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Y pobomi 6usuaEMBCA ACUMNMOMUYHG NOBEIIHKN HEABMOHOMHOT KOAUBHOT cUCMeMU, AKG ONU-
cyemoves QuPeperyianvHuM PIBHAHHAM YEMEEPMO20 NOPAOKY 3 MAAUMU HEATHITHUMUY NEPIOOUYHUMUY
306HIUWHIMYU 30YPeHHAMU Muny “01a020” Ma UeHMPOBaAH020 & HeueHMPosaroz2o IaycconiscorUT Wymis.
Poseaadaromoca nepesonancnutd i pesonancHull 6unadku npu yMmMosi, Wo TePEKMepucmuyHe PieHAHHA
MaE 080, PIBHUT QIUCHUT KOPEHT | NAPY CHPANCEHUT HUCTO YACHUT KOPEHIE.

Ka10406i ca06a: acumnmomusna nosedinka, HEea8MOHOMHA KOAUGHG CUCTNEMAE, CMOTACMUYHE OU-
Pepenyiarvre PieHANKA, HEPEZOHAHCHUT BUNAOOK, PE3OHAHC, NEPIOOUYHE 30YDEHH.A.

The asymptotic behavior of non-autonomous oscillating system describing by differential equation
of fourth order with small non-linear periodical external perturbations of “white noise”, non-centered and
centered “Poisson noise” types is studied. Every term of external perturbations has own order of small
parameter €. If small parameter is equal to zero, then general solution of obtained non-stochastic fourth
order differential equation has an oscillating part. We consider given differential equation with external
stochastic perturbations as the system of stochastic differential equations and study the limit behavior of
its solution, at the time moment t /e, as e — 0. The system of averaging stochastic differential equations
1s derived and its dependence on the order of small parameter in every term of external perturbations
15 studied. The non-resonance and resonance cases under the conditions that characteristic equation
has two non-equal real roots and two conjugate pure imaginary roots are considered.

Key Words: asymptotic behavior, non-autonomous oscillating system, stochastic differential equati-
on, non-resonance case, resonance, periodical disturbances.

Communicated by Prof. Kozachenko Yu.V.

(1)

with non-random initial conditions z(0) = xz;’,
2'(0) = :c((]Q), 2"(0) = a:(()g), 2"(0) = x[()4), where £ >
0 is a small parameter, f(t,x), x = (z,2/, 2", 2")
is a random function such that

1 Introduction

The autonomous oscillating systems of fours order
under the action of “white noise”, centered and
non-centered Poisson type noises perturbations
are studied in [1]. In this paper we will consi-
der the behavior, as ¢ — 0, of the fourth
order non-autonomous oscillating system driven
by stochastic differential equation

t

t
Offs(s,X(S)) ds =37 &b Offi(uiS,X(S)) dw;(s)

t
+€km+1 ffferl(ﬂerlS’X(S)’z) ﬂl(dS,dZ)‘F
0R

t
+€km+2 f f fm+2(ﬂm+287x(8)7 Z) VQ(dsa dz);

()—l—bm”(t)—f—bx()+63x()+b4x(t) 0R
—skofo(,uot x(t), 2’ (t), 2" (t), 2" (s))+ ki > 0,i = 0,m+2; f;,i = 0,m+2 are non-
+fo(t, x(t), 2 (t), 2" (t), 2" (s)) random functions periodic on pt, i = 0,m + 2

(1) with period 2m; w;(t),i = 1,m are independent

© 0O.4. Bopucenko, O.B. Bopucerko. 2016 9
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one-dimensional Wiener processes;; v;(dt,dy) =
vi(dt,dy) — ;(dy)dt, Evi(dt,dy) = IL;(dy)dt,
i = 1,2; yi(dt,dy), i = 1,2 are the independent
Poisson measures independent on w;(t),i = 1, m;
IT;(A), i = 1,2 are a finite measures on Borel sets
in R.

We will consider the equation (1) as the
system of stochastic differential equations

dy(t) = yir1(t)dt, i =1,3

dys(t) = | — (b~ y(t)) + ™ foluot, y(t))+
b2 / Fonapim 2t y(2), 2)Tha(d2) | dt+

+Z€ *filpat, y(t))dw;(t)+
=1
+€km+1/fm+1(um+1t7y(t)’z)ﬁl(dtdz)Jr

4 ekm2 /fm+2(um+2t7y(t),z)ﬂg(dt, dz),
R

y(t) = (y1(t), .-, ya(t)),b = (ba, b3, b2, b1), yi(0) =
:c[()l), i = 1,4, (b-y(t)) — is a scalar product of
vectors b and y(t).

In what follows we will use the constant K > 0
for the notation of different constants, which are
not depend on €.

2 Main result

This paper deals with the following case:

by > 0, b3 > 0, biby > bs, b} > 4(by — B),
b%b4 = b3(b1b2 — b3). Characteristic equation has a
roots

Al = =1, A2 = —n2, A34 = Fiw, where
— 1 bs b3
— by £ /b2—4(by— = 2_ 3,
m,2 5 < 1 \/1 <2 bl)) w b

At first we will study the non-resonance case:
Wi F %w,z’ = 0,m + 2, where p; and ¢; are any
relatively prime integers. If € = 0 then the equati-
on (1) has general solution in the form

z(t) = Cre ™Mt 4 Che™ ™ + Ay coswt + As sin wt

2016, 4
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Let us consider the following representation of the
solution y(t) to the system (2):

y1<t) = Nl(t) + Ng(t)+

+A;(t) coswt + Az (t) sinwt,
ya(t) = —mN1(t) — n2Na(t)—

— A (t)wsinwt + Ax(t)w coswt,
ys(t) = miN(t) +77%N2( )-

— A1 (t)w? coswt — Aa(t)w? sin wt,
ya(t) =~ Ni(t) — n3Na(t)+

+ A1 (t)w? sinwt — Ag(t)w? cos wt,
N;(t) = Ci(t)exp{—mit}, i =1,2.

(3)
We can solve the system of linear equations (3)
with respect to (Ni(t), Na(t), A1(t), A2(t)) and
using the Ito formula we derive the system of
stochastic differential equations:

AN (t) = —mN1(t) dt + s dH (1),
dNa(t) = —12Na(t) dt — de (1),
dA(t) = —w(n1+7§8 COjig-)i-(;wi—w@)nz)Sm wt dH (t),
iAat) = B et g

(4)

dH (t) = [ fo(pot, N(t), A(t), wt)+

4 gk / Fosa(tiomsot, N(2), A(t), wt, 2)Ts(d2)]dt+
R

30 gt V(e AC) ot (0)+

Fghm+1 / Fontr (g 1t, N (£), A(t), wt, 2)i (dt, dz)+
R

+ 5km+2 / fm+2 (/U'm+2ta N(t)v A(t)v wt, Z)DQ (dta dz)»
R

where N(t) = (Ni(t),Na2(t)), A(t) =
(Av(t), Ao(1); fi(pat, N(1), A(t),wt), i = 0,m
are obtained from f;(uit,y(t)), ¢ = 0,m and
fi(it, N(t), A(t),wt,2), i = m + 1,m + 2 are
obtained from f;(uit,y(t),z), i = m + 1,m + 2
using (3).

Theorem 2.1. Let IL;(R) < oo, ¢ = 1,2,

t e [0, to], k= min(ko, 2k, ... 72km+17 km+2). Let
us suppose, that functions f;,j = 0, m + 2 bounded
and satisfy Lipschitz condition on y;, i = 1,4. If
given below matriz 5%(A1, A) is non-negative defi-
nite, then:

1. If kg = 2k = knpyo,t = 1,m+1,
then  the  stochastic — process — &:(t) =
(N1(t/e¥), No(t/e¥), Ai(t/eF), Aa(t/e¥))  weakly

converges, as € — 0, to the stochastzc_ process
) = (0,0, 41(8), As(t), where A(t) =
(A1(t), A2(t)) is the solution to the system of

10



Bicnur Kuiscvko20 HaUIOHAADHO20 YHIBEPCUMEMY
iment Tapaca Ilesuwenra
Cepia: izuko-mamemamusni HoyKY

stochastic differential equations

dA(t) = a(A(t))dt + a(A(t))dw(t),  (5)
A(0) = (A1(0), A2(0)), where
a(A1, Ag) =
— ik [ [ (6. A1, A, 0 )
(A1, Ag) = { (Al,Ag)} = %x 1
27 2

Zf (W, Ar, Ag, 6)U <¢>\1/T<¢>d¢dw}

@/—/H

f
0

) = ST <

w(m +n2) cos ¢ + (w — mi72) sin ¢
—w(m +172)sm~<;5 (w? — m1m2) cos @ )

( ,Al,Ag,é) fo(,0,0, Ay, Ag, )+

Rfm+2 ¥,0,0, A1, Az, ¢, 2)Iz(dz),

( 7A17A27 ) - Zz 1f2(¢’0)07A17A27¢)+

R m+1 1%0 O A17A27¢7 )Hl(d’z)v

@) is the wector transpose to wvector V(¢),
zIJ(t) = (wi(t),i = 1,2), wi(t),i = 1,2 are
mdependent one-dimensional Wiener processes.

2. If k < ko then in the averaging equation (5) we
must put fo =0;if k < 2k; for some i =1, m, then
in the averaging equation (5) we must put f;i=0
for such i; if k < 2kmn41 then in the averaging
equation (5) we must put fma1 = 0; if k < ko
then in the averaging equation (5) we must put
fm+2 =0.

Proof. Let us make a change of variable ¢ —
t/ek at the system (4) and obtain for the
process &(1) = (NE(£), N5(), A5(1), A3() =
(N1(t/eF), No(t/e¥), A1 (t/eF), Aa(t/eF)) the
system of stochastic differential equations

X
%\,/\

fa
_l’:
fee
+

ASV

de(t = E( )dt—i—de (t)7
dANS(t) = ’72N€( )dt mcﬂf (t),
dAT(t) = Wy (wt/e")dHL(t),

dA5(t) = Wo(wt/e*)dH.(t),

A R

~ maot wt
x / Fsa 22 (1), 5 )T (d2) | di+

e300, o)+
i=1

. ma1t to
vk [ me(”g—:l,gg(t),“ A (dt, dz)+

~ Qt wt
+Ekm+2/‘fm+2(p%€—]:7§6(t)a

R

2) 5 (dt, dz),
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where W;(¢),i =
vector W (), wi(t) =

1,2 is a components of
i €k/2wi(t/€k)7i = m;
vE(t, A) = y(t/ek, A) — I;(A)t/eFi = 1,2, here
A is a Borel set in R. For each ¢ > 0 the
process w5(t),i = 1,m are independent one-
dimensional Wiener processes, and 5 (t, A),i =
1,2 is the independent centered Poisson measure
independent on wi(t),7 = 1, m.
We have N (t) = exp{—n;it/e*}Ci(t/er), i =
1,2 and processes C5 (t) = C;(t/e¥),i = 1,2 satisfy
the stochastic differential equations

emt/e*
dCi(t) = o TR He(t),
enzt/e
dC5(t) = ~lm = ) £ o) H(t),
where |CF(0)| < K,i=1,2.

From boundedness of functions f;,i =
0,m + 2 and condition IL;(R) < oo,i = 1,2 we
can obtain the estimate

E|INE(t)[2 < Kle 2mt/s" 4 gk(1 —
42
« (#(2k0=k) 4 20kma—k)y 4 mz £2hihy]
i=1
i=1,2.

672772‘t/€k) X

Therefore lim._,0 E|Nf(¢)|?> = 0,4 = 1,2 and it is
sufficient to study the behavior, as € — 0, of soluti-
on to the system of stochastic differential equati-
ons

dAS(t) = Uy(wt/eF)dH (), i=1,2  (6)

with initial conditions Aj(0) = A;(0),A5(0) =

A2(0), where

wt

dH.(t) = lako kfo(u()t Af(t), A5(t), k) +

tefmi2=ky

x / fm+2<“”;—“t A5(0), 45(0), 5 2)TTa(d) | di+

+zek (A5 (6), A5(0), 5
—|—6 m+1><

<[ G (P 450, 45(0), 5 27 )
+€kﬂ§"+2><

X/Rfm+2(

Fi, Ay, Ay, §) =

fi(, Ay, As, ¢, 2)
m-+1,m+ 2.

)dws (t)+

Mm+2t wt
AT, 450, 5

9 Ek ) Z)D; (dt’ dZ)?

]Ej(¢~70707A17A27¢)7 =
fi(¢70707A17A27 )

11
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Let us denote A.(t) = (Aj(t), A5(t)). Usi-
ng conditions on coefficients of equation (6) and
properties of stochastic integrals we obtain esti-
mates

El|A:()|1* < K[1 + *(2 o~k ¢
+€2(km+27k)) +t 2:1-51-2 c2ki k:]
E||A=(t) — A(9)[]* < K[|t — s|*(e2Fo P+

2 .
8| i e,

(€1 (1), G5 (1),
1=1,2

+52(km+2_k)) + |t _

Similarly for the process ((t) =
where (£ (t) f\Il (£2) dM(s),

t wt
B AL (), A5 (), Sp)dus )+

—i—ak’"“ X

[ Faa P25 a5 ), 4500, %

-5 2)Pi(dt, d2)+

=

+ehm+2 x

wt
aAi(t)?AS(t)v ET7 Z)

Hm+al
m+2(

X U5 (dt, dz),

R

m+2 _2k; k
=1 €
m+2 _2k; k

we derive estimates E||(-(¢)||* < Kt
El(t) — GEIP < Kt — 5|52
Therefore for stochastic process n.(t)
(Ac(t),¢(t)) conditions of weak compactness [2]
are fulfilled

I°

limTm sup P{|n.(t) = n.(s)| > 3} = 0

hl0 E—)O‘t s|<h
for any 0 > 0, t,s € [0,T],

P =
ngnoogg%tes[%pﬂ {Ine(t)] > N} =0,

and for any sequence €, — 0,n = 1,2,... there
exists a subsequence &, = &, — 0,m

L2.., probalgility space, stochastic processes
A, (t) = (A7"(1), 45" (1), G (1), A() =
(A1(t), Aa(t)), ¢(t) defined on this space, such that

A, (1) — A(t),(.,,(t) — ((t) in probability, as

em — 0, and finite-dimensional distributions of

A, (t),C.,, (t) are coincide with finite-dimensional

distributions of A, (t),(.,,(t). Since we interesti-

ng in limit behaviour of distributions, we can

consider processes A, (t), and (., (t) instead of
A, (t ),Csm( ). From ( ) we obtain equation

A, (t) = +fasm(8 em(8)) ds + (., (1), (7)
A(0) 1(0 ) 2(0)), where a.(t, A)

(
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(a5 (t, A1, Az), a5(t, A1, A2)),

af(t, A1, Ag) = W, (4F) e [ Fo= kfo( J AL Az, )+
ehmieh [ Frua(ME2 Ay, A, 42 )Hﬂdz)}-

i=1,2.

It should be noted that process (.(t) is the

vector-valued square integrable martingale with

12

matrix characteristic

@,y = 3 Ofaé (s, A2(5), A5(5)) x
xm&"ﬂ)(s AZ(s), A5(s)) ds+

+5kffR O(s, A5(s), A5(5), 2)
A7) (s, A5(s), A5(s), ) Ty (d2)ds
+;({tJR6§’)(, “(5), 45(s), 2)

w68 (s, A3 (s), A5(s), 2) Ia(d2)ds, I,n = 1,2,

where

o)) (s, Ay, Ag) =

= ghi—k/2y, (g) fj(%vAlaA% ok );
fyg)(s,Al,A%Z) =

:Eka%( )fmﬂ(umﬂs A1,A2, 1 2),
5§l)(s,A1,A2,z) =

:gkm+zq;l( )fmg(M Al,Az, ,2),

1=1,2.
For processes A.(t) and (.(t) following esti-
mates hold
EllA(1) — A(s)]* <

<K {(54(1% 4

k) 4 gtlkmia=k)y)p gty
+ EllG(t) = ¢(s)II]

EHC&(t) - CE(S)H4 §

m—+2

Z E4kjf2k’t - S’Q—i-
j=1

+ (64km+173k/2 + €4km+273k/2) ‘t — s

(8)

‘3/2

+ (ethmer =k o gthmea=h) | ]|

— Ac(s)|I° <
~ GO <K

EllA(?) K,

E[I¢:(2)
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Here we used the estimate for stochastic integrals
with respect to Wiener process:

2n

/tf(T)dw(T) <

< [n(2n — Dt — s E [f f2r(r)dr

,n = 1.

For estimating of stochastic integrals with respect
to centered Poisson measures we used the Ito
formula for the process

t 4
< / / i meﬁf(dT,dz)) ,
0 R
P=1,2.

Since A, (t) — A(t),(,(t) — ((t) in
probability, as €, — 0, then, using (10), from (8)
and (9) we obtain estimates

EIA(r) — As)|* <
EIIC() — C(s)I[* < Ot — sl

Therefore processes A(t) and ((t) satisfy the
Kolmogorov’s continuity condition [3].

Let us consider the case k1 = 2ky = 2kg = ky4.
Under this condition we have for ¢, = 1,2

K(jt—s|* + 1t = s*),

¢
lime0 1 [ af(s, A1, Ag)ds = a;(Aq, Az),
0
t
].img%o%f[ (S Al,AQ) (S Al,Ag) (11)
0
2% f‘V (s, A1, A2, 2)75 (s, A1, Ao, 2)TT1 (d2)+

%f&e (s, A1, A2, 2)05 (s, A1, Az, 2)ll2(d2) | ds =

= B, (Al,Az)

where functions @’ (A, Ay) and B(Ap, Ay) =
{Bi;j(A1, A2), i,j = 1,2} are defined in the condi-
tion of theorem. Since processes A(t),((t) are
continuous, then from (Lemma 1 [?]) and relati-
onships (7), (11) it follows

— t — — —
A(t) = A(0) + [a(Ai(s), Az(s))ds + C(1),
0
A(0) = (A1(0), A2(0)),
(12)
where ((t) is continuous vector-valued martingale
with matrix characteristic

t
(&0, F0y (¢ / o 12,
0

Ay(s))ds, i, j =
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Hence [4] there exists Wiener process w(t) =
(wi(t),7 =1,2), such that

t

(t) = [G(A1(s), Az(s)) dw(s),

)= [oA) AN dats,
5’(A1,A2) = {B(Al,AQ)} / .

Y|

Relationships (12), (13) mean that process A(t)
satisfies equation (5). Under conditions of theorem
the equation (5) has unique solution. Therefore
process A(t) does not depend on choosing of
sub-sequence €, — 0, and finite-dimensional di-
stributions of process A., (t) converge to finite-
dimensional distributions of process A(t). Since
processes A, (t) and A(t) are Markov processes
then using the conditions for weak convergence of
Markov processes we finish the proof of statement
1 of theorem.
Let us consider the case k < kg or k < kpy2.
Then the corresponding terms in the coefficients
al’ (t, A1, A2),i = 1,2 of equation (7) tend to zero,
as e — 0.
In the case k < 2k; for some 7 in (11) we have

o7t v, Ao (1 Ar, Az) = (), 1§ = 1,2

for such 7. In the case k < 2kp,41 in (11) we have
1
o [ (6 A A 25 s Ar, An ) (02) =

R
= O(g¥m+1=k),

In all cases we have k < 2k;,+2, and therefore

g%gk/a 5, Ay, Ag, 2)55(s, Ay, Ay, 2)Iy(dz) =

Repeating with obvious modifications the
proof of statement 1) of theorem we obtain proof
of the statement 2). O

In the resonance case p; = %w for some
1 = 0,m+ 2, where p; and ¢; are relatively pri-
me integers, we have following result.

Theorem 2.2. Let II;(R) < o0, i = 1,2, t €
[0, to], k= min(ko, 2k, ..., 2kma1, km+2). Let us
suppose, that functions fj,j = 0,m + 2 bounded
and satisfy Lipschitz condition on y;, i = 1,4. If
given below matriz 5%(A1, A) is non-negative defi-
nite, then:

1. Let pu; = q’ w for all i = 0,m + 2, where p; and
q; are some relatively prime integers. If kg = 2k; =
km+2,1 = 1,m+1, then the stochastic process

E(t) = (Ni(t/e"), Na(t/e"), Av(t/e"), Aa(t/e"))

13
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weakly converges, as € — 0, to the stochastic
process §(t) = (0,0, A1(t), A2(t)), where A(t) =
(A1(t), Ao(t)) is the solution to the system of
stochastic differential equations

dA(t) = a(A(t))dt + 5 (A(t))dw(t),

A(0) = (A1(0), 42(0)),

(14)

where

a(Ar, Ag) =
21 21

= # Z f ffo(l/},Al,A2,¢) X

p0ﬁ+qol=0 00
x W (p)e " HP) dp dap+

27 21 R
+ > J | [ fg2(, A1, Ag, b, 2) x

Pm42n+gm42l=00 0 R

xU(p)e "W HO Iy (dz) dp d@b] ;

1
2

(A1, Ay) = {B(AI,AQ)} = Lx

{i >

j:1 p]-n+q]- l:0

21 21

ff Ajz(wvAlaA%Qs)x
00

x U()UT (¢)e~ MV H9) dep dyp+

21 21 N
+ X [ (A As, 6, 2)x

Pm+1n+gm+11=00 0 R

-

xW(p)UT (p)e " MHI T (dz) dop dw}
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1
YO = T AT
<

—w(m +m2) cos ¢ + (w? — M) sin @ >

—w(n +n2) sin g — (w? — 1n2) cos @
UT(¢) is the wector transpose to wector W¥(g),
w(t) = (wi(t),s = 1,2), wi(t),s = 1,2 are
independent one-dimensional Wiener processes.
2. If k < ko then in the averaging equation (14) we
must put fo = 0; if k < 2k; for some i = 1,m, then
in the averaging equation (14) we must put f;i=0
for such i; if k < 2km+1 then in the averaging
equation (14) we must put fng1 =0 if k < kmao
then in the averaging equation (14) we must put
Jm+2=0.
3. If py # z—jw for some j = 0,m+2 and any

)X

relatively prime integers p; and q;, then in averagi-
ng coefficients in (14) we must put | = n = 0 in
corresponding sums containing f;.

Proof is the similar to the proof of the
Theorem 2.1
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Constructions of explicit examples of a groups generated by automata are very important in modern
geometric group theory. The full automorphism group of a regular rooted tree is rich of free subgroups.
Thus groups of automata are naturally suitable for constructing free groups. A few approaches to
construct faithful representations of free groups by automata are well-known. In this paper a new
example of the free group of rank two generated by finite initial automata is described. Both these
automata have four inner states and are considered over an alphabet with five letters. As a base of a
following construction the automaton known as the adding machine over the binary alphabet was used.
The proof allows one to construct explicitly a word that is not a fixed point of a given non-identity

element of the free group.

Key Words: free group, finite automaton, adding machine.

Communicated by Prof. Kirichenko V. V.
1 Introduction

Groups generated by automata form an important
class of groups in modern mathematics. In parti-
cular a lot of research are aimed on constructi-
ons of explicit examples of groups generated by
automata. Among them faithful representations
of free groups in terms of automata constitute a
valuable part of results.

This direction in particular was motivated
by M. Bhattacharjee who proved in [I] that the
full automorphism group of a regular rooted tree
is rich of free subgroups. This result explains
why groups of automata are naturally suitable
for constructing free groups. V. Nekrashevych in
[2] classified faithful automaton representations of
free groups. He showed that if a group G acting
faithfully on a rooted tree T has a free subgroup,
then either there exists a point w of the boundary
0T and a free subgroup of GG with trivial stabilizer
of w, or there exists w € J1 and a free subgroup
of G fixing w and acting faithfully on arbitrarily
small neighbourhoods of w.

The very first explicit example of the free
group of rank 2 generated by finite automata
over binary alphabet was presented by S. Aleshin
in [3]. But the complete proof was given later

© M.B. ®enoposa, 2016

in [4], where the authors constructed examples
of free groups of every finite rank generated by
finite automata over binary alphabet, including
Aleshin’s example. The first example of a finite
automaton representation of the free group of rank
2 with complete proof was given by A. Olijnyk in
I5].

In this paper we propose a new method of
constructing faithful representations of free groups
generated by finite automata. We construct an
example of a free group of rank 2 generated by
automata with 4 states over an alphabet of cardi-
nality 5. The basement of our construction is the
well-known adding machine.

2 Preliminaries

Let X be a finite alphabet, |X| > 1. Elements of
X are called letters. A word of length n over X is
a sequence x1 ... x, of elements from the alphabet
X. The empty word A over X has the length 0.
Denote by X™ the set of all words over X of length
n, n = 0. Notation X* is used for the set of all fini-
te words over X . For arbitrary words u,v € X* the
product of w and v is the concatenation uv. The
set X* form a free monoid with basis X under

15



Bicnux Kuiscvkozo nayionanrvro2o yrisepcumemy
iment Tapaca Ilesuwernra
Cepia: Pizuro-mamemamusri HAYKY

concatenation. A word u is a subword of a vord v
if v = vquwvy for some words vy, vo.

An initial automaton over X is a tuple A =
(Q,¢,1,q0), where @ is a nonempty set, the set
of inner states of the automaton A, ¢ and 1 are
transition and output functions, which map @ x X
into @ and X, respectively, go € @ is the initial
state.

Such an automaton can be defined in terms
of labeled oriented graph. The vertex set of this
graph is () and the initial state is somehow highli-
ghted. An arrow from a vertex q; to a vertex go
with a label x|z is drawn if and only if

(g, 71) = q2, Y(q1,71) = 2.

The output and transition functions are
naturally expand on the set Q) x X*. We will restri-
ct the transition function to the initial state.

An automaton with a finite set of inner states
is called finite. An automaton is called permutati-
onal if for each its state the restriction of the
output function in this state determines some
permutation on the alphabet.

Each finite permutational initial automaton A
over X defines a permutation on X* by restricti-
ng its output function to the initial state. This
permutation is called finite automaton permutati-
ons over X and denoted by A.

All finite automaton permutations over X

form a group under superposition which we denote
by FAP(X).

3 Construction

Let X = {xo,z1} and Y = {yo,y1} be two disjoi-
nt alphabets of cardinality 2. Denote by ¥x, ¥y
their index functions, i.e. ¥x(xz.) = Yy (ye) = e,
ee€{0,1}.

Consider adding machines Ax and Ay over
the alphabets X and Y respectively (Fig. . The
initial automaton Ax act as follows (see [6, p. 16]).
For arbitrary n > 1, m € Z and a word u =

Uey - Ue, € X" the word v = ve; ... 0., € X7,
such that v = ¥, satisfy the equality

n—1 n—1

Z?,Z)X(UGK)QIC = (Z P (e, )28 + m) mod 2".
k=0 k=0

The action of Ay on words over Y is defined
analogously.
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X0|X1
X1|Xo XolXo
X1|X1

Fig. 1 Adding machine over X

Then we construct new automata Bx and By
over the alphabets X and Y respectively by addi-
ng one new state s and making this state initial
(Fig. [2). The action of the initial automaton Bx
on a non-empty word zu, x € X, u € X*, depends
on z. Specifically, if 2 = xq then (zu)Px = zudx
and (zu)BX = zu otherwise. The action of the ini-
tial automaton By on words over Y is analogous.

Xo|Xo X1[X4

XolXo
X1IX1

X1|Xo
Xo[X1

Fig. 2 Automaton By

Let us construct two initial automata C'x and
Cy over a new alphabet Z = XU Y U {z}, where
z ¢ XUY. One can obtain these automata by
adding one new state to Bx and By correspondi-
ngly and extending transition and output functi-

ons. (Fig. [3).

z|z yilyi

Fig. 3 Automaton Cx

Automata Cx and Cy in each word over
Z preserve letter z while letters from X and Y
transform into letters from X and Y correspondi-
ngly. It follows from the definition that the action
of Cx on words over X coincides with the action
of Bx.

Denote by g and h finite automaton
transformations defined by initial automata Cx

16



Bicnux Kuiscvkozo nayionanrvro2o yrisepcumemy
iment Tapaca Ilesuwernra
Cepia: Pizuro-mamemamusri HAYKY

and Cy correspondingly. We will need the followi-
ng lemmata.

Lemma 1. For arbitraryn > 1, m € Z and words
U = ToUey - - - Ue, € X and v = VQUe - - - Ve, €
X such that v = w9 the following equalities
hold: vg = xg and

n—1 n—1
ZwX(Uek)Qk = (Z wx(uek)2k + m) mod 2".
k=0 k=0

Proof. The required equalities directly follow from
the above remark and the rule of the action of the
adding machine over X. O

Lemma 2. For arbitrary non-zero integer m there
exists a word w,, € X* such that

m

=Toxo.--To 2Yo
——

|um| times

(xoumzy1)?

and the transition function of the automaton Cx
on the word xowp,zy1 outputs the state s.

Proof. Without loss of generality we assume that
m > 0. Consider the positive integer k such that

2k=1 1 < 2F.

Note, that k£ is nothing but the binary length of
the number m.
Then consider the word

_ k41
Um = Teg -+ - Tey,_ Ty, € X

such that
k ' k
(Z Px(xe;)2" +m — 1) mod 2% = 22’“.
i=0 i=0
Lemma [I] immediately follows that
(:Uoum)t‘]m71 =20x1...271 .

—_———
k+1 times

Provided by on each of the m — 1 steps the letter
previous to z is xg the automaton C'x during these
transformations never visits the state r. It implies
that the last letter of (av(numzyl)grw1 is y1. From
the other hand on the word

roZy...T1
N——
k+1 times

the transition function of C'x outputs the state
r. It immediately follows the second statement of
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the lemma. Applying Lemma [I] one more time we
obtain the equality

(xoxy...212y1)Y =x0T0-..T0 2Y0
SN—— SN——

k+1 times k+1 times

which completes the proof. O

Lemma 3. Let w € Z* be a word such that the
first letter of w is 1 and w has no subwords yoxo,
Y1xo, z2xg9. Then w9 = w.

Proof. Transforming the word w that satisfies
conditions of the lemma the automaton C'x never
leaves the states s and t. Since all letters in these
states are fixed the statement follows. O

The analogous statements are valid for the
action of h. To formulate them precisely one is
required to interchange alphabets X and Y. In
particular, for a non-zero integer m denote by
vy, a word over Y satisfying for h the statement
analogous to Lemma 2]

4 Main result

Let G be a subgroup of FFAP(Z) generated by g, h.
The main result of the paper is

Theorem 4.1. The group G is a free group of
rank two with basis {g,h}.

Proof. Lemma [I| implies that both permutations
g and h have infinite order. Then we need to
show that no product W = ay...a, is trivial,
where n > 2, a; € {gT', h*'}, and al-_l #+ 11,
1 < i< n—1 (see [7, Proposition 1.9]). Up to
conjugacy it is enough to consider the product W
such that

W = g"nh .. gFmhlm,

for non-zero integers ki,l1,...,Kkm,lm, m > 1.
To prove that W is not trivial it is sufficient to
construct a word w € Z* such that w" # w. The
required word w will splits into the product of 2m
subwords as follows

w = (zour, 2y1) (v, 221) - - - (U, 1) (v, 221),

where words uy,, .
and words vy, ...
statement for h.

For each i, 1 < i < m, denote by Wy;_1, Wy,
the products

.., up,, € X* satisfy Lemma

,v, € Y* satisfy analogous

m

g Al gFiand gMalt L gRinb
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correspondingly.

Applying 2m times Lemma 2] and Lemma [3]
we obtain that for each 7, 1 < 7 < m the words
w"2i-1 and w2 have the form

(xoug, 290 - - - uki)W%*l 2yo - - - (ug,, zy1) (v, 2x1)

and

(xouk, 2yo - - - vy )W%zxo o (ug,, zy1) (v, 221)

correspondingly. In particular, the last letter of the
word w" is xg. It immediately implies the required
inequality w" # w. The proof is complete. O

Note that the proof provides an algorithm how
to construct by a given product W a word w such
that w"W' # w. In particular, on can express the
length of w in terms of W.
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5 Concluding remarks

The proposed construction admits generalizations
in at least two directions. The first one is to gi-
ve a faithful automaton representation of the free
group of rank m for m > 2. This result can be
obtained using m adding machines over pairwise
disjoint binary alphabets as a basement and then
defining m new initial automata over an alphabet
of cardinality 2m + 1. The second direction is to
use another initial automata as a basement instead
of adding machines. The only condition is these
automata have to define permutations of infinite
order.
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IIpo xoiMBaHHS B 0JHIiil PO3PUBHIN

AMHAMIYHIA cucTeMi About oscillations in one dynamic system

KuiBchbkuii HalliOHANBHUN YHIBEPCHTET iMEHI Taras Shevchenko National University of
Tapaca IlleBuenka,83000, m. KuiB, mp-T. Kyiv, 83000, Kyiv, Glushkova st., 4d,
[nymikosa 41, e-mail: gischuk@gmail.com

e-mail: gischuk@gmail.com

B pobomi oocnioocyemvcsi o0na cucmema OugepenyianvHux pieHAHb HA NIOWUHI, WO
nid0aemMv sl IMNYIbCHOMY 30YPEHHIO NPU NPOXOOICEHHT (PA308010 MOUKOIO NEGHOI NPAMOI.
Kniouosi crosa: imnynbchne 30ypenns, ¢pazoea mouka, iMnyiscHa cucmema.

We study a system of differential equations in the plane, subjected to impulsive effect while
passing phase point of some line. It is shown that even generating linear system on a plane has a
special type of steady point node through the impulse effect can simulate oscillating processes in
such a system.

We are interested in case, when the phase point in the process of evolution is subjected to
impulsive effect many times. If the phase point does not get the specified straight line or gets only
once, its movement over time described impulsive system without effect, so over time, this point is
coming near equilibrium or goes away to infinity.

Moving on one impulse cycle phase point once a period is subjected to an impulsive effect. It's
possible that except one impulse cycles in the source system there can be another ones that can be
called double impulse discontinuous cycles. Moving on these cycles, phase point twice a period is
subjected to an impulsive effect.

Key Words: impulsive effect, impulsive system, phase point, one impulse cycles.

Crartio nipeacraBuB akageMmik HAHY, n.¢.-M.H., mpog. [TepecTrok

[lpn BuBYEeHHI OaraTboX HPUPOJHUX MPOIECIB, TPAEKTOPISIMU He € HOBO. Taki 3a7aui 3’ IBUIIMCS Ha
0 MiJJAI0ThC KOPOTKOYACHUM 30ypEHHSIM, 4acOM IOYaTKy MHHYJIOTO CTOJITTSA B poOOTax 3 HEJIHIHHOI
3pyYHO BBaXaTdh, MO0 1 30ypeHHA MaOTh MEXaHIK{ 1 3aliKaBWIN JOCIIHKYBAYiB MOKIUBICTIO
«MUTTEBUI» xapaktep. Taka igeaiisamis mNpu aJeKBaTHO MaTEeMAaTHYHO OIMCYBaTH NPOLECH B
MaTEeMaTHYHOMY MOJICJIFOBaHHI TaKWX TPOIECIB HENIHIMHUX  KOJMBHUX cucTeMax. KiracuyHum
OPUBOAUTH 10  HEOOXiZHOCTI  JOCHIIKYyBaTH NPUKIAJOM Takoi 3ajJadi € MaTeMaTHdHa MOAETb
JUHAMIYHI CHUCTEMH 3 PO3PUBHUMH TPAEKTOPISIMHA. TOAWHHHKOBOro MexaHizmy [1], [2]. baraTo iHmmx
Pazom 3 THM BapTO 3ayBa)KUTH, IO PO3pHUB (Ha30BoOl NPUKIAIiB MOXKHA 3HAWTH B MoHorpadisx [3],
TpaekTopii He 000B’S3KOBO € HAcHiKOM imeamizamii [4], ne moOymoBaHO Teopito audepeHIiaTpHIX
KOPOTKO4acoBOro 30ypeHHA. B neskux Bumazkax piBHSHB 3 IMITyJILCHUM 30ypEHHSM.

Taki pO3pHBU — ICTOTHA XapaKTEpUCTHKA NPOLECY B wmiii poOOTi AOCHiIKyeTbCS OAHA CHUCTEMA
(Hampuknan, — aepoJMHAMIYHMKA  CKa4oK  Npu JuepeHIliadbHUX pIBHAHb HAa IUIONIUHI, IO
MEPEeBUIEHHI  IIBUAKOCTI  3BYKY, KOHBEpCiSl MiAgaeThCs IMITyJIbCHOMY 30ypeHHIO pH

BUpOOHUITBA ToOIIO). [IpoGiieMa BCECTOPOHHBOTO TPOXOMKEHHI ()a30BOI0 TOYKOK TIEBHOI IIPSMOI.
BUBUYCHHS JIWHAMIYHMX CHCTEM 3 PO3pUBHUMH I[loka3aHO, 110 HaBITh TOMI, MOPOKYHOUa JiHIMHA

© P. P. T'imyk, 0. M. Ilepectiok, 2016
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CHUCTeMa Ha IUIOIIWHI Ma€ OCOOJIMBY TOYKY THILY
CTIMKHMI BY30J1, 32 PaXyHOK IMIYJIBbCHOTO 30ypeHHS
MOKHa MOJENIOBATH KOJMBHI TMPOLECH B Takid
cHuCTeMI.
Posnounemo pocnmimkeHHs 3 JIiHIAHOT pPO3pUBHOL
JUHAMIYHOI CUCTEMHM Ha IIOLIMHI

£=JX, <@, X>#0, AX| g » =g = Bx.
Tyt x=coll(x1, X2), J — xiiicHa ’kopaaHOBa KIIITKA,
npsaMa

1)

<a,x>=0a%; +a,%x, =0
HE € BiCCIO KOOPIMHAT 1 JaJli MU 110 TIPSIMY

3aIIMICMO Tak :
2,

xzzk}{i, k:——',

By

by, by,
B = ( 11 112 ) — 3a/1aHa CTaja MaTPHIIL.

by1 by
Pyx ¢asoBoi Toukm (xi(t), x2(t)) ommcyerbcs
nu(epeHIiaTbHOI CHCTEMO X= JX , KOJU I TOYKa
3HAXOMUTHCA MO 32 MPAMOK0 X, = KXyi «MHTTEBO»
NepeKuaaeThes (IEPEMIITYETHCS) B TOUKY

(xi" )_( 1+ by, by, )(3‘31&3]) )
x3 /) \b; L+ byy J\xy(t7) @

B MoMeHT t", xomu X, (t) = kx; (t), B MomeHT
nonafaHHs Ga3oBoi TOUKH HA MPAMY X, = KXy
3ayBa)xuMoO, 1110 JIiHIlHE OJHOPIIHE BiTOOpaKeHHS

*1 *1
(E+B) : (x] — (E+B) (x]
wiomyHA (x1 Ox2) B IUIOIIMHY NEPEBOIUTH MPAMY
X, = kx, B npamy X, = uXq, ne koedimientu K i p
OB’ sI3aH1 plBHlC’l;{I?1+b .
#= 1+b._._z-:kb._:_ ©)
Hocnigumo moBemiHKy po3B’si3kiB cuctemu (1),

_ (M 0
KoM MaTpuns J Mae Burisg J = o 1. ) mpuiomy

A1<0, 4,<0 i B 1pboMy BUIAJKY JiiHIliHA cHCcTeMa
piBHSHE X = JX Mae 0co6auBY Touky X = 0 (1104aTok
KOOPJWHAT ) CTIHKUM BY3JIOM.

Pyx ¢asoBoi Touku (¥ (t), X5 (t)) BimOyBaeTbcs

110 JIHIAX
g

Xy = clay|* i %y =0.
Skmo ¢azoa Touka npu t = 0 moynHa€e pyX 3 TOUYKH
( xf,x?), TO mpH Bcix t € R BoHa 3anmumaeTses Ha
TiHii
Ag Ag

=@ (o= 2@) @

=
3po3ymisio, 1o i ()a30Ba TOYKA BUXIAHOI IMITYJIbCHOT
CHCTEMH  PYXa€TbCs MO [UM K€  JIHISAM,
«IEPECKAKYIOUM» Ha MpsAMiil X2 = KX1 3 oxHiel Ha
iHry ( abo  Taky camy) i3 X JiHii.
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Hac mikaBuTHMe BHIAmOK, KOJIH ()a30Ba TOUYKA B
MpoIeCi CBOET CBOJIONIT MIAJAETBCA  IMITYJIBCY
BIUIMBY 6ararto pa3ziB, TOOTO HOMana€e Ha MPsIMY Xz =
kxy Ginpie omHoro pasy. SIkimo (asoBa ToYka He
Momajiaé Ha BKaszaHy TNpsAMy, a00 TOMaaae JIHie
OJIMH pa3, TO ii pyX 3 4acOM ONMUCYETLCSA CUCTEMOIO
0e3 IMIyJIbCHOTO 30ypeHHs, a TOMYy 3 4YacoM s
TOYKa HAOMKAEThCSA A0 ToiiokeHHS piBHoBaru (0
0) abo x BiITaMsIEThCS B HECKIHICHHICTB.

[Ilo6 ¢a3oBa Touka miAgaBaiach IMMYIbCHOMY
30ypeHHio Oaratro pasiB  (34HCICHHE YHCIIO)
HE0OXiTHO, MO0 BOHA, BUHIIMOBIIHM 3 TOYKH TPSIMOI
X7 = uxymput> 0, momana Ha mpsmy Xz = kxq.
Tpaekropito pyxy Touku (¥ () Xz (t))

x1(0) = x1D %2 (0) = fgx: (0) =,ux1'}

o« . _ o Xy )_._
€ Jminist X9 = xqu| = |

Llst minis nepeTnuHae mpsMy Xz = KXy B o

& & x o H—a
(.'X.'j_, k\xl}, ()exi— .'X-'i ;)_ z

o6 ¢azosa Touka, puiimoBmu npu t =0 3 Toukw (
xY, ux? ), nonmana B Touxy (%3, kx3) mput =1t*>0
He00XiTHO, 00 BUKOHYBAJIACS HEPIBHICTh

1K
o nf>o. (5)

[Ipumyckaroun, 10 TapaMeTpyd BUXITHOI CHCTEMH
3a0e3Me4Yyl0Th BUKOHAHHS 1€l HEPIBHOCTi, MOXEMO

! nt
Adg—Ay Kk
TOYKa «IepecKaKye» 3 MonokeHHs (X7, kxi) B
TOYKY

CTBEpKYBaTH, 110 B MOMEHT t = ¢hazoa

(1+b11 =+ kblg) x: , (b21 + (1+ bg:)kx;)
NpsAMOi X g = [Xy
ToMy TOBemiHKa PO3B’S3KIB BHUXIIHOI IMITyJBCHOT
CHUCTEMH BH3HAYAETHCSA BiJIOOpOKEHHAM TIPSMOI B
npsaMy:
M
h:R=R, e hixy = [ +b)+ bkl (5) .
(6)

Lle ninifiHe oHOpigHE BiJOOpaKEHHS, SKE MU
3anuieMo tak h
YHCIIO:

! X4 —*yX4, NO3HAUYMBUIM uyepe3 Y

i

y=(1+byy + byok) (f)l"_h-

OTxe, cripaBeASIMBE TaKe TBEPPKEHHS
Teopemal. Skmo [y| < 1, To Bci po3B’s3KU
BUXIJTHOI CHCTEMH, SIKi IIOYNHAIOTHCS 3 TOYOK MPSMOT
X2 = pX1 3 4acoM MpsSIMYIOThb 10 HyJns, Konu {— o2,
SIkmio [y| > 1, To BCi pO3B’SI3KK BHXIIHOI CHCTEMH,

(")

siki ipH t = 0 TOYHMHAIOTHCS 3 TOUOK MPSAMOT X2 = (X1,
NpSMYIOTh Y HECKIHYCHHICTb, KON t—* 02,
JeranpHinie npoaHatizyeMo BUNaaok |y| = 1.
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Axkmo y = 1, To kokHa Touka X3 £ R €
HEPYXOMOKO TOYKOIO BimoOpaskenHs h 1 Taka To4ka
MOPO/KY€E  ONHOIMIYJIbCHHH TEPIOJUYHUN  pyX
(omHOIMITyNIbCHUM 1HKIT). [li 1MKIM 3aMOBHIOIOTH
YaCTHHY KOOPJMHATHOI IUIOUIMHHM, IO JISKHUTh MK
OpsAMMMH X7 = KXy Ta X7 = [iXq,

Axmo pyx (a30Boi TOUKU MOYUHAETHCS 3 TOUKH
(xJ, uxy) mpamoi X3 = MXy,TO LMK, IO
MOPOJIKYETHCSI LI€I0 TOYKOIO, 3a/Ja€THCS KYCKOM
KpHUBOI

ig A
N

— 0= BAAy g
xa=uwd () ()" =
Besnocepemuro  mepexkoHyeMocs, MmO pyX
300paxKyrouoi TOYKH 10 KOXKHOMY 3 TaKHX ITUKIIB €
MEPIOTUYHUM 3 OJTHUM 1 THM K€ TIEPiOIOM

__1 H
T_A._—A,_ In-- . (8)

i 1Mk HA3UBAaTUMEMO OJHOIMITYJILCHUMH.
Pyxatouucr nmo takomy nukiy (azopa TOYKa OJUH
pa3 3a mepioJ MiAJAeTbCsA IMITyTBCHOMY BILTHBY.
KpiM 0HOIMITYJIbCHUX ILHKJIIB B BHUXIJHIA CHUCTEMI
MOXYTh OYyTH Tak 3BaHi JBOIMITYJbCHI PO3pPUBHI
KM, BiAMIHHI BiJl OJHOIMITYJIECHUX: PyXalO4HCh
Mo TakoMy IMKIY (ha3oBa TOYKa IBiYi 3a TEpiox
MiJIA€THCS JTiT IMITYILCHOT CHIIH.

x

=1,

x

(5=

JBOIMITYIbCHI TMKJIM BUHHUKAIOTH B BUXIJTHIN
CHUCTeMi, KOJNM 1i TapaMeTph 3aJ0BOJILHSIOTH
piBHICTB
A
WY A
¥= (1 + bll + bigk}(;:] R

BoHnu mopomkyroThCs TOUKaMu (xl'}, |,Lx1'}), e xf -

HEpyXoMa TOuKa BigoOpaxkeHHs k2.

i muknm, SK 1 OJHOIMITYNIECHI, 3allOBHIOIOTH
YaCTHHY KOOPJMHATHOI IUIOUIUHHM, IO JISKHUTh MIXK
npsAaMuaMHd Xz = kxg 1 xg = pxy,

Pyx (a3oBoi TOUKH MO KOKHOMY 3 TaKUX IHKIIB €
MEPIOIUIHUM 3 OJTHUM 1 TUM K€ TIepioIoM

T=——In%,
-1, k

Ha BigmiHy BiJl OJTHOIMITYJIbCHUX IIMKJIIB, KOXKEH
3 SIKAX JIEKUTh B OJHOMY 3 KOOPAMHATHUX KYTiB,
KOXEH JIBOIMITYJIbCHUM IHMKJI HAJEXUTh JBOM
KOOPJIMHATHUM KyTaM: MIEPIIOMY 1 TPEThOMY.
JIBOIMITYJIbCHUH IMKJI, IO IMOPOJKYETHCS TOYKOIO
(xJ, ux]) mpamoi X3 = HXy, 3a7Ma€ThCA KycKammu
JIHIA

1+ by
bﬂi

bl!
1+ by

&=

X1
=

kexy

g
AT
xp=pxf (2)™
(i)~
kx]
00, B cuny (3),
(1+ bap)k +byy = p(1 + byg+ kbyg)

()=
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i)

—Xy

i .J.J__.J.z
—Xy 2x = ) :

u
( ©)
3’scyeMO Temep, UM MOXKJIMBI PO3PHUBHI LIUKJIH,
SKIIO 30ypUTH BUXIHY CHCTEMY, TOOTO PO3TIISTHEMO
CHCTEMY PiBHSHb
Xy = Ayxy +&f (x1,x5)
X, F kxy

Xy = Ayx, +5g (xy,%,)

(10)

e I Pl [ I
B akiit A4, A5, kK i MmaTpuns
B = (bn bl:)
by, by,

taki, sk i B cucremi (1), f (x,%5) 1 g (xy,%;)
— HemepepBHO AudepeHIiiioBaHi B AEIKOMY Kpy3i xf
+x2 =7% pynkuii, £> 0 — manmit napamerp.
SIK 1 BUIIE 32 TEKCTOM, TIO3HAYUMO Yepe3 [l YUCIIO

_ Kl 1+bgg) +bgs
T 14baatkbag
TOOTO KyTOBUH KOE(IIi€HT MpsAMOi Xz = X4 B Ky
BiToOpaskeHHS
Xq X
)= (% )G)
HEePEBOAUTD NpsAMY X3 = KXy,
BBaxarumemo, mo mnapamerpu cucremu (10) Taxi,

X2
10 BUKOHYETHCSI HEPIBHICTS (5) 1 pIBHICTH
iy

]
Y=(+by+bpk) - (5= (12
3a nmux ymoB cuctema piBHsHb (10) pu € = 0 mae
OJIHOTIAPAMETPUYHY CIM’I0 OJIHOIMITYJIbCHUX IUKIIIB,
110 3a/1a10ThCsI KycKaMuy napa0o
E) :

1+ bll bl!

1+b-’1-’1

A

1

-
=

(11)

= e (2 ()" =2
Xa= - - =—=1 13
2= ey ()50 =1 (13)
KOXHA 3 SKUX MepeTHHae mpsiMy Xz = kxy B TOUIi
&= =
(x1,kxy1 ), ne
i,
o E .J.a__.:'.z
.'X.'i =Xg (k) .
Came 1191 Touka BimoOpaxkeHusMm I[lyankape

BiZIOOpaXa€TbC B IOYATKOBY TOUKY (¥ g [Xp).
MiticHo

1 + bll + kblg ) (E
boy + (1 + by)k) ¥\

a B cuity piBHocTi (12),

Xy

HXp

)
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Ay
(1+ byy+ kbys) (f)"‘-"‘“ =1,

Skmo € F 0, To Tpaekropis cucremu (10), mo
BHMIIIIA 3 TOUKU (X g [4Xg) HE 000B’SI3KOBO TIEPETHE
npamy X = kxy B Toumi (xq,kx] ).
MEPEeTHYTH II0 TpsAMYy B TO4YIl, adcmmca sKOi 3a
MoAylaeM MeHma Big  |xj] (pasoBa  Touka
HaOIIMKAETHCSA N0 TOYAaTKy KOOpAWHAT), abo X B
Touli, abcuuca AKOi 3a MOAylIeM Oinblia Bim X4

Bona moxke

A1 e
- et

iE(xlﬁfz} = —4z &)

)

To6to, ¢ynkuis E(xy,x;) B3mMOBXK TpaekTopii
cucremu (10) mpu ¢ 0 e cramoro, a oTxe, €
iHTerpasioM AudepeHiaTbHOl YaCcTUHH CUCTEMH
(10). 3ayBaxkumo, mo piBHsHHS E(x4,%;) = 1 3a1ae
TPAEKTOPIO Ii€] CHUCTEMH, SKa IMPOXOIUTH Uepe3
TOYKY (xll}, uxll}) opaAMoi X5 = pxq, Ui OyAb-sIKOTO
xPER x] =0

Az
E(e ) = 1= xp=pef (Z). (15)

Posrnssnemo npupict ¢ynkuii E(xy,x5) 3a wac,
KOJIn a30Ba TOYKa, BUMIIIOBIIN 3 TOJ0KEHHS
%0 i =kx
(*1,1x7), mocsTHE WPSIMOI X5 = KXq PYXQIOUHCh
no Tpaekropii cuctemu piBHsHb (10) mpu £ % 0.
[MoBuy noxiany mo t Bixg E(x4, %) , CKIasieHy B CUIy
cucremu piBHIHB (10), JerKo oduucIuTH

= —Exy,x5) =

A,
:E(:Xfle:} - £ (—f f(xl_.x:} + :;Q(XJ__.XE}),
a60 x
d Az Ay
Eln E (lex:} =£ (_x_ f(lex:} + x_zg(xl.lxﬂ})-
(16)

s obumcienHs: mpupocTy Tpeba 3’iHTerpyBaru
OJIep’KaHy TOXIJHY B3JIOBX KyCKa TpaeKTOpii, IO
3HAXOAUTBHCS MDK NPSIMMUMH X5 = X 1 X7 = KXy

AlnE ¥=£_|" (—j—jf(

:[L!le.l_r’“x[:-e.l r)_l_i:-_g[x

E‘_Jrl}-_ ,

P .

5[ —Ayf(x
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(pazoBa  TOouka  BIIHANMAETBCA  Bil  TOYATKY

koopauHar). 1100 3’sacyBaTh, KU i3 WX BHUIAIKIB
Mae Miclie, po3riIstHEMO (YHKIIIO

e () ()"

BHU3HAYEHY B CEKTOpi, 0OMEXEHOMY NPAMUMH Xg =
kxq, i x93 = uxy, 6e3 touku (0,0). OGuMCITIOOYH
MoXigHy Bim miei (yHKIIT B3AOBXK PO3B’SA3KIB
cuctemu (10) mpu € = 0, maemo:

(14)

A

1L +ﬂ.'1 (-i-_E)_‘lE

Ha >xanp 1159 Tpaekropis HaM HeBigoma. Pazom 3 Tum
3a TEOPEMOI0 TPO IUQEepeHIiiOBaHICTh PO3B’SI3KiB
nudepeHiiaTbHX PIBHSAHD 3a MapaMeTpoM (IIuB.,
Hampukiang [6], c. 354) mpu HOCTaTHRO MAaJHX
3HaUEHHSIX TapamMerpa € PO3B 30K HENiHIHHOL
cuctemu piBHSHb (10) Ha CKIHUEHHOMY YacOBOMY
BiJIPI3KY BiJPI3HSAETHCS BEIMYMHOIO TIOPSIAKY € Bif
po3B’si3ky wiei cucremu mnpu £=0, a Tomy
Tpaektopis cucrtemu (10), M0 BUXOAMTH 3 TOYKU
(xf, ux:[f) NpsAMO] X5 = X4, HA BEJIMYUHY NOPSAKY €
BiJJPI3HATHUMETHCS BiJ] KycKa Hapa60nn

v (2, (¢

=2
.u)} 1=ig =
TakuM 4YuHOM,

i

21,

=

(17
InE(xy,%x7) 3
tounictio 10 0 (%) MmoxHa nopaxyBatm K
KPUBOIIHIHHUI iHTeTpan mo Y BiA MpaBoi YacTHHH
piBHOCTI (16)

IHTEeTpan BifJ

X,%,) + A—"g (xl,xz:]) dl =

Dei'trﬂx:ﬁ A r)] . *.-"fl T i

el —A )t gy g2

dl =/ (dx,)? + (dx, )2

OOumncirooun iHTErpa, MaeMo
AInE (x4,%,) Iy =

FGed) = [0e [ —2af(xfeist

F

167% n“"x1

?.I'L

) + g

EF(IE] +0(e%), ne
oAt ‘:)] . '1~.'I|I1+P:‘2

Jett uxle el At gy

(18)
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3a BJIACTHBOCTSIMHU ¢byHKIiT F(x E ) nudepenuiiioBani B meskoMy Kpysi xf +x§ =r°i

MOMEMO CYOUTH IPO NOBENiHKY pO3B’s3KiB
BuxinHoi cuctemu (10) (mpu [OOCTaTHRO MajHX
3HauYeHHsAX mapameTrpa € > 0. Skmo us QyHKIis
nmonatHa, To B cucteMi (10) B cexTopi MK TIPSIMUMHA
X, =kx; i x, = pux, BigOyBaIOTLCA HAPOCTAIOUi
KoimBaHHA. SIKmo X 1 QYHKIiS Bix €MHA, TO
KOJIMBaHHA 3aTyxarodi. MOXIHBHI BUMAIOK, KOJH
us QyHKLis 3MmiHIoe 3HaK. Hexaif X — mpocruii
uynb dynkuii F(xl) : F(xj)=0,F'(x{)# 0.B
OBOMY BHUMAJKy NPH AOCTaTHHO MajHX 3HAYCHHSIX
nmapameTrpa £ TOYKa Xj HOPOMKYE Y BHXimHiii

cucremi (10) OJHOIMIYNBCHUH LUK, SKAW
ONMM3BKUI 10 KycKa mapabonn
Ay A
x L x, z
(=) =3 19
Hy x
0OMEKEHOT IPAMUMU X, = Kxq 1%, = px,,
[ligomsun  MWiACYMOK, CQOPMYIIOEMO  Take
TBEPIKCHHS.

Teopema 2. Hexaii B cucremi (10) A; <0,
2, <0, k=0, ¢pynkuii f(xyx,) i g(xy.x,)

w1l 1
_“rl';s A, -z

Jie X4 3MIHIOETBCS Y ME¥KaX
A

(E))..___).z < x__
k Xy

Paninie Mu mokazanu, 1mo B cuctemi piBHsAHB (10)
npu € = 0 MOXJINBI 1BOIMITY TBCHI TTUKIH. Lli 1iukmm
BUHHUKAIOTh, KOJH MapaMeTPH CUCTEMHU
3aJIOBOJILHSIOTH PiBHICTh

= 1.

A
(1+ by + byok) (2)=2 = -1 (1)

INokaxkemo, mo B cuctemi piBHsHBL (10) i Tpu

¢ # 0 mpu MeBHUX yMOBax, HAKJIAJeHUX Ha QyHKII
flxy,x5) 1 g(xy,x,), Takox MOXIHBI i30/1B0OBaHI
JBOIMITYJIBCHI IIMKJIA, TOOTO B cucTeMi piBHIHB (10)

OOYHUCITIOYH 11i IHTErPaIl 3HAXO0IUMO, 1110
AInE (xy,%,) = eF (x) + =% ..,

5, px] (;—_)’1 + 2

napamMeTpu  CHCTEMHM Taki, 10 BHUKOHYETHCS
HepiBHICTH (5) 1 piBHicTs (12). Sxmmo piBasHES F(X4)
= 0 Mae i301b0BaHUIl KOPiHb X4 = X, TaKuii, 110
F'(x;) # 0, To npy [OCTATHBO MATHX 3HAYCHHSIX
e=0 cucTeMa (10) Mae PO3PUBHHI
OHOIMIYNbCHUN TUKJ. Llel NUKI € acCUMITOTHYHO
opGitampHo  crifiknm, skmo F (x]) < 0 i
necriiikum, skmo F' (%) = 0.

besnocepenni mimpaxyHKM TMOKa3ylOTh, IO 3
TOYHICTIO J0 BEJIWYUH TMOPSIKY MAaJIOCTi g% ueit
UK BU3HAYAETHCA KYCKOM JiHIT

a Ag

MOJKJIMBI KOJIMBaHHS 3 JBOMa PO3PUBaMH Ha MPOTS3i
niepiofny. Sk i mpu AOCIHiHKEeHH1

Bukopucrapmm Bupa3 (16) moBHOI MOXigHOT Bif
InE(x4,x5), ckmanenoi B cumy piBasas  (10),
00YHCITIOEMO IIIyKaHWH MPHUPICT: 3 TOYHICTIO JIO
BEJIMUMHA TOPSAKY £° SK CyMy KPHBOIiHiHHMX
iHTerpamiB BiJ QyHKIT

A A
€ (_I_:f":xbxz} + x_né?(xpxz}) (22)
M0 KyCKaM KPUBUX
As
(E))..__).z o F 1
k T
(23)

Fy(x]) = F(x{) + F(—=x7),
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ne F(xY) susmauaersca dpopmymnoro (18). Takum
YHHOM, CIIPABE]IMBE TaKe TBEPIXKCHHS.

Teopema 3. Hexaii B cmcremi (10) A4, 4,
dynkmii f(xy,2,) 1 g(xy,7%5) Taxi, Taki sk y
TeopeMi 2, 1 BUKOHYIOTbCA HEpiBHICTH (5) 1 piBHICTBH
(21)

Sxmo pisnsnns Fy (x) = 0 maemo i301m0Banmit
fofaTHHU KopiHb X4 Takuit, mo Fy (x7) # 0, to mpu
J0CTaTHRO MAaJlMX 3HAa4YeHHsAX mapamerpa £ = 0
CUCTEMa  PIBHSHB (10) Ma€  PO3PHUBHHI
IBOIMITyNTbCHUN TKI. Llell mukim acMMOTOTHYHO

Az
i
X3z Xy -( Az . )
= (=) (1-eFe@xD),
pxy (xl) £, P )
Az
.
Xq Xy Y As

e
1

1
o )
Sk npukian, po3MISIHEMO PYX MasTHUKA 3 BEJIUKAM
TEPTIM
i+286x +sinx =0, §*=1 (25
MiJ] JI€F0 IMITYJIBCHOI CHITH, SIKa Ji€ Ha MasTHUK MPH

‘1:'1:1-'11:1?;}:_[:;‘_

MPOXOJUKCHHI HHM  TOJIOXKEHHS 3  HYJbOBOIO
IBUJAKICTIO, a 1  BeJIMYMHA  IPOIOpIIiHHA
MOJIOKEHHIO B I MOMEHT

Ax | =g = —ax |z, a =0, (26)

Beenemo miryuno mapamerp € = 0, 3anposagusim
3amiHy X — /£ x.

3 TOYHICTIO 10 BEIMYMHM MOPSKY £° MATHMEMO
CHCTEMY PiBHSHb

2016, 4

A

).

5, jxy G)}
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. .o o '
opbitanpHo  cTilikmii, sxmo  Fy (x7) < 0
HecTiitkuit, saxmo Fy (x) = 0.

3 TOYHICTIO A0 BEIMYMHU MOPSAKY £  MOXKHA

3ammcaTy PiBHSHHS I[OTO ITUKITY

Ag
H Ag_dg X
e Y
k:] x]
A
X .
1=tz (E)’l-‘“‘“

A

e

5, 4xy (;))

1
Ag ey

)ﬁ.
g

(

-3
v=-—x—26y+ E%,

&

=y
y#0, (27)

Ay |}-:|} = —ax |}-:|}-
o6 ust cucrema piBHsHb HalOyna surisigy (10)

ﬁx }-:D_.

nepeiieMo Bix 3MIHHUX (X, Y) 10 3MIHHHUX (¥X4,%;)
[IIAXOM 3aMiHH 3MIHHHAX

e
Ai=—=8+V62—-1 A, =—6—V&*—-1.
(29)

B 3miHHEX X4, X'; piBHSHHS HaOyBalOTh BUTIISTY

Ay (g — 1)
X =Ax X — Xy
Xg F 2 x
2T le 1
Anxay + £ ( )&
Xg = AgXg T X1 — X3
(A — Az) 1 (30)
)
+ s 1 I Jlﬂ
ﬁ(xl) 1 & ( Az - xl)
I T - xa )
Yo kA A1+a(1—j—1)—,l« "
Ag -
Besmocepenni  mimpaxyHKH —JalOTh 3HAUEHHS k= A u= Ayta
A At

KyTOBUX Koe(illi€HTiB
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VYMoBa (5) BUMarae BUKOHaHHS HEPiBHOCTI [ = K AKa CIPaBKYEThCS, KOMH & = —A5, 00 a = 0,
hta A_i}ﬂ af(ds A’.L}}ﬂ Ay =0, A3— 243 =-2,/6%—1, T06TO @ NOBUHHO
Adzta A (A2 + a)d, OyTH GimbmmM Big & + 8% — 1.

[TepeBipuMo BuKOHaHHS piBHOCTI (12)

Ay
INT T
(1 + byy + byok) ){k) = )

iy A,
_ (1 +A:+E[1_Z} Az A )G ta -’11))_-_-'_—4:'-5 _ ﬂz—i-_+rx|:1—z} (j._+rx_ﬂ_5)).-_—).g, —

Az—da ARy Az ] \Agta A, Az—Ay _ta A,
4
=|{1+— -—
3Bigcu Oaunmo, 1O 1S PIBHICTH HE MOXe OyTh [lepeBipuMO  BUKOHAHHS YMOBU iCHYBaHHS

BUKOHaHA, 00 & = —A,;. TakuM 4MHOM, B BUXiZAHIH JBOIMIYJIbCHHUX LUKIiB, ToOTO ymoBH (21). Llx
cucremi npu £ = 0 He MOke OyTH OAHOIMITYJILCHHX YMOBA 3aIIMIIETHCS TaK

LIMKJIIB.
Ay Ag
HyA_ Az @y A+ o Ax\AaAg
1+ byy +byok) - () =(1+—)(/1 22 = -1
( 11 + b12k) I L\, va 4,
OCKiIBKH (1 + E) <0, xom @=—A; To KOKHA TOUKA npsMol X = HXy, TOPOIKYE
T JBOIMITYJIbCHUM PO3PUBHUN LIUKIL.
OCTaHHA — PIBHICTH  MOXKE 2HKOHyBaTHCH 1pH Uu € cramioHapHi kojuBaHHS B cuctemi (27) —
@ > —Az, AKIIO @ =a">—A; € KOpeHeM 3’scyemo, o0uncuBiny Gpynkuiro F (x,). Jlng usoro
PIBIGIHHA 1 Tpeba mpoiHTerpyBaT QpyHKIIiIO
—_— ‘1 ‘1‘
Gz‘“r ' A_E)}-i_lz - == flagxz) + = g(xy,x2)
ata As At A xo
(31) (32)

Besnocepenapo mepexkoHyeMocs, o 1ie piBHSHAS ~B3A0BK JIIHIL (23). Us dyHKIs B TAHOMY BHITAIKY
npu « > —A; Mae OIMH KOpiHb, sKui mum 1 Taka
nmo3HauuMo yepe3 o = a*. JlificHo, JiBa 4YacTuHA

PiBHAHHA K (QYHKIIS @ OpU & > —l; MOHOTOHHO Mxy,x;) = (——+ ){xl x2)3
s

. Az \Tyo iz (33)
3pocTae BiJ HyJisl 0 DOAATHOTO YMCIA ,a
_ 1 a ToMy
IpaBa YaCTHHA HA LbOMY XX MPOMDKKY MOHOTOHHO

crajgae Bij +c2, KOJIU @ — —Ad; + 0, 10 HyI,
KOJIM & —* 4o

OTtxe, skmo B cucremi piBastHD (30) @ = @™, e
* > —A; — xopinp piBHsHHA (31), To Tpu £ =0

Flx,) = j (— A2 + L) (g — x2(x))3 14 A3x3 (xy)dx,
1 v X N

x2(%1)
A€ TIO3Ha'IEHO F(—x1) = —F(xy),
e a Tomy F (x;) = 0. Takum uMHOM, HEMae IiACTaB
o= (;) T xg(xg) = pxf (XD}‘J CTBEPKYBaTH, IO iMIYyJIbCHE 30ypeHHsS B CHUCTEMI

(27)  3alesmeunTh  iCHYBaHHS  130JIbOBAHOTO
PO3PUBHOTO LIUKITY.

Ockinbku #(—xq, —x;) = #xq, xg}, TO Ge3nocepes-
Hi MiIpaXxyHKH [MOKa3yOTh, 0
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B pobomi 0osedeno icnysamns enobanvHoco ampaxmopy O IMRYAbCHOL OUHAMIMHOL cucmemu,
NOPOOHCEHOL eBOMOYIUHUM PIGHAHHAM OpY2020 NOPSAOKY, PO38 S3KU K020 3A3HATOMb IMNYIbCHO20 30YPeHHs.
npu 00Cs2HeHHI 0eaKoi RIOMHONCUHU HECKIHYEHHOBUMIPHO20 (ha308020 NPOCMOpY.

Kniouogi cnosa: imnynvche 30ypenns, 2106anrbHuti ampaxmop.

One of the possible ways to describe the qualitative behavior of solutions of the evolution problem with

instant perturbations is the theory of impulsive differential equations. An autonomous evolution system is
called impulsive dynamical system (impulsive DS) if its trajectories have jumps at moments of intersection
with certain surface of the phase space. Some aspects of the long-time behavior of such systems, in the finite-
dimensional case, have been studied in [1]. For infinite-dimensional dissipative dynamical systems one of
the most powerful tools of investigation of their long-time behavior is the theory of global attractors. In [7]
was proposed approach, which allows apply the theory of global attractors for impulsive dynamical systems.

In this work using results of the theory of multi-valued semifows [8] and considering global attractor
as a compact minimal uniformly attracting set of the corresponding multi-valued semifow, we construct
abstract multi-valued impulsive DS and propose a criterion of existence of a such set.
Obtained results is applied to describe asymptotic behavior of a wide class of dissipative infinite-
dimensional impulsive dynamical systems, generated by second-order evolution equation with multi-valued
impulsive perturbations.

Key Words: impulsive perturbation, global attractor.

Crartio npenctaBuB akagemik HAH Ykpainu [epectrok M.O.

€ TOCIIi/PKEHHS TI100apHoro arpakropa [6]. B naniit
po0OTi, JOCHIIKYETHCA  IJIOOATBHUI — aTpaKkTop
IMIYJIbCHOI JTMHAMIYHOI CUCTEMH, IO MOPOHKYETHCS
EBOJIIOLIfHMM  DIBHSHHAM  JIPyroro  MOPSAKY,
TpaekTopii  sKOi  3a3HAIOTH MHOT'O3HAYHOI'O
IMITyJIbCHOTO 30ypeHHS TIpU JIOCATHEHHI Jeskol
i IMHOXUHH (Da30BOTO MPOCTOPY.

Beryn

Teopia iMmynscHUX AudepeHIiabHUX PiBHIHD
[1] € 3pyuyHu™m amapaTtoM AJisi ONHUCY €BOJIOLIIMHUX
CHCTEM, TPAEKTOPIi SIKUX 3a3HAIOTH IMITYJIBCHOTO
BIUIMBY B MOMEHTH JIOCATHEHHS HUMH JESKOl
¢ikcoBaHoi rineprnoBepxHi ($a3zoBOro MPOCTOPY.
PizauM acmekraM SKIiCHOI Teopii TaKWX CHCTEM
mpucBsiueHo pobotu [2-4]. Jna  HeCKiHUEHHO
BUMIpDHUX [WCHIATUBHUX JAWHAMIYHUX CHUCTEM
OJHI€I0 3 HAMOIMBLI BaXIIMBUX 3a/a4 AKICHOI Teopii

IHo6ynoBa imnyabcHoi JIC 3 MHOrO3HAYHUMH
30ypeHHIMU

© 0. B. Kanycrsan, 1.B. Pomantok, 2016
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Hexaii E — Ganaxis npocrip, P(E) (B(E)) —

MHOXMHA HEIOPOXHIX (HEIMOPOXKHIX OOMEKEHHUX)
miaMHOXMH E .
Osnauenns 1. [8] BinobpaxeHHs
G:R,xE— P(E)
HaIiBIIOTOKOM (M-HAIiBIIOTOKOM), SIKIIIO
1) vxeE G(0,x)=x;

2) VxeE Vt,520 G(t+5,Xx)=G(t,G(s,x)).

G Ha3MBa€TbCsl CTPOTWM, SIKIIO B 2) Mae Micue
PIBHICTE.

Osnayenns 2. M-HamniBnotik G Ha3HBa€eThCA

JMCUTIATUBHUM, SKIIO
3B, €B(E) VBep(E) 3T =T(B)>0 vt>T
G (t, B) c B,.

Osnauennsn 3. [5] KommaktHa miaMHOKHHA
® c E HazuBaeThbcs r100anbHAM aTpakTOPOM
M-HamiBnoToky G, sIKIIO0

1) ® — piBHOMIpHO MPUTSTYIOYa, TOOTO

VB eB(E) dist(G(t,B),0)—>0,t - oo;

2) O — miHiManbHA B KJIaci 3aMKHEHHX MHO-
JKHH, 1[0 33J]0BOJILHSIIOTH 1).

B kjmaci  OMCUIATUBHUX  M-HAaNiBIIOTOKIB
KpUTEpiEM ICHYBaHHA TJO0AIBHOTO AaTpPaKkTopy €
BUKOHAHHS] YMOBH aCHMITOTHYHOT KOMITAKTHOCTI:

wt, > VBeB(E) V&, €G(t,,B)

HOCIIIIOBHICTD {4"”} € NepEeIKOMIIAKTHOO B E .

HAa3HUBA€TbCd MHOI'O3HAYHHUM

Jns  eBomromiiiHOi  3amayi
IMIYTBCHUM ~~ 30ypeHHSIM
MOPOJIKYEThCSI  HAIIBIPYIIOO

3 MHOTO3HAYHHM
M-HaIliBIOTIiK G
VIR, xE—>E,
TpaeKTOpii sIKOi 3a3HAIOTH IMITYJIILCHOTO 30ypeHHS,
IO 3a/Ia€ThCS KOMITAKTHO3HAYHUM BiJIOOpaKEHHSIM

"M - P(M ’) opu  3ycTpiui 13 3aMKHEHOIO
iMITyJIbCcHOIO MHOKHHOIO M C E.
s KOpekTHOro 3afaHHS M-HamliBIOTOKY

OynemMo BBa)KaTH BUKOHAHUMH HACTYITHI YMOBH [7]:
MAI(M)=g, 0)
vxeM Eh::r(x) Vte(O,r) V(t,X)e M. (2)
BBenemo no3HauyeHHs:

M*(x):(UV(t,x)]mM.

t>0
Toni, skmo BUKOHYIOTBCS ymoBH (1), (2) Ta
M™*(x) =&, To icHye MOMeHT Yacy S =S$(X), TaKuii
mo Vvt e(O,S) V(t,X)E M ,V(S,X)e M.
Toni immynecHa Tpaektopis ¢:R, > E, mo
cTapTye 3 TOUkH X € E mae Burmsan:
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V(t=t. ) te[ty b)),

n’n

o(t)=

+ _ .
Xn+l’ t= tn+11
e {X; } = M’ iMImysbCHi TOYKH,
n>
+ + +._
Xi,elV (sn X ) X =% {8}, <(040) -
BIAITOBIAHI MOMEHTH qacy, vn=>0t, =0,

n
th=.5,N>0.
k=0

[TozHaunmMo vepe3 K, MHOKHHY BCIX IMITyJIbCHHX

TPAEKTOPIH, IO MOYUHAIOTH PYX 3 T. X .
Bynemo BBakaTu BUKOHAHOIO HACTYIIHY YMOBY:

VxeE VoeeK, Busnauena Ha [0,+x0), (3)
T00TO Ui OyAb-KOi IMIYJIBCHOI  TpaeKTopii
KUTBKICTh IMIOYJIBCHUX TOYOK abo He Ouibll sK
cKiHueHa, a60 ) 5 =00,
k=0
3a BukoHaHHs yMmMoB (1) — (3) KOpekTHO 3amaHe
BigoGpaxenns G:R, xE —P(E),

vt20 VxeEG(t,X)={p(t)| peK,}|. (4)

®dopmyia (4) BU3HAYa€E CTPOTUN M-HAIIBIIOTIK,
KWW HA3MBATUMEMO IMITYJIbCHOK) MHOT'O3HAYHOHO
nmuHamigHOrO cuctemoro (MJIC).

OcHoBHI pe3yJbTaTn

PosrnsiHeMo TpuIieT TiTBOEPTOBHX IMPOCTOPIB
VcHcV 3

KOMIIAKTHUM  Ta  LIUIBHUM
BKJIAJICHHSIM, ||||() — HOpMa Ta CKaJSIpHUN
nobyroxk B H, A:V V" —  niniiinwi,
HEIIEPEPBHUM,  CaMOCIPSDKCHHMM, KOEPLUUTUBHUMN

1
oneparop. Tomy dynkuis (Au,U)2 BU3HaYaE HOPMY
B V , siKy OyJIeMo mo3HayaTtu ||u||V .

QcR" n>1
PO3IIISIIAETHCS TaKa CBOJTIOIIHA 3a/1aya;
0%y | a0y
—+2—+ Ay =0,
ot Aot
Y|t=o =Y €V,

Y|o = Y1 € H;

B 0OMeEXeH1 o0JacTi

)

ne pB>0. 3agaua (5) B ¢asoBoMmy mpocrTopi
E=VxH mopomxkxye
V:R,xE—>E,

HETIePEPBHY  HAIliBIPYITY
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o)

PIBHICTIO:

ae s Z, :G’;’)e E V(tz)= z(t):(
1
Hopwma E

wnn 2=( ) <€ Jele = Iyl + .

Tpaekropii (5) B dhazoBomy mpoctopi E 3a3HaroTh
imMITyIbcHOTO 30ypeHHst Buay [1]:
Az|,yelz-1,

B 3aJa€TbCA

(6)
ne M c E —3amaHa iMImyJbCHA MHOKMHA,

| :M — P(M')— 3a1ane MHOrO3HadHe iMITy/IbCHE

BimoOpaxenHs, M’ c E — ¢ikcoBaHa MHOXKHHA.
Hns dikcoBanoro p=>1 posristHeEMO (GYHKIIFO

2@ =3 (A + )} ae (4} 4w)-

= Ay, 121.
PosrisiHeMo HacTymHi IMITyJIbCHI TapaMeTpH
g p=1, a>0, u>0:

M ={z6 E| |p(z)=a},

M':{ze E| Ip(Z)=a(1+,u)},

I:M — P(M') mHorosHauHe BimoOpakeHHS Take,
o Ui Z = Z

[;Jw oM
|(z)={p [;jv/ . [;‘Jwi ;

2
p
DA +(d)?) = a2(1+y)2}.
i=1

OCHOBHMM pe3yJbTaTOM pPOOOTH € HAacCTyIHa
Teopema:

PO3B'SI3KU CHEKTPaJbHOI 3a1a4l Ay,

(7)

o0

2

i=p+1

(8)

Teopema. 3amaga (5), (7), (8) mopomxkye
mucunatuBHy immynscny MJC G, mo Mmae
rio0albHU aTpakTop © , mpuyomy

0= { V/.‘Z {2c? +d?} [az,a2(1+y)2]}U{o}.

(9)
Jloseoenns.

s ¥z, _(@E E s z(t) =V (t,z,) = ( yt((tt))j i
JUTSE Vil byHKIii u; () = (y(t).v,),
Vi (t)=u/(t) =(y,(t),y;) 3anOBONBHAIOTH 3ajady

Kori:
{ui"(t) +2/8u](t) + Au; (1) =0, (10)

U; (0) = (Yo, %), Ui (0) =(y1.¥3)-
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Kpim Toro, Vt >0 cmpaBemiuBa piBHICTh
t
AU (1) +VZ () = 47 (0)+ 7 (0) - 48[ Vi (s)ds. (1)
0
3 (10), (11) BuBomumo, mo s 1,(z,)#0

dyHKis t—>I;(z(t))=Zp:{/1,,ui2(t)+vi2(t)} cTporo

criajae Ha [O, +oo) , 30KpeMa BUKOHYEThCS yMOBa (2).
3 (10) takox BuBOAMMO, o 3¢ >0 >0 Vi>1
vt >0 Au?(t)+V2(t) < c?(A4u?(0) + V2 (0))e "
(12)
Hexait z, € IM. B cuny (11), (12) 3t >0 raxe,
mo z(t)eM . Orxe,

a’=a’(l+ )’ - 4ﬂj[zp:vi2(s)ds.

(13)
0 i=1l
3(11) Vt>0 _Zp;vf(t)SaZ(lw)z. (14)
Tomi 3 (13), (14) (I):TlpHMyeMo, 110
-1 1
e )

3 (15) omepxyemo (3), TobTo 3amaga (5), (7), (8)

mopopkye immynscay MJIIC G 3a popmyioro (4).
OCKBKH IMITyJIbCHOTO 30ypeHHsI 3a3HAI0Th

TIIBKY NepHr P KoopAWHAT (pa3oBOro BEKTOpa Z TO

3(11), (12) BuBOAMMO:
V2, cE Vt20 [z(t)[; = i(&uf (t)+V2 (1) <
i=1

<c?|z |2 e + a2 (L+ ). (16)

OT1xe, JoBeneHa qucunaTuBHIiCTh G .

JoBeaemMo  aCUMITOTHYHY
20

KOMIIAKTHICTb.

Posrsimemo &, e G(t,,z)) , e cSh L /o,
Tomi ¢&,=12,(t,), ne z,()e KZO
n

HeckiHdeHHo Oaratrox n=>1

. SIkmo g

z,() He 3a3HAIOTH

iMmysbcHUX 36ypens, 0 Z,(t,) =V (t,,z°) i B cuty

[6] J¢>0,7>0 rtaki, mo VzzeE mma
z(t) =V (t,z,) cnpaBemINBa OLiHKA

Vt20[z(t)|. <cfzf.e™. (17)

3piacu &, —0 B E. Inakwe, axmo 7, >0 —

MOMEHT mepmoro mnortpamusaas V(- z0) Ha

MHOXHMHY M , To 3 (11)

a* <|V(z,.27)

s c’r2e21m,
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1, cr
“In=

n a
MPOMIXKOK Yacy, SIKHi 3aJI€)KUTh JINIIE Bijl BETHIHHA
MOYaTKOBUX JaHWX, (ha3oBa TOYKA ONUHSIETHCSA B
muoxudi IM . Orxke, MojkeMo BBayKaTH, 110
22eIM,|2?
E
n
u;' (t)
n
vi (1)

Takum umHOM 7, < , TOOTO 3a TMEeBHUMA

Zz <r.

Toni mna z,(t) = i(

i=1

]l//i Ta Vi>2p+1 B

cuiy (12)

A0 ) + 7 ) <C (407 (0) +vE (O)e .

(18)
3 inmoro 6oky, B cuity (11)

p
Y (AU ) + (47 1,)°) <[ @ W+ ) |
i1

(19)

Toxmi o mizmocmizosrocti Viel p u™(t)—c,

G
d_jl//i

p
v (t,) > d;, omke mis & = Z(

i=1

"ffn - §||2E < zp:{li (Ui(n) (t,)—¢ )2 + (Vi(n) (t,) - di)z} +
i-1

+c2eM . r2 50, n—> oo,
(20)
3 (20) omepKyEMO MEPeAKOMIAKTHICTH {&,} .

Taxum unHOM iMmynscHa MIIC G mae rinobanbHui

arpaktop ©. BpaxoByroun [8] cmpaBeqBa
dbopmyna
@:{g‘ E=limé,, & eG(t,,B),Be B(E).t, /oo}.
Tomi, Bpaxosyroun (19), (20) orpumyemo

dbopmyiy Ui TI00aTBHOTO aTpakTopa 3a1adi (5). O
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TenJioBe pyiiHyBaHHSI TPUBHMIPHOI Thermal  failure of three-dimensional
B’SI3KONPY:KHOI TPHIIAPOBOI MuJiHapuuHoi | Viscoelastic three - layer cylindrical piezopanel
n’€30MaHeJi 3 He3aJe;KHUMH Bijl with independent temperature characteristics
TeMIIepaTypH XapaKTepUCTHKAMH TIPH under the forced resonant vibrations.
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Ha ocnosi konyenyii KOMNIeKCHUX Xapakmepucmux no0aHa nocmaHosKa Kpauoeoi 3aoadi npo mennose
PVIUHYBAHHSA MPUBUMIDHOL 8 SA3KONPYHCHOI MPUUApO8oi WApHIPHO 00nepmoi yurniHOpuuHoi n’e3onaneni 3
He3aNeXdCHUMU 6i0 meMnepamypu XapaKxmepucmukamu — npu GUMYWEHUX PEe30OHAHCHUX KONUBAHHSAX.
Pose’sizox yiel 3adaui 36e0eH0 00 po36 A3y6amHs NIHIUHUX 3004y eNeKmpos sI3KONpyscHocmi 1 3a0au
MenionposioHocmi 3 8i0omum Oxceperom menia. Poze’sa3ok yux 3adau 00epicano mMemooom CKiHUEeHHUX
enemenmis. Jlocniodiceno 6naue Koe@iyienma mMenioo0OMIHY HA — aAMHIIMYOHO — Mda MeMNepamypHo-
YACMOMHI XapaKxmepucmuky i Ha KpUmuyHe elekmpuyne Ha6anmadiceHus.

Kuroyosi cnosa: xoaueanns i oucunamusHuil po3iepis, mpueumipHa n’€30namenb, Memoo CKIHYEHHUX
eeMenmie, amMniimyoHo — ma memMnepamypHo—4acmomui XapaKxmepucmuxi,, menioge pyuHyeaHHs.

On base of complex characteristic’ concept the formulation of boundary problem about thermal failure
simply supported viscoeleastic three-dimensional cylindrical piezopanel with temperature independence
under forced resonant vibrations is given. The solution of this problem is reduced to the solution of the
linear problems of electroviscoelasticity and thermal conductivity with known heat source. The solutions of
these linear problems are obtained by finite element method. By this approach the coupled nonlinear
problem about forced vibrations and vibroheating of simply supported cylindrical shell is solved. The
influence of heat-transfer coefficient on the amplitude —, temperature- frequency characteristics and critical
electrical loads is investigated. Cylindrical panels and passive p'yezoaktyvnyh materials are widely used in
various fields of modern technology as sound emitters and receivers that operate over a wide frequency
range. The resonance mode is a staple in their operation. Inherent p'yezomaterialam inelastic hysteretic
losses leading to an increase in temperature in the body, called dissipative heating temperature.

Key words: vibrations and dissipative heating, three-dimensional piezopanel, finite element method,
amplitude — and temperature- frequency characteristics, thermal

CratTiO IpeAcTaBuB JOKT. (i3.-Mat. Hayk, pod. XKyk 5.0.

1. Beryn.

HuainapuyHi maHeN i 3 NacHBHMX 1 IT€30aK- BUIPOMIHIOBAYIB i MpuiiMadiB 3BYKY, IO MPAIIOIOTh
TUBHUX MaTepialliB IIUPOKO 3aCTOCOBYIOTHCSI B B IMIMPOKOMY Jiana3oHi 4acToT. Pe3oHaHCHMH pexxum
pI3HHX Tanmy3sX cydacHoi TexHikM [1-4] B sSKOCTI € OZHUM 3 OCHOBHHX IPH X €KCIUTyaTaIll.

© B.I'. Kapnayxos, B.I. Ko3nos,
I.M.VYmpuxin, B.M. Ciuko, 2016 33
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[IpuramManHi HENpPYXHUM II'€30MaTepiajgam
TICTEPE3UCHI BTPATH MPHU3BOAATH IO ITiABHUINCHHS
TEMIIEpaTypu B T, TaKk 3BaHOI TeMIeEpaTypu
JMCUIIATUBHOTO PO3irpiBy. [i piBeHb 3aNeXHUTh Bin
0aratbox (paKkTOpIB: TCOMETPUIHHX MTapaMeTPiB Tisa,
aMIUTITYId HABaHTaXXCHHS, YaCTOTH, JUCHITATUBHUX

BJIACTHBOCTEMN MaTtepiaiy, MeXaHIYHUX i
TEMIIEpaTypHUX TPaHUIHUX YMOB Ta iH. HaiiOipie
MiABUIICHHS  TeMIlepaTypd Mae Micue 1pu

KOJIMBAHHAX Ha PE30HAHCHHUX YaCTOTax.

2. IocTaHOBKA i YHCeIbLHO-aHATITHYHHH
MeTo/ PO3B’sI3yBaHHs 3a/1a4i.

Posrnsnmaerbess TpuBHMIipHA 3amada Mpo Tel-
JIOBe pyWHYBaHHA B'A3KONPYKHOI  TPHUILAPOBOI
HWTHIpUYHOT m'e3omaHeNi mnpu  Aii  Ha  Hel
TapMOHIYHOI 32 YacOM Pi3HUIN MmoTeHItiamiB. [lanens
BUTOTOBJICHA 3 CEpeAHBOTO MaCHBHOTO
(amroMiHi€BOrO) Mmapy TOBIIMHOIO h, ¥ JBOX
I1'€30€JIEKTPUYHMX LIapiB OAHAKOBOI TOBIIMHH h, .

Pizunig  moreHuianiB - MIABOAUTHECA 110
HECKIHUEHHO TOHKOTO €JEKTPOAY, HAaHECEHOro Ha
30BHIIIHIO MWIHAPWYHY MOBEPXHIO. [HIM mMOBEpXHI
HeeJNeKTpomoBaHi. J[msi MojemoBaHHA —€NeKTpo-
MEXaHIYHOrO CTaHy M'e30Marepiana MpH TapMOHIY-
HOMY ae(opMyBaHHI BUKOPHUCTOBYETHCS KOHIIETIIIis
KOMILIEKCHHX XapaKTepUCTUK [5,6], 3rigHO 3 SKOIO
BU3HAYaIbHI PIBHSHHSA IT'€30aKTHBHUX MaTe-piajiB
MAaIOTh TAaKWH K€ BUTIIAL, SK i BU3HAYAIbHI PIBHSIHHS
JUISL TIPY’KHOTO Matepiaiy 3 TIE JIHIIE Pi3HUICHO,
[0 BOHH € KOMIUIEKCHUMU. BBaxkaeThcst, mio milicHa
i ysiBHA CKJIaJI0BI KOMIUIEKCHHX XapaK-TEPUCTHK HE
3aNIeKUTh B TeMIeparypu. Y 1bOMY BHIIAAKY
3a/laya po3MaJaeThCs Ha JBI He3alexHi 3amaui: 1)
3amauy €JIEKTPOMEXaHIKH i 2) 3amauy
TEIUIONPOBITHOCTI 3 BIJOMHUM JDKEPEJIOM Terlia.
Ilepma 3 1mwx 3agad 3BOJMUTBCS O PO3B'A3KY
cucreMu Jau(epeHIliabHUX PIBHAHb B YaCTUHHHX
MOXITHUX 3 KOMIUICKCHMMH Koedirientamu. Ilicis
pO3B'I3KY 1€l 3amaui 3HAXOAMTHCS CepedHs 3a
mepioyy  eNeKTPOMEXaHiYHa  TOTYXKHICTh,  sKa
BUCTYIA€E SK JDKEPENo Tella B PIBHSHHI E€Heprii.
[loriMm po3B's3yeThCs 3amada TEIUIOHNPOBITHOCTI 3
BiIOMUM JDKepeloM Temia. [logaHa BapialliiiHa
MMOCTaHOBKA KOXKHOI 3 KX 3axad. Bapiariiitai 3amaui
PO3B'SI3YIOTHCS METOAOM CKIHYCHHUX €JIEMEHTIB. Sk
KpUTEpid TEIJIOBOTO pYyHHYBaHHS, BHOUPAETHC
JIOCSITHEHHSI MaKCHMAJIbHOO TEMITEpPaTypOIo
JMICUTIATUBHOTO pO3irpiBy To4yku Kropi, mpu sikiit
m'esomarepian  TepecTa€ BUKOHYBaTH  CBOE
(yHKITIOHATIbHE MPU3HAYECHHS B PE3yNIbTaTi BTPaTH
m'e30ePeKTy 1 IEPETBOPEHHS aKTUBHOTO MaTepiaiy B
nacuBHUM. JIJis po3paxyHKy KPUTHYHOI Di3HHII
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MOTCHITIAMIB, TPH SKIH Mae MiCIlle TeIUIoBe
pYWHYBaHHS IT'€30TaHeNi, HEOOXITHO Oararopa3oBo
pO3B’sA3yBaTH BKa3aHI BHWINE 3amayi Ojasd PIi3HUX
aMIDTITYyl EIeKTPUIHOTO HABAaHTAXCHHS 1 3HAUTH
TaKy Pi3HUITIO TIOTEHIIIANIB, MIPH AKi MaKCUMaJIbHA
Temreparypa jgocsrHe Toukd Kropi. Kputuune
HAaBaHTAKCHHS 3aJIGKUTh BiI 0Oaratbox (haKkTOpiB:
YMOB TEIUIOOOMIHY, MEXaHIYHMX ¥ eJIeKTPHIHUX

TPaHUYHUX YMOB, TEOMECTPUYHUX TapaMETpiB
MaHei, BIACTUBOCTeH Marepiany Ta iH. Konu piBeHb
EJIEKTPHYHOTO HABaHTAKCHHS TIEPEBUIIYE

KPUTUYHUYN, BUHUKAE 3ajada BU3HAYCHHS KPHUTUY-
HOTO 4Yacy, HpU JOCATHEHHI SKOT0 MaKCHUMalbHa
TeMIlepaTypa TUCHIIATHBHOTO pO3IrpiBYy JTOPIBHIOE
tourmi Kropi. Bu3Hadaroum KpUTHIHHN dYac Id
PI3HUX piBHIB 3aKPUTHYHOTO HABAHTAKEHHSI, MOXKHA
noOynyBaTH KpuBy THIy Bemiepa, ska TMOB’s3ye
3aKpUTUYHE HABaHTAXEHHSA 1 KpUTHIHUK dbac. Lld
KpHBa TaKOoX 3alie)KUTh BiJl 3a3HAYCHUX BHIIEC
¢akropiB. Y naHili poOOTI OCHOBHA yBara 30cepei-
’KeHa Ha pO3pPaxyHKy KPHTHYHOI Pi3HHMIN ITOTCHIia-
niB. IlpemcraBieHO aMILTITYAHO- Ta TEMIIpaTypHO-
YaCTOTHI XapaKTePUCTUKH U Tpadik 3alexHOCTI
KPUTUYHOI PI3HUII TMOTCHIIATIB BiJ KoedilieHTa
TeTUIOBIIaYi.

TpuiapoBy UWITIHAPUYHY IMaHENb BiTHECEMO
IO TWIIHIPUYHOI CUCTEMi KOOpAMHAT (7,z,0).
EnexTpoMexaHiyHi BIACTHBOCTI SIK MACUBHOTO, TaK 1
AKTUBHOTO MaTepialy BBa)KalOThCS HE3ATCHKHUMHU
Bl TeMmreparypu. llaHenb 3HAXOMUTBHCS Mia i€r0

TapMOHIYHOTO 3a JacoM €JIEKTPUYHOTO
HaBaHTAKCHHS 3 YaCTOTOIO, OJIM3BKOIO 7O ii ImepIoi
pE30HAHCHOI YJaCcTOTH. EnexrpomexaHiuna

MOBEJ[IHKA HEMPYKHOTO MaTepially ONHCYEThCS
KOHIICTIIII€F0 KOMIUIEKCHUX XapakTepucTtuk [5,6]. B
[POMY BHIIQJIKy JHHAMiYHA 3ajjada Npo BUMYIICHI
KOJINBAHHS i JVICUTIATUBHUM po3irpis
M'€30€JIEKTPUYHOT MaHe i 3BOJUTHCS 10 PO3B'SI3KY

TPUBUMIPDHUX  pPIiBHSIHbL  pyxXy 1  DIBHIHB
€JIEKTPOCTATHKHU B AT HIPHYHIT cHucTeMi
KoopauHar [1]:
aO_zz l a(ro_zr)_FE 8026 + pa)ZW: 0;
oz r or r o0
oo, , 1 oro,, ) 100, op o0 =0
oz or r 86’
oo,, 1 6(r0'r9) 100, 0w =0
oz r or r 06 r
divﬁzli(rD,)+1%+g=0, 1)
ror r o0 oz
xe oy (i,j=r,0,z)- aMIUNTyJHI 3HAYCHHS

KOMIIOHCHT TCH30pa HaAIlpyXKCHb, W, u Vv -
KOMIIOHCHTH BCKTOpPa HCpeMiH.ICHL; L — TyCTuHa
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Mmarepialy; @ — 4acToTa KonuBaHb; D — BekTop
eJIEKTPUYHOI IHAYKII{ 3 pajialbHOI0 D, , OKPYKHOIO
D, 10Ch0BOIO D, KOMIIOHEHTaMHU.

Ha wacturi moBepxHi Tina >, A€ 3a1aHo

noBepxHeBi  cwid P, TeH30p  HampykeHb
3aJ0BOJIbHAE  HACTY[HHMM T'DAHUYHUM  YMOBaM:
Po=0ulm- Tyt 1,(8=123) - Hanpsmui

KOCHHYCH 30BHINIHBOT HOpMani [T 10 moBepxHi Tina
Y,; P, — mHpoekuii NOBEPXHEBHX CHI Ha OCI

an
HWIHIPUYHOI CUCTEeMH KoopawHar. Ha iHImii
YaCTHHI TIOBEPXHi Tila X, MOKyTh OyTH 3aj1aHi

KOMITIOHCHTH BEKTOpa MePEMIIllCHb.

IIpn 30ymKeHHI KONHMBaHb CICKTPUIHHM
I10JIEM Ha HCCKiH‘IeHHO TOHKHUX CJICKTPOaax,
HAaHECEHMX Ha I1'€30aKTHBHI IapH, 3aJa€EMO
PI3HHUITIO TTOTEHITIATIB

Q= ¢Oei(ot. (2)

Ha tmx wdacTmHax TOBepXHiI Tima, Je
EJIeKTPOJI BIACYTHI, NMpUIMaeMO, IO HOpPMalbHA
CKJIaJI0Ba imaykii D

BEKTOpa EJEKTPUYHOI

n
JOpiBHIOE HYIIO (D, =0).

Tenzop nedopmarii moB'sI3aHUll 3 BEKTOPOM
nepeMirieHb criBBigHomenHsMu Ko [1,7]

ou 1[6\/ j ow 1 1(6u j ov |,
En =g =—| StU = =T | 7V [T )
or r\ o6 oz 2| r\ o0 or

1[aw 8u). 1[av 1 aw) 3)
Eo =7l =t 1'¢wo=3| =+t -= |
2\ or oz 2\ oz

r o6
EnektpuuHuii mnoTeHWian ¢ TOB'A3aHUM 3
KOMITOHEHTaMH HAIPYKEHOCT]1 €JIEKTPUYHOTO IO
CHIBBIIHOLIEHHIMU

1o

op o9 .
E :__’EI’ - E ==
¢ r oo

= 1 (4)
’ oz or

Juns 3amukanns cucremu (1) - (4) ii HeoOXiaHO
JOTIOBHUTH PIiBHSHHAMHU cTaHy. [lng momepenHbo
MOJISIPU30BAHUX B PaJialIbHOMYy  HAaIPSIMKY
B’ I3KOTIPYXHUX n'esomarepiaiinB KOMILIEKCHI
PIBHSHHS CTaHy B HWIIHJAPUYHIN CHCTEMI KOOPIUHAT
(r,z,6) marots BuISAL [1,6]:
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Oy = Cal‘_:a‘grr + C1E380¢9 + C1E3822 - e33Er :
Ogp = Ciar + ClElgﬂﬁ +C56, —eiE, ;
Op = ClESgrr + ClEZg%' + ClElgzz - elSEr ;
O = 2C4E4‘C"rz _elsEz ;

O = (ClEl - ClEz )gze ;

Ory = 2058 — €35y

D, = uzE, + e13(gzz + 500)"‘ €338, »
D, = 13 E, + 28558, ; (5)

D, = :Llllez + 258,

TeMmrrepaTypHe Mojie TUCHIATHBHOTO PO3IrpiBy

3HAXOJUTBCS 3  PO3B'A3KYy  PIBHAHHS  Tell-
JIOTIPOBiAHOCTI [5,6]

2 /lqﬂ +1é /1qrﬂ +i2i ﬂqg + Dy, :Cpﬂ(G)
oz oz) ror or) r-o0\ "o0 ot

IIpH IMOYaTKOBUX

T =T, npu t=t, (7)
1 TPAaHUYHUX YMOBaX KOHBEKTUBHOTO TEILIOOOMIiHY 3
HABKOJIMIIHIM CEPEIOBHIIEM, TEMIIEpaTypa SKOTo
T

¢

oT

/%E:—aT(T _Tc), (8)
e Zq — KoediuieHT TemIompoBigHOCTI; O —

KoeQillieHT TEIUIOOMiHY; ¢ — KOe]iIieHT MUTOMOL
MacoOBOi TETUTOEMHOCTI MaTepiaiy.
JucumatuBay (yHKITITO Dy > mo Bxomuth B

piBHSHHSL eHeprii (6), BH3Ha4yaeMo 3a (HOPMYIIOIO

[5,6]:

Dy = %(O-i’j"c"i'j —oje; + DE - Di,Ei,);(i’j =r0,z). (9

Cucrema piBasiab (1) - (9) 3 BianmoBigHUMH
TpPaHMYHUMH 1 TIOYaTKOBUMH YMOBaMH € CKJIJHOO
JHIMHOIO CHUCTEMOI0 TU(EpEeHLIaNbHUX PIBHAHB B
YaCTUHHUX MOX1THUX 3 KOMILUIEKCHUMU
koedimieHTamMu. {7151 HE3aNEXKHUX BiJl TEMIEpaTypu
xapaktepuctuk cuctema (1) - (9) posmamaerscs Ha
JIBI HE3aJIeKHI JIiHIMHI 3aa4i - 3a7ady po3paxyHKy
€JIEKTPOMEXAHIYHOTO CTaHy Tija 3 B'SI3KONPYKHOTO
T'€30€IEKTPUIHOTO MaTepiany i 3amaqy
TEIUIONIPOBIHOCTI 3 BiIOMHM JIKEPEJIOM Terlia.

Juis  po3B’s3yBaHHA IMX JHHIAHUX 3a1ad
BUKOPUCTOBYEMO METOJ] CKIHYCHHUX €JIEMEHTIB
(MCE). Jlms  1mporo  TOJAHO  BapiariiiHe
(OpMyJTIOBaHHS  3ajavi  CICKTPOMEXaHIKU, SKe
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3BOJUTH ii PO3B'SI30K O BH3HAYCHHS CTaIllOHAPHHX
TOYOK (DyHKITIOHATY

[\E 2
Cll‘c"zz + 2(:13‘("22 m + 2C12822500 +
+CE3¢€2 + 20138 &y +C 1599 +

E E
el +Acgen +2(0f -0 )&, -
-28,¢,E, - 26,6, E -

rrr

—2€,,6,E, —4e.¢,E, —4e.6,E, -
—,u33Er2 _,“11Ez2 _ﬂnE; -
—pcoz(u2 + W +v2)

rdvdzd @ - (10)

_J ( P, W+ Pyl + pngV—O'e\P)d Zp

Zp

Po3B's130K 33124l TEMIOMPOBIAHOCTI 3 BiIOMHM
JDKepeNioM  Tella  3BOAMMO 10  PO3B'S3aH-HA
BapiariitHoi 3a1a4i as PyHKIIOHAITY

aT Y aT Y
/1q (—j + 4 [—j +
1J‘ 0z or

| = rdrdzd @ +
2 +_q(ﬁj +2pcT oD T (D
2\ 50) T T hm
+Ia(I—TC]TdS.
172
Hns anpokcuMariii HaNpyXeHOo-

J1eOpPMOBAHOTO CTaHy Ta €NIEKTPUYHOTO MOTEHIIATY
B IUIOIIMHI MEpPUIIOHANBHOTO TmepetuHy (I, Zz)
3aCTOCOBYeEMO  anreOpaiuHi TOJIHOMH  JPYroro
crynens. Jlns  anpokcuMmariii - mepemimieHb 1
MOTEHINIaly B OKPYXXHOMY HAmpsIMKy B KOXXHOMY
eNeMEHTI  BHKOPHCTOBYEMO  TPUTOHOMETPHYHI
MOJITHOMMU:
H(0)=a, +a,cos@+b, sing. (12)
Pozib'emo obOmacth, sKy 3aiimae Tino, N
BY3JIOBMH TOYKaMHU Ha M MpPOCTOPOBHX €IEMEHTIB.
[lpy 1BOMY TPUIYCKAEMO, [IO TIEPEMIllICHHS 1
CJIEKTPUYHMN TOTEHIial B MeXaxX eJeMeHTa
alPOKCHMYEThCS BUPa3aMu

24 24 24
W:;Kiwi ’ U=§Kiui ) V:;Kivi,

v :iKiW (13)

I€ W, U;,V,, ¥, — By3JIOBi 3HaU€HHs NEPEMILICHb 1

eIEeKTPUYHOTO MOTeHuiany; K, — amnpokcumyroui

¢yHKINI, sAKki € KoMOiHamie  anredpaiuHux

2016, 4

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

L, (j=1,23,...8) 1 HOPMaJTi30BaHUX

TPUTOHOMETPHYHUX TIOJIHOMIB H (i=123):

- 2a-9a-nCs-n-1)
= 2@ Ha-mE-n-1)
—, @+ @) E+n+D)
— A= )& +n-1)
L = %(1—52)(1—77),
L, =%(1—772)(1+§),

L, (1 &2 N+n) Ly (

(14)

71— &)

_ sin(0-6,)-sin(0-6,)+sin(0, - 6,)
H.(0)= sm(( 2)) sm(( ))+S|n((0 .9)) .
sin(@ — 8, )—sin(@ - 6, )+sin(g, — O
H.(0)= sin(@, — 6,)—sin(@, —,)+sin(6, - 6,) '’
H,(0)= sin(6—6,)—sin(0@—6,)+sin(6, - 6,)

sin(@, — 6,)—sin(0, —,)+sin(6, - 6,)

Busnaueni Takum umHOM (yHKIIT (hopmu
K,=LH,; K,=LH,;.;K,, =LgH,
JOPIBHIOIOTh HYJKO Y BCIX BY3JIOBUX TOYKax
eNeMeHTa, 3a BHHATKOM BY3Ja, HOMEp SKOIO
CIIBIIAZIa€ 3 HOMEPOM BIAMOBIAHOT PyHKIIIT Gopmu.
Kpim Toro, BoHM 33I0BOJILHSAIOTH YMOBI i K,=1-

i=1
3B'130K MiX HUIIHAPHYHUME [,Z 1 MicueBuMH &,77

KOOpIMHATAMHM  3IIMCHIOETBCS 33  JIOIIOMOIOIO
3aJIEKHOCTEN
24 24
r=>Kr; z=> Kz (16)
i=1 i=1
OCKiTbKM ~ OTPUMATH  3aJEKHOCTI  BHIY
§(r,z), n(r,z), sopori g0  (16), He

HPE/ICTABISETHCA MOXKIMBUM, YACTUHHI MOX1IHI IpH
BU3HAYEHHI jedopmMariiii ciig o04MCIIIOBaTH Yepe3
&M, a TOTIM OTPUMAaHI 3aJeXKHOCTI PO3B'SI3aTH

BIJTHOCHO TIOXiJTHUX TI0 IMTiHJPUYHUX KOOPIUHATAX.
B pesymbraTi BHpasd Ui KOMIIOHEHT TEH30pa
nedopManiii i KOMIIOHEHT BEKTOpa HampyKeHOCTi
EJEKTPUYHOTO IOl 4epe3 BY3JOBI  3HAYEHHS
nepeMilleHb 1 eNeKTPUYHOTO TOTEHIially MOXKHA
3anucaTtu 'y BUTJISAL
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2% 2 53m_a1vw +bju, +cv, +dlie +
. i —dp W 1141 11V1 11¥%1 T .- .
grr :z\{jiui’ gzz qu)iVVi, aV:L !
i=1 i=1
Y, v \ v _ (@,v)
24(1 1 + 5, Wy, +D5aUs +C oV + 1500, =Py
Epp =2 =1V =K, | BE
606 4 it i m _ A @ @ @
=\ I r P ajw, +bfu, +cfv, +dfio +... :
1/(24 o 2% ‘P (17) !
& == u + W @ ® @ ® _
o9 z{ B E i +a5,Woy +D5,Us, +CuVo + A0, =0
(2 21 Oom _ % b U +C v, +d% o+
Epy=—| 2OV +> = y:W. |; = AWy T oYy T LoV 24P T - .
70 o\ g ivi Sr it 8VV24 ’
w w w w o (z,w)
1( 241 24 241 24 + 8y40aWoy + b2424u24 +Co2Vos + d2424¢24 =P 24
o =5 EFliui +E\Pivi _EFKiVi E, :_i;%‘//i’ GEW . } " "
h h h h ou =8, W, + Do Uy +CoyVy + o+ .
E,=-S0pE, =542 Y |
= — Q- =— L — u u u u — (ru)
g i=1 |(p|7 0 i:llI r ' + a‘2424W24 + b2424u24 + C2424V24 + d2424¢24 - P 24
0>
v =85, Wy + 02435 +CoaqVy + A3 + . .
24 ’
1(0K, or OK, or 6,
= [ [ R +83424Was +D2424Uz4 + C2424V2s + U3424024 = P (24\’)
ilog an on os A8) 05 oo e e g
= Az, W, +05,,U; +C5yV, +0540 +..0 (21
_ :1[&(i oz oK, az] oK, OPsa (21)
i - ’ i ’
‘ J‘ 677 65 ag 877 86 + a2(/)424W24 + b5/)424u24 + C2{p424v24 + d2{/2124¢24 = O
e Bupasn gms  koedirmieHTis 8y ,dij X
PIBHSHDb BHU3HAUAIOThCA uepe3 (i3MKO-MeXaHidHi
| = 0z or 0oz or (19) XapakTepuCTMKM  Marepialy i  TCOMETpHYHi
og o  0n o0& apaMeTpH PO3rISIHYTOTO Tija.
) ) [IpocymyBaBmm  Bupaz (21) 1o  Bcix
— BU3HAYHKK K001 (sK0biam). - CKIHUEHHHX €JIEMEHTAaX, OTPUMAEMO JUIS 3aralibHOI
MexaHniyHe  HaBaHTaKEHHS P TaKoX TIJI00ambHOI Hymepauii By3JiB CHCTEMY piBHSHb, B
anpoKCUMyeMO  QyHKIissMH  GopMH B  Mekax SKild iHTerpyBaHHS 00’€eMy 3aMiHEHO CYMOIO
KOX>KHOTO CKIHYE€HOT'O eJIEMEHTa: IHTETpatiB, B3ATHX 1O 00 €My OKPEMHUX CKiHYEHHHX
o €JIEMEHTIB, a IHTErpyBaHHSA 10 IMOBEPXHI - CyMOIO
P, => KP.,. 20) IHTErpaiB 110 MOBEPXHAX €IEMEHTIB, Ha SIKUX 3a/1aHi
i=1

24 24
Pnr :ZKiF)inr' Pne :ZKiF)inS'
i=1 i=1

[lincrapmsitoun BUpasu g Aedopmariiii i
KOMITOHEHT BEKTOpa HAaINpPyXEHOCTI EJIEKTPUYHOTO
mons B ¢yHkmionan (10), 3 ymoBH ioro
CTAaLlilOHAPHOCTI OTPUMAEMO CHCTEMY JIIHIHHHMX
anreOpaidyHuX piBHSHb IIOJO BY3JOBUX 3HAUYCHb
KOMIIOHEHT BEKTOpa IMepeMillleHb 1 eJIeKTPHYHOTO

MOTEHIiany (Wi , u, v, (Pf) JUIL  OKPEMOTO
CKIHYEHOTO €JIEMEHTA:
0 Om Y bw w d w
=a;w, +0,,U, +C,v, +d;; ¢ +... .
ow, )
w w w w _ (z,w)
+ a'ZI.24W24 + b124uZ4 + C124V24 + d124¢24 - P 1
a 9 u u u u
8um =a,w, +bju, +cv, +die +... :
1

u u u u _ (r,u)
+ a124W24 + b124u24 + C124V24 + d124¢24 - P 1

IPaHUYHI YMOBH B HAIPY)KEHHSX.

Otpumany cucreMy anreOpaiuHuX pPiBHSHbB
pO3B'SI3yEMO B KOMIUIEKCHIH 00JacTi METOIOM
aycca. Lle mo3BOisie 3 BHCOKOI — TOYHICTIO
OTPHMAaTH PO3B'SI30K CHCTEM BEIMKOI pPO3MIpHOCTI
0e3 MOpyIIeHHsT CHMETPUYHOCTI 1 CTPIUYKOBOCTI iX
CTPYKTYpH.

3a  OTpUMaHUMH BY3JIOBUMH 3HAYCHHSIMU
nepeMineHb i €JIEKTPUIHOTO MOTEHIN ATy
BU3HAYAEMO KOMIIOHEHTH TeH30pa aedopmarii i
KOMITOHEHTH BEKTOpa HANpPY>KEHOCTI €IeKTPHUYHOTO
0JIs B JIOBUIBHIHM TOUIII CKIHYECHHOTO eyieMeHTa. [Ipu
IBOMY TOYHICTh BHU3HAUCHHS jAedopMaliid, a Takox
HampyXeHb 1 1HOYKOii  eJeKTPUYHOrO  IOJIsS
BHAC/IIOK audepeHiiiroBaHds Oyne HWKUYOK Bij
TOYHOCTI BH3HAYCHHS MEPEMIlIeHb 1 eNeKTPUIHOTO
noreHuiaxy. Bona Ttakoxx Oyzae pi3Ha B PI3HHX
TOUKax ejeMeHTa. Haii0inmelr TOYHI 3HAYEHHS
oTpUMyeMO B TOYKax iHTerpyBaHHs ['aycca,
BIMOBIAHUX MiHIMAJILHO JOMYCTUMOMY HOPSIKY
interpyBanns [8-10] (B naHomy Bumaaky n=8).
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Ilpu poss's3yBanHi Bapiamiiinol 3amaui (11)
JUTSL PIBHSIHHS TETIIOTPOBITHOCTI ITOXiJTHA 332 9acoM
oT
ot

HE Bapilo€ThCS 1 3aMIHIOETHCS BUPA30M

T _TA+A)-T(1)

ot At ()

Ile mo3Boiste peami3yBaTH HESBHY CXEMy
PO3B'sI3yBaHHS 3a/1a4l TEIIOMPOBITHOCTI.
Tomy oOuucnenHss pedopmariif, HaMPyXEHOCTI
SNeKTPUYHOTO  TIONS, a TaKOK  MEXaHIYHHX
HaTpyXeHb 1 eNeKTPUYHOI iHAYKLIi MPOBOAUTHCSA Y
BOCBMH TOYKax iHTerpyBanHs. Sk Bimomo [8-10],
MOJIOKEHHST TOYOK IHTErpyBaHHS BH3HAYAETHCS
ipparioHanbHUMH yHuclaMHu. lle mnpu3BOIUTH 10
JesIKMX HEe3py4YHOCTeH TpW aHalli3i pe3yJbTarTiB,
TOOTO A 0ararbOX  MPAKTHYHO  BAXKIMBUX
pO3paxyHKiB HEOOXiJHI 3HA4YeHHS HaINpPYXeHb Ta
CIIEKTPUYHOI 1HAYKIII, pO3paxoBaHi y BY3JIOBHUX
TOYKaX CKIHYEHHO-E€JIEMEHTHOI CITKH, a TaKo)XX Ha
rpaHumi Tinma. HaiiGimpmr mpocTe  BH3HAYEHHS
nedopMariii, HampyXeHb Ta IHIIMX BEJIWYHH Y
KO)KHOMY CKIHUCHHOMY €JIEMEHTI OTPUMYEMO TpHU
eKCTPAMOJIALIl IMX BEJIWYUH, OOYUCICHUX B TOYKAX
iHTeTpyBaHHs, Ha JOBIJIbHI TOUKH, B TOMY YHCII 1 Ha
rpanuiio. Jns po3TsSHYTOTO BHUMAIKy HAHOIIBII
TOYHI pE3YNbTaTH PO3PaXyHKIB OTPHUMYEMO TIPH
€KCTPAIOJIALi HANIPYKEHb 1 IHAYKI] eNeKTPUIHOTO
oJIst OUTIHIHHUMHU TTOJIIHOMaMH.

3. Pe3yabTaTu po3paxyHkiB Ta ix aHaJji3

PosrnssHeMo  TpuBHMIpHY ~— 3amady  Ipo
KOJIMBAaHHS 1 JIMCUIATHBHUN PO3IrpiB MIAPHIPHO
o0nepToi TpHUIIApOBOI IMIIHAPUYHOI I’ €30TaHe

H=2h+h, xe h,—

BHYTPILIHBOTO IIapy 3 MAacUBHOrO Mmarepiany, h —

TOBHIMHOIO TOBIIMHA

TOBIIMHA 30BHIIIHIX II’€30MIapiB 3 OJHAKOBUMHU
BIaCTHBOCTSIMH. Ha  m’e30enekTpudHi  mapu
HAaHECEHO  HECKIHYeHHO  TOHKI EJIEKTPO/IN.
BHyTpilmHI €NeKTpoau KOPOTKO 3aMKHYTi, a /0
30BHIIIHIX EJNEKTPOMAIB MiABOJUTHCS pi3HHLS
HoTeHUiamB @ = @,CoSwt.

Yepes  cumetpito

HABaHTa)XEHHS 1 TPAaHUYHUX YMOB TPH PO3B'I3aHHI
3ajadi po3MIAJAEMO UYBEPTh MaHeNl 3 YMOBaMHU
cumerpii w=0 mpu z=0, v=0 mnpu &=0.
EnexrpudHe HaBaHTa)XEHHSI MaHell, Il reOMETpUYH i
(hi3uKo-MeXxaHiuHI BIIACTUBOCTI MACUBHOTO
ATIOMIHIEBOTO MIAPY XapaKTEPU3YIOThCS TaKUMH
napameTpamu:

2016, 4

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

@, =220B;r, =0,09m;1, =011m;H =1, — 1, =0,02;
2h, =0,005;h, =0,015Mm;L =0,1m; 6, = 7/ 3;
E, = 7,3-101°H/MZ;Va =0,34; p, =0,27 :10% k2! 2B,
KoediuieHT TemnonpoBigHOCTI i rycTHHA
1’ €30MaTepiay MaloTh TaKi 3HAYEHHS:
A=125Bam | m°C, p=075-10*ke / m*. llpu
PO3paxyHKy aMILTITyJHO- Ta TeMIIepaTypHO-
JACTOTHHUX XapaKTePHUCTHK KoeIIlieHT TerToBiamadi
MDK HaBKOJIUIITHIM CEpEIOBHUIIEM 1 MaTepiaaoM
Bm
a7 9
Kommnekchi XapaKTePUCTUKU TUIsL
3a3HaueHOro MaTepiany mnpexacrasieno B [11]. Ix
3aNeKHICTD  BiI TEeMIlepaTypd ampoKCHMOBaHA
MOJIIHOMaMH JIPYTOTO CTYIICHSL:

ITIaHCI1 € ITIOCTIMHUM (aT =5

S;, =[0,171-10° +0,48335-10°°T -0, 48511-10T%]- 1020 | N,

S;, =-[0,568-10° +0,48333-10°T -0,19444.10T%)- 104 | N

Sy, =-{0,91-10°+0,97231-10°°T - 0,38544-10T*]-10 /" /

St =[0,184-10°~0,43333-10"*T +0,11111.10°7%]-10™ wz IN;

.. =[0,460-10 ~0,29167-10"T 0,694 10“T?]- 1022/ N; (23)
d;, =—[189,7+0,4545T -0,1515-102T%]-10° 4 | N;

d;, =[357+0,17T -0,41-10°T 1042 N

d;, =[609-0,385T +0,45-10°T%-10 ™42/ N;

14, =[0,20541.10° +0,4163-10°T -0,576-10°"T2] 10,

1, =[0,14803-10° +0,76783-10°T ~0,145.107%]-10™2

VYsBHI CKJIaJIOBI TOAATIMBOCTEH PiBHI

” 0 2 r . ” 0 1 r .
Su:_mSu!Slz = 588121
O 2 0,4
S ” — S ’ ; ” [ ’
13 9.1 137 933 18,4 33 (24)
5,6
S no_ 22 .
55 268 ~°5°
4,8 14 7
d ” d 14 ; d ” — d 14 ;
31 189 - “31r Has 357 3
a7 — 253,66 ., . , . 11270 , .
15 609 157 L4 20541 A4,
o 342 ,
A3z 14805 A3

KomruiekcHi XapakTepHCTHKHU C; , I'€30MOIyi

IJ’

&

3a hopMyIamMu:

JEeNeKTPUYHI TPOHUKHOCTI ,uij BHU3HAYAIOTHCS
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c. = SlElSlEl — SlEsSlEs
N (SlEl - SlEz )A

EcE EcE
_ S13 813 — S'12 S'13

E
_ s

3

2 (SE-SE)A A
S-S5, 1
Ca :%’ 55 28_5551 Ces :_(Cu Clz)’
25
_ d33 (SlEl + SlEz) — 2d3181Es _ dﬁ ( )
33 T A 1V15 — SE ’
55
e = d3183E3 — dasles
31 A '
T d323 (SlEl + SlEz) + 2d32153E3 _4d33d3181§
My = Hy — A )

E EyoE EqE
A= (511 + S12)333 - 2513313-
PospaxyHku nOpoBeneHO Uisl HE3aJeHKHUX BiX

temneparypu Biactusocreii mpu T =20°C, sxi
3Haiimeno 3 (23-25).

Ha puc. 1, 2 moka3aHa 4acTOTHa 3aJIC)KHICTh
panmianbHOi KOMIIOHEHTH BEKTOpa TMepeMillleHb i
CTamlioHapHOI TeMIepaTypd B TOYIl CepeIUHHOI

MOBEPXHi, sIKa JIEKUTH Ha MepeTHHI
z=0; R=0,1m; 6=0.
AUX
25 LOSW.x
2 —
13 e
1 e N~
0.5
0 10 *w, 1/c

5 51 52 5.3 5.4 5 5.6 57 5.8

PucyHok 1. AMITTITY THO-9aCTOTHA XapaKTePUCTHKA

TUXx

\

°C

24,68

24,48

2428

24,08

/

/
/

-

13,88

\
N\

13,68

0%
58 59

v 1/ e

23,48

49

o

1 53 54

o

5.6

7

Pucynok 2. TemnepatypHo — yacTOTHa
XapaKTepHCTHKA

Sx BUIHO 3 IIMX PHUCYHKIB, amILIITyna
KOJIMBaHb 1 TeMIeparypa JAMCHUIIATHBHOIO
pO3IrpiBy AOCATAalOTh MaKCUMaJIbHUX 3HAYCHb
Ha  pE30HaHCHUX  dYacTroTax. loMy B
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MOJAJIBIIIOMY PO3PAaXyHOK KPUTHYHUX 3HAYEHb
CJIEKTPUIHOTO HaBaHTAKCHHS Oynemo
3HAXOJUTH HA PE30HAHCHIN YaCTOTI.

Vip

et

—

yd
/

@
12

2 4 i 8 10

Pucynok 3. 3anexxHicTh KpUTHIHOT Pi3HUITI
MTOTEHIIIaTiB Bi KoedillieHTa TeTUIOBA1avi

KpuBa 3amexxHoCTi  KPUTHYHOI  Pi3HUII
MOTEHIIIAJI0OB BiJ KoedilieHTa TemwoBigaui  «
MmokKa3zaHa Ha puc. 3. SIK BUAHO, 31 301IBIICHHIM
LOr0 Koe(ilieHTa KPUTUYHA PI3HUIA MOTEHIIANIB
MOHOTOHHO 3poctae. 3 (i3U4HHX MipKyBaHb
OYEBH/IHO, IO TPHU TEIUIOI30MALIl MaHem KpUTHIHA
PI3HUIIA MOTEHIIiaiB AOPiBHIOE HYIIO, OCKLUIBKH MPH
SAK—3aBrOJHO MaJlOMy €JICKTPHYHOMY HaBaHTaXXCHHI
Ma€ MicIle TETUIOBEe PyHHYBAHHS I €30TIaHEN.

4. BucHOBKH

B po6orTi 3anporioHoBaHi MaTeMaTHYHI MO
Ta METOIM JOCITIDKEHHS BUMYLICHHX PE30HAHCHUX
KOJINBaHb 1 TeMIlEpaTypy TUCHIIATHBHOTO PO3IrpiBy
TPUBUMIPHUX TIPOCTOPOBUX Tin oOepTaHHA 3
HENPY)XHUX MMACUBHUX 1 IT'€30aKTUMBHUX MaTepialiB
3 HE3aI)KHUMH BiJl TEMIIEPaTypH BIACTUBOCTIMH.
OCHOBHI ~ pe3yjbTaTh pPOOOTH  MOJIATAIOTh B
HACTYITHOMY:

1) Ha OCHOBI KOHICHIT KOMIUICKCHUX
XapaKTEPUCTUK MPECTAaBIICHA TOCTAHOBKA JIIHIMHUX
KpalloBHX 3ajjad TMpO BHMYIIEHI TapMOHiiHI
KOJIMBaHHA i JTUCHUITATUBHUI po3irpis
B’ I3KOTIPYKHUX TPUBUMIPHUX 1’ €30TiN 3
HE3JIKHUMH BiJl TEMIIEpaTypH BIACTUBOCTAMH,

2) po3B's3aHHS 3a3HAYCHUX JIHIKHUX 337134
€JIEKTPOMEXaHIKK 1 TeIJIONPOBIIHOCTI OTPUMAHO
METOJIOM KIHIIEBUX E€JIEMEHTIB;

3) BUKOPHUCTOBYIOUM 3a3HAa4eHUH MigXif,
OTPUMaHO PO3B'I3aHHS HOBOI 3a/ayi MPO BUMYIIEHI
pE30HACHI KOJIMBAHHA 1 BIOpOpO3IrpiB MIapHIpPHO
o0meprToi TpUIIApOBOT LMJIIHAPUYHOI IaHeNmi 3
CepenHIiM MacMBHUM 1  JIBOMa  30BHIIIHIMH
1’ €30aKTHBHUMU IIapamH.

4) Ha OCHOBI aHAJ3y YUCENHHHUX PE3YJILTATIB
JOCITI/PKEHO BIUIMB KOe(illieHTa TEII0O0OMiHY Ha
aMITTITyTHO i TeMITepaTypHO-4aCTOTHI
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Bnaap/iioBaHHs 1BOX MiBHECKiHYEeHHHX Indentation of an elastic strip by two semi-infinite

IITAMIIB Y NPYKHY CMYTY punches

' KuiBchKuii Hal[iOHANEHMI YHIBEpCHTET iMeHi " Taras Shevchenko National University of Kyiv,

Tapaca IlleBuenka, 03680, 03680, Kyiv, Glushkova st., 4 ¢,

M. Kuis, npocr. ['mymikoga, 4 e, e-mail: tarasyniv@ukr.net

e-mail: tarasyniv@ukr.net

Pozensnymo xoumakmuy 3a0ayy npo cumempuune 60AGNIOBAHMA 080X NIGHECKIHYEHHUX WMAMNie 3
NPAMONIIHIIHUMU OCHOBAMU 8 NPYHCHY CMYEY, HUJCHA 2paHb AKoi copcmko 3akpiniena. Cunu mepms 8
obnacmi KOHmMAKmMy He 8paxo6aui. 3 GuKopucmanHim npoyedyp memoody Binepa — Ionga inmezpanvue
pisHanHA 3a0aui 36e0eHO 00 HECKIHYeHHOI cucmemu aneeOpuuHux pieHsHb. Busnaueno posnodinu nanpy-
JiICeHb 8 00aaCmi KORMAKMY Ma HA 3aKPinaeHill epani cmyeu, a maKoic HOPMAIbHi nepemiujerHs 8ilbHOoI 610
HABAHMAICEHHS YACMUHU GEPXHBOI 2PAHT CMY2U.

Kniouogi cnosa: npysicna cmyea, nieneckinuennuti wimamn, memoo Binepa — 'onga, nHanpyscenus.

In presented paper the symmetrical smooth contact problem is considered for two semi-infinite punches
with straight-line bases and an elastic strip with rigidly fixed bottom line. Making use of the Fourier
integral transformation, the corresponding mixed boundary-value problem of the theory of elasticity for the
strip is reduced to the integral equation with difference kernel at two semi-infinite intervals. Applying the
Wiener — Hopf method, the integral equation of the problem is reduced to an infinite system of the algebraic
equations with exponentially vanishing coefficients and a solution is obtained in the form of the series
containing the powers of a small parameter. The analytical expressions are obtained for the contact stress
and the normal displacement of the load-free part of the upper strip line in the form of the power series,
whose coefficients are expressed through the solution of the infinite system of the algebraic equations. The
stresses on the fixed strip line are presented in quadratures. Calculation of stresses and displacement is
performed for the different values of the dimensionless distance between the punches.

1t is indicated on an analogy between the considered contact problem and the problem of the transverse
tension of an elastic strip, containing a straight-line crack on the symmetry axis. The stress intensity factor is
found for the last problem.

Key words: elastic strip, semi-infinite punch, Wiener — Hopf method, stress.

CrarTio nipeactaBuB 1. ¢.-M. H., mpod. XKyk . O.

Beryn sKa 3HAXOMWUTHCA I MI€I0 IBOX IMIBHECKIHYEHHHUX
IITAMITIB 3 NPSIMOJIIHINHUMH OCHOBaMH 3a BIACYT-
VYnepiie KOHTAaKTHa B3a€MOJisS JIBOX IITAMIIB HOCTI TepTs B o0OnacTi KOHTakTy. 3 (Gi3MYHOI TOUKH
CKIHUEHHOT JIOB)KWHH Ta MPYXKHOI CMYTH Y BUNAJAKY 30Dy BaXJIWBO JATH BIINOBiAb HA TMHUTaHHA, SK BiJl-
BIJICYTHOCTI TEPTSI B 30HaX KOHTAKTY PO3IJIAJIacsi B HOCHA BIJICTAHb MK IITaMIIaMd BIUIMBAE Ha PO3IO-
pobotax [1, 2]. 3okpema, B poboTi [1] 3a 7OMOMOro0  JIild KOHTAaKTHUX HANpYXeHb, HOPMAaJIbHHUX Ta JIO-
ACUMITOTMYHOTO METOMY 3HAWJICHO HAOJMKCHWM THYHUX HANPYXXCHb Ha 3aKpIIUICHIH I'paHi, a TaKoxX
PO3B’SI30K IHTETPAJIbHOTO PIBHSAHHS JUIS BHUIAJAKYy Ha PO3MOAUIM HOPMAIbHUX MEPEMILCHb BUTbHOT BiX
BITHOCHO BEJIMKOI TOBIIMHU CMYTH, a TAKOXK JUIA BU- HaBaHTA)KCHHs YaCTHMHHM BEPXHBOI rpani cMmyru. Ilo-
MajKy JOBUILHOI TOBIIMHU IpPH CIEIialbHIA anmpo- Ai0HY 3amady AJis OJHOTO MiBHECKIHUEHHOT'O IITaM-
KcUMallii sipa. 3amady mpo TJIaJKWii KOHTAaKT ABOX I1a po3B’s3aHo B [4] meronom Binepa — INonga.
MIBHECKIHYEHHHUX IITAMIIiB 3 JIOBUIbHOK (OpPMOIO

OCHOB Ta IPYXHOI CMyTH Majioi TOBITUHU PO3B’s3a- IMocranoBka 3anaui
HO B [3] METOIOM MOCITIIOBHUX HAOJUKEHb.
MeToro naHOi poGOTH € 3HAXOMKEHHS TOYHOTO PosriasHeMo mpyxHY cMyry —oo<x<oo, —h<

pO3B’SA3Ky KOHTAKTHOI 3ajadi AIs mpyxkHoi cmyru, <y <h 3 momynem 3cyBy G Ta koediuienrom Ily-

© T. B. Kiimuyk, B. I. Octpuk, 2016
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accoHa V , 10 3HAXOAMTHCS B CTaHi MIOCKOI aedop-
Manii (puc. 1). Hexali HmxHS rpanb y =—h (—0<
<X <00) CMYTH JXOPCTKO 3aKpimieHa. Y BEpXHIO
rpaHb y =/ CMyrd Ha MPOMDKKaX —oo<x<—/ Ta
0 < x <oo mifg Ji€ro pIBHOMIPHO PO3MOIIEHOrO HOP-
MaJIbHOTO HABaHTa)KEHHsI iIHTEHCUBHOCTI p BJIABJIIO-

IOTBCSI JIBa IMBHECKIHUEGHHHUX MITAMITH 3 MPSMOJTIHIH-
HHUMM OCHOBaMM. IHIIA yactuHa —/ < x <0 BEpPXHBOI

rpaHi y =/ BiIbHA Bix HaBaHTaKeHHS. CHIIM TepTS
B 00J1aCTI KOHTaKTy —oo<x<—[, 0<x<o0, y=h

HEC BpaxoOBYEMO.

vidvviv?

0

Puc. 1. B3aemomist mtaMIiB 3 Ipy>KHOK CMYTOIO

KpaiioBi ymoBu 3a1a4i Taxi:

”y‘y:hz‘?’a T, =0 (mo<x <, 0<x<oo),
)/‘y:h:()’ Tyxy:hzo (_l<x<0),
ux|y:_h :0, uy‘y:_h :0 (_w<x<w)’ (1)

ne O — MPOCiAaHHS CMyTH IHia mTamrnamu. Bemu-
YiHa & BHU3HAYAETHCS 3 YMOB PIBHOBArW €JICMEHTA
CMYTH Ha HECKiHYEeHHOCTi (x — +00), SKHH 3Haxo-
IUThCS B YMOBaX OIHOPIAHOrO HampyxeHo-aedop-

MOBAHOTO CTaHy: G, =-p, & =0, &, =-3/(2h).
Buxkopucrasimu 3akos ['yka, MaTUMEMO
1-2v Ph
0= 1-v G- 2)

InTerpanbHe piBHSIHHSA 3a71a4i Ta HOro
PO3B’si3aHHA

VYBeaeMo HeBioMy (DYHKIIFO HOPMaJbHHUX KOH-
TAKTHUX Hapr)KeHB

o(x ‘ (—o<x<-],0<x<® 3

(*)=350, ) (3)

Ta 1 Tpanchopmanty Dyp’e

-1 ®©
a(u)zﬁ[j + Jc(r)ei“’dr.
-0 0

PosrisiHeMo OCHOBHY 3MilllaHy KpaloBy 3ajady
JUISl CMYTH, KOJTM Ha TpaHi y =/ 3aJaH0 HOpMaJbHi

y=h

4)

2G'o(x) Ta HyTBOBI TOTUYHI HATPYXKEHHS, a Ha Tpa-
Hi y =—h — HyNbOBI mepeMinieHHs. Po3B’s130K 3Ha-
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XOJIMMO 3a JOMOMOIO0 IHTErpajJIbHOrO IMEPETBOPEH-
Hst ®yp’e. Ha rpani y =h cMyru Maemo
0

k(Zuh)
e =2 Ser i
y=h ? 2uhA(2uh)
A(z)=2(1-v)[(3-4v)sh2z-2z],
A(z)=(3-4v)(ch2z-1)+222 +8(1-v)’. (5)
Po3B’s130k 0CHOBHOI 3MilllaHOl 3a7adi 3a/10BOJIb-
Hsie BCi KpaiioBi ymoBH (1), okpim nepmoi. [Tigcra-

BHBIIIM BUPA3 i1 HOPMAJILHUX MepeMiiieHsb i3 (5) y
HepIry Kpal‘/'IOBy yMoBY (1), oTprMaeMo piBHSHHS

u = G(H)e_i“"du,

2hj (2uh)

—00

&(n)e ™ du=-8

(—o<x<=l,0<x<m). (6)

OyHKIII0 KOHTAKTHMX HAIpPY)XEHb IOAaMO Yy
BUTJIAII

o(x)=— 2 o (x), 0.(F0)=0. (7
BukoHaBmm 3aMiHH 3MiHHHX
x=2hE, r=2hn, t=2uh, a=I1/2h), (8)
Ta BBIBILIK HOBY HEBIIOMY (DYHKIIitO
0(&)=—2n2lo, (2h8) (E<-a,£>0), ()

13 (6) oTpUMaeMo IHTErpaJibHE PIBHSIHHS
—a 0

I

—0

0

Jk(é —me(m)dn= (&),

(—o<&<—a, 0<E<x), (10)
e =3 [ Kme ", K@=,

K@

—ita \ —it§ _ 1-2v

O 5 F J Je Sd, K(0)=";

PiBusinast (10) € iHTErpaJibHUM pIBHSHHSAM Ha
JIBOX MIBHECKIHUEGHHHUX IHTEpBaNax 3 PI3HUIICBUM
spoM. Po3B’skeMo HOro 3BeeHHSIM J0 HECKIHYCH-
HOI CHCTeMH anreOpUYHUX PIBHSIHb, BUKOPHUCTOBY-
1o4n mporenypu meroay Binepa — [Nonda [5] 1 min-
xix pobotu [6].

PiBusinas (10) 3agaMo Ha Beill 4MCOBiH Oci, T0-
knaBmu O(E)=0 (—a<&<0), Ta 3acTocyemMo [0

HBOTO IHTErpaJibHe neperBopeHHs Dyp’e. YBememo
HEBIOMI (DYHKIIIT KOMITJICKCHOT 3MiHHOT

+ z ZLOO iz&
D (z2) mlcp(é)e dg,

0
' (2) == [ o -a)ede,
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)
0 ) —-a
¥ (2) =ﬁ | e”“vdg[ |

Oyukuii ®*(z), WY (z) ananiTuuHi y HiBIUIOIMHI
YH y

a

W (2) +| Jk(é—n—a)@(n)dn,
0

of

0

Jk(i—n)@(n)dn (1)

Imz>c" (¢" <0), a pynxuii @ (z), ¥ (z) —y nis-
mwiommHl Imz<c¢™ (¢ >0). 3acTocyBaBIlK TeOpEMY

PO 3rOPTKY JUIsl iIHTErpabHOTO TiepeTBopeHHs Dyp’e,
OTPUMAEMO CUCTEMY (YHKIIOHATBHUX PIBHIHD

K(2)][ D" (2)+ D7 (2) |- ¥ () = F(2),

Y (z)=e"¥ (z) (c"<Imz<c) (12)
3 MPaBOK0 YaCTHHOIO
F(z2)=e®F*'(2)+F (2), F'(z)=F (-2),
+ ) = Lw iz&
F'(2) mlf(é)e de,
0
- — 1 iz
F (z)—ELf(é—a)e *de. (13)
YMoBM cuMeTpii 3ajadi  BiIHOCHO IPSIMOI
x=—I/2 IPUBOIATH IO TOTOKHOCTEH
PE)=p(-a—-%),
O (2) =D (-2), Y (z)=¥ (-2). (14)

daxTopuzanito koediieara K(z) i3 (12) BUKO-
HAEMO Yepe3 HeCKIHUEHHHH TOOYTOK:
K(z) =K(0)K"(2)K™(2),

K'(z)=K (-2)= ﬁ[l——}[l——} , (15)

k=1 G Sk
ne §, is, (k=1,2,...)— xopeHi piBHAHb A(is)=0
i A(is) = 0 BiInmoBigHO i3 miBIJIOMKHN Res >0 .
BpaxoByroun ¢dakropusariro (15), mepenumemo
niepiie piBHAHHS (12) TAKUM YHHOM:

i + —iza pr+ - \P_(Z)
KO K" ()" (z K@ @)]=7= 17
()[ ()P (2)+e (2) ()] K (2)

:e—izaZ‘—Z;JFII;‘Z; (¢ <Imz<c™). (16)

Jpyri cki1afioBi JiBOi Ta MpaBoi YaCTUH PIBHSIHHS
(16) momamo pi3HUIICI0 AaHANITUYHUX y BEPXHiH Ta
HWOKHIN MiBIJIOMWHAX (YHKITIH:

e KN ()0 (2)=x"(2) - (2),
F' ()
=)= (2. (17)
K~ (z)
VBeneni B piBHOCTsX (17) dyHKIT mogamo iHTe-
rpagamu tuny Ko B3qoBk ailicHoi oci. Bukopu-
CTOBYIOUH TEOPIlO JIHIIKIB, OTPHMAEMO
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X (2)= K(O)z CD (is, )e
K'(2)-1 | < o "
[1(@)=—F K(O);Sk(skk_iz)e ,
- A(isy) ~
) s, A'(is K™ (isy.) (k=12,...). (18)

Tenep piBHsaHHS (16) HAOyBae BUTTIS LY
KO K (20" @) +1" ()]~ /()=
Y@, W F @ N
s te X (2) +KO)y (2)-f (2)
(c"<Imz<c ). (19)
OO6uzBi wactiam piBHAHHA (19) aHamiTHYHO TIPO-

JIOBXXYIOTh OJIHA OJIHY Ha BCH KOMILUICKCHY ILJIOIIH-
HY 1 SBJISIOTH COOOK0 MOBUIBHY 11Ty QyHKIIIO P(Zz).

3 yMOB Ha HECKIHYEHHOCTI
K*(2)=0(z"), ®*(2)=0(l), 1" (2)=0(z""),
(=0, (20)

BurUMBae, mo P(z) =0. Ha miit mixcrasi i3 (19) 3Ha-

|z 0,

XOJIMMO

/(@) - KOy (2)
K(0)K"(2)

V() =K ()] [ (@)= KO (2) |- F(2).

[MoknaBmm y nepuriit piBHOCTI (21) z =1

D' (2)= ; 21

s, , OTpU-
MaeMo HeCKineHHy CHCTEMY alTeOpUYHUX PIBHSAHB

z,+B, Z +S Zh =g, (n=1,2,...) (22)
Sk
BIJJHOCHO HEBIIOMUX
— (i 1 _

z, =D (ZS")+K(0)sk (k=1,2,...), (23)
ne (s, ~nk/2, k—>o)

}\‘0 _e—na/2 e —nl/(4h) &k — ake—(sk—nk/2)a
Bt g =P (k=12 ) @)

KOK Gs,)" =" s,
Po3B’s130k cucTemMu piBHSHB (22) BIIIIYKYEMO Y
BUTJIAII

Zp =D Emhg (K=1,2,..).

m=0
[Ticnst migcTaHOBKK PO3BHUHEHD (25) y piBHSHHS (22)
METOJIOM HEBHU3HAYCHHUX KOC(ILI€HTIB 3HAXOAMMO

(25)

énO = gn (26)
Ta OTPUMYEMO PEKYPEHTHI CITiBBIHOIICHHS
- BZSN Bt @7)
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171 BU3HAUeHHs koediuienTis &, (n,m=1, 2, ...). IMonepeyHuii po3TAT NPYKHOI CMYTH 3

Pos3B’s30k (&) inTerpanbHoro piBHsHHES (10),

3HaKleMO, 3aCTOCOBYIOUM OOCpPHEHE IEePETBOPEHHS
®yp’e 10 piBHOCTI

—_— _J.a + T P(E)e*dE = DT (2) +e ™D (z). (28)
-0 0
Hnst €>0 3 ypaxyBanusm (21) matumemo

_;w + —ite g, _
@@»35;L®(0e dt

B T tA()K (1)
YD)

[ /()= KOy (1) Je ™ d . (29)

Busznauenns HAIpPyKE€Hb TA nepeMimeﬂb

Bukopucrasmm 3aminu (3), (9) Ta oOUMCTUBIIN
OCTaHHIH iHTerpan i3 (29) 3a TEopi€lo JUIIKIB, OTPH-
MAa€EMO KOHTAKTHI HAIIPY>KEHHS

1 _ CAGEY) y
ﬁﬂw—lK@;iﬁgKmu
%, Z A e 6 00
(Ck Z]: ~ xJ (0<E<w). (30)

Ha ocHogi piBHocteit (18) Ta TayOepoBoi Teope-
MU [5], 3HaXOIUMO ACHMNTOTUYHY MOBEIIHKY KOH-
TAaKTHUX HaNpy>KeHb HA KPalo MPaBOro MTAMIIA!

K(0)h 2
"y‘y:h TP\ R(-v)x ( Z

Ta BU3HAYAEMO KOC(II[IEHT IHTEHCUBHOCTI KOHTAKT-

HUX HaIPyXEHb
\fmm(lzlwﬂJom

K,=—lim v2nx Gy‘ =
x—>+0 y=h

HopmanbHi mepeMilieHHs Ha BUIbHIM YacTHHI
BEPXHBOI IPaHi CMyTH OTPUMYEMO Y BHTIISII

Mz (e vt
—Skzz}%A,—’(fl,S:)(e Sen@9) (—a<g<((3))3.)

HanpyxeHHs1 Ha HWKHIN TpaHi CMYTH JiCTaHEMO
Y BUIJISA1 KOMIUIEKCHOT KOMOIHAITiT

J x—>+0, (31)

y‘y:h N

1 ; e L [ M@ e
p(0y+zrxy)y:_ +2n_J;O A(T)e drt,
o =~ k
1 G,z Ao
M(t)=4(1-v + E e
(=4 ) K()[lT k=1 Sk_iTJ

o =~ k
z 0,z A
k

oS, —IT

_Iﬁ—(r)[%_ J {[t+2(1=v)]cht+

+[r—(l—2v)]shr} (—o<E<m). (34)

NPAMOJIHIHHOI0 TPIIMHOI0

KpaiioBi ymoBu (1) BimmoBiIalOTh TakoXK 3amadi
PO PO3TAT MPYNKHOT CMYTH, TPaHi KO CKpimieHi 3
KOPCTKUMH CTIHKaMH, a Ha 1 oci cuMerpii 3Haxo-
JHTHCS TpimuHa AoBxuuu [ (puc. 2). [lix giero pis-

PAAAALA LRI IAE

i2

=Y

= 0

2222222222222 2222222 %

Puc. 2. Po3tdr npyxHoi CMYTH 3 TPILLIHHOO

HOMIPHO PO3IMOAUICHOr0 HaBaHTA)KEHHS I1HTEHCHB-
HOocTi —p (p<0), IPUKIAZEHOTO O CTIHOK, Bij-
CTaHb BiJl HUX JO CEPEIHBOI JIHIT 30LIBIIYETHCA Ha
BenmnunHy —8 (8<0). 3aBmiku cuMerpii 3amadi
BIJTHOCHO OCi CMYyrd HamnpyXeHo-JedopMoBaHHi
CTaH HWKHBOI MIBCMYTH 3 TOYHICTIO JI0 3HAaKy 30ira-
€THCS 31 CTAHOM CMYTH, IO 3HAXOAUTHCSA Y KOHTAKTI
3 IBOMA MiBHECKIHYEHHUMH InTaMmnamu. [Ipu npomy,
30KpeMa, KOe(illieHT I1HTEHCHBHOCTI HaIpy>KEHb
K, =-K, 3 TOYHICTIO 10 3HaKy BU3HA4Ya€ThCs BUpa-
3oM (33). Takum uyuHOM, MOOYIOBaHHA BHIIE PO3-
B’S130K KOHTAKTHOI 3ajiadi MEepEHOCUThCS Ha 3a/1a4y
JUISL CMYTH 3 TPIIUHOIO.

Pe3yabTaTu 004uC/IeHb

Pospaxynku mpoBeneHo s koedimienta [lyac-
coHa V= 1/ 3 Ta pi3HMX 3HAYEHb BIJHOCHOI BIJCTaHI

=1/(2h) wmix wramnamu. [TyHKTHpHI KpuBi Ha
puc. 3—6 BIANOBIIAIOTH BUIAIKY BJABIIOBAHHS OJIHO-
'O MBHECKIHYEHHOTO IITaMIIa B IPYXHY cMyTY [4].

Ha puc. 3 mokazano po3noginu 0e3po3MipHHX

KOHTaKTHHUX HaIPyXEeHb 6=%cy‘ . 00YHNCIIEHUX
y:

3a ¢popmynoro (30) mas pi3HUX 3HAYEHb BIAHOCHOL
BifcraHi a (cyuinbHi kpuBi). [Ipu 30inbuIeHH] Bif-

g
D .
_17 77777777777777 - 1
7 05
a=01 Y 7
-1.1 / g
1.2 /
A3 ( //
0 0.2 0.4 0.6 0.8 &

Puc. 3. Po3noaiium KOHTaKTHUX HAIPYXeHb (y =/ )
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HOCHOI BIJICTaHI a pO3MOAUIN KOHTaKTHUX HaIpy-
JKEHb HAOJIMKAIOThCS JI0 aHAJIOTIYHOr0 PO3MOALTY 13
3aJ1a4i MO BJABJIIOBAHHS OJHOI'O MTIBHECKIHUEHHOIO
mraMna B npyxHy cmyry [4]. [ns 3nadenp a >2
BIABJIIOBAHHS JIIBOIO IIBHECKIHYEHHOrO IIITaMIIa
(—oo < x <—[) malbke He BIUIMBA€ Ha PO3IMOMALT Ha-
MPYXKEHb B 30HI KOHTAKTy MpPaBOro ITiBHECKIHYEH-
Horo mrammna (0<x<oo) Ta npyxHoi cmyru. [lpu
3MEHIIICHHI BIJHOCHOI BiJICTaHI a Mepexij KOHTaKT-
HOT'O TUCKY Ha CBOE yCTalleHe 3HaueHHsS p BinOyBa-

etbest wBuawe (x/(24)>0.4 mpu a=0.1), HidK I
BENUKKX 3Ha4eHb a (x/(2h)>1 mpu a=2).

Ha puc. 4 300pakeH0 0e3p03MipHI HOpMaJIbHi Te-
1

peMillieHHS & = guy‘ , BUJIBHOI BiJl HABAHTAXXEHHS
y:
,l’—l’ [
12
-0.1
-0.3 /
15
15 -1 0.5 3

Puc. 4. Po3noainu HopManbHUX niepeMilteHb (y =4 )

Taomus 1
a ﬁmax a ﬁmax

0.2 -0.737 2.5 0.0789
0.5 —0.401 3 0.0618
1 —0.066 5 0.0457
1.193 0 7 0.0436
1.5 0.0593 9 0.0434
2 0.0871 11 0.0433
2.052 0.0873 13 0.0433

gactuHu (—/ <x<(0) BepxHbOi I'paHi CMyrd, a y
Tab. 1 momaHo iXHI MakcuMMalbHI 3Ha4eHHs. [Ipoci-
JTaHHSI CMYTH MDK IITaMIIaMH MEHIIIC, HIK I/ IITaM-

amu (—uy‘ , <9). Ilpu BiTHOCHHX BiJICTAHSX MK
y:

mramrnamMy @ < 3 MakCHMMajbHE 3HAYEHHS U, BEJH-

X
YMHU U JIOCATAETHCS HA PIBHIN BiICTaHI MK KpasMu

wramnis (x=—//2). llpu a<1.193 3HaueHHs U,

Bin’emHe, a ipu a>1.193 — noxartwe, 1m0 BKa3ye Ha
YTBOpPEHHsS maropOka Ha BUIBHIA YacTHHI MEXi
CMYTH y TIOpIBHSHHI 3 11 (JOPMOIO y HEeHaBaHTaKEHO-
My cTaHi. Bucora maropOka € HaiOUIbIIOI JUIS
a=2.052 1 ana OUTBIIMX 3HA4YE€Hb @ IOCTYIIOBO
cnaaae. SIkimo a >3, maropOOK Ha MEKI CMYT'H PO3-
MajJa€ThCs Ha JBa MaropOKH, sIKi 3HAXOASATHCS Ha
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BiJICTaHI B IMPHUHY CMYTH BiJl KPar0 KOXKHOTO MITaM-
na. [Tpu nmomasibinoMy 30UIbIICHHI BITHOCHOT BijCcTa-
Hi @ BIJHOCHA BHCOTa KOKHOTO maropOka craaae i
npu a =10 3 TounicTio 10 0.2 % nepexoauTh y CBOE
rpannuHe 3HaueHHs 0.0433, ske BianoBigae 3amadi 3
OJJHUM TIBHECKIHYCHHUM ITaMnoM [4] i BaBii
MeHIe cBoro HaiOinmemioro 3nadenHst 0.0873 mpu
a =2.052. HasBHicTh marop0ka y KOHTaKTHIH 3aJia-
4l BIJNOBiZa€ 3BY)KEHHIO IMBCMYT Y TIEBHUX IIOIIE-
peYHHX Tepepizax, siKi MepeTHHAIOTh TPILIMHY, Je
PO3KPHUTTSL TPIUIMHU TMEPEBHUILYE BEIUYHHY —28
(6<0), Ha sIKY )KOPCTKI CTIHKU BIIJANSIOTHCS OJJHA
BIJl OZHOI.

Ha puc. 5 1 6 mokazaHo po3noaiii HOpMalbHUX
=—h %T’W y=—h
KeHb Ha HWXKHIN rpaHi y =—/ CMyrud, HOpPMOBaHUX

1 IOTHYHMX T= Hampy-

Ha BEIWYMHY p . BHaBIOBaHHsS JIBOrO IITaMIIa
Maike He BIUIMBA€ Ha PO3IMOMIIA HOPMAIbHUX Ta
JOTHYHHMX HANpyXXeHb IiJ MPaBHM IMITAMIIOM IS
a>2 1 a>3 BIiANOBIIHO.

ol T .
2 A
0.2
06 N\
og 1 \\
=1 ———fi’_‘V \\-—
15 -1 05 0 0.5 1 1

Puc. 5. Po3noainu HopMalbHUX HAPYKeHb ( y = —h )

,7’:
iy \(’
B >A\
O \\ a=05
----------- —
-0.1 N N ~
0.2 \2 /
£ -1 0 1 §

Puc. 6. Po3noainn 1oTHYHUX HANPyKeHb ( y = —h )

VY Tabun. 2 mogaHo 3HaYeHHs 06e3po3MipHUX Koedi-
1i€HTIB iHTeHCHBHOCTI HampyxkeHb K, =K, / ( p\/ﬂ )
i IEI = KI/(p\/ﬁ) , K1 3B’s13aH1 MK COOOO PiBHI-
crio K, = 2\/}7”?1- Mpu a—0 xoedimient K, mps-
My€ 10 HyJIs, IO BiANOBiIa€ mepexoay TPIIUHHU B
Touky. KoedimieHt IEI npu a — 0 mpsAMye 10 3Ha-
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Tabnuus 2  IHTEHCUBHOCTI HANpyXeHb, OOYMCIEHI 32 ACHMIITO-
a | 0 [ 02 | 04 [ 06 | os | mamoodopmynoio
K| 0 | 0552|0740 | 0.839 | 0.886 R ~n 1_721_4( a 2) L0 a0, (35)
K, | 1.772 | 1.745 | 1.654 | 1.532 | 1.401 l-v
(1.736) | (1.625) | (1.440) | (1.182) otpuMaHoi0 B pobori [8]. [Ipu 30inbmieHHI BigHOC-
f 1 3 5 7 9 HOr0 PO3MIpYy a TPIIUHU KoedilieHT IEI crajzae o
ISI 0.903 | 0.871 | 0.867 | 0.866 | 0.866 Hy”s, a KoedilienT K, HaGMMKAEThCS 10 3HAYEHHS
K, | 1.277 | 0.711 | 0.548 | 0.463 | 0.408 | (.866, ske BinmoBinae miBHecKiHueHHiH TpimuHi [8].

YEeHHS \/E =1.772 , sxe BiAnoBigae KoedillieHTY iH-
TEHCHBHOCTI HANpy>KeHb B 3a/1a4i PO PO3TIT ILIO0-
IIMHH, IO MICTUTh CKIHYEHHY TpilmuHy [7]. ¥V myx-
KaX HaBEICHO 3HAYCHHS 0e3p03MipHOro KoedillieHTa
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Criteria for the approximation of the
distributed vortex structures by the point
vortices, which based on the acoustic
characteristics.
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B pobomi cghopmynvosani kpumepii, axi 6a3yromvbcs Ha aHALI3T AKYCMUYHUX ROLI8, WO 0A0mb 8i0N08iob
Ha RUMAHHA, 30 AKUX YMO8 MONCTIUBO ANPOKCUMYBAMU PO3NOOLIEH] BUXOPI MOUYKOBUMU.
Kmouosi cnosa: euxop Kirchhoff, mouxoeuii suxop, epexmugnicmo 2i0poOuHAMIiYHO20 GUNPOMIHIOBAHHSL.

The problem of sound generation by the elastic interaction of two patches of homogeneous vorticity

modelled in the frame of the second-order moment model by the Kirchhoff vortices and the sound analogy of
Lighthill is studied numerically. The used moment model specifies only the basic tendencies in vortex
behaviour at the nonelastic interaction. It is shown that the spectrum of sound field as the result of vortex
interaction depends on the excitation of vortex freedom degrees. The efficiency of sound production as the
numerical estimation of approximation of the Kirchhoff vortices by the point vortices was computed. It is
shown that the efficiency of sound production from the Kirchhoff vortices greatly exceeds the same
characteristics from the Rankine vortices. The criteria of possibility of the approximation of the Kirchhoff
vortices by the vortex points based on the acoustic characteristics was found. The recommendation
concerning the sound reduction from the flow past the engine is the following: the flow control has to be

directed particularly to decrease of vortex ellipticity.

Key Words: Kirchhoff vortex, point vortex, efficiency of sound production.

CrarTio ipeacTaBuB A.¢.-M.H., mpod. XKyk .0.
Beryn

BuxpoBi cTpykTypu, IO MaiOTh BIIACTHBICTb
HaiOIbII e(eKTHBHO NMEPETBOPIOBATH €HEPTil0 CBO-
€1 B3aeMoJlii Ha 3BYK, € KOrepeHTHI Buxopi. Kore-
PEHTHa BUXpPOBa CTPYKTypa € 3B’S3aHOI0 Macolo pi-
IUHH, 3aBUXPEHICTh BCEpeAMHI fAKOI € (pa3oBO 3KO-
PENBbOBAHOK MO BCiHl 11 MPOCTOPOBii MPOTSKHOCTI.
Yac icHyBaHHS Takoi CTPYKTYpPH € BEIMKHM B IIO-
piBHSHHI 3 11 IepiogoM obepranHs. KorepeHTHI BUX-
POBi CTPYKTYpH MOAEJIOIOTHCS BHXPOBHUMH IIJISI-
MaMHU PI3HHX (QOpPM Ta PO3IMONIJICHb 3aBHXPEHOCTI
BCEpE/IMHI HUX Ta TOYKOBUMH BUXOpaMH. 30KpeMa, B
paMKax MOMEHTHOH MoJeli JApPYroro MOpsAKY
(MZS-moneni Apyroro MopsAaKy) KOTepeHTHI BUXOpi
OTHCYIOThCS emnTnayHuMu Buxopamu Kirchhoff [1].
BuxpoBuii eince Mae 4OTHPHU CTYMEHI CBOOOIM: ABa
3 SIKUX -- L€ PYyXH LEHTPY 3aBHXPEHOCTI (BEIHKO-
MacmTabHi PyXd BUXOPIB); IBO€ BHYTPIIIHIX CTyTIe-

© T.II. Konosanok, 2016

HIiB CBOOO/IH -- II€ BIIHOIIEHHS MiBOCEH Ta yroi ode-
pTaHHS edirnca BITHOCHO CBOTO IIEHTPY 3aBHXpE-
HocTi. Metoto maHoi poboTH € (hopMyItOBaHHA
KpHUTEpiiB, MmO 0a3yroTbcsi Ha BIACTUBOCTSAX 3BY-
KOBUX TOJIB, 3reHepoBaHux suxopamu Kirchhoff,
IOZI0 aNpOKCUMaMii TUISIM TOYKOBHMH BHXOpaMH.
Po3yMiHHS OCOONMBOCTEH TakMX 3BYKOBUX MOJIB €
OCHOBOIO JIJISl HAYKOBUX PO3POOOK MO0 3MEHIICHHS
IITyMY BiJl pOOOTH JBUTYHIB IIPHUCTPOIB.

B3aemonist 1BOX po3noaiieHNX BUXPOBHUX
CTPYKTYP OJHOPiAHOI 3aBHXPEHHOCTH
B ileasibHill HecTHCIUBI piguHi

Teuis, O (GOPMYyETBbCS TIPH B3aEMOJIT JTBOX
PO3MOIIICHUX TUISIM 3aBUXPEHOCTI, HE3BaYKArO4M Ha
CBOIO TIPOCTICTh, € (PyHIAMEHTAILHOIO 3 TOYKH 30pYy
YTBOPEHHsI HOBUX MaciuTabiB Ta 30iIbIICHHS
3cyBHOrO Imapy. Lls Teuis Ta yMOBH ampokcHMaIii
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BEJIMKOMACHITA0HUX PYXiB BUXPOBUX CTPYKTYp HpH
iX TpyXHil B3a€MOJii EKBIBAJIEHTHOK CHCTEMOIO
TOYKOBHX BHXOPIB JI€TATBHO PO3IIIIHYTA, 30KpeMa, B
poGoti [2]. JIOTpUMyIOYMCh JIOTIKH BHKJIAJCHHS,
HaBEIEMO OCHOBHI pe3yNbTaTH LUTOBAHOI CTaTTi.
PosrnsmaeTbcss  B3aeMonisi  IBOX  PO3IOIUICHHX
CTPYKTYpP OIHODIIHOI 3aBUXPEHHOCTI @) =@, =27
nmoyatkoBoi Kpyrosoi ¢opmu (Buxopi Rankine) 3
cmiBBimHOmeEHHsM paniycie R, /R =0.1+1.0 B
imeaNbHI HECTUCIHMBIH pimguHi B pamkax MZS-

Mozneni apyroro mnopsaky [1]. IHTeHcHBHiCTB
BUXPOBHUX IUIsM aopiBuioe I, = 7R’ w,, k=1,2. B
3aranpHii  MZS-monemi icHye J1Ba OCHOBHHX

TIPUIYTIICHHS: ® HAWOIIBIIHMI 3 po3MipiB OYIb-IKOI
IUISIMA ~ Ha0araTo MEHIIMKA 33  MHUHUMAIbHY
MDKIICHTPOBY BiZICTaHb MiXK OYIb-SIKUMH TUISIMAMU;
® I[ICHTP 3aBUXPEHHOCTH OYIb-sIKOT IUISIMH B IIPOIIECi
B3a€MOJIIi 3aBXKIM 3HAXOMUTHCS BeepeauHi Hei. B
pamMKax JaHOi MOJEJ B3a€EMOJiS BHXOPOBHX ILISM
OTMCYETHCS TaMIIbTOHOBOIO CHCTEMOIO DIiBHSIHB
YETBEPTOTr'O TOPSIKA 3 BIAMOBIIHUMU MOYATKOBUMU
ymoBamu. CucremMa  Ma€ YOTHPU HE3AJCHKHUX
iHBapiaHTa, 10 BHpaXalwTh CO00I  3aKOHU
30epeKeHHS IMITyJIbCYy, MOMEHTY IMIyJlbca Ta
eHeprii. =~ B Momemi  Takox  30epiraerbcs
iHTeHCHUBHICTh BUXOpiB [1]. 3amaya € ABOBUMIpPHOIO
3a cBo€ro reometpieto. lllykani BeTuanHN TOMaHI Y
0e3po3MipHOMy BUIUIAAl. BimmoBimHi MacmTaOu
HaBeneHi B [2]. IlouaTkoBa reomeTpisi BHUXpOBOI
B3aeMoii mpejacrasieHa Ha puc. 1. Takiit BUXpoBiii
cucremi

Y
{R,

8‘12
Odm) X

Puc. 1. [loyatkoBa reometpist BUXopiB: R, R, --

pajiycH moyaTkoBo KpyroBux Buxopis; d'” --
MOYaTKOBa MIXKIIEHTPOBA BiJICTaHb MiXK BUXOPaMHU;
0, - KyT 00epTaHHs BUXPOBOI CHCTEMH.

MpUTaMaHHI /IBa THIa B3a€MOIi: MpyXKHa BUXPOBa
B3aemomist (IIBB) Ta HempykHa BHXpOBa B3a€MOIS
(HBB). B o6nacti HBB ocHoOBHI mpumnymieHHs
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MZS-moneni MOpYyIIYIOTBCS, OCKUIBKM  BUXOpi
Kirchhoff B TpoIeci B3aeMOAii CYTTEBO BH-
TATYIOTBCSA Ta HAOJMKYIOTBCS OJHE J0 OJHOTO.
OpHak JaHa MOJENb B IMi#f 001acTi BipHO BKa3ye Ha
TEHJCHIII B TOBEMiHII BuxopiB. YucenbHO BU-
3HaueHa 3alIe)KHICTh TPAHUYHOI ITOYATKOBOI MiXK-

neHTpoBoi BincTami mix Buxopamu d | mo pos-

Kp °
ninse HBB Tta IIBB, Bif cHoiBBigHOIIEHHS IIOYart-
KOBHUX pajiiyciB KpyroBux BuxopiB R, /R, . Hikus
rpaanus  [IBB Bignosinae ymosi d” ~3R, mus
R,/R =0.1+1.0 . B ob6nacti [IBB Buxopi obep-
TAlOTBCSI HABKOJIO IIEHTPA 3aBHXPEHOCTI CHCTEMH,
Opd  [OMY MDKICHTpPOBa  BiJCTaHb, KyTOBa
MIBUAKICTh OOEpPTaHHS CHUCTEMH, MIBOCI BHXPOBHX

SJITCIB OCHIIIIOIOTh HABKOJO CBOIX CEpeAHiX 3Ha-
YyeHb. JIOCHIIKEHO TIOBEIIHKY YOTHUPHOX MOOY-

noBaHHX KoeilieHTiB k&, +k,, sIKi OMUCYIOTh CTY-
MiHb 30Y/UKEHHS CTYIIEHIB CBOOOAM PO3MOAITIEHUX
BUXOpIB B obnacti [IBB B 3anexHocti Big R, /R Ta

d”. TlokasaHo, 1O BEIMKOMACINTaOHi pyXH
BUXPOBHX IUIIM  MOMJIMBO  MOJENIOBATH 3
33JJ0BIJIBHOIO TOYHICTIO €KBIBaJICHTHUMU

BUXPOBUMH TOUYKAMH B CHUTYAIlifX, KOJU B3AEMHUIT
BIUIMB CTYIIEHIB CBOOOJM, IO BIiINOBIJAIOTh 32
BETMKOMACIITabHI ~ pyXHW  €IICciB, Ta  IXHIX
BHYTPIIIHIX CTYIEHIB CBOOOAM € He3HAUHUM. Lle Mae
micue npu ymoBi: d'” > 4R, . Ilpu 1bOMy 3HAYEHHS
k, +k, we mepesnmyrots 5%. Ouinka d'* >4R,
HE3HAYHUM YMHOM 3aJIS)KHUTh BiJl TOYaTKOBOI (hop-
MU UM,  SIKIOIO  [OYaTKoOBI IUSIMA €  He-
BUPO/DKCHUMH  €JIITICAMH, TO TPaHWYHA KpHUBA
3MimIeHa B 0iK OUTBITMX MDKIIEHTPOBHX BiJICTAHEH.

9

3ByKoBe moJie, mo 3reneposane npu IIBB aBox

PO3MOAiTeHHX BUXPOBUX CTPYKTYP OAHOPiIHOL
3aBHXPEHHOCTH

Sk BimOMO, 3BYKOBHH CIIEKTP € BaXXJIMBUM iH-
CTPYMEHTOM TIpU BHpIlIEHHI 0aratboX IUTaHb,
NOB’SI3aHUX 3 TUHAMIKOIO Ta aKyCTHKOIO BHXPOBOI
B3aemonii. Hampuxiag, BUITSII CHEKTPY 3BYKOBHX
KOJIMBaHb, SKi TCHEPYIOTHCS B TIPOIIECi B3aEMOJIil
BUXOpIB, € ONHI€I0 3 HEOOXiTHUX YMOB IMPU BH3HA-
YeHHI XapakTepy BUXpoBHX pyxiB [3]. B manomy
JMOCITIKEHH],  aHANI3yl0YM  3BYKOBHHA  CIICKTD,
chOpMYIIFOEMO KpUTEPIl 1100 ampoKCcUMaIlii po3-
NOJIIEHUX BHUXPOBHUX CTPYKTYp €KBiBaJICHTHOIO
CHCTEMOIO TOYKOBUX BUXOPIB.

3ByKOBe T0J1e, 110 3reHepoBane npu [IBB nBox
BuxopiB Kirchhoff, Oymno po3spaxoBano B pamkax
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akyctuuHoi aHamnorii Lighthill [4] y ¢opmymniposui
Powell . Be3po3mipHi ¢urykTyarii 3ByKOBOTO THUCKY
IpA  YMOBI KOMITAKTHOCTI JDKepena, SKe Mo-
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nemoethest Buxopamu Kirchhoff, mo B3aemopiroTs, B
HaOMKEHHI JaIBHBOTO OIS MaroTh BUTIIA (1) [5],

p'(x,0)=—M"> j

ne M < 1-uncmo Maxa; ;c, t -- paaiyc-BEKTOp Ta
Yyac, 10 TOB’s3aHi 3 MNPUHAOMOM  CHTHAINY;
W(r),i=1,2,3 -- ¢yHkuii mapamerpiB BHXOpIiB Ta
iXHIX CTYIIEHIB CBOOOIM B 3aJI€KHOCTI BiI Hacy 7.
Bupasu mux GyHKIi#H 171 TOYKOBUX BHXOPIB Ta Mac-
mTabu 00e3po3MiproBaHHs HaBeieHi B [5]. B Bu-
naaky BuxopiB Kirchhoff W,(r) orpumani 3a ana-

JIOTIYHOIO MPOIIeAyporo. SIK BioMO, 3a BiJICYTHOCTI
IPaHUIlb BUXOPi, 110 B3aEMOJIIOTh, B SKOCTI aKyc-
TUYHOTO JKepesia MoAiOHI J0 TMONEepeYHOro KBal-
pynodst [4]. Pe3ynabTath MOIETIOBAHHS 3BYKOBOTO
TIOJISI TIPA B3A€EMOIIi TBOX BUXPOBUX IUIAM OyaeMo
MOPIBHIOBATH 3 BHIIPOMIHIOBAHHSIM 3BYKY €KBi-
BaJICHTHOIO CUCTEMOIO JBOX TOYKOBUX BHXOPIB 3 OI-
HOTO OOKYy Ta 3BYKOBHM ITIOJIEM BiJ 0O€pTaHHS OIM-
HuaHoro Buxopa Kirchhoff 3 immoro. Haramaemo,
o0 JABa TOYKOBHX BHXOpa 3 IHTEHCHBHOCTAMH
I''#-I',, ski 3HaxonsThcss Ha BiacTaHi d, €

JDKepesioM MOHOXPOMAaTHYHOTO 3BYKa 3 YacTOTOIO,
sKa JOpIBHIOE TMOABIMHIA dYacToTi oOepTaHHS
suxopis, =, +T,)/zd". Ilpu  uBOMY
(mykTyamii  3ByKOBOTO THCKY CHAJalOTh K
O(d”) (T'panik B. M. nuB. nocunanns B [5]). e €

TUTIOBHMI TPUKJIAJ, BUIPOMIHIOBAaHHS 3ByKa 3a
PaxyHOK JIMIE BEIMKOMACIITAOHUX  BHXPOBHX
pyxiB. Hepyxomuit ogmamunnit Buxop Kirchhoff 3
3aBUXPEHICTIO @), Ta MiBBiCCIO A TeHEpye 3ByKOBE

MoJie JIUILIE 32 PaXyHOK CBOIX BHYTPILIHIX CTYNEHIiB
cBoObomu.  DaykTyamii  3BYKOBOTO  THCKY €
MOHOXPOMAaTHYHE KOJHMBAHHS 3 YacTOTOI, SKa
JIOPIBHIOE TIOJBIMHIA 4YacTOTI OOepTaHHs eJinca,
o=20, /(A(1+17")*). Sk BiZOMO, 11 BUXPOBOrO
elinca 3 MaJWM EKCIICHTPUCHTETOM I 4YacToTa
nopiBHoe @=®, /2 (Howe M.S., muB. nocunaHHs

B [5]) . Ilpu upomy piarpama HampsSMIIEHOCTI
3BYKOBOT'O MOJsI B 000X IMX KJIACHYHUX BHIIQAKAX
Tedii o0epraercsi CHHXPOHHO 3 OOEpTaHHSIM
BuxpoBoi cuctemu. Buxop Rankine  3Byk He
BHIIPOMIHIOE, TOMY 10 BHYTPIIIIHI CTYIIEHI CBOOOIM
y TaKOr0 BUXOPS € BUPOKECHUMH.

®dnykryarii 3ByKOBOTO THUCKY, 1[0 BUHUKAIOThH B
pe3ynbTaTi  B3aeMomii BuxopiB Kirchhoff, B

) [(t—2) - p*]"

(D)

(t-1)

3araJpHOMY BHIAJIKy HE € TapMOHIHHOIO (DyHKII€0
gacy. CHeKTp KOJMBaHHS € PO3MOAITICHHM B3JOBXK
9acTOTHOI ~ CMyTH, UIMPUHOIO B JEKiJIbKa
0e3pO3MIpHMX 4YacTOT. biNbIl HU3BKI YacTOTH
3YMOBJICHI BHITPOMIHIOBaHHSM 3BYKa BiJ IIEHTPIB
3aBUXPEHOCTI IUIAM, OUIBII BHUCOKI YacTOTH -—
BUIIPOMIHIOBAaHHSIM 3ByKa  BHYTPILIHBOIO JIMHA-
Mikor0 BuxopiB. Taka uacToTHa ‘iepapxis’ € Ha-
CTIIKOM  OpraHizamii  KOTepeHTHOi  BHUXPOBOL
cTpyktypu. Ilpu BHpIIICHHI MOCTaBJICHOI 3amadi
0COOJUBY yBary Tpeda MpUIUIUTH BUCOKOYACTOTHIN
CMy3i CIIEKTpY, OCKUIBKM Il YacTHHA CIIEKTPY
BIICYTHS B CHEKTPi I BUXPOBUX TO4YOK. Ilpm
noOyZoBi JjpKepena 3BYKY HEOOXiZHOK YMOBOKO
arnpokcuManii BUXPOBHX IUISM, IIO B3a€MOJIIOTH,
€KBIBJIEHTHOIO CHCTEMOI0 TOUKOBHUX BHXOpIB € IIO-
cnablieHHsT  B3a€EMHOTO  BIUIMBY MK  BeJH-
KOMAacCIITAOHUMH pyXaMH Ta BHYTPIIIHIMH CTY-
neHsMu cBoboau. Lle mocmabmeHHs Mae micie mpu
30UTBINIEHH] MDKIIEHTPOBHX BiJICTAaHEH MIXK pPO3-
nofineHuMu Buxopamu. I[Ipoanamizyemo B sIKOCTI
IPUKJIA/Ia BUIPOMIHIOBAaHHS 3BYKOBUX XBHJIb JIBO-
Ma oiHaKoBUMH BuXopamu Rankine (R, / R, =1)
(puc. 1), II1BB sixkux posrisganacs B [2], 3 MiXKICH-

TPOBOIO BiJICTAHHIO d? = de +107 =3.202, To6TO

d'” posramosana mo6mm3y rpaHuyHOi KpuBoi. Ha
puc. 2 300paxeHo ¢uIyKTyaiii 3ByKOBOTO THUCKY (a),
amMIuTiTyaHui cnektp (0) curHamy (a), ¢urykryanii
3BYKOBOT'O THCKY €KBIBaJEHTHOI CHCTEMH TOUYKOBHX
BUXOPIB (B), aMILTITYAHHIA crieKTp (T) curHaiy (B) .
Onykryarii 3BykoBoro THCKY — (puc ,2, a) €
KOJIMBaHHs, SIK€ CKJIaJaeThCsl 3 JUCKPETHOTO HA0OPY
4acToT, PO3MOIUIEHMX B  CMYy3i, IO CTaHOBHTh
JeKiabka 0Oe3po3MipHHMX yacToT (puc. 2, 0).
Haii0inpm eHeproeMHi 4acTOTH LHOTO KOJHBAHHS
(puc ,2, a) 30cepemkeHi B HU3bKOYACTOTHIH CMY3i
CIEKTPY; iXHI 3HA4YEHHS MEPEBHUILYIOTh 3HAYEHHS
3BYKOBOI YacTOTH  CHUCTEMH TOYKOBUX BHXODIB
npubmmzao Ha 20% (puc ,2, 6, B, ). PiBeHb vacTot
Bil BHYTPIIIHIX CTEMEHIB CBOOOTW HIDKIMH Bif
piBHS  4acToT, IO TEHEPYIOThCS  3aBISKU
BEJIMKOMACIITAOHUM KONMMBaHHAM. Haiibinbi eHep-
TOEMHMMH YacTOTaMH BHCOKOYAaCTOTHOI CMYTH €
2.08 Ta 2.819 (puc ,2, 6). Haitbimpima 3 1mux ABOX
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yacToT npuOau3Ho Ha 33% HIKYa 3a 3BYKOBY
4acTOTy @ = BiJ OOEPTaHHS OJUHUYHOTO BUX-
POBOTO eJIirca 3 MaJIMM €KCEHTPUCUTETOM Ta THMH K
3aBUXPEHICTIO Ta IUIOMIEI0. TakuM YMHOM, 3BYKOBHIA
criekTp  Bim  B3aemomii  BuxopiB  Kirchhoff
30CEepeIKeHUI MK YacTOTOI0 BHITPOMIHIOBAHHS
CKBIBJICHTHOIO CHUCTEMOIO0 TOYKOBHX BHUXOpPIB Ta
YacTOTOI0 BUIIPOMIHIOBAaHHS OJAMHUYHHM EIIIICOM 3
MaJIUM €KCEHTPUCUTETOM. PO3MOAUIEHHS 4acTOT 1O
BCii CMy3i, IO BiANOBiIa€ 3ByKOBOMY KOJHBAHHIO,
(puc ,2, 0) o3Havae, MO0 BETUKOMACINTa0HI Ta BHYT-
piITHI CTYIIeHI CBOOOIN aKTHBHO B3a€MOMIIOTH MiX
co0or0. 3a3HauMMO, 0 B pa3i 3aJaHHSA B MOYATKO-
BHI MOMEHT 4Yacy HEBHPOKCHHX €JINCiB HAaHOUIBII
E€HEProEMHI YaCTOTH B 3BYKOBOMY CIEKTpi OyayTh
3CYHYTi B MpaBy YacCTHHY CIEKTpa B IMOPIBHSHHI 3
BHITaJIKOM MTOYaTKOBUX BUXOpiB Rankine.
[Ipoanamizyemo, SIK 3MIHIOETBCS 3BYKOBE IIOJIE
JAHOT BHXPOBOI CHUCTEMHM TIpU 30LIBIICHHI I10-
4aTKOBOI MiXieHTpoBoi Bincrani. Ilo6 He 00-
TSOKYBAaTH CTAaTTIO PUCYHKAMH, OIHIIEMO pPe3yiIb-
TaTd sKicHO. Ilpw 30iNbIIEHHI MMOYAaTKOBOI MiX-
IIEHTPOBOI  BIJICTaHI Mae MiCIle PO3IICIUICHHS
3BYKOBOTO CIIEKTpa Ha BY3bKI CMYTH, SKi Bij-
MOBIAIOTh ~ BHWIIPOMIHIOBAHHIO 3ByKa  BEJIMKO-
MacCIITaOHUMHU PyXaMH Ta BHYTPIIIHIMH CTYIICHSIMHU
cBoOomu. lle o3Hadae moOCHAOIEHHS B3a€MHOTO
BIUTMBY BEJIMKOMACIITAOHMX Ta BHYTPIIIHIX CTY-
TeHiB cBOOOAM BUXpOBUX IUIM. KinbkicHe Bif-
oOpakeHHS TMOCJIA0JICHHS [BOTO BILUIUBY Ma€ MiCIe

TaKOXX B 3MEHIICHHI Koediuientis k +k, [2].

M IIFI(CO)I
HTB3 64 |o|

ne H -- raminbronian; Ty, -- 4ac BUXPOBOI B3ae-
moxii; F (@)= ~[VVI.(r)e’"‘”a'r, i=1,2,3. Ha puc. 3

300paKeHO YHCENbHI PO3PaxyHKH JJIsl €PEeKTUBHOCTI
3BYKOBOTO BHIpoMiHIOBaHHsA 77 mpu [IBB aBox

BuxopiB Kirchhoff Ta exBiBaneHTHUX cucTeM
TOYKOBUX BUXOpIB B 3aJIeKHOCTI BifI
CHIBBiIHOLICHHS! TMOYAaTKOBUX BHXPOBUX pajiyciB
R,/R =0.1+1.0 mpu HacTynHHX mapamerpax: a)
0 _ -3
d” =d,+10
[MOYAaTKOBUX pajiycCiB; TMO3Hauku A HaHECeHI Ha
KpUBY 77, 1IN0 pO3paxoBaHa sl TOYAaTKOBHX

KPYrOBHX IUISIM; ® [O3HAa4Y€Ha BiANOBiAHA KpUBa
Ul BUXPOBHX TOo4OK; 0) d'” =4R, mas KOKHOTO

JUIS  KOYKHOTO CIIBBIJHOIIEHHS

CIIBBIAHOIIEHHS IIOYaTKOBUX pAaJiyCciB; W TIO-
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3HaueHHS OCHOBHHX CHCPro€EMHUX qacToT

PO3IIENIEHNX cmyr mpu  36imemenni  d”
HAOMMKAIOTCS JI0 YaCTOTH BUIPOMIHIOBAHHS 3BYKY
€KBIBAJIEHTHOIO CHCTEMOIO BHXPOBHX TOYOK B
HIDKHIM vacTwHi crektpy (ii piBeHb cmamae sk
o(d”)™?), —0) Ta mo
BUTIPOMiHIOBaHHs onuHIYHUM BuxopeMm Kirchhoff B
BEPXHiil HOro yacTuHi, BiAMOBiAHO. TakuM 4rHOM, y

TOOTO 4aCcTOTH

3arajgbHOMY BHITAKY MOYaTKOBOT dbopmu
PO3MOIiIeHUX BUXOPIB, 10 B3a€EMO/IIIOTh,
HEMOXJIMBO  aNpOKCHMYBaTH  JDKEPENo  3BYyKa

TOYKOBHMHU BHUXOPAaMH, OCKUIBKH HEBpaxyBaHHSI
BHYTPIIIHIX CTYIIEHIB CBOOOIN CYTTEBO 3aHIKYE
piBEHb 3BYKOBOTO TMIOJISi: TOYKOBUH BUXOp HE BH-
npoMmiHioe, a HeupomkeHnid Buxop Kirchhoff
TeHepye 3BYK.

Po3paxyemo edekTUBHICTH 3BYKOBOTO BHITPO-
MiHIOBaHHs npu B3aemoaii BuxopiB Kirchhoff ta ex-
BIBJICHTHHX TOYKOBUX BUXOpiB. Lle 1o3BouTh Ham
OTPHMATH HAIJAIHY KUIBKICHY OLIHKY pPe3yJIbTary

anpoKcHMalii IUIIM BHUXPOBUMH TOYKaMH IIpH
noOymoBi  3ByKOBOoro jpkepena. EdexkTuBHICTH
TiApOAMHAMITHOTO BHITPOMIHIOBAHHSI, abo

KoeilieHT KOpUCHOI Hii, € BiAHONICHHS 3BYKOBOI
€Heprii, 0 BUIMPOMIHIOETHCS, 10 KIHETHIHOI eHepTii
teuii [4]. Skmo BUXpoBa B3aEMOIS TpPUBAE
HeCKIHYeHHH vac (SK B  BHNAAKY, IO
PO3TIIAAAETHCS), TO 3BYKOBA EHEPTisl pO3paxoByeThCs
Ha ojuHMIIO 4acy. KoedimieHT kopucHOI nii mpw
BHUIIPOMIHIOBaHHI 3ByKy Ma€ BHTILIA (2) [5]

Y LGLACY @

(o]

I w)l

3Ha4YCHa KpHBa 7] , 110 pO3paxoBaHa JJIA IMOYaTKOBUX

—0

BuxopiB Kirchhoff 3 A=1.4; nouarkoBi paniycu
pPO3paxoBYBAIUCh, BHUXOJSYM 3 YMOBH PIBHOCTI
TUTOII eJIiTca i KpyTa. 1] Ui eKBIBAJIEHTHOI CUCTEMH
TOYKOBUX BUXOPIB 00YHMCIIOBATIACH B 3AJICKHOCTI Bij
CIIBBIIHOIIECHHS  iXHIX  iHTeHCHBHOCTeH. Jus
3arajJbHOI TOYaTKOBOI ()OPMH BHXOPIB NPH 3MEH-
R,/R Bimx 1 pmo 0.1 mpu mnocriiiHiit
3aBHXPEHOCTI IUISIM Ma€ MICIle 3MEHIICHHS 77, IO

IIEHH]

00yMOBIICHE
BUXPOBUX

iHTeHCHBHOCTI BHxopa R,. Taka X KapTuHa Mae
Miciie 1 I TOYKOBUX BuXOpiB (puc. 3). s
PO3MOALICHUX UM npu R, /R ~04

CIIOCTEPIraeTbCs  JIOKaNbHHMI  MakcumyM.  Llei
MaKCUMyM OOYMOBIIEHHI CYTTEBHM BHTATYBAaHHSIM

MagiHHAM  pIBHSI  HECTAIllOHAPHUX
3BYKOBHX JDKEpeJd TpU 3MEHIICHHI

50



Bicnux Kuiscbroeo nayionanvhoeo yHisepcumemy
imeni Tapaca Lllesuenxa
Cepis izuxo-mamemamuyni HayKu

Ta IMBHUAKHUM OGepTaHHfIM BHUXOpa R2 HaBKOJIO CBOT'O

mapTHepa B Ipoleci B3aemomii. 30iNbIIeHAS PiBHS
HeCTaliOHAPHUX 3BYKOBHX JDKEPEN 32 PaXyHOK ITHX
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Puc. 2. ®aykryanii 3ByKOBOIO THUCKY Ta iXHil
CHEKTp IJIl CUCTEMH ABOX BHXPOBHX ENIICIB Ta
eKBIBAJIEHTHOI CHUCTEMH BHUXPOBHUX TOYOK;
napaMeTpH B3a€MOJIi1 HaBeIeH] B TEKCTi.

NPOLIECiB TEPEBHUILY€E MAMiHHSA PIBHA JDKEpen 3a
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pPaxyHOK 3MEHIIEHHS IHTEHCHBHOCTI BHXOpa R,.
PiBerp e(heKTHBHOCTI 3BYKOBOTO BHUIIPOMIHIOBAHHS
n ans noyaTkoBux Buxopis Rankine 3 d'* mo6musy
rpaHuyHOi KpuBoi [4] mepeBiulye piBeHb 77 ISt
€KBIBAJICHTHUX TOYKOBUX BUXOpIB B 2+ 6 pasiB, 110

O0OyMOBIIEHO ~ CYTTEBHM  BIUIMBOM  BHYTPILIHIX
CTyHeHiB cBOOOIM BHUXPOBUX IUIIM Ha TIPOLEC

B3aemonii (puc.3, a). Ilpu 36impmenni d'” wmix
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Puc. 3. EdextuBHiCTP  TriApOJUHAMIYHOTO
BUIIPOMIHIOBAaHHS 7]  JJIsl CHCTEMH JIBOX BHX-
POBHX €JINCIB Ta €KBIBAJCHTHOI CHCTEMHU
BUXPOBUX TOYOK B 3aJIEKHOCTI BiI CIIiB-
BiIHOIIEHHS  pajiyciB R, /R ; mapamerpu

B3a€MOJIi HaBeIEeH] V TEKCTI.

B3a€MOJIiT MK CTYIIEHSMH CBOOOIW TUISIM CYTTEBO
cnabmae, Mae Miclle pO3MICIUICHHS 3BYKOBOTO
CHEKTPY Ha CMYIH 1 BHUPOUKEHHS BHYTPILIHIX
CTYIIeHiB CcBOOOAM BHXOpiB. BHacCHiIOK IHOTO
3HaYeHHS 1) AN PO3MOAUICHHX Ta TOYKOBHX
BUXOPIB MPSMYIOTh OAHE 10 onHoro (puc.3, 0). B
BUMaaKy novatkoBux BuxopiB Kirchhoff (A=1.4)
(puc. 3, 6) npu Mikuentposiii Bincrani d'” =4R,
TEK Ma€ MicCIle PO3IIEIUICHHS 3ByKOBOTO CIIEKTpa Ha
CMyTH, OJHAK ITOYATKOBI E€IICH HE NEeTreHEPYIOTh B
KPYTOBI IJISIMH, TOMY 3BYKOBE TIOJI€ BiJl BHYTPILIHIX
CTYIEHIB cBOOOAN HE MPSMY€E OO HYJIHOBOTO DiBHS.
Ha puc 3, 6 npogeMoHCTpoBaHO, IO 77 IS MOYat-
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KOBHIX EJIIICIB CYTTEBO TEPEBUIIYE 7] I BUXOPIB
Rankine Ta BuxpoBux To4ok: mpu R, /R, ~ 0.4 3Ha-
YEeHHS 7] BIAPI3HSAIOTHCS NPUOIIM3HO HA TTOPSIOK.

Takum YHHOM, aHawi3 e(eKTUBHOCTI
BHITPOMIHIOBaHHS 3BYKY BiJl TAHOI MOJIENBHOT Tedil
[OKa3ye, M0 3BYK, SKHA FeHEPYETHCA BUXPOBOIO

TEUi€l0, CYTTEBO  3MCHIIYETBCS B  BHIQJKY

BUPO/KEHHSI ~ BHYTPIIIHIX  CTymeHiB  cB0oOOIU
BHUIXODIB, 3 IKUX TeUis CKJIAIA€ThC.
BucHoeku

TakuM  4YMHOM, BUKOHaHE  JOCIIIKEHHA

J03BOJISIE C(HOPMYIIIOBATH KpHTEpii, sKi 0a3yroThes
Ha aHalli3l aKyCTUWYHHX TIOJIB, IO AAIOTh BiAIOBiAb
Ha  TUTaHHA, 3a SKAX  YMOB  MOXXIJIHBO
anpOKCHMYBATH PO3IMO/ILTICHI BUXOPi TOUKOBUMHU:

° HEOOXITHOO 1 JIOCTaTHLOO YMOBaMU
anmpoKcUMarlii BEJTMKOMACIITAOHMX PYXiB BHXOpIB
Kirchhoff ekBiBameHTHOIO CHCTEMOIO BHXPOBHX
TOYOK € PpO3IIEIUIEHHS 3BYKOBOTO CIIEKTPY Ha
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YaCTOTHI CMYyTH; OJIM3bKICTh OCHOBHOI €HEPro€MHOT
YacTOTH B HWKHIN YacTUHI CHEKTPY A0 YacTOTH
BHUIIPOMIHIOBAHHS €KBIBJICHTHOI CHCTEMH TOY-
KOBHX BHXOpIB BHM3HAa4a€ TOYHICTh TaKOi aIpok-
cuMallii; TO0OTO OYMHAIOYHM 3 MEBHOI MIXKIIEHTPOBOL
BiJICTaHi TaKa alpOKCUMAIIisl € MOYIIUBOIO;

® HeoOXiIHOK 1 JIOCTaTHBROK YMOBaMH an-
pokcumanii  BuxopiB Kirchhoff ekBiBanentHOIO
CHCTEMOI0  BHXPOBHX TOUYOK TMpH  MOOYAOBI
3BYKOBOTO JDKepella € OJIHOYAacHE pPO3IICIUICHHS
3BYKOBOTO CIIEKTPY Ha YacTOTHI CMYTHM Ta BH-
PO/UKEHHST BHYTPIIIHIX CTYIEHIB CBOOOIW TUIAM;
TaKUM YHHOM, OCKUIBKH Jpyra yMoOBa HE € 3a-
ragpHUM (PaKTOM, TO anpOKCHUMAIlisl JHKepena 3BYKY
TOYKOBHMH BHUXOPaMHU € HEMOXKIIMBOIO MPOLIEAYPOIO;
® peKOMEeHJAIlil 00 3MEHIIeHHS IIyMy Bia Tedil,
chopMOBaHOT 3a JIBUTYHOM: KEpYBaHHS TEUIEIO Ma€
OyTu copsMoOBaHE, 30Kpema, Ha 3MEHIICHHS
EKCIEHTPUCUTETY BUXOPIB TEUii.
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B pobomi docrioscyromuca ancopummu, wo peanizyroms nepemut, 06'€OHAHHA | PI3HUYIO 8 MAOIUYHUX
aneedpax. 3anpononosano moougikayii HAOINLW NOWUPEHUX AN2OPUMMIB, WO O00360IAI0Mb CKOPOMUMU
Kinokicmb obuuciensv. byno 3Hailioeno oyinku y Hauieipuiomy unaoky ma y cepeOHbOMY O KONMCHO20 3
OCHOBHUX NepemeopeHb Mmabauyb npu peanizayii KOMCHO20 3 3aNPONOHOBAHUX aneopummie. Pospobnerno
npocpamuy cucmemy, Wo eKCnepuUMeHmanbHo NiOMeepotCye meopemudti OYiHKu.

Kurouosi cnosa: cknaouicme aneopummy, 6azu oanux, mabauuna aneeopa.

In this paper we investigate algorithms implementing intersection, union, and difference in table algebra
which are modern analogue of Codd's well-known relational algebra and form the theoretical foundation of
modern query language databases. Elements of the carrier of table algebra specify relational data
structures, and signature operations are based on the basic table manipulations in relational algebra and
SQL-like languages. Modifications of the most widespread algorithms which reduce the amount of
computations are proposed. In these algorithms there are three basic conversions of tables: adding, deleting
and comparing data. Because in real databases the performance of these conversions is different, for more
accurate calculation of the execution time of the set-theoretic operations it is desable to find complexity
characteristics for each conversion separately. Based on the complexities evaluated for the each conversion
of each modified algorithms, the fastest algorithm was found for each operation. A program that
experimentally confirms theoretical estimates was developed.

Key Words: complexity of algorithms, database, table algebra.

Crartio npeactaBus 1.¢.-M.H., npod. AHicimoB A.B.

1. Beryn nocmigHUkiB [1,2]. ABTOopamu B pobotax [3.4]
3allPONIOHOBAHO ~ AITOPUTMH  BHKOHAHHSA  TPHOX
Onrtumizamiss 3anuTiB € OAHMM 3 HaAHOLIBII TpaauUiHMX  OiHAPDHMX  TEOPETHKO-MHOKHHHUX

BXJIMBUX 1 I[IKABUX HamNpsAMIB JOCIIPKEHb 1
po3po0oK y Beili obnacti 0a3 maHuX. BaxkiusicTh
IOTO HANPSMKY BH3HAYAETHCS THUM, IO BiA
PO3BHHEHOCTI OJIOKY ONTHMI3alii 3amMTiB iCTOTHO
3aNeXUTh 3arajbHa MPOAYKTHBHICTH  OYIb-SIKOL
SQL-opienToBanoi 6a3u manux. lleli HampsMok €
HaOLIbII WiKaBUM, TOMY IO NPH BUPILICHHI 3a7a4
OIITHUMIi3aIlii TIOBOJHUTHCS BUKOPHCTOBYBAaTH
HaHpPi3HOMAHITHINI MiAXOMW Ta METOAU 3 Pi3HUX
oOyacteli OOYHMCIIOBATLHOI HAyKH 1 MaTEMaTHKH.
[IpotsiroMm  oCTaHHIX  pOKIB  IIi  YUHHUKH
MIPUBAOITIOIOTH 10 TAHOTO HAIPSAMKY yBary 0araTthbox

© [1.b. byii, I.C. Kanapceka, O.C. CeHuenko,
2016

ormepariii: nepeTuHy, 00'€JHAHHS 1 PI3HULI TaOJIHIIb,
1 3HaliieHa TOYHA CKJIAIHICTh I[UX AJTOPUTMIB, IO
MOXKe OyTH BHKOPHCTAHO JUJIsi ONTHMI3allil 3aluTiB.
Y muMx airopuTMax BHKOPHCTOBYIOTBCS  TPH
OCHOBHHX IEPETBOPEHHs TaOJMIb: JOJaBaHHS,
BUJAJICHHS 1 TOpPIBHSAHHA JaHux. [lpu mpomy B
peasibHUX 0a3axX JaHUX MIBHJIKICTb BUKOHAHHS IIUX
MEPETBOPEHb € Pi3HOI0. TOoMYy, st OUIBII TOYHOTO
o0umcIeHHS yacy  BUKOHaHHSA TEOPETHKO-
MHOXXMHHUX oOllepauiii y TabmuuHux anedpax,
HEOOXiMHO 3HANTH CKIAAHICHI OIIHKH KOXXHOTO
MEPETBOPECHHS OKpeMo. Y maHiif poOoTi s
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KOXXHOTO aNTrOpUTMY 3HAWJEeHa TOYHA CKIIATHICTh
JIOJTaBaHHS, BUJIAJICHHS 1 IIOPiBHSIHHS JaHHX.

2. OcHOBHI BU3HAYEHHSH

3adikcyeMo  JeSKYy — HEMOPOXKHIO  MHOXKHUHY
aTpuOyTiB ERz{Ai/%} JIOBiNbHY i AMHOXUAHY
MHOXHUHH ‘R,

cxemoro. Psagxkom S
MHOXHHA TIap S= {(A{,dl),. (A dy )} , TIPOEKIIist

SIKOT 3@ TEpINO0 KOMIIOHEHTOIO JOpiBHIOE R,
npudomy aTpuOytu A,..., A, € MONapHO Pi3HUMHY,

30KpeMa, TIOPOKHIO, Ha3BEMO
cxemu R HasuBaeThcs

TOOTO psAAOK € (QYHKUIOHATBHUM  OlHapHUM
BimHOmeHHsAM. Enementn d; (3HaueHHs aTpuOyTiB)

BUOMpAIOThCS 3 TMEBHOI (PIKCOBAHOI MHOXKHHH.
Tabmuns T cxemu R — CKiHYCHHA MHOXKHHA PSIIKIB
cxemd R, ximpkicTe psAkiB y Tabmmmi T
MO3HAYAEMO |T| Haii, sxkmo He OOYMOBJICHO

MPOTHIICKHE, B POOOTI pO3MIAMAIOTHCS TaOJHII
cxemu R 3 ximpkicTio atpuOytiB N. Ha MHOXUHI
BCIX TaKWX TaOJHIb BBEIEHI MapaMeTpU4Hi oreparii

o0'ennanns (U), meperuny (()) i pisHumi (E)
R R

TaONUIb SIK OOMEXCHHS OJTHOWMEHHUX TEOPETHUKO-
MHO>KMHHHUX ONepariil.

TabnuyHolO anreOpol0 HA3MBAETHCS YACTKOBA
anreOpa 3 HOCIEM — MHOXHHOIO BCiX TaOJIHIlb
JOBUTHHOI CXeMH — 1 JEB'SITbMa OIEpallisiMU:
00'eTHAaHHAM, TIEPETUHOM, PI3HUIICI0, IMPOCKIII€0,
CeINeKI[I€l0, AKTUBHHM JIOTIOBHEHHSIM, 3'€THAHHSM,
TIJICHHSIM 1 TTepeiMeHyBaHHIM; BU3HAYCHHS IIECTH 3
WX omepariid, He PO3TIAHYTHX B JaHiil poOoTi,
HaBeJeHi B [5, 6].

KopoTko TOpKHEMOCS OCHOBHUX MiIXOIB JO
OIIHKM CKIAHOCTI alNropuTMiB, CIigyroun [2].
O06uncIIOBAIEHOIO CKJIaJIHICTIO AITOPUTMY
HA3UBAETHCS (PYHKIIIS 3aJI€KHOCTI «00CsTy» poboTH,
sIKa BUKOHYETHCSI HAM, BiJl pO3Mipy BXiJIHUX AaHUX.
Posrasinatots IBa  BHIHU 004HCITIOBATIBLHOT
CKJIAJIHOCTi: YacOBY, sKa OIIIHIOE Yac BUKOHAHHS
ITOpUTMY (KIJIBKICTh BHKOHYBAaHMX OOYHCIIEHB), i
€MHICHY, fIKa OLIIHIOE KUIBKICTh KOMIPOK HaM'siTi,
HEOOXIZHY JUIsi pOOOTH alNropuT™My. Y NaHiil poOoTi
BB@)KAEMO, 110 CKJIAJHICTh €JIEMEHTAPHHUX OIeparlii
ogHakoBa (TOOTO BHKOPUCTOBYETHCS TaK 3BaHa
piBHOMiIpHa Bara). BuaiisioTb TpH THUIHM YacoBOl
CKJIAJIHOCTI allTOPUTMY: CKJIQJHICTh B HaWTipIIOMY
BUIIAJKYy, CKJIQIHICTh ISl MaiXe BCiX BXOMIB 1
CKJIaJHICTh B cepeAHboMy. JlochimKeHHsS 4YacoBOi
CKJIAJIHOCTI aITOPUTMY B HAWTipIIOMy BHIAJKY
3HAYHO TMPOCTIMIe, HDK MOCHIKCHHS IHITHX IBOX
TUMIB CKJIaJHOCTi, XO4Ya MpH aHajizi dYacoBoi
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CKJIaITHOCTI 00po0OKH 3aIUTIB HaWOLTBIIT
MPUIHATHUM € BUKOPUCTaHHS  CKJIAJHOCTI B
CepeHbOMY, OCKIJIbKM CaMe BOHA JIa€ MOIKJIHMBICTBH
OIIIHUTH e(EKTUBHICTH OOPOOKH 3aITHTIB.

Y wmonorpadii [7]  BumineHo
nepeTBOpeHHs Tabmuup: momaanns ADD(T,s),
DEL(T,S)

CH(T,s,s,) panka S psakom S, y Tabmmui T. B

OCHOBHI

BHIAJICHHS psiogka S 1 3amiHa

NropuTMax, pO3TJSIHYTUX B JaHii poOoTi, OyayTh
BHKOPHWCTaHI TEPII 1BA TEPETBOPEHHS.

B ycix 3ampornoHOBaHHX aNrOpUTMax BBaXKaeMo,
ADD(T,s) i

DEL(T,S) y HaWTIpIIOMY BHIIAJKY i B CEPETHBOMY

O CKIAIHICTh TePEeTBOPEHBb

JOPIBHIOE KiJIBKOCTI aTpuOyTiB y cXxemi, ToOTO N.
Jam OynemMo po3risiiaTé anrOpUTMUA BUKOHAHHS
omepauiid mepeTuHy, o0O'eHAHHS 1 PI3HHLI B
TaOJIMYHMX  anredpax: JJis  KOXKHOI  omeparlii
CIIOYATKYy PO3TIANAETHCS HAWOUIBIT MPUPOIHUH (Ha
HAIII TTOTJISI) aJTOPUTM, TICIS IHOTO MPOTOHYIOThCS
roro Mommdikarii, MO JO3BOJSIFOTH 3MCHIIUTH
KUTBKiCTh  oOumcnenb. [loTiMm OynyTe 3HaiimeHi
YacoBl CKJIAJHOCTI B HAWTipmioMy BHIAAKY 1 B
CEpeAHbOMY TSI KOSKHOTO 3 IUX AITOPHTMIB.

3. O3Ha4eHHS AJTOPUTMIB
3.1. Onepaunisi nepeTuHy Ta0AMIb

Aaroputm  1.1. 3 KOXHUM paakoM S €T;
HOPIBHIOEMO BCI psAKK TaOumumi T,: SIKIIO iCHYE
Takui pAgok S, €T,, Mo S =S,, TO PAOOK S
JIOJJAEMO B PE3yJIbTyIo4y Tabnumo T 1 mepexoaumo
JI0 HaCTYIHOrO psifika Tabauui T, .

Aaroput™ A 1.2. 3 KOXHUM psaakoM S, €T,
HOPIBHIOEMO BCi pAnku Tabmumi T,, 1 KO iCHYeE
Takui pagok S, €Tl,, mWo S =S,, TO PAOOK S
JOJAa€EMO B pe3yibTyrouy Tabuuiio T, psagok S,
BUjaseMo 3 Tabmumi T, 1 MepexoguMo 0
HACTYIHOTO psiaka Tadmumi T, .

Anaroputm A 1.3. fxmo |T1| < |T2

paakoM S, € T, MOpiBHIOEMO BCi psAiKM Tabnui T,, 1

, TO 3 KOXKHHAM

SKIIO HE 1CHY€ Takoro psiaka S, € T,, Mo S; =S, , TO
BUJAIAEMO PAJOK S 3 Tabmuui T;, a SKIO Takuii
PAZOK ICHYE, TO MEPEXOAUMO JI0 HACTYITHOI'O PsKa
tabmuui T,; pe3ynpTaT MicTHThCA B Tabmumi 1.

Sxmmo x |Tl| > |T2

, To Tabmumi T, 1 T, MiHAIOTBCS

MICILISIMH.
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Agaroputm A 1.4. fxmo |Tl| < |T2 , TO 3 KOXHHUM

psankoM S, € T, TIOPIBHIOEMO BC1 psIKU Tadbmumi T,, 1

SKIIO0 HE 1CHY€ Takoro psaka S, € T,, o S; =S, , TO
BUAAISIEMO PAAOK S; 3 Tabmuui T;, a KO icHye
Takui psjgok S, €T,, mo S =S,, TO BUAAIIEMO
PSIOK

S, 3 Tabmumi T, 1 mepexoauMo 10

HACTYITHOTO PsKa TaOmuIl T, ; pe3yabTaT MiCTUThCS

B Tabmumi T, . Sxmo x |T1| > |T2 ,To Tabmuui T, 1 T,

MIHSIOTHCS MICIIIMU.
3.2. Onepauist 00'eqHaHHS TA0IUIb

Aaroputm A 2.1. Jlonaemo BCi paaku S, €1, B
HOBY Tabiui0 T (sSKa MICTUTH Pe3yJNbTar), a MOTIM
BCl psaaku S, Tabmumi T, MOPIBHIOEMO 3 psIKaMH
tabmuni T, 1 AKIIO HE iCHye TAaKoro psyka S;, II0
S, =S,, TO pAAOK S, JomaeMo B Tabmuio T, a
AKIOIO TaKUd pSANOK ICHYE, TO MEPEXOJUMO JIO
HACTYIHOTrO psajka Tabmumi T, .

Adaroput™m A 2.2. [lonaemo Bci pagku S, €1, B
HOBY Ta0iui0 T (sSKa MICTUTH Pe3yJNbTaT), a MOTIM
BCi psaaku S Tabmuui T TOPIBHIOEMO 3 PSAKAMHU
tabmuni T,, 1 AKmo icHye Takuil psaok S, €T, , M0
S=S,, TO BHUAANIEMO DPAOOK S, 3 Tabmumi T, 1
MEPEeXOIMMO JI0 HACTYIMHOTrO psiaka Tabmuii T .
[Ticnst mporo nogaeMo pemty psakis Tabmumi T, B
Tabmumo T .

Adaroputm A 2.3. Sxmo |T1| < |T2

psinkoM S, € T, MOPiIBHIOEMO Bel psiaAKy Tabmumi T, , 1

, TO 3 KOXXKHUM

AKIIO ICHye Takui psapok S, €T, mo S,=S;, TO
BUJIAJISIEMO PAOK S, 3 Tabuuui T, 1 mepexoammo 10
T,;

JOJAa€MO BCl PSIIKH, IO 3aJIMLIMINCh, 3 Tabmumi 1, B

HACTYITHOTO psKa TaONuIli micias UbOro

tabmuiro T,, B AKil MICTHThCA pe3yabTaT. SIKIIo x
[>T

, To Tabmuui T, 1 T, MIHAIOTBCSA MiCISIMU.
3.3. Onepaunin pizHuIi TA0 LB

Aaroputm A 3.1. 3 KkoXHMM pagkoM S €T,
IOPIBHIOEMO BCi pAAKU Tabiuui 1, : KO HE icHYe
Takoro psigka S, €T,, mo $ =S,, TO PANOK S
JI0JIA€EMO B HOBY Pe3yJbTyl0dy TaONuIo T , a AKIIO

TaKUi PSJOK iCHY€E, TO MEePEeXOJUMO JI0 HACTYITHOTO
psinka tabmami T .
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Aaroputm A 3.2. 3 KOXHUM psAAKOM S, €T,
HOPIBHIOEMO BCl psiAKU Tabmumi T,: SIKIIO ICHYE
TaKui psANOK S, €T,, Mo S =S,, TO BHAAIIEMO
psgok S, 3 Tabmumi T, 1 ¢epexoaumo Jo
HACTYIIHOTO psjaka Tabmumi T, SKIIO K TaKoro
psiaka He iCHye, TO PAAOK S, JOJAEMO B HOBY
Tabmuuo T , sIKa MICTUTh pe3yJIbTar.

Aaroputm A 3.3. 3 KOXHUM psAAKOM S, €T;

HOPIBHIOEMO BCl psiAKU TaOmumi T,: SIKIIO iCHYE
TaKui psapok S, €T,, Mo S =S,, TO BUAAIIEMO
pagok S 3 Tabmuui T,. Pesymprar MmicTHThCA B
Tabmuui T, .

AaroputM A 3.4. 3 KOXHMM paakoM S €T,
HOPIBHIOEMO BCl PSAKK Tabmumi T,: SKIIO ICHYeE
Takui psjpok S, €T,, mo S =S,, TO BUAAIIEMO
psagoK S, 3 Tabmuui T, a pANOK S, BUAAIIEMO 3
tabmuni T,. Pe3ynbraT micTuthes B Tabmumi T, .

Aaroputm A 3.5. 3 KOXXHUM pSIKOM S, €1,
HOPIBHIOEMO BCl psAAKM Tabmuui T;: AKImIO iCHYye
Takui pagok S €T, mo S =S,, TO BUAAIIEMO
psinok S, 3 Tabmumi T, 1 mepexoauMo 10 HaCTYITHOTO
psaka Tabmuui T,. Pesynprar micTuThes B Tabnuii
T,

4. OcHOBHI pe3yJIbTaTH
4.1. CknagHicTh B HAliTipIIoOMy BUIIAIKY

3HaiiIeMO CKJIaIHICTh B HAUTIpHIOMY BUIAJKY
JUI BCIX paHillle 3allpONOHOBAaHMX AITOPHTMIB, B
SAKMX BBaXKA€MO |T1|=m1 i |T2|:m2. OcCKinbKH B
KO)KHOMY 3 allTOPUTMIB KUTBKICTh OOYHCIIOBAIBHUX

I 3aJIe)KUTh BiJ KUIBKOCTI PSJIKIB, MIO HAJIEkKaTh
MEPETUHY BUXITHUX TaOJUIlb (Iali i pIaKu OyaemMo

HasuBatk  psiakamu  tabmuumi  T,NT,),
R

3HAaXOKEHHS CKJIQJAHOCTI KOXXHOTO  aJITOPUTMY

cnoyatky ~ Oyma  3HaiiieHa  (yHKLIOHalbHA

3aJISKHICTh CKJIAIHOCTI BiJ 4MClIa PSAAKIB TaOMHII
T QTZ, a HOTIM, B SIKOCTI CKJIQJHOCTI B TipIIOMY

BUNIAJIKy, 3HAWJEHUH MakcuMyM wi€l ¢yHKOii, 3

ypaxyBaHHsm Ttoro, mo |T,(T, HaTypaJbHe
R

yucio. PesynbraTi HaBeaeHi B Tabauii 1. 3BepHEMO

yBary, IO 3arajbHa CKJIAAHICTb aITOPUTMY Y
HalripmioMy BHIAAKY HE OOOB'SI3KOBO  cyMi
CKIIAMHOCTEW y HaWTimoMy BHUIMAIKy TPHOX
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NEPETBOPEHD, Il BHMAIKK UL m= min {ml, m2} , T, T, — tabmumi cxemu
KOKHOT'O TTEPETBOPEHHS MOXKYTb BiZPi3HSTHCSL. R={A,... A}, moTyxmocti foveny smaucis
4.2. CriIaTHiCTh B CepeTHbOMY atpubyTiB  A,...,A, IOpIBHIOIOTH  BIANOBIIHO
CknanHicth B cepenHboMy anroputmis A 1.1 — GG TGt =Q-
A 3.5 3amexuTh Bif 0araTboX ImapamMeTpiB BUXITHHX
TaOIUIb. Hexait |T1| =m, |T2| =m,,
Tabnuus 1.
Anropim T nepmm | gom | e
1.1 mm,n+n m,m,n min{m,,m,}n 0
1.2 m,m,n +3n m,m,n min{m,,m,}n min{m,,m, } n
1.3 mm,n+min{m,,m,}n+1 mm,n +1 0 min{m,,m, } n
1.4 mm,n+min{m,,m,}n+1 m,m,n +1 0 min{m,,m, } n
2.1 mm,n+mn+m,n mm,n m,n+m,n 0
22 mm,n+mn+m,n m;m,n mn+m,n m;n
2.3 mm,n+min{m,,m,}n+1 mm,n +1 mm,n +1 min{m;,m, } n
3.1 mm,n+mn mm,n m,n 0
3.2 mm,n+mn m,m,n m,n min{m,,m,}n
33 mm,n+n mm,n 0 min{m,,m, } n
3.4 m,m,N +3n m,m,n 0 2-min{m;,m,}n
35 mm,n-+n m,m,n 0 min{m,,m,}n

Takum 4nHOM, icHy€e piBHO Q pSJKiB, KOXEH 3

SIKMX HE3aJIEKHO BiJ 1HIIUX MOXE BXOIUTH a0d0 HeE
BXOJIUTH B KOXXHY 3 BHXIJHUX Ta0muib. Byaemo
BB)KATH, MO0 PO3MOAUT 3HAYCHb 10 KOXHOMY
atpubyty B 000X  TaONWISIX  PIBHOMIpHUIA.

HecknagHo OGaumrth, mo sxmo M +m,<Q, To

MiHIMaIbHA KUTBKICTH psiakiB y Tabmumi T,NT,
R

nopisatoe 0,
KinbkicTh  psiakiB  Tabmumi  T,(\T,  mopiBHIOE
R

B IHIIOMY BHNAJIKy MiHiMaJlbHA

(m +m,)-Q, mwo MiHiMaTbHY KiTBKICTb DSJKIB

NO3HAYUMO 4Yepe3 Z; 3 BH3HAYECHHA IEPEeTHHY

TaOJIMLb OYEBHIHO BHIUIMBAE, IO MAKCHUMAaJIbHO

MOXIJIMBA KUIBKICTh pSAKIB y Tabmmmi T, ﬂTZ
R

nopiBHIOE M. OCKUIBKM BCi  3ampoHOHOBaHi
QITOPUTMH BHKOPHUCTOBYIOTH TMOPIBHSIHHS PSIKIB B
tabmusix T, 1 T, Ha mpeamer iX PpiBHOCTI, i
CKJIQJIHICTh WX AJIFOPUTMIB 3aJICKUTh Bl KIJIBKOCTI
psnkiB Tabmumi T, QTZ, TO 3HaWIEMO 3HAYEHHS

imoBipHocTi P(j) Toro, mo Takux paAkiB Oyne B

TOYHOCTI j (je {z,...,m}) . IMoTiM [ KOKHOTO 3

3alpPONOHOBAHUX AJITOPUTMIB 3HANUIEMO 3HAYCHHS
W (]) cepemHboi KiTbKOCTI OOUHCIIOBATBHUX il 3a

ymoBu [T,(T,|= j. Byaemo BBakaTu CKIajHIiCTIO B
R

cepenHbOMy BeuauHy » P(j)-W(j) -

j=z

Criouatky Oyna 3HaiizieHa iMoBipHicTE P(]) .
o moi
cicqic
Co'Ce?
_ m,!m,{(Q —m, )} (Q—m,)!
jf(m— i) (m, — HQ-m, —m, + j)IQ!

P(j)=

Hnst  3naxomkenns W (j) Oyno 3HaiimeHo
CEpEeHI0  KUIbKICTh oOumcioBanbHuX mii W',
HEOOXiHY JUTS MOPIBHAHHS PAIKIB
sl={(Al,dll),...,(A1,dﬁ)}eT1 i

SZ={(Ai,d12),...,(ﬁh,d§)}eT2 y BHIIQJKy, KOJIU
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stxg?. 3HAYCHb TPHOX MEPETBOPEHB TAOIHUITh, IS CKOHOMIL
Q g —1 q, -1 q. -1 MicLs B TaOJIHII 2 MU HaBeAEMO JIMIIE 3HAYEHHS IS
W'= [l L 4222 Z 4 +n ”—j TPBOX NEPETBOPEHD TaOIMIIb.
Q-1 q 0.9, Q

3BepHEMO yBary, IO Ui KOXKHOTO alTOpUTMY
3aranpHe 3HaueHHS W (]) € cyMoro aHaJoTriuHHX

Tabmuis 2.
AnropiTy . W(j) amst CKIaTHOCTI B CEPEAHBOMY
ITOPIBHAHHA O04aBaHHA BUOAJICHHA

1.1 [mlmz —%'(m2 +1)jW’+ jn jn 0
1.2 mlmz—l(ml+m2+i—lj W'+ jn jn jn

2 2 2
1.3 [mlmz—%(max {m,m,} + )J "+ jn+1 0 (min{m,m,}n—j)n
1.4 (mlmz—%(mﬁmﬁ———nw +jn+1 0 min{m,,m, } n
2.1 (mlm2 —%(m2 +1))W in mn+(m, —j)n 0
2.2 mm, =3 m m,+ 2 -4 s jn mn+(m, —j)n in
: WMy =5 Mt M+ 5 =3 J | 2~ J

i L1 : ) :
2.3 mm, — | my e m, 2= W'+ jn+1 (min{m,m,}n—j)n in
3.1 [mlm2 2(m2+1)jw +jn (m,—j)n 0
3.2 mm, — i ml+m2+l—l W'+ jn (m—j)n jn

2 2 2 '
33 (mlmz—%(mfrl)JW%jn 0 jn
3.4 1 L_J '
: mm, — 5 ml+m2+E = W'+ jn 0 2jn

j 1 .
3.5 (mlm2 ——(ml+m2+5——DW +jn 0 jn

BUTIAJIKY — B aroput™iB A 2.1 1 A 2.2, a HaliOinbIIa

CKJIaJHICTh y cepelHboMy — y anroputmy A 2.1. I3

5. BucHoBKH 3alpONOHOBAaHUX AaJrOPUTMIB PI3HULI HalMeHIIa

CKJIaJHICTh B HAWTIPIIOMY BHIIQJIKYy - B JITOPUTMIB

TakuMm 4wHOM, 13 3amporoHOBaHWX anroputMmiB A 3.31 A 3.5, a HaiiGinbiia — B anroputmiB A 3.1 1 A

omepauii MepeTHHy HaWMEHIly CKJIaaHICTh B 3.2; HalMEHIIAa CKIAIHICTh Y CEpeAHbOMY — B

Haifripmomy Bumaaky wae amroputm A 1.1, a amropurmy A 3.5, a Haii0inpia — y anropuTMmiB A

HanOuIbIy — anroputMu A 1.3 1 A 1.4; naiimenmia 3.1 1 A 3.3. Takum YHHOM, 13 3aIPOIOHOBAHUX

CKJIaJHICTh y CepelHbOMYy B anroput™MiB A 1.4 1 A anropuTmiB HalOUTbII mBHAKONIIOUMMHU € A 1.4, A
1.2, a Haiibinpma — B anroputmiB A 1.1 1 A 1.3. lns 2.3 ta A 3.5.

orepariii o0'enHaHHA HaWMEHINA CKJIAJHICTh B Jis  eKCHepUMEHTATbHOTO  iJITBEPKEHHS

HaWTIpIIOMy BHUIIAAKy 1 B CEpeOIHROMY — Yy TEOPETHYHHX  pe3yibTaTiB  Oyma  po3pobieHa

anmroputMy A 2.3, Hail0inplmia B HaWTipmioMy TmporpamMHa cucTeMa B cepefoBuili Lazarus, sika
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o0umcmioe  (pakTHYHY  KITBKICTP ~ BHKOHAHHUX
o04YnClIeHb AN  KOXKHOTO 3  3alpOIIOHOBAHUX
QITOPUTMIB 1 TOpiBHIOE IX 13 3HAWACHUMH

TEOPETUYHUMH OI[IHKAMHU; TaKOX CHCTeMa MOXKe
OOYHCIIOBATH  CepelHE  3HaueHHA  (QaKTUIHOL
KUTBKOCTI BUKOHaHHMX OOYMCIIEHB JUIS KOXKHOI cepil
JOCTiiB, Yy KOXXHOMY 3 SKHX BHXIiJHI TaOmwIi
(dbopMyroThCSI  BHUMAIKOBUM 4MHOM. lIpoBenmeni
eKCIEpUMEHTH IOKa3ald, L0 BXe IJIs BiIHOCHO

Cnncok BUKOPUCTAHUX JIZKepeT
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HEBENMKOi KiabKoCcTi mochimiB (Bim 100) cepemHi
3HAUeHHS  (aKTHMYHOI  KUIBKOCTI ~ BHUKOHAHHX
0o0YHCIIeHb BiJPi3HAIOTHCS BiJ PO3PaxXyHKOBHX Ha
BennunHy, o He mepesumrye 0,1%, a mpm
301IBIIEHH] KUTBKOCTI JOCIHIJIIB, PO3XOKCHHS MiX
(haKTUYHOI KIJTBKICTIO BUKOHAHHMX OOYMCICHb 1
PO3pPaxXyHKOBOIO 3MEHIITY€EThCSL.
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B pobomi posensoacmvcs nobyoosa iHmepnoasyitiHux mMpueOHOMEMmpUudHUx QyHKYil 3 neeHuMu
61ACMUBOCMAMU 2NIAOKOCII; MAKT QYHKYIT OYI0 HA38aHO MpucoHOMempudHumMy cniaunamu. Ilposooumscs
NOPIBHAHHSA MPUSOHOMEMPUHHUX CHAQUHIE 3 NepiooudHumMu npocmumu cniaunamu. Ilokasauo, wo kiac
MPULOHOMEMPUYHUX CNIAUHIE BKAHOYAE KIAC NOMIHOMIANbHUX CHIAUHIB, 6 MOl e 4Yac iCHYIomb
MPUSOHOMEMPUYHI CRIALIHYU, SIKI He MAIOMb NOATHOMIATbHUX aHAN02I8. Pe3ynsmamu npogedenux uucenvHux
PO3PAXYHKIE 000pe y3200HCYIOMbCS 3 OCHOBHUMU MEOPEMUYHUMU NOJIONCEHHAMU.

Kmouosi  crnosea: mpuconomempuuni  psiou, MHOICHUKU  30IdCHOCMI, IHMEPNOAAYis, CHIAUHU,
noainomianvui  cnaaunu, B-cnaainu,  npocmi  nonimomianvui  cnaaunu,  nepioOudHi  CHAAUHU,
MPUSOHOMEMPUYHT CNIIALIHU.

The article reviewed the construction of interpolation trigonometric functions with certain properties
of smoothness; these functions were called trigonometric splines. Trigonometric splines have been compared
with simple periodic splines. The article has shown that trigonometric splines class includes polynomial
splines class. Polynomial splines are the best linear apparatus for approximation of differentiable functions.
But the principal disadvantage of polynomial splines is their component structure. All results obtained for
classes of simple periodic splines are actual for classes of trigonometric splines. Interpolation trigonometric
splines have some advantages compared with polynomial splines. Mentioned advantages are the constancy
of trigonometric spline algorithms for different values of element I' and presenting them by single formula

(uniformly convergent trigonometric row) across the whole interval [O, 2n]. At the same time, there are

trigonometric splines, which have no analogues polynomial. The results of the numerical calculations are
well agreed with the basic theoretical propositions.

Keywords: trigonometric series, convergence of factors, interpolation, splines, polynomial splines, B-
splines, simple polynomial splines, periodic splines, trigonometric splines.
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OcTtaHHIM YacoM B 3ajadax Teopii HaOIMKeHb
IIUPOKE 3aCTOCYBAHHS 3HAXOJATh 1HTEPIIOJISIIIHHI
crutaiiHu. B3arami iHTepHOJAMIMHWME CIUTAHAME
Ha3uBarOTh (QYHKIIi, sSKi MalOTh MEBHI BIACTUBOCTI
TMAAKOCTI 1 IHTEPHONIOIOTh JEsKy CKIHUCHHY
N

HOCJIIIOBHICTh OOMEKEHHMX 3HAueHb {fi}i—l y

. N
Bysmax citok Ay = {Xi} pO3TAIIOBaHUX Ha

i=1’
BLIPI3KY [a,b], mpuaoMy @ =X <X, <..<Xy =b.

Haiibinpm  po3MNOBCIO[DKEHUMH €  TPOCTi
MOJIIHOMIaJTbHI CIUTalHU, SIKi CKJICIOIOTHCS 13 KYCKiB
MHOTOWICHIB (ITOJIHOMIB) TaKWM YHHOM, IIIO0
3a0e3MeynT HEOoOXiAHY TINAAKICTh OTPUMYBaHOI
¢byHKLii.

Jo mepeBar TPOCTHX  MOJIHOMIAEHUX
CIUTalHIB CJIiJ BIJTHECTH MOXJIUBICTh BUKOPUCTAHHS
MHOTOWICHIB HEBHCOKHX CTEIEHIB 1 MOJIUBICTb
BpaxyBaHHs ampiopHO BimoMux audepeHIiaTbHIX
BiactuBocTel ¢yHkuid. Kpim Toro, Taki crnaitau €

HalKpamuM JIHIAHUM ~— anapatoM  HaOJMKECHHS
knaciB gudepentiioBaux Gyakii [1].
Ili Ta geski iHIIN BIIACTUBOCTI CIUIAiHIB

MpU3BEIM JI0 TOTO, IO CIUIAHHK TOCTYIIOBO
BUTICHSIOTh MHOTOWIEHH B 0araTtb0oX Tay3sxX
TEOPEeTUYHUX 1 TPHUKIATHUX JOCHIKEHb (IHB.
Harp., [1],[2]).

[IpoTe mpocTi MoMiHOMIaNIbHI CIUIAiHK MalOTh
i psan HemomikiB. Tak, TpW 3pOCTaHHI CTENEHIB
CIUIAHIB PI3KO YCKIAJHIOIOTHCS TEPETBOPEHHS,
HeoOXximHI mus iX moOynosu. lle mpu3BoOaUTH 10
TOr0, M0 HAKOULIBII PO3MOBCIOKCHUMH € CIIIAWHU
TPEThOTO CcTereHs ( KyOidHi CIUTaliHu).

[TpyHIMUIIOBUM HEIOJIKOM TOJIHOMIaTbHUX
CIUTAlHIB € 1 iX cocTaBHa cTpyKTypa. Lle mpu3BoauTh

A0 TOro, M0 oOmepamii iHTerpyBaHHS  Ta
TdepeHIiFoBaHHs CIUTaiHIB HEOOXiHO
3MIACHIOBATH  HaJ  MHOTOWICHAaMH, 3  SKHX

CKIIQalOThCs I CIDIaHA. 3po3yMijo, IO mel
HEJOJIK 3HAYHOK MipOH OOMEXye IOJajbIie
PO3IOBCIOKSHHS MOJIIHOMIaJIbHUX CIUIAHHIB.

Tomy reBHe 3aIlikaBIeHHS BUKIMKAIOThH 1HIII
TUNH IHTEPHONALIAHUX (PYHKIIN, sIKI MAIOTh MEBHI
BIACTUBOCTI miaakocTi. OQHUM 3 TakKAX KiaciB
GYHKIIH € TPUTOHOMETPHYHI  IHTEPIOJIAIiiHI
crutaiinu [3],[4] . PosrnsitHemo ix moOymoBy Ta Aeski
BJIACTUBOCTI OLJIBII J€TAJIBHO.

Hexa¥i Ha BiIpisKy [0,2n] 331aHO HETIEPEPBHY

nepiognyny ¢ynkuiro f(t) . Hexait Takox Ha 1bomMy
N

’

BiJIPi3Ky 3a/1aHO PiBHOMIipHI CITKH A(NO) = {ti(o) }i=1
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2n . N
© _2m . @ _ (4@
ti - N (I 1)7Ta AN {tl }i=l ’

t® :%(Zi—l) N=2n+1,n=12 ..

Jlnst CKOpOUEHHS 3alKCy BBEAEMO Y PO3TIIS
ingukarop citku | =0,1; Toxi oOMIBI CITKH MOXKHA

[
HO3HAYUTH A(N ),

() =11

¢ynkuii  f(t) y Bysmax citku A

ITo3naunmo
N

TaKOX  4epes

MHOXWHY  3HAUCHb

i=1
ﬂ) . Posrinsnemo
TPUTOHOMETPUYHUI MHOTOUIIEH
M
TO() = % +> al" coskt +b{" sinkt , (1)
k=1

f(t)ma citmi A,
Bimomo, mo xoedimieHTH [HOTO MHOTOUWICHA
BH3HAYAIOTHCS 32 POPMyIIaMH

2 N
al? ==>" 1 coskt{",
-1

o iHTEepHoae (YHKIIO

k=0.1,...,n;
2 N .
b{") == £ sinkt!",
N = @
k=12,..n.

[TocraBumo y BiJIMTOBITHICTH
TPUTOHOMETPUYHOMY MHOTOYJIEHY Tn(I ) ®)
TPUTOHOMETPUYHHUM PsIIL

a((JI) - | 1) o2
2 +>al coskt+b"sinkt | (3)

k=1

(M

. (N "
KoedimienTn 'bk SKOT OOYHUCIIOIOThCS 32

dbopmymamu  (2) mis Oyap SKMX 3HaYeHb K
(k=1,2, ... ); npu 1bOMY MU BBaXXa€EMO, 110
I I
ald =bl) =0, (m=12, ...).
HecknagHo miepekoHaTHCs B TOMY, IO
HOCIIIIOBHOCTI Koe(iIieHTiB alﬁ'), bél) €

nepiognuHumMu 3 mepiomoMm N 1 psang y mpasiit
yactuHi (3) € po30iKHUM; X04a HOro KoedillieHTH
oOMesxeHi, BOHU He mpsMytoTh A0 0 i3 3pocTaHHIM
k.

Beenemo y psn (3) MHOXKHHKH 301KHOCTI

Y (r,oq, 0, ... a,), 9Kuii Mae NOPSIOK CHanaHHs

O(k_(1+r)) ta sanexuts Bix N (N=12, .. )
napameTpiB, 1 PO3TISTHEMO P
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Q] (N
| 89
O (I, 01y, 0, o 0ty 7,8 =22 @(')(r,a,y,H,t):%+
> [ ) coskt >y () ()
+Z7’k(raalva2v--,an)ak COSKL+ +ZHK (r,a,y)[ak C.(ra,y,t)+
k=1 k=1
M qj
+Db,7 sin kt]. 4) +b{"S(r, e, 7,1)]. (6)
3posymino, mo mpu >0 pax (4) €

piBHOMIpHO 301KHHM 3a O3HaKOI0 BeiiepmTpacca.
Xo4a MH MOXKEMO pO3TJIAATH JIHCHI 3HAYCHHS
napamerpa I, MH OOMEXHMOCH PO3IJISAOM
BUNAJAKY, KOJM 1€l mapamMeTp NpuiiMae JnIe
HaTypallbHi 3Ha4eHHs, T06T0 =12, ... .

Hapmani Mmu 0OMeXUMOCEH PO3TISIOM BHIIAKY,

)
3aJie)KaTh JIMIIE BiJl OJHOTO TapameTpa 1 MaroTh

KOJA MHOXHHUKHA 301KHOCTI yk(l’,(xl,ocz,

BUIILAA Y (r,o). Jlerko Gaumts, mo QyHKILis

o' (r,hy,t), mo e cymor pary (4), e
HEIEPEPBHOIO TA MA€E HETIEPEPBHY TIOXiHY HOPSIKY
r-1 (r=212,.. ), inakme Kaxyud, (QyHKIis

o (r, o, y,t) EC[r&lzn]. [Ipy LBOMY MM BBaXacMmo,

0 TIOXiJHa HYJIBOBOTO TIOPSIAKY CHiBHamae i3
caMor0 (QyHKIII€TO.
BpaxoByroun piBHOMIpHY 301KHICTH sy Ta
. S [ [
BIIACTHBOCTI Koe(iImieHTiB aﬁ ), bé ) pany (4),

H0JaMo HOro y BUIJIA
(1) n

oV (r,a,7,t) = ‘%+Za§'>ck (r,a,7,t)+

k=1

+Zn:b§')8(r,a,y,t) (5)
k=1

e
C.(r,a,y,t) =7y, (r,a)coskt +

+ i[yk (r,a)cos(mN + k)t +

m=1

+ 7k (rya) cos(mN — K)t,

S(r,a,y,t) =y, (r,a)sinkt +
+3 [ (r.@)sin( mN + k)t -

= Yk (F,@)sin(mN — k)t.
BeezneMo y psi (5) 0OMexeHuit 101aTKOBHii

MHOKHHK Hlsl) (r,o,y) i orpumaemo Takmii psiz
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Butepemo muoxuuk H."(r,a,y) raxum

byHKIis o (r,a,v,H,t)
IHTEpIONIOBajIa TPUTOHOMETPUUHUI MHOTOUIEeH (1)
(a, BimmoBigHO, i ¢ynkmiro f(t)) y By3max ciTku

|
AY.

YUHOM, o0

[lpu upomy wmu nokimagemo o .=h, e
2n .

h === - kpoxk citku A},
N

o (r,h,y,H,t)

THTEPIIONIOE TPUTOHOMETPpUYHUE MHOTOWIEH (1), (a,
BimnoBiaHo, 1 QyHkmiro f(t)) y Bysnmax ciTku

Teopema. DyHKIis

A(NI)TO,Z[i 1 Juime  Todi, KOJH  MHOXHHK

I

JloBenenns TeopeMu HaBOAUTHCA B [4].
TakuM 4YMHOM, MU TOOYIyBalu (PYHKIIFO

o (r,hy H, D),
[JIAJIKOCTI 1 IHTEPIIONIOE 3a/1aHy (PYHKINIO Y By3/1ax

(1.
N »

BHIIE O3HAYCHHS, 1151 PYHKIIIS € TPUTOHOMETPUIHUM
CTIJIaliHOM.
Hasenemo

Hk (r, h, y) Mae€ BUTIIS
HO (rh,y) = {r, (r.h) +

+ i(_l)ml [7/mN+k (r,h) + 7ok (r,h)

m=1

JKa Ma€ TIIeBHI BJIACTUBOCTI

PIBHOMIpHHX CITOK A}’; OTXKe, y CBITJII HaJaHOTO

ekl BJIACTUBOCTI

. |
TPUTOHOMETPUYHUX CIUIAMHIB (P( )(I’, h,%t) . Taxk,

30KpeMa, 3pPOo3yMiJo, MicClle Taki

piBHOCTI:

lim|o™" (r,h,v,H,0) -T ©)] =0,

oo MarThb

I 10T 0] <0

PosrisiHeMo nuTaHHSA NPO BUOIP MHOKHHKIB
36ixuocTi Y (F,N), mwo MaTh NopsIOK craxaHHs

—(L+r . .
O(k ( )) . Tak, 30kpema, B POJIi TAKUX MHOKHHUKIB
MOXYTh BUCTYIIATH WIEHH IOCIITOBHOCTEN THITY
y(k,h) - y(k,h)
obmexeHi ¢yHKIil, He piBHI ToTOoX)HO (. Takox B
poli  TaKMX ~ MHOXHHKIB ~ MOXHA  TaKOX

, , tomo, ne y(k,h) nmeski
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BUKOPUCTOBYBaTH KoedinienTn Pyp’e nepionnaHnx
MapHUX HemepepBHUX  (QYHKUIH,  SKi MAaloTh
HEeMepepBHI TOXiAHI [0 TOPSAKY I BKIIOYHO, a
noxigHi r+1- To MOpAOKY MaioThb OOMEXEHY
Bapiallito; BijoMo, 1o Koedimientu Dyp’e Takmx
(GYHKLIA MalOTh MOPSIOK CHaJaHHS O((r+2)_1).
[Ipu Takomy migxozdi B poii IUX (YHKIIH MOXYTb
BUCTYNATH Kjacu QyHKIIH 3 KEPOBAHOO TIaIKICTIO,
30KpeMa, byHKii T(r,h,t), P(r,h,t),
monmiHoMmianeHi  B- crmmaiiHM, po3risHYTI HaMu
pawirme, Toro [4].

He Brpauatoum 3arampbHOCTI, Hajgaidl MU
OOMEXHMOCh PpO3IJIAOM JIMIIE BHIAJIKY, KOJH

MHOXHUKH Y, (I, 0l) MarOTh BUTIIS

1+r

o, (r,h) = sinc(kgj ;

1+r
ve(r) =H o

nie sinc(x) =sin% .

BBememo  meski  mosHaueHHsa.  Yepes

Sp, (T,, 1) mosnaunmo ~ kmac  mepioguuHux 3

nepiooM 27, MPOCTUX TOJIHOMIaJIbHUX CIUIAMHIB
cTerneHs I, 10 IHTEPIOIIOIOTh TPUTOHOMETPUIHUIHA

muorounen T, (t) y Bysnax citku A ; 3posymino,
mo Sp, e C"™ (r=12,..).

Knac TpHrOHOMETPMYHMX CILIAMHIB, 110
dyHKii o (r,h,y,H,1),
nosuaunmo St (y) ; sposymino, mo St e "
(r=12,..).

Knacu TpuroHomMeTpuyHMX CIUIAHHIB i3
MHOXHUKaMH (7) TTO3HAYUMO BiIIOBITHO Str(')(c) Ta

st (v).

TopieHiooun Mix coboro kmack Sti (o)

CKJIaAa€TbCA 3

Ta Sté'r)_l (V) , HecknmajmHO iliTH BHCHOBKY MpO Te,
0 B MeXax OOYHCIIOBAILHOI IMOXMOKH LI KJIACHU
criBmagarote npu F =12, ... . Knacu x Sté'r) (o)
Ta Sté'r) (V) BinpisnsroTecs, mpudoMy iX pi3HHUIA
3MEHIIYEThCS HA TMOPSIOK i3 3pocTaHHsM [ .
Baypaxumo, mo Qymkuii wmacy St (c) marots

ceic i nmpu r=0, xoya B I[BOMY BHIAIKY
piBHOMIpHa 301KHICTH HE Ma€ Micls.
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PosrimsHeMo TCICPp IMUTAHHA IIPO 3B’SI30K

KJIaciB TPUTOHOMETPUIHUX Ta MIPOCTUX
TTOTIHOMIaJTbHHX CIUTaliHIB. Mae Miclte TeopeMa.
Teopema. Mae Micrie BKJIFOUCHHS

Sp, (T, 1) c Stfl) (V) , npraomy
SP,,_1(T,,0) = St (v) Sp,, (T,,1) =StP(v).

JloBenenns i€l TeopeMu HAaBOAUTHCA B [3].
Baxnusictb i€t TeOpeMu BaXKKO
nepeOiIbIINTH, OCKIIBKH BOHA JTO3BOJISE MIEPEHECTH

Bci pesynbrartu, orpumMani aist kimacy SP, (T, 1) Ha

dynxuii kmacis St (v) Ta St (v). Kpim Toro, 3

miei TeopeMH BHUIUIMBaE, IO (yHKMOII  Kiacis

St (v) ta St (V) mators Bizomi mosiHOMiambHi

AHAJIOTH — MPOCTI MOTIHOMIaJIbHI CIUTaliHU.
Hecknamno moOyayBaTd — ToJIiHOMiajibHi

. . . 0
aHanord 1 Jjuist QyHKUiH Kiacis Stér) (V) 1a

Stélr)_l(v); ONIMH 3 TaKWUX aHAJIOTiB HABOJAUTHCS B
[3].

Jo mporo wacy MU pO3TIAAATM  3amady
iHTeprosALii nepioguaHux GyHKii. s toro, mo6
MaTH  MOXIIHUBICTh  3aCTOCOBYBAaTH  HaBEJCHI
pe3yabpTaTH Al KIaciB HemepiognyHuX (YHKIIH,
HEOOXIZTHO 3aCTOCOBYBaTH CHeIialbHI METOIn
MEPIOJUYHOTO  TPOJOBKCHHS  HENepioAMYHUX
¢yuknifi. OmuH 3 TakuX METOJIB, Ha3BaHUU
aBTopaMM  MeTOIOM  “(DaHTOMHHX  BY3TiB”,
JOCTIKY€EThCS B [4].

HaoctaHok 3ayBaxuMo, 110 pe3ylbTaTH
MPOBEJICHUX  YHCENBHUX  PO3paxyHKiB  Jo0pe
Y3rO/KYIOTBCS 3  HABEACHHUMU TEOPETUYHHMU
MOJIOKECHHSIMH.

[pointocTpyemo
JESTKUMU TIPUKIIaIaMHu.

Hpuxnag 1.V TeopeTHYHUX MOCIHIHKEHHIX
4acTo 3yCTPIYaEThCsl TPUTOHOMETPUYHUH PsijT

1 0
=+ coskt
2 @

SKMH € po30DKHAM Yy KOXHIM Toulli iHTepBaty

BUKJIQZICHUN  MaTepian

[—Tc, TE] . BeenemMo y el psit MHOXHHUKHU 301KHOCTI

o (r,0) i PO3IIIIHEMO GyHKII0

(p(r,a,t)zl{%+ick(r,a)cos kt] Hagenmemo
T k=1

rpadgiku i€l QyHKOil npu pi3sHUX 3HAYeHHAX I,
MOKJIABIIH JUTs BU3HaYeHocTi o =1.



0auuTH, MO0 MH OTPHUMAJM IOJiIHOMIaJIbHI
CIUTIAiHM TIOpsiIKY I, moOymoBaHi Ha PiBHOMIpHIi
citui 3 kpokom h=1. Inakmie kaxyuu, Mae Mmicue

(bopMyna

_B (h, t)——{;+i o(r.mf coskt},

Hpuxnag 2. Hexali Ha OpOMiKKY [O,ZTE)

3aJ1aHO ACsIKY (QYHKIIIO, SKa y By3jax CITKH Ago)
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2n N
15 KPOKOM h= e npuiiMae 3HAYCHHS
1 {2,1, 3,2,4,1,31, 3} . 3a hopmynamu (2) 06uHCIIMO
xoedinientn a, , a,, b, (k=12, ..., 4)
¢(0,1,t) 05 iHTepronAiitHOrO TPUTOHOMETPHIHOTO
MHOTOYJIEHA T4(°) (t) ; mocTaBMMO y BiANOBiAHICTH
0
[EOMY MHOTO4JIEHY (YHKILiIO 0 (r,h,o,H,t) 3
05 tdhopmymoro (6). HaBememo rpadixu miei ¢dyHKIil
' -2 0 2 MpY Pi3HUX 3HAYCHHSX MapaMerpa I, MO3HAYMBIIU
¢ Ipyu [bOMY JUIS  HPOCTOTH Ha Tpadikax
02 (r,h,c,H,t) =Sb(r,t)
15
4
1 |'|lﬁ'l'.
Hu’ I'|| 3
(P(lalat) 05 IP‘J l'.ﬁl
[ h
! ]
. f SB(0,t)2
1
-05
-2 0 2
0
t t
15
4 fﬂ
1 1]
AT fh"-.\ ! \ ! ‘I' |fll"'l.
(P(2> lat) 05 .I"Ir “ll. | b fj If \ ! ""-
VAR SB(L,t)2f f
/N N/ ARV
1 q‘ lll Il-'l
-05
-2 0 2 0
t t
Puc.1. T'padixu dysxuii ¢(r,a,t) mpu 4 .
r=012, a=1. it
AHanizyroun HaBelieHI Tpadikd, JerKo 3 ~ ; \ o
B _ IJ |I ] II II II II
{ | il i Y

3(2 102 Y I}I IIUII \| / H| J
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MePiOANIHUX IHTEPHONALIHHIX MIPOCTUX
4 1 MOJIIHOMIAJIbHUX ~ CIUIAlHIB, W0 I1HTEPIOIIOITH
3aJaHUi TPUTOHOMETPUYHMK MHOTOWICH Y BY3Jax
3 FAY i ,-"'".,H THX K€ piBHinpHI/IX citok. Ile nae MO)KJ'II/IBiCl.“L
‘," \ } \ ’f }| TepenecTH Bei pesynbTaTH, OTpUMaHi Ui K1acis
SB(3,1)2 ",n A ,\ / 1 nepiogyHMX — OPOCTHX _CHTAfHIB  Ha - KacH
- \‘ '} TPUTOHOMETPUYHUX CIUIaiHIB. B TOH e uyac
\\ ! \ j .\ ! ICHYIOTh THTepIOJIALI HHI TPUTOHOMETPUYHI
1 4 CIUIaHMU, SIKiI HE MAaIOTh IOJIHOMIQJILHUX aHAJIOT1B.
[HTEpIONAIIHHI TPUTOHOMETPHUYHI CITIANHI
0 MalOThb  psAA [epeBar |y  IOpIBHSAHHI 3
t noJliHOMiaNbHUMHU cIiaiiHamu. Jlo Takux mepeBar
Puc.2. Tpadiku TpuroHoMeTpuunpx ~ CTIA BIAHECTH HE3MIHHICTb aiTOPHTMIB o0y 10BH
Y. (0 TPUTOHOMETPUYHUX CIUIAHHIB AJSl Pi3HUX 3HAYCHb
cinaitnie ¢ (1,0, o, H,t) npu r=0,12,3. napamerpa I Ta INOJaHHS IX €IUHUM BHPa3oOM
BucHoBku. (piBHOMIpHO 301KHUM TPUTOHOMETPUYHHM PSIOM)
IToOynoBaHO  KIIacM  TPUTOHOMETPUYHUX  pq BCHOMY iHTEpBai [0’ 27:].
(GYHKLIH, SIKi MalOTh MEBHI BIACTUBOCTI TJaIKOCTI
Ta  IHTEPIONIOKTh  33JaHi  TPUTOHOMETPUYHI besyMOBHO,  KNacH  TPHIOHOMETPMMHMX

MHOTOWICHH y By3JlaX PiBHOMIpPHHX CiTOK.
Lle nae mincTaBM Ha3WBaTU iX IHTEPHOJSAIIHHUMMU
TPUTOHOMETPUYHHUMH CIUTAHAMHU.

[lokazano, ™0 KIacW IHTEPIIONSIIHHAX
TPUTOHOMETPUYHUX CIUIAaHHIB BKJIIOYAIOTH KJIACH
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CIUTaliHIB MOTPEOYIOTh MOAATBININX JTOCIIPKEHD K B
TEOPETUYHOMY TaK 1 B IPUKIATHOMY TUIAHI.
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MoOijibHe HABYAHHS: leOﬁJIeMI/I Mobile leal‘ning: prOblemS of implementation
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Mobinoni ma nepeHocHi npucmpoi cmanu WUPOKOBHCUBAHUMU MA OOCYNHUMU OAs1  PSO0BO20
Kopucmysaua. 1 ye 0ano nowmoex 0 po3eumKy MoOiIbHO20 HAGUAHHS. Ale MOOiIbHe HABUAHHS MOJice
npuimamu pisHi Gopmu i 8 HbOMY MOJNCYMb 3ACMOCO8YSAMUCH PI3HI Memoou. B cmammi posensmnymo
0c0OaUB0CMI MODIILHO20 HAGYAHHA Ma Kpumepii 015 ubopy 1ioco hopmu ma enposadicenns. Pozensnymi
MeXHIYHI cmanoapmu Ol CUCmeM eneKmpoHHo20 ma mobinbHozo nasyanns — TinCan ma SCORM.
3anpononosano modenv cucmemu Kepy8aHHs HAGYAHHAM, KA  GUKOPUCIIOBYE Yi cmandapmu i Hadae
MONCIUBOCHT AK 01 36UUALIHO20 eNIeKMPOHH020, MakK i 011 MobinbHo2o Haguanus. IIposedenuil ananiz i
BUCHOBKU OYOymb KOpucHumu Oas ¢haxieyie cgepu opeanizayii cucmem MOOIIbLHO20 HAGYAHHSA, iX
BNPOBAVIICEHHS MA NIOMPUMKLU.

Kniouogi cnosa: mobinvre naguanns, cucmema xkepysanus naguannam, TinCan, SCORM.

Nowadays mobile and portable devices are commonly used and affordable for the average user. Mobile
technologies are widespread and ubiquitous. Thus, implementation of mobile learning have become
appropriate and effective. Mobile learning is the only way to learn for some types of people It should be said
that mobile learning have many strands and it can be used in different methods. Therefore, in this article the
features of mobile learning, the criteria for selecting the form of mobile learning and its implementation are
discussed. Furthermore, the article reviewed two technical standards for electronic learning and mobile
learning, such as TinCan and SCORM. Learning management system designed with respect to TinCan
standard makes it easy to integrate with mobile devices. In addition, the model of learning management system
that uses these standards and provides opportunities for electronic and mobile learning is proposed. Overall,
the analysis and findings will be useful during the implementation of learning management systems for mobile
learning and their support.

Key Words: mobile learning, learning management system, TinCan, SCORM.

Crattio nipencraBus 1.¢.-M.H., mpod. AHiciMoB A.B.

Beryn [Mpusa6mueicte MH monsrae B ToMy, 1o came
Mob6inbne wnauyannsa (mani MH) — 1e MoOLTBHI MPHCTPOI Ta TEXHOMNOTI IK HE MOYKHA Kpalle
BUKOPHUCTaHHS O0e3aporoBHX 1 MOOUIBHUX BiOOpa)karoTh JMHAMIYHICTH CYYaCHOTO JKUTTA —

TEXHOJNOTIH Ui  MiATPUMKH, MNPUCKOPEHHS 1 poOOTH 1 HaBYaHHS, PO3Bar i CHUIKYBaHHS, BCIX
30aradeHHs mporecy HaB4yaHHS. [lpn  1mpoMmy iHIINX BaxxiuBUX chep. MobOinbHI TenedoHu 3apas €
MEePEBAKHO a00 BUKIIOYHO BHKOPHCTOBYIOTBCS Maibkeé B KOXKHOIO, a 3HA4YMTh, OUIBIIICTH JIFOJACH
MOPTAaTUBHI  mpUCTpoi: TenedoHM, cMapTPOHH, MOXYTh MaTH TIOCTIHHHH JOCTYl B MEPEXKYy —
IUIAHILIETH, HOYTOyKM, Tomo. HaB4yaHHS BinOy- HEBaKJIUBO, J€ BOHU IPHU I[bOMY 3HAXOISATHCS 1 UUM
BAa€ThCA 1 TOJI, KOJNM YYEHb 3HAXOAWUTHCS 11032 3aliMaroThCsl.

¢ikcoBaHuM, Hamepen OOYMOBIIGHHM MiciieM abo

YaCcOM.
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MH wmoxe Oyru Jgyxe OaraTorpaHHuM, 1
BKJIFOUATH Pi3HI 3a IUIAMH, METOIAMH, 3MICTOM 1
peaiizaii€ero GopMu:

1) Joctynm 1o  MaTepiayliB  €IEKTPOHHOIO
HABYaHHS B CHUCTeMi KepyBaHHs HaB4aHHsSM (LMS,
learning management system).

2) [NocTaBka HaBYANBHOTO KOHTEHTY y (hopmarti
ENEKTPOHHUX KYpCiB Ha MOOUIbHI MTPUCTPOL.

3) [IpoBeneHHsT KOHTPONIO 3HaHb Yy pI3HUX
¢dbopmarax.

4) [linTpruMKa TMPaKTHYHHX BOpPaB - HaJAHHS
JIOBIZIKOBUX MaTepialiiB, sIKi MOTPIOHI ciyXxady st
BHUKOHAHHS aKTyaJIbHOTO 3aBJIaHHSL.

5) HaBuanHs B3aeMonii Ta chuibHiii poOOTi y
KOJICKTHBI.

6) JloroBHEHA peasbHICTb.

IlepeBaru Ta Henojiku MH
PosrisiHeMo OCHOBHI TiepeBarM Ta THIIOBI
npobiemu MH.
IIepeBaru:

1) MonHMBICTh  3aCTOCOBYBaTH B HaBUYaHHI
HOBITHI TEXHOJIOT'1.
2) MOXIUBICTh BUKOPHCTaHHS B HaBUYaHHI

JIETKUX, KOMIAKTHHUX, TOPTATUBHHUX MIPHCTPOIB.

3) 3a 1oroMoror MOOLTPHUX TEXHOJIOTIH MOYKHA
3a0e3lmeuyBaTH  SIKICHY MIATPUMKY  OyIb-SKOTO
(hopMaTy HaBYaHHS, @ TAKOXK 3MIIIAHOTO HAaBYAHHSL.

4) MH € xopomuM iHCTpYMEHTOM IpH HaBYaHHI
Jozielt 3 0COOIMBUMH TIOTpebaMH.

5) MH noGpe migXxoauTh i MOJIOII.

6) Jlo3BosIsi€ 3HAUHO 3HU3UTH BUTPATH.

OcHoBHuMH HepoikamMu MH MokHa Ha3BaTH:

1) Manenbkuii po3mip €KkpaHiB 1 KiaBill Ha
MOOUTEHUX TPUCTPOSIX.

2) HeoOxiaHicTh qocTyny a0 [HTepHery;

3) ObMmexeHicTh obcsry nam'siti Ta
O0YUCITIOBATBHOT TOTYKHOCT1 MOOUTBHHX MPHUCTPOIB.

4) [pobnemu iHdopmartiiHoi Oe3meKH.

5) [Ipuctpoi KiHIIEBHUX KOPHUCTYBadiB MarOTh
Pi3HI TEXHIYHI XapaKTEPUCTHKH.

6) BincyTHicTh €1uHOi a00 3arajabHONPHAHSATOL
MOOUTBEHOT TUTATHOPMH.

7) HeoOximHiCTh TepepoONIATH  TpaguIiiHUHA
CNEKTPOHHUH KOHTEHT JUIsI MOOUTbHHX TPHCTPOIB.

8) Pusuku  jerkoi  BTpaTH  MOOLUIBHOTO
MPHCTPOIO.

IpakTH4Hi acneKTH BOPOBAIKEHHS
I3 ypaxyBaHHSIM BCHOTO BHILECKAa3aHOTO, MEpPEs
BrpoBakeHHIM MH, HE0OXiHO YITKO YCBIIOMUTH,
SKOT METH TMOTPIOHO NOCATTH caMe 3a JOHOMOT'OIO
MH, siky poinb BimirpaBaTMe MOOLTBHICTD y CHCTEMI
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oMcTpuOyLii  mucraHuiitHoro kypey. Tomy s

yemimuoro  BupoBajkeHHs MH  HamzBuyaiiHO
BRKJIMBHMH € TaKi PaKTOpH:

1) Busiiennsi morped. — HeoOximHo Oytu
BneBHeHuM, 1o MH  BOpoBamKyeTbcs A4
BUpIIICHHSI peaJIbHUX OpraHi3aliiHUX 3aBJaHb,
HampUKIa], B KOMIAHII 0arato <«IOJbOBUX»
CIIBPOOITHUKIB, SAKHX CKJIQJJHO HaBYaTH SIKOCh
HaKIIIe.

2) Ouinka opranizauiiinoi roroBHocri. Tpeba
BUSIBUTH OCOOJIMBOCTI TOTEHIIMHOT aymuTopii, 49u
BHUKOPHUCTOBYIOTh BOHM MOOUITBHI IPUCTPOI B3arai, i
ak? Uu e migrpumka MH 3 Ooky KepiBHUIITBa Ha
BUTPaTH  JOAAaTKOBHX  pecypciB i  po3poOKy
HeoOXiHOT cTpaTerii?

3) Bubip HeoOxinHux niaardopm i npucTpois.
[leprr 3a Bce, e BUOIp MK PI3HUMH OINepaIiiiHuMU
cucreMamu: ApplelOS, Android, Windows Phone
abo BlackBerry. BaxumBo i1 Te, fKi KOHKpPETHO
npucTpoi OynyTh BUKOPHCTOBYBATHCS, 30KpeMa,
SIKUI Yy HUX eKpaH. MO)XKHa TaKOXK BUKOPUCTOBYBATH
JUIsl HABYAHHS BJIaCHI IPUCTPOI CHIBPOOITHHKIB; TYT €
CBOI 3p03yMUJIi ITEpEBary, aje e MOXKe MEePEIIKOAUTH
OHOTHUITHOCTI.

4) Bubip moaeJi ajist po3po0ku i mocrayaHHs
MH. Illo Oyae BHUKOPHUCTOBYBATHCS — CIICIiabHI
nporpamu abo BeO, Flash abo HTMLS5. Yu OynyTs
3aCTOCOBYBATHCSl ~ CIICI[ialibHI  IHCTPYMEHTH  JJIS
po3podku MH, i sKio Tak, To sKi. SIKor Miporo 1 st
SKMX IIJied Oyle BUKOPHCTOBYBATHCS CHCTEMa
KEepyBaHHsI HAaBUaHHSIM.

5) CTBOpeHHsI YU OJ€ep:KaHHS BiIMOBiTHOIO
KOHTEHTY. Y 0araTboxX BHIMajKax OepyTh T'OTOBHH
KOHTEHT /ISl eJleKTpoHHOro HaBuaHus (nani EH) i
MOCTABJISIIOTH HOTO HA MOOLITBHI TIPUCTPOI, alie TAaKUH
MiJX1 BUNpaBAaHud naneko He 3amxad. MH, o0
OyTH e()eKTHBHUM,— KOHTEHT IIOBUHEH OYTH SIKOMOTa
OLIBII 3MiCTOBHO HAaBaHTA)KEHUM, KOHIICHTPOBAHHM.
Tak um iHaKie, BUPIMIYIOYX NMUTAaHHS TPO KOHTEHT
MH, notpi6HO 10Ope PO3yMiTH, B SKAX YMOBaX, SIK
caMe KOpHCTyBadi OyayTb HaBYaTHCA. [HIIMMH
CIIOBaMH, CKUIBKM 4Yacy KOpPHCTYyBad 3MOXKeE
Butpatuti Ha MH, mo6 e He 3aBaxkano podori. Un
Oy/IyTh y HBOTO BUIbHI OOW/IBI PyKH, MO0 POOUTH B
X0l HAaBYaHHA Bce HeoOximHe. Yu 3Moxke BIiH
BBOJUTH HEOOX1AHI B X011 HABYaHHS JaHI.

6) [luranHs 0e3mMeKH — OCKLIBKM MOOUIbHHI
MPHUCTPIH JIErKO BTPATUTH, BTPATHBILH Pa3oM 3 HUM i
BCi JaHi, 10 MICTAThCS B HHOMY, TO OpraHi3aiis
MMOBMHHA MMOAOATH NP0 T€, SAK 3aXUCTUTH iX BIA
CTOPOHHBOT'0 JIOCTYIY. Bci criBpoOiTHUKH, 3amydeHi
B MH, moBuHHI OyTH B KypcCl MONITHKH MO0
6esrexkn MH.
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[Mpuknagne mporpamHe 3a0e3NeUEHHS CHCTEMH
KepyBaHHs HABYaHHSIM (LMS) —IIOBUHHO
BHUKOHYBATH TaKi (QpyHKIIIi:

1) KepyBanus HaBYaJIbHUMHU KypCaMH.

2) KepyBanHs 3anrcaMu Ipo HaBYaHHS.

3) AuctpuOyilis HaBYAIBHUX MaTepiaiB.

4) On-naifH HaBYaHHA.

5) JlokyMeHTYBaHHS Ta MIATPUMKA MPOLECY
HaBYaHHSI.

6) Peanizalliss rpymoBoro Ta IHIMBIIyaJbHOIO
HaBYaHHSI.

7) KepyBanHs HaBYaJIbHUM TIEPCOHAIIOM.

8) CTBOpEHHS eIEKTPOHHOrO OPTQOIIIO.

9) JlokyMeHTYBaHHS Ta MIATPUMKA MPOLECY
PO3BHTKY PI3HOMaHITHUX HABHYOK.

B ocHoBi Oyap-sxoi LRS nexuts 6a3a/6azu
naaux (B/I) s 30epiranHs HaB4anbHOI iH(popMarii,
HAKOMWYEHHS TAaHHUX MPO XiJl HABYAHHS.

SCORM cranaapr aias EH

SCORM (anrn. Sharable Content Object
Reference Model, «eramonna Momens KOHTEHTHOTO
00’€eKTa, MPU3HAYECHOTO VTS CHJIBHOTO
BUKOpUCTaHHs») [1] — 30ipka cnenudikamii i
cTaHmapTiB, pospodiieHa s cucteM EH, B Tomy
gpcal MOOUIBHOIO, $KI IOCTAYaloTh HaBYaILHHHA
KOHTEHT 3a JIONOMOT0I0 web-TexHos1orii y pexumi
on-line. MictuTh BHUMOTM JO  OpraHi3amii
HABYaJBLHOTO MaTepially 1 BCi€i CHCTeMH KepyBaHHS
naByanHsi. SCORM  no3Bomsie  3a0e3nednTH
CYMICHICTh ~ KOMIIOHEHTIB 1 MOXJIMBICTH  IX
0araTopazoBoro BHKOPHUCTAHHS: HaBYaJIbHUN
Matepian TPEACTaBICHUH OKPEMHUMH HEBEIUKUMHU
OJ0KaMU, SKi MOXYTh BKITIFOYATHCS B Pi3HI HABUYAIIbHI
KypCH i BHKOPHCTOBYBATHCS CHCTEMOIO
JIUCTAHIIIHHOIO HaBYaHHS HE3aIEKHO BiJl TOTO, KHUM,
JIe 1 3a JIOITOMOT 010 SIKKX 3ac00iB BOHU OYJIM CTBOPEHI.

Cranmapt SCORM omnucye takuii QpyHKIiOHAT
HaBYaJbHOI CUCTEMH, SIK:

1) [TakyBanusa. SIk came HaBUaIbHHN KOHTEHT
Mae OyTu 3amucaHuil y daim, sKi mpU3HAYeH] s
30epiranHs Ta 0OMiHy KOHTEHTOM.

2) BigcninkoByBaHHs. Sk caMe  KOHTEHT
B3aeMogie i3 LMS s crexeHHs 3a AiSUTBHICTIO

KOpHUCTYyBaua.

3) Meragani. Sk wMae Oyrm  onmcaHHWH
HaBYaJbHUI KOHTEHT Ha PI3HUX PIBHA.

4) ITocnigoBHICTh Ta HaBirauio MK

HaBYaJIBHUMHU 00’ekTamu. CHcTeMa OIKCY MPaBHII,
SKI BpPaxoBYIOTh TICBHI IEpeayMOBH (HAINpUKIAI
MPOXO/DKEHHS  0a30BOT  YacTUHH Kypcy Tepen
MPOXOKEHHSAM MOTTMOICHOT YaCTHHH ), 3T1THO SKUX
KOpUCTYBad  MEperisiaTd  Pi3Hl  MiIpO3AUIH
HABYaJbHOTO KypCY.
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BpaxoByroun wac Ta pecypcH, BHTpaueHi
EKCIIepTaMu JUTsSl CTBOPEHHS KOHTEHTY, JOIUIBHAM €
MOBTOPHE  BHKOPUCTaHHS  KOHTeHTY.  Oxpewmi
opramizamii, abo K TiEPO3ALTM  OpraHizalii
BUTPAYaTUMYTh CBili 4yac TUIbKH JJIs JIOKadi3alli Ta
MOKpaleHHss KOHTeHTY. CTBOpEHHs HaBYAJIbHHX
o0’extiB 3rigHo crangapty SCORM  monermrye
MOIIYK, CHiTbHE BHKOPUCTaHHS Ta TIIOBTOPHE
BUKOPUCTAHHS  HayallbHUX  O0’€KTIB,  CIpHSE
CTBOPEHHIO  NH(MPOBUX  CXOBHI  HABYAIBHHUX
00’€ekTiB. SIK HAC/IiI0K, HAaBYAJIbHI 00’ €KTH MaTUMYTh
ayauTopiro HabaraTo OUIbINY Ta PI3HOMAHITHINTY, HIXK
Ta, JJIs1 SIKOT BOHH PO3POOJISIIHCE.

SCO (sharable content object, KOHTEHTHHUI
00’€KT, MPU3HAYCHUHN ISl CITTBHOTO BUKOPHUCTAHHS)
HEeBENIMKa, 3MICTOBHO HAllOBHEHA, aBTOHOMHA
YaCTHHA/TIOPIlisl HABYAJILHOI'O KOHTEHTY, 0()OpMIICHA
srigHo crangapty SCORM. [2].

SCO maroTh nepeBaru:

1) Benukuit wac xwurra. SCO wmaibke He
MoTpeOYIOTh OHOBJICHHS Ta IMEpepoOKH I dHac
PO3BHUTKY CUCTEMH HaBYaHHSI.

2) Hocrynuicte. SCO MawTh MeTajuaHi, sKi
JIO3BOJISIFOTH OIMMCATH iX 3MICT Ta MPHB’SI3aHICTh JI0
MEBHOTO Kypcy, II0 3HAYHO TOJIETIIYE iX MOIIyK Ta
BHUKOPUCTaHHSI.

3) MOXJIHBICTh MOBTOPHOTO  BUKOPHCTAHHSL
SCO pOo3po0IeHUIH OJIMH pas, MOJKHA
BHUKOPUCTOBYBATH Y Pi3HUX Kypcax.

4) CyMiCHICTb KOHTEHTY. MOXIHBICT

BruKopuctoByBaTd oauH SCO y pi3HUX cHCTeMaX.

5) AnantuBHicts. Koxken SCO Moxe 3MiHIOBaTH
CBOIO ITOBEJIIHKY 3T1THO MTOTped KOpUCTYBaya Ta HOro
nporpecy y HaB4aHHI. Llg ¢yHKmiS TpaauuiiHo
peali3yeTbcss 4Yepe3 MEXaHi3M  BIICTIIKOBYBaHHS
nporpecy mo konkpernomy SCO.

BignoBifHICT, [MM MapaMmeTrpaM  J03BOJISE
CTBOPUTH aJalTUBHY Ta JOCTYIHY CHCTEMY
mucrannidiHoro/MmooiibHoro EH  y  Oynb-sikiid
opraHizaiii.

Buxopucranus CTaHIApPTy SCORM
PEKOMEH]IOBaHE 32 TAKUX YMOB:

1) HeoOximnicte iHTErpamii i3 CTOpPOHHIMH
MocTavyalbHUKaMH HaBYAIBHOT'O KOHTEHTY.

2) HaBuanpHa  cmcTeMa  MICTUTh  BEJHKY

KUIBKICTh HaBYaJIbHUX 00’ €KTIB.
3) BukopucroByerbcst LMS ans  auctpuOyiii
HaBYaJIbHOTO KOHTEHTY Ta KEpyBaHHS HaBYAJIbHUM

MPOIIECOM.

4)IIpu  po3polIli HABYATBLHOTO  KOHTEHTY
3aKIIQIa€ThCsl  MOXKIUBICTh ~ HOrO  TIOBTOPHOTO
BHUKOpPUCTaHHSI.

5) [otpibHO BIJIC/TIIKOBYBaTH mporpec

HaBYaHHS KOpHUCTyBayda.
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6) Ilpy  po3poOIi  HABUANBLHOTO  Kypcy 6.2) Irpu-cumynsTopu.
3aKIIQIA€ThCs MOXKJIMBICTH HOTO BHJIO3MIHHU 3TiTHO 6.3) Emynsaropu o0NaIHaHHS Ta
BiJICT&KYBaHOTO porpecy HaBYaHHS Ta MOJIETTIOBAHHS PI3HUX MPOIIECIB.
IHIMBIAYaIbHUX TIOTPEO KOpPHCTYyBaya. 6.4) [IpakTH4HA AiSUTBHICTS.

Boanouac, HE PEKOMEHIYETHCS 7) MOXIHBICTD IpaloBaTH Oyab-1¢:
BukopuctopyBatn ctanmapr SCORM y takux 7.1) MOXIUBICTh pOOOTH B PEXUMI Od-
BUITAKAX: JalH, 3’€IHAHHSA TOTPIOHE JHIe  JJIs

1) KoHTeHT € mpocTUM  TiMepTEeKCTOBHM CHHXPOHI3aIIIl 13 CHCTEMOIO.

JIOKYMEHTOM. 7.2) MOXIUBICTH BUKOPHCTOBYBAaTH OY/Ib-

2) Anst pO3MOBCIOJKEHHSI TPOCTOi JIOBIIKOBOI SKHA TPUCTpii Ta Oyab-siKe MporpamHe
iHhopMarrii. 3a0e3MeueHHs i1 POOOTH KOPHCTyBaya.

3) HaB4yanbHU KOHTEHT Ma€ MallUi 4ac KHUTTS
Ta Oyse BUKOpUCTAaHWU B OAHIN 1 Till ke dopmi i
TUIBKY B OJIHIN HaBYaJbHIN CHCTEMI.

4) BHyTpimHs pearizallisi CTBOPEHOI CHCTEMH
He Oyzie mepepoOIATUCH UM OHOBJIIOBATHCH.

5) [otpiOHa po3podka HETPaIUIIIHHIX
HaBYaJIbHUX 3aCO0IB (HampUKIaa, eMyJsiis poOoTH
pealibHUX TPUCTPOIB, MOJCIIOBAHHS PI3HOMAHITHUX
MPOIIECiB, HABYAIIBHI iIrPOBi CUMYJIISITOPH).

Crannaprt aast EH TinCanAPI

TinCanAPI — 306ipka craHaapTiB, fKa OIKCYE
oboB’si3koBuii GyHkiioHan intepdeiicy CKB/ LRS
Ta Monens nanux it B/l LRS, cymicHux i3 TinCan
[3].

®aktnyno, TinCanAPl ommcye cepsic, sxmii
JIO3BOJISIE PI3HOMAHITHUM 3aIkcaM PO IiSIbHICTH
KOpHUCTyBaua (3a3BU4ail HaBUAIbHY) OyTH OE3MeYHO
JOCTaBjIeHUMHU Ta 30epekeHuMu y LRS, a takox
OOMIHIOBATHCH UMM 3amicaMu Mix pizHUMH LRS.

VY TinCanAPI omucyroTbes:

1) CtpykTypa Ta BH3HA4YCHHS PI3HOMAaHITHUX
00’eKTiB, SIKI  JO3BOISAIOTH  B3aEMOMIATH i3
MOCTavYaIbHUKOM aKTHBHOCTI (OyIb-sKe MporpaMHe
3a0e3redeHHs, 13 SKHM TIpaIoe KOPUCTyBad Iij 4ac
HaBYaHHS).

2) Meroqu mnepenadi Ta 30epiraHHsA JaHHX,
MpU3HaveHi i oOMiHY IUMH 00’ekramu. OOMiH
00’ €KTaMH MOXE MPOBOJIUTHCH SIK MK MOCTABHUKOM
aktuBHOCTI Ta LRS, Tak i Mixk 7BOoMa LRS.

3) Meroau 3axuCTy, sIKi JA03BOJISIOTH OE3MIEYHO
oOMiHIOBaTHCh JaHuMM Mibk LRS Ta goBipeHumu
JDKEpeNaMH.

4) ®akTHYHO, y CTaHIAPTI TaKOXK OMHCAHHH
iHTepdeiic, sSKWil TOBUHEH MAaTH I1OCTaYaJIbHUK
AKTHBHOCTI.

5) OckinbKu aHW¥ CTAaHAAPT OMUCYE MEXaHi3M

came B3aemonii i3 LRS, mpu i#oro BukopucraHhi
BIIKPHBAETHCSI 0arato MOXKIMBOCTEH: [4].

6) BigcrexxeHHs: pi3HHX NpOIECiB Ta POOOTH
00’€KTIB, TAKHX SIK:
6.1) MH.
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7.3) MoxnuBicTh  poOOTH  10O3a  BEO-
OpayzepoMm, 3a  JIOIOMOIOI0  TIpOTpam,
PO3pOOIIEHHX TS KOHKPETHOT matdopmu.

8) Jlerka  TexHiYHa  peamizallii  TaKOro
¢dyHKIIOHATY:

8.1) [aTepakTHBHICTH
MpoIiecy HaBYaHHSI.

8.2) BukopucrtaHHs KUIbKOX TEXHOJOT1H
JUISl IUCTAHIITHOTO HABYaHHSI.

8.3) [linTpuMmKka mporecy HaBYaHHS, SKUH
Oy/ie IPOJIOBXKYBATHCh JOBTUH MEPiOI.

8.4) 3amyck HaBYaJIBHOTO KOHTEHTY 1032
LMS.

8.5) Po3mmpennii KOHTPOIb 3a JOCTaBKOIO
Ta BUKOPHCTaHHSM HaBYAJILHOTO KOHTEHTY.

8.6) BukopucTaHHS TPOTOKOJIIB OE3IEKH.

9) 3pyuHe KepyBaHHS JaHUMH IIPO:

9.1) I'pynoBe HaBYaHHS.

9.2) Pe3ynbTaTi  OI[IHIOBAHHS  YIIPOJOBXK
Kypcy.

9.3) KinbkicTh cipo0 BUKOHATH TEBHY IO
abo MPOWTH TecT, Ta PO3MIpaMH TEPEPB MiXk
HUMH.

9.4) JlerayizoBaHi pe3y/ibTaTH TECTIB.

Ta  aJanTUBHICTH

I[puxaagy BOPoOBaIKeHHsI CHCTEM MOOLILHOTO
HABYAHHS

BlackBoard. Ha paHuii MOMEHT € 4uMallo
BUpPOOHUKIB LMS, siki MatoTh MOOLIBHY YaCTHHY, Ta
miarpumytots  crapaapty  SCORM  Tta  TinCan.
OnHicro 3 HAWMOMYNSAPHIIIAX CUCTEM KEepyBaHHS
naBuanHsM € BlackBoard [5].

Kommaniss Blackboard e cBiToBuM migepoMm y
chepi IOUCTAHLIMHUX OCBITHIX TEXHOJOTIH 3a
pPaxyHOK HaJIaHHS YHIKAJIbHOTO KOMITJICKCY TOCIIYT Ta
IHTErPOBAaHUX IMPOTPAMHHUX PIlllEHb, SAKi YCHIIIHO
BHKOPHCTOBYIOThCs Ounbin HiK B 10 000 opranizaiiiit
M0 BCHOMY CBITY.

Pimennst BlackboardLearn Moxxe BuCTymatu sik
OCHOBa ISl CTBOPEHHSI CEPEIOBHUINA EIEKTPOHHOL
MIITPUMKHA HaBYaHHs, OCKUIBKM B HOro pamMkKax
peanizyloThCs 3aBIaHHS LIEHTPAII30BaAHOTO
30epiraHHsi 1 HaJaHHS JIOCTYNYy JO HaBYalbHOI
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iHdopmalriii, a TAaKOK 3aBAAHHS KOHTPOIIIO Ta aHAII3Y
pe3ynbTaTiB  HaBuaHHA. JlaHe pilieHHs € BeO-
OpIEHTOBAHUM, TOOTO BCI MOXKIHMBOCTI PIIICHHS
JOCTYITHI KOpHCTyBayaM d4epe3 CTaHAapTHUi BeO-
Opay3ep.

DominKnowmobileplayer. Mobinbaui
nporpasady dominKnow cro4yatky po3poOusiBesi, SIK
MOOUTEHU BapiaHT JJIsl XMApPHOI CHCTEMU KepyBaHHS
naByanHsm  Claro, ame 3apa3 Moxke OyTH
iHTerpoBaHuil 'y Oynme-aky LMS i3 miaTpuMKorO
TinCan ta SCORM, sk MOOLIbHUI 3aci0 IOCTaBKU
HaBYaJIBHOTO KOHTEHTY [6]. 3abe3meuye crocid
JOCTaBKM HABYaJbHOTO KOHTEHTY OyAb-SIKOMY
KopucTyBaueBi Oynb-nme: BIoma, B odici, abo B
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noposi.  I[IporpaBau

3a0e3rneuye  JOCTYI [0
HaB4YaJIbBHOT'O

KOHTEHTY oe3 HE0OXI1THOCTI
MOCTIHOTO IHTEPHET MiTKIIOYEHHS. YYHI MOXYTh
KOPUCTYBATHCh KOHTEHTOM, JIe 1 KON BOHHU IHOTO
X04yTh — 3a JIOMIOMOI'OK0 MOOLIBHHMX IIPUCTPOIB.
OcCoOnMBICTIO JaHOTO TPOTPAMHOTO TPOAYKTY €
MoxJnBicTh 3aBaHTaxkeHHs SCORM ta TinCan
KOHTEHTY, poOoTa i3 HUM Yy pexumi oduiaiiH, micis
3aKiHYEHHS pOOOTH — CHHXpPOHI3aiisg. PakTHIHO, 1Ie

nae 3Mory o0iitu oomexkenHss SCORM Ha oHnaiin
PEXUM POOOTH.
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TinCan e3aemopia

SCORM B3aemopia
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ApxiTekTypa nporpaMmHoi peanizauii cucreMu
MH

Posrnsnemo tumnoBy cxemy (puc.l) mporpamuoi
peanizaiii CHCTEeMH AMCTAHI[IHOrO HaBYaHHS, sSKa
Bukopucropye crangaptd SCORM ta TinCan, Ta
po0OOTY 11 OCHOBHHX OJIOKIB.

Cucrema KepyBaHHA
3a0e3neuye  B3aEMOIIIO
iHTerpoBana i3 coew bBJI, peamizye Takuii
¢dyHKIiOHAN, AK pobodue wMiclle aaMiHicTpaTopa,
3BITHICTb, aHAITHKA MPOIIECY HABYaHHS, OCOOMCTHH
KaOIHeT KOpHCTyBaya.

BJ] peanizye cxoBuiie Ta inTepdeiic ais podotu
13 CHCTEMOIO0 KEpyBaHHs HaBYaHHS 13 MiATPUMKOIO
SCORM. fk wactuny cebe mictsith LRS, cucremy
3aIlUCIB NP0 HABYAHHSI.

LRS, cucrema 3anmciB Tpo HaBYAHHS
cxoBuile, ske miarpumye crangapt TinCan, i3
cemianbHuM  inTepdeiicom  TinCanAPI.  Moro
OCOOJIMBICTh TOJISTa€ y TOMY, IO JaHE CXOBHILE
MOX€E OOMIHIOBATUCH JIAHMMH, HE BHKOPHUCTOBYIOUH
CHCTEMY KepyBaHHSI HABYAHHSIM SIK TTOCEPEIHUKA.

OuHe HaBYaHHSI — JaHI MPO OYHE HABYAHHS
MOTPAIUISIFOTh Y CUCTEMYy KepyBaHHS HaBYaHHSM
yepe3 pobdoue Miclie aJMiHicTpaTopa abo omepaTopa.
[lpu upomy mus poborm i3 BJI MOJKHA
BUKOPUCTOBYBAaTH SIK BIJIACHO pO3po0JieHi 3acobw,
BOY/ZIOBaHI y CHCTEMY KEpyBaHHS HaBYaHHSM, TaK i
3acoou TinCanAPI.

SCORM WebLearning — meron muctpuOyii
HaBYaJIbHOTO  KOHTEHTy 3acobamu Web  3a
mporromoror0  SCORM  konTtenT-makeTiB. Jlo3Boise
takok 3acobamu SCORM a6o TinCan 30upatu
pe3yabTaT KopuctyBaua i3 SCORM-00’ekTamu.

CxoBHIIle KOHTEHT-00’€KTIB TAa KOHTEHT-
nakeriB — (aiiloBe CXOBHINE 13 CHEIialbHUM
iHTepdeiicoM, 13 SKOro BUOMPAIOTHCS KOHTEHT-
00’€exTH JUIs 301pKM KOHTEHT-TTAKETIB Ta JUCTPUOYIIIT
ix KiHIIEBOMY KopucTyBady. I[Hmekc o0’€kTiB Ta
MakeriB 3HaxomuTbess y BJl cucremMm KkepyBaHHs
HABYaHHSIM.

CucreMa CTBOpPeHHSI KOHTEHT-00’€KTIB Ta
KOHTEHT-TAKeTIiB cucrema, Ska JIO3BOJISIE
CTBOPIOBATH,  OHOBJIIOBAaTH Ta  MEPepOOIISATH
BHIIE3rajaHl 00’€KTH Ta MAKeTH, Ta MPAILIOBaTH 13
IHJAEKCOM 00’ €KTIB Ta IAKETIB.

Cucremn emyJsnii Ta MoJeJI0BAHHA
CHUCTEMH, MPHU3HAYCHI JUIsI eMyJIAIii oOJaHaHHS Ta
MOJICJIFOBAHHS  IPOIIECIB, ki OOMIHIOIOTBHCS
iH(OopMaIiero nmpo HaBdaNbHUi mporec i3 LRS vepes
TinCanAPI.

HaB4aHHAM (LMS)
ycix  OJIOKiB,  TiCHO
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Irpu cumyasTtopu — irpu, HOpU3HAYEHI JUIs
HaBUYaHHS, $KI OOMIHIOIOTHCSA IH(GOPMAIEID PO
HaByanbHUH nporec i3 LRS uepe3 TinCanAPI.

Cucremn BigcTexxyBaHHA o(-jaiiH/oH-JaaiiH
AKTUBHOCTI BiJICT&XYIOTh AKTHUBHICTh
KOpUCTYyBada TIOB’SI3aHy 13  HABYaHHSAM  Ta
OoOMiHIOIOTECS  iH(OpMaIli€l0 Mpo  HaBYAIbHUI
nporec i3 LRS uepe3 TinCanAPIL.

Mob6inbHi 3actocyBaHHst — pO3poOJeHi Tin
MeBHY MOOUIbHY MmaT(opMy, BUKOHYIOTh HaBUIbHI
¢GyHKIIT Ta OOMIHIOIOTBCS IH(GOPMAIIEID TIPO
HaB4anbHUH nporec i3 LRS uepe3 TinCanAPI.

Croponnss LRS — LRS, ska oOMIHIOETBCS
3amucaMud Tpo HaBuaHHS 13 LRS manoi cucremu
HaBYaHHSI. MoOXXe TakoX HarpsiMy 30upatd JaHi i3
00’€KTIB JaHOi CHCTEeMH, SIKIi MalOTh MHIATPUMKY
TinCan. Moxe mnpencrasinsata TinCan-iHTepdeiic
IHIIOT CHCTEMH KepyBaHHIM HaBYaHHs, abo
BUCTYNATH Yy poii neHTpanizopanoi LRS mns kinbkox
CHCTEM KepyBaHHs HaBYaHHSIM.

BucHoBkH

MH nporoHye BiIMOBigHI BUKIMKAM HAIIOTO
Yacy 3aco0U 1 IHCTPYMEHTH JUTS IBUAKOTO JOCTYITY
0 ToTpiOHOI iH(opMarii, 3100yTTS HEO0OXITHUX
3HaHb 1 YMiHb.

Sk 1 Oynme-sika iHma ¢opma opraizamii
HaBYaJILHOTO IMPOIECY MOOUTbHE HaBYaHHS Ma€ CBOL
ocoOnMBOCTI Ta  Hemoiiku. [l 37iiiCHEHHS
HaBYaJILHOTO MPOIIECY HEOOXIMHUM € 3a0e3IeUeHHS
MeToAn4Hol,  iHdopmariiHOi  CKIaZoBHUX  Ta
KOMYHIKAI[IMHUX 3B’S3KIB MK CTYJACHTOM Ta
BHKJIaJ]aueM 13 BpaxyBaHHSIM OCOOJMBOCTEH 3B’SA3KY
Ta CIPUHHATTS iH(pOopMaIlii yepe3 MOOUTBEHI TPUCTPOT.

B poboti chopmynboBaHi KpuTepii, BUMOTH i
peKOMEHIAIll A1 CTBOPEHHS CHUCTEM MOOUIBHOTO
HaBuaHHd. [l po3poOKM  BIACHOI HABYAIBHOL
CHCTEMH OIHMCaHI JIOCTYIHI TEXHIYHI CTaHJIapTH
SCORM Ta TinCanAPI. KoutentHi 06’exktn SCORM
Xoya ¥ MaTh YHMaJI0 MOXIHMBOCTEH, aie
po3paxoBaHi Ha TpHBaje XHUTTS 1 MOTPEOYIOTH
MOBHICTIO OH-JIaiiH poboTu 13 HuMmH. CraHmapT
TinCanAPI no3Bosisie CTBOpIOBaTH JOJATKH, sKi
MOXYTh TIpAIlOBaTH y OyIb-KOMY pEeXHMI Ta
YCIIIIHO CHIBITpAIIOBATH i3 OyAb-IKUMHU
HaBYaJIbHUMHU CUCTEMaMH, B TOMY YHCIII CTBOPSHUMHU
srigHo SCORM cranpapty.

YenimHuMyA - OpUKIagaMd  BHUKOPUCTaHHS
MOKJIMBOCTEH MOOUIbHOrO HaBuaHHs € BlackBoard
ta Dominknowmobileplayer.
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3acTocyBaHHs Mo/iesieil aKTUBHUX Active contour models for cytoskeletal
KOHTYPIB y 3a1a4aX TPEeKIiHI'y CTPYKTYP structures tracking
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Cmamms npuceésyena O0OCHIONCEeHHIO MoOeell aKMUBHUX KOHMYpi8@ 8 HNOEOHAHHI 3 MemoooMm
ONMUYHO20 NOMOKY, i IX 3acmocysanus 6 2any3i KUMuHHOI 0iono2ii 011 8Ii0CmedceH s OKpeMux
KOMNOHEeHmMI8 yumockenema 6 nociio08HOCMAX KOHQPOKANbHUX 300padcensb. B cmammi mooenb akmueHo2o
KOHMYpPY BU3HAYAEMbCA AK 0BOBUMIDHA NApaMempuiHa Kpued, wo € po38 a3KoM (MiHIMymMom) 8 3a0ayi
Minimizayii 3adanozo ‘“‘emepeemuynoco”’  gyuxyionany. Taxooic npodemoncmpogano sk iHgopmayia 3
noci008HOCMI 300padicenb Moxce Oymu 6KII0HYEeHA 8 3a0awy MiHiMizayii uepe3 epadichm 300padiceHts, KUl
32000M 3aMIHIOEMbCS HA Oinbul cmitike 8eKmopHe noje (epadichmuuil nomik). 3atigi demani 300padiceHs
8I0inbmMposyIomMvcs 34 00NOMO2010 3ANPONOHOBAHUX AN2OPUMMIE NONnepeOHboi 00poOKU 6 HACMYNHIl
NOCAI00BHOCMI.! 3271A0ACYBAHHS 34 OONOMO20I0 AHIZOMPONHOI Oughy3ii, niocunenus pedep 3a 0ONOMO2OI0
eecciany, adanmuene NOKPAWEHHS KOHMPACMHOCMI 300padCeHHs 3 MAaculmady8aHHAM, 3ACHMOCYBAHHA
nepemeopenHs 3 NOOGIIHUM NOPO208UM 3HAUeHHAM, Oinapusayis. Hasooumvca noenuti onuc aneopummy
MpeKiHey Ha OCHO8I AKMUBHUX KOHMYpI6 ma ONMUYHO20 HOMOKY, OKpecuiolomscsa cgepu 1o2o
sacmocyeanns. Pesynomam pobomu aneopummy O0eMOHCMPYEMbCA HA NPUKIAOi MPeKiHZy OKpeMux
MIKpompy60yoK 8 Medcax iXuboi mepedxci.

Karouosi cnosa: modeni akmusHux KOHmMypie, onmuyHull NOMIK, 2padieHmHull NOMiK, mpexine

In this paper we investigate active contour models coupled with optical flow method and their application
in the field of cell biology for the tracking of individual cytoskeletal components on the time-sequences of
confocal images. Firstly, we define active contour model as a parametric curve, which minimizes given
“energy” functional. We show how information about the image sequence can be incorporated into the
minimization problem by introducing image-based gradient of “external energy”, which we replace further
by more robust vector field called gradient vector flow. Next, we introduce image pre-processing pipeline,
which allows to filter out redundant image features. It consists of the following processing steps: anisotropic
diffusion filtering, Hessian ridge enhancement, adaptive contrast enhancement with image scaling, two-level
thresholding, binarization. Then, we describe overall tracking procedure. Finally, we outline the
applications of algorithm and illustrate an example of the algorithm output for individual microtubules
tracking within their network.

Key Words: active contour models, optical flow, gradient vector flow, tracking

CrarTio ipeacTaBuB 1. ¢.-M. H., mpod. AHicimoB A.B.

© J1.B.Komyp, B.M.Tepemenko, 2016
74



Bicnux Kuiscvkoeo nayionanvsnoeo yHisepcumemy 2016, 4 Bulletin of Taras Shevchenko
imeni Tapaca Lllesuenxa National University of Kyiv
Cepis pisuko-mamemamuini HayKu Series Physics & Mathematics
1. Introduction 3. Gradient vector flow
Active contour models or snakes were In Xu et al. [7] authors propose to replace the

introduced by Kass et al in the paper [1]. They
became a very popular image processing tool and
were applied in many diverse fields from industry to
the research. The main area of application for active
contour models is segmentation of objects defined
by their contours on the single image [2], [3]. But
this models can be also successfully applied for
object tracking. As was shown in paper [4] active
contour models can be successfully applied to track
individual nonintersecting actin filaments. In [5] the
algorithm is even extended to 3D space. The
generalization of the snakes for -cytoskeleton
segmentation and tracking is presented in [6].

In this paper we extend approach [6] and
apply active contour models coupled with the optical
flow approach in the field of cell biology for
tracking of individual cytoskeletal components such
as microtubules, actin or keratin cytoskeleton on the
time-sequences of confocal images. The significance
of this field is determined by the huge role of the cell
cytoskeleton in vital processes such as cell
migration, wound healing or tumour metastasis
formation.

2. Active contour models
Active contour model is defined as a
parametric curve X(s) = [x(s), ¥(s)], s € [0,1].
According to Kass et al [1], the position of the
contour within one frame in time-sequences is
obtained by minimizing “energy” functional:

11
fo 5 (@|x'($)[> + BIX"($)|?) + Eexe(x(s)) ds

where @, B are elasticity parameters that
controls stretching and bending resistance of the
curve correspondingly. This variational problem is
solved by reducing to differential equation and
applying iterative scheme with artificial time
variable t:

E

2 4
X (s, t) = amx(s, H+p WX(S’ t)-VEoyt

The impact of “external energy” term Eey¢ or
the gradient of “external energy” VEeyx; is crucial in
this problem. Normally, it is defined as a function of
the input image, which allows to incorporate useful
features of the images into the problem statement.
For example, in order to obtain convergence towards
the edges of the image, “external energy” defined as
Eoxt = -|Vf(x,¥)|? where f(x,¥) is intensity value
of the image. In case if we prefer convergence
towards the ridges, we can use the following
definition: Eexe = f(x,¥).
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gradient of the “external energy” VEgyx: with the
vector field Vv(x,¥) = [u(x,y), v(x,¥)], which
minimizes functional:

E= ff p(uZ +u2 + vZ +v2) + |Vf|?|v-Vf|?dxdy,

where f(x,y) is the intensity of the pixel at the
position (x,¥), | *| is the Euclidean norm and  is
the regularization (smoothness) parameter. The
vector field V(x,y) is called gradient vector flow
(GVF). Here larger values for the regularization
parameter leads to smoother resulting vector field.

Comparing to the classical examples of
“external energy”, the gradient vector flow behaves
like more smoothed version of the gradient of input
image. It is shown in [7] that it performs better than
“classical external energies” in case of concavities
and is more stable numerically.

Taking into account gradient vector flow term
the evolution of the snake on the single frame can be

defined as follows:
2

X(s,t) =«a WX(S’ )+ p

64
WX(S' t)-v(x(s, t))

4. Image preprocessing workflow

Usually input images are corrupted by noise

and contain a lot of redundant information

(features), which can hinder active contours from the

convergence towards desired edges or ridges. This

means, that input images require additional
preprocessing.

For the tracking problem of cytoskeletal
structures, we propose the following image
preprocessing pipeline (see also Figure. 1):

1) The input image (see Fig. 1, A) is given as an
input for anisotropic diffusion filter.
2) The result of the 1% step (Fig. 1, B) is given as
an input for Hessian ridge detector.

We apply  histogram-based contrast

enhancement to the result of the 2™ step:

- Calculate histogram of the input and choose
the most frequent intensity value (denote it
by T).

- Scale intensities of the images using the
formula: Iiew = (Iog — T) * S, where S is
constant (contrast stretching term), Ley, Lo —
new and old intensity values respectively.

Then we apply binary threshold to the result

of 2" step (see Fig. 1, C):

3)

4)

Iold: if Tmin < Iold < Tmax
lhew = Trin, if lo1a < Tmin
Tmax' if Iold > Tmax
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original image, (B) — result of anisotropic diffusion,
(C) — Hessian ridge detection, (D) — after applying

adaptive binary threshold and filtering
components.

Sma

where Tmin, Tmax are minimum and maximum
constant intensity thresholds.

Finally, we perform morphological filtering of
the components smaller than the given size
(see Fig. 1, D).

The result of the step (4) replaces the input
image for gradient vector flow. The binary mask (5)
will be used later for contour stretching term.

5)

5. Overall tracking algorithm

The tracking of individual contours consists of
two main routines: refinement of the position of the
contour on the current frame using the procedure
described in chapters (2-4) and transition of the
contour from current to the next frame of sequence.
For the second step, we apply pyramidal Lucas-
Kanade optical flow algorithm [8]. It allows to get
better fit in case of large deformations of the
contour. However, the main assumption of the
optical flow algorithm — unchanged image intensity
values in the neighborhood of the tracking point,
might be violated. This in turn leads to the wrong
mapping of the points between the frames. We
propose to overcome this issue by repetition of the
refinement step using active contours.

«— G [e

yes

Figure 2. Diagram of overall tracking procedure

Thus, we propose the following tracking
procedure (see Figure 2):

A) Initialization. We require initialization of the

contour on the first analyzed frame. This can

be done, for example, manually by user or

11
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by additional (semi-)automatic
segmentation procedures.

A) Image  preprocessing.  Apply  image
preprocessing pipeline as described in
chapter 4.

B) Calculate gradient vector flow (GVF) on

the preprocessed image (see chapter 3)

Optimize position of the snake on the

current image based on the obtained GVF

and taking into account stretching term for
open ends [4] calculated on the binary mask

(see step (5) in chapter 4);

If current image is last in the analyzed

sequence, exit the procedure. Otherwise go

to the next step;

E) Calculate pyramidal optical flow from
current image to the next image in time-
sequence as described in [8]

F) Transfer snake to the next image in the
sequence based on the calculated optical
flow algorithm.

G) Select next image and repeat starting from
step (B);

0

D)

6. Experimental results and analysis

There are many application of parametric
active contours in the field of image processing in
particular for cell biology, e.g. cell nucleus and
membrane segmentation, cytoskeletal components
segmentation [3].

Here we apply active contour models for
tracking the dynamics of individual cellular
biopolymers, in particular microtubules, which are
important structures of the cell cytoskeleton
responsible for many vital processes (cell division,
molecular transport). The result of the tracking
algorithm is shown on the Figure 3. Individual
microtubules were tracked on the time-sequence of
91 frame. Here we applied image pre-processing
pipeline in the way as defined in chapter (4).

We evaluated tracking algorithm with the
proposed image processing pipeline and compared
to the approach defined in [6]. The microtubule data
for evaluation was taken from free-access Cell
Image Library. The dataset contains 5 image
sequences, 329 frames and 20 labelled microtubules.
Tracked and labelled contours were compared by
means of discrete Frechet distance. Correctly tracked
data was classified by empirical distance threshold
chosen from observations: Th=5.0. The result is the
following:

*  Our approach (with preprocessing): 82.1%
correct frames.
Approach in [6]: 73.6% correct frames.
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frame 0 frame 30 frame 60 frame 90

L/ rl M . ,,/;4.‘ /.
Figure 3. Tracking individual microtubule
dynamics (dashed line) for 91 frames.
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In this work we presented tracking algorithm
based on parametric active contour models coupled
with pyramidal optical flow and applied it for the
problem of individual cytoskeletal components
tracking on the time-sequences of confocal images.
We introduced image preprocessing pipeline for
filtering redundant image features, which improves
the stability of active contour models. The algorithm
output was demonstrated for individual microtubules
tracking within their network.
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B oawuiu cmammi npedcmaeneno anvmepHamuenuil cnocio po3pooKu ONMUMATbHO20 KepYBaHHS 3
donomoeoro ynpaeisouoi Qyukyii Jlanynosa o0ns Ouzenvno20 08USYHA, AKULL OCHAWEHUN CUCMEMOIO
peyupkynayii - gionpaybosanux eazie i mypbokomnpecopom 3miHHOI 2eomempii. Pospaxosyromuvcs
napamempu ynpasasiouoi @yuxyii Jlanynoea 0ns O0OCASHEHHs CMIUKOCMI KOHMpoaepa, po3pobieHo
aneopumm onmumizayii ynxyii Jlanynoea 3 Memow OMPUMAHHA U020 Kpawoi NpOOYKMUBHOCHI.
3anpononosaruti nioxio 00360J5€ 3aMicmb GUKOPUCIAHH MPUBIATbHOT Keadpamuynoi ¢yukyii JlanyHosa,
nepevimu 00 Oinvwi 3azanvroi Gyukyii Jlanynosa 3 dodamxosumu cmyneHsmu ceoooou. Mooscaugicmo
Mauinynosants i niobopy napamempie 32I0HO YMO08 CMIUKOCMI CHPUAMUMYMb HNOJINUEHHIO SKOCHI
kepysanus. Ilpedcmagneno cnocib6 nowyxky napamempie OnmumdanbHO20 KepyeawHs Ha 0a3i y3a2anbHeHOl
Gopmu ynpasnarouoi Qyuxyii Jlanynoea ons docsenenuss kpumepito axocmi. OCHOBHOIO € YMOBA 8I0 €MHOCHI
noxionoi’ JIi yuxyii Jlanynosa, wjo € (QYHKYIOHAIbHON HEPIGHICMIO 3AJE)HCHOK 8i0 CMAHY cucmemu i
Gopmynioemovcs AKX 3a0aua  MIHIUHUX MAMPUYHUX HepieHocmel 3 oOmedceHHamU. Bona mooce Oymu
supiulena wisaxom nepemeopents ii ¢ zaoady SOS onmumizayii 3 6UKOPUCMAHHAM NPOSPAMHOL MEXHON02IT
SOS-tools. Ilepesipeno pisni ¢ynxyii Jlanynosa Ha 6a3i 0O0HUCTIOBANLHUX €KCNEPUMEHMIE 3 MEemo
OMpUMAanHs OLNbUW BUCOKOT NPOOYKMUBHOCTII.

Knouosi cnosa: mexnonocia “cymu-xeadpamig”, Kepyeanus 3 Oonomoeorw ¢yuxyii Jlanynosa,
ONMUMATbHE KePYBAHHS, MOOETb OU3ETLHO20 OBUSYHA.

This article presents an alternative way to develop an optimal control for a diesel engine equipped of
EGR system and variable geometry turbocharger by using of control Lyapunov functions. The parameters of
control Lyapunov functions to achieve stability of the controller are calculated, the developed algorithm of
optimization of the Lyapunov function is aimed to obtain a better performance of the controller. Proposed
approach allows instead of trivial quadratic Lyapunov function, use more general Lyapunov function with
additional degrees of freedom. The possibility of manipulation and selection the parameters under the
condition of stability will improve the quality of control. The method of finding optimal control parameters
based on a generalized form of the management Lyapunov function to achieve the quality criterion is
presented. The main condition is negativity of Lee derivative of Lyapunov function, it is depended on
functional inequalities of the system and formulated as linear matrix inequalities with restrictions. It can be
solved by turning it into a problem of SOS optimization, it can be solved using software technologies of SOS-
tools.

Keywords: Sum-of-Square technology, control via Lyapunov functions, optimal control, diesel engine
model.
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Beryn

VY 3B's3Ky i3 3pOCTaHHSIM EKOJOTiYHHUX BUMOT
MOpOTSTOM OCTaHHIX POKiB aHali3 1 KepyBaHHS
TEXHIYHUMHA CHCTEMaMU € OZHMMH 3 HaWOUIbII
ckiagaux mpobnem [1]. Tomy mpoexTyBaHHS
eeKTUBHOTO KepyBaHHsI € KIIOYOBOIO BUMOTI'0I0, 110
MPEA'SBISETHCS 10 Cyd9aCHUX TEXHOJOTiH BUTYHIB
BHYTPIIIHBOTO 3ropsHHS [2-4]. 1lporo MoximBO
JOCSATTH Ha 0a3i CydyacHHX MaTeMaTHMYHHX METOIB
MOJETIOBaHHSl Ta aHali3y MAWHAMIYHUX CHCTEM.
Ju3enbHi  OBUTYHW, OCHAIICHI  TEXHOJIOTiSIMH
penmpkyIsii BignpankoBanux rasiB (Exhaust Gas
Recirculation, gani - EGR) i TypOokxommpecopom
3MiHHOI reometpii (Variable Geometry Turbine, nami
- VGT) i3 3zanamioBaHHSIM 4epe3 CTHUCHEHHSA €
XOpOIIMMH  PIIEHHSAMH Ui 3aCTOCYBaHHA B
aBTOMOOUTBHIM TeXHill 4Yepe3 iX HU3BKY BHTPATy
maiauBa 1 goBroBiuHicTh. IIkiminBi BHKHAU, B T.4.
OKCHJIB a30Ty MOXYTh OyTH 3MEHILEHI 3a PaxyHOK
30iMbIIEHHS. KUIBKOCTI  (pakmii  BigmpanbOBaHUX
razie  (EGR-¢pakuii) BmyckHOro Kojiekropa, a
KUIBKICTh UMY MOXe OyTH 3MEHIIEHa 3a paxyHOK
30LTBIIIEHHS CITIBBIIHOIICHHS TOBITPs / mamuBo [5].

OcranHiM yacoM Oynu omyOnikoBaHi pi3Hi
migxomu o kepyBaHHs cucteM EGR 1 VGT nursixom
3MIHM  TIOJNIOXEHHS  NPOMYCKHOTO  KjamaHa
PELUPKYJIALIi Ta3iB Ta PeryiloBaHHA MPOIYCKHOT
3maTHOCTI TypbOokommpecopa. Tak, Kyk (Cook) [2]
ta SukoBiu (Jankovic) [6] mpencraBuiaM XOpoMWi
OrNIAn PI3HUX METOMIB Ta TEXHOJOTIH KepyBaHHS
cuctremamu EGR Tta VGT pusenbHux ABWTYHIB.
[Minxix  JlamynoBa  OyB  BUKOpUCTaHWUH i
eKCIIepUMEHTaNbHO TepeBipeHnit  KonmmMaHOBCHKHM
[7].

VY wmifi pobOTI MH 30CepelKyeMO yBary Ha
pozpobui ynpasstodoi ¢ynkuii Jisnyrnosa (Control
Lyapunov Function, gani - CLF) ans xonTponepa Ha
0a3l HemHIMHOI AUHAMIYHOI MOJIEIl JU3EIHLHOrO
meuryna. B [8-13] Oymm posrasayTi mozmiOHi
npobiemMu po3poOku KoHTposnepa. Hama cratTs €
MPONOBXKEHHAM Ta PO3LIMPEHHSM MOIMEPeAHbOI
pobotu Ky3emuu [14] Ta pobotu AnkoBiu (Jankovic)
[15]. B pmaniii poboTi po3poOnseThess HemMiHiHE
ONTUMAaJIbHE KEpyBaHHA, 10 0a3yeThCs HAa METOAI

CLF [6]. Mwu npomoHyeMO HOBHHA CHOCIO
O0YHCIIEHHsSI TapaMeTpiB  ympaBisiiodoi  QyHKIiT
JlamynoBa TS JIOCATHEHHS CTIHKOCTI 1

ONTUMANIBHOTO KpHTepilo KepyBaHHS. HepiBHICTBH
g noxigHoi Jli  ymkuii JlamyHoBa MokHA
pO3IIIAAaTH K BHpa3, MO MICTUTh (YHKLIIO CyMH
kBanpatiB. Po3B’s30Kk wi€l HepiBHOCTI HaOIMKEHO
MOXe OyTH OTpUMaHWi I mapaMerpiB QyHKMil
JIsmynoBa 3 gomomororo iHctpymenta SOSTOOLS B
cepenoumi  MatLab  [16]. [Jlns  3amaHoro
KBaJ[paTHYHOT'0 LUTHOBOT0 (PYHKIIOHATY, IPOLEnypa
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BukopuctanHs SOS (Sum-of-Square) pozknamy
noJiHOMa JI03BOJISIE 3HATH ONTHMAJIBHY
ynpasisaody ¢yHkUito JlanmyHoBa, 1o 3a0e3medye
CTIMKICTP KOHTpOJiEpa Ta 3BOOUTH 10 MIiHIMyMY

Butpatd. SOS  sBise co0O0 TOTYXKHHHA 1
MEePCIECKTUBHUI METO/I, SAKUH LIUPOKO
BHKOPHCTOBYEThCS B OCTaHHI POKU aBTOpaMu

[Mpamxna (Prajna) [17], YWxen (Zheng) [18] i Tanaka
(Tanaka) [19]. Ile 6a3oBuii MeTOA, KU JO3BOJISE
PO3pOOUTH ONTUMI3AIIHHUI aNTOPUTM 3HAXOKESHHS
KepyBaHHA 3 jgomomoror ¢yHkuii JlamyHoBa, mio
0a3yeTbCsl Ha OCHOBI iTepamiifHOl MpoLenypH.
PegynpTaToM 1BOro € OTpUMaHHS KepyBaHHS 3a
JIOIIOMOT' OO0 TEXHOJIOTIT Sum-of-Squares
MpOrpaMyBaHHSI.

3anpornoHOBaHUN TMIAXiM JO3BOJSIE  3aMiCTh
BHUKOPUCTAaHHSI TPUBIabHOI KBaApaTU4YHOI (QyHKIIT
JlsamyHoBa, 1m0 po3rasHyTo B [15] mepeiitu 1o OiIbII
3aranpHOi  QyHKUii JlamyHoBa 3 JIOTATKOBUMH
CTYIEHSIMH CBOOOAN. MOXJIMBICTS MaHIMYIIOBaHHS 1
migdopy mapamerpiB  3TiIHO YMOB  CTIMKOCTi
COPHUSTUMYTh  PO3IIUPEHHIO 00JIaCTi  CTIMKOCTI
HENiHIMHOI cucTeMH, 1 SIK pe3yNabTar - MOMIMIIEHHIO
AKOCTI KepyBaHHS. AJAnTyBaBUIM OUIbII “THYYKY”
¢ynkuito JlamyHoBa Ta BUKOPHCTABIIN €QEKTUBHUI

004U CIIOBAILHO-ONTUMI3AIIHHUN Miaxin bi o)
MPOEKTYBaHHS 3aKOHY KEpyBaHHS, OTPUMYEMO
Oinpiie cBOOOAWM sl AOCSTHEHHS BHUIIOTO PIBHS
OPONYKTUBHOCTI Ta  €(QEKTHBHE  YHPaBIiHHA.
TeopetnuHo, B TOpPIBHAHHI 3 TpHUBIAJHLHHUMHU
KBagpatuyHuMH  QyHKUisMu  JlsamyHoBa,  mi
y3aranbHeHi  ¢QyHkuii  JlamyHOBa  IOMOMOXYTBH

3HAalUTH HaWKpally BiAMOBIIHICTH MOBEPXOHb PIiBHS
agantoBaHoi ¢yHkuii JlamyHoBa 1 moOymyBaTH
pe3yAbTYIOUNH HENIHIMHUN 3aKOH KePYBaHHS 3T1THO
OIITUMI3aliHHOrO KPHUTEPIIO SKOCTI.
OO0uHCTIOBAIBHO, 1I€ TPU3BOAUTH A0 CHCTEMAaTUYHOL
npouenypu oOpaxyBaHHS Koe(ili€eHTiB QyHKIII
JIsmyHoBa, 1110 MO’KHA BUKOHATH 3 jortoMorow SOS-
MpOrpaMyBaHHSI.

1. JIlmHamiuyHa MOJeJIb IM3eJIbHOT0 IBUTYHA
3 TypOOHAAIYBOM

PosrnsiHeMo Mopnens  AWM3ENBHOrO  ABHTYHA,
OCHAIICHOTO TYPOOKOMITPECOPOM 3MIHHOI reoMeTpii
(VGT) i cuctemMor perupKymismii BigmpanboBaHUX
razie (EGR). Bsememo mnpumymeHHs, mo Bci
TEpPMOJMHAMIYHI BJIACTHBOCTI MOBITPSIHOTO MOTOKY 1
3MiHa TeMIepaTyp BIIYCKHOTO 1 BHITyCKHOTO
KOJIeKTOpa € He3Haunumu. llelt miaxig OyB
3anporonoBanuii SIHkoBiu (Jankovic) [15]. ¥V miit
CTaTTi MH  TaKOX  BHKOPHUCTOBYEMO  MiAXiA
Bamsctpem (Wahlstrom) [1] nmns monenroBaHHS
MOBITPSHOI'O0 TOTOKY 4epe3 LMIIHAP i MacoBOro
notoky uepe3 cucremu EGR i VGT. Ilpunnunosa
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cxema JW3ebHOro ABUTYHA MTOKa3aHa Ha puc. 1. u

. T}fp60K0an?gop CKIaIaeThcsi 13 TypOiHM  kommpecop, P =n,c,T|1- Pa 1, - €Heprii
3MIHHOT TeoMeTpli 1 KOMIIpecopa, BCTAHOBICHUX Ha em
omHoMmy Bairy. TypOiHa oOTpuMye €Heprilo Bix RT

. : 1 . 1
BUXJIONHMX TIa3iB [l JKHBIGHHS Kommpecopa. TYPOIHH, F. - CHEpris Kommpecopa, ie: k, = ; >
CyMim moBiTps 3 KOMIIpecopa i BiANpanboBaHOrO !
razy, Mmo Hagxoauth uepe3 EGR knanan ky = R.T, k= NV, )
. . e

HAarHITA€THCS 3 BIIYCKHOTO KOJEKTOpa B LIMJIIHIPH. v, R

[TanuBo BOpHCKyeThCs Oe3MOCEPEHBO B LIIIHAPH 1
3ropsie, BHPOOJSIOUM KPYTWJIBHUN MOMEHT JUIS
KoNmiH4YacToro Banmy. [apsumii BuxJonmHHMH ra3
BiZIKauy€eThCcA 4yepe3 BUITYCKHUI Koiekrop. YacTuHa
BUXJIOITHUX Ta3iB BUTIKA€ 3 BUIIYCKHOTO KOJEKTOpa
yepe3 TypOiHy Ha30BHI, a IHIIA YacTHHA
PELUPKYIIIOE Ha3ad y BOYCKHUH KOJIEKTOP.

BNYCKHUA KonexTop

=

ﬁﬁ\ﬁ

(NN
L L LW

UUW

EGR knanau

BMIYCKHMA KONeKTop

Kkomnpecop TypGiHa SMiHHOI I

Puc. 1. Cxema nu3enpHOro IBUTYHA

JluHamivuHa MOZENb Ma€ TPH 3MiHHI CTaHy: TUCK
BIIyCKHOTO KOJEKTOpa p, , THCK BHIIYCKHOI'O
KOJEeKTOpa p,, , HOTYKHICTb KoMmpecopa F., sKi
OINUCYIOTh OCHOBHY JMHAaMIKy 1 HaiOinmbll BaxJIWBi
CHUCTEeMHI BiacTUBOCTL. OTKe, BEKTOPOM CTaHy
CUCTEMHU € X = (P> Pom> o) -

Takum YMHOM, JUHAMIYHA MOJAENb CUCTEMH M€
BUTIISI (MUB. s aetaneit [14]):

pim zkl(WC +M1 _kepim)
pim = kZ(kepim _ul _“2 +Wf)

o
PC z;(rlml)t_PC)

(1)

Tyt HenmiHifHI (GYHKIT MAFOTh BUTJISI;
P . .
= e %c . macoswit moTik uepes
Tc H
a-p pim _1
P

basyrounce Ha BHKIagkax HaBeAeHUX y [14],
METOI0 KEPYBaHHS € PEryIIOBaHHs BUXOZIB

W=We =Wy, =W, -W )

egr
no Hynd. Ilozmaummo u, =W, Ta u, =W,

egr - HBa
BXOAM CHUCTEMH, IO MArOTh 3MIiCT MacOBHX IMOTOKIB
yepe3 cuctemu EGR ta VGT BigmosimHO.
[MpumyctrmMo, 1m0 HEOOXimHI IUIBOBI 3HAYCHHS
3MIHHUX MOXYTb OyTH BH3HAueHI IUISIXOM
MmaninmymoBanHss EGR T1a VGT mnpusoniB, To0TO

3MIHOIO MOJNIOKEHb KIamnaHy k,, 1 TPOMYyCKHOT
31aTHOCTI k,,, . IIpn Takomy migxoni tpeGa meBHUM

YMHOM 1HBEPTYBAaTU MOJENI MOTOKIB, 00 OTPUMATH
nonoxkeHHs: kianaHy EGR 1 monmoxeHHs jomacteit
VGT, siki € KepyrOUYUMH BXOJIaMU JI0 MO,

2. MertogoJiorist po3po0KH KepyBaHHA
Mera po3poOKu 3aKOHY KEpyBaHHS IOJISrae B
pEryJIIOBaHHI CKJIay MaJuBHO-TIOBITPSIHOT CyMimIi
(AF) 1 ¢paxkuii penupkynsoBanoro razy (EGR) mo
BIANOBIAHMX Oa’kaHUX 3HA4YEHb, Kl BU3HAYAIOTHCA 31
CTaTUYHUX JaHUX JABUTYHA 3 JOIIOMOIOI0 (POPMYII:

AE = AF,\NV,). EGR,, ~ EGR,, (N.1, .

BinnoBimHi craTuyHi KapTh OakaHWX 3HAYCHB
TCHEPYIOTHCS uepes MIPOBEICHHS cepii
eKCIIepUMEHTIB ~ Ha  OCHOBI  OajmaHcy — Mix
MaKCHMaJIbHOI €KOHOMIEIO MaJIMBa Ta MiHIMAJIEHIUM
3HAUEHHSIM IIIK[UIMBUX BHKHJIB OKCHJIB a30Ty.
Orxe, B TOIl 4ac gk OakaHl 3Ha4YeHHS miId AF
BH3HAYAIOTh MPOAYKTUBHICTh JIBUTYHA i
3amofiraloTh  AMMY,  peryjiaioBaHHA  (pakuil
petupkynsoBaHoro razy EGR mparne 3Bectu a0
MIiHIMyMY KIUIBKICTb BHUKHIIB OKCHIIB  a30Ty.
BinnoBigHuii HaOip omepamiiHUX TOYOK MAJIMBHO-
noBitpsHoi cymimni i ¢pakuii EGR moxe Oyrtm
MepeTBOpEHU B HAOIp TOYOK T MACOBHX TOTOKIB

ras3iB uepe3 KOMIIPECop WC" 1 dYepe3 CHUCTeMY
d
peUUpKyYIALIT Weg s
BHUKOPHCTOBYIOUH iX 3B'S3KH B CTIHKOMY CTaHi (IUB.
VYrkin (Utkin) [9-10] ans 1oAaTKOBHX BiTOMOCTEH ).
Posristremo 3ajgaugy 3HAXOKCHHS
onTuManeHOro KepyBaHHs U(x) s cucremMu

x=f(x)+g(x)u G3)

BillIpallbOBaHUX  Ta3iB
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3 HACTYITHUMU BJIACTUBOCTSIMU:
-U(x) nmocsirae acCHMITOTUYHOL CTIHKOCTI piBHOBAry;

-U(x) miHimizye GpyHKITIOHAT

%
7= (1) + " RQxyu e @)
0
PoGacTHicTb ONITUMAIIBHOTO KepyBaHHS
BUIUIMBAE 3 piBHAHHSA [ aminbToHa-SAK00i-bennmana

1)+ L,V (x) —%LgV(x)Rl Ly @f =0 (5)

V(x)=0, mo 3a10BOIBHIE ONTHMAJIbHE 3HAYCHHS
¢bynkuii V' (x). L,h(x)
noxigay JIi ¢pyHKIT A(X) y310BK BEKTOPHOTO OIS

p(x): L,h(x)=(0h/ox)p(x).

Buxopucraemo Mmeron, HaBeneHuil y SIHKOBiY
(Jankovic) [15] mnst po3poOKHM 3aKOHY KepyBaHHS,
ane 3amicTe KBaapatuyHoi QyHkuii JlsmyHoBa mu
MPOMoHyeMO OUTbII 3aranbHy ¢yHKUi0 JlamyHoBa,
sKa BKIIOYa€ KOMIIOHEHTH, IO MICTATh JOOYTKH
craniB cucremu. Lle pobutTs 110 (QyHKLi0 OLIBII
"rHyukow", 3a0e3leuyroud JOAATKOBI CTYIeHi
cB000IH, 1100 JOBECTH CTIMKICTH CUCTEMU.

Teopema (onTuManpHICTE 1 CTiMKicTh) SHKOBIY
(Jankovic) [20].

[Tpumycrumo, e icCHye JoAaTHa

HamiBBU3HAaueHa QyHKUiA V' (Xx), ska 3ag0BUIBHSE

Ilo3HaueHHs O3Haydae

piBHsHHs ["aminbToHa-AKk00i-benmana (5) tak, 1o
KepyBaHHS 31 3BOPOTHIM 3B’ SI3KOM

u(x)= —%Rl (x)(LgV(x))r(x) JIOCsITa€ aCUMIITOTHY-

HOi criifikocTi piBHOBaru npu x=0. Tomi u(x) €
ONTHMAJbHAM CTaOUTI3yIOUMM KEpPYBaHHSM, SIKe
MiHiMiBye (4) s Beix  u(x)  rapaHTyIOuu
lim, ,, x(#)=0 1 V(x) € onTUMaabHUM 3HAUYEHHSAM
¢yukii. loBenenns mus. B [20].

Jns po3poOKku HamitHOrO KOHTpoiepa Ui
IU3EIbHOTO ABUTYHA MH BHUKOPHCTOBYBATHMEMO B
po0OTI METOJ, IO 3aCTOCOBYETHCSA N0 HEINiHIHOL
cucremu BHAy (3), Ans sKoi ympaBistoda (QyHKIISA
JlamynoBa V(x) Bimoma. Ympapisioua (yHKIIs
JIsnynoBa CLF € rnaaka, TMO3WTHBHO BH3HaYeHa
¢byHKLis, Taka, Mo A1l BCiX x # 0 iCHye KepyBaHHS

u(x) , O 3aJ0BOJLHSIE YMOBY:

V(x) (6)

Li ymoBu € exBiBaneHtHi ymoBam L,V (x)=0 =

a—Vf()c) +6—Vg(x)u <0
Ox Ox

LV (x)<0. lnst BiAnoBinHO BUOPAHOI MO3UTUBHOL

dyskmii ()
OTPUMYETHCA 3 JOIMOMOI'OIO INCPECTBOPCHHA

CKaJ'IFIpHO'l' 3aKOH KCPpYBAaHHA
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Ile kepyBanHsS € TIIOOANBHO CTaOUTI3yOUe Ta
ontuManbHe.  ns  winboBoro  QyHKUIioHamy
BUKOPUCTOBYETbCS R(x)=1[. 3akoH KepyBaHHs
Moxe OyTH  CHpolIeHHit
yV(x) =y, Ae 7,>0
CTIHKICTH BTpada€Thes, aje ONTUMAIBHICTD
ACHMIITOTHYHA CTIMKICTh MOXXYTb OYTH JOCSTHYTI.

Bukonaemo  mineapumzamiro  cuctemu (1)
METOOM 3BOPOTHOI TpaHcopmauii “BXiA-Buxig’
(meranbno y [14, 15]). OTpumMaemo niHeapHU30BaHy
CHCTEMY:

IIIAXOM
cralia.

BUOOpY
I'moGanbHa

i

Yy =w
Yy =w, (8),
Z= kz(b—lJyl +f.—k.w —sz
T k,
ne k.= uply K 9)
b+a
1) 4 k, |
fom kel [ b= [l + b2+ (k=K )pub | (10)

iz=ph - (pfm )“ € yHKuisIMU cTany [14].

3. [lo0ynoBa ynpasJsirouoi ¢pynkuii JIsmynosa
TAa KOHTPOJepa

Jns mpoekTyBaHHsST POOAcCTHOrO KOHTpoJepa

noOdyayemo ynpasisitouy ¢yHKOifo JlsnyHoBa y
BUTJISAL:

V(31:32:2) = + 673 +632° + C4F\Z + 57,2+ G631

(11)

3riHO 3 BU3HAYCHHSIM, IS TOTO, MO0 ¥ Oyna

ymnpasisitodoro  GyHkgiero st cucremu  (10),

MOBUHHA BUKOHYBATHCh HEpiBHICTh

V=LV +LJVu<0. Dbynemo BHKOPUCTOBYBATH

€KBIBaJICHTHY YMOBY: 3 TOTO, [0 L,V =0 Burmsae,
mo noximHa JIi LfV <0 gns Beix (¥,y,,z)#0. B

mporeci po3poOKH 3aKOHY KEpyBaHHS, OTPHUMYEMO
JOCTaTHIO yMOBY Toro, mo6 ¥V O0yma CLF. Ilicns
MPaBUIBLHO BUOPaHOI MO3UTHBHOI CKAISIPHOT PYHKIIIT
¥, OAEPKUMO 3aKOH KepyBaHHS y (opMi:

u(x) =—%yo(LgV)’(x) (12)

Teopema 1. st Toro, mo6 ¢ynkuis (11) Oymna
CLF gms cucremu (8) JOCTaTHBO, 1100
BUKOHYBAJIUCh YMOBHU
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d >0
d,>0 (13)
d, > %dl -maxﬂz”
2 1
ne d; = (2c3 + €46y +C5Cyy )kz (— - b)c21 (14)
T
d, = (2¢; +e4e5, + esen) . (15)
2d,
c kb c
6~ 4
k
Cy=———— (16)
2¢, —k.c,
kb 263 =65 Cll(kz 2¢3 = C4)
Cp =— (17)
2¢, - kabcs + ¢y (k.cs —cq)
o = k. 2c,—c, N k,cs —cq e, (18)
2¢,—k.c, 2¢, -k,

Tyt ¢,¢0,¢, € QyHKIIAME cTaHIB (1uB. [14]
s Oinein goknmagHoi iHgopmauii). [ToOymyBaBmm
CLF, MM BUKOPHCTOBYBATUMEMO ii, OO OTpUMATH
ONTUMAaNbHAN 3aKOH KEpyBaHHS 3 TapaHTOBAHUM
BractuBocTsIMU pobactHocTi. Ockinbku V' € CLF
JUI JiHeapu3oBaHOi cuctemu (8), TO BoHa Oyje
TAaKOX Yymnpasisirouoro QyHkuiero JlsmyHoBa 1 s
BUXimHOI cucremMu (1), IO oOTpUMaHa IUIIXOM
3BOpOTHOI TpaHcdopmaiii. Tomi 3aKoH KepyBaHHS

Y

Ha6yBae BUTJIAAY:

Jlnst cucremu (8), npu Z = up!~'p.  3aranpHa

L

g

L

g2

1

_570

N

%)

MoXigHa V' mMaTuMe BUTIIA;
V= (2clf1 +cyz+ c6)72)~

‘|:_ a(yl + ch _kepim)_l(;l + W/cd)_aul +bu2:| +
T

+ (202;2 +esz+ce) )lkz (pimke + W_/’)+ kyuy — kyu, J+

Np£;1(203z +ey+ Csfz)‘ (kl (;1 + ch — Ko Dipy T ))

(19)
OTpumyemo:
L,v=y (— ale, + cgky + c kupt™ )+
+7, (— ace +ky2c, + cskl,up{H )+
+ z(— ac, +kycs + 2c3kl,up1“71) (20)
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L,v=y (bzcl —kycq )+ Vs (bca —ky2c¢, )+

+ z(bc4 —kycs )

Bynemo mo3umioHyBaTH KepyBaHHS B iX 3aJaHHX

OaxaHMX  3HAuYeHHsAX  (omepamifiHUX  TOYKax)
d d

W, Vv, =u2—(WC +W,).

egr
BubepeMo MaTpuIlio 3i cranmumu KoedillieHTaMu

Vi =u —

i 0
Yo = , sfka 3a0e3medyye JONATKOBUUI
07,
CTYIiHb CBOOOIM B HaJNAIUTYBaHHI KOHTpOJIEpa I
IOCATHEHHS craOuipHOCTl. [licisd  BIAIIOBIAHUX
MEpeTBOPEHb  OCTAaTOYHO  OTPUMYEMO  3aKOH
KEepyBaHHS:

Vi =%, [(WC - ch X— 2ac, +cgk, + c4k,up1“71)+
+ (pem ~ Do X_ acg + 2k,c, + Csklupf71)+
" [pffn - (Pzem)“j(_ acy +kycs + 2c3k1yp1’"1)] 1)

V, = 72[(Wc -w X2bc1 - k2C6)+ [piﬁi - (pfm)“J :

'(bcs - 2kzcz)+ [pfn - (piem)“](bcét — ke )] (22)

PesgynpTat MopmentoBaHHS KOHTpoJepa MOXKHA
nobaunth B podoti Ky3emud [14].

4. IloBepxHi piBHS ynpaBJIsA040i PyHKIil
JIsmyHoBa
Posrisiaemo ¢ynkuito Jlismynosa (11) y dopmi:

Vz(ylvyzvz)TP(ylayzvz) (23)7
PubPi2Pis
ne P=| pyppPy | 1c=pysc=py, c3=py,
P31P3 P33
Cy =Pt PsC=Put P> C=Pnt Py
nsixom  Bubopy  mapamerpiB  QyHKUIl
JlamynoBa, MOXHa oOTpuUMaTd pi3HI Gopmu Ta

po3Mipu TOBepXOHb piBHS ¢yHKUii JlsmyHOoBa sk
MOKa3aHo Jalli.
3BepHEMO yBary,

mo ymoBa L,V <0

(YHKLIOHATIBHOIO HEPIBHICTIO 3aJIEKHOIO BiJ CTaHy
cucremMdu. BoHa Moxe OyTH BUpIlIEHA LUIIXOM
neperBopeHHs ii B 3amauy SOS ontumizamii 3
BHUKOPUCTAaHHSAM nporpamuoi Texnonorii SOS. s
nepeTBOpeHHs Bupasy L,V <0 B anroput™izoBaHi

€

ymoBu SOS, MOTPiOHO JOAaTH JEAKi OOMEXKEHHS y
Burisigi R(x)<0. Tomi wmomudikoBaHa ymoBa
crabimi3amii KepyBaHHS 3BOPOTHOTO 3B'A3Ky B
tepminax SOS Oyze: miHiMi3yBaTH QyHKLIiI0 R(x)
TaK, 110 BUKOHYETHCS yMOBA!
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2(2 )k b 1 489.15 0.009 0.011
bl V4 C, +C4CH T CsC ——|Cy T+
R Y M=| 0071 04 0.07
+2(2¢; + cycy) + ¢5¢0 )f. )+ R(x) € SOS (24) 0.09 -0.05 2

MpH yMOBI >0 .

-t

OcHoBHI KpPOKH
00YUCTIOBATILHO20 ANCOPUMMY:

-Marouu yMoBY L,V =0, L,/ =01 LV <0
s ynpaBisirodoi  Qynkuii  JlsmynoBa  V,
po3B’sbkeMo 3amady SOS-aekommosutlii (24);

-MalO4l  TOYATKOBI ~ 3HA4YEHHS  KOHCTaHT
C15Cy,C3,Cq5Cs,C ¢ynkuii  JlamynoBa  (23),
3a pesynbratamu pimenHs SOS-

ONMUMI3AYIUHO2O

po3paxyemMo ¢,
3a1a4i;

-BHKOHYETHCSl TepeBipka ymoBu V >0, ans
PO3paxyHKy KpUTepiro aKocTi J;

-IMCAS UBOTO IDISXOM ITEPATUBHOTO MimOOpy
napamerpiB, MepeBipsOTs yMOBY J—min.

3acTocoByrO4H iTepaTUBHUIN aNrOpUTM,
OTPUMYEMO CTaOLTi30BaHUI CTaH CHCTEMH MpH
TOMY, IO IOMUJIKA OLIIHKH MPAMYE A0 HYJIS.

5. Pe3yabTaTi MoJe/110BAHHSA
1) Jnsa nmapamerpis p,, =0.004, p;; =0.0061,

P, =0.021, p,,=0.01, p,;=0.01, p; =0.01,
Ps =—0.01, py; =03, mu pospaxyemo ¢ =3.2.
3.2 0.004 0.0061
Orpumaemo M =|0.021  0.01 0.01
0.01 -0.01 03

Oynkuisa Jlsnynosa V = 3.6 . MogemoBanHs popmu
1 moBepxHi piBHA QyHKUIT JIamyHOBa MOXHA OaYUTH
Ha puc.2.

Puc. 2. ®ynknis JlsmyHoBa Ta mMOBEpXHI piBHA,
oTpuMaHi B ekcriepuMenTi (1).

2) p,=0.009, p,;=0.011,

P =0.07, p; =0.09,

P3; = 0.3, Mu pospaxyemo ¢, =489.15.
OTpumMaeMoO MaTpHILIO:

Py =0.071,

P»n =04, Py, =—0.05,

83

Oynkuia JlsnynoBa ¥V =491.7. MoxHa nobauuti
pE3yNbTaTH MOACIIOBAHHS Ha pHC. 3.

15§
om0 2 Mo

il
yd

Puc. 3. Oynkuis JlsmyHoBa Ta mMOBEpXHI piBHA,
OTpHMaHi B eKCIIEPUMEHTI (2).

3) p,=0.004, p;=0091, p, =0.011,
Py =0.02, p,y=0.001, p;; =0.03, p;, =-0.01,
P33 =0.1, Mu po3paxyemo ¢, =1.05 1 oTpuMaemo

1.05 0.004 0.0091
marpuito M =| 0.011 0.02  0.001
0.03 -0.01 0.1

@ynkuis JIanyHosa V' =1.21, ne MoxxHa 6a4uTH Ha
puc. 4.

Puc. 4 Oynkuis JlsmyHoBa Ta MOBEpXHi piBHA,
OoTpHMaHi B eKcriepuMenTi (3).

4 pn=0, p3=0, py =0, py=002,
P =0.001, p;,=0.003, p,, =0, p;;=0.1, mu
po3paxyemMo ¢ =213 i OTPUMAEMO
2.1 0 0
M= 0 0.02 0.001 |.
0.003 0 0.1

®ynkuis Jlanynosa V' =2.25 (auBs. puc. 5).
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Puc.5. ®ynkuis JlsmyHoBa Ta TOBEpXHi piBHS,
OTpHMaHi B eKCIIEpUMEHTI (4).

[opiBusaEa  ¢yskuin  JlsmyHoBa s
MozemtoBaHHs (3) i (4) mpencraBineHe Ha puc.6, i
¢ynkuii moxmemoBanns Jlsmynosa (1), (3) 1 (4)
MoKa3aHi Ha puc. 7.

Puc.6. IlopiBusiHHs ¢QyHKUiH JIsmyHOBa OTpUMaHHX
B excriepuMeHTax (3) ta (4).
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Puc. 7. IlopiBusHHS $yHKUiH JIsmyHOBa OTpMaHNX
B ekcriepumenTax (1), (3) Ta (4).

OnTuManbHUR TiAGip mapaMeTpiB B paMKax
BUKOHAHHS yMOB CTIHKOCTiI HENiHIHOT CHCTEeMH
MOKpallye  TNPOAYKTHUBHICTE  KOHTpoiepa. Lle
3abe3nedye OUThITY CBOOOIY JOCATHEHHS BHUCOKOTO
PiBHS ~ NPOAYKTHUBHOCTI Ui PE3YNbTYHOUHX
Koe(ili€HTIB MiACHIICHHS KOHTpOJepa MLUIAXOM
amantauii ¢QyHkuii JlamyHoBa Ta BHKOPUCTaHHS
OOYMCITIOBAJIBHOTO ~ aliTOPUTMY  ONTHUMAIBHOTO
Bubopy. Taka y3arameHeHa c¢opma  QyHKUIT
JlsamynoBa, 3abe3neuye OTpUMaHHS HaWKpamwmx ii
napaMeTpiB Ta B pe3yJbTaTi - HOOYAOBY HENiHIMHOTO
3aKOHY KepyBaHHs Takoro, mio 3a0e3medye
eKcTpeMyM 1inboBoro ¢yHkuionany. [Ipomenypa
obunciieHHs ix Oa3yeTbcs Ha BukopucTaHHi SOS
MporpaMyBaHHSI.

BucHoBkn
B namiii crarti mpencraBieHO cmoci® MOLIYKY
Haiikpamioi ¢popmu ynpasisirouoi GyHkuii JismyHoBa
Ta HAa OCHOBI LBOrO OOYHCICHHS MapaMerpiB
KepyBaHHS Ui  JOCSTHEHHS  ONTHUMAaJbHOTO
Kputepito axocTi. [lepeBipeHo pizHi hopmu QyHKIIiH
JlsamyHoBa 111 TOro, mo0 OTPUMATH OUIBII BHCOKY
MPONYKTUBHICTh TPU BHUKOPUCTAHHI y3arajibHEHOI
dbopmu  ¢yHkuii JlamyHoBa i3 IOJATKOBUMH
cTyneHsMu cBobonu. Lle nae kpamry npoayKTHBHICTb
KepyBaHHS 1 ri00anbHy 30DKHICTE CHCTEMH
MOMWJIOK. Y MalOyTHIX JOCHIDKEHHSIX IUIAHYEThCS
BJIOCKOHAJIMUTH AITOPUTM ONTHMi3alii Ta MPOBECTH

foro ampoOarito Ha pealbHUX JAHUX IS
OMepaIrifHuX TOYOK KOHTpOJNEepa JU3EIBHOTO
JIBUTYHA.
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Kymenxo LA., x.¢b.-M.H. Igor A. Kutsenko, Ph.D.

AJITOpUTMH TONIYKY onTHMaJbHOI citkm Ha | Algorithms for finding the optimal grid on a given
3a/IaHOMY HAa0opi TOYOK MJisi MiHiMakcHOI Ta set of points for minimax and mean
cepeIHbLOKBAAPATHYHOL 0araToBuMipHOi multidimensional spline-function on chaotic grid

cruIaiH-QyHKOil Ha XaoTHYHIA ciTui

KuiBchbkuii HalioHanbHMH yHIBEPCHUTET I1MEHI Taras Shevchenko National University of Kyiyv,
Tapaca Illeuenka, 03127, wm. Kuis, np-t 03127, Kyiv, Glushkova ave., 4d

['mymkoBa, 41 e-mail: kutsenko_i_a@ukr.net

e-mail: kutsenko_i_a@ukr.net

Ilobyoosano uomupu ancopummu 3HAXOO0NHCEHHS ONMUMANbHOI cimku anpokcumayiinoi HBCOXC
(bazamosumipnoi cnaain-gyHKyii Ha xaomuynil cimyi) it noO6y008U WIAXOM BUKTIOUEHHAM Md GKIHOYEHHAM
mouok cimku. Tounicmv HAOAUNCEHHST BUNAOKOBUX OAHUX — ADCOTIOMHA Ma cepednboksaopamuyna. Touxu
onsl cimKku euOUparOmvcs 3 OUCKPEMHOI CKIHUEHHOI MHOMCUHU HAAGHUX 6umipie. OnmumanbHicms Cimku
PO3YMIEMbCSL SIK MIHIMAILHA KITLKICMb MOYOK NPU 3A0AHITE MOYHOCMI HADIUNCEHHS CIIAH-YHKYIEIO 8 YCIX
MOYKAX HAABHUX GUMIDIE.

Kurouosi crosa: bazamosumipna cnaain-@yHKyia Ha XaomuyHit cimyi, 3a0ana Cimka, GUKIHYEHHSA Md
BKIIOUEHHS] MOYOK CIMKU.

This is considered the task of data processing: the input is a data stream consisting of discrete
measurement values of an unknown multidimensional smooth function in some points of the values of its
variables. When processing real measurements data to obtain the most accurate prediction of process
behavior, represented by data flow, it is necessary to build a sufficiently robust and accurate computer
model that describes the behavior of the process. The article as a model is considered a multidimensional
spline function on a chaotic grid of its construction. The article as a model is considered a MSFCG
(multidimensional spline function on a chaotic grid) of its construction. We demonstrate the use of such
spline functions as the best choice among all the spline functions at the expense of the simplicity and
universality of the model in the form of simple sums of certain functions, which is the only spline function for
the entire set definition of variables and requires less computer memory for its construction. But for
approximate MSFCG has its own problems. So, to calculate the coefficients we need to find the inverse to of
a symmetric dense matrix. On the other hand, by reducing the grid becomes less local optimums MSFCG, it
becomes more smooth, and can therefore increase the predicted stability of its behavior inside the area
bounded by measurement points. Therefore, you should build a spline function with a minimum number of
points of the grid. And to this spline function has been fairly accurate throughout the dataset. Constructed
four algorithms for finding an optimal grid of approximate MSFCG by exclusion and inclusion of points
grid. Accuracy approximation of random data - the absolute and the mean. Points for the grid are selected
from a discrete finite set of available measurements. Optimum grid understood as the minimum number of
points for a given accuracy of approximation spline-function at all points available measurements.

Key words: multidimensional spline-function on chaotic grid, a given grid, exclusion and inclusion of
points grid.

CratTio nipeactaBuB 1. ¢.-M. H., nmpod. byit /1. b.

Beryn MPOTHO3Y TMOBEIIHKM TPOLECY, NPEACTaBICHOTO
B crarti posrisinaeTscs 3anaya oOpoOKH JaHNWX, TOTOKOM JaHUX, NpH 00poOIi JaHWX peasbHUX
KOJM Ha BXOJl € TOTIK JaHWX, 10 CKJIQJa€ThCs 3 BUMIPIB, HEOOXITHO MOOYIyBaTH JOCTATHBO CTIMKY
JVICKPETHUX BHMIpIB 3HAa4€Hb HEBIJIOMOI TNQJKOI Ta TOYHY KOMIT'IOTEPHY MOJEIb, IO OIHUCYE
OaraToBUMIipHOT QYHKLII B JESIKMX TOUKaX 3HAYEHb 1  TMOBEAIHKY MPOLECY.
3MiHHHX. J[IsI OTpUMaHHS MaKCHMMaJlbHO TOYHOTO B sikocTi Mozeni po3risaaeTbes OaraToBUMIpHA
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CIUTAfH-YHKIIS HA XaOTHYHIM CiTKHi i moOynoBu.
JlaeTbcsi  OOTPYHTOBYBaHHS BHUKOPHCTAHHS —caMme
Takoi CIDIaiH-QYHKIIA B SKOCTI HaWKpamoro
BUOOpPY cepea BCixX CIUIaH-QYHKLIH 32 paxyHOK:
MPOCTOTH Ta YHIBEPCAIBHOCTI MOJETI B BUIJIIAAL
mpocToi CyMu JesikuX (YHKIIH; Taka CIUTaiiH-
(GYHKLIS SIBISETHCS €IWHOIO CIIAWH-QYHKIIEO AT
BCi€l MHOXMHM BH3HAYCHHS 3MIHHUX; BOHA BHMarae
MEHIIIe KOMII FOTEPHOI IaM’SITi I CBO€ET OOy TOBH.

3 MeTor: MiIBHUILNEHHSA CTIMKOCTI SK caMol
CrutaiH-QyHKIii, Tak 1 OOYHMCICHb 3HAYCHb i
Koe(iIieHTiB, a TaKoX - EKOHOMii OOYHCICHBL Ta
mam’siTi pu ToOyIOBI Ta BUKOPWCTAHHI CIUIAHH-
¢byHKLii, CTaBUTBCS  3ajaya  3HAXOKCHHS
ONITUMANBHOI CITKH CIUTaWH-(PYHKII] 3 MiHIMaIbHOIO
KUTBKICTIO TOYOK IPH 3a1aHIi TOYHOCTI HAOIKEHHS
B yCiX TOUYKaX AaHUX BUMIpiB.

B crarti BUKOpUCTOBYIOThCS D™ -cruaiinu,
ctBopeHi Bacuienkom B.A. 3 HoBocubGipcebka [1,2].
AJne Taka Ha3Ba MPHUXOBYE CYTTEBI BIIACTUBOCTI
Takux  cruai-Qynkmin. Tomy  Hamami  Oyzde
BUKOPHUCTOBYBAaTUCh CKOPOYEHHS BCOXC
(OaratoBuMipHa CIUTAWH-QYHKIIS HA XAOTHYHIH
citri) 1 moOymoBu. BCOXC cyTTeBO Bimpi3HAETHCA
BiJ IHIIMX CIJIaH-QYHKIIN 1 B cTaTTi MpHUBEICHO
3arajipHUK  TOPIBHSUIBHUM  aHami3  ocoOimBOCTEl
BCOXC ta iHmmx crutaitH-QyHKITH.

Hapani motpiOHO Oyne 3HATH KOHKPETHHMN
Buriisu BCOXC Tta ocobiuBocTi ii MoOymoBU B

(n+1) BUMipHOMY TIpOCTOI AiiicHUX umcen R .

1. IloGynoBa iHTepnosasiniiinoi Ta
anpokcumaniitnoi BCO®XC 3 nHamepen 3aJ1aHoI0
ciTko10

Cnouamxy suznauumo, sx 0yoyeamu Ha 3a0aHill

cimyi P IHmepnonAyitiHy — cniauH-pyHKyio
o(P;A;x), fAka B  TOYKax po CITKH
P= (P(l) PP P, npuiiMae JesiKi  Hamepen

3a/1aHi 3HaUYeHHSA 7, , k=1,_N [1-3]:

—— S
o(P,:PY)=z,, k=1.N (1)
i mae Bua cymu ¢yHkmid ['piHa Ta ckIamoBHX
MOJIITHOMIAJILHOTO sipa BapialiifHOro
eHepreTuyHoro omeparopa [1,2], TOMHOXEHUX Ha
TiHiAHI KoedimienTu:

Lx=P)+ Dy x",(2)

‘a‘émfl

o N
o(P;A;x) = Z/ika
k=1

e P® =(P*,Pf,...P") eR", k=1N,

— 1.492 . . +%
X =X X X

*
o x=(X,%X,,....X,) , * - 3HaK
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TPAHCIIOHYBaHHs, X~ - k - a KOOpAMHATa B o, —#
creneHi, pynakuii ['pina

2m—n

||x—P|| ln|x—P,n=2k
"x—P 2m-n

,n=2k—-1

G,,(x-—P)=

=P =[5 =B P=(R.Pruc)'
i=l

- CyMa BCiX MOJIMBHX KOMOIHAIlH 10 a [0
‘a‘Sm—l
m—1 BKIIOYHO CKJIQJIOBUX IOJIHOMIIBHOTO sijpa
[1]: mpu m=1 1a a=0 - e nume BUIbHUI

n
KoeilieHT vo; mpn m=2 ta a =1 - vy + > v, x, -
k=1
1€ Cyma CKIanoBux npu m=1 1a a =0 + cknagosi

n

npu JiHiAHIA Gopmi Zkak ;IpH m=3 Ta ¢ =2 -
k=1

e CyMa CKJIaJOBUX NpH m=2 Ta o =1 + CKIaHoBi

n n
IpU KBaJpaTH4HIA (opmi z kalxkx, i T.0. Ilpu
k=1 I=1
BHU3HAYEHIN PO3MIPHOCTI MpOCTOpYy 7 Ta TMpH
3aJ]aHOMy KOE(DIIi€HTI TIAJKOCTI m OTPUMAEMO
BCBHOTO

-1
19:C:,”:(n+m 1!
nl(m—1)!

3)

ckmamoBux. Jms HemepepBHOCTI (yHkmid ['piHa

G, ,(x—P) HEOOXITHO  BUKOHAHHA  YMOBU
m>nl2.
3BeIeHHsST  BHCHOBKIB  BapialidiHoi  Teopii

nooyaoBu BCOXC no mpoctux anreOpaidHUX yMOB
JIO3BOJISIE PO3MIIAJATH 3HAXOKEHHA Koe(illieHTiB
TaKOrO CIUIAHY SK PpO3B’S30K JESKOi CHCTEMH
JIHIAHUX piBHAHb. Jlnms 1bOrO BBEAEMO  JUISA
KoeilieHTiB v 1 GYHKIIHN sIpa Ipy HUX 3 GOPMYITH
(2) cyuinbHy nmiHifiHY iHzekcauito: v,,[=1,9, Ta
cpopmyemo 3 koediuientiB A;,i =1, N i v,,[=19
€IMHUI BEKTOP

z:(ﬂ’la%v'w/l 9V17V29"'9V‘9)*’ (4)

posmipHicTIO Ng=N +9. Toxi 3HaYeHHsS BEKTOpY

koedimieHtie A (4) BU3HAYAIOTBCA 3 JIBOX
anreOpaiyanx ymoB: 1) cHiBHaaiHHS 3HAYEHb
crmaiitE—(ysKnii B 3amamux Toukax P (1) Ta 2)
OpPTOTOHAJIBHOCTI (DYHKUIA MONIHOMIaJIbHOTO fA1pa
MiX co0OI0 Ha X e Toukax. B mMaTpuuniii hopmi
1€ Ma€ TaKUW y3arajlbHEHU BUJL;
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C-A=z, ()
ne matpuns C mae posmipHicT Ny x N, 1i aBHUM
BHTJISL BH3HAYAETHCS B [3], a
2=(2, 290 r2y:0,0,..,0)° - BekTOp  3ajaHmX

3HaueHb po3MipHicTIO N, . IIo6 cucrema (5) mana
PO3B’SI30K, HEOOX1THO BUKOHAHHS YMOBU N > 9.

Ilob6yoosa MIHIMAKCHO ma

CepeOHbOKBAOPAMUYHO  MOYHOL  ANPOKCUMAYIIHOT

BCOXC 3 nanepeo 3a0anor cimkorw

Tlocmanoska 3aoaui. Hexall B Hac € meaxkuil

n+l

macuB Y €R 3 M (n+1) - BUMIpHUX TOYOK

BUTJTIAOY:

) M
X .. X fi

n

, (6)
X x,SM) fu

OTPUMAaHHWK B pE3yNbTaTi BUMIpIOBaHHSI 3HAYCHb
(fi>--»fy) nmesikoi HeBimomoi milicHOi (GyHKIIT

fi= f(x) na mpoxuni X ={x",i=1,M} 3 M
n — BUMIPHHUX TOYOK 3 JIMCHUMH KOOPAWHATAMHU

2 =P, DYk i=1M . Tyr M 3uaumo

OLIIbIIE 71.

Hexaii Ham Bigoma omykia MHOKHHA Q€ R"
MiHIMaTbHOTO 00’ €My, IS IKOi TOYKH MHOKHHHA X
€ BHYTpIIIHIME 1715t () 4 JIexKaTh Ha 11 TpaHuIli.

3aysancenns. [lobynosa Takoi BmmcaHoi B X
OIyKJI01 MHOKMHH () € cama-io co0i HermpocToro
3amadyero. TomMy B KpallHbOMY BHIIQAKy MOKHA
CKOpUCTaTHCh  TimepkyOoM 3 peOpamu  BiX
MIHIMQJIBHOTO JI0 MaKCUMAaJIbHOTO 3HAYEHHS KOXKHOI
3 1 KOOpPIWHATH. AJle TPU IBOMY 3MEHIIYETHCS
JOCTOBIpHA TapaHTOBaHa TOYHICTh BiJITBOPEHHS
3HaueHb (QYHKII f B TOYKaX, SKi JIEKATh MiXK

TOYKaMH BUMIIiB.

Heo6xiaHo 3HalTH HA JesKii 3a1auiil citii P
TaKy CIUIaiH-(QyHKIIiIO o-(;;z;x) Burisigy (2), 3
KoediieHTaMu 2 (4), mo Ha macuBi Y s Hel
Oy/ayTh BUKOHYBATHCh YMOBH:

(7

A=|r,(2) = minmax| r.(1)],
A 1KisM

M 2 M2
sy=SIN, s=Y[r(1)] :mzinZ[l’i(i)] » (8)

i=1 i=1

ne (D) =c(P;2x")—f.i=1M .
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THopsiook nobyoosu anpoxcumayiiinoi BCOXC
ArmpokcuManiiHy [K CepeIHbOKBAIPATUIHY,

tak 1 MiHiMmakcHy BCOXC Ha 3amaniit citi P s
cuctemu (6) MoxkHa TMOOyAyBaTH SK JOCIKY
iHTepnosLiday (2), ame 31 cBOiMH 0COOIMBHMH
ONTUMATEHUMU 3HAYCHHSIMH BEKTOPY

—onm

2= 2,2 0,0,...,0° (1) B N

TOYKaX CITKH P .

—onm

I[J'ISI 3HaXOIKCHHA I IoKJjIaga€eMoO BUMOTY,

mo6 crutaliH-QyHKIiA o(P;A;x) (2) B M Toukax

@)

citku X ={x",i=1,M} wmacuy sumipisz (6)

MaKCUMaJIbHO TOYHO, (TOOTO 3 MiHIMaJIbHOIO
nmoxuOkoro Buny (7) 4uum (8)) Habmmkana 3HAYCHHS

¢yakmii f y Bcix M Ttoukax. Takum YwHOM
OTPUMY€EMO MEPEBU3HAUCHY CUCTEMY PiBHIHD
P 7.+Dy _ -
O-(P’/l’-x )_f; ’ l_l,M ’ (9)
o —onm .
3a KO0 HaMm Tpeba 3HaTH A - ONTHUMAJbHI

3HAYCHHS BEKTOpYy KoediuieHTiB A. B cucremi (9)
Ha OCHOBI piBHAHHS (5) 3OIHCHUMO Tepexin Bix
BEKTOPY A [0 BEKTOPY Z 3a (GOPMYJIOO

A=C"'-z, (10)
1 B pe3ylbTaTi OTPUMAEMO J[EsSKy NEepEBHU3HAYCHY
CUCTEMY DPiBHSIHB 3 BEKTOPOM :

i=1,M, (1D

a(i)‘Z:ﬂ,

JUTsE  SIKOT KOHKPETHWH BUTIISAJ BEKTOPIB a?

BU3HAYA€ThCA B [4, 5]. Po3p’s30k cucremu (11) mms
MIHIMaKCHOTO KpuTepiro (7) IIyKaeMo MEeTOJIOM
Peme3a [5], a i CcepemHbOKBAJAPATUIHOTO
KpHUTEpiro (8) — METO/IOM HaliMEHIIINX KBajpartiB [4,
5].

—on

[Ticng 3HaXOmKEHHSI zonm A
¢dopmymoro (10).

2. IloodymoBa ontumanbHoi BCO®XC,
A0CTATHBLO TOYHOI i 3 HAIMEHIIOI0 CITKOI0

Obrpynmyeanns  euxopucmanus BbCOXC 6
AKOCMI  HaUKpawumu 6ubopy ceped 6CiX CHIauH-
yHxyit

Hexaii nam Bimomo HaOip OaratoBUMipHHX
TOYOK JMCKPETHUX BHUMIipiB BUIIALY Y (6) sikoich
rmaaKol QyHKIIT BIATYKY f , PO SKy HaM OUTbII

m
OTPUMY€ETHCA 3a

HarepeJ Hi4Y0ro He BiZOMO.
Hns moOynoBu ¢yHKLIT BiATBOPEHHS [EsSKOI
raaKoi (PYHKI[IOHAIBHOI MOBEPXHI 3a 3HAYCHHIMH
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ii auckpetHux BuMmipiB (fi,..., f);) (6) B IOBLIBHUX

TOYKax MHOXWHH BHU3HA4YCHHA 3MIHHHX

X={x?i=1,M} (6), 3a sxumu OymyeTnest

MOBEPXHS, MOKHA BUKOPUCTOBYBATH Pi3Hi CIUIAHH-
¢dysKii, moOymoBaHi Ha PI3HUX 33JaHMAX CITKaxX iX

mobymoBu P . Jlna riamkocti crmaiH-QyHKIINR B

TOYKaX CITKA HaKJIQJaeTbCsl TaKi YMOBH, SIK
CHIBMAJiHHA 3HaUeHb QyHKIIN Ta iX MOXiAHUX.
Bimomi nmBa Bwam crmaiH-QyHKIINA, Akl

KOHCTPYKTHUBHO BU3HAYAIOTHCS HAa BCIH MHOXHHI.

1) Okpemi cmnaifH-QyHKIil, TOOyAOBaHi Ha
pI3HUX  TIAMHOXHHAX MHOXHHH  BU3HAYCHHS
3MIHHEX () Ta YMOBaMH TJIQAKOCTI “3MIUTI” MiXK
co00I0 Ha Mekax MiAMHOXKHUH: ITOJiHOMIiaNbHi
ctaiiny, B-crutaiian (NURBS) T-crutatinu [6].

2) €auHa craiH-(QyHKIS U BCi€] MHOXUHH
BH3HAYEHHS 3MIHHHX () B BUTISAI CyMH (YHKITIH
I'pina Ta mominomis: o (P;A;x) (2) [1,2].

OxpeMi crmaifH-QyHKIIT Ha PeryisipHii, TOOTO,
MPSIMOKYTHIH, CiTIi, OyNmu cro4aTtky moOyJOBaHi 3
MPAKTUYHUX MipKyBaHb, 1 JHUIIE MOTIM 3HAWIUIN iX

3B’ 130K 3 BapialifHo0 Teopielo. B
0araToOBUMIpHOMY BHUIAJAKY JUIsl CBO€I MOOYIOBH
BOHH, SIK TMPaBWJIO, BHMAraloTh BH3HAYCHHS

MiHiMym 3" TOYOK peryisipHOl CiTKH, A€ n —
PO3MIpHICTE IPOCTOPY.

Ha Bigminy Bim okpeMux cCrutaiiH-(QYyHKIH Ha
perymspHiii  citii  ¢GopMynmH  po3paxyHKIB IS
BC®XC BuBemeni 3 BapiamiitHoi Teopii i B
0araToBUMIpHOMY BHWMAJAKY JUIsl CBO€i MOOYIOBH
BOHM BHMAaraioTh BH3HAYEHHS 3HAYHO MEHIIE
To4oK: Bcyoro C,', ne m > n/2. JIo TOro K TOUKH
noOyJI0BU CIUTalH-(QYHKIIH Ha XaOTWYHIH CiTIi €
JIOBIJIbBHUMU, a caMi (DYHKIIii MaroTh BHTJIS MPOCTOT
CcyMH Jiesikux (yHKII# 06e3 Oyab-IKux 0OMexeHb Ha
BUKOPUCTAaHHS (KpiM THUX MipKyBaHb, IO He

JOIIIBHO ~ BHKOPHCTOBYBATH  CIUIAHH-QYHKIIIIO
JaJieKo Big obmacTi ii moOymoBm).
3ocepenuMOCh  Ha PO3MIISLLY  OCOOJIMBOCTEH

nooynosu came BCOXC i1 Hamami B TekCTi TMif
craiiH-GyHKuUiero cain po3ymitu Tinbku bCOXC.
Jms moBHOTOo BHM3HadueHHsA Acakoi bCOXC
HEOOXIZTHO 3HATH TpU pedi: 1) KiNBKICTH TOYOK
moOymoBu N ; 2) 3HAUYCHHS KOOPIWHAT CaMHUX

touok P*, k=1,N BusHauarouoi citku P; 3)

3HAYEHHS JiHIMHUX KOoeQili€HTIB NpH aJUTUBHUX
cKIanoBux B Gopmyri craite-ysKkii 4 (4).
Obrpyumyeanns HeoOXIOHOCTI  3HAXOOICEHHS]
onmumanvHoi cimku 01 nob6yoosu bCOXC
Komnu BigoMa KiJbKICTh TOYOK CITKH HOOYIOBH
craiiH-QpyHKUii N Ta KOHKPETHO BH3HAuY€HO
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P® s BusHaveHHs ciTku P, TOAI HE BHHHKAE

MUTaHHS  TOOYMOBM  TaKOi  ampOKCHMAIiiHOL
¢ynkuii [1-4], TOMY 10 KOHCTPYKTUBHO BiJIOMO, SIK
3HAWTH 3HAYEHHd JiHIHHUX KoedimieHTiB A (4) npn
aAUTUBHUX CKJIaJ0BUX B i (hopmymi (2) Ha OCHOBI
piBHSHB (1).

Ane B KOXHOMY KOHKPETHOMY BHIAIKY
BiATBOpEHHS TIagkoi QyHKIIOHATBHOI MOBEPXHIi 3a
3HAYCHHSIMM B JEAKAX TOYKax il JUCKPETHHX
BHMIpiB BUHUKA€E MTUTAHHS 3HAXOKEHHS HalKpaIoi

ciTkn moOymoBH cruaitH-QyHKIii P 3 MiHIMAIFHOIO
KUIBKICTIO TI TO4OK N Ta JOCTAaTHHOK TOYHICTIO
HaOMMKCHHS TaHUX BUMIPIB.

Ile BUKIMKAHO HEOOXITHICTIO BHPIIICHHS JBOX
pizHux  mpobmem B mpoueci  moOynoBH
anmpokcuManiitanx bCOXC.

3 omgHOro OOKYy, TIPH POCTi KIIBKOCTI TOYOK
CITKH /7151 TOOYIOBY CIUIaiH-QYHKIII1, BiOyBa€eThCs
3pOCTaHHSl KUTBKOCTI TPOBENEHHS Bce OUIBII
HECTIiKMX OOYHCIIEHh B TIPOIleCi 3HAXOKCHHS
3HAYCHHS JIHIMHUX KOeQili€eHTIB MPH aJUTUBHUX
ckiagoBux. lle BHKIMKAaHO THUM, MO HEOOXiTHO
o0epTaTH NIesKy IIIbHY KBagpaTWyHy MaTtpumio C
5), PO3MIpHICTh (N+3)x(N+39) AKOT
KBaJIpaTHYHO POCTE Pa3oM 3 POCTOM KUIBKOCTI
TO4OK citku N . Sk Bimomo, 0OEpHEHHS BEIMKHX
HIUTBHUX MaTPUIlb, TOYMHAIOYH 3 JIESIKOTO MOMEHTY,
BUKIIMKA€ CYTTEBI TpyAHOIN. ToMy 4YHMM MEHIIa
ciTka — THM Kpalie, MpOCTille Ta HaJiiHilIe,
CTIKIIIe, MOYKHA BHU3HAYUTH CIUIAaHH-QYHKIIO Ha
HilA.

3 iHmoro 0OKy, 32 paXyHOK 3MEHIICHHS CiTKU
ctae MeHie JokanbHUX ontumyMmiB BCOXC, BoHa
cTae Bce OUIBII TNAIKOIO, 1 TOMY BiIOYBaeTbCs
MiIBUIIEHHS MPOTHO30BaHOI CTIMKOCTI 11 MOBENiHKH
BcepearHi obnacti Q, 00MexeHOoi TOUYKaMH BUMIPiB
X . Ane npu noOy/0Bi anpOKCUMAIIMHUX CIUIAH-
(YHKII Ha KOHKPETHOMY Habopi JaHWX BaKIUBO
3HAXOAUTH CcaM€ Taki TOYKH JUIL CITKH, K1
JIO3BOJIIOTH  CIUIAMH-QYHKIT 3 HaWMEHIIOW iX
KUTBKICTIO MaKCHUMAallbHO TOYHO BIiATBOPIOBATH
3HaueHHS [ Yy BCIX 33JlaHMX TOYKaX.

Tomy ogHUM i3 caMHUX BH3HAYAJIbHUX MOMECHTIB
npu noOynosi anpokcumManiiinoi bCOXC BnacHe €
came 3HaXO/DKEHHS ONTUMAaJIbHOI CITKM MOOYI0BU
Takoi QyHKIIIi.

Ilocmanoska 3adaui nobyoosu ONMUMATLHOL
cimku onss BCOXC

3ajada monsTae B TOMY, W00 3HAWTH Taky

HaMKpaiy CciTKky Powm 015 nodynosu bCOXC

o(Ponm; A;x)  (2), sAKa 3aq0BOJBHSAE HACTYITHUM
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TPHOM yMOBaM: CITKH.

1) BOHa TOBMHHA MaTH HAWMEHIIY KiTBKICTbH
TOYOK N ;

2) Ha miid citoi MoxHa Oyae mnoOymyBaTH
JOCTAaTHRO TOYHY CIUTalH-PYHKIIIIO;

3) mpu 1BOMY TOYKM I CITKH CIiJ IIyKaTu
TUTBKH CEpell TOUYOK 3aTaH0i CKIHYCHHOI TUCKPETHOT
muoxuun BumipiB X : PO =x% k=1 N .

Hocratapo Touny BCOXC cmim po3ymith B
CEHCI, 110 BOHA 3aI0BOJILHSE BIAMOBIIHO 0 OAHIET 3

BHUMOT TOYHOCTI HAOJMKEHHS TaHUX:
1) aGCONFOTHO TOYHOTO HAOIMKEHHS

A<A; (12)
2) BIITHOCHOTO CEpeAHBbOKBAIPATUIHOTO:
Sy S8y - (13)

Tyr A (7) € aOCOJIOTHOI OOYMCICHOIO IS
o(P;A;x) moxubkow HaOIMKEHHS Ha Bcix M

TOUKax JaHux Y (6), a A - 33aHOI0 TOITYCTHMOIO.
Amajoriyvo s, (8) T 5, - BIJHOCHI

CepeIHbOKBAJpaTHUHi. 3a JOMOMOrol A Ta §,,

BCTAHOBJIIOEThCS KPUTUYHUN PiBEHb JIOMYCTUMOT
TOYHOCTI. BOHM 3aBXKIM 3aJalOTBCS ampiopi K
Hamepe]] BH3HAuYCHI abconomui 3HAYCHHS, XO0Ya,
3BICHO, iX MOXKHA aJONTHBHO YTOYHIOBATH B
MpoIIeci MPOBEICHHS PO3PAXyHKIB.

Takox MOXHaA 3aJaBaTH TOYHICTH OOYKCIIEHD
arocrepiopi,  6i0HocHO  4Yepe3  Koe@iyicnm
gioHowlenHss  TOXUMOKM  HaOMMKEHHA  CIUIAlH-
(hyHKITi€rO TTpH OJHIN BUKWHYTIH TOYI IO TOYHOCTI

.. . 1 i
Ha CiTli 3 BUKMHYTUMH i Toukamu w,, = A" /A"

. 1 ]
- JUisl aBCOMOTHOT MOXUOKH, W, = sy /i) - s

CepeNHbOKBAAPATUYHOL. 2<i< M —9:

Wa6c < _a6c’ (14)
WCK6 S Wa«; ‘ (15 )

3a 010MOroX Ww,;. Ta W, BCTaHOBIIIOETHCA

KPUTHYHUH PiBEHB JOMYCTUMOI TOUHOCTI.

€ Ba MPOTUJICKHI MIAXOIU JUIS 3HAXOJKCHHS
Hailkpamoro Habopy TOYOK CIiTKH 100yn0BH
CIUTaH-QYHKIII 3 BXKE BH3HAYEHOTO, 3aJaHOTO
HabopoM maHnx X :

1) CKOpOYeHHs ICHYIOYOI CITKH 3 BEJIHKOIO
KIJIBKICTIO TOYOK, 3MEHIIIEHHS KiIbKOCTI TOYOK;

2) HapoIIlyBaHHS JAESIKOi IT0Y9aTKOBOi CITKH,
IMOYHMHAIOYH 3 MIHIMAJIBHO HEOOXIJHOI KIJIBKICTIO
TOYOK.

Crio4aTky pO3TISHEMO aITOPUTMU CKOPOUYECHHS
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3. AJITOPUTMH CKOPOYeHHSI iCHYI04Oi ciTKH 3
BEJIHKOK KUIBKICTIO TO4YOK BiamoBigHo 10
3aJaHOr0 KPHUTEPil0 TOYHOCTI, MiHIMAKCHOI0 4H
cepeIHbOKBAIPATHIHOTO

3aysaicenns. i AITOPUTMH MO’KHA
BUKOPHCTOBYBAaTH JIMIIIE B BUMNAJAKY, KOJIH JUIS
00epTaHHS BEJIMKOPO3MIPHOI MIUTLHOI KBaJPaTHOI
matputi C (5) 3 MeTolo 3HaxomwkeHHs A (4) €
JIOCTaTHRO ~ ONECPATHUBHOI mam’sATi Ta  CTilika
mporeaypa o0epTaHHs.

11 BUKOpUCTaHHS alTOPUTMIB Tpeba CIiovaTKy
3aJ]aTH TUN JOMYCTHMOI TOYHOCTi: a0CONIOTHHIN (B
KU BXOJATh yMoBHU (12), (13)), un BigHOCHMI (3
(14), (15)). A mami — BuI IOXUOKK HaOMMKEHHS: 1)
adconroTHOi (omHiel 3 (12) (14)), um 2) BigHOCHOI
cepeanbokBanpaTnaHoi (oaHiel 3 (13), (15))

[Ipu abGcomoTHOMY THITI JOITyCTUMOI TOYHOCTI
ciix 3amatm A mist abecomotHoi (12) um 5y DI
BiJTHOCHOT cepeIHbOKBaIPaTUYHOT TOYHOCTI
HaOmmxenHs (13) i ckopucTatuck Aneopummonm 1.

[Ipu BigHOCHOMY THMI JOMYCTUMOi TOYHOCTI
cnip sanatn w,,, = AV /AY (14) un w,, = s\ /s
(15) 2<i <M — 8 i ckopucratuce Areopummom 2.

Anecopumm 1.

1. Ilpomenypa CKOpOYEHHS IPOBOJIUTHCH,
MOYMHAIOYM 3 TIOBHOI IHTEPHONSALIHHOI CITKH,
moOyIoBaHOI Ha BCIX TOYKAX JaHUX.

3anmaeTbest: HoMep Kpoky i =0 , KiJIbKICTh TOYOK
N9 =M
Kporti }_’(0) =X.

B ciTui 1 mouaTkoBa ciTka Ha 0-my

2. TlepeBipka: YW 3aJMIIAETHCS JOCTATHBO
TOYOK JUIs1 TOOY/IOBH CIUTaHH-()YHKIIII.

Axmo N >(9+1), To mepexin Ha m.3.

Inakme N® =9 i naikpawuii  euxio 3
noBigomiteHHsIM: CiTKa 3 MIHIMaQJIBHOK KUIBKICTIO
BY3JIiB ¢ rapaHTye 3aJaHy TOYHICTb. ~

3.3 13(1') BUKJIIOYAETHCS OJIHA 3a OJHOIO MiJpAA

Bci N touok: j=1,N“ .

3.1. Ha koxHii orTpumanid citui F; ;)
3HAXOJUTHCSI  alpoKCHMaIlliifHa  CIUTaHH-(YHKIis
o*(ﬁ(i, P ;/I;x(i) ) 1 OOUYHCITIOIOTHCS: pi3HHUII
HAOJIMKEHHS ;’iza(IS(i7j);A;x(i))—j“i, i=1LM Ta

M
. . )
moxubku A" = max|r |, (au s8= Y r?).
I<i<M | i | > ( M ; i
3.2. 1llo6 Bu3HAUMTH HOMEP TOYKH |,
BUKHJIAHHS SIKOT Ha [-My KpOILli IpH3BEAe Ha JI0
HAUMEHWo020 3pOCMAanHsa NOXuOKu, cepel BCIiX
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MOXUOOK 3HAXOUTLCS MIHIMANbHA

A= min A" (an 5= min s57).
1<j<N® 1<j<N®

3.3. 3amaM’ATOBY€TbCS: HOMEP KPOKYy i=i+1,

KinbkicTs Towok B citmi N = N —1, citka Ha i-
My KpotIi }_’(i) = l_’(i 5 Tadi tounicte AV =A"" (un
50 =56,

4. TIlepesipka: 32 Mexi

pomyctumoi Tounocti: AP <A (12) (uu s§) <5,

(13))?

yyd HE BHUUIUIHA

Slxmio Hi — TO Mepexix Ha 1m.2.
Slxmio & Tak — Tomi [ =i—1/ 1TmepeBipKa: 9u
i>07?
4.1. Ilpu i=0 Buxing 3 nosigomicHHsM: ~Ha
pOMY Habopi TOYOK Ta MPH IUX 3aJaHUX yMOBax
TOYHOCTI HE MOXJIMBO 3MCHIIMTH CITKY XO4Y Ha

OJIHY TOUKY.”
42. Ilpm i>0 Buxin 3 BUBEICHHIM
MOTIePEAHIX 3HA4YeHb: 1, N(i), CITKH F; Ta

noBigoMieHHsAM: “Ha kpoli i J0csAriv MiHIMaJIbHOT

ciTKH 3 KinbKicTio Towok N .”

Aneopumm 2.
Aneopumm 2. € wMaibke TOBHICTIO aHAJIOTIYHHHA
Aneopummy 1. 3 Ti€er0 pi3HUIEIO, MO IS
Bu3HaueHHI w, .. (14) ta w,_ (15) Tpeda 3poOuTH

abe cK8
OIIMH pa3 Kpok 3 Aneopummy 1. A Ha 4.-mMy Kpori
ciin nepeBipsata nokazHuku (14) qum (15), a He (12)
g (13). VYV BchoMy IHIIOMY BiH TOBHICTIO
aHaJOTIYHUH.

ANTOpPUTMH CKOpPOYEHHS 33J]aHOi CITKH €
[IOBHICTIO BH3HAYEHHMHM, OJHO3HAYHHM, UITKO
TEOPETUYHO OOTPYHTOBAHOIO.

OCHOBHOIO BaJIOI0 aJTOPUTMIB CKOPOUYEHHS
3aJlaHOI CITKM € OOYHCIIIOBaJIbHI CKJIAIHOCTI, IO
BUHHUKAIOTh IiJ 4Yac peaiizaiii Ha BelHKIiH (Bxke
oimpme 200) ximpkocti Touok. Ilo mepme, Tpeda
obepratu Benuki miineHi Marputi. [lo gpyre, Tpeda
pobuTH MOoBHMH Mepedip BCiX MOMKIIMBUX BapiaHTIB:
N BapianTiB 3 N-1 TOUKOIO CiTKH, N-1 BapiaHTiB 3 N-
2 TOYKO¥O CiTKH, N-2 BapiaHTiB 3 N-3 TOUKOIO CiTKH,
i T.1. e N — mouaTkoBa KiJIbKiCTh TOYOK CITKH.

ToMmy Ha mpakTUIl, KOJIH € JOCUTh BETUKHUI
Habip TOYOK BHUMIpPIB 1 uIA HBOrO MOTPiOHO
nmoOyayBaTH JOCTaTHBO TOYHY AalpOKCHUMAIlIHHY
noBepxHio B (opMi crumaiiH-QyHKIT, CITKYy st il
moOy/IOBU  JIOIIBHO 3HAXOJUTH, KOPUCTYBATHUCH
QITOPUTMAMH 3 HAPOIIYBAaHHIM KUIBKOCTI TOYOK.

4 AJropuTMH 3HAXOIKEHHS ONTHMAJILHOI
CiTKM IIJISIXOM HAPOIIYBAHHA KJILKOCTi TOYOK

BiamoBigHO 10 3a7aHOTO KPHUTEPIF0 TOYHOCTI
HaOJIMKEeHHS, MiHIMaKCHOTO qu
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CCPCAHBOKBAAPATUIHOTO.

Cymmege  3aysaxcenns. 1llod 3amyctutn
QITOPUTMH  3HAXO/DKCHHS  ONTHMAIBHOI  CITKH
HapOILIyBaHHIM, TMOTPIOHO  CHOYATKy 3HAWTH

Halikpamry nowamkogy cimky 3 4 (3) Todok. Sxmio
MiJXOAUTH A0 UBOTO THTaHHS (OPMAIBHO, TOI
ciri mepedpaTy BCl MOMKIIHMBI BapiaHTH 1O & TOUOK

3 ycix M Todok, ToGTO 3mificamTn Behoro Cp

nepebopiB BapiaHTiB I 3HAXOMKEHHS HAUKpaAujoi
nouamxkogoi cimku. HaBith pu HeBenukux 4 <20
Ta M >100 116 AOCUTH BEIUKE 4YHUCIO. SKIIO XK
YBOXHO MPHUIUBUTUCH JIO BUTIISANY CIUIAH-(QYHKIT
o(P;A;x) (2), Tomi cTae 3pO3yMiNMM, IO B HIii
MOJIIHOMIAJILHE SIIPO 3aJIa€ 3arajbHE TJIO MTOBEPXHI,
¢on, a ¢ynkmii I'piHa BH3HAYAIOTH TOYKH
MOTEHIIHHUX JIOKAaJhbHUX ONTHMYMIB Ha IIHOMY
¢oni. Tomy st TOOYIOBH CITKM CIUIalH-QyHKITIT
CKOPHCTAEMOCh TAKMMHU MipKYBaHHSIMHM: CIIOYATKY B
SKOCTI (DOHY BHKOPHCTAEMO PiBHY TillEPIIOBEPXHIO,
a jami OynemMo M0OaBIATH TOYKH 1 HapOUIyBaTu
SJIPO, TOKA HE BUUIEMO Ha KUIBKICTh 3 & TOYOK,
[Ticast mporo BKe MOJXKHA MPALIOBATH 3 MOBHUM
AOpOM 1 HApOUIyBaTW JHIIE TOYKHA Uil (DyHKIIN
I'pina.

SlcHo, mo kpuTepii BimHOCHOI TOoUHOCTI (14) Ta
(15), sixi moTpeOyrOTh 3HAHHS MTOXUOKH ISl CITKH 3
M —1 TOUYOK, HE MOXXHA BHUKOPHUCTOBYBAaTH B
aNrOpuTMi  HApOIIyBaHHA TOYOK. A  MOXHA
BUKOPUCTOBYBaTH JHIle abcomoTHI kputepii (12)
ta (13).

Aneopumm 3. Hapowyyeanns cimxu 6i0nogiono
00 MiHimakcHo2o kpumepito (12)

Tniyianizayis npoyedypu HapowyeamnHs cimku

1. 3amaeThCs OMyCTHMA TOYHICTD
arpOKCHUMAITiT ISl CKOPOUYEHOI CITKH A (12).

2. 3aa€eThCsl MAKCUMaJIbHO JIOIyCTUMA
KIJIBKICTh TOYOK CITKH N .

3. 3agaeThCcs MiHIMAIBHO AOMyCTUMA KUTBKICTh
TOYOK CITKH N TOYOK: N =n+1,
mo J03Boisie TmoOynyBatd (n+l) — BUMIpHY
FiepIionuHy, Ae: 7 — PO3MIPHICTE MPOCTOPY
3MIHHUX X, 1 [ — pO3MipHiCTh (YHKIIOHATBHOT
MOBEPXHI.

4. st MiHIMAKCHOTO KPUTEPIIO IPOCTO
3HAaXoAuMoO (n+/) — BUMIpHY TiNepIUIOLIMHY B
npocTopi z HaOIblm cTiikuM MetogoM Pemesa
[5, 7], Akwuii B mporieci cBOel poOOTH 3MIHMCHIOE IIijie
HarnpaBJICHU KOHCTPYKTUBHHHN Tiepedip cepel BCixX
MOJKJIMBUX BapiaHTiB.

B pesynbraTi, Ha Buxoxi npouenypu Pemesa,
OTPUMYEMO:

1) Habip igexciB J ={i|,i,,...,i,,;} - le HOMepH



Bicnux Kuiscobkoeo nayionanvrozo yHisepcumenty
imeni Tapaca Llleguenxa
Cepia ¢izuxo-mamemamuyHi HayKu

TUX PIiBHSIHBb-OOMEXEHb cucTeMu (6), SKi BKe
BHOpaHi IS CITKM TOOYJ0BH CIUTalH-(QYHKIIIT;

2) MOCSATHYTY TOYHICTh HAOMMKEHHSA, TOOTO
MakCHManbHOT moXuOku A (7).

Tino npoyedypu Hapowjy8anHs cimxu

5. Ha wmuOoxuHi TO4YOK J ={i|,i5,....Ix}

OyayeThCsl CIUTaH-(QyHKITIS a(;’;z;x) 2).

5.1. Ilpu moOymosi a(I_J;I;x), mpu N< 9
3MIACHIOEThCS  HAPOIICHHS  sipa: KOXEH pa3
IO0ABISIOTECS  (PYHKIT TOJTIHOMIATBHOTO  siIpa
BIANOBITHO HOMepaM iHIEKCIiB v,/ :1,_19, SIKI MH
BBeIH 151 popmyd (2).

6. A (7) 3HaXoAUTHC I BCiX M TOYOK, a Ha
Toukax M — N, HEe BKIIOYCHHX B CITKY P , 3

MHOXUHM iHzmekciB [, =I\J, [={12,... .M}

3HAXOJHUThCSA MaKCUMajbHa MOXHOKa ’}‘lax T

BIATIOBITHUI i HOMED TOYKHU Iv,:
max __ _ (P - D

A11 =liyg = Igalllxr;Nﬂ > hi _l O-(P(i’f)’/l’x )= f’ >
i=11 .

7. Tlepesipka: sxmo A<A (12) - Toai gocarim
JOIyCTUMY TOYHICTh ampoOKCUMAaIii i: Tepexix Ha
.10 - yeniwnui éuxio 3 noBigomieHHsm: “CiTka 3
MIHIMAJIBHOIO KUIBKICTIO BY3JIiB N  TapaHTye
3ajaHy TOUHicTH A .”

8. IlepeBipka: sxkmo N =N, - TOAI BXe
HaOpanw JAOMyCTUMY KIUTBKICTh TOYOK CITKH 1
OinpIlie paxyBaTH HE MOXXKeMO: TepedTH Ha 1m.10 -
suUMYUeHUll 6UXIO 3 TIOBIIOMJICHHIM: “Bke mocsriu
MaKCHUMAaJIbHO JIOIYCTUMOi KIJIBKOCTI By31iB N, ,
ale He JocAraM 3amaHol TowHocTi. JlocsrHyTa
TOuHiCTH A GimbIe 3amanoi A .

9. Bubip HacTymHOI TOYKH JUIs BKIIOYCHHS B
ciTky. Bubupaerscs Ta TOYKa 3 1HAEKCOM i, , Ha
sKi gocsraetbes A (7) B 1m.6. Briarowaemo ii B
MacuB 1HAEKCIB  J ={i|,iy,....Ix},

BKJIIOYEHHs Oyzne Matu BUran J ={i,,iy,....iy,}-

KWW micis

s HapornyBaHHS ciTku 3amaemo N=N+1 Ta
MEepeXoAUMO Ha II. 5.

10. Buxia 3 BUBEIEHHAM pe3yibTaTy: TOYHOCTI
HaOMmKeHHs A, A, KUIBKOCTI TOYOK cCiTku N ,

3HAYEHHS CAMUX TOYOK CiTKH P .

Aneopumm 4. Hapowyeanus cimxu 8ionogiono
00 cepednvoksadpamuuno2o kpumepito (8) € maiixe
MOBHICTIO aHAJIOT1YHHUNA MONEPEAHBOMY A12opummy
3. € e TpY pi3HMIIL

1) B mn.l. 3agaerscs pomycTHMa TOYHICTB
anpokcumanii §,, (13).
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2) B n.7 cain paxysatu s,, (8) Ta ii nepeBipsaTu

Ha JI0IyCTUMY TOYHICTb anpokcumanii s,, (13).

3) Ilpu BUBOAI pE3YNBTATIB  BKA3y€ThCS
BiJITIOBITHUH CepEHbOKBAPATUYHUN KPUTEPIiil.

BucHoBKH

B pesymprari = mpoBeAeHHWX  JOCIIKEHb

PO3pO0JIEHO KOHCTPYKTHUBHI QJITOPUTMH  IIOIIYKY
ONTHUMAIBHOI CITKH UIsI 0araTOBUMIPHOI CIUTAiH-
¢GYHKIIT 3 XaOTWYHOIO CITKOIO 1i TOOYIOBH TpH
MiHIMaKcHIH Ta CepeJHbOKBAAPATUYHIA 3amaHiil
TOYHOCTI  HaOMWKeHHS JaHux  BumipiB.  [lig
ONTHMAJBHHOIO CITKOIO Ui TOOYJOBH  CIUIAiH-
¢byHKLIT po3yMieThCsl ClieiaabHO MiniOpaHuii Habip
0araTOBUMIpHUX TOYOK MiHIMalbHOI KiJTBKOCTI 3

mpocTopy Aifouux (akrtopiB  R"  Takuid, 1110
nmoOynoBaHa Ha HBOMY allpoOKCHMAIlifHa CIUTaifH-
(YHKIIS TapaHTye 3aJaHy TOYHICTH BiATBOPEHHS
3HA4YeHb BHUMIPIB B yCiX TOUYKax JaHWX, Ha BCid
JUCKPETHIN CKiHUEHHI MHOKHHI HassBHUX BHUMIipiB.

B crarTi mpencraBieHO YOTHPH aITOPUTMHU
3HAXO/UKCHHS  ONTUMAJIBHOI  CITKH  TOOYJIOBH
BBCXC nns pi3HUK 3aJ]aHUX BUMOT TOYHOCTI: JBa —
32 PaxyHOK BHKIIOUYEHHS TOYOK 3 CITKH, JBa —
BKJTFOYCHHSL.

MeTooM CKOpPOYEHHS ICHYIOUOi CITKH 3
BEIMKOIO0  KIJIBKICTIO TOYOK  po3po0ieHo  1Ba
QITOPUTMH  TIOOYZOBH ONTHMAaJbHOI CITKH, TIO

OJIHOMY JIJIsl IBOX Pi3HUX THIIIB TOYHOCTI: 3aJaHUX
AK MEXi JOMyCTUMHUX NOMHIIOK TpPU MPOBEICHHI
o0uncieHs: 1) abComOTHUI) Ta 2) BiTHOCHHM.

o aOcomoTHOrO THITy 3aMaHOl TOYHOCTI
00YHCIIEHb BIJTHOCATHCSA JBAa BUIU TOYHOCTI: 1)
abcomrotHa (12), nmns KOl CiHim 3agaTH  MEXy
ToyHOCTI A Ta 2) BiTHOCHA CepeIHbOKBaIpPaTHYHA
(13), mma sxoi cmin 3amatu 5, . llepeBipka
BUKOHAHHS IIMX AamNpiOpHUX YMOB  TOYHOCTI
3MIACHIOETHCS HA BCi MHOXKHWHI TOYOK BHUMIpIB Y
(6). Xoua Taki MeX1 TOYHOCTI ITOBHMHHI 3aJaBaTHCh
nepea OTpUMaHHSAM pe3yNbTaTiB OOYHMCIICHb, BOHU
MOXYTh  aJIONITUBHO yTOYHIOBATHCh T dYac
MPOBEJICHHS] O0YUCIIEHb.

Ilin BITHOCHUM THIIOM TOYHOCTI PO3YMIETHCS
TaKkHi, 1A IKOT'O 3aJa€THCI HEe a0COII0THA TOYHICTh
oOumucieHb, a BIJHOCHA: JONyCTHMa  MeXa
BIJTHOIIICHHS TMMOXUOKW HAONMKEHHS Ha CITII HpH
OIHIM BUKIIOUEHIH Todll J0 MOXHOKM Ha 2-X 1
oumpme: 1) w,,. (14) ana abcomoTHOro BHIY

TouHocTi Ta 2) w,, (15) — g BigHOCHOrO

CepeHLOKBAJIPATUIHOTO BHJLy TOYHOCTI.
[Ipouenypa CKOpOUEHHS CITKM NPOBOAUTHCS,

MOYMHAIOYM 3 TIOBHOT IHTEPIOJNSIIIHOI  CITKH,

nmoOyIoBaHOI Ha BCIX TOYKax JaHUX. TOMYy Taki
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QITOPUTMH MOXHA BUKOPHUCTOBYBaTH JIMIIE B
BHIIAJKy, KOJNW JJs OOEpTaHHS BEIMKOPO3IMIpHOL
minpHO1  KBaapaTtHoi Marpumi C  (5) 3 MeToro
3HAXOKCHHSI A (4) € nmocTaTHBO OINEpPaTUBHOL
mam’sTi Ta CTikKa mpoueaypa 00epTaHHs..

MeTo/IoM HapOIIEHHS KiJIbKOCTI TOYOK CITKH
pO3po6IIEHO /1Ba aITOPUTMH OOYIOBH ONTHMAIBHOT
CITKM, MO OJHOMY [UIi pI3HHUX BHIIB 3adaHoi
TOYHOCTI: a0COIOTHOT (12) Ta
cepenupokBanparnyHoi  (13). Illo6 3amycTtutn
QNTOPUTMH  3HAXODKEHHS  ONTHMAJIbHOI  CITKH
HapoIIyBaHHSM, TMOTPIOHO  CHOYAaTKy  3HAWTH
HaWKpamry TIO0YaTKOBY CITKy 3 MIiHIMQJbHOIO
KUTBKicTIO ToUoK ¢ (3), piBHY KUIBKOCTI CKIIQJOBUX
B moninomiansHOMY siipi BBCXC (2). BpaxoBytoun
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Te, IO MOoJIiHOMIanbHe SAPO cIulaiH-pyHKHIT 3amae
3aranbHe TJIO TOBepxHi, ¢GoH, a ¢yHKmil ['piHa
BU3HAYAIOTh  TOYKH  MOTEHIIWHUX  JOKAJIBHHX
ONTUMYMIB Ha [bOMY (hOHI, TOOYZOBA CITKU CILIAiH-
(GYHKIT MOYMHAETBCS 3 PIBHOI TilMepmoBepxHi. A
Jani A0 CITKH OOOaBISAIOTHCS TOYKA 3a TOYKOIO 1
HapOILYETHCA SAPO, TOKK HE BUHAEMO Ha KUIBKICTh 3
4 Touok, Ilicass w©pOro HapoulyBaHHA CITKH
MIPOBOJUTHCS BXKE 3 TIOBHUM SIIPOM.

Tpeba BigMiTHTH, [0 3arajbHE TCOPETUYHE
MUTaHHS MOOYA0BU HAMKpaIoi CiTKH 3 TOITYKOM Ha
BCBOMY 0araTOBUMipHOMY TpocCTOpi ii BH3HAYCHHS

R", a He nume Ha 3a7aHOMy HaOOpi TOYOK,
3aJTUIIAETHCS BiIKPUTHM.
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In this paper, mean shift and graph-based segmentation algorithm are utilized to detect breast cancer
tumors in mammography images. Brightness histograms are used to detect breast area and separate it from
a background. Monte-Carlo method inside chest area from the previous step is used for generating input
points sample for mean shift clustering. Then, mean shift output is some number of clusters, which, at the
same time, are color palette of mammography image. Felzenswalb graph-based algorithm is applied to find
all connected components in the color palette segmentation. At the final step, a geometric filter is used to
determine if there is a cancer tumor among the components.

Keywords: breast cancer detection, mean-shift clustering, geometric filtering, graph-based
segmentation, feature extraction.

Y yit cmammi 6yno euxopucmano mean shift i ceamenmayiro Ha OCHO8I epagy Onsi OemeKmy8aHHs
NYXAUH paky epyoeii Ha 300padicenuax mamoepaghii. Licmoepamu ackpagocmi UKOPUCMOBYIOMbCs OA
OemexmysanHs 30U 2pyoeti ma 8i00ineHHs yiei 30nu 8i0 ¢ony. byro zacmocosarno memoo Moume-Kapno
6CepeOuHi NIOWuHU 2pyodell 3 NONEepeoHbo20 KpPOKy Ojisi 2enepayii 6xionoi eubipku Ons mean shift
Kracmepizayii. Pesynomam kiacmepizayii — 0eKinvka Knacmepis, 5Ki, 8 Mol Jce 4ac, A61s0mscs Naiimpor
KOMbopie 300pavicenHs mamoepagii. 3acmocosano aneopumm  Ha epagax Denvzenwsarvba 0
3HAXO0OMNCEHHST 36 SA3HUX KOMNOHEHm 6 ceamenmayii nanimpoio koawopis. Ha ocmannvomy Kpoyi,
BUKOPUCTHOBYIOUU 2e0MEeMPUYHI Pinbmpu, BUOLTAIOMbCA PAKOSI NYXUHU Ceped THUUX KOMNOHEHM.

Kniouogi cnosa: demexmysanns paxy epyodeti, mean shift knacmepizayis, eceomempuune Qitompysanns,
ceeMeHmayis Ha 0CHOBL 2paqhy, GUOLIEHHS O3HAK.

CraTTiO IpencTaBuB 1. T. H., mpod. 3acnaBcekuii B.A.

Introduction

Breast cancer is one of the most common
cancers among woman; it even happens to men.
Tumor detection in mammography images is a
challenging problem for radiologists because
tumors are located into complicated tissues; also,
they are in difierent shapes and sizes.

Recently, many computer-aided diagnosis
(CAD) systems have been developed for breast
cancer tumor controlling.

Tumor detection in the early step can be helpful
for the patient. Image processing and machine
learning methods are frequently used for this goal.

© 0.0. Jlucenko, 2016
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The proposed method uses mean shift clustering -
segmentation technique with high accuracy.
Monte-Carlo approach for choosing input points
sample for generating color palettes helps to get
near to constant mean shift complexity.

High values of precision and recall - next to
90% - make results very promising for real-world
use.

Problem formulation

The main goal of this work is developing the
fast and precise algorithm for breast cancer
detection in mammography images, and its
prototyping in C++.
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The Proposed Method

Mean shift and graph-based segmentation
algorithm are utilized to detect breast cancer
tumors. At the first step, there is a mammography
image (fig. 1).

Figure 1 Breast without a tumor

This is a normal breast of usual density, and
there is no tumor. In comparison, on the next image
(fig. 2) you can find a tumor easily.

Figure 2 Breast with clearly visible tumor

It is the large bright spot on the upper part of the
breast. For detecting this spots, (it is not always so
bright and large, the main problem of breast cancer
detection is the diagnosis on the early stage, while
the tumor is small and not so dense - in this case it
is much easier to treat it somehow) complex
multistage algorithm has been applied.

Pre-processing

At first, noise should be illuminated - Gaussian
blur with the 5x5 kernel is used for this purpose
[1]. To apply the Gaussian blur on an image
Gaussian function in two dimensions must be used.
In this case, the equation of this function is the
product of two such Gaussians, one in each
dimension:

_l _IE+:.E
Glx,y) = ~e 0%
2ma=

where x is the distance from the origin in the
horizontal axis, y is the distance from the origin in
the vertical axis and o is the standard deviation of
the Gaussian distribution. When applied in two
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dimensions, this formula produces a surface whose
contours are concentric circles with a Gaussian
distribution from the center point. Values from this
distribution are used to build a convolution matrix,
which is applied to the original image.

There are different things in the mammography
image sometimes, which are not breast. To detect
breast itself, the brightness histogram is calculated,
and then breast area is separated from the
background [4]. The region growing is one of the
image segmentation methods, it works in two way
based on pixel values and other is selection of seed
point which is of two kind automatic and manual.
In automatic selection of seed point, it is assigned
based on histogram on highest intensity which is
represented by peak value of the histogram. In this
work the automatic selection is used. Region-based
segmentation is a technique for determining the
region directly. The basic formulation is:

(a) EJRE- =R.

(b)R; is a connected region,i = 1,2, ...,n.
(c)R;NR; = Dforalli=12,..,n

(d) P(R,) = TRUE fori = 1,2, ..,n
(e}P‘{Ri u RJ-} = FALSE for any adjacent
region R; and R;.

P(R.)is a logical predicate defined over the points
in set R; and @ is the null set.

(a) means that the segmentation must be
complete; that is, every pixel must be in a
region.

requires that points in a region must be
connected in some predefined sense.

indicates that the regions must be disjoint.
deals with the properties that must be satisfied
by the pixels in a segmented region. For
example P{R;) = TRUE if all pixels in R;
have the same grayscale.

indicates that region R; and R; are different in

(b)

(©)
(d)

(e)

the sense of predicate F.

Advantages of this method are that region growing
can correctly separate the regions that have the
same properties defined, it can provide the original
images which have clear edges with good
segmentation results, the multiple criteria could be
chosen at the same time. One of the disadvantages
is that region growing method is sensitive to noise,
but it is compensated by using Gaussian blur on
the previous step.
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Segmentation

On this step, all segments in the image must be
found. Finding representative sample for mean
shift input is valuable. For this purpose, Monte-
Carlo method through already known breast area is
used. Its essential idea is using randomness to solve
problems that might be deterministic in principle. It
is often used in physical and mathematical
problems and are most useful when it is difficult or
impossible to use other approaches. 5000 points are
generated. This fact makes possible near to
constant complexity of mean shift [2].
The mean shift algorithm is a non-parametric
feature-space analysis technique which does not
require prior knowledge of the number of clusters,
and does not constrain the shape of the clusters.
This is an iterative method, and iterations start with
an initial estimate x. Let a kernel function
K(x; — x) be given. This function determines the
weight of nearby points for re-estimation of the
mean. The K, kernel function, must satisfy the
following requirements:

1 a=x=hb

L Rdfﬂ(l’j - {{] else
2.¢(x) =0
In this work Gaussian kernel was used:

%2
p(x) =e 26°
Mean shift can be considered to be based on
gradient ascent on the density contour. The generic
formula for gradient ascent is:
xy = xg+nf"(x0)
Applying it to kernel density estimator, finally, we

get:
e ()

—
?=1 Hf(x h E}
The output of mean shift is color palette of the
image (more exactly, a color palette of the breast
area). Each pixel is classified and assigned to the
nearest color from the color palette[5] using these
color palettes .

=
X =

Features extraction
Felzenswalb graph-based algorithm is applied to
find and map all connected components in the color
palette segmentation output [3]. Felzenswalb
segmentation algorithm:
- input: graph G = (V,E), with n vertices and

m edges.
- output: segmentation of V into components
§=(Cq,:Cp).

97

0. Sort E into m=(04,..,0,), by non-
decreasing edge weight.

1. Start with a segmentation S where each
vertex ; is in its own component.

2. Repeatstep3 forq=1,...,m.

3. Construct $3 given 5971 as follows. Let v;
and v; are in disjoint components of 5 a-1
and w(o,) is small compared to the
internal  difference of both those

components, then merge the two
components otherwise do nothing. More

formally, let f_j be the component of
53-1 containing v; and C'f_l the
component containing v. If € f_l + C'f_l
and w'[oq} = ant(ff_ljff_l) then 57
is obtained from 52~ by merging C f_l
and Cf_j. Otherwise §7 = §971,

4. Return § = 5™,

Int(C) is the internal difference of a component
C C V to be the largest weight in the minimum
spanning tree of the component, MST((,E). That

is,
Int(C) = EEJ&IEIIEJE%,E} w(e).

At the final step, the geometric filter is used to
determine if there is a cancer tumor among the
components: each component is extracted and
examined by size and shape [6]. The tumor (fig.3)
is clearly visible, and it is easily separated from
another breast area.

Results

Performance on University of South Florida
Digital Database of Screening Mammography:
Precision = 83.4 %
Recall =94.7%
F-score = 0,887

The

Figure 3
mammography image.

example of segmented
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B pobomi docnioxcyemvcs 3adaua maxcumizayii yukyii na mewimkii muodxcuni muny 2 (neuimka
MHOJICUHA, (PYHKYIA HanedxdcHocmi KoL  nputimac  Hewimki 3Hauenns). Ilokasano, wo MHOMCUHA
KONMUMATILHUX» PO36 A3Ki6 yicl 3a0aui makoxc € Hewimkoiwo Mmuoxcunoio muny 2 (HMT-2). Heuimka
@yHKYin HanescHocmi yiel MHOJICUHU 3a0aembCst HewimKum idoopadicenuam. 1lobydosana oo ¢hynxyisn
Hanedchocmi. Bowa Hazeama pyukyicto oocmosippocmi HMT-2. Hociii MHOJMCUHU <ONMUMATHUX
PO36 SI3KI8  GU3HAUAEMbC  AK  MHOJMCuHa  onmumanvhux 3a  Crelimepom — anvmepHamué  3a0ayi
mpvoxKpumepianeHoi onmumizayii. B yitl 3a0aui okpim yinbosoi ghyHKyii GUXiOHOT 3a0aui MAKCUMi3yEmMmobes
cmynine Haneschocmi HMT-2 po36’ a3xi8, a maxoxc 3HaueHHs. YYHKYii 00CmoGipHOCi.

Knmiouogi  cnosa. Heuimka MHOMCUHQ, HEYIMKA MHOJICUHA muny 2, Heuimke MmameMmamuyHe
NPOSPAMYBAHHS, NPUTIHAMMISL PILUEHb.

The present paper investigatid® problem of maximizing the function on the type 2 fuzzy set (a fuzzy set
whose membership function takes fuzzy values). The idea of decomposition of fuzzy set on the set levels
consists the basis of the method of solving this problem. It is shown that the set of "optimal” solutions to this
problem is also a type 2 fuzzy set. Fuzzy membership function of this set is defined by fuzzy mapping. Its
membership function is constructed. Since this function uniquely determines this set, it is called a reliability
function of the type 2 fuzzy set. There are proved theorems that allow to simplify the construction of
reliability function. It is shown that the support of the set of "optimal” solutions can be represented as a set
of Slater's optimal alternatives to the three-criteria optimization problem. In this problem membership
degree of type 2 fuzzy set of solutions is maximized in addition to the objective function of the original
problem, as well as the value of the reliability function is maximized too. The proposed approach to solving
optimization problems on type 2 fuzzy sets develops the known methods of fuzzy mathematical programming.

Keywords: fuzzy set, type-2 fuzzy set, fuzzy mathematical programming, decision-making.

CrarTio ipeAcTaBuB 1. T. H., npod. ['apamenko O.I.

Beryn. Onrumizartis — 1€ KiacidHa o0JacTh  HEOAHO3HAYHICTIO 3HAYCHB IMMApaMeTPiB.
JOCHIDKEHb, fKa Ma€ BHCOKY 3aTpeOyBaHIiCTh B B [1] Boano BiaMiueHO: «1o0pe BiOMO, IO IS
0araThOX HampsMax Hayku. Hampuknan, B iHkeHepii, TOro, mo0 BUpINIyBaTH CKJIAIHY 3ajady, alrOpUTM
MCHEIDKMEHTI, TIONITHIN, MEIUITMHI, IITyYHOMY TIOBMHEH BKJIIOYATH BCIO JIOCTYIIHY IHTYIIIFO».
IHTEJEeKTi, JOCTIPKeHHI omeparliii i 0araTpox iHmmMX Peamizaris 1i€i imei TPHBOIWUTE O HEOOXITHOCTI
o0nacTax, B SKAX BHUHUKAaE  HEOOXIAHICTh BKJIIOYCHHS HEBU3HAYCHOCTI B IIOCTAHOBKY 3ajay
ONTHMI3allii KOHCTPYKIIi, pIMIeHb, CTPYKTYp 1 MaTeMaTHYHOTO IPOTrpaMyBaHHSI.
iH(hOopMaIiTHIX MIPOTIECIB. [Ipugomy ciin Bixu po3BHTKYy HEUYITKOTO MaTeMaTHYHOTO
3a3HAYMTH, 1110, SK MPaBWIO, OaraTo KOHKpeTHHUX mnporpamyBanHs (HMII) uwymoBOo BHCBITICHI B
npobisieM, ski (opMamizyroThcsi B pamkax 3amau ormsgax: Rommelfanger [2], InuiguchiRamik [3]i
OIITHMi3arii, pACHIIOTH Keperdamu Hertounocti. Delgado ta im. [4]. Tlpore cimim 3a3HaumMTH, 10
BoHu npuWBOIATE O HEBU3HAYEHOCTi, SKa MOXKE TIPOBEICHI JOCTIPKCHHS TOPKAJIWCS ONTHMI3allii Ha
OyTH TOB'SI3aHOI0 3 TMOMWJIKAMH 1 HEMOBHOTOK 3BHYAWHUX HEYITKUX MHOXXUHAX.

JaHUX, CyO'€KTHBHICTIO EKCIEPTHUX OIlIHOK 1 OcraHHI pOKH TPOSIBUBCSA 3HAYHHMMA I1HTEpEC [0

© C.O. Mauenko, B.I.Mopeneus, 2016
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TaKk 3BaHMX HEUITKUX MHOXWH Tumy 2 (HMT-2).
HMT-2 oOymu yBemeni JI. 3ame [5] B 1975, sk
PO3IIMPEHHS HEYITKUX MHOKHUH Ty 1. B Toii yac,
KOJIM CTYNCHI HAJICKHOCTI CJIEMEHTIB B HEYITKIN
MHOXkuHI Ty 1 (HMT-1) € 3HaueHHsamu 3
inrepBany [0,1], cTymeHi HaJICKHOCTI €JIIEMEHTIB B
HMT-2 € neuitkoro MHOkuHOo0 Ha [0,1]. HMT-2
BHU3HAYAETHCA (dyHKLI€EI0 HaJIS)KHOCTI
A: X - [0,1]%][0,1], ne — [0,1]%[0,1] — MHOXWMHa
BimoOpaxens 3 [0,1] B [0,1] .

B [6, 7] 3amporonoBano o3nauenns HMT-2, B
SAKOMY (DYHKIISI HAJIC)KHOCT] 3 HEUITKOIO MHOKHHOIO

3HAYCHb BH3HAYCHA SIK HEUITKE BiTOOpasKeHHS.
Sriguo [6, 7] HMT-2 A, ska Bu3HaueHa Ha X,

HAa3MBAETHCS  CYKYNHICTh  TPIHOK  BHIJISILY
(X, (X Y)), ne:

X — eJIEMEHT MHOKUHH X |

y — emement wmHoxuam [0,1] crymenis

Hanexuocti HMT-2 ;
¢ Xx[0,1] - [0,1]
HEYITKOTO BiJOOpaKEeHHS, SIKe
¢ynkuito HanexxHocti HMT-2 A.
Ockinbku (YHKIST HaNeKHOCTI (X, Yy) diTKa i
oIHO3HauHO BM3Hauae HMT-2 A, T0 3py4HO
mpairoBatit 3 Hew. {06 e maytatu (X, Y) 3
HEYITKOI0 (PYHKIIEI HAJICKHOCT, B [6, 7] BoHa
Ha3BaHa (DYHKITIEIO TOCTOBIPHOCTI 3HAYCHHS CTYIIC-
Hs HanexxHocti YU[0,1] enementa X[ X HMT-2
abo npocto QyHkIieto gqoctoBipHocti HMT-2 A.
Hexait X — yHiBepcaapbHa MHOXHWHa, a f —

— (GyHKOiA HaJIEKHOCTI

331a€  HEUITKY

¢yHKIs, M0 BU3HAYeHAa Ha X , 3HAYCHHSIMU SKOT
OIIIHIOIOTBCS ~ pe3yibTaTH  BUOOPY  CICMCHTIB
MHOXKMHE X. YV mHOxuHI X 3amana HMT-2 D 3
¢yHkmiero mocroBipHOcTi 4 @ X X[0,1] - [0,1].
Hazeemo i1t HMT-2 anprepHatuB. 3agada mousrae y
"MakcuMizamii’ y meskomy cenci ¢yHkmii f Ha

HMT-2 D. ®opmanizyemo ii y TaKOMY BHUIJISII:

f(x) (1)

max
(X,y.4p (%, y)ED

[IpenacraBumo ¢ynkiito Hanexxaocti HMT-2 D
SIK HEUiTKe BiOOpakeHHs TUITY 1
A: X x[0,1] - [0,1]. Tomi (1) MoxkHa 3ammcaTu sK
3a/1a9y 3HAXOKCHHS HEYITKOTO BimOOpakKeHHS, SKe
BUKOHYE pONb (QYHKUIE€I HEYITKOi  (QyHKUIl
HanexkHocti HMT-2  poss'sizky (1), Dynkmis
HAaJCKHOCTI 3HAWIEHOTO HEYITKOTO BigOOpa’KeHHS
Oyne ¢ynkuieto nocrosipHocti HMT-2 po3s’s3ky
(1). s 3amaua Oyme MaTH BUIIISA

max  f (x). (2)

(%, y).p (%, y))A

2016, 4

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

B ocHoBy Metomy po3B'szanHs (2) moKIamemMo
taky imero. Skmo mapa (X, )0 Xx[0,1] e
po3B’s3koM 3amaui f(X) > Max Ha MHOXWHI PiBHA
@ wHeuiTkoro Bimoopaxkenns A: X x[0,1] - [0,1],
TO BB@KATUMEMO, MIO YHCIO & € CTYINCHEM
Hanexsnocti mapu (X, y) HMT-2 poss’sizky (1).
Iepebpasmm yci moxuei a [1[0,1], Mu oxgepxumo

(DYHKIIIIO HAJIEXKHOCTI HEUITKOTO PO3B’ SI3KY.
PosrnstaemMo nei miaxig geranpHime. [To3Haunmo

D, ={(x Y O Xx[0.1]: t(x Y20}

— uirky wmHOXmMHY piBas @ [1[0,1] wHediTkOTO
A:Xx[0,1] - [0,1]. Hna Oyns-
skoro aU[0,1] Takoro, mo D, #0, po3risaemo

BiT0OpakeHHS

YITKY MHOXKUHY
Z, ={(x YO X0,1]: (3 = max  1(X}.(3)

Bona Oyae MHOXHHOIO Tap, SKi BiAIOBIAAIOTH
ONTUMAJbHUM PO3B’SI3KaM  3afadyi  MakchMizawii
f(X) ma MHOXMHI THX mmap, sAKi 31 CTyIeHeM

HAJIEKHOCTI HE MEHIHM 3a
JOITyCTUMHMHU Y 3a1adi (2).

Jns mobynoBu (GyHKINNT HAIEKHOCTI HEUITKOTO
BioOpakeHHsI PO3B’SA3KIB HEOOXiAHO KOXHIA mapi
(x,y)O Xx[0,1] mnpummcatr i  HaJEKHICTE.
YBeneMo Take 03HauCHHS.

O3navennsi 1. Po3B’s3kom 3amaui (2) Oynmemo
Ha3WBaTH HEJITKe BiTOOpaKeHHS
Ag 1 X %x[0,1] - [0,1] 3 dpyHKIIi€O HANEKHOCTI

fs (% y) = max@ 0[0,1]: (x, y)O Z,}.

o ¢opMyay MoOXHa  CHPOCTHTH,
CKOPHCTATHCS TAKUM TBEPIKEHHSIM.

Teepmxenns 1. Sxmo (x,y)O0Z=U Z,, 10
a>0

BBaXXarOTbCs

(4)

SIKIIIO

He (%, ¥) = Hp (% ).
Josedenns. TlpumycTUMO  CYNpOTHBHE, IO
Hs (X, ¥) % Up(X Y). PosrmsHeMO 1Ba MOXIHBHX

BUNAnKU. B mepmomy, Hexail fi5(X,Y) > (X Y),
toxi max{a 0[0,1]: (X,y)O Z,}> t5( % ) . Tomy

0a > (%, Y) (5)

ta (X, y)UOZ,. 3Bincu 3a (3), (4) (X, y)U D, 1 Tomi
U (X, y) 2 @ , wo cynepeunts (5).

B npyromy Bunaznky, Hexail fi5(X,Y) < Up(X V).
3a (4) ue o3Hayae, 1110

max{a 0[0,1]: (x,Y)0Z,}< fo( X Y =.(6)
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Toxi nas Oa 0[0,1] Takoro, mo (X, ¥)O Z, mae
micie Bkmodenns (X, y)0 D, 0 D,. Oxpim mporo,
(X, Y)0 Z,, ockinbkn y TPOTHIEKHOMY BHTAJKY 3
(6) BunumBama O HEMOXJIMBA HEPIBHICTE )<y .

< < = )
PR < max 1)< max &)= T
[Momyumnmm cynepedHicTs. TBEpIKEHHS JOBEICHO.

I3 TBepmkeHHs 1 BUILTUBAE, IO PO3B’I3KOM
3amayl 2 e HEYITKE BiJOOpaXKeHHS

Ag : X %X[0,1] - [0,1] 3 dpyHKIi€0 HATEKHOCTI

3Biacu

U (X% Y), (X% y)DaLjO Z,;

(7)
0, (x,y)DaL>JOZL,.

He (X, Y) =

Orpumana HamMu QopMmyra €  JOCTaTHBO
CKJIIQ[HOIO0, OCKUIBKM 3a (3) WiTKi MHOXHHH Z,
BU3HAYAIOTBCS K PE3yJbTaTH pO3B’s3aHHS 3a/1a4
onTuMizamii Ha  MHOXkMHax piBHi D,. Tomy

cupobyemo  cmpocturu (7). s
BHKOPHCTAEMO HACTYIHY i1er0. Hexait

®, ={YN: OxO X ¥ ¥00,1], (X ¥ N=a}

— kiac (YHKIM HAJNEXKHOCTI, O BU3HauUeHi Ha X .
Muoxuni piBast D, HeuiTkoro BigoOpa)xeHHs

A: X x[0,1] - [0,1] cmiBcraBumo kiaac HMT-1, siki
BU3Ha4YeHI Ha X , 3 QYHKIISIMU HaJIEXHOCTI 3 P, .

U Uy,

y(x)0b, XIX

EOTO

Posrnmsnemo HMT-1 O, =

sgKa € 00 €IHaHHAM BCIX HEUITKMX MHOXHUH 3
GbyHKLisIMU HanexxHOCTI ki1acy P, . Bona Oyzne matu

(hYHKITIFO HAJIEKHOCTI

X) = max
Y. (X) ,max

y()= max{y: s (x y)z a} (6)

1 Moxxe Oy mipezcrasieHoro sk O, = U (X, Y, (X)).
xaXx

Toxi mpu TakoMy miaAXoxi "iTkid 3azmadi (3), ska
BU3HAa4YCHa Ha YyHiBepcanbHiii mMHOXHHI X X[0,1],
MOXHa CIiBCTaBUTH 3amady HMII

Z, = Argmax f (x),
(x.Ye (X)0O,

(8)

sKa BU3HAUCHA Ha YHiBepcalbHIi MHOXHHI X .
[Toznaunmo P, U0 X — MHOXMHY ONTHMAJIbHUX

3a CreitepoM po3B’ A3KiB TBOXKPUTEPiaIbHOT 3a1a4i

Ya(X) = yrggﬁ{y: Ho (% Y)2 a} — max,

(9)

f(x) - max, xO X.
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Toxi 3a Bimomoro Teopieio [8] 3 (8) BummuBac,
mo HMT-1 Z, wmae QyHKIIiI0 HaleXHOCTI

Yo (%), X

ya(x)={ N

OueBuano, mo HMT-1 Z,
CHIBCTaBUTH YiTKY MHOXKHHY T1ap

MOXHA Temnep

Z,= Uxy)=Ux%(R). (10)
xP, xR,

Crpobyemo cripoctuTs 3agaqy (9).

IMozmaunmo  Q, O Xx[0,1] —  MHOXHHY
ONTHMAJIbHUX 3a Creiitepom PO3B’ S3KiB
JIBOXKPHUTEPIaTbHOI 3a1a4i

-~ max,
Y (x.y)
f(x) -» max,
) (x.y) (11)
(X, y)za
x X, yd[0,1].

Teepwkenns 2. HMT-1 Z,
HAaJIEKHOCTI

Mae (QyHKIiO

oy, (xyOQ,;
ya(x)—{o, x.y)0Q,. (12)

Hoeeoenns. 1103HAYUMO MHOXHHY JIOMYCTHMHUX
po3s’skiB (11)B, ={( % Y : tp( % ¥y 2a, YJ[0,1]}.
Tomi 3amaui (9), (11)MokHa IepenUcaT! y BUTIISAII

X)= max VY- max
Ya(X) (xy)IR (@) y x
f(x) — max, (13)
xO X;
-~ max,
y (xy)
f(X) - max, (14)
(x,y)

(x Y) O R (a).

Jlist pikcoaroro X[ X mo3Hauumo

y=Y,(¥= _max

(%, y)OR, (a)

IMokaxemo, mo skmo XOQ,, to (X, y)OP,.

OueBumno, mo (X, Y)OR(a). Ipumycrumo
cynporuBHe (X, Y)OPR,. Tom OX,y)OR(a)
IPUYOMY OYEBHUHO
Y< max 15
y (X, y)IR, (a) (15)
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Ta BUKOHYIOTbCS HEPIBHOCTI Cnovatky mosenemo U Q, 0 Q. Hexait nmesixa
a>0
y>y, £(x)>1(X). (16)

Tomi B komtekcri 3amaui (13) XOX T1a 3

paxynkom (15) y(X)= max y=7y. 3siacu 3 (16)
(X,y)OR (a)

omepxumo Y,(X)> Y, f(X)> f(X). Tomy XOQ,.
[Tosry4uu CynepedHicTh.

Temep mnoxaxemo, mo skmo (X,Y)OP,, Tto
x0Q,. Hpumyctumo cynporusae XOQ,. Toxi
X O X , 11 IK0oro

Y.(X)= max 'y, (X, y(x))UR  (17)
(X, y)OR (a)
Ta BUKOHYIOTHCSI HEPIBHOCTI:
Yo (X)> v, (R, (X)) = (X). (18)

[Mosnaummo y =Y,(X). Tomi mns 3amaui (14)

MOXXHa 3amucary, mo 3 (17) BummBae (X, Y)U R,

toni 3 (18) ONEPKUMO  BimmosigHo Y >,
f(X)> f(X). Tomy (X, YOP,. Tomyuunu
CYIEPEUYHICTh. 3 BCTAaHOBJIEHOTO B3a€MO3B’ SA3KY

samad  (9) ta (11) oueBumHo BuumBae (12).
TBepmxeHHs! JOBEACHE.

3 TBepkeHHs 2 3 paxyHkoM (10) BuruiBae

Hacaigox 1. Yitki mHoxunuM map Z, ta Q,
CHIBNAJAIOTh.

Crnpobyemo cnpoctutu (7) nmami. IlozHaunmo
QO Xx[0,1] — MHOXHHY ONTHMaJbHUX 3a

CrefiTepoM po3B’ 3KiB TPHOXKPUTEPIATBHOI 3amadi

Hp (X, y) - max,

(x,y)
y - max,
(x.y) (19)
f(X) - max,
(x,y)
xd X, yOI[o,1].
Teepmkennst 3. Pos3s'sBrkom 3amaui (2) €

HewiTke BigoOpaxenHs Ag: X x[0,1] - [0,1] 3

(YHKLI€IO HAJIEKHOCTI

_ Xy, (xy)dQ
ﬂe(x,y)—{ 0. x.y)0Q. (20)
Jlosedenna.  Jlns  1OBEINCHHS  TBEPKCHHS

JOCTaTHBO MOKa3zatH, mo B dpopmyri (7) U Z, =Q.
a>0

B cBoto ywepry mis mporo B cuiy Hachminky 1 tpeba
nokazary, mo U Q, = Q.
a>0

mapa (X, ¥Y)O U Q,. Toxi Ua >0, nust sikoro
a>0

x,yO0Q,. (21)

Biagmitimo, 110 3BiACH BUILINBAE
(X, y)za. (22)
IMokaxemo, mo (X, y)UQ. Ilpumycrumo
CYIIPOTHBHE, 110 x,y)OQ. Tomi
X, )0 Xx[0,1], s  sgk0i  BHUKOHYIOTHCS
wepisroctic (R N> (XY, 9>,
f(X)>f(X). 3 paxyakom (22) omepKumo
U (X, ¥)>a . 3eincu Bummsae, mo (X, y) €

JONyCTUMOIO anbTepHaTHBOO 3amaui (11). Takox
Ma€ Miclle BiJHONIEHHS MOMiHyBaHHS (>) mIs

BEKTOPY 3Ha4YeHb KPHUTEPIiB (12)
(¥, F(X))>(y, f(¥). Tomy 3a oO3HAYECHHIM
ontumanbHoi  3a  CreiitepoM  anbTepHATHUBU

(x,y)0Q,, mo cynepeunts (21). Takum yuHOM,

sutoyeHHst U Q, 0 Q e noBeneHuMm.
a>0
Tenep nosexemo Q0 U Q, . Hexaii neska mapa

a>0
(x,y)OQ. (x,y)O0U Q,.

a>0

IMpunyctumo cynpotusre, mo (X,y)d U Q,. Toai
a>0

ITokasxkemo, o

st Oa >0, 30kpema aiist

a> (X, Y) (23)

O% 90 Xx[0,1], mo  mp(Xy2a
BHKOHYIOThCSL HepiBHOCTI: Y >y, f(X)> f(X). 3
PaxyHKOM (23) OJIEPIKMMO
Ho (X 9)> L (X Y) - B

TphOXKpUTEpianbHOi 3amaui (19) me o3Hayae, 11O
BeKTOp 3HaueHb KputepiiB (L (X, V), ¥, F(X)>
(U (X Y), Y, f(X).  Tomy 3a
ontuManpHOT 32 CnedTepoM  alnbTepHATUBH
(x, )OO Q. Hoxyunnu cynepedHicTb. TakuM 4HHOM,

Ta

TaKOXK
KOHTEKCTI

O3HA4YCHHAM

QU UQ,, mo ocratoyHo IOBOAWTH PIiBHICTH
a>0

U Qa = Q . TBep,Z[)KeHHH JOBCIICHE.
a>0

B cuwiy mocraHoBkM 3anmaui (2) MoxkHa 3poOHTH
BHCHOBOK, III0 3HaiifieHa HaMu (YHKI[iST HaJIC)KHOCTI
Us(X,y) HewiTkoro BimoOpakenHs Ag Oyne
nrykaHoro  ¢yHKUiero — goctoBipHocti  HMT-2
po3B’ 3Ky 3amaui (1) «vakcumizarii» Gysxrii f (X)
Ha HMT-2 ansrepHatu G .
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BucnoBok. B crarTi OocHOBHa yBara HajgaHa
KOHIIETIIIT pO3B’ A3KY 3a/1a4i «MaKCcUMi3amii» QyHKIii
Ha HMT-2 anprepHartuB i i1 oOrpyHTyBaHHIO. 3TiTHO
JI0 3aIPOTIOHOBAHOTO IIXO0Iy MHOXXKHHA PO3B’ SI3KiB
i€l 3a7a4i posrsinaerbes sk HMT-2. Tlokazano, 1o
il HOCiEM € MHOXHMHA onTUMaNbHUX 3a CrelTepom
O3B’ A3KiB TPHOXKPUTEPIAILHOT 3a/1a4ui ONTHUMI3aIlii.
B 1miii 3amadi OkpiM BUXIAHOI ITUTHOBOI (YHKITIT

2016, 4
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HaJeKHOCTI 10 pe3ynbTyrouoi HMT-2 Tta iioro
JOCTOBIPHICTb.

Crig 3a3Ha4WTH, IO 3aMPOMIOHOBAHUM MiIXia HE
TUTBKH PO3IIMPIOE 00JIACTh 3aCTOCYBAHHS TeOpii
HeuiTkol omruMizamii Ha Bumagok HMT-2, ane i
MOXK€ JaTH HOBI IMOXOIW JO PO3B S3aHHS IHINNX
IOCTAaHOBOK HEUITKHMX ONTHUMI3aLIiHMX 3a1a4.
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XapakTepuCcTH4YHI BJACTUBOCTI OJMHOYHOT O
yCHaJKyBaHHS KJIACIiB

B cmammi pozensmnymo oounoune ycnaoxyeanns
K1acie, sAKke € OKpeMum BUNAOKOM MHOMCUHHO20
YCNAoKy8aHHs, ma BU3HAYEH] tio2o
Xapakmepecmuyni BAACTMUBOCHII. Hageoeno
aneopumm, AKUL BU3HAYAE, YU € I€papxis K1acie
iepapxieto 0OUHOUHO20 YCRAOKYBAHHSL.

Knmiouogi crosa: knacu, ycnadkyeants, 00UHoOUHe
YCNAOKY8AHHSA KAACI8, MemoO JiHeapu3ayii.

E-mail: karamjasim1978@yahoo.com
CratTio nipeacTaBuB 1. ¢.-M. H., pod. byit /1.b.

Jiist po3B’si3aHHS KOH(PIUKTY iMEH, SIKe BUHUKAE
npu MHOXHHOMY yCraaKyBaHHI KJIaciB
3aCTOCOBYETHCSI METOJ JTiHeapu3altil [1, 2] BrineHuit
B Oarathox anropurmax [3]. Aje Bci Il alropuuT™Mu
MAalOTh HEOJIKH, MOB’sA3aHi 31 CKIAJHICTIO TOUIYKY
HalOUTeII migxonsdoro kmacy. [lpu omuHOYHOMY
yCIIAJIKyBaHHIO ~ CHTYyalis  CHpPOLIYEThCS,  IIO
JIO3BOJISIE TOBOPUTH TIPO TIEpEeBard OJUHOYHOTO
yCIaJKyBaHHS HaJl MHOXWHHHM, TaM Ji¢ HOro
MOXIIMBO BHKOPUCTOBYBaTH. Hipkde po3rissHeMo
JesiKi  XapaKTepecTHYHI BIACTUBOCTI OJUHOYHOTO
yCIaIKyBaHHS.

bynemo BBakaTh, IO KJIACH CKJIAJalOThCA 3
aTpuOyTiB SKi MarOTh YHIKaJIbHI iMEHa B MeXax
OJHOTO KIJlacy, Xoda IIi iMeHa MOXYTb 1
MOBTOPIOBATHCS B IHIIMX Kiacax. [lozHaunmMo yepes
Cy, C,, C3 xjacu, MHOXKHUHY SIKUX [O3HAYUMO 4epe3
Cls. Knacu takox OyaeMO IMO3HAYaTH 1 IHIIMMHU
OykBaMH JaTUHCBHKOTO ajdaBiTy. MHOXHHY BCiX
aTpuOyTiB mo3HaumMo uYepe3 Atr, a okpemi
atpubytn — dYepe3 aq,d,.. loni kmac Oyne
Bu3HauaTucs sk napa (C,atr), ae C — iM’s Ki1acy, a
atr — MHOXWHA arpuOyTiB aq,dy, ..., An. Takui
KJ1ac Oynemo 3aMuCyBaTH y BUTJISIA
C(aq,ay,...,a,), a0o npocto C, SKIIO BIIOMO, PO
SKi atpuOyTH Hae MoBa, ab0 KOHKPETHUH Habop
aTpuOyTiB HEBAXKIUBUI.

Mix KJ1acaMu iCHy€ BiIHOLICHHS yCIaJKyBaHH,
KOJIM OJIMH KIJIAC YCHaJKOBYE aTpUOYTH 1HIIOTO
KJacy, abo, HaBiTh, CyKYITHOCTI KJaciB. SIKIo Kiac
C; ycmagkoByeThscsl Bia kiaca C, TO JOMOBHUMOCS
TaKy mapy 3amnucyBatu y Burisaal C; — C,, a, Ko
nesikui kiaac € yCIaaKoBY€EThCS Bijl KITBKOX KJIaciB

© K. 1. Moxammen, 2016

Characteristic properties of single
inheritance of the classes

The parer devoted to single inheritance of the
classes that is special case of multiple inheritance.
Its chracteristic  properties were defined.
Algorithm which check is the class hierarchy
simple was implemented.

Key words: classes, inheritance,
inheritance, method of the linearization.

single

Cy1,C55,...Cop, TO OymemMo Iie 3ammucyBaTH ¥y
Bursni C; = (Caq, Caz, ..., Cop) 1€ Cop # Caj, 1 # J,
ta C; # Cy;,i = 1..n . Ilopanok, B AKOMy KJIacu
Cy1,C53, ..., C3y TIEPEPAXOBYIOTHCS € BaXKIHMBUM,
TOOTO, SKIIO TMOMIHATH MICISIMI, HANPHUKIA/I,
nepiiii i apyruii kiacu C; = (Cyq, Coq, ovy Cop) TO
MU OTPUMYEMO IHIIE YCHaaKyBaHHS. SIKIIO Kiac
YCIaJKOBYETHCS PIBHO BiJI OJHOTO KIacy, TO
HA3BEMO II€ OJMHOYHHMM YCIAJIKyBaHHSM, SIKIIO K
BiH YCHAJIKOBYETHCSA OLTBII HIXK BiJl OJHOTO KJjacy,
TO HAa3BEMO II¢ MHOXXHHHUM ycrnaakyBaHHsM. Kiac,

SAKHH  YCHaJKOBYETbCS  Bi  IHIIMX  KIAciB,
Ha3WBA€ThCS HANIAJAKOM, a KJac, BiJ SKOTo
YCHAJIKOBYIOTBCS ~ IHII  KJIacH,  HA3WUBAETHCS

npenkoM. Hampukian, B ycmagkyBanHi C; = Cp
kimac C; € HamamgkoM kiacy C,, a C, € TpeaKoM
kimacy C;. Tak 8K KJacu HE  MOXYTb
YCHaJIKOBYBAaTHCA Bil caMuX ce0e TO BiJHOIICHHS
yCTaaKyBaHHs € aHTUPEPIICKCHBHIM.

[lizMHOXXMHAa  BIJHOIIEHHS  YyCHAJIKyBaHHS
yTBOpIOE iepapxito kiaciB. Hanpuknan {C — (4, B),
E — (B,D)} 3anmae iepapxito, sika IOKa3aHa Ha
Jiarpami, HaMalbOBaHil Ha puc.l

Tyt xnac C € moromkoM kiaciB A 1 B, a knac E €
IIOTOMKOM KjaciB B,D. BignosBimHo kimac A €
npenkoM knacy C, knac B e npenaxom knaciB C, E a
kiac D € npenkom kinacy E.
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ANRNE

Puc.1 Ilpuknaz iepapxii kiaciB

Ane He Oymp sKa WiAMHOXXHHA BiTHOIICHHS
yCIaJKyBaHHS YTBOPIOE iepapxito kiaciB. Kpim
TOTO, B 1€papXil0 MOXYTh BKJIFOYATHCH OJWHOYHI
KJIacH, SIKi HE € MpeaKaMu, ab0 TOTOMKAMH iHIINX
kinaciB. [IpukiagoM miAMHOKMHY HACIITyBaHHS sKa
HE YTBOPIOE i€papxiro KiaciB € MHOxuHa {A — B,
B —» C, C - A} sxa 300paxkeHa Ha JiarpamMi, Ha
puc.2

A

Puc. 2 Ilpuknag nukiiB B HaCIiAyBaHHI

ToOTO HacHigyBaHHS HE MOXKE YTBOPIOBATH
k. HacTymHa miMHOKMHA TEX HE YTBOPIOE
iepapxito knacis: {A = B, A — C}, niarpama 1jporo
HACJIiIyBaHHS 300pakeHa Ha puc.3
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Puc. 3 Tlpuknan ycrnagkyBaHHS, SIKE HE
YTBOPIOE i€papXii KiaciB

B wili MHOXHHI BTpayaeThCsl MOPSIOK, B IKOMY
nepepaxoByOThCs npeaku kmacy A. s Toro mob
3poOUTH 3 TBOTO i€papXil0 KIACIB, MiAMHOXHUHY
Tpeba mepernmctu y Burisai {A — (B,C)}, abo
{4~ (C,B).

ChopMyII0OEMO YMOBH, 3a SKHX IIIMHOXHHA
BiTHOIIEHHS YCHAJKyBaHHS YTBOPIOE i€papXiro
knaciB. Hexail € ABI mapu HacligyBaHHs KJaciB
A - (By,By,...,By) i C— (Dy,D,,...,D;). Sxmo
icHye Take B;, mo C = B;, TO Ha3BeMO Taki mapu
3B’s3aHMMHA. [lOCHiOBHICTH TMap HACHiTyBaHHS
11,15, ..., I, yTBOPIOE JIAHLIIOT YCIIaJIKYBaHHS, SKIIO
Oynp SKMX J1Ba TIOCHTIJIOBHUX €JIEMEHTa €
3B’A3aHUMH, TOOTO [}, [;11, J=1.M-1 € 3B’A3aHUMHU.
Sxmo, kpiMm Toro, I, 3B’s3aHa 3 [; TO Takui
JIAHLIOT yCIIaAKyBaHHS YTBOPIOE LUK
ITigMHOXMHA BIJITHOIIIEHHSA HACJTi TyBaHHS
HA3UBAETHCS AMKIIIYHO0, SKIIO Oy/Ab SKUH JIAHIFOT
yCraAKyBaHHS 3 1IIi€i MIIMHOXHHHU HE YTBOPIOE
UKL

Juist Toro, 100 YHUKHYTH HEOJTHO3HAYHOCTI MPH
nepepaxyBaHHi MPENKiB JISIKOTO KIIACY, AOCTaTHHO
BAMAarart, o0 BUOpaHa MiJIMHOKHHA BiHOIICHHS
HacligyBaHHs Oyna ()yHKUIOHAJIBHOIO, TOOTO ISt
Oynb sikux map @ = b i ¢ = d, 3 1€l miJAMHOXUHH,
a+b.

TakuM YMHOM i€papXxi€ro KiaciB Ha3BeMO Hapy
(S,1) ne S — MHOXUHA KJiaciB, a [ - MiJAMHOXHHA
BIJIHOIIICHHS HACJIIyBaHHS, SKa € allUKJIIYHOIO,
(YHKLIOHAIBHOIO 1 SIKa YTBOPIOETHCA 3 KJIACiB 3
MHOXHHHU S. SIKIIo B S € KiacH, sIKi He TPUHAMAaroTh
yaacti B I, To6TO HE € mpeakaMu abo MOTOMKaMHU
IHIIMX KJaciB, TO Taki kjacu OyAeMO Ha3uBaTu
KJlacaMu 0e3 ycraJIKyBaHHSI.

Hami, pana geskoro kmacy C(aq, @y, ..., )
3BEpPHEHHS JI0 aTpulyTy a; OyJIeMo 3ammcyBaTd y
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Buriani C.a;. Y BUNAAKy, KOMW KJac BXOIUTH IO
Iesikol iepapxii Ki1aciB, 11e 3B€pHEHHS TPAKTYETHCS Y
pPO3IIUPEHOMY CEHCi. A came, SKIO arpuldyT a
BiACyTHili Oe3nmocepeanbo B kiaci C, TO BiH
IIYKAa€ThCS B TpeAKax Iporo kiacy. Hampukoman,

HeXail  ICHye  HacTylmHa  iepapxXis  KjaciB
(fA(ay, az), B(by, b3),C(c)}, A (B,C)), Tonui
mpu  3BepHEHHI A.c; aTtpubyT C¢q CIOYaTKy

IIYKA€TBCS MDK aTpuOyTamu Kiacy A, MOTIM Mix
atpubyramu kiacie B i C. Ane wmoxe Oyth
CHUTYyallisl, KO aTpuOyT €; 3YCTpidaeTbcs B 000X
knacax B 1 C. Toxl BUHMKAE IMATAHHS, SKAH 3 LHUX
IBOX aTpuOyTiB BuOparn. s mboro B MOBax 3
JUHAMUYHOIO  TUIH3AII€I0  BUKOPUCTOBYETHCS
creriajabHui METO/, SIKUH Ha3UBa€ThCA
niHeapu3amiero. BBenemo kinbka o3HadeHb. Hexaitl B
iepapxii HaCJIi{yBaHHS IPUUMAIOTh Y4acTh TIABKH Ti
napy HaCJliyBaHHA, B SKUX B SKOCTI Ipeaka
BHKOPHCTOBYETHCSI TUIBKH OJMH KJ1ac, TOOTO IpaBa
YacTHHA CKJIAJAE€ThCA TUTBKH 3 OJHOTO €JEeMEHTa.
Taki iepapxii OyJaemMo Ha3uBaTH ie€papxisiMu
OJIMHOYHOTO HACIHIiTyBaHHS KIaciB. SKIIo k € xoda
0 omHa mapa 3 KIJBKICTIO TPEIKiB OUThIIMX 3a
OIWHHMINIO, TO OyZeMo Ha3uBaTH 1ii iepapXi€ro
MHOXXMHHOTO HACNiyBaHHS KiaciB. Skmo B
iepapxii OAMHOYHOTO HACHiAyBaHHS 3 BCIX Map
HACiTyBaHHS MOXXHAa YTBOPUTH OJWH JIAHIIIOT,
SIKUM MICTUTh BCI KJIACH, TO TaKy i€papXil0 HA3BEMO
MPOCTOKD  i€pPApXi€0 OJMHOYHOTO HACHITyBaHHS
KJIaCiB.

3a aHanoriero 3 JAepeBamH, Kiac, SKHH He Mae
KOJHOTO TIOTOMKa OyJeMO Ha3WBaTH IJIUCTOM, a
KJIac, KU HE Ma€ KOIHOTO TpelKa — KOPEHEM.
Bigmitumo, 1m0 g iepapxii  OJAMHOYHOTO
HACJIlyBaHHS KJIaCiB JIMCT Ma€ He OUIbII HIX
OJTHOTO TIPEJIKA.

Teopema 1: Hemycra iepapxisi OIWHOYHOTO
yCIaKyBaHHs KJaciB OyJe MPOCTOIO TOMI 1 TUIBKH
TOJIi, KOJIM B Hill iCHy€ PiBHO JIHCT.

lloseoennsn:  JloBememo  HeoOXimHiCTB.  3a
BU3HAYCHHIM IIPOCTOI0 I€pApXi€i0  OAMHOYHOTO
HACITiIyBaHHS HA3WUBAETHLCS l€papXis BCi €IEMEHTH
SIKOT MOXKYTb YTBOPUTH OJWH JlaHtor. Tofi nmepimuii
€JIEMEHT I[OT'0 JIAHIIoTa Oy/ie JTucToM iepapxii. Tak
SIK BCl 1HIII €JEMEHTH BXOIATH B JIAHIIOI TO BOHU
HE MOXXYTb OYTH JIUCTOM.

Hoctatnicte. B inmy cropony Oynemo
JOBOJUTH Bij mpoTuBHOro. Ilpumycrumo, 1o
BUKOHYIOTbCS YMOBH TEOpPEeMH, TOOTO B iepapxil
iCHy€e pIBHO OJIMIH JIMCT, ajie¢ He MOXHa MO0y IyBaTH
JIAHIIOT, SKAM MICTMTh BCl Kiacd. Bi3zsMemo
MOYaTKOBY MHOXHHY JIQHIIOTIB, TaKy IO KOXXHHH
JAHLIOT CKIANAEThCsl 3 OAHOrO Kjacy, 1 Bci Kiacu
BXOOATh 10 wiei MHOXuHHU. [loTiM mo4YHEMO
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3’€HYBaTH Ti JAHIIOTH, KIHIEBUH Kiac SKUX Mae
MIPEAKOM TTOYATKOBHM KJIac 1HIMHMX JIAHITIOTIB, ITOKH
e MOXIHMBO. 32 NPUIYLICHHSIM, HE iICHYyE OIHOTO
JaHUiora, SKAA MICTHTh BCl KJacu, TOMY B
pe3ynbTaTi OTPUMAEMO KiJIbKa JIAHITIOTIB, IPHYOMY,
OJIVH KJac, 3a MOOY/I0OBOO, BXOJUTH TiJIbKU B OIHMH
nannior. Tak sSK Ti NaHIIOTH, IO 3aJHIIUINCS, HE
MOXHA 3’€QHYBaTH, TO II€ O3HAYAE, IIO ITOYATOK
OJTHOTO JIAHI[IOTa HE MOXKE€ MAaTH IIOTOMKOM KiHeIlb
iHmoro nanmiora. KpiM Toro, moyaTtox JaHIora He
MOYKE MaTH ITOTOMKOM KJIAacH sSIKi BXOISTH B IHIIIH
JAHIIOT ajie He € OCTaHHIMH, TaK SK 1€ MOPYIIYye
YMOBY OAMHOYHOTO YCHNAAKYBaHHS. TakuM YHHOM
MeplIi eIeMEHTH JIaHIIOTiB MMOBHHHI OyTH JHCTaMH.
Otpumanu potupivds. Teopema qoBeneHa.

st iepapxii OAMHOYHOTO HACIHITyBaHHSA, SKa HE
€ TpOCTO, HE ICHye OIHOTO  JIaHI[oTa
yCHaJKyBaHHS, SIKUH MICTHTH BCi Kiacu. BuHukae
MMTAHHS, sKa MIHIMaJbHA KUIBKICTH JAHIIIOTIB, IO
MICTATh BCl KJIacd. BignoBinp Jae HacTymHa
Teopema

Teopema 2. Skmo B iepapxii kiaciB 3
OJIMHOYHUM YCTIaJKyBaHHSIM icHY€ k TUCTIB, TO TOAl
MiHIMalbHa TOTY)XHICTP MHOXXHHHM  JIAHIIIOTiB
yCHaIKyBaHHS SIKi MICTSTh BC1 KJIacH, JOPiBHIOE k.

JoBenenns. [lozHaunMo MHOXHUHY JIHICTIB Yepe3
L={LyL,,..,Ly}, a MHOXHHY BCiX iHIINX KITaciB
yepes U ={U;,U,,...,U,}. OOC'eananns LUU
CriBIaZa€ 3 MHOXMHOK BCiX KJaciB iepapxii.
VTBOPHMO 3 €JIEeMEHTIB L JIaHIIOTH YCNaJKyBaHHS
JIOBKMHOIO OauH. Jlaiii, ITepaTHBHO ITOBTOPIHOEMO
HACTYIMHUH KPOK, MOKH 1€ MOJIHMBO: IO KOKHOTO
JAHIIOTY JI0IA€EMO TIPEJKa OCTAaHHBOTO €JIeMEHTa B
JIAHIEO31, SKIIO Takui mpemok icHye B U i
BuiTydaemo #oro 3 U. 3ynuHs€MOCS, KOIH HisIKUX
HOBUX €JIEMEHTIB JI0 JIAHIIOT1B HE MOYKHA JIO/IaTH.

Tak sx MHOXHMHA KJIaCiB, SIKa YTBOPIOE i€papXito,
CKIHUEHHa TO 1 BHKOHAaHHSA I[LOTO  KPOKY
3aKIHYUTHCS 4Yepe3 CKiHUEHHY KUIBKICTh iTeparlii.
CTBepKY€EThCS, L0 TiCs 3aBepIlIeHHs] MHOXKUHA U
Oyze mycToro.

JlilficHO, TpHITyCTUMO TPOTHBHE, a came, IO
MHOXHMHAa U € He mycToro, ane HiISIKUX HOBHX
€JIEMEHTIB JJOJaTu A0 JIAHIIOTiB HeMOoXKJInBo. Hexait
U' - oauH 3 Takux KiaciB. 3a BHU3HAYEHHAM BIH
MOBMHEH MaTH ITIOTOMKA, AKOro nosHauumo U''. e
MOTOMOK HE MOXXE€ 3HaXOAWUTHCA B Oynb SKOMY
JaHIo3i, ToMy o toxi i U’ nosunen Oy Ou OyTu
JOJAaHMUM 10 1pOro  Jjamigora. Tomy U"
3HAaXOAUThCS B MHOXeHI U. 3 aHanoriuHmx
MipKyBaHb TOTOMOK U'’ TeX MOBHUHEH 3HAXOUTHCSI
B MHOxeHl U. I Tak pami. Ane MHOXuHA U
CKiHYEHHA, TOMY JISIKUI MMOTOMOK HE MOXE MaTu
1€ OJHOTO MOTOMKa. OTpUMay MPOTHPITHSL.
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[TobynoBana MHOXHWHA  JIAHITIOTIB Mae Hacainox 1. B iepapxii  ogmHOYHOTO

MOTYXHICTh k. Tak sik BC1 JIAHIFOTY TOYHHAIOTHCS 3
JIUCTIB, TO HEMOXIUBO TMOOYAyBaTH MHOXHHY
MEHIIIOT IOTY>KHOCTI

Mae wmicIie i aHaJIorigHa TeopeMa st KOpEHiB.

Teopema 3. Skmo B iepapxii kiaciB 3
OJVMHOYHUM YCNaJKyBaHHIM icHye k KOpEHiB, TO
TOAI MiHIMaNbHA TOTYXHICTP MHOXXHHH BCIX
JAHITIOTIB YCHaAKyBaHHS, SIKi MICTSTh BCl KIIacH
iepapxii He MOXxe OyTH MEHIIA HiX K .

JloBeneHns. MiticHo, KOXHUN JIAHLFOT
3aKiHIyETbCA KOpeHeM, abo KIlacoM, SIKUH BXOIUTH
B iHmii janmior. Tak SK BCi KJIACH MICTATBECS B
MHOXXHHI IIMX JIAHIIOTIB, MPHYOMY JEAKi KJIacH
MOXYTh BKIIOYATHCA B KiJIbKa JIAHIIOTIB, TO
3arajbHa KUTBKICTh JIAHIIOTIB HE MEHINA HiK
KUTBKICTh KOPEHIB.

3 TeopeM 2 i 3 BUILTMBA€E HACTYITHHUN HACIIIOK
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HACJiTyBaHHA KUIBKICTH JICTIB 3aBXIU OUIbIIa abo
JIOPIBHIOE KiJIbKOCTI KOPEHiB.
HactynHuii anroputm BH3Ha4ae, 4u € iepapxis

yCHaIKyBaHHS iepapxiero OJIMHOYHOTO
yCTIaAKyBaHHS.
Bxio: wmHOxuHa KimaciB - Set_cls, MHOXuHA

HacyigyBaHHs KiaciB inherit_set
Buxio: True, skmo 1e iepapXis OIWHOYHOTO
ycnankyBaHHs, False B mpoTuBHOMY BUTTAAKyY
is_single_inheritance(set_cls: Type(dictionary of
classes),
inherit_set: Type(dictionary of class inheritens))
for cls, set_of _parent_cls in inherit_set
if size(set_of parent cls) > 1
return False
return True
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Cmamms npucesuena po3pobyi apximexmypu 01 CUcCmeMu MidCMOBHOI Kiacugixkayii, axa 3abe3neuye
ROCAI006HUL pobOUULl npoyec YNPABHIHHA MoOelaMU. Oe3nepepene HABUAHHA Moldenell, ix OuHamiuHe
3aeanmadicenns ma oocnyeogysants. OcHO6HA y6aza NpUOiNAEMbCA peanizayii apximekmypu 015 peaibHoi
cucmemu, KOmMpa 6 ceoio uepey Oyoe ynpagiamu HOGUMU OAHUMU, HAGUAMU MA NIOMPUMYeamu Mooeni @
akmyanoHomy cmari. Kpiv mozo, mooyis, axuil 8i0no6ioae 3a po3miujeHHs OaHUX, 00360JI€ HAM 00360JIA€
Ham obcryeo8ysamu Kinbka mooenell 00HOYACHO Ma nepexooumu 3 OOHIEl HA THULY 8 pedCumi peanrbHo20
yacy. Ille oomicio ocobausicmio Oanoi apximexmypu € ingopmayiina naweivb, Kompa 3abe3neuye
8I3yanizayiro i NOPIBHAHHA MOOelel, a MAKONC iX HAGUAHHSA MA PO3MIUEHHS 3aNUMIS.

Kniouogi cnosa: apximexmypa cucmemu 2iuboK020 HAGUAHHS, POZMIUEHHS MOOeell HetPOHHUX MePediC,
be3nepepsHe HABYAHHS, CXO8UUE MOOeell.

This article is devoted to a development of the architecture for cross-language classification system that
provides a workflow of models management: continuous models training, dynamic loading and serving. The
emphasis is on implementing the architecture for real system that manages new data, trains and keeps
models up-to-date. Moreover, the hosting module allows us to serve multiple models and switch between
them in real-time. Another feature is dashboard that provides visualization and model comparison as well as
training and hosting model requests.

Key Words: deep learning system architecture, neural network model hosting, continuous training, model
storage.
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1. Introduction

Deep neural network is the most
discussible topic of artificial intelligence
research. Recent papers on this matter show that
deep neural network goes far beyond just image
recognition towards new systems in varied
fields and industries. It has produced extremely
promising results for various tasks in natural
language understanding, particularly topic
classification, sentiment analysis, question
answering and language translation [1]. That is
why, there is a need to implement deep neural
network into real world systems for solving
diverse problems raised in business, science or
even in everyday life. There are several
challenges that are to be solved during the
implementation procedure, such as
computationally expensive training of neural
network models, continuous models
improvement and models serving. Currently,
these challenges are actively investigating in
many studies, as a result, new solutions and
architectures are being developed. In this paper,
we describe a whole architecture of cross-
language classification system that provides a
workflow of models management: training
models, tuning model parameters and serving.

2. Architecture

In this section we discuss the architecture of

+id (pk)

+ article text (text)
+ categories (array)
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+raw_data_id (fk)
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continuous training pipeline and hosting for
deep neural network models as one integrated
system. It consists of three modules:

e data management

e model training

e model hosting
The data management module is responsible for
preprocessing and storing the data. It is well
known fact that deep neural network models
require huge amount of data for training. That is
why the module needs to fulfill two
requirements: an efficient data preprocessing
and availability. They are critical for two other
modules (model training and hosting). In the
training module the data will be queried for
each training iteration, and inefficient data
delivery could be a bottleneck for the whole
training process. The hosting module will
provide new data examples that should be
handle by the data management module. The
general-purpose database management system
satisfies all requirements for the current module.
We chose the PostgreSQL open-source database
[2] for cross-language classification system. The
database diagram is shown on Fig. 1. Every new
article from the hosting module is saved into
raw_data table and a trigger also adds it into a
preprocessing queue. Independently, there are
running processes that extract all new rows from

+1d (pk)
+ word (string)
+ word 1d (integer)

e

+id (pk)
+text (array)
+categories (array)

+batch (array)

+id (pk)
+category (string)
+category_id (integer)

Figure 1. Database EER diagram
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proccess_queue and perform the following
operation:

e Clean the text data using regular
expression in order to match only words.

e Append special token to each article text
with length less than 1.500 words. This
step is required, because each example
in a batch must be of the same length.

e Build a vocabulary mapping (vocabulary
table), if it exists, new words should be
added into the table. Then map each
word to an integer according to the table.
Each article text becomes a vector of
integers.

e Build a category mapping (category
table), if it exists, new categories should
be added into the table. Then map each
category to an integer between 0 and the
number of categories. For each article
categories we got a vector of integers.

e Save new representation of the article
into proccess_data table.

Training queue is created upon request by
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expensive, and usually it is running on Graphics
Processing Unit (GPU) server or cluster due to
the nature of deep learning training
requirements. There are multiple open source
frameworks that will allow you to train your
deep neural network models, such as Theano[3],
torch[4], mxnet[5] and tensorflow[6]. The listed
frameworks support GPU and CPU servers or
cluster out of the box. The challenging part is to
handle growing amount of trained models and
continuous training. For this purpose it was
decided to save as much information about
every trained model as possible on a storage
server. That is why every saved model consists
of 4 components Fig. 2:
e model_params component contains
model learned parameters (weights)
e model_graph component is a
representation of a model structure
e model_hyper_params components
describes the hyperparameters that was
used for a model training (i.e. number of
layer)

Tramned model

GPU
cluster

- Model params
—*| - Model_graph
- Model hyper params

- Model statistics

Data storage

Figure 2. Exported model structure

randomly selecting a processed article from
processed_data table. The size of batch is
defined in the model training module. Then
upon every request for data from the training
module the data management module returns
new batch and deletes it from the queue. The
queue creation is flexible and could be modified
in order to match model requirements, for
example, add into a queue only new articles.
The model training module is computationally

e model_statistics component includes
statistics about training procedure, loss
and accuracy values and etc.

Such simple approach gives us flexibility in
model managing, because it is easier to compare
two models based on gained statistics, load any
of them for testing, training or running in
production, the necessary information about the
model and parameters are also saved. In
addition, it allows us to use different
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Traimning
statistics Managment
Model and Dashboard
statistics
Loader Client request
Request
Storage server o Model
Model Manager

Figure 3. Model hosting module

frameworks for training and serving the models,
all it requires to do is to implement script for
loading saved model in specific format.
Tensorflow, theano frameworks and Kkeras
library were used for the training module of the
cross-language classification system. The third
module is model hosting. The idea behind
serving models is straight forward: load the
model from storage server and run it for client
requests. To handle client requests model
manager was implemented, which is responsible
for serving models. The number of served
models limits only by server resources. It allows
us to simultaneously serve multiple models and
redirect request to concrete version of the model
or different one without changing any API.

Thus, the system could serve simultaneously a
bunch of models, and a manager could easily
choose what model has to be used. The model
loader is connected to the storage server, gotten
information about available models and loaded
the chosen ones for model manager, as
presented on Fig. 3. Moreover, the loader
implements logic for model visualization and
statistics output. This is use separately for
management dashboard and visualization. The
dashboard is important for model understanding
and comparing the model performance and
accuracy. The other important feature of
management dashboard is requesting model
training. There are two options: choose already
trained model and it will be trained on a new

. . P Response
'.‘ Request
. Servers
Clients
] — 5
— — . =
Trained model — = MNodel for serving and E £
— > — training statistics g1 =
Request for a -
:lr'tj.t;mg N Se— - Request for a model "'FF‘: =
R T Storage server a
GPU s
cluster
Traimning data

Fequest for traming data

Database

Figure 4. Awchitecture of cross-language classificarion system
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available data or enter hyperparameters and
train a new model. When the training procedure
is finished, the model appears on the storage
server.

In the cross-language classification system the
hosting module was implemented based on flask
framework [7] for handling client requests.
However, there is also available an open-source
framework called TensorFlow Serving [8] that
has similar functionality for model serving, but
without management dashboard.

The overall architecture is shown on Fig. 4.
Such architecture allows you to continuously
train neural network modules and compare
them. What is more important, the model could
be tested in production on chosen clients (beta
testers) and easily roll back without influencing
other users or system modification. The
difference will be in the request body, where a
version or name of the neural network model
should just be specified. Also the hosting
module should not be necessary based on GPU
server or cluster, unless the system is not high
loaded. It reduces expenses during developing
phrase, especially if your system is based in
cloud.
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Beoosimucs cneyianvhi cneyugpixayitini aneebpu Hao Kiacamu KeasiapHux eidobpasicens. Lli aneebpu
8i00Opadicailoms Maxi GIACMUBOCTI NPOSPAMHUX CUCTEM, 5K YACMKOBICIb OAHUX, YACMKOGICMb md
HeobMmediceHa apHicmb npeduxamie ma QYHKYIl, yymausicms 00 HeGU3HAYeHUX Oauux. JlocniodceHo
eracmusocmi  noOy0o8aHux aneedp ma GUSHAYEHO HOPMAnbHI opmu mepmie y yux aneebpax.
3anpononosani memoou modxcyme Oymu KOpUCHUMU 051 n0OYO08U ma OOCTIONCEeHHs aneedp ma a02iK OJis
008€0eHHsL 8IACTNUBOCME NPOSPAM.

Kniouosi cnosa: ancebpa, keaziapnuil npeouxam, npocpamua aizedpa.

Special program specification algebras defined for classes of quasiary mappings are introduced. These
algebras reflect such features of software systems as partiality of data, partiality and unrestricted arity of
predicate and functions, sensitivity to unassigned variables. For the constructed algebras their properties
are studied and normal forms of their terms are defined. The proposed methods can be useful for
construction and investigation of algebras and logics for program reasoning.

Key Words: algebra, quasiary predicate, program algebra.

Crartio peactaBuB 1. ¢.-m. H., pod. byit [1.5.

We study properties of compositions of quasiary
specification algebras and their several extensions;
Introduction also, we construct normal forms of terms of these
algebras. Obtained results can be used to construct
program logics which are oriented on proving

In this paper we present a special kind of algebras )
program properties.

over classes of quasiary mappings [1]. Such
mappings are partial mappings defined over partial
states  (partial  assignments) of  variables.
Conventional n-ary mappings can be considered as a 1. Formal Definitions of Quasiary Specification

special case of quasiary mappings. Quasiary Algebras
mappings can be met in different branches of
mathematics, logics, and computer science. Let V be a set of names, V=@. According to

Informally speaking, such mappings appear when we tradition, names from V are also called variables. Let
use variables (names) to construct mMapping 4 pe 5 set of basic values, 4#@. Given ¥ and 4, the
arguments. Quasiary mappings adequately represent  c1a5 V4 of nominative sets is defined as the class of
semantics of computer programs, therefore algebras partial mappings from ¥ to A4, thus,
of quasiary mappings can be treated as formal
models of programs [2].

Here we consider special specification algebras
which are generalizations of Glushkov systems of
algorithmic algebras [3] on classes of quasiary
mappings. Such algebras better reflect properties of
software systems (partiality of data, partiality and notation d =[v;t>a;|iel] describes a nominative set
unrestricted arity of predicate and functions,
sensitivity to unassigned variables) [4], but they are . . } )
more complicated than algebras of n-ary mappings. and its value is a; (d(v))¥ =a;). The main operations

VA=V —L-5 4. Informally speaking, nominative
sets represent states of variables.

Though nominative sets are defined as mappings,
we follow mathematical traditions and also use set-
like notation for these objects. In particular, the

d; the notation v;>a; €, d means that d(v;) is defined

© M.C. Hikituenko, 2016
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for nominative sets are total unary parametric
projections ||lx and |-x (X V'), and a total binary
overriding defined respectively by the following
formulas (d, d1, d» € "A):

d||x=[v>ae,d|xeX];, d|-x=[w>ac,d|xeX];

dVd, =[vi>alvisae,d, v

vivisae,dian—3a'vi>a'e, dy))].
Let Bool ={T,F} be a set of Boolean values. Sets

Prll ="4—— Bool, Fn'y="A—2 54, and

PF} ="4—2— "4 are respectively called sets of

partial quasiary predicates,  partial quasiary
ordinary  functions, and partial bi-quasiary
(program) functions. Here ‘ordinary’ means that the
range of such functions is the set of basic values A.
The terms ‘ordinary’ and ‘partial’ are often omitted.

In general terms, elements from Prll/ , FnZ, and

PFZ are called quasiary mappings. Operations over

mappings are called compositions.
We use the following set of composition symbols
parameterized by V:

Cs" ={v,—,3x,'%,Sp .S, ,=,8;", AS™ e, IF,WH,-}.

The following notational convention (maybe with
indexes) is used: x, y, u, v, z for variables; d for a
nominative set; p, g for predicates; f, & for ordinary
functions; g for a program function; @ for a formula,
t for a term, and z for a program. If v is a list of

variables vi,..., vs,, [ is a list of ordinary function

fi,..., fu, , d is a nominative set, then dVv > f(d)
denotes a nominative set
dViv = fi(d),...,v, = f,(d)].
Notation dVxr—>a means dV[xr>a]. Other

notations are understood in the sense of [2].
All compositions are total mappings and have the
following types:

v:PrZ xPr/ll/ —t—>PrAV,

-, EIx:PrAV —t>Pr/I1/,

'x:FnZ ,

Sp" Pt x (Fn'p)' —PrY

S Fn'y x (Fn'))" —> Fn’,,

=:Fn'y x Fn'y —>Pr}

S;’ 1 PF) x(Fn'))" —— PF}
AS™ : Fn', — > PF

o: PF) x PF} — > PFY

IF : Prl x PF) x PFY — > PF
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WH : PrY x PF} ——PF}
-:PF}| xPF| —>PF .
Compositions
formulas:

are defined by the following

T, ifp(d)=T or q(d)=T,
(pvg)d)=3F, if p(d)d=F and g(d)I=F,
undefined in other cases.
T, ifp(d)d=F,
F,ifp(d)=T,
undefined if p(d)T.

(=p)(d) =

T, ifexists be A: p(dVx > b)d=T,
(3xp)(d) =4F, p(dVx > a)I=F foreacha € 4,
undefined in other cases.

'x(d)z=d(x).
Sp" (p. ))d)= p(d || Vv - f(d)).
ST () = f(d ]y VI - f(d)).
Sp" (g /)d) = g(d ||y VV > [f(d)).
T,if £, f(d) V. f(d)= f'(d)

(f=1)Nd)= orf(d)T,f ()7,
F, in other cases.
AST(f)d)=dV[x— f(d)].

g1°8,(d)=g,(g1(d)).
g (d), ifpd)I=T, g (),

IF(p,g,.,g,)(d)=4g,(d), ifp(d)I=F ,g,(d){,
undefined in other cases.

WH(p,g)(d)=d,,,if p(d)=T,g(d){=d,,

P(d1)¢= T,g(d,) V= dysenes
p(dn—l)‘l’: Tﬂg(dn—l) ‘L: dn’p(dn) »L: F.

g p(d)= p(g(d)).

Please note that definitions of predicate
compositions are similar to strong Kleene’s
connectives and quantifiers [5S]. We also call
superposition and equality compositions as strong
compositions in the sense that they are sensitive fo
undefinedness of ordinary functions.

Atuple 2% (Cs")y=<pPrl ,Fn';  PF);Cs"> is
called quasiary specification algebra (QSA) over V'
and 4.

Variables used as composition parameters can be
classified as essential in the sense that they can
affect the result of composition application
evaluation and as updatable in the sense that the
values of these wvariables can change during
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evaluation. Variable x is essential for denomination
composition 'x, variable x is updatable for 3x and

AS™, variables vi,..., v, are updatable for Sp""
SFVI,...,V,,, , and SGVI’.“’Vn .

The presented class of compositions is rather
expressive and permits to define new important

compositions. For example,
— conjunction composition : pAg=—(—p Vv —q);

-

— renomination:
ViseesVy,

= S (XX )
xla ”’xn(p) P (pa xla ) xn)’

FH for
partial predicates [6]: FH(p,g2,9)=p — £;
here FH(p,g,q) formalizes Hoare triple {p}g{q};
— identity program function:

id=WH('x#'x,AS* ('x);
— nowhere defined program function
Lo=WH('x="x,4S*('x);

— nowhere defined predicate: Lp=1 -('x="x).

— monotone Floyd-Hoare composition

2. Properties of compositions of quasiary
specification algebras

Properties related to propositional compositions
(connectives) are traditional therefore we concentrate
on properties of superposition compositions which
give specifics to algebras of quasiary predicates and
are not defined for n-ary mappings.

Lemma 1 (distributivity of superposition). The
following properties hold in AZ (Cs"):

Sv. Sp(pva.f)=Sy(p. )V Sp(q. /)

S—. Sy, /) ==S3(p. )

S= 8S,(h=hy, [)=8:(h, /)= Sp(hy, f);

S3. Sy (Fxp, £)=3u Sp(Sp(p,'u), f); u=x, ugv,
u is unessential for p and f .

Here “u is unessential for p and f ” means that
p(d)= p(d'yand f(d)= f(d") for any d and d'
such that d |_,,=d"[|_, -

Proof. Let us prove the property S3 only.
Evaluating the left hand-side we obtain that

St (Fxp, f)(d) = xp(dVv - f(d)). that
Ip(dVv = f(d)I=T. It that
p((dVV i f(d)Vx>a)d=T for some acA.
Evaluating of the right-hand

Assume

means

side
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Ju S)(Si(p,'u), f)(d) for this a
property that u is unessential for P and f we
obtain that

Sp(Sp(p.'u), F)dVu > a)=

= S35 (p,'w)(dVu a)Vv = f(dVu - a)) =

= SE(p,"u)(dVu > aVv > f(d)) =

= p(dVu > aVv - f(d)V

Vx 5 'u(dVu - aVv - f(d))) =

= p(dVu > aVv > f(d)Vx - a) =

= p(dVv > f(d)Vx>a)=T.

The case of p((dVv = f(d)Vx a)d=F is

considered in the same manner.
Thus, S, (3xp, f)=3u S, (Sp(p,'w), f) .

and using the

Lemma 2  (superposition folding). Let
V=YV, s f'zfl’,..., s X=X,0X,,
f=fensfis h'=h'\...h', V=V,
h=h,.,h,, ynv=. Then the following

properties hold in AZ (Cs"):

SSe. S (Sp" (0. S 1), [ 1) = Sp™ (p.6),

SSr. SEE SNBSS h) = 5P (.5,

SSa. S5 (S5 (g, /). [\ h) =577 (8,5),
where

& =(LSSE o H0es ST (i L510),

SE My [ 1) S (B £, ).

Proof is straightforward and is not presented here.

Superposition compositions are not distributive
with respect to WH therefore we simplify
superpositions into program functions using the
identity program function.

Lemma 3  (superpositions  with
functions). The following properties
alcs”y:

SG — superposition into program function:

Se(g,./)=8c(id, [)eg,
SP — superposition with prediction composition:
Sp(g-p.f)=55(g.f)p.

Proof. Let us prove SG only. For every de’4 we

have that

Se(g. d)=g(d||; Vvio f(d) =

= g(id(d ||y Vv > f(d)) = g(Se:(id. f)(d)) =
= (SL(id, [) e g)(d).

Thus, S§(g./)=S¢(id.[)eg.

program
hold in
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Lemma 4 (superposition simplification). The
following properties hold in AZ (Cs"):
SE — superposition with empty parameter list:

Sp(P)=p, Sp(N=1, S6(8)=g;
SiD — superposition into denomination functions:

Syp(x,f)="x if xegv;SE'(x,f,h)=f;
SwD — superposition with denomination function:
Sp" (P, % )=Sp(p.]),
S (h'x, f) = Sp(h, f);
ST — transposition of parameters:
S[\;,x,y,z ((0: fa h’h" f') = Sl\;,y,x,z ((09 JT’ h '9hsj7’) s
SES IS S b Y= SV (L )
Sg,x,y,f (g,f,h,h v,fv) — Sg,y,xj (g,f,h A h,f') )

These properties can be wused to -construct
superpositional normal forms for algebra terms.

Now we study relations between QSA AZ(CSV)
and QSA AZ'(CSV') induced by the following two
relations between sets of their names:

— there is a renomination bijection B:V —2->V",

— V'isanextensionof V (V< V"').

3. Variable renomination in QSA

Given QSA A'(Cs"), QSA a'/(Cs"), and
renomination bijection B:V—L—>V"', a mapping
Bp:"A——> "4 can be defined by the following
formula: By(d)=[f(v)=>alvi>ae,d] for any

de’4 .
This  mapping

.p Yt v
PBp:Pry ——Pr, ,

induces new  mappings

B Fn'y——>Fn',, and
Bg :PFZ —[>Pij defined respectively by the
formulas Bp(p)d")= p(Bp' (d") ,

Br(Nd) = f(Bp'(d"),
and B;(g)(d") = g(Bp' (d") forany d’e”A.

Also, B:V—L>V" induces in a natural way a
bijection S :Cs" —5Cs"" between composition
classes Cs” and Cs" .

Theorem 1. Mappings B, Bp,Br, and S,
define an isomorphism ofAZ (Cs” ) and A Z'( cs”).

Proof. Let us prove, for instance, that
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Bo(Sp= (D, S5 J,)) =

= 8B (B (p), B (fi)oews B ()
Given de’4, d'€” A, for the left hand-side we
have that
B (S (P, frseees SN ) =
Sp (s frse- s /(B (d 1) =
=p(By @)y, v

VIx = £(By) (@), B> (B (DD
For the right hand-side we have that
S0P (B (D), B (fi)ae s B (f)Nd ) =
= Bp(p)d' H—{ﬁ(vl),.“,ﬁ(vn)} \%
VIBM) B B (Nd),.... ) 5 Be(f))d)]) =
= p(Bp (@' ipoy). o V
VIBW) 5 Be(fi)d),.... BV, 5 Br(f)d)]) =
= p(Bp @)y, 0y V
VI 5 B (), .v, B B (f))d)]) =
= p(fp' (@)l v,y V

VIx B [(Bp @D,y = f(Bp' (@ D).
Both sides coincide, so, the equality holds.
Other properties are proved in a similar way.

4. QSA with extended sets of variables

Let V' be an extension of V' (V cV'). How

AZ ( cs” )and A Z'( CSV') can be naturally related?
To answer this question we should first find ways

to relate mappings of AZ(CSV) with mappings of
AZ'(CSV'). The main difficulty here is that

mappings of AZ(CSV) are defined on “smaller”
nominative sets from "4 comparing with “bigger”
sets from " ‘4. Analyzing this difficulty we can
propose two natural solutions:

1) to “ignore” the values of variables from
U =V"\V ; in this case these variables can have any
values and become unessential variables;

2) to “assume” fixed values of variables from
U=V"\V; in this case these fixed values can be
represented by some nominative set do from "'4.

The first case induces injective homomorphisms

from the first QSA A% (Cs”) to QSA A%, (Cs")
which is a restriction of AZ'( CsV'), and the second
case induces homomorphisms from a special
subalgebra of "' (Cs” ) to 2", (Cs").
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For the first case we define a mapping

Y7 A—5" 4 by the formula Z(d)=d'|,
(d'e”A). These definitions specify three mappings
o o Fn' —>Fn',,

. Vv t V'
i, Prp——Pr, , and

1l : PF] —— PF]" between algebras’ carriers:

1 (P)(d") = p(iy (d), 4 (f)d) = [ (1 (d),
16 (g)d)=d'||, V(i (dh).

Theorem 2. Let VcV' ,U=V\V. Then
mappings 7,, 1., and iz, define an injective

homomorphism of A% (Cs”) into 2", (Cs").
Proof. Injectivity of z,, 7,, and z/ is trivial.
Let us prove, for instance, that
0 (S (P S SN ) =

=Sy Wy (P)ty (Dsevest (1)
Given de’A, d'e” 4, for the left hand-side we
have that

1o (Sp= " (Po frae s SN ) =
=8, (P, oo SN (d) = piy (d)Ly,, Y

Vv 5 ity (@D),..ov, B £, (15 (@)D
For the right hand-side we have that

AN A RS CAE
= ()L, oy VD% ) (D)
v, 5 (L) E = paS @)Ly, Y

Vv, 5 £t (d ),y = 1, (1, (d D))
Both sides coincide, so, the equality holds.
Other properties are proved in a similar way.
The second case is a bit complicated. We should

consider a subclass PFRZ'of program functions for

which variables from U are non-updatable. It is easy
to prove that

ar" (cs"y=<pPrl ,Fn',PFR" ; Cs" >
is a subalgebra of A Z'( Cs”). Now, given doe”'A we
define vy, " A——"" 4 by formula
Ug’ ., (d)=d, ||, Vd . Then, we define mappings
Up g4, »Vp 4 » and vy, in the following way:
Oy (P)) = p'(0] 4, (),
Vf g () = £ (0 4 (),
064y (8)d) = &'V, 4, (@) ly -
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Let

U U
Up g, > Vr ., »

VecV' ,U=V\V. Then
and

Theorem 3.

mappings UG, define  a

homomorphism of AR Z'( Cs” ) into A Z ( cs” ).

Proof. Let us for instance, that

Evaluating

prove,
Ug,do (g'°g,")= Ug,do (g Ug,do (8,"-
the left hand-side we obtain

Ué'],do (g'*g,Nd)=(g'*g, ')(Ug,dn @)lly=

=(g,'(g,'(dy lly VAl -
Evaluating the right hand-side we obtain

Ug.a, (81) ® Vg4, (8:)(d) = Vg 4, (8,)(V5 4, (€)(d)) =
= Ug 4, (8:)(8, (V) 4, () [I,) =

€, (0p4, (& W4, @D ) |l =

= g,(Up.4, (&1(dy lly VAN ), =

= gyz(do Il v(gly(do o VLD -
But dy |l V(gi(do l, V) ll,) = gi(do ll, Vd)

because variables from U are non-updatable.
Both sides coincide, so, the equality holds.

1R

5. Superpositional normal forms in QSA

The obtained results will be used to prove
properties of extended algebras. In this case the
terms of quasiary specification algebras, interpreted
as predicates, are called QUR-formulas. This permits
to formulate transformations rules based on
properties presented in Lemmas 1-4. For instance,
the property S3 specifies a transformation rule

TS3. S, (3x®@,7)=Tu S)(S5(D,'u),1); u=x,

u ¢V, uis fresh unessential variable for ® and 7 .

Here “u is fresh unessential variable for ®and 7
means that « belongs to the set U of unessential for
basic predicates variables and # does not occur in
®and 7 [4]. Correctness of this rule can be proved
by induction.

We use these rules to construct superpositional
normal forms of a formula.

QUR-formula @ is said to be in superpositional
normal form, if the following conditions hold:

SP. For each subformula S, (W¥,7) of formula ®
we have that ¥ is symbol of a basic predicate;

SF. For each subformula of the form S} (#,7") we
have that ¢ is a symbol of basic ordinary function;

SG. For each subformula of the form S (7,7) we
have that 7 =id .

Theorem 4. Let ® be QUR-formula. Then, using
transformations specified by Lemmas 1-4, a
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superpositional normal form ®° of ® can be superposition symbols in @ are parameterized by the

constructed such that ®* ~ @ .

Lemma can be proved by induction.

Superpositional normal forms are closer to
formulas of n-ary logics, but still one more problem
with updatable variables should be solved. To
explain this problem let us consider a program
function defined by the following formula:

crlist((x = n]) =[x, = 1,...,x, > n].

This function creates an unrestricted number of
new (updatable) variables, thus, it cannot be ‘mimic’
by n-are mappings. To make such modeling possible
we should uniformly and explicitly restrict the
number of updatable variables.

The idea of unified superpositional form is to
construct a formula which can be translated to n-ary
formula. To do this we should identify all essential
and updatable variables for ®. The set of such
variables includes all names occurring in ® and all
updatable names for program symbols occurring in
@. Let us denoted this set as eu(D).

Let v be a list of variables such that eu(®)c v .

QUR-formula @© is said to be in V -unified
superpositional normal form, if it is in a
superpositional normal form and all occurrences of

Cnucok BUKOPUCTAHHUX JIZKepeJl

1. Hiximuenxko M.C. MartemaTu4Ha JOTiKa Ta
teopis anroputmiB / M.C. Hikituenko, C.C.
ke // Bupmasauurso KHY  imeni
Tapaca IlleBuenka, Kuig, 2008, C. 528.

2. Hiximyenxo M.C. Ilpuxnagaa norika / M.C.
Hixituenko, C.C. llIkineHaKk / BugaBHUIITBO
KHY imeni Tapaca IlleBuenka, Kuis, 2013,
C. 278.

3. Imywkos B. M. Teopuss  aBTOMaToB W
(dbopmanbHBIe TTPeoOpa3oBaHUsS MUKPOIPOT-
pamm // Kubepuetuka.— 1965, Ne5.—c. 1-10.

4. Nikitchenko M.S. Satisfiability in
Composition-Nominative Logics / M.S.
Nikitchenko, V.G Tymofieiev // Central
European Journal of Computer Science, Vol.
2, Issue 3, 2012, P. 194-213.

5. 8. C. Kleene. Mathematical Logic. New York:
John Wiley & Sons, 1967. — 398 p.

6. Kryvolap A. Extending Floyd-Hoare logic for
partial pre- and postconditions / A. Kryvolap,
M. Nikitchenko, W. Schreiner // CCIS, 412,
Springer, Heidelberg, 2013.— P. 355-378.

same list of names Vv .

Theorem 5. Let ® be QUR-formula with
restricted set of updatable variables. Then, using
transformations specified by Lemmas 1-4, V-
unified superpositional normal form ®@* of ® can be
constructed such that ®° = @ .

Conclusions

In this paper we have introduced a special kind of
program specification algebras defined for classes of
quasiary mappings. These algebras reflect such
features of software systems as partiality of data,
partiality and unrestricted arity of predicate and
functions, sensitivity to unassigned variables. For the
constructed algebras we have studied their properties
and construct some normal forms of their terms. The
proposed methods can be useful for construction and
investigation of algebras and logics for program
reasoning,
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Cmammsa npuceéaueHa auanizy CMpPYKMYpU eHepeo2eHepyouo20 nopmeensi HA NpoGiOHUX
nionpuemcmeax 2enepayii enekmpoernepeii ¢ €sponeticoxomy Coiozi (€C) 6 KOHmeKcmi nOMo4YHO20 CMAHy i
Maubymuix meHOeHyil 1o2o ousepcugpikayii. /lane numanHs € CKIA00SUM ORNMUMI3AYIl CMPYKmMypu
EeHepeoNnOCMa4aHHts i Hanpaeiene Ha PO3YMIHHA NPOoYecié MexHONOSITUHUX 3MIH Ni0 8NAUEOM MPAHCHOpMAayii
IHHOBAYINIHOI cucmemMu 3 Memoi0 3anpo8aONCeHHs eHep2oepheKMUBHUX MA eHepe030epiearouux MexHoa02Il.
Bpaxosyouu obmescennss pecypcie enepeokomnawili ma HecmaOiNbHICMb eHEPeemUdHO20 PUHKY, ye
donomooice 3po3yMimu me, HACKLIbKU eHep2o-ceHepyioul nopmeeni KoMnawuiv 8i0nogioarome Yiiam, uo
Micmambcs y NIAHAX KOMNAHIL | 3HAX0O0AMbCS HA NOPAOKY OEHHOMY 0€pPAHCAB, MONCHA BUSHAYUMU XAPAKmMeD
Matoymuvoi ounamiku cmpykxmypu enepzocenepayii. Omoice, OCHOBHUMU 3A80AHHAMU, NOCHABIEHUMU Y
00CRI0JICEHH, € PO3PAXYHOK 6apmocmi, 8idaui i pusuKy enepeo-nopmebenet, 8izyanizayis to2o po3eumKy Ha
Maibymue.

KitouoBi  crnosa:
MIPOTHO3YBaHHS.

noptdenb JpKepeNl TIeHepallii eJIeKTpoeHeprii, Teopis mnopTdens Mapkosina,

The article provides analysis of the electricity generation portfolio at the leading electricity generation
companies in the European Union (EU). The analysis covers current developments in the electricity
generation structure of the main EU energy companies as well as future trends of their portfolio
diversification. This issue is a component of the optimization of the structure of energy supply and aims at
understanding the processes of technological change. The latter is influenced by the transformation of the
innovation system and shows the trends in implementation of the energy-efficient and energy-saving
technologies. Due to resource constraints of the energy companies and energy market instability, it helps to
understand how energy-generating portfolios of the companies meet the objectives which are contained in
the company's plans and are on the agenda of the countries, where the main electricity generation activities
of the companies is concentrated. It could also determine the nature of future development of the structure of
electricity generation. Thus, the main objectives of the current study are to calculate the cost, return and risk
of the energy portfolios, visualize its development for the future.

Keywords: portfolio of electricity generation sources, Markowitz portfolio theory, forecasting.

CraTTiO IIpeACcTaBUB J1.T.H., mpod. 3acinaBcbkuii B.A.

14%[17], € OIHMM 3 TOJOBHUX YyYacCHHKIB
TpaHcopmarii rJ100aJIbHOT €HEPro-CUCTEMH.
CrBopeHHs e()eKTUBHOT Ta PI3HOMAHITHOI CTPYKTYpH
BUPOOHUIITBA EHEPTii,€ OHUM 3 KIIOUOBHX 3aBJaHb.

[TocrymoBa moxepuizauiss [IEK  (mamuBHO-
EHEePreTUYHOr0 KOMIUIEKCY) YKpaiHU 1 MpUBEICHHS
fioro mo crangaprtiB €C € OAHMMH 3 €JIEMEHTIB
3HW)KEHHS YPa3MBOCTI 1 MiIBUIIEHHS €(EeKTUBHOCTI
CTPYKTYpH €Hepro3abesnedeHHs B YKpaiHi. bimbrme
TOT0, OCKIIBKH c(epa eHEepronocTayaHHs

Beryn.  Ilonmitmuno  Oaxkane 1 moTpiOHe
PO3LIMPEHHS KOHKYPEHTHOCHPOMOXKHUX, €HEpro-
e(EeKTHBHUX, 1 HHU3BKOBYIJICIIEBMX TEXHOJOTTYHUX
pimieHs B €BpoIi NPUBOIUTHECS B PyX YacTKOBO 3a
paxyHOK Moudikaii €HEPro-reHepyUnX
noprdeneir  mianpuemcts. [IpHHHATTS — pillleHb
CTOCOBHO ITMX TIpOIIECiB 0a3yeThcs Ha BpaxyBaHHI
MOTEHUIHHUX MaiOyTHIX TeHIeHHiH nuBepcudikamii
eHepromnopTdens, Horo MpUOYTKOBOCTI 1 pU3HKIB.

E€pponeticeknii  coro3 (€C), wacTka KOO Yy
CBITOBOMY IIONUTI HA EHEProHocii CTaHOBUTh

© M.B. Iaciuna, 2016
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BITHOCHTBCSA 10 TepenikykimodoBux 00’ ekTiB Kl
(kpuTnuHOi 1HGpacTpyKTYypu), YKpaiHi CIix MaTH
JOCKOHAJIe PO3YMIHHS PO €BpONeichKi MPAKTUKH ii
3aXUCTy Ta Oesmekd, Tak SK 3arpoza il
(YHKLIOHYBaHHIO 1 pi3HOMAHITHOCTI € 3arp0300 IS
HaI[IOHAJILHOI OC3MCKH KpaiHu.

[ligxonn i (o) nuBepcudikarii eHepro-
TeHepyIYoro TOpTQeNns B eEHepreTHyHil Tramysi
BHUBYAIOTHCS OaraThbmMa BITYM3HIHUMH i
3aKOPIOHHUMH BUCHUMH. OCKUTEKH MOICITIOBAHHS, 1
30kpeMa B cdepax EHEepreTHKd Ta OXOPOHHU
JOBKIJIUISI, HOCUTh OaraTOKpUTEPiaIbHUI XapakTep,

3HAYHUK OOCAT HAyKOBUX  POOIT  JOCHIIKYE
TIPUKIIATH] 3aBIAHHS 3 nuBepcudikarii
eHepromnoprdensi, BUKOPUCTOBYIOYM  IPHHIIUIH

cucremuoro amamizy (CA)®. Awmamis moseninku

CUCTEeMH TpH pI3HUX KOMOIHAIisAX ii mapaMeTpiB
MPOBOJASTE 3 BHKOPHCTAHHSM ONTHMI3AIIHHAX Ta
IMITAIIHUX MOJIeNIeH, cepell SKUX 0COOJIUBOI yBaru
3acmyroByloTh Merton anamizy iepapxiii (MAI),
Cyuacua teopis moprdens 1 w289 g
MOJICJIIOBaHHSI ~ PO3B’S3YBaHHA  PI3HUX  THIIIB
olepaliiHuX MUTaHb (QYHKIIOHYBaHHS ITiJIPUEMCTB
CHEPreTUKH 4YacTO 3aCTOCOBYIOTHCS [-aJTOPHTMH
[llopa, MeTon TOCHIIOBHOTO aHami3y BapiaHTIB
(ITAB) Ta in.**,

3MiHH B CTPYKTypi €HEepreTHYHOro mopTdemnst
MOBHMHHI PO3MIANATUCh SK OOUH 3 IIOKA3HHUKIB

YCHIIIHOCTI TEXHOJIOTIYHUX 3MIH TiJ BIUIMBOM
TpaHcdopmarii IHHOBAIIIHOT cucremu™ .
BigmoBizHOo 710  HampAMKy — JliTepatypu 3

€BOJIIOLIIMHOTO 1 IHHOBAIIHHOTO PO3BUTKY Ta CTAJIOTO
HiANpUEMHAINITBA, (ipMH BIiTJHOCATBCS JO YHMCIA
CyO'eKTIB IHHOBAIIIMHOI MisSUTPHOCTI, SKi BiIrparoTh
LlEHTpaTbHy POJb B TEXHOJOTiYHMX 3miHax >, B
pobGorax [1,18] enepreruuna cucTemMa po3rIAAa€ThCS

SK CKIaJHAa CHCTeMa 13 «BHCOKOI BapTICTIO
BiIMOBM», a 1i MOJENIOBaHHS IPOBOJUTHCH,
3aCTOCOBYIOYHU TaK 3BaHUI IIPUHILAIL
PI3HOTUITHOCTI».

B crarri mpoBomWThCS  aHANi3  JIWHAMIKA

CTPYKTYpH JDKEpel TreHepaiii eJleKTpoeHeprii 3
pO3OMBKOIO 32 BUJAMHU TajuBa (E€HEPreTHYHHMA
noptdernb) Ha PiBHI NPOBIAHUX CHEPrO-TCHEPYHOUHX
kommnaHiii €C B KkpaiHax, e 30cepeIKeHa IX OCHOBHA
reHepylova MOTYXHICcTh. [IpoBosTuM aHalli3 PU3MKY i
JOXOAHOCTI eHepromnopTdenel KommaHiil, MOXHa
BU3HAUUTH  XapakTep  MaiOyTHbOI  JTUHAMIiKU
CTPYKTYpH €HEeproreHepariii, YHUKHYTH CHTYalIlii,
KOJI1 mopTdesib MICTUTh 0araTo MPOEKTIB, 10 MAOTh
HU3BKY BiJjiauy, BEIUKUH PU3UK, HE € CTPATEriyHO
npiopuTeTHUMH 1 T.0. B pamkax mociimxHHA
MPOTIOHYETHCSL 3aCTOCOBYBATH €IIEMEHTH Cy4acHOT
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Teopil moptdens, JNHIMAWA MPOTHO3, KUTBKICHUH i
SIKICHUH aHaTi3.

MocranoBka 3amaui. B crarti posrismaerscs
3amavya aHai3zy nmuBepcudikarii CKIamy
eHepromoprdenss Ha  BOCBMH  IiJIPHEMCTBAX
BUPOOHUITBA enekTpoeHeprii B €C 3 TOYKU 30py
aHamiza KOHKYPEHTHOCIIPOMOXXHOCTI moptderns i
MEPCIIEKTHB PO3BUTKY HOTO CTPYKYTPH Ha MalOyHE.

BupinienHss maHoi 3ajmadyi BUMarae po3paxyHOK
BapTOCTi, PU3UKY 1 JOXOTHOCTI eHepromoptdemneit
BIJIMOBITHO JI0 Cy4acHOi Teopii moptdens, 30kpema
mozeni Mapxosira®®. TIpormosysanms aumamixu
CTPYKTypu  eHepromoptTdeneii  OazyeTbca  Ha
JMHIAHOMY TPOTHO3YBaHH:I, BPAaXOBYIOUM TEHACHIII
y BCT@HOBJICHIN TeHEPYIOUill TOTYKHOCTI 32 MUHYIII
poku (2007-2014 pp.).

3acrocyBanns mojaeai MapkoBiua ajis aHamizy

PU3HKY i JOXOAHOCTI noprdeJieit
eHeprokommnaniii. banancyBannsi  ¢izuuHoro
o0cAry BiAMycKy ejeKkTpoeHeprii i pusmky

KOJIMBAHHA J0X0AHOCTI. B eHepreruii mpu aHamisi
eHepro-nopTdeis BiANOBIIHO 10 Mojeli Mapkogila
oGuncroThes HacTynHi 3minmHi M

Ouixkysana eapmicmv nopmepens, 1O  SBISE
CO00I0 CepelHBO3BAKEHE OKPEMHX T'€HEPYIOUHX

BUTPAT 1 pO3paxoByeThes 3a popmynoro (1):

— 7
E¢, = Xi—awiEc, (1)
e w; — JyacTka i —ro JKepena reseparii
enexrpoeneprii B moprdeni; Ec, —  ouikysaHe

3HAUYCHHS CEPeIHbO3BAKEHNUX I'CHEPYIOUYHUX BUTPAT i-
ro JpKepelia TeHepallii eleKTpoeHeprii 3a KijoBat-
TOJIMHY .

YacTka Jukepena reHepallil eleKTpoeHepril sBisie
cO00I0 CyMy 4YacTOK BCTAHOBJIEHOI MOTYXHOCTI
KOMIIaHI# TI0 OCHOBHHM  €HEpPrO-TeHEPYIOUHM
TEXHOJIOTISIM -  BYIULIS,  NPUPOJHUH  ras,
TiIpOeHepris, €Hepris BiTpy, €HEepris COHII, eHepris
Olomacu, Ta aroMHa eHepris (TMMTOMa Bara IUX
Jokepen ckiamana 97  BiJICOTKIB  BUPOOHHUIITBA
enextpoeneprii B €C-27 y 2014 pouit’'¥) B
Kpainax-uneHax €C, 1e 3o0cepeKeHa OCHOBHA

reHepylua IMOTY)KHICTh BpaxOBaHMUX KOMIIAHIH
(®panmist, Himewyuuna, benbris, Itamis, Icmanis,

[Bewnis Ta @innsganis) Ha 2014 p [20.21,22,23,24.25,26,27]

Ouixysana siodaua nopmeens. B eHnepreTuili B
skocti  moxomHocti  mo  rtexHosorii i (R;)
BUKOPUCTOBYETBbCA  (i3MYHUE  00CSr  BiAIIyCKY
eJIEKTPOCHEPTil Ha OJWHUII0 BapTOCTi (BEIHMUUHY
oOepeHeHy J0 HOPMOBaHOI BapTOCTI TIeHeparlil
enextpoeneprii (anrn. LCOE)) (dopmyia 2):
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R 1 @) Ae O Ta O - CTaHJApPTHI BIAXWICHHS 3MiHU
1™ Lcor’ JTOXOTHOCTI TEXHOJIOTIH 10 piYHUM BHTpaTaM i-To Ta
) ) J-TO JpKepen reHepalii eneKTpOeHeprii BiIoBiIHO, N
Cyma CepEeIHbO3BAKECHUX 1HJIUBI Ty alIbHUX

OUiKyBaHUX BIJJJa4 KOXXHOTO JDKepena TeHepailii
eJIeKTpOeHeprii B mopTdeni SBisie cOO0I0 OUiKy8aH)
8iooauy nopmepens (hopmyna 3):

Eg, = Xio; wikg,, ®3)

ne Er, - ouikyBaHa Bijnaya i-ro jpkeperna renepaiii
enextpoeneprii (R;).

Jns  BU3HAYeHHS Yy3arallbHEHWX BUTpaT Ha
redepanito enexkrpoeHeprii (LCOE) nmas meBHHX
TEXHOJIOT1H 0y/10 OOYMCIICHO 1 BUKOPUCTAHO JIaHi 1Mo
BHUIIE-3a3HAUCHUM KpaiHaM 3a ocTaHHI poku (2008-
2014 pp)™.  Ias  toro, mo6 3aGesmeunTH
MOPIBHAHHSA MK DPI3HUMH [aHUMH, BaJiOTH OyIu
nepeBesieHi B €Bpo 3a CTaBKaMy IIEPIIOTO
TOpPTiBeNBHOTO JHA poKy. Po3mipHocTi Oyno
nepeseaeHo 10 €8po Ha MBT-roz.

Ouikysanuii pusuk nopmehens. CTOCOBHO PH3HKY,
JUIE  KOXHOI TEXHONorii 3a HOoro BEIHMYUHY
MpPUIMAEThC ~ CTaHAApTHE  piYHE  BiIXWJICHHS
noxomHocTi 3a mepion BomoxinHs (anri. HPR)
TEXHOJIOTI€0 il (AK MiHIMYM) TpbOX THIIIB

3MIHHHX: pPH3UKy Kamitaia a0o BHUTpaT Ha
OyHIBHUIITBO, pHU3WKYy  TMajnBa, Ta  PHU3UKY
exciutyaTamii 1 obciyroByBanHs (aHrn. O&M);

TaKo)X MO’KHA BPAaxOBYBaTW BHTpATH, IOB’si3aHi i3
pukngamu CO,.

HPR sBinisie co6o0 3MiHY BapTOCTI TEXHOJOTIi Y
noptdeni 3a TEBHUH Mepiog 1 po3paxoBYEThCS 3a
HACTYITHOIO CHPOIIEHOI0 hopmyioro (4):

HPR = (EV — BV)/BY, (4)

ne EV - xinnesa BapTicTh TexHOJOTIT y opTderni Ta
BV — mouaTkoBa BapTiCTh TEXHOJNIOTIi y mopTderi.

Bpaxosytoun crangaptai BigxwieHHs HPR mo
KOXHIM TEXHOJIOTii, $Ka BXOAWTH JO CHEPro-
noprdenro, MOXHa po3paxyBaTH  CTaHIApTHE
Bixunenns noprdens (0,) (abo ouikyBaHy pivHy
3MiHYy BapTOCTi TeHepallii eJeKTpoeHeprii), Mo SBIsIE
CO00I0 CYKYIHHUH PU3UK HOPTQEIIs 1 00YHCIIOETHCS
3a opmyoro (5):

n n-1 n

Egy = ZW.ZU-Z +ZZ Z W;W; 0;0;p;

2 4 L =1 Ldjmivr %P , (5)
=1

L #j

- KUIbKICTb JDKEPEN IeHepallii eNneKTpoeHeprii, pjj -
KoeiieHT KOpenALii MK IIUMHU JDKepenamMu  (SIKul
npuitmMae 3Ha9eHHS Big —1 mo +1).

OckinpKy eTanbHi qaHi as po3paxyHky HPR Ta
HOro BiIXWJIECHHS, a TaKoX Koe(illieHTa KOpemsIlil
MDK pI3HUMH JDKepeaMHu UIsl KOHKPETHOI KOMITaHii
HE 3HAXOAAThCA y BUIbHOMY nocTymi abo He €
JIOCTYITHUMU y OpMari, 1[0 BUMArae JaHui miaxij B
JOCHIDKeHHI, TO OyiaM BHUKOPUCTaHI Yy3arajbHEHi
ICTOpHYHI JaHi 3 JDKepel, IO € y BiIKPUTOMY
I[OCTyr[i[g]. Crig 3a3Ha4MTH, [0 BUKOPHUCTAHI JaHi
HABEJACHO VY JCKUIBKOX JpKepenax 1 X 3HaueHHS
MaiKe He BiApPI3HIIOTHCS.

Pesynpratu po3paxyHkiB (Tabm. 1) BKazyloTh Ha
HACTYITHI TCHICHIIIT:

» MeHI prU3UKOBHM 1 MEHIII BATPATHHUM € HE JIUIIE
Oinpmn  auBepcudikoBanmii moptdens (Enel B
Icmanii B mopiBHsHHI 13 Itamiero, Fortum vy
OinnstaAil B opiBHsaHHI 13 [IBeniero Ta iH.), ane
i Toil moprdenpb, MO MICTUTh MEHIIY YacTKy
BYTIBHOI 1 ra3oBoi notyxHocteit — GDF Suez B
Himeuunni, [optyranii Tta Icmamii, E.On y
O®pannii, Icnmanii Ta benwrii, Ta i, Lle
MOSCHIOETECS ~ TUM, M0  «TPAAULIHHUMY
BUKOITHUM TMaJIMBaM NPUTAMaHHUHA BHCOKHUH
pU3MK, 30KpeMa B dyacTuHi Bukuais CO; Ta
BUTpAT Ha NaJMBO. 3arajioM, B KOHTEKCTI KpaiH,
OUTBII  PUBWKOBHMH  BUSIBISIFOTHCS  [Taumis,
Icmanis, HimeuunHa (B OCHOBHOMY uepe3
nepeBakaHHs ra3oBoi reHepanii B Iramii i
Icnanii, ByrineHOI 1 aromHOi TeHepamii B
HimeuunHi, a Takox depe3 OUIBII BHCOKHUI
piBens LCOE), menm pusukoBuMu - DpaHilis,
IlBenis, Dinnsumis, bemsris, Hinepnanmu i
[Mopryraumis.

> 3a JeAKuM BHKIIOUYEHHSIM, 4YMM OLUIBIIOKD €
3arajibHa BCTAHOBJICHA MOTYXKHICTh B KpaiHi, THM
Oinbie JaHWd MOpPTQENns € TUBEpCHU(PIKOBAHIM.
IIpote, siKI0 MOBa iae Mpo eHepromnoprdens, B
SKOMY JICBOBA YaCTHHA HAJIC)KUTh TOMY JIKEPEITy
reHeparli ejJeKTpoeHeprii, sSKuii € 0a30BMM B
KpaiHi (aToMHa eHepris y Ppanuii, rizpoeHepris
B IlIBerii), To 3araJibHUN HOro 0OOCIT B HaHiid
KpaiHi MOXe MOCTYTATHCS o0csry
eHepromnoprdens AaHoi KOMIAHII B  iHIIKX
kpaiHax. Tak, o0csar 3aragbHOI BCTaHOBJIEHOI
notyxkHocti EDF y ®panmii B 27 pa3sis
MEPEBUILY€E 3arajbHy TeHEPYIOUy IOTY>KHICTb
KoMmIaHii B KpaiHax beHemiokc, aje € i MeHII
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nmuBepcudikoBanuM. OpaHITiss BUIITIAETLCSI cCepe
IHIIMX  KpaiH TUM, @O O00CAr aTOMHOI
MOTY>KHOCTI KOMIMaHii B KpaiHi € HAOUIbIIUM Y
TTOPIiBHAHHI 13 1HIIAMHA KoMItaHissMu — 55,1 I'Br,
JlaHa MOTYKHICTh € 0a30BOIO MPOTATOM OaraTbox
POKiB, Ma€ 3Ha4Hy cpopMoBaHy iHPACTPYKTYPY
1 HmepkaBHY MIATPUMKY, IEpexifi BiJl JaHOTO
JoKepelia TeHepallii eJIeKTpOeHeprii 03HavYaTuMe
3Ha4Hi (PiHAHCOBI BUTPATH i BHHUKHEHHS TUTaHb
OanmaHCyBaHHS MTOTIUTY-TTPOTIO3HIIi{ Ha
€JIEKTPOCHEPTIIO. AmHajorigyHa CUTYyaIlis
criocTepiraerbes i 3 rigporeHepauieio B [Bemnii,
30KpeMa Ha mpukiai kommanii Vattenfall.

» DBinpmuit (isudHuil 00car moprdeno o3Havae
MEHIIUH PHU3UK 3 TOYKH 30pY TOKPUTTS
HEOOXIZTHOTO TOIUTY, MPOTE XapaKTEpU3YEThCs
TAaKOXX 1 OUTHIIUM PU3MKOM 3MiHH JOXOJHOCTI
moptdenro,  OCKUTBKA  Oulblla  BEJTMYWHA
nopT¢ero BUMarae OUIBIINI 00CIT BUTpAT.
IlepcnekTHBM PO3BHUTKY CTPYKTYPH €HeEpPro-

noprdeneii komnanii Ha maiidyTHe. CTparerianuit

HaAmpsIMOK ~ CHEPrOKOMIIaHif, sIK TpaBWIo, €

BiJOOpaKEHHIM inen Ta MPiOPUTETIB

3aKoHOoNaBcTBa €C 3 MUTaHb EHEPTETUKU Ta OXOPOHU

noBkims. B minomy, kommanii Ha niepion mo 2030 p.

MaloTh 3a Mery 30inpmuTH BuKOpucTanHa BJE —

BiJTHOBITIOBAHHUX JDKEpeN eHeprii (TOJIOBHUM YHHOM

BITPOBOI Ta COHSYHOI €Heprii) Ta majuBa 3 BiIXOIiB

JUIsL TeHepalii eJIeKTPOeHeprii; 3poOUTH peBi3ito

ICHYI0401 TOTYXXHOCTi, 10 BHKOPUTOBYE IS

reHeparlii eHeprii BUKOITHI MaauBa; 3MIITHUTH MTO3UIIi1

aTOMHOI TeHepamii 3 TOYKH 30py IiIBUIICHHS

Oe3mekn;  3MEHIIMTH  IHTEHCHBHICTH  BHKHUIIB

BYTJICIIIO; JIOCATTH €KOHOMIi BUKOPUCTAHHS HEPT1i.
[opsin i3 muM, aHANMi3yrO4YM AWHAMIKY 3MiH Y

BCTaHOBJICHI} I'eHEPYIOUill MOTYKHOCTI KOMITaHii 3a

ocranHi poku (2007-2015 pp.), cmig BiamiTHTH

HACTYITHI TeH/ICHIII1:

» Jlesxi xommanii (Enel, E.On, RWE) 3nauno
CKOpPOTHIIM «BHCOKO-PU3WKOBAHI» TOTYXHOCTI,
o BUKOPHCTOBYIOTH Byrius Ta Il B
pe3ysbTaTi, 30KpeMa, CKOPOYCHHS MOIMUTY Ha
CJIEKTPOCHEPTi0, TPUBAIOY0T EKOHOMIYHOI KPHU3H
i po3Butky (3memennenns) BJIE. V Toii xe gac,
1i KOMITaHiT 5K 1 paHilie 3aIMIIalThCA JigepaMu
3 JIaHOT BCTAHOBJICHOI MOTYXHOCTI B MacHITadi
€C. Engie, Enel i RWE oronocuia npo 3ynuHKy
IHBECTHIIIH, BIOKIIOYEHHS a00 BHUBEICHHSI 3
eKCIUTyaTalii BYTUJIbHOT TreHeparii MpoTIroM
HactynHoro aecstwritts; Vattenfall i Fortum
OTOJIOCHJIM NP0 IUIAHM BHUXOAY JIMIIE 3
BYT1IBHOTO PHHKY.

» 30inpmenHss o0csary  BYTriIbHOT 1 Tra3oBoi
BCTaHOBJICHOI TOTY)XKHOCTEHl BigOyBaeThCsl Ha
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¢doH1 BimMOBH Bim aTomMHOi eHeprii i B dopmi
BBEZICHHS B €KCIUTyaTallif0 HOBUX HaJIKPUTUYHUX
BYTiIBHUX 1 Mapora3oBUX  yCTAaHOBOK B
ocHoBHoMy B Himewuwni i @panmii. Ilpore,
yepe3 3HAuHE TalgiHHA ONTOBMX I[iH Ha
enekTpoeneprito B 2013 p., kKiTbka ra3oBux Ta
BYTUTPHUX TEHEPYIOUMX MOTYKHOCTEH Oyiu
synuHeHi. Fortum micns oromomieHHS IIOIO
NPUIUHEHHS BUPOOHUIITBA €JEKTPOEHeprii Ha
BYTUTPHUX e€JNeKTpocTaHmiasx B DiHmgaHmil (B
pe3ynmpTaTi  €KOHOMIYHOTO  CHagy)  Io4aB
MiATOTOBKY LIOAO MPUHAHATTS MiHOPHTapHOL
9acTKH B (QIHCBKOMY SIACpHOMY  MPOEKTI
Fennovoima.

OOcsarn  TiAPOTOTY)KHOCTEH  3HHKYIOTBCH,
nouynHatoun 3 2008 p. Ha ¢oOHI 3pocTaHHS
(maibxke B aBa pasu B mepiog 2008-2010 pp.)
«HU3BKO-PU3UKOBAHUX» IOTYKHOCTEH BITPOBOI,
COHSIYHOI TeHepallii, a TaKoX TeHepallii Ha
ocHoBi Oiomacu. GDF Suez 3minmma Ha3By Ha
«Engie» B 2015 p., 1mo Bkazye Ha
nepeopientamito kommanii Ha BJIE. Opnnak,
Engie noci mae 3Ha4YHy BCTaHOBJICHY MOTYKHICTh
Ha OCHOBI MPUPOIHOTO Ta3y i aTOMHOi eHeprii.
E.ON oronocumra mpo npoOiieHHS KOMITaHii Ha
Onok, skuil 3aitmMatumerbcss B/IE, posmopminom
€JIEKTPOCHEPTii Ta MiITPUMKOIO KIIEHTIB 1 OIIOK,
IUSTTBHICTh  SIKOTO  30CEpe/KYBaTUMETHCA Ha
«TpaJUIIAHIN reHepariii 1 TOPriBIIi
€JICKTPOCHEPTI€lO.

ATOMHA TOTYXHICTh KOMITaHIi TNPAaKTUYHO He
3MIHWJIACh, aje IoYalia TPOXH 3HIXKYBATHCH 3
2011 p., ocobmuBo B Himeuumni. CrabinbHa
nuHaMika criocrepiraerbes y [IBerniil 1 Qinmsaamil
(B OCHOBHOMY 4epe3 iCTOPHUIHO-C(HOPMOBAHHIA
noprdenp Ta IepxkaBHY MIATPUMKY), Dpanii
(3aBmsxu migTpumii aepkaBu) Ta Icmanii. Tum
HE MEHII, MOJajbllie pPO3rOpTaHHI B 00JIACTI
aTOMHOI TeHepallii CTaBIAThCS MiJ CYMHIB Y
3B'SI3Ky 31 30LJbIIEHHSAM BHUTpAaT Ha O€3IeKy, a
TaKOXX  PETYJIIOBaHHSM, HAalpaBICHHM  Ha
3yMHHEHHS BUPOOHHWITBA 1  BUKOPUCTAHHS
aToMHoi eneprii (Himeuunna, [1IBeris).
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Tabmuns 1. Cmpykmypa enepeo-zenepyrouux nopmeeneii komnariu 6 kpainax €C cmarnom na 2014 p.
(6cmanoenena nomyoicnicmos, MBm),; noxasuuxu éapmocmi, 8i00aui i pusuxy enepeo-nopmaeneil

Komnanist EDF GDF Suez

Kpaina D panuist ITanisn | Benemoke | Beubris ®pannis |Hiveyunna| Iranis | Hopryranis | Icnanis | Hine pranaun
(Bype) Byrimis 8217 3420 1293.6 1641 15 - 591 576 - 1448
Tpuposwii ra3 5478 2280 862.4 2850 2191 283 5232 1830 1973 3071
Iinpo-eneprist 19947 1400 69 1186 3808 132 73 33 65 -
Enepris Birpy - 600 60 175 1426 196 158 650 - 56
Enepris conrpt - - 60 - - - - - - -
TEL] sa Giomaci - - 60 260 52 20 13 - - 180
ATOMHa eHepris 55139 - 900 4100 1200 600 - - - -
Bceboro

BCTAHOBJIE HOT 88781 7700 3305 10212 8692 1231 6067 3089 2038 4755
NOTY/KHOCTI

Bapricts noprde s 83.04 84.88 38.71 122.92 95.34 13.73 82.65 33.03 20.33 52.77
Binnaua noprdeas 0.0121 0.0122 0.0050 0.0156 0.0135 0.0019 0.0077 0.0049 0.0034 0.0072
Pusuk noprdes 0.321 0.420 0.174 0.467 0.327 0.052 0.495 0.187 0.192 0.341
Komnanuist E.On RWE Enel
Kpaina Himeyunna| I Beunis | P pannis ITanis Icnanis Beabris [HiMeyunna Hilz;:leeJ:;l::;/m ITanis (Ilc i;Ie alZ)_
(Bype) Byrims - - - - - - 15609 2789 6486 5306
ITpuponHmii ras 1989 1014 828 3710 2010 385 4411 3256 5199 5445
Tinpo-enepris 972 2046 - 531 689 - 375 - 12698 4764
Enepris Birpy 220 125 84 328 648 - 539 - 554 598
Eneprist coHst - - 11 50 100 - 1 - 554 598
TEI] Ha Giomaci - - - - - - 5 - 554 598
ATOMHa eHepris 5746 2511 - - - - 3908 146 - 3318
Bceboro

BCTAHOBJIE HOT 8927 5696 923 4619 3447 385 24848 6191 26045 20626
NOTYKHOCTI

Bapricts noprdeas | 103.40 60.16 9.63 63.15 36.66 - 561.75 66.27 291.84 216.50
Bignaua noprdens 0.0133 0.0092 0.0015 0.0860 0.0056 - 0.0739 0.0103 0.0396 0.0322
Pusuk noprdes 0.450 0.212 0.076 0.340 0.190 0.035 2.511 0.440 1.215 0.874
Komnanuist Iberdrola Vatte nfall Fortum

Kpaina Icnanis | I Benis [Himeyunna| Hinepaanam | @inssinpin | 1 Benis

(Bype) Byrimis 874 - 10633 650 1212 -

Ipuposuwii raz 5695 - 1707 4100 284 -

Tinpo-eHepris 9712 8175 2880 24 1526 3088

Enepris Birpy 5753 - - - - -

Eneprist conrpt 50 - - - -

TEL Ha Giomaci - 189 112 2 55

ATOMHa eHepris 3410 6974 - - 1460 1820

Beboro

BCTAHOBJIE HOT 25494 15338 15332 4776 4537 4908

MOTYKHOCTi

BapricTs moprdens |  270.41 171.79 149.66 50.35 54.91 53.90

Binaaua moprde s 0.0407 0.0231 0.0270 0.0077 0.0067 0.0077

Pusuk noprde.st 0.866 0.576 1.021 0.394 0.168 0.198

Hespaxkatoun Ha mepexin xommanii Ha BJIE, ix
oreparlii B TpaJuIiiHINA i aTOMHIN e€HepreTHIli € He
MEHIIl aKTUBHUMH — TIOTOYHI MOPTQeIi KOMIaHiid He
€ CTpaTeriuHO BUITPABJAHUMH, IIPOTE HA MaWOYTHE,
BiJITOBITHO IO 3asIBIICHUX I[iJIeH, OYiKYIOThCS 3MiHU.
Lle MOsICHIOETHCS THUM, IO HA ChOTOAHI chopMoBaHa
3Ha4YHa BUPOOHHMYA IOTYXKHICTh, MOB'3aHA i3 HEIO

iH(QpacTpyKTypa, a TaKOXK € HASBHICTh CIIOKHBAadiB,

3AJIEKHUX Big CJIEKTPOCHEPril, BUPOOICHOT
«TPAJULIHHAMUY TEXHOJIOTISIMHU.
Ha piBHI eHeprokoMmaHiii BiAMOBIAHO [0

CIIOCTEPEIKEHb JOCIHIHKSHHS MalOTh MiCIle HACTYITHI
MIPOTHO3KM CTOCOBHO 3MiH Y CKJIaZi eHepromoptdesto
KoMmIaHii (puc. 1):
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Puc. 1. Icropuunmii (2007-2014pp.) i nporHo3uuii (2015-2025pp.) 3aransHuii 00csaT renepyrodoi
MOTY>KHOCTI B KOMITaHisix, MBT

Crocrepiratloun NMEpCHeKTHBU 3MiH Yy 3arajbHii  3MEHIICHHA OO0CSIry aToMHuX, ByriipHHX Ta BJIE
TeHepYyIoUill MOTYKHOCTI KommaHiii (puc. 1), ciaim  HOTYXHOCTEH; IpH LIbOMY, KOMIIaHisl HaBiTh Yy
BIIMITHTH Te, IO Maibke BCi KOMMaHii mokasyorh 2025 p. 3aMIIaTUMEThCS JIEpOM 3a 3arajbHUM
TEHJCHIIIO g0 ii 30uibiieHHs. Jlume B EDF  00csrom morykHOCTI.

CIOCTEpIraTUMEThCS CllaJiHa TEHACHLIS 3a PaxyHOK
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B po3pizi ckmamy enepromoptdens Kommaiit
CrajJiHa TEHJCHIiI Yy aTOMHIM TMOTYXHOCTI Mae
KOMIICHCYBAaTHUCh PO3BUTKOM BJE i
TiAPOTIOTYXKHOCTEHM, a MPUPOAHHWNA Ta3, CKopime 3a
BCE, IOYHHE BUTICHSATH BYTULISL.

Jlis yHUKHEHHS 3pOCTaHHsS BapTOCTI 1 PU3UKY
eHepromoptdeneld KOMIaHid Taki TeHIEHIN{ MOXYTh
OyTH BUIPaBIaHUMH B paszi TOTOBHOCTI pIiIlleHb
CTOCOBHO 3aMiHM aTOMHOI TeHepalii, cTaOimbHOCTI
I[iH Ha IPUPOJTHUHN ra3, MOXKIMBOCTEH OaTaHCyBaHHS
reHeparii exekrpoereprii Big B/IE.

VY Oynp-sikoMy BUMAAKyO TpH MPOBEACHHI OL[IHKH
ONTUMAIBHOCTI MaHOYyTHIX TEHIEHIIIH HEeOoOX1THO
BpaxoBYBAaTH IIO3UIIII0 KOMIIAHIi MO0 TIE€BHOTO
pusuky. AHami3 npedepeHiid, MO € eIEeMEHTOM
KOMIUICKCHOTO ~aHalli3y pillleHb, Mir Om Oytn
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KOPHCHAM MEXaHi3MOM IS OIIIHKH 1 3aCTOCYBaHHS
KOPIOPATUBHOI NOJITUKY NPUHHATTS PUZHKY.
BucHoBoOK. 3anpornoHOBaHWHN MiAXia 10 aHATI3Y
€HEeproreHepyrdoro moprdens A03Boisie OymayBaTH
MaTeMaTH4YHI MOJelNi, fKi arperyioTh IIHPOKUM
Jliara30HOM Pi3HOTUITHUX BXIJTHUX NaHUX. 3BUYANHO,
MaHU{ TIOXig Mae OUTbIle IepeBar, KOJW BimoOMi
ITOYAaTKOBA 1 KIHIIEBA BAPTOCTI TEXHOJIOTIM, a TaKOX
KoeeLieHTH KOopensaliid TexXHoJorii y moprdeni
KOHOI1 KOHKPETHOL KOMITaHii. ITepeBaroro
MPOBEJEHOTO JIHIHHOTO TPOTHO3YBAaHHS € WOTO
OOrpyHTOBAHICTh TOMNEpEAHIMH TEHICHIISAMH, aie
HEJO0JIIKOM MOXKe OyTH Te, IO Il TEHJICHIIi MaloTh
yHepemKeHni BIUIMB Ha MalOyTHE 1 HE BPaXOBYIOTh
MOJITHYHI BTPYYaHHS Ha PUHKY €JIEKTPOCHEPreTHKH,
a TaKOX «PYyHHIBHUIY BIUIMB HOBITHIX TEXHOJOTIH.
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B pobomi oocridscyemvcss mamemamuuna mooens Hetipoounamiku Xonghinoa. Buxopucmosyemovcs
302aNbHONPULUHAMA  «EIeKMPUYHA  THMEPRpemayiny, Npu 6UKOPUCMAHHI AKOI 3a OO0NOMO2010 3AKOHY
Kipxeogha moodenv ounamixu 3anucyemocs y @uensdi cucmemu 36UYAUHUX KEAZLIIHIUHUX OughepenyiaibHux
pisHanb. B pobomi pozensioacmvcs cucmema 6e3 3ani3HeHHS, AKA MAE GUOLIEHY JIHIUHY 4aCMUHY
diaeonanvroeo suenady. Ha eiominy 6i0 éidomux pobim [3] mampuys niHitiHOI yacmuHu He € 0OOUHUUHOIO.
Henininini  pynxyii. 3a0o06onvusitomv  ymosam Jlinwuysi 3  pisHuMu, OOCMAMHbO MATUMU, CHATUMU.
Ilonepednvo 3Haxooumvcs cmayioHapHa mouxka cucmemuy pieHsaHb OuHamixu. Bona eionosioae ycmanenomy
pesicumy pobomu HellponHoi mepedici. 3a 00NoMO2010 3aMiHU MUNY «NApaieibHO20 NEePeHocy y NOoYamox
KOOPOUHAmM» OO0CHIONCEHHs CMIUKOCMI CMAYIOHAPHOT MOYKU 3600UmMbC 00 OO0CHIONCEHHSA CMIUKOCH
HYIbOBO2O CMAHY PIBHOBACU, WO O0360JIA€ BUKOPUCMATU MPAOUYTUHT MemoOUu OOCHIONCEHHS CIIIKOCMI
OuHamivHux cucmem. s 00CHiOdNCeHHs CMIUKOCMI BUKOPUCMOBYEMbC Opyaull memoo Jlanynosa 3
@yukyicio xeadpamuuno2o euensdy. Axwo aiHilHG Yacmuma cucmemu «npesanioc neped CManumMu
Jlinwuysy, mo cman pienogazu cucmemu € 2100a1bHO acumMnmomuyno cmivkum. OOUUCIEHO 3AN1eNCHOCH
mide xoegpiyienmamu AiHiUHOI wacmunu I cmaiumu Jlinwuys, npu  GUKOHAHHI SKUX 2APAHMOBAHO
ACUMPMOMUYHY CMIUKICMb cCmany pisHosazu. Ompumani pe3yromamu cqhopmynbo8ari y 8uiisoi meopemu.

Kouosi cnosa: mamemamuuna mooeinsb, OUHAMIYHA cCUCMEMA, HeUpoOuHamixa, moodeib Xonginoa,
pieHogaza, acCUMnNmMoOmMu4Ha CMIUKiCme.

The paper investigates the mathematical model of Hopfield's neurodynamics. The common "electrical
interpretation” is used, in which, using Kirchhoff’s law, the dynamics model is written as a system of
ordinary quasilinear differential equations. The paper considers the system without delay, which has a
dedicated linear section of the diagonal form. Unlike the known works [3], the matrix of the linear part isn’t
single. Nonlinear functions satisfy the Lipschitz conditions with different, sufficiently small constants. First
of all, a stationary point of the system of dynamics equations is found. It corresponds to the steady state of
the neural network. By replacing the type of "parallel transfer to the origin of coordinates”, the stability
study of the stationary point is reduced to the study of the stability of the zero state of equilibrium, which
allows us to use traditional methods for studying the stability of dynamic systems. To study the stability, the
second Lyapunov method with a quadratic function is used. If the linear part of the system "precedes the
Lipschitz constant”, the state of equilibrium of the system is globally asymptotically stable. The dependences
between the coefficients of the linear part and the Lipschitz constants, in which the asymptotic stability of the
equilibrium state is guaranteed, is calculated. The obtained results are formulated in the form of a theorem.

Keywords: mathematical model, dynamic system, neurodynamics, Hopfield model, equilibrium,
asymptotic stability.
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Back in 1943, scientists Warren McCulloch cells with their connection as some logical
and Walter Pitts suggested that nerve cells can be expression. From the totality of such elements, it
considered as logical elements and the system of is possible to create an apparatus that simulates
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complex behavior. The same scientists belong the
definition of "neural networks" [1]. The article
deals with the Hopfield neural networks with
feedback [2,3].

1. Dynamic Hopfield networks. General
provisions.

In the theory of neural networks two main
tasks are distinguished: training and functioning.
The neural network is trained to give a desired set
of output values for a number of input signals.
Training is carried out by sequential presentation
of input vectors with simultaneous adjustment of
scales in accordance with a certain procedure. In
the process of learning, weights of the network
gradually change so that each input vector
produces the corresponding output vector [2-4]

There are two main types of networks:
networks with feedback, in which the output
signal is fed back to the input of the network, and
networks in which an output vector is calculated
for each input vector, which is read from the
output neurons. In this case, there are no
feedbacks, and there is a direct flow of
information.

In neural networks when the output signal
is fed back to the input, an iterative process arises
and a network with feedback is obtained. This
network structure is called auto-associative. The
described type was firstly proposed by Hopfield in
1982 [1]. Initially, a vector was fed into the
network, the elements of which were 1. The
further steps of the calculations occurred
according to the iterative scheme

31(k)= 15, (k). xi<k+1>=f’g;wi/y_,<k>.

The calculation was suspended when the
image began to repeat (or slightly changed). Thus,
the mathematical model of neural network
dynamics could be described by a system of
difference equations.

2. Investigation of stability and obtaining
estimates of convergence in dynamic Hopfield
networks.

Let the Hopfield net be given. It will have a
dynamic balance if an image that is mapped is fed
into its input. From the point of view of physics,
the total energy of the system at this point will be
minimal. The energy function (essentially, the
Lyapunov function) can be specified as the sum of
the kinetic and potential energies
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1 n n
V(y)= 3 ngyyfy_/ + me :
k=1

i,j=1

And, as follows from the theorems of the
second Lyapunov method, the stationary state of
the network will be asymptotically stable if the
Lyapunov function is positive defined, and its
total derivative along the iterations is negative
defined. If we assume that the iteration steps are
small, then we can pass from the difference
system to a system of ordinary differential
equations. In this paper we study continuous
Hopfield networks without delay [5]

dv (¢ 1 <
C y’()=—Eyi(f)JfZlVi/‘/’_/(y_/(t))”LIi’ 120,
i j=

(1)

" odt
If the processing time of the signal is taken
into account, then systems of differential
difference equations with delay are used

dy(e) 1 y
c y; (¢) _ _Eyi(t)—'— Zlvijcpj(yj(f—f))’”k )
i J=

2)

i=ln.

"odt

t>0,i=Ln.

Here 7n- number of neurons in the network,
y(t)= (3, (), 5 ()., v, (2))" - vector of network
state intime t >0; R., C,, I, i=1,_n -
respectively, resistances, capacitances and

. 1
external currents. By replacing a, = ——,
R,C,;
V. I ]
; ZFU’ I[O =—,i=Ln, j=1,n in systems

(1), (2) can be reduced to systems in the standard
form

dy; (t)

d :_aiyi(t)’Liwg‘/‘/’_/(y./(t))’LIiov 120,
1 =

G3)

dy,(t .
dt( ). _“iyi(f)Jr;w!/‘/’_/(y./(t_f))’LI"O 120,

i=ln

4)

3. Stability of networks without delay. The
method of Lyapunov quadratic functions.

We consider a system of differential
equations without delay (3). As follows from the

i=ln
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statement of the problem, a, >0, k=Ln -
functions ¢,(y), I=Ln -

continuous and satisfy the Lipschitz condition; i.e.

constants, are

|(Pl(y+Ay)_(Pl(y = l=L—”~ (%)
Suppose that the system of equations
a,yﬁzw;/fp_/(y_/)”? =0,i=Ln  (6)
j=1

has the solution in point M, (ylo,yg,...,y,?),
yio >0, k=1,n. Making the substitution

ve6)=x, )+ i, i=Ln.
After including the substitution in system (3) we

5, (1) + 00 J+ Z 0,5,

i=ln.
Rewrite the obtained system

Z%bi

i=ln.
Making the substitution

Flx,0)=0,0,0+3)-0,05). =

Than the system (3) is

Z,,,( 1), i

with @ﬁnza
stability

)+Ii°,

0+ 3)-9,00)

)'ci ——ax

ILn.

After this the

study of the equilibrium position

substitution,

Mo(ylo,yg,...,y,?) system (3) is reduced to the
study of the stability of the zero equilibrium
position of the system (7). We introduce the
following notation

c; =h ( L,w”) ¢ = (h,L/w,/ + h/L,wﬂ ),
h Cn

i, j=ln, C= Cp Cp Con ' ®)
Cin Con Con

The following conditions hold for asymptotic
stability.
Theorem 1. Let the system of equations (6) has

the solution Mo(ylo,yg,...,y,?), yio>0, i=ln,

and there are constants />0, i=1,_n, under

which the symmetric matrix C is positive defined.
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Then the stability equilibrium M (ylo VY sy ) is
globally  asymptotically stable. For the
convergence of the process, the inequality takes

place B
|x 1 Zexp{ )"‘*‘#(C)t}

Evidence. To study the stability of the
equilibrium position M (ylo VY ) ) let use the
Lyapunov function of the quadratic form (kinetic

energy)
I, o
2 ; {hdd)

Its total derivative, in view of the system of
perturbation equations 7, has the
form

%V(x(t))=§h t{—ax z @y /( )]

Or

h>0,i=

n
- S hasi(
i=1

Using the Lipshits (5 ), got

%V(x(t))s

<3 a2+ Y)Y hL o, b ) o)
Set B o
ci=hla, - L), c; =- @g%+@g@)
ij=ln, C=| @ =

Then for the total derivative of the quadratic
Lyapunov function, by virtue of system (7), has
inequality

V(1) = A (Ch )

where A4, (C ) - the minimal eigenvalue of a

symmetric matrix C. As follows from the
inequalities of quadratic forms, the two-sided

inequality holds for the Lyapunov function.
L0 <7 (x(0)) < %hm Ix(e)’

9
2 min ( )
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Therefore, the full derivative will be satisfied

9y (o)< _211“1;1?(0) V().

Integrating, we obtain

V()< V(x(o))exp{_ z”"T(C)t} |
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Using again inequality (9) to estimate the
convergence of the process, we obtain

|x(t) < %exp{— A‘T(C)t} :

Theorem is proved.
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Hymepaiist po30uTTiB MHOKHHH Numbering of set partitions
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B cmammi poszensoaromsbcs memoou Hymepayii po30ummieé CKIHYeHHUX MHONCUH. 3anponoHo8ai
anzopummu 003801s10me obuucoeamu nomep (indexc) posbummsa ma Oyoysamu po3oumms CKiHYeHHOL
MHOMCUHU 3a 11020 HOMepom (indexcom). /[t 001020 3 Memo0ie NOKA3AHO, K OYOYEMbCSL 0ePeo HOULYKY, SIKe
Xoua i He € PIBHOBANCHUM, Alle MAE BUCOKY wUOKicmb cnycky. Hasedeni memoou Oaromv marodic
Mooicnugicms 6y0ysamu HaACMynHe po30ummsi MHONCUHU 051 3A0AH020 po30ummsi, AKWO, 368iCHO, 3a0aHe
Po36umms ne € ocmanHim 3a Homepom (IHOeKcoM), Wo 8aANCIUBO O BUNAOKY ceHepayii ycix po3bummie danol
CKIHUEHHOI MHOMNCUHU. AHANO2TYHO MOJCHA 0OYUCTIO8AMU NONEPEOHE PO3OUMMS 014 3A0AH020 PO3OUmMMmA.
Yei memoou nasedeni 3 demanvHumu aneopummamu ma NOCUIAHHAMU HA KOO BIONOBIOHUX NPOSPAM, SKI
suxnadeni y mepesici lnmeprem.

Knrouosi cnoea: posoumms ckinuennoi muooicunu, nomep (inoexc) po3doumms CKIHYEeHHOI MHOJMCUHU,
NOULYK [HOEeKCY po3oummsi CKIHYEHHOI MHOJNICUHU, BIOHOGNEHHS PO3OUmMMms CKIHYeHHOI MHOJICUHU 3d 11020
iHOeKcoM.

Here we consider ways of set partitions numbering and obtaining the index of specific set partition or
finding a set partition by its index. One of these methods is shown to have a search tree that is not an
equilibriumonethough it hasrather good speed of descent dueto the appropriate algorithm. These approaches
make it possible to build next set partition for the current set partition if the current set partition is not the last
one. This feature is rather useful if one needs just to generate all possible partitions for a given finite set.
Smilarly, onecan easily obtain the previous set partition for the current set partition if the current set partition
isnot the first one. All mentioned methods ar e given with appropriate detailed algorithms and links to the code
placed in the Internet.

Key Words: partition of a finite set, index of a finite set partition, obtaining of a partition set by itsindex.

CratTiO ipeacTaBuB 1. §.-M. H., mpodecop Xycainor J1.51.

Here we’ll introduce ways of set partitionsB, =15. More information on these numbers and

numbering and obtaining the index of specific Sgfeir properties one can easily find in books or
partition or finding a set partition by its index. internet. In our above exampfe= 3 and B, =5.

A partition of a set (PSX is a grouping of . . .
the set's elements into non-empty subsets, in chWe d l'ke. to ”“”.‘ber five mentlor_1ed PS we
uld do it in different ways without any

a way that every element is included in one afid bl houah whem | her big then th
only one of the subsets, i.X is a disjoint union problems though whem s rather big then the

of the subsets ([1], [5]). The sets in PS are caII@Hmbering turns t9 be a real prob;em. Bell
blocks, parts or cells of PS. For example, the §etmbers grow rapidly, e.g.B,, >410°, and
X ={1,2,3} has five different PS[{1},{2},{3} }, sometimes it is rather difficult to write down all

PS, put them in some order and obtain the index
{{1' 2}’{3}} : {{1’ 3}’{2}} ' {{1}’{2’3}} and of specific PS or to find a PS by its index. Here

{{1,2,3}} . I's common knowledge ([1], [3], [4]) the word index means the index number (serial

that the total number of PS of anelement set is "Umber) of a specific PS. \We are going to
the Bell number B.. The first several Bell introduce here two ways PS-numbering for quick

I : __ Obtaining the index of specific PS or finding a PS
numbers areB, =1, B =1, B, =2, B;=5, by its index. One can find some partial algorithms
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of ordering, generating and indexing of PS ([1],

[3], [4]) while we're going to introduce the 0
method that allows effectively solve all these
problems. v
Method 1 (Sharapov M.). [ ] [ ]
Let's start with a simple example. Let’s build {1,2} {1 {2
all PS for a setX ={1,2,3} like so. We'll deal Then there are two ways to deal with next

with elements{l, 2,3} one by one starting withelement 3 within blocKl, 2} and three ways to
{1} . There are only two ways to deal with nexteal with element 3 within set of block§ and
element 2 — it may walk into blog&} changing {2} . All these five ways are shown at the
it into block {1,2} or can form a new blockfollowing picture.

thereby creating set of two block$ and{2} .

{1}
\ v \ v v
{1,2,3} || {1,2}{3} {1, 3} {2} {1}{2, 3} {1} {2} {3}
23| [ Jlwes Jlwas |

Well, we have built a tree with 5 leaves and Really, it is enough to realize thak
their order from-left-to-right determines theorresponds to the number of those elements

indexes of corresponding PS. To make it clegrg{%ﬂ,_“,an} that will not get into blocks
how to automate this process for large values of

n we’ll need the following statement. like {ay,..} ..o {am. ) (n—mj i< a number of
Lemma There are K
N (n,m) :ri" M g, ways to choose thesk elements;m™* is a
’ o\ K number of ways to distribute the rest-m-Kk

ways to form a PS for a sf#y,a,,...,a,,,... ,a,} €lements on blockga,,..} ..., {an,.. } ; and B

is a number of ways to arrange théselements
into some new blocks.

This lemma helps to obtain the number of
leaves that correspond to each node of our tree.

Bo= 2 w2 [EEEE

when its m elements{a,,a,....,a,} get into
different blocks.

v v v v v
{1,2,3 || {1,2}{3} {1, 3} {2} {1}{2, 3} {1} {2} {3}
23| I Ilwes Jlwas |
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Furthermore, it seems I‘ather User| fOt’ CaICU|H§mberS and numberg\l( ) mentioned in

that each level node child-boxes (may be except : K .
the last box) has the same number ?Ogmma. For testing these algorithms see [6], [7].

: . This approach makes it possible to build next
corresponding Ieavizs. we can.not see this eﬁﬁ%‘ for the current PS if the current PS is not the
at our scheme fon=3 though if we deal, say,

with n=4 then we could find two boxes witH@St one. LetA={A,...,A} isacurrent PS other
N(3,2)= 3 corresponding leaves. These trees argin {{1},{2}, 4hn } ; t=|A], n is a maximum

far from equilibrium ones thoug'h they .haVEIement;i nl A . Next PS will be denoted by
perfect speed of descent in appliance with the . -
following algorithm. Next(A) while next(A,a) means building

This approach makes it possible to writdlext(A) followed by replacement of blocky

down algorithms for both obtaining the index afjith A 0{8 . Under these notations we have
specific PS and finding a PS by its index. For .
these algorithms are very similar we’ll present (A A M AT R Ab i<t
here only the algorithm for obtaining the index drexXt(A) ={A.....A \{h{ h} =t Al
specific PS. Lem be an array of block-numbers next(A\ A, n), i=t,|A E L

for our elements, i.e. if should be inj -th block Finding the previous PS is similar to finding
thenm = j. Let's n>1and cardinality of the setthe next PS so we’ll omit its description.

V will be denoted byV |. As usualt =1 means  The online forms of these algorithms are

..  rilat —— . located over [8] and [9].
tt | to 1” whilet ==1 t : . ,
evéﬁaslio 1?qua 0~ whie means 1 1s Method 2 (Lamzin O.) Searching algorithms

+th
The algorithm for obtaining the index on' PS.

- To solve this problem we need to introduce
specific PS compare operators for multiple-sets and
1. Let A ={1} while array of blocksA={A} ; partitions. These operators allow us to i§ePS

V ={2,...,n}, index =0. without generating all of them.

. compare_multiple _sets(A, B):
2. While [V p0do if len(A) < len(B): return -1
a. t=|A|, b=min\V), t, =t+1. if len(A) > len(B): return 1

. sort(A); sort(B);
b. If b should be in blockA for any for i := 0to len(A):

i =1t thent, =i. if A[i] < B[i]: return-1
c. If  t== and t, == then IfAl] > B[i]: return 1
_ return O
index = By | €lse lex.:[1,2,2,3]1>[1,2], [1,2,2,3]<[2,2,

. 2], [1,2,5,6]=]1, 2,5, 6].

Tt <t then compare_arrays by min_element(A, B):
index =index +(t, —1)}N(t+ [V |-1t).  if min(A) < min(B): return-1

d. Removeb from arrayV . IrLtlerr:%) > min(B): return 1

e. If t, <t then addb to block AO else jrex.:[1,2,3]<[2, 2, 3,4],[2]>[1, 2, 7, 6,
71 =15, 5, 15].

_ compare_partitions(A, B):

3. Return valueindex+1 as required value. if len(A) > len(B): return -1

This algorithm works rather quickly for:;‘?@)ﬁ elnaaizr)n)rg? :tner# inA] /] A=
n< 300 in spite of use of long arithmetic. Wellr; 2]' [34,5]] — lenA = [2, 3]

for speeding it up we precomputed arrays of B% e T e ;

create new blockd ; ={ .

B :=[ len(item) for itemin B ]
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if cmp:=compare_multiple_sets(lenA, lenB) = partitions number for each block. That is why we
O: return cmp can find the exact block whei® PS is located.
sort_by min_element(A); So, here you could see the first step of geitfhg
sort_by min_element(B) PSwithout generating all of them.
for i:= Otolen(A): The second step. Forming of searched
if cmp := compare_multiple_sets(A[i], B[i]) !=  partition
O: return cmp At the first step, we identified the block where
return O i"" PS is located. That means in fact that we
Ilex.:let A=1[[7, 3], [6, 2, 4], [5], [1]], B #[2, identified the arrayen, for our PS:
4, 6], [3], [1]. [5, 711, ={c,... ciiCpree By ree
/lenA =[1, 1, 2, 3] = lenB, e {Cl’ Care or by CN}’
1A =[], [2, 4, 6], [3, 71, [5]], B := [[1], B, 4, G<C<.. <Gy
6], [3], [5, 1], Let len, = {2, 2, 3, 4}. So our exact block
/I So, A[2] > B[2]— B is less than A. looks like: ({1, 2}, {3, 4}, {5, 6, 7}, {8, 9, 10,
The first step. The structure set of all 11)), ..., ({1, 11}, {2, 8, 9, 10}, {3, 6, 7}, {45)),
partitions ({1, 2, 3}, {4, 5}, {6, 7}, {8, 9, 10 ,11}), ..., {1,

Let's generate all partitions of some set, writ®, 11}, {2, 7, 8, 9}, {3, 6}, {4, 5)), ({1, 2, 34},
down to the array and sort using compa(s, 6, 7}, {8, 9}, {10, 11)), .... ({1, 9, 10, 11}{2,
operators you see above. We can identify certging}, {3, 6}, {4, 5}).
patterns. For example let's discover set {1, 2, ... The first are partitions with number 1 as item
6} and its partitions. For the beginning let'sf set where we have capacity 2. The next ones
represent 6 as a sum of natural numbers 6 = 1 4rd with capacity 3 and 4. We can estimate the
+1+1+1+1=1+1+1+1+2=1+1+1rumber of partitions where number 1 is an item
3=1+1+2+2=1+1+4=1+2+3=2+¢f sets with capacities 2, 3 and 4.
+2=1+5=2+4=3+3=6. This yields the Let number 1 be item of set with capacity
sorted array of partitions: ({1}, {2}, {3}, {4}, len, =len /{t} There are
{5} {6}), ({1}, {2}, {3}, {4}, {5, 6}), ({1}, {2}, " )

{3}, {4, 5}, {6}), ({1}, {2}, {3}, {4, 6}, {3}), ... 4

(1}, 2}, {3}, {4, 5, 6)), ({1}, {2}, {3. 4, 5}, k=Crim(len,) )

{6}, ({1}, {2}, {3, 4, 6}, {5}), ({1}, {2}, {3, 5,

6}, {4}), ... ({1, 2, 3, 4, 5, 6}). The first are sinc location combinations of other unused numbers
partitions, thaten, = {1, 1, 1, 1, 1, 1}. Next is in forming PS. Unused numbers will be also
the part, wherden, = {1, 1, 1, 1, 2}. The nextincluded to the same set as number 1. There are

one is the part, wherten, ={1, 1, 1, 3 and so m(len,,) ways to extend PS, which we form

on. The last one consist of one partition, whestep by step for each combination of set with

len, :{6}. number 1.

Therefore, using«) we can get:

1) capacity of set with number 1;

G- Gy} 6 <C,<...<Cy; ki - number of  2) all of other numbers included in the same

set that number 1 (we know how many partitions’

sequels exists for each possible combination of

CoChs O other numbers). Here you have to solve simple

AT Vi E i A problem of combination retrieval by its index.
KK,!... k! So, we identified the first set of PS. Next, we
will repeat the same steps considering that some
For each block we can calculate the numbermfmbers are already used.

belonging partitions usingm function. As we  Forming PSalgorithm

know all the partitions of number as sum of Let

natural numbers, we can calculate belonging® A -searched PS;

If A={1,2... n}, len, ={c,...c..C, ... C,,
c inlen,, M - capacity oflenA, then

m(len,) =
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o len, ={c,...c.Cn. Cyros By +o- Cn) s
¢ <C, <...<C,
items.

o wused ={} - set of numbers directly

located in searched PS.

2016, 4

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

and other unused numbers. Each of these also

- aray with capacities of ahave m(en, Nlen,[i]) ways to extend partition.
We cut down the search interval after selecting

combination. Therefore, we need to select
combination that gives us interval with searched

e partition := {} - partition we will build PS. Let{ai,az,-.-,am[i]_l} are included in the

step by step.

1. Let a::min({l,z, .} Nsed). Let's

look through all unique items of arrdgn, in
ascending order, and will use variabta,[i] for

same set as numbar.
st = used U2 2 - 1)

partition ;= partition U{ a,8,,8,,... 'qu[i]-l}

it. By the fact, we look through all possiblden, :=len, /len,[i]If len, ={} or||used|=n

capacities for set with numbarWe can identify ,, o go to the step 3. Otherwise, go to the step 1.
interval of partitions indexes with next set's 3" Tha end of the algorithrr;partition- is

capacity equalslen,[i]. If searched PS indeXsaarched partition.
belongs to the interval we go to the step 2 of You can find the implementation code at [10].

algorithm.
2. used:=usedU{a}. There areC'l*

n-used|

ways to form the set, which consists of numaer
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Y pobomi pozensioacmocs 3a0aua ananizy ma OYiHIOBAHH 6MICMY XA0PODINY HA OCHOBI GUKOPUCTHAHHS
cnekmpis iobumms pociunHocmi. Po3pobieno npuxnadue npozpamue 3a0e3neuerts 01 080X 6aApPiaHmMie
BUKOPUCTHAHHA: eKCHPeC-OYiHIO8ANHA XA0POPINy 8 POCIUHHOCTHI 6 NOAbOSUX YMOBAX MA HPOSPAMHE
sabesneyenns WINCHL 3 wupoxum Hadopom iHcmpymenmie yu@posoi ginbmpayii ma 321a094CY8aHHS,
Dyp’e - ananizy, onmumizayii, GUIHAYEHHS 20T08HUX KOMNOHEHM OJisl NOOYO08U pecpecitiHux Mooenel.

Kniouogi cnosa: npocpamme 3abesneuennss, oyiniO8aAHHA 6MICIY XA0POQDINYy HA OCHOBI BUKOPUCAHHSA
CHEeKmpis8 i0OUMMSL POCIUHHOCT, MEMOO 20J08HUX KOMNOHEHM, CHEKMPATIbHI KPUGi 8i00ummsl.

Accurate estimation of leaf chlorophyll level by remote sensing is a challenging problem. Such estimation
is especially needed in an ecologically dangerous environment. Our goal is to develop new software that
allows estimating chlorophyll concentration using remote sensing data for multiple kinds of soil and
vegetation. The software was designed for two variants: express estimation of chlorophyll content in
vegetation in the field conditions and software for digital filtration, regression analysis, Fourier analysis,
optimization, determination of principal components for regression models. The estimation is based on
training data set obtained from the leaf samples collected at various points on the earth’s surface.
The spectrometer was designed to comply with the strict measurement requirements essential for
robust estimation. We have applied pattern recognition techniques as well as linear and nonlinear
regression model approaches. Unlike previously suggested approaches, our methods use the shape
of spectral curve obtained from measuring reflected light.

Key words: software, content chlorophyll estimation on the basis of optical spectrum, method of principal
components, spectral curves.
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1. Beryn
[Ipobnema 1H(pOPMAaTHBHOCTI napamMerpiB
CHEeKTpa BIiOMTTS POCIAMHHOCTI WIOAO PI3HHUX

MOKAa3HWKIB ii CcTaHy aKTUBHO pPO3POOISETHCA
npotaroM ocranHix 30 pokiB. Poboru OGimbid
paHHBOrO mepiogy Oymu opieHTOBaHI Ha MOOYIOBY
PI3HUX BererauiiHuX iHIEKCiB, 10 BUKOPUCTOBYIOTh

CHEKTpaJIbHi KoedinieHTH SCKPaBOCTI. Ix
BHMIpIOBAM 0araToKaHAIbHUMH JUCTAHI[IHHUMH
CHEKTPOpaaiOMETpaMHU.

HamiBmmpruHa CcHekTpanbHOI JUISHKH — TaKUX

kananiB Oyma 30-10 M. Bynu 3Haiineni komOiHamii
nux KoedimieHTIB, SIKi BHABISUIA BHCOKY CTYHiHb
KOpemslii 3 BMICTOM Yy JIMCTKax THX UM IHIIMX
0iOXIMIYHMX KOMIIOHEHTIB, 30KpeMa XJIOpodity.
JucraHmiiiHi BUMIpIOBaHHS 3 BUKOPHCTaHHSAM
TaKOT0 MiIXOAY HA3UBAIOTh MYJIBTHCIEKTPAIbHUMH,
a BIAMOBiAHA amapatypa - I¢ 0araTo30HaJIbHI
ckaHepu. Pe3ynapTaTH Takux BHMIpIOBaHb MalOTh
ICTOTHE OOMEXKEHHS MoA0 Aemr(pyBaHHS AaHUX 3
METOI0 OTpUMaHHS KOpekTHoi iH¢opmanii. Lle
00yMOBIIEHO B OCHOBHOMY JABOMa oOcTaBHHamu: 1)
HEO0OX1IHICTIO MaTu €TaJIOHU KOe(iIlieHTIB
SCKPaBOCTI, sIKi HEOOXiZAHO BUMIPIOBATH B THUX XK€
yMOBax, MO 1 JOCHLKYyBaHWM o00'ekt, 1 2)
CIOTBOPEHHSI KOPHUCHOTO CUTHANy BimoOpa)KeHHS
POCIIMHHOCTI BHECKOM BiOOpa)keHHSA BiIl IPYHTY
mpu  pobOTi 3  (iTolleHO3aMH 3  HEHNOBHUM
MPOEKTUBHUM MOKPUTTSIM.

OcraHHIM YacoM 3Ha4YHE MOMIMPEHHS OTPHUMAaU

JOCHIDKEHHSI, IO CTOCYIOTbCSA iH(OPMAaTUBHHUX
MOXIJIUBOCTEH CIEKTPaJbHUX KPUBUX BIIOWUTTS
POCIIMHHOCTI, BHUMIPSHUX npu BHCOKOMY

CIEKTPaJIbHOMY JA03BOJi. BcTaHOBIEHO, L0 3MiHH
HaXWIy KBa3iNpAMONIHIHHOI AIMSHKU CIEKTPajIbHOI
KpHBOi B 00JIacTi, TaKk 3BAaHOTO, YE€PBOHOT'O Kparo,
680-800 HM, 0OyMOBIEHI BapialliiMH BMICTY
xyopodiny [1-13]. ¥V pmesaxux poOoTax oOCTaHHIX
POKIB Jsi  SAKICHOI OIlIHKKA 3MiH KOHIICHTpAIlil
xyopodimy BUKOPHUCTOBYBAJIN BiTHOIIICHHS
IHTEHCHBHOCTI JIBOX €KCTpeMyMiB y rpadiky 1-oi
noximHoi BiJ CHeKTpalnbHOI KpUBOi B oOmacTi
YepBOHOTO Kparo. B poboti [2] moka3aHo, Mo mpu
OUIBII HU3BKIH KOHLEHTpaWil XJopodiny moMiHye
OLIBII KOPOTKOXBHJILOBUH eKcTpeMyM. Y poOorax
[9, 10] mpomoHy€eThCs BiMHONICHHS IHTEHCUBHOCTI
exctpemymiB mpu 705 i 722 mm, D705 / D722, sk
IuQepeHiaIbHOr0  1HAEKCY Ui  pO3Mi3HaBaHHS
CUTyallili, BIAMOBIMHWUX OumbIIoro ado MEHIIOro
BMICTy XJIOpO(Q1Ty, 1 BHUSBICHHS, TaKHUM YHHOM,
cTpecy y pocnu. [Ipore, BBaxkaeMo, 10 y BETHUHHY
OBOrO BIAHOIIEHHA Ja€ BHECOK (hiyopecueHIis
JIUCTSL.
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ABTOpaMU TPOTATOM PSIIy POKIB PO3POOIISETHCS
METOJIONOTIYHUN TIIXIJT YIS BUSHAYCHHS XJIOPOQLITY
B JIMCTI Ha OCHOBI KOPENALIHHOI 3B'SI3KY IIHOTO
mapaMmerpa JI0 BEIWUYMHHA  BIJHOIICHHS  JIBOX
excTpeMyMiB y rpadiky 1-oi moximnoi [12,13]. Byno
MOKa3aHo, M0 TaKWU{ MiAXiJ O3BOJIIE OTPUMATH
PiBHSIHHSA perpecii aiis po3paxyHKy xyopodiny [11] 1
o 18 opMmyna CTifika MI0A0 BKIAIIiB BiOUTTS Bix
rpyHTy. OmHaK Tmpane3fiaTHICTh METOAY ICTOTHO
3aJeKUTh  Big  piBHI  IIyMy Ha  BHXOHI
BHMIpPIOBAJIbHOI YCTaHOBKH, OCKUIBKM el (hakTop
BU3HAYa€ MOXJIMBICTh PO3pi3HEHHS JIBOX
excrpemyMiB y rpadiky 1-oi moximHoi. Kpim Toro,
JUTsl  TIPUJIaJIOBOi  peamizamii Meromy HEoOXiTHO
po3poOMTH  cmocid  aBTOMaTHYHOTO  MOLIYKY
MOJIOKEHHS €KCTPEMYMIB 1 IX IHTEHCHUBHOCTI.

3a3HaveHi HEMONIKM 3allpONOHOBAHOTO MiAXOMy
CTUMYJIIOBAIM TIOUIYK ajdbTEPHATHBHUX METOIB
BU3HAYECHHS xyopodimy 3 BUKOPHUCTAHHSIM
CIIEKTPalIbHOI KpWUBOI BiOWTTSA. AHANI3 METOJIB
JTIO3BOJIUB 3alpOIOHYBATU 1 OOIPYHTYBAaTH HOBUH
MIiJX1]] HA OCHOBI BiJIIyKaHHS TOJIOBHIX KOMITOHEHT.

[ mepeBipkM 3aCTOCOBHOCTI  pO3pOOJICHHX
BIIPOBA/UKCHHS B IIUPOKY NPAKTHKYy HEOOXiMHUU
MOJILOBHMI TIpWJaJ JJs BUMIPIOBAHHS CIIEKTPIB
BIIOUTTS POCIMHHOCTI. BiH MOBWHEH BiAmOBimaTH
pany cnequdiyHUX BUMOT, IO O0OYMOBIIOIOTH HOTrO
KOHCTPYKTHBHI OCOOJIMBOCTi, a TaKOX BKJIIOYATH

cremianizoBaHe TporpamMHe  3a0e3reueHHs s
po3paxyHKiB  xyjopodiry  3a  po3poOICHUMHU
aJTOpUTMAaMH.

2. IIporpamue 3a0e3ne4eHHs ST AHAJTI3Y
CHEeKTPAJIBHUX KPUBHX Ta OLiHIOBAHHSA
BMICTY XJ10poginy

3 MerTor aHalizy Ta OUIHIOBAaHHS BMICTY

xJopogpity B POCIMHHOCTI Oyno po3poliieHo
npuknanHe mporpamuHe  3abesmeueHHs  (ITI13)
WINCHL. BoHO cknmagaerbcs 3  HAcCTYIIHHUX

(YHKITIOHATBHO TOB'S3aHUX ITIICUCTEM: MiJCUCTEMHU
yhnpaBiiHHS, 0a3u AaHuX, 010J1I0OTEKH anrOpUTMIB,
rpadiuHoro  iHTepdeiicy s B3aemomii 3
KOPHUCTYBaueM.

CTpykTypHa cxema HOro mpeiacraBiieHa HIDKYE

(puc. 1).
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I'paguueckas moacucTema
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Matlab tools

Puc.1. CtpykrypHa cxema I1113 WINCHL

Cucrema WINCHL npusnHadeHa s BUPILICHHS
HACTYITHUX 3aBJIaHb:

e OTpUMaHHS  CHEKTPAJIbHUX  JaHuX 31
CIEKTPOMETPA;

e Oo0umciaeHHs 3Ha4YeHHS xjopodimy 1O
OITHOMY 3 PO3POOJICHUX aNTOPUTMIB;

e 30epeXeHHs pe3yabTaTiB y 0a3i JaHuX.

[I13  pospobneHo IS  ABOX  BapiaHTIB
BUKOpucTaHHA. [lepmmi, axuii Mmae HazsBy USWHL,
MpU3HAYCHUI I eKCIpec-OLiHIOBaHHS XJIOPOQily
B POCIMHHOCTI y TONBbOBHUX yMoOBaxX. Y QyHKUil
USWHL BXoauTb: OTprMaHHS CIIEKTPAIbHUX AaHUX
31 cmekTpomerpa, OOYHMCICHHS  KOHIICHTPAIIil
xJIopodiny 1 30epexeHHs pe3yabTaTiB B 0a3i TaHUX.
Leit Bapiant IIII3 mpocTuil y BHKOpUCTaHHI Ta
Jno0pe MiAXOAWTH sl HAKOMMYEHHS CIEKTpaJbHUX
KpUBUX B 0a3i JaHWX, OTPUMAaHHS IIBHIKICHUX
OLIIHOK BMicTy xyiopodiny B pocnuHHOCTI (puc. 2,
puc. 3).
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Puc. 3. PesynbraT poGoTH BapiaHTy A
kopucrtysauis [1113 WINCHL

Hpyruii, sxkuit mae nHassy WINCHL 3
IIUPOKUM  HAOOpOM  IHCTpYMEHTIB  aJs
00pOOKH TPAEKTOPIll CTIEKTPaIbHUX KPUBHX Ta
NOCIIJDKEHHS iX BiacTuBocTed. biOmioreka
WINCHL wmictute aixroputMud  LugpoBoi
¢umeTpanii 1 3rnamkyBaHHs, Dyp'e-anamisy,
U epeHITiIOBaHHS, ONTUMI3allil, BUSHAYCHHS
TOJIOBHHX KOMITOHEHT, MHOXXHHHOI perpecii.
Bizyaneamii  xoHCTpykTOp anroputmis [1113
WINCHL pmo3Bonsie  JOCHIIHWUKY — 3aJaTu
HEeoOXimHy KOH(]irypamito ANTOPUTMIB
00poOKHM  CHEeKTpalbHUX KpPHBHX Ta IX
napaMeTpH 3a CBOIM OakaHHSIM 1 GopMyBaTH
Pi3HI MOCIIJOBHOCTI alITrOPUTMIB OOYMCICHHS

xyopodiny (puc. 4).
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Puc. 2. Kopuctysangpke I1113 WINCHL
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Hns peanizauii po3poOneHOro HaMH METOAy i3
3aCTOCYBaHHSIM T'OJIOBHMX KOMITOHEHT CIIEKTPajbHOI
KpPHBOi, a TaKoX METOAy 3 BUKOpPHCTaHHSIM 1-oi
moximaoi  [11, 12] HeoOXimHUE  MOMBOBHI
CIEKTPOMETP 3 BHCOKHM CIIEKTPAIBHUM JI03BOJIOM,
He ripme 1-2 HM. Jpyruii 3 MeroniB mpex'siBiisie
BHCOKI BUMOTH JI0 PiBHSI CUTHAJ/IIyM. 3a HaIIMMHU
OL[IHKaMH piBeHb IIyMy HE MOBHUHEH IEPEBUIITYBATH
0,1% Bix mkamu npunaxy. OOHIBI LI BHUMOTH —
BHUCOKUH CHEKTpaJbHUN MO3BUI 1 HU3BKUHA DiBEHb
oIyMy, € TakUMH, L0 CyIepedyaTb OJUH OAHOMY,
OCKUIBKM ~TepIie 3 HHUX BUMarae 3BY)KCHHS
CHEKTPaJbHOI IIMPUHHU BXITHOI LIUIMHU TpUJany,
IO 3HWXXYE IHTEHCHBHICTH CBITJIOBOTO MOTOKY 1,
OTXe, CIpHi€ MiABHIICHHIO BiJHOCHOI BETWYHMHU
mrymoBoro  curfamy. Li  yMOBM  MOBHMHHI
MOEAHYBATHCS 3 BEIMKOIO BEIMYMHOIO TUHAMIYHOTO
Jiana3oHy, OCKUTBKM Ma€ MiClle BEIHMKHI Teperna
3Ha4YeHb Koe(ilieHTa BiIOUTTS B 00JIaCTi YepPBOHOTO
Kpato — BiJ npubimuzao 3 1o 60% B nmianmazoni 680-
800 um. Kpim Toro, nmpu poOOTi B OIBOBUX YMOBax
HaTypajbHa OCBITJICHICTH MOXE 3MIHIOBATHUCA Bij
10000 nx B moxmypy mnoroxy amo 120000 nx B
COHSYHY. Y Ha3eMHHX BHMIpax BHHUKAE TaKOX
cneuugiuHa BUMOra 10 GopMHu MO 30py NpUiIaiy.
[Ipny  BUKOpUCTAaHHI TpaguLiHHOI  KOHCTPYKILIl
BX1THOT'O TPaKTy, BHUKOPUCTOBYBaHOI B
aepoaMCTaHIIMHNX a00 KOCMIYHHMX BHMIpax Ioje
30py MEPETBOPIOETHCA Y BY3BbKY 1 JAOBTY CMYXKY 3
po3MipaMu  OJNM3BKO JEKUTBKOX MUTIMETPIB IO
mupuHi 1 Oinpme 1 M B AOBXUHY OpH poboTi 3
Bucotu 1,5 m.

i npobiemu Oynu po3B’si3aHi i3 3aCTOCYBaHHAM

OpHTiHAIBHUX KOHCTPYKTOPCBKUX pillieHb.
OnTuyHuit 0JI0K € JIBOKaHAJbHUM
CHEeKTPO(OTOMETPOM, SKHH BHKOHaHMH Ha 0Oa3i
nojixpomMaropa 3  IUIOCKOIO  AM(PaKmiiHOO
PELIiTKO}O, J3epKaTbHUMHU chepuuHIMH

ob'ektuBamu 1 II3C sx ¢oro mnpuitManbHOrO
npuctpoto. llle onqun kaHan, Bi3yanizauii moust 30py
npuiagy, MAO3BOJSE€ BHOMpAaTH HEOOXiAHY Ui
BHUMIPIOBaHb IUISHKY (DiTOLEHO3y. 3amuc MOBHOTO
iHpopMaLifHOrO makeTy — perictporpamMu i
cmyx00Boi iH(opMarii Moxe 3IiHCHIOBATHUCS Ha
¢raem-kapty abo 6e3mocepeIHO0 B KOMI'IOTEP THITY
Notebook. OcraHHiii MiCTHUTH poO3po0JieHE HaMHU
nporpamue 3a0e3nedennss WINCHL, sike 3a6e3neuye
po0OTY mpHiIagy B ABOX PEXKHUMax — MPU3HAUYCHOMY
JUIA KOpUCTyBada 1 JUIsi HAayKOBHUX JOCTIIKEHb.
[Ipu3HaueHnit A7 KOPUCTyBauya KaHajl JO3BOJISIE
OTPUMYBATH OLIHKK XJIOPO(DITY B POCIMHHOCTI B
peanbHOMY MaciiTabi Jacy.
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PexxuMm pans HayKOBUX JOCHIIKEHb BHKOHYE
3amaM'sITOBYBaHHS CIIEKTpalbHUX KpUBUX B 0a3i
JaHUX pa3oM 3i ciayxkOoBoro iHdopmamiero. Lle €
JaHl PO TEMIIEpaTypy 1 OCBITIEHOCTI B MOMEHT
BUMIpIOBaHHS, 1 reorpadiuyHi KOOpAWHATH MICIs
NpOBENeHHA BHUMIpIoBaHb. BoHM Hagxo#sTe 3
BIJINOBITHUX JAaTYUKIB, SKUMU OCHAINCHUH NP,
HasBaicte B IIII3 0i0mioTekn anroputMiB i psmy
MaTeMaTHYHHX IHCTPYMEHTIB JI03BOJISIE B
MOJABIIOMY 3aCTOCOBYBATH Pi3HI MeToAu 0OpoOKH

CHEKTPiB Ui BU3HAYEHHS IHIIMX  BaXIIUBHUX
napamerpiB CTaHy pOCIUHHOCTI.
[IpoBenenHss  y1a0oOpaTOpHUX  BUIPOOYBaHBb

onTHuHOro ONOKY TOKasajgo, w0I0 po3podieHa
KOHCTPYKIIisl ONTHYHOI CXEMH IO3BOJISIE JOMOITHCS
no3Boiy 1,6 HM. 3acTocoBaHa cHCTeMa HaKOMMYEHHS
CHUTHAJIy Ha PiBHI MPHJIAI0BOI peanizamii J03BOJSE
ICTOTHO 3HU3UTH IIYyMH, TakKi SIK CIiBBITHOIICHHS
CUTHAJI/TIIYM.

[TonboBi BUMPOOYBaHHS MiATBEPANUIN BHUCHOBOK
Opo  HU3BKUKA  piBeHb  1myMiB.  llopiBHSIHHSA
OOMHUYHOTO  3amUCy  CIEKTpa  BiZOWTTI  Ta
ycepenHeHoro 3 10 TMOBTOPHHMX 3amlHCiB TOTO K
CaMoro najaryoro B NOJIe 30py NpUiIaay, IoKa3aiy,
mo iX BiAMIHHOCTI HE MepeBHIIYIOTh  5%.
BimminHocTi rpadikiB 1-0i moximHoi Bif 3a3HaUYEHUX
BHUIIE CIEKTPaJbHUX KPUBUX HE MEPEBHIIYIOTH 7-
10%. @opma crekTpanbHOI KpUBOi  BiIOWUTTS
BIAIMIOBia€ Takii, W0 OTpUMaHa B J1a0OPaTOPHUX
yMOBax, i BIAMIHHOCTI B 00JIACTi YEPBOHOT'O Kparo

opu  Bapiamisx — BMicTy — xjopodidly — MaroTh
aHAJIOTTYHUH XapaKTep.
3. Pe3syabTaTn
3a TpOBEOCHHMH PpO3paxyHKaMHd OTPUMAaHO

BJIACHI BEKTOPH 1 BJIACHI 3HA4YEHHS, HA OCHOBI SKHX
Oynmo po3paxoBaHO KoeilieHTH  perpeciiHuX
Moeselt Uit OOUNCIIEHHsI KOHIEHTpaLii XJIopodity.
Byno npoBeneHo TecTyBaHHs JBOX alTOPUTMIB:

a) Ha OCHOBI MeToay ronoBHuX kKoMmoHeHT (MI'K);
0) Meroy 1-ii MOXiAHOI.

Bonu npopeMoHCTpyBanu MOAIOHI pe3yNbTaTH.
MI'K moka3aB Kpamly TOYHICTE MPH  MajkX
3HAaYEHHSIX XJIOPOQiNy i HECTIHKUI PU IPOSKTHOMY
nokputTi MeHmomy 100%.

Ha puc. 1 mokazani cnekTpu BigOUTTA JHCTS
03UMO] MMIIEHUII] 3 PI3HUM BMICTOM XJIOpOQiTy.
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Puc.5. CnexrpanbHi kpuBi o3umoi mrennni mpu 100%
MIPOEKTUBHOMY ITOKPHTTI

Amnaini3 crekTpiB BiZOUTTA 03UMO]I MILIEHUII 3
PI3HUM BMIiCTOM XJOPO(Qily BHUSBHUB 3aJISKHICTh

TOJIOBHUX

KOMIIOHEHT CIIeKTpa B  00JIacTi

yepBoHOro kpato (680-750 ©M) Big BMmicTy
xyiopodiny. Ha puc. 6 i puc. 7 HaBeneHi rpadiku,
10 ISMOHCTPYIOTB I1i 3aJICKHOCTI.
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Puc. 6. TI'padix 3anexHoCTi KOHIEHTpALil
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BEKTOpaMH TOJIOBHHUX KOMIIOHEHT

Chrophyl content, mgldc?
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Puc. 7. Tpadix 3anexHOCTI KOHIEHTpALil
xjopodisy Big BiAHOMIEHb [JBOX IEPIINX

TOJIOBHHUX KOMIIOHCHT
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Yucno cobeTEeHHRIX BEKTOpOB
Puc. 8. 3amexnicts BennuuHu noxuOku E Big

qHuciia BJIaCHUX BeKTOpiB

3 puc. 8 BUAHO, IO NPU BHUKOPHUCTaHHI
I’SITH BIIACHUX BEKTOPIB MOMMJIKA OJIM3bKa
70 HYJISL.

[IpoBenemMo MOpPIBHSAHHS PO3POOIECHOTO
ITOPUTMY 3a pe3yibTaTaMHu Oi0XIMiYHOTO
aHamizy. Ilpm 1npomMy anroputm Oyino
3a3janeriib HaBYCHO Ha 23 CHEKTpalbHUX
kpuBux.  [loriMm  omiHIOBaBCS ~ BMICT
xJopodiny 1Mo 9-TH HOBUM CHEKTPaTbHUM
KpUBUM. Pe3ynbraTh NMOpIBHSAHHA HaBeAEHI
Ha puc. 9, Ae BUAHO, IO MOMWJIKA HE
nepesurye 0,42.

23 base curve. Regression error =0.41659

Il Chemical
1 100% projective covering

Puc. 9. Nopisusaas TouHOCTi MI'K 32 XiMidHUM

crrocobom BH3HAYECHHS xJytopodiny
4. BucHoBKH
3anpormoHOBaHO  HOBUHM  MmaXiy [0

OL[IHIOBaHHsS KOHIEHTpaWil xyopodiny B
pociuHHOCTi, MmO Oa3yeTbcs Ha aHai3i
¢opMH BHXIIHOI CIEKTPaJbHOI KpUBOi B
obnacti uepBoHOro kparo (680-750 HM).
OcHoBoto Horo € moOynoBaHa KoBapialiiHa
MaTpUllsl 3a HaBYaJbHOIO BHUOIpKOIO 3
BH3HAYEHHIM BJIACHUX BEKTOPIB.

IToka3aHo, 10 HEOOXIAHO HE OLIbIIE 5
MPUHIUIIOBIX KOMITOHEHT U151 ONKUCY (POpMHU
CHEKTpajbHOI KpuBoi. ['0I0BHI KOMIIOHEHTH
BUKOPUCTaHI  AK  HE3aJeKHI  3MiHHI
HenmiHiiHOT ~ perpeciiHoi  momemi  ans
OL[IHIOBaHHs KOHLEHTpalii xyopodiny B
POCIMHHOCTI.
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BcraHoBneHo, mo icHye HediHiHa
3aJeXHICTP MiX BEKTOpaMU NPHUHLUIOBUX
KOMIIOHEHT 1 BMICTOM XJjopodiry, ska
JOCHUTH JT0Ope almpOKCUMYEThCs OiKyOidHOIO
perpeciiinoro mopemmo. MI'K moxe Oyru
BHUKOPUCTAaHUI TUIs eKCIIpec-aHalizy
KOHLIeHTpaii  xiopodily Ha  OCHOBI
BOYJIOBaHMX 1 MOOUTRHUX OOYMCIIOBAIEHUX

CnucoK BUKOPHCTAHMX JIZKEpe
Moran J.A. Differetiation among effects
of nitrogen fertilization treatments on
conifer seedlings by foliar reflectance: a
comparison of methods / J.A. Moran, A.K.
Mitchell, G. Goodmanson, K.A.
Stockburger // Tree Physiology, 2000. —
V.20.-P. 1113-1120.

Lamb D.W. Estimating leaf nitrogen
concentration in ryegrass (Lolium spp.)
pasture using the chlorophyll red-edge:
theoretical modelling and experimental
observations / D.W. Lamb, M. Steyn-
Ross, P. Schaare, M.M. Hanna, W.
Silvestr, A. Steyn-Ross // Int. J. Remote
Sens., 2002. — V. 23. —P. 3619-3648.
Riggs G.A. Detection of canopy water
stress in conifers using the airborne
imaging spectrometer / G.A. Riggs, S.W.
Running // Remote Sens. Environ, 1991. —
V.35.-P. 51-68.

Ceccato P. Detecting vegetation leaf water
content using reflectance in thew optical
domain / P. Ceccato, S. Flasse, S.
Tarantola, S. Jecquemoud, J.M. Gregoire
// Remote Sens. Environ., 2001. — V. 77. —
P.22-33.

Bowyer  P.  Sensitivity of  spectrl
reflectance to variatio in live fuel moisture
content at leaf and canipy level / P.
Bowyer, F.M. Danson // Remote Sens.
Environ., 2004. — V. 92. — P. 297-308.
Horler D.N.H. The red edgr of plant leaf
reflectance / D.N.H. Horler, M. Dokray, J.
Barber // Int. J. Remote Sens., 1983. — V.
4.—P.273-288.

Pinar A. Grass chlorophyll and the
reflectance red edge / A. Pinar, P.J. Curran
// Int. J. Remote Sens., 1996. — V. 17. — P.
351-357.

Zarko-Tejada P.J. Vegetation stress
detection  through  chlorophyll a+b
estimation and fluorescence effects on
hyperspectral imagery / P.J. Zarko-Tejada,
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cucreM. Pospobmeno III13 USWHL nmns
eKCTIpec-OLiHIOBaHHS xyopodity B
POCIMHHOCTI B TOJNBOBHUX YMOBax Ta
nporpamMHe 3a0e3neueHHs WINCHL 3
IIMPOKUM  HaOOpOM  iHCTPYMEHTIB  JUis
O00pOoOKM 1 JIOCHI/DKEHHS CIIEKTPATbHUX
KPUBHX.
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The analysis modern state composition hydroxyapatite is conducted for applied tasks. Functional pre-

product, possibly, to get the different ways of synthesis, but here their prime price is proportional the amount
technological operations. Therefore, approach is known as «Up - downy seems better. The nanoparticles are
made with teeth. The hydroxyapatite play the role of bio-based collagen paper, which will be deposited in
living cells bioprinter cartridges. After the analysis IR - spectrums certainly influence of sizes particles
nanoparticles on their phase composition and stoichiometric phase’s forms. The nanoparticles
hydroxyapatite of diameter basic cell not exceeding 2 + 4, value hydroxyapatite - deformed molecules will be
determined not only in volume but also the morphology the surface. The change of the surface can
significantly affect the composition of the whole composite. Not stoichiometry has high values specific
surface composite hydroxyapatite. 7¢t’s shows that the nanoparticles are made dentin of the teeth are more
than organic component nanoparticles are made of tooth enamel, which can be explained their stoichiometry

and morphology 7¢’s rationed that they can be basis of fibres collagen that is biopaper basis.
Key Words: hydroxyapatite, polymerization, spectroscopy, bioprinting.

Cmammio npedcmasus 0.¢h.-m.n. Ckpuuiescokuti B.A.

Forming of well-organized structures in the
polymeric matrices of nanoparticles different nature
allows to create composite materials with unique
electric, magnetic, optical, mechanical properties [1].
If to reproduce these processes not physical and
chemical methods, but by the methods of local seal,
such  structures will possess enhance able
biocompatibility [2]. By the most perspective
environments for forming and stabilizing of different
medical - biological materials are hydrogel polymeric
matrices, in particular, matrices of supramolecules for
creation osteoimplants [3]. Thus, the choice feedstock,
and this case organic, will determine functional
properties nanoobjects.

Functional pre-product, possibly, to get the
different ways of synthesis, but here their prime price
is proportional the amount technological operations.
Therefore, approach is known as «Up - down» seems

© O.M. Ivanyuta, 2016

better. Such approach can exemplify one of the most
ancient methods growing of organic and minerals
shallow, namely by a mortar and pestle. In this case,
organic wastes can serve raw material for the
subsequent technological operations of creation the
mentioned matrices.

The most perspective candidate is (HA)
Caio(PO4)s(OH).. Itis a basic inorganic component of
biogenic bone fabric, possesses such valuable
properties, as biocompatibility, bioactivity,
osteoconductivity and absence of inflammatory, toxic
effects [4], also not deprived failings. HA is one the
most studied representatives’ compounds with apatite
structure. Its crystallographic structure can show in
Fig. 1. HA the composition, structure and properties
of crystals - chemical analogue mineral component
skeleton tissues mammals [1-3] and has two structural
forms: hexagonal and mono wedge [5]. Hexagonal
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Fig. 1. The projection the hexagonal structure
hydroxyapatite it’s the cell along a direction [001].

HA usually formed by precipitation in supersaturated
solutions at temperatures 25+100°C, and monoclinic
HA - hexagonal shape when heated to 850°C and
subsequent cooling to room temperature [2]. Inorganic
fraction containing human bone: 75 % HA, 19 %
carbon apatite, 4,4 % chloral apatite i 0,66 % fluorine
apatite  (Table 1).  Which  complicates  the
implementation of the possibility of using organic
waste for HA bio printing due to the need for
additional chemical reactions to constituents of the
components division? This is the same constraint that
stood in the way of approach "bottom - up", such as
the synthesis functional particles nanoreactors.
Despite the large number of publications devoted to
synthetic analogue GAP existing synthesis methods
have some significant drawbacks: for example, using
water instead of expensive organic solvents (anisole)
[6] or exotic agents (Cax(OEt),) [7]. In addition, the
reaction should take place in the first case for 2 days
at 130°C, and the second - for 2 hours under vacuum.
Thus, still topical task of developing the optimal
method of receiving analogue HA. Consequently, to
synthetic HA comes to the role of substitute bio
apatite, would like his natural "counterpart",
consisting of plate crystals with a diameter of 50 nm
(Fig. 2) and should have some kind carbonate - ion
[8]. To increase the degree of crystalline apatite phase
HA necessary to carry out thermal processing of
composites for removing organic phase from materials
of Diological origin and lower concentration
impurities. The molar ratio of HA / impurity in the
samples polymerized HA can take values that are
significantly different from the theoretical (1,67)
[6, 11].
Unfortunately, its advantages are reversed.
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Fig. 2. Image composite HA without impurities after
annealing [1].

Thus, the resistance of biopaper HA with respect to
the environment of the organism leads to the fact that
bone can grow into the implant and fills the contact
space of fibrous connective tissue, which covers the
foreign body mechanically. It is clear that such
contact may not be durable. Commendable strength
ceramics characteristics turn its increased rigidity.
biopaper implant in the bone model in the form of two
different materials stacked, one of them - Soft (bone),
the other - hard (ceramic). In a system with
mechanical load it is distributed unevenly: most will
take the hard biopaper element. In the absence of the

Table 1:
The chemical composition bone tissue and teeth
(inwt. %) [1, 5]

Component Fabric | Fabric tooth
bones (dentine)
Ca 34,8 35,1
in form P,* 15,2 16,9
Na 0,9 0,6
Mg 0,72 1,23
K 0,03 0,05
in form CO* 7,4 5,6
F 0,03 0,06
Cl 0,13 0,01
inorganic component 65 70
organic component 25 20
Water 10 10
ratio Ca/P (molar) 1,71 1,61
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Fig. 3. IR - spectrum composite hydroxyapatite with gelatine (T = 40°C) [5].

usual load bone cells start the bone dissolution
process, which leads to osteoporosis - the disease is
to reduce bone mass due to their porosity
development [4]. Practical application at biopaper
arthroplasty is limited due to the hardness, brittleness
and excessive crystalline. [7] Therefore, it seems that
composite materials based on mineralized hydrogels
combine the beneficial properties inherent in their
polymeric and inorganic compounds have a high
potential for prosthesis bone. HA as a material for
bone implants, involves in vivo interactions with
living cells. Note that synthesized the substance does
not have a commercial perspective, if it does not
satisfy the regulated indicators (lack of toxicity), or
inferior degree activation interaction in the process
cell repair substances already present in the market.
Generally, the physical and chemical properties of
composite HA, crystal size and morphology of the
surface is extremely sensitive to the conditions of
manufacture. Therefore, the synthesis of artificial
HA for better simulating human bone carbonates
apatite or OH— and POs*— groups by carbonate
groups controlled replacement. Monitoring the
introduction of impurities is extremely important for
stoichiometric HA. Depending on the substituted
group (hydroxyl or phosphate) formed structure HA
a- or B- phase respectively [1, 5].

In fact HA is a combination variable
composition and its formula can be represented as
Caiox(HPO4) x(PO4)s-x(OH)2—, Where 0<x<1 (i.e. the

ratio Ca / P can vary from 1,5 in x=1 to 1,67 when
x=0). In the crystal structure of apatite possible
partial replacement (substitution) of calcium cations
to other ions, such as Sr?*, Ba?, Be?*, Pb?*.
Phosphate ions may be substituted instead OH -
groups — CI7, Br, F~. For example, a significant
amount of fluoride is part of HA, contained in the
teeth. A characteristic feature of HA that form bone
tissues, is the presence in its structure of carbonate
ion. He is one of the main sources of apatite lattice
deformation, creating local mechanical stresses and
defects in crystals HA, and determines the biological
activity of bone apatite, the so-called carbonate in

this case - appetite. With some degree of
conditionality formula mineral component bone
tissue can be written as
Cag(CO3)x(HPO.)y(PO4)s(OH) (where x+y=1.

Interestingly, the age carbonate ion content in the
bone grows and HA among other reasons lowers the
mechanical strength of the bones in the elderly).

Three main groups of substances is the basis of
bone, collagen (25 wt. % - Organic component of
bone), calcium phosphate (65 wt. % - Inorganic
component) and water (10 wt. %). In addition to
these substances in the tissue present in small
amounts of other organic compounds (proteins
haridy, lipids) (Table. 1). Play thorough morphology
of bone tissue in vivo is not possible in the near
future [1, 5 + 8].

Collagen molecules consisting of three strands
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twisted spiral polypeptide capable collected in the
fiber diameter of 100 + 2000 nm. The strength of the
bone mineral caused by compression component -
biopaper. Its crystals present in bone in the form of
plates with dimensions 50%20x5 nm. There are
seven levels of bone architecture fabric biopaper.
Organic and inorganic components form a composite
biomaterial. If he claims to be, the implants must
meet the requirements that are dictated by the
structure, composition and properties biopaper:

1) Chemical properties - no unwanted chemical
reactions with the tissues and interstitial fluid, no
corrosion;

2) Mechanical characteristics HA should be close to
the bone;

3) Biological properties - the lack of reaction from
the immune system, fusion with bone tissue,
stimulation formation bones (osteosynthesis);

4) For rapid germination bone in implant requires
the latter through pores size 100150 um.

Spectroscopic  methods, including infrared
spectroscopy and Raman spectroscopy is not
disruptive in the study of structure and defect organic
- mineral aggregates, including bone and dental
tissues. Methods provide information on the
characteristics of their local molecular structure. The
measurement was conducted using absorption
spectrophotometer, which consisted of a light source,
monochromatic  (for allocation of a specific
wavelength), transparent corvette where sample
detector and light meter to record the output of the
detector. During the one measured by the wavelength
at the intensity of light that has passed through a
medium (which can be a buffer - sizing), then
walked measurement of light intensity that has
passed through a sample of the substance in a same

;{;/avelength,‘5 um 1

OH

Transmission, %

1= HA - powder D>20D HA 50 nm
0,3 2 HA - powder D>10D HA 20 nm
3= HA - powder D<10D HA 10 nm
021 4——HA- powder D<5D HA 5nm
0,1 T T T
4000 3000 2000 1000

Wave number, sm™

Fig. 4. IR spectra of different diameter nanoparticles
HA obtained from enamel teeth.
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environment then recorded changes in light intensity,
which can judge the absorption substance. With the
introduction biopolymers, along with the emergence
new absorption bands organic functional groups in
composites increased the content of bound water,
this effect is particularly pronounced in the presence
of gelatine (Fig.3). Typical IR spectrum HA is
characterized by fluctuations bands OH- groups
(v=3606+3617 sm*?), bands. of valence and
deformation vibrations of the phosphate groups
(1047, 604, 569 sm™) and carbonate groups (1420,
1385 sm™?). Thus, all containing it’s a number HA
COs?* groups. Increase temperature to 250°C leads to
the rupture of hydrogen bonds between the CO and
NH groups and increase the number not dissociated
carboxyl groups [9].

According to the literature, carbonate - ions
partially replacing hydroxyl groups located in Ca -
channels HA [2, 9]. This effect is observed even at
relatively low temperatures (80°C), resulting in
washed samples for elemental analysis data do not
contain nitrogen. Found that polymers do not form
bonds with OH groups HA. All composites are
present at frequencies bands 1424 i 873 sm’.
Corresponding fluctuations carbonate groups and
bands stretching vibration water. That does not form
pronounced triplets confirms HA education. Based
on IR spectra can be concluded on education systems
in these composites containing HA variable
composition [9]. IR - range of composite HA with
gelatine  (show. Fig.3) are present bands
characteristic of stoichiometric HA: band v(OH)
when 3511 sm™, band stretching vibration PO,
groups: 1385 (weak shoulder), 1424 i 873 sm™, and
deformation oscillations PO, groups: 604, 566 i
479 sm1. Also present in the spectrum bands oscil-
lations carbonate groups (1422, 14201 873 sm™),

Wavelength, um
25 3.3 5 10

oH' 'H,0

Transmission, %

HA
0,4 1=——— HA - powder D>20D HA 50 nm
2=— HA - powder D>10D HA 20 nm
0,31 3—— HA - powder D<10D HA 10 nm
0,2 4 HA - powder D<5D HA 5nm
T T T
4000 3000 2000 1000

-1
Wave number, sm

Fig. 5. IR spectra of different diameter nanoparticles
HA obtained from dentin teeth.
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partially substitute PO, and OH- HA group during
its synthesis by absorption CO, from the atmosphere.
Developed surface nano powder HA promotes
sorption significant amounts of water; valence
fluctuations sorbet water of crystallization and
characterized in background 3500+2900 sm,
deformation oscillations H-O-H characterized band
1671 sm™*. During the heat treatment intensity of
these bands absorption is significantly reduced. IR -
spectrum HA / gelatine has the entire characteristic
HA net absorption band, which also indicates
formation composite HA during the polymerization
reaction HA gelatine in the aqueous solutionAt the
same time, the IR - spectrum composite virtually no
characteristic absorption band gelatine, obviously,
due to the small number bio polymers (2 weight. %)
and overlapping bands functional groups HA and
gelatine [5].

A relatively low resistance to crack propagation
and a wide scatter of experimental values of strength
from sample to sample characterizes ceramics based
on HA. Moist environment, simulating the
environment of the organism, only exacerbates these
negative properties of ceramics. Because of these
reasons it is conducted intensive search for new
composite materials with improved mechanical
characteristics. Low solubility of synthetic GAP
turns its low bioactivity: bone cells slowly "digest"
he proposed source of calcium and phosphorus; as a
consequence of bone slowly grows into a ceramic
implant. To improve bioactivity HA diluted more
soluble calcium phosphates, for example tri-
orthophosphate or made porous HA ceramics.

When nanoparticles of diameter basic cell not
exceeding 2+4 (Dcen=0,962 nm), value HA /
deformed molecules will be determined not only in
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volume but also the morphology the surface.
Therefore, the change of the surface can significantly
affect the composition of the whole composite. Not
stoichiometry has high values specific surface
composite HA [1-3, 5]. It is obvious that all these
reasons have a place in the processing chain, and the
relative contribution each them in the study of
biocompatible HA necessary to control the rapid
non-destructive methods spectroscopy. Fig. 4 and
Fig. 5 show the IR - spectra different diameter
nanoparticles HA obtained from the enamel teeth
and dentin teeth, respectively. It is seen that with
decreasing the size nanoparticles HA reduced overall
bandwidth and  powder  absorption  bands
corresponding to his unit cell and its components. It
is obvious that HA retains its stoichiometry when a
rate greater than diameter nanoparticles ten linearly
arranged elementary cells. It is seen that with
unequivocally that the stoichiometry HA stored in its
nanoparticles that have diameters greater than 10 nm.
Nanoparticles HA with a diameter about 50 nm
manifests itself organic component raw materials
(dentin and enamel teeth), which upon annealing
temperature will deteriorate, and the polymerization
process will not behave predictably. Also shows that
the nanoparticles are made dentin of the teeth are
more than organic component nanoparticles are
made of tooth enamel, which can be explained their
stoichiometry and morphology (Fig. 6). It is obvious
that in the case dentin diameter nanoparticles must
be smaller than in the case enamel, but their diameter
can’t be less than 10 nm.

Was that HA nanoparticle (10 nm) in diameter
unit cell slightly larger than the value that is
provided in the Handbook of Mineralogy
(0,962 nm). Perhaps this is due to the fact that
composites unit cell HA slightly deformed and
possibly polarized. All the above definitions makes it
difficult to formulate requirements for controlled
polymerization processes HA composites decreasing
the size of nanoparticles HA reduced total intensity
radiation and bandwidth decreases according to an
increase unit cells deformed. Although the
technology bioprinting is still in active development,
there are already working bioprinter. The size of the
ink droplets are sprayed conventional ink printer,
roughly equal to the size of clusters and
nanoparticles supermolecules. Here HA play the role
of foundations, i.e bio-based collagen paper, which
will be deposited in living cells bioprinter cartridges.
But collagen, in turn, consists of a micro-cylinder
polymerized supramolecules HA. Its mechanical
properties are provided with a special spatial
arrangement of structural components - bony plate’s
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thickness 3+10 um [3,9]. Testing hierarchical the development of production technology that
structures as stage management and the creation of provides unique value "price - quality"” fiber HA.

biosynthesis of desired properties of matter will go to
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Development of the complex system for the remote
monitoring of the human heart rate
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cnocmepedicents ma ananizy nyavcy moounu. Pesynbmamom pobomu € po3pobKa npocpamHo-anapamuozo
KOMNLEKCY MOHIMOPUHSY RYAbCY JIOOUHU 6 pedcumi peanvhoeo uacy. Kommnaexc modce 30iticniosamu
BI3YAIbHY O0EMOHCMPAYIl0 npoyecy cepyebumms 3 GUKOPUCMAHHIM Geb-inmepghelicy ma onosiwjamu
KOMNnemeHmHux ocio y 6uUnaoKy 6i0XuienHs 3HaA4eHHs1 NYabCy 80 OONYCIMUMUX MELC.

Kurouosi cnosa: nynvc, ATmega8, Arduino, Bluetooth.

An implementation of the remote pulse monitoring system which allows observing of the patient’s pulse in
the real-time mode via browser is offered in this work. The result of the work is the development of the
complex system, which contains the hardware components for the pulse measurement and the software
component for the data processing and visualization in a web-interface. The web-interface provides the heart
rate visualization in the real-time mode and informs the appropriate person in case of deviation from pulse
limits. The monitoring system can detect two disease types: tachycardia and bradycardia. A pulse sensor
detects the heart beat moment and functions like a plethysmograph. The microcontroller ATmega8 is used to
read data from the sensor, to analyze information and pass it to the next hardware block. Arduino Uno and
Ethernet module ENC28J60 are used to transform the information about the heart beat event to the web-
interface. Ethernet module ENC28J60 is connected to Arduino Uno using SPI interface. The pair of
Bluetooth modules HC-05 is used to connect ATmega8 and Arduino Uno between each other. The module
HC-05 is connected to both microcontrollers using UART interface. The Websocket protocol is used to
implement the real-time data demonstration in the web-interface. The web-interface is adapted to mobile
devices therefore it can be viewed from smartphones and tablets. The complex can be used both by the
qualified specialist for the remote monitoring of the patient’s state and as personal prophylactic.

Key Words: heart rate, ATmegaS8, Arduino, Bluetooth.

Crartio npeacraBuB A.T.H. [Toropinuit C. /1.

Beryn

Cep1ieBo-CyIMHHI 3aXBOPIOBAHHS -
HaHUIOIIMPEHIIIAa MEIUYHO-010JIOTIYHA 1 CcoliajibHa
npobnema.  JlaHmii  TMOL  3aXBOPIOBaHHSA €
HaWTHUITOBIMIO TPHYUHOIO CMEPTHOCTI B YCHOMY
CBITI, 1 B YKpaiHi B Tomy urcii. CraHoM Ha 2016 pik
VYkpaiHa 3HaXOAWUTBCS cepel KpaiH 3 HalOUIbIION
KITBKICTIO CEpLIeBO-CYAMHHUX XBOopoO B €Bpori [1].
3a CTaTUCTHYHMMH naHuMH [l] BigHOCHa dYacTKa
moaei B YkpaiHi, 1[0 CTpaXIawTh Ha CEPIECBO-
CYIOVHHI 3aXBOPIOBaHHSA, CTAaHOBUTH Onu3bko 19%.

© A.A. Kpamos, O.C. bayxa, 2016

JlikyBaHHs, 3amo0OiranHs, mpogilakTHKa CepreBo-
CyIMHHHX XBOpOO € aKTyaJbHUMH IpoOjeMaMHu B
VYkpaini Ta  moTpeOyrOTh  SKHAHIIBUAILIOTO
BUPILICHHS.

Jlns 3amob6iraHHs yCKJIagHEHb Ta TPO(ITAKTHKU
CEpPLEBO-CYJAMHHUX XBOPOO HEOOXigHE TMOCTiiHe
CIIOCTEPEKCHHSI 32 CEpPLEBUM PUTMOM JIOIWHH Ta
omepaTHBHA peakilii Ha WOro BiIXWIEHHS Bij
HOPMH. AHami3 MyJibCy JIIOOUHM  J03BOJISIE
BIZICTIIKYBaTH psii  XBOpOO: Taxikapiiro (IyJsce
BUIIIE HOPMH), OpauKapito (IIyJIbC HIKYE HOPMHU),

153



Bicnux Kuiscbroeo nayionanvhoeo yHisepcumemy
imeni Tapaca Lllesuenxa
Cepis pizuxo-mamemamuyni HayKu

apuTMmiro. barato mrofei MOXWIOro BiKYy MAalOTh
npoOJieMd 3 TMOPYIICHHSAM MaM’sSITi YM MUCICHHS,
TOMY Yy BHIAJIKy TOTipIICHHS CTaHy 3IOpOB’sl HE B
3M031 Hagath co0i JOMOMOTY, UM, IHKOJH, HaBiTh
3BEpHYTHCS 3a jgomnomoror. Haiiripma curyanis,
KOJHM XBOpa JIOIMHA OAWHOKA. ToMy peaizamis
MOHITOPHHTY TYJLCY JIIOJAWHH Y PEXKUMI PEalbHOTO
4acy € aKTyalbHOIO IPOOJIEMOIO.

IcHyloTh TpOrpaMHO-anapatHi CHCTEMH, IO
JIO3BOJISTFOTHCS BHKOHYBaTH JUCTaHIlIHE
CIIOCTEPEIKEHHSI IMyJIbCY, MPOTE KOKHA 3 HUX Mae
BIACHI HEJOJIKMA: HeOOXigHICTP B  HAsBHOCTI
Mob6inmpHOTO TTpucTporo [2] un NFC-cymicHoro (NFC
— Near Field Communication) mpuctporo [3],
CKJIQJHICTh TPAHCIAIIl JaHUX B Mepexy. Bapto
BI[3HAYUTH BUCOKY BapTiCTh TaKUX NPUCTPOIB, a
TaKOX BIICYTHICTh iXHIX aHAJIOTIB BITYN3HSIHOTO

BUPOOHHUIITBA.
B po6oTi npomoHyeThCs CTBOPEHHS MPOrPaMHO-
anapaTHOTO KOMILIEKCY JUIS MOYKJIMBOCTI

BiITaJICHOTO MOHITOPHHTY Ta aHaJi3y IMyJIbCy
JIOJMHU B PEKUMI PEAILHOTO Yacy.

Ilix yac po3poOKM KOMILIEKCY J0 amnapaTHOl
JacTUHH OyJIM BUCYHYTI HACTYITHI BUMOTH:
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- HAasBHICTh IPUCTPOIO OTPUMAHHS JaHHUX MPO
MyJIbC (mepiogn4HiCTH CepLEeBUX
CKOpPOYCHB);

- MOXJIMBICTH TIepeadi TaHuX Ha BeO-cepBep.

Ha nporpamHy yacTWHYy MOKJIaJ€HO HACTyIHUUN
(dhyHKITiOHAT:

- 3YNTYBaHHS JaHUX 3 alapaTHOi YaCTHHHU Ta
BUBIJ JaHUX y BeO-iHTepdeici B pexuMi
peanbHOTOo yacy;

- aHami3 MyJIbCY Ta OTIOBIIIIEHHS
KOMITETCHTHHX OCi0 y BHIAIKy BiAXUICHHS
BiJl JOMTYCTUMHX MEX.

OCHOBHI NPUHIUNH POOOTH KOMILJIEKCY
B 1mimoMy KOMIUIEKC MOXHa pO3AUTHTH Ha 3
(yHKIiOHATBHI OJIOKH, 3’ €JHAH1 IMTOCIiT0BHO:

- amapaTHuid ONOK 3YUTYBaHHA OaHUX MPO
IyJIBC JIFOINHY;

- amapaTHuid OJIOK Tiepenavi JaHWUX 10 BeO-
CITyKOU;

- IporpamMHUil OJIOK OTPHMaHHS, aHAi3y Ta
Bi3yaJIbHOTO BiITBOPEHHS IYJIbCY JIOIUHH.

Ha puc.] mnHaBenena 3aranpbHa OJIOK-cxeMma
MpOrpaMHO-anapaTHOrO KOMIUIEKCY Ta BiJIMOBimHI
(hyHKITIOHATBHI OJIOKH.

JIaTumK nynabcy — MikpokoHTponep —> HC-05 master
i 1 ATmega8 2
Ksapiiosuii pezoHarop
16MI'n
3
BJI0K OTpUMAaHHSI IAHUX TIPO MYJIhC
A A
Ethernet ENC28J60 [—5— Arduino Uno «—4— HC-05 slave

Biiok mepenavi nanux 10 BeO-3aCTOCYBaHHS

Be6-cnyxoa —7—>

ITanens kepyBaHHs

bnok BeO-3acToCyBaHHs

Puc. 1 biok-cxema nmporpaMHoO-anapaTHOTO KOMILIEKCY

154




Bicnux Kuiscbroeo nayionanvhoeo yHisepcumemy
imeni Tapaca Lllesuenxa
Cepis pizuxo-mamemamuyni HayKu

[epmmii  Omoxk  3abe3meuye  OTpUMaHHS
iHpopmanii mpo mynsc. EnemenTn maHoro OJ0Ky
pa3oM CKIIaaroTh €IMHUHN €IEMEHT, SIKUH KPIUThCS
Ha pyKy moauHi. CxeMa mepIiioro 0JI0Ky 300pakeHa
Ha puc. 2. [pyruii ONOK BINNOBigaNBHHNA 32
nepenady indopmarii B Mepexy, o 3IiHCHIOETHCS
3a pgomomoroio Ethernet-momymsa. Cxema apyroro
010Ky 300paskeHa Ha puc. 3. Tpetiit 0J1oK 3aiMCHIOE
00poOKy OTpMMaHMX NaHMX Ta iXHIO Bi3yalizarilo.
Bigyamizarnis 3xmiiicHeHa 3aBnsku BeO-iHTEpeiicy,
0 HaJa€ MOXJIMBICTh TEPErNIALy [IMOTOYHOTO
MyJIbCY TMAalli€eHTa, AlarpamMy IyJbCy 3a BH3HAYCHUH
nepiof, CTaTUCTUKY 3aXBOPIOBAHb.

Ha mouatkoBOoMy eTami maHi 3YUTYIOTBCS 3

HC-05

Bluetoath

Puc. 2 Cxema 610Ky peecTpallii MyJibCy JHOAMHA

Ilo iHTEHCHBHOCTI CBITIHHS JKepela MOXKHA
3pOOUTH BHUCHOBOK IIPO IOTOYHHUHA 0O0’€M KpOBi B
JOCTIDKYBaHIi YacTHHI TiJa.

[Micns peectpauii MOMEHTY yaapy cepus aAaHi

HEOOXiTHO TepedaTH 10 HACTymHOTO  OJIOKY
KOMILIEKCY, 3a0e3leuyroud JIOCTaTHIO BiJCTaHb
nepenavi. /s 1bOrO  BUKOPHUCTOBYETHCS — Iapa
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JMATUYUKy MyJbcy [4] mikpokoHTposnepoM ATmega8
[5]. TlpuHmmm poOoTH paTyMika OCHOBaHWM Ha
Metoni (Qoromnerm3morpadii. Ilmetmsmorpadis —
BUMIpIOBaHHS IMyJLCY HA OCHOBI peecTpamii 3MiHH
00’eMy B OpraHi, HAIIOBHEHOMY KPOB’I0 (SIK IPABUIIO
— B KPOBOHOCHUX CyIWHAax). ITig
doTormreTn3mMorpadicro  po3yMi€TbCS — peecTpartist
3MIiHM HAIOBHEHOCTI YaCTHHHU Tija KpPOB'IO 3a
JOMOMOTOI0  ONTHYHHX METOAIB. BuMiproBaHHs
ONITUYHOI TYCTUHU BiIOYBAa€ThCS 3a JOMOMOTOIO
¢dorompuiiMaya Ta JpKepela  BUIPOMiHIOBAaHHS,
30KpeMa cBiTioAiony. BumipioBaHHs, SIK MpaBHIIo,
MIPOBOJIUTHCS 3 AL pyKH a00 MOYKH ByXa.

e e e .
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Bluetooth-mpuctpois cepii HC-05 [6]. Omun 3
TIPUCTPOIB TIPAIIOE B PSKHUMI TTepeaaBava (JIUB. PHC.
2), HmMWA B pexuMi mnpuiimada (amB. puc. 3).
lonoBuuMu nepeBaramu iHTepdeiicy Bluetooth €
CTIHKICTh IO IIMPOKOCMYTOBHUX 3aBaj (CYKYITHICThH
MPUCTPOIB, 10 3HAXOAATHCA B OJHOMY MIiCIIi,
MOXXYTh OJIHOYACHO 3[iHCHIOBATH OOMIH JaHUMHU
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MiX CO0O0 0e3 BIUIMBY Ha CYCIiJHI KaHaIH 3B’SI3KY)
Ta mpocrota peamizamii. Jns mepenaui gaHux Mix
MIPUCTPOSIMA  HEOOXiTHO BCTAaHOBUTH MIXK HHUMH
3aXWIeHe 3’€MHaHHSA, IO  peal3yeThes — 3a
momomoror0  AT-komann [7]. AT-xoMaHu
JI03BOJISIOTh BCTAHOBUTH  POJb  MPHUCTPOIO
(mepemaBad 4M TIpWiiMad), Tapoib 3’€IMHAHHS Ta
3poOuTH  mpUCTpoi  chpsbkeHuMH.  CrpsikeHi
MIPUCTPOi BCTAHOBIIOIOThH 3aXUIICHUN KaHAT 3B’ S3KYy
MK c00010, IO pPOOWUTH 3’€THAHHS CTIHKUM [0
30BHIIIHIX 3aBaJI.

O0minx  nmanumu 3 mpuctpoem  HC-05
3nifcHIOEThC 3a nomoMororo iHTepdeiicy UART
(Universal Asynchronous Receiver/Transmitter) [8].
UART e momynspHuM iHTepdeiicoM acHHXPOHHOT

nepegavi  JaHUX, 100 3’€IHYE  KOMIIOHEHTH
KOMITIOTEpiB ~ Ta  NEpUPEPIHHUX  MPHUCTPOIB.
Peanizamin  UART HasBHa B 0araThox cepis
MIiKPOKOHTPOJIEPIB, BKITFOYAIOYH ATmega8.

[IBuaKicTs epeaayi JaHUX Mi’K MiKPOKOHTPOJIEPOM
ta Bluetooth-ipuctpoem ckmamae 3madenus 38600
oox.

Jus Toro, mo0 CHHXpOHI3amis Hepenadi JaHuX
BimOymacs ycCIiImmHO, HEoOXigHO, MO0 TaKTOBa
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yacTora JpKepena INepeAadi CUTHaIy Ta NphiiMada
Oyma opHakoBoro. TakToBa dYacToTa Ipolecopa
mwiatk I HajmaromkeHHs Arduino Uno [9] ckiamae
3HadeHHs 16MIT, mikpokoHTposepa ATmega8 —
8MI'. Tomy sK KEpelo TaKTOBOI HYacTOTH
MikpokoHTposiepa ATmega8  BUKOPUCTOBYETHCA
KBaproBwii pe3oHaTop (muB. puc.2) 3 poOOUO0I0
gacTtororo 16MI 1.

Jnsa o0poOku manux, oTpumanux 3 Bluetooth
npuiiMaya, BUKOpUCTOBYeTbesl mara Arduino Uno.
Arduino Uno [9] (muB. puc.3) — amapartHo-
o0uncoBajbHa, BiAKpUTa miatdopma, MpU3HaUYeHa
Ul IIBUAKOTO  KOHCTPYIOBaHHS  PI3HOTHITHHX
eJeKTpOHHUX TnpucTpoiB. Ilmardpopma € momoii
NOMYJISIPHOIO Y  CBITI  3aBASKH  3pYYHOCTI
BHUKOPUCTAaHHI Ta TPOCTOTI MOBH TNPOrpamMyBaHHS.
Jost IIpOTrpaMyBaHHs BUKOPHUCTOBYETHCSA
monupikoBana Bepcis C++, Bimoma sk Wiring. Sk
CepeOBHILE MporpaMyBaHHs MO>KHa
BUKOPHCTOBYBAaTH BOAHOYAC BUIBHO TOIIUPIOBAHE
cepenoBumie Arduino IDE, a Ttakox Oyab-skuit
C/C++ inctpymenTapiii (Hanpukian, Atmel Studio).

Arduing”

RENRRRRRRRRAE  go
-
_L'[ad
= GND
-
!TXDI

HC-D5

Blusteath

=
EENNENERENEEREN sState

Puc. 3 Cxema 610Ky mepeaadi JaHUX B MEPEXKY

Hdns po3poOKM TporpaMHOro  3abe3medeHHs
MOXXHa BHUKOPHUCTOBYBATH OIICpaIliiHi CHCTEMH
Windows, Linux, MacOS X. [Tnara mae BOypoBaHHit
nporpamMarop, B SKH 3alMCaHO 3aBaHTaXyBad
(bootloader), Tomy Hemae moTpedu y BHKOPUCTAHHI
30BHIIITHBOTO mporpamaTopa TUTS 3MIiHH

nporpaMHoro 3a0esneveHHs. Jlo ckmamy TmiaTe
BXONIATh HACTYIHI KOMIIOHEHTH: 14 1mudpoBHX
BXO/IiB/BHXO/IIB (3 HUX 6 MOXYTh
BUKOPHUCTOBYBATUCS K BHXOIU JJIs IIHPOTHO-
IMIYITBCHOI  MOAYJNIALIi), 6 aHAJIOTOBHUX BXOIIB,
KBaproBwii pezoHaTop Ha 16MIT, po3z’em USB,
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pO3’€M  KHMBJICHHS, PO3’€M JUIS BHYTPILIHBO- Po3po0biiennii npucTpiii € MPOCTUM Y TOBTOPEHHI,
cxemHoro mporpamyBanHs (ICSP) 1 «kHomka amke g peamizamiii  amapaTHOI — 4YacTUHU
ckuganHg. Jlns KepyBaHHS POOOTO KOMITOHEHTIB BHKOPHUCTOBYBAIHCS  CTaHAApPTHI Ta  IIHPOKO
TJIaTH BUKOPHUCTOBYETHCSI MIKpPOKOHTPOJIEp BXKWBaHI cepen (axiBIiB KOMITOHEHTH. BapTicTh
ATmega328 [10]. Sk meperBoproBau iHTepdelCiB 0JHOTO MpHIALY IPH MAOCEPIHHOMY BUTOTOBJICHHI
USB-UART  3acTocoByeThCS ~ MIKPOKOHTpOJIEp cKiaaae omu3bko 208.

ATmegal6U2. Jlnsg modaTky poOOTH 3 TPUCTPOEM
HeoOximHo nogary Hanpyry Bin AC/DC-aganTepa uu
Oarapeiiky, ab0 MiJKIIOYUTA HOTO IO KOMIT I0Tepa
yepe3 USB-3’emnanns. CxeMOTeXHIYHA peaizamis
wiathopmu Arduino Uno mommpeHa y BiIKpHTOMY
JIOCTYTII.

Ilepemaua nmammx 3 Arduino Uno B Mepexy
BimOyBaeThcsi 3a  momomororo  Ethernet-momyms
ENC28J60. Monmynp MOXe MpaIffoBaTH BOJHOYAC B
pexxumi HTTP-cepBepa, a takox sik HTTP-xiienr.
3B’SA30K 3 MIKPOKOHTPOJIEPOM BIIOYBA€ETHCA Uepe3
inrepdeiic SPI (Serial Peripheral Interface). Poboua
Hanpyra npuctporo — 3.3B. Ha miari 3MoHTOBaHa
poserka RJ-45 nms xabemro Ethernet. Poserka
MICTHTh TpaHChOpMAaTOp, 2 CBITIOMIOAHM, IO €
iHAMKaTOpaMu  OOMiHYy  JaHMMH,  KBapLOBHUI
pe3oHaTop yactotu 25MI .

Hamni, npeacrasneni y ¢opmati JSON (JavaScript
Object Notation), anapaTHUM OJIOKOM TEPEAAIOTHCS
Ha BeO-cepBic, skmii 00poOisse, 30epirae Ta
BiAmpaBisie naHi y BeO-iHTepdeiic A1 moaanbIroro
Bi3yaslbHOTO TmpencTaBieHHs. s BigoOpakeHHs
JiarpaMu IyJbCy B PEXKHUMI PEAIBHOTO Yacy
HeoOXimHe mocTiliHe 3’emHaHHS BeO-cepBicy 3 BeO-
inTepdeiicom. Sk MexaHI3M  TIEPMaHEHTHOTO
3’€[JHAHHS  BHKOPHCTOBYIOThCS  BeO-COKeTH 1
potokon mepexaui mannx WebSocket. WebSocket
— Ie  TPOTOKOJ  TPAaHCHOPTHOTO  piBHS,
NpU3HAYCHUH Ui OOMiHYy iH(OpMaIier Mix
Opay3epoM Ta BeO-CEpBEpPOM B PEXUMI peabHOTO
qacy. Bin 3abe3neuye JIBOHATIPABIICHU I
MMOBHOAYIUICKCHUN KaHai 3B's3Ky depe3 oawmH TCP-
coker. IIpotoxon WebSocket cmpoexToBaHO miIst
BTiJICHHS Yy BeO-Opaysepax Ta BeO-cepBepax, aje
MOXK€ TaKOX BHKOPHUCTOBYBAaTHUCh  OYIb-SIKOIO
KJTIEHT-CEPBEPHOIO MpOrpamMoro. IlpuxknagHuit
MPOTpaMHUI iHTEepdeiic WebSocket OyB
CTAaHAAPTU30BAHUA MIXHAPOIHUM CITIBTOBAPHUCTBOM
W3C, kpim Toro  mpotokon  WebSocket
crannaptuzoBanuii opranizaniero IETF sk moxkyment
RFC 6455. 3B'130k 3miiicHioeThes uepe3 TCP mopt
80, a omxke, Horo Mo)KHa 3aCTOCOBYBAaTHU B THX
CepeloBHINax, J¢ 1HIOI MepexkeBi MPOTOKOIH
3a0JI0KOBaHO.

BucHoBkn
Benmka mommpeHicTh cepreBo-CyIMHHUX XBOPOO
B YKpaiHi, e CTaTUCTHUKA CEPLICBUX 3aXBOPIOBAHb €
Haliripmoro B €Bporri, TMATBEPIKYE TOH (akT, 1o
npodisakTHKa Ta 3amo0iraHHs CepleBO-CyANHHHX
XBOpPOO € BaXKJIMBOIO 1 aKTyalbHOIO MPOOJIEMOIO.

Po3poOka  mporpaMHO-amapaTHOro  KOMIUIEKCY,
3IaTHOTO  BiIJalleHO  3MAIHCHIOBATH  TOCTIHHUI
MOHITOPUHT TYJbCY JIIOAMHHM Ta nependadyatu

MOXIIMBI 3arpo3u, IO3BOJIMTH BOJHOYAC 3aMOO0IrTH
MOXJIUBUM CEPLIEBUM 3aXBOPIOBAHHIM, a TaKOX
IIBUJIKO 3pearyBaTH Ha MOTIPIIEHHS CTaHy JIOZCH,
HE 3JIaTHUX HaJaTH COO1 TOTIOMOTY CaMOTYKKH.

Cepen  pi3HHX  TpOaHANI30BaHMX  METOIIIB
BUMIpDIOBAaHHs IIyJIbCy IlepeBary HaJaHO METOLY
¢doromnernzmorpadii. BinnoBigHuil gaT4MK MyJbCy
Ma€ JOCTaTHIO TOYHICTP Ta € MJOCTYIHHM 3a
BapTIiCTIO. B poJii 00YNCIIIOBaILHOTO MPUCTPOIO IS
OTPUMAaHHS JTAaHUX 3 JaTunKa o0OpaHo
MiKPOKOHTPOJIED ATmegasg, XapakTepHUI
HEBEJIMKHUMU po3MipamMu Ta HU3BKUM
EHEeprocroKuBanHsaM. Jlns mepemadi  JaHUX B
MepeXy BHUKOpPHCTaHa TMOMyJsIpHA IUIaTa  Jjs
HamaropkeHHss Arduino Uno Tta Ethernet-momynb
ENC28J60.

[MpomemoHcTpOBaHO, IO Uit OE3APOTOBOTO
3B’S3KY MIiKPOKOHTPOJIEPIB 3py4YHO
BuKopucTOBYBaTH Bluetooth mpuctpoi cepii HC-05,
0 TMpamlolTh SK IepegaBady Ta  TpUiiMad
inpopmaii. [lapa Takux cHpsHKEHUX MPUCTPOIB Mae
JOCTaTHBO BEJIMKMI 3amac IMIBUAKONIl, HHU3bKE
EHEePTOCIIOKUBAHHS Ta € MMPOCTOI0 Y BUKOPHCTAHHI.

OCKiNBKM ~ MOHITOPMHT  MYJIbCY  TOBHHEH
BiOyBaTHUCS B PEKUMi pEaNbHOTO 4acy, HEOoOXiIHe
MOCTifiHEe 1 HamiliHe 3’€IHAHHS TNPUCTPOIO 3 BeO-

iHTepdeiicom. g peamizamii  mepMaHEHTHOTO
3’€¢lHaHHA 3pYYHO BUKOPHCTOBYBAaTH IPOTOKOI
WebSocket, TIpU3HAYCHUH TUTS 0OMiHY

MOBIJOMJIGHHSIMH MiXX Opay3epoM i BeO-cepBEpOM B
PEeXUMIi peabHOTo yacy.

Po3pobnienuii mporpamMHoO-amapaTHUi KOMILIEKC
MOX€ BUKOPHCTOBYBATHUCS KOMIETEHTHUM (axiBLEeM
JUTS. BIJTATICHOTO CITIJIKYBaHHS 32 CTAHOM IIaIli€HTa,
a TaKOX SIK TIEpPCOHATBHUN MTPOQiTaKTHIHUH 3aciO.
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Bio ‘emny ougepenyianvry npogionicms nos ‘a3y1omo 3 HeCMIUKICM0O 00HOPIOHO20 CMAYIOHAPHO20 CIAHY
BIOHOCHO NPOCMOPOGUX (DHIYKMyayill eleKmpuyHozo0 noas I KOHYeHmpayii HOCiie, wo npuzeooums 00
npOCmMopo8o HeOOHOPIOHUX PO3NOOLNI6 2yCMUuHU cmpymy abo nojs.

Konueanna nomenyiany eunuxaromo 3a 1i020 6i0 ‘€EMHUX 3HAYEHb HA B0NbIM-AMNEPHOL XAPAKMEPUCTIUKY

Kmiouosi cnosa: oughepenyianvrua npogionicme, KOAUSAHHS, 601bM-AMNEPHA XAPAKMEPUCHUKA.

We studied the current-voltage and differential characteristics that have a region of negative differential
conductance. If the current density decreases with increasing electric field or, conversely, increases with
decreasing field, the corresponding stationary state is generally unstable. This is realized when the current
value is dependent, for example, from the rest of the circuit, which, even in the absence of external load
resistors necessarily comprises resistive and reactive elements such as wiring resistance and inductance,
mutual inductance and capacitance. Fluctuations in the potential to arise in the current range of the CVC,
where the current differential is negative.

Negative Differential conductance (NDC) N- and S-types are associated with instabilities controlled
respectively voltage or current.

In the case of CCT N-type, the current density is a unique function of the field, and the field is ambiguous:
function E(j) a certain range of values of j has three branches. Case CCT S-type is complementary, i.e. E and
Jj are swapped.

Keywords: differential conductance, fluctuations, current-voltage characteristics.

Crartio nmpeacTaBuB A.¢.-M.H. CkpuieBcbkuit B.A.

Beryn Taki HECTIHKOCTI 4YacTo MOXYThb HEraTUBHO

BIUIMBATH HA  XapaKTEPUCTHKU  TBEPAOTUIBHUX

HarmiBipoBigHUK, Ha KUl MAafOTh BIUIMB CHJIBHI  IPHJIAIB. Yy JIEAKUX BaKIUBUX
30BHIIIHI (hakTopH (BENMHMKI €IeKTPUYHI i MarHiTHI HamiBIPOBIAHMKOBUX  Npubopax  BOHM Oy
MOJIsl, BUCOKUMH piBEHb IHXKEKUil CTpyMy UM CHeUianbHO BHUKopHcTaHi ans resepauii CBY

CBITJIOBOTO 30y/KEHHS), Ma€ CYTTEBO HEJiHINHHY
TIOBEJIIHKY: CIIOCTEPIratoThCs 3HAYHI BiAXUICHHS Bill
JIHIAHOTO  (OMIYHOTO)  CIIBBIIHOIIEHHS  MiX
CTpyMOM Ta Hampyrom, B 0ararboX BHUIAJKax
BHHHUKAIOTh HECTIHKOCTI, SIK, HAIPUKJIIAJ, CTPYMOBHIA

BHITPOMIHIOBaHHS B 1iama3zoHi dactoT Bim 0,1 mo
1000 TTu, nme 3BU4aliHi TPaH3UCTOPH HE MOXKYTh
BUKOPHCTOBYBATHCS, a TaKOX Yy  IIBUIKUX
CJNIEKTPOHHUX MepEMUKaYaX.

Meroro gaHoi poOOTH OyJI0  TOCHIKEHHS

mpoOiil, KOMMBaHHS Ta CTPHOKK CTPYMY UM Hampyrd, OCOOJIHMBOCTEH  TeHepalii  KOJWBaHb  HaNpyTu
MEpEeMHUKaHHs Ta TIiCTepe3UC Yy BOJBT-aMIIEPHIH CTPYKTYpOIO «KpEeMHiH 3 JENEeKTPUIHOIO
xapakTepucThmi. Lli HeCcTIHKOCTI 3yCTPIidaloThCS B i30JIAIIEION.

OaraThOX Marepiajax, B pI3HHX TEMIEpaTypHUX
o0acTsx Ta 3a pi3HUX piBHAX 30ymkeHHs [1]. Xoua

© C.II. ITaBmroxk, B.L.I'puropyxk, JI.B.Imyx,

B.M.Tenera, B.I'. KosTok, €.0.Bakymnsk, 2016 159
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Bin‘emuna qudepenuiiina npoBigHicTh 1 HampyTH.

BonbT-ammnepHa 1(V) XapaKTepUCTHKA
HaITiBIPOBITHUKIB, SKa BUMIpsSHA 3a CTaIliOHAPHHUX
YMOB, Ha#iOIIbII TOBHO BimOOpaXkae xapakrtep
nmepeHocy HociiB 3apsay. Ilg  xapakTepuctuka
3QJIEKUTH K Bil MIKPOCKOMIIYHHX SKOCTEH 00‘eMy
HAIBIPOBIAHNAKA, $KI BH3HAYAIOTH 3AJICKHICTD

inbHOCTI cTpyMy / Bijl TOKaTbHOTO €IEeKTPUYHOTO

nons £ Ta Bix mapamerpis koHTaKTy.

Sxmo 3amexHicth (V) Mae 00macTh Bin €MHOI
mudepeHIliabHOl  TPOBIMHOCTI, TOOTO,  AKIIO
IUIBHICT CTPYMY 3MEHIIYEThCSI 31 30UIBIICHHIM
CJIEKTPUYHOrO0 ToNg abo, HaBIAKH, 3pOCTAa€ MPH
3MEHIIICHHI TIOJIS, TO BiAMOBIMHI CTAIiOHAPHI CTaHU
B 3araJbHOMY BHNaAKy HecTidki. [Ipum npomy
BEJIMYHMHA CTPYMY 3aJIeKUTh, HAPUKIIA, BiJ PEIITH
JAHIIOTa, SKUA HaBiTh 3a BIJCYTHOCTI 30BHIIIHIX
HaBaHTAXYBAJIHHUX OMOPIiB OOOB‘S3KOBO MICTUTH
PE3UCTUBHI 1 pEaKTHBHI €JIeMEHTH, Taki, K Omip i
IHAYKTUBHICTh TPOBOIB, B3aEMHI IHAYKTUBHOCTI 1
€MHOCTI[2].

Bin‘emna audepenniansia nposinaicts (B/IT)
N- 1 S-TuImiB 0oB's13aHa 3 HECTIMKOCTAMU, BiAIIOBIIHO
KepOBaHMMHU Harpyrorw abo crtpymom. Y paszi BIII
N-THITy, TYCTHHA CTPYMY € OAHO3HAYHOIO (PYHKIII€I0
oJisi, a mose HeogHo3HayHo: GyHkuis [ (V) B meBHil
oOacti 3HadeHb | mae Tpu rinku. Bunagok BT S-
TUITy € KOMIUTIMEHTapHUH, To0TO V 1 I MiHsMIOTBCS
MICIISIMHU.

MoskmuBi Takox xomOiHamii BAII S- i N-tumy.
Ha crarnymiii xapakTepucTuIli BOHH MOXYThH
3MIHIOBaTH  OJWH  OJHOTO  MpPHU  3POCTaHHI
enekTpuuHoro mons [3]. XapakTepucTUKa MOXe 3
qacoM IepeTBoproBaTHcsA 3 S-mofibHoi Ha  N-
nofiony [1]. CraTnvHa XapakTepUCTHKAa MOXKE MaTH
1 Ol ckIagHy hopMy, 3 OaraTO3HAYHICTIO CTPYMY

3a3Buyait BiJ‘€eMHY nudepeHianbHy
MPOBIAHICTH MOB'A3YIOTH 3 HECTIMKICTIO OJHOPITHOTO
CTAalliOHAPHOIO0 CTaHy BIAHOCHO HPOCTOPOBHX
(baykTyamii eNeKTpUYHOTO TOJII 1 KOHIEHTparlii
HOCIiB, IO  TPU3BOJAUTH  JI0  HPOCTOPOBO
HEOMHOPIAHOTO PO3MOIITY TYCTHHH CTIpyMy abo
o [4].

€ umcnenni npuxmagu BJIT N-tumy, komm
ONHOPIHMI  CTAI[iOHApHWK  CTaH  HECTIHKWI
BiIHOCHO YTBOPEHHS pPYXOMHX a00 HEPYXOMHX
HEOJHOPITHUX, IIApyBaTUX pO3MOALIIB TONA 3
rpeberenoniOHUM  mpodineM  Y3IOBXK  3paska
("momenm cwipHOTO TONA"). Sk 1 B OaraThox
BHITAJIKaX OJHOPIAHMNA cTamioHapHuii cran npu B/II1
S-tumy HeCTiHKuit BiJTHOCHO YTBOPEHHS
HEOMHOPIAHOTO PpO3MOAUTY TYyCTHHH CTpyMy B
MOTIEPEYHOMY Tepepi3i MPOBIAHMKA, KOJIM BUHHKAE
LEHTpajbHa LWIIHAPUYHA OO0JNIACTh 3 BHCOKOIO
TYCTUHOIO  CTpyMy  («mHYpw»  CTpymy) i
HaBKOJUIIHSA ii 007acTh 3 HHU3BKOI TYCTHHOIO

cTpymy|[4].
2.ExcniepuMeHTAJbHI pe3yabTaTH.
ExcnepuMeHTaNBHI 3pa3ku

Ha  puc.1 CXeMaTHYHO  300pakeHO
nochaipKyBaHi 3pasku. Lle kpemHieBi n+ — n — nt
CTPYKTYpU 3 EICKTPUYHUMH KOHTaKTaMH 3
amrominiro (Al) mo n+-obnacreii. Bonn po3ramoBani
B “KMIIEHsAX’, MO BimokpemyeHi mapom SiO2
3aBTOBIIKK ~ 2MKM BiJ[ MiJKJIaJKH i3 TOJIKPEMHIO
roBmuHOK 300 MkMm. “Kuiieni” MaroTh pi3HY
rmbuny hl (Bix 2,8 MM 110 10,5 MkMm).

nt — n — nt CTPYKTypH BHUTOTOBIIEHI 13
MOHOKPHCTAJIITHOTO Nn-KpeMHito. n+-o06yacTi
OTpUMaHi  IOHHUM  JIETYBaHHAM  N-KPEMHIIO

miIKIanaKa i3 poly-Si

Puc. 1. CxemaTnuHe 300paskeHHs 3pa3Ka: a — BUJ B TIaHi; 0 i B — mepetud mo A-A i b-b Binnosigno.

[eperun o b-b 115t Ha0UHOCTI 301MBLICHO.
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(hocdopom o xonnentpaii Gochopy P ~ 1021cm-3
3 HOro mojambUIO0 TEPMIYHOIO PO3TOHKOI Ha
rmbuny hr~ 5 MmxM. 3anexxHo Big riaubOuau hl
“kuimeHi” n+ - 00JacTh Ma€ TaKy K TIHOWHY, 5K 1
“kumens’” (hl /h=1), abo mernmry 3a Hei (hl /h>1).

BBaxaeTbcs, O CTPYM B 3pa3kax, y MEpILy
4epry, po3irpiBac Ty WOTO 4acTHHY 3 N-KPEMHilo,
siKa pO3TalllOBaHa MiX n+-o0macTsaMu 1 sKy mami
Ha3uBaTUMEMO ‘‘MicTkoM”[5]. SlcHO, MO OMIYHHN
omip “micTka” 3aiexuTh Bij Horo po3mipi hl, L, b
i w (nuB. puc.l) i, B OCHOBHOMY, BH3HA4a€e OIIip
cTpykTypHu R . B nociimkennx 3pa3kax BennduHa R
3HAXOAWJIACS B IHTEPBAIi BiJ OJWHHWIG IO NECATKIB
Owm.

nt+t — n — nt CTPYKTYpPH BIIPI3HSIIUCH MIiXK
co00I0 3a BOMa KOHCTPYKTUBHMMH IapaMeTpaMu.
[epmmmii — ne Benmuunam hl i h, siki B pi3HEX 3pa3kax
Oynu pi3Hi, ame AN SKUX 3aBXIM BHKOHYBAIOChH
crniBBizHomenHst h1/h=1 abo hl /h>1; apyruii — Tak
3BaHa (portomiTorpadiuyna moBxkuHA “micTka” | (amB.
puc.10). YV pizHux 3paskax 1 = §8,0+13,4 mxMm.
3ayBakuMoO, IO TIpH po3roHmi ¢ocdop “mimmerye”
KpeMHIH T Kpaem OKHCIy Oifsl TMOBEpXHi,
YHACIiZIOK 4Oro JoBkuHa “Mmictka” L Mk nt-
obylacTsIMM ~ 3aBXIM MEHIIa 3a | Ha JOBXHHY
“migneryBanas” 2Al.

[Tonepeunuii mepepiz “mictka” (puc.l.B) Mae
BUTJISIIL Tpameuii, y sKii po3Mip HHXHBOI OCHOBH
b=4,0 MKM (QikcoBaHMi{, a BeJIMYMHA BEPXHHOI
OCHOBH W BH3HAUYa€Thcs MMHOMHOK “kumiedi” hl i
3MIHIOETbCS B iHTepBami w = 8+18 mkm. B
CTPYKTypax pi3HHX THIIIB PO3MIpH KOHTAaKTHHX
wiomaaok i3 Al (puc. 1.a) geuio BiAPI3HSIKCH, ayie
B CepelHbOMY iX AOoBkHHAa craHoBWiaa 200 MKM, a
mupuHa — 150 MxMm.

EKCHepI/IMeHTaJILHa YcTanoBKa

Bcei BHUMIpPIOBaHHS
CTalLliOHAPHOMY  PEXUMI

MIPOBOIVITHCH B
reHeparopa  CTpyMy.

180+
160+
140+
120+ 3

<< 100+
E 80+
60+ 2

40+

20+ 1

0 T T T T T
0 2 4 6 8 10

Puc. 2 BonbT-aMnepHa xapakTeprCcTHKA
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YceraHoBKa CKITaaeThes 3 xepena sxusineHns (1K),
mo kuBUTh reHepatop crpymy (I'C). I'C wmae
MepeMuKad, 10 JIO3BOJISE TMPAIlIOBaTH SIK B
CTalllOHAPHOMY pPEXHuMi, Tak 1 B iMIynbcHOMY. B
IMITYyJIbCHOMY ~ PEKHMi IMITyJIbC TIOHAETHCS  BifT
reHeparopa imnyibciB. ['C  103BoOJIsiE 3MiHIOBATH
ctpyM Bim 0 mo 1.5 A. I'l no3Bonsie 3MiHIOBaTH
TPUBATICTE IMITYJIBCY BiJ OJUHHUITE MIKPOCEKYHI JO
lc. Hampyra ©Ha 3pa3ky BuMiploBajacs 3a
JOTIOMOTOI0  3araM’SITOBYI0YOro  ocuuiiorpagda 1o
nepuioMy kaHanmy. JIns  KOHTpPONO — BENMYHUHU
CTpyMy, 1110 TIPOTIKaB Yepe3 CTPYKTYpPY, MOCITIIOBHO
3 3pa3koM Oyno BBiMKHeHO omip Rc (Rc << R3),
CHUTHANl 3 SKOTO BHMIPIOBABCS JPYTUM KaHAJIOM
ocmmtorpada. Ilix yac BUMiproBaHb CITOCTEpIraiy 3a
MOBEPXHE  JIOCHI/DKYBaHOI  CTPYKTYpH  3a
JIOTIOMOTOKO MiKPOCKOITY.

BoJsbT-amMnepHi xapakTepucTHKH

CranioHapHy BOJBT-aMIEPHY XapaKTEPUCTHUKY
300pakeHo Ha puc. 2, a 1i audepeHmian Ha puc 3.
Hudepenuian mepmoi 30HM Mae JOJAaTHIN 3HaK.
KonuBannas B 1iii 30HI HE BHHHMKAIOTh NPU 3MiHI
ctpymy Bix 0 mo 35 MA. Jludepenmian qpyroi 30HH €
BiI'€MHUM 31 chajal4yuM xapakrtepom. [lpu
30inmpmieHHi ctpymy Big 35 MA go 75 MA
mudepeHItian  Apyroi 30HM CTAa€ Big ‘€éMHUM 31
CIaJal0uuM XapaKTepoM, 1 BUHHKAIOTh CTallioHapHi
KOJIMBAaHHA. AMIUTITYJa KOJHMBaHb NpHU 301NbLICHH]
CTPyMy CIIOYATKy 3pOCTA€, a MOTIM 3MEHIIYETHCH, i
KOJIMBaHHA 3HHUKaTh. [lomanmpime  30inbLIeHHS
CTpyMy niepeBoauTh qudepentiar BAX no 30nu 3 3
JIofaTHIM 3HaKoM. KonwBaHHS TOTEHIialmy He
crocTepirarotbes. Ha puc. 4 mokazaHo cTarfioHapHi
KOJIMBaHHS, Ha PHC.5 — CTAI[lOHApHI KOJMBAHHS, a Ha
pHcC.6, BIAMIOBITHO, — 3aBEpIICHHS KOJINBAHb.

150X 3
< 100
2
50
T

0
-04 -02 00 02 04 06

V
Puc.3 ludepenmiansHa xapakTepucTUKa
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WA AN

Puc.4 CrauionapHi KOJMBaHHS CTPyMy

Crnucoxk BUKOPHCTAHMX JKepe

bonu-bpyesuu B.JIL. JomenHnas
ANIEKTPUIECKAs HEYCTOHYUBOCTh
nosrynipoBogaukoB. /  B.JI. boru-bpyesuu,
W.IIL 3Barun, A.I'. MupoHoB. — Mocksa:
«Hayxka», 1972. — 412 c.

C. 3u. ®duznka MOJTYNIPOBOTHUKOBBIX

npubopos / C. 3u. — Mocksa: «MUP», 1984.
—462 c.
Bakupos 5.C.  TokoBasi  HEyCTOWYUBOCTh

00ycoBIeHHAs ($ha30BBIM TIepeX0I0M
MOJTYPOBOAHUK - MeTasll B
KBa3MOTHOMEPHBIX CTPYKTypax. /
b.C. Bakupos, N.C. Bakaposa,
A.b. Kopnskos, C.H. KpaBuenko,

A.l'. IlerykoB // ®usuka U TEXHUKA
MOJIyITPOBOJHUKOB. — 1989. — 23. — B. 7. — C.
1182-1186.

Bonkos A.@.  ®usuueckue  SABIEHUS B
MOy TIPOBOAHUKAX c OTPHIATEIHHON
madepeHITMaTbHOH  TIPOBOAMMOCTEIO. /
A.®. Bonko, II.M.Korurn // Ycnexm
¢usnueckux Hayk. — 1968. — 96. — 64. — C.
633-672.
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BucHoBkn

SKImo 3anexHICTh CTPYMy BiJl HAmpyrd Mae
obmacts B/III To BimmoBigHUH cTaIlioOHApHUN CTaH, B
3araJlLHOMY BHUIAAKY, HECTIHKHUH, 110 TPU3BOAMTH
JI0 BUHUKHEHHS KOJIMBAHb B I1iil 30Hi.

Bin‘emua mudepenrianpaa mpoBigHICTE S- 1 N-
TUIY TOB‘S3aHa 3 BUHUKHEHHSIM KOJHBaHb 1 MOXE
KEepYBaTUCh HANPYTO a00 CTPYMOM.
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3anpononosano memoo GU3HAUEHHA GeIUNUHU padiyca KopenAyii Ha OKpeMux 2ilKax Kpugoi
CRIGICHYBAHMS, WO TPYHMYEMbCA HA EKCNEPUMEHMATbHUX OAHUX NpO OUHAMIuHY 6's3Kicmb. Y pobomi
008€0eH0 eheKmuUBHIiCMb 3ACMOCY8AHHS CKEUNIHE080i MOOeNi AK cyMu iIXHbOI pe2ynapHoi ma ¢aykmyayiinoi
YaCMuHU OISl ONUCY AHOMATLHOI NOBEOIHKU OUHAMIYHOT 8 A3KOCMI UOHHO-€/IeKMPOHHUX OIHAPHUX PO3UUHIE.
Iloxasano, wo 0na eerudunu OUHAMIYHOL 8'A3KOCMi IYKmMyayitina 4acmuna € MeHWo, Hidc pecyisapHa, a
omaice, 8 EKCNepUMEeHMATbHUX YMOBAX OOCMYNHUX OISl CNOCMEPENHCEHHS, He BUKOHYEMbCA NPUNYUEHHS]
meopii  Ounamiunoeo ckeuninzy. IliomeepoiiceHo BUCHOBOK KiHYeB0-pO3MIPHOL meopii macuimadHux
nepemeopenb Wo0o CKIHUEHHO20 3HAYEHHA 6 A3KOCMi Npu KPUMUYHUX 3HAYEHHAX KOHYEHMpayii X=X, ma
memnepamypu T=T,,,.

Knouosi crnosa: ounamiuna 6’a3ximv, UOHHO-eeKMPOHHI OIHAPHI pO3UUHU, (DIYKMYayitina 8 's3Kicmb,
paoiyc kopensiyii

The method for the determination of the correlation radius curve on separate branches of coexistence
based on experimental data on the temperature and concentration dependence of dynamic viscosity. We
prove the effectiveness of the model scaling as the sum of their regular and fluctuation of abnormal behavior
to describe the dynamic viscosity of binary ionic-electronic solutions. It is shown that the value of dynamic
viscosity fluctuation of less than regular, and therefore, in experimental conditions accessible to observation,
not satisfied assumption of the theory of dynamic scaling. Confirmed conclude finite-dimensional theory of
scale transformations on finite viscosity at critical values of concentration and temperature. As follows from
the results, the concentration dependence of viscosity fluctuation in the interface and the critical isotherm
describes the power law with the same critical indicators, but with different amplitudes. Moreover, the
amplitude of fluctuation of the concentration dependence of dynamic viscosity for the interface is less than
the corresponding amplitude on the critical isotherm, which is consistent with the conclusions of the theory
of dynamic scaling.

Key words: the shear viscosity, ion-electronic binary solutions, viscosity fluctuation, correlation radius

Crartio npeacrasus akagemik HAH Ykpainn, a.¢.-m.H., npod. bynasin JL.A.

Beryn Ta BHCOKY TeEIUIOEMHICTh. Taka ocoOimBa puca
. . 03BOJIIE  BUKOPUCTOBYBaTH  PIIKI ~ METalu
OpHi€er0 3  BEIMYMH, sKa I[IOB'Si3aHa 3 A | BHKOP ypal pii y
. . TEIUIOTEXHIIl K  MaTepiaiyd, 1o e(EeKTUBHO
HE3BOPOTHUMH SIBUIIAMH, 1, 30KpeMa, 13 SBHINAMHU . .
. MIEPEHOCATD TEIUIO MIXK TETI000MIHHUMU
qucumanii  eHeprii, SBISETBCA B SI3KICTH  [1]. . , .
N . npucTposMu. BpaxoByrouu, 1o noBejiHKa B’ SI3KOCTI
CrpykTypa BU3HAYa€ B S3KICTh CUCTEMH, a B SI3KICTh
TaKUX  CKJIQJHUX  CHCTEM 3  KPUTHYHUMH

- PO3BHTOK Y Hilt cTpykTypu. OcoOIMBO SICKPaBO Tei

; nmapamMeTpaMu MoKe OyTH OIHCaHa B paMKax Teopii
B3a€MO3B SI30K IIPOABIIIETHCA B CHUJIBHO

JUHAMIYHAX KPUTHYHHUX SIBUIL, SK 1 OIS 1HIOHX
KOpEJIbOBAHMUX CUCTEMax. [IpUKIazoM Takux CHJIBHO .
o . . OlHapHMX CHCTEM, W0 HaleXarh [JO Kiacy
KODPEJIbOBaHUX CHCTEM € HOHHO-EJIEeKTPOHHI OiHapHi . . o . .
yHiBepcampHOCTI 3-MipHOi Momenmi I3imra [5],

PO3YUHH 3 KPUTUYHOIO KOHIIEHTparlieto [2]-[4].

3 MpakTUYHOI TOYKHA 30py OCOOJUBO IIKABO
JOCIITUTA BJIACTHBOCTI TaKWX PO3YHHIB, OCKIJIBKH
JeSIKI PiIKi METaId MalOTh 3HAYHY TEILIONPOBIAHICTh

OCHOBHHMM TIapaMETPOM, 110 BU3HAYA€ yCi YHiKaIbHI
Ta YHiBEpCaJbHi BIACTMBOCTI B OKOJi KPUTHYHHUX
TEeMIIEpaTyp po3IIapyBaHHS € pajiiyc Kopensiii [6].
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Came TOoMy mpejicTaBiieHa po0OOTa CIpSMOBaHA
Ha BW3HAYCHHS BEIMYMHU pajaiyca KoOpeisii 3a

pe3ynpTaTamMu JIOCTKEHHS oco0MBOCTEH
MMOBEIIHKH IUHAMIYHOT B’SI3KOCTI HOHHO-
eNeKTpOHHOTO  OiHapHoro po3umHy GasPb 3
KPUTUIHUMH napamMeTpamu: T, =888,68+0,2,

x,, =0,515+0,005.
CkeiitiHroBuii miaxia 1o onucy 1uHamMivyHoi
B’A3KOCTI

Hdns  aHamizy  ocOONMBOCTEH  MOBEIIHKH
TUHAMIYHOI B’S3KOCTI y PI3HUX TEPMOIWHAMITHHAX

HanpsMKax: Ttemmeparyp (>0, t<0 ([{<10") Ta
KOHIEHTpAIiit X > X,,, X <X,k BKIIOYAIOYH iXHI

KpUTHYHI 3HaueHHs 7., , X, BUKOPHCTOBYBAJIH

2,6 -
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0,6 - g
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JIMHAMIYHOI

3aJIEKHOCTI

Puc. 1. TemmnepatypHi
B’A3KOCTI 7], (T ,x) po3unny Ga-Pb y3m0Bxk pizHHX
HanpsMkiB: 1 —Pb, 2 — Ga;sPbgs, 3 — GayoPbgy, 4 —
Ga3on70, 5- Ga40Pb60, 6— x=xkp(Ga51Pb49)
KpUTU4HOI  i30KoHUEHTpaTH, 7 — GagPbsyy, 8-
Ga70Pb30, 9-— Gagopblo, 10 — Ga, 11 — mexi HO)IiJ]y
thas.
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jmiTepatypHi  gaHi  JUIs
oinapHoro po3uuny Ga-Pb [7].

Ha pumc.1 HaBemeHo SK  TemmepaTypHi
3aIeKHOCTI (puc. 1 @) Tak 1 TpuUMipHa ITOBEPXHA
(puc. 1 6) TUHAMITHOT B’SI3KOCTI TUTS
JOCITiKyBaHOTO OiHapHOTO po3unHy Ga-Pb.

AHani3 excriepuMeHaTATBbHUX MaHuX (puc. 1 @)
MPOBOAMIN 0a3yrO4HCh Ha CKEWJIIHTOBOMY ITiIXO,
BUKOPUCTOBYIOUH PIBHSHHS B’SI3KOCTI AJISI PO3UMHIB
3 KPUTUYHUMH TMapaMeTpaMH, Y SKOMY BpaxoBaHO
MPOCTOPOBY  JNWCIEPCIF0  CHUCTEMH  MOOIU3Y
kputnuHoi  Touku (g,R. #0) 'y  pi3HHX

TepMO,E[I/IHaMquI/IX HaﬂpﬂMKaX:
N5, (T,x) = M e (T,x)+ M (T.x). (1

Tyt, 7,.(T.x) Ta 1,,(T,x) - BiANOBIIHO perynspHa

ﬁOHHO-CHeKTpOHHOI‘O

Ta (uykTyaliiiHa CKJIaIOBI JUHAMIYHOI B’S3KOCTI,
sKa JTIOPiBHIOE:

AnyR.(T,x)
Mg (7o) = - —.

[1 N (q2 RT, x))z }2(1—77)

VY i Mozeni g, — mapamerp, 10 Mae PO3MIpHICTh
XBUJIOBOTO BEKTOpA, 1 — KPUTUYHUN IIOKA3HUK
VHiBEpCATbHOI 3aIeKHOCTI KOPEISIiHOI (YHKIL, M,
Vv, B — KpUTHYHI TOKa3HUKA (DIyKTyamiiAHOI Teopil
¢asoBux mepexomiB; Ar=(x-x,)/x, — mapamerp

MopSAKy OiHapHMX po3dmHIB. 3 cHiBBigHOMIEHHS (3)
BUILUIMBAE, IO B’A3KICTh CUCTEMH B KPUTUYHIM TOYII
(t=0, Ax=0) € CKIHYCHHOIO
(e (R, > 0) =An/ q, = const ), mo y3romxyeTses i3
po3paxynkamu Dikcmana M [8].

Perynsipna YacTUHA B’SI3KOCTI, AKa
BU3HAYAETHCA (DI3MKO-XIMIYHUMH  OCOOJIMBOCTSIMHU
OiHapHWX PO3YMHIB i HE MOB’s3aHA 3 HAOIMKEHHIM
CHUCTEMH JI0 KPUTHYHOK TOYKH pO3IIApyBaHHS
BU3HAYAETHCS SK:

#*
hN AG
A n
cXp
vV RT

, 3)

npee (X, T) =

ne h — crana Ilmanka; N, — uncio Asoraapo; V -

MOJILHUH 00’€eM; AG; - BiJIbHA €Hepris aKTUBaIlil
B’s513K01 Teuii.

AHali3 eKCNepUMEHTAIFHUX JIaHUX IS YCiX
JOCHTIJDKYBAHUX ~ MOHHO-EJIEKTPOHHHX  OiHApHUX
PO3YMHIB MMOKa3aB, IO SIK 1 A1 G1HAPHOTO PO3UMHY
130MacIsiHa KUCIIoTa-Boia [9], MOBeiHKA B SI3KOCTI €
PI3HOIO B PiI3HUX TEPMOJUHAMIYHMX HampsiMkax. Lle
3yMOBJIEHO THM, w0 (aykTyaniiiHa yacThHA
MUHAMIYHOI B’A3KOCTI BU3HAYAETHCA  PajiycoM
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KOpeIAllii, TMOBEMiHKA SKOTO € PI3HOK Y3I0BXK
KPUTHYHOI 130KOHIICHTpaTH, MEXi moaiay ¢as Ta
KPUTHYHOI 130TepMH:

RCI = R{)lt_v 4 RL‘Z = ROZ | t |7V 4 Rc3 = R03 | Ax |_V/ﬁ ‘ (4)
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MEPETBOPEHB MO0 CKIHYCHHOTO 3HAUEHHS B’ SI3KOCTI
MpU KPUTUYHUX 3HAYEHHAX KOHIIGHTpALii X =X Ta
Kp

temnepatypu T=T .
Kp

ITokazano, 1m0 BiJTbHA €HEPTis aKTHBAIIil B’ I3KO1

, Tewii JIHIHHO 3MCHINYIOTbCA 31  30LTIbILICHHAM
B’sa3kicTh B310BK Meski moainy ¢as
A ¢ TIOA 3,’(1) 05000 002 004 006 008 010 012
Ta HA KPUTHYHIl i30TepMi T o 3
Vg 0,15
. . 0,4 4 85 65
ngomx Mexi - mopity qoep TeMIepaTypHa 2 bo LI R oz
3aJIeKHICTh TUHAMIYHOI B’SI3KOCTI Ta ii peryisipHa 037 ¥ s E 0,10%03
YaCTUHA Ma€ BUIJIS)] HABEJCHUH Ha puc.2. > 0 bW oww g
. ’ . % G &
Kpunumu Ha puc. 2 300pakeHO po3paxoBaHi 3a S * 3 _________________________ 0532
¢dopmynoro (1) Tta (3) 3HAYEHHS, BIANOBITHO UIA ; 0.1 s 3
eKCIIEPUMEHTANPHUX 3HAYeHb JUHAMIYHOI B’SI3KOCTI T 0y e 003
. . 9 =
Ms) Ta i perynspHof (Mper) YACTHHH. HpOBCI[C.HI/II/I 0l *g
aHaN3 JAaHWX CBITYMTH, MO XapakTep TMOBEIIHKU 10,05
R . . -0 e
B’S3KOCTI Y3IOBX MeXi moniny ¢as y mepury yepry 0
3yMOBIICHMM BE/IMIMHOIO 1 PEry/PHOl aCTHHH. 0.3—00 002 004 006 008 010 oal0
[TigTBEpIHKEHHSAM HYOTO € BUIVIS TEMIIEPaTypHUX Puc. 3 T ¢ 0 0
o . . . < >
3aJIe)KHOCTEH BITHOCHUX 3HA4Y€Hb BUIBHOI €HEprii B’ 3K ue. 5. .eane;()aTypHa) (t<0, A )
> : KOHIIEHTpaLiifHa (BCTaBKa) 3aJI€KHOCTI BiIHOCHHUX
Tedii Ta MOJIBHOTO 00’ €My, SIKi HaBeIeHO Ha puc. 3. p o N
Jlii  amamizy mHaBenemmx  ma  puc. 2,3  JHAUCHb cHepril akTmBanii B’askol Tedii Ta
Lt 5 . . ) .
TEMIIEPATypHUX 3aJICKHOCTEH BapTO CKOPUCTATHUCS MOHI’HOFOG ogbeMy AMHAMIMHOT B’A3K0CTi (3) A
PIBHSHHAM KPHUBOI cripicHyBamms, ~ PO3THHY La-to.

An® ==no = 117, e An®) = (-
Mmax)/Mmaxs t = (Tp-T)/Typ. Takmii migxin no3oaus
sl KokHoro Bumaaky t<O0 Tta t>0 3Hailtn
BEIMYMHY AaCHMNOTOTHYHOI aMIUTyId 1), Ta
KPUTHYHOTO TIOKa3HMKa KpPWUBOI  CITiBiICHYBaHHSA
B =0,338 £ 0,002 TUTS HOHHO-ETIEKTPOHHOTO
OiHapHoro  posumHy. Sk ToOKa3ye  aHami3
3aNe)XKHOCTEeH, HaBEJEHHMX Ha puC. 2, puc. 3, came
Opd  BUKOPHUCTAHHI  PO3PaxOBAaHOTO  3HAYECHHS
f=0,338+0,002 OTPUMYEMO 3aJIOBIJIbHE
Y3TO/DKEHHS 3 eKCIIEPHIMEHTOM.

OxkpiM TOTrO, NCTAIbHUM aHATI3 JaHHX Y3I0BXK
KPUTHUYHOT 130KOHIIEHTPATH JI03BOJIUB MiITBEPIPKEHO
BHCHOBOK KiHIIEBO-PO3MIpHOI Teopii MacmTabHUX

1,84 - ®-n, ___,———+ .
I o

9 144 %.' ,,%"' i
ke .

=

1,2+ %ﬁﬁ““\\\ .
1,0- % B : §

T
0,8 .

0,00 0,02 0,04 ¢ 0,06 0,08 0,10 0,12

Puc. 2. TemmneparypHa 3aJeXHICTb AMHAMIYHOI
B’S3KOCTI Ta Ti perynspHoi 4acTwHU (4) Y3I0BXK
TEPMOJIMHAMIYHOTO HANPAMKY MeXi noainy a3 s
Ga-Pb.

KOHIICHTpAIlil, [0 MPU3BOIUTh JO 30UIBIICHHS
MOJILHOTO 00’eMy (IOMB. BCTaBKy Ha puc. 3). [Hma
KapTHHA  CIOCTEPIraeTbCs  JUISI  MOJCKYISPHHX
OiHapHUX PO3UYMHIB, IS AKUX 3MEHIICHHS MOJIBFHOTO
00’€My CYNpPOBOKYEThCS 3MEHIICHHSIM BUILHOL
eHeprii akTuBaIlii B’ sa3K0i Tedii [9].

BukopucToBytoun ~ 3Ha4eHHS ~ PETYISAPHOL
YaCTHHM  B’SI3KOCTI  3HaljeHO  (IyKTyamiiHy
B’s13kicTh (1), moBeniHka sIKoi OyJia MpoaHalli30BaHO
y  PpI3HHX  TEpMOAMHAMIYHMX  HampsMKax 3
BUKOpucTaHHsIM Qopmyn (2) Ta (4). Le daxruyno
JO3BOJIMJIO  BH3HAYMTH T4  MPOaHATi3yBaTH
OCOOJIMBOCTI 3aJIe)KHOCT1 pajiyca KOpemsiii Ha

OKPEMHX TiJIKaX KPUBOI CITiBICHYBaHHS.

Byno  migTBepMKEHO ~ BHCHOBKH  Teopii
IMHAMIYHOIO CKEWJTIHTY 1010 OJIHAKOBHX
CTENEeHEBUX KOHIIEHTPALIIHUX 3aJIeKHOCTEH pajiyca
Kopenslii Ha MexXi momity ¢a3 1 Ha KPUTHYHIN
i3otepmi. [lpuyomy, amIUIiTyJa KOHIIEHTPALIHHOL
3alIe)KHOCTI OO0EpHEHOTro 3HAdeHHS (IIyKTyariiHOl
YaCTHHU B’S3KOCTI Ha MeXi moniiny (a3 MeHIna 3a
BiJIMOBIIHY aMIUTITYZly Ha KPUTHYHIH 130TepMi.

BucHoBku

3 PO3MIIIHYTOrO MOYHA 3pOOUTH TaKi BUCHOBKHU:
1. Hnsa HOHHO-EJIEKTPOHHHUX PO3UMHIB
3allpONIOHOBAHO  METOJl BU3HAUCHHS  BEJWYHHU
panmiyca Kopeisimii Ha OKpPeMHUX TilKax KpHBOI
CHIBICHYBaHHS, 10 IPYHTY€ETBCS Ha
EKCIEpUMEHTAILHUX ~ JIaHUX [P0 JIUHAMIYHY
B’SI3KiCTb.
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2. HOBCI{CHO e(i)eKTI/IBHiCTB 3aCTOCYBAaHHA AJOCTYIIHUX JJId CIHOCTCPCIKCHHSA, HC BUKOHYETHCA

CKEMJIIHTOBOI MOZIEITi K CYMHU iXHBOI PeryJIsIpHOi Ta
(baykTyamiifHOT 9acTWHU I OMHCY aHOMAaJbHOI
MMOBEIIHKH IUHAMIYHOT B’SI3KOCTI HOHHO-
€ICKTPOHHUX OiHAPHUX PO3YHHIB, IO HAJISKATh IO
KJIacy yHiBepcalbHOCTI 3-MipHOi Moeni [3iHra.

3. IlokazaHo, MmO I BEIWYMHH IJUHAMIYHOI
B’S3KOCTI (UIyKTyamiliHa 4YacTWHA € MEHIIO, HiX
peryinsipHa, a OTKe, B eKCIIEPUMEHTAILHUX YMOBaX,
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Pozensdaemvcss numanns wo0o Qi3uyHUX MeXamizmie NPOHUKIUGOCMT CUHMEMUYHUX MeMOPaH.
Ompumani excnepumeHmanibHi 3Ha4eHHs epekmugno2o Koegiyicnma oughysii ma xoegiyicuma nponycKanHs
HAMACHIYEHUX MA HeHAMASHIYEHUX NIIGOK, OMPUMAHUX MEMOOOM Gomonorimepusayii yukioarigamuynoi
emonu YII-650T. 3anpononosano sukopucmamu 3a1elcHicms Koegiyienma ougysii 6i0 MacHimHo20 RO
npu CMEOPEeHHI CUHMEMUYHOT MeMOPaHU.

Kouoei criosa: norimepra memopana, macrimue noe, ough)3is

The question about the physical mechanisms of permeability of synthetic membranes is considered. The
specified fundamental difference between synthetic and biological membranes, which is the ability to
regulate passage channel, is denoted. The model of two component synthetic membrane with disordered
matrix and blocks inclusion is proposed. In these models the spaces between the blocks are natural channels
for outside molecules. The mechanism of regulation of extraneous movement of molecules through the
channel by creating a mechanical moment between the blocks associated with the magnetic field is proposed.
We studied the penetration of membranes with respect to the molecules that are the components of air. This
insight was characterized with averaged parameter which is called effective diffusion coefficient. The
experimental values of the effective diffusion coefficient and transmittance of magnetized and unmagnetized
films formed by photopolymerization of cycloaliphatic epoxy resin UP-650T were obtained. A dependence of
the diffusion coefficient of the magnetic field was proposed to use while creating a synthetic membrane.

Key Words: polymeric membrane, magnetic field, diffusion.

Crartio npencraBuB akanemik HAH Ykpainu, n.¢.-m.H., mpod. bynasia JLA.

Bcryn

Sk BimoMo, MeMOpaHa sIBIIsie COO0I0 TUTIBKY, IO
MICTUTh KaHalM, 3aBISKH SKUM DPI3HOMAaHIiTHI
PEYOBHHU MAIOTh 3MOTY MPOXOAWTH Yepe3 IUTIBKY.
l'onoBHOIO (hYHKITIOHATHHOIO O3HAKOK MEMOpaHU €
ii BHOIPKOBICTP — MeMOpaHa MYCHTh TIPOITYCKATH
nuIIe HeoOXigHi (MIPOXifHi) pEYOBHHHU 1 CIIYTYBaTH
3aCJIOHOM U IHIIMX HENPOXIJHUX pPEYyOBHUH.
Cryninb BUOIPKOBOCT1 BU3HAYAETHCS HEPIBHICTIO

ne d — miamerp kaHama, D; — po3Mip YaCTHHKH
npoxigHoi pedoBuHH, D; — po3Mip dYacTHHKH
HEMPOXiAHOI pEYOBHHHU.

Konu iinerscs npo MONEKYISPHUN CTPYKTYpHUIA
piBeab, To D; ta D, — me po3aMipu BiAMOBiTHO
MPOXiTHUX 1 HETPOXiTHUX MOJEKYI.

PospizastoTs aBa THIIM MeMOpaH — CHHTETHYHI Ta
Oionoriuni. [lpuHIIMTIOBA PI3HUIA MK IMMHU THITAMA
MeMOpaH ToJsTae B TOMY, WO BHOIPKOBICTh
OiomMeMOpaH MOXKE PeryJoBaTUCh — 32 HEOXiITHOCTI

D. <d <D (1) MeMOpaHHHMI KaHaJl MOXE BiJIKpUBATHCh Ta
1 2,

© JI.A. bynagin, FO.®. 3a6amra,
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3aKpuBaTUCh. [l CHUHTETMYHOI MeMOpaHU Taka
MOKJIHBICTh BUKIIIOUCHA.

Opniero i3 mpobmem cydacHoi QiBUKH €
cTBopeHHs mty4yHoi kiituHu [1-2]. Sk Bimomo, 10
CKJaay  KIITUH  BXOAWUTh  TIEBHA  KUIBKICTh
OiomeMOpaH — 30BHIIIHS Ta BHYTPIIIHBOKIITHHHI.
BinnosinHo 3rajgaHa mpo0jieMa CTaBUTh Ha TOPSI0K
JEHHUI 3aJayy TMpO CTBOPEHHS CHUHTETUYHOI
MeMOpaHU 3 peryJibOBaHUMH KaHaJIaMH.

B naHHIl cTaTTi HACTHCA MPO OIUH 13 MOKIUBUX
NUIAXIB BUPIMICHHS 1i€T 3a1a4i.

@i3nYHUI MeXaHi3M peryJloBaHHS
NMPOHUKJIUBOCTI

Jdnst  BupimieHHs Ii€l 3a7a4i TepIIoYeproBUM
MyHKTOM € BHOIp marepiasry mMeMmOpanu. Ha namry
IyMKy, HaiOUIbII JOUUILHUM € BHUKOPHCTAaHHS B
IIbOMY BHIIQJIKy TOJIMEpHUX MaTepiamiB. Takwuii
BHUOIp TPYHTYEThCSI HA ICHYBaHHI B IOJIMEPI JBOX
TUIIB obnactell — 3 OUIBIIOKD Ta MEHIIO
CTYNEHSIMH  HeBropsimkoBanocti. Jlam — Oyzemo
BXXKMBATH CKOpPOYEHI Ha3BH: JUIA TMEPUIIHX —
BIIOPSIIKOBaHA 00JacTh ab0 OJIOK, I JAPYroro —
HEBIIOPSIKOBaHA 001aCTh. B aMmop¢Ho-
KpUCTANIYHUX  TIOJiMepax 3rajjaHi JBa THIU
obyacteil 11e — KpUCTajaiuHa Ta amopdHi 00iacTi, B
aMop(HHMX ToIiMepax me — o0JiacTi 3 TYCTOIO Ta
PIZKOIO JTAHITIOTOBOIO CITKOIO.

CTpyKTypHOMY pPiBHEBi, JI¢ B POJIi CTPYKTYPHHX
€JIEMEHTIB BUCTYIIAIOTh 3rajiaHi 00acTi, BiAmoOBinae
JIBOKOMITOHEHTa MOJICNIb, II0 € HEBIOPSIKOBAHOO
MatpuIeio 1, B sKiif po3TamioBaHi BKJIIOYCHHS —
6moku 2 (puc. 1).

Puc. 1. JIBOKOMIIOHEHTHA MOJENb CTPYKTYPH

oJtimepy.
HasuBatnmemo CTOPOHHIMH MOJIEKYITH
PEYOBHHHU, SIKI KOHTaKTyIOTb 3  HOJIMEPHOO
memOpanor.  [Ipomixkku  Mibk  Onokamm €

MNpUpPpOAHUMU KaHaJlaMU JJI CTOpOHHiX MOIJICKYII. B
ObOMY I'OJIOBHA II€peBara HOJ'IiMepiB SIK M€M6paHHI/IX
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MaTepiaiB: HE CIIiJl 3aCTOCOBYBATH MEBHI TEXHOJIOTIT
JUISs YTBOPCHHS KaHATIB — BOHU € HEOOXIIHHM
EIIEMEHTOM MONiMepHOi cTpykTypu. OpuH i3
MOXKJIMBUX KaHAJIiB 300pakeHO Ha pHUC.] 3BUBUCTOIO
JKUPHOIO JIIHIEO 1 mo3HaYeHo nudporo 3.

Sk yxe 3raayBanoch, B paMKaX CTPYKTYpHOI
Mojieni, 300paxkeHoi Ha puc.l, KaHal MOXHa
NPEICTABUTHU SIK MIPOMDKOK MK OJlokaMu. B 1ipomy
MPOMDKKY (pHC. 2) PpO3TAllIOBYIOTHCSA  JIAHIIOTH
HEBIIOPSIKOBAHOT 0o0JacTi, SKi 3'€IHYIOTh MK
coboro cycimni 61oku 1 i 2 (Ha puc. 2 300paxeHo
JIMIIIC OJIMH 13 JIAHIIFOTIB HEBIOPSAKOBAHOI 00aCTi,
fioro moznaueHo 1udporo 3). [Nonepeunuii nepepiz
KaHaJy 300pa)XeHO Ha PUC. 2 KOJIOM, PO3TAllIOBAHUM
MDK OJIOKaMHU.

MoykHa 3ampOINOHYBAaTH HACTYIIHMHA MeEXaHi3M
perynsnii pyXy CTOPOHHIX MOJICKYJa uepe3 Iiei
kaHas. Hexail KyT Mk TOBEPXHSIMHU CYCIZIHIX OJIOKiB
1 i 2 nOpiBHIOE TaKOMy 3HAa4eHHIO @, IpH SKOMY

JIAHITIOT 3 Ma€ BUTATHYTY KOHQirypaitito (puc. 2a).

0

Puc. 2. Monens kanay B mojJiMepHiii MeMOpaHi:
@ - KaHaJ BiTKPUTO, O - KaHAJ 3aKPUTO.

Sk BumgHO 3 puC. 2a, 3HAXONAYNCH Yy Wil
KOH(Qirypamii JaHIfOr BigKkpuBae KaHan. koo
3MEHIIUTA KYT MDK 3TaJlaHUMH TOBEPXHSIMH JIO
3HaueHHs 0, ,

nanuor 3 HaOyBae 3ropHyToOl
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KoH(pirypamii, 3akpuBatoun kKaHai. s moBopoTy
6noka 2 Ha KyT 6, —0, BigHOCHO OnoKa 1, 10 LBOTO
070Ky HEOOXiMHO MPHKIACTH NEIKHHA MeXaHIYHUH
MoMeHT M. Jnsi CTBOpEHHS LBOTO MOMEHTY MH
MPOMOHYEMO  PO3TAalllOBYBaTH  MeMOpaHy B
Mar”iTHoMy moji. Tomi BiAMOBIAHO MeEXaHIYHHIMA

MoMeHT M BU3HAYaTHMETHCS 3a (HOPMYIIO0

M =H e(m, —m,), )

ne H - manpyxeHicts MaruiTHoro moms, M, i Mm,-
MAarHitTHi MOMeHTH OJI0KiB 1 1 2.

Excnepument

Mu  nepenbawaemo  3aCTOCOBYBATH  JUist
peryJitoBaHHS MPOHUKIMBOCTI MEMOpaH MAarHiTHI
oJIsA, JUIs SIKMX MarHiTHA iHIYKIIisS CKJIaJae TopsiIKa
1 MTn. BiamoBiiHO BMHMKIIO NMUTAHHS TPO IOIIYK
MaTepialny, sKkuid OW pearyBaB Ha Taki IOJS.
Onuparounch Ha TonepenHii 1oceia [3], Hamu Oyio
BUKPHUCTAaHO IUKIoANipaTHIHy TpUQYHKIIOHATIBHY
cmony YII-650T, sika y cBOilf CTPYKTypi MICTUTbH
SMOKCHIIHI Tpynmu pizHOI npuponu. [LmiBku s

JOCITITIB MU OTPUMYBaJIHN METOAOM
¢doronomimepuzanii  YII-650 T 3a  HacTymHOIO
CXEMOIO:
o
a-o-g-draj
EB-0-H- -
n o
Iz
3
(I) o
"0 @0 (H-G-0— -
: (H:—G(Ii—(lﬂ—ai— (l)
@ 0 i
’ 0
® @ 5
: | 0%
-0-a}-a o
@ ommo
wor(H—CH- 0 H ®
% : : ;
[lepeBipky  3ramaHoi  3maTHOCTI  IONIMEPY

pearyBaTH Ha JiF0 MAarHITHOTO OISt OYIO 31iHCHEHO
3a  ponomorowo npunany KOK-2MIL.  Byno
OTPUMAaHO 3aJEXHOCTI KoedimieHTa TPOMmyCKaHHS
CBITJIAa BIJ HOro MOBXWHMW XBWI JUIS JBOX THIIIB
IUTIBOK, $KI BIAMNOBIZHO MIgJaBajJuch 1 HE
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MiJIaBaauCh Jii Mar"iTHOro nois. [LmiBku meprioro
TUIY BUTPUMYBAJINCH B modi 3 inaykuieo 0,43 mTn

nporsiroM 15 xBuiuH.  Pe3ymbTaté  1aHOrO
EKCITEpUMEHTY IPEICTaBJIeH] Ha puc. 3.
7.% 2
100 4 g 8w o omea R x - ]
80 -
60 1 \
40 | [
20
] i
0 , A HM

T
300 400 500 600 700 800 900 1000

Puc. 3. 3anexnicth KoedilieHTa MPOMYCKAHHS T BT
JIOBKUHU XBUJI A.

Sk BUOHO 3 puC.3 IS 3pa3KiB Mg JII€I0
marHitHoro mostst (1) 1 6e3 fii (2) 3ramani 3aeKHOCTI
CYTT€BO BiPi3HAIOTECA. OTXKE Mif i€}0 MarHiTHOTO
MOJIA CTPYKTypa MeMOpaHW, MatepiaioM SKOi €
BHOpaHUil ToJiMep, 3MIHIOEThCA. Un MpUBEMyTh IIi

3MIHM /10 3MIH TIPOHUKIMBOCTI  MeMmOpaHu?
BigmoBink Ha 1me TWATaHHA MM [IyKaJIH,
JMOCTIDKYIOUM  TPOHUKIWBICTE MeMOpaH  000x

3raJlaHuX THUMIB 32 METOJWKOI0, BHKIAJCHOI B
Hamiii  pobori [3]. BuBYamach NPOHUKIMBICTH
MeMOpaH IO BiTHOIIEHHIO JI0 MOJIEKYJ, IO BXOISATh
B CKJIaJ] TIOBITPSIHOTO cepenoBuia. Audy3idauii pyx
MOJIEKYJ uepe3 MeMOpaHy B 3aCTOCOBaHId METOAMIII
imimitoBaBest rpamientoM Ttrckis 70x10° TTa/m. Ilto
MIPOHUKJIMBICTH Oymno OXapaKTepPU30BaHO
YCepPEHCHUM  IapaMeTpoM,  sSKHA  Ha3BaHO
edextuBHUM Koedirienrom audysii D . Pesyasratn
eKCIIepUMEHTY TIpe/cTaBieHi B Tabm. 1.

Sk BumHO 13 Tabn. 1, mpuUKIAfeHHS MarHiTHOTO
monsl TMPU3BOIWTH 1O 3MEHIIEHHS KoedillieHTa
mudysii Ha aBa mopsanku. lle o3Hagae, mo mis
MAarHITHOTO TOJSl CHPUYHMHSE TEPEKPUTTS KaHAIIB
MDK  OJIOKaMH: IIiX [JI€F0 MAar"iTHOrO  IIOJIA
BiIOYBA€THCSI 3MiHA CTPYKTYPH HEBIIOPSIKOBAHUX
oOmacreii. 3BUYaiiHO, TSI TOTO, MO0 YIOBUTHHUTH
mudy3iro  30BCIM  HEOOOB'SI3KOBO  TTOBHICTIO
MEPEKPUTH KOXHHUU KaHall. g 1bOro J0CTaTHBO
MEPEKPUTTS B OKPEMHUX Tiepepizax. 3a BHHITKOM
TaKUX Tepepi3iB OJOKM MOXYTh 3aJHIIUTHCS Ha
CBOIX MiCIsSIX, B SKMX BOHHM 3HaXOIWJIMCH JIO
NPUKJIAJCHHS  MarHiTHOro Tmonss a0o  HaBiTh
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PO3IMTHCh, BUTATYIOUH JIAHIIOTH, B 3aJIOKHOCTI Bif
TOro, SIK OJOKH OpiEHTOBaHI BiTHOCHO MAarHiTHOTO
MOJIA.

Tabmnng 1.

[TpoHHUKIUBICTH TIONMIMEPHUX MEMOpaH

Tun memOpan Koedimient qudysii
D,m?/c

Henamartidena (0,221+0,004)x10°

Hamarniuena (0,009+0,003)x 107

TakuMm YMHOM, OCKUTBKH, PEryitoBaHHs AuQy3il
3IACHIOIOTh OKpeMi OJIOKH, JUIS TOrO, 1100 JOCSATTH
eeKTy MEepeKPUTTS KaHalliB, HEOOXiqHO, mo0 Il
OJIOKM MaJM JOCTaTHI MAarHiTHI MOMEHTH, IS
CTBOPEHHS MiJI JI€0 MArHiTHOI'O MOJIsI MEXaHIYHOI'O
MOMEHTY, KU 3maTeH OyB OW pO3BEpHYTH OJIOK,
JIOJTA0un orrip OTOYYHYOI0 MOJIIMEPHOT 0
Matepiany. Llfo 3aa4y MOXXKHa BUPIIIATH XIMIYHUMU
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METOJaMH, MiABIIIYIOYH A0 OCHOBHOTO JIAHIIOTa
0OOKOBi1 CyONaHIIOTH, OCi SIKUX, PO3TAILIOBYIOUYHCH
napajienbHO OJHA OfHiM, Morim O CTBOPUTH
CTPYKTYpY, AHAJOTiYHy pPiIKOKPHUCTAIIYHUH, sKa
Morjia O 1 3a0e3leYyuT BUHHUKHEHHS HEOOXI1IHOrO
Mar”iTHOro MOMEHTY OJIOKa.

BucHoBku

B pobGori noBemeHa MOXIIMBICTH 3MIHIOBATH
OPOHUKIMBICTE  TMONIMEPHOI  MeMOpaHu 3a
JIOTIOMOT'OI0 JIiT MarHiTHOTrO MOJis. 3amlpOIOHOBaHO
MOXIUBUH (Pi3UUHMI MexaHi3M, SKUH Mir Ou
3a0€3MEUUTH PEryJIOBaHHS IIOTOKOM CTOPOHHIX
MOJIEKYJ Yepe3 MeMOpaHy IUIIXOM MEepeKpUTTs abo
BIZIKpUTTS MEMOpDaHHUX KaHATIB B TMEBHI MOMEHTH
yacy. Lle n103Bosie croliBaTHCH, O CIIOCTEPEKEHUH
B JlaHiii poOOTi eeKT BIIMBY MarHiTHOTO TOJS Ha
NPOHUKIUBICT MeMOpaH B MaiOyTHbOMY MOXKe

OyTH BHKOPDHUCTaHWH TIPH CTBOPEHHI IITYYHOI
KIIITHHU.
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Y cmammi posensoaemvca numanna 6naugy CUHbOI CKIAO080I BUOUMO20 CNEKMPANbHO20 OlAna3oHy
BUNPOMIHEHHs OiuUX c8imao0iodie Ha YUPKAOHI pummu 100uru. Mema cmammi — nopieHamu 6niue Ha
YUPKAOHI pummu JHOOUHU C8IMI00I00H020 OCBIMAEHHS 3 WMYUYHUMU Odceperamu 0i1020 c8imia iHwioi
npupoou, a maxkooic 3i cmarnoapmuumu oxcepenramu ceimna muny A, B, C ma D65.

Knrouosi cnosa: ceimnodioo, wimyune 0ceimieHHs, YUpKAOHi pummiu.

Considered in the paper method of evaluating the impact of the white light on human circadian rhythms
consists in calculating of special factor from spectral characteristics of the various light sources. This factor
characterizes "dose of blue light" that affects biological photoreceptors in the human eye, which regulate the
circadian rhythms relative to photopic mechanism of the human light perception. The result demonstrates the
absence of the circadian dependence of the "dose of blue light" for the white light sources of different origin
with similar values of the correlated color temperature. Moreover, there is almost a linear increase of the
"dose of blue light" with the increase of the correlated color temperature. The circadian "dose of blue light"
regarding the type A light source for the light sources with a correlated color temperature of about 4000 K,
5000 K and 6500 K is more than 1.4, 1.8 and 2.5 times higher, respectively. The results indicate that the
light source type is not a significant factor in the artificial lighting creation in terms of its impact on the
human circadian rhythms. In terms of the artificial lighting hygiene, it is important not to disturb
significantly the natural dynamics of the change of the white light hue during the day. It means that we
should use light sources with warm tones of the white light (2700 K-3500 K) in the evening, not to interfere
the production in the human body of the melatonin hormone that is required for a healthy sleep. In the same
time, when a person needs to feel cheerfulness and improve the efficiency during the day, natural (4000 K-
5000 K) and cold (about 6000 K-6500 K) tones of the white light can be used.

Key words: light emitted diode (LED), artificial light, circadian rhythms.

Crartio nipeactaBuB A.(¢.-M.H., ipod. Makapeis M. B.

Beryn CBITIIA 3aBISAKU X eHeproeekTHBHOCTI,

) ) ) €KOJIOTIYHOCTI Ta ManuM  (Pi3UYHUM  po3Mipam
Ceitno e omnm 3 daxropis SOBHIIIHBOTO CBITJIOBUIIPOMIHIOIOUHX  €JIEMEHTIB, SKI  Jal0Th
Cepe/IoBHILA, SIKe Ma€e 0araTOCTOPOHHIO O10JIOTiYHY WMPOKI  MOXTHBOCTI M0 KOH(IrypyBaHHIO

Iifo 1 Bigirpae nepuioyeproBy poiib B pEryJsmii
HABaYXIMBIMINX KUTTEBUX (PYHKIIH OpraHizmy.

Ha choromuimmiii JeHp Bce  HIMPIIOTO
BUKOPUCTAaHHS HaOyBalOTh CBITJIIOAIONHI JKepena

CBITJIOBOTO IIOJISI OCBITNIIOBAJILHUX CHCTEM Ha iX
ocHOBi [1,2]. OmHak, € BiIKpUTHM ¥ aKTUBHO
JOCII/DKY€EThCS TMTAaHHSA BIUIMBY CBITJIOIOAHOTO
OCBITJICHHS Ha OpraHi3M JIIOJMHU 1, 30KpeMa, Ha
© 1.0. Kanycrosa, baesa A.lL., Pynenko O.1.,
Makapenko O.B., Pubamouka A.B., 2016
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IHUPKagHI PUTMH, SKE II0B’S3aHE 3 BHUPAKEHOIO
KOPOTKOXBHJILOBOIO KOMITOHEHTOIO y  CIIEKTpax
BUIIPOMIHIOBaHHS CBITJIOJIOJHUX JDKEpeN OuIoro
CBITJA.

IupkagHi pUTMH — 1€ 3MiHA IHTEHCHBHOCTI
010JIOTIYHMX TPOIECIB, IO MPOTIKAIOTh B OpraHi3mi
JTIOMUHA TIpOTAToM ao0u. Jlromm amanryBammcst 10
3MiHU CBITJIOBHX ITapaMETPiB COHSIHOTO CBITJIA Ta iX
UUpKagHI pUTMH (YepryBaHHS TMeEpioAiB CHY Ta
HeclmaHHA)  (aKTHYHO  BH3HAYAIOTHCS  TPHhOMA
(dhaxTopamu: IHTEHCHUBHICTIO, KOJIIPHOTO
TEMIEPaTypord 1 KOPOTKOXBUJIBOBOIO CKIIAJOBOIO
BUNPOMiHIOBaHHS.  Bimomo, mo  perynsipHe
OTIPOMiHEHHS CBITJIOM 3aHAATO BHCOKOI
IHTEHCUBHOCTI y BEUipHi TOAWHU MOXKE 3arpPOXKYBaTH
MOpYIIEHHSM OiOJOTiYHOTO pPUTMY, O€3COHHSM i
pi3HHMU 3aXBOprOBaHHSAMH [1].

JletambHe  NOCHIDKEHHS  JAHOTO  ITMTaHHS
nop’sizaHe 3 BiAKpUTTsiIM y 2002 p. HEBiZOMHUX
paHille CBITJIOYYTIWBUX  TaHTIO3HUX  KIIITHH
citkiBkm oka (intrinsic photosensitive Retinal
Ganglion Cell). Lli x1iTHHE € TOJATKOBOIO JIAHKOO
70 TaTUYOK Ta KOJIOOYOK, 3 MIKOM YYTIHMBOCTI Y
CHHBLO-OJIAaKUTHIM 007acTi, Ta BIANOBIZAIOTH 3a
BIUTMB CBiTVIA HAa IMPKagHI PUTMHU PETYISIii
(i310JIOTIYHOTO  CTaHy JIOJUHH 3a JIOTIOMOTOIO
BIUIMBY Ha BHpOONeHHI B il  opraHi3mi
CBITJIOUYTJINBOTO TOPMOHYy — MemnaToHiHy [3].
SckpaBe CBITIIO, OCOOJIMBO MO0 KOPOTKOXBHIIBOBA
KOMIIOHEHTA, TMOHIXKY€E PiBEHb MEJATOHIHY B KPOBI,
TAM CaMHM TIOHIKYIOYH COHJIMBICTH, 30LIBITYIOUU
POOOTO3IATHICTH Ta MOHMXKYIOUH FOCTPOTY CE30HHOT
nenpecii [4].

B nmaniii po0OoTi po3risgaeThCs MUTAHHS OIIHKA
BIUTMBY Pi3HUX TOHIB OiJIOTO CBITJIOJIOHOTO CBiTIa
Ha [UPKagHI PUTMU JIOJAWHH B TIOPIBHAHHI 3i
MTYYHAMH JDKepenamMu  Oioro  cBiTia  iHIIOL
NPUPOIHM, a TaKOX 31 CTAaHJAPTHUMH JDKEpEIaMH
ceitna tuny A, B, C ta D65.

ExcnepuMeHTaNbHI JOCTITKEHHA

ExcniepumMenTanbHi JIOCIIIKEHHS, K1
BUKOPHUCTaHI JUIS aHali3y BIUIMBY JDKEpen CBiTJa
pi3HOI MPUPOAM HA MUPKATHI PUTMHU JIOJIUHH, OyIn
MpOBEJIeHI Ha MeTpoJorivHid 0a3i  HayKOBO-
nocmigHoi nmaboparopii  «lleHTp BHIpOOyBaHB 1
JIarHOCTHKH HAIIBIIPOBIIHUKOBUX JIXKEPEIT CBIT/IA Ta
OCBITJIIOBAJIbHUX CHCTEM Ha iX OCHOBI» [HCTUTYTY
¢izukn HamiBrpoBigHUKiB iM. B.€. JlamkapboBa
HAH VYxpaiau. Be3nocepensabo aisi BHMipIOBaHHS
CHEKTPAIILHOTO CKJIaly BHIIPOMIHIOBAHHS Ta IHIINX
CBITJIOBUX TapaMeTpiB Pi3HUX JKepen cBiTia OyB
BUKOPUCTAaHUI CHeLiali3oBaHUH BUMIpIOBaJIbHUN
KOMILJIEKC, OCHOBHHUMH KOMIIOHEHTaMH SIKOTO €
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BHCOKOTOYHHA  MATPUYHHNA  CHEKTPOPATIOMETP
«HAAS-2000» ta inTerpyroua otoMeTprudHa chepa
JiaMeTpom 1,0 m BUPOOHUIITBA KOMMaHii
«EVERFINE Corporation». 3a IT0OIOMOI00 IIBOTO
BUMIPIOBAJIBHOTO  KOMIUICKCY OyJ0  BH3HAYCHO
CHEKTpalIbHI XapaKTEPUCTUKHU HACTYIHOTO MEPENiKy
00’extiB BunpoOyBanb (OB): nBaHaamsaTH 3pasKiB
citmomioguux Jyamm (CIJI) 3 KopempoBaHUMU
konmipaumu Temmeparypamu (Tc) 2717 K, 2731 K,
3054 K, 4119K, 4176 K, 4407 K, 5094 K, 5570 K,
6004 K, 6801 K, 7411 K Ta 8367 K; Tprox 3pa3kiB
KOMIAKTHUX JitoMiHecieHTHuX Jamn (KJUT) 31
sHaueHHaMHu Tc 2428 K, 3990 K Ta 5956 K; Tprox
3pa3kiB Jamm pozxkapioBanHs (JIP) 31 3HaueHHSIMH
2737 K, 2833 K Tta 3000 K. Takox g0 anamizy Oymnu
JOTy4eH1 CIIEKTpaJIbHi XapaKTePUCTUKU
CTaHAAapTHUX JDKepen MIiKHapogHOi Kowmicii 3
ociTiennss (MKO), mo BiAmoBigarOTh, y TOMY
4HCi, pi3HUM (pa3aM TPUPOTHOTO JICHHOTO CBITJA!
A (2856 K) — ra3oHamoBHEHa eJEKTpUYHA JIaMIa
pozxaproBanHs 3 Tc= 2856 K; B (4874 K) — mpsime
coustune  ocBiTieHns; C (6774 K)—  ocitieHHs
po3cisHUM JIeHHUM cBiTioMm; D65 (6504 K) -
OCBITIIEHHS YCEPETHEHUM JCHHUM CBITJIOM.

CriexktpanbHuii ckian BurpomintoBanHs CJIJI,
JIP. ta KJIJI peectpyBaBcd y  BHIUMOMY
criekTpambHOMYy — miamazoHi 380 HmM + 780 HM 3
KpokoM | HM. Yci BHMIpIOBaHHS TPOBOJIWINCH Yy
pobouomy pexumi OB, npu gocsArHEHHI cTadiTizamii
ix CBITJIOBHX napameTpiB. Crnektpu
BUIIPOMIHIOBaHHA Uig (a3 JEHHOTO CBiTIA OynH
noOymoBaHi 32  TaONMYHUMM ~ JaHUMH,  SKI
npencrasieni y TOCT 7721-89 [5].

Buxopucranuii B poO0Ti METOJl OI[IHKU BILUIUBY
Oiioro cBiT/Ia HAa IUPKAIHI PUTMH JTFOJIUHU TIOJIATAE
B PO3PaxyHKY 3a CIIEKTPAILHHUMH XapaKTePUCTHKAMHU
PI3HUX JDKEpeN CBITJIa CHelialbHOTO KOedillieHTy,
KU  XapaKTepu3ye BiTHOCHY N0 (OTOMIYHOTO
MEXaHI3My CIPHHAHSTTS CBIiTJa IIIOJHHOKI 03y
CHUHBOTOY, SIKa BIUIMBAE Ha 0I10JOTIYHI PEleNTOPH B
oIl JIFOJMHM, MIO BiATIOBITAIOTh 32 PETYIIOBaHHS il
UPKAJTHUX PUTMIB [6].

Amnaji3 CHCKTPAJIBHHUX XaPAKTEPUCTUK

Jis  HAaOYHOTO TIOPIBHSIHHS — CIIEKTPAIBHUAX
XapaKTepUCTHK INTYYHUX JOKEpen CBIiTIA Oynu
obpani crangapTHi ;pkeperna MKO Ttumy A ta Tumy
D65, a TakoX BigOOBIAHI  CBITIOMIOAHI Ta
JIOMIHECIICHTHI JDKepela CBiTIAa 3 OJM3BKUMHU [0
HUX 3HAYeHHAMH Tc.

Ha puc.l HaBeneHO MOPIBHSHHS B aOCONIOTHHUX
BEJIMYMHAX CIHEKTPATbHUX XapPaKTEPUCTHK JLKEpe
CBITJIA Pi3HOT NPUPOIM 3 TEIIUM TOHOM O1i10T0
ceiia (2800 K), sxi HOpMOBaHI Ha OJHAaKOBE
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3HAUCHHS 3araJIbHOTO CBITJIOBOTO MOTOKY. Ha mpomy
PUCYHKY HAa04YHO HE CIIOCTEpIraeThCsl 3HA4YHA
BiIMiHa B KOPOTKOXBHJIBOBIH YaCTWHI CHEKTpPY AJIS
mkepena tTamy A ta CJIJI. Ha cmektpi KJUJI € nBa
BY3bKHUX MiKH B Aiamazoni 400-440 HM.
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Puc. 1. IlopiBHSHHS CIIEKTPIB TEIIIHX TOHIB 01JI0TO
CBiTJIa JpKepen pizHoi mpupoau (~ 2800 K)

Ha puc.2 maBemeHo aHaNOTiYHE TOMEPETHHOMY
MOPIBHSIHHS B abCOMOTHUX BEJTMYMHAX
CHEKTPAIbHUX XapaKTEPHUCTHK JKEpPeN CBITIa pi3HOI
MPUPOIM 3 XOJIOMHUM TOHOM OUIOTO  CBiTJa
(6500 K). B 1mpomy BuUIIAAKy, [OAAaTKOBO JO
aHaJOTIYHMX BY3bKHX mikiB B cruekrtpi KIJIJI,
cnocrepiraerbes ik B criektpi CIJ1 3 makcumymom
oinsg 450 HM.
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Puc. 2. CniiBcTaBneHHs CIEKTPiB XOJIOAHOTO TOHY
Oiytoro cBitia Jukepen pizHoi npupoau (~ 6500 K)

Jns aHaizy OTPUMAaHUX pe3yNbTaTiB
BUKOPUCTAHUH JIEII0 MOJCPHI30BAaHUN  BiJIOMHUIA
METOJI OI[IHKH BIUIMBY OUIOr0 CBITJIA PI3HOTO
MOXO/DKEHHSI Ha IUPKaIHI PUTMHU JIIOIUHU, SKUH
MoJisira€ B PO3PAaxyHKYy 32  CIEKTPaJbHUMU
XapaKTePUCTUKAMHU Pi3HUX JoKepen cBiTIIA
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CICIIAIbHOTO  KOChIIiEHTy, SKAH XapaKTepU3ye
BITHOCHY 10 (POTOMIYHOTO MEXaHI3My CHPHUHHATTS
CBITJIA JIIONMHOIO «J03y CHHBOTO CBITIa», sKa
BILTMBA€ Ha HE30POBI PEIENTOPH B OIli JIFOJAWHH, 110
BIJIIOBIIAlOTh 332 PETYJIIOBaHHS il IUPKaIHUX
putMmiB [6]. s HOro po3’sICHEHHS PO3TIISTHEMO
puc.3, Ha SKOMY HaBEJEHO JIBl CTaHAApPTHI (YHKIIIi:
c(\) — o¢yHKIiA, SKa XapaKTepu3ye BiTHOCHHMA
CTYIiHb BIUIMBY Ha LHMPKaAHI PUTMU JIIOAUHU
MOHOXPOMATHYHUX BHITPOMIHIOBaHb pIBHHX
iHTeHCHBHOCTEH; V(A) — QYHKIOIA CIEeKTpaIbHOL
CBITJIOBOI  e()eKTUBHOCTI  ((PYHKIisI YyTIMBOCTI
JIOACBKOTO OKa i QoTomiuHoro 3opy). s
HAOYHOCTI JIEMOHCTpAIii NPUHIUIY aHami3ly Ha
puc.3 Takok HaBemeHo X(A) —  TpHUKIaj
CHEKTPAILHOI XapaKTEPUCTUKH O1JIOT0 CBITIOAI0OA 3
Tc=4176 K.
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cBITIIOBOT epekTrBHOCTI V(X) Ta criekTp Oioro
ciTioniona X(A) (4176 K)
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BimHOCHWMIA CTYMiHB UPKATHOTO BILUIUBY OLIOTO
CBiTJIa  JOBUIBHOrO  crektpy  X(A)  Oymemo
xapaktepu3yBatu mnapamerpoM Acy (Bt/JIm), sxuit
BKa3y€ TMICBHY CHEPreTUYHY IUPKAIHY  «I03Y
CHUHBOTO CBITJIay, 1110 npunanae Ha 1 JIM cBITIIOBOTO
MOTOKY JDKepesa cBiTia. B TakoMy po3ymiHHI #oro
MOYKHA BU3HAYUTH HACTYITHOK (HOPMYJIOKO:

_[X(ﬂ)c(/l)d/i
= : (1)
o 683[ x(y(D)da
3HayeHHs pO3paxoBaHOro mapamerpa Acy s

JOKepen CBiTJIa pI3HOI MPUPOIM TpPU  PI3HUX
3HayeHHsX T¢ mpexacramieHi Ha puc.4. Onepxani
pe3yibTaTH JIEMOHCTPYIOTh 3POCTAaHHS ITHMPKAIHOTO
BIUIMBY JDKEpeN CBiTia pi3HOI  Opupoau  3i
3pOCTaHHAM 3HaueHb Tc.
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Hns mxepen cBitma 3 Tce 6muspko 4000 K,
5000 K ta 6500 K 3HaueHHs Acp nepesuilye ioro

BEIMYMHY JUIS CTAHAAPTHOTO JDKepena CBiTia
Ty A B 1,4, 1,8 ta 2,5 pasis, BiAmOBiIHO.
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Puc. 4. 3nauenns napamerpa Acy IS IKepe
CBITJIa PI3HOI IPUPOJHU MPH Pi3HUX 3HAYCHHAX Tc .

BincyTHiCTh 3aleKHOCTI 3HAYeHb MapamMeTpy
Acy BiIl TIOXOIDKCHHS JDKepen Oilnoro ceitia 3
ONMM3BKUMH 3HAYeHHSAMH Tc I03BOJIAE 3pOOHUTH
BHCHOBOK, III0 BIUIMB Ha IUPKaJHI PUTMH JIIOAWHH
JOCHIDKEHUX B poOOTi JpKepen cBiTia pi3HOl
NPUPOIH 3aJISKUTH JIMIIE BiJ 3HAUCHHS MapameTpy
Tc cBitna, sKe BOHU BUIPOMiHIOIOTb.
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BucHoBkH

Otpumanuii B poOOTI pe3yibTaT IAEMOHCTPYE
BIICYyTHICTh, 332 yMOBH ONHM3bKHX 3HA4YCHb
KOpEeNbOBaHOI KOMipHOI Temmeparypu Tc, pisHHIL
BIUTMBY Ha ITUPKAJIHI PUTMU JFOJAMHU JOCTIKSHUX B
poOOTI ITYyYHUX KEpEeN CBITIA (CBITIOMIOMHUX Ta
JIOMIHECIICHTHUX  JlaMI, a  TaKoX  JiaMI
PO3KAPIOBaHHS) Ta CTAHIAAPTHUX JHKEPEIT CBITIIA, 110
BIJIMTOBIIAIOTH Pi3HUM (hazaM JCHHOTO OCBITICHHI.

Criocrepiraerbes JTiHIHA 3aJICKHICTE MK Tak
3BaHOI0 IMPKATHOK 03010 CHHBOTO CBITIA» Acy
Ta KOPEIhOBAHOK  KOJIPHOK  TEMIIEPaTyporo.
3okpemMa, Acy BITHOCHO CTaHIAPTHOTO JDKEpelia
cBiTia TUIY A 1ist Jkepen cBitia 3 6nu3sko 4000 K,
5000 K ta 6500 K 6inpmri mpubnuszso B 1,4, 1,8 Ta
2,5 pasiB, BiIIIOBiTHO.

HaBeneni 3amexHOCTI JO3BOJNSIOTH HAIaTH
PEKOMEHJAIIT 10 0 TITEHU IITYYHOTO OCBITICHHS.
OCKINBKH, BOKJIMBAM € HE MOPYIIYBATH CYTTEBO
MPUPOTHOT TUHAMIKHM 3MiHH BiTIHKIB OLJIOTO CBITNIA
MPOTATOM  J00M HEOOXIJHO KOPUCTYBAaTUCh Y
BEYipHIH Yac jKeperamMu CBiTJIa 3 TEIUIMMH TOHAMHU
6inoro ceitia (Tc ~ 2700 K ... 3500 K), B nernwmii xe
Yac, KOJIM JII0JIUHA OTpedye NovdyTTa 0aabopocTi Ta

JUTsL  TIABMINCHHS 11 Tpane3NaTHOCTI, MOXHa
3aCTOCOBYBAaTH OCBITJIEHHS HaATypalbHUX
(Tc~4000K ... 5000K) Ta OiLIpIl  XOJOXHHX

(Tc~ 6000 K ... 6500 K) BigTinkiB 6inoro cBiTia.
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