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SIMULATION OF A ROTATING STRONG GRAVITY
THAT REVERSES TIME

Y. MATSUKI, P.I. BIDYUK

Abstract. In this research we simulated how time can be reversed with a rotating
strong gravity. At first, we assumed that the time and the space can be distorted with
the presence of a strong gravity, and then we calculated the angular momentum den-
sity of the rotating gravitational field. For this simulation we used Einstein’s field
equation with spherical polar coordinates and the Euler’s transformation matrix to
simulate the rotation. We also assumed that the stress-energy tensor that is placed at
the end of the strong gravitational field reflects the intensities of the angular momen-
tum, which is the normal (perpendicular) vector to the rotating axis. The result of the
simulation shows that the angular momentum of the rotating strong gravity changes
its directions from plus (the future) to minus (the past) and from minus (the past) to
plus (the future), depending on the frequency of the rotation.

Keywords: gravitational field, distortion of time and space, angular momentum,
curvature tensor, stress-energy tensor.

INTRODUCTION - RESEARCH QUESTION

In our previous research [1] we simulated a rotating strong gravity, in which time
and space are distorted; and we found that the direction of the angular momentum
changes as the strong gravity changes its frequency of the rotation. However, the
scope of the previous research was limited to the space components. In this new
research we also simulate the component of the distorted time, and we examine if
time can be reversed.

In the previous research [1] we assumed that the component of the rotation
matrix of the spherical polar coordinates of phas anti-symmetric components,
Ry, sin @, and — R;;sin@; and then as the result we found that the angular
momentum of the spatial coordinates changed its turning direction. So now, we
assume that there are also anti-symmetric components in the distorted time
coordinate, T ; and, we assume that the direction of the angular momentum of the
T— vector must also change. Therefore, the research question now is whether or
not, the T— coordinate can reverse its direction backward (change to the vector
of time back to the past), because of the anti-symmetry.

© Y. Matsuki, P.1. Bidyuk, 2021
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Curvature tensors

In this research we used the same curvature tensors that we derived and used in
our previous researches [1-3]:

Ry Ry 0 0
R = RlO Rll R12 0
W0 Ry Ry O
0 0 0 Ry

5 —4 20 11p

Ip-1)’ Ip-1)° 3p-1)° 18m(p-1)*?
R12=R21=_200t6,an 2cot0 :
3(p—1) 3(p—1)
2 14
Ry, = > 8 03T Om R +cot26,
I (p—1)1 dJu“(p—-1)" sin“0O
-28 140m 4 1llcot’0
and Ryy = o +—3 ottt
Iu’(p—71)'sin“0 sin“O  sin“0O

9u?(p—1)3 sin 0

3 2/3
where p = (EMJ [2].

In this research we simulate the distorted time component t, and the
distorted distance component p, so that we can formulate the body vector of the

o {Roo}

rotating object: R = .
Ry

We take only orthogonal components of this gravitational field for
simulating its rotation. Then we calculate the angular momentum of this rotation
by anti-symmetric rotation operator, sing and -sin¢, to calculate the
projections of the vectors in the normal components (perpendicular to the curved
spherical surface), where ¢ is angle of the rotation.

Distortion of time and space in strong gravity

We used the same assumption of our previus researches [1-3] for simulating the
distortion of time and space, as shown in Fig. 1, 2.

Note: r is the distance from the center of the strong gravity, ¢ is the time to travel
on the distance, f and g are given functions, and t=¢+ f(r);and p=t+g(r).

In these figures 1 is a relative time in the coordinate system, which expands
and shrinks depending on the distance », where t=¢+ f(r); and p is the rela-
tive distance, which expands and shrinks depending on the time ¢, where
p=t+g(r); and f(r)andg(r) are functions of . For the simulation we as as-

sumed Case-1: f(r)=logr and g(r)=e¢" (non-linear); and Case-2: f(r) _1

r
and g(r) =r (linear).

8 ISSN 1681-6048 System Research & Information Technologies, 2021, Ne 3



Simulation of a rotating strong gravity that reverses time

ALGORITHM

We use the same algorithm that we used for our previous research [1-3] to simu-
late the relative strengths (intensities) of the curvature tensors, which are reflected
by the stress-energy tensor that is placed at the end of the distance » in Fig. 1, 2.

Tt p Tt Tt
24 1.2E10 26 =

2%
24T
1E10 o | f

25
BE9

6E9

4E9

2E9
23

8
6
0 4
2
0

-2E9 22
012345678 910112131415161718192021222324 0123456738 9310M112131415161718192021222324
Distance (r) Distance (r)

Fig. I. Time and distance from the center Fig. 2. Time and distance from the center
of the gravitational field, Case-1 (non-linear of the gravitational field, Case-2 (linear
distortion): f(r)=logrand g(r)=e" distortion): f(r)=(1/4)and g(r)=r

Einstein’s field equation [4] that rules the motion of particles in the gravita-

tional field is: (R"Y —%g“VR)N =0. Then, R, —%gszkT, where T'is the

stress-energy tensor and & is a constant [5]. By calculating ¢ and V' (c), as shown
below, we estimated the relative strength of each component of R, to the stress-
energy tensor in the system of spherical polar coordinates:
H=kT—R,, =kT —(cyXo+c,X}) and H?>={kT —(cyXy+c,X,}*, where ¢,
and ¢, are the coefficients, which make a column vector ¢. And X = [X 0 X 1],
then H =kT—Xc. Then we set the constraint X'H =0, and then
X'(kT — Xc)=0, where X' is transpose matrix of X .

Then XXc=XkT, ¢=(XX)'XkI', and £=V(c)=6%(X'X)"", where
V(c)=c" is the variance of the ¢, and &% =¢'e/(n—1), where e=M kT,
M =1-X(X'X)"'X', n is the number of rows of each column of X (in this

simulation n=23), / is the number of columns of X, / is a (23x23) unit ma-
trix that holds ones on all diagonal elements and O for the other elements,

(X'X)! is the inverse matrix of XX , and ¢ is the transpose vector of e .

Rotation of the object , which contains strong gravity that distorts time and
space

When an object rotates as shown in Fig. 3, its coordinate system will be trans-
formed by the transformation matrix D of the Euler’s angles [5]. For the rotation

Cucmemni docnioxcenna ma ingpopmayivini mexuonoeii, 2021, Ne 3 9
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around one axis of ¢, the tensors of the object’s coordinate system will be multi-

cos sin
N
—sing cosQ
And then the curvature tensor R, will be transformed to:
cos sing || R 0
DR, =| < ¢ @ 1| foo _
—sing cos@|| 0 Ry
| cos@-Ryy sin@Ry;
| —sing-Ry, cos@Ry; |’

plied by:

Here the components sin@- Ry,
and —sin@- Ry, are antisym-metrical,
which are perpendicular to the rota-
tional axis z=x; for ¢ of Fig. 3.

Given the above transformed
curvature tensor after the rotation, at
first, we also calculate the anti-
symmetrical components of D-R,,,

which are as follows:
0 sin@- Ry,

{— sin Q- Ry, 0
Fig. 3. Rotation of an object dRy, — Ryyd<,
{del} z{ R dQ;

} to calculate

}, and to formu-

late
H=kT _(_CoRoon3 + ClRlldQB) =

=kT { c > sing+c [ 20 + ! jsin(p}
- RN 1 >
(p—1)° 3p-1° (p-0*”

then the same algorithm follows as explained above.

20 1

Note 1. As shown in the Introduction, R;; = 3 175> but
3(p—1)° 18m(p—1)
. . 20 1
in our calculation we use R;; = >+ VR
3p-1° (-1
0 dQ; 0
Note 2. Here | 40, 0 0 |=¢ is an infinitesimal rotation operator; while
0 0 0

0  dQ, -do,
in general g=| —4Q, 0 dQ, |» according to the Reference [5], but in this

dQ, -do, 0
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Simulation of a rotating strong gravity that reverses time

our simulation dQ; =dQ, =0 and dQ; =sin¢@. It calculates a rotated vector as

the cross-product of RHV ,and dQ,
dRy Ry, dQ, Ry, dQs — R33d(Q,
dR22 = RP«V X dQ = Rzz X sz = R33dQl - Rl 1dQ3

And then we also calculate the relative strength of the gravitational field’s
energy before and after the the rotation by the diagonal components of DR,

) cos®- Ry 0
which are to formulate
cosQ- Ry
H =kT - co%cosq)+cl[ 20 >+ ! 4/3jcoscp ,
(p-1) 3(p-1° (p-7)

then the algorithm follows as explained above.

SIMULATION
Input data

Time ¢ is set as shown in Fig. 1 for the Case-1, and in Fig. 2 for Case-2, with
which its slope to the distance » from the center of the gravitational field is
a constant. For simulating the spatial expansion of the gravitational field we as-
sume as if 0 becomes larger in far distance. For simulating the rotation of the

object we set two cases, assuming ¢, (the rotation 1) and ¢, (the rotation 2)
also as shown in Fig. 4. With these settings,sin0, cos6, cot® and cos¢ behave
like as shown in Fig. 5.

Degree
450

400

350

0123468878 01011121214 151617 121922021 222224

Fig. 4. Angles, © and @, for the simulation

In addition, for this simulation we set the stress-energy tensor k7 =1; be-
cause the purpose of this simulation is to measure the order of magnitude of the
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relative strength of each component of R, and the gravitational waves to the

stress-energy tensor.

Degree cot 0
1.3 12
1ol .
F—+sin O
oel
ey .
cos ¢, o4l L cos ¢,
Cos @, oz} B
sin 0 ootk
—=— COS
cosO .| ¢
o4 5 —+Cc0s 0
0.8
Y
Aol ——=—Cot 91
4.2 2

a 2 4 & 8 1 12 14 16 1@ 20 22 24

1 3 5 T a 11 12 18 17 18
Fig. 5. sin®, cosB, cot® and cos@ for the simulation

Result

21 22

Fig. 6 (Table 1) shows that the perpendicular vector (angular momentum) changes
its direction from minus to plus as the frequency of the rotation changes from the
rotation 1 to the rotation 2; and Fig. 7 (Table 2) and Fig. 8 (Table 3) also show
that the angular momentum changes its direction, while the directions are oppo-
site between the non-linear distortion (Case-1) and the linear-distortion (Case-2).

Rotation 1

No|rotation

-6,000E -4,000E -2,000E 0,000E+ 2,000E+ 4,000E+ 6,000E+
+02 +02 +02 00 02 02 02

@ On curved surface (Case-1)

m On the perpendicular vector
(Case-1)

Rotation 1

@ On curved surface (Case-2)

m On the perpendicular vector
(Case-2)

NO rotation

-2,000E+01 -1,000E+01 0,000E+00 1,000E+01 2,000E+01

Fig. 6. Gravitational field’s energy projected on the curved surface and the angular

momentum on the perpendicular direction from the surface
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Table 1. Strengths of gravitational field

Case-1 Case-2
Case On curved On perpendicular On curved | On perpendicular
surface vector surface vector
No rotation -21,91 — -10,81 —
Rotation 1 -21,63 4,561 x10? 2,989 13,82
Rotation 2 27,52 -4,046 x10° -2,854 -12,53

rotation 2

rotation 1 -

-6,000E+02 -4,000E+02 -2,000E+02 0,000E+00 2,000E+02 4,000E+02 6,000E+02

o tau
mro

Fig. 7. Rotation momentum of the gravitational field in two directions of T and p,
Case-1 (non-linear distortion)

Table 2. Strength of the perpendicular vector to the principal axis z of gravita-
tional field. Case-1

Components Cand V' (c) Cand /¥/(c)
(Rotation 1) (Rotation 2)
dRyy =—Rgg - dQ3 = =sin@ Ry 3,022-10? -2,796-10°
(Component of 1) (2,526-10%) (1,958-10%)
dRy| =R, -dQ; =sin@R; 1,540-102 -1,250-102
(Component of p) (1,158-10%) (90,88)

- rotation 2

rotation 1

o tau
mro

-1,600E+0 -1,000E+0 -5,000E+0 0,000E+0 5,000E+0 1,000E+0 1,500E+0 2,000E+0
1 1 0 0 0 1 1 1

Fig. 8. Rotation momentum of the gravitational field in two directions of T and p,
Case-2 (linear distortion)

Table 3. Strength of the perpendicular vector of the rotating gravitational field.
Case-2

Components Cand ¥ (c) Cand V(c)
(Rotation 1) (Rotation 2)
dRpg = —Rgg - dQ3 = —sin ¢ Ry, 7,997 -7,870
(Component of 7 ) (11,83E+01) (12,09)
dRy = Ry -dQ3 =sinQRy, 5,819 -4,662
(Component of p) (7,039) (7,405)
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The spherical surface components (the energy density) don’t show the clear
difference in these plus-minus signs in Case-1 (non-linear distortion) in Fig. 9
(Table 4); while the sign of the distance component ( p ) changes in Case-2 (linear
distortion) in Fig. 10 (Table 5) as the strong gravity rotates (Note 3: In our previ-
ous research [1] we had included two other spatial components of the vector, 0
and ¢; although we didn’t include these components in this research because the
aim of this research is to examine the effect of the rotation in the distorted time
coordinate (1)).

| rotation 2

rotation 1

otau
mro

no rotation

-8,000E+0 -6,000E+0 -4,000E+0 -2,000E+0 0,000E+00 2,000E+01 4,000E+01 6,000E+01
1 1 1 1

Fig. 9. Gravitational field energy in 2 directions on the spherical curved surface, Case-1
(non-linear distortion)

Table 4. Strength of gravitational field on principal axis z . Case-1

Diagonal Diagonal
Components Cand \[¥(c) of R, Components Cand \[V(c) | Cand ¥V (c)
of R, before the rotation | of rotated R, (Rotation 1) (Rotation 2)
Ry -53,61 (42,23) Cos Q- Ry -52,97 (47,82) | -66,89 (64,99)
Ry 31,70 (24,19) cosQ- Ry 31,34 (27,42) | 39,36 (37,34)
The values in the brackets are: /V(¢) .

no rotation

1 1 1

1

T T
-4,000E+0 -3,000E+0 -2,000E+0 -1,000E+0 0,000E+00 1,000E+01 2,000E+01 3,000E+01

mtau
mro

Fig. 10. Gravitational field energy in 2 directions on the spherical curved surface, Case-2
(linear distortion)

Table 5. Strength of gravitational field on principal axis z . Case-2

Diagonal Diagonal
Components|C and \/V'(c) of R, | Components K Cand yV(c) | Cand \¥(c)
of R before the rotation | of rotated R (Rotation 1) (Rotation 2)
Y Y
Ry -29,32 (5,205) cosQ- Ry, 7,011 (14,04) | -8.767 (12,84)
Ry 18,52 (3,201) CoOsQ®- Ry | -4,022(8,713) | 5,912 (7,934)
14 ISSN 1681-6048 System Research & Information Technologies, 2021, Ne 3
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PHYSICAL MEANING OF THE RESULT

Fig. 11 shows the projected vector on the spherical curved surface, which is tan-
gential to the sphere of the gravitational field. This component of the vector is the
energy density of the gravitational field, which our previous researches [1, 6] re-
ported. Fig. 12 shows the projected vector on the perpendicular directions of the
distorted time (7 ) and the distorted distance (p ). These components are the angu-

lar momentum density, which our previous researches [1, 6] reported.

Projectéd vectors on the perpendicular
direction of the distorted time, ©

Projected vectors on the
N @ spherical surface

Projected vectors on the perpendicula
direction of the distorted time, t

N

Fig. 11. The Vector projected on tangential Fig. /2. The Vector projected on the normal
(surface) component of the spherical (perpendicular) components of the spherical
curvature curvature

CONCLUSIONS AND RECOMMENDATIONS

We simulated how a rotating strong gravity can change the direction of time-
space, by assuming that the direction of the angular momentum of the rotation
indicates the direction of the time. At first, we thought that the time and space
could be distorted with the strong gravity, and made the input data upon two cases
(the non-linear distortion model and the linear distortion model). Then for simu-
lating the rotating strong gravity, we used the spherical polar coordinate system
with the Euler transformation matrix; and then we used Einstein’s field equation
for calculating the relative strength of the angular momentum to the stress-energy
tensor that is placed at the end of the gravitational field.

The result of the simulation shows that the direction of time changes
between the future and the past, with the distorted time and space at the presence
of a rotating strong gravity.

Further research is needed for verifying this result.
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IMITAIIAHE MOJEJIOBAHHSI CUJIbHOI OBEPTOBOI I'PABITALII, 11O
3MIHIOE HAITPSIM YACY / . Manyxi, I1.I. Bimok

AHoTanisi. 3MO/IeIbOBAHO, SIK MOYKHA 3MIHUTH HAIpsIM Yacy 3a JOIIOMOroio obep-
TOBOI CHJIBHOI rpaBitamii. 3po0IeHO MPUITYIEHHS, [0 9ac i MPOCTIp MOXYTb OyTH
BUKPHBJIICHI 32 HAsIBHOCTI CHJILHOT TpaBiTallii, 00YMCIEHO MOMEHT IMITyJIbCY 00ep-
TOBOTO IpaBiTalliifHOro MoJisl. Y MOZENTIOBaHHI BUKOPUCTAHO PiBHSAHHSA noust EWHII-
TeiHa 31 cepuuHIMH MOJSIPHUMH KOOPMHATAMU Ta MATPHULIO TepeTBopeHs Eiine-
pa s MozentoBaHHs obepranHs. KpiM Toro, mpumyckanocs, 1o TeH30p eHeprii-
IMIyJbCy, PO3MILIEHUH y KIHII CHJIBHOTO TPABITAlIMHOTO MOJIS, BiHOoOpakae BeH-
YHHY MOMEHTY IMITyJbCy, SIKUHA € BEKTOPOM HOpMali (TIepHEeHANKYIIPHUM BEKTO-
poM) 10 00epToBOi Oci. Pe3ynpraT iMITallifHOrO MOJEIIOBAHHS IOKAa3ye, IO MO-
MEHT iMIynscy o0eproBoi cHiIbHOI rpaBitamii 3MiHIOE i1 HampsM 3 IUTIOca
(maitbyTHe) Ha MiHYyC (MHHYJIE) Ta 3 MiHyca (MUHYJIE) Ha IUTIOC (MalOyTHE) 3aIe)KHO
BiJl 4aCTOTH OOCPTaHHS.

KawuoBi ciaoBa: rpasiraiiiiHe 1moJie, CTBOPEHHS 4Yacy 1 MPOCTOpPY, KyTOBHHA MO-
MEHT, TEH30p KPUBH3HU, TEH30p CHEePrii 30y KCHHS.

UMHUTAIIMOHHOE MOJIEJIMPOBAHUE CUJIBHOU BPAMAIQMEﬁCH
T'PABUTALINU, KOTOPASI MEHSIET HAITPABJIEHUE BPEMEHMU / 1. Manykw,
I1.1. bunarox

Annotamus. CMOJEIMPOBAaHO, KaK MOXKHO M3MEHHTH HaIlpaBJICHUE BPEMEHH C II0-
MOIIBIO BPAIIAIOIIEHCs CHIIBHOM rpaBUTalK. BHavale npenmnonaranock, 4To Bpems
U NIPOCTPAHCTBO MOTYT OBITh MCKAXXCHBI IIPH HAIWYUM CHJIBHOM I'paBHUTALlNH, a 3a-
TEM BBIYMCIMIN MOMEHT HMMITyJbCa BpALIAIOLIErocsi I'PaBUTAlMOHHOrO mois. B
3TOM MOJIEJIMPOBAHUU HCIIOIb30BAaHO ypaBHEHME Mo ODiHIITEelHa co cdepuye-
CKMMH IOJIIPHBIMHM KOOPJIMHATAMH W MaTpHILy IpeoOpa3oBaHuii Jitnepa a1 Moze-
JMpOBaHUs BpamieHus. Kpome TOro, mnpemonaragock, 4To TEH30pP OSHEPrUH-
UMITYJIbCa, Pa3MEIIEHHBIH B KOHIIE CHIIBHOTO TPaBUTAMOHHOTO TI0JIS, OTPAXKaeT Be-
JMYMHY MOMEHTA MUMITYJIbCa, KOTOPHII SIBIISICTCSI BEKTOPOM HOPMaiH (IIEpPIICH NKY-
JSIPHBIM BEKTOPOM) K Bpallarouieiics ocu. Pe3ynprat IMUTAIIMOHHOTO MOAEINPOBA-
HHS II0Ka3bIBaeT, YTO MOMEHT HMIIyJIbCA BpALIAIOIICHCS CHIBHOW I'paBHUTALMN
MEHsIeT ee HampaBieHHe ¢ Iumoca (Oyayiiee) Ha MHHYC (IIPOLUIOE) M C MHUHYcCa
(npouwutoe) Ha mmoc (Oyayiee) B 3aBUCUMOCTH OT YaCTOThI BPaLCHUSI.

KuroueBbie ciaoBa: TpaBUTallUOHHOEC I10JIC, UCKAKCHUE BPEMCHU U NIPOCTPAHCTBA,
yFJ'IOBOﬁ MOMCEHT, TCH30P KPUBU3HBbI, TCH30D SHEPI'UU BOS6y)K}:[€HPIH.
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METOIHU TA AJITOPUTM PO3PAXYHKY ®OKAJIbBHUX
ITAPAMETPIB IIOPOXXHUCTOI'O KOHYCHOI'O
EJIEKTPOHHOI'O ITYYKA B EJIEKTPOHHUX 'TAPMATAX
BUCOKOBOJIBTHOI'O TJIIOYOI'O PO3PAAY
3 POKYCYBAJIBHOIO MATHITHOIO JIIH3010

I.B. MEJIbHUK, C.5. TYTAM, B.O. KUPUK, I.C. ILIBE/]

AHoTamnisi. Po3mIsiHyTO aJIrOpUTM po3paxyHKYy (DOKYCHOI BiJCTaHi IMOPOXXHHCTOTO
KOHYCHOT'O €JIEKTPOHHOTO ITy4Ka, sIKHil pOpMyeThCsl eIEeKTPOHHUMU rapMaTaMy BHU-
COKOBOJIBTHOTO TJIIIOUOTO PO3pPsiAy 3 MAarHiTHUM ()OKYCyBaHHSIM IydKa 3a yMOBHU
npeidy, a Takok crocid po3paxyHKy AiamMeTpa GpOKaIbHOTO KUTbLS Ta HOTO TOBIIH-
HU JUIA TAKOTO MydYKa. 3alpolOHOBAaHUK aITOPUTM IPYHTYETHCS Ha Teopii Aapeiidy
€JICKTPOHIB y Toi (OKYyCYBaJIbHOI MArHITHOI JTiH3H 1 c()OPMOBaHUI1 3 BUKOPHUCTAH-
HSIM METOJIB JMCKPETHOI MaTeMAaTHKH Ta MiHIMaKCHOTO aHaii3zy. OTpuMaHi pe3yiib-
TaTH MOJENIOBAHHS J03BOJIMIIM BCTAHOBUTH BIUIUB CTPYMy MAarHiTHOI JIiH3M Ha ¢o-
KaJIbHHUH J[iaMeTp MOPOKHUCTOTO KOHYCHOTO €JIEKTPOHHOTO IyYKa Ta Ha TOBLIMHY
¢okanpHOro Kinbusi. [Tokasano, mo (GokanbHi MapaMeTpH MOPOKHUCTOIO KOHYCHO-
IO €JIEKTPOHHOT'O ITy4Ka MOXKHA €(DeKTUBHO 3MIHIOBATH Yepe3 PEryJIIOBaHHS CTPyMY
MAarHiTHOI JIH3H.

Ki1o40Bi ci10Ba: BHCOKOBOJIBTHUH TIIIOUMHA PO3PSAL, MarHiTHA JIiH3a, TOPOKHUCTHI
€JICKTPOHHUH My4OK, MOZeINb Apeiidy enexkTpoHiB, MiHIMaKCHHI aHali3, GokansHu
JiaMeTp eJICKTPOHHOTO ITyYKa, TOBIIMHA (POKAIBHOTO KiJIBIIS.

BCTYII

EnexTpoHHI rapmaté BHCOKOBOJIBTHOTO Tiitodoro pospsny (BTP) 3naxomsats
MIMPOKE BIPOBAKEHHS B PI3HUX Taly3sX IMPOMHUCIOBOCTI: €JIEKTPOHHIN, Mpuia-
noOyIyBaHHS, MAalIMHOOYMyBaHHS, METalypriiHil, aBTOMOOUIbHIN, aBiamiiHiNA
touto. Ile Hacammnepea 3yMoBiI€HO TUM, 1110 rapmatd BTP maroTh HM3KY mepeBar
MOPIBHSHO 13 TPaIUIIHHUMU €JIEKTPOHHUMH TrapMaTaMu 3 PO3KAPIOBAHUMH Ka-
TOJAMH 32 YMOBU POOOTH B HHM3BKOMY BaKyyMi B CEPEOOBHILI Pi3HUX TEXHO-
JIOTIYHUX Ta3iB, 30KpeMa iHepTHUX Ta akTuBHHX [1-7]. Cepen mux mepesar BapTo
BiJI3HAYUTH TIepemyciM Taki [1-3, 7]:

1) BUCOKY cTabinbHICTh poOOTH eNeKTpoHHUX rapmar BTP ta n0BroBiuHicTh
OXOJIOAKYBaHUX KaTOAIB y Hiama3oHi podouoro tucky 0,1-10 Ia;

2) BIIHOCHY MPOCTOTY KOHCTPYKLIH enekTpoHHuX rapmatr BTP i mox-
JUBICTh iX OHOBIIGHHA Ta PEMOHTY i3 3aMiHOIO TOJIOBHHUX (HYHKIIIOHATHHUX
BY3JIiB, HACAMIIEpe]] OXOJIO/KYBAaHUX KAaTOIB,

3) mpOCTOTY Ta ACIIEBU3HY BAKyYMHOT'O TEXHOJOTIYHOTO O0JIaTHAHHS;

4) MOKNIHUBICTH (POPMYBaHHS NIPOPITEHUX EIEKTPOHHUX MyYKiB 3 KUTBLEBUM
abo IiHIHHUM (OKYCOM 3a YMOBH BHKOPHCTAaHHS OXOJO/DKYBaHUX KAaTOMIB 3
BiJINIOB1THOO TIPOCTOPOBOIO TE€OMETPIEIO;

© I.B. Menvnux, C.5. Tyeaii, B.O. Kupux, I.C. Lllseo, 2021
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5) mpOCTOTY KepyBaHHS MOTYXXKHICTIO €IEKTPOHHOTO Iy4YKa 3MIiHOIO THUCKY
razy y po3psaHiii kamepi ab0 €IEeKTpUIHHM CITOCOOOM depe3 3alafoBaHHS JI0-
MOMI)KHOTO HU3bKOBOJIETHOTO PO3PSAY;

6) MOXKJIMBICTH pOOOTH eJeKTpoHHUX rapMat BTP B iMIyIbCHOMY peXUMI.

[Ipote mopanbuii pO3BHTOK Ta BIOPOBAKEHHS Y HPOMHUCIOBICTH €leK-
TpoHHUX rapMaT BTP nmemo cTpuMyeThcsl BiACYTHICTIO €()EKTUBHUX METOMIB iX
monenroBaHHs [8]. KpiM mporo, He0OXiqHO po3poOISTH HOBI KOHCTPYKIIii rapMaT
BTP, npusHaueHi ans BUKOHAHHA cHelU(iYHUX TEXHONOTIYHHUX OMepalii,
OB’ SI3aHUX 13 TEPMIYHUM OOPOOJICHHSIM pedoBHHHU. OIHUM 31 NUIAXIB YIOCKO-
HaJIGHHS KOHCTPYKIiil enmekTpoHHUX rapmMatr BTP € po3poOmeHHs rapmar 3
BiZIMIOBIIHOI0 TPOCTOPOBOIO TE€OMETPI€I0 XOJOAHUX KaTOAIB, sKi (HOPMYIOTh
mpoiTbHI eNEKTPOHHI My4YKH 3 KiIbIeBUM abo JiHiHHUM ¢doxycoM [7]. ['omoB-
HOIO [IEPEBArol0 TaKUX rapMaT € BUCOKa cTaliIbHICTh pOOOTH Ta BUCOKA NMPOAYK-
TUBHICTh Yy pa3i TepMIYHOT0 OOpOOJIECHHS LMITIHAPUYHUX a00 IIOCKHUX MO3I10B-
JKHIX BHpPOOIB Yy MacoBOMY BHPOOHHIITBI. 3 METOIO CIIPOIICHHS OXOJIOMKCHHS
BY3JIiB TaKUX rapMaT Ta ITiJIBUIICHHS CTaOLIBHOCTI iX poOOTH €PEeKTHUBHHUM € BH-
KOPUCTaHHS IMITyJIbCHOTO peKUMy poboTu rapmatu [1]. ['onoBHMI HemoIiK KOH-
CTPYKIIi#f TakuxX rapMaT — (HOpMyBaHHS 301KHOTO €JIEKTPOHHOTO ITydKa 3i cde-
PUYHOI TOBEpPXHi Karona, IO HE JA€ 3MOTH PEryJIIOBaTH MOJOXEHHS (oKyca
€JIEKTPOHHOTO IMy4Yka 1 3HAYHOIO MIpOI0 YCKIJIAQAHIOE KOHCTPYKILIIO TapMaTH.
MoxnuBuM € (GOpMyBaHHA HOPOXXHUCTOIO KOHYCHOI'O €JIEKTPOHHOIO ITydKa
3 KUTbIIEBUM (DOKYCOM 3 IUIOCKOT MOBEPXHI XOJIOMHOTO KaTona. ¥ LbOMY pasi Iuis
(hopMyBaHHS MOPOIKHUCTOTO KOHYCHOTO €JIEKTPOHHOTO MTy4YKa BUKOPHCTOBYETHCS
dhokycyBanbHa Mar"iTHa JiH3a. IlepeBara Takoro crmoco0y ¢opMyBaHHS €leK-
TPOHHOTO IyYKa — MOXJIMBICTE 3MiHU TIOJIOKEHHS Ta Po3Mipy (oKasbHOro
KiJIbIIS 3MIHOIO CTPYMYy MarHiTHOi JiiH3u. ToOTo Taka KOHCTpyKIis rapmatu BTP
€ OUTBIT YHIBEpCATHHOIO 1 MOXKE OYTH MPHUCTOCOBAHOIO IS BHKOHAHHS Pi3HUX
TEPMIYHUX TEXHOJOTYHUX omepauiid. CHpoleHy KOHCTPYKTHBHY CXEMY EJIeK-
TPOAHOI CUCTEMH eleKTpoHHOI rapMati BTP 3 marHiTHORO TiH3010, siKa Gopmye
MOPOKHUCTHH KOHYCHHUU €ICKTPOHHUI MyYOK i3 KITBIIEBUM (DOKyCcOoM, 300pake-
HO Ha puc. 1.

VY mpari [9] omucaHo y3aradbHEHUN alTOpPUTM, NMPU3HAYCHUN TSI BU3HA-
YeHHs! POKaIbHUX MapaMeTpiB eJICKTPOHHUX ITYHYKIB i3 KUTBIIEBUM (POKYCOM, IO
¢dopmyeTbes B enekTponuux cucremax BTP 31 chepuynnm kaTogom Ta KOHYCHUM
aHogoM. Y mpani [10] oniHIOBaMMCh TONONOTIYHI Ta TEOMETPUYHI TapaMeTpH Ta-
KuX enexkTponHux cucteM BTP 3 ypaxyBaHHSIM MOXHOOK BUMipIOBaHb LMX Iapa-
METpIiB Ta iH)KEHEPHHX JIOMYCKIB Ha HUX. Y IIJIOMY, CHCTEMa TOTOJIOTIYHUX I1a-
pameTpiB, ska Oymna 3ampomnoHoBaHa y mparli [10], € MocHTh YHiIBEpCaTbHOIO i
MOXe OyTH 3aCTOCOBaHa ISl JIEKTPOIHOI CUCTEMH 3 INIOCKUM KaTOAOM Ta (OKy-
CYBaJbHOI) MArHITHOIO JIIH3010, KOHCTPYKTHBHY CXEeMYy SKOI 300pakeHO Ha
puc. 1. [Ipote anroput™ BU3HAYCHHS (HOKAIBHUX MapaMeTpiB HOPOKHUCTOTO KO-
HYCHOT'O €JICKTPOHHOTO ITyYKa y pa3i HOro MpoXoJKeHHS] B MarHiTHOMY 1oJi ¢o-
KyCYBJIBHOI JIIH3U Ma€ MeBHI oco0nmuBocTi. OMUCaHHS Ta aHalli3 X 0COOJIMBO-
cTel, a TakoX (OPMYBaHHA BiAIOBIAHOTO aJrOPUTMY, MPU3HAYEHOTO MJIs
004HCIIEHHS TONIOXKEHHsI (POKATBHOTO KiNbLs Ta HOrO TOBLIMHHU [UIS €JICKTPOJHOT
cucremu BTP, 300pakeHoi Ha puc. 1, € TOJTOBHOIO METOIO 1€l poOoTH.
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Puc. 1. KoHCTpyKTHBHa cXeMa akciaJbHO-CHMETpHYHOI enekTpoanoi cucremu BTP,
nmpu3Ha4YeHol st (popMyBaHHS MOPOKHHUCTOTO KOHYCHOTO €JIEKTPOHHOTO Tmyuka: [ —
Karon; 2 — BHUCOKOBOJBTHUH 130y1ATOp; 3 — ENCKTPOHHUHU IMy4ok; 4 —aHom, 5 —
IUTa3MOBa MeXa; 6 — aHOJHA IUTa3Ma; 7/ — JOTOMDKHUHN IMUTIHAPUIHUHN eNeKTpo; § —
MarHiTHa JiH3a; 9 — Bupi0, sAKuit 00poOIAEThCA

INOCTAHOBKA 3ABJIAHHA

VY3arajipHeHy METOIUKY PO3B’SI3yBaHHS CaMOY3TOMKEHOI eJIeKTPOHHO-ONTHYHOT
3amadi A enekrpoanux cucteM BTP chopmynwoBano y mparii [8]. Hacammnepen
CJIiJ] BiA3HAYMTH, 110 METOAM PO3B’sI3yBaHH 3a/1a4i BU3HAUYEHHS PO3IOALTY €JIeK-
TPUYHOTO TOJISI T4 PO3PAXyHKY TPAEKTOPiH 3aps/KCHUX YACTHHOK B TUISHII Ka-
TOJHOTO HaXiHHS Ui CUCTEMH 3 MarHiTHUM (DOKYCYBaHHSIM KOHYCHOTO €JIeK-
TPOHHOTO Iy4YKa HE BiJPI3HAIOTHCSA BiJ MOJIOHUX METOMIB JJIS EJICKTPOTHUX
cucteM 3i chepudHoro (HopMoro KaTona, siKi (OPMYIOTh MTOPOXKHHUCTI KOHYCHI
€JIEKTPOHHI MyYKHU 3 KiTbLEBUM (OKyCOM. METOINKY MOJICIIOBaHHS TaKUX eleK-
tpomuux cucteM BTP mockonano posrsiayTo y npamsx [8—10]. ['omoBHOIO 0c00-
JMBICTIO Li€] METOIMKY € BU3HAYCHHS MTOJIOKEHHS TJIa3MOBOI MEXi BIITHOCHO Ka-
TOJIa HAa OCHOBI TPHOX MpHIyHIeHb [8—10].

1. [TnasmoBa Mexa B mkepenax enekTpoHiB BTP posrmsgaerses sk pyxo-
MU, TIPO3OPHUH I €NEKTPOHIB MydKa eJIeKTPoa, 3 (IKCOBAHMM 3HAYCHHSIM II0-
TEHI[IaTy, & TAKOXK SIK JDKEPEJIO 10HIB.

2. 3a yMmoBH omHakoBoro crpymy BTP aHomna 1uiasma B JIiHIWHIA OJHO-
BUMIPHIH €NeKTPOAHIH CHCTEMi Ta B CHCTEMi 31 CKJIAJHOIO MPOCTOPOBOIO TEO-
METPIEI0 SIEKTPOIIB 3aliMa€e OTHAKOBHH 00’ €M.

3. Jlyisa BeqmKuX 3Ha4€Hb CTPyMY PO3pPALY IUIa3MOBa MeXKa € IapalesIbHOO
MOBEpPXHI KaTo/a.

l'onoBHi TONoONOTIYHI MapameTpu elaekTpoaHoi cuctemu BTP 31 chepuunim
KaToJOM Ta KOHYCHHM aHOIIOM, V SIKiH (hOPMYETHCS TOPOKHUCTUN KOHYCHHMA
€JIEKTPOHHUH MYYOK 3 KiJbLIEBUM (POKYCOM, a TAKOX BiAMOBITHI OOMEKEHHS, IO
HAKJIAJAI0THCS Ha 111 TTapaMeTpH, Ta IHKEHEPHI TOMyCKH Ha HUX, PO3TIISAAICS Y
npamsx [9, 10]. 3anpononoBana y nparni [10] Tomosoriyaa Moienb €IeKTPOIHOT
cucremu BTP e yHiBepcanpHOIO, a BIANOBIAHI CHiBBIAHOIICHHS MOXYTH OyTH
BUKOPHCTaHI B E€JEKTPOMHIA cHCTeMi 3 MAarHiTHHM (DOKYyCyBaHHSIM KOHYCHOTO
€JIEKTPOHHOTO ITy4YKa, KOHCTPYKTUBHY cXeMy siKoi 300paxkeHo Ha puc. 1. Pospa-
XYHKH 32 €0 METOIUKOI0 3HAYHOIO MIpOIO CIIPOIIYIOTHCS, OCKITBKH IIa3MOBa
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MeXa y UbOMYy BUMNAAKy Mae He chepuyHy, a diHidHY ¢opmy. Tobro anamiz
PO3MOIiTy TOTEHIlATy Ta TPAEKTOPIN 3apsKCHUX YaCTHHOK B CJICKTPOJIHIN CH-
ctemi BTP (puc. 1) He Mae KOIHHX CYTTEBUX OCOOJHMBOCTEH 1 HE CTaHOBUTH
0c00IHMBOT KOHIIENTYanbHOI pobnemu. Y mpani [11] HaBeneHo MaTpuyHi apud-
METHKO-JIOTIYHI CHIBBIIHOIICHHS MJIs PO3PAaxXyHKY pO3MOAUTY TOTEHINATy Ta
TPAa€EKTOPiIH 3apAKEHNX YaCTWHOK y AUISHII KAaTOAHOTO MaAiHHS IMOTEHIialy
enexkTpoHHUX rapmat BTP. Ili ciiBBiAHOIIEHHS TPYHTYIOTECS Ha Oa30BUX TOHSIT-
TSAX PEKYpEHTHOI MaTpHli Ta BEKTOP-(QyHKILIT i 3HAYHOIO MipOIO0 CIPOLIYIOThH pe-
ai3allilo MAaTPUYHUX PEKYPEHTHUX aJTOPUTMIB y CYy4acCHHX CHCTEMax Iporpamy-
BaHH# [12—14].

[Ipote aHami3 MPOXOKEHHS CICKTPOHIB ITyYKa 32 YMOBH BUIBHOTO Apehdy
IUIsL eNEKTPOJHOI CUCTEMHU 3 MarHiTHUM (POKYCYBaHHSIM Ma€ CBOi IEBHI 0COOJIH-
BOCTI, fKi, 3 aJITOPUTMIYHOI TOYKH 30PY, CIiJ PO3TISHYTH OKpeMoO. 3araiom
3aBIaHHS aHaJi3y TPAEKTOPiH €IEKTPOHIB 32 YMOBH BiabHOTO npeiidy y dhoky-
CyBaJlbHOMY MAarHiTHOMY IIOJIi € KOMIUICKCHUM 1 MOJIJICHO Ha OKpeMi 3ajadyi
[15-17].

1. Po3paxyHOK MarHiTHOTO TOJs (POKYCYBaIBHOT JiH3H.

2. dopMyBaHHS alTOPUTMY PO3PaXyHKY TPAEKTOPIH €NEKTPOHIB 32 YMOBH
BUTEHOTO JIpeidy 3 ypaxyBaHHSIM BiAMOBIMHUX (Di3UIHHUX MPOIIECIB, TOJOBHUMH 3
SIKUX € TaKi:

— pO3CilOBaHHS €JIEKTPOHIB Ha aTOMax 3aJIUIIKOBOTO rasy;

— BIUIMB BJIACHOTO TIPOCTOPOBOTO 3apsAy €NEKTPOHIB MyUKa;

— BIUIMB MO3UTHBHOTO 3apsly 10HIB 3aJIMITKOBOTO Ta3y;

— PO3paxyHOK TPAEKTOPIH €IEKTPOHHOTO ITy4YKa B MAarHiTHOMY TOJIi (hOKyCY-
BaJIGHOT JTiH3H.

VY3aranpHeHe OMMCaHHS alTOPUTMY PO3PAaXyHKY TPAEKTOpiil eNeKTPOHIB 3a
YMOBH BUTBHOTO JIper]y A eNeKTpoaHOI cuctemMu (puc. 1) € TOJIOBHOIO METOIO
1i€i poOOTH.

BU3HAYEHHS PO3IOJLITY MATHITHOTI'O IOJIAA KOPOTKOI
®OKYCYBAJIBHOI JITH3U

CroromHi I KOPOTKUX (DOKYCYBAJIBHUX MATHITHUX JIiH3 HAHOUTBII TpaBIo-
MOJIIOHOI0 1 TOYHOIO BBAXKAETHCS alPOKCUMAIliS 3HAYEHHS IHAYKIii MarHiTHOTO
noJist 3a SIBopom [15—17]. 1ls anpokcumarrist 3aBKau € afeKBaTHOIO 1 3a0e3meuye
MOXUOKY €KCIIEpIMEHTAIBHNUX 3Ha4YeHb He BUILY 3a 3%; y pa3i BincyTHOCTI edek-
Ty HacW4YeHHS ()epPOMarHIiTHOTO Marepially Ta BUKOHAaHHS YMOBH IIOAO IIPOCTO-
POBHX PO3MipiB KOPOTKOi JiH3M [15-17]:

0,5<D,/S, <2, (1)

ne S, — IUpUHAa HEMArHiTHOTo 3a30py; D, — TOBIIMHA JUISHKH HAMOTaHOTO
Ipoty. BinmosiaHi TeOMeTpUYHI PO3MIpH JIiH3U MMOKA3aHO Ha pUC. 2.

3riHO 3 anpoKcUMAIli€ro 3a SIBOpoM, Y pa3i BUKOHAHHS CriBBiHOMEHHS (1)
Ta BiJICYTHOCTI e(peKkTy HacuueHHs (epOMarHiTHOTO Marepialy, HIYKIsS Mar-
HITHOTO MOJA Ha OCl CUMETpii JIiH3H B,;, pO3paxOBYETHCS 3 BHUKOPUCTAHHAM

aHAJITHYHOIO CIiBBiAHOIIEHHIM [15-17]:
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I S.TI
5 1,257-10*I,N, ) ) @)
z0 — - >
28 3 2 3 2
3 2 3 2
ne I, — crtpym niH3u; N, — KinbKicTh BUTKiB. be3 HacMUeHHS MarHiTHOTO

Marepiary moxuoka o04yucieHs 3a Gpopmynor (2) CTaHOBUTH KilIbKa BiJICOTKIB
[15-17].

Puc 2. KOHCTPYKTHBHI apaMeTpu KOPOTKOi (JOKyCyBalbHOI MarHiTHOI JiH3H: S, — LIU-
pUHA HEMAarHiTHOTO 3a30py; z, — IIMPHHA JIIH3W; D, — TOBUIMHA JISHKH HaMOTaHOTO

JpoTy; R, — pajiyc JiH3H

3a yMOBH BiJOMOTO PO3MOJiTY MAarHiTHOTO TOJS Ha OCi CHUMETpii JIiH3H
B.y(z), siKe pO3paxOBYETbCA 3 BHUKOPUCTAHHSM CIIIBBITHOIICHHS (2), MOXHa
3HAUTH IHIYKIIIF0 MarHITHOTO TOJIS y OyIb-sKiil TOYII €eKTPOIHOI CHCTEMH Ta-
30pO3PSTHOTO MPUCTPOIO pO3KIamaHHsAM y psn Teiyopa CkilaoBHX MarHiTHO{
iHaykuii B, 1 B, . BianoBiaHi aHaJIITHYHI CHIBBIIHOIIEHHS MarOTh TaKUil BUIIIA
[15-17]:
3 2
B,=%B;0+:—6B;”O+,..., Brngzo—%B;’O oo 3)
PiBastaEs (2), (3) 3aCTOCOBYIOTH JJI PO3PaxXyHKY TPAEKTOPIA EIEKTPOHIB
my4Ka 3a YMOBHU BifibHOTo npeiidy. [Ipukian po3paxyHKy TpPaekTopii eIeKTpOH-
HOT'O TyYKa 3 BUKOPHCTAHHSM IIMX CITiBBiTHOIIEHB IMOIaHO Ha puc. 3. Pe3ynmpratn
OTPUMAHO JJISl TAKUX EJIEKTPHUYHHX 1 TEOMETPUYHMX apaMeTpiB MarHiTHOT JIiH3U:
I,=10A; N,=1000; z, =0,02m; D, =0,05m; 0,1m; 0,15m; 0,2m [12].
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OCHOBHHUI PO3IOJIIJ MArHITHOTO TOJISI KOPOTKOT JITH3U
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Puc. 3. OcboBH#l PO3MOMIT MarHITHOTO TOJIS TOHKOI MAarHiTHOI JiH3H IS Pi3HHX il
reOMETPUYHHUX PO3MipiB

V3ATAJIBHEHUM AJITOPUTM OBUMCJIEHHA ®OKAJIBHUAX
IMAPAMETPIB IIOPOXKXHUCTOI'O KOHYCHOI'O EJIEKTPOHHOI'O ITYUKA,
IO TPYHTYETHCSA HA METOJAX TMCKPETHOI MATEMATHUKHA TA
MIHIMAKCHOI'O AHAJII3Y

Mogens BinbHOrO Ipeiliy €NeKTpOHIB Mydyka B 10HI30BaHOMY Ta3i JOCKOHAJIO
po3TIIHYTO y Tparsx [9, 17]. I3 ¢i3ugHOTro MOTISIMy sl MOJENb IPYHTYETHCS HA
TOMY, IO 32 BiJICYTHOCTI €JEKTPHUYHOTO NOJS €JEKTPOHHU PyXaloThCs MiXK 10HAMH
y 3aJaHOMy HAaIIPSIMKY Ta 3iIITOBXYIOTHCS 3 HUMHM, & IIPOCTOPOBUH 3apsill €NeK-
TPOHIB IMy4YKa Ta 10HIB 3aJUIIKOBOIO ra3dy Oe3lM0oCepeIHbO BIUIMBAE Ha IIEH pyX.
IIpore, y pa3i HaIBHOCTI MAarHITHOTO TOJISI TPAEKTOPIl EJIEKTPOHIB MAIOTh JIOCUTh
CKJIaJJHH{ TPUBUMIPHHI XapakTep 3 00epTaHHSIM HaBKOJIO oci z Ha KyT ¢. [Ipu-
KJIaJ pO3paxoBaHO! TPUBUMIPHOI TPAEKTOpii €NeKTpOHa B HOdi (POKycCyBaIbHOT
MAarHiTHOT JIiH3H UTIoCTpye puc. 4. Pe3yabpTaTit OTpUMAaHO ISl TAKUX €JICKTPHYHIX
Ta FeOMeTPUYHUX Napamerpis min3u: [, =10A; N, =1000; D, =0,05m [12].

ANTOpUTM TOINYKY (GOKaJIbHUX MapaMeTpiB IMOPOKHUCTOIO KOHYCHOTO
EJIEKTPOHHOTO MyYKa 3 KiJIbIIEBUM (POKYCOM IPYHTYETHCS HA METOAAX TUCKPETHOT
MaTematuku [18] Ta MiHiMakcHoro anamizy [19] i B 3aranbHiii ¢opmi Horo 3amm-
CyIOTh TaK [9].

1. BUKOHYIOTB JUCKPETH3aIlit0 JIISTHKY 32 KOOPAMHATAMH 7 1 Z .

2. 3a JaHUMH MONEPEAHBOTO TPAEKTOPHOTO aHAJI3Y IS JUISTHKH KaTOHOTO
naniHHs MoTeHHiany (GOpMYyIOTh MAacHB BEKTOPIB IIBUAKOCTI €JIEKTPOHIB MydyKa
V. JJIS BCIX 3Ha4YCeHb padiaibHOi KoOpauHaTH » . Ha 1ipoMy eTami BBaXKaroTh, IO

HOMEp MOTOYHOI iTepaltii £k =0.
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TpaekTopia enekTpoHa y dokycyBanbHIA MarHitHIA NiH3i Npy cTpyMi NiH3K =10 A

X107

x107

Y, M - zZ,M

5 04
Puc. 4. Tpaekropis enekTpoHa 3a CTpyMy MarHitTHoi jiH3u 10 A

3. BBaxaroTh, 110 HOMEp MMOTOYHOI iTepamii k =k +1.
4. 3a yMOBH BiIOMOI IIBHUAKOCTI €JIEKTPOHIB Iy4YKa Ve OOUHCIIOIOTH 3MiHY
panianbHOI KOOPIUHATH 7 1 KyTa HAXWIIy TPAEKTOPIH ENEKTPOHIB (¢ Ha MaJoMy

BIIPI3KY /4, 3a KOOPIUHATOIO Z .

5. Bu3Ha4aloTh TONOXKEHHSI eJeMEHTapHOI TPYyOKH eNEeKTPOHHOTO ITydKa
3 HOMEPOM 1, A7 SIKOI CTPYM j € MakcumaiapHUM. [l 1boro nepeduparoTh yci

3HAYCHHS CTPyMy TPYOOK j 3a 3MIHHOIO i 3 METOI IMOIIYKY MaKCHMallbHOTO
3HAYEHHS J . -

6. BUKOHYIOTb MOUIYK KOOPAUHATH Z , AJsl AKOI 3HAYEHHS 7y;, I TpyOKU
3 MAKCUMAJIbHUM CTPYMOM j .. € MiHiManbHUM. ITonoxkeHHs Gokyca eneKTpoH-
HOT'O Iy4ka F,, BiINOBifa€ il KOOPIUHATI Z .

7. Paniyc (hoKajgbHOTO KibIIs R(p BIZIMOBI]a€ TTOJIOKEHHIO TPYOKH 3 MaKCH-
MaJIbHUM CTPYMOM 32 KOOPJIMHATOIO 7 Yy (pOKaIbHIH IIIOMKMHI, TOOTO 3HAYEHHIO F) .

8. ToBimmHy (oKanbHOro KinbLs 7 PO3PaXOBYIOTH SIK PI3HULIO MOJNOKCHHS
JIBOX BimajaeHUX TPyOOK 3 MiHIMAIIbHUMH CTPYMaMH.

9. 3a ymoBu 7" (k) > 1" (k—1) 004HUCIIEHHS 3aKiHUYIOTh, Y IPOTUBHOMY
BUIAAKY — TIepeXiJ A0 MYHKTY 3 aJIfOPUTMY.

CdopmynpoBanuii anroput™ y (opMi aHAIITUYHHAX CITiBBiIHOIIEHB JIHC-
KpeTHOT MaTeMaTHKH 3alACYIOTh y Takui crocid [9]:

Q, ={k|l..K,keN}; M=[D/h.];, Q;={i|l...K, ke N};
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ri, k) =r(i,k=1)+h tg(e(,k)); jy* =max]j,@,k)]; “4)
iEQi
r ™ =max[r, (i,k)]; F, =d;, +h,argmin (n,");
1€Q; ieQ;
(k) =arg[0,1 j (k)] o 9
z=Fyrg<ty
EROREHVAC) IR QTG ORI G

ne (), — miama3oH 3Ha4YeHb 3MiHHOI k; (), — niama3oH 3HaueHb 3MIHHOI i;
r(i,k) r(i, k) — morouHa pamiaqbHa KOOpOMHATA 7, sIKA XapakTEPHU3YeE IOJIO-
KEHHsI TPYOKH CTpyMy 3 HOMEpoM i; D — JOBXKHMHA JUISTHKH, SIKA PO3Paxo-

BY€TBCSI, h, — KpoOK ii puckperusauii; 7, (k) — pazgiyc mydka ajsi HIOTOYHOI HO-
nepedHoi KOOpAWHATH z, 3aJaHol BiJUIIKOBOIO TOYKOK K ; ] (k) —

MAaKCUMAJIbHC 3HAUYCHHA CTPYMY Yy HNOINICPCUHOMY HepCTI/IHl CJICKTPOHHOI'O ITy4YKa.

YPAXYBAHHS BILUIUBY HA ®OPMYBAHHS EJJEKTPOHHOI'O ITYUYKA
ITPOLIECY PO3CIIOBAHHSI EJIEKTPOHIB TA ®OKYCYBAHHS B ITOJIT
MATHITHOI JIIH31

3arajgoM aHANITAYHI CHIBBIAHOIICHHS, 3a SKAMH DPO3PAaXOBYIOTh BIUTHB pPO3-
CIIOBaHHS Ha aTOMaxX 3aJMIIKOBOTO Ta3y Ta MPOCTOPOBOTO 3apsily Ha IIpOIecC
(hopMyBaHHS €IEKTPOHHOTO Iydyka, HaBeleHo y mparmsax [8, 9, 15-17]. ['omosHi
3 HUX TaKi.

IIpouec po3ciloBaHHS eJIEKTPOHIB MMYy4YKa HA aTOMAX 3aJMIIKOBOIO rasy.
Jns pismaanx ymoB ropinas BTP 3a3puuait Moke OyTH BHKOPHICTaHA MOJEIb
OaraTtokpaTHOTO TIPYXHOTO po3citoBaHHsS Pesepdopma. Bimmosimay cucremy
PIBHSIHB 3aIIUCYIOTh Y TakKoMy BUTIISII [15—17]:

tg(0,5-0 i) =———; t2(0,5-0, ., ) =———;
&( )= 2 ma mevzrn(i)
\f o2
47(Z +1)r2y? .
szhZ,ﬂ-f-tgz((p); d@z%nocﬂln(gﬂj; ®)]
Yp_ max

(P(l,k) = (P(lak _1)+ do )

J€ @ — KYT BIbOTY €IEeKTPOHIB; Z — 3apsij siipa aToMiB poOodoro rasy; m, —
Maca eJIeKTpOHa; 7, — pajilyc eJIeKTPOHa BIANOBIAHO 10 Mozeni bopa; v, — pe-

JATUBICTCHKHE (akTop; O — MAaKCHMAaJIbHUH KyT po3citoBaHHS;, 0, —

max
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MiHIMaIbHUH KyT po3citoBaHHs;  — cepenHiii KyT poscitoBanHs; B=v,/c —
BiZJHOILIEHHS LIBHJKOCTI €JEKTPOHIB IMydYKa 0 MIBUAKOCTI CBITIa; 7, — pamiyc
€JIEKTPOHHOTO MyYKa Ha JaHiil iTepalii; 7o — KOHIEHTpaLisl aTOMIB Tazy.

EdexT ionnoro ¢goxycyBanHs eJIeKTPOHHOTO my4ka. Brmus ionHoro ¢o-
KyCYBaHHS Ha TPAE€KTOPii €IEKTPOHIB MyYKa 3aJeKUTh 0e3M0CepeIHbO BiJ THCKY
rasy B IIOPO>KHUHI KOHYCHOTO aHOJA p 1 BU3HAYAETHCS KOHICHTPALIEIO 10HIB Ha
HOBEPXHI CUMETPil eJIeKTPOHHOTO My4Ka 7, . Llelf BHyTpiIHiil mapaMeTp cucre-
MU TPaHCIIOPTYBaHHS MOPOKHUCTOTO KOHYCHOT'O €JIEKTPOHHOTO Iy4YKa 32 YMOBHU
BiIOMOTO 3HAYEHHs TUCKY p 1 IPHUCKOPIOBanbHOi Hanpyru Uy, pO3paxoByIOTh

3a TaKMM CIiBBigHOIIEHHM [15-17]:

o =2 B, pr, [T el o ©6)
m, np €M1y

Ie 1, — KOHLEHTpAllisl eNeKTPOHIB Yy MyUKy; #;, — KOHLEHTpAIlis iOHiB Ha I0-

BEpPXHI CUMETpIi eeKTPOAHOI CUCTEMH; m; — MOJEKyJIipHa Maca i0HiB rasy; B;

— CTYHiHb i0HI3aWil ra3y; €, — HieJeKTPUYHA CTaJa.

Po3paxyHoKk BIUIMBY INPOCTOPOBOTO 3apsily Ha IPAHMYHHY TpPaeKTopiio
€JJeKTPOHOT0 My4Ka. 3 ypaxyBaHHSM cHiBBiaHoOWeHb (5), (6) Iy BU3HAYEHHS
BIUIUBY HPOCTOPOBOrO 3apsiy Ha MpOIeC BUIBHOTO Apeidy enekTpoHiB
B 10HI30BaHOMY Ta3i MOKHA 3alIMCaTH CUCTEMY PiBHSHB [ 15—17]:

n

f: e - C= ]n(l_f_Bz)
Mo gy [Py
m

()

(S

ne f — CTymiHb KOMIIEHCAIll IPOCTOPOBOTO 3apsay EIeKTPOHHOTO IyYKa ioHa-
MH 3a1MIKoBOro razy; C — y3arajgbHEHHH KOe(il€HT, SKUH XapakTepH3ye
BILIUB ITPOCTOPOBOTO 3apsTy HAa TPAEKTOPIi EJIEKTPOHIB ITyUKa.

Po3paxyHok rpaHM4HOI TPAa€EKTOPIi €JIEKTPOHHOr0 My4YKa 3 YPaxyBaH-
HSIM BIUIMBY NNPOCTOPOBOIO 3apsiAy Ta MATHITHOTO NMOJs (pOKYCYyBATbHOI JiH-
3u. YpaxoByrouu criBBinHOIIEHHS (4)—(7), OCTaTOYHUI PO3paXyHOK MapameTpiB
€JIEKTPOHHOTO ITyYyka BHKOHYIOTH depe3 po3B’sI3yBaHHS JAU(epeHITiaTbHOTO
PIBHSHHS APYToro mopsiaky [15-17]:

d*, C erB% d?

I __ — rl'[
= 0= — dz+0,. (8)

d2

5~ CTaHOBHTH M. Jludepenmiansae piBHSHHS cucTeMu (8)
dz

Po3mipHicTb

Ha KOXKHIH iTepallii 38 KOOPAMHATOIO Z PO3B’SA3aHO YMCIOBUM CIOCOOOM 3 BHKO-
puctanHsaM merony Pynre—Kyrra uerBeproro nopsaxy [20, 21].

Bnok-cxemy anroputmy oOuuciieHHS (POKaIBHUX TapaMmeTpiB MOPOKHHUCTO-
r0 KOHYCHOT'O €JICKTPOHHOIO My4Ka, 3aJaH0T0 CIiBBigHOmEHHIMH (4)—(8), moka-
3aHO Ha puc. 5.
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Puc. 5. bnok-cxema anroputmy oO4HCIIeHHS (HOKATBHHX MapaMeTpiB MOPOKHUCTOTO
KOHYCHOT'O €JIEKTPOHHOTO IydKa IS enekrponHoi cuctemMu BTP 3 ¢oxycyBanbHOO Mar-
HITHOIO JIIH3010, KOHCTPYKTHUBHY CXeMY SIKOT 300pakeHo Ha puc. 1

Peanizauis anropurmy odumcieHHs GokajlbHUX NApaMeTPiB eJ1eKTPOH-
HOr0 Ny4YKa 3 BHMKOPUCTAHHAM 3ac00iB MATPHYHOIO NPOrpaMyBaHHS.
VY mpansix [12, 14] cdopmoBaHo 3arajbHy KOHLEMIIIO TEOpii MaTPUYHOTO MPO-
TpaMyBaHHS 1 TEOPETUIHO OOTPYHTOBAHO, IO BarOMOIO IEPEBAror0 ITMX 3aco0iB
NpOrpaMyBaHHSl € TPOCTOTA 3alKMCy MaTeMAaTHYHHUX BHUPA3iB 3 BHUKOPHUCTAHHSIM
pETYISPHUX MOB Ta MOXIIUBICTh €(pEeKTHBHOI OLIHKU CTYIEHS po3MapaliellioBaH-
HS MaTPUYHOTO aJrOpuUTMy. 3arajloM KOHLEMNLis MaTpPUYHOTO HpOrpaMyBaHHS
IPYHTYEThCS Ha (DOPMYBaHHI PEKYPEHTHOI MATPHIIi 1 Ha 3aMMCYBaHHI aprupMETH-
KO-JIOTIYHHUX BHpPAa3iB y MaTpu4Hiil Gopmi uepe3 peKypeHTHI MaTpHUIli Ta BEKTOP-
(dynkuii. Hemomik mporpamHoi peaizariii METOiB MaTPpHYHOTO IPOTPaMyBaHHS
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— HEeOOXiJHICTh BUKOPUCTaHHS OibIIoi eMHOCTI omepaTuBHOl mam’sTi. [Iporte
3aIlAC iTepaifHuX aNTOpUTMIB y (HOPMi MAaTPUYHHX CITiBBIIHOIICHDb 3HAYHOIO
MIpOIO CIIPOLIY€E TMPOLEC HAMUCAHHS Ta BiIUIArOPKEHHS CKIAIHUX MPOTpaM, o
CYTTEBO NPHUIIBUALIYE MPOLEC CTBOPEHHS CKJIAJAHOTO MPOTPaMHOro 3ade3neveH-
Hs1. Harenep meit ¢akTop BBa)ka€Thcsl Ha pUHKY NPOTPAMHUX HPOJYKTIB OZHUM 3
HanOuThII BaroMux. ChOTOIHI 3aCO0M MaTPUYHOTO MPOTpaMyBaHHS € HAWOIIBII
PO3BHHEHMMH Yy CHCTeMi HayKOBO-TEXHIYHHMX po3paxyHkiB MatLab [12] Ta cu-
cTeMi mporpamyBaHHsi Anaconda, HamucaHiii MOBoOO mporpamyBanHs [Python
[14].

VY mparti [11] moka3zaHo 1 TEOPETHIHO OOIPYHTOBAHO, IO PEKYPEHTHY Mart-
PULIIO U aNrOpUTMY MOINYKY (OKaJbHUX MapaMeTpiB eJIEKTPOHHOTO IMydKa 3
KUTBIIEBUM (POKYCOM MOXKHA 3 YpaxXyBaHHSAM CITiBBinHOIIEHb (4)—(8) 3amucaru y
TaKui crocio:

Omaxo dLo dOg dzp Oy Jjuo Two dno Fro
M = Omax1 dLy dO, dzy 0 jy ot dn Fy ' 9)
emax n dLn den dzn (p}’l jnn rl'ln dl'ln Fl'ln

MacuB 3HaueHb M po3TiIAaBcs SK TPUBHMIPHHA MAacHB PO3MIpPHICTIO
Oxkxi, ne k — KIUIBKICTh iTepamiil JUId KOXHOI TPaeKTopii; i — KUIbKICTh
Tpaekropii [11]. [y po3paxyHKy MiHIMAJIBHAX Ta MaKCUMAaJbHUX 3HAYCHB IS
KOKHOI CTOPIHKH TPHUBHUMIPHOTO MacuBy M 3alpOlOHOBAHO BHKOPUCTOBYBAaTH
Taki apudmeTuKo-ioriyni Bupasu [11, 12]:

Xmax (1) = X(1) 5 Xpax () = (0()) 2 Xpa (= D) x(/) +
+(x(j)<xmax(j_1))xmax(j_1);j=2---i; (10)
Xmin (1) = x(1) 5 Xpyin () = (0()) < Xpyin (G = D) x(/) +

+(x(]) >xmin(j_1))xmin(j_1); ] =2....

VY mpaui [11] moka3aHo TakoX, MO KOe(iLieHT po3mapajesioBaHHs alro-
pPUTMY TIOIIYKY (hOKaJbHOTO aiaMeTpa eNeKTPOHHOrO MyYKa 3 BUKOPHCTAHHIM
Matpuili M Ta apudmeTrKo-IoTiyHuX criBBigHOMEHb (9), (10) cTaHOBUTS:

1
-5 (11)

1430

Hanpuknaz, ans kiibkocTi TpaekTopidt i = 100, 3rigHO 31 CHIBBITHOIICHHIM
(11), moTeHIiaIbHO MOXJIMBUM € TPUIIBHIIICHHS OOYMCICHHS (DOKaIbHHUX Ia-
pameTpiB enekTpoHHOTO Imy4dka B 300 pasis.

PE3VJBbTATH MOJIEJIIOBAHHS TA X AHAJII3
3riiHO 3 aNTOPUTMOM, OJOK-CXeMy SIKOTO 300pa)KeHO Ha pHC. 5, 3 BUKOPUCTaH-

HsaM criBigHOmEHb (4)—(8) 1 BpaxyBanHsM (9), (10) orpumaHO 3alIeKHOCTI
pPO3MOMUTY CTPYMY C€JIEKTPOHHOTO Iydka y (DOKambHINA IIIOMMHI Ta 3HAHIEHO
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paniyc (oKambHOTO Kifbls i Horo ToBmuHY. OTpuUMaHi pe3ysbTaTu PO3MOALTY
TYCTHHH CTPYMY €JIEKTPOHHOTO ITy4YKa B3J0BX HOIEPEYHOi KOOPINHATH HaBe-
JeHo Ha puc. 6. Po3paXxyHKM BHKOHAHO Ui TPHCKOPIOBAIBHOI HANpyrH
Uyp =15%B; pobounit ra3 — asor, THCK ra3y B po3psiaHiii kamepi p =4511a,
cTpyM MarHiTHOI niH3u [, — 1 A, 1,5 A ta 2 A, KUIBKiCTh BUTKiB MarHiTHOI JIiH-
3u N, — 1000. 3a Takux yMOB OTPUMAHO YHCJIOBI pPe3yJIbTaTH IS HOJIOKECHHS
(oxyca enekTpoHHOro my4Kka F; 1 TOBUMHA (OKAIBHOTO Kinblst Tj , KI HaBe/e-

HO y TaOJIUII.

min 7, MM
"2

Puc. 6. Po3niofist TyCTHHU CTPYMY €JICKTPOHHOTO My4YKa y HOro (hOKaIbHIM IUIOIMIMHI IS
pi3HKX 3Ha4YeHb cTpyMy MarHiTHOT mimsu: [ — [, =1A;2— [, =15A;3 — I, =2 A;
N, =1000; Unp =15xB

3HaveHHS (HOKATBHHUX MapaMeTpiB MOPONKHHUCTOTO KOHYCHOTO €JIEKTPOHHOTO
My4Ka JUIsl Pi3HUX CTPyMiB (POKYCYBaIbHOI MAarHiTHOT JIiH3U

Crtpym marnitnoi | IMosoxenns dokyca eexrpontoro |  ToBuimna poKaabHOro
ainzm |, A my4uka F, mm Kinbus Ty, MM
1 68, 25 4,3
1,5 64, 85 4,1
2 60, 31 2,1

I3 ¢iznuHOI TOUKHM 30py 3pO3yMiNo, IO 31 3POCTAHHSAM CTPYMY MarHiTHOT Jii-
H3HM 301IBLIYETBCS KYT HOBOPOTY O JUIS €JIEKTPOHIB MydYKa, IIO PyXaroThCS Y
wiomyHi JiH3u. ToMy (OKaIbHA TUIOMIMHA SIEKTPOHHOTO My4Ka F), JUIS BETUKHX
CTPYMIB JIiH31 HAOIMXKAETHCS 10 Karona. ToOTo 3HaYeHHs F; cTae MEHIIUM. 3a-
KOHOMIpPHHUM € 1 Te, 10 31 3pOCTaHHAM CTPYMYy MAarHiTHOI JIiH3HM MEHIIIOIO CTa€
TOBILIMHA (OKaNbHOrO Kimblst Tj . Lle 3yMOBICHO OUIBII BHCOKMM CTYICHEM
KOMIIpecii My4Ka 32 YMOBH BEIUKHUX CTPYMiB JiH3H.

Crin BiI3HAYMTH, IO 3CYB IOJIOKEHHs (DOKyca IydKa BIZHOCHO IIIONTHHHU
3pi3y aHO/a rapMaTy Ui Pi3HUX CTPYyMiB (POKYCYBalbHOI JIIH3U 3yMOBJICHO THM,
IO 3MIHIOEThCS KYT HaXWIy HOro rpaHM4YHUX Tpaekropii. Illomo BUHMKHEHHS
BiAMOBiAHOI acuMeTpii BiIHOCHO OCi, SiKa BiAMOBigae MakcuMymy QyHKUil j(7),
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BOHa 3yMOBJICHAa THM, L0 HIKHI Ta BEPXHI TPAEKTOpii Mydka (OKYCYIOThCS JiH-
3010 MO-Pi3HOMY Ta 3 Pi3HUM HaxXWJIOM. BilTOBiTHI pO3paxyHKH BUKOHAHO 3 BU-
KOPHUCTaHHSIM cIiBBigHOIIEHb (2)—(9).

MOXITUBICTD peTyNOBaHHS (OKAIBHUX MMapaMeTpiB MOPOKHUCTOTO KOHYC-
HOTO €JIEKTPOHHOTO IMyYKa 3MiHOIO CTPYMY MarHiTHOI JIiH3U J03BOJISIE 3a0e3me-
YUTHU YHIBEPCATBHICTh BUKOPUCTAHHS eIeKTpoHHOT rapmatu BTP mist repmigHOTO
00po0seHHsT BUPOOIB pi3HOrO JiaMeTpa 3 Pi3HUMHU TEPMOIMHAMIYHUMH BIIACTU-
BOCTSIMH. 3a TaKoi YMOBH MEpEeHAIAIITYBaHHS TOJI0KEHHs OKyca eJIeKTPOHHOTO
MyYKa, a TAKOX J[iaMeTp 1 TOBIIMHY (POKATBFHOTO KiIBIS MOKHA 3MIHIOBATH pery-
JIOBAHHIM CTPYMY MAarHiTHOI JIiH3H. TOOTO BUKOPUCTaHHS E€JICKTPOHHUX rapMar
3 Mar"iTHUM (POKyCyBaHHS TOPOKHHUCTOTO KOHYCHOTO €JIEKTPOHHOTO ITy4yKa
B MaJIOCEpifHOMY BUPOOHHMIITBI 31 3MiHOI0 HOMEHKJIATYpH BHPOOiB € BKpail edek-
THBHUM 1 TIEPCIICKTHBHHM.

BUCHOBKMH

VY po0oTi 3aIpONOHOBAHO AITOPUTM PO3PaxXyHKY IOJIOKEHHS (POKyca MOPOKHH-
CTOr0 KOHYCHOT'O €JIEKTPOHHOT'O ITyYKa Ta TOBIIMHH (DOKAIBHOTO KiJIBLS B €JIeK-
TPOJHIH crcTeMi i3 (POKYCYBAITBHOI MarHiTHOIO JiH3010. AJIITOPUTM IPYHTYETHCS
Ha METOJaX AWCKPETHOI MaTeMaTHUKH, MiHIMAaKCHOTO aHali3y Ta Ha BpaxyBaHHI
(i3nYHUX MpoIeciB, SKi BIUIMBAIOTh Ha (DOKYCYBaHHS €JEKTPOHHOTO IMydyka 3a
YMOBH Jpeii(y eIeKTpOHIB B i0HI30BaHOMY Ta3i B MarHiTHoMYy mouti. Pesynbratu
MOJENIOBAaHHS TOKAa3ajH, 10 TOBIIMHA (POKATBHOTO KUIBISI MOPOXKHUCTOTO KO-
HYCHOT'O €JIEKTPOHHOTO ITy4YKa JJIsl TapMaT TaKol KOHCTPYKIi CTAaHOBUTH KiJIbKa
MUTIMETpiB 1 MOke OyTH 3MiHEHa PEryJIOBaHHIM CTPyMy MAarHiTHoi JiH3u. [ap-
matu BTP 3 MaraitHuM (hOKyCyBaHHSIM MOPOKHUCTOTO KOHYCHOTO €IEKTPOHHOTO
IMyYKa MOXYTh 3HAHTH IAPOKE 3aCTOCYBAHHS B MAJIOCEPIMHOMY BUPOOHHIITBI 13
JacTOI 3MIHOK HOMEHKJIATypu BHpoOiB. PoboTa Moke OyTH IIiKaBOIO Is
(haxiBIIiB 3 MOJEITIOBAHHS Ta PO3POOJICHHS €IEKTPOHHO-TIPOMEHEBOTO 00JIaTHAH-
HS 1 HOTO OAANBIIOr0 BIPOBAHKEHHSI y TPOMUCIOBE BUPOOHHIITBO.
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METO/IbI M AJITOPUTM PACUYETA ®OKAJIBHBIX IIAPAMETPOB I10JIOI'O
KOHYCHOT'O DJIEKTPOHHOI'O ITYUKA B DJEKTPOHHBIX ITYHIKAX
BbICOKOBOJIBTHOI'O TJIEIOIIEIO PA3PSIJIA C @®OKYCHUPYIOLIEN
MATHUTHOM JIMH3O0M / 1.B. Menshuk, C.B. Tyrait, B.A. Kupuk, U.C. I1Isex

AnHoTanus. PaccMorpen anroputm pacuera ()OKYCHOTO PAcCTOSHHS IOJOTO
KOHYCHOTO 3JIEKTPOHHOTO ITy4Ka, GOPMHUPYEMOT0 JIEKTPOHHBIMH IyIIKaMU BBICO-
KOBOJIBTHOTO TJICIOIIErO pa3psiia ¢ MarHUTHOH (hOKyCHPOBKOH Iydka B 00JacTH
apeiida, a Takke crnocod pacuera JuameTpa (OKaIbHOIO KOJIBLA M €ro TOJLIUHBL
U Takoro Iyu4ka. [IpeuioskeHHBI alropuT™M OCHOBaH Ha TEOpUH JApeida dIeKT-
POHOB B noJie (POKYCHPYIOIIEH MarHUTHOM JINH3BI M C(POPMHUPOBAH C UCHOJIb30BAHHU-
€M METOZOB AUCKPETHOH MaTeMaTHUKH ¥ MUHUMAKCHOTO aHanu3a. [lomydenHsle pe-
3yJIbTAThl MOAEIUPOBAHHS MTO3BOJIMIIN YCTAHOBUTH BIMSHUE TOKA MATHUTHOM JIMH3BI
Ha (POKAIBHBIA JUaMeTp II0JIOr0 KOHYCHOTO SJIEKTPOHHOIO ITy4YKa M HA TOJIIWHY
¢okanpHOTO KONbIa. [lokazaHo, 4To M3MeHeHHE (HOKAIBHBIX IAapaMeTPOB IOJIOTO
KOHYCHOTO 3JIEKTPOHHOTO ITy4Ka MOXKeT d((QEKTHBHO OCYIIECTBILSITECS Yepe3 pery-
JIIPOBaHNE TOKA MAarHUTHO JIMH3BIL.

KiroueBble ¢j10Ba: BHICOKOBOJIBTHBIN TJICIOIIUI pa3psil, MATHUTHAS JIHMH3a, ITyCTO-
THBIA AJIEKTPOHHBIA IMy4OK, MOJENb Jpeida 31eKTpOHOB, MUHUMAKCHBIH aHAIN3,
(hoKaNBHBIH TUaMETpP IEKTPOHHOI'O My4YKa, TOJNIINHA (OKAIBHOTO KOJIBLIA.

METHODS AND ALGORITHM FOR CALCULATING THE FOCAL
PARAMETERS OF A HOLLOW CONICAL ELECTRON BEAM IN
HIGH-VOLTAGE GLOW DISCHARGE ELECTRON GUNS WITH A
FOCUSING MAGNETIC LENS / LV. Melnyk, S.B. Tugay, V.O. Kyryk,
L.S. Shved

Abstract. The algorithm is considered for calculating the focal distance of a hollow
conical electron beam generated by high-voltage glow discharge electron guns with
magnetic focusing of the beam in the drift region, as well as a method for calculating
the diameter of the focal ring and its thickness for such a beam. The proposed algo-
rithm is based on the theory of electron drift in the field of a focusing magnetic lens
and is designed using the methods of discrete mathematics and the minimax analy-
sis. The obtained simulation results made it possible to establish the influence of the
magnetic lens current on the focal diameter of a hollow conical electron beam and
on its focal ring thickness. It is shown that the change in the focal parameters of a
hollow conical electron beam can be effectively provided through the regulation of
the magnetic lens current.

Keywords: high-voltage glow discharge, magnetic lens, hollow electron beam, elec-
tron drift model, minimax analysis, focal diameter of the electron beam, focal ring
thickness.
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COBEPHIEHCTBOBAHUE CUCTEMbI
ITPOTUBOIIOKAPHOI'O MOHUTOPHUHI'A JIECOB ITYTEM
PACHIUPEHUSA THOOPMALINMOHHO-TEXHOJIOTHYECKHUX
BO3MOXHOCTEW COBPEMEHHbBIX KBAIPOKOIITEPOB

EM.TYCAK, B.B. T'YCAK

AnHotamust. [IpemioxeHo pelleHHe aKTyaJIbHOM Hay4YHO-TEXHMYECKOM 3a/1auu:
pa3paboTka MHPOPMAIIMOHHOW TEXHOJOTUH PpACUIMPEHUS (YHKIHMOHAJIBHBIX BO3-
MOJKHOCTEIl HECIelNaIn3UPOBaHHBIX OCCIMIIOTHBIX JIETATEIbHbIX AlIapaToB C Lie-
JIbI0 YCOBEPIICHCTBOBAHHMS MOHHUTOPUHIA JICCHBIX M APYTHX JaHIIA(THBIX I10XKa-
poB.  OmmucanHas  WHOOPMAIMOHHAS  TEXHOJNOTUS  NOMOXKET  Pa3pelluTh
HNPOTHBOPEYHE MEXy BBICOKUM yPOBHEM 3aTpaT Ha pa3pabOTKy M AKCIUIyaTaIHIo
BBICOKOTEXHOJIOTHYECKHX ITPOTUBOIIOXKAPHBIX CPEACTB M UX HEAOCTATOYHOH I ek-
TUBHOCTBIO. [IpuBNeyeHne B coctaB HHGOPMAIIMOHHONH TEXHOJIOTHH paHHEro oOHa-
PY’KEHHsI 04YaroB JICCHBIX IOXKAPOB COBPEMEHHBIX OCCIMIIOTHBIX JETATENBHBIX all-
[apaToB IPH YCJIOBUM pACIIMPEHHs HX HHPOPMALMOHHO-TEXHOJIOTHYECKUX
BO3MOXKHOCTEH! 1103BOJISET B (POHOBOM perkMMe Oe3 JONOHUTEIIBHBIX 3aTPaT Ha BbI-
COKOTEXHOJIOTHYECKOe 000pyJOBaHKE IOIy4aTh ONEPATUBHYIO HH(GOPMALIMIO O Ha-
JMYUM O0YaroB JIECHBIX INOXKApOB U CBOEBPEMEHHO M3BELIaTh COOTBETCTBYIOLINE
ciryxOBl O TOXapHOU omacHOCTU. [IpHUBENCHBI pe3yNbTaThl SKCIEPUMEHTOB, KOTO-
PpBle IPOBOJMIINCH KaK JUISl CEPUH CTATHYECKUX CHUMKOB, TaK U JJISI BUICOPSIOB.

KawueBble ciaoBa: nHGOPMAIMOHHAS TEXHOJOTHsS, OCCHIJIOTHBIN JIETaTENbHBIN
amnmapar, METObI 00pabOTKU HU300paKECHHUI, apalICIbHbIC BBIYUCIICHHS.

BCTYIIVIEHUE

[IpoTHBOTIOKAPHAS 3AIUTA JIECOB SIBISICTCS OAHOM M3 OCHOBHBIX COCTaBIISIFOIIIUX
oOecrieueHus] 0€30MACHOCTH HALMOHAIBHBIX MPUPOAHBIX OOraTcTB, MOCKOJBKY
MTOCJICIICTBUS JICCHBIX ITOKapOB KaTaCTPOMHUUIHBI KakK I OWocdepsl, Tak W I
aTMocdepsl, THIpocepsl, TUTOCHEpPHI.

B ocHOBe TeXHOJIOTHH OXpaHbI JIECOB OT MOXKAPOB JISKAT CPECTBa MPEIOT-
BpallleHUs M paHHETO OOHAapyXXEHUS JIECHBIX MOKapoB. D(PEeKTUBHOCTH UX
JOESATENbHOCTH SIBISIETCS 3aJIOTOM OBICTPOrO pearupoBaHUsl OIEPATUBHO-
criacaTeNbHBIX CIIY)KO M TMPEJIOTBPAICHHS ITHPOKOMACIITAOHBIX YKOJOTHYECKHX
KaTacTpod.

Esxeronno Ha 3emine BozHukaet 400 THC. JIECHBIX MOXKapoOB, KOTOPbIE YHUY-
ToxkaroT okoio 0,5% olmiel ruiomanu jecoB, BeIOpackiBasg B atMocepy MMII-
JIMOHBI TOHH MPOAYKTOB cropanus. [ns YkpauHsl oxpaHa JIECOB OT II0XKapoB SB-
JSIeTCSl OAHOM M3 CaMbIX CIIOKHBIX M aKTyaJbHBIX HPOOIEM, YTO OOYCIIOBJIEHO
KJIMMAaTHYECKIMU U3MEHEHUSIMU — TIOBBIIICHUEM CPEIHETOI0OBOM TeMIIepaTyphl
BO3/1yXa, BeICHUEM OOEBBIX JEHCTBUH Ha BOCTOKE CTPaHBI, & TAKXKe MOCIEACT-
BusiMu YepHOOBUIBCKOM KaTtacTpodbl. Exeronno B YkpanHe (GUKCHPYETCsI OKOJIO
25 ThIC. TECHBIX TIOKapoB Ha momanan 30 Teic. TekTapos [1].
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HecMoTpst Ha umeromuiicss apceHan COBPEMEHHBIX CPEJICTB U METOJOB IMPO-
THBOITOKapPHOTO MOHUTOPHHTA W OXPAaHBI Jieca, JIECHBIE TOXKaphl, He OyIydd BO-
BpeMsi OOHApPYKCHHBIMU, YaCTO M3 HE3HAYUTEIIBHBIX OYaroB BO3TOpaHUS Iepe-
pacTaroT B 93KojJormueckue karactpodwl. I[loaToMy pa3paboTka HOBBIX H
COBEpPIICHCTBOBAHHME CYIIECTBYIOIINX MOJEICH, METOJ0B, WH(GOPMAIMOHHBIX
TEXHOJIOTHH TPOTHUBOIOKAPHOMW 3aIUTHI JIECOB, OPUEHTUPOBAHHBIX HAa MOOWIIh-
HOCTb U OIEPATHUBHOCTH, SBIACTCS COBPEMEHHOW aKTyaJbHOW HAay4dHO-
MPUKJIaJHON 3a7auei.

[Ipemnoxennas B 3TOM HccleT0BaHUH WH()OPMAIMOHHAS TEXHOJIOTHS, CyTh
KOTOPOH 3aKJII0YaeTCs B MPHUBJICUCHUN Ha MTOOPOBOJIBHON OCHOBE MOTIOIHUTEIIH-
HBIX HECTICIMAJIBHBIX TEXHUYECKUX PECYPCOB, BIAJEIbIAMU KOTOPBIX SBISIOTCS
MPOCTHIE TOJIH30BATENH, IPU3BaHA TIOMOYb YCTPAHHUThH CYHIECTBYIOIIEE MTPOTHBO-
pedrie MEeXIy BBICOKMM YPOBHEM 3aTpaT Ha pa3pabdO0TKy BBICOKOTEXHOJIOTHYHBIX
MIPOTHUBOIIOXKAPHBIX CPEICTB M UX HEOCTATOYHON 3(PPEKTUBHOCTHIO.

AHAJIM3 JIMTEPATYPHUX JAHHBIX U IIOCTAHOBKA 3AJIAYN

OcHOBOH s pa3pabOTKu MHPOPMAITMOHHOW TEXHOJIOTHH pacHIupeHus (yHK-
[IUOHAJBHBIX BO3MOXKHOCTEH OECHWIOTHBIX JeTarenbHbix anmnapatos (BIIJIA) c
LENBI0 paHHETO OOHAPYKEHHS JIECHBIX TIOXKAPOB SBISIOTCS PE3YJIBTATHl UCCIIE0-
BaHUIl B 00JIACTH MPOTHBOTIOKAPHOTO MOHUTOPHHTA, COBPEMEHHOE pa3BUTHE Oec-
MUJIOTHON aBMAllMU U 3HAYMUTENBHBIC JOCTH)KCHHUS B MOBBINICHUA HH()OPMATHUB-
HOCTH UUGPOBEIX H300pakeHuidd. CerofHs pa3paboTaH psJ ONTUYCCKUX U
OTITHKO-3JICKTPOHHBIX METOIOB MX OOpabOTKH C IeIbI0 MOBBIMIEHUS WH(MOpMa-
TUBHOCTHU. B psiie vccnenoBanuii paCCMOTPEHBI a3PO30JIbHBIC M HA3EMHBIE METO-
Jibl Bu3yanuzanuu pangapa (SAR), ocHOBaHHBIE KaK HA BO3MOXHOCTSIX Ja3ePHBIX
pagapoB, TaKk U BO3MOXKHOCTSIX CIYTHHKOBBIX TeXHOJorui [2—6]. B wactHOCTH,
WCCIIEZIOBATENH TIPEUIOKHIN HOBBIA TOJXO0/ K BBITOJTHEHUIO TPEXMEPHBIX H3Me-
peHHi, XapaKTepu3yIOIUX COCTOSHHE 3eJieHONH Omomacchl. bputa mokazaHa TOd-
HOCTh U IeJIeCO00pa3HOCTh HCIIoNb30BaHus TexHomoruu LIDAR mist ompenerne-
HUS BHE3aIHBIX HM3MEHEHWH B COCTOSHWH JIECHOM OHMOMAacChl, B TOM YHCIIE
WU3MCHEHHM, CBSI3aHHBIX C HAJUYHUEM OYAaroB JICCHBIX MOXKAPOB M BBITOPEBIIHUX
yuacTkoB. K HegocTaTkam Takux cuctem, ocHoBaHHBIX Ha LIDAR-TexHONMOTHMSX,
CJIEyeT OTHECTH UX BBICOKYIO TEXHOJOTHYHOCTh U MMOTPEOHOCTH B 3HAUYUTEILHBIX
(uHaHCOBBIX 3aTparax. Kpome Toro, nHpakpacHbie ja3epbl, HCIIOIb3YEMbIC BO
MHorux cucremax LIDAR, He ctocOOHBI MPOHUKHYTH CKBO3b TYMaH WJIH J0XKIIb,
a nHpOpMaIH, TTOTYYSHHAS C IIOMOIIBIO ATUX CUCTEM, MPEAYCMATPUBAET IIOCIIE-
JTYIOTIYIO TOTIOJTHUTEIHHYIO 00padoTKy.

B oTnenbHBIX HCCENOBaHUAX TPEICTABICHBI COBPEMEHHBIE CHCTEMbI Ha-
OJro/IcHUSI 1 OOHAPYXKEHUSI 0YaroB BO3rOpPaHMs, OCHOBAHHBIC HA MCIIOJIb30BaHUHU
CTaIlMOHAPHBIX JTATYNKOB. TakWe CHCTEMBI Pean3yIOTCs, B YaCTHOCTH, B d(dek-
TUBHBIX MH()OPMAIMOHHBIX TEXHOJOTHIX O0OHAPYKEHUS JICCHBIX MOKApOB Ha OC-
HOBe OecIpOBOAHBIX CeHCOpPHBIX cerelt (WSN), apXuTekTypa KOTOPBIX TMpemryc-
MaTpUBaeT BUACOHAOIIOACHWE, a B «CIENbIX» W Hamboyiee MOXKapOOIIaCHBIX
30HaX — WCIOJB30BaHKUE JTATYMKOB, 00hEIMHEHHBIX B OCCIIPOBOIHBIC CEHCOPHBIC
cetu [7]. PesympTaThl mX pabOTHI, OCHOBAHHBIE HA PEABHBIX JKCIIEPUMEHTAIb-
HBIX TMOJX0JaX, CBUJCTCILCTBYIOT O JTOCTATOYHOW 3(PPEKTUBHOCTU MPEIIIOKCH-
HOoro merona. K Takum crcreMaM OTHOCHTCSA CHCTEMa KOHTPOJS JIECHBIX IMOXKa-
POB, co3/laHHas yYEHbIMH TEpHOIOJBCKOTO HAIMOHAIBHOTO SKOHOMUYECKOTO
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yHUBepcuTeTa. ABTOPHI pa3paboTaiyi apXuTeKTypy OecIpoBOIHON pacipeneseH-
HOH, caMOOpraHu3yromleiics 1 yCTONYMBOM K OTKa3aM OTAENIbHBIX 3JIEMEHTOB
CEHCOPHYIO CE€Th, NPEIHA3HAUYECHHYIO JJII KOHTPOJIS COCTOSIHUSI HPOTUBOIOXKAp-
Hol OezomacHoctu jeca [8]. IlpemmoskeHHas CTPYKTypa CHUCTEMBI KOHTpOJIS U
HAOJIOZICHNS 32 ONMACHBIMH JIJIS JIECHBIX TTOXApOB ydacTKaMu oOecrednBaeT Mo-
HUTOPUHI ONAacCHOCTH BO3HUKHOBEHHsI MOXKAapOB M ONEpaTuBHOE MH(OPMHPOBa-
HUE aBapUHHBIX CITy’)KO B CIIydae aKTHBAIlMU 33[€HiCTBOBAaHHBIX CEHCOPOB HM3Me-
peHHUs TemIepaTypbl, BBIABIEHHS OTKPBITOTO OTHs, YIVIEKHCIOrO rasa, JAbIMa,
XapaKTEepHOTO 3ByKa W T.II. Vcmonp30BaHne TEXHOIOTHH OECIIPOBOJHBIX CEHCOP-
HBIX ceTell oOecrieunBaeT 3(PEKTUBHBI MOHUTOPUHT OTPOMHBIX YYaCTKOB Jieca
C MHHHMMAaJIbHBIM HCIIOJIb30BAaHNEM PA3IMYHOTO THIA 000PYI0BAHHUS.

[IpuBenenHble BBINIE pa3pabOTKH MPHOOPETAIOT OCOOYI0 aKTyalbHOCTHh B
CBSI3M C HEOOXOJIUMOCTBIO TOUCKA 3(PPEKTUBHBIX METOJIOB PaHHETO OOHaApyXKe-
HUSI 1 OOPBOBI C IECHBIMU NIOKapaMy, BOSHUKAIOIIMMH Ha OPaKeHHOH paauany-
el TeppuTopun, B 30He oTuykaeHUs UepHoObIbcKOM ADC . HegocraTtkoM 3THX
CHCTEM SIBJISIETCA TO, YTO OHM TpeIHa3HAuYEHBI JJIS BEICHUS JIOKAITBHOTO HaOI0-
JeHHsl, (PUKCHUPYIOT 3MHLEHTPbI MoXKapa 3HAYUTENbHOW MHTEHCHBHOCTH, pearu-
pysd Ha TIUIaMsl OTIPENIE]ICHHOI BBICOTHI, KOTOPOE COMPOBOXKIACTCS IIIeH(POM JTbI-
Ma. Kpome Toro, cmcrema mpegycMaTpuBaeT 3HAYHTENbHBIE (DHHAHCOBHIE
3aTpaThl Ha CBOIO IKCILUTyaTalMio (K JOMOJHUTEIHHBIM 3aTpaTaM OTHOCHUTCS Tak-
xKe nmproOpeTeHne HeoOXOAMMOTo AOMOTHUTENBFHOTO KabeJIbHOrO 000pyA0BaHUS
U YCUJIATEJICH ).

Ocoboe mMecTo B MCCIEIOBaHUM M MPUMEHEHUH METOJO0B JUCTAHIIMOHHOTO
MPOTHBOIIOKAPHOTO MOHUTOPUHIA 3aHUMAET ChEMKa B TEINIOBOM Auana3oHe. Bo-
3MOKHOCTH, TPUHLIUIBI paboThl, a TaKKe MEepCHeKTHBBI WCIONIb30BAaHUS COBPE-
MEHHBIX WH(OPMAIIMOHHBIX TEXHOJIOTHIA OCHOBBIBAIOTCSA HA WCIOJIB30BAHUH TEP-
MOBU3HOHHBIX U TEIUIOBU3HOHHBIX Kamep [9, 10].

Bce Oonplee KOMMYECTBO COBPEMEHHBIX IPOM3BOAUTENCH NpeaararoT
TEPMOBU3HOHHBIE CUCTEMBI, B TOM YHWCIE TpeAHa3HauYeHHbIE ISl yCTAaHOBKM Ha
BIUJTA ¢ nenpro OCyIIECTBICHUS pa3lIU4YHBIX BHIOB MOHWUTOpHHra. Vcmonb3oBa-
aue BIIJIA, o0opymOBaHHBIX TEPMOBHU3MOHHBEIMH KaMEpPaMH, SIBJISCTCS HOBBIM H
MEPCHEKTUBHBIM METOJIOM JIETEKTHUPOBAHUS JIECHBIX MOKAPOB, MOJYYUBIIUM BbI-
COKYI0 OIICHKY 3apyOeXHBIX W OTEYECTBEHHBIX crenuanucTtoB. CyliecTBYIOT
KOMIIaHWH, KOTOpbIE CHEIUATU3UPYIOTCS Ha TEMJOBU3HMOHHBIX CHCTEMax st
BIJIA, xak, Hanmpumep, denickas kommnanus Workswell. OcHamenue BITJIA Temn-
JIOBU3MOHHOW KamMepoil Takke 3HAYUTENIBHO pacIIipsieT BO3MOXHOCTH HCIIONb30-
BaHHS CHCTEM TEILTOBUACHHS. biarogaps BEICOKOH OIepaTUBHOCTH (TIpU CPEeTHEH
CKOpPOCTH 56 KMJIIOMETPOB B 4ac 3a aBaanate MuHyT nonera BIIJIA cnocoben ox-
BaTuTh momanb 1200 rekrapoB, mposBisis nuield ApIMa OT JIECHOTO MOXKapa,
OTOHB, BBHITOPEBIINX yYacTKOB Jieca), MOOMIIBHOCTH, BEICOKOH KOHTPOJIUPYEMOC-
TH, CTaOWJIBHOCTH, SKOHOMHUYHOCTH HCIOJb30BaHus BITJIA 1yisi MOHUTOPHHIO-
BBbIX HaOJIOJIEHUH Jieca ycMaTpUBaeTcs onTuManbHbIM. OHAaKO TepMO- U TeTIo-
BH3MOHHOE 000PY/IOBaHKE B YCIOBHIX PAHHETO JIECOTIOKAPHOTO MOHUTOPHHTA HE
BITOJIHE TapaHTUPYET yCIieX, MOCKOIBbKY Ha e€ro pabdoTy 3HAYMTEIbHOE BIIMSHUE
OKa3bIBa€T CTOpPOHHEE MH(paKpacHOE M3ITYUYEHHE OT HATPETHIX COJHIIEM pacIio-
JIOKEHHBIX B 30HE 0030pa 0OBEKTOB, YTO MOKET HCKa)XaTh MH(OpMAIHIO O HAJIH-
YU HE3HAYUTEJIHHOTo o4ara moxapa. ['ycToil TymMaH Takke MOXET HOBIUAThH Ha
paboty WH(paKpacHBIX JATYNKOB, TIOCKOJBKY KaIlTd BOJBI MPEMATCTBYIOT IMpPO-
HUKHOBEHHIO MH(paKpacHOTO m3mydeHus. Kpome Toro, ycTaHOBKa W TPaHCIIOP-
TUPOBKA WH(PPAKPACHBIX KaMep TpeOYIOT AOMOTHUTEIBHBIX pecypcoB [11].
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Takum obpaxom, Kak TIOKa3bIBa€T aHAIM3, HU OJIMH W3 OMMMCAHHBIX METOIOB
HE YHUBEpCAJCH M HE B COCTOSHUU MOJHOCTBIO PEIIUTh 3aaauy 3()(PEeKTHBHOTO
MIPOTHUBOIIOKAPHOTO MOHUTOPHHTA JIeca.

WUnes mnpuBinedeHHMs ¥ BO3MOXKHOTO pacUIMpeHUs WH(OPMAIMOHHO-
TEXHOJIOTHYECKUX Bo3MokHOCTe# BIIJIA Gasupyercs Ha aHaaM3e MX TEXHHYEC-
KHX XapaKTePUCTHK U BO3MOXKHBIX cep UX NMPUMEHEHHS. AKTUBHOE pPa3BUTHE
BIUJIA nmnst permeHus 3a1ad MOHUTOPHUHTA OO0YCIIOBJICHO MX 3HAYUTEIHLHBIME TIpe-
UMYIIECTBAMH MIEPE]] TPAIUIIMOHHBIMU ¥ KOCMUYECKHMH METOJIJaMH, 2 UMECHHO —
BO3MOJKHOCTBIO BEACHUS HAONIONEHUS MPH OTCYTCTBHU JKHITaKa Ha OOPTY, M0-
CTaTOYHOM MPOAOHKUTENBHOCTHIO U JAIBHOCTHIO MOJIETa, MAHEBPEHHOCTHIO, CIIO-
COOHOCTBIO BECTH MOHUTOPHHT B JII000E BPEMS CYTOK, B OJIAaTONIPUATHBIX B OTpa-
HUYCHHBIX METEOYCJIOBHUSIX, OTHOCHTEIHLHO HEOOJBINOW CTOMMOCTHIO, MaJbIMH
3aTpaTaMd Ha 3KCIUIyaTallio, BO3MOXXHOCTHIO MacCOBOTO IMpOW3BoAcTBa [12].
OcHoBHbIME nIpenMyIiecTBaMu BITJIA, Mo MHEHHIO aBTOPOB, SBIAIOTCA CIOCO0-
HOCTh K aBTOMAaTH4YeCKOW paboTe B OMACHBIX yCIOBHIX, B OTCYTCTBHE UCIIOIHH-
TeJlsl, CIOCOOHOCTh K BBHIMOJIHEHHIO MOHOTOHHOMW, TpeOyroIel ornpeeieHHbIX
poeCCHOHANBHBIX HABBHIKOB M KOHIIGHTPALlMM BHUMaHUs, paboTel. CpaBHUBAs
TEXHOJIOTUU TOY4YeHUST n300pakeHuit, ucnonsdyomue BIUJIA ¢ TpagumoHHbI-
MU KOCMHYECKUMH TEXHOJIOTHSIMH, aBTOPHI OTMEYAFOT:

e HeOombIIy0 BhICOTY cheMkH (0T 10 mo 200 MeTpoB) Ans MONYy4CHUS
CBEPXBBICOKOTO pa3pelieHus (SIUHHUIBI U JeCAThIe JOJH CAaHTUMETpPa) Ha MecT-
HOCTH;

® TOYEYHOCTh — BO3MOXKHOCTH JCTaTbHONH ChEMKH HEOOJBIINX O0BEKTOB U
MaJbIX y4YacTKOB TaM, TZI€ 3TO HEPEHTA0eNbHO WM TEXHHYECKH HEBO3MOXKHO
cAenaTh APYTUMU CIIOCOO0aMHU, HAIIPUMEP, B JIECY WM B YCIOBHSIX TOPOJICKON 3a-
CTPOMKH;

® MOOWJIEHOCTh — HE HYXHBI a3pPOAPOMBI WM CIEIHATBHO MOATOTOBICH-
HBIE B3seTHBIC IUomanku, BITJIA nerxo TpaHCTIOPTUPYIOTCS JETKOBBIMH aBTOMO-
OWIIIMHU WJTH TIEPEHOCATCS BPYYHYIO, OTCYTCTBYET OIOpOKpaThdecKas mporeaypa,
TpeOyroIIas pa3pelieHus U COrJIACOBAHUS TIOJICTOB;

® BEHICOKYIO ONEPATUBHOCTh — BECh IIMKJ, OT BhI€3[a HA ChbEMKY JO MOIY-
YeHHSI Pe3yIbTAaTOB, 3aHIMAET HECKOJIBKO YacOB;

® DKOJIOTHYECKYI0 YHCTOTY IIOJIETOB — HWCHOJB3YIOTCS  MAaJOMOIIHBIC
OCH3MHOBBIE WJIM OECITYMHBIE AIIEKTPHYECKHE IBHUTATENH, YeM oOecrednBaeTcs
HyJIeBasi HArpy3Ka Ha OKPYKAIOIIYIO CPEy.

Ucnons3oBanue BIIJIA 1yist compoBOXKIEHUS MHOTUX BHIIOB JEATEIBHO-
CTH — MUPOBas MPaKTHKa, KOTOpas MpuoOpeTaeT Bce Ooliee MIUPOKOE pacIipo-
cTpaHeHue B YkpanHe. Oco0ast WX MOIMYJSIPHOCT B MOCIIEIHNE TOIBI CBA3aHA CO
CIOCOOHOCTIO OBICTPO U 3(P(HEKTUBHO YAOBIETBOPHUTH MOTPEOHOCTH B a3pOdOTO-
CKaHUPOBAaHUM — IIOJIyYCHUH ONEPATUBHOW MH(OPMAIMU C BBICOTHI NTHYLETO
moneta [13]. Kak cBumerensctByer craructuka, 45% BIIJIA npunamiexat
OOBIYHBIM TPAXKIAHCKUM IOJE30BATEIISIM, UCIIONB3YIONIUM UX I CBOMX COOCT-
BEHHBIX HYXJ. Takum 00pa3om, MOYTH MOJIOBHUHA BCEX MPOJAHHBIX OCCIUIOTHH-
KOB TIPEJICTaBIsAeT COOOM MOTEHIMANBHBIA CETMEHT JIsl MPUBJICUSHHS pa3pado-
TaHHOW HaMHU CHCTEMBI NMPOTHBOIOXAPHOTO MOHUTOpHWHTA. Mmes mpuBiedeHus
HecniennanbHbIX BITJIA OCHOBBIBacTCS Ha TOM OOCTOSITEILCTBE, YTO OH MOXKET
3aMEHUTH COOOHW IENyI0 TPYIITY OINEPaTOPOB, ONMEPATOPCKUI KpaH M BEPTOJET.
IIpu 3TOoM 0H 0ONamaeT B HECKOJBKO pa3 OOJbIIeH MOOMIBLHOCTBIO W CIIOCOOCH
o0ecneunTh nepeaady nHGOopMaIK B PKUME PEATbHOTO BPEMEHH.
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BecriunoTHble NeTaTenbHBIC anmapaThl CETONHS C YCIIEXOM MPUMEHSIOTCS
KaK B BOGHHBIX, TaK H B MUPHBIX TelisiX. CyIecTByeT TaKkKe OIBIT HX JKCILTyaTa-
UM B XOJI¢ MPOTHUBOIOXKAPHOTO IMOKAPHOTO MOHHMTOpUHTIA Jieca. OIHAKO IS
3TOr0 HEOOXOAMMA JOMOJHUTEIbHAS ONTHKO-IJIEKTPOHHAS CHCTEMa C BHICOKUM
paspelieHreM M ¢ HECKOJbKUMH KaHallaMH BbIBOJa MH(MOPMAIIMHU: TEILIOBH30D,
BHJICOKaMepa, HHPpaKpacHas Kamepa, MyJIbTHCIICKTpaibHas kKaMepa u T.10. [14].

Taxkum 06pa30M, MOXHO CA€JIaTb BBIBOJ O TOM, YTO CEroAHA OTCYTCTBYIOT
WHGOPMAITMOHHBIC CUCTEMBI M TEXHOJIOTHH JIECOTIOXKAPHOTO MOHUTOPUHTA, KOTO-
pbie Obl MO3BOJHIM O€3 YCTAHOBKH JIOTIOJIHUTEIBHOTO BBICOKOTEXHOIOTHYHOTO
000pyIOBaHUsA, U TOJIBKO ONaromapst paciIupeHUI0 UMCEIOIMNXCS HWH(POPMAITHOH-
HO-TEXHOJIOTUYECKMX BO3MOXKHOCTEH CTaHAAPTHBIX HECHCIHMATU3UPOBAHHBIX
BIIJIA, BhamensliamMyd KOTOPBIX SBISIFOTCS WHAWBUAYAIbHBIC MONB30BATEIH, Ha
YCTPOHCTBAaX KOTOPBIX YCTAHOBIICHa WH(POPMAIMOHHAS CHCTEMa PaHHETO MOHH-
TOPHHTA OYaroB JIECHBIX MOXKapoOB, MPOBOJIUTHCSA d(H(PEKTUBHBIN MPOTHBOIIO-
JKapHBIH MOHUTOPHUHT JieCa CO 3HAYMTEIbHOU BHICOTHI. CO3JJaHHE TaKOr'0 MO-
OmTbHOTO MH()OPMAITMOHHO-TEXHOJIOTHYECKOTO CEPBHICA Ha OCHOBE JOOPOBOJIBHOM
COHHOKOMMYHHKBHHOHHOﬁ WHHUOUATHUBBI JOIMOJIHHUT CYIIECTBYIOMIUE METO/IbL
MPOTUBOIIOKAPHOTO MOHUTOPUHTA JieCa U TOMOMKET MOBBICHTH WX 3(()EKTUB-
HOCTh — MPEIOCTABHUT JOMOJHUTEIBHYIO BO3MOXXHOCTh PAHHETO OOHAPYXKECHUS
0YaroB JIECHBIX TOXapOB W TONy4YeHHUs HH(popManuu 00 WX BO3HUKHOBCHUU
paHblie, yeM u3 OQUIUAIEHBIX KCTOYHUKOB. ClieyeT 0co00 OTMETUTh OTCYTCT-
BHE HEOOXOIUMOCTH TOCYAaPCTBEHHOTO (PMHAHCUPOBAHHS.

IEJIb U 3AJAYU NCCIIEJOBAHUSA

Lenpro uccieqoBanus ABiseTcs pa3padoTka HH(POPMAIMOHHON TEXHOJIOTHU PaH-
Hero oOHapyKEHHUs JIECHBIX TOKapOB Ha OCHOBE PacHIMpeHUs] HHPOPMALMOHHO-
TexHoJorudeckux Bo3MoxkHocTel BIIJIA, KoTopas MOXeT CTaTh IOMOJHHUTENb-
HBIM WHCTPYMEHTOM IIPOTHUBOIIOKaPHOTO MOHUTOPHHTA JIeca.

JlocTimkeHune e Mpearoiarajio peleHne Takux 3a/1ad:

1) ycoBepLICHCTBOBaHHE METONOB aBTOMATH3MPOBAHHON OOpabOTKU WH-
(hopmarum, nepenaBaemoii ¢ 6opra BITJIA;

2) paszpaboTka MH()OPMAIIMOHHOW TEXHOJOTUH OMOBEIICHHs ONepaTUBHO-
crlacaTelbHBIX CIyX0 B ciiydae oOHApy)KEHHs odara JIECHOTO T0)Kapa INpHUBIIE-
yeHHBIM BITJIA;

3) BBIOOp MaTeMaTH4YEeCKHX METOJIOB C yUYE€TOM OCOOEHHOCTeH MX peayn3a-
1M B MH(QOPMAIIMOHHON TEXHOJIOTUH PaHHET0 OOHAPYKEHHS JECHBIX MOKapOB;

4) aHanmu3 pe3yNbTAaTOB, OMYUYEHHBIX B XOJI€ TECTUPOBAHUS pa3pabOTaHHOM
WH(POPMAITOHHONW TEXHOJIOTHH.

B cooTBeTcTBHM C MOCTaBICHHBIMH 33JauaMH ObUIM BBIOpaHBI METOJbI, HC-
MOJIb30BaHME KOTOPBIX MO3BOJSET NOCTUYh MAKCHMAIBLHOTO 3((heKTa MOBBIIIe-
HUsI THPOPMATHBHOCTH HUPPOBBIX H300pakeHNH B 3aJJaHHBIX yCIOBUAX. B xome
MPOBEACHHBIX YKCIEPUMEHTOB OKa3aJ0Ch, YTO HAWIydImnii 3dekt gqocturaercs
KOMOMHALMEeH HECKOJIBKHX MAaTEMAaTHUYECKUX METOJIOB, & HIMEHHO — IOCJIe]0Ba-
TEJBHBIM IPUMEHEHHEM METO]Ia TIOBBIIICHNSI KOHTPACTHOCTH M300paKeHUs, Me-
TOJa BEHBJIET-NpeoOpa3oBaHusl U METOJa KiacTepu3auud. VIMEeHHO 3TH MeTOIbl
OBLITH TIOJIO’KEHEBI B OCHOBY OyyIeii HHGOPMAITMOHHON TEXHOJIOTHH.
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brutu onpesenensl 3a1aun, KOTOPbIE MO3TAMHO JOJKEH BBIMOIHATh BITJTA:
MIPOBEICHHUE BUICOCHEMKH, MEpe/lavya BIUICOCUTHANIA HA YCTPOMCTBO yIPABICHUS,
ABTOMATHYECKHUI aHAIN3 W300pakeHUs Ha MpeJIMeT HAJWYHs odara mokapa u, B
cily4ae OOHapy»KeHHsI o4ara Mmoskapa, rnepejiaya Ha [eHTPaIbHbBIN MyJIbT OlepaTH-
BHO-CIIAcaTEeIIbHON CITy>KOBI COOTBETCTBYIONIECH WMH(MOpManuu. ITa HHPOPMAIIHAS
JIOJDKHA COJICPIKATh OPUTHHAT H300paXKeHusl (BH/ICO), €ro 00padOTaHHYIO KOIIHUIO,
a Taxke GPS-KoopIMHATEI IPEATIOIAraéMoro o4ara BO3ropaHusl.

B xome mpoBemeHus dKCIepMMEHTa BO3HHKIIA IOTPEOHOCTh B aJalTalllH
MAaTCMATUYCCKUX METOAOB II0 KPUTCPUAM CKOpOCTb/TO‘IHOCTB paciio3HaBaHUs
B COOTBETCTBHU C TEXHUYECCKHMMHU XapPaKTEPUCTUKAMHU YCTPONCTB YIPaBICHUS
BILIA.

Pesynbrar ¢yHKIIMOHUPOBAHUS MHPOPMAIIMOHHON TEXHOJIOTHU JOCTHTACTCS
B J[Ba dTara: Ha MEPBOM NMPOUCXOAWT aJalTanus MapaMeTpoB MO/ TEXHHYECKUE
XapaKTePUCTUKK YCTPOWCTBA YNPABJICHUS, HA BTOPOM — HEMOCPEICTBEHHBIN T0-
HCK 0YaroB BO3TOpaHusl.

PaccMoTpuM TeopeTHdecKkrne OCHOBBI IPEICTaBICHHONW WH()OPMAIIMOHHOM
TEXHOJIOTHU.

B obmeMm mpencraBieHud HEOOXOAMMO HAWTH (PYHKIMOHAIBHYIO 3aBUCH-
MOCTb BUA

Connect : Video' - Operator . (D

OyHKIMOHANIbHAS 3aBUCUMOCTE (1) mpeoOpasyeT MmosryuyeHHbIH BUACONIOTOK
B CHUTHAJI, TOHATHBIN omepaTopy (00paboTaHHOE BHIIEO).

Curnan o0pabaTbiBaeTCsl B peKUMeE pealibHOro BpeMeHH. CXeMy MpHHSATHS
peumieHus ynoOHO mpencTaBuTh B BuAe ceT Iletpu (puc. 1) — HampaBieHOTO
rpada, KaxIbplid y3eJI KOTOPOTo NMPEACTaBIsIET CO00i pe3yabTaT MaTeMaTHUECKOTO
npeobpa3oBaHMsl, a BeTBH Tpada — mpolecc MpeoOpa3oBaHUs OAHOTO y371a B
JOpYyToM, Uil KOTOPOro HEOOXOIUMO COOTBETCTBYMOLIEE Bpems ¢. Moaenb mpo-
iecca B Buje cetu llerpu npusesneHa Ha puc. 1.

) t l345
Pl P2 263

P5

P6

Puc. 1. Cers Iletpu, Monenupyromas Mpouecc NPUHATHS PELIeHHs O HAIWYMU oyara
jecHoro noxapa: Pl — momydeHue Buaeo; P2 — mpeoOpa3oBanue KoHTpacta; P3 —
BeliBneT-nipeoOpasoBanne; P4 — oOydeHHe HeWpoHHOW ceTH; PS5 — KiacTepu3awus;
P6 — anantanus B COOTBETCTBHM C TEXHMUYECKHMMHM XapaKTEpPUCTHUKaMH YCTpoilcTBa
YIpaBICHUS

9Ty MOACIb MOXHO NPCACTAaBUTL B BUJC KOPTEKA OTACIBHBIX (1)}’HKHI/IOH3-
JIOB, Ka)K,Z[I)IfI N3 KOTOPBIX PCAIN3YCT TPU OMMCAHHBIC BBILIC dTAalla npe06pa30Ba—
HUA KaApOB I/I306pa)K€HI/I512

S(Operator) = <Etap1 , Etap,, Etap3> .
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JIJ1s1 5TOrO MPEACTABUM BUEONOTOK B BUJIE MHOYKECTBA OTAEIbHBIX KaJPOB:
Video' = {Cadr, Cadr,, ...,Cadr, }.

Kaxp1ii oTAeNbHEIN Kaap MpeTeprieBacT npeodpa3zoBaHue KOHTPACTA:

npeo0pa3orHNe KOHTPACTa

Etapy:Cadr; Cadr; . 2)

Pesynprar mpeoOpazoBanusi, omucaHHOro Qopmynoi (2), — uudpoBoit
KaJIp, XapaKTePH3YIOIMICS Ooyiee BBHICOKMM KOHTPACTOM M SIPKOCTBIO. 3aTeM
OCYIIECTBIISIETCS BEHBIET-IPe0oOpa3oBaHme, KOTOPOE ONHUCHIBAETCS (OPMYIIOit

BEUBJIET - TpeoOpa3zoBaHme

Etap,:Cadr; >Cadr;=(C’;,C} ,....C}; ).

j2 9.

B pesynprate moiydaeM MHOXXECTBO KBaHTOBAHHBIX MU(POBBIX H300paxe-
HUW OPUTHHAILHOTO Kajpa ¢ MEHBIMM pasperiearneM. Jlanee mpeoOpa3oBaHHBINA
KaJIp MoJaeTcsl Ha BXOJ HEWPOHHOM CeTH, KOTopas pa3fesisieT €ro Ha KJacTephl.
OtoT mpotecc onucan GopMyIoi

KiIaCcTepu3anus k—means, c-means

Etaps:Cadr} > Classy, .

B xaugecTBe Meroma mpeoOpa3oBaHUS KOHTPACTHOCTH OBLT BBIOPaH METOI
9KBaIM3alUN TUCTOTPaMM. DTOT METOJ MO3BOJSET C OOJNBIIONW CKOPOCThIO 0e3
UCIIOJIb30BAHUSL JOTIOJHUTENIFHBIX HACTPOEK IOBBICUTH KOHTPACTHOCTH Kajpa,
coJieprKaIiero 3aJpIMICHHOE WM 3allyMIICHHOE H300pa)KeHHe, B COOTBETCTBUU
C KOTOPBIM

1
Cadr} = [ f(®)caar, 40,
0

rae f ((n)Cad,j — (YHKUUS MJIOTHOCTH PacHpeAeseHUs] BEPOSTHOCTEH YPOBHEH

SPKOCTH KaJpa.

Jnst yMeHbIIIeHHs pazMepa M300pakeHUs] 1 MUHUMH3aLUU TI0Tepu HHDOp-
MaIUH, YTO SBISETCS HEOOXOIUMBIM YCIOBHEM JUIS MOBBIIICHHUS CKOPOCTH 00Y-
YeHHsI HEHPOHHOW CeTH, CIEAYIOUIMMH dTarmaMu oOpabOTKH BBHIOPAHO BEHBIET-
npeoOpazoBanue. OCHOBHOM, BaXHOW IS HAC, MAECEH 3TOTO METOIA SIBIIACTCS
3aMeHa MHOYKECTBa 0a30BbIX TPUTOHOMETPHUYECKUX (DYHKLUH, MPU KOTOPHIX Y4HU-
THIBAOTCSI MHTETPaJbHBIE XapaKTEPUCTUKA BCETO CHTHAIBHOTO Psila HOBBIMU
(hyHKIIUSAME, KOTOpble MaKCHMAaJbHO YYHTHIBAIOT TIOBEJEHHE CUTHANIA B OKPECT-
HOCTHU HCCHGI[OBaHHOfI TOYKU U OIpaHUYUBAIOT BJIUAHUC 3HAUCHWI CUTHAJIa Ha
TOYKHU YJaJCHHbIE OT uccienyeMoil. OCHOBHBIMHU KPUTEPUSIMH HACTPOUKH Tpe-
0o0pa3oBaHUs SIBISUICH THUI BEWBNET-(QPYHKIWU W TPOILEHT HYJEBHIX BEHBIET-
K02 pHUIHEeHTOB:

—
Cadr}(C}l,C}Q,...,C}n )= WF(C}-,FW,Z), 3)
roe — F,, BeliBner-QyHKUMs; Z — NPOLEHT HYJEBBIX KO3)PULUEHTOB; 1 —

I.
UK
Jns nanpHeimei o0paboTKi H(POBEIX CHUMKOB M BUIEOKaIPOB, LIENb KO-
TOpOH — OOHapy)XKeHHEe Ha HMX OYaroB BO3TOpPaHMs, MPHUMEHEHbI METOMABI Kia-
crepusanuu. OCHOBHas THMIOTE3a UCIIONB30BaHMUSA 3TUX METOJOB 3aKJIH0Yasach

yposetb kBantoBanusi, C'.,C" ,...,C'. — KBaHTOBaHHbBIC H300paxenus kaapa C';.
J2 Jn J
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B pa3JelieHUU IIBETOB KaJIpoOB Ha KJAaCTEpPhl Pa3IUYHOIO (€CTECTBEHHOTO M Heec-
TECTBEHHOT'0) TPOMCXOKACHHS. [ JTaBHBIE MIPEHMYIIIECTBA 3TOTO MOAX0Aa — CKO-
POCTb IPUHSATHS PEUICHUS 1 OTCYTCTBUE TPUBSI3KU K KOHTYPaM UCKOMOTO OOBEK-
ta. Cre10BaTeNnbHO MOSIBISIETCS BO3MOXHOCTD ONpPENENIEHHST 04aroB BO3TOPaHHUs
HECMOTPSI Ha MPUCYTCTBUE IOMEX (BETOK JIEPEBHEB, JINCTOBOM MOACTHIIKY U T.I1.).

B xauecTBe HCIOIB3yEeMBIX METOIOB KJIACTEPU3ANNH OBUIH IIPOTECTHPOBAHBI
Mmeton k-cpenuux (k-means), anroput™m fuzzy c-means u kapTel Koxonena. Bo
BpeMsI TECTUPOBAHUS ObUIO YCTAHOBJIEHO, YTO JUIS PEIIeHUs 33JaHHOTO Kjacca
3amaq kapThl KoXOHEHa He MOAXOMAT, MMOCKOJIBKY [UIS UX pPean3alui He0OXO0IH-
MO BechbMa JJIMTeNbHOe 00yueHne HelpoHHoH ceTu. s peann3anuu METoaoB k-
means U fuzzy c-means Ha oOydyeHHE HEHPOHHOW CETH 3aTpavyMBaECTCS MEHBIIIC
BPEMEHH, OJHAKO IS aBTOMAaTHYECKOTO aHaJIM3a HauOosee YIOOHBIM OKazalcs
meron fuzzy c-means, onucaHHbIi GopMyIoi

Classj (TIPS ):FC(C.I/'l )

roe C '1‘1 — KBaHTOBOE M300pa)keHUE IEPBOIO YPOBHS BEHBIET-NPE0Opa3oBaHus;

FC — ¢dynkuus xnacrepusanuy; y, Uy, 3 — MaTpuua GyHKIUNA IpUHAIIEK-
HOCTH TOYEK M300paskeHHsl K OJHOMY U3 KJIaCTepoB — 1, 2, 3 COOTBETCTBEHHO.
Jnst yCTaHOBKHM KpUTEpHs CpabaThIBaHMUsI CUCTEMBI (aBTOMAaTHUECKON IoAa-
YM CUTHaJla 00 OMACHOCTH) MPEUIOKEHO ONpeAeICHUE TOPOrOBOro 3HAYCHHS —
OTHOCUTEIILHOTO KOJIMYECTBA TOYEK M300pa’keHMs, IPUHAUIEKALIINX K HEUETKO-
My KJIAcCTepy HEECTECTBEHHBIX I[BETOB O-YPOBHS. DTOT NPOLECC OMUCHIBACTCS

hopmyoit

Zlﬂ 1
=1, >a
|, Zpharze o p.
. m
Signal =
ZZ:] p p>0t1
0,——=—<P,
m
rae m — KOJWUYECTBO TOYEK M300pakeHWs C'jll; P — moporoBoe 3HaueHue

TOYEK M300parkeHHs], IPUHAISKAIINX KO BTOPOMY KJIACTEPY OL -ypPOBHSI.
Ecnu B Teuenun cepuu u3 S MOCIENOBATENBHBIX KaAPOB 3Hauenue Signal

OKaXETCAd paBHbBIM CIUHUIEC, MPUHUMACTCA PCHICHUC 00 aBTOMATHYECKOM HH-
(bOpMI/IpOBaHI/II/I JAUCTICTUCPCKOIr'O IMTyHKTa ONEPAaTUBHO-CIIACATCIIbHBIX CJ'Iy)K6.

HNPUMEHEHHME METOJIA OBPABOTKH BUJEOIIOTOKOB HA OCHOBE
PEAJIM3ALIMU ITAPAJIJIEJIBHOT'O AJITOPUTMA PEIHIEHUA 3AJAY

ITockoJbKy MPOLIECC MPUHATHS PELICHUH COCTOUT U3 IOC/IEeI0BATEIbHBIX TAIOB
BBIUMCJICHUH C IMOMOIIBIO Psijla MaTEMaTHYECKUX METOJIOB, /I PELICHHS TaKOTO
KJlacca 3a/iay HeJIOCTaTOYHO OJHOTO MOIIHOTO mpoiieccopa. B paborax [15, 16]
MOKa3aHa IeJIeco00pa3HOCTh MPUMEHEHUS B MOMOOHBIX CIyYasx NapaieidbHbBIX
aJITOPUTMOB — CIIOCO0a OPraHM3allii KOMITbIOTEPHBIX BBIUMCIICHUH, IPH KOTO-
pOoM TmporpamMmbl pa3pabaThIBAIOTCS KaKk HaOOp B3aUMOJICHCTBYIONINX BBHIYHCIIHU-
TEJILHBIX MPOIIECCOB, PAOOTAIOUINX MAPATIIEIBEHO (OHOBPEMEHHO).
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Peanuzanus napanienbHBIX alfOPUTMOB B pacCMaTpUBaeMOM cirydae obec-
[IEYUBAET BO3MOKHOCTh OJHOBPEMEHHOI'O HAOJIOAEHUS 33 00BEKTaMU B BHJIEO-
notoke. [Iporecc mpoucxoauT B peasbHOM MacuITade BpEMEHH, IPU 3TOM BUIEO
siBrsiercst nodaHoueHHbM (30 fps). Peanusanust Takoro airopuTMa Ha COBpPEMEH-
HbIX MHorosaepHelx CPU CUDA naeT 3HauYMTENBHBIA MPUPOCT IMPOU3BOIUTEND-
HOCTH — B 2—3 pa3za.

IIponecc npuHATHS pelIeHnsT BO3MOXKHO Pa3JeuTh Ha Ccepuio MH(popManu-
OHHO He3aBHCUMBIX uyacTed. Jlnst 3Toro ObUT pa3paboTaH METO]| aBTOMATH3HPO-
BaHHOTO ITOMCKA 0YaroB JIECHBIX MOKapOB ¢ UCIOIb30BAHUEM MAPAJUIETBHBIX BBI-
YHUCIIEHUH B JOHOBOM pPEKUME, YTO 00ECHEUMIIO pacipeesiecHHe U ONTHMHU3ALUI0
ucnomas3oBaaus pecypcoB BIIJIA u yckopuio mporecc o6paboTku gaHHbIX. [lo-
CKOJIbKY OOJIBIIMHCTBO COBPEMEHHBIX YCTPOHCTB YIPABIECHHUS OCHAICHBI YETHI-
PEXBANEPHBIMU TPOLIECCOPAMH, TO METOJ ObUT ONITUMHU3UPOBAH UMEHHO JUTS HUX.
ANTOpUTM NPUBEIECH HUXKE.

Oran o0yueHus u agantauuu. s cepuu KapoB AIUTENBHOCTBIO Af; :

® KXl KaJp MOJYYSHHOTO BUJICONOTOKA MPOXOIUT MPEABAPUTEIBHYIO
00paboTKy (ITOBBIIIIEHHE KOHTPACTHOCTH U BEUBIIET-IPEOOPa30BaHus) Ha TIEPBOM
sIIpe mporeccopa u GopMUpyeT 00yUaOIIYH0 BHIOOPKY HEHPOHHOM CEeTH;

® 110 OKOHYaHMU Af; HadajbHas 00yuaromas BBIOOpKa MMOJAETCs Ha BTOPOE
SAPO T 00yYeHHsT HEHPOHHOI CeTH, KOTOPOE JUTUTCS B TeUCHUE BpeMeHU A, ;

e BO BpeMs 00ydeHHs HEHPOHHOW CETH IMEepBOe PO MpoaobKaeT Gopmu-
poBaTh 00y4aloNIyI0 BHIOOPKY Ha OCHOBE CIIEIYIOIIUX KaJPOB;

® [0 IPOLIECTBUM BpeMEHU Af, 00ydeHHas HEHPOHHAs CEThb HAIpaBJIAETCS

Ha TPEThE AAPO MPOLECCOPa, T MPOUCXOIUT KIacTepHu3alysl U OLlEHKa BPEMEHU
BBITIOJTHEHUS BBIYUCIICHUS;

® [I0CJI€ OLIEHKU BPEMEHHU BBIYMCICHUS MPOMCXOAUT MOAM(DUKAIMS Hapa-
METPOB BeHBIIET-IIpeoOpa3oBaHusl # U 4acTOThl 00paboTaHHBIX Kaapos /. Ilpo-
1ecc MPOUCXOJUT LUUKIMYHO 10 TeX 0P, IOKa He OyAyT OnpeaereHbl ONTHMAb-
HBIE TTapaMeTPbl METO/IA JIJI KOHKPETHOTO YCTPOMCTBA yIIPABIEHUS.

Otan NpUHATHA PEUIeHHs, KOTOPHII COCTOMT M3 IIUKJIOB OOY4YEHHS W Kia-
CTepU3aLUU:

® UINTENHFHOCTh KaKAOTO IMKJIA COOTBETCTBYET BPEMEHH, HEOOXOIUMOMY
i obecnieyeHus mporecca oOyueHHs HEHPOHHOH ceTh W MoIudHuuupyeTcs
B X0/1¢ (YHKIIMOHMPOBAHUS aJIrOPUTMA;

® 110 OKOHYAHWHM NPOLECCOB OOYUYEHHUS U afalTalyy, a TaKKe B HaJaje Ka-
HKJI0r0 1UKIJIA, 00yuyeHHas HEMpOHHAs CEeTh IlepellacTcs Ha TpeThe sSApo AJII pea-
JU3alyy Tpolecca KIACTePH3alud KaapoB U (OPMHUPOBAHUS HCXOISIIETO BH-
neopana. Bupmeomannele s o0ecliedeHHMsl 3TOTO Ipolecca HENPEPBIBHO,
B PEKUME PEAIBHOTO BPEMEHH, ITOCTYTIAIOT € TIEPBOTO S11Pa;

® [I0JIy4CHHAs JOIOJIHEHHAas 00yJaromasi BBIOOpKa ¢ IEpBOro sApa Iepena-
eTCsl Ha BTOpOE SIpo Ha oOydeHHe, MOcie 4ero mepsoe sapo (opmupyer cie-
JYIOILY0 00y4arolyto BHIOOPKY;

e BTOpOE SAPO MPOBOAUT oOydeHue HeilpoHHOM cetu. [locime okoHuaHuUs
npouecca 00y4eHHs UKIT TTOBTOPSETCSL.

B cnyuae BbIsBIEHHMS oudara JIECHOrO IMOKapa, corjiacHo ¢opmyie (3), BbI-
XOIHOM BUAeopsAa BMecTe ¢ opuruHanom u GPS-koopauHatamu nepecsliaeTcs Ha
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HyJIBT OINEPAaTHBHO-CIACATEILHOM CITy)KOBI, TJ€ OIepaTop IMOATBEPIKAACT WU
OIIpOBEpraeT HaJluue OMAaCHOCTH (oYara JISCHOTO M0XKapa) W MPUHUMAET pellie-
HHUC O HE3AMCAJIUTCIIbHOM IMPUHATHUU CIICIUAJIbHBIX MEP WJIM O JOIMOJIHUTCIHLHOM
00cCIieIOBaHUN TEPPUTOPHUH.

PE3YJIBTATBI HCCJIEJOBAHUSA

Omua u3 1000 pesynbraToB 00paboTku mUGPOBBIX M300pa)KeHWH TMOKa3aH Ha
puc. 2. Jlnsg o0paboTku mpuMeHsIach MOCIeI0BaTeIbHAasE KOMOUHAIMS METOIOB
HOBBILICHHsT KOHTPACTHOCTH M300pakeHHsI, BEIBIET-PeoOpa3oBaHus U KilacTe-
pH3aIuu.

a o6

Puc. 2. Buneokaapsl, JeMOHCTPHPYIOIIHE Pe3yyIbTaT 00pabOTKH IH(POBBIX M300pasKCHMIA:
a — xazap 1o obpaboTku; 6 — Kaap mocie o0paboTKu

Kaxk moka3zanu mpoBeZeHHbIC BBEIYHCICHHS, U1 (DYHKIIMOHUPOBAHHS CHCTE-
MBI B PEKUME PeabHOTO BPEMEHH ¢ 00pabOTKOW KaXIOro Kajpa HeoO0XOIUMO,
4T0OBI YPOBEHB Pa3lioKeHHs BEHBIIET-IpeoOpa3oBaHus ObUT paBeH 4.

CpaBHeHHE BpeMeHH M 0e30IIMO0YHOCTH PACIIO3HABAHMUS JIECHBIX MOKapOB
Ha OPUTHMHAJIBHBIX N300PaKCHUSIX M M300paKEHUSIX, 00pabOTaHHBIX C MOMOIIBIO
pa3paboTaHHON HHPOPMAMOHHOM TEXHOJIOTHH, IPUBEICHO B TaOJIHIIE.

PesynpTarhl 5KCHIEpUMEHTa [0 PACHO3HABAHUIO IU(PPOBBIX N300paKEHUH

Yenopex Indopmannonnas cucrema (HoyToyxk ASUS
F541NC-GO054T (90NBOE93-M00700)
= = 2 2 2
% %, 2 2 =
Kpurepuii §25| 828 I £ I g =
35 35| t3 L g L2
o 22] [72) |7}
REG| 2g¢& T g T g T g
=R 8 = o 8 N < O < O
=85 58F g g g
= = 3 = =
Cpeanee Bpens 10 2 0,03 0,03 0,03
pacno3HaBaHusl, C
Cpennuii mporeHT
NpaBUIBHBIX OTBETOB| 70 90 75/78 78/80,5 80/82
(cpabatpiBaHUit)
Konnuectso cinydaes
«n300paxeHue 30 10 25/24 22/20 20/20
HE PACIIO3HAHO
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Kak BuaHO W3 TaOnMIbI, BpeMs pACIO3HABAHUS YEIOBEKOM-OIEPaTOPOM
ouara BO3ropaHus Ha 00OpabOTaHHBIX IMU(PPOBBIX H300PAKEHHUIX COKPATUIOCH B
5 pa3 Mo CpaBHEHHMIO CO BPEMCHEM, 3aTPAYCHHBIM HAa PACIIO3HABAHUE 3THUX XKE
00BEKTOB Ha OPUTHHAIBHBIX U300paKeHUAX. BpeMs mx oOpaOOTKH W MPUHATHS
peIIeHHs] aBTOMAaTHYECKON CHUCTeMOM, paboTaroriedt moy yrpasieHrneM Windows
Ha HOyTOyKe ASUS F541NC-GO054T (90NBOE93-M00700), kak mpaBwiio, HE
NpPEBBIIIAeT MPOJOJDKUTENFHOCTH OAHOTO Kajapa. To ecTh cucrema crocoOHa
(YyHKIIMOHUPOBATH B PEXKUME PEaTbHOTO BPEMEHH.

KauectBo mpunsaTHS pemienus oreparopoMm moBwicuiock ¢ 70% mo 90%,
MpPUYEM CYIIECTBEHHO COKPATHUJIOCh KOJHYECTBO JIOXKHBIX pacro3HaBaHuii. Pe-
3yJBTaThl IKCIIEPUMEHTA CBUICTEILCTBYIOT O TOM, YTO KOJMYECTBO CIy4YaeB Mpa-
BWJIBHOTO CpabaThIBaHUsI aBTOMATH3MPOBAHHOWH CHCTEMBI JIOCTATOYHO OOJBIIOE
(80%), ogHaKo 3TOT MOKAa3aTelb BCE JK€ HIKE aHAIOTUYHOTO MTOKa3aTeNs YeJoBe-
Ka-omepaTopa, CIIeJI0BATEIbHO CHCTEMa MOXKET HCIOJIb30BAThCS KaK aBTOMATU3HU-
pOBaHHAs CHCTEMa, MOMOTAIOINAs YEJOBEKY MPUHATH ONTUMAILHOE pellleHHe.
Kpome Toro, naHHbie TaOJUIBI CBHIIETSIILCTBYIOT O TOM, YTO, paboTas B pekuMe
ABTOMATHYECKOU (PUKCAI[MU OYAroB JICCHBIX TMOXKAPOB, METOJ KIacTepU3alliu
c-means TIOKa3bIBAeT JIyUIINH pe3yIbTaT 110 CPABHEHHUIO C METOJIOM k-means.

JlaHHBIE TaOJNUIBI CBUIETEILCTBYIOT TAKXKE O TOM, YTO TPEJIOKCHHAS HH-
(opMallMOHHAs TEXHOJIOTHS O0JIaIaeT JTOCTATOYHOW CKOPOCTBIO M KadyecTBOM
pacro3HaBaHusl U CIIOCOOHA CTATh TOTMOJHUTENBHBIM HCTOUHHUKOM HH(OpMAIIUU O
HAJIMYMHU 0YaroB JIECHBIX TI0)KaPOB, YTO IMO3BOJHT MOBBICHTH d3PPEKTHBHOCTH MO-
HUTOPWHTA M IPOTHUBOIIOKAPHOM 3alIUTHI JIeca.

BbIBO/IbI

B mpuBeneHHOM HCCIENOBaHWU MPEACTABICHO pPELICHHE aKTyaJlbHOW Hay4yHO-
TEXHUYECKOU 3aJauu — pa3paboTka WHPOPMALMOHHON TEXHOJIOTUU PaHHETo 00-
Hapy>KeHHs 04aroB BO3TOPAHUS JIECHBIX II0KAapOB HAa OCHOBE PACIIUPEHUS YKe
UMEOLIMXCST MHPOPMALMOHHO-TEXHOIOTHYECKUX BO3MOXKHOCTEH HECIHeIMaIn3U-
poBanHbIX BIIJIA. I1omydeHsl OCHOBHBIE PE3YIbTATHI:

1. YcoBepieHCTBOBaH METOJl aBTOMaTHU3UPOBaHHOW 00paboTku uMHPOpMa-
uy, nepenaBaemoii ¢ 6opra BILJIA, mytem aBTOMaTWdeckoi HACTpOWKH mapa-
METPOB BEHBIET-NPE0Opa30BaHUs U aJalTalMd UX K TEXHHYECKUM XapakTe-
pUCTHKaM YyCTPOMCTB ympaBieHHs, 4YTO oOecneumsio OecnepeboiiHoe
($yHKUMOHMpPOBaHNE HH(POPMALIMOHHON CHCTEMBI B (JOHOBOM pPEXKUME.

2. YcOoBepIIEHCTBOBAaH METOJ aBTOMAaTHUECKOro OOHApy>KEHHS OIAaCHOCTH
JIECHOT'O [OXAapa, YTO MO3BOJISIET ABTOMAaTHYECKH CUTHAJIM3UPOBATH 00 OIIaCHOCTH.

3. Pa3paborana uH(OpMAIMOHHAS TEXHOJOTHS OIOBEIICHUS OINEPATHBHO-
criacaTeNIbHBIX CIIy>KO MpUBJIEYEHHBIM Hecrnenuanu3upoBaHHbiMu BIIJIA, ocHo-
BaHHAs Ha pacUIMPeHUH HH(OPMALNOHHO-TEXHOIOTHYECKUX BO3MOXKHOCTEH
BIUJIA, mpenocTaBiseT MOMOJHUTEIHHYI0 BO3MOXKHOCTH OTIOBEIICHUS M IOBBI-
mreHust 3¢ HEeKTUBHOCTH MPOTHUBOIIOKAPHOHN 3aILUTHI Jieca.

4. B xone MpoOBeAEHHBIX IKCIIEPUMEHTOB YCTAHOBIEHBI ONTHMAlIbHBIE Ha-
CTPOHKH MapamMeTpoB U 00OCHOBaHA IENECOO0Pa3HOCTh NPUMEHEHUs pa3pabo-
TaHHOU WH(GOPMAI[MOHHOW CUCTEMBI B OIEPATOPCKON JACSITEILHOCTH, YTO B LICJIOM
noATBEepAMIO 3PPEKTUBHOCT, OCHOBAaHHON Ha HeW MH(OPMALMOHHOW TEXHOJO-
MM PaHHEro OOHAPYKEHUS 04aroB JIECHBIX OXKAPOB.

Cucmemni docnioxcenna ma ingpopmayivini mexuonoeii, 2021, Ne 3 43



EM. I'vcax, B.B. I'ycak

JIUTEPATYPA

1.

10.

11.

12.

13.

14.

15.

16.

44

Cmamucmuxa nicogux nodcexc — Jlepoicagne azenmcemeo nicosux pecypcie Yxpainu,
Kabinem minicmpie Vxpainu. 2021. [Ounnaiin]. HdoctymHo: http://dklg.kmu.gov.
ua/forest/control/uk/index

“Modeling Forest Aboveground Biomass and Volume Using Airborne LiDAR Met-
rics and Forest Inventory and Analysis Data in the Pacific Northwest”, Remote Sens-
ing, no. 7, pp. 229-255, 2015. doi: 10.3390/rs70100229.

K. Zhao, D. Valle, and S. Popescu, “Hyperspectral remote sensing of plant biochem-
istry using Bayesian model averaging with variable and band selection”, Remote
Sensing of Environment, no. 132, pp. 102—119, 2013. doi: 10.1016/j.rse.2012.12.026.
A. Habib, M. Ghanma, M. Morgan, and R. Al-Ruzouq, “Photogrammetric and lidar
Data Registration Using Linear Features”, Photogramm. Eng. Remote Sens, vol. 71,
pp. 699-707, 2005.

. G. Taylor, D. Kidner, and K. Brundsdon, “Modelling and prediction of GPS

availability with digital photogrammetry and LiDAR?”, International Journal of
Geographical Information Science, vol. 21, no. 1, pp. 1-20, 2007. doi:
10.1080/13658810600816540

Li-Der Chang, K. Clint Slatton, and Carolyn Krekeler, “Bare-earth extraction from
airborne LiDAR data based on segmentation modeling and iterative surface correc-
tions”, Journal of Applied Remote Sensing,4(1), 041884 (1 August 2010). doi:
10.1117/1.3491194.

K. Bouabdellah, H. Noureddine, and S. Larbi, “Using Wireless Sensor Networks for
Reliable Forest Fires Detection”, Procedia Computer Science, n0.19, pp. 794801,
2013. doi: 10.1016/j.procs.2013.06.104.

. B.B. Auxki Ta B.B. bamympkuii, “CucremMa KOHTPOJIIO JIICOBHX TOXKEX Ha OCHOBI

0e3mpoBiIHUX ceHCOpHUX Mepex”’, Cyuacui komn tomepHi inopmayitini mexnono2ii
© mamepianu V Bceykp. wK.-ceminapy moaooux euen. i cmyo. ACIT’2015,
M. Tepuonine, THEY, 22-23 mpas. 2015, c. 63—64.

A. Rogalski, “Infrared detectors: an overview”, Infrared Physics & Technology,
no. 43, pp. 187-210, 2002. doi: 10.1016/S1350-4495(02)00140-8.

J.L. Dupuy, J. Marechal, and D. Morvan,” Fires from a cylindrical forest fuel burner:
combustion dynamics and flame properties”, Combust. Flame, no. 135, pp. 65-76,
2003. doi: 10.1016/S0010-2180(03)00147-0

Chuan Li, George D. Skidmore, and C.J. Han, “DRS uncooled VOXx infrared detector
development”, Optical Engineering, vol. 50, no. 50, 2010. doi: 10.1117/12.851795.
O.M. AnekceeB ta /I.I. bonmapes, “IlepcnekTHBU pO3BHTKY OE3MIJIOTHOTO Ta
MYHIIMOAIBLHOTO aBilalliiHOrO TpaHcrmopTy B Ykpaiui”, Cucmemu 06pobKu
inghopmayii, Ne 8, c. 1016, 2016.

I1.B. Eppemos, K.A. ITonos, T.A. Kanutonosa, u I'.Il. CtpyukoBa, “O0paborka u
aHaM3 ~ JAHHBIX  JIpOHA  JUIS ~ MOHHUTOPHMHIA  JIMHCWHBIX  OOBEKTOB,
AKCIUTYaTUPYIONIHUXCS Ha ceBepe”’, MedcOyHapoOHblll JCYPHAL IKCHEPUMEHMATIbHO2O0
obpazoganusi, Ne 10-2, c. 238-239, 2016.

M.M. IpoueHko, “Anani3 MeTOIiB TUPPOBOI 0OPOOKH Bic0300pakeHb armapaTyporo
0e3MUTOTHOTO JiTanbHOro anapary”’, Bicnux JK/[TY, Ne 1, ¢. 89-95, 2014.

I'. HlInaxoBckuli, Peanuzayua napannenvuvix eviuucinenuti: MPI, OpenMP,
Kaacmepul, 2pud, MHO2050epHble  NPOYeccopul,  2paguueckue  npoyeccopul,
Keaumoswvie komnviomepsvl. Munack: BI'Y, 2011, 176 c.

I''A. TlonsikoB, C.M. IlImarkos, E.I'. Toacromyxckas, u .A. ToacTomyxckui,
Cunmes U  aHAIU3  NAPALLEAbHLIX — NPOYECCO8 6  AOANMUGHLIX — GpeMsi
NaApamMempu308aHHbIX GbIYUCTUMENbHBIX cucmemax: monozpaghus. XappkoB: XHY
nmenn B. H. Kapasuna, 2012, 672 c.

Ilocmynuna 05.07.2021

ISSN 1681-6048 System Research & Information Technologies, 2021, Ne 3



Coeepmencmeoeanue cucmemsvl NPOMUBONOHCAPHOCO MOHUMOPUHeA JlecOo6 nymem pacuduperus ...

INFORMATION ON THE ARTICLE

Olena M. Husak, ORCID: 0000-0003-4395-6355, Yuriy Fedkovych Chernivtsi National
University, Ukraine, e-mail: gusakolenal 7@gmail.com

Volodymyr V. Husak, ORCID: 0000-0002-1165-3010, Yuriy Fedkovych Chernivtsi Na-
tional University, Ukraine, e-mail: vgusakO08@gmail.com

YAOCKOHAJIEHHSI CHUCTEMM ITPOTHUITOXEXHOI'O MOHITOPUHIY
JICIB  IIJIAXOM  PO3LIMPEHHSA IH®OPMAIIMHO-TEXHOJIOI' TYHUX
MOXJIMBOCTEU CYYACHUX KBAJIPOKOIITEPIB / O.M. I'ycak, B.B. I'ycak

AHOTaMisl. 3aPOIIOHOBAHO BHUPILICHHS aKTyaJbHOTO HAYKOBO-TEXHIYHOTO 3aBJIaH-
HS: po3poOieHHs iHpopManiiiHoi TexHoorii po3mupeHHs (QYHKIIOHAIBHUX MOX-
JMBOCTEH HeCHeliaTi30BaHuX Oe3MIJIOTHUX JIITAIbHHUX arapariB 3 METOIO BIOCKOHA-
JICHHS MOHITOPHHTY JICOBMX Ta IHMX JaHAmapTHUX moxkex.  OmnmcaHa
iH(popMaliifHa TEXHOJOTis JONOMOXKE BUPIIIUTH CYHNEPEYHICTh, 10 BUHUKIJIA MDK
BHUCOKHMM pPIBHEM BHTpAaT Ha PO3POOJICHHS i EKCIUTyaTallilo BUCOKOTEXHOJOTTYHUX
MPOTHITOXKEKHUX 3aC00IB Ta iX HEIOCTATHHOIO e(EKTUBHICTIO. 3aTyueHHs 0 CKIia-
ny iHpopManiiHO TEXHOJIOTIT PAHHFOIO BUSBIICHHS OCEPEIKIB JTiCOBUX MOKEXK CY-
YacHUX OE3MIJIOTHHUX JIITaJbHUX amapaTiB, 332 YMOBH PO3MIMPEHHS iX iHpopMaIiiHo-
TEXHOJIOTTYHHX MOKIIMBOCTEH, JO3BOJAE Y (POHOBOMY PEXHMi O3 JOAATKOBUX BH-
TpaT Ha BUCOKOTEXHOJIOTIYHE 00JIaJHAHHS OTPUMYBATU OIEPATHBHY iH(pOpMAIiIo i
CBOEYACHO CIIOBIIIYBaTH BIANOBINHI CIy»k0m mpo HebGe3neky. HaBeneno pesynbratn
EKCIIEPUMEHTIB, sIKi IPOBOJIMIIMCS SIK JUIS Cepil CTATUYHUX 3HIMKIB, TaK i IUIs BiJeo-
psiniB.

Karuosi cioBa: iHdopmarniliHa TexHOJIOTiS, OE3MUIOTHHHN JiTANbHUI amapar,
MeToau 00poOIIeHHS 300pakeHb, MapaeNbHi PO3PaxyHKH.

IMPROVEMENT OF FOREST FIRE MONITORING SYSTEM BY
EXPANDING INFORMATION AND TECHNOLOGICAL POSSIBILITIES
OF MODERN QUADCOPTERS / O.M. Husak, V.V. Husak

Abstract. The article proposes a solution to an important problem — the develop-
ment of an information technology based on expanding the functionality of non-
specialized unmanned aerial vehicles (drones) for early detection of forest fires. The
proposed information technology is designed to increase the effectiveness of moni-
toring forest fires. The existing level of information technology does not fully settle
the issue of reliable fire protection of forests. Today, there is a contradiction be-
tween the high cost of developing high-tech fire-fighting equipment and lack of its
efficiency. The elimination of this contradiction will be facilitated by the involve-
ment of additional non-technical and technical resources in the information technol-
ogy of early detection of forest fire hotspots. The results of the analysis of the use of
modern drones prove that the involvement of unmanned aerial vehicles significantly
increases the efficiency of many types of monitoring and they can successfully be
used to solve the problems of early detection of forest fire hotspots. The results of
experiments are presented, which were carried out both for a series of digital images
and for video.

Keywords: information technology, unmanned aerial vehicle, image processing
methods, parallel computing.
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IHOPIBHAHHA BUKOPUCTAHHSA APACHE OPENWHISK
TA GOOGLE CLOUD FUNCTIONS JJIAA PO3POBJIEHHSA
BE3CEPBEPHUX 3ACTOCYHKIB HA BA3I
GOOGLE CLOUD PLATFORM

T.€. KOHAPATIOK, T.O. HAYMEHKO

Amnoramnisi. [TopiBHsHO BHKOpHCTaHHS TpornpieTapHoi xmapHoi riardopmu Google
Cloud Functions 3 mardopmoro 3 BiakputuM Buxingaum kogoMm Apache OpenWhisk
JUIs HanMcaHHs 6e3cepBepHUX 3acTocyHkiB Ha 6a3i Google Cloud Platform. {ns no-
piBHSIHHS 00paHO Taki KpUTEPii: MATPHUMYBaHI MOBH IIPOrpaMyBaHHs, 3pY4HICTh Ta
HIBHIKICTh PO3POOIIEHHS 1 PO3ropTaHHs (PYHKIIH, MOKIMBOCTI TIepeJaBaHHs mapa-
MeTpiB 10 (YHKIIH, onmii MOHITOPHHTY cTaHy (YHKIiH, MBHAKICTH XOJIOJHOTO
cTapTy. Y pe3yibTaTi BU3HAUYCHO OCHOBHI IepeBard i HEeJOJNIKH KOXHOI matdop-
mu. Ha ocHOBi ocobmuBocteil 1aThopM HaBEACHO PEKOMEHHAMIl 100 BHKOPHUC-
TaHHs. Pe3ynbraTé JOCTIIKECHHS MOXYTh OyTH BHKOPHCTaHi Ul [TOAAIBIIOTO BHU-
BueHHs FaaS TexHOJOriif, OCKiIbKM B Iiii LApUHI iCHy€ Benu4e3Ha KiIbKICTh
pileHb, KOTPi TaKOX HEOOXiAHO MOPIBHIOBATH.

Kawouosi caoBa: Google Cloud Platform, Google Cloud Functions, Apache
OpenWhisk, BigkpuTuii Buxigauit KoJ, GyHKILIS SIK cepBic, MIKPOCEPBICH.

BCTYII

Oyrkuis sk cepsic (FaaS) € ogniero i3 hopm Oe3cepBepHOT MapagurMu XMapHUX
00YNCIICHh 1 BU3HAYAETHCS 3a JOMOMOroro IatdopMm FaaS, KoTpi BHKOHYIOTH
(parMeHTH KOoAy, sIKi iHIIIOITHCS MOAIAMH (TOOTO PyHKIIT).

[Micnst mosiBu Amazon Lambda B 2014 p. 6e3cepBepHi 004YHCICHHS 1, 30Kpe-
Ma, QYHKII{ sIK CepBiCH MiJKOPWIIH TaTy3b PO3pOOJICHHS MPOrpaMHOTro 3abe3re-
genHs [1]. HdificHo, iX MOXIJIMBICTH OOYHCIICHB, IO 3YMOBJICHI momisMu (event-
drivencomputing) i MacmTaOylOThCS A0 THUCSY OAHOYACHUX (YHKLIH, CIIOHyKa-
I0Th 0araThO0X KOPHCTYBadiB XMapHUX TEXHOJIOTIH 3aCTOCOBYBaTH Oe3cepBepHi
oOunciieHHsI B HaiipizHOMaHITHIIMX Bumnagkax. ¥ FaaS po3poOHuKM HamaioTh
HEBENHKI (hparMeHTH BUXITHOTO KOAY y BUTIAAI (DYHKIIH MOBH MPOrpaMyBaHHS,
MO JAOTPUMYIOTHCS UiTKO BH3Ha4deHOTro iHTepdeticy. Lli GyHKIT akTUBYIOThCS
noxissMu, TakuMmu K BxigHi HTTP-3amutu abo gomaBaHHSA JaHUX OO CXOBHINA.
XMapHHUH mpoBaiiep BUKOHYE (QYHKIIIO Ta aBTOMAaTH4YHO MaclITadye pecypcu
IUIE 00CITyrOBYBaHHS poOOYMX HaBaHTaXeHb. FaaS BHKOPUCTOBYEThCSA y Pi3HUX
BUTAKaX, Y TOMY YHCHI SIK «KJIei», 10 NoeAHye Oinplmii Oe3cepBepHuil 3acTo-
CYHOK, sIK OekeHI-TexHooris s peanizamii REST cepgicy, a Takoxx aIs aHaTi-
TUYHUX JaHUX Ta 3aBJaHb MAIIMHHOTO HaBYaHHSI.

YIIpoIoBXK OCTaHHIX POKIB yCI OCHOBHI IMOCTaYaJbHUKH XMAapHUX IOCITYT
nojanu cBoi FaaS pimieHHs, BKIIOYAIOUM yYaCHHUKIB «BEIMKOI TPIKU», a came:
AWS Lambda, Azure Functions, Google Cloud Functions. Bognouac 3 Humu
3’apmwiocs Oararo FaaS mmatdopm 3 BIIKPpUTHM BHUXITHUM KOJIOM, TaKHUX SK
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OpenFaaS, Kubeless, OpenWhisk, Knative, Fission, mo miarpuMyroTs po3rop-
taHHsa QyHKIIH Ha 6a31 Kubernetes kimacrepa. Y 3B’sA3Ky 3 TAKUM PO3MAITTIM CTa€
Jieaii Bakde oOupaTH rmocTadaabHUKA JJIS BIaCHUX MOTpPeD.

Amnani3 ocrannix pociaimkens. Chepa OescepBepHUX 0OUYHCIEHB CTPIMKO
PO3BHBAETHCA, MOCTIHHO 3 SBIIAIOTHCS HOBI 3aBJaHHs Ta iX BHpimeHHs. Bennka
KUTBKICTh KOHKYPEHTIB y IIill Taly3i CIIOHYKae MOPIiBHIOBATH TOAAHI PIlICHHS.
Uepes MOCTIiiHI BIOCKOHAJICHHS CEPBICIB Ta OOYMCITIOBAIILHOT TEXHIKH, a TAaKOX
Pi3HI METOJIM BUMIPIOBaHHS 3AIMINAIOTHCS aKTyalbHHUMH HAyKOBI Tpall, y SKHX
NMopiBHIOIOThCs FaaS miatdopmu 3a GyHKIIOHAIBHICTIO, IIBUIKICTIO BUKOHAHHS,
minoro Tomro [9, 10, 11, 12].

@opmyaOBaHHS Wijeld podoTu (MOCTAHOBKA 3aBAaHHs). BusHauntu me-
peBaru i Hemomiku BHKOpucTanHs Apache OpenWhisk sk FaaS pimenns mis
Google Cloud nopieusiso 3 Cloud Functions.

MATPUMYBAHI MOBU ITPOTPAMYBAHHA

OpHUM 3 BaXJIMBUX KpHUTEpiiB nopiBHsAHHS FaaS miatdopm € migTpuMaHHsS MOB
nporpaMmyBaHHs (auB. TaOymmio). Ha manomy erami po3BHTKY iH(OpMarliitHUX
TEXHOJIOT1H HayKOBE CYCIIJILCTBO MIATPUMYE iIeF0 0OpaHHs MOBHU IPOTpaMyBaH-
HS T HeoOXigHui QyHKIIOHA, TOX HEOOXiIHO MiATPUMYBATH sIKOMOTa OiJibIle
MOB JUTsI 3aJTy4eHHs OiIbIII0T ayANTOPii KOPUCTYBAUiB.

ITinTpumyBani iatdopmu [2, 3]

ITnardopma Cloud Functions OpenWhisk
Node.js 10, 12, 14 10, 12, 14
Python 3.7,3.8,3.9 2.7,3.7

Go 1.13 1.13,1.14,1.15

Java 11 8

Ruby 2.6,2.7 2.5

PHP 7.4 (beta) 7.3,7.4,8.0

NET 3.1 (beta) 22

Swift - 3.1.1,4.1,4.2

Ballerina - 0.990.2 (beta)

Rust - 1.34

Biacui Docker o6pasu - +

Sk 6aunmo, OpenWhisk BHIIIAETHCS OLIBINOI KUTBKICTIO IMiATPUMYBaHUX
wiatdopm. IlepeBaroro Takok € MOXJIMBICTH BHKOPHCTOBYBaTu BiacHi Docker
o6pasu Ak cepefoBulle s QyHKIIH. [X MoxkHa mucaTu 3 Hyns a6o Ha 6a3i Bike
icHytounx o6pasziB Bix OpenWhisk. [Ipote € kinbka oOMexeHb [4]:

e Bracui Docker o0pa3u noBuHHi peanizyBatu iHTepdeiic Action. Lle mpo-
TOKOJI, 10 BUKOPUCTOBY€ETHCS IIaT(OPMOIO ATl IepeJaBaHHs 3alUTiB Ha BUKIUK
10 KoHTelHepiB. OuikyeThes, 0 B KOHTelHepax npantoBatume HTTP cepep Ha
nopty 8080 3 KiHIIEBUMU TOYKaMH /init Ta /run.

e Brmacui Docker o6pa3su mnosuwaHI OyTé moctymHi Ha DockerHub.
DockerHub — enunmii peectp KOHTeiHepiB, sSKWW 3apa3 miaTpumyeThes. Lle
O3Hadvae, Mo BCi 00pa3u MOBHHHI OyTH 3arajbHOIOCTYITHIMH.

e Buacui Docker o6pasu OynyTs ctsaryBarucs 3 DockerHub 1o nokansHOro
peectpy mIaTGOpPMH TiCs MEPHIOro BUKIMKY. Ile MOXe MpH3BECTH A0 301hb-
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IICHHS Yacy XOJIOJHOTO CTapTy 3 MEPIIUM BHKIMKOM JUIi HOBOTO 200 OHOBIIEHO-
ro o0pa3y. Ilicisa BuTATYBaHHS 300pakeHb 1X KEITyIOTh JIOKAJIBHO.

Ax vemomik OpenWhisk Mo)xHa BHOKPEMHTH BIACYTHICTH CEpeIOBHUIIA
BUKOHaHHA Java 11. Ha wac HamucanHs 11i€i poOOTH pillleHHS 3 MiATPUMaHHIM
Java 11 nmepeOyBae Ha erarri po3rIIAILy BXKeE MPOTITOM ABOX POKIB [5].

PO3POBJIEHHS TA PO3TOPTAHHA ®YHKI[INA

1106 po3pobuTu pynkmuiro mis Cloud Functions, HeoOXxigHO BctaHOBHTH Function
Framework mis o6paHoi MOBM TIporpaMyBaHHs. BiH 103BOJIsE 3aITyCTUTH (YyHK-
110 JIOKaIbHO. [Ticis 1boro ii MOYKHA BUKJIMKATH 33 JOMOMOTIOI0 YTUIiTH curl.

Cnioco6u posropranns Google Cloud Functions:

e VYTmmira gcloud;

e Cloud Functions API;

o ['padiunnit pemaktop y GCP Console.

Po3pobnenns st OpenWhisk norpeOye nanamrysannas Kubernetes knacre-
pa. Jlns nokamsHOTO po3poOJICHHS peKOMEHa0BaHO BUKopucTanHs Kubernetes,
o moctavaetbes 3 Docker (To6to Docker mist Mac a6o Windows, Minikube s
Linux). HeoOxigHO 3aBaHTaXUTH perio3uTOpiit 3 github, mo BKiIrOoUae koHpirypa-
uii y ¢popmarti yaml anst Helm. Jlani B koHdirypauii Bkasatu [P xinactepa Ta pas-
ropHyTH Ha HhoMY cepBicu OpenWhisk 3a mormomororo helm. [t posroptku dy-
HKI[iil BUKOPUCTOBYEThCS yTHIIITA WSK.

Otxe, nmumie ans ycraHoBneHHs: cepenosuiia OpenWhisk HeoOXigHO BOMO-
ITH X04a O MiHIMaTFHUMH HaBrmukaMu poOotu 3 Kubernetes Ta Helm. Lli 3HanHs
TaK0X HeOOX1THI TSI MOHITOPHHTY cTaHy (yHKILIH, Toni K ¢pyHKUito st Google
Cloud Functions Mo>kHa HamucaTH Ta 3allyCTUTH Oe3MOCepeHbO B Opay3epi 0e3
OyIIb-SKUX IHCTPYKITiHA.

NEPEJABAHHS ITIAPAMETPIB 10 ®YHKIIII

HTTP Cloud Functions npuiimae 3anmuT sk mapametp QpyHKIIi, TOMy U Tiepeaa-
BaHHS JaHUX MOYKHAa BUKOPHCTOBYBATH napamerpu 3anuty, JSON 3amut abo ¢o-

pmy (puc. 1-6).
#tgoogle cloud functions
def helloFunction(reguest):
name = request.args.get( ‘name’)
return f"Hi {name}”

Puc. 1. Ilpuxnax ¢pyskuii mosoro Python, mo npuiiMae gaHi yepes nmapameTpu 3amnuTy
% curl -X GET https://<url>/helloFuntion?name=Taras
Hi Taras

Puc. 2. Tlpukian BUKIAKY QyHKIT 3 puc. 1

#tgoogle cloud functions

def helloFunction(request):
name = request.form.get('name")
return f¥Hi {name}"”

Puc. 3. Tlpukian ¢yukuii Ha MoBi Python, mo npuitmae gani gepes3 popmy
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% curl -X GET https://<url:»/helloFuntion -d "name=Taras"
Hi Taras

Puc. 4. llpuxnan BUKIMKY GyHKIIT 3 puc. 3

T GyHKIil MOXKHA 33aBaTH 3MIHHI cepeioBHINa (environment variables).
e moxna 3podutu uepes gcloud abo kopucrysaipkuii iHTepdeiic Cloud
Console.
#google cloud functions
def helloFunction(request):
name = request.get json().get(‘name’)
return f"Hi {name}”

Puc. 5. llpuknan ¢pyukiiii MoBoro Python, o npuiimae nani yepe3 JSON Tiso 3anuty

$ curl -X POST https://<url>/helloFuntion -d "{"name": "Taras"}'
Hi Taras

Puc. 6. llpukian BUKIMKY QyHKIIT 3 puc. 5

Huns Cloud Functions aBTOMaTH4HO TEPENAETHCS 3MIHHA CEPEIOBUINA
Google Application Credentials, sika BUKOPHCTOBY€EThCS 0i0IiOTEKaMH aBTOPH-
3amii Google mns orpumanus Google Credentials, koTpi HEOOXigHI IS TOCTYIY
JI0 CTOPOHHIX CEpBICIB y XMapi (Hanmpukiaz, 6a3 naHux).

Apache OpenWhisk minTpumye enunuii crocid mepenaBaHHS 3MiHHHX 0
¢dyHkuiit — mapamerpu. @aktnyHo mapamerp — ue 3Bu4aiHUA JSON 00’€KT.
TakoX € MOXJIMBICTh 3a7aBaTH MapameTpy 3a 3aMOBUYBAHHSM IIijl 4ac po3rop-
taHHA QyHKUii (puc. 7-9).

#apache openwhisk

def main(args):
name = args.get('name’)
place = args.get(‘place’)

greeting = ‘Hi ‘ + name + ' from
return {“greeting”: greeting}

+ place

Puc. 7. llpuxnaxa ¢pyukuii mooto Python

$ wsk action update helloFunction --param place Vinogradar

Puc. 8. Tlpukian 3aganHs 3HAYCHHS 32 3aMOBUYYBaHHM UTs apameTpa ‘place’

% wsk action invoke --result helloFunction --param name Taras

{
¥

Puc. 9. llpukian BukinKy QyHKIi 3 puc. 7

"greeting”: "Hi Taras from Vinogradar"

Hns ¢ynxaii OpenWhisk HeMOXIHBO 3a7aTH 3MiHHI CepeAOBHUILA, TOMY
orpumatu Google Credentials cTaHTapTHUM CITOCOOOM HE BIIACTSI.

st orpumanns Google Credentials MoskHa 11171 9ac cTBOpeHHS (BYHKIIIT 1Me-
penaBaTu BMICT (paiiity 3 KiIoYaMH SIK TapameTp 3a 3aMOBUYBAHHSM, a TiJl 4ac
BUKOHAHHsI 3UNTYBaTH HOTO.
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[HmIM MOXJIHMBUM PO3B’SI3aHHSM IIi€l TPOOJIEMH € CTBOPCHHS BIIACHOTO
Docker 06pa3y, koTpuii 3unTyBaTuMe (aiii 3 KIIIoYaMH Iif] 4ac po3ropTaHHs Qy-
HKIIi 1 po3MileHHs Horo B KoHTeiHep. [IpoTe Take pilleHHS JOBOMI CKIIAJIHO
pearizyBaTi i MOKE CIIPUYMHUTH CIIOBUILHEHHS 3ammycKy QyHKmii. OTxe, miaxi,
KOJIM JaHi MepeaaloThes y (QYHKIIIO JIMIIE Yyepe3 MapaMeTpH, BUABISETHCS Hellie-
3IaTHUM J[JISI BAKOPUCTAHHS 010J110TEK, 110 3UNTYIOTh Bpa3jIvBi aHi 3 IHCKA.

MOHITOPUHI'

3a cranom BukoHaHHs1 Cloud Functions MoxkHa CITiIKyBaTH 3a TOIMTOMOTOFO rpadi-
yHoro iHTepdeiicy Cloud Console. TyT MokHa BiACHiAKOBYBaTH KiNBKICTh BH-
KJIMKiB, YaC BUKOHAHHS, BUKOPUCTAHHS ITaM’STi, aKTUBHICTH, TIOMHUJIKH JIJIS KOX-
HOi OKpeMOT QyHKIII1.

st monitopuary B OpenWhisk BukopuctoByethest Grafana. OxpiM MOx-
muBoctel, mo Hanae intepdeiic CloudFunctions, y Grafana Takox BimoOpaxka-
€Tbecsl iH(GOpMaLis MPO XOJOAHI 1 TeIUmi 3amyckd (YHKUIH 1 HasBHI QiNbTpU 1O
periony, mpoctopi iMeH, iMeHi QyHKii. Takok MEHIO MOXKHA HANAIITYBaTH Mij
cebe, BUIAISAIOYM Ta/ab0 TepeMillylodd METpUKH, abo oJaroud BiacHI BikHA
Ta/ab0 MOIIKH.

HIBUJAKICTDb XOJIOAHUX CTAPTIB

OnHMM 3 HENOJNIKIB TWHAMIYHOTO BHIIJICHHS pecypciB ans FaaS e saBuie, sike
Ha3MBAETHCS XOJOAHUM cTapToM. [lo cyTi, mporpamam, siki HE BUKOPUCTOBYBa-
JMCh ACSKUN Yac, MOTpiOHO Oinble yacy Ajsl 3allycKy Ta 0OpoOJIeHHs MepIoro
3amuTy. XMapHi NpoBaiijepd TPUMaloTh Oarato 3araabHHUX mpauiBHUKiB. [llopa-
3y, KOJIM Oe3cepBepHOMY 3aCTOCYHKY MOTpiOHO MacmradbyBaTuck, abo Big 0 mo 1
eK3eMIUIIpa, a0 Bim N 1m0 N +1 exk3eMIUIsIpiB aHAJOTIYHUM YUHOM, CEpPEIOBH-
Ile BUKOHAHHS BHOMpAE OJHOTO 3 JOCTYIHHUX IPAIIBHUKIB 1 HAJAIITOBYE HOTO
JU1st 00CITyroByBaHHS 3a3HaueHol nporpamu. Ll nporenypa norpebye gacy, Tomy
3aTpuMKa 00poOieHHs noxii 30inbmryeTses. 106 yHUKHYTH 1BOTO AJSl KOXKHOT
moJiii, BXKE HAJAIITOBAHWUN i1 BUKOHAHHS IMEBHOI ()YHKIII MpAI[iBHUK ICSIKUN
Yyac 3aMINAETBCS MigHATUM. Konmu 3HOBY 3HamoOMTBbCA HOro BHKIMKATH, LEH
NpaliBHAK 3IMIIATAMETHCS JOCTYITHUM JIsl SIKHAUIIBUAIIOTO 0OpoOIeHHs 1o-
nii. Taka cuTyalliss Ha3UBAEThCS TEILUIUM CTapTOM [6]. Pe3ysibraTH XOJI0IHOTO
CTapTy AjIsl pi3HUX MOB NpOrpaMyBaHHS Ha MPOTECTOBaHMX IIaTdopmax 300pa-
JKeHo Ha puc. 10-12.

2,0

1,5

1,0

Secconds

0,5

0,0
JavaScript Go Python

Puc 10. Tpusanictp xonogHoro crapty Google Cloud Functions mis pisHux moB. Tem-
Hiwi AUTSHKYM — 67% Bunazakis, cBiTiimi — 95% [7]
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I3 rpadikis, 300paxkenux Ha puc. 10-12, MoxxHa 3pOOUTH BHCHOBOK, IO
TPUBANICTh XOJNOAHOTO cTapTy ¢yHkuid B OpenWhisk 3i cTangapTHUMEM Hamar-
TYBaHHSAMH MOKHA TOPIBHATH 3 TPHUBAIICTIO XOJOMHOTO 3amycky i Google
Cloud Functions. [Ipote mma OpenWhisk MoxnnBe BUKOpHUCTaHHS ONTHUMIi30Ba-
HHUX MapaMeTpiB 3alycKy, KOTpi NPUIIBUAINYIOTE BUKOHAHHS XOJOAHOT (YHKIIT
OLTBII HiX YIBIYI.

1,04
0,8
,; 0967
=
5 0,44
0,2
0,0

1- Java Best
2— Java Default

T T T T T
0 200 400 600 800 1000
Duration (ms)

Puc 11. Tpusanicts xonoxHoro crapry Apache OpenWhisk s moBu Java st cran-
JAPTHUX Ta ONTUMI30BaHHUX MapaMeTpiB GyHKii [§]

oy
0,81
3 0,6+
KL 0.44
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Puc 12. Tpusanicts xonoxHoro crapty Apache OpenWhisk mist moBu JavaScript must
CTaHJIAPTHUX Ta ONITUMI30BaHUX MapaMeTpiB GpyHKii [8]

BUCHOBKH

Pesynpratu nociimkeHHsT NEMOHCTPYIOTh, 0 miatdpopma Apache OpenWhisk €
nikaBoro FaaS anbrepuarusoto mis Google Cloud Functions. [onpu Bummid BXi-
JHHUI TIOPIr, ISl TEXHOJIOTIS BUmepemkae cepsic Google 3a rHyuKicTio yepe3 Oi-
JBITY KiJTBKICTh MATPUMYBaHUX TIATHOPM, MOXKIIMBICTE TOHKOTO HaNAIITYBaHHS
kimactepa Kubernetes Ta Bukopuctanas criemianizoBannx Docker oOpasiB. Takox
BXXJIMBOIO TIEPEBArol0 € He3aJekKHICTh Bia BeHaopa — kiactep 3 OpenWhisk
MO>KHA TITHSATH 5K y OyIb-SKOTO MMOCTaYaJbHUKA XMApHUX TOCIYT, TaK 1 Ha Bia-
cHoMy obnagHaHHi. [[f0 TEXHOJIOTiIO 3pyIHO BUKOPHUCTOBYBATH 1 SIK JOTIOBHEHHS
JI0 BXK€ HasiBHUX CEPBICIB, 1[0 BUKOPUCTOBYIOTH iH(ppacTpykTypy Kubernetes. ¥
uinomy mnargopma Apache OpenWhisk 3 BiAKpUTHM BUXiTHHM KOZOM € OiJIbI
THYYKOI0O 1 He MeHII (yHKIIOHATBFHOK 32 TMPOIpIETapHY IUIATPOpMy
CloudFunctions.

Apache OpenWhisk ycmimuo Gepe y4acTh B mneperonax 3 iHmmMu FaaS
wiaThopMaMu i MPOAOBKYE BIOCKOHATIOBATHCH 3YCHIUIAMU CHUIBHOTH IpOrpa-
MICTIB, III0 BHOCATH 3MiHU 70 ii BUXiHOTO Koxy. lle croHyKkae mocTadanbHUKIB
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XMapHHX TOCIYT 10 BIOCKOHAJIEHHS BIACHHUX PIllIeHb, & OTXeE, CIPUSE TIPOrpecy
B IIiH TaITy3i.

[IpoBenene moCTiHKEHHS KOHIICHTPYETHCS Ha TTOPIBHIHHI KOHKPETHUX ABOX
wiaThopM 3a KOHKPETHUMH MOKAa3HUKaMHU, 110 Ja€ 3MOTY BHSBHUTHU Kpallli Xapak-
TEPUCTHKH KOXKHOI 3 HAX Ha JaHOMY eTari po3BUTKY FaaS TexHomnorii. A Takox €
HiATBEPPKEHHSIM BaXKIIMBOCTI HMOAAJBIINX JIOCIKEHb, 110 103BOJIAThH ITOPIBHIO-
BaTH iHII TUIAT(OPMHU Ta PO3IMIMPIOBATH KIJIBKICTh MOKA3HUKIB JJIS IMiATPUMAaHHS
HAYKOBOI CIIJILHOTH 3 PO3POOJICHHS KpalluX PillleHb.
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CPABHEHHME HUCIIOJIb3OBAHUA APACHE OPENWHISK U GOOGLE CLOUD
FUNCTIONS IS PABPABOTKU BECCEPBEPHBIX ITPWJIOXEHHUU HA
BA3E GOOGLE CLOUD PLATFORM / T.E. Konnpartiok, T.A. Haymenko

AHHoTauus. [Ipon3BeeHO CpaBHCHHE HCHOJIb30BAHUS MPOIPHETAPHOH 00Ia4HOM
wiatdopmer Google Cloud Functions ¢ rmaTdopMoii ¢ OTKPBITBIM HCXOIHBIM KOJIOM
Apache OpenWhisk mis Hanucanus OeccepBepHbIX MpuokeHHH Ha 0aze Google
Cloud Platform. []nst cpaBHeHusI BEIOpaHbI TaKKE KPUTEPUH: HOAICPKUBACMBIE SI3bI-
KU IIPOTPaMMHPOBaHHs, yI00CTBO M CKOPOCTh Pa3pabOTKU U pa3BepThIBAHUS (YHK-
MM, BO3MOXKHOCTH IEpeAaudl NapaMeTpoB B (yHKIUH, ONIMH MOHUTOPHHIA CO-
CTOSIHMS (PYHKLHMH, CKOPOCTh XOJIOAHOTO cTapTa. B pesyibTaTe ObUIM ONpEIENICHBI
HPEUMYIIECTBA U HEAOCTATKU KaxJoi ruiardopmel. Ha Ga3e ocobeHHOCTEH IUaT-
(dopM, NpUBEICHbI PEKOMCHAAIMH K HCIOJB30BaHHUI0. Pe3ylbTaThl MCCIICIOBAHHS
MOTYT OBITH HCHOJIB30BaHBbI [UIsl JajibHeiuiero uzydeHus FaaS TtexHonmoruii, mo-
CKOJIBKY B 3TO# OOJIACTH CyLIECTBYET OTPOMHOE KOJHMYECTBO PEIICHHMH, KOTOPbIC
TaKKe He0OXOAUMO CPABHUBAT.

KawueBbie caoBa: Google Cloud Platform, Google Cloud Functions, Apache
OpenWhisk, OTKPBITBII HCXOAHBIN KO, DYHKIIHS KaK CEPBUC, MUKPOCEPBHUCHL

COMPARISON OF USING APACHE OPENWHISK AND GOOGLE CLOUD
FUNCTIONS FOR DEVELOPMENT OF SERVERLESS APPLICATIONS ON
GOOGLE CLOUD PLATFORM / T.Y. Kondratiuk, T.O. Naumenko

Abstract. A comparison of using proprietary cloud platform Google Cloud Func-
tions and open source platform Apache OpenWhisk for writing serverless applica-
tions based on the Google Cloud Platform was made. The following criteria were
chosen for comparison: supported programming languages, convenience and speed
of development and deployment of functions, possible ways to pass parameters to
functions, options for monitoring the status of functions, speed of the cold start. As a
result, main advantages and disadvantages of each platform were identified. Rec-
ommendations for use cases are given based on the features of the platforms. The re-
sults of the study can be used for further studies in the field of FaaS technologies, as
there are a lot of solutions in this area that also need to be compared.

Keywords: Google Cloud Platform, Google Cloud Functions, Apache OpenWhisk,
open source code, function as a service, microservices.
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HEYETKHUE JJOI'MYECKHUE BbIBO/IbI U 3AK/IIOYEHUSA
B OKCIHEPTHBIX CHCTEMAX MEJJUIIMHCKON
JAUATHOCTHUKHA

I0.A. 3AK

AHHOTamus. ['aBHBIME NpoOIeMaMy NPH YCTAaHOBJICHHH IPABHJIBHOTO JWArHo3a
SIBJISIOTCS: CYOBEKTUBHOCTh M HEJIOCTATOUHAsl KBAIU(UKALUS Bpaya, TPYJHOCTH B
MpaBUIBHBIX OI[EHKaX ’KaJlo0 MalMeHTa, IPU3HAKOB ¥ CHMITOMOB 3a00JI€BaHMS, Ha-
61r0/1aeMBIX y OOJIBHOTO, @ TAaK)K€ Pa3IUYHbIC BUJBI MPEICTABICHUS] CHMIITOMOB 3a-
GoneBanmsa. B myOnmkanmsax mo NPUMEHEHHIO SKCIIEPTHBIX CHCTEM MEIUIMHCKON
JIMarHOCTHKY C UCTIONb30BAaHNEM HEUETKOH JIOTHKH OCHOBHOE BHUMAHHE yJIEIIIOCH
MEJUIHCKIM OCOOCHHOCTSIM TpoOieMsl. Briepsrie cdopMymupoBaHsl o0IIHe Me-
TOJMYIECKHE aCIIeKTHl IIOCTPOSHHS TAKUX CHCTEM, CO3JaHMs 6a3 NaHHBIX, PEICTaB-
JICHUsI HEYEeTKMMH MHOXKECTBAMH JCHCTBUTENBHBIX YHCEN, LU(PPOBBIX LIKAJ, JIHH-
IBUCTHYECKMX M OyJEBBIX IAaHHBIX 3HAYCHUH CHMNTOMOB. [IpelsioxKeHBI BHUIIBI
(GYHKLMH PUHAUISKHOCTH, KOTOPBIE 11eJIECO00Pa3HO MCIOJIb30BaTh VIS IPECTaB-
JIGHHUSI CUMITOMOB 3a0oinieBaHuid. B fuzzy-noruyeckux BbIBOJAX MCHONB3YIOTCS HE
TOJBKO 3HAYECHHUS XapaKTePUCTHICCKUX (YHKIMI JIOTHIECKUX TEPMOB OTICIBHBIX
CHMIITOMOB, HO 1 CJIOXHBIC apu(pMeTHIeCKHe (yHKIIHH X 3HAUYCHUH.

KiroueBbie ciioBa: KHaCTepHLIﬁ aHaJlii3, MHOIOMEPHBIC q)yHKL[I/II/I NPUHAAJIC)KHOCTH,
HCHTPOUIBI fuZZy-MHO)KeCTB 00BEKTOB U KJIaCTEPOB, HEHTPLI TSHHKECTU U CPECIUHBI
CCUCHUN HEYETKUX MHOXECTB, KPDUTEPUHN OINTUMAJILHOCTU U AJITOPUTMbI KJIaCTCPHU-
3aluu.

BBEJIEHUE

B TpaaummoHHBIX METOaX MEIUIMHCKOW AMATHOCTHKU JMATHO3 M MPUYHHEI 00-
JIC3HU YCTAHABIMBAIOTCS Ha OCHOBE Pa3roBOpa, OCMOTPA U OOCIICOBaHUS TallH-
€HTa, aHaJlM3a CHUMIITOMOB, JKaJlo0 M CaMOYYBCTBHS MAI[MEHTa, KIMHUYECKUX U
71a00paTOPHBIX M OMOXUMHUYECKHUX JaHHBIX, PEHTI'CHOBCKHUX, YJIbTPa3BYKOBBIX,
KOMIIBIOTEPHBIX CHUMKOB, LIUTOJIOTMYECKUX MAaTEpUANIOB U APYTHX BUIOB UCCIEHO-
BaHMH. CXeMaTH4eCKH NPOILIECC YCTaHOBJICHHS TMarHo3a n3o0pakeH Ha puc. 1.
['maBHBIMU TIpOOIEMaMU IIPH MMOCTAHOBKE TPAAUIIMOHHBIMH METOJAMHU IIpa-
BUJIBHOTO JIMAarHO3a SIBJISIOTCS: CYOBEKTUBHOCTD W HEJIOCTATOYHAS KBATHU(UKAIIS
Bpaua B KOHKPETHOH 00JacTH MEIWIMHBI, TPYJHOCTH B IMPAaBWIBHBIX OIIEHKaX
Kao0, MPU3HAKOB ¥ CUMITOMOB, HAaOIMIOAaeMbIX Y OOJBHOTO, KOTOPBIE BBIpaXKe-
HBI HE TOJIBKO JEHCTBUTENBHBIMHU YHUCIAMHU, & U MIPEICTABICHBI TUHTBUCTUYECKUMHU
TepMaMu, OyJIEBEIMU MTEPEMEHHBIMH U Pa3MBITBIMU TOHATUSAMH [1, 2]. TlarueHTs
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3a4acTyl0 HE MOTYT TOYHO U SICHO JJIsl Bpaya ONUCaTh CBOM CUMHOTOMBI. MHorue
CUMITOMBI MOTYT OBITh OMUCAHBI TOJBKO JIMHTBUCTHYECKUMH TEPMaMHU (CHIBHO,
ocTpo, ciabo, 1aBHO, HEAABHO, MOATO ¥ T.11.). CTeneHb U xapakTep 00u U Ipy-
TUX CUMIITOMOB (TOIITHOTA, TOJIOBOKPY>KEHUE, IITyM B yIIaxX U Jp.) 3aBUCST OT Cy-
OBEKTUBHOTO OIIYIICHUS U OTHOIIEHHUS K CBOEMY 37J0POBBIO MAIMEHTA.

B],]ﬁpaHHa;[ CuMnToMaTHkKa nmanmueHTa
cxeMa JieYeHUs
SIBHO Cnabo
BBIpaKCHHBIC BBIpA)KECHHBIE
CUMIITOMBI CUMIITOMBI
— AHanu3 pe3ynbTaToB
JICUCHUS
TlOMONHHTE b HBIC JlonomHATEIBHBIC
.. FICCIICJTOBAHHUS HCCICAOBAHMA
IIponomxenne
JICYEHUS 110 TOU Ke
cxeMe
Heckonbko HexkoTtopoe MHOkECTBO
HpeJInoaraeMbIx BO3MOJKHBIX
IMATHO30B JINaTrHO30B

Koppexruposka
CXEMBI JICYEHUS

JlomoIHUTETEHEIE
UCCIICIOBAHUS

H3menenne
nHMar’osa 0oJIe3HH

BriOpaHHbIT
TUTSL ICUSHUST THATHO3

Puc. 1. Ilponecc ycTaHOBIIEHHS TUarHO3a

OnHO ¥ TO ke 3a00JICBaHUE MOKET MPOSBIITHCSA MO-PA3HOMY Y Pa3HbIX JIFO-
nei. OJHU U T€ e CUMITTOMBI, OIIYIICHUS U MOKA3aTeNy aHAIN30B MOT'YT OTHO-
CHUTBHCS K COBEPIIICHHO pa3HbIM 3a00JieBaHHUAM. B psijie ciydaeB oTJenbHbBIC Xapa-
KTEPHBIC W 4YacTO BCTPEYAIOIIMECS CHMIITOMBI JUIsl JaHHOTO 3a00JIeBaHUs
OTCYTCTBYIOT. Heckonmpko 3a00NeBaHMN y OJHOTO MAIlMEHTa MOTYT TaKXKe Me-
IIaTh YCTAHOBJICHHWIO TMPAaBHIBHOTO JUArHo3a. Pa3MbITOCTh 3HAUCHHH MHOTHX
CHMIITOMOB, & TaK)X€ TPAaHHYHOTO 3HAYEHHS 3TUX CHMIITOMOB, OTPEICISIONINX,
B CBOIO O4Yepe]lb, HAIMYME WM OTCYTCTBHE IMPEIIONIaraeMoro JHUAarHo3a, Takke
OCIIOKHSIOT TIPOIIeCC AUATHOCTHKY [3, 4].

INPUMEPBI CUCTEM JUATHOCTUKHU C UCITOJIB3OBAHUEM METOJ0OB
HEYETKOM JIOTUKU, ONMCAHHBIE B IUTEPATYPE

OTteuecTBEHHBIN U 3apyOEKHBIN OMBIT, @ TAK)KE MHOTOYHCIICHHbIE TyOIMKaluy B
HNEPUONUYECKON JIUTEpaType, MOSBIAIOLIMECS B MOCIEIHUE TOJbI, TOKa3bIBAIOT,
YTO HKCHEPTHBIE CUCTEMbI U MHPOPMALIMOHHBIE TEXHOIOTUH, 0000IIAtOIUe KIIH-
HUYECKUH OMBIT ¥ KBaJU(PHUKALUIO BEAYLIMX CICLHMAINCTOB B KOHKPETHBIX 00-
JacTAX MEIWIHUHBI, MOTYT OBITh 3()()EKTUBHBIM MHCTPYMEHTOM Ui TOYHOTO U
OBICTPOTO YCTAaHOBIICHUS MpaBWIBHOTO AuarHosa [1-4, 9, 11, 12]. DxcnepTHbIe
CHCTEMBbl MEIMIMHCKON TUAarHOCTHKH Yyxke 3P(PEeKTHBHO paboOTalOT B TaKUX CHU-
Tyalusix, Kak IpH YCTaHOBJICHHUHU IIPEIBApUTEIbHOTO AMarHosa [5], Ha3HaueHHE
HEOOXOOUMBIX JIeueOHBIX MEPOIPUATHH, BBHIIHMCKA JICKApCTB, aHAIN3 H300paxe-
HUll yneTpa3ByKoBbIX (Y3UM), peHTT€HOBCKUX CHUMKOB, CHUMKOB MPT (Maram-
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TOpe30oHaHCHas ToMorpadus) u kKoMmmbeoTepHoit Tomorpaduu (CT) [1], ompene-
JICHWE YETKUX TPaHUI] HOBOOOPA30BaHHM, MPOTHO3UPOBAHKE AalbHEHIIEro pas-
BUTHUS OOJIC3HU, TPUHATHE PEIICHUS O BO3MOXKHOCTH BBIITUCKU MAIUCHTA W3
O6onmpHUIEI U Ap. TouHOCTh BBIABICHUS naTonoruii mo Y3U u MPT Ha ocHOBe
METOJIOB aBTOMAaTHYEeCKOro aHain3a n3obpaxenuit npesbimaet 90% [1]. IosBu-
J1ach BO3MOXKHOCTB M3BJIEYh KaXKIIbI 00BEKT Ha n300paxennu. Ha ocHoBe 3TOTO,
€CJIM BaKeH KXl MUITUMETP, ¢ OOJBIIION TOYHOCTBIO ONPEACIISIOTCS YETKUE
TPaHUIBI OMYXOJH. DTO TIO3BOJHIIO MPH OMEPAIMOHHBIX BMEIIATENLCTBAX Mpa-
BUJIBHO BBIOPATh UETKUE TPAHUIIBI IPU OTICICHUM OMYXOJCBOW TKaHH OT 37]0PO-
Boi. Okmaercs, 9YTo B JAIbHEHIIIEM CHCTEMBI aHaln3a W300paKCHHM TO3BOJISAT
MaleHTaM y3HaBaTh O COCTOSIHUU 3I0POBBSI IO CHUMKaM, B TOM YHCJIE U B J0-
MAIITHAX YCIOBHUSX.

Bonbioe konmm4ecTBo myOIuKaIuil MOCBSIIEHO TPUMEHEHUIO HEYSTKON JIO-
TUKH B IMATHOCTHKE W JICUSHUH KapIUOJIOTHIECKHUX 3a0oneBaHuii. CucTeMa moj-
JMEPKKU TIPUHATHS pemreHnid Ha ocHOBe ANFIS 1 BBIABJICHHS BPOXKIACHHOTO
MOpOKa cep/la omnucana B padorax [8, 9], a skcrepTHas CUCTeMa aHaIu3a U JIH-
arHOCTHKH KJIAIIAHHBIX MOPOKOB cepana — B [8]. ['uOpuaHas uHTEIIEKTyambHas
CHUCTEMa KJIACCH(DHUKAITMU CEPACYHON apUTMHUH C HEUeTKMMH K-OmmkaimmMu
cocelIMU Y HEUPOHHBIMU CETAMH B COUYETAHUM C CHUCTEMOW HEUETKOH JOTHUKHU
omucana B padote [10]. HekoTopsie U3 3TUX TEXHOJIOTUH YK€ aKTHBHO MPHME-
HSIOTCS B KJIMHUKAX 110 BCEMY MUDY.

3HaYUTENbHBIE YCIIEXH JOCTUTHYTHI B AMArHOCTHKE W WACHTU(DHUKAIIUH 3I10-
KaueCTBEHHBIX OIyXOJIeH NMaxke Ha paHHUX CTaamsX ux pa3sutus [12, 13]. Ilpu
IUATHOCTUKE paka TPyAW aBTOPHI HCIIONB3YIOT W300paKeHHS C MaMMOTpaMM
[13]. Ouenkn n300paskeHUs paka TPy C UCITOJIB30BaHUEM aTalTHBHOMN CETEBOM
CHUCTEMBI HEUETKUX BBIBOJOB OMHCAHBI B padote [13]. OTMETHM Takxke ImyOInKa-
AW TI0 TUAaTHOCTHKE paka mpocTaThl [14], paka xoxwu [15] u paka meuenu [17],
omyxoJieil ToIoBHOTO Mo3ra [18], a Takke Mo KiIaccu(pUKAIUK THCTOTATOJIOTHYC-
CKHX U300paKeHU# TOICTOMN KUIKu [19].

W3BecTHBI ycrnemHble MPUMEHEHHS HEYETKOW JIOTHMKH B JHMATHOCTHUKE W B
Ipyrux obnacTsax MeawnwHbL. J[narHoctuka amabera omucana B pabore [20]. B
cucteme Foodopt, ocHOBaHHOW Ha HEUETKOHW JIOTHKE, pa3paboTaHbl peKOMEHIA-
UM Pa3yMHOW onTUMU3aIyy nutanus. Cucrema BbIOOpa M Ha3HAYSHHUE CXEM JIe-
yenus: BUU-nHGUIMPOBAaHHBIM MAIMEHTaM onucaHa B pabote [6], onpenencHue
Macchl Mo3ra — B cTaThe [21], 6one3nu AnpireiiMmepa — B myOnukanuu [22].

Cpeny TOCTH)KEHUH OTEUECTBEHHBIX U 3apyOeKHBIX aBTOPOB MOYKHO TaKKe
BBIICNIUTh CIICAYIONINE PE3yNbTAThl: PaHHSAS JAMATHOCTHKA M IPOTHO3UPOBAHHE
MOCJICONEPALIMOHHBIX OCIIOKHEHHM [7]; OLEHKa CepACUHOM NeATEeIbHOCTH; OIpe-
JIEJIEHUE PHUCKa OMEPaTUBHOTO BMEMIATENHCTBA B KAPAHOXUPYPIHUH; OIEHKA CTe-
MEHU OKOTa;, NUAarHOCTUKA COCTOSHUS IICHTPaTbHON HEPBHOW CUCTEMBI U Ip.
Bonbiroe kKonuuecTBo MmyOIUKaIUil M0 JAHHOW TeMaTHKe, MOSBISIONIMXCS B I0-
CJIETHUE TOMBI, CBUICTEIBCTBYET O MEPCHEKTUBHOCTH U 3((EKTUBHOCTH Pa3BH-
THS TaHHOTO HAIIPaBIICHUS MCCIIETOBAHMI.

Bo Bcex aTux myOimKaIusx OCHOBHOE BHUMaHHUE YAENSUIOCh METUIIMHCKIM
OCOOEHHOCTSIM KaXI0T0 JUArHo3a. ABTOPY HE U3BECTHBHI ITyOJIUKAIUN, B KOTOPHIX
OBl Ha OCHOBE HAKOIUICHHOTO OIBITA OBUIH OTpeeNieHbl 00JacTH MPUMEHEHUS
aTuX cucreM. He chopmymupoBaHbl 00IMe METOINYECKUE aCIEKThI UX MOCTpOe-
HUSI, HE OIMCaHbl METOAVMKHU CO3JaHMs 0a3 NaHHBIX, a TAKKe MPECTaBICHUS HE-
YETKUMH MHOKECTBAMHU JIMHTBUCTHUCCKUX M OYJIEBBIX JAaHHBIX 3HAUCHUIN CHMII-
ToMOB. He cymecTByer mNpuMEpOB WCIIONB30BaHUS B fuzzy-IIOrH4ecKux
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3aKIIOYCHUSX HE TOJBKO 3HAUCHHU XapaKTEPUCTUUCCKUX (PYHKIHHA JIOTHUECKUX
TEPMOB M ONEPATOPOB OTJENBHBIX CUMIITOMOB, HO M CJIOXHBIX apU(PMETUICCKUX
dbyuaknmid ux 3HadeHui. llenpro naHHOW MyOMWKanmMM SBISETCS perieHue chop-
MYJTHPOBAHHBIX BBIIIEC BOMPOCOB.

BO3MOJKHBIE OBJIACTH NIPUMEHEHHS DKCIIEPTHBIX CUCTEM
MEJUITHCKON TMATHOCTUKH

Hcnonb3oBaTh HHPOPMAIIMOHHBIE IKCIIEPTHBIE CUCTEMbI MEIUIIMHCKON JMArHO-
CTHKH LIeJIeCO00pazHo IS

1) onpeneneHus MaTOJOTHHA W YCTAaHOBJICHUS TOYHBIX T'PaHUI] HOBOOOPa30-
BaHnii mo Y3U (ympTpasBykoBoe uccienoranue), CT u MPT (koMmmberoTepHas u
MarHUTOpE30HAHCHAsl TOMOTpadusi) CHUMKaM;

2) BbIOOpa METOIOB JieueHH KOHKPETHON OOJIe3HU B 3aBUCMMOCTHU OT HAJIU-
YU COMYTCTBYIOIIUX OOJIe3HEH, 00IIero COCTOSHUS B BO3pacTa MalleHTa.

3) mpeaocTaBIeHUs] BO3MOXHOCTH TAI[HEHTaM JIaXKe B JOMAIITHUX yCIOBHIX
Ha OCHOBE aHaJIN3a U OMUCAHUSI COOCTBEHHBIX CHMIITOMOB IOYYaTh ¢ MOMOIIBIO
MHTEpHETa WH(POPMALHUIO O COCTOSHHM 3J0POBbS M HE0OXOIUMOCTH Oonee je-
TaJbHOMN TUATHOCTHKH U JICUSHUS Y CIIEIIUAIHCTOB;

4) moMoIy OMAaITHUM BpadaM M BpadaM oOmIero npoduis mo pe3yibraTam
NPOBEJICHHOTO HA MECTaX KOMIUIEKCA aHAIN30B U MCCIICIOBaHUM MOTy4YaTh KOH-
CYJBbTAIMIO 3KCIIEPTHOW CHUCTEMBI O MPEATOaracMbIX TUarHo3ax, HeoOX0IuMo-
CTH TIEpEYHS JIOTIOJTHUTENBHBIX MaHHBIX JUI OoJiee TOYHOW MUArHOCTHKH, TPE-
JaraeMoi CXeMBl JICYEeHHWS, CPOYHOCTH TPUHATHS OJKCTPEHHBIX Mep H O
npeaaraeMpIX IEHTPaX JEYCHUS B 0CO00 CIOKHBIX CIydasX;

5) cokpamieHus TOTePh BpeMEHH U CPEJICTB, IOTPAYSHHBIX HAa THATHOCTHKY,
IpU SBHBIX U OJHO3HAYHBIX 3HAYCHUSAX CHMIITOMOB HAJMUYHUS KOHKPETHOTO 3a00-
JICBaHUS,;

6) IPOTHO3UPOBAHUS TTOCIIEONEPAITMOHHBIX OCIOXKHEHHUHN, PA3BUTHS PAKOBBIX
OITyXOJIeH, JMHAMUKH CEPICYHOHN, IIOYEUYHON NEeSTENFHOCTH; OIICHUBAHUS CTele-
HHU H TMOCJIEJCTBUH OXKOTa, TEUCHHS W AMHAMHKH Pa3JIMYHBIX 3a00JICBaHUN U HX
BO3MOJKHBIX FICXOJIOB;

7) ompeneneHus 310pOB JU MAIUEHT, HYKIAeTCsI JIM OH B JAIBbHEHIIEM CTa-
HOHAPHOM JICUeHHH (a B Cllyyae OHKOJIOTMYECKUX 3a00JIeBaHHI — B XHMMUYeC-
KOU WJIM Ty4eBOW TEpaIuy) WM MOXET HPOJIOJDKUTH IPOIIECC BOCCTAHOBJICHHS B
peadMIIMTAlMOHHBIX LIEHTpaxX MM JOMAIIHUX YCJOBHUSX, a TaKkKe KOTJa U Kak
4acTo TpeOYIOTCS KOHTPOJIBHBIC UCCIEOBAHMS U TIOCEICHHUS Bpaya;

8) TecTupoBaHUs 3HAHUI MEIUIIMHCKOTO ITePCOHAIA.

OCHOBHBIE IIPEJINNOCHLIKMA IPUMEHEHHUS HEYETKOM JIOTUKA B
MEJIUIAHCKOM TUATHOCTHUKE

MHorue 3Ha4eHus] aHAJIU3UPYEMBIX (aKTOPOB U CUMIITOMOB IALIUCHTA BOCIIPH-
HUMAIOTCS BpadoM Kak HedeTkue (He OWHapHbIe) AaHHbIE. Tak, Hanmpumep, Bpay
OLICHMBAET CTENICHb OOJIM M €€ XapakTep, a He TOJbKO «bomut — He Oomut» (0
win 1), ee 9aCTOTy W Xapaktep (CTENeHb OCTPOTHI: CHIIbHASA, cladasi, KOJOIIasi,
JaBsIIas, MyJbcUpyIomas, (He)nepeHocuMas; HOUYHbIEe WK TTOCTOSIHHBIE), a TAKKe
CpeAHUH TPOLIEHT BPEMEHH CYTOK, KOTJa MAalMEHT HCIBITHIBACT 3TH OOJEeBBIE
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omymeHyus. Hackoapko yaydlmMIOCh MM YXYILIWIOCH COCTOSHUE ITallUEHTa
TaK)Ke OLEHMBAECTCA BPauoM T€pMaMH JIHMHTBUCTHYECKHX NEPEMEHHBIX. MOXKHO
MePEeBECTH ITU BXOAHbIC JaHHBIC B TOUHBIN IU(DPOBOI B, HCIIONB3YS IS TOTO
pasnuunbie UQpoBbIe WKaibl. Jpyroil myTe pelieHus 3TOW 3aJa4u — MpeacTa-
BUTH OMpEJICJICHHbIE AUAaNa30Hbl AEHCTBUTEIBHBIX YHCEN, JIMHIBUCTUIECKUE, OY-
JIeBBI IEPEMEHHBIE U [IU(POBbIEC NIKAIbl HEUETKUMU MHOXKECTBAMH, YTO MO3BOJIUT
IIPUHUMATh PELIEHUS HA OCHOBE METOJOB HEUYETKOI'O JIOTMYECKOro BeIBOAA. 1Ipu
YCTAaHOBJIEHUU AWArHO3a Bpad COMOCTABIISIET COOTHOIIEHHS 3HAYEHUH pa3IUYHbIX
CHMIITOMOB IAlIUEHTA, MPECTAaBIIAS UX B BUJIE JTUMHIBUCTUYECKUX TEPMOB U 00be-
JIMHEHMSI UX JIOrTMYecKuMHU oneparopamu Buja «W», «MJIN» u «HE». Ha ocHoBe
HEKOTOPOTO 3HAYECHUS 3TOH (YHKUUHU C ONpENeNeHHON CTENEHBbIO YBEPEHHOCTH
JIeNIAr0TCA HEOOXOJUMbIE BBIBOABI.

B ocHOBe ycTaHOBJICHUS AMArHO3a MIOCPENCTBOM NpaBuil fuzzy-10rudeckoro
BBIBO/Ia JIOJDKHBI JIE)KATh HEUETKHE JIOTWYECKHE TIepeMEHHbIC M TepMBbl, fuzzy-
JIOrTHYeCcKHe KOMIIO3UIMH, ONepaTtopsl U GpyHKIMH, fuzzy-loruueckas UMILIHKA-
U ¥ TIPaBHJIa HEYETKOT'O JIOTHYECKOTO BBIBOJA HA OCHOBE NPaBWJI BAA

«Ecmu {(0;; < f;, £0;,) u(umm) (0, < f;<0,,) }, Torna Q,, unaue — O, ».

31ecy f; U f; — HEKOTOpble (PYHKIUM, apryMEHTaMU KOTOPBIX SIBIIAIOTCS Tep-
MBI pa3lIWYHbIX 3HAYEHUH cuMOTOMOB; 0., 0,, u O, 0,, — ycraHOBIEHHBIE
IpaHUYHBIC 3HAUYEHUS 3THX QyHKIMH; O U O, — Pa3IUYHbIC IMHIBUCTUUECKUE

TEPMBbI JUATrHO3a PA3JINIHBIX Oole3Hel.
FuZZY—J’IOFI/ILI€CKI/I6 BbIBOABI, MOJCINPYS MBIIJICHUC YCIIOBCKA, MOT'YT HAaTb
BO3MOXHOCTB A€JIaTh YETKHUE 3aKIIIOYCHUA N3 HECTPOTHUX ITPEAIIOCHIIIOK.

NPEJICTABJEHUE 3HAYEHUI CUMIITOMOB 3ABOJIEBAHUS FUZZY-
MHOXECTBAMMU

CHUMITTOMBI, 3HAYEHUSI KOTOPBIX MOTYT OBITh MPEICTABJICHBI JCHCTBUTEIbHBIMH,
OyJeBbIMU, JUHTBUCTUYCCKAMHU [EPEMCHHBIMM WJIM 3HAYCHUSMHU YHUCIIOBBIX
IIKaJI, PACCMATPUBAIOTCS KaK HEUETKHE MHOXKECTBA. JTAIOHHBIN HAO0Op TEpPMOB
JTUHTBUCTUIECCKON TIEPEMEHHON W PYHKITUH MTPUHAIIICKHOCTH HEUETKOTO MHOXKeE-
CTBa BKIIIOYACT BCE 3HAYCHHS, KOTOPHIE MOXET NMpuHUMAaTh cuMmnToM. Och abc-
uce (pyHKIMU NMPUHAMIIEIKHOCTH 3TOTO HEUYETKOTO MHOXKECTBA MOXET OBITh BBI-
pakeHa JEWCTBUTENBHBIMH YHCIAMH B JHala30oHe MHHUMAJIbHOTO U
MaKCHMAJIbHOTO 3HAYEHUHN NaHHOrO CUMITOMA (B (PAKTHMUECKUX WM HOPMHUPO-
BaHHBIX 3HAYCHUSX, HANpUMmep, B auamazoHe [0, 1]), uHTEpBasaMu IUPPOBBIX
KT WJIA HANMEHOBAHHUSAMH Pa3IMIHBIX THHTBUCTUYECKUX TEPMOB.
XapakTepucTHIecKuMH (YHKIIUSIMH MOTYT OBITH TPEYTOJbHBIE (YHKIHH
NPUHAJIEKHOCTH, OCh a0CIUCC KOTOPBIX — JIMHTBUCTHYECKHE TepMBbI (pHC. 1),
KOTOPBIC MOT'YT OIMCHIBATh PA3JIMYHBIC CTEIICHU OOJICBBIX ONIYIICHUN MAIlMeHTA.
OTMmeTnM, YTO C TIOMOIIBIO TAKUX K€ TPEYTONbHBIX (DYHKIUH MpUHAIIIEK-
HOCTH (CM., HampuMmep, puc. 1) MOTyT OBITh TIPEACTaBICHB M OYJIEBHI TIEPEMCH-
Heie. [lepeMeHHas B 3TOM Cilydae MOXXET WUMETh TOJBKO 2 3HadeHus x =0 wuiu
x=1 ¢ COOTBETCTBYIOIIMMH 3HAYCHUSIMH (DYHKIUH MPUHAIICIKHOCTH — CO-
orBeTcTBeHHO y =, (X)=1 u (mm) y=p, (X)=0. Kaxxnomy nelictBuresns-

HOMY 4YHCIIy 3HAQUCHHA CHUMIITOMa WK OUAlla30HY COOTBETCTBYIOUIECIO €MY
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JMHTBUCTHYECKOTO TEpMa, a TAK)KE 3HAUEHUIO IU(PPOBBIX IIKAI MOXKET OBITH T0-
CTaBJI€HO B COOTBETCTBUE 3Ha4deHWE (YHKINHM IPHHAIEKHOCTH HEYETKOTO
MHO>KeCTBa BBIOpaHHOTO BUAa (puc. 2).

y
ys=1,0
Y4
3
Y2
Y1
0

\a b c d e f x

Her Cnabas boas  Ilepuommueckét Cyppuag HeHepe-

6omu  0OIb cpenHeit CUIIbHAs Gonp  HOCHMas

TSKECTH 00116 oone

Puc. 2. Tlpumep npeacTaBIeHUs CTEIICHA OOJIEBBIX OIIYIICHUI HEYETKUM MHOKECTBOM

JUId pa3IM4YHBIX 3HAYEHUM CUMIITOMAa COOTBETCTBYIOLIVME 3HAUYECHUS OpIUHA-
Tl QYHKIWUY IPUHAJICKHOCTH BBIYUCIISIOTCS IO (hOpMYyJIaM:

y=x)={0<<y<y,, ecmu a<<x<b},
y=x)={y <<y<y,, ecmu b<<x<c},
Yy=ux)={y, <<y<y;, ecau c<<x<d},
Y=Wx)={y; <<y <y, ecau d <<x<e},

y=(x)={y; <<y <<ys, ecmm e<<x << f}.

C nomompio (GYHKIMHM MPUHAMIEKHOCTH TAKOI'O THUIIA MOXHO, HalpUMep,
OIMCaTh YPOBEHb OOJIEBBIX OIIyHIeHWH nanueHTa. OTpe3oK mpsiMoil [a <<x <b |

COOTBETCTBYET COCTOSIHUIO OTCYTCTBHSI OONH, OTPe30K [b<<x<c ] — cnabas
nepuoandeckas 00k, 0TPe30K [c¢ << x < d| — 001b CpeaHel TsHkecTH (TIepeHo-
cuMast 00JTb); OTPe30K [d << x <e] — cuibHas 00Jb; OTPE30K [e<<x< f] —
OUYEHb CHIJIbHAs U HEMepeHOoCcHMas 0e3 pruemMa MeTMKaMEeHTOB 0O0JTb.

3HaueHre (YHKIMH TNPUHAIISKHOCTH HEUSTKOTO MHOYXECTBA, ONPECIISIO-
HIETO JIAHHBIM CUMIITOM, BBIYHCIISETCS, KOTJa ONpeJelieHO YUCIIOBOE 3HAYCHUE
JTAHHOTO CHMIITOMA WJIM HAUMEHOBAaHUE €TO JIMHTBUCTHYECKOTO TepMa.

[{eHTpanbHOE TPEYroNIbHOE W IEHTPATIBHOE TPANCIHEBUIHOE pacrpeere-
HUE, pa3jMyYHbIC BUJBI JICBO- M MPABOCTOPOHHUX TPEYTOJILHUKOB, Tpameluii, a
Takke (YHKIUHA M HOPMAIBHOI'O PACHpPENCNICHHUs W JPYTHX HEIUHEHHBIX
(yHKIMH, KOTOpBIC MPUBEICHBI BO MHOTHX pabortax mo fuzzy-moruke (cwm.,
Harpumep, [3]), MOKHO TaKKe MCIOJIb30BaTh B MEIUIIMHCKOM TUArHOCTHKE.
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Haxomst Taxke mupokoe NpUMEHEHHE CTyIeHUaThie (PYHKIIMU MPHHAIIICK-
HocTH (puc. 3). BMecTto OykBeHHBIX 0003HAaUeHWH Ha OcH X (pUC. 2 M 3) MOTYT
OBITh UCIIOJIL30BAHbI HU(PPHI COOTBETCTBYIOMIMX HUPPOBBIX MIKAI.

y
ye=l1

V3

)
b3

0
a b ¢ d e f X

Puc. 3. Ctynenvarast GyHKIMsI IPUHAJICKHOCTH

QOyHKINN TPUHAAJIEKHOCTH, TPEACTABICHHBIE HA pUC. 4, MOTYT OBITH HC-
MOJI30BAaHbI, KOT/1a OTKJIOHEHHUS B Ty WX MHYIO CTOPOHY OT HEKOTOPOTO 3Haye-
HUs (WK rara3oHa 3HAYCHWI) CUMIITOMA OMPEEIsieT HEKOTOPYIO TaTOJIOTHIO
MaIenTa.

y Yy
V4 / V4
W 2
B2
‘ ab ¢ d e X a b c d e [ x
a 9]

Puc. 4. llenTtpanbHble TIepeBEpHYTHIE TPEYTOIbHOE (@) U TpalelMeBHIHOE (O) pacipeeieHust

Cpenu HenmuHEHHBIX (GOpM (GYHKIUA TPUHAIICKHOCTH Haubombllee pac-
MPOCTPAaHEHHUE B MPAKTUYCCKUX MPUIOKCHHUSIX MOTYUYHIIN PA3IMIHOTO Poja IKC-
MMOHEHITHAIbHBIE 3aBUCUMOCTH (CM., Harpumep, [3]).

FUZZY-JTOI'NMYECKHUE ®YHKIIUU U OITEPATOPBI

B 3amayax MeIUIIMHCKOW NHArHOCTHKH, HapsIy C M3BECTHBIMH, II€JIeCO00pa3HO
UCIIOJIB30BAaTh HEKOTOpPBIE crieluduieckue apupMeTHIECKIe U JIOTHUECKHE OTie-
patopsl ¥ QpyHKIMU. PaccMOTpuM HEKOTOpBIE U3 HUX.

O6o03HaunM: N W n COOTBETCTBEHHO MaKCHMaJbHOE JOCTYITHOE Ha TaHHOM
CTaguM JIUArHOCTHUPOBAaHUS KOJMYECTBO CHUMITOMOB JaHHOTO 3a00JeBaHUS;
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Xi

CTBUTCJIBHBIM YHCJIOM, 3HAYCHUEM HEKOTOPBIX YHCJIOBBIX INKaJ, JIUHIBUCTHYC-
CKUM TEPMOM HJIM HEUECTKHUM MHOXKCECTBOM, T.€C. HCKOTOPLIM Pa3MBIThIM IIOHATHEM.

ITycts l71- ={4;. 4

iy
Craguy JUartoCTUKM CUMIITOMOB, U . (Al) — 3HA4YCHHC (l)yHKI_II/II/I MMPpHUHAJICI)KHO-
i

,i=1,...,n,..,N, — 3HayeHue cuMNTomMa A, BHIPa)KEHHOE HEKOTOPBIM Jeii-

.»A; } — TOIAMHOXXECTBO IOCTYHHBIX Ha JaHHOH
n

CTH 3TOTO CUMIITOMA 4; .

[TpuBenem Hamboliee YaCTO HCHONB3YEMBIE ONEPATOPHl U KOMIIO3UIIMK He-
YETKUX OTHOLICHHUH, pe3yJbTaTOM BBIIOJHEHHUS KOTOPBIX SIBISETCS 3HAUCHHE
(YHKINY IPUHAIIIEKHOCTH HUKE TIPUBENICHHBIX BBIpaXXeHUH [3].

Cpennne 3HadeHUss (QYHKIUHA TPUHANJIE)KHOCTH BCEX YCTAaHOBJICHHBIX
CHUMIITOMOB, Ha OCHOBE KOTOPBIX ONpEAENACTCS CpEeIHEB3BEIEHHAs CTENEHb
BJIMSHUS IIOJJMHOKECTBA BCEX JOCTYNHBIX Ha JaHHOHN CTaJUM AUarHOCTHPOBAHUS
(hakTOpOB:

I & I ¢
h :_zaiuxi(Ai)’ /> :_zail‘lxi(Ai)'
N3 Nz
3mecs 0<a,; <1 — BecoBble KOI()GUIMEHTBI, YAOBICTBOPSIOIINE COOTHO-

n
wennst Y o, =1,0.
i=1
| 1 .
B wactHOM ciywae o; =—, i=1,...,n, mm o, =—, i=1...,N.
n N
MuHNManbHOE W MaKCHUMallbHOE 3HadeHUs (YHKIUN TPUHAIICKHOCTH,
CTETIEHb BIIMSHHS TTOJAMHOMXECTBA BCEX NOCTYIHBIX B JaHHOW CTaJIMH JMATHOCTH-
poBanus (HaKTOPOB:

](3 = lr;lzlsr:q{B] uxl (Ail )7 BZ “xz (Ai2 )9'-"Bn I’J‘xn (Al )} ’

f4 = gllag; {Bl Mxl (Az'l )5 BZ l"lxz (Aiz )5" '>Bn “xn (Ain )} .

3necs rae 0<f; <1 — BecoBble KO3(PUIUEHTEI, yAOBIETBOPSIOLINE COOT-
n
Homennst » B; =1,0. B wactrom ciydae B, =1, i=1,...,n.
i=1
Ora (yHKIHUS onpenessieT 3HaueHue HanboJiee 3HAYMMOT0 CUMIITOMA, BEJIH-
YiUHA KOTOPOTO MOXET OKa3aThCid CYIIECTBEHHON MPU HAaIUYHMH HEKOTOPOTO
nuarHosa. BecoBble K03()(UIMEHTHI ONMPEeNsIoT Hanboyiee BaKHbIE (AKTOPHI,
XapakTepHble Ul JaHHOTO 3aboneBaHusA. OTMETHM, YTO ONEpaTop f; 9SKBHBA-
NeHTeH BbIpaxeHuto fuzzy-nmormueckoro M, a omepatop u f, — fuzzy-

norudyeckoro MJIN, mubo obbenuHenunto fuzzy-1morumdeckux MHOXECTB.
CpenHeB3BelICHHOE 3HAYCHUE MTPOU3BEICHUS STHX (PaKTOpOB

n N
fg:HBi“xi(Ai)a fGZHBiuxi(Ai)'
i=1 i=1

Bce comHOXUTENM TIpoM3BeNeHAS HaXxoaaTcs B npenenax 0 < Hy, (4)=<10

n 0<B; <10, i=1,...,n. CnegoBarenpHo, QyHKIMMN f5 U f¢, KaK U QYHKIUU
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fi 1 f,, IpUMEHSIOTCA B T€X ClydasiX, KOIAa TOJIbKO 3HAaYCHUs: HEKOTOPOH co-

BOKYIIHOCTH CUMIITOMOB MOTYT CBUACTCIILCTBOBATL O HAJIMYUH WUJIIM OTCYTCTBUU
HEKOTOporo auartosa. Kak mpasuio, ¢ yBeIMYCHHEM 3THUX 3HaueHud (f; — f4)

BEPOSATHOCTh HAIMYMS y MAMEHTa OOJIE3HH BO3PACTALT.

Kommencupytomniue onepaTopbl 60Jiee CI0KHOTO BHJA, C YBETHMUCHUEM 3Ha-
YeHHUs] KOTOPBIX, KaK MPaBUIO, BEPOSATHOCTh HAJIMUUS MPEIIOIaraeéMoro JuarHo-
3a BO3pacTaeT, MOTYT OBITh CJICIYIOLIETO BHIA:

f7=64f4—53f3,1“1[e 64 >O, 83>0, 64+63=1,0,

Sy =min(L0; p3 f3 +p4 f1). fo =min(L,0; p; f; +p4 f4) .
rae p; >0, py>0, p;+pys =10,

Jio =max(0,0; vy f4 —v3 f3). fi1 =max(0,0; vy f4 = 1),
rae V1>0, V4>O, V1+V4=1,0.

B yactHOM CJIydya€ 3HAUCHUSA BCCX BCCOBBIX KOB(b(bI/I]_[I/ICHTOB MOTYT OBITh
TaKNMM:

63 264 ZO,S; P1 =Py =0,5; VI =Wy =0,5; V3 =Vy =0,5.
Bripaxxenus fg, fo Ha3BaHBI OIlepaTOpaMy OTPAHUYEHHOH CyMMBI, a fj, H
11 — omeparopamMu OrpaHUYEHHOH pa3HOCTH.

B psne cimydaeB B omepaTopaX HEYETKOH JIOTHKH HCIOJIB3YeTCS TaKkKe
(yHKIUS TOTIOTHEHNUS

fiZ :uxi("zi)zlao_“’xi(Ai)'

JIn1si HEKOTOPBIX CIOXKHBIX MPHJIOKEHUH AJISl BBIYMCICHUS 3HaueHUs (PyHK-
UM PUHAIJIEKHOCTH HEUYETKHX MHOXKECTB U KOMITO3MLMH Pa3iIMYHBIX CHMIITO-
MOB MOTYT HCIIOJb30BaThcs OoJiee CIOXKHBIE COCTaBHBIE OIEPaTOPhl, BKIIOYAIO-
mye B OAHOM BBIPAXKEHWHM HECKOJBKO TPHUBEJCHHBIX BHILIE BBIPAXKEHUN
(oO6bepnHeHME TpyHIbl cuMITOMOB oneparopamu W u MJIN, Beruucienue cpen-
HUX 3HAYCHUH U IPOU3BEIEHUH CUMIITOMOB B OJJHO BBIPAXKCHUE).

XoTsl pe3yJabTaTOM BBITIOJIHEHHS BCEX THX ONEPATOPOB SIBIISETCS 3HAUCHHUE
(YHKUMU NPUHAIJIEKHOCTH PE3YIBTUPYIOMIET0 HEYETKOTO MHOXKECTBA, T.€. YHC-
1o B penenax [0,1], cam 3ampoc B CHCTEMY B POCTEUIIHX CIydasix MOXeT (op-
MYJIMPOBAThCSl U HAa €CTECTBEHHOM SI3BIKE C HCIIOJIb30BAHUEM JIMHIBUCTHUYECKHX
nonsatuil. Kak, Hampumep,

1) {«60ap — cunbpHas» U «mynbe — cnadwiity U («rynbe penkuiny NN «BbI-
MaJICHUS TYJIbCA JaCTHIEY)} ;

2) «moKa3aTenu KPOBM HA HAJTMYHE OMyXOJIM — HEBBICOKHE» M «Oomm B 00-
JIACTH JKUBOTA — CpellHEeH TspKecTH» M «yBelnueHne pa3MepoB TMEeYeHN — He3Ha-
YUTEIHHOS» }

OnHako CIIOXKHBIE COCTaBHBIE OIEpaTopbl TPpeOyIOT GOPMYJIMPOBKH 3ampoca
Ha CTCIMAIIEHO CO3JIaHHOM SI3BIKE M pa3paboTKu rpadudeckoro uHTepdeiica ais
nojb3oBatens. [IpuBeseHHbIE BhIE BBIPAKCHHS 3HAYCHUH KOOPAMHAT aOCcumcC
(yHKUMH TPUHAAJIEKHOCTH CHMIITOMOB HCHOJB3YIOTCS B HPEANOCBUIKAX pac-
CMaTpHUBAaEMBbIX HIDKE IIPABUIAX JOIMYECKOTO BBIBOAA. Brluncnsemsliil pe3yabrart
3HAYEHUsI TAKUX (QYHKLIUH TOJDKEH OBITh OTPaHUYeH HEKOTOPHIM BEPXHHM 3HaUe-
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HHUEM U (I/IJ'II/I) HIKHUM 3HadyeHHEM. B 3aBUCHMOCTU OT BBINOJIHECHUS YCTaHOBJICH-
HBIX 'PAaHUYHBIX 3HAYCHUH JIEIar0TCs COOTBETCTBYIOIINUE BbIBO/IbI O HAJIMYUHN WU
OTCYTCTBUU IIPECAIIOIAaracMoro auardosa.

YCTAHOBJIEHUE JUATHO3A HA OCHOBE FUZZY-JIOI'MYECKOT' O
3AKJ/IIOYEHNUSA

B ocHoBe ycTaHOBIEeHHMs AMarHo3a 3a0oneBaHus jexar fuzzy-mormdyeckue 3a-
kiroueHus (fuzzy-moruueckas IMIUTHKAIKS), T.€. MPABUIIA HEYETKOTO JIOTHYECKO-
T'0 BBIBOJIa, HAIIpUMEp, B popMme

ECJIU (a WIN b) U (c WIN d), TOTJIA G;
ECJIM [ (HE a) Y1 (HE b)], Y (HE ¢) WX (HE d)], TOTJIA H.

B neBoit wactu 3akiroueHus (B MPEANOCHUTKAaX) B Ka4eCTBE IMapaMeTpOB
a ¥ b MOTYT UCTIOIB30BATHCA HE TOJBKO 3HAYEHHS XapaKTEPUCTUYECKHX (PyHK-
IUH OTHIENBHBIX CHUMIITOMOB, HO M CJIO)KHBIX apU()METHYECKUX U JIOTUYECKHX
(hysk1mit 1 oneparopoB. [IpaBast 4acTh BBIpayKeHUSI — ATO YCTAHOBIICHHBIN THArHO3
Y CTETIEHb TOBEPHS JAHHOTO 3aKITIOUYCHUSI.

Kaxnmass u3 mpeamocsutok (JieBast 4acTh fUzZzy-IOTHYECKOTO 3aKITFOUCHHUS )
MOXKET OBITh (h)yHKIIMEW 000 CII0)KHOCTA HEYETKMX MHOXECTB 3HAUCHUH aHa-
TU3UpyeMBbIX cuMnToMoB. KonmndecTBo Takux fuzzy-npaBui onpenenseTcs KOu-
YECTBOM 3aKIIOYSHHH, HEOOXOAUMBIX JJISl TIOTHOTO MPEACTaBIEHUS B POpMHPO-
BaHMUS BCEX OCTYIMHBIX IS aHAJIW3a 3HAYCHUN CHMIITOMOB, a TaKXe BCEX
BapUaHTOB MPEAINOJIAraéMOro JUarHo3a.

Fuzzy-norndeckue BBIBOABI MOJEIHPYIOT IMPOIECC MBIIUICHUS YeIOBEKa.
Bpau, Takke aHaNM3UPYS TOCTYIHBIE €My 3HAUYEHUS BCEX TEPMOB JIMHTBHCTHYEC-
KHUX TEPEMECHHBIX CHUMIITOMOB, J€JIAeT BBIBOJBI O JUAarHose 3adoieBanus. [Ipe-
uMyIecTBa fuzzy-TexHoNOorHii B JAHHOM CITy4ae 3aKIF0YalOTCs B CIICAYIOIIEM:

— pelIeHns CHCTEMBI OCHOBAHBI HE Ha OTBITE W KBATM()UKANN KOHKPETHOTO
CIEIMAITUCTA, 3 0000IIA0T KOJUICKTUBHBIN KIMHUYECKUN OMBIT HAN0O0JIee KBAJIH-
(uIHMpOBaHHBIX B JAHHOW O0JIACTH CIICIMAJIMCTOB, a TAKXKE PE3YJIbTaThl aHAIN3a
COBPEMCHHBIX HAYYHBIX JOCTHKCHUI H MHOXXECTBA UCTOPUI O0OJIE3HEH;

— TaK KaK TOJHKO OYCHb BBHICOKOKBAIU(UIIUPOBAHHBIC CIICIUATMCTHI MOTYT
B HESIBHO BBIPAXEHHBIX CIydasx CAENaTh MPaBUIBHBIC BBIBOJLI HA OCHOBE COIOC-
TaBJICHHUA OOJBIIOTO KOJMYECTBA PA3TUYHBIX CHMIITOMOB, BBIPQ)KCHHBIX 3Hade-
HUSIMH T€PMOB JIMHIBUCTHYECKUX W NEHCTBUTENBHBIX MEPEMEHHBIX, 3TO MOXET
ObITh 3 (PEKTHUBHO BBIMOJIHEHO YKCIIEPTHOM CHCTEMOW Ha OCHOBE NPaBUJI HEYET-
KHUX BBIYHCIICHHUIA,

— B OTJIMYHE OT BO3MOXKHOCTH YeJIOBEKa MCIOIh30BATh TOJIBKO 3 BUAA JIOTH-
yeckux oneparopoB 1, MJIM, HE B akcnepTHBIX cUCTEMax MOTYT HUCIIOJIb30BaTh-
cs1 moObIe 0oJiee CI0XKHbIE ONEePaTOPH;

— €CIIM B TPAIUIMOHHBIX METOJIaX AMATHOCTUKU Bpay JIEJIACT TOJBKO BBIBO-
JIbI O HAJIMYWW WM OTCYTCTBHS JaHHOTO JMarHo3a 0e3 OIEHKH CTEIeHU JTOBEepHUs
MPUHATOTO BPAayoOM pelieHus, fuzzy-JorMyeckue TEXHOJOTHU PACCUMTHIBAIOT
3HaueHUs] (YHKIMH TPUHAIISKHOCTH KaXJIOTO PacCMaTpHUBAaeMOro JAMarHo3a,
T.€. ONPEAENSAIOT CTENEHb JOBEpUs KaXJIOH paccMaTpuBaeMOd allbTEPHATHBBI,
YTO TIO3BOJISIET CIENIATh BBIBOABI O HEOOXOAMMOCTH JATbHEHIIINX HCCIeIOBAaHIHA U
(unn) MeTonax JedeHusl.
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B xaxpnoi u3 nmpennocsutok Buaa «ECJIN ...», pe3ynpTaToM BBIYHUCIECHUS
KOTOPOM SBJISIETCSl 3HAa4Y€HHWE (QYHKIMM HPUHAIUIEKHOCTH COOTBETCTBYIOILETO
fuzzy-mMHOXeCTBa, MOTYT CTOSITh HE TOJILKO 3HA4YEHUS] TEPMOB OTICIHHOMN JIHH-
TBUCTHUYECKOM NMEPEMEHHOM, HO U pa3iMyHbIE BUABI MIPOCTBHIX U COCTABHBIX OIle-
paToOpOB HEYETKUX MHOKECTB!

ECIIA (R, < fr(4,4,....4,) S Ry) U (R; < f3(41, 4y,..., 4,) S Ry) ,
TOIJIA Ti;

ECIIN  (Rs < fy(4,4;,...,4,) S Rg) N (R; < f3(4y, 4p,.... 4,) S Rg),
TOTJIA T ;

VHAUE 7.

3anayeii e CUCTeM HEYETKOM JIOTUKU SIBJSIETCS MPOBEpKa MOJHOTHI M KOp-
PEKTHOCTH NPEACTAaBICHUS IPUBEAEHHON CUCTEMBI MPaBUIL

CTPYKTYPA FUZZY-JTOT'MYECKOM BA3bI 3SHAHUMN

Fuzzy-norudeckast 6a3a 3HaHWII COCTOMT M3 HEKOTOPOTO MHOKECTBa OTACIHHBIX
npasui Buga ECJIN ... TOT'JJA. Ctpykrypa 6a3bl 3HaHUH H300paskeHa Ha puc. 5.

baza 3nanAi IKCNEPTHOH CACTEMBI
- PAcCMATPHBACMEIC THATHOILL
- CHMITTOMBI JTHATHO38,

T'pajgmuecknii maTEpdeiic
M0.Ib30BATENIA:

= . - TCPMBI KAAIOI0 CHMITIOMA,
TIpeamonaraeMerit - IpejIonaraeMbit quarnos, | | - )Y HKITHH TPHEATEKIOCTE CHMITTOMA
AHATHOS HA OCHOBA-L_{| - HAMMCHOBAHHE HMCIOTIHXCT - THATRACTHUECKAE TEPMEI ROIMOKHBIX
HUH TIpHEMA CHMITTOMOR GOIE3HH, HATHOZ0E:
ManueHTa. - ’
1 SHAYCHHA HITH HAHMCHOBAHA - HCIIOMIL 3yeMEle YIKIHHE B onepaTopsl fuzzy-

TEPMOB KAXI0I'0 CHMITTOMA o MOTHEH

- IPAHHHEBIC SHAYCHHH OLICPATOPOB,
i - fuzzy-norauecKHe 3aKMOYESTHS,

IIpoBeTeHEE HeOOXOAAMBIX ACCACTOBARAN IlepeyeH HEOOXOMHMBIX

I HOTYYeHHS 3HAYCHAR CHMIITOMOB: HCCICTYEMBIX CHMIITOMOB

- 00CIIEOBHAE H PasrOBOp C MAHEHTOM, H AHAITH30B

- pe3yIbTaTEl He00XO0MMBIX TAG0PATOPHBIX .

AHAITH30B, YCTaHOBJICHHBII JHATHO3.
- perrrenoeckre, ¥3H, CT mm MPT Pexomennannm.

CHHMEKH, 4] ‘Heo0X0TAMOCTS JANLHEH-
- HCTOpHA DOJIC3HH IAIHEHTA, DIAX ACCICNOBAHHH .

Pe3yabTATHI IPOBEIeHHBIX

AHAJIH30B:

- TIepeYeHb FCCIE0BAHHBIX
CHMITTOMOB,

- 3HAUCHH FLTH THHTBHCTHYECKHE
TEDMEBI CHMITTOMOB.

- IPYTHE HEOOXOIHMEIC HCCICIOBAHH, J

Puc. 5. CtpykTypa ¥ mOCIIeOBATEIBHOCTh NPHHSTHS PEIICHUW Ha OCHOBE 0Oa3bl
3HAHUU CUCTEMBbI
Jlyis co3aHus ¥ MPEICTaBICHUS TAKOTo Habopa MpaBHl HEYETKOTO JIOTHYe-
CKOT'0 BBIBOJIa TpeOyeTcs mHbopmanmst 3kcnepToB. [Ipu co3nanmu Takux 6a3 3Ha-
HUH UCTIONIB3YIOTCS KaK JICYKTHBHBIC, TAaK U UHIYKTUBHBIC 3aKJIFOUEHHS, a TAKIKE
BEIBO/IBI, C/ICJIAHHEIE 110 aHAJIOTHH, U HECTporue 3akioueHus plausible reasoning.
dopmupoBanne 0a3bl 3HAHWA OCYIIECTBISICTCS JUIA KaXKIOTO paccMaTpH-
BaeMOTr0 THarHo3a Ha OCHOBAHUH CJICYIONIUX JAHHBIX:
— CTATUYECKOI0 aHaJIM3a OOJIBIIOr0 KOJIMUECTBA HCTOPHIA O0JIC3HU MAIIMEHTOR;
— pe3yJbTAaTOB KIMHUYECKHX, JTa0OPATOPHBIX, MATOJIOTHYECKUX M APYTHX
BHJIOB MCCIICOBAHMIA;
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— 0000IIIEHHOI0 OIBITA BEIYIIUX B IJAHHOW OOJIACTH MEIHUIIMHBI UCCIIEI0BA-
HUM ¥ CIEHHUAIIUCTOB, a TAKXKe JIMTEPATYyPHbIX UCTOUHMKOB. baza 3HaHMIl BKIIIO-
4yaeT: HeoOXOAMMOE MHOXKECTBA aHAJIU3UPYEMBIX CHUMIITOMOB, KOJHYECTBO 3HA-
YEHUI WM HAUMEHOBAHUHN TEPMOB KaXKJIOTO CUMIITOMA;

— BUIOB (DYHKIIMH NPUHANIEKHOCTH IJIS KaXKIOTO M3 aHAITU3HPYEMBIX
CHUMIITOMOB;

— BHUJ0B fuzzy-IOruYecKknux omepaTropoB, a TAaK)Ke TPAaHWIHBIX 3HAYECHUH I
Ka)XJI0M U3 pacCcMaTPUBAEMBIX MPEANOCHUIOK U 3aKIIIOUEHUI;

— MHOKECTBA COOTBETCTBYIOIIMX HEUETKUX JIOTUYECKUX BHIBOJOB IS KaXK-
JI0M U3 NpeanOChUIOK.

Kaxnomy mpaBuily MOCTaBIE€HO B COOTBETCTBUE OIPENEICHHOE 3HAYEHUE
(hakTOpa yBEpEHHOCTH.

METO/Ibl CO3JIAHMS FUZZY-JIOTMYECKOM BA3bI 3SHAHUI

Ha srane co3manus 6a3bl 3HAHUI BEAYIIHE CIIENUATUCTHI ONPENEISIFOT MHOMKECT-
BO aHAJIM3UPYEMBIX CHMIITOMOB JaHHOTO 3a00JI€BaHHA, a TAK)KE KOIMYECTBO 3HA-
YEHUW WJIM HaUMEHOBAaHUM TEPMOB KaxJoro u3 HuX. GopMuUpyeTcs HEKOTOPOE
MOJIMHOXKECTBO aJbTEPHATHBHBIX fUzZzZy-JIOTMYECKUX ONEPaTOPOB M MPABUII HE-
YETKOTO JIOTUYECKOTO BBIBOJA, KAXK0€ M3 KOTOPBIX COJIEPIKUT HEM3BECTHBIE 3HA-
YCHHA IapaMETpPOB. B }Z[aJ]I)HeI\/'IHIeM MaTEMATUYCCKUMHU MCTOJaMHM Ha OCHOBE
aHalln3a MHOXECTBAa UCTOpUN OOJIe3HHU, PE3yJIbTATOB KIMHUYECKUX, J1JAOOPaTOp-
HBIX, IMATOJIOTUYECKUX W JIPYTHUX BUJOB HCCIIENOBAHMM, a TaKKe B Ipolecce 00-
Cy)KIICHUII BBIOMpAroTCss Hambosiee A(PPEKTHBHBIE W3 HUX. MaTeMaTHYECKUMH
METOJ]laMM Ha OCHOBaHMM aHaJM3a UCTOPUH OOJIC3HU ONPEACISAIOTCS TaKue 3Ha-
YEHHsI ITHX IapaMeTpoOB, KOTOpPbIE B OOINBIIMHCTBE PAacCMATPHUBAEMBIX B IIPO-
IJTOM CIy4asx HamOoJiee 4acTo JaBajiil MpaBWIbHBIE pe3ylbTaThl. B kauecTBe
KpUTEpHUs ONTHUMAJIBLHOCTH BBHIOOpA BUIA OJHOM M3 HCCIENyEeMBIX albTepPHATHB-
HBIX MOJICTICH U €€ ONTUMAILHBIX [1apaMeTPOB MOXKET ObITh BRIOpaHA MUHUMU3A-
IUsI CPETHEB3BEIIEHHOTO CYMMAPHOTO KOJIMYIECTBA IIPHHSATHIX HEBEPHBIX PEIICHUH.
PaccmarpuBaeTcss MHOXKECTBO, BKIIOHaomee N CHMITOMOB X;, i=1,...,N,

KOKIBIA W3 KOTOPBIX MOXET coaepaTh K pa3sIudHBIX TEPMOB — x,-k,
k=1,...,K, i=1,...,N . PaccmaTpuBaroTcsi BOSMOXHOCTH yCTaHOBIIEHUS L paz-

JIUYHBIX AuarHo3oB — D, [=1,...,L. Kaxnas v -1 npuHATas MOJENb PELLICHUN

R
p=1,...,P,, KONMYECTBO KOTOPLIX paBHO B, .

., v=L...,VV comepuT BEKTOp HEU3BECTHBIX MapametpoB Z(R,) — z!, rue

[lycte Mopmenb MPUHATHS PEHICHUH TpPECTaBlIeHA HEKOTOPOH BBIOOPKOWM
MaHHeIX j=1,...,M. ]I KaXI0r0o KOHKPETHOrO0 Habopa 3HAYCHUI TePMOB BCEX
CHMITTOMOB x,-k (J), KOTOpEI 0003HAYNM KaK X ;, yCTAHOBJICH NPABUJIBHBIN [1a-

rao3 D;(j), j=1,...,M . B npouecce BbIOOpa JIyulIel U3 UccaeyeMbIX albTep-
HATUB M BHIOOpA ONTHMAJBHBIX MapaMETPOB KaXIOW M3 HCCIeIyeMbIX Mozeiei
YCTaHOBJICH 1MarHo3, KOTOPbLi 0603HaunM yepes d; (/) = F[R,(X;)].

BBenem B paccMOTpeHHE HEKOTOPbIE BECOBbIE KOI(D(ULMEHTHI, KOTOPBIE yC-
TaHABIMBAIOT LIEHY OLIMOKM MEXIy pPa3INMYHBIMH BapHaHTaMH YCTAHOBJIICHUS
HEMpPaBUIBLHOTO AUArHO3a:
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03 cClin D[(]):dh(])’

P = ny, >0, ecou  D;(j) He coBnagaer ¢ d;,(j).

-1 L
Ecnu [ e coBmagaer ¢ h, 10 0<py, <1; > > py =1

1=1 h=[+1
B KauecTBe KpUTEPHs ONTHMAILHOCTH BEIOUPAETCS BHIPAKECHUE
MLl L
D=3 > > Hydy(j)—>min.
=1 I=1 h=T+1

HeusBecTHbIMU mapamMeTpamMu 3TOH 3aJiadyu, KOTOPHIE JOJKHBI OBITH BEIOpa-
HbI HanOoee 3 (HEKTUBHBIM CIIOCOO0M, SBIISIOTCS MEPEUYCHb W TEPMBI HEUETKUX
MHOECTB 3HAYCHHUU Pa3IMYHBIX CUMITOMOB, HEM3BECTHBIC THapameTphl fuzzy-
JOTHYECKHUX OTEepaToOpOB, TPAaHHYHBIC 3HAYCHUS BEUYWH B MPEIIOCHUIKAX U 3a-
KITIOYCHUHY, 00ECIICUMBAIOIINX MTPABIILHOE pelieHue. /s BIYuCIeHHUS 3HAaUCHUS
KPUTEpUST ONTUMAIBHOCTH B KaXKJIOM H3 pPacCMaTPUBACMBIX aTbTEPHATHBHBIX
MIPABHJI HY>KHO BBIYUCIIUThH 3HAYCHHUE ONIMOKH B YCTAHOBJICHUM JMArHO3a JIJIS Ka-
JKAOTO j -TO U3 MHOXKECTBAa M KOMIUIEKTOB CTATUCTUYECKHX JIaHHBIX.

CdopmynupoBaHHas 3aaua sBIsETCS 3a/1aueii SKCIIOHEHIIMAIbHON CII0XKHO-
cTu. B KauecTBe METOJOB peuIeHus CHOPMYIUPOBAHHON 3a7adl MOTYT HCIIOJIb-
30BaThCsl METOBI TIO0ANBHOTO MOMCKA MU TeHETHYECKHE aNrOpuTMbL. Brioupa-
€Tci BApHAHT PELICHUs, 00ECHEeUMBAIOIINI HaujIydllee 3HaYeHHe BbIOPaHHOTO
KpHUTEpHUs HA MAacCUBE aHHBIX.

[Ipennaraercst creayrommii MyTh pelieHus: mpoOieMbl. Bunbl GyHKIMA ©
orepatopoB fuzzy-noruku (C TOYHOCTHIO IO ONpeACTIeHUs] HEM3BECTHBIX TTapaMe-
TPOB) YCTAHABIUBAIOTCS SKCIIEPTHBIM COBETOM BEIYILIUX CIIECLHAINCTOB B JAHHON
oOnactu MeauuuHbl. lleneHanpaBineHHO M3MEHsS 3HAYEHHS BEKTOpa HEHU3BECT-
HBIX [1aPaMETPOB M Ha OCHOBE aHAJM3a ITOJIyYE€HHOTO 3HAYCHUS! KPUTEPHUS Cpel-
HEB3BEIICHHOTO 3HAYEHUs BEIMYMHBI OIMUOOK MOCTABICHHOTO JMArHo3a, BBIOU-
paroTcsl ONTUMAJIbHBIE IMapaMeTphl U HAWIyUllee U3 albTEPHATHBHBIX MPAaBWI U
ONITUMAJIbHBIC MapaMeTpbl fuzzy-TOrHYecKux ONepaTopoB W T'PaHUYHBIC 3HAYE-
HUSI IapaMETPOB CHIEIaHHBIX 3aKIF0UEHHH.

3AK/IIOYEHUE

FHaBHI)IMI/I HpO6HeMaMI/I HpI/I IIOCTAHOBKC HpaBI/IJH)HOFO AUarHo3a Tpa):[I/IHI/IOH-
HBIMHA METOJIaMU SIBJISIOTCS: CYOBEKTUBHOCTh M HEIOCTATOYHAS KBATU(UKAIUSL
Bpaya B JIaHHON KOHKPETHON 00NAacTH MEIWIMHBI, TPYJHOCTH B IMPABUIIBHBIX
OTICHKAX KaJI00, MPU3HAKOB U CUMIITOMOB, Ha0OII0JaeMBIX ¥ OOJIEHOTO, 3HAYCHHUS
MHOTHUX U3 KOTOpLIX HC MOFYT 6LITI> YCTaHOBJ]eHBI TOYHO U OJHO3HAYHO BLIpa)Ke-
HBI JICHCTBUTEILHBIMU YUCIIAMH, & TPECTABICHBI JMHIBUCTUUECCKUMH TEPMAMH U
Pa3sMBITBIMH MTOHSATHSIMH, CXOAHOCTh 3HAYEHHI CHMIITOMOB IIPH Pa3HBIX 3a0o0Jie-
BaHUSX, HETPATUIIMOHHBIE METOJIBI MIPOTEKAHHUS 3a00JICBaHMI, a TaKXKe OOJIbIINe
00BeMBI MH(POPMAIIMH, TPABUIBHBIC BHIBOJIBI HA OCHOBAaHUH KOTOPOW HEOOXOIH-
MO C/IeNaTh B KpaTyaiie CPoKH.

HayuHble 1OCTHXEHHS ¥ KIMHHYSCKUHN OMBIT MOCACIHUX JIET [TOKA3aJIH, YTO
JKCIIEPTHBIE CHCTEMbI W HMH()OPMAIMOHHBIC TEXHOJOTHH, OOOOINAIOIINE OIBIT
BEJYIINX CHCIHAINCTOB B KOHKPETHBIX OOJACTSIX MEIUIMHBI, MOTYT OBITH 3(-
(DEeKTHUBHBIM WHCTPYMEHTOM JJI1 TOYHOW U OBICTPOH MOCTAHOBKU MPABHILHOTO
JIUartHosa.
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B paGote nokazaHo, 4T0, Tak Kak OOJIBIIIOE KOJIMYECTBO CUMITOMOB 3a00J1e-
BaHUS BBIPAYKAIOTCS TOJBKO JMHTBUCTHYECKAMH T€PMaMH I HEUETKHUMH JaH-
HBIMH, pellarolye MpaBuiia, OCHOBaHHbIE Ha ornepaTopax fuzzy-JIoruku u mpaBu-
JlaX HEYETKOTO JIOTHYECKOTO BHIBOJA, MOTYT OBITh HAJCKHBIM U IPPEKTUBHBIM
WHCTPYMEHTOM B aBTOMAaTH3WPOBAaHHBIX DSKCIEPTHBIX CHUCTEMAax MeEIHIIMHCKOMN
muarHoctukd. OmpeeneHbl 00JIacTH MPUMEHEHHS 3TOTO THITa HH)OPMAaIMOHHBIX
AKCIIEPTHBIX CUCTEM MEIMIIMHCKOMN TuarHoctuku. [IpuBeneHbl MHOTOYUCIICHHBIC
MPUMEPHI, ONIMCAHHBIE B OTCUECTBEHHON W 3apyOeKHOU IUTepaType, UCIIOIh30-
BaHUS fuzzy-TOTUKY B AMarHOCTHKE PAa3IMYHOTO BU/A IMAaTOJIOTHI: KapAHOIOTHH,
OHKOJIOTUYECKUX 3a00JIeBaHHUI Pa3iIMYHBIX OPraHoB, aHaIW3e CHUMKOB Y3U un
MPT, nuaGera, MpOTHO3UPOBAHMS TOCICONEPAIMOHHBIX OCIOXHEHUHN, pa3BUTHUS
Oome3Hen U ap.

[Mockonbky B OOJBIIMHCTBE MyOJIMKANMN OCHOBHOE BHHMAaHHUE YJENSUIOCH
MEAWIMHCKAM acleKTaM KOHKPETHOTO 3a00JIeBaHUS W MCIOJIB30BAIMCH OIpeEse-
JICHHOTO BHJIa TIPOCTHIE PEIIAIOIINE NMPaBUIa €ro TMArHOCTHKH, B JaHHOH paboTte
BIIEPBbIE PACCMOTPEHBI:

— BUAbl (YHKIMH TNPUHAIUIEKHOCTH, MpeoOpasyloliue pa3iuyHble BUIBI
3HAYEHW CHMIITOMOB, BBIPQ)KEHHBIX JEHCTBUTENBHBIME, ITUHTBHCTUYECKHMH,
OyJIeBBIMU TIEPEMEHHBIMH M TU(POBBIMHE [ITKAIAMHU B HEUETKUE MHOKECTBA;

— fuzzy-nornyeckuie 3aKiOYEHUs JUIS yCTAHOBIIEHUS THArHO3a, MCIOINB3Y-
IOIMe HEe TOJBKO 3HAYCHHS XapaKTePUCTHUECKUX (YHKIMH JOTHYECKHX Olepa-
TOPOB OTJCNIEHBIX CHUMITOMOB, HO W 3HAYCHHUS WX CIIOXKHBIX apH(PMETHYECKUX
(hyHKIHIT;

— BUBI apU(PMETUUCCKUX BHIPAKCHUN W JIOTHYECKUX OINEPAaTOPOB, UCIOIb-
3YEMEBIX B fUZZy-HOFI/I‘{eCKI/IX 3aKJIIIOUCHUAX

— CTPYKTypa U METOABI TOCTPOEHHUs 0a3 3HAHHUM CHCTEM MEIUIIMHCKON Ira-
THOCTHKH ¥ MPOLIECCOB MPUHITHSA HA UX OCHOBE PEIICHUH.

Ha ocHoBe 006001IeHHOT0 KIMHUYECKOTO OMBITa W OONBIIOTO 00beMa JaH-
HBIX, MOJIyYCHHBIX U3 UCTOPHUH 0OJe3HEH, BHIOMPAIOTCS BUIBI PEIIAIONINX Ipa-
BWJI, apu(pMeTHIecKre 1 JOTHYecKrue (PyHKINU OMEepaToOpoB M ONTHMAJIbHBIE ITa-
pameTpbl 3THUX (YHKIUE fuzzy-IOrMYEeCKHX 3aKIIOYCHHN, YCTAaHABIMBAIOTCS
JIMarHO3 M CTEIeHb OMACHOCTH KOHKPETHOTO 3a00JIeBaHUS, a TaKKe MOKa3aTeNn
HA/IKHOCTHU M CTENICHH JOBEPHs ITOIyIeHHOTO Pe3yIIbTaTa.
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HEYITKI JIOI'TYHI BACHOBKH I BUCHOBKH B EKCIIEPTHUX CUCTEMAX
MEJUYHOI AIATHOCTHUKMH / 10.0. 3ax

AHoTamisi. ['0I0BHUMH MTPOOIEMaMH MiJ] Yac MOCTAaHOBKH MPAaBUIILHOTO JiarHO3y €:
Cy0’€KTUBHICTD 1 HeJOCTATHs KBamidikallis Jikaps, TPYAHOIII B NPaBUIBHHUX OLIH-
Kax CKapr Maui€eHTa i CAMITOMIB 3aXBOPIOBaHHSI, sIKi CIIOCTEPIraloThCs y XBOPOro, a
TaKOX OCOOWCTI BHIM MOIAHHS CHMIITOMIB 3aXBOPIOBAaHHA. Y MyOJiKaIisx MIOI0
3aCTOCYBaHHS €KCIIEPTHUX CHCTEM MEIUYHOI JiarHOCTUKH 3 BUKOPHCTAHHSAM HEYiT-
KOT JIOTiKM OCHOBHA yBara MpHIUBLIIacS MEIUYHIM OCOOIHBOCTSM MPodieMu. Y po-
00Tl BHepIie chOpMyITHOBAHO 3arajibHi METOAMYHI aCHEKTH MOOYJOBU TaKHX CHC-
TeM, CTBOpPEHHs 0a3 NaHMX, MOJAHHS HEYITKUMH MHOXXHHAMH [IHCHHX YHCel,
U(POBHX IMIKAN, JIIHIBICTHYHUX 1 OyJIeBUX AaHMX 3HAYEHb CUMIITOMIB. 3aIlIpOIIOHO-
BaHO BHIU (YHKIIH HAJEKHOCTI, SKi JOIIPHO BUKOPHUCTOBYBATH ISl TOJAHHS
CHMIOTOMIB 3axBOpioBaHb. Y fuzzy-JOTiYHMX BHCHOBKAaX BHKOPHCTOBYIOTHCS HE
TINBKY 3HAYEHHS XapaKTEPUCTHYHUX (YHKIH JIOTIYHUX TEPMIB OKPEMHX CHMIITO-
MiB, ane i ckiagHi apudMeTndHi QyHKII] X 3HaYCHB.

Kawuogi ciioBa: kinactepHuii aHami3, 6araToBuMipHi GyHKIT HAIEKHOCTI, IIEHTPO-

inn fuzzy-MHOXHH 00’€KTIB 1 KJIacTepiB, LEHTPH TSHKKOCTI i CEpeUHH MEPETHHIB
HEYITKUX MHOXWH, KPUTEpii ONTUMANBHOCTI Ta aITOPUTMH KJIacTepu3aii.

FUZZY LOGICAL CONCLUSIONS AND CONCLUSIONS IN EXPERT SYSTEMS
OF MEDICAL DIAGNOSTICS / Yu.A. Zack

Abstract. The main problems in making a correct diagnosis are: subjectivity and
insufficient qualifications of the doctor, difficulties in correctly assessing the
patient’s complaints, signs and symptoms of the disease observed in the patient, as
well as individual manifestations of the symptoms of the disease. In publications on
the use of expert systems for medical diagnostics using fuzzy logic, the main
attention was paid to the medical features of the problem. In this work, for the first
time, general methodological aspects of building such systems, creating databases,
representing by fuzzy sets of real numbers, digital scales, linguistic and Boolean
data of symptom values are formulated. The types of membership functions that are
advisable to use to represent the symptoms of diseases are proposed. In fuzzy-
logical conclusions, not only the values of the characteristic functions of the logical
terms of individual symptoms, but also complex arithmetic functions of their values
are used.

Keywords: cluster analysis, multidimensional membership functions, centroids of
fuzzy-sets of objects and clusters, centers of gravity and mid-sections of fuzzy sets,
optimality criteria and clustering algorithms.
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Abstract. The article discusses topical issues of the influence of informatization on
the development of the country’s regions in the conditions of the modern unstable
world. The nature of the development of a region can be reflected and understood on
the basis of qualitative and quantitative information about its socio-economic indica-
tors, about their relationship and trends in their changes under the influence of inter-
nal and external factors. At the same time, information can most often be incom-
plete, difficult to access, untimely, contradictory, etc. Therefore, in this paper, it is
proposed to use a cognitive approach and cognitive modeling of complex systems to
overcome the problems of information deficiency by imitating cognitive modeling
of the structure and behavior of a complex regional system. The simulation was car-
ried out using the author’s CMCS (Cognitive Modeling Complex System) software
system. The results of multi-stage cognitive modeling, consisting in the development
of cognitive maps “Influence of ICT on the state of the region” and “Digitalization
of the republic” (according to the socio-economic state of the Republic of Dages-
tan), analysis of structural properties and modeling scenarios for the development of
situations on the model are presented. Scenarios make it possible to foresee the ways
of possible development of the system under the influence of various factors, includ-
ing the factor of informatization.

Keywords: complex systems, research, cognitive simulation, region, information
and communication technologies.

INTRODUCTION

Research question. In the cognitive studies of various complex systems (social,
economic, ecological, cyberphysical, etc.) conducted since the beginning of 2000,
the features and possibilities of a cognitive approach to their study were studied,
and a methodology for cognitive modeling of complex systems was developed.
The methodology combines both known and new models and methods into a sin-
gle system: 1) identification of the studied objects in the form of cognitive models
of different levels of complexity, 2) analysis of the properties of models, 3) fore-
seeing (forecasting) options for the development of situations in the system on its
model, 4) justification of decisions.

In the study, the results of which are presented in this article, the goal was
for the first time to determine, using the cognitive modeling tools of complex sys-
tems, the possibilities and nature of the influence of informatization on the socio-
economic development of the region. The general provisions and results of the
study of the socio-economic system of the region, taking into account the possi-
bilities of informatization, were concretized for the Republic of Dagestan in the
Russian Federation. When studying the state of the republic, the tasks were set to
predict its socio-economic development, subject to the development of informa-
tion and communication technologies (ICT) and the development of an ICT
management strategy.
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Basic theoretical provisions of cognitive modeling of complex systems.
Let us briefly present a number of information about the cognitive modeling of
complex systems, which have been repeatedly presented in the author’s works, for
example [10-14, 23]. This is necessary for further presentation and explanation of
the research results. Cognitive modeling of complex systems is a multi-stage cy-
clical research process. Its result is the presentation of the structure of a complex
system in the form of a cognitive model of varying complexity (mathematically,
this is a cognitive map — a sign oriented graph, vector sign digraph, functional
digraph, etc.), analysis of the model’s properties (structural properties, stability,
sensitivity, etc.), anticipation of possible situations of development of events in
the system in the form of various scenarios of development [1, 2, 7, 19].

The first stage is to develop a cognitive model based on the analysis of theo-
retical and practical knowledge in the studied subject area, based on the analysis
of statistical data, according to expert polls.

The basis of any cognitive model is G — a cognitive map (1), which is the
structure of a system consisting of a set of vertices V ={v,}, i=1,2,..k and a set

of relationships between them E = {eij}, L,j=12,.k :
G=(V,E). (1)

Model (1) fixes a set of cause-and-effect relations £ between the main ver-
tices — objects (concepts, entities, factors) of the set ' of the complex system
under study. In addition to the sets V' and E, sets X of vertex parameters and
characteristics of connections between the vertices can be defined in the form of

weight coefficients w; or functions Fj; = f(x;,x;,e;); in the latter case, the

cognitive model is defined as a vector parametric functional graph [19].

The second stage of cognitive modeling of complex systems is the stage of
studying the properties of the cognitive model (stability, connectivity, complexity,
etc.). The presence of this stage makes cognitive modeling of complex systems,
for example [10,11] different from traditional works on cognitive modeling of
socio-economic and political systems, such as, for example [1-9,18-22].

The third stage is the stage of developing possible scenarios for the devel-
opment of the system under the influence of changes in internal and external fac-
tors, control actions (situation management) [1, 2, 7, 19, 22, 25, 26]. To determine
the processes of the development of situations on the model, the impulse process
model is used [2, 7, 19]. Let us present it in the form [7, 10, 19]:

k-1
x, (n+1)=x, (n)+ z f(xl-,xj,e,-j)Pl_ (n)+Q;(n), 2)
vje=e;eE ’
where x,;(n), x,;(n+1) are the values of the indicator x,; at the vertex v; at the
steps of the simulation at the moment 7 =n and following it t=n=1; P;(n) is the

magnitude of the impulse at the vertex v;; Q;(n) is the vector of external distur-

bances introduced at the moment ¢ =n.

The final fourth stage of cognitive modeling of complex systems is the stage
of making decisions on the choice and subsequent implementation of the desired
scenario for the development of a complex system.

Cognitive simulation is supported by the CMCS software system [23].
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COGNITIVE MODELING OF INFORMATION INFLUENCE ON SOCIO-
ECONOMIC DEVELOPMENT OF THE REGION.

As a result of the collection and processing of the existing practical material on
the influence of informatization on the development of regions, it was possible to
come to the conclusion about the lack of information about this influence; basi-
cally, such information is of a declarative nature. Therefore, an approach based on
imitative cognitive modeling was chosen to obtain the missing information and
clarify theoretical assumptions about the positive impact of ICT on the successful
development of regions. Based on the generalization of existing data on the im-
pact of ICT on socio-economic indicators, the main concepts (16 peaks) were se-
lected and a cognitive map was developed (Fig. 1).
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. ~ |
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Fig. 1. Cognitive map G “Impact of ICT on the state of the region”

The implementation of all stages of cognitive modeling based on the cogni-
tive map G (Fig. 1) and the analysis of the results obtained made it possible to use
the G model as the basis for this study.

The purpose of the study of data on Dagestan was to determine the impact of
digitalization on the development of Dagestan, to foresee the possible socio-
economic development of Dagestan, subject to the development of ICT, and the
subsequent development of an ICT management strategy that contributes to this.

Stage 1. Development of a cognitive model. At the initial stage, it was nec-
essary to check the causal relationships between socio-economic indicators and
the development of ICT in the Republic of Dagestan in accordance with model G.
All values of the indicators were taken from information on the regional econ-
omy, as well as statistical data from the state statistics bodies of the Russian Fed-
eration and the Republic of Dagestan. The selected socio-economic indicators of
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the region are interrelated, affect each other to one degree or another, but in this
study it was ICT indicators that played a key role in the study [15, 17, 22].

As such indicators, we have identified the following socio-economic indicators:
GRP of Dagestan, Standard of living, Labor productivity, Industrial and technological
backwardness, Corruption, Unemployment rate, Investment in ICT, Innovation,
Use of ICT in organizations, Number of employed specialists in ICT, Expenses
for ICT, Legal regulation of ICT, Electronic business security, Computer
literacy, Educational programs in ICT, Dagestan Development Corporation.

Table 1 shows a fragment of data on the vertices of the cognitive map with a
description of them and their role in the cognitive map, in table 2 — a fragment of
data on the relationship between the vertices.

According to Table 1, each vertex has its own purpose: target, basic, control,
disturbing. After identifying the peaks, it is necessary to establish causal
relationships between them (a fragment of the description and explanation is
presented in Table 2). The ratio between the vertices can be either positive, which

corresponds to the “+” sign, or negative, the

“- sign.

The G1 cognitive map corresponding to Tables 1 and 2 is shown in Fig. 2.

Table 1. Tops of the cognitive map G1 “Digitalization of the Republic”

Code Vertex Explanation of vertex selection Yertex
name assignment
GRP of the GRP isa generalizc.ad indicator of the development of the
Vi Republic |Fe&ion- The Republic of Dagestan ranks 32nd in the rating| Target
epublic of regions in terms of GRP in the Russian Federation
Investment in ICT is an investment of money on the de-
Va2 Investment| velopment of ICT, it is an investment in fixed assets. A | Manager
in ICT |number of investment projects are outlined in the republic| (entrance)
... The costs of ICT in the republic are low and very unstable
According to Rosstat, the use of information and communica- Indicative
V4 |Use of ICT| tion technologies in the organizations of the republic is low,
as well as the average share of expenditures on ICT ... (output)
V6 | Corruption There is corruption in the government, the clan and ethnic| Basic
nature of power, hinders the real development of ICT
Unem- The republic has favorable demographic trends, but an 0
. N . . .Outrageous
V12 | ployment | unfavorable socio-economic situation, which contributes
rate to the growth of the unemployment rate
Develop- By the Decree of the Presi.dent of the Republic of July 22,
V15 ¢ 2013 No. 208, a Corporation for the Development of Da- M
men . . . . anager
. |gestan was created in the republic, the main goal of which
Corporation is the implementation of innovative projects
The poverty level in 2018 was 15,1% compared to the
Living previous year (almost 500 thousand people). ... In terms of] Target
V16 the “average size of pensions” indicator, the region is on
standard the 85th (last) place. The republic ranks 83rd in the coun- (output)
try in terms of family welfare
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Table 2. Causal relationships (relationships) between the vertices of the cogni-

tive map G “The impact of digitalization on the main indicators of the develop-
ment of the Republic”

Code| Vertex-cause | Vertex-effect Explanation of the relationship Sign
Investments in fixed assets can be classified
as significant indicators affecting GRP.
eis V3. Investments | 11 the rep'ubhc,' investments mainly goto |
residential buildings and premises, but
V1. GRP of more investment in information and com-
the Republic munication technologies (ICT) is needed
V14. Educational [Growth of GRP affects the implementation .
€L programs on ICT of educational programs on ICT
V16. Living An increase in GRP increases the living .
cLis standards standards and well-being of people.
Dagestan Development Corporation provides|
. +
€154 | V15. Devel- V4. Use of ICT its platform for the promotion of ICT projects
. opment V5. Number of |specialists Attracts investors and ICT spe- n
153 |Corporation of| employed ICT cialists to cooperation
the Republic i
ers P V7 ICT costs ICT costs havg a bene;ﬁmal e:ffect "
: on corporate innovation projects
ross regiponal pred aay > Vlﬁ.S?n\ardofliuing
V2. Invefiriam ‘
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Fig. 2. Cognitive map G1 “Digitalization of the republic”

Stage 2. Analysis of the properties of the cognitive map G1 “Digitalization
of the Republic of Dagestan”.
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1. Determination of the degree of the vertices of the graph G1. The analysis
of the degrees of the vertices of a cognitive map is carried out in order to deter-
mine the role of each vertex in the structure of the system according to its influ-
ence (or influence on it) on the entire system and to select the vertices that are
most significant in terms of the number of incoming and outgoing arcs. This is
necessary, among other things, to select the vertex to which it is most desirable to
make changes. Fig. 3 shows the results of the corresponding calculations.

Graph properties

Vertices: 17. Edges: 53.

Vertex P P+ P-
V2. Investment in [CT 6 1 5
V3. Innovation 7 5 2
V4. Use of ICT a9 5 4
V5. Number of ICT Professionals Employed 7 5 2
V6. Corruption 8 5 3
V8. ICT Legal Regulation 4 1 3
V9. Electronic Business Security 6 4 2
V12. Unemployment rate 6 L] 2
V13. Computer literacy & 2 4
V14, ICT educational programs 5 2 3
V16. Standard of living L] L] 0
V7.ICT Costs 8 4 4

Fig. 3. Determination of the degrees of vertices G1

As can be seen from Fig. 3, the top V4. Use of ICT can be considered the
most significant (p =9), significantly affecting the entire system (the number of

outgoing arcs, half-degree p—=4). Information about the degree of vertices can

also be used when selecting vertices to which changes will be made during mod-
eling scenarios.

2. Analysis of paths of the graph G1. Using the CMCS software system [22],
it is easy to analyze all possible paths from any vertices of the graph. Fig. 4 shows
one of the options for paths from the top of V15.Education System to the top of
V4.Use of ICT, i.e. the paths of V15 impact on V4 are analyzed. There are more
than 200 such paths. In Fig. 4, only one of the positive paths is marked (a “posi-
tive path” is a path in which there are no or an even number of negative arcs). It
can be interpreted as going from top to top. Fig. 5 shows the path

Vis 2V 2 Ve oV, >V o7,

a simpler version of the transition from V15 to V4 (to facilitate the process of in-
terpretation in the article): the top of V15. The Education System has a “positive”
effect on the top of V14. ICT educational programs, this leads to a weakening of
the V6 top. Corruption, weakening Corruption leads to positive changes in the
sequential chain of V7.ICT Costs, V13.Computer literacy and V4.Use of ICT.

3. Analysis of the cycles of the cognitive map. In Fig. 6 shows the results of
determining the cycles of the cognitive map G1 and highlights one of its negative
and positive cycles.
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In total, there are 589 cycles in the G1 model, of which 159 are negative and
430 are positive. Positive feedback loops are loops with no or even number of
negative arcs; these are cycles of accelerators of processes in the system. Negative
feedback loops are loops with an odd number of negative arcs. These are
stabilizer cycles.

V10. Labbi ductivi i
Productivity Security
Paths

Start V15. Education system ~ | End V4. Use of ICT -

-(A0):=VI5 -> V14 > V13 > V5 ->V0 = V6 > V1 -> V2 > V10 -> V& -» V4
+ (4.0) 1 V15 -> V14 -> V13 -> W5 -> V9 -> V6 -> V1 -> V2 -> V11 -> V3 -> V10 -> VB -> V4
+ {5.0) = V15 -> V14 > V13 > W¥5-> V0 = V6 -> V1 -> V2 = Vil -> V12 -> V3 -> VI0 -> V8 = V4

Fig. 4. One of the positive paths from V15 to V4

Vid.}
/ rograms

Paths ucational

Start V15. Education system ~ | End V4, Use of ICT -
CAWLWIL VLI CAVIS A VU A VT 2 VLD A VDA VIU -2 Vo2 Ve ~
-(3.0):VI5-> V14> V6 > V7 - VI3 > V4
+(5.00:V15-> V14 -> V6 -> V7 -> V13 -> V5 -> VO -> V10 -> VB -> V4
-(4.0):V15->V14-> V6 -> V7 -> V13 -> V5-> V12 -> V3 -> V10 -> V8-> V4
-(6.0):V15->V14-> V6 -> V7 -> VI3 -> V9 -> V10 -> VB -> V4
L0 VIS > VIL-> V3 -> V5> VO > V6 -» V1> V14 -> V13 -» V4
-(-2.0):V15-> VI1-> V3 -> V5-> V9 -> V6 -> V1 -> V14 -> V4
-(2.0):V15-> V11 -> V3 -> V5-> V9 - V6 - V1 -> V2 -> V4

Fig. 5. One of the negative paths from V15 to V4

As well as in the analysis of the paths (cause-effect chains) of a cognitive
map, the analysis of the cycles of the model reveals the contradiction / non-
contradiction of its theoretical and practical information about the system under
study and accordingly corrects the model. In addition, cycle analysis allows you
to determine the structural stability of the model.
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—\ N\

Educational
V13. Computer literacy %%mgmms
Cycles. Total: 589. Negatives: 159. Positives: 430. h%
+ BOIVI-> V14> VId-> W > VO > VI > V> VID-> VB> V9 > Vb -> V1 - \
+ (LO)V1->V14->V13-> V4> V6-> V1
= (3.00V1-> V14> VI3-> V4> VT -> V3 -» V5 -> V9> V6 -> V1 \

= (5.0)V1->V14 -> VI3 -> V4> V7 -> V3 -2 V5 -> V9> V10 -> VB -> V6 -> V1

= (LOYV1-> V14 -> V13 -> Vd -» VT -> V3 -> V10 -> V11 -» V5-> V8-> V6 -> V1

+ (5.00V1-> V14 -> V13 -> V4 -> VT -> V3 -> V10 -> VB -> V6 -3 V1 .

+ (6.0)V1->V14->V13->V4 > V7 ->V3->V10-> VB-> V8-> VG -> V1 V6. ption

Fig. 6. Highlighting the cycles of the cognitive map G1

4. Analysis of structural stability and stability of the model to disturbances.

The analysis of structural stability is carried out according to the results
of determining the cycles of the cognitive map [3, 10, 24, 25]. If the model has
an odd number of negative cycles, then it is considered structurally stable. In this
case, there is structural stability, since there are 159 negative cycles in the sys-
tem.

The analysis of stability to disturbances and by the initial value is carried out
according to the results of calculating the roots of the characteristic equation of
the matrix of relations RG cognitive map [7, 8, 10, 14]. For stability, it is neces-
sary that the largest modulo number of the characteristic equation of the matrix of
relations be less than one. Fig. 7 shows the result of calculating the roots RG1.
Since |M|=1,92 > 1] the system is not stable to disturbances.

Eigenvalues

# Real part Imaginary part Module (1.9236)
o 1.9236 0.0 1.9236
1 -0.976 1.3926 1.3926
2 -0.976 -1.3926 1.3926
3 14671 0.0 1.4671
4 -0.0366 1.3852 1.3852
5 -0.0366 -1.3852 1.3852
6 0.5057 0.8212 0.8212
7 0.5057 -0.8212 0.8212
8 -0.858 0.0 0.858
9 -0.6639 0.4091 0.6639
10  -0.6639 -0.4091 0.6639
11 -0.0956 0.5038 0.5038
12 -0.0956 -0.5038 0.5038
13 0.0 0.0 0.0

14 0.0 0.0 0.0

15 0.0 0.0 0.0

16 0.0 0.0 0.0

Fig. 7. Calculation of the roots of the characteristic equation of the matrix RG1
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Stage 3. Scenario modeling. Modeling of scenarios of possible development
of situations is carried out by means of impulse modeling [7, 19, 21, 23], formula (2).
The CMCS software system [23] allows impulse modeling by introducing pertur-
bations into one, two or more vertices of the model; the impulse value can be
greater or less than 1 (at the beginning of the study it is recommended to set the
impulse g=+1 or ¢ =—1) and be applied at the initial or any other simulation

cycle. In the article, we present the results of impulse modeling for three fairly
indicative scenarios.

Scenario 1. Let the use of ICT begin to increase in the republic, which is
imitated by introducing a perturbation into the vertex V4. Use of ICT (impulse

q, =+1), a vector of perturbations O ={gq; =0,...,q4 =+1,...,4;7 =0} .

The calculation results are shown in Table 3 and Fig. 9.

Table 3. Results of the computational experiment, Scenario 1

Vertex Step
O 1|2 |3 |4]|5]6]|7]|8]|9]10
V1. GRP of the Republic OO0 |0 |1 |1 ]| 1] 7|6 /|13|46]42
V2. Investment in ICT 00|01 O0 1 1 1 716 |13 |46
V3. Innovation 00|01 ] 4] 4 |12]25|37]|90 (165
V4. Use of ICT O 1 | 1|13 ]|5]7/20]32]|51]136
V3. Number r‘l’afé%fnploye oot 1]s]9o|12]3] 6103 26s
V6. Corruption 0|0 |-1]-1|-1]-7]-6]|-13|-46|-42]-109
V8. ICT Legal Regulation 0101]0|1 1 L |97 |14]56]|52
79. Electronic Business
Security 0Ojo0|O0]|-1|1]|-3]-6|4]-23(-30|0
V12. Unemployment Rate 00| O0|-1]-2]-5]|-5]-18[-35|-43|[-126
V13. Computer Literacy oOo|o0]0}|1]O0 1|6 |2 |11]34|17
V14. ICT Education Programs{ 0 | 0 | O | O | 1 | 2 | 2 | 8 | 13|19 |59
V'16. Standart of Living 010 |0 | 1|3 ]| 5]|14|19]44 100|144
V7. 1CT Costs Ojo0|1|O0|O]|4]0]|3]|21|-2]35
V10. Labor Productivity 0|01 1 1 9 | 7 |14 |56 |52 (124
Vl‘cel:égglliigtiréill aggkwardness 01010 -2 -1 -1 -13)-71-171-77-50
V'15. Education System 00| 0] 0]1 1 1 71 6 | 13|46
il r?) agestan Development | o | o | o | o | 1 [ 1| 1|7 |6]|13]|46

According to Table 3, graphs of impulse processes and a histogram of im-
pulse values at 7 simulation steps are constructed — Fig. 8. Impulse modeling can
be carried out until the tendency of possible development of situations in the sys-
tem is clearly manifested.

Scenario 2. Let the Dagestan development corporation begin to function in
the republic, which is modeled by the introduction of a control impulse g, =+1
into the top of V17; vector of perturbations. The graphs based on the calculation
results are shown in Fig. 9.
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Scenario 3. Let corruption increase in the republic, but the Dagestan de-

velopment corporation begins to function and Labor productivity grows; vector
of perturbations:
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The graphs based on the calculation results are shown in Table 4 and in Fig. 10.

Table 4. Results of the computational experiment, Scenario 3

Vertex Step
2 3 4 5 6 7 8 9 |10
V1. GRP of the Republic -1 10 3 2 3 11|19 |45 68
V2. Investment in ICT 0| -1 0 3 2 3 |11 |19 |45
V3. Innovation 0 2 9 9 |10 | 33 | 66 | 106|200
V4. Use of ICT 1 2 1 4 |12 |24 | 38|62 |156
V5. Number of ICT Profes- 3 9o | 1711713995 147|287

sionals Employed

V6. Corruption 3 -2 (-3 |-11]-19|-45|-68 |-114

1 3|5 |11 |13]14]61 (107
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The considered scenarios are not the only ones possible in this system; in the
course of the study, various options were considered when disturbing one, two,
three or more vertices.

As can be seen from the results of impulse modeling (Tables 3 and 4, as well
as Fig. 8-10), all scenarios indicate the same type of “positive” development of
events in the “Digitalization of the Republic” system, displayed by the cognitive
map G1. When making control actions to the top V4.Use of ICT, then to the top
V7.Dagestan development corporation, then immediately to three vertices V7.
Dagestan development corporation, V10.Labor productivity, V4.Corruption, there
are tendencies of increase in the analyzed socio-economic indicators: GRP of Da-
gestan, Living standards, Unemployment rate, Investment in ICT, Innovation,
ICT use in organizations, Number of employed specialists in ICT, ICT spending ,
ICT Legal Regulation, Electronic Business Security, Computer Literacy and ICT
Education Programs while Reducing Corruption and Industrial and Technological
Backwardness.

The above examples confirm the assumption that the development of ICT in
the Republic of Dagestan and the adoption of an organizational decision to create
the Dagestan Development Corporation for this purpose should bring positive
results in improving the living standards of the population, improving the educa-
tion system.

CONCLUSION

The methodology of cognitive modeling of complex systems, including the SMC
toolkit, is a convenient means of not only understanding, explaining, and antici-
pating the possible development of a complex system (socio-economic, ecologi-
cal, political, socio-technical, etc.), but also formalizing the corresponding cogni-
tive processes. The latter makes it possible to diversify a complex system much
deeper and more fully than can be done by traditional methods and in conditions
of incomplete information. This is illustrated

The article discusses topical issues of the influence of informatization on the
development of regions on models such as cognitive maps. Further studies of the
influence of ICT on the socio-economic indicators of the republic are aimed at the
development of mathematically more complex cognitive models, including func-
tional dependencies between some peaks of cognitive maps.

REFERENCES

1. N.A. Abramova and Z.K. Avdeeva, “Cognitive analysis and management of the de-
velopment of situations: problems of methodology, theory and practice”, Problems
of management, no. 3, pp. 85-87, 2008.

2. Z.K. Avdeeva, S.V. Kovriga, D.I. Makarenko, and V.I. Maksimov, “Cognitive ap-
proach to management”, Management problems, no. 3, pp. 2—8, 2007.

3. RM. Axelrod, The Structure of decision: The Cognitive Maps of Political Elites.
Princeton, NJ, Princeton University Press, 1976, 404 p.

4. R.H. Atkin, Combinatorial connectives in social systems. An application of sim-
plicial complex structures to the study of large organizations, Interdisciplinary sys-
tems research. Springer Basel AG, 1997, 245 p.

5. R. Atkin and J.L. Casti, “Polyhedral Dynamics and the Geometry of Systems”,
1IASA Research Report RR-77-006, 1977.

Cucmemni docnioxcenna ma ingpopmayivini mexuonoeii, 2021, Ne 3 83



G.V. Gorelova, S.R. Magomedova, S.A. Feilamazova

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

84

H. Barcelo, X. Kramer, R. Laubenbacher, and C. Weaver, Foundations of Connec-
tivity Theory for Simplicial Complexes. Department of Mathematical Sciense, New
Mexico, 1998.

J. Casti, Connectivity, Complexity, and Catastrophe in Large-scale Systems. A Wiley
— Interscience Publication International Institute for Applied Systems Analysis.
JOHN WILEY and SONS. Chichester—New Y ork—Brisbane—Toronto, 1979, 203 p.
J.L. Casti, “Polyhedral Dynamics — II: Geometrical Structure as a Basis for Decision
Making in Complex Systems”, IIASA Research Memorandum RM-75-034, 1975.

J.L. Casti and A. Karlqvist, Complexity, Language, and Life: Mathematical Ap-
proaches. Springer-Verlag (Heidelberg), 1985.

C. Eden, “Cognitive mapping”, European Journal of Operational Research, no. 36,
pp. 1-13, 1998.

G.V. Gorelova, E.N. Zaharova, and C.A. Radchenko, Researches of semi-structured
problems for social-economical systems: Cognitive approach. Rostov: RGY, 2006.
G.V. Gorelova, “Intellectual Cognitive Technologies for Cyber-Physical Systems”,
Lecture Notes in Networks and Systems, 95, pp. 617-631, 2020.

G.V. Gorelova and N.D. Pankratova, “Scientific Foresight and Cognitive Modeling of
Socio-Economic Systems”, IFAC PAPERSONLINE, vol. 51, iss. 30, pp. 145-149, 2018.
G.V. Gorelova and A.A. Saak, “Scenario cognitive modeling of development trends
of the complexity system “Youth, Labor Market, Quality of Life”, System Research and
Information Technologies, Scientific and Technical Journal, no. 1, pp. 103—121, 2021.
Innovative development of socio-economic systems based on foresight and cognitive
modeling methodologies. Collective monograph; ed. G.V. Gorelova, N.D. Pankra-
tova. Kiev: Naukova Dumka, 2015, 464 p.

T. Kasimova, S. Magomedova, and Z. Ismikhanov, “Econometric models for Rus-
sia’s GDP analysis and forecasting in the industrial section of the economy in condi-
tions of its digital transformation”, Journal of the Knowledge Economy, 2020.

L.J. Hettinger, A. Kirlik, Y.M. Goh, and P. Buckle, “Modelling and simulation of
complex sociotechnical systems: envisioning and analyzing work environments”,
Ergonomics, 58(4), pp. 600-614, Apr 2015.

A.Kh. Karanashev and A.G. Karasheva, “Cognitive modeling of the investment cli-
mate of the Kabardino-Balkarian Republic”, Bulletin of the Adyghe State University.
Series 5: Economics, no. 2 (180), pp. 129-137, 2016.

S.V. Kovriga, “Methodological and analytical foundations of the cognitive approach
to SWOT-analysis”, Management problems, no. 5, pp. 58-63, 2005.

V.V. Kulba, D.A. Kononov, S.S. Kovalevsky, S.A. Kosyachenko, R.M. Nizhe-
gorodtsev, and 1.V. Chernov, Scenario analysis of the dynamics of the behavior of
socio-economic systems (Scientific edition). M.: IPU RAN, 2002, 122 p.

P. Langley, J.E. Laird, and S. Rogers, “Cognitive architectures: Research issues and
challenges”, Cognitive Systems Research, vol.10, no. 2, pp. 141-160, 2009.

V.I. Maksimov, “Cognitive technology — from ignorance to understanding”, Sat.
Proceedings st International Conference “Cognitive analysis and development
management situations”, (SASC’2001), Moscow: IPU RAN, 2001, vol.1, pp. 4-18.
L.G. Matveyeva, Ye.V. Mikhalkina, and O.A. Chernova, “The possibilities of the
Russian regions capacity increasing under the external threats”, Economy of Region,
no. 1 (41), pp. 96-104, 2015. doi: 10.17059/2015-1-9.

Program for cognitive modeling and analysis of socio-economic systems at the re-
gional level. Certificate of state registration of computer programs No. 2018661506
dated 09/07/2018.

F.S. Roberts, Discrete mathematical models with application to social, biological
and environmental problems. Prentice-Hall, Inc. Englewood Cliffs, New Jersey,
1976, 496 p.

F.S. Roberts, Graph Theory and its Applications to Problems of Society, Society for
Industrial and Applied Mathematics. Philadelphia, 1978.

Received 09.08.2021

ISSN 1681-6048 System Research & Information Technologies, 2021, Ne 3



Cognitive modeling of informatization influence on socio-economic indicators of the region

INFORMATION ON THE ARTICLE

Galina V. Gorelova, Institute of Management in Economic, Social and Ecological Sys-
tems of the Southern Federal University, Russia, e-mail: gorelova-37@mail.ru

Sabina R. Magomedova, ORCID: 0000-0002-0684-623X, Dagestan State University,
Russia, e-mail: msabina 1990@mail.ru

Svetlana A. Feilamazova, ORCID: 0000-0002-2290-2916, Dagestan State Technical
University, Russia, e-mail: konspirator13@mail.ru

KOTHUTUBHOE MOJIEJINPOBAHUE BJIUSIHUA NHOOPMATU3AIIUNA HA
COIMAJIBHO-5KOHOMUYECKHE MMOKA3ATEJIM PET'UOHA / I'.B. I'operno-
Ba, C.P. Maromenosa, C.A. ®deiinamazoBa

AHHOTanus. PaccMOTpeHBI aKkTyanbHBIE BOIPOCH! BIMSHUS HH(OPMATH3ALUH Ha
pa3BHTHE PETHOHOB CTPAHBI B YCIOBHSAX COBPEMEHHOIO HECTAOWIFHOTO MHpa. Xa-
paKTep pa3BUTHS PErHOHAa MOXKET OTPAXKAThCsl M IOHUMAThCSl HA OCHOBAHHH KauecT-
BEHHOH M KOJMYECTBEHHON MH(MOPMALUH O €ro COLHMAIBHO-IKOHOMUYECKHX MOKa3a-
TelsX, 00 UX B3aMMOCBSA3M M TEHACHIUI NX U3MEHEHUH MO/ BIUSHUEM BHYTPEHHUX
1 BHEIHHX (akTopoB. [Ipu 3ToM nHGOpMAIHA Yaie Bcero MOXKeT ObITh HETIOJHOM,
TPYIHO DOCTYIHOH, HECBOEBPEMEHHOH, IpOTHBOpednBoi U T.II. [ToaTomy B pabote
HPEUIOKEHO HCII0JIb30BaTh KOTHUTHBHBIN MOAXO M KOTHUTHBHOE MOJICIMPOBAaHHE
CJIOXKHBIX CHCTEM HJIsl IPEO0IEHHs TTpobieM HHPOPMALMOHHONW HEAO0CTaTOYHOCTH
MyTeM HMUTAI[IOHHOTO KOTHHTHBHOTO MOJEIHPOBAHUS CTPYKTYPHI M ITTOBEACHHS
CJIOXKHOW PEernoHaIbHOHN cucTeMbl. VIMATAIIMOHHOE MOJISITMPOBAHUS IPOBOIUIIOCH C
MOMOIIBIO aBTOpcKoi mporpammHoil cuctemsl CMCS (Cognitive Modeling Com-
plex System). IIpuBeneHbI pe3ynbTaThl MHOTOITAIIHOIO KOTHUTHBHOIO MOJEIHPO-
BaHUsL, COCTOSILETO B pa3paboTke KOTHUTUBHBIX KapT «Bnusuue KT Ha cocrosHue
peruona» u «UudpoBuzauus pecnyOnukn» (O JaHHBIM  COIMAIBHO-
HSKOHOMHYECKOTO COCTOSIHHS peciyOnuku Jlarectan), aHaiau3a CTPYKTYPHBIX
CBOMCTB ¥ MOJEIMPOBAHUS CLIEHAPUEB Pa3BUTHUs cUTyaluid Ha mozenu. CreHapun
MO3BOJISAIOT MPEABUACTh IMyTH BO3MOXKHOTO PAa3BUTHS CHCTEMBI IOJ BO3JIEHCTBHEM
Ppa3HbBIX (aKTOPOB, B TOM YHCIe — (hakTopa HHPpOpMATH3AIHH.

KuroueBble c10Ba: CII0XHBIE CUCTEMBI, UCCIICAOBAHUEC, KOTHUTUBHOC MUMHUTAILMOH-
HOC MOJCIIMPOBAHUE, PETUOH, I/IH(1)OpMaIII/IOHHO-KOMMyHI/IKaIIPIOHHI)Ie TCXHOJIOT'UH.

KOrHITUBHE MOJIEJIOBAHHSI BILUIMBY IH®OPMATHU3ALIIL HA
COIMIAJTIBHO-EKOHOMIYHI IOKA3HUKHU PET'IOHY / I'.B. I'openosa, C.P. Ma-
romenoBa, C.A. deiinamasoBa

AHoTauisi. Po3risiHyTO akTyasibHi MUTaHHS BIUIMBY iH(pOpMaTH3alii Ha PO3BUTOK
perioHiB KpaiHM B yMOBaX Cy4acHOTO HECTaOUIBHOTO CBiTy. XapakTep PO3BHTKY
perioHy Mo)ke BimoOpakaTucs i po3yMiTHCS Ha MiacTaBi SIKICHOI 1 KiNbKiCHOT
iHpopMamii mpo HOro CoIiaTbHO-eKOHOMIYHI IOKAa3HUKH, iX B3a€MO3B’SI3KH 1
iH(opMaris HaifuacTime Moxxe OyTH HEIOBHOIO, BXKKOJOCTYITHOIO, HECBOEYACHOIO,
cynepewnBolo 1 T.iH. ToMmy y Tmpami 3ampormOHOBAaHO BHKOPHCTOBYBATH
KOTHITHBHUM MiAXiJ i KOTHITUBHE MOJETIOBAHHS CKJIQJIHUX CUCTEM JJIsi BUPILICHHS
npo6ieM iHGopMaLiiiHOT HETOCTATHOCTI HMUIAXOM IMITAIlifHOTO KOTHITUBHOTO MO-
JIETIIOBAaHHSI CTPYKTYPH 1 TOBEIIHKH CKIAIHOI perioHajmbHOI cucTeMu. IMiTariiHe
MOJZICIIOBaHHSI BUKOHYBAJIOCh 3@ JIOIIOMOIOI0 aBTOPCHKOI IPOrPaMHOI CHCTEMH
CMCS (Cognitive Modeling Complex System). HaBeneno pesynbrati 6araroerar-
HOTO KOTHITUBHOTO MOJIENIOBAHHS, 1[0 CKJIAJAE€ThCS 3 PO3POOICHHS KOTHITHBHUX
kapT «BrummB IKT Ha cran periony» i «llndposizamis pecmyOmikm» (3a JaHUMHA
COIiaJIbHO-EeKOHOMIUHOr0 CTaHy peciyOuiku Jlarectan), aHaii3y CTpyKTypHHX Biia-
CTHBOCTEH 1 MOJICNIIOBAHHs CIIEHApiiB PO3BUTKY cuTyauiit Ha Mozeni. Cuenapii na-
I0Th 3MOTy INepen0aynTu NEpCIeKTUBY PO3BUTKY CHCTEMHM IIiJl BIUIMBOM Di3HHX
(hakTopiB, B TOMY YHcii — (akropa iHpopMaTH3alii.

KirouoBi ci1oBa: cKiiagdi CUCTEMH, JOCIIHKEHHS, KOTHITUBHE IMITALIiiHE MOIEIIIO-
BaHHS, PErioH, iHPOPMALIHHO-KOMYHIKaL[IiHI TeXHOJIOT1.
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ANALYSIS AND REVIEW ON FUZZY EVALUATION
OF THE PERFORMANCE
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Abstract. In modern conditions a comprehensive analysis of development trends
and their effectiveness in various areas of human activity increasingly requires the
analysis of data accumulated in numerous documents stored on the global network.
Such an analysis is based on annual results in many areas of research, time trends
and keywords. This analysis has certain peculiarities: it requires an analysis of not
always accurate numerical information, comparison of qualitative indicators, obtain-
ing both qualitative and quantitative characteristics, as well as the use of reference
information for researchers and decision makers in related fields. In this regard, in
recent years, a fuzzy assessment based on fuzzy mathematics is increasingly used in
all types of assessing the effectiveness of various activities. The paper deals with
conducting a bibliometric study based on the Extended Science Citation Index (SCI-
E) and fuzzy performance measures to understand research trends and areas of fo-
cus. This paper takes the relevant scientific papers in Web of Science database as the
research object, and analyzes the research trends with the help of bibliometrics. The
results show that the number of papers published in the world is on the rise. The
number of papers published in China and Iran is higher than that in other countries
and regions. However, the number of papers cited in the United States and Turkey is
higher than that in other countries or regions. Islamic Azad University is the largest.
The research topics focus on fuzzy sets, fuzzy logic, genetic algorithms and per-
formance evaluation. The research hotspots before 2011 included expert systems,
neuro-fuzzy systems, and pattern recognition. After 2011, the research hotspots be-
came neural networks, fuzzy sets, and machine learning.

Keywords: information and communication network, data processing system, on-
tology, model, analysis, scaling, class, relations.

INTRODUCTION

The fuzzy comprehensive evaluation method is gradually developed on the basis
of the fuzzy mathematics theory proposed by Zadeh in 1965 into a method for
comprehensive evaluation of difficult to define fuzzy targets [1]. The comprehen-
sive evaluation method is based on the membership degree theory of fuzzy math-
ematics. Qualitative evaluation is transformed into quantitative evaluation, that is,
using fuzzy mathematics to make an overall evaluation of things or objects re-
stricted by multiple factors. It has the characteristics of clear results and strong
systemic, can better solve the ambiguous, difficult and quantifiable problems, and
is suitable for solving various non-deterministic problems.

The application of the fuzzy comprehensive evaluation method in the field of
performance began in the 1980s. Lusk, EJ (1981) proposed a fuzzy method to
evaluate statistics of monitoring performance [2]. Deutsch, SJ et al. (1985) pro-
posed the use of fuzzy subsets to evaluate organizational performance indicators
[3]. Mon, DL et al. (1994) propose a general decision-making method for evaluat-
ing weapon systems using fuzzy AHP based on entropy weight [4]. Ishibuchi, H et al.
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(1999) discussed the performance evaluation of fuzzy classifier system for multi-
dimensional pattern classification problem [5]. Tsaur, SH et al. (2002) applies the
fuzzy set theory to evaluate the service quality of airline [6]. Chen, CT et al.
(2006) proposed a hierarchy multiple criteria decision-making (MCDM) model-
based oil fuzzy-sets theory to deal with the supplier selection problems in the
Supply chain system [7]. Kou, G et al. (2014) presents an MCDM-based approach
to rank a selection of popular clustering algorithms in the domain of financial risk
analysis [8]. Turskis, Z et al. (2017) proposed a new fuzzy hybrid multi-criteria
decision-making approach to solve personnel assessment problems [9]. Tseng,
ML, et al. (2018) proposed a generalized quantitative evaluation model based on
fuzzy Delphi method and analysis network process, which is used to consider the
interdependence between the metrics in the development and acquisition of sus-
tainable service supply chain management and the ambiguity of subjective met-
rics [10]. Lin, LK, et al. (2020) developed a novel hybrid fuzzy MCDM approach
to address this kind of MCDM problems in the fuzzy environment [11]. Based on
probability fuzzy theory and considering the uncertainty of chemical process,
Wang, YL, et al. (2021) proposed an optimization scheme of online operation per-
formance evaluation [12].

With the in-depth research in the field of fuzzy mathematics, fuzzy evalua-
tion has very meaningful applications in various fields. This research conducts a
bibliometric analysis of the application of fuzzy evaluation in performance evalu-
ation, reveals the research status and trends of fuzzy evaluation in performance
evaluation, and hopes to provide references for researchers and decision makers
in related fields.

Scientific papers are the main carriers of scientific research results, which
can represent the scientific scale and productivity of groups or regions. At pre-
sent, bibliometrics has been widely used in many disciplines, and it is one of the
most active and rapidly developing professional fields of Information Science
[13—14]. Using the method of bibliometrics, we can describe, evaluate and fore-
cast the research status and development trend of the application of the fuzzy
evaluation method in performance evaluation through mathematical and statistical
methods.

This research is aimed at integrating fuzzy logic mathematics methods and
bibliometrics for understanding research trends and scientific areas of focus.

The structure of the paper is the following: section 2 describes research chal-
lenges. Section 3 shows data and methods for research. In section 4 the results are
presented and discussed. Section 5 presents conclusions and plans for future
work.

PROBLEM DEFINITION

At present, fuzzy evaluation is widely used in performance evaluation, and bibli-
ometric method can effectively summarize the research results and reveal its fu-
ture development direction. Therefore, this paper introduces the method of bibli-
ometrics to explore the inherent relevance and potential hot spots of the existing
literature of fuzzy evaluation for performance evaluation, uses statistical and
mathematical methods to quantify various evaluation indicators, and describes the
nature and direction of its research. By clustering, analyzing and visualizing the
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retrieved literature, the knowledge map is constructed to assist researchers to ex-
plore the research hotspots, evolution paths and development frontiers in related
fields. Bibliometric method is mainly based on quantitative analysis, and the re-
sults are more objective, which can provide some reference for researchers and
decision makers in related fields.

DATA AND METHODS
A. Data collection

We built our bibliometric collection on 13 February, 2021 based on the Science
Citation Index Expanded (SCI-E) and Social Sciences Citation Index (SSCI) da-
tabase in the “Web of Science Core Collection”. We chose SCI-E and SSCI as the
data source for two reasons. First, these two databases, the primary bibliographic
databases produced by Clarivate Analytics, provides comprehensive coverage of
the most important and influential research outputs from around the world. Sec-
ond, it includes detailed reference information, enabling us to trace the intellectual
development of our research. In this paper, fuzzy evaluation, performance and
other related words are used for subject retrieval, and the number of retrieval re-
cords is 9811.

B. Data analysis tools

VOSviewer, Microsoft Excel and Biblioshiny were used to perform data mining
(e.g. annual number of outputs, institutions outputs, keywords evolution and au-
thors), prepare figures, and visualize the data, respectively.

VOSviewer is a software tool for constructing and visualizing bibliometric
networks. These networks may for instance include journals, researchers, or
individual publications, and they can be constructed based on citation,
bibliographic coupling, co-citation, or co-authorship relations. VOSviewer also
offers text mining functionality that can be used to construct and visualize co-
occurrence networks of important terms extracted from a body of scientific
literature.

Biblioshiny is a shiny app providing a web-interface for bibliometrix. It
supports scholars in easy use of the main features of bibliometrix: data importing
and conversion to data frame collection, data gathering using Dimensions,
PubMed and Scopus APIs collection, data filtering, analytics and plots for three
different level metrics, analysis of three structures of knowledge.

RESULTS AND DISCUSSIONS

A. Temporal evolution of outputs

The annual output trend chart shows the development trend of the number of pa-
pers. Through the annual trend of the number of papers published, we can grasp
the changes of the heat of papers published in each period from the macro level.
The earliest study in the database was published in 1981. Before 1990, the num-
ber of papers published each year was less than 5. After 1991, it began to develop
slowly. After 2005, the number of papers published increased significantly. From
the average citation frequency in Fig. 1, there are two obvious peaks in 1991 and
2005. The number of citations increased significantly in the past two years, which
can obviously promote the development of the whole field.
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The regional analysis chart shows the distribution of documents in each country
or region. Through this analysis, we can understand the research and development
activities of the analysis objects in different countries, so as to find the main tech-
nology sources. As can be seen from Fig. 2, China has the largest number of pa-
pers, with 6229, more than twice as many as Iran, India and USA, which rank the
second, the third and the fourth. It can be seen from Table I that Denmark has the
most citations per article, reaching 70,08. China, Iran, and India, which have pub-
lished more articles, have average citations of 18,47, 18,04 and 14,43, which are
much lower than Denmark and Lithuania and USA.
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Table 1. Average article citations(regions)

Regions Average Article Citations
USA 35,43
TURKEY 30,79
UNITED KINGDOM 26,74
SPAIN 25,06
CANADA 24,63
MALAYSIA 21,12
CHINA 18,47
IRAN 18,04
SOUTH KOREA 15,32
INDIA 14,43
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C. Research areas analysis

“Web of Science Research Areas” is assigned by Clarivate Analytics, and is used
to classify the research papers. Each paper can be classified into at least one re-
search area by the Web of Science database. The research areas of the publica-
tions revealed the main subjects related to the increasing scientific productivity of
fuzzy evaluation in performance research. This research areas involves more than
100. The 10 most productive research areas were Engineering, Computer Science,
Environmental Sciences Ecology, Operations Research Management Science,
Science Technology Other Topics, Automation Control Systems, Telecommuni-
cations, Mathematics, Energy Fuels, Business Economics (Fig. 3).

It can be seen from Fig. 4 that the number of papers published by Engineer-
ing and Computer Science is significantly higher than that in other directions,
with more than 4500 papers published by Engineering and nearly 4000 papers
published by Computer Science. Environmental Sciences Ecology, Operations
Research Management Science, Science Technology Other Topics, Automation
Control Systems, Telecommunications, Mathematics, Energy Fuels, Business
Economics the number of papers published is 400-900. The publishing trend of
Engineering and Computer Science is basically exponential.
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ECONOMICS 4000 SCIENCE
3000
ENERGY FUELS 000 ENVIRONMENT
1000 ALSCIENCES...
0
. OPERATIONS
MATHEMATICS RESEARCH..
TELECOMMUNI SCIENCE
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Fig. 3. Outputs of research areas (top 10)
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Fig. 4. Temporal evolution of the two most productive research areas: / — Computer
Science; 2 — Enginering
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D. Organization Analysis

The paper output chart of major institutions shows the ranking of institutions
based on their publishing status. This analysis can identify institutions with more
research results, and further analyze their research strength based on this. From
Fig. 5, it can be seen that Islamic Azad University, with 344 articles, ranked sec-
ond and third respectively, with 205 and 200 articles. Other institutions are less
than 200. It can be seen from Table 2 that Hong Kong Polytechnic University,
University Technology Malaysia and University Malaya have not published many
articles, but their citations are all above 25. It can be seen that these three schools
have a certain degree of influence.

AMIRKABIR UNIVERSITY...
TON DUC THANG...

UNIVERSITI MALAYA
CHINESEACADEMY OF...
HONG KONG...
UNIERSITI TEKNOLOGL...
NATIONAL INSTITUTE...
INDIANINSTITUTE OF...

UNIVERSITY OF TEHRAN
ISLAMIC AZAD...

Organizastions

0 100 200 300 400
Outputs

Fig. 5. Organization ranking (top 10)

Table 2. Average citations per item (organizations)

Organizations Sum of Times Cited | Averagecitationsperitem
HONG KONG POLYTECHNIC UNIVERSITY 4018 35,25
UNIVERSITI TEKNOLOGI MALAYSIA 3248 27,53

UNIVERSITI MALAYA 2600 26

INDIAN INSTITUTE OF TECHNOLOGY SYSTEM 4433 22,17
ISLAMIC AZAD UNIVERSITY 7584 22,05
UNIVERSITY OF TEHRAN 4173 20,31
CHINESE ACADEMY OF SCIENCES 1979 18,32
TON DUC THANG UNIVERSITY 1681 18,08
AMIRKABIR UNIVERSITY OF TECHNOLOGY 1409 15,83
NATIONAL INSI'\"II;EI:I"E;(HSET%I;\/ITECHNOLOGY 2418 14,57

Fig. 6 and 7 show the cooperation of major global institutions that use fuzzy
evaluation in the field of performance evaluation. Through the cooperation net-
work of institutions, it can be seen that Islamic Azad University is currently the
core institution of research in this field, and it has related research cooperation
with many universities, research institutes or enterprises around the world.
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E. Research focus and hot spot

Keywords provide important information about research trends, frontiers, and re-
veal research fields [15-16]. Table 3 shows the 20 most frequent words, among
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which the frequency of fuzzy logic reached 811 words. The scientific research in
Fig. 8 shows the changes in research hotspots. The research hotspots before 2011
included expert system, neuro-fuzzy system, and pattern recognition. After 2011,
the research hotspots became neural network, fuzzy sets, and machine learning.

Fig. 9 shows the thematic map, the horizontal axis represents centrality, and
the vertical axis represents density. The meanings of the four quadrants are as fol-
lows:

o the first quadrant (upper right corner): motor themes, both important and
well developed;

e the second quadrant (upper left corner): highly developed and isolated
themes, which have been well developed, but are not important to the current
field;

o the third quadrant (lower left corner): emerging or declining themes, edge
themes, there is no good development, may have just emerged, or may be about to
disappear;

o the fourth quadrant (lower right corner): basic and transversal themes,
which are very important to the field, but have not been well developed. Gener-
ally, refers to basic concepts.

Fig. 9 shows that the subject of “fuzzy logic” belongs to basic research, and
“genetic algorithm” and “classification” belong to well-developed and very im-
portant research field.

Table 3. The TOP 20 most frequent keywords

No Keywords Frequency
1 fuzzy logic 811
2 anfis 260
3 fuzzy sets 224
4 performance evaluation 207
5 fuzzy sett heory 181
6 topsis 178
7 genetic algorithm 163
8 fuzzy control 146
9 classification 135
10 fuzzy 133
11 neural networks 129
12 artificial neural network 120
13 sustainability 115
14 uncertainty 114
15 clustering 112
16 ahp 111
17 fuzzyinferencesystem 111
18 fuzzyclustering 110
19 optimization 110

20 Particles warm optimization 106
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Fig. 9. Thematic map

F. Results and analysis

The number of papers published in the world is on the rise. The number of papers
published in China and Iran is higher than that in other countries and regions.
However, the number of papers cited in the United States and Turkey is higher
than that in other countries or regions. Islamic Azad University is the largest. The
research topics focus on fuzzy sets, fuzzy logic, genetic algorithm and perform-
ance evaluation. The research hotspots before 2011 included expert system,
neuro-fuzzy system, and pattern recognition. After 2011, the research hotspots
became neural network, fuzzy sets, and machine learning.

CONCLUSIONS

Based on Bibliometric software, this paper systematically analyzes the research
papers published in SCI-E and SSCI databases about fuzzy evaluation for per-
formance evaluation, summarizes the trend of papers, the research situation of
research institutions and regions, and research hotspots, etc.

We presented a comprehensive overview of the fuzzy evaluation in the per-
formance research field based on the bibliometric analysis. This method is mainly
based on published outputs and their citations.

1. This study has designed more than 100 research areas, and only the two
fields of engineering and computer science are developing fastest. In the future,
more attention should be paid to the cross-development of other areas.

2. There are needed to pay attention to international cooperation, especially
organizations with a high volume of articles and high frequency of citations.
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3. On the basis of attaching importance to basic research on “fuzzy logic”,
there is needed to pay more attention to the development of “genetic algorithm”
and “classification”.

To some extent, the hot spots and trends of this research are influenced by
the key words, database and clustering algorithm.

There are still many areas to be improved in this study, especially in the cita-
tion network analysis, which will be further studied in order to provide better de-
cision-making reference for relevant personnel in the field.
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AHAJII3 1 OIJIs1]] HEUYITKOI OIIIHKH AIAJBHOCTI / 11, 1O, 1. Su, L. To,
JI. T'mo6a

AHoTamisi. Y cydacHHX yMOBaX BCeOIUHMI aHaui3 TEHICHLIH PO3BUTKY JFOJCHKOL
IISUTBHOCTI B PI3HHX Tally3siX 1 OLIHIOBaHHS 1X eeKTHBHOCTI qenaii Oinblie morpe-
OyioTb aHali3y MJaHWX, HArpOMa/UKEHHX Yy YHCJICHHHMX JIOKYMEHTax, IO
30epiratoThcsi B I100anbHI Mepexi. AHami3 3aCHOBaHO Ha PIYHHX 3BiTax IPo
HaNpsIMU  JIOCJIIJDKEHb, YaCOBMX TEHACHIUSX, KIIOYOBHUX CIIOBaX 1 Mae IEBHI
ocobnuBoCTi: moTpedye He 3aBKAUM TOYHOI 4YMCIOBOI iH(oOpMALii, MOpPiBHIHHS
SKiCHUX TIOKa3HUKIB, OTPHMaHHS SIK SKiCHHMX, TaK i KUIbKICHHX XapaKTEPUCTHK, a
TaKO)X BHKOPHCTAaHHS JOBIAKOBOI iH(opMmamil M AOCTIAHUKIB 1 0ci0, sKi
MPUAMAIOTh PIlIEHHS B CYMDKHHX Taly3sX. Y 3B’S3Ky 3 IIMM B OCTaHHI POKH
HEUITKY OIIHKY, II0 IPYHTYEThCS HA HEUITKIK MaTeMaTHIli, Jeali JacTie BUKOPHU-
CTOBYIOTh y PI3HOMAaHITHHX BHIAX OLIHIOBaHHS €()EKTHBHOCTI 0araTboxX BHUIIB
nisttbHOCTI. [IpoBeneno 6i0mioMeTpUYHE TOCTIHKEHHS HA OCHOBI CHCTEMH pO3-
OIMPEHOro iHAeKkcy HaykoBoro ImryBaHHS (SCI-E) 1 HediTkux KpuTepiiB
e(EeKTHBHOCTI I BUBYCHHS TEHICHIII PO3BUTKY Ta HAmpsMiB AOCTiMKeHHS. Sk
00’€KT JOCIiIPKEHHSI BUKOPUCTAHO BiMOBIIHI HAyKOBi cTaTTi 3 06a3u manux Web of
Science, a TeHOEHLII OOCTI[KEHb IPOAHATI30BAHO 32 JOIMOMOTOK METONLY
0ibmiomerpii. Pe3ynpraTi mOKa3yroTh, MO KUTBKICTh cTaTeH, AKi MyONiKyIOTHCS B
cBiTi, 30impmIyeThes. Crarei, omyOnikoBanux B Kwurai Ta Ipani, Oinbme, HiX B
IHIIUX KpaiHax 1 perioHax CBiTy. YTIM KiulbkicTe mmrToBaHHX pobit B CHIA i
Typeuuuni Oinbplma, HiK B IHIMKUX KpaiHax abo perioHax cBiTy. lcmamcekuit
yHiBepcuTeT Asax omyOmiKyBaB HaiONbIIy KUTBKICTH cTaTeil y cBiTi. Temu
JIOCIIJPKEHHSI 30CEPE/KeHI Ha HEUITKUX MHOXKHHAX, HEUITKIH JIOTII, TeHETHIHOMY
QITOPUTMI Ta OI[IHII IPOAYKTUBHOCTI. «[ apsunMm» HampsiMaMH JOCIiPKEHb 110
2011 p. Oymm excmepTHI CHCTEeMH, HEHPOHEWITKI CHCTEMH i pO3IMi3HaBaHHS
obpasiB, a micist 2011 p. cTanmm HeHpoHHI Mepexi, HEUiTKI MHOXHHH 1 MallnHHE
HaBYaHHSL.
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KiwuoBi cioBa: iHpopMariifHO-KOMyHiKalliiiHa Mepexa, cucTeMa 00poOIeHHs
JAaHWUX, OHTOJIOTisl, MOJICITb,aHai3, MacIITa0yBaHHS, KJac, BiTHOIICHHS.

AHAJIM3 ¥ OB30P HEYETKOM OIEHKHW JEATEJBHOCTH / 1. 101, 11. Sx,
II. T'o, JI. Tno6Ga

AHHOTAanus. B cCOBpeMEHHBIX YCIIOBUSIX BCECTOPOHHHI aHAJM3 TEHIEHIHWI pa3BuU-
THSI YEJIOBEUECKOW IEATEIbHOCTH B Pa3IMYHBIX cepax U UX dPPEeKTHBHOCTH BCE
Goutbiie TPeOYIOT aHaIM3a IAHHBIX, HAKOIUICHHBIX B MHOTOYHMCIICHHBIX JOKYMEHTaX,
XpaHSIUXCA B T100aTbHON CeTU. AHAIM3 OCHOBAH Ha TOJOBBIX OTYETaX O HamlpaB-
JIEHUSIX UCCIIEZIOBAHUM, BPDEMEHHBIX TEHACHIUSX, KIIOYEBBIX CIOBAX, U UMEET OIlpe-
JIeNICHHbIE 0COOCHHOCTH: TpeOyeT He BCera TOYHOW YUCIOBOW HH(MOPMALIUH, CPaB-
HEHUsI KAa4deCTBEHHBIX IIOKa3aTelel, IOMy4eHHs KaK KaueCTBEHHBIX, TaK U
KOJIMYECTBEHHBIX XapaKTEPHCTHK, a TAKXKE MCIIOIb30BAHMS CIIPAaBOYHOH MH(pOpMa-
WX JJI HCCIIeoBaTeNel U JINL, IIPHHIMAIOIINX PEHIeHHs] B CMEXHBIX o0nacTsx. B
CBSI3H C 3TUM B IIOCJIEAHNE TO/BI HEUETKasl OIIEHKa, OCHOBAHHAsI HA HEUETKOH Mare-
MaTHKe, BCE Yallle HCIOJIB3YeTCsl BO BCEX BUJAX OLlEHMBAHUS d(PEKTUBHOCTU pa3-
JUYHBIX BHJOB AesATENbHOCTH. [IpoBeneHo OMOIMOMETpHYecKoe MCCIe0BaHHE Ha
OCHOBE CHCTEMBI PaCIIMPEHHOr0 nHAeKca HayyHoro untupoBanus (SCI-E) u neuer-
KUX KpUTepuil 3p(HeKTHBHOCTH 11 U3YUCHHS TEHACHLIUM Pa3BUTUS U HAIPABJICHUN
uccienoBaHusd. B xauecTBe 00bEKTa MCCIIEIOBAHMS HCIONIB30BAHEI COOTBETCTBYIO-
[IMe Hay4dHbIe cTaThu U3 0a3bl naHHBIX Web of Science, a TeHIEHINHN HCCIIETOBaHUI
MPOAaHATU3UPOBAHEI C IOMOIIBIO MeTo/a Oubnnomerpun. Pe3ynbTaTsl HOKa3bIBAIOT,
YTO KOJIMYECTBO CTaTel, IMyOIMKyeMbIX B Mupe, yBenmuuBaercs. Crareil, omyonu-
koBaHHBEIX B Kutae n Vpane, Gonbie, yeM B Ipyrux CTpaHax M pernoHax mupa. B
TO e BpeMsi, KommdecTBo nutupyemsix pabor B CIIA u Typuuu, Gonbie, 4em B
JpYTHX CTpaHaX WM pernoHax mupa. Mciaamckuil yHuBepcHTET A3ajl OITyOIMKOBa
Hanbomblllee KONUYECTBO cTaTeil B Mupe. TeMbl HcClIe0BaHUS COCPEAOTOUEHBI Ha
HEYETKUX MHOXECTBAX, HEUETKOH JIOTHKE, TCHETHIECKOM alTOPUTME U OIEHKE IPo-
M3BOIUTENBHOCTH. «[ OpsunMmy» HampaBieHHIMHU ucciienoBanuii 10 2011 r. Obutn
HKCIICPTHBIE CUCTEMBI, HEHPOHEUETKHIE CUCTEMBI U paclio3HaBaHue 00pa3oB, a 1mocie
2011 r. cTanu HEHPOHHBIE CETH, HEYETKHE MHOXKECTBA M MAIIHHHOE 00ydIeHHe.

KioueBble cjioBa: nHOPMATNOHHO-KOMMYHHKALIMOHHAS CETh, CHCTEMa 00paboT-
KM JIaHHBIX, OHTOJIOTHS, MOJIENIb, QHAIIM3, MAcIITAOUPOBAHKE, KJIACC, OTHOILICHHUS.
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TECHNOLOGY PROGRESS IMPLEMENTATION BASED
ON A MODIFIED VERSION OF R.M. SOLOW ECONOMIC
GROWTH MODEL: WITH PRODUCTION S-CURVE
CONSISTING OF n-STEPS

A.K. LOPATIN

Abstract. The comparative analysis of the neoclassical Solow’s model and the
modified Solow’s model in the implementation of technological progress has shown
undeniable advantages of the modified Solow’s model. A modified version of the
Solow’s economic growth model, based on an n-step production function in the
form of n S-shaped functions for the implementation of technological progress,
ensures the growth of the economy on a sufficiently large time interval comparable
to the duration of the life cycle of the economy under study. In this interval, referred
to as the “technology gap”, intensive output y (f) can be carried out according to the
following options: monotonic decrease (stable 1-cycle) of the considered model;
oscillations (stable n-cycles, n=,2,4,16,...), “the economy marks time”; chaotic

fluctuations. This result for the models of economic growth has not been described
in the literature.
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INTRODUCTION

In this work, we have obtained a further development of a modified version of the
Solow economic growth model, based on an n-step production function in the
form of n S-shaped functions for the implementation of technical progress,
proposed in [1]. The substantiation of the dependence of macroeconomic
dynamics on technological investment priorities in the form of S -shaped
production functions has been considered in numerous works (see the review
article [2] and the monograph [3]. In this work, we follow [4] and [5] The
development process of each technological paradigm, in general, is described by a
logistic curve, which expresses the most general laws of the dynamics of
progressive cyclic processes. At the beginning of the life cycle of each
technological paradigm, significant costs for its development give insignificant
results — the first flat section of the logistic curve corresponds to this period.
Then, with the development and practical mastering of the corresponding
technical and technological principles, small costs begin to bring a significant ef-
fect and the curve rises steeply. Further, as the technologies of this paradigm are
approaching their technological limits, this technological paradigm again enters a
gentle section of the curve, and no, even large-scale investments in its
development are no longer able to bring a significant effect. At the disposal of the
investor at any given time, there is a limited number of technologies that could
potentially be supported by his investment resources. The meaning of overcoming
the period of technological gap, which is repeated from time to time in each
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branch of the economy, is to quickly and as little loss as possible change from one
logistic curve to another, corresponding to a more progressive technological
order. In this case, the correct choice of a substitute technology entirely depends
on the correctness of estimates of the upper technological limits of several
competing technologies designed to solve the same technical problem. There is a
need for a transition to a new technological paradigm. This is one of the most
difficult problems of technical and economic forecasting. A modified version of
the Solow’s economic growth model, based on an n-step production function in
the form of n S-shaped functions for the implementation of technological
progress, proposed in [1], gives an adequate mathematical apparatus for solving
this problem. This work develops the results of work [1] in the following
directions:

e comparative analysis of neoclassical Solow’s model and the modified
Solow’s model in the implementation of techno- logical progress;

e development of a constructive algorithm based on the apparatus of
nonlinear discrete dynamical systems;

o development a modified model, generating periodic and chaotic cycles.

Solow’s model

The founder of modern growth theory was R.M. Solow ( [6], Nobel Prize Winner
in Economics 1987). Until now, due to its combination of simplicity and richness,
the Solow’s model is considered as the basic model of economic growth in most
economics textbooks. For modern post-Solow growth theories see the overview
article [7].

Solow’s model description

Here we follow [8]
Assumptions:
¢ closed economy, producing one good using both labor and capital;

e technological progress is given and the saving rate is exogenously
determined;

e no government and fixed number of firms in the economy, each with the
same production technology;

e output price is constant and factor prices (including wages) adjust to
ensure full utilization of all available inputs.

Neoclassical production function:

Four variables considered:

o flow of output, Y ;

e stock of capital, K ;

e number of workers, L;

o effective labor, LA4.

Aggregate production function given by,

Y=F(K,AL). (1
A and L enter multiplicatively, where AL is effective labor, and

technological progress enters as labor augmenting or Harrod neutral.
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Assumed characteristics of the model:
2 2
6F>0 6F>O 8F>0 0°F

—>0, —>0, —>0, >0
oK OAL oK* A(AL)?
Constant returns to scale (CRS) in capital and effective labor:
F(AK,\AL)=AF (K, AL). 2)

Intensive-form production function: output per unit of effective labor, y, and

capital per unit of effective labor, & , are related by setting A = ﬁ in (2),

AL =L rk,an.
AL AL

Let k= %, y= A_YL and f(k)= F(k,1). Equation (1) is then written as

intensive-form production function

y= 18, f©0)=0.

A MODIFIED VERSION OF SOLOW’S ECONOMIC GROWTH MODEL WITH
N-STAGE S-LIKE PRODUCTION FUNCTION

The idea of using S -curves in the Solow’s equation was first (as it seems to us)
expressed in [9] using the example of Richards S -curves. The main result of this
work as applied to the continuous Solow equation is reduced to the classification
of trajectories, similarly to what has been done in the Solow’s equation in [1].

A modified Solow’s model description

Let there be some S-curve depending on the p+2 parameters, and the m

parameter is responsible for the shift along the abscissa axis, the # parameter —
along the ordinate axis:

Spf(vl,...,vp,m,u).

Ecxample. Verholst’s S -curve

A
Spf(kt):

+
1+ Bexp(—a(k, —m))

u, 3)

K
here kt=L—’, A=5, B=05, a=1, m=4, u=0.
t

The new production function, which will be called the n-stage production
function (n=1), is given by formula:

Y=LS, (gj : 4)
K

Let k:f’ y=% and f(k)=S (k). Equation (4) is then written as

intensive-form production function

y=fk).
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It is assumed that the growth of working in economy is described by
formula:

Li,@)=A+n)L,.
Economic growth determined by the behavior of the capital stock X :

K
Kt+1=s*LtSpf(L—’J+(l—d)Kt. 5)
t
Dividing both sides of equation (5) by L, , after simple transformations we

obtain the second s to eliminate

ki =/ (k) + ©)
1+n 1+n

It is non-linear, first-order difference equation. Here d =0,2 -depreciation
rate, s =0,3 -a fixed fraction of output, 0 <s <1, t=0,1,...,N .

The equation (6) will be called the modified Solow’s model with 1-stage
production function. The model with N stages production function was considered
in [1] and with 2 stages production function is considered in section 4 of this
article.

A modified Solow’s model characteristics

o All clauses of Assumption in subsection 2.1 are accepted.

e The production function can be both increasing and decreasing Growing
production function (see Fig. 1 and 2).
e From three cases of

y fk)y equilibrium for phase trajectory we
. choose Case 1: Developed world
. (good equilibrium). The phase

curve is located above the bisector

A t(k) and has one intersection point with
k it (a stable equilibrium position)
0 f”(k) 10 [1]

e Production function (3) has
more parameters than neoclassical
production function.

Fig. 1. Increasing production function f (k)

—s] | , e When  changing the
% | ‘ parameters m and u, the
\ . ‘ production function can be shifted

to any point in the first quarter.
The condition f(0)=0 is not

k met.

(4.8,
4] __-\

_ (k) 110 . The need to use the theory
. . . of nonlinear dynamical systems
Fig. 2. Decreasing production function f (k) to study the quantitative and

qualitative  characteristics  of
solutions to the modified Solow model. For the neoclassical model, this device
has not been used in full before.
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e The S-shaped production function describes the life cycle of each
technology: origin, leapfrogging, and gradual achievement of the stage of full
maturity of a technological process or product. For the S -curve to be of practical
value, it must predict impending technological change:

f'(k)>0, f"(k)>0, if x=>inflectionpoint,
f'(k)>0, f"(k)<0, if x<inflectionpoint.

f'(k)>0, f"(k)>0, if x=>inflectionpoint,
f'(k)>0, f"(k)<0, if x<inflectionpoint.
A MODIFIED MODEL, GENERATING PERIODIC AND CHAOTIC CYCLES

A modified model construction algorithm

Consider two production functions shown in Fig. 3.

1001y ' ' (37.86) ] | L4_7_.__L0.(].).--—-—--
(3798.5)
30 Sy ' Szp/\(”’ 44)
[ \
\|
\\.
1,3
(1,3) Se__ K,
0 10 20 30 40 50 60

Fig. 3. Intensive production functions S, and S,

Here
A
S, (k)= +u, 0<k <37; )
1+8; xp(-a(k, —m))
Szpf(kz): AS +us, 37Skt <47} 3

1+ Bs exp(—as(k, —ms))
in equations (7), (8) the parameters have the following values.
Summary of parameters used

A B a m u As Bs as ms Us
117 6,9 0,1 0 -14,1 72 10 -0,5 52 10

The technique for finding the variables £k,,1,2,..N will be discussed

below.
s n+d
S, (k)= Sy - — k,0<k <37. 9
lph( t) l+n lpf l+n t t ()
Here d =0,2-depreciation rate, s=0,3-investment share, »n=0,004 is

a coefficient of the growth of person employed in economy:

L&) =0+n)L, L, y(©)=Ly(1+n)", Ly=33.
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It is easy to see that the phase curve S, (k,) (4) is a right-hand side of the

modified Solow’s equation

kw1 = Sipn(ky) -

In a similar way, we write down the equation for phase curve S, (k;)

s
Sth(kt) :m

n+d

Sapr =K 3T <k <47

(10)

and corresponding modified Solow’s equation
ki1 =Sy ,pn (k)
and S, (k,) which are used to find steady states:
Siss (k) = 5815 (K ), S5 (k) = 885 4, (k) -

To find the steady state points of the variable &, of the modified Solow

equation (9) , we construct a diagram.

200] Vo K ]
Sipn //
Slﬁf\ _ ==
-
- "” Slss
’ .::ﬂ.....‘.....' (X L L AL A essns
0 50 100 50 %

Fig. 4. Finding steady state points. Dotted

line —

bisector y=k,; dotted line — linear function

y=(n+d)k,

The Fig. 4 shows that steady
state point of y =k, lies outside
where equation (9) is considered
and should not be taken into
account. To control the correctness
of the construction, you need to
make sure that the steady state
points generated by the phase curve
Sipn and Sy coincide.

Fig. 5 shows that steady state
point of y =k, lies within where

equation (10) is considered and should be taken into account. To control the
correctness of the construction, you need to make sure that the steady state points
generated by the phase curves S, ,, and S, coincide.

1001 yy, Ky

Sopf

Fig. 5. Shows phase curves S, and S, coincide

Dynamics of the modified Solow equation

Let us introduce the 2-stage production function S2(k,) given by equation

104

(k)

if 0<k, <37,

Sy (ky), if 37<k, <47.
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Output per worker y(k,) can be found from the relationship
(k)= S2(k,) .
Let us introduce the 2-stage phase curve S2(k,) given by equation
Sipn(ky), it 0<k, <37,
Sypn(hk,), 1if 37<k, <47.
For the function G2(k,) , we can write down the modified Solow equation

V(K1) = G2(kyyy) (11

This is a nonlinear discrete first order equation with piecewise continuous
coefficients. The theory of first-order nonlinear discrete dynamical systems is
well developed [10]. Numerical simulation is crucial in the investigation of
nonlinear systems.Let us solve equation (11) and carry out a qualitative study of
the equation. For this we use the E&F Chaos software package [11] (see Figs 6-12).

100

G2(k,) = {

754

504

251

0

25 50 75 100
Fig. 6. The stable fixed point (stable 1-cycle) of equation of (11)

a4l 4
33
22

11

0

6 12 24 36
Fig. 7. The time series plots of stable 1-cycle of equation (11)

In fig. 8. As parameter as increases from -1 to 0, one observes: each stable
cycle goes through an infinite sequence of period-doublings.

y »
YRR

D/

-2 -0,8 -0,6 -0,4 -0,2 0
Fig. 8. Period doubling of flip bifurcation, with creation of a 2-cycle of (11)
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For example, the stable fixed point gives rise to a stable 2-cycle just as the
fixed point becomes unstable.

This stable 2-cycle gives rise to a stable 4-cycle just as the 2-cycle becomes
unstable.

This stable 4-cycle gives rise to a stable 8-cycle just as the 4-cycle becomes
unstable.

In general, any stable n-cycle gives rise to a family

2n—cycle — 4n —cycle - 8n —cycle > 16n —cycle.

The amplitude of kn -cycle goes to zero when & goes infinity. Systems with
two properties: bifurcation and period doubling, sensitive dependence to initial
conditions or the largest Lyapunov exponent is positive are considered to be
chaotic in a certain sense. These are termed as the routes to chaos.

In Fig. 9. The largest Lyapunov exponent is the average growth rate of an
infinitesimal state perturbation along a typical trajectory (orbit). For periodic
regimes the largest Lyapunov exponent is negative. This means that they are
asymptotically stable by Lyapunov with respect to small changes in the initial
conditions. For chaotic regimes the largest Lyapunov exponent is positive. This
means that they are asymptotically unstable by Lyapunov with respect to small
changes in the initial conditions (sensitive dependence to initial conditions).

03] x

'l T
0,4

1,1

1,81

-2,5-
-1 -0,8 -0,6 -0,6 -0,2 0

Fig. 9. The largest Lyapunov exponent a5 increases from -1 to 0 for equation (11)

48
ky
361
241

121

0 6 12 18 24

Fig. 10. Time series of stable 2-cycle at a5 =—0,5 of (11)
52

ky
39+

26

13

10 20 30 40
Fig. 11. Time series of stable 4-cycle at a5 =—0,6 of (11)
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Fig. 12. Chaos:sensitive dependence on initial conditions at a5 =—0,85 of (11)

The diagram shows two trajectories under different initial conditions: blue
ko =11 and red k, =111 despite the small difference in the values of the initial
conditions, the trajectories first coincide and then diverge — the effect of the

sensitivity of the solutions to the initial conditions.

An example of a model based on real statistical data

The intervals at which the drop in production occurs, for example, BC, DE, FG
(Fig. 13), will be called the “technological gap” intervals. The very effect of this
behavior is a “technological gap”. This process is the result of a combination of
economic, technological, socio-cultural, political and other events. The task of a
healthy economy is to overcome this gap as quickly as possible and move to
production growth.

N
100
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(24

(37, 98)

.
|
Sﬂgf (47, 100)
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) 10 2|0 3|0 4|0
Fig. 13. GDP per person employed (current US §) of Germany 1972-2018 by year numbers
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Fig. 14: Approximation of real data using the model in fig. 13

10

20

30

40

Cucmemni docniodcenns ma ingopmayivni mexnonozii, 2021, Ne 3

107



A.K. Lopatin

The figures above explain the mechanism of behavior during the transition
from a growing S-shaped production function to a decreasing S -shaped
production function at a certain interval of functioning of the economic system
under study.

CONCLUSIONS

Comparative analysis of the neoclassical Solow model and the modified Solow
model in the implementation of technological progress has shown undeniable
advantages of the modified Solow model. The exogenously introduced S-shaped
production function describes the life cycle of technology at every: origin,
leapfrogging, and gradual achievement of the stage of full maturity of a
technological process or product at every stage. A modified version of the Solow
economic growth model, based on an n-step production function in the form of n
S-shaped functions for the implementation of technological progress, ensures the
growth of the economy by a sufficiently large time interval comparable to the
duration of the life cycle of the economy under study.

The use of the theory of nonlinear dynamical systems to study solutions of
the modified Solow model significantly improves their quantitative and
qualitative characteristics. For the neoclassical model, this technique has not been
used in full before.

A modified model, generating periodic and chaotic cycles for 2 S-shaped
production functions, is created. It explains the mechanism of behavior during the
transition from a growing S-shaped production function to a decreasing S-shaped
production function at a certain interval of functioning of the economic system
under study. In this interval, referred to as the “technology gap”, intensive output
y(t) can be carried out according to the following options (see Fig. 13, 14):

e Monotonic decrease (steady-state (stable 1-cycle) of the considered model.
e Oscillations (stable n-cycles, n =1,2,4,16,...), “the economy marks time”.

o Chaotic fluctuations. This result for the models of economic growth is
fundamental and has not been described in the literature.
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PEAJIIBALISI TEXHOJIOTTYHOI'O IIPOI'PECY HA OCHOBI MO/U®IKO-
BAHOI BEPCIi MOJIEJII EKOHOMIYHOI'O 3POCTAHHS P.M. COJIOY:
S-IIOJAIBHA KPUBA BUPOBHUMIITBA, IIIO CKJIAJAETBCS 3 n-KPOKIB /
O.K. JIonarin

Awnorauisi. [TopiBusibHuid aHati3 Heokaacuynoi moaeni P. Conoy i i mogudikosa-
HOI Bepcii B peaji3alii TEXHOJOTIYHOTO MpOrpecy IOoKa3aB He3allepeyHi MmepeBaru
mozaudikoBanoi moaeni Conoy. MoaudikoBana Bepcist MOJeIi €KOHOMIYHOTO 3pOC-
tauns P. Counoy, 1110 3aCHOBaHa Ha 71-CTYIIHYACTii BUpOOHNYI QyHKIIT y BUDIISAL 1
S-nopibHMX QYHKUIN Ui peanizauii TEXHIYHOro mporpecy, 3abe3mnedye 3poCcTaHHs
€KOHOMIKH Ha JOCTaTHBO BEJIMKOMY YacOBOMY iHTEPBalli, IIOPIBHIHHOMY 3 TPUBAJIi-
CTBIO JKHTTEBOTO LMKy JOCIIKyBaHOT eKOHOMIKM. B iHTepBaii, 3BaHOMY «TEXHO-
JIOTIYHMM PO3PUBOM», IHTEHCUBHUN BUITYCK (f) MOKE 3[iHCHIOBATHCA Y BiJMOBi-
HOCTi 3 HACTYNHHMH BapiaHTaMH: MOHOTOHHE 3HIKCHHS IPOAYKTHBHOCTI
(cTabinbHUN 1-IUKIT) PO3TIIHYTOT MOJIECII; KOMUBAHHS (CTIHKI 7 -IUKIH , n = 2,4,16,
...), «GKOHOMIKa TYIIIO€ Ha MicIli»; XaoTH4Hi konmBaHHA. [lepepaxoBaHi pe3yibra-
TH JUIs1 MOZIeJIeil eKOHOMIYHOTO 3pOCTAaHHS B JITEpaTypi HE OIHCaHI.

KnrouoBi cmoBa: momudikoBana mopens P. Coisoy, TEXHONOTIYHMI pPO3pUB,
HepioANyHI IUKIIHX 1 Xaoc.

PEAJIM3AIIUA TEXHOJOI'MYECKOI'O IPOTPECCA HA OCHOBE
MOJUPUIIMPOBAHHOM BEPCUU MOJIEJIA SKOHOMHUYECKOI'O POCTA
P.M. COJIOY: S-OBPA3HASI KPUBASI ITPOU3BOACTBA, COCTOSIIASA U3
n-IIATOB / A K. Jlonatux

AnHoTanusa. CpaBHUTENBHBIA aHanu3 Heoksaccudeckod monenu P. Conoy u ee
MOANGHUIMPOBAHHON BEPCHU B PEUTH3aLUH TEXHOJIOTHYECKOT0O Iporpecca Mmokasal
HEOCHOpUMBIE TpenMyliecTBa MoauduuupoanHoi monxenu Comnoy. Mogudu-
UpPOBaHHAS BEPCHA MOJENH 3KoHOMHUYeckoro pocta P. Comnoy, ocHOBaHHas Ha
n-CTYTIEHYATOH MPOU3BOJICTBEHHON (YHKUIUH B BUAE 1 S-00pa3sHbIX (QyHKOUH A
peanm3anuy TEXHUYECKOTo Iporpecca, 00ecreunBaeT pOCT SKOHOMUKH Ha JOCTAaTOU-
HO OOJIBIIOM BPEMEHHOM HMHTEpBase, COMOCTABUMOM C NPOAODKHTEIBHOCTD JKU3-
HEHHOTO LHUKJIa HCCIIeyeMOH SKOHOMHKH. B nHTepBane, Ha3pIBAEMOM «TE€XHOJIOTH-
YECKUM Pa3pblBOM», HWHTEHCHBHBIM BBIIYCK )(f) MOXKET OCYIUECTBIATHCA B

COOTBETCTBUH CO CIEAYIOIMMHU BapHaHTaMH: MOHOTOHHOE CHIDKEHUE TPOH3BOMIU-
TEJIBHOCTH (CTaOMIIBHBIN 1-1IMKII) paccMaTpUBaeMoi Mozenu; Kojiebanus (ycronun-
BbIE N-IUKIIBL, 1 = 2,4,16,...), «(9KOHOMHUKA TOITYETCS HAa MECTE»; XaOTHUECKUE KOJIe-
Oanus. [lepeunciieHHble pe3ynbTaThl JUIS MOJENEH OSKOHOMHYECKOro pocra B
JIUTEpaType He ONUCAHBL.

Kirouessble ciioBa: moauduuupoBansas Monens P. Conoy, TeXHOIOTHUECKHH pa3-
PBIB, IEPUOANYECKHUE LUKIIBI U Xa0C.
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HNPABAONOAIBHA HEUITKA KJIACTEPU3ALIA JAHUX HA
OCHOBI EBOJIIOIIIMHOT'O METOY BOXKEBLIBHUX KOTIB

€.B. BOJISTHCHKHUM, A.JO. INA®POHEHKO, LIIL IJIICC

AHoTamnisi. Po3risiHyTo 3amady HewiTKOI KiacTepu3anii BEJIMKMX MAacHBIB, IO IO-
JIAIOThCS Ha ONPAIIOBAHHS SK y NMAaKETHOMY, TaK 1 B OHJIaliH pe)KMMaxX Ha OCHOBI
npasponoaioHoro miaxoxy. s BiuryKaHHS INIOOAJBbHOTO €KCTPEMyMy LiJIbOBOI
¢$yHKii npaBaonoaiOHOI HEYiTKOI KiacTepu3allii BBEICHO MOANDIKALI0 POHOBOro
ANTOpPUTMY 3rpail 60’KeBUIFHIX KOTIB, sKa 00’€IHY€ B c001 epeBaru eBONMIOLIHHAX
ITOPUTMIB Ta T00ATBFHOTO BUIAAKOBOTO MOMIYKy. [loka3aHo, IO Pi3HI pexXUMHU
HOIIYKY TOPOMXKYIOTECS YHi()iKOBAaHOIO MAaTEMAaTHYHOIO IIPOLEAYPOI0, OKPEMUMHU
BUTIAJIKAMH SKO1 € BiZJOMI aJTOPUTMH SIK JIOKaJIbHOT, TaK i TI100aTbHOT ONTHMI3allil.
3anponoHOBaHUM MiAXiJ € JOCHTh NPOCTUM B OOYMCIIOBANIBHIN peaiizanii i Xapak-
TEPU3YETHCS BUCOKOIO LIBUAKOJIEIO Ta HANIHHICTIO y 3a1a4ax 0araToeKCTpeMalibHOT
HeuiTKol KiacTepu3aii.

KurouoBi ciioBa: HewiTka Kiactepusallis, TeOpis MPaBIONOAiOHOCTI, eBOJOLIiHI
METOAW ONTUMi3amii, MpPaBAONOAIOHa HEWiTKAa KIacTepu3allis, LEHTPOiAu-
HPOTOTHITH, KOTSYa 3rpasi, PEXKUM TPACyBaHHS, PEIKUM HOIIYKY, PIBEHb HAJICKHOCTI.

BCTYII

3amava KiacTepu3aiii € BaXXIMBOIO YacTHHOW Data Mining, OCHOBHOO BiJMiHHI-
CTIO SIKOT € Te, IO B 11 OCHOBY MOKIIAJCHO MapajurMy caMOHaBYaHHsI, TOOTO BiJ-
CYTHICTB 3a3[IaJIeTiIb po3MivueHO0i HaBuanbHOI BUOipkH [1,2]. ¥ Mexax 1miel 3amaui
cthopmyBanacs MHOXKHHA ITIXOIB AJIA 11 po3B’A3aHHS, IPOTE 3 IPAKTUIHOTO T10-
TSIy HAOLTBIT e(DeKTUBHUMHU € METOIN HEUiTKOI KJlacTepu3allii, B OCHOBI SIKUX
JSKUTh NPUIYNICHHS, MO0 (GOPMYIOTBCS KIACH-KIIACTEPH, SIKI B3aEMHO MEPETH-
HAIOTHCSI, TOOTO OFHE 1 T JK CHOCTEPSKCHHS (BEKTOp ab0 MATpHIlT) MOXYTh O-
HOYACHO HaJIe)KaTH J0 AEKITbKOX KIIACiB.

Y Mexax HEJiTKoi KjacTeph3arlil CKIIaIWCs ABa OCHOBHI HANpSMH: iMOBIp-
HICHI Ta MOXUIMBICHI Meromm [3, 4], sAKi TATBEpPIUIN CBOIO €(QEKTUBHICTH
pO3B’s3aHHSI MHOKHHH pealbHUX 3ajad, MPOTe He M030aBIIeHI 1 HU3KM HETOIKIB.
Ile mepemyciM 9yTIUBICTh IMOBIPHICHUX aITOPUTMIB IO HASBHOCTI BUKPUBJICHUX
30ypeHHAMH Ta BUKAIAMHU CIIOCTEPEKEHD (aJITOPUTMH HE MAIOTh poOACHUX BJIac-
THBOCTEH), TpobiieMa 301KHOCTI B MOMJIMBICHIN KiTacTepu3allii, 00YHCITIOBAIbHI
mpoOIeMH MM 9ac poOOTH 3 JaHWMH BHCOKOi po3MipHOCTi [4, 5], 6araToekcTpe-
MaJIBHICTh IITFOBUX (PYHKITIH [6—9], ska CIpUYUHSE 3YITUHKY MPOIIECY KIACTEPH-
3arii B JOKAJIBHHUX eKcTpeMyMax. Jleski 3 mux mpoOieM MOXKYTh OyTH BUpINICHI
3a JIOTIOMOIOI0 MPaBAONOaiOHOI HewiTkoi kiactepu3anii [10, 11], ocHOBY sikoi
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CTaHOBHTH Teopist AoBipH [12], omHak mpobieMa GaraToeKCTpeManbHOCTI BCe OJI-
HO 3anumiaeTbes. J{ns moaonanHs imiel mpoOieMy BUKOPUCTAHHS aJrOPUTMIB Te-
HETUYHOTO TIONIYKY Ta METOJy HEediTKuX J-cepeanix [9], 1110 € 3a CYTTIO JIOKaIb-
HUM E€BPHCTHYHUM TIOIIYKOM, Y 3aralbHOMY BHIAJKYy HE TapaHTY€ BiANIYKAHHS
rI00ANLHOTO eKCTpeMyMy. Y IMii cHTyallii NepClneKTHBHIUM BUAAETHCS BUKOPHUC-
TaHHS TaK 3BaHOTO poioBoro iHTenekTy [13] i anropuTMiB onTuMizallii Ha OCHOBI
poiB yacTUHOK [14], cepen SKUX BeNbMU ¢EKTUBHUMH MOKa3alu ceOe ONMTHMi3a-
iiHI MeTOM KOTsYmX 3rpaif [15-19] Ta ix pizai moaudikarii [20, 22]. [TpumBua-
HIUTH MPOIEC MOUIYKY MOXKHA, BUKOPHUCTOBYIOUHM OLIBII MPOCYHYTI Bepcii KOTs-
YUX METOMIB OINTHMMI3alii, Takl K ONTHMI3aLiiiHi METOAUM OO0KEBUILHHUX KOTIB
(crazy cats) [23, 24] y noeqHaHHI 3 MAaTeMaTHYHAM arlapaToM BUIIAIKOBOTO TJIO-
banpHOTO TOMTYKY [25, 26]. 1likaBuM € Takok TTOE€THAHHS 11ei Teopii mpaBaoIIo-
IiOHOCTI 3 METOAaMHU TJI00ATBHOT ONTHMI3alil Ha OCHOBI €BOIOIIHHOTO ajTo-
pUTMy OOXKEBUTHPHHX KOTIB JJIS PO3B’S3aHHS IMHPOKOTO KJIACcy 3aaad HEUiTKOL
KJIacTepH3aIltii.

3MICTOBHA TIOCTAHOBKA 3AB/IAHHA

BuxinHoro iHMopmaricro s po3B’s3aHHS 3aaadi KiacTepu3arlii € BUOipKa, 1o
MicTUTE N 7 -BUMIPHHX BEKTODPIB CIOCTEPEKEHb X = {X|,..., X} ,...Xy } , SIKa T10-

BMHHA OyTH po30MTa Ha m B3AEMHO MEPETUHHHUX KJACIB-KjacTepiB. Y mpoiieci
KJacTepusalii MamTh OYTH 3HaiileHi [EHTPOIMU-NPOTOTHIM IUX KIacTe-
piBw,, ¢g=12,...m; PiBHI HAJEKHOCTI KO)KHOTO CIIOCTEPEKEHHS X, [0 KOXKHOTO

knacrepa Cl, —U, (k) 1 ouintoBauus mpasponoaibuocri Cr, (k) Toro, mwo X,
niico Hanexuts 10 Cl q° [Ipu 11bOMY BaXXJIMBO BiJI3HAYUTH, L0 Y 3araJIbHOMY
sunanky U, (k) = Cr, (k) .

MNNPABJONOAIBHA HEYITKA KJJACTEPU3ALIA I3 @ YHKIIAMHA
HAJIEZXKKHOCTI CIIEHIAJIBHOI'O THUITY

MareMaTH4YHO 3aBIaHHS MPABAONOAIOHOI HEUITKOI KiacTepu3ailii MoB’si3aHe 3
MiHIMi3aIli€ro MITF0BOT PyHKIIIT

N m
E(Cr,(k),w,) =Y. Y. Crl(k)D*(x(k),w,) (1)
k=1 g=1

3a 0OMEXEHD
0<Cr,(k)<1 Vq,k,

supCr, (k)2 0,5 Vk,
Cry(k)+supCry(k)=1,1=12...,m; [ #q
mis BCix g 1k, y skux Cr,(k)205. Tyr p>1 — ¢asidikarop,
2
D? (g, wq) = “xk - qu — 3BHMYAiiHa €BKIIJ0BA BIACTAHb.

Tpeba 3a3HaumTH, 10 1iTKOBa (QyHKIs (1) Malike 30ira€Tbes i3 MUTLOBOIO
(dyHKIie0 IMOBIpHICHOI HediTKOI Kiactepu3alii [4] 3 Ti€lo pi3HHLEIO, MO B Hil
3amicTh piBHIB HanexHocTi U, (k) BuKopucTOBYIOTECS piBHI JoBipH Cr, (k), w10

JIO3BOJISIE BIZIMOBUTHCH BiJl IMOBIpHICHMX OOMEXEHb BUTIISIY
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qu (k)=1.
g=1

3a3HaYMMO TaKOX, 10 3a yMOBH =2 (1) € O1MHU3BKOI0 0 ITITHOBOI PYHKITIT
MOMYJISIPHOTO MeToy HediTKux c-cepennix (FCM) Ix. besnexa [3].
Jnis oriHIOBaHHS PiBHIB HAJIEKHOCTI B MPaBIOMIOAI0HOMY MiXO0/i BUKOPHUC-
TOBYETHCS (PYHKIIIS HAJCKHOCTI BUTTISAY
U, (k) = b, (D(xp, w,))
sIKa € 32 CYTTHO MIPOKO MOAIOHOCTI, 10 BUKOPHCTOBYE OUIHKY BicTani D(x;,w, ).

VY mpargax [10, 11] sik Taky (hyHKITIFO 3aIIpOITIOHOBaHO BUKOPHUCTOBYBATH BUPa3
1

—_— 2

1+ D? (x> wy)

SKUH € M3BOHYBATOI0 (DYHKITIEIO MIUTHPHOCTI po3moAiury Komri 3 omuHUIHIM TTapa-
METPOM IMUPHHHU. MOXHa MOKa3aTH, M0 BUKOPUCTAHHS OLIHOK iMOBIpHICHOI
HEYITKOI HAJIeKHOCTI

U, (k)=

1 1
(D?(xg, w, )P (D* (g w, )P

Yym=- T T, i
Y (DG w)' P (D (e w )P+ D (D (g wy )P
=1 =1

I#q
_ 1
- 1
” il
Y (D (g w))' P
/=1
1+ :
(D (x;,w,)' P
Ui 3 =2 no3Bossie orpuMatu po3noai Ko
1
Uq (k) = ka B unz
I+
G4
3 IapaMeTpoM IIUPUHU
1
oq = o )
Z"xk‘Wl”
I=1
I#q

0 € y3arajJbHeHHsIM (2) 1 30iraeThcs 3 HUM 32 YMOBH 05 =1. Takum uuHOM, pi-

BHI HAJIGKHOCTH B TIPaBAOMOMIOHOMY MiaX0di 30irafoThCs 3 IMOBIpHICHUMH PiB-
HSIMU HaJISKHOCTI, SIKi BUKOPHCTOBYIOThCs y FCM.

Taxkum gyrHOM, MOIM(IKOBAHHWA BapiaHT MPOIETypH MPaBIOMOAIOHOI KitacTe-
pu3atii Moxxe OyTH 3anvcaHuil y BUTIISAIL:
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2
1e o

1

2 b
=Wy |

2
Oy

U, (k)
supU, (k)

U, (k)=
1+

Usi(k) =

{ ) (4)
Cr,(ky==|U, (k) +1-supU; (k) |,
q 2{ q I%q J
N
Y (Cr, ()P x,
w, =5 ’
> (Cry (k)P

k=1

BU3HAYAETHCS BUPa3oM (3).

ko k& maHi HAAXOIATH HAa OOPOOJICHHS MOCHTIIOBHO B OHJIAWH DPEXUMI,
MO>XKHa CKOPHCTATHCS AAalITHBHUM TIPaBIOMOMIOHAM METOJOM KJIacTepH3allii

Y BUTJISIL

1

o, (k+1)=— :
2

Z”x/m - W (k)||7
1=1
I#q
U, (k+1)= !
! Lo e =y (B)IP
+ 2
oZ(k+1)
5
. U, (k+1) )
Ul(k+1)=—9L
supU,(k +1)

Cr,(k+1) _L Uy (k+1)+1=supU; (k+1) |,
2 I#q

w, (k +1) = wy (k) + n(k + DCrP (k + 1)y —w, (5)),

ne n(k +1) — mapaMmeTp KpoKy HaBYaHHS.

TyT HE0OXiHO Bi3HAYMTH, 1110 TIpoIieaypa (4) € pe3yabTaToM HMaKeTHOI OIl-
tuMizanii miTeoBoi GyHkmii (1), a (5) — rpamieHTHEM anTOpPUTMOM TOIITYKY eKC-
TpeMyMy i€l )k QyHKIil, TOOTO TapaHTYEThCS BINUIYKAHHS TUTBKU JOKAIBHOTO
exkcTpemyMy. Bognouac y mpausix [6, 7] mokasaHo, 0 3aJady yMOBHOI ONTHMi-
3arii MiTpoBOi (yHKINI WMOBIPHICHOI HEUITKOI KJIacTepu3allii MOXKHA ITOJATH
y BUTJISIA 3371291 0e3yMOBHOI onTrMizalii QpyHKIii
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1-p

I
N\ g=1

M=

E(w,) =
k

a6o0 3a ymoBH =2

N m -2 -
E(wq)zz Z“xk—wq“ ,
k=1\g¢=1

10 Ma€ MHOXHHY JIOKQJIBHUX €KCTpeMyMiB. ToMy MO)KHA TOBOPHUTHU TPO BiJIIy-
KaHHsI JIMIIE OJHOTO 3 HUX, HAWONMKYOrO J0 MOYATKOBOI TOYKH momryky. Came
TaKUM €KCTPEMYMOM € POHMOBI aJTOPUTMH ONTHMI3allii, SKi TOBUHHI OyTH BiIIO-
BiTHUM YMHOM aJIaliTOBaHi JI0 PO3TJISHYTOI 3a/1a4i i BiNOBIIaTH BUMOTaM BHUCO-
KOI IBUIKOMIT.

AJITOPUTM I''TOBAJIBHOI ONTHUMIBAII BOKEBLIBHOI KOTAYOI
3I'PAI B 3AJIAYI HEUITKOI KJIACTEPU3ALIL

Jia momryKy riio0anbHOTO eKCTpeMyMy HTbOBOT (PYHKIIIT HEUITKOI KilacTepu3altii
MIPOIIOHYETHCS BUKOPHUCTOBYBATH MOAU(DIKOBaHUN METON ONTHMI3amii 00KEeBiTb-
HOT KOTSUO1 3rpai, CHHTE30BaHWI Ha OCHOBI ONTHUMI3AMIMHOTO MIiAX0My KOTSI4OT
3rpai [16-24] i MeToiB I100aIbHOTO BUMIAJIKOBOTO MOMIYKY [25, 26].

Ines onrTuMizamii Ha OCHOBI €BONIIOIIHOTO ANTOPUTMY KOTSYOI 3rpai Mois-
rae B ToMy, 10 GOPMYEThCS TPyMa-3rpas KOTiB, KOXKEH 3 SIKMX PYyXaeThCs Y Ha-
MPSAMKY 200 JIOKAJIEHOTO, a00 TI100aIbHOTO EKCTPEMYMY MPUHHATOI MITEOBOI (Y-
HKIIT E (wq) . [Ipu mpomy 1151 3rpast ckiaanaeTbest 3 O 0COOMH cat,, p= 1,2,...0,

KOXKHA 3 SKHX MOXE MmepeOyBaTH B OJHOMY 3 JBOX MOXIUBHX CTaHIB: PEXKUM
momyky (SM) mokanbHUX eKCTpeMyMiB i pexkuM 1moroHi (TM), mo craBuTh co0i
3a METY BIANIYKAaHHS TI00aIBHOTO EKCTPeMyMy; SM, sIK MpaBHio, peali3y€eThes
Ha OCHOBI I'Pa/IIEHTHOTO TMOIIYKY 3 MAJIUM NapaMeTpOM HAaBYAHHS 1 TAKUM YHHOM
CKaHy€ JIOKATbHUN OKLI KOKHOTO 3 KOTIB, III0 MICTUTBCS B LIbOMY pexkumi, TM
XapaKTepU3YEThCS BUIAJAKOBUMH CTPHOKAMH 3 BEIHMKOIO aMIUIITYAOIO i CTaBHUTH
co0l 3a METy «BUTAITH» KOTa caf, 3 JOKAJIbHOTO €KCTPEMyMy B pasi Horo

MOTPAILISHHS TY/IH.
VY 3araJlbHOMY BUIJKy CTaHAAPTHOMY aJITOPUTMY KOTSUOi 3rpai MOKHA Ha-
JIATH BUTIIATY MTOCIIIOBHOCTI iTepamii [15, 16]:

CS1: BUNAJKOBUM YHMHOM CTBOPIOETHCS 3rpast 3 O KOTIB cat p» KOXKEH 3

SIKMX € 32 CYTTIO 1 -BUMIDHUM BeKTOpoM w,(0) B oOmacti Bu3sHaueHHs (yHKUI],
L0 ONTHMI3Y€ThCs, Ta OUIHIOETHCS 3HAYCHHS QyHKLIT B Wil Touui E(w,(0)).

CS2: yBomuthes mapamerp crany SPC, mo HaOyBae 3nadenHs 0 abo 1, 3a
JOTIOMOTOIO SIKOI'0 BHXIiJHA 3rpas po30MBA€THCS BUIAAKOBUM YMHOM Ha JB1
rpymnu: skmo SPC = 1, To kit nepebyBae B pexuMi mouyky, skmo x SPC = 0, To
BIZIMOBiANH KIT MepedyBae B PeXKUMi TIOTOHi.

CS3: xotu 3 SPC = 1 noYMHaIOTh MONIYK JIOKAJILHOTO EKCTPEMYMY, a KOTH 3
SPC = 0 3ammycKaroThCs B PEKUM ITOTOHI.
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CS4: ouiHIOIOTHCS 3HAYEHHS LUTLOBOT (QYHKLIT A BCIX KOTIB 1 30epiraroTh-
cst BCl w, (1) 3 HaliMEHIIMMY 3HAYCHHSIMY L€l QyHKUI, KOTH 3 HAHOLIBIIMM 3Ha-

ueHHAM E(w), (1)) MOxyTb OyTH BUAaieHi 3i 3rpai.

CSS5: nosepuensst 1o CS1 3 HOBUMH 3HaUYEHHSIMH, TOOTO TTOYMHAETHCS HO-
BUI eTal 3 OHOBJICHOIO MOMYJISLIETO.

VY 3arampHOMY BUTIAIKy oommBa pexkxuMu SM i TM peaizyroTbes mapaseib-
HO, Tipu boMy SM ¢dakTHuHO 0a3yeThcs Ha OCHOBI MOKOOPAWHATHOTO CITYCKY,
TOOTO B KO’KE€H KOHKPETHUI MOMEHT 4acy MOKe 3MIHIOBATHUCS TiJIbKH OJHA KOOP-
JHATA 71 -BUMIPHOTO TPOCTOPY MOUIYKY, HIO NMPHUPOJHO 3HUKYE HIBHIKOJIIO
npoueaypu. Y peXuMi MOTOHI MIBUAKOCTI PYXY MO KOXHiH KOOPIAMHATI TaKOX
OIIHIOIOTHCSI HE3aJIEXKHO OZHA BiJ OJHOI, 110 3HOBY-TAKH 3HUKY€ IIBHIKO/IIO.

JLi1st motoTaHHs IUX HEMOMIKIB y mpartti [21] OyB 3amponoHOBaHUNA paHIOMi-
30BaHMN ANTOPHUTM ONTHUMI3allii Ha OCHOBI KOTSIYMX 3rpai, 1o 3abe3redye min-
BUILIEHY MIBHIKOIII0 TOPIBHAHO 3 BIIOMOIO NPOLEAYpPOrO-MpOoTOTHIIOM. llpm
IIOMY PYX KOTa B PEXHMi MOIIYKY MOXHA OIUCATH 3a JIOTIOMOTOK PEKYPEHTHOT
MPOIEAyPH

W, (T+1) = w, (1) = Mgy V E(w, (),

A
ne VE (wp (t)) — omiHKa rpanieHTa QYHKIIi, [0 ONTHMI3Y€ThHCS B TOUII W), (1),

oliep>KyBaHa ab0 Ha OCHOBI MOIIYKY 3 IIEHTPaIbHOIO MPoOoro [25], a0o Ha OCHOBI
BUIAJKOBHX MPOO (CTATUCTUYHUM rpalieHT [26]); Mg, — Maluii KPOK HOIIYKY B

npocrtopi R".
Pyx koTa B pe:KuMi HOTOHI OMUCYETHCS aITOPUTMOM, LIO € TIOPHIOM IMOIMy-
JISIPHOTO METOY ONTHMIi3allil BaKKO1 KyJIbKH 1 BUTIAJIKOBOTO TIOHIYKY [22]:

1, (T +1) = w, (1)~ 6, (1) w, (T~ ) =17y, V EQw, (1)) +E(D),  (6)

ne 0<a <1 — mapamerp iHepuii pexuMy MoroHi; Z(t) — BUIaaKoBe 30ypeH-
H$l, IO BBOAMTH JI0JJaTKOBE CKaHyBaHHS IPOCTOPY MOLIYKY.

VY mpamsx [23, 27] ans MOMIMIIEHHS MPOLECY TOIIYKY TII00aTbHOTO eKCTpe-
MyMy B PEXHMI IIOTOHI B aJITOPUTM PyXy KOXKHOTO KOTa JOAATKOBO OYB yBeie-
HUH «(pakTop O0KEBUTLHOCTI», IKHI OMUCYETHCS HAOOPOM BHITIQJIKOBUX MapaMeT-
piB 1 103BOJIsIE 3MIMCHIOBATH PANTOBI CTPUOKH, L0 3MIHIOIOTH TPAEKTOPIIO PyXy
HIISIXOM BapilOBaHHS XapaKTepUCTUK CUTHATY 30ypeHHs E(T) .

Jnst KepyBaHHS CUTHAJIOM Z(T) AOLIIBHO CKOPHUCTATHUCS ie€0 OIyKarodo-
ro TI00anbHOTo MOLIYKY [26], sIKHMii JOBIB CBOIO e()eKTUBHICTH PO3B’sI3aHHs Oara-
TOEKCTPEMAJIbHUX 3a/1a4.

[Ipu oMy XapaKTEpUCTHKH BHTIAAKOBOTO 30ypeHHs JI. Pactpurin [25, 26]
3aIlpOIOHYBaB 3MIHIOBATH BiIIOBIIHO JIO BUPa3y

E(1) = YE(t = 1) = 3(E(w, (1) — E(w, (t = 1)) + 6*H (k), (7

Je Y — TmapaMeTp KOPHUTYBaHHs XapakTepucTHk 30ypenns; 0<6<1 — mapa-

METp IIBUAKOCTI CAaMOHABYAHHS THITy mapamMeTpa iHepuii o y mpami (6); o’ —
nmuctiepcis 6iroro mymy H(t).
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TakuMm YMHOM, BECh MPOIIEC ONTHMI3AIlil 32 JOMOMOTOI IMiX0Ay 0O0XKEBilh-
HUX KOTiB MOXXKHA OTHMCATH 3a JOTIOMOTOI0 PEKYPEHTHHX CITiBBigHOMICHE (6), (7),
MIPH BOMY, SIKIIO o =Y =0 =0, peKuM MOTOHI aBTOMAaTUYHO IEPEXOUTH Y pe-

KUM TOLIYKY (pyX IO aHTiTpalIieHTy).

PE3YJIbTATH EKCHEPUMEHTAJIBHUX JOCJILI)KEHb

[[lo6 mepeBipuTH e(EKTUBHICTH Ta OLIHUTH IMPaANE3AaTHICTh 1 CIIPOMOXKHICTh
SIKICHO KJIACTEPHU3yBaTH BEIHMKI OOCITH JaHUX PO3POOIICHOTO METOdY, a TaKOX
JIOBECTH HOro ImepeBary Haj aHaJoraMu, MPOBEIEHO EKCIIEPUMEHTANbHE JOCIi-
JDKEHHSI 32 JONOMOTOI0 YOTHPHOX PI3HUX HaBYaJbHHUX BHOIpOK, a came: Ipucu
®imepa, Cancer, Buna ta Glass [5] (Tabm. 1), mapameTpuyHi XapaKTepUCTHKH
SIKUX HaBeIeHo B Ta0I. 2.

Taoaunsa 1. XapakTepuCTHKH HaBYAIBHUX BUOIPOK

HapuajbHa KiabkicTb KinbkicTn KiabkicTb
BHOipKa KJIacTepiB aTpudyTiB crocTepe:keHb
Ipucu ®inrepa 3 4 150
Cancer 2 9 683
Buna 3 13 178
Glass 6 8 214

Tadoaumusa 2. [lopiBHsIIBHI pe3ylbTaTH MOKAa3HUKIB €()EKTUBHOCTI TaKUX
ajaroputMmis, sk PSO, CSO

[IpaBaononiona HeyiTka
Hawwin| s pso | cso  mciemals s usocun
00:keBLILHUX KOTIB

Haiikpame | 4.10~7 9.10710 8,4-107!"

dﬁ?upigga Cepenne 7.107¢ 73-107° 52.10710
Haifripme | 1,2-107 | 9,3-107° 9,6-1071°

Haiikpame | 13-107 | 8.1071° 85-107"

Cancer Cepenne 7-107° 44107 7,6-1071
Haiiripmwe | 2,02:10° | 6,8-107° 7.8-1071°

Haiikpame | 1,4-107° 7.10710 95.107!

Buna CepenHe 5.107° 4.107° 6,6-107!"!
Hairipue 2107 6-107° 6,8-1071°

Hatikpame | 2,5-107 | 7,9-107'° 8,7-107"

Glass Cepenne 6,9-107° 5.107° 7,7-107"
Haifripure 3.1075 59-107 7,7-1071°

AHani3yro4n Ta OIHIOIYH OTPUMAaHI Pe3yJbTaTh €KCIIEPUMEHTAIBHUX JO-
CJTi/PKEHb, MOXKHA 3pOOUTH BUCHOBKH, 1[0 3AMPOMIOHOBAHUI METO]T MPABIOIOIi0-
HOT HEYITKOI KJIacTepu3allii JaHWX Ha OCHOBI €BOJIIOIIHHOTO METOay O0XKEBiTh-
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HHUX KOTIB 3a0e3Meuye JOCTaTHBO SIKICHI pe3yJbTaTH KiacTepu3allii, o miaATBep-
TDKYETBCS] €KCIIEPUMEHTAIIBHO.

BHUCHOBKHA

3ampornoHOBaHO MiJXiM 0 PO3B’sA3aHHS OaraTOeKCTpEeMaIbHOT 3a/1adi MpaBaoIo-
NiOHOT HEWITKOI KlacTepu3allii Ha OCHOBI MOAM(HUKOBAHOI ONTHUMI3AIIHOI IIpo-
neaypu OOXeBUTBHUX KOTiB. OCOOJHMBICTIO 3alpoNOHOBAaHOT MOAM(IKOBAHOT
OpOIEYPH ONTUMI3AIll € MOXJIMBICTh KEPYBaHHS BHIIQJKOBUMU 30YpEHHSIMHU,
0 BU3HAYAIOTh BJIACTHBOCTI PEKHMY TPAacyBaHHs (CTEXKEHHS) KOTSIYOI 3rpai.
BinzHadeHo, 110 i pekuM TOIIYKY, 1 peKUM MOTOHI (POpMaIbHO MOXKHA OTIHCATH B
MeXax €IMHOI MPOLEAYPH 3 PI3HUMH MMapaMeTpaMu alrOpUTMy ONTHMi3allil, CHH-
TE30BaHOTO HA OCHOBI BHUITaJKOBOI 3rpai 00KEBLIEHUX KOTIB Y IMOE€JHAHHI 3 BUTIA/I-
KOBHUM TJI00QJIbHUM TIOIIYKOM.

3anponoHOBaHUH MiAXiZ € IPOCTUM B OOUYHMCIIOBANIBHIN peanizalii 1 3a0e3-
Medy€e BUCOKY IIBUAKOIIIO PO3B’sI3aHHS 3a7a4 HEUITKOI KJIaCTepH3aIlii.
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INPABJJOIIOBHASI HEYUETKAS KJIACTEPU3AIIUS JAHHBIX HA OCHOBE
9BOJIOOUOHHOI'O METOJA BE3YMHBIX KOTOB / E.B. BoxpsHckui,

A 1O. llladporenko, N.II. ITmucc

AnHoTamus. PaccMoTpeHa 3ajada HEYeTKOM KiacTepH3aliy OONBIINX MacCHBOB,
KOTOpBIE IOJAI0TCSI Ha 00pabOTKy Kak B MAKETHOM, TaK M OHJIAMH pexuMax Ha oc-
HOBE IPaBJONoA00HOr0 nmoaxoxa. s OTbICKaHUS TII00AIBHOIO SKCTPEMyMa Iielie-
BOW (YHKIMHU TPaBIONONOOHONH HEYETKOM KJIacTepH3aliK BBEIeHa MOAN(HKALMS
pOEBOro aIropuTMa cTaii 6€3yMHBIX KOTOB, KOTOpas 00bEUHACT B ceOe mpeumyiie-
CTBa 3BOJIIOIMOHHBIX aJITOPUTMOB M TI00AIBHOTO CiIydaifHOro momcka. IlokasaHo,
YTO pa3iIUYHBIE PEKUMBI MOUCKA HOPOXKIAIOTCS YHUPHUIIMPOBAHHON MaTeMaTHIeC-
KOW TIPOIeaypoi, YaCTHBIMH CIIy4asiMH KOTOPOH SIBISIIOTCS U3BECTHBIC aITOPUTMBI
KaK JIOKaJIbHOHU, Tak 1 rio0ansHON ontuMusanud. [IpeuioxKeHHbIH TOAX0 SIBIIeT-
Cs1 IOCTATOYHO IPOCTHIM B BBIYMCINTENEHOM pealn3aniy U XapaKTepU3yeTcs BEICO-
KM OBICTPOJCHCTBHEM U HAJEKHOCTBIO B 33/1a4aX MHOTOIKCTPEMAIIbHOH HEYETKON
KJIacTepU3aluHm.

KuroueBble cioBa: HedeTKas Kjlacrepusanusi, TCOpus HpaBI[OHOIIO6HOCTH, 9BOJIIO-
UOHHBIE MCTOABI OITUMH3ALUU, HpaBZ[OHOII06Ha$I HEYCTKasA KjacTrepusanus,
HECHTPOUABI-IIPOTOTHUIILI, KOIIaYbs CTasl, PEXKUM TPACCUPOBKH, PEXUM IIOUCKA, YPO-
BCHb IPUHAJIC)KHOCTHU.

Abstract. The problem of fuzzy clustering of large datasets that are sent for
processing in both batch and online modes, based on a credibilistic approach, is
considered. To find the global extremum of the credibilistic fuzzy clustering goal
function, the modification of the swarm algorithm of crazy cats swarms was
introduced, that combined the advantages of evolutionary algorithms and a global
random search. It is shown that different search modes are generated by a unified
mathematical procedure, some cases of which are known algorithms for both local
and global optimizations. The proposed approach is easy to implement and is
characterized by the high speed and reliability in problems of multi-extreme fuzzy
clustering.

Keywords: fuzzy clustering, credibility theory, evolutionary methods of
optimization, credibilistic fuzzy clustering, centroids-prototypes, cats swarm, tracing
mode, seeking mode, membership level.
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MATEMATUYHE MOJEJIOBAHHS KOHTAKTHOI
B3AEMO/IIT ABOX II’€30EJEKTPUYHUX MIBIIPOCTOPIB
(BE3 EJIEKTPOJHOI'O ITOKPUTTA IIOBEPXOHD)
3A HAABHOCTI ) KOPCTKOI'O JUCKOITIOAIBHOI'O
BKIIOYEHHSA MIDK HUMU I TUCKY
B 30HI PO3IIAPYBAHHA

B.C. KHPIJIIOK, O.I.JIEBYYK

AmnoTamnisi. Ha 0cHOBI BUKOPHCTaHHS CTPOrol MaTeMaTH4HO! MOJIEI, III0 BPaXxoBYy€
3B’SI3aHICTh CHJIOBHX 1 €JIEKTPUYHHX IOJIB y EIEKTPOIPYKHHUX TilaX, JTOCIIIKEHO
KOHTaKTHY B3a€MO/IiI0 ABOX Pi3HHX 3a BIACTHBOCTSAMM I’€30€IEKTPUYHUX TPAHCBE-
PCaTbHO-130TPOITHUX MiBIIPOCTOPIB 32 CTHUCKAHHS (32 HASBHOCTI KOPCTKOTO JWCKO-
MoiOHOTO BKIIOYEHHS MK HUMH 1 THCKYy B 30HI pO3IIapyBaHHS MaTepiaiiB).
Po3B’s130k 3amadi oTpUMaHO 3a JOMOMOTOI0 MTOJAHHS 3aTaIbHOTO PO3B’ 3Ky CTaTHY-
HUX PIBHSHB €IEKTPONPYKHOCTI JUISl TPAHCBEPCATBHO-130TPOIHOTO TiJla 4epe3 rap-
MOHIYHI (YHKIIT 3 MOJANBIINM 3BEACHHIM IPAaHUYHOI 3a/1a4i eJIeKTPOIPYKHOCTI 10
PO3IIISIAY IHTErpalbHOTO PIBHSHHS 1 PO3KIaAy HIykaHoi QyHKIIT 3a MaluM rnapame-
TpoM. SIK YaCTUHHUI BUMANOK 31 3HAWACHUX aHATITUYHHUX BHPA3iB BUILIMBAIOTH OC-
HOBHI IapaMeTpPU KOHTAaKTy UL JIBOX HPY)KHHUX TPAHCBEPCAIBHO-I30TPONHHUX Ta
130TPOITHAUX MiBOPOCTOPIB (32 HASIBHOCTI BKIIFOUEHHA MK HUMH 1 THCKY B 30HI pO3-
mapyBaHHs). OTpUMaHO YHCIIOBI pe3yJbTaTH, BUBYCHO BIUIMB EJICKTPOIPYKHHUX
BJIACTUBOCTEH MIBIIPOCTOPIB, TEOMETPHYHUX PO3MIpIB BKJIIOUCHHS 1 HaBaHTaKCHb
Ha TapaMeTpy KOHTaKTHOT B3a€MOIii eJICeKTPONPYKHHUX TiJl.

KawuoBi cioBa: maremaTHuHa MOJEIb, I’ €30CICKTPUUYHHUN MaTepiai, eIeKTpPO-
MPY>XKHUI MiBIIPOCTIP, JKOPCTKE JMCKOMOAIOHE BKIIFOUCHHS, TUCK y 30HI po3miapy-
BaHHS, APaMETPU KOHTAKTY.

BCTYII

3pocTaroue BHKOPHCTAHHS y PI3HUX Taly3sX MPOMHUCIOBOCTI €IEKTPONPYKHHX
(I’ €30€NeKTPUYHHX) MaTepialliB Il CTBOPEHHS €JI€MEHTIB BUMIipIOBAILHUX MPHU-
JamiB Ta TEPETBOPIOBAYIB €HEpril CTUMYJIOE iHTEepeC JO0 BHUBUYSHHS PO3IMOILTY
CHJIOBHX Ta CNEKTPUYHUX MOJIB y EIEKTPONPYKHHUX TiNaX MOOIM3Yy KOHIIEHTpa-
TOpiB HaNpY>KEHb Ta 32 KOHTAKTHOI B3a€MOJIi 11’ €30€JEKTPHUYHMX Til. BomHouac
PO3B’s3aHHS POCTOPOBHX 3a7ad  EJIEKTPOIPYKHOCTI JUIS aHI30TPOITHHUX Tl Y
CTPOTifi TIOCTAHOBIII, ITI0 BPaXxOBY€ 3B’SI3aHICTh CHJIOBHX 1 CJICKTPUYHHUX IIOJIIB,
3HAYHO YCKJIAJHIOETBCS, OCKUIBKH Yy I[bOMY BHIIAAKY HEOOXITHO PO3B’S3yBaTH
TpaHUYHy 3a1ady IJIsi CUCTEMH PIBHSIHD €NEKTPONPYKHOCTI 3 aHi30TPOIHHUMHU
HPYKHUMH Ta €JIEKTPHIHUMH BIACTHBOCTSMH, SIKA M€ CYTTEBO CKIIAJHINTY CTPYK-
Typy (HOPIiBHSHO 3 BiAMOBITHOI CHCTEMOIO JUIsi pykHOTO Tina). [lopsin 3 umc-
JICHHUMH JIOCHIPKEHHSIMUA TPUBUMIPHHUX 3a/a4 TEOpil MPYKHOCTI AJIsl TpaHCBEp-
CaJIbHO-I30TPONHUX TN (Hanpukian, [1-7]) po3risgy CTaTUYHHX MPOCTOPOBHX
3a/1a4 eJICKTPOIPYKHOCTI y CTPOTiH MOCTAHOBIII MIPUCBAYCHO 3HAYHO MCHIIIC HaY-
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KOBHX HIpallb. BaInBi HAyKOBi pe3yIbTaTH OO0 3B’ SI3aHUX CUJIOBHX 1 €JIEKTpU-
YHUX TTOMIB Yy IT’€30SIEKTPUIHUX TiJIaX OTPUMAHO y mparisax [8—14].

Bigznaunmo, 1m0 3agadi KOHTAKTHOT B3a€EMOIT IS TBOX MPYKHUX 130TPOTI-
HHUX Ta TPaHCBEPCAJIbHO-130TPOIHUX ITBIIPOCTOPIB 31 CTHCKAHHSM (3 ypaxyBaH-
HSIM HasBHOCTI JKOPCTKOTO IUCKOIIOAIOHOTO BKJIFOYEHHS CTalOi TOBIIWHU MIiX
MIBIPOCTOpPaMH) TOCIIKYBaIACh y Tiparsax [15] i [2] BignoBigHo. BomHo9ac 3a-
Jlaga KOHTAKTHOI B3a€MOJil JBOX IT €30CNEKTPUUHUX MIBIPOCTOPIB 32 HASIBHOCTI
YKOPCTKOTO AMCKOTOAIOHOTO BKJIIOYECHHS MK HUMH Ta THUCKY B 30HI po3mIapy-
BaHHS Pi3HHUX 32 BIACTUBOCTSAMH 11’ €30€JIEKTPUIHUX TiJl HE BUBYAJIACH.

Y po6oTi 3a JOIMOMOTOI0 MAaTEeMAaTHYHOTO MOJCIIOBAHHA (3 ypaxyBaHHSIM
3B’S13aHOCTI CHJIOBUX 1 €NEKTPUYHUX IIONIB) JOCIHIHPKEHO KOHTAKTHY B3a€EMOJIIIO
JBOX Pi3HUX 3@ BIACTHBOCTSIMHU I’ €30€JIEKTPUUYHUX TPaHCBEPCAIbHO-130TPOITHUX
HiBOPOCTOPIB MiJi Yac CTUCKaHHS (32 HASBHOCTI JKOPCTKOTO JHMCKOIOAIOHOTO
BKJTFOUCHHSI CTAJIOT TOBIIMHK MK IIBIIPOCTOPAMH Ta THCKY B 30Hi pO3IIapyBaHHS
EJIEKTPOTIPYKHUX TiJ). Y IMOCTAHOBII 3a7adi MPHUITYCKAETHCS, M0 TIOBEPXHS ITOJi-
Jqy [ABOX CJEKTPONPYKHMX TUT poO3TalloBaHa y IUIOLIMHI  i30Tpomii
I’ €30€NIEKTPUYHUX MaTepialiiB 000X MiBIPOCTOPiB. TakoX BBAKAETHCS, IO MiX
TiJITaMU iCHY€ TIagkuid (6e3 TepTs) KOHTAKT i TOBEPXHi MIBIPOCTOPIB HE MiCTAThH
€JIEKTPOTHOTO TIOKPUTTS. 3a IOTIOMOTO0 TIOJJaHHSI PO3B’ 3Ky CTATUYHHUX PIBHSIHB
€JIEKTPOTIPYKHOCTI Il TPaHCBEPCAIbHO-130TPOIHOIO Tijla 4yepe3 TapMOHIuHi
(dyHKIIT, TOJaNBIIOro 3BeJICHHS 3a/ladi eJIeKTPONPY>KHOCTI 10 pO3TJIIsILy iHTerpo-
mudepeHITliaTbHOTO PIBHSAHHS Ta PO3KIANy IIyKaHO! (GYHKITIT 32 MaJuM ITapamMeT-
pPOM 3HAWIEHO aHANITUYHWIA PO3B’SA30K KOHTAKTHOI 3ajadi. Y SBHOMY BHIJISII
OTPUMAaHO OCHOBHI IapaMeTpy KOHTAKTHOI B3a€EMOJii TBOX Pi3HHUX 3a BJIACTHUBOC-
TSAMH T’ €30€JICKTPUYHUX ITBIIPOCTOPIB (32 HASBHOCTI YKOPCTKOT'O JTUCKOIIOIIOHO-
T0 BKIIFOUYCHHS MK HUMH 1 TUCKY B 30HI pO3IIapyBaHHs MaTepiaiiB). Sk dacTuH-
HUI BWITAJOK 3 OTPUMaHUX BHpPa3iB BUIUIMBAIOTH MapaMeTPH KOHTAKTHOI
B3a€MOJIi BOX MPYKHUX TPAHCBEPCAIBbHO-130TPOMHMUX Ta 130TPONHMX MiBIpOC-
TOPIB 32 HASBHOCTI AMCKOIONIOHOTO BKIItOUCHHS [ 15, 2].

HocTranoBka 3anaui. Po3rnsHeMo mMaremaTWdHy MOZeNb, HA OCHOBI SKOi
BUBYMMO KOHTAKTHY B3a€MOJIIO JABOX Pi3HUX 32 BIIACTHBOCTSMH €JICKTPOIPYK-
HHUX TPaHCBEPCATbHO-130TPOITHUX MIBIPOCTOPIB 38 HASBHOCTI KOPCTKOTO KPYyTo-
BOTO BKITIOYCHHS CTaj0i TOBIIMHU MiXX HHMH Ta TUCKY B 30HI pO3IIapyBaHHS
I’ €30€JICKTPUIHUX MaTepiaiiB (puc. 1).

[pumyckaemo, mo miommHa z = 0 (puc. 1), axka 0OMexye aBa MiBIPOCTO-
pH, € TUIOIIMHOIO 130TPOITii EIEKTPONPYKHUX TPAHCBEPCATHLHO-130TPOITHIX MaTe-
piamiB KoxHOro 3 miBOpocTopiB, TOOTO Bick 0z € Biccro cumerpii 000X
T’ €30CJICKTPUIHUX MarepiamiB. TakoX BBaKaeMo, MO y IUIOMIMHI KOHTaKTHOI
B3aeMofii z =0 BHKOHYIOTHCSI YMOBH TJIAIKOTO KOHTAKTY, a TIOBEPXHI 000X €IeKT-
POTIPY>KHHX MIBIIPOCTOPIB € HECICKTPOIOBAaHUMH (HE MICTATH €IEKTPOIHOTO II0-
KpHUTTs). Po3Mipu 30HM po3miapyBaHHS IBOX EJIEKTPONPYKHUX MiBIPOCTOPIB
(puc. 1) € HEBIZOMUMH 1 BU3HAYAIOTHCS 3 pO3B’A3KY 3aiauyi. [lapamMeTpn KOHTAKT-
HOI B3a€MOJII TiN 3ajie’KaTh BiJl 3HAYEHHS CTUCKaJbHUX 3YCHIIb p , 3HAUCHHS

TUCKY F, B 30HI poO3IIapyBaHHs, EJIEKTPONPYXHHUX BIIACTUBOCTEH ABOX

1’ €30€JIEKTPUIHUX MaTepiaiiB MiBOPOCTOPIB (YChOTO IBAIISATh HE3AICHKHHUX Be-
JUYHH) 1 TBOX TEOMETPUYHUX ITapaMeTPiB KOPCTKOTO BKIFOUEHHS (3HAYCHD HOTO
paniyca i ToBumHH). BinzHaunmo, 1mo tick £y, Moxe OyTH BUKJIMKaHUH HasBHICTIO
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Puc. 1. KonTakTHa B3a€MOJisl IBOX II’€30€JIEKTPUYHUX ITIBIIPOCTOPIB 32 HAaIBHOCTI
KOPCTKOTO JUCKONOAIOHOTO BKIIOYEHHSIMH MIXXK HUIMH Ta TUCKY B 30HI pO3ILapyBaHHS

% i b . a L (a0

Jlnist BUBHAUCHHSI HAITPY )KEeHO-1e(hOPMOBAHOTO CTAHY B KOXKHOMY 3 €JIEKTPO-
MPY)KHUAX TPaHCBEPCATHHO-130TPOIHKUX ITiBIPOCTOPIB HA TOBEPXHI TMOMUTY TiI
(mnommHa z =0) OTpUMYEMO TaKi rpaHUYHI YMOBHU:

uV(r,0)=A,,0<r<a;
oD(r0)==P), a<r<b;
oD(r0)=6P(r,0)=0,0<r<o0; 6]
ugz)(r,O):—Az, 0<r<a;

(2)(r 0)=-Fy,a<r<b;

oD (,0) =P (r,0),b<r<w; ()

uP(r,0)=u'? (,0), b<r<ow; (3)

DI (r,0)= D (r,0)=0,0<r <o0; @)
Aj+A, =A,

Ie iHaeKcH «1» 1 «2» BiAMOBIAAIOTH MEPIIOMY 1 APYroMy I’ €30€JeKTPUYHUM ITiB-
npocropam; F)— BeJM4MHA TUCKY B 30HI po3llapyBaHHS; A 1 g — TOBLIMHA 1
paziyc OUCKONOAIOHOTO KOPCTKOTO BKIIIOUEHHS; 3HAYEHHS! b —a BH3HAYae po3-
Mip 30HHM PO3IIAPYBaHHS MiXK MiBIPOCTOpaMu. [3 HaBelEeHHX TPAHUYHUX YMOB
y ILIOMIMHI Toairy ymMoBH (1) BiAMOBIMAIOTH yMOBaM BIJICYTHOCTI JTOTHYHHX
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Hanpy>KeHb Ha BCii MOBEpXHi Moy, yMoBH (2), (3) — yMoBaMm ifeanbHOro Me-
XaHIYHOTO KOHTAKTY 11032 30HOI0 pO3MIapyBaHHI MaTepialy, a yMoBHU (4) — yMo-
BaM BiJICYTHOCTIi €JIEKTPOIHOIO MOKPHUTTSI HA MOBEPXHSIX I1"€30€IEKTPHYHHX ITiB-
npoctopiB. Kpim Toro, Maemo Taki yMOBU Ha HECKIHYEHHOCTI:

6(2’2 —>-p, Dgi) -0, cg’) —0 (i=L2), axmo R —oo.

[Togamo HampyXeHHWH CTaH Yy KOXHOMY 3 TIIPYKHHX IIiBIPOCTOPIB
CYIIEpITO3HIII€I0 OCHOBHOTO CTaHy (IIPOCTOrO CTHCKAaHHS 000X MiBIPOCTOPIB, TOO-

10 =—pi DS) =01 G(Z? =—pi D§2> =0 ) Ta 30ypeHoro crany. J{nsa 3Ha-

zZ
XOIDKEHHS 30ypeHOT0 CTaHy B KOKHOMY 3 ITBIPOCTOPIB y IUTOMTHHI z =0 Maemo
TaKi rpaHUYHI YMOBH:

ugl)(r,O)zAl, 0<r<a;
G(ZIZ)(r,O)zp—PO, a<r<b;
oD (0)=6P(r,0)=0,0<r<o0; (5)
u§2>(r,0)=—A2, 0<r<a;

G(Zﬁ)(r,O)zp—PO, a<r<b;

oD (r,0) =P (r,0),b<r<w; (6)

uP(r,0)=uP (r,0), b<r<o; (7)

DV (r,0)=D? (r,0)=0,0<r<o0; (8)
A +Ay =A.

Ywmosu (5), (6), (7), (8) maroTs TO¥ ke 3micT, mo i ymoBu (1), (2), (3), (4),
aje Bxe I 30ypeHoro crany. J{is Toro mo0 JoCHiquTH 3a1ady Ha OCHOBI CTPO-
roi MaTeMaTu4HOI MOJIeNli, SKa BUKOPHUCTOBYETHCS, HEOOXITHO 3HAUTH PO3B’SI3KU
PIBHSIHB €IIEKTPOIPYKHOCTI Y KOXKHOMY 3 II'€30€JIEKTPHYHUX TPaHCBEPCAIBHO-
130TPOIHHUX MiBIPOCTOPIB, IO 33IOBOJHHAIOTH HABEIEHI BHINE T'PaHUYHI YMOBH
Ha MMOBEPXHi MOy MaTepiaiB.

OcHoBHi piBHsIHHS i ciiBBigHOmeHHs1. CTaTHYHI PIBHAHHS €JIEKTPONPY K-
HOCTI JUIS T’ €30€IeKTPUYHOTO TPAHCBEPCATBLHO-130TPOITHOTO Tijla CTOCOBHO KOM-
MMOHEHTIB BEKTOpa MEPEMIIIICHb 1 eJICKTPUIHOTO MoTeHIliany Y HaOyBalTh Tako-
ro BUrAdy [8, 9]:

E l ¢ E l ¢ E E, E
Crly xx +5(011 —Cp)Uy yy + Caglly +5(011 ey, + (3 +eagu, . +

+(e3+e5)¥,, =0;

E 1 £ E E l £, E
Clrily, yy +E(cll _012)uy,xx + Caqlhy, 2z +E(Cll +012)ux,xy +
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E, E
+(ez+egu, ,, +(e3 +es)¥ . =03

z,yz
E E E E
(613 + Caq )(ux,xz + uy,yz) + C44 (uz,xx + uz,yy) + C33uz,zz +

+els(\P’xx +‘P’yy) +e33‘{],zz = 0 ,

(631 + elS)(”x,xz + uy,yz) + elS(uz,xx + uz,yy) + 33U, ,; —
—eN (W +Y ) —e5¥ . =0 9
811( XX + ,yy) €33 ,zz Y ( )

VY piBHsSHHAX (9) BUKOPHUCTAHO TaKi MO3HAYCHHS: cﬁ,c@,cg,cg,cﬂ — He-

3aJIeKHI MOIT IIPYIKHOCTI; €31,€)5,€33 — I €30MOAYII; €),63; — MieIeKT-
puuHi TpoHHKHOCTI. OTXKe, eNEeKTPONPY>KHI BIACTUBOCTI I’ €30€JEKTPUYHOTO
TPaHCBEPCATLHO-130TPOITHOTO MaTepially ONHUCYIOThCS 33 IONMOMOTOIO JAECSTH He-
3aJIe)KHUX CTAJIHX.

Po3B’s130k cuctemu piBHsIHB (9) 3rigHO i3 mpanero [9] MoKHa oAaTH 3a J0-
IIOMOTOKO YOTHPBOX MOTeHLaNbHUX PyHKLiH O ; (/= 1,4 ):

j=1 j=1
3 3
= j=1

ne kj,l; — nesiki crani, a pyHKuil @ ; 3aJ0BOJNBHSIOTH PIBHSHHS
O, +D; , +v,P,; =0 (j=1,2,3), (11
V4 = 2cf4 /(clEl —clEz) , a3HaueHHs v; (i=1,2,3) 3rigHo 3 npaueto [9] € kopens-
MU aJIreOpUYHOrO PIBHSIHHS TPETHOTO MOPAAKY:
V3 (4B, — C\Dy) + V(4 By + A, By — C 1Dy — C,Dy) +
+V(A4y By + A3By —Cy Dy —C3D, ) + A3B; —C3D5 =0. (12)

3navueHus k;,/; ( j :1,2,3) y Bupasax (10) moB’si3aHi 31 3HAYCHHAMHA V ; Ta-

KHUMMU CIIBBIJHOIIEHHIMU:

E E E S
aj +cl3kj +e3llj _ C33kj +e33lj _ 033kj _833Ij

=v; (j=123); (13)

cﬁ c£+aj 631+dj
a;=cy(l+k))+esl;d; =es(1+k)—enl; (j=1,2,3,4). (14)

3 yBeIEHHSIM IO03Ha4yeHb zjzznj_.l/2 (j=1,_4) oynkuii D, (x,y,z;),

Dy (x,¥,25), O3(x,¥,23), Py(x,y,2z4) 3rinHO 3 piBHAHHAM (11) cTaroTh rapmo-

HIYHUMH QYHKITISIME Y BIIIOBIIHIX CHCTEMaX KOOPIMHAT.
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Merton po3p’szannsi. [ng nmoOynoBu po3B’s3Ky TpaHWUYHOI 3aaadi
eJIeKTPONPYKHOCTI cKopucraemocs nogaHuamu (10)—(14). Oynxkuii D, (x,y,z;)
(11 KOX)KHOTO I1°€30€JIEKTPUYHOTO TPAHCBEPCATBHO-130TPOITHOTO MiBIPOCTOPY 3
ypaxyBaHHSIM BJIACTUBOCTEH MaTepiany) Bi3bMEMO Y BUIIISAI

D, (x,y,2)) = F (x,9,2;), (i=1,2,3); ®,=0. (15)

. * . o .
Crani o; y Bupasax noreHuianbHux QyHkuii (15) BU3Ha4MMO 3 Takoi cuc-

TEMU JIHIMHUX anreOpUYHUX PIBHSIHB, SKi MICTATH BIACTHBOCTI €IEKTPONIPYK-
HHUX MaTrepiaiiB, TAKUM YHHOM:

3 3
= j=l

3
Ya(es(+k;)—g1,)=0. (16)
j=1

Jns rpaHUYHUX YMOB, IO 3aJIMLIMINCH, BUKOPHUCTOBYIOUH IMOTEHIaJbHI
¢yskuii Ha ocHOBI GyHKUIN F| (x,,z;) 1 F, (x,y,z;) (dyHKUii 1 nepuoro ta

JIPYTOTO EIEeKTPOINPYKHUX IMBIPOCTOPIB) 3 ypaxyBaHHsIM Bupasis (15) i cucremu
piBHsHB (16), OTpUMyeMO yMOBH y IiomHKHI z =0 CTOCOBHO HEBIJOMHUX TapMO-

HIYHUX (QyHKIIIH Fl* (x,y,2) 1 Fz* (x,y,2) :

3 (1) 2 o*
Sald ki 5F1( 0)=A,0<r<a; aail (r0)=p—Py,a<r<b;
4

Jj=1 (l) 1074

3 k(z) 2 %
Zocl( 6F2( ,0)= Az,OSrSa;ai(r,O)zp—PO,a<r<b;
-t V@ oz oz*
Vj
(1) (2) *
Z ar ki 5Fl 23: or K 0Fy .
/ = 4 o @ oz
2 % 2 %
6121 (r,O):a]Z2 (r,0),b<r<o, Aj+A, =A. 17)
z z

Takum gmHOM, 3a/a4a 3Beach 10 BU3HAYCHHS JBOX TapPMOHIYHHUX (QYHKITIH

Fl* i Fz* , TII0 TIOBUHHI 3a7I0BOJLHATH TpanndHi ymoBH (17). Temep BukoHaeEMO
MTOPIBHSIHHS 13 33/1a4€I0 PO BU3HAYCHHS TAPMOHIYHUX (PYHKITiH 3 OUIBII MPOCTOT
3a7ayi Teopii Mpy>KHOCTI MPO CTUCKAHHS JBOX 130TPOIHHX MPYKHUX MiBIPOCTO-
piB (3 )KOPCTKUM IMCKOIOMIOHMM BKJIFOUEHHSM MiXK HUMH). 3 BHKOPHUCTAHHSIM
nomanns [lanmkoBuua—HeliOepa mis cucteMu piBHSAHBb TEOpil MPY>KHOCTI BHU3HA-
YEeHHS! 30HU pO3IIapyBaHHS CTOCOBHO 30ypEHOTO CTaHy 3BOJUTHCS JIO IMOIIYKY

JBOX TapMOHIYHUX (DYHKIIIH fl*(x, y,z) 1 fz*(x, V,Z), U1 3HAXOJDKEHHS SKHX
Ma€eMO y IUIONIMHI MOy MaTepiamiB z =0 TrpaHW4HI YMOBH, IO CTPYKTYPHO
nmoaiOHi g0 BupasiB (17). BiamiaHicTs Mixk Bupaszamu (17) i momiOHUMHU iM BUpa-
3aMU JJIs TIPY’KHOT 3aj]adi oJsirae B TOMY, IO Y BHpa3ax AJisl i30TPOITHUX MPYyK-
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3 3
HUX MarepialliB 3aMiCTh MHOXXHHKIB Zaﬁl) k}l)/ 1/v(jl) 1 Z(xl(»z) k§2)/
j=1 Jj=1

(U 1 €30€NeKTPUYHNX MarepialliB) BUKOPHUCTOBYIOThC BHpazu (1—v))/p; i
(1-vy)/n,, ne v;,v, — xoediuientu Ilyaccona; p, 1, — MOIyi 3CyBY i30Tpo-
HHUX TNPYKHUX MarepianiB. BUkopucTaeMo Taky BiJMOBIIHICTh MK TPAaHUYHUMHU
YMOBaMH ISl 33/1a4 KOHTAKTHOI B3a€MOJIIl IBOX MPYKHHUX 130TPOIHUX MiBIPOC-
TOPIB 1 VI 337249 JBOX IT"€30€ICKTPHYHUX TPAHCBEPCATHLHO-130TPOITHUX ITiBIPOC-
TOpiB (I BU3HAYEHHS JBOX TFapMOHIYHUX (DYHKIIH), ISl TOCTIKEHHS 3aaqy
€JIEKTPOTIPYIKHOCTI 3a IOTIOMOTOIO PO3B’SI3Ky OUIBII MPOCTOI 3a7a4i Teopii mpyx-
HOCTI JJIs1 130TPOIHUX IMTiBIPOCTOPIB.

Ha ocnoBi pe3ynbratiB [15] 1T KOHTaKTHOI B3a€MOJIi ABOX MPYXHHUX 130-
TPOMHUX Ti (32 HAsIBHOCTI TUCKOIOJIOHOTO BKIIOYECHHS) Ta BCTAHOBJICHOI Bij-
MOBiJHOCTI KOHTaKTHUX 3a/1a4 Y BUIAJKY ABOX I1'€30€JIEKTPUYHUX TpaHCBEpca-
JTHHO-130TPONHUX MBIPOCTOPIiB (32 HASABHOCTI JYKOPCTKOTO JHCKOMOIIOHOTO
BKJIFOYCHHSI MK HUMH Ta THCKY B 30HI pO3IMIapyBaHHS) 3a1ady 3BOJUMO 0
PO3B’s3Ky IHTETPAIBHOTO PiBHSHHS CTOCOBHO HEBIIOMOTO 3HAYCHHS ¢ =b/a , sKe
XapaKTEpHU3y€e BiTHOIIECHHS PO3Mipy HEBIIOMOI 30HH pO3IIapyBaHHS JO pajiyca
YKOPCTKOT'O KPYTOBOTO BKIOUeHHS. OTXKE, OTPUMY€EMO

Sl o
o(m)+ g Y —n)L . énH& €

A 2 o[ -1
_ G-t |, 0<n<1l (18)
kj 4 I-m

ap(1+ OL)Z oD’ NO
J=1 \I

3 JOJATKOBOIO YMOBOIO, IO Bi/MOBiAa€ YMOBI BIICYTHOCTI CHHTYJISIPHOI CKJIaJ0-
BOI B 30HI PO3MIapyBaHHS SICKTPONPYKHUX MaTePiaiB, SIKIO 7 =b :

2CJ‘ (P(F;) ,§+( _p2 2o, (19)

£ 3 kWD
ne n=rl/a,c=bla, a= Za(z)* J / z%lﬁ%
j= v A \/VT,‘)

Ha ocHoBi po3knany 3a Manum napamerpom € =a/b=1/c <1 cTocoBHO m1y-
KaHOT (DYHKIIi1, IO BXOAUTH JI0 iHTerpaiibHOTO piBHAHHSA (18) (y TOBHIH BiIOBI-
JTHOCTI JIO PO3TJISTY BUMAAKY KOHTAKTY JIBOX MPYXKHUX 130TPOITHUX MMiBIIPOCTOPIB
y mparii [15]), HaOmKeHUH pPO3B’SI30K IHTETPAIBHOTO PIBHSHHSA 3 TOJATKOBOL
yMoBH (19) MOKHA OTPHUMATH 33 JIOTIOMOTOIO PO3B’A3KY anreOpHYHOTrO PiBHSIHHS
I’ SITOTO TOPSIAKY:

(1) )
Q k" |Q
1(8) (2) 2p-Ry) O IA(I) J 2(8):0, (20)
Jj=

(1+a) \/T €

€ BUKOpHUCTAaHO TaKl IMO3HAYCHHS:

126 ISSN 1681-6048 System Research & Information Technologies, 2021, Ne 3



Mamemamuyutne MOOen08AHHA KOHMAKMHOI 83AEMOOIT 080X N '€30€NeKMPUUHUX NIGNPOCMOPIE ...

auo=ter 00 (% ) 10, 20),
Tom o 3n o

es(ﬂJr 1024 +ij +0(e%),
o> 1’ 5m

n’ 4 6 3nt 72 \24 9n® % on’

Qz(s)=1—i8—£82—83(ﬁ+%j—84 16, 4 (1 8 +ﬁ+ij B
T T

5 16(L 64 8 8J 256 L0, 1)

n*\24 T 9’ ! 9n?) 9n® 157°

3naiizene 3 anreOpuuHoro piBHsHHA (20) 3 ypaxyBaHHsSM ¢opmynn (21)
3HaYeHHS €=a/b BHU3HAYa€ PO3MIPH 30HM pO3IIAPYBAHHSA MIDK JBOMA
1’ €30€JICKTPUIHUMH ITBIPOCTOPaMH (32 HASIBHOCTI KOPCTKOTO JHUCKOIIOAIOHOTO
BKITFOUCHHSI MI>K HUMH) 33 CTUCKaHHS Ta BpaXyBaHHS THCKY B 30HI po3IIapyBaHHs
MatepiamiB. Po3Mipu 3armubaeHHs BKITIOYCHHS Y BiATIOBITHAN 11’ €30€EKTPUIHHMA
TpaHCBEPCAIBHO-130TPOITHUH MBIPOCTIpP 3aJeKaTh BiJ €JICKTPOIPYKHAX BIACTH-
BOCTEH MaTepialliB 000X MIBIPOCTOPIB i BA3HAYAIOTHCS CITiBBITHOIICHHSIM

1 1
3 Ay =3
1*7.(1) 1) 2)*7.(2) (2)
Z‘;ocj k3 AV Z1aj k57 IV
j= j=

Aj+Ay=A.

A,, (22)

ToOto 3 piBHSHHA (22) BUIUIMBAE, IO 3arTUOJICHHS BKIIOYCHHS Y TIEPIIHA

3
o . . ‘o *
EJIEKTPOTIPYKHHUY MIBIIPOCTip MPOMOPITiiiHEe 3HAYCHHIO ZOLI(-D kgl)/ v(il) , a 3a-
J=1

3
. : 2%, (2 2
TIIMOJICHHS Y APYTHIA MIBIPOCTIp — 3HAYEHHIO Zag ) k§~ )/ VS- )
J=1
3ayBaXMMO, M0 PO3MOMALI HAMPYKEHb ITiJ] TIOCKUM JUCKOIIOAIOHUM BKIIFO-
YyeHHSIM (TIEpIIHA MiBIPOCTIP) BU3HAYAETHCS CYNEPIO3UINEI0 MPOCTOTO CTHCKAH-

HA 31 CKJIAJOBUM

1 1
- —— -,
A5k V@ JI-(/a)
j=1

II0 Ma€ KIACHYHY OCOOJIMBICTB ISl HAIIPY>KEHOTO CTaHy 3 HaONMKEHHSM 10 Me-
K1 JKOPCTKOTO TIOCKOTO JTUCKY, XapaKTEepHY JUIS 3a[ad PO KOHTAKTHY B3aEMO-
JIUI0 TUIOCKUX IITaMINB 3 MPY)XHUM MiBIIPOCTOPOM. AHAJIOTIYHO BU3HAYAIOTHCS
HaMpy>XeHHS i TUCKOM Y APYroMy HiBIPOCTOPI.

I3 popmyn (20) oTpuMyeMO CITIBBIAHOIICHHS, SIKE TIOB’I3y€ 3HAUEHHS CTHUC-
KaJIbHUX HAaBaHT@X€Hb p 1 TUCKY B 30HI po3LIapyBaHHS F, 13 po3MipoM 30HU

pO3IIapyBaHH MIXK 11’ €30€JIEKTPUIHIMH TIBIIPOCTOPAMHE Y BUTIISI
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1 eQ(e)/Q, (e A
- 10/ H:
Sk (W 1] $a@ ) [
j=1 j=1
:lsﬂl(s)/*Qz(s)[é]’ 23)
2 M a
ae
v [ 1 e 2
M= Y kDO | Yo D VL (24)
j=1 j=1

3a gomomororo Bupazis (20), (21), (23), (24) MoxyTh OyTH 3HaleHI 3HA-
yeHHA p—F), WO Ul BiIOMUX TF€OMETPHUYHUX MHapaMeTpiB IUCKOMOAIOHOrO
BKJIFOUCHHSI, €JIEKTPOIPYKHUX BIACTHBOCTEH 11’ €30€JIEKTPUIHUX MaTepialiB Bij-
MOBIJAIOTH PO3MIPY 30HHU PO3MIAPYBAHHS 1T’ €30€TIEKTPUYHUX IIBIIPOCTOPIB.

Jlnist BUBYEHHS BIUTUBY €JICKTPOIPYKHUX BIACTUBOCTEH I €30€JIEKTPUIHUX
MaTepialiB Ha KOHTAKTHY B3a€MOJIIIO TIBIIPOCTOPIB PO3TIITHEMO NIaHI PsTy KOHK-
pPETHUX I’ €30KepaMidHUX MaTepialliB, SKi BAKOPUCTOBYBAIKCH y mparli [16]. Bia-
CTHBOCTI MartepiajiB HaBeleHO y Tabn. 1, a pesynbTate JDochimkeHb [16] —
y Tabm. 2.

Taoauusa 1. BractuBocTi IT’€30KkepaMigHIX MaTepiaiiB

Beauunna| Posmipuicts |PZT-4 | PXE-SIITC-19| PZT-5 PZT-7A BaTiO; PZT-5H| P-7

et I'Tla 139 | 103 | 109 | 121 | 148 | 150 | 126 | 130
ch I'Tla 778 | 58 | 61 | 754 | 762 | 66 | 55 | 835
ch I'Tla 743 | 59 | 54 | 752 | 742 | 66 53 | 825
e I'Tla 115 | 102 | 93 | 111 | 131 | 146 | 117 | 119
ch I'Tla 256 | 25 | 24 | 21,1 | 254 | 44 | 353 | 246

_ —12
e /g, | B0=88510 730 | 1008 | 840 | 916 | 460 | 1115 | 17062 | 1090

D/m
&3 /e, 80:8;;51\'410_12 635 | 893 | 820 | 830 | 235 | 1260 14689 | 939
es) Kot/ a2 52 [-778| -49 | =54 | 2,1 | -435 -65 |-1034
es3 Ko/ w2 151 | 152 | 149 | 158 | 95 | 17,5 | 233 |14,66
e Ko/ v 127 | 129 | 106 | 123 | 97 | 114 | 170 |13,55

3
. 1 *
V tabn. 2 Buxopuctamo taki nosmauemns: AT =| Y ok IATRE

12, 172
Blastic _ i (m " +ny T)(er3 +caq)

Caq (e +cy3) (e ny +¢3)
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Tadoaumusa 2. 3HaucHHS, OTPUMaHI JUIA 33/]]a4i KOHTAKTHOI B3a€MOIii

3uaiineni

PZT-4 | PXE-5 | UTC-19 | PZT-5 |PZT-7A | BaTiO; |PZT-5H| P-7
3HAYCHHSA

A Piezo

(x1/TTIa)
AElastic

(x1/TTIa)
APiezo

1,77277) 2,03635 | 2,14833 | 2,08862 | 1,68056 | 1,41489 | 1,60655 |1,95414

2,55189 2,77137 | 2,87076 | 3,00057 | 2,27952 | 1,65598 | 2,04987 [2,74777

0,69469| 0,73478 | 0,74835 | 0,69607 | 0,73724 | 0,85441 | 0,78373 0,71117

A Elastic

OcTtaHHIN pAMOK TaOJ. 2 JO3BOJISE OLIHWUTH BIUTUB 3B’S3aHOCTI CHIIOBHUX i
CJICKTPUYHUX TIONIB Ha 3HAYCHHS AP | axe XapaKkTepu3y€e KOHTAKTHY B3a€MO-
IIIO BIiATIOBIAHOTO €JIEKTPONPY>KHOTO MIBIPOCTOPY 3 AMCKOIMOMIOHNM BKIFOYEH-
HsM. Tak, 32 paxyHOK 3B’SI3aHOCTiI CHJIOBUX 1 €NIEKTPUYHUX IOJIB 15l BEIUYHHA
3MeHIyeThess npuomuzno Ha 30,5% ; 26,5%; 25,2%; 30,4%; 26,3%; 14,6%;
21,6%:; 28,9% nns n’e3oenextpuuHnx MarepianiB PZT-4; PXE-5; IITC-19; PZT-5;
PZT-7A; BaTiO;; PZT-5H; P-7 BignmoBigHO (3a BiICyTHOCTI €IEKTPOIHOTO IIO-
KPUTTS MMOBEPXHI MiBIPOCTOPY).

Bia3sHa9MMO, IO MICIIs €IeMEHTAPHIX TIePETBOPEHb 3HaueHHs A= 21

OyTH IEpETBOPEHO 0 BUTTISAAY

MOXKE

12 . 1/2
Flastic _ €11 (ny ~+ny ")(cp3 +¢yy)

Caq (c1y 1y +cp3)(cqyny +013)

Ve 2
= 2 [\/011033 —Ci3 = 2044013 + 2¢444C11C33 }
(€11633 =C13)v Cag

I3 mepexo/10M BiJl TPAHCBEPCATBHO-130TPOITHOTO MPYXKHOTO JIO 130TPOMHOTO
MaTepiary OTpUMy€EMO

c=h+2 03 =hseyy = wim =ny =1;
A+2n  1-v
2uh+p)  w
3ayBaxMMO, 10 32 KOHTAKTHOI B3a€EMOJI1 TUNIOCKOTO JAMCKOIOIIOHOTO BKITFO-
YEHHS 3 SJIEKTPOIPYKHUMH MBIPOCTOPAMHU Y KYTOBIH 30Hi )KOPCTKOTO TIJIOCKOTO
BKJIFOUCHHSI (Y3II0BXK KOHTYPY 7 =) HAlpyXEHUH CTaH Mae 0coOauBICTh. Lls
CUHTYJIPHICTh € XapaKTEPHOIO IS 3a/1a4 KOHTAKTHOI B3a€MOIIi MJIOCKHUX KOPCT-
KHX IITaMITiB 3 TIPYKHUM MiBIPOCTOPOM. BogHOUAC y370BK KOHTYpY, IO 0OMe-
KY€ 30HY PO3LIAPYBaHHSA ABOX I’ €30€JEKTPUYHUX MIBIPOCTOPIB, PO3MOILT Ha-
MpYyKEHb HE MICTUTh CHUHTYJSPHOI CKJIaJOBOi, OCKIIBKH caMe 3 Ii€i YMOBH
BU3HAYAIOTHCS PO3MIPH 30HU PO3IIAPYBaHHS SICKTPOIPYKHUX MaTepialis.
AHali3 pe3yJbTaTiB 4YHCI0OBHX JOCTIIKeHb. 3a JOIIOMOIOI0 CHIiBBIIHO-
1IeHb (22) MPOBEAEMO JOCIIIHKCHHS BIAHOIICHb MITMOWH MPOHUKHEHHS KOPCTKO-
TO BKJIFOUEHHS B €JEKTPONPYKHI MBIPOCTOPHU) ISl PEATbHUX I €30€TEKTPUIHIX
TPaHCBEPCATLHO-130TPOITHIX MaTepialiB. Bukopucraemo maHi, HaBeneHi y Taom. 2.
VY pe3ynbTarti OTPUMYEMO BiJHOIICHHS TJTUOWH MPOHUKHEHHS dKOPCTKOTO JHUCKO-
MOAIOHOTO BKITFOYECHHSI B €JICKTPOIPYKHI TPaHCBEPCAITLHO-130TPOIHI TiBIIPOCTOPH:

AElastlc _)Also _
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Ay /As=1.0549; A, /Ag =1.2529; A, /A, =1.1035; A,/Ag=0.9072.

ToOTo 32 KOHTaKTHOI B3a€MOJil €NEKTPOIPYKHUX MiBIOPOCTOPIB 3 Marepia-
niB PZT-4 1 PXE-5 (ta6xa. 1 i 2) rimbuHa TPOHUKHEHHS KOPCTKOTO BKIIOYCHHS Y
marepian PZT-4 y 1,15 pasy menma, Hix y matepian PXE-5. HaBeneni Bume
3HaueHHS A;/A; H03BOJIAIOTH JIETKO OOYUCIMTH BiJHOLICHHS INTMOMHU MPOHHK-

HeHHs [ Oynp-AKoi BHOpaHOi Mapu 3 HaBEJCHWX Y TaONULIAX BOCBMHU
I’ €30€JIEKTPUIHUX MaTepiaiB.

[IpoBenemMo mocCiiKEHHS 3aJI€KHOCTI PO3MIpiB 30HU pO3IIApyBaHHS EJIEKT-
POTIPY>KHUX MaTepialiB BijJl 3HAUYEHb JIFOYAX HABAHTAXEHb. 3B’SA30K JIFOUMX Ha-
BaHTaXXCHb 3 PO3MipaMH 30HH po3IIapyBaHHs (32 (iKCOBAHOTO BiJHOIIECHHS TOB-
MIMHU BKJIOYEHHs a0 ii pamiyca A/a) mokasaHo Ha puc. 2. Y po3paxyHKax
3HaueHHs A/a moxnagamuck Takumu: 0,05 (minis 7), 0,1 (minis 2), 0,2 (miHis 3),
0,3 (minist 4). BunHo, 1110 31 301IBIIEHHSAM BiTHOCHOT TOBIIMHU KPYTOBOTO BKIIFO-
YeHHS JUIST AOCATHEHHS TOTO X PO3MIipy 30HH PO3IIApyBaHHS, IO 1 IS OiIBII
TOHKOTO BKIIFOUEHHSI, HEOOX1THO MPHUKIIACTHU OiIbII HAaBAaHTAKEHHS.

(p-POM*10°
4,0
3,0
4
2,0
3
1,0
2]
4/// 1
0
0 0.1 0,2 0.3 a’b

Puc. 2. B3aeM03B’ 30K pO3MipiB 30HH pO3LIAPYBaHHS 3 HABAHTAKEHHIMH

BuB4YMMO BIUIMB HaBaHTaXEHb (CTHCKAJIbHUX 3yCHJIb 1 TUCKY B 30HI pO3ILa-
pyBaHHS MaTepianiB) Ha PO3MIpH 30HH PO3LIAPYBaHHS I €30€NCKTPUYHUX MaTe-
piaiiB 3a BiIOMOi TOBIIMHU >KOPCTKOTO BKJIOUEHHs. [lokmageMo y po3paxyHKax
BiTHOCHY TOBIIMHY TUCKOMOAIOHOTO BKIIFOUeHHST A/a=0,1.

Pesynbratu po3paxyHKiB HENiHIHHOT 3aJI€KHOCTI 30HHM PO3IIAPYBAHHS MiX
I’ €30€NEKTPUYHUMH MIBIPOCTOPAaMH BiJ [iIOYMX HAaBAHTAXKEHb IIOKAa3aHO Ha
puc. 3, Ha ssKOMy KpuBa [/ BIiANOBiZa€ KOHTAKTHINA B3a€MOJIIT IBOX €JICKTPOIIPYXK-
HuX MmarepianiB PZT-4, a minis 2 — BUMAgKy CTHCKaHHSA JIBOX YUCTO MPYXKHHUX
TPaHCBEPCAIBHO-130TPOITHUX ITBIPOCTOPIB, TMPYXKHI BIACTUBOCTI SKUX 30ira-
I0THCS 3 PYKHUMU BIIACTHBOCTSM I’ €30KepamidiHoro Marepiany PZT-4.

3ayBakuMo, 110 HEJiHIHA 3aJIe)KHICTh HABAHTAXKEHb 1 PO3MIPIB 30HU PO3-
mapyBaHHsa (AJ1s1 JIHIHHOI CHCTeMH PIiBHSHB) XapaKTepHA 1 JJIs BUIAAKY CTHC-
KaHHsI JIBOX TMPYKHUX 130TPOITHUX TBIPOCTOPIB (32 HASIBHOCTI JUCKOIOIIOHOTO
BKJIIOUEHHsI MK HUMH) [15], a Takok JUIsi KIIAaCHYHUX KOHTAKTHHUX 3a1ad Teopii
NPY>KHOCTI 3 HEBIIOMOIO Hamepe[ 30HOI0 KOHTAKTy (3afada Mpo KOHTAKTHY B3ae-
MO0 TTapaboJIoiqaTBHOTO MITaMITy 3 IMBIPOCTOPOM, 3aaada ['epria).
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a/b

2 =

03

0,2

H

0,1

»

0

0 0.4 0.8 12 (p—Po)M-10?

Puc. 3. BriuuB nirounx HaBaHTa)KEHb Ha PO3MIpPU 30HU poO3MIapyBaHHS (3a Bimomol
BiTHOCHOT TOBIIIMHH BKJIFOUCHHST)

BB 3B’S3aHOCTI CHIIOBHX 1 €JIEKTPUYHHUX TOJIB il Marepiany PZT-4
MOYKHA OL[IHUTH, IOPIBHIOIOYM 3HAUYEHHS HABAHTA)KEHb, 3@ SIKUX AOCITAETHCS OJI-
HAKOBE BITHOIICHHS «/b Ha kpuBuX [ 1 2 (30iraloTbCs po3MIipH 30H pO3IIAPY-
BaHHS 751 IPY>KHOTO 1 €JeKTPOIPYKHOTO MatepianiB). BuaHo, 1mo 3B’s13aHicTh
CWJIOBHUX 1 €NIeKTPUYHHX TOJIB 301IBIITY€E 30HY pO3IIapyBaHHs (IIOPIBHSHO 3 YHC-
TO TIPYKHHM MaTepialioM, SIKHH Ma€ Ti K NPY>KHI BIACTHUBOCTI, IO i €NEKTpO-
NpPYKHUI). AHANOTIYHAN SKICHUHA e(eKT XapaKTepHHH 1 A 1’ €30KepaMiuHUX
matepianiB PXE-5, PZT-5, PZT-7A, BaTiO;, PZT-5H, P-7, nnsa sxux BUKOHaHO
pO3paxyHKH, IO MiATBEPKYIOTh MOAIOHMNA BIUIMB 3B’si3aHOCTI ToiiB. Lle o3Ha-
Yae, 110 JJIS1 3MEHILIEHHS 30HU PO3IIapyBaHHs MiX 11’€30€JICeKTPUYHIMU MiBIPOC-
TOpPaMH 10 PO3MIpiB Li€l 30HM MK JBOMa YHCTO NMPYKHHUMH TPAaHCBEPCAIBHO-
I30TPOITHUMHE TiJIaMH (3 THMH K TPYKHUMH BIACTHBOCTSMH, IO 1 BiJATIOBITHHIA
EJICKTPONPYKHUI Marepiall) MOTPiOHO MPHUKIACTH OUIBIIN CTUCKATIbHI 3yCHILIA,
HDK JJIS IPYKHUX MiBIOPOCTOPIB.

Bigznaunmo, 1o 3 oTpuMaHuX BUpa3iB A MapaMeTpiB KOHTAKTHOI B3a€EMO-
Iii TBOX €NEKTPONPYKHHUX IMBIPOCTOPIB (32 HASBHOCTI YKOPCTKOTO AMCKOMOIO-
HOT'O BKJIFOYEHHSI MK HMH) BUILIMBAIOTH NAapaMEeTPH KOHTAKTY JBOX NPY>KHHX
TPaHCBEPCATBHO-130TPONHUX YH 130TPOMHHX MiBIPOCTOPiB. g 1boro B oTpu-

MaHux (opMynax HeobximHo Bupasu AT saminnTn Bupazamu AU (s

MPY)KHUX TPaHCBEPCATHHO-130TPOITHUX IiBIIPOCTOPIB) Ta AS° (s TIpYKHUX
130TPOITHUX MiBIIPOCTOPIB).

BUCHOBOK

Y poboTi 3a AOMOMOTOI0 CTPOTOi MaTeMaTHYHOI MOJENi, IO BPaxOBYE
3B’S3aHICTh CHJIOBHUX 1 €IEKTPUYHHX TOMNiB, OTPUMAaHO HAOIIKSHUN aHATITHYHUN
PO3B’S30K 3a/1a4i PO KOHTAKTHY B3a€MOJII0 JBOX I €30€JIEKTPUYHUX TPaHCBEP-
CaJIbHO-130TPOITHUX TIBIPOCTOPIB ITiJT YaCc CTHUCKAHHS (32 HASBHOCTI KOPCTKOTO
IUIOCKOTO KPYTOBOTO BKJIIOUEHHS MiXK HMMH 1 THCKYy B 30HI pO3IIapyBaHHS
MmarepiaiiB). BHKOHaHO YHCIIOBI pO3paxyHKH, HOCIHIIPKEHO BIUIMB BiJHOCHOT
TOBIIMHH )KOPCTKOTO BKJIIOYEHHS Ta CHJIOBUX HABAHTAKEHb (CTHCKAIBHUX 3yCHIIb
Ta THCKYy B 30HI po3IIapyBaHHSA) Ha pO3MIpM 30HM PpO3IIAPYBaHHSA
I’ €30€JIEKTPUYHUX TTIBIPOCTOPIB.
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MATEMATHYECKOE MOJEJIUMPOBAHUE KOHTAKTHOI'O B3AUMO-
JEVCTBHUSI JBYX DJIEKTPOYIPYIUX TMOJYINPOCTPAHCTB (BE3
JEKTPOJHOI'O TOKPBITUS TNOBEPXHOCTEW) IPH HAJIUYUHA
KECTKOIo JUCKOOBPA3ZHOI'O BKJ/IIOYEHUA MEXAY HHMHU H
JABJIEHUS B OBJIACTU PACCJIOEHUSA / B.C. Kupumiok, O.1. JleBuyk

AnHoTanus. Ha ocHOBe MCHONB30BaHUSI CTPOrOod MAaTEMaTHUECKOM MOJENH, y4u-
THIBAIOIIECH CBSI3aHHOCTbH CHJIOBBIX M JJIEKTPUYECKHX IOJIEH B AJIEKTPOYIPYTUX Te-
JlaX, MCCJIEI0OBAaHO KOHTAKTHOE B3aUMOJEHCTBHE JIByX pasjMUYHBIX IO CBOWMCTBaM
MbE302JIEKTPUUYECKUX TPAHCBEPCATLHO-U30TPOIHBIX MOJYIIPOCTPAHCTB IPU CIKATHHU
(TIpH HAJIMYUHU JKECTKOTO JTUCKOOOPA3HOTO BKIFOUCHHUS MEXKIYy HUMH U JABJICHUS B
o0macT pacciioeHusl MaTepuajoB). Pemenne 3a1auy NOIy4€HO C MOMOILBIO Ipel-
CTaBJeHUS OOIIEro pELICHUS CTAaTHYECKUX YPaBHEHHH SJIEKTPOYIpPYTrOCTH s
TPaHCBEPCATLHO-U30TPOITHOTO Tella Yepe3 TapMOHUYECKHE (YHKIHH C TOCIEIYyI0-
[OIMM BO3BEICHHEM TPAaHWYHOW 3a/1a4d DIIEKTPOYNPYTOCTH K PACCMOTPEHUIO WHTE-
TPaJBHOTO YPAaBHEHHS M PA3JIOKCHUS MCKOMOW (YHKIUH IO MaJoOMy ITapaMeTpy.
Kaxk vacTHbIll ciyyail U3 HallZICHHBIX aHAJIUTHYECKUX BBIPAXKEHUN CIIETYIOT OCHOB-
HbIE NapaMeTpbl KOHTAKTa JUIs JBYX YHPYTHX TPaHCBEPCAIbHO-U30TPOIHBIX U U30-
TPOIHBIX MMOJYNPOCTPAHCTB (MPU BKIIFOYCHUH MEXIY HAMH U JABJICHUS B 00JIACTH
paccioenus). IlomydeHs! yncIeHHbBIE pe3yIbTAThl, U3yUYCHO BIMSHUE IEKTPOYIPY-
I'MX CBOMCTB MOJYIIPOCTPAHCTB, TEOMETPUUYECKUX Pa3MEPOB BKIIOUCHUS U HArpy30K
Ha MapaMeTpsl KOHTAKTHOTO B3aMMOJICHCTBUS AIEKTPOYIPYTHX TEIL.

KiroueBble cj10Ba: MaTeMaTHuecKas MOZEINb, IbE303JIEKTPUUECKUH MaTepual,
JEKTPOYIIPYTroe MOIYIPOCTPAHCTBO, HKECTKOE AUCKOOOpPAa3HOE BKIIOUCHUS, JaBie-
HHE B 00JIaCTH PacCIOCHHMs, TapaMeTPhbl KOHTAKTA.

MATHEMATICAL MODELING OF CONTACT INTERACTION OF TWO
ELECTROELASTIC HALF-SPACES (WITHOUT ELECTRODE COATING
OF SURFACES) IN THE PRESENCE OF A HARD DISK-LIKE INCLUSION
BETWEEN THEM AND PRESSURE IN THE AREA OF SEPARATION /
V.S. Kirilyuk, O.I. Levchuk

Abstract. Based on the use of a rigorous mathematical model that takes into account
the connectivity of force and electric fields in electroelastic bodies, the contact inter-
action of two piezoelectric transversely isotropic half-spaces with different proper-
ties under compression (in the presence of a hard disk-shaped inclusion between
them and pressure in the material separation region) was studied. The solution to the
problem is obtained by representing the general solution of the static equations of
the electroelasticity for a transversely isotropic body in terms of harmonic functions,
followed by the construction of the boundary value problem of the electroelasticity
to the consideration of the integral equation and the expansion of the desired func-
tion in a small parameter. As a special case from the constructed analytical expres-
sions, the main parameters of the contact for two elastic transversely isotropic and
isotropic half-spaces (with the inclusion between them and pressure in the separation
region) are implied. Numerical results were obtained. The influence was studied of
the electroelastic properties of half-spaces, the geometric dimensions of the inclu-
sion, and loads on the parameters of the contact interaction of electroelastic bodies.

Keywords: mathematical model, piezoelectric material, electroelastic half-space,
hard disk-shaped inclusions, pressure in the delamination region, contact parameters.
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PO3B’A3AHHS ITPOBJEMMU HAJIVIMIIKOBOCTI
MATEMATUYHUX MOJIEJIEW JEAKUX HEJIHIMHUX
KOJIUBAJIBHUX CUCTEM

B.I. TOPOJIELLKUIA, M.II. OCAJTUYK

AHoTamisi. 3a1pOIIOHOBAHO YHCIIOBO-aHATITHYHUH METOJI, L0 J03BOJISIE CIIPOCTHTH
MOJZIENb, OTPUMaHy Ha OCHOBI €IMHOI CIIOCTEPEKYBaHOI 3MiHHOI JOCHIIKYBaHOTO
00’€eKTa, 5IKa, MOXKJIMBO, MA€ HAUIMIIKOBICTb. SIK TaKy MOZENb PO3IIISHYTO CUCTEMY
3BHYAWHUX AW(EpeHIiaTbHUX PIBHSAHb 3 MOJIHOMIaJbHUMH NPABUMH YaCTHHAMHU.
Ji1s po3B’sI3aHHS OCTABJICHOT 3a/1a4i BUKOPUCTAHO TaK 3BaHy AW(EpeHIIaNbHY MO-
JIeTIb, TOOTO CHCTEMY, y SIKii HeBiZOMi 3MiHHI 3aMIiHIOIOTBCS ITOXIJHUMH CHOCTEpe-
JKyBaHOI 3MIHHOI i 5iIka BUBOJWTHCS Ha OCHOBI JIOCIIPKYBAaHOI CHCTEMH TaKHM YH-
HOM, MIO0 CIIOCTEPEXKYBaHI 3MiHHI IUX CHUCTEM 30iranucs. MeTojJ CHpOIICHHS
JIOCITIKYBaHOI CHCTEMH IPYHTYEThCSI Ha TOMY, 100 3 4acOBOTO psiay 3a JIOHNOMO-
rOI0 YHCIIOBOIO METOJY MOXHA OTpUMATH Au(epeHLialbHy MOJAENb, sSKa MPOCTilia
3a audepeHLialbHy MOJeb JOCIiHKyBaHOT cucTeMu. BUKOHAHO aHANITHYHHUE Tie-
pexiza Bix crpomeHoi AndepeHianbHOi MOIENi 10 CIPOIICHOT OPHUTiHATIBHOI CHCTE-
Mmu. [Toxmbka peamizamii cocTepeXyBaHol 3MiHHOI 3ajUIIanacs B 3aJaHUX MEXKax
HaBITb JUIS CUCTEM 3 JICTCPMIHOBAaHHM Xa0COM, HE3BaXKAIOUHM Ha 1X BHUCOKY YyTJIH-
BICTb 10 II0YaTKOBHX YMOB.

Kawuosi ciioBa: vacoBuii psj, opuriHajgbHa CHCTeMa, TU(EpCHIiabHA MOJIEIb,
YUCJIOBMM METOJ, aHATITUYHUI METO/.

BCTYII

InenTudikallis HEMHIMHUX CUCTEM 3a HEJOCTaTHHOI iH(OpMaIllii mpo 00’eKT —
OJlHA 3 TOMIMPEHUX MpobiieM y Teopii MoaemoBanus [1-3]. o Takux mpobiem
MO)KHA BiTHECTH 3afady imeHTH(IKail MOAENi y BUTIIANI CHCTEMH 3BHYANHIX
mudepentiansHux piBHsIHD (3/IP) 32 enuHOIO criocTepeXyBaHOO 3MIHHOKO [4-7].
S0 po3risnaTH siIk 00’ €KT JTOCTIPKEHHS HEJIHINHI KOJUBAIBHI CUCTEMH, TO
0COOITMBO CKJIATHOIO IS 3a]ja4a BHUSBIIIETHCS 32 XAOTHYHOTO PEKUMY KOJIUBAHBb
gepe3 3aJeKHICTh TUHAMIKM TaKHUX CHCTEM BiJ MOYaTKOBUX YMOB [8—10]. Takwmii
TUN MOJieNiel TOUIMPEHUH, HampuKIad, Uil onucy npupoanux sBum [11, 12],
BEJIMKOI KiJIbKOCTI KOJNIMBaJIbHHUX XiMiYHHX peakiiil [10, 13], mporecis y Giomorii
[14, 15], emigemiomorii [16], pi3HuX TeXHIYHUX cUcTeM [17-19].

Jlist ineHTrdikamii HeTHIHMHIX MOJIETeH 3aCTOCOBYIOTh Pi3HOMAaHITHI, IIepe-
BakHO 4mcioBi, Metoau [20]. Otpumana TakuM 4ymHOM cuctema 3/IP nmeskoro
MOPSAAKY MOXKE MaTH HaJJIMIIKOBICTh IIOAO ii cTpykTypH [21, 22], TOOTO MaTu
OlLBIIIe CKITAIOBUX Y MIPaBUX YaCTHHAX PIBHSIHB, HiXK HEOOX1THO TS BiATBOPECHHS
4acoBOTO psAAy 13 3agaHoOK0 TOYHICTIO. Sk 3a3Hadajgocs y mpami [22],
«...JUHaMIYHI XapaKTEepUCTUKUA MOJENi MOTIPHIyIOThCS, SKIIO CTPYKTypa MOJETi
HA/ITO CKIIATHAY.

Jlesiki 9UCIIOBI METOIM O3BOJIAIOTH OTPHMATH MOJENH, KA JOCUTh TOYHO
AnpPOKCUMY€ YaCOBUH PsJ 1 KA MA€ BC1 MOXKJIUBI CTCTCHI 3MIHHUX HE BWII Bif
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3agaHoro. Hanpukian, y gocmimkeHHi [10] oTrpuMaHO Moens y BUIVISIAI TPHOX
3BUYAHNX nudepeHItiaaTbHuX PiBHAHB 3 TOJIHOMiaTbHUMH MTPaBUMHU YaCTHHAMH,
siKa MICTUTh 52 KoedillieHTH. SIK HACIiJOK MOJE/b 3 TAKOK BEIIMKOIO KITBKICTIO
koediuieHTiB Mae GopManbHUN XapakTep, TOOTO He Mae izmynoro 3micty. Bon-
HOYAC TIPOCTIIIi PiBHSAHHS JIETIIE aHATi3yBaTH, i IX MOKHAa BUKOPUCTOBYBATH JIJIs
OTPUMAaHHS MOJIEITI, IO BioOpaxye (i3uky mporecy.

BaxmuBUMH € TaKoXK po3Mip Ta CKJIAAHICTh MOJIEINI, SIKIIO ii BUKOPUCTOBY-
I0Th ISl PETYJIIOBAHHS JESIKOTO TEXHOJIOTIYHOTO MPOLECy, MPHUOMY MapaMeTpu
i€l Mozesi 00UMCITIOIOTECS HETIEPEPBHO B pekuMi peanbHoro yacy [23]. OueBu-
JTHO, 1110 Yac igeHTudikamii Ta, SK HACTIJOK, 3aIi3HEHHS TAKOr0 PETYJIIOBAaHHS
3JIEKATUMYTh BiJl CKJIaTHOCTI MOJIEII.

MMOCTAHOBKA 3AJTIAUI

Merta moCHiDKeHHS — 3aIllPOIIOHYBATH YUCIOBO-aHATITHIHNI METO/, IO J103BO-
JISIE CITPOCTUTH MOJETb, sIKa OTPUMaHa Ha OCHOBI €TMHOT CIIOCTEPEIKYBaHOI 3MiH-
HOT JIOCJTI/PKYBAaHOTO 00’ €KTa 1, MOKJIUBO, Ma€ HAJJIMIIKOBICTh. ByJemMo BBakaTH
MOJeNb HAJJHUIIKOBOIO, SKIIO KiNBbKICTh CKIAJOBHX y NMPaBUX YaCTHHAX ii piB-
HSHB OiNbIIa 32 MiHIMabHO HEOOXIAHY IS TOTO, 1100 MOAEH MOTJa 3reHepyBa-
TH CIIOCTEpEXKyBaHy 3MiHHY i3 3aJJaHOI0 TOYHICTIO.

Posrastaemo cucremy

)2,'1 =P (xl""’xn )’
(1)
xn = Pn (xl""ixn ):

ne p; — moniHomu, i =1,...,n . BignosigHo mo npari [24] OyaemMo Ha3uBaTH CHC-
temy (1) opurinansaoto cuctemoro (OC). Hexaii cucrema (1) Oyma orpumana 3a

inenTudikarii aesKkoro 06’ekTa 3a €IMHOIO CIOCTEPEKYBAHOK 3MiHHOKO Xi(f) i

Mae y IpaBUX YacTHHAX piBHAHB K| 107aHKiB, 4acTUHA 3 AKMX MOXe OyTH Haj-

mumkoBoro. Taky OC HazwWBaTUMEMO HAIJTHUIIIKOBOIO OPHUTIHAIBHOIO CHCTEMOIO
(HOC). Hexaii Takox icHye cuctemMa BUIY

y = gy (U5 tty),
2

un =4y (ulﬂ“"un )a
ne ¢; — noniHomu. Ilpu upomy OC (2) € okpemum Bunaakom OC (1) i MicTuTh
K, xoeoimientis, npuuomy K, <K;. Taky OC Oyaemo Ha3UBaTH CIIPOILEHOIO

opurinaiabHot cuctemoro (COC).

3anpornoHOBaHUH Jalli METOJI 3aCTOCY€EMO JI0 cucteM BUrisay (1) 3 mapame-
TpaMmH, sIKi 3a0€3MeUyIOTh PEKUM ACTCPMIHOBAHOTO Xa0Cy, MO YCKJIAIHIOE II0-
CTaBIJIEHY 3a/1auy TOPIBHIHO 3 PEryJsIpHUM pekuMoM. Kputepiem agekBaTHOCTI
Mmopeni (2) Oyaemo BBaXKaTd ii 3JaTHICTh TEHEPYBATH XaOTHYHI YCTaJCHI KOJH-

BaHHS, 036K 10 ycramenux koimBanb HOC. To6ro COC noBuHHA MaTH aTpak-
TOp 3 JAWHAMIYHUMHU XapaKTePHCTHKaMH, Oim3bkuMu 10 artpaktopa HOC. s
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KUTbKICHOT OITIHKM TaKoi OJIM3BKOCTI JOIJIEHO 3aCTOCOBYBATH KPHUTEpii, sKi 3a-
CTOCOBYIOTh Yy JIOCIHI/DKEHHI XaOTHYHHX cuUcCTeM [25, 26]. Takumu KpuTEpisiMu
MOXYTh OYTH, HaITpUKJIaJl, BEIMIHHA CTAPIIOTO MOKa3HWKa JIsmyHoBa Ta eKBiBa-
JICHTHICTh BinoOpaskeHHs [lyaHkape 11t JBOX MOPIBHIOBAHUX CHUCTEM.

Takox mpwumryckaemo, mo OC (2) Moke HETOYHO BIATBOPIOBATH YaCOBHUI
psn HOC, o610 1(?) = X(¢), a po36ixKHiCTh MiX YaCOBUMH PSIaMH MOKHA BH-
pasuTH Yepe3 BiJHOCHE cepenHbokBaapaTndHe BiaxuneHHs (BCKB):

m—

- (o (i), (A1)

m_

mZ (jar)

1
m;

je M — KiTbKiCTh TOYOK 4acoBoro pamy; A — Kpok amckpeTusanii 4acoBoro
psany. ToMmy, He OOMEXYIOUNCH TUTHKH 3raflaHUMHU KPUTEPisAMU OJM3BKOCTI Xao-

THYHUX MoJeslell, BUKOHaeMo mepeBipky ymosu U(f)=x{(f) 3a momomororo
BCKB (3).

YU CJIOBO-AHAJIITHYHAN METO/I

YBenemo 3anpornoHoBaHui y mpaili [6] JONOMIXHUM THIT CHCTEM, SIKi 3aCTOCOBY-
BaTUMYThCS JUISl PO3B’sI3aHHS MTOCTABIICHOT 3a1ai.
Osnauyennsi. bynemo nHaszuBatu cucremy 3P mudepeHmiaasHo0 MOIEIIITIO

M) mist cucremu (1) 3a 3minHOW0 X;(7), SIKII0 BOHA Ma€e BULIISL
1

N =Y2s 2 = VsVt = Vs I =By s V) Po o0 0)s (4

ne Py ta Pp — noninomu. Ipu usomy ms cuctem (1) i (4) BUKOHYIOTBCS YMOBH:

() =x(0); 6]
KOXKHU# KoeditienT JIM MoxxHa aHamiTHYHO BUpa3uTu yepe3 koeditientu OC [6, 24].
Koedimientn IM MoxHa BU3HAUUTH HE TINBKH aHANITHYHO, ajie W 4YHCIO-
BUM METOJIOM 13 4acOBOT0 psiy. B OCHOBY UMCIIOBOTO METOMY MOKJIAJCHO 3arpo-
MMOHOBAHWN MmiAXif [6], IKAH mae 3MOTY 3a 3HAYCHHSMH CIIOCTEPEKYBaHOT 3MIHHOT
13 4acoBOrO psAy CKIanaTH anreOpuuHi PiBHSIHHS, HEBIIOMHUMH B SIKMX OYIyTh
koedimienTn JIM.
3amponoHoBaHUi y mpaui [6] miaxin mojsrae B Takomy. Hexaii B 3aranbHO-
My Bunaaky M mae QO koediuientis N, (k=1,...,0,). Toxi mnsa ix obuncien-
HSl BUKOHY€ETHCS] BUOIpKa 3Ha4eHb (J; TOYOK YacCOBOTO PAAY 3 ACSIKUM KPOKOM T
(t=[-At, ne [ =1,2,...) 1 CKIaA€EThC CUCTEMA JIHIHHUX AITCOPUUHUX PIBHSIHB
(CJIAP), sixa po3B’sa3yeTbes mono koedimientis JM. Ockinbku Q) <m, TO Aus
OJHOI'O 1 TOTrO0 CaMoOro 3HaueHHA T ckiagaThesd jgekinbka CJIAP, ski
BiJINIOBIIAIOTh Pi3HUM HaOOpaM TOYOK. [lasii, Ha OCHOBI MHOKHWHHU PO3B’S3KIB Pi3-
Hux CJIAP, nisa xoxsHoro N, 3a nuumu CJIAP BusHauaeTbcs HOro cepeiHe 3Ha-
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yeHHs N, Ta cepeAHbOKBaApaTHUdHE BinxwieHHs o(N,) Bix cepemnboro. Otpu-
MaHe TaKMM 4YHHOM 3HadeHHs N, Oeperbcs Ak koediuieHT N, . CkiagaHHS
nexinekox CJIAP motpiGHe st Bu3HaueHHA G(N) ), sike Oyne BUKOPUCTOBYBa-
THUCH IJ151 ineHTH(iKaLii CTPYKTYPH CHPOLIEHOT MOJIETI.

Bigmosinao mo mpares [27, 28] OC, mo MaroTh OIHAKOBI CITOCTEPEKyBaHi
3MiHHI, TaKOX MalTh onHaKoBi JIM. SIKimo * AOMyCTHTH HaOJMXKEHY PiBHICTh
(1) =x;(?), To MoxHA BuKOpHUCTaTH Ginbmr pocty JM, Hixk JIM, mo Biamosigae
HOC. Ilpu neomy Oimer nmpoctiit JIM moske Binmosimatu OC, mpocrima 3a HOC.

Jyis peanmizaliii Takoro MiJXxoay MOXKHA 3alpOIOHYBAaTH TaKy MOCIIIOBHICTh
JUi:

1. 3a yacoBuM psgoMm cnoctepexyBanoi 3MiHHOI HOC BHKOHATH pEeKOHCT-
pykitito JIM 9uCIOBHM METOJOM, BUKJIAJACHUM BHINe, abo anamorigauM. [lix gac
BUKOHaHHsI YMCIIOBOI PEKOHCTPYKIIi, KpiM BJIacHe 3Ha4YeHb KoedimieHTiB M,
00YHCITIOETHCA 1 IX TOKAa3HUK 3HAUYIOCTI [29], sIKMif BU3HAYAETHCS 32 (PopMyIIot0

N,
=k, (6)
o(Ny)

BennunHa 3Ha4yIIOCTI BUKOPUCTOBYETHCS JIsi BUSIBICHHS TOTO, SIKi 3 Koe-
(himienTiB HasiBHI (200 BincyTHi) y piBHIHEIX [IM. Koedimientam, mo HasBHI y
JM, BiANOBiJalOTh BUILI 3HAYECHHS O .

Oy

2. BUkopucTOBYIOUM BETMYMHU 3HAaYymocTi koedimieHTiB M, cnpoctuTu
11 cTpyKTYpYy.

3. SIKmo aHaNiTUYHI CHiBBIAHOIIEHHS HE JO3BOJIAIOTH OTPUMATH CTPYKTYPY
JAM, oTpuMaHy B IyHKTi 2 9UCIIOBUM METOJOM, TO ii MOTPiOHO 3BECTH y BiIIIOBI-
JHICTB 10 cTpYyKTYpH [IM, siIKy MOKHa OTpUMATH aHATITUYHO. A caMe, HeoOXiTHO
nonaty abo BunanuTH 3 JIM koedillieHT He3ale)HO BiJl HOr0 3HAYYIIOCTi, 004H-
CJICHO1 B MyHKTI 2, iHakme aHanmiTuanuii nepexin Big OC mo JIM cTane HEMOXKIH-
BUM. ToOTO HEMOXKIIMBO Oy/le OTPUMATH CITiBBiAHOIIEHHS, IO 3B’ A3YIOTh Koedi-
uientu JIM ta OC.

4. 3menmyBaTH KinbkicTe koedinmieHtiB JJM Ta OC, MOBTOpPIOIOYN MYHKTH
1-3, moku & (3) nepedyBae B OMYCTUMHUX ME¥kKax.

Hus cnpomenoi /IM BukoHaTH aHamiTuyHui nepexig no OC, siky MOXHa
BukopuctoByBatu sik COC.

PE3YJBTATH

3anpornoHoBaHMA miaxia 3actocoBaHo 10 HOC

X| =ag+ax; + ayx, + a4x12,

Xy = by + byx; + byx,y + b4x12 + bsx; Xy + bgxy x5 + b7x§,

(7

.).CS = + X + CrXy + C3X3 + C4X12 + C5X1Xy + CeX1X3 +

+ C7x22 + CgXn X3 + C9X22,

Ky OTPHMaHoO y mpami [26] Sk PeKOHCTPYKIiIO 332 OJHIEID CIIOCTEPEKYBAHOIO
3miHHOO cuctemu Jlopenua [12] metomoM «Ansatz library». Llifi cmocrepe-
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XKyBaHii 3MiHHIN B cuctemi (7) BigmoBinae 3MiHHA X;(¢), a 3MiHHI X, (f) 1 x3(¢)
cuctemu (7) y 3araJbHOMY BHNAJAKY BiAPI3HAIOTHCA Bix 3MiHHUX cuctemu Jlo-
penna. Tomy mist po3s’si3anns 3anadi orpuMmanas COC KpuTepieM aieKBaTHOCTI
Mozeni OyZe TOUHICTh BiATBOpPEHHS Hero came 3MiHHOI X (?) . Koedinientu HOC
MAalOTh TaKi 3HAUYEHHS:

ay =—1,799, a, =-22,605, a,=21,650, a, =0,001;
by =—0,961, b, =-0300, b, =11,617, b, =-0,100,
bs =0,104, by =—0,160, b, =0,026;
co=-13811, ¢; =15,518, ¢, =—3,494, ¢, =-2,552, ¢, =0,373,

cs =—1,445, ¢y =-0,153, c¢; =3,748, cg =-0,006, cg =-0,001.
Jnst mopiBHSHHSA, cucTeMa JIopeHIa 3 BUKOPUCTAHHAM M03Ha4eHb (7) MaTH-
M€ BUIJIS]
X| = ayx) + arx,,
Xy =bixy + byxy + bgxy X3, ®)
X3 = C3X3 + C5XX5.

Hus HOC (7) aranituuHo otpuMano J\M Burismy

=
V=3
J3=(No+ Nyyy + Noysy + Nays + Nyyi + Nsyyyy + Ny vy +
+N7y§ + Ngyays + Noyi + Nigyi + Ny yi vy + Nipyivs + Nisyys +
+Nyiyays + N16y§ + N17y22y3 + Nzo}’l4 + N21y13y2 + N22y12y3 +
+ Nospi 3 + Nag i v23 + Nogyyav+ Nygya + N3yyi + Nyt yy +
+ N33y14y3 + N34)’13y22 + N35y12y§ + N36yl6 + N37y15y2 +
+ Nyt y3 + Naghl + Ny va + Napy) /(D).
BiamoBinHO 10 3ampoItoHOBaHOI BHINE MPOIEAYPH, cucTeMy (7) po3B’s3aHO
MeronoM Pynre—Kyrtra Ha intepBani wacy 20 c. YacoBuii psn croctepeKyBaHOL

©)

x;(¢) mictuB 10000 touok. Jns yucnoBoi pexoHcTpykuii M 3acTocoByBaBcs

4yHrcIoBUi MeTo[, BukianeHuid Buie. Ockinbku [IM (9) Mae B ocTaHHBOMY piB-
HSIHHI JIpoOOBO-pallioHaNIbHY (QYHKIIIO, TO IJIs BU3HAYEHHs 11 Koe]ilieHTiB He-
00xigHO 3adikcyBaTH OAMH 3 HUX. Y LpoMy Bumaiaky ue D, =1. [lpuiiHsitHum

BiIXWIECHHSM 3HaueHHs y;(¢) Bix x;(¢), mo Bu3Havaiocs 3a popmyioto (3), Oy-
710 6<5%.

V pe3ysbTaTi BUKOHAHHS YKMCIIOBOT PEKOHCTPYKINT 3HANWIEHO 3HAUYCHHS KOe-
¢imientis JIM (9), HaBeneni B Tabm. 1, sxum Bignosigae o =0,29%. Pasom 3

OTPUMAaHHMHU CEPEeNHIMU 3HAYeHHSAMH KoedimieHTiB N, y Tabi. 1 HaBeneHo ix

3HAUYYIIICTh O, , BU3HAYCHY 3a GopMyIoro (6).
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Taoaunsa 1. Koediuientu AM (9), oTpuMaHi YUCIOBUM METOAOM

Koe?i;l/lliCHT ]vk o, KOCEK/I:CHT ]vk o,
N, -0,015226564 | 0,532i Ny, -0,99497109 | 934,852
N, 0,17971228 | 0,991 Ny, -1,4098766:10*| 1,089
N, -0,10248562 | 8,401 N,; -0,027604776 | 384,615
N, 1,223774:10° | 0,691 Noy -1,9606118:10°| 0,802
N, 722,34366 | 4736,900 Ny 9,0433824-107 | 0,083
Ns -29,687355 | 881,519 Ny, -1,9951926-107| 0,335
Ng -13,682629 | 6536,069 Ns, 4,6607558-10* | 0,619
N, 11,020315 | 4576,373 N3, 7,1082154-10° | 0,544
Ng 1,0063809 | 4933,494 N3 4,5985287-10° | 0,245
N, 2,7394538-10* | 20,231 N, -3,9544143-107| 0,036
N, 0,036173508 | 1,140 Nis -2,3034099-107| 0,276
N, -4,9147299-10°| 0,549 N -1,5965374-10°| 0,206
N, 1,9873338-10* | 0,430 N, 1,9134588:10° | 0,123
N, -7,8276573-10*| 0,820 N 4,489668-107 | 0,938
N, 2,0339801-10° | 15,768 N3o 3,04058:10° | 0,291
N, -1,1853874-107°| 15,952 Nyo -7,1599273-10%| 0,235
N, 1,6361104-10% |2,293-107 Ny -3,2676237-10% | 0,303
Ny -10,096385 | 1865,244 D, 1 -

3a BeNIMYMHAMY 3HAYYIIOCTI B Ta0N. | MOXHA MPUITYCTUTH, SKi 3 Koe(illieH-
tiB JIM nopiBHIOIOTH HYJ0. Ha movaTky OyJ0 MPUIHATO PIllleHHs BBaXKaTH HY-
JHOBUMH KOEQILIEHTH 31 3HAUYILICTIO o <1. Y pe3ynbTari 4ucIOBOi PEKOHCT-
PYKIIii CIIPOIIEHOT CHCTEMHU OTpUMaHO 3HaueHHs koedimieHTiB JIM (pe3ynbrat 1 3

Tabi. 2, HaBeICHI TUTLKM 3HAYCHHsS HEHYIhOoBHX Koedimientir); BCKB ckiamo
6=0,77%.

Tadoaumusa 2. [IpomixHai pe3ynsTaTu cpolieHHs cTpykTypH M (9)

Koediuient PesyabTar 1 PesyabTar 2 PesyabTaT 3
AM Ny Ok Ny Oy Ny O
N, -0,090952501 | 1,203 0 - 0 -
N, 723,13973 | 337,453 | 718,74982 |216,771| 719,37258 |206,100
N, -29,766964 | 90,480 | -29,279985 | 61,880 | -29,219917 | 40,956
N -13,695687 | 340,931 | -13,61807 |285,083 | -13,630099 |260,810
N, 11,017883 | 555,829 | 11,000604 212,843 | 11,006899 |198,225
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Ilpooosoicenns maon. 2

Koediuient PesyabTar 1 PesyabTar 2 Pesyabtar 3
AM N, o N, oy N, oy
Ny 1,0068978 | 312,910 | 1,0009097 | 190,190 | 1,0015468 | 170,560
Ny 3,4511117-10*| 1,562 0 - 0 -
Ny 0,091031772 | 1,547 0 - 0 -
Np3 0 - 0 - |1,5857221-107 0,462

Ny, 1,8445206:10°| 5,507 | 1,828734-107 | 3,319 |[1,703134-107| 2,225
Ny |-1,1764194-10° 5368 |[-1,1980193-10° 3,306 [-1,2326086:10° 1,969

Nag -10,109763 | 355,360 | -10,040425 |237,932| -10,0472 |222,016
N, -0,99361513 | 222,726 | -1,0005051 | 135,850 | -1,0003238 | 109,904
Ny, |-1,1860769-10 0,731 0 - 0 -
Ny -0,027561882 | 87,347 |-0,027714621 | 23,786 |-0,027802232 | 24,354
D 1 - 1 - 1 -

Sk MoxHa 0auuTH, OXHMOKA BIATBOPEHHS YacOBOTO PsAy 3pocia, ajie e
MOPIBHSIHO HEBEJIMKA, 10 HE MEePELIKOHKAE MOJANBIIOMY CHPOLIEHHIO CTPYKTYpH
M. Tomy Ha maHoMy etami OyJIO MPUAHATO PIlICHHS BBAXKATH PIBHUMH HYJIIIO
koe(ilieHTn 3 o <2 .Y pe3ynbTaTi peKOHCTPYKIIIi MICIIs CIIPOIEHHS OTPUMAaHO

koedimientn JIM, HaBeneHi B Tabn. 2 sik pesynbtar 2, ans skoro BCKB cknano
0=2,82%.

OCKIUTBKH KiHIIEBa MeTa MociimkeHHss — oTpuManas came OC (a ve JIM) 3
MEHIIIOI KUTBKICTIO KoedilieHTiB, To nepexin Bix AM mo takoi OC MOXHA BHKO-
HATH HAa OCHOBI aHATITUYHHMX CITIBBITHOIICHb MK iX Koedirientamu. [ToBHICTIO
i criBBigHOIIEHHS mTogaHo y mpami [30]. Y miif poboTi yepes iX BeNuKHid 00CHT,
BOHM HE HABOJATHCS B MMOBHOMY 00CsI31, ajie HI)KYE MPOJACMOHCTPOBAHO MPHUKIIA-
TV 3aCTOCYBAHHS JESIKUX 3 HUX.

OueBHIHO, 110 JJIs TIEpeXoay Bi mud)epeHIianbHOT MOJICI 10 OPUTIHATIBHOT
cucremu [IM, siki OTpUMaHi YMCIOBUM METOJIOM i aHAJITHYHO, TOBUHHI MaTH OJI-
HAKOBY CTpPYyKTypy. Ockinmbku cTpykTypa M, 1o BimmoBimae pe3ynsTary 2
3 TabJ1. 2, OTpUMaHa YHCJIOBMM METOJIOM, 3HAYHO MPOCTIIIA 3a CTPYKTYpPY, IO
BignoBinae Tabmn. 1, To HeoOXigHO nopiBHATH 10 Hysd Koedimientu OC (7) Takum
yuHOM, 100 pemTa ii HEHYJNHOBHX KOE(IIiEHTIB Yepe3 CHiBBITHOUICHHS, IO
3B’s13y10Th Koedimiearn OC ta JIM, mo3Bosuia iepeit 1o cTpykTypu JM, sika
BiJNOBiIa€ pe3ynbraty 2 3 Tab. 2. Hampukian, BiAMOBIAHO J0 IIbOTO PE3YJIbTaTy
MaeMO, HOPIBHAHO 3 Tald. 1: N3 =Ng=N;; =N,y =N3g=N33=N35=N;3z =
= Nyg =Ny =0. Ockinbku y Bupaszax s mux koedinientis M [30] MHOKHHU-
koM € koedinieHT OC c¢g, TO MOKHA IpHUITycTUTH, 1110 B OC ¢9 =0.

Ytim koedimient M

D, = azbg # 0. (10)

Sx Hacninok, B OC a, #0, b #0. Y pe3ynbTari nogiOHOTO aHami3zy OT-
pumano OC
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X| = asX,,
Xy =byxy + byxy + bexyx5 + b7x§, 11
X3 =c3x3 + c4x12 + c5x1%y + c7x§,

sIKiM Bignosigae 1M

N =Y

V2 =03,

(12)
. 2 2 2
V3 =(Nyyi + Nsyiyy + Neyiys + Noyy + Ngvoyy + Nisypys +

3 4 3 2.2
+ Nigiyoys + Nigva + Nogyp + Ny ya + N3y va /(D1y1)

31 CTPYKTYpOIO, 10 HalOibIe HabmmKkeHa 10 cTpykTypu M, mo Oyna orpuma-
Ha YHUCIOBUM METOJIOM (pe3ybTar 2 3 Tabm. 2). 3B’A30K Mik KoedilieHTaMH CHC-
teM (11) i (12) momgaHo CHiBBiTHOIICHHIMMU:

N4 =—(1§b103, NS =—a2b263, N6 =a2(b2 +C3)7 N7 =—a2b2,
2
Niz ==bsc3, Ny =2b;, Nig==b;, Nyy=azbscy,
N21 :a2b605, N23 :b6c7, Ng :Dl =da,. (13)

Sk MoxxHa Gauntn, y cuctemi (12) € koediieHT N5, sIKuii paHime (pe3ynb-

TaT 2 3 Tabn. 2) BBaxkaBcs BincyTHIM B JIM. ToMy BHKOHAHO TIOBTOPHY YHCIIOBY
PEKOHCTPYKIIIIO IS CTPYKTYPH 3 TOAaBaHHSAM IBOTO KoedirieHTa (pe3yabTaT 3 3
tabm. 2), g skoi BCKB ckimano 6 =2,45%.

Crin 3a3HaunTH, Mo 1t KoedinienTiB JIM Ny, 1 Nj¢ 31 CHIBBIIHOIIEHHS
(13) MOXHA BUBECTH CITiBBITHOIIICHHS

N14 :_2N16’ (14)

SIK€ HEe BUKOHYETHCS JUIA 3HAUCHBb IUX CaMUX KOoe(iIli€eHTiB, OTPUMAaHUX YHCIIO-
BUM METOJIOM (pe3yabTar 3 3 Tabum. 2). Jlns BukoHaHHs yMOBH (14) y chiBBigHO-
menHs (13) migcraBisuucs pizHi 3HaueHHs b, obuucmroBanucss Nyy 1 Nyg, ki
pasoMm 3 Ng=D; =1 BBaxanucs BiIOMUMHM Ul BUKOHAHHS YHCIIOBOi PEKOH-
crpykuii IM. VYV pesynsrari 3a ymoBu b; =0,0014 orpumano HalimMeHIe
0=2,41%. YrouneHi xoedimieatn J|M nHaBeneHo B Tabmn. 3. Iloganbmie 3mMeH-
nreHHs Kimpkocti koeginientiB OC 3ymoBmio 30inbmenHs O >5%. Tomy Ha
IBOMY KPOIIi CIIPOIIIEHHS CTPYKTYPH 3aBEPILICHO.

Jam BuzHadeHo unciioBi 3Ha9eHHA KoedirientiB COC. [ ix omHO3HAYHO-
ro BHU3HaueHHs 3 ypaxyBaHHsAM Bupasy (10) i D=1 B3sito bs=a,=1. Ha
mijictaBi 3HayeHb koedimieHTiB IM 3 Tabm. 3 oTpuMaHO 3HAYEHHS KOeQillieHTIB
COC (11):

a, =1, by =273,7837735896502, b, =-10,989352, bs =1, b, =0,0014,

c3 =—2,624721, ¢4 =-10,040004, c5 =-1,0006494, c; =-0,027392923.
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Tadoaumua 3. Koedimientn AM (12)

Koedinient M N, a,
N, 718,60602 67,334
N -29,178146 39,184
Ny -13,614073 101,198
N; 10,989352 94,219
Ny 1 -
N, -1,8357897-10°| 0,073
Ny 0,0028 -
Nig -0,0014 -
Nop -10,040004 77,889
Ny, -1,0006494 67,769
Nas -0,027392923 7,412
D, 1 -

TOOTO uacy, BHOpPOIOBXK skoro uacosi psagu HOC x,(¢)

BiJIPi3HAIOTHCS HE OiNbIe, HiX Ha A :

Tyt 1 Hapam Oyno npuitHsiTo A =3,315, mpo
3MiHM 3Ha4€Hb JOCIIIKYBaHOTO YacoBOIO PAAY

t, =max{t:Vt<t,

x (1) = x5 (D<A}

t,=3,7 c, a3nauennss BCKB 6=128,12%.

20

-10 +

-20

I'padixu  cnocrepexxyBaHuX
smiaanx HOC (7) 1 COC (11) 30-
OpaxeHo Ha puc. 1. MoxHa 6auu-
TH, 1110 HAa TIOYATKY iHTEpBaly, 110
PO3TIIAIAEThCS, 4acoBi ps-
I Bi3yaJlbHO 30irarothes. IBmm-
K€ PO3XOJKCHHS KPUBHUX IOsC-
HIOETbCA TUM, 1mo JM, ski
Bignosigarote HOC 1 COC, ma-
I0Th Pi3HI CTPYKTYpH 1 30ir yaco-
BUX PSAIB X CIOCTEpEKYyBaHUX
3MIHHUX MOXJIUBHH TiTBKH Ha-
ommkeno. ledi  edexkr  mia-
CUWIIOETHCS 3aBASKU XAOTUYHOMY
XapakTepy 000X CHCTEM.

Jst KUTBKICHOT OIIHKH CTY-
neHs 30iry 4acoBHX PsiIiB, Ha JIO-
Jady 10 O, BUKOPHCTOBYBAIACs
TaKOXK BelIMYMHA vacy 30iry ¢,

i COC x/'(t)

(15)

cknanae 10% Bix mianazoHy
HOC. ns xpuBux puc. 1

0

Puc. 1. Yacosi psmu x(¢) mis HOC (7) i COC (11)
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[TopiBHSIHO HeBeNMKa BEIMYMHA f., BU3HAueHa 3a BUpasoM (15), a Takox
3HayHa BennuuHa O (3) nmosicHioroThes THM, 110 HOC (7) i COC (11) mMaroTs pi3Hi
M 3 pizHuME cniocTepexxyBaHUMHU Yy (¢) . ToMy 3a aHaIITHYHOTO MEPEXoay Bix
pisaux JIM no OC MokHa OTpUMATH pi3Hi 3Ha4eHHS X;(f), X,(¢) 1 x3(¢). Lle
CTOoCy€eThes 30KpeMa i moyatkoBux yMoB X;(0), x,(0) 1 x3(0). Ockinpku XxaoTH-
YHI CUCTEMH MalOTh BUCOKY YYTJIMBICTh IO MOYATKOBUX YMOB, TO II€ 3yMOBIIOE
30UTBIIeHHS pO3XOKeHHs YacoBuX psniB x;(¢) HOC i COC. Tobto MoxHa npH-
IyCTUTH, 110 HaJIe’KHA 3MiHA MOYAaTKOBUX YMOB X,(0) 1 x3(0), nopiBHSIHO 3 00-
YHCIICHUMH aHAIITUYHO, 3yMOBUTH 301IbIIEHHS 7, 1 3MeHIeHHs . Tomy B oko-
7 aHANITUYHO PO3PaxXOBaHUX MOYATKOBMX YMOB BHKOHAHO IIOIIYK TOYaTKOBOT
TO4KH (ha30BOi TpaeKTOPii, AKa 3a0e3Medye MaKCUMAaIbHE 3HAUCHHS 7, .

VY pe3ynbTari OTPUMAaHO MOYATKOBI YMOBH, JJIsI SIKUX 4acOBi psiau 30iratoTh-
cst BuponoBxk f, =20 c (puc. 2), a 8 =3,32% . Lle#t npuknan nokasye, o miaBu-
IMEHHS SKOCTI PEKOHCTPYKITi MOMKJIMBE TaKOX 32 PaxXyHOK 3MIiHH ITOYaTKOBHX
yMOB. SIKIIO A7 PO3B’sI3aHHS JISAKO1 3aj1a4i MOTPiIOCH MaKCUMaIbHO TOYHUH 30ir
YacOBHX PAMIIB, TO el MPUHAOM MOYKE BHSIBUTUCS IOCTATHBO €(PEKTUBHUM, SIK I10-
KazaHo Bue. JleTampHO 131 mpobiieMa y poOoTi He pO3TIISIa€THCA.

dazosi moprperu cuctemu Jlopenma (8), HOC (7) i COC (11) 300pakeHo Ha
puc. 3. SIk MoxHa GayMTH 3 PHCYHKA, (DA30Bi MOPTPETH CHCTEM PO3PI3HSIOTHCS,

20 -

(7)
“‘|] srsssnnn

220 1 1 1 1
0 5 10 t 15 20

Puc. 2. Yacosi psmm X, (1) mst HOC (7) Ta COC (11) 3i 3MiHEHHMH TOYaTKOBUMH YMOBaMH

ockimek HOC (7) 1 COC (11) HabnmxeHO BiATBOPIOIOTH YAaCOBUH psd X, (f) cuc-
temu Jlopenna (8), ane 4acoBi psiaM 3MIHHHX X, () 1 Xx3(f) IMX TPbOX CHCTEM

BiZIpi3HAIOTHCS. BogHOYAC iICHYE B3a€EMHO OJIHO3HAYHE MMEPETBOPSHHS KOOPIAUHAT
HOC i IM (abo COC i M), 3acHOBaHe Ha (5) i sike MO>ke OyTH BUpaXKeHE aHai-
tuaHO. OCKiNbKU KoopArHATH [IM ABISIOTH COOOI0 CIIOCTEPEKYBaHy 3MiHHY Ta 11
moxinHi, a cnoctepexyBani 3MiEHI HOC 1 COC nabimxeHo 30iraroThecs, TO

144 ISSN 1681-6048 System Research & Information Technologies, 2021, Ne 3



Po36’azanna npobiemu HAOTUWKOBOCIT MAMEMAMUYHUX MOOeell OesIKUX HeNIHIIHUX ...

koopauHatu [IM (9) i (12) Takox HaOMMkeHO 30iraroThes. TakuM YUHOM, MOKHA
oTpuMaTtn HaOMmkeHy BiamoBimHicTh Mk 3MiHEEME HOC 1 COC, saxmo mocti-
JIOBHO BUKOHATH NepeTBopeHHs koopauHat g cuctemM HOC (7) — IM (9) — M
(12) = COC (11).

8
®)54 10
10 30
S0
10 20
-20 10
I T T T 1 T T T T T
20 -10 0 10 20 20 -10 0 10 20
x| X1
120 ~_ 120
80 & 80
40 X 40
] 0 T T T ] 0
20 20 -10 0 10 20
X1 X1
(11)
150 -50 -50
75 -150 -150
£ 0 -250 -250
-75 -350 1 (& -350
-150 - . . ——  -450 = | =450
20 -10 0 10 20 20 -10 0 10 20
X1 X1

Puc. 3. Yacosi paau x,(¢) s HOC (7) i COC (11) 3i 3MiHEHMMH II0YaTKOBMMH yMOBaMU

st nopiBHsiHES cucteM (7), (8), (11) BUKOHAHO KUIBKiCHY OIIHKY X JHHA-
MIKH 32 JOMIOMOTOI0 OOYMCIIEHHS CTapIioro rnmokasHuka Jlsmyrnosa [31]. s cuc-
temu Jlopenua (8) Bin ckinaB A =0,9991, nna cucremu (7) — A, ~0,8624 1 s
cucremu (11) — A3 =0,9145.

PosrisiHyTo TOUKOBI BimoOpaskeHHS Ul ITUX camux cucteM (puc. 4). Bimo-
OpakeHHs 1100YA0BaHO UL 3MIHHOI X3 SIK 3aJIEKHICTb 3HAYEHHS p + | -ro JIoKalb-

HOTO MakCUMyMmy M ,.; BiJ IOIEPEJHBOrO JIOKAIBHOrO Makcumymy M, aHa-

@45 . N 120 " 5 -50 ‘
42 ot — i - P
i39 /’ ‘-. T 110 -_',' -‘., I-1 10 .!. \"
§ n /.’ '\‘ §Q‘ /.:, - \ §Q‘ /l “ )
’, \. I:' - .-.
64 /S ., 100 o %, 1704/
Ed N, - & . _..: . L -
334" ~ 9 Y 9304 - .
T T T T T T T T T T | | |
33 36 39 42 45 90 100 110 120 -230 -170 -110 -50
M, M, M,

Puc. 4. Toukosi BimoOpaxkeuns s cucremu Jloperma (8), HOC (7) i COC (11)
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JIOT19HO 110 Tpamnb [26] 1 [12]. Sk MoxHaA 6aunTH 3 pUC. 4, TOYKOBE BiIOOPaKEHHS
s cucremu (11) mae xapakrep, ananoriyauid 1o cucremu Jlopenna (8), y sskomy
TOYKH pO3TamIoBaHi B370BX JiHIA. Cuctema (7) Mae OUTBIT po3mMuTe BimobOpa-
xenHs. i rpadiku, gk 1 3HaYeHHS NOKa3HUKIB JIAmyHOBa, cBig4aTh Npo ONM3b-
KICTh BJIACTUBOCTEN JUHAMIYHHUX CUCTEM.

BUCHOBKMH

3anpornoHoBaHui METO] JO3BOJISE PO3B’A3aTH MPOOJIEMY HAJUTHITKOBOCTI MO
Yy BUIJISIII CUCTEMH 3BUYAMHMUX MU(EPEHIIaTbHUX PIBHSHB 3 TOJIHOMiaTbHUMU
MPaBUMHU YaCTHHAMH. METO M03BOJISIE BUHOpATH HAMOUIBIIT KOMIAKTHY CTPYKTY-
Py, IO MICTHTh HaliMEHINy KiTBKIiCTh CKiajoBuX. [Ipu npomy moxuOka BiATBO-
PEHHS CIIOCTEPEKYBaHOT 3MIHHOT 3AJIMIIIAETHCS B 33JJaHMX MEXKaxX HaBITh JUIS CUC-
TEM 3 JICTEPMIHOBAaHHM Xa0COM, IOMPH iX BHCOKY YYTJIMBICTH JIO MOYATKOBUX
yMOB. Y PO3IJISIHYTOMY NPHKIIAAI BAAJIOCS 3MEHIIUTH KiJIbKICTh KOCQIIIEHTIB Y
MPaBHUX YaCTUHAX PiBHSHB 3 21 10 9. MOXKIUBICT BUKOPUCTAHHS CIPOIIEHOI CH-
CTeMH 3aMiCTh HQ/UTUIIKOBOI MiATBEPIKYETHCS HE TIJIBKU CXOXKICTIO iX (pa3oBHUX
MTOPTPETIB, aJie 1 OJIM3BKICTIO YaCOBUX PSIIB CIIOCTEPEKYBAHUX 3MIHHUX.

Cnpomenns cucremu 3/IP 3anmpomoHOBaHMM METOJIOM BHKOHYETHCS 32 JIBa
€TalM 1 JOCATAETHCS BUJIYUYEHHSIM 3 PIBHSHB CKJIAJIOBUX, SIKI MQJIO BILTMBAIOTh HA
yacoBuil psaa. CriodaTky 3a JOMOMOTOK MOKa3HMKA 3HAYYIIOCTI CHPOILYETHCS
JM 3i 30epekeHHSIM TOYHOCTI BiATBOPEHHS YacOBOTO DSy B 3aJaHUX MEXKax.
IToTiM Ha OCHOBI aHAJITUYHUX CITiBBIJIHOIICHh BUKOHYETHCS TEPEXia Big OiibI
npoctoi JIM g0 6inbin npoctoi OC. Y 3aranbHOMY BHUITaIKy Ha OCHOBI onHieT JIM
MO>KHAa OTpUMAaTH JeKiabka BapiaHTiB cTpykTypu COC. 3aBmsky mbOMY JOCTiA-
HUK MOXX€ 00MpaTH MOJIE/Ib HE TIJIbKH Ha OCHOBI TOYHOCTI BIATBOPEHHS YacOBOTO
psny, ane i 3a IHIIMMH KPUTEPisAMH, HANPHUKIAA, BUXOISMYM 3 (i3UYHUX MIPKY-
BaHb.

Metox JOIUILHO 3aCTOCOBYBATH y BHIAJIKY, KOJIHU JOCTIJIHUK Ma€ MOJIENb,
sKa OTHCYE JESKUH (QI3MUHUN TPOIIEC 1 KA MOXKE MaTH HAJJIMIIKOBI CKIIAJ0BI B
PIBHSHHSX.
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PEIIEHUE IMPOBJIEMBbI }/BBHTO‘IHOCTI/I MATEMATHYECKHX MOI[EJIEI71
HEKOTOPBIX HEJIMHEUHBIX KOJIEBATEJbHBIX CUCTEM / B.I'. 'opoznen-
kuii, H.II. Ocaguyk

AHHoTanus. IIpennoxeH YuCIEHHO-aHAIUTUYECKUN METO/, MO3BOJIIOLIMNA yIIpoc-
TUTH MOJZENb, HOJIy4EHHYI0O Ha OCHOBE €JMHCTBEHHON HaOIIOaeMON IepeMEeHHOM
UCCIeayeMoro o0bekTa, ¥ KOTopas, BO3MOXKHO, UMeeT N30bITOYHOCTh. B KkauecTBe
TaKoOH MOJIEIIM PACCMOTPEHA CHCTeMa OOBIKHOBEHHBIX AU((EepEeHINANBHBIX ypaBHE-
HHU{ C TIOMIMHOMHUATBHBIMU MPaBBIMU YacTAMH. JJIsl peleHus mocTaBIeHHON 3a1a4n
HCTIONB30BaHa TaK Has3bIBaeMas qu(depeHnranbaas MoAenb, T.e. CHCTEMa, B KOTO-
poil Hen3BEeCTHHIE NEPEeMEHHBIC 3aMEHSIOTCS MPOU3BOAHBIMU HAOMIOTAaeMOH Iepe-
MEHHOM, ¥ KOTOpasi BBIBOJMUTCS HA OCHOBE HCCIIEAYEeMOIl CHCTEMBI TaKHUM 00pa3oMm,
4T00BI HAOJIOZaeMble NMEPEMEHHBIE YTHX CHCTEM COBNAJAM. MeTox YIpOLIeHHs
HCCIIEAyEeMOM CHCTEMBI OCHOBAH Ha TOM, YTOOBI 110 BPEMEHHOMY PSIIy C IIOMOILIBIO
YUCIIEHHOTO METO/Ia MOXKHO HOJIYYUTh AU EpEeHIHANBHYI0 MOAEIb, KOTOpast Ipo-
e auddepeHranbHOl MOJICTH UCCISAyeMOH CHCTeMBbl. BBINIONHEH aHAIUTHYEC-
KHH Tepexo/ OT ynpouleHHo# nuddepeHranpHoi MOAETH K YIPOUICHHONW OpUTH-
HampHOM cucteme. llorpemHOCTh peanu3anndd  HaOJIIOTAeMOW  IepeMEHHOM
ocTaBallaCh B 3aJlaHHBIX Ipeenax AaxKe I CUCTEM C JeTePMUHHPOBAaHHBIM Xa0-
COM, HECMOTPS Ha UX BBICOKYIO 4yBCTBUTEILHOCTb K HAYAIbHBIM yCIOBUIM.

KioueBble ci10Ba: BpeMEHHOH psijl, OpUTHHATBHAS cHcTeMa, OuddepeHnmranbHas
MOJIeJIb, YACICHHBIA METO/I, aHAIUTHICCKHH METOI.

SOLVING THE PROBLEM OF MATHEMATICAL MODELS OVERPARA-
METERIZATION FOR SOME NONLINEAR OSCILLATING SYSTEMS /
V.G. Gorodetskyi, M.P. Osadchuk
Abstract. This study proposes a numerical-analytical method that allows us to
simplify the model, which is obtained on the basis of the single observable variable
of an object under the study, and which may be overparameterized. As a model, we
consider a system of ordinary differential equations with polynomial right-hand
sides. To solve this problem, the so-called differential model is used, that is, a
system in which unknown variables are replaced by derivatives of the observed
variable, and which is derived on the basis of a system under the study so that the
observed variables of these systems coincide. The method of simplification of a
system under the study is based on the fact that using a numerical method, a simpler
differential model can be obtained. Next, an analytical transition from a simplified
differential model to a simplified original system is performed. In this case, the time
series error remains within given limits even for systems with deterministic chaos,
despite their high sensitivity to the initial conditions.

Keywords: time series, original system, differential model, numerical method,
analytical method.
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