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Obnucaeno Gynryii pocmy OAs YCIT IHIUIAALYHUL 000POMHUL GETMOMAMIE 3 080MG CMAHAMY HAO
binaprum aadasimom. K Hacaidox NOKA3AHO, WO ABMOMAM HECKIMYEHH020 NOPAJKY 3 Ub020 KAACY
MGE payionasvhy (anzebpaiuny) dynryito pocmy modi i auwe modi, KOAU MHOHCUHG (020 CMAHIG
NOPooAHCYE 2pYnY OAUMAIOYUT AGMNOYOK, AKG € SIHUESUM JOGYMKOM UUKAIUHOL 2pyny nopadky 2 ma
2PYNU ULAUT YUCEN.

Kmowoei caosa: iniytasvhut asmomam, Gynxyis pocmy.

Automata were introduced in the middle of the 20th century to investigate the properties of different
computational schemes. They appeared as a part of applied mathematics but now automata are widely
used in such abstract areas as group theory and dynamical systems. In particular, automata were used
to solve the Milnor problem on group growth.

An initial automaton is a model which allows us to realize certain transformations of a set of words
over some finite alphabet. The growth function of such an automaton counts the minimal number of
states in the automata that implement different powers of corresponding action on the given set of
words. In this article we consider the initial invertible automata with two states that act on the set
of binary words. We compute the growth function for each automaton from this automata class. As a
corollary we prove that the only infinite order automata in this class with rational (algebraic) growth
function are the lamplighter automata.

Keywords: initial automaton, growth function.

Communicated by Prof. Kirichenko V. V.

minimal number of states that could be used to
implement the corresponding iteration of function
given by the automaton.

1 Introduction

Modern computers translate any type of
information to the binary sequences to store and
process it. Operations on such a binary presentati-
on of data are implemented by different types of
abstract automata. If a given function over the
data can be realized by an automaton then this
realization is not unique. It is natural to find the
automaton with the minimal number of states
which realizes a given function.

The set of all initial invertible automata over
a fixed alphabet forms a group with respect to
the automata composition called the group of fi-
nite automata. Every finite invertible automaton
A generate a finitely generated subgroup of this
group: one can take an initial automaton Ay for
each state s of A and generate a subgroup. There
were many investigations during the last three
decades in order to understand which groups can
be generated by finite automata. The full list of
groups generated by two-state automata over a
two-letter alphabet is given in [6]. In particular,
it was proved that the lamplighter group Z21Z
is generated by such an automaton. Also groups
generated by three-state automata over a two-
letter alphabet were deeply investigated in [3].

One of the simplest type of automata are initi-
al Mealy automata that implement certain functi-
ons on the space X™* of words over an alphabet X.
The composition of such functions is realized by
the consecutive connection of the corresponding
Mealy automata. Moreover, if we define the n-th
iteration of an automaton as a composition with
itself n times then we may introduce the growth
function ~y(n) which counts the number of states

in n-th iteration. In other words, it calculates the The growth function of non-initial automaton

© B.M. Ckouxo, 2017 9
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has the same type as the growth function of
generated group. This connection allows one to
construct examples of groups and automata with
intermediate growth functions between polynomi-
al and exponential. The first such an example
was constructed by Grigorchuk in [5] and provi-
ded an answer to the question of Milnor on group
growth. Interesting growth functions of non-initial
automata were computed Bartholdi and Reznikov
in [I] and [2]. The growth function of the generali-
zed adding machine is computed in [7].

In this paper we compute the growth functi-
ons of initial invertible Mealy automata with two
states over a binary alphabet. Note that we call
a function f : N — R rational (algebraic) if the
corresponding generating function of the sequence
{f(n)}52, is rational (algebraic). Our main result
can be formulated as follows.

Theorem 1. Let Ay 5) be the set of invertible ini-
tial two-state automata over a two-letter alphabet
and vs(n) be the growth function of an automaton
s. Then:

1) If an automaton s € A(z9) has finite order
then it has rational growth function. In this
case ys(n) =1 or vs(n) =1+ (n mod 2).

2) The only initial automata from A ) that
have both infinite order and rational growth
function are the lamplighter automata, which
have growth function ~vs(n) = 2".

3) Any other automaton s € A(2,2) has non-
algebraic growth function. More precisely,
the following inequalities hold:

2[logyn] —p—1 < 7s5(n) < 2[logyn] —p+2,
where n = 2Pm with odd m.

The precise values of the growth functions
vs(n) for every s € Az ) are given in the proof.

The growth function in item 3) is non-
algebraic, because it is bounded by two logari-
thmic functions logy () — 2 and logy(z) + 3, whi-
le the coefficients of an algebraic function cannot
have logarithmic behavior (see Theorem 8.2 in [4]).

2 Automata and their growth functions

Let X be a finite set of elements {1, x2,...,z,},
n > 2. We call this set the alphabet. Also let us
denote by X* the set of words over X including
the empty word.

2017, 2

Bulletin of Taras Shevchenko
National University of Kyiv
Series: Physics & Mathematics

Definition 2.1. An automaton A is a triple
(X, S, A), where S is the set of states, and

A:SxX =X xS

is the output-transition map.

Definition 2.2. An automaton A is called finite if
its set of states is finite.

Definition 2.3. An automaton A = (X,S,\) is
inwvertible if for every its state s € S the restricted
map As = A(s, -)|x acts on X as some permutation
s € Sym(X).

In this article we consider only finite inverti-
ble automata. Note that every state s of such
an automaton can be defined using the following
wreath recursion notation:

S = (81,82, .y Sn)Ts,

where s; = Az, s)|s.

Definition 2.4. An initial automaton A; is an
automaton A = (X, S, \) with a fixed initial state
s € 5. We will use notation s for initial automaton
A, for better readability.

Each initial automaton s acts on the set
of words over X. This action is constructed as
follows. We pass the first letter y; of an input word
to the initial automaton s. As the output we get
a pair A(s,y1) = (v},s") where y] is the output
letter and s’ is the next state. On the next step,
we pass the second letter yo to the state s’ and so
on. Repeating of this procedure gives us an output
word y1vh . ...

Since different automata can produce the
same action on X, we must consider the notion
of minimal automata.

Definition 2.5. An initial automaton s is called
mangmal if it has a minimal number of states
among the automata that act on X* as s.

Now let we have two initial invertible
automata s1 and ss over the same alphabet X. We
can consider their composition si - so as the mini-
mal automaton which acts on each word w € X*

by the rule s - s2(w) = s1(s2(w)).

Definition 2.6. The growth function of an initial
automaton s is the function

vs(n) = #States(s").

10
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Definition 2.7. An initial automaton s has finite
order if s acts trivially on X* for some n € N.

Definition 2.8. Let A be an invertible non-
initial automaton. The group generated by the
transformations A, for all states s of A is called
the automaton group of A or group generated by
the automaton A.

Definition 2.9. The automata given by recursions
b= (a,b), a = (bya)o and b = (a,b), a = (a,b)o
are called the lamplighter automata.

These automata get their name because they
generate the lamplighter group Zs ! Z (see [6]).

3 Proof of Theorem 1

Every automaton with two states a and b over
the binary alphabet X = {0,1} can be written
in terms of wreath recursions as

a = (qi1,q12)7e and b = (qa1, g22) ™,

where g;; € {a,b} and 7,4, ™, € Sym(X) = {(),0 =
(01} If mq = m, = (), then y4(n) = v(n) = 1. If
Ta = Tp = 0, then v,(n) = vp(n) = 1+ (n mod 2).
Further, without loss of generality, we suppose
that 7, = o and m, = ().

Proof of Item 1. We list the automata such that
a and b have finite order:

e b= (b,b), a = (a,a)o (generates Cs);

e b=(b,b), a= (bb)o (generates Cs);

e b= (a,a), a= (a,a)o (generates Cy x Cs);
o b= (a,a),a=(b,b)o (generates Cy x Cs);
e b= (a,b), a=(a,a)o (generates Dw);

e b= (a,b), a = (b,b)o (generates D).

For these cases we can directly get that vs5(n) =1
or vs(n) =1+ (n mod 2). O

Remark 1. The two states of every automaton
representation of the dihedral group Do, listed
above have order two and they have rational growth
function. However, the product of these two states
has infinite order and its growth function is of
logarithmic type thus it is not algebraic.

Now let us consider the lamplighter automata.
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Proof of Item 2. There are two automata in our
family that generate the group Zs 1 Z:

e b= (a,b),a=(ba)o,
e b=(a,b),a=(a,b)o.

The states of the second automaton are
inverse to the states of the first automaton. That
is why the corresponding growth functions are
equal. So we can consider only the automaton
b= (a,b), a = (b,a)o. We claim that each of the
automata a” and b" consists of 2" states which
correspond to all words of length n over {a,b}.
This follows from two well known facts about the
action of a and b (see [3]). First, the semigroup
generated by a and b is free; therefore, all words
of length n over {a,b} represent different initial
automata. Second, the so-called dual automaton
is isomorphic to the lamplighter automaton and
acts transitively on all words of length n over
{a, b}. Therefore, the automata a™ and b" contain
a state for every word of length n over {a,b}.
Hence v4(n) = vp(n) = 2™ O

Proof of Item 3. The other automata, according
to the classification from [6], generate the group Z.
There are two such automata. The first one is the
so-called adding machine b = (b,b), a = (b,a)o.
Its growth function was computed in [7]:

Y(n) =1 for all n € N and

2m —p+ 2,
2m—p+1,

ifep1=1o0rp=m;
Ya(n) = { otherwise.
where n = gg+2¢e1+...42™M¢,, is the expansion of
n in base 2, m = [log, n| and p is the first non-zero
position.

The second automaton is defined by recursi-
ons b= (a,a), a = (a,b)o. It is easy to check that
Ya(1) = (1) = 2 and for any n > 2 we have
Ww(n) = v4(n) + 1. That is why it is enough to
consider only the growth function of a.

Let us notice that ab = ba and a?b = 1. Tt
means that b = a2 and a = (a,a7?)o. As a
has infinite order we have that any two different
powers of a define different actions on X*.

It is easy to check the following formula for
the state a™:

_n

o { (a 2.a77), n =0 mod 2;
- (a*[%]ﬂ’ a*[%}*%a, otherwise,

11
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which implies 74(2"n) = k + v,(n) for n > 1 and
Ya(2¥) = k + 1. Therefore, it is enough to consider
only odd values of n. Let t; = —[5] — 2. Then

a” = ("3, a0,

To construct the set A of all states of the given
finite state automaton we can consider the followi-
ng procedure. First of all we add this automaton to
the set A. Using the corresponding wreath recursi-
on we add all coordinates to the set A. On the next
step we consider only new elements that appeared
in A during the previous step. We add to A all
their coordinates. We can repeat this procedure
again and again. As the given automaton is fini-
te state then on some step there will be no new
elements in A from the previous step. This means
that A is constructed.

Let us use the procedure from above to find
all the states of an automaton a”, where n is a big
enough odd number. First of all we add the state
a” and on the first step we also add states a!**3
and a’' with

On the first step both states are new because
of proposition that n is big enough number. It is
easy to check that for any parity of £; we will get on
the next step exactly 2 new elements a2 and a2*3
for some integer number t2. Note, that every next
step gives us only 2 new states a’* and a’**3 for
some tg. Moreover, the following inequality holds:

[ti] > |ta] > -+ > |tkl,

until we get the first value of |tx| or [tx + 3]
that is less then 20.

So the idea is to calculate how many steps we
made until we get a value ¢; such that |¢;] < 20. In
addition we must calculate all other states of a”
that can be obtained from the states a’ and a%*3.
Based on this we get that the growth function sati-
sfies the following equality

Ya(n) =20+ 1+ 6(t;)

where 0(¢;) counts the number of powers in the
union of states a®, a3 except themselves.

The table [1] gives us the full list of all possi-
ble disjoint cases that cover all the odd values of
n > 20. In other words, we describe such a set
of pairs x,x + 3 (x is an integer number) that for
any such a number n there is exactly one step of
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the algorithm which gives us a pair from this set.
Notice that we must take into account that sign of
ti is changed from step to step. Nevertheless, it is
enough to consider only absolute values of tj.

Using the algorithm for each a™ we will reach
only one of the listed pairs ¢;, {;+3. So it is enough
to define what numbers can give us a pair ¢ and
t + 3 on some. To describe such numbers we may
consider only absolute value of t. We can construct
the inverse transformations of powers from the
wreath recursion :

T — 2x,

r—2x+3,x— 2x— 3.

Moreover, as we consider only odd numbers n then
it is enough to use only maps x — 2z + 3 and
x +— 2x — 3. So on the first level we can construct
only one such a number n = 2t + 3 and then we
can use both maps. As a result all numbers can be
represented as follows:

n=2(2(2(...2(2t +3) £ 3)--- £3) £ 3)
=25t +3(2° 1 £2572 ... £ 1).

3=

This can be rewritten as n = 2% + 3z, where
x € {1,3,5,...,2° — 1}, s > 1. Also using this
formula we can compute the number of steps

n
t+3
Now we can introduce a boolean function (n,t)
which equals to 1 if and only if there exist two
numbers s and =z € {1,3,5,...,2% — 1} such that
n = 2%t + 3x. Then the growth function is

S ) fnt), (1)
8<t<1T,1#£16
where f(n,t) = 2[{logyn} —log, (t + 3)]+4(t)+ 3.
Further we simplify this expression. We need
the following simple observation.

Ya(n) = 2[logy n] +

Lemma 1. Let a € (1,2) and n € N. Then
{logy n} > logy v if and only if Sogs ] € [a;2).

Proof. {logyn} = logya if and only if the di-
fference logy n — [logy 1] is equal to log, a.
Based on this we have

logy n = logy o + [logyn] = n = 2°%2 atllogyn]
n

9llogy n]

This means that logon > logy v if and only if

Sogs T € [@52). 0

= glog2 o —

12
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t; | t; +3 | Powers Powers for —t; — 3, —t; | d(t;)
8 |11 (—4,-7,2,5, -1} {4,7,-2,—5,1} 5
9 |12 {—3,-6,3,0} (3,6,-3,0} 4
10| 13 {—5,-8,1,4,—2} {5,8,—1,—4,2} 5
11| 14 (—4,-7,2,5,—1} {4,7,—2,—5,1} 5
1215 {—6,-9,3,6,—3,0} {6,9,—3,-6,3,0} 6
13 | 16 (=5, -8,1,4, -2} (5,8,—1, 4,2} 5
1417 | {=7,-10,2,5,—1,—4} | {7,10,—2,—5,1,4} 6
15 | 18 {-6,-9,3,6,-3,0} {6,9,—-3,-6,3,0} 6
17 [ 20 | {=7,-10,2,5,—1,—4} | {7,10,—2,—5,1,4} 6

Table 1: Some values of the function §(¢)

Since only one summand in is nonzero, we
consider each possibility for ¢ separately to hold
the condition ¢ (n,t) = 1.

1) If t =9 then

f(n,t) = 2[{logyn}

On the other hand n = 9-2° + 3z = 2573 4254 3z,
z € {1,3,...,25 =1}, s > 1. From Lemma [I] for
a = 1.5 we get that {logyn} < logy 1.5. Therefore

—logy 1.5] + 1.

Ya(n) = 2[logyn] — 1.

2) For ¢t € {12,14,15,17} we have §(t) =
Therefore

F(n.t) = 2([{logz n} -
= 2{logy )+ logy =] + 1

a) For ¢t € {14,15,17} we have log, t%
and therefore

logs (t+3)] +4) +1 =

<0

t+3
16
log,

J+1=

t+3
16 7

va(n) = 2[logy n] + 2[{logy n}
_ { 2[logy n] + 1,

— 10g2

{logyn} >

2[logyn] — 1, otherwise.

b) For t = 12 we have

16
Ya(n) = 2[logy n] + 2[{logy n} + logsy 1—5] + 1.
By construction we have
n=12-2543z =2 4 252 4 35

land z € {1,3,...,2°—1}. Therefore
logy n] = s+ 3 and we get

25+3 + 28+2 + 3z

for some s >

n . n o .

ollogon] ~ 92s+3 T 9s+3 -
3z 3-2% 15
_15+2+3<15+28+3 =

Then {logyn} < logy 12 < by Lemma I and we get
that v4(n) = 2[logy n] + 1.

3) For t € {8,10,11, 13} we have the following
equality:

fn,t) = 2([{logy n}
= 2[{logy n} + log,

a) If ¢ = 13 then log, t%}
Ya(n) = 2llogy 1.

b) If t € {8,10,11} then we can repeat the
same steps that was used for ¢ = 12. As a result
for these cases {logyn} < logy &2 and ~,(n) =

2[logy n].

The final result for any odd number n > 20 is

defined by the formula v4(n) = 2[logy n] + d(n),

1, if(n,12) =1,
—1, if¢(n,9) =1,
1, if¢(n,t) =1, ¢t€ {14,15,17}

and {logyn} > log, t;%s, ,

—logy (t+3)] +4) =
° )

t+3
= 0 and we get that

-1, if(n,t)=1,t¢€ {14,15,17}
and {logy n} < log, 52,

0, otherwise.

where 1(n,t) is a boolean function which equals
to 1 if and only if there are exist numbers s and
x €{1,3,5,...,2° — 1} such that n = 25 4 3z.

It is easy to see that the statement of Item 3
holds for both a and b. Moreover, this proof gives
us a possibility to construct any iteration of the
automata directly without calculation of automata
composition.

O

Remark 2. We can use the similar procedure as
was used in the proof to calculate the growth functi-
on of any automaton a which is defined by the
following wreath recursion

a=(a*,a'"%)o,s € Z.

Note, that in this case the adding machine
corresponds to s = 0.

13
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. .o r 3 . .
Hocnioncyemovcss numanns nabnucenns @ynkyiti e W ﬂA ,r >4 aneebpaiunumu noniomamu

p, € HnﬂA3 . Ilobyoosano koumpnpuxiad, sakuii noxkazye, wo o1 fe WrﬂA3,r >4  oyinka

[ f(x)—p,(X) I cn%(qlx(l —-x))',x €[0,1] € nesipuoro.

Knrouosi cnosa: nabnuscenns gynxyii, npocmip Cobonesa, aneebpaiunuii notiHom, MOHOMOHHA
yHryis, g-onykna yHKyis.

We discuss whether on not it is possible to have interpolatory estimates in the approximation of a

function £ e W'[0,1] by polynomials. The problem of positive approximation is to estimate the pointwise

degree of approximation of a functionf Cr[O,l]ﬂAO where Ais the set of positive functions on [0,1].

Estimates of the form (1) for positive approximation are known ([1],[2]). The problem of monotone
approximation is that of estimating the degree of approximation of a monotone nondecreasing function by
monotone nondecreasing polynomials. Estimates of the form (1) for monotone approximation were proved in
[31.[4].[8]. In [3],[4] is consider reN,r>2. In [8] is consider reR,r>2. It was proved that for
monotone approximation estimates of the form (1) are fails for r>2,reR.The problem of convex
approximation is that of estimating the degree of approximation of a convex function by convex polynomials.
The problem of convex approximation is that of estimating the degree of approximation of a convex function
by convex polynomials. The problem of convex approximation is consider in ([5],[6]). In [5] is consider
re N,r>2.1In [6] is considerr € R,r > 2. It was proved that for convex approximation estimates of the form

(1) are fails for r>2,reR. In this paper the question of approximation of function f e WrﬂA3,r >4 by
algebraic polynomial p, €11, ﬂA3 is consider. It is proved, that for f WrﬂA3,r >4, estimate (1) is not

true, generally speaking.
Key Words: approximation of function, Sobolev space, algebraic polynomial, monotone function,
g-convex function

CraTTio TIpeACcTaBUB JOKTOp (i3UKO-MaTeMaTHYHUX HayK, mpodecop, akagemik HAH VYkpaian
Ilepectrok M.O.

1. Beryn ‘f (r)(x)‘sl Mmaibke ckpizb Ha [0,1]. TenskoBchkuit

Hexait W',reN xnac ¢ynkuiii f e C[0,1], Takux, [1] ms r=1 ta lomenrays s re N [2] nocunmmm
110 MarOTh aBCONMOTHO HerepepBHy (r —1) moxiguy i 1pamy Teopemy Hikonbcbkoro — TiMmana noBiBuw,

mo koxHy ¢yHkuito feW' Moxkna HaGIU3UTH
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aJ'Il"e6pai"lHHM MHOTOWIEHOM P, CTENCHA <n Tak,

VX1 =x)
n

) ,n>r

1o

[£(x) = py (X) [< c(r)(

ne ¢ - abcooTHA cTaja.

DeVore ta Yu [3] moBemu, mo npu r=1,2
ominka (1) cmopaBegmuBa 1 TpW  HAOJNMKCHHI
MOHOTOHHOI ()YHKIIii MOHOTOHHUM MHOTOWICHOM. A

(1

came, AKio MoHoToHHa (yHkuis fe W', To icHye
MOHOTOHHUI MHOTOYIEH P, , TaKUii, 110 Ma€ Micle
(D.

B poGori GLSW [4] noBemeHo, 1m0 s
HaTypanpHOro r>2 ominka (1), B3arami Kaxy4d,
HEBIpHA.

Ja  omykiioro mpu  r>2,reN
noBeieHo [S], mio orinka (1) TakoX € HeBIpHOIO.

HaOJIKEHHS

Jns rel] BBememo knac dyukuii W'[0,1], Takux,

mo Df aGcomorso HemepepsHa i ‘D6+f <1

Maibke ckpizb Ha [0,1] (TyTD{)jrlf - JIIBOCTOPOHHS
npobosa moximgaa [7]). Byaemo mo3nauatm uepes
IT1,- MHOXHMHY BcCiX anreOpaiuHuX HOJNIHOMIB
crereHst <n 1 uepes A3 MHOXHHY (YHKIIH, sKi
MaloTh OMYKJIy Bropy Hepuly MOXiHy Ha [0,1]. B
pobdori [9] Oymo  goBemeHo, IO TPH
r>2,reNomiaka (1) € HeBipHOWO I Kiacy
$ynxuizt W' A3,

OCHOBHMM pe3yJbTaTOM pPOOOTH € Teopema, sKa
y3arajibHIOE€ pe3ynbraT pobotu [9] Ha Kiacu
W0,1]NA% 3 r>4,reR .

Teopema. Hexaii r>4.Toai o KOXKHOION iCHYE
bysxuis F=F € WI0,1JNAY  Taka, mo s
KOKHOro noiinoma p, €Il N A3
F(x X
a6o lim M Q)
x—0 (X)

—IF(xX)—p,(x
260 ﬁmM _ 3)

x—1 (pr(x)
Jlosedenns.

[Mosznaunmo m =|[r]+1,r >4, ne[r] —1rina yactuHa r.
IToxnanemo:
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m+2 _ 3 m+3
b X—(b X) + b ,0<x<b
f(x)= (m+2)! 2(m+3)!  2(m+3)!
B bm+2 bl’l’l+3
X+ ,b<x<1
(m+2)! 2(m+3)!
1
ne b=
16n*

Posrisremo dynkmito F(x) = xm_]f(x),x €[0,1].

Josenemo, mo F e W'[0,1].3a Teopemoro 2.3 [7]
MaeMo

0

(X t)r m+1

Dy F(X)=n§—F(k)(0) ety J.
0+ & I(+k-1) [(m—r)

Tax sk F&)(0) = 0¥k = 0,..,m 1, 10
Dy, F(x)=

m-1
D Ch(m=T)m=2)..(m-k)t" )y

_ J' k=0 dt
I(m-r1) 0 (x— t)r—rn+1

TaKuM YMHOM, SKIIO X # b, TO
D}, F(x)=
m-1
X zCkm(m—l)...(m—k)tHH—k( ket G=077 (b-1)

1 Ik:() (k+3)! e
F(m—r)

S ot of

k+3

(x— t)r—mH

( l)m—k+1 tm—]—k (b- t)k+3

F(m—) o G-y

Toni
m(m—l)...(m—k)

|D6+F ) |_ g (k+3)! r—m+1
o mZ:le(m 1)..(m —k) x™~ f<
- T(m-1 & (k +3)! m-r
X ”‘Zlc“ (m—1)..(m—k) _

F(m-r1) &, (k +3)!

m-1 ~k

< 1 z C,(m-1)...(m—-k)

[(m-r1) = (k +3)!

Howmitnmo, wo Dy, (b+)=0 i
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-1 ~k TO
1 & CL(m-1)...(m-k)
Dg., (b-) < m . Takum m-3
0+(b-) Fm=1) 2 13)! F"(x) = —3(m — 1)(m — 2)x ™ 3f"(x) +

k=0
annom, Dy, F(x) icHye maibke ckpiss na [0,1] i

obmesxena. OueBHIHO,
X

J. F(m_l)ft) it
o (x=0"™"
abcomoTHo HemnepepBHoro Ha [0,1]. Takum duHOM,
Fe W'[0,1].

Jlosenemo, mo FeA®, To6to Vx €[0,1]F"(x) <0.
Hexaii x €[0,b].

Toni

F"(x) = x ™M 7(x) + 3(m - )x™ £ (x) +

+3(m - 1)(m - 2)x™ 3 F'(x) +

+(m —1)(m —2)(m - 3)x ™ *f(x)

F"(x) <0 < x3f"(x) + 3(m — )xf"(x) +

+3(m —1)(m - 2)xf'(x) +

+Hm—1)(m—2)(m—-3)f(x) <0.

Hexait

G(x)=x£"(x) +3(m - 1)x>f"(x) +

+3(m — I)(m — 2)xf'(x) +

+(m —1)(m —2)(m - 3)f (x)

(b-x)™"
(m-1)!(m+1)
—3b(2m — 1)x + 3b%(m — 1)) + m(m — [)(m — 2)f'(x).
Jlerko 110
x2(7m+1)—3b(2m—1)x +3bZ(m—1)> 0,Vx € [0, ]
i m>5. Tom

(b-x)™"!
S (m—1)Y(m+1)
+3b%(m—1)) < 0,Vx € [0,b].
Takum ymaoM G'(x)<0 mpu  x €[0,b].

1
I'(m—-r+1)

mo  D5F(x)=

G'(x)=— x(x2(Tm+1) -

OauuTH,

x(x2(7m+1)—3b(2m-1)x +

Toni

¢yskmiss  G(x)cnamae Ha xe€[0,b]i Tak sk
G(0)=0,ro Gx)<0mpu x€[0,b]. 3Bimcu
BUILIMBAE, 110 F"(x) <0 mpu x €[0,b]. Axiro
x € (b,1],
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+H(m —1)(m—2)(m—3)x™H(x) =

}

bm+2

bm+2

_ _ _ m-3|
=3(m—-1)(m-2)x [ (1 2)!

bm+3

B B _ m—4
+Hm—1)(m-2)(m-3)x ( (m+2)!x+2(m+3)!

|
™ ses)

Ma€eMo, FeA’i

pm+2 _ b(m-3)

2(m+3)

™4 (m—1)(m-2) <0

b

(m+2)!
Tak K X >b.

3
Fe W'[0,1]NA>.

Hexaii icHye MHOTO4IEH P, (X), cTeneHs

JIOBEIEHOr0  BHIIIE 110

<n,p, € A3 i qs sxoro He BUKOHYETHCS] YMOBa (2)

3 pynkuiero F(x). Toxi 3 neskoro cTaioro A Maemo:
r

|F(x)—p, (X)[<Ax2,0<x<b i

Pn(0) = F(0) = 0,p} (0) = F'(0) = 0,p},(0) = F"(0) = 0.

Tax six pp(x)<0,Vx €[0,1], To pj(x) crnanae i Tak

pn(0)=0, vx €[0,1] : pp (x) <0..

MHOTOWwIeH p;(x) cmagae i Tak sk p,(0)=0,

vx €[0,1]: py, (x) 0.

Taxkum

SIK TO Toni

YHUHOM, Ha [0,1] i

3Bincu

p, (X) cnanae

p,(0) =03ymoBmoe  p,(x)<0,Vx €[0,1].

BUILIMBAE, 1110 ||pn|| = |pn(1)|.

PosrnsgaemMo MHOro4wieH
m+1

f’n(X) =pnp(x) —m

m+1

2

x“,x €[0,1]

=m

P (x) =py (X) -

(m+1)!

bm+1 bm+1

Pn(O)=Pn (O = o = " ):

3a HepiBHIiCTIO MapkoBa MaeMo:

) bm+1
|Pn(0) = =

(m+1)!

<4n’(n—-1)%||p, [IF4n* (-1 [p, (),
bm+1

2 2=
4n”(n-D7 [ p, [I<

3 iHIIOrO

3BIAKH |pIl (1)| > 3 5
(m+1)!4n“(n-1)

00Ky,
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bm+2

bm+2 b
(m+2)! 2m+3)! (m+2)!(1_ 2(m—3)]
bm+2

bm+3

(Mm+2)! (m+2)4n2(n-1)>
pmH _bdn*(n-1)*

(m+D)4n’(n-1)>  m+2

bm+1

(m+1)!14n%(n -1)°
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XXX International Conference
PROBLEMS OF DECISION MAKING UNDER UNCERTAINTIES
August 14-19, 2017
Vilnius, Lithuania

The XXX PDMU-2017 International Conference was organized by General Jonas Zemaitis Military
Academy of Lithuania (Vilnius, Lithuania) and the Taras Shevchenko National University of Kyiv (Kyiv,
Ukraine) in cooperation with

o International Institute for Applied Systems Analysis (Austria),

Vilnius University (Lithuania),

Glushkov Institute of Cybernetics of NAS of Ukraine,
Ivan Franko National University of Lviv (Ukraine),
Higher School Academy of Sciences of Ukraine,
Noosphere Ventures Corporation (Ukraine)
University of Defence (Czech Republic),

0O O O O O O

o European Education Center (Georgia).
The XXX International Conference PDMU-2017 was held in Vilnius, Lithuania in August 14-19,
2017. The Conference was held under the auspices of the Engineering Managing Department, The General
Jonas Zemaitis Military Academy of Lithuania.

The set scientific topics of the conference were:

Theory of statistical decisions, inference and its applications.
Computer methods for decision making in various fields.
Decision making in a fuzzy environment.

Dynamical systems and decision making under uncertainties.
Risk theory and its applications.

Decision making in the military field.

Decision support systems and their application.

Nk W=

There were more than 200 participants from 12 countries (Ukraine, Lithuania, Austria, Azerbaijan,
land, Georgia, Latvia, Poland, Sweden and Turkey).

Dot

16 plenary reports, 30 sectional reports and 25 poster reports were made at the Conference.
The best reports related to computer science and mathematics from the PDMU-2017 International

Conference were recommended for print at the “Bulletin of Taras Shevchenko National University of Kyiv
Series Physics & Mathematics”.
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International Presidium (Prof. I. Didmanidze
(Georgia), Prof. A. Pakstas (England),

J. Novagrockiené (Lithuania), O. Nakonechnyi
(Ukraine), N. Ibrahimov (Azerbaijan),

V. Hutsaylyuk (Poland), S. Hoskova-Mayerova
(Czech Republic)) opens the first plenary session.

The Chairman of Local Organizing Committee
Petro Zinko, the Chairman of National
Organizing Committee Svajone Bekesiene and
the Chairman of Program Committee Oleksandr
Nakonechnyi discuss organizational issues after
the plenary session.

Chief of Staff Lt. Col. Saulius Stonkus
congratulates the conference participants on
behalf of the General Jonas Zemaitis Military
Academy of Lithuania.

30" International Conference
PROBLEMS OF DECISION MAKING UNDER
UNCERTAINTIES
2017 (PDMU- 2017)
The General Jonas Zemaitis Milj
Lithuania
August 14 - 19, 2017

Vice-Minister of Foreign Affairs of the Republic
of Lithuania Darius Skusevicius congratulated
the participants of the conference.

w

30" International Confere
PROBLEMS OF DECISION MAKl:::UNDER
UNCERTAINTIES
2017 (PD
The General Jonas Zen

August 14 Vilnius
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The Chairman of the Program Committee
Professor Oleksandr Nakonechnyi thanked the
organizers of the conference from the Lithuanian
side for the warm reception of the participants.

WV o e

30" Internati
PROBLEMS OF pEGran_ erence

SION MaK]
UNCERTAINTIES  © UNOER

2017'(PDMU- 2014

onas Zemaitis Mj| il
Lithuania

August 14 - 19, 2017

The General J.

Commander of Nato Force Integration Units
Colnel Jakob Sogard Larsen (Denmark) made a
plenary report “Strategic decisions support
system: military approach”.

Tratis ne main difference?

. M|I|F§w knowledge monopoly — not on the h

* Political tool — legitimacy — Instrument e
* Ultimate task — survival of the State
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The Organizing Committee looks forward to seeing you at the next Conferences:

XXXI International Conference
PROBLEMS OF DECISION MAKING UNDER UNCERTAINTIES
July 3-8, 2018
Lenkoran, Azerbaijan Republic

The XXXI PDMU-2018 International Conference will be organized by the Taras Shevchenko
National University of Kyiv (Kyiv, Ukraine) and Lenkoran University (Azerbaijan Republic)

in cooperation with
o International Institute for Applied Systems Analysis (Austria),

Glushkov Institute of Cybernetics of NAS of Ukraine,

Institute of Mathematics and Mechanics of NAS of Azerbaijan,
Higher School Academy of Sciences of Ukraine,

Noosphere Ventures Corporation (Ukraine)

University of Defence (Czech Republic),

European Education Center (Georgia).

The XXXI International Conference will be held in one of the oldest cities in Azerbaijan, Lenkoran,
on the shores of the Caspian Sea.

0O O 0O 0O O O

XXXII International Conference
PROBLEMS OF DECISION MAKING UNDER UNCERTAINTIES
August 27-31, 2018
Komorni Hradek, Czech Republic

The XXXII PDMU-2018 International Conference will be organized by the Taras Shevchenko

in cooperation with
o International Institute for Applied Systems Analysis (Austria),

Glushkov Institute of Cybernetics of NAS of Ukraine,
Ivan Franko National University of Lviv (Ukraine),
Higher School Academy of Sciences of Ukraine,
Noosphere Ventures Corporation (Ukraine),

o O O O O

European Education Center (Georgia),
o General Jonas Zemaitis Military Academy of Lithuania.

The XXXII International Conference will be held in the small picturesque town Komorni Hradek,
located 30 km from Prague.
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Current state of wireless network security
systems, analysis of problems and solutions

Batumi Shota Rustaveli State University
6010, Georgia, Batumi, Ninoshvili st., 35
e-mail: ibraim.didmanidze@bsu.edu.ge

e-mail: ibraim.didmanidze@bsu.edu.ge

bezopomosi mepedci sidieparomv 88axcaugy poavb y scummi aroeti, 0e 6 60HU He 3HAXOOUNUCSA - HA
pobomi, e0oma abo & epomadcvkux micysax. Hasims axwo b6e3dpomosa mepedxca cmeopera 01s Npocmoi
Memu - 3a0e3neuentst 36'a3Ky Midc JHOOUHOI0 | Odcepenom Hopmayii, HeoOXIOHO Po3iOpamucs 6 OCHOSHUIL
KOHyenyii’ be30pomosux mepeosic, 062060pumu npodiemu, no8'a3ani 3 Oe3neKor, a Nomim NPoarHarizyeamiu,
SAK OHU NPAYIOIOMY [ AKI 8USOOU MONCYMb NPUHECTIU 8 TOMY YU THULOMY BUNAOK).

Kurouosi crosa: bez0pomosi mepeoici, beznexy 6e30pomosux mepesrc, 6e30pomosi mexnonozii, ooracmo
nepeoaui ingpopmayii, 6e30pomosa 2100a1bHA Mepedica.

Wireless networks play a big role in people's lives, wherever they are - at work, at home or at public
places. Even if a wireless network is created for a simple purpose - to provide a connection between a man
and a source of information, it is necessary to understand the basic concept of wireless networks, to consider
the security issues related to them, and then observe how they work and what benefits they can bring in

different cases.

Key Words: Wireless networks, wireless network security, wireless technologies, information transfer

area, wireless global network.

CraTTiO IIpeAcTaBuB J.T.H., ipod. [apamienko O.T".

INTRODUCTION

Today, wireless technologies are widely used in
the whole world to satisfy a large number of
communication requirements. The popularity of
wireless technology has several reasons. A
significant reduction in the prices of wireless devices
allows a service provider to significantly reduce the
cost of wireless service and make it more accessible
to a user.

Like usual networks, based on the use of wires,
the wireless networks provide information between
computer devices as well. This information can be
presented in a variety of ways: by e-mail, WEB-
page, database records, video stream or voice
message. In most cases wireless networks transmit
data through e-mail and files. In connection with the
improvement of wireless networks’ quality, it is
possible to transfer video signals as well as to
provide a telephone connection.

Wireless networks like transmitters, that ensure
interaction between users, servers, and databases, use
radio waves of infrared range. This area of

© 3. bepimze, 2017

information transfer is invisible to humans. Today,
most manufacturers integrate the Network Interface
Cards (NIC), known as network adapters, and
antennas into computer devices so that they are
invisible to consumers. All this makes the wireless
device more convenient to use.

MAIN PART

Wireless networks providing connections in
different sizes of physical zones, are divided into
different categories:

- Wireless Personal Area Network ( PAN);

- Wireless Local Area Network (WLAN);

- Wireless Metropolitan Area Network (MAN);

- Wireless Wide-Area Network (WAN);

Wireless Personal Networks are distinguished by
a transfer of information on a short distance, what
makes them ideal for use in a small area of the
building or "personal zone". In many situations,
Wireless PAN successfully replace cable networks

(Figure 1).
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Fig. 1. Wireless PAN provide information transfer
between computer devices on a short distance.

This kind of network can, for example, provide
data wireless synchronization with a PDA user and
his personal computer or laptop. Similarly, a wireless
connection is available to a printer. Replacement of
wired networks, connecting computer devices, with
the wireless ones is a serious advantage, which
greatly facilitates the installation of computer
equipment in case of their transfer to another place.

Wireless regional (urban) networks serve zones in
the city. In most cases the system implementation
requires a fixed connection. For example, in a
hospital such a network provides data transfer
between a main office and the distant clinics. Also,
in a city an energy company can use such networks
to connect the main building with the distant energy
points. As a result, the Wireless Regional Networks
connect existing network infrastructure or allow
mobile users to connect with existing network
infrastructure.

Wireless Internet Service Providers (WISP) offer
customers wireless regional networks which provide
constant wireless connection between distant
buildings across the city. Similar networks have
significant advantages over conventional cable
networks, such as the Digital Subscriber Line (DSL),
since in most cases, its installation is associated with
great cost savings.

Wireless global networks provide access to
information across a country and a continent.
Wireless global networks have an unlimited area of
operation that is provided by telecommunication
companies.

The agreements reached by telecommunication
operators in relation to roaming allow long distance
connections to be established and to provide fast data
transfer between mobile users. Only after payment to
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one of the telecommunication companies, customers
can connect with the various Internet services with
the help of wireless global networks from anywhere
in the world.

Special systems, that characterize wireless global
networks, provide users with access to the Internet,
corporate systems and e-mails, regardless of a user’s
location. For example, network subscribers can
establish a connection while travelling by a taxi or
just walking in the city. Wireless global networks
can operate from such places where access to other
types of networks is impossible.

Wireless LANs have all the necessary properties
to ensure the continuous operation of high-
performance systems. Such network users can
receive large volumes of e-mails or streaming videos
from the server. Wireless LANs completely meet all
office system requirements.

The safety and service quality of wireless
networks has become a subject of considerable and
active research over the past few years, what is
caused by a growing requirement for supporting the
transfer of data packages [1]. Without the
corresponding security, organizations will avoid
using wireless networks. Security issues in wireless
networks represent an important obstacle for broadly
adaptation of such networks. Consequently, the
security of such wireless networks is an important
area, which requires an appropriate response if such
networks are widely used. The researchers of this
field should identify the open problems and provide
relevant solutions to these issues. Each of such
attempts makes a wireless network a bit more secure.
The aim of the present research is to develop a series
of measures to increase the safety of wireless
networks and to provide the management of distant
workplaces.

Security is a very important issue for wireless
networks, as communication signals are available for
use in the environment. Therefore, companies and
individual consumers should know about the
potential problems and take appropriate measures
[2].

Any system, that needs protection, has its
weaknesses or shortcomings, which can be partially
or completely used by an attacker. Consequently,
one of the approaches to system security
mechanisms is the analysis of all the threats and
alleged attacks that are facing the system, taking into
account the fact that the system has the
shortcomings. The security mechanisms should
ensure the system security with regard to these
threats, attacks and deficiencies.
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The safety of wireless networks significantly
differs from the one of their wired analogs, what can
be explained by a nature of physical environment.
During the communication in a wireless
environment, transmitted and received signals travel
in the air. Therefore, any node which is located in the
transmission range of a delivery node and which
knows the operating frequency and other physical
attributes  (modulation, encoding, etc.) can
potentially encrypt the signal so that a sender or an
alleged recipient will not know anything about that
interference. However, such interference in cable
networks can occur if an attacker has an access to
physical means of transmission (wires, fibers, etc.)
what requires the accession to the facility. As
wireless networks are not dependent on
infrastructure based resources, such as power stable
source, high frequency, continuous connection or
unchanging routing, they can be easily attacked.

For example, an experienced hacker or
accidentally snooper (a person who likes spying) can
easily track the unwanted packages and open the data
in it, using the software means. For example,
snoopers located hundreds of miles away from the
building, where a wireless local area network is
functioning, are capable of looking for all
transactions in a wireless network. Of course, the
main danger is the fact that as a result of such an
attack, some people can have access to important
information such as usernames and passwords, credit
card numbers and other.

The solution to this problem at least refers to the

CnHcoK BUKOPHCTAHHUX JKepet
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encryption of information that should be transferred
between wireless devices and base stations. During
the encryption process, data bits are changed with
the help of secret keys. As the keys are secret, the
hacker cannot decrypt data. Therefore, due to the use
of effective encryption mechanisms, the data
protection can be strengthened.

CONCLUSION

The operating system Windows allows easy
access to wireless networks, especially to public
connection networks. When a laptop is connected to
a wireless local area network, its owner has an access
to any other notebook which is connected to the same
wireless LAN. If a Personal Brandmaker is not used,
than anyone can get an access to all the information
existing on a hard disk drive of this notebook, what
represents a tremendous threat [3].

Wireless network can be protected from outside
radio signals by ensuring the ability to resist them in
a building. There are some recommendations to
reduce the flow of radio signals in the building:

- if the inner walls of the building appear to have
a metal-resistant surface, it is better to ground it;

- it is desirable to put the windows with thermal
insulation and to cover them with metal;

- the interior and outer walls of the building
shouild be painted by metallic impurities paints;

- to adjust the power of a transmitter in such a
way as to completely exclude the signal leakage or to
decrease its level to the point that would easily
reveal a hacker's presence.
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YV oaniti pobomi pozenauymo npobremy nowyKy piwienHs 8 OUHAMIMHUX CUCMEMAX 3 A0anmayiiHumu
npaguiamu. /i OCHOBU Yb020 PpIlleHHs BUKOPUCMAHA adanmosana cmpykmypa oepesa. Obuuciieno
CKIAOHICb MA 8UKOPUCTNAHHS NAM 'AMI /1A 3HANOEH020 PIUeHHSL.

Knrouosi cnosa: excnepmui cucmemu, RpUiHAMM piuleHb, A0anmayitiii npasua.

In this paper we consider the problem of finding decision in dynamic systems with adaptive rules. Rules

can be added or changed at any point of time. Also we add additional condition, that rules are not cyclical.
For base of this solution was used tree structure. Using heuristic optimizations and recursive algorithms we
have made improvements in comparison with the direct solution to the problem. We calculate and
substantiated solution complexity and memory, which show the optimality of this solution. Also, the example

of the algorithm was demonstrated.

Key Words: expert systems, decision-making, tree structure, adaptive rules.

CrarTio nipeAcTaBuB 1.T.H., mpod. [apamenko O.I".

Introduction

The process of expert systems creation has
changed significantly over the last years. Due to the
emergence of special tools time of their development
was greatly reduced and complexity decreased. But
the requirements for the complexity of the process
also increased [1]. For many of these processes there
is a relevant and important evolutionary adaptation
of rules. And it needs a development of appropriate
tools which will not only make decision-making
possible, but will also reflect the features of the
system and allow to work effectively with dynamic
input data.

Formulation of the problem
We consider the problem with evolutionary and
adaptive rules for determining points in time. Rules
R;can be added or changed at any point of
time. Each rule has input and output state, and also
weight of the rule, which can be interpreted as an
expense. Denote them:

R :xi = y,(w), (1)

© C.O. boposuk, 2017

where R,—rule, x;,y, € R" — state vectors, w;, —rule

weight, i =1.n.

Also we add additional condition, that rules are
not cyclical:

—3Rc..oR o Ry @)

On input is the initial state xo € R". We need to
find a function compositions of rules with the
minimal amount of weights, which has transferred
from the initial state to the final state:

F thlo...oRik,F(;CO)e X,

k .
Zj:] wy; —> min,

3)

where F — solution function, X" — R" - subset of all
final states.

Solution of the problem
Lemma 1. For storing rules (1) in conditions (2)
and (3) we can use tree structure.
Proving. We will take each state as a vertex, and
rule as an edge. Each rule connect exactly two states
according 1. Therefore, our structure forms a graph.
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And condition (2) mean that this graph is acyclic.
Acyclic graph is a tree. For root we will use initial

state Xo.

According Lema 1 we can use tree structure for
storing our data (Picture 1). For speed dynamic
recalculation of rules we will store not only state and
weight, but function evaluation function (4) too.

Picture 1. Structure of tree

In the vertices of the trees we record minimal
weight of subtree using the evaluation function (3).
Program calculates this value using recursive bypass
by formulas (4, 5).

f(xk)zmin (f('xk+1)+Wk+13"’f(xk+p)+wk+p)5 4)
where Vi EH)Rk Xk —> Xk

f(x)=0. )

where X€ X _ final state.
Lemma 2. Storing tree structure with evaluation

function (4) will take 0(’1) memory.

Proving. To preserve the tree segments we need
to save all the calculated function, vertices and their
edges:

memor)(n) = O(count(vertices(n))+
coum(eva luated Wllues(vertices(n)))+
count(edges(n))))=0((n+1)+(n+1)+n)=0(n)

Lemma 3. Creating tree structure with evaluation

function (4) will have complexity O(n) .

Proving. Construction such tree we need
recursively bypass in width all the vertices and
calculate their minimum value. So we need to use
one compare and sum operation for each node
according formula (4):

30

2017,2

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

create(n) = O(Zcount(vertices(n))) = 0(2(11 + 1)) = O(n)

Lemmad4. Adding new rules will have
complexity O(logn).

Proving. When adding a new rule, we do not need
to recalculate all tree, but only a subtree which new
rule is attached to. If the calculated value at some
point is more than the value in the parent vertex you

can stop the calculation. It follows from formula (4):
add(n) = O(hightTree(n)) = O(log(n)).

Lemma 5. Finding solution on calculated tree
structure have complexity 0(10 gn).

Proving. In every tree level stored evaluated
value. So we need to walk through each level of the
tree to record the minimum rule:

ﬁnd(n) = O(highTree(n)) = 0(log(n)).

Example
Suppose we have a set of rules:

R :xy, = x(w =1),
R, 1 xy = x,(w, =5),
Ry :xy > xy(wy =2),
where x,,x; € X" - final states.

1) Calculate

£ () =min(f(x,)+w, f(x,)+w,) for this we
need f(x,) and f(x,).

2) Calculate f(x,)=min(f(x;)+ wy)for this we
need f(x;).

3) Calculate f(x;)=0 by (5). Store this value
for current vertex.

4) Back to step 2 and calculate f(x,)=2. Store

this value for current vertex.
5) Back to step 1. We need f(x,), but we can

store f(x)+w =3 as current minimal value.
6) Calculate f(x;)=0 by (5). Store this value

for current vertex.
7) Back to step 1 and calculate f(x,)=3. Store

this value for current vertex.
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Conclusion

We analyzed the problem with evolutionary
and adaptive rules for determining points in time
with additional not cyclical condition. On the base of
this analysis was constructed the solution taking into
account the dynamic of our system. In addition it has
been proved that the memory requirements will be
linear and the speed of decision counting is

logarithmic.
Picture 2. Structure of example tree
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Y cmammi posensdaemvcsa 3a0aua maconepenocy 3 4ACMKOB0 HEGIOOMUMU SPAHUYHUMU 3HAYEHHAMU
Konyenmpayii. /[na npeocmasnenoi 3adaui, wo mae €OuHull po36’s130K, NpueeoeHo CYKYNHICMb OYIHOK
PI3HUYeBUX AHAN02I8 Oonepamopie ma YMOBU CMIUKOCMI BI0N0BIOHOI HEOOHOPIOHOI pi3HUYe8oi cxemu.
Ompumano, wo GUKOPUCIAHHA PESYIAPUZYIOU020 AN2OPUMMY HA OCHOBI Y3A2ANbHEH020 NPUHYUNY He8 A3KU
0ac piuieHHs eKCmpemManbHoi 3a0auyi, Wo 8paxo8ye HenoHy BU3HAYEHICMb 3HAYeHb KOHYeHMPAayii.

Kurouosi crosa: pisnuyesa cxema, cimkoga obnacme, napamemp pezyisapusayii, pisHuyesuti onepamop,
@yHxyionan.

In this paper we consider the problem of mass transfer with partially unknown limits values of
concentration. It is indicated that the presented the initial-boundary value problem has unique solution. A set
of estimates for the difference approximations of operators is presented. For the scheme in the canonical
form obtained estimates for its operators too. It is shown with the help of locally one-dimensional schemes
the stability of the resulting inhomogeneous difference scheme and the conditions for its stability are
presented. It is obtained that the using of a regularizing algorithm on the basis of the generalized
discrepancy principle gives the solution of the corresponding extremum problem. The solution of this task
exists and is unique. It takes into account incomplete certainty of concentration values.

Key Words: difference scheme, grid region, regularization parameter, difference operator, functional.

CrartTio npeactaBuB A.T.H. ['apammenko @.I".

Introduction The model of mass transfer and the existence
Usually getting solution of the problem of of unique solution
determination the distribution of the Cs"’ Having in mind the construction of surfaces

radionuclide in the area of soil aeration in the system
of hydro technical shafts-terraces provides for known
values on the limits of area. In practice, exact values
of the limit values concentration are impossible to
get accurately. In addition, the initial values are
measured only in limited number of points.
Therefore, we can calculate the distribution of the
radionuclide concentration only approximately.
Accounting for this situation when modeling the
processes of mass transfer in a limited area are takes
place can give the using of a regularizing algorithm
on the basis of the generalized discrepancy principle.

© .M. Beprynosa, 2017

shafts-terraces we investigated two-dimensional
model of mass transfer:

2 2
Zu Ea—u+LuEa—u— 2 D(x)a—u +ZV8—M=
ot o ‘o ox; ) o' Ox

i i

= f(x,0) =~ Aup(x)5(t - 0),

2
[—Z D(x)g—f:+Vu =k()cyq,(x), t<€[0,T]
i=1 i

xell
e ou
= D(x)—+Vu =0, t<[0,T].
i=1 ox;
xe0Q\I'
u(x,0)=0, xe€Q,
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in the bounded area Q=Qx(0<t<T), QcR’
with piecewise smooth surface 0Q, A — half-
o(x,x,) the function

describing the surface of the shaft-terrace T,
o(x,;,x,) €L, (), u, — surface contamination,

u(x,t) — the concentration of the substance in the

decomposition factor,

point x=(x,,x,) at the moment 7, u(x,t) is twice

continuously differentiated by x on Q and
continuously differentiated by # on [0,7].

Let's denote
2, 0 du

Au=-y —| D(x)— |,
12:1: Ox; ( )ax-

2, Ou

Bu= Zl 14 F
The operator Au is elliptical in closed area
xeQ+0Q, D(x) — continuously differentiable in
the closed area Q, an integral and limited in the
relevant  area, |% —  positive  constant,
k(') =k-cos(a(I')), k — the coefficient of
conductivity (absorption) for surface, a(I') — the
slope of the segment of terraces, g, — the flow of
water coming from atmospheric precipitation with a

concentration of the substance ¢, .

In [1, 2] shows the existence of a unique
generalized solution of this problem in the space
with the norm

2 2 2 a_“z
bl =42+ 25 pe

Using results of these works has been obtained
d
2l <171+l

where ||u||; =Iu2dQ - the norm in L, (Q).
o

The difference approximations

In [3] was substantiated splitting method for
difference approximations of this task of mass
transfer. Used difference operators gives the
opportunity to go to locally one-dimensional if
necessary.

In Q we used uniform for all variables
grid

Xy =hhyhy=x; =X hy =X

difference w, = {x |x:(x1 X, ), X, =i,hy,

i,+1

ih=1N, —1} in which @ - the set of internal nodes,
Ow - the set of external nodes.
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Let denote the difference solution of the
problem at time ¢ as y(x,?),x € w\Jow,t >0. For

grid functions that satisfy the initial (in D(L)) and
boundary conditions (on dw), we define a Hilbert
space H , the scalar product and the norm in which

are (y,v) = Z yhh,, y|| =, ).

Xew
To the operator A on the set of functions y e H
the difference

we put in line operator

2
0 .
Ay = _Z_; a(pyx[ )X , the operator B - the difference

2
operator By = ZVyX

i=1
Under conditions of the second order of
approximation we take difference operator A in the

following form
2

5 .].:1,2’ ij=1,Nj [4])

Taking into account the previously obtained
estimates for norms of A and B operators are
obtained the following estimates:

8V?

By, <yl 1B <Dl
64D

Ay <oy |4’ Shz—fmxllyllz-

Difference Scheme
After space discretization an operator-difference
scheme is obtained

dr, Ay+By =g,
dt
y(x,0)=0,

2
_ZDyxi +Vy|xer =P

i=1
2
_ZDyxi +Vy|xea(z\r =0.
i=1
For y* as the difference solution at the at the

moment of time ¢ =kr, >0, the two-layer
difference scheme with weights has the form:
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k+1 k

%+<A+B)(oyk” +(1-0)y") = ¢,

xew, k=0,,...

y'(x)=0,xc .

In the canonical form, the scheme has the form
K+l k

ﬁquAyk = (pk,x ew, k=0,1,...,

T
B=E+or(A+B), A=A+B.
For operator A occurs
2 2 2
ol <2 sk 1)< 1l
where M ,, =O(h> + ;7).
The B>0
L >oV
(h+hy)r
To obtain numerical solutions we pass to locally
one-dimensional schemes (with the same order of
approximation) of the form

k172 k
Y —-J

2
5

operator under  conditions

1
= A (oy'? +(1—0)yk)+5§0k,

yk+1 _yk+]/2 1
. :A2(6yk+l +(1_0)yk+1/2)+5¢k+1/2’

xew, k=0,,...
Y(x)=0,xe,
Ay =—(Dy, ), +Vy; . Ay=—(Dy,, ), +Vy;

X1 X2

(B, >0 for hjzz% foralli, j=12).

.. a
Moreover, under conditions hj > 27’ we have that

non-self-contained A>0 and B>0.
Therefore, as a condition of stability, may occur
the condition such as éq > 0,52’571 [4] or better

results are obtained on the basis of the investigation
of the transition operator from the time layer k to
k+1.

Due to the use of such locally one-dimensional
schemes in the future we are dealing with three-
diagonal matrices.

Using of the regularizing algorithm

Consider the case where the values of
concentration for certain boundary points measured
with an error or missing. For the problem of
describing mass transfer in a two-dimensional closed
domain with linear bounded operators we construct a
regularizing algorithm on the basis of the generalized
discrepancy principle.
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Let it is known that the error in setting the right-
hand side of the equation, which includes the initial
concentration values established on the basis of

f-os|<8, zi=f,5>0.
1z-z,|<e,

measurements,

>0, and in grid region

T _ ky. _
Qh —{(x”,xzj,r )i by =X, — Xy,

k+1 k - .
h2=x2j+1—x2j,AT=r —-7",i=0,N, j=0,M,

k=0,K } constructed difference scheme for
.. k
determining y;;.
Has been introduced the functional
2
O [y] = "Zhy - %*” + a||y
and made the transition to the problem
inf ®“[y],

yeD(Z,)
where o — regularization parameter.
In [5] shown that this functional is strongly
convex in a Hilbert space, which allows us to use

2
,a>0

M

gradient methods to find the solution yf]”’) € H of the

problem for fixed o .
The solution of abovementioned task exists and
unique for a >0 and linear bounded operator Z,

[5]. Moreover, the following estimate holds for it
2
5 <lesll/ Ve

We assume that the of incompatibility of the
equation Zu = f with approximate data on a set

D(Z)cH

#y (@5 Z3) = inf 12,y - 05
with  error r(n)=¢+9.
Regularization parameter was elected in accordance
with the principle of generalized discrepancy [5, 6].
All of this allows us the use of methods of
regularization, i.e. we can numerically construct such

was obtained

a” that satisfies the equation
2,5 =g @+ €3 = (1,052 @

if 5| > 82 + (1, (95, Z,))* and look for such y',

which converge to the exact value # when tending
to zero the input data error (for fixed ). If

s <6+ (1, (95,2,))°  then

solution of equation Zu = f we take y, =0.

approximate

For the case u,(¢5,Z,)=0 we can use the

initial approximations for « to find the solution &
of equation (2).
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The difference approximation of the problem,

Using of a regularizing algorithm on the basis of namely, the possibility of transition to locally one-
the generalized discrepancy principle takes into dimensional difference schemes, gives the three-
account incomplete certainty of concentration values diagonal form of matrices for operators in systems of
for the problem of describing mass transfer in a two- linear equations. It is very important if you need to
dimensional closed domain. solve these systems very many times.

The solution of the corresponding problem
exists and is unique.
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Ximixu-opeanixu maroms cnpagy 3 GeauKuUMU MOAeKyaamu. Y 36 513Ky 3 YuM GUHUKAIOMb CKAAOHOCHI
nio uac ix cummesy. Haeimv 000pe meopemuyno CHIAHOBAHA NOCHIO0GHICMb Ol 4ACMO 0d€ NOMUIKU
BHACTIOOK Y020 00800UMbCA NOBEPMAMUCL 00 NIAHY8AHHA CcuHme3y Oadxcanoi peuosunu. Ha ye
BUMPAUAEMbCSL Da2amo 4acy ma Kowimis, ocoonugo, Ko nOXUOKA GUHUKAA HA OCMAHHIX KDOKAX CUHNE3),
Wo 8UMA2a8 00PO2UX PeaKmueis.

B pobomi 30ilicneHo 00CHIONCEHHA MONCIUBOCHI BUKOPUCTNAHHA KOMN'tomepie 04 NpO8eOeHHs
asmomamuurno2o pempocurnmesy. byno pospobneno neeepecmuunuli aneopumm NOWYKy WLAXi8 CUHME3Y
3A0aHOi peyosutU, Wo DA3YEMbCS HA 3AKOHI 30EPedNCeH s Macu ma npuryuni Minimymy euepeii. Ha ocnosi
PO3pobNIeH020 aneopummy OYI0 CHBOPEHO PO3NOOIIEHy NPOSPaMy, Wo SUKOpUcmosye 3 pieui napanenizayii
004UCTIeHb 015 NPUUBUOUIEHHS PO3PAXYHKY. 3anpononosanuti y pobomi aneopumm 6y8 npomecmosanull Ha
4 pisHux cnoaykax, i pe3yibmam mecmy8aHHs NOKA3A8 MONCIUBICMb BUKOPUCMAHHA, K ) HAYKOBUX
00CHIONCEHHSIX, MAK T 8 RPOMUCTIO80MY SUPOOHUYMEBI.

Kuroyosi cnosa: ximiunuil cunmes, aBmoMamuyHuil pempocuHmes, NPOSHO3Y8AHHS XIMIYHO20 CUHME3).

Organic chemists deal with large molecules. That is why they face difficulties during its synthesis.
Even well-planned theoretically sequence of actions often makes mistakes, and forces us to go back to the
planning the synthesis of the desired substance. This takes much time and money, especially when the error
occurred on the last steps of synthesis, which had required expensive reagents. In this paper, possibilities of
using computers for automatic retrosynthesis were researched. Modern views on inside structure of
substances and reasons of molecules creation were described, also was shown, that variety of chemical
chains have one and the same electrostatic nature, which allows not to distinguish chemical compounds on
the basis of its combinations. Non-heuristic search algorithm of the ways of synthesis of given substance
was developed, based on the law of conservation of mass and the principle of minimum energy. On the basis
of the algorithm, a distributed program was created using 3 levels of parallelization of computations to
speed up the calculation. Suggested algorithm was tested on 4 different compounds, and test results showed
the possibility of implementation both in scientific research and in industrial production.

Key words: chemical synthesis, automatic retrosynthesis, forecast of chemical synthesis.
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Beryn
CuHTeTMYHA OLTOBa 1 JUMOHHA KHUCIIOTH,
CHUHTETHYH] BiTaMiHM, aHTHOIOTHKH 1 ajKadoigd —
CIIUCOK YCITiXiB OpraHigHOTO CUHTE3Y
pizHoMaHiTHMH 1 Benmukuil. OO'eqHye 1OIOHI
MPUKIIAIU TOH (aKT, 0 B KOKHOMY BHIIAAKY METOIO
cuHTe3y Oynu ICHYIOUYi B MPHPOJII 3'€MHAHHSA 3

BIJIOMUM KOMIUIEKCOM KOPHCHHX BiIacTUBOCTEH [1].
OpnHak, sIK IOKa3ye JI0CBiJl OpraHiyHoi Ximii,

PEYOBHHH, o BOJIOJIIOTh KOPUCHUMH
BJIACTUBOCTSIMH, MOXYTh OyTH OTPUMAaHI HE TIIbKU
NUISIXOM KOMIIOBaHHS TPUPOJHUX CTPYKTYp. Jlesxi
BJIACTUBOCTI OpPraHiYHOI CHOJNYKH MOXYTb OyTH
nepeadayueHi 3a3manerijib Ha MiJACTaBl OJHIET JnIIe

© K.O. Bepec, M.M. Bepec,
€.0. JlemkiBcokuid, 2017
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CTPYKTYPHOI (POPMYJIH CTIONYKH.

CuHTe3 1iNTbOBOT PEUOBHMHH 3aBXKIU MPOTIKAE
3a 3a3[aJIeriib CKJIAJACHUM IJIaHOM. 3a3BHYail, Ui
pamioHa bHOTO IUTAHYBaHHA CHHTE3y HEoOXiJTHO
3poOUTH  «po30mMpaHHsI» MOJeKyan [2], ToOTO
CKJIaCTH YSBIEHHS PO T€, 3 SKUX HAHOMIDKYMX
MOTIEPEHMKIB II}0 MOJIEKYJTy MOXKHA CHHTE3yBaTH 3a
JIOTIOMOT'OI0 peaTbHUX pPEakIliid. [HIMU ClIoBaMH,
MOAYMKM XIMIK NpH IUIaHyBaHHI CHHTE3y HOe B
PETPOCHHTETUYHOMY HANpsIMKY, TOOTO Bill LiIBOBOT
CTPYKTYpPH JI0 BHOOPY MOTIEPETHUKIB.

Skmo Bci mMomepemHUKH OOCTYIMHI, TO Ha
OpOMY  IUTaHYBaHHS  3aKiHUyeTbCS, 1 MOXKHA
INPUCTYNATH OO EKCIEPUMEHTaJIbHOI pOOOTH IO
cuatesy. OgHak, y OiIBIIOCTI BUMAJKIB 1€ HE TakK:
CTPYKTYPH KOXXHOTO 3 IIONEPEIHUKIB HEOOXITHO
MpoaHaNi3yBaTH  aHAJIOTIYHUM YHHOM 1  Tak
MPOJOBXKYBaTH JO THX TMp, TMOKA HE OyIyTh
OTPUMaHI CIIONYKH, sIKi € B HAABHOCTI Y JTOCJIITHUKA.,
B pesynbTati 1pboro IiaHyBaHHS BHHUKAE Tak 3BaHE
IepeBo cuHTe3y. BoHo sBisie coboro cxemarnuHe
300paxXeHHS MOXJIMBHX MUISIXIB CHHTE3Y JaHOi
PEYOBHH 3 BUXIHUAX CHOIYK Yepe3 MPOMIXKHI.

3a3Buuail, OTpUMaHE JAEPEBO CHUHTE3y IYy¥Ke
«rycTe» 1 MICTUTh BEIUYE3HY KIJIBKICTh «TLIOK.
BnacHe B mpoMy i moissirae TOJIOBHA CKIIAIAHICTh
CHHTE3y PEUOBHH — BEJIMKE PI3HOMAHITTS BapiaHTIB i
TOMY BHHSITKOBA CKJIaJHICTb BUOOPY ONTHMAJILHOT'O
HUISIXY CHHTE3Y.

JloBruii yac XiMiKH-CUHT€TUKH KEPYBaJIHCS B
CBOiX MifX 3BEPHEHHSM [0 JITEpaTypHUX AAHUX B
MOIIYKYy HAMIHHUX 1 TIePEeBIpEHUX MPAKTHKOIO
XIMIYHHAX peakiid, sAKi Creru(iyHO NpUAaTHI IS
CHHTE3y 0a30BOr0 CKeJeTa LiIbOBOi MOJIEKYJIH.

Opnak, sk MNoKa3aia mpakTuka [3], Takuit
MOIIYK HE 3aBXJU YCHIIIHHUNA, OCKIJIbKU (aKTUIHUN
MaTepiajl [0 OpraHiYHUM PEAKIlisIM HACTUIbKH
BEIMKHH, IO MOXHA JIETKO HPOMYCTUTH 1 HE
MOMITUTH TIOTPiIOHY peakiilo, Xxo4ya BOHa i
oryOiikoBaHa B JiTeparypi. bimbine Toro, uacto
HeoOXi/THe BiTKPUTTS MPHUHIIMIIOBO HOBHUX PEAKIH i
MiAX0/iB, U0 3aIJIaHyBaTH HEMO>KJIMBO.

Buxig 3 1i€i cuTyallii mojsrae B IIHPOKOMY

3aCTOCYBaHHI ~ KOMM'IOTEpiB AN IJIaHYBaHHS
opraniuHoro cuHrtesy [4]. Jlume Benmukuii obcsr
mam'siTi 1 3HaYyHa ~ IIBHAKOMIS — KOMITHOTEpa

JIO3BOJIAIOTE 3HAWTH 1 OLIHWATH BEJIWYE3HE YKCIIO
MOXXJIMBUX BapiaHTiB CHHTE3y TOTO 4YH IHIIOTO
3'€JlHaHHSA, BUOpaTH 3 HUX ONTHMAaJbHHHA IUIaH
CUHTE3Y, SIKUH TaKMM YMHOM MOYKe OyTH 3I1HCHEHO 3
MiHIMATPHAMHA  BHTpPaTaMd 1 MaKCHUMaJbHUMHU
IIaHCAMHU Ha YCHiX.
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HatiGinsmr TIPUPOTHIM cIrocooom
MpeCTaBICHHS MOJIEKYJH € MOJIEKYIsIpHUi Tpad [5]
— 3B'I3HMH HEOpi€EHTOBaHHH rpad, M0 3HAXOIUTHCS
y B3a€MHO-0/THO3HAYHI I BiJIMTOBITHOCTI 31
CTPYKTYpHOIO (hOPMYJIOI0 MOJEIHOBAHOI XiMI4HOL
CHOJIYKM TakdM 4YHHOM, IO BepUIMHM rpada
BIJIMIOBI/IalOTh aTOMaM MOJIEKylH, a pebpa rpada —
XIMIYHAM 3B'S3KaM MDK I[UMHA aroMamu. [1OHATTS
«MONEKyNsIpHUT ~ Tpad» €  0azoBUM  JAJs
KOMITIOTEpHOI XiMii Ta XxemoiHpopMmaTuku. Sk i
CTpyKTypHa ¢opMyna, MOJEKyIsIpHHA Tpad €
Mojemto  Monekynan. Oxkpim  iHQopmamii  mpo
3B'A3HICTH Ta MPO CKJaJ MOJIEKYJH, MOJEKYISpHUN
rpap ™Moxe wmarh gomaTkoBy iH(opmarmio [6]:
BEpIIMHU MOXYTh 30epiratm XxapakTepHi pHUCH
aTOMIB (HANpHUKIAJ, EJNEKTPUYHI BIACTHBOCTI abo
KUTBKICTh BUTHPHHUX BAaJICHTHUX €JEKTPOHIB), a KOXKHE
pebpo Moxe 30epiraT XapakTepHi OCOOIHMBOCTI
3B'A3KY MK HUMH (HAalpUKIaJ], JOBXHHY, KPAaTHICTb
3B'SI3KY, CHEPTit0 JUCOIAILT).

Oxkpim XIMIYHAX BIIACTHBOCTEH,
MOJIEKYJISIpHUM rpad Mae 30epiraté i Taky BaKIHBY
iHQopMaIlito, SAK  MPOCTOPOBY  KOH(Irypariito
MOJIEKYJIH, III0 BHW3HA4Ya€ il BHYTPIIIHIO EHEPTIIo,
HeOOXiMHy &7 BHU3HAYCHHS pEeakKUiiHOi 34aTHOCTI
MOJIEKYJIH [7]. IIpocTopoBa iHpopmaris
30epiraeTbcs B aToMax-BepiinHax rpada y BUIIIAIL
TPHOXEIIEMEHTHOTO BEKTOPY p(X,V,7) .

3aranowm, aITrOPUTM MIPOTHO3YBaHHS
XIMIYHOTO  CHHTE3y  BHKOPHCTOBYE  HACTYIHY
iHQopMaIito B  MOJEKyIspHOMY rpadi s
BU3HAYCHHSI X0y PEeaKIlil:
1) eneKTpOHETaTUBHICTH €JICMEHTIB;
2) KiJBbKICTh BAJICHTHHUX €JIEKTPOHIB;
3) KiNBKIiCTh CriapeHux BaJICHTHUX

€JIEKTPOHIB;
4) enexTpUYHUI 3apsi aTOMY;
5) KpaTHICTh IHIIMACHTHUX 3B'SI3KiB.

AJITOPUTM NMPOTHO3YBAHHA XiMiYHOT0 CHHTE3Y

Ha BXig 3amporiOHOBaHOMY  alrOpUTMY
MOJAETECSL CTPYKTypHa (OpMyNa CIONYKH, SKY
HEOOXiZIHO CHHTE3yBaTH. MeTOI poOOTH allTOpUTMY
€ TeHepalis YCiX MOXJIHMBHX BapiaHTIB peakiil,
cepell MPOAYKTIB KX 000B'I3KOBO Ma€ OyTH BXiJHA
cronyka. TakuM YHHOM, QITOPUTM aBTOMATH3YE
MpoIIeC MOIIYKY 3pYYHHUX NUISXIB CHHTE3Y PEUOBHH,
BUCTYNAIOYU B POJIi €IEKTPOHHOTO AOBiAHUKA [6].
Ha BigMmiHy Bij iCHYIOUMX pillleHb, aJTOPUTM IS
CBOET POOOTH BUKOPUCTOBYE HE OOMEXKEHY KUIbKICTh
EBPUCTHK, a (PyHIAaMEHTaIbHI BIACTHBOCTI PEYOBUH
JUIs TIPOTHO3YBAaHHS Ta MOJAETIOBAHHS XiMidHOT

37



Bicnux Kuiscbkoco nayionanbHo2o yHieepcumemy
imeni Tapaca Lllesuenxa
Cepis: pizuko-mamemamuini HayKu

peaxiiii, Taki SK: MOTEHIIHHY €HEeprilo MOJEKYIH Ta
MPUHIMI MiHIMyMY eHeprii [7].

OCHOBHOIO izeero ANTOPUTMY €
PETPOCHHTECTUYIHHUIN aHaii3, TOOTO CHHTE3 «Ha3amy:
Malo4yu CTPYKTypHY (HOpMyIly PEHOBHHH, AITOPUTM
MPOTHO3YE, IKUM YUHOM 11 MOXJIUBO OTpuUMatu. s
IBOTO CTPYKTypHa (opMylia TEPETBOPIOETHCS Ha
MOJIEKYJSIpHUI Tpad, IO TpeAcTaBisie BBEACHY
cnonyky. Jlami anroputm po30uBae rpad Ha
miarpagu, OTPUMYIOUM MOJEKYJSIpHI pajuKamd —
MapaMarHiTHI 9acTUHKU (aToMu abo MOIeKynH) 3
HECTIapeHUM OJHUM alo JeKiJbKoMa eleKTpOHaMHU
Ha 30BHIIIHIA aTOMHIN a00 MOJICKYISIpHif opOiTai.
Mosxe OyTH HEWTpaTbHUM ab0 HECTH ITO3UTHBHHM
Yl HeraTWBHUHN 3apsn. OCKUTPKM BUTBHI paguKaIH
piAKO 3ycTpivaroThcs y MPHPOAI, TO OTPUMaHi
3apsKeHi YaCTUHKA 00y TOBYIOTHCS bi (4]
MOBHOIIHHUX  MOJIEKYJ, IO TIOTIM  MAaroTh
npopearyBatu. byayeTrbcs ¢dopMynia MOTCHIIHHOT
peakuii 3a yuacTi nmoOymoBaHMX MoJjiekya. Ha
OCTaHHBOMY KpOIli aJNTOPUTMY, BHKOPHCTOBYIOUH
MPUHIWI ~ MIHIMYMy  €HEprid,  3HaXOISAThCS
koediuieHTn ¢opmyau. Skmo Taki KoeQillieHTH
ICHyIOTh 1 BOHH IIJIOYMCENBHI, TO 3HailjcHa
¢opMyna BBaXKAEThCS MIWCHOK 1 BHBOAMTHCA
ITOPUTMOM.

Kopotko  pobGory  anroputmy  MOXKHA
MPOLTIOCTPYBAaTH HACTYTHAUM 4YHHOM. HeoOximHo
cuHTe3yBatd  Mojekyny  Mol0.  [IpencraBumo
monekyiy MolO sik 2 38 SISaHI/IX pamxncam/l

\I()](, =i( R] )—( R> )
Y Y

MpUIOMY 306pa)KeHI/II/I 3B’30K MK pajrKalamu
O3Ha4ya€e BCHOT'O JIMIIE CHUMBOJIIYHY 3B'S3HICTb, a HE
OJIMHAPHUHN XiMiuHUH 3B'130K. Mixk pamukamamu R1
Ta R2 Moxe icHyBaTH SIK KOBaJCHTHHH KpaTHHI
3B'I30K, Tak 1 3B'Y3KM  OUNBII  CKJIQJIHHX
KOH(ITyparii.

«Po3knaBmmy wmojiekyny Mol0 Ha aBi yacTHHH,
OTPUMYEMO 2 pi3Hi paguKaiy, SKi BUKOPHCTOBYEMO
SK OCHOBY JJsI HapoOLIyBaHHS HOBHOLIHHHUX
MOJIEKYJ, $IKi OyIyTh BHKOPHCTaHi AJISI CHUHTE3Y
Monekyn W Mol0. Hexaii nHa ocnHoBi R1 Oyna
noOy/10BaHa MOJIEKyJIa

AN N\ \
;A\Ioll\) = (,
=

Rl —( A )
E >/

ne A — ngegxuit paJmKan, mo OyB IITYy4HO
nobynoBaamii m0 R1 Takum umHOM, ™00 HE
3aJTUIIAIIOCH BITbHUX BAJICHTHUX EIEKTPOHIB, TOOTO
mo6 rpyma aromiB Moll Oyna TIOBHOIIIHHOIO
3aBEpIICHOI0 MOJIeKyJ0ol. Tak camo poOumMo i 3

panukanoMm R2, yTBOpUBIIHN 3 HBOTO MOJIEKYITY
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[tygni panukan A Ta B He 000B'SI3KOBO OZHAKOBI.
PesynpTaromM pobOTH anroputMy Ha JAaHOMY KpOIli
oyne 2 monekynu Mol; ta Moly,, mo wmictare 4
pamukamu: Ry, R,, A, B.

Ham 3MomemoeMo XIMIUHY peakIiio i3
MoJiekya1 Mol Ta Mol,. Y1Bopumo dopmyny peakuii
IUIIXOM Tepedopy VYCiX MOXKIMBUX KOMOiIHAIii
paguKaiiB, IO BXOAATH JO CKJIALy MOJIEKYI
peareHTiB, OKpiM THX BapiaHTiB, 3 AKHX MOOyIOBaHi
Mosiekynu Mol; ta Mol,. ToOTO B SIKOCTI MPOIYKTIB

He OyAyTh pO3IIISAATHCH BapiaHTH Ta
ofo
[lepen koxHOIO cromykor y  dopmymi

npocraBuMo  KoedilieHTH n, € Z. PesymbraTom

JTAHOTO KPOKY € cxeMaThyHa (popMmyIia peakiiii:

TN\ TN\ TN
nul\l()ll + naMols) = ny( Ry )— % )+ n)\ R) ;—{ B )=
" ,,/ \__/ \__/
Y \ /TN
= Ry )-( Ry )+
”;\ / N
WA
+nsl Ry )= Ry )+ ng
e
+ nql Rg\;’—x/‘ \J+ ns
N/
N2
+ ”9'<R<)/—' Rg/' + Ny

B kiHIi anroputM HamaraeThbcs BiIIIyKaTH
TaKi 3Ha4eHHs Koe(illi€eHTIB n;, IpU IKuX Gopmyia
Ma€ 3MICT Ta BUKOHYETHCS TMPHUHIMII MIiHIMyMY
enepriit [8]. ko x Taki KoedillieHTH He 3HANIEHO,
TO BCS (opMysa pa3oM i3 BXiJHUMH paJuKaiaMu
BBKAETHCS HEMIMCHOIO, 1 TOMY BIIKHIAETHCS.
Inakme QopMyna BHBOAMTBCS SIK Taka, IO
MPU3BOJIUTH JI0 CHHTE3Y OaskaHoi Mosiekynu Mol0.

BucHoBkn
TakuM YHHOM, 3alpPOINOHOBAHO AITOPUTM
MPOTHO3YBaHHS XiMIYHOTO CHHTE3Y, B SKOMY MOXKHA
BUAUTUTH YOTHPH HAMOUIBII BaXKITUBI KPOKH:
1) reHeparmisi yciX MOXIUBUX KOMOiHAIlii
MOy BUXITHOIO MOJIEKYJISIPHOTO Tpacda

HAa  J(BAa  MOJIEKYJSIpHI  Tiarpadu-
panuKay;

2) moOymoBa paauMKaaiB JI0 IOBHOI[IHHMX
MOJIEKYT,

3) yrBopenHs mabioHy GopmyiaH peakuii 3
I00yJIOBaHUX PaJUKaiB;

4) obuucieHHs
3alPONIOHOBAHOI (POPMYIIH.

Koe(iLieHTIB
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Y cmammi nposederno komn'romepre modenosants npoyecy 8epmuKaibHoi miepayii padioHykiioie y
KamanimuyHomy HNOpUcmomy cepedosuwyi. Mamemamuuna MmoOenb 6paxo8ye MiKpo-, Me30- ma
Mmakpomacuimadbu npoyecy maconeperecenis. Ompumano yucenbHull po3e 30K 6i0N0GIOHOI 00HOBUMIPHOT
Kpailogoi' 3adaui memooom CKinYeHHUX pisHuys. 1106y008ano 0OUUCTIOBANbHUL AN2OPUMM DPO38 A3YEAHHS
nocmaenenoi Kpatiosoi 3adaui ma 30IUCHEHO NPOSPAMHY pednizayilo 3 GUKOPUCTNAHHAM NAPALeTbHUX
oOuuCHenb Ol cucmem i3 CRIIbHON nam ’ammio 3a 0onomozoio mexnonoeii OpenMP. [Iposedeno cepiio
YUCENbHUX EeKCNEepUMEHMI6 3a 00NoMO2010 HOBOI 6epCii GIACHOCHEOPEHO20 NPOZPAMHOS0 KOMNIEKC)
NanoSurface ma 30iticneno ix ananis.

Kniouosi cnosa: komn’romepne modenioeanns, napanenvti oouucnenns, OpenMP, kpaiiosa 3adaua,
MaconepeHecenHs, HAHOYACMUHKY, OYUWEHHA, MemoO0 CKIHYEHHUX pI3HUYb, NPOSPAMHUL KOMNIEKC
NanoSurface.

In this paper, the result of an application of computer modeling for vertical migration of pollutants in
catalytic porous media with filter traps is presented. The mathematical model takes into account micro and
meso/macro scale factors of the mass transfer process. The numerical solution of the respective one-
dimensional boundary value problem was obtained by the method of finite differences. The software
implementation was accomplished using multi-platform shared-memory parallel programming using
OpenMP technology. All computer modeling experiments were made using the new version of NanoSurface
tool developed by us in this study and their analysis were conducted.

Key Words: computer modeling, parallel computing, OpenMP, boundary-value problem, mass
transfer, nanoparticle, refinement, NanoSurface software.

CrarTio nipeicTaBuB J1.T.H., ipod. apamenko @.I".

1. Introduction.

There has been a rapid development of computer
technology for a long time. In this regard, the need
for optimal use of all of the computing power of
modern technology is increasing. In recent years,
producers have preferred multi-processor
architectures instead of increasing clock speed,

© A.IL Bracrok, B.B. XXykoBcrkuii,
H.A. Xykoscbka, 2017

ensuring parallelism at the level of instructions.
Thus, to obtain the maximum effect from the
increased productivity, the code should be adapted
for multi-use. This is achieved through parallel
computing.

Unlike distributed computing, parallel computing
for shared memory systems has not been widespread.
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Distributed computing has long been found in the
works of scientists engaged in mathematical
modeling. In particular, a number of works [1; 2]
considered  the  optimization  problem  of
computational processes using clusters for solving
complex problems in mathematical modeling
(convection diffusion, fraction-differential dynamics
of plushing processes etc.).

2. Formulation of the Problem.
Let consider the problem of vertical migration of
contaminants (e.g., radionuclides) in a layer of soil

(Fig. 1).
H,,Cl(1), Ci(1),Ci(r)

HCtCt

Figure 1. The process of mlgratlon of radionuclides in the
one-dimensional case

At a depth [ in the ground is a filter-trap filled
with a sorbent (such as vermiculite). There is
piezometric pressure on the upper and lower

(underlying) surfaces of the soil H , and H )
(H, >H,), the
distribution of radionuclide concentrations at the

respectively. Also known is

initial time 7=0: 610 (x) (for particles that are
moving in convective pore solution), C~'§ (x) (for
bound water particles that are held on the surface of
the ground skeleton), 630 (x) (for particles located in
the soil skeleton), and Qo(x, r) (for radionuclides
nanosorbents). The
concentrations C~‘11 1), C~’21 (t) and C~‘3l (t) on the upper
surface and élz (1), 622 (), 632 (z) for the filter-traps
are known, or appropriate second-type boundary

inside  micro- or soil

conditions are set up:
o) _ oc, _ oc, _0
x| Ox|y Oxlg

It is necessary to investigate the distribution of
cl(xat)a cz(x,t), c}(xat)
q(x,r,t) on the filtration area at a given time,

concentrations and

which will allow us to predict the degree of soil
refinement and its subsequent use.
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3. Mathematical Model.

The mathematical model of the problem in the
one-dimensional linear case with filter-traps,
according to works [3—8], can be described by the
following boundary problem:

%—D d’c, _Oc .
o T Ve MR
O<x<l,t>0,
oc, ¢,
Ez P TV Y26 T Y56 —
(2)
—x(lo)e—q ,0<x<,t>0,
r=R
%=D Zcfﬂfzcz 7565, 0<x<l, t>0,(3)
a—q=D 6_? 2% , 0O<r<R, t>0, (4
ot or~ ror
v=—k(e) My, % a5 P,
dx ox ot (5)
O<x<lt>0,
WDl _ g<x<t, 150,  (6)
ar r=0
k,-c,(x, 1)’

O<x<l,t>0, (7

1+n o, (x,1)° ’

(=17 o vay 8
A0 0,651, 00 ®)
Le, (0,0 =Cl (1), Le,(,ny=C (1), (9
Lc,(0,0)=Ci(1), Le,(I,t)=C2(r),  (10)
Lc,(0,0) = Ci(1), Ley(l,0)=C2(r),  (11)
n0)=H,, h()=H,, (12)
c,(%,0)=C(x), c,(x,00=Cy(x), (13)
¢,(x,0)=CY (%), q(x,7,0) =0 (x,7).  (14)

where ¢,(x,t) and D, are the concentration and
convective diffusion coefficient of radionuclides in
filtration flow (kg/m* and m?/day), c,(x,t) and D,

are the concentration and molecular diffusion
coefficient of radionuclides in water connected with

the soil skeleton, (kg/m* and m*day), c¢;(x,t) and

D3 are the concentration and diffusion coefficient of

radionuclides in the soil skeleton (this diffusion
estimates differ by orders of magnitude, that is why
it is called ‘traps’ [8]; kg/m® and m?/day), g(x,r,t)
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and D,

coefficient of radionuclides in particles with radius
R, which are located in the soil skeleton (kg/m* and

m?/day), k,,[3, n — adsorption isotherm coefficients;
x(l,)— Heaviside function; v

are the concentration and diffusion

is the filtration

velocity (m/day); k is the filtration coefficient
(m/day), y,, Y,, and Yy, are the mass transfer

coefficients (day"'), o, is the porosity of the soil,

x €[0; 1] is the vertical coordinate (m),/,, i=1,6
are the differential operators for the boundary
conditions when x=0 and x=I[, ¢ is time
(0<t<t; day); and r is the radius (radial,
horizontal variable), 0 <7 < R (m).

Equation (1) describes the migration of a
pollutant (e.g., radionuclides) with the concentration
¢,(x,t) by diffusion in convective flow filtration
(convective moving of the pore solution); (2)
describes the migration of radionuclides in water
connected with the soil skeleton; (3) describes the
migration of radionuclides in the soil skeleton
(‘traps’); (4) describes the mass transfer of
radionuclides with concentration g(x,r,t) in micro-
or nanoparticles, which is related to concentration
¢,(x,t) by adsorbtion isotherm (7) which becomes

traditional Freundlich isotherm when M =0, and

Langmuir isotherm when B =1 [9]; (5) describes
filtration in a catalytic porous media. Boundary
c,(x,1),
¢, (x,1), g(x,r,t) and pressure h(x) have the form
of (9)-(14).

Transfer of salts dissolved in water and heat by
filtration flow occurs under the influence of the
pressure gradients and the concentration of salts. The
filtration of salt solutions and the heat transfer
proceed in accordance with the generalized Darcy’s
and Fick’s laws.

conditions for concentrations ¢, (x,?),

4. Numerical Solution of the Boundary-Value
Problem.

Let us use mesh O for finite-difference

approximation with steps A,h, and 7 by the Ox-
axis, the Or -axis and the Or-axis for x,r and ¢,
respectively:
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X; zihl’ T; Zjhz’ I =k,
(x,7.0,)| i =0.m, j=0,n,, k=0,n;, (15)
hn =1, rn, =R, m, =T,

wh] hyt =

where n,,n,,n; are steps counts in the space and

time variables x, r and t, respectively.

To find the numerical solution of the boundary-
value problem (1)-(14), we use the finite difference
method. To do this, let us use the implicit difference
scheme for equations (2), (3) and the A.A. Samarskii
monotone difference scheme for equations (1), (4)
and (5).

Finite difference analogs of equations (1)-(5) and
their solutions are described in detail in [5; 10]. For
example, we present here the algorithm of
concentration ¢(x,t) from equation (1). For the

approximation of equation (1), we wuse the
A.A. Samarskii monotone difference scheme [11] or
the refined monotone finite-difference scheme [12].
Then, the finite difference analogue of the
differential equation (1) with appropriate boundary
conditions has the next view:

Ll -2 el
1 T i ]’le
(k+1) _ (k4 <k N _ (k+D
(r+)5k) Cl,i:l CIIJr ( )(k) C ’ 11+1 _ (16)
D, h D, h
(k+1) (k+1)
’chlz+ +Y’2 2z+ >
0) _ /0 (k) (k) ~2
Clt C (x) C C (t ) C Cl (tk)a (17)
where i =1,n, -1, k =0,n,.
We introduce the following notation:
(k)
! s
(k) _ _ 2
Xi =1- +O0(h)
l h ”i(k) 2D, ’
1+
2D,
! 1 ! 'Y Yz
61_317 Y= Dl, vy = Dl,
(r)® = — X +‘U('k)‘ 0
K _ k) o () = 2
=)+ (), ' 2 ’
(k) ‘ (k)‘
—LV. " —1|V.
(r )Ek) = <0.

To find the salt concentration ¢, (x,t) from finite-
difference equation (16), we use the sweep method.
To do this, let us rewrite the finite-difference scheme
(16) in the following form:
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Lk) =1 (k) g
;¢ —GCy +b,

k1) 1 (k+1)
Cio =M,

k) _ (0 1,(k+1)
Crivt =€ - f; s

(18)

1
+H,,
1 (k+1)

_ 1
Crn =30, 0 1 Hy,

(k) =) (k) (k)
a;:;[x%_v ) J,b;:;(x%gr ) ]
G1 hl hIDl Gl h1 thl

k)
‘?il:Hi,[zx—;‘FL((f)fk)—(r)Ek))ﬂ({}
AN h D,

Ly Uy (k)
/i =—Y26,

1
1 _ 1 ~1 1 _ 1 _ A2
=0, u,=C, u;=0, n,=C.
To find the salt concentration ¢, (x,?) at time step

(k +1), we use the right sweep method:
(k+1) (k+1)

1 1
Cy =00 B (19)
1 Inl (k) 1,(k+1)
ol = b, Bl _ 4 B + ay +f
i+1 T — 1 1°Mi+l — —1 1.1 H
¢ —oq, ¢ —o,q, (20)

i=Ln -1, kzma Oti :M} =0, Bi :“12 5611’
or we may use the left sweep method in the

following form:
(k+1)

(k+l) _ gl 1
Clin —amcl,i +Miys (21)
1 1 (k) L(k+1)
g';l _ ag nl _ N +ali + 1, "
i T =1 AL 1 T 1
¢ —&.b ¢ —&ub (22)

i=m~LLk=Ln,n, =p;=0,n=p,=C.
It can be shown that the stability conditions of the
sweep method performed as follows:

>

5. Numerical Experiments and their Analysis.

We performed numerical experiments using the
developed software [13] with the following input
data:

[=10 m, H =1 m, H, =0 m, 5,=0,25,
1=30day, y,=y, =y, =6.5x10"day™",

2 2
D =210"2 p, =110
day
2 2
D,=110""_ p =1.10" "
day day
~ ke ~ kg ~ k
Cl(=5"5, Cl=0-5.C}(=0-%,
m m m
El=5%8 E2)=0%8 E=0t8
m m m
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~ kg ~ kg ~ k
Cln=5-% Cl=5"% Cl(n=0-%,
m m m

éo(t)zO%,l():Om.

Charts and table data of concentration distribution

and velocity were obtained after a series of

numerical experiments. If we want to compare the

distribution of concentrations ¢,(x,?), ¢,(x,t) and

¢;(x,t) at depth x of the soil layer over time, we

may build 3D plots as seen in Fig. 2.

c;(x,1)

Figure 2. Comparative distribution of concentrations
¢, (x,1), c,(x,t) and c,(x,1)

2,5
] @ 1) tstep=1
1 [ 2) tstep=5
: < 3) tstep=10
2 P> 4) tstep=29
1,5 -
™ i
<
E -
o -
£
= |
1 —
0,5

o o o o o o— 0
L e

0 le-08 2e-08 3e-08 4e-08 5e-08
r[m]

Figure 3. Distribution of concentrations g (r) at depth
x =1m with different timesteps: 1) # =1month, 2)
t =5months, 3) t =10months ,
4) t =29 months
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According to the numerical experiments, we
cannot ignore the impact of diffusion in the soil

skeleton. As we see in Fig. 2, concentration c¢,(x,?)
increases, slowly overtaking concentration ¢, (x,?)
at time step #5 (30 months). As concentrations
¢, (x,1) c,(x,1)
concentration ¢,;(x,t) persisted on the crystal lattice

and decrease, radionuclide

of the soil skeleton (e.g., traps). At the same time we
see the impact of distribution of concentration ¢ (7)
(figure 3). That is why we should take this fact into
account in future research.

6. Efficiency of Parallel Computing.
A software implementation of a numerical
solution of the mathematical model (1)-(14) is a
nontrivial task. This follows from the relationships

between the desired concentrations ¢, (x,), ¢,(x,1),

¢;(x,1), q(x,r,t) and filtration velocity v. That is

why each mathematical model should be considered
according to the relationships between groups of
equations. The wuniversal solution for parallel
computing does not exist. Taking this into account,
our calculations can be divided into smaller ones for
the initialization of boundary and initial conditions
of the first order and calculation of the sweep
methods compared with those used to consistently
find filtration velocity v and concentration

q(x,r,t), C3()C,[), Cz(xat) Cl(-xat)'
Additionally, each calculation of concentration may
use parallelism on a low level of the sweep method
(Thomas algorithm).

This paper derived coefficients of the sweep
method, which is usually performed in a single
threaded mode. To work on two streams on systems
with shared memory, we should use a combination
of left and right sweep methods. This type of sweep
method is called the counter sweep method.

We may run the calculation for two separate
threads using a two-sided Thomas algorithm. This
algorithm combines the left and the right sweep
methods. Let us divide the system of equations
between 2 threads — the first thread will calculate
equations with numbers 1<i< p, and the second
thread will calculate equations
p<i<n,where p=[n/2].

The first thread will calculate the sweep
coefficients ¢; and S, when 1<i< p according to
(20), and the second thread should find sweep
coefficients & and 7, when p <i<n according to

and

with numbers
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equation (22). When i = p, we couple solutions in
the form of (19) and (21) so that we may find x,

from the system:
'xp = (x’p+l‘xp+1 + BpH
xp+1 = §p+1xp +np+1
After this, we may find all x; at 1<i < p in the

first thread using equation (19). In the second thread,
we may find all x; at p <i<naccording to (21).

(23)

Note that the calculations for the forward and
backward moves are made independently, so the
theoretical acceleration equals two.

If we have a possibility to use more than two
CPU cores for computation, the parallel block sweep
method is more suitable [14].

Implementation of the parallel computations was
made wusing OpenMP technology [15]. This
technology provides a description of compiler
directives, library procedures and environment
variables intended for programming multithreaded
applications on multiprocessor systems with shared
memory.

Methods of different types of sweep method were
implemented: simple, two-sided, and parallel block.
We mainly used the syntax directive for for loop
calculations and for initial initialization, sections was
used in the two-sided sweep method; and if
(condition) was used as a specific condition of
parallel calculation.

We used the following computer configuration
for the calculation experiments:

¢ CPU: Intel(R) Core(TM) i7-3630QM CPU @
2.40GHz (8 CPUs);

e RAM: 8§192MB RAM,;

¢ VideoCard: NVIDIA GeForce GT 650M x2;

e Operation System: Windows 10 Pro 64-bit;

e Compiler: MinGW 32/64bits (gcc 5.3.0).

According to numerical experiments we find that
two-sided Thomas algorithm for our mathematical
model become effective for more than 30000 steps
(figure 4).

When we tested block sweep method we find that
2 and 4 threads are much more effective than 8
threads (figure 5).

Figure 6 show a comparison of execution time
on § threads for a different version of the algorithm:
parallel loop for initialization according to boundary
conditions; parallel calculation of the matrix
coefficients a;,b,,c;, f;of all equations; parallel
calculation of filtration velocity; and parallel
calculation for concentration g(x,r,t). As we see,
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parallel computing allows us to minimize execution
time. For example, for 120,000 steps in X, the
variable parallel computing algorithm is 3.5 times
faster than the single mode algorithm.

two-sided (2 threads)

time, s

simple (1 thread)

Figure 4. Execution time of simple and two-sided sweep
method for different timesteps.

1 thread

time, s
¥

2 threads

ﬂ

Figure 5. Comparison of execution time for the parallel
block sweep method for different timesteps.
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different parts of the code using 8 threads
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7. Conclusions.

The statement was formulated, and the
mathematical modeling of the one-dimensional
problem of vertical migration of radionuclides in a
horizontally wide soil layer was carried out. A layer
of soil contains micro and nanoporous structures and
represents a catalytic porous medium in the presence
of filters-traps. A numerical solution of a respective
boundary-value problem by the finite difference
method was obtained. We have developed
NanoSurface software for the numerical experiments
[13; 16]. After numerous experiments and analysis,
the impact of pollutant migration in the soil skeleton
on the overall processes of filtration becomes clear.
That is why this should not be ignored in future
research

We conducted experiments to identify the time
cost of computation. Implementation  of
computational methods by means of parallel
programming enables a significant increase in
efficiency. In particular, as shown in Fig. 6 for
120,000 steps of the variable x partition, the runtime
of a code is 3.5 times faster using parallel algorithm
computation (with 8 threads).
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Pospobneno iepogy mooenv mepedxci 1aHYl02I8 NOCMAYAHHA, WO CKIA0AEMbCS 3 pAdy pO30PIiOHUX
mopeieyie nPoOyKmom i psaody puHKié 30ymy 0ano2o npooykmy, 0e po30piOHi mopeieyi HeKoOnepamueHo
KOHKYPYIOMb, MAKCUMIZYIOUU C80I CnOOi6ami NpubymKu WIISAXOM GUSHAYEHHS C60IX ONMUMATbHUX
MPancakyii 0isi RPOOYKMY, d MAaKOX}C ONMUMALbHUX [Heecmuyill y KibepOe3nexy, sAKi 6X00samb )y HeliHilHI
010021cemHi 0OMeNCeHHs.

Knrouosi cnosa: mepesca nanyrozie nocmauanns, pisnosaza Hewa, xibepbesnexa, ineecmuyii.

The game theory model for supply chain network consisting of a set of retailers selling a product and a
set of demand markets buying that product, where retailers compete noncooperatively maximizing their
expected profits by determining their optimal transactions for that product as well as the optimal
cybersecurity investments entering nonlinear budget constraints, has been developed. The expected profit of
each retailer depends on volumes of its transactions with all the markets, its cybersecurity level and general
network cybersecurity level as well as on the probability of successful cyberattack versus that retailer
dependent on cybersecurity levels. The modified approach of variational inequalities, requiring some
assumptions of convexity and compactness, is suggested for application in such a problem of competition

and search of Nash equilibria.

Key words: supply chain network, Nash equilibrium, cybersecurity, investments.

CraTTiO IIpeAcTaBuB J.T.H., pod. [apamienko O.T".

[lepeBarn croxkuBa4iB Ha pUHKAX 30yTy
BiJIOMBAIOTh (DYHKIIIT IIIHU TIOMUTY, SIKi 3aJIe)KaTh Bij
o0cCsry TONMUTY Ha TPOAYKT 1 CEPEAHBOTO PIBHA
kibepOe3rmekn y Mepexi JaHIFOTiB IOCTaYaHHS
(MJIIT). Toxi MoXKHa OILIHIOBATH BPa3IHBICTH JIO
kibeparak sik MJIII, Tak i KOXKHOT'O TOPIiBIISI OKPEMO
[1]. BigmosimHi ymoBu piBHOBarm Hemra moxxHa
BU3HAYAaTH 3a JIOTIOMOTOI0 33/1a4i PO3B’SI3aHHS
MeBHOI BapialiliHoi HepiBHOCTI [2].

Meta pobOTH — pO3POOUTH TEOPETHUKO-ITPOBY
monens MIJIIL imBecTHuiii y KiOepOesmeky, ska
CKJIaa€ThCs 3 PO3ApiOHMX TopriBmiB i =1,...,m i
j=L...,n.
TOPTiBUSAMH MOXYTb OYTH TPOAABLI CHOXHBYUX
TOBapiB, BUCOKOTEXHOJIOTIYHUX a00 (iHaHCOBUX
npoaykTiB. CyTTeBO, MO0 TaKi TOPTiBIN MPAIFOBAIN
B OJHIA Tamy3i Ta CBOIMH pIIIEHHSIMH MOTJIU
BIUIMBAaTH Ha PIMIEHHS IHIIMX TOPTiBLIB Traysi
CTOCOBHO 00CATY NOCTaYaHHS Ta PIBHS 1HBECTHIIN Y

PUHKIB IIOIIUTY Po3pioHIMH

© B.M.I'op6auyk, M.C. [lyHaeBCcbKHH,
0.0. Mopo3os, 2017

kibepbesneky. Ilpm 1mpoMy BaxIJIMBO  BIpHO
OLIIHIOBATH iHBECTHIIIT y KibepOe3meky, GpopMyroun
ySIBIICHHS TIPO  CIPaBXHIO IIHHICTh  aKTUBIB
IHTEJIEKTyalIbHOI BIIACHOCTI.

Ha Bigminy Big moxeneit [3—5], y mogeni [2, 6]
KOXXHHI TOPriBellb Ma€ CBOI OFO/PKETHI OOMEKEHHS
Ha cBoi iHBecTHmii y kibepOesmeky. HemiHilHICTD
X 0OMEKEeHb YCKJIAIHIOE TEOPETUYHI Ta MPAKTUYHI
IXOH 10 PO3B’sI3aHHsI BIAMOBIAHOI IrPOBOT 3a1a4i.
Bimomi 3actocyBaHHsi Teopili irop A0 THUTaHb
0e3MevYHoCTi 1 MPUBaTHOCTI [7], MoAeni iHBeCTULIH Y
kiOepOesmeky (Momeni 3aTpaTH—BHITYCK, MOJEINI
IHBECTHIIIMHOT Bijgavi, eBPUCTHYHI MOJEJI TOIIO),
crarti 3 kpuntorpadii Ta MepexkeBoi Oe3meKH.
Mopuenb [2, 6] 3acTocoBye cydacHi Teopii irop i
BapiallifHUX  HepiBHOCTEW 70  IHBECTUIIH Yy
KibepOesneky, po3BuBaroun poboty [8] B obnacti
MOJIeJIed  MEpeXeBOi pIBHOBaru Jjsl  KHUTTEBO
Ba)XITUBUX TIPOJYKTIB.

Po3apiOHuM TOpriBieM MOXKe OyTH SIK Mara3uH
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y OymiBmi YW TpHUMINIEHHI, TaK 1 OHJIAWHOBUI
MOCTadyalnbHUK. Y LIMPOKOMY CEHC1 po3apiOHUM
TOpriBIEM MOXKe OyTH HajaBad (DiHAHCOBHX MOCIYT
(6ankiBcbKa (Dimist), KPaMHHMIIS CIIOKMBYHMX TOBApIiB,
¢iznyna ocoba-mianpuemens Touo. [Ipumyctumo,
O pPO3IpiOHI TOPTriBI 3MIMCHIOKOTH TPaHCAKIIiL
OJIHOTO ¥ TOro camoro npoaykry. IIpu enekTpoHHHX
IJIATDKHUX TPAHCAKIIAX MK JBOMAa CTOPOHAMH,
iHBecTHIi y KiOepOe3neKy MarTh OpaTH 0 yBaru

MOXJIMBICTh ~KiOepaTak, SIKi CYIPOBOKYIOTHCS
(hiHAaHCOBOIO  IIKOAOIO,  BTPATOIO  pEIyTalii,
QIBTCPHATUBHOK  BApTICTIO Ta  BIANOBIIHUMU

pospuBamu. Konm cmoxkuBaui Ha pHHKAax 30yTy
30IMCHIOIOTE  CBOI TNOKYHNKHM KPEIUTHUMH YU
NeOITHUMU KapTKaMu 4Yepe3 OHJIAHHOBY IJIATIHY
CHCTEMY, TO BHPaXarlTh CBOI TIepeBard OO
kibepOesmexn MJIIT wepes ¢pynkmii rinu nommty. Li
nepeBarn MOXYTb IPYHTYBaTHCA Ha CepeaHid
kibepOesneni MJIII, sgKky Ha3uBalOTh O€3MEKOI0
MJII abo ™epexi: HameBHe, CIOXKHMBadi MarOTh
iH(opMartito mpo Oe3rneKy raixysi B IIOMY, a HE TIPO
0e3MeKy OKpeMoro po3apioHoro Toprisit. OCKUTBKA
po3npibHi TopriBui Hajexkare no MIIIL, To €
Bpa3IMBUMH 0  Kibeparak  depe3  CBOIX
MoCTavyaabHUKIB Ta/a00 CIUIbHI IUIATIXKHI CUCTEMH, a
TaKOX Yepe3 CHIbHY KPUTHUHY 1HPPACTPYKTYPY.

Pozpobumo Teopernko-irpoBy momens MIIII 3
KOHKYPYIOUHMH PO3IAPIOHUME TOPTIBISIMH, KOKHUI
3 SIKAX [parHe MaKCHMI3yBaTH CBOIO CIIOJIiBaHY
KOPHCHICTh, 10 BpaxoBYe CIOJiBaHi BHPYUKY,
BTpaTH BHACIIJOK KiOeparaku 1 BHTpaTH Ha
IHBECTHIIIT y KiOepOe3meKy.

Po3napiOHi TopriBii i puHKU 30yTy (QOpPMYIOTH
JBOYACTHMHHY  cTpyktypy  MIJIIL  CroouaTtky
BU3HAYUMO OOMEXEHHs KOXXHOTO  po3IpiOHOro
TOPTiBIS, a OTIM — Horo minkoBy ¢yHKito. [Torut
d. Ha TpPOIYKT

i 30yTy J
3aJI0BOJILHSATH PiBHSHHIO 30€pEKEHHS MOTOKY

dJ :E:]Ql/ ,jzl,...,n,

ae O — HeBiL’eMHMi 00CAT NPOYKTY y TpaHCaKLii

Ha PUHKY Mae

(1)

MiXK pPO3APIOHUM TOpPTiBIEM [ Ta CHOXHBaYaMU
PUHKY 30yTy j, OOMEXKEHW 3BepXy 3aJlaHOI0

BennMHO0 QO

0<0;<Q;. (2)
Ha BigMiny Big moxeni [5], TyT KOKHUH TOpriBelb

XapaKTEPU3YEThCs CBOEKO MEKeI0 O, .

HeBin’emuuii  piBeHb S; KibepOe3neku

1

po3npibHOTO  TOpriBIsS I  OOMEKEHHI

3alaHUM 3HAQYCHHAM U; !

3BEPXY
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0<s,<u,<l, 3)
ae s; =1 Bigmosimae moswHiii Oe3merni (SKa MOXe He

nocsiratucsi), a §; =0 — Bincyrnocti Gesmexu. Ha
BiIMiHY Bifg Mojem [5], TyT KOXHHH TOpPTiBeIb
XapaKTePH3YEThCS CBOIM 3HAYEHHAM U ; < 1.

Halyrrss piBHA §; Oe3leKH MOB’A3yeThCA 3

dyukiieto  A;(s;) iHBeCTHMLIMHHX BHTpaT, sKa
MPUITYCKAEThCS HEMEPEPBHO TU(EPEHINIHOBAHOI I
omykiorw. Toni s po3npiOHOTO TOPTiBLS i MOBHA

Oesrexa Bianosigae Horo inBectuuism A (1) =0, a
BiJCyTHICTb Oe3meku — ioro inBectuuisM /;(0)=0.
Takoro QyHKIIi€rO €, HAPUKJIIAI, HeJTIHIHHA (QYHKITIS
-0.5
hi(sp) =e[(1=s;) 7" 1], (4)
Jie MHOJKHUK ¢f; JI03BOJIA€ PO3PI3HATH MAcCIUTaOHU i
nmoTpedbu po3npibHux TopriBmiB [3-5]. Y Momemsx
[3-5] ¢yHkmii  iHBecTMIIMHMX  BUTpar  Ha
KibepOe3rneky BXONWIHM IUIIE B IUTHOBI (PYHKIIIT
oci0, sxi mpuiiMatote pimenHs (OIIP), ame nHe
BXOJIWJIN Y OFO/PKETHI OOMEIKEHHS.
Hexaii ans kokHOTO po3apiOHOTO TOPTiBLS
i=1,...,m iioro Oromxer (budget) Ha iHBecTHULIi Yy

KibepOe3neky  OOMEXEHHIl  3BepXy  3aJaHolo
BEJIMYUHOI B; :
[Mpunyctumo, 110 WMOBIpHICTH (probability)

ycnimHoi kibepatakd Ha po3apiOHOTO TOpriBUS I
CTaHOBHTh

pi=10-s5)1-5), (0)

ae 5= N in: s, — piBeHb KibepOesnekn MIJIII,
M k=1

v=1—-5 - piBenb BpazmuBocTi (vulnerability)

MIIIIL, v; =1—; — piBeHb Bpa3anuBOCTi po3apiOHOTO

TopriBug i [2-7]. 3 ypaxyBaHHSM CIIiBBiJHOIICHHS
(1) Bu3HAUMMO (YHKIIIIO IiHW MOMHUTY Ha MPOIYKT
Ha PUHKY 30yTy j

ﬁ](Q:s) = p](dag) )
ne Q€ R — marpuns tpauncakniit Q;; Ha BCix n

pUHKax 30yTy BCIX /M pO3APIOHMX TOPTIBIIIB,

n .
d € R — Bextop o0csris a'j MONUTY Ha MPOAYKT

Ha BCiX 71 puHKax 30yTy, S € R}’ — BekTOp piBHIB

s; Oesmeku BCiX

m  po3IpiOHUX TOPTiBLIB.
CrioxxuBUl mepeBaru o0 MPOAYKTY BUPaKatOThCS
oOcsramMul MOMHTY, a TAaKOXK OE3MEKO0 BiMOBIIHOL

MJIIT: MaGyTh, CHIOXKKMBAYi TOTOBI TUIATUTHU 32 BUIILY

48



Bicnux Kuiscbkoco nayionanbHo2o yHieepcumemy
imeni Tapaca Lllesuenxa
Cepis ¢hizuxo-mamemamuuni HayKu

MepekeBy Oe3meKy, aje Taka TOTOBHICTh MOXe OyTH
pizHOI0O AN pi3HUX croxuBadyiB. Jlo TOro x, icHye
iHpopmaniiiHa  acuMeTpiss MK ~ PoO3ApiOHUMHU
TOPTIBIIMH Ta criokuBadamu [9, 10] (aBTop poboTH
[9] — HoOGeniBcbkuii maypear 2001 p.): xoxHHI
po3zapibuuit TopriBeus i 3Hae cBOi iHBecTHLI /1;(s;)
y KibepOe3neky, a KOXHHUH CHOXHBAaY YsIBIISIE
cepenHiil piBeHb § KibepOesmekw.

3a BiACYTHOCTI KiOepaTaku Ta IHBECTHUIIH Yy
KibepOe3neky, nMpuUOyTOK pPO3APIOHOTO TOPTIBIS I
JOpIBHIOE PI3HUII MK HOro BHPYYKOIO Ta
BUTpaTaMu

fi (Qas) = ﬁ:l Qljﬁj (Q’ S) - (C,-Zn:QU + icij (Q,J)J ’(7)
J= Jj=1 J=1

Je ¢; — BUTPATH PO3ApiOHOro TOPriBLs I, OB’ A3aHi
3 NOBOJUKEHHAM Ta 00poGKoto mpoaykTy, ¢;(0Q;) —
BUTPATH, TOB’S3aHi 3 TPAHCAKIIEI MK PO3APIOHIM
TOPTiBLIEM [ Ta PUHKOM 30yTy .

BpaxoByroun cmiBBinHOmEHHS (6), OYiKyBaHa

(expected) dinancoBa mkoma (damage) po3apiGHOTO
TOPTIBIA I BiJ KiOepaTaku CTAHOBUTh

E(D;) = p;D;,

¢dinancoBa mKOJA,

(8)

ne 0<D; AKy 3a3Ha€

PO3IpiOHMIA TOProBelb | NP YCHilHIi KibepaTarii.

Tomi, BpaxoBytoum cmiBBimHOmEHHS (6)—(8),
cnoxiBaHa  kopucHicTh  (utility)  pozapiGHOTO
TOPTIBIS | CTAHOBUTH

EU;)==p)fi(Q.8)+ p;[fi(Q.8) = D;]-
—hi(sp) = fi(@,8) = p;D; = hi(s;),  (9)
ne h(s;) — IHBECTHULIMHI BUTPATU LLOTO TOPIOBIIS

Ha KibepOesnexy. BpaxoBytoun HepiBHOCTI (2), (3),
(5), nmomyctuMy MHOXHHY Ui PO3APIOHOTO
TOPrOBLS [ TIO3HAYUMO

KiE{(Qi»Si):OSQiiSQIivj; 0<s <ug;

hi(s;)) < B} . (10)
BBaxkaemo, 1o Bci  po3apiOHI  TOpTiBIN
HEKOOIIEPaTUBHO  KOHKYPYIOTh y  IOCTa4aHHI

OJHOPITHOTO TPONYKTY (IIPOAYKT MOXKe OyTH
andepenuiioBanuM [11]), a koxkHumi 3 HuX
MaKCHMI3Y€ CBOIO CIIO/IIBaHy KOPHCHICTh, OOMpatoyn

ceoi smauenus Q, =(Q;,....0,,), §;. baxano

) - m
3HaliTH Takuil HaGip 3Havens (Q ,5 )e K =[]K;,
i=1
MpU SIKUX M PO3JPiIOHHUX TOPTiBIIB Mepe0yBalTh y
crani piBHOBarm y ceHci Kypno—Hema. Jlaypeat
HoGemnicpkoi mpemii 1994 p. Hemr y3aranbHuB
NOHATTS piBHOBarM KypHO Ha KUIBKOX TIpaBLiB
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(OIIP), xoXHHWI 3 SIKUX [li€ BHKIIOYHO Y CBOIX
BJIACHUX 1HTEpecax, TOOTO HEKOOIIEPaTHBHO.
. * ok
Habip (QO.,s)ekK
piBHOBaroro Hemra mus MJII, skmo mist KOKHOTO
posapionoro TtopriBus i =1,...,m wmae wmicie V

3HA4YCHb Ha3nBaAOTh

(Q.,s;) € K; nepisHictb
EU(Q",s )= EULQ,,....0,0.,0:1,...0..,
: Sm)) (11

* *
S1oenvsSi158isSiitseees
TOOTO Oyab-IKHi pO3IpiOHMI TOPTiBelb [ HE MOXE
B OJHOCTOPOHHBOMY TMOPSAAKY 3OLMBIINTH  CBiil
OuiKyBaHMII TPUOYTOK TOPIBHSHO 3 PIBHOBAarow
Hema, o6upatoun cBoi gonyctumi 3HayeHHa Q;, §; .
[lo6 mepiBroCTI (11) 3BecTH no BapiamiiHOL
HEpIBHOCTI, CIIOYATKy [OBEIEMO, IO JOIMyCTHMa
MHOXkMHa K omykia. B cunmy chiBBigHOmeHs (4) i
(5) 1 MHOKMHA MICTHTH HENiHIMHI OOMEKEHHS, Ha
BiIMIHY Bi MOMYCTUMOi MHOXHHH 0araTbox
MEpEKEBHX pPIBHOBAKHUX 337ay, [OB’S3aHUX 3
MEePEHABAHTAKEHHSIM MEpPEX MICBKOTO TPaHCIOPTY,
JAHLUIOTAMKA ~ TOCTa4aHHS  4u  (iHAHCOBUMU
mociyramu [12-14].
Jema 1. fxmo /;(s;) omykia (QyHKIIs,
i=1,...,m, 10 nomyctumMa MHOXHMHA K oOmyKia.
JloBeniemMo Cro4aTKy OMyKJIiCTh MHOKHHA

K, ={s;eR:h(s)<B}.

Crpaszi, s s, si2 € K , A €[0,1] maemo

hi(sil) <B; = hi(siz) ,
3BiJIKM B CHIIy OIyKJIOCTi /1;(ss;) BUILIMBaE
h[As) +(1-21)s}]<
Ah(s)+(1—=A)h(s}))<AB+(1—A)B =B,
To610 AS! +(1-A)s € K, .
Ockinbku MHOKHHA K; € IepeTHMHOM OIyKJIMX

MHOKHHH K, MOXKUHHU IBOCTPOHHHIX 0OMexkeHb (3)

i MHOXWHU JBOCTOPOHHIX OOMeEXeHb (2), To €

omykyioro. Toal JekapToBUil JOOYTOK OIYKJIHX
m

mHOXUH K =[] K; Takoxk € OmyKI0I0 MHOKUHOIO.
i=1

Ockinbku juist Gynkuii /;(s;) iHBecTHLIMHUX

BUTpAT, 10 BU3HAYA€ThCA (HOpMyIoio (4), 32 yMOBH
(3) maroTh Miclie HepiBHOCTI
Oh;(s; 05—
B _ g -0.50-5)705 (=11
S

1

(12)

=Ziq-s)™ <o,
2 l
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azh 0" h(s;) ~1.5-1 ol 1= m %

=192 1=5) " x (D) = sq_s Alm ' Es |

S; (1-53) _ k=t ) __ 1

3a; R )_2'5 -0 0s; os; m
4 ! CxopucraeMocs OMYKIJIICTIO JOTTYCTUMOT

TO s (PyHKITIS OITyKJIa.

Teopema 1.  IlpumyctumMo, 'y  KOYHOTO
posmpibHoro  TopriBusg i =1,...,m  crnojiBaHa
KOPHCHICT,  HEmepepBHO audepeHmiiioBana i

yBiroyra BimHocHO 3MiHHUX (;, §;. Tomi piBHi

;i
Tpancakuiii mpoaykry i 6esmexn (Q,s )eK e

piBHOBaKHUMH 3a Hemem mss MJIIT Tomi # Timbku
TOJi, KOJIH 3aILOBOJ'II>H$I€TI>C$1 BapiauiﬁHa HEpiBHICTb

OEWU(Q",s), *
Z Z (Q;j - Qi)+
i=lj=1 aQij Y /
m oEU,; s
" U@, )
i=1 0 S;
1€ B CHITy cmiBBigHOMIEHE (6), (7), (9) MaioTh micie
piBHOCTI

OEU(Q",s"))
00;;

—5; )<0V(Q s)e K ,(13)

_0£(Q75)
00;;

* 8pk(Q s) .

00;; l

=p;(Q".s)+

_ acij(Q;j) '

+ZQ 00,

k=1

QEWU(Q",s)) _0£(Q",s) alpi(sHD;]
8S' 8S~ as.

1 l

COR(s)) _ & s Op(Q5) 5h(S)
0s; ZQ 0s; 0s;

. 1-s,
+Di[§ -1- S’];
m

0fi(Q5) _ 3 0P(Q"5).
os; k=1 os;

. 2Pi(s)

Gsi

1

o pi(s")
0s;

_al1-s)(1-5)] _
0s;

. 01— )l
Os,

=(1-s) P -5,

MHoxnHH K 3a nemoro 1. 3a ymoB Teopemu 1
pO3B’s3aHHSA 3amavi piBHOBarm Hemra piBHOCHIIBHE
PO3B’sI3aHHIO BIAMOBiAHO BapialiiHOi HEPiBHOCTI
[15]. Ilepermmmemo Bapiamiitny HepiBHicTh (11) ¥y
CTaHIaPTHIN (HOPMi CKAISIPHOTO JOOYTKY

<F(X*),X—X*>20 VXeK, (14

ne F:K—>R" - pedka 3amaHa HenepepBHa
¢yukuis, K — 3amkHyra omykna MHOXHHA. J[iist
bOro Bu3Ha4uMO Bekrop-ctoBmui X =(0,s) Ta

F(X)=(F'(X),F*(X)) sumiprocti (mn+m),
mo npu X € K = K 3a10BONBHSIOTH PIBHSIHHIM
aE‘(UI(Q 9S )) — E]l(X) , aE(Uz(Q S )) — F;z(X)

0 0 0s;
Taki piBHAHHS 33JOBONBHSIOTHCS, KOJH OIEPATOP
F(X) mae BractuBocti nmorenuiiaocti [16].

3a ymos (12) Ta Bj=0=0;, u; <l [5]
3amada (13) 3BomuThCsA J0 mOmiOHOI 3amadi [5], 1m0
Ma€ 3HAYHO MPOCTILTY JOIMYCTUMY MHOXKHUHY.

Teopema 2. Bapiamilina nepiBHicts (14) mae
pose’ssok X =(Q',s)eK.

HiticHo, BapiamiiiHa HepiBHicTh (14) Mae
po3B’s30k, skmo ¢yukiis F(X) HemepepsHa, a
nomyctiuMa MEOkrHa K xommakTaa [17].

Teopema 3. Bapiamilina nepiBricTs (14) mae
exummii poss’sok X =(Q,s ) eK.

IocratHpo mokaszatu, mo ¢yakmin  F(X)
ctporo MmoHotonHa Ha K [17]:

<F(X1)—F(X2),X1 —X2> >0vX', X2eK,

X'# X2

V cBowo uepry, o¢yukuiss F(X) e crporo
moHoToHHOIO Ha K, skmio ii skoGian V F(X) €
MO3UTHBHO BH3Ha4YeHNM Ha K .

Ockibkd  HeNmiHIAHI ~ oOMexeHHs (5) y
JOMyCTUMid MHOXMHI K MOXYTh yCKJIaJHIOBATH
YHCeJIbHE PO3B’sI3aHHs BapialliiiHoi HepiBHOCTI (13),
TO BUBEJIEMO allbTePHATHBHY BapialliiHy HEpiBHICTB,
sIKa BUKOPHCTOBYE MHOXHHK Jlarpamxka A; >0 st

KOXHOIr0 Takoro oomesxenusi. Ilosnaunmo A € R

BEKTOpP yciX IuX MHOXHUKIB. Tomi 3amicTh
norryctuMoi MHOKWHH (10) BHKOPHCTOBYBaTHUMEMO
MHOXXHHY
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1_ . N\ i
K, :{(Qiasi)'OSQij SQijv.]> 0<s;, <ug},
a 3aMiCTh MHOXXUHU K — MHOKHHY
2 m el
K =R"x[]K,;.
i=1
* * * 2
Teopema 4. Bekrop (Q ,s ,4)eK
po3B’si3koM  BapiauiiiHoi HepiBHocTi (13) Tomi i
TUTBKH TOJi, KOJH € PO3B’SI3KOM aJbTePHATHBHOL
BapiamiifHoOi HEPIBHOCTI

€

m n 0L(Q s  A) -
Ip I (05-0)+
i-1j=1 00y U
m PSP .
+ aLl(Qa’S ’/1 )(Si_si)+
i=l1 §;
+ < aLI(Q 5 a;i’ )(ﬁl—ﬂ:)SO
i=1 aﬂv,

vV (Q,s5,A)eK?,
ne BUKopucTaHo jiarpamkian (Lagrangian)
L =EU(Q,s)+Alh(s;)—B],
Cnncoxk BUKOPUCTAHUX JzKepeJt

. ITopoauyx B.M. EKOHOMIYHI CTHUMyNH [0
CHJIBHOTO BOJIOJIIHHS O€3IEKOBOI0 iH()OPMAIIIEIO:
y3aransHeHHs/ ['opbauyk B.M., Maptuniz A.M.
// Teopernuni 1 mpuKIagHi TPoOIEeMU (i3HKH,
MaTeMaTHKH Ta inpopmaruku. Y. 2. — K.: HTYY
«KTIII», 2009. — C. 39-40.

. Gorbachuk V. Equilibria in supply chain
networks/ Gorbachuk V., Morozov O. // PDMU
(August 14-19, 2017, Vilnius, Lithuania). — Kyiv,
2017.—P. 55.

. Shetty N.G. Design of network architectures: role
of game theory and economics. / Shetty N.G. -
PhD dissertation. Technical Report UCB/EECS-
2010-91. — Berkeley, CA: Electrical Engineering
and Computer Sciences, University of California
at Berkeley, 2010.

. Shetty N. Competitive cyber-insurance and
Internet security / Shetty N., Schwartz G.,
Felegehazy M., Walrand J. // Proceedings of the
8-th Workshop on the Economics of Information
Security (WEIS 2009). — London, UK: University
College London, 2009.

. Nagurney A. A supply chain game theory
framework for cybersecurity investments under
network vulnerability / Nagurney A., Nagurney
L.S., Shukla S. // Computation, cryptography, and
network security. N.Daras, M.Th.Rassias (eds.) —
Springer International Publishing, 2015. — P.
381-398.
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OL(Q s, X)
04
TakuM guHOM, IS PO3B’A3aHHA 33724l TOIIYKY
piBHOBaXXHMX 1iHBecTHLiH y KibepOesneky MJIII
MOKHAa 3alpONOHYBaTH ITEPaTUBHHUL aJrOPHUTM,
KU Ha KOXHIM iTeparii ma€ B SBHOMY BUTJIISAIL
CHIBBIIHOLIEHHS AJIsl TPAHCAKIIH MPOAYKTY, PIBHIB
Oesmekn Ta MHOXHUKIB Jlarpamka, MmoB’si3aHUX 3
O10KeTHIMH oOMekeHHsMH. [lei anroputM MokHA
3aCTOCYBaTH 10 OOYMCIIEHHS PO3B’S3KIB IIUPOKOTO
KOJNa  YHCENbHMX  NpPUKIAAiB  IHBECTHLIH Yy
kibepbesmexy MJIII.
UucenbHI MPUKIAAN, CKakiMo, I KibepaTaku
Ha Ykpainy 27 uyepBHa 2017 p., CHOpUATUMYTbH
DIMOIIOMY — PO3YMIHHIO — BIUIMBY  JIOAQTKOBHX
pO3ApIOHUX TOPTIBIIB, OIOKETHUX 3MiH, (QYHKITIH
UiHU TONUTY, (iHAHCOBHX 30MTKIB Ha PiBHOBXKHI
TpaHCakIii MPOIYKTy Ta iHBECTHLIl y KibepOe3meKy,
a Takox Ha BpasmuBicth MJIIl um po3apiGHOTO
TOPTIBIA P OIO/HKETHUX OOMEKESHHSX.

=h(s;)—B;.
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MobinbHi mexHono2ii WUpoKo SUKOPUCIOBYIOMbCA Y 6CiX chepax 00cvkol disavrocmi. 3a ocmanHiil
4ac BOHU MAKOJC CATU Hegio'emHoto uacmunolo cucmemu ocgimu. Ilioguwenuil inmepec 00 MOOITbHUX
MexXHONo02I Modice OYMuU SUKIUKAHULL MUM, WO 8 chepi 0C8imu 8OHU MONCYMb 3 8I0B0NIKAIOYO20 YUHHUKA
nepemeopuUmucs 8 KOPUCHUIL 3acid, wo CHpUse 0C8iMHbOMY npoyecy. BuKkopucmauHs MOOLIbHUX MEXHON02il
Modice bymu OoyinbHuM O GYUmMenis, CMyOeHmis, ix OamvKie, a MAaKoiC AOMIHICMPAMUGHUX OP2AHIE.
bacamo euenux npunyckarome, wo 6 HAUOAUNCYOMY MAUOYMHLOMY Komn'tomepu i MoOiibHi menegoHu
nepemeopsmsbCs 8 YHI8epCalbHi NOPMAMUGH NPUCMPOI, IHMe2PO8aHi MidiC cObOM.

Knrouoei cnosa: mobinvhi npucmpoi, inghopmayitini mexnonoeii, QR- koou, oceimuitl npoyec.

Mobile technologies are widely used in all social spheres of human life. They have recently become an
essential part of educational system as well. The increased interest to mobile devices can be explained by the
fact that in the field of education they can be turned from a distracting factor into a useful educational tool.
The use of mobile technologies can be helpful for teachers, students, their parents and governing bodies.
Many researchers forecast that in the near future computers and mobiles will become universal portable
devices, integrated between each other.

Key Words: mobile devices, information technologies, QR-codes, educational process, mobile learning.

CrarTio nipecTaBuB 1.T.H., mpod. [apamenko ©.I".

INTRODUCTION

As we know, computers have been used for
educational purposes for a long time. However, the
transition to mobile devices has introduced a new
quality into this process. The analysis of the use of
mobile technologies has showed that their wide
consumption is directly related to their energetic
autonomy (mobile devices do not require permanent
connection to stationary power supplies), constant
communication accessibility, portability, which
provides, in fact, spatial mobility, as well as a set of
built-in sensors and devices (spatial position,
recording and playback of media information, etc.).
It is obvious that the use of mobile devices in
education also leads to the possibility to organize
process of education "at any time in any place".
Mobile devices have more motivational advantages
to be used in educational field than stationary

computers and even laptops:
e they are light and their spatial orientation
options make them more suitable not only for
reading, but also for reproducing any digital

educational content;

© 1. T'opmxenanze, 2017

e their ability to quickly turn on and switch
between tasks allows a student to resume the
learning process in the case of delay very fast;

e modern sensor interfaces provide a high degree
of user interactivity;

e they are highly mobile and even while moving
students can instantly perceive content and
provide mobile data collection or recordings of
lectures;

e the development of applications for mobile
platforms is not expensive, and the number of
such applications for education (free or not
expensive) is growing rapidly;

e a long battery life ensures continuous operation
of mobile devices during the school day.

THE MAIN PART
The use of mobile technologies in educational
process is called Mobile Learning, or mLearning.
The implementation of various types of classes,
using informational communication technologies in
teaching, allows formulating the pedagogical
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conditions for their use: a sufficient level of
information competence of a teacher and a student;
modeling of the educational environment that
reflects the content and is presented by the teaching
resources of the Internet and multimedia means.

A continuous updating of existing software and
the advances in computer technology make the
university teachers constantly develop themselves,
mastering a new material and adapting this new
information to students. Let’s analyze the
possibilities of  using information and
communication technologies in the main activities of
a foreign language teacher.

Information technologies are widely used in
different educational activity of a university teacher
(lectures, practical classes, educational games;
project management-activities of students, diploma
projects).

In order to successfully apply information
technologies at work, a teacher should be well aware
of the wvarious types of informational and
communication technologies and be able to
practically apply some of them, to organize
educational-cognitive activity of students in new
conditions.

Teachers pay special attention to the use of
mobile technologies in optimizing the work of
students. According to the data of recent researches,
over 90% of information is presented in digital form,
and a personal communication between people by
mobile devices every day is equivalent to the
retelling of a content of approximately 6 newspapers.
A total Internetization, a desire for information and
"wireless" freedom lead to the fact that mobile
devices begin to play the role of the "third screen"
(after television and computers) of information, the
users of which are rapidly increasing, providing
wireless Internet surfing. Therefore, today it is very
important to have the skills of using mobile devices
in order to feel comfortable in a dynamic information
space, confronting a wide range of types of media
resources.

It is hard to imagine a modern student without
any of the mobile devices. Mass use and relative
availability make them an excellent technical tool for
organizing and providing an educational process.

We should also note the advantages of using QR-
codes in teaching process. QR code (Quick
Response) is a matrix code (two-dimensional
barcode) developed by the Japanese company
Denso-Wave in 1994. The huge popularity of
barcodes in Japan led to the fact that a large amount
of information encrypted in them, soon ceased to
satisfied the industry. The Japanese began to search
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new methods of coding small amounts of
information in a graphic picture [1].

Unlike the old barcode, which is scanned with a
thin beam, the QR code can be defined by a
smartphone sensor or camera as a two-dimensional
image. In comparison to other barcodes, QR-code
has several advantages: it can contain a large amount
of digital and text information in any language, it has
a high recognition speed, it can be read in any
direction. QR-code can be read by a camera on your
phone, computer, iPad or any tablet device.

Since 2000 QR codes have become widespread
almost in all fields of social life: they could be found
on a large number of posters, packages and goods;
they are actively used by museums, in the field of
tourism; they can be easily understood because they
are installed in several languages [2].

QR codes are visually represented in the form of
black and white squares. QR-code works for
motivation, the ability to hide compactly a large
amount of information and quickly extract it if
necessary.

With the growing number of smartphones’ and
tablets’ owners, QR-technologies are becoming more
and more popular and affordable. Students willingly
apply technical innovations both in everyday life and
in the educational process. For example, QR codes
placed in the library, allow students to find electronic
versions of books easily, to get links to additional
materials, to create their own codes, to share their
scientific work.

The first lesson how to use QR-codes begins with
showing how it works. The first step is mastering the
skills of encoding information. There are numerous
online tools for generating QRcodes, which you can
use at the lesson, for example:
http://www.qrstuff.com, QRDroid. A variety of
information can be encoded: a small text fragment, a
website address, a phone number or e-mail address.

The next step is the familiarization with the
decoding of information. There are numerous
applications for smartphones and iPads that can be
used for this operation: QRReader, QRDroid,
QRScanner, NeoReader, iMatrix, BeeTag and others.
Most QR-code readers can be installed for free. A
classroom should be provided with a high quality
Wi-Fi and devices, which can be connected to the
Web in order to successfully use this technology.

In the educational process QR codes can be used
in different ways: from playing games to creating a
resume. The easiest way is to print and place QR-
codes on information sheets or posters for more
information about planned events, competitions,
educational sites, etc [3].
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The development of the mobile Internet and
devices opens new opportunities in the field of
education. A new educational trend Mobile Learning
has all the chances to become an educational
mainstream. We consider that mLearning can be
widely used at school, university, for distance and
corporate training. In practice the analysis has shown
that QR codes are actively used in educational
processes.

CONCLUSION

QR codes are quite convenient for educational
process: they can be added with links to sources in
presentations, textbooks, they can be applied to real
objects in classrooms (for example, posters, boards).
These technologies allow to be mobile, i.e. to
conduct educational process not from a fixed
location, for example, at university, but from any
other place with free Wi-Fi. QR codes allow students
an access to links to multimedia sources: video clips,
audio, links to websites, tasks and pictures can be
encoded into QR-codes. It is enough to show a group
a next code and it can be quickly scanned (for
example, watching a video on the YouTube), thus
adding and completing the given part of a lecture.
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Such a process makes education more modern and
technological. On the other hand, the quality of
lectures increases because the information is
perceived more extensively through visual, audible
and tactile channels. QR codes in education allow
using the maximum of perception channels. Teachers
can use QR-codes for teaching foreign languages
through games: a teacher encrypts the questions into
the QR codes, and the students answer them and
leave their answers on the paper strips next to the
printed QR codes, attached to the board / wall.
Reading questions using QR codes motivates
students more, makes them focus on the material and
memorize it. The printed QR-codes can be used
inside the university attached to different rooms with
a link to video, audio or a whole photo album. This
technique expands the exposition not only with
explanations, but also with additional materials like a
mini-film or even a game based on the exhibition.
The wuse of information and communication
technologies in wvarious activities of a teacher
contributes to improving the effectiveness of
educational process, raising the level of methodical
and research work [4].
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3anpononosana HO8A CMOXACMUYHA MOOEIb CRIGICHYSAHHSL HA CRIAbHIU Mepumopii OeKilbKoX
nOnYnAYiti MEapuH, wo ONUCYEMbCA CUCIEMOIO DIBHAHb Y YacmunHux noxionux. Kopexmuicms 3a0aui Kowi
01151 OaHoi MoOeni 8 aOCMPAKMHUX UMOBIPHICHUX 2ibbepmosux (GyHKYIOHANbHO-AHANIMUYHUX paMKax Oyia
paniute oocnioxcena Hamu 6 pooomi [3]. 3a nesnux ymos na xoeghiyicumu oughysii ma 6xiOHi OaHI MAKOIC
OyIa OmpuMana eKCNOHeHYIliHA CMIUKICMb Y CepeOHbOMY KBAOPAMUYHOMY pPO38 A3Ki6 3aNpONOHOBAHOT
cucmemu. B oaniti pobomi, 06MexHcYrOUUCL BUNAOKOM 080X KOHKYPYIOUUX 8U0I8 — uep8OHOI ma cipoi 6ok,
HABeO0eHO 0emanbHUll 02150 CYHacHoi timepamypu ma nidiopano cmamucmuiny 6asy, HeoOXioHy 015 OYIHKU
napamempie Hauioi Mooeri.

Kurwouosi crnosa: cmoxacmuuna moodenv, Ounamika nonyrayii, cipi ma uepgoHi Oinku 6 €8poni,
EeKCNOHEeHYIUHA CMIUKICMb ) cepeOHbOMY K8AOPAMUUHOMY.

We present a new stochastic PDE model describing the spatial-temporal evolution of multiple animal
species dwelling on a common territory. The well-posedness of the associated Cauchy problem in an
abstract probabilistic Hilbert-space framework has earlier been studied in our work [3]. Under appropriate
conditions on the diffusion coefficients and the source terms, the exponential stability in the mean square has
also been established. In the present article, we focus on the case of two competing species — the red and the
gray squirrel — and give a detailed recent literature overview along with a summary of most important
statistical data crucial for estimating the parameters of our model.

Key Words: stochastic PDE model, population dynamics, red and gray squirrels in Europe,
exponential stability in the mean square.

IIpencrasneno 1A.T.H., npod. I'apamenko @.I".

I. INTRODUCTION II. MODELLING THE GRAY AND RED
SQUIRELLS IN EUROPE:
We propose a second-order parabolic PDE HISTORICAL OVERVIEW
system with random parameters to model the spatial- Competitive interactions between introduced (or

temporal evolution of multiple species dwelling on a  intruding) and native species have been shown in
common territory. For the associated stochastic several studies [4, 5, 6, 7, etc] quoted (mostly
Cauchy problem, the global stability and long-time expressis verbis) and summarized below. All author
behavior were studied in a probabilistic weak name-year quotations are made according to the
functional-analytic framework under appropriate reference list from the aforementioned papers. In
conditions on the data [3]. In this paper, an empirical ~Europe, the gray squirrel was introduced to Great
study on the special case of two animal species is  Britain on more than 30 occasions between 1876 and
presented. 1929 and to Ireland in 1913. At least 20 separate
Monographs [1, 2] by Dautray & Lions and introductions took place in Italy. Presently, the range
Okubo & Levin as well as our own earlier work [3]  of introduced gray squirrel populations covers most
are used as a methodological base of this paper. of England and Wales, part of Scotland, the eastern
Further references include the works [9-12]. part of Ireland, as well as mane areas in
Northwestern Italy and a location in central Italy.

The spread of gray squirrel in Great Britain and

© I. Dzhalladova, 2017
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Ireland has been associated with dramatic decline of
the native red squirrel. This replacement is caused
by competition for food resource between the two
species that reduces juvenile body growth and
recruitment, and female breeding success in red
squirrel. The replacement is also diseasemediated, as
gray squirrels act as a reservoir host to a squirrel
poxvirus that causes high mortality in red squirrels
(Sainsbury et al. 2000; Tompkins et al. 2002;
Rushton et al. 2006).[8] Recently, screening of
macro-parasites in Italy is investigating whether
other parasite-mediated competition mechanisms
might be involved. In 1970-s red squirrels were still
wide-spred and and grays were restricted to forests
near the introduction site.

“By 1990, gray squirrels had increased their
range to 220 km’ which coincided with the
disappearance of native squirrels from 33 squares
inside this range. The invasive species continued its
spread occupying an area of 2.016 km® in 2010;
within this area red squirrels went extinct in 88
squares. Overall, from 1970 to 2010 red squirrel in
62 of 2x2 km® and were replaced by gray squirrels.
The spread of the alien species was slow in the first
20 years, but in the successive two decades.
Nevertheless, the spread was slower than in Ireland
and England. Gray squirrels adapt to climate and
habitats in both North and South Europe causing
extinction of the native red squirrel” [4]. In Ireland,
the red squirrel remains widespread and locally
abundant and is present in all but two counties. The
gray squirrel is spreading and impacting
biodiversity and commercial forestry in Great
Britain, where it is a serious pest for its impact on
trees through bark stripping (Mayle et al. 2003;
Gurnell et al. 2008). In Italy, damage in plantations
or to crops is still limited (Signorile and Evans
2007). “However, not everywhere has the species
proven to be invasive. In South Africa, the gray
squirrel has been introduced to the Cape Peninsula
more than a century ago. Here, after an initial spread
the species remained confined to agricultural and
afforested environments, not being able to invade
native ecosystems (Long 2003). In Australia the
species thrived for some decades in two areas in
Melbourne and then became extinct (Long 2003),
while it was eradicated from another (Peacock
2009). Until now, spatially explicit population
dynamics models have been used to forecast the
future spread of the gray squirrel within Italy and in
neighbouring countries and the risk that it poses to
the red squirrel “(Lurz et al. 2001; Tattoni et al.
2005, 2006; Bertolino et al. 2008)[4]. However,

2017,2

57

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

published information on the spatial spread of the
gray squirrel and on the red squirrel is still limited
(Wauters et al. 1997)[6]. A database on red and gray
squirrel presence in Piedmont, the region where the
first introduction of the American species in Italy
took place, was used to show the spread of the
introduced species and the impact on the native one.
It has been investigated whether the gray squirrel is
replacing the red squirrel in the area of spread.
Further, the hypothesis that the gray squirrel had
adapted to Italian habitats was tested, comparing the
spread rate of the species in this country in respect
to the rates recorded in England and Ireland [7]. If
the replacement of the red squirrel by the American
species is confirmed in Italy, the future diffusion of
the gray squirrel beyond the Italian border
represents a serious threat for the survival of the
native species in the long-term at a European scale.
The study was carried out in Piedmont, a region in
northwestern Italy. Piedmont can be divided into
four main geographical areas: the Alps (with peaks
above 1,500 m a.s.l.), the pre-Alps (with peaks
below 1,500 m a.s.l), inland low-hills and
Apennines (the hills bordering the River Po,
Monferrato, Langhe, and Apennines uplands), and
lowlands (including wide Alpine valley floors
below 600 m a.s.l.). The region covers 25,383 km”.
Most of the plain and hilly area is covered by
agricultural lands, Alps, and Apennines, and
extremely reduced in lowlands.

The reconstructed distribution of the red squirrel in
the area of the gray squirrel invasion in Piedmont
before 1970 shows that the native species was
widely distributed. “In 1970 gray squirrels were still
restricted to the Stupinigi forests, the site of first
introduction, where both species coexisted. The last
observation of a red squirrel at Stupinigi occurred in
the 1979 to 1980 winter (Wauters et al. 1997). By
1990, gray squirrels had drastically increased their
range to 220 km’. Concomitantly, in this area red
squirrels disappeared from 33 292 km” where they
were previously recorded. By 2000, the range of the
invasive species had increased to 881 km® and red
squirrels went extinct from an additional 30 squares.
In 2010 the gray squirrel range reached an area of
2,016 km® between the cities of Turin and Cuneo.
During these 10 years, the red squirrel disappeared
in another 58 squares.” Hence, from 1970 to 2010
the red squirrel went extinct in 120 out of 194 (61.9
by the gray squirrel. Overall, the red squirrel is no
longer present in an area of 1,689 km® that was
previously occupied by the species. Among 153
woodland patches inside the gray squirrel range
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where red squirrels were present in 1970 and went
extinct after the arrival of the introduced species.
There are no indications of any woodlot in which red
squirrels have gone extinct in the absence of gray
squirrel. Between 1970 and 2010, the gray squirrel
area of occupancy increased with a pattern
corresponding to the first part of a logistic curve. In
the same period, the area of occupancy of the red
squirrel decreased linearly [4] . The linear spread of
the colonization by the alien species was low in the
first 20 years of our survey (from 1970 to 1990: 0.33
km/year) and doubled in the successive two decades
from 1990 to 2010 equl from 0.56 to 0.65 km/year.
Accordingly, the  two-dimensional  difusion
coefficient increases from 0.03 km’/year from 1970
to 1990 to 0.10 or 0.13. “It has been shown that the
gray squirrel had adapted to habitats in northern
Italy and is able to spread in a highly fragmented
landscape. Having reached the hills and approaching
the Alps where large forests are present, a higher
dispersal rate in the future is expected. The
Piedmont population is only one of the many
populations that are already present in Italy. These
multiple introductions increase the risks posed by
the alien species. The probable high genetic
variability of different populations and the presence
of animals in areas with large forests may result in a
spread even faster than predicted from recent
spatially explicit population dynamics modeling
(Lurz et al. 2001; Tattoni et al. 2005, 2006;
Bertolino et al. 2008). In Italy the spread of the gray
squirrel coincides with the local extinction of the red
squirrel. Hence, gray squirrel easily adapts to
climate and habitats of North and South Europe and
replaces the native squirrel species. The diffusion of
the gray squirrel beyond the Italian border or the
introduction of the American species in other
countries would represent a serious threat for the
survival of the red squirrel in the long-term at a
European scale. The starting of a LIFE funded
project with the aim to control or eradicate the gray
squirrel in North Italy (www.rossoscoiattolo.eu) and
the recent trade ban of gray squirrels in Italy (Inter-
ministerial decree approved December 24th 2012)
and trade restrictions at the FEuropean level
(Commission Regulation n. 101/2012 of 6 February
2012 amending Council Regulation No 338/97 on
the protection of species of wild fauna and flora by
regulating trade there in area first step in reducing
the risk, but their real effectiveness will have to be
evaluated. Finally, it must be stressed that the gray
squirrel was deliberately introduced in Europe, as
occurred in other parts of the world with many other
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vertebrates [6]. The availability in pet shops of
exotic species that may threaten native species if
released, represents a high-risk pathway for new
invasive introductions. Therefore, the management
of this risk should include the regulation of the pet
trade with the ban of species that are considered or
suspected to be potentially invasive.

III. MATHEMATICAL STATEMENT OF

THE PROBLEM AND WELL-POSEDNESS
Consider a model describing the temporal
evolution of multiple biological species (e.g., the
gray and the red squarells) dwelling on a common
territory parametrized by a bounded domain

G € R?. Whereas we want our model to account
for the spatial distribution of the species including
the diffusion and drifting phenomena, for the sake
of simplicity, the age structure and (possible)
morphological differences in the species are
neglected, etc. In addition to the nonlinear local
interaction between the species, stochastic
parameters are incorporated into the model to better
describe the environmental impact on the species. A
detailed overview on related (stochastic and
deterministic) models is given in [2].

Let &(t) and n(t), t>0 be

processes taking their values in some spaces of x-
dependent functions such that &t x) and #(z, x)
describe the environmental, climatic or any other
conditions at time ¢ > 0 and space point x €G.

Let u,(t,x) (i=L2) denote the population

density of the i-th species at time ¢ > 0 at point x

random

€G. Consider the vector functionu = (u,,u,)" and

its Jacobian matrix Pu. In the following, we employ
the Einstein’s summation convention. Imposing a
continuity equation and a Fick-type constitutive
relation (reminiscent of the Fourier law of heat
conduction) between the flux and the concentration
gradient, we arrive at the equation

ou;(t,x) = 8xf (@ (2, x,u(t,x), Vu(r, x),&(1)) %
0 uy (1,k) + b, (2, x,n(1),u(t,x),Vu(t,x)),
with boundary

u;(t,x)=0,i =12 (2)
and initial conditions
u,(0,x)=u; (x) for xeG. 3)

In Equations (1)-(3), the following quantities are

involved: b,(t,x)- stands for the local animal (net)
“creation” intensity; u. - a size of the i-th species at

the initial point time.
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The well-posedness and long-time behavior of
Equations (1)-(3) in separable Hilbert spaces H,V
and probability space (Q,F P) have been studied in

[3].

IV. CONCLUSION AND DISCUSSION
A brief overview of existence and long-time
behavior results for Equations (1)-(3) is given and
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empirical studies on squirrel population dynamics in
Europe are summarized. Our further goal is use the
empirical data to estimate the parameters of our
model (1)-(3) and subsequently use the model to
predict future developments of the gray and the red
squirrel populations in Europe.
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One of the aspects of the informatization process of society and education is to develop and implement
the concept of modern teaching forms, which will be entirely based on the use of modern systems of new
information technology and computer techniques. These technologies include various training courses,
electronic manuals, multimedia means, etc. The informatization of education would require to study the
necessary conditions for designing and implementing information technologies targeted at the improvement

of educational performance. Aforementioned issue is the subject of our consideration in the present paper.
Key Words: Computer-based learning technologies, computer-based educational systems, computer-
based training, informational communication technologies, intelligent systems.

CratTio peacTaBuB 1.T.H., Ipod. 'apamenko O.I'.

INTRODUCTION

The analysis of the scientific work of computer-
based technologies used in the education process
demonstrated the invaluable role in enhancing
students’ intellectual, emotional and personal
development through educational systems based on
the usage of information technology and
modelling. Therefore, the academic researchers and
practitioners engaged in education, work intensively
in this direction [1].

One of the priority thrusts of the informatization
process of modern society is the computerization of
education system. Under the term “informatization”
of education is meant the introduction and
implementation of information technology, technical
means and facilities. Informatization of education

ensures and makes the following objectives

achievable:

e The improvement of education management
system through automation of scientific-

© 1. dinmaninze, H. AxBreniaHi,
J. igmaninze, 2017

pedagogical information,
information materials and
network data bank system.

e The improvement of the respective tasks related
to teaching methodology and choosing the
management strategy with the regard to the
current processes in the system, teaching
methods, organizational forms and the listener’s
personality development in modern conditions of
informatization process of society;

e The creation of  modern, innovative
methodological teaching systems, which are
focused on the listener’s capacity development,
formation of self-study skills, carrying out
information-educational ~and  experimental-
research activities, processing and filtering
different types of information independently.

methodological
communication

One of the aspects of the informatization process
of society and education is to develop and implement
the concept of modern forms of teaching, which will

60
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be entirely based on the use of modern systems of
new information technology and computer
techniques. These technologies include various
training courses, electronic manuals, multimedia
means, etc. This would require to study the necessary
conditions for designing and implementing
information  technologies  targeted at the
improvement of educational performance. Apart
from that, considering the specificity of every
discipline, e-learning and e-training systems should
be created at all educational stages, the software
application and scientific analysis should be carried
out as well.

THE MAIN PART

Considering computer-based learning
technologies, we will try to analyze the necessity of
transferring of certain part of traditional learning to
the computer-based one, related problems and
necessary conditions. We will try to specify the role
of computer technologies in the process of learning.

When we talk about the scientific basis of
computer technologies used in the learning process,
we mainly focus on the construction of information
models for technical purpose objects. Such models
will allow us to expand our theoretical and
experimental studies, physical studies will help to
detect the real properties and characteristics of the
objects. Designing and modelling of computer
technologies used in educational process should be
grounded on scientific consideration that it should
form a firm basis for profound knowledge of the
aspects of the object under the study and guarantee
further development of professional skills.

Despite the fact that computer technology is
actively used today in the educational process, we
should always keep in mind that this is only a
modern helping didactic tool. Being the main
character in the traditional learning process, the
teacher still retains leadership in classes or auditions
equipped with modern computer technologies.
Moreover, the teacher today is the founder of
innovative pedagogical technologies and he is not
only a teacher but also a teacher of technology.

In the course of traditional teaching, the teacher is
the main source of transferring information to the
student. An important feature of this process is the
existence of feedback which is carried out more or
less successfully. The picture is quite different in
case of the use of computer technologies in the
learning process. The main characteristic in which
this process differs from traditional one is the ability
to organize effective dialogue through interactive
programs between a human and a computer.
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The use of computer tutoring systems enables the
learners to obtain primary information through
interactive learning programs. This fact significantly
helps the students to master the target subject matter
or any topic of this subject in case of proper
competence.

With no time and space limits of the information,
the student can independently get consulted by using
various sources of information and get continuous
measurement of progress in different forms. This
significantly increases the motivation of cognitive
activity and the creative nature of learning.

From our point of view, the flexibility of
computer teaching systems and skills in class is one
of the most promising directions to enhance learning
efficiency. The use of modern computer tutoring
systems should not be limited to accelerating the
learning process itself (which is characteristic of
information technologies), but should also be
focused on thorough study of target topics and
events.

The use of modern computer tutoring systems
should promote acquiring thorough knowledge and
development of logical thinking while studying
various events. In such teaching systems it is
essential for students to get exhaustive and clear
concept of the methodology of solving a problem in
order to get a deep understanding of pre-determined
theoretical provisions in the goal of solving the task.

The methodology for solving the task assigned to
each new training program on computer training
should be based on strict logic and contain the
following stages:

1. Review of several tasks of the same type.

2. Creating a specific algorithm for solving

each task.

3. Analysis of the obtained solutions.

In the given methodology, the main part
should be forming an algorithm, which is the
sequence of precisely defined rules for solving a
specific type of task.

It’s clear that this algorithm is nothing but a
step-by-step plan of solving the problem. In order to
get used to different types of tasks, students need to
compile a generalized algorithm and a relevant
program in interactive mode using computer trainers.

Such method of work on computer training
programs solves quite a number of problems. For
instance, the student's interest towards the problems
that need to be solved is increasing, and the teacher
is given the opportunity to manage fruitfully the
distribution of the training time.
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But if we use computer training programs only
as a calculation tool and do not pay serious attention
to the task of solving algorithms, this approach will
turn out to be not useful but even on the contrary, -
harmful to the study of the subject or topic.

The effectiveness of the use of computer
technologies in the learning process depends on the
software product which carries out the implementing
of the study topics. Nowadays, the process of
creating such software products has yet to be
systematized.

CONCLUSION
The content of the form of teaching using the
computer-based tutoring systems is defined by a
certain didactic concept the main provisions of
which can be formulated as follows [2]:

1. The learning process is mainly based on
student's independent cognitive activities.

2. It is necessary to create such learning
environment that will facilitate to expose student's
creative ability as much as possible.

3. It is necessary to guarantee the access to
learning information for the student.

4. Students’ cognitive work should be active.
Activity is characterized by motivation expressed
through the desire to learn.

5. The active method of learning according to
the type of communication between the teacher and
the student belongs to so called "much to many"
method and consists of the following subdivisions:
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role-plays, discussion groups, forum, project groups
and others. In case of distance learning, these
methods can be used even in virtual classes, when
students are separated from each other in time and
space.

6. Learning should be person-oriented.

7. The growth of effectiveness of the learning
process may only be based on the individualization
of educational-cognitive activities. Such
personalized teaching in terms of mass demand may
only be possible on the basis of high technologies
that are based on computer technologies.

The learning environment that will facilitate the
student's independent cognitive activities and the
ability to reveal creativity depends on the quality of
the use of modern computer tutor systems in the
learning process.

Creating educational software products is a
highly laborious and expensive process, it must be
conducted purposefully and a great experience of
teacher-researchers should be considered [3].

We should pay attention to the specific
peculiarity of the specific task, which is a major
methodological problem. While creating a computer
assignment, it is necessary to take into account the
intellectual abilities of the student. Therefore, the
methods of creating a software product should be
directed to a simple performing process with
enclosed user instructions and guidelines.
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Y3acanvnuenna pesynomamis, ompumanux 6 pe3ynibmami GUEYEHHA HEUPOHHUX Mepedic, 6ede 00
VMBOpeHHs NOMEHYIUHUX nepeoymMos Ol CHMEOPEeHHs pI3HUX Cucmem NpocHO3yeanus. Y cmammi
PO32NA0AEMbCSL NPOSHO3Y6AHHS H4ACOBUX PAOI6 Ol KOMUPYBAHb YIHHUX nanepie Ha 6a3i 00HOWApPOSUX
HEUpOHHUX MepPeiC.

3 euxopucmannam piznux Qyukyit axmueayii Ha OCHO8I OOHOWAPOBUX HEUPOHHUX Mepedc 8 pobomi
BUKOHAHO MOOENIO8AHHA YACOBUX pAOi6 Oid KOMUPY8AHb (PIHAHCOBUX —THCMPYMEHmis, 3 Memolo
npocHo3yeants ix ounamixu. Ilpeocmasneni komoOinayii OuHAMIUHO A0AnmMo8aHUX mooeneli NPOSHO3Y8AHHS 8
Mepeoici HelpoHis.

Kniouosi cnosa: metiponna mepedca, 00OHOWAPOBA HEUPOHHA Mepedicd, HacOo8i pAOU, ONMUMATbHE
VAPAGIHHAL.

The property to generalize the subsequent results of neural network study creates the potential
preconditions for the development of different forecast systems on their base. The paper deals with
predicting the time series of stock quotes on the base of single-layer neural networks.

The analysis relates to the modeling of time series for quoting financial instruments on the basis of
single-layer neuronal networks by using the different activation functions, with a view to predicting their
dynamics. There are also the combinations of dynamically adapted models of prediction built on neuron
networks.

Key Words: neural network, single-layer neural network, time series, task of optimal management.
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INTRODUCTION

The issue of modeling neuron networks is , LI . —
considered to be an optimal management task, for i 0)=h, (x(t))+Z[”’éf +sz(t)]gj(x(t))’ i=1n, (1)
the solution of which it is necessary to apply the &
theorem of conditions necessary for optimization,
while the weight coefficients are considered to be differentiated functions on R", x(t) is a continuous
managing functions.

A criteria for the forecasting quality of the stock
market should always take into account the -
deviation of predicted values from real data as well neuron, in the initial conditions x,(0) =a;,i =1,n.

hereh(x),g,(x) — are given as continuously

function, wl? and w,(7) are the weight coefficients

which characterize the effect of i-th neuron on j-th

as the correspondence of the direction of the existing The differential equation system (1) can be
trend. recorded in the following vector form:
Let’s consider a neuron network that consists of n x!(£) = h(x(t)) + (W, + W (1)) g (x(2)). )
neurons. Characterize i-th state of the neuron by a . e . 2)
i S — ) . i with the following initial conditions:
function x,(¢),i=1,n, which dynamics is described x(0)=a. 3)

by the following system of differential equations:

© 1. digmaninze, I'. KaxiaHi,
3. Aymbanze, 2017
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Here a=(q,,a,,...,a,); W, is a continuous nxn
matrix which consists of WS elements; the matrix of
nxn dimension, composed of weight coefficients
W) - wy(), which will subsequently be
considered as management functions and which can
be extended to the following limitations:
|wl:].(t)|s ol j=l,_n. Let’s choose the optimal
values of neuronal network weight coefficients

according to the minimum condition of target
function (4)

T 1 & )
T ) = @I+ [ O(x(0) +— 3w (o) | di. (4)
i,j=1
In this model the process time T > 0 is fixed,
0O(x) and ®(x) are scalar continuous differentiating

functions, while r; 20,0, j=1n coefficients form a

symmetric positive R matrix.

MAIN PART
The task of optimal management of artificial
neuron network is represented by such a selection of

w,; (0),i, j=1,n weight coefficients where the image

(4) is taken to the minimum value. This task belongs
to the class of optimal management task. Let’s
consider the weight coefficients as management
functions and use the theorem about the necessary
conditions of optimality [1].

Let’s introduce the switching functions ®(r)

taking into account the following rule:
©,(1)=p,(Og;(xO);", isj=Ln. ()
Consider just a regular case to build W )
optimal management:
Ay, @ (1) >
®,, |0,|<A;,
— Ay, @y (1) <—4;.
The coupling functions p,(t), i, j= I,_n satisfy the

w; (1) = (6)

following system of differential equations:
: 90(x(1))
D ( ) ox,

\ N 0g;(x(1)) | Oh;(x(1))
> p(t 0w (¢ i 4 ,
izz:‘pz( ) JZI:(WU le( )) axi axi
i=1n, (7
They also meet the following boundary
conditions
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_0P(x(T))
ox '

i

pi(T)= (8)

In the process of studying artificial neuron
networks the following task often appears: how to
build such a management, as a result of which the
neuter network vector x(7) would take a

predetermined value 6, ie. x(T)=6. Such a

situation should lead to the necessity of solving the
boundary problem of (1), (3), (6) - (8) maximization.
For this purpose, it is necessary to determine the
terminal compounds as follows:

DT == (0. (1) + o (o) =6]). ()
where o, and «, are selectively increased by the

correspondence of x(7) and & vectors’ directions.

Let’s analyze the case when it is necessary to
store one n-dimensional & vector in associative
memory. This vector is called from the memory
when the current state of the neuron network is close
to 4 [2].

For the case under consideration let’s suppose
that i, (x)=—/.x;, where S, >0,i=1,n are the given
numbers, g;(x(1))=x;(#), 0=0, W,=0, R=I,
d(x)=—(0,x), here O,I are correspondingly nxn
dimensional zero and single matrix. There the initial
(1) - (4) task will take the following form:

J(W(-)) =—(0,x(T)) + % j > wi(2)de, (10)

0i,j=1

xX(t) =—/5',.xl.(r)+zn:wij(z)xj(z), i=ln (11)
j=1

x,(0)=a;, i=1n.

In this task the image (8,x(T)) represents the
correlation between the vector x(z) and the desired

vector & of the final position of the neural network.
We should note that minimizing the negative value
of the correlation is equivalent to the task of
correlation maximizing.

In this case, the optimal values of weight
coefficients are determined by the same (6) formula,
but here we should take into account the fact that the

switching  function @, (7), 7,/ =1,_n has the
following form:
O, (1) =p;()x; (), i# ] (13)

and the coupling functions p,(T) =6, i=1n satisfy
the following system of differential equations
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pl6) == p (W, () + Bp (), i=Ln, (14)
i=0
with the following boundary conditions
p,(T)=06., p;(t)=0,t>T, i=1,n (15)
A a discrete model (i.e. a model that describes the
artificial neuron network state in the fixed moments
of time [3,4]) of the neuron network can be
constructed by analogy of the continuous model of
artificial neuron network.
Let’s consider the discrete task of optimal
management. It is necessary to minimize the
following function

I([u]) = qz_:fko (xk " ) +d(x")
k=0

with the restrictions on the following recurring
correlations

(16)

W= f (3t ) k=0g-1 ()
" =p"eR. (18)
Let’s introduce the following designations:
Zk _ (xk ’uk );
=[]
[ﬁ]z[uo,mui_l,ui+A,ui+1,---,uq_1], (19)

=[),
[%] :[xo,- XX AT ~,x"_l}
Let’s determine a coupling vector
D) TR~ 1D
dxt A—0 A
if i =¢q then from (20) it follows that

1 = L[] _ 0D

21
dx? ox? @D
if i=¢g—1 then
ool axt ' di
= + =
P ox? L axd™ | ax !

‘ [fqo-l(zq_l)+(pq,fq_1(zq‘1))]. (22)

Generally, in (21) and (22) we will similarly get
the following

i _ﬁ_{_(@x_’“fﬂz aﬁo(;i) +{afi(zt)}i P,

P= ox’ ox' dx' ox' ox’

izlaq_la pozoa ]>q (23)

Let’s introduce a function
H, (5, p") =2 (@) + (0", £ (),

then (23) can be rewritten in the following way
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i aHi(Zi,pkH)
p=—r"
ox

pl=

, i=gq-11

od(x) @4

ox?

A set of vectors [x]=[x',---,x?] depends on the

set of initial vector x” of the given condition and the
set of admissible vectors [u]=[u',---,u?], so we can
[x]=[x(u)]

I =1([x(u)],[u]). Let’s determine %
u

dI ([x(u)],[u]) _ oI ([x(w)],[u]) N
du' ou'
N ox™'[u] dI([x()],[u])
aui dxi+l
0, i '
_, (p{af,-(ﬂ o
ou ou

write and minimize the function

0 —
=_4Hl- Zl, 1+ .
pw z,p")

a i i+
=—H,(Z',p"). (25

. .. T
_HE) A |
= A . p .

ou' ou' ou'
The Lagrange function for the optimal

management task, described in formulas (16)-(19),
can be recorded as follows:

L([x][u].[p). A ) =
qZ[ﬂofio(Z[)‘F(le,fi(Zi)_xi+lj|+ﬂoq)(xq)'

i=0

In order to get the required conditions of
optimality, it is necessary to calculate the derivatives
with respect to variables of the Lagrange function

x, i=l,q, ui,izl,q—l
a_L_aH,-(Zi,PM)

-p'=0,i=lg-1,

ox’ ox'
oD x?
a—L = ﬂ'() —( ) — pq = 0,
ox? ox?
aHl- Zi, pi+| -
8—L4=¥=0, i=lg—1. (26)
ou' ou'

Comparing formulas (25) and (26) we will get:
oL _ 8[([x(u)},[u])
ou' ou'

According to the image (20) the Langrand's

Li=lLg—1 (27)

multipliers p’, i=1,q, have a value of derivatives
with respect to variables of the minimized function

X, i=1, q.
The formula (27) can be used for an approximate
solution, for example, by graded methods if a task
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(16)-(19) contains the restrictions of management

vector u' €U,

U,-={veR" :g;(v)SO,lzL_k,
i (v)=0, 1=k +Ls}

i=0,g—1. For instance:

(28)

CONCLUSION
It is possible to use the Lagrange method with the
help of the Lagrange new function. In this case the

Lagrange new function L is determined for the tasks
(16) - (19) in the following way:
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The tasks (16) - (19) can be also solved by the
method of penalty functions.

The discrete task can also be derived from the
continuous task if we change the derivation
according to the Filer scheme and the integral, for
example, by the rule of the right rectangles.

The task of the neural network modeling is
formulated as an optimal management task where the
neuronal network weight coefficients are considered
to be management functions.
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Memoro oanoi pobomu € po3paxynox HABAHMANCEHHS MOPCLKUX MPAHCNOPMHUX CYOeH | ONMUMATbHe

DPO3MIUeHHs 8AHMAHCY .

Ocnosne 3HaueHHs npu  po3paxyHKy  HAGAHMAINCEHHA  MOPCbKUX  MPAHCNOPHMHUX
xapakmepucmuku

MPAHCNOPMHO-MEXHONIOCIUHIT

cyoeH mae

BAHMAHNCY. Tpancnopmmuo-mexHono2iuHumMu

Xapakmepucmuxkamu 6aHmMadiCy € CYKVHIHICMb AKOCMI GAHMAdCY, 34 OONOMO20i0 SAKOI 6CMAHOGII0IOMbCA
Memoou i yMOGU 1020 nepeseseHHsl, HA8AHMadiceHHs i 30epicanns. Banmagic ons nepegezennss Haoacmucs 6
MpaHcnopmabenvHomy uensdi, 3a6e3neyyiouu yum to2o 30epedceHHsi Ha 6CiX Cmadiax MpaHcnopmuo2o
npoyecy.

Kniouosi  cnoea: mopcekuii mpanchopm, ONMUMANbHUL PO3NOOIL  BAHMAICY, VKOMUIEKMYBAHHS
B8AHMAIICY, MAMEMAMUYHULL PO3PAXYHOK, BAHMANCHE 00CTY208Y8AHHS, NPOXIOHICIb MPAHCNOPMHO20 WLTAX) .

The aim of the mentioned paper represents the task of optimal loading of maritime transport and
mathematical calculation of cargo consolidation.

The importance of shipping and technological characteristics of cargo is important for calculating the
loading operations on maritime transport vessels. Cargo transportation characteristics are set of cargo
features, which establish its transportation, unloading and storage technology and techniques. The cargo
will be transferred only in transportable condition, which ensures its protection at all stages of the transport
process.

Key Words: maritime transport, optimal disposition of cargo, cargo consolidation, mathematical
calculation, stevedore service, passability of transport road

CrarTio npeacTaBuB A.T.H., npod. ['apamenko @.I'.

INTRODUCTION

In the World practice of trading navigation,
service complex is considered as a stevedore service,
which is offered to the vessels during their berthing
period. .

The concept of service, in this case, is widely
understood and implies:
e Activities for the vessels and offering diverse
service for cargoes, including navigational
support;
Pilot and towing service;
Provision with berth place;
Performance of freight and warehouse operations;
Supply with fuel and water;
Supply with material-technical and food;
Post-voyage repair;
Sanitation-quarantine activities;

© 1. diamaninze, I'. [unkimsini,
M. Kyuaga, 2017

e Cultural, household and medical services, etc.
The majority of listed activities are performed by
directly port services or by their active participation.
The main task represents performance of
calculating-analytical study, which is connected to
planning and organization of stevedoring service and
analyses of the results.

MAIN PART

Knowledge of transport-technological
characteristics of the cargo gives the possibility to
calculate the optimal variant of its loading on
transport. The main characteristic of the cargo is its
volume-mass characterization and cohesion.

The procedure for combining cargos with each
other is determined in terms of its protection and
reduction of influence on each other, which can be
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considered as a factor of environmental aggression.

For this, we consider the following explanations:
The cargo on a single cargo area is considered to be
in the case of their separation;

1. The cargo on a single cargo area is
considered to be compatible in case of their
separation;

2. The cargoes should be separated by deck or
partitions;

3. The cargoes should be separated by vertical
waterproof partitions;

4. The cargoes should be separated by two or
more waterproof partitions.

We pay much attention to the maximal usage of
the road bandwidth. The effectiveness of bandwidth
of the road could be discussed in different angles and
is caused by different factors.

The optimization of loading-unloading operations
performance is one of the key features of maximal
bandwidth of the road. In our case, in optimization
we mean as time parameters, as well as work out the
concept of maximal load of cargo loading operations.
The concept presented in our scientific paper could
be successfully used in road transport as well as in
case of air transport.

The issue set by us is considered to be in
unloading of road transport cargo in minimum period
of time and work out the optimal mode model of
loading the cargo in maritime transport means [1,2].

It’s obvious that characteristics and features of
each cargo is important, but we deeply widen our
knowledge in this direction in case of maritime
transportation practice. It’s caused by the fact that
the cargo reveals the unknown characteristics in
terms of environmental conditions and some other
factors whole transportation that are caused by
uneven technology.

That's why the knowledge of these chracteristics
is better suited to the placement of the cargo and the
delivery of it in the process of each navigation (for
the voage).

A huge importance is given to the atmospheric
conditions, estimating air circulation and heat
resistance regime, organizing of cargo handling, etc.
for the loaded cargo.

We should know that from the moment when the
carrier is supplied with the goods, the goods status is
changed and it is called a cargo instead of the goods.
This is because we suggest that these two categories
- goods and cargo differ from each other with
characteristic features. It should therefore be
understood that the goods are replaced from goods to
a cargo obtaining new properties of transport
importance, which results in loss of commodity
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characteristics such as consumer properties. At this
time there is a need to study and account the cargo as
a new category of goods. These characteristics
include a combination of cargo characteristics,
according to which the techniques and technologies
for loading and unloading are established, to
determine the optimal variant of the loading, its
transportation conditions.

The optimal option for loading is one of the main
points of the cargo shipment technology, first of
which is determined by the volume-mass (storage)
characteristics, the characteristics of dead weight and
packaging, physical-chemical properties, and some
commodity features for the storage of the vessel.

First of all, let's calculate the loading capacity of
the vessel.

The cargo set in cargo parcels is based on the
following requirements:

1. Fulfillment of
compounding the cargo;

2. Cargo within loading gage and long cargo
are placed in the vessel's central freight containers;

3. Small freight and size cargo are placed in the
front and rear containers are placed if applicable;

4. It is not recommended to place the cargo
type of rolling barrel in front and rear containers;

5. As far as possible, bunding of cargo is
carried out so that the total quantity of the cargo in
specific cargo store is calculated for the
distribution of the calculated weight for those
stores, and the volume of the cargo is handled by
the cargo capacity of the vessel;

6. Implementation of the non-rescheduling
condition for reloading of cargo parcel;

7. The "heavy" cargo is placed in the lower
hold and the "light" cargo - in tween-deck and the
upper deck;

8. Loose and bulk cargo should be placed
below the main cargo and divided by horizontal
waterproof partitions.

The maximum load of the storerooms is
determined based on the qualities of the ship's deck,
which is characterized by a limit of 1 m2 (technical
load).

The maximum load of the storerooms is set by the
formula [36]:

Frimax = 0.7 Tv,
where Fri max - maximum permissible loading of a
tween deck, t.;

Wtw - Permissible loading capacity of a tween
deck (bulk) m3;

Pm max = Wtr

Pm max - maximum permissible loading of a
hatch cover, t;

the  conditions  for
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Wtr - Permissible loading capacity of a hatch
cover (bulk) m3;

The intended severity of the cargo store is the
planned number of cargo for this cargo store. The
weight distributed in the vessel storerooms is the full
load of the vessel. Calculation of weight distributed
in cargo containers is done with a formula:

Pj=Wj * Qc/ Wc

Wj - cargo capacity of the j-th cargo area, m3;

Qc — loading of the vessel, t.;

Wec - ship's cargo capacity, m3.

CONCLUSION

The main goal of the paper is to develop the
concepts of optimization of cost of loading-
unloading operations on the vessel based on complex
approach.

The scientifically justified methodology for the
concept and realization of this concept model is the
scientific innovation of optimizing the cost of
loading-unloading operation on the vessel [3,4].
Obviously, the concept of optimizing the costs of
loading-unloading operation on the vessel is
developed as a management system, which is a
complex, macro-management process. It consists of
a number of systemic roots that form a single,
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organizational chain aimed at efficient modeling,
optimizing cargo handling and minimizing service
costs.

Creation of proposed conceptual model is
relevant and based on modern information systems
and material resource management theory, using
modern methods and methods of modeling, reduces
the volume of transport units, minimizes loading and
unloading operations costs.

With this in mind we discussed the following:

e Generalizing the theoretical knowledge of the
optimization of costs of loading and unloading
operations on various cargo transport and adaptation
to maritime transport;

e Analyze the systematic optimization parameters
for the cost of loading-unloading operation on the
vessel;

¢ Development of algorithms for the optimization
of cost for loading-unloading operation;

¢ Building a conceptual model of optimization of
costs for loading-unloading operation;

e Research on economic effect of conceptual
model;

e Analysis of the results of the economic effect of
conceptual model.
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Y oaniti pobomi ghopmanizosano npoyecu po3noscio0NceH s IHGpopmayii Wassxom KOMyHIKayii 6 mescax
3a0anoi Yinboeoi ayoumopii. Bukopucmarno nioxoou, wo 6a3yiomvcsa Ha MOOeIAX CoyianbHoi ma QisuuHoi
auanoeit npoyecie 0OMiny iHhopmayiero y coyianvbHitl mepedxci. 3mMo0enbosano ma 00CiOHCeHO OUHAMIKY
iHopMayitiHux nOMoKie Ha OCHOBL MoOeell PI3HUX MUNIE. 3anpPonoHOBAHO UKOPUCMAHHS Mooeell OuQpy3ii
inopmayii' y coyianvhiti epyni. Ompumano pe3yivmamu, siKi niomeepoicyioms a0eK8amHicims ONUCAHUX
MamemMamuyHux Mooeiel NOKA3HUKAM PeanbHOi OUHAMIKY IHOpMayiiHux npoyecis.

Kmouosi  crnosa: ingopmayitini nomoku, npoyec Po3NOECHOONCEHHS, MOOCNO8AHHS, OUHAMIKA
iHghopmayiiinoz2o npoyecy.

In this article a process of the information spreading via communications within a given target audience
and without means of mass media was modeled and studied. We are using a model that describes the process
of communication within the group. The proposed models are formed based on the method of formalizing the
processes of penetration (spread) of the influence of information on a given target audience. Approaches
based on models of social and physical analogies of information exchange processes in the social network
are used.

In the process of complicating the model of information dissemination, linear, exponential and logistic
models are considered. Specific features of models and characteristics of their use in real conditions are
indicated. The dependence of the dynamics of information processes on social factors is noted. An approach
is proposed for modeling the changes in the information flow on the basis of a hybrid model consisting of the
diffusion equation and a model describing the dynamics of quantitative changes in different social groups.

On the basis of the Kermann-McKendrick model a system of partial differential equations that describes
the dynamic of disseminating information process is written. Numerous experiments were carried out that
allowed us to conclude the adequacy of the calculation methods.

Key words: information flows, distribution process, simulation, dynamic of the information process.

CrarTio Ipe/icTaBuB JI.T.H., ipod. ['apamenko O.I.

AHai3 JOMHAMIKMA COlialbHUX 1H(GOpPMANIMHUX HasBHA BHpa3Ha TEHICHINS 1O  IOCTIHHOIO
MPOIIECIB, IKI TEHEPYIOTHCS Y MEia-poCcTopi, CTa€ 3pOCTaHHS iX 00'e€MiB, a MO-Apyre, BiIOYBAETHCS

CHOTO/IHI OJIHIE€I0 3 HAWOUIBII aKkTyaJbHHUX MPOOJIEM  YCKJIaTHEHHS JUHAMI4HOT CTPYKTYpH.
nochipkeHHS 'y cdepi iHPopMmariiftHuX TexHoioriii CIOCTepeXeHHs 32 YaCOBHMH  3aJIS)KHOCTSIMH
[1]. Jana nuHamika XapaKTEePU3YEThCS YMHHUKAMH, KiIBKOCTI TTOBiTOMJICHB B COTTIJTBHIX

Oarato 3 SIKMX HE MiAJAIOTbCA TOYHOMY aHamizy. i1H(GOpPMaliliHMX MOTOKaX MEPEKOHINBO CBiIYaTh MPO
[IpoTe 3arampHHMl XapakTep YacoBOi 3alSKHOCTI Te, II0 MEXaHI3MHM iX reHepauii i pO3NOBCIOKEHHS,
KiIbKOCTI  iH(popMaIii  103BOJIsiE  MOOYIyBaTH OYEBUIHO, 3B’S3aHI 3 CKIQJAHUMU HEJIIHIHHUMH
MaTeMaTHyHI Mojeni, ski (opManmi3yloTh Ied mpolecaMl BHYTPIIIHBOT MEPeXeBOi JTUHAMIKH.
MpoLec. OpnHak, 1e HisSIK He 3MeHIye OakaHHs (opmarizamii

VY nmuuamini iHGopMaliiHUX mpoieciB (MIOTOKIB) IPOIECIB 3MIHM TEMAaTHYHOI'O Ta 3arajbHOr0 00CSTIB
CIIOCTEPITAIOTHCS 1Bl BAXKJIWBI PHUCH: To-Tiepmre, iHbopmMarii.
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TpaguiiitHo KJIaCHYHUMU BBaXKAIOTHCS JBa KIIaCH
Mozelne iHpopMaIliiHAX TOTOKIB: JHIAHI 1
eKcroHeHnianpHi. OOHWaBa KIIaCH MalTh ICTOTHY
OOMEXEHICTh - MOHOTOHHUH XapakTep 4acoBOi
3QJIEKHOCTI, TOOTO BOHM Majo TWPHIATHI I
BUBUEHHS  pealbHOI  JWHAMIKH  MEpEKEeBUX
iHpOpMaLliiHUX  TOTOKIB TMPOTATOM  TPHBAIHX
inTepBanmiB  uyacy. KopoTko mnpoanamizyemo ix
0COOIUBOCTI.

Jiniitna mooens. B nesgxux Bumamkax IrHaMiKa
coLiaJIbHAX iH(opMaIiTHIX IIOTOKIB, 110
BH3HAYAIOTHCS KIMBKICTIO MyONiKamiii 3a MeBHUI
mepion, ix IHTEHCHBHICTIO, 00yMOBIIEHOIO,
HanpWKIajd, 3MIHOK aKTUBHOCTI Temartuku (il
MIIBUIICHHAM a00  CTapiHHAM), BiIOyBaeThCs
JHIAHO, TOOTO KINBKICTH TOBIIOMIIEHP y MOMEHT
yacy { MOXKHA,  BIANOBIAHO,  MPEACTaBUTH
(b opmyItor0:

(@) =y(ty) + vt —1y), (D
ne t, - CTapTOBUH MOMEHT BIJUIIKy 4acy, y(t) -
KUIBKICTh TIOBIIOMJICHB JI0 MOMEHTY 4acy f, v(t) -

cepeqHs MIBHIKICTb 30UThIICHHA (3MEHIICHHS)
THTEHCUBHOCTI iH(OPMALIIHHOTO MTOTOKY.

BaxnuBi  xapakrtepucTuku  iH(GOpMaLifHOTO
MMOTOKY  MOXYTh OYyTH  KIJBKICHO  OIliHEHi
¢baykryamiero 1mporo motoky [1] - 3MiHOIO
CEPeHbOKBAIPATHYHOIO  BIIXUJICHHS o(t) ,mo

o09HCITIOEThCS 32 (popMyIIOTO:
n
o(t,) = [1/n 2 [y() = (3(tg) +v(t; —=1t,)T - (2)
i=0
SKIO 1 BEJMYMHA 3MIHIOETHCS TMPOIOPIIHHO
KBaJ[paTHOMY KOPEHIO BiJ 4Yacy, TO TpOIEC 3MiHU
KiIBKOCTI iH(popMarii 3a 00paHO TEMOK MOXKHA
BBaXKaTH MPOIECOM 3 HE3aJCKHUMH MPHPOCTAMH.
[lpy  uwpomy, 3BsI3KaMH 3  TIONEPEIHIMHU
TEMaTUYHUMHU ITyOIiKaIisIMA MOYKHA HEXTYBAaTH.
Y  Bumagky, KOJIM  CEpeAHbOKBAIpaTUYHE
BIIXWJICHHS BBaXAE€ThCS IPOIMOPIIAHUM  JesKiil

crereHi Bix yacy: o(f)~t* (1/2 <u< 1), maemo,
IO YUM OLUIbIIe 3HAYEHHS 4, TUM BUIIIE KOPEISIis

MK TTOTOYHUMHU 1 TIONIEPETHIMH MTOBiTOMJICHHSIMH B
1H(pOpMaIiHHOMY TIOTOIT].

Excnonenuiiina modens. B jeskux BHIagkKax
pouec 3MiHH AKTYyaJbHOCTI iHpopmanii
(30iIBIIeHHS 200 3MEHIIICHHS KiJTbKOCTI TEMAaTHYHHX
MOBIIOMJICHD B iH()OPMALIIHHOMY HOTOL B OJUHHIIIO
qacy) alPOKCUMYEThCS €KCITOHEHIT1aJIHbHOIO
3aJISKHICTIO, IKa BUPAXKAETHCS (HOPMYJIIOF0:

¥(0) = ¥(ty) explAlt — 1)1, (3)
ne A - cepemHs BIIHOCHA 3MiHa IHTEHCHBHOCTI
TEMAaTHYHOTO 1H(POPMALIIHHOTO TOTOKY.

Y  peanpHOCTI aKTyalbHICTh TEMAaTHKH €
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JUCKPETHOIO BEJIIMYMHOIO, SKa BUMIPIOETBCS B
MOMEHTH 4acy f,..., 1, , AKa JHUIIE allpOKCUMYEThCS
HABEICHOIO BHINE 3aleXHICTIO. B pamkax naHoi

MOJIETI CIIpaBE/JIUBE CITiBBITHOIICHHS:

y(#;)=y(t;) exp[A; —1,,)], 4)
BBenemo nos3HaueHHs: A(f;) - BiAHOCHA 3MiHa
IHTEHCHBHOCTI
IIOTOKY Yy MOMEHT d4acy f,;.

TEMaTUYHOTO  iH(OPMAaIiHHOTO

A=A, —1,,),
i =1,n, 1 nponorapupmyemo piBHSHHA (3):

At)=Iny@,)/y(t, ).
BinHocHa 3MiHA IHTEHCHBHOCTI ¥ MOMEHT dHacy

t;, i=1,n, Ha IPaKTULI TAKOXK YaCTO OOYHCITIOETHCS
sik criBBigHOMmeHHS A(7,) = (y(t;) — ¥(t,))/ ¥(t,;) -

3miHa (aykTyanii BenuuuHH A(f;) BIAHOCHO
CepeqHhOr0 3HAYeHHS A MOJXKE OIHIOBATHCA 3a
CTaH/IAPTHHUM BiJXUJICHHSIM:

n

YnY [Ae) =P .

i=0
BUMAAKY  TaKOX,

)
o(t)

3MIHIOETBCS MPOTIOPLIHHO KOPEHIO KBAJAPATHOMY Bij
yacy, TO MOXHa TOBOPHTH TpO Mpolec 3
HE3AJIC)KHUMH  NPUPOCTAMH -  KOPEJISMis — MiX
OKPEMUMH TOBIOMJICHHSIMHU HEICTOTHA. Y BHIIAIKy
HAsBHOCTI  3HA4YHOI  3aJ€KHOCTI  ITOB1IOMJIEHD

o(t)y~t",
12,

o(t,)=

B ubomy SIKIIIO

CIIOCTEPITaEThCS CIHIBBIHOIIIEHHS:

MPUYOMY 3HA4YEHHS 4  TEPEBUILYE azne

obmexeHo 1.
3Ha4yeHHs 4, AKe nepeBuiye 1/2, cBiT4UTH MPO

HasBHICTH JIOBIOCTPOKOBOT nam'saTi B
iHpopmariiiHoMmy motomi. Takuiéi Kiac mpolecis
OTpPHUMAaB Ha3BY aBTOMOJICIbHHUX.

Jdocicmuuna  modens. Ha  BiamiHy  Bifn
pO3rIsiHYyTOI  MOJAEAl B pealbHid  JAUHAMIIl
iH(opMaIifHIX MOTOKIB MAalOTh MICIE TPOIECH 5K
3poCTaHHs, TaK i craay oOcsriB iHpopmamii. Tomy
JUIsT TIOOYJOBM PEaJiCTHYHOI KapTUHU HEOOXI1IHO
3aCTOCOBYBATH THYYKIIII MO,

B nepmry uepry, BapTo ckazaTH, 10 CYKYITHOCTI
JaHuX B iH(GOpMamilHUX TIOTOKaxXx Yy 0ararbox
BIIIHOIIEHHSX  HAraAyloOTh  IMOMYJAIl  JKUBHUX
opraniamiB. BoHM, B TI€BHOMY pPO3yMiHHI,
«HApOJUKYIOTBCSA»,  «CTapiloTh» 1 YTBOPIOKOTH
«HaIAAKIBY» (MOCHJIAHHS, 110 MICTATh 1H(QOPMAIIItO,
sKa paHime 3'SBUJIACS B 30BHINIHIX [0 JJaHOI
TEMATHUKH MTOB1IOMJICHHSIX). Taxuit Maxig
HA3UBACTbCA METOAOM OIlOJOTIYHUX aHaJIOTiH. Y
CydJacHi  HayKoOBiifi  JiTeparypi BIH  4acTo
3aCTOCOBYETBCS 1 JUII MOJICIOBAHHS JUHAMIKH
iHQOpMaIiHHUX  TOTOKIB:  TOHATTSA  TOITYJIAIIT
y3arajJbHIOE CYTHICT ITOTOKY iH(opMarrii.
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Ha nmanuit MOMEHT cepen pi3HMX MaTeMaTHYHUX
MojeNell  NWHAMIKKM  TOMyMAmid  HeoOXiJHO
BI[BHAYNTH JIOTICTUYHY MOZENb, SAKy MOXHA
pO3TIsAaTH SIK  y3araJibHGHHS CKCIOHEHIiabHOT
Mozeni ManbTyca, sika mependadae MpoIopIiiHICTD
HIBUAKOCTI pocTy GYHKLIT y(f) B KOXEH MOMEHT

yacy i1 3Ha4ECHHIO:
dy(t)/dt=ky(1),
ne k - nestkuit KoeimieHT.

OxpemMoO Big3HAYMMO, IO y PEATBHOMY JKHTTI
JUHAMI4HI CUCTEMHU, SIK IPaBUIIO, MalOTh JOCTaTHBHO
e(peKTHBHI 3BOPOTHI 3B'SI3KH, SIKi JO3BOJSIOTH
KOPEKTYBaTH XapakTep MPOIECiB, MO BiIOyBarOTHCS
B HHX, I THM CaMUM YTPHMYBaTH iX B MEBHHUX
pamkax. [HdopmamiiiHi TporecH, KOPEKTYIOUH IIi
3BOPOTHI 3B'SI3KM B TIEBHI MEPiOAN EBOIIOIIHHOTO
PO3BUTKY, MOXYTh €(QEKTHBHO BIUIMBATH Ha
XapakTep MOBEAIHKH BCi€l CUCTEMU.

Haii0inpm mpocTuM  y3aradbHEHHSIM — MOJENi
ManpTryca, M0 J03BOJISIE YHUKHYTH HEOOMEKEHOTO
3pOCTaHHs PO3B’SI3KiB, € 3aMiHa MOCTIHHOTO Koedi-
LieHTy k neskoro ¢yHKIiew dacy k(r) . [lpupoaHo,

(6)

1 QYHKIST TOBHHHA OyTH BHOpaHa TaKWM YHHOM,
100 BUKOHYBAJIMCS JCSIKI JIOAaTKOBI YMOBH.
T'ooBHA imess JOTICTUYHOI MOJENl IIOJSArae B
TOMY, IO /s OOMEXKEHHS IIBHIKOCTI POCTY Ha
¢byHKUi0 y(f) HaKIaIaeTbcs AOAATKOBa YMOBA,

BIAIIOBIAHO 10 #AKOi 1i 3HAYEHHSIM HE IIOBHHHO
MEepEeBULIYBATH [JEsKY 3alaHy BenuuuHy [2]. s
HOTO BHOEpeMo k(?) TAKOTO BUTIISTY:

k(t) = k[N —ry(®)], (7
ne N - TpaHW4YHE 3HA4YeHHA, ke (QYHKmis y(f) He

MOXK€ TIEPEBHIUTH, r - KOe(illi€HT, KU OMHUCYE
HETaTHBHI JUIi JaHoi TeHJeHWii mnpouecH, k -
koedimieHT mponopuiiHocti. [IpuuoMy mependava-
€THCS, 110 3aBXAM BUKOHYETbCS HEPIBHICTH k < N.
Toni 3amicTh piBHSIHHS (6) MaeMoO:
dy(t)/dt=ky@)[N = ry()], y(t)=y,. (8)

Mojenb, ska 3acHOBaHAa Ha HaBEJICHOMY BUIIE
PIBHSHHI, TaKOXX Ha3MBAE€ThCS JOTicTHYHOW. He
IUBISYMCH HA JOCTAaTHIO IHPOCTOTYy, MOIiOHE
y3arajibHEHHs 3aKOHy ManbTyca >KOJJHUM YHHOM He
€ TpuMITHBHUM. HaBmaku, BOHO JO3BOJISE SIBHO
BKIIIOYUTH B ONHKC JWHAMIKH HOMYJISIiA BaKIMBHN
3BOPOTHHUH 3B'S130K: HA MPOLIEC Ail0Th MEXaHI3MH, SIKi
y wmipy 3pocraHHs GyHKmii  y(f) 3HUKYIOTBH
MIBUAKICTH Ti 3MIHH.

HaBenene Burie norictu4He piBHSHHS Mae€ JBa
piBHOBaXkHI cTtanu (po3B’sizku): y(1)=0 1 y(t)=N/r.
3 popMasIbHOT TOUKH 30py MEPUINHA 3 HUX HECTIHKHIA,
MpoTe Ha MpaKTHLi IIe He 30BCiM Tak. Buxonmsum 3
TOro, 10 peajbHi 00'eMH H(OPMAIIIHHUX MOTOKIB
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MOJAOTECA JUCKPETHUMHU BEJIMYMHAMH, 3a3HAUMMO,
o0 Tph OTpUMaHHI (YHKIiEIO y(f) B SIKUHCH
MOMEHT 3HA4YeHHS{ MEHIIe OAWHHLI Hamaml 11
BEIMYMHA HE 3pocTae. ToMy B peaqbHOCTI PO3B’SI30K
y(t) =0 TakoX MO’KHA BBOKATH PIBHOBAKHHUM.

Hpyrnit y(t) =N/r
PIBHOBaXHHH CTaH, npu

pO3B’s30K BH3HAYAE

y(t)>N
BMHKAIOTHCSI MEXaHI3MH CHaay 3aJIe)KHOCTI, a TPH
y(t) <N, BillIOBiTHO, 3pOCTAHHS.

npu YoMy,

Sx Bxke Oyno 3a3HA4YEHO, JIOTICTUYHA MOJENb
4acTO 3aCTOCOBYETBCS JJIS aHAN3y JUHAMIKH
iHpopmarifinnx mortokiB. OdeBMmHO, 1O 3a
HAsBHOCTI CHOpPUSTIMBUX 30BHIIIHIX YMOB (IIpu
JesIKii TIUTEHOCTI pecypcy) o0'em iH(opMamiiHOTO
IIOTOKY POCTE BUIBHO, TIO CHPHUAE JOTICTHIHOMY
3poctanHio. [Ilpy 1pOMYy 3 BEIUKOK  MipOIO
BIICBHEHOCTI MOXKHA CTBEpP/KYBAaTH, HIO OCHOBHI
rapaMeTpH U1 KOHKpeTH3allii 3arajapHoi Mojeni (8)
MOXXYTh BHM3HAUaTHCS B  pe3yJbTaTi  aHali3y
CIPOIIEHOT JIOTICTUYHOT MOJIEIT.

OTxe, JOTICTUYHA MOJENHh VCIIIIHO OIHUCYE
MPOLIEC JOCSTHEHHS TeMAaTUYHUM iH(OpMAaIlitHIM
MIOTOKOM JISSIKOTO PiBHOBaYKHOTO CTaHy.

[adopmaniitHy fHHAMIKY B Cy4acHHX COIIaTbHUX
yMOBaX  MOXHA  pO3MISAaTH  SK  TIPOIIEC,
00yMOBIICHHI BUHUKHEHHSIM 1 3HUKHEHHSAM OKPEMHX
TEMaTWK, $AKi BiJIOyBalOTBCS HAa T 3arallbHUX
TeHJeHLiH iHopManiiiHoro npocropy. 3adikcyemo
NEBHY TEMATHKY 1 MIPHUITYCTUMO, 1[0 Y MOMEHT 4acy
t=0 icye n, (¢oHOBuUX iH(pOPMAIIHHIX
MiATBEP/HKEHD IMIOMO 1i aKTyalbHOCTI. BHacmimok
TOTO, III0 B paMKax NMPUHHATOI MOJIEI aKTyaJIbHICTh
TEMATUKU 30€pira€TbCs MPOTATOM IMPOMIXKKY Yacy
T , MOXHa pO3risgaTH OKPEMO JIBI 4acOBi O0JACTi:
O<t<T 3 piBHeM aktyanmbHOCTi TeMu D>01 t>T 3

D=0. Y nanomy BUIaAKy po3B’si30K y(#) 3a4a€ThCS
naporo QyHKOifd u(?) 1 v(¢), sIKi € BiANOBITHUMH
PO3B’s3KaMu 3a1a4 BU3HAYCHHS piBHS
iHpOPMOBAHOCTI B COLIQJILHOMY CEpeOBHILI IS
KOXHIi# 3 IuX 00J1acTel 1 Kl «3MIMBAIOTHCSI» Y TOUII
t=T.

[epmia ¢yHKIis BiANOBIAAa€E MPOIECY 3pOCTAHHS
KUTBKOCTI iH(OPMOBAHOCTI B yMOBax HEHYJIbOBOI
aKTyaJbHOCTI TEMH 1, MOXIJIMBO, MepeXxiJ 0 CTaHy
HACUYCHHS, SIKUH OMUCYEThCS PYHKIIIEIO V().

Y Bumagky BHUBYEHHS JIMHAMIKH 3arajlbHOIO
iHpOpPMaLIIHHOTO TOTOKY MOXE CIIOCTEPiraTucs
SBUIIE «IEepPEeTiKaHHD» 1H(OpMaIii 3 OJHHUX, IO
BTPaYarOTh aKTYaJIbHICTh TEMAaTHK, B iHIII. ToMy Iis
JUHAMiKa MAa€ OIMCYBATUCS CHCTEMOIO DiBHSHB,
KOXXKHE 3 SKHX BIJHOCHTBCA JI0 OKPEMOro
MOHOTEMATHYHOTO TpoIecy abo MOTOKy, a 3MiHU
CTaHy, B OCHOBHOMY, BU3HAYAIOTHCS
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«KOHKYPEHTHOIO0 0OpOTH0010» OKpeMHXx TemaTuk. Ha
3MiHy BEJIHMYMHH TEMAaTHYHOrO 1H(OpMamiiHOTO
MPOLIECY 3MIHCHIOETHhCS BIDIMB 30BHIMIHIX (DaKTOPIiB
(xoHTpIponarana), siKi 3MEHIIYIOTh MIBHAKICTH il
PO3MOBCIOKEHHS.

Heo0OximHO TakoX 3BEpHYTH yBary Ha 3aJIe)KHICTb
JTUHaMIKU iH(QOpMaIIHHUX TPOIIECIB BiJl COIiaIBHUX
¢dakTopiB, XapakTepHUX OIS CyCHiIbHOTO iHGDOP-
MaIifHOTO CepemoBHINa. BiAmoBimHI TOCTIIKEHHS
MOXIMBI 3 BUKOPHCTAHHIM, HAIPUKIIAL, CICMEHTIB
Teopili IUHAMIYHOTO couianbHOro BIUIMBY JlaTane
[3]. PosrissHEMO OWH 3 MIAXOMIB, SKHH MOXKHA
3aCTOCYBaTH y IIbOMY BHUMAAKY MJSI JOCIIIKEHHS
OUHAMIKK 1H()OpMAaIiifHUX TOTOKIB.

liopuaHa maTemMaTH4yHa MoOJAedb NpoLeECY
PO3NOBCHOIKEHHS ingopmanii. IToznaunmo
u(x,t):(x,t) >[0,1], t€[0,T], - dyHKUit0 piBHA
PO3MOBCIO/KEHHS pEKJIaMH B MeXax 3aJaHoi
COIiabHOI TPymH O0CATY X, IO HE IEPEBHINYE
3amaHol BeanuuHu A, 0<x<A.

MopnenroBaHHs 3MiH B iH(pOpPMAIITHOMY TMOTOIII
MOJKHA TIPOBECTH 3a JAONOMOTO0 DiBHSHHS Audys3ii
[4]. Le#i mporec aHaJOTIUHUN PO3MOBCIOIKESHHIO
Nesikol peYOBMHU B MEXKax YacOBOTO IHTEPBAIY
t €[0,T] i Moxe OyTH OIIMCAHUIA PiBHSIHHSIM:

dy k@Y, ®)

3 mo4aTkoBoi0 yMmoBoio u(x,0)=0 Ta KpaifoBOIO
ymoBoo u(A,t)=1, ne k(t) - xoediuieHt, Imo
XapakTepu3ye BIUIUB (aHAIOT KoedilieHTa qudysii) i
€ MPONOPHIHHUM MIBHIKOCTI 3MiHH iH(OpMaIiliHO-
3aJIeKHOT YaCTHHU COIiaIbHOI IPYIIH.

Cxutaz coniasibHOT TPYIH NPEICTaBUMO Y BUIIISII
3 migrpym: 4yTIMBHX 0 iH(POpPMAIHOT TeMaTHKH
y,, THX, IO BXE€ 3HAXOAATHCS I BIIMBOM

TEMAaTHYHOI'O 3MICTY Yy, , 1 Oalloykux 10 TeMH Y, .

Ha ocnoBi Bimomoi moxeni Kepmana-MaxkkeHapika
3alUIIEMO MOJEIb  IPOLECY  PO3MOBCHOKEHHS
TemMatn4Hoi iHpopmauii. Ii po3s’s3ku, BiAMOBiAHO,
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BU3HAYAIOTh 00CSTH OKPEMUX TPYII:
M==MY2> Y2=V1Y2 = Y2s Y3=)s- ©)
BimzHaunmo, 10 32 TakKOK  IOCTaHOBKOIO
BeIMYMHA A 3alexaTUMe BiJg dYacy, IpU HYOMY
A=At)=y,(t)+y,(r). Kpim wnporo, MoxHa
nokyactu k(t)= y =const.
Mykaroun ¢yHKUito u(x,t) y BUrasmi u(x,t) =
=X (x(t)), OTpUMye€MO BEIWYWHY PIBHA BIUIMBY
u(x,t)=

= (1 =) L0 < x(0) < i (1) +3,(8) 5 3, (1), 9, (1) -
KOMITOHEHTH PO3B’ 513Ky cucTeMu (9).

Le#t po3s’si3ok Moke OyTH y3araabHeHHWH 3a
YMOB TIPHIYIIEHHS, IO Oaiiryka YacTHHA TPYIH
MOXXE 4Yepe3 JIeAKUHA 4Yac 3al[iKaBUTUCS 3MiCTOM
indopmarifinoi Tematuku. Ilpm 1BOMY UacTHHA
TPYNH CTa€ YyTIMBOIO 10 iH(POPMALiHHOTO 3MiCTY,
30uIbIIytouM Tpymy y,(f), 1 Ipouec NepioJuyHO

TEMATUYHOI'O  KOHTCHTY Y BI/II‘J'ISII[i

TIOBTOPIOETHCS.

Byno mpoBeneHo uucenpHI EKCHEPUMEHTH, SKi
JO3BOJIJIM 3pOOUTH BHCHOBOK MpO aJIeKBaTHICTh
OTPUMAHHMUX Ha OCHOBI 3alPOIOHOBAHUX IMiAXOJIB
PO3paxyHKIB  pe3yiabTaTaM  CIOCTEPEXKEHHS 32
peanbHIMU MIpOLIeCaMHt 3MiHH CTaHiB
iH(pOpMaLliHUX TTOTOKIB Pi3HOI TEMATHKH.

BucnoBok. Y naHiii poboti QopmanizoBaHO
MPOLIECH PO3MOBCIOJDKEHHSA iH(MOpMAIi MUIIXOM
KOMYHIKaIlii B Mexax 3alaHoi I[UIbOBOI ayJIuTOpii.
BukopucTtano miaxoau, mo 0a3yrThCsd Ha MOJCIAX
comianbHOi Ta (hi3MYHOI aHANOTiH MpoIeciB 0OMiHy
iH(pOpMaIli€l0 y COIialbHIM MepekKi. 3MOJIeTbOBAHO
Ta JIOCII/PKEHO IUHAMIKY 1H(QOPMAIIHUX MOTOKIB
Ha OCHOBI Mojeied Pi3HUX THUIIB. 3alpOINOHOBAHO
BUKOPDHCTaHHS Monenei mudysii iHdopmarii y

comianpHil rpymi. OTpuMaHO pe3ynbTaTH, SKi
i ITBEPHKYIOTh aJIeKBaTHICTh OITMCAHHUX
MaTeMaTHYHUX  MOJIENe  peanbHiil  JuHamii
iH(pOpMaIiTHUX TIPOIIECIB.
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IIpo nesiki Mogesi Ta MeToau po3B’sizyBanHsi | About some models and solving methods of

HEYITKHUX TPbOXiHJIEKCHUX TPAHCIIOPTHUX fuzzy three-index transport problems
3aga4
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B pobomi pozenanymo mooeni ma memoou nouyky onmumMansHo20 po36 3Ky HedimKux mpaHcnopmHux
3a0ay, pecypcu 6 AKUX 3a0aH0 Y U0l HeyimKux yucen. Posensanymo y3aeanvHenHs MemoouKu po3e a3anns
HeyimKoi mpaucnopmmoi 3a0a4i 3a yMO8U BUKOPUCMAHHS OeKIIbKOX PIGHIE HeUIMKOCMI 8 0OMEJHCEeHHAX ma 3
VPAXYBAHHAM BANCIUBOCMI 0OMedCeHb. 3anponoHo8aHo Cnocib 3acmocy8anHs po3pooieH020 nioxody O
PO38 ’A3aHHA HEUIMKUX MPbOXIHOEKCHUX MPAHCNOPMHUX 3A0a4 3a2albHO20 6U2iA0y. 3anponoHo8anutl nioxio
MOJCHA BUKOpUCMOBY8amu OJi PO36 SI3aHHA 0a2amOKpUMepianbHux Hewimkux MpaHcHOpmHUX 3a0ad 3
HeYimKo 3a0aHUMU O0OMedCeHHAMU Ha pecypcu. Bin 0o36onse 30ilicHiosamu NOUWYK eqeKmugHux 3a
CYKYNHICMIO KpUMepiié po36 s3Kie HeuimKux mpaHcnopmuux 3a0ay Ha MHONICUHAX OONYCIUMUX PO36 A3Ki8,
WO BUHAYAIOMbCA 3 YPAXYBAHHAM NAPAMEmMPI8 HeMOYHOCMI MA BANACIUBOCHT 0OMEICEHb.

Kurouosi cnosa: mpancnopmua 3a0aua, 6azamoin0eKcHa MOOelb, HeYimKi MpUKymHi Yucia, memoou
O3B s3V8AHHSL.

The paper considers models and methods of finding an optimal solution of fuzzy transport problems, the
resources of which are given in the form of fuzzy numbers. The generalization of the solving method of the
fuzzy transport problem with the use of several levels of fuzziness in the constraints and taking into account
the importance of the restrictions is considered. A method of application of the developed approach for
solving fuzzy three-index transport problems of general appearance is proposed. Proposed scheme in which
the values of needs of consumers or carrying capacities of intermediate points are defined as the fuzzy
variables. The proposed approach can be used to solve multicriteria fuzzy transport problems with fuzzy
specified restrictions on resources. As the properties of the transportation plan, indicators based on the
benefits of points of consumption are considered. This allows us to search for effective sets of criteria for
solutions of fuzzy transport problems on sets of permissible solutions, which are determined taking into
account the parameters of inaccuracy and the importance of constraints.

Key words: transportation problem, multi-index model, fuzzy triangle numbers, methods of solving.

CratTio IpeAicTaBuB [.T.H., ipod. ['apamienko O.T'.

3mict TpaHcropTHOI 3anadi (T3), sika € ofHUM 3  JOyr  MDK  HUMH, €  3ajJa4er0  JHIHHOro
MPUKIAIIB 3aJ]ad MaTeMaTWYHOro MporpamyBaHHs, mporpamyBanHs (3JII1), skmmo 3arajgbHa BapTiCTh
MOJISITA€ B PO3MOMAITICHHI ONTHMAIbHUM UYMHOM TiepeBe3eHb 1 OOMEeXeHHs Ha o00'eMH IepeBe3eHb
OJTHOPIJTHOT MPOAYKIIT TPyNu «BUPOOHHKIBY» cepell 3aJaloThCsl  JIHIMHEMH  QYHKIISIMH.  THTIOBOIO
TPYIIH  «CTIOXKHMBAUiB» 3 YpaxyBaHHAM 3aJlaHUX MPOOJEMOI0 € TPaHCIOPTYBaHHSA MPOAYKINI Bix m
0OMEKEHb Ha «IIPOIO3UIIII0» Ta «IIOMHUTY. BUPOOHUKIB 0 71 CTIOKUBAYiB.

HocmipkeHHI0  3agad  TPAaHCIIOPTHOTO  THITY Hexait 4;, ... , A, - BUPOOHHKH OJHOPIAHOTO
MPUCBSYEHO ~ Oararo  HAyKOBHX  MyOJiKamid MpPOJYKTY, MPHUOMY 00'eéM BUPOOHUIITBA B MYHKTI A;

(mampuknaz, [1-4]). V nmx poborax HaBOITLCA  cxnanae a; omummips i=1,m. Ilpumycrumo, 1o

SMICTOBHI  IIOCTAHOBKM  IIPUKJIATHAX  3a/1a4, ’IFI MIPOJYKT CIIOXKUBAETHCA B IMyHKTaX Bj,...,B,, a 00'em
3BOJMATHCS 1O TPAHCIOPTHUX, 1 (OPMYIOTBCA IX CTOKMBAHHA B TyHKT B; cknagae b; OuHWI,

MaTeMaTU4YHI MOJEII. i 1n T ) . .
. =1,n. TpaHCIIOPTHI BUTPATH II TaBLI OJWHULI
TpancropTHa 3ajava, sKa BHPIMIYETbCS Ha J=4 paHcrmop p 0 AOCTABIL OAMHUIL

MEpEXKi, 10 CKIIAJA€eThes 3 KIHIEBOro uncia By3ip i TPOAYKIIT 3 TYHKTY A; B IYHKT B; JOPIBHIOIOTE C;;

©€.B.Isoxin, [1.B.Amanacenko, 2017
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(i=Lm,j=1,n). 3agaua monArae y BU3HAYCHHI
Takoro IUIaHy TIepeBe3eHb, i=1,m, j=1,n, mpu
3allUTH  BCIX j=Ln,

SIKOMY CroxuBauiB B,

MOBHICTIO 3aJ0BOJIEHI, BCi MTPOAYKTH 3 IIYHKTIB

BUpOOHMITBa A;, i=1,m, BUBE3eHO Ta CyMmapHi
TPaHCHOPTHI BUTPATH MiHIMAJIbHI.
Jns mporo HEOOXigHO BH3HAYUTH MHOXKHHY

3HAYCHb X;; > 0, i=Lm, j=1,n, 0 3a10BOJBHSIOTH
yMOBam
n m
2 X =a; ) x%;=b;, (D
j=1 i=1
1 TaKMX, IO UiTbOBA PYHKIIIS
m n
Z=2.2.6% (2)
i=1 j=1
Jocarae MiHIMaJIbHOTO 3HAYEHHS.
TpancopTHa 3agada Mae Micue Yy pasi

MepeBe3eHHsI OJTHOPIAHOTO MPOIYKTY MK ITyHKTaMH
BUPOOHUIITBA 1 CIOKUBAHHA. Y pealbHUX CHUTYAIlisTX
JOBOJUTBCS 3/IMCHIOBATU TIEPEBE3CHHS, UIS SKHX
3arajibHa BapTiCTh TPAaHCIOPTYBaHHS 3alie)KUTh HE
TITBKY BiJl BiJICTaHI MK ITyHKTaMH, ajie 1 BiJ| iHIIHX,
iHomi  cyO'extmBHMX u4wHHUKIB. lle Bumarae
301IBbIICHHS 1HJIEKCHOCTI 3aaa4i. Ha mpakTuil 4acto
PO3TISAAOThCS OaraToiHAEKCHI TPAaHCIOPTHI 3aaadi
PO3MOITY pecypciB, IO OMUCYIOTHCS CYKYITHICTIO
CJIEMEHTIB TPhOX MHOXHUH: IyHKTiB BUPOOHUIITBA,
MPOMIKHUX TYHKTIB 1 TYHKTIB CHOXHBaHHS
OJTHOPITHOTO pecypcy, (hyHKITiOHATHHUIHA
B3a€MO3B'SI30K SIKUX TMPEJCTAaBICHUN Yy BUIJISIII
rpada. BararoingexcHi 3aadi posnonity
00MEXEHOTO OHOPITHOTO pPecypcy 3 0OMeXeHHSIMH
TPaHCHOPTHOTO THIIy € 3afadyaMH BHU3HAYCHHS
ONTUMAJIPHOTO IUIaHy TEpEeBe3eHb, 10 3a0e3mnedye
edextuBHe (YHKI[IOHYBaHHS CHCTEMH, TOOTO
3HAXOJ/KEHHS ONTHMAaIbHUX 00'€MiB BUPOOHMIITBA i
CIOKHMBaHHS 3  ypaxyBaHHSM  TPOITyCKHOT
CIPOMO>KHOCTI MPOMIKHUX MYHKTIB npu
TPaHCHOPTYBaHHI pecypcy.

EdexTrBHI aXropuT™Mu pimieHHs TPaHCHIOPTHOI
3amayi  Oynu po3poOJieHI Ui  BHIAIKIB, KOJIH
BapTICTh 1 Koe(iLliEHTH CIOKMBAHHS BiIOMI arpiopi.
[Ipote Ha  TIpaKTHLi JIOCTaTHBO 4acTo
PO3TIIAIAI0THCS IPUKIAIH, B SIKUX Il TapaMeTpu He
MOXYTh OyTH 3amaHi TouHo. Hampukiaz, BapTicTh
JOCTaBKM  MOXE  3MIHIOBaTHCS B Hpoueci
TPAHCIIOPTYBaHHA. 3allUTH HA 00'€eMU CIIOKWBaHHS
MOXYTh OyTH HEBH3HAYCHUMH uepe3 crenudiky
OKpEMHX HEKOHTPOJIbOBAHUX YHMHHUKIB.

BinnosigHa HewiTka TpancnoprtHa 3agada (HT3)
MoOxe OyTH 3amiucane y BUTIISII:
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minZ = Zzgijxij 3)
i=1 j=I1
IIPY OOMEKECHHSIX
i'xu:’\;’ 121’_, ileZEJ, J:Ln, (4)
=1 i=1
>d=2b, ®)

%20, i=Lm, j=ln.

Po3srisiHeMO TpaHCHIOPTHY 3anady HEYiTKOro
BUPOOHUITBA 1 PO3MOAITY pecypciB, 00'eMH SKHX
3aJaI0ThCSl HEYITKMMH TPUKYTHUMH 4YHCIaMu [5]
~ 1 r . T 7 ! r .71
ai:(aisaiaai )9l:15ma bj=(bj,bj,bj),]=1,n, He
BEIMYMHM  JIOMyCTHMHX  Bigxunen 0<dal <a,,

r l r . 1.
a; 20, Osbjsbj, ijO,j=1,n,

BU3HAYAIOTh TPAaHWYHI 3MIHHM PECypCiB MOJIEI.
BenuuuHM TpaHCIOPTHUX BUTpPAT IO JIOCTABI

i=1lm,

OMMHMLI  mpoxykuiic;,i=1,m, j=1,n, Oynemo

BBa)KAaTH Harepe/1 BiJOMUMH.

B mpoMy BHmagKy TpaHCIIOPTHA 3aja4a MOXKeE
po3rmsgaTthcs K HEUiTKa 3ajada  JIHIHHOTO
OpOrpaMyBaHHSI 3 PECYpCHHUMU OOMEXKEHHIMH Y
(hopMi HEUITKMX TPUKYTHUX YHWCEN, (QYHKIA I

m n
AKOi Ma€ BUJ Z= ZZC,.jxij — min.
i=1 j=1
HeudiTki BenMUWMHHM pecypciB B OOMEKCHHSX
MOYKHA 3aITCaTH y BUTIISI

a; =(q; —ﬂaf,ai,ai +a;),i=1,m,
b;=(b; = Ab\,b,,b; + b)), j=1,n.
To/i Ha OCHOBI BU3HAYCHHS HEYITKOTO PIllICHHS
benmmana-3ane HT3 moxxHa nepenucat y dopmi
max A
3 00OMEKEHHAMU

iicvxﬁ AU, -L)=L,

i=1 j=I

[

1

n

r r

, E xij+2a' <a;+a;,
j=1

n

!
Z)cij —Aa; 2a;—a
j=1

>b, b, Y x;+ b, <b,+b,

i=1

ixij - lbé
i=1

D(a;—aj +Aa)) =) (b, - b + Ab"),

i=1 j=1

m
z (a; +a;
i-1

0<A<I, x;20, i=Lm, j=Ln.

—2a) =Y (b, +b) — b)),

j=

OueBnaHO, 10 JaHa 3ajJadya € KJIaCU4YHOIO
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3amageto JIII, mys 3HAXOMKEHHS pillleHb SIKOT MOYKHA
3aCTOCYBaTH OyJIb-sSKUW BapiaHT CUMILIEKC-METO/A.

AnprepHaTuBHHN crocid pimenHs HT3 moxe
OyTM OTpUMaHMA Ha OCHOBI  BHKOPHCTAHHS
JICKIJIbKOX PIBHIB HEYITKOCTI B OOMEKCHHSX 3a]1a4i.

Hexait BimoMo, 10 JOMYyCTHMi BiIXWICHHS B
OOMEXEHHAX Ha pecypcH He3aleXHi. 3aluiemMo
HEYiTKI BENWYMHU pecypciB B OOMEKEHHAX Y
BUTIAIL

_ L1 ror
a; =(a; — A, a;,a;,a; + 4, a; ),

7 I gl ror
b, =, —Ab,bj,bj,bj + 257,
efot], 4

BI/IKopI/ICTOByIO‘II/I JIEKiTTbKa PiBHIB HEUITKOCTI B
OOMEXEHHAX, MOXHa c(hOopMyIIOBaTH  3ajauy
OaraToKpuTepialbHOI ONTHMI3aIlil ISl MOIIYKY
po3B’s3kie HT3: 3Haiitm 3Ha4YeHHS mapaMmeTrpiB

Ay Ry veves By s Ky seeis By o s Ay €[0,1],
ﬂij,/lz clo], j i=1,n, A, €[01], sxi e pimenmsm

3aja4i JIiHIHHOTO MPOTrpaMyBaHHs 3 KPUTEPiIMHU

=

A € X2 €0l i=Lm, j=ln

i=l,m,

) r
A, —max, ﬂal —>max,...,/1,,n — max

Ta OOMEKEHHIMU BUTISLAY

izn:%x,y AU, -L)=L,

i=1 j=1
n / / / n
r r r
inj — A0 Za; —a;, inj +A4,a; <a;+a;,
— =t

m

gl 1 S rogr r
Z;x,.j ~ 2, b} 2 b; = b}, zllxj + 2, b} <b; +b],
Z;‘(a" —a; +/1;ia§)=zl(bj ~bj + 4, b)),
= Jj=

m
Z(ai + air
i=1

~Z,al) = (b; +b; ~ %, b)),

j=1

Aelon], 4.z, 01], A o, €[0], x; >0,
i=lm, j=Ln.
VY pa3i BeNMKOi KUIBKOCTI OOMEKEHb IS

BUPIIIEHHST OTPUMAHOI 3aJadi MOXXHA 3aCTOCYBATH
METOJ TIEPETBOPEHHS OOJIACTI JIOMyCTUMHX PillIeHb
Ha OCHOBI OJM3BKOCTI 0OMeXeHb a00 BUKOPHCTATH
METOJ TOpPIBHSIHD IS PAH)KyBaHHS BaXIJIMBOCTI
HEYITKHX 0OMEexeHb [6].

[lpumyctimMo, 1O € MyHKTH BHPOOHMIITBA,
MPOMIKHI ~ TYHKTH 1  MYHKTH  CHOXHBaHHS
OJTHOPIZHOTO  MPOAYKTY. 3aJaHi MaKCHMaJbHO

MOKINIKBI 00'€eMH BHUPOOHHMITBA MPOIYKTY KOXHHUM
MYHKTOM BHPOOHHIITBA, MIHIMAIGHO JIOYCTUMI
00'€eMU CTHOKMBAaHHS TMPOIYKIlI KOXHUM ITYHKTOM
CIOXKMBaHHs, OOMEXEHHsI Ha 00'eMH IepeBe3eHHS
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NPOIYKTY BiJl KOXKHOTO ITYHKTY BHPOOHHIITBA JI0
KOKHOTO TPOMIDKHOIO MYHKTY, OOMEXKEHHS Ha
o0'eMH TIEpeBE3CHHA NPOAYKTY BiJl KOXHOTO
OPOMDKHOTO  HYHKTY 10  KOXHOTO  ITyHKTY
cnokuBaHHs. [loTpiOHO 3HAWTH TIaH TEepeBe3eHb,
mo 3abesmeuye  edexTHBHE  (YHKLIOHYBaHHS
CHUCTeMH 1 3aJI0BOJIbHAE€ OOMEXEHHSM ITyHKTIB Ha
BUpPOOJICHI, CHOXHTI Ta  mepeaaHi  o00'emu
OJTHOPITHOTO TIPOJYKTY.

[TozHaunmo depe3 [ — MHOXHH IyHKTIB
BHPOOHUITBA, J — MHOXXHH ITPOMDKHUX ITyHKTIB, K —

MHOKMH IYHKTIB CHOXUBaHHA, A, i=11, -
MaKCHUMaJbHHI 00'€M BUPOOHMIITBA TPOAYKTY
IyHKTOM  BUPOOHWIITBA I B, , k=LK,

MiHIMaJIbHO JOMYyCTUMHHA 00'€M TPOAYKTY, SIKHHA
HEOOXIZIHO JIOCTaBUTH B IIyHKT CIIO)KMBAHHS;

C[jaizlalﬁ.j:la‘la -
HpOI[yKTy, sAKa MOXKE 6yTI/I JOCTAaBJICHE 3 IMYHKTY
BI/IpO6HI/H_[TBa i B HpOMl)KHI/II/I ITYHKT

JsDj s J —1J k—lK -

OPONYKTY, SIKUA MOXXe OYyTH [OCTaBICHUHA 3
npOMbKHoro TyHKTY j B IIYHKT CIOXMBaHHA k;

=11,j=1J,k=1LK,

sika OyJie mepeBe3eHO 3 MyHKTY BUPOOHUIITBA I uepes
NPOMIKHHUI MYHKT j B MyHKT CIIOXUBAHHS K.

3arajpHa MaTeMaTHYHA MOJENb IpoliemMu
HIEPEBE3CHHST OJJHOPIHOTO MPOAYKTY € HACTYITHOIO
CHCTEMOIO O6Me)KGHI)

szuk -

MakCUMaJlbHa  KUIBKICTB

MakCUMaJIbHUIA 00'eM

Xiji » L - KUIBKICTb IPOJYKTY,

=1 k=1
(o0'em BHUPOOHHUIITBA MPOAYKTY MTyHKTOM
BUPDOOHUIITBA  HE  TOBHMHEH  IEpPEBHIYBaTH

MaKCHMaJIbHO MOYJIMBOTO 00'eEMY);

szuk =

i=l j=1
(IyHKT CHOXXMBaHHS TIOBHHEH OTpUMaTH 00'eM
MPOAYKTY HE HWKYE MIiHIMAIBHO JOIyCTUMOIO
00'emy);

quk =

(o0'eM  mepeBe3eHHs TPOMYKTY BiJ  IyHKTY
BUPOOHHUITBA JIO MPOMIDKHOTO TMYHKTY HE IOBHHEH
MEPEBUIILYBATH MaKCUMAIILHO JIOIyCTUMOTO 00'eMy);

lejk =

(o0'eM mepeBe3eHHS MNPOAYKTY BiJl MNPOMIXHOTO

IIYHKTY [0 ITIYHKTY CIOXHWBaHHSA HC IIOBHUHCH

MIePEBUIITYBATH MAKCUMAJIBLHO JTOMTYCTUMOTO 00'eMy);
l]k 20
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(mpupomHi 0OMEKEeHHS Ha 3MiHHI).

Sx kputepii ONTHMAIBHOCTI, IO BHU3HAYAIOTh
edeKTUBHICT,  (YHKI[IOHYBaHHA CHCTEMH, SKi
MOXKYTh 3aJI€KaTH BiJ] PI3HUX MMOKA3HUKIB IIYKaHOTO
IUIaHy TEepPEeBE3CHb, PO3TIITHEMO BapTiCHI MOKa3HUKU

i :1,_1, - cobiBapTiCTh
ONMHUII  TPOIYKIIii
BUPOOHUIITBA [} bk,kzl,_K, iHy peamizarii
O,I[I/IHI/II_Ii nponyxun ITyHKTY k;
Cii»l 11 _]—1 J, — BapTicTh JOCTaBKH OJHMHHIIL

MPOAYKIii 3 MyHKTy BUPOOHMIITBA [ B TMPOMIKHUI

many. Ilo3Haunmo yepes a, ,

BI/Ip06HI/IHTBa ITYHKTOM

CIIO’KMBaHHA

nyskt jid ., j=1,J,k=1,K , — BapTicTh 10CTaBKH

OJTMHUII TIPOAYKIIii 3 MPOMIXKHOTO TYHKTY j B ITyHKT
CHOXXKUBaHHA k. 3a7ada MiHIMI3aIlil BUTpAT MOIATAE
y BHU3HAYEHHI TAaKOTO IUIaHY TIIEPEBE3CHb X

i=1,1,j=1J, k=1K,

O0OMEKEHHS, Ha IKOMY KpUTepiit

I J K
zzz(ai +Cij +djk)xijk — min

ijk

IJI1 SIKOI'O BUKOHYROTBCS

i=l j=1 k=1
npuiiMae ONTHMAJIbHE 3HAUCHHS.

3amaya MakcuMizamlii JIOXOAy IOJSATaE y
BU3HAYCHHI TAKOrO IUIAHY MEPEBE3CHD Xy , i=11,
j=1,J, k=1,K , IUIsL  SIKOTO BUKOHYIOTBCS
OOMEXEHHS 1 TpUiAMAaE ONTUMAIbHE 3HAYCHHS
KpHUTEpii

1 J K
ZZZ[) Xy —> max.

i=1 j=l k=1
3amaya Makcumizarii

npuOyTKy TOJsIrae y

BU3HAYEHHI TaKOI0 IJIaHy TICPEBE3CHD X, :1

j=LJ,
O0OMEKEeHHS
KpHUTEpii

1

ijk 51

k=1,K,
i

JJIA SAKOIro BUKOHYIKOTBCA

HpHﬁMae OIITUMAJIbHE 3HA4YCHHA

J

2.
=1k

Y 4KOCTI TOKa3HWKIB IUIaHY MOXY OyTH
PO3MIISIHYTI TOKA3HWKH, 3aCHOBAaHI Ha IepeBarax,
BU3HAUYBAHUX  KOHTPOJBOBAHHMHU  €JIEMEHTaMH
cucreMd. llpumyctuMo, 1m0 KOHTPOJIBOBAaHUMHU
€IeMEHTAaMH CHUCTEMH € IIyHKTH CIIO)KMBaHHS. 3

KOXXHHM 3 TYHKTiB criokuBaHHi k=1, K Oymemo
3B'sI3yBaTH (YHKI[IO T[epeBaru, sKa BH3HAYAE
repeBary CIoKHBaya o0 00'eMy CIIOKHTOTO HUM
NpoayKTy. BigmiTmo, 110 00'€eM  HOPOIYKTIB,
CHOXKUTHX €JIEMCHTOM, BHM3HAUYAEThCS Y BUIJIAIL
I

PIPIE
i=1 j=1

Ba)KKO BHU3HAYWUTHU CBOi MEPEBaru o0 MOKIUBOTO

K
(by ¢; —d )X —> max.

1

—_

i

k=1,K. Ha mnpakTuii crHoxaBadam
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00'eMy KOXXHOTO 3 CIHOXXHTHX HHMH TPOIYKTIB.
OnauM i3 CcrocOOIB 3aBHaHHS TaKWUX IIEpeBar €
METOJl PAHmKUPYBaHHS IHTEPBAIIB  BiIMOBIIHUX
o0'emiB mpoxykry. Popmamizamisi Takoro pomy
mepeBar TMOB'sI3aHAa 3  BU3HAYCHHSM  KIHIEBOL
BKJIAJICHOI TIOCJIIOBHOCTI 1HTEPBANIB BiAMOBIIHUX
o0'emiB mpoxykTy. Hexail KOXHHI i3 CIIOXKHBadiB
3ajac p+1 +1 BKJIAJICHUX IHTEpBaJiB

[By,B1, l—O p k= 1 K . BkuageHicTe iHTEpBaliB
O3Havae _ HaCTYMHHX YMOB
[By»By1<[ByisBial, 1= OP 1, k=LK . Tax

intepBan [By,,B;,] € Hail0inbul BaKIMBUM IS

BUKOHAaHHs

cnoxuBada k ,k=1,K, intepan [B,,B;;] MeHm

BaxmBuM 1 T.0. Tomi ¢yHKmii mepeBaru
BH3HAYAIOTHCS  SIK  KYCKOBO-TIOCTiMHI  (yHKIii
HACTYITHOT'O BUTJISY:
- +
0, ecmm ue[B,,,B;,],
[, ecm naiipercal e{l,...,p}
P (u) = _ oy _ N
€[By,Byl.u#[By1, Byl
+
p+1, ceC/m ue_i[ka,ka],

ne ueR, k=1,K. Toni 3amaua BuOopy HalOiIbII
e(EeKTUBHOTO IUIAHy IIEPEeBE3CHb CTaBHUTBCA SIK
HACTyIHA 3aJladya OaraToKpUTepiabHOT ONTHMI3allil:

HEOOXIZHO ~BM3HAYMTH IUIAH IIEPEBE3CHb Xy ,

i= 1,_1, j= I,_J Lk = I,_K , JUIA SIKOTO BUKOHYIOTHCS

OOMEXEeHHS 1 NPUHMAIOTh ONTUMAaJbHI 3HAYCHHS
KpuTepii, M0 BH3HAYAIOTh IE€peBard IyHKTIB
CTIOKHBaHHS:

L J
&, (sziik) —min, k =1,
i=1 j=1

VY cuTyamifix, KOJIM CIIOKMBa4i HE MOXYTb
(dopmanizyBatn cucTeMy BKIAJACHHX IHTEPBAJIiB
3Ha4eHb 00'eéMiB HEOOXIHOTO MPOAYKTY, MOXKHA
BUKOPHCTATH HEUITKUH MIIXiJ] JUIsl 33/1aHHS BETUNYUH

HEOOXiJTHUX pecypciB.

[loznaunmo [b,,c,], k= LK, Ziana3oHu

HaNOiIBI BaXIUBUX [uid criokuBauis k, k=1,K,

o0'emiB mpoaykry. [lomycTuMi BigXWJIEHHS B
o0'eMax HEOOXIHOTO  CHOXHMBAaYaM MPOIYKTY
3aJaMO |y BHUINIAAI 3HaueHb a, <b, 1 ¢, <d,,

k=LK, npu yomy Bemmunuuda,,d,, k=LK, €
BIJIIIOBIHO HaNMEHIITNMA 1 HaWOUIBIINMHA
3HAUYEeHHAMH 00'€eMiB HEOOXIJZHOIO CIIOKHBavaM
pecypcy. lle no3Bossie ¢dopMaii3yBaTh YHCIIOBI
3HAYEHHS moTped y  BUTISI HEYITKUX
TpameueifaabHuX  4HCel  =(a,b,c,d,),

k=1,_K [5]. Ilpumyckatoun JTiHIHHUH XapakTep
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(GyHKIIT ~ HaNeXHOCTI, OTPUMAEMO  HEUITKY 3a7adi 3 YpaxXyBaHHAM BaKJIHMBOCTI OOMEXEHb.

TPaHCHOPTHY 3aAady 3 NPOMDKHUMH ITyHKTaMH 1
O0OMEXEeHHAMH Ha O0'€MH CIIO)KMBAHHSA PECypCy Y
(hopmi HepiBHOCTEH 3 HEUITKOIO MTPABOIO YACTHHOIO

I J I J
22 22
i=l j=I i=1 j=1
ne v =(a.b.b), v, =(c,,¢c.d,), k=LK, -

HEYITKi  TPUKYTHI  YWClIa, IO  BU3HAYAIOTH
MiHIMaJbHI 1 MAKCUMAaJIbHI TOTPEOU TIPOTYKTY.

X, <v., k=LK,

X > ik S

ijk =

BucnoBku. B poOoti posrmsHyTO MOzem Ta
METOAH TOLIYKY ONTHMAIBHOTO PO3B’SI3KY HEUITKHX
TPaHCIIOPTHUX 3a/ady, PEeCypcH B SKHUX 3aJlaHO ¥y
BUTJISIAL HEUITKUX 4Kcelsl. PO3risHyTO y3araabHEHHS
METOAMKH PO3B’SI3aHHS HEUYITKOI TpPaHCIOPTHOI
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3anpornoHOBaHO CIOCiO 3aCTOCYBaHHS PO3POOIJICHOTO
MTOIXOTY JUTST PO3B’sI3aHHS HEYITKUX
TPBbOXIHACKCHUX TPAaHCIOPTHUX 3aJa4 3arajibHOr0
BHLJISTY. 3anponoHoBaHUN T 7T MOXKE
BHKOPHCTOBYBATHUCS JUTST pO3B’sI3aHHS
0araToKpuTepialbHUX ~ HEYITKAX  TPAHCIIOPTHHUX
3alad 3 HEYITKO 3aJaHUMH OOMEKCHHSMHU Ha
pecypcu. lle no3Bonsie 3mifiCHIOBAaTH  MOIIYK
e(eKTUBHUX 3a CYKYIHICTIO KpPHUTEpiiB PO3B’S3KiB
HEYITKAX TPAHCIOPTHUX 3aJad Ha MHOXHHAX

JOTIYCTHMHUX PO3B’SI3KiB, 10 BH3HAYAIOTHCS 3
ypaxyBaHHSIM napaMmeTpiB HETOYHOCTI Ta
BaKJIUBOCTI OOMEKECHb.
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B pobomi poszensinymo 3a0auy usHauenHs nopsioKy GUKOHAHHS 3a0aHOI CYKYNHOCIE poOim, NPoeeoeHH s
AKUX 300e3neY)ye MaKCUMAIbHO epekmusHull po3noodil HAsIBHO20 4aco8020 0OMedxcenHs. Pozensinymo mooens
0anoi 3a0ayi 34 yMO8 HemOYHO020 BUHAUEHHS MEPMIHI8 BUKOHAHHS OKpeMUux pobim, uwo Onucyromscsa 3d
O00NOMO2010 HEUIMKUX MPUKYMHUX Yucel. 3anponoHo8ano Memoo po3e s3aHHs OMpUMAHOT 3a0ayi UAAXOM
dopmysanna ouckpemrnozo eapianmy 3a0adi onmumizayii Ha ocHosi npoyedypu 36edeHHs. [[ns peanizayii
onepamopa NOPi6HAHHS 3HAUEHb QYHKYIT NPUCMOCOBAHOCMI BUKOPUCIAHO CROCIO NOPIBHANHA THMEPBATIbHO
3a0anux yucen. 3anponoHosamull nioxXio Modkce e@eKmueHO BUKOPUCMOBYBAMUCS Olsl NIAHYEAHHSA
NOCAI006HOCMI BUKOHAHHSL 3A0AHOI KIIbKOCmi podim, wo nompedyiomb uaco8020 PO3NOJILY 3d YMO8
Hemo4HO 3a0aHux 00CA2i8 4acy GUKOHAHHSL.

Knrouosi crosa: 3adaua po3nodiny wacosozo pecypcy, Heuimkicms, MPUKymHui HeuimKi Yucia, QyHKyis
NPUCMOCYBAHHS.

The paper considers the task of determining the order of execution of a given set of works, the conduct
of which ensures the most efficient distribution of the available time limit. The form of the problem of
discrete programming, to which the problem of distribution of a temporary resource is reduced, is given. A
model of this problem is considered in the conditions of inaccurate determination of the timing of the
execution of individual works, which are described with the help of fuzzy triangular numbers. A method is
proposed for solving the obtained problem by forming a discrete variant of the optimization problem on the
basis of the special reduction procedure. The form of the fitness function for a solution containing
uncertainty is given. To implement the operator for comparing the values of the fitness function, a method is
used to compare the interval-defined numbers. The proposed approach can be effectively used to schedule
the sequence of execution of a specified number of jobs that require the efficient time distribution in
conditions of inexact specified amounts of execution time.

Keywords: the problem of allocation of time resource, fuzzy, triangular fuzzy numbers, the function of
adaptation.

CratTio nipefcTaBuB J.T.H., ipod. ["apamenko @.I.

3agada eheKTUBHOIO BHKOPUCTAHHS 4acy po3-  e(EeKTHBHICTb, MOXHa c(HOpMyJIIOBaTH 3aaady y
TIIAAEThCA K OfHA 3 KJIACHYHUX 33]a4 PO3MOJITY  BHIJISAAI ONTHMI3AIiiHOI 3a1a4i.
(pesepByBaHHA) pecypciB 3amaHoro o0'eMy 3a Posrngsmemo m BHKOHaBIIB (MamWH), IO
MHOXHHOIO KaTeropiit (po0ir). IlocraHoBKa Takoi  BOJIOAIIOTH PI3HOIO MPOAYKTHBHICTIO. [IpumycTumo,
3aja4di TOJSra€ B 3HAXO/PKEHHI IUIaHy BHUTpaT IO 3aJaHO CYKYIHICTH pOOiIT, SKi 3rpyloBaHO B p
HasfBHOTO pecypcy (y HAmIOMy BWIIAAKy TakuM TuliB (0e3 oOMexeHHS MO)KHa BBa)KaTH 3a/aHO p
pECypcoM € TOHATTA Yacy) Ha BHUKOHAHHA Aeskoi poOit). KoskeH BukoHaBellb ke€{l,..m} Moxe
CYKYITHOCTI 3aBJaHb, NPH SIKOMY CyMapHe (iTorose) BUKOHYBaTH OyIb-sIKy pOOOTy, ajne Ajsl BUKOHaHHS
BUKOPHCTAaHHA pECypCy € ONTUMAILHUM. poOOTH i-r0 THUIy BHKOHABII MOXYTh BUTpadyaTu

Jlnst BU3HAYCHHS MOPSAKY BHKOHAHHS POOIT,  pisppii yac. Leii daxr BPAXOBYETHCS
TIPOBE/ICHHS AKHX 3a0e3Medye MAKCUMANBHY YaCOBY  TeXHOIOrIYHOK MATPULICIO

© €.B.IBoxiH, B.O.HaBpoacekuii, 2017
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(1
t pm
e 1, — YaC BUKOHAHHA p06OTI/I TUITY I BUKOHABLIEM

k. HeobOximHo po3mMOmUIUTH p podiT MO m
BUKOHABI[IM (CKJacTH IUIaH poOiT) Tak, 1100
3araJibHAN 4ac BUKOHAHHS POOIT, MO0 OOYUCITIOETHCS
3 TOYaTKy poOOTH TMepumioro BUKOHABI 1
3aKiHIyeTbca 32  (aKTOM  3BUNBHEHHS  BCIX
BUKOHABIIIB, OyB MiHIMaIbHUM. BiamosigHo 10
HoTamii, omucanoi B [1], chopmynboBaHy 3amaqy
MO3HAYMUMO y BUTIIsLAL RmlICmax.

Y kinacM4HOMYy BHIAIKY, € f, € R, 3amauy

MOJKHa 3BECTH 10 33/1a4l JAMCKPETHOTO TpOorpamy-
BaHHsI HACTYITHOT'O BUTJISILY

p
maxZCik t, —> min

i=1

)
c; 20,i=1p, k=1m,
Ie c; — KUIbKICTh NPU3HAYEHUX POOIT THUILY I JJIs

BUKOHABIsL k, n; — 3araibHa (CyMapHa) KUTBKICTb
pobit tuny i. CykynHicTh oOMexeHb B 3amadi (2)
rapanTye, mo Bci poboTm OyayTh 3alydeHi 10
po3kiany. Po3m’s3ok 3amaui (2) dopmyerbes y

Buraai matpuui C={c;, } i

PosrisiHEMO MaTeMaTH4YHI MOJIEIN OITHMI3aLiii-
HUX 3aJ]a4u CKJIaJaHHs PO3KJIaay B YMOBaX HETOYHUX
TaHUX.

[MpunycTrMo, 10 TOYaTKOBa iHQOpMAIsS st
3agadi Rml//Cmax € HaOMMKEHOI 1 3a/Ja€Thes Y
BUTJISII TPUKYTHHX HEYITKHX qHcen

Ty =ty >ty > 1) > AKi IPENCTABIAOTH COGOKO OMH 3

MiaXodiB 10 ¢opmaizaiii HETOYHMX BEJIMYMH.
[lopanns iHdop-mawii mpo yac BUKOHAHHS POOIT y
TAKOMY BUTJISIII € HAWMOIIUPEHIIUM CIIoCO00M
MpeJICTaBJIeHHs HeBU3-Ha4YeHO1 iHpopMalii.

OTKe, MOYAaTKOBI JaHl MarOTh BHUIUISL HEYITKOI

TexHonoriunoi marpuui T ={f;} .,

MaTpHuIIl,
KOMITOHEHTH SIKOI ITO/Ial0ThCS HEYITKUMH TPUKYTHH-
MU 3HAa4YeHHSMH 4Yacy BHKOHAHHS poOit. s
pO3B’si3aHHS  3a7adl IUTAHYBaHHS  PO3TIISTHEMO
MIAXiJ, 0 JO3BOJUTH OTPUMATH CyOONTHMATbHUN
IIJIaH.

Ilin 36edennsim 3amadi 70  JUCKPETHOTO
BapiaHTy 3ajadi ontumiszamii (2) OynemMo po3yMiTH,

o 3 Matpuii 7 MoOXHa oTpuMaTH maTtpumoo 1 3a
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JIOTIOMOTOI0 OOYHCIIEHHS 3HA4YEHh EJIEMEHTIB « -
3pi3iB 3a Gopmyoio [2]

*fa(tik)zaf,;k+(1_a)tik > (3)
ne a <[0,1].
[Ipu pizHUX @ OTPUMYEMO Taki BapiaHTH
IUTaHYBaHHS:
e a—l, MECUMICTHYHE TUTAHYBAHHS

(omrTEMizaIliss 3a MaKCHMaJIbHUM YacOM BHKOHAHHSI
po0it);

e o —0, ONTUMICTUYHE TUTAHYBAHHSI,

e o—0,5, mmaHyBaHHA 3a  CepemHIMHU
BEITMYUHAMU;

e o~q,, INIaHYBaHHA, B paMKaX SKOIrO
opmyerbest  oxkpema  matpuus A ={c},.,, 32
KO0 KOXKHOMY €JIEeMEHTY f;, CTaBHThCS Y
BIAIIOBIHICTH cBilf  KoedimieHT oy IS

[IEPETBOPEHHS T yT.

Marpuus A ={ay},,, Moxe Oytn chopmoBana

0c00010, 0 TpUAMae pilieHHs (EKCIIepTOM), TOMY,
SIK HACJiJJOK, MOYXHAa TOBOPHUTH TPO BUKOPUCTAHHS
excrieptHol iH(opmanii. OnHak, 3HAHL EKCIEPTIB
MOXX€ HE BHCTAYUTH JJIsi TOYHOTO BHU3HAYCHHS
Koe(imieHTiB, i3-32 4Oro po3B’S3KH 3amadi OyIyTh
HEONTHMAITbHUMH. ABTOMAaTH3yBaTH HaJallTyBaHHS
MaTpulli A MOXHA 3a JOMNOMOTIOK 3aTyueHHS
00epHEHOro 3B’A3KY, X04a MPH IIbOMY MAIOTh MICIe
TaKi mpooeMu:

npo0jieMa HaBUaHHS — IUJIKOM 3P0O3YMIiJIO,
o0 OTPUMATH ONTHMAaJbHI 3HAYEHHS Koe(illi€HTiB
o;, HEMOXIIMBO, TOMY X BHOIp HMEpeTBOPIOETHCS B

OKpeMHii  iTepaliiHMi  Tpolec, NPUIOMY 3
ypaxyBaHHSAM 3MiH yMOB 3ana4i R,,//C,,.; KpiM TOTO,
HeoOXi/THO 320€3MMeUnTH MoeTarHy aKTUBHY MTPOOHY
NepeBipKy Ha OCHOBI CIIEIiaibHO OPTaHi30BaHOTO
MIOIITYKY METOJIOM CITPOO i TOMHUJIOK;

npoOiieMa OLIHKK — BaXKO BH3HAYMUTH,
HACKUIBKH TOTOYHE 3HAUeHHs ¢, Kpalue abo ripiie

3a iHIIe.
Heszanexxno Bix BHOOPY « HEBU3HAuYEHICTb
010 Yacy BHKOHAHHSA POOIT «WIKBIIYETHCI» JIO

eTamny pO3B’A3yBaHHS 3aa4i JUCKPETHOTO
nporpaMmyBaHHS (2).
IHmmii  cmoci6 0a3yerbcs Ha  TOMYy, IO

PO3B’s130K 3anadi (2) GpopMyeTbCs 3 BUKOPUCTAHHIM
¢ynkuii nmpucrocyBanHs. Lle BuMarae npoBeneHHS
pamKyBaHHS pe3yNbTaTiB PoO3B’si3aHHs 3amaui (2),
CIHMpAaIOYuCh Ha MpaBwia OOpPOOKH HEWITKUX
TPUKYTHUX 4ucen [3].

O04YMCIMMO  (PYHKINIO MPUCTOCOBAHOCTI IS
po3B’s3ky C, 10 MICTHTh HEBU3HAUYCHICTH
(BpaxoByroun c; =0):
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LA P — SKIIO  HAcHiAKM  OAHAKOBI,  IEPerysIaeThes
R(C)= mkaxz Coly = mkaxz [ca Lig > Ci Uiy 1= HaWKpalui BUMaJI0K.
= - BucHoBku. B poGori posrisHyTO 3amady
BU3HAYCHHSA TMOPAAKY BHUKOHAaHHA 3az[aHo'1'

P p _
= rnlflx([z CitirD Caly 1=[C,C1. (4
=l P

Peanizariito omeparopa IOpIBHSHHS 3HAa4YCHb
(yHKIIT TPUCTOCYBaHHA TPOBEAEMO HA OCHOBI
crocoOy TOpPIBHSHHS IHTEPBAJIBHO 3aJaHUX YHUCEI
[4]:

S(R(C))>S(R(G,)) = R(C)>R(Gy), ()
mpu o=0.5. OmHak, KOHKpPETHO i 3amadi (2) 3
IHTEpBATBLHO 33JaHMMH TEPMiHAMU BHKOHAHHS
pOOIT TOMYCTUMIM € BapiaHT

R(C)>R(C,) = (C,>C) V(G =Cy) A
AC > Cy)). ©)
BiamoBigHo mo (6) mpu TOpiBHSHHI IUIaHIB
BBOJIUTBCS TPIOPUTET Yy MOCHTITOBHOCTI MEPEBIPKH:

CIIOYATKy aHaI3YEThCS HAWTIPIIMHA  MOXKIIMBUN
BHIIAJI0K BUKOHAHHS POOIT 3a IJIaHOM, IICIS 4Oro,

Cnucoxk BUKOPUCTAHUX JIZKepeJt

JKoanosa E.I. Teopus pacnucanuil.
Mocksa: MI'Y, 2000. — 136 c.

Jho b. Teopus 1 npakTUKa HEONIPEAEIEHHOT O
nporpammupoBanus / b. JIro. — M.: BUHOM.
Jlabopatopus 3nanmii, 2014, — 416 c.

Anegenvo I'. BpeneHue B HUHTEpBajIbHBIC
Beruucnenus/ I'.Anedensn, F0. Xepubdeprep.
— M.:Mup, 1987. — 360 c.

Jlooponey b.C. VHTepBambHas MaTeMaTHKA.
Yuebnoe mocobme/ b.C.JHoOpowner.
Kpacnospck: «CDVY», 2007. — 287 c.
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CYKYIHOCTI pOOiT, MpOBeNeHHA SKHUX 3a0e3redye
MaKCUMaJbHO €(EeKTUBHHUI PO3MOJiN HAasBHOTO
9acoBOro oOMekeHHS. Po3ristHyTo Monens JaHoi
3ajJadi 3a YMOB HETOYHOTO BH3HAUEHHS TEPMiHiB
BUKOHAHHS OKpPEeMHX pOOIT, IO OMHCYIOTHCS 3a
JIOTIOMOT OO HEUITKHX  TPUKYTHHX qrCel.
3ampoItoHOBAaHO METOXI PO3B’SI3aHHSA  OTPHUMAaHOT
3aja4i UUIIXOM (OPMYBaHHS AUCKPETHOTO BapiaHTy
3aja4i onTUMi3alii Ha OCHOBI MPOLETypPH 3BEACHHS.
Jns peamizamii omepatopa IOpiBHSAHHSA 3HA4Y€Hb
GyHKUii TPUCTOCYBaHHS ~ BUKOPUCTAHO CHOCIO
NOPIBHSHHS ~ 1HTEPBAJIBHO  3aJaHUX  YHCEN.
3anmpomoHOBaHUK — WiAXix  MOXke  eEeKTHBHO
BUKOPHCTOBYBATHCS TSt TUTAaHYBaHHS
MOCJTIIOBHOCTI BUKOHAHHS 3a/1aHOT KLIBKOCTI pOOIT,
o0 TOTPeOYIOTh YacOBOTO PO3MOAUTY 332 yMOB
HETOYHO 33JaHUX OOCSTiB 4Yacy BUKOHAHHS.
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B cmammi pozensoaemvcsa sunaoxosuili npoyec, wo  3a0A€EMbCSA  PO3B A3KOM  CHOXACMUYHOZO
Jughepenyianvroco pisusnusi. OCHOBHOIO Memol0 podomu € 6CMAHOGIEHHS YMO8 ACUMHMOMUYHOT
JucunamusHocmi maxozo npoyecy. 3a0aua acuMnmomuyHoOl OUCUNAMUBHOCME OYIIa PO3STAHYMA A8MOPAMU
071 npoyecie, Wo 3a0ar0mvCsl PIGHAHHAMU 3 BUNAOKOBUMU CKAA00BUMU THA MAPKOBCHOKUMU NEePEKTIOYEHHAMU
6 cxemax OugysiiHol anpoxcumayii ma acumMnmomuyHo manoi ougysii. Lfi docrioxncenns 6asysanuco Ha
nioxooax, sxi Oyau pospobneni B.C.Koponwoxom, a makodic, HA 6CMAHOGNEHHI YMOE OUCUNAMUBHOCT
oughysitinux npoyecis, npeocmasnenux ¢ pooomax P.3 Xacmincvroeo. Biominnicmo danoi 6 cmammi 3adaui
nojsiecae 8 momy, wo UXiOHe PIBHAHHS 3aaedcums 8I0 Oeskoi 0odamuoi Koncmanwmu f,u0 0038015€ HaM

ompumamu 8 epanuyHomy npoyec Opuwumenina-Ynenbexa, 3a UKOHAHHL 000AMKOBUX YMO8, HAKIAOCHUX HA
3cy6 ma mampuyio oupysii epanuuno2o npoyecy. Baowciueoro maxodic € 3a0aua 6CmManoSNeHHs YMO8
ACUMIMOMUYHOT HOPMATLHOCMI 2PAHUYHO20 RPOYECy 6 CXeMi SUKOPUCTAHHA MAN020 Napamempy, o
osnauae 6ymu npoyecom Opuwmetina-Ynenbexa 0ns epanuynozo npoyecy. Taxum wunom, € cmammi
6CMAHOBNEHO OOCMAMHI YMOBU ACUMAMOMUYHOT OUCURAMUBHOCI Y3a2anbieHo2o npoyecy Opuuimenna-
Vaenberxa 3 maproecokumu nepekiioueHHAMY, 2PAHUYHUM 00 5AK020 € Kiacuunull npoyec OpHumetina-
Vaenbexa.

Kmiouosi cnosa: acumnmomuuna oucunamusHicms, npoyec Oprwmetina-Yaenbexa, po3e 30k npoonemu
CUHSYTIAPHO20 36YPEnHs, MAPKOBCHLKUIL Npoyec.

In the article the random process, which is determined by the solution of the stochastic differential
equation, is considered. The main goal of the work is obtaining the asymptotic dissipativity conditions of
such process. Asymptotic dissipativity task was considered by the authors for the processes, which are
presented by the equations with random components and Markov switching in the diffusion approximation
scheme and scheme of small diffusion. These investigations were based on the approaches, which were
developed by the V.S. Koroliuk, as well as on the receiving the dissipativity conditions of the diffusion
processes, which are presented in works of R.Z. Khasmins kyi. The difference of this research is that the
initial equation depends on some positive constant [5,which allows us to get in the limit the Ornstein-
Uhlenbeck process with fulfilling additional conditions on the shift and diffusion matrix of the limited
process. It is also important problem of the obtaining the asymptotic normality conditions of the limited
process in the scheme of small parameter applying, what means to be an Ornstein-Uhlenbeck process for the
limited process. Thus, in the article sufficient asymptotic dissipativity conditions of the generalized Ornstein-
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Uhlenbeck process with Markov switching, limited to which is classic Ornstein-Uhlenbeck process, are

found.

Key Words: asymptotic dissipativity, Ornstein-Uhlenbeck process, solution of the singular perturbation

problem, Markov process.

CrarTio nipeacTaBuB 1.T.H., tpod. [apamenko O.I".

Considering the evolution process, which is
represented by the solution of stochastic differential
equation[1]

du® (1) =— ,BC[ug(t),x[LDdt +
&

; (D
+0'(u‘g(t),x(—j] dw,.u’(t)e R’,
&
where u°(f) — random evolution, 7>0;
C(u;x)eC? (Rd,-) — regression function; w,—
Wiener process; o(u,x) — diffusion; &— small

series parameter;

ergodic Markov
measured phase

L >0— constant; x(#) — uniformly
process, which is defined in the
space of states (X,X)[2] with

stationary distribution 7(B),B€ X .
For the Markov process x(t),z>0, there exists
generator, which is given by the formula[2]

Qp(x) = ()] O(x,dyp(y) — p(x)]
For the generator Q the potential

R, =11-(11+Q) ',
Is defined, where TIlg(x)= Iﬁ(dx)¢(x)
X

2

projector on the subspace of zeroes of Q
N, ={p:Q¢p=0}.
Limited evolution u(¢) is defined as a solution of
equation
du(t)=a(u@))dt +ou@)dw@), (3)

ac

a(u) =~ Cu, x)x(dx).

Limited diffusion o(u) is represented in the form
o(u)-o ()= B(u),
where

B(u)= % [0 (w,x)7(ax).

The averaged regression function and the square
of limited diffusion is equal, respectively, to

[c,x)x(dx) =u, (4)
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®)
So, the limited process (3) is an Ornstein-
Uhlenbeck process|[3].

There is also determined the operator L(x) as
follows

J. o’ (u, x)m(dx) = 2.

Lx)p(u) =[a() + BC(u, x)]p'(u) +

6
+{B(u)—%02(u,x)}qo"(u). (©)

Theorem. Let Liapunov function V(u)eC’(R?)

is defined for the determined system

du
— =a(u),
0 ()

which fulfills the conditions
C1:|C(x)R,L(x)V (1) |< M,V (u),M, >0,
C2:|C(x)R,L(x)V (1) |< M,V (u),M, >0,
where
C(0)p(u,x) = C(u, x)¢'(u,x),

€ (P9 =2 w0 ). (D

Also there are inequalities
a@)V'(u) <—cV(u),¢, >0, (®)
sup ||o(m)|[<c,,c, >0. 9)

ueRr?
Then system (1) is asymptotic dissipative[4].
Proof of theorem.
Lemma 1. For
process

the two-component Markov

u’ =u(t), x; ={£}t20
&

generator L’ (x) defined in the foem

L (x)p(u, x) = &' Qp(u, x) -
—PC(x)p(u, x) +C,(x)p(u, x).

Proof. Generator of the Markov process on
perturbed test-function is represented by formula

(10)
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g_lq(t)Eu,x [(B(MHA ’XHA)]A =

L (x)p(u,x) =
:lAiggi[E[(o(ug u’ =u, =& Q(t)Eu \'[(D(I’t’xH-A)+¢'(u’xt+A)AM]A:
v =x] (b =&qE, ,[p(u,x,.,)]A+
Let us consider separately the conditional +&"'q(NE, [9'(u,x,.)Au]A+o(A).
expectation

E[(o u’ W =, x = x] _ Then conditi:)nalgexpectation takes the form

= E, [ 0(uf,5:x.0) |- plu,), E, [0t st ] = B, [0, 0] -
Herefrom, for first term ~& 40, u [(p(u,x)]A e Q(t)E”" [(p'(u,x)Au]A "

+& 'q(E, , [p(u,x, )] A+

X5 0.>&'A)+1(0.<s'A)|.
u X |:¢(MI+A A):||: ( >& )+ ( & )] +£71q(t)Eu i [(DV(M,XH_A)AM]A + O(A) _ ¢(u,x).
Here I(&x > g“A), I(&x < g‘lA) — indicators of ’

time, which system spend in the state x. Therefore, generator (11) takes the representation

Indicators have form 1
1(6,>&'A)=1-5"g()A +0(A), L (0)e(,x) = lim—E,  [p(,,, )] -
1(0,( S g*'A) = gilq(l’)A —+ O(A) _llm%glq(t)Eu . [go(u’x)]A _
A0 ”

Hence for the conditional expectation
Eu,x I:q)(u[iA ’xziA ):| =
=F u_ LX) 1-e'g()A+o(A) |+ 1 _
u,x [q)( t+A )][ q( ) ( ):' +1ingX£ lq(t)Eu’x [¢(u,xt+A)]A+
- A—>
+E, . [0, 1o%.)][ £ a)A+0(A) | =
u X [¢(ut+A "x)] g_lq(t)Eu,x [¢(ut+A’x)]A +
+te q(t)Eu.x [(D(MH—A ’xt+A)]A + O(A) +hmlo(A) — hml(p(u,x) =
A50 A A0 A
To the term & 'q(1)E,  [@(u,,,,Xx)]A apply the
decomposition to the Taylor series on the evolution.

As a result 1 [ ]
- —lime q(E, . |@'(u,x)Au|+
& IQ(t)Eu,x [@(MHA,X)]A = A—0 ’

=&"'q(0) E, .0(u.x) + E, 0'(u, x)Au | A+ 0(A) =

1 - 1
—lim—¢ lq(t)EH [(0 (u,x)Au]A +
A—0 A
1o .
+11n%X8 qE, [(0 (u,x,,, )Au]A +
A—

1 _
= £1£13XEMX [QD(MHA,X)] - IAILISS IQ(t)Eu,x [(B(M,.X)] -

+1Air%s‘1q(t)Eu,X [o(u,x,,,)]+

=& 'q(OE,  [pu,x)|A+&"'q()E,  [¢'(u,x)Au]A+ +1Ai£ré€7161(t)Eu,x [0'(u, x,, ) A ] = (u, x).
+o(A). From integrating formula (1) in the interval
Substitute given result in the expression for the [t,t + A]
conditional expectation A s
Eu,x [(D(M;iA ’xtiA)iI = Eu,x [¢(ut+A’x)] - uHA U ﬂ ‘!. C(u (S)’x(;]]ds -

—&"'q(1)E, ) |A=-eTqOE, o', x)Au]A+ e

A0E, [otu0)a=5"a0E, o] N [ a2 de

+e q(E, , [go(u,+A XA )] A+o(A)—o(u, x). 1

1+A
Au=u,, —u=-p I C[u (s) x(i)devL

From using the Taylor’s formula again, get

+HjA [u (s), x( de

(12)
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Substitution of obtained expression for Au to the

1+A 2
difference gives +%qo"(z,x)(f (u (s), x( de] +limi0(A).
A—0
lAing e 'q0E, [¢'(u,x,,)Au]- !

—limé&'q()E, ,[¢'(u, x)Au] = From here
A—0 1 E . t]A ) (s) . S dw x|
N Eil%gilq(t)E“’x [¢)'(u’xt+A) - ¢7'(M, x)]AI/l = 1A1£>I(% “ A¢ < 2 < s
1
:lAiH%gilq(t)Eu,x[ﬁﬁ'(”,xrm)—(/"(u,X)]x ~o(u, x)_ilinAEu @(z,x)+

M

Pl el
*T"(”“”’J‘GDM‘J:O' +%<o"(zsx)[”f (1 “(5), GD J

Thus for generator L’ (x) —H%K(D(M,X )-
L (0)p(u,x) = Since .
1 [ & i _
= hm E, [o(u,,,,%)]- hmg '9(DE,  [p(u,x)]+ ¢'(z.x) '!‘ G(M (s),X(ngws =0,
+1Am3 £q(t) E,, [ o(u, xHA)] — o(u, x). Then finally the elxpressmn takes the form
For the first and the last terms, with using form of lAiE%XE”"" [(/)(z,x) a (a(u,x)} *
u’ ., have 1 1+A s 2
1 +—(0"(z,x J(ug(s),x(—dexj .
lim_Eu,x [¢(MI+A,X)]—¢(M,X) = 2 )[ ‘!. 3
A—0 A .
) Let's return to the replacement in the second term
= lim_Eu,x [Q)(U,+A,X)—§0(M,X)] = 1 1 A
A0 A —lim— E”(/’ ( )[I ( “(s),x jd ]

t+A 2 A0
= hmll:Eux(/)(u C[u (S) x( Dds + t+A
oA ~Liim—~ Eu(p ( CEu (5), [5 st xe
A 2 A0 &
+J. [ “(s), x( )jdw xj (I/t,x):|. +A
t X(J‘ [u (5), x( deJ .
Make a replacement &

t

i s Herefrom, using a Taylor series expansion, get
Z:u—ﬁj ut(s),x ds | A 2
t & s _
and substitute to the found expression 51;_1}1 E.o ( )L ‘!- a(u (S)’x( ngWS] -

1 1+A 1
lim— EM(/D[z+I ( “(5), x( de xj o(u, x). =§02(u,x)(p"(u,x).
A~>0
Substitute the received representation in the

From the Taylor’s formula .
expression for the generator

t+A
1imlEu x(p{z + I O'[ug(s),x(indws,x] =
A>0A y &

o1
- lAIL‘%A Eu,xCD(Zax) +

() [ o [u (5), x(ngw v

t
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L (x)p(u,x) =

= kir%e”q(t)Eu,x [o(u,x,,)]- gir%e*q(t)Eu,x [@(u,x)]+

1
+£iiréKE”"‘ [(p(z,x) - qo(u,x)] +

+%G2 (u,x)(p"(u,x).

From formula (2) for the generator of the Markov
process, the following equality follows

lAi1%871Q(t)Eu,x [(/J(I/t, Xira )] - lAin%gflq(t)Eu’x [Q)(U,X)] =
= 1Aiilég_lq(t)Eu,x [¢(M,XHA) - ¢(I/t, .Xf)] =
= iirr%«?*lQﬁﬂ(Max) =& 'Qp(u, x).

Thereby,
L' (x)p(u, x) =

=&"'Qo(u,x)+ %02 (u,x)(p"(u,x) +
1
Him—E, [ ¢(2.%) — g (u.x) ] =

=&"'Q0(u,x)+ %0'2 (u,x) " (u,x)+

{w(u _ ﬂ’*f C(us(s),x(éjjds,xJ—q;(u,x):l -

=&"'Qp(u, x) + %O'Z (u,x) " (u,x)+

1
+lim—E
N

1
+£i—I}3K E,. [(p(u,x) -

C(ue(s),x(ijjds - qo(u,x)} _

=&'Qp(u,x) + %02 (u,x) " (u,x)+

fronfel)e]

=&"'Qp(u,x) + %02 (u,x) " (u,x)—
—BC(u,x)¢'(u,x),

which, taking into account the expressions in
formula (7), completes the proof of the lemma.

Lemma 2. On perturbed test-function ¢°(u,x),
which defines from the equality

9" (1, x) = p(u) + £, (u, ), p(u) € C*(R") (13)

t+A

—By'(u,x) j

t+A

.1 |
+1A1_1}3ZEM,X {_ﬂ(ﬂ (M,X) '!‘
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generator L°(x) allows an asymptotic representation
L' (x)g° (u,x) =
=[Qp,(u,x) = BC(xX)p(u) + C, (x)p(w)] + (14)
+60° (X)9" (u, ),

where residual term 67 (x)has form

" (0)¢" (u, x),==SC ()@ (u, x) + C, (x)¢ (1, %). (15)

Proof. From substitution (13) into (9), get
L (x)¢* (u,x) = &' Q[o(u) + £¢, (u, x)] =
~BC0)[ @) + £, (1, x) ]| +
+C, (x)[p(u) + &9, (u, x) | =
=& 'Qp(u) + 0, (u,x) ~ BC(x) -
—fC ()@ (u, x) + C, (X)) + £C, (xX)¢, (u, x) =
= &' Qp(u) +[Qg, (u,x) = BC(x) + C, (x)p(u) |+

+e[C, ()@, (u,x) = PC ()@, (1, x) ]
Taking into account that @(u) does not depend on ¥,

have Qg(u)=0. Considering the obtained result and

the form of the residual term 6°(x),receive the

generator (14).
Lemma 3. Generator of the two-component
Markov process

u’ =u’(t),

On perturbed Liapunov function
Ve (u,x)=V(u)+ &V, (u,x),V(u) e C*(R") (16)

Using the scheme of the solution of the singular
perturbation problem has the form

L (x)V*(u,x)=LV(u)+ cb(x)p(u), (17)

where L— limited generator represented by the
formula

LV () ==BV'(@w)[ C(u, x)7(dx) +
iy "(u) j O'ZX(u,x)ir(dx) (1%
2 X
and residual term
O(x)V () = = C(xX)R, L(x)V (1) + C,(x) R, L(x).
19

Proof. Generator (14) in (16) has representatio(n )

L x)V(u,x)=

=[QV,(u, x) = BC(x)V () + C (x)V ()] +
+&£6° (x)V* (u, x).
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From the second solvability condition of singular
perturbation problem

OV (u,x) = FC(x)V (u) + C,(x)V (1) = LV(u);
OV, (u,x)=LV(u)+ C(x)V (1) —C,(x)V (u).
Let us substitute

C () - pC(x) = L(x),
then

OV, (u,x) = LV(u)— L(x)V (u),
QV,(u,x) =[L- L()]V(w),
QV, (u, x) = L(x)V (w),
where L(x)=L— L(x).

Vi(u,x) = Roi(x)V(u).
For the limited generator

Hence
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LV (u)=TIL(x)V(u)= 1_[[C1 (x)— ﬁC(x)]V(u) =
=IC,(x)V (u) - PILC(x)V (u) =

=—BV '(u) j C(u, x)7(dx) + %V "(u)j o (u, x)7(dx),

which coincides with the representation(18).
Now substitute (20) to the residual term (15),
considered on perturbed Liapunow function

O (x)V* (u,x),=
—BC(X)R,L(x)V (u) + C,(x)R,L(x)V (),

which completes the proof of the lemma, taking into
account the formula (19).

The end of proof of the theorem coincides with
proof of the theorem in [5].
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B cmammi 3anponomosano 3acmocysamHs MeXHONO2I NONKAHANLHOZO MOHIMOPUHZY POOOYUX
Xapakmepucmuk CUHXPOCUSHANIB, AKA O036015€ KOHMPOIIO8AMU MA NPOSHO3YEAMU AKICMb POOOMU Mepedc
CUHXPOHI3ayii yugposux menekomyHikayit. Y saxocmi ¢ghopmysaua onopHozo cucHany, OJia NpOoGeoeHHs.
BUMIDIOBAHb  BIOXUNIEHHA Yaco8oeo inmepsany BYIl, 6yno euxopucmano npucmpiu CcuHxpowuizayii i3
3anpPONOHOBAHUM AOANMUEHUM YUPDPOBUM PA308UM OUCKPUMIHAMOPOM, OPUSIHANLHICIb K020 3aAXUUEHA
namenmom Yxpainu Ha 6UHAXio.

B pobomi naoano onuc mexnonoeii noniKaHaibHO20 MOHIMOPUHEY mMa MOdCAUsocmi il peanizayii ma
BUKOPUCMAHHA 8 AKOCHI KOMN TOMEepHO-iHmezpo8anoi cucmemu agmomMamu308anH020 MOHIMOpUH2y 24x7
CUHXPOIHGOpMaYil cyuacHux yu@posux merekomynixayiinux mepesc. Hasedeno pesyromamu eumipiosais i
BUKOHAHI CMAMUCMUYHI OOYUCTIEHHS OCHOBHUX NOKA3HUKIG, WO 3A0Al0MbCsl €6PONENCoKUM CMAHOapmom
ETS 300 464-4 ma nposedeno ix nopieusanHs 3 Hopmamu. 3anponoOHOBAHO SUKOPUCMAMHA MEXHONO02IU
NOMIKAHAILHO20 MOHIMOPUH2Y BIOXULEHHS YACO08020 IHMEPEANy NPU GUPIUEHHI NPAKMUYHUX 3a0ay O
BUABNIEHHS NOYAMKY MACOBAHUX Kibepamak y cyuachux yugposux IP-mepedicax.

Kurouosi crnosa: yugposi mepesici, monimopune, cunxpocueHan, adanmayis, azosuti OUCKpUMIHAMOp,
ONOPHULL CUSHAL.

The paper proposes the application of the technology of multichannel monitoring of the working
characteristics of clock signals, which allows to monitor and predict the quality of work of the
synchronization networks of digital telecommunications. As the driver of the reference signal for measuring
the deviation of the time interval TIE, a synchronization device with the proposed adaptive digital phase
discriminator was used, the originality of which is protected by the patent for the invention of Ukraine.

The paper describes the technology of multichannel monitoring and the possibility of its implementation
and use as a computer-integrated system for automated 24x7 monitoring of synchroinformation of modern
digital telecommunications networks. The results of measurements and statistical calculations of the main
indicators are given, set to the European standard ETS 300 464-4 and compared to the standards. The use of
technologies for multichannel monitoring of the time interval deviation is proposed in solving practical
problems for detecting the beginning of massive cyber attacks in modern digital IP networks.

Keywords: digital networks, monitoring, timing, adaptation, phase discriminator, reference signal.

CratTiO IpeAcTaBuB A.T.H., pod. [apamenko O.T'.

© B.B. Kosais, /[.0. Kanbss,
M.M. Xyaunues, B.I1. JIucenko,

O.B. Camkos, LIO. HIknspescokuit, 2017 88


mailto:v.koval@nubip.edu.ua
mailto:v.koval@nubip.edu.ua
Luyda
Typewritten text
88


Bicnux Kuiscbkoco nayionanbHo2o yHieepcumemy
imeni Tapaca Lllesuenxa
Cepis @izuxo-mamemamuyni HayKu

Introduction

In this article describes the specifics of measuring
timing of synchronization information are discussed
and the need to create a computer-integrated system
for automated 24x7 monitoring of synchronization
information is demonstrated [1, 2]. That allows to
monitor and predict the quality and stability of
modern digital networks. This paper is designated to
the development of technology of multichannel
monitoring of synchronous signal performance, to
experimental studies of manufactured adaptive
synchronization devices of the automated 24x7
monitoring system [3] and to the use of such
technologies in modern digital telecommunications
networks [4].

Specifics of measuring clock signals
characteristics

The measurements of the characteristics of clock
sync signals are based on the comparison of these
signals and the reference (calibration) signal [4, 5].
They are implemented basing on regular and
continuous measurements of the parameters of the
synchronization signals and are mandatory part of
the control systems of the synchronization network
as a whole. Measurements of the characteristics of
the synchronization signal in the network must be
carried out at different levels in order to have a
complete picture of the signal state at key points of
the network.

The methodic of measuring the timing
characteristics of the clock signals of modern digital
networks depends to a large extent on the indicators
measured and on the basis of which the analysis and
evaluation of the results are performed. Among
many indicators designed to assess the
characteristics of the stability of time and frequency
for rationing the requirements for synchronization
interfaces with International recommendations and
standards (ITU-T and ETSI) and other regulatory
documents [5 - 7], the five indicators in the area of
time measurements are defined:
maximum time interval error (MTIE);
time deviation (TDEV) — square root of time
variance (TVAR);

Allan deviation (ADEV) — square root of
Allan variance;

modified Allan deviation (MADEV)
square root of modified Allan variance;
square root of the time interval
error (TIE, ).

TIE, s and MTIE are determined basing on time
error, while ADEV, MADEV and TDEV - are
theoretically determined on the basis of the process
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x(t), that is, random time deviations obtained from

their deterministic components.

A common expression describing the
pseudoperiodic wave that simulates the signal is
written:

s(t) = Asin dD(t), (1)
where 4 — amplitude;
@(t) — the total instantaneous phase that

expresses an ideal linear phase that grows with time,
and any frequency displacements or arbitrary phase
fluctuations.

The time function 7(r) of the generator is

determined from the point of view of its
instantaneous phase, by equation:
D(r
where V,, oy, — rated frequency.
Time error function TE(t), which in the

standards is denoted by x(¢), between time 7'(¢)

and the reference time 7 .(¢#) is defined by the

ref
formula:
x(t) = TE@) = T() — T,y (0. (3)

Measurements of the time error in the interval 7,
starting from the instant ¢, are called the time

interval error TIE,(7) and are determined by the
following equation:

TIE,(r) =TE(r +7) —TE(?) 4)

The function of the maximum time interval error

MTIE(T,T) is determined [5] on the basis of the
concept of the deviation of the time interval as the
maximum span of changes in the error of time at all

possible observation intervals T within the

measurement period T:

MTIE(7,T)= max { max TE(t)— min TE(?);. (5)
0=ty <T—t |t <t<ty+r ty<t<ty+t
Recommendations [5] define MTIE as a function
of 7, keeping in mind the following T to infinity:

MTIE(7) = }im MTIE(z,T). (6)
—0
In practice, most of the technical requirements of
International recommendations and standards are
based on two indicators of the five adopted, namely
MTIE and TVAR.
Time variance TVAR is determined by the

equation:
3

ol(r)= %Mod ayz(y), 7

where o (z) - Allan variance.
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Fig. 1. Structure for automated multichannel 24x7 monitoring

Due to the regular and continuous measurements
of the parameters of the synchronization signals, a
quality control of the synchronization network as a
whole is ensured. Monitoring of the synchronization
signal in the network must be carried out at different
levels in order to have a complete picture of the
signal state at key points of the network.

Traditionally, synchronization networks are
monitored using two methods [4] (monitoring the
performance of the synchronization network signal
and monitoring the performance of the feedback
signals). However, these methods have a number of
drawbacks, which can be significantly eliminated
through the introduction of the technology of
multichannel monitoring.

Multichannel monitoring technology

The proposed technology of multichannel
monitoring of the characteristics of synchronization
signals [1] differs from the known ones in that it is
based on the use of geographically distributed, by
objects of telecommunications, precision control
devices (PCD) that simultaneously perform long-
term measurements (hours, days, weeks) of several
synchronization signals and a joint statistical
processing in a specialized server of a centralized
network management system.

90

Figure 1 shows a scheme for automated
multichannel 24x7 monitoring of clock signals
(generator and line signals). The system contains
precision control devices that are synchronized with
an external signal, for example, a GPS receiver
signal, and provide a measurement with respect to
the reference signal of the characteristics of the sync
signals according to the TIE parameterto The
reference  signal is  synthesized by the
synchronization device with the phase-locked loop.
The resulting TIE information is converted into a
digital code and transmitted to the server

In order to provide low cost and the possibility of
reliable control over the parameters of digital
network elements, the metrological characteristics of
the PCD have an internal phase noise estimated by
the deviation of the TDEV(7) of approximately 2 ns.

The main type of monitored clock signals is
2,048 MHz. Additional option is available - 2,048
Mbps. As the source of the reference signal, a GPS
receiver with a rubidium generator and an output
signal of 10 MHz (Sin; U>0,25 V; R=50 Ohm) is
used, the characteristics of which comply with ITU-
T G.811. As a reference signal for metrological
certification, it is possible to use a signal of nominal
frequency of 5 MHz (Sin; U>0,25 V; R = 50 Ohm).
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Forming reference signal by an adaptive
synchronization device

In order to guarantee low cost and the possibility
of reliable control of the parameters of digital
network elements, the metrological characteristics of
the PCD have an internal phase noise evaluated by
the deviation of the time interval TDEV(t) of
approximately 2 ns.

An option 1is available with an adaptive
synchronization device implemented on the basis of
a phase-locked loop with adaptive properties. In this
case, the reference signal of the PCD with a
frequency of 2,048 MHz is formed by a
synchronization device with a phase-locked loop and
an integrated ultra-precision reference signal
generator that is controlled by the microcontroller
through a 20-bit digital-to-analog converter. The
PLL integration constant can be changed via the
external interface. The PCD performs TIE
monitoring for 2,048 MHz (2,048 Mbit/s) clock
signal at a sampling time interval equal to T = 200
ms with allowed quantized values of 0,2 ns;
performs digital processing for the observation
interval T=1sec and reports TIE data in digital
format for output via the external interface. For the
purpose of visual monitoring of the operation of the
PCD, an indication of the status and results of
monitoring on the built-in liquid crystal display are
provided.

Experimental studies of the adaptive
synchronization device of the automated 24x7
monitoring system of synchroinformation

The complex of researches of the manufactured
laboratory model of the PCD with an adaptive
synchronization device was developed and
implemented.  Patterns were obtained, that
substantially supplement the idea of the nature of
control for providing adaptive and optimal modes of
transient processes and high accuracy in the static
state of synchronization devices with phase locked
loop. In particular, it was confirmed that for the
implementation of speed-optimal synchronization
devices with phase-locked it is necessary to control
the phase discriminator itself. At the same time, a
single-level system was transformed into a system
with a two-level hierarchical regulator, the structure
of which is obtained by the results of solving the
synthesis problem and implemented as a computing
device.

For the practical implementation of the optimal
control law, the use of an adaptive digital phase
discriminator (ADPD) is proposed, the originality of
which is protected by the patent for invention of
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Ukraine [7]. The technical solution of the invention
provides an adaptive controlled formation of a code
combination about the magnitude of the phase angle
of two mutually independent periodic pulse
sequences and increasing the reliability of the
representation of measurement results in a digital
form.

To wverify the theoretical results obtained,
complex experimental studies of the laboratory
prototype of the PCD with an adaptive
synchronization device were done. The schema for
measuring the output signal of the adaptive
synchronization device ASD is shown in Fig. 2, and
the results of TIE measurements and the calculated
statistical characteristics of the MTIE and TDEV of
the synchronous signal at the output of the ASD
connected to the reference frequency source and
their comparison with the norms of the European
standard ETS 300 464-4 are shown in Fig. 3 and Fig.
4 and Fig. 5.

The results of the implementation of the
automated system for multichannel 24x7
monitoring of synchronization information

To implement the proposed technology of
multichannel 24x7 monitoring of clock signals,
an original precision control device was
developed, called the sensor block SB-1 (Fig.
6), which is part of the control and measurement
system for the quality of synchronization signals
(CMS-8).

The computer-integrated multichannel 24x7
monitoring system of clock signals operates on

existing telecommunication networks and
provides the possibility of continuous
monitoring of the quality parameters of

synchronization signals (Fig. 7) in key nodes of
telecommunication networks instead of the
periodic measurement (audit) procedure. The
results of monitoring are published on the web
site of the communication operator "Ukrtelecom"

The system of multichannel monitoring of clock
signals has the following service capabilities:

- visual display in real time of the current state of
a specified number of objects (images - individually
for each object;

- a visual updated mapping of the correspondence
of all characteristics to templates (images - by MTIE
and TDEV separately with a group of graphs on
each image)
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Fig.2. Workplace scheme for processing information obtained as a result of short-term measurements of the output
signal of the adaptive synchronization device (ASD) connected to existing IP network
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Fig. 3. The results of measurements of the TIE of a clock signal of
automatic synchronization device connected to the reference
frequency source
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Fig. 4. Statistical characteristics of maximum time interval error
(MTIE) of the clock signal at the output of the automatic
synchronization device connected to the reference frequency
source and their comparison with the norms of the European
standard ETS 300 464-4
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Fig. 5. Statistical characteristics of the time deviation (TDEV) of
the clock signal at the output of the automatic synchronization
device connected to the reference frequency source and their

comparison with the norms of the European standard ETS 300
464-4

Fig. 6. Block of sensors SB-1 of the control and measurement
system of the quality of synchronization signals (CMS-8)
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Fig. 7. Dialog box for monitoring the quality of
synchronization signals

- the presence/absence of alarm messages (i.c.,
inconsistencies of signals to templates) is displayed for
a specified period of time, the current status (presence /
absence of an alarm at the moment), and the threat of an
emergency state (the trend of approaching controlled
characteristics to the template level).

In addition to this visualization, it is possible to
perform statistical processing of measurement results,
aggregate measurements over the previous period and
accumulate averaged values over a longer period,
process periods with accidents, archive and store results
with the ability to process queries, configure
measurement modes, etc.

This a system provides, firstly, direct, independent
and reliable results of monitoring the quality of the
synchronization signal in a network with centralized
management and accumulation of data and, secondly, it
is possible to:

a) visually represent signal characteristics in real
time at the central control point of the network;

b) combine processing of measurement results,
accumulation and storage, archiving and statistical
processing, which is provided by the use of a
specialized server of the measurement and control
system for the quality of synchronization signals, which
also serves as the end user terminal,;

¢) access to data on signal quality for past periods,
as well as the ability to predict future signal quality
behavior, long-term monitoring ("cross-linking" of
individual measurement arrays), and planning the
development of a synchronization network.

It should also be mentioned that it is possible to
transform the measurement and control system for the
quality of synchronization signals from one server to a
"client-server" system of any complexity that provides
multi-user access to monitoring results.
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Conclusions

In this paper, a computer-integrated system for
automated 24x7 monitoring of synchronization
information was introduced, which allows to monitor
and predict the quality of functioning of
synchronization networks for digital
telecommunications, and also provides the potential for
monitoring the transmission of the time scale, using the
precision IEEE-1588 protocol, to identify the beginning
of massive cyber attacks in modern digital IP-networks.
It was shown how the adaptive synchronization device
provides the forming of a reference signal using the
proposed adaptive digital phase discriminator (ADPD),
its originality is protected by the patent for the
invention of Ukraine, and a complex of studies of the
manufactured laboratory model of the synchronization
device with adaptive properties connected to the active
IP-network. During the processing of the measurement
results, statistical calculations of the main indicators of
MTIE and TDEV, set to the European standard
ETS 300 464-4, were performed and compared with the
norms. According to the results of experimental
research and technical operation, it can be stated that
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the computer-integrated system of automated 24x7
monitoring of synchronization information is the
modern nanotechnology system that is produced in
Ukraine and is used on modern networks to monitor the
characteristics of clock sync signals. The system
provides direct, free and reliable results of monitoring
the quality of the synchronization signal with
centralized management and accumulation of data and
allows not only to find and localize synchronization
problems in a timely manner, but also to predict the
quality and stability of the operation of digital
telecommunication systems and networks.

Improving the quality of synchronization
information will allow to expand the range of services
provided by operators and providers of modern digital
telecommunications networks, increasing the speed and
volume of transmitted information, its reliability, and in
the future, creating conditions for organizing new
services, for example, a single accurate time, increasing
cybersecurity, mastering new technologies in the
economy and defense.
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Cmeopeno iHghonoziune nOOaHHA CILOBHUKIE YKPAIHCLKOI MOBU, AK MHOMCUHU THpiHimueis, ¢hrexcii, ma
napamempie Ci0803MiHU Ci8, ma IHEPOI02IUHEe NOOAHHS CLOGHUKIE JHCeCMOBOL MOBU, K MHOICUHU JHCECMIE
ma napamempis, wjo ix Xapakmepusyloms, pO3POOIEHO MEXAHI3M NOOAHMA BIOHOWIEHb MIdC ClO8aAMU
VKPAIHCbKOI Ma dcecmamu Hcecmogoi MO8 y ueisidi y3a2aibHeHUX epaMamuyHux KOHCMpPYKYiti ma 36 si3Kie
MidiC cecmamu i Cr08amu; pos3pobiieHo iHGopMayiliny mexHono2io O0isi 30IUCHEeHHs A6MOMAMU308AHO20
nepekaaoy 3a 00NOMo2010 OMPUMAHUX MOOeell.

Kurouosi cnosa: inghonoziuna mooeins, Hecmosa mMosa, 2pamamuiti KOHCMPYKYii.

The paper proposed an approach and the algorithm and program realizing the technology of automated
translation from Ukrainian text language to corresponding analogues of Ukrainian gesture language. The
infologic model of dictionaries of Ukrainian and gesture language was developed. For these models, the
authors proposed and realized the algorithms of creating the sequence of words and sequence of gestures,
creating the sentence structure and structure of the gesture sentence, obtaining the number of the sentence
structure for the sentence in Ukrainian and also obtaining the corresponding number of the structure of the
gesture sentence by the number of the sentence structure in Ukrainian. The paper proposed the method of
presenting the connections between Ukrainian words and gestures by general grammatical constructions
and links between gestures and words. By using the obtained models, the information technology of
automated translation from oral speaking to gesture language was created. The further research work is
directed to create a web-program of the information technology for online Internet translation as well as to
test the proposed technology with more sentences.

Key Words: infologic model, gesture language, grammar construction.
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Beryn Jlexcuka  pO3MOBHOI  KECTOBOI MOBM L€
BaxnBoro Ha chorogHi € mpoOieMa CTBOPEHHS HENOCTaTHHO BHBYEHAa, OCOONMBO  iflioMaruka,
cydacHUX  iHQopMamiifHMX  TexHosorid, 1o ¢paseosnoris, Mopdoioris. He MoxHa BTHUCHYTH

BKJTFOYAIOTH aJITOPUTMH, 34 JOTIOMOTOIO SIKHX MOJKHA
Oyno O po3poOIATH HOBI KOMII'IOTEPHI CUCTEMHU
HAaBYaHHA Ta KOMYHIKamii Ui Jrofed 3 Bajgamu
ciyxy. st Tl BUpIIICHHS 3alIPOITIOHOBaHA KOHIICTIIIisT
iHpOpMaIiHHOT TEXHOJIOT1{ HeBepOaIbHOTO
CHiNKYBaHHS TakuXx jrojaei [1]. OqHUM 3 HaNpSIMKiB
KOHIICMIII € CTBOPEHHS aBTOMAaTH30BaHOI CHCTEMH
MepeKIay 3 yKpaiHChKOi Ha )KECTOBY MOBY [2].

© 10.B. Kpak, O.B. bapmak, B.C. KacbsHI0K,
1.I. Bompunna, 2017

PO3MOBHY JKECTOBY MOBY TIyXUX B TpPaaulliiiHi
Mopeni JiHrictuk. s onucy ¢akriB mopdosorii
PO3MOBHOT JKE€CTOBOI MOBM HaHOINbINE ITiAXOIUTH
OITKC 32 MPHHIUIIOM: BiJ| 3HaYCHHS — JI0 (popMHu.

CucremMa  aBTOMAaTU30BAaHOIO  IepeKiany 3
YKpaiHCBKOi Ha JKECTOBY MOBY nependavae
CTBOpEHHS MHOXHHHOI ~ MOJei CIIOBHHUKA
ykpaincekoi MoBM [3] Ta peamizamii i Juis

MOKJIUBOCTI MOACIOBAaHHSA Bi,Z[HOBi,Z[HI/IX OB’ I3aHUX
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y3araJbHEHUX rpaMaTHYHUX KOHCTPYKIII KJlacy, MAaioTh OJHAKOBi (uekcii y BiIAMOBITHUX

yKpaiHChKOi Ta xecTtoBoi MoOB. Ilpm upomy n0
po3rmany OepyThCsl TINBKH IMPOCTI  pEUCHHS.
BBaxarumemo, IO JOBLIbHE CKJIaJHE PEUYCHHS
MO’KHA TIOAATH SIK JIEKOMIIO3HIII0 MPOCTHX PEUYCHb.
[linmer 1 mpHCYNOK Yy pEUEHHSX MOB’s3aHi
MIPEANKATABHAM 3B’ SI3KOM. Ili7 mpocTUM pedeHHSIM
PO3YMITHMEMO DPEYEHHS 3 OAHUM HPEAMKATUBHUM
3B 3KOM. SIK JUIs yKpaiHCBKOI TaK 1 JAJISl KECTOBOI
MOBH OOMEXHMMOCS TaKMM{ THUIAMH IPOCTHUX
peveHb: pO3MOBiMHI (CTBEpKYBallbHI, OKJIWYHI Ta
3allepeyHi), MUTaJbHI Ta CHOHYKaJbHI [4].

Hns  peamizanii  iHdopmanidHOi  TeXHONOTIT
aBTOMAaTH30BAaHOTO  IIEPEKJIaAy  3aIpONOHOBaHI
BIMOBIHI  1H(OJIOTIYHI MOAENi: IS CJIOBHHUKIB
YKpPalHCBKOI Ta JKECTOBOI MOB, JUIs IIOJaHHSA
OB’ I3aHUX y3arajabHEHHX rpaMaTHYHUX
KOHCTPYKLIH U1 IepeKnamy.

ITocraHoBka 3anayi

Mertoro nanoi podotu € po3podka iHhopMariitHOi
TEXHOJIOTIT TepeKiany 3 YKpaiHChKOi Ha KECTOBY
MoBy. [lorpiObHO cTBOpHTH iH(]ONOriYHE TOAAHHS
CIOBHUKIB  YKpaiHCBKOi ~Ta  JKECTOBOI  MOB,
pO3pOOHUTH MeXaHi3M TMOJaHHS BiJHOIIEHb MIiX
CJIOBaMM YKpaiHChKOI Ta MECTaMH ECTOBOI MOB,
PO3pOOHUTH MOAEND VIS y3araJbHEHUX IPaMaTHYHUX
KOHCTPYKITI U1 YKpaiHCBKOi Ta >XECTOBOI MOB,
po3pobutn  iHQOpMaIlliifiHy  TEXHOJIOTII0 IS
3MIHCHEHHS aBTOMAaTHU30BaHOI'O  TMepeKiangy  3a
JOTIOMOT0I0 OTPHUMAHHUX MOJIENIEH.

Indonoriuni Moaesti cJIOBHUKIB YKpaiHCHKOI Ta
7KecTOBOI MOB
Jnsi OCATHEHHST METH TMepeKyany HeoOXiTHO
3alpONIOHYBAaTH I'PaMaTUYHUM CIIOBHHUK YKpalHCBKOI
MOBH. YKpaiHCbKa MOBa BiTHOCUTHCS 10 (hJIEKTUBHOT
MOBH, y SIKiii JIOMiHY€ CIIOBO3MiHa 3a J[OTIOMOTOO

¢dnekcii — ¢GoOpMaHTIB, IO TOETHYIOTH BiJpazy
JeKijgbka  3HaueHb. [loOymoBa  rpaMaTHYHOTO
CIIOBHMKAa  (DJISKTMBHOI ~ MOBM  BH3HA4YaeThCs
HasBHICTIO (POPMAJILHOT MOJIEINI CIIOBO3MIHM [5], 10
03Havae BCTAHOBJICHHS ~ Ta (dopmarizariiro

JIHTBICTUYHHUX KPHUTEPIiB, 3riAHO 3 SKUMH BCA
MHOXXMHA CIIiB MOBH pPO30MBAEThCI HAa IIE€BHI
MIIMHOXHHH, B3a€EMHHI NIEPETUH SIKUX € TOPOXKHIM,
a BCEPEIMHI KOXKHOI 3 HUX CIIOBO3MiHA BiIOyBa€ThCS
3a OJIHAKOBUMH IMpaBuiamu. [liqTMHOXWHH CIiB 3
TaKAMH BIIACTUBOCTSIMHA Ha3UBAIOTHCS
CJIIOBO3MIHHUMHM TapaurMaTHYHUMK THIIaMu. JIjis
YKpalHChbKOi MOBH, SIKA € MOBOK aHATITHKO-
CUHTETUYHOTO THWITYy, II¢ O3HA4Yae, M0, IO-TIepIIe,
CJIOBA, SIKI HAJIEXkATh IO OJHOTO MapajurMaTHYHOIO

rpaMaTU4YHUX 3HAYCHHAX Ta OJHAKOBUH XapakTep
YepryBaHHS B OCHOBI 1, MO-Apyre, BiAMOBiIHI

aHamithyHi  popMmu OyAyIOTBCA 32 OJHAKOBHMH
MOJIENISIMH 1X YTBOPEHHSL.
VkpaiHCBKiH ~ MOBI ~ IpUTamMaHHi  HacTyIHi

rpaMaTH4HI KaTeropii, Mo BH3HAYAIOTH CIOBO3MIHY:
s — gucio (ogHWHA (S;), MHOXKHHA (S,)), &€ — PiX
(uonoBiumii (g;), XiHoumMd (g;), cepemHid (g3),
BUIIMHA CTYHiHb (g4), YONMOBIUMK abo cepenmHiil pix
I icTOoTH (gs), JKIHOYMH abo cepemHid pimx s
icToTh (g6),90J0BIUMH 200 KIHOUUH PiJl JUIS iICTOTH
(g7), He3MiHIOBaHa CIIOBHHKOBa OAWHULA (gs),
HaWBUIIHN CTYIIHB (g9), { — y3araJbHeHa KaTeropis,
0 BKJIFOYA€ BiAMIHOK, 0coOy, 4ac, CTaH, CIOCiO
(masuBHUil (i;), pomoBuil (i), maBambHUil (i3),
3HaxigHuid  (iy), opymHmid (is), ™icueBui (i),
knmuaHAd (i7), iHQiHITHB (i3), 1 Ocoba, Haka3oBHIA
crioci6 (i), 2 ocoba, HakazoBuid cmocid (iyg), 3
ocoba, Haka3oBwmii criocid (i), 1 ocoba, MaitOyTHIH
gac (i;p), 2 ocoba, maitOytHiii 4ac (ij3), 3 ocoOa,

MalOyTHii yac (iy4), 1 o0coba, TenepimiHii
(maiibyTniil) dac (i;5), 2 ocoba, TenepimHii
(maitOyTHIN) wac (i), 3 ocoba, TemnepimmHIlA

(MmaitOyTHIN) "ac (ij7), 1 ocoba, TenepintHii gac (i;s),
2 ocoba, TenepimHii yac (i), 3 ocoba, TenepilHii
4ac (i), aKTUBHAHN JIEMPUKMETHHK, TETIEPINIHINA Jac
(i21), MENPUCTIBHAK, TETIEPIIHIN Yac (i), MUHYIHN
yac (i3), aKTUBHUH JIIEMPUKMETHUK, MUHYJIUH dac
(124), MACUBHUI NTIEMPUKMETHUK, MHUHYJIHH 4ac (Ips),
O0e3zocoboBa  Qopma, wMumHYMUH  4ac  (iy),
JUEMPUCTIBHUK, MUHYIMHH 4Yac (ip;), HE3MiHIOBaHA
onuHATIA (ing)).

KoxxHe cioBO ykpaiHCBKOI MOBH BiHECEMO 0
HACTYITHUX KJAciB (4acTUH MOBH) (p): IMEHHHKH
(p1), YUCHIBHUKH TOPSAKOBI (p,), UHUCIIBHUKH
KUTbKiCHI (p3), YHCTIBHUKU (p4, YUCIIBHUKH THUITY
«Ba» (ps), Jl€cioBa HEAOKOHAHOTO 1 JTOKOHAHOTO
BULY (ps), JIECTIOBA JJOKOHAHOTO BHUIY (p7), IIECIOBA
HEJIOKOHAHOTO BUAY (pg), HMIENPUKMETHUKH (o),
MPUKMETHUKH (P )o), 3aMEHHUKH (p;), 3aiMEHHUKH-
MPUKMETHHKH (p|2), IPUCITIBHUKH (P13), BUTYKH (P14),
CIIONTYYHUKH (P15), YACTKH (P16), IPUAMEHHHUKH (p17),
MpHUCYAKOBI cioBa (p;g), BCTaBHI cioBa (pyo),
abpeBiatypu (py), CIONYKH (Pa1), AIENPUCITIBHUKA
(P22), 3aiMEHHHUKH 3 YaCTKOIO (pp3), CHOIYYHHKH 1
YacTKU  (P4), TPHUCITIBHUKH 1 YacTKH  (Pas),
YUCITIBHUKA 3 TPUHAMEHHHUKOM (p), IMEHHHKH 3
NPUAMEHHUKOM (P,7), TIENPHCITIBHUKA 3 YacTKOIO
(p2s), 3aliMEHHWKH 3  TPUAMEHHUKOM  (P29),
JUENPUCTIBHUKY 3 YACTKOIO (P30).

Hns  ykpaiHCbKOi MOBM BBEAEMO HACTyIHI
napaaurmatuyadi Tunu (Taom. 1):
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Tabmuug 1. [lapagurMatudHi TN YKpaiHCBKOI MOBU

I KinbkicTs
apagurma . . .
A — I'pamMaTH4Hi K1ack I'paMaTH4Hi KaTeropii 0 BH3HAYAIOTH CI0BO3MIHY rpaMaTHIHHX
3HAYEeHb
T! 2 §*(iyyennnly) 14
T? P, Up,Up,Up,Up, (gl’g27g3)*((Sl’s2)*(il""’i7)) 24
T’ p;Up,» (il""’ié) 6
Tt Ps (gl’gz)*(il""’ié) 12
T° Ps U py iS’(iIO*Sl)7(i *Sz)a(ilo*sz)a(ilz*sl)»((ilza--wiw)*s)a 2
bislnslys ¥ (815825 83) ™ 81), (i3 * 825 a4 byss b by
T° P I (510 ™ 810, (g $5), (b5 8,) (5 1y 3614) * 8, 18
(i (81 82> 83) * 55 (133 5,), by b5y Lygr By
T° 30 .
P lyg 1

Buxonsium 3 Toro, mo yKpalHCbKa MOBa €
(bIEKTUBHOIO MOBOIO, TOOTO TpaMaTH4HI 3HAYCHHS
MepealoThCs (hnexcismu, clioBa MOBU
MOJICTIIOIOTHCSL Y BUIJISAI KOMOIHAIT HE3MIiHHOI Ta
3MIHHOI CKJIaJOBHX:

x=c(x) & f (%),

ne c(x) — JacTMHa JIeKCeMH X, SKa B TIPOIeCi
CJIOBO3MIHH 3aJIMIIA€THCS HE3MIHHOIO (KBa3iOCHOBA),
fix) — ii 3miHHa cknamoBa (kBaziduiekcis), & —
KOHKAaTeHallis.

Peanizamiss Takoi Mopmem 30epiraHHS ~cJOBa
npubupae HaAMIpHY HaJUIMIIKOBICTh, Mal4M Ha
yBasi, 10 B yYKpaiHCBKiii MOBI JeKijbKa MUIbHOHIB
ciiB (y BCiX cioBo3MiHax) Ta Tinbku 6inst 100 Tucs4
0azoBux ciiB — iH}iHITHBIB. TOOTO 3aMiCcTh TOBHOTO
TEKCTY CIJIOBa y TaONuUIli 30epiracThCsi HOMEpP CIIOBa-
iH(IHITUBY i3 BigNOBiMHOI MHOXXWHH iH()IHITUBIB,
HOMEp TMO3UIlii y CIOBI JO0 SKOI CIOBO-iH(IHITHB
He3MiHHEe Ta Homep (rekcii (3MiHHOI YacTHHU

CJIOBA) 13 BIAMNOBIMHOI MHOXHHH, OTXE CJIOBa
YKpaiHChKOT MOBH TIOZIAFOTHCS Y BUIJISII:

l. €el.F, €F
W={w . w=2"" """’ . (1)

i i

k,geG,seS,incln

ge W, - mapaMmeTpu cClI0Ba YKpPaiHCBKOI MOBH
(i=0,... N-1, N — KiNbKiCTb CIiB Yy CIIOBHHKY); F —
MHOHMHA BCIX MOXKJIMBUX 3aKiHUeHb cIiB (rekciii);
k — wHomep mo3umii y cioBi-iH}iHITHBI, 3 §KOI
MOYMHAETHCS KOHKATEHYBAaTUCS (uieKcis (MOXKIUBI
Bunagaku komu k = 0 - misg ciaoBodopMmu, sKa
HOBHICTIO BiiMiHa Bil iH(iHITHBA); G:{gl,...,gg};

Sz{sl,sz}; Inz{il,...,izg}, I
iHQiHITHBIB yKpaiHCbKOI MOBH (Ansi JiechmiB —

MHO>XWHA CJIB-

iH(IHITUBY, JUIsl IMEHHHUKIB — CJIOBA Y Ha3HMBHOMY
BiJIMIHKY, OJTHHHI, TOIIIO):

[={I,:1, ={wordinf, p € P},

ne Pelp,....,py,}; wordinf - cnoso-indinirus.

®opmyBanHs MHoxuH W, F, [ mnpoxoauTh
HACTYIHUM 4YMHOM (ANl BCiX CHiB-iH(]iHITUBIB
MOBH): Ha BXiJl TTOJAETHCS CIOBO-iH(IHITUB Ta yci
Horo cnoBoopMu (TpamMaTW4Hi 3HAYECHHS), 32
mapamMeTp k TpUAMAEThCA JIOBXHWHA (3arajibHa
YacTMHA I CJOBa-iHQiHITHBA Ta BCIX HOTO
cinoBodopMm). M Bcix cinoBodopM BHU3HAYAEMO
3aKiHYeHHs (BiIMiHHA YacTHUHA) Ta IOJIAEMO HOTO JI0
MHOXHHH F (SKIIO TaKOTO 3aKiHUYCHHS TaM HEMaE).
[Ticnst mporO AOAAEMO CIIOBO-1H(IHITHB 0 MHOXUHH
11 popmyemo muoxkuny W3 (1).

[psimoro 3axaueto it Takoi Mojeni (1) € mpocrta
3a/la4a BIATBOPEHHS TIOBHOTO TEKCTy CJOBa 3a
TphOMa TapaMeTpaMu Iil,Fiz,k, SKa pPeai3yeThCs

BifnoBiaHUM onepatopom ( H ):
Lefill, ,k—1)&F,, k#0

Lefill, 0)& F,, k=0
ze Leﬁ(Word, Length) - (yHkuis orpumaHHS
nepwux Length cumsoniB i3 cnosa Word; & -

2

KOHKAaTeHAITisl.

Jesika ckiaiHiCTh BUHHUKAE JJIsi O0OCpHEHOT 3a1a4i
(H"): mu1s icHYI04OTO CT0Ba 3HANTH TPU MapamMeTpH,
Kl WOro OJHO3HAYHO BHM3HAYAIOTHL. Peanizaiis
omepatopa (2) mns 0a3M JaHUX Yy  BHIJISLAL
HEJIETePMIHICTChKOI (YHKIIIT MPU3BOJUTH JIO TOTO,
0 HEMOXIUBO e€(EeKTUBHO  TMPOiHACKCYBaTH.
[Momyk 1O HEIHAEKCOBAaHOMY TMONIO — JOCHUTH
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3arpaTHAd 1o Yacy. s BupimenHs 1iel mpobaemu
3allPONIOHOBAaHUI ANTOPUTM, CYTh SKOTO IMOJISITAE Y
TOMY, IIO BXiJHE CJIOBO pO30MBAETHCS HA MOKIHBI
KoMOiHamii He3MiHHOI Ta 3MIHHOI CKJIAQJOBHX 1
MOLIYK MPOBOAMTHCS MO MPOIHACKCOBAHUX MOJISIX
TabNMMIb-MHOXKUH 1H(}iHITHBIB (/) Ta daekciii (F).
Jia skecToBOi MOBH, B 3B’SI3KY 3 BIJICYTHICTIO Y
HIi CIIOBO3MiH, CTPYKTypa CJOBHHKa Oyne MIemo
MPOCTINIO. Y HeBepOalbHINl KOMYyHiKallii MiMiyHA
CKJIaJIOBA BIAIrpa€ Ay)Ke BaXKIHMBY, IHKOJIH KITFOUOBY
pomb. Bapro 3a3HauMTH, MmO JUIT CHHTAKCHCY
KECTOBOTO MOBJICHHS JAJIsl JIIOACH 3 BaJaMH CIyXy
XapakTepHa HasBHICTb HEMaHyaJlbHOIO Mapkepa: y
3aNHUTAIBHAX PEYCHHSX, IPH 3aralbHOMY 3alUTaHHI
— mgHATTI OpOBH, MpH OKpeMoMy (TPUBATHOMY)
3allUTaHHI — OMYIIEHHI OpPOBM Ta HaxWJICHA BIIEpE]
ronoBa. llpm 3amepeyeHHi — HETaTHBHI pyXH
TOJIOBOIO, BIATIOBiAHWHA BUpa3 oOmuuus. Jlms
PO3MOBIIHUX peYeHb XapaKTepHA HAsSBHICTh Ha
00IMYYl eMOMIHOTO 3a0apBlieHHS, IO BiAMOBiAac

ceHcy iH(popmamii, mo mepemaeTscs. MHOXKHIHA
KECTIB MOJAETHCH, 5K

Ges ={Ges, : Ges;, = {word des,

pges € PGes,em e Em}} ’
ne word des - [IO3HAYECHHS JKECTY,

PGes €{pyrocs Dy 1s Prss Pry|»  Em € {em,,em,,em;}

MHOXMHA eMOI[IHHUX 3a0apBlieHb JKECTIB em; —
pO3MOBiIHE  eMOlliiHe  3a0apBJCHHS, em, —
3amuTanbHe eMolliiiHe 3a0apBiIeHHS, em; — IHII
€MOIIiiHI 3a0apBICHHS.

[Hdonoriyuna Mojens CIOBHHMKA yKpPaiHCBHKOI
MOBH BifioOpakeHa Ha Puc. 1.

Dnexcii

C " o N2 dhnexcii
JIOBHMK YKPATHCbKO1 MOBH Dnexcia
N cnosa

N dnexcii Pig
P N2 WHbHHMTHBS
Mozuuia dnekcii
N2 poay

N9 MHOMHMHK
Haronoc YKC
N2 YKC Ne ¥KC

Iadonoriuna

IncpiniTHeH

N2 iHbiHiITHES
Cnoso
N9 4acTHH MOBH

YHacTHHH MOBK

MO YaCTHHK MOBK
HacThHa MOBH
MHo¥HHH

N2 MHOMHHH
MHoXHMHa

Puc.1.
YKpaiHCBbKOI MOBH

MOACIb CJIOBHHKA

Y  tabmuii  «CIOBHMK — yKpaiHChKOI  MOBHY»
MICTHTBCSI MHOXKHMHA CIIiB yKpaiHchkoi moBH (W),
MHOXHHa (rekcid (F) Tta iHdinituBiB () — B
Tabnuisx «®Drekciiy ta «IHQIHITHBUY BiIMOBIIHO.
Jiisi KOXKHOTO 3 CIiB 30epiraroThbCsi MOCHIIAHHS Ha
rpaMaTUy4Hi KaTeropii, 110 BU3HAYAIOTh CJIOBO3MIHY:
«MHOXHHUI, «Pigy, «YKC» (y3arayibHeHa
KaTeropisi CIIOBO3MiHM). MHOXHHA )KECTIB MiCTHUTBCS
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y BignoBinHi# Tabmuili «CJIOBHUK JKECTiB» 1 MICTUTB
MOCWJIaHHS Ha CJIOBO, SKUM TO3HAYa€ThCS IaHUHN
JKecT 1 TeMaTHKy, B fAKi BiH HalJacTime
BUKOPHUCTOBYEThCS. MHOXUHN  1H(DIHITUBIB  Ta
JKECTIB MICTATh MOCHJIaHHS Ha «YacTHHU MOBH» IS
BU3HAYEHHSI MPUHAJICKHOCT] iX /10 MEBHUX YacTUH
MOBH.

Jns pobotn 3 maHOMO iH(OJIOTIYHOI MOIEILTIO
3aMpOIIOHOBAHO BiNOBiAHY AITOPUTMIUHY
(yHKITIOHANBHICTE: MOJaBaHHs iHGiHITHBa, (rekcii
Ta CJIOBa, OTPWMaHHSA IH(DIHITHBA CJIOBA, WOTO
¢nekcii, BU3SHaYCHHS MapaMeTPiB CIOBO3MIHH CIIOBA.

Indonoriuna mogenb NoB’A3aHUX y3arajabHeHUX
rpaMaTU4YHUX KOHCTPYKUIi AJ1s1 mepeKJiaay
[Ticns  orpumanHs  iH(]OJIOTIYHOTO  TOHAHHS

CJIOBHHUKIB YKPalHCBKOI Ta KECTOBOI MOB HOTPiOHO
nmoOymyBaTH TIOB’s3aHI y3arajbHEHI TpaMaTH9HI
KOHCTPYKIii pedyeHb YKpailHCHKOIO MOBOIO Ta
JKECTOBOIO MOBOIO [6]. ITix peyeHHAM PO3yMITHMEMO
MOCIIOBHICTh CIIIB MOBH Ta 3HaKiB myHKTyamii. [1ix
rpaMaTUYHOIO KOHCTPYKLI€IO peUeHHS
pPO3YMITHUMEMO TOCHIIOBHICTh CIIiIB  MOBH, WIO
BIJTHOCATHCS JIO YAaCTHH MOBH, SIKi MEPEIAlOTh CEHC,
TOOTO y pedYeHb BiAKHUAATUMEMO CIYykOO0Bi CIIOBa.
BBaxxatumemo, IO ceHC MepelaeThCsi HACTYIMHUMHU
YaCTUHAMH MOBH: IMEHHUKH (p;), YHCIIBHUKH
MopsAAKOBl  (p,), UHWCHIBHUKK  KUTBKiCHI  (p3),
YUCITIBHUKH (p4),9UCIIBHUKNA THIY  «aBa» (ps),
JIIECIIOBA HEJOKOHAHOTO 1 JOKOHAHOro BUAY (ps),
JieciioBa  JOKOHAHOTO  BHAY  (p7), J€cIoBa
HEJOKOHAHOTO BHUAY (pg), IIEMPUKMETHHUKH (py),
MPUKMETHHKH (P19), 3aiMEHHHKH (p|), TPUCTIBHUKA

(p13), mienpuciiBHUKK  (pyy). Po3pizHaTHMEMO
rpaMaTHUYHI KOHCTPYKIi 32 KUTBKICTIO CIiB, IO B
HUX  BXOJSATH. EnementamMu  rpamMaTHYHHX

KOHCTPYKIi (Ha BiAMIHY B peueHb) OYAyTb
MHOKWHU CIIiB, IO 3YCTPIYaTUMYThCS Y PEUYCHHSX,
AK1 CKJIalal0Th HaBYaIbHY BUOipKy. OTXe:
Gr={Gr, ={word ; eW ||seq; € Seq || p; € P,
s, €8,8,€G,i; el,numj, 3)
GSmr, ={ges; € Ges| gseqeGseq||
| pges € PGes,num, gesnum} }

Jie num — HOMEp €JIEMEHTa B CTPYKTYpi pEeUEeHHS
YKpaiHCbKOI MOBH, gesnum — HOMEpP €JEMEHTa B
CTPYKTYpi pEUYeHHS )KECTOBOI MOBH,

Seq ={Seq, : Seq, ={word; eW :word ; eW,n}},

Jie 1 — HOMEp CJIOBA B MOCITIJOBHOCTI,
Gseq={Gseq, : Gseq, = {ges ; € Ges : ges; € Ges,n} },

JIe 1 — HOMEp CJIOBA B MTOCJIIZIOBHOCTI.
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[Ticast oTpUMaHHS MHOKMHH T'pPaMaTHYHHX KOHC-
TPYKIIA MPOBEIEMO y3arajibHEHHS KOXKHOI 13 MHO-
JKAH €JIEMEHTIB, fKi BXOJATH B Hel. Y3aralbHEHHS
PO3YMITUMEMO SK TOAAHHSA KOXKHOI 13 OTPUMAaHHUX
MHOXUH SIK KOMOIHAIlIF0 KOHKPETHHX TPaMaTUYHUX
KaTeropiii Ta YaCTUH MOBHU:

GGr={GGr,={p,eP,s; €S,

g, €G,i; e l,numj,

GStr, = { pges € PGes,num, gesnumy} }

Jlis peamizaltii 3anponoHOBaHOIO MiAXoMy OyJ0
copMOBaHO MHOXXHHY pPEYeHb, OTPUMAHHX 3 IPO-
rpaMu-KoMIiekcy "YkpaiHchka jxkectoBa moBa'[7],
KU BHUKOPUCTOBYETbCS B HaBYABHHUX 3aKiajax
IUISL HEUYIOUHX 3 METOI0 OBOJIOJIHHS JKECTOBOIO MO-
Bolo. Peuenns B mojem maHux Oynmo 00’€qHaHO B
CTPYKTYpH, OTpUMaHi IIJISIXOM y3arajibHeHHS 3a ¢o-
pmynoto (3). CTpyKTypu pedeHb MICTATh 3aMicTh
CJIB 1X TIOCIIiTOBHOCTI, KO’KHA 3 STKHX MOKE€ BUKOPH-
CTOBYBATHCSI PHU MOO0YNOB1 pedyeHHs. [TocmigoBHOCTI
MOJKYTh MICTHUTH SIK OKpEMi CJIOBa, TaK i pi3HOMaHIT-
Hi MHO>KMHU. Hanpukiaza, pedeHHs «BiH ifie)», «BOHA
ime», «gac iime» Oyino 00’emHAHO B OJHY ITOCIHIIOB-
HICTh «{BiH, BOHa, 4ac, XTO, ...} ige». Kpim Toro,
MOCITIOBHOCTI MOXXYTh MICTUTH KaTeropii CIIOBO3-
MiHU (p,S,g,i), TIEPETUH SKUX BHU3HAYAE MHOXUHY
CIIiB.

Jns mogaHHsS TpaMaTWYHUX KOHCTPYKHikd (6)
3alpoNOHOBaHA HACTyIHa 1HQOJIOTiYHA MOJIENb

(Puc. 2).

EnteMe HTH CTPYKTYp #ECTOBHX peveHs
Puc.2. Tudonoriuna Mojens 3B’ SI3KiB MK CTPYK-
TypamH Pe4eHb Ta CTPYKTypaMH KECTOBUX PEUCHb

Crpyirypu peens Enene HTH CTPYTYP pevienh

N2 CTpy<TYDH pesersia
Tena

Trn peszs

HE XECTCO0 CTpYKTYPH pevsri

Crpyxrypn secTosux peuss
e crpyTypapeseen

Tewa

T peseres

L e xecrosci oy peverea

K2 secrosdl CTocTypH pedr
Enuin

12 cTpyKTyEN 8 wecToswy peus

N2 CTpYKTYEN B peert YpatHCRel Mo
Nexecra

K2 nocrizoswoct kecte

MR CTpyKTYpm peviersts
S myeTYA

2 B CrpykTyR

2 cnces

MocaizosrocTi wectis Mocainoskocti cais
e nocriaoskoci

e csz

N2 cpoea & nocsizoeHacTi

= Ko nocnigoswoci wecTe
Ne wecra
Ne xecra s ociacesccti

CtpykTypu peueHb 30epirarotbcsi B TaOMMIi
«CTpYyKTypH pedeHb», CTPYKTYpH )KECTOBHX PEUCHb
— B «CTpyKTypH KecTOBUX pedeHby». JlaHi Tabnwmiii
MICTATh iH(OPMAITiIO PO THUI PEUEHHS Ta TEMATHKY
peueHHA. «EjeMeHTH CTpYyKTyp pedeHb» MOXYTb
MICTHTH OyTH SIK OKpeMi ciioBa (Ne citoBa), Tak i Imo-
cmigoBHocTi ciiB (Ne mocmimoBHocTi). [iis 30epe-
KEHHS MOPSIKY €JIEMEHTIB CTPYKTYPU PEUCHHS KO-
KEH 3 eJIEMEHTIB Ma€ MopsAKOBUil HoMep. «Enemen-
TH CTPYKTYP KECTOBHX PEUYCHB» TAKOK MOXKYTh Mic-
THUTH KECTHU Ta MOCIIAOBHOCTI 3kecTiB. s 3a0e3me-
YeHHS BiAMOBIIHOCTI MpH MeEpeKiaai TaKoX B AaHid
Ta0JIUIIl 30epira€Thes MOPSAAKOBUM HOMED €IeMEeHTa
CTPYKTYPH pEUeHHS YKPaTHCHKOIO MOBOIO.

Jiis pobotu 3 naHOH iH(MOJIOTIYHOW MOJEITIO
3aMpoIIOHOBAHO BIJIIIOBIIHY ANTOPUTMIYHY
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(yHKITIOHATBHICTh: CTBOPEHHSI ITTOCIIJOBHOCTI CIIiB,
CTBOPEHHSI  TMOCITIIOBHOCTI  ECTiB, CTBOPCHHS
CTPYKTYpH  pEYeHHsS, CTBOPEHHS  CTPYKTYypH
JKECTOBOTO PEUYCHHS, OTPUMAHHS HOMEPA CTPYKTYpH
peueHHS ISl PEYEHHS YKPAiHCHKOIO  MOBOIO,
OTpHMaHHs HOMepa CTPYKTYpH KECTOBOTO PEUYCHHS
32 HOMEpPOM CTPYKTYpH PpEYeHHS YKPaiHCBHKOIO
MOBOIO.

InsxoM aHanizy OTPUMaHOi MHOKUHH CTPYKTYP
pedeHp OyJi0 OTPMMaHO MHOXXHHY Yy3arajJbHEHHX
KOHCTPYKI[ifl YKpaiHCBKOi Ta KECTOBOI MOB, SIKi Mic-
TATH TINBKH KaTeropii CIOBO3MIHH, Ta HE MICTSTh
OKpEeMHUX CJiB, a00 MHOXHWH ciiB. s KOXHOTO
eJIeMeHTa CTPYKTYypH pedeHHs OyJo BHIIJIEHO MHO-
JKUHY Kareropii cjioBo3MiHu (p,s,g,i) Ta MOPSIOK
JIAHOTO €JIEMEHTa Y KOHCTPYKIIii (3).

[Hdonoriura Mozens IS y3araJbHEHUX Tpama-
TUYHUX KOHCTPYKIiH BiqoOpakeHa Ha Puc.3.

CTBOpEeHHsI y3arajJbHEHHUX KOHCTPYKIIH J103BO-
JWIO HAa OCHOBI aHami3y KaTeropiii CIOBO3MiHU
(p,s,g,0) cIiB y pedeHHi Ta Ooro MopsiIKOBOTO HOMeE-
pa OTpUMYBATH CTPYKTYPY >KECTOBOTO PEUEHHS, 10
oMy BiIOBiAaE.

Jnst oTpuMaHHS BiMOBIMHOCTEH «CIOBO —
JKECT» JUIsl KOXKHOI CTPYKTYpHU pedeHb 3 TaOJHiIi
«CTpyKTypH peueHb» Ta BIiAMOBIMHOI il »KecToBOI
CTPYKTYpH pedeHb 3 Ta0mumi «CTpyKTypH 5KECTOBHX
pedeHb» OyIo OTPUMAaHO BIATIOBITHOCTI MiX ITOCIi-
JIOBHOCTSAMH CJIIB Ta MOCJIIOBHOCTSAMU XECTIB. Bu-
KOPHCTOBYIOUH JaHi BiAMOBIAHOCTI 3 Tabmuip «Ilo-
ciitoBHOCTI citiB» Ta «llocimiToBHOCTI jKecTiBY», 0yiI0
chopmoBaHOo TabUIIO «BiAMOBIAHICTE CIIB JKec-
Tam».

Y3aranbHe Hi CTPYKTYpH

N2 y3aranbHeHoi CTPYKTYpH

N2 y3aranbHeHoi ¥ecToBol KOHCTPYKUIl
KaTeropii COBO3MiHH

N2 enemenTa

Tema

BignosiauicTs cnie ke ctam Pin
N2 cnosa
N2 BIANOBIAHNX KECTiE

— Nepoay
Pia

CnoBHMK WecTiB Biaminkn

[ N BiatiHKka
BiaMiHOK

N wecTa

CNOBHMK YKPATHCbKOT MOBM
yKp Yucno

N2 cnosa

— N2uncna
Hucno

Y3aranbHe Hi e CTOBI KOHCTpPYKLUTT

N2 y3aranbHeHoi KecToBoi KOHCTPYKUIT YacTHHH MOBM

HacTkHa MoBK
N2 eneMeHTa B CTPYKTYPI

N 4acTHHN MOBH
HacThHa MoBK

Puc.3. Indonoriuna Monens 3B’S3KIB MiX Yy3a-
TaJIbHEHUMU CTPYKTypaMH PEYeHb Ta y3arajibHEHH-
MU KECTOBUMHU KOHCTPYKIIISIMU.

v BUTIAKY HasIBHOCTI HEOTHO3HAYHHUX
BIJIMIOBIIHOCTEH «CJIOBO — KECT» Taka iH(OJIOridyHa
MOJIeJIb HE Jla€ MOXKIHBOCTI OTPUMATH 4iTKE
BITHOIIEHHS MK MHOYXHHOIO CJIB Ta ecTiB. Ko
OJIHOMY CJIOBY BIJIOBIJIa€ JAEKINIbKa JKECTIB, IS
0o0paHHsI TMPAaBHJILHOTO JXECTYy BHKOPHCTOBYIOTHCS
BiJTHOIIEHHS MK pedeHHAMU «CTPYKTYPH PEUCHB)
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Ta «CTPYKTYpH JKECTOBUX PEYCHBb» 3 BpaxXyBaHHSIM
TEMAaTUKU PEUYCHHS, 110 TIePEKIIaaeThCcs. Y BUMANKY,
SKII0 KUIBKOM CJIOBaM BIJIOBIZA€ OIWUH JKECT
TPYIHOIIIB B OTPHMaHHI BiJMOBITHOCTI «CIOBO —
KeCT» He BHHHUKae. KpiM TOro, mjsi TakuX KECTiB
MOXKHa OTPHMATH CIIMCOK CJiB-CHHOHIMIB, sKi M
BiJIMTOBITAtOTh.

BucHosku

B pesymprari manoi pobotm Oyno po3pobieHo
iH(bOopMaIiiiHy TEXHOJIOTII0 nepeKIamgy 3
YKpalHCBKOI Ha ECTOBY MOBY. byno cTBOpeHO
iH(OJOTiYHEe MOAaHHS CIIOBHUKIB YKpaiHCHKOI MOBH,
SIK MHOKWHY 1H(IHITHBIB, (IIEKCii, Ta mapaMeTpiB
CIIOBO3MIHHU CJIiB Ta JKECTOBOI MOBH, SK MHOXXHHY
KECTIB Ta MapaMeTpiB, MO iX XapaKTepU3yIOTh;
pO3poOIIeHO MexaHi3M TIIOJaHHS BiIHOIIEHh MIiX
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CIIOBaMM YKPAIHCBKOI Ta >KECTaMH YKECTOBOI MOB Y
BUTJIAJI Yy3araJILHCHUX TpaMaTHYHUX KOHCTPYKIIIH
Ta 3B’S3KIB MK JKECTaMH 1 CJIOBaMH; PO3POOJICHO
iHQopMaIifHy  TEXHOJNOTII0 Ui 3IIHCHEHHS
aBTOMAaTH30BaHOTO MEpeKnagy 3a  JIOTMOMOTOI0
OTPUMAaHMX MOJIENICH; aJTOPUTMIYHO Ta MPOrPaMHO
peamizoBaHo  iHpOpMAIliifHY  TEXHOJOTII0 M
MATBEPIKEHHS 11 kuTTe3gaTHocTi. [lomampmri
JIOCITI/PKEHHST CIIPSMOBAaHI HA CTBOPCHHS Ha OCHOBI
3aIpoITOHOBaHOI  iH(opMaIliiinoi TexHoMOril BeO-
3aCTOCYBaHHS, SK€ O JO3BONWIO BUKOHYBaTH
nepekiany B pekumi  online;  TecTyBaHHS
3alpONOHOBAHOI TEXHOJOrIl OUIBIIO KUIBKICTIO

peUcHB; 30ip CTaTUCTHKH BUKOPHCTAHHS
KOHCTPYKIIH IS IepeKIIamy.
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A synthesis of piecewise hyperplane clusters
in the spaces of vectors of signs
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Hocniodxcyemoca 3a0aua no6yoosu 3acobamu nce0o obepHeHHs KYCKOBO 2INePHIOWUHHUX KIACmepie
0151 HABYANBHUX BUOOPOK 6eKMOpI8 y NpoCmMopi O3HAK, a came: NOOil 6UOIpKU HA 084 KYCKOBO
2INePNNIOWUHHUX KIACMepU Max, wob neeHa niOMHOJNCUHA MOYOK 0YIa 6 OKOL IAHOK Nepuio2o Kiacmepy, a
MOYKU iHWOT NIOMHOMCUHU - 8 OKOJI 1aHOK Opy2020 Kiacmepy. Ocobaugicms NOCMaHo8Ku: 3a30ane2ios He
8I00MI HI NIOMHONCUHU, HI CKIAO08I 000X CYKYNHOCHEU 2INepNOUUH.

Kurouosi crosa: Kiacmepuzayis ingpopmayii, einepniowuru, nced00 00epHeHHA Mampuyb, npoexyititi
onepamopu.

The algorithms for the construction of a piecewise hyperplane cluster by pseudo-inverse matrices are
proposed. Vectors in the space of signs are divided into two pieces of hyperplane clusters such that a certain
subset of points is in the vicinity of the first cluster, and the points of another subset - in the vicinity of the
second cluster. Feature of the algorithm: no subset, or components of the hyperplane of both clusters are
known in advance.

The use of hyperplanes for which the ratio for distances between vectors and hyperplanes is obtained,
between sets of vectors and hyperplanes in the spaces of signs, in conjunction with the results of the
perturbation theory of pseudo-inverse, projective and R-matrices provides the construction of effective
algorithms for solving the problem. The description of the hyperplanes is carried out through solutions
(pseudo-solutions) of systems of linear algebraic equations, which are determined by finding the optimal
elements of them - the basic matrix, the vector of the right-hand sides.

The article presents the original scientific results of the theory of pseudo-inversion of matrices obtained
by various authors over the past ten years.

Keywords: Clusterization of information, hyperplane, pseudo rotations of matrices, projection
operators.

CratTio peacTaBuB 1.T.H., npod. 'apamenko @.I'.

Beryn
MarpuuHa CTpyKTypa NpeACTaBICHHS MHOXWH
BEKTOPIB O03HAK B BIAMOBIAHOMY €BKJIiJIOBOMY
MpOCTOpi, SKAMH  OMUCYIOTBCS  JIOCHIPKYBaHi
00’€eKkTH pu PO3B’sA3aHH1 pi3HOMaHITHUX
NpUKIaIHUX 3afa4d 1udpoBoi 0OpoOku iHpopMarii,
00yMOBJIIOE HIMPOKUNA  CHEKTP MOXKIIHUBOCTEU

[POCTOpax O3HAK B MOEIHAHHI 3 pe3yjbTaTaMu
Teopii 30ypeHHs ICEBAO0 OOEPHEHHX, MPOEKI[IHHUX
ta R-marpuues [1], [2] 3a0e3nedye He TIIbKH
moOynoBy e(pEeKTHUBHMX aJIFOPUTMIB PO3B’A3aHHS
3aa4, a TaKo)X MOXJIMBOCTI IX onrtumizamii B
pamMKax KOHKPETHUX IX IOCTaHOBOK. 3 poOoramu
[3], [4] mnoOB’sS3yeThCcsl BapiaHT TiMEPIUIOMIMHHOI

PO3BUHEHHIO KOHIIEMIIIT TICEBI0 0OEPHEHHS MaTPHIIb
JUTSE CTBOpPEHHS MaTeMaTUIHHUX METO/IiB
Knacrepusanii ta kiacudikarnii indopmanii [1]-[4].
BukopucTaHHs eleMeHTapHUX JHIHHUX CTPYKTYp —
TNEepIUIONIMH — 3 IPOCTUMHU CITiBBIAHOIICHHIMU IS
Bimajaeii MK BEKTOpPaMH 1 TIMEPIUIONTHHAMH, MiX
MHOXMHAMH  BEKTOpIB 1 TINEPINIOMHWHAMHA B

© 1. Kynin, T.I1.3iabK0, 2017

KJlacTepu3alii, B paMKax SIKOI'O OIUC TiMepIUIONINH
3MIACHIOETBCST  4Yepe3  TiNepIUIONIMHH, IO €
po3B’sizkamMu  (TICEBAO  PO3B’SI3KaMHU)  CHUCTEM
JMHIMHUX anreOpaidyHuX PIBHSHB (B IIbOMY BHIAIKY
BUHHUKAaE TMpodiieMa 3HAXOKEHHS ONTHMAaIbHUX
€JIEMEHTIB TaKWX CHCTEM JIIHIHHUX anreOpaidHux
pPIBHSHb — OCHOBHOI MaTpHIli, BEKTOpa IPaBHUX
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YaCTHH, JUIA SKHX TIONAIOTBCS aNTOPUTMH  iX
obuncnenus). B pobori [2] mapamerpu
TIIEPIUIONIMH  3HAXOIATBCSI PEKYPEHTHO  3TiIAHO

(yHKIIOHaNa TPUIHATHOCTI HAsBHOTO PO3OUTTS.
OyHKIIOHAIM TPUHHATHOCTI - 1€ TOM 49X IHIIUH
BapiaHT BiACTaHi eJeMEHTy KiacTepa IO WOro
TINEepIUIONINHN, BiJCTaHh €JIEMEHTy KiacTtepa o
TINepIUIONIMHNA  IHIIOTO — Kjactepy. B sxocti
BiJICTaHEl BUKOPUCTOBYBAJIHMCH €BKJIJIOBI BiJCTaHi,
a B SIKOCTI MipH KOMIIAKTHOCTI TiNEPIUIOLIMHHOTO
KJIacTepa — JUCTEpPCisl eIEeMEHTIB Ki1acTepa BiZTHOCHO
CBO€T TimepIuionuHn. B skocTi  edheKTHBHOTO
po3B’si3aHHS  mpoOnemu  MiHiMiZamii  aucmepcii
€JIeMEHTIB KJacTepy MoXe OyTH BHKOPHCTaHO
BapiaHT TiNEepIUIONIMHHOTO KJIacTepy, SKUH Ou
ONMCYBaBCSI HE OJHOKI  TiNEpIUIONIMHOI0, a
JeKiJIbKOMA, TOOTO OyayeThCs KYCKOBO
rineprutomuHAENA ~ kKiactep. Lg  imes  KyckoBo
TiNepIIoMHHOTO KJacrepy BUTIKA€E 3
3allpONIOHOBAaHOT0 MiAXOAY po3 B’S3aHHS MPOOIIEMH
KYCKOBO ITiHIHHOI BiJiTbHOCTI MHOXHHHU TOYOK B
MPOCTOPI BEKTOPIB O3HAK BiJl TOYATKy KOODPIUHAT,
3amponioHoBaHoro B 2007 pomi mpodecopom
Kupnaenkom M.O. [1]. Buxiagenss pe3ynsTaTiB 1o
TeMi KyCKOBO TiNepIUIOIIMHHOI  KIIacTepu3arlii
iHpopMalii TOJAEThCS MICHsT KOPOTKOTO OIHCY
BUKOPUCTOBYBaHUX B TIOAAJBIIOMY MaTeMaTHYHUX
pe3yNbTaTiB  CTOCOBHO  BU3HAYEHHS  IICEBJO
oOepHEHHs, (OpMyJT  OOYUCIICHHS TICEBJI0
00epHEeHHX, MPOEKIIHHUX Ta R-MaTpuip npu 3MiHi
PO3MIPHOCTI BUXiTHUX MaTpullk. [IpuBoasThCS pi3HI
BapiaHTH BiJICTAHEW MiX €JIEeMEHTaMH BEKTOPHHUX
MPOCTOPIB.

OcHOBHI MaTeMaTH4Hi 32C00H ICeBI0
00epHeHHsI, ii0ro BJACTUBOCTI
B mopanbmioMy KpiM CTaHAZapTHOTO TIO3HAYEHHS
A = (aij) s
BUKOPHCTOBYBAaTUMEThCSA  ii  300pakeHHS  3a
CTOBIUMKAMH YH PSIKaMH, BiJIIOBIAHO:

mxnMarpuii 3a il eJieMEHTaMHu:

_ T T nos_ '
A=(ag, A,y) > A; ER",i=1,m.

n m
R" ,R™,
CKJIaJICH] 13 KOOPAWHATHUX OPTIB MO3HAYATUMYThCS
BIJIIOBIAHO

TpamumiitHo cTtanmaptHi 0a3ucu B

e, €R"i=Ln, e(j)eR",j=1m,

el =(0,..,0,10,...,0),i = 1,n,

e’ (j) = (0,.,0,1,0,...,0), j =L, m.
J
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Cunzynsaprutl posknad mampuyi. Byap sika mxn
matpunss A paury r <min(m,n) wmoxe OyTu

.
. T
3alucaHa y BUIVIAML A:Zﬂiuivi , B SKOMY:

i=l1

2 2 . . .
A 2..2A >0 coineHuit  Habip HEHYIBOBHX
T T
BJIACHHX qHce MaTPHIb AAT, A" A;
n - P o .
v, € R",i=1,r- oproHopmoBanuii Habip BIACHHUX
BEKTOPIB  MAaTpHIIi ATA, mo BianoBigaroTh

HEHYJIbOBUM BJIACHUM YHCJIaM:

AT Av, =&, 2 >0, i=Lr, viv, =9,

ol E T

u;, € R",i=1,r - opronopmoBaHuii Habip BIaCHUX
marpui  AA”T, o
HEHYJILOBMM BJIACHUM 4uciaM A ,i =17 :
T . _ 22 « 71 T _

AA u, =2 ,i=1r, uju; =9,;.
BuzHaueHHs Ta OOYMCICHHS TCEBIO OOSPHEHOI
MaTpHIli  JOMyCKa€  JEKiIbKa  eKBIBAJIEHTHUX
BapiaHTiB. TyT  BHUKOPUCTOBYETBHCS  BapiaHT
Penrose’a - Bu3HaueHHs mceBIOOOEpHEHOT MaTpHIIi
3IACHIOETHCS yepes CUCTEMY THITHIX
anreOpaiuanx  piBasae  (CJIAP): Ax =D,
xeR",beR",b#0. 3a Takux yMOB IICEBIO

BEKTOPIB BiJIMIOB1IAIOTh

obepHeHa MaTpHIl MPU JOBUILHOMY HEHYJIHOBOMY
BekTopi b € R™ BU3HAYAETBLCA CIiBBIIHONIEHHAM

A'b= argmin | x|,vbeR",b#0.

xeArg min| Ax—b|?

x

Iionpocmopu, OPMO2OHANIbHI NpoOeKmopu.
[MignpocTopaMu, sKi pPO3MISAAIOTECS Y 3B S3KY
MaTpuuero A € MHOXHHU MOXIMBUX 3HA4EHb

L,, L o A AT
OPTOrOHAJIBHUMU IIPOEKTOpaMU Ha HUX - Le P -
P(A"), P(A)

BIJIMTOBIIHO, OPTOTOHAJIBHI JIO HUX - HA3UBAKOTHCS Z-

MaTpHITh BIAMNOBIAHO, a.

POEKTOPH, MO3HAYAIOTHCS

. T

npoekrtopamu 1 mosHauaotees  Z(A), Z(A")
BIJIIOBIiAHO.

Kpim P- Ta Z- mnpoekropiB, MOB’s3aHUX 3

0a30BUMH MIANPOCTOpaMH MaTpulli A4, BaXKJHBE

3aCTOCYBaHHS MaloTh TaKOX oTepaTopu
T

R(A), R(A").

3B’s30k Mk P- Ta Z- TpoeKkTropamu

BHU3HAYAETHCA CHiBBi}:[HO]_HeHHSIMI/II
P(A)=A"A, P(A")=(A")"A" = AA",
Z(A)=1,—-A"A, Z(A")=1,-AA",

102



Bicnux Kuigcobkoeo nHayionanvhnozo yuigepcumeny
imeni Tapaca Lllesuenxa
Cepis ¢hizuxo-mamemamuuni HayKu

3BecTH OOYHMCIICHHS TICEBIO OOCPHEHOI MaTpHIIi
JUISL TOBUTLHOI MaTpHIli 0 OOYHCIICHHS OOCpHEHOI
BIIMOBIAHOT 1l JIeAKOi KBaapaTHOI MaTpuili 3
PO3MIPHICTIO min(m,n) AO3BOJSIOTH BaXKIUBI IS
MPAKTHYHUX 3aCTOCYBaHb TaKi CITiBBiAHOIICHHS:

At =(ATA) AT = AT(AAT)",
At =R(A)A" = A"R(A").

Ipami gopmyau [I'pesina. Baximuse Micue y
3aCTOCYBaHHSX, IIOB’SI3aHUX 13 3aCTOCYBaHHSIM
TceBa0 oOepHEeHHs, MocimaroTh Gopmynu ['pesins:
npsaMi Ta 0OepHEHi.

B npsmomy Bapianti ¢opmymnu I['peBins — e
CHIBBiTHOIIIEHHS, SKi TIOB’A3YIOTh IICEBNI0 0OEPHEHY
MaTpUII0, PO3IIMPEHOI0 BBEACHHIM JI0JIATKOBOTO
psIKa YM CTOBITYMKA, 3 TICEBJ0 OOCPHEHOIO BUX1THOT
Matputi. O6epHeH] GOopMyIH — 1€ CIiBBITHOIICHHS],
B SIKUX IICEBJ0 OOEpHEHa MATPHIld s BUXiTHOT
MaTpHIll OOYHCIIOETHCS 3 BUKOPUCTAHHIM TICEBJIO
o0epHEHOI MaTpHIli MaTpulli, IO OTpPUMaHa 3
BHUXIZTHOI MAaTpUIli BUKPECIIOBAHHAM psAKa YH
CTOBITYMKA.

[Mpunyctumo, 1m0 po3IUpeHHs Marpuii A

. T .
BiZIOyBa€TLCS MOSBOIO HOBOIO psnka a €R" micins

(i-1) - ro pagka (i=2,m+1), T06TO
YTBOPIOETHCS MATPHIIS
A(i,a) = (ag . .fa(H) faia(i) . .Ea(m)) Te RUmn,

Tonmi mpum Bimomili mceBmo oOOepHEHIH MaTpuIl
A" eR"™
ncesao obepHenoi marpuui A’ (i,a)€ R+

JUIl  PEKYpEeHTHOrO  OOYMCIICHHS

MaloTh MICIle CITiBBIIHOWIEHUS - npsami (opmynu
I'pesina [1], [2].
Sxuo mykaHy niceBj0 00epHEHY MaTPUIIIO

A" (i,a) nonaru B BUrIAAi

A*(i,a) = (p(1):...: p(i =1): p(i): p(i +1):...
iplm+1)) e R
ne P =(p):...:.p(i —1): p(i+1):...: p(m+1)),
T0OTO BBaXkaTH, mo Matpuus A’ (i,a) Moxe GyTu

P c Rnxm

2

b

OTpUMaHa 3 MAaTpuIli BCTABJICHHSIM
micist (i —1)-ro croBmumka Bextopa p(i), TO st

Mmatpuni P, cnpaseqiuBa popmyia:
P =(1- p(i)a")A".
p(i)

BHU3HAYAETHCS 3 BpaXyBaHHSIM BJIACTUBOCTI JIHIHHOT
3aJIC)KHOCTI BEKTOpa @ BiJl BEKTOPIB MiIIPOCTOPY
BEKTOp — psAKiB MaTpuii A :

I[lpy  1BOMY  HEBIIOMHH  BEKTOD
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1) gAKMo BEKTOp a IHIHHO HE3AICKHHU Bil
BEKTOPIB MiAMPOCTOPY BEKTOP — PSAAKIB MaTpHii A,
10670 a' Z(A)a >0, 10

. 2
p(i) = Z(Aa)|Z(A)a|;

2) SAKIMIO BEKTOp a JHIHHO 3aJCKHWHA BiX
BEKTOPIB MiAMPOCTOPY BEKTOP — PSAAKIB MaTpHii A,
10610 a' Z(A)a =0, 10

p(i)=R(A)a(l+a’ R(A)a)™.

Hacniook.  Omepartiss  1ceBmo  oOepHEHHS
KOMYTaTWBHa 3 TpPaHCIOHYBaHHAM, TOMY MpsMi
dopmynu ['peBiisl aHAJIOTIYHO BUIHMCYIOTHCS IS
BapiaHTY pO3IIMPEHHS MATPHIII CTOBITYUKOM.

Obepneni popmynu [ pegina. SIkmo s Matpuii

A(i,a) € R (i—1)-ro
(i=2,m+1) marpurti A BCTaBJIEHO BEKTOP-PSIOK
a),
A*(i,a) e R, To nns BHU3HAYEHHS ICEBIO
A* e R

BUJIAJIIETHCS)

(mmics psanka

Bimoma Ti

ICeBAO OOepHEHa MAaTpPHI

T
(psimox a3
CIPaBETHBI

o0epHeHOl MaTpuli
A(i,a)
obepneni hopmynu I pesing [1], [2]:

1) mist BUMagKy JTiHIKHOI 3aJI@KHOCTI BEKTOpP —

MaTpHIIi

T . . .
pinka a° , SAKUW BUJAISETbCA, Bl BEKTOPIB

mignpocropy BekTop — psaakiB marpumi A (i,a), a
e BH3HAYAETHCS BHKOHaHHAM ymoBH a' p(i)<1,

TO TICEBI0 0OepHeHa Matpung A € R™" mae Bun
v N T T -1
A" =(1,+ pa’ (1=a" p@) ") P

[py 1bOMy paHT ICEBIO OGCPHEHOI MATPHIl HE
3MiHIOETECA, TOOTO rank A = rank(AT : a)T.

2) ans BUMAAKY JIHIHHOT HE3aJIeKHOCTI BEKTOp —
pAnKa a’ , SKUH BHIAISEThCSA, B BEKTOPIB
mianpocropy Bekrtop — psaakiB marpuri A (i,a), a 1e
BH3HAYAETHCS BHKOHAHHSM

a” p(i)=1 marpums A" e R™
+ . . N2
bopmynoo A” = (I, — p(i)p" (D) p(D] B,
I[Ipn npoMy paHr 1ceBOO OOEpHEHOI MAaTpHIll
najgae, Tooto: rank A= rank(AT : ay— -1.

Buxopucmogyiouu obeprneni opmynu [ pegins
JUI TIPEICTaBJICHHS IICEBOO OOEpHEHOi MaTpuii

YMOBHU
BU3HAYAETHCS

+ nxm . cu o .
A" € R™™ npwu Bigomiii niceBo oGepHeHiit MaTpuili
A*(i,a) e R™"" (3 marpuui A(i,a) € R

Bunamsierbest 1 -tuil (i =2,m+1) Bektop — psaoK
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T .
a ), MO’KHa OTpUMATU KOPHUCHI IJId 3aCTOCYBaHb

(opMysTi  €KOHOMHOTO  OOYHCICHHS  30)peHux
npoexyiiinux  mampuys  Z(A), Z(A"), R(A),
R(A").

1) ans BUMaAKy JiHIKHOI 3aJI€KHOCTI BEKTOp —

T ) . .
paaka a , SAKUA BHUOAIAETBCA, Bl BEKTOP1B

mianpocTopy BeKTop — pszakiB marpuni A (i,a), a
1l BU3HAYAETHCSA BUKOHAHHAM YMOBH a’ p(i)<1, To
Z(A)=Z(AG,a));
R(4)=R(AG,a)+ p()p" (DZ; (A" (@) ;
Z(A")=EZ(A" (i,a)-Ehh'E'Z.' (A" (i,a)) ,
Tyr BBeneHa B posrnsn marpuus FE; - BoHa
OTpUMaHa BUITyYeHHSM I -T0 (I = 2,T+1) BEKTOp-

psnKka 3 ofuHUYHOI MaTpuui [, :

e(m+1):.. e (m+1): =

e, (m+1).. e, (m+1)
h=—A, a;

R(A") = ER(A])E] +E,(hh! (p" ()p(@)+

+ht! +th E],

T
=-A" () p()Z; (47 (,a));
2) JUTS BHIIQJIKY JTIHIHHOI HE3aJIeKHOCTI BEKTOp —

T . . .
panka a , SAKUW BUIAISIETbCA, BIJ BEKTOPIB

mianpocTopy BeKTop — pszakiB marpuii A (i,a), a

T .
[l BU3HAYAETHCS BUKOHaHHSIM ymoBu a p(i)=1,
TO

Z(A)=2(AG,a)) + p(D) p" )| p@)]

R(A)=Z(p" () R(AG,aNZ(p" () ),

2(p"(0))=1, - pli) p" (@] pl)”;
BuxopucroByroun nozHaueHHs matpuni E,
(bopmyna Buiie)

Z(A")=EZ(A" (i,a) E]

R(A")=E,R(A" (i,a))E.

MartemaTn4Hi 3200 KyCKOBO TilepnioninHHOL
KJIacrepusanii ingopmanii
baszosuii  ancopumm nodiny eubipku Ha 06a
einepniowunHux Kiacmepu [2].
Posrnsimaerses 3a/avya
Kiacrtepusamii, ToOTO 3amada

TiNepronMHHOT
HPE/ICTaBICHHS
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HassBHOI HABYAJIBHOI BHOIPKA MHOXXHHH BEKTOPIB
x(j)eR",n=1,n y Burmsm OBOX 4YacTHH -
MIMHOXHWH (KJIacTepiB)- Ha OCHOBI MPUIYIICHHS,
o0 CTPYKTypa UUX MiAMHOXHWH (KJIacTepiB) B
BEKTOPHOMY MPOCTOPi O3HAK MOXe OyTH HaOIIKeHa
TiNepIUIONIMHAM. Anroputm HOJIATAE B
MOCTIIOBHOMY BHKOHAaHHI PEKYPEHTHHX KpOKIB, Ha
KO)KHOMY 3 SIKHX 3IiHCHIOETBCSI KOpEryBaHHS
napamerpi rinepmromms LV (1), L*(2) (6e3
OOMEKEHb 3arajlbHOCTI  PO3TIIATAEThCS  3amada
MOUTy HaBYaJIbHOI BHUOOPKM Ha JBa KIACTEpH),
moOyJOBaHMX Ha MOMEPEAHBOMY KpOLi 3a YMOB
BHUXITHOTO pO30UTTS MAOBiIIBHEM crocobom. Lle
KOpETyBaHHS TapaMeTpiB TIlePIUIONUH MOJSATaE Y
BWIYYEHHI 13  CYKyNHOCTI  BEKTOpiB, IO
NOPOJKYIOTh  TIMEPIUIONIMHU, THX, IO MaroTh
HaWripir 3HA4YeHHS BiJCTaHEW  BiANOBIIHOCTI.
Bunydeni BEKTOpH 3apaxOBY€EThCS y
IbTEpPHATUBHUM Kiactep. 3a HOBUM PO3OUTTIM
BEKTOpiB OyAyeTbcs HOBa Tapa TiNepIUIONINH
LY@, L“Y(2), sa sxumu s3mificHoeTbes

HOBUU PEKYPEHTHUN KPOK.
MaremaTnyna MMOCTAaHOBKA 3ajaqi
3a0e3neuyeThcsl (POPMAILHUM BBEACHHSM IMOHSTTS

BimcTaHi p(x( j),L(A,b)) Bix Touku x(j)e R™ no
JIESIKOT TiePIUIONIUHY
L(Ab)={xeR":x=A"y+Z(A)z, zeR"},

siKa BU3HAYAETHCSA K MHOYKHHA PO3B’s3KiB (IICEBIO
PO3B’s3KiB) cUCTeMH anreOpaiyHuX piBHIHB

Ax=b, AeR™™ ,beR’,

ne A i b e BiIMOBIIHO MAaTPHYHHUM I BEKTOPHUM
napaMeTpaMy PO3MJISIHYTOT TIIEePILIONUHH.
baszoei hopmynu cinepniowunnoi knacmepusayii

inpopmayii [3], [4]. Bigcrans p(x( j),L(A,b)) Bix
x(j) mo L(A,b)

BU3HAYACTHCA BIAITOBIAHO JO CIIIBBIIHOIIEHHS

P ((LLAD)=[a 0 A .

Cyma KBajapariB BifcTaHeH MHOXWHH TOYOK

TOYKH TiNepIIoNMHA

2 T
X” =X X.

x(j), j= L,n 1o rineprutonuan L( A,b)

P ({x: 20), j=Lnf, L(AD))=

D (b=Ax())) R(A) (b~ Ax(j))=

J=1

=tr R(AT)i(b — Ax(j))(b— Ax(j))" .
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Ipu 3amganux 3nauenusx A, x(j), j=1,n mae

MiCIle  CITiBBiTHOIIEHHS
3HAYCHHS BEKTOpa IPaBoi
anreOpaiyHuX  piBHSHD,
TiNepPIUIONIMHA

I R
b, = Ax, xz—Zx(]).
n j:l

IS ONTHMAJbHOTO
YaCTUHH CHCTEMU
BU3HAYaIBHOI JIlIE:

Biacrann p({x: x( ), jzl,_n}, L(A,b))

MHOXHHH TO4OK X(j), J =1,n 1o TiMepPIUIONINHH
L(A,b) npu ontumansHOMy BHOOpi BekTOpa b Mae

HACTYITHE 3HAYCHHS
oL
p(r ATAXXT ),
ne
X =@x(1):..:x(n), X(j) =x(j) - X, j=Ln.
OnTuMansHUHA BUOIp MaTpHIIi
A € R”" BU3HAYA€THC MATPHIIEIO

Aopl = (umfsﬂ

> %

Jj=m—s+l1

trAt A XXT =

HpH HBOMy opt * “opt

(”1: ...,um)T (ul, ...,um)zlm.

AJNTOPUTM CKIIQA€ThCS 3 HACTYITHUX KPOKIB.
1. Ha mepmomy Kpolli: IepBiCHa CYKYIHICTb 3 1
BEKTOPIB JOBUTPHUM YHHOM TOJUISETHCS Ha JBI

vactunu X(i;(k)), j=1,n,,k=12:
{1, (D1, D} ()00, (2)) =0,
(D iy YO @y, (D) = {1,200

2.Ha npyromy Kpomi 3a KOXHOI 3 HasBHHX

YacTUH  pO30UTTA  OYyIOYIOThCS  TIMEPIUIOIIUHH
LP(A.b,), k=12. BusHauaoTbcs
£P(k),k=12 sk cepemHi 3a clICMEHTaMH

BiJITIOBIZTHOT CYKYITHOCTI, BBOJISITHCSI MATPHIIL

XO (k) = &(i, (€)%K, (), k=12,

OyayeTbes IXHIN SVD -pO3KJIa;
Tk,

¥ © T

XOM = Yu, 40V (), k=12, e
i=1

n, r— paHTH BIAITOBIAHUX MaTpHIIb,

00YHCITIOIOTHCS ONTUMAJTBHI napaMeTpu

TiNepIUIONIMH IEPBUHHOTO PO30UTTS.

3.Ha TPETHOMY KpOITi MIPOBOJIUTHCS

KOpETyBaHHS [TapaMeTPiB TIEPILIONTUH IIEPBUHHOTO
po306utrTs. BoHO 37ilicHIOETBCA 3a BiICTaHAMU
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KOXXHOTO 3 BEKTOPIB O TOOYAOBaHUX TiNEPILIOMNH
Ta BHJIYYCHHSIM HAWTipIIMX - 3aCTOCYBaHHS 3ac00iB
nceBno oOepHEHHsT 3a0e3medye OOYUCICHHS TaKhuX
BincraHel sBHUMH (opmynamu. B pesymbrarti
KOperyBaHHS PO3OUTTS JIesKi BEKTOPH 3aJIHIIAIOTHCS
cepell BEKTOPIB pO30MTTA, 3a SIKUMH IOOYHOBaHI
TITTePIUTOIIIHH, 1HIIT —3apaxoBY€ThCS B
aJbTepHATUBHUHN KIlacTep.

4. OHOBJIEHI €NEMEHTH PO30OUTTS € OCHOBOIO
HOBOTO PEKYPEHTHOTO KPOKY: alTOPUTM TOBTOPIOE
CBOi KPOKH, IOYNHAIOYH 3 APYTOTroO.

5.3ynwHKa aNTOpUTMy MOXE 3AiHCHIOBATHUCH
MiCJIs BUKOHAHHS TMEBHOI KUTBKOCTI KPOKiB, YW MicCIs
TOTO, SK JIOCATAETHCA HE TMONIMITYBAHUN TIEBHUM
piBEeHb BifCTaHI KOXKHOTO 3 BEKTOPIB BiAIMOBITHOTO
€JIEMEHTY PO30UTTS /10 BiJIMOBIIHOT TiMEPILIONIMHH.

3agaya cuHTE3y IBOX KyCKOBO rinmep-njonimHHNX
KJIacTepiB, AJITOPUTM ii pO3B AI3yBaHHA

[Tig 3agauero cuHTE3y KYCKOBO TIMEPILIONIMHHUX
KJIaCTepiB JUTS HaBYaIIbHOT BHOIPKHU
x(j)eR", j=1,n BexTOpiB y mOPOCTOpi O3HAK
pO3yMi€eThCSl 3amada TMOAUTY Ii€i BHOIpKM Ha JBa
KJIACTEpU TaKUM YHHOM, MO0 TOYKM MEPIIOrO
Kjactepa OyJid pO3TAlIOBaHI OJMKYe 10 JCSIKOL
CYKYITHOCTI TIMEPIUIONINH, SKa MOPOKYETHCS II€I0
MAMHOKHMHOIO, 4 TOYKH IHIIOI MAMHOXHHU -
JPyroro Kjiactepa — OJIMKYE J0 1HIIOI CYKYIHOCTI
TiNepIUTONIHH. Oco0auBICTIO IIOCTAaHOBKH
pO3TIsTHYTOI 3a7adi € Ta 00CTaBHHA, IO 3a30ad/1e2i0b

He @IOOMI HI NIOMHOJCUHU, HI CKIA008i 060X
CYKYnHocmell 2inepniouun.
Otxe, HAa  TOYaTKy  MpoIecy  KYCKOBO

TINEepIUIONIMHHOI KlacTepu3alii MpUITyCKaeThes, 0e3
00OMEIKEHHS 3arajJbHOCTI IIO0J0 KUTBKOCTI MIAMHOMKHH,
mo Bektopu X(1),...,x(n) 3 mpocropy o3Hak R™
MOXYTh HaJIeKaTH OAHIH 3 JBOX TiNEPIJIOMINH
L”(A,,b,), k=12 dikcosanoi posmipHocTi s
(s<m). SIkmo B mponeci peKypeHTHOTO MOJIIMIICHHS
TINepPIUIONIMHHOI  KJlacTepu3aliii BUSBISETHCS, IO
OTpUMaHI KJjacTepd HE BIJNOBINAIOTH  paHille
BCTaHOBJICHUX KPHUTEPIiB (HampHUKIal, HE3aIO0BiTbHA
TiNEepIUIONIMHAA KOHIEHTpAIlisl BEKTOPIB KJIACTepy,
TOIIO), TO BHUHHUKAE TOTpeda BINIMHYTH Ha ¢Gopmy
kimactepy 1 MoAaudikyBaTH 1ii CTa€ MOIJIMBUM
noOyJOBOI0 KYCKOBO JIiHIHHMX kiactepiB. s
O3S yBaHOT 3aadi o0y 10BH KYCKOBO
TIIEePIUIONIMHHOIO KIIACTEPY 1€ 03HAYa€ JIOTIOBHEHHS

o . 0 .
KOXHOI 3 rinepmiomms L' )(Ak,bk ), k=12, sxi
MonepeHhb0  BH3HAYEHI B paMKax  0a30BoOi

TiNePIUTONIMHAOL KJIacTepu3aIlii, JIOTATKOBUMHU
JIaHKaM# — TIIePILIOMHAMHU.
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Anzopumm cunmesy KyCKO80 2inepnioujuHHUX
xkracmepis. Ha miacraBi BuIlle BHUKIAACHOI ifel
CHHTE3y KYyCKOBO TilEpIUIOIIMHHMAX KJIacTepiB
aJTOPUTM TAKOTO CHHTE3y MOXKHA ITPEACTABUTH TAK:

1. @opmysanna  oOnonaHKOB020 — KuAcmepy
(HOMep JTaHKH B KJIACTepi — iHIEKC B Ay>KKaxX, HOMEp
MHOJKHHHU - 1HAEKC 3HU3Y):

1) CrBoputH mOYAaTKOBE PO3OWUTTS BHUXIiTHOI

MHOXUHH Q) = {x x()),j= I,_n} Ha JIB1 I IMHOXUHH
Q=0" ()=’ HUD, AMNARN=D

(mouineHO 3aco6om K -means).
2) IloOyayBaTu rineprjiomMHA

AMx=b,1), LAD,5D) ana D),
A, Dx=b,(1), L(A,D),b,1) anma Q(1).
OGuucnutn ontumanbhi A, (1),

Q?(l) 1 A20pt (1)9 b2opt(1) AJA Qg(l)
3) O6uosutn Q1) i QJ(1) no BixmoBigHMX

blop, (1) mns

BIJCTaHAX

(Boy = A X (D) R(A,, )b, = Ax()) -
copmysaru HoBi MHOkuHH (1), Q)(1) i3 ToUoK
Q°(1), s AKMX BUKOHYIOThCS BiNOBiIHO YMOBH, a

caMme:

x(j)eQ(1), sxmo

45 OBy (D = A DX <
<[5, D By (1= As,p OGN
x(j)eQ(1), axmo

|45, ) By () = A, OG>

>[5, (D By (1 = Ay D2

JliniiiHa 3aJeXHICTh YM HE3aJEKHICTh BEKTOPIB,
oo MOXyTh OyTH BWIyYeHI 3 MHOXHUH, Ja€
MOJMJIMBICTh ~ CIIPOCTUTH  BHIJISLL  QOPMYJT IS
BiJICTAaHEW IMX  BEKTOPIiB  Bi  BiAMOBITHUX
rinepmiomuH, ©00 JAOLUIBHO BUKOPUCTOBYBATH
CHIBBIJIHONICHHS, SKI OTPUMaHi y  BUIJII
obepuenux Gopmyn 'pesins.

4) TIlepeiitu Ha BUKOHaHHS omepamii 2 3
Qm, Q0),i=12.
BepxHiii iHAEKC IMO3HAYa€ KiJIBKICTh iTepaliii Ha
eTari nepuoi JaHKH.

5) 3ynuHKa aIrOpUTMY Ha €Tami Mepuoi JaHKK
KJIacTepy MOXE 3aBEpPIIMTHCH ICIsi BUKOHAHHS
MIeBHOI KUTBKOCTI KPOKiB 200 TIiCIIs TOTO, K BiACTaHI
KO)KHOTO 3 BEKTOpIB  BIJMNOBIAHOTO €IEMEHTY

HOBHMH Hi,[[MHO)KI/IHaMI/I
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pO30UTTS MO BIANMOBIAHOI TINEPIUIOIIWHN HE
MOJIMIIYIOTHCSL.

6) IlepeBipsieTbcsi KpuTepii  e(peKTHBHOCTI
3mificHeHOT TITTePILTOIIHHOL KJIacTepHu3artii

(KOMITaKTHOCTI TepIIOl JIAHKKA KIIAcTepy, TOIIO).
I[Ipy  HeBUKOHAHI  KpUTEpil0O  TepedTH  Ha
(hopMyBaHHS JAPYTroi JJAHKU KJIACTEPY.

2. @opmyeanns Opyeoi nanxku Kiacmepy (Ha
MPUKIIali KPUTEPit0 KOMIIAKTHOCTI KJIacTepy).

1) 3 orpumanmx B mporeci moOymoBU Iepmioi
JAHKHA PO30UTTIB BUXITHOI MHOKHHH TBOX MHOMWH
- Qil (1)5 Qg (1)5 ne ll
paMKax MepIol JIAHKU , BUIyYalOThCSA BEKTOPH, SKi

3HAXOJATHCS BiJ TIMEPIUIONIMH Ha Bimjaini OinmbImii
BiXl OakaHof. OTpuUMyIOThCS MHOKUHHU

Q'(2)=0Q/2Qui(2), Q'2)NQ12)=D.

2) Ilo6ynysaru  rinepmiommun  L(A, (2),b,(2))
Q)(2), k=12,
MHOXMHA PO3B’S3KiB (IICEBIO PO3B’SA3KIB) CHUCTEM
anredpaivHuX PiBHAHB

A 2x=b(2), k=12.

3) Obuncnutn  ontumanshi - A, (2), b, (2)
ma L(A, (2),0,(2)), k=12.

4) O6uosutn  Q7(2), k=12 10
sekropa X(7)€Q’(2) 10 koxXHOI 3 rimepionmH
L(A,(2),0,(2)), k=12,

PP x()s LA, (2).b,,,(2) =
= (b1 (D)~ A 3D R (A,,,,(2))
(b (D = Ay, (22()))

(Hii moni6Hi 1o myHKTY 3 MOOYIOBH MEPIIOi JIAHKH).
5) [IlepeiliTh Ha BHUKOHAaHHsA omeparii 2 3

Hosumu mipmuokuHamu Q7 (1), QI(1) j=12,....

- KUTBKICTB iTepariii B

JJIsL sJKa  BH3HAYA€THBCA  SAK

BiacraHi

BepxHiii iHIeKC j mMo3HaYae KibKICTh iTepaiiii Ha
eTari Jpyroi JIAHKU.

6) 3ymnuHKa anropuUTMY Ha eTari JIpyroi JaHKH
KIIaCTEpy MOXKE 3aBEpIIUTHCH TICIs TOTO, SIK
BIJICTAaHI KOXXHOTO 3 BEKTOPIiB  BIAMOBITHOTO
€JIEMEHTY PO30UTTS JI0 BiJIOBIAHOI TiNEPIUIONINHU
HE TOJIINIIYIOTHCS.

7) llepeBipsieTbcss  KpuTepii  e(EKTHBHOCTI
311ICHEHOT TiNepPIUIONMHHOT KJIacTepu3arii
(Hampukiam, BUMOra PIiBHS KOMITAKTHOCTI  JIAHKH
knacrepy). [lpu BHKOHaHI KpHTepilo TMMOOymOBa
KJIaCTepy 3aBEpIIYEThCS, a TMPH HEBUKOHaHI
3MIACHIOETRCSA Tiepexin Ha (opMyBaHHS TpETHOI
JIAaHKH KJIacTepy.
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AJITOPUTM BHU3HAYEHHS CYTTEBOCTI Algorithm for determining the significance of
HEYiTKHX 00MeKeHb fuzzy constraints

Incturyr kibepuetnku imeni B.M. I'mymxoBa | Institute Cybernetics NAS of Ukraine,

HAH VYkpainn, 03680, Kyiv, Glushkova st., 40,
M. KuiB, np-t. Akaznemika ['mymkosa, 40,
e-mail: manovytska dariia@ukr.net e-mail: manovytska dariia@ukr.net

Cmamms npuceésueHa OOCNIONCEHHIO Y HANPAMKY MameMamuiHo2o0 MOOeN08anHs ma po3poOKu
npoyeoyp NiOMpumMKu npoyecy NPpUtiHAMMmSA pilieHb Npu YNPAGNiHHI PO3GUMKOM CUCMEM (CUCMeMHill
onmumizayii). Ilobyoosano 6Gazamoxpumepianivyy Molenb 3a0a4i CUCMEMHOI onmumizayii 3 Heuimkow
MHOICUHOIO OONYCIMUMUX PO38 A3Ki. 3anpononosanuti aneopumm OJia USHAYEHHS CYMMEBUX 0OMECEHb 3
MHOJNCUHU HewimKux obmedceHb. Pospobra moldeneti ma memoodie cucmemnoi onmumizayii 0038015€
CYMmMeEBO  pOWUPUMU  NPAKMUYHE 3ACMOCYBAHHS MAMEMAMUYHO20 NPOSPAMYBAHHS, 6 MOMY HUCTI
bacamoxkpumepianoHoi onmumizayii, 018 eKOHOMIYHUX 3a0a4, 3a0e3neyye Yinecnpamoeamne Y32004CeHHS.
MHOJCUHU OONYCIUMUX DIUleHb 3 YilbOBUMU YCMAHOBKAMU OCOOU, WO NPUIMAE PILUEHHS, Ma PeanrbHUMU
Modcrusocmamy  po3g'azyeanoi 3aoaui. Egexmusnicms oanozo nioxody niomeeposicyemvCsi NpaKmukor
3aCMOCY8aHHS, 30KpeMa, 6 3a0aiax Cmpame2iuno2o NiAaHy8anHs, YNPAeNiHHs 3MIHAMU GETUKUX CUCTEM.

Knrouosi cnosa: cucmemna onmumizayis, Hewimki MHOICUHU, NPULUHAMMS PillieHb.

The article is devoted to research in the direction of mathematical modeling and development of
procedures for supporting the decision making process in the management of system development (system
optimization). A multicriterial model of the system optimization problem with fuzzy set of admissible
solutions is constructed. One of the most important stages in solving system optimization tasks is the stage of
determining the limitations of the original model, which are "bottlenecks" to achieve the inadmissible
desired target of the decision maker. The realization of this stage is complicated if the range of permissible
solutions is fuzzy set. The proposed algorithm for determining such restrictions on the set of fuzzy
constraints, which are called essential. The development of models and methods of system optimization
allows to significantly expand the practical application of mathematical programming, including multi-
criteria optimization, for economic tasks, provides purposeful coordination of the set of permissible
decisions with the target settings of the decision maker and the real possibilities of the solvable problem. The
effectiveness of this approach is confirmed by the practice of application, in particular, in the tasks of
strategic planning, management of changes in large systems.

Key Words: system optimization, fuzzy set, decision making.

CrarTio nipecTaBuB J1.T.H., mpod. apamenko @.I".

Beryn 1. ITocTaHoBKa 3axayi
OnHMM 3 HaWBaKJIMBIIIMX €TaIiB pPO3B’sA3aHHS Hexait Moxmens opranizamiiinoi cuctemu (MO)
3a1a4 CHCTEMHOI ONTHMi3alii € BH3HAYEHHS 3aJlaHa y BHIIISAAI OOJIACTi JIONMMyCTUMHX DPO3B’SI3KiB

oOMEeXEeHb BHUXIHOI MoOneni, fAKi € “BY3bKHUMH D,:
micuamMu”’ i JOCATHEHHS HELOIYCTUMUX OarKaHUX .

HiJII:OBI/IX )I/[CTaIfOBOK OITP. PeZIaniZauisI IIBOTO €TaIry D, = {X: 8/(1)<0.leQ=1l...m},x= {x/’ jeJ =1, n}}}
YCKIATHIOEThCS,  SAKIIO  00JIaCTh  JIOMYCTHMHMX Ta MHOXHHH KPHUTEpiiB

pPO3B’SI3KIB € HEUiTKOW MHOXMHOKW. B crarti  f ={f,(x) > max,iel,, f, - min,

MPOIMOHYEThCS  MIAXiJ JO BH3HAYEHHS TaKUX iel,icl, I, Ul =1=1{,.,M}},

0OMEKeHb, sIKi OyJIeMO Ha3MBaTH CyTTEBHMHU.
Ie:

X — BEKTOpP PO3B’A3KIB PO3MIPHOCTi 71 ;
© J1.0. MaHnoBuiipka, 2017
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m — KUIbKICTh OOMEKCHB;
M — KIUTBKICTh KPUTEPIiB;

I, — MHOXHMHA IHJIEKCIB KpUTepiiB, MO
MaKCUMi3YIOThCS;

I,— MHOXUHA IHAEKCIB  KpUTepiiB, IO
MIiHIMI3YIOTBCS.

PosrnsiHeMo Mozenb 3 HEWiTKOIO — 001acTio
JOIMyCTUMHUX po3B’sa3kiB D, [1]:

x:8,(x)<0,leQ=1l,...m},
Dy =qx={x;,jeJ ={l,..,n}};

Hp, (gl (x))s leQ= {1,...,m}
g, (x)=<0

Yax;<b, 1eQ={,.m}, jeJ={..n}, a
j=1

e  OOMeXeHHS MarTh  BUIJIAL

uepes iy, (g,(X)) MO3HAYCHO CTYIIHb HAJCHKHOCTI

obmexenus g,(x), [eQ={l,..,m} wmHOXuHI D,
npudomy 1, €[0,1].

Hexait OIIP 3amae cBoi Bumorm G  depes
Gaxanuit posB’s0k  x 1 G={x:x;=x,jeJ}.

Touka x  He HAICKATh BHXIAHIH 00JacTi
. *
JOIIyCTUMHUX PO3B’si3KiB D, :x ¢ D).
[MoTpiOHO CTBOPUTH HOBY IOMyCTUMY 00JacTh

D, y BiamoBigHOCTI 3 MOYaTKOBOIO obmactio D, i

AKIN ICHy€ O3B’ 130K x, eD, 110
* k * . * * * .
[ (x)>f,iel, x €D, ne f, =f(x)iel.
2. AITOPUTM TNepeBipKH 00MeKeHb Ha
“cyTTeBicTh”
OOuncaenuss MiHiMaJabpHOI Bigcrami S Bin

6axkaHol TOYKH X /10 0GMeKeHb B IPocTopi R" .
Hexaii 3aman n-BuMipHHMI eBKmiiB mpocTip (
n>3), ne n Moxe OyTH OyIb-KUM HaTypaJbHUM
gucioMm. [lomiOHO TOMy, SIK TIOJOXEHHS TOYKH
3BUYAaHOTO €BKJIIOBOIO MPOCTIpY BHU3HAYAETHCS
3aJaHHsAM TPBHOX i1 MPSIMOKYTHHX KOOPJMHAT, TOUKA
7 -BUMIPHOT'O €BKJIIJJOBOTO IPOCTIPY 3aMa€ThCS 7
KOOPJMHATAMH X, X,,...,X, (SKI MOXYTb MpUHMAaTH
Oyab-aKi AIMCHI 3HAYCHHS); BiAcTaHb § MK JBOMA
H(Y5 255 3,)
BU3HAYAETHCS 32 HACTYITHOIO (POPMYIIOI0:

S =0 =) + (6 = 3, + et (x, = 3,)°

toukamu M (x,, X,,...,X,) Ta
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aHaiorigHo (opMyJi BifCTaHI MK JABOMa TOYKAMH
3BHYANHOT'O €BKJIiZIOBOTO IMPOCTOPY.

HopmyBanns Bincraneii.
B pe3ynbrati monepenHbOro KpoKy OTPUMAHO i1
Bigcraneil S,,i=1,m (OCKUIBKM m — KUIBKICTb
. . *
0o0MexeHb) BiJ] OakaHOI TOYKH X JIO KOXKHOTO 3
oOmexxeHb. HeoOXxigHO mpoHOpMYBaTH OTpHMaHi

BIJICTaHi, 7SI TOTO, 00 B MalOyTHROMY OTIepyBaTH
MOKAa3HUKOM, LI0 HaJIeKUTh A0 iHTepBaiy Big 0 1o 1:

SiNORM ’i = lbma SiNORM € [0,1]

s nporo 3acrocyemy ¢opmyiny:

S —5 . S
i min _
Sinorm , i=Lm
S max _Smin
3HaxoqkeHHA — “koegiumieHTIB  cyTTEBOCTI”
00MeIKeHb.
CtBopeHHs HOBOi jgomycTtuMoi obmacti D,

nepenbadae  BIOPSAKYBaHHA ~ OOMEXeHb 32
CYTTEBICTIO 3 TOYKH 30py iX HasiBHOCTI B MOJIEIIL.

[TozHaunmo k, sk “xoedimient cyrresocti” (KC)
0oOMEeXeHHs, MaKCHMallbHe 3HA4YeHHS SKOro Oyze
HaJIe)KaTH OOMEXCHHIO, 1110 € “HalCyTTEBIINM”,

KC Bu3HadaeThCs 32 HACTYITHOIO (POPMYIIOIO:

k= Hp, +(1_SiNORM), i=Lm.

' 2

B YHCETbHUKY 3aMiCTh

Si NORM

BUKOPUCTOBYETbCA BUPa3  (1—S,yory) A4 TOTO,

100 BpaxyBaTH, 110 31 301JIbIIIEHHAM BiJICTaHI MiX x
Ta OOMEXEHHIM 3MEHIIYEThCS “CTyIiHb
BAYKJIMBOCTI”” IIbOTO OOMEKEHHS.

ITicns  3Haxomkenns KC It  KoXHOro 3
oomesxenb Bincopryemo KC 3a cnamanusm. Ilepiue,
MakCHMaJIbHE 3HA4YEHHs, BIANOBIZA€ OOMEXKEHHIO
(0OMexeHHSM), TII0 € HAHOUTBII CYyTTEBUM.

3. llpuxaang
OO6mactp JomycTuMHX po3B’si3kiB D, 3amaHa
HACTYITHUMH HEPIBHOCTSMH, KOXKHE 3 SKUX Ma€ CBiif

CTYMiHb HAJISKHOCTI o0nacti D, :
y=x+4, 1, =04,

o 1,8

*o3 37

v, =-3x+28, 1,=0.75,

M, =0.1,

1
y4:5)€, H 20'47

ys=—2x+10, 1, =04,
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.
aTouka x =(6,8) - € OaxkaHUM PO3B’SI3KOM.

Q- +
Q> x I "
(6.8)
Q »= -3+ |
Q- ks
Q-2
o \
Puc.1 - mogens cucremu D, .
7 - fx | =AVERAGE(1-[@[S norm]],[@M])
A B C D E F G
Neo6m  BdS(x*, g) Bsnom Em [~ 1% v
1 1.41 0.203125 0.4 0.598438
2 0.63 0 0.1 0.55
3 0.63 0 0.75 0.875
4 4.47 1 0.4 0.2
5 4.47 1 0.4} 0.2.-

X max
0.63

Puc.2 - Excel po3paxyHkH.

X min
4.47

Pospaxynku B Excel imocTpytoTh HacTynHe.

[epmit CTOBITYUK [03HAYa€ HOMEp
0OMeXeHHsI, IPYTHid — BiICTaHb BiJ] OOMEXEHHS 10
6axkaHOi TOYKH X , TPETili — BU3HAYAa€ HOPMOBAHi
BiJICTaHi, MmO Oynd OTpUMaHI Ha TPETHOMY KpOIIi
aJITOPUTMY, YETBEPTUN — BKa3y€e Ha 3aJaHUN CTYITiHb

CnMcoK BUKOPHCTAHUX JKepet

1. Mashchenko S.O. The problem of
mathematical programming with the fuzzy set of
indexes of constraints / Mashchenko S.0. //
Cybernetics and systems analysis. - 2013. - 49(1). -
P. 62-68.
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HaJIeKHOCTI 0OMexeHHs obnacti D, . B ocranHbOMY

CTOBITYMKY OOYUCIIOETHCA “KOSQIlliEHT CYTTEBOCTI”
(KC) oOmerxeHHs.

[Ticast copryBaHHS 3’ACYBallOCh, IO HAWOLIBII
CYTTEBUM € TPETil KPUTEPIH.

v Jx || =AVERAGE(1-[@[S norm]],[@M])
A B C D E F G
Noo6m  Bd S(x*, g) Bsnom Em [~ 1% o
3 0.63 0 075 0.87s|
1 141 0.203125 0.4 0.598438
2 0.63 0 0.1 0.55
4 447 1 0.4 0.2
5 447 1 0.4 0.2,

X max
0.63

X min
4.47

Puc.3 - copryBanns oomexens 3a KC.

BucHoBku
3anponoHOBaHUI aNrOPUTM HAAE MOXKIHMBICTh
BHU3HAYATH CYTTEBI OOMEXEHHS CHCTEM Ha OCHOBI

BiAcTaHl BIX IIJILOBUX yCTaHOBOKG 1 cTymneHi

. X .
HanexHocTi 2 (&,(x)) wroxmri D0 Ta moske OyTu

BUKOPUCTAHUM, SIK €Tal, B alTOPUTMax CHUCTEMHOT
ornruMizaril.
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IHapamerpuunuii onuc craniB piBHoBaru | The parametric description of equilibrium

€KOHOMIYHOI cHcTeMHM 3a HasBHocTi | states of an economy under presence of
MOHOMOJIICTIB monopolies
[HctutyT TeopetnuHoi (izuku Bogolyubov Institute

iMm. M.M.Boromo6oBa HAH Ykpainu
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ByN. MeTponoriuna 14-6

e-mail: map@bitp.kiev.ua

for Theoretical Physics

14-b Metrolohichna str., Kyiv,
Ukraine 03143
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Hocniosxceno pisnosazy 6i0Kpumoi eKOHOMIYHOI cucmemuy 3a HaAA6HOCHI MOHONOAICMIB. 3acmoco8aHo
npunyunu pienosazu Banbpacosoeo muny. Buxopucmano HAOIUNCEHHsT MOOedi eKOHOMIKU 3 NOCMIHUMU
iHmepecamu Cnoxcueauie. 3anNPONOHOBAHO ANROPUMM PO38 S3AHHA 3a0a4i NPO eKOHOMIUHY DIBHO8AZY.
Ompumano oOMedxCcenHs Ha MOOeNbHI XApaAKMepUCmuKY, 6UKOHAHHS SKUX 003801A€ 3ANUCAMU AHATIMUYHI
BUPA3U XAPAKMEPUCTIUK CTNAHIB PIBHO8A2U eKOHOMIYHOI cucmemu. Bupaszu 3anesxcamv 6i0 napamempis, a
3MIHA 3HAYEHb YUX Napamempie i Onucy8amume pizHi piGHOGAJICHI CIMAHU.

Karrouosi cnosa. pienosaza, monononicmu, nonum, Npono3uyisi, YiHOYMEOPEHHsI.

The construction of economic models assists a detection of suitable tools to achieve an acceptable
state of the economics. The equilibrium approach leads to a determination of factors generated negative
processes in the economic system. The investigation aim is to a description of possible equilibrium states of
the economic system under conditions of profitable productions of all economy subjects. The equilibrium
principles are a Walrasian type. The model uses the approach of an economy with regular interests of
consumers. The economy description takes into account a presence of monopolies and insatiable consumers.
There is an algorithm of a solution of the equilibrium problem. The solution method is to a construction of
analytic expressions of economy characteristics corresponded an individual equilibrium state. The economy
characteristics depend on a parameter vector. This parameter vector describes various possible equilibrium
states. The suitable choice of the parameter vector results in a detection of an equilibrium state with defined
properties. The degrees of a satisfaction of consumers needs indicate the quality of equilibrium states.

Key words: equilibrium, monopolies, demand, supply, prices formation.

CrarTio TipecTaBuB J.T.H., mpod. [apamenko O.I".

Beryn
[lotpeba y  MOJEIIOBaHHI  TOBEIIHKU
CKOHOMIYHMX CHCTEM TIOB'i3aHa 31 cHpoOaMu

BUSBIICHHS KpPHW30BUX UWHHHUKIB, Ta aJIeKBaTHUX
3aco0iB BIUIMBY Ha HHUX 3 METOI peaisaril
NPUAHATHUX clieHapiiB (yHKmionyBanHsa. Yac Bij
Yacy BUHHKAIOTh CKOHOMIYHI KpU3H, SKHX HE
BJIANIOCS 3amolirTv, a iX MoJaoJIaHHS MOTpeOye
3HayHUX 3ycwib. 1llo o03HaYae HEOOXIiTHICTH
BJIOCKOHAJICHHS HAsBHUX IHCTPYMEHTIB BIUIMBY Ha
€KOHOMIYHY CUCTEMY. Buxopucranus TSt
MOJICJIFOBAHHS MOBEIIHKM €KOHOMIKH PIBHOBAKHHUX
MIXO/IB J03BOJISIE OTPUMATH JIOCTATHLO iH(pOpMaIIii
mpo OajaHC €KOHOMIYHOI CHCTEMH i YMHHUKH, Mis

© A.Il. Maxopr, 2017

SKUX TPHU3BOJAUTH JO TMOpyIIeHHI Oamancy. Pizni
ClieHapii BIAMOBIIAI0Th OKPEMUM CTaHAM PIBHOBArH.
OriHKa XapaKTepUCTHUK CTaHiB PIBHOBATH JIOTIOMOXKE
BUSIBUTH T€ Y B3aEMOBIIHOCHHAX MK CyO0'ekTamu
€KOHOMIYHOI CHUCTEMH, MO MPU3BOJUTH JIO TIOSBU
JcOaTaHCiB.

VY jocmimpkeHi BHKOPUCTOBYBaTHMEMO Baibpacosi
npuHOMM piBHOBaru [1,2], a eKOHOMiUHY cHCTeMY
MOJEIIOBATUMEMO HAOIMKEHHSIM E€KOHOMIKH 3
MOCTIHHUMU 1HTepecamu criokuBadiB [1]. Mera —
3'CyBaTl BIUIMB MOHONOJBHUX SBHIL Ha MOXIIMBI
CTaHW pIBHOBarm eKoHoMmiuHoi cucrtemu. Lle
BRXIMBO, TOMY IO MOHOIOJNI3M BIJIHOCATH JIO
HECTIPUATIMBUX YMHHUKIB, a 3HaHHS HOTro MpOsBiB
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JOTIOMOXE
MPOIIECIB.

3armoOiraHHI0  PO3BUTKY HETaTHBHHUX

Onuc eKOHOMIYHOI CHCTEMH
ExoHOMIYHY cHCTEMY pO3DJISJATUMEMO SIK
CYKYIHICTh [ CHOXHBadiB, KOKEH 3 SKHX IparHe
3M00yTH MEBHY KiJIbKICTh MOTPIOHUX HOMY TOBapiB.
PisHoBuiB ToBapiB € n. YactuHa 3 | crnoxkuBayis

TOBapiB CIPOMOXHI BHUTOTOBISITM OJUH 3 7
MOXUIMBMX  THImiB  ToBapiB. I1l[o6 mpuadarn
noTpiOHMA iM HOBUH TOBap, Taki CyO'€KTH

eKOHOMIYHOI CHCTEMH BHCTaBIIITHMYTh Ha IPOJAXK
TOBapH, BUTOTOBJICH] B TIPOIIECi CBOI'O BUPOOHUIITBA.
B exoHoMiuHiii cuctemi € i [ —n YUCTHX CIOKHBa-
YiB, SKi OTPUMYIOTh (DViHAHCOBHUN pecypc s TpH-
O0aHHS TOTPIOHMX HHUM TOBapiB BUKJIIOYHO 3
30BHIMIHIX JpKepen. 3aco00M yTBOPEHHS 30BHIII-
HBOTO (iHAHCYBaHHS € TEPEepO3MOALT KarliTaly,
OTPUMAHOTO B Pe3yJbTaTi OMOJNATKYBAaHHS MPHOYT-
KiB BHpOOHUKiB. CroXuBadi HeHaCH4YyBaHi, TOOTO
IUIAHYIOTh BUTPadaTH BeCh OTPUMAHUI MPUOYTOK Ha
npunabaHHs ToBapiB. TexHONOTii BHIOTOBJICHHS
TOBapiB pPO3IJANATUMEMO Yy BHIAJAKY HAasSBHOCTI
MOCTIHHUX BUTpaT BUpoOHMITBA. Cepen BUpOOHUKIB
B EKOHOMIYHIH cucTeMi HasiBHI 7 —f MOHOIIOJIICTIB.

PiBasiHHS ~ piBHOBarm Il  €KOHOMIYHOI
CHCTEMHM 3 TaKMMH XapaKTEPUCTUKAMHU MAalOTh
BUTJISI

] n
chjyj =X _Z“kixi -
j=1 i=1
n E—
_Zbki —e, +i,, k=Ln.
=
t y .
— J
py=2 ay+ Cy +hy [x; Pi +
T .X.
k=1 X
n y . 0 -
J ; —
+ D | ay+ ¢y +by/x; P, J=L1,
ke=t+1 X

0 _ Yj
D; —Z akj+ﬂ . cy+by/x; I+

k=1 i

n
Y 0 . T
+ D |ay+—-c,+b,/x; |p.,  j=t+lLn
ke=t+1 TX;
ne x={x;};, — OOCArH BHIIyCKYy BUTOTOBJCHHX B

nporeci BUpOOHUITBA TOBAPIB, {p,}, — BEKTOP LiH
. 1 .
ToBapiB, {y,}., CTyIICHI 3aJ0BOJICHHS IOTped

CHOXHUBa4iB, {7,},, — BEKTOP OIOJATKyBaHHS,
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BCIIMYHMHHU o0csTu

edim 1 Ui

eKCIIOPTy 1 IMIIOPTY TOBapiB, MaTPUYHI €IEMEHTH

3a1ar0Th

n . .
ij el OIMUCYIOTH CIIOKHUBY1 yr[0)106aHH51 J -TO

. . n
Cy0'eKTy €KOHOMIYHOI CHCTEMU {akj }k—1

Ha BHUTOTOBJICHHS OJMHUII BHITYCKY ] -TO TOBapy,

— BHUTpATH

{bkj }Z:] — YacTHHA TIOCTIHHUX BUTPAT BUPOOHUIITBA,
10 BHUKOPHCTOBYETHCS Ui HOro YTpUMaHHS Y
npane3gaTHoMy cTaHi. MOHOMOMICTIB HyMepyBaTH-
MEeMO iHIEKCaMH 3 iHTepBalLy [t +1, n]

3 piBHsAHBb pIBHOBaru BHU3HAYMMO HEBiJOMi
pextopi (ppeap, ) (e, ) (e y))
(irt +1,...,7rn) 32 PelTH 3aJaHuX XapaKTEPHCTHK.

Bkazani HeBigoMi 3MiHHI ONHCYBaTHMYTh CTaHH
piBHOBaru, B SKUX MOJXE ONHMHUTUCH EKOHOMIYHA
cHuCcTeEMa.

XapakTepuCTHKH CTaHiB piBHOBaru
Hexaii cnextpanpHUEl pazaiyc wMaTpwii

A:Hajk MECHIIIE OJWHHI, TOAI Imepmie 3

n
Jok=

PIBHSHB piBHOBaru Haby/ie BUTIISIY

[ _
j=1

! [
ddyy;=b, k=t+Ln,
Jj=1

A€ ITIO3HAYCHO

bk = xk _Z(E_A);j es _is +zb5, ’
s=1 Jj=1

n

dy = Z(E ~ Ay Cyj

s=1

Kommonentu b,? =b, >0 nmna iHpekciB k=1t

3a/1aHi, a KOMIIOHEHTH b Ui iHAekciB k =t+1Ln

Hesizomi. 3 Bupasy (1) 3a Bexropom b° = (blo ye .,b,0 )
MOKHa 3HalTH TNapaMETPUYHUN pO3B’A30K I
BEKTOpa CTYIECHIB 3aJJ0BOJICHHS IOTPeO CIOKHUBAIB.

1 odopig-

1l
Teopema 1. Hexaii pane mampuyi Hd 6l

nioe t, cnekmpanvhuil padiyc mampuyi S(1) menwe

00uHUYi, Oe
t
1 T;
A(r) = a,; +—Obk. +—7
J J7

ij ,

k,j=1
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BUKOHYEMbCA 6UMOcA
t

@, f)=D2b'f, >0, i=Lt,
s=1

oe f, :{d,;1 };:15 i:ft. Tooi onsa pisHoBadCHUX

XAPaAKmepucmux eKOHOMIYHOL CUCIeMU CRPABeOUse
NOOaHHs

(b()’fl)_ Z(dj’fl)yjy;a“-a(bo’ft)_

Jj=t+1

y(y) =

l
- Z(dj’ﬁ)yjyj97t+1yt+17'"’}/lyl >

Jj=t+1

b c.
p(y)= Z(E ﬂ(y)),kz a+T 55

s=t+1! x] 7[1'

x— b, f)- Z(d,,fwy, pl, k=Lt

J Jj=t+1

X (y)= zdkz(bo f)+ Z{ kj—idki(dj,ﬁ)}/jy;+

J=t+l

k=t+1n,

+Zn:(E—A);j e, —1i, +ibsj ,
s=1 J=1

”1(7):|:ch17]y P (7)+ZCS17/y ps}

s=t+1

x[p;?x,- (y)—i_(ak,-xj<y>+bk, )o, (r)-

-1
- Z(aijj(7)+bkj)l71?} , Jj=t+1n,

k=i+1
v (df)=Yd,fy. =Bl
s=1

3a0anutl i eubUpacmovcs max, wod SUKOHYEANUCH
HepigHOCMI

Bexmop y*

(bo’fi)zzdkjfikyj" i=1t,
k=1

a 6ekmop napamempis }/=(7,+1,...,7l) Habyesae

j=t+1Ln,

3HAYEHb 3 MHONCUHU BUIHAYECHOI eupasamu

1t
120", f)= 2 2 dyfur;y; >0,

j=t+1 k=1

L1,

n+l

2=

j=t+1 i

>y, >0, i=t+1n,

i onucye Modcausi cmamu pieHo8acU eKOHOMIYHOL

cucmemu.
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JloBeieHHS TeOpeMHM BHIUIMBAE 3 MOJKJIHMBOCTI
3alucaTy po3B'A30K PiBHAHHA (1) cTOCOBHO BEKTOpa

y=y(y) 'y napamerpuudHomy Burasmi [1].
OOMeKEeHHS. Ha 3HAUCHHS MApaMeTpiB 7, ,...,Y,
BHILUTMBAIOTH 3 TOTO, 10 KOMIIOHEHTH BekTopa V()
MaroTh HaOyBaTH 3HaueHb B inTepany (0,1].

Jloci BBaXKasnocst, 1o 3aJlaHAMHU € KOMIIOHEHTH

0 0
Ty yeeas T

;, BCKTOpa OIIOJAaTKyBaHHS. Posrassaemo

BUITIAJOK, KOJIMW 3aJaHUMH € 1 Ti KOMIIOHCHTH, IO

72_0

CTOCYIOTBhCA MOHOITOIICTIB ﬂ'HI, T, .

o o\
Teopema 2. Hexaii komnonenmu, 6ekmopa {7[5 }i:m

€ 3a0aHUMU, CNEKMPAIbHULL paoiyc Mampuyi
t

~ 1 1
l_ E— [
A =lay +—5by +——7¢y
j i%i

k,j=1
MeHue 3a OOUHUYIO, A OISl BUOPAHUX 3 MHONCUHU

n 13
C=<y,eR, 120", f)=->.>.d.f.r,y;>0,
j=t+lk=1
- n+l
Szl,ta 27/1'>07 i:t+17n7 27/!:1
yi Jj=t+1
8eKmopie

71 = (7zl+17""7/;i+197/n+19"'971)’
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BucnoBku

3anponoHOBaHO  METOJA  MapaMeTPHYHOIO
OMKCY CTaHIB PIBHOBAark €KOHOMIYHOI CHCTEMH.
[TapaMeTpudHAl OMHMC CTaHIB pPIBHOBAard BH3HAYA€E
BCI MOXIMBI CTaHW €KOHOMIYHOi CHCTEMH 3
MpUOYTKOBUM BHPOOHHMLTBOM ii cy0'ekTiB. B Mexax
3aCTOCYBaHHS MApaMETPHYHOTO  ONHCY  CTaHIB
pIBHOBarn OTPHMAHO aHATITHYHI BUpA3d IS
piBHOBakHHMX  xapakTtepuctuk. lllogo  piBHIB
OINMOJATKYBaHHS MOHOIIOJICTIB, JOCTIKEHO 1 KOJIU
BOHH € 33J]JaHUMHU, 1 KOJIU BOHU € XapaKTEPUCTUKOFO
CTaHy pIBHOBaru €KOHOMIYHOI cuctemu. B
OCTaHHBROMY  BHWIIQJKy  PIiBHI  ONOJATKyBaHHS
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PO3TISAAIOTHCA SIK BaXK1JTh BIUIMBY HAa MOHOTIOJICTIB.
3a BEKTOpPOM CTYHNCHIB 3a/JI0BOJICHHS MOTpeO
cniokuBadie  y = y(¥) MOKHA BU3HAYMTH SIKICTh
OKpPEMOTO CTaHy PIBHOBarW €KOHOMIYHOI CHCTEMH.
3a moTpeboro, BHOOPOM 3HAYEHb IMapaMeTpiB

7/ t+19°0 7/ l
piBHOBaru 3 3aJaHUMH BIACTHBOCTSAMHU. 30KpeMa,
JUTSL OKPEMUX PIBHOBOKHUX XapaKTEPUCTUK MOXKHA
BCTAHOBHTH IHTEPBAJ 3HAYCHD, K OYJI0 BKa3aHO IS
KOMITIOHEHTIB Bektopa y = Y(¥) y [4,5].
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3axucm 300pos’s HaceleHHsa € NPIOPUMEMHUM HANPAMKOM COYIanbHOL noaimuxyu depaiicas. 3Haune micye
¥ supiuienni npobiem HayioHanbHOI 0XOPOHU 300p08 s idicpac po3eumok meouunoi nayku. Tomy ooun 3
207I06HUX Ni0X00i8 NOOONAHHA NpoONeM 8 HAYIOHANbHUX CUCMEMAX OXOPOHU 300p08’sl NONASAE Y
BUKOPUCMAHHI NOMEHYIANy HAYKOBYIG-MeOUKi6 3 Memoi0 po3pOOKU | 3aCMOCYBAHHS HOBIMHIX NIKY8ATbHUX,
O0IA2HOCIMUYHUX MA NPOPIIAKMUYHUX MeMOOUK, SAKIi O CHpusiu po3sumKy MeouuHoi donomozu ma
3abe3neuenHio 30008’ HaACeNeHH .

Y pamxax eupiwenns 3a80amvb, WO OXONIOIOMLCA HAYIOHANGHUMU NPOEKMAMU PO3GUMKY 2AY3i,
iHopmayitina nIOMpUMKA  THHOBAYIIHUX JIIKYBANLHUX MEMOOUK BKIHUAE: MOOCT0BAHHSA  PO3GUMK)
3aX60pI0GaHHs Ni0 0I€l0  THHOBAYIUHUX JIKYSANbHUX MeMOOUK, NOPIGHAIbHUNL AHANI3 e@eKxmusHoCmi
JUKYBANLHUX ~ MeMOOUK;  00SpYHMYBAHHA NPUUHAMMA — piuleHb Npu  6UOOpT  MAKMUKU  JiKYEAHHSL,
NPOCHO3YBAHHA (DIHAHCO8020 3a0e3NeYeHHs TIKYBAHHS, HeODXIOH020 ) MeOUUHOMY CIMPAX)8AHHI.

Ananiz ingopmayivinux mooenei 6 2any3i MeOUHHUX HAYKOBUX OOCHIONCEHb 6KA3VE HA HeoOXIOHICcmb
PO3pobKU psidy Memo0ie 011 NIOMPUMKU NPULHAMMS piulelb, onmumizayii i kepysanns. Bupiwenns 3a0au
MEOUUHUX HAYKOBUX OO0CHI0NCEHb NO8 A3aHe 3 PO3POOKON MAMEMAMUYHUX MoOenell PO3N0BCIO0NCEHHS.
3axeopiosand (v 6unaodky enioemionoziunozo 3axe0plo6ants), oOnucy ix npoepecysawus (¥ 6URAOKY
bazamocmaditinocmi).

Knrouosi cnosa: meduuni cucmemui 0OCHIOdNCEHHS, NIOMPUMKA NPULHAIMMSA Piutelb, KOMNAPMMEHMHI
Mooeii.

A health protection of population is priority direction of social politics of the states. A meaningful place
in the solution of problems of national health care occupies development of medical science. Thus one of
basic methods of overcoming of problems in the national systems of healthcare there is the use of potential of
scientists-physicians with the aim of development and application of the newest curative, diagnostic and
prophylactic methodologies, that assists upgrading of medicare and maintenance of health of population.

Within the framework of solution of the tasks included by national projects, researches dealing with
informative support of innovative curative methodologies acquire special value: simulation of development
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of disease under the action of innovative curative methodologies; a comparative analysis of efficiency of
curative methodologies; evidence of decision-making at the choice of tactics of treatment; prognostication of
the financial providing of treatment, which is necessary in medical insurance.

The analysis of information models in area of medical scientific activity shows on a necessity of
developments of set of methods for decision support, optimization and management. The solution of
problems of medical innovative activity is related to development of information models of development and
distribution of diseases (in case of epidemiological disease), description of their progress (in case of multi-

stageness).

Key Words: network medical systemic research, support of decision making, compartmental models

CrarTio IpeACTaBuB A.T.H., mpod. I'apamenko @.I".

1. Introduction

A health protection of population is priority
direction of social politics of the states. The national
program of reformation of healthcare branch
includes modernisation of the system of health care
and sets basic conceptual priorities of development
of medical branch of country. A meaningful place in
the solution of problems of national health care
occupies development of medical science. Thus one
of basic methods of overcoming of problems in the
national systems of health care there is the use of
potential of scientists-physicians with the aim of
development and application of the newest curative,
diagnostic and prophylactic methodologies, that
assists upgrading of medicare and maintenance of
health of population.

Within the framework of solution of the tasks
included by national project of healthcare
reformation, researches dealing with informative
support of innovative curative methodologies acquire
special value [1-5]:

- simulation of development of disease under
the action of innovative curative methodologies;

- a comparative analysis of efficiency of
curative methodologies;

- evidence of decision-making at the choice of
tactics of treatment;

- prognostication of the financial providing of
treatment, which is necessary in medical insurance.

It is not complete list of tasks that arise up
during implementation of systems medical
researches on development and application of
innovative curative methodologies.

The analysis of information models in area of
medical scientific activity shows on a necessity of
developments of set of methods for decision support,
optimization and management. The solution of
problems of medical innovative activity is related to
development of information models of development
and distribution of disecases (in case of
epidemiological disease), description of their

progress (in case of multi-stageness). Such models
use the tools of both theory of differential equations,
random processes and information systems, systems
analysis and decision making. Their practical
realization requires development of corresponding
software environment.

Analysing the algorithms of decision making
in medical scientific researches it should be noted
that traditional biostatistical methods limit for the
estimation of results of investigations, models and
molecular markers.  Traditional  biostatistical
approach is concentrated on exactness, calibration
and discriminativity using such measures as a
sensitiveness, specificity and area under a curve
(AUC, AUROC). In the same time such approach
does not take into account population cooperations
and compartmental nature of the most of medical and
biological.

At the construction of information models, a
concept of etiology is important, as nature of disease
influences at choice design vehicle. Thus for
epidemiological diseases traditional approach is the
use of differential equations of population dynamics
on the basis of SLIAR-models; for the construction
of models of multi-stages diseases compartmental
approach is used.

The objective of the work is to determine
theoretical background for the development of
information technologies for support of medical
scientific researches.

2. The problems of systems analysis

We are focusing on development of the
system of support of decision making for the basic
tasks of system medical researches taking into
account etiology of disease and support of medical
insurance.

The following problems were solved.

Computer technologies of classification of
pathologies were implemented in the system of
medical diagnostics by the methods of data mining
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on the basis of different indexes of information gain
with the construction of decision trees and
classification rules.

Thus at the solution of practical diagnostical
problems the theoretical issues of computational
complexity were investigated.

The methods of optimization were
programmatically implemented for the mathematical
models of chemio-, radio- and immunotherapies on
the basis of dynamics of Gompertz and Richard at
presence of limits on a controller and phase state.

On the basis of analysis of the generalized
physiologically-based  pharmacokinetic =~ (PBPK)
models the PBPK-model of kinetics of drug, that is
described by the system of nonlinear differential
equations that include equations of Hill for
description of metabolic processes, were developed.

Quality of design of epidemiological
processes were improved by the use of mathematical
methods and software facilities of analysis,
prediction and control.

Computer technologies of determination of
optimal strategies of treatment were implemented on
the basis of analysis of the decision curves, with use
of the values of the combined function of utility and
also with application of regret theory.

The multivariant methods of quality analysis
of the dynamic systems were programmatically
implemented on the basis of functionally-differential
equations with the construction of structures of
knowledge - decision trees and classification rules
that were applied for classification of forms of
pathological processes.

The methods of design and analysis of
medical  insurance  were  programmatically
implemented taking into account etiology -
epidemiology or multistage diseases.

The certificated software product covering the
object-oriented implementation of system medical
researches with the use of methods of systems
analysis and optimal decisions was applied.

For implementation of project we needed the
following computer hardware and software. Software
was implemented for the platform Google
Application Engine. Thus we used open-source IDE
Eclipse and JDK, management system of project
Maven and corresponding open - source frameworks.
Server of database was MySQL. The storage of data
of Google Datastore was used for maintenance of the
most necessary data about a project. Therefore at
implementation of project we use entirely advantage
of open-source software and storages of data.
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3. Mathematical models
One of the most complicated pathological
processes is process of growth of the pathological
formation. In the work [6] it was evidenced to use
Gompertzian dynamics in order to describe tumor
growth. That’s why here we offer model of
antitumor immunity taking into account influence of
the damaged target organ on immune response as a
basic model. Moreover, practical problems dealing
with radiotherapeutic and radiosurgery (gammaknife,
cyberknife) treatment require the consideration of
impulse influences in such models. So, we use the

following model for pathologic process

dL(t) _ o

— = a,L(t)In 0 7 F@OL(@),

%ft) =&(m)aLlt - 7)F(t —7)- p(C(t)-C,),
PO, 0, ot
dth(t) —ol()-umlt), t#nT.neN,

t=nT.,neN

with initial conditions

(#(s)h(sh(s)ka(s)eC. =c(-7.0}R?).

$(0)>0(i=13). @)
the

System (1) 1is considered within
biologically evidenced region

D={L,C,F,m)|L,C,F,m>0}.

The values of the variables are described in
the work [7].

Note, that impulse differential equations can
not have any solutions in general case (even if
corresponding differential equations are smooth
sufficiently). That’s why in the work [7] there were
offered the estimates of the solutions of the system
(1), (2) in terms of the model parameters in a clear
form.

The model (1), (2) can be used for the
presentation of pathologic process of tumor growth
and for the treatment schemes within the optimal
control problems.

The problem of health insurance in the case of
oncological diseases besides (1), (2) demand
consideration of the models for determining the basic
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indices of the insurance policy. Namely, they are
survival of patient, the value of insurance premium,
costs of treatment etc. It requires to consider
probabilistic models of multistage diseases, which
parameters of distribution follow from models (1),
(2).

For example in the work [8] multistage model
of oncological disease as compartmental process for
which the laws of distribution of the time of the
staying patient at each stage are known, was offered.
So, the four-stage model of disease has the form

(Fig. 1):

Stage 0 Stage 1 Stage 2

Stage 3

Fig. 1 Compartmental model of the four-stage
disease.

the time of the staying

till the instance of

Here V., i=a2 is
, i=0,2; U, is the time

patient at stage i, = 0,2
transition to the stage i +1

of the staying patient at stage i, i = EZ till death,
i.e. till transition to the stage 3. Here for the purpose
of correctness we let V, =U.,.

In order to get the series of transition
probabilities and calculate insurance functions we
introduce the following random values

W,=U,-V,,i=02,
J —
Y, :ZHk,l <j=0,2
k-1
Theorem 1. Transition probabilities

q;(1),i< j= 0,2 can be calculated due to relation
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q; (1) = P{S(1) = j/S(0) =i}

= P{W, >0,k=i,j—1}

x(P{Y; >t/W, >0,k =i, j—1} -

— P, >t/W, >0,k =i, j—1}).
Let’s assume random variables U; and V.,

i = 0,2 be exponentially distributed, namely

3)

U.~ Exp(6),i=02, V.~ Exp(4,),i =0,1. (4)

Theorem 2. Provided that assumption (4)
with respect to distribution of variables U, and V,,

i=0,2  holds,

q,;(1),i<j= 0,2 can be calculated in such a way

the transition probabilities

Goot) =€ @ 1> 0.
9o (1) =
b Oth @y
Oy + 7y O+ 4 —0y— Ay
t>0.
A
doa (1) = o
(O +20)(6, + 4;)
(Gt 2)O, + Ay ™

O+ 12—y~ 1) 0,6~ 200,
B (G +4)

(0, +4 =6, —4)
Go3 (1) =1=q4o(1) =G, (1) — gy (2) , >0,

e G+ )

g, ) =e" M >0,

4ul) =2 Ao oy,
O+4 0,-6-4

t>0,

G5(1) =1—¢q,,(t) —q,,(1), 1 >0,

G, ()= 150,

Gy (1) =1—e" =" >0,

Note, that in spite of the fact that the
assumption (4) for exponential distribution of
variables U; and V,, i =0,2 presents clear form of

formulas for calculation of transition probabilities
and can be applied in a lot of cases, it doesn’t
correspond to tumor growth, which, as it was proved
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experimentally, corresponds to Gompertzian -  methods of optimization for the
dynamics. Survival of oncological patients and time mathematical models of chemio-, radio- and

of the staying at stage are due to the given
distribution law. That’s why it is necessary to

consider the case if the variables U,,V,, i =0,2 are

due to Gompertzian distribution, that is
U.~G(y;,n,), V.~G(a;,B;), i=0,2. There is
used new definition of parameters of the
Gompertzian distribution, which allows us to get
]
F,()=1-exp|—e™ |
t-q;
F,(t)=1-exp|—e” | i=02.
Theorem 3.  Let U~G(u,n) and
V~G(a,) are random variables which are

distributed due to Gompertzian law and 77 = 3. The

the difference W =U —V is distributed due to
distribution law with the density

t+uta

Juv (@)= (5)

At calculation of the total time of staying at
all stages we used special functions.

4. Conclusions

There were developed and programmatically
implemented the system of support of decision
making for the basic problems of system medical
researches taking into account etiology of disease
and with support of medical insurance.

For the problems of diagnostics and
prophylaxis were offered and implemented methods
of induction of decision trees and construction of
classification rules as computer technologies.

It was developed:

- mathematical models and methods of system
research of processes of tumour growth on the basis
of dynamics of Gompertz and Richard;

immunotherapies on the basis of dynamics of
Gompertz and Richard at presence of bounds on a
control and phase state together with software
implementation;

- multivariant methods of qualitative analysis
of the dynamic systems on the basis of functional-
differential equations with the construction of
structures of knowledge - decision trees and
classification rules;

- PBPK-model of kinetics of drug, that is
described by the system of nonlinear differential
equations that include equation of Hill for
description of metabolic processes on the basis of
analysis of the generalized physiologically-based
pharmacokinetic (PBPK) models;

- methods of design and analysis of medical
insurance taking into account etiology -
epidemiology or multistage diseases;

- the certificated software product will be
developed for the object-oriented implementation of
system medical researches with the use of methods
of systems analysis and optimal decisions.

Quality of design of epidemiological
processes was improved with the wuse of
mathematical methods and software tools of
analysis, prediction and control.

It will be developed:

computer technologies of determination of
optimal strategies of treatment on the basis of
analysis of the decision curves, taking into account
the values of the combined function of utility and
also with application of regret theory;

computer technologies of classification of
forms of pathological processes as structures of
knowledge - decision trees and classification rules.
The results of implementation of the methods
mentioned above can present information support of
innovative treatment methodologies with help of the
simulation of disease under the action of innovative
treatment methodologies, comparative analysis of
efficiency of treatment methodologies and evidence
of decision-making at the choice of tactics of
treatment, including from the point of view of
prediction of financial expenses.
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npeocmasiena y eueiioi cucmemu HeniHiuHuUX OuhepeHyitiHux pieHsAHb i3 CIAYIOHAPHUMU NAPAMEMPAMU.
THopisusno 3 6a306010 M0oOeNi0, KA BKIOYAE 68 ceDe NOWUPEHHS THOHOPMAYil 306HIWUHIM MaA 6HYMPIWHIM
KaHauiamu, nPponoHO8AHA MOOeNb I ue MICMUums MexaHizMu, wo SNiuaoms Had Npoyec po3n08CIOONCEHHS
iHghopmayii: 3a0y8anHs, 0BOKPOKOBe OXONeHHs IHopmayicio ma noodii coyiymy Ha 08i OOHOPIOHI nidepynu.
Haseodeno aneopumm ompumanms ycepeoHenoi onmumaibHol cepeonboK8dopamuyHoi nNPoSHO3HOI OYIHKL.

Kurouosi crnosa: mamemamuuni moleni nowiupenus IiHgopmayii, ycepeOHeHi ONMmuMAalbHi NPOSHO3HI
OYiHKU, CEPeOHbOKBAOPAMUYHA NOXUOKA, HeBUSHAUEHICTND.

We consider mathematical model of spreading one number of information type. Information is spread in
the community along internal (interpersonal communication of the member of social community) and
external threads (mass media). The mechanisms of forgetting, two-step spreading of information and
differentiation of the social community into two homogeneous subgroups are included in the model. The
model takes the form of system of four non-linear ordinary differential equations with stationary parameters.
Conditions at which the estimation of the parameters of the model approaches to their optimal values are
considered for general model. The algorithms of building averaged optimal root-mean-square predictive
estimation and root-mean-square error are offered. Special cases of presenting measure on the parameter
space of the model are considered. The offered model of information spreading process except theoretical
interest has an important practical meaning.

Key words: mathematical models of information spreading process, averaged optimal predictive
estimation, root-mean-square error, uncertainty.

CrarTio TipecTaBuB 1.T.H., mpod. apamenko @.I".

Beryn

3 PO3BUTKOM CYCIHLUJILCTBA 1 TEXHIKK BCE OUIBIION
Baru HaOyBae iH(popMalis Ta MOXKIMBOCTI i BIUIUBY
Ha WIEHIB COI[laJbHUX CIIIJILHOT.

ITounHaroun 3 KiHOE XX-rO CTOJITTS HU3KA
HaykoBIiB 3 pidaux kpain (CIHIA, Pociliceka
Odenepamis, bpurawis Ta  iHOI)  HaTAKOTh
MOIIMPEHHI0 iH(OpMaIii 0JJHy 3 TIPOBIIHUX pOJeH y
BHYTpIIIHIX Ta 30BHIIIHIX COL[aJbHO-TTOJITUYHUX
nporecax.

3 UMM MOXHa IOB’S3aTH TOSABY pOOIT, sIKi
BHCBITIIIOIOTH MPOIEC PO3MOBCIOKEHHsI iHpopMallii,

© O.I''Hakoneunwii, [1.M.3iHbKO,
10.M.1leBuyk, 2017

Horo 0cOOJMBOCTI, MOXKJIMBOCTI BHUKOPHCTaHHA B
BJacHUX iHTepecax ( (opMyBaHHS MEXaHI3MiB SIK
JUTS TIOIIUPEHHS «KOPUCHOI» iH(popMamii, Tak 1 s
NpOTHAIl HeOaXaHUM TEHJIEHIISIM B CYCIIJIBCTBI).

OHUM 13 KIIFOYOBHX IMUTaHb, 110 BUHUKIN JIJIS
maHoi cdepu, Ha PiBHI 3 KOHIEHTYyali3alli€ro
TEPMiHIB Ta BHOKPEMJICHHS NpeIMeTHOi 00jacTi, €
noOy1oBa MaTeMaTHYHUX MOJEJICH, sIKi O aJeKBaTHO
onucyBau 1iei mpouec. OIHUM 13 NEPCIEKTUBHUX
HanpsMKiB Ui JaHOI NpoOJIeMaTHKN € MaTeMaTH4Hi
MOJeTi, TPEACTaBleHI y  BUTISAIAI  CHUCTEMH
3BUYAWHUX JU(DEPEHIITHUX PiBHSHb.
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Po3rnsiHeMo y3arajbHEHYy MOZETh IOIIUPEHHS
JIOBUTHHOT KIJIBKOCTI THIIIB iH(OpMAIii.

Hexaii € nmesika comialibHa Tpyna YHCENbHICTIO
N, Ha fKy mpoBaauTbcsa iH(OpMaIiiHa mist Mo N
KaHaJiax, MPUYOMY YHCIIO CyO’€KTIB, IO CIIPHUAHSIIH
inpopmariro K -ro tuny (k =1,n) sanexuts 5K Bix
30BHIILIHBOI Aii, TaK 1 BiJ COUIKYBaHHS Cy0’ €KTIB MiX
coboro. ITosnaunmo uepes X, (t),k =1L,n — uucno
cy0’eKTiB, 10 cnpuitHsaH iHpopManio K -ro tumy B
moment wacy t, uepes S, (t) — inTencusHnicTb
cuinkysauns, U, (t)— soBuimmi aii. Toxi 3miny 3

gacom BenmmunH X, (t),K =1,n moxmmBo ommcatu

CHCTEMOIO 3BUYaiHHUX TU(PEPEHIIHHUX PiBHSIHb:

% (1) = B, 0% DN =37 x; () +u, 0,
%, (0) = No =0,k =1n. 1)

B po6orax [1] — [5] npoBoauBcst aHami3 piBHIHB
(1) mpu mocrifiHUX napaMeTpax 1 crHeuialbHOMY
Bubopi dpynxuiit U, (t).

B po6Gori [1] moka3zani MmoxiauBOCTI Ha 06asi
Mogneni (1) BHBYEHHS XapakTepy HapOIIlyBaHHS
iHpOpPMAaIIHOTO BILTUBY 3 YacOM B 3aJIe)KHOCTI Bij
TIOBE/IIHKOBUX XapaKTepUCTHK 00’ €KTy, MOOYI0BH 3a
JOTIOMOTOI0  METOMIB ONTHUMAJIBHOTO KEpyBaHHS
HaliKpaluXx B TIGBHOMY CEHCI PEXHMIB IbOTO
BIUIMBY Ha coliaipHy rpyny. [lokaszaHo, mo B cuiry
HETIHIHHOCTI TpoIecy, BiH AOMyCKaE HEOUYEBUIHI
crnocoOu KepyBaHHsI pecypcoM. Ha npukmazi ogHoro
iH(popMaIiiHOTO JiKepena (pOPMYITIOIOTHCS OCHOBHI
NPUITYIICHHS, HAa OCHOBI SKUX (DOPMYIIOETHCS
3ajaua Komr, mo ommcye mpolec TONIMPEeHHS
iHpopmarii. J{ns Hel 3HalieHo SBHUI PO3B’SA30K Ta
MPOBEICHO aHai3 XapaKTepy MOBEJIHKU CHCTEMH B
3aJIe)KHOCTI BiJ| CITiBBiTHOIIIEHh MIX MTapaMeTpaMu i
BUJJIEHO TPH PEKUMH: 1HTEHCHBHICTh 30BHIIIHBOT
Iii TepeBepIrye iHTEHCHUBHICTh MiXKOCOOHCTICHOTO

CHIUIKyBaHHS, IHTGHCHBHICTb  30BHIIHBOI  Aii
CHiBCTaBHA 3 IHTEHCHUBHICTIO MIOCOOHMCTICHOTO
CIIUTKYBaHHS, IHTEHCHBHICTh  Mi)KOCOOHCTICHOTO
CHIJIKYBaHHS MepeBepIIye IHTEHCUBHICTb

nmoBimomienb 'y 3MIL  [lns Mopjeni moOmmpeHHS
iHpopMarii 3 1BOX  iHQOpMAIIHHUX  JpKeperl
HaBeJICHI BUYEPIIHI yMOBH, IO HAKIAJAIOTHCS Ha
napaMeTpy MOJIeNi, SIKi TapaHTYIOTh «IEPEeMOTY»
OJIHOTO JDKEpeIIa HaJl 1HIIIHM.

B pob6ori [2] Ha ocHoBi 6a3zoBoi momem (1)
3alpONOHOBaHA MOJIENb, IO BPAaXOBYE YOTHUPH
MEXaHi3MH, sIKi BIUIMBAIOTh HA JUHAMIKY IMPOIECY:
KOHTHHIEHTHICTh IOBEIIHKHM, HEMOBHE OXOILICHHS
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rpyn 3aco0amMu MacoBoi iH(opmarii, JBOKPOKOBE

3acBOEHHs Ta 3a0yBaHHs  iHopmamii. s
noOyJOBaHOI MOAETl BHBYAIOCH MHUTAaHHSI MPO
CTIHKICTB CTaIliOHAPHOTO CTaHy, 10

XapaKTePU3YEThCSI BIJICYTHICTIO aJICTITIB — iHUBIJIB,
oxoruieHux ingopmaniero. TakuM 4MHOM, OTpUMaHi
JIOCTaTHI ~ yMOBH  TOTO, 110 iHOopMarris
PO3MOBCIONUTHCS MO TPYIi Tak, MO [Ie MpUBEIe IO
HEHYJIhOBOI KIJIbKOCTI aJICTITIB.

Pob6ora [3] mnpucBsdena aHamizy — Momeli
iHQOpPMAIIHHOTO TIPOTUCTOSHHS B COLIYMY 1 Y TOMY
BUMAJKY, KOJIM OJHAa 13 CTOpIH MEPiOANYHO
necTabimizye CUCTEMY 3a JIOTIOMOTOFO
KOPOTKOTPHUBAJIOTO CTPHOKOITOAIOHOTO 301TbIIECHHS
IHTEeHCUBHOCTI nponaranau yepe3 3MI. Monens mae
BUIJIAJ JBOX 3BHUYAWHUX TU(PEPEHIIHHUX PIBHAHB 3
HEePIOANYIHOI0 PO3PUBHOIO TPABOIO YaCTHHOK. Jlis
BUTAAKY Majoi IHTEHCHBHOCTI pPO3MOBCIOJKEHHS
iHpopMalLlii OUITXOM MIKOCOOMCTICHOI KOMYHIKaIii
nmoOymoBaHa aCHMITOTHKA TIEPIOTUIHOTO PO3B’SA3KY.
[epexigauii pe’KuUM ITOCITIIKEHO YUCETBHO.

JocmipkeHHs 3a1a4i rapaHTOBAaHOTO KepyBaHHS
JUHAMIKOI0 CHCTEM B yMOBaxX KOHQJIIKTY, IO
OMHCYIOThCS  AW(EepeHIlialbHUMU  PIBHIHHIMH
Tommepra, mnpoBomuiock B poborti  [4]. s
crenianbHUX KpHUTEPIiB SIKOCTI JOBEJICHI
TBEP/KCHHS TIPO BUTJISII ONTHMAJIBHUX KEPYBaHb B
KJIaCl MPOTPaMHUX Ta TO3UIINHUX CTPATET1i.

Amnaniz BnactuBocTeil po3B’si3kiB cuctemu (1)

npu cneniansHomy BuGopi U, (f) mposommses B

po6orti [5]. OcobuuBy yBary NpuaiIeHO MHOMIYKY
YMOB ICHYBaHHS JIOJAaTHUX OOMEXKCHHMX PO3B’S3KiB
cuctemu (1) sK JUIs BHUIAJAKYy HECTalliOHAPHUX
nmapaMeTpiB, Tak 1 CTalllOHAPHUX IapameTpiB Ta
YMOB ICHYBaHHSl €IMHHX MEPIOJNYHAX DPO3B’SI3KiB
JUISL JICSIKUX OKPEeMHUX BHUIAQJAKIB 0a30BOI MOJEi.
Takox U1l TaKuX MoJeNiel 3a MEeBHUX YMOB OyJH
3HaiIeH1 po3B’s3ku 3amaui Komri.
[ToctanoBkH 3a7a4 po
OLIHIOBaHHS  @apaMeTpiB  3a  pe3yJbTaTaMu
CIOCTEpEe)KEHb ~Ta  METOAM  1X  pO3B’sA3aHHS
nporonytoTthes B [6], [7]. B poboti [6] HaBemeno
AITOPUTM OTPUMAHHSI ONTHMAIBGHUX YCEPEIHEHUX
OIIIHOK JUTSt Mojenen iH(opMartiiHOTO
MIPOTUCTOSTHHS Ta BUTJISI MOXHOOK 11a HUX. PoboTa
[7] mpucesiuena  oOIliHKaM  HecTalliOHAPHUX
napametpiB mogaeni (1) mpu creniansHOMY BHOOPI

rapaHTOBaHe

U, (t) Ta moxubkam st Hux.

1. Onuc MaTeMaTHYHOI MOJeJTi
Hwxue posrmsimaerbcst TOH BUNANOK, KOJHA
COIIlYM  MIIJA€ThCA  BIUIMBY  iH(OpMALiHHUX
MOBIIOMJICHB 3 OJTHOTO JDKEpelia.
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BBaxkatnmemo, 10 CHITBHOTA CKJIAJAETHCS 3
JBOX OAHOpimHUX minrpym, uncensictio N, Ta
N,,(N=N;+N,):

cupuiiMaTH 1HGOPMAIIIfO, IO PO3MOBCIODKYETHCA SIK

mepma  MATpyna  MOXKe

gyepe3 3MIL, Tak i d4epe3 MixocoOUCTiCHE
CHINKYBaHHS; Jpyra TMATpyna 3acBOIOE  JIHIIE
indopmartito, 1O  HAOXOOAWTH B  TIpoOIeci
MI’)KOCOOUCTICHOTO CIIJIKYBaHHSI. [Tepexomu

1HAWBIIB 3 O/HIET MIATPYNH B iHIIY BiACYTHI.

Takox MPHUITYCKAETHCA, IO 1HANBI, TOTPATTHBIIH
BIEpLIC TMiJ BIIMB iHQoOpMamiiiHoi nii, cTae
MaCHBHUM TPHUXWIFHUKOM, MOTPANWBIIA BAPYre —
aKTHBHUM  TPUXIIBHUKOM,  SKHH  ITONIMPIOE
iHpopMariiiiHe TOBIJOMJICHHA cepell 1€ He
OXOTUICHOI YaCTHHH COIIIyMY.

[lo3HaunMo KiNBKICTh aKTUBHHX Ta HAaCHBHUX
NPUXUIBHUKIB B MOMEHT Yacy { B mepuriii miarpymi,

siznosinno, X, (t) ta X,(t), B apyriit — X,(t) ta
X, (t).

Jlomamo TpUMyIIeHHs, 10 iHIWBIAN 3a0yBaloOTh
TpPaHCIbOBaHY iH(OPMAIIiI0: aKTHBHI MPUXHILHUKU

3abyBaroTh 3 inTeHcuBHicTio ¥ >0 1 craroTs

MAaCUBHUMH MPUXUIEHUKAMU; TACHBHI TIPUXUITBHUKA
3a0yBaroTh 3 iHTeHCHBHICTIO O > 0 it moBepTarOTHCS
710 HEOXOIICHHUX YICHIB BiAMOBIAHUX 1M MiATPYIL.

Hexaif wiieHn crilbHOTH HE MOXYTh PO3ITi3HATH,
JI0 SIKOT MiATPYNH BIIHOCUTHCSA KOHKPETHUN 1HUBIJL.
Tomi mo3HauWMBIIM dYepe3 « — IHTEHCUBHICTH
nosiomnens 'y 3MI, [ -
MI>)KOCOOMCTICHOI'O CIJIKYBaHHS, OTPUMA€EMO TaKy
cucreMy Au(epeHIitHNX PiBHSIHB:

IHTEHCHUBHICTH

%, (1) = (a2 + B[x, (1) + X, ()X, (1) — 1, (1),
X, (1) = Bx (1) + %, () ]x, (1) — 2%, (1),
X3(1) = (a+ B[x, (1) + %, ()] x
x (N} =%, (1) = X (£) — 3K, (1) + 7%, (1),
X, (1) = Bx, (1) + %, ()]
X (Nz - Xz (t) - X4 (t))_ 5)(4 (t) + 7X2 (t)’ (2)
i3 IIOYAaTKOBUMHU YMOBaMI/I:
%,(0) = %,(0) = X,(0) = x,(0) =0. (3)

ITo3HauumMo (9:(a,ﬂ,}/,5)T,l9€®g R*, ne

® — 3ajgana MHOKMHA napameTpiB moaeni (2). Tomi
po3B’si30k  3amadi Komri (2), (3) 3amexxuts Bif

3HaveHHs mapamerpy € i mosnauaerscs X, (t,6),

k=14. Jna copomenHs (ne Le MOXIMBO i He
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MIPUBOJIUTH i (o) HENOPO3yMiHB) Oynemo

BHKOpHcTOBYBaTH mo3Hadenss X, (t),K =1,4.

2. ITo0ya0Ba NpPOrHO3HUX OLIHOK
Hexait B Toukax t <t, <..<t,, t E(O,'lT),

= 1,_m CIIOCTEPIraloThCsl  TIPH  HEBIIOMHUX
napamerpax 6, = (a, £, 7/,5)T , 0, € ® BennuuHn
Xk(tj) Ta ykj:Xk(tj)+ijaj:]ﬂ_m1k:ﬂa e

X, (1), k = 1,4 — poss’si3ku 3amaui Komri (2), (3) (TyT

T 1
V; =(V1j,...,v4j ,J=1,m — Bekropu MOXHUOOK
CIIOCTEPEKEHb ).
Bimomo Takok, 0 HEBiIOMiI BEKTOPH MOXHOOK
CIIOCTEPEIKEHD Vi, j=1Lm 3a7I0BOJIBHSIOTH

HEPIBHICTH ZT:l(ijj,vj)Sl, e Q;, j=1m -

JTOJTATHO BU3HAYEHI MATPHIIL.

Osnauenns 1. [lpocnosnumu oyinkamu eenuyuH

X (t ) k=14, net >t  Hassemo

Xk (tm+1) = gk (y’ )_()! k = 1!4 (4)
(TyT Y=Y Ys) X = (X0 Xy),
Yk :(Ykl""iykm)' Xy :(Xk(tl)""ixk(tm))l
k=14, a Oy =14 — jesxi (GyHKILIi BEKTOPHUX
apryMEHTIB).

[IpobGiiema, sika AOCHTIIKYETHCS B CTATTI MOJSATAE
B 3HAXO/KCHHI ONTHMAJBHHUX B JIEIKOMY CEHCI
MIPOTHO3HUX OIIHOK (4).

Bregemo BEKTOPHY GyHKITITO
X(1) = (X, (0, %, (), X3 (), X, (1)) 12 marpmimo
F(t, x(t)) surnsny:

o () v () —x(t) 0
F(t, X(t)) = w,(t) —x,(t) 0 1
Ps(t) wa(t) X (1) —x(1)
0 w, () X () —Xx,(t)

@, (1) = %5 (1), w, (1) = (%, (1) + X, (1)) 2, (1);
w, (1) = (X (1) + X, (1) %, (t);
@3(t) = Ny — %, (1) = X,(1),
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V3 (t) = (Xl (t) + X, (t))(ps (t);
w, (1) = (X, (1) + %, (t))(Nz =X, (t) =%, (t))

Toni cuctemy piBHSHB (2) MOXKHA MIPEACTABUTH Y
BEKTOPHO-MATPUIHIHN dhopmi:

X(t) = F(t, x(1)).
I3 HepiBHOCTI

> @Qy,vy)<1

WEE

OTPHMAEMO:

m

23 Q) (y(t;)-F (t;, x(t;) 8, y(t)-F (t;, x(t)))0)<L, (5)

j=1

ne Y(t;) = (Y- y4j)T -
Hexait ém € Arg rg’]i(gl d(f) — Touka MiHiMyMy

gynkuii  D(F). Tomi 3 HeoOXimHMX yMOB
ONITUMAJILHOCTI Ma€EMO:
@'(6,)=0.

Posknanemo ¢ynkuito ®(6)B pan Teitnopa B
OKOJIi TOYKH ém :
q)(g);(I)(ém)_'_(Hm(e_ém)’g_ém)' (6)
e
= ZL FT(t,, x(t,)Q,F(t;, x(t,)).
I3 popmyn (5), (6) BUTUIMBAE HEPIBHICTD
(H.(0-8,).0-6,)<1-0(@,). @

Teepmxenns 1. Sxmo A € MIHIMAILHUM

'm,min

Ta A

BIIACHUM 4ucioM matpumi H o min

—> 00 mpH

m — oo, To ém — 6, npu M — 0.

Hogedenns. HepiBHicTb (7) Ma€e po3B’s3KH, KOJIU

MaTpuusd Hm € J0AaTHO BH3HAYCHOIO, TOOTO
IIOBUHHA BUKOHYBAaTUCh YMOBa
Hm 2 ﬂ“m,min E’

ne E — opurnuna marpuns posmipuocti 4 x 4.
Toni 3  ypaxyBaHHSIM  HEPIBHOCTI
CTPaB/KYIOTHCSI HEPIBHOCTI:

(7)

©-6,.0-6,)<(H,.(0-8,),0-6,)<
- (4,),

m min

1 3BIJICH OTPUMY€EMO:
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N 1-00,) 1
2 )

(8)

'm,min m,min

I3 (8) BummmBae (0—6, ,0— 0 ) > oo npu

A

m,min

MoTpiOHO OYII0 TOBECTH.

W)OO, TOOTO ng)QO’ 110 1

Iosuaunmo gepes G(X, Y) Muoxkuny:

G(X,9)2{0: 27, (Q,(v(t) - F,, x(t,)e,
y(t,)—F(t;, X(t,))0) <1} ne.

VBenemo najii MHOKHHY X IIPOTHO3HUX OLIIHOK
BEKTOpa

T
(m+l’ ) (X (tm+1’ )" ’X4(tm+1’9)) 1
SKY BU3HAYMMO HACTYITHUM YAHOM
X 2 {X(t,.,,0)}

YBeneMo TakoXXK Ha BHMIPHHX ITiJIMHOKHHAX
muoxuan G(X,Y) iimosipuicuy mipy () Taky,
mo (G(X,y)) =1.

Sxkmo  X(6) = X(t
OIlIHKA, TO BH3HAYHMO CEPEIHHOKBAJPATHUHY
MOXUOKY TaKOT OIIHKU Y BUTJISII:

)1/2

O'()’i) B (IG(X Y) .

Osnauvennsi 2. Bekrop X, 10 BU3HAYaeThes 3
YMOBHU

1, 0) — nHesxa mporuosna

X € Arg min o(X),
ReX
Ha3BEMO ycepeoHeHoro ONMUMATLHOIO
CepeoHbOKEAOPAMUYHOIO  NPOSHO3HOIO  OYIHKOIO
X(t,.,0) (mami VYOCKII-ouinka), a
o(X) -  cepeonvoxsadpamuumnoio
noxubKko makoi OyiHKu.

BCKTOpa

BEJIMYUHY

TBepaxenns 2. YOCKII-omiaka Mae BUTIIST

X=Xty 0)u(do), ©)

G(X.¥)
Jie PIBHICTh BHKOHYEThCS MaiKe CKpi3b 1O Mipi
,u() [Ipu 1bOMY BUKOHYETBCS PiBHICTh

() = [ [, O u(d0) = [R"
Jlosedenns. OCKiNBKY Ma€e Miclle HEPiBHICTh

O-(X) N -[G(YYV)
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+ [ K~ X(t00, O pd6) >

2
G(X.y)
TO BUKOHYIOTBCSI YMOBH

mlna 2(%) = I

|X X(tm+l’ 9)” ﬂ(de) -
||x(tm+1, O () ||

i MiHiMyM mocsiraeThcst Ha Takomy Bektopi X(6),

G(X,y)

JUTS SIKOTO CTIPaBDKYETHCA PIBHICTD
~112
R(0) - X|" u(d@) =0.
o) [%(O) = X[ ()

OTxe MaibKe CKpi3b MO Mipi 4/ BHKOHYETHCS
piBHICTB

X =10y X(tis O)(d0),

110 1 TOTPiOHO OYJI0 TOBECTH.

Hacuinok. Bisememo mipy £(+) y Burmsini

w(d6) =doIV(G(X, V),

Ie
V(G(X,Y))=
G(x,y) = 0: (H,6,0) <1-d(8,)}n©
®=R"
Toni
1 1/2
x=222T1 | — 2 —
[ 1-d(0,)
%oy Xtns 0+6,)d6. (10)
Jloseoennsn. IlokmameMo 6 =t9—ém, dg =
=d(@—6_)=df. Ockinbku G(X,y) - 4=x

BUMIpHUit exincoin, To [8]

CnHcok BUKOPHCTAHHUX JKepet

1. Muxaiinos A. II. Monenn wuHGOPMAITMOHHON
00ps0bl / Muxainos A.Il,, Mapesuea H.A. //
MaremaTtnueckoe wmopenupoBanue. — 2011, —
Nel0. - C. 19-32.

2017,2

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

-1/2

1 4 A
Eﬂ-ZHk:l :L_—kA . (ll)

®(0,)

14,

I3 ominkwm (9) oTpumaemo:

-1
K=,y X 1) =[5 ]
% [sa Xt 04+ 6,)d0.

[MincraBusmm (11) B (12), omepxumo (10), mo i
MoTpiOHO OYII0 TOBECTH.

(12)

BuchHoeku

3anponoHOBaHO MaTeMaTHIHy MOJIEJIb
nolMpenHst ingopmamii i3 creiaTbHUM BHTIISIOM
¢GyHKUIT  30BHIIHBOT [ii Ta  CTaliOHAPHUMH
napamMeTpamy, sKa BKJIIOYa€e B ce0e Taki MEXaHi3MH,
IO BIUIMBAIOTh Ha IPOLEC PO3MOBCIOLKEHHS
iH(popMalii: MO PEHHS iH(pOpMaLitHOTO
MOBiJOMJICHHSI 4epe3 BHYTPIIIHIA Ta 30BHIIIHIN
KaHaJh, JIBOKPOKOBE OXOIUICHHS iH(opMaIli€ero,
MOMIJ COLIyMy Ha JBI OJHOpIAHI MiArpynud Ta
3a0yBaHHs. JlJi1 AaHOT MOJENI HaBEJCHO aJIFOPUTM

3HaXOKCHHS yCepEaHEHO1 ONTUMAJIBHOL
CepeIHbOKBAIPATHYHOI  MPOTHO3HOI  OIIHKA  Ta
CEPeIHbOKBAIPATHYHOI TMOXMOKM TaKOi OIHKH.

Takox chopMylboBaHI YMOBH TIpU SIKUX OIIHKH
napaMeTpiB  MoJeNni  NpSAMYIOTh 10 CBOIX
ONTUMAalNbHUX  3Ha4YeHb. HaBemeHo — mpukiaj
3HAXOKEHHS yCEpEHEHO1 ONITUMAaJILHOT
CepeTHbOKBAAPATHYHOI ~ TPOTHO3HOI  OLIHKK B
SIBHOMY BHIJISIII TIPH CIIEIiabHOMY BHUIISAII MipH Y
mpocTopi mapameTpiB Moneni. Ha OCHOBI 1boro
MOJKHA CTBEP/DKYBaTH po HEOOX1HICTh
BUKOPDHUCTAHHS JIAaHOTO  IAXOAY JO OKpEeMHX
BUMNAJKIB  3arajbHOi  Mojen  iH(opMaIlifiHOro
MPOTUCTOSHHS, a TAKOXK PO HEOOXIAHICTH PO3POOKH
QITOPUTMIB 3HAXODKEHHS rapaHTOBaHUX
MPOTHO3HUX  OIIHOK JiJI1 JIaHOT MOJENi IpH
HETIOBHUX CIIOCTEPEKECHHSIX.
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Analysis of accuracy of simulation of the
fractional Brownian motion

AHaJi3 TOYHOCTI MO/Ie/II0BAHHS IPO0OBOI0
OpPOYHIBCBHKOI'0 pyxXy
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KuiBchkuii HalioHambHMN yHIBEPCHUTET 1MEHIi
Tapaca IlleBueHka,
03680, M. Kuis, mp-1. Akagemika [ mymkosa, 41

e-mail: aap2011@ukr.net

B pobomi docnioocyromebcsi OYiHKU MOYHOCME MOOENO8AHH Opob06020 OPOYHIECHKO20 PYXY 6 HOPMI
npocmopy L,(T). B saxocmi modeni posensioaromvcs pisHi CneKmpaivhi npeocmasiens opo60802o
OPOYHIBCHKO20 pYXY, a came, Yy u2iadi 8UNAOKO8UX padie ma cmoxacmuynux inmezpanie. Ompumari oyiHKu
dozgonsiroms  Oyoysamu mooleni i3 3a0aHumMu mMoyHicmio i Haolitinicmioo. IIposedeHo OYIHKY OCHOBHUX
napamempis Mooesi ma HA8eOeHO Pe3yabmamu MOOeTOB8ANHS.

Kurouosi crnosa: I'ayccosuii sunadkoguii npoyec, MOOen08AHHS, MOYHICMb MOOei, HaAdIUHiCMb MoOeli,
0poO08uULl OPOYHIECHKULL PYX.

This paper analyzes estimation of the accuracy of simulation of fractional Brownian motion in the norm
of space L,(T). To build statistical models we use various spectral representations of random processes,

namely, in the form of random series and stochastic integrals. The obtained estimations allow us to construct
models with given accuracy and reliability. We done the estimation of the main model parameters and gave

simulation results.

Key Words: Gaussian random processes, simulation, model accuracy, reliability models, fractional

Brownian motion.

CrarTio npeacTaBuB A.T.H., npod. ['apamenko @.I'.

I. INTRODUCTION

Methods of statistical simulation are widely used
in many branches of natural and social sciences.

Recent studies show that many tasks in financial
mathematics [1], in computational mathematics [2-
4], in the theory of computer networks [5-6], in the
theory of mass service [4,7], can be effectively
described by fractional Brownian motion. Using
fractional Brownian motion, we can investigate the
self-similarity of processes in applied tasks.
Therefore, organization of computational experiment
that involves the construction of implementations of
fractional Brownian motion is an actual task.

Methods of statistical simulation of random
processes and fields with given accuracy and
reliability in different functional spaces have a great
application value.

In [8-9] we investigate statistical simulation
methods of fractional Brownian motion (or

© A. Pashko, 2017

generalized Wiener process) with specified precision
and reliability in different functional spaces, namely,
L,(T), Orlich spaces, space of continuous functions.

Hurst index characterizes the self-similarity of
random process realization.

Let (T,B, y) - be some measurable space and
uT)=1.

Definition 1. Fractional Brownian motion
(Generalized Wiener process) with Hurst index
a<(0,) is the Gaussian random process
W, (t),t€[0,7]  with

correlation function

R, (t,5) =%Qt|2a +|s|2a —|t—s|2a), and W,(0)=0,
EW,(t)=0.

1 .
If o= 5 have a standard Wiener process.

128



Bicnux Kuiscbkoco nayionanbHo2o yHieepcumemy
imeni Tapaca Lllesuenxa
Cepis ¢hizuxo-mamemamuuni HayKu

II. REPREZENTATION OF THE
FRACTIONAL BROWNIAN MOTION
Random Series. Generalized Wiener process can
be represented as a series [10]

W, (t)zg(ak Sin(xkt)Xk +b; (I_COS()’k’))Yk), (1)

where {X Y }— independent standard Gaussian
random variables,
{x, }- real zeros Bessel functions J__, (x),

{y A }— real zeros Bessel functions J,_, (x),

_ z%J2C 7%N2C
S i rrE——
xkﬂ‘]l—a (x) yk+1‘l—a(yk)
C— I'(2a +1)sin(za)
- 20+1 :
V4

Zeros of Bessel functions can be calculated with

the required accuracy
( 3 aj 4o -1
X, =|n+-——r—-——F———+
4 2) 27(4n+3-2a)
[ 5 aj 4(1-a)® -1
y,=|n+=—— |7
4 2

27(4n+1+20)
For Bessel functions will use their presentation

72 (x,)=
2 [ { 2a7r—7rj 4’ -1 ( 2m—7sz
= _|—1]coy x, + - sin| x,+ ,
, 4 8x, 4
J? (yn)=,/i(008(yn +—2(l_a)ﬂ_”j—
“ y, 4
L 4l-a)? -1 2(1—a);z—7sz
=2 — —

8
The model of random process can be obtained as

S, (6 M) =3 (a, sin(x,1)X, +b, (1=cos(y, )Y, ),
k=1

sin[yn +

where {X k,Yk}— independent standard Gaussian
random variables.

In real simulation of the independent standard
Gaussian random variables, we get, as a rule,
uncorrelated strictly sub-Gaussian random variables.

Zeros of Bessel function can be calculated with

the required accuracy. For a.,b,,x,,y, let

approximate values G, b, ,%,,, -
~ a - b

Let |ak—ak|Shk, ‘bk —bk‘Shk,

_ . _ y
|xk_xk|ghk’ |yk_yk|ghk9

where h, h]f k- precision computation.
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The model of random process can be obtained as
- M -
S, (t.M) =Y (@, sin(%,0)X, +b, (1-cos(7,0))Y; ) )
k=1
Accuracy of
A=W, (1)-S,,(t,M).

In [8,9] studied estimations of accuracy and
reliability of models of generalized Wiener process

in different functional spaces, namely, space L,(T),

simulation A(?) is

in Orlicz spaces, in spaces of continuous functions.

Process with stationary increments. Standard
Wiener process W(¢) is the process with
independent increments. Generalized Wiener process
W, (t) it's the process with stationary increments.
Therefore, random process w(t) =W, (t +A)—W, ()
is stationary Gaussian with
correlation function [2]

Ew(t+1)w(t) = % Qr +A|2a +|‘r —A|2a —2|r|2a )

2 p—
density g(/l):A— % ,
7~ W

random process

and spectral

Ae (— oo,+oo) , where

-1
2 F1-cos(A) ( 2 )‘
A=| 2| —=L4dA | =| -=T(2a)cos(ar) | .
u o J ~T(-2a)cos(ar)
Let &£(¢)- be a real Gaussian stationary random

process with E&(r) =0, R(r)—correlation function

s, FAH - s,

R(7)= .fcos(/it)dF (A). Gaussian stationary random
0

spectral ~ function

process can be represented as

E@) = Tco s(At)d&, (A) + Of sin(A¢)dé, (1),
51(0 and 52(1‘) -

uncorrelated random processes with uncorrelated
increments such as 0< 4, <4, and

E(& (1)=& () = F(A,)=F(4),

E(& (1)=& () = F(A,)~F(4).

Let D, - be some partition of the interval [0, A],
D,:0=2,<A <..<A4,=A. The of
() be as

5,(.0) = Sleos(ae i, + sin(a), ], where {7,775}
i=0

- centered uncorrelated strictly sub-Gaussian random
variables with E(n,,)* = E(17,;)* = F(4,,,) = F(4,).

where the centered and

model

random process can obtained
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Therefore, random process w(r) can be

represented as
w(t) = Tcos(lt)dfl ) +T sin(Ar)d&, (4). (3)
0 0

And for partition D, :0=4, <A, <..< 4, =A,
the model of random process w(t) can be obtained

as
n—1
w, (t,A) = > (sin(4,2)X, +cos(4,1)Y,), (4)
k=0
where {X x ,Yk} - uncorrelated strictly sub-Gaussian
random variables with EX, =EY, =0 and
;“k+l
E(X, ) =EW ) = [s(Dda.
A

We study simulation of generalized Wiener
process with representation (1), simulation of
increments of generalized Wiener process with
representation (3).

1. THE ACCURACY AND RELIABILITY
OF MODEL IN L,(T)

Let random process X(t) and all X, (t,A)
belongs to certain functional Banach space A(T)
with norm of |||| . Let the two numbers be as follow
0>0and 0<e<1.

Definition 2. Model X, (r,A) approximates
process X (¢) with reliability 1—& and accuracy o
in the norm of space A(T),
inequality holds P{X (1)~ X, (1,A) > 5 |<e.

Whereas, W, (0)=0, then for all A the model of
generalized Wiener process we constructed as

W, t+A)=W,,(t)+w(t). (5)

Simulation of fractional Brownian motion is
reduced to simulation of stationary Gaussian random
process. Methods simulation of stationary Gaussian

processes studied in [11-13].
There are theorems.

Theorem 1. Model S L (tLM)
process W, (t) with accuracy ¢ >0 and reliability
l-&, 0<e&<l1 inthe norm of space L, ([0, T]), if
inequalities hold

5*>Bl,,,

if the following

approximates

and

ep

\/F 2B }

where Bl,, =T Z (a,f+4b,f)+

k=M +1

+T§((Takh,§ ch? ¥ +(rm,n) + 20! )2)
k=1

Theorem 2. Model S, (t, A) approximates
process &(t) with reliability 1—¢ and accuracy o
in the norm of space L,(T), if for numbers A and

hold BZ,,A <s?

/32 232 } e

where B2, , =[E(E(1)-S,(tN)) du(t).

n inequalities and

exp

Theorem 3. Model
process w(z) with reliability 1—& and accuracy &

w, (t, A) approximates

in the norm of space L,(T), if for numbers A and
n inequalities hold
B3,, <5 and

p{l} ) 5?2
— expy — <g,
2 1,B3n,A 2B3n,A

where
n A sin(T(A - 4,))
B3, =2T ——— |g(D)dA +
r E{( T(A— %)
+ T(I g(l)dﬂ}
A
Let for D, implemented T(/il. =4 )S 1, then

there is the corollary.
Corollary 1. Model

process w(t) with reliability 1—& and accuracy &

w, (t, A) approximates

in the norm of space L,(T"), if for numbers A and

exps — <¢,
A

n inequalities hold
Gl,, <6? and
oafl] gl
P 2} Gl 2G1,,

n ﬁ'+l
where GI,, ==3 [ (2= 4, g(A)dA +.
’ 3 i=0 A
+ T( [ g(/i)d/l}
A
. A
Let for D, implemented A, -4, = and

n
TA .
— <1, then there is the corollary.

n

Corollary 2. Model
process w(z) with reliability 1—& and accuracy &

w, (t, A) approximates
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in the norm of space L,(T), if for numbers A and

n inequalities hold
G2, <6? and

exp{l} o exm — 5’ <¢g
2 /sz 2G2,, |

T3A?

2
n

where G2, , =

/fg(/l)d/l + T(T g(/l)dﬂj.
0 A

For numbers A and n we put
1

3n? \2a+2
Az(;—3j , then

o a -1
G2, = Tj”(l + gj{(z,nz )al} .

Corollary 3. Model w, (t, A) approximates
process w(t) with reliability 1—¢ and accuracy &
in the norm of space L,(T), if for number n
inequalities hold

a+l

3a a
n> 1 T 2¢+1 (1 + Zjéz and
J3 a
exp{l} L exps — <ég
2/ Ja2, -

IV.SIMULATION
We represent realization of the fractional
Brownian motion obtained by the formula (2) (fig. 1-
3), for 6=0.1 and £ =0.05.

R
1971, “ J T

62
262,

A

—1.663, _ L | I |

Fig.1 Realization of generalized Wiener process with o =0.3 .

Table 1 shows the parameters of the model of

stationary process for different values of Hurst index,
accuracy of simulation in space L,(T), for

reliability ¢ =0.05.

Fig.2 Realization of generalized Wiener process with & =0.4 .

0369, %3 ' ‘ ' '
0
wi(D)
w2(t)
=035
~0705, | | ! !
02 04 0.6 0.8 1
0 t 1

Fig.3 Realization of generalized Wiener process with & =0.8 .

We represent realization of the fractional
Brownian motion obtained by the formula (5) (fig.
5,7,9) and realization of increments by the formula
(4) (fig. 4,6,8), for 6=0.1 and £=0.05.

~0115, 45 ! ! ! !
0 02 0.4 06 038 1

0 t T
Fig.4 Realization of increments for & = 0.3 .
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0,504,

Wiy

W2

—1129

0

Fig.5 Realization of generalized Wiener process with & =0.3 .
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0.058, 0.1 T T T T
0.05 -
¥i it I \ " didl
\ "H” | | || | ||| || |
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Fig.6 Realization of increments for & = 0.4 .

Fig.7 Realization of generalized Wiener process with o = 0.4 .

7278x107%,

yi(t)

y2(t)

~3.581x107 35 4 ! L I !
0

0 t T
Fig.8 Realization of increments for 0.9.

Table 1 0206935 , 1 . |
PARAMETERS OF MODEL

o n A a 02 //_%:
0.1 37107 ] 1.01210° | 03 015 | — ]
0.05 7.4 10° 1.014 10’ Wi, /

0.1 810° | 24410° | 04 o / .
0.05 910° 1.37 10° oos L e

0.1 8.4 10° 2766 0.5
005 | 6710° | 1.110° ’ i
0.1 | 19110 668 0.6 SS90 g5 —— L
0.05 1.2510° 2162 , o ok X
01 673 10° 43 07 Fig.9 Realization of generalized Wiener process with 0.9.
0.05 3.6 10° 662 CONCLUSIONS

0.1 3.110° 118 0.8 The level of accuracy calculation by the first
0.05 15107 784 method consists of complexity of calculating zeros

3 of Bessel functions and the functions itself.

0.1 171 12 68 0.9 The second our model from this point of view is
0.05 7.510 147 simpler for implementation.

0.1 1.11 10° 45 0.99 To validate the quality of the simulation it is
0.05 4510° 90 possible to use the estimation of the stationary

random process of correlation function.
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IlpuiinsaTTst pimeHb Ha ocHoBi aHajizy | Decision-making based on the analysis of
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Ha ocnoei euxopucmanus iHmenekmyaioHux CEeHCOPHUX CUCMEeM AK 00HO020 3 MEXHIYHUX 3acobis
PO3YMHO20 NIONPUEMCMEA  GUPTULYEMbC 3A60AHHS CIMBOPEHHS HOBOI [HMENIeKMYAIbHOl MEexXHON02ll -
Hagieayis ecepeOuni npumiujerns. Y Oacamvox 6i06i0yeauis € MOOIIbHI NPUCMPOl, a MOpPeosi YeHmpu
Maoms 8ce HeoOXiOHe 0/ opeaHizayii 6HympiwHbOI Hasieayii. /s pobomu cepgicy nompioHo po3eopuyma
Mepedca 6e30pomogo2o 00Cmyny i RIOMpUMye il KiieHMcbKull MoOinbHull npucmpii Ha naamgopmi Android
abo i0S. Ompumani dani 00360455Mb KIACUPIKysamu 6i08I0Y6auis, Wo 0A€ MONCIUGICHb POOUMU YITbOBI
axkyii ona nompibHoi ayoumopii. Po3yminua nepemiwjenns 6i0sidyeayis, a makoodc yinei ix 6i08i0y8aHb
BIOKPUBAE BENUUE3HI MONCIUBOCI NO ONMUMI3AYIl NPUUHAMMSA pilieHb APU YNPAGNIHHI  BeIUKUMU
Mop206ebHUMU YEHMPAMU.

Knrouosi cnosa: inmenexmyanvhi cencopui cucmemu, Oepego piwerv, ancopumm CART, nasicayis,
NPULIHAMMS PilUEeHb.

For companies offering their products and services, indoor navigation is an opportunity to greatly
enhance convenience and attract customers and buyers. Having installed on its territory special Bluetooth
beacons, business owners can help users quickly navigate in space, and also present them with a lot of useful
information and advertising services. And for yourself to get a lot of useful analytics. Based on the use of
intelligent sensor systems as one of the technical means of a smart enterprise, the task of creating a new
intellectual technology - indoor navigation - is being solved. Many visitors have mobile devices, and
shopping centers have everything necessary for organizing internal navigation. For the service to work, you
need an expanded wireless access network and a client mobile device supporting it on the Android or iOS
platform. The obtained data will allow classifying visitors, which makes it possible to make targeted actions
for the right audience. Understanding the movement of visitors, as well as the purposes of their visits, opens
up huge opportunities for optimizing decision making when managing huge shopping centers.

Key words: intelligent sensory systems, decision tree, CART, indoor navigation, decision making.

CratTiO mIpeAcTaBuB J.T.H., pod. [apamienko O.T.

Beryn NPaKTUYHO [iIOYMX CHUCTEM II0Ka3aB, IO caMe

[HTenektyamizamisi € TOJNOBHUM HAaNpsIMKOM IHTENEKTyallbHI TEXHOJOTIl BUSBIISIOTHCS HAHOLIBIT

PO3BHTKY CYYacHMX TEXHOJOTiH, a BIACTHBICTh KOHCTPYKTHBHMMH 1 EKOHOMIYHO BHITPAaBJaHHUMHU

IHTENIeKTYJIbHOCTI ~[IpUTaMaHHe BCIM HOBITHIM Tpu  po3poOumi cyyacHMX 1HQPOBUX  CHCTEM
iH(pOpMaLiHHO-KEPYIOUUM  CHUCTEMaM. JocBix aBTOMaTH30BaHOI'O KEPYBaHHSI.

OCTaHHBOTO  JECATHPIYYUS  PIMICHHS  MHOXHUHH OaHuM 3 MIAXOMIB MiABUIICHHS €()EeKTHBHOCTI

NPaKTUYHUX  3aBAaHb 1 CTBOPEHHA  COTE€Hb MAISUTBHOCTI € TEXHOJIOTiI CTBOPEHHS «PO3YMHOTO

© J1.A.Cxauko, O.0.Tumamos, 2017
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mignpuemctBay (PII) sx BupoOHMUOI iHHOBAIII, IIIO
0a3yeTbCcsl Ha BUCOKOMY PiBHI 3HaHb NPO CHCTEMY,
BHUCOKOMPOJYKTUBHUX METOJAX IHTEJNCKTyai3allii
MpoIIeciB ynpaBTiHAL. BiIMiHHICTS TaKoi TEXHOIOTIT
BiI TpamuIlifHUX TONsATaE B HagaHHI i HOBHX
MOJKJIMBOCTEH Ui yNpaBiiHHA, 3AaTHUX 3MIHHTH
MPOJAYKTHBHICTh, @ TaKOXX KOHIICTII0, MOJAENh Ta
cnoci0 pyHKIIOHyBaHHS.

IlepcnekTBHUM HanpssMKOM po3BuUTKy PII €
MOBHICTIO aBTOMAaTH30BaHa CHUCTEMa MOHITOPHHTY
poOOTH TIPUCTPOIB 1 JIOACH B peXUMiI peasbHOro
Yyacy, HaWBaKJIMBIIIOI XapaKTEPUCTHKOIO SKOI €
MOOUTBHICTb, MOMIJIHBICTh AOCTYIy A0 HOTPiOHOT
iH(bopMarii y Oyap-akuii gac, y Oyap-aKoMy MicIli i 3
Oyab-IKMX TPUCTPOIB. Y Takili cucTeMi, KpiMm
MTOBCIOJHOTO BUKOPHCTaHH: MiHIaTIOpHHX
MOOUTPHUX  TPUCTPOIB, OE3APOTOBUX  MEPEX,
CYIyTHHKOBOI  HaBiraimii, XMapHHUX OOYHCIICHb,
cXoBUIl 1H(OpMAILii, EIEKTPOHHOTO CEpPEIOBUIIA,
IO CTBOPIOE 00pa3 HABKOJUIIHIX OO0'€KTIB i
mporeciB.  ba3oBolo  CKJIAmoOBOI €  THYyYKa
pO3MOIiIeHa MOAENs YIpaBIiHHS BCIMa MporecaMu
B peaJlbHOMY 4aci, 10 BifoOpaxkae MpoIEeCcH
MUCIICHHS, MiATPUMYBaHI HOTYXXHHAM IPOrPaMHUM
iHCTpyMeHTapieM [9].

o6 3po0HUTH MiANPHEMCTBO MO-CIPaBXKHBOMY
"posymHUM",  TOTpiOHO  HaBUMTHCS  30UpaTH
MOBCIOAHO Pi3HYy iH(poOpMalit0o TMpo Te, IO
BiOyBa€eThCsl 3 MpollecaMy, IO IIBWJAILIEC 3a BCE
peaIbHO B YMOBAX €JIMHOT MEPEKi BETUKOT MHOKUHHU
naBauuB  (CEHCOPHHX MepexX), Ha TepUTOpii
M IPUEMCTBA.

Posnozineni cencopHi cucremu - 1e 0e3yMOBHO
HOBHI HamNpsMOK B TpaJuIiiHii obmacti 300py,
o0poOkn 1 mepemawi manux. Lo crocyerscs
KOHIIEMII PO3yMHOTO MiANPHEMCTBA, TO CEHCOPHI
CUCTeMH II¢ ifeanbHa iH(OpMAaIliiiHa TEXHOJIOTIs

iH]pacTpyKTypHOTO THITY, NIOB's13aHA 3
inTenekryaizamiero PI1, sik 00'ekTa yrnpaBiiHHS.
ChorogHi 3  BHKOPHUCTaHHSM  IUQPOBHX

TEXHOJIOTI peanizoByeThess KoHmemmis PII, sxi,
OTPUMYIOUYHM JaHi BiJl BEJIMKOI KUTBKOCTI CEHCOPIB,
3IIHCHIOIOTh KOHTPOJIb i MOHITOPHHT YCiX TPOIECIB
Ha MIANPUEMCTBI JUIA X yaockoHalieHHs. Lle o3Hauae
MOKIJIUBICTD MPAKTUYHO crocTepiratu i
MPOTHO3YBATH HaIepe ] BCEe CTaJii MPOIECy 3 METOO
BHECCHHSI HEOOXIIHUX KOPHUTYBaHb B pEaJbHOMY
Yaci JUIst MiIBUIIEHHS €(EeKTUBHOCTI.

st mporueciB peanizanii BUpobiaeHol npoayKuii y
BEIMKHX TOPTOBUX I[IEHTPAaX CTAHOBUTH IHTEpEC
HaBiraiiss BcepeAuHi npuMmimenb. lle n03BoIUTH
3HAYHOK  MIpPOI0  aBTOMATH3yBaTH  MPUHHSITTS
pilieHsb B ynpasiiHHi. B ganuii yac, konu y 6aratbox
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monel € MOOITBHI TTPUCTPOI, @ TOPTOBEIBHI ITEHTPH
MaloTh Bce HEOOXigHe Uil opraHizamii BHYTPIiIIHbOT
HaBirartii, po3podka cepeicy Ha 0asi
IHTENIEKTYaJIbHUX CEHCOPHHUX CUCTEM 11 MOOUIBHUX
HPUCTPOIB BUAAETHCS AKTYAIbHAM 3aBIaHHSIM.

Mexani3mM HaBiraimii, MpONOHOBaHWII B CTaTTi,
pO3poOIEHMIT IS HaBiralii ycepeanHi MPUMIIIEHb, 1
TPYHTYETBhCSI Ha KOMYHIKamiiHOT TexHoxnorii Wi-Fi.
st poboTu cepBicy MOTPiOHO PO3TOPHYTA CEHCOPHA
Mepexy 0e3ApoTOBOro JAOCTymy 1 MiATpUMYE il
KIIIEHTCHKUM MOOUTEHHUN TIPUCTPiM Ha T1nIatdopmi
Android a6o i0S.

OTpumaHi JaHi JO3BOJATH  KiacugikyBaTH
BiJIBilyBadiB, IO Ja€ MOXXIUBICTh POOHUTH IIITHOBI
akmii g moTpibHOi  aymutopii.  PosymiHHA
MEpeMIllieHHsT JIIOJeH, a Tak caMo Iied ix
BiJIBilyBaHb BIIKpWBa€ BENWYE3HI MOMJIHMBOCTI MO
onTuMi3amii TPUHHATTA pIllleHb TMPH YIIPaBIiHHI
BEJIMKUMH TOPTOBEIILHIUMH IIEHTPaMHU.

3araabHa vactuHa. [IpuHIUn poOOTH cepricy
momsrae B HacTymHoMy. Komm  KITi€HTCHKHA
MPHUCTPill 3HAXOAWTHCA MK JeKiapbkoma Wi-Fi-
JUKepelnaMH, 3a BiIHOCHUM pIiBHEM CHUTHAIy IO
OTPUMYETBCS BiI HHX, MOXHA 3 NPUHHATHOIO
TOYHICTIO BH3HAYUTH WOTO MICIle PO3TaIlyBaHHS.
[Mpudyomy cami Wi-Fi-Touku MOXKXyTh OyTH 3aKpHUTI:
NOTPiOHO TiNBKM 3HATH BiIHOCHWI piBEHb CHTHAIY,
OTPUMAHOI'0 KOPUCTYBa4eM, i IOPIBHIOBATH HOTo 3
paniooOCTaHOBKI B KOHTPOJILHUX TOYKax OyIliBelb.
Yum Oinblie NIIBHICTh MOKPUTTS 00JIACTI TOYKAMH,
TAM BHUIIE TOYHICTh HaBiramii. Hampuknan,
HPOBOJIUTHCS TIO3UIIOHYBaHHS, JOJIATOK BioOpakae
IUIAaHU TIOBEpPXiB OyaiBII 3 3a3HAYEHHSIM MicCIs
po3TanryBaHHs MOOUIBHOTO mpucTporo. KoopanHaru

MOOITEHOTO MIPUCTPOIO BiJICIiTKOBYFOThCS
OesmepepBHO. KopucTyBad MoOXKe CKOPHCTATHCS
(GYHKIIEIO TMPOKIAJaHHsl ONTUMAILHOTO MapIIpyTy
mo  micug  iHTepecy — (MarasuHy,  O(iCHOTO
NpUMIIIEHHS, BUXOMYy 1 T.I), BEJCHHSIM TIO
Mapmipyty. Bubip  o0'ekrta, 110  IiIKaBUTb,
3MIACHIOETRCST 200 Oe3rmocepeHk0 Ha IuiaHi, abo
qyepe3 BOYZOBaHY MOILIYKOBY cHcTeMY.
[IpencraBnenuit cepBic HaBiraiii BHKOPUCTOBYE

HaWmpoCTIMA 1 HAWJOCTYNHILIMA THI — Kapr.
®DakTU4HO 1€ 300pakKeHHS MICIIEBOCTI, JI0 SIKOTO
NPUB'A3YIOTHCS Teorpadidni koopauHatu |1, 2].
Amnaniz panux. Cucrema 30upae BCi JaHi mpo
nepeMillleHHs KOPHCTYBaya, a TakoX (ikcye micu,
e KOpHCTyBad NPOBOAUTH Oijible Yacy, Micus
iHTepecy. [lonepenHiii aHali3 TaHUX BUKOHYETBCT 32
JoroMoror0  aepeB  pimens. [loOyzoBa nepesa
pilieHs 37ilcHIOETECS Ha ocHOBI anroputMy CART
[8]. Anroputm Oymye OiHapHi nepeBa pillieHb, SKi
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MICTATh TUTPKH JBa HAI[aJKa B KOXHOMY BY3Ji. Y
nporeci poOoTH BiIOYBA€THCS PEKYPCHUBHE PO3OHUTTS
MPUKJIAIIB HABYATHHOI MHOXHMHH Ha IIiJAMHOXHHH,
3alMCU B SKMX MAalOTh OJHAKOBI 3HAYEHHS LIJILOBOL
3MIHHOI.

Q(s/r)=2PLPRZ(P(j|tL)—P(j|tR)),

ne s - igeHtudikatop po3oUTTH, t - ineHTH)IKATOP
By3na, tL Ta tR - miBumii 1 mpaBmii Hamagky By3na t
BigmosigHo, PL Ta PR - BigHOmEHHS dYwHcia
NpUKIaAiB B JIBOMY 1 NMpaBOMYy HalIagkax 10 ix
3arajibHOl KiJIBKOCTI B HaBYaJbHiH MHOXHHI, P(j|tL)
u P(j|tR) — BigHOMIEHHS YMCNa MPUKIIANIB KIIacy j B
NBOMY 1 TpaBOMy Ham@akax A0 IX 3araibHOL
KUIBKOCTI B KOXXKHOMY 3 HuX. [Ipornec moOymoBu
perpeciiHux  JepeB  pilliecHb B OCHOBHOMY
aHAJIOTIYHUHA KiIacudiKaliiHUM, aje 3aMiCTh MITOK
KJIaciB B JIMCTI OyIyTh PO3TAlIOBYBATHCS YHCIIOBI
3HaueHHs . DakTHYHO TpH 1HOMY Ppeali3yeThCs
KyCOYHO-TIOCTiHA (DYHKIIis BXiTHUX 3MIiHHUX [4].

B pesymprari B KOXHOMY JIHCTI TIOBHHHI
BUSIBUTHCS TPHKIAAA 31 CXOKUMH 3HAYCHHIMH
BUXiHOI 3MiHHOI. YuM Ommk4e BOHH OYIQyTh, THUM
MEHILE CTaHe iX auciepcis. ToMy BOHA € XOPOIIO0

MIpOI0  «UUCTOTH» By3na. ToAi  HalKpammm
po30HUTTAM B BY3JI € Te, 10 3a0e3MeUuTh
MaKkCHMaJbHE 3MEHIIEHHS JUcHepcii BUXiIHOL

3MIHHOI B HbOMY. Y TIPOIIECi pOCTY JepeBa alrOpuT™M
CART mnpoBoauTh i KOXKHOTO BY3JTa IOBHUMN
repedip BCix aTpuOyTiB, HA OCHOBI SKHX MOXE OyTH
moOymoBaHa po30WTTSA, 1 BUOHWpaEe TOH, SAKHIA
MaKCUMi3y€ 3HAYeHHS TMOKa3HHKAa. Ha KoXHOMY
Kpori moOyIOBH [IepeBa aJITOPUTM MOCIIIOBHO
MOPIBHIOE BCI MOXJIHMBI  po30OUTTS Ui BCiX
aTpuOyTiB, BHOMpae Haikpamuii atpuOyt (iHTEpec
KOpHCTyBada) 1 Halkpamly po30HMBKY Jisi HBOTO.
OtpumaHi pe3ynbTaTd IMOKa3yloTh, JI€ KOPHCTYBad
MOOLUIBLHOTO MTPUCTPOIO 3HAXOIUBCS OLIbINE Yacy, sKi
oOcsrn  mpoxonuB 0Oe3 3arpuMku 1 B Oyadb
noBepraBcs. TakuM YHHOM, PO3IIIAHYTAa MOJEINb
MICTUTh O0'€KTH TPOCTOpPY 1 OTPHMaHI 3 CEHCOPIB
MOOUTBHUX TIPUCTPOIB XapaKTEPUCTHKH CHUTHAIIB,
SKI OIMUCYIOThCA NMPUXOBAaHHUMHU 1 CIOCTEPIra€MUMU
cTaHaMH BiAmoBigHO. KpiM Toro, naHa mojens mae
Taki TMapaMeTpu: TMepexifHi WMOBIpHOCTI Mix
MPUXOBAaHUMU CTaHaMH, 3HAYCHHSI SKHX
BU3HAYAIOTECSI 3 TrpadoBO Mopaedi HpocTopy, i
HMOBIPHOCTI TepexoAy BiJi IPUXOBAHUX CTaHIB /0
cnocrepexxyBanux. OTKe, CTOCOBHO J0 3ajadi
BU3HAYEHHS IOTOYHOTO  MICLE3HAXOKECHHS, €
BifoMi mapamerpu (MMOBIpHOCTI mepexomiB) i
MTOCTIIIOBHICTE | %4 = {V1V250..,VP}, 10
CIIOCTEPIraroThCs. [MoTtpibHO migiopaTu
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MTOCITIIOBHICTh CTaHiB cucteMu Q = (qy,...,qp), AKa
HaMKparie BiAIOBIIA€E ITOCTIJOBHOCTI, 1 (0]
crioctepiraeTbest [3].

Omnuc aaroputmy CART. CART (Classification
And Regression Tree), mepexmanaerecsa gk "JlepeBo
knacugikamii 1 perpecii" - amroputm OiHapHOTO
JlepeBa pillleHb, KU BHepiie OyB OmyOIiKOBaHUI
BpimaroMm B 1984 porti. AnropuT™ MpuU3HAYCHUH 15
BUpILIEHHs1 3aBAaHb kiacudikamii 1 perpecii [5].
HaBuanHst mepeBa pillleHb BITHOCUTBCA IO Kiacy
HaBYaHHs 3 y4ydTeJeM, TOOTO HaB4ajbHA 1 TECTOBA
BUOIpKU MICTATH KiacudikoBaHUi HaOip MpUKIIaIiB.
Oninouna  QyHKOis, K&  BHUKOPHCTOBYETHCS
anroputMoM CART, Ga3yeTscsi Ha IHTYITHBHOI imei
3MeHIIeHHS "HeBH3HadeHOCTI" B By3mi. By3om mae
MakcUMalbHy "HeBm3HadeHocTi". B amropurmi
CART imes "ueBusHaueHocTi" ¢opManizoBaHa B
iagexci Gini. fxmo HaGip manux 7T MIiCTUTH AaHi R
Knacis, Tofl inaexc Gini BU3HAYAETHCS SK:

Gini(T)=1-_ p?,
i=1

Iie p; — IMOBIPHICTH (BiIHOCHA YacTOTa) Kiacy i B 7.
Sxmo wabip T po3buBaeThes Ha Bl yacTuau 1; u 1)
3 YHCIOM TPUKIAOiB B KOoxkHOMYy N; u N,
BIJIIOBIIHO, TOJI TOKa3HWUK SKOCTI  PO30OUTTS
JTIOPIBHIOE:

Gini,,, (T) = % Gini(T,) + % Gini(T,).

Haiikpamuym BBaKaeTbcs T€ PO3OUTTS, IS SKOTO
Ginisplit(T) wminimManbHo. Ilo3naummo N - umcio
MIPHUKIIAJIB y BY31i - ipenka, L, R - uucio npuknanis
BIJIMIOBIZIHO B JIIBOMY 1 MpaBoMy Hamanky, li i ri —
YHCJIO MPHUMIPHUKIB i-TO KJIAacy B JIBOMY/TIPaBOMY
Hamaaky. Toxai SKICTh PO3OUTTS OIIHIOETHCS 3a
Takor HopMyIIolo:

L, (L] R, &(rY
Gini, =—|1->|=+| | +—=|1-)> |+ | |- min.
"N Z(J N Z(R]

o6 3MmenHmUTH 00CAT 00UHCIEHD (DOPMYITy MOXKHA
MEPETBOPUTH:

.. 1 1< 1 .

Gini,, =—| L 1-= Y I} |+R| 1-=>_r’ | |- min.

N L R I
Tak ik MHOXXEHHSI Ha KOHCTAHTY HE I'pa€ poJii Mpu
MiHIMI3aLii:

- 1o 1o .

Gini,, =L—- ZZI, +R- EZ}’, — min,
i=1 i=1

1 & 13 .
Gini,,, =N — (ZZZIZ + EZI’ZZJ —> min,
in1

i=1

G :lZl,z +erI2 —> max.
L i=1 R

i=1
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VY miacymKy, HadikpamuMm Oyae Te po30uTTA,
JUTSL IKOTO BEJIMYMHA MaKCUMaJlbHa.

IIpaBuna po3ouTTsa. Bekrop mnpemikTopHUX
3MIHHHX, IO TIOJA€ThCA Ha BXiJ JepeBa MOXKe
MICTHTH SIK YHACIOBI (TIOPSAAKOBI) TaK i KaTeropiaibHi
3MiHHI. Y OyIb-SIKOMY BHMNAaJKy B KOKHOMY BY3Ii
pO30OUTTS ¥ae TUIBKH IO OXHINA 3MiHHIA. Km0
3MiHHa YHWCIIOBOTO THITy, TO B BY3J1i (OPMYETHCS
npaBWIo BUAY X; <= c. le ¢ — Aedxuii mopir, kUi
Hal4acTile BUOMPAETLCS K cepeaHe apupMeTHIHe
JBOX CYCITHIX YHOPSAKOBAHWX 3HAYEHb 3MIHHOI X;
BUOIPKH, 10 HaBYa€E. SKII0 3MiHHA KaTEropiaibHOTO
TUITY, TO B BY3Jli (QOPMYETHCS MPaBWIO X; V(X;), Zie
V(Xj) — Oeska HEMOPOXXHS MiAMHOXHHA MHOXUHH
3Ha4YeHb 3MIHHOI X; B BHOIpII, 1110 HaB4ae. OTke, 1Is
N 3HaYeHb YUCIIOBOTO aTprOyTa AJITOPUTM HOPiBHIOE
n-1 po30uTTH, a Ans KareropianeHoro (2n-1 — 1). Ha
KO)KHOMY Kpoli MoOyJOBH JepeBa alrOpUTM
MOCJIIZIOBHO TOPIBHIOE BCI MOXKIJIMBI PO3OUTTS IS
BCix aTpuOyTiB 1 BHOMpae Halikpamuii aTpuOyT i
HalKpamry po30UBKY ISl HbOTO.

Mexanizm Bigcikanusi mepeBa. OpwuriHajibHa
HazBa minimal cost-complexity tree pruning, —
HaWOUTBII cepiio3Ha BiqMmiHHICTh anroputmy CART
BiJI IHIIMX AJITOPUTMIB MOOYI0BH JIepeBa B TOMY, IO
CART posrnsnmae  BinCikaHHS SIK  OTPUMAaHHS
KOMITPOMICYy MiX JBOMa mpoOjeMaMu: OTPUMAaHHS
JIepeBa ONTUMAIBHOTO PO3MIpPY 1 OTpUMaHHS TOYHOL
OIIIHKKM HMOBIPHOCTI TOMMJIKOBOI Kjacuikarrii.
OcHoBHa TpobiieMa BiJICIKaHHS - BEIIMKa KiJIbKiCTh
BCIX MOXUIMBHX BiJICIYEHUX IIiJJIEPEB JJISI OJHOTO
nepeBa. binbin To4HO, KO OiHAapHE JepeBo Mae |T]
— gmcriB, Tom icHye~[1.5028369™] Binciuenmx
miguepeB. | skmo nepeBo mae xoya 6 1000 mucris,
TOAI YMCIO BIFICIYEHUX MIAJEPEB CTa€ TMPOCTO
BEJIUUC3HUM.

BbazoBa ines metomy - He pO3TIAAaTH BCl MOXKITUBI
mijaepeBa, OOMEXHBIIUCH  JHIIE  "KPalnuMH
MpeICTaBHUKAMH" 3TiHO HABEICHOI HUXKYE OIIHKH.
[loznaunmo |T| - umcmo nwmcriB gepesa, R (T) -
MOMIJIKa  Kiacudikamii  JnepeBa, MO JJOPIBHIOE
BiJTHOIICHHIO YHWCJIa HEMPAaBUIIBHO KIIACH(PiKOBAHMX
NPUKJIAIIB 10 4YKCIa NPUKIAAIB B HaBYaJbHIH
BuOipi. BuzHauumo - moBHY BapTicTh (OWIHKY /
MMOKA3HWK BUTPATU-CKIAIHICTh) JepeBa T  sK:
Ca(T)=R(T)+a*T
(TepMiHANBHUX BY3JiB) JiepeBa, - IESKUH mapaMerp,
mo 3MmiHoeThes Bim 0 mo + 900, TloBHa BapTicTh
JiepeBa CKJIAJIaEThCs 3 JBOX KOMIIOHEHT - MOMUJIKH
knacudikaii gepesa i wrpady 3a HOro CKIaIHICTB.
Sxmo momuitka knacudikarii qepeBa He3MiHHA, TOJI
31 oro 30LIBIICHHSAM TOBHA BapTICTh JepeBa Oyie
30inbiryBatrcs ToJli MEHINE TiLIACTE JIEPeBO, IO

, ne |T| — 4wuciao nucriB
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Jla€  BENUKY TMOMWIKY  Kiacudikamii  Moxe
KOIIITYBaTH MEHIIIE, HK JJa€ MEHIIY TOMHIIKY, aJie
6inem rimascre. Busnauumo T, — MaKCUMalbHE 32
pPO3MIpOM ZIepeBO, SIK€ HAIECKHUTH 00pizarth. SKIio
MU 3a]iKCyeEMO 3HAYEHHS « , TOIl iICHye HaliMeHIle
MiIepeBo, IO MIHIMI3yeThCs, «, SK€ BHUKOHYE
HACTYITHI YMOBH:

1. Ca(T(a))zminT

<= C(T)

2. ifCa(M)=Ca(T(a))thenT(ax)<=T .

[lepmia ymoBa TOBOPHTH, IIO HE iCHYE TaKOro
migaepesa aepeBa 7,,., sIKe Maio O MEHIITy BapTiCTh,
HiK T(o) npu npomy 3HaueHHi « . Jpyra ymoBa
TOBOPHUTh, M0 SKIIO ICHYe OILJIbIIe OJHOIO
mijjepeBa, M0 Ma€ JIaHy MOBHY BapTiCTh, TOAI MH
BUOMpaeMO HalMeHIIe aepeBo. MoKHa TOKa3aTH,
110 AJ1s1 OyAb-SIKOTO 3HAYCHHS iICHY€ Take HaliMeHIIe
MmiJepeBo, MO MiHIMI3yeTbea. Ane [ 3amada He
TpHUBiasibHa, 00 CTBEPIKYETHCA - HE MOXKE OYyTH
TAKOTO, KOJIM JIBa JepeBa JOCATAIOTH MIiHIMyMy
MOBHOI BapTOCTi i BOHM HENOPIBHAHHI, TOOTO JKO/IHE
3 HUX HE € TiamepeBoM iHmoro. Mu He Oymemo
JIOBOJUTH LIeH pe3ynbrar. Xo4ya Mae HECKiHUCHHE
YKCJIO0 3HAYCHb, ICHYE KIHIEBE 4YHCIO IiJepeB
nepeBa 7T, MoxHa TOOYIyBaTH TOCTITOBHICTH
MiJaepeB, M0 3MEHIIYIOThCS nepeBa T, T > T, >
Ty >..> {t;} (me t; — KOpeHEeBUI BY30JI IcpEBa) TaKy,
mo 7, — HaliMEHbIIE MiJEPEBO, M0 MIHIMI3YEThCS
st [ &, O +1). Lle BakIIMBHI pe3ynbTar, TOMy IO
1€ O3Hayae€, [0 MU MOXKEMO OTPHUMAaTH HACTYITHE
JIEPEBO B TIOCHIIOBHOCTI, 3aCTOCYBAaBIIH BiJICIKaHHS
J0 ToTo4YHOTOo Jepema. Lle no3Bosisie po3poOHTH
e(eKTUBHUN  alrOpuUTM TMOIIYKY  HAHMEHIIOTo
mijjepeBa, MO  MIHIMI3YETbCA, TpHA  Pi3HUX
3HaueHHsX ¢ . [lepie gepeBo B 11ili OCIITOBHOCTI -
HaliMeHIe mignepeBo nepeBa 71, SKe Ma€ TaKy X
nmoMuIIKy knacudikanii, sk i 7., T00T0 T; = T(CX
= 0). llosicHeHHS: AKIIO PO3OUTTS Wae MO TUX Tip,
MOKH B KOXXHOMY BY3Ji 3aJIMILIUTHCA TUIBKH OAUH
kinac, 10 T; = T4y, QJI€ TaK SIK YACTO 3aCTOCOBYIOTHCA
METOJIM PaHHBOI 3YNMUHKU (prepruning), TOMI MOXe
icHyBaTH minaepeBo nepeBa 7T, IO MAa€ TaKy X
noMuiiky Kiaacudikariii. [ Toro mo0 orpumaru
HACTYIIHE JEPeBO B IMOCIIZOBHOCTI 1 BIAMOBIAHE
3Ha4eHHS « , mo3Haunmo 1, — rinka nepeBa 7 3
KOPEHEBHM BY3JIOM f. SIKIIIO MU BiJICEKaEM B BY3Ti t,
TOJIi Or0 BHECOK B MOBHY BapTicTh aepeBa T — T,
crane Ca ({t}) = R(t) + «, ne R(t) = r(t)* p(t), r(t)
— me nomwika kimacudikauii Bysna ¢ U p(t) —
MPOTIOPIisl BUIMAAKIB, sIKi "mpoinum" yepe3 By30I1 f.
AJNbTepHATUBHUHN BapiaHT: R(t)= m/n, e m — 4UCIO
NpUKIagiB Kilacu(ikOBaHUX HEKOPEKTHO, a n —
3arajgbHe YUCIIO MPHUKIAIIB, IO KIACHPIKYIOTHCI
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JUIS BCHOTO JIepeBa. BHECOK 1; B TIOBHY BapTiCTh
nepea T cknane Ca (T,) = R(T,) + a IT/, ne
R(T)=Y1' eTR(r)

Hepeso T — T, 6yne kpamie, yum 7, xomu C
({t}) = Ca (T,), TOMy 10 TIpH il BEJIUYUHI BOHH
MAalOTh OJTHAKOBY BapTicTb, anie T — T, HaliMeHbIIe 3
nsox. Komu Ca ({t}) = Ca (T,) otpumaemo:

RT)+ol,|=R(t)+a
BHPIIIYIOUH I (X , OTPUMYEMO:
_R()-R(T)
7] -

Tax s 6yap-skoro By3na ¢ B T, KIO0 MU

301IBIIYEMO (X , TOJII KOJIU

_R()-R(T;,)

1t

JIepeBO, OTPUMaHE BiJICIKaHHSIM B BY37Ii t, Oyzie
Kpaiue, HixK 7).

OcHOBHa imes mojsirae B HACTYITHOMY:
O0YMCIMMO i€ 3HAYCHHS UIA KOKHOTO BYy3/la B
nepesi T;, i moriMm BubGepemo "cnabki 3B's3ku" (ix
MOke OyTu OiTbIIe HDX OAWH), TOOTO BY3JIH JUIA
AKX BEIMYNHA € HAHMEHIIIOIO.

o()= R(t|)—|R( )

Mu Bigkugaemo T B 1IuX By3jax, 1100 OTpUMATH
T, - HactymHe nepeBo B mochigoBHOCTI. lloTiM Mu
MIPOJIOBXKYEMO II€H MPOIIEC JIJIsl OTPHUMAHOTO JIepeBa i
TaKk TOKM MU HE OTPUMAEMO KOPEHEBUH BY30J
(epeBo B SIKOMY TiJIBKH OJIUH BY30J]).

Buo6ip ¢inaabHoro gepea. OTxe, MH Maemo
MOCJIIZIOBHICTh JIEPEB, HaM HEOOXIiJHO BHOpaTH
kpame jgepeo 3 Hei. Te, mo wmum 1 Oymemo
BUKOPHCTOBYBAaTH Hajaaii. HailOinbin o4eBHIHUM €
BUOip (iHaTBHOTO JepeBa uepe3 TeCTyBaHHSA Ha
TecToBiit BuOipIi. [lepeBo, 1m0 Jano MiHIMaJIbHY
nmoMmiIKy kiacudikarii, i Oyne Hadikpammm. OfHaK,
e He €IVUHUM MOXJIMBUMA 1IUIAX. Takox € mpoiec
moOymoBd  JepeBa 1 IpoLEC  OTpUMAaHHS
MOCIIZIOBHOCTI  MiAJepeB, L0  3MEHINYHOThCS
METOAOM cost-complexity pruning. Y mocmiJoBHOCTI
JepeB, HEOOXiTHO BHOpaTH Kpalle JepeBo, IO
OyJZeMO  BHUKOPHCTOBYBaTH B  IOAAJIBIIOMY.
Bimzrauumo, 110 BifIcCiKaHHS JiepeBa HE BUKOPUCTAIIO
HiSIKUX 1HIIMX JaHUX, KPiM THX, Ha SIKKX OyyBajocs
MmoyaTkoBe jaepeBo. HaiTh He cami JaHi Oynu
MOTPiOHI, a KUIBKICTh TPUKIAMIB KOXHOTO KIacy,
SIK€ TIPOMIUIO Yepe3 By30i. HalOinpm oyeBMIHUM i
MOXJIMBO  HaWOUTbIl  e(eKTUBHHM €  BHUOIp
(diHANBHOIO JiepeBa 3a JOINOMOIOK TECTYBaHHS Ha
TecToBiii BuOipui. [lpupoaHo, sKiCTb TecTyBaHHS

2017,2

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

Oarato B YOMy 3aJ€XHTh Bil 00CATYy TECTOBOI
BUOIPKH 1 «PIBHOMIPHOCTI» JaHMX, SIKi MOTPANUIX B
HaBYaIbHYy Ta TeCTOBY BHOipku. YacTo MoOkHa
CITOCTEpiraT, MO0 TOCIIMOBHICTE HEpPEB  Jae
ITOMHJIKH OJIM3BKI OfHA J0 omHOi. Ll moBra miocka
MOCHIIOBHICTh Y€ YyTJIuBa OO AaHUX, sKi OyoyTh
o0OpaHi B sSKOCTI TecToBOi BHOipkH. 11[06 3MeHmMHATH
mo  HectadbumpHicTE CART  BukopucroBye 1-SE
MPaBIJIO: BUOEPITh MiHIMAJILHE 32 PO3MIPOM JECPEBO
3 Rts B Mesxax intepBany [min R", min min R” + SE].
R" nomunka knacudikamii nepesa. SE -
CTaHJapTHa TOMMWJIKA, $IK& € OI[HKOI peaJbHOl
TTOMUJIKH.

Rts (1 _ R)‘S)

SE(R") =

b

n

test
JI€ Nyes; — YMCIIO TIPHUKIIAJIB B TECTOBIM BHOIpII [6, 7].
Ilepexpecna mepeBipka — HaloOpuUTiHAJBHIMIA i
ckiagHa yactuHa anroputMy CART. Ileit mumax
BUOOpY (iHANIBHOTO JepeBa BUKOPHUCTOBYETHCH,
KoM Halip AaHWX ISl HABYAHHS Majiii a00 KOXKeH
3aIKc B HBOMY «YHIKaJIbHa» TaK, [0 MU HE MOYKEMO
BUAUTUTH BUOIpKY Ui HaBYaHHS 1 BHOIpKY s
TECTyBaHHSI.
B Ttakomy Bumagky Oymyemo JepeBO Ha BCiX
MAaHUX, OOYUCITIOEMO & ;, X 5, ..., ot uT; > T, >
> Ty. lloznauemo T\ — HaumeHbIIIe MmiaAEpEBO, IO
MiHIMIZyeMO anst  [(fy, (). Temep moTpiOHO
BUOpaTH JepeBO 3 TOCHIJOBHOCTI, aje BXKe
BUKOPHCTOBYBAJIM BC1 HasiBHI JJaHi. XUTPiCTh B TOMY,
oo  OOYMCIIOEMO TMOMMJIKY jAepeBa Tx 3
MOCJIIZIOBHOCTI HENPSIMUM IIIJIIXOM.

Kpok 1.
Bcranosumo

B =08, =\a,a;, 5, = a2y, By,
=NON Oy nBN =

BBaxxaemo, mo [« Oyzie TUIIOBUM 3HAYEHHSIM

IS [ Ok, O 1) 1, OTKeE, SIK 3HAYCHHS BimmoBinae 7.

Kpox 2.

Po3pinumo Beck Hablp manux Ha V Tpyn
onHakoBoro posmipy G;, G, ..., Gy Bpiman
pekoMeHaye Opatu V 10. ITotiM is KOXHOI
rpynu Gi:

1. OOuuciuTH  MOCHIIOBHICTH  JepeB  3a
JIOTIOMOTOKO ONIMCAHOTO BUILE MEXAHI3MY BiACIKaHHSA
Ha BCiX JaHuX, BUKMouaoun G; Y Busnaumtu T(

B, T L), .. 7% [ n) IJst L€l MOCITiTOBHOCTI.

2. OOuucnutu noMuiky nepesa T(i)< p k) Ha
Gi.

138



Bicnux Kuiscbkoco nayionanbHo2o yHieepcumemy
imeni Tapaca Lllesuenxa
Cepis: pizuko-mamemamuini HayKu

Tyr T”( ) osHauac HaiiMeHme MiHiMi30BaHe
MiJIEPEeBO 3 TOCHIJOBHOCTI, MOOYJOBaHE Ha BCIX
NaHMX, BUKIIoYaoun G, mis = [ .

Kpox 3.

Jns koxHOro [y MiACYMOBYBAaTH IOMHIIKY
Ti)(ﬂk) no Bcim G; (1= 1, ..., V). Hexait [} Oyne 3
HallMCHILOI0 3arajbHOI0 moMmmikow. Tak sk [y
BimmoBimae  nmepeBy 1), Bubmpaemo 71, 3
MOCIIJOBHOCTI TOOY/TOBAHOI HA BCIX JaHUX B SKOCTI
¢inampHOTO  JepeBa. [loka3sHWK  TOMWIKH,
00YHCIICHU 3a IOTIOMOTOI0 MEPEXPECHOI MEPEBIPKH
MOXXHa BHUKOPHUCTOBYBATH SIK OLIHKY HOMHJIKH
nepea. [loOymoBa nepeBa perpecii 0arato B 4omy
cxoxke 3 JnepeBoM kiacudikamnii. CrmodaTky MU
OyayeMoO JepeBO MAaKCHMalbHOTO PO3Mipy, MOTIM
o0pi3aeMO JIepeBO 10 ONTHUMAIBHOTO PO3MIpy.
OcHoBHa mepeBara JiepeB y MOPIBHSHHI 3 iHIIUMH
METOAaMHU perpecii - MOXJIMBICTh TpAIOBATH 3
0araTOBUMIpHUMH 3aBJaHHAMH 1 3aBIaHHSAMH, B
SKUX TPUCYTHS 3aJICKHICTh BHXIJHOI 3MIiHHOI Bix
3MIHHOT a00 3MIHHMX KaTeropiaJbHOTO THITY.
OcHOBHa ifes - pO30OUTTA BCHOTO TIPOCTOPY HA
HPSMOKYTHHKH, HEO0OOB'I3KOBO OJTHaKOBOTO
po3Mipy, B SKHX BHXiJHa 3MiHHa BBa)KA€EThHCI
MOCTiHOIO.  3ayBaXMMO, MO0 ICHYe CHJIbHA
3aJIeKHICTh MK O0OCSTOM HaBYaJIbHOI BHOIpKH 1
MTOMMJIKOIO BiJITIOBI/II iepeBa.

[Mportlec  moOymoBu  jmepeBa  BigOyBaeThes
nociizoBHo. Ha mepmomy Kpomi MH OTPUMYEMO
perpeciiiHy OIiHKY IPOCTO SIK KOHCTAHTY MO0 BCHOMY
npocTopy npukiaaiB. KoHCTaHTy BBa)KaeMo MPOCTO
SK cepenHe apu@METUYHE BHXITHOI 3MIHHOI B
HaBYalbHIA BHOipmi. OTXe, SKII0 MU ITO3HAYUMO
BCE 3HAYE€HHA BUXIJHOI 3MiHHOI K Y}, Y>, ..., Y, Tomi
perpeciiiHa omiHKa:

Fo= %ZY 1,(0),

Je R — mpocTip HaBYAJIbHUX MPUKIAIIB, 1 — YHCIIO
NpUKIaniB, I,(x) — inAMKaTOpHA QYHKIIS TPOCTOPY -
¢akTnuHO, HAOip  OpaBWJ, [0  ONHUCYIOThH
MOTPAIUISIHHS 3MIHHOT X B ITPOCTip. MU po3risiaemMo
npoctip R gk npsiMokyTHUK. Ha npyromy kpoui mMu
JIMMO TIPOCTip Ha JIBi YacTHHU. BuOupaeTbcs neska
3MIHHA X; 1 SKIIIO 3MiHHA YMCJIOBOI'O THUITY, TOJI MH
BU3HAYAEMO:

R ={xeR:x<a},R,={xeR:x>a}.
SIKIIO X; KATErOPIaIbHOTO THITY 3 MOMKIMBUMU

3HAYEHHAMHM A, A, ..., A,, TOJ1 BUOUpAETHCA esiKa
nigMHoxuHa [ {A;, ... A,} 1 M1 BU3HaYa€EMO
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R, :{xeR:er},
R,={xeR:xe{A,A, . A}\I}

Perpeciiina orinka npuiiMae BU/I;

F=| 3 |1, 0+ 3, |1, (),
|11| 1 l 12 I ’
ael; ={i,x;R;} n|l,|—4ucao enemeHTis B /,.

SxuM 9uHOM BHOHMpaEThCS Kparie po3outtsa? B
SKOCTI OIIHKH TYyT CIYXHTb CyMa KBaJparTiB
Pi3HUIIG:

E=Y (Y, - f(x))"

Bubupaerscsi po30UTTS 3 MIHIMAJIbHOIO CYMOIO
KBaJIpaTiB pi3HUIE. MU TPOJOBKYEMO PO3OHUTTS J0
TAX TMip, TOKH B KOXHOMY MIiAMPOCTOpI HE
3QJIMIIATBCA Majle YUCJIO NPHKIAAiB abo cyma
KBaJpaTiB Pi3HUIIb HE CTAHE MEHIIIE AESIKOTO IOopora.

Bincikanns, Budip ¢inaabHoro gepena

BinOyBaroThcs aHAIOTIYHO AepeBy Kiacudikariii.
€CauHa  BIAMIHHICTE - BHU3HAUEHHS  [TOMWIKH
BiJITIOBi/Ii JiepeBa:

R(F) =%i(x ~ FOo,

a0o0, 1HaKIIe KaXXy4yH, CepeTHhOKBaApaTHIHA
IIOMMJIKA BIAIIOBIII.
BapricTh nepeBa opiBHIOE:

C,(F)=R(f)+elf]

Pemra omeparii
nepeBy Kiacudikarii.

BiIOYBalOThCS ~ aHAJIOTIYHO

BucHoBKH. Y cTarTi pO3IISIHYTO Ta OIHCAHO
MEXaHi3M HaBiramii ycepenuHi NMpuMileHb. A Tpu
CHiIbHOMY BUKOPHUCTaHHI 3 MOOUTEHUMU
npuctposmu Ha tatdopmi Android ab6o 10S Tak
caMO 1 MOXIIMBICTh I1HTEPaKTUBHOI B3aeMomii 3

KapTo 1 €IIEMEHTaMU KapTHu. Takox
3alpolOHOBAaHA  MOJEIb  aHallizy  JaHuX  3a
noriomororo anroputmy CART. B sxocti ocHOBH
JUIsL  KJacTepu3amii  JaHWX Oynd  B3ATI  JaHi
MepeMillieHHsT BiaBimyBaua Mk OazoBumu WiFi
MOJYJIIMH, SIKIi BKJIIOUalOTh B  cebe  Oesmiu
napaMeTpiB,  HETPUBIAIBHUX I MPOCTOTO

BUBYeHHS. [IOKpOKOBO OMMcaHO HABYAHHS, PO3OHUTTS
Ta BHOIp JnepeBa pimenb. [IpoBexenuit anHami3
JO3BOJINTH BECTH I1HTEPAKTHBHY KOMYHIKalilo 3
BiJIBilyBauaMH 4Yepe3 MOOUIbHI JTOJIaTKU, POOUTH
IHIMBIyaJIbHI aKIii, a Tak camMoO aBTOMATHU3AIliIo
NPUAHATTSA pitneHs B ynpasminai TPLI.
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Poboma npucesuena eupiwennio npobdnemu onmumizayii nopmeens yinHux nanepieé Ha HOHOOB80OMY
PUHKY, 8KIHOUAIOYU [HMEPBATbHY 8APMICMb AKMUBIE 01 KOWCHO20 (OHOY 3a MemoooM 0OpoOKU OaHUX 3
HeuimKow 2pynolo 3a 3a0aHum pienem pu3uxy. B pobomi eésedeni npakxmuuni pe3yiomamu UKOPUCMAHHS
Yb020 Memody 3a O0NOMO20K0 THPOPMAYIUHUX MEXHONIOI .

Kurouosi cnosa onmumizayis nopmeens, axyii, nopmgens deznexu, pornoosul punox, mooeni, Heuimxuu

epynosuii Memoo 06poOKu OaHuXx.

Portfolio optimization is to find the stock portfolio minimizing the risk for a required return or
maximizing the return for a given risk level. The seminal work in this field is the mean- variance model
formulated as a quadratic programming problem. Since it is not computationally practical to solve the
original model directly, a number of alternative models have been proposed.

The paper is concerned with the solution of the stock market securities portfolio optimization problem
including interval asset pricing of each stock based on the fuzzy group method of data handling at the
predetermined risk level. Practical results of using this method with the help of information technologies are

introduced in this work.

Key words: portfolio optimization, stock, security portfolio, stock market, models, fuzzy group method of

data handling.

CrarTio nipecTaBuB J1.T.H., mpod. apamenko O.I".

Introduction

The traditional portfolio optimization problem is
to find an investment plan for securities with a
reasonable trade-off between the rate of return and
risk. The mean-variance model of Markowitz (1952)
is a single period static model to obtain the portfolio
which can achieve a specified average rate of return
with the minimum risk. Following Markowitz’s
paper, a number of alternative models have been
proposed for the same problem. The main objective
of these alternative models is to overcome the
computational complex- ity of the original quadratic
programming problem. A  piecewise linear
approximation, the Mean Absolute Deviation
(MAD), the Weighted Goal Programming (WGP)
and the Minimax (MM) models are some examples
of them. For more details on these models, please
refer to Satchell and Scowcroft (2003).

© JI.A.Tumamosa, 1.0.Ckauxo, 2017

The MAD model proposed by Konno and
Yamazaki (1991) is a linear program- ming (LP)
model where risk is measured by absolute deviation
instead of variance. They showed that it is equivalent
to the Markowitz model if returns are multivariate
normally distributed. Later, Zenios and Kang (1993)
analyzed the model for other asymmetric dis-
tributions and found that the MAD model does not
require any specific type of return distributions.
Speranza (1993) generalized the MAD model using
a weighted risk func- tion. The author showed that a
more compact equivalent model can be constructed
when the coefficients in the linear combination are
selected suitably. Three other papers fol- lowed to
introduce more flexible models (Speranza, 1996;
Mansini, 1997; Mansini and Speranza, 1997).
Thereafter, Mansini and Speranza (1999) extended
their previous work by developing three heuristics.
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More recent papers, Konno and Wijayanayake (2001)
and Kellerer et al. (2001) examined the problems,
which take into account more realistic fea- tures such
as fixed transaction costs or minimum transaction
lots. Mansini and Ogryczak (2003) introduced a
systematic overview of the LP solvable models with
a wide discus- sion of their theoretical properties.
Over the last years, the problems of portfolio
optimization have generated considerable interest in
investment operations of organizations performing at
the Ukrainian stock market. The problem is that
optimizing the portfolio at the predetermined risk
level requires expert assessment of portfolio return,
which is, in its turn, attended by some risk.

Theoretical part

Harry M. Markowitz [Markowitz H., 1952] is the
pioneer of the modern portfolio investment theory.
Sharp [Sharp W., 1963], Tobin [Tobin J., 1958,
1965], Merton [Merton R., 1973], and Ross [Ross S.,
1976] [4-8] have contributed to the portfolio theory
as well. One of the latest trends in this field is
concerned with using the fuzzy group method of data
handling for portfolio optimization. The object of
writing this article is to study the portfolio
optimization method for fuzzy models based on
stock price prediction. The fuzzy group method of
data handling, researched and suggested by
Ivahnenko [MBaxuenko A. I'. 1975,] [1] is used as
the relevant method of portfolio return prediction.

The principal feature of this work is that no
external assessment (expert inspection) took place
while predicting, optimizing and analyzing the
portfolio. No experts were invited to predict the
portfolio return or define the substantial input
variables.

General formulation
There is a securities portfolio that consists of N=5

components, bigname stocks, AZST («MK
AzoBcranby), BAVL («Paiiddaiizen bank Aanby),
CEEN («LenTpaHepro»), DOEN

(«lonbacauepro»), MSICH («Motop Cuu») and the
portfolio behavior on the interval [T,0]. The data is
received from “Ukrainian Stock Market” public
joint-stock company and is based on securities
auction results from 01/11/2012 to 29/11/2012. Each
component of the portfolio is characterized by its
financial viability (evaluated at the point T as the
relative asset price increment over the period). Let us
assume that the investor’s capital equals to 1. The
main aim of securities portfolio optimization is to
find the stock share distribution vector in the
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portfolio {x = {xi }i =1,N }that could maximize the
investor’s income at the predetermined risk level (it

N
is evident that » x, =1)[2].

i=1

Chapter 1: Building the stock margin of profit
forecasting model based on the fuzzy group
method of data handling

Input time processes x,(?),x,(?),...x, (¢) are

given, which are securities quotation rates at the
stock market at the discrete time periods
t=0,1,2,...,T. The task is to build the forecasting
model to evaluate the quotation rate at the following
period of time. Considering the nonstationarity of
financial processes as well as the complex undefined
interconnection of the input variables and the output

v;(t)=x,(t+1)it is recommended to consider

using the group method of data handling, suggested
in [3].

The description of the group method of data
handling

Using the surveyed data, the task is to build the
model, which would be adequate to the surveyed

data. Out of the many outputs X = {X17X29"'Xn}

we choose arguments X; and X ; and create partial

description of the kind
Yy = (X, X,),i#j,j=LN using either
quadratic partial description or linear partial

description:
H _ 2 2
YW =a,+a; X;+a; XX, +a,X] +a,;X;.

The number of partial descriptions of the first-

n(n—1)
s

order amounts to M =

Coefficients are intervals that can be rendered by
triangular fuzzy numbers and written down as a
center a; and a widthc, :
a; = (a;.c;).
2. Seeking the best model requires the following
steps:
e All samples are divided into two categories:
training samples and validation samples.
e At the training sample, we define
a,,4a;,a; using the simplex method.

e Model is constructed
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M M
min(COM +C, Z|in| +C, Z|xkf| +
k=1 k=1

M M M
2 2
St +C52xkjj
k=1 k=1 k=1

given that
2 2
Ay +ax,; +a, X, + @ XX +a,x, +asx; —

—~(Cy +C x|+ C, |ka.| +

(M

+C3‘x,q. -xkj‘ +C4‘x,fi‘ +C5‘x,fi‘) <y
Ay + @ X, + AyX,; + A X, X, + A, +asx; —
—~(Cy +C x|+ C, |Xk,~| +
+C, |x,a. -xkj|+C4|x,fi| +C; |x,f]|) 2y,
k=1,M,C,>0,p=0,5, @)

where k is the number of the measurement (test),
which results we are using; M is the sample volume.
The task is to minimize the total interval width for
the output Y by finding the value of the interval

width for the coefficient i and such interval center

2
r+l°

values as a,,i =1,C,,, which could provide for the

minimal spread of the value Y and at the same time
fulfill the condition (2) which says that the
measurable value of the sought quantity should be
within this interval. The given tasks (1), (2) are
linear programming tasks. By the minimum criterion

£?, F-number of the best models are selected on the
check sequence, which makes it possible to realize
the selection process.

The value F stands for freedom in choosing, with

F =C?,. The outputs of these models serve as the
input arguments for constructing models of the next

order. To select the best models, the following
criteria are usually used: criterion of accuracy

1 < .
N Z()’i —v.)*(3),  criterion  of
N ‘3

=2, =2
[

unbiasedness. &> (m)=ming” is found. The

condition &°(m)> &°(m—1)is checked, where

g£2(m), &° (m-1) are the values of the criterion of
accuracy for the best models of the m™ selection
order accordingly. If it is a “yes”, it is the end. The
sought model is chosen from the partial descriptions

of the &2 (m —1)-" order, where the minimum error

can be achieved.

Otherwise, we move to constructing the next
order of partial descriptions. At that, we select the F-
number of best descriptions.
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The final stage. Based on the accuracy criterion,
we select the best model out of the F-number of best
models. We reconstruct the analytical form of the
best model, using the Godel numbering, moving
from finish to start and successively replacing the
variables, and calculate the expressions for the
sought model in the initial description volume [1].

Chapter 2: portfolio optimization under fuzzy
conditions

Let us assume that we have a securities portfolio
that consists of N active assets on the interval [0,7].
The predicted behavior of each of the portfolio
components { = 1,...,N, at the moment T is
characterized by its final estimated return
profitability 7: (evaluated at the point 7 as the
relative asset price increment over the period). Since
the yield on securities is of random nature, its exact
value in the future is unknown, thus, any random
description of such kind of probability cannot be
accurate. In this case, it is more appropriate to use
triangular fuzzy numbers to describe the profitability
(return). Therefore, for i security we have: Ti -

expected return on the i security; r,;— lower bound

return on the i" security; r,; - upper bound return on
.th . _ = .th

the i security. 7, =(7,,,7;,r,;)- return on the i

security, a triangular fuzzy number. Then the overall

portfolio return is

= inrli;F = infi;rmax = inrzi),
in1 i=1 i=1

which is also a triangular fuzzy number (as the linear

combination of triangular fuzzy numbers).

The cumulative practical results of the optimal
portfolio construction problem solution based on
securities auction results and its analysis

As the input data, we used the results, trading
outcomes of the Ukrainian stock market (ux.ua).
Based on this data we calculated the profitability
index of stocks in percentage terms as to their
current price. The results are introduced in Tab. 1.

We use the correlation analysis of dynamic series

x;(¢) and define optimal lags for each of the input

r:(rmin

variables. Thus, for example, when forecasting the
AZST stock price, the lags for the input variables
were as follows (see Tab. 2):

Constructing  stock
polynomial model

Using the results of the correlation analysis and
fuzzy group method of data handling, we received
the following models, which were synthesized at 12
out of 15 points. The remaining 3 points in each
experiment were used for the forecasting purposes.

profitability  index
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Table 1.
Date/ AZST BAVL CEEN DOEN MSICH
Stocks
1 -0,009677 -0,007838 -0,019876 -0,017059 -0,019785
2 -0,049829 -0,03839712 | -0,05519 -0,067603 -0,071678
3 0,03775 0,041532 0,027439 0,054246 0,03226
4 -0,004641 0,005632 -0,002994 | 0,036153 0,0010316
5 0,041802 0,02679 0,024025 0,015904 0,037471
6 0,000341 -0,009409 0,058282 0,0123 0,014989
7 -0,011336 -0,002566 0,033859 -0,009626 | -0,005693
8 -0,042104 -0,035468 -0,052067 -0,060867 -0,055024
9 0,022898 0,02153 0,027561 0,033084 0,05605
10 -0,0027 -0,001985 0,008666 0,011724 0,027703
11 0,006789 0,007715 0,031295 0,007243 0,003228
12 -0,008107 0,003048 0,020372 0,042186 -0,014174
13 -0,004323 0,006843 0,018863 0,004218 0,0071145
14 0,021825 0,023042 0,034775 0,007053 0,025014
15 0,005611 0,018128 -0,004946 -0,010201 0,01882
16 0,021706 0,014136 -0,018653 -0,001846 | 0,026576
17 0,031263 -0,008307 0,019211 -0,016027 -0,010045
18 -0,009091 0,012581 -0,004062 0,006891 0,016829
19 0,005512 0,01413 0,019447 0.021154 0,007951
20 0,003164 0,01074 0,005734 0,01112 -0,000161
Table 2. performed using the fuzzy group method of data
Variable Lag Correlation handling. For example, in Tab. 4 you can see the
AZST 2 0,330041858 results obtained for point 1.
BAVL 5 0,251828399
CEEN 2 0,210079481 Table 4.
DOEN 5 0,127865395 Lower Expecte | Upper Share
MSICH 2 0,127548329 bound dreturn | bound
BAVL -0,005042 0,010273 | 0,025589 | 0,101
CEEN -0,005027 0,008949 | 0,022925 | 0
Table 3. MSICH | -0,013872 | 0,015114 | 0,044101 | 0,135
Stock | AFE SD DOEN | 0,002955 | 0,008155 | 0,013355 | 0,122
AZST | 0,0045 | 0,004934 AZST | 0,004206 | 0,01975 | 0,035295 | 0,642
BAVL |0,00218 | 0,002326 Portfol | 0,000678 | 0,016752 | 0,032826 | 1
CEEN | 0,006135 | 0,006275
DOEN | 0,003978 | 0,004108
MSICH | 0,003714 | 0,00382 Conclusion

The final forecasting results are introduced in
Tab. 3.

In this table, AFE stands for the average forecast
error and SD means standard deviation. As we can
see from the above mentioned results, in general the
actual profitability index value remained within the
forecast interval. Adaptation of coefficients on the
introduction of new values helped increase the
accuracy significantly. The final stage of finding the
stock share distribution in the portfolio based on the
interval estimation of the P/E ratio of each stock, is

As the result of this work, we showed how to use
the fuzzy group method of data handling for
portfolio return prediction, which gives us a strong
enough basis for portfolio optimization under fuzzy
conditions. Using the fuzzy group method of data
handling, an expert can simply calculate the band
value where the future return on securities is
expected to fluctuate.
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yacosux paoie, Wo IPYHMYEMbCA HA OCHOBI aHANI3Y PO30iNeHUXx pi3HUYb cheyiaibHo2o eudy. /s no6yoosu
NPOCHO3HO20 3HAYEHHs O0eAKOoi NOo8epXHi y UOpauitl moyyi NPONOHYEMbCA PO32AA0AMU WLAAXU, WO
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napamemp (Mmipa) npoenozoeanocmi @yuxyii. Todi 6 sAKOCMI NPOSHO3HO2O 3HAYEHHS GUOUPAEMbCSL
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BHAXOOAMBCA 83006HC MO20 UAAXY, 015 AKO20 MIPA NPOCHO308AHOCI € MAKCUMATLHOI).

Knouosi cnosa: excmpanonayis, npoeno3s, po30iieHi pisHuyi, iHMepnosayis, 4acosi psaou

The article deals with the spatial case of the "pyramidal" method of time series extrapolation. To
construct the "predictive" value of some surface at the selected point, it is proposed to consider paths
passing through lattice nodes, where the values of the corresponding surface are known and a special
parameter (measure) of the predictability of the function is determined. Then, a predictive value is the result
of one-dimentional "pyramidal" approach for the function values throught the path for which the degree of

predictability is maximal.

Key Words: extrapolation, forecast, divided differences, interpolation, time series.

CratTio IpeicTaBuB JI.T.H., ipod. ['aparmenko O.I.

I. INTRODUCTION

Today the series of quantitative and qualitative
approaches of forecasting are known [7]. The most
common methods of short time-series forecasting are
the extrapolation methods. There are a number of
problems dealing with the study of small time series.
For example, in the absence of additional
information is often impossible to conclude that
process is determinate or indeterminate, which
significantly effects on the model construction. In
determinate case is obvious that for any set of points
there are many curves that pass through them or
something to bring, and it is difficult to argue that
one curve (model) is precisely the law that
comprehensively describes the phenomenon and will
effectively predict its behavior in the future.

© 10.B.Typb6an, A.f1.bomba, M.}O.Typ0au,
A.I1.Crox, O.B.PagoBentok, 2017

The hypothesis, which corresponds to the
observation point, is effective if it is appropriate to
predict with reasonable accuracy the process starting
from any step of observations. In practice, the
finding an effective hypothesis is impossible.

In this paper we analyze a special method of
extrapolation which was presented in [1] and
propose a space extension of this method. The
«pyramidal» method is based on the property of the
rows of modified finite differences that provide the
best cubic approximation in the range of convexity.
Numerical results show significant advantages of the
proposed method in comparison with approaches to
extrapolate, based on the using of polynomials,
including Newton’s extrapolation.
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I1. THE MAIN FEATURES o (x =2
OF “PIRAMIDAL” METHOD ' i)

A new method of data extrapolation was
proposed in [1]. The main feature of this method is
construction a special divided differences and
finding their order, for which a better predicted value
in a certain sense can be found. Then the value of the
original function at the point located outside the
interpolation interval is based on the predictive value
for the divided differences using a special
computational procedure.

Let f(x) be a continuous function of one
independent variable defined over a closed interval
[a,b] having continuous derivatives and let values
Sfi:f2.---.f, of this function are known at the points

X],%, ,...,Xx, respectively. It is needed to assess the
value of this function at the point x> x, . Consider
the finite differences modified as follows:
A fig - a7
=S Jm i ()
r? =1

Define the middle points x{ =(x; +x;,)/2. Let
fi£,i=1n-1 be the functions values in intermediate

points x{ i=1n—1. Then we can define the finite
differences in the intermediate points as follows:
A9 f6 = Aj_lfii} —A.j_lfic ’
7 -1

2

where 7/ =[x
i+>+1
2

,j:2k,

¢ ,j=2k+1,

X .
i L 41
2

C .
X" 4,j=2k+1,

i+ J

2
Consider the values of the form:
i—2 )

A fe =2 (Al Snmisa =4' fncfi+l)_
" (ri—ci)ri = 1)

i—2 j—2
_ (Al fnc—i+1 -4 fﬂ*i+1)

j=ln-2,i=ln-j

2,
(c; =1 Xri —1;)
where
rp=|x 1= 2k, c; = x€ . i=2k,
n—-+1 n—i
2 2
c . X 1,0 =2k +1,
xC o i=2k+1, al L
a L 2
2
li=(x ;.i=2k I; = xCl. Ji =2k, ,
"‘E n——1
K€ =2k, YTt
i ==
n_H_l >
2
i=2,n—-1.

According to [1] if for any index i the condition

(Ai_z fnc—i+1 - Ai_zfn—i+1 ) _ (Ai_zfrf—nl -4 fnc—i ) (3)

C; —lli

C; _li
is satisfied and the condition of linearity of slope
change velocity for the broken line with nodes at the

(lli’Ai_zfnC—i)a (li:Ai_zfn—iH)'
(ci’Ai_Zf,f_H.]) (1,472 fy i) A A2 fE ) its
satisfied equality: A'f¢ ;= A" £, . (4)

Than a procedure of finding of the function

points

unknown value at the point x, can be built as

follows:
. » 4 .
A = a7 e al g =i )
j=il
Consequently, the following algorithm of

extrapolation was proposed:
1. Construct the table
according to (1).

of finite difference

2. Index i  is finding according to the formula
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. . - o
o argmin,-‘(Al Soivi =4 fn—i+1)_ (A’ Jrciv1 =4 fnc—i)}

C; _li C; —lli

Calculate the value A" € , .

n—i
3. The predictive function value formula:

Al pe ey

L)

2

_ 4J-1 pc Jjrc ~AJ
VI 7

where 4% f¢ . =4 ¢ ., j=i,1.
n—i n—i
Note that for better effectiveness of the method
which is described above it is necessary the
e
the (x i ’Al frf*i)a

n——

2

(r,, 472 fo_i+o) must lie on the other side of the

condition: points

line passes through the points (lli A2 f,f_l-) and
(ci AT2fC +1). The last condition guarantees

that cubic interpolation is the best on the
corresponding interval.

Let us consider parameter that defines measure
of function predictiveness according to this method:

1y (FO)=xp{-1 61/ =8, |/ min( 6, £ 1] 52 Dy
(Ai*_zfc ;" _Ai*_2fﬂ—l.*+1)

—i'4l
where &, f = e
C = —l.*
1 1
(Ai*—ZfC . I_Al*—ZfC .*j
5 _ n—i + n—i
2f co—lls

Obviously that u,(f(.))=1when condition (3)
is satisfied and u,(f(.)) tends to 0 when
| 81.f =82 f [/ min( &, f [.| 65 )>>1

I11. SPASE ANALOGUE
In this paragraph we consider two-dimensional
case of the method described above. Let f{x,y) be a
continuous function of two independent variables
defined over [ab]x[a,b] having continuous
derivatives and let  values  fi1,f12--fin>

Fat: S22 fon seesSmlsSm2se-sfmn OFf this function are
known at the set of points Q={(x;,y),(x1,y2),
"'b(xbyn), (Xz,yz) "'a(xzayn)’ "'1(xm9yl):(xmay2)a

X ¥n)}, Tespectively, where x; <xy <..<x,,

Y1 <Y2 << Vns -
this function at the point (x, y), x> x,,,y >y, .

We need to assess the value of

Note that we can interpret the indexes as discrete
time and we can define the partial order relation on
any subsequence of Q.

2017,2

Bulletin of Taras Shevchenko
National University of Kyiv
Series Physics & Mathematics

Consider the analogue of finite differences

(1) modified as follows:
-1 -1
A fivik =45 fie .
/ Y P =X, (
Apfw=y i, 3)
pli -1 -1
A fikn =43 fi
i =
e —li
C .
X" ., ji2,p=x,
i+l
X . L2, p=x,
i+‘:Jj|+l
where r/ = i .
y j,j:Z,p=y,
i+
y ] ,j—|32,p=y,
i+ = [+
2

x¢ . ji2,p=nx,
i+—1
X r.1,j2,p=x,
_ i+|:£:|
li‘lz c |
Y Ji2,p =,
i+—-1
2 .
. '—|22, =Yy,
y‘ l,J pP=Yy
1+
2

j=Ln-li=1Ln-jAp=x,

j=lm-lLi=1m—- jAp=x
If for any number k the finite difference
A¥f, 4.1, is known we can easily build predictive
value of the function at the point (x=x,.,y;)or
(X7, ¥ = y,u41) using the following procedures:
-1 -1
MW fumjeri = A fumjerr +
+ A){fn_j+ll(rr.t]7j+l — ll{*j+1 ),] = k,]
-1 -1
A fiim-jr2y = A7 Simejury +
: j i )i=xd
+ 45 fim-j+1) (rm—j+l Ly )’J =kl
Let wus the  middle
.X['C:(Xl'+Xi+1)/2,y§=(yj+yj+])/2. Then

denote fi"j as the corresponding function value at

define points

w¢e

the point (xj,y;). In the intermediate points we

define the analogue to divided differences (1):

148



Bicnux Kuiscbkoco nayionanbHo2o yHieepcumemy
imeni Tapaca Lllesuenxa
Cepis: pizuko-mamemamuini HayKu

Jj-1 _ 4i-1
4p f(i+1)“ v ~4p T
. . ’p = 'x’
. rJ _lJ
A fo = i
PYi%k i—1 i—1
J 4
AP fic k+1 AP fick _
j / ap - ys
el
x ;o L,ji2 c
ol <02,
. 2 , i+
where r/ =1 . ’ 2

C

1 X . ,j—|2
i L
2

j=ln-2,i=ln—j

i©

In the same way we define AIJ,' Fie ,Al{ Fiepe - Thus

we define a «pyramid» which helps to estimate the
unknown function value in the predictive points.
Consider the values of the form:

i-2 i-2

(Ax f(n—i+2)°k_Ax f(n—i+1)°kj

(ri =i Xy =1;)
)
S

i
(n—i+1)%k A f(n—i+1)°kj

A f

=ik
(A
2

(ci =1 i =1;) ’ ©
where r; = [x ; i=2k ¢ = x¢ . i= 2k
n—-+1 n—i
2 2
XL =2kl * [i]izzk“’
il ’ S
n—| — 2
H
=[x ;.i=2k = |x¢ . i=2k :
n— S
2 " 2
c ; x 7.7 i=2k+1.
XC oo =2k +], n{l}—l
l
n—‘::l—l 2
2
i=2,n-1.

Suppose that for any i we have such equality:
A ik = A F—ik -
Using (6) we can build a procedure of finding of
the function unknown value at the point (x=xj,, y;)
as follows:

ijilf(cr‘z—jﬂ)k = ijilf(%—j)k +
Jre J _qJ
+ Ax f(n—_/)k [r(n—j)(" l(l’l—j)C jy
We can illustrate our approach on Figure 1.
Note that we can consider any pass which passes
throught the points of € and can be arrived to
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the necessary point of prediction. This case is
illustrated on Figure 2. But in this case it is not
known which value is extrapolated-upper, right, or
diagonal. In this case we must extrapolate the last
node of corresponding broken line. Then the
predictiveness of the function is a product of mesures
of predictiveness corresponding point of broken line
and the function. Let us consider this case in more
detail.

Levels of the
”piramid” of

/ ivided
Ve differences
N Y r%

"/« <—— Estimated
' points

Figure 1. Illustration to the method

Estimated
N points

/ . . . .

%
‘

Yj

Ul
Figure 2. The possible way of pass choice

There is a number of methods for broken
curve extrapolation. We can consider our broken
line as automaton wlifh have three states-0,1,2
corresponding to the orientation of segments-
vertical, horizontal or diagonal. Then we can
enter a measure of predictability for every
state  and predictive factor pf, depending on

the amount of information available. We can
define a measure of predictability as the ratio of
the number of transition from the current
automaton state into predictable one and a
number of all transitions from the corresponding
state. The predictive factor is maximum of
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predictive measures for all states. For example,
in the case of 00000000001, the predictive

measures (0) =% , 1) =% (there is not enough
information), we can define the predictive factor
as 0; 000000000000 - x(0) =%(there is not
enough information if automaton has state 1) or
1(0) = % =1 (automaton has only one current

000100100010, current state is “the
after transition from 1”7

state 0);
first zero

3
u(0)= 3
1

=1, pf(0)=1; 0001001000100 - ﬂ(o)zg,

2
ﬂ(l)—3, pf(O)—E-

Another possible way to predict a point of
the broken curve is, for example, smoothing the
broken curve by replacing the intervals where
violate the functionality of their midpoints and
applying the pyramidal extrapolation method
described in paragraph 1.

Thus, identifying the path in the set of
points Q we can go to a one-dimensional case,
consider instead of difference (5) the difference
(1) and (2), where the value of a one-
dimensional function is the value of two-
dimensional in the nodes of the broken line. In
the case of number ways for predictions of the
function value at some point outside the region,
we define a predictive factor as maximum of all
prediction measures.

Thus, in the general case, it is necessary to
consider all the passes that go to some point of
extrapolation and choose one for which the
forecasting factor is maximal. In general, such a
procedure will require significant computing
resources. However, in practice, the construction
of a pass with optimal predictability can be
significantly simplified taking into account the
specifics of the problem being solved. For
example, for the surface
£, y)=° +y©)sinlx? +y2) predictability is the
same for all passes which start from the point
(0,0) through the corresponding rays.

We present some simulation results. Let the

surface  f(x,y)=(x® +y®)sin(x) be defined in
points (1,1), (1.5,1), (2,1), (2.5,1), (3,1), ...,
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(11,1),(1,2),...,(11,2),...,(11,11). Let y=0. Then

we can consider one-dimensional case. Optimal

(Ai_zf i =47, ncfi)
Ci —lll'

value i"=8 = 610713879,
(A P i = A fin )

Ci_li

= 611585256,

Jt e
procedures described above we find the
predictive value of the function at point 11.5,
it is equal -2017907.745, the exact value -
2024974.077. Thus, the relative error of
extrapolation is 0.0035, predictive factor is

1=099.

= -703068,269. In this case, using

Figure 3 Illustration to the extrapolation of
the surface f(x,y)=(x® +y6)sin(x ),

IV. CONCLUSION

Thus, the spatial analogue of the
pyramidal method of extrapolation is considered
in the paper. The expansion of dimensionality
has led to the emergence of new features of the
implementation of this method. The specificity
of the pyramidal method is the ability to analyze
when it works best. In accordance with this, a
special measure of predictiveness of the function
is introduced, which allows us to propose a
constructive algorithm for extrapolating the
function of two variables at a given point.
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YHIBEPCHTET

Y ecmammi posensdaemobcs mapkoscoka mooens bazamocepseproi cucmemu 3 NOSMOPHUMU BUKIUKAMU
3 00MedNHCeHOI KINbKICmI0 00CNIY208YI0UUX NPULAOi8, CKIHYEHHOK O0BICUHOKW UYepeu mMd HEeCKIHYEHHOH
opbimoio. Kepysanus cucmemoio 30ilCHIOEMbCS 34 OONOMO2010 ROPO2o8UX cmpameziti. [{ns makoi mooeni
3’C08AHO YMOBU ICHY8aHHA cmayioHapHozo pedicumy. Tlodanvwuii aumaniz 6azyemvca Ha anpoxcumayii
BUXIOHOI cucmeMu CUCMEMOK 3 0OMENCEHOW KiNbKiCMIO NOSMOPHUX BUKIUKIE, 08 SKOI 3a 00ONOMO2010
MAMPUYHO-AHATTMUYHO20 MemOo0y OMPUMAHi Gopmyau Osi CMAYiOHAPHUX  IMOGIpHOCMEN.  3MIHHUL
xapakmep iHMEHCUBHOCMI 8XIOHO20 NOMOKY 8 MOOeNAX 0AH020 MUnY 003601U8 NOCMABUMU | PO36 A3ami
0751 HUX ONMUMI3AYIUHI 3A0a Y.
Knrouosi cnosa: cmoxacmuuna cucmema, NOBMOPHI GUKIUKU, NOPO208A cmpamezis, CMAYIOHAPHUL
pedcuUM, OnmuMizayis.

The paper is devoted to the perspective direction of the theory stochastic systems associated with
research of retrial queuing systems. We consider a multiserver retrial queuing systems with the finite number
of servers, a finite length queue and an infinite orbit. A class of bivariate migration processes is introduced
to describe the service process of retrial systems with queue. We deal with a Markov models of the systems
with repeated calls and queue with variable rate of input flow without limitation on the capacity of the orbit
controlled by threshold strategies. At first for such models the existence conditions of stationary regime are
pointed out. Further analysis is based on the approximation of the initial systems by the ones with limited
orbit for which explicit vector-matrix formulas of stationary probabilities are found. As a result, we obtained
effective calculating algorithms for the characteristics of the systems in stationary regime in terms of
parameters of the systems according to the control strategy. For threshold control strategies the optimization
problem of the total income of the system was stated and solved. We deal with the consequences of result
obtained for the case of one server and one place in the queue.

Key Words: queue, repeated calls, threshold strategies, stationary regime, optimization.

CrarTio TipeicTaBuB 1. T. H., ipod. ['apamenko O.I.

OnHuM 3 BaXIMBHUX PO3AUIIB TEOpii MacoBOro
OOCITyTOBYBaHHSI € TEOpis CHCTEM 3 TIOBTOPHUMHU
BUKIMKamMH. CHUCTEMH 3 TIOBTOPHHMH BUKIHKAMH
BUHHUKAIOTh  NPUPOAHMM  YHMHOM B  Hamid
MOBCSIKJACHHIM MisIbHOCTI B TeJIS(OHHUX CUCTEMaXx,
KOMIT'IOTEPHUX Mepekax, B 00JIacTi CHCTEM repeaayi
iHdopmarmii. ¥ poborax [1],[2],[3] MoxHa 3HAHTH
OTJISA pe3yNbTaTiB B Lill 00acTi.

VY naHiii poOOTI MU PO3IIILIAEMO OaraTOCEPBEPHY
CHCTEMY 3 MOBTOPHHUMH BHKIUKAMH 3 OOMEXKCHOIO
KUTBKICTIO OOCJIYrOBYIOUHMX MNPHIIaAiB, CKiHUCHHOO
JIOBXKMHOFO YEPTy Ta HECKIHYEHHOI0 OpOiTOr0.

© L.A. Ycap, I.A. Makymenko, 2017

TexHika mOCTIKEHHS CXOKa Ha miuaxig B [4], 1m0
BUKOPHUCTOBYE alPOKCHMAIIIF0 TIOYaTKOBOI MOJIENI 3
HECKIHYCHHOIO OpOITOI0 3a JOMOMOTOK CKIHYEHHOT
MoOJIeNi 1 mpsIMUI TIepexia A0 rpaHuLi.

OCHOBHY MOJIeNb, KA PO3IIIAIAETHCS B PoOOTI,
BU3HAYMMO SK JBOBHUMIpHUH JaHIfor MapkoBa 3

HETIEPEPBHUM 4YaCOM Q(t) = (Ql (t),Q2 (t)), t>20 B

MHOJKHHI CTaHiB S ={0,1,...,m+n} x{O,l,...}.
IMporecom mirparii Q(f) OyaemMo MOJICIIOBATH

mporiec  oOCIyroByBaHHS B KJIACHYHIA cUCTeMi
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[M |M |m|m+n] 3 4epror i HeOOMEKEHUM YUCIOM

JDKepell TIOBTOPHHUX BUKIHUKIB. [Inist sIKo1 m - 4mcio
OOCITyTOBYIOUMX MPWIATiB, @ K - YUCIO MICIb Y
uep3i. [NTEHCHBHICTD BXiZHOTO MOTOKY A, 3aJIEKUTH

Bil j- KUTBKOCTI JDKEpENl TOBTOPHUX BHKIHKIB.
KoxHe mKepeno TOBTOPHUX BUKIIHKIB TEHEPYE
IIyacCOHIBChKMI IOTIK iHTEHCHBHOCTI V. UYac
o0OCTyroByBaHHS Ha KOXHOMY 3 TIpWIaiB Mae

MMOKa3HUKOBUH PO3IOALN 3 mapaMerpoM .. Taxum

yuHOM Q,(f) BKa3dye Ha KUIBKICTb 3aMHATHX

a Q,(t) nopiBHIOE
KUTBKOCTI JDKEPEI TOBTOPHUX BHKIIUKIB.
3’sicyeMO yMOBH iCHYBaHHS CTalliOHAPHOTO

pexumy juis iponecy Q(1),1>0.

npwiagiB i Micop B 4ep3i,

A
—x<1
mp
JAHIIOT Q(t) CpProMYHui 1 WOro TpaHuYHHN

Jlema. Hexait /1—11m/1 Toni mpu

Jj—oo© J

pO3MOINT CHiBMAfa€ 3 €IWHAM CTalliOHAPHUM.
JoBenennsi. Po3rimssHeMo B SKOCTI TecT-QyHKIIIH
JlsamynoBa HacTynHi QyHKIil
#(i.j)=ai+j, (i.j)€S,
ne mapametp "a" Oyzae BU3HAYEHO Ti3HIIIE.
st oOpanux TecT-QyHKIIN cepenHii mepeHoc
_ g (e
= 2 e (9(7) = (i)
(@".)(i.J)
JOPiBHIOE
Aa—min{i,mfua+ jv(a—1),0<i<m-1,

Vi = A, —mua,i=m

A
[pu — <1 gug Gyaw-sKOTO @ € i,l
mu my

Take £>0, mo y,<—¢ Jama Beix (i,j)eS 3a

icHy€

BUHATKOM CKIHYEHHOT'O YMCJIa CTaHIiB (i, j). Takum

9@, j), (i, J) €S

BUKOHYIOThCSI yMOBU Teopemu TBimi ([1], cTop.97).
Jlemy noBeneHo.
3MiHHUI ~Xapakrtep

YUHOM IS TecT-QyHKIINH

IHTEHCUBHOCT] ~ BXiJTHOTO
IIOTOKY B MOJEAX THILY [M |M |m|m+n] Jlae
MOJKIIMBICTb CTaBUTH 1 pO3B’A3YyBaTH UII HHX
ONTUMI3aliKHI 3aaa4i. B 3B’s3Ky 3 UM PO3TJITHEMO
Kjlac 0araTONOPOTOBMX CTPATErii, SIKi 3aJal0ThCs

:(HlaHz, "HN—1)7
0=H,<H <..<H, <H, =

N - ¢ikcoBane yucno. Skmo B MOMeHT 4acy >0
YHCIIO JIDKEPET IIOBTOPHHUX BI/IKHI/IKiB

0,(t)e[H_.H,), i=1,..,

IO CUCTEeMA 3 TIOBTOPHUMH BUKJIMKaMH (PYHKI[IOHYE

noporamu H'

N, To Oynmemo KazaTH,
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B [-OMY PEXHMi 1 IHTEHCHBHICTh BXiHOTO TOTOKY
JOpiBHIOE A, . IHINI mapameTpu BiA peXUMYy He
3anexarb. Bubip moporoBoi crpaterii H o3Hauae
(ikcauiro 3amexxHocTi A, BIA 4MCIa  JpKEpe
MOBTOPHHUX A, =h, ]E[Hl .H,),
i=1,...,N . BignoBimuuii nmpouec oOCIyroByBaHHS i
HOro xapakTepUCTUKH OyIeMO HamiISATH iHIEKCOM
H, 0(1)=0(t,H),....

S,(t.H) -

O6CJ'Iy1"OBYBaHH$I SKHUX 3aBCPIICHO B CHCTEMI 3a Yac

BUKJIHKIB:

Hexaii YHCJIO BHKJIMKIB,
t; S,(t,H) - 4YHCIO BHKIHKIB, sKi OTpHMAam
BiIMOBY B OOCIyrOBYBaHHI 1 CTand TOBTOPHUMH
S3(t H ) }
IHTEHCHBHOCTI BXIJHOTO TIOTOKY. SIKIIO iCHYIOTBH
rpaHui }ggt'lSi(t,H ), To GymeMo mo3HauaTH ix

BUKINKaMU, YHCJI0 IEpEMHUKaHb

aepes S, (H), i=1,2,3.
PosrissHeMo ontuMizaiiiHy 3az[aqy

W(H)=CS,(H)-C,S,(H)-C,S,(H

0=H,<H <. <HN1<H =
H e{0,1,..}, i=1,2,.,N-1,

ne C, - npuOyToOK, OB’ sI3aHUM 3 00CIYrOBYBaHHIM

)—)max
oo,

ogHoro BHKIMKY; C, - mrTpad 3a BIIMOBY B

obcimyroByBanHi; C, - mrpad 3a NEepeMHKaHHS
IHTEHCUBHOCTI BXiJTHOT'O ITOTOKY.

Po3B’3k0M [1aHOI onTUMI3amiiiHol 3a71a4l € Taka
OararomoporoBa ctTpateris H , sKa MaKCHUMI3ye
cepeHii mpuOyTOK BiJl POOOTH CUCTEMH.

B ymoBax iCHyBaHHS CTal[iOHAPHOTO PEKUMY
(ymoBH JIEMHU) TpaHUYHI (dhyHKIIIOHATH
Si(H), i=1,2,3, Tex ICHYIOTb 1 MOXYTh OyTH

BUTIMCaH1 CTalliOHapHI IMOBipHOCTI

Ty (l ])ES
0 m m+n

S\ (H) =2\ 2immy(H)+ 3, mum;(H) |,

j=0\_i=1 i=m+l

uepes

N H;-1
=20 2 7 (H),
=1 j=H,_,
N-1 m+n—1
m+nH 1(H)+VHI Z ﬂ-kH,» (H) -
i=l1 k=0
TakuM  4YmHOM Ui PO3B’s3Ky  3aJaHOi
ONTHUMI3aIIMHOT  3amayl  HeoOXimHI  e(EeKTHUBHI

AITOPUTMH PO3PaXyHKY CTaliOHAPHOTO PO3IOALTY
ISl CUCTEMU [M|M|m|m + n] .

s moOynoBH pO3paxyHKOBHX QJITOPUTMIB 1
ABHUX  GOpPMYJ  MH  PO3[ISHEMO  MOJEJNb

(V) y
|:M|M|m|m+n:| , B SKIA KUIBKICTh JDKEPEI
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MTOBTOPHUX BHUKIWKIB N € CKiHdeHHOW. SIKIIo
3HAWTH CTAiOHApHUH PO3MOIII Takol CHCTEMHU 1
nepetu mo rpaHuri N —> oo (B yMOBax JIEMH), TO
MH OTPHUMAEMO  CTAIIOHAPHWM  PO3MOILT IS

CUCTEMU [M |M| m| m+ n] .

sepes 0 (0)=(Q" (1).0," (1)

mpotiec 00CITYTOBYBaHHS IJII CHCTEMH 3 YEproro i

Ilo3naunmo

ckiHyeHHOI0 op6itoro. ITpomuec Q(N)(t) npuiimae

3HAYEHHS B  CKIHYEHHIM  MHOXMHI  CTaHIB

S ={0,1,...,m+n} x{0,1,...,
3HalaeMo HoTO
M, (i, j)es™.

i

N}, i € cramioHapHIM.

CTaIliOHapHHHA po3noin

Hexait A(j), j=0,1,...,N—1 - TpuxiaronamsHa

MaTpuLs BULIISILY

ad a0 0 ... 0 0 0

a? d” dY o0 .. 0 0 0

L0 a? &Y g0 0 0
Al)= P :
0 0 0 0 A ar(njr)n72 ar(nojn72 ar(n+4r)n72

0 0 0 0 .. 0 a9 4O

m+n-1 m+n-1

40— }Lj +iu+ jv, i=0,1...,m,
! /1j+m,u+jv, i=m+1lm+2,...m+n-—1,

ai(” ==, i=0,1,....m+n-2,

aff) ={
1,

—iu, i=1,2,...,m,

—-mu, i=m+1lm+2,....m+n-—1,
010 ...0 0 0 ... 01
0 0 1 0 0 0 ... 01
B= , C=
00 0 ... 1 0 0 ... 01
00 0 ... 0 0 0 ... 01
- MaTpHIIi PO3MIPHOCTI (m +n)x(m+ n) .
Yepes D(N) Oynemo I03HAYMMO —TPUKYTHY
marpuio: D(N)=
U 0 0 0 0 0 . 0 0
—(NVHW) 2u 0 . 0 0 0 . 0 0
N (W) . 0 0 0 . 0 0
-Ny N Ny -(Mesdy) o 0 . 0 0
-Ny N Ny N AWy om0 0
-Ny N Ny Ny N Ny -(Nvtdy) mp
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Hawm Takox HeoOXimaHi OyIyTh BEKTOPH:
W) (]) :( (()’]‘.’), ™) W) ),

1j 22 "m+n—-1j
G(N)

m+n—1j ) H

T(m +n— 1) — (m +n— 1) —BUMIPHHIA  BEKTOp, IO

W(N) (.
()
#Z(Gg?,cfj”,...,
ﬂ-ON

¢(j)=

CKIIQ/IA€THCS 3 OJJMHHUIIb,
e (m +n— 1) — (m +n— l) — BUMIpHUH BEKTOp, [-Ta
KOMIIOHEHTa SKOTO JOPIBHIOE OJMHHUIN, a iHIIi
fopiBHIOIOTH Hymo. Yepes 1, e, Gynemo mo3HauaTH
TaKi )k BEKTOPH PO3MIPHOCTI m+n.

Teopema. ko /‘tj >0, j=0,1,.,N, 71O
CTalliOHapHI HWMOBIPHOCTI ﬂij), (i, j ) eS™ moxna
MOJIaTH Y BUTJISI:

(70 ) ) =

= 2D (N)(NVI(m+n—1)+ Aye, (m+n—1)) (1)

(N) -
M _Fon (V) (N)(Nvl +, .. )

!

m+nN mﬂ
(N) N-j
;_(N) :%G’(N’ (N)T (N =1)x..xT(),(2)
(V) N-j
oy ZMG'(N)(N)X

4!
<T(N-1)x..xT(j+1)l, j=0,1..,N-L,
ne

3)

N-1, N-j

2l = {G'(N)(N)[T Ny
j=0

S T(N-1)x.xT(j+1)x
J!

RS
A,

J

{T(;)Jr :|T+L(NVT+/1NemM)]}, 4
mjy

1
¢ )(N) :{D] (N)(N\/T(m+n—1)-|—/1,ve1 (m-l—n —1))}(5)

T(J) ={B+%C}Al (j), j=0,1,..,N—1.
j

Jus  3pydHOCTI

(i,j)es™. s

k=0,1,...,m—1 po3i6’emo S™ wa J(B1 I IMHOKWHHA

E ={(0.N),(LN),...(k,N)} 1a E =S"\E. B

CHUJly PIBHOCTI IIOTOKIB  IMOBIpHOCTEH  yepes

3aMKHEHUH KOHTYp y cTamioHapHoMmy pexumi ([5],
cr.49), Oymemo Matu

JloBenenns.
M=z, GV =6

ij ] [ ij?

IIO3HA4YUMO

KOXXHOT'O

154



Bicnux Kuiscbko2o nayionanbHoz2o yHieepcumemy
imeni Tapaca Lllesuenxa
Cepis: izuxo-wamemamuyni HayKu

NVZyy + NV + .ot NV +(NV+ A)) 7Ty =

= (k+1) 41y, k=0,1,..,m—1,

(6)
NV, + NV + o+ NVE oy +(NV+ Ay ) Ty =
=mun,,y, k=mm+1,...m+n—1.
O G, =—" ,(i,j)eS(N) mepwi  (m+n-—1)
Ton
PIBHSHHS 13 cucTeMH (6) MarOTh BUTJIS
GIN _
:D"(N)(Nvl(m+n—1)+/1Nel(m+n—l)),
Gm+n—lN

o aae HaM (5). 3 (6) npu k =m+n—1 3HaAXO0IUMO

G\ = L evynvi+ Aye (7)
7

m+n) *

teiep G

m+n j

3Haiinemo OpU  yMOBi, IO

j=0,1,..N —1. Po3i6’emo S™ Ha i miaMHOKMHU
S ={(a.p)es™:p<j} i SV =sMs.
3HOBY  BHKOPHCTOBYIOUM  DIBHICTh  IOTOKIB
IMOBIpHOCTEH Yepe3 3aMKHEHUH KOHTYP, MaeMO
AT ini = (]+1)V7z0,+1 +. +(]+1)
3BiJIKH OTPUMAEMO
~ i+ =~
o Utbhve
A

m+n 1j+1°

(j+1),j=0,1L.,N-1. (8)

m+nj
j

Posrnsemo Ttemep (m+n)xN  3aMKHEHHX

KOHTYPIB, 5IKi MICTSATh OJHY TOUYKY (i, j) 3 obnacri

) 2{0,1,. m+n—1} {O,l, —1}. Bigmnosigxi
(i, )HesS S MatoTs BUrIS
= uG,,, i=0,

+1.G,

JIIJ

piBusnns 1 G,
4+ ]V)GO,

(_]-l-l)VG
=1,2,...

(]+1)VG

i—1j+1

)
(A, +iu+ jv)G, =
(l+1),uGl+1],
(A, +mu+ ]V)Glu

—1j+1

,m—1,
- (10)

+4,G,; +

=m,m+1,...m+n-—2.

+m,uG

i+lj°
IIpu i =m+n—1 3 ypaxyBanusm (8)
(4, +mu+ jv)G =(j+1)vG

m+n—1j m+n— 2]+1

SA,G,, LDV G i

T m+n-2j (1 1)
J
Cucremy (9) - (11) MoxHa TpeACTaBUTH B BEKTOPHO-

MaTPUYHOMY BUTJISIAI

G'()) =(j+1)v(~}’(j+1)|:B+%C}A‘l (j)=

J
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=(+WwG (j+1)T (), j=01,..,N-1. (12)

Po3p’s3koM  pexypeHTHOTO criBBigHOmEeHHS (12)
Oyze moCiJOBHICTh BEKTOPIB

o N! vN ! .
G'(j)= G'(N)T(N =1)x...xT(j),

j=0,1,.,N—-1. (13)

[MincraBnsitoun npaBy yactuny (13) B (8), Mmaemo

~ N- j -

=GN TN 1y xT(j+ D,

' J

j=0,1,.,N—-1. (14)
YMoBa  HOPMYBaHHA  JUI1  CTalllOHAPHHUX

imosipuoctet 7, (i, j)€S mo3BomsE 3HANTH 7).

e mae dopmyny (4). CuisBigHomenns (1)-(3)
SBIISIOTHCS IpSIMAM HactiakoM (7), (13) Ta (14).

Teopema noseneHa.

OueBunmHo, i QOpMyIH SBISIOTE  COOOIO
e(heKTUBHY pEeKypEHTHY TIPOIEAYPY A OOUHCICHHS
CTaI[IOHAPHOT'O PO3MOJILIY.

3acTocyeEMO OTpUMaHUl pe3ylbTaT OO0 CHUCTEM
[M|M|1]1+1] Ta [M|M|1|1+1] 3 noBTOpHMMHU
BUKIMKaMH. Y JaHOMY BHIIaJKy MO>XHa IPOBECTH
OLMBII IeTaJIbHUH aHaJIi3 1 OTPUMATH SIBHI (POPMYJIH.

[Toznaunmo

ﬁ(1+,0/<)/1+/1k+1 +(k+1v
A,(]) =Yk=i  Px [(ik + kv)2 + kvu]

b 2
L, i=],
e P =% . 3aBaHTAKEHHS CHCTEMH TEPBUHHHMU

BUKJIUKaMH, Kosu opbita Q,(¢) =k .

Hacaigox 1. Sxmio /1j>0, j=0,1,..,N, To
Uit Oyap-sikoro N cramioHapHi  HMOBipHOCTI
[M|M|1]1+1]" -

MMOBTOPHHUMHU BUKIIMKAMHU MAOTh BUTJIAL

CHUCTEMU 3 Yeproro Ta

NWY7A(N)
”é[;v) ”éx)#
yN-J
Wy _ oo NV + V)4, (N)
T Jlu
Lo N VI A+ G l)V)A,+1(N)
2j (Y 'ﬂ, u
j=0,1,...N -1,
2 _ o Ay +NV)
IN Ton s

) _ () Ay + Nv)? +Nv,u
THON = Ton 2

u
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1 NN (4 A+ jv)A(N) (u+2,+(J+DVIR;
gy =11+ —(Ay +Nv)+ N1y ! s 70y, = X
U P Ju vIAuj!
. 2 .
P [(4; +jv)" + jvul
-1 H
- +A,+(+DnA 1 I+p)u+d.,+(j+v
Z /U i+l (j ) ) _/+l( ) 72((%\, +NV)2 +NV,U) ( p] )/,l j+1 (.] )
i Ju U 1e

Posrnsmemo Ttemep cucremy [M |M| 1 | 1+1]. 3 z (u+4+iv)A (J) Z M A +iv

JeMH  BUIUIMBAa€, 1O 1 CHCTeMa  Oyne i ST v il A (D)
— A, A -1
cramioHapHo, gkmo lim—L<1. Jlna Toro, mo6 +-’Z: (u+ A, +@+DV AL (D) Z A +(@+Dy
j—>0 -

. e H . V' A ui! %yz'A @i+1)
3HAWTW  MNPEACTAaBICHHSA Uil  CTallOHApHOIO )
po3moiIy, HEoOXimHO B (opMmyrnax Hacmiaky I y CTaTTi ~ BHUIIMCAHI  YMOBH  ICHYBaHH
MEPeNTH 0 rpaHuili npu N —> oo, CTaIlOHAPHOTO peKUMY b1l pouecy

BBeaeMo Mo3HaueHHS 06CITyrOByBaHHS Mozei [M |M|m|m+ n] ,

R; = lim 7' NIv™ A;(N).

Hacxinok 2. Skmo min [M|M|1]1+1] -

CUCTCMHU 3 YCPrord Ta INOBTOPHUMH BUKIIMKAMHA

— 2.
A,>0,j=0,1,..., lim—L<1, To a1a Hei icHyIOTb
J Jj—oo© /u
CTalliOHapHI HMOBIPHOCTI
R _(4;+ V)R,
7y —, =
J i J J i
v’ jl v/ uj!
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B oanii cmammi pozensoaromucs 3a0aui ONMUMAIbHO20 KEPYBAHHA Md 3a0adi aHAI3Y YYMAUBOCHI 04
cucmem, NOGEOJIHKA AKUX MOOENEMbCS OOHOBUMIDHUMU KBAZLMIHIUHUMU DIGHAHHAMU eI1iNMUYHO20 ma
napaboniunoco munis. Koegiyicnmu piensinb ma npasi 4acmunu pisHHb GUOUPAIOMbCSL 8 POJIE KEPYSAHHSL.
Bracnioox oucxkpemusayii ¢hynxyiii xepysanms 3a0aua onmumManibHO20 Kepy8aHHs 3600UMbC 00 3a0ayi
HeNiHiliHo20 npocpamyaHua. [laHo awnaniz 004UCTIOBANbHOI edeKmUSHOCMI pi3HUX Memodie aHaxizy
YYMAUGOCMI, CKAAOHOWI8, AKI GUHUKAIOMb 8 NPOYeci OMPUMAHHS CNIBGIOHOUIeHb AHANIZY YYMAUBOCMI Md
ixHvol npoepamuoi peanizayii. Ilpusedeni cnieeIOHOWEHH AHANIZY YYMAUBOCI OJIsl 340a4 ONMUMANIbHO20
KepyB8aHHA 0OHOBUMIPHUMU PIGHAHHAMU A08eKYii-Oudy3ii-peaxyii 3 KyOIUHOW HeNHIIHICIIO MA SPAHUYHUMU
ymosamu Pobena.

Knrouosi cnosa: onmumanvhe KepysawHs, KEa3iNiHiliHe DIGHAHHA eNINMUYHO20 MUNY, KEA3LNIHIlHe

PIBHAHHA  NApaboNiyHO20 MUNY, AHANI3  YYMAUBOCMI, KOoeQiyieHm 4ymaueocmi, NpAMUtl  Memoo
oughepeHyitosanns, MemoO CHPANCEHUX 3MIHHUX, DIBHAHHA aodeeKyii-ouysii-peaxyii 3 KyOiuHOWO
HeNiHItHICmIO.

In this paper we consider optimal control problems and sensitivity analysis problems for systems,
governed by one dimensional semilinear partial differential equations of elliptic and parabolic types.
Coefficients of equations and right hand side of equations are selected as control functions. After
approximation of control function optimal control problem leads to nonlinear programming problem.
Computational efficiency of different methods of sensitivity analysis, difficulties during obtaining
relationships of sensitivity and during software implementations is analyzed. Analytical sensitivities for
optimal control problems of one dimensional advection-diffusion-reaction equations with cubic nonlinearity
and Robin boundary conditions are presented.

Key words: optimal control, semilinear elliptic equation, semilinear parabolic equation, sensitivity
analysis, sensitivity coefficient, direct differentiation method, adjoint method, advection-diffusion-reaction
equation with cubic nonlinearity.

CrarTio TipecTaBuB J1.T.H., ipod. [apamenko O.I'.

Introduction different methods of SA for optimization problems

The mathematical theory and numerical methods are given.
for optimal control problems, optimal design The outline of this paper is as follows. In Section
problems, sensitivity analysis (SA) problems 1 we give different formulation of abstract optimal

governed by partial differential equations (PDEs)
have been studied by many authors (see [1-7]).
Several methods are available for response
sensitivity computation, including the finite difference
method (FDM), the direct differentiation method
(DDM) and the adjoint method (AM). These
methods can be derived in continuous and discrete
formulation. Different aspects of SA methods can be
found in [1-3,8-14]. In [10,13,14] reviews of

© M.B. lllep6aruit, 2017

control problems. We write these problems in terms
of state and control function and, also, only in term
of control function (reduced formulation). After
discretization of control function the optimization
problem is formulated as nonlinear programming
problem. In Section 2 we introduce in continuous
and discrete forms the basic concepts of sensitivity
analysis, including FDM, DDM and AM. In sections
3 and 4 we apply DDM and AM of SA to the optimal
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control problems for the processes governed by one—
dimensional (1D) semilinear equations of elliptic and
parabolic types properly with Robin boundary
conditions. The nonlinearity in these equations is
defined by a cubic reaction term. The expression for
variation of optimization criterion and for sensitivity
coefficients are presented for continuous and for
discretized optimization problems.

1. Formulation of Optimization Problem
1.1. The infinite dimensional formulation
Optimization problem (OP) [1,2] consist of

finding a control function w, € U and proper state

function y, € Y that minimize optimization criterion

qu >
¥, (ue, ) = (ui}l)elUnxy wo(u’ v) (1)
subject to
c(y,u) =0, (2)
%(U’y)ﬁoa j:]-?"'vm’ (3)

where u=u(x) and y=y(x) are defined on a
bounded domain Q, xeQ.

We can consider feasible region Ua that is
generated by the model (2) of the system and
constraints (3)

U, ={(wy):ueU, yev, clyu)=0,

¢j(u,y) <0, j=1,....,m}.
Therefore, optimization problem (1)-(3) can be
formulated as follows: find functions w,,y, such that

() €U,y (u ) = min 4 (u,y).

(u,y)ely
Optimization problem also can be formulated
only in term of control function. Optimization
criteria and constraints for given optimization
variable u are calculated in the following way.
Firstly, for given u we solve state equation (2) and
obtain state function y. After that we calculate

functionals w;(u) =y, (u,y), j=0,—m as functions

of variables u,y. Functionals w;(u), j=0,_m are

often called reduced functionals (reduced cost
functional and reduced constraints).

Let us consider the following feasible region
which consist only of control functions u :

U,={u:uel, y;(u)<0, j=1,...m}.
Consequently optimization problem in term of

reduced functionals [1,2,5] consists of finding a
function u, such that
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“

u €Uy, o) =miny, (u),

where v, (u) = ,(u,y), j=0,m and c(y,u)=0.

1.2. The finite dimensional formulation

To solve OP numerically by using nonlinear
programming solver it is necessary to approximate
control function u €U by the function that depends
on vector of optimization parameters
b=[b,...b,]" €R", u(x)=u(x,b). As result OP (4)
can be formulated as nonlinear programming
problem: find a vector b, such that

Vo(b) =miny,(b), y,(b) =y, (b, ),

where U,, is feasible region
Uh(? = {bb eUh’ l//j(b) :lr/;/(bﬂy) SO’ .] :1,"'5m} s

U,={b:beR", b <b<b'}.
The state equation is presented in the form
c(y,0) =0, )
where operator ¢ depends on state function y and
vector of optimization parameters b .

2. Basics of sensitivity analysis
Sensitivity analysis (SA) consists of calculation
of explicit expression of variation dy; as functional

of Su [1,2.8,10-12]. Total derivatives dy), /du,

7 =0,1,...,m of the system characteristic wj with

respect to optimization parameters u is called
sensitivity coefficients. In this section we consider
FDM, DDM and AM of SA for OP (4) and analyse
main features of these methods.

2.1. The continuous formulation of SA
2.1.1. Finite difference method (FDM)

The easiest way to compute sensitivity
information is by using the finite difference method.
If u is the current value of control parameter and Su
represents a small change in the wu, then the

sensitivity of ¥, (u) can be approximated as

dy; v, (u+zu) -y, (u)
du T||§u||

where 7 - a small quantity.

The advantage of the finite difference method
is obvious. FDM is a straightforward approach that
only requires evaluations from the solver for state
equation (2) and thus almost no additional
development. However, this approach can lead to
difficulties in practice [8,10,13]. First, one has the
problem of finding a good step size for the finite

b
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difference calculation. Also, this option is highly
costly because the solutions of state equation must be
computed for two or more values of each parameter.

2.1.2. Direct differentiation method (DDM)

Variation of Sy/; as function of variation Ju,

Oy is obtained as result of linearization of
functional
oy, oV
oy, = su+ i 5y =
ou oy
o o (6)
=| —L.,5u |+ LSy |
Ou Oy

To get explicit expression of variation oy, as

functional of du

ou

dy .
5 = J
Vi du
o . oy,
it is necessary to write the term 8_5 y as
'y
functional of ou[1,2,8,12].
Let us write the state equation (2) in variations:
¢,0y+c,ou=0. @)
The subscripts u and y denote derivatives of operator
¢ with respect to proper variables. dy can be found
as solution of equation:

c,0y=—c,0u. ®)

Therefore, calculation Sy, via DDM requires the

following steps:

o for given u solve direct problem (2) and find y;

e for given u,0u and evaluated from (2) state
function y solve linearized state equation (8) and
find oy ;

e calculate variation Jy/; according (6).

Y,
u
expensive since all directional derivative for a basis
of space of control function U have to be computed.
Each of them requires the solution of linearized
equation (8).

Calculation of total derivative is

2.1.3. Adjoint method (AM)
AM is based on adjoint variables and adjoint
equations [1,2,8,9,11]. Describe briefly the AM of
SA. For functional y; we introduce the adjoint

variable ;. To derive the adjoint equation, we write

the scalar product of adjoint function and equation

(7):

2017,2
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0=(u;,c,0y+c,ou). ©)
Using the adjoint operator ¢ ,c, and Lagrange
identities yield the following expression:

0=(y,,c,6y+c,0u)= (c;yj,éy)Jr(c:yjﬁu) . (10)
Term-by-term addition of (6) and (10) gives the
following equality:

ow. . ov, .
7 ==( al//’ +cuyj,§uJ+( ‘;] +Cy#j,5)’j-(11)

u

We define the adjoint variable 4, as solution of the

following adjoint equation:

W, (12)
y

As a result of (12) the second term in (11) is
vanished and we obtain the following explicit
expression of variation dy/; as functional of ou :

.
GH =~

ow. .
5'//]-:( au’ +cuyj,5uJ. (13)
Therefore, for the total derivative we have
dy, oy, .
—L=—"cu.. 14
du  Ou uHi (14

Consequently, calculation oy, via AM requires the

following steps:
o for given u solve direct problem (2) and find y;

e for given u and evaluated from (2) state function
y solve adjoint equation (12) and find 4, ;

e calculate variation oy ; according to (13).

Even though DDM and AM yield the similar
analytical sensitivities, the computational efficiency
may be quite different, depending on the number of
system characteristic m and the number of
optimization parameters (dimension of space of
control function U ). DDM is preferable when there
are relatively few optimization parameters and large
number of system characteristics. AM is more
efficient for problems involving large number of
optimization  parameters and few  system
characteristics [8,11].

2.2. SA in finite dimensional case
After approximating control function u €U by
vector of optimization parameters
b=[b,...b,]" eR", u(x)=u(x,b) obtain

functionals y;, j =0,1,...,m as functions of 5 and

w¢e

y. Consequently, variations (differential) ou,d0y as

function of vector of optimization parameters b can
be calculated in the following way
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Su— du 5b, Sy= dy 5b. (15) 3. Sensitivity analysis f01: 1D semilinear elliptic
db db equations

In this section, we consider DDM and AM of

du | du du dy | dy dy SA in optimal control problems for the processes

where b {E”E} * ab Z{E"”’E} A governed by semilinear equations of elliptic type in

. 1 ! ! ! one—dimensional space.
derivatives.

Therefore, we can insert (15) in proper expressions
and obtain expressions for sensitivity coefficients

dy,
db,

1

DDM and AM properly.

a) FDM
In the simplest case sensitivity coefficients are
calculated by using finite difference of first order

dy, _vy'~v)

db. ab.

1 1

W\ =0, (Bseshysbyubyy s, ),
W2 (Byyesbyy b, +aby,byysennsb, ).

i

, i=1,....n within the frameworks of FDM,

, i=L..,n, j=0,1,...,m,

To calculate vector of sensitivity coefficients
according FDM it is necessary to solve at least n+1
times the state equation (5). Also, we have to select a
good step size for the finite difference calculation
(which can be different for difference y ).

b) DDM

To compute sensitivity coefficients according to
DDM we need at the beginning to solve direct
problem (5) and find state vector y[2,3,8,12]. After

that we solve n linearized problems for derivatives

z; :d_y’ i=1,...,n
db,
¢,z =—C o
y&i u 6[91 *
Finally, we can calculate sensitivities coefficients
dy, oV, du oV,
_— _Zi’ l=1,...,n.
db, Ou dbi Oy
c) AM

In this case, first, we solve state equation (5)
(similarly to DDM). After that we solve adjoint

equations (12) and find adjoint functions g,
7 =0,1,...,m. Sensitivity coefficients are calculated
according to the expression, which is obtained from
(14)
dv, 7, du .
db,  ou db. "’

1

i=1,...,n.

3.1. The infinite dimensional optimal control
problem

We investigate the following optimal control
problem:
minimize the objective functional

wy) =7, [ 2 (x,1)dQ+, [ g, (xw)dQ  (16)
Q Q
subject to advection-diffusion-reaction equation

=" +s(x,y, ¥ ,u)= f(x,u), xeQ=(x,,x,) (17)
,y' (%) + By y(x,) = dy y (18)
a,y'(x)+By(x,)=d,y"

and pointwise box constraint
U={u:ueL(Q),u (x)<u(x)<u"(x), xeQ},
d’y dy

, ' =—, L(Q)- space of control
Y T (©)- sp
functions. In this setting, positive number y. .y,,
%, fy,dy, ", @,.p,.d,, ¥,

functions s, f,u, u" are given.
19°82999J » s

where y"=

Xy,X,, numbers

The nonlinearity is defined by the cubic term of the
form

$(x, 3, ¥'su) = r(x)y" +5,(x)y +5;,(x)y" .
As control function u# one of the coefficients
r,s,,s, of equation (17) or right hand side f of the
equation is selected. Therefore, we consider s, f as

functions which depend on argument u .
Optimization criterion (16) in many applications
[1,2,6,7] is selected in the form

vy () =7, [(y(0) = y,(x) dQ+y, [u’ (1dQ (19)

where

£ (6 ) =)=y, ()5 g (x,y)=u’(x). (20)
The optimization criterion (19) is assumed to consist
of quadratic term for the state plus quadratic
Tychonoff-type regularization term for the control.

To obtain sensitivity coefficients according to
DDM and AM we use technics described in section
2.

a) DDM
According to (6)-(8) we obtain the following
expression for calculating the wvariation of
optimization criterion:

e Boundary value problem (BVP) (17)-(18) in

variation
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Os Os 0 of Os
~Oy) + T (0y) + 5y = swy= [ 7, Lo LBy |suar.  25)
Y y @1 o ou \ou Ou
of Os
= i—— ou, xeQ=(x,,x,), e er 1s .
ou ou ¢ 3.2. Finite dimensional case

,0Y'(%) + B,0y(x,) =0,
aedy'(xe) + ﬂeé‘y(xe) = 0'
Partial derivative of functions s,f for different

cases of control function are summarized in the
table 1.

Table 1. Summary of partial derivatives

0s of os os

u | | o
u=r y' 0 u s, +3y%s,
u=s, y 0 r u+3y’s,
Uu=s, y3 0 r S, +3y2u
u=f 0 1 r s, +3y%s,

e Variation of functional (16)

og 08,
Sy, (w)=y | =LSydQ+y, | =26udQ. (22)
’ i oy i ou
For (20) we obtain
o8, g,
282y - , 282 —du(y),
o (y(x) = y,(x)) o u(x)

and variation of functional (19) is written in the form
oy, = 2)/yj(y -y,)0ydQ2+2y, juﬁudQ .
Q

Q
b) AM
To obtain total derivative according to AM we will
do the following steps. We multiply equation in
variation (21) by adjoint function g, ; integrate both
sides over Q=(x,,x,); apply integration by parts
and add to the (22). We define the adjoint variable
4, in such way that all terms with factor Jy are
vanished. This leads to BVP for adjoint function

s ) a P
(B |+ 2 -r, B sea, @
ot (%) + [ao asa(x?) v ﬂoJu(xo) —0,
Y (24)

aeu'(xe>+[ae%mmmj:a

As results we obtain variation of functional

a) DDM

To compute sensitivity coefficients according to
DDM we need at the beginning to solve BVP (17)-
(18) and find state vector y . After that need to solve

n BVPs for derivatives z, =——, i=1,...,n
db,
_Zi” +§Zi' +@Zl :(ai_@ a_u’ er,
oy’ Oy Ou Ou )Ob,

aOZi’ (X)) + Byz,(x)) =0,
a,z (x,)+B.7,(x,)=0.

Finally, we can calculate sensitivities coefficients

vy _, j%zidgmj%ﬂ dQ, i=1,..,n.
db, ) oy ou db

b) AM
In this case, first, we solve BVP (17)-(18) (similarly

to DDM). After that we solve adjoint BVP (23)-(24)
and find adjoint function g, . Sensitivity coefficients

are calculated according to the expression, which is
obtained from (25)

a, \""ou \ou ou) )db

i=1,..,n.

4. Sensitivity analysis for 1D semilinear parabolic
equations

In this section, similarly to section 3, we briefly

consider the numerical treatment of optimal control

problems for the processes governed by semilinear

equations of parabolic type in one—dimensional

space and present expressions of sensitivity analysis.

4.1. The infinite dimensional optimal control
problem
We investigate the following optimal control
problem:
minimize the objective functional

I//O(u):]/lyj‘gl(x’te’y)dg-i—
’ (26)

tL‘ tt/

75, [ [ 8:Cet, y)dQdt +7, [ [ g, (x,t,u)dQat
t, Q 1, Q
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subject to advection-diffusion-reaction equation L ¢ ‘
) o] w&m, £ dQud.
ay v'+s(x,t,y,y,u)=f(x,t,u) inQ, (27) “
For functions (30) proper derivatives are
@Y )+ By =dy O dg, B
’ e 0°%d> X, [e , V(X, te
@y (5,1)+ B30 =d, 3 (1) B D 2031~ )
Y1) =y, () inQ (29) N

and pointwise box constraint o8 _ 985 (x,1, y(x,1)) =2(y(x,0) = y,(x,1)),

={u:u (x,0)<u(x,t)<u’(x,1), (x,t) €Q}, Oy Oy

0 0 t t
where : 3 ;08U _ gy, p)
s(xstayay ’u):r(x’t)y +S1(.x,t)y+s3(.x,t)y 9 ay al/l
y_d’y o _dy AM
Y :dx2 >y :d_’Q:(xo’xe)’Q:Qx(to’te]' b)
. Following (9)-(11) we obtain adjoint /BVP

Positive number 7, .75, 7, ,X5X, »%,,t,, numbers

oy, By.dy, e, pB,.d,, functions

yOy

Note, that in case r(x,)=0 we obtain known
in Physics “Schlogl model“. Optimal control
problems for this model with Neumann condition are
considered in [15].

Functions g,,g,,g, in many applications
[1,2,6,7,15] are selected in the form

gl(x’tg7 y) = (y(xatg) - ydg(x))za
g3(-xata y) = (y(-x,t) - yd (-xat))2>
g (xt,y)=u’(x,0).

a) DDM

e [nitial-boundary value problem (IBVP) (27)-(29)
in variation

3(5 )

81,82,835 1>
“ u”, u" are given.

(30)

Gy S, @y + 8 sy=
oy

of Os
(aj; _a_uj&’
0,0y (x,1) + B0 y(x,,1) =0,
@,0y'(x,,1) + B,0y(x,,1) =0
Y(x%,1,) = yo (%)

Partial derivative of s,f for different cases of

(tO’ e

inQ.

control function are given in the table 1.
e Variation of functional (26)
98, (x.2,, y(x,1,))
y

+73y j I % (x—,gyy(x,t)) Oy(x,1)dQdt +

Sy, (u) = yly.[ Sy(x,t,)dQ+
Q

e adoint equation in Q

o (o5 ) o
or Ho ay,ﬂo ayﬂo

e Dboundary condition in (z,,7, ]

0g,

. 31
yay()

+180J;Uo(xoat)=03

, Os
oty (Xy,1) +| & ?

- (32)
, Os
a, ty(x,,t) + aey + B, |1, (x,,1)=0.
e Initial conditions (at the final time ¢, )
0g,(x,t,,y(x,t,
,uo(x,te)=]/1y gl( y( )) . (33)

dy

As results we obtain variation of functional

j [ (27”u+[——2—sj Ojé'udet. (34)

4.2. Finite dimensional case
a) DDM

As for elliptic type model, first, we solve IBVP (27)-
(29) and find state function y . After that we solve n

IBVPs for derivatives z, =—,
azi " 85 ' aS af as au
__Zi +_7Zi +_Zi: A A |AL
ot Oy Oy Ou Ou)Oob,

aozl'(xo,t) + Bz, (xy,1) =0,

a,z, (x,,t)+ B.z,(x,,t) =0,
Z,(x,1,)=0.

And finally, we calculate sensitivities coefficients
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CZZO—%J%‘; Zg 3}H8g3 d i+
g, d
+ ”ag;dZdet i=1,..,n

b) AM
In this case, first, we solve IBVP (27)-(29) (similarly
to DDM). After that we solve adjoint IBVP (31)-(33)
and find adjoint function g, . Sensitivity coefficients

are calculated according to the expression, which is
obtained from (34)

o (S nsn

ou

Conclusions and discussions

In this paper we have analyzed the basic concepts
of sensitivity analysis, including FDM, DDM and
AM for abstract PDEs constrained optimization
problems (OPs). Following these concepts, we have
obtained sensitivities for one dimensional stationary
and time-dependent advection-diffusion-reaction
equations with cubic nonlinearity.

To solve the optimal control problems
numerically we discretize control functions by
piecewise constant functions or piecewise linear
functions with respect to the space variable. BVPs
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for 1D elliptic equations (for equations of direct
problems and for sensitivity equations, obtained by
DDM and AM) have been solved by Matlab bvp5Sc
solver. IBVPs for 1D parabolic PDEs and for
sensitivity equations obtained by DDM have been
solved by pdepe solver. We have modified pdepe
solver to solve IBVPs for sensitivity equations
obtained by AM with the negative step of integration
for the time variable.

Results of numerical experiments confirm
the conclusions that AM wusually is less-time
consuming than DDM and FDM. In the same time,
solutions of adjoint equations by Matlab solvers
(especially for parabolic equations) for some values
of optimization parameters is not always very
accurate.

In future publications we present more
thorough results related to:

e analysis of the changing effect of various
optimization parameters in regards to the
response of solution of advection-diffusion-
reaction equations;

e capabilities and limits of SA methods,
peculiarities of software implementation for
semilinear equations.
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BuHHUKHEHHSI KOJTUBAHb HANIPYTH B
“KpeMHi€Bill CTPYKTYPI 3 Aie1eKTPUYHOIO
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Emergence of voltage oscillations in "silicon
structure with dielectric insulation" under
the powerful current pulse

Taras Shevchenko National University of Kyiv,
03022, Kyiv, Glushkova st., 4g,
e-mail:pps@univ.kiev.ua.

3a  Odonomocoro Memoouxku IMAYILCHUX — BOAbM-AMNEpHUX xapakmepucmux (BAX) npoeedeno
O00CHIOMNCEHHA  BNAUBY  O0XHCOYNeB020 pO3icpiey HA  6IACMUBOCHI HANIBNPOBIOHUKOBUX PEe3UCHODIS,
BUCOMOBIEHUX HA OCHOBI KpeMHIceux cmpykmyp 3 Oienekmpuunoro izonayieio (KC/I). Iloxazano, wo nio
0i€lI0 NOMYJHCHUX IMAYILCI8 GUHUKAE MAKUll po3iepie CMPYyKmMypu 3a sK020 BUHUKAE  8i0 €MHA
OoughepenyianvHa NpoGIOHICMb Y NEPecPi6HOMY MEXAHI3MI, WO NPu3eooums 00 GUHUKHEHHS KOAUBAHb
Hanpyeu.

An influence of Joule heating on the properties of semiconductor resistors based on silicon structures
with dielectric isolation (SSDI) was studied using the method of pulsed volt-ampere characteristics (VAC). It
is shown that under the influence of such powerful pulses, the heating of the structure leading to the negative
differential conductivity occurs due to overheating mechanism, which results in the excitation of voltage
fluctuations. Voltage fluctuations arise at currents more than 40 mA, at currents more than 80 mA the
voltage differential goes to zero, there are fluctuations in the form of several periods, which then fade out,
and the voltage drop becomes constant. Temperature calculations have been carried out with the passage of
a powerful current pulse, the energy determined by the structure at the beginning of oscillations is
determined. At a temperature of 1200 K, an overheating instability occurs. Such instability leads to the
appearance of a falling area in the VAC mainly due to the characteristics of the energy spectrum of charge
carriers. When drifting, and in the case of recombination nonlinearities, the appearance of negative
differential conductivity is associated with the transfer of a part of the carriers to some special states.

Key Words: SSDI-structure, extreme current, voltage oscillations.

Crartio npeacrtasus 1.¢.-M.H. CkpuiieBcskuii B.A.

Beryn nudepenmiansHo-amIiepHi  xapakrepuctika (JAX)
CTPYKTYP «KPEMHIH 3 MieJICKTPUYHOIO 130JISIIEI0»
Po3pobxka HOBHX interpaneaux  (KCJI). PosrmsayTo pi3Hi vactuan BAX i BusiBieHo

MIKPOEJICKTPOHHUX 0araToCCHCOPHUX KPEMHIEBHX
CTpyKTYp 3 mienekrpuunoro izoisiiero (KC/I)
noTpedye MONANBIINX HAYKOBUX JOCHTIKCHb Ta
KOHCTPYKTOPCHKO-TEXHOJIOTI THUX pITTICHB.
[MokpamieHust (yHKI[IOHATBHUX MOXJIMBOCTEH B
KCHI crpykrypax, 10 MOpalIOTh NpPU BUCOKUX
TYCTUHAX CTPYyMYy, Ta IOCIHiKEHHS BHHHUKAFOUUX
MpH IHOMY HOBHX €(QEKTIB € aKTyaJbHUM IS
PO3pOOHHKIB HAIIBIPOBITHUKOBUX CTPYKTYP.

Y poboti[l] mociimkeHO CTamioHapHi BOJBT-
aMIIepHi XapaKTEPUCTHKHU (BAX) Ta

© C.II. ITaBmroxk, B.L.I'puropyx, JI.B.Imyxk,
B.M.Tenera, B.I'. Kostok, €.0.Bakymnsk, 2017

NUISHKYA Jie BUHUKAIOTh KONWBaHHSA Hampyru. [lpm
IbOMY Ha IMX JAUITHKaX CIIOCTEPIraeThCs Bia €MHA
mudepennianeHa  nposigricts  (BJID).  Sxkmio
3IICXKHICTh I(U) Mae 30HY Bix eMHOT
ndepeHIialbHOI MPOBIIHOCTI, TOOTO SKIIO I'YCTHHA
CTPyMy 3MEHIIIY€ETHCS 31 301IbIICHHSIM
EIEKTPUYHOTO IO, ab0 HaBIaKW, 3pOCTaE€ MpHU
3MEHIIICHHI TIOJIS, TO BiAMOBIMHI CTAIliOHApPHI CTaHU
B 3araJbHOMY BHIAAKY HECTilKi, 1 BHHHUKaIOTh
KOoJNHMBaHHA Hanpyru. [Ipu 11bOMy BeTMUYWHA MaXiHHS
HaIlpyTH 3aJICKATh BiJ JIAHITIOTa, SKUH HaBITH 3a
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BIJICYTHOCTI 30BHIIIHIX HAaBaHTA)XYBAJbHUX OIIOPIiB
000B’S3KOBO MICTUTh PE3WCTHBHI 1 pPEaKTUBHI
€JIEMEHTH, Taki SK OMip 1 IHIYKTHBHICTH APOTIB,
B3a€MHI IHOYKTUBHOCTI 1 eMHOcTi  OCKiNbKH
CTalliOHApPHUH PO3IrpiB HE MO3BOJSIE TOCIIIUTH
MexaHi3Mm BuHUKHeHHS B/II1 Ta mouaTky KoJvBaHb B
JOaHii poOOTi MOCHIMKEHHS MPOBOJWINCH HpH
XKHUBJICHHI CTPYKTYPH HOOIUHOKUMH HOTYXHIMU
IMITYJTbCaMH.

ExcnepumeHTAIBHI pe3yJbTaTH Ta iX
00roBOpeHHs

Bci ekcriepuMeHTH ~— BUKOHYBAJIUCh — Ha
KpeMHiI€BUX N+ — n — nt+ cTpykTypax[2] 3
CICKTPUYHUMH KOHTAKTaMH 3 anoMiHiio (Al) go n+-
obnactel, SKi CHWJIBHO  pO3IrpiBalOThCS  NPH
MPOXOJDKEHHI  Kpi3b HUX cTpyMy. OmuiHO0YH
BHUIUIEHY MOTYXHIicTh (Puc.l), Gagmmo, 1o npwu
BuHukHeHHI BJII1 1 mo4aTky KoJIMBaHb CTPYKTypa
crationapao Buaiasie 0,5 - 1 Brt. 3acrocoByroun
dhopmymy (2) pobotn[3], MO’kKHA 3pOOUTH BHCHOBOK,
o0 TpHd TaKOMy CHEPrOBUAUICHHI CTPYKTypa
posirpiBaetbes g0 1500 - 1900 K. Taxwuii posirpis
MIPU3BOANTH b1 (6] BUHHUKHEHHS neperpiBHoi
HecTiMKocTi, S-momioHoi BAX Ta  KoJauBaHb
Hanpyrd. CramioHapHWH pO3IrpiB HE I03BOJISE
nociiauty MexaHisMm BuHHKHeHHS BJIII Ta mouaTtky
KOnMWBaHb. ToMy MeTor0 maHoi poOoTtm Oyio
JOCII/PKEHHSI KOJIMBaHb HAPYTH, 1[0 BUHUKAIOTH Y
CTPYKTYpi TpH Il >KUBJIEHHI KOPOTKUM TOTY>KHUM
MOOAWHOKMM IMIYJbCOM cTpyMy. Terio BcTurae
PO3MOBCIOIUTHCh, HA BIJCTaHb, sKa OILHEHa 3a
(hopmyiioro

Ax =42 T (1)

ne AX — BIICTaHb, Ha AIKY PO3MOBCIOANIIOCH TETLIO,
D — koedinieHT TermnoBoi audysii,
t — TPUBAIICTH IMITYJIBCY.

3a TpHUBaJicTh IMIYNbCY CTPYKTYpa HE BCTHTa€
OXOJIOAMUTHUCS, 1 AOCHIIKEHHS MPOBOIATHCS 32 YMOB
HapocTarodoi  Temmneparypu. BAX  cTpykTypH
MoKa3aHo Ha puc.l. BoHa Mae aekijabKa qUISHOK.

Hinsaka 1 — me crabimeHa BAX, BOHa
3aKIHUYEThCS TaM, JI¢ TOYMHAIOTHCS KOJIMBAaHHS 1
BAX po3aBoroerncs Ha aBi kpuBi. OmHa — i
MakcuMyMy Hanpyru U,., a Apyra — 1js MIHIMyMY
leW

JudepentiianpHo-amnepHa XapaKTepUCTUKA
(UAX) mna U, Mae momaTHId 3HaK y BCHOMY
JiarazoHi 3MiHM aMILTITyIH CTpyMy (puc.2).
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max

U, B
Puc.1. BonpT-aMnepHa xapakTepucTUKa
100-" I, MA dUu
'||
504 )
0 i 2 3 U.B
Puc.2. JAX must U
1004 I, MA
I| min
III
:I_‘_._‘_________
0,5 0 0,5 1 U.B

Puc.3. JAX nust Uy
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Inmry xaptuny Oaummo Ha JAX mist U,
(puc.3). Ilpu crpymax, menmux 40 MA (mimsaka 1
BAX), nudepenuian U,;, € noaatHiMm, i KOJUBaHHS

He criocTepiraroThes Puc. 4.(ocir. 1).
1.5¢ G

max

min

Puc 4. OcﬁnnorpaMa pu ctpymi 40MA

[pu crpymax Bix 40 mo 46 MA (minsuka 2 BAX)
mudepenmian U, crae Big'emHUM. B Ko
BUHHKAIOThH peltakcariitai konmBadas Puc.4, Puc. 5.

3 Sus

min

Seagll! L R

Puc.5. OcﬁnnorpaMa npu cTpymi 42MA

[Ipu crpymax Big 46 mo 58 MA mudepeHnmian
Uin cTae nomataim (minsaka 3 BAX), micns 4oro
3HOBY 3MiHIO€ 3HaK (minsHka 4 BAX). [Ipu crpymax,
outpmux 80MA, mudepentian U,,;, TpaMye 10 HYIIA,
BUHHKAIOTh KOJIMBAHHS Y BHUTJISAI KiJTBKOX MEPIOJIiB,
SKi Jgami 3racaroTb, 1 TaAiHHSI HAIOpyrd CcTae
noctiiHuM Puc.6.

W fiig

max

W

! e —

Puc.6. OcﬁnnorpaMa npu cTpyMi 65MA
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OTpumaHi  pe3yabTaTd  MOXKHA  IMOSCHUTH
MIOTY)KHUM  HecTarlionapauM  posirpisom  KCJII
CTpYKTypu. BukopucroBytoun ¢opmyiy meperpisy
AT cTpyKTypH

A L JEE _1U
e daidcp 2)
JIe ¢ — IUTOMA TEIIOEMHICTh KPEMHIIO,
p — TyCTHHA KPEMHIIO,
t — TPUBAJIICTD IMITYJBCY,
[ — BenM4MHA CTPyMY,
d — po3Mip CTPYKTypH,
MOXXHa OI[HUTH €HEprifo, fKa  BUAUIIETHCS

CTPYKTYPOIO Ha TIOYAaTKy KOJHNBaHb.

Sk BUIHO 3 pO3paxyHKIiB, KOJH TeMIIeparypa
neperpiBy nopiBHioe 1200 K, BuHWKae meperpiBHa
HECTINKICTB, KA MPU3BOIUTH 10 MIOYATKY KOJIHNBAHb.

Po3rnsHyTi BHUIIE MeXaHi3MU TPU3BOIMIN 10
MOSIBM criajiatouoi AinssHku Ha BAX B OCHOBHOMY 3a
paxyHOK OCOOIMBOCTEH EHEPreTUYHOTO CIIeKTpa
HOCiiB 3apsmy. HacmpaBmi, Hampukimaxa, 1 mpu
nperoBifi, 1 mpu pekoMOIHAIIMHIA HETIHIHHOCTI
nosiea B/II1 mos'si3aHa 3 mepexo1oM 4aCTHHU HOCIiB
B JCsIKi 0COOJMWBI CTaHW (HAIpPHKIANI, HA JIOKATLHI
piBHI, Yd B Ti 0O0JACTI CHEPreTUYHUX 30H, JIe
NpUCYTHI 3Ha4YHi adeKTHBHI MacH). Pazom 3 TuMm, pan
0COOJIMBOCTEW TMOBEHIHKU CHUCTEMH TapsSduX HOCIiB
MOJKe OyTH TMOB'SI3aHUI TAKOX 31 3MIHOIO XapakTepy
pO3citoBaHHs €Heprii 1 iIMIyJIbCy OCHOBHOI YaCTHHH
HociiB. [leperpiBHuiI MexaHi3M MOXe MPHU3BECTH 10
S-nomi6HOT XapaKTEPUCTHKH.

Mexanizmu B/II1 BITHOCSATBCS 10 TOTO BUIAJIKY,
KOJIM Tix Ji€l0 eNEeKTPUYHOTO TOJIsI CYTTEBO
MTOpYyIITyBaJlack piBHOBara B CUCTEMi HOCIIB 3apsy, a
PO3ITpiB IPAaTKX HE MaB MIPUHIIMIIOBOTO 3HAYCHHSI.
Hocnimkensim crpykryp KCJI 3aiimanuce OGarato
aBTopiB. HaifOnrmkya 1o Hammx QUICTiIKEHb Oyia
pobota[4]. HocmimkyBamucs kBaziogHoMipHi K31
PE3UCTOPH, TOOTO CTPYKTYPH, Y SIKUX XapaKTepHUH
MOTIEPEeYHNH  po3Mip  MEHIIe  BiACTaHI  MiX
KOHTaKTaM®. ['paHums AUISHKH Oe3reyHoi poOoTh
K31 pe3uctopis, sIK i iHIIMX HaMiBIPOBITHUKOBHX
IIOMiB, BH3HA4YacTbCad S-MOmiOHA OUISHKA, IO
BHHHKAE TIPU JHKOYJIEBI po3irpiBi. [HTepmperamis S—
XapaKTePUCTUKH B I[bOMY BHUIMAJKy O0a3yeThcsi Ha
ySIBIICHHI MPO TEIJIOBUH MpoOii, 10 BUHHKAE TpU

epexo/Ii o BJIACHOT MPOBITHOCTI B
HAaITiBIIPOBI THUKOBIH ¢asi 3 HACTyITHIM
IIHYPYBaHHAM  CTPyMy MEPHCHIUKYISIPHUM 10

HaNpyTH eJIeKTPUYHOTO TOJA, a CTPYKTypa B3JIOBXK
JMiHIT  CTpyMy  TPOCTOPOBO  HE  OOMexeHa
(TeIJI0BIIBOIOM B KOHTAKTH HEXTYEMO).
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B  pobGori Oymo  mokazaHo, 1O B
KBa310JHOMIPHUX, 00OMEKEHUX KOHTaKTaMH,
CTpyKkTypax S-nomionicte BAX woxe Oytu
MoB’s3aHa 3  BHHUKHEHHSAM  HEOJHOPIAHOCTI
JOMEHHOTO THUIY TpH koylneBi BAX moxe Oytu
MOB’si3aHAa 3  BUHUKHCHHSAM  HEOJHOPIIHOCTI
JOMEHHOTO THUIY TMpH JDKOYJIEBI pO3irpiBi, wHIO
MIPU3BOJIUTH bi (0] (hazoBoro MEPEexXoy
HaITiBIPOBIMHUKA y  PIAKHHA CTaH  BCEpeauHI
noMeHy. /[ HU3KK HaIiBIPOBITHHUKIB, Y TOMY YUCIi
uis  BUHWKHEHHS Ta PO3MOBCIOKEHHS XBHWII
(ha30BOTO MEPETBOPECHHS HAIMIBIPOBITHUK—METAI
po3risganach 3a yMOB, Konu (pOHT XBuii OyB
pO3irpiBi, MmO MPHU3BOIUTH 10 (Ha30BOTO MEPEXOIy
HaIIBIIPOBITHUKA Y PIAKUI CTaH BCEpPEeNUHI IOMEHY.
JUIsi HU3KW HAIIBIPOBITHUKIB, Y TOMY YHCII IS
BuHUKHEHHSI Ta PO3MOBCIOKEHHS XBWII (Ha30BOTO
MIePETBOPEHHS HaMiBIPOBITHUK—METal
po3rismanach 3a yMoOB, Koiu (pPOHT XBWJIi OyB
KpEeMHiI0, mei (a3oBuil Tepexig € MepexomoM
HaMiBIPOBITHUK—METAIL.

OTpumaHi pe3yNbTaTH JO3BOJISIOTH TOBOPHUTH
Ipo Te, IO B JESKUX KBa3iOJAHOMIPHHUX CTPYKTypax
S—noniOHa AingHKA 3B‘sg3aHa HE TUIBKU 31 3MIHOIO
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MEeXaHi3My  TpOBimHOCTI B TBepmid  asi
HaITIBIIPOBITHUKA, a 1 3 PO3BUTKOM HECTIHKOCTI
CTpyMy, Sika OOYMOBJICHa BHHUKHEHHSM JOMCEHY

CIabKoro moJis HpH  TeMmmeparypi  (a3oBoro
Mepexo/y HaIiBIIPOBITHHK—METAJI.
Hamri  pesynbpraTé  JOBOISATH Te, IO IS

KOPOTKUX KBa310JJHOMIPHHX CTPYKTYp MpPH CTpyMax
MOPSIAKY 10* A/cM BHHMKac IOMEH CHJILHOI'O ITOJIA
3HanpyxeHoctio 10 104 B/cm. OcHoBHHET 1IHYP
CTpYMy 1 JEKUIbKO 3apojKiB IIHypa BHUHHUKAIU Yy
nomeHi. JlokmagHo i poboTH omyOIikoBaHi B [4].

BucHoBku

Po3irpiB rpaTku 3a paxyHOK JIKOYJIEBOI'O Teria
MOJKE 3HAYHO BIUIMHYTH Ha BIACTUBOCTI CTPYKTYpH,
0 BigoOpaxkaeThes Ha Burisini BAX.

Taki 0COONUBOCTI CTPYKTYypH BiJKPHBAIOTH
JIOTaTKOBI MOXKJIMBOCTI OTPUMAHHS XapaKTEPUCTHK
31 CHajalyol0  JUISHKOI, M0 MOXe OyTH
BUKOPHUCTAHO JUIi CTBOPEHHS HOBUX IHTETPAIBHUX
MIKPOEJICKTPOHHUX ©0araToCeHCOPHUX KPEMHIEBHX

CTPYKTYD.
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3pobaeno excnepumenmanvie NOPIGHAHHA MOGWUHU 3Di3Y, OMPUMAHOI 3 BUKOPUCMAHHAM YUPDPOGOT
naminozopagii. - ma  yugposoco momocunmesy 3 BUKOPUCMIAHHAM  CHeYiarbHo20 — (panmomy ma
EeKCNePUMEHMANbHOI YCMAHOBKY. 3aNpOnoHOAHO Meopemudny oyinKy moswjunu 3pizy. Oyinka 0obpe
CNi8BIOHOCUMbCSL 3 eKCHEPUMEHMATLHUMU OAHUMU.

Knrouosi cnosa: komn’romepna momoepagis, momocunmes, an2opummu peKoHCmpyKyii.

Thomosynthesis is a new diagnostic method that combines advantages of computed tomography and
X-Ray projection radiography. Thomosynthesis provide a series of slices with small radiation dose. Spatial
resolution in digital thomosynthesis is not the same on different axises compared to computed tomography
where resolution is the same on all axises. Thomosynthesis resolution in direction perpendicular to detector
plane is smaller then in computed tomography. But it is much higher in plane parallel to detector. So
thomosynthesis diagnostic value is higher then in computed tomography in some cases.

The experimental comparison of the performance of the medical X-Ray laminography and digital
tomosynthesis algorithms was carried out. Slice thickness in digital tomosynthesis was two times smaller
than in laminography. For this research software for thomosynthesis slices reconstruction, pre- and

postprocessing was developed.

The results of comparison show the promising future of the integration of the digital tomosyntesis
algorithms into the currently produced medical X-Ray laminography complexes.

Key Words: Computed tomography, X-ray tomosynthesis, Reconstruction algorithms, Biomedical imaging

Crartio nipeacraBuB akanemik HAH Ykpainu, n.¢.-m.H., npod. bynasin JLA.

o ctBopenns komn'toteproi Tomorpadii (KT),
niHiitHa Tomorpadis (abo mamiHorpadis) [1] Oyna
€IUHUM crocooom Bizyaizarii OJITHOT'O
BHYTpIIIHBOrO  3pisy 00'exkTy. BmnpoBamkeHHS
KoMIT'tIoTepHOI ToMorpadii J03BOIUIO Bi3yani3yBaTh
ofpa3dy KilbKa 3pi3iB BHYTPILIHBOI CTPYKTYpH
ob0'ekty. Kiminiuaa minxicte KT 3arasom 3Ha9HO
BHIIlC HIXK y saminoropadii [2,3]. Lle mpusBeno mo
mUpokoro  posmosctopkeHHss KT sk mertony
MenuaHuX gociimkens[4]. Ommak KT wmae psn
HeAodiKiB. OJUH 3 HUX i€ J030Be HABaHTAKEHHS 110
y 5-50 paziB Oinblie, HiX NpH 3BUYAlHIA PEHTTECHO-
rpadii. I[HmmidA - we posdinbHa 34ATHICTH, WLIO
3a3BUYAll MEHINA, HIXK B peHTreHorpadii.

CTBOpeHHs IUIACKUX LHM(POBUX JIETEKTOPiB
PEHTI'€HIBCHKOTO BUIPOMiHIOBaHHS BUCOKOT
PO3IiIBHOI 3MATHOCTI A0 3MOTY BHKOPHCTATH IX
s mamiHorpadii. Byaemo HasuBaTH 1€ Kjac
cucteM Hu(poBoIo TaMiHoropadiero.
© 0O.B. Moromnura, C.I1. Cenuypos, 2017

Onudporka samiHorpadii JIO3BOJISIE
3acTocyBaTd  LUQPPOBI  anroputMu  0OpoOKH
300paxkeHp MmO OyJl0 HEMOXXIUBUM B IUIIBKOBIH
namidorpadii. lle 703BOJsiE 3HU3WTH  T030BE
HaBaHTAKCHHS b1 (o) piBHA OJIMHUYHOTO
PEHTTEeHIBCHKOTO 3HIMKY.

3 iHmoro 60Ky ChbOTOMHI ICHYE P TEXHIK IO
HA3WBAIOTHCS MHU(PPOBHM TOMOCHHTE30M. TexXxHiuHE
BUKOHAHHs SKUX Maibke criBmagae 3 mudpoBoro
namiHoropadiero. I{uppoBuii TOMOCHHTE3 TO3BOJISE
oTpuMath ©OaraTo 3pi3iB TMAaIli€HTa 3a OJXHE
cKkaHyBaHHA [5, 6, 7]. Jlo3oBe HaBaHTaXKeHHS NpU
IU(QPOBOMY TOMOCHHTE31 BHIIE HiK Npu HHU(POBiit
namiHoropadii, ajge Bce oHO Hukue HiK mpu KT.

BingMiHHICTIO TOMOCHHTE3Y Bia naminorpadii €
TE€ IO NpPU TOMOCHHTE3l OTPHUMYIOTHCS OKpeMi
PEHTTCHIBCHKI 3HIMKH O0'€KTY I Pi3HUMH KyTaMH,
Tomli sK B JamMiHorpadii JETEKTOp HEIepepPBHO
HAKONWYY€E JIAHHI IiJ] 9ac pyXy CHCTEMHU JIETCKTOP-
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JUKEpENo HaBKOJIIO O00'€ekTy. 3a CBOEW CYTTHO
aJITOPUTMHU PEKOHCTPYKIII IPU TOMOCHHTE31 IyXKe
cxoxi Ha agroputmu y KT. Bigminnictio Bin KT €
HETMIOBHOTa  HA0Opy  NPOCKILii, TMOBHHHA  KYT
pO3BOpPOTY  CTaHOBUTH MakcumyMm  90°  mpm
ToMocuHTe31, Toai sk npu KT BHKOPUCTOBYETHCS
niama3oH KyTiB He MeHIe 180°.

MeTtoro 1aHOT pOOOTH € OIliHKA TOBIIMHHU 3Pi3y
npu 1M(GPOBOMY TOMOCHHTE31, 3 BHKOPHCTaHHIM
nepepoOJIeHOro TiJ TOMOCHUHTE3 OOJIQJHAHHS ISt
uudpoBoi 1amiHorpadii.

I'eomeTpUYHA MOJe/Ib TOBLINHH 3pi3y B
M (ppPoBOMY TOMOCHHTE3I.

OcHOBHa imes 3ale’KHOCTI TOBIIMHH 3pi3y BiX
Jiama3oHy KyTiB CKaHyBaHHsS IOKa3aHa Ha puc. l.
Mu npunyckaemo, 1o:

L. [Iy4ok peHTreHiBCHKOr0 BUIIPOMiHIOBAHHS €
napaneIbHUM.
2. PexoHCTpyKIliT BUKOHaHA 3a JOMOMOTOIO

ITOPUTMY 00EPHEHOTO TIPOCIIIFOBAHHS.

2
! d
2

\

Puc. 1. I'eomeTpuuHa iMrOCTpalliss TOBIIMHHU 3pi3y B

N a

TOMOCHHTE3I. Cipwmit MPSIMOKYTHHUK -
pexoHcTpylioBaHuit 00’ekt, d — po3Mip 00’€KkTy B
TUTOIIVHI 3pi3y, I - IHTCHCHBHICTD

PEKOHCTPYHOBAHOTO 00’€KTy, 27 - KyT PO3BOPOTY
NpY CKaHyBaHHI, h — TOBIIMHA 3pi3y.

ToBuiMHA 3pi3y € BIICTAHHIO MIXK 3pi3aMu IS
SIKMX IHTCHCHUBHICTH 00'€KTY, IO JIGKHUTH B TUTOLIHHI
3pi3y 3MEHIIYETHCS BIBIYI.

3 TOpOCTHUX TEOMETPUYHUX MIpPKyBaHb MU
OTPUMYEMO HACTYNHHUIA BUpa3 JJsl TOBIIUHH 3pi3y
h:

d

- 2tan(y) W

HafiiikaBimmm BUCHOBKOM 3 PIBHSHHSI € TE 1[0
TOBII[MHA 3pi3y 3aJICKHThH BiJl po3Mipy 00'€KTy, IO
3HAXOJMBCS B IUIONINHI 3pi3y.

®Di3MYHOI0 TPUYMHOIO IBOTO € T€, L0 JAiana3oH
KyTiB cKaHyBaHHS OyB MeHImu# 180°.

OtpumaHe pIBHSHHS JI03BOJISIE
OCHOBHI NTapaMETPH TOMOCHHTE3Y.

BU3HAYUTH

ExcnepnmeHTa/lbHa OLIHKA TOBIMHM 3Pi3y.

TyT MH Ha3WBa€EMO TOBIIMHOKO 3pi3y MOABIHHY
BiJICTaHb, Ha SKii IHTCHCHBHICTh TiHI BiJ 00'€KTy
crasia€e BBiYi.

Jis  aHamizy TOBHIMHU 3pidy B [UQPOBiH
naminorpadii Ta TOMOCHHTE3i OYJIO BUTOTOBIICHO
crieriianeHuil panrom (puc. 2). lleit dantom Oyro
BUTOTOBJICHO 3 Ha0Opy PpEHTTEHIBCBKHX  Mip
3aKpIIUICHNX Ha IUIACTHHAX 3 OPraHiyHOro CKIIa.
Jleski TUTaCTMHM TaKOK MICTHIM B COO1 CBUHIIEBI
KYJBKH JT1aMeTpoM 10 1 MM.

Puc. 2: BuroroBneHuii (aHTOM I OIIHKA
PO3IUTBHOT 3]ATHOCTI

Hnsa  anamizy  edextuBHOCTI  1HUdpoBOi
naminoropadii BHKOPHUCTOBYBaBCs JaMiHOrpad 3
uuppoBUM  AETEKTOpOM, BurotoBienum HBO
Teneontuk.

Jlianma3oH KyTiB CKaHyBaHHs 2} BapitoBaBCs B
niama3oHi Big 8° mo 40°.

st anamizy eekTUBHOCTI TOMOCHHTE3Y, Oyia
BUTOTOBJICHA EKCIEPHMEHTAJIbHA yCTaHOBKA 3
BUKOPDHUCTAaHHSAM  BHIIE 3TaJaHOr0  IH(POBOTO
netekropa. /liama3oH KyTiB CKaHyBaHHS CTaHOBUB
48°, 3HIMKH OTPUMYBAJIUCh Yepe3 KoxkHi 2°, 3° abo
5°.

[Mpuknan 3pizy uudpoBoi maminoropadii
mokazaHo Ha pwuc. 3. [lpuknax 3pisy uugposoro
TOMOCHHTe3y Ha puc.4. PekxoHctpykmis Oyna
npoBelleHa Ha OCHOBI 13 3HIMKIB 3pOOJICHHX B
niamasoHi kyTiB Bix -30° mo +30° uepe3 KoxHi 5°.

Po3ninpHy 37aTHICTH B TUIONIWHI 3pi3y MOXKHA
OIIIHUTH HANPSMY 3 OTPUMAHHX 3HIMKIB. JJIs1 OLIHKK
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MOMEPEYHOT PO3IUIBHOI 3AaTHOCTI OYJIO BUMIPSHO,
K CIaZa€ KOHTPACT TECTOBOTO
00'eKTy 3 BiIJAJICHHAM BiJ IUIOLIHHH 3Pi3y.

Puc. 3: Tlpuknag 3pizy daHTOMY OTpUMaHOro 3a
JIOTIOMOT 00 IH(PPOBOT TaMiHOTpadii.

Tt

(1

NEFE Wi e
CrweNr A A

Puc. 4: Tlpuknag 3pisy ¢aHTOMYy OTpUMaHOro 3a
JIOTIOMOTOI0 II()POBOTO TOMOCHHTE3Y.

3anexHicTh KoHTpacTy K sk (yHKUIl Bix BigcTaHi
10 3pi3y d Gyi0 po3paxoBaHo sK:

I 1.
K(d) — MAKC MIH M (2)
Ide
ne [,. Ta I, MakcumalbHa Ta MiHiMalbHa
IHTCHCHBHOCTI  Ha  300pakeHHi, a I don ™

iHTeHCUBHICTh (oHY. M - HOpMyrOuMii KoedillieHT,
BUOpaHuit Takum uunoM, 1m0 K (0) =1. 3anexHicts
KOHTpAcTy Bij BificTaHI 300pa)keHO Ha pHC. 5 uIs
nudpoBoi naminorpadii ta puc. 6 st MUGPOBOTO
TOMOCHHTE3Y.

Kyr cranysanms
400

I d.
. .

L

-3‘0 -25 =20 -15 -10 -5 4] 5 10
Puc. 5: 3anexuicte KouTpacty K Bim Bigctai 10
3pizy d st i poBoi taminorpadii.
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Puc. 6: 3anexuicte KouTpacty K Bim Bigctai 10
3pizy d 1is iEpoBOro TOMOCHHTESY.

3 rpadikiB BHAHO, IIO TOBUIMHA 3pi3y B
uudpoBiil naminorpadii CTaHOBUTH 6 MM, TOIi 5K B
U(pPOBOMY TOMOCHHTE31 - 3 MM JJIsl TOTO X 00'€KTY.
Mu ™oxemMo OauuTH OiNBII CTpPIMKE CHaJaHHS
IHTCHCUBHOCTI 3pi3y B LU(PPOBOMY TOMOCHHTE3i B
MOpiBHSAHHI 3 JamiHorpadi€ro, 3 1HIIOrO OOKy
HEOOXIJTHO TOKPAIyBaTH alTOPUTMH PEKOHCTPYKIT
JUTsl 3MEHILICHHS PiBHS apTe]aKTiB.

BucHosxku

Po3nminpHa 3pmaTHICTH y IUIOMIMHI 3pi3y JUIs
Iu(ppPOBOr0 TOMOCHHTE3y Ta JamiHorpadii maibke
OJTHAKOBA Ta HAOIMKAETHCS IO PO3AITBLHOI 34aTHOCTI
3BUYAHHOI peHTreHorpadii.

CuiibHOIO CTOpPOHOIO 1H(POBOI JiamiHorpadii €
HU3bKE  JIO30BE€  HABAHTAXCHHS,  LUPPOBUIA
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TOMOCHHTE3 JI03BOJISIE 30€perTd I TepeBary Ta

OTpUMAaTH TIPpH IOMY OApa3y Kijgbka 3pi3iB
BHYTpIIIHBOi ~ CTPYKTypH  O00'€eKTy 3a  OXHE
nocmipkenHs. Ilpy 1npoMy TOBHIMHA 3pi3y B

TOMOCHHTE31 BHXOIWTH MalkKe BIBIYl MEHIIA 3a
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TOBIIMHY 3pi3y LUGpOBOi NamiHorpadii, a orxe i

BHIIA po3miapHa 3IaTHICTh 1o Bici
MEePIEHANKYIIAPHIN TUTONTNHI IeTeKTOpa.
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