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In this article we solve the problem of following effective mechanical constants
determination: the transverse elasticity modulus and the Poisson’s ratio in the plane
of isotropy for the transtropic composite. We consider the fibrous unidirectional
composite material composed of the isotropic elastic matrix and the fiber. We
assume that mechanical characteristics of components are different for stretching
and compression. So materials of the matrix and the fiber are multi-modular. For
composite’s Froperties modeling we consider its unit cell. It is an endless cylinder.
It is made of a solid cylinder as a fiber, and a hollow cylinder as a matrix. On the
contacting surface between the matrix and the fiber the relative torsion angle is
continuous. Composite’s material is modeled by a solid homogeneous transversally-
isotropic multi-modular material. Its isotropy pf;me is perpendicular to the fiber axis.
We solve the problem of torsion of the cylinder unit cell under the action of constant
torque applied to determine the effective transverse shift module of composite.
The non-zero component of the stress-strain state of composite’s cell is a tangent
stress in the plane of isotropy. We find the relative torsion angle for the matrix and
the fiber. We also solve the similar problem for the homogeneous transversally-
isotropic cylinder cell as a composite. We determine the shift module according
to kinematic terms of the displacement of a relative torsion angle on an outer
matrix surface and the same angle of th eouter surface of a cell of a homogeneous
composite. The transverse shift module of the composite we use to determine other
effective constants: the transverse elasticity Il’lOdulIl)lS and the Poisson’s ratio in the
plane of isotropy of the composite. These constants are functions of mechanical
characteristics of the matrix and the fiber, also depend on the volume fraction of
the fiber in the composite. Obtained formulas could be used for the stress-strain
state calculation of composite constructions.
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Y poOOTi BUKOHAHO 3aJaHHS 3 BH3HAUCHHS TaKMX €()DEKTHBHUX MEXaHIYHHX
CTaIMX, SK MONEPEYHMH MOYyIb MNPYXKHOCTI Ta Koediuient Ilyaccona y
IUIOLIMH]  130TPOIII TPAHCTPOIHOIO KOMIO3HUTY. PO3IISHYTO BOJOKHHUCTUH
OJJHOCHPSAMOBAaHMH KOMITO3HT, IO CKIAJA€ThCA 3 130TPOIHUX IIPYKHHX MATPHIIL
Ta BOJIOKHA. [IpHITyCKA€eThCs, 110 i/l YaC PO3TATYBAHHS Ta CTUCKAHHS MEXaHI4Hi
BIIACTUBOCTI KOMITOHEHTIB BIAPI3HAIOTECS MDK CO0010, TOOTO Marepiaim
MaTpHLl Ta BOJIOKHA € PI3HOMOAYIbHUMH. JlJIsi MOJICIIOBAHHS BIaCTUBOCTEH
KOMITO3MTHOTO Marepialy BMKOPUCTOBYETbCS HOTO €JIeMEHTapHa KOMipKa.
BoHa € HeCKiHYEHHMM LMIIHAPOM. BiH CKajaeThes i3 CyUIbHOTO LAIHPA,
110 MOJEIIIOE BOJIOKHO, BKIJIAJICHOTO B MOPOXHUHHHI LIMIIHAD, 1O MOZCIIOE
Marpuiro. Ha Meski KOHTaKTy MaTpHIIi Ta BOJIOKHA BiTHOCHUH KyT 3aKpydJyBaHHsI
BBOKAEMO HEIEPEPBHMM. Marepian KOMIIO3UTY MOJIENIOCThCA CYHUILHUM
OTHOPITHAM TPAHCBEPCATBEHO-130TPOITHUAM Pi3HOMOIYIEHIM Matepiaiiom. Horo
IUIOIIMHA 130TpoMNii NepHeHAUKYIsIpHa OCi BOJIOKHA.

J1s1 BU3HaYeHHs €DEKTUBHOIO MONEPEIHOTO MOAYJIS 3CYBY KOMIIO3UTY PO3B’si-
3y€ThCS 3aBJIAHHS KPYYEHHs LMIHAPUYHOI €JIEMEHTAPHOI KOMIPKHM Ml €0
MPUKIIAJACHOTO JI0 HEl CTaJoro KPyTHOro MOMEHTY. HeHylnbOBHM CKIIaHUKOM
HampyKeHO-1e(OPMOBAHOTO CTAHy KOMipPKH KOMITO3UTY € TOTHYHE HAIPy KESHHS,
o Ji€ y TUIOLMHI 130Tpormii. BusHadaeTbes BiZ[HOCHI/If/i KyT 3aKpy4dyBaHHS
JUISl MaTpMIl Ta BOJOKHA. AHAJIOTiYHE 3aBJaHHs PO3B ’si3aHe JIJIsL OJJHOPIHOT
TPAaHCBEPCATLHO-I30TPOIHOT LMIIHAPAYHOT KOMIPKH, IO MOJIENIOE KOMIIO3HT.
Monysb 3cyBy BH3HAYA€ThCS 3 KIHEMAaTHYHOI YMOBH Y3TODKEHHS BITHOCHOTO
KyTa 3aKpy4yBaHHs Ha 30BHILUHII IIOBEPXHI MAaTPHLL TA 3HAYCHHSI LIbOTO KyTa Ha
30BHILIHIH [IOBEPXHI PEACTABHULBKOT KOMIPKH OIHOPIJHOIO KOMIIO3UTY. 3HAM-
JCHUI TTOTIEPEYHHUH MOJYIB 3CYBY OYyJIO 3aCTOCOBAHO IJIsI BH3HAYCHHS TaKHUX
e(eKTUBHUX CTaJMX, SIK MONEePEYHUI MOAYIb MPYKHOCTI Ta KoediuieHT [lyac-
COHa Y IUTONTHHI i30Tpomii KoMno3uty. L1i CiBBiAHOICHHS OTPUMAHO y BUIVIAI
(yHKITH MEXaHIYHUX XapaKTEPUCTUK MATPHUIll Ta BOJIOKHA, a TAaKOX 00’ €MHOI
YaCTKU BOJIOKHA B MaTepiani KoMIo3uTy. BuzHaueHi y po0oTi e(eKTHBHI IpysKHi
CTaJli MOXXHA BUKOPHCTOBYBAaTH IS PO3PAXyHKY HAIpyXeHO-Ie(hOpMOBAHOTO
CTaHy eNIeMEHTIB KOHCTPYKIIii, BATOTOBJICHUX 13 KOMIIO3HUTIB.
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Introduction. Mechanical characteristics of
composite materials are necessary to determine
the stress-strain state. Therefore, problem of
homogenization of a composite implies calculation
of its mechanical characteristics as homogeneous
materials. Inmany cases, this problemalso complicated
by differences in meanings of these characteristics
depends on character of material’s deformation.
Particularly elastic constants of composite are
different under tension and compression. In these
cases of homogenization of a composite, we use
models of the multi-modular theory of elasticity.

Different models of the multi-modular
environment are developed in researches [1; 2].
Results of experimental researches of multi-modular
grainy composites are summarized in [3; 4]. Author
of [5] considers isotropic multi-modular composites.
The phenomenon of multi-modularity for reinforced
concrete is developing in [6].

Solution of the problem of homogenization of
transversally-isotropic elastic composites regardless
multi-modularity is in monograph [7]. Defining
of effective elastic components of multi-modular
transtropic composite includes in [8; 9]. Meanwhile,
in [8] considered the formula for effective elastic
constant as transverse module of elasticity Type I and
Poisson’s ratio in the plane of isotropy of composite.
In [9] we determined longitudinal module of elasticity
under tension and compression of multi-modular
composite.

We analyzed publications and come to the
conclusion that problem of determine of complete
system of elastic constants for its mechanical
characteristics are unsolved yet. The main purpose
of following research is to determine effective
characteristics as the transverse modulus of elasticity
and the Poisson’s ratio in the plane of isotropy
of multi-modular transtropic composite. We use
methods proposed in [7]. In this case we have to
solve problem of transverse shift for system “matrix —
fiber” and for similar homogeneous composite’s cell.
However, at the same time appears difficulties depend
on multi-modularity of materials. In this article, we
solve problems considering problem of torsion of
elementary cylinder composite’s cell. So we can
find the effective transverse shift module of the
composite. According to it, we determine required
constants.

Problem statement. We consider the problem
of homogenization of transtropic fibrous composite
with multi-modular properties. It includes following
isotropic elastic multi-modular components: matrix
and fiber. In [8] we found the ratio == for tension
and compression. E, is the elasticity module and
v,; is the Poisson’s ratio for the isotropy plane of
composite. To obtain formulas for its constants we
define an effective shift module as following formula:

Bulletin of Zaporizhzhia National University. Physical and Mathematical Sciences. Ne 2 (2020)

E,

G,=——2 .
21+ vy)

(1

Elementary composite’s cells are made of a
solid cylinder (0 <r <a), as a fiber, and a hollow
cylinder (a<r<b), as a matrix. We model the
composite as a cylinder (a<r<b) made of a
homogeneous transtropic material. The isotropy
plane is perpendicular to the cylinder cell’s axial.
We solve two tasks to determine the effective shift
module G,,. Firstly, we solve the problem of torsion
of'a compound cylinder making the system “matrix —
fiber”. Secondly, we solve the problem of torsion of a
homogeneous cylinder modeling a composite.

Determination of the effective shift module in
the isotropy plane of the transtropic composite.
We suppose that the twisting moment M is attached to
the outer surface of elementary composite’s cell. We
consider the cross section of the cell perpendicular to
its axial. The torque cased field of the tangent stress
at each point. In this case, the tangent stress is divided
linearly over the cylinder thickness. Symbol *is used
for a matrix and symbol “ is for a fiber. We use the
cylindrical coordinate system (r, 8, z ), where z-axis
the same to the cylinder axial. The tangent stress at
each points of a fiber can be written as:

T =1,-—, 2

In our notation r represents radial coordinates
(the distance between point to the cylinder axis), a
is the fiber radius, t, is the tangent stress for r = a.
? depends on the

The relative torsion angle ‘;—z
tangent stress as the following formula:

do T
—=—. 3
dz G-r ®)
E . .
In(3) G= (1) is the shift module.

For the relative torsion angle at the point of matrix
and fiber equality holds:

dy T do" T
2= 21 4)
dz G -r dz G -r

On the surface of the contact between the matrix
and the fiber r =a the relative torsion angle is a
continuous function, so we have

L —
dz|_, dz
From the eq. (4) and (5) using the equality r = a
in tangent tensions for matrix and fiber, the following
formula could be obtained:
G*

T (a)=ETD (a)=5'ca. (6)

)

r=a
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In the matrix, the tangent stress is also disturbed
by the linear principle: t° = k-r . We determine the
constant k from the following condition:

’C*(a)=ka=%~‘ta @)

The formula for the coefficient £ can be written as:
Gt

k= a . 8

= (8)

We obtain the tangent stress at points of matrix as
follows:

G*

Go

The twisting moment M , put in the outer surface

of cylinder cell r = b, add the tangent stress t,. So
we obtain the following formula:

*
T =

Lo (9)
a

" r
=1, —.
b
b

(10)

We denominate the tangent stress t, using the
tension 7, :

. a G G b

(@)= S s mn s (D)

The formula (10) for the tangent stress in the
matrix can be written as:

G
*
;

T, (12)

We define a formula for the twisting moment M
using the equality r = b as the following formula:

a b a 3
M = 27:.[ Tridr + an Tridr = ZTEJ' T, T
0 a 0
(13)
b * *
G T, 4 G4 4
+2n£ra‘G— ;d % {a +G°(b —a).
Consider the torsion of the homogeneous

transtropic cylinder adding the twisting moment M
and the equality r = b to it. Hence the relative torsion
angle could be obtained as:

dp M

dz Gy J

r

2M
n-G23-b4'

If r=»5b then the relative torsion angle of the
twisting matrix is equal to the relative torsion angle of
twisting on outer surface of the homogeneous cylinder.

Using the formula (13), we obtain the previous
angle:

do . 2M 2, ey
EM—W%b4a@if (1fﬂ«m

In (15) f =-5 is the volume ratio of the fiber in the
composite. The relative torsion angle of the twisting
matrix for » = b could be written as follows:

(14)
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doy _ v _ ¢®

- Ta 16
dz|_, Gb a-G (16)

We equate (15) and (16). So we find the effective
transverse shift module as

Gy =G +G (1- /7). (17)
So we define the ratio:
E,
e S o G 18
214 vy) f1rG (=17, (18)

E, and v,, are effective values of the transverse
elasticity modulus and the Poisson’s ratio in the plane
of isotropy of the composite.

Defining the effective shift module and the
poisson’s ratio in the plane of isotropy of the
composite. All components of tensions among the
tangent stress in the plane of isotropy are equal to
the zero while torsion. Therefore, G,; is value under
tension and compression have to be equal:

E, E K
2(1+vyy) 2(1+vy) 2(1+vy)

(19)

In our notation the symbol “+” is used for tension
and the symbol “~" is used for compression. In (8)
we determined ratio between the transverse shift
module and the Poisson’s ratio under tension and
compression. In the case of tension, we have the
following equation:

vy () (o) (1) B (ev)(10D)(A- )

Er d,—d, E (d,-d,)

dof(f=1)(viEz (1+90)+ E; (v (1-v2) - 2v7)) 20)
E.(d,~d\)(d" f+d°(1-f))

+

Denote
CAVLEL (B (14 vl) + EL (1))

0 E;“ >
P (Ej(f(l—vi—2viv:)+(l+v:))+E:(l—f)(l—vi—2vjv‘:))
=4 = E
d*_d‘_(E:(f—l)(l—vi—2vivi)—Ej(f(1—vi—2vivi)+(1+vi))\)
1 - E:

The right part of (18) under tension we denote as
A/, and the right part of (20) we denote as 4, :

+ E: . F2 E: _ f£2
A S 2(1+v) +2(1+v*;)(1 7)-@n

Thus we have the following system of equations:
Ey

(22)
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Finally, we get from this system:

44"
Ef=—" 23
P+ AA; (23)
L1244 (24)

Vo3 = 1 s
+2A7 A,
To obtain values of other effective constants
under compression we have to change in formulas
(20) — (23) the index symbol to the opposite sign.
Thus, we determined formulas for -effective
constants of the transtropic fibrous composite such
as the transverse elasticity modulus and the Poisson’s
ratio in the plane of isotropy of the composite.
Conclusions. Thus, we obtained formulas that gave
us a possibility to define effective characteristics of
the multi-modular composites such as the transverse
elasticity modulus and the Poisson’s ratio in the plane
of isotropy of the composite. So we devised formulas
that complemented the system of analytic formulas
for the effective characteristics of the multi-modular
composites in [8; 9]. To obtain a complete system for all
elastic effective constants properly-related parameters
as multi-modular transtropic composites, we have to
define analytic formulas for the transverse shift G, .
We hope to solve this problem in future articles.

Note, obtained formulas for the effective values
E, and v,; without multi-modularity of the matrix
and the fiber are the same to formulas for transtropic
composites in [7].

We can conclude that to define the stress-strain
state of constructions element made of composites
we have to know effective constants of their
characteristics. While homogenization of composites
we have to consider differences in their mechanical
characteristics under tension and compression
available for some materials.

For solving the problem of determination of
effective constants of fibrous composite, we can take
into terms conditions of displacements of homogeneous
composite and its components. We may define the
transverse elasticity modulus and the Poisson’s ratio in
the plane of isotropy of the composite according to the
conditions of the equality of the relative torsion angle
on the outer surface of a matrix and the elementary
homogeneous composite cell.

The opportunity for future researches in the field
of homogenization of the transtropic multi-modular
composites relates with formulas for G, and
development of improved mathematical models for
defining effective mechanical characteristics of the
materials.
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PO YTOUHEHHS YMOB CTIMKOCTI KOJIUBAHb
NPSIMOKYTHOI IIJIACTUHU, SIKA MMOALJISIE IBOIIAPOBY
IIEAJIBHY PIJUHY 3 BIVIBHOIO IOBEPXHEIO

JIumap O. O.

Kanouoam ¢hizuko-mamemamuyHux HayK,
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VY niHifHIA DOCTaHOBII OTPUMAHO 1 JOCHIIKEHO YacTOTHE PIBHIHHA
BIACHUX KOJIMBAaHb IJIACTHUHHU, SIKA TOPU3OHTAJIBLHO PO3JALISLE ABOIIAPOBY
ieadbHy piuHY 3 BUIBHOIO TOBEPXHEIO B NMPSIMOKYTHOMY KaHani. KoHTypu
IUTACTUHHU MOXYTbh MaTH JAOBLIbHI 3aKkpiruieHHs. CHUIbHI KOJTUBAHHS MPY>KHOT
IUIACTUHHU 1 JABOWIAPOBOI PIAMHU 3 BIIBHOIO IOBEPXHEI MOJENIOIOTHCS
3 JIOTIOMOTOI0 CHUCTEMH IHTErpo-Anu(epeHiadbHuX PiBHAHB. [ 3aTHCHEHUX
KOHTYpIB IJIACTHHU OTPHUMAHO €UHY ()OPMY YAaCTOTHOTO PIBHSHHS SIK JUIS
CHUMETPUYHUX, TaK 1 HECUMETPUYIHUX CIUIBHUX KOJMBAHb IUNIACTUHHU 1 PIAUHH.
Po3misiHyTO TrpaHHYHI BMIAAKM BUPOPKCHHS IUIACTUHM B MeMOpaHy Ta
ii BincyTHicTh. [Toka3aHo, 110 Mpu IMUOMHI BEPXHBOT PITUHU OLIBIIOT IIUPUHU
KaHAJTy BIJTMBOM BiJIbHOT IOBEPXHI HA YACTOTHUII CIIEKTP MOXKHA HEXTYBATH.
YTOYHEHO YMOBH CTIMKOCTi CIIUTBHUX KOJUBAaHb TNIACTHHU 1 PITUHH 3 BUTBHOIO
MOBEPXHEIO JUI TAKUX TPHOX BUMAKIB, SIK BIICYTHICTb PO3TATYBAIbHUX 3y CUIIb
y MJIACTHHI, BAPOAKECHHS IJIACTUHU B MEMOpaHy i BUMAJ0K PiJIUH 3 OJJHAKOBOIO
IIIJBHICTIO 32 YMOB Jii Ha IUIACTUHY CTUCKaJIbHUX 3ycuib. [lokaszaHo, 1110
B MEPIIOMY BUMAJKy HAONMKEHI 3HAYEHHS YMOB CTIHKOCTI 3aHIDKCHO JUIS
HecuMeTpuuHux yactoT y 1,050 pasis, a mis cumerpuunux —y 1,075 pasis.
VY Bunaaky MemOpaHu HaOMMIKeHI 3HAUCHHS 3aHMKEHO ISl HECUMETPUUHHUX
gactor y 1,251 pa3, a uig cumerpuunux —y 1,222 pasu. ¥V TpeTboMy BUNAIKY
HaOIKeH1 3HAYEHHSI 3aHIKEHO Ul HeCMMeTpuuHUX 4actoT y 1,002 pasw,
a uist cumerpuaHux —y 1,010 pazis. Takum urHOM, JUTSI TUTACTUHH HAOIMKEH]
3HAUEHHSI YMOB CTIMKOCTI 3 JOCTaTHBOIO ISl TPAKTUKHU TOYHICTIO 30iratoThCs
3 TOYHUMH, a Y pa3i MeMOpaHu 11t HaOJMMKEHUX OOUYHCIICHB CJIif] YPAaXOBYBATH
OinbIne ABOX WICHIB psiAy. Ha mincraBi mpoBeeHNX TOCIIIKEHbD 1 pe3yIbTaTiB
HomnepenHiX poOiT MOXHA CTBEPAXKYBaTH, IO HAOMMKEHI M TOUHI yMOBH
CTIMKOCTI CHIJIbHUX KOJHMBaHb TUIACTHHHU 1 ABOIIAPOBOI PiTUHH HE 3aJIeKaTh
BiJl HAasBHOCTI BUIBHOI MOBEpXHi, il BiJICYyTHOCTI 1 HaBiTh BiJl HASBHOCTI
IPYXHOI IUTACTUHU HA BUIBHIM MOBEPXHI BEPXHBOI PiUHU.
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ON REFINING THE CONDITIONS OF VIBRATION STABILITY A RECTANGULAR
PLATE DIVIDING A TWO-LAYER IDEAL LIQUID WITH A FREE SURFACE
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In a linear formulation, the frequency equation of natural vibrations of a
plate horizontally separating a two-layer ideal fluid with a free surface in a
rectangular channel is derived and investigated. The contours of the plate can
have arbitrary fixings. Joint vibrations of an elastic plate and a two-layer fluid
with a free surface are reduced to a system of integro-differential equations.
For the clamped contours of the plate, a unified form of the frequency equation
is obtained for both symmetric and asymmetric joint vibrations of the plate and
fluid. It is shown that if the depth of filling the upper liquid is greater than the
channel width, then the effect of the free surface on the frequency spectrum can
be neglected. The limiting cases of degeneration of a plate into a membrane and
its absence are considered. The conditions for the stability of joint vibrations of
a plate and a fluid with a free surface are specified for three cases: the absence
of tensile forces in the plate, degeneration of the plate into a membrane, and
the case of fluids with the same densities under compressive forces acting
on the plate. It is shown that, in the first case, the approximate values of the
stability conditions are underestimated for asymmetric frequencies by a factor
of 1.050, and for symmetric frequencies — by a factor of 1.075. In the case
of a membrane, the approximate values are underestimated for unbalanced
frequencies by 1.002 times, and for symmetrical frequencies by 1.010 times.
In the third case, the approximate values are underestimated for unbalanced
frequencies by 1.002 times, and for symmetric ones — by 1.010 times. Thus,
for a plate, the approximate values of the stability conditions coincide with the
exact ones with sufficient accuracy for practice, and in the case of a membrane,
for approximate calculations it is necessary to take into account more than
two terms of the series. Based on the studies carried out and the results of
previous works, it can be argued that the approximate and exact conditions for
the stability of joint vibrations of a plate and a two-layer liquid do not depend
on the presence of a free surface, its absence, and even in the presence of an
elastic plate on the free surface of the liquid.
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Beryn. Jlns Gesmekn TpaHCHOpTyBaHHS i 30epi-
TaHHS PIAKUX BaHTAXIB BEJNWKI pe3epByapH IMOILIS-
I0Th Ha BIJICIKM. 3Ba)KalOuu Ha 11¢, BUHUKAE TUTAHHS
PO BIUIUB IIPY>KHUX 1 MACOBUX XapaKTEPUCTHUK ILIacC-
THH, 5K TOAUIAIOTH PITUHU, Ha YACTOTHUU CIEKTP
1 CTIMKICTh KoNMMBaHb MexaHiuHOi cucremu. Haii-
OLIIBbII aKTYaJIbHOIO € L5 TpodIeMa iz yac poOoTH i
OXOJIOZIKCHHS SIIEPHUX PEAKTOPIB.

Ha oCHOBI €QMHOrO JarpaHXeBoro IMiIXomy
3aB/IaHHs LI0/I0 KOJMBAHHS 1 CTIMKOCTI MPY>KHOI Mpsi-
MOKYTHOI TUIACTHHKH, IO PO3ALUISIE iMeabHl piIHN
PI3HOT LITBHOCTI B MPSIMOKYTHOMY KaHalli, BIEpIIe
po3misiHyTO B poOotax [1; 2]. TloBHe mociimpkeHHS
BUTPHUX KOJHMBaHh MEMOpAaHW Ha BIIBHOI TOBEpPXHI
piAvHU B MPSAMOKYTHOMY KaHali MpoBeneHo B [3; 4].
VY poborti [5] 3aBmanHs (3 ypaxyBaHHSM NPY>KHOCTI
JTHa) JIOCIIPKYBajoCh JjIsi MeMOpaH 1 JBOIIapo-
Boi pimmHH. Y poborax [6-9] po3mismanocst OLTBIT
CKJIQJIHE 3aBJIaHHS TPO KOJIMBAaHHA IUIACTUHU (MEMO-
paHm), 110 PO3ALISE iNiealibHi PIAMHU B MPSIMOKYTHOMY
KaHaJi 3 OmHi€l0 abo JBOMa TMPYXKHUMH OCHOBaMH
y BUDIIL TuiacTuH abo memOpan. [ BHUpiICHHS
LBOr0 3aBJaHHS B Pasi MPYKHOTO JHA HEOOXiTHO
BpaxoByBaTH CTATWYHWH MPOTHH IIACTUH (MEMOpaH)
[9]. IMutaHHS CTIMKOCTI CHUIBHUX KOJHMBaHb ILIAC-
THH (MeMOpaH) 1 PiJMHU OCHTIKYBAIUCS B CTATTAX
[10-14]. BrumB pisHUX croco0iB 3aKpilyIeHHs KOH-
TYpiB TUIACTUH HAa YACTOTHUH CHEKTP PO3IISHYTO B
[15-16]. st HECKIHYEHHO JOBrOr0 MPSIMOKYTHOTO
KOHTEWHepa 13 JKOPCTKUMH CTiHKaMu B cTarTi [17]
MIPOBEICHO aHaJi3 TAKUX JBOX CHCTEM, K pe3epByap i3
YKOPCTKUM JTHOM 1 OIYHOIO CTiHKOIO, BiJIbHA TIOBEPXHS
SIKOTO BKpHTa MEMOPaHOI0, 1 KOHTEHHEep i3 MeMOpaH-
HAM JHOM 1 BUTBHOIO TOBepxHEro. Ilim wac aHamizy
BpaxoByBaJlUCsl HEJiHIHHA 3aJIe)KHICTh HalpyKCHHS
Big Aedopmaii 1 BeIMKa aMILITyIa pyxXy MEMOpaHHu.
Jiist oOMekeHnX po3MipiB KOHTEHHEpIB y JiTeparypi
JIOCTYITHI TIIBKH YMCeITbHI mifxoau [18—19].

Bararo poOiT mpUCBSYEHO TiAPONPYKHUM KOJIU-
BaHHSM 1/1€aJIbHOI PiTUHU B KPYTOBUX 1 KiJTBIIEBHX
HWTIHIPAX 13 KOPCTKUM 1 MIPYKHUM THOM, 30Kpema,
pobotu [20-23] i 6araro iHIMX. ACUMETPUYHI KOJIH-
BaHHS KPYIJIOi TUIACTHHH Ha BUTbHIH TOBEPXHI 1/1€a1Thb-
HOI PiAMHM B KPYrOBOMY HMJTIHJPI JOCIIIKYBAJINCS
y [20]. V crarti [21] po3misiiatoThCsl KOJMBAHHS i71e-
aJIbHOI PIAMHU B KPYIIOMY LWIIHIPUYHOMY pe3ep-
Byapi 3 MPYKHUMH TIICTaBaMU y BUIIISII KPYTIIHX
IJIACTHUH. 3alpONOHOBAHO AHAIITUYHUNA METOJ, IO
IPYHTY€TbCS Ha PO3BUHEHHI Yy pany Pyp’e-beccens
i metoxi Pemes-Pitma. ¥V crarti [22] oTpumaHo vac-
TOTHE PIBHSHHSI OCECUMETPHYHHUX KOJIMBAHb BaKKOT
JIBOLIAPOBOI 1/leaIbHOI PIAMHU B >KOPCTKOMY KiJib-
LEBOMY LWIIHAPUYHOMY pe3epByapi 3 MNPYKHUMH
BEpPXOM 1 THUIIEM Y BHUIVISI 3aTUCHYTHX KUTBIIEBUX
mwiactud. Poboty [23] mpUCBSYEHO TOCIIKEHHEIO
YaCTOTHHUX PIBHSHb HECUMETPUYHUX 1 CUMETPUYHUX
BJIACHHUX KOJIMBaHb i7€abHOI JBOMIAPOBOI PIAMHU B
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JKOPCTKOMY KpYIVIOMY LMJTIHAPUYHOMY pe3epByapi 3
NPYKHAM BEPXOM 1 JAHUIIEM Yy BHUIVISI 3aTHCHYTHX
KpyDux IuiacTiH. Ha npukiani ogHopiaHol pinnHu
3 BUIBHOIO MOBEPXHEIO 1 MPYKHUM JHOM y BUIIISAIL
MeMOpaHU IPOaHalli30BaHO AHAJITHYHO 1 YHCEIHHO
YAaCTOTHUH CIIEKTP CHIILHUX KOJUBAHb.

Sk yxe 3a3Hauanocs, B podorax [6—9] po3rmisiHyTO
3arajlbHe 3aBIaHHS 3 KOJMBAHHS TUIACTHHU (MeEM-
OpaHm), O PO3ALIIE ifieanbHl PIAUHE B MPSIMOKYT-
HOMY KaHalli 3 IpYKHUMH TijactaBaMu. Y [6] HaBe-
JICHO YaCTOTHE PIBHSIHHS KOJHMBaHb IUIACTHHH, IO
PO3IiIIsie JBOMIAPOBY PiAMHY 3 BUIBHOIO MOBEPXHEIO
i OTpuMaHi JOCTaTHI YMOBHU CTIHKOCTi. Y 1iif poOoTi
OTPHMAaHO 1€ YacTOTHE PIBHSHHS, IiTBEPIKECHO
3po0JieHi mpunyieHHs B poboTax [6-9] 1 yTouyHeHO
YMOBH CTiHKOCTI 3a BIiJICYTHOCTI PO3TSATYBajbHUX
3yCHJIb Y IIACTUHI ¥ JIJISl PIJIMH OJIHAKOBOI IIJTBHOCTI
iy gac Aii CTUCKaNbHUX 3yCHiib. Y cTaTTi [6] oTpu-
MaHO HaOJMKEHI YMOBH CTIHKOCTI 3 ypaxyBaHHIM
JIBOX YIICHIB psiy YacTOTHOTO piBHSHHA. Ilim Tou-
HUMH YMOBAaMH CTIHKOCTI B 1ili poOOTi, sIK 1 B poOOTi
[10], Oymemo po3ymiTH YMOBH, SIKi BUTIHCaHI OKPEMO
BiJl KITBKOCTI WICHIB PsAY YaCTOTHOTO PiBHSHHSL.

MocranoBka 3aBganns. PosmsiHemMo TIOCKi
KOJIMBAHHS IIPY’KHOI IPSIMOKYTHOI IUIACTHHH, SKa
TOPU30HTAJILHO MOJIJISE JIBOILIAPOBY 1/I€aIbHY HECTHC-
JMBY piauHY 3i mwWieHICTIO p, (i =1,2) B NpAMOKyT-
HOMY KaHaJli mmpuHoto b (b =2a). Ilnactura mae
MOCTIHY 3THHAJBHY KOPCTKICTh D1 MOITycKaeThes
HasIBHICTh PO3TATYBAJBHUX Ta CTHCKAJIBHHUX 3YCHJIb
y cepenuHHINA MoBepxHi iHTeHcHBHOCTI T. KoHTypm
IUIACTHHH MOXXYTh MaTH JIOBUIbHE 3aKpiIUICHHS,
HaNpUKIaa, OyTH 3aTUCHEHi, orepTi abo BiJbHI.
BepxHsi pinyHa IIBHOCTI P, 3aIOBHIOE KaHAT JI0
IMOMHY A, , @ HIKHS piAMHA MIIIBHOCTI p, — A0 K-
OunM A, . BepxHs pinuHa Mae BUIbHY TOBEPXHIO.

Z
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Puc. 1. [IpsiMmoKyTHA IJIACTHHA PO3/iJsi€
JABOLLIAPOBY ileajibHy PiIHHY 3 BiJIbHOIO
MOBEPXHeI0 B MPSIMOKYTHOMY KaHaJIi

Cuctemy xoopauHat Oxyz po3TallyeMo TaK, 100

wiommHa Oxy niepeOyBana Ha He30ypeHil cepeauH-
Hill oBepxHi uractuHy, Bick Oy Oyma HampaBiieHa
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B3/IOBXK KaHaly, a Bich 07g — NIPOTHUJIEKHO BEKTOPY
MIPUCKOPEHHs cuiM TsoKiHHS g (puc.l). KonuBanus
IUIACTHHU W PITUHM PO3DISAaTUMEMO B JIIHIAHIN
MOCTAHOBLII, BBAYKAIOUM CIIIbHI KOJMBAHHS ILIAC-
TUHH 1 piiMHH OE3BIAPUBHUMHU, a PyXy PiAWH MOTEH-
LiHHUMHU.

PiBHSIHHSI TUTOCKMX KOJHMBAaHb MPY>KHOI TJIACTUHH
1 piTuHU MaroTh BUDIL [6; 7]:
aZW oD,

oW o'W
T T+ 8ApW =p, P2

Koy —5—+
o ar? ox* ot

220, (1)

GROY 62
i =0 (i=12
ox? a 2 (i )

3 TPAaHUYHUMHU YMOBaMU:
ow @ _ 00,
ot 07 07

mpu z=0, 2)

(»:,,,[W1)|yj =0 (j,p=12), 3)
[wax =0, 4)
Dl Z0 (i,j=12),
ox v,
%_68; aq; +86=0 npn z="h; a;DZZO
Gpu o= (5) ¢

Tyt ky =py - 8y; W(y, ) Py> 8, — BiAIOBiTHO
HOPMAJIbHUN TPOTHH, MIUIBHICTh 1 TOBIIMHA IUIAC-
TUHU; Ap =p, —p;; D, (y,2,1) — IOTEHLian MBUJI-
Kocreit i-of pimmam (i=1,2); z=¢(y,#)— dopma
BUILHOT TIOBEPXHi BEpXHBOI pimubm; £, i £, —
nudepeHiiaibHi oneparopu IPAHUIHAX yMOB 3a1<p1-
IUICHHS TLIACTHHM HA KOHTYPI v, ; HANPUKIaj, y pasi
KOPCTKOTO 3aIllEMIICHHs TUIACTUHM omeparop £
Oyne ommmumunuMm, a £, =d/dx; v, (j=12) -
MO3HAYEHHsI KOHTYpa, NpU4oMy iHaekc j =1 Bigmno-
BiJIa€ KOHTYPY X =-da,a j=2 — X =a.

Metona p03B’H3aHHH. Sk 1B [6; 7], npencTaBUMO
dynxuii @, (y,z,¢) i C(y,¢) Ta y BUDIAI paAniB
®yp’e 3a BracHuMU GyHKIIAMA ,, (V)

0

)=2[4,

n=1

(x,2,1) 1)e“ + B, ( kz]\l/n

(i=12), (6)
N=YLOw. O

ne vy, (y)=cosk,(x+a), a BimmoBinHi iM BmacHi
gncna k, = wn/2a.

[TincraBuBmm psau (6)—(7) B (2) i (5), ckopucTas-
LIMCh OPTOrOHAJIBHICTIO GYHKLIHN ,, OTPUMAEMO

Alnzcn_meiln’ Blnzgn_mel” ’
2k, sinh x,,, 2k, sinh k,,
I/I./n eKzn I/I/n e*KZn
by =7 By =5 (§)
2k, sinh «,, 2k, sinh «,,
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Tyt
w -l Iandy N? = jwidx a, x, =hk, .(9)

n
}’l*d

3 ypaxyBaHHsIM CITiBBiHOIIEHD (6)—(9), piBHSHHS
(1) Habyne BUMIA LY

ow oW W &

% Z

Koy —5 +
01 atz ay4

v.+0, (10)

ne a, = p, coth Kiy + P coth,, .
I3 JPyTOTroO CIiBBiIHOMICHHST Yy (5) 1 CHiBBiAHO-
mieHsb (9) oTpumaemo

W
C,+0,6, ~ W =0. (11)
Kin
Pi
TyT = sinhx, > O = gk, tanh k,, — KBa/IpaT Jac-

TOTH KONHBAHB BITBHOI MOBEPXHI BEPXHBOI PiAMHHU
Y BHITJIKy a0COIFOTHO XKopcTKoi uractunu (W =0).

TakuM YMHOM, CHIJIbHI KOJIMBaHHS NPY’KHOI U1ac-
THHHU 1 PiIUHY 3 BITLHOIO IOBEPXHI 3HAXOJATh 13 CUC-
TeMHu iHTerpo-mudepeHuiadbaux piBHAHD (9)—(10),
TpaHUYHUAX YMOB (3), YMOB HECTHCIMBOCTI PiAMHU
(4) 1 3a1aHUX TTOYaTKOBHX YMOB.

BaacHi yacToTH CHiIBHMX KOJMBAHb INPY:K-
HOI IJIacTUHM i piguHu. /{1 3HaXOmKEHHs Biac-
HUX YaCTOT CIUIbHUX KOJHMBaHb MPYXKHOI MJIACTUHH
1 PIIMHY MTOKJIaIEMO

W (x,t)=w(x)e™, ¢(y.1)=C(y)e™, Q=C e . (12)

[MincraBusim (12) B (10)—(11), B rpaHruHi yMOBH
(3) i ymoBu (4), Oynemo maru

d*w d’w o & aw
-P =— nn C, (13
dx4 dx2 +4qw D ; k” WYy + H ( )
w, ——Iwwndx, (14)
[ wax =0, (15)
(z,,,w)|yj =0, (j,p=12). (16)

Tyr P=T/D, q=(gAp-ko)/D

(D#0),a,=a,-b,C=C/D,
5 (Dzbn
n: 2 2 =
(co —csn)cosh K,

20)2[31
(o’ - o} )sinh 2«,,

OTxe, BIACHI 4acTOTH i JOPMH CITUTHHUX KOIHU-
BaHHS MPYKHOI IJIACTHHY 1 PiIMHU 3HAXOASAT 13 CHC-
TeMu iHTerpo-nudepenniaabHux piBHIHD (13)—(15)
i rpaHYHUX YyMOB (16).

Po3’s30x  piBEstHEA  (13) Oymemo  mrykatu
y BUIIISAII
4 o
we S AW Sy, rw. (17)
k=1 n=1
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ne w) (k=14) ¢dyHramMeHTaIbHA CHCTEMa
PO3B’S3KIB OTHOPITHOTO PiBHSIHHS
4.0
d'w, pad e d*w,
dx* dx’

+qw, =0, (18)
Hesinomi koHctantu C, 1 w, BUpa3sHUMO 4epes3
KOHCTaHTU A, siki OyayTh 3Hal/IeHi 3 YMOB 3aKpi-
IUICHHS UTACTHHU.
[Tlincrapupum (17) y pisusagns (13) i CKOpI/IC—

TaBIUIKCH CIIBBIAHOLICHHAMH d;’z" = kv, Sl = kv,
BUpa3uMo KoHcTaHty C, depes W,
C, =oaw,lkd (19)

ne d, = (Dk; +T)k} + gAp — ko .
IlincraBuBmm (17) y (14) 1 BpaxoByrouu (19),
OTPUMAEMO BUPA3M I W, 1 W,

4 4
w3 AL S e 20)
= =
Tyt

W,‘z:zl—aj.w,fdx,

L =L [y, d 1)
a—a
3 ypaxyBanusm (15), (19) i (20), ocrarounwuii
BUpa3 uis (GopMH MpOrMHY IJIaCTUHM W Halyae
BUIVISTY
a E,?n

n]/‘f - (22)

VY ¢dopmyny (22) BXOIUTH YOTHPH HeBi)IOMi KOH-
crautu A, . I3 rpaHMYHUX YMOB 3aKpiILUIEHHS ILIAC-
trHU (16) MaeMo 4OTHPH JHIWHUX OMHOPIIHUX PiB-
HSHHS 1010 A

4 0
z[s@ mZZoananjpnjAf S0 (pj=12).(23)
n=l1

k=1
Tyt

2Ol'pk = (’QJP |:W,(3 - W]?:Dy/ ’ Qj[m - (21';; [W"])L/‘ ’
_a/(o'a, - kd,).

Iz piBHOCTl Hymo BU3HAYHUKA OJHOPIJHOI CHC-
Temu (23) BUIUIMBAaE YaCTOTHE DPIBHSIHHS BJIACHHUX
CIUTPHHUX KOJMBAHb MPY)KHOI IUTACTHHY 1 pianHu [6]:

Cul =0, (24)
g,k =1
e
Co=2 —oSaEe, (=1 p=12k=14),
n=1
Cp+2.k = jpk 220’ E/?n jpn (j 2 p _1 2 k :1_)

Bulletin of Zaporizhzhia National University. Physical and Mathematical Sciences. Ne 2 (2020)

15

CKOpHCTaBIINCD PO3BUHEHHAMU  QYHKLIA W)
B PsiJl HATIOBHII 1 OpTOroHaNbHil cucTemi QyHKLIHN v, ,
YMOBOIO [ v,dx=0 i mo3naueHHsM (21), piBHsHHs (24)
MOXKHA [IEPETTUCATH TaK:

€.l =0, (25)
q,k =1
e
Clk - Zﬁ EI?n jln> C2k = £0j2k _mzzanE/?anZn
n=1 n=l1
(=1 k=14,
k= ZBnE£n£j1n7 Cy = £0j2k - 0)2ZanEI(c)n’2 o
n=1 n=1
(=2 k=14).

Tyr B, =k,d,/(o’a; - k,d,).

Tak, HanpuKIaa, y pa3i )KOPCTKOTO 3aIlEeMIICHHS
KOHTYPIB IVIACTUHM 3Ha4eHHs BenunH £, (p =1,2)
OyayTb TaKi:

o L, j=1 o 0
Jjln ™ (_1)n , j _ 2, j2n T VY

Piusinus (24) 1 (25) npu a, = a, (b, =0) 30ira-
I0ThCS 3 piBHSAHHIM poOotu [10]. VY 11i#t poOoTi BepXHs
ocHoBa Oyna TBepaa. OTke, BIacHI CHUIBHI YaCTOTH
KOJIMBAHHSI TIPYKHOI IUIACTHHU 1 PIIUHM B TMPSIMO-
KyTHOMY KaHadl i3 KOPCTKUMH OCHOBaMH (TOOTO
3 «KpUIIKOIO» Ha BUIBbHIN MOBEpXHi) BHUIUIMBAIOTH
i3 piBHSHB (24) 1 (25), sSKmIO MOKIacTH KoedilieHT
b, =0.33pocranns A /b ueit koedilieHT nparHe 10
Hyns sk € 2™ Takum uunom, npu A /b > 1 Brum-
BOM BiJIHOI MIOBEPXHI HAa YAaCTOTHHUI CHEKTP MOXKHA
3HeXTyBaTu [6].

PiBusinas (25) 3a dopmoro 30iraeTbest 3 piBHSH-
Ham ctarTi [10]. Foro MoxHa CpOCTHTH, NPOBIBIIH
OoOuHuCNeHHsI 1 TIepeTBOpeHHs Koe(illieHTiB BU3HAY-
HUKa IOTO PIBHSHHA aHAJIOT14HO Wiil poboTi. Y cra-
Tsx [6; 8; 10] mokaszano, mo Juisi MeMOpaHu Ta s
3aTHCHEHHMX KOHTYPIB IJIACTUHU YaCTOTHE PiBHSHHS
(25) crporryeThes 1 po3MaaaeThCs HA JIBA PIBHSHHS,
K1 ONMCYIOTh HEMapHi i MapHi 4aCTOTH, BOHK MOXKYTh
OyTu 3ammcaHi B €iuHii Gopmi I UX YacTOT.

TakuM 4YMHOM, JUIS 3aTHCHEHHX KOHTYpPIB dac-
TOTHE PIBHAHHS (25) COpOLIYETHCS 1 pO3MagaeThCs
Ha JBa pIBHSHHS, IO OIMUCYIOTh HECHUMETPHYHI
(n=2m-1) 1 cumerpuuHi (n =2m) YacToTH, Ta
MOKe OyTH 3amvcaHe B €IMHIA GOpMI UIs WX YacTOT

2 k

S 26
Zm2a;—k,,d,, (26)

n=1
YTouneHi ymMoBM CTilikocTi KOJIUBaHb MPs-
MOKYTHOI IUIACTHHHM, $IKa MOALJISIE BOLIAPOBY
iTeaqbHy pizuHy 3 BiJIbHOIO MOBEPXHEI0. 3 ypaxy-
BaHHSIM IBOX WICHIB psay B poOoTi [6], po3mIsIHyTO
piBHSHHS (26) 1 OTPUMAHO JOCTaTHI YMOBH CTIHKOCTI
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CYMICHUX KOJIMBaHb TUIACTWHM 1 pimmHu. s Hemap-
HUX 1 TapHUX (OPM KOJIMBAHb I1i yMOBH MAIOTh BHIJISII

2.050D/a® + T > 4g(p, —p,)a* /502, (n =1,3), (27)
347w°D/a* +T >2g(p, —p,)a’ /57", (n=2,4). (28)

YmoBu criiikocti (27)~(28) 30iratoTeest 3 HEOOXijI-
HUMH YMOBaMH CTIHKOCTI B pa3i HASIBHOCTI «KPHILIKID)
Ha BUIBbHIN nioBepxHi [ 10]. Bonu He 3anexars B MONH
3aMOBHEHHSI PiZIMH 1 MacH IIaCTUHM. J{Js1 CTifKOCTI HEeCH-
METPUYHHUX KOJIMBaHb, Ha BIMIHY BiJl CAMETPHYHHX, SIK
BUJTHO 3 YKa3aHWX YMOB, IOTPiOHA 3HAYHO OLIbINA 3TH-
HaJIbHA JKOPCTKICTh 1 BEIMYMHA TIOTICPEIHBOTO HATSATY.
3 ymoB (27)~28) Burusae, 1o npu g > 0 1 mpuponHoi
crparudikauii p, < p, 4acToTHE PiBHAHHA (20) 3aBKIM
Mae JIoNaTHi KOpeHi, a Iriocka popma piBHOBArH Mpy»KHOT
IUIACTUHU CTikKa. HecTifKICTh MOJKe MaTy MICLE TIIBKH
Bpasi gAp <0,anpu g >0 (Oe3 ypaxyBaHHS HEraTHB-
HOTO TIEPEBAaHTAKEHHS) — TUIBKH SKIIO TOPYIIYETHCS
MpupoHa crparudikaiiis, To0TO 32 YMOBH p, > p,.
Cnig 3a3Ha4MTH, 10 HAOMKEHI YMOBH CTIMKOCTI
(27)+28) MokHa YTOYHWTH 3 YpaxyBaHHSIM TpPBOX 1
OiTbIlle 4ICHIB PAOy YAaCTOTHOTO DIBHSHHSA, aie IIpu
LOMY JIOBE/IETHCSI CKOPHUCTATHCS YMOBaMH JIOJJaTHOCTI
KOpEHIB TOJIHOMA #-TO CTYIEHs], 110 3HA4YHO YCKJIaj-
HWIO O QHAIIITHYHI AOCIIJDKEHHSL.

Jiist 3HaXOIKEHHSI KpUTHYHHUX 3HAueHb MeXaHiu-
HUX MapaMeTpiB, 3a SKUX BigOyBa€eTbCsl BTpaTa CTild-
KOCTI, sIK 1 B po0OoTi [10], mokmagemMo B 9aCTOTHOMY
piBHsHHI (26) ®* = 0. BoHo Oyae MaTu BUIIS

3 d 0.

(D2 +T)k +gap

(29)

PiBastaas  (29) 306iraeTbcss 3 pIBHAHHAM i€l
po6oTH, B sAKilf OTpUMAaHO TOYHI YMOBH CTIHKOCTI Y
pa3i MeMOpaHH Ta MJIACTUHH 32 BiZICyTHOCTI HATATY
(T =0). Tomy TOYHI YMOBU CTIHKOCTi KOJIMBaHb
IJIACTUHH, SKa TIOAUISE TBOIIAPOBY PIAWHY 3 BiJlb-
HOIO ITOBEPXHEI0, Oy/IyTh TAKUMHU:

D >0.0042066g (p, —p,)a* (n=2m-1). (30)
D >0.00129876g (p, - p,)a* (n=2m). (31)

HabmmxeHi 3Ha4eHHsT YMOBH CTIMKOCTI, BUMKCAHI
3 ymoBH (27)—(28) npu T = 0, 3anuiryTecs Tak:

D >0.39024439g (p, - p, )a* /n* =0.00400624g (p, - p, ) a’ ,

(n=13). (32)
D >0.1176471g (p, - p,)a* /n* =0.0012077626g (p, - p, )a* >
(n=24). (33)

I3 (30)—(33) cuigye, mo HaONMXKEHI 3HAYECHHS
YMOB CTIMKOCTI ISl TUTACTUHU 3aHIDKEHO IJIST HECH-
MeTpuuHHUX YacToT y 1,050 pasis, a [y cumeTpuy-
Hux —y 1,075 pasis.

VY pa3i BHpOIKEHHS TUTACTUHH B MeMOpaHy B
piBHsHHI (26), (29) 1 HepiBHOCTIX (27)—(28) Tpeba
noknactd D = 0. Toyni yMOBHU CTIHKOCTi KOJHMBaHb

Bicauk 3anopi3pkoro HalioHaabHOTO yHiBepcuTeTy. Disnko-maremarmyni Hayku. Ne 2 (2020)

MeMOpaHH, siKa TOIIAE TBOMIAPOBY PiAWHY 3 BiJb-
HOIO OBEPXHEI0 MaroTh BUNIAN [10]:

T >g(p, —p,)a’/n’ =0.1013g(p, - p,)a’
(n=2m-1), (34)
T >0.0495277g(p, —p,)a’> (n=2m). (35)

HabnmxeHi 3Ha4eHHS] YMOBHU CTIMKOCTI, BUITHUCAHI
3 ymoBH (27)—(28) mpu D =0, 3anuiryThCs Tax:

T >4g(p, —p,)a’/57* =0.0810g (p, —p,)a’

(n=13), (36)
T>2g(p - |)2)612/5752 =0.04052847g (p, —p, )@’
(n=2,4). (37)

I3 (34)—-(37) Gaunmo, MO0 HAOMMKEHI 3HAUYCHHS
YMOB CTIHKOCTI JUIsi MEMOpaHH 3aHWKEH1 Uil HeCH-
MeTpU4yHUX 4actorT y 1,251 pa3, a mias cuMmeTpud-
Hux —y 1,221 pas.

Cri ykasaTi Ha JIOCTaTHIO OJIM3BKICTh HaOJIMKe-
HOT'O 3Ha4Y€HHSI 1 TOYHOTO YISl IUTACTUHH, TOOTO Bpaxy-
BaHHS JIBOX WICHIB PSTY JIa€ JOCTATHIO JUIsl IIPAKTUKH
TOYHICTB. Y pa3i MeMOpaHu It HaOMMKeHNX 004umc-
JIeHb CIIiI ypaxoByBaTy OLTbIIE ABOX YICHIB PAIY.

PosmisiHeMo 1m1e BUIIa0K, KOJIM MOYKHA OTPHUMATH
TOYHI YMOBHU CTIHKOCTI JJISi PO3MITHYTOTO 3aBJaHHS.
Hexait p, =p, (Ap=0). I3 HepiBHOCTEH (27)—(28)
BUIUIMBAE, IO MiJl 4ac Aii pO3TATyBaJbHUX 3yCHIIb
abo 3a ix BigcytHocTi (7 > 0) BOHM 3aBXKIU OynyTh
BUKOHaHi. HecTi#iKicTh MOYKe BHHUKHYTH TUIBKHU i
gac nii cruckanbHux 3ycuib (77 < 0).

Jisi 3HaXO/DKEHHS KPUTHYHHUX 3HAYCHb MeXa-
HIYHUX TapaMeTpiB, 3a SKUX BiJOyBa€ThCs BTpara
CTIHKOCTI, sIK 1 paHillle, B YaCTOTHOMY PiBHsIHHI (26)
noknageMo o> = 0. BoHO oTpuMae Takuil BUIJISL:

) S

= (Dk} +T)k;

e piBHSIHHS MOXXHA TIEPETINCATH TaK:

2 1
2o

n=1

(38)

Tyr B? =47a*/Dr* >0, T =-T > 0.
Yucosi psu 211/ [#*(n" -$*)] nst HenmapHuX i map-
HUX 3HAYEHb 7 MAIOTh ySBICHHS:

2 1 Jtanx —x
- . (39)
;(m_ ' [(2m-1) -] 32x°
- 1 x? +3xcotx -3
> =-n'———————=, (40)

Semy[emy -p] %6

ne x =nf/2.

[Mepmmii kopiHb piBHsHHS (38) A7 HemapHUX
n 3 ypaxyBa"usaM (39) mae 3nadeHHs x =4.49341,
HaCTyIMHa TOYHA YMOBa CTIHKOCTI

> U. Na n=:am-1).
D >0.04953Td’ 2m -1
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[eprmii kopiab piBHSHHS (38) 11 MApHUX 7 3 ypa-
xyBaHHsM (40) Mae 3HadeHHs X =5.76346, i3 siKOTO
TaKOX BUTUTMBAE TaKa YTOYHEHA YMOBA CTIHKOCTI:

D >0.030117a*> (n=2m).
HaOmwkeHi 3Ha4€HHS yMOBM CTIMKOCTI, BUIIMCAHI
3 ymoBu (27)—(28) npu Ap=0 1 T =-T >0, 3anu-
LIYyTHCA TAK:

D >0.04943Ta> (n=1,3),
D >0.029807Ta*> (n=2,4).
TakuM 9uHOM, HAOMMKEHI 3HAYCHHS YMOB

CTIMKOCTI 3aHIKEHI JJIi HECHUMETPUYHUX YacTOT
y 1,002 pa3wu, a st cumerpuyanx —y 1,010 pasis.

Caix TaKOXK 3a3HAYATH ONM3LKICTH HAOJIMKEHOTO
3HAYEHHS 1 TOYHOTO, TOOTO BpaxyBaHHS JIBOX YJICHIB
PAY Ja€ JOCTATHIO TOYHICTD JJIsi IPAKTHUKH.

Y pasi BiAcyTHOCTI TutacTuHH ab0 MeMOpaHH
(D=0, T=0, ky =0) 13 piBusns (10)—-(11) maemo
Take YaCTOTHE pPIBHSHHS KOJIMBaHHS JBOIIAPOBOI
PIMHM B IPSIMOKYTHOMY KaHAJII:

(p, +p, cth,, ctth")x2 -p, (CthKln +cth1<2,,)x+Ap =0,(41)

Tyt x = o} /gk, .
Jiist HecKiHYeHHO TIHMOOKOI HWKHBOI PIAMHU
(h, = o) piBHsHHS (41) Mae Takuil po3B’SA30K:

x, =Ap/(p, +p,cthx,), x, =1,

ne gk, Ap/(p, +p, cthk,,) — BlIacHa 4acToTa KOIH-
BaHb BHYTPIIIHHO1 TOBEPXHI 32 HASIBHOCTI «KPUTITKH»
Ha BUTBHOI MIOBEPXHI, 8 gk, — BIIACHA 4acTOTa KOJIU-
BaHb HECKIHYCHHO TIJTHOOKOI PIAMHH 3 BIIHLHOIO
MIOBEPXHEIO.

BucHoBku. VY JiHIMHIA MOCTAHOBI OTPUMAHO
1 IOCTIIKEHO YacCTOTHE PIBHSAHHS BJIACHUX KOJIH-
BaHb IUIACTUHM, SKa TOPU3OHTAIBHO PO3JIISLE JIBO-
IIAPOBY 1/IeajibHy PIJUHY 3 BIJIBHOK MOBEPXHEIO B
MPSIMOKYTHOMY KaHaii. KOHTypH MIacTHHH MOXYTh
MaTH JOBiIbHI 3akpirieHHA. CHUIbHI KOJHMBaHHS
MPY>KHOI IJTACTHHY 1 IBOIIAPOBOT PiIUHM 3 BUTBHOIO
MOBEPXHEI0 MOJICIIOIOTHCS CUCTEMOIO 1HTETrpo-Ju-
(epeHnianbHuX piBHAHE. DopMy TpPOTHHY TLIAC-
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THHU TIOJJAHO Y BHIVISAAI CyMH (yHIaMEHTaIbHUX
PO3B’SI3KiB OTHOPITHOTO DPIBHSHHS IS TUIACTHHU 1
YaCTHMHHOTO PO3B’SI3Ky HEOMHOPITHOTO PIiBHSIHHS.
YacTHHHUA pPO3B’SI30K TPENCTABICHO Y BUIIIAII
pO3KIamaHHsd 3a BIACHUMHU (DYHKIIISIMM KOJHMBaHb
iTeanpbHOl PIMMHA B TPSIMOKYTHOMY KaHami. Jms
3aTUCHEHWX KOHTYPIB IUIACTHHA OTPUMAHO €IUHY
(hopMy HaCTOTHOTO PIBHSHHS SK JUI CUMETPUYIHHX,
TaK 1 7151 HECUMETPUYHUX CIIJIHUX KOJMBAHb IIJIaC-
TUHU 1 piAuHA. PO3TMISHYTO rpaHUYHI BUIIAIKH BUPO-
JUKeHHSI TUTAaCTHHA B MeMOpaHy Ta ii BiJCYTHICTb.
Sxmro mMOWHA 3aMOBHEHO BEPXHIO PIMWHU OlNTbIIe
3a IUPUHY KaHajy, TO BILIMBOM BUIBHOT IIOBEPXHI Ha
YAaCTOTHUH CIIEKTP MOKHA HEXTYBATH, TOOTO B IIbOMY
pa3i MOXXHa 3aMiHUTH BUIbHY TIOBEPXHIO TBEPIOI
«KPUIIKOIO». YTOYHEHI YMOBH CTiHKOCTI CHiJIBHHX
KOJIMBaHb TIACTUHHM 1 PIIMHU 3 BUTLHOIO OBEPXHEIO
JUIL TPHOX BHIAJAKIB: BiJICYTHICTH PO3TATYBaJbHUX
3yCHWJIb Y IJIACTHHI, BUPOPKEHHS IJIACTUHU B MEMO-
paHy 1 BUIAJIOK PiJIUH 3 OJHAKOBOIO IIUILHICTIO ITiJT
yac Jii Ha INIACTHHY CTUCKAJIBHUX 3ycrilb. [lokazano,
IO B MEPIIOMY BHIAAKY HAOIMKCHI 3HAYCHHS YMOB
CTIMKOCTI 3aHMKEHI IJIsi HECUMETPHYHHX YacTOT
y 1,050 pasiB, a mist cumerpuunux — y 1,075 pasis.
VY Bumagky MemOpaHu HaONMKeHI 3HAYCHHS 3aHU-
JKEHO AJI1 HECUMETpUYHUX yacToT y 1,251 pas, a ans
CUMETpUYHUX — y 1,222 pa3u. ¥V TpeTboMy BUNAJIKY
HAOJVDKEH! 3HAYCHHSI 3aHIKEHO UIi HECUMETPHUY-
Hux vactor y 1,002 pa3u, a 1isi CUMETPUYHUX —
y 1,010 pa3is.

TakuM 4YWMHOM, HayKOBE i TMpPAKTUYHE 3HAYCHHS
po0OTH TONIATaE B TOMY, IO JUIsl TUTACTHHU HAOIH-
JKeH1 3HAYeHHSI YMOB CTIHKOCTi 3 JIOCTaTHBOIO ISt
MPAKTHKH TOYHICTIO 30irafoThCsl 3 TOUHUMH, a Y pasi
MeMOpaHu ISl HaOMKEHUX OOYHCIIeHb CII ypa-
XOBYBaTH OIiNbINIe JBOX UIEHIB psmxy. HaOmmkeni
{ TOYHI YMOBH CTIHKOCTI CITUTBHUX KOJWBaHb ILIAC-
THHH 1 TBOTIAPOBOI PITUHU HE 3aJIeKaTh BiJl HasIBHO-
CTi BUIBHOI ITOBEPXHI, «TBEPIOD» KPHUIIKH Ha BUTEHOT
MOBEPXHI 1 HABITh BiJ] HASBHOCTI MPYXXHOI MJIACTUHU
Ha BUTBbHIN TOBEPXHI JBOIIAPOBOI PIANHH.
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Y OGaratbox 3ajadax TNpo TMOIIUPEHHS TeIUla B HEOMHOPITHMX Tinax
CIiJT YypaxoByBaTH HecCTallioOHapHicTh mpouecy. Ilix wac mnoOymoBu
TOYHUX QHATITUYHHX PO3B’SA3KIB IPOCTOPOBUX HECTAllIOHAPHUX 3ajad
TETJIONPOBIHOCTI HEOJHOPIAHUX TN HAa JOCHIAHUKIB YEKAIOTh 3HAYHI
TPYAHOLI MAaTEMaTUYHOTO XapakTepy, IOB’s3aHI 13 3aCTOCYBAaHHIM
iHTerpanpHOro nepersopeHHs Jlammaca. OcoOIMBO Ll CTOCY€EThCS BHUIMAMKIB,
KOINM OHOYACHO 3 IIMM IIEPETBOPECHHSIM 3aCTOCOBYEThCA IHTErpalibHE
3a MPOCTOPOBOIO 3MIHHOKW. Y POOOTI 10 TakuX 3ajad NPOMOHYETHCA
3aCTOCOBYBAaTH HOBUII METOJ] — IHTErpajbHE nepeTBopeHHs Jlareppa.
Po3rsiHyTO HecTarioHapHy 3a7ady TEIUIONPOBIAHOCTI MPO HArpiB MiB
0e3MeXHOI MINTH TEIUIOBUM IIOTOKOM, SIKMH Jie Ha i1 OOKOBiM MOBEpXHI.
Ha wmexax momimy MaTepiaiiB IUIMTH BHKOHYIOTBCSL YMOBH 1/1€aJIbHOTO
TETJIOBOTO KOHTakTy. Ha HMXHIN 1 BepXHill OCHOBaX HEOAHOPIAHOI IIUTH
BiZI0yBaeThCs TEMI000MiH 3a 3akoHOM HbloTOHA. J{0 piBHSAHB HECTAIliOHAPHOT
TETIONPOBIIHOCTI [T KOJKHOTO MIapy, KPaOBUX YMOB Ta YMOB CHPSIKEHHS
3aCTOCOBAHO CIIOYATKy IHTErpajbHE MepeTBOpeHHs Jlareppa 3a dacoBoio
3MIHHOIO, & MOTIM iHTerpaibHe cos-epeTBopeHHsT Dyp’e 3a MPOCTOPOBOIO
3MIHHOIO. SIK HAcHiOK, OTPUMAHO TPUKYTHI IMOCIIZOBHOCTI 3BHUAiHHX
JudepeHIialbHuX PiBHSAHbB, Y SIKI BBIAIUIM 3aJaHi IHTEHCUBHOCTI TETIOBUX
MOTOKIB Ha Oi4HIN MOBepxHi. 3arajlbHUN PO3B’SA30K LHUX IOCHIJOBHOCTEH
OTPHUMAHO y BUIVISAI aNreOpUYHOI 3TOPTKH (DyHIAAMEHTAIBHUX PO3B’SI3KIB Ta
HaOopy cramux. PyHAAMEHTaNbHI PO3B’S3KM TPUKYTHUX IOCHiJOBHOCTEH
o0yI0BaHO METOIOM HEBU3HAUCHUX KOE(illi€HTIB, a HA0Ip CTATNX BU3HAYCHO
3 TpancopmoBaHux 3a Jlareppom i @yp’e KpaiioBUX YMOB Ta yMOB i/1€aJIbHOTO
TEIJIOBOTO KOHTAKTY CKJIAJHUKIB IIBCMYIM Yy BHIIAAl PEKYpPEHTHHX
criBBigHOMIEHb. OCTaTOYHUNA PO3B’A30K BUXIIHOT 3a]a4i 3alIMCAHO Y BUIVISI
psiny 3a moniHomamMu Jlareppa 3 koedinieHTaMu y BUITIAAL iHTerpatis Oyp’e.
UucnoBuii eKCIEPUMEHT MPOBEJICHO JTSI 1B O€3MEXKHO1 IITUTH 3 IBOCTOPOHHIM
MOKPUTTSIM 1 3 TETJIOBUMH BIIACTUBOCTSAMH AJIFOMIHIEBOTO CTOITY Ta KEPAMIKH.
BusiBneno  ¢ismuHO OOIpyHTOBaHI 3aKOHOMIPHOCTI  HECTAI[iOHAPHOTO
MOIIMPEHHS TEIJIa B TAKUX [IApyBaTUX Tijax.
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Key words: unsteady heat The study of the process of heat propagation in coated bodies is used in
conductivity problem, moving many engineering studies. In many cases, for more adequate modeling, the
heat load, layered semiinfinite nonstationarity of the process should be taken into account. When constructing
plate, Laguerre polynomials, accurate analytical solutions of nonstationary problems of thermal conductivity,
Fourier transform. researchers face significant mathematical difficulties associated with the

application of the Laplace integral transformation. This is especially true when
the size of one of the components is much larger than the size of the others and
this component is modeled by a half-boundless body, such as half-space. In this
paper, we propose to apply a new method - integral Laguerre transformation.
The nonstationary problem of thermal conductivity about the heating of a
massive body with a covering by a heat stream, that is moving on a covering
surface considers. At the boundary of the coating and the base, we have the
conditions of ideal thermal contact. The basis is modeled by a half-space and
a covering — a layer. The equation of nonstationary thermal conductivity and
boundary conditions is applied first by the integral Laguerre transform with
respect to the time variable, and then by the integral Fourier transform with
respect to the spatial variable. The result is a triangular sequence of ordinary
differential equations. The general solution of this sequence obtains in the form
of an algebraic convolution of fundamental solutions and a set of constants. We
propose to construct the fundamental solutions of triangular sequences by the
method of indeterminate coefficients and to determine the set of constants from
the boundary conditions transformed by Laguerre and Fourier and the conditions
ofideal thermal contact of the base and coating in the form of recurrent relations.
Ultimately, the final solution of the initial problem writes in the form of a series
of Laguerre polynomials with coefficients in the form of Fourier integrals.

A numerical experiment for a half-space with thermal properties of aluminum
alloy and a coating made of ceramics performs. Physically substantiated
regularities of nonstationary heat distribution in inhomogeneous bodies under
moving heat load reveals.
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Beryn. TenneHnii po3BUTKy CydacHOro marepia-
JIO3HABCTBAa 0araro pPOKiB CKOHLEHTPOBYBAJIMCH Ha
OTpPYMaHHI TOMOTEHHHX SIKICHUX CIUIaBiB ¥ 1HIIMX
MarepiajiB, 0 MalOTh NEBHI 3a/laHi BIACTUBOCTI Ta
eKCIUTyaTalliiiHi XapaKTepHCTUKH. 3BUYAHI KOMIIO-
3WIIAHI MaTepialii, OTpUMaHi IUISIXOM IHTerpyBaHHS
MeTaleBoi ad0 KepaMi4HOI MaTpuili W JHUCIEpCHOI
(ha3u, MarOTh CHHEPreTUYHI XapaKTEPUCTUKHI KO>KHOTO
3 IUX CKIAIHUKIB. L[i KOMITO3UTH BOJOMiIOTH PiBHO-
MIpPHO PO3MOALICHO 3MIIHIOBAJIHHOIO, 130JTFOBAIIh-
HOIO a00 MPOBiAHOIO (Pa3aMu 1 iX pe3yabTyBaIbHI Blla-
CTHBOCTI € roMoreHHHMHU. OyiHaK y 6aratbox cdepax
cydacHOi iHKeHepil BHHUKIM 3aBAAaHHS CTBOPEHHS
(yHKLIOHAIBHUX CTPYKTYp MmarepiaiiB i3 BHCOKMM
CTyIEHEM penakcauii TeleqHHx _HanpysKeHb 1 Benu-
KHM OIIOPOM OKHUCJICHHIO, KOPO3ii i TepMiuHOMY yaapy,
LI0 BUMAara€ OTPUMAaHHsS NOE€THAHHS PI3HUX BIACTHU-
BOCTEW y TIEBHIH aHI30TPOIIil CTPYKTYpU MarepialiiB
[1]. HafinpocrimmMu 3 HUX € ImapyBaTi CTPYKTYpH,
UL SKUX XapaKTepHa CTpUOKOIoiOHa 3MiHa (i3u-
KO-MEXaHIYHUX BJIACTUBOCTEH MiJ 4ac 30epeeHHs
HETNePEepBHOCTI PO3MOLTY (DI3UIHUX TOMTIB.

Teopito 1 METONM JOCIiIKEHHS HECTaIllOHAPHUX
TEMIEPaTypPHUX TIOMIB 1 (i3UKO-MEXaHIYHHUX SBUIII,
SIKi IX CYIPOBOKYIOTh, BUKJIQ/ICHO B 6ararbox po0o-
Tax, ONNISI SIKUX MO)KHA 3HAWTH, Hampukian, y [2].
OnHak ciij 3a3Ha4UTH, 1O BUKOPUCTAHHS B TAKUX
3aja4ax KJIaCHYHOTO METOAY — iHTErpaJbHOTO Iepe-
TBOpeHHs Jlamnaca — npu3BOANTH 0 3HAYHUX TPYI-
HOIIIB OOYMCITFOBAIEHOTO XapakTepy. Tak, piBHSIHHS
JUIs. BU3HAYEHHs HYNIB 3HAMEHHHKa TPaHC(HOPMaHT
i HWOro KOpEeHiB, sKi BUKOPHCTOBYIOTHCS TiJ dYac
o0epHEHHS iHTerpaipHOrO neperBopenHs Jlammaca,
3alleXkarh BiJl KUTBKOCTI IIapiB KOMIIO3UTY, a B pasi
IIPOCTOPOBHX 33J1a4 — 1 BiJl TapaMeTpa 0OpaHOro iHTe-
IPaJbHOTO NEPETBOPEHHS 3@ IPOCTOPOBOIO 3MIHHOIO
[2]. Y Takux BUMaaKax CIiIbHE YUCEIbHE OOCPHEHHS
iHTerpanbpHOro neperBopeHHs Jlamnaca i iHTerpaib-
HOTO MEPETBOPEHHS Ha NPOCTOPOBil 3MiHHIH (Dyp’e,
XaHKeJsl TOIO) MOXKE HE TUIBKH iICTOTHO BILJIMBATH
Ha TOYHICTh OTPUMAHMX PE3YJIbTaTiB, a i CIIOTBOPIO-
BaTH SIKICHY KapTHHY JOCIIJKYBaHOTO SIBUILA.

Mertoro pobotu € po3pobieHHs eeKTUBHOI aHa-
JTTUYHOT METOIUKHU 1MOOYJOBU PO3B’A3KYy HECTalio-
HapHHUX 33]1a4 TETUIOMPOBITHOCTI JIJIs TTiB O€3MEeXHIX
LIapyBaTuX TiJl, sIKa IPYHTYETbCS Ha BUKOPHCTaHHI
iHTerpansHoro neperBopenHs Jlareppa [4; 5; 6].

®opmyaoBanHs 3aaaydi. PosmisiHemo miB 0e3-
MexxHy nTy 0 < x < 0, 0 < y < [, sIka cKiagaeThes
3 M mapiB pi3HOi TOBIIUHU [Zh :H? 1 3 pi3HUMHI
Koeq)iuieHTaMI/I TGHHOHPOBiHHOCTi AP 1 Temmepa-
TYPOIPOBIIHOCTI aT IounHatouH 3 MOMEHTY Yacy
t = 0, IuIMTa HarpiBaeThCs Ha O1YHIN MoBepxHi X = 0
ITOTOKOM TeIUTa IHTEHCHBHOCTI ¢(f) , a HA TPAaHUYHHIX
noBepxusix y =0, y = H BinOyBaeTbcs TerIooOMiH
3a 3akOHOM HpBIOTOHA i3 30BHIIIHIM CeperoBHUIIEM
HYJIBOBOI TEMIIEpaTypH.
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PosriissHeMo 3Hepo3MipeHi 3MiHHI W BeTMYWHU

o=x/H,y=y/H, 1=a%t/H*, v,=h/H,
Bi, =, H/?J”’ a0 = q /am O Z A0 /30
C](T) 4(H2T/a(0))H/7»(TO), e x;, — KoeqnmeHT

TEIIOB1AIadi 3 HOBerHi y=0 (i= 1) 1 3 TOBEpXHi
y=H (i=M),aa? i LY — posmipui Benuunnu,
SIKI BU3HAUYAIOTHCS 3IJHO 3aBIaHb YHCIIOBOIO aHa-
JTi3y BiJIMOBITHO.

VYBakaouM, 10 MK CKJIaJHHMKAMH IUIMTH BHKO-
HYIOTBHCSI YMOBH 1/1€aJIbHO TEIIOBOTO KOHTAKTY, TEM-
neparypue noine 7(a,v,7), i=1,2,..., M B KOXk-
HOMY Iapi BU3HAUYMMO 3 DIiBHSHb HECTAI[lOHAPHOI
TETUTONPOBITHOCTI

2TV +a2TV =aPo TV, i=1,2,..,M; (1)
3a HYJIbOBUX ITOYAaTKOBUX YMOB
T(a,y,00=0, i=1,2,...., M, )
3a KpallOBHX YMOB
Mo TV = —G(x), a=0,i=1,2...,M; (3)
o TV -Bi,T" =0, y=0;
o.T" +Bi, T™ =0, y=1, 4)
3a YMOB CIIPA’KCHHS 11ap1B
T — T(l’+1); Xg)é’yT(i) - ;:yﬂ)ayT(?),' 5)
y=v, i=0L2..,M-1

IMoGynoBa po3B’a3Ky 3ama4i. 3aCTOCYEMO JI0 PiB-
usiHHA (1) iHTerpaneHe neperBopeHHst Jlareppa [S] Ta
cos -nieperBopenHst Dyp’e [3]. YpaxoByroun HyJIbOBI
MoYaTKkoBi yMoBH (2) Ta yMoBH Ha TioBepxHi o = 0 (3),
OZIEP’KMMO TOCHIAOBHOCTI TU(PEPEHIIMHIX PIBHSHb:

n-1 _
(€ 42T =180 S T - g0,
m=0

, M

82 (,)
, (6)
n=0,1,2,...,

Jc

7_"”(") &y = T []E exp(-At)T(a, y, 7L, (M)dr} cos(Ea)da

i=12,..

— tpancopmantu 3a Jlareppom 1 ®Dyp’e,
q’(ll) - q~n /}\’(;)5
I exp(-A04() L, (M)t _ rpapcdopmanta 3a
HareppOM

3aranbHUN PO3B’SI30K TOCHiOBHOCTEW (6) Mae
TaKUU BUTTISL:

TOEy) = Y[42,06 €1 + B W €]+ 0P (7)
Jj=0

() 0] _ imis :
ne G}V (g, Y)’ Wj’ &7 MHIAHO He3aIeKHI cbszia—
MEHTaJIbHI PO3B’SI3KM OJTHOPITHUX MOCIIIOBHOCTEH:

=N
GV — (82 +24)G =2al S G,
m=0
20 _ (£2 o5 A ND K 1) - ®
AW — (& +ra)W =hray ZéWm

— YaCTKOBHMI PO3B’SI30K HEOTHOPIAHOI MOCITi-

Q(i)
JIOBHOCTI, SIKa, BPAXOBYIOUHM T€, 110 §.’ HE 3aeKHUTh
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BiJl 3MIHHO{ Y , Ma€ BUIIISJT PEKYPEHTHOTO PiBHSIHHS

1 ~

(i) _ (i) _ (t) (i) — -

0! m{ ZQ } n=0,12.., i=12,(9)
pPO3B’S30K SKOTO, BUKOPHUCTOBYIOYH METOJ MaTeMa-
TAYHOI IHIYKITi{, MO’KHA 3HAWTH y BUTIISII

TR S PSS Y (N S R T
Q 1 — ~(1 — — 1
og e aa @ §2+ka‘r’); g +aay
3arajbHi po3B’SI3KH OJJHOPIIHUX MOCITIIOBHOCTEH
(8) (3rimgHO 3 METOIOM HEBU3HAUYEHUX KOE(]IIli€HTIB)
MOJKHA ITOJIaTH Y BUIIISIL

J k
66 1) = exp(-o1) Y ay A,
k=0 .

(11)
(i) L (i) (_U’;Y)k
W&, v) = exp(wy) D al) )
=0 k!
JI€ BBEJIEHO MO3HAYEHHS ®; = +/&° + Aa\

besnocepenns mincraHoBka po3B’s3kiB (11) y
MTOCITITOBHOCTI (8) IPUBOAUTH JI0 PEKYPEHTHHX CITiB-
BiIHOIICHD IIOJI0 a;.'}( :

a4 05 g0 M S0 12
/k+l /k+2_anm,k . ( )

3a oBinbruX a\) i alf) =0 npn k> j.

JILT 3HAXOUKCHHS uesinomux A (€) i B (¢),
SIKi BXOIATE Y PO3B’ 130K (7), BUKOPHUCTAEMO KpaitoBi
yMOBH (4) ¥ yMOBH crIpspKeHHS (5), SIKi TICIIS 3aCTO-
CyBaHHS JI0 HUX IHTErpaJbHHUX MTEPEeTBOpeHsb Jlareppa
1 dyp’e MAaTUMYTh TAKUH BUTIIS;

dT" -Bi,T\" =0, y=0;

dT"™ +Bi, T" =0, y=1 (13)
() _ Gi+l)y. R G) g G _ F+) g i+l)
7-:1 - 7—;1 ) >\’T dvT;l - >\’T dyT;l s, (14)
vy=vy, i=12..,M-1

[ToknaneMo B PEKYPEHTHHX CHiBBiIHOLIEHHSX
(12) afy =1,ay =0, j=1,2,..., Toxi

Gy (&,7) = exp(-w,7), d,Gy"(&,7) = o, exp(-o,y) ,

Wi &) =exp(on), d W (&) = o exp(oy) (15)

1 po3nmisiHEMO, BpaxoBytouH (7), nepury ymoBy (13):

1) (1) PpaT)]
AL(8)(d,G)"(&,0) - Bi, G (5,0))+ QO -
=0 +Bil,),(§)(dyW,-“)(§, 0)-Bi, WV (&, 0))
3aaumuMo B JiBiH 4acTHHI IIUX CIIBBIIHOIIEHD
HEBIJIOMI JIOJIAHKH 3 IHJCKCOM 7, a PEIITy TepeHe-

CeMO B TpaBy YacTHHY. YpaxoByrouu mnojanus (11)
i (15), ogep>kUMo TaKy MOCIiI0OBHICTh:

A,(,l)(é’;) (_031 - Bi, ) + Br(.l)(é)(ﬂh - Bil) =

2 [ A2 (©)(d,G1(,0) - Bi, G (2,0)) +
G [BY,©)(dWOE0) - B, WOE0) |

a,

n
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Buunstioun tak camo 3 ymoBamu cripsbkeHHs (14) ta
JipyToro yMOBOIO (13), oepKrMo TOCITiTOBHOCTI CUCTEM
PIBHSHB, sIKi MOYKHA 3aIFICaTH B MATPHYHOMY BUITISIIL

b, J{AD,BO,.. A, B, . 4™ B
[ P= (16)
{een)

_ ManI/II_ISI [bkq,] Mae OJIOKOBY CTPYKTYDY, a ii Koe-
¢imieHTH, MO HE JOPIBHIOIOTH HYIIO, Ta CTOBOEIh
BUIBHUX YICHIB MAfOTh TAKUN BUTVIS:

n=0,1,2,...

b, =-o -Bij; b, =0 -Bi;; by ,u =
= -0, +Bi,; b ,, =0, +Bi,
by 5 = exp(-wy,); by, = exp(wyy,);
by yi = —eXp(=0,,,7,);  bypin = —€XP(00,,7;)
byiigia = _}”(l)") exp(-0,7,); by.i 5 = 7“( ‘o, exp(o, Y,)

_ 3G+ .
by g = 7‘1‘ o, eXp(-0,,Y,) ;

byigia = ):f,’:*')mm exp(-w,,y,), i=1L,M-1’

c [4000(d6" 0 -8 G C0)+ |,
- A @A E0 - B WOE) |

Ln

Coprn = Z[A”“(a)( G (&7, )+ Biy G (E7,)) +
B““(a)( d W™ (&v,)+Biy W (&1y))] 5

Coin = Z[A“ © G (&7,)+BY,@OWD (&y,)]+
+ Z[A“*“(a) G (&y,)+ BIP@WI™ (g,)]; (17)

ey = AP Y[ A0 d,G (57,) + BO, AW (&1,)]+

c2i+1,n =-

03 [A2@d,G (& 7,)+ BY @AW (&,)] +

A AP @G (& y,) + B @AW (&), i= LM
=1
¢, =~ Bi, 0V ~72(©) - Y[ A%®) (4,6 (& 1)+ B, G (&, 1)) +
=1
VV/.(Z) (é, 1))j|;

I3 BuxopucranHsiM anroputMmy l[aycca cucremu
(16) mpuBeeHO B TPUKYTHHIA BUTIIA]] Ta OAEPIKAHO iX
PEKYPEHTHUH PO3B’ 30K

+ B (dW? (& 1)-Bi

c 1
(M) _ "~ 2M.n (M) _ * (M) p* .
B,, = b* ) An - b* (CZM—I,n - Bn bZMfl, 2M ) 2
MM M. 2M
. 1 . .
(i) _ * (i+1) p,* (i+1) p,*
B = 5 (CZi,n - B, bzi, 2 — A, b2i, 2i+l)’
hi,2i
; 1 _—
) _ | —
A = (o = BV by ) 1= M =11, (18)
hi-1, 2i-1

Jie HOBI KoeQillieHTH NOB’S3aHi 31 CTapUMHU PEKy-
PEHTHHMH CITiBB1THOIICHHSIMH.

Ocrarounuii po3s’si3ok 3amaqi (1)-(5) (3rimHO 3
(bopmys0t0 00epHEHHS IHTETPATIBLHOTO MIEPETBOPEHHS
Jlareppa [5] i hopmynoro 0OepHEHHS COS -TIEPETBO-
pensst @yp’e [3]) Mae Takuil BUITIAA:
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T9(a,y,1) = 2= ZL (M)j T (&, y) cos(Ea)ds . (19)
Yucnosi pGSyJII)TaTI/I 3a &>opMyJ1010 (20) mpoBo-
JIBCS. PO3PAXYHOK TEMIIEPATYPHOTO MOJIsl B TPUINIA-
pOBlI/I HHI/ITI y BI/IHaJIKy, KOJIN lHTeHCI/IBHICTL IMOTOKY
Terla Ha TOPIEBIH TMOBEPXHI 3a/IA€ETHCS BHPA30M
g(tv)=q* (1 —-exp(-1,1)), 16 ¢* — BeIUYMHA, IO
Ma€ pO3MIpHICTH TEMIepaTypu, a 71, BH3HA4Yae
JaC BUXOAY TCIJIOBOTO HAaBaHTAXXCHHA Ha CTa i-
oumapue. Tomi ¢, =¢* [60,1 /h=(1)" /(A +7, )"”u]
ne §,, —cumon Kponekepa.

b

2
T O 7)

Puc. 1. Temneparypa To4oK 6iuHOL nonepxni
mwata npu A /AP =4l /a? =

3
Ty rl

Puc. 2. Temneparypa To40K 6iuHOL nonepxni
mata npu A /AP =all /a? =

Termodi3nuHi BIACTUBOCTI TOKPHTTIB 1 OCHOB,
Ha SKi BOHM HAHOCSTHCS, HA TMPAKTHUI MOXYTb
CWIbHO BigpizHsATHCA [2]. Y poboTi mmim dac
YUCENbHUX PO3PaxyHKiB po3misiganacs (i3udHO
1 TEOMETPHUYHO CHMETPUYHA TPHIIAPOBA TUTUTA:
AP =AP,a =a, h =h,, a Takox ;1Ba BapiaHTH

CIIBBIAHOIIEHHS  TETUIO(DI3UIHHUX BnaCTHBOCTeﬁ
nokpurts # ocuosu: AV /AP =4l /4 =
1 Y/ )JTZ) a’ /a(” 0.1, K1 JalOTh MOYKJIUBICTD

BH3HAUYUTH xapaKTep}n ocoOmmBoCTI TpaHchopmarii
TEMITEPATYPHOTO TIOJIS B TPAJIIEHTHUX KOMITO3UTHUX
ITUTAaX 1 BIUTHB 3MIiHH X TPaIi€HTHUX BIACTHBOCTEH
Ha PO3IMOJIiT TEMIIepaTyp.
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Ha pucynkax 1 i 2 moka3aHO pe3ynbTard po3pa-
XYHKY 3aJIeKHOCTI BiJl 4acOBOi 3MiHHOi T 3HEpO3-
mipenoi Temneparypu T (o, y,17) = TV(o,v,7) / G
TOYOK Ha  OiUHIH  TOBEpXHI  IUIUTH  TIpU
Bi, =10, Bi,, =1, 1, =4 nna nepworo (puc. 1)
1 gpyroro (puc. 2) BapiaHTIB CITiBBiAHOIICHHS TETLIO-
¢iznunnx BractuBoctei. IIpu mpomy (3a 3HEPO3MI-
proBasibHi Benmuubu LY i af’’) obpano BiamosimHi
BEJIMYMHU CEPEANHHOTO IIapy.

SIK BUIHO 3 PHCYHKIB, 3HW)KEHHS BIJHOCHHUX
TEIIOBHX BIACTHBOCTEI IOKPHUTTIB IPHU3BOXUTE JI0
3pOCTaHHs TEMIEPATypH Yy BCIX TOYKAX MOBEPXHi
HArpiBaHHA i 10 30LIBIICHHS TPUBAIOCTI nepexm—
HOTO Tepiofy (mepiofy BUXOAY Ha CTaliOHApHUMN
craH). KpiMm TOro, sKImo mjs Ipyroro BapiaHTa
CIIBBIIHOMIEHHS TeIIO(QI3UYHUX BIACTHBOCTEH
TeMIepaTypa IMOCTYNOBO MiABUINYETHCS HA IJIH-
OuHI TIUTH (BiJ MOBEPXHI 3 OLIBII iHTEHCHBHUM
TEII000MIHOM IO TTOBEPXHI 3 MEHII iHTEHCHBHUM
TEII000MIHOM), TO JUISI IEPIIOTO BapiaHTa TEeMIIe-
parypa rpaHuYHOI MOBEpxXHi y =1 HWXKYe 3a TeM-
nepaTypy TOBEpPXHI MOy MaTepialliB TOKPUTTS
it ocaoBu y =0.9.

4

T, 7, 1)

=05
0 02 04 06 0.8 1

Puc. 3. Temneparypa 0iuHo0i moBepXHi NJIMTH
B pPi3Hi MOMeHTH Yacy

T(05,7, 1)

Puc. 4. Temneparypa noBepxui o = 0.5
B pPi3Hi MOMeHTH yacy

ISSN 2413-6549



26

Ha pucynkax 3 i 4 mokazaHO pe3ylbTaTH pos-
paxyHKy 6€3pO3MlpH01 TeMIEpaTyp  Ha TOpI.IGBlI/I
HOBerHl IUIUTH 1 TOBEPXHI, sKa nepe6yBae Big Hel Ha
BiZICTaHi [IOJIOBUHY TOBLIMHY IJIUTH B Pi3HI MOMEHTH
Gesposmiproro © wacy npu Ay /A% =ap’ /ap) =
Sk cnigye 3 pUCYHKIB, IIPOLIECH Hal"plBaHHfI HOBep—
XOHB, PO3TAILIOBAaHHUX O€3MOCEPEHBO i IKEPEIaMH
TeIUIa 1 Ha JesKIN BiICTaHl BiJ HUX, SIKICHO 1 KUIBKICHO
pizHi. be3nocepenHs OIM3bKICTB JKepet TeTyia BUKITH-
Ka€ HAMOUTBI IHTEHCHBHE ITiABHUIIICHHS TEMITEPATyPH
B TOKPHUTTSX, 13 BiJJIaJICHHSM BiJ| MOBEPXHI Harpi-
BAHHS TEMIICPATypa B HUX PI3KO 3HMKYETBCS, a caM
[IPOLIEC HArpiBy MOKPHUTTIB y NIMOMHI IUIUTH 31HCHIO-
€TBCSI 32 PaXyHOK TeIIONepeaayi Bifi OCHOBU IJIUTH.

HacamkiHernb XOueTbCsi 3a3HAUUTH, L0 HaBEACHI
YUCIIOBI pe3ysibTard, Oe3yMOBHO, HE HPETEHIYIOTh
Ha JIeTalbHUN aHaji3 TeMIIEpaTypHOTrO IOJsS B IUINTI

3 MOKPUTTSMH 1 3’SICYBaHHsI BIUIUBY KOXXHOTO TeoMe-
TPUYHOTO 1 TEIIO(hI3NYHOTO TTapameTpa Ha PO3IIOILIT
TEeMIIepaTypH, a CIYI'YIOThb UIIOCTPALI€I0 MOMKIUBO-
CTell peasizallii 3alpOIIOHOBAHOI METOJWKH T00Y-
JIOBU PO3B’A3KiB ABOBUMIPHHUX HECTAL[IOHAPHUX 3a1a4
TETUTOTIPOBIAHOCTI TiB O€3MEKHHX MIapyBaTHX TiJ.
BucHoBku. Takum 4YuHOM, y poOOTI OTpHUMAaHO
TOYHUU aHATHYHUNA PO3B’S30K TUIOCKOI HecTalli-
OHapHOI 33/1a4i TEIUIONPOBIAHOCTI JUIS IIapyBaTol
HartiB 0€3MEeXHOI IUINTH, [0 HarpiBacThCA Ha OIYHIN
(TOpITROBIii) YaCTHHI IOBEPXHI 3MIHHUM Y Yaci TEIIo-
BUM MOTOKOM. P03B’5130K OTpHUMaHO 3 BUKOPHCTaHHIM
iHTerpajbpHOro IeperBopeHHs Jlareppa 3a 4acoBoro
3MIHHOIO Ta IHTErpajbHOrO mepeTBopeHHss Dyp’e y
BUTIAL psimy 3a moniHomamu Jlareppa. KoedimienTn
LBOTO PSY 3HAXOIATHCS 13 PEKypEeHTHHX CHIBBIIHO-
nieHb. HaBeneHo pesynsrary TecToBOro NpHKIaLy.
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CydJacHi IHTErpoBaHi MOMYNbHI CHCTEMH aBIOHIKM HPHBHOCATH 3HAYHY
THYYKIiCTh y PO3pPOOJIECHHS CHCTEM aBiOHIKH, aJie¢ 3 TAKOI THYUYKICTIO BUHHMKAE
OimbIn CKMAAHUN TIpoIleC MPOEKTYBaHHA IS TOYHOTO HAJAIITYBAHHS
nporpaMHo-anaparHoi margopmu BuKoHaHHs. L{e 3HauHO 301TbIIy€e TPYIHOII
B NIPOEKTyBaHHI cucteMu IMA MOpiBHSIHO 3 (hefepaTHBHUMHU apXiTEKTypoIo,
Jie TpUKIAaIHE MpOoTrpaMHe 3a0e3MEeUYeHHs] CTaTUYHO PO3MOAUIIEThCS MK
ii BUKOHaBYMM 00JaJHAHHAM. MeTO0 pO3pOOJICHHS MPOTrPaMHOTO KOMILIEKCY
€ HaJaHHS 3ac0o0iB PO3pOoOICHHA MpUKIAAHUX mporpam IMA i momanbmmii
ix 3amyck Ha HiTbOBiH miargopmi LynxOS-178 Ge3 3MiHM BHUXiIHOTO KOAY.
BukopuctanHs 1bOr0 KOMIUICKCY JO3BOJIHUTH SIK ()OPMYBaTH HOBI HAaBHUKH
JUIE pO3poOJICHHS CyYacHMX MOJYJiB aBiOHIKH, TaK 1 OTpUMArd OuIbII
OOK 3HAHHS IS (POPMYBaHHS KOMIIETCHIIIH y cepi HOBITHIX TEXHOJOTIH.
VY cTarTi NPOMOHYETHCS apXITEKTypa MPOTPAMHOTO KOMILIEKCY PO3POOICHHS
NPUKIAHAX TPOTpaM I1HTETPOBaHOI MOIyNbHOI aBioHikM (mami — IMA)
3 intepdeticom APEX 3a cranmaprom ARINC-653 B omepariiiHiii cucremi
Linux, ocobmuBoCTi 11 peanizaliii, a TaKo)K METOJM PO3POOICHHS IPOTPAMHOTO
KOMILJIEKCY. 3aponoHOBAaHHUHU MMiJIXi/ CIIPOIIYE TPOLEC PO3POOICHHS AONATKIB
IMA i 3MeHIIy€e HiHYy PO3POOICHHS, BKIIOYAIOUN TECTYBAHHS 1 HAJIATOJKCHHSL.
Tako’k BUKOPHUCTAHHS SIK 3araTbHOIOCTYIHO OllepaniifHoi CHCTEMH PeaIbHOTO
gacy OCPY Linux i3 BigKpuUTHM BHXiZHHUM KomoMm 3 iHTep¢eiicom APEX
3a cragmaproM ARINC-653 mig 9ac po3poOneHHS MPUKIAJHUX IIporpam
IMA € pimeHHAM, IO JEKUTH y MEKaxX NPOTPaMH IMIIOPTO3AMIIICHHS.
3arpornoHOBaHUN TMPOTPaMHUM KOMIUIEKC MOKHA BHUKOPHCTOBYBAaTH IS
3a0e3MeveHHs TUCIUIUTIH, MOB’S3aHUX 13 BOYJOBAaHUMH OOYHCITIOBATEHUMH
CUCTEMaMH SIK 3aci0 Jitst po3poOiieHHs noaatkiB IMA, y Mekax OCBOEHHS TaKUX
KOMITCTEHIIiH, SIK 31aTHICTh OCBOIOBATH METOJMKH BUKOPHCTAHHS MPOTPAMHHX
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3ac00iB JUIs PO3B’A3aHHS TPAKTUIHUX 3aB/IaHb, 3AATHICTH PO3POOJISITH KOMIIOHEHTH allapaTHO-MPOTPaMHHUX KOMIUICKCIB
1 06a3 1aHMX, BUKOPUCTOBYIOUH CYYacHi iIHCTPYMEHTAJIbHI 3aCO0H 1 TEXHOIOTI] porpaMyBaHHs, 3aTHICTb CIIOIy4aTH
armapatHi ¥ mporpamHi 3aco0u B CKnaji iH(opMamifHUX i aBTOMAaTH30BaHUX CHCTEM, TOTOBHICTH 3aCTOCOBYBaTH
OCHOBH 1H()OPMATUKH Ta IPOTPaMyBaHHsI 0 IPOCKTyBaHHS, KOHCTPYIOBAHHS Ta TECTyBAaHHS IIPOTPaMHUX MIPOAYKTIB,
TOTOBHICTh 3aCTOCOBYBAaTH OCHOBHI METO[M 1 iHCTPYMEHTH PO3POOJICHHS MPOrPAMHOrO 3a0e3MeUeHHS, BOJIOMIHHS
HABUYKAaMH BUKOPUCTAHHS PI3HUX TEXHOJIOTIH pO3POOIEHHS TPOrPaMHOTO 3a0€3MCUCHHSI.
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The study analyzes the functional principles and approaches to determining the
main features of the software used to operate aircraft. This software package
provides tools for developing IMA applications and their subsequent launch on
the target platform LynxOS-178 without changing their source code. The use
of such a complex makes it possible to form new skills for the development
of modern avionics modules, as well as acquire in-depth knowledge and skills
for the formation of competencies in the field of the latest technologies. The
article discusses the architecture of a software package for the development
of integrated modular avionics (IMA) applications with the APEX interface
according to the ARINC-653 standard in the Linux operating system, reveals
the features of its implementation, as well as methods for developing the
software package. The proposed approach simplifies and reduces the cost of
the development of IMA applications, including testing and debugging. Also,
the use of an open source Linux RTOS as a public operating system with an
APEX interface according to the ARINC-653 standard in the development of
IMA application programs is the basis of the import substitution program. The
proposed software package can be used for disciplines related to embedded
computing systems, such as tools for developing IMA applications, within the
framework of mastering the following competencies: the ability to master the
methods of using software for solving practical problems; the ability to develop
components of hardware and software systems and databases using modern
tools, tools and programming technologies; the ability to combine hardware and
software as part of information and automated systems; willingness to apply
the basics of computer science and programming in the design, construction
and testing of software products; the ability to apply the basic methods and
tools of software development, possession of the skills to use various software
development technologies.
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Beryn. ¥V cdepi nomatkiB 00UHCITIOBAIBHOI TEX-
HIKM Cy4YacHOTO CBITYy CTaJld LIMPOKO 3aCTOCOBYBa-
TUCST OOPTOBI OOYMCITIOBAJIbHI KOMITJIEKCH ([am —
BOK). Lleit paxT MOsICHIOETHCS iX BETUYE3HOIO POJLITIO
y BUKOHAHHI Pi3HHMX 3aBJaHb B aBiallii, KOCMOHAaB-
THUIl, POOOTOTEXHIIli, aBTOMOO11e0y/IyBaHHI, yIpaB-
JIIHHI MOPCHKUME aBTOHOMHUMH 00’ €KTaMH TOIIIO.

Harenep asyist Hamoi KpaiHU roCTpUM € HMUTaHHS
PO3BUTKY BIACHHX JOCIIKEHb 1 po3po0oK y cdepi
HOBITHIX TE€XHOJIOT1H.

CrporogHi 60pTOBHIT OOYHCITIOBATIHLHIN KOMILJIEKC
BKJIFOYAE TaKi Tpynu OOPTOBUX iHPOPMAIIIHNAX CHUC-
TeM: 30WpaHHS [aHUX, BiJoOpakeHHs iHQopmaiii,
pamioHaBiraiii, aBTOHOMHI CHCTeMH paJliOHaBirarii,
Pamio3B’ 3Ky, aBTOMAaTUYHOTO IMJIOTYBaHHS Ta IHIII.
Koxna rpyna cuctem chpsMoBaHa Ha BHKOHAHHS
MeBHOI rpynu 3aBaaHb. Hampukmazn, cucrema 30u-
paHHS JaHUX NpU3HA4YCHA Ul 30MpaHHS CUTHAIB,
10 HAIXOMATh, BUMIPIOBaHHS (DI3MUHUX MTOKA3HUKIB,
3a AKMMH MO)KHA BU3HAYUTH CTATYC JIITAJILHOTO ara-
para. A cucrema BimoOpakeHHs iH(oOpMaIlii BUIae
YJIeHaM eKinaxy iHpopmairiro, 3i0paHy 3 iHIIMX CHC-
teM. L{i cucTemMu BUKOHYIOTBCSI Ha OOUMCITIOBATIBHUX
MOJYJISIX, SIKI PO3POOJISIOTH BiATIOBITHO JO TEBHHUX
CTaH/apPTiB, K 1 MpOrpaMHe 3a0e3MeueHHs IS X
o0uMCITIOBAIBHUX MOmyiB. Hapasi pospoOieHHs
OOpTOBUX KOMIIJICKCIB BEIETHCS 3a TAKUMH JABOMa
OCHOBHHUMH KOHIICTIIISIMA TOOY/IOBH aBiOHIKH, SIK
(beneparvuBHa aBioHiIKa i iHTErpOBaHA MOJYJIbHA aBi-
onika (mami — IMA).

Ananiz crany mnpooaemu. Jlo IMA B ocHOBI
apxiTeKTypH aBIiOHIKM JeXanu TpUHOWTH (emepa-
THUBHOI CTPYKTypH. Y (enepaTuBHiil aBioHili (aHII.
Federated Avionics) Jy1si BAKOHAHHSI OJTHOTO 3aBIaHHS
pospobisinacst  cucteMa 3 OOHUM  OOYHMCIIOBAIIb-
HUM MoxyieM [1]. I3 po3BUTKOM aBiOHIKH CHCTEMH
[oYanyd BUKOHYBaTH Oinblie (QyHKUiM, cami (yHKOil
CTaJIU CKIIQJIHIIINMU, a TaKOX HEeoOXiaHO Oyso BUpi-
LIMTH TPOOJIeMy 3MEHIICHHSI BapTOCTi W TPUBAJIOCTI
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po3pobinenHst koMmIuiekcy cuctem [2]. TlapanensHo 3
PO3BHUTKOM aBiOHIKH BiJIOyBaBCS PO3BUTOK OOYHCIIFO-
BAJIbHOT TEXHIKHM, 3a SIKOTO AOCSragocs 3MEHLICHHS
(hi3U4HOTO pO3MIpY 31 30UIBIIEHHSIM MPOYKTUBHOCTI
0e3 30inbmeHHs BaprocTi. CyKynHICTh mux (akro-
piB Ipu3Besa 10 BUHUKHEHHS HOBOI apXiTEKTypH
aBIOHIKM — iHTErpoBaHOi MOAYIbHOI aBioHikd. IMA
NpeICTaBUIIa HOBY apXiTEKTypy CHUCTEMH, HAJAl0uH
MOXXJIMBICTh BUKOPHUCTOBYBAaTH OJMH 1 TOW ke 004mc-
JIOBAJbHUM MOAYNb sl OJHOYACHOTO OOCIYyIoBY-
BaHHS PI3HUX CHCTEM 3a JOIOMOTOI0 130JIbOBAHUX
PO3MIiIiB, SKi MarOTh Ha yBa3i 130JISIil0 TPOIECIB
CHCTEM, PO3MOJLT MPOLECOPHOTO Yacy i mam’sTi Mix
cucremamu [3; 4; 5] Jos (1)opMaJ113au11 BHUMOT JI0 PO3-
p06J'IeHH$I CHCTEM 1 JI0JaTKIB aBIOHIKM HOBOTO IOKO-
miHHs Oyno pospobneno crangapt ARINC-653 [3].
Bin BU3Ha4a€e BUMOTH JI0 ONEPaLlitHUX CUCTEM (J1am —
0OC), 10 1307b0BaHUX PO3ALTIB, HA SIKMX BUKOHYIOTHCSI
nmonatk IMA, a TakoX 10 TUTaHYBaHHS PO3ALTIB 1
NPOLIECIB PO3LIIB 1 HaJa€e iHTepQelic mporpaMmyBaHHs
nonatkiB  APEX. Ilporpamuuii inrepdeiic APEX
CTaHapTy ARINC-653 Bkirouae 6 cepBiciB: ynpas-
JIHHS pOS,Z[lJ'IaMI/I ynpaBmHHﬂ TMPOLECAMH, KePYBaHHS
4acoMm, ynpaBﬂlHHﬂ nam’sITTIo, KOMyHlKaLII}I MDK pO3-
JinaMu, KOMyHIKalii MiX IpolecamMmu po3Iity, cepsep
MOHITOPHHTY 1 00pOOIEHHS TOMUIIOK [3].

CrangapT nependOadae BUKOHAHHS JO/IaTKiB B 130~
JHOBAaHMX PO3MAiTax Ha OXHOMY OOYHCIIIOBATBHOMY
MOAYJIi, IPY LIBOMY PO3/1JIM HOBUHHI MaTH KOPCTKE
pozaineHHs mpouecopHoro yacy. s poGotu mpo-
rpamMy IOBUHHI KOPUCTYBATHCA (PyHKLISIMU TPOTpaM-
Horo intepdeiicy APEX. Apxirektypy iHTerpona-
HOT'O MOAYJIS, IO MPALIOE BiAOBIAHO 10 CTAHAAPTY
ARINC-653, naBeneHo Ha puc. 1.

Merta i 3aBaaHHs A0CHiaKeHHs. MeTOI0 CTaTTi €
PO3pOOJICHHST IPOrPAMHOTI0 KOMILIEKCY, SIKHH HaJlae
3aco0u po3poOiieHHS MNpUKIagHuXx nporpam IMA
1 momampmMid iX 3ayCK Ha LUIBOBIH miardopmi
LynxOS-178 6e3 3MiHHM X BHXIJHOTO KOIY.

Posain Posain CucteMHMIt CucteMHHii
Jopartka 1 nogatka N poszain 1 pozaur M
A A
v v v | v |
APEX ; |
| |
| |
| |
A4 A\
ocC <«—— 3| Cucremo3anexHi GpyHKLIT
AnapaTHa yacTHHa

Puc. 1. ApxitexkTypa MoayJis 3a cranaapTom ARINC-653
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3aBHaHHs MJOCHIMKEHHS — MpOaHalizyBaTh Ta
BUSIBUTU OCHOBHI TPUHLUIN PO3BUTKY CTPYKTYp
KOMILJIEKCY OOPTOBOTO 00J1aIHAHHS; TOCIIIUTH Xapak-
TEpHI 0COOIIMBOCTI KOMITJIEKCIB, 1[0 TIPOEKTYIOTHCS Ha
OCHOBI 1HTETpalbHOI MOMYJIBHOI aBiOHIKHM, Ta 3MiHH,
sIKi HEOOXiJTHO BHECTH B IIPOIEC MPOEKTYBaHHS, IS
OTpPUMaHHS OUTBII ONTUMAIBHUX PIllIeHb CTPYKTYpP
KOMIUTIEKC OOpTOBOTO OOJaJHAHHS HA OCHOBI iHTe-
IpajbHOI MOYJIEHOI aBIOHIKH; BUZHAYUTH MiCIIe TIPO-
LelypH [IPOEKTYBaHHS CTPYKTYpH (DYHKLIH y 3arab-
HOMY IIpOIeci MPOEKTYBaHHsI KOMIUIEKCY OOpTOBOIO
oOnaIHaHHA.

Buxkian ocHOBHOro MmarepiaJy.

Cnocobu eupiwiennusa npoonemu po3poodnenns
oooamkie IMA. Hateriep € 6e3miu KOMepIiitHIX oTe-
pamiiiaux cucteMm peanbHOro 4acy (mami — OCPY)
1 TOCITi THUIIPKUX TIPOEKTIB, SIKi peasizyroTh CTaHapT
ARINC-653 i3 mporpamuum inTepdeticom APEX.

Jo xomepmiitnux OCPY nanexarp Taki: OCPY
LynxOS-178, OCPY PikeOS, OCPY VxWorks 653
[6; 7; 8; 9; 10]. Lli mpoekTH € 3aKOPAOHHUMH PO3-
poOkamu Ge3 BUTBHOTO JOCTYITY 1O BHXIJHOTO KOJY.
i OCPY migrpumytots cranmapt POSIX 1 Biamosi-
natoth crannapry DO-178. Takox BOHM BKJIHOUAIOTh
3aco0u po3poOIIeHHs PUKIAIHUX Tporpam IMA st
MOAABIIONO iX BUKOpHUCTaHHs. Hapasi BOHM akTHBHO
BukopuctoBytoThest (Hanpukiag OCPY LynxOS-178
3aCTOCOBY€ThCs B JIiTaky Bombardier Challenger 300).

Jlo nmocmigHWIBKUX MPOEKTIB HaJeXaTh TaKi:
Patmos i mpoekT kopeiicpkoro yHiBepcuTeTy Konkuk
3 peami3zarii nmporpamuoro intepdeiicy APEX B one-
pamiiiaiit cucremi Linux [11; 12]. Patmos — omnHa
3 OCPY, mo mpamroe 3a crangaptom ARINC-653,
€ OCPY ms mponecopa apxitekrypu Patmos. Lls
apxiTeKTypa MporecopiB € po3podkoro TexHiyHOTO
yHiBepcutTery JlaHii, Mano momupeHa Ha PHHKY,
a MPOEKT € 3aKPUTHM IPOLYKTOM O€3 IOCTYIly 10
BHXITHOTO KOITY.

Ockinbk KOWITH Uil pO3pOOJICHHS Nporpam-
HUX foaatkiB IMA He MOCTaBISIOTBCS OKPEMO BiJ
komepuiitnoi OCPY, to po3pobieHHs JoAaTKiB cTae
JOPOTUM 3aXOA0M, TOMY IO BXKE Ha IOYaTKOBOMY
erari po3poOneHHs noaarkiB IMA BuHHMKae HeoO-
xigHicTh BukopuctanHs Takux OCPY. 3a HasBHO-
CT1 KOWITIB JUIs PO3POOJICHHS MPUKIAIHUAX MIPOrpam
IMA nouinbHO BUKOPHCTOBYBATH 3arajibHOMOCTYITHI
OCPY mHa erami, KOJIM THMYacoBa BiAIOBIAHICTH
HE € 3Ha4ylor. TakuM YMHOM, MOXKHA 3MEHILUTH
BapTiCTb PO3POOJCHHA LMUX [OOAATKIB, TOMY IO
Oyne mocratHbo omHiel cuctemu 3 OCPY nns nHama-
TOJUKEHHSI TUMYAcCOBUX XapaKTEPHCTHK po3poliie-
HUX JoAaTKiB. Takoxk 3HUKAE 3aJIEKHICTH Bl I1JIbO-
Boi OC, ToMy 110 3aBASIKM MIATPUMII TPOTrPaMHOTO
inTepdeiicy APEX sarampaonmoctynHoro OC pos-
pobOneni Ha Hill mpuknanHi nporpamu IMA OyayTh
TOTOBI Ul 3amycKy Ha Oyab-sikiid mimboBii OCPY.
Tomy BuHMKIA HEOOXiAHICTH Yy PO3POOJICHHI MpO-
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rpamHoro komruiekcy (nani — [1K), skwuii 6u OyB 3aco-
00M po3polbneHHsT nporpaMHuX noAatkiB IMA s
3aranpHOmOCTyHOI OC. Y 1t crarti 1ineoBoro OC
aBTOpamMu BukopucTtoByeThest OCPY LynxOS-178.

Pe3ynomamu po3poonenna npozpamnozo KoMn-
nekcy npukaaonux npozpam IMA 3 inmepgeiicom
APEX 3a cmanoapmom ARINC-653 ¢ onepauiii-
Hill cucmemi Linux. ]J1Jis1 BAKOHAHHS MOCTABJIEHOTO
3apaanns [IK nmoBuHeH nigTpuMyBaru Taki QyHKLII:

— HaJaBaTW peaii3alfilo MPOTrpaMHOTO iHTEp-
¢eiicy APEX crannapty ARINC-653;

— MiITPUMYBATH 130JIbOBaHI PO3JILIH;

— CHMYJIIOBATH PO3/ILIH BiATIOBITHO JI0 CTAHAAPTY
ARINC-653.

Bu6ip OC PY Linux noB’s3aHAH 13 HU3KOIO TAKUX
il ocoOMMBOCTEH, K BIAKPUTICTH JOCTYITY 10 BHUXiJ-
Horo komy Iiei OC i1 HasBHICTH cepTH(]IKOBAaHMX
OC B YkpaiHi, mo € HEOOXiTHOIO YMOBOIO B MeXax
nporpamu imnoprosamimieras. Takox OC PY Linux
(mopiBusiHO 3 iHIIMMEU OC) Mae Taki epeBaru:

— BOyIOBaHI METOAM BipTyalti3ailii;

— cross-platform (kpocmnardopmHicTs);

— HEBEJIHMKi TIOTpeOH B pecypcax.

Ha ocnogi 06panoi OC po3po0iieHo BIacHy apxi-
textypy 1K 11 po3pobnenHs npukiagHux nporpam
IMA 3 inTepdeticom APEX 3a cranmaprom ARINC-
653, mo BukopuctoBye mepeBaru 1iei OC. Po3po-
OJieHy apXiTeKTypy HpeICTaBICHO Ha puc. 2.

ApXiTeKTypa NPOrpaMHOTO KOMIUIEKCY MICTHUTh
TaKi KOMIIOHEHTH:

— Iporpamy-cepsep, 1o kepye pobdororo IIK.
s mpaBuibHOI poOOTH Iporpamu-cepsepa HeoO-
XimaHi koHDirypariitai Qaiinm;

— Oibmioreky APEX. mo peamizye mporpamuuit
intepdeiic APEX;

— normoMixkHi 6i0mioTekun, HeoOximHi podoTtn 1K
1 cumyrnii po3aimis 3a crangapTroMm ARINC-653.

Ockinpkn [1K moBrHEH cuMymroBaTH po3ind 3a
cragmaprom ARINC-653, HeoOXigHO IOMOTTHCS
130JIFOBaHHS PO3IUTB OMUH Bl OJHOTO, a TaKOXK
JUCTIeTYepr3allii PO3UTB 1 TPOIECIB BiAMOBITHO
no craHmapty. [ms peamizamii po3nidgiB BUPILMIEHO
BUKOPUCTOBYBaTH TEXHOJIOTIO BipTyali3ailii, a came
Bipryaumizamiro Ha piBHi OC. VY 1ii TexHOIOrIi Bip-
Tyamizanii roctboBUME OC € KOHTeHHEepH, SIKi BHKO-
PHCTOBYIOTH OZHE 1 T€ K SAPO pa3oM i3 xoctosoro OC.
Takox BiIOyBa€ThCs 130JIFOBaHHS IMPOIIECiB, (aiiio-
BUX CHCTEM TOLIO MK KOHTEHHEpaMH Ta XOCTOBOIO
OC. IlepeBaramu I1i€i TEXHOJIOTI] €:

— BIJICYTHICTH  BipTyali30BaHOTO  OOJaJHAHHS
(KoHTeliHEpH MaroTh Oe3mocepenHiit JoCTyn A0 ara-
paTHOI YaCTHHU KOMII I0TEpa);

— IPOCTa MIATPUMKA Yepe3 BUKOPHUCTAHHS €IlU-
Hoi OC;

— IHyYKe HaJalITyBaHHS 1 MaciuTaOyBaHHS
(MOXXITMBICTh KepYBaHHS JTOCTYIIOM JIO OOJaJHAHHS
KOMIT TOTepa).

ISSN 2413-6549



YHacITiIOK HassBHOCTI Y KOHTEHHEPIB BIACTHBOC-
Tel 3 130JII0BaHHS, SIKi 3aJJ0BOJIEHSIOTH BUMOTH CTaH-
mapty ARINC-653, BupimieHo peamizyBaTH pO3HiIn
3a JIOTIOMOTOI0 KOHTEHHEpiB. ABTOpaMHU PO3IIISTHYTO
Taki JBi TexHojorii peamizamii koHTeiHepiB B OC
Linux, sk LXC i OpenVZ. VY pesynbrari aHamizy
obOpano TtexHomorito LXC, tomy 1o (mopiBHSHO 3
OpenVZ) BoHa migTpumye poOoTy B HeMoaudikoBa-
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Ockinpkn LXC KoHTeWHEpH € 130Jh0BaHUMHU
OJHWH BiJ OIHOTO, SIK 1 BiJ CHCTEMH, Ha SIKIH BOHHU
3aryIieHi, 3a0e3medeHHs] B3aeMOIii M’k HUIMHU BHKO-
HAHO 32 apXiTEeKTYpPOI «KIIE€HT-CEPBEP», e Cep-
BEpPOM € Tporpama-cepBep, a KIEHTaMU — PO3JILUIH.
Bzaemonisi/oOMiH qaHUMU BiOyBa€ThCS 3a JIOTIOMO-
roX0 MOBIIOMJIEHD.

HoMYy sizipi Linux i qocTynHa NpuKIagHOMY Iporpam- Tabmuus 1
Homy iHTep(eticy (API) Ha MmoBax nporpamysanHs C, IMopiBHsAHHS TexXHOJIOTI# BipTyasizamii
Lua, Go, Ruby, Python, Haskell [13; 14; 15]. Pe3yinsb- OpenVZ i LXC
tatu nopiBHsAHHS TexHonorid LXC i OpenVZ npen-
CTaBJICHO B Ta0muIi 1. OpenVZ LXC
SAnpowm IIK e nmporpama-cepsep, 110 BUKOHYE TaKi Po6ora B HemoauhikoBaHOMY .
(byHKIIIT: sapi Linux
— Kepye po3aiiaMu (CTBOPEHHS, 3aITyCK, 3ylIHHKa, KepyBaHHsI BUILTICHHSIM . .
3HUINEHHS, JUCTIeTYepu3allis); am’aTi
— Kepye TporecamMu (CTBOPEHHS, 3ayCK, MTPHITH- KepyBaHHSI BUKOPHCTaHHSIM . .
HEHHS, 3y[TUHEHHS, JUCIICTYepU3aLlis); mam’sITi SIpoM
— 3abe3medye poOOTYy cepBiciB TPOrpaMHOTO JIOCTYIHICTh MPUKIAIHOTO C, Lua,
inTepdeiicy APEX; MPOrpaMHOTo iHTepdeiicy C Go, Ruby,
— 3abe3neuye podory [IK BiamoBigHO 10 KOH(I- (API) Ha moBax Python,
rypawiiiaux Qaiiis. MIpOTpaMyBaHHS Haskell
[LXC konreitnep | XML daiimt
LXC KoH(irypartii
R |
Ilporpama-cepsep
;
% TCP-ceprep
Iporec
(\()p()()Hl/li"( > OGpotamx
HHOMHIIOK ]'[QBmOM,I]eHB
1
A | A A A A
I | ]
1 1 1
1 1 1
T T T
1 1 1
1 1 1
v . 7
‘ BiGriorexa APEX ! |
S ]
‘ Bibmiorexa apex_config ‘( —E— }‘ bibmioreka liblxe ‘
1
N n I
Blﬁmomx? apex_ <-r -)’ Hab1p 610m01ex Boost ‘
communication ,
1
! . . N
| Bibmioteka apex_process |( _L *l bitimoreka TinyXML2 ‘ IIpoeTip KopHCTyBada

l Shipo Linux

‘ Ilpocrip sijpa

| Auuapa I'Hasi 4acTh

Puc. 2. Apxitexrtypa IIK 115 po3po0ienns: npukjaagaux nporpam IMA
3 inTepdeiicom APEX 3a crangaprom ARINc-653
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Jnst ympaBiiHHS pO3AiaMu  Iporpama-cepsep
migkrodae  6i0mioreky liblxe, sika peainizye mpo-
rpamuuii intepdeiic LXC. Llg 6Gibmioreka € cro-
POHHBOIO PO3pOOKOIO 1 mocraBisgeTbes pazoMm 3 OC
Linux. ¥ nmx i30Jp0BaHUX pPO3[iTax BUKOHYIOTH
nporiecy, ki € poxatkamu IMA. Llumu nponecamu
TaKOXK Kepye Iporpama-cepsep, siKa 3aiMaeTbes iX
3aITyCKOM 1 AucrieTdepu3aniicro. OCKUTbKYA CUMYJISIsS
po3niniB 3a crangaprom ARINC-653 Bkitouae muc-
MeTYEPHU3AIII0 PO3/ILTIB 1 TPOIECIB, IO BUKOHYIOTHCS
B HHX, Y NpOTrpaMi-CepBepi peasi3oBaHO TUCTIETYEp
posniniB i mporneciB. Cranmgapr ARINC-653 onmcye
JUCIIETYEPU3ALIIO TAK: € OCHOBHUH KBAHT 4acy, sIKUH
po3nineHuii Ha OiIbII APIOHI KBAHTH Yacy PO3JILTIB,
SIKi PO3JIiJIeHI Ha KBaHTH 4acy IPOIIECiB, IO IMOKa-
3aHO Ha puc. 3 [3]. Po3ainu muaHyOThCS IUKITIYHO,
a MpoLecH — 3a MPUHLUIIOM «IEPLUIMHA MPUHUIIOB —
nepumid BUKOHAaBY i3 mpioputeroM. [y nucnerde-
pu3alii po3aiJiB TOCUTh BUKOPHCTOBYBATH TailMep,
SIKUH TICIIA 3aKiHYeHHS KBaHTA Yacy PO3AUTY TpHU3Y-
MWHSE TIOTOYHUN PO3JiN 1 3armyckae HacTymHui. Jlis
JUCTIeTYepHr3allii MPOIECiB yCepeanHi PO3Iiry Heoo-
XiTHO BHOpaTH allrOpUTM JUCTIETIEePH3aIlil, TOMY 110
(BIAMOBITHO 70 CTaHIApPTY) MPOLECH MOXYTh OyTH
MIEPIOINYHIMH 1 arepiognyHUMH.

OTxe, 00paHO aNrOpPUTM, SIKUH MPONOHYE BHII-
JUTH CTIeNiaJbHIA TepiOJUIHNN KBAHT Jacy (mai —
CIIKY) nns anepioguyHMX MpoLeciB, poOOTy B Haci
SIKOTO TIPEICTAaBICHO Ha pucC. 4 [16].

et anroputm Buainge CIIKY, sxuii BrunBae Ha
JUCTIeTYepr3allito TepiognyHux mporecis. [Ipiopu-
ter CIIKY nopiBHIOE NpiOpUTETY TMOTOYHOTO amepi-
ognyHoro mpouecy. Lleit crnocid nepeBakae B TOMY,
[0 JWCIIETYSPH3AIlisl TIPOIECIB € €IUHOI0 IS BCIiX
THUIIIB, @ TOMy HE BUMAara€e po3poOJeHHs 10JaTKOBOI
Jorikyu gucrerdepa. HemonmikoM Lboro anroputmy €
LITy4yHEe OOMEXKEHHS Yacy BUKOHAHHS allepioJMIHOro
nporecy. 3HaueHHsI KBaHTIB 4acy pO3AiIiB 1 mpore-

CiB, a TAaKOX 1HIY HEOOXiIHY iH(OpMAaIi0 mporpa-
Ma-cepBep 34HTye i 30epirae mpotsirom podoru [1K
B KOH(irypaniiHux ¢aiinax, siki B [IK MoxyTs OyTn
TPHOX THUIIIB:

— OCHOBHMI KOH(]ITypamidHuil Qaiin, BHU3HaUe-
Huil craggaprom ARINC-653, o BKiIFOYa€ OCHOBHI
HaJTamTyBaHHS (TaONHItO PO3ALNIB, HaJAIITyBaHHS
JUTSE. MOHITOPUHTY cepBepa i 00pOOJIeHHS TTOMUIIOK
TOIIIO);

— Qaitn  xoHpiryparii
MICTHTBCS TaOIHIIS TPOIIECIB;

— (aitn  koH(piryparii 3acobiB MiXIpOIECHOT
KOMYHIKaIlii, B SKOMY 3aJa€TbCs TaOIMUI KOIITIB
MIXKTPOIIECHOT KOMYHIKaIlii.

Hns po3pobnenHs mpukimagHuX mporpam [IMA,
a TakoX nojaneiioro ix 3amycky B [IK pospobieno
0i0mioTeKy, sika peajizye mporpamHmii iHTepderic
APEX. binbmicts GyHKIIIH 1i€i 010mioTekn 3aexarsb
BiJl IIpOrpaMu-cepBepa, TOMY IO BOHA 30epirae BCIO
HEeoOXiHY iH(OpPMAIIit0 TIPO CUCTEMY, Ha OCHOBI SIKOT
BiOyBaeThcsl HeoOximHa mis. Hampuknan, mix dac
BukoHaHHs (¢yHkmii GET PARTITION STATUS
BiIOyBa€ThCs HAJICWIAHHS TOBIJIOMIIEHHS TIpOTpa-
Mi-cepBepy, sKa HaJICUIIa€ HeoOXiIHI TaHi 00epHEHO
JI0 BUKJIMKAJIBHOTO TIPOLIECY.

Ockinpku  mimboBor0o  OC  obpano  OCPY
LynxOS-178, To BuHMKa€e HEOOXiTHICTh y TPAHCIAIIIT
koH(irypariitHoro ¢aiina ¢popmary XML y popmar
VCT, mwo 3acrocoByetbess B OCPY LynxOS-178. lns
IIBOTO PO3POOIIEHO 1 pealli3oBaHO CIEIialbHY IPO-
rpaMy, sika Ha OCHOBI 1a0nony Qaitna gpopmary VCT
TpaHcmoe Qaitn popmary XML, 3anpornoHoBaHHUN
cragmaproMm. KoHodirypamiiiauii Qaiin, orpumMaHui
3a JONOMOTOI0 11i€i MporpaMu, rOTOBUM O BUKOPU-
crannsa B OCPY LynxOS-178 6e3 Oynb-sIKUX 3MiH.

0o02060penna pezynbmamie MmecmyeaHHsA pO3-
poonenozo IIK. TectyBanns pospobnenoro [1K
nependadae po3poOJICHHS 1 TECTyBaHHS NPUKIAJI-

IpoLeciB, y SIKOMY

OcHOBHHUIT
KBaHT 4acy

OcHOBHHUIT
KBaHT qacy

OcHoBHMIT
KBaHT qacy

OcHOBHHUIT
KBaHT qacy

Kganr uacy
posniny A

Kganr uacy
posniny B

Kganr uacy
pozairy C

Kgant yacy
nporecy A

Kgaunr uacy
nporecy A

KBant yacy
npouecy A

Kgaunr uacy
nporecy A

Puc. 3. lucneryepusanis po3aiiis i mpomecis
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Hux nporpam y 1K Ha ocHoBi OC Linux i3 momans-
MM 3aITyCKOM  po3poOneHux agomatkis B OCPY
LynxOS-178.

s rectyBanns [1K cuctemu Oys1o HanarmroBaHo Tak:

— JIBa PO3MLIIK 3 KBAHTOM 4acy, 1o gopiBHioe 500
000 HaHOCEKYHT;

— Y KOKHOMY pO3IiT €IMHUNA amnepiogudIHuil
po1Iec;

— Ha OJIUH PO3JiJ BUAUICHO JBa HOPTH, IO Hpa-
LIOIOTh Y PEXKHMMI YEPTU: OAKH HOPT THITY «IKEPETIOy,
IHIIMN — THITY «ofiepKyBaw». Lli mopTu MaroTh Taki
rapaMeTpH: MaKCUMaJlbHa JJOBKHHA YePTU IOPiBHIOE
10 rmoBigOMIIEHHSIM, MAaKCUMAIILHUI PO3Mip TIOBiIOM-
JIEHHS TopiBHIOE 512 Oaiitam.

Sk mpuxiagai nmporpamu IMA peanizoBaHO [Bi
[IPOTpaMu, aJITOPUTMHU POOOTH SIKMX IPEJICTABICHO B
JicTuHry 1.

Jlictuar 1. Anroputmu poOOTH TIpOTpaM TECTy-
BaHHS.

Ilpoepama 1:

1. IToyaroxk.

2. Hagicnatu moBigomiteHHs porpami po3aity 2.

3. 3acikTH 4ac BIANpPaBKH IOBIIOMIICHHS MPO-
rpami posminy 2.

4. Orpumard MOBIIOMJIEHHS BiJl NpPOrpamu
po3niny 2.

5. Butsarnytu yac oTpuMaHHS IOBiIOMJICHHS IIPO-
rpamoIo 3 PO3ALTY 2 3 OTPUMAHOTO HOBIJOMIICHHS.

6. OOUMCIUTH PI3HULIIO MK YaCOM OTPUMAHHS 1
4acoM BiANpPaBJICHHS.

7. BuBectu Horo Ha eKpaH.

8. Kinens.

Ilpoepama 2:

1. ITouaroxk.

2. Orpumard MOBIIOMJIEHHS BiJl TPOrpamu
po3miny 1.

3. 3acikTh 4Yac OTpHUMaHHS TOBIJJOMJICHHS Bif
nporpamu po3ainy 1.

fe.s]

- 10 [piEi |; 10

;iq 412 10 8’;8 10
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4. 3anucary yac OTpUMaHHA B TIOBiJOMJICHHI.

5. Hapmicnaru noBioMIIeHHS Tporpami po3ainy 1.

6. Kinenp.

KokHa mporpama BUKOHY€ETBCSI Ha OKPEMOMY PO3-
1T, OOMIHIOIOYHCH OJMH 3 OJHHUM ITOB1JOMIIEHHIMU,
TIPH 1[bOMY BiJIOyBA€THCS IMiIPAXyHOK Yacy MiX Biji-
NPaBJICHHSM 1 OTPUMaHHAM KOJKHOTO TTOB1IOMJICHHSI.

Lle TecTyBaHHS BKJIIOYA€ KiJIbKaA €TAIIB:

— po3pobieHHs BULIeonucanux nporpam y I1K;

— 3aIlyCK 1 TecTyBaHHs po3podieHrx nporpam y [1K;

— TeHepyBaHHS KoHirypariiHoro (aiina s
mimpoBoi OCPY 3a 1ormoMororo mporpamMu, sika TpaHc-
o€ KoHQirypamiiamii Gaiin crangapty ARINC-653 y
¢aitn xorpiryparii s LynxOS-178 dopmary VCT,;

— 3amyck po3pobaenux mnporpam y IIK Ha ocHoBi
nuteoBoi OCPUY;

— TIOPIBHSIHHA W aHaJi3 pe3ysbTaTiB BUKOHAHHS
porpam.

TectyBaHHS 1OKa3aJjo, 1IO:

— IPOTPaMHUM KOMIUIEKC Ma€ MOXKIIHMBICTH PO3-
pobmsat nomatku IMA 6e3 3MiHM BUXIIHOTO KOIY
porpam;

— IPOTPaMHUM  KOMILJIEKC
3a crangaptoM ARINC-653;

— JIUCTIETYEPU3AIIIFO po3niiiB
3a crangaptoM ARINC-653;

— JTUCTIeTYEpU3aIlisi IPOIIECIB TOCUTH OM3BKO pea-
mizoBaHa 110 craHnapty ARINC-653, mo momyctumo
Ha MIepIIoMy eTarri po3pooneHHs noaarkiB IMA;

— Tporpama, sKa TpaHciroe (ainu koHpiryparrii
MPOrpaMHOTO KOMIUIEKCY y aiin koHdirypartii dop-
Mmary VCT, ¢popMye CHHTaKCHYHO TIpaBWIIbHI (aitimm
KoH(irypariii # BUXiHI KOJH iHIIIFOBAIBHUX TPOIIE-
CiB, K1 OE€3IIOMMIIKOBO KOMITUIFOIOTHCS 3 MIAKJIFOYEH-
HsaM 6i0mioTexw libarinc653 OC LynxOS-178.

BucnoBku. IIK namae 3aci® pospoOiieHHS Tpu-
knaaaux nporpam IMA B OC Linux asst mogansmoro
ix BukopucranHus Ha 1itboBux OCPY. [Ipu oMy Ha

CUMYJIIOE  PO3IIH

peanizoBaHO

0 10

20 30

nepioAndHUi npotiec 13 npiopureTom 10
nepioguyHui npouec i3 npiopureTom 8

CricHiaTbHAH MCPIOIMYHUI KBAHT Yacy 3 MpiopuTeTom 12

Puc. 4. OnHouacHa gucneTYepu3allis anepioTHIHMX i mepiogTUIHUX MpoieciB

besnepepsna ninis 6ionosioae mouyi 3anycky nepioouunozo npoyecy 3 npiopumemom 10, nynkmupHna —
mouyi 3anycky nepioouynozo npoyecy 3 npiopumemom 8, mouxoea — mouyi sanycky CIIKY
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eTam po3pOOIeHHS 1 HAATOKEHHS MPHKIIATHIX
mporpam IMA pozpo6nennii [1K mo3Bomnsie BupoOmsaTu
OCHOBHE DPO3pOOJIECHHS B saranpHOnoCTymHIX OC,
sIKI HE BUMAararoTh BEJIMKHX BUTPAT, 1, SIK HACIiAOK,
BIIMOBUTHCS BiJl HEOOX1AHOCTI BUKOPHCTAHHS JOPO-
rux OCPY, Takmx sk LynxOS-178, VxWorks-653
tomo. Takox miag 4Yac po3poOJeHHS NPHUKIAAHUX
nporpam IMA BHUKOpPHUCTaHHS SIK 3arajbHOJOCTYII-
Hoi OC OCPY Linux i3 BiIKpUTUM BUX1JTHUM KOJIOM
3 inTepdericom APEX 3a cranmaprom ARINC-653 €
PpilIEHHSIM, 1110 JISKHUTH y MEXax MIPOrpaMu iMIopTo-
3aMIIEHHA.

PeanizoBaHuii mporpaMHUN KOMILIEKC Ma€ Mep-
CIIEKTUBH PO3BUTKY, SIKi IOJIATAIOTH Y:

- MozmqmcyBaHHl aucneTyepa NpoLeciB AN Mif-
TPUMKHU OCTaHHIX TEPMiHiB BUKOHAHHS;

— peanizauii IHTErpOBAHOIO CEPEAOBUINA PO3PO-
OJIEHHS Ha OCHOBI IPOTPAMHOTO KOMILIEKCY IS IIBH/I-
KOTO Ta €(peKTUBHOTO PO3po0IeHHs nonatkiB IMA;

— peadizaliii TEKCTOBOTO iHTEpdeicy KOpUCTy-
Baua JyIs KepyBaHHs poOOTOI0

— IIPOrPaMHOTrO KOMILICKCY, @ TAKOXK BIICTEKEHHS
CTaHy CUCTEMH;

— peamizariii MOXJIMBOCTI TOIIUPIOBATH TIPO-
TpaMHHMI KOMIUIEKC y BUIVISIAI €JMHOTO YCTaHOBYOIO
MaKeTa sl MOJIETIIECHHS YCTAaHOBKM MPOIPaMHOIO
KOMIIJICKCY Ha CUCTEMY PO3POOHHKA.

3anpornoHOBaHUI MpPOrpaMHUM KOMIUIEKC MOXKHA
BUKOPUCTOBYBAaTH Uil 3a0e3lEUeHHS IUCLMILIIH,
OB’ SI3aHUX 13 BOYZIOBaHMMH OOYMCIIIOBAILHUMH CHC-
TeMaMu, sIK 3aci0 as po3poOneHHs nomatkie IMA,
B MEXaxX OCBOEHHS TaKMX KOMIICTCHILIH, SIK 31ar-
HICTh OCBOIOBAaTH METOJUKH BUKOPUCTAHHS IPOTPaM-
HHUX 3ac00iB /Il BUKOHAHHS NPaKTUYHUX 3aBIaHb,
30aTHICTh PO3POOJISATH KOMIIOHEHTH amnapaTHO-IPO-
rpaMHHUX KOMIUIEKCIB 1 0a3 JaHWX, BUKOPHCTOBYIOYU
cydJacHi iHCprMeHTaJ'IBHi 3aco0M 1 TEXHONOT11 nporpa-
MyBAHHSI, 31aTHICTb CIOTY4aTH arapaTHi i mporpamHi
3aco0u B ckaji iHpoOpMalifHUX 1 aBTOMAaTH30BaHUX
CHCTEeM, TOTOBHICTH 3aCTOCOBYBaTHM OCHOBH iH(Op-
MaTHKH Ta NPOrpaMyBaHHS O MPOEKTYBaHHS, KOH-
CTPYIOBAaHHS Ta TECTYBaHHS MPOrPaMHUX MPOLYKTIB,
TOTOBHICTh 3aCTOCOBYBaTH OCHOBHI METOAM I 1HCTPY-
MEHTH PO3POOJICHHSI IPOrPaMHOIO 3a0e3MeUeHHs,
BOJIOJIHHSI HABUYKAMH BUKOPUCTAHHS PI3HUX TEXHO-
JIOT1# PO3POOIIEHHS TPOTPAMHOTO 3a0e3MeYCHHSI.
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ABTOMATHUYHA I'EHEPALIISI HABYAJIBHUX TECTIB 3A JOITIOMOI'OIO
MNPOTPAMHOI OBPOBKHU MPUPOJHO-MOBHUX TEKCTIB
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VY cTarTi po3mIsIal0THCS OCHOBHI TEXHOJIOT 1, SIK1 ChOTO/IHI BUKOPHCTOBYIOThCS
B €JICKTPOHHOMY HaBYaHHI B 0araTboX BUINMX HABYATIbHUX 3aKJIaAax. 3ragaHo
naker nporpam SMPR, cTBopeHwmii ctyneHTamu (akyiabTeTy KiOepHETHKH
Ta iHpopManiiHuX TexHojoriii KuiBCchkoro HarioHaJbHOTO YHIBEPCUTETY
imeni Tapaca IlleBueHKa MPOTATOM JEKIILKOX POKIB. IX METOIO € CrpomIeHHs
IpOoLIeCYy HABUAHHSA, KOHCYJIBTYBAaHHS Ta IEPEBIPKM 3HAHb YUHIB K JUIS
BUKJIQ/Ia4iB, TaK 1 /Ui cTyAeHTiB. SMPR BHKOpUCTOBYEThCS Uil HaBYAHHS
BUKJIaJ]a9aMU KiJIbKOX YHIBEPCUTETIB ISl HIATPUMKH Kypcy «Teopist pileHb
Ta IHIIMX MPEIMETIB NPUKIAAHUX Hayk. Y 2014 poui 1ei nporpaMHuil makeT
YAOCKOHAJICHO 3a JOIOMOIOK ABTOMAaTHU30BAHOI MiJCUCTEMU OIIHKM 3HAHb,
10 € OCHOBHOI TEMOIO CTAaTTi. ¥ MekaX aBTOMAaTH30BAHOTO OI[IHIOBAHHS
€ pobieMa OLIIHIOBaHHS BIIKPUTHUX TEKCTOBHX BiANOBieH. Buknanayi xorinu
0 3HATH SIKICTh 3HAHb YYHIB, CTABJISIUM BIAMOBIAHI 3alTUTAHHS, 110 BUMAraroTh
omnucy nporeciB MuciaeHss. OfHaK HeMae )KOJHUX aBTOMAaTU30BAHUX PIIICHb,
AKi MOITIM Xo4ya O TOMEpeAHbO OIIHWUTH Taki BiAMOBimi. PimeHHs, meBHO,
nexuth y ramy3i NLP Tta BumoOytky nanux. Ilicns Aesikux AOCTiIKeHb
13 IIMX TEeM aBTOp HATpaluB HA CTAaTTi, [0 OMUCYIOTh MiAXOAM A0 aHAII3y
JAHNX Ta TEKCTY, & OCHOBA AT LIUX PILlIeHb JIEXKUTh Y 0a3ax 3HaHb. Takox
y TEKCTI BHOKPEMIIIOIOThCA (PparMEeHTH IHTEHCHUBHOI JIOTIKU 3 TOYKH 30Dy
BIIPOBA/KCHHS TEXHIUYHOT CHCTEMH, SIKa CIIPSIMOBaHA Ha pOOOTY 3 MPHUPOAHUMHU
TEKCTOBUMH JaHUMHU. PO3IISHYTO NPHHIUIM 3aCTOCYBaHHS 1HTEHCHBHOL
goriku P. MonTerio s Qopmainizarii TEKCTOBUX AAaHHUX, MPEACTaBICHUX
MPUPOJHOI0 MOBOIO, 3 METOIO CTBOPEHHs 0a3 JaHMX 3HAHb, HEOOXIAHUX JUIS
MOJIANIBIIOT pealnizaiii aBTOMaTM4YHOI TeHeparii HaBYalbHUX TecTiB. Jlami
MIPONIOHY€ETHCS MPAKTUYHUHN TAX1 10 3aB/IaHHS TeHepallii HaBYaIbHUX TECTIB,
3aCHOBAaHMI Ha TEXHOJOTI1 BUITyYCHHS 3HAHb 13 MPUPOTHO-MOBHUX TEKCTIB i3
BUKOPUCTAHHSIM IIPOTPAMHOT0 JIHI'BICTUYHOTO MPOIecopa.
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The article reviews the main technologies used today in e-learning across
multiple institutions of higher education. Also mentioned the SMPR software
package created by students of the faculty of Cybernetics and Information
Technology in Taras Shevchenko National University of Kyiv over several years.
The purpose of the program is to simplify the process of education, consultation
and testing students’ knowledge for both — teachers and students. SMPR used
for education by teachers of several universities to support the course “Decision
Theory” and other subjects of applied science. In 2014, this software package
have been improved with automated knowledge evaluation sub system, which
is the main topic of the article. As part of automated evaluation, the problem of
evaluating open text answers raised. Teachers would like to know the quality
of student knowledge by providing appropriate questions that require thought
processes to be described. Meanwhile there’s no any automated solutions
that can at least make a pre-evaluation of such answers. Solution seems to be
lying in a field of NLP and data mining. After some basic research in those
topics author came across articles that describes approaches to data mining and
text analysis, and the base for this solutions lies in databases of knowledge.
The article separates fragments of intensive logic in terms of implementing
a technical system that aims to work with natural text data. The principles
of application of intensive logic of Richard Montague for formalization of
the textual data presented in natural language for the purpose of creation of
databases of knowledge necessary for the further realization of automatic
generation of educational tests are considered. Next, a practical approach to the
problem of generating educational tests, based on the technology of extracting
knowledge from natural language texts using a software linguistic processor.

Beryn. Bimomo, mo ocBiTHI TexHOomOrii (3rigHO

- JUIA CUCTEM ynpaBJ'[iHHS[ HaBYaHHAM

3 BU3HAuEHHSIM AcoIliarii OCBITHIX KOMYyHIKaIliii Ta
TEXHOJIOTI) — 1€ «IOCTIDKEHHS i €TUYHI TPAKTUKH
CTIPUSIHHIO HABYAILHOMY TIPOLIECY Ta IMiJBHICHHIO
HOr0 MPOIYKTUBHOCTI IIIJISIXOM CTBOPCHHS, BUKOPH-
CTaHHS ¥ YMpaBIiHHS BiAMOBITHUX TEXHOIOTIYHHX
mportiecis i pecypci» [1].

OcBiTHI TexHONOTIi Hajexarh K 0 (PI3UIHUX
KOMITOHEHTIB, TaK i 10 OCBITHIX TEOpiHi.

BoHU BKJIFOYAIOTH KiJIbKA JIOMEHIB, cepell SIKHX €
TEOpisi HABYAHHSI, KOMIT'FOTCPHE HABYAHHS, HABYAHHSI
B OHJIAWH-P&XKHMI, a TaKO)K MOOUIbHE HaBYAHHS
(3 BUKOpHCTaHHSAM MOOUTPHMX TEXHONIOTiH). Bimamo-
BIiJIHO, € JISKLTbKA JIMCKPETHHUX aCTIKTIB OIUCY 1HTEIEeK-
TYaJIbHOTO 1 TEXHIYHOTO PO3BHUTKY OCBITHIX TEXHOJIOT1H:

— B Teopil 1 TPaKTUI[ OCBITHIX TMiAXOMIB JO
HaBYaHHS;

— SIK TEXHIYHI 3aco0u 1 3acobm MacoBoi iHpoOpMa-
1ii, K1 JOTOMararTh y MepeaHHi 3HaHb, a TAaKOX Y
X PO3BHUTKY  0OMiHi;
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(mam — LMS), Taki sk iHCTpyMEHTH Uil CTYACHTIB
a00 cuCcTeMH yNpaBIliHHS HaBYaJIbHUMH IPOTPaMaMH,
a TakoX iH(OPMAITiifHI CHCTEMH YIIPaBITiHHS OCBITOIO;

— SK TEeMaTUKa HABYAJIBHOTO MpEeIMeTa; Taki
Kypcu MOXYTh OyTH Ha3BaHi «Kowmr toTepHi mocmi-
JoKeHHsD» a00 «[HpopMmariiiHi Ta KOMyHIKaIliifHI TeX-
HOJIOT11».

CrpimMKu#i po3BUTOK iH(POPMAIIHHUX TEXHOIOTIH
OCTaHHIMH JIECATUPIYYSIMH CTABUTH TEPE]] CYCIIiIb-
CTBOM HU3KY 3aBIaHb €EKTHBHOI 0OPOOKH BEITMKIX
MacHBiB c1a0Ko CTPYKTypoBaHOI iH(popMarlii, mpes-
CTaBJICHOI y BUIIISAI TIPOTPAMHHUX PECYpCiB Ta BeO-
cropinok. Cepes HUX BHIUISIOTH CTBOPEHHS CTaHAAP-
TiB PO3POOJICHHS NPOTPAMHHX PECYpPCiB BU3HAYCHUX
THUIIIB, TONIYK, BHI0OyBaHHS, OOpOOJIEHHS, aHAai3,
30epekeHHs Ta BioOpakeHHs iH(opMariii.

ExcrioneHItianbHe 3pocTaHHs KUTBKOCTI iH(OpMa-
[IHHUX JOKEpeN 3YMOBIIOE PO3BUTOK TAKHX Harps-
MiB, SIK IHTeNIeKTyallbHUH aHami3 nannx (Data mining),
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BUNIOOYBaHHS JaHUX 13 BeOcropiHok (Web mining),
METO/IM IHTEJIEKTyaITbHOTO MOMITYKY iH(pOopMaIlii, MaITnHHE
HaBYaHHS, KJIACTEPHHUI Ta perpeciiiHuii aHaIi3.

[Momyx Ta amam3 TekcToBOi iH(pOpMAIii
JOCIIPKYBaId BUAATHI BITYM3HSHI Ta 3apyOixkHI
BueHi (A.B. Anicimos, T.B. Bunorpaz, 1.P. ['anbne-
pia, A.M. ['mm6oBens, M.M. [mnGoBens, A.JK. Ipe-
rimac, [.M. Kob6ozesa, M.A. Kponrays, Jx. Jlakodd,
JA.B. Jlanne, H.H. Jleoutses, .®. Jlrorep, . Mak-
kapti, O.0. Mapuenxo, [.A. Menpayk, A. Heroemn,
C. Ocyra, V. Ilitrc, E.B. Ilomos, /I.A. Ilocmenos,
B.III. Py6amkin, III. Cesb6o, .M. docrep,
Jx. Xomkpodt, FO.1. Illemakin, B.A. Ilupokos).
BigkpuTtumu 3aiMIIarOTBCS TUTaHHS CTBOPEHHS
METO/IB aBTOMAaTWYHOTO BHI00yBaHHS iH(OpMAIIii
3 IPOTPaMHHUX Ta TEKCTOBHUX PECYPCIB.

VY miit crarti Mu OifbIl JETaIbHO PO3IVITHEMO
LMS-cucremy SMPR.

Cucmema SMPR — 0ooamok 0o Kypcy «Teopia
npuiinamms piwtensy. Y 2006 poiri KOMaHJIOO CTY-
IeHTiB ¢akynpreTy KibepHernkn KuiBchbKoro Hari-
OHanpHOTO YHiBepcutTeTy imeHi Tapaca llleBueHka
3ar0YaTKOBaHO TPOEKT ITiJl Ha3BOIO <\<JSMPR (cuc-
TEMH Ta METOU IPUNHATTS pilieHs)». Floro ocHoBHa
MeTa — HaJaHHJ METOAMYHMX NaHMUX i3 IpeaMeTa
«Teopiss NpUHHATTSA pilIeHb» CTYIEHTaM, IPOBe-
JICHHS TECTYBaHHA 32 JICSIKUMH 3 MOIYINIB IpeaMeTa
Ta BUKOHAHHSI 3aBIaHb i3 IpenMera.

Ha mouarky 2014 poky yXBajeHO pillIeHHS «pO3-
LIMPUTH» MPOEKT. BiH 103BOMMB CTBOpIOBaTH Ta
MIPOBOANUTH TECTYBaHHS 3 Oynb-sIKOTO mpeamera. 3a
ocHoBy B3sTO iarhopmy ASPNET C# [5], a came
MVC Framework.

[IpuunHOrO Takoro BHOOpY cTana HEOOXiTHICTh
3aJJOBOJILHUTH NMOTpeOy MakCUMallbHOI JOCTYHHOCTI
[IPOTPaMHOro 3a0e3MeueHHs Ta HOro He3aJIeKHICTh
Bin muatrgopmu. BuinesazHaueHi TEXHOJOTIi BOJO-
JII0Th yKa3aHWMH BJIACTUBOCTSAMH Ta [JO3BOJISIOTH
CTBOPHUTH BeOCAMT, 10 Ma€ MPOCTHI Ta 3pO3yMiInit
30BHIITHIA BUIVISN 1 CKIIAIHI aNTOPUTMH Ta O0YHC-
JICHHS Ha CepBepi.

BeOcaiiT no3Bosisie BUKIaayaM CTBOPIOBATH cepil
MUTaHb PI3HOTO TUITY, 00’ €THAHI /IO TECTIB.

OmiHKy 3a KOKHE ITUTaHHs Oyzie OKpPeClIeHO aJro-
pUTMaMH, IO 3TaayBajluCsl BHIIE, MICIs TOTO, SK
rpylia CTyACHTIB, BU3HaYCHA BUKJIAAa4eM, 3aBEPIINTD
IPOXOUKEHHs TecTy. Lle cecist B TepMiHax nporpamu.
Buknanau Moxe BIaCHOPYY BUCTABISITH I1OYATKOBY
OLIIHKY 3 KO)KHOTO NMUTaHHS a00 JOUYEKATHUCh PEe3yib-
TaTiB MePLLIOi cecii, 1100 moyas NpaLoBaTH aJITOPUTM
BHOOPY HACTYITHOTO MHUTAHHS BiJOBITHO 10 Cepe-
HBOI OIIIHKM CTYACHTa Ta WOTO BiJIOBiJi Ha IOTe-
peIHE 3anUTaHHS.

[porsrom 2014-2016 HaB4aIbHUX POKIB BeOCAUT
YBEAEHO B TECTOBY EKCILTyaTaLlil0 3 yYacTIO CTYCHTIB
3 kypcy daxynsrery KibepHeTrku. Toxi B TecTyBaHHI
B3JIM ydyacTh Onu3bko 90 crymeHtiB. Sk Haciigok,
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3HAYHO CKOPOTHUBCS 4Yac MEepeBipKH 3HaHb, IO JIOTO-
MOIVIO BHKJIaJadaM BHM3HAYUTH OOCST 3HAHb KOXK-
HOTO cTyleHTa 3a TemamHu. [Ipo pesynbratu BHKOpH-
CTaHHsI CUCTEMH B HaBYaJIbHOMY mporeci KuiBcbkoro
HalioHaJILHOTO YyHiBepcutery imeHi Tapaca Illes-
YeHKa JIOTIOBIIaHO Ha MIKHAPOHINM KoH(pepeHiii [4].

Jns momanbmoro eQeKTHBHOTO PO3pOoOIeHHS
PO3IISIHYTOT CHUCTEMH IIOCTaj0 3aBJaHHS BIPOBa-
JOKEHHSI MeTOoAIiB (popmatizamii CTBOPEHHs BUXiAHOI
0a3u HaBYAJILHUX 3HAHb Ta aBTOMAaTHYHOI reHepaii
HaBYAJIbHUX TECTIB 13 BUKOPHCTAaHHAM TEXHOJOTIH
PO3Ii3HAHHS IPUPOIHO-MOBHHUX TEKCTIB.

Buxopucranns Jjoriku MoHTerro Aasi CTBO-
peHHs1 0a3 3HaHb. EpekTHBHE BUKOPUCTAaHHS 3HAHD
y TEKCTax BUMara€ HOBHMX CTparerii oOpoOieHHS
iHpopmManii, 1o BiAPI3HAIOTbCA BiJ TpaAULiHHUX
migxoxiB. BoHM MOBHMHHI BpaxoByBaTh CEMaHTHYHI
3aKOHU PUPOJHOT MOBH.

BurBUeHHsSI CeMaHTHKH PEUEHHs TICHO MOB’Si3aHE
3 MHCJICHHSIM. 3BaKalOud Ha aKTyali3amlilo Ipo-
Onemu aBroMaru3auii oOpOOJEHHS TPUPOJHO-MOB-
HUX TEKCTIB 32 JOIOMOTOIO0 KOMII'I0Tepa, 3’ SIBUIIUCS
crpobu opmaitizailii METoJ1iB poOOTH 3 CEMaHTHKOIO
B MEKax JIOTIKH.

[Tpocra mapanemnizauisi oqHoro 3aBaanHs. Cum-
BOJIbHI (DOPMYJIH JTIOCUTH MPOCTO PO3AUISIOTHCS Ha
niadopmynu. BuBogumicts oxpemoi mindopmyan
HaiyacTinie MOXKHa MEPEBIPATH OKPEMO Bij 1HIIMX.
Ll BmacTHBICTH OCOOJMMBO BaXKJIHMBA, 30KpeMa,
3 OIVISILy Ha TEHJCHLIIO IUPOKOTO IMOIIUPEHHS PO3-
MOJIIIIEHOTO O0OPOOJICHHS TaHUX.

MHOXXHUHHICTh BUKOHYBAaHUX 3aBJIaHb Ha €UHOMY
HaOopi 3HaHb. JloriuHe ysBIEHHS JO3BOJISIE HA €]TU-
HOMY Ha0Opi JaHUX/3HaHb BUPOOJISITH Pi3Hi oneparii.

[TpuponHe TOSICHEHHsSI pe3yNbTaTiB  Omepaiii.
Jlorika ¢opmasnisye npaBuiIa MUCICHHS, TOMY PE3YIlb-
TaTh HAOOpy JOTIYHMX omepauid (3a I0CTaTHBOI
JPYKHOCTI MPU3HAYEHOTO U KOPUCTyBaya iHTEp-
¢eiicy) MOXKYTb JIETKO PO3YMITHCS KOPHCTYBaueM.
VY 5oriuHii TOHIYKOBiM cHCTeMi MOXHA MOKa3aTH
JAHILIOKOK YMOBHUBO/IB, Ha OCHOBI SIKHX IMPOIOHO-
BaHHUW TEKCT 3aPaxOBaHO JI0 PEJICBAHTHHUX PEe3yJbTa-
TiB MOWIYKY. BinblIicTh HasIBHUX METOMIB HE JNAIOTh
TaKOi MOJKJIMBOCTI MOSICHEHHS PE3yNbTaTy, OCKIJIbKH
HaOOpH BEKTOPHUX 1 CTATUCTUYHUX JIAHHX, 13 TKUMH
BOHU TIPAIlOIOTh, Ha0arato CKJIAJHIIIE YSIBUTH B
JOCTYITHOMY JJIsl HEHiATOTOBJICHOTO KOPHCTyBaya
Bunsiai. Tak, Ha ofHil 6a31 MOXKYTh (QYHKIIOHYBaTH
MOIITYKOBI CUCTEMH, MMUTAIbHO-BIJAMOBIIHI CUCTEMH,
CHCTEMH PO3ITi3HAaBaHHs 00pa3iB TOILO.

Po3BHUTOK JTOT1YHOTO MiAX0TY 10 BUBYCHHSI CEMaH-
THUKU MOYKHA IPOCTEKUTH HA OCHOBI HAsIBHUX CEMaH-
TUK HEKJIACHYHHMX JIOT1K: CEMaHTHKH CEHCY 1 JeHOTaTa
I'. dpere, Teopii 00’exTiB 1 mpomo3utiiit b. Paccemna,
Teopii ictuan A. TapchKOro, CEeMAaHTUKH MOKIIMBUX
csitiB C. Kpumnke, noriku ceHcy i genorara A. Uepuaa.
Haiibinpmr mepcreKTHBHUM 13 TOYKH 30py 3aCTO-
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CyBaHHS B aBTOMAaTH4YHOMY CEMaHTHMYHOMY aHali3i
€ Tiaxim, 3anporioHoBanuii P. MonTerto. Bin chopmy-
BaB LIJMH HampsM, 10 OTPUMaB Ha3By «(opmanbHa
cemanTukay [9]. OcHoBHa ifiest podiT MoHTeTTO BUpa-
JKeHa B Ha3B1 OfIHi€1 3 Horo ocHOBHUX mpatlb «English
as a formal language ». Bynp-siky npupomHy MOBY
(30KpeMa, aHTIIKCHKY) MPOTIOHYETHCS PO3YMITH SIK
(hopmanbHYy JIOTiYHY MOBY, sIKa € OIJBII CKJIAJHOIO
BIJIMOBIIHO /10 HasBHUX (opMaIbHUX MOB. OTXKe,
i 9ac ONMCYBaHHS NPUPOJHOT MOBH MOYKHA BHKO-
PHUCTOBYBATH Ti K TOHATTS 1 KOHCTPYKIIiT, O ¥ [uIs
iHImUX Jorigaux MoB [10].

LentpanpHuii npuHuun (GpopmManbHOi CEMaHTHKH
MOJISATa€ B KOMITO3UIITHOMY BiJHOIIIEHHI MK CHH-
TAKCUCOM 1 ceMaHTuKolo. llpuHumn xommosuiio-
HaJIBHOCTI MO)KHA OIHMCATH TaK: 3HAYEHHS BUPa3y —
(byHKIIisT 10T0 YacTHH Ta CHOcOo0y X CHHTAKCUYHOI
koMOiHarii. [Ipu 11bOMy iICTUHHICTh BU3HAYAETHCS HE
a0COJTIOTHO, a B MeXax MmeBHoi Moxedi [10].

€ 71Ba MiIXOAM A0 BUBYEHHS CEMAHTHUKO-CHHTAK-
CHUYHHX 3B’SI3KiB:

— OIUC CUHTAKCHUCY PUPOAHOI MOBH (TYT — YKpaiH-
CBKO1) 1 iHTEpIIpeTallisi MOBHUX BUPA3iB Y MOJCIIAX;

— BHMKOPHCTaHHS IPOMDXKHOT JIOT1YHOI MOBH, JAJIs
YOro HEOOXiJHO OIMCAaTH CHHTAKCHC 1 CEMaHTHKY
JNOCUTH ONM3BKOTO 10 MPUPORHOI JIOTIYHOI MOBH;
IIPU LIBOMY OIIUC CEMaHTHKH NPHPOAHOI MOBHU 3BO-
JOUTBCSL 10 TOJAHHS TEKCTY B CKOHCTPYHOBaHii
JIOTIYHIN MOBI.

Jis mocsATHEHHs OUMBIIOCTI MPAKTHYHUX ITUTeH
JOpyTUR TiAXiA € OLTBII TMepCHeKTUBHUM, OCKITBKU
JI03BOJISIE peali3yBaTH BUILEOIIMCAH] IepeBary Joriy-
HOTO NPEJICTABICHHS MOB.

Y po6orti [9] MOHTETIO BUKOPUCTOBYE TaKy Iapy
KOOPJIMHAT, SK MOXIIMBI CBITH 1 THMYacoBi TIpO-
MDKKH, IIO0 SKHMX JUIS KOXKHOTO BHpPa3y BH3Hada-
IOTHCS IHTEHCIOHAN il eKCTEeHCIoOHA. MOIEeUI0 It
IHTeHCIOHAIBHOT JIoTiku MOHTETIO € Taka 11’ ATipka
Buny: M =D,W,T<I, ne D — MHOXHHa iHAMBI-
niB; W — MHOKMHA MOMIIMBHX CBITIB; T — MHOKHMHA
MOMEHTIB; < — BiJHOILICHHS MOPsAKY, 3axaHe Ha T;
I — inTepnperyBanbpHa (QyHKINS, SKAa HAJA€ CEMaH-
TUYHI 3HaYE€HHS BCIM KOHCTaHTaM.

CeMaHTHYHA  iHTepHpeTaliss  IHTEHCIOHAIb-
HOI JIOTIKM BHMKOPHCTOBYE MHOKHHY  OLIIHOK
S = {gi i = 1,...n} , SKi € MHO-
KUHOIO  (QYHKIIH, IO Bijgo-
OpaxaroThb 3MiHHI BCIX THIIIB Y
MHOKMHI BIAIIOBIJHUX 3HAYEHB
(g — OQyHKUIA TpUNHCYBaHHS
3HaueHHs 3MiHHOT); +"®
IHTEHCIOHA BUPAXECHHS 100
Momemi M i ¢yHKmii mpumnu-
cyBaHHa g; *"“'* _ ekcren-
cioHan BuWpasy o moao M, g
1 TOYKHA CHIBBIIHECEHHS W,t,
me we W,teT.

TekcT Ha
HaTypanbHii
MOBI

39

I3 Toukm 30py peaizarii TEXHIYHOT CHCTEMH MOKHA
BUJIUTATH Taki (pparMeHTH 0OpoOKH TEKCTOBOI iH(OP-
Maiiii 3aco0amu (hopMasTbHOT ceMaHTHKH (puc. 1) [9].

Cxema HAOYHO TOKa3ye, K BifOyBaeThCs (PyHK-
[[IOHAJIFHUI PO3MOAIT YaCTUH €IWHOI CHCTEMH ITiJl
HA3BOIO «JIOrika MoHTeroy. Y 0ol «MOBHUMI
CKJIaJHUK» O00’€IHAHO EJIEMEHTH, XapaKTEepHI IS
KOHKPETHOI IPUPOIHOI MOBH.

DopmMallbHE MPEICTABICHHS HE 3aJICKUTh BiJl KOH-
KPETHOT MOBH 1 € €JTTHUM ]IS OaraTboX peajtizarliii MOB-
HUX CKJIQJHUKIB. 3apa3 OCHOBHI JIOCIIIDKEHHS 30Ce-
pemkeHi y cdepi MpUPOTHO-MOBHOTO CKIIAJHUKA (i3
BHECEHHSIM HEOOXiTHAX 3MiH JI0 TIOCTYJIATy 3HAYSHHS ).

Ha MOBHUII CKIagHMK YBOISTBHCS OOMEXKEHHS
TaKMM YUHOM, 1100 BiH NPENCTABISIB ITiIMHOXUHY
MPUPOJHOI MOBH, MiHIMaJIbHO HEOOXIAHY IS
MOAAHHS MPOCTHX MOBHUX (pa3.

CyuacHe BuBYCHHS (HOPMaJbHOI CEMAHTHKH 3BO-
JIATHCS came JI0 BU3HAYEeHHsI CIIOCO01B TIEPEXOy Bil IpH-
POITHO-MOBHOTO VSBIICHHS /10 (hOpMai3oBaHOTO JIOTid-
HOTo. MoKy Th OyTH pi3Hi CIIOCOOM TaKMX MEPEXO]IiB.

Jns  peamizamii MexaHi3My 3amoBHEHHsS 0asu
3HaHb MPOINOHYETHCS PO3LUIMPUTH TIIyMadyeHHs Tep-
MiHa «IHTEpIIpeTaIis», BUKOPUCTOBYBAHOTO y (hop-
MaJbHil cemaHTHii. [lix iHTEpIIpeTamielo TyT po3y-
MIETBCSI HE IIPOCTO OOYMCIICHHS ICTUHHOIO 3HAUYCHHS
¢dopmynu, ane ¥ BioOpaskeHHS 3HAKOBOTO TTOJAHHS
BUpa3y Ha MEBHY KapTuHy cBity. Ilpu npomy moxe
MIPOBOUTHCS IHTEPITPETAIIS K i3 METOIO0 OOUNCIICHHS
BHpa3y, TaK i Ui 3MiHU MOJIEJI MpenIMeTHOI cdepH,
B SKill TIpOBOAMTHCA BimoOpakeHHs. J[ns 3amoBHe-
HHS1 0a3W 3HaHb Ha OCHOBI JIAHUX TEKCTY OyIyeThCs
¢dopMarbHEe NOAAHHS NPUPOAHO-MOBHOIO TEKCTY
y BUIIISIII MHOXKHHU Ha00py (hopMys1 iHTeHCiOHaTBHOT
noriku. IloTiM BH3HauyaeThCsl LiNbOBa CEMAaHTHYHA
MeperKa 1 3TIHCHIOEThCS 11 KIIOHYBaHHS, PE3yJIbTaToM
SKOTO € CEMaHTHYHA MEpe’ka, L0 Ma€ MO3HAuYKU Ha
BCIX By3Jax, SIKi IMOKa3yrOTh 11 HAJIEKHICTH JO IEB-
HOTO TeKcTy. Jlaii BinOyBaeThCs iHTEPIIPETALIisT KOXK-
HOI (pOpMynHM 3 METOH HAaHECEHHS O3HAaK 00’ €KTiB,
NPEACTaBICHUX Y POPMYITi, HA CEMAaHTHYHY MEPEXKY.

[TpuHIMIM po3poOIeHHs] CUCTEMU aBTOMaTHYHOI
reHepauii HaBYaJIBHUX TECTiB. I3 MeTor mpakThy-
HOI arpoOariii miaxomay MPONOHYEThCS PO3POOICHHS
OKPEMOro MpOrpaMHOro MOy, IO J03BOJsiE (op-

MNepeTBopeHHs C >
MosHa dopmansHe
cKnagosa npeacraBneHHA Hab6ip dpopmyn
Habip | Tunwn | :D BUCMOBINIOBAHD
KaTeropin Mpasuna T
Mpasuna nepeTsopeHb 3HavenHn

TpaHcdopmadi chopmyn noctynarie
\*_‘/

Puc. 1. O6podka TexkcToBoi iHGopmanii y popMaabHiil ceMaHTHIN

HA OCHOBI iHTeHCciOHAJIBLHOI JIoTikH MOHTErIo
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MYBAaTH TECTOBI 3aBIaHHs AJISI IOAAJIBILIOTO X Iepe-
JaHHS J10 3arajlbHOi CUCTEMH TeCTyBaHHS

OcHOBHa iAes 3ampOIIOHOBAHOTO METOAY IIOJIs-
ra€ y CTBOPEHHI CHCTEMH, SIKa aBTOMAaTH4HO TI'€He-
PY€ TECTOBI 3aBIAHHS [0 €NEKTPOHHUX HABYAIbHUX
MOCIOHMKIB 1 TpejacTaBise iX BUKIANaueBi, SKAN
MOXE BHMKOPHCTOBYBAaTH iX AJISI 3aBEpPLICHHS TECTY
1 JI71S1 OLIIHIOBAaHHS CTY/CHTIB.

CucreMa 3BaXkae Ha TEKCT IHCTPYKLIH AJIS BCTYITY
i ¢opmu BunpoOyBaHHs 3aBnaHb Ha BuXiA. lloTim
3reHepoOBaHi 3aBIaHHS TECTy NpEeACTaBlIeH] BUKIIa1a-
4eBi, AKUH 00MpaE Ta pearye 3aBIaHHs, SIKIIO BOHH
OynyTb KOPHCHUMH.

OcHOBHUMU 3aco0amu, IO peati3yloTh IeH M-
Xi/, € JIHTBICTUYHI MPOLECOPH, SKi OJHE 332 OIHUM
00pOOJISIOTH BXiTHUH TEKCT.

Bxin ogHOTrO Mpouecopa € BUXOIOM iHILIOTO.

[Iponiecopu BUKOHYIOTH aHAJTi3 TEKCTY Ha Pi3HUX
PIBHSIX MOBH:

— rpadgemMaTHIHOMY (BHIIJICHHS pedYeHb, CIIiB,
gucen, GOpMyI TOIIIO);

— Mopdoorigunomy (moOymoBa MOp(hOIOTIHHOT
IHTepIpeTallii CJIiB BXiJHOTO TEKCTY);

— CHHTaKCHYHOMY (IOoOyZOBa JAepeBa 3ajJeKHOC-
Tel pedeHs);

— CEMaHTUYHOMY
rpady TekcTy).

HeoOxinHol0 monepenHbo0 MPOLEnyporo  AJs
MTOJTANTBIIIOTO aHAITI3Y TEKCTY B Oy/Ib-sIKil cCHCTEeMi aHa-
T3y IPUPOAHUX MOB € BHUJIUICHHS PEUEHb 13 CYIiIb-
HOTO TEKCTy. Y MeploMy NpHOIMKEHHI pPeueHHS
€ IOCIIOBHICTIO CHMBOJIIB, 3aKiHUY€TbCS TaKUMH
CHUMBOJIaMH, SIK «.», «!» a00 «?», omHaK Ha Ipak-
TULI CHiJl YpaxoByBaTd MOKJIMBICTb BUKOPHCTAHHS
TOYKH SIK CUMBOJIY CKOPOYCHHS Ta iHIII HIoaHcH [9].
VY 3anpornoHoBaHOMY TIpaeMaTHYHOMY aJIrOPUTMI
BUKOPHCTOBYIOTBCSI  3yMOBJICHI HaOOpu  3aralib-
HOTIPUUHATHX («pP», «pp.», «I T.JO.») 1 TONIHMPEHUX
(«TOMy 110», «TOOTO», «T.3B.») CKOPOUEHB, a TAKOX
YPaxOBYEThCSI MOXKIIMBICTh CKOPOUEHHS iHIIialiB y
BracHux iMeHax («T.I. Illepuenko» Tomro). Hacmim-
KOM POOOTH alTOpPUTMY € MacuB pedeHb (¢ppas), sKi
B MOAAJTBIIOMY MOXYTb OOPOOJISATUCS aNroOpUTMaMu
MOP(}OIIOTIYHOTO ¥ CHHTAaKCHYHOTO aHAali3iB.

st oTpuMaHHS TECTOBUX 3aBIaHb PI3HUX BUAIB
y IIbOMY TIJIXOJli 3aCTOCOBYIOTh Pi3Hi BHJIU aJTOPHUT-
MiB CHHTE3y NMuTaHb. Lli anroputMu BiApi3HAIOTHCS
IMOMHOIO aHaJli3y NPUPOJHOI MOBH, X MOXKHA PO3-
JUTATH Ha JIBI TPYIIH.

ANTOPUTMH TIEPLIOi I'PyNU 3AIMCHIOIOTH 3aMiHy
ITYKaHOTO CJIOBA B PEUEHHI Ha KOMOIHAIIIFO CHMBOJTIB
«?» (32 KOKHUM PEYCHHSIM BUXIAHOTO TEKCTY MOXKE
OyTH 1oOy/TI0BaHO HE OLNIbIIE OTHOTO MTUTAHHS).

o wi€i rpynu HanexxaTh Taki aJrOPUTMH: TOIIYK
CKOpOYeHb (abpeBiaTyp), TOIIYK YHCEIbHHUX 3Ha-
YeHb, TeHepalis Ha OCHOBI BHU3HA4YeHb, TeHepalis
3 KOHCTPYKUIN «SKIIO ..., TO ...».

(mobynoBa  CEMaHTHYHOTO
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AJNTOpUTMH 1Li€i TPYNU IPYHTYIOTbCS HA TPUBI-
aJbHOMY Tepensini ¢pa3u ¥ MOnryKy HeoOXiTHHX
cUMBOIIB (200 * KOHKpeTHHX ciiB). Lli anropurmu
peati3yloThCsl Ha TPAKTHUIl 1 BIIPI3HAIOTHCS MOPIB-
HSTHO BHCOKOIO MIBHJKOIIE€I0, OJHAK 4YacTO IIOKAa3y-
I0Th HENPUIHATHI pE3yJIbTaTH.

ANTOpUTMH JApYroi Ipynd BUKOHYIOTH IOOYIOBY
NIUTaHHS 32 Pe3y/IbTaTaMi CHHTAKCUYHOTO aHaJIi3y TeK-
cty. Croy Hayearb Taki: MUTaHHS JI0 miaMeTa (1o?,
XT0?, ...), TUTAHHS JI0 IPUKMETHUKA (IKUN?, gKa?, ...),
MUTaHHA 10 OOCTaBMHU Miclsl (ne?), MUTaHHA [0
obcraBunn vacy (komu?). Lli anropurmu BUMararoth
HasBHOCTI PO3BHUHYTOTO MOP(OJIOTTIHOTO CIIOBHHKA.
J1st 3anpornoHOBaHOIO MPOTrPaMHOTO HPOIYKTY BOHH
MOXYTh OyTH peaji3oBaHi 3a JIOTIOMOTOK) CHHTaKCHY-
HUX 0i0mioTek BeOpecypciB Tuiy ru.glosbe.com/ru/uk.

Jis mpukiiagy OMMmIeMo auropuT™ (GOpMyBaHHS
MUTaHHS 70 IPUKMETHHUKA. biIok-cxeMy 1bOro anro-
pPUTMY NpencTaBieHo Ha puc. 2. Ha moyatky poboTu
iHimiani3yrwTtees 3MiHHI A, B, C: A — 00pobsieTbest
peUeHHS 3 MacUBy TeKcTy; B — BinmoBigs Ha 3amu-
TaHHs (IPUCBOIOETHCS MOPOXKHIN PSIIOK); 3 — rOTOBE
pEUYeHHS IJIs1 TECTYBaHHS (32 3aMOBUYBAaHHSM JIOPiB-
Hioe A). [Totim 3a nomomoroto metoay FindSituation()
CHHTAKCUYHHMX O10J10T€K 3IIHCHIOETBCS CHHTAK-
CHYHMU aHam3 pedeHHs A. Jlami iHIiIiami3yroTbcs
JOMIOMDKHI 3MiHHI Ui poOoTu anroputmy: flag =
icTMHa (cUrHasizaTop 3HailijeHoi ¢pasu A reHe-
pauii nuranus), j = 0 (3MiHHA LMKy, HOMEP NOTOY-
Horo By3na pedenHs). Jlo 3minHOi K 3ammcyerncs
KIJIBKICTB BY3JIiB y BXKe 3rajyBaHoMY pedeHHi. [loTim
MOYMHAETHCS LUK 13 MEPEAYMOBOIO: MTOKH | MEHIIE
a6o omue (K-1) i flag = ictuna. Y mukii mociiIoBHO
aHaJi3y€eThCA KOKEH CHHTAKCHYHHMN BY30Jl PEUCHHS.
SIKmo y By3i11 BM3HAUae€ThCSl THUI BiJHOCHH «BJac-
TUBICTB», TO 3a gomnomoroto merony GetGramlInfo
() onuUCcyrOThCSl rpaMaTUy4HI XapaKTePUCTUKU 3aJICHK-
HOTO clioBa. SIKIIO 1Ie CIIOBO € MPUKMETHHKOM, TO
BOHO 3amucyeTbes A0 3MiHHOT B. Hapemri, ¢popmy-
€TbCSl UTAHH 3 YpaxyBaHHIM (opMH MPUKMETHHKA
(foro XapaxkTepHCTHK, OACPKYBaHHX BiJl 3a3Haye-
HOTO BHIIE MeToAy). JJst 3aKpUTTS LMKy 3MiHHO{
flag mprCBOIOETHCS 3HAUCHHS HETIPAB/IH.

SIko TekeT oOpoOINISEThCS TUIBKU 11O PIBHS CHH-
Takcucy 0e3 ypaxyBaHHS CEMaHTHKH, TO HE BCl TeHe-
pOBaHi THTaHHS MOXYTb OYTH JOPEUYHMMH B Wil
npenMeTHii cdepi. 3Baxkaioum Ha L€, Ha KOPHCTY-
Baya MOXKE JISATTH JIOCUTH CKJIaIHE 3aBOaHHS BHOODY
nutanb. [Ipore BUMpoOyBaHHS MiIXxomy Ha KOHKPET-
HUX HAaBYAIBHMX TUCLUIUTIHAX MOKa3ald, 10 HaBiTh
3a Takol peasizallil Mmijxij Ja€ MOPIBHSIHO HEMOTaHi
pesyabTati. Hanpukiaz, 1moao HaBYaabHOTO MOCiO-
HHUKa 3 AMCHMIUTIHE «Mozeni Ta METOAH NPUHHSTTS
pimrensy (aBT. O.®D. Bomomma Ta C.0. MarieHko), To 3a
JIONIOMOTOI0 JITOPUTMIB IPYTOi TPyNHu BAAIOCS OTPHU-
Matu 42% 3aBAaHb, NPUAATHUX OJIS1 BUKOPUCTAHHS
B TecTi 0e3 3minu, 1 24% 3aBlIaHb, i3 SKUX MOXHA
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OTpPHUMATH TIPHUJIATHI 3aBJaHHS MUIIXOM pelaryBaHHS
(ToOTO OiNBIIIE TTOIOBUHU OTPUMAHUX 3aB/IaHb BHUSBH-
JIUCS TIPUJATHIMU TSI CKIIQIaHHs TECTIB 32 MEHIIIOTO
YH OUTBIIIOTO CTYTIEHS y4acTi BUKIJIaAada). AJTOPUTMHU
MIEpIIOi TPYIH JIEMOHCTPYBAIH KOPUCTh IIiJT 4ac aHa-
JTi3y TIOCIOHHUKIB, IO MICTSTh BEJIMKY KiJTBKICTh YUCET,
ayie B IHIIMX BUIAAKAX YaCTO BUSBISUIMCS Malioedek-
TUBHUMU (Onu3bKO 15% npujaTHUX 3aBHaHBb).
BucnoBku. Po3nisiHyTHIF METOJ i3 BUKOPUCTAHHSM
JIOTiKH MOHTErto Mae MPaKTUYHI MEPCIIEKTUBHU OO
MOJIETTIIeHHsT POOOTH BUKIIA/Iaya TNl Yac CKIIAJAHHS
TecTiB. Ha ioro ocHOBI MOXyTh OyTH 1TOOY/I0BaHi 1po-
rpaMHi 3acO0H [Tt aBTOMATUYHOI T'eHepallii HaB4aIbHUX
tectiB. Lleit MeTon MOXHA JIETKO JIOTIOBHUTH HeHpoMe-

‘ MOYATOK ,

A=peqveHHA
B=nopoxHii paaok

CuHTaKCU4HWiA aHania
pedveHHs: MeToq
FindSituations(A)

j=0;
K=4m1cno cuHTakcu4Hmux
3B'A3KiB Y pedeHHi A,
flag=icTuHa

Hi

-l TakK

41

PEKEBUMHE TEXHOJIOTISIMH JIJISI M1 ABUIIIEHHS PI3HOMAHIT-
HOCTI Ta CKJIaJIHOCTi CTBOPIOBAHOT'O HABYAILHOIO MaTe-
piaiy. Y MeTozi BUAUISIOTh TaKi eTamm:

1) hopmanizariiro mpupoIHO-MOBHOI (hpasu;

2) inTeprperamniro Gopmyau GopManbHOI ceMaH-
THKWY;

3) 3armoBHEHHS 0a3W 3HAHb.

HoBuszHa poOotu monsrae B po3poOieHH] Ta BHKO-
PHCTaHHI JHTBICTUYHHMX MPOLECOpIB, 5K OIHE 3a
OITHUM OOpOOJISAIOTh BXIMHUIA TEKCT 3 ypaxyBaHHIM
0COOIMBOCTEH TOHATH Teopii yxBajeHHs pimieHb. Lle
BiZIOYBAa€TbCSI 32 PAaXyHOK CTBOPEHOI CEMAHTHYHOI
MEpEeKi, L0 Ma€e MO3HAYKM Ha BCIX By3J1aX, IO ITOKa3y-
0Th 11 HAJISKHICTH J0 TIEBHOTO TEKCTY.

A — NMUTaHHA 3 TEKCTY
B — eignoeigs Ha NUTaHHA
C=A C — peyeHHA 3 NUTaHHAM

E—
] — 3MIHHa UMKny
flag — curHanisaTop aHangeHol
chpazu ana reHepauii NUTaHHA

j-my Byani €
BiAHOWEHHA
BNacTuBicTe”

OTpUMaHHA rpamMaTHYHOI
iHtbopmauii Npo 3anexHe cnoso:
MeTtoa Graminfo

TpamaTuqHa iHdopmauis
3anUcyeTLCS
A0 3miHHOT P

P € o3Haka

B=1uyKaHuiA NpUKMETHUK;
flag=Henpaega

DopMyBaHHA NUTanNbHOro croBa
Akuii(a) B 3anexHocTi Big chopmu
NPUKMETHUKA

TTiTansHe cnoso
3anucyeTbes
A0 3MiHHOT L

s — — —

I C=A 3 3amiHow B Ha L I

ofasanHa Ao C 3Haky nuTaHHs 7?7
YK 3amiHa TOYKM Ha 7"

Puc. 2. Brok-cxema aJropurmy resepanii NMTaAHb 10 TPUKMETHUKOM
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Internet services technologies offer advanced solutions for creating distributed
business processes and applications. Nowadays, the number of Internet services
continues to grow constantly. Consumers of Internet services are faced with the
problem of selecting from services with the same or similar functionality, exactly the
service that suits them best according to a set of criteria, for instance, cost, response
time, throughput, security, reliability. Such criteria of the Web services quality
are named non-functional characteristics of services or Quality of Service (QoS).
Depending on the domain and the user categories and on the context of service
usage the service may have many specific properties and QoS characteristics. There
are many standards and specifications for the quality of Web services. Despite that,
the researchers, developers, and customers often understand QoS differently. They
can reduce or expand the list and even the meanings of the quality characteristics of
Web services. The aim of this paper is to develop a model of criteria for the quality of
Web services, which could take various aspects of the impact on the quality of Web
services into account. In this paper, the specifications and standards of organizations
such as OASIS, ISO/IEC and OMG was considered. The information retrieval was
carried out in international citation databases such as Scopus and Web of Science.
From the standards reviewed and relevant research papers, quality characteristics
and criteria were selected to develop hierarchical quality models. The model for
synthesizing collections of Web service QoS characteristics based on QoS meta-
model standard of Object Management Group was proposed. As the result of study,
the model based on the analysis of existing standards, scientific studies and reviews
devoted to the study and classification of QoS characteristics and attributes of Web
services was developed. The model can be useful when selecting Web service for
direct applying, building composite Web and cloud services, and creating systems
based on Service Oriented Architecture and the Internet of Things.
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TexHomO0Tii IHTEPHET-CEPBICIB IPOMOHYIOTH IEPEAOBI1 PIIIEHHS I CTBOPEHHS
po3nonigeHux O6i3Hec-MpoLeciB Ta 10JaTKiB. Y Halll 4ac KUIbKICTb IHTEpPHET-
CEpBICIB MPOAOBXKYE MOCTIHHO 3pocTaru. Ilepen crnoxuBauamMu iHTEpPHET-
cepBiciB mocrae npobieMa BUOOPY 13 CEpBICIB 3 OIHAKOBOIO 200 MOAIOHOI0
(DYHKIIIOHANIBHICTIO caMe TOro cepBicy, SKMH iM HaWOUIbIIEe MiIXOTUThH
3a HA0OpPOM KpUTEpiiB, HANpHUKIaA, BapTiCTh, 4ac BIATYKy, NPOIYCKHa
3[aTHICTh, Oe3Meka, HaailHicTh. Taki KpuTepii IKOCTi BeOcepBiciB HA3UBAIOTh
He(YHKIIOHAJBHUMH XapaKTEpPUCTUKAMM CepBIiCiB ab0 AKICTIO cepsicy
(Quality of Service, QoS). 3anex)HO0 BiJ AOMEHY Ta KaTeropiif KOPUCTYBadiB,
a TaKOXX KOHTEKCTYy BHKOPHCTaHHS CepBiCy BeOcepBic MOke MaTu Oarato
crenu(piuHUX BIACTHBOCTEH Ta XapaKTEPUCTUK SIKOCTI. € 6arato cTaHapTiB
Ta crneuudikaniii sikocti BeOceppiciB. HesBaxarounm Ha 1€, JOCHIIHUKH,
PO3POOHUKY Ta 3aMOBHHMKH YaCTO MO-Pi3HOMY PO3YMIIOTh SIKICTh BEOCEPBICiB.
Bonu MOXyTh 3MEHIIMTH a0O0 PO3LIMPUTH MEpeiaik i HaBiTh 3HAYCHHS
XapaKTEePUCTUK SIKOCTI BeOcepmiciB. MeToro 1i€i poboTH € po3poOneHHs
MOJENl KpUTepiiB IKOCTi BebcepBiciB, sika MOIvIa O ypaXoBYBaTH pi3Hi aCTIEKTH
BIUIUBY Ha sIKicTh BeOcepBiciB. Y 1iif poOOTi po3mIsiHyTO crenudikamii Ta
crannaptu Takux opranizamiid, sk OASIS, ISO/IEC ta OMG. 3aiiicHeHo
HOHIyK iH(popMaril y HayKOMeTpHUHHX 0a3ax JaHUX, TAKUX K Scopus Ta Web
of Science. I3 po3mIstHYTHX CTaHIAPTIB Ta BiATIOBIAHUX HAYKOBUX POOIT 00paHO
XapPaKTEPUCTHUKHU SKOCTI Ta KPUTEPii /Il pO3pOOIEHHS iepapXidHUX MOJeneiH
axocTi. Ha ocHoBi crangapty Mmetamozeni QoS Big Object Management Group
3aIIPOTIOHOBAHO MOJAETH JISi CUHTE3y KOJEKIIN XapaKTepHCTHK BebcepBicy
QoS. Y pe3synbraTi JOCHIKEHHS pOo3pO0ICHO MOIeIh, 3aCHOBaHYy Ha aHasi3i
HAasIBHUX CTaHJApTiB, HAyKOBHX JOCI/KCHb Ta ONINMAIB, HPUCBSIUCHUX
BUBUCHHIO Ta Kiacugikamii XapakTCpUCTUK SKOCTI Ta aTpuOyTiB SKOCTI
BeOcepaiciB. Ll Momenbs Moxe OyTH KOpUCHOK JjIsi BUOOpPY BeOcepBicy
3MeTOI0 0€3M0CePEAHBOT0 3aCTOCYBAHHS, TOOYAOBH KOMITIO3UTHUX BeOCEpBiciB
Ta XMapHHUX CEPBICiB, CTBOPEHHS CHCTEM Ha OCHOBI CEpBiC-OpPiEHTOBaHOL
apXiTEeKTypH Ta iHTEPHETY peyei.
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Introduction. Progress does not stand still, and
with the development of the Internet, applications
with a monolithic architecture began to be replaced
by applications with a distributed architecture.
Service Oriented Architecture (SOA) refers to such
architectures, and its main components are services [1].

Internet services are used in all spheres of human
life. Every day the Internet resources provide diverse
services: information services, search services, banking
services, ticket booking services, services of transport
companies, parcel tracking services, document sharing
services, remote equipment management services, etc.
By accessing the Internet through devices (computers,
tablets, smartphones, i.e. desktop and mobile), there
are possible to use many kinds of services such as Web
services, Grid services, cloud services, the Internet of
Things (IoT) services, etc.

There are a huge number of services on the Internet
with the same functionality. Therefore, the problem of
selecting a service with needed functionality arises,
but with the quality characteristics that satisfy his
quality requirements [2].

For over 20 years, researches have been carried
out on the quality of Internet services. Publication
statistics for scientific papers in international citation
databases such as Scopus and Web of Science, and
in digital databases such as ACM Digital Library
and [EEE Xplore demonstrate this. International
standards organizations and consortia such as W3C,
The Open Group, ISO/IEC [3; 4; 5], OASIS [6; 7],
OMG [8] have developed and continue to work on
standards and specifications that define the quality
of services at all stages of life cycle of services. The
quality of communications of Internet services at the
world level is supported by the recommendations
and regulatory policies of the Telecommunication
Standardization Sector of ITU [9; 10; 11].

The aim of this paper is to develop a model of criteria
for the quality of Web services, which could take into
account various aspects of the impact on the quality of Web
services. The object of the research is the characteristics
and attributes of the quality of Web services.

To achieve the research goal, the criteria and
attributes for the quality of Web services need to
be defined, the categories of users and other factors
influencing the quality characteristics of Web
services, and to develop a hierarchy of Web services
quality characteristics.

Literature Review. In the last decade, SOA has
received increasing attention [1; 12]. Many studies
have highlighted the benefits of employing SOA for
new technologies such as loT [13; 14; 15], cloud
computing [16; 17] and microservices [18]. This is
because SOA offers flexible integration and service
reuse through its service-based modular architecture.

Service providers offer a wide variety of simple,
complex and composite Web services to integrate
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into business processes [19; 20]. The consumer faces
the problem of selection a Web service from Web
services with the same functionality, one that most
satisfies the consumer in terms of the non-functional
characteristics of the service [21]. Quality of Service
(QoS) represents a set of quality criteria, e.g., cost,
reliability, availability, security, etc [12; 22; 23].

Many standards, specifications and publications
by researchers are devoted to the quality of Web
services that are software kind. The ISO/IEC
9126 [3] and ISO/IEC 25010 [4] standards include
descriptions of the non-functional properties of
traditional software applications, but are not adapted
for Web services. The OASIS quality model for Web
services [5; 7] defines characteristics and attributes of
the Web services but does not consider aggregation
functions [2]. Many researchers, when developing
their own quality model of Web services, take into
account some aspects of software quality standards
[12; 24; 25; 26; 27]. Although quality standards exist,
studies of QoS attributes and their classifications are
ongoing [23; 24; 25; 28].

ISO/IEC 25010:2011 provides the quality models
for systems and software. The standard pays attention
that in most cases it is practically not applicable to
define or measure quality when used for all possible
scenarios of user tasks. The relative importance of
quality characteristics depends on the high-level
goals and project objectives. In this regard, before
being used to isolate those characteristics and
subcharacteristics from the requirements that are most
important, the quality model must be appropriately
adapted, and resources must be allocated between
different types of indicators depending on the goals of
the stakeholders and the goals of the product [4]. The
hierarchical structure of characteristics and attributes
of quality model of this standard is shown in fig. 1.

One of the classification of Web service QoS
elements from the article [28] is compiled and shown
in fig. 2.

OASIS in 2012 presented standard [5] (Web
Services Quality Factors Version 1.0) and specified
Web services quality factors conceptually along
with definition and explanation of sub-factors. The
hierarchical structure of characteristics and attributes
of quality model of this standard is shown in fig. 3.

Despite the existing standard [5], the
characteristics (factors) of the quality of Web
services were determined and described in the
works [12; 23; 24; 25]. The hierarchical structure of
characteristics and attributes of quality model [23] is
shown in fig. 4.

The authors [25] conducted a study of the quality
models of software and Web services and compiled
a vocabulary of non-functional requirements of
business processes and Web services. The standard
[4] was used as the main reference document. This
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Fig. 1. System and software quality model (compiled from [4])

vocabulary contains 93 terms and is the first step
towards simplifying the decomposition of non-
functional requirements from process to service
level, which is an important task in the context
of business process automation through service
composition.

Methods. In this paper, the research methods were
used: information search, statistical analysis or data
analysis, empirical analysis, modelling.

This study designed to answer the following
research questions.

RQ1. What is the relevance of research on the
quality of Internet services?

RQ2. How the existing quality standards influence
the relevant research work?

RQ3. What characteristics and attributes of the
quality of Web services are defined in the publications
for review?
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RQA4. Whathierarchical structures of characteristics
and attributes of quality of Web services are developed
and proposed?

The model for further synthesis of qualitative
characteristics collections presented in the UML class
diagram (fig. 5). This diagram reproduces a piece
of the QoS metamodel from the OMG standard [8],
supplemented by two classes: Collection and A4spect.
The class Collection is intended to model the structure
of QoS criteria, which can define the target bundle and
associations of QoS criteria. The class Aspect models
such aspects as the type of Web service users, domain,
location, scale, life cycle stage of Web service, etc.
Class Aspect can specity the QoS characteristics usage
context (e.g. running in real time or under critical
condition) and constraints (e.g. range of values).

The conducted research consists of the following
steps.
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The international citation databases as data
sources for searching information about publications
were selected: Scopus (https://www.scopus.com) and
Web of Science (https://www.webotknowledge.com).

The search query was compiled using keywords
and Boolean expressions. The combination of the
keywords “quality” and “web (grid/cloud/IoT)
services” was applied. The search by publication was
limited: the date from 2000 to 2019; and the field of
scientific research was computer science; and the type
of publications was the article, conference proceedings,
reviews; and the language of publications was English.
The statistics for graphing were received.

The search query was compiled using with
combination of keywords “quality” and “web
services” (or “software”). The next request was made
for the characteristics and attributes of the quality
of Web services. The statistics for analysis were
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collected. The relevant papers that described the
characteristics and attributes of the quality of Web
services were selected. The hierarchical structures
of characteristics and attributes of quality of Web
services have been depicted.

Results. Analysis of statistical data showed that
research on the quality of Internet services is relevant
(fig. 6). Also, the graphs indicated the growth of
interest in the quality of cloud and IoT services. In
addition, more research publications were found in
Scopus. Therefore, further research was carried out
in this database.

Citation analysis showed that the quality standards
were little used in the relevant works ([4] in 650 citing
publications, [6] in 9). That was less than 2% of the
number of these publications.

The characteristics and attributes of the quality
of Web services from the standards and relevant
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works were compiled and analyzed. The hierarchical
structure of characteristics and attributes of quality of
Web services were built (fig. 1-4).

Web services quality model (from [5], fig. 3) of the
hierarchical structure of characteristics and attributes
of quality of Web services were modified for further
research (fig. 7).

Discussion. In this paper, a comparison of
hierarchical representations of quality -criteria
models for systems, software applications and
Internet services was performed. Such quality
criteria are proposed in existing standards and
discussed in numerous publications. A comparative
analysis showed that there is no generally accepted
approach to the presentation and interpretation of
quality criteria in the IT community. Apparently, the
reason for this is a very wide range of applications
and a wide range of stakeholders in software
and Internet services. The analysis of relevant
publications shows that the process of selecting
Web services based on quality characteristics
remains relevant in the practical selection and use
of Web services. Most likely, research on quality
models of Web services will continue for a long
time. This is due to unresolved problems in the
development and use of Web services, in particular,
the automation of the creation of composite Web
services, security, and the absence of metrics for
some criteria. Also, one of the unsolved problems
is the lack of a generally accepted approach to
declaring quality criteria in Web service artifacts,
such as describing a Web service using WSDL-
files and messages using SOAP, Rest, and other
protocols. These issues can be partially addressed
by revising existing standards [6; 8] and developing
new standards on Web service quality.

The main results achieved in the study are as
follow. It was revealed that, despite the growth
in the number of publications devoted to quality
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models of Web services, they do not always use the
recommendations of existing standards. This fact
may indicate the need to develop new standards.
A modified model of the quality of Web services was
proposed (Fig. 5). In this model, the need to take
into account aspects (a type of user, domain, etc.)
was explicitly indicated. This ability was realized
through the introduction of the Aspect, Collection
classes, as well as associations with other elements
of'the existing OMG model [8]. The hierarchy of the
minimum necessary collection of quality criteria
(Fig. 7) was compiled on the basis of the OASIS
standard [6] and will be used to develop methods
for ranking Web services based on quality criteria.
The statistical analysis of publications devoted
to models of the quality of Internet services was
performed. It showed that the issues of modelling
the quality of Web services and cloud services
continue to be relevant, and interest in the quality
of IoT services is growing.
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VY Ham yac mapaaurma iHTEpHETy peueil 3m00yBae OLIbII HIMPOKE PO3-
noscromkeHHs. [Ipuknagna ii peanizauis B mo0aqsHOMY MaciTadi motpedye
3allydyeHHs CHelialli3oBaHUX TEXHOJOri Ta 3aco0iB. OnuH i3 Hampsmis,
mo noTpedye oOompaltoBaHHs, € 3a0e3Ne4eHHS CYMICHOCTI KOMIIOHEHTIB
BIAMOBiAHUX cuCTEeM. L{10 poOOTy MPUCBSIUCHO PO3BUTKY BKA3aHOTO HAIPSIMY.
Jist 1boro y poOOTi po3B’sI3y€eThCs 3aBIaHHS PO3POOJICHHS MOJIENI KOHTPOIIO
CYMICHOCTI KOMIIOHEHTIB CHCTEMM IiHTEpHETy peueil Ha piBHI amapaTrHOro
3a0e3MeueHHs], 10 JO3BOJIATUME CBOEYACHO TOIMEPEKYyBaTH BiIMOBH Ta/a0bo
BUXOAY 31 CTPOIO0 KOMIIOHEHTIB CHCTEMH.

VY Mexkax poOOTH PO3KPUBAETHCS CKIIAJHHUK MPEACTABICHOIO KOMILIEKCHOTO
MiAXO0AY 10 KOHTPOJIO CYMiCHOCTI KOMIIOHEHTIB CUCTEMH IHTEpHETY peueii Ha
PIBHAX SIK MPOrPaMHOrO, TaK 1 amapaTrHoro 3abesneueHs. [Ipu boMy akIeHT
pPOOUTHCA caMe Ha amaparHiii CyMiCHOCTI KOMIIOHEHTIB CUCTEMHU.
3anpoNnoHOBAHO MOJAETb KOHTPOJIO AamapaTHOi CyMICHOCTI KOMIIOHEHTIB
CHUCTeMHU IHTEpHETy peded, 1o OyayeTbCs Ha OCHOBI MaTeMaTH4YHOTO
amapary HEHpOHHHMX MeEpeK. AmapaTHa CYMICHICTh KOMIIOHEHTIB CHCTEMH
PO3MIAAAETHCS 3 MO3UITT PYHKIIIOHATIBHOT Oe31ekn 0cTaHHbO1. KoMmoneHTamu
PO3IISIHYTO HpUCTpoi Ha 0asi mikpoxoHTponepiB ESP 8266 i ESP 8285,
o HaOynu 3HAYHOTO MOIIMPEHHS, 30KpeMa, 3aBISKM HU3BKIH BapTOCTi iX
npuadGaHHs.

[IpakTHyuHa 3HAYYNICTh OTPUMAHUX Y POOOTI PE3yNbTATIB MOJIATAE Y TAKOMY:
3aIPOIIOHOBAHO 3aCi0 OIIHIOBAHHS aKTyaJbHOTO CTAHy KOMIIOHEHTIB CHCTEMHU
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IHTEpHETY pedeii, 110 J03BOJISIE CBOEYACHO BUSBUTH M yCYHYTH 3arpo3y (yHKIIOHATIBHIN Oe3Meri CHCTEMHU B LIJIOMY
Ha PIBHI OKPEMOT0 KOMITOHEHTa CHCTEMH; 3allpONOHOBAHO 3aCi0 MPOTHO3YBaHHS KiIBKOCTI TAaKUX KOMIIOHECHTIB
YIIPOJOBK 3aJ]aHOTO iHTEpBAITy uacy.
IepeBipky po3podneHoi Moserni moOyoBaHO Ha PO3B’SI3aHHI 3aBJaHb anpokcuMaii it excrpamomsuii. [Tokasano,
1110 TIPUKJIQHE BUKOPUCTAHHS 3aIPOIIOHOBAHOI MOJICIII TO3BOJISIE BUSIBIISITH KOMIIOHEHTH CHCTEMH, II0 OTPEOYyIOTh
HaJAIITyBaHHSA a00 3aMiHH, TOOTO MOPYIIYIOTh (DYHKIIIOHANBHY O€3MeKy CHCTeMH B IinoMy. Po3B’s3aHHS 3amaui
SKCTPAIOJISIIii JO3BOJISIE MPOTHO3YBAaTH KITBKICTh TAKMX KOMIIOHCHTIB Uepe3 3aaHuil Jac.

Key words: hardware
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interoperability, Internet of more widespread. Its implementation on a global scale requires the

Things, simulation, neural
network, device, functional

safety.

NEURAL NETWORK BASED MODEL FOR IOT-SYSTEM COMPONENTS

Nowadays, the Internet of Things paradigm is constantly becoming more and

involvement of

specialized technologies and tools. Among the directions to be worked out during
that is to ensure the interoperability between the components of the corresponding

systems. Given work is devoted to elaborate the specified direction. To this end,
the following task is resolved: to develop the model of the Internet of Things
system components interoperability control on a hardware plane — to provide an
opportunity to detect the “potentially unsafe” components on time.

In presented work, the constituent of the proposed complex approach to the Internet
of Things system components interoperability is revealed. Named approach
encompasses the aspects of both software and hardware planes of interoperability.
Within the given paper, the emphasis is put on a hardware plane though.

The model of hardware interoperability control between the components of the
Internet of Things system has been proposed. The model is constructed on the
basis of neural networks mathematical apparatus. Hardware interoperability
between system components is approached from the standpoint of functional
safety of a system as a whole. Devices based on ESP 8266 and ESP 8285
microcontrollers are considered as the components: in particular, due to being

thoroughly widespread and accessible.
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Practical significance of obtained results: proposed model allows identify and eliminate threats to the functional
safety of the system as a whole at a component level by way of assessing the actual state of the latter. Moreover, an
instrument for predicting the number of such components during a given time interval has been proposed.

Verification of the model proposed is based on solving the tasks of approximation and extrapolation. It has been demonstrated
that implementation of the model allows to identify system components that need to be adjusted or replaced, i.c., violate the
functional safety of the system as a whole. In turn, solving the extrapolation task makes it possible to predict the number of

such components after a given time.

Beryn. I[lotounuii xapakTep 3acTOCYBaHHS PO3-
MOAUICHUX KOMIT IOTEPHUX CHUCTEM MOXKHA OXapak-
TEpU3yBaTH SIK BCCOXOIHMH, aJpKe TYT MAIOTh MicIe
YHUCeNbHI CIIeHapii YCINIHOI peaji3alii mapajaurMu
inTepHety pedeit (IoT, Internet of Things) Ha mpak-
Tumi. B3aemMonis KOMIOHEHTIB BiAIOBIJHUX CHC-
TEM 3IiHCHIOETBCS, 30KpeMa, Y MeXax KOHLEHIIH
«PO3yMHHUH AIM», «PO3yMHE MIiCTO» TOILO. Ypaxo-
Bytoun crneun¢iky Ha3BaHOI HapajurMH, MPHCTPOI,
MIPU3HAYCHI 10 B3a€MOii, MaroTh OyTH CyMICHUMH Ha
PIBHSX SIK IPOrpaMHOrO, TaK 1 amapaTHOro 3adesre-
4yeHb. [Ipu poMy MUTaHHS TNPOrpaMHOi CyMICHOCTI
BUPILIYIOTHCS, SIK IPABUJIO, HA PiBHI IPOTOKOJIIB B3a-
emonii [1]. Ha piBHI KOHTpOIIIO anmaparHoi CyMiCHO-
CTi KOMIIOHEHTIB CHCTEMH MEPLIOPATHOIO 3HAUYCHHS
HaOyBae mnuTaHHs 3a0e3neueHHs (YHKLIOHATBHOL
Oe3neku — pekuMiB poOOTH, 3a SIKUX CHCTeMa 1 Bif-
MOBiTHI KOMIOHEHTU (PYHKIIOHYBaTUMYTh 3TiIHO 3
OYiKyBaHHSAMH, (GOpMani3oBaHUMHU y crenudikamii
BHMOT, JIe PErJIAMEHTYIOTHCSI BUMOTH SIK 10 (DYHKLIi-
OHAJIbHUX, TaK 1 10 He(YHKIIOHAIBHUX XapaKTepuC-
THUK CUCTEMH 1 KOMIIOHEHTIB.

Ineero, sika JIeKHUTH B OCHOBI MPENCTaBICHOT
po0oTH, € Te, 10 anaparHa CyMiCHICTh KOMIIOHEHTIB
loT-cuctemMu po3msiAaeTbes 3 TOUKU 30pY (PyHKIIO-
HaJIbHOI Oe3MeKu.

3rigno 3 mnonoxeHHsmu crangapry ISO/IEC
21823-1:2019, cywmichicts (iHTepomepadOenbHICTh)
BH3HAYAETHCS SIK MOXKIIMBICTH J1BOX a00 Oinblie cuc-
TeM (KOMIIOHEHTIB CUCTeM) a0 JOAaTKiB MpPOBO-
JUTH OOMiH iH(OpPMALIIEIO Ta CHOUIBHO 11 BUKOPHUCTO-
ByBatu [2]. Ilpn 1poMy BHOKPEMITIOIOTH, 30KpeEMa,
Taki IUIOMMHK (PYHKIIOHAJIBHOT CYMICHOCTI KOM-
noHeHTiB loT-cuctemMu: CHHTAaKCHUHY, CEMaHTHYHY,
MOMITUKK (B3a€MOAIl KOMIIOHEHTIB), IMOBEIiHKOBY,
TpancnoptHy. OIHaK BapTo 3a3HAYUTH, IO MPOBE-
JICHO KJIacudikamilo came Ha MPOrpaMHOMY piBHI
CIOPUMHATTS cUCTeMH. BopHowac mUTaHHS OLiHIO-
BaHHsI PiBHIO BIUIMBY YMHHHMKIB, 10 MAIOTh MiclLie Ha
armapaTHOMY piBHI 1 € (akTopamu, IO MOPYLIYIOTH
(yHKIIOHANBHY CYMICHICTB, MOTpeOy€e JAOIATKOBOTO
omnpauoBaHHg. CIPUSHHIO BUPIILIEHHIO 3a3HAYEHOTO
MUTAHHS 1 IPUCBIYEHO NPEACTABICHY POOOTY.

LentpanpHa rinmore3a, IO 3yMOBIIOE AKTyallb-
HICTh ITPOBEJICHUX JIOCIIPKEHb, — MOXIJIUBICTh peati-
3auii QyHKIIOHAIBHUX XapakTepucTuk loT-cuctemu
OymyeThbcs, 30KpeMa, Ha CIPaBHOCTI amnapaTHOro
CKJIaJJHHKA KOYKHOTO 3 KOMIIOHEHTIB CUCTEMH, TOOTO
Ha3BaHa CyMICHICTh MOKe OyTH MOpyIIeHa Ha arapar-

Bicauk 3anopi3pkoro HalioHaabHOTO yHiBepcuTeTy. Disnko-maremarmyni Hayku. Ne 2 (2020)

HOMY DiBHI y 3B’S13Ky 3 BUHUKHEHHSAM 300iB Ta BiJ-
MoB obnanHanHs. [Ipy oMy TOPYIIY€THCS TUTAHHS
3a0e3neueHHs (PyHKI[IOHATIBHOI OE3MEKN CUCTEMH Ha
piBHI KommoHEHTIB. [IoHATTS «dyHKIiOHaMBHA O€3-
MeKa» PeraMeHTy€eThCs, 30KkpeMa, cranaaprom [EC
61508 [3]. BoHo nonsirae y 31aTHOCTI CHCTEMHU BUKO-
HyBaTH cBOi (yHKIUI1 Ta 30epiraTy 3a3HaueHi BJIacTH-
BOCTI B ME¥axX BU3HAYCHUX PEKUMIB eKCILTyaTalii.

OTxe, MUTaHHS CYMICHOCTI PO3DISAA€THCS
3 TOYKH 30py anapaTHOTO CKJIaJHHKa CHCTEMH: 34H-
TyBaHI 3HAUCHHS 3a/laHUX [OKAa3HUKIB (YHKIIOHY-
BaHHS KOMIIOHEHTIB CUCTEMH BUKOPHCTOBYIOTBCS SIK
napameTpH po3po0sieHoi Mofienti. Y pe3ynbTarti 3acTo-
CYBaHHS MOJIeJIi POOUTHCSI BUCHOBOK IPO PiBEHBb KPH-
TUYHOCTI IIMX 3Ha4Y€Hb (KPUTUYHUI/HEKPUTUIHUH).

Orasin  giteparypu. Pesynerat  momnepeaHix
JOCTIKeHb TIOKa3ald, 10 MaTeMaTWYHUHN amapar
HEHPOHHUX MEPEK € JI€BUM MEXaHi3MOM OLHIO-
BaHHA 1 MPOTHO3YBAaHHS CTaHy KOMIIOHEHTIB pO3IO-
JIICHOT KOMIT FOTepHOI cuctemu [4]. Bin 3a0e3neuye
HEOOXiTHMH pPIBEHb THYYKOCTI 1 MacmrTaboBaHO-
CTi, HaJae 3pyYHHH MeXaHi3M BapilOBaHHS CKJaLy
napameTpiB mogeni. TakuMu MOXYTb BHCTYHATH,
30KpeMa, TeMIieparypa npoliecopa, KiabKicTh 00ep-
TiB CHCTEMHM OXOJIOKCHHS TOIIIO [5].

VY 3arajgpbHOMYy CEHCi 3a0e3NeueHHs CyMiCHOCTI
KOMIIOHEHTIB CHCTEMH PEeai3ye€ThCsl LUISIXOM CTaH-
nmaprusaiii (Hanpukian nporokos IPv6, texHomoris
RFID (Radio Frequency Identification)) [6].

Bonnouac Baromuii BHECOK y HampsiMi po3B’si-
3aHHS ~ MpoOIeMu 3a0e3MmeYeHHs CYMIiCHO-
cti komnoHeHTiB loT-cucremu BUKIAma€ThCS Y
HIDKYEHaBeeHUX miaxonax. Hampukman, amst 3a0e3-
MIEYCHHsI CYMICHOCTI NIPOTIOHYETHCS 3aTy4aTH CIIeLli-
ai30BaHi MpOrpaMHi HUTIO3M (3acO0M CIIOTYYEHHS)
[7; 8], BuKopucroByBatu ceManTHuHi 3acobu [9; 10].
OpHak TakM{ MigXiJ XapaKTepU3yeThCsl K MPUB’sI3-
KOIO IO 3aJIaHO1 MpeMEeTHOI cepH, 10 CynepeduTh
napagurmi [oT, Tak 1 HEOOXiIHICTIO YCKJIAJIHCHHS
NPOTrPaMHOTO CKIIQJAHUKA, IO MOPOMXKYE TPYIHOII
B MacmrtadyBaHHI cuctemu. [lepmmii 3a3HavyeHui
HEJIONIK TPOIMOHYEThCS yCyBaTH LUISXOM 3abesre-
YeHHsI CYMICHOCTI Ha piBHI TPEIMETHO OpPIEHTO-
BaHUX 3acTOCYHKIB [11]. AnbrepHaTWBHUHN MmiIXis,
y SIKOMY OMHHAETBHCSI OCTaHHIH 3a3HaYeHUH HEOMIK,
0a3yeThCsl Ha 3aCTOCYBaHHI CIICIiaTi30BaHUX 3aCO-
0iB TpaHCHAII{ MPOTOKOJIB B3a€MOIii KOMIIOHEHTIB
cuctemu [12]. Lle Moxke CTBOPUTH MEPEUIKOAM s
peaizarii crieHapiiB B3aeMoii, CIPHIHATINBUAX 0
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MIPOITYCKHOI CITPOMOXKHOCTI KaHaJiB 0OMiHY JaHUMHU
MIDXK TIPUCTPOSIMH.

[lizcymyBaTi 10pOOOK BHIIEPO3IISTHYTHX Hpalb
MOXKHA TaK: MMTaHHS 3a0€3MEUEeHHs CyMICHOCTI 0XO-
IUTIOEThCSL HAa mporpaMHoMmy piBHi. Ha nporusary
bOMY CepeJ] HeYMCIEHHUX BITYM3HIHUX ITyOImiKaiii
3 OKPECIICHOT TEMAaTUKHU MOXKHA BUOKPEMUTH POOOTH
npoecopa HamioHaIbHOTO TEXHIYHOTO YHIBEpPCH-
TeTy Ykpainu «KHiBCbKUI MONITEXHIYHUH 1HCTUTYT
imeHi Irops Cikopcrkoro» B.B. IliniHCchKOTO, 1€ TIpO-
Oonema cymicHOCTI KommoHeHTiB loT-cucremu pos-
IJISIIAETHCS 3 TOUKH 30PY eJIEKTPOMAarHiTHOT CyMiCHO-
CTi IPUCTPOIB y CKIIa/Ii CUCTEMH, TOOTO BUPIIITY€ETHCS
BXK€ Ha PiBHI anapaTHoro 3abe3mnedyenHs [13].

VY3araabHUTH PO3IVISIHYTI MiAXOOM MOXHA TaK:
cyMicHicTh KommnoHeHTIB loT-cucremn He po3ris-
JMaeTbes 3 mosuiii (yHKIioHanpHOT Oe3mexu. lle
MTOPOJKYE CYMHIBA CTOCOBHO TPHBAJIOCTI peaizallii
(YHKIIOHANBHUX XapaKTEPUCTUK PE3yIbTyBaJIbHOIO
CHCTEMOIO y 3aIaHUX PEeKUMax poOOTH, 3 OIVISILy Ha
BHUMYIIEHY TUMYACOBY HECYMICHICTh IIEBHUX KOMIIO-
HEHTIB CUCTEMH, 3yMOBJICHOIO arapaTHUM CKJIQJIHU-
KOM BIJIOBIJIHUX KOMIIOHEHTIB. 3Ba)karouM Ha IIE, B
MeKax IpeICTaBICHOT pOOOTH OKpeciieHa crieudika
OIIPALIbOBYETHCS HA PiBHI anapaTHOTro 3a0e3MeueHHS:
MIOTOYHUI CTaH amnapaTHOro 3a0e3MEUeHHS OKPEMO
B3SITOTO KOMIIOHEHTA CUCTEMH PO3IVISIIAETHCS SIK YHH-
HUK, 1[0 3yMOBIIIOE PE3yNbTyBalbHY (QYHKIIOHAIbHY
0e3MeKy CHCTEMH B IIiJIOMY. /{151 KOMIUIIEKCHOTO OI1i-
HIOBAaHHS HAa3BaHOTO CTAaHy 3aJIy4aeThCsl MaTeMaTHy-
HUU anapar HEHPOHHUX MEPEK.

Sx npeaMeTHy cdepy pO3IISIHEMO O€3ApPOTOBY
cercopHy Mepexy (WSN, Wireless Sensor Network),
mo € (yHOaMeHTaJbHUM CKJIaJHUKOM IN0OanbHOL
loT-cucremu [14]. Sk amaparHe 3a0e3NEUSHHS KOM-
[IOHEHTIB CHCTEMHU PO3IISHEMO MPUCTPOi Ha Oa3i
MikpokoHTposepiB ESP 8266 1 ESP 8285, mo nabynu
3HAYHOTO MoIupeHHs [15].

Metoau. B ocHOBI poboTH NEKUTH MareMaTHy-
HUH anapar HeHPOHHUX MEPEX, IO 3aCTOCOBYETHCS
SIK 3aCi0 OTpPUMaHHS KUTbKICHUX OI[IHOK MOKAa3HUKIB
arnaparHoi CyMiCHOCTI KOMIIOHEHTIB CHCTEMH 1HTEp-
HETY pedei.

Hnst mepeBipku po3pobieHoi moxpeni B poOOTi
3aCTOCOBAHO METOA JTMCKPETHO-MOAIMHOrO iMirta-
LIHHOTO MOJENIOBAHHS, & TaKOX BHUKOHAHO 3a/auy
anpoKcuMalii W ekcrparonsiii. Bupimenns 3amaui
anpoKCUMAaLlii JO3BOJIUIIO OACPKATH AlTPOKCUMAIIbHY
(dyHKIiO, MO € 0a3ucoM Ui PO3B’s3aHHS 3ajadi
excTpanonsiii. Po3s’s3aHHS 3amadi eKCTpamosiii
JI03BOJIMJIO TPOTHO3YBATH KiJBbKICTh KOMITOHEHTIB
CHCTEMH, IO MEPELIKOKaTUMYTh peaiizamii QpyHK-
LIOHANTBHUX XapaKTEePUCTUK OCTAaHHBOI yepes3 3aja-
HUH Bigpi30K yacy.

Ha mincraBi BuIe3a3Ha4eHOro CTBEPDKYEMO, IO
PO3B’s13yBaHe B pOOOTI 3aBAaHHs (POPMYIIOETHCS TaK:
PO3pPOOUTH MOZENH KOHTPOIIIO CYMICHOCTI KOMIIOHEH-
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TiB loT-cucTtemMu Ha piBHI anapaTtHOro 3a0e3MeueHHs,
10 JIO3BOJIITUME CBOEYACHO TIOTIEPE/IKYBATH BiIMOBU
Ta/a00 BUXOJIM 31 CTPOIO KOMITOHEHTIB CUCTEMHU.

VYXBaneHO pIlICHHS CHPUSATH  PO3B’S3aHHIO
3aBJIaHHS 3a0€3MeUeHHs CyMICHOCTI Ha anapaTHOMY
piBHI B MeXax pO3pOOJICHOTO MiAXOMy Ha OCHOBI
MaTeMaTHYHOTO arapary HeWPOHHUX MEPEXK IIITXOM
OIIHFIOBaHHS Ta MPOTHO3YBaHHS KIJTBKOCTI BiJIMOB
KOMITOHEHTIB CUCTEMH 3a 3aJIaHHii IHTepBaJj yacy.

Pesynbrarn. llomanumii y poOori marepian
€ BHUKJIAJICHHSM CKJIaJJHUKA 3aIPOITOHOBAHOTO KOMII-
JICKCHOTO MiJIXOy 0 KOHTPOJIFO CYMiCHOCTI KOMIIO-
HeHTiB loT-cucreMu Ta € MPUCBSIYEHUM arlapaTHOMY
piBHIO ocTaHHIX (puc. 1).

MporpamHui
piBeHb

Mepesipka cymicHocTi
npoTokonis s3aemoaji

®

Mepesipka anapaTHoi
cymicHocTi

“|Anapathuit
piseHb

Puc. 1. KonuenrtyajbHe NoIaHHS
PO3po0sIeHOro mixxoay

3rigHO 13 3amporOHOBaHWUM MmiaxomoM (puc. 1),
KOHTPOJb CYMICHOCTI Ha NpPOTPaMHOMY piBHI Mae
3a0e3nevyBaTucs MUIIXOM 3IiHCHEHHS (POopMaIbHOi
BepH]iKallii METOIOM IepeBipKH Ha MOJIENI B aBTOMa-
TH30BaHOMY pexumi [1]. Sk 3aci® KoHTpoIO cyMmic-
HOCTI Ha amapaTHOMY DiBHI IPOIIOHYETHCS 3aCTOCO-
ByBaTH MaTeMaTUYHHWU amapar HEHpPOHHUX MEpex.
ApxitekTypy oOyJ0BaHOT MEpEeKi MOIaHO Ha pHC. 2.
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Puc. 2. Apxitektypa po3po0d;eHoi Moaeti

Ha puc. 2 Ha KOKeH eJIeMEHT BX1IHOTO IIapy Mepexi
MOJAETHCS 10 YOTUPH [TAPAMETPU: 3HAUCHHS TEMITIEPATypH
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HaBKOJIMIITHKOTO cepenoBria (X, ), PiBHIB BOJOTOCTI
(x,), BiOpawii ( x, ), a Takox KyTy Haxuiny loT-npucrporo
(x,). IIpr IbOMy KOXKEH eJIEMEHT KOYKHOTO 3 TPHOX ITIapiB
Mepeki IPOHYMEPOBAHO MAPOI0 3HAYCHb, JIe MepIIie 3Ha-
YEHHSI € MOPSIKOBMM HOMEPOM IIapy Mepexi, JIpyre —
HOMEPOM eJIeMEHTa B MeKax 3aJIaHor0 1apy. Pesynsrar
poOOTH Mepexki 3UUTYeThCs Ha BUXO enemenTa (3,1).
BimmoBiHa MaTeMaTiaHa MOZIEITb MPEICTABIICHA CHCTE-
MO0 PIBHSIHB TAKOTO BUTIISITY:

-1

Yun = Aan) = (1 + e—(712.21+18.861(24)77.321(2'2)+16.741(2v3)76.511(2,4))) ;
-1

A(z H= (1 + e—(—5.83+8.97/1(1,1)—4.97/1(1,2)—5.53/1(13)+5.891(14))) ;

-1
Aoz = (1 + e—(—4.03+5.321(1,1)+1.121(1v2)+6.091(1'3)—6.211(1,4))) ;

-1
A = (1 + e—(—5.05+6.1Zl(1’1)—4.741(1'2)+Z.32A(1v3)+2.34l(1'4))) ; (1)

-1
Apay = (1 + e—(—1.12+5.09/1(1,1)+2.34A(1,2,—0.951(1,3)+5.74A(1‘4>)) ;

Ay = (1 + e—(1.73+0.27x]—4.27x2—4.15x3—2.07x4))71.

Az = (1 + e—(4.42—0.81751+0.36x273.4ZX3+5.39x4))71.
; ;

Mgy = (1 + e—(—2.3z—5.39x1+1.89x2+1.42x3—1.89x4))‘1.
. ;

A = (1 + e—(6.09+2.13x1—Z.73xz—1.12x3—z.07x4))_1
y ,

ne Y,y — pe3yabraT poOOTH BUXIJHOTO IIapy HeW-
POHHOI Mepexi, NPeACTaBICHOT €JUHUM eJIEMEHTOM
(3,1) (puc. 2).

OTpumaHi eKCIepUMEHTalbHI JaHi TOHaHO B
tabn. 1. [Ipu upomy BapTo 3a3Ha4yMTH, IO B TaOM. 1
HaBeeHo Jumnie 5 i3 1,92-10° nposeneHnx 3amipis,
abM TIJKPECIUTH HAWOULIBII [MOKA30BHH BUMAIOK
(Ne 5 3/m), 3a sixoro x, =149 °. Taka cuTyarist 1eMOH-
CTpY€ BHIAAOK, KO MOJIOKEHHSI IPUCTPOIO B MPO-
CTOpl TOpPYIIEHO (SIK pe3yyibTaT BIUIMBY BiOpauii).
VYcraHOBIEHO, IO 1€ CTAlI0 HACTIIKOM HESKiCHOI
¢ikcauii mpUCTPOIO B MPOCTOPI.

SIK HaCMiAOK, BIAMOBIAHUI IPUCTPIN OXapaKTepH-
30BaHO K «HECYMICHHI», 3 OIVIAAYy Ha Te, IO BiH €
JDKEPEeIOM HEeIOCTOBIpHHUX JaHMX. HemocToBipHUMH
IIPU IbOMY BBA)KAIOTHCS JaHi, 10 BUXOASATH 38 MEXI
BCTAHOBJIEHUX JIIMITIB. YKUTUMHU 3aXOlaMH € BIJI-
HOBJICHHSI TIOJIOKCHHSI IPUCTPOIO B IIPOCTOPI.

Tabmuus 1
Buxigni nani Ta pe3yasraTH po6oTH MoaeJi
3HaueHHs OKA3HUKIB
Ne 3/ Yy
X,C| x%,% | x5, Tu| x,,°
1 70 11 4 3 1
2 46 31 10 5 1
3 39 33 9 3 1
4 41 39 16 4 1
5 92 10 10 149 0

I3 Tabn. 1 BugHO, M0 y Bumaaky Ne 5 3/m oxep-
xKyemo 3HaueHHsS Yy, =0. BoHo o3nauae, mo Bin-
MOBITHUH TPUCTPiH € HEeCyMiCHUM, aJkKe MOTpe-
Oye HaymaropkeHHsa abo 3amiHu. OparMeHT MaTpHili
BaroBUX KOe(ili€HTIB — CIIBMHOKHUKIB IMOKa3HUKIB
X,,..., X, —II0JIaHO B Ta0I. 2.

Bicauk 3anopi3pkoro HalioHaabHOTO yHiBepcuTeTy. Disnko-maremarmyni Hayku. Ne 2 (2020)

Tab6murs 2
EnemenTn Mmarpuui Baropux koediuieHTiB
[Mapamerpu Mepexi
Ne ma Ne 3HaYeHHS Ta BaroBi
® Hapy HEHpOHA | 3MILIICHHS koedimieHTH
Mepexi .
y mapi W, 3Ha4YeHHS
[Tapamerp W
1 1 1,73 X, 0.27
X, -4,27
X, -4,15
X, -2,07
2 4,42 X, -0,81
X, 0,36
X, -3,42
X, -5,39

VY Tabn. 2 3HaueHHs Koe(illieHTiB W, 1 W OTpH-
MaHO B PE3yJIbTaTl HAJIAIITYBAaHHS MEPEXKI.

[TobynoBana HeipoMmepexeBa MOICIL € iepap-
XI4HOIO CTPYKTYpOIO, €lIeMEHTaMH KOXKHOTO 3 TPbOX
iepapxiyHUX piBHIB K01 € Helponu. llpum mpomy
BEpXHIH i€papXiyHUH piBEHb MPEICTABICHNN €AMHIM
enemenToM (3,1) (puc. 2). IlpukiajHe 3aCTOCYBaHH
MOJIENII  JIO3BOJIAE OTPUMATH OLIHOYHE 3HAYEeHHS
arperoBaHoro IMOKa3HWKa MPHUJIATHOCTI 3aaHOTO
IoT-ipucTpor0 10 BHUKOPHUCTAHHS $IK KOMIIOHEHTA
[IJTLOBOI CHCTEMH 3 IMO3MIN HOTO amapaTHoi cyMmic-
HOCTI. 3HAUEHHS CEPEeIHBbOKBAIPATHYHOI ITOMIUIKH
HapuanHs cknano 1,41-107" . Ina tecToBoi BUGipku
3HA4YeHHs IOMMJIKH CKJIaJo Bke 2,84-107.

[IpoBenene AOCHiKEHHS TONATANIO B TAKOMY:
BIIPOJIOBK POKY PO3pOOJICHA MOMIETh IIOMICSIISI
3aCTOCOBYBaJacs SIK 3aci0 aHami3y MmapameTpiB KOXK-
HOTO 3 KOMIIOHEHTIB. Y pe3ysabraTi IbOTO0 MOENb
npoayKyBania 3HadeHHS | ab6o 0 g KOXKHOTO
13 16 KOMIIOHEHTIB IIIOMICSIISI. YIIPOIOBK POKY IIIOMi-
cssl pikcyBasiacsi cyma 3Ha4eHb Y 3a BCiMa KOMIIO-
HeHTaMd. Ha OCHOBI ofiepKaHUX MaHUX BHUPIMICHO
3amaqy anpokcuMartii (puc. 3).

Ha puc. 3 nmoBipui iHTepBamu moOyZOBaHO IS
nmoBipuoi iMoBipHOCTI 0,95. I3 pmc. 3 BumHO, IO
BIIPOAOBXK pOKy Oe3mepepBHOi pobdorn loT-cuc-
TeMu Ha OcHOBI 16 loT-mpucTpoiB Bke Ha BOCH-
MOMY MiCSIl eKCIUTyaramii XapaKTepUCTHKH JIBOX
KOMITOHEHTIB CHUCTEMH HE€ BIiATOBIMANN IITAaTHOMY
pekuMy iX (GyHKI[IOHYBaHHs. 3aCTOCYBaHHSI PO3pO-
OsreHol MOEeNl JO3BOIMIIO BUSBUATH Il KOMIIOHEHTH
1 BUpPOOWTH KOMITJIEKC 3aXO[iB, CHPSIMOBaHHUX Ha
MOBEPHEHHS 3a3HAYEHUX KOMIIOHEHTIB /IO IITATHOTO
pexxuMy poOoTH.

Jo Toro x po3poOiieHy MOETh MOXKHA 3aCTOCOBY-
BaT JIJIsI TPOTHO3YBAHHS KUTBKOCTI KOMITOHEHTIB CHC-
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Puc. 3. PesyabTar BUpimeHHs 3aga4i anpokcuMamii

TEMH, 1110 BUHAYTH 13 Ay 3a 3aJaHUH POMIXKOK Yacy.
st jociiKeHOro BUIMAIKy alpOKCUMYBaIbHY (DyHK-
L0 [TPE/ICTABICHO MOJIHOMOM YETBEPTOTO MOPSIIIKY:

b ¢ d e
= —+—+—=+— 2
f(x) a+x+x2+x3+x4’ )
ne a=11,0009; b=47,5262; c=-198,7787;
d = 338,4551; e =-182,2033; x — mOpAIKOBHUIt

HOMEp MICAIS BiJl TIOYATKy BITIKy. 3HAYCHHS KOe-
¢inienra gerepminanii mpu npoMy Take: R* =0,92.
Jist pOTHO3YBaHHS KUTBKOCTI KOMITOHEHTIB CHC-
TEMH, O3HaKH (YHKIIOHYBaHHS SKWUX HE BiAMOBiga-
TUMYTh IITATHOMY PEXKHMY, CTBOPCHO BIIMOBIIHUI
MporpaMHUil 3acid Ha OCHOBI aNMpPOKCHUMYBaJIbHOI
dynxwii f (x). Pe3ynsrar ioro 3acrocyBaHHs T0Ka-
3aB, 0 Yepes 18 MicsiB 6e3mepepBHOI pOOOTH CHC-
TEMH BXKE TPH ii KOMIIOHEHTH (DYyHKIIIOHYBATUMYTb
HE B INTATHOMY peXuMi. Takuil pe3ynbTar MO)KHA
OXapaKTepr3yBaTH SIK IHANKATUBHUM 3aci0 ISt BUPO-
OJICHHSI KOMITJICKCY 3aXO[(iB, HaNpsSMIICHHX Ha yCy-
HEHHS 3MYIITyBaJIbHUX YAHHHUKIB MMOTEHIIHHUX 3001B
y po6oti loT-cuctemu.

BucnoBku. Takum guHOM, Y POOOTI PO3pOOICHO
MOJIEITh KOHTPOJIIO CyMicHOCTI KommoHeHTiB loT-cuc-
TEMH Ha arrapaTHOMY PiBHI, 1110 6a3y€ThCS Ha MaTeMa-
TUYHOMY arapari HeHpOHHHUX MepeK.

Byno orpumano Taki pesyiasraTa:

1) TPOmEeMOHCTPOBAHO [IEBICTH BUKOPHCTAHHS
3aIIPOTIOHOBAHOT MOJIETIi SIK 3ac00y OITIHIOBAHHS ITPH-

JATHOCTI anapaTHOro CKJiaJHuKa KomroHeHTiB [oT-cuc-
TEMH JI0 LIJIbOBOTO 3aCTOCYBAHHS ISl BUSIBIICHHS KOM-
TIOHEHTIB, 110 € HECYMICHUMH 3 PEILTOI0 KOMIIOHEHTIB
cucTeMH 3a piBHeM (yHKuioHanbpHOI Oesmeku. [lpu
ObOMY SIK TpeAMEeTHY cepy pO3IIIHYTO CLEHApii
3TIIHO 3 KOHLEMIIEI0 «PO3yMHHUH AiM». s mpose-
JICHHSI IOCIHIIKEHHS 3a1Iy4eHo 16 MpUCTpoiB Ha OCHOBI
MmikpokoHTpoepiB ESP 8266 1 ESP 8285. V pesynsrari
OyI10 BUSIBJICHO OJIMH HECYMiCHHUH IPUCTPI;

2) y pe3ynbTari po3B’si3aHHS 3aBAaHb ANPOKCH-
Marii ¥ eKCTpamnoJsiii BCTAHOBJICHO, 110 BIPOIOBK
18 micsmiB ekcruTyaTanii CHCTEMH BXe TPH MPUCTPOT
3 16 MaTUMyThb HE3aJ0BUIbHE 3HAYCHHS TOKAa3HUKA
cymicHocTi. OTprMaHe 3HaueHHsI KoedilieHTa 1eTep-
MiHamii [y pe3ynbraTy po3B’si3aHHA 3a/1a41 alpOKCH-
mamii — 0,92.

3anmpomoHoBaHa MOJENb Ha OCHOBI MaTeMaTHy-
HOTO arapary HeHPOHHUX MEpPEeX € 3aCO00M OIliHI0-
BaHHA 1 TPOTHO3YBaHHS CYMICHOCTI KOMIIOHEHTIB
loT-cucremu Ha anapaTHOMY piBHi (3 mo3uLii QyHK-
1ioHaNBHOT Oe3rekn). OCOOIUBICTIO TPECTABIECHOIO
pillieHHs € Oe3rocepe/Hs 3aJIeXKHICTh Pe3yJIbTary
TaKOTO OIIHIOBAHHS SIK BiJl CKJIaJly BUXIJIHUX JTAHUX
(mapameTpiB OIIHIOBAaHHS), TaK 1 BiJ] YCTaHOBJICHUX
00MEKeHb Ha JIOMYCTHMI 3HAYSHHS [IUX MapaMeTpiB.

[Momanbma poboTa opieHTOBaHA Ha y3arajlbHEHHS
OTPUMaHHX PE3YyJIbTaTiB IUIIXOM PO3LIMPEHHS CIEK-
Tpa OXOIUIGHUX CLEHapiiB MpPUKIaTHOTO BUKOPU-
cTaHHs ociipKkyBaHoi loT-cuctemu.
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BUMOI'U IO O®OPMJIEHHS CTATEM YV 3BIPHUKY HAYKOBUX ITPALlB
«BICHHUK 3AIIOPI3bKOI'O HAINIOHAJIBHOI'O YHIBEPCUTETY.
PIBUKO-MATEMATHUYHI HAYKW»

Bumorn 10 ogopmieHHs cTaTeii:

Jo npyKy npuiMaroThCs CTaTTi, 110 MAIOTh HAYKOBY 1 IPAaKTHYHY LIHHICTh. ABTOpP Ma€ MpaBo NPEICTaBUTH
TIIBKH OZIHY HAyKOBY CTaTTIO B OIMH HOMED, sIKa paHille He myOsiKyBanacs. ABTOp Hece BiJIOBiAaJbHICTh 3a
OPHTIHAJIBHICTH TEKCTY CTATTi, TOUHICTh HaBEeJCHUX (DAKTIB, LMTAT, CTATUCTUYHHX JAaHHUX, BIACHUX Ha3B, [€O-
rpadiuHuX Ha3B Ta iHIIUX BiZIOMOCTEH, a TAKOX 3a Te, 1[0 B MaTrepiajax He MICTATHCS JaHi, U0 He MiJJIAraloTh
BiIKpuTiil myOumikarii. Pemakitis He Hece BiAMOBIAAILHOCTI 32 BUKJIAJIEHY B cTarTi iH(popMmarito. OcraTtoune
pileHHs po MyOITiKaIio yXBATIOETHCS PEJAKII€I0, IKa TAKOXK 3aJIUILIAE 32 COOOI0 MTPAaBO Ha JIOATKOBE PELCH-
3yBaHHS, peJaryBaHHs 1 BIAXWICHHs CTaTei.

Texniuni BUMorn:

— JI0 IPYKy MPUHAMAIOTBCS CTATTI YKPATHCHKOIO, POCIHCHKOIO Ta aHITIIHCHKOI) MOBAMU;

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

— gopmar A4 uepes 1,5 inTepBai;

— wpudt Times New Roman, posmip 14;

— moJst: JiBe — 3 ¢M, mpase — 1,5 cM, BEpXHE, HIDKHE — 2 CM.

CTpykTypa crarTi:

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

PSI0K 2 — Ha3Ba TEMAaTHYHOTO PO3/ily (BUPIBHIOBaHHS 110 JIIBOMY Kparo);

psinok 3 — Ha3Ba cTarTi (BUPIBHIOBAHHS M0 HEHTPY, HAMIBKUPHUN IWPUQT, BETHKI JITEPH);

PAI0K 4 — Npi3BHIIE Ta iHILIAJIM aBTOPa CTATTl; HAYKOBUH CTYIiHb, BUCHE 3BAaHHS, TI0CAAA 13 3a3HAYCHHSIM
kadenpu (BUPIBHIOBaHHS 110 LIEHTPY);

Ps0K 5 — micue poOoTH (HaBUaHHS), axpeca poOOTH (HaBUaHHS), orcid-Kol, eleKTpOHHA aJpeca aBTopa
(BUpIBHIOBAaHHS 110 LICHTDPY).

Sxmo aBTOp He Mae orcid-Koxy, ioro MoXHa OTpUMaTH 3a nocuiaanusaM https://orcid.org/

a03an 1 — posmmpena aHorauis (1800 3nakiB O6e3 mpoOisIiB) Ta KIIOYOBI cI0Ba (MiHIMYM 5 CIliB), HanucaHi
MOBOIO, fIK 1 yCsl CTATTS;

ad3an 2 — Ha3Ba cTarTi (HAMIBXUPHUHA WPUPT, yCl JITEpH BEIUKI), MPI3BUILLIE, iHIL[IaIM aBTOpa, HAYKOBHUH
CTYMiHb, BUCHE 3BaHHsI, MOCaja i3 3a3Ha4eHHsIM Kadenpu, Micue poboTu (HaBuaHHA), agpeca poOOTH (HaB-
YaHHs), orcid-Kof, eleKTpoHHa ajipeca aBropa, po3mupena aHotauis (1800 3HakiB 6e3 mpoOisiB) Ta KIIIOYOBI
cioBa (MiHIMyM 5 cIiiB), HanucaHi aHIVilicbKOI0 MOBOIO. Ilepexiian aHMMiIHCHKOI0O MOBOIO NOBUHEH OyTH
JIOCTOBIPHUM (HE MAIIUHHUM).

Y BUIIAJIKY, SKIIO CTATTs HE YKPATHCHKOKO MOBOIO, 000B’SI3K0BO MMOAAIOTHCS HA3Ba CTATTi (HAMIBKUPHUH PHAT,
y01 JITEpH BEJHKI), IPI3BHUILE, iHIL[IaIM aBTOpa, HAYKOBUH CTYIiHb, BICHE 3BaHHSI, IOCA/Ia 13 3a3HAYCHHSIM Kaq)ez[pu
Micue po60TH (HaBuaHHS1), agpeca p06OTI/I (naBuanHs1), orcid-Ko, €/ICKTPOHHA aIpeca aBTOpa, PO3UIMPEHa AHOTALLis
(1800 3naKiB O3 MpoOLIIB) Ta KIFOYOBI CJI0Ba (MiHIMYM 5 CITiB), HAMCaH1 YKPaiHCHKOIO MOBOIO.

OcHoBHHI TeKCT cTarTi moBUHEH Bignosigath ctpykrypi IMRAD (Introduction, Methods, Results, and
Discussion) + Literature Review:

Beryn — kopotkuii Beryi (1-2 cTopiHKM), SKMA TTOBUHEH JaTH BiAMOBiAI Ha 3allMTaHHS «4OMY MIPOBEICHO
JOCIIIKEHHA?», «sKi 00’€KT, METa i OCHOBHI TillOTE€3W JOCIHIPKEHH:?»; O JIiTepaTypu - pO3MAii, 10
MICTHTB aHaJi3 OCTaHHIX MyONiKalii 3a TEMOIO NOCIiKEeHHS (TepeBakHa OLMbIIICTD MyOMiKalii MOBHHHA
OyTH 3a OCTaHHi 5 pOKiB, caMmonuTyBaHHs He Oinbiie 30% Bil KITBKOCTI IiTEpaTypHHUX IKEpe), 3 OIS LY JliTe-
parypH uyuTadi MOBHHHI MaTH 3MOTY OLIIHUTH CTaH NpoOJIeMH y CBITi, aHaIi3 JITepaTypHUX HKEPEN MOBHHEH
MaTu KpUTHYHHUH XapakTep;

Mertoau — po3fin, KM MOXe BKJIIOYATH 2-3 piBHO3HAYHMX 3a 00csAroM maparpadu, o BHCBITIIOIOTH
OCHOBHI METO/IH, MiIXOH, AITOPUTMH JOCIHIPKEHHS;

Bicauk 3anopi3pkoro HalioHaabHOTO yHiBepcuTeTy. Disnko-maremarmyni Hayku. Ne 2 (2020) ISSN 2413-6549



Pesynprati — po3min, sSKWiA MICTUTH aHalli3 OCHOBHHX pE3YJbTaTiB AOCHiKeHHs (rpadiku, Tabmuri 3
YUCENFHUMH JTAHNMH, 3aTalloM, Pe3yJIbTaTH 00YMCITIOBAIFHIX eKCIIepUMeHTiB); Juckycis — po3ain (o 1 cro-
PIHKNM), IKHi TaKO)K MOYKHA Ha3BaTH BrCcHOBOK 200 BHCHOBKH, 1110 MiCTHTB OPIBHSHHS OTPUMAHUX PE3yibTa-
TiB 3 pe3yJbTaTaMH 1HIITUX JIOCIIJKeHb (K BIIACHUX TaK IHIIMX aBTOPIB), @ TAKOX JIa€ BiJIMOBI/Ib HA 3aITUTAHHS
«SIKi TIEPCIIEKTUBH AOCIIKEHHSI?», (OPMYIIIOE HAYKOBY HOBHU3HY PE3YJIBTaTiB.

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

[Tocwranus Ha JiTeparypy B TEKCTi CITiJ] JaBaTH B KBaJIpaTHUX JIy’KKax, HAIPUKIAL, [2, c. 25; 5, ¢. 33], B
SIKUX TIepIia nudpa BKa3ye MopsAIKOBUN HOMEp /DKepelia B CIIHCKY JITepaTypH, a Ipyra — BiAMOBIAHY CTOPIHKY
B IIbOMY JDKEpei; OfiHe JrKepesio (6e3 CTOPIHOK) BiIOKPEMITIOETHCS BiJl 1HIIIOTO KPAIKOko 3 KOMOIO [3; 4; 6; 8;
12; 15].

Hanpukiami crarTi po3MilyeThCsi TpaHCIITEpOBaHA 1 TeEpeKiaJieHa aHIIIHCHKOI Bepcis JiTeparypu
(References), opopmiena srigao 3 Bumoramu APA (American Psychological Association).

IMopsiniok nogaHHs MaTepiaJiB:

Juis myOmikarii crarti y (paxoBoMy HayKOBOMY BHJIaHHI HEOOXiTHO HAJICIATH HA EJIEKTPOHHY aJpecy
penakii editor@physmath.journalsofznu.zp.ua HacTynHi marepianu:

Ao0pe BUMMTAHY HAYKOBY CTATTIO, 000B’I3KOBO 0(hOpMIICHY BiAIIOBIIHO 10 BKa3aHUX BUMOT;

iHdopmauniiiny 10oBiaIKy npo aBTopa;

BiJICKAHOBAHE MiATBEP/:KEHHSI CIVIATH KOWITIB (PEKBI3UTH Ui CIUJIATH HAAAIOTHCS aBTOpPY MicJst
B/J12JI0I0 NIPOXO/IZKEHHSI pelleH3yBaHHSI).

3pazox ogpopmnenns nazeu enexmponnux gaunig: Isanos_lL.I. crarrs, IBanoB I.I. ommnara.
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