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CALCULATING ENERGY DENSITY AND SPIN MOMENTUM
DENSITY OF MOON’S GRAVITATIONAL WAVES
IN RECTILINEAR COORDINATES

Y. MATSUKI, P.1. BIDYUK

Abstract. In this research the energy density was calculated and the spin momentum
density of Moon’s gravitational waves in the rectilinear coordinates’ system of
Moon’s gravity and Earth’s global temperature. At first, we assumed an action prin-
ciple that combines the gravitational field and gravitational waves, which formulate
a closed system, together with Earth’s global temperature. And, then, we calculated
the energy densities of those energy field and waves, which are calculated as their
variances in the rectilinear coordinates, also to calculate their coefficients and stan-
dard errors of the calculated coefficients. The calculated results are consistent with
the findings of our previous research [1], which shows the negative contribution of
gravitational waves to Earth’s global temperature, while the gravitational field posi-
tively contributes to the global temperature. We also calculated spin momentum of
Moon’s gravitational waves in the system of rectilinear coordinates.

Key words: Moon, Earth, global temperature, gravitational field, gravitational
waves, rectilinear coordinates, energy density, spin momentum density.

INTRODUCTION

Our previous research [1] showed a relation between Moon’s gravitational field
and gravitational waves. After that report we continued investigating the charac-
ters of gravitational waves, using the same data set, but this time with the theories
of relativity and quantum mechanics.

Our mathematical method starts from an action principle, which assumes
that there is an action integral that describes the motion of the waves, which must
be stationary to be consistent with the law of conservation of energy within the
boundary of a closed space. We also assume the rectilinear coordinates of the
flat-space for time and space by tensors that represent the energy field as well as
the pseudo-tensors that represent the flow of energy.

Dirac [2, 3] predicted that the pseudo-tensor can be built in the coordinates
of the tensors’ field only when the motion of the gravitational waves, which is
expressed by the pseudo-tensors, occurs in one direction. In addition, he also cre-
ated a basic equation that describes the gravitational field and the other energy

© Y. Matsuki, P.I. Bidyuk, 2019
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flows, such as motion of the gravitational waves, and they can be added together
linearly, which agrees with the theory of the special relativity [2].

And then, upon the theory [2, 3], we set up an equation to describe the gravi-
tational waves in the gravitational field. Then we solved the equation to calculate
the energy densities and coefficients of the gravitational field, and the gravita-
tional waves toward Earth’s global temperature in the space between Moon and
Earth. After that we also investigate the character of the gravitational waves by
calculating the momentum density of the spin of the gravitational waves.

DATA

Table 1 shows the descriptive statistics of the data, from 1987 till 2009, of the
global temperature (increased degree Celsius since 1978) [4], the distance be-

tween Moon and Earth (7 : kilometers, km) [5], and calculated Lz((kilometers)'z,
r

km™), which we use for our calculations.

Table 1. Descriptive statistics

. Global temperature Distance between 1 2
Variable 0 % Moon and Earth — ((km)™)
(°C) : 2
(r: km) r
Mean 0,29130 3,62618 - 10° 7,60509 - 107"
Standard deviation 0,12125 5,98411 - 10° 2,51097 - 107
Minimum 0,10000 3,61583 - 10° 7,56999 - 1072
Maximum 0,43000 3,63483 - 10° 7,64865 - 1072
Skewness -0,21063 -0,15249 0,15787
Kurtosis 1,29401 1,67498 1,67879
Valid num})er 23 23 23
of observations

* Increased degree Celsius since 1978

CALCULATIONS

Gravitational waves in gravitational field

Dirac [2] created the basic equation for a quantum theory of the Born-Infield elec-
tro-dynamics in the rectilinear coordinates, which agrees with the special relativ-
ity theory. It defines the action integral of the motions of particles in the electro-
magnetic field: / = _f\/— det(g,, + Fy )d4x , Where, 6/ = \/— det(g,,, + £, ) is the

energy density of the electro-magnetic field that provides the action principle of
a particle in this energy field, g,,, are fundamental tensors,

1 0 0 0
o -1 0 o0
EwTlo 0 -1 0
0 0 0 -1
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F,, are tensors that describe the field quantities of the electro-magnetic

field, which are made by two vectors, Xy and x,, while p=0,1,2,3 and
v=0,1,2,3, where each suffix represents each of 4 coordinates of the flat-space.

We use this mathematical formula in order to calculate the energy density of the
gravitational waves in the gravitational field, and have made

1 .

Sl = \/Y —{axo +bx° + c—2} , where a, b, and care coefficients that are to be
r

constants; Y is Earth’s global temperature as we assume that it is influenced by

the motion of gravitational waves; x* is the metric that refers the time-coordinate

of the flat-space, which is made of a time vector (=1), where it is constant. (Be-

cause in the theory of the special relativity, nothing can exceed the speed of light;

therefore, nothing moves and it is =1.) And x* is the metric in the flat-space,
which we consider as only one direction with a distance r between Moon and
Earth.

For calculating the energy density of the gravitational waves, we assume that

. 1 . .
itis ¢— ; because, we assume that the solutions of g"'g po,uv = O are the gravita-

7
r

tional waves traveling with the velocity of light, which satisfies d’ Alambert equa-
1 0 0 O

. v [0 -1 0 O0]. .

tion [3]. Here, g"’ = 0 0 -1 ol made of contravariant vectors, and
0 0 0 -1

2
g, are made of their covariant vectors, while g.; . =ﬁ, where x" xV

are the contravariant vectors that are described in the rectilinear coordinates of the
flat-space. Here, u, v, p, o are the suffixes that indicate the coordinates of time
2

0
Epo , the gravitational waves must have di-

and space. Because of g . =0
ox"ox

2
. 1
mension of Lz Now we set H? = {Y—(a —br+ c—2j} .
r r

Now calculate the coefficients a, b and c¢, with the constraints:

2 2 2

OE(H ):0, OE(H )=0,and OE(H*)
oa ob oc

formed to: aiE(Hz) =—2E(H)=0, with E(H)=0;
a

=0, And then the equations are trans-

0

—_ 2 = — =
— E(H?)==2E(Hr) =0,

with E(Hr)=0; aiE(Hiz)zo, then E(H%)zo, where E(Hz)is the ex-
c r r

pected value of H?and where L = (a —-br+ CLZJ is Lagrangean. (Note: here in
r

this Lagrangean, the minus-sign of the space coordinate appears as the minus-sign
of the coefficient b, because in the special theory of relativity, the geodesic of the

Cucmemni docnioxcenna ma ingpopmayivini mexuonoeii, 2019, Ne 3 9
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time and space is described by the expression: (dx®)? — (dx")? = (dx*)? — (dx*)?,

where dx’is a displacement of the time-vector, and dx', dx*and dx’ are dis-
placements of the space-vectors). And then we can calculate these coefficients:
a, b and c, algebraically as follows: at first, we make a matrix X = {x;,x,,x3},

where x; =1 (time-coordinate), x, =r (space-coordinate, which is a distance be-

1 . .
tween Moon and Earth), and x; =—. Here, the above mentioned constraints,
r

E(H)=0, E(Hr)=0 and E (H sz =0 are generally described by the matrices
r

XH =0, then:

23,00000 ~8,34022-10°  1,74917-107'°

= = — . e. , . J— . . ,
XX 8,34022¢-10°  3,02432-10' 6,34278-107
1,74917-10"°  -6,34278-107 1,33027-107%!

where X' is the transposed matrix of X ; A= Q_lX ', where Q_l is the inverse
matrix (reciprocal matrix) of O ; p=AY, and where B is the vector of three coef-
ficients, a, band ¢; N=XA4; M =1—- N, where [is a unity matrix, in which
all the diagonal elements are 1, and non-diagonal elements are 0; e=MY ;
)y :e'eQ_1 /(n—k), where X is the matrix that contains variances and covari-

ances of the variables; e' is the transposed vector of e ; nis the number of data
(in this analysis 23); and & is the degree of freedom (number of variables, in this
analysis k=3).

The results of the calculations are as follows:

a 5,72334-10°
B=|b|=]1,05217-10% |;

c ~2,50844-10"
1,26538-10% 2,32669-10° —5,54473-10'%
Y =] 2,32669-10> 4,27814-1074 -1,01952-10"
~5,54473.10'® ~1,01952-10" 2,42964 -10%°

Standard errors of the coefficient vector

8
11,26538-10 1,12489-10*
o, =|14,27814-10% |=]2,06837-1072 |.
2.42964 -10% 4,92914-10"

Spin momentum density of gravitational waves
From the above calculations, we found that the energy of gravitational waves has
negative coefficient, ¢ =—2,50844 - 10" to Earth’s global temperature, while the

coefficient of the gravitational field has positive coefficient, b =1,05217-1072.
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It means that the flow of the gravitational waves doesn’t increase the potential
energy of this system between Moon and Earth. Then we investigated the charac-
ter of the gravitational waves, assuming that the vectors of the coordinates formu-
late the motion of the waves, with the theory made by Dirac [3] upon the equation

of the motion of the gravitational waves, g""'g; .., =0.

02,y

— where x° are the contravariant
X

At first, guv,c = uuvZG , while Euv,e =

vectors that describe the coordinates of time and space, and n, v, ¢ are the suf-

fixes that indicate those coordinates; while we analyze only one direction of the
space, W, v, 6= 0, or 3, where 0 is for time, and 3 is for one direction of the

wtt M =u, " =u, where u*"are contravariant two-vector

tensors and u,,, are covariant two-vector tensors, and u,,, =u,, ; here [;are con-

space. Also, we put u

stants, which satisfy g” GZPZG =0. Then it was assumed that the gravitational

waves are traveling in the empty space where only the gravitational field exists,

and then this condition leads to g""u,, ./, =% gWul, =%ul and then we get

p>

1
%
uy I, = Eulp .

Now, whenp =0, we have:

3
1 2
upvlv = Zl/lov = I/IOOZO +u0 ll +1/l0 12 +u03l3 = HOO +0+0_M03 =
v=0
1

1
= g%ugy — g7ugy =gy — (—Dugs =gy + g :Eulp :Eul‘) "

where [, =1,/,=0,/,=0 and 5 =-1.
When p =1, then

3
0 1 2 3 0 3
uVZVZZulvzul lo+ulll+ul 12+u1 13:1/[1 +0+O—u1

v=0

P
00 33 1

=g uyg— g upz =y — (=Duyz =upg +ups :Eull =0.

When p=2, we have:

3
0 1 2 3 0 3
upvlv = Zuzv =Uy ZO +U2 Zl+142 12 +U2 13 =Uy +O+0—M2 =
v=0

1
00 33
=g Uy — g upy =ty —(—Duyy =uyy +up :E”lz =0.

When p=3, then we have

3
0 1 2 3 0 3
upVZV = ZuSV = Uy 10 +Ug ll + Uy 12 +Uj 13 =Us +0+0—M3 —
v=0
00 33 1 1
=8 3y~ g uzy =uzg — (~Dusz =uzp +us; 25”13 -
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Thus,
1 1
(ugg +ug3) — (uzg +usz) = ugg + g3 — 30 —Usz =Ugy —U33 :5” - —E” =u,
where uy; =usq. Also, u; = gllullll =0, and uy, = g22u22lz =0, therefore
Ugg —Uz3 =U =Ugy —Uj Uy —u3z; and uy +uy =0.
AISO, 2”03 =Uu-— 21/[00 = (1/[00 - 1/[33) — 2”00 =—Ugy — U3z = _(uOO + 1/[33) , because
1
”00 + u03 = El/l .

Here, goo =1, g11 :g22 =g33 =-1, and

gV =g o g0 _gl0_gl2_ 13,2021 23_,30_,31_,32_gq

On the other hand the general formula of the action integral for the waves
moving in one direction is:

[Ld*x=-] ig”v Whly +ubl, —u,oIP) gl +ull, —u, 1)dx’dx' dx’dx’,

where Lis Lagrangean that describes the motion of the waves [3]. With the con-
straint, 0L =0, the general solution of the pseudo-tensor tuv that represents the

spin momentum densities of the gravitational waves are:
1 1,
16m 1, = E(uaBuO‘B =S
where [, is one direction, in which the waves are moving in. Here,
B

1
a 2 _ 00 11 22 33 01 02
uuBl/l - Eu =UgoU + upu + UyU + Usz3U + 21/[0114 + 2u02u +

1
+ 2u03u03 + 2u12u12 + 2u23u23 + 2u31u31 —Euz =

00 00 11 11 2 2 33 33 00 11
=ugg g Ugy tupng g Uy tupg g Uy tussg g Uy +2ug g g ugy +

00 22 00 33 1122 22 33
+2upg g ugy + 2ug38 g Uy +2upn g g Uy + 2up38 T g Uy

33 11 I 5 2 2 2 2 2 2
+2u3,87°¢g U3y~ U” = oo tuy” gy Fusyt +(=1)2up)” + (1) 2up,” +

2 2 2 2 1 2 2 2 2
+(=D2ug3” + 2u1y" + 2uys” + 2uy, —5(”00—1433) =uy” tuy +2up” =
1 2 2.
:E(”n—uzz) +2u;,"
and here u" =g"g"u,,, g"=1, g'=-1, g¥=-1, g¢V=-l,

) 1 2 2 1 > 1 2 2
—2up3 2_5(”00 + 2uggusy +uzs”), E(“oo—“n) Zz(uoo —2ugguzz +usz”),
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2 2 2 2 2 2 2
Uy =ug;” =uj3- =uz;” because uy+u;3=0, and, u,," =uy" =u,;" because
Uyg +Uy3; =0, and  from Uy +iyy =0, Uyy =—uy;, and  then

2 2 2 2
Uty =up +(—“11)2 =2uy,", and finally: (u, _“22)2 = (uy, —(—”11))2 =,
2 2 2 1 1
2(2”11)2 SO uy” +uyy” =2uy 25(2“11)2 :E(ull _“22)2-
And then the spin momentum density of the gravitational waves becomes of
the form:

1 .
161 too =Z{(u11 _u22)2 +u122} . with t03 =t00 .

Now assume an infinitesimal rotation operator, R, in the plane of con-
travariant vectors x'x?. If it is applied to any vector, 4;, 4,, it has the effect:
RA =4,, RA,=-4;, and R2Al =—4,, so iR must have the eigenvalues
+ 1 when applied to the vector [3]; here, iR =*1. So, the operator R makes anti-
symmetric change of the vectors. When we apply this infinitesimal rotation opera-
tor, R, to u,, = A4, A4,, the rotations will occur as follows:

Ruyy = R(A14) = (RA ) 4y + A (R(A)) = Ay Ay + A1 Ay =uyy +upy =2uyy,

where u,; =u;, ;
Ruyy = R(414y) = (RA) Ay + A (RAy) = Ay Ay + A (—A)) =uyp —uyy
Ruyy = R(Ay4y) = (RAy) Ay + Ay (RAy) = = A Ay + Ay (—A) = —uyy —uy = 2uyy ;
R(uyy +uy) = R(4 A + Ay 4y) = (RA) A + A (RA) + (R4, ) Ay + A, (R4, ) =
= A + A Ay — A Ay — A4, =0,

R*(uy; — ) = R(R(uy; — 1)) =
= R(Ruyy — Ruyy) = RQ2uyy — (—2uy5) = 2Ruyy + 2Ry, =

=2(upy —uyy) +2(upy —uyy) = Muy —upy) =—4uy —uy,) .

Thus, wu; +u,, is invariant (constant), while iR has the eigenvalues =+2
when applied to u;; —u,, or uy, . Therefore, the components of u,g that contrib-
ute to the momentum density of gravitational waves correspond to spin 2 [3].

Upon the above theory, it was calculated the spin momentum of the gravita-
tional waves by assuming /,x° as coordinates of 4 dimensional flat-space (recti-
linear coordinates), x,,x;,X3,%4, and then, we examined the parity of the Upy s
where each element of vectorx),=1 (time-coordinate), x;=0, x,=0 and

x3 =—r, and each of those are 23x1 vector.
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Now X ={xy,x,X,,x3}, and then we calculated the u,, as shown below:

[\Y
23.0 0 0 —834022-10°
, 0 0 0 0
= XX =
i 0 0 0 0
-834022-10° 0 0 3,02432-10"?

We see that: Unpo =23 s, Ugy = Uy = Ug = Upg = U = U S U3 = Uy = Uypy =
=Uyy = Uy =3y =0, Uy =gy = —8,34022-10°, and uy; =3,02432-10'%.

And then the rotation operator was applied, R, to u,, , to see the following:

uv

So, R(uyy +uy)=0, R(uy —uy,)=4u,, and Rz(”ll —py) = —4uy —uyy).

This result shows that the calculated Uy > shown above, are consistent with the
report by Dirac [3] about the infinitesimal rotational operator and the spin mo-

mentum of the gravitational waves.

THEORETICAL JUSTIFICATION OF OUR CALCULATIONS

Our equation for calculating the energy densities of gravitational energy

field and gravitational waves is: H = {Y - (a —-br+ c%)} , Where
r

L= (a —-br+ cizj , Y is the global temperature. And then we calculated the co-
r

: 1 . .
efficients a, b and ¢ of L=(a—br+c—2), after giving the constraints:

-
2 2 2
OE(H) =0, OE(H) =0, and M=O , where E(Hz) is the expected
oa ob oc
value of H?.

Below we show a theoretical justification of this our calculation. In general,
it  f=fG,,p,) ad g=g(q,,p,) are arbitrary functions, and
. of o of o
iff/.g)= 2% I %

oq, Op, Op, 04,
where m=1,....,M , which distinguishes independent functions ¢,,(q, p). And if

, and then, for example, g=[g,H]+U,[g,0,].

[¢,,,HH]=0, it gives the constraint to find the solutions of the problem. Here now
we assume that, ¢,,’s are the functions that describe the gravitational waves,
where H is named as Hamiltonian, where g, are coordinates, and n=1,....N,
while N is the number of degrees of freedom. Also, H =p,q,—L, where
a_L] oL
o, ) 0q,

n

N 0 o .
L=1L(q,q) is Lagrangean, ¢, = g . tis time-coordinate, d [ -
t

dt

L . .. . . .
DPn 28_‘ are momenta. In the theory of special relativity, N is finite; but, in the
4
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theory of general relativity of 4 dimensional curved space, N is infinite; and then,
oL = _f P94, , where the coefficient of 6g, in the integrand in OL is defined to be
momenta p, [2].

The  action integral of Born-Infield electro-dynamics is

1= I\/ —det(g,, + Fy)d *x , where F,, give the electromagnetic field. Here, the
coordinates of electrodynamics is 4,, where » =0,1,2,3; and, the related mo-
menta D" are the components of electric induction [2]. 4,and D" satisfy
[4,,D" =g 8(x—x"), where &(x—x") are the changes of the coordinates from

r to s, where g’ is the Kronecker delta function and 8(x — x') is the delta func-
tion of x—x'. Now, onlyAremains as Hamiltonian, A . And then,

B" Z%SrStht =& 4, , where 4, are differentials of 4,, differentiated by the

coordinate vector s, and £ =1 when (rst) = (1,2,3) . Here there are only 3 co-
ordinates, because in electromagnetic dynamics the time-coordinate » =0 doesn’t

have meaning. And now, [B",D" ]=¢"8,, (x—x") . Then the momentum density
is K, =F,,D*. Also the energy density is:
1
K, ={T?-y,(D'D* +B"B*)~y"F,F,D'D"}2,
where 7, is the metric in three-dimensional surface and — r?= dety,,.
In these calculations Earth’s global temperature Y is assumed to be, p,q, ;

and the coefficients, a, b, and c are translated as p, of the Lagrangean, L. Also

here, H is the only Hamiltonian; and now, the energy densities of the gravita-
tional waves and the gravitational field are calculated with

nefr-fa-areed))

. . 1. .
Here, a—bxr is generalized as I'? = —dety,, ; and, c— is generalized as
r

2 2
~v,,(D"D* +B"B*)—y"F F,,D'D". Also, GEHT) _, , CEWHT) _, , and
’ ‘ Oa ob
2
% =0 are the constraints that we used in our calculations. Here the gener-
c

alized expression of our constraint X'H =0 is [X,H]=0, and X represents the
energy densities that includes the gravitational waves (g, p) . Here we have to

note that the number of order of freedom of coordinates is finite, N =4, as we

assumed only 4 vectors, xo, x! , x? , and x° , of the rectilinear coordinates in

our calculation.
Similarly, in our calculation about the spin momentum of the Gravitational
waves, the generalized form of the pseudo tensor is:
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oL .
tl_lvﬂ_det(guv) :?qnau_guvl‘ 18 [LaQn]a

ns’v

o by —u,,l°), is the La-

1
where, L= —Zg“v (P ls +usl, —u,l)u, 1 +u
grangean that describes the motion of the gravitational waves. And then,

[L,g,]1=0, gives the constraint to calculate the spin momentum of the gravita-
tional waves, which is followed by calculations we showed above. In addition,

[B",D"]=¢""8,, (x—x"), in the theory of the electromagnetic field is the original

idea of the infinitesimal rotation operator, R, in our analysis shown above. It
changes the variables, but it doesn’t change the physical system, which is the con-
sistent argument that agrees with the theory of relativity [2].

Here we have to report one more aspect of the gravitational waves: the gen-
eral solution of the momentum density of the gravitational waves,

p_1 o

1 . .
167 tuv :E(uaﬁu“ —Eu )L, , involves both contravariant vectors, x* ’s, and

covariant vectors, x, ’s. Dirac [3] predicted that the gravitational waves appear

only in one direction. Then, the momentum density of the gravitational wave be-

1 .
comes 167 too = Z{(u11 — Uy, )+ u122} , where t03 = tOO . These contravariant vec-

tors, x" s, and covariant vectors, x, s, are exchanged each other through funda-

w
mental tensors, g""’s, as we showed as u"' =g"'g""u,,, and this operation

changes the sign (%) of the vectors. And the momentum density of gravitational
waves is calculated as the scalar-products of those two different coordinates’ sys-
tems. However, contravariant vectors and covariant vectors are in different coor-
dinates’ systems, and the momentum density can be calculated when two different
coordinates’ systems meet, although the contravariant vectors are not yet observ-
able in the real physical system. This issue may be further investigated for ex-
plaining the negative contribution of the gravitational waves to the gravitational
energy field.

CONCLUSIONS AND RECOMMENDATION

. . 1
In our previous research, [1], we compared the influences of — (as a surrogate for
r

o 1 o
Newton’s gravitational field) and —- (as the surrogate for the gravitational
r

waves’ movement) to Earth’s global temperature, assuming as if they are inde-
pendent variables for the Least Squares Estimation of Classical Regression Mod-
el. Instead in this report, we have calculated the energy density of gravitational
waves in the rectilinear coordinates of time and space (the empty space where
only gravitational field exists). For these calculations we set an action integral in a
rectilinear coordinate system, which linearly combines the gravitational field, the
gravitational waves and Earth’s global temperature, where each of them describes
the field of energy. Then we calculated the coefficients of those energy fields
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from the energy densities algebraically with a constraint, in which the derivatives
of the energy density are zero, and as a result we found that the gravitational field
has more effect on Earth’s global temperature, while the energy of Moon’s gravi-
tational waves has a negative contribution to it.

In order to investigate the nature of the negative contribution of gravitational
waves to the Earth’s global temperature, we also examined the spin momentum of
the assumed gravitational waves, in the rectilinear coordinate system. Although
the spin momentum is very small and it doesn’t raise the potential energy in the
theory of quantum mechanics, it must exist on theory [6]. The result or our calcu-
lation indicated that the gravitational waves in our coordinate system had the spin
2. On the other hand in this analysis, we calculated the scalar products of con-
travariant vectors and covariant vectors, while contravariant vectors are not ob-
servable in the real physical field, which leaves the issue for the further inves-
tigation.
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JOCJIIPKEHHS I ITPOT'HO3YBAHHSA YCIIIIIIHOCTI
CTAPTAIIIB IVTAT®OPMMU KICKSTARTER

H.B. KY3HEIIOBA, 51.B. TPYIIKO

AnoTtamisi. OCHOBHa MeTa JOCIIKCHHSI, IPOBEICHOTO y POOOTi, — BHSBICHHS Ta
MPOTHO3YBaHHS YCITIIIHOCTI HOBUX MpPOEKTiB-CcTapTamiB. Po3B’s13aHO0 3a/ady MPOrHO-
3yBaHHs ()aKTy YCIIIIHOCTI TOTO YW IHIIOTO CTapTamy, 3aCTOCOBAHO Pi3HI METOAU
IHTENEKTYaJIbHOTO aHANi3y NaHMX, TaKi SIK METOAW EKCTPEMaJbHOTO IPagi€HTHOTO
GycTuHTY Ta K -HalOIMKYKMX CYCiaiB, 10 a0 3MOTY 3 BUCOKOIO TOYHICTIO TIEPE-
0a4YNTH yCHINIHICTH MPOEKTY, a Halle(eKTUBHIMNM BHSIBUBCS METO]] €KCTPEMAIIBHO-
ro TpafieHTHOTO OyCTUHTY. BrukopucTanHs Mozeneil BIKUBaHHS T03BOJIMIIO OLiHU-
TH CcepezHiil yac poOOTH HaJ yCHINIHAM CTapTaloM i BU3HAYMTH KIIIOYOBI raiysi,
JUISL SIKHX CTapTalyu CTAloTh €()EeKTUBHUMM; CIIPOTHO30BAHO VIS KOXKHOTO 3 HUX He-
00XimHui yac poOOTH /TS BTUICHHSI MPOTPECHBHOI el B ycmimHuii GizHec. Busis-
JICHO HaHOLIBII yCHiliHI KaTeropii MPOeKTiB-CTapTamiB Ta COPOrHO30BAaHO Yac, He-
OOXigHHUI K y WIJIOMY U JOCSATHEHHS YCIIIIHOCTI (BM)KMBaHHS) MPOEKTIB, TaK 1
IUIT OKPEMHX KaTeropii mpoekTiB. s 1mporo moOymIoBaHO MOJENI BHKHBAaHHS Ha
OcHOBI npornopuiitaux pusukis Kokca ta Mozeni Karuran—Maiiepa.

KnrodoBi cioBa: nmporao3yBaHHs, METOA €KTPEMAIBLHOTO TPAfi€eHTHOTO OyCTHHTY,
METO]| k-HaOIMKINX CyCifiB, MOJIEIIi BIOKUBAHHSI, CTApTAIIH, YCIIIIHICTh IPOEKTIB,
iatgopma kickstarter.

BCTYII

Cyd4acHu# CBIT € HACTUILKM BIIKPUTHM 1 JUHAMIYHUM, 1110 Oynab-siKa imes, Bij-
KPHUTTS, TEXHOJIOTiA MOXYTh OyTH peani3oBaHi Ta BIPOBAKEHI Ay)KE IIBUIKO.
Le 3yMoBIIIO€ HE JHIIe MBUAKANA PO3BUTOK 1 epeaBaHHs HOBUX TCHACHLIN MixX
PI3HUMH Taly3siMH, JIFOJBMH, HapOJaMH, KOHTHUHEHTaMH, a 1 3MiHY HaBKOJIHII-
HBOTO OYyTTS, CBITOTIISIAY Ta YHOAOOAHB JIIOACH, 3alliKaBIEHICTh iX Y HOBUX HPO-
OYKTax Ta MOCIyrax, HOsBY HOBHX HOTped Ta PO3BUTOK HOBHMX 3BHYOK 1 3aXOIl-
JICHHS HOBUMH TPEHJAMHM, HamnpsMaMmu, sKi 10 IbOTO HaBiTh HE MajM >KOJHOI
NEePCIEeKTUBY Uil po3BUTKY. Came BiIKPHUTICTh CBITY 1 MOXKIIMBICTh BUKOPUCTAH-
HSl IHTEPHET-TEXHOJIOT1H CHPUYMHSIOTh TaKUil PO3BUTOK Ta MOABY matdopm i
MalTaH9IHKIB JJIs TIPe3eHTAaIlii Ta 0OMIHY iesiMH, cTiemiaibHI GOHIHN, MiATPHUMAaH-
HS 1 3aTy4YeHHS] BCECBITHBO BIJOMUX KOMTaHIil 1 KOpHopaliii, iHBecTopiB, Kpay -
¢danauHry TOmo. BUHMKHEHHS 1 MOUIMPEHHS OAHIE] TEXHOJOTil MOXKe HE JHUIIe
JOCSITTH BEJIMKOTO YCHIXy 3a KOPOTKHMH 4ac, aje i «3racHyTW», TOOTO BTPaTHUTH
KJTFOUOBI MTO3MIIii HA PUHKY 200 OCHOBHUX NMPUXMIBHUKIB.

Haiinommpenimmii 1 HalOLIBII BIIOMUI TEPMiH Il BU3HAYCHHS MIPOTPECHB-
HUX iJied Ta TyMOK Hapasi € crapran. CrapTanamMu 4acTo Ha3WBAIOTh HEBEJHKI
Oi3HeC-KOMIIaHil, SIPOM SIKUX € SKach Taka «0COOJIUBA» ifiesl, IO TiMOTETUYHO
3MOKEe MEPEeTBOPHUTH Oi3Hec y BelnWKHi MinbsipaHuil (y momapax CIIIA) 6Gi3Hec.
Peanizawis crapramnis cTana Iyke MOIINPEHUM PYXOM; HOro PO3BUBAIOTH CTY/ICH-
TH, MOJIOJIb, IIPOTPECUBHI JIFOH, 3aXOIJICHI 1 HATXHEHHI [TEBHOI0 YYA0BOIO 1€€l0,
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sIKI HE MalTh JOCTaTHBOTO (hiHAHCYBaHHS Il HEralHOTO BIIPOBAKCHHS ii
y IIUPOKe BHPOOHUIITBO, aye 3alliKaBieHi ii peami3yBaTd SK BIACHYy, a HE IIiJ
OpeHI0M TIeBHOI BiZJOMOT KOMITaHil.

Kommna#nii, o0cHOBHUM 3epHOM sIKHX Oylia «0COOIIMBaY ifesi, CTBOPIOBAIUCH i
icayBanu moHaa 100 pokiB. € HaBITH CTATUCTHKA, BUKOHAHA aHATITHKAMH 3 OIIi-
HIOBaHHS 1 TIPOTHO3YBaHHS CTapTaIiB, sKa BKa3ye, IO HACTpaBAi HMOBIPHICTh
mopasku crapramy ayxe Bemuka. Y 2017 p. amMepuKaHCHKHHA [IOBUH KypHAl
Fortune [1] omiamB Taki mpoekTn crapTamiB i HaBiB Bpaxkatodi (aktu: 90% crap-
TamiB B KIHIEBOMY IIJICYMKY 3a3Hal0Th HeBJadi. TOOTO OCHOBHA YacTHHA TaKHX
«imedHuX» OI3HECIB HE pealli3yeThcs, a00 HE 3HAXOIHUTH JOCTATHHOI KIIBKOCTI
CIIOXKUBAYiB, MATpUMaHHs, piHaHCyBaHHS. lle Bxke He mepIri Taki JOCIiHKEeHHS
JnoBoro xkypHany. Lls Tema € akTyanbHOK 1 JOCI, @ Y CBOEMY JOCIHIDKEHHI
Fortune Bim3Hauae [2], 110 OCHOBHMMH NMPUYMHAMHU HeBAadi ctapTamiB y 2014 p.
Oymu: BiICYTHICTh IOTPeOU MPOIYKTY Y KOPHCTYBaviB;, HECTaya KOMITIiB y 3aCHO-
BHHKIB; HEIOCTaTHS 3TypTOBaHICTh KOMAaHIHW PO3POOHUKIB Ta TEHEPATOPIB imei;
NOPYIICHHSI TIEBHUX 3aKOHIB, HANpPHKIAJA, MOPYLICHHS TpaB KOH(iIEHIIHHOCTI
KOPHUCTYBayiB TOILO.

IHOCTAHOBKA 3AJAYI

lonoBHOIO ife€er0 poOOTH CTaIH JOCHTIIHKEHHS Ta MPOTHO3YBAHHS MOIMYJSPHUX 1
HaHOUTBIII «YCIIITHUX» MPOEKTIB-1IeH, peali30BaHUX Y BHTJISI CTApTaIliB Ta 3a-
peectpoBanux Ha mmatdopmi kickstarter. Mera mocmimKeHHS: — BUSBICHHS OC-
HOBHUX TEHJICHIIIH, MPUTAMaHHUX YCIIITHUM CTapTar-IpoeKTaM, OL[iHIOBaHHS Ta
MIPOTHO3YBAHHS MEPioTy IX YCIIITHOCTI Ta HEOOX1IHI BUTPATH Ha iX PO3BUTOK; Ha
MiIcTaBl BUKOHAHOTO aHANI3y YCHIIIHMX MPOEKTiB BU3HAUYEHHS KIIOYOBUX Tajy-
3ei Ta HalpsM 1€, IKi MOXYTh OyTH MEpCIEeKTUBHUMH JIs1 PO3BUTKY 1 BIIPOBa-
JOKeHHs y Benmkuid Oi3Hec. [[ist Takoro aHanmizy oOpaHO peanbHUN HAOIp HaHUX i
BHU3HAUYEHO METOMU iHTeJeKTyanbHoro ananizy ganux (IAJl), Taki sik MeToau Kiia-
cudikarii, rpagieHTHOr0 OYCTHHTY 13 3aCTOCYBAaHHSIM JIEPEB Ta METOAM aHANTIZY
BIOKMBAHHS [T IIPOTHO3YBAHHS yacy yCHilIHOCTI crapramniB. CIporHo3yBaTtu, 4u
OyZe MpOEKT YCHIIIHKUM, 1 SKIIO TaK, TO SKWH Mepiox yacy moTpidbeH mms ¢iHaH-
CyBaHHS 1 B sIKil rarysi.

METO/U TA IHCTPYMEHTH IA ], BUKOPUCTAHI ¥ POBOTI

OcoOMMBOCTI MOCTaBJICHOTO 3aBIAaHHS 3yMOBIIOIOTH HEOOXIMHICTH BUPIMICHHS
0Ipa3y OEKUIBKOX 3aBAaHb pisHMMHU MeTomamu IAJl, ToMy BaXJIMBUM € OOpaHHS
KOPEKTHOTO 1HCTPYMEHTApII0 i MaTeMaTHYHOTO anapaty. JIis BU3HaYCHHS yCITil-
HOCTI TTPOEKTY AJIT 0OpaHoro Habopy AaHWX Mae OYTH pO3B’s3aHa 3ajada KIacH-
(hikamii, ToOTO BiHECEHHS MPOEKTY M0 yCHimHUX abo mpoBanbHuX. [ia 3amagi
KJacugikamii IpOMOHYETHCS BUKOPUCTATH HAWOUIBIN BiIOMUH 1 JOCTaTHBHO edek-
THBHHHA METOJ A-HAMOMIKYHUX CYCITIB Ta METOJ €KCTPEMAIBHOTO TPaIi€HTHOTO
Oyctunry. Jlisi BU3HAUCHHS ONTHMAJIBHOTO 4acy, HEOOXiAHOro Ui pearnizamii
cTapTany, ToOTO AJISl OpIEHTYBaHHS PO3POOHHMKIB HAa HEOOXiTHHW yac poOOTH i
IHBECTYBaHHS MPOCKTY, 00 HE 3yNMUHUTHCS «3a KPOK JI0 peaizarlii Mpii», BUpi-
HIYETHCS 3a/1a4a MPOTHO3yBaHHS Yacy 3 BAKOPUCTAHHSAM MOJIENEH BIKUBAHHS.
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Merton k-naiigmmkunx cyciais (K-NN)

VY posmizHaBaHHI 00pa3iB MeTOH k-HaHOMIKUYMX cyciniB (k-nearest neighbor
method) € HemapaMeTpUUHIM METOJIOM, IO BUKOPUCTOBYEThCA ISl Kiacu(ikarii
ta perpecii [3]. B 000x Bumagkax BXiJ CKJIaNa€ThCs 3 k HAHOUIBIIN OJIM3BKUX
MIPUKIIAJIB HABUAHHS Y TPOCTOPI 03HAK. BUXiN 3a1€KUTh BijJ TOTO, Y BUKOPHC-
ToByeThes k-NN mis kiracudikamii abo perpecii:

e V kmacudikamii A&~-NN Buxim € ximacom, M0 SKOTO HaJeKHWTh BXiTHUN
00’exT. IIpn 11bOMy 00'€KT MIPU3HAYAETHCS KIIACY, HAMOIIBII MOMIHPEHOMY Cepe
foro HaOMMKYKMX cycimiB (kK — Mije JoJaTHE YMCIOo, 3a3BHYail HeBeHKe). Sk-
mo k=1, To 00'€eKT MPOCTO MPHUCBOIOETHCS KIACy TOTO CaMOTO HAMOIMKYOTO
cycina.

e V k-NN perpecii BuXijJi € 3HaYCHHSM BIIACTUBOCTI Juis 00'ekta. lle 3Ha-
YECHHS € CePE/IHIM 3HAYCHHSM JJI kK HaWONMKYUX CYCIiB.

To0To B OCHOBY METOJy MOKJIaJ€HO BUKOPUCTAaHHS BifCTaHi (3a3BU4ail eBK-
J10BOT METPHUKH) MK BX1THUM 00’ €KTOM Ta B)K€ IPOMapKOBAaHUMH (HaBUYCHUMH)
cycimamu (00’ eKTamu).

[Ipuxnan xmacudikarmii MeromoM A-NN 300paxkeHo Ha puc. 1. Bximauit
00’exT (TOYKy) ciif kiaacudikyBatu abo J0 MEPIIOTro Kiacy KBajpaTiB, abo J0
JIPYTOTO KJIacy TPUKYTHUKIB. SIKmo k=3 (CymibHE KOJIO JIiHii), TO BiH IMPHUCBO-
I0ETBCSL IPYTOMY KJIacy, OCKUIBKH Y BHYTPIIIHBOMY KOJi € 2 TPUKYTHUKH 1 JIU-
me 1 xBampar. SIkmo k=5 (KoJo MyHKTHUPHOI JIiHIi{), TO BiH MPHU3HAYAETHLCS TIEp-
oMy kiacy (3 KBagpary MpoTH 2 TPUKYTHHKIB BCEPEIHHI 30BHIIIHBOTO KOJa).

| .- A
- ~
- ~
o | .
’ [y
. -
r Y
b 1
4 1
H 'R \
L}
]
1
¥
I

Puc. 1. Tlpukian knacudikarii A-NN

HikaBo, mo anroput™ k-NN € oqHUM 3 HAHIPOCTIMINX aIrOPUTMIB MAaIIWH-
HOTO HABYaHHS 1 IPH IBOMY BiH € OJHUM 3 Haie(eKTUBHIMMX (BiIIIOBITHE
MOPIBHIHHS, HAaBEJCHO B JIOKyMeHTallii [4] momyssipHoi 0i0mioTeku sklearn nns
MOBH IpOrpaMyBaHHs python).

Mertoa ekcTpeMaJbHOro rpagienTHoro dycrunry (XGBoost)

Meron ekctpemanpHoro OyctmHry XGBoost (eXtreme Gradient Boosting) [5]
peanizoBaHui y BUTIIAII Oi0MIOTEKH 3 BIAKPUTHM BHXIJHHM KOJIOM, JTOCTYITHHMA
Ha HAWOUIBII MOIMPEHHUX 1 IMUPOKO BXKUBAHUX MOBAaX MPOrPaMyBaHHS, TAKUX SK
C ++, Java, Python [6], R i Julia.

OcobnuBicTIO METOAY € Te, IO BiH 3a0e3meduye napanenbHuil OyCTHHT AepeB
(takox Bimommii sk GBDT, GBM) i mo3Bossie po3mapasnenioBaTi, a THM CaMUM
NPUIIBUAIIYBATH PO3B’SI3aHHS 3a/1a4l MOPIBHSHO 3 BiJOMHM METOJOM TpaJli€HT-
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HOTO OyCTHHTY, a caM METO]I III¢ Ha3WBaIOTh TPAJIEHTHUM OYCTHHTOM 13 3aCTOCY-
BaHHSM JEPEB.

I'pagierTHUIT OyCTHHT BUKOPUCTOBYIOTh Y PETPECiHHUX 1 KiIacuQikamiiHuX
3a7auax K TEXHIKY, CYTh SKOI MOJATaeE B TOMy, o0 30yayBaTtu 3 aHCaMOJIto
cnaOKuX MoJesnell MpOorHo3yBaHHs (3a3BHYail MoJelnell AepeB pillieHb) OAHY, ale
TOYHY Ta €(EKTHBHY MOJICITb.

ANTOpUTM peaizamii MeToAy Ipai€eHTHOTO OYCTHHTY MOKHA ITOJATH Y Ta-
KoMy BuTIIAI [7, 8].

n

3anaHo: HaBuanbHy BUOIpKY {(x;,);)}i=;, GyHKUito Butpat L(y,F(x)),
KUTBKICTH iTepaii (KUTbKICTh CTA0KUX Mojenei) — M .
1. IninianmizyemMo Mojenb KOHCTaHTOO ( Fj(x) ):

n
Fy(x)= arnginZL(y,-,v) -
i=1

2. Bin m=1 10 M :
o o0uncireMo ncepno3anuiiky (pseudo-residuals):

_ OL(y;, F(x;))

Tim
OF (x;)

2

F(x)=Fyp1 (%)
e HaBYAaEMO 4eproBy ciaOKy Mozesb (Hampukian, AepeBo) A, (x)oTpuma-

HUMH TICEBI03aTUIIKAMH, TOOTO HABYAEMO TaKO BHOIPKOIO: {(X;,7;,)} ;s

e 00YUCIIOEMO MHOXHHUK Y, , PO3B’SI3yI0YM OJHOPO3MIPHY ONTHUMIi3aLiiHy
3afauy:

n
Ym = argm}jnzL(yiaFm—l (xi) + yhm(xl)) 5
i=1

® OHOBJIIOEMO MOJCJIb:
Fm (x) = mel (x) + Ymhm ()C) .
3. Busogumo F, (x)

Bi6miorekoro XGBoost movana KOpUCTyBaTHCS BEJIHKa KiNbKICTh PO3POOHU-
KiB, IIIO CIIPHSLIIO MTOMYJISIPHOCTI MeToxy cepen cininbHOTH Kaggle (mmatdopma, ne
3MararThCsl BUCHI 3 HAyKH IPO JaHi). MeToj M03BOJSIE OTPUMATH ONHI 3 Hal-
KpalliXx pe3yJbTaTiB MPOTHO3iB, a TOMY L€l MeTo] 00paHo B Lil poOOTi A Mpo-
THO3YBaHHS YCIIIIHOCTI MpoeKTiB cTapramis [10].

Jlns aHami3yBaHHS Ta MPOTHO3YBaHHA HEOOXITHOTO Yacy poOOTH sl yCIIiM-
HOTO 3aITyCKy CTapTally BUKOPHUCTAEMO Pi3HI MOJIENI 3 Teopii BHYKUBAHHS.

MopeJii BHKHBAHHSA
V 3aranbHOMY BHIVISII (DYHKIISl BUOKUBAHHS TOJAETHCS y BUIULsil [11]
St =P(T>t),ne 0<S()<1.

IIpeameroM nocCHimKeHHs € BU3HAUYEHHsI HMOBIPHOCT] BI)KMBAaHHS Ta POBa-
ay (abo cMepTi) MpOeKTy, IO BiAOYBAa€ThCA B MOMEHT Yacy ! 3 ypaxyBaHHSM TO-
ro, 10 MOJis CMePTi He BijgOyBayiacs 70 yacy ¢. MaTeMaTU4HO Iie T0JJaHO TaKuM
guHowMm [11, 12]:
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lim PG<T<t+A|T>1).
A—0

s moxis BimOyBaeThCsi y O€3MEXKHO MajMii MPOMDKOK 4acy (Bim ¢ 10
t+ At), TOX OTpUMYy€eEMO (hopmyity, 110 € PYHKIIEIO PUUKY:
. P@s<T<t+A|T>t
h(t) = lim ( | ) .
A0 A
Le ieHTUYHO TaKOMY BHpPa3y:

as()
h(t) =——4 .
S()

VY HaBe[eHNX MO3HAYEHHAX Ta MPUIYIIEHHSIX MOXHA BUKOHATH (hopMaiisa-
III0 PeaIbHOI IPAKTUYHOI 3a/1a4i OLIHIOBAHHS PU3HKIB.

Binoma mopmens JI. Kokca [13], 3anpononoBana B 1972 p., 3acHOBaHa Ha
MPUITYIIEHH], M0 (QYHKI[I0 PU3UKY MOXKHA (paKTOPU3yBaTH, TOOTO TOJATH y BH-
il TOOYTKY ABOX (DYHKITIN:

i () = ho (2) - W (X1 5ees X ),
ne hy(t) — 0a3zoBa QyHKIS IHTEHCUBHOCTI, 110 BKJItOYa€e (haKTOp 4acy, ajae He
BKJIIOYA€ KOBAPIaHTH, a Y (X;|,...X;; ) — JiHIHHA QyHKLIA JOCIIKYBaHUX O3HAK,

sKa He BKJIt0Ya€e (aKkTop vacy.
JloCHUTB 9acTO MOAENb 3aMUCYIOTh y TakoMy Bl [12, 13]:

h (1) = hy (t)e{ﬁlxi1+---+ﬁkxik} :
Inh;(t)=Inh,(t)+Bx;; +...+ Brxir »

ae By,....B; — HEBLIOMI mapaMeTpy, a X; € BXiAHUMU 3MIHHUMH (TOOTO CTOBI-
YMKaMH) y BHOIpLI.

Mogens nponopuiitaux pusukiB Kokca y Burisiai ¢yHKIIT yMOBHOTO BHXKHU-
BaHHs S(?|x) mepembadvae OLIHKY CYKYIHOI yMOBHOI (yHKIii pusuky L(f]x) 3
BUKOPHUCTAaHHSIM MaKCHMaJIbHOI IIPaBIOMOAI0HOCTI.

HMIANOTOBKA TA OBPOBJIEHHSA BXITHUX JAHUX 10 MOJAEJIIOBAHHSA

BxigHumu gaHuMu 171 MOZENIOBaHHSL 00paHo HaoOip manux [10] 3a crapramamu,
3apeecTpoBaHMX Ha TiaTdopmi Kikcraprep [14]. HabGip mictuts 13 3miHHHX
(CTOBIUUKIB):

ID: ID K0KHOTrO KIII€HTA;

name: Ha3Ba cTaprarny;

category: JeTalbHUN OMHUC KaTeropii, y skid QyHKIIOHye cTapTamn (Hampu-
KJa1, ka, JOKyMEHTaJIbHa JIiTepaTypa);

main_category: 3arajbHa KaTeropis JisUIbHOCTI cTapTaiy, IUpIIa HiK mpo-
CTO KaTeropist (Hampukiam, CXigHa KyxXHsl, JiTepaTypa);

currency: BaJIIOTa IPOEKTY;

launched: nara Ta yac mo4aTky poOOTH HaJl CTapTaIIOM;

deadline: ocTanHil TepMiH (IaTa Ta Yac) 3aKiHICHHS pOOOTH HaJ CTAPTAIIOM.

Ockinpku 4ac movatky po6otu Hazg npoektoM (launched) y Beix craprami
piznuii (y xorock 2014 p., y korock 2017 p.), TO 3a1y1sl Kpamioi pernpe3eHTaTUB-
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HOCTI JaHWX OyJeMO CTBOPIOBATH arperoBaHMii MOKa3HUK, TOOTO chopmyemo
HOBY 3MIHHY «TE€PMiH POOOTH» SIK PI3HHIFO MiX KIHIIEM i IOYaTKOM pOOOTH HaJ
npoektoM: time_spent = deadline — launched , a came:

goal: cyma rpoineii, sky Ma€e Ha METi 310paTu cTapTar;

pledged: cyma rpoieif, siKy B>ke BKJIaJIEHO B CTapTaIll;

state: pesynbrat craptamny (0 — npoBaneHuid, 1| — ycmimHui);

backers: KIJIBKICTB JI0€l B KOMaH/];

country: KpaiHa, y sIKiif 3apeecTpOoBaHO CTapTalrl;

usd_pledged: cyma momapis CILIA, sxy BXke BKJIaJI€HO B CTapTaIl.

Bxigaumu nanumu oO6paHo juis modatky 3743 3amuciB i3 3araneHux 378600,
AK1 MICTATh 9 CTOBIMUUKIB. YCi IaHI IMepeBeleHo B YKcia AJIs PO3B’sI3aHHS 3aadi
xracudikarii (tabm. 1).

Taoauusa 1. Ilepmi psaxu 3 HAGOPY JaHKX

Category cg/tI:;(:;y Currency| Goal |Pledged |State | Backers| Country plli (sl(;_e d
108 12 5 7 0 0 0 9 0
93 6 13 3908 | 24883 | 0 670 22 2015
93 6 13 5325 22364 | O 2014 22 39948

[Ipoananizyemo BXigHy BUOIpKY 3 3743 yHiKanbHUX CTapTaIliB:

e cepelHE 3HAYEHHs CyMH TpolIel, IO BKE BKIAJCHO B cTapral
(usd_pledged), — 43911 gon. CranmaptHe BigxwieHHs Benuke (34961 nou.),
MakcuManbHe 3HadeHHd 109021 mgon.;

® cepemHA KUTBKICTB JIIoJIel Y KoMaH i cTapTamy: 1585;

e cepenHiil yac, BUTpadeHUIl Ha poOOTYy KOMaHAW Haj craprarnoMm: 38 AHiB;
MakcuManbHuN vac: 1284 nHi; MiHiManbHUN — 2 T0J (TaK, € 1 TaKi nmpoektu!);

e ockuteky 3HaueHHs ( U1 state O03HAauYae «cTapTai IMPOBAIUBCST», a 3HA-
yeHHS | O3Hadae «crapramn yCHilIHMAY», cepemHe 3HadeHHsA 0,375 o3Hagae, 110
nvme 37,5% crapraniB 3 yciei BUOipku OyJH yCHilIHUMUY,

e TIPOIYIICHUX JaHWX y BHOIPIN HEMae.

Marpuiito Kopesiii Mi>k BXiTHIMH 3MiHHUMH 300pa)KeHO Ha pucC. 2.
Correlation matrix (before PCA)
01 2 3 456 7 8

co~NOoO Ol WDN P O

Puc. 2. Marpuns kopensiii Mk BXIZTHUMH 3MIHHUMH
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OckinbKU iCHY€ CHJIbHA KOPEJSList (UMM CBITJIIII KBaJpaTHKH, TUM Oiilblia
KOPEIAIlis) MIX ACIKAMH BXITHAMH 3HAYECHHSIMH, TOMY 3aCTOCYEMO METOI
ronoBHux komnoHeHT (Principle Component Analysis (PCA)) s 3MeHIeHHs
KOPEJSAIil Ta KUIBKOCTI BXIIHMX 3MIHHUX. MaTpUIF0 KOPEJSAIil BXiTHUX 3MIHHHX
micis 3acrocyBanHst PCA 300pakeHo Ha puc. 3.

[Ticns 3acTOoCyBaHHS METOAY CYTTEBI CIIECKH KOPEIAIiT MiXK BXITHUMH 3HA-
YEHHSIMH 3TJIaJINIMCh, & KUTbKICTh 3MIHHUX 3MEHINMIach i3 10 10 4, ane npu 1so-
My, SK OyJI0 MEepeBipeHO Nai, TOYHICTh 3HAYHO 3HU3WIACH (IIOKa3HHK CTAaHOBHUB
ROC_AUC=0,85, a craB 0,66), ane mBuUAKICT, 00poOeHHs 30inbInniack. Tox
OyJo MpUHHATO pimeHHs He BUKopructoByBatd PCA y momamsiit poOoTi.

Correlation matrix (after PCA)
0 1 2 3

Puc. 3. Marpuiis Kopessiii MK BXiTHUMH 3MIHHUMH TTicJist 3acTocyBanHs PCA

Bxigay BuOipky posaineno y cruiBBigaomenHi 70% ams maBdanpHOi Ta 30%
It TectoBoi. [list mepeBipky HAOIMKEHOCTI TeCTOBOT BUOIPKH JJO IPOTHO30BAHOT
BUKOPHUCTOBYEThCA iHIeKC JKakkapa, 10 € CTaHJapTHUM KPUTEPIEM Y MOBI MpO-
rpaMyBaHHS python.

Koedirmient mogidrocTi XKakkapa o09nucIoeThes 3a popMyIToro

_c
P b
! a+b-c
JIe a — KUTbKICTh BHIIB Ha IMEPIIOMY MPOOHOMY MalmaHUWKY; b — KiJIbKICTb

BUJIB Ha JIPyroMy MPOOHOMY MaWJIaHYHKY; ¢ — KiJTbKICTh BHJIB, CIITBHHUX JIJIS
HEpIIOro Ta JPYroro MalIaH4nKiB.

PO3B’SI3AHHSI 3AJIAYI KJIACU®DIKAIIIL

Hnst  mporHo3yBaHHS (akTy YCHIIIHOCTI CTapTamy 3acTOCOBAaHO METOJ
KNeigboursClassifier (k-NN), pe3ynbrata poOOTH SIKOTO MOJAHO Y BHIJIAAI MaT-
putti mommtok (Confusion Matrix) Ha puc. 4.

JIst OLIHIOBAHHS TOYHOCTI IPOTHO3YBAaHHS BHKOPUCTOBYBABCS ITOKa3HUK
o mix kpuoto ROC, sikuii 1 JaHOrO METOJy BU3HA4MBCS Ha piBHi 0,74.
[opir, oOpaHuii Ui OLIHIOBAHHA 1 MOOYOBA MATPHIII MOMHUIIOK, cTaHOBUB 0,6,
TOOTO SKIIO HMOBIpHICTH ycmixy Ounbma 3a 0,6, TO cTapTram BBaXKa€eThCs ycC-
i ITHAM.

24 ISSN 1681-6048 System Research & Information Technologies, 2019, Ne 3



Hocnioocenns i npoenozysanus ychiwtnocmi cmapmanie naamgopmu kickstarter

Moxna Oaunty, mo B MeToqi k-NN BiJHOIICHHS MOMUJIOK HENPaBHILHOI
KjacuQikarii MO3UTUBHUX BHITAJKIB JIO HENPAaBUIHHO BUSBICHUX HETATHBHHUX
cranoButh FP(False Positive)/FN(False Negative) =1,3 . Lle o3na4ae, mo kiacu-

(hikaTOp MPOTHO3YBATUME IMMOMHJIKOBO YCITiX YaCTiIle, HiXK MOMIJIKOBO IPOBAIT
CTapTaIly, a TOMy Taka MOJIEJb € HEKOPEKTHOIO JIJIsl PO3TIIAAaHOl 3a1aui.

Confusion Matrix

480
= 1,6e+02
400
E
2
g 320
81 12et02 3e+02 240
&
- 160
1 :
Fail Success
Predicted

Puc. 4. Confusion Matrix mis metoxy k-NN 3 moporom 0,6

BukoHaHO TakOX BENHKY KUTBKICTh €KCIEPUMEHTIB 3 PI3HHMHU MOPOTAMU i
EMITIPUYHO BUSIBICHO, IO ONTHUMAJILHUH MOPIT UIA IPOTHO3YBaHHS MMOBIpHOCTI
ycmixy crapramy ctaHoBuTh 0,7. Matpuito moMuiiok st k-NN i mopora 0,7
300pakeHo Ha puc. 5.

Confusion Matrix

600
= 43
450
=
2
<<.:> 300
81 2,6er02 1,6e+0 - 150
&
1 : :
Fail Success

Predicted

Puc. 5. Confusion Matrix mist metoay k-NN 3 moporom 0,7

[Tnoma mig kpuBoro ROC 3menmmiace no 0,65, aje e BUMYyIIEHUH KPOK,
OCKUIBKH JIOBEJIOCS HAKJIACTH JIOJATKOBI JKOPCTKIIli BUMOTH, MI00 HAOIU3UTH
MOJIENb JI0 PEaJIbHUX YMOB.

3a MeToIOM eKCTpeMallbHOTO TpajieHTHOTr0 OyctrHry X(GBoost Bu3HaueHO
MOJIeNb, JJIs AKO1 iHAeKke XKakkapa BUSBUBCS BUIIKUM, HIK y MONEPEAHBOTO Kila-
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cudikaropa, i mopiBaroe 0,85, M0 CBIIYUTH TIPO OULIBITY KOPEKTHICTH MO
XGBoost.

[Moxazauk ROC_AUC Ha TecroBiit Bubipui cranoBuB 0,92, 1m0 BUIIMIA, HiX
y knacudikaropa k-NN, a cam iHAEKC CBIIYMTH PO BUCOKY MPEIUKATUBHY 37aT-
HICTBH TAKOI MOJEII.

His moneni XGBoost ycTaHOBIIEHO KUTBKICTh iTeparliii Ha piBHI 70, a Kijdb-
KICTh €MO0X, 3a SKUMU HeMoxxauBe rnokpaimieHds, EARLY STOP =70, npu 1p0-
My ROC_AUC na Tecrosiit Bu6Gipii cranosus 0,85. EMmipuyno migiOpaHo kpaii
napaMeTpH: KUIbKicTh iTepaltiii 30iibmieno g0 1000, a EARLY STOP 3meniieno
1o 50. 3a Takux mapameTrpiB Ha TectoBii BuOipiii ROC AUC=0,92.

JlJis MeToly eKCTPEMabHOI'O I'PAJiEHTHOTO OYCTHHIY TaKOX CKCICPUMEH-
TaJBHO MiAIOpaHO MOPIr I MOKPAIEHHS PENPE3CHTATUBHOCTI MOJIEITI MPOTHO3Y
YCHiXy CTapTaIliB i ONTUMAIbHE 3HAYCHHS TOPOTa BUABMIOCH 0,6, TPOTE TOUHICTh
mozemi 3a iHgekcom ROC AUC nemio 3um3mnack 1o 0,83, ane € BUIIOKO MOPiB-
HIHO 3 monepenHiM MetogoMm. Bignomenns FP(False Positive)/FN(False
Negative) niis XGBoost cranoButs 0,6, 0 € OUTBIIUM IMOPIBHIHO 3 METOJIOM
k-NN 3i 3nauennsm 0,16 (puc. 6). [lopiBHSIHHS 000X METO/IIB HaBEJCHO y Ta0II. 2.

Confusion Matrix

600
i 0 64 500
a8
= 400
2
<
- 300
5]
§ 99 3,2e+02 2200
72}
1 | : - 100
Fail Success
Predicted

Puc. 6. Matpuusg mOMIIIOK Ui METOAY €KCTPEMAaJbHOTO TPaJi€HTHOTO OyCTHHTY
3 moporom 0,6

Taoauunsa 2. [lopiBHsuibHA TaOIMLA Pe3yNbTaTiB METOMAIB 33 Pi3HUMHU KpUTE-
pisiMu epeKTHBHOCTI Ta TOPOTOM

Index
Method
Jaceard | pc auc [ROCAUC_I pppn Topir
Index = optimum
KNeigbours 0,75 0,74 0,65 0,16 0,7
XGBoost 0,85 0,92 0,83 0,6 0,6

Omxe, knacudikarop XGBoost BUSBHBCS KpaluM 3a OCHOBHUMHU KPUTEPIsIMH 1
HOTO0 JIOLIJIbHO 32CTOCOBYBATH JJIsl IPOTHO3YBaHHS (DAKTY YCIIITHOCTI IPOEKTY.
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IMPOI'HO3YBAHHSA YACY YCHIINHOCTI CTAPTAITY MOAEJIAMHA
BU/XKHUBAHHA

Jns BxigHOTO HAOOPY JaHWX HEOOX1THO CIIPOTHO3YBATH Yac YCIIIIHOCTI CTapTa-
My, JUIS IIbOTO KIFOYOBMMH 3MIHHHMH OYIyTh Yac time spent (Skwii BigmoBimae
yacy B Mojeni Kokca) ta state (mae 3HauenHs {0;1}, 1 — skmio BigOynack mosis
YCHILIHOTO cTapTamy i 0 — SKImo mposa).

Jlst moOynoBu moneni Kokca Bukopucrano python-6i6miotexy lifelines. Pe-
3yJbTATH OIIHIOBaHHS 3HAYEHb BXIJHUX 3MIHHUX Ta KOCQII[iEHTIB IUIsl MOZCII
BkuBaHHs Kokca HaBeaeHo y Tabdi. 3.

Taoauusa 3.3HaueHHs BXiAHUX 3MiHHUX JUId Moneii Kokca

Coefficient
Variable
coef ex| p(coef) | se(coef)| z P | -log2(p) [lower 0.95 |upper 0.95
category 0 1 0 0,72 | 0,47 1,09 0 0
main_category| -0,02 | 0,98 0,01 |-3,36 |<0,005| 10,3 -0,04 -0,01
currency 0,1 1,1 0,05 | 1,94 | 0,05 4,26 0 0,2
goal 0 1 0 -3,06 |<0,005| 8,82 0 0
pledged 0 1 0 2,17 | 0,03 5,06 0 0
backers 0 1 0 11,61 |<0,005| 101,04 0 0
country -0,05 | 0,96 0,03 |-1,51] 0,13 2,92 -0,11 0,01
usd pledged 0 1 0 3,5 |<0,005| 11,09 0 0

Jis mepeBipKy TpeauKaTHBHOI 3AaTHOCTI Ta Baifgallil MOJIEN BHKHBAHHS
BUKOPHUCTOBYEThCH TokazHUK Concordance Index, a mpuifHATHUMH BBaXKAIOThHCS
MOJIeIIi, IO MarOTh 3HaUeHHS iHmekcy Bix 0,55 mo 0,75. J{ns momeni Concordance
Index = 0,63 BimHOMmEHHS MpaBmonoaioHOoCcTi — 306,07, a — log2(p) =201,56,
ToMy Mojiesib Kokca MoXe BUKOPHUCTOBYBATHCH IS IIOANIBIIOTO aHAITI3Y.

3navyeHHs koediUieHTiB y moOynoBaniii moneni Kokca momano y Burisiai
puc. 7.

Currency A o
Beckers b
Category | n
i_pledget | g
Pledget n
goal 4 u
_Category - o

Country 1 *—D—‘—*

~0,10 —0,05 0.00 0,05 0,10 0,15 020
log (HR) (95% CI)

Puc. 7. 3nauenns xoedimienTis y moOymosaHiit mogeni Kokca
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Jam mobynoBano monens Kammana—Maiiepa, rpadik (GyHKIN BIOKUBaHHS
SKOT 300pakeHO Ha puc. 8.

[TopiBusHHA QYyHKIINA BIKHBaHHSA Mozener Karman-Maiiepa ta 6a30Boro
piBHs BrkuBaHHs Kokca mpointocTpoBaHo Ha puc. 9.

Baunmo, 1110 KpuBi 36iraroThes, X04a 3 4aCOM JICIIO PO3XOASTHCS, IO € KO-
PEKTHUM, OCKIIBKH YMM Oinbliie 6a3oBa JiiHis B Mojeii Kokca Bifpi3HS€EThCS Bij
mozeni Kamman—Maiiepa, THM Kpaiie, ajyKe TUM OiIbIINA KOPUCHHH BHECOK POO-
JSATHh BXiJHI 3MiHHI, IO MICTATBCS il €KCIIOHEHTOIO Y BiNMOBiIHINA GopMyIIi Mo-
nem Kokcea.

1,0 1 —— KM_estimate ©
0,8 1
0,6 -
0,4

0,2 -

1000000 3000000 5000000 7000000

Timeline

Puc. 8. T'pacdix BmxuBanns moaeni Kanmana—Maiiepa B daci (y cekyHIax)

1,01 —— baseline survival
—— KM_estimate
0,81
0,61
0,41
0,21
1000000 3000000 5000000 7000000
Timeline

Puc. 9. TlopiBHSIHHS MOJIeIICi BHXKHBAHHS

Ockinbku HE0OXigHO OYyJI0 BHUSBUTH CTapTamlH, sIKi HaliMOBIpHIIIE CTaOTh
YCHINTHAMH, TO BUKOHYBaytacs crpatudikariis Mmoaem Kokca 3a OCHOBHUMH KaTe-
ropismu (puc. 10).

OTxe, HAUOLIBII BHAJIVIMH € CTapTaIld, Pealli3oBaHi y TaKUX KaTEeTopisiX, K
Crafts, Journalism, Dance, Fashion, Comics, a HMOBIPHOCTI BUKMBAHHS JJIs1 HUX
CTaHOBJIATH BiamoBigHo Bix 0,65 mo 0,5. Cmig Bia3HauuTH, 110 micias 60 aHIB
cTapTamy i3 IUX KaTeropiil mepecraioTh «BMHUPATH», TOOTO MOKEMO 3pOOUTH
BHCHOBOK, 110 Yac YCITIIITHOCTI JUIsl CTapTaIliB KaTeropii CTAaHOBUTE MoHaA 60 THIB.
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Puc. 10. CrparudikoBana 3a cTOBIUMKaMu main_category moaenb Kokca

MOJEJJIOBAHHS YACY YCHIINHOCTI CTAPTAIIIB 3A KATEI'OPISIMHA

st BU3HAUeHHs Yacy, HeOOXiqHOTO AJsl po3pOOIeHHs i 3allycKy CTapTaily, SKHi
JIOCSTHE yCIixXy, OyJI0 BUPINIEHO BHKOHATH IOMAJBINE MOACTIOBAHHSA. OCKITEKH
BXizmHa BUOipKa Ha tuiatdopmi Benrka — 378 000 pisHux crapramis, To 0yJo 00-
paHo mepuni 7486 yHIKalbHHUX CTapTamiB, sSKi po30MTO B PIBHHX YacCTHHAaX IO
3743 — Ha HaBYAJBHHY Ta TECTOBY BHOIpKH.

[ anamizy 1 moOynoBu moneni Kokca BUKOpHCTAaHO HaBYaJdbHY BHOIpKY
3743 crapramu i CIpOrHO30BaHO Yac >KUTTA CTapTaliB 3a KOropTaMH (KaTeropis-
MU/ HanpsiIMaMH CTapTaIiB) JUIsl IPYroro Habopy JUis IepeBipHOi BUOIPKH.

Jnst KOXKHOT KaTeropii crapTamiB CPOrHO30BAHO Yac KHUTTS IS TECTOBOTO
Habopy (puc. 11); peanbHi 3Ha4YeHHs PYHKIII BUKUBAHHS ISl TECTOBOTO HabOpy
MIOJTaHO Y BHUTJISAAL puC. 12.

OTke, pe3ynbTaTH NPOTHO3YBAHHS Yacy Uisl Pi3HUX KaTeropiil crapramis 3a
JONOMOror0 (yHKUIN BYKMBAHHS IOKA3alH, 0 HAWTPUBANILIMK Yac >KUTTS Ma-
FOTh TaKi KaTeropii cTapTaIriB 3 TECTOBOT'O Ha0Opy, SIK TEXHOJOT1, (hiIbMH 1 Bineo,
¢dororpadis, Mmoxa Ta myomikauii. IMOBIpHICTh BHKMBAHHS AJISI LIUX KaTEropid €
HE HIKY010, HiXK 0,4 IpoTAroM ycboro vacy crnocrepexenHs. Kpim mporo, micis
60 nHIB cTapTamy TaKWX KaTeropiil mepecTarTh «BMHUPATH», TOOTO MOYMHAIOTH
OKYTIaTUCS 1 EPEXOJUTH B YCHINIHUHN Oi3HEC, MO Aa€ J0XiJ po3poOHUKaM. AHa-
JIOTIYHI Pe3yJbTaTH CIOCTEPITAINCH 1 Ha HaBYAIHHOMY HAOOpi, MpOTe IS JIEIIO0
IHIIMX Kateropiit (TexHosorii, ¢pinebMu Ta Bifeo, Gotorpadii, Moga Ta myoIika-
uii). Monmemmo Kokca crporHo3oBaHo, Io0 BCi Kareropii crapTamiB MPOXOISATh
BimMiTKy 40 nHIB, HaHyCHINIHIIIAMA CTapTalaMd, IO MPOXOIATH BiIMITKY
60 nHiB, € Taki kateropii: Journalism, Technology, Crafts, Fashion, Photography.
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ITopiBHSABIIN 3 peabHUMH JAHWUMH, MAa€MO, IO MPOTHO3 OLIBII-MEHII TOYHUH,
ockimbku 3 3 5 30irarotbest 3 peanpHuMmu 3HaueHHsMH (Technology, Fashion,
Photography), a me 2 3 5 36irarotbcs 3 orepenHiM HabopoM naHux (Journalism,
Fashion). Omxe, oqHIMYU 3 HAyCHIIIHIMINX KaTETOPi Ui CTapTaIliB 3a MpOBe-
JICHUM JTOCIi/PKEHHSIM MokHa BBaxkatu Fashion, Technology, Journalism,
Photography. IlikaBuMm € Te, mo BUAUTMBCS cepen HuX Fashion, moTpanusmm 10
BCiX BUOIPOK YCITIIHUX KaTeropii (i 10 HABYAIIBHO, 1 JI0 TECTOBOI, 1 10 peabHoT).

Prediction
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Puc. 11. TIporHo3 4acy >KUTTS 3a KaTeropisiMU JUIsl TECTOBOTO HAabopy
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Puc. 12. PeanpHi 3HaueHHS OYHKIII BW)KMBAaHHS JJs TECTOBOrO HAOOpy HaHUX
3a KaTeropisiMu
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BHUCHOBKHA

JlnHamika 3MIHHA TE€XHOJIOTIH 1 ymoao0aHb KITIEHTIB BUKJIMKAE TOSIBY BEJIMKOI Ki-
JILKOCTI HOBUX CTapTaliB. YCHiX Ti€l 4M IHIIOI Oi3Hec-i/1el iICTOTHO 3aJieKaTuMe
Bil yJano migiOpaHoro MOMEHTY, BiICYTHOCTI MOMIOHUX KOHKYPEHTHHUX IPOIO-
3WIIii, Yacy I peamizallii y BUIIIA/ cTapTally Ta HaBiTh raimys3i, y sKii il Oyae 3a-
nponioHoBaHo. [IpoBeneHe y poOOTI HOCTIKEHHS CyJaCHUX YCITIIIHUX Ta MPO-
BaJBHUX TPOEKTIB Ja€ 3MOTY 30PIEHTYBaTHCh, IJIS SIKOI Taiy3i Haremep €
aKTyaJbHUMH HOBI cTapTani. 3a JOMOMOTOI0 CYYacHUX METOJIiB iHTEJICKTyalbHO-
ro aHajizy JaHMX BH3HAUYEHO Kpallli METOAM Ul OLIHIOBaHHS 1 MPOTHO3YBaHHS
YCHINIHOCTI cTapTamiB. 3aCTOCOBaHI METOIHM EKCTPEMalbHOTO OYCTHHTY Ta
k-HaOMKINX CYCiMIB TO3BOJIMIIN 3 BHCOKOIO TOYHICTIO TIEPEI0AUYUTH YCITill-
HICTB MIPOEKTY, @ MOZEJI BI)KUBAHHS — OILIIHUTH CEepeHii yac poOOTH HaJ ycITi-
[IHUM CTapTanoM i BU3HAYUTH caMe Ti KJIIOYOBI Tamy3i, [UIs SIKUX CTapTald CTa-
I0Th ¢(DEKTUBHMMH, CIPOTHO3YBABIIM S KOXHOTO 3 HHUX HEOOXIIHUH Yac
poOOTH I BTUIEHHS MpOrpecHBHOI el B ycmimaui 6i3uec. IlpoBenene gocii-
JOKCHHs OyJ1e KOPUCHUM JIJIsl MOJIOJIUX BHHAXIJIHUKIB, SIKI XOUYTh BTIJIUTH BJIACHY
17Iet0 y JKHUTTS 1 TUIAaHYIOTh 3aII04aTKyBaTH BIAacHHUN Oi3Hec, a TaKOX JUIs IHBECTO-
PpiB, SIKi IparHyTh NiATPUMYBATH HOBI IPOEKTH 1 XOTiNM O MIBUAKOTO MTOBEPHEHHS
Ta MPUMHOXKCHHS BKJIaJCHUX KOIIITIB, a OTXE, 3alliKaBJIeH] y MOIIYKY MOTEHIiH-
HUX TPOEKTIB, SIKi HE MATUMYTh KOHKYPCHTIB.

Y KIII imeni Iropst CikopCchKOTO TaK0X HasBHA BiOMa IIHPOKOMY 3arairy
wiaTdopMa Al pO3BUTKY CTapTariB i MOTEHIIHHUX iHBecTopiB [15], ska € cxo-
JUHKOIO JUIS 3aly4eHHsI OYaTKOBOrO (hiHAHCYBaHHS Ha PO3POOJICHHS BIACHUX
imeit. Jlns BUSIBIIGHHS ranysei, mo MmoTpeOyIOTh 3MiH Ta BTUIEHHS HOBUX iAeH,
HaIpaIfOBaHHSI PEKOMEHIAIN HOBAaYKaMH, SIKI TUIBKHM XOUYYTh OPTaHi30BYBATH
BJIaCHUI Oi3HeC IS peastizaliii CBO€ET MPOrPEeCHBHOI 1/1€1, TAKOXK MOXKe OYTH KOpHC-
HUM TaKe JOCHIJKCHHS BXKE pPeali30BaHUX CTAPTAIIiB i aHAi3y iX JOIILHOCTI i
e(heKTUBHOCTI 3a Pi3HUMH HanpsMaM# Ta cepammu.
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IHTENEKTYAJIbHUX CUCTEM NIATPUMAHHA

TEOPETUYHI TA NPUKNAOHI MPOBJIEMU
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BUKOPUCTAHHS PEKYPEHTHUX HEMPOHHUX MEPEXK
JIJITI ABTOMATHYHOI JIATHOCTUKH PAKY JIETEHIB

B.B. YATIAJIIOK, 1O.I1. 3AMYEHKO

AHoTamisi. Pax sereHiB € oHUM i3 HaWOIIBLI arpeCUBHUM Ta LIBHUAKO IPOIPECyIO-
YUM OHKOJIOTIYHHM 3aXBOPIOBAHHSIM, 1[0 MPU3BOAUTH 10 CMEPTi BEIMKOI KITBKOCTI
nronel Mo BcboMy CBIiTYy. OIHHMM i3 OCHOBHUM METOJIB OOpOTHOHM 3 PAKOM € BHSB-
JICHHsI HOT0 sIKOMOTa Ha HaWOinbI paHHil crazii. [oOyxoBa aBTOMaTHYHHX CHCTEM
JiarHOCTYBaHHS PaKy JIETCHIB MOXe JOMOMOTTH JIiKapsM B 1bOMY. PO3risHyTO MO-
JKIUBICTh TOOYAOBH PEKypEeHTHOI HeiipoHHOI Mepexi s aHanmizy KT 300paxeHs
nereHiB nanieHTiB. Ommcano nmoOyoBaHy HEHPOHHY Mepexy, IO CKIaJaeThes i3
3ropTKOBOi HEHPOHHOI MepeXki, peKypeHTHOI HEHPOHHOI Mepexki Ta IOJaTKOBOTO
MeXaHi3My yBard, 110 HaJa€ MOXIIMBICTh IIEPEBUKOPUCTATH IIONEPEIHHO aHOTOBAHY
iH(opMarito npo 3noskicHi AinsHkH Ha KT 3HIMKY.

KurouoBi ciioBa: pexypeHTHI HEWpOHHI Mepexi, IIMOMHHE HaBYAHHS, MEXaHi3M
yBary, aBTOMaTH4YHA J[IarHOCTHKa PaKy JereHiB

BCTYII

Po3pobieHHs cuCTEM aBTOMATHYHOTO OOPOOJICHHS METUIHHUX 300paKeHbh — OJI-
HE 3 HAWOUIBII BaXKIIMBHUX 3aBJlaHb, BUPIIIMBIIN SIKE, MOXHA 30€perTH MiILHOHU
JKUTTIB y BChOMY CBITi Ta IONIMIIUTH MeIWYHE 00CIyroByBaHHA. lle crioHykae
0araTb0X HayKOBIIIB Ta iHXCHEPIB CTBOPIOBATH IMOMIOHI CHCTEMH, CIIOiBAIOYNChH
MPUIIBUANIUTY Ta MiJBUIIATH TOYHICTh MEIUYHOTO JiarHOCTYBaHHs. Meta po6o-
TH — PO3DJISA] TPOOJIEeMH TOOYJOBH CHCTEMH aBTOMATHYHOTO JiarHOCTYBaHHS
paxy JiereHiB Ha 0a3i peKypeHTHUX HEHPOHHUX MEPEXK.

Pax nereniB € omHi€r0 3 HAMOUTBIT MOMIMPEHUX MPUIMH CMEPTi IMAIi€HTIB,
IO MalOTh MPOOJIEMH 3 OHKOJIOTi€l0. [IpHYMHOIO BOTO € arpeCHBHICTh 1 CKIIa-
HICTh NIepeOiry 3aXBOPIOBAHHS, a TAKOXK MPOOJIeMa BUSBJICHHS 3aXBOPIOBaHHS Ha
Mi3HIX cTanisx. BignoBimHo mo maHux BcecBiTHBOI opraHizalliss OXOpOHH 370-
por’st (World Health Organization) mpotsirom 2012 p. 3adikcoBaHo OJIM3BKO
1,8 MJTH HOBUX BHII3JIKIB 3aXBOPIOBAHHS PakoM JIETEHIB 1 OJM3bko 1,6 MIIH BUMaI-
KiB cMepreii [1]. Pak nereHiB BBaKA€ThCS OJTHUM 13 HAHOIIBIII arpeCHBHUAX BUIIB
pPaKOBHX 3aXBOPIOBAaHb YEPE3 BEIIMKY KITBKICTh JICTATbHUX BUIAAKIB Y MMAIli€HTIB.
[Iporsrom m’sTH POKiB Miclisi JiarHOCTYBaHHS PaKy JIETCHIB BIIKUBAE JIHIIE
10-15% mamienTiB. IIpoTe, SKIIO pak BAAETHCS AiarHOCTYBaTH Ha PaHHIX CTafi-
SIX, TO TIPOTATOM JIECSATH POKiB BIDKHMBAE OJU3BKO 75% MaIienTiB, a OTXKe, AiarHo-
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CTYBaHHA paKy JIETeHIB Ha Ay)Ke PaHHIX CTalisfX € KUTTEBO HEOOXITHOIO YMOBOIO
IU1sl 30epeKeHHS JKHUTTS, TOMY JIOSIM i3 TPyNH PH3HUKY NPU3HAYAIOTh PETYISAPHI
nepeBipku. [1lo6 gonoMorTu JiikapsiM MPOBOJWTH MOAIOHI JiarHOCTYBaHHS IIBU-
JKO Ta SIKICHO, pO3pOOJAIOTHCS CUCTEMH aBTOMATHYHOTO NiarHOCTYBaHHS PaKy
JIETEHiB.

OCHOBHUM METOJOM [JIiarHOCTYBaHHS PaKy JICTCHIB € OTPUMAaHHS PEHTTCHIB-
CBKOTO 3HIMKa JIereHi a00 TPUBHUMIPHOTO 300pakeHHS 3a JIOIOMOTOKO
koM 10TepHOi ToMorpadii (KT) muisxom momapoBoro npomnyckaHHs peHTIeHiB-
CBKOTO IPOMEHS Kpi3b TOHKI APy TKAHWH JIIOACHKOTO Tijia B PI3HUX HANpsMKax.
V pe3ynbTati OTpUMYETHCS HaOip TBOBHUMIPHHX 300pake€Hb YaCTUHU Tija JIFOIH-
HH, 3’€IHAHHSI SIKMX Ja€ TPUBUMIpHE 300paxkeHHs. Y poOOTi BUKOPHUCTOBYBAINCH
TPUBHUMIpHi 300paskeHHS JIETeHiB, OTPUMaHi 3aBISKH KOMIT I0TepHii Tomorpadii.

JInst BUSIBIICHHS 3JI0SKICHHX yYTBOPEHb HA 3HIMKY PEHTTCHOJIOTH 3a3BHYald
HIYKAIOTh BY3JIOBI YTBOPEHHS JliaMEeTPOM IMOHAJ IIICTh MiliMeTpiB. KO By3J0-
BE YTBOPEHHS Ma€ MEHIIMH JiaMeTp, iIMOBIPHICTb TOTO IIO BY3JIUK € 3JOSKICHOIO
IMyXJIMHOIO Jy’Ke HHU3bKa, ajie BiH MOKE CTAaTH 3a4aTKOM 3JIOSKICHOI IyXJIMHH,
TOMY JIiKapi MEepiOANYHO TEPEBIPSIIOTEH iX 30iIbIIeHHS 3 YacoM oTpuMaHHsIM KT
3HIMKa JICTeHIB OJIMH pa3 3a pik. [lepermsimaroun ta anamizytoun KT 300pakeHHs
JIETEHIB, PEHTTCHOJIOTH PETEeIbHO MEePEBIpAIOTh TKAHWHU IIap 3a [IapoM, aHai-
3YIOYHM TPOCTOPOBI 3aJICKHOCTI MIX ITiIO3PITUMHU BY3JIHKAMHU. 3a TaKUM IIiIXO-
JIOM 3p00JIeHO cpo0y 3aCTOCYBAaTH CXOKHI METOJ aHaji3y paky JIeTeHIB y CHUC-
TeMI aBTOMAaTHYHOI J1arHOCTUKH.

OI'VIA ICHYIOUHX PIIIEHD TA JIITEPATYPU

[Ipobnema aBTOMATUYHOTO iarHOCTYBaHHS paKy JIETeHIB MOXKe OyTH PO3TIISIHYTa
AK 3a1ada kinacugikamii 3710s5KicHOT myxauHu Ha 300paxenHi KT, mo sBuse co-
0010 TpUBHUMIpHE 300pa’KeHHS JIeTeHIB marienTa. 3a3Buvaii po3mip KT 300pa-
JKCHHSI Jy)KE BEIUKHUI, TOMY TOMICTHTH HOTO B IaM’SITh BiIEOKAPTH pa3oM
3 OUIBII-MEHII BEJIMKOI0 HEWPOHHOIO MEPEKEeI0 HeMOXIuBo. Hampuknan, Habip
maanx DSB 2017 [2] mae po3mip 512x512x(xinbkicTh mapis). KimpkicTs 1mapis
y 300paxenHi KT 3anexuTh BiJl po3miabHOI 3MaTHOCTI CKaHepa, 3a JOTIOMOTOI0
SIKOTO BUKOHY€ETBCSI 00CTE)KEHHS MallieHTa. Y AeSKUX BHUIAAKaxX HaOlp AJaHUX Mic-
TUTh O01mm3bko 350 mrapiB. OCKIIBKM BUMOTH 1O OOYMCIIOBAIBHOI MOTY>KHOCTI
maM’sITi MarTuHA TiABUIIYIOTECS KyOidHO 3 PO3MIpOM TPHBUMIPHOTO 300pakeH-
H#, ICHY€ JIeKUIbKA MiAXO0IB JUIsl OOYIOBH CUCTEM JIiarHOCTYBAaHHS 3 ypaxyBaH-
HSIM TaKUX OOMEKEHb.

Koxen map KT 300paskeHHsI MOKHA OIPaIlbOBYBATH SIK OKPEMO, TakK 1 3 ce-
pi€ro TBOBHMIpHHUX JTAHMX, BUKOPHCTOBYIOUH BXKE BiJJOMi apXiTEKTYpH IBOBUMIp-
HUX 3ropTKOBHX HelpoHHHX Mepex — DenseNet [3], ResNet [4] abo Xception
[5]. Cucrema Oynyerbes Takum ynHOM: KokeH map KT 300paxkeHHs mporrycka-
€TBCS Yepe3 IBOBUMIPHY 3TOPTKOBY HEHPOHHY MEPEXYy, sKa Ha BHUXOJ MTOBEPTAE
HWMOBIpHICTh Ha Iapi 3mosikicHoi myximHU. [licns oTpuMaHHS pe3yNbTaTiB s
KOJKHOTO 13 300pakeHb pillleHHs PO HASBHICTh NMPUIMAETHCS HA OCHOBI NPUITY-
IIeHHs 3a/1a4i 0araro3paskoBoro HaBuaHHs (Multi-instance learning); sximo xoua
6 ogun map KT 300pakeHHS MICTHTb 3JIOSIKICHY MTyXJIHMHY, TO BBaXA€THCS 1110 BCE
KT 300paskeHHS] MiCTUTh 3TOSKICHY MyXJUHY. SIKIIO Ha >KOomHOMY mmIapi 300pa-
JKEHHS HE BUSIBJICHO 3JI0SKICHOI IyXJIMHHU, TO BBaxaeThcs, 1m0 Bce KT 300paken-
HS HE MICTUTb 3JI0SKICHOTO YTBOPEHH.
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Onniero 3 HAHOUTBIIMX TIEpeBar BUKOPUCTAHHS TAKOTO IIXOMY € MOXKIIH-
BICTb MIEPEBUKOPHUCTAHHS BEIHMKOI KUJIbKOCTI HaBueHHX Ha ImageNet 3ropTkoBHX
HelipoHHUX Mepex. He 3Bakaroun Ha Te, 1110 BOHM HAaBYEHI HA JaHUX, SIKi HE Ha-
JIeKaTh 10 3HIMKIB JIETeHiB a00 MEIMYHOI rary3i, BUSBJIEHI HU3bKOPIBHEBI 03Ha-
KM Ha OJHOMY Ha0Opi JaHWX € KOPUCHUMH 1 MPUIIBUANIYIOTh HaBYaHHSI HEHPOH-
HOi MepeKi Ha iHIIOMY Ha0Opi AaHUX, & TAKOXK MiJBHILYIOTH TOYHICTH poOOTH
HeHpoHHOT Mepexi [6]. OgHak Takuil MiaXix iITHOPYE TPUBHMIPHY MPUPOITY Oa-
HHX, a OT)Ke, iITHOPY€ MPOCTOPOBI 3asiexkHOCTi Mk mapamu 3HiMKka KT. Tomy Ta-
KW TIAX17] paLoe, ajne HOro MOKIMBOCTI TIOCUTh OOMEXKEHI.

[HIIMM MiAXOOOM € CTBOPEHHS TPUBUMIPHHMX 3rOPTKOBHX HEHPOHHHUX Me-
PEX, 0 MOKYTh BUKOPHCTOBYBATH TPUBUMIPHI AaHi Ha BXoi. s mepeTBopeH-
Hs1 KT 300paskeHHs y TpUBUMipHE MOTPiOHO 00’€mHATH BCi mapu 300pa)KeHHS,
HaKJIaBIIK JTBOBUMIpHI 300paskeHHsI OAWH Ha oxuH. Tofi Take 300paskeHHsT MOX-
Ha TI0JIaBaTH HA BXiJl TPUBUMIPHOI HEUPOHHOI Mepexki. Sk 3rOPTKOBY HEHpPOHHY
Mepexy MOKHA BUKOPHCTOBYBaTH Taki mogieni, sk C3D [7], abo 3D DenseNet [8].
Aue 3a3BHYail B MEANYHOMY JAOMEHI pO3Mi4eHHX AaHUX Hebarato, i iX He JocTaT-
HBO JUIS TOTO, 00 HABYUTH TakKi HEHpOHHI Mepexi moBHicTio. ToMy mimxomu [9]
nependavaroTh JIBa €Taln: cerMeHTalio Ta knacudikamito. Ha eramni cermenrantii
TPUBUMIpHA 3rOpPTKOBa HEHPOHHA Mepeka HaMaraeThCsl 3HAUTH IUISTHKH, Ha SIKMX
MOJKJIMBE 3JI0sIKiCHEe yTBOpeHHs. JI7s HaB4YaHHS i€l HEWpOHHOI Mepexi Habip
JAHUX Ma€ MICTHTH iH(OpMAIIiIo PO IUITHKH, SKi BKa3yIOTh HA HAasIBHICTh ITOTEH-
LifHO 3MOSIKICHUX YTBOpeHb. Taky iH(opMamilo MomnepeaHb0 ONUCYIOTh PEHTIe-
HoJoru. [licns eTamy cerMeHTalii BUSBIICHI IMiJO3Piii AUISHKA JereHb MOJAI0Th
Ha TPUBUMIPHY 3TOPTKOBY HEHPOHHY MEpPEXKY, IO MPOTHO3YE HMOBIPHICTh paKy
B KOXKHIN 3 MIT03PpUINX AUISHOK. SIKIIO X0U B O/HIN 3 BUOPAHUX TUISHOK HMOBIp-
HICTh paKy OyZe BHCOKOIO, CHCTEMa PO3TJsiIaTHME BCE TPHUBUMIpHE 300paKEeHHS
SK TaKe, 0 MICTUTH pak JiereHiB. Lle 30iraeTbes i3 MpUIYIIEHHAM y 6araTo3pas-
KOBOMY HaBYaHHi. Ik moka3yrots npami [9, 10], TpuBUMIpHI 3rOpTKOBI HEHPOHHI
Mepeki MOXKYTh JOCATaTH TOYHOCTI POOOTH PIBHS JIOJMHU, IO CTAHOBUTH OJIH-
3pK0 87% mpaBWIBHUX BiAmoBigel. CrcreMa MOXKe TaKOXX HalaTH iHpopMaIlio
PO MIJITHKH 3 BHSIBJICHUMH ITyXJIMHAMH, 1110 CITPOIIY€E B3aEMOJIIIO JIIKapiB 3 MOIi-
OHMMU aBTOMAaTH30BaHNMHU CHCTEMaMHU.

[Mompu Bci AOCSTHEHHS 1 TepeBaru BUKOPUCTAHHS TPUBUMIPHUX 3TOPTKOBUX
HEHPOHHUX MEpeX, 3po0JeHO crnpoOy MoOyoyBaTH CHUCTEMY, sKa IPaLIoe 3a
NPUHIMIIOM TOTO, SIK LIe pOOUTH JIIOAMHA, 1 IEPEBIPUTH, SIKUX PE3YJIbTaTiB MOXKHA
JOCSTTH 3 TakuM migxonoM. IIpodeciitnuii pentreHosor, gocuimkyroud KT 3HiM-
Ka Talli€HTa, Meperisiiac KoKHe 300paKeHHs JIETeHIB, BHUSBIIIOUN IISHKH, SKi
MICTATH IMOTEHITIHHO 3JI0SIKiCHI YTBOpEHHS. [lepeBipsroun KOKHUN map, peHTre-
HOJIOT 3araM’aToBye iH(opMalliro mpo migo3piii TUISHKHA Ha MOTepeIHbOMY IIapi
1 HamMaraeThCsl OB’ sI3aTU IO iH(OPMALIio 3 THM, IIIO0 € Ha MOTOYHOMY IIapi, Bpa-
XOBYIOYH MPOCTOPOBI 3aJICKHOCTI, po3MillieHHs, (opmy Ta Mopdoorito. I1omio-
HUH MiAXiA MOXXHa crpoOyBaTH peaii3yBaTH B aBTOMATH30BaHUX CHCTEMax 3a
JOTIOMOT0I0 PEKYPEHTHUX HEHPOHHUX MEPEK.

OIINC BUKOPUCTAHUX HABOPIB TAHUX

Juist miarHOCTYBaHHS Ta MEPEBIPKU HASBHOCTI paKy JIETeHIB 3a3BU4ail BUKOPHCTO-
BytoTb KT. 300paxenns, orpumane 3a gonomoroto KT, cknanaerbes i3 cepii peH-
TreHIBCHKUX 3HIMKIB, Y3ATHX IIiJ] Pi3HAM KyTOM 3 PI3HUX TOJIOKEHb. Taki 3HIMKH
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MOXYTbh MICTHTH 300pakKeHHsI Pi3HUX TKaHHH, KICTOK Ta KPOBOHOCHUX CYAHH. Y
Bunanky 3HiMka KT mis miarHOCTyBaHHS paky JIETEHIB 300pa)KeHHS POOUTH-
METBCSl Ha PiBHI TPYJHOT KIITKH MaIlieHTa 1 MICTUTUME 300paKeHHS JIETEHEBHX
TKaHUH. SIKII0 00’€QHATH OTpUMaHi 300pa)KeHHS! B OJJHE, HAKJABIIM IX OJHE Ha
OJlHE, MATUMEMO TPUBUMIpHE 300paskeHHS JIETEHIB, sIKe HaJalli MOYKHA BUKOPHC-
TOBYBATH SIK BXiJ IJIs1 HEUPOHHOI Mepexi. JliarHOCTyrouH pak JIeTeHiB, pEHTTECHO-
JIOTH IIYKalOTh AUISHKH, HA SKUX € 3JI0AKICHI CKyITYEeHHs, 110 YTBOPIOIOTH BY3JIH-
KA. 3a3BAYail MiJ 4Yac iarHOCTYBaHHS HAaMararoTbCs BiJHAWTH BCi BY3IHKH,
HaBITh SKIO BOHM HE Ay’Ke BelnKi. HeOe3nmedHnMu i HalO1IbIT iIMOBIPHIMH 3J10-
SKICHUMH YTBOPCHHSIMU BBaXKAIOTHCS BY3JIMKH PO3MipoM 6 MM 1 Oinbine. Maiti
BY3JINKU TIEPEBIPSAIOTH MPOTATOM MEBHOTO MEpiofly Yacy Ha HasBHICTH iX POCTY.
SIkmmo Manmuii By3JUK 3a MIBPOKY UM PiK 3HAYHO 30UTBIIHABCS, 1€ MOXKE CBIITIUTH
PO pak JIeTeHiB.

ExcriepuMeHTH Ta HaBUaHHS HEWPOHHOI MepeXi NMPOBOIMIUCS 3 BHUKOPHC-
tanHs HaOopiB manux LUNA [11] i Data Science Bowl 2017 (DSB 2017) [2].
DSB 2017 mictute KT 300paxenns mis Oinbmre Hik 1000 mamieHTiB, KOXKEH 3
SKHX MICTHTB iH(OpMaIlil0 PO HASBHICTH PaKy JEreHiB Ha 3HIMKY. [Hpopmalito
PO HasBHICTH paKy MiATBEpKEHO AiarHo3oM B JikapHi. DSB 2017 po36uro Ha
TPEHYBAJbHY, IEPEBIpHY Ta TECTOBY BHOIpKH, AKi micTath 1397, 198 Ta 506 30-
opaxens KT marmienTiB Biamosinuo. TpeHyBaapHa BUOIpKa € He 30aJIaHCOBAHOIO 1
mae 1035 npukinaniB 6e3 HasBHUX O3HAK paky Ta 362 300paskeHHSA-TIPUKIAIN, IO
MicTaTh myxymHy. Habip manux LUNA Bxmtouae 1186 MiTOK HiNSHOK, 11O TIO3HA-
YJaloTh MOTEHINIIHO 370sKiCHY MyxnuHy y 888 mamientis. [lani Oynum oTpumMani i
omnucaHi nmpoeCiiHUMM peHTreHojsoraMu. [Ipukiaad MOTEHLIWHO 3JI0SKICHUX
YTBOPEHb 4aCTO BUKOPHUCTOBYIOTHCS JUISl BUPILLICHHS 3aBJaHb CETMEHTAlii. Y BH-
MaJKy Mo0yI0BaHOT PEeKypEeHTHOT HEHPOHHOI Mepexi B poOOTI BUKOPHCTOBYBAIU
AHOTOBaHI IUISTHKY B MEXaHI3Mi yBaru.

MHNONEPEJHE OBPOBJIEHHS JAHUX

Jani B KT 3HiIMKax MicTAThCS B IIKali oAuHULG [ ayHCc()ibaa, M0 KITBKICHO Bi-
nmobpakae TYCTHHY PEHTIeHIBChKOTO BUTpoMiHioBaHHA. Yci KT ckanepn Hamarmi-
TOBaHi Ta BiAKamiOpOBaHI TOYHO BHUMIpIOBAaTH Li 3HAYCHHA. 3a 3aMOBUYYBaHHSIM Y
Habopi manux DSB 2017 nasBHi He B mikam ['ayHchinbpaa, TOMy nepea mo4aTkomMm
BUKOPUCTAHHSA iX MOTPiOHO KOHBepTyBaTH. lle MokHA 3pOoOWTH MUIIXOM Tepe-
MHOJKEHHS 3HAauYCHb IMIKCEJiB 300pakeHHs Ta HmapameTpa «rescale slope» 1 3Ha-
4yeHb nmapametpa «rescale intercept» [12]. Lli mapamerpu 3a1ai0Tbcsi BAPOOHUKOM
cKaHepa i JocTymHi B MeTaganux dicom daiiny. Y HaOopi nanux LUNA ne pobu-
TH HE MOTPIOHO, OCKIILKU TYT 3HAYEHHS TMIKCETIB y’Ke MICTAThCs B mmkami ['ayHc-
¢inpaa.

VY mkani layHcoinpaa koxHuid Bug 6i0noriuHoi TKAaHUHH, KICTKH, KPOB, CY-
JMHU MaroTh CBOI 3HAYEeHHS PEHTI'CHIBCHKOI rycTHHU. el dakT mmpoko BUKOpH-
CTOBYIOTH IS BIA(IIBTPYBaHHS i3 300pakeHH, IO HE CTOCYETHCS JereHiB. s
poro Oyno BiAQiIbTpOBaHO BCi 3HAYECHHS MIKCENiB, sIKi OUbIIi abo AOpiBHIOBA-
au 600. OcTaHHIM KPOKOM Yy TIONIEPEIHROMY OOpPOOJICHHI € 3MiHa po3Mipy 300pa-
JKEHHsI Ta HOpMai3allis 3HaueHb MIKCENiB IS MPUINBUANICHHS HAaBUYaHHSI HEH-
poHHOi Mepexi. Y posrisgaHoMy Bumaaky koxkeH map KT 300paxkeHHs
3MEHIIICHO J10 po3Mipy 200200 s 3MEHIIICHHS PO3MIPHOCTI BXITHUX JTaHUX.
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MOBY/JI0OBA TA HABUAHHS PEKYPEHTHOI HEUPOHHOI MEPEXKI

YV nociimkeHHI BHPIMICHO CHpOoOYBATH pealli3yBaTH PEKYPEHTHY HEHPOHHY Me-
pexy, ska 6 posrianana KT 3HiMOK y crocib, moniOHMIA 10 TOro, SIK 1€ POOUTH
moauHa. JJIs boro MOTPiOHO TTOETHATH MIXK COO0I0 TBOBUMIPHY 3TOPTKOBY HEH-
POHHY Mepexy Ta PeKypeHTHY HEHpOHHY Mepexy. SIK JABOBHMIpHY 3rOPTKOBY
HEeHpOoHHY Mepexy Bukopuctano DenseNet [3], Toai Sk peKkypeHTHa HeHpoHHA
Mepexa peanizoBaHa y Burisai LSTM [13]. V npoMmy BHNaaKy 3ropTkoBa Hew-
pPOHHA Mepeka € EKCTPaKTOPOM O3HaK, KWW BUIISAE HAWOIIBIT BaXKINBI O3HAKH
B koxkHoMy mapi KT 3HimMka, a LSTM nporaosye HasBHICTb 3JIOSIKICHOTO YTBO-
pEHHS B JIETCHSIX, aHATI3YIOUM IOCIHITOBHICTE OTPUMAaHHX O3HAK i3 3TOPTKOBOL
HelpoHHOi Mepexi. ToOTO pekypeHTHa Mepeka HaBYaeThcs aHallizyBaTu iHQOp-
MaITifo 1 3aJIeKHOCTI MiXk pizHnMHu mapamu KT 3HIMKa 3 ypaXyBaHHSIM TPHUBHUMIp-
HOi npupou. CripoOor0 HABYUTH TaKy MOZAETbh OTPUMAaHO TOYHICTh POOOTH HEl-
poHHOI Mepexi Ha piBHI 0,72, M0 3HAYHO HWXKYE BiJl TOYHOCTI, JOCSATHYTOI
TPUBUMIPHUMH 3TOPTKOBUMH HEHPOHHUMH Mepexamu. OCHOBHOIO MPOOIIEMOIO
HAaBYAHHS TaKOi MepeXi € HeNOCTaTHS KUIBKICTh NPHUKIAIIB Y TPEHYBaJIbHOMY
Ha0opi TaHMX, IO 3yMOBHJIO CEPii03Hi MPOOIIeMH NepeHaBUYaHHS.

Jlist mominmieHHss poOOTH HEMPOHHOI Mepexki MOTpiOHO OyJI0 pO3AUTHTH 3a-
Jady Ha MiA3anadi, K i y BUNaIKy TPUBHUMIPHHX 3rOPTKOBHX HEHPOHHHX MEPEXK.
VY npari [14] aBTOopu OyayBaii cHCTEMY JIsl pO3ITi3HABaHHS TOIIKOKEHb y TO-
JIOBHOMY MO3KY JtomuHu Ha 6a3i KT 3HiMKiB uepema mroauau. OcHOBHA 0CO0IH-
BiCTb MOOYI0BaHOI HEMPOHHOI MepeKi MOIArae y BUKOPUCTaHHI MEXaHi3My yBaru
[15], sxa HamaBana iH(OpPMAIliI0 HEUPOHHIN MepexXi Mpo JIOKAIII0 3JI0SKICHOTO
YTBOPEHHSI Ha 3HIMKY ITiJ] 4ac eTarny HaB4aHHs. JIokallis 3JI0SIKICHOTO YTBOPEHHS
Opanacs i3 HabOpy JaHWX, MOMEPETHBO OMUCAHOTO MPOQEeCitHIMH PEHTTEHOJIO-
ramu. Takuil miaxin 3HAYHO MIIBUIITYBaB TOYHICTH pOOOTH HEHPOHHOI MEpEexKi 3i
3HAXOKEHHS MOIIKOIXECHb Y TOJOBHOMY MO3KY JitoAuHU. Tomy OyJio BHpilIeHO
BUKOPHUCTATH CXOKHI MEXaHI3M Ul MiJBUILEHHA TOYHOCTI pOOOTH PEKYPEHTHOT
HEWPOHHOT MEepeKi 1715l BUKOHAHHS IMOCTABJICHOTO 3aBAaHHS.

B icayrouy monmens DenseNet + LSTM micns koxHoro Densenet Giioka 11o-
Ty 0JI0KW OOEPHEHOT 3TOPTKH (ITUB. PUCYHOK).

U

CermenrTariis,

Buxifn 1

U
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BUXIT 2
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KinneBa Bepcist peKypeHTHOI HEHPOHHOI Mepexi Juisi mporHo3yBanHs paky Ha KT 3HIMKyY

JlonmaHi 6710k 0OEpHEHOT 3TOPTKH ITiJT 9ac HaBYaHHS BHKOPHUCTOBYIOTHCS SIK
MeXaHi3M JoAaBaHHs iHPOpMAaIii Mpo IUISHKH 3J0SKICHOTO YTBOPEHHS 1 BHKO-
HYIOTh CerMeHTaiir. Takuii MexXaHi3M HaJae HEHpPOHHIH Mepexi iHdopmarliro
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PO Miclle BUABJICHHS POOJIEMHOT AIISTHKH Ta CTUMYJIIOE O1TbIle IPUALIATH YBa-
Ty came TOTCHIIHHO HeOe3NeuyHuM isTHKaM. biiok o0epHEHOi 3rOpTKH CKIlaja-
€ThCS 3 ICKUIBKOX MOCITIIOBHO 3’ €IHAHUX IapiB 3ropTKU 1x1 Ta 0o0epHEHOT 3rop-
TKA JUIS BiZHOBJICHHS BHUXIJHOTO pPO3Mipy 300pakeHHs. MIiX BiINOBITHUM
Densenet Giokom Ta miapamu 3 Oiloka 0OEpHEHOi 3TOPTKH iCHYIOThH JTOJATKOBI
3B’513KH, 3p00JICH]I B TaKil )k MaHepi, AK 1 B HelpoHHIN Mepexi Tuiry U-Net [16].
Le HeoOXigHO AJIsI MOKpaIleHHS pOoOOTH mapy 00epHEHOI 3STOPTKH.

Jlns HaBUaHHA CTBOPEHOI PEKYypeHTHOI HEHPOHHOI Mepeki 3 MeXaHi3MOM
yBaru HeoOXiIHO BUKOHATH JOAATKOBI KPOKH OOPOOJIEHHS TPEHYBaJIbHOI BHUOIp-
ku. Y Habopi maamx LUNA [11] € momepeani onucaHi peHTIC€HOJIOTaMH KOOPIH-
HATH 3HAXOPKEHHA MOTCHLIHHO 3J0AKICHUX YTBOPEHb, 3 BHKOPHCTaHHSAM L€l
iH(opMaIlii CTBOPEHO MAaCKH, IKi 3aCTOCOBYIOTHCSI JJIsl IIOPIBHAHHS TOTO, IO TO-
BepTae HEHpOHHA Mepexka IICIsI KOXHOTO 3 OJIOKIB 00EpHEHOI 3rOPTKH 1 BKITIO-
yeHHs 1€l iHdopMmarlii y ¢yHkmiro Brpar. Habip manux DSB 2017 He micTuth
iHpopMaLii PO 3TOSKICHI YTBOPEHHS B JIETCHSX, TOX MEPEBUKOPUCTAHO OMHCH
MiT03PUINX TUITHOK, CTBOPEHHUX B Mekax mparli [9].

[Tlim yac HaBUaHHS HEUPOHHOI MepeXi BUKOpHUCTOBYBa DenseNet 3 riuon-
HOw 121, sika OyJa momepeHbO HaBueHa Ha Habopi manux ImageNet. Bukopuc-
TaHHA TONEPEeIHbO HABYEHOI HEHPOHHOI Mepeki NO3BOIMIO OTPHUMATH Kpaily
MMOYATKOBY IHIIMiAi3aIlil0 BaroBUX KOCQIIIE€HTIB MEpeXi, M0 MPHUIIBHAIINAIO
nporuec HapyaHHs. DiHanbHY (YHKIIO BTpaT BH3HAYCHO SK CyMy 3 BaroBHMHU
koedimieHTaMu MK (QYHKLISIMH BTpatT i 3afadi Kiacudikalii Ta 3a1a4 cerMeH-
Tanii (BU3HAYeHUX OJoKamu oOepHEeHOi 3ropTku). HaBuaHHS HElpoHHOI Mepexi
BiIOyBaJIOCS 3a JIOMTOMOTOI0 CTOXACTHYHOTO TPAJIEHTHOTO CIYCKY 3 TTOYAaTKOBUM
3Ha4eHHsIM Koediuienta HaBuaHHs (learning rate) 0,0005. Ynpomoxk HaBYaHHS
KoediIlieHT HaBYaHHS 3MIHIOBAaBCS BPYUHY 3QJICKHO Bif JMHAMIKM HABYaHHS I10-
OymoBaHOI Mepexi. Y pe3ynbTaTi HaBUCHA HEHpOHHA Meperka ImoKa3anga TOYHICTh
po6otu Ha piBHi 0,81.

PE3YJIbTATH

VY poboti Oynu HaBdYeHi JBa pi3HI BUAM PEKypPEHTHHX HEHPOHHHX MEpex, SKi
OTHCaHoO B TomnepenasoMy po3aiii. [lepmra pekypeHTHa HEeHpOHHA Mepeka CKa-
Jlaacs 3 JIBOBUMIPHOT 3ropTKoBOi HelpoHHOT Mepexi DenseNet [3] Ta LSTM
[13]. Inma monens monae a0 DenseNet Ta LSTM MexaHi3Mm yBaru HUIsSXoM J0/a-
BaHHS TPHOX JOAATKOBUX 3a/1ad, IO PO3B’A3YIOTh 3aJady CerMeHTalii (IuB. pH-
cyHOK). Takoxk mA0oIaHO 3HAYEHHS TOYHOCTI TPUBUMIPHHX HEHPOHHUX MEpEXK,
OTpUMaHI HITMMH aBTOPaMH, TSI TIOPIBHSAHHS pe3yJIbTaTiB, 3M00YTUX IS PEKY-
PEHTHOI HEMPOHHOT MepeKi 3 IHITUMU MiIX0AaMH.

Pesynpratu mpoBeJeHUX EKCIIEPUMEHTIB Ta IOPIBHSHHS 3 TPUBHUMIPHUMHU
3rOPTKOBUMH HEMPOHHUMHU MEpEKaMH HaBEJICHO B TAOJIHIIL.

Models Accuracy
DenseNet + LSTM 0,72
DenseNet + LSTM 0.81

3 MEXaHi3MOM YyBaru ’
DSB 2017
winner model [9] 0.87
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BHUCHOBKHA

[ToOynoBana pekypeHTHa HEHpOHHA Mepeka MOKaszajia 3aJOBUIbHI pe3yJIbTaTH,
0 HE Oy>Xe BiAPIZHAIOTHCA Bifl PiBHS TOYHOCTI JIFOJUHM, alle BCE IIe TipiIi 3a
pe3ynbTaTH, OTPUMaHI 332 JOMOMOTOI0 TPUBHUMIPHHX 3TOPTKOBUX HEHPOHHHUX Me-
pex. Pesynbratu moka3yrooTh, IO U KPamioro HaBYaHHS i poOOTH pEeKypEeHTHOT
HEHPOHHOT Mepexi HeoOXiTHO BUKOPHCTOBYBATH MEXaHi3M YBaru, 10 JOTIOMarae
HEHPOHHIM MepeXi HaBUNTHCS 3BEPTATH yBary Ha JIHCHO 3J0SKICHI YTBOPCHHS.
CaM MexaHi3M yBaru pealli3oBYEThCs sIK JOJATKOBI 3ajaui CerMeHTallii, ski aa-
I0Th 3MOTY BpaxoBYBaTH iH(pOpMaLilo Ipo 3M0SAKICHI TiSHKH, M0 Oy MoTe-
peIHBO aHOTOBaHI peHTreHojoraMu. OCHOBHOIO TIEPEBarol0 BUKOPHCTAHOTO Me-
XaHI3My YBarm € MOXJIHMBICTb TIEPEBUKOPUCTAHHSA JIIOJCHKOTO 3HAHHS IS
TIOKPAIICHHS 1 TPUIIBUALICHHS HABYaHHS MEPEKI.
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TO THE THEORY OF SYSTEMS:
A BRIEF LOOK AT THE UNDERLYING OF NOTIONS
IN THE FIELD OF CONCEPTUAL CONTENT

VLADIMIR P. KOLYADA

Abstract. From the systems theory point of view the attempting was made to estab-
lish the most suitable logical and semantical conceptual definition for systems no-
tions while maintaining the maximal compatibility in the theoretical field, which en-
able to bring together systems with any scale and complexity to a single strategy of
interpretation of their dynamics. The special semantic clarifications for notions
which generating theoretical ground were established. Thus specified fundamental
and system-forming processes. Direct relations of specific terms and subtleties of
differences of system notions, their roles for creating solid theoretical representation
were highlighted. Some examples of the biochemical types are given. An explicit,
semantic clarification of some concepts describing the dynamics of systems and
states is proposed.

Keywords: theory of systems, notions, universal, evolution.

INTRODUCTION

Understanding system-forming phenomena represents itself a highly important
field of study, which allows to establish true mechanisms of genesis, develop-
ment, functional regularity and self-organization of world-perceived systems on
the fundamental level, particularly non-linear dynamic systems. Systems ap-
proach suggests not just mathematical modeling of some approximately isomor-
phic systems (whose dynamics are compatible or almost compatible with a certain
differential equation) but primarily comprehensive determination and interpreta-
tion systems notions that composing itself the essence of explanations for regular-
ity in the theory of systems. Based on exhaustive logical and semantical conclu-
sions in regard to notional definition that composing the units of metalinguistic
concept for current issue, we will attempt to specify possible discrepancies in in-
terpretation of systems dynamic from the point of view of system-based phenom-
ena wherein deviating from specific models (restrictions) or establishing compati-
bility of corresponded logic with as much as possible described systems, at least
in hypothetical field. A prerequisite is made for implementation of a general strat-
egy for defining a system without ignoring specialization i.e. avoiding particular
mathematical models on the one hand and statistical analysis methods, which is
not allowing to fully implement the quality compatibility of the systems under
consideration, on the other.

SUBSTRATUM (ENVIRONMENT)

The basis on which a function can be implemented can be considered as an envi-
ronment. Independently of how the level of abstraction the realization was caused,
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the material movement (according to the existing interpretation of modern sci-
ence) eventually happening as the initiator of the function. For the convenient rea-
son the set of all spaces can be named a real/ environment, defining as a universal
U and described as follows:

The real environment in system understanding primarily corresponds with
the conceptual definition of the active environment that in the inhomogeneous
space of which, relatively (), stationary states exist (sustainable active environ-
ments on a spatial scale) the dynamics of which are caused by special, local in
relation to such systems, constraints (impulses, disturbances, or vice versa, ady-
namic iterations). The real substratum or environment has three major spaces —
material (physical) M, functional P and also informational /, when the material
substrate is identified to the state of the system, which behaves in accordance with
the natural (physical, chemical, etc.) constraints of environment when

n n n n
UsM"+P"+]1", Mm" oP"oI", M™:M"™ — f(P"):P" — I" provided
n(M,P,I), m — o, where n — dimension of action space, m — coefficient of

restrictions. In accordance with the systems approach and continuity problems,
the physical space can be formally identified with the functional space, when the
concepts of movement and action in a logical-semantic sense describe the same
observable phenomenon on some continuum set.

The functional environment (functional space) corresponds to an abstract
ideally isomorphic projection of the material substrate and expressed in the degree
of negentropy or its functional ordering. Informational environment (information
or signs space), is an abstract ideally isomorphic projection of the functional and
the material substrate accordingly and expressed in the degree of negentropy or its
informational order. Thus, is highlighting a separate class of functional and in-
formation systems that exist at a certain abstract level and are a consequence of
entropy-negentropy (chaost) or a form (structure) of material substratum being at
the same time absolutely isomorphic to the material substrate. The environment is
a set of systems ideally isomorphic to each other, simultaneously acting in quali-
tatively different spaces when the unity of the environment is expressing through
the isomorphism. Therefore, in the process of analyzing a certain system, often,
the entire axis of related systems can be analyzed simultaneously.

An important characteristic of the functional environment is the tendency to
change its functional concentration from state to state (in the process of move-
ment) or analyzing from the perspective of the information environment —
a change in the information order. In other words, a functional substrate is more
functional than it is more ordered and more addicted to implement informational
order or information synthesis. It should be noted that the orderliness and stability
of the environment are not identical notions — orderliness tends to predetermine
sustainability, in turn, stability tends to negative orderliness.

The unity or atomicity of the real environment is caused not only by its in-
ternal isomorphic nature but also by the presence of cyclical conditioning of its
material, functional and informational components whose existence is possible
only in their equal dependence on each other. For example, in the absence of a
functional or informational component, the substrate would be in the first case a
model with no dynamics, changes, movement, and therefore progressive exis-
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tence. In the second case, the absence of communication possibilities between the
states generating the signal. This absence inevitably leads to a constant increase of
the entropy limit on any scale of the system and, to the progressive existence of
a real substrate accordingly.

As the environment moves and the functional concentration fluctuates, the
phenomenon of sustainability is formed inevitably and obviously predetermining
fundamental evolutionary movement whose dynamics have multiple progressive
polymorphism. It is also obvious that there is a phenomenon that predetermining
different behavior of the local environment while maintaining a general self-
similarity of action to some scale when system dynamics are described by local
characteristics ignoring the set of lower order using summation and upper order
using instantiation respectively. Such a pattern in the environment naturally indi-
cates the occurrence of attenuation of the dependence between actions in the
space of functions, when the index of functional importance decreases as the ac-
tion vector moves away from a function to a certain target state with minimal im-
portance. The scopes of such an “egocentric” set in the space of functions that
highlights the transition area of the function to the external environment and los-
ing its quality importance, defines the concept of the visibility limit for a certain
functional system.

The visibility limit of the system corresponds to the length of the vector or
scale of the system that the functional particular properties of which beyond its
boundaries no longer matter. From the point of view of the physical environment,
the visibility limit actually corresponds to the spatial geometric structure of the
system (which has fairly clear functional ambits).

RESTRICTIONS

It is important to note that the limitations that synthesize the deterministic prob-
abilistic characteristics of the system also constitute the essence of any state and
action. States and actions are the executive tools in the space of the environment
or phenomena that form the dynamics while restrictions are a direct determinant
factor. At the same time, all phenomena synthesized by environmental restrictions
certainly are cross-cutting and therefore interact at different levels with different
recursiveness and synthesized (including itself) probabilistic factors. We empha-
size that the concept of restriction means a non-classical increase in the “rigidity”
of the system’s dynamics due to the transformation or replacing the functions of
local sets and accordingly devoid the degree of freedom of a limited system. The
consequence of the conditional absolute removal of restrictions from a certain
system, obviously will be the primitivization of the system’s structure by devoid it
of the corresponding fundamental properties which predetermine the dynamics of
such a system in the environment. Formally, we can say that the restriction » cor-
responds to the function (attribute) of the set n of some system S in the material
environment, when r= f(n)c S.

NOISE AND CHAOS

The concept of noise and chaos in a semantic sense have common features with
the only difference that noise is apparently a special case of chaos and closely
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related to the concept of dispersion, that is, a phenomenon that has a certain
source or beginning the gradual concentration of which differs as it moves, if spa-
tial restrictions contribute to this. The presence of noise in some state naturally
implies the existence of a source of such noise and thereby defining the element
of noise as part of the gradual dispersion as it moves, in the distal direction, func-
tional and information uncertainty increases (Lyapunov exponent). It can be con-
sidered that in relation to another system such an element of noise contains less of
functional importance. To achieve a scale of uncertainty that goes beyond the vis-
ibility (when turbulent flows form signs of homogeneity beyond the scale) the set
of such dissipation can correspond to the criterion of chaost.

Thus, the only source of increasing uncertainty and negative ordering in the
real environment is the phenomenon of noise (or intersection of vectors ¥, of the

functional state A4 of the set a in the state B of the set b, when

n n
Vo,cd, =Y ap, VycB,=> b, V,"V,
k=1 k=1
at n — oo in continuity) coming from some state, that is the system or state is a
source of noise the dispersion dynamics of which generates a functional “pattern”
constituting the topological essence of the system. This is not directly about the
scenarios of the chaos appearance eg Ruelle-Takens, Pomeau—Manneville or Fei-
genbaum as noise generators, but about the structure of the dynamics in the
physical environment, where each state is an element of noise regardless of
whether such a state moves (on a certain scale) with a chaotic potential or not. An
example of an elementary formal representation of the appearance of homoge-
neity (an increasing uncertainty) is any 2n-dimensional model on the Poincaré
map with increasing energy (eg Henon—Heiles model) [1]. It is worth to noting
that isomorphic interpretations of such a phenomenon are undoubtedly relevant in
the functional and information spaces of any level of the hierarchy and probably
play a key role in understanding the origin of instability initiation.

The more distally the vector (action) of such a “pattern” is from its central
structure, the more its properties tend to be interpreted as the notion of the ran-
domness phenomenon (or increasing complexity as going beyond visibility) and
the less likely it is to form under pressure of restrictions. Obviously, with the re-
moval sources of noise step-by-step from the environment, primarily localized
“strange” (chaotic) attractors, it is possible to achieve complete determination of
any system. It seems that the reduction of restrictions increases the tendency to
acquire geometric invariance or self-similarity and fractal similarity of the real
environment in scale.

Entropy-negentropy, mainly and probably the only way, comes from inside
the state as functional and informational signals having a destructive or, on the
contrary, stable potential and further, as the scale increases, generates other state
models thus forming the essence of the system topology in the substrate.

The noisiness of the environment, as a result of restrictions, creates a prob-
abilistict situation in the environment that forms an effective or progressive func-
tional substrate. The probabilistic situation in a logical-semantic sense is probably
identical to the quantitative measure (density) of the environment on a scale. The
probability of state synthesis is determined which somehow or another enters into
a dependent relation to the presence of a certain (e.g. high or low) probability
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of synthesis of another set which may also be included in other probabilistic de-
pendencies, etc. Thus, the hierarchical synthesis of states and their dynamics in a
probabilistic field, which in turn is a derivative of noise in a substrate, is self-
regulated.

There is an important feature of radiation in any state that can be observed,
when the noise pattern spreads the worse, the more the importance and specificity
of the system in which this pattern diffuses. Due to the fact that any state has an
atomic form, (when all vectors that nested in it are strictly determined by restric-
tions) the concept of state radiation is an abstract interpretation in the sense that
there is no empty space for any other vector to enter, due to their continuity or
infinite density. The notion of the absence of empty space in the state is inter-
preted as an estimation in a quasi-space that describing the possibility of replacing
one set by another if it were possible. In this case, it is impossible to replace the
noise distribution vector in a certain target state.

Dynamics in quasi-space during vector V, assimilation can form situations
(properties of restrictions) when the formations V,,; — V,, are not possible due to

congestion of the functional space at the same time, entry into the state is possible
only after free up a certain functional place in the state. It should be noted that the
concept of congestion is compatible only in the case of higher abstractions or ab-
stractions that have more than one functional space for their implementation, un-
like a functional environment that has one implementation space (material envi-
ronment) when the importance and its properties are defined. Biochemical
example of a similar phenomenon in general can be the mechanisms of proteins
repressors regulation [2, 3].

SYSTEM AND STATE

Previously, the following conceptual formulation of the system and state should
be clarified: the single iteration is a state, the system is at least one state, the sys-
tem forms at least one state.

Any system S is a determination of some emerging state by means of in-
coming action vectors S(V,) — S'(S) and, as a result of this determination, the

possibility of influencing or regulating the final state or the vector itself leading to
such a state S'(S) — S(V,,) . Individual cases of such mechanisms are clearly rep-

resented for example in protein machines, in the regulation of gene expression
and lie in the ability to regulate such expression differentially, selectively control-
ling the expression of the type of a particular gene or protein and its amount [4].
In supercomplex systems, such regulation is already expressed in the pre-psychic
and mental apparatus of the regulation of behavior (movement).

Effective functional movement is a higher order shift of the environmental
functional structure relatively to the material set, with such a degree of preserva-
tion of this functional structure that will also preserve its informational row, at
least, in the visibility limit of the systems related to it, while the primary (lower
level) structure of the environment is certainly not capable to moving without
moving its isomorphic material structure. An example of a functional structure
shift, basically, without qualitative preservation of the information signal on the
scale, is the shift of the reading position by one or two nucleotides in the molecu-
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lar gene apparatus that is the transition to the second and third functional space. In
this case, it is possible both the preservation and the loss of functional transla-
tional consequences.

A similar effect occurs during the shift in higher functional fusion processes
when two or more functional structures that are shifted into each other assimilat-
ing into one unitary structure (it can be considered that such a union occurs when
after a merging the final function subsequently generates a signal identical to the
function signals, as if they had not merged). Classical isomorphic phenomena in a
probabilistic field can correspond to the formations of points or intersections of
trajectories in the phase space at the cross-section of an invariant tori set for Ham-
iltonian systems.

It is necessary to define the concept of the importance of the state. The state
importance degree of a set also has a rather abstract concept and in fact, it repre-
sents the entropy properties of a state in combination with the functional and in-
formational sets that are the components of such a state or determining it also
forming ordering and, as a result, stability. In turn, a state with a sufficient num-
ber of destructive signals is likely to be tend to the progression of negative order-
ing and negative importance accordingly. A suitable example of importance in a
biochemical scale substrate is highly conserved receptor domains with a high de-
gree of autonomy, for example, steroid or other hormones or proteins, collectively
characterized by a high degree of homology, both at the level of the material sub-
strate, when the amino acid sequence is the same or different and does not affect
functionally, and at the level of the functional information environment when se-
quences perform a single function (for example a DNA binding sites) [5]. On the
contrary, amino acid receptor sequences with a low degree of homology may have
low conservative, highly specialized, highly dependent, material and functional
information indicators, respectively. On the contrary, amino acid receptor se-
quences with a low degree of homology may have low conservative, highly spe-
cialized, highly dependent, material (amino acid sequence varies) and functional-
information (carry out various or closely related functions, or the functional abil-
ity is insignificant on the scale) indicators, respectively. It is important to empha-
size that at the same time similar properties are preserved even within different
taxonomic categories, which may indicate constellation genesis in duplicating
such a material and/or functional (with isomorphic topology and different mate-
rial structure in the functional case) structure raised under the restrictions of a
similar strategy (algorithm), or indicate congenitality for a specific ancestral gene,
due to the fact that quite often closely related proteins performing similar func-
tions have a common genetic ancestor or at least these genes were more or less
homologous.

Importance in the information substrate can also be interpreted as a measure
of the functional state stability. An example of informational destruction in a bio-
logical substrate can be the final death of the immune system B-cell with unsuc-
cessful V-D-J genes functional recombination forming the H- and L- antigen
chains [6] which is in the role of the functional essence of the cell without the
possibility of restructuring its purpose with no changing the scale, when entering
into another information vector at the current scale is impossible and therefore the
cell is phagocytosed through certain mechanisms dissolving in the environment.
Thus, the system is fragmented to a certain steady state where an attempt will be
made to reach the target state in fragments in accordance with the established
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restrictions. Such of destruction can be a particular example of the fluence phe-
nomenon and finiteness of importance.

From the informational point of view, the degree of the functional structure
importance predetermines, apparently, the saturation of signal or saturation can
probably be called as the amount of importance, that is, the number of vectors and
especially important vectors included in the signal and thus determining the de-
gree of importance of such a signal.

It should be noted specialization and variable properties of importance. Pre-
viously, we shall to determine an evolutionary peak notion, which is based on the
synthetic theory of evolution and synergetic, can be a system that is stable on long
evolutionary periods of time and corresponds to the maximum-specific categori-
zation of matter. For example, in life, this corresponds to the categories of the
species and subspecies.

A distinctive feature of systems that are more susceptible to the evolutionary
peak from less susceptible systems is the specialized feature of the direction of the
signals of such states or their inclusion in certain significant systems specific for
such a state (cycles, constellations, regulation, etc.). In this case, for example in
multicellular organisms, many unstable cells that have undergone degeneration
that destabilize the microprograms and accordingly the higher programs in which
they belong. The special and, on the contrary, universal functions of such a set
depend on variable factors that determine the importance of individual, func-
tional-information programs that run such cells. There are special factors that
have many dependencies, which in turn have their own algorithms for regulating
the importance and when changing their dynamics (self-destruction) they are ca-
pable of much more disturbing the main program, in contrast to a large number of
factors with insignificant importance, which is natural. In relation to the self-
destruction, it should be clarified that states with high importance (orderliness)
tend to be stable but also, the occurrence of a destructive signal that capable of
destabilizing and destroying such a state is permissible.

There is an important pattern in the environment - function-dependent states,
as a rule, tend to convergencef or reduce the distance of signal communications
as effectively as possible and of course the intensity of such a phenomenon is the
higher, the closer a state is localized to a certain evolutionary peak. Due to such a
convergence, only and only the function of the highest order f'(x) of the formed

system P corresponds to the informational purpose [ of the same order
I(f'(x)), because the final function is the limit functional-information structure

G p of a certain scale of the set U o Gp; and can be performed only on such a
specific scale:

Gp; zf'(x)nﬂ =f(Gp):Gp > Gy, AT <Gy —>f'(x)n+1r T~ Zf(x)k >
k=1

where 7 is some important set for Gp;.
Separately, the functions f(x) of the set f'(x) are characterized by a spe-

cific dependence that highly prepossessed to functional incompleteness and vul-
nerability with functional deviations from the usual scale or a measure of secon-
dary functional isomorphism in an environment where secondarity is expressed as
quantitative qualities without including the main informational purpose (the quin-

Cucmemni docnioxcenna ma ingpopmayivini mexuonoeii, 2019, Ne 3 47



Viladimir P. Kolyada

tessence of the function fragment). One way or another the higher organism can-
not conduct an adequate functional informational activity, for example, without a
nervous system, a classic computer without a storage device, a camera without an
optical device, but with no doubt, you can try to hammer a nail or split a nut with
this camera.

Thus, it is defining the concept of the universality degree of a state which is
in a general sense is comparable to the concept of importance and in a particular
sense is inclined to gradual properties i.e. a tendency to functional concentration
or specialization or on the contrary a tendency to functional dispersion. A limit
Gpy -type structures specialized on the one hand and common on the other, are

mainly expressed depending on the scale in the environment. At the same time,
the specialized function, as a special case of the general, is represented in the min-
imum permissible instance and is the quintessence of the functional information
state.

The target or informational affinity of vectors is determining by the measure
of the intersection of such vectors in the space of functions. The target similarity
of vectors is determined by the degree of the topological identity of such vectors
(which is usually accompanied by algorithmic similarity). Thus, the target or in-
formational similarities are not always related but are always similar algorithmi-
cally. Consequently, the similarity of structures regulating (which have affinity
respectively) states that perform similar functions is the higher, the higher the
similarity of the information purposes of such functions. In turn, the similarity of
state structures as functions of an informational purpose, which regulating states
that perform similar functions, the higher, the higher the similarity of information
goals of such functions and so on. In this interpretation, the gradual dependences
of the substrate’s states similarity and the information goals of their functions are
clearly manifested. The similarity of the environment structures seems to depend
on the functional-informational similarity of their purposes, where the measure of
similarity in both cases is the level of their algorithmic isomorphism.

Some states have special inducible properties when a disturbance, with
certain importance, in the structure of state S, occurs when there is a special
incoming signal ’i(S)‘> 0 for S appears, and when ‘i(S)‘= 0 the signal is the
absence of a signal, respectively. All states are inducible. Therefore, we are
talking about a special induction component of the same special functional-
information property of the local state (the most important passing vectors). It is
assumed that each state has at least one special inducible attribute or vector.

The state of the i-potential for S regulation is the main cause of stability
and the general existence of systems in which they belong or the dynamics of the
sets which they induce. Such of mechanisms are probably the main and only
factor in the formation of coordinated behavior regulation of dissipative systems,
which, in turn, determine the dynamics of higher-order sets, etc.

GENERAL DYNAMIC OF SYSTEM

Each system attempts to establish sustainability, its own independence and integ-
rity on a scale, that forms the limit of visibility or some particular form of emer-
gence a' as a contour of a separate system S. Even if the dynamics of S looks
and behaves according to absolute rest a'(S) (not receiving an impulse from out-
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side), there is always an active process ¥ that is part of such a system xc S
even if such a process is not able to qualitatively affect on S and go beyond the
restriction a’ without external disturbances.

A stable functional state is a consequence, first of all, of the balance stability
in the structure of its set repetitions which is formed by functional cycles f(x)*
that come from the depths of the state (fig. 1). Deviations} (disturbance appear-
ance) in such cycles determine the balance point shift in the repeat state function
f(x)" the functional significance of which is dependent on the stability property

of a higher order system. During the system movement in scale, the forming in-
tervals on repetitions acquire differences only in the case of a certain exogenous
signal presence.

We can define N, as the set n—>o of depth D in the flow P:

F

n
> 0 By V-1 =N, location of the cyclic function f(x) in a state S can be
k=1

n
displayed as a"* > Z(N ,(, )) 2 f (x)E,*). Fig. 1 shows a functional movement of

k=1
four states that form a motion vector that transfers a stable state S; to a stable

state S, with an unstable structure, where the nested function f (yg) receives an
incoming destructive signal i(ii), however, depending on the measure of the
functional circuit (a ) stability that received such a signal is defining its further
existence and, consequently, the existence of higher functional circuits @' when

aca'. In this case, the function f (y%) acts as a property to prevent the
disintegration of the cyclic contour f (y12_3) even with the change in the function

f (y%) (the case when an intrafunctional replacement is carried out without a
qualitative change in the signal) algorithm and thereby completely leaving the
higher structures f ([312_3) , f (alz_3) intact. Degenerative functions, depending on

their synergistic potential, can initiate the disintegration of the functional state
with different speed or efficiency. Formally, fig. 1 displays the dynamics of the
action space as a continuous one-dimensional linear set in such a way that this set
is a reflection or map of the actions that are identical to the real environment. It
should be noted that this interpretation is very compatible with the description of
coupled mappings in distribution systems [7].

A destructive signal i; is such if a destructive potential prevails in it and
a stabilizing one i; is such if a stabilizing potential prevails in it, respectively.

Classical destructive processes are instability, for example, in autowaves, it mani-
fests itself in the formation of turbulence or instability and leading to the rupture
of the spirals.

iy can have stabilizing qualities in some local relations while i destructive,
but one way or another i, leads to functional destruction and i; to functional
stability in some N,, providing there is no effective resistance of the environ-
ment that does not enable the distribution i out of a’.
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Fig. 1. The diagram illustrates the dynamic features of the functional state in the envi-
ronmental movement process

The figure displays: S,,S,,S,,S, — are states, when S, is the repeat of S ;
S, is the iteration of S, etc.; a, B, v, N, — sets in the environmental scale, when
ycBca  floy3),f(B_3).f(y,-3) — ranges of cyclic stable function
P(f(x) =27 (Nya_3)i : N, »>i(N,) — is the sum of all qualitative repeats
f(x) of the flow P which retain the original signal; a,b,c — are the depths of
actions; t — symmetric state (description below); 7,4 — outgoing and incoming
functional-information signals; o, B,,v, — noise that is not included in the func-
tional circuit; * — degenerative functions that reduce the stability of the system
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and leading to the rapid disintegration of a stable functional state; D — scale
(depth) of the environment; 7 — direction of the environment repeat genera-
tion or states map for the next time; P — flow direction;
(D,T,P,a(S,,S,),b(S;,S5), ¢(S5,,S5,)) = .

The state S; can be considered as a qualitative segment of the state S, repe-

tition, that did not receive i; to some N, of the depth D or if such a signal was

received at the “safe” depth then the function that received the signal has full re-
sistance to it. This class of state repetitions seems to have the greater potential for

the complex system’s formation, the larger interval of D values beyond which
the probability in the formation of at least quality destructive signals for the cur-
rent system a'(D) is reduced. For example, the state S, has an incoming destruc-

tive signal i, (* ii), that does not have sufficient potential for a qualitative (non-

structural) effect on the function f (y32) it happens so that the cyclic function
f (yf,3) remains completely intact in relation to the higher functional cycle

f ([312_3) and state S, can also be considered as a qualitative repetition of the
state S; . In turn, the state S, is defined as unstable due to the fact that there is a

predominance of self-destructive and not self-stabilizing properties. i, (* i«; ")),

with sufficient potential destroys the functional circuit f(y;_3) in such a way that
the newly synthesized interval N,_,, due to its intact functions (functions that

have successfully repeated), still not able to qualitatively affect the
f(B,a) > f(y). At the same time, a similar situation can also occur in a higher

function f(B)) with the only difference that, as a result of a destructive signal

*»Lg, the number of qualitative repetitions in it will not be enough to form

a functional circuit f(o; ;) , which will lead to the complete destruction of the
interval on S and the development of a chaotic regime. With the help of a stabi-

lizing feedback signal i (Tg) (or a signal having a local stabilizing potential), the

function f(a,) is quite capable of being qualitatively executed for S,,, until
total destruction, when the structure of involved f(B,y,) becomes completely

inefficient in ensuring the synthesis of high-quality S(f(a,)) repetition.

The processes of a stable system N , the synthesis of which can be carried
out by the intersection of certain cyclic (stable) sets Ng =N, "N, can also, to
some extent, be controlled by states N,,, or other processes that somehow in-
volved in the operation of Ny . That is, “relatives” of a local functional system,

the relatedness of which is the higher, the higher their functional predisposition to
such a system. Stable N,,, type states with their algorithm can also initiate such a

stable system Nis+ that is able to regulatively influence their states-synthesizers
Nium+1| - Stable states can be in balancet both with each other and with the nearest

medium and additively maintain stability through initiation and subsequent regu-
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lation of the synthesized states or diffuse recursive regulation of their own func-
tions and other dependent processes in the environment. An indicative and par-
ticular example of the described mechanism may be the biochemical functions of
the enzymatic intracellular starvation-saturation including extreme cases that lead
to the destruction of the system or cell death.

Vi
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Fig. 2. Dotted arrows schematically indicate the direction of flow in the space of func-
tions, where the depth interval of such a space relatively corresponds to the axis of appli-
cate and indicated by a dotted line with the corresponding density

Processes of individual functional states may have closely related functions
or purposes. Previously, in this interpretation, it is worth to characterize the
concept of an information gradient (fig. 2) or a changing signal with respect to
N,_; . This effect is a kind of information "fluctuation" with increasing of the
distance from the main function, where the fluctuation is expressed as the
dynamic g-parameter of the options set 4 of the function that triggers the signal
i,when g= f(A), f(4)—i.In this case, the targets Vi oi,(N,) of the initial
state have the highest concentration (in the N space) and as the negative scaling
proceeds, this functional concentration decreases Vi>i,.,(N,_;). The

concentration itself is quite similar to the potential function f for the Laplace
o2

operator —>- on a one-dimensional vector space.
Ox

It is obvious that the higher the target f on axis Ng from the state (at the
point S, ), the less the probability of this state inductions for f*, which is natural
since the number of actions and the entropy factor increase. Consequently, a
similar situation arises in a related relation as a special case of g-parameter in the
space of functions.

In addition, as mentioned above, the vectors of closely related functions
intersect, and the measure of the relatedness of such functions depends on a
quantity of joint states for such vectors and how far these states from each other.
Such constellation intersections can form stable states N, the number of which

becomes dependent on the probability of synthesis a high order steady state N
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when Ng(Ng)> N, . N, in a particular strategy of self-organization, can have
reverse stabilizing signals into itself, ensuring sufficient resistance of the N,,, to

degenerative factors. Thus, it is possible that dependencies running in a
specialized probabilistic situation (where the general noise level that including the
combined levels of uncertainty constitutes a process of states that contributes to
the synthesis and subsequent support for the performance of a certain function)
with a certain degree of recursion can be or become stable or important states
(such as in the regulation of prokaryotic operons [8]).

We can also highlight the phenomenon of the directional regulation, which is
a set of stable states vectors at the intersection of which is synthesizing a determi-
nistic state, which, in turn, with a high probability is also stable due to the predis-
position of any regulation to stability in principle. From the effectiveness of regu-
lation, the stability or steadiness of regulation is also determined, since regulation
itself can occur only in a stable and steadiness dynamic environment.

EVOLUTION FEATURES

The phenomenon of affinity may lead to evolutionary regulation and adjustment
of indicators of pseudo-probabilistic intersections as the environment moves. In
the first case, the signal with a regulating potential is maintained even under the
multiple transformations of the initiating state, and in the second case, the regula-
tion of affinity into itself that executed by the function f(|x]|).

The ability of complex systems to self-organize and adapt in short-term or
long-term (evolutionary) conditions is a natural response to environmental
variability. Short-term conditions may correspond in particular to the mechanisms
of the Belousov-Zhabotinsky reaction or biological embryonic induction-
differentiation. In turn, long-term conditions evolutionary phenomena of
allogenesis, aromorphosis or anagenesis, etc.

A particular case of long-term self-organization, which seems to have a
peakt importance indicator, is the phenomenon of evolutionary cephalization, that
reflecting a significant functional similarity between the individual biological
systems of an acceptable, higher taxonomic category and the evolutionary
movement under correlation factors over time. An artificiallyt induced adaptation
phenomenon can be, for example, the domestication of animals with the
subsequent restructuring of the organism's genome and the corresponding
phenotypic changes, which is also part of the evolutionary self-organization
mechanism.

Corresponding factor of the organization complicating that forming
evolutionary peaks in the environment, is an increasing the complexity of the
nested systems N, (on a biological scale, this may be the differentiation of

individual cells, their groups, membrane, intracellular and other microsystems),
organization that synthesizing corresponded return signals of the external
environment N,_; and whose dynamic are also variative. Thus, it is possible to
define i(z) (see fig. 1) as a symmetric state in a quasi-space [, that inversely
complicates the functional-informational structure, which seems to be a crucial
part of the evolution strategy in the environment.

The processes of self-organization in all systems and in particular organisms
are represented most clearly in the form of protective mechanisms against exter-
nal and internal influences penetrating the system, increasing the risk of initiating
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destructive progress. In the process of evolution, each organism in any way de-
veloped a similar system of protection, more clearly in the form of specific inter-
nal biochemical reactions, or more generalized in the form of the strategy features
of the whole organism’s life cycle or their group. Immune-like processes in evolu-
tion, obviously modified in proportion to how the organisms themselves changed
their habitat and mainly increased the complexity of the system’s organization
(for example, CRISPR in prokaryotes, RNA interference (RNA1) in plants, or an
immune complex of protection against pathogenic effects in higher organisms
including humans).

We can conditionally divide the mechanisms of long-term self-organization
formed in evolution into two levels. The first is based on more direct dependen-
cies on the structure of the evolutionary movement, and the second level is form-
ing on the basis of indirect or consequence constellations of the first level or
states located closer to the periphery on the gradient plane of functional radiation
in the environment. If Immune-like systems belong to the first level of self-
organization, then at least all other functionally related processes (that are having
a much more significant stochastic origin indicator) can be attributed to the sec-
ond level of self-organization (for example, the phenomenon of allelic exclusion
in the regulation of the immune system B-cells differentiation [9, 10]). Anyway,
each mechanism having obvious signs of any first level self-organization is lo-
cated closer to the center of the functional radiation pattern, while the indirect or
second level is respectively located to the periphery.
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CUCTEMA HNIJTPUMAHHA NPUHHATTSA PIIIEHD
JJIs1 OHNIHIOBAHHS CTAHY ITOBITPSA
3A HETOYHMX BXITHUX JAHUX

P.B. KPUBAKOBCBKA

AHoTauisi. PO3rIsIHYTO MUTaHHS MPOCKTYBAHHS CTPYKTYPH CHCTEMH I ATPUMAHHS
OPUHHATTS pillieHb Ul OL[HIOBAHHS CTaHy aTMOC(EPHOro MOBITPS 32 HETOYHUX
BXIJJHUX IaHHX, & TAKOXK METOJIOJIOT 0 o0y10BH iH(OpMALIiHUX chucTeM, iX mepe-
Bard i HEJOJIKM TPH 3aCTOCYBaHHI /10 MUTaHHS MPOEKTYBAaHHS CHCTEMH IiATpUMaH-
HS IPUAHATTS PillIeHb U1 OLIHIOBAaHHS CTaHy aTMOC()EPHOTO MOBITPS 32 HETOYHUX
BXITHUX JaHuX. J0CITiPkeHO OTOKM JaHUX 1 Ha X OCHOBI 3aIIPOIIOHOBAHO BIJIIOBI-
JHY Jiarpamy, a TaKoX CTPYyKTYpy CHCTEMH B LijioMmy. Po3risiHyTo noGynoBy 6asu
Mojienieil SIK YaCTHHU CKJIAJHOT CHCTEMH, Pi3Hi aclnekTH (QyHKLIOHYBaHHS CHC-
TEMH, 30KpeMa Taki, Ik opraHizawis oOMiHy AaHMMH, BU3HAYCHHsS YMOB 3aCTOCOB-
HOCTI Ta Bepudikawis Moaesell, CHHXPOHI3allis poOOTH Pi3HUX YaCTUH CHCTEMH.

KurodoBi ciioBa: oniHIOBaHHS CTaHy IOBITps, CHCTeMa MiATPUMAHHS NPUAHATTS
pileHb.

BCTYII

OMiHfOBaHHS CTaHy HABKOJUIITHHOIO CEPEIOBHINA TOTPeOye po3pOOICHHSI KOM-
IUICKCHUX 1H(OPMAIIfHUX CHCTEM Ha OCHOBI MOHITOPUHIY CTaHYy JOBKILISA, MO-
JENOBaHHS TPOLECIB HAAXOMKEHHS Ta MOIIMPEHHS MIKIUIMBUX PEYOBHH, a Ta-
KO CTBOpEHHS €(eKTHBHHX METONIB MNPUHHATTS pilleHb IS 3HIDKCHHS
HeOe3[eUHNX BIUIMBIB Ha EKOCUCTEMH Ta 340POB’ S HACEIECHHS.

JIst OLiHIOBAaHHS CTaHy HaBKOJHIIHBOTO CEPEIOBHINA JOLUIBHUM € CTBO-
peHHs iHQOpMaLiifHUX cUcTeM i3 (QYHKUIISIMUA MiATPUMAaHHS NPHUHSATTSA DPillleHb
(CIIITP) mono peryiroBaHHS MapaMeTpiB BUKHIIB 3a0pyIHIOBAIBHUX PEYOBHH
B aTMoc(epy A 3a0e3neueHHs 3alaHuX CTaHAapTiB SIKOCTI OBiTps [1-4].

Oco0mBicTIO 3aBIaHb 3 OLIHIOBAHHS CTaHy aTMOC(HEPHOTO MOBITPS € T€, IO
JlaHi, sIKi TIOJTAlOTHCS Ha BX1Jl TAKUX CUCTEM, SIK TIPABUJIO, € HETOUHUMHU. ToMy i
Yyac MPOEKTYBaHHS CUCTEM OIIHFOBaHHs CTaHy aTMOC(EPHOTO MOBITPsI HEOOXiTHO
nepen0auuTH OJIOKH, sIKi O JTO3BOJISUIM TPAIFOBATH 3 TAKUMH JAHUMH 1 OTpUMYBa-
TH 33JI0BiJTBHI pe3yJIbTAaTH 3a MOMI0HUX 0OMEKCHb.

IHOCTAHOBKA 3ABJAHHSA

VY po6oTi po3risiaaeThest BUPIICHHS 3aBlIaHHS 3arajibHOTO OIMUCY cy4acHoi iHdo-
pMalliifHoi cucTeMH OLiHIOBaHHs cTraHy atMmocdepHoro moBiTps (ICOCAID), ii
OCHOBHHUX OJIOKIB Ta ()YHKLIOHAJbHUX pPeXHMiB. I[HTepakTHBHa iH(OpMariiiHa
CHUCTEMa Ma€ MICTUTH 0a3y JaHuX, OJOKH MOJCIIOBAHHS, MPUUHATTS PIIICHHS,
YBEACHHS Ta Bidyamizamii JaHux, iHpopMyBaHHs HaceleHHS. CHcTeMa MOBHHHA
3a0e3MeuyBaTH IBUAKHNA Ta 3py4YHUH iHPOpMaLiiiHUi OOMIH MiX yciMa KOpHC-
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TyBayaMu iH(OpMaLiiHOI CHCTEMH, a TAKOK MaTH 3MOTY OINEPaTHBHO HaJICHJIATH
MOBIIOMJICHHST 0C00aM, 110 NMPUHAMAIOTh PIlICHHS, Y pa3i motpedu. Jnst mporo
HEOOXiZTHO PO3IIISIHYTH CTPYKTYpPY TaKoi CHCTEMH B IIUIOMY, BU3HAUUTH HOTOKU
JaHUX, HAasBHUX Y MOMIOHMX cHcTeMax, 3’sicyBaTH (YHKLIi, SKi BHUKOHYIOTH
OKpeMi OJIOKH IUX CHCTEM, TOOYIyBaTH AiarpaMy HU30BOTO PiBHS VIS HUX.

PO3POBJIEHHSA CTPYKTYPU CUCTEMHU NIATPUMAHHA NPUAHATTS
PINEHb

Bu6ip metomonorii mpoekTyBaHHS 1HPOPMAIIITHOT CHCTEMH € BasKIMBUM KPOKOM,
OCKiJIbK{ TpPaBUJIbHE BUKOPUCTAHHS METOJOJOTIYHHX 3aCO0iB J03BOJISE MPH-
IIBUIIATH TPOIIEC IPOSKTYBAHHS 1 3aMTO0ITTH MOSIBI MEXaHIYHUX ITOMUIIOK.

€ nexijbKa MiIX0/iB, BUKOPUCTOBYBAaHHX I MOOYAOBU 1H(pOPMALIHUX CHC-
TeM. J[Ba OCHOBHI 3 HUX — 1€ CTPYKTYPHHI Ta 00’ €KTHO-OPI€HTOBAHUM MiAX0au [5].

3rigHo 31 CTPYKTYpHHM IiJXOJOM CIIOYaTKy CTBOPIOETHCS CTPYKTypa CHC-
TEeMH, sKa Hamajdi po30WBAEThCA HA MIICTPYKTYPH M YTOUHIOETHCS. 3a 00’ €KTHO-
OpIEHTOBAHOTO MiAXOAY CHOYATKY PO3TIISIAIOTHCA 00’ €KTH, 3 SKUX CKIaJaeThCs
CHUCTeMa, SIKi TIOTiM 00’ €THYIOThCA B MUIICHY CTpyKTypy. OOnIBa MiAX0IU MalOTh
HEZOJIIKH.

HemomikoM 00’ €KTHO-OPIEHTOBAHOTO IIXOMY € Te, IO B pa3i iHTerparii ae-
KUTPKOX 00’€KTIB y IUTICHY CUCTEMY MOX€ BUHHKHYTH CHUTYyaIlisl, KOJU 00’ €KTH
He € cyMicHUMH. CTPYKTYpHUH MiaXiJ HE Ma€ LBOTO HEAOJMIKY, alle M yac ioro
BUKOPHUCTAHHSI MOXXE€ BUHUKHYTH CUTYAallis, KOJM CTBOPEHAa CTPYKTypa CHUCTEMH
HE BimoBimaTuMe ii 3aBAaHHAM (HANPUKIAMA, KO (QyHKIIT 3aBIaHHS CHCTEMHU
3MiHMIIKCS 200 OyJIM YTOYHEHI] Micist MPOeKTyBaHHA) [5].

PosrasiHemo 3aco0wW, 1m0 BUKOPHCTOBYIOTBHCSA AJISl MPOEKTYBAaHHSA iH(OpMa-
IHHUX CUCTEM 3a 000X MIAXO/IB 0 IX CTBOPCHHS.

[Tin yac npoexTyBaHHs 1HPOPMAIIIHOT CHCTEMH 33 CTPYKTYPHHM ITiIX0IOM
BUKOPHUCTOBYIOTBCS JIBi TPYIIH 3ac00iB, SKi BioOpakaroTh BiAMOBIAHO (QyHKIIIT,
IO BUKOHYE CHCTeMa, Ta MOTOKH AaHuX y Hid. Ha cyuacHoMy etami po3BHTKY
KOXKHII TpyTi 3aC00iB BiAIOBIAAIOTh TaKi TEXHOJIOTII:

— s 300pakeHHsT (PYHKIIOHAIBEHOI CTPYKTYPH CHCTEMH — METOJIO0JIOTIs
SADT (Structured Analysis and Design Technique) i BignoBiani giarpamu;

— IUIA aHaNi3y MOTOKIB JaHMX — JiarpaMu motokiB ganux abo DFD (Data
Flow Diagrams) [5].

VY Mexax 00’€KTHO-OPIEHTOBAHOTO IMiJIXOAY ICHYE JCKiIbKa METOIOJOTIH,
takux sk OMT (Object Modeling Technique), JSD (Jackson Structured
Development), OSA (Object-Oriented System Analysis) [5]. Hatenep cranmap-
TOM 00’ €KTHO-OPI€EHTOBAHOTO IMPOCKTYBaHHS Jie-(haKTO € MPOSKTYBAHHS 3a JOTIO-
mororo MmoBu UML [6].

IHdopMmarriiina cucTemMa OIIHIOBAHHS CTaHy aTMOC()EPHOro IMOBITPS € CKIa-
HOIO CHCTEMOIO, SIKa MICTUTE JEKIJIbKa BU3HAueHUX O0KiB. CHCTEMH TaKOIoO TH-
my J00pe MiAIaroThCs JEKOMITO3HIlIT, TOMY 3aCTOCYBaHHS CTPYKTYPHOTO IiIXOIY
BHJIA€THCSI OUEBUIHUM. AJIe€ OCKUTEKH OJIOKH CHCTEMH — II€ CKJIaIHI IpOTrpaMHi
KOMITJIEKCH 1 JUTSI IeIKUX 3 HUX YKe ICHY€ IporpamMHa peajizailis, CTBOPEHHS SKOi
BJIACHHUMHU CHJIAMH € JyX€ CKIaJHHM, 4aco- Ta TPYAOMICTKHM IPOLECOM, TO 3a-
CTOCOBYBATHU IOBHICTIO CTPYKTYPHHUM MiAXiJ HEMOXXJIMBO. TakuM 4MHOM, BapTo
npoektyBatu 3acobu ICOCAIL, BUKOPUCTOBYIOUM 3MIIIAaHWH MigXill, 32 SKOTO
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OJIOKM CHCTEMH MPOEKTYIOTHCS 32 CTPYKTYPHHUM IIXOAOM, a Uil IPOEKTYBaHHS
OKpeMoTo 0J0Ka MOKe OYTH 3aCTOCOBaHUI 00’ €KTHO-OPi€HTOBAHWH ITiIXiI.
Ockinbku s crBopenHs: [COCAIL BuOpano 3Mimanuil miaxifa, To Ui mpo-
eKTyBaHHs OyIyTh BHKOPUCTOBYBATUCH OOM/IBI METOAOJIOTIT MPOEKTYBaHHS.
OcCHOBHaA CTPYKTypa CUCTEMH NPOCKTYEThCS Y MEXaX CTPYKTYpHOTO ITiJIX0-
Iy, TOMY JUIsl pO3’SICHEHHSI CTPYKTYPH HEOOXITHO PO3TILSIHYTH ITOTOKH TaHUX MiX
elleMeHTaMu iHpopMalliiHoi cuctemu. JliarpaMy NOTOKIB JaHWX TTOKa3aHO Ha puc. 1.

[laHi 3 NOCTIB CNOCTEPEXKEHHA
i, Cipt, X,y Nani npo 3abpyaHenHs b Cit,x,y

»
—»| IHTEpnonaTop (eKcneprMMeHTabHi)
Y ™
tm,P,V, Bnok sepugikauii
W, h MereoponorismaY” F> V- w.h AaHnX v
MOgenh Monens y
. 03MOBCIOOMXEHHA i i, Cilt, x
[aHi npo gxepena sabpyauennn I, C;, 1, X, P . A Rai npo 3a6pyJ.1HEHHH il BV »| KapTa
: LOMILOK (MO ENBHI)
y.d
‘(ﬁﬁ C, 1, X, , CTyNiHb AOCTORIPHOCTI
d Bnok h
MoxuBi 3axoan .| PeKoMeHpauii |3axonu, ouikyBaHi pesynbTaTy
~___ U i’

Puc. 1. Jliarpama MOTOKIB JaHUX: X, ¥ — KOOpAWHATH; ¢ — 4Yac; C — KOHIICHTpALis
3a0pyAHIOBAJBHUX PEUOBHH; fm — TeMIlepatypa; P — Tuck; V, W — mBHIKOCTI BiTpY
(110 OCs1X X Ta y BIMIOBITHO), i — BOJIOTICTH

MoskHa 3ayBaXKUTH, 10 HA giarpami 300pa’keHO J1Ba OCHOBHI BUIH MTOTOKIB:
METEOpOJIOTIYHMH MOTIK Ta MOTIK AaHUX Mpo 3a0pyaHeHHs. KoxkeH Habip maHux
(hopMy€eTBCSl CBOIMH MTiCHCTEMaMH.

Ha ocHoBi mo0OynoBaHoi fiarpaMu MOTOKIB IaHUX MOXHa MOOYyBaTH CTPY-
ktypy ICOCAIL Jlns mporo ckopuctaemocs migxoaoMm SADT. MoxHa nobaunTw,
10 KO’)KHOMY OJIOKY Ha jiarpami MOTOKIB JaHUX MOXHA 3iCTaBUTH OJIOK 0a30BOi
CTpyKTypH cucteMu. CTpyKTypy TIOKa3aHO Ha puc. 2.

Jawui:
TIPO HOTOJY N
4 Hopmartusu
TIPO JUKeperta 3a0py THEHHs > 6P
3 TIOCTIB CIIOCTEPEKEHHS KB SaOpYAHCHHA | o nomiuni
> A HOBITPSI 6
00OMeKeHHS

MooxnuBi 3ac00H BILTHBY

Y

Al

A

CKEM
> BOAP . .
A2 —L OuikyBaHa BapTiCTh
A3 -
» BMP
L
e el
t BINM ”
Oco6a, 110 IHTepcheiic
—r AS KopUCTyBa4a
Excnepr P 28
plleHHA o
€KomnorivHi
pe3yJbTaTH
Puc. 2. bazoBa crpykrypa cuctemu: CKBJl — cucrema kepyBaHHA 0a3010 NaHUX;

CKBM — cucrema kepyBaHHs 0a30i0 mozeneir; BOAP — 610k oriHIOBaHHS Ta aHATi3y
pusukiB; BIIP — 610k npuiinsatTs pimenns; BIIM — 010k npocTopoBOro MoAe IoBaHHs
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OCKiNbKH BaXKJIMBOIO YaCTHHOIO iH(OpPMAIiHOI CHCTEMHU € MOJENIOBajIbHA
migcucTemMa abo 6aza MoJesne, To 1 CTPYKTYpy CIiJ PO3TISTHYTH OKPEMO.
3aransuuit Bursn 6aszu moxaeneit ICOCAII noka3ano Ha puc. 3.

Jani po
! TIOTORY

MeTeoponorivia
Mogenb

A1

Jani po mxepena

| 3a0pyaHEHHS Moa enis

J»] OPMYEAHHA

Aanux A22 > Moaenb
PoINOBCIOANE HHA

OMILLIOK
A A2

Jani npo noctu Bnok
. CIIOCTEPKEECHHS pepndikanii o
mopenedh .

Puc. 3. 3aransunii Burisan 6asu mogenein ICOCAIIL

CknafHICTh MOJENIOBAaHHS Ta BepHQiKallii pe3yjbTaTiB 3yMOBIIOE BHHUK-
HEHHSI TaKWX 3aBJaHb, SKi MOTPIOHO BHUPIIMIMTH TiJ Yac MPOEKTyBaHHS 0a3u Mo-
neneri ICOCAIL:

1) opranizauis 0OMiHy TaHUMHU;

2) BU3HA4YeHHSI YMOB 3aCTOCOBHOCTI Ta BepHudiKaIlii MoJienei;

3) cuHXpOHi3allis pOOOTH PiI3HUX YACTHH CUCTEMHU.

Opranizartisi 0OMiHy JaHUMH TIOJISTA€ B TOMY, IO JaHiI MK OJIOKaMH CHCTE-
MU NIOBUHHI TlepeaBaThcs y hopmarax, 3p03yMiIHX AJs HUX OJIOKiB. YMOBH 3a-
CTOCOBHOCTI Mojieliel oTpiOHO BHM3HA4YaTH 0 BKIIFOYEHHS MOJENel 0 CKIaxy
0a3n mopeneid. JleranapHilne 3ymUHUMOCH HAa CHHXPOHI3AIll poOOTH Pi3HUX dac-
THH CHUCTEM.

3amady CHHXpOHI3AIll poOOTH MOJENeH, MO BXOIATH 0 CKJIaay CHCTEMH,
MOJKHA MOAATH Y BUTIIAI NEKUTFKOX Mif3aaad.

OpnHa 13 33724 CUHXPOHI3allii — II¢ aBTOMAaTHYHA 1HIIai3allis MoJelei Ta
MepeBipka yMOB 3aKiHUYEeHHs iX poOoTH. OOOB’SI3KOBOIO YMOBOIO IUISI 3aITyCKY
KOHKpETHOT MoJieNli € 3a0e3mnedeHHs ii BXiJTHUMHU AaHUMH B MOTpiOHOMY (opmaTi
Ta HEOOXIAHOT TOUHOCTI. Y 0a3i Mojeleli MOBUHHI OyTH BH3HAYEHI O3HAKH TOTO,
10 MOJEIh 3aKiH4MJIa CBOIO poOoTy. SIKIo mix 4ac poOOTH MOJIeNi BUHUKAE TI0-
MUJIKa, i1 TOTPiOHO 3a3HAYUTH 1 BUSHAYUTH O3HAKU BUHUKHEHHS TIOMUJIKH.

IcHyroTh mBa crmocoOuW opramizallii 3amycKky MOJIEJIeH: 3aIyCK MOJIENTi B TIeB-
HUIl MOMEHT Yacy Ta 3aIyCK MOJIelli 32 BUMOTOFO

3anmyck Moaesi B neBHUH MOMEHT 4acy. Y IbOMY BHUITaJKy MOJIEINb 3ammyc-
Ka€eThCS aBTOMATUYHO 3 JACSKOIO PETYJLPHICTIO (HAampuUKial, ONMH pa3 Ha 00Y).
[Ipu mpoMy BBaska€ThCs, IO JaHi JUTSI MOAEIIOBaHHS C(OPMOBAHI i MICTATHCH Y
TaTT IS BXiAHUX MaHuX. Takui miaxia T03BOJIsSE CIUIAaHYBaTH PoOOTY MOJEINICH,
e(eKTHBHO BHKOPHCTOBYIOUM MAallIMHHHUN Yac (HATPUKIAJ, 3aBJSKU 3aIyCKy pe-
CYpCOMICTKHX OIlepamniidi y yac HalMEHIIOI aKkTHBHOCTI KopucTyBauiB). Hemo-
JIK — MOJIMBHH 3aITyCK HOBOi MOJENI B TOW dYac, KOJH e HEe 3aKiHIMBCS dac
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poboTH monepenHboi. PerynsapHuii 3amycky Moaeni noTpedye peryaspHOrO OHOB-
JICHHS BXIJHHUX JaHUX, 10 HE 3aBXKIH MOXKIIHBO.

B UNIX-cuctemax aiis 3aIycKy Oporpam y IeBHI MOMEHTH 4acy BHKOpPHC-
TOBYIOTBCS CKPHIITH Cron (cron — Iie mporpama, sSka JO3BOJIS€ 3aIyCKaTH 1HIII
IpOrpaMu 3 MEBHOIO PerysspHicTIo). Y Windows [uist peryJsipHOTo 3aIycKy Mpo-
rpaM 3aCTOCOBYIOTHCSl 3aCO0M CTOPOHHIX PO3POOHUKIB a00 BOYIOBaHHM ILIaHY-
BaJIbHHK.

3anyck Moaenai 3a BUMOrom. Y IIbOMY BHITaIKy MpOrpamMa 3arycKae Mo-
JieNb 0e3mocepeHhO 32 BUMOTOI0 KOPHCTYBada, ad0 KON BUKOHYIOTHCS HEOO-
XiZHI YMOBH iHimiamizamii moxaeni (y mamii 3 BXiZHUMH JaHUMHU 3’ SBIISIOTHCS
(haiimm). Taka opranizaris 3aImycKy Mojesei 103BoIsIE O0IUTHCS 6€3 «XOJIOCTHX»
3aITyCKiB, SIKIIO BXiJHI JaHi HAAXOJATH IO MPOTPaMH HeperyJsipHO. Alle y BHIa-
Ky 06araTOKOpHCTYBaIbKOi CHCTEMH MOKJIMBHHA OJHOYACHUHN 3alyCK IEKITBKOX
PECYPCHOMICTKHX 3aBlIaHb OJHOYACHO, IO CHOBUIBHIOE POOOTY BCIX 3amyIICHUX
MOJEIIEH.

Jis 3amycKy CKITagHUX KOMIUIEKCHUX MOJIeNeld MOXKHa 3aCTOCOBYBATH CIie-
[iaNbHI MPOTPaMU — CKPHUIITH abo CIeHapii, SKi peani3yrTh MOCTiIOBHOCTI OIIe-
pariii UIsi BAKOHAHHS Ha KOMIT FOTepi.

CtpykTypHa cxeMa 0a3u MOJIENeH, moka3aHa Ha puc 3, He MICTHUTh JTOJIaTKO-
BHUX OJIOKIB, II0 BHPINIYIOTh (DYHKIIII 3 opraHizamii MoaemtoBaHHsa. ToMy 3ampo-
MIOHOBAHO AETAILHY cXeMy 0a3u MoJeNeH, 0 CKIIaay SKOi BKIIOYEHO JOIAaTKOBI
0J10KH, 110 3a0e3MeuyIoTh IHiIiami3alliio, CHHXPOHI3ali0, Bepudikallito Ta nepe-
BeJieHHs (hopmartiB ganux. L{ro cxemy 300paskeHo Ha puc. 4.

biok
biok MEepEeBIPKHU
iHimiamizami [ 3aKiHueHHs poboTH
Moneni Ta 00poOIIEeHHS
T HOMHJIOK
Y
Bximgni .
ol Biok ormicy | | Buxinsi
AaHl 36epiranHs i
Mozenen
A I'enepaTop i
TECTOBHUX
3aBIaHb BHQK
A Bepuikarii
Y Vv
Iarepnperarop/
KOHBEKTEP
¢dopmata

Puc. 4. JleranbHa cxema 0a3u Mozeneit

[MpusHaueHHs OI0KIB 0a3u MOJENCH, TIOKa3aHUX Ha IbOMY pHC. 4:
1) 3amyck (00K iHimiamizaiii) Ta 3aKiHueHHS poOOTH MoJeli (OJIOK mepeBipKu
3aKiHYEeHHS! pOOOTH Ta 0OPOOIICHHS TOMUIIOK);
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2) imentuikarisi BUHUKHEHHS! MIOMUJIOK Ta Mporpama poOOTH 3 HOMHIIKa-
MU (OJIOK TIepeBipKU 3aKiHICHHS pOOOTH Ta 0OPOOJICHHS TOMHIIOK);

3) nepeBeneHHs (HOpMAaTiB, BAKOPUCTOBYBAHUX IIiJ Yac pOOOTH 3 MOIEISIMHU
(inTeprperaTop/koHBepTEp POpMaTiB);

4) cTBOpeHHS TECTOBUX 3aBIaHb JUIs Bepudikamii Moneneli (reepaTop Tec-
TOBHUX 3aBJIaHb);

5) Bepudikartist mojaenei (01ok Bepudikarii);

6) ommc Ta 30epiraHHsa Mojenel (010K omucy 1 30epiraHHs MoIemeit).

CripoekToBaHy CHCTEMY Peaii30BaHO y BHIJISI BeO-CAMTy 1 MiAKIIIOUSHHUX
nporpam, o BUKOHYIOTh HEOOXiMHI QyHKIIII.

CTBOpeHa cucTeMa CKJIaJaeThesl 3 ABOX OCHOBHHMX YacTHH: iHTepdelcy Ta
MPOrpaM-oOpOOHUKIB. 3aralbHUN BHUTJISAA CTPYKTYPH BIKOH IPOTpaMH i 3B’ SI3KH
3 MporpamMamMu-oOpoOHIKAaMH MTOKa3aHOo Ha pHuC. 5.

MoskHa TakoK OOy IyBaTH Jliarpamy KOMIOHEHTIB JUIi OCHOBHUX MiJICHCTEM
(puc. 6). KoMmoHeHTH 103BOJISIOTH OAYHTH, SIKI YACTUHH CUCTEMH 3a IO BiANOBi-
JIAr0Th 1 SIK BOHM I10B’s13aH1 MiX c000¥0.

BHUCHOBKHA

Y po06oTi pO3MIISIHYTO MPOLeC MPOSKTYBaHHS 1H(QOPMAIiHHOI CHCTEMH OLIHIOBaH-
Hs cTaHy atMocdepHoro moBiTps. ObpaHo MeTomosorio po3podnenns. [1o0ymo-
BaHO JiarpaMu MOTOKIB AaHUX. PO3TISIHYTO CTPYKTYpU CHUCTEMH B LIJIOMY Ta
OKpEMHUX il YaCTHH.

TakuM YMHOM, 32 JOIOMOIOIO 3alPONOHOBAaHOI CTPYKTYpH iH(opMarmiiHoi
CHUCTEMH MOJKe OyTH pealrizoBaHa eEeKTHBHA CTpATETis OIIHIOBAaHHS CTaHY IOBIT-
p#, AKa MOEAHY€E MOHITOPHHT, IHBEHTAPU3AI[II0 BUKHUIIB, MOJICIIOBAHHS PO3CIsTHHS
3a0pyIHIOBAILHUX PEYOBMH B aTMocgepi Ta sika T03BOJISIE MPALIOBAaTH 3 HETOY-
HUMH BX1JHUMU JaHUMHU.
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IT'POBI CTPATEI'Ti IPUUHATTS PILIEHD
B IEPAPXIYHUX CUCTEMAX. I. MATEMATHYHA MOJIEJIb
CTOXACTHUYHOI I'PA

I1.0. KPABEIIb

AHoTanisi. Po3po6ieHO MaTeMaTHYHy MOAEIb CTOXAaCTUYHOI IpU A NPUNHHATTA
pillieHb B i€papXivHUX CHCTEMax B yMOBax HeBu3Ha4yeHocTi. CyTh IpH MOJSrae y
BUPIBHIOBAaHHI YMCTHX CTPATETii TPaBIiB sl JOCSTHEHHsSI KOHCEHCYCHOrO abo Ma-
YKOPUTAPHOTO KOJEKTHBHOTO pillleHHs1. BUKOHAaHO mapaMeTpu3aliifo irpoBoi Mozeni
IUIS BIZOKPEMIJICHHS aBTOKPATHUYHOI, aHAPXIUYHOI Ta AEMOKPATHYHOI i€papXidHHX
CTPYKTYp CHCTEM NPHHUHATTS pilieHb. PO3po0IeHO MapKOBCHKHI PEKYPEHTHHI Me-
TOJ PO3B’I3yBaHHs CTOXaCTHYHOI [P HA OCHOBI CTOXaCTHYHOI allpOKCHUMaLlil yMOBH
JIOTIOBHSIIEHOT HEXKOPCTKOCTI.

KorodoBi ciioBa: npuiiHATTA pilleHsb, iepapXidHa CHCTEMa, YMOBH HEBH3HAUCHOCTI,
CTOXaCTUYHA I'pa, MaTeMaTUYHa MOJIEIIb.

BCTYII

IepapxiuHa cTpyKTypa NPUHHSTTS pillleHb BUKOPUCTOBYETHCS Y OaraThbox po3mo-
JUIEHUX CHCTeMax, HapuKiIaj, Oi0JoriuHuX, iIHPOpMAifHUX, IITYYHOTO iHTEJIe-
KTy, CKOHOMIYHHX, COIliaJbHUX, Y BIHCHKOBOMY Ta Nep>kKaBHOMY yrpaBiiaHi. [1o-
MYyJISAPHICTh 1€papXiyHOi opraHizaiii 0O0yMoOBJicHa HEOOXIJHICTIO ICKOMITO3HUINT
MPOIECY MPUHHATTS PIlICHb y 3B’S3KY 3 IHTETPAIbHOIO CKJIAJIHICTIO TAKUX CHC-
TEM — BEJMKOK PO3MIPHICTIO, HAsSBHICTIO YHUCIIEHHUX TOPU30HTAIBHHUX Ta BEP-
THKQJIBHUX 3B’SA3KIB MiX €JIeMEHTaMH, MPIOPUTETHICTIO Y TPHHHSATTI PIlICHb
OKPEMHUMH IiJICUCTEMaMH, BiZICYTHICTIO aJIcKBaTHOI MOJIEII CUCTEMH, HASBHICTIO
JEKITbKOX CHHEPTeTUYHUX a00 KOHKYPEHTHHX IUJIEH PO3BUTKY MiJCHCTEM, I'eTe-
POTEHHICTIO CKJIAIOBHUX €JEMEHTIB, HEMOBHOTOIO iH(OPMAIIIHOTO OMHUCY
00’ekTiB TOmIO [1-7].

lepapxivHi cuCTEMH CKIIQIAIOTHCS 3 AKTUBHUX €JICMEHTIB, iIHAKIIIC — Ar¢HTIB
[8, 9], 3maTHMX TpWIMaTH aBTOHOMHI pilleHHS Ta (YHKITIOHAIBHO TOB’SI3aHUX
MiX COOOI0 3a BiIHOIIEHHSIM CTApIIMHCTBA. Y TaKWX CHCTeMaxX BHHHKAE MoTpeda
y TPUAHATTI CKOOPAMHOBAHMX KOJICKTUBHHUX PIICHb I JOCATHEHHS IOCTaBJIC-
HUX IiJIel a00 sl BUBEACHHS CUCTEMH Ha MTOTPiOHUN pekuM (PYHKITIOHYBaHHS.

[IpuitHATTS CKOOPIMHOBAHHUX KOJICKTUBHUX PIIICHb B i€papXIYHUX CHCTEMAX
€ aKTyaJdbHOI0 HAyKOBO-TpakTUYHOIO mpobnemoro [10-13]. 3aramom ii

© I1.0. Kpaseyw, 2019
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11.0. Kpaseys

PO3B’s3yBaHHS CHIPSIMOBaHE Ha ONTHMI3alLlil0 TEXHIKO-€KOHOMIYHMX TOKa3HHUKIB
(hyHKITIOHYBaHHS CUCTEMU: IMIIBUIICHHS TOYHOCTI Ta ONEPATHBHOCTI MPUHHATHX
pillieHb; CHHXPOHI3aIlil0 KePYBAILHUX BIUTUBIB MK IMiJICHCTEMaMH 3 PI3HOIO iHEp-
HiifHiCTIO BUPOOJICHHS Ta ONPALIOBaHHSI pillleHb; 3a0e3MeueHHs CTIKOCTI pillleHb
[0 BILTMBY 30BHIMHIX (DaKTOpPiB; MiABUIIEHHS HAAIHHOCTI poOOTH CHCTEMU;
3MEHIIIEHHST BUTpaT 4acy Ta PeCcypcCiB Ha OpraHi3allif0 KepyBaHHS i€papXidHOIO
cuctemoro [10].

B iepapxiuHux cucrtemax pillicHHS MPUAMAIOTHCS 31e01TBIIIOT0 B yMOBAaxX
Hi760BO1, (QYHKIIOHAIBEHOI, KOMOIHATOPHOI a00 CTOXAaCTHYHOI HEBU3HAYEHOCTI
[2, 14]. Y 3B’a3Ky 3 UM BHHHUKAE MOTpeda y po3poOJICHHI alallTHBHUX METOJIIB
OPUAHATTS PillleHb, 34aTHUX y MPOLECi caMOHABYaHHS X04a O YaCTKOBO KOMIICH-
CyBaTH iCHYIOUY HEBH3HAYCHICTh Ta COPMYBATH CTPATETii MOBEIIHKH 3 OUIKY-
BaHUM ONTHUMAJILHUM PE3yJIbTaTOM.

IIporec iepapXiyHOTO NPUHHSTTA PiLIEHb CIPSIMOBAHUN Ha JOCSTHEHHS CIILUIb-
HOI KOJIEKTUBHOT METH yCi€l CHCTEMH 1 OKPEMHUX, MOXIIUBO KOHKYPEHTHHX, I[IeH
il migcucrem. IlpuiiHATTSA 30amaHCOBaHMX KOJEKTHBHHMX PIlICHb BUBYAETHCS
Teopiero irop [15], a B yMOBaxX HEBHU3HAYCHOCTI — TEOPI€I0 CTOXACTHYHUX Irop
[16-19].

OO0’€KTOM TBOTO JIOCITIJHKEHHS € MPOIECH IrpoBOro MPHUHSTTS PIlICHb B
yMOBax HeBH3Ha4deHOCTI. [IpenmeTom nocmiKeHHS € irpoBa MOAETb MPUHHATTS
pillieHb B i€papXidHO OpraHi3oBaHUX cucTeMax. MeTor poOOTH € po3B’sI3yBaHHS
CTOXaCTHYHOI TPH [T MPUHHSTTS PillleHb B iepapxiuHiil cuctemi. HaykoBa HOBU-
3Ha pOOOTH TOJISTAE y pO3pOOICHHI MAaTEMAaTUIHOI MOJIEITI Ta 3aCTOCYBaHHI ajar-
TUBHOTO METOJy PO3B’SI3yBaHHS CTOXACTUYHOI I'pW JJIs IPUKHHATTS PIillICHb B i€-
papxidHiil cUcTeMi B yMOBaxX HeBH3Ha4eHOCTi. [IpakTHYHa IIHHICTh BUKOHAHOTO
JOCIHIDKEHHS] BU3HAYAEThCSA MOXKJIMBICTIO 3aCTOCYBAaHHS OTPUMAHHUX PE3yJIbTATiB
Ui IOOYA0BU €(PeKTUBHUX OpraHi3alliifHuX, iHPOpMaLiiiHUX Ta KiOepHETHUHUX
CHCTEM 3 1€EPApXITHOI0 CTPYKTYPOIO.

MPOBJIEMA NPUMAHATTS PILNEHDb B IEPAPXIYHUX CUCTEMAX

OyHKITIT TPUAHATTS PIllleHb B i€PApXiTHUX CHCTEMax PO3MOAUICHI MK areHTaMH
Pi3HUX PiBHIB. ATEHT CepelHbOTO PiBHS, OTNPAIbOBYIOUYH PIILICHHS areHTa BUILIOTO
piBHS, BUpPOOIIS€ BIACHE PIlIEHHS i JOBOAWUTH HOTO JIO BiIOMa areHTiB HIKYOTO
piBHS, sKi IepeOyBaIOTh y HOTO MPSAMOMY ITiIIOPSIKYBaHHI.

B iepapxiuniii cucTemi HasBHI BEPTHKAIbHI (MIX PI3HUMH PIBHAMH ITiIIIO-
PAAKYBaHHS) Ta TOPU3OHTANIBHI (Ha OJTHOMY DiBHI i€papXii) 3B’SI3KM MiX MiJCHC-
temami. Jlii BUIUX Ta HUKYUX PIBHIB iEpApXiYHOT CTPYKTYPH € B3a€MO3AIICIKHH-
MU. PimmeHHs miCHUCTEM BHUIIOTO PiBHSA MOMIHY€E HAJ MisIMH ITiICHCTEM HUXYOTO
piBHA. Y Mekax HaJaHUX MOBHOBA)KEHb PILIICHHS OKPEMUX areHTiB CepeHiX piB-
HIiB i€papxiyHOi CHCTEMH € aBTOHOMHHUMH B YHPaBIiHHI MiAJETIMMHU areHTaMu.
Sk mpaBHIIO, ar€HTH BUILOTO PiBHS BUPINIYIOTh CTPATETIvHI, a IMiAMOPAIKOBaHI iM
areHTH — TaKTWYHI 3aBJaHHs, IO CHPUSE MiIBUIICHHIO TOYHOCTI Ta OTNEepPaTHB-
HOCTI MPUHHATTS pitieHs [1].

VYceminHicTs KOJNEKTUBHOTO BUPOOJIECHHS PIlleHb B 1€papXidHUX CHCTEMax
3a0e3redyeThCsl KOOPAUHAIIEI il yCiX yYacHUKIB MPHUUHATTS pimieHp [9—12].
Koopaunaiiis — 11¢ 3BeACHHS ili areHTIB 10 MEBHOI BiIMOBIIHOCTI JUIs JTOCST-
HEHHS y3TOKCHOI, YHOPSIAKOBaHOI poOOTH BCiX JJAHOK CHUCTEMH NPUHHATTS pi-
IIeHb. Y BY3bKOMY PO3yMiHHI, IPUHHATOMY Y il pOoOOTi, KOOpAMHAILIS TOJSTaE
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y BUPIBHIOBaHHI YHCTUX CTpaTeriid TpaBLiB i€papXiuHOi CHCTEMH y XOAi MpOBe-
JIEHHS TUHAMIgHOI cToXacTHyHOI rpu. ToOTO KOJEKTHBHE pillleHHS OyIe BBaXka-
TUCS c(hOPMOBAHUM, SIKIIIO HOTO 00paii BCi (KOHCEHCYCHE PIlICHHS) a00 OibIia
YaCTHHA YYaCHUKIB CUCTEMH MPUUHSTTS PillieHb (MaXOPUTAPHE PIIICHHS).

KoopnuHamis Moxxe OyTH IIEHTpasIi30BaHO a0 IEIeHTPaTi30BaHO. Y CHC-
TeMax 3 IEHTPAI30BaHOI0 KOOPAMHAIIECI0 QYHKITIT TPUHHATTS pilleHb KOHIICHT-
PYIOThCSI HAa HaWBUIIIOMY PIiBHI i€papxii, a y cucTeMax 3 JACLEHTPATI30BaHO KO-
OpAMHAIIEI0 — JENerylIoThCsl Ha HIKYl PiBHI iepapxii. Psa  mocmigHuKIB
AKTHBHUX PO3MOAUICHUX CHCTEM BBAXKAIOTh, MO IS €()EKTUBHOTO MPUNHSATTS
pirmeHs HeoOXigHMI OaaHCc MK IEHTPATI30BAaHOIO 1 MEIEHTPAIi30BaHOI0 KOOP-
JUHALIEO, alle 31 3pOCTaHHAM CTPYKTYpPHOI Ta (D)YHKLIOHAIBHOI CKIaTHOCTI PO3-
MOJIIJICHOT CHCTEMH IIOA0 OIEePATUBHOCTI, HAIMHOCTI Ta eKOHOMIYHOI e(heKTHB-
HOCTi PO3B’sA3YBaHHS 3a/adi MOIUTHHIIIAME OyIyTh METOIHM ICICHTPaJi30BaHOI
KoopAuHaIllii arextis [12, 13].

Koopnunanis HeoOXifgHa AN y3ro[pKEHHs 1HAMBITyalbHUX LiJeH 1 BapiaH-
TiB MMOBEMIHKHM areHTIB, SIKi 3a0€3MeUyI0Th JOCATHEHHS ONMTUMAIbHHUX KOJIEKTHB-
HUX pimieHb. KoJeKTUBHI piMIeHHS € CKOOPAWHOBAHWMH, SKIO BOHHU 32/I0BOJIH-
HSIOTh BUMOTHM BHUTIJHOCTI, CTIMKOCTI Ta CIPaBEJIUBOCTI JJIS BCIX YYaCHUKIB
OPUHHATTS pilleHb. Bueionicms KOJEKTUBHOTO PIilIEHHS IOJISATA€ B TOMY, IO KO-
JKE€H areHT IOoKpaniye abo He TOTipIIye 3HauYeHHs CBO€l (hyHKII KOPUCHOCTI, a
crcTeMa B IIIOMY MOKpAIy€e SKICTh PO3B’sI3yBaHHS 3arajbHOTO 3aBAaHHSI. Mox-
JIMBO, JiI0YM CaMOCTiHHO a0 B IHIIMX YMOBaX, areHT JOCSTHYB OW KpaIux Uis
ce0e pe3ynbTaTiB, alle CUCTeMa HaKJIalae 0OMEKEHHsI Ha 3HAYCHHS HOTO BUTpaIry
Ha KOPUCTH YCIX YYaCHHUKIB MPUHHATTS pimieHb. [IeBHUI KOMIIpOMiC MiX arcHTa-
MU 3a0e31edye BUTpall KOJEKTHBY B IioMy. Cmitikicmb KOJIEKTUBHOTO PillIeHHS
TMIOJISITA€ B TOMY, 1110 BiXWUJICHHS CTPATETii MOBEAIHKH OJJHOTO abo TPyINH areHTiB
BiJI ONTUMAIILHOTO KOJEKTHBHOTO DIIICHHS HE 3MOXE ITiJBUIIUTH 3HAYCHHS iX
(dyHKIIH KopUCHOCTI. Cnpasednugicmsp KOJIEKTUBHOTO PIIICHHS MOJISITAE Y TOMY,
10 KOKEH areHT OTPUMYE CBOIO YacTKy BHUTpally, 00yMOBIEHY 3HaYEHHSIM HOTrO
TIATKHOT (YHKITIT.

Ha mpakrtuiii HaiOiaeIn mMoMMpeHi kputepii piBHoBaru 3a Hemewm, Creiite-
pom, Jxodpionom, Baliecom, KopenboBaHOI piBHOBaru, ONTHMAaJIbHOCTI 3a
ITapero.

MeTtonomnorivHi 3acay KOJEKTHBHOTO MPHUHATTS PIIICHh B i€papXidHUX
CHCTeMax 3aKJIaJIeHi B Teopil KepyBaHHs, TeOpil aBTOMATiB, TEOPil ONTUMAaIBHOTO
TJIaHYBaHHS, JOCIKEHHS oTepartiii, Teopii aktuBHHX cructeM [20], Teopii BubO-
py BapiaHTiB pimens [21, 22], Teopii irop [23-29], Teopii MyJIbTHATCHTHHX CHC-
TeMm [8, 9, 11], indopmauiiiHii Teopii iepapxiuHux cuctem [5—7].

OCHOBHUM METOZIOM TOCIIDKCHB 1€papXidHUX CHCTEM € TCOPETHKO-IrpOBE
MonenroBaHHs [2, 23, 24], sike K03BOIIsIE TIepeA0aYnTH TIOBEIHKY areHTiB Ta 00-
patu crocodu yrnpaBiliHHS, SIKi IEPEBOIATH CUCTEMY B ONTHUMAaJIbHI CTaHH 3TiIHO
3 00paHuMH KpHUTEPissMH (DYHKITIOHYBaHHS.

Irpu 3 npUIHATTS pillleHb B iepapXiYHUX CHCTEMaXx € MiJKIacoM irop Ha Me-
pexax [25], cepen IKMX MOXHa BUOKPEMUTH TaKi: Oe3KoaliliifHi ab0 KOoamiMiiHi;
HEKOOIIePAaTUBHI Ta KOOIEPaTHBHI, aHTarOHICTUYHI Ta HEaHTArOHICTHYHI; 3 HY-
JHOBOIO CYMOIO Ta JOBLIBHOIO CYMOIO; irpH 3 MPHUPOJIOI0 Ta 0araThbox 0cCi0; auc-
KPETHI Ta HENEepepBHi; OJTHOETAITHI Ta TIOBTOPIOBAJbHI; HepeIeKCHBHI Ta peduie-
KCHBHI; 3 TIOBHOIO Ta HEMOBHOIO iH(OPMOBAHICTIO TPAaBIIiB; ACTEPMiHOBaHI a0o
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CTOXaCTHYHi; 3 TIOCTIHHOIO a00 3MiHHOIO CTPYKTYPOIO; 3 (hikCOBaHUMH (IIpOrpaM-
HAMH) 200 TWHAMIYHAMH CTpaTETisIMHU ITOBEIIHKH TPAaBIiB; 3 HAIBHOIO ab0 BiICy-
THBOIO 1H()OPMOBAHICTIO TPABLIB PO 0OpaHi CTpaTerii Ta pe3yabTaTH XOiB I'PHU;
3 HelepepBHUM ab0 AUCKPETHUM 4acoM; 3 0OMEeXeHHM a00 0e3MEKHUM 4acoM; 3
MOBHOIO 200 JIOKATBHOIO 3aJIEXKHICTIO TUIATKHUX (YHKIIIT BiJ] CTpaTeTii TpaBIliB;
3 IHTETPAIbHOIO y Yaci ab0 MUTTEBOIO 3AICKHICTIO (DYHKIIIH BUTpaIIiB Bif cTpa-
Terill TpaBILiB; 31 CKAIAPHUMH a00 BEKTOPHUMH (200 iHTEpBAJILHIUMM) IUIaTEXa-
MU; 3 HasBHICTIO a00 BiJICYyTHICTIO OOMEXeHb Ha [ii OKpEeMUX TPaBIliB YU Tij-
MHOXXWH TpPaBIliB; i3 CHHXPOHHUM (OZHOYACHHUM) ab0 ACHHXPOHHHM BHOOPOM
CTparTeriif; irpu B HOpMaJbHIK (OPMI Ta irpH 3 IPABOM MEPLIOTO XOTY.

Teopis irop y HopMaibHil popMi opopMuIace y caMoCTiiHy MaTeMaTHIHY
JTUCIHILTIHY B TIepIIiil momoBuHI XX CT. Micis BUXoAy (pyHAaMEHTAIBHUX Tpallb
JIx. ¢don Heiimana ta O. Moprenmtepra. BUBUeHHS i€papXiqHHUX irop 3 IPaBOM
nepmoro xoay 3anodatkoBano y npausx FO.b. Iepmeiiepa Ta #oro mociigos-
HUKIB.

Ha BigmiHy Bif rpu y HOpManbHINA (opMi, sIKa XapaKTePU3y€EThCS OJTHOYAC-
HICTIO BUOOPY il yciMa TpaBISIMH Ta HE3AICKHICTIO BHOOPY OHOTO TPABIIA Bij
BHOOpY IHIINX, B IEpAPXIUYHKUX irpaX BUALISIOTH HEHTPAILHOTO IPaBls, SKUH po-
OWTPH MepIInii Xij, Ta TPABIIiB, SIKi BHOUPAIOTH CBOI [Iii HA OCHOBI BiJIOMOTO 1M pi-
LICHHS LEHTPY.

Po3B’s13k0M I'pu € cuTyallis piBHOBAry, BiJ| IKOT HEBUT1THO BiJIMOBJISATHCS Hi
IIEHTPY, Hi areHTaM HIKIHUX PiBHIB. KoleKTHBHUI PO3B’SI30K i€papXidyHOi TPH 3
NpaBOM HEpIIOr0 XOAy OIMUCYEThbesl piBHOBaroio 3a LlltakensOeprom [23, 28],
sIKa PEai30BYETHCS, SKINO areHT BHOWpae Iif0, MAKCUMI3YIOUH CBiff BHUTpaIl 3a
BiZIOMOi OMYy Ha MOMEHT NPUIHATTS PillIeHHs il LEHTpPY, a LEHTpP, 3HAIOUU PO
TaKy IMOBEIIHKY areHTa, BUOOpOM BIacHOI Jii MaKCHMi3y€e CBiii BUTpaIll, BBa)KAr0-
YK 33JaHOI0 PEaKLil0 areHTa Ha CBOi Jii. MakcuMi3ylo4uH CBiil BUTpail, LEHTP
CITOMTIBAETHCS HA JOOPO3UWINBICTh areHTa, TOOTO HA TE, IO areHT 3 MHOKHHH
PIBHO3HAYHUX JUIA HBOTO JIiii BUOEpe CIpUATIMBY AJ LEHTpPY Ait0. Y Jitepatyp-
HUX JDKepeliaXx 3 Ili€i mpoOieMr B OCHOBHOMY IOJAIOTHCS PE3yJbTaTH JOCIi-
JUKEHHsI JIeTepPMiHOBAHUX i€papXiuyHUX irop B yMoBax HOBHOi iH¢popmaii. s
TaKuX irop XxapakTepHe BUKOPUCTAHHS MaKCUMAaJIbHOI'O TapaHTOBAHOIO PE3yJIbTa-
Ty SIK OCHOBHOI KOHIIETIIii pO3B’si3yBaHHs Tpu [23, 24].

VY peanbHHX yMOBax MpOILEC NMPHUHHATTS PIMICHb B i€papXiyHUX CHCTEMaXx
MICTUTh €JIEMEHTH HEBU3HAUYEHOCTEH, BUKIMKAHUX HEUITKO C(HOpPMYIHOBAaHHMHU
LJIIMH, CEMaHTUYHOIO HEOJHO3HAYHICTIO MOBHHX IOBiZJOMJICHb, CIIOTBOPECHHAMHU
nepeiaBaHHsl MOTOKIB iH(popMalii MiX eIeMEHTaMH CHUCTEMH, KOMOIHATOPHOIO
CKJIaJHICTIO CUCTEMH, BHYTPIIIHBOIO CTOXACTUYHICTIO, MIOB’SI3aHOI0 13 He3aJex-
HUM BHOOpPOM areHTaMH MOXIIMBHX BapiaHTiB i, HEKOHTPOIbOBAHUMH 30BHIIII-
HIMH BIDTUBaMH. HeBH3HAYEHICTh MPUHHATTS pillleHb B i€papXivyHii crcTeMi MO-
e OyTH 3yMOBJICHA THM, 1[0 TIpoOiieMa MPUHHATTS pillieHb HA BEPXHBOMY PiBHI
MEHIII CTPYKTYpOBaHa Ta (popMaiizoBaHa; MiJICHCTEMI BUIIOTO PiBHSI MOXYTh Oy-
TH HE TIOBHICTIO B1IOMI ITiJIi Ta OOMEXKECHHSI MiICHCTEM HIDKYHMX PiBHIB; KEPIBHUKH
Ta MiAPO3ALIH HIKYMX PiBHIB, SIK MMPABHUJIO, 03HAHOMIICHI TUTBKHU 31 CBOIM (yHK-
IOHAJILHUM 3aBJIAaHHAM 1 HE 3aBKIH 3HAIOTH PO 3arajibHi LiJli CHCTEMH; MOXKYTh
OyTH CITIOTBOPEHHs Ta BTpaTa iHdopMarii y pasi ii nepegaBaHHS MiX PiBHAMU i€-
papxii; HeBiAMOBITHICTh MEPIOIB IUTAHYBaHHS PillleHb — MEPiOAN NPUHHATTS Pi-
HICHb AJIS1 ar€HTIB BEPXHBOTO PiBHS OUIBINI, HIK [T areHTiB HUKYHMX PiBHIB; He-
BiJINIOBITHICTh TIEPIOMIiB IMILIEMEHTAIlii PillleHh — KEPOBaHI MiACUCTEMH € OLIbII
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iHepUiHUMH MO0 peani3auii pillieHb MOPIBHIHO 3 MiJICKCTEMaMU BEPXHIX piB-
HIB; HasBHICTh HENEpea0aueHNX, HAIIPHUKIA, PECYPCHUX OOMEKEHb Ha MPOIIECH
(yHKIIOHYBaHHS IMiJICHCTEM; 3POCTaHHS KUTBKOCTI PIBHIB i€papxii Ta KUTBKOCTI
BapiaHTIB MOXIIMBHUX DIlICHb NMPHU3BOJUTH IO 3POCTAHHA EHTPOMIi iepapXidyHOi
CHUCTEMH; areHTH BEPXHBOTO PIiBHSA i€papXii MaloTh y MiINOPSAKYBaHHI OLmbII
MIJCUCTEMH 3 BEJUKOIO KITBKICTIO CTaHIB (YHKIIIOHYBaHHS, MEpeXil y sKi HE
MOYKHa CIIPOTHO3yBatH ampiopi [1, 14, 24].

Jnst irpoBoro po3B’sI3yBaHHs 33Aa4i NPUIHATTS pillleHb B YMOBax mapamer-
PUYHOT HEBU3HAYEHOCTI HEOOXITHO BHKOPHUCTATH AJAlTHUBHI CTpATerii, SKi KOM-
MEHCYIOTh HEBU3HAUCHICTh IUIATEXKIB 1X CTOXACTUYHOIO iMEHTH(IKAITIED y XOIi
I'pH 3a paxyHOK caMOHaBuaHHA areHTiB [22]. CtoxacTuyHi irpu Oyjim BUHaWICHI
JI. C. llenumi Ha mouatky 50-x pokiB XX ct. IrpoBi 3a7adi afanTUBHOTO BUOOPY
BapiaHTIB pillleHb 3armodyaTkoBaHo y mparx B. 1. Bapmascekoro, M. JI. Ilernina
3 Teopii KOJCKTUBHOI MOBEAIHKY aBTOMATIB Yy BUIAJKOBUX cepefoBuiax. CToxa-
CTHYHI irpu (irpu 3 TPUPOIO0, JBOX Ta 0arathox 0ci0) y 3MIlIaHUX CTPATETisIX
Ha OCHOBI METOJIY CTOXACTHYIHOI alipOKCHUMAIlii, MPOEKITii TpaJi€eHTa Ta PeryisapH-
3anii BuBueHo y mparipsax S1.3. [{unkina, A.B. Hazina, A.C. Ilo3uska. PisHoMaHITHI
MaTeMaTH4YHI MOJEJ CTOXAaCTHYHHX CHUCTEM Ha OCHOBI METOMIB CTOXaCTHYHOI
OnTUMi3alii Ta PEeKypEeHTHOTO OLIiHIOBAHHS 3allPOIIOHOBAHO 1 PO3BHHYTO Y Ipa-
11X HaykoBoi ko akagemika HAHY B. C. Kopomoka.

VY (axoBux JNiTepaTypHUX JoKepeax 3 i€l mpo0ieMu B OCHOBHOMY JOCIIi-
JDKYIOTbCSL TIOBHO3B’sI3HI croxacTwyHi irpm [16, 22]. Irpu 3 noxansHUMH
3B’A3KaMU MK TpaBILsIMH — irpH Ha HETIOBHO3B SI3HUX rpadax, AepeBax, aKTyalb-
Hi JUISI MOJEIIOBAHHS TPOIECIB MPUUHATTS PillleHbh B YMOBaxX HEBU3HAYECHOCTI B
OpraHi3allifHUX Ta epraTu4yHuX (JIOAMHO-MAIIMHHMX) CHCTEMax MOTPeOyIOTh
PI3HOCTOPOHHBOTO Ta MOTJINOJICHOTO BUBYCHHSI.

IMOCTAHOBKA IT'POBOI 3AJTAYI

IneanizoBaHy CTPYKTYpy i€papXidyHOi CUCTEMH MPUHHSATTS pillieHb MOXKHA 300pa-
3UTH Y BUIJIALI JIepeBa, BYy3/IM SIKOTO MO3HAYAIOTh areHTiB NPUHHATTS pillleHb, a
OpIEHTOBaHI 3B’SI3KM Mi)K HAMH — 3JICKHICTh BiJl CTpATETidl PIllIeHb CYCiTHIX
areHTiB. byeMo BBa)kaTH, 110 BC1 PIIICHHS BUIIOTO PiBHS € PEKOMEHIAMIMHUMHY 1
He 00MEeXYIOTh CBOOOAY BUOOPY areHTiB HM)KYOTO PiBHA. 3aBISKU [bOMY MOTOY-
Hi pIllIEHHS areHTiB HWXXYOTO PIBHA MOXYTh BIJIPI3HSATHCS BiJ pillieHh areHTIB
BHIIOTO PiBHA. ATCHT 3 HABHIUM PaHTOM (KOPiHb JIepeBa) MpuitMae pilieHHs Ha
OCHOBI BJIACHUX CTpaTeriii Ta cTpareriii areHTiB 0e3mocepeIHbOro HUKYOTO PiB-
Hs1. PillleHHs areHTiB cepeTHhOTo PiBHS 3aJieKaTh BiJ BIACHUX CTpaTeriil Ta cTpa-
TETif areHTiB BUIIOTO 1 HIKYOTO piBHIB. DOpMyBaHHS pPilllcHb areHTaMH HailHU-
JKUOro pIiBHA (JIUCTSI JepeBa) BH3HAYAEThCS BJIACHUMHU CTpaTErisiMU  Ta
CTpaTerisiMH areHTiB 0e3mocepeIHFOr0 BUILIOTO PiBHSI.

Hexaii D — opraHnizoBaHa y BHIJISIAI iepeBa MHOKWHA rpaBiiB (| D[22 —
KUIBKICTh TpaBIiB), SKi 3MIMCHIOIOTH HE3aJICKHUN BHOIp BapiaHTiB pillleHb
s muoxkunan U' = {u' (1),u’ (2),...,u" (N;)} umerux crpaterii Vie D y nauckpertHi
MOMEHTH Hacy n =1,2,....

. . . . i i i .
[Ticns 3aBepiueHHs BUOOPY BapiaHTIB pimeHb u, =u' €U’ ycima rpaBLsMU
KOJKEH 3 HUX OTPUMY€E KOMIUIEKCHUH 1Tpad 3a HEAOTPUMAaHHS PEKOMEHAALIHHIX
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piwens. IItpad rpaBus cepeqHbOT0 PiBHS BU3HAYAETHCA HEJOTPUMAHHSIM KepiB-
HOT'O pillleHHs CBOTO 0e3MmocepeHhOro HayalbHUKA T4 HEBUKOHAHHAM HOTro Bila-
CHOTO pillICHHS MiAJIETIINMU TPaBISIMH:

EL Py = D; T Ml —uk |+ =n) Y Juh —ul | |+n, VieD, (1)
JjeD;\{k}

ne D; © D — MHOXHUHA CYCIIHIX I'paBIliB, CTpaTerii SKUX BU3HAYalOTh BTPATH

[ -TO TpaBIs; u,? i eUP = x U’/ — konextuBHa cTparterisi MHOKUHH TPaBIliB
JeD;

D;; u, R' — uncnoBwmii exBiBaneHT BapiaHTa pillleHHs; Kk — TpaBelb BUIIOTO
piBHS (KEepiBHHK); i — TpaBelb CEPEAHBOTO PIBHSA, j — TpaBellb HUXKIOTO PiB-
Hs; A €[0,1] — BaroBuii koediuieHT (a5 KopeHeBoro rpaBus A =0, a i rpas-
1iB HalfHWXxk4oro piBHA A =1); n, ~ Normal(0,d) — HOpManbHO-po3NOJiIEHA
BUIIaIKOBa BEJIMYMHA 3 HYJIHOBUM MaTeMaTHYHHM CIIOJiBaHHAM Ta TUCIIEPCIEI0
d >0 abo 3Ha4ueHHs O170T0 raycciBCHKOIO IIyMYy, SKHI MOJEIIOE BIUIMB 3aBa]] Ha
KaHaJM 3B’ 13Ky MK irpPOBUMH areHTaMH.

3po06IieHO MPHUIYIICHHS, 0 BUMaAKoBi mporpami {&,} rpaBuiB € He3a-

nexHumu Vu, €U, VieD, n=12,... , MaloTh IOCTiliHE MaTeMaTU4HE CIOi-
i . D; D; N .
Bauus  E{E (u"')}=v(u ')=const Ta OOMEKEHMIi APYrHii  MOMEHT

sup £ {[é; (u bi )]2} =o? (u Di ) <oo. CroxaCTH4YHI XapaKTePUCTHKH BHITaJKOBHX
n

NpOTpalliB HE BiIOMi TPaBISIM ampiopi.
Cepenni nporpatili rpaBIiB MiC/Ii # KPOKiB Ipu HaOyyTh 3HAYCHHS:
D 1& .
—_ ; i .
‘:‘n({unl}):_z{st VieD. (2)
n =1
Mertoro iepapxiuHoi CHCTEMH € BHUPOOJIECHHS Y3rOIKEHOTO KOJIEKTHBHOTO
pilieHHs, sike MiHIMi3ye (YHKLIT cepeHiX mporpaliB rpaBmis (2):

limZ > minVieD. 3)
n—>o0 {u;}

OTtxe, irpoBa 3amada BHOOPY BapiaHTIB pillleHb IOJISATAE ¥ TOMY, IO Ha OC-
HOBI CIIOCTEpEKEHHS MOTOYHKX Tporpamis {&,} y MoMmeHTH vacy n=1,2,... rpa-
BIli MOBUHHI HABYMUTHCS BHOUPATH YMCTI cTparerii {u,} Tak, mobd 3abe3neunTn
BUKOHAHHS CHCTEMH mijei (3).

. . o .o i .
3anexxHo Big Meroay (GopMyBaHHA NOCIiNOBHOCTEH cTpateriit {u,}Vie D

PO3B’sI3KHM IrpoBOi 3a/1adi MOBUHHI 33JOBOJILHATH X04a O OJHY 3 YMOB KOJICKTHB-
HOT ONTUMAJILHOCTI, Hanpukiiaz, Herra, [Tapeto a6o inmry [27, 28].

BH/IU IEPAPXITYHAX CUCTEM NNPUMHATTSA PIIIEHD

[apamerp A €[0,1] y Bupasi (1) Bu3Hauae nepeBakaHHs OAHOOCIOHOTO YH Tpy-

MOBOT'0 CHIOCO0Y BHPOOJICHHS pillleHHs. 3aleXHO BiJ LHOTO BU3HAYMMO TakKi pi3-
HOBH/JIU i€pApXIYHUX CUCTEM MPUHHSITTS PillleHb:
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A =1 — aBTOKpaTHU4HA CUCTEMA;
A =0 — aHapxiyHa CHCTEMa,

0 <A <1 — ngemokpaTndHa CUCTEMA.

Crin 3a3Ha4YuTH, IO NPUKHHATI B Ui pOoOOTI Ha3BU i€PAapXiYHUX CHCTEM €
YMOBHUMH 1 TTOBHOIO MipOI0 HE BiOOpakaroTh iX COMIaIbHO-TIOIITHYHE a00 1HIIIe
BiZIOME TpaKTyBaHHS.

[Mpuknamu nepeBonogiOHUX CTPYKTYp BIAMIOBIIHUX i€papXi4HUX CUCTEM 30-
OpakeHO Ha pUCYHKY. By3nu mynbTurpadiB mozHadaroTh IpaBlliB, a Opi€HTOBaH1
IIyTH — BIUTAB CTpATerii Ha (hOpMyBaHHS BTpAT (TIPOTPAIIIiB) TPaBIIiB.

a 0 6
CTpyKTypH i€papxidHHX CHUCTEM TMPUUHATTA pilleHb: @ — aBTOKPATHUYHOI;
6 — aHapXiYHOI; 6 — JEMOKPATHYHOT

B asmoxpamuuniti cucmemi TpUAHATTS pillieHb BTPATH TPABLIB CEPEIHBOTO
Ta HAHIKYOTO PIBHIB BU3HAYAIOTHCS JIHMIIIE BJIACHUMH CTPATETisIMH Ta CTpaTETi-
SIMU TPaBIIiB BUIIOTO PiBHS (PUCYHOK, @). BTpaTn KOpeHEeBOTro rpaBlis BH3HAYa-
I0TBCSL TIIBKK BJIIACHUMHM CTPATETisIMU a00 TOJaTKOBO CTPATErisMH CYCilHIX rpas-
1[iB (B aBTOKPaTHYHHUX CHUCTEMaX 3 KOJIETialbHUM [IEHTPOM).

CTpyKkTypa TPUAHATTS PINIEHh B aBTOKPATHYHIA CHCTEMi € BEPTHKAIBHO-
iepapxiunoto. TloTik iHpoOpManii crpsiMoBaHMi 3ropu BHHU3. PimeHHs mpuiimae
KEpiBHUK HaWBHUILOTO PiBHSA. MOXJIHMBICTh NPUHHSTTS PIlICHh HA HIHKYUX PIBHSIX
€ obmexenoro. [IpuifHATI Ha BepXHIX PIBHSIX iepapXii pillleHHS HaIXOIATh Ha HUK-
4i piBHI K TUPEKTUBH, SIKi HE IiIATaI0Th OOTOBOPEHHIO 1 000B’SI3KOBI 10 BUKO-
HaHHS.

CuctemMu 3 aBTOpUTApHUM YNpPaBIiHHIM e(EKTHBHI y Hag3BUYaHHHUX Ta
KpH30BUX cuTyalisx. [lo3uTMBHUMM acmekTaMu B Oprasizauii aBTOKpaTHYHOI
CHCTEMH € ONIEPaTHBHICTh IPUIHATTS pillleHb, BACOKA BUKOHABYA JWCIMILIIHA Ta
BHCOKa MOOLIbHICTE. HeraTuBHMMA acleKT — HU3bKa 1HIIIaTHBA HU30BUX JIAHOK.

B awnapxiuniii cucmemi NpUHHATTS pillleHb BTPATH TpaBLiB HAWBUIIOTO Ta
CepeIHBOr0 PiBHIB BU3HAYAIOTHCS CTPATETISIMU TPABIiB HIDKYOTO PIBHS Ta Biac-
HUMHU CTpaTerisiMu (PUCYHOK, 6). BTpaTu rpaBiiB HaifHW)KYOTO PiBHS BH3HAYa-
IOThCS JIMILE BIACHUMHU CTpaTerisiMu, abo 10JaTKOBO CTPATETiIMHU 1HIIUX IPaBLiB
HAWHIKYIOTO PiBHS (B aHAPXIYHUX CUCTEMAX 3 Y3TOIKEHHSM PIllleHb ).

IneanbpHO aHapxidHA OpraHizallis 3alepedye HasBHICTH iepapxii. B anapxid-
Hill CHILHOTI B OCHOBHOMY HAasIBHI TOPH3OHTANBHI 3B’sI3KH. PimieHHs mpuiima-
€THCS LIISIXOM LIMPOKOTO OOTOBOPEHHSI 3aBJaHb HAa HalHWK4YOMY piBHI. Beptu-
KaJbHi 3B S13KH MOXYTh ()OPMYBATHCS AENETYBAaHHIM MiHIMaJIbHUX IOBHOBAXXEHb
Ha BUIIUH PiBEHB JJIS y3TOHKCHHS PIIIEHHS MK OKPEMHMH CaMOOpPTaHi30BaHM-
MU CIIBHOTAMH. Y TaKUX aHAPXIYHHUX CUCTEMax MOTiK iHpopMaIii cripsMoBaHUI
3HU3Y Bropy.
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[Ipouec BupoOIeHHS PillICHHS! B aHAPXIYHIA CHCTeMi MOXe 3aiiMaTh TpHBa-
nvii yac. Taka cucrema Moxke OyTH JI€BOIO y pa3i BHOKPEMIICHHSI Y Hill OKpEMHUX
CIIITFHOT, 3IaTHUX JI0 CAaMOOpPTaHi3arlii Ta CaMOKOHTPOJIIO.

VY demoxpamuuniti cucmemi IPURHATTS pillieHb YTPaTH TPABLIB CEPEIHBOTO
piBHS BH3HAYAIOTHCS BIACHUMH CTPATETISIMU Ta CTPATETiSIMU TPABIIB SIK BUIIOTO
PIBHS, TaK i HUKYOTO (PUCYHOK, g). YTpaTu KOPEHEBOTO I'PABL BHU3HAYAIOTHCS
BJIACHUMH CTPATETiSIMU Ta CTPATErisIMU rPpaBLiB HWKUYOTO PiBHA. YTpaTH IpaBLiB
HaWHWKIOTO PiBHS BU3HAYAIOTHCS BIIACHUMH CTPATETISIMU Ta CTPATETisIMU T'paB-
I[iB BUIIOTO PiBHS.

JleMokpaTryHa CUCTeMa IPYHTYETHCS Ha KOJIETIaIbHOMY TPUHHATTI pillleHb
KEpiBHUKaMH BCIiX PIiBHIB 3 MOXKIIMBHM YpaxyBaHHSM AYMOK IiJUIETIHX JEery-
BaHHAM (y pa3i moTpebu) IM YaCTWHH MOBHOBA)KEHb Ta 3aJy4YEHHSIM BY3bKHX CIIC-
miamicTiB 1y BUpoOseHHs pimeHHs. [lotoku indopmarii cipsmoBani B 000X Ha-
OpsIMKax — 3TOpPM BHU3 Ta 3HU3Y Bropy. Bin BHIIOrO 1O HWXXYMX DiBHIB
CIIPSIMOBAHO IOTIK KEPIBHUX PIlIeHb. 3YCTPITHUN MOTIK iHPOpMAITii TOpOIHKEHHIA
JISJIETYBaHHSAM NPEJCTABHUIIKUX TIOBHOBA)KEHb HU30BUX PIBHIB JI0 BUIUX PIBHIB
iepapxii.

JleMOKpaTHYHa OpraHi3alis CHCTEMH CTHMYJIIO€ ITUIETJIUX J0 NPUHHATTS
CaMOCTIHHUX pillleHb, e MOXKE MPU3BECTU 10 HU3bKOI BUKOHABYOI TUCHUILTIHU
Ta HEBUCOKOT MOOTBHOCTI Y IPUIHATTI pillleHb B EKCTPEMATIbHAX YMOBAX.

Buninumo Taki BUIM JEMOKPATHYHUX CHUCTEM, TTapaMETPU30BaHUX Koediri-
eatoM A € (0,1), 3 KOMOIHOBaHMMHY BIIACTHBOCTSAMHU aHAPXIYHUX Ta aBTOKPATH4-

HUX CHUCTEM MPUUHATTS PIllIeHb:

0,5<A <1 — aBTOKpaTWU4YHO-IIEHTPUYHA JEeMOKpaTH4YHa cucTteMa (JeMo-
Kpartypa, ’KOpCTKa IEMOKpaTis);

0 <A <0,5 — anapxiuHO-I[EHTPUYHA JAEMOKpaTHudHa cuctema (ribepanbHa,
M’sIKa IEMOKpATis);

A =0,5 — HelTpambHa HeMOKpaTHIHA crucTeMa (30amaHcoBaHa, YHCTA Je-
MOKpaTis).

B asmoxpamuuno-yenmpuunux cucreMax InepeBakaroTh NMPOIECH NPUHHSAT-
T pillleHb Ha BUIIUX PiBHAX iepapxii. KepiBHUK HaWBUIIOTO piBHS MpuiiMae ca-
MOCTIiHI piIlICHHS, YPaxOBYIOUH AYMKY KEpiBHUKIB HH30BHX HiApo3miiiB Y Ta-
KHX CHCTEMax TepeBa)xxac MoTiK iHpopmailii 3ropu BHU3.

B anapxiuno-yenmpuunux cuctemax OCHOBHI NPOIECH NPUHHATTS PillICHb
3IIMCHIOIOTECS HA HUKYUX PiBHAX iepapxii. KepiBHUK HallBUIIOTO PIBHS YHUKAE
OPUMHATTS CaMOCTIHHUX pillleHb, MepeKIafac NPUIHHATTS pilleHb Ta BiAMOBI-
JAJbHICTD 32 HUX Ha KePIBHUKIB HU30BUX MiAPO3AUIIB. Y TakuX CHUCTeMax Iepe-
BaXkae MoTiK iH(popmarlii 3Hu3y Bropy. YacTo Takuii CTHIb KEpiBHHUIITBA JE30PIEHTYE
poboTy Bciei cucremMu. Y JibOepanbHIA CHCTEMI MOXKYTh CaMOOPTaHi30BYBATHCH
IpyINH iHIMIaTUBHHUX MPALliBHUKIB «3a iTHTEpEecaMm», PilIEHHS SIKUX JOBOJASTHCS JIO
BiJJOMa KEePiBHUIITBA.

3a 3HaueHHAM KoedillieHTa A CHCTeMa HelumpanvbHoi demokpamii nepely-
Ba€ TIOCEPEANHI MK aBTOKPATHYHOIO Ta aHAPXIYHOIO cHcTeMaMmu. Ha mpuiHATTS
pillieHb MpaLiBHUKAMH CEPEAHBOI JTaHKW YMHHUTHCS 30a71aHCOBaHUM BIUIMB 3rOpH
BiJl KEpIBHHKA Ta 3HU3Y BiJl CIBPOOITHUKIB HIKYOT JIAHKH.
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METO/I PO3B’SI3YBAHHS CTOXACTUYHOI I'PH

HeoOxigni mis po3B’sa3yBaHHA copMyibLOBaHOI irpoBOi 3afadi MOCTiAOBHOCTI
BapiaHTiB pillieHb {u,} OTPUMAEMO 3a JIOMOMOIOK IHHAMIYHUX BEKTOPIB 3Milla-

HUX cTpateriii p, Vie D, eIeMeHTH SKHX € YMOBHHUMH HMOBIPHOCTSMH BUOOPY
YHUCTHX CTpaTerii:

Pa(D =Py, =" (Dl & (1 =12,,n =D}, j=1.N,,
e {uf (t=1,2,....n—1)} — mepenicTopist cTpareriii, BUOpaHUX T'PaBIEM 3 HOMe-
poMm i ; {i; (t=1,2,...,.n—1)} — mepemicTopis OTpUMAHUX 3 II¢ MPOTPAIITIB.

3mimani crparerii p, € S rpaBuiB HaOyBalOTh 3HAYCHb HA OJWHUYHHX
CUMILIEKCaX:

N;
SYi=1plpe RN p(j)=1t,
j=l

N; . . .y ..
ne R — mpocTip HeBiA €MHUX AIMCHUX YUCeN, 110 Mae N; BUMIpiB.

[TorouHi BapiaHTH piteHs u, Vie D Oynemo BUOMpAaTH BHIIAJKOBO Ha OC-

HOBi JHMCKPETHOTO PO3MOJTy YHCTUX CTpaTerii rpaBUiB 3 iMOBIPHOCTSIMH

paub):

. . S
1 1 . . . i .
u, =qu'(j)|j=argmin Y p,(K)>w (j=1.N;)¢, )
J k=1
ne o €[0,1] — BumaagkoBa BeIMYWHA 3 PIBHOMIPHUM PO3IIOILIOM.

[ToOynoBy MeTomy po3B’s3yBaHHS CTOXAaCTUYHOI IPU BHKOHAEMO Ha OCHOBI
JIETepMIHOBaHOI MaTPUYHOI TPH 3 MaTpuisMu nporpamiB [v(u')]. [lnatixua
(hyHKIiS TeTepMiHOBaHOT MaTPUYHOI TPU € TOJUTIHIHHOK (PYHKIIEI CepemHix
MIPOTPAIIIIB:

vipPh= 3 Ve I plad).

uPicuPi jeDi;ujeuDi

Binomo, mo po3B’s3ku rpu 3a HemeM y 3MilTaHUX CTPATETisIX 33T0BOJIBHSI-
I0Th YMOBY JOMOBHSUIBHOT HEXKOPCTKOCTI [29]:

v VigpPh-eNivi(pPy=0 VvieD,

D; D; N . D; . .
me pleST= HS / — 3ajmaHi Ha OMyKJIMX CHMILICKcax S ' KOMOIHOBaHi
Jeb;
3MillIaHi cTpaTerii rpaBIiB 3 JOKaIbHUX MHOXUH D;; V V'( pr ) — TpajieHT
p

NoJiiHIHHOT QyHKIIT cepeHiX mporpamtis.
[Ilo6 momaTkoBO BpaxyBaTH PO3B’SI3KH 3a HemreM y 4UCTHX CTpaTerisx, BH-

KOHA€MO TIOKOMITOHEHTHE 3B)KyBaHHSI YMOBH JOIOBHSUIbHOI HEKOPCTKOCTI eJe-
MEHTaMH BEKTOPiB 3MIIIaHUX CTpAaTeTii:
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diag (p)(V V' (p") ="V (p7))=0 VieD, 5)

ne diag(p')— kBagpaTHa miaroHanbHA MATPHIS MOPSIAKY N;, nobGynoBana
3 eIIEMEHTIB BEKTOpa p' .

[Tomryk po3B’s3KiB irpoBOi 3a/1adi B yMOBaX HEBU3HAYEHOCTI OyIeMO BHKO-
HYBATH y KJIaCi peKyPEeHTHIUX MapKOBCHKHX METOMIB [22]:

i Ni g i i Ny
Pn+1 _nnil{pn _Yan(un’pn’xn)}ES ! VZEDa (6)
N, ) .
ne T,!, — MepeTBOPEHHS, sIKe 3a0e3Iedy€e HAICKHICTh BEKTOpa p, . IO OIHU-
. N
HUYHOTO CUMILIEKCY S Ni. v, >0 — momxuHa Kpoky merony; R,()e R —

BEKTOP PYXY METOLY.
Bekrop pyXy irpoBoro MeToay BU3HAUYUMO Tak, 1100 y cepelHbOMY BiH 3a-

JIOBOJIBHSIB MOAM(]IKOBaHY YMOBY JOITOBHSUIBHOT HEXOPCTKOCTI (5):

MAR, | py = p'} =diag(pOIV V' =™V ]=E{&,leCu,) = py]l Py =P} 5 (7)
ne p'esS Ni. | {} — dyHKIisM MaTEeMaTUYIHOTO CHIOAIBAHHS; eNi = (1;17=1.N;)
— BEKTOp, BCi KOMIIOHEHTH SKOTO JOPIBHIOIOTSH 1; e(u;) — OJUHUYHUHN BEKTOP-
IHAMKATOP BHOOPY YUCTOI cTparerii u; elU'.

VYpaxopytouu Bupasu (6) ta (7), METOAOM CTOXAacTUUHOI anpokcumaitii [30]

OTPUMAEMO TaKe PEKYPEHTHE IEePETBOPEHHS BEKTOPIB 3MIIIaHUX CTpATeTid
y 4aci:

Po =m0t by = YaEnletu,) - pul} ©)

N; = N; N
Je M.’ — MPOEKTOp HAa OJUHUYHMM € -cumiuiekc S, ' < S ; y, >0 — Mo-
En+l En+l n

n+

HOTOHHO CIIaJJHa HOCJIiIIOBHiCTb J0JaTHUX BCJIWYHH, dKa PETryJII0€ BCIUYUHY
KpOKYy METOAY,; €, > 0 — MOHOTOHHO CliaaHa HOCJ'Ii,Z[OBHiCTL J0JaTHHUX BCIWYHH,

sIKa PEryJIIOe MBU/KICTh POIIMPEHHS € -CUMIUIEKCY; &) € R' — norounwuii po-
rpaml rpaBLs.
Omneparop IPOEKTyBaHHA Ha OJUHMYHMN €,-CUMIUIEKC BUKOPUCTAHO JUIS

NOKPAILICHHS CTATHCTUYHUX XapaKTePUCTUK 3i0paHMX HaHUX MPO CepepoBHILE
HNPUHHATTSA pillleHb, a HapaMeTp €, — SK JA0JATKOBUI eIEMEHT KepyBaHHS 301k-

HICTIO peKypeHTHOro Metoxny. Lleit onepaTtop BU3HAYA€THCSI TAKUMH YMOBaMH:

p -l (@)<]p-q| VpeS) vqeRY,

N; N; N; N; .
ae my' (q)e S, . Ilpoekrop m,’ (¢) MepeBOOUTH TOUKY g € R y HalOmmxuy
[0 Hel TOYKY € -cuMIiekcy S, ' [22].

CroxacTiuHa rpa pO3MOYMHAETHCS 3 HEHABUCHUX BEKTOPIB 3MIIIAHUX CTpa-

Teriii 31 3HaueHHsAMH eneMeHTiB py(j)=1/N;, ne j=1..N;. Y HacTymHi MOMEH-
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T 4Yacy JHMHaMiKa BEKTOPIB 3MIIIAHUX CTPATEriii BU3HAYAETHCS MAapPKOBCHKUM
PEKYPEHTHUM MeTOIOM (8).

30DKHICTh 3MilIaHUX cTpaterii (8) mo ontumanbHuX 3a Hermem 3naueHs (3
IMOBIipHICTIO 1 Ta y cepeaHLOKBAIPATHYHOMY) BH3HAYAETHCA 3 (DyHIaMEHTANb-
HUX YMOB CTOXAaCTUYHOI anmpokcumariii [22, 30], siki MOXyTb OyTH YTOUYHEHI €KC-
MEPUMEHTAITLHUM JOCIIPKSHHSIM.

3a yMOBH HE3aJICKHOCTI BUMAAKOBUX BUrpamuiB {&, }, He3aIexKHOCTI BUOO-
.y i .
py uucTux crpaterii {u,} VieD Ta BukOHaHHA yMOB Y, >0, v, <Y,,

dD¥a=0, g, € (O,minNi_l) , €4 <€, Merton (8) 3albesmedye BHKOHAHHA
n—>00 ieD
YMOBH JOTIOBHSUTBHOT HEXOPCTKOCTI (5) y 3HAKOMOMATHOMY CEpeIOBHIII

0
Visin >0 Vie D3 imMoBipaicTio 1, AKmio Z(| €, —€,_1 |+yi) <00, Ta y CepeaHbo-
n=1

KBaJIpaTHYHOMY, Ko lim (g, —¢,_; |y,_l1 +7,)=0 . Pesynapratu oTpuMaHo Ha
n—

OCHOBI PEKyPEHTHOTO OLIHIOBAHHS 3rOPU MOXHUOKU BUKOHAHHS YMOBH JIOTIOB-
HSUTbHOI HEXKOPCTKOCTI, yCepeaHeHOl 3a MepemiCTOpi€l0 MoAid Ha MOMEHT
gacy n [17].

[Topsanok 3MeHIIeHHS mapaMeTpiB Y, Ta €, BIUIMBaTHME Ha IIBHJIKICTBH
301KHOCTI CTOXacTHYHOI TpH. 1{i mapameTpu MOXKyTh OyTH OOYHCIICHI TaK:

o _
Yo=yn", e, =enP,
e y>0; 0>0,e>0; 3>0.
CroxacTHuHa Ipa CKIAJAETHCA 3 TAKHX MMOBTOPIOBAHMX KPOKIiB. Y MOMEHTH

gacy n=1,2,... KO)KeH rpaselp [ € D Ha OCHOBI BIAacHOI 3MilaHoi cTparerii p,,
BUOMPAE YUCTY CTPATETio u,, (4),3a 0 10 MOMEHTY Yacy 7+ 1 OTpUMYeE IOTOUHHUI

TIporpart éi, (1), micms doro oOYMCITIOE 3MIMIAHY CTPATETIiIO p,’; +] 3TimHO
3 MeTonoM (8). JlnHamiuHa mepedymoBa 3MIMIaHUX CTPATETii Ha OCHOBI OIpaIIo-
BaHHS TOTOYHUX MPOTpalIiB 32 00MEXYyBaJbHOI Jii YMOB CTOXAaCTHYHOI aIrlpokK-
cuMalii 3abe3nedye aJanTUBHUNA BUOIp YMCTHX CTpATErid, SIKUH 3 IUIMHOM 4acy
3yMOBHTH OTPHMaHHS PIBHOBaXKHUX 32 Hemem po3B’s3KiB.

BUCHOBKH

Y poGoTi chopMyITBOBaHO aKTyalbHE HAYKOBO-NIPUKJIaJHE 3aBJaHHS KOOPIUHALIT
pIIIeHB B iEpapXidHAX CUCTEMaxX Ta OTPUMAHO TaKi pe3yabTaTH:

1. Bukonano anamni3 npo0ieMu NpUHHATTS PillIeHb B 1€papXiYHAX CHCTEMaX
B yMOBaX HEBH3HAYECHOCTi, 1[0 JO3BOJIMJIO 3alpPONOHYBAaTH CTOXAacCTHYHI irpoBi
cTpaTterii Ui ii po3B’s3yBaHHS.

2. 3ampoBaKeHO KOeDIIiEHT 3a1IeKHOCTI TUIATDKHUX (YHKITIA TPaBIIiB Bill
BIUIMBY €JIEMEHTIB BHIIOTO Ta HIDKYOTO PiBHIB i€papXidyHOi CHCTEMH, IO A0
3MOTy Kiacu(iKyBaTH i€papXiuHi CHCTEMHU 3 METOI0 BUBYECHHS OajlaHCy OHOOCI-
OHOTO Ta rPYMOBOTO BIUTUBY TPaBIIB y MpoIieci BUPOOJICHHS BapiaHTiB PillleHb.
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3. PO3pO6HCHO MAaTCMATUYIHY MOACIb Ta 3aIMpoONOHOBAHO METO

pPO3B’s3YBaHHS CTOXACTUYIHOI TPH, SAKi 3a0€3MeUyIOTh Y3TODKCHE MPHHHSTTS Pi-
HICHb B 1€papXiYHUX CHUCTEMax 3a paxXyHOK BHPIBHIOBAHHS CTpATErii IpaBIliB Ha
OCHOBI 30MpaHHsa NOTOYHOI iH(popMarii Ta il aHanTUBHOTO ONpaLIOBaHHS.
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METOAOJIOI'TA IOBYAOBH OCHOBHUX METPUK
Q-AHAJII3Y TA IX 3ACTOCYBAHHS

B.I. IIOJIYIHIUT'AHOBA, C.A. CMUPHOB

AmnoTamisi. JIociiUkeHHs CKIaIHUX CUCTEM MOTPedye 3aCTOCYBAHHS PiI3HOMAHITHHUX
METO/IiB, sIKi TOBUHHI HaJaBaTH KOPUCHY iH(GopMaito s 3a0e3nedeH s e(eKTUB-
HOTO ynpaBiliHHs. Bukopucranus Q-aHaiisy Ja€ 3MOTY NMOTJIHOUTHCH y CTPYKTYpY
CHCTEMH Ta 3PO3YMITH CKJIAJHUIA B3a€EMO3B’ 30K MiX ii KOMIIOHEHTaMH. Y XOIi J0-
CITI[DKEHHS BBEICHO TaKi MOHATTS, K CTPYKTYPHE IEpPEBO, JOKANbHI KapTH Ta Mpo-
HeIypa HacIiyBaHHS, IKi JO3BOJIIIOTH Kpallle yCBIIOMHUTH CEHC METPHK CHCTEMH,
OTpUMaHHX 3a jJoroMoror (J-anamizy. Ha 1iif 0CHOBI po3po0JIEHO aJTOPUTMH JUIS
BU3HAYEHHS OCHOBHHUX METPUK i 3aCTOCOBAHO JI0 OaHKIBCHKOi CHCTEMH YKpaiHM
ctaHoM Ha 2016 p. 3anpornoHOBaHO IHTEPIPETALII0 OTPUMAHHUX PE3yJIbTATIB Ta OIH-
CaHoO X NPAaKTUYHY 3HAYYLIICTb.

Kurouogi ciioBa: cucrema, CTpyKTypa, CKIIaaHicTh, Q-aHaui3.

BCTYII

JocmimkeHHs 3B I3HOCTI Ta CKJIAJHOCTI COIIaJbHO-€KOHOMIYHOI CUCTEMH HEO00-
Xi7THO 0c00i, sIKa TIpuitMae pileH s, A1 BUPIIICHHS 3aBAaHb YIIPABIIHHS CHCTE-
MO0 — BUOOPY e(EKTHBHUX CIIOCOOIB Ta areHTIB YIPAaBJIiHHS, OI[IHIOBAHHS
YMOB, NOTPIOHMX AJIS peamizauii ynpasiiHHS, 3a0e3nedeHHst TpanchopMmamiid Ta
30epeskeHHs HiocHOCTI cuctemu. Cnabo3B’A3aHa cucTeMa JONyCKae e(eKTHBHE
CEJICKTUBHE yTPaBJIiHHS mifcucTeMaMu. Lle Moke MaTH SK MO3UTHBHI, TaK 1 Hera-
THUBHI HACJIiJIKU Y Pa3l HEAOTPUMAHHS IPUHIIUITY CUCTEMHOCTI.

Pi3Hi koHIenii 38’ A3HOCTI BiOOpaXKarOTh €IMHY TCHICHIII0 — BUSBJICHHS
ICTOTHUX, (DYHKIIIOHATBHO-3HAUYIINX 3B A3KiB y CUCTEMI, TIOPYIIIEHHS a00 3HUK-
HEHHSI SIKUX MOBHICTIO 200 YaCTKOBO 3MIHIOIOTh MOXIIMBOCTI JOCATHCHHS I[iJICH,
BHKOHAHHS i1 MicCii, a TAKOX MOKJIUBOCTI (QYHKITIOHYBaHHS.

VY poborti aiist aHai3zy CTPYKTYpH CHCTEMH, i 3B’SI3KIB sIK BHYTPIIIHIX, TaK
13 30BHIIIHIM  CEPEIOBUINIEM  IIPOMOHYEThCS  BHKOPHCTOBYBATH  TOHATTS
q -3B’s3H0CTi [1]. Cuctema € 3B’A3HOI0, SKIIO MOKJIMBUN OOMIH pecypcamMu Mix
OyIb-IKUMH JBOMa ii migcucreMamu (mepeadavaeThcs, SKIIO i-a MifcucTeMa
BIUIMBAE HA [ — ) TIJICHCTEMY, TO i j-a MiICHCTeMa BIUTMBAE HA [ — ) ).

Mertonuka aHamizy ¢ -3B’S3HOCTI JIO3BOJISIE OLIHUTU CTPYKTYpPY CHCTEMH
OinpIn rMOOKO, HiXK HAa OCHOBI TPAAMIIHHOTO MiIXOAIB Teopii rpadis, OCKITBKU
MIPH IOMY BCTAHOBIIOETHCS HASBHICTH Ta CTPYKTYpa IiJI01 iepapXii 3B’ I3KIB MiX
il migcucremamu. Ha mijcraBi HOBUX MOXIIMBOCTEH MPOIMOHYIOTHCS (HOpMati3o-
BaHi mpaBuiia OOIPyHTYBaHHS BHOOpY LIILOBUX 1 KEpyBaJbHHX arcHTiB, BH3HA-
YEHHSI Ta YMOBHU CTPYKTYPHOI CTilKOCTi cuctemu. CHcTeMaM CTaBISITHC Y BiIO-
BIAHICTh CHELiaIbHI CHUMINIEKCIMHI KOMIUIEKCH, SKI BH3HAYalOTHCS 3aBIaHHIM
0a30BHX CHMIUIEKCIB, Ta CTPYKTYpH iX 3B’sI3KiB. AHaI3 ¢ -3B’S3HOCTI CHCTEMHU

© B.I Ionyyuearnosa, C.A. Cmupnos, 2019
76 ISSN 1681-6048 System Research & Information Technologies, 2019, Ne 3


User
Вычеркивание


Memodonoeis nob6yoosu ocHosHux mempux Q-aunanizy ma ix 3acmocy8anus

TaKOX J03BOJISIE 3AIPOIIOHYBATH W OOTPYHTYBATH TPOLEAYPH ii JEKOMIO3HUIT i
arperyBaHHs, BHUSBISTH MiACUCTEMH, sKi HaWOUIbIIe BIUIMBAIOTH Ha MPOLIECH
B CHCTEMi i OOMpaTH OKPEMHUX areHTiB, SKUX pallioHATbHINlE BHKOPUCTOBYBATH
SIK BIUTMBOBI [2].

CUMILIEKCIHHUN KOMIUIEKC YTBOPIOE 0araro3B’s3HY CKIaIHYy CTPYKTYpY
y 6araTOBUMIpHOMY MPOCTOPi, caMe Lsl CTPYKTypa € MPEAMETOM AOCIiIKEeHHS
Q -aHamizy

Posrnstremo nBi mHoxkuHM (X) Ta (Y) . 3agamo OiHapHe BigHOmIeHHS (M)
MDK IIIMH TBOMa MHOXKHHAMH €JIEMEHTIB SK ITiIMHOXHUHY JACKapTOBOTO JOOYTKY
(X)x(¥):A < (X)x(Y). Hexait (Y)={(1)),(2),....(Y,)}, (X)={(X1),(X3),...
...,(X,)} 1 mHOXuHa (Y) noB’s3aHa BigHOMEHHAM (A) 13 MHOXHHOW (X). Ila-
pa ((¥;),(X;)) e (A) Ta enement muoxunu (¥;) nepeOysae y BinHoueHHi (1) 1o
(Xi), me (A;) =1y pasi BuKOHaHHs IeBHOrO Kputepito 1 (A;;) =0 y pasi HeBu-
KOHaHHSI.

TakuM 4MHOM, BITHOIIEHHS MK MHOKHHaMM €JIEMEHTIB CUCTEMH I10JIA€Th-
Csl 32 JIOTIOMOT'OF0 MATPHULL iHIUACHTHOCTI (8):(8) =(A;;) , ne

(A ) = {1, samo (¥, (X)) e My ) 5
0, sxmo ((¥;),(X;)) & (hy) }-
BigHomeHHst (A) MoXe MOpPOIKYBaTH CHUMIUIEKCIHHMN KOMIUIEKC, IO TO-
3HaqaeTbea 4epe3 (Ky)((X);(A)). CuMIiulekCiiHMNA KOMIIJIEKC CKJIAJA€eTbes 13

MHOXHMHHU BepmivH (X) Ta MHOKMHH CUMIUIEKCIB (1), IO yTBOpeHi 3 miAMHO-
JKHHU BEPIIMH, Y SKHX KOXHA 3 HUX MOB’s3aHa 3 KOXKHOKO BiIMOBITHO JI0 3a1aHO-
ro OinapHoro BimHomieHHs (A). Kpim Toro, n-cumIuiekc ckiamaeThcs 3 n+1
BEpIIUH i 1Or0 PO3MIipHICTh HA OJUHUIII0 MEHINA 3a KUIbKICTh BepuiuH. Cumi-
nexciiiauit komiuieke (Ky)((X);(A)) yTBOpeHHI MHOXHHOIO cuMIuiekciB (Y),
3B’SI3aHUX CIIJIBHUMHU TpaHsAMH, TOOTO uepe3 CIUIbHI CHUMIUJIEKCH MEHIIOT
PO3MipHOCTI.

I3 MOHATTSAM 3B’S3HOCTI TICHO MEPEIUIITAETHCS MOHATTS CKJIAJHOCTI CHC-
TEMU.

CKIIaJIHICTh CUCTEMH TaKOX CTBOPIOE MPOOJIEMU aHAI3Y JIOBTUX MPUUUHHO-
HACJTIAKOBUX NIIAXIB 1 ITUKIIIB, a TAaKOX CKIAIHOCTI yrpaBiaiHasa. CKIaaHICTh MO-
JIeJl TAaKOXK BiJOOpaXkae TUI HEBU3HAUYCHOCTI, SIKUH HE MiIA€ThCs 00POOIICHHIO
IMOBIPHICHUMU METO/IaMHU.

PosrnssHeMo MOHATTS JaHITIOTa 3B’ SI3KY, SIKUH BioOpaxae TOU (axT, 1o J1Ba
CHUMIUIEKCH MOXKYTh 1 HE MaTH CIIUIBHOI I'paHi, ajie MOXyTh OyTH 3B’s3aHi 3a J0-
MOMOTOI0 TTOCJIIJTOBHOCTI MPOMDKHHUX CUMILIEKCIB. [IOHSATTS ¢ -3B’SI3Ky MOXKHA
BU3HAYUTH TAKUM YHUHOM.

BeaxaeTbes, 110 3a/iaHa napa CUMIUICKCIB (G ),),(0,) € (K) 38’s13aHa y yiaH-

LIIOT, KOJIM iICHY€ CKiHYEHHA MOCTiIOBHICTh CUMILIEKCIB (O, ),(T 4 ),...,(C ;) Ta-

Ka, W0 (G,1) — IPaHb CUMILIEKCY (G ,);(0,,)— IPaHb CUMIUICKCY (G,.); (Og4)

ta (0,) — 3’€OHaHHI CIUIBHOI TpaHHIO, Hampukian (op;), Ui

(b)) =1,..s(h—1).
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Bynemo BBaxartu, 110 1€ JTAHIIOT 3B A3KYy € ¢ -3B’SI3KOM MiXK HOTO KiHIIS-
MH, SIKIIO ¢ € HaiMeHmuM i3 uinux gucen {(a,),(b,),(b,),...,(by),(a,)}. Takum

YUHOM, BIAITOBITHUH JIAHITIOT € KJIaCOM €KBIBaJCHTHOCTI OIHAPHOTO BiTHOIICHHS
¢ - 3B’SI3HOCTI MK CUMITJIEKCAMHU KOMILIEKCY.

30kpema, AKIIO J1Ba CHUMIUIEKCH MaroTh (¢)+1 CHinbHI BepmuHU (CHUIBHI
¢ -BUMIPHI CHMIUIEKCH), TO BOHH € ¢ -3B’SI3HUMH. AJTOPUTM 3HAXODKCHHS 3Ha-
4yeHb (g) I CHUIBHUX TPaHEH yCiX map CUMIUIEKCIB y (K) Ta alropuTM OTPH-
MaHHs 3Ha4eHb ((,) BUKOPHCTOBY€E MATPHULIO IHIMICHTHOCTI (3) , 10 BU3HAYa€e

(K) [3].

BuBYeHHSI CTPYKTYpHO CKIAIHHUX CHUCTEM MOTpeOye NOCTIIKEHHS SK Ha
ri100aJIbHOMY PiBHI 3 TIO3ULIH CTPYKTYPH K €AMHOTO LJIOTO, TaK 1 Ha JOKAJIBHUX
PIBHAX 3 TIO3UIIINA OKPEMHUX IIJCUCTEM, iX 3B SI3KiB Ta eJIeMeHTIB. Pi3Hi KoHIeIii
CKJIQJIHOCTI 1 3B’SI3HOCTI CHCTEM BiJI0OpaKalOTh €IUHY TEHJCHIIII0 — BHUSBIICHHS
ICTOTHHX, (PYHKLIOHAIBbHO-3HAYYIINX 3B’SI3KiB CUCTEMH, MOPYLIEHHS a00 BUHUK-
HEHHS SIKMX 3MIHIO€ ICTOTHO 200 4aCTKOBO MOXIIMBOCTI JIOCSTHEHHS ITOCTaBIIe-
HUX TIepe]] CUCTEMOIO IIiJIel, MOKITMBOCTI BUKOHAHHS ii Micii abo mpocTo pyHK-
ioHAJBHI MOXIUBOCTI. g BupilIeHHA 3aBIaHb aHami3y 3B S3HOCTI CHUCTEM
KOPHCHO 3aCTOCOBYBaTH armapar anreOpudHoi (KomMOiHATOpHOI) TOMOIOrii, 110
JTO3BOJISIE aHATI3YBATH CTPYKTYPY CHCTEMH SIK CKJIaIHUI OaraTOBHMIpHHH TeOMeT-
py4HUN 00’ €KT — CHMILICKCIHHMI KOMIUIEKC, Ta BUKOPUCTOBYBATH IHCTPYMEHT
CUMINIEKCIHHOTO aHami3y 3B a3HOCTI [1].

Sk BimOMO, Y CUMIDICKCIHHOMY aHaNi3i CHCTeMa PO3TIIANAETLCSA Y BUTIIAIMI
BiJIHOILIIEHb €JIEMEHTIB MHOKUH — Habopy BepmwH (V) , 1 3a1aH0i ciM’1 HEMOpoX-

HiX MIMHOXMH MHOXXHHHU WX BEPIIMH-CUMILIEKCiB. CTPYKTypa CHCTEMH € MPO-
o0pa3oM JijIsi TEOMETPUYHOIO 1 anreOpuyHOro ii MoJaHHS SIK CUMILICKCIHHOTO
komIuiekcy (K), yTBOPEHOr0 MHOXXHHOIO BEPIIMH 1 BIAMOBIAHUX 1M CUMILIEKCIB.

Jnsa ix moOynoBH Moxe OYTH BHKOPHUCTaHA CTPYKTypa CHUCTEMH, 3aJaHOi
Y BUTJISIAL KOTHITUBHOT KapTH. ToOTO Oy b-sIKi BiIHOLIEHHS B CHCTEMI MOJAIOTHCS
TaKUM YUHOM, 110 HaOip eleMEeHTIB, MOB’SI3aHUX 3 KOHKPETHHUM €JIEeMEHTOM,
TPAKTY€EThCA K CHMIUIEKC, T€OMETPUYIHA PO3MIPHICTD SKOTO BH3HAYAETHCS KiJTh-
KIiCTIO JIyT, IO 3’ €JHYIOTh BEPIIMHU B CUMILICKCI Yepe3 3MiHHY. CHMILIEKCH MO-
JKyTh BU3HAYATHUCS SIK TI0 psakax (X)), Tak 1 mo cToBmuax (Y) Marpurli iHITUACHT-

HOCTI rpadyy, TOMY BiJIIIOBIIHO MOXYTh OyTH NOOY/IOBaHi /1Ba KOMIUIEKCH. Takum
YUHOM, CHUMITIEKCIHHUN KOMITIIEKC (OPMYETHCS MIIIXOM PO3OHTTS AESIKOTO IIPOC-
TOpY, 3aJ1aHOTO, HANpHUKIaJ, TpadoM G HA MIMHOXWHU, IO TEPETUHAFOTHCS.
OCKUIBKM CUMIUIEKCIMHHN KOMIIIEKC — 1€ CiM S CHMILIEKCIB, 3’ €JHAHUX 3a JI0-
MIOMOTOI0 3arajibHUX TpaHel (30KpeMa, 3arallbHOK BEPIIMHOK — TOYKOIO), TO
XapaKTEPUCTHKOIO 3B’ I3HOCTI MOXE CITyTYBAaTH PO3MIPHICTh MEPETHUHY, TT1ICHMII-
JIEKCY, M0 HAIEKHUTHh 000M cuMILiekcaM. KoMImeke icHye sk 1ijie, ToMy AJIs TII0-
Oamizamii aHamizy 3B’SI3HOCTI BHUKOPUCTOBYETHCS MOHSTTA <JIAHLIOT 3B’SI3KY»
¢-3B’SI3HOCTI (JIAHITFOT 3B’SI3KY Bil0OpaXkae MOMIIMBICTh TOTO, 1110 JIBa CUMILICKCH,
Oes3rmocepeTHb0 He MAlOUYH 3arajibHoOi YaCTHHH, MOKYTh OYTH 3B’s3aHi 3a JOITOMO-
TOI0 TIOCHIIOBHOCTI MPOMIXHHUX CHUMIUIEKCIB, 10 MarOTh mHepeThH). Ha ocHOBI
MOYIJIMBOCTEH CHUMITJICKCIHHOTO aHaji3y MpOMOHYIOThcs (opMali3oBaHi IpaBuiia
OOTpYHTYBaHHS BUOOPY ITITHOBHX 1 KEPYBAILHHUX BEPIHMH, BU3HAUEHHS CTIHKOCTI
CUCTeM, AKi XapaKTEePU3YIThCA TUMU YU 1HIIMMHU CUMIUJIEKCIHHUMU KOMILIEK-
caM¥, Ta YMOBH CTPYKTYPHOI CTIHKOCTI cuctem [4].
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Bigznaunmo, 110 BUKOPUCTAHHSI CHMIUIEKCIHHOTO aHalli3y MOXIIUBE 32 Mi-
HIMaJILHOIO alpiopHOIO 1HGOPMAIII€I0 PO TOCIHTIKyBaHl 00’ €KTH 1 sBUTIA [5].

INEPEBAI'M TA OBMEXEHHS Q-AHAJII3Y

(Q-aHanmiz € MaTeMaTHYHOI MOBOIO, a HE CTaTUCTHYHOIO TEXHIKOI, 1 He
OB’ SI3aHMI 3 Teopieto WMoBipHOCTEN. e mae (O-aHami3y MOTY>KHY ONKCOBY Iie-
peBary ais BUpILICHHS MPAKTUYHUX 3aBIaHb, JUIS SIKMX CTATUCTHYHI METOAU €
HelopeuHUMH abo iX Hemae B3arami. Y Oylb-sKOMy BUMaAKy (J-aHajli3 HE BKIIIO-
Yyae CTaTHCTUYHOrO 00poOseHHs, ane ATKiH [6] okpecnuB 0OCTaBHHH, 3a SIKHUX
MOBY TeOpii IMOBIPHOCTI MOKHA 3aCTOCYBaTH.

(Q-aHani3 MOKIIAIAETHCSl HA OJIHO3HAYHE BH3HAYCHHS HAOOPIB CHMILIEKCIB i
BUKOPHUCTAHHS BiJlHOIICHh Mik HUMU. Lle o3BoIsiE il MOBI OyTH AOCUTH «JIPY-
KHBOIO» 10 BHXiZHUX AaHuX. HemocraTHs yBara 1O HOHSTH, TAKUX SK TEOPid,
rirmoTe3a 9u MOAeNs y (J-aHami3i, 0O0OyMOBIIIOE BaKIUBICTh KOPEKTHOTO (GopMy-
BaHHS JaHUX.

OpnHe i3 HikaBUX 3acTocyBaHb (J-aHalli3y 3HaiieHO y OaraTOKpHUTEpiaIbHUX
3a/1a4ax TMPUHHATTSA PillleHb; BIANOBITHUI METOI HA3WBAETHhCS OaraToKpuTepia-
TeHUM (-aHamizoM [7]. Y BIANOBIAHHX MpaIpiX TaKoXK 0OTOBOPIOIOTHCS TIEPEBATH
Ta 00MexeHHs (-aHalli3y, a TAKOXK MPOMO3MINI 100 HOro iHIIMX MEPCIICKTUB-
HHX 3aCTOCYBaHb.

MosknuBi Taki HEZOJIIKHM iCHy040i Bepcii O-aHamizy:

1. OTpUMYIOTBCS JIWIIE SKICHI IMOKa3HUKH Ta METPUKH BiTHOIIEHB, HA BiJ-
MiHy BiJ] CTaTUCTUYHOTO aHalli3y, ajleé He BUMArarThCs OJHOTHIHI perutikarii
Ha0OpiB IaHMX, AK y CTATUCTHYHOMY aHai3i.

2. MaremaTtu4Ha Teopis (J-aHali3y HE € IPOCTOI0, OJHAK TTHOOKE PO3yMiH-
HS IIi€1 Teopii He Iae CyTTEBHWX ITepeBar JJIs ii 3aCTOCYBaHHS Ta MPaBWIBHOL iH-
TepIpeTaii pe3yJIbTaTiB.

3. IcHye Oarato MOKa3HHWKIB, SKI MOXYTh OyTH BHKOPHCTaHi, TOMY MarOTh
OyTH IPUHHATHI METPUKH IS TIOJIANIBIIIOTO TTOPIBHAHHS PE3yJIbTaTiB.

4. IlpukiagHa iHTEpIIpeTaLis pe3yIbTaTiB He 3aBXK I IPoCTa.

OcCHOBHI TIepeBaru BUKOPUCTaHHS QJ-aHaTi3y:

1. Ilpoctuii mist 3aCTOCYBaHHS METOT TOTPeOye JUIIe apu(PMETHIHUX THIIIB
00YHCIIEHb.

2. I'myukuii Ta MacmtaboBaHui, TOOTO HE BUHHMKAe IpoOieM y pasi 3MiHH
PO3MIpHOCTI ¢-piBHIB 200 BU3HAYEHB MPEIMETHUX aCOIiaIlii.

3. 3abe3nedye BU3HAUCHHS SK MPSIMHX, TaK 1 OMIOCEPEIKOBAHMX TTOKA3HUKIB
(HampuKIIam, TaKuX SIK PiBHI ¢-3B’SA3KIB, EKCIIECHTPUCHUTET, KJIACH €KBIBAJICHTHOCTI
BiZJHOILIEHD 3B’SI3KiB, €JIEMEHTH CTPYKTYPHOTO BEKTOPA).

4. Mosxe OyTH BUKOPUCTaHHUH y MeToJax 0araTOKpUTepiabHOrO IPUHHATTS
pilieHb, & TAKOX JIJIST BUPIIICHHS 0aratboX IHIMUX MPo0ieM, TIOB’ I3aHUX 3 JUHA-
MIYHUM aHaJIi30M CTPYKTYpPH 3B’ SI3KiB.

IMPOBJIEMATHUKA

IcHyroua MeTomoJIOrisl BHUKOPHCTaHHS (J-aHalli3y Opi€EHTOBaHa HAa PO3PaxyHKH
BpY4HY, TOOTO 004HCIIeHHs 0€3 BUKOPHCTAaHHS KOMIT I0TepiB. Lle 3yMoBIIeHO THM,
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o OUIBIIICTh 3a7a4, JIs SIKMX 3aCTOCOBYBABCS LIEH METOM, Mall JIOCUTh MaJIUi
pO3Mip — eJIEeMEHTIB Ta 3B’SA3KiB He 0arato. AJle CydacHI CHCTEMH, IO JOCIHi-
JOKYIOTBCSI, MAKOTh TUCSYl Ta JECATKA THUCSIY €JIEMEHTIB 1 I1e OlIbIne 3B’SI3KiB.
Tomy noniOHi 00UMCIIEHHS CTal0Th NPOOIeMaTHYHUMH, a MaTPHLI iIHIUISHTHOCTI
Bi3yaJIbHO HEOCSHKHHUMH. 3aCTOCOBYBaTH MeToj| (J-aHamizy Oe3 aBTOMAaTu3arlii
MaibKe HepeabHO 1 HE Ma€ CEHCY, OCKIIbKHA OOYMCIIIOBATH JOBEACTHCS POKAMH.
VY mpaui [8] HaBeaeHO AesKi OOUMCIIEHHS METPHK AJIS aHalli3y, sIKi MOXYTb OyTH
ABTOMATHU30BaHi, iX TOMOBHEHHS, a TAKOXK BU3HAYCHO HOBI AJITOPUTMHU IS 3aCTO-
cyBauHs Q-aHamizy sl Benmkux (moHax 1000 ereMeHTiB) CUCTEM.

MOBYJ0OBA CUMILIEKCIHHOTI'O KOMILIEKCY CKJAJTHOI CHCTEMH

CphorofHi He MiAJsArae CyMHiBY, 10 OyAb-sIKa CUCTEMa MOXE B TOMY UM iHIIOMY
BUTJISIII OMTUCYBATHCS 32 TOTIOMOT'OI0 €JIEMEHTIB Ta 3B’ SI3KIB MIDK HUMH. AJie SKIIO
€JIEMEHTH MAalOTh BiJTHOIICHHS BHUCOKHX IMOPSJIKIB, HANPHKIAA, TPH CIEMEHTH
MalOTh HE TUILKUA B3a€EMO3B’A30K MK COOO0 MONApPHO, ajie € HENOIIBHUM eJie-
MEHTOM CHCTEMH, TOJi TaKWil 3B’S30K ACOI[IOETHCS 3 IJIOIIMHOI TPUKYTHHUKA.
Taki THIM BiAHOIIIEHH BaXKKO OIMHCATH 3a JOMOMOTO0I0 Teopii rpadis (mpuctoco-
BaHOI cyTO 70 OiHApHHX BiJHOIIEHB), TOMY JOIILHO BUKOPUCTOBYBATH CHILIEK-
CIl{HI KOMILJIEKCH.

AJITOpUTMU 3HAXOJPKEHHS 3HAYCHb ¢-3B’SI3HOCTI JJISl CIIUIBHUX TpaHel ycix
nap CHMIUICKCIB Y KOMIUIEKCI Ta 00YHMCIICHHS KiJbKOCTI KJIACiB €KBIBAJIEHTHOCTI

(Q,) BHKOPHCTOBY€E MAaTPHLIO IHIMACHTHOCTI (A), 10 BU3HAYa€ KoMIUIEKE (K).

OueBuaHo, MmO AKIMO MHOXUHHA (V) 1 (X) Marote (m) i (n) eIEeMEHTIB
BIATOBIMHO, TO MaTpusd (A) € MaTpHIEI0 po3MipoM (m) X (n), IO CKIATAETHCS

3 HyJiB Ta oauHMIb. [100yTOK MaTpuib (A)(AT) ¢dbopMye 4ucCIo, sIKe CTOITh Ha
Micti (i, j) 1 € ckansspHuM 100yTKOM psiikiB (i) Ta (j) y marpuii (A). BoHo mo-
PIBHIOE YMCITy OJMHHUIIb, [0 CTOATh HAa OJHUX i TUX CAMHX MICcUAX y psaakax (7)
ta (j) Marpuri (A) i popmyroTh iX mepeTHH, i BiamoBigae 3HadeHHI0 (g +1), 1€
(9) — PO3MIPHICTb CIIIBLHOI IPaHi CUMILICKCIB (G ,),(0,), 3alaHUX psAKaMH
(1) Ta (j).

TakuM YHHOM, CYTh 3alPOTIOHOBAHOTO alTOPUTMY Taka. JIJisi 3HaXOKEHHS
g-cniibHUX TpaHed ycix map Y-cummiekciB y (Ky )((X);(A)) HeoOXxigHO 00umC-

JIUTH:

® MaTpHIIO (A)(AT) posmipoM (m) x (m);

- T

o pizauo (A)A ) —(Q), ne (€2) — MaTpwuIs, 10 CKIAIAETHCS 3 OJVHHIIb.

[isi umciia Ha AiaroHani OTPUMaHOI MATPHIlL € PO3MIPHOCTAMU CUMILICK-
ciB (¥).

[loHSTTS g-3B’SI3HOCTI CUMIUIEKCIB € BiJHOIIEHHSM €KBiBaJIeHTHOCTI. Tomy
3a/1a4ya aHaji3zy rio0anbHOI CTPYKTYPH 3B SI3HOCTI KOMIUTEKCY (K) 3BOIUTHCS 10

JTOCITIJIKEHHS KJIaciB €KBIBAJIGHTHOCTI MO0 ¢-3B’A3HOCTI. J[JIT KOKHOTO 3HAYEH-
Hs 3B’si3HOCTI (q)=0,1,...,dim(K) MO)XKHa 3HAWTH BIAMOBIAHY KiJBKICTh KIIACIB

exBiBanenTHOCTI (Q,).
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OnwuieMo 3HAXOKEHHS KOHKPETHUX CUMILIEKCIB Y KOXXHOMY KJlaci €KBiBa-
neHTHOCTI. {1 1iboro Oy IyFOThCS MaTpPHIIL (Ak) g-38’s3kiB (k)=0,n, ne (n) —
KUIBKICTh KJIaCiB €KBIBAJICHTHOCTI. AJIFOPUTM BUTIIAAE TaK: Jyisl BCIiX (k) :

(Ak) ={(a;) =1, sxmo (A;) > (k) ; iHakwe - (a;) =0} .

ANTOPUTM 3HAXOKCHHS CHMIUICKCIB I KOXKHOT MaTpHITI (Ak) :

1) obupaemo (alkl) , 3HAXOJIMMO BCi He/IiarOHaJIbHI eJIeMEeHTH psaKa 1;

2) m0Aa€EMO X 10 CUMITIEKCY 3 TIO3HAUKOIO PiBHS 3B S3KY;

3) mepexoauMo A0 THUX PSAAKIB, U SKUX HOMEp 30iraeThcs 3 (j) Iepioro
psnKa;

4) ISt KOXKHOTO PsIIKA, KO iICHYIOTH TaKi HEHYJIEOBI €IEMEHTH, JJIS STKHX
(j)> (i), To momaeMo iX 10 CUMIUIEKCY 1 IEPEXOANMO JI0 PAAKIB 1.2

5) micns MPOXOJPKEHHS BCi€l MaTpHIll BUAAISEMO CTOBII Ta PSIAKH THX
€JIEMEHTIB, sIKi OyJIH JJ0J]aHi IO MOTOYHOTO CHMILIEKCY;
6) MPOJIOBKYEMO aNTOPUTM CIIOYATKY, TIOKH MATPHUIIS HE BUPOTUTHCS;

7) yci iTepartiii MOBTOPIOEMO TSI KOSKHOT MaTpPHITi (Ak) .

NOBYJOBA CTPYKTYPHOI'O BEKTOPA

Sxmo kommieke (K) mMae po3MipHICTh 7, IS KoxkHOTO 3HadeHHa (gq)=0,1,...,n

MOJKHA BU3HAYNTH KUIBKICTh PI3HHX KIIACiB CKBIBAJICHTHOCTI ¢-3B’s13H0CTI (0, ) 1

noOyayBaTH CTPYKTYpHUI BeKTOp 3B’si3HOCTI KoMiutekey (Q)=((0,),(0,_1),---

.. .,(Ql)a(QO)) >, A€ (Qn) = (Qdim(K)) )

Buie BH3HaYamMCs CUMIUIEKCH, IO YTBOPIOIOTH JIAHIIOTH AJISI KOYKHOTO
piBHS ¢-3B’s3Ky. 11[00 BH3HAUNUTH CTPYKTYpHHH BEKTOp, TOTPIOHO TMiapaxyBaTh
KIJIBKICTD JIAHIIOTiB CUMILIEKCIB HAa KOXKHOMY PiBHI ¢-3B’si3HOCTI. Jl71s iporo He-
00XiHO TOOYAYyBaTH TPaH3UTHUBHE 3aMUKAHHS U BiTHOUICHHS 0€3M0CepeIHbO-
IO TIPUIISITAHHS CUMILIEKCIB.

TpaH3UTHBHUM 3aMUKaHHAM BifHOWICHHs (R) Ha3uBaeThcs OiHapHE BiTHO-

IIIEHHS (R') Take, 110 (x)(R')( y) Tomi i TUTbKH TO[i, KOJM iICHYy€ TaKWi JIAHITIO-
JKOK eJIeMeHTiB 3 (X):

* (z9)=(x),(21),(29),...,(z,,) = (), WO MDX CcyciTaMu B LIbOMY JIAHLFOXKKY
BHKOHAHO BigHOIICHHS (R) :

o (20)(R)(z1),(2))(R)(22)s:-5 (2,1 )(R)(Z,,) -

Jist o0uuCIeHHs TPAaH3UTHBHOTO 3aMUKaHHS MOYKHA BUKOPUCTATH JITOPUTM
Yopmamia [9]. BuxogoMm anropuTtMy € MaTpUIld TPAH3UTHBHOTO 3aMHUKAHHS BU-
XIJIHUX MaTpHIlb, 3 SIKUX MOXXHA BU3HAYWTH JIAHIIOTH CHUMILICKCIB Ha KOXHOMY
piBHI ¢-3B’s13Ky. [IceBIOKOA aITOPUTMY TaKHH.

Bxin: BimHOMICHHS, 3a1aHe MaTpHuIeio (R) .

Buxia: TpaH3UTHBHE 3aMUKaHHS BiHOIICHHS, 3a7aHe MaTpulieio (7).
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S:=R
for i from 1 to n do
for j from 1 to n do
for k from 1 to n do
T1j,kl:=S[J,k1V S[J,i]&S[i, k]
end for
end for
S:=T
end for

[TimpaxyBaBmy KiTbKICTh JAHITIOTIB, OTPUMYEMO CTPYKTYPHUN BEKTOP KOM-
TUIEKCY SIK XapaKTEPUCTUKY CTPYKTYPU CUCTEMHU.

MOMYK HAIMAAKIB

[ToHATTS «HAAAKW» Ta «HACHITyBaHHS» BBOJUMO JUIsl TOTO, 100 BiJ3HAYHUTH
MEXaHI3M pOo3Many KjaciB €KBiBaJICHTHOCTI, SIKHH € TOJIOBHUM JUIsI (POpMYBaHHS
JAHIIOTIB BUIIOT 3B’s13HOCTI. OCKiNbKH (g +1)-3B’S130K € YaCTKOBHM BHITaJIKOM
g-3B’S13Ky, MK BIANOBIJHUMH KJIaCaMU CKBIBaJICHTHOCTI BUHHUKAE BiJHOIICHHS
HaciayBaHHs. UM OinbITa KidbKiCTh HAIAIKIB JTAHITIOTA, THM O1JTbINE 3HAYCHHS
BiJIMOBIHOTO YMCIA Y CTPYKTYpPHOMY BEKTOpi. MOro 3HaueHHS € CyMOIO UMCel
yCiX HAIAKIB YCIX JIAHIIIOTIB Ha OAWHHUITIO MEHIIIOI 3B’ I3HOCTI.

st noOyaoBu Tabnuii HAIAAKIB HA KOXKHOMY PiBHI BUKOPHCTOBYEMO Mart-
putti g-38’s3ky. [lounnarouu 3 piBHst (k) =1 nmoOy0BaHi Ha KOXKHIi iTepailii JiaH-
LIOTY € HallaJKaMH TOTOo JIAHLoTa, IKUH iX mopoaus. [licis wiel mpoueaypu min-
PaxoBY€EMO KUIBKIiCTh JIAHIIIOTIB HA KOXXHOMY PiBHI 3B’ SI3HOCTI.

dopmanbHe MOJaHHS TPOLEAYPHU:

1. s Beix (@) =m, ne (m) — pO3MIpHICTh MaTpPHIIi 3B’ SI3KY 1 IS BCIX
(k)=0,(n), ne (n) — pO3MIpPHICTH CTPYKTYPHOT'O BEKTOPA.

2. Bubupaemo nepiuii eineMeHT MaTpui (¢;) 1 3HaXOAUMO CUMILIIEKCIHHUH
JIAHIIIOT, Y SIKAW BiH BXO/IHTb.

3. Bimmigaemo migunsHUKOM () =0,(d), ne (d) — 3Ha4eHHS CTPYKTYPHO-
T'0 BEKTOpa Ha KO)KHOMY PiBHi, KO)KHAW €JIEMEHT JIAHITIOTA.

4. Onepallito MPOBOAMMO ISl BCIX JIAHIIOTIB CHIJICKCIHHOTO KOMILIEKCY.

5. lepexomumo a0 matpui (k)= (k)+1.

6. IlepeHocuMO BiIMITKH 3 IONEPEAHBOI MaTPHII.

7. ITounHaeMo anroput™ 3 1. 2.

Hampukinm maemo MaTpHIlo (Bk) , eIeMeHTaMH 5KOi € Bekrtopu. KoxxeH

€JICMEHT IM03HAYA€ CHMILICKC, JI0 SKOTO HAJICKUTh €IeMEHT. BunanuBmmm Bci mo-
BTOPIOBAJILHI BEKTOPH Ta IMiAPaxXyBaBITH KUIBKICTh €JIEMEHTIB y HUX, BU3HAYAEMO
KUTBKIiCTh HAINAKIB KOXKHOTO JIAHIIOTa CUMIUICKCIHHOTO KOMILIeKCY. OTpuMaHuit
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BEKTOP, 110 CKIAJA€ThCA 3 BEKTOPIB MapKyBaHHSI, 1a€ 3MOTY TOOYAyBaTH CTPYK-
TYpHE JIepEBO CUMIUIEKCIITHOTO KOMILIEKCY.

INOBYAOBA CTPYKTYPHOTI'O JJEPEBA

BBaxkaeTscs, mo pe3ynabraToM (J-aHallizy € OTPUMAaHHS CTPYKTYpHOTO BEKTOpa
3B’si3HOCTI. BiH Hajae iHQopMaliio mpo Te, HaCKUILKY IUTICHOIO Y (hparMeHTo-
BAHOIO € CUCTeMa Ha TOMY YH iHIIOMY DiBHI 3B’A3HOCTI, IPOTE HifIK HE 1TIOCTPYE
HOBHY KapTHHY CTPYKTYpH CHCTEMH Ha KO)KHOMY TaKOMY DiBHI.

OmHuM 31 3pyYHUX IHCTPYMEHTIB IS Bi3yaiisamii CTPYKTypH € ii momaHHs
y BUTIIA1 Aepesa. st 3pydHOCTI Ha3uBaTuMeMo Take aepeBo O-nepeBoM. CTpyK-
TypHE [EpeBO BH3HAUYAETHCS 3 JIAHIIOTIB CHUMIUIEKCIB Ha KOXXHOMY DiBHI
¢-3B’3HOCTI (BEpITMHH) 1 BIAMIOBIA€ CTPYKTYP1 HACTITYBaHHS MiXK HUMHU (IyTH).
ITo6ynyemo anroput™ Horo ¢opmyBanHs. JliaroHanbHi eneMeHTu (a;;) BigoOpa-

KarThb PO3MIPHICTH i-T0 cUMIUIEKCY. [I0BHY KiJIbKICTb CUMIIIEKCIB, SIKi BXOAATH
JI0 KOMILIEKCY, TTO3HAYMMO 5K (7).

1. ®opMyemMO KOpiHBb JiepeBa, SKUH O3HAYAE 3B SA3HICTH CHMILIECIHHOTO
KOMIUTEKCY Ha piBHI (¢) =—1 1 BiiOBi1a€ KOMITJIEKCY B I[IJIOMY.

2. bynyemo By3nu-namanku (q,),...,(q,,) A7 piBHA 3B°s13H0cTi () =0. Ync-
JI0 7 BIATIOBiZIa€ KITLKOCTI HE3B I3HUX KOMITOHEHT Ha TaHOMY PiBHI 3B’ SI3HOCTI:

a) GopMyeMO By30JI-HALIAIO0K (g;) , AHATI3YIOUH CUMIUIEKCH, SIKi BXOASATH 110
UbOTO  By3na. ABTOMATHYHO 10 HBOIO BXOIUTH CHMILIEKC (G,), n€
(p)=min;{(a;)=(q)}. Hani po3rnsagaeMo BCi IHIII CUMIUIEKCH, PO3MIPHICTb
SAKUX HEe MEHIIe HDK ¢(q): (0,41),(0 p42)se-5(0 1), Be () <(n)—(p) . ko
PO3IIISIHYTUI CHMIUICKC 3B’SI3aHHIL 13 CHMILIEKCOM (G ,,) (abo 3 Oyab-sKHM iH-
MM, 1110 BKE€ BBIHIIIM 10 CKIaay By3ia (q;)) Ha JaHOMY piBHIi 3B’s13HOCTI (q) g
(t06t0 (a,), (p)+(j)=(q), T0 BKIHOYAEMO CHMILIEKC (O, ;) 10 By31a (q;);

0) SKIIO cepell CUMIUIEKCIB, PO3MIPHICTh SIKMX HE MEHIA HIK ¢ , 3aJTUILIH-
JMCh Taki, 10 HE BBIHIIIM A0 CKJIaAy By3na-Hamangka (g;), GopMyeMO By30I-
HaI@AnokK (g, ), 3aMCYI0UU A0 HHOTO OAMH 13 CUMIUIEKCIB 3 THX, 10 3aJIUIIWINCH
(mo3Hauumo K (G;)), 1 NPUEAHYIOYM IO HBOTO IHINI CHUMIUIEKCH, Ki 3B’sI3aHi
3 (o) Ha piBHi 3B’s13HOCTI (¢) =0

B) TIPOJIOBXKYEMO BUJAUIATA BYy3JIM-HAIIAJKU (f, JOKA HE BKIIOYHMO JIO
CKJIa/Ty Pi3HMX BY3JIB YCi CHMIDIEKCH, SIKi MAFOTh PO3MIPHICTh HE MeHITy 3a (g) +1;

) KO BY301 (g;) CKJIaaeThCs JIUIIE 3 OAHOTO CUMIUIEKCY PO3MIpHOCTI
(g), TOo BBaXKaeMO JaHUI BY30JI TUCTKOBUM €JIEMEHTOM JIepeBa.

3. IlponosxyemMo aHanoriyHo OyayBaTé BY3IHM-HAmW@AKd (q),...,(q,,) I
piBHIB 3B’s13HOCTI (¢) >0, BUKOHYIOYH ITyHKTH a) 1 0) i3 Kpoky 2. KoxeH By307-

HAIAI0K (POPMYEMO BHHATKOBO i3 CUMILIEKCIB, SIKI BXOJIWIIH JIO CKIIaay OaThKiB-
CBKOTO BY3IIa.

4. 3akiH4y€eMO aJTOPUTM, KOJU KOXKHHI BY30J-HAIIaJOK HAOyB CTaTyCy
JUCTKOBOTO €JIEMEHTA JIepeBa.
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3ayBakuMo, IO KiIBKICTh BY3JiB Ha KOXXHOMY PiBHI 3B’SI3HOCTi JOPiBHIOE
BIJIITOBITHIN KOMITOHEHTI CTPYKTYPHOTO BEKTOpa 3B’ I3HOCTI.

Otxe, moOymyBaBImM (O-IepeBO, MOKEMO OAYNUTH HE TUTBKU T€, HA CKUTBKH
OKpEMHUX YacTHH JUTUTHCS CUCTEMa Ha KOKHOMY PiBHI 3B’SI3HOCTI, a ¥ Te, Ha sIKi
caMe KOMITIOHEHTH PO3JINAIOTHCS JAHIIOIM Ha HACTYIIHOMY PiBHI Ta Ha SKOMY
PiBHI 3B’SI3HOCTI pO3MIIIYBAaHWN CHUMIUICKC TepecTae OyTH TOMITHHM JUISI CITO-
cTepiraya.

INOBYJOBA JIOKAJIBHUX KAPT

CTpyKTypHE IepeBO MICTHTh 3HAYHO Oinbie iHGopMarii HiXK CTPYKTYpHUN BEK-
TOp, aJie iHpOopMaIlisi PO XapaKTep «CKICIOBaHHs» HAIIAAKIB y JIAHIIIO31, IO T0-
poIuKye ix, yce 11e He 3Haiiuuia BizoOpaxenHs. Came Ui ObOTO 1 IPOMOHYIOTHCS
JIOKaJIBHI KapTH.

Hexait MmaeMo BXiHI TaHi IPO CHCTEMY, ITOAaHl y (hOpMi CHMETPUYHOI Mat-
puii (A), eNeMEHTH SKOi BKa3yrOTh Ha 3B’S3KM 0€3MOCEPEHBOTO MPUIISTAHHS
MK IapaMu cUMILIeKCiB. Skmo enemeHT (a;;) = (c),((c) >0), To 1e o3Havae, o
napa CHMILIEKCIB (6;) 1 (0;) Mae (¢)+1 cnimbHEX BepuiMH, TOOTO 3B’s3aHa

c-BUMIpHUM cuMIniekcoM. OTxe, MOJKHA 3aITucaTH, 110 ii pO3MipHICTh MPUJISTaH-
st (q) =(c) . Slkiwo enement (a;) =0, To napa cumiuiekcis (o;) i (6;) Mae ox-

HY CIUIBHY BepiunHy i € O-mpuierioro. Skuio enement (a;;) =—1, To mapa cumi-
nekciB (o;) 1 (0;) He Mae mpuisiranss B3araii. JliaroHanbHi eneMeHtd (a;;)

BiJ0OOPaXKaIOTh PO3MIPHICTB i-T'0 CUMIUICKCY (PO3MIPHICTh CaMO3B’I3HOCTI).

[ToGynoBa 1oKaNbHUX KapT 3B’SI3KiB U1l KOXKHOTO PiBHS 3B’SI3HOCTI (q) Hae
3MOTy HAOYHO OauuTH Ta AOCHIIKYBaTH, SIKI CaMe CHUMIUIEKCH € CyMIKHHMU
(mpunernuMu) Ha KOHKPETHOMY po3TisigyBaHoMy piBHi (q). JlokambHa Kapra
Hajae iHGOPMAIIIFO SK PO CYMDKHICTh CUMIUICKCIB, Tak 1 PO 3B’SI3HICTh — Mapa
CUMINUIEKCIB € 3B’S3HOI0, SKIIO MDK BIJIMOBIHMMHU BeplIIMHAMHU Tpady icHye
TIISIX.

Bynyemo nokanpHi kapTH, ado Q-rpadu, BAKOPHCTOBYIOUH TaKHH aIrOpUTM:

1. Bynyemo mokanpHy KapTy i piBHA 3B s3HOCTI (g) = (k). Dopmyemo
BepurHU Q-rpady 3 yCiX CUMIUIEKCIB, pO3MIpPHICTh SIKMX He MeHIa Hix (k).

2. ®opmyemo pedpa O-rpady. IlocninoBHO aHATI3yeMO KOXHY Hapy CHMII-
JIEKCiB, sIKi BBIHIUIM O CKIaAy BepmuH rpady, i SKIO U1 Mapyd CUMILIEKCIB
(0;) 1 (0;) enemeHT MaTpuLi BXiAHUX AaHuX (a;)>(k), TO 1ABa CHMIUICKCH
(0;) 1 (o) 38’s13aHi peOpom.

3. IlpoanamnizyBaBIId BCi MOKIIMBI TIapH, TIEPEXOTAMO 0 HACTYITHOTO PIiBHS
3B’3HOCTI (¢), TOOTO MOBEpPTAEMOCH 10 1.1, Oepyuu 3HaueHHs (q)=(k)+1.

[ToOymyBaBIm NOKaNBHI KapTH JJIs BCiX HASBHUX PIBHIB 3B’S3HOCTI, 3aKiH-
YyEMO aJTOPUTM.

[MoganHs CyMIKHOCTI/IPUIATaHHS CUMILUIEKCIB y BHTJISIAL JIOKAJIBHUX KapT
JTa€ 3MOTY Bi3yaJlbHO MOOAYUTH CTPYKTYpPY 3B S3KiB KOMIIOHEHT CHUCTEMH, YU €
BOHU CYMDKHHUMH, MPOCTO 3B’SI3aHUMH, YU He3aleKHUMHU. KpiM TOTO0, JOKaJIbHI
KapTH TOKa3ylTh, SIK cCaMeé Ta Ha CKUIbKM OKPEMHUX KOMIIOHEHTIB pO3Manacs
CTPYKTypa CHCTEMH Ha PO3TIIIAYBAaHOMY PiBHI 3B’ 3HOCTI (g).
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MPUKJIAJL POBOTH Q-AHAJII3Y HA OCHOBI BAHKIBCbKOI CUCTEMM

Haremrep Ha Teputopii Ykpaiau ¢GyHKITIOHY€E BeIMKa KUTBKICTh OaHKiB. KoskHMIA
3 HUX € aKI[IOHEpHOIO YCTaHOBOIO, TOMY Ma€ IepetiK BIaCHHUKIB. [IoBHHH cIICOK
BiacHUKIB nepeBuirye 1000 ¢i3nvHUX Ta IOPUANIHHAX 0Ci0, TOMY 32 TAaKUMH J1a-

i

Puc. 1. CuninekciiHuil KOMIUIEKC JUIsl CTPYKTYPU B3a€MO3B’sI3KiB OaHKIB Ta HOPUIAYHUX
YKTY

ocio
HUMH Ba)XKKO OLIIHUTH SIK TIOB’s13aH1 Mi>K COOOIO CIiBBJIACHUKHU Ta Y 1CHYIOTb TaKi
BJIACHUKH, SIKi € aKIiOHepaMHu oJpa3y JACKITbKoX OaHkiB. [IpoTsaromM mociimkeH-
Hs [10] BUsIBIICHO 3B’SI3KM MiX aKI[iOHEpaMH Ta OaHKaMH, a TAKOXK B3aEMO3B’I3KU
MK BIacHuKamu. JlocimipkeHHsI BAKOHYBAJIOCh Y ABOX HAIpsAMax: B3a€MO3B’SI30K
0aHKIB Ta IOPUANYHHUX 0Ci0; 3B’S30K OAHKIB Ta BCiX BIACHHKIB, TOOTO (pi3WIHHUX
Ta IOPUANIHUX 0CiO.

B3A€EMO3B’A30K BAHKIB TA IOPHINYHUX OCIb

Jns BUTIAZKy TaKOTO B3a€EMO3B’SI3KY MOOYIOBAaHWH CUMIDICIIAIBHIA KOMILICKC
BUTJISIIAE SIK MOKa3aHo Ha puc. 1. OCKUTBKU CTPYKTypa CHCTEMa JOCUTh PO3pi-
JDKeHa, KOMIUIEKC BHUTIIAAE K HAOip min rpadis, MpH [bOMY KOXHHA 3 HUX Mae
po3mipHicTs (1) 2 (/) 13B’s13HicTb (¢) 2 0.

V xo#i g-aHami3y BU3HAYCHO CTPYKTYPHHUI BEKTOP, 3HAYEHHS CTPYKTYPHOT'O
BeKTopa B Tabu. 1. Psmok (g) BimmoBimae piBHIO 3B 53Ky, a (N) — KIIBKOCTI J1a-
HIIIOTiB Ha KO>)KHOMY 3 HUX.

Tadoamusa 1. 3HaueHHS CTPYKTYPHOTO BEKTOpa Ui CUCTEMH «OaHKH—
IOPUINYHI 0COOM»
q|0/1/2,3/4|5/6|7(8|9|10/11/12/13|14(15/16|17|18|19|20
N [464204/134/99 |84 75|67 |63 |57|54|48|43|3938[36(36(34|34/33 /33|30
q [22(23]24]25|26(27|28|29 30
N [20/16(14|14/10] 6 | 5|5 |1

3i 3HaYCHb CTPYKTYPHOTO BEKTOPA BHJIHO, IO OUIBIIICTh CKJIaIOBUX MAIOTh
NPOCTY CTPYKTYPY 1 HE MAIOTh CKJIAJHUX 3B’ SI3KiB, ajie MPUOIU3HO TPETHHA 3 HUX
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MAalOTh 3B’S13KM BHCOKHUX IOPSJIKIB, 110, Y CBOKO YEpry, € iHIUKATOPOM TOTO, IO
JICSIKI FOPUIMYHI 0COOU € CIIBBJIACHUKAMH JIEKIJIbKOX OaHKIB, a TOMY MOXYTh
BIUIMBATH Ha OaHKIBCHKY CUCTEMY B IILJIOMY.

HaBenemo 3HaueHHs 1iKaBOi METPUKHM — IMOKA3HUKA, 10 BKAa3y€ HACKUIbKH
CUMILIEKCH «MIITHO BOY/IOBaHi» B KOMILIEKC HA OCHOBI BiIHOIIEHHS BIACHOI PO3-
MIpHOCTI 10 po3MipHOCTI 3B’s13KiB (puc. 2). ITosHaunmo uepe3 (§) BIacHy posmip-

HICTh CHUMILIEKCY, a 4epe3 (¢)— MaKCHUMalbHy PO3MIPHICTh 3B’SI3KY 3 1HIIUMHU

cuMInIekcaMu. Ha miarpami 300pa’keHO «3acelleHICTh» TOTO UM IHIIOTO PiBHA
CHIBBIAHOLIEHHS.
10 @ Size -1
q [ ] ® Size = 2
®Size=3
e Size=4
®Size =5
®Size =6
200900 — @ — Size-7
(I XXX X BN ® © & o000 ¢ o Size = 11
-2-0-0-@ @ @ 909 2@
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Puc. 2. CrhiBBigHOIIEHHS BIACHOI PO3MIPHOCTI CHMIDIEKCY IO PO3MIPHOCTI 3B’S3KY
B CUMIUIEKCIITHOMY KOMIUIEKCI JUIsl CHCTEMH «OaHKH—IOPUANYHI 0COOM»

I3 miarpamu BHIHO, 1[0 HAWOLIBIIE B KOMIUIEKCI HE 3B’SI3aHUX CHUMILICKCIB
3 ¢-3B’SI3HICTIO, IO AOPIBHIOE 1. AJle € CUMIUIEKCH 3 BJIACHOIO BEIIMKOIO PO3MIip-
HICTIO Ta MOTY)KHOKO 3B’SI3HICTIO 3 IHIIMMU CUILICKCAMH, a Ii¢ 03Ha4ae, Mo JesKi
YCTaHOBH MAalOTh Majl0 HE MOHOTOJBHUH BIUIMB y MEBHIH MiACTPYKTypi OaH-
KiBCHKOT CHCTEMH, 1[0, Y CBOKO Yepry, MOKE HETATHBHO BIUIMBATH Ha €KOHOMIKY
B I[LIOMY.

B3A€EMO3B’AA30K BAHKIB TA BCIX AKIHIOHEPIB

J1g bOoT0 BUMANIKY CUILIEKCIHHUI KOMITIIEKC, 300payKeHUI Ha prC. 3, CXOXKUI Ha
KOMIIJIEKC Ha pHC. 1, ajie HOTro CTPYKTypa MEHII pO3pi/KeHa, TOMY IMOOJHMHOKHX
CHUMITIEKCIB MaJIol pO3MipHOCTI HabaraTo MeHIIIE.

o

Puc. 3. CuMInuiekciiiHu KOMIUIEKC U CUCTEMH «OaHKU—BIIACHUKI»
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Memodonoeis nob6yoosu ocHosHux mempux Q-aunanizy ma ix 3acmocy8anus

BusHaueHi 3HaUeHHSI CTPYKTYpHOT'O BEKTOpa HaBeJCHO B TaOII. 2.

Tadauus 2. 3Ha4eHAS CTPYKTYPHOTO BEKTOPA JJIsl CUCTEMHU «OaHKH — BIACHUKI»

q 0 1 2 3 4 5 6 7 8
N 195 48 20 6 4 1 1 1 1

Ha BigMiHy Binm mepmioro BHITagKy BHIHO, IO CTPYKTypa BCIX aKIliOHEepiB
0aHKiB ITy>Ke CIIPOINEHA, IO i Mae OyTH B TaKil rairysi, sk OaHKIBChKa CHCTEMA.
Binbimicte cuMImexciB MaroTh po3MipHicTh (¢) =0, a 0TKe, He BILTUBAIOTH OJIUH

Ha OJHOIO.

AHaJOTIUYHUH 3B 30K MK BIIACHOIO PO3MIPHICTIO Ta PO3MIPHICTIO 3B’S3KiB
MMOKa3aHo Ha puc. 4.
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Puc. 4. CniBBifHOIIEHHS BJIACHOI PO3MIPHOCTI CUMILIEKCY O PO3MIPHOCTI 3B’s3KYy
Y CUMILIEKCIHHOMY KOMIUIEKCI JUIsi CUCTeMH «OaHKH—BIIACHUKI

I3 miarpamu BHIHO, 10 HAWOUIBIIE B KOMIUIEKCI HE 3B’SI3aHMX CHUMILICKCIB
3 g-3B’s13HICTIO, M0 JopiBHIOE 1. KiTbKICTh €JIEMEHTIB 3 BEIMKOIO BIIACHOIO
PO3MIPHICTIO Ta MOTYXHOI PO3MIPHICTIO B3a€MO3B’sI3KiB HabaraTo MeHIIa HiX B
nepmoro Bumanky. lle o3Hawae, 1m0 cucTeMa «OaHKU—aKI[IOHEPH» € Clia-
003B’S13HOI0, TII0 B IIJIOMY € TIO3UTHBHUM SBHIIEM.

BUCHOBKH

Metoan Q-aHaii3y J03BOJSIOTH AOCIIAUTH CTPYKTYPY CKIaIHOI CUCTEMH Ta BH-
3HAYUTH 3B’S3KH BUCOKHUX MOPSIJIKIB, SKi CKJIAHO BiJ0oOpa3uTu Ta nodayutu 0e3-
MoCepeIHbO 3a JOTIOMOTO Teopii rpadiB. Ha ocHOBI pe3ynbraTiB g-aHamizy BH-
HAKA€ MOXJIMBICTb CTaBUTH 3aBIaHHSA 3 OOKy KepyBaJbHUX OpTraHiB IIIOZIO
TUIaHYBaHHsI PECYPCHOI0 3a0e3MedeHHs MiICUCTeM, MigKpiuieHHs abo mocnad-
JICHHS! TUX Y{ 1HIIMX 3B’A3KiB y CKJIaIHIM cucTeMi Ui MOKparieHHs ii GpyHKLio-
HyBaHHSL.

VY xoxi po6oTH BU3HAYECHO OCHOBHI MOHSATTS, SIKi BiTOOpaXaroTh CTPYKTYPY
0araToBMMIpHHUX 3B’S3KIB MIXK MiJICHCTEMaMH CKJIAJHOI CUCTEMH — CYMDKHICTb,
3B’SI3HICTH, HACHIyBaHHA, CTPYKTYpHE IEPEBO Ta JIOKAIbHI KapTH BiAIIOBIIHOTO
CUMITIEKCIHHOTO KOMIUIEKCY. YCTaHOBJICHO 3B’SI3KHM Ta 3aJeKHOCTI MK HHUMH,
IO BU3HAYAE€ KOHLENTYallbHYy 0a3y MEeTOJ0JOTii MoOyI0oBH alrOpUTMIYHOTO 3a-
Oe3revyeHHs] OCHOBHUX 3a/1a4 (J-aHali3y.

Ha miif ocHOBI po3po0iIeHO METOAMKH, IO TO3BOJSIOTH aHATI3yBaTH HE JIH-
1Ie 3arajbHy CTPYKTYpYy camol CUCTEMH, a i xapakTep 3B’sI3KiB MiX ii migcucre-
Mamu. Jlo mepeBar ciiJ BiZHECTH MOXUIMBICTH IX BHKOPHUCTAHHS IS CHCTEM
OyIp-sikoro mMacmTaly, TOOTO SKi MalOTh BEIMKY KiJIbKICTh MiJICHCTEM, a iX B3ae-
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MO3B’SI3KM 0araTOKOMIIOHEHTHI Ta HEOYEBHIHI 3 MepIIoro morsiay. Buxopu-
CTaHHS JaHUX alTOPUTMIB JIO3BOJISIE aBTOMATHU3yBAaTH IMPOIIEC BH3HAYECHHS
JIAHLIOTIB CHUMIUIEKCIB, CTPYKTYPHOTO BEKTOpa, IOIIYKY CTPYKTYPHOTO IEpeBa,
JIOKaJbHUX KapT Ta iHIIUX CTPYKTYPHHUX XapaKTEPUCTUK CHCTEMH.

Po3pobrneni anropuTMu 3acTOCOBAaHO 1O OaHKIBCHKOI CHUCTEMH YKpaiHH.
VY pe3ynbTari JOCHIIKEHHs BiA3HAYEHO 33J0BUIBHY CTPYKTYPY CHUCTEMH. YTIM
ICHYIOTh MIJICHCTEMH 31 CKJIAJHOI0 CTPYKTYpPOIO 3B’SI3KiB i3 CHCTEMOIO, IIO /A€
MIIIPYHTS JUTS X ITOAABIT0] OUTBIT TITMOO0KOT IepeBipKH Ha HASBHICTH MOHOITOJTI-
CTHYHHX CXEM Ta NOPYLICHb.

[lizkpecneHO BaXJIMBICTb Ta MEPCHEKTUBHICTh BHKOPHUCTAHHS METOMIB
(Q-aHani3y Ta anropuTMiB OOYHCIEHHS BiAMOBIIHUX METPHK, PO3POOJICHHUX HA iX
OCHOBI, JUISI CTPYKTYPHOTO aHAi3y CKIaIHUX CHCTEM.
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METOJ ABTOMATU3AIIU YIIPABJIEHUA
B KOFHUTUBHBIX KAPTAX HA OCHOBE CUHTE3A
MPUPAIIIEHAN BECOBBIX KOD®PUIIUEHTOB
N KOOPIUHAT BEPIINH

B.J. POMAHEHKO, 10.JI. MUJIAABCKHAI

AHoTamisi. PaccMOTpeHO pemnieHHe TPOOJIEMbl aBTOMATH3AIMU YNPABICHUS HM-
MyJbCHBIMHU MPOIIECCAMH B KOTHUTHBHBIX KapTax CJIOXKHBIX CHCTEM IMYyTEM CHHTE3a
3aKOHa YNpPAaBJICHHUS HAa OCHOBE BapbHPOBAHHS KOOPAMHAT BEPIIMH KOTHUTHBHBIX
KapT ¥ BECOBBIX K0 duIeHTOB npu (HOPMUPOBAHUH YIIPABISIONIMX BO3ACHCTBHUI
B 3aMKHYTOU CHCTeMe yrpasieHus. B kauecTBe mprmMepa pacCMOTPEHO MPUMEHEHHE
pa3paboTaHHBIX ANTOPUTMOB Ul YIIPABJICHHS KAauyeCTBOM MOATOTOBKH IEPCOHAIA
IT xommaHuK, MOJIENTE KOTOPOH MPEJICTABIICHA B BUJIC KOTHUTHBHOW KapTHL

KuroueBbie €JI0Ba: KOTHUTHBHAS KapTa, 3aMKHyTasi CHUCTEMa YIIpaBJICHUA, HUM-
HyJ'ILCHLIﬁ mnpouecc, KBaZ[paTPI'-IHLIfI KpI/ITepPIﬁ OINTUMAJIBHOCTH.

BBEJIEHUE

KornutuBnas xapra (KK) npencraBnsier co0oii B3BEIIEHHBI OpUEHTUPOBAHHBIN
rpad, BEpLUIMHBI KOTOPOTO OTOOPaKaloT KOHLIENTH! (KOOPAMHATHI) CIOKHBIX CHC-
TeM, a pedpa (myru) rpada ¢ BeCOBEIMU KOI(PDHUITHMEHTAMH ONHCHIBAIOT MPUINH-
HO-CJIE/ICTBEHHBIE B3AaUMOCBSI3U MEKAY BEPIIMHAMH.

B nponecce ¢hyHKINOHUPOBAHUS CIIOKHON CHCTEMBI IIOJ] BIUSHUEM Pa3Iny-
HBIX Bo3MmylieHui koopanHaTel KK n3Mmenstorcsa Bo Bpemenu. Kaxnaas BepiinHa
KK R, npunumaer 3HaueHue Y;(k) B JAUCKpPETHblE MOMEHTbI BpPEMEHU

k=0,1,2,.... Ha cnenyromemMm mnepuone AWCKpeTu3anmu koopaunara Y;(k+1)
oIpezenseTcs B 3aBUCUMOCTU OT BeIM4MHBI Y;(k) W mpupamieHuil Ipyrux Bep-
" R ;> CBSI3aHHBIX pebpamu ¢ R; B MOMEHT BpeMeHH k . Vi3mMeHeHue Koopau-

HAaTbl BCPIINHBI R/ B MOMCHT BPEMCHU k, KOTOpOC 3adacTCsl Pa3HOCTbIO

Pi(k)=Y;(k)—Y;(k—1),k>1, cormacHo paGoTsl [1] Ha3bIBACTCS HMMIIYJILCOM.

IIponiecc pacnpocTpaneHusi umiyibcoB mno BepmuHam KK onpenensiercs
ypaBHEHUEM

n
Y (k+1) =Y, (k) + > a;P;(k),i=1,..,n,
j=1
© B.JI. Pomanenxo, FO.JI. Munseckuii, 2019
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ric a; — B BOM K NIUCHT NCHTUPOBAHHOI'O T , KOT -
ey €COBO (0] (& ebpa opue OBAaHHOI'O a@a, KOTopo€ Co

eANHAET j-I0 BepIIMHY C i -i. Torga mpaBWIIO UMITYJIBCHOTO M3MEHEHHUS 3HAYe-

Huii koopauHat BepmuH KK dopmymupyercs B BHIe pa3HOCTHOTO ypaBHEHHS
IEPBOTO MOpsAAKa B IIPUPAIICHUAX ICPEMCHHBIX !

n
AY (k+1)= Y a;AY (k) (1)
Jj=1
rae nepsas pasHocts AY;(k)=Y;(k)-Y;(k-1),i=12,...,n.
B BekTopHO# popme BeipaxkeHue (2) 3aITUCHIBACTCS CICAYIOIMM 00pa3oM:
AY (k+1)= AAY (k),
rae A(nxn) — TpaHCIIOHUPOBaHHAs BecoBasi MaTpuia cMmexxHoctu KK.

B paborax [2, 3] BeImOiHEHa pa3paboTKa METOJOB IO aBTOMATH3AIlUU
yOpaBiIeHHUS UMITYJILCHBIMU TiporieccaMu B KK crnoxHBIX cucTeM myTem Gopmu-
pOBaHMs BHEIIHET0 BEKTOpa YIPaBJICHHS HAa OCHOBE BAphbHPOBAHHS PeCypcamu
koopauHat BepuinH KK B 3aMKHYTBIX crcTeMax yMNpaBJi€HHs C MCIIOJIIb30BaHUEM
W3BECTHBIX METOJIOB TEOPUM aBTOMATHYECKOIO YIIPABIICHUS JUIS CHUHTE3a JHC-
KPETHBIX PEeryasTopoB. JIsi 3TOro ObLIO COCTABICHO YPaBHEHHE BBIHYKICHHOTO
JBIDKEHHS UMITYJIbCHOTO mporecca B KK cucteMbl 1uist i -if KOOpAMHATHI

n
AY;(k+1)= Zal_-iAY]-(k)+biAul-(k),i=1,...,n, 2)
j=1
rane Au;(k)=u;(k)—u;(k—1) — mepBas pa3HOCTb YIPaBJISIOLIETO BO3ACHCTBHA,
KOTOPOE peaan3yeTcs MyTeM U3MECHEHHS UMEIOIIUXCS B HATHUUH PECYPCOB KOOP-
auHat BepiiuH. Ilpu 3ToM KO3pGUUMEHT b; MOXKET paBHATHCS CAUHULIE HIU
HYJIIO, @ UMEHHO, b; =1, koraa Ha i -1o BepumHy KK 3amranupoBano dpopmupo-
BaHKE YIPABJSIFONIETO BO3JACHCTBUS MOCPEACTBOM M3MEHEHHS PECYPCOB KOOPIH-
Hatel Y;. B BekTopHOU (popme 3amucu ypaBHeHUE (2) UMEET BU

AY (k +1)= AAY (k) + BAu (k),
T7e MaTpHIla yIpaBieHus B(nX p) COCTaBIACTCS W3 SAMHUI] U HyJIeh; Au(k) —
BEKTOP MPUPAILCHUN YIIPABIISIONIUX BO3IEUCTBUH.
B pabote [4] paccMOTpeH HOBBII MPUHIMIT CUHTE3a YIPABICHUS UMITYIIbC-

HbIM npoueccoM B KK B 3aMKHYTO# cucTeMe yIpaBiieHHs] HA OCHOBE BapbUpOBa-
HUSL BeCOBBIMH KOd(¢uimentamu a; KK npu peanusanuy ynpasisifomux BO3-

neicTBuil Au; (k). DTO BO3MOXKHO peain30BaTh TOTAA, KOIJa MOXHO HM3MEHSATH
CTENEHb BIIUSHUSA Aaij (k) onno#i Bepmmmabl KK Ha npyryroo BepuinHy Ha k -M

nepuoac AUCKpPETHU3AlUU. HpI/I 9TOM JIMIO, IPUHUMAKOIIEC PCHICHUEC, MOXKET
peanu30BBIBaTh BapbHpOBaHHE HEKOTOPHIX BecoB KK myTem m3meHeHus Koa(d-
(GUIMEeHTOB Tiepefayd aJMHHUCTPATUBHBIX, MOJUTHYECKUX, 00pa3oBaTEbHBIX,
MHQOPMAIOHHBIX, HAYYHBIX, (PMHAHCOBBIX B3aMMOJEHCTBUH MEXAYy KOOpPIUHA-
TaMH CIIOXKHOW cucTeMbl, mperctaBieHHbix BepimHamu KK. Takum oGpasom,
BEJIMYMHA [PUPALICHHS YIIPABIISAIOLIErO BO3IEHCTBUS IPU UMITYJILCHOM IIPOLIECCE
B pabore [4] popmupyercs He 3a cueT u3MeHeHus pecypcos AY;(k), a Ha OCHOBe

M3MCHCHUs CTeneHH BiusHUs Aag;(k) koopmunatsl AY;(k) Ha xoopiamHaty
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Memoo asmomamuzayuu ynpaejierus 6 KOCHUMUBHbIX Kapmax Ha OCHoee cunmesa npupawenuﬁ

AY;(k+1). Ina storo 0b110 c(hOPMUPOBAHO YPABHEHUE BBIHYKICHHOI'O JIBUKE-

HUS IMITYJIBCHOTO IIpoLecca Ui OTAeabHOoN koopauHatsl Y; KK:

Y(k+1)=Y,(k)+(1- q*l)iaijyj (k) + Ay, ()Y, (k) +E;(K), i=1...n, (3)
Jj=1

rae Y, (k) — p - koopaunara KK, xoropast Moxer Bo3zeiicrsoBars Ha Y;(k +1)

gepe3 Bapbupyembiil koddoumuent Aaq,, (k), rme | — MOPSAAKOBBIA HOMEpP TIPH-

iy
pamenns Ag;,, (k)= a, (k)— Ay, (k—1) B Bextope Aa(k); &;(k) — HekoHTpO-
aupyeMoe ciydaifHoe Bo3myteHue ¢ EE;(k)=0; q_l — ormeparop 00paTHOTro

CIIBUI'a HA OJIUH IIEPUOJ JUCKPETU3ALHY.
JluHaMuKa BBIHYKIIEHHOT'O JBIKeHUsI ummyibcHoro mnpomecca KK (3) B pa-
Oote [4] mpencTaBieHa B BEKTOPHO-MAaTPUIHOHN (hopMe:

Y(k+1) = + A— Ag HY (k) + L(k)Aa(k) + E(k).
Marpuua L(k) cocrasisieTcst u3 usmepsieMbix koopautar Y (k) KK, koro-

pbie 4epe3 Jyrd C BapbUPYEMBIMU BECOBbIMH Kodhduuuentamu Aa,, (k) BO3-

JeicTByroT Ha koopauHatel Yi(k+1) (i=1,...,n). IIpu 3TOoM mpexamnonaraercs,

4TO MPHUpAICHHE BECOBOro kodhouumenta Aa,, (k) Oyaer HCIOIB30BAaTHCS

B KQUECTBE YIIPABIIAIOUIETO BO3AECHCTBHUS.

IIOCTAHOBKA 3AJAYHN
ITpu ycnoBum, uro lim AY;(k) =0 nns crabunusanuu koopauHat Bepiud KK Y;
k—o0

Ha 3aJaHHBIX YPOBHAX Gi Ha KaXJAOM IIEpHUOAC AUCKPCTU3ALNUN H606XO,I[I/IMO

(hopMupoBaTH yHpaBISAIONINE BO3JIEHCTBHS, KOTOPHIE TI0 CHHTE3WPOBAHHOMY 3a-
KOHY yNpaBJICHUSI BO3ICUCTBYIOT HemocpeacTBeHHo Ha BepinHbl KK. Ognako Ha
MPaKTHKe TPU YHPaBICHUH MMITYJIbCHBIMU Tiporieccamu B KK Bo3HHMKaeT ciiox-
HOCTb, BBI3BaHHas MallbiMu pecypcamu BepiinH KK winu maneiMu WHTEpBalaMu

BECOBBIX KOdDGULMEHTOB Aa,, , (k) , KoTOpBIMU MO’KHO BapbHpOBATH TIPH pPealiv-

3alMy YOpaBISIONIMX Bo3zeicTBui. Kak mpaBuiio, TaKMX BEPIIMH WM BECOBBIX
KOX(UIMEHTOB, HOCTYIHBIX U BapbUPOBaHUS, OUYeHb MaJIO, YTO MPHUBOAMUT K
OOJBIION pa3sHUIIE MEXIY Pa3MEPHOCTHIO # BEKTOPA BBIXOIHBIX YIPABISEMBIX

KOOpAMHAT Y; M pa3MEpHOCTBIO BEKTOpa YINPaBIAIOMUX Bo3aeicTBui u; . Ilo-

3TOMY BO3HHUKJIA 3aj7a4a OOBEIUHEHMS JBYX IOJXOMOB, KOTOPAs 3aKIHYACTCS B
(hopMHPOBAaHUK BHEITHETO BEKTOPA YMPABICHUS MyTeM OJHOBPEMEHHOTO BapbH-
poBanus pecypcoB koopaunat BepmuH KK 1 BecoBbIX kK03()(HUIIMEHTOB B 3aMK-
HYTOW CHCTEME YMpaBJCHHUS. OTO TO3BOJUT YBEIUYHUTH OOIIEe KOIHYECTBO
ynpasistonumx Bo3aeicTeuil B KK 1 yyqmmTh KauecTBO yIpaBiICHUS.

[Ipu oObenrHEHNN ABYX MOAX0A0B K yrpasieHuto (2) u (3) obmias MmaTema-
THYECKass MOJEIb YIPaBIseMOro HUMIyJbcHOro mpoimecca KK B BekTOopHO-
MaTPUYHOH (OPME B MOJHBIX KOOPAMHATAX BEPIIHMH IIPEACTABICHA B BHIE
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Au (k)
Aa(k)

Cdopmynupyem npasuia GopMUPOBaHUS BEKTOPOB NpupaineHuit Au (k) u
Aa(k) , a Takxe Mmatpun B u L(k) B Mmozenu (4).

Y(k+)=(I+A-Ag )Y (k) +(B L(k)) +&(k). 4)

1. Ha xaxnyto Bepummny KK Y, (i=1,...,n ) MOXXHO BO31€iCTBOBATh TOJIBKO
OJJHAM YIPABISIONIMM BO3JICHCTBHEM ITyTEM BapbUPOBAHUS PECypcoB Au; NaH-
HOW BEPIIMHBI WJIM TIOCPEJICTBOM BapbHPOBAHMS BECOBOIO KO3(PQUIIMEHTA
Aay, (k) . BcmeneTBre 3TOTO rapaHTUPYETCS aBTOHOMHOCTE CHCTEMBI YIIPABIICHHS.

2. Bexrop npuparieHnii BecoBbix kodddumuentoB Aa(k) pasMepHOCTH m
Py 7 <1 COLEPIKHUT TOIBKO HEHYINEBBIX dleMeHThl Aa,, (k) #0, rae p — Ho-

mep Bepiunbl KK, kotopas uepes qyry ¢ koaGQpUIHEHTOM a;, BO3IEHCTByeT Ha

n
i-10 BepmmHy Y, a /=12,...,m — NOpsAKOBBII HOMEP JAHHOTO KO UIEHTa
B BekTope Aa (k).

Ecin Becosoit koodduument a;, ans ayru KK, Bxopseii B Bepumny Y,

HEIb35l BAPBUPOBATH, TO MPHPAIICHNE Ag;, (k)=0 u B Bektope Aa(k) He yduu-

TBIBAETCHL.

3. Marpunia B QopMmupyeTcs HPOCKTHUPOBIIUKOM CHCTEMBI YIIPaBJICHUS
umnynscHbIM TiporieccomM KK. DTa marpuia mpepHasHadeHa IUIsl OpraHU3alldd
MacIITaOMPOBAHUS U KOMMYTHPOBAHHS CHHTE3MPOBAHHOTO YTIPABIISIONIETO BO3-
nevicteust Au;,i=1,..., p. PasmepHocTs MaTpunsl B paBHa nx p, rae n — pas-
mepHocTh KK, a p — pasmepHocTh BekTOpa Au(k). DnemeHTamMu B sSBISIOTCS
CAMHULBI WX HYIW. DneMeHT b, =1, ecnu Ha i -ro BepnHy KK Bosneiicrsyer

LL - yIIpaBisitolee Bo3ieicTBre. TakuM 00pa3oM, B KaKAOH CTPOKE MaTpHuIlsl B

TOJILKO OJHMH 3JIEMEHT MOKET OBITh PaBHBIM €IUHMILE, & OCTAJbHbBIC HJIEMEHTHI
OyZayT paBHBI HYJIIO.

4. Martpuna L(k) pasMepHOCTH nXm B KaXIOW i-H CTPOKE COAEPKUT
TOJIBKO OJIMH SJIEMEHT, PaBHbIl M3MepsieMoii koopauHare Y, (k) , xoropas pas-
MemieHa B [ -if cTpoke, rae /[ — TOpSAKOBBIA HOMep npupamenns Aa, (k)
B BekTope Aa(k),a p — mHomep BepmmHbl KK, KOoTOpast depe3 mpupamieHue Be-
coBoro koddduumenta Ag;, (k) ynpasiser Bepumnoii ¥; KK.

5. Bce amemeHTsI B i -l cTpoke MaTtpullkl L(k) paBHBI HYNIO, €CITH B i -10
BepiinHy Y; He BxomuT nyra KK c BapbupyembIM BeCOBBIM KO3 (ULIUEHTOM,
T.e. Ag;, =0.

Takum oOpazom, obmiee konmmyecTBo ympanieHnit B KK moxer ObITh Tako-
BUM: p+m<n.

CUHTE3 JUCKPETHOI'O PETYJIATOPA

Aii(k)
Cunres KOM6I/IHI/IpOBaHHOFO BCKTOpa ONTHUMAJIbHOTO YIPaBJICHUA pea-
Aa(k)

JIN3YETCA Ha OCHOB€ MHUHHUMH3AIHU CICAYIOIIETO KBAJAPATHUYHOT'O KPUTECPUA OII-
THUMaJIbHOCTHU
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_ T _
J(k+1)=E (?(kH)_E)T(Y(kJrl)_(—;)Jr[Au(k)] [Rl OJ(M(HJ ’

Aa(k) 0 R, \Aa(k)
rie G — BEKTOp 3aJAIOIINX BO3JEHCTBHI [T CTAGMIM3AIMHE KOOPIMHAT BEp-
mmH KK Ha 3amanHbIX ypoBHsX; R;(p X p), R,(mxm) — BecoBble OUAaroHaIIb-

HBIE MOJIOKUTENIBHO ONPEENIEHHBIE MAaTPUIIBl; £ — omepaTop MaTeMaTHYeCKOTo
oxunanus. C yueToM ypaBHEHHS (4) BBIOJHUM MHHUMM3ALUIO 3TOTO KPUTEPHUS

Aii (k)
Aa (k)

aJ(k +1) BT - k) - —
Pwrl) - k k k) -
) AT 2[LT(k)H([ +A-Aq )Y (k)+(B L( ))[Aa(k)j + &(k) G} +
Aa(k)
N 2[R1 0 J(Aﬁ(k)j o
0 R, \Aa(k)
OTKYyJa IMOJIy4YUM 3aKOH KOM6I/IHI/Ip0BaHHOF0 OINTUMAJIBHOTO YIIPABJICHUA:
(Aﬁ(k)] BT {Rl 0 J T
= (B L(k))+ x
Aa(k) LT (k) 0 R LT (k)
x{(I+A—Aq™" Y (k) + E(k) -G} (3)

Ha ocHoBe ypaBHenwuii (4), (5) MOXHO COCTaBUTH YpaBHEHUE IMHAMHUKHU
3aMKHYTOM CHCTEMBI YIIPaBIEHHU UMITYJIbCHBIM Tiporieccom KK:

_ BTB BTL(k) (Rl 0 J - BT
Y(k+D)=<I-(B L(k) + X
LY(k)B LY (k)L(k)) \0 R, LY (k)
x(I+A—-Ag )Y (k)+(B L(k)x
B"B  B'L(k) (Rl 0 J (BT L
X + G+
LY(k)B LY'(k)L(k)) \0 R, LY (k)

I-(B Lk BB BL(K) +[R1 0]_1 B! E(k). (6)
"B LFk)LK)) \ 0 Ry)| (LT '

VY CTOMYMBOCTh 3aMKHYTOW CHCTEMBI YIpaBieHus (6) ompenensercs cooct-
BEHHbIMH 3HAYCHUSIMH H3MEHSIOLIETOCS BO BPEMEHHM HEIMHEHHOI0 MaTpHUYHOI'O
BBIpaXKEHUS

B8 BTk ) (R 0] [ BT
I-(B LK)|| . ; + NN NG
Y08 YLk L0 R | T
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YrBep:xnenne. O0parHas MaTpuiia

-1
BB B'L(k) N R 0
L"(kB L' (kL)) (0 Ry
B BBIpakeHNH (7) SBIACTCS TUATOHAIBHOM U TTOJIOKHUTEILHO OIPEACIICHHOM.
B ocHOBe nokazaTenbCTBa ATOTO YTBEPKIACHHS JIEKHUT TO OOCTOSTENHCTBO,

BB B'L(k)

ABJIACTCA HHaFOHaHBHOﬁ, TaK KaK Ha OCHOBC
LY (B LY (k)L(k)

4TO MaTpuna [

npaBun  GopMupoBaHuWs Matpunm B w  L(k) moaydum, dYTO B'L(k)=0,

L' (k)B=0. Takum oOpa3om, ipuBeIeHHAs oOpaTHas MaTpuia OyaeT UMeTh BU

BTB+R, 0 B
0 "KLK +R, )|

B pabGore [4] mpuBeAcHO MOKAa3aTENbCTBO, YTO TPOW3BEICHUE MATPHIT

LT (k)L(k) npeAcTaBisAeT co00W IUaroHaNbHYI0 MaTpULy (PasMEPHOCTH M X M)

C DJIEMEHTAMH Yuzl (k) B [-# cTpoke u [ -m cTonbme. [IponsBeneHue MaTpHIl B'B
TaKXKe MpEeACTaBIsIeT cO0OW JMAaroHabHYI0 MaTpHily (pasMEpHOCTH pXp) ¢
anemeHTamMu b; =1. B pe3ynbraTe npu AuaroHaabHBIX U MOJO0XKUTEIBHO ONpese-

JIEHHBIX BECOBBIX MaTpullax R, R, moiaydum, 4ro B padote (14) oOpaTHbIe MaT-

punst (BT B +R1)_1 u (LT (k)L(k)+ Rz)_1 OyIoyT IMaroHaJbHBIMU C DJIEMEHTaMHU
1
H 3
I+R; Y7 (k)+R,

COOTBETCTBEHHO i=l.,p, [=1..m.

CaenctBue 1. [IpousBeaenune MaTpuil

BB BTk ) (R 0| [ BT
B LE)|| . h + 5
'B LTkLKk)) L0 R)| (L)

B BeIpaskeHHH (7) OyeT B 00IIIeM CiTy4ae TUaroHaIbHOW MaTpHLiel pa3sMepHOCTH /X 7

B(B"B+R,)'B"T 0
0 LKL (K)L(k)+ Ry) ™ LT (k)

C IOJNIOKHUTENLHBIMU DJIEMEHTAMU Ha TJIaBHOMU JHUaroHajainu >0 mu

1+ R

11
1
Y2 (k) + Ry
CaencrBue 2. CoOCTBEHHBIE 3HAYEHHUS IUATOHAIBHOW MaTpuisl (7), T.e.
MaTpPHIIBI

>0.
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, B(B"B+R))'BT 0 ®
0 LO(L" (W)L + Ry LT (k) )
OyAyT 10 MOIYJIIO MEHbIIE SMHUIBI (HA OCHOBE CIEACTBHUA 1).
Takum 00pa3om, XapaKTEPUCTUIECKHII MATPUYHBINA ITOJMHOM (8) 3aMKHYTOM
cUcTeMbl ynpasieHus (6) OyIeT UMeTh KOPHU BHYTPH Kpyra €AMHUYHOTO palumy-
ca, BCJICACTBUE Yero 3aMKHyTas cucteMa (8) OyaeT yCTOHYMBO.

HNCCJIEJOBAHHUE CUCTEMBI YIIPABJIEHUA UMITYJIbCHBIM
MPOIECCOM B KOTHUTUBHOM KAPTE CUCTEMBI YIIPABJIEHU S
MNEPCOHAJIOM IT KOMITAHUHN

KoruntupHas xkapTa cHCTeMBI YIIpaBIE€HUS UMITYJIHCHBIM IIPOLIECCOM ITOKa3aHa
Ha puc. 1.

Puc. 1. KoruutuBHas kapra CUCTEMBI ynpasieHus nepconanom [T komnanun

Brinemum B KK BepimHb! Y; , KOTOPBIMHA MOYKHO YIIPaBIISITh HEMIOCPEICTBEHHO
gepe3 u3MeHeHus pecypcoB Au(k) (p =5):

Y, — ympasienue kapbepoi U KaIpOBBIM PE3EPBOM;

Y, — mepeatrecTanuys nepcoHana;

Ys — ypoBeHB KOHTpOIIS;

Y¢ — nnanupoBaHue npouecca 00yueHus IepcoHaa;

Y3 — mepenoaroToBka KaJipoB CO CMEHOW OCHOBHOM CHEINAIBHOCTH.

Beigenum Taxke BEpIIMHBI, KOTOPBIMU MOXKHO YIPaBJISATh MOCPEACTBOM Ba-
prHpoBaHus BecoBbIX kK03 dunentoB Aa(k)(m =8):

Y3 — YHOpaBJICHUC npeMHeﬁ 3a JOCPOYHOC BBLIMOJIHCHUC pa6OTBI — C IIO-

MOLIBIO KOO uimenta Aas s ;
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Y, — ynpaBnenue npemueil 3a 0CBOCHHE HOBBIX YUEHUN — C MOMOILBIO
ko3 unuenra Aay, s;

Y; — cpennsis 3apaboTHast IU1aTa — ¢ NOMOLbI0 Kodhduurenta Aay g;

Y|y — HepcrnekTHBBI KapbepHOIO pOCTa — C MOMOLIbIO KOI(PPUIHEHTA
Aayg ;s
Y}, — ypoBenb (puHaHCHpOBaHUS (U3KYJIBTYpPbl U CIOPTa — C IIOMOLIBIO

kooduurenta Aa;g;

Y|, — noBblmeHne kBanuQuKanuy nepcoHansa 6e3 cMeHbl OCHOBHOM crenu-
QJIBHOCTH — € MOMOMIBIO KO3 duimenta Aa, ¢ ;

Y4 — ypoBeHb mpodeccHOHANIbHBIX YMEHHH M HaBBIKOB IE€PCOHANa —
¢ moMomibio Koddunmenta Aayy ; ;

Y|¢ — oOy4eHHe BCIIOMOTaTeIbHOI0 NepcoHala — C MOMOIIbI0 K03 dunu-
eHTa Adg -

HeymnpasnsieMbIME BepIIMHAMU SBIISTFOTCSL:
Y; — (uHaHCH KOMIIAHMM HAa OHOTO COTPYIHUKA,

Yy — ynoBneTBOpeHHOCTH paboTOMH;

Y|s — ypoBeHb HHHOBAIIMOHHOM NMPOIYKLUH;

Y|, — 3arpaTbl Ha Hay4YHO-TEXHUUYECKHE PAaOOTHI;
Y|s — 3bdexTuBHOCTL pabOTHI ACHIUPAHTYPBL

Pebpa wmexny Bepumuamu KK ycraHoBmeHBl Ha OCHOBE NPUYHMHHO-
CIIC/ICTBEHHBIX CBsi3eH, a BecoBble KOI(DMUIMEHTHI Uil Kaxaoro pedpa omnpese-
JIEHBI SKCIEePTaMu COTJIACHO YPOBHIO BIMsHUS ofHO# BepmuHbl KK Ha apyryto.
IIpu atom MaTpuna cmexxkHoctu KK, npuBenennoit Ha puc. 1, umeer Bujg

0 0 0 O 0 0 0 0 0 0o 0 O O 0 05 0 0 0
04 0 0 O 0 0 0 0 0 0 0 0205 0 0 O 0 0
o 0 0 O -08 0 0 O 0 o o0 o0 o0 0 o0 o0 0 0
0o 0 0 0 -08 0 O O 0 0o 0 O 0 05 0 O 0 0
0 0 0 O 0 0 0 0 0 o 0 o0 0 03 0 O 0 0
05 0 0 O 0 0o 0 0 0 o 0 o0 o0 0 0 o0 0 0
0 04 02 02 0 0 0 05 0 005 0 O O O 0201 O 0
0 0 0 O 0 0 0 04 0 0o 0 O 0 0 04 O 0 0
e 0 o0 0 0 04 0 0O 02 03 0 0 0 0 04 O 0
05 04 0 O 0 0 0 0 0O 05 0 0 0 0 04 O 0 04
0 0 0 0 0 0 04 O o 0 o0 o0 o0 0 O 0 0
04 0 0 O 0 04 0 05 0 o 0 o0 O 0 0 o0 0 0
04 0 0 O 0 04 0 05 0 o o0 o0 o0 o0 o0 O 0 0
0 07 0 O 0 0 0 0 0 0 0 O 0 04 0 01 04 04
o 0 0 0 03 0 O 015 0 0 O O 0 03 0 025 O
0 0 0 O 0 08 0 0 o o0 o0 O O 0 03 O 0
0 0 0 O 0 0 0 03 0 o o0 o0 o0 o0 0 O 0 0
0 0 0 O 0 o0 0 0o 0 0O 0O O 0 0 03 04
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BekTop ymnpamieHus myTeM BapbHUpPOBaHHS PECypCaMu KOOPIMHAT BEPIIMH
OymeT MMeTh BU

Au = (Aul AUZ Aus Au6 Au13)T.

Torma marpuna ynpaeieHuss B OyneT popMHUPOBATBCS MPOSKTUPOBIINKOM
CHCTEMBI CIIEIYIOMINUM 00pa3oM:

100000000O0O0O0O0GO0OGOO O
01 000O0OO0OO0OO0OO0OO0OO0OO0OO0OOO0OO0OOQO
B=000O0O10O0O0O0OO0OO0OO0O0OO0OO0OOTO0O
0000O0OT100OO0OO0OO0OO0O0O0OO0OO0OO0OO0OQO0
0000O0OO0OOO0OO0OO0OO0OO0O1O0OO0OO0OO0OO

B pesynbrare mpousBeneHHe MaTpHIL B'B OyIer enuHWYHON MaTpulei
5x5 . BTopoii BeKTOp yIpaBieHUs] Ha OCHOBE MPUPALICHNUH BECOBBIX KO3(duIm-
eHTOB Aa Oyner UMeTh BUJ

_ T
Aad=(Aass Aays Aajg Aayy Aayg Aape Aayy, Adge) -

Tornma matpuua ynpasnenust L(k) pasmepHoctu 18x8 cocraBmusiercs cie-
OYIOLUIMM 00pa3oM:

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

Ys(k) 0 0 0 0 0 0 0

0 Yik) O 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 Yk 0 0 0 0 0

0 0 0 0 0 0 0 0

- 0 0 0 0 0 0 0 0

0 0 0 Yk O 0 0 0

0 0 0 0 Yk 0 0 0

0 0 0 0 0 Yk) 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 Yk 0

0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 Yk)

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

B pesynbrare mpon3BeneHUe MaTPHIL L (k)L(k) Oynmer auaroHajbHOH MaT-
puuei 8x8:

Cucmemni docnioxcenna ma ingpopmayivini mexuonoeii, 2019, Ne 3 97



B.JI. Pomanenxo, FO.JI. Munssckuti

Y2(k) 0 0 0 0 0 0 0
0 Yi(k)y 0 0 0 0 0 0
0 0 Yik) 0 0 0 0 0
LK) = 0 0 0 Yk 0 0 0 0
0 0 0 0 Yk 0 0 0
0 0 0 0 0 Yik) 0 0
0 0 0 0 0 0 YiKk) 0
0 0 0 0 0 0 0 YZ(k)

[Tycts HavanbHble 3HaueHKs koopauHat BepunH KK, koTopbie uamepsroTes
no 10-0anpHOHN 1IKane, HAXOAATCS Ha cpeaHeM ypoBHe 5. [Ipeamonoxkum, 4to

HeoOxoauMo mnepeBecTu Bepumubl Yo, Y, Y, Ha Gonee BbICOKHMIl ypoBeHb 7.

[IpumenuB 3akoH ympasieHus (5), MOIXYYUM AWHAMUKY YOPABICHUS MMITYJIbC-
HBIM IIPOIIECCOM, NPEICTABICHHYIO Ha pHC. 2.

Y, Y, Ys Ys
7 7 7 7
6 6 6 6
5 - 5 —— 5§ 5
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10 2 4 8 8 10
Y3 Y4 Y7 Ya
7 7 = 7
6 6 6 6 I
5 5 5 5
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
Yg Ym Y13 Y14
7 - 7 -~
6 / 6 6 6
5 5 5— 5
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
Y Vi Yis Yie
7 7 7 7
6 6 6 f .
5 5 5 5
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
Y17 YIS
7 7
6 6

2 4 6 8 10 2 4 6 8 10

Puc. 2. YnpasisieMblii IMITYJIECHBIH TIpOIEcC PH MepecTpoiike koopauHat BepmmH KK
Y7,Y9,Y;4 Ha HOBBIC YPOBHH
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BbIBO/IbI

B nanHoii paboTe perieHa npodiieMa aBTOMATU3alUU YIIPABICHUS UMITYJILCHBIMU
nporeccamu B KK clIoKHBIX cHCTeM Ha OCHOBE CHHTE3a JIMHEHHO-KBaAPATUIHOTO
perynaropa, (OopMHPYIOMIETO YIPaBIISAIONINE BO3ACHCTBUS B 3aMKHYTOH CHUCTEME
yHOpaBieHHs IyTeM BapbupoBaHus koopauHat BepimnH KK u BecoBbix k03ddu-
1ueHToB. B paboTe NpoBEACHO HCCIIEOBaHUE YCTOHYMBOCTH pPa3pabOTaHHOMN
3aMKHYTOW CHCTEMBI YIIPaBIEHHS.

OKCIIepUMEHTAIBHBIC MCCIICIOBAHMS MPOBEJCHBI MyTEM ITU(PPOBOTO MOJE-
JUPOBAHMS CHHTE3WPOBAHHOW CHCTEMBI YIPABICHUS WMITYyJIECHBIM MPOIECCOM B
KOTHUTUBHOW KapTe ynpasieHus nepcoHanom [T kommanum.
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AJITOPUTMBI HPUBJIMKEHHOI'O PEIIEHU A
MHOI'OCTAJIMHHBIX FLOW-SHOP-PROBLEM

10.A. 3AK

AnHotanus. [ToctpoeHre MHOTOCTaIUIHBIX PACITMCAHUIA BBIOJIHEHUS 3a/laHUil Ha
PAcCIIONIOKEHHBIX B IOCJIEAOBATENBHYIO LENOYKY CHCTEMaxX MAIIMH HMEEeT MHOTO
MPAKTUUECKUX NPHIOKEHUH B KaJICHAAPHOM IUIAHMPOBAHHM AMCKPETHOTO IPOU3-
BozCcTBa. [loMy4YeHBI OLCHKH HIDKHEH TpaHHULBI KpUTepust 2QpPEeKTUBHOCTH U OII-
TUMAaJIbHOH MOCIEe0BATEIPHOCTH BHIMOJHEHUS 3aIaHUK M [JBA alTOpPUTMa MPUOIIH-
JKEHHOTO pEIIeHUs 3a7ad, 0OeCICUMBAIONINE BBHITOJHCHUE BCEX padOT Ha BCEX
cTamusx o0pabOTKU B KpaT4alIue CPOKU. ANTOPUTMBI PEHICHHUS TPOMILTIOCTPHPO-
BaHbl YHCJIOBBIM NMpUMEpPOM. [IpuBECHBI OLEHKU CIIOKHOCTH MPEAJIOKEHHBIX all-
TOPUTMOB. AJITOPUTMBI PEIICHHS 33Ja4d MOTYT OBITh MCIIOJBL30BAaHBI B KaJlCHIAP-
HOM IUTAaHHPOBAHUHU MENKO- U CPETHECEPUIHOTO JUCKPETHOTO IIPOU3BOJICTBA.

KnroueBble cioBa: MHOrocraguiiHble pacnucanusi, Flow-Shop-Problem, onrtu-
MaJlbHBIE MTOCTIENOBATENIBHOCTH, HIDKHSSI TPAHWIA BPEMEHH BBIIOJTHEHHUS 3aIaHHI,
TPUOMIKEHHOE PEeLIeHNE, IBPIUCTHYCCKUI allrOPHTM.

BBEJIEHHUE. IIOCTAHOBKA 3AJJAYHN

TeXHOMOTUYECKHIA MPOIIECC MPEAyCMATPUBAET BBHIITOJIHEHUE 3a/laHUH M H3TOTOB-
JICHWE U3JeNui Ha S TOCIeA0BaTeNIBHBIX CTaausIX o0padoTku. Ha aTux cramsix
BCe mM3lenusi 00padaThIBAIOTCA Ha KaXIOH CTOAMIEH B MOCIENOBATENBHOU IIe-
MOYKE CHCTEME MAIllMH W KaK Ha MepBOW CcTaiuy 00pabOTKH, Tak M Ha KaxIoi
S-#, s=1,...,S B 0HOI U TOI ke mocaenoBarenbHOoCcTH. Kakmas craaus oOpa-
00TKHM BKJIIOYAaeT m, MamuH, s =1,...,S. KoaudecTBo MaIuH Ha Kak10# cTagnu
00pabOTKH MOXET ObITh pa3auyYHbIM. bojee CIoXKHOW MMOCTaHOBKOHM 3a1ayu MO-
KeT OBITh CHTyanus, KOTJa AOMyCKAOTCS OTIWYHBIE APYT OT Ipyra IOCIe0Ba-
TENBHOCTH 00PaOOTKHU M3/CINI Ha KaXI0M CTaJNU U3TOTOBIICHUS.

HeoOxoammo omnpenenuTs ONTUMANBHYIO IOCIEA0BATENBHOCTh 00padOTKH
U3JICNINH, a TaKXKe BpeMsl Havyajia U BpeMs 3aBepIICHUS 00pa0OTKU TPYIIIbI, COC-
tosttet w3 n (i =1,...,n) W3MIEINi, OMMHAKOBYIO HAa BCEX MAIllMHAX S CTamuit
00paboTKH, 00ECIIeYNBAIOIINX BBHITOJHEHUE BCErO0 KOMIUIEKCAa pabOT B KpaTdaii-
e CPOKW. 3amava MOCTPOCHHS PACIIFCAHMs HA OJHOW CTaauu OOpabOTKH IIH-
poko m3BecTHa B jurepatype [1-4, 6, 7] u otHOcuTcs K Kiaccy Flow-Shop-
Problem. Bce nepemenenns o0pabaThiBaeMBIX U3ICTHH, CBI3aHHBIC ¢ OKOHYAHH-
€M ee Ha OJIHOW MAaIllMHE M HAdaJoM BBHINIOJIHCHUS Ha JPYTOH, CIECAYIOT TOJIBKO
B OJIHOM HAIPaBJICHUH.

O6o6mennas 3amada Jxoncona (Flow-Shop-Problem) ¢opmynupyercs
ciemyromuM obpasom [ 2, 3, 6,7]:

— Ha HEKOTOPOH MOCIe0BATEILHOCTH, COCTOSIICH U3 m, k =1,...,m pabo-
YMX CTaHIMKA (MaluH), HEOOXOUMO BBIOIHUTHL #, [=1,...,n, 3ananuii (oOpa-
0OTKYy n W3menui);
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— KaXKJ0€ U3 33JaHUil COCTOMT U3 HEKOTOPOHl yNopsA0ueHHOH MmocieaoBa-
TETHLHOCTH BBHITIOJTHEHUS m paboT (omepariii) Ha pasIuIHBIX PabOIMX CTAHITHAX
(mammHax). Hukakas ManHa He MOXKET BBINIOJHATH OoJiee OJHOM oneparuu oJi-
HOBpPEMEHHO;

— JUIMTENBHOCTH BBIMOJTHEHHS KaXION M3 STHX ONMepaluii [if M3BeCTHBI 1
HE 3aBUCST OT IOCJICAOBATEIBHOCTH BBIIOJIHEHHS OCTAIBHBIX ONEpaldil Ha ITON
WIN IPYTHX MallnHAaXx;

— HHUKakas U3 3TUX OIepaluil He JOIyCKaeT IPEephIBaHUIl B Ipolecce ee
BBITIOJTHEHUS;

— KaXJ0€ U3 3aJJaHUil BBITIOJIHAETCA B CTPOTO 33JIaHHOW M OJMHAKOBOM ISt
BCeX 3allanuii mocienaosarensHocty M =(k=1,...m) , K =(k=1,...,m);

— Ka7Jasl U3 oleparnyii Ha3Ha4aeTcsl TONBKO Ha OAHY OIpEIeNIEeHHYI0 Ma-
HIMHY;

— MOCTIeIOBATENILHOCTh MPOXOXKIEHHUS pabounX CTaHUMH SBJISIETCS 3aiaH-
HOM U OJMHAKOBOM I BCEX 3aaHUMU.

HeobOxonuMo ompenenuTh MOCIENOBATEIbLHOCTh BBIIIOJHEHUS 3aJaHHM,
o0ecreunBarony0 MUHUMAaJIbHOE BpeMs BHIITOTHEHHUS BCeX padorT.

Opnoctamuitable pacnricanus Flow-Shop-Problem otHocsTes k xmaccy NP-
MOJTHBIX 33/1a4 HKCIIOHEHIIHAIBHOW CI0KHOCTH. PaccMaTpuBaemMble B IuTepaType
MHOTOYHCIIEHHBIE ABPUCTUYECKUE METOBI U MpaBuiia npeanoutenus [1-3, 6-10]
MO3BOJISAIOT 3a4acTyI0, KaK [MOKa3bIBAIOT BEIYMCIUTENbHBIC SKCIEPUMEHTBI, MOJY-
YUTh XOPOIIME NPUOIIKEHUS K ONTUMAIbHOMY PEIIeHUIo 3a1adu. [IpaBuia mo-
CJICAOBATEIHHOTO YIIyULIEHHUS ITOCIEA0BATEIbHOCTH BBIOIHEHUS 3aIaHUH ITyTeM
oOMeHa MeCTaMU JIByX MHJICKCOB [2, 3] uMeroT nub0 JIOKANbHBIHM, JTHOO CTaTH-
CTHYECKHH XapakTep M MO3TOMY HE MOTYT pacCMaTpHBaTHCS KaK METOABI JIO-
KaJbHOTO CIyCKa B 30HY robOanbHOro MuHuMyma. CozgaHue THOPHIHBIX METO-
JIOB, KOTOpbIE HA OCHOBE XOPOIIMX 3BPUCTUK IIO3BOJIIIOT OCYIIECTBHUTH
NoMNaJaHue B 30Hy TI00aJbHOr0 MUHIMYMa, a 3aTeM METOJaMHU JIOKAIBHBIX Iepe-
CTaHOBOK MECTaMH 3aJIaHUIl OCYIIECTBUTH CITyCK B TOUYKY JIOKQTHbHOTO MUHIMYMa
310l oOmactu. Hukakas U3 mpeasioKeHHBIX B IMTEpaType SBPUCTHK HE rapaHTu-
pyer nomnaaaHus B 001acTh TI00aIbHOT0 MUHUMYMa. CpaBHUTEIHHO HEOOBIION
00BbEM BBIUUCICHUN IBPUCTHYECKUX AJTOPUTMOB U METOJOB JIOKAJIbHBIX BapHa-
Ui 00ecreYnBaloT UX MIMPOKOE MPUMEHEHUE B MPAKTUYECKUX MPUIOKEHUSIX U
B YCIIOBHUAX OONBIION pa3sMepHOCTH. D(PPEKTUBHBIE TOYHBIC M MPHOIMKECHHBIC
metoasl pemienns: Flow-Shop-Problem B ycnoBusix orpaHnyeHnii Ha CpOKH U dac-
TUYHbIE TOPSAKH BBIOJIHEHUS 3aJ]aHWil pacCMOTpeHbI B padortax [6, 7, 10] u
B pabortax aBTopa [2, 3]. HecMoTps Ha OOIBIIIOE KOJTUYECTBO MPIIIOKEHUH B Ka-
JICHOApHOM ITAHUPOBAHUM MPOM3BOJCTBA, 33a4aM MHOTOCTAJHIHOTO MOCTPOe-
HUSI PaCIMCaHUM B 3THX YCJIOBHAX HE yIENSIOCh JOCTATOYHOTO BHUMAHUS B JIU-
tepatype. CdopMmynupoBaHHas 3aiada OTHOCUTCS K kiaccy NP-moinbix
npobisieM. B nanHoit paboTe paccMaTpUBArOTCS MPUOIMIKEHHBIC METO/IBI PEIICHUS
chOpMyIUPOBaHHON NPOOIJIEMBI, KOTOPbIE MOTYT HATH NMPAKTUYECKOE MPUMEHE-
HUE B KaJIEHIAPHOM IUIAHUPOBAHUM MENKO- U CPEIHECEpUITHOrO IHUCKPETHOTO
IPOU3BOJCTBA
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OIEHKA HAKHEM I'PAHMIIBI JITMHBI PACIIMCAHMSI FLOW-SHOP-
PROBLEM

PaccmoTpum BHawane OIEHKY MHHUMalbHOH InnHBl pacnucanus Flow-Shop-
Problem. fIcHo, uTO O0IIAs MPONOIDKUTENBLHOCTh PACIIMCAHUS HE MOXXET OBITh
MEHbIIIE JJIUTEIbHOCTU BBIIOIHEHHS KaXKI0T0 U3 3aJaHUI:

m
0 _
F"=F>max Yty .
1<i<n k=1
OcTanpHble 3ajaHKs TIPU 5TOM JOJKHEI OBITh BBIIIOJIHEHBI JIM00 Iepes, 1100
TI0CJI€ BBINOJIHEHH 5TOro 3aiaHus. CIenoBaTeabHO, JONOIHUTEIBHBIE 3aTPaThl
BPEMEHU PABHBI

n
q; =Y min{(t; ty )%}, [=1,...n.

i=1

Hwxnss rpanuna Beraucisiercs no gopmyie

m
F'=max[q, + > ty].
I<i<n k=1

Hwxass rpanuna UIMHEL ONTHMANBHOTO PAclMCaHUs MOXKET OBITh BbIYKC-
JIeHa U3 CIEIYIOIINX COOOPaKEHHIA.

Jiis Havanma paboThl KOXIOW k - MalluHbl HEOOXOAMMO, YTOOBI BCE OIe-
paumu [/ =1,....k —1, npeamecTByomme 3TOM k -ii omnepanuu, ObUIN YyKe BBIOJ-
HeHbl. [yns »sTOoro B i-M 3agaHuM TpeOyeTcss BpEMEHM HE MEHee UeM

k=1
By, k)= Zti, Jla)ke B TOM CJIy4ae, €CIM B 3TOM 33JaHUU HM OJHA U3 MAIINH He
I=1
TepsieT BPEMEHH Ha MPOCTOH TOCIE BBIOJIHEHUS Mpeasiaymieii onepanuu. Cym-
n
MapHOE BpeMsl BHITIOJIHEHHSI BCEX OTNEpaldii Ha k -i MalInHe paBHO Ztik . ITocne
i=1
BBITIOJIHCHHUS OTIEpalliii BceX 3aJaHuii Ha k - MaluHe TPeOyeTCs MOMOITHUTEb-

m
Hoe BpeMst paboTel MamuH, [ =k +1,...m: B,(i,k)= Ztﬂ . Oto Bpems HeoOXo-
I=k+1
JUMO JUIA 3aBEpINEHHs BBITOJHEHUS [ -To 3amanus. CleqoBaTebHO, OIEHKA
BpPEMEHH BBITIONIHEHHSI PACIIUCAHUS U3 YCIOBHS 3aHATOCTH PabOYUX CHUCTEM OIl-
penenseTcs CIEAYIONUM 00pa3oM:

m
F? = max Dty +min B (i, k) + min B, (i,k) ¢ .
I<k<m | 1<i<n 1<i<n

Takum 0Opazom 3Ha4YEHHE HIKHEH TPAHUIBI KPUTEPHUS ONTHMAaIHLHOCTH OTI-
penensieTcst BRIpakKeHHEM

o(F)=max(F',F?). (D)

BripaxkeHue HypKHEH TpaHUIB JUITMHBI pacriicaHus B Bujae (1) M3BecTHO u
IITUPOKO MPUMEHSIETCS B JIUTEPATYPe JJIS TTOIYUSHUS TOYHBIX W TPUOIKEHHBIX
OIICHOK pelIeHui 3ToH 3anauu [2, 3].
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Flow-Shop-Problem mist nByx mammu pemena Ixonconom emie B 1950 r.
[5]- Tounoe penieHue 3agauy MOIYUECHO C MOMOIIBIO aITOPUTMA, CIOKHOCTH KO-
Toporo paBHa O(nlogn). ANTOpUTM YNOpPsIIOYMBAET IO BO3PACTaHHUIO BCE 3aja-

HUS, Ul KOTOPBIX #;; <t;,, 10 BO3PACTAHUIO 3HAYECHUH f;;, @ 3alaHUs, Ul KOTO-
pBIX f; >1;,, — W 1O yOBIBAaHMIO BPEMEHM BBIIOJHEHHS 3alaHus. B mepByro

ouepelib BBIIOJIHAKOTCS 3aJaHKs U3 [IEPBOM MOANOCIEN0BATEIbHOCTH, a 3aTEM U3
BTOPOM. OTH MOAXOIBl B IMPAKTHYECKUX MPHIOKEHUAX HCIONIB3YIOTCA B alro-
pUTMax MOJIy4YeHHUs MPUOIMKEHHBIX PeIIeHUH 3a1auH.

BPEMS HAUYAJIA M BPEMSI 3ABEPIIEHUA BBIITOJTHEHUSA 3A TAHUI
HA BCEX MAIIIMHAX KAXKJIOM CTAJIMM OBPABOTKHA

Ilycts [ = {i = 1,...,n} —— MHOXECTBO BCEX HM3JIEIHUH, MOISKAMUX 00padboTKe;

m § = 1,...,S —— COOTBCTCTBCHHO KOJHMYCCTBO MAIIMH Ha Ka)KZ[Oﬁ CTaanuunu 00-

s
pabotku. O003HAYHMM:

Xt (s), 0;(s) — COOTBETCTBEHHO BpeMsI Havaia U BpeMs 3aBepILICHHs 00-

paloTKH i -ro U3AeNus Ha § - cTaguu oOpaboTKH Ha k -i mammue, k =1,...,m,;

t;(s) — Bpems IPOJOJKUTEIBHOCTH 0OpaOOTKH i-TO M3JIeNus Ha k -i
MaIHe Ha § -d cTaguu 00paboTKH;

T:(s) — BpeMms 3aBeplIEHUs] U3TOTOBJIEHUS i -ro U3JeNus Ha s -i craguu
00paboTKy;

T, — BpeMs 3aBepIICHHs M3TOTOBJICHUS i-TO M3JE/IHA Ha mocnenuei S -if
cTaguu 00paboTKH;

@ — BpeMs 3aBepIlIeHUs BBIMOJIHEHHUS BCEX 3aJlaHMI Ha BCEX CTAIMIX 00-
paboTKwu;

T' 7% — [OAMHOXECTBO M3IENHii, JUIs KOTOPBIX B IPOLECCE BBIIONHEHUS
AIrOPUTMA OINPE/ENICHO M HE OMpPEIEIEHO MECTO B IIOCIIEIOBATEILHOCTH MHOIO-
cragmitnoi oGpadotkn 1'UT? =7, I'NI*=0.

[TycTh HA HEKOTOPOM MIATE BBIYMCIIMTEILHOTO MPOLECCA OMpPEIEIIEeHbI IO/

MHOXKeCTBa n3nenmuii ', 1 >, a Takke Moc/e10BaTebHOCTh MHOTOCTAMIHHOI 00-
v 71 7
paboTku moaMHokecTBa u3genuit [ — U = {ul,uz,...,uj,...,up} . Bpems nauana

U BpeMsl 3aBepliieHus 00pabOTKH BCeX M3JETMH Ha KaXIOW M3 MAIWH BCEX CTa-
Juii 00pabOTKHU OTIPEIEISIFOTCS 10 PopMyIam:

X 1M=L 0, 1) =1,,1); 2

X, aM=06, O+1, 6, \O=x, D+, (D=1, k=2..m. (3)

xul,l(s)zﬁul’m(s—l)Jrl, Gul,l(s)=xu1,1(s)+tul,1(s)—1, s=1L..,8; (4
Xy 1 (s)= max[@uj’l (s—1), Ouj_l,l (H]+1,
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euj,l(s) = xuj,l(s) + tuj,l(s) -1,s=2,..8; )
Xy (s)= max[@uﬂ,k (s); Guj,k_l (]+1,

0,4 (5) =%, 1 ()41, 4 () =1, j=1s P, 522,85 (6)

T,=T)(s), i=12,.,n, s=12,.,8; ®=T,(S).

1

IBPUCTUYECKHUE AJI'OPUTMbI HOJIYUYEHUSA TPUBJINXKXEHHBIX
PEIIEHUM 3AJIAYH
Aaroputm 1. [IpubmmkeHHOE PENICHHE MOXKET OBITH MOJIYICHO B COOTBETCTBHH

C aJTOpPUTMOM, AaHAJIOTUYHBIM anroputmy JIkoHcoHa [5] mocTpoeHHUs pacmuca-
HUH JUIsl IBYX MallliH.

N S
Onpenenum Q=|§|, G=0+1, a Takxe M=st , M, =|0,5-st| u

s=1 s=1

M,=M;+1. 3necp | .| — menas 4acTb YaCTHOTO OT JEJICHHS IBYX YHUCET,
M,, M| — cyMMapHbIe KOJIMYECTBA MAIWH Ha Pa3IHYHBIX (IIEPBOH M BTOPOM)
CTamusAx o0paboOTKH.
Berancanm:
0 my G mg S mg
RID=2 Dt D=2ty RED= 2 3ty
s=1k=1 s=1k=1 s=0+1k=1
S my
)= Dty .i=l.,n; (7)
s=G+1k=l1
< P PN 2. & :
R ()= Ztik , B ()= Ztik , B ()= Ztik , By (i) = Ztik si=lo,n.
k=1 k=M, k=1 k=My+1

OHpe,Z[eJ'II/IM YCTBIPC MOAMHOXKECTBA BbIITIOJIHACMBIX SaHaHHfIZ
Jl=liel IR <Ry}, Jy={iel|R()> Ry},
JP=Gel IRRO <SRG, J5 =Gl |RIG)>R3()};
Ji=tiel |P ) <Py, T2 =tiel |P\i)> P},
J={iel |PPG)<PrG)Y, J5 ={iel | B*(i)> PL(i)}.
JP=tiel|RG)<P)}, J5 ={iel | B ()> P @)},
J3 ={iel |R(i)>PL()}.

JLJ1st IpOCTOTHI  M3JIOKEHUS 0003HAYUM Wi, VisDjs Vs Cjotlj, Pjy L j — HH-

JIEKCHI 3aJaHHi, BXOJAIINX B TIOAMHOKECTBA Jll, J 21, le, J22, J13 ,J23 , J14, J24 .
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Ynopsaao4uM MOIAMHOKECTBA 3aJaHUN Jll u le, a TaKxKe J13, J14... 1o
BO3PACTaHUIO COOTBETCTBEHHO 3HAYECHUI Rll(i) u Rlz(i) u Plz(i) u P22 (i) B mo-

CJICJOBATCIBbHOCTH

1 ~1 .
Wy ={wi, Wy sees Wy wp (W €J s wp Sy Sy < Swp )
W2 ={ v vy e 2w Svy <<y <<y )
1 =WV V2seees [,...,VLZ 14 1> V1SV =3V 5.5 Ly 5>
73 73. .
W =4{P1>P25sP s PLy [P EJT3 PIS Py S SPp S Spp s

>4 T4
W =g e i, (B €0 Sy SoSpy <SSy,

a IIOJIMHOKECTBA 3aJaHUK le " J22 , @ TAKKe J13 u J14 10 yObIBaHUIO COOTBET-

CTBEHHO 3HAYCHUU Rlz(i) u R22(i), a TaKxe le(i) u Pzz(i) B TIOCJEIOBa-
TENHLHOCTH

71 T2. .
Wy ={p1sP2ss Pjos P | P €IV P12 Py 22 p; 2021}
Wi =/ lredbnen>.2r 221 };

2 = i’l,l’z,...,l’j,...,l’Lé Vj 2 }"1_}’2_..._7’}-_..._7’[‘6 N
73 T3. .
W5 ={c1,cppnsCisep [, €075 20y 202052020

T4 _ 4.
Wy ={up gttt Ju; €005 up 2uy 2 2u; 2 2uy, )

3necy Ly,L,,...,Lg — Koyn4yecTBa 3aJaHUA B COOTBETCTBYIOIIMX MOIAMHOXKE-
CTBax.
[TocTpoum 8 pacnucanuil BEINOTHEHUS 3aAaHuil. B KaKqoM U3 3TUX pacriu-

CaHU BHAYAJIe PACIIONOXKEHBI 3a/1aHUs TOIMHOXECTB Jld , d=1,2,3,4 B opsa-
K€, PacIoJIO)KEHHOM B MOCJEA0BATEILHOCTH Wld , 4 3aTeM IIOJMHOXKCCTBa 3aja-

HHI Jld B MOPSIJIKE, PACIIOIOKEHHOM B TOCIEIOBATEIILHOCTH Wzd, d=1,2,3,4.

,Z[JIH KaXXa0ro U3 3Tux paCHI/ICElHI/Iﬁ BBITTIOJIHUM pacCy€T BPpEMCHHU Hadajla U BpEME-
HU 3aBEPILCHUS BBITOJIHEHMUS BCEX 3aJJaHHd HA Ka)XI0M MalllMHEe U HA BCEX CTaJIH-
sax pazpabotku o Gopmynam (2)—~(6). Onpenenum I KaXIOTO U3 dTUX PaCIH-
CaHWW BpeMs 3aBEpIICHHS BBIMOJHEHHUS BceX paboT M 0003HAYUM HX:

T, =96, Ly ™s (S), g =1....8. B kauecTBe pelieHus 3a/1a4n BBIOMpaeM pacIicaHue
C HaMMEHBIINM 3HaYE€HHEM KPUTEPHS ONTHMAIEHOCTH.

Jlnst mosmydeHnst TpyOBIX MPUOIMKEHHBIX PEIISHUH MOXKET HCIIOJIb30BaThCs
TOJIBKO OIHA W3 TocnenoBarensuocren U™ ={W/ , Wy}, r=1,2,3,4. Tpemio-

JKEHHBIN aJTOPUTM SIBIIIETCS] allTOPUTMOM MOJMHOMHUAIBHOM CIOXKHOCTH C 00be-
MOM BBIUKCIEHUH TOTO ke MOPSAIKa, 4TO U anroput™ J>xoHcona O(n logn) .

Aaroputm 2. B Hauane BBIYMCIUTEILHOTO mpolecca, korga /=0, moso-
xium 1 (1=0)=0, T*(=0)=1 .
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S myg
Brruucnium H 0(l') = z Ztik (s). Ompenenum mOCIEIOBATEILHOCTD BBITION-
s=1k=1

Hennst samannii U° = {ue 7 | Ho(ul) < Ho(uz) <...<Z HO(un)} .

Ha mepBoe MecTo B pacrucaHiy BBIOJHEHUS 33JJaHUi TIOCTABUM 3aJJaHHE C
UHIIEKCOM U, — Z (I=1)={u,}. 3necp Z (I) — cTposmascs mociaeaoBaTehb-
HOCTb BBITIOJIHEHHS 33/1aHUH.

Brruucnum Bpemsi Havasa U BpeMsl 3aBEPIICHHUS BBITOIHEHUS 3TOTO 3a/IaHUs
Ha BCEX MaIllMHAX W Ha BCEX CTaausix 00paboTKu aeraneii no dpopmynam (2)—(4).

OmnpenenseMm IN](Z =1)={u,}, 72(l=1)= {T/ul} .

Ha crnenyromux marax anroputma [ =1,2,...,(n—1) BBIONHSAIOTCS CIEIYFO-
IITUC BBIYUCICHHUS.

1. dyig xaxmoro 3amgaHus W3 MOJMHOXKECTBA i el? (/) paccuuthiBaeM 1O

thopmynam (5), (6) Bpems Hadaa M BpeMsl 3aBEPILICHUS BHITIOJTHEHUS KaKIOT0 U3
3aJaHHi, TOCTaBUB UX Ha MEPBOE MECTO ITOCIE CTOSAIMIETO MOCIESIHUM B MO~

nociaenosarensHoctu  Z(I—1)={v;,v,,...,v;_;}, T.e. 3Has 3HAYEHUA Xy, 1,k (9),

GVH’k (), k=L2,...mg, s=12,...,§ paccuuTbiBacM
xi (D)= ev,_l 1D+ 0, =x,;(D+1,,(D-1;
xi,l(l) = maX[Gi’k,l(l), Xy, ok (D]+1; xl-,l(s) = max[@vl_l,l(s), ei,ms—l (s=D]+1;
0,4 (s)= Xi (s)+ lik (-1; k=12,..,mg; s=12,..5.

2. OmnpepenseM

. T2 .
F()=0ig(5), i€l7(]); Fs())= min F(l).
iel 2 (1)
VYcranasiauBaem 3aJaHUC C NHACKCOM I=0 Ha nociaeaHee MECTo B CTPOs-

meiicst mocnenosarensrocT Z(l) = V1,155V, vy =0} . OnpenenseM
I'={'0-nUs}, T2()={1*1-1)/c}.

71 72
Ecm 1 ())={1,2,...,n}, 1 (l)=, TO NONYYCHO pEIICHUC 3a]]a4M U 3HAYC-
Hue F_ (/) — Bpems BBINOJIHEHUS PACIHCAHUSA, T.€. 3HAYCHHE KPUTEPUS ONTHU-

MaJbHOCTH. B IMPOTUBHOM cilydyae MEPEXOAUM K BBIINOJHEHUIO OLICHKU HIKHEU
rpasub! JUHEL pactincanus Flow-Shop-Problem.
[IpennoxxeHHbI aNTOpUTM TaKkKeE SIBISETCA alrOPUTMOM TMOJMHOMHUAIBHOU

CIIOKHOCTH ¢ 00beMoM Bbrumcienuit O([n - log n]z). Anroputm 2 TpeOyeT cyiie-

CTBEHHO OOJIBIIEr0 O00BbEMa BBIYMCICHHMA, YeM ajiropuT™M 1, HO, KaK IpPaBUIIO,
obecrieunBaeT 00jee TOUHOE PELICHUE 3aJauu.

HWXHSISI TPAHULIA JIJIMHBI MHOT'OCTAJIMAHOI'O PACITMCAHUS

BpeMH BBIIIOJIHCHUS MHOTOCTaJIHHHOTO pacnucanud HE MOXET OBITh MEHBIIIE
MaKCUMAJIbHOTO 3HAYCHMS HHKHEH rpaHullbl BpEMCHU BBIIIOJHCHUA BCCX pa60T
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Ha KaKoW-JIHOO0 OJTHOW cTaguu 00pabOTKH W3euil. DTO 3HAUCHHUE JAOJDKHO OBITh
YBEJIIMYEHO KaK MUHUMYM Ha CyMMY BpPEMEHH BBITIOJHEHHS Ha BCEX MalllMHaX
OJTHOTO 33/IaHWH Ha CTAaIUsIX, MPEAIIeCTBYIOMHNX 3T0H s -1 [ =1,2,...,s —1, T.e. Ha
s-1 mj
BEJIIMUUHY D(s) =Z min Z[ik (/), a TakKe Ha CyMMY BPEMEHU BBINIOJHEHHU 3a-
-1 1<i<n =1
JMAHWA Ha TOCIEIHEH MalluHe KaXKIOTO W3 3allaHhil Ha CTagusx oOpaboTKu
S
g=(s+1),(s+2),...,S, .. Bemumnpl C(s)= Y mint¢ i, ().
q=(s+1) <i<n
CrenoBaTenbHO, HIDKHSS TPaHWIA IMHBI MHOTOCTAIMIHOTO pacIucCaHus
paBHa (D)= max {®;(s)+ D(s)+C(s)} .
1<s<8

WIIOCTPATUBHBIN IPUMEP

3HaveHUs] BPEMCHHU BBITIOJHEHUS 3aaHUi Ha BCEX MAIMHAX HA TPEX CTaIHIX
00paboTKM MpUBEICHBI B Ta0M. 1.

Tadoaumma 1. 3uaueHus BpeMeHd BBHITIOJHCHUS 33JaHWii HAa BCEX MAaIIMHAX
TPEXCTATUHHON 00pabOTKH

Bpemsi BbInoiHeHUs 3a1aHUH

Home IlepBas craaus Bropas cragus Tpetbst cragust
P
00paboTKH 00paboTKH 00paboTKH
3ajaa-
H“ﬁ n n n
L2 03 4 (Dl v 203 Dl 2034 D
i=l i=1 i=1
1 2 (10 5|6 |23 (10 8 | 9 | 27 6 | 8| 9|5 28
2 4 |56 |3 18 4 16 |17 17 |10 3 |2 |9 | 24
3 7 |8 1 | 4| 20 8 | 5|12 25 7171815 27
4 516 |3 7|21 312 11 9 | 8 | 7 | 28
5 2 16| 8|5 21 9 |10 | 3 22 S 1109 |3 27
n
Ztik 20 | 35|23 |28 34 | 31 | 37 32|37 |36 |29
i=1

HwxHue rpaHnIisl BpeMEHN 3aBEpICHHS BBHITIOJTHEHUS BCEX 3aJaHUi Ha Kax-
IO craguu o0paboTKH, paccunTanHbie o ¢opmynam (1)—(3), cooTBeTCTBEHHO
paBHHI (42, 42, 52). HmwkHsAI TpaHHAIla TPEXCTAIHHHOTO PaCIUCAHUS COCTaB-
nset 81.

Haiinem penieHue 3ajadyd B COOTBETCTBHUU C aJITOPUTMOM 1, HCHOJB3ys
TOJILKO OJHY IIOCIEAOBATEIbHOCTD U'= {VINfll,VIN/z]}, M=3, M =1 M,=2.
Bomcmsiem: R (i) = (23,18,20,21,21) Ry (i) =(55,41,52,39,49) . Tak kak R| (i) <
< R% (@), o U= {2,3,4,5,1} . BpeMs 3aBeplieHHs BBHITIOJHEHUS 3aJaHUA HAa BCEX

MaIllMHaX TPEeXCTaauitHONH 00paboTKM MpHBeNeHBI B Ta0n. 2. BpeMms 3aBepiieHus
BBINIOJTHEHUS paCIMCaHUsA AJIsl 3TOU mociieoBaTenbHocTd paBHo @ =T7; =108.
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I0.A. 3ax

Taoaunma 2. I[locmeqoBaTenbHOCTh BHIMOTHEHUS 3aJaHUM, MOMIyYeHHAs C UC-
MOJIb30BaHUEM ajroputMa 1

Homep Bpemst BbINoJIHEHHUsI 32/IaHUI HA PA3IMYHBIX MAIIHHAX
IlepBas cranus Bropas cragus Tpetbs cragus
Jana- 00paboTkH 00paboTKH 00paboTkH
T2 T3 [ 4 1 | 2 |3 | 1] 2 | 3 | 4
2 4 9 15 18 22 28 35 41 49 58 64
3 11 19 | 20 | 24 32 37 49 56 63 71 76
4 16 | 25 | 28 | 31 35 39 55 60 69 77 84
5 18 | 31 39 | 44 53 63 66 71 81 90 93
1 20 | 41 46 | 52 63 71 80 86 94 | 103 | 108

Haiinem pemenue 3amaun anroputmom 2. Ha 0-m mmare anroputMa 3HauYCHHS
BPEMCHU 3aBEpIICHUS BBIIOJIHCHUS 3aaHuii paBHBI H O(i) =(78,59,72,60,70).
BriOupaem 3amanne ¢ MUHUMANBHBIM BPEMEHEM 3aBepIlCHUs, T.€. 3allaHue 2, u

YCTaHaBIMBAEM €r0 Ha IIEPBOE MECTO B CTPOSIIEHCS TOCIe0BaTEIbHOCTH ! @,

iel? ), [=1,...,4, Tabn. 3, B KOTOPOU >KUPHBIMU MH(PpaMu BBIFCICHB MIHIMA-
JIbHBIC 3Ha4eHUs. BbIOpaHHbBIE MUHUMAJIBHBIC [T0 BPEMEHH 3aBEPILICHHS BBITOIHE-
HUSI 33/1aHUS HA KQXKJIOM IIare aJrOpUTMa BKITFOUCHBI B CTPOSIICIOCS MOCTIEI0BA-
TENBHOCTh BBIMOJHCHUS 33aJaHui. 3HAUCHHWS BPEMEHH 3aBEPIICHUS BBIMOJHCHUS
3a/IaHuil Ha BCEX MAIlIMHAX TPEXCTaAUNHON 00pabOTKHU MPUBEACHEI B TA0II. 4.

Taoaunma 3. 3HadueHUS BPEMEHH 3aBEPIIICHUS BBITOTHCHUS 3aaHII

Homep Pacuernbie 3navenust H' )

HIArOB 1 3 4 3
1 93 84 73 77
2 91 80 83
3 100 92
4 107

[MockonbKy 3HAUYEHWE KPUTEPUS ONTUMAIBHOCTH, MOJYyYEHHOE C UCIOJb30-
BaHHEM aITrOPUTMa 2 MEHbIIIE, YeM COOTBETCTBYIOIICE 3HAYCHHUE, TIOTyUCHHOE 110
AIropuTMy 1, TO 9TO pacmucaHHe cO 3HAa4YeHUEeM KpuTepus 3(PQPEKTHBHOCTH
O =107 mpuHUMAaETCS KaK PEIICHHE 3a1a4H.

Taoauuna 4. [locnenoBaTeabHOCTh BHITIOTHEHUA 3alaHUH, MOJyYEHHAs C UC-
MOJIb30BAaHUEM AJITOpUTMA 2

Bperl 3aB€PUICHUA BBINMMOJTHECHUSA 3alaHui Ha Pa3JIUYHBIX MallIMHAX

Homep IepBast crazus Bropas cranus o6pa-
3aaHuii 06paboTkn 6otk Tpetbs cragus 06paboTKN
2 3 4 1 2 3 1 2 3 4

1

4 9 15 | 18 22 28 35 45 48 50 59
9 15 | 18 | 25 28 30 41 49 58 66 73
24 | 25 | 29 37 42 54 61 67 75 80
18 | 30 | 38 | 43 52 62 65 70 80 89 92
20 | 40 | 45 | 51 62 70 79 86 93 102 | 107

— | W AN
—_
(@)}
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3AK/IIOYEHUE

OpmHocTamuiiHble 1 MHOTOCTanauitHbIe 3anaun Flow-Shop-Problem mmpoxo mpu-
MEHSIOTCS JIIsl PEIICHUS 33]]a4 OTepaTUBHO-KAJICHIAPHOTO TUIAHUPOBAHUS B Ma-
HIMHOCTPOCHUH, MPUOOPOCTPOCHHUH, DIICKTPOHHOM, JepeBOOOpadATHIBAOIICH,
JIETKOW WM JIPYTUX OTPACHAX MPOMBINUICHHOCTH. IIOCKONIbKY TOYHOE pellleHHe
TaKuX 3aaa4 MOXKET GI)ITI) IMMOJIY4YE€HO TOJILKO C IMMOMOIIBIO AJITOPUTMOB 3KCIIOHCH-
[IUATEHOM CJIOHOCTH U TPeOyeT OOJbIINX OOBEMOB BHIUMCIICHUH, MOCTPOCHUE
3G GEKTUBHBIX MPHUOIMKEHHBIX METOJIOB PEIICHHS 3TUX 3aJ1a4 MOXKET HAWTH IIH-
POKOC NPAKTUICCKOC ITPUMCHECHUC B CUCTEMAX YIIPAaBJICHUA IIPOMU3BOACTBOM.
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MATEMATHUYHE MOJAEJIIOBAHHA HAIIPYKEHOI'O CTAHY
OPTOTPOIIHOTI'O I’E€3OEJIEKTPHYHOI'O MATEPIAJIY
31 COEPOIJAJIBHOIO ITIOPOKXHUHOIO
I BHYTPIHIHIM TUCKOM

B.C. KHPIIIOK, O.IJIEBYYK, O.B. T”ABPUJIEHKO, M.K. CYKAY

AHoTauisi. Ha OCHOBI MareMaTHYHOrO MOJCIIOBAHHS JOCIIKCHO HANpyXeHUH
CTaH OPTOTPOITHOTO EJIEKTPOIPYKHOIO MPOCTOPY 3i cHepoinaIbHOI MOPOKHUHOIO
i BHYTPILIHIM THCKOM. P03B’s130K 3a1a4i OTPHUMaHO 3a JOMOMOT0I0 BUKOPHUCTAHHS
y3araJbHeHOr0 Ha BHIAJOK OPTOTPOIHOTO II'€30€JEKTPHYHOIO0 Marepiany MeTOmy
€KBIBaJIEHTHOT0 BKIIOYEeHHS Emendi Ta iHTerpansHoro nomganus GyHkii ['pina ams
OPTOTPOITHOTO EJIEKTPOIPYKHOTO MPOCTOPY. TeCTyBaHHs alrOpUTMY PO3B’s3aHHS
3aj1a4i Ha YaCTHHHOMY BHIIaJKY (IUIsl TPAHCBEPCAIbHO-130TPOITHOIO CJIEKTPOIPYIK-
HOr0 Marepiany 3i chepoifalbHO MOPOKHUHOK) MiATBEPIKYE HOTO ePEKTHUB-
HicTb. [IpOBEICHO YMCIIOBI JOCIHI/KCHHS HANpPYKEHOTO CTaHy B OPTOTPOITHOMY
CJICKTPONPY)KHOMY Matepiaiii 3 MOPOXKHUHOIO MiJl BHYTPIIIHIM THCKOM, BHUSIBJICHO
XapaKTepHi 3aKOHOMIPHOCTI PO3MOiTY HAIPYIKEHb.

KiwouoBi cioBa: mMaremMaTndyHe MOJETIOBaHHS, OPTOTPOITHHUH IT"€30€IEKTPUIHUI
MaTepiaj, 3B’s3aHa CHCTEMa PiBHSIHB EIEKTPOINPYKHOCTI, chepoinaibHa MOPOKHU-
Ha, BHYTpIIIHI} THCK, HAIIPy>KEHUH CTaH.

BCTYII

JocaimkeHHs] HanpyXeHO-/1e()OPMOBAHOTO CTaHy ABOBHMIPHUX Ta TPUBUMIPHHX
AHI30TPONHUX MPYXHUX TUT 3 TMOPOKHMHAMHU 1 BKIIOYCHHSIMH MPOBOAHMIOCH
y npamsx [1-6]. OcTaHHIM YacoM 3HAYHO 3pic iHTEpeC 0 AOCTIIHKEHD 3B’ sI3aHUX
MOJIIB y €NEKTPOINPYNKHUX TilaxX, MPO IO CBIAYUTH CYTTEBE 301NBIIESHHS ITyO-
Jikamiil y i ramgysi. 3HaXOKCHHIO EJICKTPUYHOTO 1 HAMpyXEHOTo CTaHIiB
I’ €30CEKTPUIHNX TiJ 3 KOHIICHTpATOpPaMH HAIPyXEHb MPHUCBIYCHO IpaIri
[7-14]. Inst popmMu MOPOKHUHN YH BKJIFOUEHHS y BUIIISINI chepoina (emincoina
o0epTaHHs1), PO3MIIIEHOTO B EJIEKTPOIPYKHOMY TPaHCBEPCATbHO-130TPOITHOMY
MPOCTOPi, TOYHUHA PO3B’SA30K 3aJadi OTPUMAHO TUTBKU JJIsS BUITAIKy OpIE€HTAITii
oci o0epTaHHS KOHIIEHTpaTOpa Hampy>KeHb y3IA0BXK OCi CUMETpii eIeKTPONpyK-
HOTO TpPaHCBEpPCATLHO-130TponHOTO Matepiany [8, 12—-14]. [ns opToTpomHOro
€JIEKTPOIPY>KHOTO MaTepiaiy, IO MiCTUTh TPIITUHY KPYTOBOI UM SNINTHIHOI (op-
MU, SIKa PO3TAIIOBAaHA B OJHIN 3 IUIOIIMH CUMETPIi MaTepiany, 3a NESKUX THITIB
HaBaHTa)XKCHb aHATITHYHO-YHCIIOBHI PO3B’SI30K 33/1a4ul OTPUMAaHO y mpamsx [15, 16]
BIJIITOBITHO, & JJIs IIapyBAaTOTO OPTOTPOITHOTO EIIEKTPONPYKHOTO MaTepiany 3a
3runy —y [17].

Y po6oTi Bepire po3riITHYTO 3a1aqy PO OPTOTPOITHUH IT°€30€CKTPHIHNN
HpOCTip, IO MICTUTH chepoifaibHy MOPOKHHUHY Mij CTaIUM BHYTPILIHIM THCKOM
P, . Takox IPHUITyCKAa€eThCs, [0 HOPMaJIbHA CKJIAZ0Ba BEKTOpa €NCKTPUYHOI iH-
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110 ISSN 1681-6048 System Research & Information Technologies, 2019, Ne 3



Mamemamuune mooentosamnns HANpys;cenHo20 cmawy opmomponHozo n ’e3oeﬂe1<mpulmozo

oykuii D, Ha mOBepxHI HOPOXXKHUHM AOPiBHIOE Hyio. lle BinmoBimae Bumaaky
BIJICYTHOCTI €JICKTPUYHUX BIUIMBIB Ha MMOBEPXHI TIOPOKHUHU, HA SKii HEMA€E ee-
KTPOJHOTO TOKPUTTS. BBaskaeThcs, 110 30BHILIHI CHJIOBI Ta €IEKTPHYHI HaBaH-
Ta)XEHHs y 11’ €30€JIEKTPUIHOMY MaTepiaii BiACYTHI.

JIst po3B’si3aHHS 3aa4l HA OCHOBI MaTEMaTHYHOTO MOJICITIOBAaHHS BUKOPHC-
TaHO MOXif, Mo 0a3yeThCS Ha METOJI €KBiBaJICHTHOTO BKIOYeHHS Emenodi, y3a-
raJbHEeHOMY Ha BHIAJOK OPTOTPOIHOTO EJIEKTPONpYKHOTro Matepiamy. Ilig gac
BUKOHAHHs PO3paxyHKiB MOBEPXHEBI iHTErpajiM, OTpUMaHi MiJl 4ac po3B’s3aHHS
3amavi, OOYMCIIOIOTBCS 3a KBaJpaTypHUMH Qopmyiamu [ayca. Anropurm
PO3B’s3aHHS 3aj7a4i anpoOOBaHO Ha YaCTHHHOMY BUIIAJKy — JJISI TPaHCBEpPCallb-
HO-130TPOMHOTO EJIEKTPOIPYKHOTO MaTepiany 3i cdepoigaabHOI MOPOKHUHOIO,
BiCh 00epTaHHA SKOi 30iracThcs 3 BiCCIO CUMETpIi MaTepiany (3amaya Mae TOUHUH
po3B’s130K). I1opiBHSIHHS pe3yabTaTiB HOCTIHKEHHS Y YJaCTHHHUX BHUIAIKaX 3 Ja-
HUMH 1HIIUX aBTOPIB MiATBEPIAUIO €EKTUBHICTh BUKOPUCTAHOTO TTiIXO/Y.

JlocnmipKeHO PO3MOAINT HampyXeHb B OPTOTPOIHOMY €JIEKTPONPYKHOMY
mpocTopi 3i chepoiganbHOI0 MOPOKHUHOKO (TTi7] BHYTPIIIHIM TUCKOM) 3a Pi3HHUX
TEOMETPHYHHX MapaMeTpiB MOPOKHUHHU.

OCHOBHI PIBHSIHHSI I IOCTAHOBKA 3AJAYI

Hexait opTOTpOmHUil eNeKTpOnpyKHUH MPOCTIP MICTUTh cHepoinaabHy MOPOXK-
HUHY (3 HIBOCSIMU @, =a,,as ), 10 nepedyBae Mil BHYTPILIHIM THCKOM F,. BBa-
JKAEMO, 110 MMBOCI TOPOKHUHH OPIEHTOBAHI B3/IOBXK OCEil CUMETPil OPTOTPOITHOTO
eNeKTpOTpyKHOTO Matepiany. [Ipomec nedopMyBaHHS eNEKTPONPYIKHOTO MaTe-
piany mis 3B’S3aHUX CHJIOBHX 1 €JIEKTPUYHHX TIOJIB OMHCYETHCS TAaKOIO CHCTeE-
MOIO PiBHSIHB.

[ToBHa cucTeMa CTaTUYHUX PIBHSHB €ICKTPONPYKHOCTI HAOyBae TaKOrO BU-
TISAY:

pieHsHHA piBHOGaA2Y 32 BIACYTHOCTI 00’ €EMHHX CHIT

;=03 ()
DIBHAHHA BUMYULEHOT eIeKMPOCMAMUKU
cniggionouwenns Kowi
1 .
ey =5 i+ 1)
PIBHAHHA CMAaHy

c.=C

i iimn€mn +em-j‘I’,n; D =e

i imngmn

_kin\P,n > (3)

ae Gy, €, U, D;, E;, ¥ — KOMIIOHEHTU HampyxXeHb, AedopMaliil, nepemi-
eHb, SMIEKTPUIHUX MepeMinieHb (IHAYKIIi), HapyKEHOCTI IEKTPHIHOTO TIOJIA i
eJIEKTPUYHUHN MoTeHnian BianosinHo. Cucrema piBHAHB (1)—(3) € moBHOIO cUcTe-
MOIO 3B’I3aHUX PIBHSHB €ICKTPOIPYKHOCTI. YBEJCHO TaKi MO3HAUYCHHS TEH30PIB:

. ., .. . .
Cijmn> €mn> Kk — TPYXKHI MOAYI, II’€30MOAYII, AICNCKTPUYHI HPOHUKHOCTI.

[lepmmit 3 X TEH30pPiB BUMIPIOETHCSA 32 CTAJIOTO EJIEKTPUYHOTO TIOJS, a JIBa
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B.C. Kupunioxk, O.1 Jleguyk, O.B. 'aspunenxo, M.K. Cykau

OCTaHHIX — 3a cTajoi aedopmarii. s n’€30eNeKTpUIHUX TiJl, SKi € OPTOTPOII-
HUMH 3a TPYXKHHUMH Ta €JISKTPUYHUMH BIIACTUBOCTSMH, INPY’KHI BIACTHBOCTI
ONHUCYIOTBCSl  JIEB’ATbMA HE3ANSKHUMU CTATUMH ¢, Cyy, C335 €y €135 Co3 s
Cy4> C55,Cg > T €30MOIYIII — IIITbMA BEIIMYMHAMM €5, eyy, €3, €31, €33 > M-
€IIEKTPUYHI NPOHMKHOCTI — TPbOMa HE3AICKHUMH CTAIUMHU kyi, Ky, ki3.

KoMIoHeHTH 3amnucaHuX TEH30pPIB MMOB’s3aHi 3 BIAMOBIAHUMHU HE3AJICKHUMHU CTa-
JIMIMU TaKUM YUHOM:

Cinn=c¢1s Comn =¢225 Cizz3=03335 Ciipp =Cpoy1 =¢125
C1133 = C3311 =035 C2233 :C3322 =C3; C2323 :C2332 :C3232 :C3223 =Cy4;
C3131=C3113=Ci331=Ci313=C555 Ci212=Cl221 =Co121 =Co112=C665  (4)

€3 = €31 = €155 €003 = €23) = €45 €11 = €315 ey =ey €333 = €335 kyys kyy 5 ka3

He HaBeneHi KOMIIOHEHTH TPHOX TEH30piB Y dopmynax (4) HaOUparOTh Hy-
JHOBUX 3HAYCHb.

Ji omuCy eNneKTpOIpYHOTO CTaHy BUKOPHUCTAEMO OUTHIN YHi(iKOBaHi Imo-
3Ha4yeHHs [11]. Y pe3ynbraTi oTpUMaemo:
NPYICHI nepemiujenHsl i eneKmpuyHull NomeHyiaun

oo fume M =1.2.3, )
M7\ M =4;
npyoicHi deghopmayii ma HanpyICeHOCMI ereKMPUYHO20 NOs
e  M=1,2,3,
Zw . M4 ©)
'n )
HANPYHCEHHS MA eIeKMPUYHI nepemiueHHts
2 Gl]’ le, 2, 3, (7)
YDy, T =4

eNeKMPONPYIHCHI MOOYIE
C; JM=123,

ijmn>
E(JOLA/)[ _ Jenij> J=1,2,3; M=4, ®)
L. n

> J =4 M =123,

-k, J, M =4.

mn>

3a pmomomorow dopmyn (5)—(8) piBHSHHS cTaHy (3) MOKHA 3alHUCaTH
y BUTIISI

EiJ = EiJMn AVE )

Jle JTiBa YacTUHA PiBHAHG (9) 6a3yeThcs Ha Mo3HaueHHX (7).

METO/ PO3B’AA3AHHA

Cama cxema posrisiay 3anadi Ha ocHOBl Merony Emen6i € takoro. CiouaTky po3-

[IIAA€ThCS TPUBICHUM PO3TAT 0?1 = ng =c5(3)3 =F, (3a BiACcyTHOCTI BEKTOpa
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€JIEKTPUYHOI 1HAYKIil OCHOBHOTO IIOJII) B OPTOTPOIHOMY I €30€JIEKTPUYHOMY
MPOCTOPi 31 CPepoinaTbHOIO TOPOKHUHOI. EJIEKTponpyXHiI BIACTHBOCTI BKITIO-
YeHHS MOKJIAAAI0ThCSI OMM3bKUMH HYJIHOBHM 3HAYCHHSM (MOJETIOETHCS TIOPOXK-
HUHA). [lani 3a JOMOMOrol0 y3araJbHEHOTr0 METOAY €KBiBAJIEHTHOTO BKIIIOUECHHS
Emren6i o04ncarOeThCS CUITOBE 1 €MEKTPUYHE TOJIS, IO € CYIEPIIO3UITIEI0 OCHOB-
HOTO TIOJIA (TPUBICHOTO PO3TATY) Ta 30ypEeHOTO CTaHy (BUKIMKAHOTO HASIBHICTIO
nopoxxHuHM). [licis mporo i3 Cyneprno3ullii ctaHiB (OCHOBHOIO 1 30ypeHOro) Bu-
JY4Ya€ThCs TPUBICHUHI PO3TAT ng = 623 = F, (ocHOBHMI Hampy:KeHUil cTaH). Y
pe3yJIbTaTi OTPUMYEMO JIMIIE 30YPCHHI CTaH, SIKUW IMOBHICTIO BiJIIIOBiIa€ BUTIA-
Ky HAaBaHTAXEHHS MOPOKHUHU BHYTPIIIHIM TUCKOM F) B €IEKTPONpPYKHOMY
pOCTOpi.

EnexTpudHuii 1 Hanpy)KEHUH CTaHU B €JIIEKTPOIPYKHOMY IIPOCTOPI ITOAAMO
CYIIEpPIIO3HLI€I0 OCHOBHOTO MOJISl 1 30ypeHHs, BUKIMKAHOTO HAsBHICTIO ITOPOXK-
HUHA. J[71s1 TonIyKy 30ypeHOro CTaHy CKOPHUCTAEMOCh METOJIOM €KBiBaJCHTHOT'O
BKItoueHHs1 Emen6i, y3aranbHeHOro Ha BUNAIOK ejieKkTponpyskHocTi [11]. Pis-
HSHHS €KBIBAJICHTHOCTI B 00JacTi BKIIOYCHHS (HEOMHOPIMHOCTI) MalOTh TaKHMA
BUTIISA;

| .
Ela(Ziy +Zx)) = Epgg (Zpy + Zig = Zy) (3 €Q), (10)

e Ei]K,, E,jx; — €NEKTPONpYKHI MOTYJIi HEOHOPIHOCTI Ta MATPHII BIATIOBIJI-
1 .
HO (U1 BUNAJIKY TOPOXHUHU E ., CHOPAMYEMO IO ONM3bKMX HYJIIO 3HA4Y€Hb);

* . “ . . o v
Z )y, — 3HadeHHs «BUIbHUX» Aedopmanii (3a Tepminosnoriero Emen6i) 1 Hanpy-

JKEHOCT1 €JIEKTPUIHOTO TIOJS, SKi BH3HAYAIOTHCSA 3 YMOB €KBIBaJCHTHOCTI BKIIIO-

YeHHsI. 3HAYEeHHS Z,% (medopmariii i 3HAYCHHS EJIEKTPUIHOT THAYKIII] OCHOBHOT'O

NOJIsI) OTPUMYEMO 31  CHIBBIAHOIICHD Z?J =E ZIOQ. AHAIIOTIYHO TIPY)KHOMY

BHIIAIKy MAaEMO
Ztn = Sytnap Z ap » (1)

ne S, — I €30€JEeKTPHYHUN aHanor TeH3opa Emendi, skuii 3a1exuTh

BiJl TeOMETPUYHOT (OPMH BKJIIOUYCHHS 1 EJNEKTPONPYXHHUX BIACTUBOCTEH
1’ €30e1eKTpUIHOTO Tpoctopy. Cropuctasmuck ®yp’e-o0pazom ynkmii ['pina
JUISI HECKIHIEHHOTO €JIEKTPOTIPYKHOTO MaTepiany, oIaMo HOTo y BUTIISAII

12n
%J. J.[Ime(E)'i_Ithm(E)]dedThﬂ m=M :17 29 3;

E.
_Zigap 710 12
SMnAb - 47_[ 1 ZT[ ( )

J. I[I4Jin(2)]dedn3’ M =4 >
-10

me  z=m;/a; My =+1-n3c080; mM,=41-nisin0. KpiM Toro, maemo
Lyvijin = ZiZy K;,IIJ(E), ae K;,,}, — oOepHeHa Jo0 Takoi Marpuui: K, =

=z;z, Eyyy -
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3a pomomororo criBBigHomeHs (10)—(12) ans 3HaX0KeHHS HEBiJOMUX 3HA-
YEeHb Zzl OTPUMYEMO CHCTEMY IIiHIHHUX anreOpuyHuX piBHsAHB. KoedimienTn
i€l CUCTEMH 3aJIeXkaTh BiJl MOABIMHUX iHTerpamiB Tumry (12), aKki HE MalOTh 0CO-
OymBoCTEl B 00J1aCT iHTETpyBaHHS.

Jlnst 3HaXOIKEHHS PO3MOALTY HANpYXKEHb B €IeKTPONPY>KHOMY IPOCTOPI 3
SNINCOINaTbHIM BKIIOYCHHSIM HEOOXiHO criouaTky 3a (opmymnamu (12) oOuwc-

it asanor tensopa Emenbi S, .., a moTiM 3 piBHAHB eKkBiBaseHTHOCTI (10)

* o .
BM3HAYMTH 3HAYE€HHS Zg;. Y Lill poOOTI KOMIOHEHTH S, ., OOYMCIIOBAIUCH 32
KBagpaTypauMu Qopmynamu [ayca. Ilicmsa 3HaXOmKEHHs HEBIIOMHX 3HAYCHD
* o e v .
Zg; BU3HaYAIMCA €JIEKTPUYHUI 1 HANpy>KeHUH CTaHU BCEPEAMHI M’SIKOTO BKIIIO-

yeHHs. [ oO4YMCIIeHHsI 3HaueHb HANpyXeHb 1 XapaKTEePUCTUK EIEKTPUYHOTO
MOJIi Y TOYKaxX IT €30€JIEKTPHYHOTO MPOCTOPY, IO MEXKYIOTh i3 TMOBEPXHEIO
BKJIFOUCHHSI, BUKOPHCTOBYBAIUCH (HOPMYIH CTPUOKA HAMPYKEHb 1 EIEKTPUIHOT
IHIYKITIT TP IIepexo/Ii Yepe3 MexXy BkiItoueHHs [11]:

: * 1 - *
(2 1=20" =2 =E i (= E porn Zam 11y Ko () + Zig

Jie n; — KOMIIOHEHTH HOpMaJli 10 IOBEPXHI BKJIIOYECHHSI.

AHAJII3 PE3YJIBTATIB YUCJIOBUX JOCIIAKEHb

Crioyatky JUIst TECTYBaHHS ajlTOPUTMY PO3B’SI3aHHS 3a/a4il PO3TIITHEMO BHIIAI0K
chepoinanbHOi MOPOXKHUHHM, IO MICTHTHCS B TPAaHCBEPCAJIbHO-130TPOMHOMY
eJIEKTPOIpY)HOMY mpocTopi. [Ipumyckaemo, mo Bich o0epranus cdepoina 30ira-
€TBCSL 3 C BIiCCIO CHMeETpIi I’ e30enekTpuyHoro marepiany Oz . Hexali ocHOBHUH
€JIEKTPUYHUH 1 HANpy>KeHWH CTaHW y HECKIHYEHHOMY €JIEKTPOIPY>KHOMY TpoC-
TOpP1 MarOTh BUTIIS

¥O —0; p® =pO =0; DO =y 6",

ae dy; — T’e30eneKkTpuyHa ctana [7]. PosrimsHeMo 1m’e30KkepaMidyHi MaTepianu
PXE-51LTC-19, BaactuBoCTi SKuX HaBeaeHo y npaiti [7]. [licias oGuncnens ajis
CTHCHYTUX c(epoifanbHUX MOPOKHUH MAaEMO PE3yNbTaTH, IO Y3TOKYIOThCA 3
mannmu mpani [13] (oTpuMaHi KpUBI HaKIaAAarOThea Ha JiHIT puc. 1, 2 i3 mparti
[13]). Jnst miamazoHy criBBimHOMIEHB TiBOcei cdepoina ¢/a=0,2+0,9 y pospa-
XYHKax BUKOPHCTOBYBAJIUCH KBaJpaTypHi ¢opmyiu ["ayca mo 48 Byznax (110 KOX-
Hil 31 3MiHHUX), a /Ui Jiana3oHy BimHomeHb c¢/a =0,1+0,2 — mo 96 By3nax.
3HaiifieH] B pe3ynbTari 00unCIieHb 3HAUCHHS HANpYXEHb Y3TOKYIOThCS 3 JaHU-
mu npani [13]. Tak, koHIEHTpawLis HampyKeHb G, / Gg 3a 3aJJaHOr0 OCHOBHOI'O
noist (14) 1 BigHOWEHHS MiBOceH cdepoina c¢/a =0,5 g 1’ €30KepamMivHOrO Ma-
tepiany LITC-19 Ha moBepxHi MOPOKHUHK Jocsirae 3HaueHb 1,418 (1,42 y [13]) y
BepmuHi Ha oci Oy i 1,887 (1,89 y [13]) y BepmuHi Ha oci Oz. OTxe, TeCTyBaHHS
HiAXody A0 3ajadi Ul TPaHCBEPCAIbHO-130TPOMHOTO I1'€30€IEKTPUYHOTO IpOC-
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TOpY 3i chepoinaibHOI0 MOPOKHUHOIO, IO Mae€ TOUHUHN PO3B’ 30K, MiATBEPIKYE
Y3TOKEHICTh PEe3yJIbTATIB MOCIIHKEHD 3 JaHUMH IIi€] poOOTH.

BuBUYrMO HampyXeHUI cTaH B OPTOTPOIHOMY EIIEKTPONPYKHOMY Matepiai
Ba,NaNbsO,s [17] 31 chepoinanbHOI0 MOPOKHUHOIO IiJl BHYTPIIIHIM THCKOM £
1 3a BIACYTHOCTI eleKTpUuHUX BIUIMBIB (D, =) Ha IOBEpXHI NOPOXKHUHH, a Ta-
KO 0€3 OCHOBHUX CHJIOBHX 1 €JICKTPHYHHUX IIOJNIB B OPTOTPOITHOMY €JIEKTPOTI-
pyXHOMY Marepiaini. BiqzHaunmo, mo BracTuBocTi Marepiany Ba,NaNbsO;s omm-
CYIOTBCSl 3HAYCHHSAMH 17 He3ale)KHUX EJIEKTPONPYKHHUX CTAINX, SIKi HaBEICHO
y mpai [17].

Posnozin HanpyxeHp G,/ Fy y340BX MOBEPXHI IOPOXXHUHU Y nepepizi XZ
(Bix BepmmHHM cdepoina Ha oci Ox 1o ioro BepmnHH Ha oci 0z ) 3a pi3HUX CITiB-
BiZJHOILIEHb MiBOCEH MOPOKHUHM MOJAHO Y BUIJISIAI puc. 1, HA siIKOMY KpuBi [—5
BIJIITOBIAIOTh TAaKWM CITiBBITHOIIEHHSM ITiBOCeH cCdepoinaabHOi MOPOKHUHU:
al/c=0,5;0,6;0,7; 0,8; 0,9. BugnHo, 1o 31 3MeHIIEHHAM 3Ha4YeHHA a/c (3011b-
HICHHSIM KPHUBU3HHU c(epoilanbHOi MOBEPXHi) POCTYTh MAaKCHMAllbHI 3HAa4YEHHS
HalpykeHb G,/ F, (Ha HOBEpXHi MOPOXHUHU Yy BepiIuHi cdepoina Ha oci Ox).
Bonnouac y BepumHi C (Ha oci 0z) 6,,/FR) =—1, mo BiaNoBila€ rpaHUYHUM

yMOBaM IepeOyBaHHs HOPOXKHUHM il TUCKOM Fj, .

ZZ

B

1,0

0,5

-0,51

-1,0
0 0,2 0.4 0,6 0.8 z/c

Puc. 1. Po3niofin HanmpyXeHb G, Y3A0BXK IOBEPXHI MOPOXKHUHU B Mepepisi XZ 3anexHo
BiJl FeOMeTpii MOPOKHUHU

Posnonin HanpyxkeHb G, / By y310B%k MOBEpXHi IOPOXHUHHU y Nepepizi XZ
JUIS TPHOX PI3HUX 3@ BIACTUBOCTSAIMH MartepiaiiB (skmo a/c =0,5) mokazaHo Ha
puc. 2. Kpusa / Bigmnosigae ejekTponpyxxHomy marepiany Ba,NaNbsOis, a ninii
2, 3 — npyxHuM optoTporHiuM Matepianam ckiomiactukisB CTET, ACTT(6)-C,0
i [1H-3 [1, 64]. Haii0inpi1i 3HaYeHHS HAIIPYKEeHb BIAMOBIIAIOTH MPYKHOMY OpPTO-
tporrHOMY ckiomiactuky CTET, a HaliMeHII MaKCUMaJIbHI 3HAYEHHS 3 JOCIi-
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JOKYBaHUX MaTepialliB JIOCSTAIOTHCS I ICKTPONPYKHOTO OPTOTPOITHOTO Ma-
tepiary Ba;NaNbsO;s .

Dz
P, 2
1,5

V.
AN
1
1,0

0,5

e\
N\

0 0,2 0,4 0,6 0,8 z/c

-1,0

Puc. 2. Po3nonin HanpyXeHb G,, Y3J0BX IOBEPXHI MOPOXKHUHU B nepepizi XZ s

€JIEKTPOIIPY’KHOTO Ta JBOX MPY>KHUX OPTOTPOIIHUX MaTepialiB

BHUCHOBOK

Y po6oTi 3a 10MOMOro0 MareMaTuYHOT MOZAET] JOCIIIKEHO PO3MOILT HAlpyKe-
HOT'O CTaHy B OPTOTPOITHOMY IT’€30€JIEKTPUYHOMY Matepiali, [0 MiCTHTh HOPOXK-
HUHY cdepoiganbHoi GopMu, sika mepedyBae I BHYTPIIIHIM THCKOM. BHBYEHO
BIUTHB I'€OMETPIi IIOPOKHUHH Ta EJIEKTPONPYKHUX BIACTHBOCTEH OPTOTPOITHOTO
Marepiany Ha pO3IO/LT HAPY>KeHb y3/I0BXK MOBEPXHI c(epoinaabHOI OPOKHUHH.
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CXOIUMOCTH UTEPAIIUI B ®OPMY.IE
TPOTTEPA-JTAJEIIKOTO JIVIsI HEJJMHEHHOI'O
BO3MYIEHUA

B.I' BOHJAPEHKO, 1.C. MAPKEBUY

AnnoTtamus. I[IpeuioxkeH U1 000CHOBaH UTEPALMOHHBIA METOJ IOCTPOCHHS pellie-
Hus 3azaun Komm a1 napaboin4eckoro ypaBHEHHUs C HEJMHEHHBIM MOTSHINAIOM
(ypaBHeHHe THNa «peakuus—auddysus»). OcHOBON MeToAa ABIsIEeTCsl 0000LIIeHHAs
JUIsL HEIMHEHHOT0 BO3MYILCHUS SJUIMNTHYECKOro omeparopa dopmyina Tporrepa—
Hanenkoro. CyTh 00001IEHUSI—KOMITO3ULHS MOTYTPYIIIBI € JUTMITHYECKUM T'eHe-
patopoM u ($a3oBOro MOTOKA, MOPOKAECHHOTO OOBIKHOBEHHBIM (D depeHITHaTEHBIM
YpaBHEHHEM. Y CTaHOBJIEHHBIE IIPH JIOKA3aTEJILCTBE 3TOH (POPMYIIBI OLIEHKH CKOPO-
CTH CXOIMMOCTHU MTEpPaLUi MOATBEP)KACHBI BHIYMCINTEIBHBIM IKCIIEPUMEHTOM, BbI-
HNONHEHHBIM Uil ypaBHeHus Kommoroposa—IlerpoBckoro—Ilnckynoa—®urepa.
ITosyueHHbIe pe3yJIbTaThl MO3BOJISAIOT MPEANOJIOKHUTH LEIeCO00Pa3HOCTh HETPaau-
[JMOHHOTO I10JX0/la K MOJEIUPOBAHUIO JMHAMHYECKUX CHCTEM C PaclpeeeHHbI-
MH IIapaMeTpamu. B kayecTBe nmpumepa paccMOTpEeHa MOZENb  IPOCTPAHCTBEHHO-
BPEMCHHOH JAMHAMHKHM BOJHOTO COOOIIECTBA B TEPMHHAX IBYXBUJIOBOIl CHCTEMBI
«XHIITHUK—KEPTBAY.

KnrodeBble ciioBa: mapabonmdeckoe ypaBHEHHE, IIOMYTpyIIa ONEpPaTOpOB, TEO-
pHsl BO3MYILIEHHH.

NPEABAPUTEJIBHBIE CBEJAEHUSA U IIOCTAHOBKA 3AJTJAYN

[Iycts u(t)(t > 0) — (yHKUMSA, NpUHUMAIOIIAs 3HAYEHUS] B HEKOTOPOM HOPMHUPO-

BAaHHOM IIPOCTPAHCTBE X , YAOBJIETBOPSIONIAs SBOJIOLIHOHHOMY YPaBHEHHIO
du
—=0(u), (M
dt
rae omepatop O: X — X . Crnenys oOMICIPHHATON TEPMUHOJIOTHH, Ha30BEM
ypaBHeHue (1) qTUHaAMUYECKOW CHCTEMOM, a QYHKIHMIO u() — XapaKTepUCTUKON
3TOl IMHamuueckoii cuctemsr. Ecmn @: RY - RY | 1. e. u(t) = (u(t),...,uy(@)),

u (1) — aBTOHOMHast cucTeMa OOBIKHOBEHHBIX U (PepeHINANBHBIX YPaBHEHNH

du.
f%(ul,---,um, @)

TO COOTBETCTBYIOIIAs AUHAMHYECKAS CHCTEMa SIBISIETCS OOBEKTOM C COCPEIOTO-
geHHBIME TapameTpamu (OCII). Ecin ke X — GyHKITHOHAIEHOE TIPOCTPAHCTBO

u(®)=u(t,x) =, x),...,uy(t,x)),

e X — NPOCTPAHCTBEHHAs MepeMeHHas, x € RY, u onepatop @ COmEPKHUT
muddepeHIupoBaHne MO 3TOH NepeMEeHHON, TO ypaBHeHHe (1) omuchIBaeT nuHa-
MHUYECKYI0 CHCTEMY — OOBEKT C pacnpezaeicHHbIMU napamerpamu (OPII). B ps-
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JIe CIIy4aeB MaTEeMaTHYECKOW MOJEIbIO TAKOTO OOBEKTa SIBJIICTCS CUCTEMa TOJY-
JTUHEHHBIX TapaboIMIecKuX ypaBHEHUH (peakiusi—auddy3us):
Ou; )
6; :Liui+f;(u)7 lzl:“'aN’ (3)

rae L; — 2IIMnTHYeCcKUi onepaTtop BTOPOro MOpsaKa:

d az d o
L = a o (X)———+ b, (x _—,
i J% 1,]k( )axjaxk % l,k( )an

¢ rmaakuMu Koopduumentamu, a matpuusl  4;(x) =lla; 4 (x) |l ynosnersopsior

HepaBeHcTBaM  A;(x)=2Al, A>0, i=1,...,N. IlpuBeneHHble ycIoBUs rapaH-
TUPYIOT CYIIECTBOBaHUE (DYHIAMEHTALHOTO PEIICHHUS

p(t’x’y) = (pl(taxay)a"-apN(taxay))
COOTBETCTBYIOIIEH TMHEHHON CUCTEMBI
0q; )
<, "L aix)= (€ q;0.)x) =10, ) p (X, p)dy. (4

Cuctemy (3) paccmaTpuBaeM Kak BO3MYIICHHYIO cUCTeMy (4), rae BO3MY-
menneM sipnsieTcst f(u) . OMHUM U3 METOJIOB  TTOCTPOCHUS PEIISHUH BO3MYIIICH-

HBIX JBOJIOIMOHHBIX YPaBHEHHWH SIBIISIETCS ~ WX CBEACHHWE K WHTETPAbHOMY
ypaBHenuio . Tak, pemenne u(f,x) 3amaun Komm 1mis 0HOMEpPHOTO MONTYIIH-

HEIHOTO MapaboINYecKoro ypaBHEHUS

%:wa(u), u(0,x)=¢(x) , xeR?, >0, (5)

Lu = tr A(x)Vu + (b(x), Vu)

yIOBJIETBOPSET HHTErPAILHOMY YPaBHEHHUIO
t
u(t,x) = [o(») p(t,x, y)dy + [ dt] [ (u(x, ) p(t =7, %, y)(t =7, %, p)dy,
0

CBolicTBa KBa3WJIMHECHHBIX MapabOJUYeCKUX yYPAaBHEHU, B YaCTHOCTH CHC-
teM (3), paccMoTpeHsl B pabortax [1-3].

B pabote 00bexTOM M3yUeHHUs ABISIOTCS HEKOTOPhIE CBOMCTBA PELICHUs 3a-
naun Kommm (5), tne ¢yHkums f coxpaHseT NOCTOSHHBIN 3HaK Ha 0071acTH 3Ha-

YyeHu# u(t,x), orpaHHUuYCHA Ha 3TOM 00JIACTH U YIOBIETBOPSAET HEKOTOPBIM YCIIO-
BUSAM ThagkocTd. Torma u(f,x)— KIlaccHYecKoe  pelneHue, oOIamaroIiee

ou Ou o°u

HETPEPBIBHBIMA TTPOU3BOTIHBIMH — , ——, ————— .,
ot 0Ox, Ox;0x;
J
BBenem o603HavYeHUS:
1) r(t,a) — pemienue 3amxaun Komm
dr

P f(@r), r(0,a)=a, r(t,a)=G,a, G, — Ga3oBblil NOTOK;
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2) q(t,x) — pemenue 3amagn Komu HEBO3MYIIEHHOTO JTWHEHHOTO Tapa-
00JIMUECKOro ypaBHEHUS

0

~1=L4 . 4(0.2)=0(x). 4(t,x) = (" )(x) =[o()p(t. x. y)dy

3) v(t,x) =r(t,q(t, x)) = G,q(t, x), komno3uuus pemenuit; v(0, x) = @(x).

B paGorax [4, 5 ] ycraHosiena cssb ey u(t,x). v(t,x) B uactHocTH,

000011eHa U1l HEMTMHEHHOTO BO3MYILIEHHS (OpMyIIa, TPAIULMOHHO Ha3blBaeMasi
thopmyoit Tporrepa, koTopas B pabote [6] mpuBeneHa B BUIE

~4 =B
T UB) _ fim| enen |, (6)
Hn—>00
rane A, B, A+ B — reseparopsl cxumaromux C, -IOIyTpyI e, e, e[(A+B )

T kT
B HEKOTOPOM 0aHaXxOBOM IPOCTPAHCTBE, | —,...—
n n

A ) — pa3bueHue oTpeska
[O;T ], T >0. Ora popmysa He3aBUCUMO (TIPU Pa3IUYHBIX YCIOBUSX U Pa3HBIMHU
MeTOJ]aMH) J0Ka3aHa B paboTax [7, 8], B cBs3u C ueM B manbHeiimeM (6) Oynem
Ha3biBaTh hopmyoit Tporrepa—/lanenxoro.

Hens padoTel — 00001meHue hopMyiibl TpoTTepa—/lanenkoro U uccaeno-
BaHUE CXOJUMOCTH COOTBETCTBYIOIIMX WTEPALUi BBIYUCIHTEIBHBIM JKCIEPHU-
MEHTOM.

[Ipennaraemyro KOHCTPYKIMIO pemieHus 3agaduu Kolm HazoBeM Mmemooom
Komnozuyuu.

METOJ KOMIIO3UIUN

YromsayTOE 0000mIeHNe (POopMyITEI (6) MOKA3aHO I HEITWHEHHOTO BO3MYIIE-
HUsL [ omeparopa L (IIpy HEKOTOPBIX YCIOBUSX [ ), T. €. A1 MOMYJIMHEHHOTO

ypaBHEHUS (3) — IS CKATSIPHOTO cIIydast (5) U CUCTEMBI

Ou d
—=Au;+f;(u), u;(0,x)=0¢;(x), xeR".

ot
O6o03naunm yepes H (t) HEJMHEHHYIO TOJTyTPYIINY, TOPOXACHHYIO TeHepa-
TopoM L+ f:
(H()o)(x) = u(t,x).
Torna
. ZL !
H(T)=1lim | Gy e" , (7)

n—»0
n

T7e CXOIUMOCTh UMEET MECTO B HOpMe mpocTtpancTBa C (Rd).
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Hns  pokazatenbctBa (7) CTPOATCS  MOCIENOBATENBHOCTH — (DYHKLUHA

(OSISZJ:
n

¢1(tx) = vl(%,yjp(z, X, y)dy. vz[t +%,x) = (1.4, (%)

q0(t,x) =[(¥)p(t,x, p)dy, vi(t,x)=7r(t,qo(t,X));

T T
Qk(t»x)Zjvk[k;ay]p(t»x»y)dy, vk+1[t+k;7x]:r(tvqk(z’x))a

0<k<n-1; q;(0,x) =vk(k—T,x)=Vk+1[k—T,x).
n n

B TepMuHax 3BOJTIOLMOHHBIX ONEPATOPOB
T n
kT kT —L
vk+l(t +— = Gtetka — s Va (T’ x) = GT e’ P (x) .
n n ;
Jlanee moxasbpIBaeTCs OICHKA

1
(T, %) —u(T, ) <2273,
n

T. €. CKOPOCTb CXOAMMOCTH OIIPEACTIACTCA HCPABECHCTBOM

T\ 3

2L 2
Gr e | o—H(T)o| <ST2, Nol — nopwar C(R). (8)
- n

3ameuanue. B monorpaduu [9, c. 307-315] nenuneitnas popmyna TpoTre-
pa—/Jlanerkoro mist A(x) = A = const mokazaHa B ciemyromeld Bepcur. Jms mmo-
CIIEIOBATEITHHOCTH
n
Ty
Wn(Ta.) = e" GZ P
n

nonydena oueHka |y, (T,0)—u(T,0)ll, <Clloll, %, e V — HEKOTOpoe 0a-

HaxO0BO MPOCTPAHCTBO; IPHUBEACH psil IPUMEPOB, V;tC(Rd), U CXOJUMOCTh

y,(T,e) TpeOyeT NONOIHUTENbHBIX YCIOBHHI I Ha4aabHOU (QyHKLUH.

YUCJIEHHOE MOJIEJINPOBAHUE

B kauecTBe npumepa A BEIYUCIUTEIBHOTO SKCIIEPUMEHTA BHIOEPEM YpaBHEHHE
Koamoroposa—Ilerposckoro—IInckynoBa—®umepa (KIIID)
ou  0%u

E:ax—2+u(l—u).
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Pemenne 3amaun Komm u(f,x) U1 3TOro ypaBHEHMS MHTEPIPETHPYETCS
kak HopmupoBaHHasi (0 <u <1) INIOTHOCTH MOIYJSLMK Ha OZHOMEPHOM apealie

U IpeicTaBisieT coOol BOJHY, ONUCHIBAIOIIYIO paccesieHHE MOIMYJLILIUU C Ha-
yanpHOM moTHocThIo u(0,x) [10]. PaccmoTpum BpemeHHo# uaTepBan 0 < ¢ <1;

torma GyHKIMIO0 u(f,X) DOCTATOYHO MCCIEAOBATH B TOW YaCTH apeaya, KOTOPOu
JTIOCTHTJIa BOJTHA B HEKOTOPOM TIPOCTPAHCTBEHHOM WHTEpBasie [—/:/].

[enb0 MPOBECHHOTO BBIYMCIUTENBHOTO KCIIEPUMEHTA SIBJISIOTCS CpaBHE-
aue pemenus u(7,x) 3amaun Komm mns ypaBuenus KIIIID ¢ dyskmmei

v,(T,x), onpeneneHHol paBeHCTBOM (8), M YHCIIEHHAs! MHTEPIIPETaLUsl CKOPOCTH

CXOJTMMOCTH WTEpaI¥ii, COOTBETCTBYIOMAs HepaBeHCTBY (9). HauanpHBIM ycIto-
1

2(1+x%)

Pemenne u(t,x) 3amaum Komm mns ypaBHenus KIIII® nomyueno yucnen-

BHeM BbIOpana pyukmus u(0,x) =

HBIM METOJOM C MCIOJb30BaHHEM mNakera Matlab: mpu BeIYHMCICHHUU 3HaYSHUH
v,(T,x) wucnoms3oBanack GpyHkuus pdepe nakera Matlab. BeiOpana Benuuuna

napamerpa [=6. Pe3ynbraTbl BBIYMCICHHA MpPEICTABICHBl TpadUyecKd Ha
puc. 1-4.

1-

Puc. 1

Tak, Ha puc. 1 m300pakeHa MOBEPXHOCTH, 3aJaHHas YpaBHECHUEM
u=u(t,x), 0<t<1, —6<x<6,

Ha puc. 2, 3 m300paxeHsl rpaduKd PasHOCTH |u(T ,X)=v, (T, x)|, T. €. OTKJIOHe-

HHUEC KOMIIO3UIIMU OT PCHICHUA 3aJa4n Komin.

0,15 T T T T T T T
s 01+t .
|
= 0,05} i
0 ‘___—J'Hﬂfdl ] 1 ] ] ‘__‘—_-_1____“
-8 -6 -4 -2 0 2 4 6 8
Puc. 2

Ha puc. 2: T:%’ n=50; Hapuc.3: T=1, n=100.
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0,3 T T T T T T T
-

L 02t -
s
[
01} i

0 ——— —

-8 -6 -4 -2 0 2 4 6 8
Puc. 3

3aBucumocts  orkinonenus (') =llu(T,xe) —v, (T, xe) |l=max X|u(T ,X)—

-v,(T ,x)| OoT JyuHBl T BpEeMEHHOIo MHTepBala oka3aHa Ha puc. 4.

Distance x ~ Maximum of Solution Difference = Distance x

Puc. 4

Pe3ynbrarel BRIYHCIEHUN MOATBEPKAAIOT OIEHKY (8): MOTPEeImHOCTh MpH-
OmmkeHHs yObIBaeT C BO3pACTaHMEM KOJIMYECTBA MTEPALlii M BO3pacTaeT Kak
(yHKIUsA BpeMEHHOT0 UHTEpBaja JUIMHbl 1 .

OBCYKJEHUE AJJEKBATHOCTH TPAJUIIMOHHON MATEMATHYECKOM
MO/JIEJIN

Ilyere (u;(¢),...,uy(t)) — xapakrepuctuka OCII, ynosiaeTBopsmoLias ypaBHe-
Huto (2). [Ipumepamu Takux 0OBbEKTOB, B YACTHOCTH, SIBIISIOTCS:

® COOOIIECTBO «XHMIIHUK—KEPTBa», OMUCBIBaEMOE cUCTeMON JIOTKu—
Boubreppa

dul dU2
- = u,u s T = (u U >
= fil) . S = fn)
rae u(t), u,(f) — TIIOTHOCTH TOIYJISIIMU >KEPTBBI M XHIIHUKA, BUA (DYHKITHHA

/; 3aBHCHT OT Buja ocobeii;

¢ (yHKIMOHMPOBAaHHE pAAAa TEXHUYECKUX CHCTEM, TAKXKE OIHCHIBAEMOE
cucremoit (2), rae (uy(?),...,uy (¢)) — napamerpsr OCII.

Ecnm e mccnemyeMblii 00bEeKT, W3HAYAIBHO OIMHMCHIBAGMEIN cHCcTeMOH (2),
TpaHcOpMUpPYETCsT TaKUM 00pa3oM, 4TO €ro XapaKTEPUCTHKH 3aBHCAT OT MPO-
CTPaHCTBEHHOHN MEpeMeHHON, To oH nepexoauT B kinacc OPII. Ilpumepamu Takux
TpaHchOpMaLU SIBISIOTCS pacceleHne NOMy SIIUA 0 JBYMEPHOMY apeainy, Wil
HaJIMYUE «IIPOTSHKEHHOCTHY OOBEKTa (3aBUCHUMOCTD aMIUIUTYAbI KoJeOaHUH Kpbl-
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Jla camoJieTa OT paccTostHUS a0 (dro3emsnka). [Ipu Takom mepexone MareMarude-
ckoii Mozenbto OPIl TpaguumoHHO — moOCTyJHMpyeTcs cucTema ypaBHeHUH (3)
(mpm 3TOM cTporoe OOOCHOBAaHHE, KaK MPABUIIO, OTCYTCTBYET), A€ (yHKUUHU
f;(u) Te ke, uto U B paBeHcTBE (2). MIHaue BBeeHHE MPOCTPAHCTBEHHOMU Iepe-
MEHHOH yuuThiBaeTCs T Gy3noHHBIM ciaraeMbiM Lu. Tak, B pabotax [12, 13]
UCCIIEI0OBAHA IIPOCTPAHCTBEHHO-BPEMEHHAsi AMHAMHMKa BOJHOTIO cOOOIIecTBa
B TEPMHUHAX JIBYXBHUJIOBOH CHCTEMBI «XHUIIHUK—KEPTBa» (300IUIAHKTOH—
¢utomnankron). I[lycrs u(¢,x,y), u,(t,x,y) — IIOTHOCTh (DUTOIIIAHKTOHA U
300IUIaHKTOHA COOTBETCTBeHHO. [Ipenmonaraercs, yTo JaHHBIH OOBEKT OMMCHI-
BAeTCS MaTeMaTUIECKO MOJIEINBIO B BUJIE CUCTEMBI yPaBHEHUH

aul l/ll

— =D, Au; +uy(1—uy)— U,
or | Auy +uy 1) w+h 2
Ou, u

2 =D, Au, +k——u, —mu,,
ot 202 u; + 2 2

MOJIyYEHHON M3 COOTBETCTBYIOIIEH CHUCTEMBbl OOBIKHOBEHHBIX TU((EpEeHIInATb-
HBIX ypaBHeHHH JloTkn—Bombreppa moOaBnenmeMm orepatopa Jlammaca. B pe-
3yJIbTaTe YUCIEHHOTO YKCIIEPUMEHTA YCTAHOBJIEHO, YTO perieHue (u,u,) obpa-

3yeT HEKOTOPYIO NPOCTPAaHCTBEHHYIO CTpPYKTypy. Ho Takomy ke CBOWCTBY
YAOBJIETBOPSiET BeKTOpHas (yHKIUsS — kommosuius v(t,x,y) =r(t,q(t,x,y)),

oTpeJieNieHHasl BBINE, TAKXKe MPEeTEHAyIomas Ha poib mozaenu. MHaue, TpaHc-
dopmarmmro OCIT B OPII mpemmaraeTcs MOIeIupoBaTh He 00s3aTEIBHO 100aB-
JICHHEM DJUTAIITUYECKOTO OIepaTopa, a METOI0M KOMMIO3UIMK (Ha30BOTO MOTOKA
Y TIOJIYTPYyNIbl (BO3MOXKHO, pa30MEHUEM BPEMEHHOTO UHTEpBaa). 3aMETHM, YTO
JUIST TAKOW MOJIETTM HEKOTOPBIE CBOMCTBA PEIICHHI CUCTEMBI (2), COOTBETCTBYIO-
meit OCII, coxpanstoTces (HanpuMep, HUTHIUE TIPeIeTbHBIX ITUKIIOB).
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OYHKIIMOHAJIBHBIE ITOCJIEAOBATEJIBHOCTH
C HEYETKUM API'YMEHTOM:
CXOJUMOCTDBb MHOKECTB YPOBHA

N.51. CHEKTOPCKUM

AnHoTtamusi. OCHOBHBIM 0OBEKTOM PAaCCMOTPEHUS SBISIOTCS (yHKIMOHAIBHbIE T10-
CENOBATENBHOCTH  f, (A) C BBIIYKIBIM TOIYHETPEPHIBHBIM CBEPXY HEYETKHM

YHCIOM A B KauecTBE apryMEHTa; MIPEIoaracTcsi CXOAUMOCTh  |im fn (x)= f (%)
n—>0

PaBHOMEPHO Ha Ka)JIOM 3aMKHYTOM HMHTepBalie BHyTpu HocuTens supp 4. Ipen-
JIO)KEHBI JOCTATOYHBIE YCIOBUS CXOIUMOCTH [, (A) B CMBICIE CXOIUMOCTH MOCIIE-

NOBATENLHOCTH ~ MHOXECTB  ypoBHs [ f,(A)], 1o merpuke Xaycnopha
Ay ([ (D]es [ (A)]) : Roxazana cxomumocts lim d yy ([ £, ()], [ (A)]e) =0

gt kaxporo 3HaweHust 0 <o <1 mpu yCIOBHM HEHPEpHIBHOCTH OTOOpaXKeHMit
Jo(4) (n=21) n f(x) Ge3 NpeANONOX)eHUS O CyIIECTBOBAHUU MPOU3BOIHBIX.

Taxoke JlokazaHa CXOJAMMOCTb TocnenoBatenbHocTd f, (A) (n=1) no merpuke

npoctpancTsa HeueTkux wucet p( f, (A), f(A4)) = sup dy ([f,(D]e.L/ (D)

O<a<l
HpHU JIONONHUTENEHOM YCIIOBMU PaBHOMEPHOI Ha BceM supp 4 CXOAUMOCTH IIOCIIe-
JI0BATEILHOCTH fn (A); B oTOM ciyuae Ui 0OecreueHusi KOHEYHOCTH PacCTOSAHMS

Xaycnopda mpu Beex 0 < oo <1 HedeTKkoe 4ncio 4 MPEAnoaaraeTcsi HOpMalbHBIM.

KiwueBble c10Ba: HEUYSTKOE YHCIIO, MHOXKECTBO YPOBHS, PYHKIHOHATIbHAS MOCIIC-
JIOBaTENBHOCTb, CXOAUMOCTb.

BBEJIEHUE

Heuerkue uncna Kak 4aCTHBIM clydail HEUETKUX MHOKECTB MPEICTaBIISIIOT MOIII-
HOE CPEJCTBO MAaTEeMAaTUYCCKOTO MOJICITHPOBAHUS B YCIOBHSIX HEMOIHON MHDOP-
Manuu 00 UCXOTHBIX 00BbekTax [1].

[IpuaTun 0606meHus, chopmymupoanasid JILA. 3ame 11 IPOU3BOIBHBIX
HEUYETKUX MHOXECTB [1—0], MO3BOJIAET ONMpENeNuTh ACHCTBUE MPOU3BOIHHON
YHUCJIOBOM (DYHKIIMM KOHEYHOT'O YHCJa apryMEHTOB Ha HEUYeTKue ducia. B gact-
HOCTH, Ha CITy4ail HEUETKUX YHCeNl MOXKHO 0000IUTh CTaHAapTHBIC apudMeTnde-
CKHE OTIEPAITHH «1», «*», «—» H «/5.

OcoOrbIi UHTEpEC B HACTOAIIEE BPEMs IPEICTABISAIOT BBIMYKIBIC HEUCTKHE
gyrcna [3, 4], KOTOpble BO MHOTHX Cly4asXx Hauboyiee TOYHO COOTBETCTBYIOT
KIIAaCCHUYECKOMY JielicTBUTEIbHOMY unciTy. C IPYToil CTOPOHBI, BHITYKIIbIC HEYET-
KHe dYHclia JIerde aHAIM3WpOBAaTh Oarogaps IMPOCTOW CTPYKType MHOMKECTB
ypoBHsl. HakoHen, KJ1acC BBIMTYKJIBIX HEYETKUX YHCENl 3aMKHYT OTHOCUTEIBHO He-
MPEePBIBHBIX (YHKIM KOHEYHOTO YHCIA apryMEHTOB, B YACTHOCTH — OTHOCH-
TEThHO apU(PMETHIECKUX OMeparuil «+», «—» U «». [ HedeTknx umcen co-
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(pyHKL;MOHa/leble NnOCIe008ameNbHOCU C HeYemMKUM apeymMeHnmom.: CX00UMOCMb ...

XPaHSAIOTCS 3aKOHBI KOMMYTATUBHOCTH U aCCOI[MATUBHOCTH OMEPAIUH «T»U «»,
O/IHAKO, B OOIIEM Ciy4yae, HE BBINOJHSAETCS AUCTPHUOYTHBHOCTH «°» OTHOCH-
TEIbHO «+» (moxpobHee 00 anreOpanveckux CBOHCTBaX HEYETKHX YHCEI
CM., Hamp., [3, 4]).

JlIi1 HeYeTKMX YUCell eCTECTBEHHBIM U BaYKHBIM SIBIISIETCSI TIOHATHE PAcCTOsI-
HUS U CBS3aHHAS C HUM TOIIOJIOTHS CXOauMocTH. B paboTax [6, 7], Kak ¥ BO MHO-
Tux JOpyrux, CXOOAUMOCTb IOCJICAOBATCIBHOCTH HCUYCTKUX YHUCCIT TPAKTYCTCA
B CMBICIIE CXOIUMOCTH MHOKECTB YPOBHsI (D)YHKLHMI NPUHAUICKHOCTH IO METpPU-
ke Xaycnopda. AHaNIH3 TOTOYEIHON CXOJUMOCTH ITOCIIEI0BATENBHOCTH (PYHKIINI
MIPUHAICKHOCTH B Ps/ie CIydaeB MOYKET OKa3aThCs CYMIECTBEHHO Mpore. Tak,
B paboTe [8] mpeacTaBieHbl JOCTATOYHBIE YCIOBUS CXOIUMOCTH TMOCIIEI0BATEIb-
HOCTH (YHKIMA C HEYETKHM apryMEHTOM B CMBICJIE MOTOYEYHOW CXOTUMOCTH
MOCTIeTOBATENFHOCTH (DYHKIIMHA TPUHAIIIEKHOCTH

Leanb padoThl — NpPEACTAaBUTH AOCTATOYHBIE YCIOBUS CXOTUMOCTH THOCIIE-
JOBaTeNbHOCTH (DYHKIMH C HEYETKUM apryMEHTOM B CMBICIIE CXOAMMOCTH MHO-
JKECTB ypOBHS (PYHKIWH NMPUHAICKHOCTH, HE OrPAaHUYMBAsCH CIydaeM aHaJH-
THYECKUX (QYHKITHAH.

B pa60Te MMPUBEACHBI U3BECTHBIC CBCACHUA U3 TCOPUM HCUCTKUX YUCECII, HE-
0o0XxomuMBble AJIsl M3JI0KEHHS OCHOBHOTO pE3yJibTara; MpOaHANIW3WpOBaHa BO3-
MOJKHOCTB TPEAETHHOT0 Mepexoia Mo MeTpuke Xaycaopda Uit MHOXKECTB YPOB-
Hi (QYHKOUH TPUHAISKHOCTH UICHOB IIOCIIEAOBATEIBHOCTH OTOOpakeHUi
C HEYETKUM apryMEHTOM; PacCMOTPEHa CXOAUMOCTh (PYHKIIMOHATIBHOM mocie/0-
BaTEIBHOCTH C HEYETKUM apryMEHTOM B TOIOJOTHH PACCTOSHUS MEXAY HEdeT-
KAMU 9HCIIaMH.

MHNOHATHUE HEHETKOT'O YU CJIA. BBIITYKJIBIE HEYUETKHE YN CJIA

Heuetkoe uncio A aBnsercss 4acTHBIM CIy4aeM HEYETKOTO MHOKECTBA U OIpee-
aserca cBoed gyukyueri npunaonexcnocmu W 4R —[0,1]. Hocumenem nHeuer-
KOro umcia 4 Ha3plBalOT MHOXecTBO supp A4 ={xeR:u  (x)>0}. g 3ananHo-
ro o e(0;1] paccmarpuaroT mrHoocecmeo yposus [A]l, ={xeR:p, (x)=a}.

OueBUIHO COOTHOIICHHE Supp A= U[A]a . JIeTko TOHATH, YTO COBOKYITHOCTH
a>0
MHOXECTB YPOBHA OAHO3HAYHO ONpeaenseT (QyHKIMIO NPUHAIICKHOCTH Ll

(a3HauuUT W HedeTkoe YHCIOo 4), TaKk Kak uA_l((xO) ={xeR:p,(x)=0y}=
=4q, \ U[A]a s Beex O<og <1.

a>o

3ameuanue 1. [IpencraBneHue HEUETKOrO YUCIA Yepe3 MHOXKECTBA YPOBHS
OMNUCHIBAET KJIACCUYECKAsl TEOpEMa O IEKOMIIO3HULIMH [3, 6].

Heuerkoe  uncio A  Ha3bIBAIOT  GbINYKIbIM,  €CIH ny(y)2
2min(p 4(x),1 4(2)) o m00bix x < y < z. 3aMETHM, YTO BBITYKIOCTh HEUYETKO-

rO YKCJIa HE 03HAYAET BBIMYKIIOCTH (PYHKIIUW MPUHAJICKHOCTH (B CMBICIIE Kiac-
CHUYECKOTO OIpeIeIeHNs BBITYKIOCTH (YHKIIUN, UCTIOIB3YEMOTO B aHAIIN3E).

IIpumep 1. Ha puc. 1 m3o0pakena GpyHKIMSA MPUHAICKHOCTH BBITYKIIOTO
HeueTkoro yucna 4. [Ipu atom p 4(x) , 04eBUIHO, HEBBITYKIIA.
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HeueTkoe uncno A Ha3pIBalOT HOpMAbHLIM, ecid max | 4 (x)=1. Tak, He-
xeR

YeTKOE YHUCI0 A U3 peaplaymero mpumepa (puc. 1) sBisieTcss HOpMaJIbHBIM.

0 1 2 x
Puc. 1. Beilykiioe HEYETKOE YHCIIO C HEBBIMYKIOH QyHKIHEH MPUHAIISKHOCTH

BBIMYKIIOCTE HEYETKOTO YHCIa HEeTOCPEICTBEHHO CBSA3aHA C BBITYKIOCTHIO
MHOKECTB YPOBHSL.

Jlemma 1. Hederkoe uncino A sBsieTCsl BBIMTYKIBIM TOTJa M TOJBKO TOT/A,
KOTJIa BBIITYKJIbI BCE €0 MHOXKECTBa ypoBHs [A4], (o € (0;1]).

YTBepKACHNE TOKa3aHO, HalpuMep, B padote [8].

BaxxHBII1 KJ1aCC IPEICTABISIOT HEUETKHE YMCa C MOJYyHENPEPBIBHON CBEPXY
($yHKUMEH NpuHaUIeKHOCTH — TaKue HEUETKHE YMClia Ha3bIBAIOT HOIVHENepble-
Homu ceepxy. 1101 HEMPEPBIBHOCTBIO U MOJIYHENIPEPBIBHOCTBIO CBEPXY MOAPA3y-
MEBaeM HENPEePHIBHOCTH (TOIyHENpepbIBHOCTE cBepxy) Ha R . IlomyHempepbis-

HOCTh (DYHKLHMH MPUHAIISKHOCTH W 4, onpenesnsemas ycnosueM (lim x, = x) =
n—»0

:>(lijn my(x,)<p,(x)), MOXHO OXapakTepu30BaTh B TEPMHUHAX MHOXKECTB
n (>}

YPOBHSI HEUETKOTO YHuCIa 4.

JlemMma 2. HedeTkoe 4ncio 4 NOIyHENPEPBHIBHO CBEPXY TOT/IAa U TOJIBKO TO-
I7a, KOrja Bce MHOXKECTBA ypoOBHS [ 4], (oc € (O;l]) 3aMKHYTHL.

YTBepKAeHNE TeMMBI (B SKBUBAJIICHTHOH (DOpPMYyIHUpOBKE) TOKa3aHO B pabo-
te [9, c. 385-388], a B [10] npuBeieHO B KaYECTBE YIPAKHCHHUSL.

CaenacrBue. Ilycth HeueTkoe YHCIIO A TONYHENPEPBIBHO cBepXy. Torma
KOMIIAaKTHOCTh MHO)KecTBa ypoBHs [A4], 0<a <1 paBHOCHIbHA OrpaHHYCHHO-

cru [A],. B mpoctpanctBe R” KOMIAKTHOCT MHOXECTBA JKBHUBAJICHTHA €0

OTPaHUYCHHOCTH M 3aMKHYTOCTH, OJTHAKO B OECKOHCUHOMEPHBIX METPUYCCKHUX
MPOCTPAHCTBAX OrPAHUYEHHOCTh W 3aMKHYTOCTB SIBJISIFOTCS JIUIIb HEOOXOIUMBI-
MU, HO HEC JOCTATOYHBIMH YCIIOBUAMH KOMIIAKTHOCTH.

IIpumep 2. Ha puc. 2 n3o0pakeHa (QpyHKIMSA MPUHAICKHOCTH BBIITYKIIOTO
HeueTkoro umcia 4. OueBuaHO, | 4(X) HOJNyHENpPEpPbIBHA CBEPXY, U BCE MHOMKE-

CTBAa YpPOBHS HEYETKOro uucia 4 3aMKHYThl. Tak, MHOxecTBO [A]g,4 =[1.5;0)
3aMKHYTO.

03¢ /

-2 1 0 1 2 3 X

Puc. 2. HeueTkoe 4HCIIO C TTOJYHETIPEPHIBHOM CBEpXy (DyHKLUEH IPHHAIIECKHOCTH
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Hpumep 3. PaccmoTpum HeueTkoe yucio 4 ¢ PyHKIUEH TPUHAIIC)KHOCTH

2
py(x)=e™ . Oynkuus p 4 (x) mONyHENpepbIBHA CBEpXyY (M JaXke HEelpepbiBHA),
MHOXeCTBa YPOBHs [A], OTrpaHMYEHBI U, B CHIIy CIEICTBUS U3 JIEMMBI 2, KOM-

naktHel 1pu Jr06oM 0 < <1. Ormerum, uro Hocurenb supp A=R npu sTom

HEOTPaHUYCH.
3aMeTM, YTO MPU OMpEJICTICHHN HEYETKOTO YKCcia 4acTo TPEOYIOT ero BbI-
MTyKJIOCTh, HOPMAJILHOCTH | TTOTYHEIIPEPBIBHOCTH CBEPXY [6].

OTo0pa:keHus1 He4eTKUX MHOKecTB. CoXpaHeHUe BBIYKJI0CTH

Ilycts f:R" -R — npousBonbHas (yHKIMSA C OOJACTHIO ONPEAECICHUS

D = R", n>1 (3mech M majnee CUMBOJBI « C» M « D» JOMYCKAIOT PABEHCTBO

MHOXeCTB). B cooTBeTcTBUU ¢ ipuHIMIOM 00001eHus 3ase [1-6] oOpa3 Habopa
He4eTKux uucen A, A4,,...,A4, 1npu oToOpakeHUN f ONpeaenseTcs Kak HeueTKoe

yncno B= f(4,,4,,...,4,) c GyHKunei npuHaaiIeKHOCTH

rp(y)=
sup min(MAl (xl)a"-al'lAn (xn)), eCHHEI(xl,“-"xn) € Df :f(‘xl"-'axn) =Y
(x1 ,...,xn)EDfZ
=Y S asoxn)=y )

0, ecmu V(xy,...,x,) € Dy f(xp,...,x,) # y.

Mpumep 4. Ilyctp f:R > R, f(x)=-x. Torma, B COOTBETCTBHU C COOT-

HomeHueM (1), U1 TPOM3BONBHOTO HEYETKOTO 4mcia A moirydaeMm (HYHKIUIO
HPUHAUIEKHOCTHU ISl HEUETKOTro nciia —4:

no () =p, (=») (yeR).

Hpumep 5. [lycts f:R >R, f(x)= x*. Toraa, B COOTBETCTBUH C COOTHO-
urenueM (1), A1 TPOU3BOIILHOTO HEYETKOro uucia 4 monydaeM (QpyHKIHIO Mpu-

HAJIE)KHOCTH 1T HEYETKOT'O YHCIIa A%

max (14 (y)oky (—)), 2 0;

HAz(y): 0, y<0.

Hpumep 6. [Iycte f:R > R, f(x) =sinx. Torga, B COOTBETCTBUU C COOT-
HouieHueM (1), 11 TpOM3BONBHOTO HEYETKOTro umcia A moiryyaeMm (YHKLHUIO
Msin 4 -
sup{p 4 (arcsin y + 2mk),u ,(n—y +2nm): k € Z,m e Z}, |y| <1

Maina () =90 > 1.

2
Hpumep 7. lycts f:R° > R, f(x,x,)=x; +X,. Torna, B COOTBETCTBUH
¢ cooTHomeHueM (1), A MPOU3BOIBHBIX HEYETKUX uucenl A, 4, NoiaydaeMm

(I)YHKI_II/IIO MNPUHAMJICIKHOCTH AJI HEUCTKOI'O Yncia Al + A2 :
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My (V)= = sup min (g (xp) g, (32)
(x1.02)eR%:
X1+xp=y

W3 npumepoB 4—7 BHIHO, UTO TPH MCIOJB30BaHUM paBeHCTBA (1) HE0OXO0-
IUMO pelaTh ypaBHeHue f(xy,...,x,)=y mui kaxgoro y € R. Ecau 310 ypas-

HEHHE WMeeT HeOOIbIoe KOJMYECTBO pelieHni (mpumepsl 4 u 5), paBeHcTBO (1)
HEMEJJIEHHO JaeT 3HaueHue [ z(y). Ho mpsmoe ucnosnp3oBanue paBeHctBa (1)

BeCbMa NMPOOJIEMAaTH4HO, €Cclau ypaBHeHHE f(Xj,...,X,)=y HMeeT OECKOHEUHO

MHOTO perieHui (mpumepsl 6 U 7), YTO OCOOEHHO THUMHYHO MpU #n =2 (IpH-
mep 7). [lpuBoaumast Huke TeopeMa 1 (oka3aTenbecTBO CM., Hamp., B [8]) mo3Bo-
JSIeT BBIYMCIISITH MHOXKECTBA yYPOBHS HEUYETKOI'O 4Hcia B HEMOCPEACTBEHHO IO
MHOXX€CTBaM ypoBHA A, A4,,..., A, , MUHys IPAMOE UCIONb30BaHKUE paBeHcTBa (1).

Teopema 1. Ilycts Bce MHOXKECTBAa ypOBHA HEUYETKHX 4ucel A4,4,,...,4,

koMmmakTHel, 1 QyHkims [ :R” — R nenpepsisaa va R”. Torga mis xaxmaoro

O<a<1 MHoOkecTBO YypoBHA [B], paBHO 00pa3y MHOXECTB YPOBHs
[Al]ou[A2]a=""[An]a :

[B](x :f([Al](xa[AZ]aﬂ"-’[An]ot) =

:{f(xlﬂ""xn):(xla-"’xn)e([Al](x X[A2](x X”'X[An](x)}'

IIpumep 8. Paccmotpum Heuetkue uncina 4 u A, ¢ GyHKUMSAMH DpUHAI-

JIEYKHOCTH
X1 -y
— xl — al < 61'
oy () = o6 | ’
O, X —ay|> 61,
X2 -a;|
—_—— x2 — (12 < 82 .
My, (x2) = 6, | ’
, Xy —ay|>90,,

rne a;€R, §; >0 (ie{l;2}). Ilockonbky Bce MHOXeCTBa YpoBHA A u A,

KOMIIaKTHBI, @ oToOpaxeHue f(xy,x,) =X, + X, SBIACTCA HEIPEPHIBHbIM Ha R?,
JUIsl BBIYMCJIEHUS MHOXKECTB YPOBHSI HEUETKOro umcia B = A4, + A4, MoxeM Hc-
nons3oBath Teopemy 1. st A u A, umeem [A4,], =[a, —od,;a; +ad,]

(i €{1;2}) u nns B nonyvaem:
[Blo =[4i]o +[42]e =[ay + a3 —(8; +83)osa; +a; +(8; +6;5)a],

rae O0<o <1. Teneps o Buay [B], (0<a <1) nerko onpeaenurs [z = Mgy

3 —(a +ay)

My 4, (V)= 8 +8,
0, [y—(a;+ay)|>8, +3,.

y—(q +a2)|§81 +8,;

I'paduxu pyHKumii py , iy, U Wp U300paKeHBI HA PUC. 3.
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0 @ -9 |
a2+82§
B e O S N
(a1 +ay)=(3;+5,) (a1 +ay) + (8, +8,)

Puc. 3. Heuerkue uncna A, Ay u B = A4 + 4, : ycnosus Teopemsbl | BBIIOIHEHbI

IIpumep 9. Paccmorpum Heuetkue uncna 4, u 4, ¢ GyHKUMSIMH DpUHAI-
TIEKHOCTH

X X
x_-li-I’ XIZO; x—z_l,xz SO,
By (x) =91 Mg, (xp) =412
0, x; <0, 0,x, >0,
CooTBeTcTByIONINE TPAPUKH CXeMaTHIECKH U300paXKeHbl Ha pHC. . 4.
K4 (x)
1 _____________________________________________
-3 -2 -1 0 X 0 1 2 3 X

Puc. 4. Heuerkue uucna A, u A, : ycnoBus teopeMsl | He BBIIOIHEHbI

ITockosbKy MHOXECTBA ypOBHS HEUETKUX uncenl 4 U A, HEOrpaHUYEHsI (a

3HAYUT, U HEKOMITAKTHEI), YCIOBHs TeopeMbl 1 He BhIMONHEHHI. [Ipumenss ¢op-
Myay (1) (cM. Takke ipuMep 7), TToITydaeMm:

Maea, ()= sup  min(ug ()b, ()= sup min( x %j =1
(x1.x2)eR%: xzmax(0,y) x+ly-x-1
X1+X2=y
s Becex y €R. PaBenctBo [4) +4,], =[4], +[4,], , mocTynmupyemoe Teo-
pemoit 1, BemosHsieTcs qus  Bcex ae€(0;) (B aToM  chmyuae
(4 + 4], =[4], +[42], =R), Ho He BeimonHsercs aia o =1: [4 +4,]; =R,
(4] +[4] =9 .
BaxxabiM (hakTOM SBIISIETCS COXPAHEHUE CBOWCTB BBIMYKIOCTH JIJISI HEUETKUX
YHCEN YW TMOJYHEIPEPHIBHOCTU CBEPXY JUIS WX (PYHKIHN TPUHAICKHOCTH MPU
HENPEePHIBHOM OTOOpaKeHHH; COOTBETCTBYIOIIAs TeopeMa JToka3aHa [§].
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Teopema 2. Ilycte 4,4,,...,4, — IpOU3BOIbHBIE HEUETKHE YHCTIA, DYHK-
must f:R" — R senpepsiBHa Ha R", u B = f(4,,4,,...,4,). Torna:

1) ecnu A, A4,,..., A, BBIIYKIbI, TO HEUETKOE YUCIIO B TaKkXkKe BBIITYKIIO;

2) ecnu Ay, A4,,...,4, TOIyHENpPEPHIBHBI CBEPXY M BCE MHOKECTBA YPOBHS
A, 4,,...,A4, orpaHHUYeHsl, TO B TakKe MOTyHENpEepbIBHA CBEPXY.

IMpumep 10. PaccmoTpuM HedeTKoe Yrco A ¢ PyHKIMEH NPUHAIIS)KHOCTH

1—M x|<8'
Hy(x)= o> M=
0, |x|>8,

rae 6>0.
Henocpencreenno u3 gopmynst (1) (cM. Takke npumep 5) HalineMm ¢yHK-
LMIO TIPHHA/UICKHOCTH YHCTIA [ o (x):

1- ﬂ, 0<x<8%;
M2 (x)= d
0, x<0 wnmn x>82.
I'paduxu dysxumit npuHamiexxHoCTH W 4(Xx) U (CXeMaTHYHO) 2 (x) mpu-

BEJICHBI HA puUC. 5.

M4 (3;) TP (%)
1

=V

[
»
X

-1 0 62]

-

-1 -3 0 )
Puc. 5. Heuerxue uncna A u A>
OtMmetnM, 9T0 GQYyHKIHAS L 2 (x) momyHempephIBHA CBEpXY, HO HE HETIpe-

pBIBHA TNIPH HENpPEpbIBHOH (GYHKUMH W 4(X) W HENPEephIBHOM OTOOpaskeHUU

f(@)=x".
Hpumep 11. PaccmoTpuM HeveTkoe uncio 4 ¢ GpyHKIueH npruHa e KHOCTH
I,x>0;
u(x)=1 (xeR). OueBuaHo, M4 (x)= {0 <0 HE TMOJYHENPEPhIBHA CBEPXY:
,x <

Teopema 2 HeNpHUMEHHMa, TaK KaK MHOJKECTBA YPOBHS HEYETKOTO 4Hcia 4 Heor-
PaHUYCHBI.

3ameuanue 2. Teopemsl 1 1 2 Jerko 0000UIMTE Ha CITyYaid, KOTJaa QYHKIHS
/f HempepbIBHa Ha MHOXECTBE supp A4; xsupp 4, x---xsupp 4, . Tak, ecmu HedeT-

A
xue ancna A, u A, BeyKis 1 0 & supp 4, , TO HEYETKOE YUCIO —- TaKKe BbI-
4,
MYKJIO.
3ameyanune 3. O4EeBUAHO, UTO CBOWCTBO HOPMAJIBHOCTU COXPAHSETCS MpHU

IPOU3BOJBHOM OTOOPaKEHHMHU: €CIIM HEeYeTKHe uucna A, A,,..., A, HOpMalbHBI U

132 ISSN 1681-6048 System Research & Information Technologies, 2019, Ne 3



(pyHKL;MOHa/leble NnOCIe008ameNbHOCU C HeYemMKUM apeymMeHnmom.: CX00UMOCMb ...

orobpaxenue [ :R" - R onpeneneno va R", 1o f(4,,4,,...,4,) Takxke HOp-
MaJIBHO.

IlocienoBaTeIbHOCTH 0TOOpaKeHUIT HedeTKHX uncel. IlpeneasHblii mepexon
AJI51 MHOKECTB YPOBHS
PaccmoTpuM mocienoBaTenbHOCT HENMPEphIBHBIX O0TOOpaxkeHui f, :R —> R

(n>1). Bynem mpemmoaraTh CyIIECTBOBaHHUE Ipereiia h_r)?o ()= f(x) mns
n

Bcex xeR, roe f:R —> R — ¢ynkuus, HenpepsiBHast Ha R . [{ns BeIIyKIoro
MOJIYHETPEPHIBHOTO CBEPXY HEYETKOTO YHCIa A ¢ OrpaHUYCHHBIMU MHOKECTBAMHU
YPOBHS IOJIy4aeM COOTBETCTBEHHO T€OpeME 2, MOCJIEAOBATEIbHOCTD BBITYKIBIX
HOJIyHETNPEPBIBHBIX CBEpPXY HeueTkux umcen f,(A4) (n=>1). Jlnga uccaenoBanus
CXOJIMMOCTH TIOCIIEIOBATEIEHOCTH MHOKECTB CTaHJAPTHBIM CPEIICTBOM SIBIISIETCS
paccrosinne Xaycnopda. Hamomuum, uto paccrosiHue Xaycaopda dy (BO3MOXK-

HO, OECKOHEYHOE) B METPHYECKOM IPOCTPAHCTBE (X ,p> JUIS HEMyCTBIX MHO-
)KecTB A, B — X ompepnensgercs Kak

dy (A, B) =max| supinf p(a,b), supinf p(a,b) |.
acAbeB beBaecA

B uwactHoct, Ha R co crangaptHoi Metpukod p(a,b)=|a—b| ansa 3aMk-

HYTBIX UHTEPBaOB [a;;b; ], [a,;b,] umeem:
dy([ay;b],[ag;by]) = max (| ay —ay [,| by = by |) . ()

UzsectHo [10], uto d;; siBAsSieTCS METPUKON Ha CEMEHCTBE BCEX HEIMYCTBIX

OTpaHMYEHHBIX 3aMKHYTBIX TOJJMHOXKECTB X.

JI1st MccnenoBaHus CXOIMMOCTH MHOXKECTBO YPOBHSI OHAJOOHUTCS MPOCTast
TeXHUYECKast JeMMa.

JlemMma 3. IIycTh Bce MHOXECTBa ypOBHSI HEUETKOTO 4ucia 4 KOMIIaKTHBI,
orobpaxenne g:R —>R nempepeiBHO, O0<o<1. Torma [A4], =< B ToM u

TOJIBKO B TOM Cily4ae, koraa [g(A4)], =9 .

JokazaTeabcTBO. YTBEPKIECHUE JIEMMbI HEMEJJIEHHO CJIEIYET U3 TEOPEMHBI 1.
Teopema 3. ITycTh Bce MHOXKECTBA YPOBHS HEYETKOTO YKCIIa A KOMIIAKTHBI,
S (X)W) f(x) noxanpHO paBHOMEPHO Ha Supp A (T.e. paBHOMEPHO Ha JIFO-

O6om unrepBane [a,b]csuppAd), [4], =< nna vexoroporo O<a<1. Toraa

lim dy (L, (oL (D)) =0

HoxkazareabcTBo. B cooTBeTcTBUU € TeopeMoil 1

[fa(D]o = 1, ([4]e) = £, (x): x €[A], ) (n21);
3)
Lf(D]o = f([A)e) =1/ (x):x €[A],} -

B cuy orpannueHHocTH (M Iake KOMIAKTHOCTH) [A],, a Takxke Hempe-

peiBHOCTH f, (n=1) u f, Bce MHOXecTBa [f,(A4)], (n=1) u [f(A4)], Taxxke
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orpaHuueHbl. BcnencTBue TeopeMbl 2 BBIMYKIOCTh HEYETKOTO 4Yuciia A Bie4eT
BBIYKJIOCTh HeueTkux uucen f,(A4) (n=1)n f(A), a 3HAYUT BCICICTBUE JIEM-

MBI 1 ¥ BBIYKIOCTh MHOXKECTB [ f, (A)], (n=1)u [f(A4)], . Hanee, 3aMKHYyTOCTh

(1 maxe KOMITAaKTHOCTH) [A], B COOTBETCTBHH C JIeMMOW | O3HaYaeT 3aMKHY-

[0
TtocTh MHOXecTB [f,(A)], (n=1) u [f(4)], Takum oOpa3om, MHOXeCTBa
[f, (D], (n=1)u [f(A)], BBIIYyKIbI, KOMIAKTHBI, BCICICTBUE JEMMBI 3 HEMYyC-
TBI, T.€. UMEIOT BUJI 3aMKHYTHIX HHTCPBAJIOB:
[fn (Do =Lay;b,], n21;
“
[f ( D]y =[ag;bo],
BKJIIOYasl Cllydaid OJHOTOYEYHBIX HHTEPBAIOB BUIA {c} =[c;c], ceR.
3aduxcupyem €>0. bnaromaps paBHOMepHOH Ha x €[A], CXOAUMOCTH

fn(x) = f(x) moxeM BbIOpaTh Takoe N =1, uTo
|f,(x) = f(x)|<e Vn=N, xe[d],. ®)

ITockonbky MHOXeECTBO [A], HEMycTOW KOMIIAaKT, HENpEpbIBHBIE OTOOpa-
xeHus fu f, (n=1) Bcreactsue Teopemsl Beltepmrpacca (o GyHkuun, Hempe-
PBIBHOM Ha KOMIIAaKTe€) JOCTUTalOT Ha [A], CBOMX MHUHUMAJbHBIX U MaKCHMallb-
HBIX 3HaueHUl. Takum o0pa3oM, ¢ cooTHoteHusMH (3) u (4) umeem:

ay= min £,(x), b, = max f,(x) (n>1);
xe[A]g,

xe[A]q

ay= min f(x), by = max f(x).

xe[A]q, xe[A]q
Beibepem x,eR (n>2N) n xy€R takume, uto f(x,)=a, (n2N) n
f(xg)=ay (oTMeTHM, YTO TaKMX TOYEK MOXET OBITh MHOI'O, TaK KakK (hyHKIHS

MOXeET JOCTUIaTh MHHUMYMa Ha HECKOJbKHX 3HA4YeHHUAX aprymenTta). C yueTom
BBEIpaKeHHUS (5) Toydaem:

a, :fn(xn)sfn(x0)<f(x0)+8:aO+8;

a, = f,(x,)>f(x,)—€= f(xy)—€=ay—¢,
OTKy/1a HEME/JICHHO CIIEYEeT OIICHKA
|a, —aq|<e. (6)

AHAIOrMYHO JUTs IPAaBOro KoHIa BeibepeM X, e R (n>N)u X, € R takue,

uro f(X,)=b, (n2N)n f(Xy)=b,.C yuerom BeipaxkeHus (5) nomyqaem:
bn:fn(xn)zfn()NCO)>f()~CO)_8:bO_8;
bn:fn(fn)<f($n)+gsf(50)+8:b0+8a

OTKy/a HEMEJICHHO CJIEIYET OICHKA

|b,, —by| <& (7)
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U3 onenok (6) u (7) ¢ yuerom cooTHomeHus (2) CleayeT OIleHKa Ui pac-
crostHust Xaycmopda Mex 1y MHOKECTBAMH YPOBHSI:

Ay (L1 (D> [ S (D]o) = dpy ([ay30, ). [ag:0p]) <& (2 N).
[TomyueHHast OIleHKa C y4eTOM IPOM3BOJBHOCTH BBIOOpa € >0 o0o3Hadaer
cxogumocts  lim dy ([ f,(A)],,[f(A)],) =0, uro 3aBepuiaer 10Ka3aTEIbCTBO
n—®0

TEOPEMBIL.
Ipumep 12. PaccmoTpuM HedeTkoe Yrcio A ¢ PyHKIHeH NpUHAIISKHOCTH

0, |x| >8,

rae 6>0 (cm. mpumep 10). OueBHIHO, HEYETKOE YUCIIO A BBIMYKIO U BCE €ro
MHOXeCTBa ypoBHs KoMIakTHbL: [A4], =[-0(1—a);0(1—a)] s Becex a € (0;1].

Hy(x)=

. 1
PaccmoTpuM nocnenoBaTenbHOCTh QYHKIMU f,(X) = x> += (n>1). Oue-
n

BUJIHO, 4TO U f,, (X)W) f(x)= x* paBHOMepHO Ha supp A =[—0;8]. Takum
00pa30M, yCIIOBHS TEOPEMBI 3 BBHITIOJIHEHBI.

Henocpeacteenno u3 (1) (cm. Ttaxxke mpumep 10) Haligem Mo (x) m

Y A) (x):

P
1-¥% g<x<d T A/ SN
Hp(x)= 5 Hr (X)) = 5 " n n’
0, x<0 mwm x>8".

1 1
0, x<— umu x>8%+—.
n n

I'paduxu QyHKIMH L, B (CXEMAaTUYHO) H 2 W Wy (4) TIPUBEICHBI HA PUC. 6.

4 (x) K2 (X) W (A)(x)
1 199
0.5 i
T -5 0 5

1 821 x 01 g2 101 x
n

=V

Puc. 6. Heuetkue uncna A4, f,(A) u A?

MmuoxecTBa ypoBHst HeueTkux uucen f(A) u f,(A) (n=1) umeror Bux:
L/ ()] =[0;0+8°(1-)’], [f, ()], = {— —+52(1 ) } ae(0;1].
Hcnonp3ys cooTHomeHUE (2), HEMEAJICHHO MOTyYaeM:

i dy (1, (Ao, L (A)],) = lim = =0, e (1],
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YTO COOTBETCTBYET YTBEPIKICHUIO TEOPEMHI 3.
3amMeTHUM, YTO TMOTOYEYHAs] CXOAMMOCTH lim 7 4)(X) =W s 4y(x) BBI-
n—>0

nonusiercst st x € R\{0}, onnako lim p, (1(0)=0, p,4(0)=1.
n—»>x0
Crenyromuii mpuMep MOKa3bIBAET, UYTO YCIOBHE JIOKATHHO PABHOMEPHOM Ha

supp A cxogumoctu f, (x) = f(x) sBiIseTcs B TeOpeMe 3 CyIIEeCTBEHHBIM.

IIpumep 1. Paccmotpum HeveTKOE YUCIO A ¢ PYHKITHEH MPUHAIC)KHOCTH

2
pay={ b
0, x|>6,

rae 6> 0. OueBHIHO, HEUETKOE YHCIIO A BBIMYKIIO M BCE €r0 MHOXECTBA YPOBHS
KOMHOakTHbL: [A], =[-6v1—a;dv1—a] s Beex a e (0;1].

PaccmoTpuM nocnenoBaTenbHOCTD (YHKLUI

a(l—%—lj, x|£é;
fn(x): 28 " (I’lZl),
0, x|>—;
n
1—El |<5;
My (x) = 5 M=%
0, [x|>3,

I7ie a ¥ O — MOJOKUTENbHbIE KOHCTaHTHL. ['paduku [ 4(Xx) (cXxeMaTUuHO) U OTO-

Opaxenust f,(x) mpu n =2 TmoKa3aHbl Ha pHC. 7.

Puc. 7. Heuerkoe uncino A u orobpaxenue f),

Jlerko  BUAETb,  4YTO  BBIMOJNHACTCS  IOTOYEYHAs  CXOMMMOCTb
lim f,(x)= f(x)=0 nmna xaxmoro x€R, ogHaKo paBHOMEPHOW CXOJMMOCTH
n—>0

)

HET HU Ha ofHOM uHTepBaine Buga [0;e] (e>0), Tak kak f, (—) =a Tpu JT000M
n

n>1 (mocTaTo4HO BEIOpATH 1 > g ).
Henocpeacrsento u3 coorHouterus (1) HaiineM [ (4 (x) 1 p 7 2(X):
) 1, x=0;
Hren 0, x # 0;
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Hr,(X)=9  na
0, x<0 wm x>a.

I'paduk Hr 4)(X) (cxemarnyHO) n300paxeH Ha puc. 8.

an(A)(x)

Puc. 8. Heuetkoe ncno f, (A)

MmuoxecTBa ypoBHst HeueTkux uucen f(A) u f,(A) (n=1) umeror Bua:

[f(A)](x = {0} s [fn (A)]a = [05 min (a,na\, (1 - OL) )] , e (Oa 1] .

B cooTBeTcTBUH € COOTHOIIEHHEM (2), MOMycKas OJAHOTOUCYHBIA HWHTEpPBA
{0} =[0;0], umeem:

lim dpy ([£,(D]o-[f(D]) = min(a,naJ(-0)), ae(0:1],
T.e. lim dy([f,(A)],.[f(4)],)=0 mumb qas o =1.

. 1,0<x<aq;
3amerum, uro lim p, 4 (x) = T.. IIOTOYEYHAsI CXO-
n—ow 77 0, x<0 mm x>a,

auMocts lim pp 4y (x) = [ o4 (X) BBIIOIHsETCS JMIb U1t X =0
n—>0 )

Cremyromuii IpocTol MPHUMeEp ITOKa3bIBAET, YTO YCIOBHE HENPEPHIBHOCTH
¢yskuuit f,(x) (n=1)u f(x) sBIseTca B TeopeMe 3 CyIIECTBEHHbIM.

Ipumep 14. PaccMoTpuM HedeTKoe YHCI0 A ¢ PyHKIMEH NPUHAIIC)KHOCTH

A
2,

< .
w0 =115 =8
0, |x| > 9,
rae 6>0 (cm. mpumepsl 10 u 12). OueBuaHO, HEYETKOE YHCIO A BBITYKIIO U BCE
€r0 MHOYKECTBA ypOBHsl KOMIAKTHBL: [A], =[-0(1—a);6(1—a)] mma Beex o e (0;1].

PaccmoTpuM nocnetoBaTenbHOCTD 0TOOpaskeHuit f,(x) (n=1)u f(x)

. 8.
_ a,x_n, a, x>0;
Sul(x) = 5 J=
0, x< <, 0, x<0,
n
ra€ a — IIOJOXKUTECIbHAas1 KOHCTAaHTA. OLICBI/II[HO, JJI1 KaXago01ro xeR BEI-

IMOJHACTCA IMOTOYCYHasA, MW JaX€ paBHOMCpPpHAd Ha R CXOOUMOCTH

lim /,,(x)= /().
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Henocpencreenro ¢ cootHomenns (1) Haiinem pp (4 (x) (n21) mppy(x):

1

l-—, x=a,

_ n _ 17 XE{O,CI},

My ()= 1, x=0, “f(A)PC)‘{o, x¢{0,a}.
0, x ¢ {0,a};

MuoxecTBa ypoBHs HeueTkux uucen f(A4) u f,(4) (n=1) umerot Buz:

0,a}, 0<o<l—;
[f(A)], ={0,a} (a.e(0:1]), [f, (D], = n
{0}, a >%.

ITo onpenenenuto paccTosHus Xaycaopda:
lim dpy ([, (D], Lf (D]o) = lim d; ({0,a},{0,a}) =0, 0<a<1;
nli_r)rolodH([fn(A)]a’[f(A)]a) = nll_f){.lo dp({0},{0,a})=a =0,
t.e. limdy([f,(4)],.[f(4)],)=0 ma O<a<l, Ho He 11 o =1. 3amerum,

yro  moTtoueyHas (M gake  paBHOMepHas Ha  R)  cxoamMmocTh
nILI)l;lo Hr 4y (%) =W sy (x) BBImomHsieTcst 1ist Beex x € R.

[IpuBeneHHbBIe TPUMEPHI MTOKA3BIBAIOT, YTO MOTOUYEYHAS CXOJUMOCThH (hyHK-
LK IPHHAUIEKHOCTH  1im W 4 (4 (X) =W 74 (X) M CXOAMMOCTH MHOXECTB YpOB-
n—oo "

i lim dy ([ f,(A)],.[f(4)],) =0 B obmem ciydae T0rudecKy He cBA3aHbL. Tak,
n—>0

B mpuMepe 12 BBITIOIHIETCS CXOIUMOCTh MHOXKECTB YPOBHS, HO HET TIOTOYETHOM
CXOIUMOCTH; B mpuMepe 14 BBIMOJHSETCS MOTOYEYHAs] CXOAWMOCTbh (YHKIWH
MPUHAICKHOCTH, HO HET CXOAMMOCTH MHOXXECTB YPOBHS (He IS BCeX a); B
mpuMepe | HET HH MOTOYSYHOW CXOMUMOCTH (DYHKITMH MPUHAIIC)KHOCTH, HH
CXOJMMOCTH MHOXECTB ypOBHsI. JIFOOOMBITHO OTMETHUTH, YTO B IpuMepe 14, BBH-
Iy OTCYTCTBHS HempepbelBHOCTH f,(x) (n=1) m f(x), HEe BBIIOJIHAIOTCS YCIIO-
BUA HE TOJIBKO TCOPEMBI 3, HO M TCOPEMBI 2, YTO MPHUBEIIO K MOTEPE BBIITYKIOCTH
y HeueTkux uucen f,(A4A) (n=1)n f(4).

CxoaumMocTh (PyHKIIMOHAJIBLHOM MOC/Ie10BATEJIbHOCTH C HEYeTKUM apryMeH-
TOM 10 MeTPHKe MPOCTPAHCTBA HEYETKUX YHCell

ITycts, xak u Beime 0, f, :R—> R (n2=1) — mocnenoBareinbHOCTh HEMPEPHIB-

HbIX oTOOpaxkeHu#, lim f,(x)= f(x) mmaBcex xeR,rne f:R >R — dynk-
n—»0

ysi, HenpepbiBHAs Ha R ; 4 — BBIMYKIIOE MONTYHENIPEPHIBHOE CBEPXY HEUETKOE
YHCJIO C OTPaHMYCHHBIMHA MHOYKECTBAMH YPOBHSI.

CXOIMMOCTh ITOCIIEA0BATEIFHOCTH HEUETKUX YHCeN YIOOHO HCCIIeoBaTh €
nomoiupto GyHkuun p(A4,B)= sup dy(4,.B,), rie A u B — HedyeTKHe HOp-

O<a<l

MaJbHbIe yncia. M3BectHo [6, 7], 4TO p — METpUKa B IPOCTPAHCTBE BBIMYKIIBIX

MOJIYHCHPEPBIBHBIX CBEPXY HOPMAJIBHBIX HCYCTKUX YHUCCI C OTPaHUYCHHBIM HO-
CHUTCIICM.
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Teopema 4. IIycTb A — BBIIYKJIOE HEUYETKOE YUCIIO, BCE MHOYKECTBA YPOBHS
KOTOPOTO KOMIIAKTHBL;, f, (x)w f(x) paBHomepHo Ha suppA. Torma

lim p(f,,(4),/(4))=0.

I[OKaSaTe.J'[LCTBO. HOCKOJ’IBKy YCJIOBUA TCOPEMBI 3 BBIIOJIHSIOTCS JJIA KaXK-
J01T0 O<ac<l , MOXXEM BOCIIOJIB30BATHCA PE3yJibTaTaMU NOKA3aTCJIbCTBA TCOPEC-

mbl 3. Tak, mma xaxgoro 0<o <1 wmuoxectBa ypoBHA [f,(4)], (n=1) u
[f(A)], uMeroT BHI 3aMKHYTBIX MHTEPBAJOB, BKIIOYAS CIydail OJHOTOUECUHBIX
UHTEepBAIOB Buaa {c}=[c;c], c € R. Jlanee 3apuxcupyem € > 0. B cuny paBHOMep-
HOM Ha x € supp A cxomumoctH f,,(x) — f(x) MoxxeM BBIOpaTh Takoe N =1, 9to

|fn(x)—f(x)|<8 st Bcex n> N, xesupp 4. ®)
B xome nokasaresabpcTBa TEOPEMBI 3 MOKa3aHo, 4To u3 (8) ciaeayer oreHKa

dH([fn (A)]a’[f(A)]a) <¢ (Vl >N )a (9)

MIpUYEM, TIOCKOJIBKY (8) BBIMIOJHAETCS AJIS BceX X € supp 4, HepaBeHCTBO (9) BbI-
noJiHsieTcs it Beex 0 <o <1. Takum oOpasom,

p(fn (A)a f(A)) = sup dH ([fn (A)]a a[f(A)](x) <&

O<a<l

s Beex n> N, 1.e. lim p(f,(A),f(4))=0,dro 3aBepaer 10Ka3aTeIbCTBO.
n—>0

IIpumep 15. PaccMoTpuM HeueTkoe IMCIO A ¢ PYHKITNEH TPHHAIICKHOCTH

2
p,(x)=e™ unocnenoBarenbHOCTh QyHKIMI (7>1)

=
all- x—n|<9;
fu@) = ( 5 J <5
0, x—n|>8,
Iie ¢ U 0 — TIOJNOXUTENbHbIE KOHCTaHTHL. [paduku (cxemarndHo) (GpyHKIHH

HNPUHAMTIEKHOCTH W 4(X) ¥ QyHKIuu f,(x) u300paxeHs! Ha puc. 9. OueBuaHO,

IUIS KaKOO0ro X € R BBIMONHSETCS MOTOYEYHAs, U JaXKe JIOKaJIbHO paBHOMEpHasd,

HO He paBHOMepHas Ha R cxomumocts lim f,(x)=0. HemocpeacTBenHo u3 pa-
n—0

BeHcTBa (1) Halimem Hr (a) (puc.9) u :

an(A)(x) In ();) ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Hf,,(A)(x)

1
2
e (%)

P
-1 0 1 x 0 Tn-8)nm+dx 0 1 ax
Puc. 9. T'paduku n 4, f, ¥ By ()
—(n—(1-2)8)2
e o ")5), x e (0;al;
(=11, x=0 w={ 7Y
1) x)=<1, x=0; u X)=
S (4) f(4) 0, x=0,

0, x<0 mmm x>a.
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3amerum, uro [f,(4)], ={0} mpu aZe_("_5)2 u [fn (A)]a =[0;a] npu

o< e_”2 . Taxxxe oueBuano, uto [ f(A4)], ={0} npu Bcex 0 <o <1. Dro 03HaUa-
€T, 4TO nll_f){}o Ay (L (Dl [f (D]e) = nll_r){.lo Ay ([fn(D]y>{0}) =0 mpu Kkakaom
O<a<l, wuro coorBerctByer Teopeme 3, omHako p(f,(4),f(4))=
= sup dy ([f,(D]e:[f(AD];)=a#0.

O<a<l

Takum oOpa3zoM, TpeOOBaHHE pPaBHOMEPHOW Ha X €suppAd CXOAUMOCTH

f,(x) > f(x) B TEOpeme 4 CyIIECTBEHHO.

BbIBO/IbI

1. na ¢yHKouoHanpHOM mociemoBarenbHOCTH f,(X¥) n=1, JOKanbHO
paBHOMEpHO cxoseiics K f(x), 1 HEYeTKOTro apryMeHTa A4 MpeacTaBlIeHbI 10C-
TaTOYHbIC YCJIOBHS CXOAWMOCTH MHOXECTB YpOBHS HedeTkux uucen f,(A4)
(n=1). lIpu sToM nuddepenunpyemocts oTodpaskennit f,(x) (n=1) He Tpeby-
ercsl.

2. Ilpu BBINMOJTHEHUH AOMOJHUTEIBHOTO YCIOBHUS paBHOMEPHOW Ha supp 4

CXOIUMOCTH f, (x)w f(x) mocnenoBaTeNbHOCTh HEUETKUX uucen f,(A4)

(n2>1) cxomurcs k f(A4) B Tonmonoruu paccrosuus p(A4,B)=sup d, (4,,B,).

O<a<l
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PE®EPATHU ABSTRACTS

MPOTPECUBHI IHOOPMALIITHI TEXHOJIOTTI, PROGRESSIVE INFORMATION TECHNOLOGIES,
BHCOKOITPOJYKTHBHI KOMIT'FOTEPHI HIGH-EFFICIENCY COMPUTER SYSTEMS
CHCTEMH

YK 519.004.942

Po3paxyHok mijbHOCTI eHeprii Ta MIIBLHOCTI cHiHy rpasiTaniiinux xsuwib Micsaus
y npsiMoJtiHiiinnx koopauuaTax / Manyki M., Bimox ILIL. // Cucremui pociimkeHHs
Ta indopmariiini Texnomnorii. — 2019. — Ne 3. — C. 7-17.

Po3paxoBaHO MIBHICTH €HEpril Ta MUIBHICTh CIIIHY TPaBiTAliHHUX XBIIb Micsis y
NPSIMOJTIHIHIA cuCTeMI KOOpIMHAT TSDKIHHS Ha rmoBepxHi Micsis Ta rinobaibHol TeMe-
parypu 3emiti. Po3rissHyTO IpUHIMIT i1, 110 NOEAHYE rpaBiTalliiiHe MMoJie Ta IpaBiTallidHi
XBHJII, SIKI YyTBOPIOIOTh 3aMKHEHY CHUCTEMY Pa3oM i3 INI0OaJbHOI0 TEMIIEPaTypOro 3eMii.
Po3paxoBaHo 3HaYeHHS MIUIBHOCTI €HEPril pO3paxoBaHMWX €HEPreTUYHHX IOJIB Ta XBHJIb
SK JMCHEPCiI0 y IPSMONIHIHIX KOOPJMHATaX, a TAKOXK PO3PaxoBaHo iXHi KoedilieHTH Ta
CTaHAapTHI NMOXMOKHM po3paxoBaHMX KoedilieHTIB. Pe3ynbraTn po3paxyHKIB y3ro/pKy-
IOTBCS 3 Pe3yJIbTaTaMH IIONEPEIHBOr0 JOCITIIKEHHS, SIKE IEMOHCTPY€E HeraTHBHHI BIUIHB
TpaBiTAIlifHUX XBWJIb HA TII00ABHY TEMIIEpaTypy 3eMIli, Y TOW Yac K rpaBiTalliiiHe moie
BIUIMBAa€ Ha Hel MO3UTHBHO. P03paxoBaHO TakoX CITiH rpaBiTamifHuX XBWIb Micsusg y
MpsAMOJIiHIHHIT cucteMi koopauHat. Tabm.: 1. biGmiorp.: 5 Ha3B.

YK 519.004.942

Pacyer miIOTHOCTH JHEPrUHM W TJIOTHOCTH CHHHA T'PABHTANHOHHBIX BOJH JIyHBI
B NPSIMOJIMHEHBIX KoopaAuHaTax / Mamyku 171., Bbumrox I1.HM. // CucteMHi 1OCIIIKEHHS
Ta iHdopmariiini Texnonorii. — 2019. — Ne 3. — C. 7-17.

PaccunTano MIOTHOCTH HEPTUU U IJIOTHOCTH CIIMHA TPaBUTAIIMOHHBIX BOJH JIyHBI
B TIPSIMOJIMHEWHOM cUCTEME KOODJHMHAT NPUTSHKSHUS Ha MOBEPXHOCTH JIyHBI M riio0aib-
HOU Temmeparypsl 3emiu. PaccMOoTpeH mpuHUMN ASHCTBUS, COSAMHSIOMIUNA TpaBUTALM-
OHHOE TIOJI€ M TPABUTALMOHHBIC BOJHEI, OOpa3yIOIIME 3aMKHYTYIO CHCTEMY, BMECTE
¢ T00anpHON TemmepaTypoil 3emim. PaccumTaHO 3HaueHWE ITOTHOCTH SHEPTHU 3THX
SHEPreTUYEeCKUX TOJEeH M BOJH, KOTOPBIC PACCUMTHIBAIINCH KaK JUCIEPCHH B MPSIMOIHU-
HEHHBIX KOOPAWHATAX, a TAKKE PACCUUTAHBI X KOI(D(UIINCHTH U CTAaHAAPTHBIE TTOTPETII-
HOCTH PAacCUMTAHHBIX K03((duimeHToB. Pe3ynbTaTsl pacdeToB COTIACOBBIBAIOTCS C pe-
3yJbTaTaMH MPEIBIAYIIEro HCCIENIOBaHMSA, KOTOPOE IMOKa3bIBaeT HETaTHBHOE BIIMSIHUE
TPaBUTAIIMOHHBIX BOJIH Ha TII00AIBHYIO TEMIEpaTypy 3eMJIH, B TO BpeMs KakK I'paBUTALHU-
OHHOE II0JIE BJIMSAET Ha HEe MOJIOKHUTENbHO. PaccumTaH Takke CIUH T'PaBUTAIMOHHBIX
BOJH JIyHBI B IpsIMOJIMHENHO# cucteme koopauHar. Tabu.: 1. bubmuorp.: 5 Ha3B.

YK 303.732.4

HccnenoBanne 1 NporHo3MpoBaHue yCemHOCTH cTapTanos miargopmel Kickstarter /
KysnenoBa H.B., I'pymko S1.B. / Cuctemni mociimpkeHHs Ta iH(popMamiiiHi TEXHOIOTII.
—2019. — Ne 3. — C. 18-32.

OCHOBHas IIeTh UCCIIEOBAaHM, IPOBEACHHOTO B pab0OTe, — BBISBICHHUE W MPOTHO-
3UpPOBAHNE YCHEITHOCTH HOBBIX NPOEKTOB-CTAPTAIIOB. Pemiena 3aqada IporHO3HPOBaHUS
(hakTa yCIIEIIHOCTH TOTO MJIM WHOTO CTapTana, IPUMEHEHbI Pa3INdHbIe METOABI HHTEJIe-
KTyaJIbHOTO aHAJIM3a JaHHBIX, TAKHE KaK METOJBI IKCTPEMAJIbHOTO IPaJHEeHTHOTO OyCTH-
Hra U k-Ommkaldmmx cocelnel, KOTOpPbIe MO3BOJIMIN C BHICOKOW TOYHOCTBIO MPECKa3aTh
YCIIEIHOCTb MPOEKTa, a caMbIM 3()(HEKTHBHBIM OKa3ajCsi METO]] IKCTPEMAIILHOTO Ipajne-
HTHOrO OycrtuHra. [IpumeneHue Moneleil BBKMBaHHS TI03BOJIMIIO OLIGHUTH CpPEeIHEe Bpe-
Ms pabOTHl Hajl YCHENIHbIM CTapTalioM M OIPEJENUTh KIIIOYEBbIE OTPACiH, Ui KOTOPBIX
CTapTanbl CTAaHOBSTCS 3(PEKTUBHBIMH; CIPOTHO3UPOBAB ISl KAKIOTO M3 HUX HEOO0XO0H-
Moe BpeMs paboThI ISl BOILIOLIEHUs IPOTPECCUBHON MU B ycrelmHblii ousnec. Onpe-
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JIeJICHBI HanOoJlee YCIEIIHbIE KaTErOPUHU IPOCKTOB-CTAPTAIIOB W CIIPOTHO3UPOBAHO Bpe-
Msi, HEOOXOUMOE KaK B IIEJIOM JUISl TOCTHIKCHUS YCICUIHOCTH (BbDKMBAHHS) MPOCKTOB,
TaK M ISl OTJCIbHBIX KATErOpUil MpOeKTOB. J[Jisi 3TOr0 MOCTPOSHBI MO BbDKHUBAHHUSI
Ha OCHOBE MPOMOPIHMOHANBHBIX pUcKOB Kokca m momemu Kamnman—Maiiepa. Puc.: 12.
Tabm.: 3. bubmwmorp.: 15 Ha3s.

UDC 303.732.4

Research and prediction of the startups’ success on Kkickstarter platform / Kuznietsova
N.V,, Grushko Ya.V. // System Research and Information Technologies. — 2019. — Ne 3.
—P. 18-32.

The main purpose of the study, carried out in the work, was to identify and predict
the success of new start-up projects. The task of predicting the success of one or another
startup was solved, various methods of data analysis, such as methods of extreme gradient
boosting and k-nearest neighbors, were used. They allowed to predict with high precision
the success of the project, and the method of extreme gradient boosting was the most ef-
fective. The use of survival models allowed us to estimate the average time spent working
on a successful startup, as well as identify those key industries for which startups become
effective, predicting for each of them the required time to turn a progressive idea into
a successful business. The most successful categories of start-up projects were also identi-
fied, and the time required to achieve the success (survival) of projects as a whole and for
specific project categories was predicted. For this purpose, survival models were con-
structed on the basis of Cox proportional risks and Kaplan-Meyer models. Figs: 12. Ta-
bles: 3. Refs: 15 titles.

TEOPETHYHI TA IPUKJIAJHI IPOBJIEMHA THEORETICAL AND APPLIED PROBLEMS OF
IHTEJIEKTYAJIbBHUX CUCTEM NIATPUMAHHSA INTELLECTUAL SYSTEMS FOR DECISION
MPUAHATTS PILIEHD MAKING SUPPORT

YK 683.519

Hcnoab3oBanue peKyppeHTHOI HelipOHHOI ceTH /sl aBTOMATHYECKOH TUATHOCTHKHU
paka jgerkux / Yananiok b.B., 3aituenko FO.IL. // CucremHi mociimpkeHHES Ta iHPOpMa-
wiiHi rexnonorii. — 2019. — Ne 3. — C. 33-40.

Pak nerkux sBisieTCs OJHUM M3 HanOoOJIee arpecCUBHBIX U OBICTPO MPOTPECCHPYIO-
IIMX OHKOJOTHYECKHUX 3a00JICBaHMIA, MPUBOSAIINM K CMEPTH OOJIBIIOTO KOJUYECTBA JIFO-
neii o Bcemy Mupy. OJHUM M3 OCHOBHBIM METOJIOB OOPBOBI C PaKOM SIBJISETCS BBISBIIC-
HHe ero Ha Hauboiee paHHeHd craauu. llocTpoeHne aBTOMATHUYECKHX CHCTEM
JIMarHOCTHUPOBAHUS paKa JICTKUX MOKET IOMOYb BpayaMm B 3ToM. PaccMOTpeHa BO3MOXK-
HOCTh IIOCTPOCHHUS PEKYPPEHTHOM HelipoHHOU cet st aHanu3a KT u3zoOpakeHuit jer-
KHX marueHToB. Onrcana MoCTPOCHHAs HEHPOHHAS CETh, COCTOSINAs U3 CBEPTOYHOMN HEM-
POHHOM CETH, PEKYpPEHTHOH HEWPOHHONM CETHU U JONOJHHUTEIBHOTO MEXaHU3Ma
BHUMaHHs, KOTOPBIA JaeT BO3MOXKHOCTh IEPEHCIIONb30BaTh IPEIBAPUTEIBHO aHHOTHUPO-
BaHHYyI0 HH(opMario o 31mokadecTBeHHBIX oOmacTsx Ha KT cammke. Puc.:1. Tab6m.: 1.
bubaworp.: 16 Ha3B.

UDC 683.519

Recurrent neural network usage for computer-aided lung cancer detection system /
Chapaliuk B.V., Zaychenko Yu.P. // System Research and Information Technologies. —
2019. — Ne 3. — P. 33-40.

The lung cancer is one of the most aggressive types of a cancer, which is the cause
of the massive number of deaths worldwide. One of the methods to prevent the lung can-
cer death is to detect it on the earliest possible stage. Building an automated lung cancer
detection system can help doctors with it. In the scope of this article we consider building
a recurrent neural network, which can analyze lung CT scans. As a result, we have built a
neural network, which consists of a convolution neural network, a recurrent neural net-
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work and an addition attention mechanism, which allows to reuse predefined information
about possible malignant sections on the CT scan. Figs: 1. Tables: 1. Refs: 16 titles.

YK 530.1.007:575+577

o Teopii cucTeM: IBHAKUN OTJISIA 0CO0IMBOCTEH MOHATH B KOHIENTYAJIbHOMY MOJIi /
Kouasima B.IL. // Cuctemui mocmifpkeHHs Ta iHpopmaltiiai TexHoorii. — 2019, — Ne 3. —
C.41-54.

I3 cucremHoi TOuku 30py 3poOJieHO CHpPOOY BUSIBUTH HAWOUIBII 3pY4HE JIOTIKO-
CEeMaHTHYHE IOHATIHHE BU3HAYEHHS JUI1 CHCTEMHUX IOHATH 31 30€pe)KEHHAM MaKCHMa-
JBHO MOXIIMBOI CyMICHOCTI Ha TEOPETHYHIM IUIOLIMHI, SKa Ja€ 3MOTY 3BECTH CHUCTEMH
Oynp-sikoro macimitaby Ta CKIaJHOCTI B €IMHY CTpAaTerilo iHTeprperauii iX AMHAMIKH.
YcTaHOBIIEHO crielianbHi CeMaHTHYHI YTOYHEHHS JJIsl IOHSTh, SKi ()OPMYIOTh TEOPETHY-
HYy OCHOBY, i THM CaMHM KOHKPETH30BaHi (yHAaMeHTaJIbHI CHCTEMO(GOPMYBaIbHI MPOIe-
cu. Bunineno Oe3nocepeHIO 3B’ S3HICTD JNESIKMX TEPMiHIB, IOKA3aHO TOHKOIII y BiIMiH-
HOCTSAX TAaKMX CHUCTEMHHMX IIOHATh, iX poib y (opMyBaHHI €IMHOTO CHCTEMHOTO
TEOPETHYHOTO YSBICHHS, HABEACHO ACAKI MPUKIaIu 010XiMiYHOTO THIY. 3alpOIIOHOBAHO
SIBHE CEMaHTHYHE YTOUHEHHS JESIKMX MOHSTH, 10 XapaKTepHU3yIOTh JANHAMIKY CHCTEM Ta
craHiB. Puc.: 2. biomiorp.: 10 Ha3B.

YK 530.1.007:575+577

K Teopun cucrem: KpaTkuii 0030p 0cO0eHHOCTeH MOHATHI B KOHIENTYAJbLHOM 1oJie /
Koasima B.IL. // CucremHi mocmimpkeHHs Ta iHdopmartiiai Texaomoril. — 2019. — Ne 3. —
C.41-54.

C cuCcTeMHOH TOYKH 3pEHHS CAellaHa MOMBITKa 0OHAPYKUTh HanboJee MoaXoasIIee
JIOTHKO-CEMaHTHUECKOE MOHSATHIHOE OIpeNeeHHe Ui CHCTEMHBIX MOHSATHH, COXpaHsIL
MaKCUMAaJIbHO JOMYCTHUMYI) COBMECTHMOCTh Ha TEOPETHYCCKOW IUIOCKOCTH, IMO3BOJISIIO-
YO0 CBECTH CUCTEMBI JIFOOOTr0 MaciiTada v CII0KHOCTH K €MHOM CTPaTerud B HHTEPIIpE-
TaIH X TUHAMAKA. Y CTaHOBIICHBI CIIEIHAIbHBIC CEMaHTHUECKUE YTOUHCHHS IS TIOHS-
THH, 00pa3yloIMX TEOPETUYECCKUE OCHOBAHHE M TEM CaMbIM KOHKPETHU3UPOBAHEI
(yHAaMeHTaNIbHBIE CUCTEMOOOpa3yIolIne MpoLecchl. BriieneHa HemocpecTBeHHas CBsI-
3aHHOCTD OIIPEJCIICHHBIX TEPMHUHOB, TIOKAa3aHBl TOHKOCTH B Pa3IMYUHN TaKUX CHCTEMHBIX
MOHATHH, UX POJIb B (POPMHUPOBAHUH E€IIHOTO CHCTEMHOTO TEOPETUYECKOTO IPEICTaBIIe-
HUS, NPHUBEAEHBI HEKOTOPBIE PUMEPhl OMOXMMHUUECKOTro THIla. [IpeiiokeHo siBHOE ce-
MaHTHYECKOE YTOUYHEHHE HEKOTOPBHIX MOHSATHH, OMHMCHIBAIOIINX TUHAMUKY CHCTEM H CO-
crostauid. Puc.: 2. bubnwmorp.: 10 Ha3B.

YK 004.9:504.064

CucremMa noyIep:KKH MPHHSTHS PelIeHUH ISl OIIEHKH COCTOSTHUS BO3AyXa MPH HeTo-
YHBIX BXOAHBIX JaHHbIX / KpuBakoBckas P.B. // CuctemHi mocmimkeHHs Ta iHpOpMa-
niiHi rexnonorii. — 2019. — Ne 3. — C. 55-62.

PaccMoTpeH BONpoc MPOEKTHPOBAHMS CTPYKTYPBI CHCTEMBI MOIJEPKKH MPHHATHS
pELICHUH ISl OLIEHKH COCTOSIHUSI aTMOC(EpPHOro BO3yXa NPU HETOYHBIX BXOJHBIX JaH-
HBIX, & TAK)Ke METOJIOJIOTHIO TIOCTPOSHUSI HHPOPMAIIMOHHBIX CHCTEM, X NIPEUMYIIECTBA U
HEJIOCTaTKU MPH MPUMEHEHUH K BOIPOCY HMPOEKTHPOBAHHS CHCTEMBI MOIAEPKKH MTPUHSI-
THUSI PEIICHUH IJIS1 OLEHKH COCTOSHHS aTMOC(EPHOr0 BO3IyXa MPU HETOYHBIX BXOAHBIX
JaHHBIX. MccrenoBaHbl MOTOKK JTAHHBIX U HA UX OCHOBE IIPEUIOKEHa COOTBETCTBYIOLIAS
JyiarpaMMa M CTpPYKTypa CUCTEMBI B LIeJIOM. PaccMoTpeHo rmoctpoeHue 6a3bl Mojienei Kak
YaCTH CJIOKHOI CHCTEMBI, Pa3iIMYHbIE BONPOCH! (PYHKIMOHUPOBAHHSI CUCTEMBI, TAKHE, KaK
opraHuzaiysi oOMeHa JaHHBIMH, ONPEJENIeHUs] YCIOBUH MPUMEHUMOCTH U BepHdUKaIus
MoJieield, CMHXpOHHM3auusl paboThl PaziIM4HBIX 4acTed cucreMbl. Puc.: 6. bubmmorp.:
6 Ha3B.
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UDC 004.9:504.064

Decision support system for assessing the state of atmospheric air under inaccurate
input data / Kryvakovska R.V. // System Research and Information Technologies. —
2019. — Ne 3. — P. 55-62.

The article deals with the design of a decision support system structure for assessing
the state of atmospheric air under inaccurate input data. The methodologies of construct-
ing information systems, their advantages and disadvantages when applying to the design
of a decision support system are considered. The data streams are investigated and the
corresponding diagram is proposed on the basis of them. The structure of the system as a
whole is proposed, as well as the construction of a model base as the part of a complex
system. Different questions related to functioning of the system are considered such as the
organization of the data exchange, definition of conditions of applicability and verification
of models, synchronization of work of various parts of the system. Figs.: 6. Refs: 6 titles.

METO/H OITUMI3AILI, ONTUMAJILHE METHODS OF OPTIMIZATION, OPTIMUM
YIPABJIIHHS I TEOPISA IT'OP CONTROL AND THEORY OF GAMES

VJIK 004.852; 004.942

Hrposble cTpaTerun NpUHATHSA pellleHWil B Hepapxu4yecKux cucremax. I. Maremartu-
yeckasi Mojesb croxactuueckoii urpbl / Kpasen I1.A. / CuctemHi JOCTiHKEHHS Ta iH-
dhopmariitai Texuomorii. — 2019. — Ne 3. — C. 63-75.

Pa3paborana MaTemaTn4eckass MOAEIh CTOXACTHIECKON UTPHI U IPUHATHS pere-
HUHM B MEPapXUUECKUX CHCTEMax B YCIOBHIX HeomnpenelaeHHOCTH. CyTh UIPBI COCTOHUT B
BbIpaBHMBAHUHN YUCTBIX CTpaTeFI/Iﬂ HUI'POKOB JId JOCTUKEHHUA KOHCECHCYCHOI'0 WJIM MaXKo-
PHUTapHOTO KOJUIEKTHBHOTO pellieHHs. BrINonHeHa napaMeTpu3anus UrpoBOil MOJIENN JIIst
000CcO0JICHNsI aBTOKPATHYECKOW, aHApXMYECKOW W JIEMOKPAaTHYECKOH HepapXHYeCKUX
CTPYKTYp CHUCTEM HpPHHATHs pemieHuid. Pa3paboTaH MapKOBCKHU PEKYPPEHTHBIA METOJ
PEIICHUS CTOXAaCTHYSCKOW WTPHI HA OCHOBE CTOXACTUYECKOH ammpoOKCHMAIUU YyCIOBHUS
JoronHstomel HexxectkocTr. Puc.: 1. bubmmorp.: 30 Ha3s.

UDC 004.852; 004.942

Game strategies for decision making in hierarchical systems. I. Mathematical model of
stochastic game / Kravets P.A. / System Research and Information Technologies. —
2019. — Ne 3. — P. 63-75.

A mathematical model of a stochastic game for decision making in hierarchical sys-
tems under uncertainty conditions is developed. The essence of the game consists in align-
ing the players' pure strategies to achieve a consensus or a majoritarian collective solution.
The parameterization of the game model for the separation of the autocratic, anarchic, and
democratic hierarchical structures of decision-making systems is carried out. A Markov
recurrent method for solving a stochastic game based on a stochastic approximation of the
complementary slackness condition has been developed. Figs: 1. Refs: 30 titles.

YIAK 519.715

MeTo0/10rHsI MOCTPOEHHsI OCHOBHBIX MeTpuk Q-anamm3a u ux npumenenust / [Toay-
ubirasosa B.M., CmupnoB C.A. // CucteMHi IOCTiIDKEHHS Ta 1HPOPMAIHHI TEXHOJIOTII.
—2019. — Ne 3. — C. 76-88.

HccnenoBanne CIIOKHBIX CHCTEM TPeOyeT MCTIOIb30BAHMS PA3IMYHBIX METOJIOB, KO-
TOpPBIE JIOJDKHBI MIPEAOCTABISATH TOJIE3HYI0 HHPOpPMALUIO 1yisi obectieueHus: 3(pPEeKTHBHO-
ro ynpasieHus. Vcnons3oBanue (J-aHann3a JaeT BO3MOKHOCTb YIIIyOUTHCS B CTPYKTYPY
CHCTEMBI U IIOHSTH CIIOYKHYIO B3aMMOCBSI3b MEXly €€ KOMIIOHeHTaMu. B xoze uccienona-
HUS BBEJCHO TAaKHE MOHATHUS, KaK CTPYKTYPHOE JEPEBO, JIOKAJIbHBIE KAPThl U HEPApXHs
HacJIeJOBaHMs1, KOTOPBIE MO3BOJISIIOT JIyYIlle OCO3HATH CMBIC] METPUK CHCTEMBI, OTyUeH-
HBIX C ToMoIIpio OJ-aHanu3a. Ha 3Toii ocHOBe pa3paboTaHbI aTOPUTMBI IS OTIPEICIICHHS
OCHOBHBIX METPUK U NPHUMEHEHBl K OAHKOBCKOM cucTeMe YKpauHBl MO COCTOSHHUIO Ha
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2016 r. IIpenyoskeHa HHTEPIIPETALMS TOTYYSHHBIX PE3YIbTaTOB U ONUCAHO UX MpPaKTH4e-
ckoe 3Hadenue. Puc.:4. Tabn.: 2. bubmuorp.: 10 Ha3B.

UDC 519.715

Methodology for building the basic metrics of Q-analysis and their application /
Polutsyhanova V.I., Smirnov S.A. / System Research and Information Technologies. —
2019. — Ne 3. — P. 76-88.

The study of complex systems requires the use of various methods, which should
provide useful information to ensure effective management. Using (J-analysis makes it
possible to delve into the structure of the system and understand the complex relationship
between its components. In the course of the study, concepts such as a structural tree, lo-
cal maps, and the inheritance hierarchy were introduced, which make it possible to better
understand the meaning of the system metrics obtained by Q-analysis. Then, on this basis,
algorithms were developed to determine the basic metrics. They were applied to the bank-
ing system of Ukraine as of 2016. An interpretation of the results is proposed and their
practical significance is described. Figs: 4. Tables: 2. Refs: 10 titles.

MATEMATUYHI METO/JAU, MOJEJIL, TIPOBJIEMMU I MATHEMATICAL METHODS, MODELS,
TEXHOJIOTTi JOCJJTIAKEHHSA CKJAJTHUX PROBLEMS AND TECHNOLOGIES FOR
CUCTEM COMPLEX SYSTEMS RESEARCH
VIIK 62.50

Merton aBTOMaTH3aLil yNIPaB/IiHHA Y KOTHITHBHAX KAPTAX HA OCHOBi CHHTe3y NPHPOC-
TiB BaroBux koediuieHTis i koopaunar Bepuun / Pomanenko B.Jl., MinsaBcskmii FO.JL.
// CucreMHi tociipkeHHs Ta iHdopmariiiHi TexHooril. — 2019. — Ne 3. — C. 89-99.

Po3risiHyTo po3B’sizaHHs nmpoOiieMH aBTOMaTu3allii KepyBaHHS IMITYJIbCHHUMH HPO-
[[ecaMH B KOTHITUBHUX KapTax CKJIAJHHUX CHCTEM ILUISIXOM CHHTE3y 3aKOHY KEepyBaHHS Ha
OCHOBI BapifOBaHHsS KOOPJWHAT BEPLIMH KOTHITUBHHUX KapT i BaroBUX KoedillieHTIB mix
yac (opMyBaHHS KepyBaHb y 3aMKHEHIM cuCTeMi KepyBaHHS. SIK NPHUKIAA PO3IIISHYTO
3aCTOCYBaHHSA PO3POOJICHUX AJTOPUTMIB JUIA KEPYBaHHS SIKICTIO HMiATOTOBKH IEPCOHAIY
IT xoMnanii, MoJeNb SIKOT ITOKa3aHO y BUIJISNI KOTHITHBHOI Kaptu. Puc. 2. Bibmiorp.:
4 Ha3BHU.

UDC 62.50

Control automation method in cognitive maps based on the synthesis of increments of
weighting coefficients and nodes coordinates / Romanenko V.D., Milyavsky Yu.L. //
System Research and Information Technologies. — 2019. — Ne 3 — P. §9-99.

A solution to the problem of control automation of impulse processes in cognitive
maps of complex systems is considered. The problem is solved by means of synthesizing
the control law based on varying nodes coordinates of a cognitive map and weighting co-
efficients while generating controls in a closed-loop control system. As an example, we
consider applying the suggested algorithms for managing the quality of human resources
in IT company, while its model is presented in the CM form. Figs.: 2. Refs: 4 titles.

YAK 519.8
AaroputMu HaOauAaeHoro po3p’s3anHs Oararoctaaiiinnx Flow-Shop-Problem /
3ak F0.0. / CucremHi gocmimkeHHS Ta iHpopMmariiHi TexHomorii. — 2019. — Ne 3. —
C. 100-109.

[TobOymoBa OaraTocTamifHUX PO3KIIAAiB BUKOHAHHS 3aBJaHb Ha PO3TANIOBAHUX B ITO-
CNIZIOBHHHN JIQHIFOXKOK CHCTeMaX MAIlIMH Mae€ 0arato MPakTHYHHUX 3aCTOCYBaHb y KaJCH-
JApHOMY IUTAaHYBaHHI AWCKPETHOTO BHPOOHHUITBA. OTPHMAaHO OIIHKH HIDKHBOI MEXI1 KpHu-
Tepito ePEeKTUBHOCTI s ONTHUMAJIBHOI MOCIIJOBHOCTI BHKOHAHHSA 3aBIaHb 1 JIBa
ANTOPUTMHU HAOMMKEHOTO PO3B’SI3aHHA MPOOJIEMH, IO 3a0e3MeYyroTh BHKOHAHHS BCIiX
poOiT Ha BCiX cTajisx 00poOIeHHsS B HAWKOPOTILI TepMiHH. AJITOPUTMH PO3B’SI3aHHS I1PO-
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LTIOCTPOBAHO YHCIIOBHM IIPUKIAaZOM. HaBeleHO OLIHKHM CKIIaJHOCTI 3arpolOHOBaHUX
ANTOPUTMIB. AIITOPUTMH PO3B’SI3aHHA 33729l MOXYTh OyTH BUKOPHUCTaHI B KaJCHIApPHOMY
IUTAaHYBaHHI JApIOHO- Ta CEepeIHBOCEPIHHOTO ITHUCKPETHOro BUPOOHWITBa. Tabm.: 4.
bubauorp.: 10 Ha3B.

UDC 519.8
Algorithms for approximate multi-stage Flow-Shop-Problem solution / Zack Yu.O. //
System Research and Information Technologies. — 2019. — Ne 3. — P. 100-109.

The construction of multi-stage schedules for performing tasks on machines located
in a sequential chain has many practical applications in discrete-production scheduling.
Estimates are obtained for the lower bound of the performance criterion for the optimal
sequence of tasks and 2 algorithms for approximate problem solving, ensuring that all
work is performed at all stages of processing in the shortest possible time. The algorithms
of the solution are illustrated by a numerical example. The estimates of the complexity of
the proposed algorithms are given. The given algorithms for solving the problem can be
used in the scheduling of the small- and medium-sized discrete production. Tables: 4.
Refs: 10 titles.

VIK 539.3

MaremaTH4eckoe MOJETHPOBAHHE HAMPSIKEHHOT0 COCTOSIHUSI OPTOTPOMHOIO Mbe303-
JIEKTPHYECKOro MaTepualia co c(hepouIaibHOM MOJIOCTHIO MO/l BHYTPEHHUM /IaBJIeHU-
em / Kupnmiok B.C., Jleuyk O.U., 'appuienxo E.B., Cykau ML.K. / Cuctemsi nocii-
JoKeHHs Ta iHdopManiiiai TexHosorii. — 2019. — Ne 3. — C. 110-117.

Ha ocHOBe MaTeMaTH4YeCKOro MOJCIUPOBAHUS HCCIIENIOBAHO HANPSIKEHHOE COCTOS-
HHE OPTOTPOITHOTO JIEKTPOYIPYIOro MPOCTPAHCTBA CO C(HEpONUAATBHON IMOJIOCTHIO IO
BHYTPEHHHUM JaBJeHUEM. PellieHne 3a/a4u MOJy4eHO ¢ MOMOIIBIO HCIOJIBb30BaHus 0000-
[IEHHOTO Ha CIy4ail OPTOTPOIHOIO MhE303JIEKTPUIECKOr0 MaTepraia MeTo/1a IKBUBAJICH-
THOTO BKJIFOYCHUS DIIENON U UHTErPAIbHOTO MpeacTaBieHus GpyHkuuu ['puHa uis opTo-
TPOIHOM 3IEKTPOYIIPYroro MpocTpancTBa. TecTUpOBaHUE ANTOPUTMA PEIISHHs 33/1a41 Ha
4acTHOM ciy4dae (IJisi TPaHCBEpPCaIbHO-U30TPOIHOTO 3JIEKTPOYNPYroro Mmarepuaia co
cheporIaNIbHON MOIOCTHIO) MOATBEPKAACT ero 3 (HEeKTUBHOCTD. [IpOBEICHBI YHCICHHBIC
HCCIIENOBaHUS HANPSHKEHHOIO COCTOSHHUSL B OPTOTPOIIHOM JJIEKTPOYIPYIOM MaTepualie
C MIOJIOCTBIO T1O0J] BHYTPCHHUM HOABJICHWEM, BBIABJIICHBI XapaKTCPHLIC 3aKOHOMEPHOCTHU
pacnpenenenus HanpsbkeHuid. Puc.: 2. bubnuorp.: 18 Ha3s.

UDC 539.3

Mathematical modeling of the stress state of an orthotropic piezoelectric material
with a spheroidal cavity under internal pressure / Kirilyuk V.S., Levchuk O.L,
Gavrilenko O.V., Sukach M.K. // System Research and Information Technologies. —
2019. — Ne 3. —P. 110-117.

On the basis of mathematical modeling, the stress state of an orthotropic electro-
elastic space with a spheroidal cavity under internal pressure is investigated. The solution
of the problem is obtained by using the Eshelby equivalent method, generalized to the
case of an orthotropic piezoelectric material, and the integral representation of the Green’s
function for an orthotropic electroelastic space. Testing of the algorithm for solving the
problem for a special case (for a transversely isotropic electrical-elastic material with
a spheroidal cavity) confirms its effectiveness. The numerical studies of the stress state in
an orthotropic electroelastic material with a cavity under internal pressure were carried
out, characteristic patterns of the stress distribution were found. Figs.: 2. Refs: 18 titles.

YK 517.956+519.63

30ixkHicTh iTepaniii y dopmynai Tporrepa—/lajenbkoro 1Js HeJiHiHHOro 30ypeHHs /
Bounapenko B.I'., Mapkeu4 1.C. // CucremHi mocmipkeHHs Ta iHGOpMaILiiiHI TEXHOJIO-
rii. —2019. — Ne 3. — C. 118-125.
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3arpornoHoBaHo i OOTPYHTOBaHO iTepauidiHUI MeTox MOoOYJOBH PO3B’SI3KY 3anadi
Ko asst mapa®osiivHOro piBHSHHS 3 HEJMIHIHHUM TOTEHIIaJoM (PIBHSHHS THITYy «peak-
uisi—audysis»). OCHOBOIO METOJIY € y3arajibHeHa ISl HeMiHIHOro 30ypeHHs eNliNTUYHOTO
ornepatopa ¢popmyna Tporrepa—/lanenskoro. CyTh y3arajabHEHHS — KOMITO3MLIS HIBIPY-
MU CITINTHYHOTO TeHepaTopa i (pa3zoBoOro MOTOKY, MOPOIKEHOTO 3BUYAHIM AudepeHIia-
JbHUM DPIBHSHHSIM. YCTaHOBJICHI ITifi 4ac NOBEACHHs i€l (GOpMyaH OLIHKH HIBUIKOCTI
30DKHOCTI iTepaliii miATBep/PKeHI OOYMCIIIOBANBHIM EKCIEPHUMEHTOM, BUKOHAHUM JIJIS
pisasHES KommoropoBa—IlerpoBcrror—IlickyHoBa—®@imepa. OTpuMaHi pe3yibTaTH I0-
3BOJISIOTH MPUITYCTUTH JOLUUIBHICTh HETPAAUIIIMHOTO MIAXOAY IO MOJEIIOBAHHS JTUHAMI-
YHUX CHCTEM 3 PO3MNOAUICHUMH TapaMeTpaMu. SIK NPHUKIIaJ PO3IIISIHYTO MOJIEINb IPOCTO-
pOBO-4acoBOi JUHAMIKA BOJHOTO CIIBTOBApHCTBA B TEPMiHAX  CHCTEMH «XIIKaK—
xKeptBay. Puc.: 4. Bibmiorp.: 13 Hass.

UDC 517.956+519.63

On the convergence of iterations in the Trotter—Daletsky formula for nonlinear
perturbation / Bondarenko V.G., Markevych LS. // System Research and Information
Technologies. — 2019. — Ne 3. — P. 118-125.

An iterative method for constructing a solution to the Cauchy problem for a para-
bolic equation with a nonlinear potential («reaction—diffusion» type equation) is proposed
and substantiated. The method is based on the Trotter—Daletsky formula that is general-
ized for a nonlinear perturbation of an elliptic operator. The essence of the generalization
is the composition of the semigroup of an elliptic generator and the phase flow generated
by an ordinary differential equation. The estimates of the rate of convergence of iterations
established in the proof of this formula were confirmed by the computational experiment
performed for the Kolmogorov—Petrovsky—Piskunov—Fisher equation. The obtained re-
sults suggest the feasibility of an unconventional approach to the modeling of dynamic
systems with distributed parameters. A model of the space-time dynamics of the water
community in terms of the two-species «predator—prey» system was shown as an exam-
ple. Figs.: 4. Refs:13 titles.

YK 519.6
DyHKIIOHATbHI MOCTITOBHOCTI 3 HEUITKUM apryMeHTOM: 30iKHICTH MHOXKHH PiBHA /
Coexropebkuii LS. / Cuctemni nocipkenHs ta indopmaltiitai Texnosorii. — 2019, —

Ne 3. — C. 126-140.
OCHOBHHUM 00’€KTOM PO3IIAAy € (DYHKIIOHAIbHI HOCIHINOBHOCTI f, (A) 3 OmyKIuM

MiBHETIEPEPBHUM 3TOpPH HEYITKHM YHCIIOM A K apryMeHT; IPHUITyCKAEThCSl HasIBHOKO 30i-
xHicTh lim f,(x) = f(Xx) pIBHOMIPHO Ha KOXHOMY 3aMKHEHOMY IHTEpBali BCEpEIUHI
n—>0

HOCIsT supp A . 3arpooHOBaHO AOCTaTHI yMOBH 301kHOCTI f,,(4) y ceHci 301XKHOCTI Io-

CITIOBHOCTI MHOXUH piBHA [ £, (4)], 3a Merpukoro Xaycnopba d g ([f,, (A)]e.Lf (D) :
JoseneHo 30bkHicTs lim d g ([ f;,(A)]g.[f(A)]y) =0 nns xoxkHoro 3HauenHs 0 <a <1
n—o0

3a YMOBHU HeNepepBHOCTI BinoOpaxkeHs f,(x) (n>1)1 f(x), 6e3 mpuIyIEeHHs PO ic-
HyBaHHs noxigHux. Takoxk 1oBeaeHo 36DkHicTh nocaigoBHocti f,(4) (n=1) 3a mer-

pukoro mpoctopy HeuiTkux umcen p(f,(A), f(A4)) = sup dy ([ f,(A]g.[f(A)],) 3a

O<a<l
JOJaTKOBOI yMOBU PiBHOMIpHOi Ha BeboMy supp A 36ixHocti mocaigosrocti f, (A4);

y IbOMY BHINJAKy Uil 3a0e3ledeHHst CKiHYeHHOCTI Biacrani Xaychopda Juisi Beix
0 <o <1 HediTke ynci0 4 BBaXkaeThcss HOpManbHUM. Puc.: 9. bibmiorp.: 10 HazB.
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UDC 519.6

Functional sequences with fuzzy argument: convergence of level sets / Spectorsky L.Ya.
// System Research and Information Technologies. — 2019. — Ne 3. — P. 126-140.

The main consideration subject is functional sequences f,(4) with convex upper

semicontinuous fuzzy number A for argument; it is supposed that lim f,,(x)= f(x) ,and
n—»o0

this convergence is uniform on each closed interval within supp 4. The paper proposes

sufficient conditions for f,(4) to converge in the sense that a sequence of level sets

[f,, (4], converges with respect to Hausdorff distance dg ([f,,(A)]q.[f(A)]y)- It is

proved that: lim d g ([f,(A)]e,.[f(4)],) =0 for each 0 <o <1 assuming continuity
Nn—»00

of £,(x) (n>1)and f(x), without the assumption about an existence of a derivative.

Also, it is proved that a sequence f, (A) (n 2=1) converges with respect to distance

p(f,,(A4), f(A) = sup dy([f,(A]y,Lf(A)],) in the space of fuzzy sets, additionally
O<ac<l

assuming that £, (4) converges uniformly on the whole supp 4. In this case, for the sake

of finiteness of Hausdorff distance for all 0 < a <1, fuzzy set 4 is supposed to be normal.
Fig.: 9. Refs.: 10 titles.
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