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MATEMATUKA
MATHEMATICS

DOI 10.31489/2019M4,/8-14
UDC 517.968

D.M. Akhmanova!, M.T. Kosmakova', B.A. Shaldykova?

1Ye.A. Buketov Karaganda State University, Kazakhstan;
2 Rudny Industrial Institute, Kostanay, Kazakhstan
(E-mail: danna.67@mail.Tu)

On strongly loaded heat equations

The article is devoted to the research of boundary value problems for the spectrum - loaded operator of
heat conduction with the moving point of loading to the temporary axle in zero or on infinity. For strongly
loaded parabolic 2k-order equations the adjoint boundary value problems, when order of loaded term is
greater then one of differential part of equation, is studied. In this article we continue a investigation of the
boundary value problems for spectrally loaded parabolic equations in unbounded domains.The boundary
value problem for the spectral-loaded equation of thermal conductivity, which on the one hand is quite close
to the problems with the load containing the second derivative of the spatial variable, and is of independent

interest on the other hand in this work, is considered.

Keywords: loaded heat equation, class of essentially bounded functions, inverse Laplace transformation,

residue.

1 Statement of the problem

We consider the first boundary value problem of heat conduction in the degenerating domain
Q = {z € (0,00), t € (0,00)} the cogeralized boundary value problems for a heavily loaded heat equation

(which generally is called a heat equation order 2k) in the domain :

ou 0%*u 0%k

Lau=fs{ 8 o2 "0 le=a= £,
u(x,0) = 0,u(0,t) = 0;
ov @) (;
R = Y a)@ [y v(Et)dE =g,

Liv=g& ot
u(x,00) = 0,v(0,t) = v(oo,t) =0,

where a = const,a > 0,k > 2, A\ = A + 1Ay € C is the parameter

9%k

fiu€ LI(QLW

oea€ Li(0,00); g0, /0 V(€ 1)dE € Loo(Q).

(1)

8 Bectnuk Kaparanmguackoro yHuBepcurera
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2 Reducing the problem to an integral equation

By inverting the differential part in the boundary value problem we obtain the following (1), we will have:

t T a?k: ( )
u(x,t) = f)\/ erf( \/ﬁ)* ok lp=a dT+
/ / G(x.€,t — 7) (€, 7)dédr, (4)
where 1 (z— &)? (z 1 €)2
G 6.1) = Seap(~ 1) — eap( 20 (5)

Then differentiating (4) = by 2k times and assuming x = a, we contain the integral equation Volterra of the
second kind

K)\# E / ng t*T )dT = fl( ) (6)

where the following notation is used:

an a2k
) = 5ot Lo S (W [ xf,tf)f(m)dﬁdf>

2k
Kop(t—7) = dd {erf<2 t7'>}
|lz=a

or for the kernel Ky(0) , you can use the ratio

K 1 ko 1 .13'2
2k(0) — mdl_m erp Y] |1‘:a

For example, we write the explicit form of kernels for k =2,3,4 :

K _ 1 a\/g 3a a?
90 = g x | a2 T P g )
_ 1 a\f 15a a?
Ke(o) = 8/ T 401172 99/2 Tz |9PP\ Tag |
1 7 21a® 105a3 105 2
Kso) = [ o t s - a}@m(—“)

16y/7 | 8015/2 " 4913/2  2011/2 " 9g9/2 40

Inverting the differential part to problem (2) in the same way as in problem (1), we will have:

v(z,t) 4// Gz, &7 — )0 ®/ v(n, 7)dndédr+

lz=a

+ [T [ G - gl e ™)
t Jo
Integrating the relation (7) over the variable x from 0 to oo and denoting
o) = [ vl tyin ®
we will obtain the integral equation
Kiv = olt) - X/ Kon(r — )o(r)dr = g1(8). )
t

where

N /too /OOO erf(Q\/%)g(f,T)dde.

Cepust «Maremarukas. Ne 4(96)/2019 9
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8 Laplace transformation. The partition plane of the spectral parameter

The equation (9) is an equation with a difference kernel, so you can use a transformation of Laplace to hear.
In this case we use the following formulas [1-3]:

{/Kt—r )df}_ R(p) - BL(p),
{/ K(t—7)p )dT}:I?(—p)~s2L(p),

o0
= / K (t)eltdt,
0
2k

Kot —17) = dd » {erf (dfmcx2\/ﬁ> }|H = C‘;; {erf(z\/i> }|I_a

Then if we apply the Laplace transform to the homogeneous equation (9), we obtain the following transcendental
equation

where

we also use an easily checkable equality.

BL(p) - [L =X K(-p)] =0. (10)
If we assume @L(p) # 0 then the following equality must hold.

—X-E(-p) =0. (11)

Let equation (11) have one simple root -py i.e.

—_ o~

L=X-K(=p)] = (p—po) ¥(p),

where JL(p) # 0. Then equation (10) takes the form @L(p) - (p — po) = 0 , therefore L(p) = d(p — po), a, so
o(t) = €Pol, Rep, < 0. From [2; 390, theorem 146] it follows that functions of this kind are the only solutions of
the homogeneous equation (9) [4-6].

In our case

K(=p) = (=p)*te V7P,
Therefore, we need to find the roots of the transcendental equation
1—X-(—p)f~te V=P =0, Re(—p) > 0. (12)

In contrast to the previously considered case (spectral-loaded, k1), the roots of equations (12) can be found only
approzimately (for each numerically given X), in roots cannot be found clearly. To clarify the existence and
number of roots of equation (12) for concretes — of the values of parameter A we rewrite it as follows:

eV =p
A= T (13)

Considering this equation as a function A = A(p) whose domain is Re(—p) > 0, that, is as a conformal map, we
find in what is displayed (on the complex plane A) the domain of the variable p . By requirement Re(—p) > 0,
—n,/2 < arg(—p) < 7,/ 2,means —7,/4 < arg\/(—p) < 7,4, if z = \/(—p) = x + 1y, means the boundary
of the domain of definition the variable —p is the lines y = +x. According to the law of correspondence of
boundaries it is enough to find the images this line [7-9].

We have

eaz

|22(5=1D) = (2 + y2)F— 1’

]

Al =

(14)

arg A = arg e (@ +2™) _ 9} _ 1)arg z = ay + 2wn — 2(k — 1) arctg %

10 Bectnuk Kaparanmguackoro yHuBepcurera
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Considering y = £z, we have

k-1
arg/\:ax+27m—2(k—1)%:ax—|—(2n— )T,n € Z,

k-1
axr = arg A — (2n — T)w,n €z (15)
Thus, from equation (14) (talking into account (15) and the fact that y = +x) we obtain that the lines defined

by the equation
(a/ﬁ)%—Q

k-1
[A| = 1 -exp|arg A + <2n+2>7r|,
|arg A + <2n—|— — >7T|2k_2

where n = 0, 1,2, ... divide the complex A\ plane into disjoint domains D,,,,m = 0,1, 2, ...

Comment.

Note that in addition to the areal domain Dy, which has only the outer boundary of I'g = 0Dy each of the
domains D,, has a boundarydD,, consisting of I';,, an external I',,_; part:

0D,, =T',_1 U I, where,I'y,_1 ﬂ Ty = (—=1)"exp{mm},

those the external I',,, and internal I',,_; parts of the boundary dD,, of the domain D,, have one common
point, lying on the real axis of the complex plane of parameter A\. Dy is the area into which that part of the
plane of the complex variable p I displayed, for which —7 4 < argp < 7w 4,, those are the exterior of the
angle lying between the lines y = —2 and y = x This just means that if A € Dy, then equation (12) does not
have the roots we need, i.e. such for which Re(—p) > 0.
Obviously, for k =1 we get our previously established picture of the partition of the complex plane A [10].
Difference is that for each domain D,,, that is, when A € D,, equation (12) will have exactly 2m roots, (this
is easy to trace, for example, for real values A, p) [11-13].

4 Solution of integral equations

With VA € D,,,, m = 1,2,..., homogeneous equation (9) has a General solution of the species.
v(t) = X3 ¢p, - P (16)

where ¢y, - is an arbitrary constants, pi- is the corresponding roots of equation (12).
We find a proprietary solution of the in homogeneous equation (9). Applying Laplace’s transformation to it we
get

B(p) - |1 = AN=p)¥'e™ V7| = Gi(p), with Rep <0, (17)

where U(p), g1(p) - is the Laplace transformation, corresponding to the v(t) and g¢;(¢) functions; Since the
function

Ap, ) =1 = A(—p)rte avV=P,

It is determined only at Rep < 0, then we will continue it analytically on the whole complex plane with a
cut along the positive real axis. Suppose that the Laplace transform of functions g(¢) is analytic in the band
—e < Rep < e. Then from equality (17) at VAL,

(m=0,1,2,...,) we get
< (=p)"texp(—ay=p)

o(p) = gi(p) + \—= - 91(p)-
L — A(=p)*~texp(—a\/—p)

Passing in this balance to the originals we get

o(t) = g1 (t) +X/ ry— (t — 7)g1 (T)dr, (18)
t
where "
1 o0 —p)lexp(—a
R e LTS (19)
210 J oo 1= AN—p)*~Lexp(—a/~p)
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If the roots of the equation
1 —X=p)*texp(—ay/—p) = 0.

lie on the imaginary axis integration will perform along the contour, bypassing these points on the left. At the
sometime integral should be understood in the sense of main value for Cauchy. Thus, the General solution of
equation (9) at A € D,, has the form

v(t) = g1(t) + )\/too ra — (t = 7)g1(T)dr + 237 ¢, - PFE, (20)

We formulate the results in the form of the following lemmas.

Lemma 1. The A € Dy values are regular numbers of the Ky~ (9) operator.

Lemma 2. The set C \ Dy consists of the characteristic numbers of the Ky« operator (9). And if
A€ DUl 1 \{(-=1)™e™™}, m =1,2,..., then Ker(Ky-) = 2m and the corresponding own functions have
the form:

vak(t) = exp(pit), k=1,...,2m.

where pg- is the corresponding roots of equation (12).

Now counsider the integral equation (6), which is usually called the recovery equation [14, 15]. This name
1s explained by the fact that such equations arise in the theory of restoration - a section of probability theory,
which describes a wide range of phenomena related to with the Failure and recovery of elements of the any
system. The recovery equation is also of great importance in the study of problems of both applied and theoretical
nature in reliability, queueing theory, in the theory of stocks, in the theory of branching processes and so on.
[16-18].

Applying the Laplace transform to equation (6)and using the convolution theorem we obtain

i(p) = f(p) + ’ e”WPL— \pFlem VP f1(p), p=s+io, Rep=s>0,

Using the inverse Laplace transform we have

¢
H(p) = Fi0) ) [t (= D, (21)
0
here the resolvent ry (#) is defined by the formula

1 /c+ioo )\pkflefa\/ﬁ

A 0) =55 [ r=——

=-— -ePdp, p=s+io. (22)
274

—100
Where the integration path is parallel to the imaginary axis of the complex plane, to the Right of all singular
points of the integrand, that is, to the right of all zeros of the function

g(p, A =1-X\-pFleaVP,

In order for the p(t)function defined by equality (21) to be substantially limited, it is necessary and sufficient
that the conditions are satisfied

f1(t) - exp(—pyt)dt =0, 1<k <2m, (23)
0

where py the roots of the function g(p, A) for which Repy > 0 and they coincide with the roots of equation (12)
with the opposite sign. Thus, the right side of equation (6) must be orthogonal to the eigenfunctions (16) of the
conjugate integral equation (9). Thus, the fair

Lemma 3. If X\ € Dy, then the inhomogeneous equation (6) is definitely torn; if A € C'\ Do, A € D,,, then
for the unambiguous solvability of equation (6), it is necessary and sufficient fulfillment of m— the conditions of
solvability (23). The conditions (23) mean that the free member of the integral equation (6) must be orthogonal
to the solutions of the homogeneous conjugate integral (9).

The validity of these statements, as well as conditions (23), can be shown as follows.

12 Bectnuk Kaparanmguackoro yHuBepcureTa
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The image of the solution of the integral equation (6) is determined by the equality

u(p) = 1_)\5,1%- (24)

The following options are possible.

1. The A(p,\) =1 — \-p*~le~2VP, function doesn’t have zeros in the right half-plane (this means that the
A € Dy). In this case, the equation for any right part of f(¢) has the only solution, which is expressed through
the 754 (0) resolvent defined by the formula (22)

u(t) = F(t) + /\/O ra o (t—T) i (F)dr, e Ry, (25)

2. Function 2(p7 A)=1—-\-pF~le®P has a py, (k = 1,2,....2m) zeroes in the right half plane (it means
A€ Dy, m=1,2,....). The J/”\l(t) function must then be zero at these points pg. In this Case, the function (24)
again will not have pluses in the Re p > 0 area, so the equation (6) also has the only solution of the species
(25). Condition fl(t) = 0, on the conversion of the fl(t) function to zero at points p = py just is exactly the
some as the condition:

/0 f(t) e PEdt =0, k=1,2,...,2m. (26)

So we proved the following statement.
Lemma 4. On the complex plane C there are no characteristic numbers of the operator Ky« (6).

5 Main result

Directly from lemmas and integral representations (4)—(7) follows
Theorem. Boundary value problems (1)-(2) are Noetherian if A € {C'\ Dy} in Addition, if A € D,,, then
dimKer(Ly = 2mm) and dimKer(Ly) = —2m.
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JI.M. Axmanosa, M.T. Kocmakosa, B.A. [lanabikosa

2KbLUTyeTKI3rINTIKTIH, 9/111 »KYKTEJIreH TeHJeyl TypaJibl

Heusire Hemece miekciziikTe »KYKTeMe CBI3BIFBIHBIH YaKBIT OCiHE YKYBIKTaJyMeH OepijireH CIeKTpasIbl —
KYKTEJTeH TapabosaIblK, OIepaTopIap YIMH IMEeKApaJIblK €CeNTePl 3epTTeyre apHaaraH. 2k peTTi KaTTh
JKYKTeJITeH apaboJiajIblK, TeHEY YIINH KYKTeJIreH KOChIHABLIAPD/IBIH TOpTiOl Tenneyniy auddepeHnnaib
GeJIiriHiH, TOPTIOIHEH achIll KETKEH YKafdaiiia YINITaCKAH IeKapaJiblK ecenTep 3epTresai. Makaaga IeKci3
afiMakTap/Iarbl CIEKTPJIIK KYKTEJITeH TapabosaIbIK, TEHAEYep YIMH METTIK eCenTep/ii 3epTTey KaJIFac-
TBIpbUTFaH. 2K bUIYOTKI3MIITIKTIH, CIEKTPAJIIbI->KYKTEJINeH TeHEY1 YIIIH MIEeTTIK ecell KapacThIPBIIIbI, OJI
Gipinmi >KarblHAH €KiHIII PeTTi TYBIHIBIHBI KAMTHTBHIH KYKTeMeJepre »KeTKUIIKT] »KaKbIH KEHICTIKTIK aii-
HBIMAJIBI OOMBIHITIA AHBIKTAJICA, €KIHII YKAFBIHAH 63 OEeTiHIMe KbI3bIFYIIBLIBIKTHL O1IipIi.

Kiam cesdep: »KYKTeJITeH TEHJIEY, MAHBI3IbI IIEKTEJTeH (DYHKIUSIAP KJIACCHI, JlamaacTeiH, Kepi TypJ/ieH-
nipyi, 1mrerepim.

JI.M. Axmanosa, M.T. Kocmakosa, B.A. [Hlamabikosa

O CNJIbHO-HAI'PY2K€HHbIX ypaBHEHUAX TEIIJIOIIPOBOJAHOCTU

JlaHbI TOCTAHOBKM IPAHUYHBIX 3384 JJIsl CIIEKTPAJILHO-HATPYKEHHBIX TapaboInIeCKuX YpaBHEHU B deT-
BEPTHU ITOCKOCTH, KOT/a MOPSITOK MPOU3BOJAHON B HATPYZKEHHOM CJIATa€MOM PaBeH MOPAAKY anddepeniin-
aJIbHOHN YacT! ypaBHEHHS C IBUKYIIEHCA IPOCTPAHCTBEHHON TOYKOM HArPy3KH II0 CTEIIEHHOMY 3aKoHYy. s
CHJIBHO HATPYKEHHOTO TMapaboIMIecKoro ypaBHEeHUsT Topsiaka 2K MCCaeOBaHbl CONMPSI?)KEHHbIE TPaHUYIHBIE
33241 B CJIy4ae, KOTJa MOPSII0K HATPYKEHHOTO CJIAraeMOr0 MPEBBIIIAeT MOPII0K AuddepeHInaabHoi Ja-
CTH ypaBHeHUd. B cTraTbe IIPOJIOIKEHO HCCIIEIOBAHNE KPAEBBIX 33/1a4 JJIs CIIEKTPAIbHO-HAIPYKEHHBIX IIa-
pabomvuecKnx ypaBHEHMI B HEOIDAHMYEHHBIX 00IacTsX. PaccMoTpena KpaeBast 3aja4a Jjisl CIIEKTPAJIBHO-
Harpy?KeHHOT'O yPaBHEHUs TEILJIOIPOBOIHOCTH, KOTOPasi, C OJHOW CTOPOHBI, IOCTATOYHO OJIM3KA K 3aa9aM
C Harpy3KoOii, cofepzkalieil BTOpYIO IIPOU3BOJHYIO IO IIPOCTPAHCTBEHHOI MePEeMEeHHOM, U IpeACTaBIAIoIIasd
CaMOCTOATEIbHBIA HHTEPEC — C OPYTOH.

Karoueswie caro6a: HarpyKeHHOe ypaBHEHHE, KJIACC CYIIECTBEHHO ONPAHMYEHHBIX (DYHKIMIL, 0bpaTHOEe Ipe-
obpazoBanue Jlammaca, BbIIer.
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On a characteristic problem for a loaded hyperbolic equation

The paper studies a loaded hyperbolic equation with one-dimensional wave equation in its main part. In
the loaded components there are two points, which are distributed respectively along a pair of intersecting
characteristics at a constant speed. For such an equation we study the Cauchy problem with characteristics
of the one dimensional wave equation belonging to any of the pair of intersecting straight lines. If to impose
certain conditions at the boundary points on function presenting Cauchy data and the derivatives of the
first, second and third orders we can prove the existence and uniqueness of the problem. The proof of the
existence and uniqueness of the solution follows directly from the method of its production. We consider
also issues concerning domains of dependence, influence, and definitions for Cauchy data that are specified
on one of the characteristic curves. The above verifies once more the thesis of load influencing on posing of
various initial - boundary value problem for partial differential equations.

Keywords: Cauchy problem, loaded equation, wave equation, characteristics, domain of influence, domain
of dependence.

Introduction

A.M. Nakhushev first made the most general definition for a loaded equation in [1]. In [2] he had introduced
concepts and a detailed classification for various loaded equations: loaded differential, loaded integral, loaded
integrodifferential, loaded functional equations. Besides fundamental work on the study of loaded integral
and loaded ordinary differential equations, we wish to acknowledge some of the proceedings [3-6]. Together
with A.M. Nakhushev and his successors [7-16] a systematic researches and significant contribution to the
boundary value problems for loaded differential equations had been made by the Kazakh mathematicians
M.T. Dzhenaliev and M.I.Ramazanov, and their students [17, 18]. They investigated a wide class of homogeneous
and inhomogeneous boundary value problems for essentially loaded parabolic and hyperbolic-elliptic equations,
as well as the spectral issues on the corresponding homogeneous problems, when the load is specified with
respect to the space variable and the load point moves at constant and variable speeds. Works [19-21] are
devoted to uniqueness classes for solution of the Cauchy problem and non-trivial solutions of the homogeneous
Cauchy problem for some classes of loaded differential equations and linear loaded systems of the first order.

The Cauchy problem and the Cauchy-Dirichlet problem for a spectrally loaded parabolic equation with a
load at a fixed time variable are investigated in [22, 23].

The effect of the load on the convergence of spectral expansions for operators is considered in [24].

In [25-27] the Goursat problem for second-order strictly and weakly hyperbolic equations with two indepen-
dent variables is investigated, where it is shown that the load allows eliminating the inequality between
characteristics that are data in the Goursat problem.

This paper considers the following loaded equation

e — tyy = Xu( 4y, 0) + pulz — y, 0), 1)

where A, p are arbitrary real constants.
Using characteristic variables £ =z —y, n =z + y equation (1) has the form

A
ven = (0, m) + v (€, ©), (2)

o (&0 0=
where v(€, ) = u (57", an)
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By (2) it follows that

n 13
o&n) = 1O+ + 7€ [ otnar+fa o, Q

where f(£), g(n) are arbitrary smooth enough functions.

As n = ¢ by (3) obtain
d A+u£2/£ _Atm
—|e B v(t,t)dt| =e 8
dﬁ[ R

3 § At g2 42
/ v(t,t)dt:/ AEEE) [£(1) + g(1)] d. )
0

0
Substituting into (3) instead of integrals values obtained using formula (4) and moving to z, y, coordinates
we get

E1HE) + 9(6)).

Hence

o) = fo— o) +glaru) + 3=y [ SEED 50 0] de
0

4

Formula (5) is an analogue of d’Alembert formula for equation (1) and obviously as A = p = 0 coincides
with the d’Alembert formula for equation (1) as A = u = 0.

Assume Q = {(z,y): 0<zx+y <1, 0<z—y <1} isa characteristic quadrilateral.

Cauchy problem. In the domain Q find a regular solution u(x, y) of equation (1) continuous in Q and
satisfying the conditions

) / R 1 (0) + g(0) . (5)
0

u(g, g) =p(x), 0<z<1, (6)
w (5. 5) =vle), 0w, (7)

where ¢(x), ¥(x) — are specified functions.
It is well known that as A = p = 0 this problem is not well posed. The necessary and sufficient condition
for its solvability is

/() —(x) = ¢'(0) —9(0), 0<z <1
If the above condition is satisfied, the function u(z, y) is a solution to problem (6), (7) for equation (1) and
has the form
u(z,y) = f(z —y) = f(0) + oz +y),
where f is an arbitrary twice continuously differentiable function.

The following theorem is valid. -
Theorem. Assume \ # 0, ¢ € C3(J) N C4(J), v € C*(J) N C3(J) and the coordination conditions

¢(0) =(0) = ¢'(0) =0, (8)
2(0) = '(0) = 0, ©)
¢"(0) =" (0) = 0. (10)
Then the solution for the Cauchy problem exists, is unique and representable in the form of

o) =3 " =) = o= ) = (2= 252 ) e - 9) - wle -+

-y ' @+y) —vE+y)l+el@+y) —e@-y). (11)
Indeed the function u(z,y) is a solution to the Cauchy problem if and only if it is representable as (5).
Therefore, by substituting (5) into (6) and (7), we can get

£(0) + (x) = (), (12)
, ’ AT atu 2_42
—rO)+ @) =5 [ FEED )+ g -
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~La [£(0) +9(0)] = v(2). (13)
Taking into account (8) from (12) and (13) it is clear that
£(0)+9(0) =0, f(0)=0.
Hence, by (12) and (13) we have
9(x) = o(z) = f(0), (14)
4

/z I + g(0)] de = 5 ¢ (@) - (@) 1

0

By differentiation of (15) with respect to = and subtracting identity (15), previously multiplied by %x we
can get

F@) + (@) = 5 ¢ @) 9 @)] = 2T (ol (@) — ()
F(a) = F0) = p(a) + 5 ") ~ ¥/ @)~ L /() — (e

Substituting the obtained values into f(z) and g(x) in (5) and taking into account (15) when calculating
the last two terms of formula (5), and after simple conversions we arrive at formula (11).

Substitution into equation (1) ensures us that the function u(x,y) calculated by formula (11) is the solution
to (1). It is easy to check that under conditions (8)—(10) the function u(x,y) satisfies conditions (6), (7).

Note that the Cauchy problem as A = 0 is not a well posed one. Indeed by (12), (13) the condition

¢/(2) = (@) = ¢'(0) = $(0) + £ (0)

is necessary and sufficient for the solvability of the problem. In case this condition is satisfied the solution to
the Cauchy problem is

wes) = fle =) = JO + oo+ )+ ) [ 00 - 10) + o] efle"

where f — is an arbitrary twice continuously differentiable function.
If we make a replacement u(x,y) = v(z, —y) in equation (1) then problem

u(g, —g) =p(z), 0<z <1, (16)
Uy <g, —g) =9Y(z) 0<z <1, (17)

becomes the problem
T x T x
v(53) 9@ (3 3) =@

for the equation vy, — vyy = pv(z +y, 0) + Av(z —y, 0).
Therefore, assuming that p # 0 and

p(0) =1(0) =¢'(0) =0;  ¢"(0)+4'(0) =0;  ¢"(0) +4"(0) =0,

the solution to the problem is representable as

(o) = 1 =) + 0/ =] = (2= 252 ) o)+ vte -]+

Haz -y '@ +y) +d@+y]+el@+y) - el -y)
This implies the solution to problem (16), (17) for equation (1) casts into the form

) =416 k) + 0] = (o4 P2 ) )+ e )]+
+a+y) e —y) + @ -yl + el —y) —p@+y) (18)
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It is known [28] that in case with three spatial variables corresponding to the Cauchy problem a wave is
completely determined by the Cauchy data on a sphere. This fact in the theory of sound is called Huygens
principle. We also know that with two spatial variables in wave processes the Huygens principle does not hold
since to determine the wave the Cauchy data must be specified not only on the circle but also at all points of
the corresponding circle. In the case of one variable, to determine the value of the oscillation at the point (x,y),
one of the components of the Cauchy data must be set on the segment boundary [« — y, x + y], and the second
at all points of this segment.

The idea is that to determine u(x,y) at the point (z,y) in formulas (11), (18) you need to know the Cauchy
data only on the segment boundary [z — y,z + y]. That is, we can say that there is a one-dimensional version
for the Huygens principle.

10

11

12

13
14

15

16

17

18

19

18

References

Haxymes A.M. O zagade lapOy /711 0JJHOrO BBIPOXKIAIONIETOCS] HATPYKEHHOIO HHTErpo-iauddepen-
UAIBHOrO ypasHeHust Broporo mnopsiika / A.M. Haxymes // Tuddepennnanbasie ypasaenns. — 1976.
— T. 12, Ne 1. — C. 103-108.

Haxymes A.M. Ypasrenusi mareMaruaeckoii 6uostorun / A.M. Haxymes. —M.: Beicur. mk., 1995. — 301 c.
Knezer A. Rendiconti del Cirolo Matematico di Palermo / A. Knezer. — 1914. — V. 37. — P. 169-197.

Kpeitn M.I. O Harpy»KeHHbIX MHTEI'PAJIbHBIX YPAaBHEHUX, (DYHKIUU PACIPEEIEHIs KOTOPhIX HE MOHO-
rouubl / JI.A. Tpase // C6. namsitn akan. — M.; JI., 1940. — C. 88-103.

Krall A.M. Differential - boundary operators: Trans. Amer. Math. Soc. — 1971. — 154 p.

Phillips R.S. Dissipativ operators and hyperbolic systems of partional differential equations / R.S. Phillips
// Tpons. Amer. Math. Sos. — 1990. — P. 193-254.

Haxymes A.M. Harpy:kennubie ypasaenns u ux npuiaoxkenns / A.M. Haxymes. —M.: Hayxka, 2012. — 232 c.
Haxymmes A.M. O HeJOKaJbHBIX KPAEBBIX 33/a9aX CO CMEIIEHNEM U UX CBSI3U C HATDYKEHHBIMU ypaBHe-
ausivu /| AM. Haxymes // dnddepennmanbabie ypasaerns. — 1985. — T. 21, Ne 1. — C. 92-101.
Haxymes A.M. HesiokasbHble 3a1a4u u 3a1a4a ['ypca jijisi HAarpy»KeHHOI'O yPaBHEHUS I'UIIEPOOJIMIECKOr0
THUIIA U UX [PUIOKEHNs K IPOrHo3dy nousenHoii siaru / A.M. Haxymes // Hoka. AH CCCP. — 1978. —
T. 242, Ne 5. — C. 1008-1011.

Haxymes A.M. Kpaepble 3ajaun [1jisi HArpy>KeHHBIX UHTErpO-Iud@PepeHInaJbHbIX YPABHEHUN TUIep-
GOJIMYIECKOTrO THUIIA U HEKOTOPBIX WX MPUJIOKEHUAX K MPOruody mousenHoit siaaru / A.M. Haxymes //
Huddepennmansubie ypasaenus. — 1979. — T. 15, Ne 1. — C. 96-105.

Haxymesa B.A. Tudbdepennuasibubie ypaBHeHUsT MATEMATUIECKAX MOJEJIEHl HEJIOKAIBHBIX IPOIECCOB /
A .M. Haxymes. — M.: Hayka, 2006. — 174 c.

Enees B.A. O HEeKOTOPBIX KPAEBbIX 33J1a4aX JJis CMEIIAHHBIX HATDYKEHHBIX YPaBHEHUH BTOPOrO U TPe-
Thero nopsaka / B.A. Enees // Juddepennmanbubie ypasaenus. — 1994. — T. 30, Ne 2. — C. 230-237.
Iexy A.B. YpaBHeHus B 9aCTHBIX IPOU3BOAHBIX ipobHoro nopsaka / A.B. Iexy. — M.: Hayka, 2005. — 199 c.
Kaszues B.M. 3augaua [ypca g oiHOro Harpy:KeHHOrO HHTErpo-iuddepeHnnaabHoro ypaBHeHus /
B.M. Kasues // Huddepennnanbusie ypasuenus. — 1981. — T. 17, Ne 2. — C. 313-319.

Xy6ues K.¥. Anajyior 3amaun Tpukomu jijist XapaKTepPUCTHYECKH HATPYKEHHOIO YPABHEHUsT TUIIEPOOJIO-
napabosimdeckoro tuna ¢ nepemeHabivu Kodddurmentamu / K.Y, Xybues // Ydbum. Mmaremar. :KypH. —
2017. — T. 9, Ne 2. — C. 94-103.

Xy6ues K.V. Sagaun co cmernennem Jjisi HArPYKEHHOTO ypaBHEHHsT TUIEPOOJIO-NapaboIMIecKOro THITA €
oneparopoM npobroit muddysun / K.V. Xy6uer // Becrn. Yamypr. ya-Ta. Cep. Maremarnka. Mexanuka.
Komnbrorepubrie Hayku. — 2018. — T. 28, Ne 1. — C. 82-90.

JxxenaaueB M.T. K Teopun muHEHHBIX KPaeBbIX 3384 JJIsT HATPYKEHHBIX UM dEepeHITnaIbHBIX yPaBHe-
uuii / M.T. xenanues. — Anmarer: Kommbiorepusiit nearp TUIIM, 1995. — 270 c.

Jxxenamue M.T. Harpy:kennble ypaBHEHUsS KaK BO3MyIeHns auddepeHnuajibHbIX ypaBHEHUT
/ M.T. Txenamues, M.U. Pamazanos. — Asmarer: Feuisiv, 2010. — 334 c.

Oropomaukos E.H. Hekoropsle xapakTepucTudecKrue 3aJladu JJjisi CUCTEM HArpyKeHHBbIX audepeHiim-
AJIbHBIX YPABHEHUI M MX CBA3b C HEJIOKAJbHbIME Kpaesbimu 3agadamu / E.H. Oropoxnukos // Becrh.
Camap. roc. texu. ya-ta. Cep. @usz.-mart. mayku. — 2003. — T. 19. — C. 22-28.

Bectnuk Kaparanmuackoro yHuBepcurera



On a characteristic problem for a loaded hyperbolic equation

20

21

22

23

24

25

26

27

28

BOpOK B.M. O CyImIieCTBOBaHUU 1 € IMHCTBCHHOCTU DEIICHUA 33191 Komn JJIA HaT'PY2KEHHBIX ypaBHeHI/Iﬁ

/ B.M. Bopok // U3B. By3os. Cep. Marem. — 1986. — Ne 4. — C. 8-13.

Bopok B.M. O equncTBeHHOCTH pelnenns 3aaaqu Kommu 1j1s cucTeM JIMHEHHBIX HArpy>KeHHBIX YPaBHEHUI
/ B.M. Bopok // Ykpaun. maremar. xypu. — 1985. — T. 37, Ne 1. — C. 108-109.

Jxenamues M.T. O zagage Komm jyig cymecTBeHHO HArpy»KEHHOrO NapaboJUYecKOro ypaBHeHUs |
M.T. Hxenanues, M.I1. Pamazanos // Maremar. xxypu. — 2004. — T. 4, Ne 3(13). — C. 22-26.

Jxxenammes M.T. O rpanmYHO-HAYaIBHON 3ajade s CYIIECTBEHHO HATPY?KEHHOTO HapabouTecKoro
ypasuenus /| M.T. Ixkenanues, M.U. Pamazanos // Uss. HAH PK, Cep. dusz-mar. — 2005. — Ne 5. —
C. 36-43.

Jlomos 11.C. Harpy:kennbie nuddepeHiaibable OHepaTopbl: CXOAUMOCTb CIEKTPAJIbHBIX PA3JIOXKeHUil /
1.C. Jlomos // Huddepenrmanbusie ypasuenus. — 1983. — T. 19, Nel. — C. 86-94.

AtTaes A.X. 3amaga I'ypca jy1s HArpy KeHHOTO BBIPOXKIAIOIIETOCS TUIEPOOINIECKOrO YPABHEHNS BTOPOTO
nopsijKa ¢ oneparopom lestepereara B raasaoit uactu / A.X. Arraes // Becrn. Camap. roc. TexH. yH-Ta.
Cep. @us.-mar. Hayku. — 2016. — Nel (20). — C. 7-22.

Arraes A.X. Bagmaua I'ypca juist HarpyskenHoro runepGosmdeckoro ypasaernst / A.X. Arraes // ok
Anpirekoit (Yepkecckoit) MAH. — 2014. — T. 16, Ne 3. — C. 9-12.

Arraes A.X. Bazaua ¢ JAaHHBIMM Ha NAPAJJIEIbHBIX XapaKTEPUCTHKAX IS HATPY?KEHHOI'O BOJHOBOTO
ypasuerns / A.X. Arraes // Hoki. Ansirckoit (Yepkecckoit) MAH. — 2013. — T. 15. — Ne2. — C. 25-28.

Bunaznze A.B. Ypasuenus maremarudeckoii dusuxu / A.B. Bunagze. — M.: Hayka, 1982. — 336 c.

A X. Arraes

2KyKTenreH ruriepOooJIaiblK, TeHJIey YIMiH
Oip cumaTTaMaJibIK ecell >KaiijIbl

Byt »)xymbicTa 6acTbl GeJtiri mekTiy TepOedticiaiy bipeJiem/ i TeHaeyi 00JaThIH KYKTEJNeH TUIePO0JIaIbIK,
TeHaey OOBEKT OOJbIN TaObLIaAbl. 2K YKTEIreH KOCHIIFBINTAPAA TYPAKTHI XKbLIIAMIBIKIIEH KABLIBICATHIH
CHIIATTAyIIbl KYITAPBIHBIH OOMBbIHA COMKeC TapajaThlH »KYKTeMeHiH eki mHykreci 6ap. OcbiHmait Tenmey
yiriH GipeJimeMai MeKTiH TepOesTiciHiH TeHAeyiHiH CHaTTay MbLIaphl OOJIBIN TaObLIATBIH KUBLIBICATHIH TY-
3yJIEP/IiH Ke3 KeJIleH »KYOBIHbIH JepekTepiven Korru ecebin 3eprrey xyprisinai. Komm nepexrepin 6eperin
GbyHKIMsIFa HYKTEIIK CATIATTAFbI OeJIrijIi mapTrapia KoHe OJap/IblH OipiHI, exinrmi, yirinm Ty bIHABLIaPbI
KOMBLIFaH ecenTiy 6ap 60JIybl KOHE YKAJIFBI3/IbIFDI TJIQJIAEH], ajl IIenryi »KailIbl TYCiHIK aHbIK Ka3bLIIbI.
Temymiy 6ap 6oLyl 2KoHE YKAJFBI3IBIFLIH JI9JIJIIey OHBI ajIy OIiCiHiH e3iHeH mbraabl. COHbBIMEH Koca Oip
cunarraymbiaa oepimerin, Komm nepekrepinin Toyeaaimik, ocep eTy »KoHe aHBIKTAJIy OOJIBICTAPBIMEH Oaii-
JIAaHBICTBI CypakTap KapacThIpbuiabl. Ocbliaiima jgepbec TYbIHIBUIBL KYKTeMedll nuddepeHnnaiibK, TeH-
JieyJep YIIiH 6acTAalKBI-TIIEKTIK eCeNTep/IiH, KOWBLIBIMbIHA YKYKTEMEHIH, 9CEepiHiH, THIM/ILIIr KaiIbl Te3WC
KE€3€eKTi PeT HAKTBLIAHIHI.

Kiam cesdep: Komn ecebi, )xyKTemesti TeHey, MEKTIH Tepbestic TeHeyi, cumarraMmaliap, 9¢ep eTy o0JIbIChH,
TOYEJICI3/IIK OOJIBICHI.

A X. Arraes

O06 omHOIT XapaKTepUCTUYECKOI 3aaave JIJjIs
HaArpy>keHHOT'0 TUNnepooJIMIecKOro ypaBHEeHU

OOGBEKTOM HCCIIEIOBAHUS CTAThU SIBJISIETCsl HAIPY?KEHHOE T'HIIEePOOJINYIECKOe ypaBHEHNE, TJIABHAS 9acTh KO-
TOPOTO IIPEJICTABIIsET COOOI OJHOMEPHOE ypaBHEeHNEe KOIebaHus CTPYHbI. B HArPY KEHHBIX CIaraeMbIX IIPH-
CYTCTBYIOT JIB€ TOYKHU Harpy3KH, KOTOPbIE PACIPOCTPAHAIOTCA COOTBETCTBEHHO B/I0JIb IIaPhl IEPeCEKAIOIIIX-
Cs XapaKTEPUCTUK C IIOCTOSHHON CKOPOCTBhIO. 711 TAKOro ypaBHEHHS IIPOBOIUTCS WCCIIETOBAHUE 3aa4UN
Komm ¢ mannpiMu Ha 110601 13 apbl IEPECEKAIOIINXCS IPSIMBIX, SBJISIONIMXCS XapaKTEPUCTUKAMA yPaB-
HeHUs KOJIeDaHUsT OMHOMEPHOU cTpyHBI. [Ipn ompe e leHHbIX YCIOBUSAX TOYEIHOTO XapaKTepa Ha DYHKIUH,
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3ajiaromue JanHble Kol u mpou3BOAHbIE IEPBOI0, BTOPOTI'O M TPETHErO MOPSIKOB OT HUX, JIOKA3BIBAETCS
CYIIECTBOBAHHUE U €JMHCTBEHHOCTH IIOCTABJIEHHON 3a/1a491, & IIPEJCTaBJICHUE CAMOI'0 PEIIEHUs BBIITHCHIBAET-
cs B ABHOM BHJe. J0Ka3aTeIbCTBO CYIIECTBOBAHUS U €JUHCTBEHHOCTH PEIIEHUs HEIIOCPEICTBEHHO CJIELyeT
13 caMoro crocoba ero mnosrydeHust. Takrke 3aTparnBaiOTCs BOIPOCHI, CBA3AHHDBIE C ODJIACTSIME 3aBUCHMO-
CTH, BJIMSHUS U OIPEJEJeHNUs JaHHbIX Korm, 3ajaBaeMbiX HA OJHON U3 XapaKTEPUCTUK. DTUM CAMBIM
B OYepesHON pa3 IoATBepKaaeTcs Te3uc 00 3ddeKTe BIUAHAA HAIPY3KU HA IIOCTAHOBKY T€X WMJIM WHBIX
HaYAJbHO-KPAEBBIX 33129 /I HATPYKEHHBIX MM dEPEHITNATBHBIX YPABHEHUI C YACTHBIMU TPOU3BOTHBIMU.

Kmouesvie crosa: 3amada Ko, HarpykeHHoe ypaBHEHNE, YpaBHEHNE KOJIe0aHNsI CTPYHBI, XapaKTEPUCTHU-
KH, 00JIaCTh BJIMSHUS, 00JIaCTh 3aBUCUMOCTH.
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Singularly perturbed control problems in the case of the stability
of the spectrum of the matrix of an optimal system

The paper considers a singularly perturbed control problem with a quadratic quality functional. Such
problems in their standard formulation under known spectrum restrictions (the points of the spectrum of
the optimal system are not purely imaginary and are located symmetrically with respect to the imaginary
axis) were previously considered using the Vasilyeva - Butuzov method of boundary functions. If at least
one of the points of the spectrum for some values of the independent variable falls on the imaginary axis,
the boundary functions method does not work. It is precisely this situation with the assumption of purely
imaginary points of the spectrum that is investigated in this paper. In this case, you have to develop a
different approach based on the ideas of the regularization method S.A. Lomov. It should also be noted that
in the control problems considered earlier, the cost functional either did not depend on a small parameter
at all, or allowed a smooth dependence on the parameter. In this paper, an irregular dependence on a small
parameter is allowed, in particular, the presence in them of a rapidly changing damping function in the
form of an exponential factor under the integral sign. In this case, the spectrum behavior of the optimal
system depends on the damping coefficient, which (under certain conditions) can shift the spectrum in one
direction or another in the complex plane. In this case, a situation may arise when some points of the
spectrum for individual values (or even on a certain continuum set) of an independent variable can become
purely imaginary. This situation is not amenable to investigation by the previously mentioned Vasilieva -
Butuzov method of boundary functions. However, it can be fully studied using the regularization method
S.A. Lomov, the algorithm of which is applied to the considered control problem in the present paper. The
presentation of this method begins with a brief description of the maximum principle of L.S. Pontryagin
for the classical optimal control problem, which then, along with other ideas, is used to justify the results
in the considered control problem.

Keywords: singularly perturbed, Pontryagin’s maximum principle, regularization, asymptotic convergence.

Introduction

The presentation of the regularization method of S.A. Lomov [1] begins with a brief description of the
Pontryagin’s maximum principle for the classical optimal control problem, which is then applied to a linear
singularly perturbed control problem with a quadratic quality functional (cost functional) in the case of a stable
spectrum of the matrix of an optimal system.

Consider a linear control system

dx

i A(t)z + B(t)u + h(t), =(0) = 2°; (1)
. T
J(u) = 5 /(x*Q(t)x + u*R(t)u)dt — min, (2)
0

where x(t), h(t) are n — dimensional; u(t) is m — dimensional vector functions, x° is a constant n-dimensional

vector; A(t) is (n x n)—matrix; B(t) is (n x m)— matrix; @ (¢) is a symmetric non-negative definite (n x n)—
matrix, R (t) is a symmetric positive definite (m X m)— matrix, * is a transposition sign. It is required to transfer
the system (1) from a given initial position z(0) = z° to a position z(T') in a fixed time 7' < +oo (x(T') is not
fixed) so that the functional J(u) takes the minimum value. A similar problem was considered in many sources
devoted to the theory of optimal control. Our presentation follows the monograph [2]. We introduce a variable
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xg = (1), satisfying the equation &g = fo(z,u,t), z(tg) = 0 (where fo(z,u,t) = 3(z*Q(t)x +u*R(t)u)). Then
the problem (1)—(2) will be rewritten as

4z — fo(x,u,t),x(()) =0;
dci = A(t)z + B(t)u + h(t),z(0) = 2Y; (3)
mo(T) —min, 0<¢<T.
Denote f(z,u,t) = {f1,..., fn} = A(t)z + B(t)u + h(t) and make Hamiltonian
f1

FI(%xaUat):wofo—F ilesz¢0f+(¢1v'“vwn) f =
7= n

= $9o(x*Q(t)z) + 5o (u* R(t)u) + ¢v* A(t)x 4+ ¢¥* B(t)u + *h(t),

where ¥* = (¢1,...,%,). According to the maximum principle should be 1, (t) = const < 0. In the problem
with a fixed time T and with a free end of the trajectory are equalities

Yo(T) = —1,91(T) = ¢o(T) = ... = 1, (T) = 0

(transversality conditions; see [2; 260]), therefore 9/g(t) = —1, and the function H takes the form

H(¢7$7u7t) = _[%(w*Q(t)x> ( ( ) )
—y*A(t)z — v* B(t)u — ¢ h(t)] = ~[3(2*Q(t)z)+
+5(u*R(t)u) + p* A(t)z + p*B(t Ju+ ph(t))

where it is indicated: p* = —¢*. The function H must reach a maximum on the optimal control u = wu(t), which
means, that the function H(p*, z,u,t) = 1(z*Q(t)x) + 3 (u* R(t)u) + p* A(t)x + p* B(t)u + p*h(t) should reach to
uw = u(t) the minimum. We note now that dftj = de (j = 1,n), therefore, the auxiliary functions p; = —;(t)
satisfy the system of differential equations d;;j = &r , j = 1,n (the equation py = aTI{) is not written out, since
it is trivially satisfied, because 1o (t) = —1, gﬁ) = 0). In terms of the function H , this system can be written in
the form R

— =——,5=1,n. 4

dt 8$j J ( )

Calculate g% We have (consider that Q(t) is a symmetric matrix)

8 = 2 (4" QU +27 AW)2) = e;Q(r+
2" Q(t)e; + p*Alt)e; = H(Q(t).e5)+
Qs 1) + (Alt)es.p) =
= $(5,Q(0)e) + 1(Q(1)e;. ) + (Alt)ey.p) = (e, Q(t))+

(
+(ej, A*(t)p) = (e, Q(t)x + A*(t)p),

where e; = {O, ..,0,1,0,..., 0} ,j = 1,n. Therefore, the system (4) has the form

dp; .
= (e, Q) + A*(0p).j = T &
Y e e A(bp. ©)
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On the other hand, to search for the minimum points of the function fl(p*,xo,x, u, t) relative to u, we must
find its critical points (note that R(t) is a symmetric matrix ):

s€5R(t)u+ LU R(t)e;

< (e, R(t)u) =
& (e, R(t)u) = —(e;, :
& R(tyu=—B*(t)p & u=—R1(t)B(t)*p.

So, the only one critical point u = —R7L(t)B*(t)p is obtained. In order to check whether it will realize the
minimum of the function H for u, consider the matrix of the second derivatives:

FZI = 2 [(e;, R(t)u) + (5, B* (t)p] =
= 52 (ej, R(t)u) = (ej, R(t)ex) = R;i(t), 4,k = T,n,

where Rjj are the elements of the matrix R(¢). This shows that the matrix (52— T, a ) does not depend on wu.
Since R(t) is a positive definite matrix, then the point u = —R™'(t)B*(t)p is 1ndced the minimum point of
the function H for u. So, if the optimal control of problem (1)—(2) exists, then it necessarily has the form
u = —R~Y(t)B*(t)p, where p = p(t) satisfies system (5) and = = x(t) is calculated from the system (3). In other
words, the optimal system has the form

% = A(t)z — B{)R™'(t)B*(t)p + h(t), 2(0) = 2°; (©)

&% =—-Q(t)z — A*(t)p,p(T) = 0.

It follows from [3] that the control u = —R~1(#)B*(t)p, where p = p(t) satisfies system (6), is optimal, and the
corresponding trajectory x = x(t)is the optimal trajectory. The boundary-value problem (6) with continuous
matrices A(t), B(t), R(t),Q(t) and with continuous function h(t) on a segment [0,7] can be ambiguously

solvable, and then the optimal control u = —R™1(t) B*(t)p is calculated ambiguously. For the unique solvability
of problem (6), it is necessary to require that the corresponding homogeneous boundary value problem

de — A(t)x — B(t)R™\(£)B* (t)p, (0) = 0; (60)
B = —Q(t)x — A*(t)p, p(T) = 0. 0

Has only a trivial solution (x (t),p (t)) = 0. This will take place, for example, in the case when h(t) = 0 and
p(t) is linear depends on phase coordinates: p(t) = K (t)z(t). Indeed, in this case (as shown in [3; 318, 319]), the
(n x n) — matrix K(t) # 0 is symmetric and satisfies the nonlinear Riccati matrix differential equation:

K=—-K-At)— A*(t)- K+
+K -B(t)R7Y(t)-B*(t)- K — Q(t), K(T) = 0(t € [0,T)),

and homogeneous problem (6y) takes the form

% = [A() = BOR'(O)B*()K (t)] =, 2(0) = 0;
p(t) = K(t)x(t).

This problem has only one solution (z (t),p(t)) =0 .
2 Singularly perturbed control problems. Building an optimal system

We now consider a singularly perturbed control system
ed —A<t> (t, e)+B(t> (t.e) +f< ),2(0,6) =2°,0 <t < T;
T ¢
u) =1 [(z*Q(t)x +u*R(t exp(lf,u > (™)
0 T

where € > 0 is a small parameter, x(¢,¢), f(t) are n — dimensional, u(¢,¢) is m — dimensional vector functions,

2 is a constant n-dimensional vector; A(t) is (n x n)—matrix; B(t) is (n x m)—matrix; Q (t) is a symmetric
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non-negative definite (n X n)— matrix; R (¢) is a symmetric positive definite (m X m)— matrix, w (t) is a scalar
function, ¢ € [0,T], * is a transposition sign. It is required to transfer the system (7) from a given initial position
2(0) = 20 to a position z(T) in a fixed time T' < +oo (z(T) is not fixed) so that the functional J(u)takes the
minimum value. In order to obtain asymptotic representations for x(¢,e) and u(t,e) in the form of series in
powers of e, we require the following conditions to be satisfied:
19. The elements of the matrices A(t), B(t),Q(t) and R(t), as well as the components of the vector f(t)
and the scalar function p(t) belong to C*°([0,T],R).
Applying the Pontryagin’s maximum principle (see system (1) in the previous section) and taking into
account that the role of A (t) is played by the matrix fA( ), role B (t)- matrix 1B (t), role Q (f)— matrix

ezp( S8 ); role R(t) — matrix R (¢ exp( fu >; role h (t)- function 1f (t), we get the

following optlmal system:
e2i = eA(t)z — B(t)R™1(t)B*(t)exp <—1 ft,u(G)dG) p+ef(t),z(0,e) = 2°,
T
——cQ(eap ([ u(6)db ) o = A (p.p(T.) =

Doing successive replacements

t
1
erx =1y, exp —E/M(G)dﬁ p=q, {y.q} =2 (8)
T

and taking into account that

0= (& o) OB g

we arrive at the following singularly perturbed boundary value problem with weak inhomogeneity:

edhy®) =AMy ()= B(t) R (t)-B* () q(t) +ef (t);
e (t)=—q®)p(t) —Q M)y (t) — A" (t)-q (1),
. ez=S({t)z+¢eh(t), 0<t<T, 9
Gz=Mz(0,e) + Nz2(T,¢e) = eq, (9)

where S(t) is (2n x 2n)—matrix with elements from the class C*°[0, 7] :

so=( o G )

where M = diag(1, ..., 1,0, ...,0), N = diag(0, ...,0,1,...,1),h(t) = f(¢),0,...0, @ = 2°,0, ..., 0 are 2n— dimensional
vectors. In this case, the optimal control (see 1) will be

| *
u(t)=--R L) B (t)q(1). (10)
8 Regularization of the optimal system. Construction of solutions of iterative problems

Without detracting from the community, we may assume that 7 = 1. Let b;(t), d;(t) (j =1,2n) are
eigenvectors of matrices S(t) and S*(t) corresponding to eigenvalues A;(¢) and \;(t), respectively, and, moreover,
(bj(t),d;(t)) = &;; is Kronecker’s symbol. Suppose that besides the condition 1°, two more conditions are
performed:

20. The spectrum {);(t)} of the matrix S(t) has the properties:

a) A\j(t) #0,5 =1,2n,Vt € [0,1];

b) Ai(t) 2 Aj(£),i # 4oi, j = T2, € [0,1];
¢)Re A\j(t) < 0,5 =1,m,Re);(t) > 0,j = n+1,2n, ¥Vt € [0,1];
d) Re>\1( ) <ReXa(t) < ... < Redgn(t).
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3. det(bi;(0))7 =y - det(bi;(1))77_,, 41 # 0.

Here b; = colon(b;j, ..., banj),7 = 1,2n; the conditions 3° mean that in the matrix B (t) = (b; ; (t); j=1zn
the left angle minor det(b;;(?));;—; of order n does not vanish at the point ¢ = 0, and the right angle minor
det(b;(t))7%_, 11 of order n does not vanish at the point t = 1.

The listed conditions 1° — 3° are realizable. To verify this, consider the following scalar problem:

5(%30())_ (1)+€U() f(t),2(0) =2 (0<t<1);
:%f( t)Q) e'= dt — min.

By completing the replacement (8), we obtain the optimal system

()3 7))o wsesn
y(0) =ex”, (1) =0.

The eigenvalues and eigenvectors of the matrix S(t) are follows:

262t
A1 % SV 9+ 4e?t < by (t ( —3+\/19+4T2t ) ;

1.1 _—2e%
A2<t>—2+2¢m9bz(t)_<%@ >

Obviously, all the conditions 1° — 3% for them are realized.

We draw attention to the fact that in the considerate problem may arise a situation when some points of
the spectrum on separate values (or even on some continual set) of independent variable can become purely
imaginary. This situation is not amenable to the study of the known methods of asymptotic integration (for
example, using the Vasilyeva-Butuzov method of boundary functions [4-7]. However, it can be fully studied
using the Lomov’s regularization method [1, 8-10]. Note, that the regularization method [1, 8] allows us to
investigate a wide class of problems in the theory of singular perturbations [11-25].

For the regularization of problem (9), we apply the algorithm of the regularization method, developed for
singularly perturbed problems in [1]. We introduce regularizing variables

—1f)\k )ds = o, (t, 1) k=1, 2n;
o= —t =0, tpy1=..=ton =1

and consider a new function Z = Z(t, 7, ¢), for which we set the following problem:

Eat+z>\ () 52 — S (t) 2 = eh(t);
Gz(th)fM (Mo, e)+ Nz (M,e) = ea,

(09 () (1)) #(:2) = () -2)-

If 2= Z(t,7,0,¢) is a solution to problem (11), then the restriction z(¢,e) = 2(¢t, ¢ (t, %) ,€) will obviously be a
solution to problem (9). The resulting problem (11) is regular in €, and therefore we are looking for its solution

in the form of a series -
P=) e'z(t,T) (12)
i=0

by non-negative powers of the parameter €. To determine the coefficients of this series, we obtain the following
iteration systems:

(11)

where

L()ZO Z)\ 6 (t) zZ0 = 0, GZO (t,T) = MZO (Mo) + NZQ (Ml) = O, (130)
TJ
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L()Zl =h (t) — ,GZl = Q] (131)

ot

0z 1
ot

In order to study the solvability of problems (13¢), (131), (13;), consider the general iterative system

L()Z,‘ = — s GZZ' = 0, 1= 2,3, cee s (131')

Lo = H(t,7,0). (14)

We will find a solution to system (14) in the space of functions

U= {E(t,r) €= ng(t)e”“ +&(t) & (1) € C([0,1]),C*™), k = O,2n} ,

k=1
in which is the following scalar (for each ¢ € [0,1]) product is introduced

2n

< §(t77-)’<(t77—) >= Z(gk (t)’Ck (t))a ng(t’T)v C(t’T) ev,

k=0
where () is the usual scalar product in the complex space C?". Suppose that the right-hand side of system (14)
2n
belongs to U, that is H(t,7) = > hg(t)e™ + Hy(t) € U. The following assertion holds true, which is proved in
k=1

the same way as the analogous assertion in [1].
Theorem 1. If conditions 1°,2°(a, b, ¢) are satisfied and H(t,7) € U, then for the solvability of system (14)
in space U, it is necessary and sufficient that

< H(t,7,),di (t)e™ >=0,Vt € [0,1], k =1, 2n. (15)

Remark 1. Under the conditions of Theorem 1 the system (14) has the following solution in the space U:

2n 2n n
)= @)+ > Hia(t)ba(t) | €™ + > Hop(t)bi(t); (16)
k=1 s=1,s#k k=1

where ay,(t) € C°°([0, 1], Ct)are arbitrary functions, Hy(t) = (A (t) — As(8)) "L (He(t), ds(1));
Hou(t) = —(Ho(t), dy(0)/M(t), ks = T2,

Theorem 2. Let the conditions 1°-3° be satisfied, H(t,T) € Usatisfies the requirements (15). Then the system
(14) under boundary conditions G¢ = &Y and additional conditions
23

< - F ), di(t)e™ >= 0T 2n, ¥t € [0,1], (17)

where g(t) € C*([0,1],C?") is a known function, is uniquely solvable in U for e € (0,&0], where g > 0 is
sufficiently small.

Proof. We use the conditions of orthogonality (17) and obtain equations for the unknown functions oy (t) in
the representation (16):

2n
ag(t) + (bk (t),di (t)ax = — Z Hks(bs (t),dg (t)),k =0,2n. (18)
s=1,s#k
From equations (18) we find
— [ (g di)d6 2n [ (b oy )d6 .
an(t)=e 0 0) - 3 /eof Y Hys (@) (bs (2) , di (2))dz], (19)
s=1,s#k
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where ay(0), k = 1,2n, are while unknown numbers. Subordinate the vector function (16) to the boundary
condition G¢ = &° & ME(0,¢(0,2)) + NE(1,9(1,2)) = €% To simplify the calculations, we write the
solution (16) in the form

£(t,7) = ® (t)diag (€™, ...,e™" ) (t) + £(t, 7),
where a(t) = {ag (t),..., a2, (1)}, ®(t) = (b1(t), ..., ban(t)) is the matrix of the eigenvectors of the matrix T'(t),
and by & (t,7) is denoted the particular solution of system (14):

2n 2n

=3[ S Hub) | e+ 3 Hort)bi(o).
k=1

k=1 \s=1,s#k

The condition G¢ = £° gives:
o (0) diag (1, ey 1, ew“'“(o’é), ...,em"(o’é)) a(0)+
FN® (1) diag (e%(lé), een(B) 1) ,1,) a(l) = (20)
=1(e), 1(e) =€ = ME(0,0 (0, 1)) + NE (L (1, 1)) -
From equality (19) we find that

- Jlﬁ(i’k-,dk)de f(bmdk)d@ .
ap(ly=e © [ak(0) — Z /60 Hy, (2) (bs (z) ,dg (z))dz], k =1, 2n,

s=1,s#k
S0 ) )
— [(b1,dy)dO — [(ban,don)do
a(l) = diag(e G yeen € f (amit ) (0) + B,
where ( is a constant vector having the form
on 1 =
J(b1,d1)d8
s=—( Y [ @ (b @) b @) de
s=1,s#17
2n H
[ (b2n,d2n)do
S /61 1 (@) (by (), dan (2) ) do}

Substituting a (1) in (20), we will have

[M(I) (0) dlag (]-7 () ]-7 eép”Jrl(O’%X ceey 6(’02"(0’%)> +

s ey € ,e o

1 1 1
1,1)—[(b1,d1)do w(1,2) = [(bn,dn)d0 = [(bns1,dni1)do — [(ban,d2n)d8
+N® (1) diag (ecpl( ) {uds en(t2) { {Grtrrdnns y ey € anida )]x (21)

xa(0) = 1(g) — NB.

We divide the matrix ® (¢) into blocks of size nxn : ® (t) = P11 () D12 (1) and we introduce the notation:
Doy (t) Pao (t)
Ay (1) = diag (A1 (1) 5 An (1)) A2 (1) = dlag nt1 (1) 5o Aon (£));
it
Gy = dia ( [ (b1, d1)dd,. bn,d 9),
0
1 1
G2 = diag (— f(bn+17dn+1)d97 ey — f(bgn, dgn)d9>
0 0
Then the determinant A (¢) of the system (21) can be written as
Ae) = @1, (0) 1y (0) et i A2(0)d0
Doy (1) eé f(ll A1(0)do+Gy Doy (1) €2
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To calculate it, we apply the block Gauss method (see [26; 44, 45]). Multiply the first «column» of this
determinant by —®7;' (0) @12 (0) et T 82040 the matrix and adding the result to the second «column», we
get that

o4, (0) 0

Ae) = By (1) ot Jo A(0)dO+Gr fr

= det ®1; (0) - det K,

where K = @95 (1) %2 — &7 (0) 15 (0) e* JPA2(0)d0 g, (1) et Jo A1(0)d9+G1 - Considering conditions 20¢), we
conclude that A(e) — A(0) = det ®y; (0) - det[®as (1) e“2 (¢ — +0). By virtue of the condition 3° the
determinant A (0) # 0, and therefore A (g) # 0 for € € (0,e0] and ¢ > 0 is sufficiently small. This means
that system (21) has a unique solution « (0) = o (g). Substituting this solution into (19), we find uniquely
the functions oy (t) = ag(t, €), and, therefore, we calculate the solution (16) of system (14) in the space U in a
unique way. The theorem is proved.

4 Correct solvability of a singularly perturbed two-point boundary
value problem and estimation of the remainder term

Applying Theorems 1, 2 to iterative problems (13;), we find in a unique way solutions of these problems in
space U and construct series (12). Arguing by analogy with the monograph [1; 107-126], we prove the following
result.

Lemma 1. Let the conditions 1° —3° be fulfilled. ~ Then the function zn(t) = Sn(t, ¢ (¢, 1),

€)= Z iz ( ) 9”(t)) satisfies the problem

dZEN

T = S(M)zen (1) +eh(t) + N Ry (Le), Gren(t) = e,

where ||[Ry(t,€)||cp0,1] < Ry = const for e € (0,e0] (0 > 0 is sufficiently small).
To substantiate the asymptotic convergence of the formal solution z.n(t) = Sy (¢, ¢ (t, é) ,€) of the problem
(9) to its exact solution z(t,e) , we must prove the solvability of an arbitrary boundary value problem

dz

e = S(t)z + h(t), Gz(t,e) =2° t €[0,T], (22)

under the above conditions 1Y — 3% and give an estimate of its solution through ||z°|| and [|A(¢)||. Under
conditions of stability of the spectrum {\;(¢)} of an operator S(¢), such an estimate was carried out using
the Green function (see, for example, [1]), the construction of which essentially uses a rather strict condition
20d). Here we propose another procedure based on the study of a special integral equation equivalent to system
(22). The implementation of this procedure (its main ideas are presented in [27]) makes it possible to avoid
constructing the Green function, and also to get rid of condition 2°d). We formulate some of the statements
from [27], which will be used later.
Consider a more general, than (22), boundary value problem

dw

o S(tyw + h(t), lw = Myw(0) + Nyw(T) = w°, t € [0,T], (23)
not containing a parameter. We assume that M; and Nj are arbitrary (mxm)-matrices, w = {w1, ..., wm}, S(t)
is a well-known (m x m)-matrix, h(t) = {h1,...,h,} is a well-known vector function, w® = {w?,... , wd } is a

well-known constant vector. We formulate conditions under which the boundary value problem (23) is solvable.
Let ®(t) be the fundamental matrix of solutions of the corresponding homogeneous system w = S(t)w with
columns ¢;(t) , i.e. ®(t) = (c1(t), ..., cm(t)). Form the matrices

()=( () » ek (1); 0, 0);
() = (0, 05 ce1 (), . (),

where k € {1,...,m} is an arbit'rary number. The following properties of these' matrices are obvious:
a) @1(t) + ®o(t) = ®(t); b) @,(t) = S)P;(t),5 = 1,2; c) D1(t) + P2(t) = O(2).
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Lemma 2 [27]. Let the matriz S(t) € C*=([0,T],C™*™),h(t) € C*>([0,T],C™).Then the general solution
of the system w = S(t)w + h(t) on the segment [0,T] can be written as

t t
w(t,co) = ®(t)co + <I>1(t)/<I>_1(9)h(9)d9 + Do(t) / d~1(0)h(0)db, (24)
0 T
where ¢y € C™ is an arbitrary constant vector.

Proof. Since ®(t)cy it is a general solution of the corresponding homogeneous system, it is necessary to show
that the vector function

B(t) = By (1) / &= (0)h(6)d0 + D (1) / =1 (0)h(0)d0 (25)

is a particular solution to a non-homogeneous system of equations w = S(t)w+ h(t). Using the properties a) — c)
of the matrices ®;(t) , we will have

dw
dt

+Bs(2) / O (0)h(0)d6] + h(t) = AR)B(E) + h(D),
T
that is, function (25) is indeed a solution of an non-homogeneous system w = S(t)w + h(t). The lemma is
proved.
Lemma 3 [27]. Let the conditions of Lemma 2 be fulfilled. Then for the unique solvability of the boundary
value problem (23) it is necessary and sufficient that

det[M; ®(0) + Ny ®(T)] # 0. (26)

If condition (26) is satisfied, then the solution of the problem (28) is given by formula (24), where the vector
cohas the form

co = [Mlq)(O)CO + Mlq)(T)]_l(’wO — Ml(PQ(O) @‘1(6)h(9)d9—

N—o

T (27)
—N1®1(T) [ ©~1(0)h(6)db).
0

Proof. Subject (24) to the boundary condition lw = w°®. We will have

M1 ®(0)co + M1 ®5(0) [ 1(0)h(0)dO + N1®(T)co+

\o

+N10(T) | @ H(O)(0)do = w";

<:>\H o
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or

0
[M1®(0) + Mo®(T))co = w® — M1<I>2(0)/<I>*1(0)h(9)d0)—
T

T
— N1 &y (t) /qu(em(a)de
0

For the unique solvability of this system, it is necessary and sufficient to satisfy condition (26). At the same
time, cg has the form (27). The lemma is proved.

We now turn to the study of the solvability of the boundary value problem (23). According to [1; 109, 110],
under the assumption that S(t) € C*(]0, 7], C*"*?") transformation

z = [B(t)(I +eBi(t))n(t,e),
where B~L(t)T(£)B(t) = A(t) = diag(M (£), .. ., Aan());

Oa ZZ]:

(Bi®)i; =3 waomB OB M)y, i#j (L.j=12n),

leads system (22) to the system

et = Ao(t,e)n +e>C(t,e)n + Ha(t,e);
Pi(e)n(0,¢) + Pa(e)n(T,e) = 2°,

where indicated:
P1( ) (0)I +eB1(0)], P2(e) = N[B(T)(I +eBi(T)];

= M[B
Ao(t, ) = diag(A1(t) +epa(t), .., Aan(t) + epan(t));
Hy (1) = [B#)(I + =By (8)~h(t)
and C(t,¢) is a known matrix. Let ®(¢,¢) be the fundamental solution system of a shortened system

dz

ey = Ao(t,e)z. (29)

Obviously, it can be taken in the following form:

t__
L [A(0,e)do
e o

D(t,e) = :0
A

¢ ) 30
L [A(0,e)do ( )
T

0 e

where
(1) = diag(\ (£) + a1 (), -, An(t) + pn());

A(t) = diag(Ans1(8) + eptng1 (B), - Ao (1) + epizn (1))

Using (30) and Lemma 3, we reverse the system (28) and obtain an equivalent system of integral equations

n(t,e) = @(t,e)co(n)+

t
+®1(t,e) [e® 1 (s,e)C(s,e)n(s,e)ds+
0
Py (t,e) _
+—=]® (s,e)Hy(s,e)ds+
Jo e (31)
+(I)2(t,5)f5(1) 1(5,5)0(3,5)77(5,5)d$+
@ !
+ 2205 [ @7 (s,e) Hi (s, €)ds,
T
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where

co(n) = [P1(e)®(0,¢) + Po(e) (T, )] ™"

0
x [2Y = Pi(e)®2(0,¢ /5(13 L(s,e)C(s,€)n(s,e)ds—
T

T
Py (T, ) / e (s,)C(s, (s, £)ds—
0

0

—Pi(e /(IJ Ys,e)Hy(s,e)ds— (32)
T
T

—Py(e /cblssHlss)d

0
and by ®;(t,¢) we denoted (2n x 2n)-matrices

%f NGRS gff(e,e)e
0 T

(I)l(ta 5) = dlag( 70); ¢2(t7 E) = dla‘g(07 €

Substituting (32) into (31), we write the integral system in operator form:

n = An. (33)

Obviously, the operator A acts from space C' ([O, T, CQ") to itself. In assessing the norm ||An; — Ansl|, we
use the fact that the product ®;(¢,e)® 1(s,¢) is uniformly bounded of ¢ (for sufficiently small ¢ > 0) for s
and ¢ satisfying the inequalities 0 < s < ¢ < T, and the product ®5(t,e)®1(s,¢) is uniformly bounded (for
sufficiently small ¢ > 0) for s and ¢ satisfying the inequalities 0 < ¢ < s < T. Let us show this. We have at
0<s<t<T:

@1 (t, €)@~ (s, €)||

t
= [lexp{ %f 0) do}|| = |lexp{ f 0) do}|| <

1 1
< ||diag(eacp{g/Re/\ldé’}7 . .,exp{g/Re/\ndG}Hx

><Hdiag(exp{/Reu1d9}, . .,exp{/Re,undG}H < v = const;

because Re\;(0) <0 when 0 <s<0<t<T,i=1,n When 0 <t <s<T we have
||‘I’2(t )2 (s,e)|| =
= |lexp{ fAd9}|| = ||€l‘p{—*fR€Ad9}|| <

1] 1]
< Hdiag(exp{—g/Re)\nﬂde},...,(emp{—g/Re)\gnde}Hx
t t

t t
X ||dmg(exp{f ReMnJrlde}v ce ,exp{f R€M2nd9})|| <

< vy = const,

since ReA;(6) > 0 when 0 <t <60 <s<T,j=n+1,2n.In this case, constants 1, and v, does not depend on
€ when ¢ € (0, &p], where g9 > 0 is sufficiently small.

32
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We now turn to the estimate [[An — Ana|| = [|[An — Anal|cpo,r)- Using the boundedness of matrices
D1 (t,e) x ®71(t,e) and Pa(t,e) - D1(¢, ¢), we will have

[[Am = Anell < 119 (E: €)(colm) = o(m2)) |+
+el[ @1 (¢, €) f@‘l(svf)C(s,E)(m(svf) — n2(s; €)ds[+

t

+EH(I)2 fq) 5)(771(375) - 772(875)d8|| S
T

< wollco(m) — 00(772)|| Jr&?V3||771 — || + eval|m — mell.

On the other hand,
lleo(m) = co(n2)|] < ||(P1(e)®(0,€) + Po(e)@(T, ) || x

0
X (|[ePy () ®4(0, /q) L (5,€)(m (s, ) — n2(s,€)ds]|+
T
T
+[[ePa(e)®1(T,e) [ 74 (s,€)(m(s, ) —ma(s,e)ds]|) <
0

< 5ur\|771 — n2ll-

Substituting this into the previous inequality, we get ||An — Anz|| < evg||n — n2]|, where vg do not depend on
e at ¢ € (0,e0). From here it follows that the operator A is contraction operator in space C ([0,7],C?"), and
therefore, the equation (33) is uniquely solvable in C ([0, 7], C?") .

From (31) and (32), passing to the norms in C ([0, 7], C*") ,we get

g
(¢, &)l < volleo)l + evrlinll + [ H1ll;

1%
lleo(m)]] < vo.||2°]] + eviolInl| + %||H1||7

which means, that
1

— 5(1/7 =+ Vlol/())

Vs + Vo1

Il < 5 (vovel |2l + [ Hl)-

Take ¢ > 0 such that
1-— E(V7 + VIOVO) >

N)\»—A

Then
Vg + Vo1

[Inl] < 2(vovel|2°I] + [[H)-

Since z = [B(t)I + By (t)]n(t, ), then the initial boundary problem (22) is uniquely solvable in C"* ([0, T, C*")
and for its solution z(¢,¢) we have the estimate

Ky
l2(t,€)llcro,r) < Kall2°]] + — llkllero,n- (34)
However, all our calculations are correct only when
| det[Py(e)®(0,¢) + Pa(e)®(T,e)]| > 61 = const >0 (35)

at € € (0,g0]. Insofar as Pi(e) = MB(0) + eMB;(0), Po(¢) = NB(T) + eNB1(T), then inequality (35) for
e € (0,&0] follows from the fact that

| det[M B(0)®(0,¢) + NB(T)®(T,¢)]| > 2 = const >0
for € € (0,&0]. This fact follows from the conditions 3%a) — 3%), what can be proved in the same way as the

inequality |A(g)| > dg = const (see system (21) and the following calculations).
The following result is proved.
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Theorem 3. Suppose that S(t) € CL([0,T],C**2") h(t) € C([0,T],C*") and the conditions 1°,2%) —
20¢), 39 are satisfied. Then for sufficiently small e € (0, 0] the boundary value problem (22) has a unique solution
z(t,e) and estimate (34) is valid for it.

Using the estimate (34) for the remainder term ry (t,€) = z(t,€) — zen(t), as well as Lemma 1, we can
easily prove the following statement.

Theorem 4. Let the conditions 1°,2%) — 2°¢), 3% are fulfilled. Then the boundary value problem (9) for
sufficiently small € > 0(0 < € < €q) is uniquely solvable in the class C1([0,T],C*") and the estimate

[|2(t,€) = zen (®)]lcpo,r) < One™ ™!
holds true ( here Cy > 0 is a constant independent of € € (0,e0], z-n(t) = Sn(t, ¢ (t,1),¢) the formal
asymptotic solution constructed above.

So, we have obtained the asymptotic solution of the problem (9) in the form of a series (12), taken at the
restriction 7 = ¢(t, 1). Using equations (8) and (10), we construct the asymptotics of the optimal control u(t, )
and the optimal trajectory z(t, ).

Remark 2. Due to the uniqueness of the solution of the system (13¢) in space U, it will have only a trivial
solution zy = zg (¢, 7) = 0, therefore the asymptotic series for the optimal control (10) and the optimal trajectory
z (t,e) = %y (t,e) will not contain coefficients with a negative degree of the parameter e.

Remark 3. Condition 2°d) is related to the construction of the Green function for the boundary value
problem (9) and its application in estimating the remainder term (see [1; 108-126]). Using our technique, one
can do without constructing the Green function and then condition 2°d) can be removed.
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A.A. Bo6omxkanos, B.T. Kamumberos, B.®. Cadonon

OHTaitapl >KyiieHiH MaTPUIIACBIHBIH, CIIEKTPi yaaiibl 00JIFaH
KarJaiaarbl 0acKapyablH CUHTYJIAP aybITKbIMAJIbI eceli

Maxkasaza camasbiH KBaIpaT (DYHKIIMOHAJBI O0ap CHHTYJISP aybITKBIMAJbI ecebi KapacThIpbLIabl. MyHmait
ecenrrep GypBIH CIIEKTPIH Gesrrii mekTeysiepinge (OHTANRIBI XKYHEeHIH CIIEKTP HYKTeJIepi Ta3a XKopaMaJl eMeC
JKOHE KOpaMaJl OCbKe KATBICTBI CUMMETPHSIBI OpHaacca) Bacuibesa-ByTy30BThIH eKapasblk, QyHKIMsI-
Jlap 9JIici apKbLIBI KapacThIPBLIFaH. Krep crekTp/iiH HYKTesepiHiH eH O6oiMaraHaa Gipeyi Toyescis aitHbI-
MAaJIBIHBIH KeHbip MoHIEepiH/e >KopaMaJjl OCbKe TycCe, IMEKAPAJIbIK (PYHKIUAIAD O/IiCi KYMBIC icTeMeii.
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2Kymbicra ciekTpiin Tasa x)opamaJi HyKTesepi 6ap kargail 3eprresnmi. Byn xarnaiina C.A. JlIomoBTbIH pe-
ryJisipu3anusiiay 9/ IiCiHiH uesyiapblHa HerizesnreH 6acka oicTi qaMbiTyra Typa Keseai. Conpaii-ak 6ypbiH
KapaJraH 0ackKapy ecenrTepinjie MbIFbIHAAP (PYHKIIMOHAJBI Killll apaMeTpre MyJIeM TOyes i eMec HeMece
KiIlTi mapaMeTrpre Teric Toyesi 60IaThIHbI OalKaFaH. ByJr Makasia/ a MBIFBIHHBIH, Killli TapaMeTpre PeryJssip
eMec TOYeJJIIri, AFPHU WHTEerpaJ TaHOACHI ACTBIHJA YKCIIOHEHITHAJIIbI KOOEHTKII TYpiHAe »KBLIIaM ©3re-
perin nemrupiiey OyHKIUSICHIHBIH 6ap 60Iybl XKarqaiibl KapacThIpblaral. OcChl KaFIai s OHTANIbI XKyiie
crnekTpinig 6etanbicel gemmdupiey koaddunmentine 6aitianbicTer 6omanpl, o (Geariai 6ip Karmaiinap/a)
CITIEKTP/] KOMILIEKC KA3bIKTHIKTBIH KaHal 1a 6ip »KarblHa >KBUIKBITYbI MyMKiH. OHZa CIIeKTpAiH Keibip
HYKTeJIepl »KeKeJleHreH MoHzepe (Hemece TinTi Keibip KOHTHHYyaJs (bl *KUBIHJAP/A) TOyeJICi3 affHbIMaJIbl
Taza JKopamaJsi OOJIFaH Karmail TyblHAaybl MyMKiH. MyHImail Karmaiiapl >Korapbiga aTajraH BacuibeBa-
ByTy30BThIH mekapaablK, GyHKIUAIAPHI 9iciMeH 3epTTeyTe 6oaMaiabl. Ataiiga KapaCcThIPbLIBIIT OTHIPFaH
backapy ecebin zeprreyre KarbicThl C.A. JIOMOBTBIH peryssipusaliusijiay 9iCiHiH aJropuTMiH KOJIJIAHY OChI
JKYMBICTa TOJIBIK, KAPACTBIPBLIFAH. Bysr omicti GasgHmay OHTaIbl 6ACKApYIbIH KJIACCHKAJBIK ecebi yImiH
JI.C. TloHTpsArMHHIH, MAKCUMyM IIPUHIUIIH KHICKAIIA, CUIIATTayIaH OAaCTaJIbIN, OJaH COH OacKa maesyiapMeH
KaTap, KapacThIPBLIBIIT OThIPFaH 6acKapy ecebiHiH HOTHKEJIEPIH Heri3/ey YIIH KOJIIAaHBLIIbI.

Kiam cesdep: cunarynsap aybITKy, [IOHTPSATMHHBIH, MAKCUMYM TPUHITAIL, PETYISPU3AINAs, ACUMITOTUKAIBIK,
KUHAKTBIIBIK.

A.A. Bobomxkanos, b.T. Kasmmberos, B.®. Cadonon

CI/IHI‘y.JIﬂpHO BOSMYIII€HHBbIE 3a/Ja491 YIIPpaBJICHHUA B CJIy4dae
CTaOMJILHOCTH CIIEKTpa MaTpHIlbl ONITUMAJbHOI CHUCTEMBI

B crarpe paccmoTpeHa CHHIYISIDHO BO3MYIIEHHAsS 33/1a4a YIIPABJIEHHUS C KBRIPATHUIHBIM (DYHKIIHOHAJIOM
kadecTBa. Takue 3a/ja9u B UX CTAHJAPTHON IIOCTAHOBKE IIPU M3BECTHBIX OIDAHMYEHUSX HA CIEKTP (TOYKU
CIIEKTPa OINTHMAJIbHOU CHUCTEMBI HE SIBJISIIOTCS YMCTO MHUMBIMH W DPACIIOJIOXKEHBI CHMMETPHUYHO OTHOCH-
TeJILHO MHUMO OCH) 6BLIN PACCMOTPEHBI PaHEee C IOMOILIBIO METO/A MOrPAHNIHBIX (YHKIm BacuibeBoii-
Bytyzosa. Eciu xke xoTst 6b1 OfHA M3 TOYEK CIEKTPa TPU HEKOTOPBIX 3HAYEHUSIX HE3ABUCUMOI ITepEMEHHOMN
MOIaIaeT HA MHHMYIO OCh, METOJT MOrPaHdYHKINH He paboraeT. VIMeHHO Takas CHUTyalus C AOMYIEHUEM
YUCTO MHHUMBIX TOYEK CIIEKTPA HCCJIEJIOBAHA B HACTOsIIEH pabore. B sToMm ciydae nmpuxoanuTcs pa3BUBATH
JPYTOil TIOAXOJ, OCHOBAHHBIN Ha maesx Merona peryispusanuu C.A. Jlomosa. Crienyer 3aMeTuTh TakKe,
9TO B PACCMOTPEHHBIX PaHee 33/a9aX yIpaBIeHns: DYyHKIMOHAT 3aTPAT OO0 BOODIIE HE 3aBUCEN OT MAJIOTO
rapameTpa, Jubo JIOIyCcKaJs IVIQIKYIO 3aBHCUMOCTD OT IapaMeTpa. B maHHO# padoTe J1onyIneHa HeperyJsap-
Hasl 3aBHCUMOCTb OT MAaJIOTO MapaMeTpa, B YaCTHOCTH, HAJUYNE B HUX OBICTPO M3MEHSIONIEHCsT (DYHKITUN
IeMIpUPOBAHNS B BHUJE SKCIOHEHIIMAILHO MHOXKHTEJISI TIOJ] 3HAKOM MHTErpaJia. B 9ToM ciiydae moBemenue
CIIEKTDPa OLTHUMAJILHOMN CHCTEMBI 3aBUCUT OT Ko dunpenta nemudrpoBasus, KOTOPLIA (IPpK Ope1eIeHHbIX
YCJIOBHSIX) MOYKET CMeIlaTh CIIEKTD B Ty MJIA MHYI CTOPOHY B KOMILJIEKCHOM IyIocKocTu. IIpu 3TOM MOXKET
BO3HUKHYTb CUTYAaIlUsl, KOTJa HEKOTOPbIE TOYKW CIIEKTPA NPU OTAEIbHBIX 3HAYEHUAX (MM JarXKe HA HEKO-
TOPOM KOHTHHYAJbHOM MHOXKECTBE) HE3aBHCUMOI [IEPEMEHHOH MOIYT CTAHOBHUTLCS YHCTO MHUMBIMU. DTa
CHTYyaIusl He TO/IAeTCs UCCAETOBAHNIO YIIOMSHYTBIM paHee METOIOM MONPAHUYHBIX (hyHKIMT Bacuabepoii-
Byryszosa. OmHako ero MOXKHO IOJHOCTBIO M3Y4YUTh C mOMombio Merona peryiapusanuu C.A. Jlomosa,
aJI'OPUTM KOTOPOT'O IIPUMEHUTEJIBHO K pAacCMaTPUBAeMOll 3ajiade ylpaBJIeHUs Pa3BUBAETCs B HACTOAIIEN
pabore. VzmoxkeHne 3TOr0 MeTO/Ia HAYMHAETCST C KPATKOro onucanust mpuHiuna makcumyma JI.C. [TorTpsi-
TUHA JIjI8 KJIACCUYECKOHN 3a/a9y ONTUMAJIBHOIO YIIPABJIEHUS, KOTOPBIN 3aTeM, HapsLy C APYTUMU UJIEAMU,
IIpUMeHsIeTCS JJIs1 OOOCHOBAHUS PE3YJIbTaTOB B PACCMATPHUBAEMO 33/1a4e YIIPABJIEHUA.

Kmouesvie caosa: CHHTYIISIDHOE BO3MYIIEHNE, IPUHITAIT MakcuMyMa [loHTpsaruna, perynspusariusi, acuMII-
TOTUYECKasA CXOIUMOCTb.
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Modeling of a Static Incompressible Medium

In the article mathematical modeling of the solution of the static Stokes problem is considered by solving
the static problem of the theory of elasticity, with Hooke’s law. We obtain estimates for the proximity of
solutions of these problems under asymptotics, namely, when A — oo, in this case the Poisson coefficient
tends to 0,5, which corresponds to an incompressible medium. Further, it was proved that the estimate of
the proximity of the solutions of the problems considered as unimprovable in order of % This allows us to
use previously differential schemes for the static problem of the theory of elasticity, as an approximate, it
is obtained a method for solving the static Stokes problem on a sequence of grids.

Keywords: Incompressible medium, Hooke’s law, stresses, deformations, displacements, Lame coefficients,
the task of the Stokes, theory of elasticity, equilibrium equation, single-linked area.

In a bounded simply connected domain D C R3 with a sufficiently smooth boundary v, we will make a
solution to the problem of the theory of elasticity for an incompressible medium that satisfies the equilibrium
equation:

puNe—Vp+ f=0, x €D, (1)
medium incompressibility condition
divu=0,z € D, (2)
displacement-strain relations
ou;  Ouy
2e;, = , k=123, 3
Cik <6Ik + 3:1:,) ! ( )
equations of state of the environment
Oik = —0ikp + 2(1€ik, (4)

where u(x) is the displacement vector, p(z) is the pressure function, f(x) is the vector of volume forces, &;;(x) is
the components of the strain tensor, o;x(z) are the components of the stress tensor and the boundary condition

3

Zaiknk = Oa T e, (5)
k=1

where ny is guides of cosines by norms to the boundary .

We also consider in the domain D the formulation of the static problem of the theory of elasticity for a
compressible medium and use following equations.

Equilibrium equations

pAT + (N + p)Vdiva + f =0,z € D, (6)
displacement-strain relations
ou}  Oup
2, = : k ik=1,2,3 7
Ezk (8$k+3$1>7 2, 9 Ay Iy ()
equations of state, Hooke’s law
oir = N0k + 2pe,, (8)

3
In the formula (8) 0* = Zl E;‘j, A, p > 0 is Lame coefficients.
j:
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Border conditions
3

Zaz’)\knk = Oa T e, (9)
k=1

for the solvability of problems (6) - (9) the following conditions are necessary [1,2]

/7dm=0, /Fx?dmzo, /ﬂdxzo, /rotﬂdxzo, (10)
D D D

D

where 7 = r(z) is the radius vector of the point 2 € D.
Earlier in the work, it was obtained an estimate for the proximity of the solution of problem (6)—(10) to the
solution of problem (1)—(5) as A — oo. Here we get this assessment in another way.
Let us denote u = Ty + +W where % is the solution of problem (1)—(5). By virtue of (6)-(10) and (1)—(5)
we have:
E(tuo,v) + /\E /dlvuo dlvvdx—i—/dlvw dlvvdaj—/f vdx, (11)
D

for an arbitrary function v € W (D)
3
1 Ou;  Ou, ov;  0v;
B,¥v) = UL L 25 g
(@) 2”/ Z (830] + em) (axj + (%vi) de
D

In (11) we add and subtract the expressions [ pdivvdz, as a result we get
D

/ ivw - divvdz = —/pdivvdx. (12)

D D
Assuming in (12) ¥ = W, the estimate follows

1 - o1 I
Y E@ W) + | divw|® < [|p] - || divw]| < §||PH2L2(D) + §\|d1VW||2~

By virtue of the fact that
1Pl D) < 1fllws1 oy
then inequality holds true
| — 2 o L2
SRy oy + 1l GV RIZ < AR, (13)
After that we will finally get the next formula:
A dival| < ef -1 py (14)

Next, we estimate the higher derivatives of the solution of problem (6)—(10).
Theorem 1. Let f(z) € Lo(D), v € C?. Then, to solve the problem (6)—(10), the inequality is

1 -
lullws ) + IV dival .oy < el fllzz o) (15)

Evidence. If we follow to the work [3], from the smoothness condition for the boundary =, it implies that there
is a local change of variables y = ¥ (x), where x € 7, let w be a neighborhood of the point x such that the piece
of the boundary w ()~ becomes a piece of the hyperplane. Let denote through w; the small neighborhood of this
point, which is at a positive distance from the boundary to the neighborhood w. Let z(x) be a non-negative in
@ = w|JOw a smooth function such that suppz C w and z(z) = 1 if z € w. Finally, let us assume that the yy
axis, k =1,2,...,n — 1 lies in the indicated hyperplane, and the y,, axis is directed along the norms drawn to
it. Solutions of problem (6) - (10) satisfy a neutral identity:

*V)—i—)\/divﬂ-divvda::/?-vdx (16)
D D
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for any ¥(z) € W4(D). Put in (16) v = z(x)%(z(m)uyk), after integration by parts, evaluating the terms in
the same way as in [4] we will have ||uyk|\%vgl(w) < lullwz(py - llullw; (), by virtue of (6)-(10), multiplying by

z(x)uy, integrating we get

Y diva < M1+ iy - 1122
-1 = 2(D)
H Yk W, (D) (D)
to estimate 57— divu, we use the 1dent1ty Vdivu = div (%) which is obtained from (6), if we take the div

by going to the variables , we express 8 div @ through the remaining derivatives of the first and second order,
which are already estlmated Then we get

1/2 1/2
e I Ty I )

Hvadlvu
W, (w)

Oy

Let us suppose that the set w is a finite cover D, then in the last inequality on the left we can take the norm
over the whole domain D. So we have

1/2 1/2
lullwz oy < e (1 zam) + 171 ) - N3 ey) -

The theorem is proved. Similarly we prove
Theorem 2. Let f € La(D), a domain D is bounded, simply connected, with a sufficiently smooth boundary
v, then the estimate is valid.

[ = @ollwz(py + IAdiva = pllwp) < e- A7 (17)

In the work [5], it was obtained an estimate for the proximity estimate for the solutions of problem (6)—(10) to
the solution of problem (1)—(5).

[~ @l3ys oy + AT — I3, () < e A7 (18)

Let us show that this estimate is best possible in the order of the parameter 1/\.

Theorem 3. An estimate of the proximity of the solutions of problems (6)—(10) and (1)—(5) is best possible
for A.

Evidence. Suppose the contrary, i.e.

A 2 A 2 —(2
[2* —allyy; p) + A divE® = pll7,py) <c¢- A @,
where o > 0 is a constant, perhaps small enough, therefore we have:

INdiva* —pl| > [lpl| — Al diva|

. - A
Il < Al aive? + [adive = pl < e (Il + 577 ) (19)

Here 7 = p — Adiv@>. In inequality (19), we wil pass to the limit as A\ — oo; we can obtain it by virtue of (18).
Ipllz,(py = 0, i.e. p = 0. Thus, for @ and p we get the following problem

pAu—Vp+ f=0, z €D, divi=0, p=0;

3

Zaiknk =0, z €n. (20)
k=1

As we see this contradicts our assumption, since the latter problem (21) is unsolvable (the initial problem
(1)—(5)) is correct and it was required.
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M.M. Bykenos, /I.K. Koiike/ioBa

CTaTI/IKaJIbIK KJ)IC])IJIM&ﬁTbIH OopTaHbl MOJeJ/IbAey

Maxkanana ['yk 3aHbIMeH CepIiM/ITIK TEOPUSACHIHBIH CTATUKAJIBIK, €CeOiH mienty apKblabl CTOKCTHIH CTATHKA-
JIBIK, eCeBiHIH, MeNMiH MaTeMaTUKAJIBIK, MOJEJIEY KapaCThIPhLIFalH. ACUMIITOTHKA Ke3iH e OChl MiHIeTTep/Ii
eIy YKAKBIHIBIFBIHBIH 0aFachl aJbIHIbI, aTall alfTKaHIa A — oo, oy xkarmaitna [lyaccon koadpdunmenti
0, 5-ke YyMTBLIa I, OYJI KBICHIIMANTHIH opTara coiikec kesedi. Ofan opi }KyMBICTa KAPACTBHIPBLIFAH €CEITED
IIerriMepiHiy KaKbIHIABIFBIH Oaranay 1/ peTiMeH »KakCapThLIMANTBHIH GOJIBII TaObIIATHIHbL IO IEH L.
By cepriMmisiik T€OPUSICBIHBIH, CTATHUKAJBIK, €cebl YINH OYPhIH afibIPBIMIBIK, CXeMaJIap/Ibl KOIIAHYFa MyM-
KiHAIK 6epesi, »KaKbIHIATBLIFAH TOPABIH, Kyitesiairine CTOKCTBIH, CTATUKAJIBIK, €Ce0IiH ITenTy 91ici aIbIHIbI.

Kiam cesdep: KbICBIIMANTBIH 0pTa, I'yK 3aHbI, KEpHEY, AedopMalysi, OPbIH aybICTHIPY, Jlame Ko3ddurm-
enrTepi, CTOKC ecebi, CepIiMIiIIK TEOPUSICHI, Telle-TeH K TeH ey, 6ip GallIaHbICThI OOJIBIC.

M.M. Bbykenos, /I.K. Koiikenosa

MopaeaupoBaHUEe CTATUYECKOIN HEC2KMMaeMO cpeabl

B crarbe paccMoTpeHo MaTeMaTHYeCKOEe MOIEIMPOBAHUE PEIIeHNsT CTATHIecKoi 3aa4du CToKca ¢ TOMOIIBIO
pelleHust CTATHYIEeCKON 3a/1a9i TeOPUH ynpyroctu ¢ 3akoHoM ['yka. [Tosydensr onenkn 6,iM30CTH perneHunit
9TUX 3aJ1a9 IIPU ACUMIITOTHKE, & UMEHHO KOrJia A — 00, B 9TOM cjydae kKodddunuent Ilyaccona crpemurcs
K 0,5, 9To coorBeTCTBYET HeCXKMMaeMoi cpejie. [lasee B pabore 10Ka3aHO, 9TO OIEHKA OJIM30CTH PEIIeHui
PACCMOTPEHHBIX 33149 SIBJIAETCS HEYJIyHdIIaeMoil o mopsaiaky 1/A. DTo MO3BOJIAET MCIOIb30BATH DAHEE
HEHUCCJIEIOBAHHBIE PDA3HOCTHBIE CXEMbI JIJIsl CTATHYECKON 3aJ[a4d TEOPUHU YIPYTOCTH, KAK NPUOJINKEHHBIN
[TOJIyY€H MeTOJ| PelleHns] CTaTu4IecKoi 3amadn CToKca Ha I10C/IeI0BATEIbBHOCTH CETOK.

Kmouesvie crosa: HeC:KUMaeMasi cpefia, 3aKoH ['yka, HampsizKeHus1, 1edOpMaIiin, mepeMereHusi, Koaddu-
umenTsl Jlame, 3agaya CTokca, TeOpust yIPyroCcTH, ypaBHEHNE PABHOBECHUsI, OJHOCBsI3HAs 00JIACTD.
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On eigenvalues of third order composite type equations
with regular boundary value conditions

In the paper the question about distribution of eigenvalues of third-order composite type equations with
regular, more precisely, with periodic boundary value conditions is studied. After, applying the Fourier
method, the original problem splits into two problems on eigenvalues of third-order ordinary differential
operators with periodic boundary value conditions in L2 (0,1). Characteristic determinants are calculated
and zeros of entire analytic functions are found, and their location on the complex plane is determined.
Existence of an infinite number of eigenvalues of a third order composite type operator is proved. Distance
between the neighboring eigenvalues of the third order composite type operator of each series, which lie on
rays, perpendicular to sides of a conjugate indicator diagram, that is, a regular hexagon on the complex
plane, is determined. Moreover, it is determined that zero is not an eigenvalue of a third order composite
type operator, in other words, zero is a regular point of the operator that belongs to resolvent set of the
original operator. Adjoint operator with periodic boundary value conditions is constructed.

Keywords: composite type equations, regular, periodic boundary value conditions, rectangular domain,

Fourier method, characteristic determinant, entire analytic functions, eigenvalue, zeros of entire functions.

Introduction and Formulation of the problem

Series of spectral boundary value problems for composite type equations

0
%(um + Uyy) + Au=0

has been investigated in [1, 2]. Solution of initial-boundary value problems for partial differential equations by
the Fourier method is almost always reduced to the problem on determining eigenvalues and eigen-functions of
some differential operators [3-6].

This paper is devoted to finding the eigenvalues of one boundary value problem for the equation

Lu = ugps + Uyyy + Au =0, (1)

where X is a spectral parameter and complex number, which is also composite type equation [1].
In a rectangular domain D we consider the problem on eigenvalues of the equation (1), satisfying the
following boundary conditions:

ulop =0, ua (0,y) = ua (Ly),  uy (,0) = uy (2,1), (2)
where D ={z,y: 0<zx<1, 0<y<l}
Solution of the problem
Looking for a solution of the problem (1), (2) by the Fourier method as follows:
u(z,y) =X (z)-Y (y),
we come to the following spectral problems in the space Ls (0,1) for ordinary differential operators

LoX=X"+4+puX =0, X(0)=X(1)=0, X'(0)=X(1), (3)
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LY =Y"+vY =0, Y0)=Y(1)=0, Y'(0)=Y'(1), (4)

moreover, A = y + v. Boundary value problems in (3),(4) are regular by G.D. Birkhoff [7]. In the monograph
of M.A. Naimark [8; 67] a subclass of regular boundary conditions is distinguished, and it is noted that for an
odd order of the equation, all strongly regular conditions are regular.

We solve the problem (3) (problem (4) is solved analogically). General solution of the equation (3) has the
form

X (:L') = Clezam + (CQ - COS \/gaz + 03 . sin \/gax) . efam, (5)
where Cy, Oy, C5 are arbitrary constants,
3
—p
Vo, "

Putting (5) into the boundary value condition (3), we will have the linear system concerning to the coefficients C;:

a =

Ci+Cy =0,

01'62“+C2'e*“~cosx/§a+03-e*“~sin\/§a:0,

Cy- (2a—2a-62a) +C’2-(—a+\/§a-e_“~sin\/§a+a~e_a-cosx/§a)+
+C’3~(\/?:af\/§a~e*“~cosx/§a+a~e’“‘sin\/§a) =0.

Its determinant will be a characteristic determinant for the problem (3):

1 1 0
Afa) = e e~%cosv/3a e~%sin+/3a . (M
a — 2ae ae” Sin a + cos a) —a a— ae Ccos a + sin a
2a — 2ae?  (V3sin V3 V3 V3 “ (v/3cosV3a + sin V3

From where by standard calculations and transformations the determinant (7) is reduced to the form:
Afa) = (VB+31) 03 1 (VB —3i) (VD)o 1 (VB 4 3i) e (141¥8)ey

i (\/g _ 31) e—(1=iVB)a _ o /3,20 _ 9, /3.2 (8)

We formulate the obtained result as the following theorem.

Theorem 1. Characteristic determinant of the spectral problem (3) is represented as a form of quasi-
polynomial (7) and is the entire analytic function of the variable a.

Connection of quasi-polynomials zeros with spectral problems is reflected in [9-13].

Sometimes entire analytical functions coincide with quasi-polynomials, zeros of which are investigated in
[8, 14-18].

The papers [19, 20] are devoted to study of zeros of entire functions with an integral representation, related
to spectral problems of a third-order differential operator with nonlocal boundary value conditions.

In [21, 22] the characteristic determinant of spectral problem for the Sturm-Liouville operator with perturbed
regular boundary value conditions, which is an entire analytic function of the spectral parameter, is calculated.
Also in this paper, they study stability problems of basis property of root functions systems of the original
operator.

Zeros of the entire analytical function A (a) in (8) are eigenvalues of the operator Lg. Therefore, further we
consider the question about distribution of eigenvalues of the entire function A (a) on the complex plane a.

Taking into account results of the monographs [9, 10, 16], the conjugate indicator diagram of the function
A (a) will be a regular hexagon on the complex plane a. Sides of the hexagon consist of the following segments:

{1—1'\/5; —1—1\/§J, [—1+z’\/§; 1+i\/§J, [?2; “1-iv3],

—1as; 2], [V 2], 31—,
where lines mean complex conjugation, and they are commensurable numbers, that is, the length of each

segment is equal to d = 2, and therefore they form the regular hexagon. From the origin we draw rays that are
perpendicular to the sides of the regular hexagon.
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Rays, which are perpendicular to the indicator diagram, are called critical. According to [10] the critical
rays on the plane a are exactly six, that is

arg%z%—&-%n, n=0,1,2 3,4, 5.
Along the ray, perpendicular to the segment passing through the points 2; 1 — /3, there are zeros of the

quasi-polynomial (\/3 + 3i) - e(1FivB)a _ 24/3 - €2 from (8), which are majorizing exponents. Moreover, along
this ray other exponents from (8) do not contribute.
We find zeros of the quasi-polynomial:

(\/§+ 32') e(1HiVB)a _ 9 /5. g2 —

(\/§+3z’) Ce(1+iv3)a _ 23 - 2k

2v/3 ; 2v/3
2ikm In ‘ V3430 ’ +idrg <\/§+3i>
ap1 = : - , k=1,2,3, ..,
—-1+iV3 —1+iV3
which are zeroes of the first series, where In ’ \/25\@):’ +iArg (\/%T\/in) = const.
Otherwise, from (7) if follows that eigenvalues of the first series of the operator Ly will be
dikm const \°
= — + 5 ]{;:17 2, 3, e
o (—1+N§ —1+i\/§>

A similar procedure is carried out on the other sides of the hexagon, and along the other perpendicular rays
we have the corresponding series of quasi-polynomials zeros from (8):

— segment [—1 —iv3; 1 — 2\/3}, 2-nd series of zeros

- ikm n const
T3 21+ ivB)

_< 2k N const )‘3 k=1 2 3
Hi2 = 1+Z\/§ 1+Z\/§ ) — Ly &y Iy ey

— segment [71 +iv3; 1+ Z\/g}, 3-rd series of zeros

k=1,2 3, ..

ar3 = ikm + const, k=1, 2, 3,

aeey

s = —(2ikm + const)®, k=1,2,3, ..;
— segment [TZ; -1 - Z\/g}, 4-th series of zeros
0
ikm const —1.2.3 .

bl

Qg = + ,
M3 143

__( 2ikm N const )3 k—1 2 3 )
Hka 1—|—Z\/§ 1+Z\/§ ) y Ly Dy eeen

— segment [f; 1+ Z\/g], 5-th series of zeros

2ikm const

143 143

_( 2k N const )3 k=1 9 3
k5 1—|—’L\/§ 1+Z\/§ ) 9 Ly Dy eeen

aps = =1,2 3, .

el
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— segment [—1 +iV/3; —72}, 6-th series of zeros

2ikm const
ang = + . k=123, ..,
MU T T 1—iv3
4ikm const \*
_ i C k=1,23, ..
ke (1—1\/3 1—2'\/3)

Thus,
Proposition 1.
1. There exists an infinite number of operator eigenvalue of the operator L.

2. Distance between neighboring eigenvalues of the operator Ly of the each series is equal to ﬁ
3. Eigenvalues of each series of the operator Lg lie on the rays, perpendicular to the segment containing the
numbers - L
(1-iv3 —1-iv3), (-1+iva 1+iv3), (72 —-1-iv3), (-1+iv3 =2),
(1+i\/§; ?), (2 1—2‘\/§).

Similarly, by repeating the whole process of researching the problem (3), we solve the problem (4), and we
obtain eigenvalues of the operator Lj:

) 3
( 43l N const > I—1 9 3
v = — , 1=1,2,3, ..
" 14+iV3  —1+iV/3
2ilmw const \*
Vg = — T L 1=1,23, ..
? <1+i\/§ 1+i\/§)

V3 = —(2il7r—|—const)3, l=1,2 3, ..

2ilmw const \*
Vg = — + . 1=1,2,3, ..
" <1+2’\/§ 1+i\/§)

V<2il7r+const> I—1 93
15 1+’L\/§ 1+Z\/§ ) y Ly Dy e

e <4il7r +const)3 I—1 9 3
o 1—iv3 1-iv3)’ A

Analogically, all points of Proposition 1 are true for the operator L.

So, we have proved the following:

Theorem 2. Suppose that all conditions of Theorem 1 and Proposition 1 hold for the operators Ly and Lj.
Then eigenvalues of the operator L are Apj; = =+ (pr; +v15), where £=1,2,3,...,01=1,2,3,...,j =(1—-6)
mean the each series. ]

Remark. In the case a = 3/7_7 = 0, representing general solution (3) as X (z) = ax? + bx + ¢ and satisfying
the boundary value conditions in (3), we have X (x) = 0, that is, uo = 0 is not eigenvalue of the operator L.
Similarly, vy = 0 is a regular point of the operator L;. Thus, Ag = 0 is not eigenvalue of the operator L.

Conjugate problems

LoX =1y (X) = X" (z). Applying the method of integration by parts, we get the Lagrange formula:

szo <X>v<x>dx+jx (2) T ()dz =X" (1) 0 (1) — X" (0) 0 (0)—

[0 = V)] - X (0) + X (1) (1) - X (0) - 07 (0).
Here [} (v) is the conjugate differential expression:

I5(v)==0"(z), 0<z<l. (9)
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Consequently, the operator oneparop Lf, conjugate to the operator Lo, is given by the differential expression
(9) and the boundary value conditions

v(l)=v(0)=0, v (0)—2"(1)=0. (10)
Analogically, for the operator L; conjugate operator is
LyYy=LY)=Y"(y), Lj:lj(v)=-0"(y), 0<y<1

with the boundary value conditions (10). From this, it follows that in the domain D conjugate problem to the
problem (1), (2) will be
L*V = Ve + Vyyy — AV =0,

satisfying the boundary value conditions

Vlep =0, Vi (Ly) =V (0,y), Vy(z,0) =V, (x,1).

This study was supported by Committee of Science of the Ministry of Education and Sciences RK (Grant
No. AP05132587).
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PerynspiabIk 1meTTiK mapTrapMeH OepijireH YIIiHON peTTi
KypaMJIac TUMNTI TeHJeyiH MEeHIIIKTI MOHAepi >KaljIbl

MakaJsaia peryJsipibiK, JoJIipeK alTKaH/1a, IEPUOATHIK IEeTTIK IapTTapMeH 6epiireH yiiiHi peTTi KypamM-
Jac TUITI TEHJEYiH MEHITKTI MOHAEPIHIH OpHAIACYBI TYpaJbl Mocese 3epTreni. bacranksr ecenri Pypbe
oziciMeH eyl KosanranHan Keiiin, Lo (0, 1) kenicririne nepuoaThIK maprrapMe 6epiyires yimiHm per-
Ti Kait quddepeHnmuaIabK TeHIeY/IiH, MEHIIIKTI MOH/IEPIH 3ePTTeyTre apHAJIFaH €Ki ecerke TapMaKTaJFaH.
Ocbl ecenTepiH, CAMATTAMAJBIK, AHBIKTAYBINITAPBIHGIH, OYTIiH aHAJUTUKAIBIK, DYHKIUIIAD OOTATHIHIBIFBI
JRJIEJIIEHIIT, OJTapIbIH HOJIePi TabbLIbII, KEITeH Il XKa3bIKThIKTAFbI OPBIHIapbl AaHBIKTAJFaH. bacTamnkb ome-
PaTOP/IbIH, MEHIITIKTI MOHEPIHIH CaHAJIBIMIbI, IIEKCI3 eKeHiri kepcerinren. TyitiHaec HHINKATOPJIBIK, U~
rpaMMachl KYPBLUIBII, 9D CEPUSIAFbl MEHINKTI MOHJIEP/IiH MEPICHANKYISIp COyJeaepAiH, OOMbIHIa apaka-
IMIBIKTBIKTAPbl aHbIKTaFaH. CIeKTpasablK HapaMeTpP/iH HOJIIK MOHI ONepaTOp/blH MEHIINKTI M9HI 06oJi-
MaMTBIHALIFBI KopceTiired. Tyilinaec omepaTopbl KYpPBIIFaH.

Kiam cesdep: KypaMmmac THUNOTI TeHJEY, PEryJISIPJBIK MEPUOATHIK IMETTIK IMapTTap, TOPTOYPHIII aiiMax,
Dypbe dici, XapaKTepUCTUKAJIBIK, AaHBIKTAYBIIT, OYTIH aHAJIUTUKAJIBIK, (PYHKIIAA, MEHIIKTI MOHJIED, OyTiH
bYHKIUAHBIH, HOJLIED].
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H.C. Nman6aes, M.H. Ocmanos

O coOGcTBEHHBIX 3HAUYEHUSAX yPaBHEHUI TPEThero IopsijiKa
COCTAaBHOI'O TUIIA C PEryJidpHbIMUA KPAa€BbIMU YCJIOBUSAMU

B craTbe ncciemoBan Bopoc pacnpenesienns COOCTBEHHBIX 3HAYEHUN yPABHEHUI TPETHETO MOPSIKA COCTAB-
HOI'O THUIIA C PEryJISIPHBIMU, TOYHEE, C MEPUOJUIECKUMU KPAEBBIMH YCIOBUsIMU. 1loc/ie TpuMeHeHnsl MeTo-
na Pypbe ucxomHas 3a7ada paclaaeTCs Ha JBe 3aJa49d, T.e. Ha COOCTBEHHBIE 3HAYEHUsI OOBIKHOBEHHBIX
nuddepeHnmanbHbIX OIEPATOPOB TPETHETO MOPSIKA C IEPUOIUIECKUMI KPAEBbIMU yciaoBusaMu B L2 (0,1).
Borunciienbl XapakTepuCTUYECKUE ONEPEIEIUTE/IM U HANlJIeHbl HYJIU I[eJbIX AHAJIUTHUIECKUX (DYHKIUA U
ONPEJIEJIEHO WX PACIIOJIOKEHNE Ha KOMILIEKCHON mtockocTu. JlokaszaHo cyrecTBoBaHME GECKOHETHOTO 9HC-
Jia COOCTBEHHBIX 3HAYEHUI OTIepaTOpa TPETHEro MOpsAKa cocTaBHOro Tuia. OupeesieHo PACCTOSHNAE MEXK LY
COCEJIHIMU COOCTBEHHBIMY 3HAYEHUSIMY OIIEPATOPa TPETHEro MOPSIIKA COCTABHOIO THUITA KAXKIOW CEepHH, KO-
TOpOE JIC2KUT Ha JIydaX IIepHeHIUKYJIAPHO CTOPOHAM COIPSIXKEHHONM WHIAWNKATOPHON IHarpaMMbl, TO €CTb
MIPAaBUJILHOTO IMECTUYTOJbHUKA Ha KOMILJIEKCHOM II0cKocTH. JloKaszaHo, 4TO HyJIb HE sIBJASIETCA COOCTBEH-
HBIM 3HAYEHUEM OIIEPATOPA TPETHErO MOPSIJIKA COCTABHOTO THIIA, WHAYE TOBOPsI, HYJIb SIBJISIETCS] PETYJISPHOMN
TOYKO# omepaTopa, KOTOpasl MPWHAJIEXKAT PE30JIbBEHTHOMY MHOXKECTBY UCXOJIHOTO oreparopa. [locTpoen
COIIPAKEHHBIN OIIepaTop C NEePUOJUIECKUMU KPaeBbIMHU YCJIOBUAMMU.

Knmovesvie crosa: ypaBHEHUsI COCTaBHOIO THIIA, PETyJIdApHBbIE, IEPUOAWYECKHE KDPAaeBble YCJIOBHUSA, IIPSAMO-
yrosbHast 001acTh, MeTon Pypbe, XapaKTEPUCTUIECKU ONPEIeNTENb, IeJIble aHAJIUTHIecKue OYHKIUN,
CcOOCTBEHHBIE 3HAYEHUSI, HYJIU IEJIbIX (DYHKIIHIA.
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Solving a nonhomogeneous integral equation
with the variable lower limit

An nonhomogeneous integral equation with a singular kernel is considered. A feature of the equation under
study is the incompressibility of the integral operator. In the study of the equation, an auxiliary simpler
equation is used with the right-hand side equal to 1. The incompressibility of the integral operator for the
equation under study is shown. Using the relations for an independent variable, the equation is equivalently
reduced to a certain simplified equation. With the help of replacements for independent variables, the
equation is reduced to an integral equation with a difference kernel. By applying the Laplace transform,
the obtained equation is reduced to an ordinary first-order differential equation (linear). Its solution is
found. By using the inverse Laplace transform, a solution of the auxiliary integral equation is obtained
in the form of a convergent series in some domain. The solution of the initial equation with an arbitrary
right-hand side is written through the solution of the auxiliary equation.

Keywords: nonhomogeneous singular integral equation, auxiliary equation, Laplace transform, convergent
series.

Introduction

The most complex and interesting objects of study of linear integral equations are irregular situations when
the phenomenon of uniqueness of a solution is violated. One of these equations is an equation of the form:

1 | T4t (7’—|—t)2
O gam ) | p{w}*

+1); exp{—T_t}]gp(T)dT:f(t), (t >0). (1)

(r—t 4a®

For the kernel of equation (1):

1 T+t (r+1t)? 1 T—1
K(rt)=—— |1 - U 2
(7:1) 2a/m (T*t)% exp{ 4a?(T —t) i (T*t)% xp 4a? ’ @
we have [1]:
: > . _2
tlglgo t K(r,t)dr —tliglc (26 o2 +1) = 10.

Hence, the characteristic part of equation (1) is the second term of the kernel (2).

Than we have [1].

Theorem 1. For the singular integral Volterra equation (1) with the kernel (2) the norm of an integral
operator acting in classes of continuous functions is equal to 3.

52 Bectnuk Kaparanmurckoro yuuBepcurera



Solving a nonhomogeneous integral equation...

1 An auxiliary equation and reducing the integral equation
to an equation with a difference kernel

Using relations:
(1 +1)? B Tt n T—t
4a2 (1 —t)  a2(t—t)  4a?’

TH+t=27—(1—1t),

equation (1) will be rewritten as:

wlt) = /too QGT/E{(T 31)3/2 exp - ﬁt—t)}r

\/%(1 —exp{ - a2(77'—t—t)}>} .exp{—T4;2t} p(r)dr = f(t).

It is enough to find a solution to the «simplified» equation [2; 215]:

+

b(t) - / T () o) dr = gl), (3)

k*(t,7) = 2;/7?{(7_2;3/2 exp{ - TTt_t)}+ V%(lfexp{ aQ(TTt_t)})},

2
s =ew {1z} 10, v =ew {5 el

We consider an auxiliary equation with g(¢) = 1 in the (3):

where

2a\f { t)3/2 exp{— aQ(Zt— t)}+

1 Tt
+ (1-exp{~ 57— }) pu(rydar=1. 1
Integral equation (4) is reduced to an equation with a difference kernel by means of replacements:
1 1
t=—, T=—.
1 T

We have

) snl el )

ta 2t3/2 5 1 1
/2 SR ~)dn =1
QGW/ 3/2 - exp{ GQ(tl—Tl)}¢(Tl> e

After that dividing both sides of the last equality by tf/ 2, we introduce the following notation:

1 1
y<t1>=t§,/2-w(tl).

As a result, we obtain the equation:

—t -

<
:
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2 Solving the equation with a difference kernel

Applying the Laplace transform to the equation (5) we obtain the operator equation:

-7 (p) - Qal\/ﬁ (1 XD <—2f> ) y(p) + {exp (—2;/25> y(p)}l )= g,

After simple transformations we finally get

, 1 ch¥Z N
v+ 55— y(p) = - - (6)
20,/ sh, f NG (1 — exp (—%ﬁ) )
The solution of the differential equation (6) is the following function:
VP
C exp (T)
yp) = —a/T———=. 7
0=z o )
We rewrite (7) in the form:
y(p) = &8 - 2oy
exp (?) — exp (—?) 1 —exp (—ﬁ) ’
or in the form
oy 2C 2n \/p
R ey e > e (22). ®
p(% ) —exp(—%

To (8) we apply the inverse Laplace transform [2] we get the solution to equation (5):

y(t,) = —C [8 90( atlﬂ —2Zexp< a2t1>

v=

B0 (i) = \/%{Zexp<—i(u+n+ )) Zn eXp( i(u+n+§>2>}

n=-—1

where

is the modified theta function.

3 Solving the «simplifieds> equation

Returning to the original variables, we get

Cl[o ~ (v d® > n?
P(t) = —g [81/ 6o (2;t)]y_0—27;n~exp (—a2t>. (9)

(9) is the solution of the auxiliary equation (4) with the right-hand side g(t) = 1.

We denote (9) by
wlt) =3 [;V 9o <;a:>} —QZn exp( t) (10)

Then [1; 546] the solution of the «simplified»- equation (3) with an arbitrary right-hand side g(t) is expressed
in terms of w(t) using the formula

b () = g(0) () + / Tt ) g () dr.
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In view of notation (10), we obtain a solution to the equation (3)

v (1) = ~4(0) (f o (55)] +27§:1n~exp (—th)) -
_/t‘x’ <(t_c7_) [88’/ 50 <;;ti27_>}y_o+2§;n-exp (—Z;(t—ﬂ)) g () dr. (11)

[N

As 5
o )] -
2\;173 {§(2n+ 1) exp (-W) - n_zoi(Qn—k 1) exp (—W)} -

= _(2n+1)?
(2n +1) -

then equality (11) transforms to the form

¥ (t) = g(0) <(ﬁc\v/%7§)(2n+l)e)<p< W)—2Zn eXp< t)>+
+/too (Clgf/%ri@n—&—l)exp (—(2’1;1) t—T)—2Zn exp (—(t—T))) g'(r)dr. (12

The following theorem is proved:
Theorem 2. The integral equation (3) in the class of essentially bounded functions at g(¢) € L (0 < t < 400)
has the solution defined by the formula (12).

4 Main result

The solution of the integral equation (1) taking into account the obtained expression (12) and [2; 215] has

the explicit form:
o (t) = f(0) <a3\fz (2n+1 exp( )‘22" exp( —1 >>+

+/too as\FZ (2n + 1) exp( 2*”(15—7))—
fQZn exp< " 1(t7)>] (f’(T)ZLiQf(T)) dr. (13)

5 Main result

Theorem 3. The solution of the integral equation (1) with the singular kernel (2) in the class of essentially
bounded functions at ¢ > ¢, > 0 has an explicit form defined by the formula (13).

Remark. Singular homogeneous integral equations with kernels of Volterra type were considered in works
[3-5]. Their kernels were also «incompressible». The weight classes of the solution existence were found. We also
note that boundary value problems for a spectrally loaded parabolic equation reduce to this kind of singular
integral equations, when the load line moves according to the law z = ¢ [6-11] and problems for essentially
loaded equation of heat conduction [12-16].

In works [17, 18] it is shown that the homogeneous Volterra integral equation of the second kind, to which
the homogeneous boundary value problem of heat conduction in the degenerating domain is reduced, has a
nonzero solution.
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M.T. Kocmaxkosa, JI.M. Axmanosa, 2K.M. Tyneyraesa, JI.2K. Kacbimosa

Bip 6iprekTi emec aifHbIMaJIbl TOMEHI1 HIEKTi
MHTErpaJIAbIK TeHJAeydiH, MIeIniIyi

CuHTYJISADIIBL SAPOJILI GIPTEKTI €eMeC MHTErpaJIJIbIK, TeHIEY KAPACThIPbLIFaH. 3€PTTEJIeTIH TeHJIeY/IiH epeK-
MIeJTrT MHTErPAJIJIBIK, OIePATOP/IBIH, ChIFBIIMARTBIHIBIFBI OOJIBII TaObLIa bl TeH eyl 3epTTey Ke3iHje OH
2Karbl 1-re TeH KapalaiibIM KOCAJKbI TEHJIEY KOJIaHbLIbI. Toyesci3 alfHbIMaJIbl YVIIIH KAThIHACTAP Maii-
[AJIAHBIN, TEHIEY SKBUBAJIEHTTI KaHaaiga Oip bIKIIaM TeHzeyre KeaTipiaai. Toyencis aitHbIMagbLIAD YIIiH
ayBICTBIPYJIAP KOJJIAHBLIBII, TEHJEY allbIPbIMIBIK, SIPOJIbl HHTEIPAJIBIK, TEHEYTe COMKEeCTeHMIPiaai. AJbl-
HraH TeHzaey Jlamrac TypJeHmipyiH KOJJaHy apKbLIbl Oipinmn perti komimri muddepennuanabk (Ch3bi-
KTBIK) TeHzeyre Kearipinai. Onbig mentyi tabbuiael. JlamiacTsiy Kepl TYpJIeHIIpYl KOMEriMeH KOCBIMINA
MHTErPaJIJIbIK, TeHJIEY/IiH X KUHAKTHI KaTap TYPiH/eri KaHaiaa 6ip obspicTarsl menryi ajbiHabl. Kes kenren
OH, 2KaFbIMeH OepiireH 6acTanKbl TEHJIEY/IIH MIelTyi KOMEKII TeHIEY/IiH, eIyl apKbIIbI XKa3bLIIh.

Kiam ce3dep: GIpTEKTI emMec CHHTYISPJIbI MHTETPAJIIALIK TEHJIEY, KOCAJKBI TeHey, Jlammac TypieHmipyi,
KUHAKTBI KaTap.

M.T. Kocmaxkosa, JI.M. Axmanosa, 2K.M. Tyneyraesa, JI.2K. Kacbimosa

Penienne OJHOI'O HEOAJHOPOAHOI'O HHTEIrpaJibHOI'O YpaBHEHMA
C IIepeMEeHHbIM HU>KHUM IIpeae/iOoM

Paccmorpeno mHeomHOpOIHOE MHTErpasibHOE ypaBHEHHE C CHUHIYIAPHBIM sapoM. OCOOEHHOCTHIO HCCIIEIy-
€MOr0 YpaBHEHUs SBJISIETCS HECKMMAEMOCTh MHTETPAJLHOrO omeparopa. llpum mcciiemoBanum ypaBHEHUsT
HCIIOJIb30BAHO BCIIOMOIaTe/IbHOE 0oJiee IIPOCTOE YpaBHEHUE C IIPaBoil YacThio, paBHOi 1. Vcmosb3ys coor-
HOIIIEHUS JJIs1 He3aBUCUMOM IIepEMEHHOU, YpaBHEHNE SKBUBAJIEHTHO CBOIUTCHA K HEKOTOPOMY YIIPOIIEHHOMY
ypasaenunio. C MOMOIIBIO 3aMeH JjIs HE3ABUCUMBIX II€DEMEHHBLIX yPABHEHUE CBOJMTCH K MHTETPAIHLHOMY
YPaBHEHHUIO C Pa3HOCTHBIM sAnpoM. lIpumenenuem npeobpaszoBanust Jlamsaca 1osiydeHHOe ypaBHEHHE CBe-
JIEHO K OOBIKHOBEHHOMY AuddepeHnnalbHOMy ypaBHEHHIO II€pBOro mopsiaka (mauHeitHoMy). Haiineno ero
pemtenne. C nomorpio o6parHoro mnpeobpasoBanus Jlamimaca moIydeHo pelleHre BCIIOMOraTeIbHOTO UHTe-
IrpajbHOIO ypPaBHEHUs B BHUJIE CXONAIIETOCS DPsija B HEKOTOPOU obsiacTh. Brinmcano pereHme MCXOIHOTO
YPaBHEHUS C IPOU3BOJIBHOU IIPABOHl YaCTHIO Yepe3 pelleHne BCIOMOraTeIbHOIO yPaBHEHN .

Karoueswie cao6a: HEOTHOPOMHOE CHUHIYIISIPHOE HHTErDAJbHOE yDaBHEHNE, BCIIOMOTATEJLHOE ypaBHEHUE,
npeobpazoBanue Jlamiaca, CXOIAIUNACS DI,

Cepusi «Maremarukas. Ne 4(96)/2019

o7



DOI 10.31489/2019M4/58-68
UDC 517.9

I.N. Parasidis

University of Thessaly, Gaiopolis, Greece
(E-mail: gparasidis@gmail.com,)

Extension method for a class of loaded differential
equations with nonlocal integral boundary conditions

In this paper we investigate a class of loaded ordinary differential equations with nonlocal integral boundary
conditions in terms of an abstract operator equation

Bu = A%*u— q¥(u) =f, fey, (1)

D(B)={ue D(Az) : ®(u) = NF(Au), @(Au) = PF(Au)}.

A loaded part and nonlocal integral boundary conditions of these equations are described using functional
vectors W(u) and F(Au), respectively. Such equations follow from Extension Theory of linear operators.
The necessary and sufficient solvability conditions of these equations are given by the determinant of
some matrix. In the case when this determinant is nonzero, a direct method for exact solution of this
class of loaded differential equations is proposed. If some problem can be reduced to the type of equation
under consideration, then it can be easily solved using the extension method. This method, for ¢ = 0,
also gives the necessary and sufficient solvability conditions and the exact solution of a class of ordinary

differential equations with nonlocal integral boundary conditions in terms of an abstract operator equation
Bu=A*u=f, D(B)={u€ D(A?):®(u)= NF(Au), ®(Au)= PF(Au)}, fe€Y.

Keywords: loaded ordinary differential equations, differential equations, nonlocal integral boundary conditions,
injective and correct operators, exact solutions.

Introduction

In recent years the theory of loaded functional and differential equations (or equations with aftereffect)
has been advanced. These equations describe the problems of optimal control, such as: longstanding prediction
method and regulation of the layer of soil water and ground moisture, the problems of underground fluid and
gas dynamics, mathematical biology, ecology and economics [1-5]. The stationary one-speed transport equation
is an important example of loaded differential equations [6]. A methodical study on the theory of boundary
value problems for loaded functional and differential equations and their applications has been conducted by
Nakhushev [4]. An equation is called loaded if it contains the solution function on a manifold with dimension
less than the dimension of domain of this function [4]. For example an ordinary loaded differential equation is
represented by

dy/dxzf(%y)—i—h(y(a%)), z €0, 1]7xj € [0,1],

where z; are fixed points. Boundary value problems consisting of general boundary conditions and the so-called
differential boundary equations (loaded differential equations) have been investigated by many researchers in the
last century, see, for example, the survey paper by Krall [7] and the references cited in it. Big interest represent
the theory of loaded equations in Pure and Applied Mathematics [8-15]. Usually boundary value problems for the
loaded ordinary differential equations with integral boundary conditions are investigated by numerical methods
[16-19]. Here, the necessary and sufficient solvability conditions of the abstract operator equations (1) and their
exact solutions by Extension Method are obtained in closed form. This formalism is applied to solve the ordinary
loaded differential equations with integral boundary conditions, when ¢, ®, U, F' are vectors, N, P matrices, A is
an ordinary differential operator, ¥(u) is a loaded part of equations and F'(Au) defines the integral boundary
conditions. Such problems arise naturally from Oinarov extensions of linear operators [20, 21| in Banach space
which are not restrictions of a maximal operator, unlike the classical M. Krein, J. Von. Neuman extensions [22, 23]
in Hilbert space and Otelbaev, Kokebaev, Shynybekov extensions [24] in Banach space. Extension Method uses
a symple correct restiction A of a maximal operator A defined by Au = Au, D(A) = {u € D(A) : ®(u) = 0},
to solve complex problems of type (1). This method was applied in [25] to simpler abstract operator equations
Bu = Au—q¥%(u) = f, D(B)={uec D(A): ®(u) = NF(Au)}, f €Y for the study of ordinary loaded
differential and loaded integro-differential equations with integral boundary conditions and their exact solutions
in closed form. There are many problems of type (1). The loaded differential operator [8]
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Lu(z) = " (2) + a(z)u (D +b(2)u (;) +u(1): @)

u(O):/O y(x)u(z)dz, u’(l):/o v(z)u(z)dz,
) = —b

is an operator of type (1) if we take Au = u’(x) g = —a(x), ¢ (x), Q3 = —1, Uy(u) = u(1/4),
Uy(u) = u(1/2), ¥s(u) = u(l), P1(u) = u(l), P2(u) = v'(1), v(z)dz = fo x)dr = 0, Au = Au,

~

D(A) = {u(z) € D(A) : u(1) = 0}. Then A-lf(z) = 1 f(x)dx and the boundary conditions of (2) are

represented as
1 x
u(l):/ {1—/ ’}/(S)d8:| o' (x)da, / / s)dsu' (z)dz.
0 0
So N =1,

Fi(Au) fo [1— [y v(s)ds] v/ (z)dew, P =-1, Fy(Au) fo Jy v(s)dsu/(z)dz and Extension Method can
be apphed
The loaded differential operator [8]

Lo(x) =v"(z) + v(z)v'(0) + v(z)v(1); (3)

)—ll\')

is also an operator of type (1) if we take the operators A, A, the vectors ®1, P, as in (2) and ¢ = —y(z),
ga = —V(.’E) \Ifl(v) = v'(O), Us(v) = v(1). Note that the boundary conditions of (3) are represented
as v( fo z)dx, v'(1) = fol(l —z)v'(x)dz. So N =P =1, Fi(Av) fo x)dx, Fy(Av) fo (1-
—z)v ( )dzx, and Extension Method can be applied. The techmque of thls method is simple to use and can
be easily incorporated to any Computer Algebra System (CAS). The paper is organized as follows. First we
recall some basic terminology and notation about operators. Then we prove the main general results and give an
example of boundary value problem with ordinary loaded differential equation and nonlocal integral boundary
conditions which show the usefulness of our results.

Terminology and notation

Let X,Y be a complex Banach spaces and X* is the adjoint space of X, i.e. the set of all complex-valued
linear and bounded functionals on X. We denote by f(x) the value of functional f € X* on z € X. We write
D(A) and R(A) for the domain and the range of the operator A, respectively. An operator A, is said to be an
extension of an operator Ay, or A; is said to be a restriction of Ay, in symbol A; C A, if D(As) D D(A;) and
Ajx = Agz, for all z € D(A;). An operator A is called mazimal if R(A) =Y and ker A # {0}. An operator
A:X — Y is said to be correct if R(A) Y and the inverse A~! exists and is continuous on Y. An operator
A is called a correct restriction of the maximal operator A if it is a correct operator and AC A An operator
A: X =Y is said to be injective if for all uq,us € D(A) such that Au; = Aug, follows that u; = uy. Remind
that a linear operator A is injective if and only if ker A = {0}. If ¥, € X* i = 1,...,n, then we denote by
U =col(¥y,...,¥,) and ¥(z) =col(Vy(z),...,V,(z)). Let g = (g1,-...,9n) be a vector of X™. We will denote
by ¥(g) the n x n matrix whose 4, j-th entry ¥;(g;) is the value of functional ¥; on element g;. Note that
U(gC) = ¥(g)C, where C is a n x k constant matrix. We will also denote by 0;, the zero [ x n matrix and
by I, the identity n x n matrix. By 0 we will denote the zero column vector.

Let A: X Y be an ordinary m order differential operator

Au(z) = aou™ () + oqu™ V(@) + ... + au(z), a; €R, ag £ 0 (4)

and X,Y be the Banach spaces. Usually X =Y = Cla,b] or X =Y = L,(a,b), p > 1. Everywhere below we
denote by
X3 = (DA, lIxy)

the Banach space m times differentiable functions with norm

|[x7p —ZHU z)[x.

[lu(x
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It is a well-known fact that the operator A : C[a,b] 2% Cla, b] defined by

Au(z) = Au(z) = f, (5)
D(A) = {u(z) € C™[a,b] : u(zo) = v (x¢) = ... = '™ D(z) =0}, 0 € [a,b)],
is a correct restriction of A and the unique solution of (5) for ap =1, a1 = ... = @, =0 is
~ 1 z
u(z) = A7 f(z) = (m—1) _/xo (=)™ f(t)dt, f(z) € Cla,b]. (6)

Lemma 1. Let X,Y be complex Banach spaces, A : X %Y an operator defined by (4) with finite dimensional
kernel z = (z1,...,zn) which is a basis of ker A. Suppose also that the components of a functional vector
O = (®q,...,P,,) Dbelong to [XT]*, aset ®q,..., P, is biorthogonal to 2z, ..., 2m, i.e. ®(z) = I,,, and Ais a
correct restriction of A defined by

AC A, D(A) ={ue D(A): d(u) =0} (7)
Then the operator A? is correct and defined by
A2 C A%, D(A®) ={uec D(A?): ®(u) =0, &(Au)=0}.
Proof. By definition since (7) we get
D(A?) = {u e D(A): Auc D(A)} =

~

Au)
A

={ue D(A): ®(u) =0, Au € D(A), d( 0}
={ueD(A): &(u) =0, Au € D(A), (Au) =0}
={uec D(A?*): ®(u) =0, &(Au)=0}.

Then A2 C A2. Finally the operator A? is correct as superposition of two correct operators.
Remark 2. If the operator A is defined by (5) then

A2u(z) = apu®™ (2) + a u® V) (z) + ... + aomu();

D(A2) = {u(z) € C*™[a,b] : u(z) = u'(xg) = ... = u®™ Y (z4) = 0}

Theorem 3. Let the spaces X,Y, the operators A,/T and a vector ® be defined as in Lemma 1, and the
components of the functional vectors ¥ = col(¥y,...,¥;) and F = col(Fi,...,F,) belong to [X}]* and Y*,
respectively. Suppose also that the components of the vector ¢ = (¢1,...,q) are linearly independent on Y and
N, P are the m x n constant matrices. Then:

(i) The operator B defined by
Bu=A*u—q¥(u)=f, feY, (8)

D(B) = {u € D(A?) : ®(u) = NF(Au), ®(Au) = PF(Au)},

is injective if and only if

et L:det< I fxp(f_?zq) —W(A-12P + zN) > Lo -
—F(A™Yg) I, — F(z)P
(ii) If B is injective, then B is correct and for all f € Y the unique solution of (8) is given by
u=B'f=A"2f+ (A 2q A 'zP + zN)L ( igj:_j;; ) . (10)
Proof (i). From boundary conditions (8), since ®(z) = I,,,, we obtain
O(u—zNF(Au)) =0, ®(Au—2zPF(Au))=0. (11)
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From (11), taking into account (7), we get u — zNF(Au) € D(A), Au — zPF(Au) € D(A). Further,
using these relations, the correctness of A and z € [ker A]™, for every w € D(B) from (8) we obtain

Bu=A(Au—zPF(Au)) —q¥(u) = f, f€Y,

Bu = X(Au — zPF(Au)) — q¥(u) = f,

Au — 2zPF(Au) — A~ qW(u) = A1, (12)
F(Au) — F(z) PF(Au) — F(A~1q)¥(u) = (A1),
I, — F(2)P|F(Au) — F(A™q)¥(u) = F(A7f). (13)
From (12), since u — zNF(Au) € (A\) and A is correct, we get

A(u—zNF(Au)) — zPF(Au) — A 'qU(u) = A f,
A(u— zNF(Au)) — zPF(Au) — A 'qU(u) = A1,
u—zNF(Au) — A'2PF(Au) — A 2qU(u) = A2,
u— (gflzP + zN) F(Au) — A 2qU(u) = A2, (14)
U(u) — U (ﬁflzp + zN) F(Au) — U(A2q)(u) = T(A2f),
(1~ W(A~2))0(u) — ¥ (A~'2P + 2N ) F(Au) = W(A72), (15)
From (13), (15) we have

L—W(A2g) —U(A~'zP +2N) ( U (u) ) _ [ w2y (16)
~F(Alq) I~ F(z)P F(Au) FAy) )
Let det L #0 and u € ker B. Then in (8) f =0 and

Bu = A*u—g¥(u) =0, ®(u)=NF(Au), ®(Au)= PF(Au). (17)
By the similar way as above is proved the type (16) for f =0, viz.

I, —U(A2g) —W(A~'zP +2zN) Uu) \
i h-rer ) (et )= (),
which, since det L # 0 implies W(u) = 0, F(Au) = 0. Substituting these values into (17), we obtain
Bu = A% = 0, ®(u) = ®(Au) = 0. Then u € D(A2), Bu = A%u = 0. The last implies u = 0, since A is
correct. This proves that ker B = {0}. So B is injective.
Conversely. We will prove that if B is injective, then det L # 0, or equivalently if det L = 0, then B is not

injective. Let det L = 0. Then there exists a vector ¢ = col(¢1, G2) # 0,
é = col(cy, ..., c1y), € = col(ea, ..., Cam) such that Lé= 0 or

I, —W(A~2q) —W(A~'zP +zN) g\ (0 (18)

—F(A™ 1Y) I, — F(z)P Ca 0)°
Consider the element wug = g_QqE} + (A\_lZP + zN) _'2 It easy to verify that ug # 0, otherwise since the
components of ¢ are linearly independent, we get 01 =0, (A'zP+42zN)é =0, zP& =0, F( z)Pcy = 0

and from (18) it follows that & = 0. Thus &= 0, which contradicts the hypothesis that & # 0. Note that
ug € D(B), since ®(ug) = Néa, P(Aug) = Pca, F(Aug) = (A L9)é + F(z)P¢; and

[S=Te—T]

®(ug) — NF(Aug) = Néy — NF(A~'q)& — NF(z)Pé, =

- N (fF(folq), I — F(z)P) col(?1, ) = 0, (19)
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®(Aug) — PF(Aug) = P& — PF(A™'q)& — PF(z)Pé,,
—p (fF(,Zflq), I — F(z)P) col(¢1, ) = 0. (20)
The last equations in (19), (20) follow since (18). So wug € D(B). We will show now that ug € ker B.
Bug = A%ug — q¥(ug) = q¢1 — q\II(A\_Qq)E’l — q\I/(g_lzP +zN)éy

=gq (Il — ‘l/(g_Qq), —‘l/(g_lzP + zN)) col(é1, ) = q0 =0,

since (18). So we obtain wuy # 0 and wug € ker B. Hence ker B # {0} and B is not injective. The statement
(i) holds.
(ii) Let det L # 0 and Bu = f. From (8) as in the proof (i) we get (13), (14) and (15). Then

( A ) ) ( "

Substituting these values into (14) we obtain the solution (10) of the problem (8) for every f €Y. Because f
in (10) is arbitrary, we obtain R(B) =Y. Since the operator A~! and the functionals Dy, ..., D, Uy, ..., U; are
bounded, from (10) follows the boundedness of B~!. Hence, the operator B is correct if and only if (9) holds
and the unique solution of (8) is given by (10). The theorem is proved.

From the previous theorem for ¢ = 0 follows the next corollary which is useful for solving differential
equations with integral boundary conditions. R

Corollary 4. Let the spaces X, Y, the operators A, A, the vector z = (z1, ..., 2m), functional vectors ®, F'
and the matrices N, P be defined as in Theorem 3. Then:

(i) The operator B defined by

o~

“20) WA 2P +2N) \ W(A2f)
'q) In— F(z)P FATYf) )

Bu=A*u=f, feY, (21)
D(B) = {u € D(A?): ®(u) = NF(Au), ®(Au)= PF(Au)}

is injective if and only if
det V' = det[I,, — F(z)P] # 0.

(ii) If B is injective, then B is correct and for all f € Y the unique solution of (21) is given by
wu=B'f=A2f+ (A '2P +zN)V IF(A1)). (22)
Proof (i). For ¢ = 0 from (9) follows that

I, —U(A~'zP +zN)

det L = det ( 0 I, — F(z)P

) =det[l, — F(z)P] =detV # 0.

It is easy to verify that
L,1 _ I \I'(A_lzp + Z]V)‘/v_1
0, V-1 '

Then from (10) for ¢ = 0 follows (22).
Ezample. The next problem with loaded differential equation and nonlocal integral boundary conditions on
clo,1]
u’(t) —4tu(1/2) — (2t + 1) u(l) = 1 — 5¢, (23)

1 1
u(0) = 76/ 2/ (z)dx + 15/ ot/ (z)de,
0 0

1 1
u'(0) = 6/ xu/ (z)dx — 15/ /() de,
0 0
is correct and the unique solution of (23) is given by

u(t) =t> —t+1. (24)
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Proof. First we rewrite the boundary conditions (24) in the form

w(0) = (—6, 15)col ( /0 2l (o) /O 1 x4u’(x)da:> , (25)

W (0) = (6, —15)col ( /O Pl (2, /0 1 x4u’(x)dx> .

If we compare (23), (25) with (8), it is natural to take X =Y = C[0,1], m=1,n=101=2, Au(t) =v/(t),
D(A) = {u(t) € C'[0,1]}, X} = C'[0,1]. A%u = u"(t), D(A?) = {u(t) € C?[0,1]}. It is evident that z =1
constitute a basis of ker A. As the operator A it is natural to take Au(t) = Au(t) = v/(t), D(A) = {u(t) €
€ D(A) : u(0) =0}, A2u(t) = A%u(t) = u"(t), D(A?) = {u(t) € D(A%) : u(0) = «/(0) = 0}, The initial
problem Au(t) = f(t) is correct and has the unique solution ~A~!f(t) = fot f(z)dx. Then, since (6),
A72f(t) = fg(t —x)f(x)dz. By comparing (23), (25) with (8), it is natural to take ¢ = 4t, g2 = 2t + 1,
q=(q1,q) = 4t,2t+1), f=1-5t, M=(-6,15), P =(6,—15), ®(u)=u(0),2(Au)=u'(0),

wor= (1) - (U). reo= (ER) - (B20VE0)

men = () - (BZ40%)

It is evident that ®(z) =1 for z =1 and that |Fi(f)| <||flle, [F2(f)] <|Ifllc for all f e C[0,1]. So
Fy, F € C7[0,1] = Y. Because of [W(u)| = |u(to)| < [[u(®)llc < [[u@®)llc + [[u'()llc = [[u®)llcr = [lul®)]|x1,
we conclude that Wy, Uy € [X}]*. In the same way is proved that @ € [X4]*. So we can apply Theorem 3.
We calculate A1z = fg ldz=t, A™'zP+:N = t(6,—15) + (—6,15) = (6t — 6, —15¢ + 15) = (v1, v2),

o= (3} 88) (U ) -(5 )

¢ ¢
Al (t) = / dadr = 2%, A lgy(t) = / (22 4 1)dx = t* + t,
0 0
~ ~ ¢ 2
Alg= (2%, +1t), A%q(t) = / (t — x)daedr = §t37
0
1

t
A 1
At = [ -0+ e = 360+ 512
0

~ ~ ~ 2.1 1
A2 = (A2q1, A 2q0) = | =3, =3 + =42
q ( q1, q2> 3 ) 3 + 2 3

(Y2 )

n nae ) (G ).
v = (5 550)- o= ()~ (1)

F(2)P = Gg) (6,—15) = (635 _g) , I,—F()P= (_6}5 i) .

F(A™q)

I
VR
=
) D>|>
= S»—\
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Then by using (9) we find

11/12 —-1/6 3  —15/2
—2/3  1/6 0 0
—2/5 -9/20 -1 5
—2/)7 —13/42 —6/5 4

Since det L # 0, by Theorem 3, the problem (23), is correct. We find the inverse matrix

~140/303  —548/303  70/101  175/101

—560/303  —374/303 280/101 —700/101

—248/909  —565/1818 730/303 —2135/606
—1172/4545 —289/909 299/303 —889/606

L '=

For f(t) =1 — 5t we compute
ATNf(t) = [0(1—5a)de =t — 3t2, A72f(t) = [(t — 2)(1 - 5x)dz = 3t* — 383,

Fi(A71f) = fol 2? (x — 527) dw = —1/4, Fy(A-1f) = fol at (v — 52%) dw = —4/21,

A= (). v (G6ER) - ()

By substituting these values into (10) we obtain the unique solution of (23)

1/48

1l 5 (2414 1, | 173
u(t) = 5" — &t +(3t,3t + 5%, 6t — 6, ~15t 15 | L YR

—4/21

which yields (24).
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N.H. [Tapacumauc

JIokaabJbl eMec MIETTIK WHTErpaJablK, IIMapTTapbIMeH »KYKTeJITeH

rZ[I/I(1)(i)epeHI.[PIaJI,HbII( TegAaeyJiep KJIlaCcCTaphbl YH_IiH KeHeﬁTy SﬂiCi
MakaJsaia JIOKaJIbAbl €eMeC IIETTIK MHTErpaIbK IIapTTapbIMEH KYKTeJIreH Koaimri auddepeHnuas bk
TeHJEeyJIep KJIAChl aOCTPAKTI/I ONEPATOPJIBIK TeHJIey TEPMUHIHE 3epTTesl
Bu= A’u—q¥(u)=f, fE€Y, (1)
D(B) = {u € D(A®): ®(u) = NF(Au), ®(Au) = PF(Au)}.

By renmeynepain Kykrearen 6eJiiri KoHe JIOKAJIBIIBI €MeC IMIEeTTIK WHTErpaJIIbIK, MapTTapbl CoiKeciHie
U(u) xkone F(Au), QyHKIMOHAIIBIK BEKTOPJIAPBIHBIH KOMeriMeH cunaTTanisl. MyHuail TeHeysiep ChbI3biK-
TBHIK, OIIEPATOPJIAPIAbI KEHEHTY TEOPHUSICHIHAH MIBIFaIbl. KapacThIpbUIATHIH TEHIEYIEP/IiH, MeiarimTirinin
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KaXKeTTi KoHe XKETKIJTIKTI mapTrTapbl KaHgal j1a 6ip MaTpPUIAHBIH, aHBIKTAYBIIIBl KOMETIMEH OPHEKTEIE]I].
ZKykTenren TeHeyaepAiH KApACThIPHLIATHIH KJIACCTAPBIHBIH HAKTHI IIentyin Tady YImiH, aHbIKTAYBIIT HOJIb-
re TEH eMecC XKaFIailbiHa, gaiibiH dhopMyna yesHbLIansl. Erep kangait ga 6ip ecen (1) Typine kenripiserin
6oJica, OH/Ia OHBI YCHIHBLIBII OTBIPFAH KEHENTY ofticiMen oHait memntyre 6osaabr. ConbiMeH Koca, ¢ = 0, yimiu
OYJI DI eI M TIKTIH KaXKeTTi »KoHe »KEeTKIIIKTI IapTTapblH K9HE JIOKAJIbIbI €eMeC IMEeTTIiK HHTEIPAJIIBIK,
mapTTapbIMeH >KYKTeJIreH KoIiMIi mudepeHInaiblK, TeHIeyaep KIacTapblH abCTPaKTijIi OmepaTopJIbIK,
TeHJey TEePMUHIHJIe HAKTHI ey yiriH dopMmyia 6epei.

Kiam ceadep: »xykrenren kogimri auddepeHpaiibk TeHaeyiep, 1uddepeHnaiblK, TeHIeyep, JOKaIb-
JbI eMeC MHTErPAJIJIbIK, METTIK MapTTap, HHHEKTUBTI YKOHE JYPBIC OIepPaTopsap, HAKTHI MIEHIYJIep.

N.H. ITapacumuc

Metosa pacuimpenus Jjisi KJjacca Harpy>kKeHHbIX
andpdepeHIaabHbIX YPAaBHEHUI ¢ HEJIOKAJIbHBIMU
TPAHUYHBIMY WHTErPAJbHBIMU YCJIOBUSIMU

B craTtbe UCCIeJOBaH KJIaCC HArpPyzKEHHbIX OOBIKHOBEHHBIX ,HI/I(b(bepeHLU/Ia.HbHBIX ypaBHeHHI)‘I C HeJIOKaJIb-
HBIMU I'DAHUYHBIMU WHTETPAJIbHBIMU YCJIOBUAMU B TEPMUHAX a,6CTpa,KTHOI‘O OII€paTOPHOI'0 YpaBHEHUA

Bu=A*u—q¥(u)=f, fEY; (1)
D(B) = {u € D(A%): ®(u) = NF(Au), ®(Au)= PF(Au)}.

Harpy»keHHast 9acThb U HEJIOKAJbHBIE TPAHUYIHBIE WHTETPAJbHBIE YCJIOBUS 3THX yPABHEHUI ONMUCBIBAIOTCS
¢ nomoIpio GyHKUHOHAJBHBIX BeKTOpoB W (u) n F(Au) coorsercrBenno. Takue ypaBHEHUsI CJIELYIOT U3
TEOpUHU PaCIIUPeHuil JTUHEHHBIX onepaTopoB. HeoOXomuMble U JOCTATOYHBLIE YCJIOBHS Pa3pelnIuMOCTH Pac-
CMaTPUBAEMBIX YPABHEHHI BBIPAYKAIOTCS C MTOMOIILIO ONPEEUTENIT HEKOTOPOI MaTpuIbl. B cirydae korma
3TOT ONpEJIEeTUTEh HEHYIeBOl, TIpeIjlaraeTcs roToBas (opMyJa /i HAXOXK/IeHUs TOYHOTO PEIIeHUs pac-
CMaTpUBAaEMOTO KJlacca Harpy»KeHHBbIX ypaBHeHuil. Eciim HeKoTopast 3aJjada MOYKET ObITh TPUBEIeHa K BULY
(1), TO €€ MOKHO JIETKO DEIINTH IPEIaraeMbIM METOAOM pacimpenus. Jlanubii merox mist ¢ = 0 Takxe
JlaeT HeoOXOUMbIE M JIOCTATOYHbIE YCJIOBUS Pa3peIiuMOCTH U pOPMYJTy Jijisi TOYHOTO PENeHust /s KJIacca
OOBIKHOBEHHBIX (D depeHINAIbLHBIX yPAaBHEHN ¢ HEJOKAJIbHBIMU TPAHUIHBIMUA UHTErPAJbLHLIMEA yCIOBH-
AMHU B TEPMHUHAX abCTPAKTHOTO OIIEPATOPHOTO yPaBHEHHUA

Bu=A*u=f; D(B)={ue D(A? :®(u)=NF(Au); ®(Au)= PF(Au)}; fe€Y.

Karouesvie caosa: HarpykeHHble OOBIKHOBeHHBIE JuddepeHnnaabHble ypaBHeHUd, auddepeHnnaabHble
ypaBHEHUs, HEJOKAJbHbIE MHTErPAJbHbIE I'PAHUYHBIE YCJIOBHUS, UHBHEKTUBHBIE U KOPPEKTHLIE OIEPATOPHI,
TOYHBIE PEIIeHNS.
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Chains of existentially closed models
of positive (ny,ns)-Jonsson theories

In this article are considered model-theoretical properties of chains of positive (ni,n2)-Jonsson theories.
Herewith considered theories is perfect in the sense of the existence of appropriate model companion. The
main obtained results are as follows: introduced new concepts no-elimination of quantifier for positive
theory, (n1,m2)-Jonsson theory, ni-Jonsson chain; indicated a feature of perfect (n1,n2)-positive Jonsson
theory.

Keywords: (n1,n2)-Jonsson theory, positive (n1, n2)-Jonsson theory, ns-elimination of quantifier, n1-Jonsson
chain.

This article is devoted to the study of positive properties of (n,ng)-Jonsson theories. At the study of
positive Jonsson theories in the framework of [1], were considered various aspects of positivity which appear at
translating of properties of Jonsson theories into the language of positivity [2].

In this paper, we continue to study (ni,ns)-Jonsson theories with the condition of positive axiomatiza-
bility, and instead of morphisms we consider immersions, special cases of homomorphisms [1]. The indices ny, no
respectively determine ni-model completeness, ns-elimination of quantifiers. These indices are related to the
concepts of chains of theories under consideration.

Many classical examples from algebra satisfy the natural axioms that define Jonsson theories. On Jonsson
theories, more detailed information can be extracted in the monograph [3] and in the works [4-8]. We consider
groups, Abelian groups, Boolean algebras, fields of fixed characteristic, rings, modules, polygons. All of these
types of algebras are examples of such algebras whose theories are Jonsson. Abelian groups and Boolean algebras
are good because their invariants are known, that is, some constants that allow us to describe these types of
algebras up to elementary equivalence. In Jonsson theories, the concepts of elementary equivalence are replaced
by cosemanticness. In the works [9, 10] are presented results that describe Abelian groups and modules up to
cosemanticness. In the case of Boolean algebras the work [11] is known were defined generalized Jonsson theories
(a-Jonsson) were defined and a description of a-Jonson theories of Boolean algebras was developed on the basis
of the apparatus developed in the framework of the definitions of this article. Regardless of the study of Jonsson
theories, in [12] the authors considered various generalizations of the concepts of model completeness and
elimination of quantifiers. Also, within the framework of these generalizations, n-chains were considered in [12]
which naturally appear as a consequence of the n-inductance of the theories under consideration. In fact, all of
the above concepts definitely are related to the central concept of Robinson model theory, namely, the concept
of a model companion. Well known the achievements of A. Robinson and his followers related to the application
of theorems on the properties of model companions of the considered theories for classical algebraic objects,
such as fields of fixed characteristic, Boolean algebras, Abelian groups, rings, modules, etc. Unfortunately, not
all inductive theories have a model companion. It is well known from [13] that a theory has a model companion
iff the class of its existentially closed models is elementary. In particular, the Jonsson theories that have a model
companion are reasonably well arranged in the sense that their semantic invariant is a saturated model. Also
in [14], was considered a generalization of the concept of a model companion, but somewhat from a different
perspective. Therefore, in view of the foregoing, it would be interesting to redefine some of the concepts from
works [11, 12] and [14], in the framework of the study of positive Johnson theory, where all the above properties
of companions of Jonsson theories will be considered in the framework of positivity, which will be defined in
this work.

Now we want to define the notion of (n,ns)-positive Jonsson’s theories.

Let L be a first-order language. At is a set of atomic formulas of the language. BT (At) is a closed set with
respect to the positive Boolean combinations (conjunction and disjunction) of all atomic formulas and their
subformulas and substitution variables. Q,,(B¥(At)) is a set of formulas in prenix normal form obtained by the
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use of quantifiers (V and 3) to BT (At), where n is a number of quantifier changes in prenix. We call the formula
positive if it belongs to Q.,,(BT(At)). The theory is positively axiomatizable if its axioms are positive.
Following [15] we define the A-morphisms between structures.
Let M and N, the structure of language, A € Q.(B*(At)). The mapping h : M — N is called
A-homomorphism (in symbols h : M N N) if for any ¢ (Z) € A, VYa € M from the fact that M = ¢ (@), it

follows that N | ¢ (h(a)).

Following [2], the model M is said to begin in N and we say that M continues to N, with h(M) is a
continuation of M. If the map h is injective, we say that A immersion from M into N (symbolically A :
M AN N). In the following we will use the terms A-continuation and A-immersion. In frames of this definition

(A-homomorphism), it is easy to see that an isomorphic embedding, and an elementary embedding are
A-immersions, when A = B(At) and A = L, respectively.

Definition 1 [15]. If C - class of L-structures, then we say that an element M of C' A-positive existential
closed in C if every A-homomorphism from M to any element of C is a A-immersion. The class of all existential
positive A-closed models will be denoted by (E&)7; if C = ModT for some theory T, then by Er, (ER)T we
mean, respectively, the class of existential closed and A-positive existential of the closed models of theory T.

Definition 2 [15]. We say that theory T admits a A — JEP, if for any two A, B € ModT exists C € ModT
and A-homomorphisms h; : A ? C,hy:B ? C.

Definition 8 [15]. We say that theory T admits a of A — AP, if for any A, B,C € ModT such that
hy : A ? C,g1: A ? B, where hi,g1 — A-homomorphisms, there exists a D € ModT and hs : C ? D,

g B ? D, where hg, go — A-homomorphisms such that ho o by = g2 0 ¢7.

Definition 4 [15]. The theory T is called A-positive Jonsson’s (A — PJ)-theory if it satisfies the following
conditions:

1) T has an infinite model,

2) T positive V3-axiomatizable;

3) T admits A — JEP;

4) T admits A — AP.

When A = B(At) we obtain the usual Jonsson’s theory, the only difference that it has only positive
V3-axiom.

In future, by (n1, n2)-positive Jonsson theory we understand some A-positive Jonsson theory (A— PJ) which
ny-positive model complete and no-positive elimination of quantifiers (E.Q.). Positive model completeness is
model completeness of theory without using a symbol —. Positive E.Q. is a redaction to positive quantifiers-free
formulas.

We give the necessary definitions of concepts which we will use.

A concept of model completeness introduced by A. Robinson is played large role in the study of model
companions of various types of classical algebras.

Definition 5 [12]. A theory T is model complete if for any B, D € ModT and B is a submodel of D, then
B < D.

Definition 6 [13]. A theory T is called model companion of T if:

1) T and T* are mutually model consistent;

2) T* is model complete.

The following fact is well known, connecting the theory with model companion with respect to E.Q.

Lemma 1 [13]. 1) Let T* be model companion of theory T, where T is universal theory. In this case T™* is
model completion of T iff T* admit quantifier elimination.

2) Let T* be model companion of theory T'. In this case T is model completion of T" iff T* has amalgam
property.

In the framework of concept of n-embedding, following work [11], we have n-Jonsson theory that differs from
concept of generalized a-Jonsson theory only a semantic model [16]. Continuing to work within the framework of
n-Jonsson theory we can fully define the concept n-model completeness, n-model companion and correspondingly
on this base to prove the theorem which is a criterion of perfectness of generalized a-Jonsson theory [from 11]
in following view.

Proposition 1 [11]. Let T be arbitrary n-Jonsson theory, then the following conditions are equivalent:

1) T is perfect;

2) T* is n-model companion of 7T

In work [12] are given following definitions generalizing a concepts of model completeness and E.Q.
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Definition 7 [12]. B C,, D means that B |= t(b) if D = 1(b) for all b € B and all %, (or II,,) formulas ).

Definition 8 [12]. 1. A theory T is n-model complete if for all models B, D of T, B C,, D implies B < D.

2. T is nearly n-model complete if any formula is equivalent (mod T') to Boolean combination of X, 4
(or II,,41) formulas.

3. A chain {B, }ncw under C,, is called a n-chain.

Definition 9. We will call the theory no-E.Q. if any formula of this theory is presented in the view of Boolean
combination of formulas from @, (B(At)).

Combining these concepts in the framework of study of Jonsson theories we can distinguish the following
class of Jonsson theories:

Definition 10. Theory T is called (ni,ns)-Jonsson theory if it is ni-model complete and no-E.Q.

In work [12] was determined the next kind of chain of models for some theory and statements with respect
to this concept as 1-model completeness.

Definition 11 [12]. A chain {By}rew is eventually elementary if for all b € Uge,, By and all formulas v (T)
exists some kg € w such that either By |=v(b) for every k > ko or By, = —1)(b) for every k > k.

Proposition 2 [12]. A theory T is 1-model complete iff for any formulas ¢(Z) exists a formula ¢(Z) which is
a Vo N Jo-formulas such that T' = VZ[y <> ¢].

If the chain {Bj}rew is not eventually elementary, then there are 1 (Z) and b such that By = v(b) and
B, = —¢(b) both hold for arbitrarily large k,m € w. Thus, such a chain can be refined to be an alternating
chain for (%) as in the following definition.

Definition 12 [12]. A chain {Bj}re, is an alternating chain for (%) if there is some b € By such that
By, ': d)(g) and ng+1 }: _\1/)(6) for all k € w.

Proposition 3. A theory T is 1-E.Q. iff for any formulas ¢ () exists a formula ¢(Z) which is Boolean
combination of V; N 3;-formulas such that T' |= VZ[y <> ¢].

Recall the basic definitions and statements from work [11], in which are determined all basic concepts related
with a-Jonsson theories. In our case, a = n;.

Definition 13 [11]. Let I' C L. Then

1) map f: A — B is called a I'-embedding if for any @ € A and (%) € T and A = ¢(a) follows B = ¢(f(a));

2) if B C| A |, then Thr(A, B) denote a set of all I'-sentence of language Lp which are true in A;

3) if A C B, then notation A Cr B denote that Thr(A,|A|) C Thr(B,|B|);

4) sequence of models A;, ¢ < 3, is called a I'-chain if A; Cr A; at i < j < S.

Lemma 2 [11]. map f: A — B is a II,-embedding iff it is a 3, 1-embedding.

Definition 14 [11]. Theory T preserved with respect to the union of II,-chains (or a-inductive) if an union
of any II,-chain of model of T" again is a model of T'.

Definition 15 [11]. A model M =T is called ¥,.1-saturated model if for any subset E C| M | less power
than M, for any model B = T such that M Cy_ B, and any element b € B exists element m € M satisfying
an inclusion Thy,,, (M,EUm) 2 Ths, , (B,EUb).

Theorem 1 [11]. Let T be a-Jonsson theory, M = T. Then the following conditions are equivalent:

1) M is T — a~universal T' — a-homogeneous model;

2) M is ¥,.1-saturated model.

Proposition 4 [11]. For a-Jonsson theory T the following conditions are equivalent:

1) T is perfect;

2) T* is a-model completion (i.e. D(T*) — a-model completion) of T

Definition 16 [11]. A model A =T is called X,4i-closed if for any model B =T and any formula
»(T) € ¥g41 with constants from A is performed A = ITp(T) provided that A Cr, B and B = 37T¢(T).

In future, a set X, 1-closed models of theory T' denote by X, (T).

Definition 17. A chain {Bj}rey is called ni-Jonsson if it will consist only from models %, (T).

The following facts are well known.

Lemma 3 [17]. Let Ag, 8 < «, be some X,,-chain of models and A = Ug<oAg. Then

1) a model A is a ¥,-extension of every model Ag;

2) any II,1-sentence which is true in all models Ag, is true in A.

Theorem 2 [17]. The following statements are equivalent (where n > 0):

1) sentence ¢ equivalent to both some ¥, and some IT,,11;

2) sentence ¢ equivalent to some Boolean combination %,,.

The result on the stability of theory is well known with respect to arbitrary chain of her models. Such theory
must be V3-axiomatizable. The following definition is considered a generalization of concept of induction, i.e.
stability with respect to a chain of models.
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Definition 18 [17]. A theory T is stable with respect to a union II,-chains (or a-inductive) if a union of any
I1,-chain of models T is again a model of T'.

The following result is known in the connection with the above definition.

Proposition 5 [17]. The following conditions are equivalent:

1) T e HoHrQCA;

2) a theory T is a-inductive.

A class of models of her center in the connection with perfectness a-Jonsson theory coincides with a class
of her X, 11 (T)-models.

Lemma 4 [17]. Let T be perfect a-Jonsson theory, T be her center, A |=T. Then A € £, 11 (T) & A =T™.

In future, we will work in the case when the theory mj-model complete and so that to use the result
(Theorem 2) in the definition of A — P.J-theory we suppose that A is contained in the @Q,, (B*(At)), where
in = Enl N Hnl-

The following theorem is positive generalization of theorem (Theorems 2.6 and 2.7 from [12]) in the
framework of study of (n1, ng)-positive Jonsson theories.

Theorem 8. Let T be perfect (n1,nq)-positive Jonsson theory, where ny = ng + 1;n1,n2 > 0. Then the
following conditions are equivalent:

1) T is no-E.Q.;

2) any me-chain of models which belong to 3, (7T") is Jonsson eventually elementary;

3) T is ny-model complete;

4) any ng-chain of models, which belong to ¥,,(T), whose union is also a model of ¥,,(T), is Jonsson
eventually elementary.

It is easy to see that since all homomorphisms are immersions, we can use all the necessary results from
work [11] without loss of generality for positive (ni,ng)-Jonsson theory.

Essential point in the proof of following result is a perfectness of Jonsson theory in the sense of work [11].

Proof. A equivalence of the aforecited statements follows from following three equivalences:

a) (2) equivalent to (4) follows from Proposition 5 and Lemma 4;

b) from (1) in (3) proof is obvious;

¢) from (3) in (1) follows from Theorem 2;

d) (1) equivalent to (2) follows from Theorem 2.6. [12].
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A.P. Emkees, M.T. Omaposa

ITosuTuBTi (N1, N9)-MOHCOHABIK, TEOPUSIAP/IHIH
9K3NCTEHIINAJIAbI-TYIBIK MOJIeJIbAePiHiH Ti30esepi

Maxkasazna (11, n2)-HOHCOHBIK TeOpUsIAD Ti30eIepiHIH MOIE/Ib/Ii-TEOPETUKAIBIK, KACHETTEP] KAPaCTHIPHLII-
rad. COHBIMEH KaTap KapaCTBIPBLILII OTHIPFAH TEOPUSIAp MOJENbI KOMITAHBOHHIH MaFbIHACBIHA COMKEC
keseri. Herisri aspiaran HOTHMIKeIEp MBIHAIAM: »KaHA YFBIMJIAD EHTI31LI/l; e MO3UTUBTI TeopUsiap VIIMiH
N2-KBAHTOPJIAD IMMUHALUSCEHL, (11, N2 )-HOHCOHIBIK TEOPUSICHI; N1-HOHCOHIBIK Ti30e; (M1, 72)-IO3UTUBTI
MOHCOHIBIK, TEOPUSICBIHBIH, €PEKIIEIITrT KOPCETIJIreH.

Kiam cesdep: (n1, nz)-HOHCOHABIK TEOPUS, TIO3UTHUBTI (11, N2 )-HOHCOH/IBIK, TEOPUS, N2-KBAHTODJIAD SJIUMHU-
HAIMSICHI, N1-HOHCOHIBIK, Ti30e.

A.P. Emikees, M.T. Omaposa

Ienu 3K3UCTEHINAIBHO-3aMKHY THIX MOJeJIei
ITO3UTUBHBIX (11, N2)-HOHCOHOBCKUX TEOPUIA

B craThe paccMOTPEHBI TEOPETUKO-MOJICIBHBIE CBOWCTBA NEMEH MO3UTUBHBLIX (71, M2 )-HOHCOHOBCKUX TEO-
puit. IIpu sTOM paccmaTpuBaeMble TEOPUU SBJISIIOTCS COBEPIIEHHBIMU B CMBIC/IE CYIIECTBOBAHMS COOTBETCT-
BEHHOI'O MOJIEJILHOTO KOMIIaHboHa. OCHOBHBIE TIOJIyYeHHbBIE PE3YJILTATHI CJIEIYIONINE: BBE/IEHBI HOBBIE TIOHSI-
THST; N2-3IMMAHALINSA KBAHTOPOB /Il IO3UTUBHOM TeopnH, (N1, N2 )-HOHCOHOBCKASA T€OPHsl, 11-HOHCOHOBCKAS
I[eNlb; YKa3aHa 0COGEHHOCTH COBEPUIEHHOM (N1, N2 )-TIO3UTUBHON HOHCOHOBCKOI TEOPUH.

Karouesvie caosa: (n1,n2)-HOHCOHOBCKAs TEODH, NO3UTHUBHAS (N1, N2 )-HOHCOHOBCKAS TEODHS, No-JIHMMU-
HAIMsI KBAHTOPOB, 71-MOHCOHOBCKAS IIEITh.
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Companions of (n,ng)-Jonsson theory

In given work are considered model-theoretical properties of companions of (n1,n2)-Jonsson theory. Also
were considered a communications between center and (n1, n2)-Jonsson theory. Herewith considered theories
is perfect in the sense of the existence of appropriate model companion. In given article introduced new
concepts: (n1,n2)-Jonsson theory, D — a-model companion. New results are shown with respect to model
companions of a-Jonsson theory and 1-perfect 1-Jonsson theory.

Keywords: Jonsson theory, model complete, n-model complete, nearly n-model complete, D — a-model
companion, model completion, (n1,ns2)-Jonsson theory.

In the work [1] were determined generalized Jonsson theories and in the language of the introduced definitions
were given a descriptions of all generalized Jonsson theories of Boolean algebras. In [2] were defined the concepts
of 1-model completeness and near model completeness, and in this work, it was pointed out about the possibility
of transferring these two concepts to arbitrary n. In fact, there is a direct connection between these two works
are related to model completeness, thereby determining a utensils of essence of given works to one of classical
directions in the model theory, determined by the studies of Abraham Robinson. In general, the development
of this subjects after the beginning of the 70 was naturally suspended due to the fact that the main trends of
development of model theory were based on technology and concepts, related to the study of complete theories.
On the other hand, the main ideas of Robinson’s directions relate to the study of inductive theories, which
generally are not complete. The special subclass of inductive theories is the class of Jonsson theories. Toward
this class can be attributed basic algebraic examples of theories, which are play important role in the various
modern sections of mathematics. For example, theories of groups, theories of Abelian groups, theories of fields
of fixed characteristic, theories of Boolean algebras, theories of polygons, etc. The given examples of theories
show the relevance of studying model-theoretical properties of Jonsson theories.

In the classic textbook, in the form of reference book [3] can find the definition of Jonsson theory, later on,
the study of Jonsson theories was developed in the following list of works: [4-6].

In [1], the concept of a semantic model is used in a substantial way, and this concept by its existence is
connected with an additional axiom about the existence of a strongly unattainable cardinal to the existing system
of axioms of Zermelo-Frenkel set theory. In the work [7] a new definition of the semantic model was given, in the
framework of which developed and develops the further research of Jonsson theories [8-10]. In this definition
of the semantic model in work [7] is no requirement about the existence of a strongly unattainable cardinal.
The greatest success at the study of Jonsson theories can be achieved in case of saturation of semantic model.
As it was determined, in [11] such theories, by analogy with [1], will be called perfect Jonsson theories. These
theories have many good semantic properties related to the theory. For example, the theory of algebraically
closed fields of a fixed characteristic is model companion of theory of fields of the same characteristic. A concept
of model companion was defined by A. Robinson and this concept is closely related with the concept of model
completeness.

In connection with the above, we want to consider the properties of Jonsson theories, which use the concept
of n-model completeness from work [2] for some n and the corresponding concept of a model companion, using
the results from [1], but within the framework of a new approach to Jonsson theories [11-14] using the new
definition of semantic model and companions in study of model completeness from [2].

We give the necessary definitions of concepts which we will use.

We will start with definition of Jonsson theory.

Definition 1 [11]. A theory T is called Jonsson if the following conditions are satisfied:

1) T has infinite models;

2) T is inductive;

3) T has the joint embedding property (JEP);
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4) T has the amalgam property (AP).

Following definitions (1-5) and facts (theorems 1-2) allows the reader to get acquainted with the inner
structure of semantic model as part of the definition from [7].

Definition 2 [7]. Let £ > w. A model M of theory T is called x-universal for T if every model T of strictly
less power k isomorphically embedded in 9.

Definition 3 [7]. Let k > w. A model M of theory T is called k-homogeneous for T if for any two models
2 and 2 of theory T, which are submodels of 9, power strictly less, than , and isomorphic f : 2 — 2, for
every extension B of model 2, which is submodel of 9t and model of T of strictly less power x exists extension
51 of model 2y, which is submodel of 91, and isomorphic g : B — B4, continuing f.

Definition 4 [7]. k-homogeneous-universal model for theory T of power x, where k > w, is called homogeneous-
universal model for T

Theorem 1 [7]. Every Jonsson theory T has xT-homogeneous-universal model of power 2%. Inversely, if T is
inductive, has infinite model and has w™-homogeneous-universal model, then a theory T is Jonsson theory.

Theorem 2 [7]. Let T be a Jonsson theory. Two models 9t and 9% x-homogeneous-universal for T are
elementary equivalent.

Definition 5 [7]. wt-homogeneous-universal model of theory T is called semantic model Cr of Jonsson
theory T'.

For any Jonsson theory a semantic model always exists, therefore it plays an important role as a semantic
invariant.

From definition of semantic model follows that:

Proposition 1 [15]. Any two semantic models of Jonsson theory T is elementary equivalent between themselves.

Lemma 1 [15]. Semantic model Cp of Jonsson theory T is T-existential closed.

Definition 6 [15]. Elementary theory of semantic model C' of Jonsson theory T is called semantic completion
(center) T™ of this T, i.e. T* = Th(Cr).

As we have already noticed, greatest progress in learning of Jonsson theories, as a rule, can be achieved
provided that of perfection of Jonsson theory.

Definition 7 [15]. A Jonsson theory T is called perfect if every semantic model of T is saturated model
of T*.

It is well know, that only at work with perfect Jonsson theories a class of existential closed models of
considered theory is elementary.

Theorem 3 [15]. Let ET be a class of all existential closed models of theory T. If a Jonsson theory T is
perfect, then Ep = Mod T™*, where T* = Th(Cr).

A concept of model completeness introduced by A. Robinson is played large role in the study of model
companions of various types of classical algebras.

Definition 8 [2]. A theory T is model complete if for any B, D € ModT and B is a submodel of D, then
B < D.

Definition 9 [2|. B C; D satisfied if B is a submodel of D, for every V-formulas (equivalently, 3-formulas)
¥() and for every b € B will performed B = 1(b) provided that D k= 1(b).

Generalization of definition 8 of model completeness, namely, definition 10, was consider in [2] by the authors
using the concept (definition 9).

Definition 10 [2]. A theory T is 1-model complete if for any B, D € ModT and B C; D, then B < D.

One of the interesting properties of classical model theory is a property of quantifier eliminable which is also
associated with a special case of model companion. In [2] was determined generalization of concept of quantifier
eliminable, namely, definition 11.

Definition 11 [2]. A theory T is nearly model complete if for any formulas ¢ (T) exists a formula ¢(Z) which
is Boolean combination of V-formulas such that T }= VZ[y) <> ¢].

Moreover in work [2] criterion was obtained (proposition 2.).

Proposition 2 [2]. A theory T is 1-model complete iff for any formulas (%) exists a formula ¢(Z) which is
a V-formulas such that T' = VZ[¢) < ¢].

On the other hand, in work [1] was considered a generalization of Jonsson theory and the main tool of this
generalization was a concept of I'-embedding which is generalizated a concept of isomorphic embedding with
respect to considered formulas. Instead of boolean combination of atomic formulas is considered a formulas with
quantifier prenix of length «. In place of Boolean combination of atomic formulas we consider a formulas with
quantifier prenix of length a. Under I' we understand a kind of formulas, for example, I' = I,,.

A set of all formulas (is a view of formula V3...4) denote by II,,, ¥, = {¢| « € 11, }.
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Definition 12 [1]. A map f: A — B is called a I'-embedding if for any @ € A and (Z) € T from A = ¢(a)
implies B = ¢(f(a)).

A concept of model companion was determined by A. Robinson, and it is played important role in the study
of various types of algebras, theories of which has model companion [1] (chapter 4).

Definition 13 [3]. A theory T is called model companion of T if:

1) T and T* are mutually model consistent;

2) T* is model complete.

Using next theorem we understand a value of concept of model companion for any Jonsson theory, semantic
model of which is saturated.

Theorem 4 [15]. Let T be arbitrary Jonsson theory, then the following conditions are equivalent:

1) T is perfect;

2) T* is model companion of 7.

Using concept of finite diagram from work [16], T.G. Mustafin is determined a concept of model completion
for generalized Jonsson theory. In the future on throughout of all paper in the results concerning work [1], as a
semantic model we use a model as part of the definition 5.

Definition 14 [1]. 1. A set D(B) = U, <o {Th(B,b)| b € |B|"} is called finite diagram of system 5.

2. Algebraic system 2 is called a D(B)-system if satisfied Th(2() = Th(8B) and D(2() C D(B).

3. If T is arbitrary theory, then any this model is called a D(T")-model.

In the future we will consider that D = D(T") or D = D(®8) for some model B of theory 7'

Using I'-embeddings at work [1] was determined special case of a-model companion, namely, of concept of
a-model completion which can be obtained from definitions 15 and 16 from work [1].

Definition 15 [1]. We say that a theory T is D — a-model complete if a theory TUThr (B, |B]) is complete
with respect to D for any model B = T.

Definition 16 [1]. Let Ty, T» be arbitrary theories of one language. A theory T is called D — a-model
completion of 77 if:

1) any model of T} is II,-embeddable in some D-model of T, and conversely, every D-model of Ty is
I1,-embeddable in suitable (or some) model of T7;

2) Ty is D — a-model complete;

3) a theory To U Thy, (B,|B]) is complete with respect to D for any model B of T;.

In the future we will say that if satisfied condition (1) from definition 16, then considered theories are
D — II,-mutually model consistent, where D = D(T) or D = D(B) for some model B of theory T.

This theorem is a-Jonsson generalization of criterion of perfectness of Jonsson theory (theorem 4).

Proposition 3 [1]. Let T be arbitrary a-Jonsson theory, then the following conditions are equivalent:

1) T is perfect;

2) T* is a-model completion of T

Proceed to the main result of given paper. For this we must define a concept of (n1, ne)-Jonsson theory. Let
n1, N9 be arbitrary natural numbers.

Definition 17. Theory T is called (n1,ns)-Jonsson theory if it is ni-model complete and nearly ns-model
complete theory.

It is clear from definition 17 that ny > ns. If no = 0, then ax center of Jonsson theory T admit elimination
of quantifiers. If n;=0, then Jonsson theory 7™ is model complete theory. Note that (0,n)-Jonsson theory is
perfect for any natural n.

In other words, ni-model completeness denote by the index n1, but near model completeness denote by the
index no. It is clear that it 2 various indices, and they may be dependentes, i.e. considered theories can be with
one index or simultaneously with two indices.

We determine a concept of a-model companion of a-Jonsson theory.

Definition 18. Let T1,T5 be a-Jonsson theories of one language. A theory T5 is called D —a-model companion
of T1 if:

1) any model of Ty is II,-embeddable in some D-model of T, and conversely, every D-model of Ty is
II,-embeddable in suitable (or some) model of T7;

2) Ty is D — a-model complete.

Theorem 5. Every a-Jonsson theory 7' has no more than one a-model companion.

Proof. Let’s say on the contrary, i.e. a-Jonsson theory has as minimum two various a-model companion,
or example, T7,T,. Hence, theory T is perfect. Then by definition a theories 77 and T are mutually model
consistent. By criterion of perfectness of a-Jonsson theory we can conclude that theories 77 and 715 are mutually

Cepust «Maremarukas. Ne 4(96)/2019 7



A.R. Yeshkeyev, M.T. Omarova

model consistent with 7%, where T is center of theory T'. And this means that 7T} and T5 are cosemantic among
themselves, and means they are equal.

By criterion of perfectness (proposition 3.) we can be conclude that a-Jonsson theory (when a=1) is 1-perfect
if the theory has 1-model companion.

Next theorem allows you to get a description of 1-perfect 1-Jonsson theory in the sense of work [1].

Theorem 6. 1-Jonsson theory is 1-perfect iff the following conditions are equivalence:

1) a theory T has 1-model companion T™ in sense of work [1];

2) a theory T™ = T, where T° is a center of theory T}

3) a theories T™ = T and T are D — II;-mutually model consistent, where D = D(C), is semantic model
of theory T. A theory T™ is 1-model complete in sense of work [2].

Proof. From (1) to (2) and from (2) to (1) follows from proposition 3 at a=1.

We prove from (1) to (3). Since a theory T has 1-model companion 7™, then by definition 18, when a=1,
we have that T™ is D — 1-model complete, where D = D(C'), and C is semantic model of theory T'. A theory T™
is D — 1-model complete if a theory T'U Thyy, (C, |C]) is complete. Since any model of theory T' isomorphically
embedded in model C, then easy to notice that by universality of formulas II; and D — 1-model completeness
all models of theory T with respect to II;-sentences are elementary equivalent. We need to show that from what
A C; B follows that A < B for any A, B € ModT. Suppose the contrary. This means that there are such that
A,B € ModT, but it is not true that A £ B. This is equivalent to that B ¢ ModD(A), but it is not true, since
D(A) € D(C) and B is a model D(C) by D — 1-model completeness of theory T'.

We prove from (3) to (1). Suppose the contrary. This means that a theory 7" is not 1-perfect, and this means
that it is non-perfect in sense of work [1] (proposition 3.), i.e. she does not have D — 1-model completion. But
by (3) a theories T™ and T are D — II;-mutually model consistent, where D = D(C), C is semantic model of
theory T, moreover 7™ is 1-model complete in sense of work [2]. But then we can use a criterion (proposition
2.), which say that: a Jonsson theory T is 1-model complete iff for any formulas ¢ (T) exists a formula () which
is a V-formulas such that T' = VZ[¢ <> ¢]. 1-nonperfectness is means that there is such type p, consisting from
universal formulas with constants from some subset X of model C, which is not implemented in C'. Without
loss of generality, we can assume that X is contained in some model A of theory T™. Since a type p is consistent
set, then there is elementary extension A’ of model A, which is implemented a type p. But since p is consisted
from V-formulas, then p is implemented and in A. By D — II;-model compatibility A is invested in C, and this
means, that a type p is implemented and in C. And from that one we can conclude about avalibility of the
contradiction.
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A.P. Emkees, M.T. Omaposa

(n1,n9)-VloHCOH TEOPUSICHIHBIH, KOMIIAHBOHIAPbI

Maxkasana (ni,n2)-HOHCOH TEOPHACH KOMIIAHLOHIEPIHIH MOJEJIbIIK-TEOPETHKABIK, KAaCUeTTepi KapacThbl-
pourran. Conbiven Gipre (11, N2 )-HOHCOH TEOPUACBIMEH OPTAJIBIK APACHIHJIAFBI GAMIAHBIC 3epTTENreH. Byt
peTTe KapacThIPBLIBII OTHIPFAH TEOPUSLIAP MOJIEIb/II KOMIAHBOHHIH, MarblHACBIHA COiKeC Kesrei. ABTopsap
’KaHa YFBIMJAD €Hri3ai, aran afTkanga: (11, ng)-HOHCOH TeopUsCH; D — q-MOJeIIb/Ii KOMIAHBOH. (:-HOHCOH
2KoHe 1-Kemes1 1-HIOHCOH TeOPHUSICHIHBIH, MOJE/IbIIK-KOMITAHBOHIAPhIHA KATHICTHI YKAHA HOTHXKEJIeP KOPCETLI-
TeH.

Kiam cosdep: HOHCOHIBIK TEOPHSI, MOJEJIbII TOJBIK, N-MOJEIbI TOJIBIK, AEPJIiK N-MOIEIbI] TOJBIK, 1D — -
MOZIE/IBl KOMIIAHBOH, MOJIEJIb/II TOJBIKTBIPY, (11, N2 )-HOHCOHIBIK TEOPUSI.

A.P. Emikees, M.T. Omaposa

KomnaHboHbI (11, ng)-IHIOHCOHOBCKUX TEOPUii

B craThe paccMOTPEHBI TEOPETHKO-MOETBHBIE CBONCTBA KOMIIAHBOHOB (711, N2 )-HOHCOHOBCKOM Teopuu. Tak-
K€ M3YYEHBI CBA3U MEXKJY IIEHTPOM U (N1, N2 )-HOHCOHOBCKO# Teopueii. IIpu 3ToM paccMaTprBaeMble TEOPUN
SIBJISIIOTCS] COBEPIIEHHBIMH B CMBICJIE CYIIECTBOBaHMSI COOTBETCTBEHHOI'O MO/JIEJILHOIO KOMIIAHbOHA. ABTOpa-
MU BBEJICHBI HOBBIE TIOHSTHS, a MUMEHHO: (n1,7Ns2)-HOHCOHOBCKas Teopus; DD — q-MOJEIbHBIN KOMIAHBOH.
IlokazaHbl HOBBIE PE3YIbTATHI OTHOCUTEIHHO MOJIETbHBIX KOMIIAHBOHOB (:-HIOHCOHOBCKOW U 1-COBepIIEHHOM
1-itoHCOHOBCKOIT Teopuil.

Kmouesvie crosa: HOHCOHOBCKasi TEOPUSI, MOJIETBHO TIOJIHASI, N-MOJIEJIbHO TOJJIHAS, TIOYTH N-MOJEIbHO I10JI-
Hast, D — q-MOJIe/IbHBII KOMITAHBOH, MOJEJIbHOE MOIOJIHEHNUE, (nl, N2 )-HOHCOHOBCKasi T€OPUs.
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Mathematical model of a root harvester after-cleaning system

A mathematical model of root crops after-cleaning and their movement pattern in a technological run for
loading into means of transportation has been presented. The impact of both controlled and uncontrolled
factors on the efficient continuous transportation of root crops has been determined on the basis of the
above-mentioned model. The use of the suggested mathematical model will enable to narrow the search of
the most efficient design, kinematic and dynamic parameters in conducting some experimental research on
efficient operation of after-cleaning systems of harvesters with their possible adjustment according to the
natural and climatic conditions of harvesting.

Keywords: mathematical model of root crops after-cleaning, root crops movement pattern, transporting-
separating system, design, kinematic and dynamic parameters of tools.

Introduction

To provide the quality performance of root crops harvesters, especially concerning sugar beets root crops
cleaning of soil and plants remains one needs some complex approach combining both theoretical and practical
investigation.

Quality mathematical modeling of some processes of root crops after-cleaning resulted in the recommended
limits of design and kinematic parameters will enable to reduce the number of experiments significantly. In this
way we will save some time and costs to achieve the target goal.

Auger mechanisms in layout schemes of root crops harvesters are widely used. Theory of root crops
movements and other similar products have been described in numerous scientific articles. The problems dealing
with this subject are highlighted namely in the papers [1-5].

Minimal damage of the harvested crops during their simultaneous transportation and cleaning is also paid
a great attention to in the investigation. These issues have been presented in the papers [6-9].

Some dynamic models of agricultural products transportation providing the quality of technological process
performance by necessary tools and their reliable operation have been described in the articles [10-14].

Moreover, minimum power consumption is also important in materials transportation and other technological
operations and this problem was discussed in the papers [15, 16].

The investigation results dealing with the sugar beets root crops after-cleaning by augers are given in the
articles [17-19].

The made analysis of the known research has proved that the problem of root crops quality cleaning in
machine harvesting has not been solved completely.

The purpose of the theoretical research is to find the most effective design, kinematic and dynamic parameters
of the auger taking the root crops aside to provide the quality cleaning of root crops.
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Material and method

Let’s consider the process of an auger-root crop interaction whilst its transportation (Fig. 1). As we have
seen in the paper [20], the case when the assumed central axis of a root crop is perpendicular to the belt motion
direction is the most unfavorable in terms of sugar beets passing through the clearance between the belt surface
1 and auger rotation surface 2.

X

Figure 1. Auger (taking root crops aside)-root crop interaction pattern

In case when a root crop, in plane projection OXZ, is overlapped with the auger rotational surface less
than the crown radius value, it will be thrown back with some turning and will be a little risen over the belt
surface. It can be explained by the fact, that during the interaction the root crop is acted by the moment whose
regularized force will be passing through the beet’s center and the arm will be close to the beet crown radius
located on the belt surface.

A case when root crop overlapping with the auger rotational surface is more than the crown radius value is
scarcely probable for big and medium root crops as the most efficient structural and kinematic parameters of
augers are chosen for relatively small, standard root crops (crown diameter is 40 mm).

Thus, when doing some calculations, we’ll accept an option when normal reaction force of the auger to the
root, crop will be passing through the central axis of the latter, and the contact will take place with the beet
crown.

So, while doing some calculations, we’ll make the following assumptions: a beet crown is of perfect semi-
sphere shape; longitudinal and lateral oscillations of the belt are neglected, its surface is considered to be
perfectly smooth; screw pitch and height, angle of ascent of auger screw line are the same along the whole
length; transporting conveyor linear velocity and angular velocity of auger rotation are constant.

We assume that a rot crop is travelling in horizontal plane on the transporting conveyor surface with the
velocity V;, and the auger, which is perpendicular to the motion direction, is rotating with angular velocity w
and is throwing the root beet aside and back. The root crop and auger contact is taking place when the center
of imaginary sphere circling the root crop coincides with the auger edge.
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Angle of ascent of screw surface on the given radius in the place of contact

A = arctg <T >
N 2R )’

where T — auger pitch; R — radius of imaginary circle in auger-root crop contact point (R < R); Rs —
auger radius.

The angle between the horizontal line and the line connecting the centers of projections of the root crop
sphere and the auger axis is found by

L—R,(1—-sin))
R )

(p = arcsin (

where L — height of auger axis location over the transporting conveyor; R, — a root crop radius.

Reaction N and friction force Fy,, = N f are acting on a root crop from the auger’s side, which are directed,
respectively, flatwise to the screw surface and at a tangent to it towards screw rotation direction (f — friction
coefficient).

Velocity V,. of a root crop takeoff consists of two parts — velocity V7, which is equal to the projection of
linear velocity of the auger contact point on the direction of vectors sum of forces, and velocity V5 of the root
crop thrown back of the surface of stationary by convention auger due to initial velocity of transportation V;
taking into account throwback coefficient Ky, .

X1
Vector ‘71’ Y is found by the direction of the auger resultant of resistant force
Z
XF
F=N+Fy = Yr
Zp

To find the vectors direction we use rotation matrixes about axis X and Y, respectively, on angles A and ¢

1 0 0
My = 0 cosA —sinA
0 sinA cosA

)

cosp 0 —sing
M, = 0 1 0
sinpp 0 cosgp
Then the correspondent vectors are found by rotation matrixes.
Vector of the auger resultant of resistant force is equal to

0
F=M,M,| N
Nf
Velocity vector of auger-root crop contact point
X, 0
Vs = Y, = Mcp 0
Z wR
Modulus of throwing velocity
Vi =V, cos 3,

where § — angle between vectors 171’ and ‘_/;, which is equal to the angle between vectors F and ‘75, which is
found from the known condition of angle cosine between two vectors
XpXs +YrY, +ZpZ,

cos 3 = .
VXE+YE+Z2\/X2+Y2+ 22

Cepust «Maremarukas. Ne 4(96)/2019 83



R.B. Hevko, I.G. Tkachenko et al.

To find takeoff velocity vector Vi we find directing vector of force F of unit length

—

F

Vi)

where vector modulus F is written in the denominator.
Then the vector value of takeoff speed V7 is found as a product of unit directing vector i and modulus of
velocity value of contact point of auger and a root crop in its projection on this vector axis

X1 - 0
. FwR; R
Vo= | Vi | = fiwR,cosp = LellscosB_ wRscosB [y
7 N+/1+ f2 N+/1+ f2 Nf
Xo
A root crop velocity due to «mirrors reflection of the auger surface V5 = Ys is determined from the
Z

condition of equality of angles of descent and reflection and the coplanarity condition of these vectors with
normal vector to the auger surface in the place of contact.

The coplanarity condition of the above-mentioned vectors are determined by their mixed product equality
to zero (correspondent determinant)

Xo Y5 Zp
Xy Yy Zn | =0,
Vi 0 0

where normal vector to the auger surface in the contact point is found by the dependence

Xn 0
Yy | =M, | N
Zn 0

The condition of equality of angles of descent and reflection after some necessary transformations is written

in the following way
Xo XN +YoYN + 222N

VX3+YE+Z3

Being thrown back of the auger surface taking into account the reflection coefficient the modulus of velocity

Vy is taking the following value
Vo= KyV, =/ X3+ Y3+ Z3.

Sum velocity of root crop takeoff is found as vector sum of two velocities

= —Xy.

X, X1+ Xy
V= Y. =V+V= Yi+Ye
Z, 21+ 7

On the basis of velocity vector VT we calculate vertical a and horizontal « angles of takeoff and projected
throw path length S, of a root crop

Zy
a=arct§ | —mm——— |;
g(ﬁ(fﬂ/f)

(%)
vy = arctg v ;

5, — V2 sin 2 _ (X2+Y?2+2Z2) Sin2o¢.
g g
A program of calculating velocities, takeoff angles and throw path length for different kinematic and
geometrical parameters of the system under consideration has been developed using the above-mentioned
formulae to analyze and improve the transport auger design.
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Results

Figures 2, 3, 4, 5 show the correspondent calculating curves of dependencies of vertical and horizontal angles
a and v of the root crop takeoff, root crop takeoff velocities V,. and range of throw Sr on the change of basic
design and physical parameters of transporting-separating system, namely: auger pitch T, angular velocity of
its rotation w, radius R, of the auger peripheral surface, linear velocity of the root crop transportation till its
contact with the auger rib V;, friction coefficient of a root crop on the auger surface f, beet crown radius R,
and the coefficient of its throwback of the auger edge Ky .

Analysis of curves shown on Figure 2 proves that radius value Ry of peripheral surface of the auger taking
root crops aside and its pitch T are controlled dominant factors which influence the vertical angle « of the root
crop takeoff.

Other controlled factors, namely angular velocity of rotation of the auger taking root crops aside w and
linear velocity V; of the root crop transportation till the moment of its contact with the auger do not make
substantial impact on the vertical angle a of the root crop throw by the auger taking root crops aside.

Here it should be noticed that uncontrolled factors, namely the beet crown radius R,. and friction coefficient
of a root crop on the auger surface f make substantial impact on vertical angle « of the root crop throw by the
auger taking root crops aside, their value increase results in increased value of angle «.

The coeflicient of root crop throw away of the auger rib Ky does not make great impact on the vertical
angle a.

Analyzing the curves shown on Figure 3, we can state that the dominant controlled factors making impact
on horizontal angle v of a root crop takeoff are the auger pitch T and linear velocity of horizontal transport
conveyor V;. Increased value T results in decreased value of angle . Conversely, increased linear velocity of the
root crop transportation V; causes the increased value of angle .

Negative sign at angle v means that a root crop is thrown away in opposite to the axis OX direction.

Compared to the previous factors, which in fact are characterized by linear dependencies of influence on
angle -, the angular velocity of rotation of the auger taking root crops aside w, while speeding up from 10
to 25 rad/s, results in sharp increase of angle v absolute value but its further influence on the angle v can
be neglected. Increased value of peripheral surface radius of auger taking root crops aside Ry leads to a small
increase of angle v modulus.

As for the uncontrollable factors, it should be said that high soil humidity and as a result lower value of
friction coefficient f makes a great impact on angle v modulus increase. At the same time, the increased radius
of beet crown R, and the coefficient of its beating off the auger edge Ky on the contrary results in decreased
modulus of angle 7.
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Figure 2. Dependencies of vertical angle « of root Figure 3. Dependencies of horizontal angle v of root

crop takeoff on parameters T, w, R,,V;, f, R, and Ky crop takeoff on parameters T, w, Rs, V¢, f, R, and Ky
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The analysis of curves (Fig. 4) describing the impact of different factors on the root crop takeoff speed V.
has proved that only increase of radius value of peripheral surface of the auger taking root crops aside R, and
angular velocity w of its rotation cause the increase of value V., while other factors do not make a substantial
impact on value V,. change.

Similar to the previous case, only angular velocity w of rotation of the auger taking root crops aside
(considerable impact) and its peripheral surface radius Ry have a significant influence on root crop range
of throw Sy, (Fig. 5).
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Figure 4. Dependencies of a root crop takeoff speed Figure 5. Dependencies of a root crop range of throw
V. on parameters T, w, Rs, Vi, f, R, and Ky Sp, on parameters T, w, R, Vi, f, R, and Ky

Conclusions

On the basis of results analysis of conducted theoretical investigation on root crops movement behavior after
their contact with the auger taking root crops aside it has been found out that increased auger pitch from 0.1
to 0.4 m causes decreased angle a (from 17° to 12°) and increased angle v (from —10° to —37°). At the same
time within the given range of auger pitch increase T both the velocity of root crop takeoff V, and, therefore,
the range of its throw S, is getting increased. Root crops range of throw must be within the limits 0.2...0.6 m.
At S < 0.2 m root crops separation is not efficient due to little shaking effect after their interaction with
the belt. New contacts with the auger are also getting more possible which cause additional damage of the
root crops. At Sy > 0.6 m the root crops will be thrown towards shields and frames structures of the machine
hopper, and this also results in their bigger damage. Thus, auger pitch T can’t be smaller than 0.15 m.

The bigger the friction coefficient f is, the bigger the range of throw of a root crop is. Though the maximum
values f = 0.8...0.9 (use of special friction materials for an auger spiral rib making) do not cause the Sy,
increase for more than 0.5 m.

A beet crown radius R, increase has caused its range of throw Sy increase, though small root crops
(R, =0.02...0.03 m) will be thrown not far from (up to 0.15 m).

Coefficient of throwback Ky change can be neglected regarding the range of throw of root crops
(S, =0.2...0.215 m).

Thus, the variable parameters are recommended to be chosen within certain boundaries: 7= 0.2...0.3 m;
w=18...30 rad/s;Rs = 0.15...0.25 m;V; = 1.2...1.3 m/s.
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P.B. T'eeko, .I".Tkauenko, }O.B. I'magpo, C.B.Cunmit, H.A. T'arnsok, O.H. Tpoxangx

Tyb6ipaik eciMaiKTepi »KNHAY MAaNTMHACHIHBIH,
Ta3aJjiay >KyieciHiH MaTeMaTHuKaJIbIK MOJeJIi

Maxkasaza TyGipJiK JakbLIAAP/Ibl Ta3apTy YPAICIHIH MATEMATUKAJIBIK, MOJE] YKOHE OJIAP/IBbIH KO3FaJIBICHIH
KOJIK KypasIapblHa TYCIPpYIiH TE€XHOJIOTHUSILIK, TabuFaThl yChiHBLTFAH. OChI MOMEIbIIH HerisiHmge, Oakbi-
JIAHATBIH »KoHe OaKbLIAHOANTHIH (baKTOpJIAPABLIH TYOIPJIK MaKbLIIAPALIH Y3IIKCI3 KO3FAJILICHIH CAllajibl
KaMTaMAacChI3 eTyre 9cepi aHbIKTAJIbI. ¥ CHIHBLIFAH MATEMATUKAJIBIK, MOJIEIbII Naiijatany Tyoip KUHaY Ma-
MUHAJIAPBl VIIH Ta3apTy KyHesepiHin THIMII >KYMBIC icTeyiHe, *KUHAYIbIH KJIUMATTBIK YKarTaiIapblHa
colikec oJlapZibl PeTTey MYMKIHJITIMEeH, SKCIEPUMEHTTIK 3epPTTeyJIep *KYPri3reH Ke3/le KarKeTTi OHTAaMIbI
Ju3aiiH, KHHEMaTHKAJIBIK, YKOHE JIMHAMUKAJIBIK [TapaMeTpJIep/IiH OpiciH KbICKapTyFa MYMKIHJIIK Oepesi.

Kiam cesdep: TyGIpJiK JaKbLIIAPIBI KEHIHHEH eMIey MPOIIECiHIH MaTeMaTUKAJIbIK, MOJIETl, TYOIpJIiK JaKbLI-
JAPIBIH KO3FAJIBICHI, KOJIIK YKoHEe 0Oy Kyiteci, »KYMBIC OpraHIapbIHbIH KOHCTPYKTHUBTI, KHHEMATHKAJIBIK,
JKOHE JIMHAMUKAJIBIK [apaMeTpJiepi.

P.B. T'eeko, 1.I". Tkauenko, FO.B. I'magwo, C.B. Cunnit, H.A. langzok, O.H. Tpoxansk

MatemaTudeckass MO/IeJib CUCTEMbI JJOOYUCTKN
KOPHEYOOpPOYHOIT MaIlTUHBI

IIpencraBnena mareMaTndecKkas MOJIEJb IIPOIECCA JTOOYUCTKU KOPHEIJIOAOB U XapaKTepa HUX JBUYKEHUS
B TEXHOJIOTMYECKOE PYCJIO JJIsi BHITPY3KM B TPAHCIOPTHBIE cpejicTBa. Ha OCHOBe MaHHON Momean OBLIO
YCTAHOBJIEHO BJIMSIHME KaK YIPABJSEMBbIX, TaK U HEYIPAaBJIsAeMbIX (PAKTOPOB Ha KadeCTBEHHOE obectie-
YeHUe HENPEPBIBHOIO IIepEMeEIeHNs] KOPHEIUIONOB. Vcrionp30BaHue IPeJJIOKEHHON MaTeMaTHdeCKOH Mo-
JleJTI IIO3BOJIUT CY3WTh II0JIE MCKOMBIX ONTHMAaJIbHBIX KOHCTPYKTHBHBIX, KHMHEMATHYIECKUX W JUHAMUUE-
CKUX IIAapaMEeTPOB IIPU MPOBEICHIH SKCIEPUMEHTAIbHBIX UCCIeI0BAHNN 71 9 DEeKTUBHON paboThl CHCTEM
JOOYUCTKHA KOPHEYOOPOYHBIX MAIIMH C BO3MOXKHOCTBIO UX PErYJIMPOBAHHS B COOTBETCTBUM C IIPHPOJIHO-
KJIMMATUIECKUMU YCJIOBUSIMU YOOPKH.

Karouesvie cr06a: MaTeMaTHIECKas MOJIEb IIPOIECCA JTOOUNCTKNA KOPHEILIOJIOB, XapaKTep JABUXKEHUST KOp-
HEILJIO/IOB, TPAHCIOPTHO-CEIIapUPYIOIast CUCTEMa, KOHCTPYKTHBHbIE, KHHEMATHYECKNE U JJUHAMUYIECKHE T1a-
paMeTpbl pabOYNX OPraHOB.
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Determining stress intensity factor in bending
reinforced Concrete beams

There has been analytically solved the problem of determining the stress state in the cross section of bending
reinforced concrete beams with a crack in a linear formulation. For this, the beam is cut along the crack
line and the equilibrium condition of the cut-off part of the beam determines the height of the compression
zone and the tensile stress at the crack tip. The remaining parameters of the stress state are expressed
in terms of these values. The value of the bending moment is determined, above which there takes place
increasing the initial length of the crack. For this case, the length of the operational crack is determined.
The solution is valid for beams of arbitrary section shape. Determining the stress intensity factor (SIF) is
based on the assumptions that the longitudinal forces at the tip of the crack are equal with and without
taking into account stress concentration. The size of the stress concentration zone is determined from the
condition that the local stress is equal to the nominal stress. On this basis a formula has been obtained
for determining the stress intensity factor in rectangular beams. The paper analyzes the dependence of
the stress intensity factor on the crack length, the moment and other geometric and operational factors.
The obtained results allow estimating the bearing capacity of beams with a crack, as well as their crack
resistance by a stress intensity factor.

Keywords: reinforced concrete, beam, bending, compressed zone, crack, reinforcement, stress state, bearing
capacity, stress intensity factor, crack resistance.

A very common type of defects in reinforced concrete structures are cracks. They appear both at the
manufacturing stage and at the operation stage [1-3]. The appearance of cracks in bending elements does not
mean exhaustion of its bearing capacity. It leads to increasing the efforts in the sections with a crack, which
reduces the strength of the element. Due to the opening of the crack width corrosion of reinforcement increases
that reduces the durability of structures. The calculation of the stress state of reinforced concrete structures
with cracks is the focus of many books and articles [1-9]. The crack opening width is one of the criteria for the
ultimate state of reinforced concrete structures with cracks. Its definition is dealt with a lot of works [10-14].
The issues of crack formation are considered in works [15-17].

The above problems are dealt with in a series of experimental studies [8, 18, 19]. A lot of studies have been
carried out by numerical methods [6, 7, 11, 20-22].

Under certain conditions unstable crack development is possible, which is estimated through the parameters
of fracture mechanics [1, 23]. The stress intensity factor (SIF) is the main parameter of linear fracture mechanics.
Some works dealing with determining the SIF in reinforced concrete beams have appeared only recently [24, 25].
It should be noted that these calculations were carried out in a linear formulation. However, the relationship
between stress and strain in concrete is not linear. In this paper an approximate analytical method is proposed
for determining the SIF in reinforced concrete beams.

We will first define the nominal stress in a beam with a crack of the known length [ in a linear formulation.
Let’s consider an I-section with the vertical axis of symmetry (Fig. 1, a). We will introduce the notations:

Agy, A is the area of the shelves overhang in the tension and compression zones;

h¢, he is the thickness of the shelves in the tension and compression zones;

a, a' is the thickness of the protective layer of concrete in the tension and compression zones;

As, AL is the area of reinforcement in the tension and compression zones;

N,, N! are internal forces in the reinforcement in the tension and compression zones.

Let’s cut the beam by the section passing through the crack and show the curve of the stress distribution
in it (Fig. 1, b).
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Figure 1. Towards determining stresses and SIF

The main unknown tasks will be tensile stress at the tip of the crack o,, and the height of the compressed
zone x. Given the linearity of the stress profile, we will determine the maximum compressive stress in concrete

op = omE/zp, (1)

where z, is the height of the tensile zone.

In the zone of the crack the adhesion of the reinforcement to the concrete is broken, and the tensile forces
are mainly perceived by the reinforcement. In sections between cracks tensile forces are also perceived by
reinforcement and concrete. The deformations and stresses in the reinforcement and concrete, as well as the
height of the compressed zone between the cracks vary. This non-uniformity in the calculations is taken into
account by introducing special coefficients that are equal to the ratios of the average values in the section
between the cracks and the values in the section with a crack [2]

ws = €sm/€s; wb = Ebm/gb-
Taking this into account, we will determine the deformations at the reinforcement level as:

vy h—a—x

Es=em— ——— =epmps(h—a—1)/zp, €, =cmbps(x—a')/zp.
s 2p

The stress in the reinforcement will be
0y = Esey = aopmps(h—a—1x)/z, ol =o0l,— Esl, = 0l, — aomtps(z —a')/zp, (2)

where o is the ratio of elasticity modulus of the reinforcement and concrete; o, is pre-stress in the reinforcement
of the compression zone.

The condition of longitudinal forces equilibrium in the section
ombzp/2+ 0sAs — opbx /2 + 0L AL — oy Ac(x — he/2) )z = 0.

The second equilibrium equation in the form of the sum of all the forces moments relative to the zero line
has the form

ouba® /3 + ombzl /3 + 03 As(h — a — @) + 0y Ac(x — he/2)* [z — oL Al(x — a) = My,

where the external moment Mp, is equal to the bending moment in the section with a crack M for the
reinforcement without pre-stress. For the pre-stressed reinforcement of the tension zone the o s stress occurs
after the moment of external forces M exceeds the moment of pre-stress force. Then in the equation the external
moment will be

My, =M —o,As(h —a — x).
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The equilibrium equations are common for all reinforced concrete elements with and without pre-stress,
with different cross-sectional shapes: I-shaped, T-shaped, rectangular beams. For a T-section A, or A is
equal to zero. For a rectangular cross section, the area of both overhangs is zero. In order to obtain explicit
calculation ratios, we will perform a further solution for the most common case of a rectangular cross section
with reinforcement in the tension zone. In this case the equilibrium equations will take the form:

ombzp/2 + 05 A5 — opbz /2 = 0;
opba’ /3 + ombz§/3 +osAs(h—a—x) = My,.
Let’s introduce the following dimensionless parameters:
E=x/h, z=1/h, A=2z/h=1-2—-¢ h=(h—a)/h, pu=As/bh.
Taking into account the expressions for o}, and o5, the equilibrium equations will transform into the form:
A — &+ aphps(ho — €) = 0;
Om [E /A + N + Bapys (b — §)* /] = 3My, /bR

From the first equation we will determine the height of the compression zone, and then that of the tension
zone

(1- Z)2 + O‘/“bbsﬁ
2(1 - Z) + Oél“/)bs ’
From the second equation of equilibrium we will determine the nominal stress at the crack tip

¢ = A=1-z—¢ (3)

om = LMy, /W, (4)

where _
W =bh?/6, L=05) [+ X+ 3aups(h—&)?].

The A(€), L parameters do not depend on the section dimensions and the acting loads. Therefore, it is
expedient to build in advance the graph of these parameters dependence on the crack length. Figure 2 shows
such a graph for

h=0.907, v=oauy = (200/24) - 0.015(0.6/0.5) = 0.15.

J(ij

/.

0.2 ™ N
N\

N

= i~

0.1 0.7 0.5 0.4 0.5 0.6 Z

Figure 2. Stress state parameters dependence on the crack length

This solution is valid as long as the nominal stress is less than or equal to the concrete tensile strength Ry;.
Otherwise, the initial crack length will increase. The value of the moment at which this happens is equal to

M, = RyyW/L.

Using the graph in Figure 2 and this formula, we can find the moment value for crack growth M,,. The
second line of Table 1 shows the values of this moment in kNm for the beam section (15 x 30) cm, where the
destructive moment M, = 53.6kNm.
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If the nominal stress at the crack tip o, exceeds the tensile strength of the concrete Ryi(Mp,, > M,,), then
the crack length will increase. To determine a new crack length in (4), we assume L = Ry W/M. Then, from
the system of nonlinear equations (3) and (4) we also determine & and z. To solve this system, we can use the
graphs in Figure 2.

Let’s determine the SIF at the crack tip Kj. The tip of the crack is a strong stress concentrator. According
to the linear theory of elasticity, the stress there is determined by the formula

o9 = K1/ 2nr, (5)

where r is the distance from the crack tip to the point considered.
Determining the SIF is based on the equality of the longitudinal forces at the crack tip with and without
stress concentration. Local stresses are determined by formula (5), and nominal stresses by formulas (3) and (4).
Let us determine the length of the stress concentration zone "a" from the condition of equality of the
nominal and local stresses at the end of this zone (Fig. 1, ¢). The rated stresses at the distance «a» from the
crack tip

On =0m(l —a/zp) =op(l—1t).

Equating the local stress to this value, we will obtain
a=K?/2n02.

The longitudinal forces per unit width of the beam in the zone of concentration are

a

L = /U@dr = K1\/2a/7 = K} /mo,.

0

The longitudinal forces in the same zone without considering concentration are equal

2
Om +0n  Omt+on Kj

I = - .
2 2 2 2702

Equating these forces, we will obtain

Om = 30,.-

From here it follows that ¢ = 2/3.
Now we will determine the SIF

K =V2rao, = 0.6830.,/2p.
Substituting here (4), we will finally obtain
K1 = 0.683LV AR My, /W. (6)

If the nominal stress at the crack tip om exceeds the tensile strength of the concrete Ryt (M, > M,y,), then
it is necessary to find a new operational crack length, and the SIF is calculated using the formula

K1 =0.683V A\hRp:.

Let’s analyze the SIF changing dependent on the crack length. In third line of Table 1 there is shown the SIF
changing (N/m?3/?) in the beam of the (15 x 30) cm section at the acting moment M = 4.5kNm (M < M,,).

Table 1

SIF change depending on the crack length

Z 0.1 0.2 0.3 0.4 0.5 0.6 0.7
M, | 4.61 | 4.63 5.0 6.0 828 | 155 | > M,
Kr | 0378 | 0.347 | 0.293 | 0.217 | 0.131 | 0.051 0
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We see that with increasing the crack length, the SIF decreases to zero. This is explained by the fact that
in bending there necessarily exists a minimum zone of compressive stresses. With increasing the length of the
crack, this reduces the length of the zone of tensile stresses to zero. At z, = 0 tensile forces are perceived only
by the reinforcement, the crack does not develop. In this case, the SIF becomes equal to zero and the beam is
destroyed due to the achievement of the limit of the yield strength in the reinforcement or crushing the concrete
of the compression zone.

If, with a known crack length and a given moment, the SIF will be smaller than the maximum SIF value
1¢ for this material, then there is a steady development of the crack. If K; > K¢, the crack is unstable and a
rapid crack growth is possible with a slight increase of the moment. The growth of the crack length continues
until the SIF drops to the ;o value. This SIF value corresponds to a certain value of the crack length, which is
determined from expression (6). This value is easier to find graphically by plotting the ; dependence on z using
the graphs in Figure 2.

The assessment of the bearing capacity of the beam is made by the magnitude of the stress in the
reinforcement (2) and the maximum compressive stress in the concrete (1). The parameters oy, x, 2z, found
through the initial (M < M,,) or operational (M > M,,) crack length are substituted into these formulas.

Let’s analyze the SIF changing dependent on the crack length at M = 6kHm. From Table 1 we conclude
that in this case M > M, for zg = 0.1 = 0.3, M = M,, at zg = 0.4 and M < M,, at zo = 0.5 and 0.6. At
20 < 0.4

L=16-10%-225-10"3/6 = 0.6.

From the graph in Figure 2 we will find A = 0,233 and then by the formula for the SIF we will obtain
K =0.683-1.61/0.233 - 0.3 = 0.29M N/m?/2.

At 20 = 0.5
o=M/W =6-10%/2.25-10"% = 2.667M Pa.

By the graph in Figure 2 we will find L = 0.435, A = 0.164. Then by formula (6) we will obtain
K; = 0.175M N/m?/?. Similarly we determine the SIF at zo = 0.6 : K; = 0.069M N/m?>/2,

From here we see that at M > M, the SIF does not depend on the length of the initial crack. It depends
only on the length of the operational crack that depends on the acting moment.

Let’s analyze the SIF changing with the external moment changing. To do this, we will calculate the SIF
at zg = 0.2 (M,,, = 4.63kNm). The results are shown in Table 2, where the moment is in kNm, the SIF is in
MN/m?/?.

Table 2

SIF changing dependent on the moment

M 2 4 4.63 6 8 12 16 20
K 0.154 | 0.308 | 0.357 | 0.29 | 0.255 | 0.203 | 0.178 | 0.159

The Table shows that if M < M,,, then the SIF increases in direct proportion to the moment, reaching its
maximum at M = M,,,. At M > M, the SIF decreases due to increasing the length of the operational crack.

The obtained results allow estimating the bearing capacity of beams with a crack, as well as their crack
resistance by the stress intensity factor.
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0. Xabunouna, 2K.B. Bakupos, 2K.C. Hyryxunos, H.J1. Batun

Hinerin TemipbeTOHIbI apKAJIbIKTAPAAFbl KEPHEYIIH
KApPKbIHABLIBIK, KO3 UIMEeHTiH aHbIKTay

Ecenrin ananmuTukasbIK IIeniMi )KapbIFbl 0ap UiIeTiH TeMipOeTOHIbI APKAJJIBIKTaAP/IbIH, KOJIAEHEH, KUMAChIH-
JaFbl KepHeyai aHbiKTaiapl. OJ1 VINiH apKaJblK KapblK, OOMBIMEH Keciiell »KoHe apKaJbIKTHIH OeJIiHTeH
GeJIiriHiH, Tere-TeHIiK KaraibIHAH ChIFbIJIFAH AfMaKTBHIK OMIKTII MEH >KApPBIKTBIH YIIBIHIAFbl CO3BbLIATHIH
KepHey aHbIKTaJIbl. KepHey/iH KaJiFaH mapaMeTpJepi ocbl eJImeMIep apKbLiabl KopceTiimi. 2KapbIikThiy Oac-
TaKbl Y3bIHBIFBIHBIH, Y/IFAIObIHA OAMTAHBICTHI LTy MOMEHTI aHbIKTaJ bl OJT VIITiH *KapBIKTHIH Maii1agany
Y3bIH/IBIFBI AHBIKTAJIFaH. Byl KUMaHbIH epKiH (popMacChIHIAFBI aPKAJIBIKTAD YIMH oain rremriM. Kepreymin,
KapKBIHIABLIBIK, KO3 MUITMEHTIH aHbIKTay KEPHEY/IiH MIOFBIPJIAHYbIH eJIeMeil KoHe KapbIK, YIIbIHIAFbl O0i-
JIBIK, KYIITEPAiH TeHJiriHe HerizpenreH. Kepreyniy moreIpiIany aliMarbIHBIH OJIIIEMI YKEPTiTiKTI KepHEYIiH
HOMUHAJIIIBIK, KEPHEYJIErl TeHJIIK IapTTapblHaH aHbIKTaJIbl. OChbl Herizje apKaJbIKTap/IblH TIKOYPBIIITHI
KUMaCBIHIAFbl KEPHEYIIH KaPKBIHIBLIBIK, KO @UIINEHTIH aHBIKTANTHIH (pbopMyJia ajbiHFan. Makasaga Kep-
HEY/IiH KapPKBIHIBLIBIK KO MUIMEHT] X KapBIKTHIH Y3bIHIBIFBIHA, MOMEHTIHE, 6aCKa /18 TEOMETPHUSIIBIK, JKOHE
nadianany akTopJapblHa TOYeJIIiri Tajsganrad. AJIBIHFAH HOTUXKEJED KapbIFbl 6ap apKaJbIKTap/IblH
KeTeprint KabijeTiH, coH/aii-aK, KEePHEYIiH KAaPKbIHIbLILIK KoM MUIUEeHTi OONbIHIIA OJIapAbIH KAPBIKKA
Te3imMaiiirin H6arasmayra MyMKiHAiK Gepesi.

Kiam ces3dep: TeMipbeTOH, apKAJIBIK, Uiy, CHIFBLIFAH aiffMaK, )KapbIK, apMaTypa, KEPHEYJII XKaFail, cCaaIMak,
KeTepy Kabieri, KepHeyIiH KapKbIHIBLIBIK KoM MUITUEHT], KapbIKKa TO3IMIITIK.

0. Xabumonna, 2K.B. Bakupos, 2K.C. Hyryxwunos, H.I1. Batun

Onpenenenne KoadduimeHTa THTEHCUBHOCTH HAITPSIXKEeHUI
B N3rnbaeMbIX »KeJie300eTOHHBIX DaJIKaxX

AmnanuTnyecku perieHa 3a1a49a 00 ONpeIe/IeHNN HAMIPSI)KEHHOI'O COCTOSTHUSI B CEUEHUN U3TM0AEMBIX KEJI€30-
OEeTOHHBIX OAJIOK C TPEIMHON B JUHENHHOH mocTtanoBKe. /[y aToro 6aika pa3pe3aeTcs MO JUHUU TPEITUHbI
¥ U3 YCJIOBUI PABHOBECHsI OTCEUYEHHON JacTy OAJIKU OIIPEJIEISIIOTCS BBICOTA CKATON 30HBI ¥ PACTATUBAIOIIEe
HaIpsi?KeHNe Y BEPIIUHBI TpemuHbl. OcTaIbHbIE TapaMeTPhl HAIIPSI?KEHHOT'O COCTOSTHUST BBIPAXKAIOTCST 9epe3
otu BesmunHbl. OmpeiesieH0 3HAYEHNE M3TUOAIONIEr0 MOMEHTA, MPH IPEBBIMNEHNN KOTOPOTO MPOUCXOIUT
yBeJIMYeHNe [IePBOHAYAJIBLHON JJIMHBL TPeIuHbL. [lJist 9T0r0 ciay4ast onpeeseHa AJIMHA SKCIULYATAIMOHHON
TpemuHbl. Perenne cipaBenBo 1jist 6aJI0K TPOU3BOJILHON (hopMbl ceuenusi. Onpenenenne kKovddurimen-
Ta WHTEHCHUBHOCTU HAIPSI’)KEHUII OCHOBAHO HA IPEJITIOJIOKEHIH O PABEHCTBE IPOJIOIBHBIX CHJI ¥ BEPIITHHDI
TPELIUHBI C y4eToM ¥ 6e3 ydera KOHIEHTDAIMKM HalpsKeHuil. PasMep 30HBI KOHIIEHTPAIUU HAIIPSIKEHUN
OIpeJIEISIETCsI U3 YCJIOBUsI PABEHCTBA MECTHOTO HAIPSI?)KEHUsT HOMIUHAJILHOMY HampsizkeHuto. Ha 9Toit ocHoBe
nosydeHa popmysia st oupeaeaeHns KodddUuimenTa NHTEHCHUBHOCTY HAMPSI)KEHUH B OaIKaX MPIMOYTOJIb-
HOTrO cedeHusi. B pabore npoaHam3upoBaHa 3aBUCUMOCTD KOI(DMUIMEHTA NHTEHCUBHOCTY HAIIPSI?KEHUIN OT
JJTAHBI TPEIIUHBI, MOMEHTA U JIPYTUX T€OMETPUIECKUX U IKCILUIYATAIMOHHBIX (hbakTopoB. [lomydyenunie pe-
3yJIBTATHI IO3BOJISIIOT OIEHUTh HECYIYIO CIOCOOHOCTH OAJIOK C TPEIIMHON, & TaKyKe MX TPEIMHOCTONKOCTH
110 K03 DUIMEHTY HHTEHCUBHOCTU HAIIPSIXKEHUSI.

Karoueswie caosa: yxene300eToH, 6asika, u3rubd, cxkaTast 30Ha, TPEIUHA, apMaTypa, HAIIPsI)KeHHOE COCTOsIHUE,
HECYI[asl CIIOCOOHOCTD, KO MUIMEHT MHTEHCUBHOCTH HAIIPSI?KEHU, TPEIIHOCTONKOCTD.
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The dynamic simulation model of apples contact interaction

The mathematical model of apples shock interaction with each other and with working surfaces of technologi-
cal equipment during their gathering, transportation and technological processing has been presented. In
the model using the Hertz theory, strain and other running parameters of bodies shock interaction have
been determined. To set changes to these parameters in time has been a peculiarity of the model, which
allows simulate the process in the mode of the calculated experiment. The graphic change dependences
of time contact forces, as well as examples of apples kinematics changes at initial angular and tangential
velocities have been given.

Keywords: shock, contact interaction, apple, Hertz contact strain, mathematical model, calculated experi-
ment, recovery coefficient.

Introduction

One of the most important requirements for apples is to ensure a long shelf life without losing conditional
qualities. For this purpose, during their harvesting and processing, damages and excessive shock loads must
be avoided because that may violate the integrity and structure of apples pulp. Therefore, when preparing the
apple handling process and designing the appropriate technological equipment, it is necessary to follow the
requirements that will ensure safe modes of harvesting, transportation and processing of apples for storage.
According to the results of well-known researches [1-5] and everyday practical experience, depending on the
varieties of apples, they have different dimensional, physical and technical characteristics. Since, as a rule, apples
of smaller sizes are used mainly for the manufacture of juices, then in storage are laid mainly apples of larger sizes
with a diameter of 60—80 mm. Such apples, due to their greater weight, receive greater dynamic damage during
transportation. In the shock theory, the assumption of fruits momentary impact, where the main parameters
of interaction correspond to the law of saving the amount of movement, have been assumed. This assumption
leads to a significant simplification of the interaction calculation model and it is inadmissible for the simulation
of objects interaction in time and the simultaneous interaction of several fruits, their movement in the flow
(container), etc., where the assumption of the momentality of the contact is meaningless. In studies [6-17], it
has been shown that with a small impact load for simulation of shock interaction one can use a rheological
model of an elastic body, and to determine the force of impact - the Hertz formula. However, the Hertz formula
makes it impossible to establish the time for elastic contact of bodies and changes in contact forces, magnitude,
and speed of convergence over time. Also, kinematics of bodies, mainly apples, at the time of and after contact,
when they have initial angular or tangential velocities, have not been investigated.

Material and method

Long-term storage of apples is ensured by following high requirements that prevent their damage, that is, not
exceeding the allowable contact strain when they interact with the technological surfaces and with each other.
One of the most suitable ways of solving problems of apples contact interaction with each other and working
surfaces is to construct a model based on the elastic contact interaction of apples on impact. This model has
a real physical content at low kinetic energies of fruits. According to Hertz contact problem, the connection
between the force of contact interaction Pjo, the radius of the contact platform aio, and the magnitude of the
close convergence of the spheres (apples) u1a are as follows [5, 7, 8, 10]:

_ 4/3mPi2(q1 + q2)RiRy 5|92 PR (g1 + q2)?(R1 + Ra)
ajo = ;o U2 = ) (1)
4(R1 + RQ) 16R1 R>
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where Ry and R, — radii of the spheres, ¢; and go — constants characterizing elastic properties of interaction
bodies and are determined through the Lame constants A; and p;, or, relayively, Poisson coefficients v; and
shear modules p; = G; and Jung (elasticity) E;.

)\i 2 i 2 iGi Ei
R N (2)
A pi(Ni + pi) 1-2y 2(1 +vi)

qi

In accordance, the force of contact interaction P;s of apples between each other or apple with platform of
magnitude of hard convergence u;2 connected by dependence

Py= ——12 (3)

where k15 — a parameter that takes into account the elastic properties of the contact body in the Hertz contact
problem; K; and K5 — the average curvature of the surfaces of the interaction bodies at the point of contact
(for curved surfaces with a minus sign). For an apple in the form of a sphere in radius R; average curvature of
the surface (the sphere) K; = R;, in case of an apple impact with a flat platform, the average curvature of such
is Kj =0.

The model parameter of two bodies interaction ki takes into account the mechanical properties of the

interaction bodies,
4 [(1—p3 143
ki = — P T . 4
12= 5 / ( By + B (4)

Consider the impact interaction of apples with spherical form radius R, with a hard flat platform. Implicit in
the Cartesian coordinate system Oxyz apple platform surface, the center of its gravity has running coordinates
Clzo(t); yo(t); z0(t)] , is described by the dependence [11],

fs(z,y,2,t) = [(x — 20(1))* + (y — 5o (1)) + (2 — 20(1))* — R{]™ = 0. (5)

The potential of a geometric field, which is described by a function (5) at an arbitrary point A(xA;ya;z4)
will be equal to the distance to the surface of the fruit (p. F) at time ¢,. pa = fs(xa,ya,24,t) = lap(t).

Accordingly, the surface of the platform describe the normal plane equation that describes a similar field.
For the case of a stationary platform

fp(z,y,x,) =cosa-x+cosfB-y+cosy-z—d=0, (6)

where «, 3, and v — directional angles of the platform normali vector; d — the distance from the platform to
the coordinates beginning.

At the point of contact of the apple with the plane F(zg; yg; zg) both functions (5) and (6) takes the value
fs(ze,yr, 28,t) = fp(zE,yE, z8) = 0, but normali to the surface of the apple fig and sufaces of the platform
np will be ng = —np.

Here ng = gradfs; np = gradfp = cosa -1 +cos B3 -j + cosvy - k.

So, the force vector of impact interaction Np, which influences on an apple from the side of the platform
will be Np = —pgl = P - np.

The apple movement speed at any given time ¢ will be determined by the vector

The value of the hard convergence of an apple by radius R; with platform, which is described by the
dependence (5), at the point of contact will be

u12(t) = R1 — fri(zo, Yo, To,) = R1 —d+ cosa - xg + cos B - yo + cosy - zg = 0. (8)

In general case i is such apple by weight m; can contact with other apples or work surfaces and have j
contact points FEjj. On the selected movable i apple in general influence such forces as: earthly gravity Gi;
inertia — m;a;, directed opposite to the acceleration vector a; = dvs/dt; normal and tangential forces P;; and

Fij in each Fj; — contact zone from interaction with j body. Accordingly, moments also influence into an apple
Mp;; and Mp;; from forces P;; and Fj; , the moments of twisting from the rotating motion of the fruit at the
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point of contact Tij and inertial moments of forces. At the same time, equation of equilibrium of all forces,
applied to the apple it is expedient to put in a fixed, basic coordinate system Ozyz, and equation of equilibrium
of forces moments — in its own coordinate system of the apple, O"z"y" 2" the center of which O” located in
the center of the apple Clx(t);yo(¢); 20(t)], and the axes are tightly bound with the body of the apple [6-8, 11]

M=

k k
ST (Py + Fy) — maa; + Gy = 05 (7 +05) x (P + Fy) + > 1) — L) =0, (9)
j=1 j=1 j=1
where Pij and PZ/]\ — vectors of normal forces of elastic interaction on the Hertz model are given in the general
and proper coordinate systems; Fij and Flg — the corresponding vectors of tangential forces; 7;; and F{\j — the

corresponding radii-vectors of ij zone; gf\j:Fijui /(4a;;G;) — the tangential displacement of contact platform

from force Fi/}, [ 6,7]; Es) — vector amount of forces moments.
— I\ — —

In the coordinate system of a moving body LY = o ¢ ([w) x K§]), where K¢y — apple kinetic moment.
The twisting moments form a small fate of power factors, that act on a particle (less than 2-3 %), that’s why
they are not taken into account in the simplified model. Friction forces have been determined by Amonton-
Coulomb law Fi; = pAv/;;/|Av/;|, where i — the coefficient of dry friction, 7/;; — speed of the point on the
apple surface relative to the platform Fj; in contact zone.

The transition from the coordinate system Oxzyz to O”z"y”z" have been conducted in a homogeneous
base (;(,(.¢ and own apple (;'(/*¢/'¢ coordinate systems, where ¢ = (" — a scale multiplier [11, 12]. For the
objects of unchanging volume ¢ = ¢”* = 1. The relation between coordinate systems Oxyz and O"z"y” 2" with

homogeneous coordinates will be the following
T=C/CG y=G/CG 2=C/G =/ v =00 =/

The matrix record of the transition from its own coordinate system of the apple to the base will look like [12]:

air aiz oz Zo(t)

|21 va2 (23 yo(t) A A
M(R) = az1 azx asz zo(t) M(R?) = ML) M(R), (10
0 0 0 1

where «;; — guiding cosines between the axes of the base and their own coordinate systems; M (R) = |zyz1|T —
a matrix that specifies the coordinates of an arbitrary point of the body in the general coordinate system Oxyz
and corresponds to the vector r(t) = x(t)i + y(t)j + z(t)k; M(R") = |2"y"2"1|T — matrix corresponding to
the vector r(t) = 2 (t)i +y"(t)j + 2" (¢)k and specifies the coordinates of the same point in its own coordinate
system of the object O™z y" 2" ro(t) = zo(t)i + yo(t)j + z0(t)k — radius vector that connects the beginning
of the base coordinate system with the start of its own aperture coordinate system, which coincides with its
gravity center; II,, and IL,, — matrices of linear displacements and turns of its own coordinate system O”z"\y" 2"
in general Ozyz:

Similarly, the matrices of the inverse transform from the inertial coordinate system to the own coordinate
system of the object jave been written.

In an expanded form, the system of equations (9) takes the form:

k
AU _ -
i—1 elj

} ~ L =o0.

Here the first equation of the system (11) is written in the base (fixed) coordinate system, and the second
- in the own (moving) coordinate system of the apple.

The indicated dependences are the basis for constructing an imitation model for the interaction of apples
with each other and with technological surfaces. In the model, the description of bodies interaction has been given
by the normal equations of their surfaces, whose potential geometric fields determined their mutual placement
in space, their convergence and availability of contact points. In case of contact, the interval At was set for the

HADE;

;Pij {(TZAJ +07) % [gmd(fi/\) N7

eij
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procedure of numerical differentiation. Step by step the amount of hard convergence u15 and contact forces Pij
and Fij, that occur at such convergence and moments from these forces have been determined. The next step
was to determine the linear and angular accelerations from the forces found and the new values of the velocities
and displacements of each body (apple) interaction and their linear and angular velocities, which defined new
coordinates of the bodies through the period of time At and new levels of hard convergence u;; and contact
forces Pij and Fij.

In order to take into account energy losses in determining the contact interaction forces, equation (3) was
represented as [6, 7]

k@074 ke + (1 — ko)th(—Aduy; /dt)]
WK + Ks ’
where k. — coefficient, which depends on the coefficient of recovery at impact, k. = 0.8 — 0.95; A — parameter

of the model smoothing the load curve at the point of maximum force value Pj3, A > 10; Parameters of the
model k. and ) are specified experimentally from the condition while providing a given recovery factor e.

P12

(12)

Results

The constructed model allowed to conduct a computational experiment and set the time for contact
interaction ¢; and running forces of contact interaction, depending on the physical and mechanical characteristics
of the interaction bodies, as well as kinematics of bodies (apples) during contact interaction, depending on the
initial conditions.

The study of the shock interaction of one apple with a hard platform has a significant practical value,
because it is one of the most common case of fruits bruising. Implementation of the models for different initial
conditions is presented in Figure 1-5.

In particular, in Figure 1 it has been shown a graph of time variation of shock contact interaction P = Pjq
for an apple with a diameter of 80 mm, the modulus shift of which is y; = G; = 1.1 M Pa, Poisson’s coefficient
vy = 0.18 with a rigid steel surface (Go = 8.1 x 10'° Pa, v, = 0.28) for cases where the initial apple speed at the
moment of contact varies from vy = 0.2 m/s till vy = 1.4 m/s. In this case, the force of interaction increased
from Py, = 11.5 N at the time of interaction tgo = 0.0088 s, till 97.0 N at t1 4 = 0.0055 s.

— 21 4,000 5000 8,000
IF'|:||k"1 oo s

‘SU4D.DDH

B030.000_/ /| o~ \\\

7 7
ji
!
‘ ! s
N :

4020.0004

s, o 1000

Figure 1. The change of the running force of the apple interaction contact (G; =1 M Pa, v; = 0.18)
with steel platform (Gg = 8.1 x 10'° Pa, 15 = 0.28) at different initial velocities of interaction
v € [0.2;0.4;0.6;0.8;1.0;1.2; 1.4;] m/s

From the graph, it is clear that with the increase of the initial rate of contact, the force of impact interaction
significantly increases with a slight decrease in contact interaction time.

Figure 2 shows a graph of changes in the time of the force of impact contact interaction P = Pj5 for an
apple of the same physical and mechanical characteristics for different diameters (6;8 and 10 mm) with a steel
platform at initial contact speeds vy = 0.5 m/s (bottom graph) and vy = 1.0 m/s.

The analysis of Figure 2 shows that with increased apple size, the force and time of the contact interaction
increases, and at the lower collision rates, the interaction time is greater. Figure 3 shows the graphical dependences
of the time variation of the impact contact interaction force 1o with a steel platform for apples of different
hardness, that is, different values of the displacement module, at the initial collision speed vg = 1.0 m/s.
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Figure 2. The change of the running force of the apple interaction contact
(D = 80 mm, vy = 0.18) with different diameters D € [60; 80; 100] mm with a steel platform
(G2 = 8.1 x 10'° Pa, vy = 0.28) at interaction speed v = 0.5 m/s and vy = 1.0 m/s
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Figure 3. The change of the running force of the apple interaction contact at
(D = 80 mm,v; = 0.18) of different hardness G; € [0.6;0.8;1.0;1.2;1.4;1.6] M Pa
with a steel platform (G2 = 8.1 x 10° Pa, vy = 0.28) at a speed collision vy = 1.0 m/s

From the graphs it has been seen that for harder apples, the impact forces are larger with less contact time
interaction.

Figure 4 shows the interaction of apples with platforms of different materials.

4.000 8.000 12.000 16.000

___——R(—S"‘_ — 1 L #1000

Figure 4. The change of the running force of the apple interaction contact
(D =80 mm,G1 =1 MPa,v; =0.18) with an platform with different values of the shift modulus
Gy € [1-10%1-10%5-10%1-10%5-10%1-107;1 - 108]

It follows from the graphs (Fig. 4) that the impact strength can be significantly reduced only when the
platform is made of a material for which the shift modulus (or the Young module) is smaller or at least equal
to the apple displacement modulus. The shiftness platform change in the rate Go > 1 -10% practically does
not affect on the change in the force of impact Pis. So, the replacement of the steel platform on the wooden
(Go = 4-10° Pa) practically does not reduce the forces of contact interaction.

In the case of falling packets with apples placed in several layers into the platform, the most injured are
apples placed in the lower layer, which are in contact with the rigid bottom and perceive loading from the upper
layers.
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Figure 5 shows graphs of force time variation of apples contact interaction in the presence of upper layers.
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Figure 5. The change of the running force of the lower layers the apple interaction
contact (D =80 mm, Gy =1 MPa,v; = 0.18) in a container with a plastic platform
(G2 =1 x 10° Pa,vy = 0.3) with the placement of apples in 1, 2 and 3 layers with the
speed of interaction with the container to the platform vy = 0.25 m/s and vy = 0.5 m/s

o

The approximation of dependencies of force impact change in time for a case of contact interaction with
sufficient accuracy for practical use, it is advisable to make dependencies of the

¢ € te —t e(l—7)/7
Pi’t :Pi'mx ) 13
()= Fijma (T'tk) [tk(l—T)} (13)

where e— the shape coefficient of the curve, for elastic impact € ~ 2, for visco-elastic and elastic-plastic bodies
€ < 1.5; t - a time of contact interaction; 7 — the asymmetry parameters of the curve interaction, 7 = tp max/t,
for a symmetric curve 7 = 0.5. The bigger values of the coefficient € are taken for greater speeds of collision and
normal impact without a tangential component.

If the mass element j significantly greater than mass element ¢, m; > m; so, in accordance with the law
of conservation of momentum, element with mass m; on impact it changes the magnitude and direction of
movement (reflected from the surface of the platform) and therefore the ratio is the following

123
mivo(l+e) = / Pyjdt = kp Pij maxti, (14)
0

where e— recovery coefficient at impact, for apples e = 0.25 — 0.35; kp - the parameter determining the shape
effect of the curve on the magnitude of the force impulse.

The shape of the curve varies a liitle bit from the physical and mechanical characteristics of the apple and
to a small extent depends on the speed of impact. For critical speed of apples collision with a hard platform
kp = 0.53 — 0.54.

Firthermore, taking into account (14) the dependence (13) takes the form

Pij(t):mwo(He)( t )E[tktk—t T(H)/T. (15)

kptk T~tk (1—’7’)

Since dependence (15) describes the change in the force of contact interaction at a given contact time t,
which is easy to install experimentally, so it has a significant practical value.

The developed model also allows to simulate a change in the kinematic parameters of apples when they
are transported on technological surfaces, taking into account their initial linear and angular displacements. In
Figure 6 and 7 the kinematics of the transition from slipping to rolling the apples on a steel platform at different
initial values of linear and angular velocities (without impact) has been shown.
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Figure 6. The change of apples linear speed (D = 80 mm, Gy =1 M Pa,v; = 0.18)
on steelsurface (Gy = 8.1 x 10'° Pa, vy = 0.28) in the transition from slipping to rolling
at an initialspeed v, = 0 and different angular velocities w, = 5;10; 15; 20571
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Figure 7. The change of apples linear speed (D = 80 mm,G; = 1 M Pa,v; = 0.18) on steel surface
(G2 = 8.1 x 10" Pa,vy = 0.28) in the transition from slipping to rolling at an initial speed w, = 0 and
different angular velocities v,, € 0.25;0.5;0.75; 1.0 m/s

As follows from the figures, the transition from slipping to rolling of apples having an initial only linear or
angular velocity occurs over a short period of time (less than 0.1s).

Conclusions

The deduced dependencies are the basis of the simulation mathematical model, which allows to determine
not only the parameters of contact interaction of apples between themselves or with technological surfaces, but
also to simulate in the mode of the computational experiment the processes of transportation of apples, their
movement during processing under the conditions of interaction with several objects simultaneously. According
to the results of the study, it was found that the contact time of the apples between themselves and in hard
containers does not exceed 0.001 s. It is grater for apples of larger size, of soft varieties and with layered apples
placed in the container. To significantly reduce the force of contact interaction and increase the contact time
(more than 0.01 s), it is necessary that the modulus of the elasticity of the platform was one-two times less than
the modulus of apples elasticity. With the increase in the collision rate of apples with the platform or among
themselves, the contact interaction strength increases significantly with a slight decrease in contact time. The
critical values of the force of the impact contact interaction, in which the structure of the flesh of the apples for
the solid varieties has not disturbed, is Pyax = 80 , for soft — 35 — 40 .

References

1 Roudot A.-C.G. Modelling the Response of Apples to Loads / A.-C.G. Roudot, F. Duprat, C. Wenian //
Journal of Agricultural Engineering Research. —1991. — 48(4). — 2497259.

2 Crenanosa E.I'. Peosornueckue coiictBa sibI0K npu pa3indHbix cBoiicrBax ux obpaborku / E.I. Crena-
HoBa, B.A. Ilpuuko // Useectust By3os. Ilnmesast Texnonorus. — 1999 . — Ne5 — 6. — C.72.

3 Yuwana Y. Prediction of Apple Bruising Based on the Instantaneous Impact Shear Stress and Energy
Absorbed / Y. Yuwana, F. Duprat // International Agrophysics. — 1998. — 12. — 1337140.

Cepusi «Maremaruka». Ne 4(96)/2019 105



R. Rogatynskyi, R. Hevko et al.

=~

Rybczynski R. Mechanical. Resistance of Apple in Different Place of Fruit. / R. Rybczynski, B. Dobrzanski
// International Agrophysics. — 1994. — 9(3). — 4557459.

5 Grotte M. Young’s modulus, poisson’s ratio, and lame’s coefficients of golden delicious apple. / M. Grotte,
F. Duprat, E. Piétri & D. Loonis // International Journal of Food Properties. — 2002. — 5(2). — P. 333~
349. DOI: 10.1081/JFP-120005789.

6 Porarunckuit P.M. CumoBoe B3ammometicrBue KOpeHEOYIBOOIIONUB ¢ PAOOYNMU OPraHAME ITHEKOBBIX

ouncrureneii / P.M. Porarunckuit // Bectn. Ham. arpap. yu-ta. — M.: HAY, 1997. — T. 1. — C. 98-103.

7 Porarumckuit P.M. Momeap KOHTAKTHOrO B3aMMOJEHCTBUS YACTHUILI I'Py3a ¢ PAOOYNME HOBEPXHOCTSIMMA
cesbekoxossiicrBennbix Mamus / P.M. Porarunckuit u np. // Bectn. XapbKoB. roc. TeXH. yH-Ta CEJIbCKO-
ro xozsitcTBa «MexaHuzarms ce/bCKOXO3IHCTBEHHOTO MMPOU3BOJICTBAY. — XapbkoB, 2003. — Bum. 21. —

C. 222-228.
I'ynka B.B. Mozenmn KOHTaKTHOIO B3aNMOIEHCTBUS YaCTHI] TEXHOJOTMYECKON CPeJIbI ¢ PAOOYNMHU IIOBEPX-

Hocrsimu gerasiedt Mamme / B.B. T'yuka, A.P. Porarunckast // Hayd. samerku: MexBy3. ¢6. (110 Hampas-
gennto «VHxKenepHast Mexanukas ). — Boin. 11. — Jlyuk: Uza-so JIT'TY, 2002. — C. 114-120.

oo

NeJ

TMuxk A.U. JIunamudeckasi MOJENb B3aUMOJIEHCTBUS YACTUIL CBIIIYYero Tpy3a MexKy coboii u ¢ pabounmu
nosepxuocramu Marmus / AU Tluk, A.B. dyaun, A.P. Porarunckas // Becra. XapbKoB. 10C. TEXH. YH-Ta
CeJIbCKOI0 XO03sicTBa. MexaHu3arms ceJbCKOX03ANCTBEHHOIO IPON3BOICTBA. — XapbkoB, 2004. — Boim.

24. — C. 120-127.

10 Hanaor D.A.H. Contact mechanics of fractal surfaces by spline assisted discretisation / D.A.H. Hanaor,
Y. Gan, I. Einav // International Journal of Solids and Structures. —2015. — 59. — P. 121-131. DOI:10.
1016/j.ijsolstr.2015.01.021.

11 Poraruncbkuit P.M. MojemoBanHsT IpOTIeciB B3a€MO/Iil IITHEKOBUX POOOUNX OPraHiB i3 KOpeHeOy 15001110~
namu / P.M. Poraruncokuii // Bicauk Haniomanbroro arpapuoro ymisepcurery. — Kues: HAY, 1997. —
T. 1. — C. 103-108.

12 IMewnen II. Maremaruka u CAIIP: [B 2-x ku.] Ku. 1. / II. IITenen, M. Kocuap, 1. Tapgan u. ap.; nep. ¢
dp. — M.: Mup, 1988. — 204 c.

13 Tesko P.B. Hanpasiienus coBepiieHcTBoBanust cBeKj10ybopounoit rexuuku caukus / P.B. Tesko, I.T. Tka-
qenko, C.B. Cununit, B.M. Bysrakos, P.M. Poratunckuit, O.B. [TaBesruak. — JIynk: JITTY, 1999. — 168 c.

14 Hevko R.B. Determination of interaction parameters and grain material flow motion on screw conveyor
elastic section surface / R.B. Hevko, S.Z. Zalutskyi, Y.B. Hladyo, I.G. Tkachenko, O.L. Lyashuk,
O.M. Pavlova, B.V. Pohrishchuk, O.M. Trokhaniak, N.V. Dobizha // INMATEH: Agricultural engineering.
Bucharest, Romania. — 2019. — Vol. 57. — No. 1. — P. 123-134.

15 Hevko R.B. The influence of bluk material flow on technical and economical performance of a screw
conveyor / R.B. Hevko, V.M. Baranovsky, O.L. Lyashuk, B.V. Pohrishchuk, Y.P. Gumeniuk, O.M. Klendii,
N.V. Dobizha // INMATEH: Agricultural engineering. Bucharest, Romania. — 2018. — Vol. 56. — No. 3.
— P. 175-184.

16 Lyashuk O.L. Modelling of the vertical screw conveyer loading / O.L. Lyashuk, O.R. Rogatynska,
D.L. Serilko // INMATEH: Agricultural engineering. Bucharest, Romania. — 2015. — Vol. 45. — No. 1.
— P. 87-94.

17 Lyashuk O.L. Mathematical model of bending vibrations of a horizontal feeder-mixer along the flow of
grain mixture / O.L. Lyashuk, M.B. Sokil, V.M. Klendiy, O.P. Skyba, O.L. Tretiakov, L.M. Slobodian et
al. // INMATEH: Agricultural engineering. Bucharest, Romania. — 2018. — Vol. 55. — No. 2. — P. 35-44.

P.Porarsinckuii, P.I'eBko, FO.Huxkepyii, O./Imurpos, P.Posym
AJMaHBIH ©3apa >KaHacybl dPEKEeTIHIiH,
JAMHAMUKAJIBIK UMUATAIASIBIK MOJIEJIl

Anmanapabig 6ip-6ipiMeH, COHIa-aK, TEXHOJIOTUSIIIBIK *KabIbIKTaP/IbIH KYMBIC 6HeTTEPIMEH OJIap/Ibl XKUHAY,
TACBIMAJIJAY >KOHE TEXHOJIOTUSIBIK, OHJEY Ke3iHJIeri COKKBIMEH e3apa 9cepJsieCyiHiH MaTeMaTUKAJbIK MO-
e/l YChIHBLTFAH. ['epir TeOpusiChIH Maii1ajana OTBIPBIT MOJE/Ibe KEPHEYIl, COHIAN-aK, TeHEeHIH COKKBLIBIK,
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ocepiHiH 6acKa J1a aFbIMIAFbl TapaMeTPJIepiH aHbIKTal bl Moeb IiH epeKImesIiri yakbIT mapaMeTpIepiHiy
e3repyin opHATy OOJIBII TaOBLIA LI, OYJI €CEelTe/INeH IKCIIEPUMEHT PEXKMMIHJIE ITPOIECTI MOJE/IbIEeyre MyM-
KiHgiK 6epesi. CoHbIMEH KaTap, 6acTalKbl OYPBINITHIK YK9HEe TAHTEHIIUSIBIK, KBIIIAMIBIK, KE3IHIET aiMa
KWHEMATHUKACBIHBIH ©3repy MbICAIAPhl KEJITipiareH.

Kiam cesdep: cOKKBI, ©3apa H6aillaHbICy 9peKeTi, aaMma, ['epiriy Tyificiesi kepHeyi, MaTeMaTHKaJIbIK, MOJIEb,
€CEIITEJIETIH IKCIIEPUMEHT, KAJIIBIHA KEeJTIPy KO3 uImenTi.

P.Porarwiackuii, P.I'eBko, FO.Hukepyit, O.Imurpos, P.Posym

JAuHaMndyecKasg MMUTAIIMOHHAS MOJEJb
KOHTAKTHOT'O B3aMMOJIeicTBUA sI0JI0K

IIpencraBiena maremaTuyeckasi MOZENIb YAAPHOIO B3aUMOJIENCTBHs 100K MexK 1y coboii, a Takxke ¢ pabo-
YUMU TTOBEPXHOCTSIMY TEXHOJOTMIECKOTO 000PYA0BaHNS IPU UX YOOPKE, TPAHCIIOPTUPOBKE W TEXHOJIOTHYe-
cKoit obpaborke. B Monmenn ¢ ncnoss3oBannem teopun l'epiia ompenessroTcst HAIPSI2KEHNs, & TAKXKe JIpyrue
TeKyIIHe IIapaMeTphbl yaapHoro B3auMojieiicteus Test. OCOBEHHOCTh MOJIENIN €CTh YCTAHOBJIEHUE U3MEHEHUN
mapaMeTpoB BO BPEMEHH, YTO MO3BOJISIET MOIEIUPOBATH MPOIECC B PEXKUME HMCUMC/ISEMOrO IKCIEPUMEH-
ta. [IpuBenensl rpadudeckue 3aBUCUMOCTH U3MEHEHUsI KOHTAKTHBIX CHJI BO BPEMEHU, & TAK¥Ke IIPUMEPbI
M3MEHEeHHUs] KHHEMATHUKN sI0JI0OK IIPY HAYAJIbHBIX YIVIOBBIX M TAHME€HIUAJIBHBIX CKOPOCTSIX.

Karouesvie caosa: ymap, KOHTAKTHOE B3aMMOJIENCTBIE, s10JI0KO, KOHTAKTHBIE HAIpsxKeHns [epria, maTema-
THUYECKAsT MOJIE/Ib, NCUUCIISIEMbI SKCIEPUMEHT, KOI(DMUIMEHT BOCCTAHOBJIEHMSI.
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The development of the model of the intelligent system on the
basis of fuzzy sets for microclimate control of building

Nowadays, much attention is paid to the creation of favorable conditions for the health and work of people
and the microclimate in the design and further operation of buildings. It is necessary to investigate the
processes of forming a microclimate in the room to assess the comfort of the microclimate, as well as to
determine the required capacity of the equipment of engineering systems. Analytical research methods,
methods of mathematical and computer modeling are used as research methods. The methods of analysis
and synthesis of automatic control systems, mathematical apparatus of theory of fuzzy logic, the Matlab
software environment, the system of visual modeling Simulink, and the system for designing fuzzy systems
Fuzzy Logic Toolbox are used for research. The paper presents a model of the room, taking into account
the heat loss through the enclosing structures, the model of the air conditioner, the structure of the fuzzy
control system, the algorithm of its functioning, input and output variables of the fuzzy controller, the
composition of their terms, membership functions, the formed complete database of rules. On the basis of
research methods, the actual scientific and practical problem of developing an intelligent control system for
the formation of the comfort microclimate of the building is solved.

Keywords: intelligent system, building microclimate, simulation, fuzzy inference system, fuzzy logic, linguistic
rules, air conditioning system.

Introduction

The favorable microclimate is created by the building’s engineering systems, such as heating, ventilation
and air conditioning.

Using of computer simulation and the choice of an adequate microclimate model reduce labor costs in the
design of the above systems.

At present, in the domestic and foreign literature, a large number of articles are devoted to research models
and methods of microclimate control in buildings [1-15].

At the same time, there are no publications of scientists where research and development of a control system
would be conducted taking into account the characteristics of the room and all disturbing influences.

All microclimate control models are divided into three classes: white, black and gray box models [16; 225].

Analysis of the works of foreign authors showed that the most used models are models based on the comfort
index PMV/PDD (23 %), models based on fuzzy logic (22 %) and learning models (20 %).

The advantages and disadvantages of models of three classes are considered in the work [16; 226, 227].

Despite the shortcomings, the considered models have the ability to maintain thermal comfort in the
building. But the most effective for solving this problem is the use of fuzzy systems [17-19].

Cepusi «Maremaruka». Ne 4(96)/2019 109



L.Zh. Sansyzbay, B.B. Orazbayev

Fuzzy systems are suitable for maintaining microclimate parameters in both industrial and office premises,
for a number of reasons:

— the ability to control nonlinear systems with dynamically changing parameters, even in the absence of a
complete priori information about the control object;

— the use of expert knowledge in a particular subject area and their representation in the form of linguistic
variables that are close to human perception;

— tangible improvements in performance of control processes in the case of application of fuzzy controllers.

The purpose of this article is to research and develop the building microclimate control system based on
fuzzy logic (fuzzy logic is a branch of mathematics that is a generalization of classical logic and set theory, based
on the concept of fuzzy set), taking into account all disturbing influences and characteristics of room, as well
as its approbation (checking the adequacy of the system by conducting a simulation).

1 Development of Matlab model for fuzzy temperature control system in the room

Temperature control is one of the major factors influencing microclimate in both industrial and residential
buildings. Therefore, the modeling of the control system based on the fuzzy controller is tested on the basis of
the room temperature control loop.

This control loop consists of the following blocks (Fig. 1):

— Block «Set temperature» establishes the desired temperature in the room.

— Block «Fuzzy controller» represents a model of the fuzzy controller, which is formed using Fuzzy Logic
Toolbox package, designed specifically for constructing the fuzzy expert and / or control systems.

— Using «Room model» block, heat losses through constructions enclosing room are considered.

— Block «Conditioner Model». In buildings, the conditioner is installed, which can operate in two modes: a
heating or cooling.

The system operates in the following way: the difference between the set and the current room temperature is
provided to the input of the controller. Based on the generated base of rules, the controller provides an output
signal to the conditioner, which includes the heating or the cooling mode with the appropriate productivity
based on the error value.

Set + Fuzzy Conditioner

temperature controller model model

Room Current temperature

h 4

Figure 1. Temperature control loop block diagram
2 Determination and calculation of heat loss through the enclosing surfaces

Heat losses occur in the room through the walls, windows, ceiling and floor.
The following is the general formula for the calculation of heat loss:

Qheatloss = Qwalls + Qwindows + chiling + Qfloo’m

where, Qualis; Quindows, Qceiling, @ floor — heat loss through exterior walls, windows, ceiling and floor, respectively.

The premise with the following characteristics is taken as an example for the calculation of heat losses.

The premise is located on the first floor of the business center.

The dimensions of the premises:

— Length - 8 m;

— Width - 5 m;

— Ceiling height - 3 m.

The premise consists of two external walls, one of which has two windows with the following dimensions
(WxH): 1.45 x1.5 m and two internal walls, one of which has a doorway.
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Characteristics of exterior walls.

Exterior wall construction:

— brickwork with a thickness of 640 mm (thermal conductivity is 0,7 kcal/m-hour-°C);

— internal plaster with a thickness of 15 mm (thermal conductivity is 0,6 kcal/m-hour-°C).

Heat transfer resistance R;, for internal surfaces of walls, floors, as well as ceilings with a smooth surface is
0.133 m?-hour-°C/kcal. The heat transfer resistance for R, outer surfaces which are contacted with the outside
air (exterior walls) is 0.5 m2-hour-°C /kcal.

Window construction: plastic profile frame (heat transfer coefficient of plastic profile 0.2 W/m?2-°C), double
glazing (heat transfer resistance coefficient 0.51 m2-°C/W, heat transfer coefficient 1.96 W/m?2-°C).

Heat losses through the wall are determined according to the expression [20]:

Qwalls = kwalls : Swalls . (tln - tout)a

where, Quaus — heat loss through exterior walls, kcal/h; kyqus — heat transfer coefficient of the wall,
keal /m2-hour-°C; Syaus — an area of the wall, m?; ¢;,- internal temperature of the room, °C; t,,; — outside
temperature, °C.

Heat transfer coefficient of the wall ky,q 5 is calculated by formula [21; 55]:

kwalls = 1/RC?

where, R, — heat resistance of enclosure construction m?-hour-°C / kcal.
Since the wall is a multilayered enclosure, the value R, is determined by the formula [21; 55]:

R.=Rip, +R1+ Ra + "'REZL’7

where, R;,, — heat resistance at the inner surface of the enclosure; R, Ro — thermal resistance of the individual
layers of enclosure; R., — heat resistance at the outer surface of the enclosure.
Thermal resistance of homogeneous enclosure or layer constituting the multilayer enclosures is calculated
by the formula [21; 32]:
R=46/\
where, § — layer thickness, m; A — thermal conductivity of the material, kcal / m-hour-°C.
Applying formulas 3 and 4, the heat transfer resistance of external walls is calculated:

R.=0.133+0.015/0.6 + 0.64/0.7 4+ 0.05 = 1.12m?2 - hour - °C/kcal.
Heat transfer coefficient of exterior walls:
Ewaits = 1/1.12 = 0.89kcal /m? - hour - °C.

1 kecal = 4.19 J, then kyq1s=3730 J/m?-hour-°C.

Heat transfer coeflicient of the ceiling and floor are calculated similarly heat transfer coefficient of exterior
walls.

Heat loss through the window openings are determined according to the expression [20]:

Qwindows = kwindows : Swindows : (t’L’ﬂ - tout)a

where Quindows — heat loss through windows, W; kyindows — heat transfer coefficient of windows (W /m?2-°C);
Swindows — the area of windows, m?.

The heat transfer coefficient of windows ky,indows calculated by the following formula [22]:

3 . k‘nggl + kaf
windows — Tv

where k,; — heat transfer coefficient of the glazing unit, W/(m?.°C); S,; — glazing area, m?; ky — heat transfer
3

coefficient of frame (plastic profile), W/(m?-°C); S; — frame area, m?; S; — window area, m?.
The heat transfer coefficient of windows k. indows:

1.96 - 1.5525 + 0.2 - 06225

windows — = 1.4 2.0 .
Fwind 2.175 6W/m”-°C

The heat transfer coefficient of two windows kwindows= 2.92 W/(m2-°C);
1 W = 3600 J/hour, then kyindows = 10512 J/m?-hour-°C.
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8 Development of fuzzy controller for temperature control loop in the room

Input variable of fuzzy controller is the difference between set and current temperatures. The output
parameter is the corresponding signal to the actuator of conditioner. Terms and data for constructing membership
functions of the input and output variables are presented in Tables 1, 2.

The structure of the model of the fuzzy controller is shown in Figure 2.

112

Terms of variable «Temperature difference»

No. | Name of the term Designation of the term Range, °C
1 | Negative Big NB from -22 to -9
2 Negative Middle NM from -14 to -4
3 | Negative Small NS from -9 to 0
4 | Zero Z from -4 to 4
5 | Positive Small PS from 0 to 8
6 | Positive Middle PM from 3 to 13
7 | Positive Big PB from 8 to 17

Terms of variable «Heater (Cooler)»

No. | Name of the term Designation of the term | Range, %
1 | Stop ST 0
2 | Low Power LP 0-30
3 | Average Power AP 30-60
4 | High Power HP 60-100

Table 3 shows the formed base of rules.

The rule base of fuzzy temperature control system in the room

If the temperature

No. difference is important Then the conditioner is operating in the mode of
cooling heating

1 | Negative Big At full power Off

2 | Negative Middle At average power Off

3 | Negative Small At low power Off

4 | Zero off Off

5 | Positive Small Off At low power

6 | Positive Middle Off At average power

7 | Positive Big Off At full power

Table 1

Table 2

Table 3
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4 Fuzzy Logic Designer. fuzzy - O
File Edit View
. /
heater
rameen \ /XX\

aircond itioner
FIS Name: fuzzy FIS Type: mamdani |
And method min || Current Variable
Or method s « ||| Name error

: in
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Figure 2. The structure of the model of the fuzzy controller

At the next stage, the verification of the adequacy of the developed control system based on a fuzzy controller
for temperature control loop have produced in Simulink package in Matlab software environment (Fig. 3).

nponzEATRNsHOCT:

HoHTyIHEDS
Display3
E D=pert
Dispess 351209

Dispisy!

1243405

Dispisy2

Figure 3. The fuzzy microclimate system for temperature control loop

Set temperature of Tset = 18 °C is defined for modeling. According to the simulation results, the temperature
difference is equal to 0.2823 °C. In response to this difference, the controller initiates a control signal to the
conditioner for turning on the heating mode with performance of 10.3% (Fig. 4). This scenario indicates that
rule Ne 5 is implemented, when the error has a positive small value (it is slightly cold in the premise), it is
required to turn off the cooling and turn on the heating at low power. The modeling results show that the fuzzy
controller is suitable for maintaining microclimate parameters at the required level (Fig. 5).
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Figure 4. The value of the control signal for 0.2823°C temperature difference
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Figure 5. Plot of current temperature based on simulation results
Main result

The research has produced the following results, which have a scientific and practical importance:

1. The analysis of the microclimate control models has performed.

2. Heat loss through the enclosing surfaces (walls, windows, ceiling and floor) of the room have calculated
in the article.

3. The model of fuzzy controller has developed using Fuzzy Logic Toolbox package.

4. The simulation of developed control system taking into account the characteristics of the premise has
conducted in Simulink package of Matlab software environment.

5. The research results have demonstrated that the developed intelligent microclimate control system of
buildings based on the fuzzy logic ensures the maintenance of microclimate parameters (temperature) at the
required level.
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The further researches in this direction refer to the exploring the possibility of using a fuzzy controller to
optimize the performance of various climatic equipment (heater, humidifier, fan plants, etc.).
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JI.2K. Cancoi36ait, b.b. Opazbaen

FumaparThlH MUKPOKJIMMATHIH NHTEJJIEKTYAJIJIbI DacKapy >KYyieciHiH
MOJIeJIIH afiKbIH eMecC >KUbIH/Iap TeOPUAChl HeTi3iH/ae Kypy

Kasipri Tanma ruMapaTThl 2K00aj1ay *KoHe OJIaH opi maiiajgany Ke3iHae aJaMIap/IblH JeHCAYIbIFbl MEH XKY-
MBICHI VIIIIH KOJIAMJIBI Karaail kacayra, MUKPOKJINMATKA YJIKEH KOHiI Oesinemi. MUKpPOKINMATTHIH, yKali-
JIBLIBIFBIH Oarajiay, COHIal-aK MH2KEHEPJIIK Kyhesiep »KaOAbIKTaPbIHBIH KAXKeTTi KYMBIC KyaThIH aHBIKTAY
VIIiH yi-KaiIapIbiH MUKPOKJIUMATBIHBIH, KAJIBIITACY IPOIECTEPIH 3€PTTEY KAKET. 3ePTTEY 9iCTePi peTiH-
Jle AHAJUTUKAJIBIK, MAaTEMATUKAJIBIK, KOHE KOMIIBIOTEPJIIK MOJIEIbALY 9iCTEP] KOJIIAHBLIIBI. 3€PTTEY KYP-
risy yIiiiH aBTOMAaTThI OacKapy »KyiesiepiH Tajjgay »KoHe CHUHTEe3JIey 9JIiCTepi, aHbIK eMeC JIOTHMKa TEOPUsi-
CBIHBIH MaTEMATHUKAJBIK anmapaTthbl, Matlab konnanbansr 6armapaamanap makeri, Simulink Busyasbabr Mo-
JIeabey i rpadukaibik, kyiteci, Fuzzy Logic Toolbox anbIk emec kyitenepin 93ipseyre apnaaran xKyiteci
KOIaHbLIbL. 2KyMbIC 6aphIChIHIA KOPIIAY KOHCTPYKIMSIAPHI apKbLIbL KBTIy IIBIFBIHBIH €CKEPeTiH Yii-
JKail MojtesTi, KOHIUIMOHEP MO, backapy »KYHeciHiH KypBIIBIMbI, OHBIH YKYMBIC iCTEY aJTOPUTMI, aHBIK
€MeC PETTETIIITiH Kipic KoHe MIBIFBIC ATHBIMAJIBLIAPDI, OJIAP/IBIH TEPMAJIAPBIHBIH KYPaMbl, THICTUTIK QyHK-
IUsIapbl aHBIKTAJIFAH, epeKeIePIiH TOJIBIK 6a3achl KAJIBIITACKAH. T€OPUSIIbIK, 3€PTTEY, MATEMATHKAIIBIK,
2KOHE KOMITBIOTEPJIIK MOJIEJIIEY »KYPri3y HOTHUKECiHJe YH-2KalaapablH MUKPOKJIUMATHIH WHTEJJIEKTYAJ I bl
backapy Kyiieci alKbIH eMeC JIOTHKa 6a3aChIH/1a KYPBUIBII, Ka3ipri TAaHJAFbl ©3€KTi FHLIBIMA-MPAKTHKAJIBIK,
Mocesesiep iy, 6ipi e,

Kiam cesdep: MHTEIEKTYAIBIK, OAKbBLIAY KYiieci, FUMapaTThIH MUKPOK/JIMMATHI, AfKbIH €MeC KOPBITHIH-
Jplay »Ky#eci, aifKbIH eMecC JIOTUKA, JUHIBUCTUKAJBIK epexKesep, KOHIUIIMOHepJIey »Kyieci.

JI.ZK. Canceiztaii, b.b. Opasbaes

PazpaboTka Mogeinm MHTENJIEKTYAJIbHOI CUCTEMbI YITPABJICHUS
MUKPOKJINMATOM 3JaHUS HA OCHOBE TEOPUHN HEYETKUX MHOYKECTB

Ha ceromgusimumit 1eHb pr TPOEKTUPOBAHNN U JAJTBHEHITIEH SKCILTyaTaIlny 3aHMi OOJIBIIIOe BHUMAHE Y/Ie-
JISIETCsI CO3/IaHUIO OJIATONPUSITHBIX YCJIOBUN JIJIs 3JI0POBbs U PabOTHI JIIOJEH, MUKpOKIuMaTa. s oneHkn
KOMQOPTHOCTH MUKPOKJIUMATA, 8 TaKKe OMpeIe/IeHust TpeOyeMoil MOITHOCTH paboThl 000PYA0OBAHMST MHKE-
HEPHBIX CHUCTEM HEOOXOIMMO UCCJIEIOBAHKE TIPOIECCOB (POPMUPOBAHKSA MUKPOKJINMATa B IOMeIeHnn. B Ka-
YecTBEe MEeTOJIOB MCCJIeJOBaHMUs IIPUMEHEHbl aHAJUTUYECKNEe MEeTO/Ibl MCCJIeJOBAHUs, MeTOJbl MaTeMaTHude-
CKOI'0 M KOMITBIOTEPHOI'O MO/JIeJIMPOBaHus. JIjis IpOBEIeHNsT NCCIIETOBAHUI UCIIOIb30BAHBI METO/IbI AHAJTH3A
¥ CUHTE3a CHUCTEM aBTOMAaTHYECKOI'0 YIIPaBJIeHUsd, MaTeMaTHIeCKNH alapaT TeOPUHU HeYeTKOI JTOTUKH, Ia-
KeT IpUKJIaIHbIX nporpamm Matlab, cucrema BusyasibHOro Mofemposanusa Simulink, cucrema a1 paspa-
6orku HeueTKux cucreM Fuzzy Logic Toolbox. B pabore mpescrapieHa MOJIEIb MOMEIIEHHUsI, VIUTHIBAIOIIAST
TEIJIONIOTEPU Yepe3 Orpazkaalolline KOHCTPYKINU, MOJIeIb KOHJUITMOHEPa, OIpeesIeHbl CTPYKTypa HedeT-
KOIl CHCTEMBI YIIPABJIEHUS, JITOPUTM ee (DYHKIITMOHUPOBAHUS, BXO/IHBIE U BBIXO/IHBIE TIEPEMEHHDBIE HEYETKOI'O
peryJsisitopa, CoCTaB WX TEPMOB, (DYHKIUI TPUHAIIEXKHOCTH, cchopMUpOBaHa MmoTHast 6a3a mpasumi. Ha oc-
HOBAHWUU TPOBEJIECHUS TEOPETUIECKOTO UCCIIEIOBAHNA, MATEMATIIECKOTO N KOMIIBIOTEPHOT'O MOAETUPOBAHUT
pellleHa aKTyaJibHasl HayIHO-IIPAKTHIECKas 3a/1a4a Pa3pabOTKM UHTEJJIEKTYAJIbHOW CHUCTEMBI yIIpaBJICHUS
nporeccaMu (POPMUPOBAHNS MUKPOKJIMMATA TIOMEIEHN, peajn3yeMoil Ha 6a3e Teopurn HEYETKON JIOTUKU.

Karoueswie crosa: UHTEJUIEKTYaJIbHasd CUCTEeMa, MUKPOKJINMAT 3JaHud, CUCTEeMa HEIEeTKOI'O BBIBOJIa, HEYET-
Kasl JIOTUKa, JJUHI'BUCTUYECKHE IIpaBUJla, CUCTEMa KOHJIAUITUOHUPDOBAHUA.
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Development of neural network models for
the analysis of infocommunication traffic

This article discusses the problems of today’s infocommunication networks, the basis of which are multiservice
networks serving all types of traffic, presented as a set of IP packets. The characteristic features of this
traffic are analyzed, each of which is oriented to a certain class of services. The knowledge gained as a result
of ongoing traffic research is an essential factor for increasing the effectiveness of decisions made in various
fields of the telecommunications industry. The need for knowledge of the nature of traffic circulating in
the network and the laws of its behavior is revealed and substantiated. Without this, it is impossible to
effectively manage networks, develop solutions for their development, ensure network security and maintain
the required level of quality. Despite the large number of works about building multi-service networks,
a number of issues require further study. Analysis of traffic studies of modern converged, multiservice
networks showed the lack of knowledge about its nature and laws of behavior, given the high variability
of its characteristics. Thus, it can be argued that the parameters of the studied traffic are statistical,
probabilistic in nature, can vary randomly over time and, accordingly, based on the study, the author
proposes a study using statistical analysis methods. To study traffic, you should use the tools of probability
theory and mathematical statistics.

Keywords: infocommunication networks, neural networks, multiservice traffic, probabilistic traffic characte-
ristics, mathematical traffic models, multimedia services, multiservice traffic, neural network technologies,
studied distributions, traffic classifications, information objects.

Introduction

Artificial neural networks being, although very primitive, but still, being an analog of the principles of the
human brain are used to solve those problems that are unknown how to solve. To solve these problems, there
is no finite or approximate solution algorithm that can be expressed by an equation or a block diagram. These,
in particular, include recognition and recognition of speech and images, as well as complex forecasting tasks
carried out with a limited set of known input data, analysis of big data, i.e. such tasks that are solved by a
person «unconsciouslys. Such tasks include the tasks of studying telecommunications traffic.

Previous studies in [1-3] confirmed the earlier hypothesis about the stability of the distributions of the
probability characteristics of traffic generated by typical information objects, such as student campuses, office
centers, sports and entertainment facilities, etc.

Since the traffic of these objects is, in the probabilistic sense, stable in nature, its characteristic features
can be described by certain models that can be used in the construction and development of communication
networks focused on specific typical traffic sources.

Thus, there is reason to believe that network traffic generated by various information objects will have
distinctive features of the probability distributions of the corresponding traffic characteristics. Accordingly, as
one of the directions of the study of infocommunication traffic, one should single out the classification of the
probability distributions of its characteristics.

The use of neural networks for the analysis of infocommunication traffic

An analytical review of modern scientific and technical literature in the field of infocommunications showed
that the most widespread in works devoted to traffic approximation, approximation of observed distributions, as
well as the construction of mathematical traffic models, were such types of distributions as: Poisson distribution,
normal distribution, Weibull distribution, Pareto distribution and hyperexpo-nential distribution.
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In multiservice networks, mathematical models of traffic flows from the simplest Poisson to the complex
model of fractal processes can be used.

The advent of pervasive sensor networks, the Internet of things, NGN networks, and other technologies
complicates the dynamic processes that occur in information and communication networks. Multimedia services
(video streaming, interactive games, etc.) are gaining more and more popularity as compared to classical
communication services.

Three main types of traffic can be distinguished [4]:

1. Homogeneous traffic in monoservice networks. Representatives of this type are telephone networks that
provide only voice communication services; in most cases, this traffic corresponds to an elementary Poisson
stream model. This model has been widely used in information distribution systems such as switched telephone
networks. The description of flow models in classical telephone networks was mainly carried out on the basis
of an ordinary flow without aftereffect, obeying the family of Poisson distributions [5]. The widespread use of
the Poisson stream is due, in particular, to one of its essential properties - the additivity property - the sum of
Poisson flows is also a Poisson stream.

2. Heterogeneous traffic in multiservice networks. The nature of this traffic is determined by the wide
range of services provided and the integrated characteristics of the multiservice network. This type of traffic is
characterized by increased unevenness.

3. Multiservice traffic in packet networks. Traffic of this type is heterogeneous and even more different from
the Poisson stream. A single network is used to transmit streams of various services, but traffic sources differ in
data transfer speed, type of traffic generation and transmission. Such flows are characterized by «burstinesss,
which causes even greater traffic unevenness.

Thus, packet switched multiservice networks traffic is already significantly different from Poisson stream.
Multiservice traffic has non-stationary properties and is described by heavy-tailed distributions. Such type
of distributions, including the phenomenon of long-term dependence, are signs a large number of popular
IP applications correspond to slowly decaying distributions, for example, some studies show that VoIP is
characterized by Pareto distribution, FTP / TCP traflic is characterized by Weibull distribution or lognormal
distribution, and HTTP / TCP is characterized by lognormal distribution or Pareto distribution [6].

The Weibull and Pareto distributions are examples of slowly decreasing dependencies. Due to the large
dispersion value, these distributions are characterized by certain computational difficulties, because of the need
to consider large amounts of static information [7].

As you know, classification issues are effectively addressed using neural network technologies. Consider the
possibility of using neural networks to classify the main typical probability distributions.

The analysis of neural network models determined the choice for further studies of a multilayer network
with direct signal propagation.

There are various software tools for implementing neural networks: Matlab, Python, RStudio, C ++, etc.
At the previous stage of the study, the Matlab software package was chosen as a tool for working with neural
networks [8-10]. It provides a convenient graphical interface and contains most of the necessary built-in functions,
however, experience with the package showed its lack of speed with an increase in the amount of input training
effects. Therefore, the programming language Python was chosen as a platform for implementing a neural
network.

Python provides the ability to select a neural network model, flexible parameter settings, as well as various
implementation options for activation functions and learning algorithms. The disadvantage of this toolkit is
the lack of a graphical interface. Another advantage of the Python programming language is the availability of
various libraries for modeling neural networks [11, 12].

In this work, the PyBrain library is selected as the Python library for performing operations with neural
networks. PyBrian is a modular library designed to implement various machine learning algorithms in Python.

To initialize a neural network in PyBrain, the net = buildNetwork (layers, options) function is used. This
function creates a network consisting of the number of layers and neurons in them required by the developer.
The layers argument indicates the number of neurons in the layer, and enumerating multiple values with a
comma specifies the number of layers. The options argument is a variety of options that you can configure when
creating a neural network. For example, you can set your own activation function for the output and for each
of the hidden layers.

The training set for a neural network is set by the function ds = SupervisedDataSet (inp, target). The inp
parameter is responsible for the data that will be input to the neural network. The target parameter is the
target neural network training vector, i.e., the vector of those values that the neural network should produce
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for a given set of input values. The advantage of the PyBrain library is the ability to create data for training a
neural network using both the Python programming language and load previously created values from a file.

The neural network learning algorithm is defined by the function corresponding to the name of the algorithm.
In this paper, we study the training of a neural network using the error back propagation algorithm, and it is
specified in this environment by the function trainer = BackpropTrainer (net, ds). The net argument is a link to
the network in the form of the previously declared network name, which must be trained using this algorithm.

The neural network training is initialized using the trainer.train function, where the trainer is a link to the
previously specified training algorithm. Calling the train method performs one iteration (era) of training and
returns the value of the quadratic error. In order not to organize a cycle for passing through each era, there is a
training network function for convergence - trainer.train Until Convergence (ds, maxEpochs). The ds argument
indicates which data to use as the training set. The maxEpochs argument allows you to limit the number of
iterations during which the neural network will be trained. Regulation of this argument reduces the training
time of the neural network. If continuing training using initial vectors will worsen the approach to verification
vectors, then network training will stop earlier. The functional toolkit of the PyBrain library also allows you to
set the value of the target learning error and control the learning speed.

After the training of the neural network is completed, you can begin to test it. To test a neural network, you
must use the previously described function SupervisedDataSet (inp, target) to specify the data that must be
supplied to the input of the neural network, as well as the values of the target vector that should be obtained at
the output. If the target vector for the test data is not known, it must be filled with zeros by default. Similar to
the training sequence, you can create data for testing a neural network using the Python programming language
or load previously created values from a file.

Neural network testing is initialized using the trainer.testOnClassData (ds) function. The ds parameter in
this function indicates the data set on which to test. If this parameter is not specified, then by default testing
is performed on the data used in training the neural network.

Building a neural network architecture

The problem of traffic classification that we are solving consists in assigning the investigated real traffic to
one of the known probability distributions. To do this, you need to create a neural network that can identify
the correspondence between the parameters of the input data and the known probability distributions, i.e. with
a given certainty will ensure the formation of the output signal corresponding to a certain distribution law.

Let us turn to the traffic statistics of one of the typical information objects, on the basis of which there was a
selection of parameters for study [10]. His analysis showed a significant predominance of TCP traffic. Therefore,
at this stage, for further research, the following parameter was selected that characterizes TCP traffic - the
duration of TCP sessions. It is also interesting because it to some extent represents an analogue of the duration
of connections of traditional telephone networks, which provides the basis for future comparative analysis. The
statistics used in this work contained information about TCP sessions, the overwhelming number of which did
not exceed 3000s in duration.

It is known that to select the architecture of a neural network, it is necessary to determine the number of
hidden layers and the number of neurons in each layer, the size of the input and output vectors, and in addition,
select the activation function. A vector, in accordance with the terminology adopted in neural networks, is
understood as a set of data supplied to or received from the input of a neural network.

The studied traffic mainly contained TCP sessions, the duration interval of which ranged from 0 to 3000 s.
At this stage of the study, this interval [0: 3000] was divided into uniform segments with a step of 60, which
allowed the formation of samples containing 51 values (one from each segment). As a result, it was assumed
that the dimension of the input layer of the neural network contains 51 neurons.

An assumption was made that all considered samples have the same values of mathematical expectation
and variance, corresponding to the nature of the TCP sessions of the analyzed traffic approximated by ideal
distributions. The values of each distribution determine the number of TCP sessions from 0 to 3000 s in
length, provided that they are approximated by these distributions. Therefore, 51 values of each of the studied
distributions, which will form the input vector, should be fed to the input of the neural network. In fig. Figure
1 shows graphs of the studied distributions.
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Number of TCP sessions

Duration of TCP sessions

Figure 1. Graphs of the studied distributions

The output of a neural network determines which of the five commonly used distributions the input data
have the most correspondence, based on which five neurons were involved in the output layer. Fach of the
neurons of the last layer is associated with an output that «encodes» the distribution. The assignment of the
input sample to the corresponding distribution law is performed with the initially specified reliability. To verify
the effectiveness of the proposed neural network architecture and search for an acceptable design option, the
number of hidden layers and the number of neurons in them were changed [13, 14].

During testing, 100 experiments were conducted for each of the distributions. By one experiment is meant
the input of a trained neural network (with a certain number of neurons and hidden layers, as well as with a
given volume of the training sample) of the input sample corresponding to one of the known distributions and
not included in the training sample. The result of each experiment was the value of the output vector, with a
given reliability, showing the distribution law, which corresponded to the sample submitted to the input of the
neural network. According to the results of all experiments, the proportion of successfully (correctly) recognized
distribution laws was determined according to the success criterion (Tables 1 and 2). The proportion of correctly
recognized distribution laws was estimated by assigning the resulting sum of successes to the total number of
experiments.

Table 1

The number of input samples successfully recognized by the neural network, %

Number of hidden layers
1 | 2 \ 3 \ 4
The number of neurons in the hidden layer
1 2 314 |5 6 7 8 9
10 {20 | 30 | 40 | 20, | 30, 40,
The number of 10 | 20, 30,
training samples 10 20,
10
1 000 01010 0 0 0 0
. o 10 000 1] 3| 3 3 16 | 26 28
Poisson distribution 50 000 15 716 [ 19 15 53 130 33
30 000 2011914 19 33 | 29 32
1 000 0010 0 0 0 0
o 10 000 0010 0 0 0 0
Normal distribution 20 000 33120 53] 32 |98 |99 | 07
30 000 60 | 68 | 84 | 83 97 | 97 97

Cepust «Maremarukas. Ne 4(96)/2019 121



Sh. Seilov, V. Goykhman et al.

1 2 3| 4 5 6 7 8 9

1 000 0 0] 0 0 0 0 0

. o 10 000 5 5 5 5 6 5 8
Weibull distribution 50 000 5 5 B 5 6 5 3
30 000 6 6 5 6 5 6 7

1 000 0 01| 0 0 0 0 0

o 10 000 0 010 0 0 0 0

Pareto distribution 50 000 5179 120 10 5 49 11
30 000 37 | 28 | 44 37 29 | 22 43

The neurons in the layers were interconnected according to the principle of «each with each». All connections
of two neurons were assigned a weight coefficient, which was then corrected by the network during training.
In hidden layers, the sigmoidal activation function was used, and in the output layer, the softmax activation
function was used. The training sequence was formed from 30 thousand vectors of each of the distributions. The
values for them were calculated on an argument taken randomly from the interval [0: 3000].

Table 2

The number of input samples successfully recognized by the neural network, %

Number of hidden layers
1 | 2 | 3 ] 4
The number of neurons in the hidden layer
10203040 20, 30, 40,
The number of 10 20, 30,
training samples 10 20,
10
1 000 56 | 55 | 55 | b5 55 58 56
Hyperexpo-nential 10 000 54 | 58 | 53 | 53 57 63 62
distribution 20 000 65 | 62 | 62 | 41 52 62 60
30 000 53 | 65 | 57 | 60 63 60 63

During the study, it was found that an increase in the hidden layers or neurons in them leads to an increase
in the recognition quality of not all distributions [15]. However, an increase in the training sample significantly
increases the likelihood of correct recognition of some distributions supplied to the input of the neural network.

Based on the above experiments, the following neural network architecture was chosen: 51 neurons in the
input layer, two hidden layers with 20 and 10 neurons, one output layer with five neurons (Fig. 2).
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Figure 2. Architecture of the studied neural network
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Training Sample Adjustment

It was found that a neural network constructed and trained in the presented way cannot accurately recognize
all types of distributions. The values of many of the studied distributions are mainly contained in the interval
[0: 300] and have a long «tail» of significantly lower values. With a uniform choice of x from the domain of
definition of values characteristic of each distribution, it turned out insufficiently, as a result of which the neural
network could not reveal the distinctive features of all [16]. As a result, the training sample was formed in
such a way that a larger number of x values were concentrated on the interval [0: 300], near the mode of the
corresponding distribution, and the remaining one was evenly distributed outside it randomly.

Table 3 presents the results of testing a neural network when vectors of constructed distributions that
were not included in the training set were fed to it. For each distribution, 100 experiments were performed. In
each experiment, the correspondence of the value of the output vector was determined, which determined the
distribution law recognized by the network and the given distribution law of the input sample applied to the
input of the neural network. According to the results of all experiments, the proportion of successful tests was
determined [17].

Table 3

The number of input samples successfully recognized by the neural network, %

L. . Number of training sequences
Distribution
30 000 | 50 000 | 70 000 | 100 000
Poisson distribution 76 84 78 81
Normal distribution 100 100 100 99
Weibull distribution 94 92 93 93
Pareto distribution 99 99 99 99
Hyperexponential distribution 100 100 100 100

From Table 3 it follows that the network recognizes the normal distribution, Pareto distribution and
hyperexponential distribution as follows. The probability of successful recognition for the normal distribution
is about 0.97, for the Pareto distribution — 0.99 and for the hyperexponential distribution — 0.99.

It is important that, compared with the results shown in Tables 1 and 2, the share of recognized Poisson and
Weibull distributions significantly increased. Consequently, the hypothesis of the necessity (in the formation of
training samples) of the prevailing use of argument values gravitating to the mode value of the corresponding
distributions is confirmed.

Conclusion

The obtained results prove the possibility of creating a neural network that can solve the problem of assigning
the distributions of the values of the parameters of real traffic to one of the known probabilistic distributions

Thus, it was found that a network with 2 hidden layers, 20 neurons in the first hidden layer and 10 neurons
in the second hidden layer will be sufficient architecture for recognizing the given distributions. In hidden layers,
the sigmoidal activation function was used, and in the output layer, the Softmax activation function was used.

It was also revealed that an increase in the hidden layers or neurons in them leads to an increase in the
recognition quality of not all distributions. However, an increase in the training sample significantly increases
the likelihood of correct recognition of the distributions supplied to the input of the neural network.

When testing a neural network, it was noted that the quality of recognition of distributions by a neural
network is affected not only by the size of the training sample, but also by its composition. In the course of
the experiment, the hypothesis was confirmed that with a uniform choice of x from the domain of definition
of values characteristic of each distribution, the neural network could not reveal the distinctive features of all.
Correction of the training sample so that a larger number of x values are concentrated near the mode of the
corresponding distribution, and the remaining one is evenly distributed outside it randomly, thereby increasing
the stability of correct recognition.

Based on the results of the analysis of models of neural networks, and also taking into account the fact
that the data processed during the analysis of teletraffic, firstly, do not have a very high dimension, secondly,
the input vector fully describes the process under study, and thirdly, the main predicted task of the proposed
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analysis is a classification - it should be concluded that the preferred use in further studies of multilayer neural
networks with direct signal propagation.
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NuadokoMMyHNKaMUAIbIK TPAMUKTI TaIgay YIMiH
HEeNPOHABIK, >KeJIIHIH MOoJdeJbIePiH XKacay

Maxkanana [P makerTep >KUBIHTBIFBI PETIHIE YCHIHBLUIFAH, TPAMUKTIH O6ApJLIK TYpiHE KBI3MET KOPCETETiH
MYJIBTUCEPBUCTIK 2KeJtijiep 60JIbIT TabbLIATHIH Ka3ipri HHMOKOMMYHUKAIUAIBIK, KeJIJIepIiH Mocesesrepi Ka-
pacThIpbLIIbL. TeleKOMMYHUKAINAIIBIK, KeJijlep »KUBIHTBIFBL VIIH OChl TPAMUKTIH CHIAaTTaMaJapbl TaJl-
JAHJIBI, OJIAPIIBbIH OPKAMCHICH Gerisi 6ip KhI3MeT TypiHe OarbITTasfaH. 1padukTi 3epTTey HOTHKECIHE
aJIBIHFAH O1JIIM TeJIEKOMMYHUKAIUs CAJTAChIHBIH OPTYPJIi CaJIaJIapblHIa KAObLIIAHATHIH eI MIep/IiH THIM-
JUJITH apTTHIPY/IbIH, MaHbI3IbI (aKTOPbI 60N Tabblaaabl. 2Kesimxeri TpaduKTIH CUIaTBl MEH OHBIH, 3aH-
JBLTBIKTAPBIH 01Ty KaXKeTTLTIr aHbIKTAIALI KoHe moseaaeHai. OHch3 xemimepai TriMal 6ackapy, omapiabl
JaMBITY YIIH IIenrMIep 93ipJey, KeJIiHiH Kayilci3irin KaMTaMachl3 eTy »KoHe KaKeTTi calla JdeHreilin
ycTan Typy MYMKiH eMec. MysibTucepBuCTiK 2KeJtijiep/ii casly OOMBIHINA *KYMBICTAP/bIH KOITIriHe KapaMac-
TaH, OGipKaTap Mocesesep KOCBIMINA 3ePTTEY/l KAXKeT eTe/ll. 3aMaHayd KOHBEPTreHTTI TPadUKTi, MyJIbTH-
CEPBUCTIK KeJIJIepi 3ePTTey HOTUKECIHIE OJIaPbIH, CUIATTaAMAaJIAPBIHBIH »KOFaphl ©3TEPIillITIiTiH eCKepCek,
OHBIH, TAOUFATHI TypaJibl OiaMenTiHiMI3aI KopcerTi. Kasipri »keminepain Tpadurine ke3eiicok, paxkTopaap-
JIBIH, KOIITIrl ocep ereri, OyJ OHBIH CHUMATTAMAJIAPBIH JETEPMUHAHT PETIHIE TaJIAay MYMKIHJITH KOKKA
mbrrapael. Ocbuiaiima, 3eprreserid TpadUKTiH mapaMeTpiiepi CTaTUCTUKAIIBIK, BIKTUMAJILI CUIaTTa 60-
JIATBIHBIH aiiTyFa 60JIaIbl XKOHE YAKBIT OTe Kejle Ke3JefiCOK e3repyi MyMKiH, COHIBIKTAH 3€PTTEY HeriziHe
aBTOP CTATUCTHUKAJIBIK TAJJAYy 9ICTEPIH KOJIJaHa OTHIPBIN 3epTTey Kypridyai yeeiHaabl. Tpadukri 3eprrey
YIIiH BIKTUMAJIIBIKTAD TEOPHUSICHI MEH MATEMATHKAJBIK CTATUCTUKA KYPAIJapbIH MaiilaiaHy Kepek.

Kiam ceadep: nHPOKOMMYHUKAIUSIIIBIK, YKeJTiIep, HEMPOHIBIK, YKeJiIep, MyJIbTHCEPBUCTIK TpaduK, Tpaduk-
TiH BIKTUMAJIbI CAIATTAMAIAPBI, TPAMUKTIH MATEMATUKAIBIK, MOIE/IbIEP], MYJIbTUMEIUSIBIK, KBI3METTED,
MYJIBTHCEPBUCTIK TpaduK, HEHPOHIBIK, TEXHOJIOTHSIAD, 3€PTTEJITEH TapaTyiap, TpaduKTiH KikTeaiMmaepi,
aKIapaTThIK 00bEeKTLIEp.

L. Cennos, B. Toiixman, M. Kacenosa, A. Ceitnos, /1. Iluarncos

Pazpaborka Mojesieilt HeiipOHHBIX ceTell AJIsd aHaJIn3a
MHAOKOMMYHUKAIIMOHHOIO Tpaduka

B crarpe paccmorpeHbl mpobIeMbl CErOMHSANIHUX MHMOKOMMYHUKAIMOHHBIX CeTell, OCHOBY KOTOPBIX CO-
CTaBJISIIOT MYJBTUCEPBUCHBIE CETH, OOCTyKUBaoIne TpapduK BCEX BUIOB, MPEJCTABJIEHHBI B BUIE COBO-
kymuaoctu [P-makeros. [Ipoanasmm3upoBanbl XxapaKTepHbIE OCOOEHHOCTH 3TOr0 Tpaduka /s Habopa ceTeit
TEJIEKOMMYHUKAIU, KaXKasi U3 KOTOPBIX OPUEHTHPOBAHA HAa OIPEJEJICHHBIN KJIACC YCIyT. SHAHUs, I10-
JIyJYeHHBIE B Pe3yJIbTaTe MPOBOIUMBIX WCC/IEIOBAHUN TpadUKa, SBISIOTCS CYIIECTBEHHBIM (DaKTOPOM JIJTst
MOBBIIIEHUsT JEHCTBEHHOCTH TPUHUMAEMBIX PEIIEHNIT B CAMBIX PA3JIUIHBIX OOJIACTIX TEJIEKOMMYHUKAITUOH-
HOI1 oTpaciu. BoisBiena u 060cHOBaHAa HEOOXOAMMOCTb 3HAHUS IIPUPOJBI IUPKYIUPYIOIEr0 B CETU TPa-
(dbuKa U 3aKOHOB €ro MOBeIeHNUsi. be3 5TOro HeBO3MOXKHO 3(MDMEKTUBHOE YIPABJIEHUE CETSIMU, BHIPAOOTKA
peliennii 1o uX pa3BUTHIO, OOECIIeYeHUe CeTEBOM GE30IMACHOCTH U MOJJEPKKA HEOOXO[IUMOT0 YPOBHS Kade-
crBa. Hecmorpst Ha 60s1bIm0€ 4mcsio paboT O HOCTPOEHNH MYJIBTHCEPBHUCHBIX CETE, PsiJi BOIIPOCOB TpedyeT
JajbHedero usyydenus. AHajau3 uCcae0BaHuii TpaduKa COBPEMEHHBIX KOHBEPIEHTHBIX, MYJIbLTUCEPBUC-
HBIX CeTell MOKa3aJl HeJOCTATOYHOCTh MMEIOIUXCsI 3HAHUN O €r0 IPUPO/Ie U 3aKOHAX TTOBE/ICHUS, YINTHIBAs
BBICOKYIO U3MEHYHBOCTD €0 XapaKTepucTuK. TpaduK COBPEMEHHBIX CeTeil TOABEPKEH BJIUSHUIO GOJIBIIIOrO
KOJIMYECTBA CIIYIAMHBIX (PAKTOPOB, UTO MCKJIIOYAET BO3MOXKHOCTH aHAJIN3a €r0 XapaKTEePUCTHK KaK Jie-
TEPMUHUPOBAHHBIX. TakuM 06pa30M, MOYXKHO yTBEDKIATH, YTO MAPAMETPhI UCCIEAYeMOro TpaduKa HOCIT
CTATUCTUYIECKU, BEPOSITHOCTHBIN XapaKTep, MOT'YT U3MEHSTHCS B T€YEHNE BPEMEHH CJIyYaiiHbIM 00pa3oM, u,
COOTBETCTBEHHO, HA OCHOBE IIPOBEJIEHHOTO MCCJIEIOBAHIS ABTOPAMH IIPE/JIOKEHO UCCIIEOBAHUE C UCIIOIb30-
BaHUEM CTATUCTUYECKHUX METOJOB aHaiu3a. g usydenus Tpaduka cieayer UCIOJIb30BATH MHCTPYMEHTHI
TEOPUM BEPOSITHOCTEH U MATEeMaTUIECKON CTATHUCTUKI.

Karouesvie caosa: nHPOKOMMYHUKAIIMOHHBIE CETH, HEHPOHHBIE CETH, MYJIbLTUCEPBUCHBIN TpadUK, BEpOsT-
HOCTBIE XapPAKTEPUCTUKH TpadUKa, MaTeMaTHIECKIe MOJIeJId TPadUKa, MyJIbTUMEIUNHbIE YCIIYTH, MYyJIbTH-
CEPBUCHBIH TpaduK, HEfpOCceTEBbIE TEXHOJIOTHH, UCCIEIyEMbIE PACIPEIETIeHNUsI, KIAaCCu(PUKAIUU TpaduKa,
UHGOPMAIMOHHBIE OOBEKTHI.
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Mathematical analysis of trend indicators
of Internet security resources cyber-diagrams
dynamics in the Republic of Kazakhstan

In the research the development of a mathematical model for predicting threats of information security of
Internet resources is carried out, which allows, based on the minimum amount of input data, to indicate
the dynamics of the development of possible threats in the life cycle of information systems, which may in
the long run be a reason for shaping the costs of preventing threats to information security.

Keywords: mathematical model, predicting of threats, information security, life cycle, internet resource.

The global tendency characteristic of the last decades of introducing the achievements of information and
communication technologies with a pace that is significantly ahead of the formation of a culture of their use, and
the rooting of social and industrial relations characteristic of the «information society», primarily in matters of
ensuring cybersecurity, also finds the confirmation.

New technologies, electronic services have become an integral part of our daily life. Given that, society is
becoming increasingly dependent on information and communication technologies every day, the protection and
availability of these technologies is becoming a critical moment and a very important topic for national interests.

Today, a necessary condition for the development of the information society is cybersecurity, which can be
followed by a virtually endless list of security problems and their solutions, ranging from technical to legislative.

Traditionally, the concept of security is viewed through the prism of three approaches: the absence of
threats, the security and stability of the system. It is obvious that the specific features of the development
of the information space make the approach based on the understanding of security as the absence of threats
irrelevant. In particular, in accordance with the interactive map of cyber threats of Kaspersky Lab, Kazakhstan
is in the top 30 countries by the number of tested cyber attacks, most often taking place in the corridor between
18 and 27 places [1|. Thus, it makes sense to evaluate information security in contexts of relative security and
the ability of the system to adequately respond to emerging challenges and threats, and minimize risks.

In world practice, as well as in the information segment of Kazakhstan, there is a steady trend of transferring
information assets to Internet platforms and the provision of cloud services. The control of privileged users is
one of the main tasks in relations with Internet service providers, software developers and technical support
specialists. Now information assets of business and government structures can be placed anywhere, they are
serviced by a large number of contractors scattered around the world, who, as a rule, are not responsible for
violation of information security.

Thus, Internet service providers, while performing work in their segment of an information system, may
accidentally or intentionally gain access to foreign systems, unauthorized launch applications or make confi-
guration changes. Therefore, it is extremely difficult to limit their actions at the level of network access to
applications by traditional means of delimiting and controlling access in information systems. In consequence
of this, recently decisions on the control of Internet users will continue to be highly demanded in information
systems, and this demand will increase every year.

In accordance with the international standard ISO / IE C 27001: 2005, information security incident
management is an important element in ensuring the continuity of an organization’s business processes [2].
Incident management is a process that is fed to the data received as a result of logging information about
events related to information security, and the process output is informed about the reasons for the incident
and measures that need to be taken to prevent the incident from happening again.

In general, incident management is a cyclical process, the main stages of which are represented by the
PDCA model (Plan-Do-Check-Act, continuous improvement model of processes). According to ISO 27001,
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the classical model includes four management stages: information security incident identification, information
security incident response, investigation, corrective and preventive measures.

It is during the response and investigation of incidents that the specific information system vulnerabilities
are revealed, traces of attacks and intrusions are detected, the operation of the protective equipment, the quality
of the information security system architecture and its management are checked. Also important is the existence
of procedures for analyzing and eliminating the consequences of incidents and taking corrective measures to
reduce the likelihood of such incidents recurring in the future.

Thus, there is an urgent problem of prompt response to emerging incidents. It is necessary to decide which
strategy out of the set of specific ones can be applied, or to determine that there is no suitable strategy and it
is necessary to work it out (Table 1).

Table 1

The number of cyber incidents registered in Kazakhstan that violate the information
security of users of Internet resources for the period from 2015-2017

Ne Incident Type Quantity in 2015 | Quantity in 2016 | Quantity in 2017 | Total
1 | Unauthorized access and
modification of the content
of Internet resources (website 088 1934 658 3180
defacement) / attacks on an
Internet resource

Note. Source: State Technical Service https://lsm.kz/kakie-banki-podvergalis-kiberatakam-v-2017-godu.

One of the promising areas of research for solving the problem of protection against cyber attacks on IP
is the creation of methods for predicting their intensity by means of mathematical methods of analysis [3-13].
Note that the intensity of cyber attacks is the total number of these attacks per unit of time. In the case of a
forecast that the intensity of cyber attacks on IP exceeds a certain predetermined value, additional measures of
protection can be taken, including, for example, a more in-depth intelligent analysis of traffic [14-20].

In recent years, an increasing interest of researchers in trend analysis and prediction of cyber attacks has
been observed [21-24]. This can be explained by the fact that trend forecasts make it possible to receive not
only forecasts of directly future events, but also characterizing their estimates.

An important method of stochastic predictions is the exponential smoothing method. This method consists
in the fact that a number of dynamics is smoothed with the help of a moving average in which the weights obey
the exponential law [25, 26].

A special feature of the exponential smoothing method is that the procedure for finding the smoothed level
uses only the previous levels of the series, taken with a certain weight, and the weight decreases as it moves
away from the point in time for which the smoothed value of the series level is determined. If for the initial time
series y1, V2, ¥3,- - -, Yn the corresponding smoothed values of the levels are denoted by S;, ¢t = 1,2,...,n, this
exponential smoothing is carried out according to the formula: S; = (I-a)yt + aS;—1.

Some sources give a different formula: S; = ayt+(1-a)S;—1, where & — smoothing parameter (0 < o < 1);
magnitude (1-a/) called the discount factor.

In practical tasks of processing economic time series, it is recommended (unreasonable) to choose the value
of the smoothing parameter in the range from 0,1 to 0,3. There are no other precise recommendations for
choosing the optimal value of the parameter a. In some cases, it is proposed to determine the value of o based
on the length of the series being smoothed: a = 2/(n+1).

As for the initial parameter Sy, then in tasks it is taken or equal to the value of the first level of the series
I'iy, or equal to the arithmetic average of the first few terms of the series. If, at the approach to the right end of
the time series, the values smoothed by this method with the selected parameter « begin to differ significantly
from the corresponding values of the original series, it is necessary to switch to another smoothing parameter.
The advantage of this method is that with smoothing, neither the initial nor the final levels of the smoothing
time series are lost. As Sy take the first value of the row, Sg = y; = 588 (Table 2).
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Table 2
Calculated parameters of the model equation
t y St Formula (v - Si)?
2015 | 588 588 (1 -0,3)*588 + 0,3*588 0

2016 | 1934 | 1530,2 | (1 -0,3)*1934 + 0,3*588 163054,44
2017 | 658 | 919,66 | (1 —0,3)*658 + 0,3*1530,2 68465,956
231520,396

Note. The table is based on the calculation.

Forecasting data using exponential smoothing:

The prediction methods called «smoothing» take into account the effects of the overshoot function much
better than the methods using regression analysis.

The basic equation is as follows:

S(t+1) = S(t)(1 - @) + a¥Y(t)

S(t) — this is a forecast made at a time t;

S(t+1) reflects the forecast in the time period immediately following the point in time t :

S(3+1)=919,66(1 — —0,3) + 0,3 % 658 = 841, 162.

Standard error (error) is calculated by the formula:

where i = (t - 2, t)

om By

The linear trend equation has the form: y = bt + a.

1. Find the parameters of the equation by the method of least squares:
The OLS system of equations takes the form:

an + byt =>y

ad t + by 2 = > y*t (Table 3).

Table 3
Calculated parameters in tabular form
t y t2 y2 ty
1 588 1 345744 588
2 1934 4 3740356 3868
3 658 9 432964 1974
6 3180 14 4519064 6430
Average value | 1060 | 4.667 | 1506354.667 2143.333

Note. The table is based on the calculation.

For our data, the system of equations is:

3a+6b=3180

6 a + 14 b = 6430.

From the first equation we express a and substitute in the second equation.

Get a = 990, b = 35.

Get the trend equation: y = 35 ¢ + 990.

Empirical trend coefficients @« and b are only estimates of theoretical coeflicients 3;, and the equation
itself reflects only a general tendency in the behavior of the variables in question.

Trend ratio b = 35 shows the average change in the effective index (in units of y) with a change in the time
period t per unit of measurement. In this example, with ¢ by 1 unit, y change on average by 35.
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Estimate the quality of the trend equation using the average relative approximation error.
A= vl iy o
n

The approximation error within 5 %7 % indicates a good selection of the trend equation to the source
data. 1 8502
A= ’Two% =61,97 %.
To determine the size of the error or accuracy of the forecast indicator Y calculate the coefficient of disparity
Teil formula:

E(yi—@z
Kr=-"—0==—;
Zyt
1145814
— 7 0,254,
T = roo6s - %

This indicator varies from 0 to 1. The closer its value is to zero, the better the prediction results.
Average values:

t= Zti = 9 =2;
n 3
; 1
Y= Zy = @:1060,
n 3
S tiy; 6430
ry = 2t 6430 o s 5333
n 3
Dispersion:
2 14
D(t) = 20 7 =" 22 =0,6667;
n 3
2 4519064
D (y) = Znyl T — - 10602 = 382754, 6667.

Standard deviation:

o (t) = /D(t) = \/0,6667 = 0,8165;
o (y) = V/D(y) = /382754, 6667 = 618, 6717.

Calculate the coefficient of determination:

R2—1_ Z(%-%)Q,

Sy -7
1145814
2 _ —_—_— =
R =1 oo =0,00213,

where in 0.21 % of cases, t affects the change y. In other words — the accuracy of the selection of the trend

equation is low.
To assess the quality of the parameters of the equation, we construct a calculation table (Table 4).

Table 4

Calculated parameters in tabular form

bty [y | Give)? | Gey®))? | (i-y(t) : v

1| 538 | 1025 | 222784 | 190969 0,743

2 | 1934 | 1060 | 763376 | 763876 0,452

3| 658 | 1095 | 161604 | 190969 0,664
3180 | 1148264 | 1145814 1,859

Note. The table is based on the calculation.
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2. Analysis of the accuracy of determining estimates of the parameters of the trend equation:
Dispersion error equation:

> (yi — yt)2

Sy =
Y n—m-—1

I
where m = 1 — the number of influencing factors in the trend model.

go_ 1145814

2 = 1145814.

Standard equation error:

Sy = 1/.5'%2, = V1145814 = 1070, 427;
12
Sy =8, Y 2

no
V14

S, = 1070, T 3o sTas — 1095104

S, 1070, 427

S, = = = 756, 906.
Vo, 0,8165v/3

Perform interval forecast and determine the standard error of the predicted indicator.
Uy = Yn+L + K;
where

b

1 3(n+2L-1)°
K=ty S, {14+ -+ 2=
Y \/+n+ n(n? —1)

L — lead period; y,+1 — point forecast by model on (n + L) moment of time; n — number of observations in
the time series; Sy — standard prediction error; Ty, — the tabular value of student’s criterion for the level of
significance a and for the number of degrees of freedom equal to n-2.

According to the student’s table we find Tq;

Tiapr (n-m-1;0/2) = (;) = 12,706.

Spot forecast, t = 4: y(4) = 35*4 + 990 = 1130.

1 2.1-1)°
K1:12,706-107O743-\/1++3(3+)

= 24831, 63.
3 3(32—1) ’
1130 — 24831,63 = -23701,63; 1130 + 24831,63 = 25961,63.
Interval forecast:
t = 4: (-23701,63;25961,63)
Spot forecast, t = 5: y(5)= 35*5 + 990 = 1165.
1 3(3+2-2-1)
Ky =12,706-1070,43 - /1 4+ - + ————————— = 32849, 16.
2 ’ \/ Tyt T aEo
1165 — 32849,16 — -31684,16; 1165 | 32849,16 — 34014,16.
Interval forecast:
t = 5: (-31684,16;34014,16).
Spot forecast, t = 6: y(6)= 35%6 + 990 = 1200.
1 3(3+2-3-1)
Ky =12,706-1070,43 - (/14 = + 22272727 2 _ 41551 27.
s \/ Tyt T aE o

1200 - 41551.27 = -40351,27; 1200 + 41551,27 = 42751,27.
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Interval forecast:
t = 6: (-40351,27;42751,27)
Spot forecast, t = 7: y(7) = 35*7 + 990 = 1235.

1 3(3+2-4-1)
K4 =12,706 - 1070, 43 \/1+3+ 532 1)
1235 — 50585,88 = -49350,88; 1235 + 50585,88 = 51820,88.
Interval forecast:
t = 7: (-49350,88;51820,88)
3. Testing hypotheses regarding the coeflicients of the linear trend equation:
1) t- statistics. Student criterion.
According to the student’s table we find T4
Tiapr (n-m-1;0/2) = (1;0,025) = 12,706.

= 50585, 88.

. a .
ta - 57111

t, = _35 =0,04624 < 12,706.

756, 906 ’ ’
The statistical significance of the coefficient a is not confirmed
—
Sy’
99035
b= 1635104 0,6055 < 12, 706.

2) F- statistics. Fisher Criterion.

Coefficient of determination:

_ R n—m-—1 ~0,00213 3—-1-1
S 1-R* m 1-0,00213 1

Find from the table Fkp(1;1;0.05) = 161,
where m — the number of factors in the trend equation (m=1).

Insofar as F < Fkp, then the coefficient of determination (and, in general, the trend equation) is not
statistically significant.

As a result of the study, the time dependence was studied Y from time ¢. At the specification stage, a linear
trend was chosen. Its parameters are estimated by the method of least squares. The statistical significance of
the equation is verified using the coefficient of determination and the Fisher criterion. It was found that in the
situation under study, 0.21 % of the total variability ¥ due to the change in the time parameter. It was also
established that the parameters of the model are not statistically significant. Economic interpretation of model
parameters is possible — with each time period ¢t value Y on average, increases by 35 units.

Thus, when creating an IP protection system to counter cyber attacks, in addition to implementing the
information risk management system, their information audit and analysis, it is necessary to pay attention to
predicting the intensity of cyber attacks.

As follows from the results of this work, interval forecasting of the intensity of cyber attacks on informatization
objects of critical infrastructures is an important practical task. Experimental studies of interval prediction
of cyber attack intensity by means of trend extrapolation methods with dynamic updating of the smoothing
parameter showed that the proposed approach has the best accuracy of interval prediction of a selected indicator
of cyber attack intensity.

F = 0,00214.
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B.K. [MTagxmerosa, III.E. Omaposa, B.I'. JIposs,

Kazakcran PecrnybimkachbIHIaFbl MTHTEPHET-KAYIMNCI3IiK
pecypCcTapbIiHbIH, KNOEp-AunarpaMmaJjiapbl AHHAMUKACHIHBIH,
YPIICTIK KOPCETKIIITEPIH MAaTEMATUKAJIBIK TaJaay

Maxkasiasia nHTEpHET-PECY PCTAP/IBIH aKITaPATTHIK KAYICI3Airine Kayin-KarepJiep/ii aJabH ajga 601Kay VImiH
MaTEeMATUKAJIBIK, MOJEJIb 931pJIeHreH, OyJI eHri3l/IreH JIepeKTepIiH eH a3 MeJIIIepiHe CyieHe OTBIPBII, aKIla-
PAaTTBIK, XKy#esaep/iid eMip/ikK IUKJIIHIe MYMKIH KayillTep/iH JaMy IMHAMHUKACBIH KOpPCEeTyre MYMKIHIIK
Gepesi, Oys1 GoammakTa akmapaT Kayilci3mirine TOHETIH KATEPiH aJiIbIH-AJIyFa, IIBIFBIHIAPIBIH KAJIBIITA-
CybIHA OKEeJIyl MYMKIH.

Kiam cesdep: MaTeMaTHKAJBIK MOJEIb, KayinTep/ai Oo/Kay, aKmapaTThK KAayilnci3mik, eMip/ik UK, WH-
TepHET-Pecypcrap.

B.K. Tagxmerosa, [HI.E. Omaposa, B.I'. JIlpo3x

MaTremaTudecKuii aHAJIN3 TPEHI0OBBIX
ToKa3aTeJjieil JUHAMUKU KnOep-IuarpaMmM pecypcoB
nHTepHeT-0e30nacHocTu B Pecnybimke Kazaxcran

B crarpe pazpaborana mMaremaTrHyecKas MOJEIb IPOTHO3UPOBAHUS yIPO3 NHGMOPMAIMOHHON 6€30IIaCHOCTH
WHTEPHET-PECYPCOB, MO3BOJISIIONIAs Ha OCHOBE MUHMMAJILHOTO OObEeMa MCXOJHBIX JAHHBIX YKA3aTh JUHA-
MUKY Pa3BUTHS BO3MOXKHBIX yI'DO3 B KU3HEHHOM IIMKJIe MH(MOPMAIMOHHBIX CHCTEM, 9TO MOXKET SIBUTHCSI
B IIEPCIEKTHBE OCHOBAHUEM I10 (POPMUPOBAHUIO 3aTPAT HA IIPEIOTBPAIleHNEe YIPO3 NHMOPMAIMOHHON 6e3-
OIIACHOCTH.

Karouesvie cnosa: MaTeMaTndecKasl MOJEJNb, IIPOTHO3WPOBAHME YIPo3, MHMOPMAIMOHHAs 0€30I1aCHOCTb,
2KU3HEHHBII IIUKJI, HHTE€PHET-PECyPCHI.
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