BHKOPUCTOBYE
npolecop, Tl SIK IHIIMIA MOXe IOTpedyBaTH 0arato
omeparuBHOI mam’sTi. OCKUTLKHA BCi MOAYJIi pO3rop-
TAIOThCA Pa30M, 4aCTO JOBOAUTHLCS WTH Ha KOMIIPO-
Mic y BUOOpi amapatHoro 3ade3mneueHHs. Lle o3nauae,
10 I MacIITaOyBaHHS OJHOTO MOJIYJIS HEOOXiTHO
MaciradyBary yBech qoiarok [13; 19; 20].

TUMOBI CTPYKTypH MOHOJIITHUX CUCTEM HAaBEACHO
Ha puc. 1.

MoHouiTHa apXiTeKkTypa BKIIO4ae B cebe Bce,
MOYMHAIOYM Bi iHTep(deicy KopHcTyBaya Ta 3aKiH-
Yy BUKJIMKAMH JI0 0a3u JaHUX, B OJHIH KOJOBIN
6a3i [13; 19; 20].

Ha BigMiHy BiJl MOHOJITHHX CHUCTEM, MiKpocep-
BicHa apxiTekTypa (puc. 2) mepeadadae, o KOKEH
MiKpOcepBic po3ropraeTbest okpeMo. Lle o3nauae, 110
3MiHHM B OTHOMY MiKpOcCepBici MOXYTb OyTH BIIpOBa-
JDKeH1 0e3 BIUIMBY Ha poOOTY IHIIMX, a 1€ J03BOJISIE
iM TpoAoBXKyBaTH HOpMaJbHY poboTy [13; 19; 20].

CyuacHi MPOEKTH JAeAaji YacTillle CTBOPIOIOTHCS
AK Halip OKpeMHX CEpBICiB, KOKEH 13 SIKUX MOXKHA
OKpEMO pO3ropTaTy Ta MacIuTadyBarTH, 10 Ma€ HU3KY
3HAYHMX TEepeBar.

MikpocepBicu  3a0e3MeuylOTh IIBUAKE PO3-
TOpTaHHA Ta PO3BHUTOK, OCKIIBKH 3aIlyCKalOThCS
HIBUJKO, 30UTBIIYIOYH NPOAYKTHBHICTH PO3POOHU-
KiB 1 IPUCKOPIOIOYN Yac BUXOAY HOBHX (DYHKIIH Ha
prHOK. BOHM JO3BOJNSIOTH HE3aleXKHE PO3rOpTaHHS,
KOJIM 3MiHHU B OJTHOMY CEPBICi MOXKYTh OyTH BIIPOBaJI-
JKeHi 0e3 nepeboiB A iHINX, 3a0e3MeUyOun Here-
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Puc. 2. Ilpukian MikpocepBicHOI apXiTeKTypHn

pepBHY poboty cucremu. llle omHiero mepeBaroro €
THyYKe MacmTaOyBaHHS, aKe KOKEH MiKpocep-
Bic MO)ke MacmTaOyBaTHUCS OKPEMO BiATIOBITHO 0
Horo moTped i BUKOPUCTAHHSA pecypciB. Mikpocep-
BiCHa apxiTeKTypa 3abe3ledye CTIHKICTh 0 300iB,
OCKUTBKH TIPOOJIeMH B OZHOMY CEpBICi 3a3BHYail He
BIUIMBAIOTh Ha 3arajbHy pPOOOTY CHUCTEMH, POOIISTIH
BCIO apXiTEKTypy OUTBII HAAIHHOIO.

OxpiM 1OTO, MIKpOCEpBICH MPOMOHYIOTh TeX-
HOJIOTIYHY THYYKICTh, aJpKe TpHU iX J0JaBaHHI abo

Computer Science and Applied Mathematics. Ne 1 (2024)

OHOBJICHHI MO)XHa BHOHMpaTH HaWONTHMAaJIbHIII
TEXHOIIOTIi JUIS KOHKPETHUX 3amad 0e3 oOMekeHb
yepe3 HasgBHI BuOOpH. BoHm Takox 3a0esmedy-
IOTh Kpally OpraHi3alif0 Ta JIETKICTh TEeCTyBaHHS,
OCKIJIBKH KOYKEH MIKpPOCEpBIC BHKOHYE CIEIU(idHy
(GyHKIiO, MO pOOUTH WOTO MPOCTIMUM I PO3Y-
MIHHS, TIATPAMKH Ta TepeBipku. st MikpocepBiciB
po3pobieHo 6araro XMapHHX CEpBICIB i3 pO3BHHE-
HOIO 1H(PACTPYKTYpOIO, a OKpPEeMi CEepBiCH MOXKHA
JeTKo TiepekoH(pirypyBatu abo iHTErpyBaTH y pi3Hi

ISSN 2786-6254



JOJATKH, HAIPUKIIA, A1 0OCITyTOBYBaHHS BEO-KITi-
enrtiB Ta API, neMoHCTpYrOUYH THYUYKe MTEpeHaamTy-
BaHHS.

Kpim Toro, mikpocepBicHa apXiTekTypa Mae
repeBary i B ekciutyarailii. Bona no3Bouse opraniza-
LisAM MIBUAIIE aJanTyBaTUCS IO 3MiH 1 BIPOBAIKY-
BaTH HOBI TEXHOJIOTiYHI pIllIeHHA, 3a0e3Medyroun
IIBUAKICTh BIPOBAKEHHS 1HHOBAIi, Ha BiAMIiHY
BiJl MOHOJITHHX CHUCTEM, JI¢ IHTerpaIlis HOBUX TEX-
HOJIOTi Moxe OyTH YyCKIagHEHa uepe3 MKOPCTKY
3aJIeKHICTh KOMITOHEHTIB. TakoX y MIKpOCEpBICHHX
apxiTekTypax 300i OJHOTO CEpBiCYy HE MPHU3BOIATH
710 BUXOAY 3 JIAAy BCi€l CUCTEMU, 3HWKYIOUH PU3HKH
B eKCIUTyaTallii MOPiBHSHO 3 MOHOJITHUMH CHUCTE-
MaMH, /1€ TIOMHJIKA Y KOJi MOYKe BUBECTH 3 JIaJy BECh
JOaTOK.

Takok MIKpOCepBiCH JTO3BOIISIOTH PO3POOHUKAM
[paLIOBaTH HaJl OKPEMHMH YaCTHHAMH IPOEKTY
HE3aJIeKHO, 3MEHILYIOYH B3a€EMO3AJIC)KHOCTI Ta CKO-
pOYyIOYH Yac po3poOKH, HA BiIMIHY BiJ MOHOJNITIB,
Jie 3pOoCTar04a CKIAAHICTh KOLy MOXKE CIOBLIBHUTH
el mpouec, U0 CKOPOUy€e Yac BUXOAY MPOLYKTY Ha
puHOK. MikpocepBicH Takok e()eKTHUBHIII y TUTaHi
JOBIOCTPOKOBHX BHTpPAaT, OCKUIBKM JO3BOJISIOTH
MacmTabyBaTd OKpeMi CepBiCH, HE BILTMBAIOYM Ha
PELITY CHUCTEMH, 3HIDKYIOUM IOTpedu y pecypcax i
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BUTpaTH Ha iHPPACTPYKTYPY MOPIBHAHO 3 MOHOII-
TamH, A€ MaclmTaOyBaHHS BHMara€ 3HAYHUX 1HBEC-
TUIIA B yCIO iIHQPACTPYKTYpPY, IO 3HIKYE 3arajabHy
BapTiCTh BOJIOMIHHS.

OTxe, 1IeH aHaIi3 MiKPECITIOE, IO MiKpOCepBicHA
apxiTeKTypa MOXKe HaJIaTH 3Ha4Hi IepeBaru B yMoBax
MIBUJKUX 3MiH PHHKY Ta BUCOKUX BUMOT JI0 aJarTHB-
HOCTi Ta MaciitadyBaHHs [T-iHppacTpykTyp, TOAL SIK
MOHOJIITHI apXiTEKTypH MOXKYTh 3ITKHYTHCS 3 OOMe-
JKEHHSIMH, 1110 YCKJIQJAHIOIOTh PO3BUTOK Ta 1HHOBALIi.

[opiBHSABIIN MOHOJITHY Ta MiKPOCEPBICHY apXi-
TeKTypy, mopiBHsieMo cy4acHi FEA-cucremu. s
nopiBHSHHA 0obepemo MikpocepBicHi (SimScale) [7],
MonoJiTHI (Elmer FEM, FreeFEM) [2; 3] Ta MoHO-
mitHO-xMapHi (ANSYS Cloud) [1; 18] cucremu.

Jlns mopiBHSIHHS BUALIMMO Taki KpHUTEpii: apXi-
TEKTYpY, MacIiTabOBaHICThb, BIAMOBOCTIHKICTh, PO3-
ropranHa Ta Moau(ikamito. Pe3ynsraT mopiBHSHHS
HaBeieMo y Tabnui 1.

[IpoananisyBaBIIM IIi HOPIBHAHHS, MOXKHA HIHTH
BUCHOBKY IIPO IIEpeBary MiKpoCepBiCHOI apXiTeKTypH
Haja MoHoMIiTHOIO Uit FEA-cucteM. Xoua Bigkputuid
KOZ KX MOHOJIITHUX CHCTEM 1 103BOJISIE BHOCUTH
3MiHH, BHHHKAIOTh MPOOJIEMH 13 B3aEMOJIIEI0 KOMITO-
HEHTIB, MaclITa0yBaHHSAM 1 HajaromxeHHsM. Pos-
TOpTaHHSA MOHOJITHOI CHCTEMH Y XMapi MOXe CTaTH

Tabmus 1
HopiBusinus FEA-cucrem
Kpurepii / Cucremn ANSYS Cloud SimScale Elmer FEM FreeFEM
ApxitekTypa MoHoutiTHa, XMap- MikpocepBicHa, MoHoutiTHa, Bij- MoHoutiTHa, BiIKpH-
Ha. YCi KOMIOHEHTH | XMapHa. MoxynbHa KpUTHUH KoA. Xoda Tt kox. Llenrpauni-
IHTETpOBaHi y €MHAHN | CTPyKTypa 3abe3reuye | BIIKpUTHH KOX 103- | 30BaHa CTPYKTYpa,
JIOJATOK, 1110 3a0e3- THYYKICTB y po3po01i | Bomse Moaudikamito, |mIpoTe MOXKINBA
negye e(peKTUBHICTh | Ta MIATPUMIIL OKpe- CTPYKTypa IEPEBaXKHO | alanTaIlist 3aBISIKI
OOYHCIICHD Y XMapi. | MHX KOMITOHEHTIB. MOHOJIITHA. BIJIKPUTOMY KOTY.
MacwradoBanicts | XmapHa iHbpacTpyk- |Jlerke nonaBanHs MosknuBicTh Macii- | [TepeBakHO 3aJ1€XKUThH
Typa J03BOJISE JIETKO | PECYpPCIiB 3aBISKH TaOyBaHHS OOMEXKCHA | BiJl IOKAJbHUX PECyp-
301bIIyBaTH 004nC- | MIKpOCEpBiCHIH JIOKJILHUMH pecyp- | CiB, 13 0OMEXeHUMHU
JIFOBaJIbHI MOTYX- CTPYKTYPi, KOXXEH camy abo HajamTy- | MOXIMBOCTAMH JUIS
HOCTI. cepBic MacmTabyeTh- | BAHHSIMH XMapHOT XMapHOTO MacIITady-
Cs He3aJIeXKHO. 1HpPACTPYKTYpH. BaHHS.
BigmoBocTiiikicTh XMmapHi piieHHs He3zanexHicTp Mi- Binnosnenns 3aie- binpra cXuIbHICTD
MaroTh BOYZIOBaHI Me- |KpOCEPBICIB 3HIKYE | KHUTh BiJ] JOKAIBHOI |10 3001B yepe3 MOHO-
XaHI3MU BIJTHOBJICHHSI, | pU3HUKH 30010 BCI€T HAJIAIITOBAHOCTI Ta  |JIITHY CTPYKTYPY, ajie
1110 3a0€311e4yI0Th CUCTEMH, KOXKEH 30BHILIHIX IHCTPY- MOXJINBE JIOKAJIbHE
CTIHKICTD CHCTEMH. CepBIC MOXeE BiJIHOB- | MEHTIB. BiJTHOBJICHHSI.
JIIOBATHCS. OKPEMO.
Posropranns OnTrMi30BaHO s Mixkpocepsicu cipo- | Posropranus 3aire- Bumarae Oinblire gacy
MIPOCTOTH BUKOPH- LIyIOTh OHOBJICHHA Ta |JKUTb Bi/l KOPUCTY- Ta pecypciB [uIs Ha-
CTaHH Ta MIBUJIKOTO | pPO3TOPTAHHS OKPEMHUX | BAIbKUX HAJAIITy- JAIITYBaHHSI, HE TaK
PO3rOpTaHHs y XMap- |4acTuH Oe3 BIUIMBY Ha | BaHb Ta 00paHOi e(heKTUBHO, SIK XMapHi
Hill iHppacTpyKTypi. |iHII. iHppacTpyKTypH. pileHHs.
Moaudikanis 3anekuTh Bil MOXKITH- | MOXKIJIUBICTS JieT- Binkputuii kox 103- | Bimkpurtuii ko Hajgae
BOCTEi Ta 0OMEKEeHb | KO 3MiHIOBAaTH a00 BOJIsIE KOPUCTYBayaM | IIOBHY CBOOOMY y
XMapHOI IIaT(GOpMH. | OHOBIIOBATH OKpeMi | MOmu(iKyBaTH Ta Moaudikarii mporpa-
MiKpOCepBiCH posmupioBaT (GyHK- | MU IMiJ crierudiai
[1OHAJI. oTpeoH.
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MIPOMDKHAM DIIIEHHSIM JUTS TABUINEHHS THYYKOCTI
Ta TOJETIICHHS MepPeXoAy Ha MIKpOCEpBIiCHY apXi-
TEKTYDY.

Bimpmicte FEA-cuctem mie He mnepednum Ha
MIKpOCEpPBICH 4epe3 MPOCTOTY POOOTH 3 €IUHOIO
KOJIOBOIO 0a3010 Ta Kpally B3aEMOJII0 MOIYIIB Y
MOHOJITHIN apXiTeKTypi.

TurmoBa mononitHa FEA-cuctema (puc. 3) ckia-
nmaeTwes i3 [5; 8; 9]:

— xiiertcekoro iHTepdeiicy (UI) — Beb- abo
JECKTOI-A0NATKY JUI B3a€MOJIi KOPUCTyBaya;

— cepBepHoi yactuaM (Business Logic), 1o Bkiro-
4yae Mpenpouecop A aBTOMaru3alii MHiArOTOBKH
BUXITHUX IaHMX, Ipouecop i Oe3rnocepenHboro
BHKOHAHHS CKiHUYEHHO-EIIEMEHTHHUX PO3PaxyHKiB, 1
MOCTIPOLIECOp AJISl aHali3y OTPUMAaHUX YHCIOBUX
pe3yibTaTiB;

— cucteMu ympaBimiHHA 0a3zamu nanux (RDBMS)
SIK CXOBHIIA JaHUX.

Jus mepexomy Ha MIKpPOCEPBICHY apXiTEeKTypy
HeoOXigHO po36uth komnoHeHTH FEA-cuctremu Ha
okpeMi cepsicu. [Ipomec mepexomy 3 MOHONITHOT
Ha MIKPOCEPBICHY apXiTeKTypy IeTallbHO OIMCaHO
TakuMu cepBicamu, Ik AWS, Google Cloud Toro.

[Ipu po30uTTI Takok HEOOXiMHO BpaxOBYBAaTH
apXITEeKTYpHI TaTepHH, SKi TO3BOJSAIOTH CIPOEKTY-
BaTH apXiTEKTypY, IO BiAIOBiJa€ BUMOTaM JI0 MiKpO-
CEPBICHOI apXiTEeKTypH.

Jis mpoeKTyBaHHSI MiKPOCEPBICHOI apXiTeKTypHu
FEA-cucremu Oynu oOpaHi Taki maTrepHH:

— API Gateway — BHCTyNa€ €IMHOO TOYKOIO BXOTY
JUTSL BCIX 3aITUTIB BiJl KJIIEHTCHKOTO 3aCTOCYHKY Ta Iepe-
HAITpaBIIsIE iX 10 BiAMOBITHUX MiKkpocepsiciB [21; 22];

— Aggregator — Moxe 30MpaTH 1aHi BiJl JEKITHKOX
cepBiciB 1 00’enHyBaTy X IJIs HaJCWIAHHS €IHHOI
BiJINOBiI KITieHTY [24];

— Database per Service — koxeH MiKpocepsic
BukopuctoBye BiacHy NoSQL 6a3y nanux, 1o 3a0es-
Mevy€e He3alIeXKHICTD i CTIHKICTh JIO IIOMHJIOK, 2 TAKOXK
THY4KicTh Y BUOOpi TexHomorii 6a3u nanux [20];

— Event-Driven Architecture — Buctymnae sk 1eH-
TpPaJbHUHA KOMIIOHEHT IJIi aCHMHXPOHHOTO OOMiHY
MOBIJOMJICHHSIMU Ta MOJIsIMH MK MiKpocepBicamu,
IO TiATpUMYE CIIA0Ky 3B’SI3HICTH 1 PEaKTHUBHICTD
cuctemu [20; 21; 24];

— Publisher/Subscriber — xoMmnoHeHTH cHcTEMU
MOXYTb MyOJiKyBaTu MOZii (HapHUKIaa, pe3ylbTaTH
BUKOHAHHS 3aB/IaHb) y OpOKepi MOBiIOMIICHB, 3BIAKH
iX MOLIMPIOBATUMYTh yCIM 3alliKaBICHUM MiAMUCHU-
Kam [20; 21; 24];

— Backend for Frontend (BFF) — Aggregator
BUCTYIIA€ Yy POJI CHELiani30BaHOTro OeKeHa I KOH-
kpetHoro ¢pontreHaa (Angular Ul), me mae 3mory
CTBOPDUTH ONTHUMAaJbHUK iHTepdeiic miast moTped
kopuctyBaya [20].

Ha ocHOBi 00paHHX MaTepHIB HABEIEMO MIKpoO-
cepsicHy apxitektypy FEA-cuctemu (puc. 4):

— UI (Angular) — ¢pontenn, peanizoBanuil i3
BUKOPHUCTaHHSAM Angular, mpu3HaYeHUH sl B3aEMO-
Iii 3 KOpUCTyBa4EeM;

— API Gateway — neHTpai3oBaHui By30J1, SKHI
Kepye€ BX1THUM TpagikoM i Hampasisie 1oro A0 BiAmo-
BIZTHUX MIKpOCEpBICiB;

— Aggregator (Node.js) — BUKOPUCTOBYETbCS IS
arperauii JaHuX BiJ Pi3HUX CEPBICIB 1 BiANMPaBKH iX
Ha Ul;
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Puc. 4. Mikpocepsicna apxitektypa FEA-cucremu

— Message Brokers (Apache Kafka) — mpusnaue-
HUH JJ11 aCHHXPOHHOTO 0OMIiHY TOBiJOMJICHHSIMH Ta
MIOJIiSIMU MiXK MiKpOCepBicaMu;

— Preprocessor (Python) — 06po0nsie BXinHi mpaHi
nepes ix nepenayero 10 Npouecopa;

— Processor (Python/Go/C++) — ocHOBHU# cep-
Bic, 10 BUKOHYE po3paxyHku FEA;

— Postprocessor (Python) — 006po0isie i anamizye
Pe3yJIbTaTH PO3PaxyHKiB;

— 3D Viewer (WebGL2) — 00po0isie iX st cTBO-
pEeHHS Bi3yaumi3alliif, ki MOXyTh OyTH TpeICTaBIeHi
sk 3D-cuienn abo rpadiku;

— NoSQL — 6a3u ganux NoSQL BukopucToBy-
FOTBCSI 1711 30epiraHHst JaHUX, 10 3yMOBJICHO iXHBOIO
THYYKICTIO Ta MacIITa0OBaHICTIO.

BuchHoBku. Y crarti 0yi10 mpoaHasizoBaHO MOHO-
JITHY Ta MIKPOCEPBICHY apXiTeKTypu Yy KOHTEKCTi
CHCTEM CKiHYEHHO-EJIEMEHTHOTO aHaIi3y.

Orsia mokasas, O KJIAaCHYHA MOHOJIITHA apXiTeK-
Typa, fIKa HINPOKO BUKOPUCTOBYETHCS y OUIBIIOCTI
cydacHux FEA-cucrem, Ma€ HU3KY HEIOJMIKIB, TAKUX
K CKJIagHicTh MaciuTaOyBaHHs, HHM3bKa BiJMOBO-
CTiHKiCTh, NoraHe OanaHCyBaHHS HAaBAaHTAKCHHS Ta
3pOCTaHHs Yacy BiAMOBiAlI MpH 301IbIICHHI 00CATIB
naHuX. Li HemomiKu MOXKYTb CTaTH MEPEIIKOAOI0 IS
e(eKTUBHOrO (PyHKUIOHYBaHHS Ta MOJAJIBIIOTO PO3-
BUTKYy FEA-cuctem B yMoBax 3pOCTar04ux BUMOT 110
MPOLYKTUBHOCTI, THYYKOCTI Ta MacIITa0OBaHOCTI.

MikpocepBicHa apxiTekTypa, KOTpa mependadae
PO30OHUTTS MPOrpaMHOTO 3a0e3MeUYeHHs] Ha HEBEJMKI
He3aJIeH1 KOMIIOHEHTH, 34aTHA BUPIIINTH 3a3HaueHI

Computer Science and Applied Mathematics. Ne 1 (2024)

npo0IeMH MOHOJTITHOTO MiAX0My. SIK moKa3ano nopis-
usuHs 3 FEA-cuctemamu, mepexij Ha MiKpOCEpBiCHY
apxiTeKTypy Moke 3a0e3NeYuTH Taki IepeBart, sK
IIBUJKE PO3TOpTaHHA HOBUX (DYHKIIH, He3aJeKHe
MacmTadyBaHHSI OKPEMUX CEPBICiB, MiABHUIICHY Bil-
MOBOCTIHKICTb, THYYKICTb Y BHOOpPiI TEXHOJOTIH i
JIETKICTh MOJU(IKAaILii.

3 omAny Ha MOTEHLINHHI MepeBard MiKpocepBic-
HOTO MiXody y cTarTi Oyna 3amporoHOBaHa MIKpoO-
cepBicHa apxitektypa s FEA-cucremu, cmpo-
€KTOBaHa 3 BHUKOPDHCTAaHHAM TaKUX apXiTEKTYpHHUX
narepHiB, sk APl Gateway, Aggregator, Database
per Service, Event-Driven Architecture, Publisher/
Subscriber Ta Backend for Frontend. s apxitextypa
CKJIQJIA€ThCH 13 KIIEHTCHKOTO iHTEpdeiicy, MiKpocep-
BiCiB mepenoOpoOku, oOunciieHb, NOCTOOPOOKH Ta
BizyaJri3allii, a TAKO)XK KOMIIOHEHTIB 11 OOMiHY MOBi-
JIOMJICHHSIMH Ta 0a3 qanux NoSQL.

TakuM 4YWHOM, MOXHA 3pOOHTH BHCHOBOK, IO
BIIPOBA/UKEHHSI MIKpOCEPBICHOT ~ apXiTeKTypu Y
CHCTEMax CKIHYEHHO-EJIEMEHTHOIO aHali3y € Tep-
CHEKTUBHUM HaIpsSMOM JIsl TOAOJaHHS OOMEXEHb
MOHOJIITHOTO TiAX0My Ta 3a0e3leYeHHs HEeOoOXiTHO1
MacmTabOBaHOCTi, THYYKOCTI Ta HPOAYKTHBHOCTI,
NpoTe CIIiJ BpaxoByBarTH, L0 Mepexia Ha MiKpocep-
BICH BHMAara€ pETeNbHOr0 MPOEKTYBaHHSA, AOTPH-
MaHHS BIANOBIJHUX AapXITEKTYPHUX HPUHLMIIB i
MOKe OyTH TOB’A3aHUH i3 IEBHUMHU TPYAHOILAMH Ta
BUTpaTaMu Ha peanizauito. ToMy JOLiNbHICTh TAKOTO
Mepexoy CiJl OL[HIOBATH 3 ypaxyBaHHAM KOHKpET-
HHUX BUMOT Ta ocobnuBocTeil FEA-cuctemu.
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Po3ummpeHHss MOXIMBOCTEH pI3HOMAaHITHHX JE€BaiciB i BUKOHAHHS
PI3HMX 3aa4 IIPOEKTYBAHHS EJIEMEHTIB KOHCTPYKIIH BUMarae MOKpaIleHHs
e(eKTUBHOCTI pPOOOTU 3alyd4eHHX Yy pO3paxyHKax OOUYHCIIOBAIBHUX
anropuTMiB. Y poOOTi ONHCAaHO J[Ba BAPiaHTH AaJITOPUTMIB PO3B’S3aHHS
3aa4i B S3KOIpPYKHOCTI JUIS BM3HAUCHHS HAINpPy>KEHO-Ie()OPMOBAaHOIO
CTaHy KOHCTPYKIiil. JIisi ommcaHHS B’S3KOIpPY>KHOI NMOBEIIHKM MaTepiairy
KOHCTPYKIil BHKOPHCTOBYIOThCSI IHTETpalbHi pIBHSHHA CIaAKOBOi Teopii
Bonermana-Bonsrepa i3 siapaMu pisHuneBoro Tumy. s iX po3B’s3aHHS
BUKOPUCTOBY€ETHCSI METO/] CKIHUEHHHX €JIEMEHTIB Y TIO€THAHHI 3 ITepalliifHO0
IPOLIEAYPOI0 32 YAaCOBOIO 3MIHHOK. AJNTOpUTM iTepaliiiHoi mpouenypu
nepeadavae JUCKPETU3AI[il0 BiAPI3KY Yacy i3 MOAAJbIIUM pO3B’sI3aHHIM
JiHeapi3oBaHOI 3aja4i Ha KOXKHOMY NpOMDKKY dacy. OZHHM i3 BapiaHTiB
JUCKpEeTU3allil 3a 4YacoM € 3aCTOCYBaHHS pPiBHOMIPHOTO KpoKy. IHIImM
BapiaHTOM, L0 BPaxOBYE OCOOIMBOCTI KpHUBOI AeOopMyBaHHS Marepiaiy, €
0OYHMCIIEHHS! KPOKY 3aJI€KHO Bifl BETMYMHHM SiApa peslakcallii BiTHECEHOTo 110
KOKHOTO MPOMIXKKY 4acy. Takuii mixi J03BOJISIE 3TyCTUTHU CITKY TUCKPETHHX
3HaueHb 32 YaCOM Y Jiana3oHi, Ae KpUBU3HA KPUBOi AeopMyBaHHS OinbIa,
1 3poOuTH ii PO3piKEHOI0 B Miama3oHi, Ae KpuBa ONM3bKa 10 MPSAMOI JiHii.
Ha ocHoBi 000X BapiaHTiB aJrOPUTMY CTBOPCHO MAKET MPUKIIAJHUX IPOrpam
JUIL PO3B’SI3aHHS IPOCTOPOBUX 337a4 B’SI3KONPYXKHOCTI. 3a JOINOMOIOIO
IPOTPaMHOTIO MAKETy IPOBEAECHO HU3KY O0UHMCITIOBATIBHUX €KCIIEPUMEHTIB JUIS
PO3paxyHKy B’SI3KOIPYKHOI 3aaui Il T'yMOBOTO HMOPOXKHHCTOTO IWIIHIAPY
Mij Ji€f0 BHYTPIIIHBOTO TUCKY i3 3aTHCHEHOK 30BHIIIHOIO HUIIHIPHYHOIO
noBepxHero. Sk pisHMIEBe sapo BuUKopHcTaHO sipo FHO.M. PaGorHoBa.
UucenbHi pPO3B’SI3KM  TOKa3ylOTh, ILI0 ANTOPUTM PpO3B’s3aHHS 3aj1adi
B’SI3KOMPYKHOCTI 13 APYTHM BapiaHTOM BHOOPY KPOKY Ja€ OinbII a/eKBaTHI
pe3yabTaTd, HiXK IPH PiBHOMipHOMY po30uTTi. MalIMHHMIT 9ac po3paxyHKiB y
000X BUMAJKaX Pi3HUTHCS HECYTTEBO.
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Expanding the capabilities of various devices to perform various tasks
of designing structural elements requires improving the efficiency of the
computational algorithms involved in the calculations. The work describes two
variants of algorithms for solving the viscoelasticity problem for determining
the stress-strain state of structures. To describe the viscoelastic behavior of
the structural material, the integral equations of the hereditary Boltzmann-
Wolterra theory with difference-type kernels are used. For their solution,
the finite element method is used in combination with an iterative procedure
based on the time variable. The algorithm of the iterative procedure involves
the discretization of a time segment followed by the solution of a linearized
problem at each time interval. One of the time discretization options is the
use of a uniform step. Another option that takes into account the features of
the material deformation curve is the calculation of the step depending on the
value of the relaxation kernel assigned to each time interval. This approach
makes it possible to thicken the grid of discrete values over time in the range
where the curvature of the deformation curve is greater and to make it rarefied
in the range where the curve is close to a straight line. Based on both variants of
the algorithm, a package of application programs for solving spatial problems
of viscoelasticity has been created. With the help of the software package,
a number of computational experiments were carried out to calculate the
viscoelastic problem for a rubber hollow cylinder under the action of internal
pressure with a clamped external cylindrical surface. As a difference kernel,
the kernel of Yu.M. Rabotnova Numerical solutions show that the algorithm
for solving the viscoelasticity problem with the second step selection option
gives more adequate results than with uniform partitioning. The machine
calculation time in both cases differs slightly.

Beryn. YV cydacHOMy CBiTI Tporiec IudpoBiza-
mii Ta gipKuTamizamii OIBUAKO OXOIUTIOE BCi cdepn
JKUTTS: €KOHOMIKY, OCBiTy, MEIHNIINHY, KOMYHIKaIlii,
KYJBTYPY Ta TEXHOJIOT1i. 3aCTOCYBaHHSI CIICI[IATEHOTO
MIPOTPaMHOTO 3a0e3MeUeHHs PO3IINPIOETHCS Ha Pi3HI
raJDKeTH 71 BUPIIIeHHs pi3HOMaHITHUX 3aBiaHb. Lle
A€ MOXKITMBICTh TPOBOAMTH O€31i JOCIiJHUIIBKIX
1 BUpOOHUYHX TIpOIieciB 06e3 MpUB’A3KH J0 KOHKPET-
HOTO MICIIS Ta creniaabHoro oonamgagus. OmHuM 13
CYYaCHHUX HampsMiB PO3MOBCIOKECHHS MPOTPAMHOTO
3a0e3IedeHHs € PI3HOMAaHITHI CHCTEMH aBTOMAaTH30-
BaHOTO IMPOEKTYBAHHS IHXKEHEPHOTO CIPSIMYBaHHS.
MoskHa BUOKPEMHUTH CHCTEMH, 5K JIO3BOJISIFOTh aBTO-
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MaTU3yBaTH MPOLEC PO3PAXYHKY PI3SHOMAHITHUX KOH-
CTpyKUiid. BpaxoByroun, 110 cy4acHi rakeTu MaroTh
pi3HI (pyHKITIOHATBHI MOXIIMBOCTI, HAITUCAHHS TPO-
TPaMHOIO Koay, SIKHH OM e(eKTUBHO mpauoBaB Ha
PI3HUX IPUCTPOSX, BUMArae po3poOKU pauioHaIbHUX
aJTOPUTMIB TP PO3B’SI3aHHI Pi3HUX 3a/1ad.

IIpu 3actocyBanni CAIIP mns mpoexTyBaHHS
KOHCTPYKLIl OCHOBHHM BHIIOM PO3PaxyHKY € IOCIIi-
JOKEHHST MIITHOCTI KOHCTPYKIIH, 110 BKJIIOYAE HU3KY
3a/ad MexaHiKu Je(OpMiBHOTO TBEpPJOrO Tijla Ta
nependayae BH3HAUYEHHs HampykeHo-aedopMoBa-
HOTO CTaHy KOHCTPYKLIi. 3aleXHO BiX TOro, 3 SKUX
MarepiaiiB BUTOTOBJIIEHA KOHCTPYKIIis, 30ip BUXia-
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HUX JTaHUX BUMarae pizHuX HaOOpiB MeXaHIYHUX CTa-
mux. Tak, Ipu po3paxyHKy KOHCTPYKLIH 13 miacTu-
KiB, €71aCTOMEpIiB Ta IHIIUX MaTepiaiiB BOKIHBHM €
BpaxyBaHHs B’SI3KONPYKHHX BIaCTUBOCTEH. IIponec
B’SI3KONPYKHOCTI YMOBHO MOXKHA MOJLIMTH Ha JBi
CKIIaJI0BI YaCTHHHU — MOB3YYiCTh (3MiHa Aepopmartii
y 4aci IpH CTaJIoOMy HaBaHTa)KCHHI) Ta peJlakcalis
HanpykeHb (3MiHA HAINpY)XeHb Yy 4Yaci NpW CTalii
nedopmarii). Y peadpHHX MaTepianax oOuaBa I
poruecu Bl,[[6yBaIOTLC$I OZHOYACHO. TOMy BUHHKAE
HEOOXimHICTh y PO3B’SA3aHHI 3ajadi B’ S3KOIpPYXK-
HOCTI, SIKa y HaWOLIbII 3aralbHOMY BHIIAAKY OIIH-
CYETbCSl IHTETPAJbHUM PIBHSAHHSM, a, 3 OIILY Ha
FEOMETPUUHY CKJIQJIHICTh OLITBIIOCTI KOHCprKuiﬁ y
Pe3yNbTaTi MaTHMEMO HeliHiiHY 3a1ady, AKy Po3B’s-
3aTH aHAJITHYHUMH METOJaMHM Ui OinbLIOCTi KOH-
CTPYKUili HeMOXIUBO. [y po3B’A3aHHS TaKuX 3a1aq
BHUKOPHCTOBYIOTh YHCEIbHI METOAN (METO CKiHYEH-
HUX €JIEMEHTIB, METO/ CKIHYEHHUX Pi3HUIIb, METOI
TPaHAIHAX €JIEMEHTIB TOIIO) 3 BHKODHCTAaHHAM iTe-
pauiiiaux npouenyp. IIpu po3s’s3anHi 3anadi B’s3-
KOMPYKHOCTI iTepaltiiiHa MPpOLEypa 3aCTOCOBYEThCS
3a 4acoBOIO 3MiHHOK. BpaxoByroum, mo mis Oinb-
IIOCTI KOHCTPYKIIM BUTpATH 4acy, maM’siTi MOXYTb
OyTH 3HaYHWMH, BHOIp paIliOHATBHUX MapaMeTpiB
iTepalifHoro anroputMy Oe3 BTpaTH CTIiHKOCTI Ta
TOYHOCTI PO3B’SI3KiB € aKTyaJIbHUMH.

Anaui3 nonepeuﬂix AoCHiIxKeHb 1 myOmikamii.
BuBuennto p13HI/IX acIIeKTiB B SIBKOMPY)KHUX HPOIIE-
ciB, po3poOLi MiIXOAIB Ta AITOPUTMIB JOCHIIKECHHS,
MIPOTpaMHOTO 3a0e3NeyYeHHs IPUCBIUYCHa HU3Ka Hay-
KOBHUX Ipatb. Y cTarTi[1] Ha OCHOBI eKcIiepMEeHTab-
HUX JJaHUX 3aIPOIIOHOBAHO MAaTeMaTHYHy MOJIEIb A
4acoBOi 3aJICKHOCTI NPY)KHUX CTAJIHMX AJISI MOJEIIO-
BaHHS B’SA3KONPYXHIX mporeciB. Pe3ynsraru yucens-
HOTO MOJIETIOBAaHHS IOKa3yIOTh, L0 3aIlPOIOHOBAHUIMA
MiAX11 Ja€ MiABUIIEHY TOYHICTb, € YHUCEIBHO CTA0LIh-
HUM 1 HE 3HWKY€ IBUIKICT OOUNCIICHB.

3acTtocyBaHHS METOAY CKiHYEHHHMX PI3HULb 0
JOCHIKEHHS CEHCMIYHOTO XBUIIBOBOTO TOJIS Y B S13-
KOIIPY>KHUX CEPEIOBHUILAX 3 aHAII30M BILIUBY IpoLie-
CiB 3aTyXaHHS NPEICTaBICHO y [2].

Komn’torepHe MonentoBaHHs (i3MKO-MEXaHIYHUX
MIPOLIECIB Y T€OJIOTTUHUX CEPEeOBHILAX, BIACTUBOCTI
SIKMX 3MIHIOIOTBCA Y Yaci, onucane y po6oti [3]. Ilin-
XOIH, OTPUMaHi AJIsl IPYKHUX JIIHIHHOT Ta HeTiHIHHOT
obnactel, y3araJbHEHO Ha BHIAJOK BS3KOIPY>KHOI
KBa3UTiHIHHOT MMOBEMIHKY. 3alpPOITIOHOBAHO METOUKY
imeHTHdikaLii mapaMeTpiB MOB3YYOCTi Ta YHCEJIbHI
QITOPUTMH MPOTHO3YBAHHS MOBEAIHKU B’SI3KOIPYXK-
HOTO CYLIJIBHOTO CEpeIOBHILIA.

YucenbHi adroputMu AN JOCTIDKEHHS B’ s3-
KOIIPY>KHHUX MPOLECIB Y OJIMEPHUX MaTepianax, 1o
0a3yloTbcsl Ha MYJIBTHAMCUUILTIHAPHOMY ITiIXOAd,
HaBeJleHO y [4].

ITepauiitnuii anropuT™ po3B’sA3aHHSI KOHTAK-
THOI 3amaui Ay B’S3KONPY)XKHHX MaTepiaiiB i3
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JOBUTLHUMH PEKUMaMHU HaBaHTAXCHHSI MPEACTaB-
nenunt y [5].

B’s3Kk0npyKHICTh € OCHOBHUM 3MICTOM MeXa-
HIKM TBEPIOTO TiNla, sIKa CTajla BaKJIMBOIO YaCTHHOIO
MeXaHIKA CYIIBHOTO CEpe/OBUINA. 3a3BUYail BiH
BKJIIOYA€E J[BA aCTIEKTH: OIUH — ILI€ OMHUC B’ SI3KOMPYXK-
HUX BJIACTUBOCTEH 1 BUpaXeHHS KOHCTUTYTHBHOTO
3B’A3KY; 1HIINH — BCTAHOBJICHHS Ta BUPIILICHHA Kpa-
HoBoi 3agavi. Y ctarTi [6] Ha OCHOBI IEPETBOPEHHS
Jlexxanapa CTBOPEHO HOBUH YMCENBHUN TiAX1M, SKUN
J03BOJISIE €()EKTUBHO IMIPALIOBAaTU i3 B’SA3KOIPYXK-
HUMH TPAaHUYHUMH YMOBaMHU.

3anpornoHOBaHO HOBUH MiJXiJ] MTPH MOACIIOBAHHI
MOBEAIHKK B’SI3KONPYXKHHUX MarepianiB, mo 0asy-
€TbCS Ha BHU3HAYCHHI BJIACTHBOCTEH B’SI3KONPYXK-
HOCTI 3 pe3yJbTaTiB €KCIEPHUMEHTIB 3a JOIOMOTOI0
HEUPOHHUX Mepex [7].

VY po6orti [8] Ha OCHOBI B’S3KOMPYKHOI ITYYHOT
MEXI pO3B’A3aHO TpoOIeMy MOIIUPEHHS XBHJI Y
HECKiHYEHHiH 00J1acTi.

Pi3Hi mixxoau A0 CTBOPEHHS ajJrOPUTMIB PO3B’si-
3aHHS HENIHIMHMX 3a7a4 3alpOIIOHOBAHI PI3HUMHU
pocminnukamu. Tak, y MOHorpa(bu [9] po3pobieni
ITOPUTMH PO3B ’S3aHHST HEJTIHIMHUX 3ajad MpyxK-
HOCTI Ta B’SI3KONPYXHOCTI HA OCHOBI METOAy CIIy-
CKy TI0 TIapaMeTpy 3 MEePeBipKOIO PiBHSAHb PIBHOBArH
y TO€AHaHHI 3 Momu(ikoBaHUM MeTonoM Hpro-
ToHa — KaHTopoBHua. 3ampomoOHOBaHO MiAXidg Ha
OCHOBI TEHETHMYHHMX aJTOPUTMIB AJsl PO3B’S3aHHS
HENiHIMHMX KpaloBHX 3a4ad Ui 3BHYAHUX Aude-
peHLianbHUX piBHSAHG [10].

AKTYanbHICTh JOCHIJDKEHHS PI3HUX AacIeKTiB
B’SI3KONPYKHHUX TPOLECIB 1 po3poOKK BiAMOBIAHMX
MiAXOMiB Ta ANTOPUTMIB BHU3HAYAETHCS ITUPOKUM
CHEKTPOM Cy4YacHHUX 3aCTOCYBaHb IIMX MarepialiB i
cepenouil. [loCTiiiHMI PO3BUTOK HOBUX METOIB,
TaKuX fK Ti, 0 0a3yl0ThCsI HA MaTeMaTHYHIX MOJIe-
JSIX, YACENIBHUX AITOPUTMAaX 1 HEHPOHHHUX MepexkKax,
MiATBEPIKYE HEOOXIIHICTh IMOCTIHHOTO BIOCKOHA-
JICHHsI Ta PO3IIUPEHHS 3HaHb y 1il cdepi, A03BOIISIE
JocAratd OuUIbIIol TOYHOCTI H epeKTUBHOCTI y mpo-
THO3YyBaHHI Ta PO3B’sI3aHHI CKIAJHUX 1HXKCHEPHUX
3aj1au.

MeTo10 po6oTH € JOCHII)KEHHS BIUIMBY Di3HHX
napameTpiB iTepaliifHOro Mmpolecy Ta iX pamioHalb-
HUI BUOIp A aNrOpUTMY pO3B’sI3aHHS 3ajadi B’si3-
KOIPY>KHOCTI.

Buknanennsi ocHoBHOro marepiaay. OgHuM i3
HaAMOIBII 3aCTOCOBYBAaHUX UYWCENBHUX METOHIB Y
CAIIP € meron cKiHYeHHHX elleMeHTiB. Po3riaHemo
aJTOPUTM ITEPalliiHOTO PO3B’SA3aHHS 3aJavi B’s3-
KOIIPY>KHOCTI Ha OCHOBI Iboro meroxmy. s mare-
MaTUYHOTO MOJICIIIOBAHHS B’ SI3KONPYKHHUX MPOIIECiB
y TPUBHMIPHHX 00’€KTax pPO3MISHEMO IHTErpajibHe
piBHSIHHS, 10 0a3yeThCS Ha OCHOBI CIAAKOBOI TEO-
pii bonbpmana — Bonereppa Ta Moke OyTu 3amucaHe
TaKUM YHHOM:
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&' =C™¢,,, (1)
ne C™ — inTerpanbHHMil OepaTop, 110 Ma€ BUL:
CMe=CH (p(t)—IR(t—r)(p(t)dr , (2)

0

TYT ¢ — QYHKUIs, Ha SIKY Ji€ IHTerpajibHUi ore-
parop (Buxonsuu 3 hopmynu (1) ue ¢pynkuis gedop-
Maniii g,), C)° KOMIIOHEHTH TEH30pa MpyX-
HUX CTaJiMX, SKi BU3HAYAIOTHCS Yepe3 KOMIIOHEHTH
METPUYHOIO TeH30pa g’ Ta MUTTEBI 3HAYEHHS KOe-
¢iuienTiB Jlsame p, ta A, :

G =p,(g"g" +g"g" )+ hg"g".  (3)

Li criBBimHOMIEHHS CIPaBEAJIHBI, SKIIO 3aCTOCO-
BYETHCS TillOTE3a MPO PENaKCalilo K 3CyBHOTO, TaK
i 00’eMmHOTO MOAyNs. Ane [uist 6araTb0X MarepiasiB
CIIYITHOK € TimoTe3a Mpo BiJICYTHICTh perakcariii
00’ €eMHOTO MOJTYJIs, TOA1, BUKOpHUCTaBIIN y (3) He cTaii
Jlsme, a Mozmynb 00’ €MHOTO CTUCKY B, =X, +2/3y,,
Bupasi (1), (2) MOXXHa epenucaTH Takx:

&l’i — Ct/k/ €, (

”klIR 1), (1)dr, €))

A€ 3CyBHA 4YaCTUHA TCH30PY IPYKHUX CTAJIUX MAE€
BUTITIAL:

Sljk] — uo (

VY ¢dopmynu (2), (4) y 3aranbHOMY BHUIJISIAI BXO-
JATH Pi3HUIEBE SAPO perakcamii R(7—1), ke s
MOJICTIIOBaHHSl peajibHUX MPOLECiB NpUiMae pi3Hi
Bupaszu. Tak, HAHOUIBII MOMIKMPEHUMH PI3HULIEBUMH
sapamu € Taki. Aapo A.P. Pxxaninmna [9]

R(t—r):e_ﬁ('_r)(t—t)a (-l<a<0), (6)

2 .
T+ glg’ —gg"g“j- (5)

Je o Ta 3 — craii, U0 BU3HAYAIOTHCS MIISIXOM
EKCIIEPUMEHTY W OMUCYIOTh PEOJOTIYHY MOBENIHKY
Marepiaiy.

[HImMM DoOmMpEeHuM SApOM UIS MOMENIOBAHHS

B’SI3KONPYKHOI MOBEAIHKM MarepiajiB € aapo
M.A. Koatynoga [9]
K(t—1)=4e™ ) (1-1)"", (7)

ne A, oo Ta B — cTai, MO0 OMHUCYIOTH PEOJIOTIUHY
MTOBEIIHKY MaTepiaiy.

JInst ommcy IIMPOKOTO KJacy B’SI3KONPYKHUX
MaTepiamiB BHUKOPHCTOBYIOTh pIi3HHUIIEBE SApPO Ha
ocHoBi E-dynxmii KO.M. PadotHoBa [9]

K(t-1)=AD, (-B-rt—-1)=A(t—1)" x

(B (-
Z(; [n+l)(oc+1)1

®)
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me —1<a<0;p>0,21>0; a, B, A — cTani Marepiaiy.

BuxopuctanHs iHTETpaJbHHX 3aJCKHOCTEH 13
BUILIE3a3HAUYCHUMHU DPI3HULIEBUMH SIIPAMHU J03BOJISE
BpaxoByBaTH yci 0coOmmMBOCTI Tporecy aehopmy-
BaHHS, Y TOMY YHCII IIBUIKO 3MiHHI TIPOIIECH Ta TOU
¢axT, 10 B MOMEHT NPHUKIAICHHSI HaBaHTa)KCHHS
(=0) mBuakicte nedopmariii MpsAMye 10 HECKIHICH-
HOCTi. HasBHICTh y simpax AEKINBKOX CTalHX TMapa-
METPIB J03BOJISAE MUIIXOM X MiA00py omucaT Oyib-
KU peanbHui nporec aehopMyBaHHS.

HasBHicTh HeNmiHIHHOCTI, 3yMOBJIeHa HEOOXiIHi-
CTIO PO3B’SI3aHHSA IHTETPAILHOTO PIBHSIHHS, CTPH-
My€ 3aCTOCYBaHHS aHANITHYHUX MeTodiB. Tomy mis
CKIIATHICTh TPUBOIUTL IO HEOOXIAHOCTI BHUKOPH-
CTaHHS 4YHCeNbHHUX MeroniB. Ilpuyomy meromu, 1o
3aCTOCOBYIOTHCS 10 IPOCTOPOBHX 1 YACOBUX KOOPAU-
HAaT, 3a3BHYail Pi3HATHCS. 3aCTOCYBaHHS OyIb-SKOTO
YHUCEIEHOTO METONy (METOY CKIHUEHHHX €JIEMEHTIB,
METOY CKIHYEHHHX Pi3HHIIb T iHIITNX ) A0 MTPOCTOPO-
BHX KOOPJIUHAT MPU3BOIUTH JI0 HEOOXiTHOCTI PO3B’ M-
3aHHS HENHIMHUX BiIHOCHO Yacy CHCTEM anredpaid-
HUX piBHSAHB. JJ1s iX PO3B’sI3aHHSA 3aCTOCOBYIOTHCS
Pi3HI 0OUMCITIOBAIIbHI CXEMH, SIKi 0a3yrOThCS Ha JIiHe-
apwm3arlii 3a/1a4i Ta MOAAIBIIOMY 3aCTOCYBaHHI iTepa-
[IHOTO TIpOIIeCy.

Po3msiHeMO cHodaTKy IUCKPETH3alilo 3a 4acoM
piBHsHHS (4) 3 ypaxyBaHHIM (5), AN IHOTO y OyIb-
SAKUH croci6 po3i6’emo wacoBuit Biapizok [0; £] Ha n
YyacTuH, OyAeMO MaTu:

n—11ms1

yk/zJ‘R

mOt

~ij _ ikl
6" =C Sk/

Sk/( )dT' ©

3 omsimy Ha Te, MO KPOK 32 4acOM OOHMPA€EThCS
JIOCHTD HEBEJIUKHM, MOXKHA BBA)KATH, I110 HA KOXKHOMY
nuuHTepBam Jacy HepeMIIHeHHSI Ta nedopmariii 3mi-
HIOIOTBCS JIIHIIHO 1 BHPa3 [l TCH30PY HATPYKEHb i3
ypaxyBaHHsIM Ii€i JTiHeapu3allii MOXHa 3aITHCaTH TaK

ljkl
ZSM

Bepyun nmo yBaru, 1o 3Ha4Ha YacTHHA YUCEIb-
HUX METOJIB 0a3yeTbcsl HA BapialliiHUX MPHHIUIAX,
3amMIIeMO Bapiamilo MOTEHLiaNnbHOI eHeprii B’s3-
KOTIpY>KHOTO nAedopMmyBaHHs 3 ypaxyBaHHsSM (10),
Oyaemo maru:

51T = m{cgk/gk,

ne 04 — Bapiallis poOOTH PO3MOMITICHUX 00’ €MHIX
P' ta moBepxHeBux F' CMI:

Lt

R(t-7)dr. (10)
)[R

~i ik
&' =Cl",, (¢

)8e, —sz S, (1,8, }dv 84, (11)

m=0

M:MVM@wﬁﬁmﬁ, (12)

U, — KOMIIOHEHTH BEKTOPY IIEPEMIIIIEHb,

ISSN 2786-6254



88

]*?m = th:IR(t - ‘E)d‘t.

1,

m

Hnst peamizanii iTepauiliHoro mpouecy po3Iiisi-
HEMO JICTaJIbHO JIOJIaHKK y nipaBiit wactuni (11). [Tep-
MK JOAAHOK Y JYKKax € Bapiali€elo eHeprii mpy>kHoi
nedopmartii, sika 3aJIeKUTh BiJl iCTOPil HABAHTaXCHb,
ale He 3aJeKHTh Bifl 3aKOHY 3MiHHM Iedopmarii y
yaci. Skuio 3a 6a30BHi METOJ B3SITH METO/ CKiHYEH-
HUX €JIEMEHTIB, TO 1Iel MepIIni JOJaHOK € OCHOBOIO
Ut (popMyBaHHSI MaTpPHIIl KOPCTKOCTI CKIHYEHHOTO
eleMeHTa [K *'| y neBHUI MOMEHT 4Yacy:

Jijeten, (13)

Hpyruit noganok y (11) € cnaakoBoOIO CKIIaI0BOIO
YaCTHHOIO MaTPHII ’KOPCTKOCTI, IKYy MOXKHA TTPECcTa-
BUTH TaK:

)8e,dv=K" (1, )uu (¢,)8u,.

SIEM H.[Sgkzak, (1,)8¢e,dv =
m=0
-3 R

(4, )u, (2,)du,.,
m=0
Tyr M™ (1, ) — Marpust GpopMO3MiHH.
BBakaroun, 1110 Ha TiIO JIFOTH JIUIIIE PO3MOAIIEH]
[TOBEPXHEB1 CHIIM, a 3TiHO 3 BapialliiHUM TPUHIIH-
[IOM TIOTEHIlIAIbHA EHEPTisl B’ I3KOMPYKHOTO jaedop-
MYBaHHSI IOBUHHA JIOPiBHIOBATH HYJTIO, OYZIEMO MaTH:

{K“‘ 0)= S R M (1, )u, (1)~ F* (1, )}Suv ~0. (15)

m=0
AHai3yl0uM OCTaHHIH BHpa3, MOXKHA 3ayBaXkKHUTH,
IO y 3araJbHOMY BUNAJKy NpU Jii CHI Bapiamis
nepeMillleHb HE MOXE JIOPiBHIOBaTH HYIIO, TOMY
HYJIIO TIOBUHEH JIOPIBHIOBATH BUPA3 Y JY>KKaX, SKHH 1
Oy/ie BU3HAYaTH JIIHEApU30BaHy CHCTEMY aireOpaiy-
HUX PIBHSHB CIIaKOBOI T€OPii B’ A3KOMPYKHOCTI:

n—-1 __ _
= ZQ(m)+ Py, (16)
m=0

—MaTpPHLS )KOPCTKOCTI 17151 MOMEHTY 4acy

(14)
w MM (2

Tyr K,

t,, U(x) — HEBIIOMUI BEKTOp MEPEMIlIEHb Y MOMEHT

no
yacy #,, P(») — BEKTOp By3J0OBHUX HaBaHTaXEHb BiJ
nii nosepxueBux cun, Q. =Rn M" (1, )u,(1,) -
BEKTOP JIOJIATKOBOTO HABAHTAKCHHS, IO MOJECIIOE
CIaJIKOBY CKJIQJIOBY YacTUHY Je(opMyBaHHS.

Temep po3mIsHEMO aJTOPUTMH PO3B’SI3aHHS CHC-
TeMH anrebpaiuHux piBHAHB (16) iTepamiiftHIMHK
METOIaMd Ha OCHOBI MOAM(IKOBAaHOTO METOMY
Hrrotona — Kanroposuua. IIpn mMomenroBaHHI peo-
JIOTIYHOTO TpoIecy OymeMo BBaKaTH aedopmartii
JOCHUTh MaJINMH, IO J03BOJISIE PO3B’SA3yBAaTH 337ady
y TEOMETPUTHO JIIHIHHIA TTOCTAaHOBII W, BiATOBIIHO,
BB@)KATH MATPHITIO KOPCTKOCTI CTAJOI y MPOIeci
nehopMyBaHHS.

Computer Science and Applied Mathematics. Ne 1 (2024)

Toni ocHOBHI eTanu poOOTH aNTOPUTMY MOMKHA
OXapaKTepHU3yBaTH TAKUM YHHOM.

Ilepwuii eman: po3B’si3aHHS 3an1adi JIiHIKHOT
MPY>KHOCTI.

1. 3a BiIOMUMH KOOpJMHATAMH BY3JIOBHX TOYOK,
BiIOMUMH TPY>KHUMH XapaKTePUCTHKAMH MaTepialry
3HAXOIMMO MATPHLO )KOPCTKOCTI K\ (BpaxoByiouH,

110 BOHA € CTAJOI0, MO3HAYUMO il ;{K K ).

2.3amaeMo TrpaHMYHI YMOBH, a caMe€ BPaxoBy-
€MO BiJIOMi 3HaYCHHS BY3JIOBHX IepeMilieHb 1 Gop-
MYEMO BEKTOpP 30BHIIIHBOTO HaBaHTaXCHHS P(x)
(OymeMo 1oro BBa)KaTH HE3MIHHHM Y Haci, TOMY
Mo3HaYuMo P ).

3. ®opmyemMo Ta po3B’sI3yEMO CHUCTEMY anredpa-
TYHHMX PIBHSIHB JiHIHHOI TEOPii NPYKHOCTI:

Kupy=P. )

Po3B’s13k0M cucTeMu OyJie BEKTOP (o), € HIDKHIH
IHJCKC BIJTOBIAa€ PO3B’A3KY MPYXKHOI 3a1adi, TOOTO
JUTSL 4acy, o JOPIBHIOE HYJIIO.

4. JInst mepeBipKM TOYHOCTI PO3B’SI3aHHS 3ajadi
3a 3HaWJICHUM 3HAYCHHSM BEKTOPY IEPEMIICHb
MOYMHAEThCA BHYTPIIIHIN  iTepalifHuii Tpoiec
(/=0) moa0 BUKOHAHHS YMOBH PIBHOBarw y BY3JIO-
BUX TOYKAX. ()

4.1.3a 3HaWJCHUM BEKTOPOM IIEPEMIIICHb (o)
3HAXOAATHCS KOMIIOHEHTH TEH30py Hedopmariii i
MOTIM KOMIIOHEHTH TEH30py HaIlpy>KeHb 32 (opMy-
1010 (4) y KoXxHil By31oBii Toumi (rpu =0). Y kox-
HOMY BY3Ily 3HAaXOIHUTBCA CyMa sK 30BHIIIHIX, TaK 1
BHYTPIIIHIX (Hapr)KeHHSI) CHJI — 3HAXOZMMO BEKTOP
BY3JIOBHX BiJIXWITiB R,/ (Opu TOYHOMY pPO3B’SI3KY
BOHH BC1 ITOBHHHI IIOplBHIOBaTI/I Hy.IIIO)

4.2.3Hax0oAMMO CyMY KBaJIpaTiB BY3JIOBHX BiJIXU-

(k)

7B, Ky MO3HAYMMO R(o), i AK BEJMUMHY JJIs TIOPiB-
HSIHHS 3HAWJEMO CyMy KBaJIpaTiB BY3JIOBHX 3HaueHb
30BHIIIHIX cun P .

4.3.Kpurepiem TOrO, 1110 3HAIICHHUI BEKTOp Mepe-

)

MIIICHb (o) 3a0BOJbHSE YMOBH PIBHOBAru i3 3aja-
HUM CTYIICHEM TOYHOCTI €, MO>KHA BBa)KaTH TaKUi

®
(17)

R(o) < Si) .
4.4 dxmo ymoBa (17) 3amOBOJBHSIETHCSA, TO
_ _(®)

PO3B’S30K NMPYKHOI 3aJ1a4i 3aUCYETHCA K (o) = U(0) ,
i mepexogumo 10 BUKOHaHHS NyHKTY II; sikmo He
3a/I0BOJIBHSIETHCS, TO TEPEXOAMMO A0 BHKOHAHHSA
HACTYMHOTO MyHKTY 4.5.

4.5.BekTop BY3IOBHUX BiAXUIiB R, )) BBaXKa€MO 3a
JIOJIaTKOBE HABAaHTAKEHHS Ta HlI[CTaBJBIGMO foro y
CHCTEMY JIIHeapU30BaHUX PiBHSHB

(k+1)

KAu@ =Ry
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4.6.Po3B’s13aBIIN OCTAHHIO CHUCTEMY, 3HAXOINMO
b
(k+1)

BEKTOp InepeMilieHb Au o)
(k)

u(0) , OyIeMO MaTH HOBUH BEKTOP MEPEMIIICHb:
(k1) (k) (k+1)

upy = L_t(o) + Au(o)

i migcymyemo #oro 3

4.7.Homep BHyTpilIHBOI iTepamii 30iMbHIyeETHCS
Ha OIMHUINO k=k+1 i aJITOPUTM MPOJIOBKYE POOOTY 3
myHKTY 4.1.

/Jlpyauii eman: po3B’si3aHHS 3a/1a4i B’ SI3KOTIPYXK-
HOCTI.

1. Yacosnit Biapisok [0;7] pos6uBaemo Ha
1 TABIOPI3KIB CHUCTEMOIO AMCKPETHHUX TOYOK
t,(m=0,..,n), npuaomy ¢, =0, ¢, =T . Homepy 30B-
HIIIHBOI iTepalii mprucBoroemMo 3HadeHHs m=0.

2. O0YHCHIOETHCS 3HAUEHHS siApa penaKcanii

* Lyl
Ry = IR(Z—‘E)d’E.

1,

m

3. 3HaXOI[I/ITI>C$I BCKTOP A0JATKOBOI'O HaBaHTa-
JKCHHA, 3YMOBHCHHﬁ peOJ’IOFi‘IHI/IMI/I BJIACTHUBOCTIAMM:

- "

Oy =R M™ (8, )u,,)-
4. ®opmyeMoO Ta po3B’sI3yEMO cUCTeMy anreOpa-

TYHHMX PIBHSHB JIHIHHOI TEOPii B’ SI3KOIPYKHOCTI:

m
Kt(m) =P+ 0.
1=0
0

Po3B’s13k0M cucTeMU Oyzie BEKTOP U(m+1) -

5. J1ast nepeBipky TOYHOCTI pO3B’sI3aHHS 33124 3a
3HaWICHUM 3HAYEHHSIM BEKTOPY MEpeMillieHb MOYH-
HAE€ThCS BHYTPILIHINA iTepaniiiauii npouec (£=0)
[IOJI0 BUKOHAHHS YMOBHU PIBHOBAard y BY3JIOBHX TOU-
Kax. ()

5.1.3a 3HaliieHUM BEKTOPOM IIEPEMILIEHD U(m+1)
3HAXOJSTHCS KOMIIOHEHTH TeH30py nedopmariiii i
MOTiIM KOMIIOHEHTH TEH30py HalpyXeHb 3a (hopmy-
JI010 (4) y KOXKHIH By3JI0Bi#t TOUIll. Y KOXKHOMY BY3JIi
3HAXOJMTHCS CyMa SIK 30BHIIIHIX, TaK 1 BHYTPIIIHIX
(Hampy>KeHHS) CHJI — 3HAXOAUMO BEKTOP BY3JIOBUX
BIIXWIIIB Q((fq)).

5.2.3Hax0MMMO CyMy KBaApaTiB BY3JIOBHX BiIXH-

®
JIiB, SIKY TIO3HAYNMO Oy > 1 SIK BETUIMHY IJIS TTOPiB-
HSIHHSI BUKOPHCTAEMO CyMy KBaJIpaTiB By3JIOBUX 3Ha-
4eHb 30BHIMIHIX cu P .
5.3.Kputepiem Toro, 1o 3HaiiIeHuH BEKTOp Tepe-
10
MIIIEHb U(m+1) 3a0BOJIbHSIE YMOBH PIBHOBaru i3
3aJlaHUM CTYTIEHEM TOYHOCTI €, MOXKHA BBaYKaTH
()

O <P (18)
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5.4.5kmo ymoBa (18) 3aZOBONBHSAETHCS, TO
PO3B’SI30K B’SI3KONPYXKHOI 3a1aui 3alMCyeThCS K
~ ®
U(m+1) = U(ms+1) , U TIEPEXOIUMO IO BUKOHAHHS IIYHKTY
6; SIKIIO HE 3aJ0BOJIBHSETHCS, TO MEPEXOJUMO 1O
BUKOHAHHS HACTYITHOTO IYHKTY 5.5.

5.5.BekTop By3JIOBHUX BiIXUJIiB Q((,';)) BBA)KAa€EMO 32
JOAaTKOBE HABAHTA)KEHHsI Ta MiJCTABIAEMO HOro y
CHCTEMY JIiHeapu30BaHUX PiBHSHb

(k+1)
KAugnay = Q((:qi
5.6.P0o3B’s13aBIIM OCTaHHIO CHCTEMY, 3HAXOIHUMO
(k+1)

BEKTOpP TepeMimieHsb Au()

®

u(0) , OyZleMO MaTy HOBUil BEKTOP NEPEMilIECHb:
(k+1) (k) (k+1)

U(m+1) = ;(WHI) + At (ma) .

i mincymyemo #oro 3

5.7.Homep BHYTpimIHBOI iTepamii 3011bLIyETHCS
Ha ONUHHUINO k=k+1, i anropuT™M MpoAOBKy€E poOOTY
3 MyHKTY 5.1.

6. Homep 30BHIIIHBOI iTepaii 30iIbMIy€eThCA Ha
OOMHULIO: m=m+1.

7. Ha xoXHOMY KpOLi MPOBOAUTHCS MiJCyMOBY-
BaHHA CIAaJKOBUX CKJIAZOBUX YaCTHH HAIlPy>KEeHb.

8. [lpoBonuThCA meEpeBipKa 3aBEpIUCHHS iTepa-
[iHHOTO TpoIIecy:

m=n.

(19)

9. dxmo ymoma (19) BHKOHYETBCS, TO poOOTa
aJTOPUTMY 3aBEPIIYETHCS, B IHIIOMY pa3i allfOPUTM
MEPEXOUTH IO BUKOHAHHS ITYHKTY 2.

OkpemMo o0roBOpmMO IyHKT 1 mpyroro ertarmy
BHKOHAHHS aJITOPUTMY, TOOTO IUCKPETH3AIII0 3a
gacoM. Y OUTBIIIOCTI alTOPUTMIB OOHPAIOTH MIPOCTY
(dhopMyITy, 3TITHO 3 KOO MOCTIKYBAaHUN TPOMIKOK
dacy [0;7] po3OMBaeThCsS Ha 1 YACTHH CHCTEMOIO
PIBHOBIJIAICHUX TOYOK:

tm=t0+mz,(m=0,...,n). (20)
n

BpaxoBytoun ocoOnuBocTi JeopMyBaHHS peaiib-
HUX MarepianiB, Koy 3Ha4Hi aedopmanii BigOysa-
I0ThCS BijIpa3y MicCJis NPUKIIAJAaHHS CHIIU, HA TI0YaTKY
Bifpisky [0;7], a i3 IIMHOM Yacy 3MIHIOIOTECS JTyXkKe
MOBIJIBHO, AOLIJIBHO CIIOYATKy 3TYCTUTH CITKY 4aco-
BUX 3HAYCHb, a MOTIM 3pOOUTH ii OLIBII PO3piIKe-
HOto. BapiaHT Takoro po3OMTTS MOXKHA 3alpOIIOHY-
BaTH TAaKHi: KPOK 32 4aCOM OOUPAETHCS TaK, 100 yci

n =const(m=0,...,n—1), T06T0 y po3xini po3s’s-
3aHHA 33]a4il B SI3KOMPY>KHOCTI MepIInii MyHKT Oyme
TaKHM:

1. OGuunciroemMo

* T
Rs = IR(Z -1)dt.
0
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3HaxX0oUMO KpOK:
.
.
Rs
ARV! =
n
[puiimemo ¢, =0, ¢, =T . Ilepme HaOMMOKEHHS 10
3HAUEHH #, NPUHMEMO TaKHUM:

T
=1, +—.
n

Ile Ta HacTynHi 3Ha4YeHHS 7, (m =0,...,n— 1) mij-
OepemMo B iTepariiiHoMy mporeci, crmodarky m=0,
k=0:

a) 00YHMCITMMO SAPO perlaKcartii:

w (k) Tma
Rn = _[R(l—t)d'r;

1,

0) epeBipuMoO yMOBY:
S
Ru —AR.| <3, 2D
TYT & — MaJle IoJaTHE 4MCIIO, L0 XapaKTepu3ye
TOYHICTH OOUMCIICHHS BY3JIOBUX TOYOK.
Sxmio ymoBa (21) He BUKOHYETBCS, TO KOPETYEMO
3HAUEeHHA 1, :
* * (k)

ARy,—Rn

s’ >

t =t 1+

m+1

(22)

m+1

AR,

MIPUCBOIOEMO k=k+1 1 IepexoanMo 10 MyHKTY a).
SAxmo x ymoBa (21) BUKOHYETBCSI, TO MIPOTHO3Y-
€MO HACTYITHE 3HAUCHHS:

tm+2 = tm+1 + (tm+l - tm )’
MPUCBOIOEMO m=m+1, poOMMO NEepeBipKY

m=n,

SKILO TaK, MEPEXOIUMO 10 HACTYIHOTO ITYHKTY 2,
AKIIO Hi, TO MpHCBOIOeEMO k=k+1 i mepexoamMo 10
MyHKTY a).

YucesbHi pe3yabTraTH Ta iX 00roBopeHHsi. 3a
JIOIIOMOTOI0 TIPOrpaMHOi peajizauii BUILEONMUCAHUX
QITOPUTMIB PO3IISHEMO PO3B’SA3aHHS 3a1adi B’s3-
KOIIPY>KHOI ITOBEIIHKH TOPOKHUCTOTO LIMIIiIHADY, 11O
3HAXOAWUTHCS i BHYTPINIHIM THCKOM (Ha BHYTpIMI-
Hill IWIIHAPUYHIA MOBEPXHi) Ta 3aTUCHEHHWHA 30BHI
(Ha 30BHINIHIN HUIIHAPUYHIA TOBepxHi). Po3mipu
MWITHIPY: BHYTPIIHINA pagiyc a =0,025 M, 30BHIII-
Hilt pamiyc b=0,1 m. Marepian mumiHAgpy — ryma
Mapku 2959 3 MmomyneM 3cyBy G, =1,76 MIla Ta koe-
¢imierrom Ilyaccona v=0,49. fx pizHUIEBE AOPO
Bi3bMeMO siapo HO.M. PabGorHoBa 3 mapamerpamu
a=-0,6, B=1,062, L=0,58. BHyTpimHiii THCK —
q =0,2 MlIla.

Pesyneratit  po3paxyHKiB TpH CiTIi PO3OHUTTS
15%15%3 naBeneni Ha puc. 1.

Sk MOXHa 3a3HAYUTH, PO3B 530K 3a IOMOMO-
rOI0 JIPYroro ajJropuTMy Aae€ OifblI IJIABHY KPUBY,
sKa 3a GOpMOI0 30IraeThCs i3 TOUHUM PO3B’A3KOM,
MNOPIBHSHO 13 PO3B’A3KOM, OTPUMAaHHMM 3a IMep-
IIMM aJITOPUTMOM, SIKMH OlNplle Haraaye jJamMaHy
ninito. [leBHA pi3HUIA MiXK TOYHHUM PO3B’SA3KOM i
HaOMMKEHUMH 3yMOBIJICHA 3aCTOCYBAaHHSM YUCEb-
Horo Mertony. Iloxubka, oTpruMaHa Ipu NPYKHOMY
pPO3B’s3Ky, sKa Tpoxu Oinbme 2,5 %, 3anuma-
€THCSl MPUOJIU3HO TAKOI0 1 IPU B’SI3KONPYKHOMY
PO3B’s3KY, L0 CBiAYUTH PO aIEKBATHICTH PO3PO-
OJIEHWX alTOPUTMIB.

BucnoBku. Takum guHOM, y poOOTI IS anro-
PUTMY PO3B’SI3aHHS 3a7adi B’S3KOIPY>KHOCTI 3ampo-
MMOHOBAaHO CHOCI0 BHOOpPY YacOBOTO KPOKY, TOCIHi-
JOKEHO BIUIMB 1IbOTO BUOOPY HA TOYHICTH OTPUMAHUX
YHCIOBUX PO3B’SI3KiB.

0,0035
0,0034 //
0100335 .......

.........

/ RRTRTI L Bttt
010033 -..‘...'._,_.é-;-_——
u, M o0 === Anroputm 1
0,00325 4
e N e Anroputm 2
0,0032 [+ .
>y ToyHuni1 po3B'A30K
0,00315
)
0,0031 }
0,00305
0 0,5 1 1,5 2 2,5

t, ¢

Puc. 1. IlepeMinieHHs1 BHYTPillIHBOI TOUYKHM HUIIHAPUYHOI MOBEPXHI
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Po3BuTOK HAOMIKEHMX METONIB PO3B’sA3aHHSA AU(EepeHIIaTbHUX PIBHIHD
€ BXIMBUM AN 0araTbox raimyseil Hayku Ta TexXHIKH. UucenbHI MeToau
JO3BOJISIFOTh  3MIMCHIOBATH PO3PAaXyHKH CKIAIHUX (iI3UYHHX MPOIECIB.
Ili meromu HeOOXimHI AIS KOMII'IOTEPHOTO MOAENIOBAHHS Ta CHUMYISLI{
MOBEIHKU CKJIAJHUX TEXHIYHUX cucTeM. KiacuuHi MeToau po3B’s3aHHS
JudepeHIialbHUX PIBHAHb (METOX KojokKalii, meron Il'ambopkiHa, MeTox
Pitua) norpedyroTh BUOOpy 6aszucHux (pyHKIIH A moOynoBH HaOIHKEHOTO
po3B’s13Ky. XuOHHUI BUOip MOXKE IPU3BECTH JJO HEKOPEKTHUX pe3ynbTaTiB. Kpim
TOrO0, 3017BIIEHHS KiJIBKOCTI 0a3UCHUX (PyHKLI IJIS MOMIMIIEHHS TOYHOCTI
MOK€ MPU3BECTH 10 3POCTAHHS OOUHMCIIOBAIBHOI CKJIQAHOCTI, OCOONHUBO IS
BEJINKUX CHCTEM IudepeHIianbHUX piBHAHb. BuKOpHCTaHHS HEHPOHHUX
Mepex i3 (Pi3nIHOI0 iH(pOpMALi€Io I pO3B’I3aHHsI KpalOBUX 33/1a4 MA€ KibKa
nepeBar MOPIBHSAHO 13 KIAaCHYHUMHU MeTofamu. [lo-nepiue, HeHpOHHI Mepexi
JIO3BOJISIIOTD 3/[ICHIOBATH aPOKCUMALII0 CKIIaJHUX (Di3UYHUX MpoleciB 6e3
notpebu y BuOOpi neBHUx OasucHux QyHkuii. [lo-gpyre, HellpoHHI Mepexi
3[aTHI aBTOMAaTUYHO BHSBISITU HEJNiHiIHI 3aJIEKHOCTI y AAaHUX, IO POOUTH
iX edeKTUBHUMHU Ui MOJENIOBaHHS CKiIanHuX (ismunux sBuul. Kpim Toro,
HEWpOHHI Mepexki MOXyThb aJanTyBaTHUCS A0 HOBUX JaHUX 1 3MiHIOBATH
YMOBH 3ajadi 0e3 HEeoOXiJHOCTI Heperisify aHATITUYHUX alpOKCHMAlil,
0 POOUTH IX OLNBII THYYKHMH Ta MPUAATHUMH AJISL 3aCTOCYBAHHS y Pi3HUX
ramy3sx (isuku i imkeHepii. HelipomepexeBi MeToau TakoX e(eKTHBHO
BUKOPUCTOBYIOTBCSI JUIl PO3B’SI3aHHS OOEpHEHMX 3aja4. BOHU 03BOJNISIOTH
BU3HAYATH MapaMeTpHU CHCTeMU a0 BJIACTHBOCTI CEpEOBHINA HA OCHOBI
BUMIpIOBaHb a00 crocTepekeHb. HeBiomi KOHCTaHTH 0OepHEHOT 3a1adi, 110
HiUISraroTh BU3HAYECHHIO, BBOASITHCS Y YHCIIO ITapaMeTpiB HEHPOHHOI Mepexi
J ONTUMI3YIOTBbCS MiJ Yac HaBUaHHA. Y poOOTI po3polIIeHO apXiTEKTypH
HEHPOHHUX Mepex 13 (i3ndyHOI0 iH(pOpMAIi€r0 UL PO3B’SI3aHHS NPSIMUX
Ta oOepHeHMX 3ajad piBHAHHS broprepca. IIpomemoHcTpoBaHO 301KHICTH
Ha JEKUIPKOX YHCIOBHX IpPUKIAgax i3 pi3HUMU KpalOBUMH YMOBAMH Ta
napameTpaMu 3ajad.
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The development of the approximaion methods for solving differential
equations is important for many fields of science and technology. Numerical
methods allow evaluation of the complex physical processes. These methods
are necessary for computer modeling and simulation of technical systems.
Classical methods of solving differential equations (collocation method,
Galerkin method, Ritz method) require selection of the basis functions to
construct an approximate solution. The wrong choice can lead to incorrect
results. In addition, increasing the number of the basis functions to improve
accuracy can lead to an increase in computational complexity, especially for
large systems of differential equations. The use of physics informed neural
networks for solving boundary value problems has several advantages
compared to classical methods. First, neural networks allow approximation
of complex physical processes without the need to select certain basis
functions. Second, neural networks are able to automatically detect nonlinear
dependencies in data, which makes them effective for modeling complex
physical phenomena. In addition, neural networks can adapt to new data and
change the conditions of the problem without the need to revise analytical
approximations, which makes them more flexible and suitable for application
in various fields of physics and engineering. Neural network methods are also
effectively used to solve inverse problems. They allow the determination of
system parameters or environmental properties based on measurements or
observations. The unknown constants of the inverse problem to be determined
are entered into the number of neural network parameters and optimized during
training. In the paper, neural network architectures with physical information
are developed for solving direct and inverse problems of the Burgers equation.
Convergence is demonstrated on several numerical examples with different
boundary conditions on the parameters of the problems.

Beryn. Po3BHTOK HEWpOMEpekKEeBHX METOIIB Y
3aCTOCYBaHHI 10 HAayKOBUX Ta IH)XXGHEPHHX 3anad
HaOyBae Jefaii OibIIoro 3HadeHHs. 30KpeMa, Po3-
BHBAIOTHCS HampsiMu «scientific machine learningy
(SciML) a6o «Physics-informed machine learning»
(PIML) [1; 2], ocoOnuBicTIO SKHX € 3aCTOCYBaHHS
METOIiB MAILIMHHOTO HAaBYaHHS Yy MOJEJIOBAaHHI
BHMOIVIMBHX IO PEcypciB HaykoBHX 3amad. OcHoO-

Computer Science and Applied Mathematics. Ne 1 (2024)

BOIO JIJISl TaKWX METOJIB € TEOPEMH IPO 301KHICTh
anpokcumanii HeWpoHHUMH Mepexxamu [3]. Inmes
UX IIXOIIB TOJATae y 3aMiHi HEBiIOMOI (yHK-
mii Ta 11 MOXiMHUX HEWPOHHOI MEPEKEI0 Ta 3aCTO-
CyBaHHS J0AaTKoBOI iHGopmamii 3 nudepeHii-
aJbHHUX DPIBHSHBb 1 TPAHWYHWX YMOB TP HaBYaHHI
Mepexi. Taki HeHpOHHI Mepexi 13 3aCTOCYBaHHSIM
JIOJIaTKOBOI iH(opMaIlii oTpUMalli Ha3By Mepex i3
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¢dizmunoro iHdopmartieto (Physics Informed Neural
Networks, PINN), BoHU BiZKpHBarOTh HOBI MOXJIH-
BOCTI 3aBISIKH CBOiH YHIBEpCANBHOCTI Ta THYYKOCTI,
SIKi JJO3BOJIAIOTH AJaNTyBaTUCS A0 Pi3HUX (Di3MUHUX
YMOB 1 TPaHUYHHX YMOB 0€3 HEOOXiIHOCTI miI0opy
ANPOKCUMYIOUMX (YHKIIH Ha ITOYAaTKOBOMY eTarli
po3B’s3anHs. OnHiero i3 kimrodoBux mepeBar PINN
€ X 3maTHICTh iHTerpyBaT (hi3u4Hi 3aKOHU a00 piB-
HSHHSL Y PO3B’SI30K, IO POOUTH iX OLIBII TOYHHMHU
Ta ¢izugHO 0O0rpyHTOBaHMMH. KpiMm TOTO, HElipome-
PEeKEBI METOAU 1O3BOJISAIOTH e(l)eKTI/IBHO BUKOPHCTO-
BYBaTH eKcnepHMeHTanLHl JaHi Ui TOKpaleHHs
TOYHOCTI Mofelieil 1 3MEHIIeHHs O00YMCIIIOBaIbHUX
BUTpPAT MOPIBHAHO 13 TPaAMLiHHUMU YHCEIbHUMH
MeTofaMu. PO3BHTOK NIHX IMiIXOMiB BiAKPHBAa€E HOBI
MIEPCTIEKTUBU Y JOCHIDKeHHI PI3HUX Taly3eu, e
BaYKJIMBO PO3B’s3yBaTU CKIIAJHI KPaloBi 3a/1adi, Taki
sK (hi3vKa, IHKeHepis, MEIUIIMHA Ta 1HIII, 0 BUMa-
raroTh KOMIUIEKCHOTO aHali3y Ta MOJIEJIOBAHHS CHC-
TEM 13 HEeNiHIHHICTIO.

O0’exTOM MOCIHIDKEHHSI € HEHpOHHI Mepexi 3
(hiznuHOKO iH(OpPMAIli€r0, SKI 3aCTOCOBYHOTHCS ISt
pO3B’sA3aHHS KpaloBHUX 3a/a4.

Mertoro pobotu € 3actocyBanHs PINN migxomy
710 POB’A3aHHS NPSIMUX Ta 0OEPHEHUX 33134 AJIs PiB-
HAHHA Broprepca Ta TPOBE/ICHHS 00UHCITIOBAIEHUX
eKCHepI/IMeHTlB IUISL PI3HUX TPAaHUYHUX YMOB 1 mmapa-
METpiB PiBHSHHSL.

OcHoBHa rinoTe3a A0CTIHKEHHS TIOJISATAE Y TOMY,
10 HEeHpoMepekeBi METOM PO3B’SI3aHHA MPSIMUX Ta
0o0epHEHUX 3a/1ad € OTHAKOBO €(hEKTUBHUMH TSI Pi3-
HUX KpalOBHX YMOB i apaMeTpiB nuepeHmiaaIbHIx
PiBHSIHB.

Ornsapn aireparypu. Crarta [4] npucBsdyeHa pos-
poO1Li 3aranbHOr0 METONY PO3B’SI3aHHS 3BHYAHHHX
TQepeHIlialbHUX PiBHSAHD 1 PIBHSAHb Yy YaCTHMHHHUX
MOXiHUX, SKUH O0a3yeTbcsi Ha BUKOPHCTaHHI HeEH-
POHHHX MEpEeX ISl apOKCHMallii HeBiToMoi (yHKIIi.
MeTon BHKOPHCTOBYE MEPEXY MPSIMOTO MOLIMPEHHS
CUTHATy, MapaMeTpy SKOi HaJallTOBYIOTHCS LIS-
XOM MiHimi3arii BiamoBigHOi (yHkmii Brpar. Cama
(yHKLIS BTpaT CKIaJa€eThes i3 ABOX YaCTHH: MEPILUMA
KOMIIOHEHT BifoOpaXkae MOYaTkoBi a00 TpaHUYHI
YMOBH 33jiadi, a APYTHd — BiJIIOBiJa€ BUMOTaM, 11100
HEMpOHHA Mepexa 3alJoBONbHsUIA IudepeHIianbHe
piBasHHA. Lleli mMeTon BiAPI3HAETHCS THUM, IO HOTO
PO3B’SI30K NPENCTABICHUH Yy 3aMKHYTIH audepeH-
uifoBaHiil Gopmi, Ky MOXKHAa BUKOPHUCTOBYBAaTH IS
MOJAJBIINX OOYHCIICHb, BiJIMIHHO BiJl TPaaUIiHHIX
METOIiB, IO TPOTIOHYIOTh TUCKPETHI O3B’ I3KH (TaKi
sk Meton Pynre-KyTra, mocnimoBHI HaOMMKEHHS
Tomlo). JleMOHCTpy€eThCst 301KHICTh 3aIIPOIIOHOBAHOTO
METOAY 3 TOUHUMH PO3B’I3KaMH MOJICJILHHX 33/au.

VY [5] po3pobnsieTbes MiaXin A0 HaBYAHHS HEW-
POHHHX Mepex Ha OCHOBi JTaHHMX, KOTpPi ONHUCYIOTbH
JesIKUid - pi3uaHUHI mpouec. ABTopHu TPOTIOHYIOTh
BHUKOPHCTOBYBAaTH anpiopHi 3HAHHS MPO BiAMOBigHI
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¢i314HI 3aKOHU Ta TIMOTETHYHI 3aJIE)KHOCTI K pery-
nsipu3atopu QYHKLIT BTpaT HeHpomepexi. 3aliexxHo
BiJl XapaKTEPUCTUK HAassBHUX JAaHUX PO3POOJICHO ABa
TUIM MOZENEH: 13 HENepepBHOI0 Ta IUCKPETHOIO
YacoBOIO HIKano0. [lepminii THIT MOXKe BHUKOPHUCTO-
BYBaTHCSl JJIsl ampOKCHMAIl MPOCTOPOBO-4aCOBUX
¢yHnkuii. Moneni apyroro Tumy nepeadadaroTh iTe-
pauiiHMii mpouec i3 KpPOKOM 3a dacoM. Y poOoTi
PO3IISIHYTO apaMeTpPUYHi Ta HeJiHiHHI JudepeHLi-
aNbHi PIBHSHHS y YACTUHHUX MOXiJHHX.

VY [6] neliponni mepexi 3 ¢izndHOIO iHPOpMa-
LI€I0 3aCTOCOBYIOTHCS Y 3a[a4ax ONTUMI3allii, a came
y 3aJa4ax MigiioMy MasTHUKa BrOpY IS JOCATHEHHS
LIBOBOTO CTaHy, BU3HAYEHHS HAHKOPOTIIOTO IUIAXY,
10 3’€IHYE JIB1 3a/IaHI TOYKH, 1 3HAXO/PKCHHS TPAEK-
TOpil pO3roityBaHHs 3 MiHIMAIBHOIO TSTOIO JUISI KOC-
MIYHOTO anapary.

Crarti [4-6] npUCBAYEHO PO3B’SA3aHHIO MPSIMUX
3a7a4, TOOTO HEOOXiTHO 3HAUTH PO3B’A30K Au(epeH-
iaJIbHOTO PIBHSHHS 13 3aJaHUMK KoedillieHTamHu,
BU3HAYEHUMHU TPAHWYHUMH Ta TMOYATKOBUMH YMO-
Bamu. He MeHII akTyanbHHMHU € oOepHEHi 3ajadi, y
SKHX 32 HaSsBHUM PO3B’SI3KOM HEOOX1THO BCTAHOBUTH
napameTpu 3agadi [7].

V [8] po3misinaeTbesl KEpOBaHUM JaHUMHU PO3B’ -
30K MpSIMAX Ta OOCPHEHUX 3ajJadi JUId PiBHSHHS
XipoTu 3i 3MiHHUMH KoediuieHTamu. BukopucTtoBy-
eTbest BapianT Mepexk PINN i3 nokanpHUME QyHKII-
AMU akTuBauii. Pesynsraru, oTpumani y wiii poOoTi,
MiATBEPIKYIOTh, IO HpsAMi i oOepHeHi mpobnemu,
BKJIIOYAIOYH BHSIBJICHHS KEPOBaHOI AaHUMH (pyHKii
PIBHSIHHS 31 3MiHHUMH KoeQillieHTaMH, MOKYThb OyTH
PO3B’si3aHi Ha OCHOBI IMOOKOTO HABYAHHSI.

CrarTio [9] npucBsiYeHO pO3B’SA3aHHIO MPSIMUX Ta
00epHEeHHX POOJIEM XaOTHYHHUX CHCTEM, TTOB’ SI3aHUX
i3 cucremamu Jlopenna ta Peccrnepa, 3a 10momMororo
JIBOX aJITOPUTMIiB MAaIlIMHHOTO HaBYaHHSI, a came Hel-
poHHHX onieparopiB Dyp’e.

VY pob6orax [10—11] PINN mepexi BUKOPUCTOBY-
I0ThCS 17151 O3B’ si3aHHsA 3a4a4i qudy3ii [ 10], mapame-
TPUYHHX TUQepeHiianbHuX piBHAHB [11].

s TecTyBaHHS pi3HUX YHCENBHUX METO/IB 4aCTO
BUKOPHUCTOBYETBCSL PIBHSHHS bBloprepca, OCKiJbKH,
HE3BaXKAIOUM Ha Te, L0 L€ € HeJiHiiiHe PiBHSHHS,
Bimomi TouHi po3B’si3ku. Y [12] po3B’s3yeTbest piB-
HsHHA broprepca metonom crutaiiHiB. [IpoBonsiThes
OOUHUCITIOBAJIbHI €KCTIEPUMEHTH 3 PI3HUMH TpaHHY-
HUMH ymoBamu. OJTHOBUMIpHI oOepHEHi 3ajadi JUist
piBHsiHHSL Broprepca posmisnatorecs y [13]. Busna-
YalOThCS Alana3oHu MapaMeTpiB Uil pO3B’s3KiB i3
pizaumMu BiaactuBocTsMu. Crartio [14] mpucBsueHO
o0epHeHMM 3a1adam Jisl piBHSHHS Broprepca.

VY [15; 16] PINN Mepexi BUKOPUCTOBYIOTHCS JJIS
pO3B’si3aHHs 00EpHEHHX 3aa4 piBHsHHSA Broprepca.

Ortixe, 3 aHATI3Y JiTEpaTypy MOKHA 3pOOUTH BUCHO-
BOK IIPO MEPCTIEKTUBHICTD 3aCTOCYBaHHS Heipomepe-
JKEBUX OOYMCITIOBAJIBHUX METOMIB JUIS PO3B’SI3aHHS
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psMUX Ta o0epHeHnX 3a1a4. ConiJT BiI3HAYNTH BEITNKY
KUTBKICTh TyOINIKallii, Mo po3NIsAaloTh caMe PO3B’s-
3aHHS MPSAMUX 3a/1ad, 1 BIIHOCHO MEHIITY KiUIBKICTP i3
3aCTOCYBaHHS HEHpOMEPEX 10 00EpHEHHUX 3a/1ad.

Metonu. Heiipomepeka Moxke OyTH ommcaHa siK
CKJIaJIeHa HeNiHiiHa (YHKISA, sSKa CKJIAJAEThCs 3
pi3HEX mapiB abo piBHIB oOumcieHb. KoxkeH piBeHb
Mepexi (a0o map) MicTUTh HaOip BaroBUX KoegirieH-
TiB 1 3CyBIB, 1[0 BUKOPUCTOBYIOTHCS T O0OUNCIICHHS
3Ba)KEHOI CYMH BXiIHUX naHux [17].

VY xokHOMY IIapi HelipoMepexi BXiJHi JaHi 3Mi-
HIOIOTBCS 32 JOMOMOTOI0 HENiHIHHOI (YHKIIi aKTH-
Barii, Harpukuiay, curmoinn, ReLU (Rectified Linear
Unit), Tanrenca rinep6omiyHoro i T.a. Lli Hemi-
HIHHOCTI JIO3BOJSAIOTH HEHPOMEpPEeXi MOMAETIOBATH
CKJIAHI 3aJIEKHOCTI MK BXIJHUMH Ta BUXITHAMU
JaHHUMH.

OTxe, KoM JaHi MPOXOIAThH Yepe3 BCi mapu Hel-
pOMepexi, 11e TPU3BOIUTH JI0 BUXOMY, SIKUH € Pe3yib-
TaTOM CKJIAJIeHOI HEeNiHIHHOI (YHKIIi, 10 BPaxoBye
B32€MO3B’SI3KH MK BXITHUMH XapaKTePUCTHKAMH.
Barogi xoedimieHTH Ta 3CyBH y KOXKXHOMY IIapi He#-
pPOMepeKi ONMTUMIZYIOTHCS TIiJI Yac TPEHyBaHHS, 1100
MaKCHMAaJIEHO TOYHO alpOKCHUMYBaTH O0a)kaHi BUXi/THI
3HAYEHHS Ha OCHOBI HaJIJaHUX BX1THUX JMaHHX [17].

Po3rissHeMO OIHOIIAPOBY HEMPOHHY MEPEXKy 3
BEKTOPOM BXOJy X , BUXOJOM Yy Ta MaTpHUIIEI0 Bar
W, a Tako)X BEKTOpOM 3CyBy b . MareMaTH4HO IO
MepeKy MOJKHA OMTUCATH TAKUM YHHOM:

y=[f(Wx+b),

ae

f () — aKTHUBaIiiHa (QYHKIIiS, SKa J0/1a€ HEelliHik-
HICTh 710 MOJIEJI.

HaBenene piBHsIHHS BigoOpaskae MpocCTy TpaH-
chopmarito BXiIHUX JaHUX X Y BUXiJ y . AKTUBa-
HifiHa GyHKLIIS BaKIMBa AJSl TOTO, 100 1aTh Hew-
POHHi# Mepexi MOKIMBICTh HABYATUCS CKIIAAHILINX
B32€MO3B’SI3KiB 1 HEMHITHUX M1a0NoHIB y Aanux [17].

BararomapoBa HelipoMepeka NPSMOro IMOIIU-
PEHHSI Ma€ KiJIbKa IPUXOBAHUX LIApiB HEMPOHIB MiXkK
BXIIHMMHU Ta BUXiTHUMH Liapamu. L{s apxiTexTypa
JIO3BOJISIE MOJEIIOBATH CKJIAIHIII 3aJ€KHOCTI MIK
BXITHUMHU Ta BUXIJTHHUMH JJAHUMHU, OCKIJIbKH KOXEH
MpUXOBaHUH map oOpobmroe iHPOpMaLio 1 BHKO-
PHUCTOBYETHCS 1711 HOETAITHOTO BUA1IEHHS! KOPUCHUX
03HAK 1 MiATOTOBKH JaHUX JJIs HACTYIHHUX IIapiB.
Takum unHOM, OaraTomiapoBa HelpoMmepexa MOXKe
ABTOMATHUYHO BUSBJISATH CKIIAHIII MIAO0JOHH Ta B3a-
€MO3B’S3KHU Y AaHUX, IO 103BOJISIE MTOKPAIIUTH TOU-
HICTB 1 3aranbHy e()eKTUBHICTH MOZEIi HOPiBHSIHO 3
OJTHOIIIAPOBOI0 MEPEKEI0, KA Mae OOMEKEHI MOXK-
JUBOCTI y BUPA3HOCTI Ta MOJENIOBAHHI CKIATHHUX
(hyHKITIH.

Hexait maemo L mapiB y OarartomapoBiii Hel-
poHHiit Mepexi. KoxxeH map Mae cBOIO MaTpHIIIO Bar

w 1a 3CyB ", a raxox aKkTUBaIiiiHy QyHKIi0 f [,
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BxigHuii BEeKTOp MO3HAUEHUI X, a BUXITHUH BEKTOP
Mepexi — y . Onuc QyHKIIT Mepexi st OHOTO MPH-
K1y MOKe OyTH MOJjaHO TaKuM 9rHOM [17]:

A0 g gl gl

al :f[l](z[l]),
ze
| —iagexc mapy (Bix 1 go L),
2" — nimiiiga xoMGiHamis BXOiB Ta mapaMmerpiB
mapy,

a" — puxigmmii BEKTOP Iapy MicIs 3aCTOCYBaHHS
aKTHBALIHHOT QYHKIIIT.

s GararomapoBoi Mepesxi BUBiJ Oyie ocTaTou-
HUM PE3yNBTATOM OCTAHHBOTO Mmapy: y =al’l. Orxe,
3arajibHa (PyHKIIiA, sIKa OMHCY€ OararourapoBy HEH-
POHHY MEpexXy MPsIMOTO MOITUPEHHS CUTHAITY, MOXKE
OyTH BH3HAYCHA K KOMITO3MIA QyHKIIN, IpeIcTaB-
JIeHa TakuM yruHoM [17]:

y= g (W[L] e (W[L-'] ( SO g Bl 4l ) 4l ))

ae

L — KinbKiCTb MIapiB y HEHPOHHIN Mepexi,

X — BX1THHI BEKTOD,

w" ta b1 — paru ra 3cyBH mapy /,

70 (-) — pynkuis akruBanii mapy /.

s ¢dyHkuis npeacrasisge coOO0 MOCTIJOBHICTD
THIMHUX 1 HEMIHIKHUX omepauiil Ans oOpoOKu BXi-
HOTO BEKTOpa ¥ OTpUMaHHS BUXITHOTO PE3YJbTaTy.
KokeH map Mepesi BHOCUTD BIACHUN BKJIAJ] y 3MiHY
CTPYKTYpH Ta (QOpMYyBaHHS CKJIaIHOI 3aJeKHOCTI
MK BXIIHHMH Ta BUX1IHUMH JAHUMHU.

Barn WU ta B Mepexi € mapaMeTpamu, sKi
ONITUMI3YIOTbCA i Yac HaBYaHHs AJS JOCSTHEHHS
MEBHOTO BUXITHOTO PE3YJbTaTY.

Onrtumizanis y GararomapoBiii Mepexi mpsMoro
MIOUIMPEHHST 3a3BHYail BUKOHYETBHCS 32 JOMOMOTOIO
ANTOPUTMY 3BOPOTHOTO HMOUIMPEHHS TOMUJIKH, KUK
0a3zyeTbCcsl Ha METOA1 IpafieHTHOTO ciycky. [lig gac
HaBYaHHS MeEpEeXi 3BOPOTHE MOLIMPEHHS 004mc-
JIo€ TpagieHTH (YHKUil BTpar BIIHOCHO mapame-
TPIB Mepexi, a MOTIM BHUKOPUCTOBYE Mi TPagi€HTH
JUIE OHOBJICHHSI TapaMeTpiB i3 METO0 MiHiMi3alii
¢yHnkuii Brpar. Bubip npaBuisHOi QyHKLIT BTpar €
KPUTUYHUM, OCKUIbKU 1 (YHKLIS BU3HAUa€, SIKUM
YHHOM MEPEKa OLIIHIOE CBOIO BJIACHY TOUHICTH [17].

Heiiponni mepexi 3 ¢i3uuHO0 iHpOpPMALiEO
MPEJCTABIISIOTh COOOK  MiAXiJl, SKHH IOETHYE
MOTY)KHICTh HEWPOHHHX Mepex i3 audepeHIianb-
HUMH PiBHSHHSMH AJIS1 PO3B’sI3aHHS 3aBIaHb, OB’ -
3aHUX i3 (hi3nyHMME npolecamu. HelipoHHa Mepexka
HABYAETLCS HA OCHOBI MaHMX, € BXIJIHI Ta BUXIJHI
napy Bi0OpakaroTh TOYKH B TOMEHi (x,u), 1e x —
1€ TOYKa Yy MPOCTOpPi, a u — BIAMOBiJHE 3HAUYCHHS
¢iznunoi BennuuHU. [IpHyoMy TOUKH y TeOMETpUY-
Hill 00macTi BHM3HAYCHHs BKJIIOYAIOTH TPaHUYHI Ta
novaTkoBi ymMoBU. DyHKIiS BHUTpaT HelpoMepexi
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MICTUTh METPHUKY BiJTIOBITHOCTI HEUpOMeEpexKi arde-
PEeHIiAIbHUM PIBHSHHAM 1 TpaHUYHEM yMmMoBaM. lle
JI03BOJISIE MOJIEINI HE JIMIIE allpOKCUMYBATH JaHi, a i
ypaxoByBaTH (i3ndHi 0OMEXKEHHS Ta BiJIOMi 3aKOHH.
[Tig gac onTumizarii, PINN mykae po3B’s30k, skuit
BiJlMOBiTae pi3MYHNM 3aKOHAM 1 HABYAIIbHUM JJaHHM,
3a0e3Ievyoun TakuM YMHOM (Pi3UYHY TIPaBIoOIoio-
HICTh Ta e(DeKTUBHICTh y BUpIilIEHH] 3a1a4 Di3uKu i
imkenepii [5].

Hefiponni wmepexi 3 ¢isnuHO0 iH(pOpMAITiero
TaKO)K BUKOPHCTOBYIOTHCS AJIs1 PO3B’si3aHHA 0OepHe-
HUX 3a1a4 [15; 16]. Y mapamerpu HEpOHHOI Mepexi
BBOJIATHCS HEBiIOMI KoedillieHTH audepeHItianb-
Horo piBHSHHA. OTXe, M Yac IMOLIYKY PO3B’S3KY,
SIKUM  3a/I0BUTBHSE KpailoBil 3ajgayi, HaJallTOBY-
IOTHCS HE TIJIBKU Bard MEPexKi, a TAKOK KOe(illieHTH,
KOTpi HEOOXiTHO BH3HAYUTH 32 YMOBAMHU OOEpPHEHOI
3amadi. BXiTHUMU JaHUMU AJ1 PO3B’I3aHHS 00epHe-
HoO{ 3a1a4i HEHpOMepeKEBUMH METOAAMH € PO3B’SI30K
MIpsIMOT 337a4i, OTPUMAaHUHN OyIlb-sSKUM HaOIMKEHUM
a00 TOYHUM METOMIOM.

PesyabTraTn. Po3rmsiHeMo 3actocyBaHHSI HEWUpoO-
Mepex i3 (Gi3nuHOr 1HQOPMAIIIE A PO3B’I3aHHS
npaMux Ta oOepHEHMX 3ajad piBHSHHA bBroprepca

[12; 18]:

ou ou Ou
—tu—=v—,
ot Ox ox’

ne:

u(t,x)— QyHKLis, O ONHUCY€ UIBUAKICTH MOTOKY
(Hampukman, MIBUAKICTH pyXy piamHu abo rasy)
3aJIe)KHO BiJ 4acy t i KOOPIWHATH X .

v — Koe(iIlieHT KiHeMaTH4YHOI B’S3KOCTI Cepelo-
BUIIIA, SIKUI BU3HAYa€ BHYTPIIITHE TEPTA y Pi/FIHI 9H rasi.

PiBastrasa Broprepca € omauM i3 QyHIaMeHTAIb-
HUX HENHIHHUX PIBHSHb y MareMaTW4Hii ¢i3wii,
KOTpe OIUCY€e pyX HeimeanmpHOi piamHHM abo Taszy 3
ypaxyBaHHIM edekriB mudysii Ta xoHBekii [18].
[MomupeHnM € BUKOPUCTAHHS caMe [bOTO PIBHSHHS

i pred

Ul TECTyBaHHS HAOMIDKEHUX OOYMCIIOBAaJIbHUX
METO/IiB, OCKUIBKH € BIJOMUMU TOYHI PO3B’SA3KH IS
PI3HUX MTOYATKOBHX i TpaHUYHUX YMOB [18].

Jani HaBOAATHCS NPUKJIAAN PO3B’A3aHHS MPSIMHUX
Ta o0epHEeHHUX 3aaad piBHAHHS broprepca meromzom
PINN mepex nmns m’siTd KpailoBux ymoB. Bukony-
€THCS IOPIBHIHHSA 3 BiAIOBIIHUMH TOYHUMH PO3B’SI3-
KaMH, BIJIOMUMH 3 JITepaTypu.

[Mpuxmang 1. OOmacTh BH3HAYEHHA X € 0,1] R
v=001. Tpannuni u(0,¢)=u(1,r)=0.
ITouyaTkoBa ymoBa:

YMOBH

u(x,l)=——+

Ha puc.
pO3B’s3KU

SIK METPHKY CXOXOCTI TOYHHX 1 IMPOTHO30BAHUX
sHaueHb (yHKIii u(t,X) BHKOpHUCTaEMO KOedilieHT
netepMinanii R* [19]. 3nauenns R* =1 o3Hauae, o
BCi CIIOCTEPEKEHHS TOUHOTO PO3B’ 3Ky 30IrafoThCs 13
MPOTHO30BAHUMHU 3HAUCHHSIMU. IS IIbOTO TIPUKIIA Y
R’ =0,996.

OOepHEeHY 3amady BH3Ha4YeHHS KoedillieHTa
KiHEeMaTnyHOI B’A3KOCTI Vv SK TapaMmerpa Heupo-
MEPEXI V,,y PO3B’SA3aHO 3 BIAHOCHOIO IOXHOKOIO
V=Veml 1000 - 0,15%.

\Y

IMpuknan 2. OOnacTh BU3HAYCHHS, TIOYATKOBI Ta
TpaHUYHI YMOBH TaKi X, SIK y MpuKIani 1, BigpizHs-
€TBCS TUTBKHU KoedimieHT v = 0.005.

1 300pakeHO TOYHI Ta HaAOIMXKEHI

Puc. 1. Tounwmii (u) Ta HaGmKeHuii (u_pred) po3B’si3ku npukaany 1
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Ha puc. 2 300paxkeHO TO4YHI Ta HaOIMIKEH]

x

PO3B’A3KHU. u(x,1)= > 025)

Koedimient nerepminamii To4HOTO Ta HaOIMXKe- 1+exp X —0e
HOTO PO3B 3Ky CTaHOBUTH R’ =0,994. BimnocHa 4v
HOXI/IGKa. BU3HAYEHHsI Koe(imieHTa KiHEeMaTWIHOI Tounuii PO3B’A30K 36IracTbCss 3 MOMEpETHIMU
B’SA3KOCTI V CTaHOBUTh Q,ll%. . NPHKIAaMH.

Ipuktan 3. Koedinient B’.ﬂ 3KoCTL v =.O ,0015. Ha puc. 4 300paxeno To4yHi Ta HaOIIDKEHI
O6J'.IaCTB BH3HAUYCHHS, [I0YATKOBI Ta IPAHUYHI YMOBH PO3B’ST3KH
Tak1 X, AK y TIpHKTall 1,' Koedimient aerepminariii TOYHOTO Ta HaOIIKe-

Koedimient nerepminamii To4HOTO Ta HaOIMXKe-

\ 5 . HOTO PO3B’SI3Ky CTaHOBUTH R’ =0,997. Bignocha
HOTO pO3B’A3KYy CTaHOBUTH R~ =0,991. BigHocHa L : -

o 277 " ToxuOKka BHW3HAYeHHsS KoedillieHTa KiHeMaTHIHOT
noxubKka BH3HAUCHHA KoeQilieHTa KiHEeMaTW4HO]

, . > 18% B’SI3KOCTI v CTaHOBUTH 0,47%.

B ai,;(ocn v CT;HOB(I;ITI’ 1070 5 . [Mpuxmang 5. O6macts BusHaueHHs x<|0,2],
,a puc. 300paxkeHo TouH Ta HAabmwKeHl | _( o1 Tpaswumi  yMoBH u(O, t)= u (2’ N=0.

PO3B’SA3KHU.

ITouarkoBa ymoBa:
[Ipukmang 4. OO6nacTe BU3HAYEHHS X € 0,1_2], JaTKOBa YMOB
v=0,005. I'pannyni ymoBH u(O,t)=u(1,2’,)=O.

(x,0)=2 sin (7ux ) + 4sin (27x)
ITouaTrkoBa ymoBa: u(x,0)=2vr
M 4+ cos (mx) + 2 cos (2mx)
. — =10 | - ==l
=4 £ =18 | b / \. |--'_u!
] 0% 22 | \ =22 |
F | t=23.8 | S 1 =18 |
Fi =33 | 'l b =33 |
. ! |I | is I || |
; f; | / | ; -
S/ | i r"( I ,
. ¥ ;. L It % _If -+ e
g0 3 M Pl o E o / P | .Y ,
.r"f 3! -I g1 1I‘\'- ’ ,—"r o L~ i Y
- ol | gl \
/ g / ¥ \
1 -I,‘f o -~ --’-f._f--f II II|I|I il ; £ ../ o /.—"- |I 1 IIII
_I,-'f / o : /__,-f II II'-I\‘ _I."f / ff/ _,-f" |II |. : '.\.
= \ bR N (5 \ L
:-.'-l ;_‘-..p- i~ S P oo e | .l.'-i_"ﬁy \"——---—l"'v-”-——'\—"' |
ag [+ )] a4 ] X 1 {+ 1] [+ )] a4 ] »8 1
Puc. 2. Tounwuii (u) Ta HaOnmxkeHuit (u_pred) po3B’A3KHM NPUKJIagy 2
=l =
el 1i | Tl
i | s | 4 l
oA ),/ v | o4 f |
I | i/
/ s |
/ I /
0 gfl a3 v, | |
/ | - ! o
& i | » 1 o ff | -
/ W { : & 1
ol / L : = /’ ,
/ e / 7 i
4 i ¥
i / | | | =& | i [
f s | i f | [
A 3
ff i |I z{"f_. |I !
5] | # | ik i_“' —— S—
ag [+ )] a4 ] »8 1 IZ.-:- [+ )]

a4

Puc. 3. Tounnii (u) Ta HaGamxenuii (u_pred) po3B’sa3ku npukiaagy 3
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3 —]
a4 rd -\'. =7
i oA =24
! \ =11
/ 35
f‘f '
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Puc. 5. Tounwnii (u) Ta HaGamKeHuii (u_pred) po3B’A3KU NPUKIATY 5

Tounuii po3B’s30k [12; 19]:

sin (7x) e ™" +4sin (2mx) e

u(x,t) =2vrm < -
4+cos(mx)e™" +2cos(2mx)e ™

Ha puc. 5 300paxkeHO TO4YHI Ta HaOMMKEHI
PO3B’SI3KH.

Koedinient nerepminaiii TOYHOrO Ta HaOJIMKe-
HOTO pO3B’sI3Ky CTaHOBMTH R’ =0,993. Binnocna
nmoxuOKa BH3HAUCHHS KoeQilieHTa KiHeMaTHYHOI
B’SI3KOCTI V CTaHOBHUTH 4,58% .

PenosuTopiii i3 mporpaMHOIO pearnizali€lo HaBe-
JCHUX OOUYMCIIIOBAILHUX EKCIEPUMEHTIB 3acobamu
oiomiorexku PyTroch 3HaxomuThCsi 3a TMOCHIIAHHSAM
https://github.com/avk256/AutoPINN.

BucHoBkH. Po3risiHyTO 3aCTOCYBaHHS HEUPOHHUX
Mepex 13 (i3uuHOK 1H(pOPMAIlIE I pO3B’A3aHHS
npsaMuX Ta 00epHEHNX KpaiioBHX 3an1a4. [lepeBaramu
LBOTO MAXOIY € Te, M0 HeHPOMEepeKi MOXKYTh aBTO-
MaTHYHO alPOKCHMYBATH IIyKaHi (PYHKIi1, OCKIIBKH
IpU HaBYaHHI BUKOPUCTOBYETHCS iH(oOpMamis mpo
nudepeHLianbHe PiBHAHHS Ta TPAHUYHI YMOBH, SKOT

Computer Science and Applied Mathematics. Ne 1 (2024)

JIOCTaTHRO JUIS pO3B’s3aHHSA 3amadi. OTxke, i3 mpo-
LIECy PO3B’SI3Ky BUKIIFOYAETHCS BUOIp Oa3ucHUX abo

NpoOHUX (QYHKIIIH, IO CIIPHSE aBTOMATH3AIil I[bOTO
i TXOY.

HaBeneni 49mucinoBi NpUKIaAu JIE€MOHCTPYIOTh

3aJ10BUIbHY 301KHICTH HEHPOMEPEKEBOTO METOAY A0
TOYHOTO pO3B’sI3Ky. BUKOpUCTaHO TpH pi3HI modaTt-
KOBI yMOBHW, Jiana3oH KoedilieHTa KiHEeMaTHIHOT
B’s3kocTi v Bix 0,0015 go 0,01. IIpoBeneHo mopiB-
HSHHSA 3 TOYHMMHU Ta HaONMDKEHUMH pe3ylbTaTaMu
poGit [12; 18]. ITIpoaeMOHCTpOBaHO 3aJ0BLILHY
301KHICTh PE3YJBTATIB.

Cepenniii koe(illieHT AeTepMiHaIii TOYHOTO Ta
HaOJNMKEHOTO PO3B’S3KYy MPSAMHUX 3a/lad CTAaHOBUTH
R* =0,994 . Cepenns BitHOCHA MOXMOKA BU3HAYECHHS
koedilieHTa KIHEMaTU4HOT B’SI3KOCTI v TIPU PO3B’si-
3aHHI 00EpHEHUX 33]1a4 CTAaHOBUTH 1,57% .

[MepcneKTHBY TOXANBIIMX JIOCIIIKEHb MOJIsra-
I0Th Y PO3pOO0ILIl METOIIB aBTOMAaTHYHOTO HAJIAIITY-
BaHHA TinepnapamerpiB HelpoMmepex i3 (i3U4HOIO
iHpoOpMaIli€l0 Ta PO3MIMPEHHSM LHOTO MiAXOMy Ha
1HII KJIacH 3ajad.
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BUMOT'H IO O®OPMJIEHHS CTATEM Y )KYPHAJIL
«COMPUTER SCIENCE AND APPLIED MATHEMATICS»

Bumorn 1o opopmiteHHs cTaTei:

Jo npyKy npuiMaroThCs CTarTTi, 110 MAOTh HAYKOBY 1 IPaKTHYHY LiHHICTh. ABTOpP Ma€ NpaBo NPEICTaBUTH
TIIBKH OZIHY HAyKOBY CTaTTIO B OIWH HOMED, SIKa paHille He myOiiKyBanacs. ABTOp Hece BiIOBiZaJbHICTh 3a
OpHTiHAJIBHICTH TEKCTY CTATTi, TOUHICTH HaBeJCHUX (DAKTIiB, LMUTAT, CTATUCTUYHHX JaHHUX, BIACHUX Ha3B, [€O-
rpa¢iuHuX Ha3B Ta iHIIKX BiIOMOCTEH, a TAKOX 3a Te, 1[0 B Marepiajax He MICTATHCS JaHi, U0 He MiJJIAraloTh
BiIKpuTiil myOumikanii. Pemakitis He Hece BIAMOBIAANBLHOCTI 32 BUKJIAAEHY B cTarTi iH(popmarlito. OcraTtoune
pileHHs mpo myOITiKaIiio yXBaTIOETHCS PEJAKIII€I0, IKa TAKOXK 3aJIUILAE 32 COOOI0 PaBO Ha TOAATKOBE PELCH-
3yBaHHS, peJaryBaHHs 1 BIAXWICHHs CTaTeil.

Texniuni BUMoOrn:

— JI0 IPYKYy MPUAMAIOTBCS CTATTi YKPATHCHKOIO, POCIHCHKOIO Ta aHTIIHCHKOI0 MOBAMU;

— eJIeKTPOHHMHU BapiaHT cTarTi y popmari *.doc, *.docx abo *.rtf, miAroToBIeHNI Y TEKCTOBOMY peIaKTopi
Microsoft Word;

— gopmar A4 uepes 1,5 inTepBai;

— wpudt Times New Roman, posmip 14;

— moust: JiBe — 3 cM, mpase — 1,5 cM, BEpXHE, HIDKHE — 2 CM.

CTpykTypa crarTi:

psanok 1 — V/IK (BupiBHIOBaHHS 110 JTIBOMY Kparo);

PSI0K 2 — Ha3Ba TEMAaTHYHOTO PO3/iNy (BUPiBHIOBaHHS IO JIIBOMY Kparo);

psinok 3 — Ha3Ba cTarTi (BUPiBHIOBAHHS MO LEHTPY, HAMIBXUPHUN MWPUET, BETHKI JITEpH);

Ps0K 4 — Npi3BHIIE Ta iHIL[IaJIM aBTOPa CTATTl; HAYKOBUI CTYIiHb, BUCHE 3BaHHS, TI0CAAA 13 3a3HAYCHHSM
kadenpu (BUpIBHIOBaHHS 110 LIEHTPY);

PsAoK 5 — micue poOoTH (HaBUaHHS), axpeca poOOTH (HaBUaHHS), orcid-Kol, eleKTpOHHA aJpeca aBTopa
(BUpIBHIOBAHHS TIO LIEHTDY ).

SAxio aBTOp He Mae orcid-kofy, HOro MOXKHA OTPUMATH 3a nocwianHsaM https://orcid.org/

a63an 1 — po3mmpena anoraiis (1800 3HakiB 6e3 MpoOLTiB) Ta KIIFOYOBI CJIOBA (MIHIMYM 5 CITiB), HalTUCaH1
MOBOIO, fIK 1 yCs CTaTTS;

ad3am 2 — Ha3Ba CTaTTi (HAMIBXUPHUHA WPUPT, yci JiTEpH BEIHKI), MPi3BUILE, iHIL[IaId aBTOpa, HAYKOBHUH
CTYIiHb, BUCHE 3BaHHsI, [TOCA/IA 13 3a3HAUCHHAM Kadenpu, Miclie poOboTH (HaBUaHHS), ajpeca poOOTH (HaB-
YyaHHs ), orcid-Koj, eJIeKTpOHHA ajipeca aBTopa, po3mmpeHna aHorailis (1800 3nakiB 0e3 mpoOiIiB) Ta KIOYOBI
cioBa (MiHIMyM 5 cIiB), HanmucaHi aHIMilcbKOI0 MOBOIO. [lepexiiaa aHTMIMCHKOI0 MOBOIO NIOBUHEH OyTH
JIOCTOBIPHUM (HE MAIIIUHHUM).

Y BUMaKy, SKIIO CTATTs HE YKPATHCHKOK MOBOIO, 000B’SI3KOBO ITOIAIOTHCS Ha3Ba CTATTI (HAIBKUPHUIA PUPT,
yci JIITepH BEJHKI), IPi3BUILE, iHIIiaIM aBTOpa, HAYKOBHI CTYITiHb, BUCHE 3BAHHS, T0CA/IA 13 3a3HaYEHHM KadeapH,
Miciie poOoTH (HaBUaHHS ), ajipeca poOOTH (HaBYaHHS ), Orcid-Koj1, eeKTPOHHA ajpeca aBTopa, pO3IIUPEHA aHOTAIlis
(1800 3naKiB O3 MpoOLTiB) Ta KIFOYOBI CJI0Ba (MiHIMYM 5 CITiB), HAIMCaH1 YKPaiHCHKOIO MOBOIO.

OcHoBHHI TEKCT cTarTi MoBUMHEH BignoBigatu cTpyktypi IMRAD (Introduction, Methods, Results, and
Discussion) + Literature Review:

Beryn — kopotkuii Beryi (1-2 cTopiHKM), SIKWA TTOBUHEH JaTH BiAMOBiAI Ha 3allUTaHHS «YOMY MPOBEICHO
JOCITIIDKEHHA?», «Ki 00’€KT, ME€Ta i OCHOBHI TilIOTE€3W MOCIHIPKEHH:?»; O JIITepaTypu - PO3MAii, IO
MICTUTh aHaJIi3 OCTaHHIX MyOJiKaliid 32 TeMOI JOCTIKeHHS (MepeBaXKkHa OLIBIIICTh MyOITiKallili MOBUHHA
OyTH 3a OCTaHHI 5 pOKiB, caMmonUTyBaHHs He Oibiie 30% Bij KIIBKOCTI JiTepaTypHUX JKEpPE), 3 OISy JiTe-
parypu 4yuTadi MOBHHHI MaTH 3MOTY OL[IHUTH CTaH MpoOJIeMH y CBITi, aHaIIi3 JITepaTypHUX HKEPEN MOBHHEH
MaTu KPUTUYHHUN XapakTep;

Metoau — po3fin, KA MoXe BKJIIOYATH 2-3 piBHO3HAYHMX 3a 00CATOM maparpadu, Mo BHCBITIIOIOTH
OCHOBHI METOJIH, IT1JIXO/T!, AITOPUTMH JIOCITIJPKESHHS;
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Pesynmeraté — po3min, sSKWiA MIiCTUTH aHAalli3 OCHOBHHX pPE3YJBTaTiB AOCHimkeHHs (rpadiku, Tabmuri 3
YUCENFHUMH JTAHNMH, 3aTaJlOM, Pe3yJIbTaTH O0YHCITIOBAIFHIX eKCIIepUMEHTiB); Juckycis — po3ain (o 1 cro-
PIHKNM), IKHi TaKOK MOYKHA Ha3BaTH BrcHOBOK 200 BHCHOBKH, 1110 MiCTHTB OPIBHSHHS OTPUMAHUX PE3yNbTa-
TiB 3 pe3yJbTaTaMH 1HIITUX JTOCIIKEeHb (K BIIACHUX TaK IHIINX aBTOPIB), @ TAKOX JIa€ BiJIMOBIIb HA 3aITUTaHHS
«SIKi TIEPCIIEKTUBH AOCIIKEHHS?», (OPMYIIIOE HAYKOBY HOBHU3HY PE3YIIBTaTiB.

Jlireparypa po3MILIy€ThCS MICIs CTaTTi Y MOPSAKY 3raJyBaHHS; APYKYEThCs depes 1,5 inrepsai, 14 pos-
Mmipom, mpudtom Times New Roman i opopmisieTbes y BiAIOBITHOCTI BUMOT MIXKAEPKABHOTO CTaHIAPTY
JACTY 8302:2015.

[locwanus Ha JiTeparypy B TEKCTIi CITiJ] JaBaTH B KBaJIPaTHUX IY>KKax, HANPHUKIAL, [2, c. 25; 5, ¢c. 33], B
SIKUX TIepIa nudpa BKa3ye MOPsAIKOBUN HOMEP PKepelia B CIIHCKY JITepaTypH, a Ipyra — BiAMOBIAHY CTOPIHKY
B [IbOMY JDKeperi; oiHe JKepesio (6e3 CTOPIHOK) BiTOKPEMITIOETHCA BiJl 1HIIIOTO KPamKoko 3 KOMoIo [3; 4; 6; 8;
12; 15].

Hanpukiami crarTi po3MilyeThCsi TpaHCHITEpOBaHA 1 TMeEpeKlaJieHa aHIIIHCHKOI Bepcis JiTeparypu
(References), ohopmiena srigao 3 Bumoramu APA (American Psychological Association).

IMopsinox nogaHHs MaTepiaJiB:

Juia myOmikamii crarti y (paxoBoMy HayKOBOMY BHJIaHHI HEOOXiTHO HAJICIATH HAa EJEKTPOHHY aJpecy
penakmii editor@physmath.journalsofznu.zp.ua HacTynHi marepianu:

ao0pe BUMMTAHY HAYKOBY CTATTIO, 000B’I3KOBO 0(hOpMIIEHY BiAIIOBITHO 10 BKa3aHUX BUMOT;

iHdopmaniiiny 1oBiaKy npo aBTopa;

BiJICKAHOBaHE MiATBEP/:KEHHSI CIUIATH KOIWITIB (PEKBI3UTH Ui CIJIATH HAAAIOThCS aBTOpPY MicJs
B/J2JI0r0 POXO/’KEHHSI pelleH3yBaAHHS).

3pazox ogpopmnenns nazeu enexmponnux gainig: Isanenxo l.I. crarts, IBanenko LI, omnara.

Ajpeca Ta KOHTAKTHI JaHi:

Penakuis sxypnana «Computer Science and Applied Mathematics»

ByI. JKykoBcekoro 66, kopm. 1, aya. 216, M. 3anopixoks, Ykpaina, 69060
Teaepon: +38 (066) 53 57 687

Enexrponna momra: editor@physmath.journalsofznu.zp.ua
Odiuiiinmii caliT: www.journalsofznu.zp.ua/index.php/comp-science
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