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NAS RK s pleased to announce that News of NAS RK. Series physico-mathematical
Jjournal has been accepted for indexing in the Emerging Sources Citation Index, a new edition of
Web of Science. Content in this index is under consideration by Clarivate Analytics to be
accepted in the Science Citation Index Expanded, the Social Sciences Citation Index, and the
Arts & Humanities Citation Index. The quality and depth of content Web of Science offers to
researchers, authors, publishers, and institutions sets it apart from other research databases.
The inclusion of News of NAS RK. Series of chemistry and technologies in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of chemical sciences to our community.

Kasakcma+ Pecnybnukacbl ¥nmmbiK fbifibiM  akademusicsl "KP ¥FA Xabapnapbl. ®u3ukarbik-
MameMamukarblK cepusichl” FbinibIMU XypHasbiHbiH Web of Science-miH xaHanaHraH Hyckackl Emerging
Sources Citation Index-me uHOekcmenyzae KabbindaHFaHbIH xabaprnaldbl. byn uHdekcmeny 6apbicbiHOa
Clarivate Analytics komnaHusicbl XypHandbl odaH api the Science Citation Index Expanded, the Social
Sciences Citation Index xoHe the Arts & Humanities Citation Index-ke kabbinday macesneciH
kapacmeipyOa. Webof Science 3epmmeywinep, asmopsap, bacnawbiiap MeH MeKeMmesiepee KOHMeHm
mepeHdiei MeH canacbiH ycbiHaobl. KP ¥FA Xabapnapbl. XuMusi XXoHe mexHoroausi cepusicel Emerging
Sources Citation Index-ke eHyi 6i30iH KoramdacmbIK yYWiH eH 63eKmi xoHe 6edenidi XUMUSIIbIK FblribiMOap
bolibiIHWa KoHmeHmke adarsnobifbiMbi30bl 6indipedi.

HAH PK coobuwjaem, ymo Hay4qHbil xypHan «3eecmusi HAH PK. Cepusi ¢busuko-mamemamuyec-
Kas» 6bin npuHam 0ns uHdekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web
of Science. CodepxaHue 8 amom UHOeKcuposaHUU Haxodumcs 8 cmaduu pacCMOMmMpPEHUS KoMnaHuel
Clarivate Analytics Ons OanbHelwea0o npuHsmus xypHana e the Science Citation Index Expanded, the
Social Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem
Kayecmeo u enybuHy KoHmeHma 0Ons uccriedogameriel, asmopos, uzdamenel u y4upexoeHul. Bkro-
yeHue MNssecmusi HAH PK e Emerging Sources Citation Index deMoHcmpupyem Hauwy npueep>xeHHOCMb
K Hauboree akmyasrbHOMY U 67USSMEeSIbHOMY KOHMEHmMy M0 XUMUYEeCKUM Haykam Ofsi Hawezo
coobuwecmesa.
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AN ALGORITHM FOR SOLVING A BOUNDARY VALUE PROBLEM
FOR ESSENTIALLY LOADED DIFFERENTIAL EQUATIONS

Abstract. A linear boundary value problem for essentially loaded differential equations is considered. Using the
properties of essentially loaded differential we reduce the considering problem to a two-point boundary value
problem for loaded differential equations. This problem is investigated by parameterization method. We offer
algorithm for solving to boundary value problem for the system of loaded differential equations. This algorithm
includes of the numerical solving of the Cauchy problems for system of the ordinary differential equations and
solving of the linear system of algebraic equations. For numerical solving of the Cauchy problem we apply the
Runge—Kutta method of 4th order. The proposed numerical implementation is illustrated by example.

Key words: essentially loaded differential equation, numerically approximate method, algorithm.

Funding: This research is funded by the Science Committee of the Ministry of Education and Science of the
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Introduction. The mathematical description of various dynamic control processes in which the future
flow of processes depends not only on the present, but also is substantially determined by the history of
the process, is carried out using ordinary differential equations with different types of memory, also called
equations with aftereffect or loaded differential equations [1]. Loaded differential equations are used to
solve problems of long-term prediction and control of the groundwater level and soil moisture [2-4].
Various problems for loaded differential equations and methods of finding their solutions considered in
[1, 6-16].

In the present paper, a linear boundary value problem for essentially loaded differential equations is
investigated. The significance is that the loading member of the equation appear in the form of derivative
of solution at loaded point of the interval, i.e. the order of the loaded term is equal to the order of the
differential part of the equation. Presence of derivative of solution in loaded point has a strong influence
on the properties of equations.

Statement of problem.

We consider a linear boundary value problem for essentially loaded differential equations

d )
L~ A + X My (0x(8)) + K(©)%(80) + F (), t € (0,7, ()
Bx(0) + Cx(T) = d,d € R™ x € R™, )
where the (n X n)-matrices A(t), K(t), M;(t) (j = 0,1, ..., m), and n-vector-function f(t) are continuous

on [0,T], B and C are constant (n X n)- matrices, d is constant n-vector, and 0 = 8, < 6; < - < 0, <
Om+r =T, llx|l = max|x;].

Let C([0,T],R™) denote the space of continuous on [0,T] functions x(t) with norm

X = max [|x(t)]].
Ixlly = max (O
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A solution to problem (1), (2) is a continuously differentiable on (0, T) function x(t) € C([0,T],R™)
satisfying the essentially loaded differential equations (1) and boundary condition (2).

By setting t = 6, in equation (1), we get

[1 — K(60)]%(80) = A(80)x(0,) + XTLo M; (90)x(9j) + £ (6o). 3)
Assume that the matrix [ — K(6,)] is invertible. We obtain
x(0) = [I - K(go)]_l{A(Go)x(Go) + ZT:O Mj(eo)x(ej) + f(go)}- 4
We consider the following linear boundary value problem for loaded differential equations
& = AD)x + X Di(O)x(8) + F(8), t € (0,T), (5)
Bx(0) + Cx(T) =d,d € R",x € R", 6)
where Do(t) = Mo(t) + K(t)[I — K(80)]7'{A(8,) + Mo(6,)}

D;(t) = M;(t) + K(OII — K(60)]7'M;(8o),j = T,m,
F@) = K@®II — K017 f(6o) + f(©).

Let us consider an example showing that loads influences significantly to the property of boundary
value problem. Consider the following Cauchy problem for the loaded differential equation:

% = —ax(0.4) + f(t),t € [0,1], @)

x(0) = 1. ®)
Solving the problem (7), (8) we get

t
() =1 = —ax(0.4)t + j F@)dr.
0

The value of x(0.4) satisfies the following equation:
2 0.4
(1+2a)x(04) =1+ [} f(D)dr. 9)

But if we take @ = — g, f(t) = 1 then the equation (9) does not hold and the Cauchy problem (7), (8)

is not solved. At the same time, the Cauchy problem for a linear system of ordinary differential equations
(without loading) always has a unique solution.
On [0,1] we consider a periodic boundary value problem for an ordinary differential equation

dx
== t,x(0) = x(1),t € [0,1].

2
The General solution of the differential equation has the form: x(t) =%+ C. Substituting the

General solution in the boundary conditions for determining C, we obtain the relation: C = C + > Since

there is no such number C, the problem has no solution.
Now, adding the load at the point t = 0.5 to the right side of the differential equation we obtain the
following periodic boundary value problem for a loaded differential equation

d
d—’t‘ = ¢ +x(0.5),x(0) = x(1), ¢ € [0,1],
3t ¢t

and the solution of this problem has the form x(t) = — stT5 7

Scheme of parametrization method.

We use the approach offered in [16-21] to solve the boundary value problem (5), (6). This approach
based on the algorithms of the parameterization method and numerical methods for solving Cauchy
problems.
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Let us now investigate boundary value problem (5), (6) by the parametrization method. The interval
[0, T] is divided into subintervals by loading points:

[0,7) = UTZ[6:—1, ;).

Introduce C([0,T], 6,,, R*™*V) as a spase of systems of functions x[t] =
(1 (1), x2(t), o) Xa1 (1)), where x,.:[0,_1,6,) = R™ are continuous on [0,_4,6,) and have finite left-
sided limits lim x,.(t) forall r = 1: (m + 1), with norm ||x[-]||, = max sup ||z (O]l
t—-t,y—0 r=1,m+1te[f,_,,0;)
Let x,.(t) be the restriction of the function x(t) to the r —th interval [0,._4, 6,), i.e. x,-(t) = x(t) for
t €[60,-1,0,), r =1:(m+ 1). Then we reduce problem (5), (6) to the equivalent multipoint boundary
value problem

L = A@O)x, + X Dy(D)xi41(6;) + F(O), € € [0,-1,6,),7 = 1: (m + 1), (10)
Bx1(0) + CtliTnlome(t) =d, (11)
¢ lbm_o xs(t) = xs+1(9.s‘)'s =1L m, (12)

where (12) are conditions for matching the solution at the interior points of partition.

The solution of problem (10) - (12) is a system of functions x*[t] = (x1(t), x5(t), ..., Xm4+1(t)) €
C([0,T], O, R®™* D), where the functions x;:(t),r = 1,m + 1,are continuously differentiable on
[6,_1,6,), which satisfies system (10) and conditions (11), (12).

Problems (5), (6) and (10)-(12) are equivalent. If a system of functions ZX[t] =
(%, (), %3 (), oo\ X1 (£)) € C([0,T], Oy, R*™*+D) is a solution of problem (10)-(12), then the function
X(t) defined by the equalities X¥(t) = X,-(t), t € [6,_1,0,),r =1:(m+ 1), ¥(T) = t1>i7r"rlo Xm41(t) is a
solution of the original problem (5), (6). Conversely, if x(t) is a solution of problem (5), (6), then the
system of functions x[t] = (x1(t), x,(t), ..., Xm41(t)), where x,.(t) =x(t), t€[0,_1,6,),1r=
1:(m + 1), and tl)iTr}lO Xm+1(t) = x(T), is a solution of problem (10)-(12).

Introducing the additional parameters A, = x,.(6,_1),7 = 1: (in + 1), and performing a replacement
of the function u,(t) = x,(t) — A, on each r-th interval [6,_;,0,),r = 1:(m + 1), we obtain the
boundary value problem with parameters

du

d—tr =A®)[u, + A, ] + X% Di()Ai11 + F(D), (13)
t€6,_4,6,),r=1(m+1),

Ur(0,_1) =0,r=1L:(m+1), (14)

B/11 + C;{m+1 +C tli71;r_10 um+1(t) = d, (15)

As + . liem_0 ug(t) = Ag41,5 = Lim. (16)

A pair (u*[t],A*) with elements w*[t] = (W (), u}(t), ..., U1 (t)) € C([0,T], By, R, 2* =
A5, A%, ey Apr) € RPMMD s said to be a solution to problem (13)-(16) if the functions
uy(t),r = 1:(m + 1), are continuously differentiable on [6,_4,0,) and satisfy (13) and additional
conditions (15), (16) with 4; = /1;-, j = 1:(m + 1), and initial conditions (14).

Problems (5), (6) and (13)-(16) are equivalent. If the x*(t) is a solution of problem (5), (6), then the
pair  (u*[t],A*), where  u*[t] = (x*(t) —x*(6y),x*(t) — x*(01), ..., x*(t) —x*(6,)), and
A= (x*(09), X" (61), .., x*(6)), is a solution of problem (13)-(16). Conversely, if a pair ([t], 1) with
elements ii[t] = (iiy(t), (L), ..., Tps1(t)) € C([0,T], Oy, R*DY 1 = (A1, A, oo, Appyr) € RPOVHD),
is a solution of (13)-(16) , then the function %(t) defined by the equalities %(t) = i(t) + 4,,t €
[6,_1,0;),r = 1: (m + 1), will be the solution of the original problem (5), (6).

Using the fundamental matrix X,.(t) of differential equation % =A(t)x on t € [0,_4,0,),r =

1: (m + 1), we reduce the Cauchy problem for the system of ordinary differential equations with

— § —
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parameters (13), (14) to the equlvalent system of integral equatlons
u, (6) = X,.() f “1(DA@dT A, + X, () f ~1(7) Z Di(E)As, dr +
T 1
+XT(t) fgr_l T 1(T)F(T)dTr t E [ r—=1 ‘r')r r= 1 (m + 1) (17)

Substituting the corresponding right-hand sides of (17) into the conditions (15), (16), we obtain a
system of linear algebraic equations with respect to the parameters A4,,7r = 1: (m + 1)

m
BA + Chpyr + CXpya (T) J.Xf;l}l-l(‘[) {A(T)Am+1 + Z D; (T)Ai+1} dr =
0. i=0

= d = X () ] PaOFEE (13)

A +x(9)f 1A dr +X(95)f 1(T)2D(T)ﬂl+1d‘[—
95 1 S 1

—Agr1 = —X,(65) st-l T1(D)F(t)dr,s = 1:m. (19)

We denote the matrix corresponding to the left side of the system of equations (18), (19) by Q.(6)
and write the system in the form
Q.(6)A = F.(6),A € RMm+D) (20)

where
F.(0) = (d — CXppir (T) f;mx,;lil(r)F(r)dr, —X,(6,) fe’? X71(0)F(v)dr, ...,

~Xn(O) [y X (DF (@)

It is not difficult to establish that the solvability of the boundary value problem (5), (6) is equivalent
to the solvability of the system (20). The solution of the system (20) is a vector A* = (41,45, ..., A;,41) €
R™M+1) consists of the values of the solutions of the original problem (5), (6) in the initial points of

subintervals, i.e. A7 = x*(0,_1),r = 1: (m + 1).
Further we consider the Cauchy problems for ordinary differential equations on subintervals

7 _ a7+ P
e ’
z(0,_1) =0,t €[6,_1,6,],r=1:(m+ 1), (21)
where P(t) is either (n X n) matrix, or n vector, both continuous on [0,_4,0,],r = 1: (m + 1).
Consequently, solution to problem (21) is a square matrix or a vector of dimension n. Denote by a(P, t)
the solution to the Cauchy problem (21). Obviously,

a(P,t) = X.(t) j X-1(0)P(D)dr, t € [6,_1,6.],
Or_1

where X,.(t) is a fundamental matrix of differential equation (21) on the r-th interval.
An algorithm for solving problem (1), (2).
We offer the following numerical implementation of algorithm based on the Runge—Kutta method of

4™ order.
1.  Suppose we have a partition: 0 = 8, < 0; <

[0,-1,0,],r=1:(m+ 1), into N, parts with step h, = (6, —
[6,_1,6,] the variable O takes its discrete values:0 =6,_,, 8 = 0,_; + h,, ...,

< Oy <6y =T. Divide each r-th interval
0,_1)/N,. Assume on each interval
6= Or—1+ (N —

— 9 —
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1)h,., 0 = 6,, and denote by {6,._;, 8,} the set of such points.
2. Solving the Cauchy problems for ordinary differential equations
dz
e At)z + A(t),z(0,_1) =0,t € [6,_1,6,],
dz
i A(t)z + D;(t),z(6,_,) =0,t € [6,_1,0,],i = 0:m,
dz
i A()z+ F(t),z(0,_1) =0,t € [6,_1,0,], r=1:(m + 1),
by using again the Runge—Kutta method of 4™ order, we find the values of (n X mn) matrices
ar(A, §), ar(Di, §),i = 0:m, and n vector ar(f, §) on{0,_4,0,,r=1(m+1)

3. Construct the system of linear algebraic equations with respect to parameters
Q" (6)2 = —FP(6),2 € Rn(m+D), (22)

Solving the system (22), we find AR As noted above, the elements of AH=(AE, /f‘, ...,Aﬁm+1) are the
values of approximate solution to problem (5), (6) in the starting points of subintervals: xﬁf(er_l) =
Ay =1:(m + 1).

4. To define the values of approximate solution at the remaining points of set {6,_;, 6,-}, we solve
the Cauchy problems

dx S R
= A()x + ; Di()A}4y + F (1),

x(6y_1) =Nt € [6,_1,6,],r = 1: (m + 1).

And the solutions to Cauchy problems are found by the Runge—Kutta method of 4th order. Thus, the
algorithm allows us to find the numerical solution to the problem (5), (6).

We can see that the solution of boundary value problem (5), (6) also is the solution of boundary value
problem (1), (2), when the matrix [I — K(6,)] is invertible.

To illustrate the proposed approach for the numerical solving linear two-point boundary value
problem for essentially loaded differential equations (1), (2) on the basis of parameterization method, let
us consider the following example.

Example. We consider a linear boundary value problem for essentially loaded differential equations

dx

s A®)x + X3 M ()x(6;) + K(©)%(6p) + f(), t € (0,1), (23)
Bx(0) + Cx(T) = d,d € R?, x € R?. (24)
_ 1, 1, 3, o _(t+2 t3
Here 90—0,01—4,02—2,93—4,94—T—1,A(t)—( tz t—l)’
(6t _ (3t 5 _(t? t+3
Mo = (o 4)Mm@=(] 2)m@=(5 “F°)
_ 9 t—3 _(t*+3 5t (4 -3
M;(6) = (t2 +5 3 ) K@®) = ( 2 t — 3)’ B= (—5 —1)’
5 4 37t% 601t 1179
/9 8 , (18 T et T e
C_(—9 3)’d_(—43)’f(t)_ .5 1763 177t? 719t | 57 ’
16 64 64 64

We find x(0) from (23):

3
[1 — K(0)]x(0) = A(0)x(0) + Z M;(0)x(6;) + £(0).
i=0

— ) =——
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The matrix [/ — K(0)] is invertible. Then

@ =(T0m 0as) {A(O)xm) + Z M,(0)x(6y) + f(O)}.

We consider a linear boundary value problem for loaded differential equations

3
% = A()x + ; D;(t)x(6;) + F(t),t € (0,1),

Bx(0) + Cx(T) = d,d € R? x € R?,
where

—4t2 —10t—6  —-
Do (t) = Mo(t) + K()[I — K(0)]7{A(0) + My(0)} = 15t *

t?—2t—2 L
4 4

3t —2(2t2 + 5t +2)
Dy (1) = My (t) + KO — K(0)]7*M,(0) = *

t g2 32
4 4
2 11p 223
Dz(t)=M2(t)+K(t)[I—K(0)]‘1M2(0):< 3 2)
0 2t +2
2 2
D3(t) = M3(t) + K(O)II = K(0)]'M3(0) = | ? R
te—t—1 342242
4 4
2
. _t5+t4+5fZ; +103723t+1112789
F(©) =K@ - KO)]f(0) +f(t) = e e e )
16 64 16 64

We use the numerical implementation of algorithm. Accuracy of solution depends on the accuracy of
solving the Cauchy problem on subintervals and evaluating definite integrals. We provide the results of
the numerical implementation of algorithm by partitioning the subintervals [0, 0.25], [0.25, 0.5] , [0.5,
0.75],[0.75, 1] with step h = 0.025.

Solving the system of equations (22), we obtain the numerical values of the parameters

A = (—0.000000041) R ( 0.765624981 )
1 —2.00000002 /° "2 —2.437500012/°

N ( 1.625000009 ) N ( 2.671875034 )
3 7 \=2.750000008/" "* ~ \—-2.937500004/

We find the numerical solutions at the other points of the subintervals using Runge-Kutta method of

the 4-th order to the following Cauchy problems
dx,
dt

3
= A% + ) DO +F (D),
i=0

x(0,_1) =\t e[6,_,,0,]r=1:4

t3 +3t )

Exact solution of the problem (23), (24) is x*(t) = (t2 3
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The results of calculations of numerical solutions at the partition points are presented in the following

table:

t x,(t) %, (1) t x,(t) %,(t)

0 -0.000000041 -2.00000002 0.5 1.625000009 -2.750000008
0.025 0.075015586 -2.049375019 0.525 1.719703137 -2.774375007
0.05 0.150124963 -2.097500018 0.55 1.816375014 -2.797500007
0.075 0.22542184 -2.144375017 0.575 1.915109392 -2.819375007

0.1 0.300999967 -2.190000016 0.6 2.01600002 -2.840000006
0.125 0.376953094 -2.234375015 0.625 2.119140648 -2.859375006
0.15 0.453374971 -2.277500014 0.65 2.224625025 -2.877500006
0.175 0.530359349 -2.319375014 0.675 2.332546903 -2.894375005

0.2 0.607999976 -2.360000013 0.7 2.44300003 -2.910000005
0.225 0.686390603 -2.399375012 0.725 2.556078157 -2.924375005
0.25 0.765624981 -2.437500012 0.75 2.671875034 -2.937500004
0.275 0.845796858 -2.474375011 0.775 2.79048441 -2.949375004

0.3 0.926999986 -2.510000011 0.8 2.912000037 -2.960000004
0.325 1.009328114 -2.54437501 0.825 3.036515662 -2.969375004
0.35 1.092874991 -2.57750001 0.85 3.164125037 -2.977500004
0.375 1.177734369 -2.60937501 0.875 3.294921912 -2.984375005

0.4 1.263999997 -2.640000009 0.9 3.429000036 -2.990000005
0.425 1.351765625 -2.669375009 0.925 3.566453159 -2.994375006
0.45 1.441125003 -2.697500008 0.95 3.707375031 -2.997500007
0.475 1.532171881 -2.724375008 0.975 3.851859402 -2.999375009

0.5 1.625000009 -2.750000008 1 4.000000021 -3.000000011

For the difference of the corresponding values of the exact and constructed solutions of the problem
the following estimate is true:
*(t;) — X(t;)|| < 0.00000004.
max [l (&) — 2(t))

Conclusion. In this work, we propose a numerical implementation of parametrization method for
finding solutions to linear two-point boundary value problem for system of essentially loaded differential
equations. Using the parametrization method, we reduce the considered problem to the equivalent
boundary value problem with parameters. The example illustrating the numerical algorithms of
parametrization method are provided.

K. M. Kagup6aesa'?, J. A. bakuposa'?,
A. III. Jlayner6aesa’, A. A. Kacbimraan’

"MareMaryka *oHe MaTeMaTHKAIIBIK MOZIENbEY MHCTUTYThI, AIIMaThl Kanacel, Kazakcran;
ZX anbIKapanblK aKIapaTThIK TEXHOJIOTHAIAD YHHBEPCHTETI, AIMAThI Kanackl, KazakcTaw;
SKasax YITTBIK KbI3ap II€1arOrHKAaNbIK yHUBEPCUTETI, AIMAThI Kanackl, KazakcTan

EJEYJI TYPIAE XKXYKTEJT'EH JUOPEPEHIHUAJIABIK TEHAEYJIEP YIITH
HIETTIK ECEIITI LHEITY AJIT'OPUTMI

AnnoTtanus. Eneyini Typae xxykrenreH auddepeHnuanaplk TeHaeyIep YIIiH ChI3bIKTHIK MIETTIK ecell KapacThl-
pbutaabl. bi3 KapacThIpbUIBINT OTBIPFAH €CENTi ejeyli TypAe KykTeireH auddepeHnnanabk TeHaey KacHeTTepiH
naiijanana OThIPKII XKYKTelIreH AudepeHnnanapK TeHIey YIIiH eKi HyKTesl MeTKI ecenTepre KenTipeMis. Atanran
ecern mapamerpiey ofici apkpuibl 3eprreneni. JKykrenren aupdepeHunanablK TeHICYyJiep JKYHeci YLIH IIeTTiK
€CENTIH IeiMiH TaOy/bIH alrOpUTMI YChIHBUIAABL. byl anroputm kol muddepeHmanapK TeHaeysep xKykeci yiin
Komm ecentepiH caHAbIK IIEIIyi »oHE alreOpaliblk TEHAEYyJep KykeciH memyni kamTuisl. Komm ecenrepin
CaHABIK TYpAE LIelly YIuiH TepTiHii perti PyHre-KyTTaHbiH ofici KonaaHbuiagsl. ¥ ChIHBUIBII OTBIPFaH CaHIBIK
JKY3ere achIpbULy MBICAJIMEH KOPHEKTENE .

Tyiiin ce3nep: exeyi Typae )KykreireH quddepeHHaNbIK TEHICY, CAHIBIK KYBIKTAJIFaH 9/IiC, aITOPHTM.
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AJITOPUTM PEHIEHUS KPAEBOM 3AJIAYM
JIJISI CYIIECTBEHHO HAT'PYKEHHBIX TU®®EPEHIIUAJIBHBIX YPABHEHUM

AnHoTanus. PaccmarpuBaercst nuHeiHas KpaeBas 3aj1ada Ul CYIIECTBEHHO HarpyXeHHbBIX AnugQepeHaib-
HBIX ypaBHEHHH. VcTionb3ys cBOICTBa CyIIECTBEHHO HArpykeHHOTO A (epeHnnaTbHOTO ypaBHEHHS, Mbl CBOANM
paccMaTpruBaeMyro 3aJady K JBYXTOUEUHOH KpaeBOW 3ajade Al HarpyXeHHbIX IU(QepeHIHanbHbIX YpPaBHEHUH.
JlaHHas 3aja4a ucciexyeTcs METOJIOM IapaMeTpusauuu. Ilpennaraercs alropuTM HaxOXICHUS PEIICHHUs KpaeBOH
3aJaull JUIA CHUCTEMBl Harpy>XKeHHBIX IU(QepeHInanbHbIX ypaBHEHUH. JlaHHBIM aaropuT™M BKIIOYAET YHCICHHOE
pemienne 3amad Komwm ais cucteMbl OOBIKHOBEHHBIX IU(QEpeHIHaNbHBIX YPaBHEHUH W pelIeHHe JHHEHHOW
cucTeMbl anredpandyeckux ypaBHeHuil. J{ns uncnenHoro peuienus 3agauu Komm npumensercs meron Pynre-Kyrra
4yeTBepToro nopsaaka. [Ipennaraemas uncieHHas peaau3anus WITIOCTPUPYETCS IPUMEPOM.

Ki1roueBble ci10Ba: CyNIeCTBEHHO Harpy)XeHHOe Au(QepeHINaIbHOe YpaBHEHUE, YUCIEHHO MPHOIMKEHHBINR
METOJI, aITOPUTM.
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GREEN'S FUNCTIONS OF SOME BOUNDARY VALUE PROBLEMS
FOR BYHARMONIC OPERATORS
AND THEIR CORRECT CONSTRICTIONS

Abstract. In this paper, a constructive method is given for constructing the Green function of the Dirichlet
problem for a biharmonic equation in a multidimensional ball.

The need to study boundary value problems for elliptic equations is dictated by numerous practical applications
in the theoretical study of the processes of hydrodynamics, electrostatics, mechanics, thermal conductivity, elasticity
theory, and quantum physics. The distributions of the potential of the electrostatic field are described using the
Poisson equation. When studying the vibrations of thin plates of small deflections, biharmonic equations arise.

There are various ways to construct the Green Function of the Dirichlet problem for the Poisson equation. For
many types of domains, it is constructed explicitly. And for the Neumann problem in multidimensional domains, the
construction of the Green function is an open problem. For the ball, the Green function of the internal and external
Neumann problem is constructed explicitly only for the two-dimensional and three-dimensional cases.

Finding general correct boundary value problems for differential equations is always an urgent problem. The
abstract theory of operator contraction and expansion originates from the work of John von Neumann, in which a
method for constructing self-adjoint extensions of a symmetric operator was described and a theory of extension of
symmetric operators with finite defect indices was developed in detail. Many problems for partial differential
equations lead to operators with infinite defect indices.

In the early 80s of the last century, M.O. Otelbaev and his students built an abstract theory that allows us to
describe all correct constrictions of a certain maximum operator and separately - all correct extensions of a certain
minimum operator, independently of each other, in terms of the inverse operator.

In this paper, the correct boundary value problems for the biharmonic operator are described using the Green's
function.

Key words: biharmonic equations, Dirichlet problem, biharmonic operator, domain of operator definition,
correct problems, correct operator constrictions.

1. Introduction. The distributions of the potential of the electrostatic field are described using the
Poisson equation. When studying the vibrations of thin plates of small deflections, biharmonic equations
arise [1,2].

There are various ways to construct the Green Function of the Dirichlet problem for the Poisson
equation. For many types of domains, it is constructed explicitly. And for the Neumann problem in
multidimensional domains, the construction of the Green function is an open problem. For the ball, the
Green function of the internal and external Neumann problem is constructed explicitly only for the two-
dimensional and three-dimensional cases. In the general case, for a multidimensional ball, the explicit
form of the Green function of the Neumann and Robin problems for the Poisson equation is constructed
recently in [3,4].
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Note that recently there has been renewed interest in the explicit construction of Green's functions for
classical problems. In [5-7], the Green function of the Dirichlet problem for a polyharmonic equation in a
multidimensional ball is constructed explicitly. In [8], the Green harmonic functions of the Dirichlet,
Neumann, and Robin problems are used to construct the Green functions of the biharmonic Dirichlet,
Neumann, and Robin problems in a two-dimensional circle. Similar results in the class of inhomogeneous
biharmonic and triharmonic functions in the sector were obtained in [9-12]. Note also that the construction
of explicit Green functions of the Robin problem in a circle, when the parameter in the boundary condition
is equal to one, is devoted to the work [13,14]. The results of these studies are based on the classical
theory of integral representations for analytic, harmonic, and polyharmonic functions on the plane.

The solvability of various boundary value problems for a biharmonic equation in a multidimensional
sphere is studied in [15-18].

The abstract theory of operator contraction and expansion originates from the work of John von
Neumann [19], in which a method for constructing self-adjoint extensions of a symmetric operator was
described and a theory of extension of symmetric operators with finite defect indices was developed in
detail. Many problems for partial differential equations lead to operators with infinite defect indices.

M.I. Vishik [20, 21] considered extensions of the minimal operator, rejecting its symmetry, and
described the areas of definition of the extension that have certain solvability properties. M.I. Vishik
applied his results to the study of general boundary value problems for general elliptic differential
equations of the second order. Then A.V. Bitsadze and A.A. Samarsky [22] found a correct problem that is
not contained among the problems described by M.I. Vishik. This type of problem for ordinary differential
equations was studied by A.A. Desin [23].

In the early 80s of the last century, M.O. Otelbaev and his students [24-26] constructed an abstract
theory that allows us to describe all correct constrictions of a certain maximum operator and separately -
all correct extensions of a certain minimum operator, independently of each other, in terms of the inverse
operator. This theory was extended to the case of Banach spaces [27].

This paper is devoted to the construction of the Green Function of the Dirichlet problem for a
biharmonic equation in a multidimensional ball and to the description of correct boundary value problems
for the biharmonic operator.

Green's function of the Dirichlet, Neumann, and Robin problem for the Poisson equation in a
multidimensional unit ball

In the 7 -dimensional ball Q= {x: (X,%55...,X,) ER" :‘x‘ < r}, we consider the Dirichlet problem
for the biharmonic equation

Au(x) = f(x),xeQ, 1)
ou(x)
on

X

u(x)=@,(x), =@,(x), x€0Q. (2)

The classical solution u(x) € C*(Q) N C'(Q) of the Dirichlet problem (1), (2) exists, is unique,
and is represented by the Green's function G4’n (x,y) in the following form [1]

u(x) =[Gy, o) Sy + [ {86 G (5 3) 8,00 (1) = Gy, (%, 9) - aj A, 9, (y)}sy +

ny

¥
0 0
J.aQ|:anyAyG4,n (xa J’) %! (J’) - A)/(;él,rz (xay) ' %(ol (y)}dSy > €)
where —— is the outer normal to the boundary of 0€2 .

Gny

The Green function of the Dirichlet problem (1), (2) is determined from the following theorem.

— g =——
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Theorem 1. a) If n is odd or n is fair and n >4, then the Green function of the Dirichlet problem

(1), (2) is representable as
2-n ) )
Yo [1 - ][1 - ] 4)

G4’n (X, _)7 _ |X 4—n
=|x— y| -
Y bl

where are j _ F(% B 2)F(% —2)

4—n
4—

+( n) 2
2

R
r

Xx_
r

B

y
o

r

X —

X
r

e 8n7z"/2r(%)
b) In the case of n =2 and n =4, function G, , (x, y) has the form
: 2 2
A | [ YL [ A m(l_y j(l J
42 ‘ r r
__
VY
- 2 2
G4,4<x,% S ISR T | SR 4 S O i iy O
4,4 r y‘ r ‘y‘ r r
1
Ty

In the future, for convenience, we will only consider the cases #n -odd or n -fair and n > 4.

Lemma 1. [2] a) In the case of 7 -odd or # -fair and #n >4 the function

4-n
€4, (X, ) =d,,[x ~ ]
is the fundamental solution of equation (1);
b) [6,7] Functions
4—n 2-n
[ Y | du )" |y
0 N/
g4,n(x9y):d4,n; 'x__zr > g4,n(an’)=_ 2 _ __2r ®)
" b
are biharmonic functions, i.e. satisfy the homogeneous biharmonic equation
Azxgin(x,y) =0,xeQ, k=0,1.
It is easy to show that the functions
2
2
pof =X =X =2 =V () =
b
2\ NE
[1—Z J [1—— }"2222()6,)/):22 (6)
r r
satisfies the identity
XY =-7"x,yeQ. (7)
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Proof of Theorem 1. a) Using equality (7) and decomposition of function f(x)=(1-x)*,0<x<1,
we decompose the fundamental solution &, , (X, ) into a series

4-n

2) 2
£, (X, )= X =7 .(1_5_2J =y*" - (2_§)Y2—n22 +

o0 (_l)k
+
2
Moving the two terms to the left side of the equality, we get the desired Green's function in the
following form

G'4,n (X, y) = Gin (X, y) = G:jn (X,y),

where are
G2, (x,y) = d4{ iy, (42n) - }
G ( 1) 1 ﬁ ﬁ 2 ﬁ k 2-n-2k 72k
an(X,3)= Z 1-2)2)2---kY Zw.
27 2 2
Because
2 ¥ 2
(Xz—yz) =-7’ :—rz[l—l J[l—— J =0,
xe0Q,yeQ) x€0Q,yeQ) 7 7
xe€0Q,yeQ)
2
z’ o, & =0
x€0Q),yeQ)
X 1xedQ,yeQ)

it is easy to show that function an (x,») satisfies the boundary condition

o0
=0 8G4’n(x,y) -0
xedQ, yeQ ’ on, ’
x€0Q,yeQ

Gy, (x,y)

According to Lemma 1 and Representation Gf ,(x,y) we have

A2G4’2 (x,y)= AZGi2 (x,y)=0(x—y),x,y Q.

Due to the uniqueness of the solution of the Dirichlet problem for the biharmonic equation, the Green
function of the problem (1), (2) is (4):

G4’n(x’y)=d4’n[X4n —Y4 n (42 l’l) YZ nZ :|

3. Correct constrictions and extensions of differential operators

In the early 80s of the last century, M. O. Otelbaev and his students [24-26] constructed an abstract
theory that allows us to describe all correct constrictions of a certain maximum operator and separately -
all correct extensions of a certain minimum operator, independently of each other, in terms of the inverse
operator. Moreover, this theory was extended to the case of Banach spaces and it was possible to partially
abandon the linearity of operators. Moreover, M. O. Otelbaev shows that the Bitsadze-Samarsky problem
[22] is a correct narrowing of the corresponding maximal operator. We give a brief summary of this theory
in the case of Hilbert spaces.

Let the Hilbert space H be a linear operator L with a domain of definition D(L) and a domain of

value R(L) . The kernel of operator L is the set KerL = { feD(L):Lf = 0}.

— |§ ——
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Definition 1. A linear closed operator L in a Hilbert space H is called maximal if 3 R(i) =H and
Kerl # {O}
Definition 2. A linear closed operator L, in a Hilbert space H is called minimal if R(L,)# H and

there is a bounded inverse operator ' by R(L,).

Definition 3. A linear closed operator L in a Hilbert space H is called correct if there is a bounded

inverse operator L' defined on all H .
Definition 4. Operator L is called a contraction of operator L, and operator L, is called an

extension of operator L, and briefly write L < L, if

DD(L) € D(Ly),

2Q)Lf =L f,Vf eD(L).

Definition 5. The correct operator L in the Hilbert space H is called the correct contraction of the
maximum operator L (the correct extension of the minimum operator Lyif L c L (L, <L).

Definition 6. A correct operator L in a Hilbert space H is called a boundary-correct extension if L
is both a correct contraction of the maximum operator L and a correct extension of the minimum operator
Ly,ie, Ly,cLc L.

Theorem 2 [24,25]. Let L be a maximal linear operator in a Hilbert space H,L — a known correct

narrowing of operator L and K -an arbitrary linear operator bounded in / that satisfies the following
condition

R(K) < KerL. (8)
Then the operator L, defined by the formula
L f=L"f+Kf NfeH, (9)

is the inverse of some correct narrowing of L, of the maximal operator L,ie. L, < L.

Conversely, if L, is some correct narrowing of the maximal operator L , then there exists a linear
operator K, bounded in / that satisfies condition (8), such that the equality holds

L'f=L"f+K f,Vf eH.

As arule, it is difficult to describe the kernel of the maximal operator. Therefore, often the following
Theorem 3 is more effective than Theorem 2.

Theorem 3 [26]. Let L be the maximal operator, L¢ be the known correct constriction of 7 ,and K

be the continuous operator acting from H to D(i) be the domain of the definition of operator L. Then
operator L;(l , defined by the formula
L) f = L;lf +(E- L;IL)Kf (10)
is the inverse of some correct narrowing L, i. e. L x C L.
Conversely, any correct narrowing of operator L is represented as (10).

This theory will then be applied to the biharmonic operator.

4. Correct boundary value problems for a biharmonic operator in a multidimensional ball

In this paragraph ()= {x eR" :|x| < r}. On the set D(L)= W, (Q), we define the maximum
operator L by the formula Lu= Azxu(x),‘v’u € D(ﬁ)

By definition, R(L) = L,(€)), and Ker(L) # {O} is not trivial.
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In the previous section, we proved that the Dirichlet boundary value problem for the biharmonic
equation

ou(x)
on

X 10Q

Lyu={u: Azxu(x) = f(x),xe Q,u(x)‘(3Q =0, =0}

has a unique solution of u#(x) and it is represented as

L' f =u(x) = [ GP,(x.0)f(0)dy, (1)
where Gf L(x,y) = G4,n (x,y) is the Green function of the Dirichlet problem from (4). Thus, operator
L, is invertible.

Further, based on the representation of the solution (11) of the Dirichlet problem, we give other
correct boundary value problems for the inhomogeneous biharmonic equation. To do this, we apply
Theorem 3 to describe the correct constrictions of the maximal operator L.

Lemma 2. Using the explicit form of the Green function of the Dirichlet problem (4), for the

biharmonic equation (1) and for any /(x) € W24 (€Y), the representation is valid

g 0 0
(E —L¢1L)h(x) = J‘aﬂ{any Gy, (%, ) A h(y)—Gy, (an’)'%Ayh(J’)}dSy +
+ iA G,, (x,y)-h(y)—A G, ( )-ih( ) (12)
0 al’ly y4.n XY y y=4.n XY al’ly V)

Lemma 3. The Green function of the Dirichlet problem on the boundary of the domain has the
following properties:

0Cs, 0,A.G 0 94,6, S(x—y)
=0, i =0, =0, : = X — y .
4,n xe y 4,n xe xeoQ)
@ 8}1 X lxeoQ o 8” y xedQ
0°G 0°A G oA G
4.n =0, y T 4.n _ 0, y T d.n _ —5()(' _ y) W
on.on,| onon, | on, | reo

The following statement is true, which allows us to describe the domain of the definition of the
maximum operator L in terms of the Green's function G, , (x, ).

Lemma 4. The domain of definition D(L) of the maximal operator L has the representation

D(L) = fuu(x) = [ Gy, (x,0)- f(¥)dy + Jm{&i Gy (5, A 1(1) = Gy (x,) 8jAJz(y) ds, +
Q

Y y

+ iAyG4,n (x,3)-h(y) = A,Gy , (%, ) aih(y)}dSy,Vf € L,(Q),Vhe W, ()}

b0
on ) ’

In particular, if

o O

yeoQ -
on,

OA h

=0,AH =0, —*
xe0Q) an

xeoQQ y

h

yedQd
then D(L) coincides with the scope of definition D(L 4) of operator L.

— () ———
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Now the question arises: how to describe the definition areas of other possible correct constrictions
of the maximum operator L?
Let K be an operator that matches each function f(x)e€ L,(Q) with a single function

h(x) €W, (Q), such that |Kf|, ., <C[f
D(K)={u(x)e D(L):h=Kf}.Onthe set D(K), we define the operator LA‘ =Ly

D(K)

, for the chosen operator K, we take the set

L, (Q)

From Theorem 3, it follows that LK is a correct narrowing of the maximal operator L. From

Theorem 3, we obtain the following statement describing the operator LK in terms of boundary
conditions.

Theorem 4. Let K be an arbitrary continuous operator acting from Lz (Q) to D(ﬁ) . Then the

inhomogeneous operator equation L KU = f is equivalent to the following boundary value.

Nu(x)= f(x),xeQ, (13)
ou O(Kf)
Yo =6l 3, | =7, 1
X | xeoQ) X IxedQd

Note 1. If the invertible operator is on all L,(€2), then the boundary conditions in (14) can be
written as

ou OK;
Ru‘xe@Q :R(Kf)‘xeaQ’ R on. = K : (15)

n
X /1 xeoQd X /lxeoQ

Therefore, to check the correctness of the boundary value problem, you need to try to convert the
boundary conditions to the form (15).

Note 2. If the linear operator L -is the correct contraction of the maximum, then passing to the
conjugates, we get the correct extensions of the minimum operator corresponding to the formally
conjugate. This also leads to a class of "loaded" equations.

Note 3. Note that in Theorem 3, K — nonlinear transformations can be taken as K .

Other applications of the results of M. Otelbaev in various sections of the theory of differential
equations can be found in [27,28].

B. JI. Komanos!, A. O. Baiiapsictanos?, M. JIaypenksisr’, C. O. Typbimoer?

'Maremaruka ’xoHe MaTeMaTHKAJIBIK MOJENIEY HHCTHTYTHI, AnMatel, Kasakcran;
2 JL.H. T'ymunes atbinaarsl BEypasus yirteik yHusepcureti, Hypcynran, Kasakcran;
134 AGaii areiaars! Kazak WITTHIK TIEIarOTHKAJIBIK YHUBEPCHUTETI, AnMaThl, KazakcTaH.

BUT' APMOHUKAJIBIK OITEPATOPJIAP YIITH KEWBIP INETTIK ECENTEP/IIH
I'PUH ®YHKIUAJAPDBI )KOHE OJIAPAbIH J¥PbIC TAPBITYJIAPBI

AnHoTanus. byr xyMmpicTa Kem enmieMpi mapaa OMrapMOHUKANBIK TeHAey ymiH upuxie ecebiHiy I'pun
(YHKUMSICBIH KYPYABIH THIM/II 9J1iCi KOPCETIIreH.

DJNIUNTHKAIBIK TEHJEYJIep YIIIH LIeTTIK ecenTepli 3epTTey KaXKeTTUIr THIpOIUHAMHKA, JJIeKTPOCTaTHKa,
MEXaHHKa, JKbUTYy OTKI3TIIITIK, CEPIIMALTIK TEOPUSCH], KBAHTTHIK (PU3MKa MPOLECTEPIH TEOPHUSUIBIK 3ePTTEY/E KOll-
TEreH MPaKTUKAIBIK KOCHIMIIAIapMEH THIFbI3 OaiIaHbICThI. DIEKTPOCTATHKAIBIK ©piCc MOTEHINAIIAPbIHBIH TapaTybl
[Tyaccon TteHueyiMeH, ai Kimnl HMUTIMAEpAIH KyKa TaKTaJapblHBIH TepOeNiCTEepiHiH Tapailybl OMrapMOHHKAJBIK
TEHJICYJIEPMEH CUITaTTaIaIbl.

ITyaccon tenueyi ymin Jupuxne eceOinin ['puH QpyHKUMACHIH KYPYABIH SpTYPJi Tociiaepi 6ap. AynaHaapabiH
KONTEreH Typiepi YIIiH ol alKbeIH TypAe Kypburrad. Heiiman ece0i yimiH kxer emmemzi oOneictapna ['pua QyHK-
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LUSICBIH KYpy Macelneci Ka3ipri TaHja amblk MiHaeT Oounbin Tadbuiansl. [lap yurin HeliMaHHBIH iMIKi )KOHE CBHIPTKBI
eceOiniH ['pruH QyHKUMSCHI TEK €Ki eJIIeM/ Il XKaHe YIII eJIIIeM Il )KaFJjaiiap yiIiH aifKbIH TYp/e KypbUIFaH.

JuddepeHunanaplk TeHaeynep YUIIH JKalIbl AYpbIC IIEKapajblK ecentepii Taly opKallaH e3eKTi Macelne
6osbin TaObUTaABI. OmnepaTopiapblH TapbUIybl MEH KEHCHiHIH aOcTpakTiai Teopuschl JIxoH ¢on HeliMaHHBIH
JKYMBICBIHAH OacTay ajajbl, OHIA OJ CHMMETPHSUIBIK ONEpPATOPBIH ©3-031HE TYHIHICC KEHEHTYJepiH Kypy oici
CHUIATTAIFaH XOHE aKayAblH aKbIPJIbl MHIEKCTEpl 0ap CHMMETPHSUIBIK OIepaTopliapibl KeHEHTY TEOpPHSICHI erKe-
Terxeini xacanrad. JlepOec TybIHIBUIBI TU(depeHIHaNIBIK TeHIEYyJIepre apHalFaH KONTereH ecenTepi akayjapsl
IIEKCi3 MHEKCTI oTepaTopiiapra ajbll Kejlei.

OTtkeH rachIpabpiH 80-mIi JKbUTHApBIHBIH OackiHOa M. OTenbaeB >koHE OHBIH IIOKIPTTEPi aOCTPaKTii Teopwus
KypIsl. By TeopusHBIH KeMeriMeH Oenriii 0ip MakcHMalIbl ONepaTOPAbIH OapibIK AYPHIC TApBUTYBIH CHIIATTayFa
Oomamel, coHmai-aK Oenriti 6ip MHHUMAIABI ONIEpaTOPIBIH OAPIBIK TYPHIC KEHEIOIH CHITaTTayFa 00Ia bl

byn makana orneparopiappblH TapbUTybl MEH KEHEIOI TEOPUSCHI KbICKAIa CUITATTAIIFAH JKOHE OMIapMOHUKAIBIK
orepaTopIap YIIH THSHAKTHI HIEKapaJbIK eCenTepl CUMaTTayra apHaIFaH.

Tyiiin ce3mep: OurapMoHuKanslk TeHueynep, upuxie ecedi, OUrapMOHUKAIIBIK OIEPATOpP, OMEPaTOPIbIH
aHBIKTay aliMarbl, IYPHIC €CENTep, ONePaATOPbIH JYPHIC TAPBUIYHL.

B. JI. Komanos', A. O. Baiiapsictanos?, M. Jlaypenksisnr’, C. O. Typbimoer?

'MIHCTHTYT MaTeMaTHKH U MaTEMaTHIECKOTO MOJEIHpoBanus, Anmatel, Kazaxcram;
EBpasuiicKkuii HamMoHANbHEI yHEBepcuTeT uM. JL.H. I'ymunesa, Hypcynran, Kazaxcran;
1.3:4Ka3axckuii HAMOHAIBHBIN MEAroTMIECKHI yHUBEPCHTET uM. AGast, AnMarsl, Kasaxcran

OYHKIHUU I'PUHA HEKOTOPBIX KPAEBBIX 3ATAY
JJIA BUTAPMOHHMYECKHUX OIIEPATOPOB U UX KOPPEKTHBIE CYKEHUS

AnHotanusi. B nanno# pabote 1aH KOHCTPYKTHBHBIN crioco0 moctpoenust Gpynkuuu ['puna 3anaun Jupuxie
JUIsl ONTapMOHUYECKOTO YpaBHEHHS B MHOTOMEPHOM LIape.

HeobxoauMocTs mMcclnenoBaHWS KpaeBBIX 3adad Ui SJUIMNTHYECKHX ypPaBHEHWH TPOJAMKTOBAaHA C
MHOTOUYHCIICHHBIMA NPAKTHYECKUMH HPWIIOKECHUSIMHA TIPH TEOPETHYECKOM H3YUYCHHH MPOLECCOB I'MAPOIMHAMUKH,
JNIEKTPOCTATUKH, MEXaHWKH, TEIUIONPOBOJHOCTH, TEOPHM YNPYTrOCTH, KBaHTOBOW ¢m3uku. Pacmpenenenus
MOTEHIMANa 3JIEKTPOCTATHUECKOTO IONs ONMCBHIBAIOTCA C ToMolnpio ypaBHeHus Ilyaccona. Ilpu mccnenoBanun
KoJieOaHWI TOHKHX TUIACTUH MaJIbIX MPOTHOOB BO3HUKAIOT OUIApPMOHUIECKUE YPABHEHMS.

CyIIecTBYIOT pa3InyHble CIIOCOOBI MocTpoeHus ¢yHkuuu ['puna 3amaun dupuxne s ypasHenus Ilyaccona.
st MHOTMX BHJIOB 00JacTell OHa MOCTPOEHA B SIBHOM BHje. A Juisi 3ajayu HelimaHa B MHOTOMEpPHBIX 00JacTsX
noctpoeHue QyHkImu ['puna sBisiercss OTKphITOM 3amaderd. /s mapa ¢ynkuus ['puHa BHyTpeHHEW M BHELIHEH
3anaun Heiimana nmoctpoeHa B SBHOM BUJIE€ TOJIBKO /Ul ABYMEPHOM U TPEXMEPHOM CITydasiX.

Haxosxnenne oOmmMX KOPPEKTHBIX KpaeBbIX 3amad Juid JuQQepeHIHanbHbIX YpaBHEHUH Bcerja SBISIETCS
aKTyaJIbHOHM 3asaueil. AOCTpakTHasi TEOpHs CY>KEHHS M pacUIMpeHHsl OIepaTopoB OepeT cBoe Hadano ¢ paboThl
JIxoH ¢oH HeiimaH, B KoTOpO# OBLT ONMMCaH METO/] MOCTPOEHHSI CAMOCOTPSKEHHBIX PaclIipeHHH CHMMETPUIECKOTO
orepaTopa 1 noapoOHO pa3paboTaHa TEOPHs PaCHIMPEHUS] CHMMETPHIECKUX ONEPATOPOB ¢ KOHEUHBIMU MHAEKCAMHU
nedexra. Muorue 3amaun 11 quddepeHranbHbpIX ypaBHEHHH B YaCTHBIX MPOU3BOJHBIX IPUBOAAT K OIIEpaToOpaMm ¢
OECKOHEUHBIMH HHJEKCaMU Je(eKTa.

B nagane 80-x rogo mpouutoro cronetist M.O. OTenbaeBsIM U €ro y4eHHKaMH OblIa TOCTPOeHA a0CTpaKTHAS
TEOpHsi, KOTOPasi 03BOJISIET OMUCATh BCE KOPPEKTHBIE CYKEHHSI HEKOTOPOTO MAaKCHMMAJIBHOTO OIIEpaTopa U OTAEIBHO
- BC€ KOPPEKTHbIE PACIIMPEHUS HEKOTOPOTr0 MHUHHMAJIBHOIO ONEepaTopa, HE3aBUCHUMO APYT OT Apyra, B TEPMHHAX
00paTHOrO orneparopa.

B Hacrosimeii paboTe ¢ HOMOIIBIO TOCTPOEHHOTO (GyHKIMK ['prHA OmnMcaHbl KOPPEKTHBIE KpaeBble 3a1auu A
OUrapMOHHYECKOTO OIeparopa.

KiroueBble cjioBa: OMrapMOHMYECKHE ypaBHEHHMs, 3aj1ada Jlupuxiie, OurapMoHH4YecKuii omeparop, o0JacTh
OIpeseIeHUs ONepaTopa, KOPPEKTHBIE 3a7jaull, KOPPEKTHBIE Cy>KEHHsI OIepaTopa.
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SOLITON DEFORMATION OF INVERTED CATENOID

Abstract. The minimal surface (see [1]) is determined using the Weierstrass representation in three-dimensional
space. The solution of the Dirac equation [2] in terms of spinors coincides with the representations of this surface
with conservation of isothermal coordinates. The equation represented through the Dirac operator, which is included
in the Manakov’s L, A, B triple [3] as equivalent to the modified Veselov-Novikov equation (mVN) [4]. The
potential U of the Dirac operator is the potential of representing a minimal surface. New solutions of the mVN
equation are constructed using the pre-known potentials of the Dirac operator and this algorithm is said to be
Moutard transformations [5]. Firstly, the geometric meaning of these transformations which found in [6], [7], gives
us the definition of the inversion of the minimal surface, further after finding the exact solutions of the mVN
equation, we can represent the inverted surfaces. And these representations of the new potential determine the soliton
deformation [8], [9]. In 2014, blowing-up solutions to the mVN equation were obtained using a rigid translation of
the initial Enneper surface in [6]. Further results were obtained for the second-order Enneper surface [10]. Now the
soliton deformation of an inverted catenoid is found by smooth translation along the second coordinate axis.

In this paper, in order to determine catenoid inversions, it is proposed to find holomorphic objects as Gauss
maps and height differential [11]; the soliton deformation of the inverted catenoid is obtained; particular solution of
modified Karteweg-de Vries (KdV) equation is found that give some representation of KdV surface [12],[13].

Keywords: Modified Veselov-Novikov equation, Dirac operator, Gauss maps, height differential, stereographic
projection, soliton deformation, Moutard transformations, catenoid.

1. Preliminaries. The minimal surface (see [1]) is determined using the Weierstrass representation in
three-dimensional space. The introduction to this representation is proposed in the following lemma:
Lemma 1. 1f ¢: D - C3- is a vector function that satisfies the following conditions:
1. ¢ - is holomorphic function;
2.

pi+ @3 +93=0, (1)
then there exists a minimal surface r: D — R3 for isothermal coordinates
d
¢ == (up,u,u).

The problem of constructing minimal surfaces is to find functions ¢ = (@4, @,, @3) that satisfy
equation (1). And the general solution of equation (1) is represented through some holomorphic functions
Y41, Y, in the following form:

. B . B
01 =5 W +99), 02 =5 5 — ¥D), 03 = Putha. 2)
Now it could be found all the components ul,u? u® of minimal surfaces by the Weierstrass

representations [2]. For example, catenoid 1:U — R3 constructed by the following Weierstrass
representations:

— )4 ——
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ul(x,y) = —chxsiny,

u?(x,y) = chxcosy, 3)
ud(x,y) = x.
L3
Gauss map is written in terms of ¥ = | 1, |, as well as the solution of the following Dirac equation
[2]:
Dy =0,(4)
where - are called spinors. And
3]
N
D=|_0
0z u

-Dirac operator with real-valued potential U.
Likewise the solution of the Dirac equation in terms of spinors

v=(n)

coincides with the representations of minimal surface with conservation of isothermal coordinates.
z

z
Because of this notation catenoid could be given by ¥, = \/% e 2P, = \/% ez.

The equation represented through the Dirac operator is included in the Manakov’s L, A, B triple [3],
which is equivalent (will be discussed below) to the modified Veselov-Novikov equation (mVN) [4]. The
potential of the Dirac operator is the potential of representing a minimal surface. New solutions of the
mVN equation are constructed using the pre-known potentials of the Dirac operator and this algorithm is
said to be Moutard transformations [5]. These transformations could be illustrated in the following form:

DY =0-DYPY=0
~ 3}
~ %
where D =| 9
0z

, U - real-valued function (z = x + iy).

To phrase problem statement firstly, we consider the geometric meaning of these transformations
(which found in [6],[7]) and definition of the inversion of the minimal surface; further the inverted
surfaces could be represented after finding the exact solutions of the mVN equation. And these
representations of the new potential determine the soliton deformation of inverted surfaces [8],[9].

Our problem is to analyze the soliton deformation of inverted catenoid by the following items:

1. Gauss maps, height differential;

2. Weierstrass representations;

Differential of the third coordinate is -

du® = Re(dh), Q)

where dh — is called height differential [11].
To understand the geometry of minimal surfaces, we consider the complex-analytic properties of the
Gauss map G and dh.

The Gauss map [2] is determined by the formula G(z) = % = %(ru — ir,) and by (2), (5) we obtain
G(2) = (5 W? + 93,2 @3 — vD), iy, (6)
dh = 3 (upa)dz + 5~ Gy )dz. ()
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Surfaces  constructed by Y;(zZt),P,(z7t) (will be found below) using Weierstrass
representations determine the soliton deformation of the surface s [8],[9].

It is known in [3],[4] that modified Veselov-Novikov equations (mVN) -
Up = (Upaz + 30,V +2U0,) + (Ugzz + 30,7 +207;), (8)
Vz = (U 2)2: ©)
are represented by Manakov’s L, A, B triple:
D:+[D,A]—-BD =0

where D — Dirac operator and A, B — are special differential operators represented by the following forms

([51.[6]):
. Voo 0 -U, v, 207
A=212 43(u, 0 |2+3l0 7 1243 ouv 7
9z3  9z3 z dz 0z 2\ z ’

-V 0\, Vo205 3(Vi=V 2Uz;
B=3(-20, V £+3 0 -V a_z‘+§ —2U,, V,=V;|
Usually Manakov’s L, 4, B triple was written in [5],[7] by

L +[L,A] — BL = 0,
in terms of operator

0 1
and Dirac operator given above D = L - T, where ' = (—1 0 )

So operators A, B obtained by the following formulas [3], [7]:
A =-TAl'B =TATl' + A + B.

If U,V depend on variables x, y, then mVN equations (8),(9) can be rewritten in the following form:
Ur = Upax = 3UsUyy + U, (V + D) + 200+ T) + 20,7 - V) + 205, - 1), (10)
Ve — (Uz)x = _i(Vy + (Uz)y)- (11)

lzbl _JZ
Let U,V pre-known solutions of mVN equations (8),(9) and ¥, = ¥, @1 satisfy the following

system:
{D"IJO = O,
l'p()t = c/q,lpo

Last system lead to the system of linear equations is the following Airy type equations (G.Airy) for
pre-known U = V = 0 solutions:

W1 _ Y1 9y _ 0%,

at az3 ' ot az%’ (12)

with initial data

ﬁl NINI

1(22,0) = 2, 1,(2,7,0) = (13)
—— 0 ——
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By the successive approximation methods [14], the following solutions of problem (12), (13) are
found:

z t z t
e

2'8
ol

e

_ 28 _
V1(2,2,0) =—,92(z,2,t) =
which also satisfy the Dirac equations (U =V = 0):

oYy _ 0P, _

0z 0z
Inversion for minimal surfaces is obtained by new surface ¥ constructed by ¥,(z, Z,t), ¥, (2, Z, t)
with conservation of isothermal coordinates, and in order to analyze the deformation of this surface, will
be found the solution of the Dirac equation by the Moutard transformations [5].

These transformations are also called the Darboux transformations for finding solutions of the
following modified Veselov-Novikov equation (mVN):

~ ~ ~ ~ 3 ~~ ~ = 3 ~=
O = (Upas + 30,7 +207,) + (Uzzz + 30,7 +207;), (14)
where
V= (0%),) (15)
Note that solutions of mVN equations will be found in variables x, y, therefore

U = U = 30,0y + 307 + V) +30(% + ) + 50,07 = 1)+ 30(F, = 1,), (16)

I-/-x - (Uz)x = _i(‘?y + (ﬁz)y) (17)
Now, in accordance with 1 — 1) following surfaces are constructed by § — S, [6]:
x —ie" chx
S(x,y) = —ie " Ychx —ix , (18)
where the initial points on uj = u§ = 0,u = 1,
iu3 —u! — ju? Uk
Se(oy, ) = ut —iu? —iud —ify |k —1)dv, (19)

where
k(Z; z, f) = 1/1%,2 - ¢§_z - 2(1/J11/11,zz - lpzlpz,ﬁ)'
I(z,z,t) = 1/11,z$2,2 + al_ng,f - l/’1,zz$2 - 1/11$2,ZZ - alﬁlpz - Jllpz,ﬁ'

will give some deformation of surface S.
For the inverted catenoid S, corresponds one of nontrivial solutions U of the mVN equations (16),
(17).
2. Inverted catenoid. If the surface ¥: U — R® is minimal (for example, catenoid), then its inversion
Y =T - 1. Accordingly, the inversion of surface S (which passes through points u, = (0,1,0) with zero
potential) is the following mapping:
-1. _x
ST hix - NE
which transfer the catenoid to the surface S; at some time t = const at a point x = 0,y = 0 with
potential U.
In the following examples, for given minimal surfaces, their inversions are constructed by the
Weierstrass representations (for surfaces 1),the Gauss map (6), and the height differential (7).
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Example 1. (Enneper surface) Y, = z,¢, = 1,

z
7=(1)
By Weierstrass representations, we find the following components of this surface:

5 3
ul(z,2) = f((oz'bz)) (z? +1)dz— (Z2 + 1)dz = y? —x%y -y,

20, 7 — (@2 2 N _ x* 2
u (z,z)—f(oo) (1—z)dz+(1—z)dz—C—x—?+xy -C,

ud(z,2) = f((OZ"OZ_)) zdz + zdZ = x? — y?,

here linear integrals do not depend on the integration path in the domain D, C > 0 -some constant.
Gauss map
G(z2)=((z%+11-22%2)

depends on the choice of the initial point of the surface.

Stereographic projection is the mapping of a single sphere into a complex plane. In this example, the
line that intersects the pole of the unit sphere and any other point of this sphere will be parallel to the
complex plane, since the inverted Enneper surface 1) translates the point x = y = 0,t = C to oo. In [6]
were found blowing-up solutions of the mVN equation by rigid translation of the second coordinate axis
of the initial Enneper surface 1. Obviously, dh = dz means there is no surface rotation.

z

Example 2.(catenoid) ¥, = %e_i, Y, = %ei.
ul(z,2) = é ((OZ,;)Z_)) (ez_ze_z dz — ez_ze_z dZ) = —chx siny,
u?(z,2) = % ((OZ';)Z_)) (ezze_z dz + ez+ze_z dz‘) = chx cosy,

3(, 7 = (@D (1 1,2\
u3(z,2) = f(o,o) (Zdz+2dz) = x.

Inverted catenoid as solutions of equations (12)

z t 7t
¢!¢1(Z.Z,t)=eﬁ @z =20

also determined by Weierstrass representations
1z 7¢) = — ) i
u(z,z,t) = —ch (x + 4) siny,
2(, 5 +) — 5. —cht
u(z,z,t) = ch (x + 4) cosy ch4 +1,
u3(z,z,t) = x.
Gauss map
1
G(z) = (sh z,chz, E)’
depends on the choice of the initial point of the surface, and
dh = 0.

The stereographic projection maps each point of the unit sphere to the all point of the complex plane.
It means that solutions of the mVN equation U(x,y,t) are determined for all constants t = const, by
smooth translation of the initial catenoid 1 along the second coordinate axis u? = u? + t.

3. Soliton deformation of inverted catenoid. By substituting in (19), deformation part of surface S is
found by the following time dynamics:

k :ie‘iysh(x+£),l = —%.
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Surface
iCx +2) —ieYch(x +7)

Se=| —teWeh(x+2) —i(x+2)

is constructed by is constructed by S at some time t = const:

const
4

ul(x,y) = —ch(x + )siny,
const

%) cosy, (20)

const
4

u?(x,y) = ch (x +

ud(x,y) =x+

const
4

const

with initial point uy = 0,u¢ = ch U =

iud —ul —ju?

Soliton deformation at the surface S(x,y) = (ul —iu? —iu3 >, is determined by formulas (19).

In [6], it was shown that the following surface:

Uk
St(xry't) =5(x'}’)_if0 <k —l)dT

will give soliton deformation of the surface S by the Moutard transformations [5],[6].
We present the algorithm of Moutard transformations for surface S;, obtained in [5],[6].
By this algorithm, we find W, A, B, C by introducing (see [6]) the following notation:

iw A B C
K(%)=<—Z —iW),M(‘PO)=<—E §>.

og=w, 21
V=A42+2(AB —iCW). (22)
(const + 1)cosy + (x + %)sh(x + i) —ch(x+ i)

w = ,
(const + 1)2 — 2(const + 1)cosy - ch(x + i) +(x+ %)2 + ch?(x + i)

(const+ 1) - (cosy - sh(x + £) + isiny - ch(x + £)) —sh(x + £)ch(x + £) A 2)
A=i- 4 4 4 4 4

(const + 1)2 — 2(const + 1)cosy - ch(x + i) +(x+ %)2 + ch?(x + i)
B=-t thx+be=—t

= —_—— X —-), = .

2 4 2- ch(x+£)

Then, by formulas (21), (22), we finally obtain solutions of the mVN equations (16, 17) for the
inverted catenoid u? - u? — const

U(z,zt) =
zZ—Z zZ+Z 3t z+Z t z+Zz t
(const + DED + B2+ Dsh(E2+5) — ch(E2 +9)

- (const + 1)2 — 2(const + 1)(

zZ+Z
2

4z L5 ch(ZZ2 3ty2 22tz ¢t
2+ Y chED + EZ+ 352+ cn2 B2+
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or
U(x,y,t) =

(const + 1)cosy + (x + %}sh(x + i} —ch(x + i)

_ ) (23)
(const + 1)2 — 2(const + 1)cosy - ch(x + i) +(x+ %)2 + ch?(x + i)
~ th?(x +5)
V(x’ y’ t) — —4 —
4
t
B th(x + Z)
2
(const + 1)(cosysh(x + i) + isinych(x + i)) —sh(x + i)ch(x + i) A %)
+ —
(const + 1)2 — 2(const + 1)cosych(x + i) + (x + %)Z + ch?(x + i)
U
_— (24)
t
ch (x + Z)

In particular, with condition x = y = 0,t = 0 new potential U = 0. So we obtain

Jif t>0,u? > u?—t,
const

~ [ = 2 2
7(0,0,t) = 0,if t =0,u® - u*,

Jift<0,u? > u? +t.
const

. . . 1 .
Therefore, deformation of the catenoid generates a smooth function - sgntat all points t except

the zero of potential U at the point x = y = 0.
It is known that the derivative of the signum is equal to the Dirac delta function.

4. Main result.

Theorem.

1. The soliton deformation is determined by the smooth translation of the catenoid Y along the second
coordinate axis u? = u?+ 1, and exact solution U,(x,t) of following modified Karteweg-de Vries

equation (mKdV) [15]: U, = %lexx + 6ﬁ1xl712,

is found
(x+%)sh(x+£) —ch(x+£)

3t t
(x+)%+ch?(x+)

Ui(x,t) = (25)

1
con

2. Inverted catenoid generates a smooth function -, Sgn tat all points t except the zero of potential

U at the pointx = y = 0 and

d _
—U(0,0,t) = o(t
dt(") const()

where §(t) is the Dirac delta function, const # 0 - nonzero constant.
The smooth translation of the catenoid 1 is also determined along the second coordinate axis u? =
u? + const until const # 0 and U(x, y,t), V(x, y, t) satisfy the mVN equations represented by (23), (24).
Proof. mKdV solution U, (x,t) is obtained by simple substituting const = —1 in potential (23).
Therefore potential U; depends on variable x. By substituting const = —1 in potential (24), we obtain
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V, (x,t), which satisfy V; = ﬁlz. This implies the well-known fact that mVN equations can be reduced to
mKdV equation. Note that potential representation of inverted catenoid satisfies mVN equations by
Moutard transformations and inverted catenoid satisfies Airy type equations. Analogically potential
representation (25) of mKdV surface satisfy mKdV equation by condition const = —1 and catenoid is
intended to initial data (11). Second part of theorem is clearly.

The obtained results can also be applied in the physical sciences by considered as [12], [13],
[16], [17].

Acknowledgments. This work was supported by the Ministry of Education and Science of
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. Kypmano6aes' 2, K. Ecmaxanosa’

'On-®apabu ategarel Kasak YarTeik Y ausepcuteTi, Anmatel, KasakcTaw;
’Cyneiiven Jlemupen aTeinars! Y ausepcutet, Kackenen, Kasakcran;
3JLH. I'ymuses ateiaaarsl Eypasus ¥nrreik Yausepeurerti, Hyp-Cynran, Kasakcran;

HWHBEPCUSAJAHTAH KATEHOU/I YIIHITH COJIMTOHABIK JE®OPMAILIUA

AnHoranusi. Muanmanas! 6er ([1] kapaHpI3) yin emmeMal KeHicTikre Befiepinrpace kepiHici apKbUIbI aHBIK-
tanaapl. CrimHop TepmuHiHne upak tenneyiniH ([2] »KyMbICBIHIAFbI) HICHIIMI H30TEPMAaIbl KOOPIUHATAIAPHI
CaKTaJIFaH OCbl MUHUMAaJIbl OET apKblIbl YChIHBbUIAABL. MaHakoBThIH L,A,B yuririne enerin upak oneparopst ([3]
EHTI3UINeH) apKbUIbl JKa3bUIaThlH TeHAey Moaubukauusuianran BecenoB-HoBukoBteiH Tenaeyine (MBH) ([4]
KapaHbI3) SKBUBAIEHTTI Oonanbl. [{upak omepatopbiHbH U MOTEHIIMANE MUHUMAIAB OCTTI YCHIHATHIH MOTEHITHAI
Ooubin TabObiIansl. JlMpak orepaTopbIHBIH Oenrimi moTeHuuanaapsl apkeuisl MBH TenaeyiHiH jkaHa memrimuepi
KYpacThIpbUIATBIH aroput™M Mytap Typaenaipyi ([5]) men aramanmel. Bipinmiinen, ocel Typnenamipyain [6], [7]
JKYMBICTApBIHIA TaOBUTFAaH T€OMETPHUSUIBIK MaFbIHACKI MUHHMAJIBI OCTTiH MHBEPCHACHIHA aHBIKTaMa Oepemi, apbl
Kapait MBH TeHzneyiHiH HaKTHI menriMaepin Tady apKbUIBI HHBEPCHSUIIaHFaH OeTTepi CUIaTTail amambi3. by skaHa
MOTEHIMAIAAPABIH  cunarramachkl [8], [9] KyMmbICTapblHAA EHTI3UIEH CONMTOHABI AeOPMALMSHBI AHBIKTANIBL.
2014 sxbutbl Oactankpl ODHHemep O€TIH KaTaH >KbUDKBITY apkpuibl MBH Tenzeyiniy Oy3ymibl menrimaepi [6]
JKYMBICBIHIA TaObLUIFaH. APl Kapai ekiHi perti JuHenep Oeti yimin [10] )KyMbICBIHIA HOTMKEIEP albiHFaH. EHl
eKIHIII KOOp-IMHATAJIBIK OCHTIH OOWBIMEH TETIC JKBUDKBITY apKbUIbl HHBEPCHUSUIAHFAH KaTEHOM]| YILIIH COJMTOHIBIK
nedopManiys aibIHAIbL.

Byn kymbIcTa KaTEHOWATBHIH MHBEPCUSACHIH aHbIKTay YyuiiH [aycc Oelineneyi, Ouwik aunddepenuuman ([11]
KapaHbl3) JereH roJoMopTbl 00BEKTUIepAl Tady YCHIHBUIAABI, COHBIMEH KaTap, MHBEPCHSIAHFaH KaTEHOWATHIH
COJIMTOHABI eOpMaIMsCHl anbIHAB; Moaudukanusianrad Kapreser-ne-Bpus tenneyinin (KnB) nepbec mremnrimi
TaOBUIIBL, all Oyi 63 keserinae KaB Oertepi Typanst cunarrama 6epemi([12],[13]).

Tyiiin ce3nep: Momndukanusnanran Becenos-HoBukoB Tenneyi, upak omepartopsl, ['aycc OeliHeneyi, Omik
nmuddepeHIman, crepeorpaduKaNbIK MPOSKINs, CONMUTOHABIK AedopMaryst, MyTap TypiaeHIipyi, KATEHOU.

1. Kypmanoaes %, K. Ecmaxanosa’

'Kasaxckuit HAUMOHANBHBIN YHUBEPCUTET UM. anb-Papabu, Anmarel, Kazaxcran;
2VuusepcureT uMm. Cynelivana Jlemuperns, Kackenen, Kasaxcran;
Bpasuiickuilt Haumonaneueiii Yuusepcurer um. JL.H. I'ymunena -Cyuran, Kazaxcran
E H v JLH. T , Hyp-C , K

COJIMTOHHAS JE®@OPMALINSI NHBEPCUPOBAHHOI'O KATEHOUJIA

AnHoTanus. MuHUMaIbHAS TTOBEPXHOCTH (cM.[1]) ompenenseTcs ¢ MOMOIIBIO MpeCcTaBIeHns Beiepmrpacca
B TPEXMEPHOM IIpocTpaHcTBe. Pemenue ypaBHeHus Jlupaka [2] B TepMHHAX CIIMHOPOB COBIAJAET C MPEACTaBIC-
HUSIMH 3TOH IIOBEPXHOCTH C COXPAHCHHEM H30TEPMHUYECKHX KOOPIAWHAT. YPaBHEHHE, MNPEACTABISIEMOE Uepe3
onepatopa Jlupaka, koropbiii Bxoautr B L,A,B Tpoiiky ManakoBa (cM.[3]), paBHOCHJIBHO MOIU(DHUIUPOBAHHOMY
ypaBHenuto BecenoBa-HoBukoBa (MBH) (cm.[4]). Ilorenmman U omepartopa [lupaka sBIsieTCsl NMOTEHLIHAIOM
MIPEICTaBICHUs MUHUMAaIbHOI moBepxHOCTH. HoBble pemeHus ypaBHeHUs MBH cTposiTCs ¢ MOMOIIBIO M3BECTHBIX
MOTEHLMAJIOB orepaTopa Jlupaka, M 3TOT AIrOPUTM Ha3bIBaeTcsi npeoOpasoBanueM Mytapa [5]. ['eomerpuueckuii
CMBICII 3TOTO IpeoOpa3oBaHuWs, HalieHHBIH B paborax [6], [7], BO-TIEPBEIX, JaeT HAM OIpPEICIICHHUEC WHBEPCUH
MUHHMMAJbHOI MOBEPXHOCTH, Jajee, ¢ HaXOXKACHUEM TOUHBIX pelleHHH ypaBHeHUs MBH, Mbl MOXeM MpeacTaBUTh
WHBEPCHPOBAHHBIC TIOBEPXHOCTH. A 3TH MPEACTABICHUS HOBOTO MOTEHIMANIA ONPENEIAIOT COMUTOHHYIO nedopma-
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U0, BBEACHHYIO B pabortax [8] u [9]. B 2014 rogy Opuim HalAeHBI pa3pyliaromue pemieHus ypaBHeHus MBH c
MTOMOIIBIO JKECTKOM TPaHCIINEeH M3HAYaIbHOM MOBEPXHOCTH DHHemepa B pabote [6]. JanmpHEWme pe3ysibTaThl
HaiineHel B pabore [10] mpu mnoBepxHOCTHM OHHemepa BTOPOro MOpsKa. Ternepb HAaXOAWUTCS COJNUTOHHAsS
nedopmanys Mpu HHBEPCUPOBAHHOTO KaTEHOW A C TOMOLIBIO TJ1aJKOW TPAHCIISIMEH BTOPO KOOPIMHATHOM OCH.

B nanHol pabote 1uisi onpejeneHus WHBEPCHH KaTEHOW/a NpeiaraeTcs HaiTH rojJoMopdHbIe 00BEKTHI Kak
orobpaxenus ["aycca n Beicokoro nuddepenmana (cM. [11]); Takxe B paboTe momydeHa coIuTOHHaAs JeopManus
WHBEPCHPOBAHHOTO KaTE€HOMJIa; HAJIEeHO YacTHOE pelleHre MoanunupoBaHHoro ypasHenust Kapresera-ne-Bpusza
(KaB), uro maet Ham mpencraBinenune o KnB-moBepxHocTsx (cm.[12],[13]).

KaroueBsie ciioBa: monuduimpoBanHoe ypaBHeHHe BecenoBa-HoBukoa, omeparop [upaka, oToOpakeHue
laycca, Bwicokmii muddepennunan, crepeorpaduueckas MPOEKIUSA, COMUTOHHAs Aedopmarus, Mmpeodpa3soBaHUe
Myrtapa, KaTeHOu/.
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EQUIVALENCE OF THE HUNTER-SAXON EQUATION AND THE
GENERALIZED HEISENBERG FERROMAGNET EQUATION

Abstract. Integrable systems play an important role in modern mathematics, theoretical and mathematical
physics. The display of integrable equations with exact solutions and some special solutions can provide important
guarantees for the analysis of its various properties. The Hunter-Saxton equation belongs to the family of integrable
systems. The extensive and interesting mathematical theory, underlying the Hunter-Saxton equation, creates active
mathematical and physical research. The Hunter-Saxton equation (HSE) is a high-frequency limit of the famous
Camassa-Holm equation. The physical interpretation of HSE is the propagation of weakly nonlinear orientation
waves in a massive nematic liquid crystal director field.

In this paper, we propose a matrix form of the Lax representation for HSE in su(n + 1)/s(u(1) @ u(n)) -
symmetric space for the case n = 2. Lax pairs, introduced in 1968 by Peter Lax, are a tool for finding conserved
quantities of integrable evolutionary differential equations. The Lax representation expands the possibilities of the
equation we are considering. For example, in this paper, we will use the matrix Lax representation for the HSE to
establish the gauge equivalence of this equation with the generalized Heisenberg ferromagnet equation (GHFE). The
famous Heisenberg Ferromagnet Equation (HFE) is one of the classical equations integrable through the inverse
scattering transform. In this paper, we will consider its generalization. Andalso the connection between the decisions
of the HSE and the GHFE will be presented.

Key words: integrable systems, the Hunter-Saxton equation, generalized Heisenberg ferromagnet equation, the
Lax representation, gauge equivalence.

Introduction.The equation describing an asymptotic model of liquid crystals was introduced by
J.K. Hunter and R. Saxton [1] in the form

(), = (1)
2 b

m, +um_+2u m=0, )

= Uy, 3)

where u = u(x,t) and m = m(x,t)- real functions.

J.K. Hunter and Y. Zheng Hunter and Zheng introduced the Hamiltonian structure of the HSE, and
they also proved the complete integrability of this equation [2]. Further, in work [3], was presented
solutions to the inverse scattering problem for HSE. In later works [4-8], analytical and geometric
interpretations were reduced to the equation (1).

Lax Representation of the Hunter-Saxton Equation

As mentioned above, the HSE (2), (3) is integrable using the inverse scattering method and has a
pseudo-differential formulation of a Lax representation [9] in the form

®_ = Amd, @)
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1 1
O, = —-u|® +-ud, &)
24 2
where q)(x,t) = q)(q)l , D, )T - eigenfunction and, accordingly, A -eigenvalues.
To establish the gauge equivalence between HSE and GFHE (spin system), we need the Lax matrix
representation. Since the coefficients of linear systems corresponding to the spin equations are related to
the symmetric matrix Lax representations [10].

Definition 1. (Lax Equations). Let @ (x,t,ﬂ) be SU(2) valued function such that (x,7) € O < R’
and A € C is spectral parameter. Lax equations are defined as

O =UD, O, =)D, (6)
where U (x,t ,/1) and V' (x,t , /1) are su (2) valued functions and they satisfy the following equation
U -V +[U,V]=0. (7)

Equation (7) is the compatibility condition of the (6). The matrices U and V are known as Lax pairs.
Proposition 1.1 The Lax representation for the HSE (2), (3) in symmetric space

su(n +1)/S(u(l)@u(n)) at n =2 is given in the form

©, =U,0, (®)
O, =V,0, )
where
Uy L
Uz{ y lj, V,= 3 24 (10)
Am 0 u—’”‘+(i—u)/1m e
2 24 2

Proof. From the compatibility condition for system (4), (5) matrices U,(x,t,A4) and V,(x,t,A)
satisfy the zero curvature condition

U, =V, +[U,,V,]1=0. (11)
Let us calculate the necessary components of the equation (11)
0 0 i
Ut = (/1 OJ s I/x = 1 2 u s
mt _(uxxx +mx)_ﬂ“(uxm+umx) -
2 2
uxx
2 h
[U.V]= 2|
Amu, ———*
2

and substitute it into the zero curvature condition. Equating the corresponding elements of the second rows
and first columns of the matrices in the equations (11), we obtain

ﬁmt—M"i— L—u Am | +Amu_=0. (12)
2 22 N

The rest of the elements will be identically equal to zero. Collecting the terms of the equation (12) by
degree A, we get the HSE (2),(3)

— 34 ——
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m=-u_,
A om +umt+um, +mu, =0,
m, +2mu_+um_ =0,
Thereby the proposition 1 is proved.
A Generalized Heisenberg Ferromagnet Equation

In this subsection, we present one of the integrable generalized Heisenberg ferromagnet equations,
which has the form

[4,4,+uA,) . ]1=0, (13)

where A =(A4,,A,,A4,) is the spin vector and 4> =1 .

Here the real function u is expressed in terms of the spin matrix A as follows:

| 2
u= o \tr(47)), 14
8ﬂ2 x ( ( X )) ( )
where S = const and
4, A x .
A=|"" , A =A ti4,. (15)
A" -4,
The Lax representation corresponding to the GHFE looks as follows
Y =UVY, (16)
¥, =VY, (17)
here
Ulz(ﬂ_ﬂ)|:A, [u_LjAX+At:|, (18)
2 25
m=(ﬁ_’1)(i—uj[A,A,]+M 1 Al (19)
2 24 2 24 20

Gauge equivalence HSE and GHFE

Definition 2. Two systems of nonlinear equations, integrable using the inverse scattering method, are
called gauge-equivalent if the corresponding flat connections U Iz Vj, j =1,2 are definedin one bundle
and are obtained from each other by a gauge transformation independent of A, that is, if

-1

U=gU,g ' '+g.g . Vi=ghg' +gg ",

where g(x,l) S GL(n,C ) It is clear that in this case, in the corresponding systems of linear differential
equation @, = gD, .

Proposition 2.2 The HSE (2), (3) with matrix Lax representation (8), (9) and the GHFE (13) with Lax
representation (16), (17)are gauge equivalent to each other[10, 11].

Proof.Based on the classical theory of gauge equivalence [10], we begin the proof of the theorem
with the transformation

Y=g g=0|,_,, (20)

where W is a solution to the system of the corresponding the GHFE (11), @ - solution of system,
corresponding to the HSE (2)-(3), and g(x,¢) - an arbitrary 2x2 matrix function that is a solution to the

system (8)-(9) forA = f.
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The derivative of the vector function ¥ with respect to x is equal to

¥, =(g" D), =(1-Pymg Tg=U¥. 1)
Carrying out a similar calculation for the derivatives with respect to ?, we obtain
¥, = (g"®), = (B Aumg'sg+ %gﬁg: Ny, (22)
where
0 0 0 1
X= , Y = .
I 0 0 0
Let us introduce the notation
A=glog, (23)
I 0
where oy = 0 is Pauli matrix.
After some calculations, we get
[A, Ax]=4ﬁmg’12g+4g’1Yg, (24)
2
[4.4]= e L[4 ]2 gy, (25)
2pm  2p Pm
g'Sg = [44]- g Vg (26)
4m" """ Pm ’
and
e Y=t 1+ | (4,4 ]- L™ (4 ua + 4], 27)
4 u, 2u

Substituting (24) - (27) into (21), (22), we obtain the Lax representation for GHFE (18), (19). Now it
is easy to verify that the zero curvature condition

Uy, =V +1U,, N1=0, (28)

with allowance for (16) and (17) is equivalent to the GHFE. Proposition 2 is proved.

Corollary. If the functions u(x,t) and m(x,¢) are solutions of the HSE (2)-(3), then their
connections with the solution 4 for the GHFE (13) are expressed as (14).

Conclusion. In this paper, a matrix form of the Lax representation of the HSE in symmetric space
su(n+1)/s(u(1l) ® u(n)) for the case n =2 was proposed. The Lax representation of this type expands

the possibilities of studying the equation under consideration. In particular, using the matrix form of the
Lax representation for the HSE, we have established the gauge equivalence of this equation to the GHFE
and presented the relationship between their solutions.

This research has been funded by the Science Committee of the Ministry of Education and Science of
the Republic of Kazakhstan (Grant No. AP 08856912).
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K. P. Muip3akynogsal, K. P. Ecmaxanosal, 7K. C. Ky6aesa?

'JLH. T'ymunes ateianarst Eypasus ynrteik yausepeuteti, Hyp-Cysran, Kasakcran;
2 EypasusibIKXaJIbIKapaJIblK, TEOPUsIIbIK(H3KKa opTaibirbl, Hyp-Cynran, Kazakcran.

XAHTEP-CAKCTOH TEHJIEYI MEH T'EM3EHBEPI' ®EPPOMATHETHUI THIH,
KAJIIBIJIAHFAH TEHAEYIHIH DKBUBAJIEHTTLIITT

AnHotanus. VHTerpannaHaTeH XyHenep Ka3ipri MaTeMaTHKana, TeOPUSUIBIK J)KOHE MaTeMAaTHKAJBIK (pr3nkaga
MAaHBI3IBI pell aTKapaabl. HakTel mremnriMaepi 6ap MHTETpalgaHaTHIH TEHACYIIEp MEH KeOip apHalbl mIenriMaepIiy
KOpiHici OHBIH Op TYpJi KacHEeTTepiH TanmayJa MaHbBI3IBl MIapTTapabl KaMTaMachkl3 eTe ananbl. Mysnmai
MHTErpajlaHaThiH XKyienep ToObiHa XauTep-CakcToH TeHJeyl jkaTajibpl. byl TeHaey/iH Heri3iHae xKaTkaH KeJemi
9pi KbI3BIKTHI MAaTEeMaTHKAJIBIK TEOPHsl OEJICeH/II TypAe MaTeMaTHKAIBIK jKoHE (DU3UKAIBIK 3epTTeyliepre e OOJIbII
keneni. Xautep-Cakcton terueyi (XCT) — 6opimisre 6enrini Kamacca-Xonm TeHaeyiHIH JKOFapbl KHUITIKTI IIeTi.
XCT-HiH (u3MKaIbIK MaFbIHACKI OJICI3 CBI3BIKTBI €MeC OarjapiiaHfaH TOJKBIHIAPIBIH CYHBIK KPUCTAJLI
JIMPEKTOPBIHBIH MACCHUBTI HEMATHKAJIBIK OPICIHIIE TapaTybl OOJbIN TaA0bUIA/IBL.

Byn makanana su(n+1)/s(u(1)@u(n)) cummerpusnsik kenicriringe, n =2 xarmgaitel ymin XCT -uin Jlakc
KOPIHICIHIH MaTpUIAIBIK TYpiH ychiHaMbI3. 1968 xbuiel [Tutep Jlakc enrizred Jlakc >kynTapbl WHTETpaIIaHATBIH
IBOJIIOIISUTBIK, A depeHnnanaplk TeHASYIePAiH CaKTalaThlH IaMaiapblH Ta0yFa centirid turizeni. Jlakc kepiHici
KapacThIpaThlH TEHACYIIH MYMKIHIIUTIKTepiH apTThipaabl. Melcaner, OepinreH sxymbicTa 0613 ['eisenbepr
(eppomarnerurinin xkannbuianrad TeraeyiMen (I'®XKT) XCT-HiH kanuOpiiik SKBHBAJICHTTUIITIH OpHATY YIIiH,
XCT-nig MaTpuuanblk Typaeri Jlakc kepiHiciH naiinanana-mbi3. Oirini ['eiizenOeprrin geppomarHeTik TeHueyi
(I'®T) kepi mamibipay TYpJAeHIIPYi apKbUIbl HHTErPalJaHAThIH KIACCUKANBIK TeHIEYIepAiH Oipi Ooibin TadbuIaIbl.
byn makanmanma ©0i3 OHbBIH KkanmbuiayblH Kapactelpambl3. CobiMeH kKatap, XCT men TI'®OXT memimaepinin
apachIHJIaFbl Oaiila-HBICTHI KOPCETEMI3.

Tyiiin ce3mep: wWHTErpanmaHaThIH Xyhemep, XaHTep-CakcToH TeHAeyi, [eizeHOepr ¢eppomMarHeTH-TiHIH
JKaNMbIIaHFaH TeHaeyi, Jlakc kepiHici, KanuOpIiK SKBUBAIICHTTLIIK.

K. P. Muip3akynogal, K. P. Ecmaxanosal, 7K. C. Ky6aesa?

! Epasuiickuit HannonansHeli yuusepeuter umenn JIL.H. T'ymunesa, Hyp-Cynran, Kazaxcran;
2 Eppa3suiickuii MeX/[yHapOIHbIH LEHTp TeopeTHueckoi pusuku, Hyp-Cynran, Kazaxcran

9KBUBAJIEHTHOCTb YPABHEHUSA XAHTEPA-CAKCOHA
M OBOBIIEHHOI'O YPABHEHUSI ®EPPOMATHETHKA 'EM3EHBEPT A

AnHOTanus. IHTErprpyemMble CHCTEMBI UTPAIOT BAKHYIO POJIb B COBPEMEHHOI MaTEMAaTHKE, TEOPETUUECKON U
MaremMaTtuueckoi (usnke. OTOOpa’keHWE WHTErPHUPYEMBIX YPABHEHHWH € TOYHBIMH PEUICHUSIMH M HEKOTOPBIX
CHELHUATbHBIX PEIICHNI MOKET 00eCIeunTh BasKHBIE YCIOBUS Ul aHAJIN3a €r0 Pa3IndHBIX CBOHCTB. K cemelcTBy
TaKUX MHTETPHPYEMbIX CHCTEM NPUHAMICKHUT ypaBHeHHEe XaHTepa-Cakcrona. OOmupHas 1 HHTEPECHas] MaTeMaTH-
JecKasi TEOpHsl, KOTOpasl JISKUT B OCHOBE ypaBHEHHsI XaHTepa-CaKkcTOHA BBI3BIBACT aKTHBHBIE MaTEMAaTHUECKHE U
¢dusnueckue uccieaoBanus. YpaBHeHue XaHTepa-CakcroHa (YXC) — 3TO BBICOKOYACTOTHBIN TpeJeNl U3BECTHOTO
ypaBHeHust Kamaccel-Xonma. ®@usunyeckoit natepnperanueii YXC sBiIseTcs pacpoCTpaHEHUE CIIA00HCTUHEHHBIX
OPUEHTAIMOHHBIX BOJIH B MACCUBHOM HEMAaTHYECKOM I0JIe TUPEKTOpa KUAKOT0 KpUCTaIlIa.

B oroii crarbe MBI mpezyiaraeM MatpuuHylo (opmy mpencrasienus Jlakca YXC B cHMMETpHYHOM Ipoc-
tpanctBe su(n+1)s(u(l)®@u(n)) nna ciydas n = 2. Ilapsr Jlakca, BBenennble B 1968 rogy Ilutepom Jlakcom,

SIBIISTIOTCSL WHCTPYMEHTOM JUISI HAXOXKICHHUA COXPAHSIOMIUXCA BEIWYMH HWHTETPUPYEMBIX DBOJFOIHOHHBIX
muddepeHmanbHbIX ypaBHeHnH. [Ipencrapnenne Jlakca pacuipsieT BO3MOKHOCTH PacCMaTPUBAEMOTO YPaBHEHHS.
Hanpumep, B naHHO# pabore Mbl OylneM HCIOJIb30BaTh MarpuuHoe npexactasienue Jlakca must YXC, 4ToObl
YCTaHOBHUTH KaJHOPOBOYHYIO 3KBHBAJCHTHOCTH ITOTO YPaBHEHHUS C OOOOIICHHBIM ypaBHEHHEM (peppoMarHeTuka
I'eiizenbepra (OY®I'). 3namenuroe ypaBHeHHE ¢eppomarHeTnka [eizenbepra (Y®I') sBugercs omHuM H3
KJIACCMUYECKUX YPAaBHEHMH, MHTErPUPYEMBbIX IOCPEICTBOM OOpaTHOro IpeoOpa3oBaHMsi paccesHus. B aToii crarbe
MBI PACCMOTPUM ero 00o0IeH e, a Takxke OyIeT npeIcTaBiIeHa cBs3b Mexay peeHusmMu YXC u OYDI.

KaioueBble ciioBa: HMHTErpupyeMble CHCTEMBI, ypaBHeHHe XaHTepa-CakcroHa, 000OIIEHHOE YpaBHEHHUE
(deppomarneruka [ eitsenbepra, npencrasieHue Jlakca, kKaTuOpoBOYHAasI SKBUBAJICHTHOCTb.
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USING THE CUDA TECHNOLOGY TO SPEED UP COMPUTATIONS
IN PROBLEMS OF CHEMICAL KINETICS

Abstract. The main idea of the implementation is reducing the time for calculation and thereby implement a
multi-user mode for users by placing it on a server with access via a web browser. To model the kinetics of chemical
reacting systems were used 4" and 5% grade Runge-Kutta methods and to receive the index of advantages of this
elaboration were written programs in C# for sequential computation on a central processor and was used a platform
for parallel computation of CUDA on graphic processors. Parallelization of data during calculation on a GPU was
performed by the distribution of the reaction to individual strands, when changes of the concentration was calculated
over a given time interval of a certain substance. Parallelization is performed over all elementary reactions, with the
increasing of the number of reactions in the mechanism, because of this the computation on the GPU has a noticeable
gain in time.

Keywords: CUDA, combustion, modeling, parallel computation, performance, computing, thermodynamics,
concentration changes, reactions of mechanism.

Nowadays computing technologies significantly permits to increase the speed of mathematical
modeling of any processes. However not all program complexes efficiently allows to use parallel
processing of the received data. In this case, it concerns to parallel computing with using graphics
processors [1-3].

The purpose of the work is to use an NVIDIA graphics card with the calculative abilities of the
graphic processors for acceleration of definite chemical reactions processing under different temperature
regimes. There was condacted a comparative analysis of programming technologies using graphic
processors is carried out. After analyzing of their features and capabilities, the CUDA (Compute Unified
Device Architecture) technology, which was developed by NVIDIA, was chosen as the most convenient in
terms of programming and presented features. CUDA is a parallel computing architecture from NVIDIA,
which significantly allows you to increase computing productivity due to using the GPUs (graphics
processors). The applying of this a parallelization technology for solving the equations of chemical
kinetics makes it possible to reduce the time and computational costs [4-10].

CUDA computing flows are performed on a separate physical device, the so-called device, which is
used as a central processor's (CPU) coprocessor. In its turn, the program in CUDA-C language, the so-
called kernel, starts from the central processor for each of the computational flows. The threads'
configuration is set on the CPU before the kernel function's calling. For convenience and best
performance, computational flows are combined into blocks, which then are combined into a grid. In the
course of the implementation of then massively parallel kinetic solver was developed the "Chemical
Calculator" software for simulating the kinetics of chemically reacting systems at the zero-dimensional
approximation. The work of the program combines the process of computing, the central processing unit
and the NVIDIA graphics processor, using CUDA technologies [11-14].
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The graphical interface of the program was developed with the use of C # language [2-5]. The
program interface was created in the maximally convenient way for users at solving problems of
chemically reacting systems. The type of software is shown in figure 1.

Abbreviated files of the Chemkin mechanismare are used at the performing of calculations in the
developed program. It allows the user to easily transfer their bulk mechanisms into the Chemkin format
[2; 4; 6]. The user can download these files using the menu items File — Reactions and File —
Thermodynamic Properties. After downloading, the input files appear in the "Input file" program area.
Here the separator between the reactions and the thermodynamic properties of substances is a string,
which contains the word "THERM". Reading data from the "Input file" area is done line by line and the
results of reading are written at the "Reading results" area. The number of reagents and reactions in a
given mechanism, the Arrhenius formula coefficients, the direction of the reaction, the derivation of the
left and right matrix for the reaction mechanism and the thermodynamic data for each element in the
mechanism are determined as a result of reading. The definition of this data is made with only one click of
the menu item Reading — Reading the data from a file. After this the input data is entered for conducting
calculations, choosing a certain method from the drop-down list. Calculations can be conducted on the
central processor as well as on the GPU [6; 10]. At performing of the calculations on NVIDIA with an
increasing of the number of computations, time of calculations decreases in comparison with computing
time on central processors [11-14].

OO 0OF HOO CHS CHE CHI0 OXHO HOXHO OCHO 0K

F=000 0 00000000 =000 0 00000000 =000 & oM cusHI0eM 35 7 2000 o [ v

[ 3

1 383206e 005 18 &
1430426208 | 1OIIG00E (08 2ISTIARS 03T |2 TOE1RMe 211

Figure 1 - The main interface of the program "Chemical calculator"

To simulate the kinetics of chemical reacting systems used of grade Runge-Kutta methods. This
methods was written a C # program code for sequential computation on the central processor and CUDA
technology was used for parallel computation [14-17].

Table 1 - Comparative analysis of the estimated time in the CPU and GPU for different sizes of the input mechanism

Mechanism: Aramco Mech

4" grade of Runge-Kutta methhod

Number of chemical Number of chemical Regime of calculations Regime of calculation Received
elements reactions of CPU, msec of GPU, msec accelerationx 10
21 51 6901,00 9080,24 0,76
33 118 39081,00 20204,50 1,93
39 191 87735,00 29619,10 2,96
52 245 199169,00 49747,80 4,00
61 301 336749,00 67557,10 4,98
66 376 491811,00 83188,70 5,91
84 4438 946439,00 125339,00 7,55
103 565 1795548,00 186175,00 9,64
162 1006 6832052,80 390403,00 17,5

— 4() ——
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In table 1 is given comparative analysis of CPU and GPU time of calculation. Parallelization of data
during the calculation for the GPU is carried out by distributing the reactions on separate strings, at the
calculating changes of concentrations in a given time interval of a certain substance [15; 18; 19-28].

Each thread calculates how much the concentration of a given substance in a definite reaction has
changed over a cerain time interval.Parallelization is performed by reactions with increasing of the number
of reactions in the mechanism, that's why computation on the GPU considerably saves time (table 1).

The program implements automated reading of data from input files to the Chemkin software package
format, subtracted algorithms for calculating rates of reactions, calculating changes in the concentration of
substances over time [25-28]. The main calculations could be performed by 4th grade of Runge-Kutta
method [29]. The computation on the central processor is performed by using a sequential algorithm.
Calculation on NVIDIA graphics cards, using CUDA parallelization technologies, is performed in parallel
way. The use of enterprise software was made by a comparative analysis of the computation time on the
central processing unit and on the graphics processor. As a result, it was found that accelerating of the
computation process using graphics cards gives a very good time win [27-29].
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Figure 2 - Comparative analysis of computational algorithms on CPU and GPU using
The fourth-order Runge-Kutta method

User's manual of the program "Chemical calculator”". When you start the program, opens the main
interface. The program interface consists of several components. In the upper area of the interface is a row
of menu components. Loading of input files into the program is conducted through the menu item File.
File - Thermodynamic properties (figure 2). These downloaded files are imported into the "Input file"
program area. "Thermodynamic properties" - the program for automatic insertion of the word-separator
"THERMDAT". During the reading of data from the "Input file" area, the beginning of the
thermodynamic data line is determined from this word. If necessary, you can edit the input data of the
mechanism directly in this area [25-29].

Reading of data from the input area is performed by clicking the menu item Read — Read data from
the file . After clicking this menu item on the created algorithm of data recognition from the input area
realizes the automatically reading of the data. At reading the data of reaction, four parameters are
determined for calculating there action rates (formulas 1, 2).

The rate of the reverse reaction is determined by the following formula

i =2 (M

Ke;

P
K. =K —atm
L

pi ( RT @)

The first parameter is the pre-exponential factor, the second parameter is the temperature exponent,
the third parameter is the energy activation and the fourth parameter determines the direction of reaction.
If the reaction proceeds only in one direction, then only the rate of reaction is calculated only in this
direction, in the other case it depends on the rate of the forward and reverse reactions. After reading these
reactions, from reactions they all correspond to the reagents of this mechanism [23-29].

K
)Zk=1 Vki
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The left and right data matrix is then determined. In these matrices the corresponding coefficients of
the elements in the given reaction are located. These data are also used at determining in rates of
reaction(formulas 3, 4).

The rate of formation of the k-th substance (o k) "is calculated by the following formula [25-29]:

G = Di1 Vii @i (k =1, ..., K) 3)
Here vy; = vi; — vy,
Rate of reaction progress’ changing of i-reaction determines by following formula:
Qi = ki [TR=[Xie ]P0 — ki Tli=1 (X ]k 4)
[X,] — the molar concentration of the k-substance, 4; and 4. the rate of direct and reverse reactions.

The rate of the direct reaction is determined by the Arrhenius form

k= A;TPiexp (ﬁ) (5)

Where R is the universal gas constant; A; is a pre-exponential factor that does not depend on
temperature, but is determined only by the type of reaction; B; is the temperature exponent, E; is the
activation energy of the i-th reaction, which can be characterized as a certain threshold energy: roughly
speaking, if the energy of the colliding particles is smaller, then the collision will not occur if the energy
exceeds E;i. The activation energy does not depend on temperature.

-
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Figure 3 - Reading data from a file

Thermodynamic properties are read for each reagent of this mechanism from the input data of
thermodynamic properties. Thermodynamic properties are determined by the heat capacity, enthalpy,
entropy, free energies of Gibbs and Helmholtz, for a given substance (formulas 1-5) [28,29].

Basic equations of energy conservation in a medium with constant pressure

ar _ _ 1 yx -
= e k=1 Hy @k (6)

Here, T is the temperature of the medium, p is the mass density, ¢, is the specific heat, H is the molar
enthalpy of substances and wy, is the velocity.

The thermodynamic properties of substances in standard states are temperature "ideal", therefore
these properties are defined as temperature-dependent functions and at a constant pressure the heat
capacity of these substances is written as a function depending on polynomial coefficients and
temperature:

c? -1
%k: n=1 anka(n ) @)

— 4) ——
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Here the sign of the superscript "0" denotes the properties of certain substance in 1 atm. pressure. For
ideal gases the heat capacity is independent of temperature, so the value of the heat capacity in the
standard state is relevant for them. Other thermodynamic properties of substances at a given temperature
are determined in the form of integral functions depending on the specific heat.

The molar enthalpy of substances in standard states is determined by the following formula:

f% CordT + HQ(298) (8)
H_’g_ N anleEn_l) AN+1,k
o= Zn=1— ot o (8.1)

here, parametre ay.4 x * R denotes the heat of formation at 298K.
The molar entropy in the standard state is written in the form

SQ = [k 2k Bk 4T 4+ 59(298) ©)
50 an (-1
& = Qe In Ty + X0, =+ Az (CAY

here, the constant of integration ay., j * R is determined depending on the value of the entropy of a
given substance at a temperature of 298 K.

The equatations, which are given above, are indicated for polynomial of the permissible limits, used
in the NASA chemical equations (formula 8). In the Chemkin software complex, these components are
divided into two groups for two intervals of the temperature interval (low and high temperature region). In
this case, to process the thermodynamic properties [11-14]:

CO
& = Gkt agd + azTE + ag TP + asi Ty (10)
0
T R (11)
RT} 2
0
2 = qyln (Tye) + agcTye + S5 TE + 22T + ZETE 4 ay (12)

Other thermodynamic properties have values C2, H® u S°. Specific heat at constant volume -CJ,

Cor = Cpx — R (13)
Interior energy Uy

U = H) — RT (14)
Gibb’s free energy in a standard state G

GY = Hp — TiSY (15)

Helmholtz free energy in the standard state AY
AY =UQ — T}.S? (16)

For ideal gases in the standard state, the internal heat capacity, enthalpy and specific heat are equal to
the actual value of these properties.
Equations for determining the reaction’s rate

Elk<=1 Vi Xk © Zlk<=1 vk (E=1,..,1) (17)

Stoichiometric coefficients vy; integers and y; chemical symbol of k —substance. v;; — direct
reaction’s rate, vy; —reverse reaction’s rate. Usually, three or four substances participate in elementary
reactions.

To calculate the reaction rates in the "input data" area is set the initial temperature of the mixture and
by clicking on the menu item Run — Calculate velocities, for each reaction, the rates of the forward and
reverse reaction are calculated.
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Figure 4 - Running the calculation on the GPU

In this program, the basic computational work can be done with the use of a sequential algorithm on
the central processor as well as with the use of parallel algorithm in the graphics processor. Before
calculating is chosen a method for calculating the change in concentration over time. Then, the time step
and the number of cycles are set. The total calculation time is determined as follows:

t = Time step X Number of cycles

As it can be seen from the input data, to calculate the change of concentration of all elements of this
mechanism a sufficiently resource-intensive calculation is required. With a sufficiently large volume of
the computation mechanism, using a sequential algorithm requires a lot of computational costs and time.
And the use of a parallel algorithm makes it possible to speed up the computation with increasing the
volume of the mechanism [2; 4; 11-14].
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Figure 5 - Checking the concentration value before starting the calculation

For further calculation, the initial concentration of reagents in the mechanism is given in the
"Concentration of substances" area. If the initial concentration for some substances is not specified, the
initial concentration for these reagents is taken as zero (figure 5). After the end the calculation results are
displayed in the form of a table (figure 6). For clarity, you can see this data in the form of a graph
(figure 7). To do this, just choose.

= —= > = T e e e —_— = )
Feymntan srwen
T - [Rromeon - o000 [ e ] -
D00E=17 W a3 - 5430000 Koofe{7] - 1285801 THIZI 01
K e 08 « 46867100 006178 ¥._ofo{Y08] « JXM 1411 SEIME
3 o K roman - BST252 1777000 Wooao 0% « 857
om0} » 15080135 SB0Z1Z K_otof310] » 51 77
W remat11] - 145557 4301 13383 Koeaoa1] « 125870
rema13] = 19K AR KoooiI1] » TEESA SIIINEN
K rome}13) = 19620 $60I4T1 KoodpiIL] » SSLI42 TECRENE
K rema 4] K_ofe{104] - 1134500 £7126550
K rema 18] « 36130000 K ofe114]  SETE LTI
K roma 16 = M1 51 CO0E146 K, ocofiig] » 13815883 265407
K o1 - 24100000 KoAef317] = 3313050 565305
X rematIE] - 177530 T5444 oBol31H] - 15T RMTTIE
rom}13 = 4100000 [
Tesam0n TR K ool « 1468178 4612367
| [ HZ e ™
STINIRN  1AIETIS0IE | 4GNTHedTS  21SHSe0 | 1MAM5Rd 0
TISEMIO0  GNMOMOIE TGRS AMEe0I2 | 100N | 16TEIENOY
ITIMMMON  BATIENedI | 1EMT0N  GSNINIGe0I) | 2ONOTINOR |4 0HEWOW
IINMTON  LAMERDI7 | GHNSEeE  STEEWelIZ | 1NN | L0OTTRON
IEEOMNO0)  2TMETEMOIT [SMSIMeS1 [ 1OOMOBSON | SOSUTGIT |1 6TIINON
100565008 | 28SISEDIT |1 MEITHGSNT |1 NIBGESDI | TOTMATR3R |251SerSlednd
DT MEMGDIT | 1EITISOTT 1 SHSERON | RAVSD | 1TMTROH
AKDERMAO0)  STMGIeDT | ZMTMEWST  1TMTRON | 1IUNTRSN  |aNGITe0N
SAMSNO0  GAIIZENDIT | 1D0SSEISSNT | 1STBSSSON | 15%IedR! |6 MBEITSeON
STHMSGO  TENRRT | IMREMNT  TUSTMON | 18SI0GA0 | TERMSLIN
GSNTNEON  L1M0NeE SIS 2ESSMedll | ZEASMAZ] | LIESMTdN
THSMA0N  1IMEOMIIE GRS DBMSGSeON | IOGNSSN 130080
ADEHMING  IATMRDIE | NGRS JOTHSON | 1SS0 | D Scbeshedl]
115001 SO0 06 AGTISN00S  ITIIISedI6 |EFMABSRGT | IBETITIeON | ADMSGAESedTl |1 MIEMedT -

Figure 6 - Results of calculation
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menu item Result — Show res. GPU / CPU — Show in the graph. After that, a separate window opens
with the graphics area and in the right-hand area of the names of the reagent's mechanism and a label. At
the inserting / removing a check mark in these marks a graph concentration changes of the substance over
time appears in the graph area [17; 22; 24-27].
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Figure 7 - Change in the concentration of substances by time

This technology and the calculation approach allowed to achieve acceleration by more than 17.5 times
in comparison with multi-valued calculation on an IntelCore i7 3.4 GHz processor and 2-3 times in
comparison with the best performance of a multithreaded version based on GCD technology on 2x
IntelXeon processors 3.06 GHz with 24 cores. The results are obtained for loading parameters, which
present practical interest in systems.

Conclusion. In the developed program are used abbreviated files of the Chemkin mechanism. It’s
allows to use in the created project their volumetric mechanisms in the format of the Chemkin software
package. Calculations of the concentration of chemicals can be carried out both on the central processor
and on the graphic one. When performing calculations on NVIDIA GPUs, with an increase in the number
of chemical reactions, the calculation time decreases compared to the calculation time on central
processors. The program implements modules for automated data reading from input files in the format of
the Chemkin software package, computational algorithms for calculating reaction rates, and calculating
changes in the concentration of substances over time. Basic calculations can be performed using the 4th
and 5th order Runge — Kutta methods. The computation on the central processor is performed using a
sequential algorithm. Computing on NVIDIA graphics cards, using CUDA parallelization technologies, is
performed in a parallel type. Using the software gets a comparative analysis of the time interval of
calculations on the central processor, as well as on the graphics processor, was carried out. As a result,
when using the Aramco Mech mechanism with the number of elements of 162 and with the reaction of
1006, it was found that the acceleration of the computation process using graphic cards can reduce the
time by 17.5 times compared to the central processor.

M. C. Capcembaes!, b. A. Ypmames!,
0. K. Mampip6aes?, M. Typaaastyasr, T. C. Capcembaena’

'On-®apabu atemaarel Kazak YITTeIK yHEBEpCHTETI, AMaThl, KazakcTan;
2 AKIaparThIK )3HE ECENTEYINT TEXHOIOTUAIAD HHCTUTYThI, AnMathl, KaszakcraH;
2 2
3 CorbaeB yHuBepcuTeTi, AMaTtel, KazakcTan

XUMUAIBIK KHHETUKAHBIH MOCEJIEJEPIHAE ECENTEPAI KEAEJJAETY YLITH
CUDA TEXHOJIOTI'USICBIH ITAUJAJIAHY

AHHOTanusl. Icke achIpybIH HETi3ri WAESCHI - €CENTey YaKbIThIH KBICKApTy JKOHE OChLIaiINa MaiifaaHyIlbl-
JlapFa apHaJfaH Kell KOJJAHyIIbl PEXUMIH EHTi3il, OHbl BeO-cepBep apKbUIbI KOJDKETIMIUIri Oap cepsepre
OpHAJACTBIPY. XUMHSUIBIK PEAKIHs JKYHesepiHiH KMHETHKAachlH Mojenbaey yiuiH Pynre-KyTteiH 4-mmi skoHe S-mri
Iopexeni amicrepi KommaHeuiael. Ockl omictepai Konmanemn C# TimiHIETT MporpaMMAalbIK KoOJ Ka3suiabl. On Koo
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OpTaJIBIK Mpolieccopa Ti30EKTI TypAe ecenrenei xaHe napaiensi ecentey yirid CUDA rpadukansik mpoieccop-
Japia napaulenbli ecentey matdopMacsl KOJIIaHbUIIbL. bepiireH yakpIT apaybiFbIHAA OENTiil 3aTThIH KOHIEHTpa-
nuschiHbIH e3repyin GPU-na mepekrepii mapauienb/ii ecenTey YIiH peakiusuiapabl 0enek OarpiTTapra Oesnemi. Op
OarpIT OEpiIreH yakbIT apaiblFblHIA OENriti 3aTThlH KOHLEHTPALMAChl OChl peakuusuiapia OeiHyi op OarbITTa
ecenteneni. [lapayenbaey Gapiiblk KapanalblM peakUMsuiap YLIIH jKacallFaHJIbIKTaH,, MEXaHU3MET1 peakuusiap
cabIHBIH apTybIMeH GPU ecenrtey yakbITTHI 9i1J1e-Kaiiia YTBIMIIBI €TyTe aJIBI KeJle .

Tyiiin ce3nep: CUDA, xaHy, Monenpaey, Hapajulelibli €cenTey, OHIMAUIK, ecenTey, TepMOAMHAMHUKA,
KOHLICHTPALMSIHBIH ©3Tepyl, MEXaHN3M peaKLUsIIaphbl.

M. C. Capcembaes', B. A. Ypmames!, O. K. Mambip6aes?, M. Typaaastyanr, T. C. Capcembaena’

'Kazaxckumit HAIMOHANBHBIA YHUBEPCUTET MMeHN anb-Dapadu, AnMarsl, Kazaxcran;
2 MucTuTyT ME(GOPMAIMOHHBIX M BEIYHCIMTENBHBIX TEXHOJIOTHH, AnmaTsl, Kazaxcram;
3 Carnaes YHusepcuret, Anmarel, Kazaxcran

MNPUMEHEHHMWE TEXHOJIOI'NHA CUDA
JJIAA YCKOPEHUS TPOBJIEM XUMNYECKOU KUHETHUKH

AnHoTauus. OCHOBHas wuJesl peaju3alud - COKPaTUTh BpEMsl BBIYMCICHUM W TeM CaMbIM pealiu30BaTh
MHOTOITOJTF30BATEIBCKANA PEKUAM IS MTOJB30BATENeH, Pa3MECTHB €ro Ha cepBepe C AOCTYIOM depe3 BeO-Opaysep.
Jns MozenupoBaHUsl KHHETUKA XUMHUECKUX Pearupyroinx CUCTEM HCIIONB30BaHbl MeToabl Pynre — Kyrra 4-10 1
5-to mopsiaka. C IOMOIIBIO ATHX METOJOB OBUIO HAIMCAHO KOJA MPOTrpaMMBEI Ha si3bike C# IS mocienoBaTeIbHOTO
BBIUMCIICHISI Ha IIEHTPAJIFHOM IPOIIECCOPE U NCIOIB30BaHO MmiaTdopMma ais napautensHoro Berauciaenns CUDA Ha
rpadudeckux mporeccopax. PacmapamnennpoBanus qanebix npu pacuere Ha GPU mpowmsBogutes pacipenencHneM
peakuuy Ha OTIEJIbHbIE HUTH, NIPU BBIYMCIIEHUM U3MEHEHMM KOHLEHTpPAlMU HAa 3aJaHHOM BPEMEHHOM HHTEpBase
OTIpe/IeNIEHHOTo BeniecTBa. Kakjas HUTh BBIUMCIISIET, HACKOJIBKO M3MEHMIACH KOHIEHTpAIMs JaHHOTO BEIECTBA B
JIaHHOW peakIMM Ha 3aJaHHOM BPEMEHHOM HHTepBasie. Tak Kak pachapajieIMpoBaHUE MPOU3BOJIUTCS MO BCEM
9JIEMEHTaPHBIM PEaKIUAM, C YBEIMYEHHUEM KOJIMYECTB peakiuii B MexaHuzMe Beiuucienue Ha GPU maer 3ameTHbIN
BBIUTPBIL IO BPEMEHHU.

Kuaiouessie ciaoBa: CUDA, ropenue, MoAenupoBaHUe, MapaiieibHble BBIYUCICHUS, MPOU3BOAUTEIBHOCTD,
BBIYMCIIEHUS, TEPMOJIMHAMUKA, U3MEHEHUS] KOHLICHTPALH, PEAKIIUU MEXaHU3MA.
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ABSTRACT DATA TYPES FOR KNOWLEDGE REPRESENTATION
AND SPECIFICATION OF MULTI-AGENT SYSTEMS

Abstract. Distributed system is a group of decentralized interacting executers. Distributed algorithm is the
communication protocol for a distributed system that transforms the group into a team to solve some task. Multiagent
system is a distributed system that consists of autonomous reactive agents, i.e. executers which internal states can be
characterized in terms Believes (B), Desires (D), and Intentions (I). Multiagent algorithm is a distributed algorithm
for a multiagent system.

The article discusses the basic concepts of agents and multi-agent systems. Also, two problems of multi-agent
algorithms for representing knowledge in the context of Social Software Engineering are considered. A number of
new multi-agent algorithms are presented, and their correctness is proved. The main characteristics of agents are
provided, such as autonomy, proactivity, social ability, and reactivity; also, agents can have such additional
characteristics as persistence, reasonability, performance, mobility, personality, and rationality. A number of new
multi-agent algorithms are presented, and their correctness is proved. Two statements have been proved for solving
RAM and MRP problems. This time we address a social issue of agent anonymity and privacy in these algo-rithms.

Keywords: multiagent systems and algorithms, assignment problem, safety and progress properties, algorithm
verification, privacy, anonymity, Social Software.

Overview of multi-agent systems. Users of computer software are becoming more and more
dependent on computer systems. One of the many reasons for this is that computer systems have the
ability to disseminate information through efficient interaction within mobile and (or) physical networks
[1]. This capability has made computer systems attractive because they can solve problems or needs of
various users and organizations. Computer systems also have the ability to reflect organizational
capabilities and priorities. This includes the ability to represent the interests and objectives of various
users (for example, the best auction price, the most relevant search results, etc.). However, reliance on
computer systems and the dynamic nature of computing environments (e. g., the Internet) have caused
increased requirements (e. g., reliability, performance, and scalability) to computer systems. This has
generated interest towards research focused on automated computer systems such as single agents and
multi-agent systems [2, 3].

Advances in artificial intelligence research in the mid-1960s and early 1970s led to the development
of agents in the 1970s. In 1966, Professor Joseph Weizenbaum of Massachusetts Institute of Technology
wrote the first software agent known as ELIZA [2, p. 550].

Research on software agents in the 1970s and 1980s was very limited, being an additional research
and did not focus on language analysis, knowledge representation, nor on automatic and machine learning
until the advent of the World Wide Web in the early 1990s. With the advent of the World Wide Web, a
multi-agent system was created — the Worm search engine. The purpose of that agent was to track web
pages [4]. Other agents were created just as computer technologies became more advanced. In 1997, the
first sales agent, RoboShopper, was created to help customers or users to shop over the Internet.
RoboShopper accomplished that purpose by searching for items online and comparing site item prices.
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Microsoft Office Assistant also released an “office assistant”, which consisted of agent programs designed
to interact and assist the user based on the Microsoft Office Assistant [5]. The sites were designed to
search for recently hosted web pages and add the found pages to the major search engines.

It is not hard to see that such well-known computer programs as the Google search engine and
Microsoft Office Assistant are agents or exhibit some form of agent behaviour. They are used frequently,
yield satisfactory results to the user, and perform other additional functions.

Since the early 1980s, there has been an increase in research on multi-agent systems. This is because
most real-world hard problems involve distributed open systems. An open system is flexible and scalable
[4, p. 24].

Agent Definitions. Due to the variety of research areas and examples, there is no standard definition of
agents. Below are some examples of such definitions:

SodaBot Definition — “Software agents are programs that participate in dialogues and negotiations,
and coordinate the transfer of information” [5, p. 1495]. Sodabot is a development environment for
software agents curated by Michael Cohen at Massachusetts Institute of Technology. By his definition,
agents communicate with one another about information by perceiving and acting on the environment.
This definition excludes most standard programs as agents.

Definition by Pattie Maes — “Autonomous agents are computing systems that represent a defined
complex dynamic environment, act autonomously in that environment and thus implement a set of goals
or objectives for which they are designed.” According to Mays’ definition, agents are autonomous, that is,
they can act without targeted training. They also define the environment in which agents act as strictly
complex and dynamic. This means that the conditions in which agents operate constantly change and
require to adapt to changes in the environment [6, p.110].

Hayes-Roth Definition — “Intelligent agents continuously perform three functions: perception of
dynamic conditions in the environment; solution of problems; and drawing conclusions and determining
actions” [7]. According to Hayes-Roth’s definition, INTELIGENT agents must reason before they act.
This means that reflex agents are not INTELIGENT agents because they react spontaneously, for no
reason.

M. Wooldridge’s definition — “Agents are simply computer systems that are capable of autonomous
actions in some environment in order to satisfy their output. As defined by Wooldridge, agents act on their
own behalf. Agents can also coordinate with one another to solve problems or satisfy goals without human
intervention [8].”

More definitions can be found in the work done by Honavar. From the above definitions, it is clear
that agents are autonomous, have the ability to communicate with other agents or users, and are part of the
environment. The above definitions can also be used to obtain other important characteristics of the agent
[9].

Single (or individual) agents and multi-agent systems are the research part in the field of artificial
intelligence and distributed systems, respectively. Research in terms of individual agents on the structure
and internal behaviour of an individual agent, which involves autonomy, mobility, learning, and algorithm
(-s) is applied to solve problems, etc. Research within the framework of multi-agent systems is on the
coordination of several agents and is used to solve problems or perform tasks, i. e. external behaviour of
agents. Coordination of multiple agents includes defining interaction protocols, intermediaries,
communication languages, etc. Individual agents and multi-agent systems are designed to provide or
achieve the most basic qualities of agency systems (agency, intelligence, and mobility) operating in
various environments.

There are various definitions for the term “agent”, as discussed above. These definitions can be used
to identify the characteristics of an agent. Characteristics can help distinguish a multi-agent system from a
typical application. Below are the main characteristics of the agent [10]:

— autonomy — the agent can act independently, without direct human intervention and can control its
own actions and internal state;

— proactivity — it is a purposeful agent and it is capable of accomplishing goals without asking the
user or other agents. It is also able to adapt to changes in the environment;

— social ability — the agent can interact with people or other agents using the agent’s communication
language; and
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— reactivity — the agent is able to perceive and respond to changes in the environment immediately
or within a short period of time.

In addition to the characteristics of the agents described above, the agent can also have the following
additional characteristics:

— persistence — the agent continues to operate with the process continuously until it reaches the
desired result.

— reasoning — the agent’s reasoning about its actions before deciding at the output.

Performance — the agent is capable of achieving the desired results.

Mobility — the agent has the ability to move from one platform to another.

Personality — the agent has the ability to manifest a characteristic of human nature.

Rationality — the agent chooses one or another action that maximizes its own assessment of the
activity, taking into account the sequence of perceptions and everything that is built into the agent’s
knowledge.

Unlike the Turing test, an agent that has the properties defined above is considered to be an
autonomous agent, and hence the terms agent and autonomous agent are interchangeable.

The basic concepts of agents and multi-agent systems are discussed in this article. Also, two problems
of multi-agent algorithms for representing knowledge in the context of social software engineering are
considered. A number of new multi-agent algorithms are presented, and their correctness is proved.

Multi-agent Systems and Algorithms. Many problems that are solved by multi-agent algorithms can
be considered examples of problems of Social Software Engineering, i. e. of a relatively new scientific
paradigm, the essence of which is as follows. In the modern world, many social requirements and
procedures are of a very clearly described algorithmic nature. Therefore, these requirements can be
represented in the form of (semi) formal specifications, and procedures can be represented
programmatically (in some programming language or semi-formal pseudo code), after which the
properties of these procedures can be investigated by methods of program analysis and verification. Well,
and the results of formal analysis or verification can be interpreted in socially significant terms. And
although they started talking about Social Software Engineering only in the 21* century, the study by
H. Steinhaus, B. Knaster, and S. Banach of the problem of slicing the pie [11] can be considered to be the
first example of application of this paradigm.

A distributed system is a group of decentralized interacting performers. A distributed algorithm is a
protocol for the interaction of performers in a distributed system, which converts a decentralized group
into a team that jointly solves a certain problem [11, p. 104].

A multi-agent system is a distributed system consisting of agents. An agent is an autonomous
(perceiving the world divided into “itself” and “the environment”, which includes everything else) and a
reactive (capable of interacting with the environment and responding to environmental influences) object
(in the object-oriented sense), the internal state of which can be characterized in terms of “opinions”,
“perceptions” or “believes” (Believes), objectives (Desires), and intentions (Intentions) of the agent.
A multi-agent algorithm is a distributed algorithm for a multi-agent system.

The agent’s belief' is a set of its opinions about itself and the environment, which may be incomplete,
inconsistent, and generally incorrect (not true), whereas the agent’s knowledge is its opinions that
correspond to reality’. The objectives of the agent are its long-term tasks and responsibilities, which can
also be inconsistent. The agent’s intentions are used for short-term planning. The agent is responsive in the
sense that it can change its belief, objective or intention after interacting with other agents or the
environment, but each agent is still autonomous, which means that the change in its internal state depends
only on itself, and not on the environment ... Agents of the described type are commonly referred to as
BDI agents.

A rational agent has a clear idea of its preferences among potential objectives and always chooses the
action that has the highest priority and (from its point of view) promises the maximum benefit; there is a
distinction between a complete and limited rationality: they differ in the cognitive and deductive abilities
of agents. An intelligent agent is an agent controlled not by an imperative or functional deterministic
program, but by a non-deterministic logical program represented by behaviour rules of the form, where
Cy, ..., Cy are logical conditions on local variables and agent communication channels, ;& ...C;, =
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fork Ay 1; ... Ay mll . Ap 15 .. Ay join is a construction of parallel execution of several branches, and
A11; Ay, o Ap 1, e, Apm are actions from the number of assignments of new values to local variables,
reading data from input channels and ascribing them to local variables, and sending local data to output
channels.

About RAM Problem Solving

At first glance, RAM and MRP are different problems. First, in RAM, agents are rational, while in
MRP, agents are just robots that do not care at all about their benefits (about the length of the traversed
route, for example). Further, the MRP problem has an obvious geometric interpretation, but it is not at all
obvious that there are many routes without intersections, and, therefore, that it can be constructed by any
multi-agent algorithm whatsoever; at the same time, the RAM problem does not have a geometric
interpretation, but it is obvious that there is such a choice of sellers by buyers that any exchange of sellers
by any pair of buyers cannot reduce the total amount to be paid to all buyers together.

But from the algorithmic point of view, both RAM and MRP problems are closely related, since their
solutions belong to the class of so-called wave algorithms. This class of distributed algorithms has the
following general properties.

— completion: all agents complete their operation in a finite time;

— decision: each agent has a final decision-making moment; and

— interdependence: the decision of each agent affects all agents.

The individual beliefs of each agent in both algorithms are represented by two NC and CF integer
counters:

— the current value of NC (Number of Conflicts) is the upper estimate of the number of agents with
which the agent may have a conflict of intentions right now;

— the current CF (Conflict Free) value is the lower estimate of the number of agents that have no
conflicts at all.

Paper [12] presented two imperative wave algorithms LSM (Look for Salesman) and SWP
(SWaPping). LSM algorithm assumes that every buyer b has a fine” f;, for repeating its bids for any
salesmen. The following two propositions about LSM and SWP were proved in [12, p. 113].

Proposition 1.

If a multiagent system with fair communication consists of m > 0 buyers each of which would like to
make an individual deal with some of n = m salesmen, it is common knowledge (in the system) that all
buyers are agents executing algorithm LSM, and for every buyer b its fine f is always less than the
minimal price in its price-list,

then every agent will eventually terminate, it will know upon termination that nobody in the system
will never compete for its current salesman cur_sman, and (hence) it will be able to make a deal with this
salesman.

Proposition 2.

If a multiagent system with fair communication consists of m > 0 buyers each of which knows some
initial individual salesman among n = m salesmen, it is common knowledge (in the system) that all
buyers are agents executing algorithm SWP,

then every agent will eventually terminate, it will know upon termination an individual salesman (that
may be different from the initial one), and it will know that it is impossible to reduce by swapping the total
price all buyers have to pay.

These two propositions solve RAM problem, but under assumption of fair communication. This
assumption constitutes that if anyone of agents ever wants to communicate with any another agent, sooner
or later the communication session between them will surely take place. In this paper we will not discuss
how to guarantee this fairness, but we would like to point to one option that solves the problem: one can
assign priorities to buyers and allow seniors to initiate communication with juniors.

o
Time is money.
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Another drawback of the algorithms LSM and SWP is their imperative nature. And, therefore, agents,
guided by these algorithms are rational, but have not yet become intelligent.

Social Software Engineering and Agents

At the same time RAM is closely related to the classic Cake Cutting Problem (CC-problem), also
known as Fair Division Problem [6, p.124] that has been introduced by a group of Polish mathematicians,
Hugo Steinhaus, Bronislaw Knaster and Stefan Banach.

The CC-problem is to divide an infinitely dividable resource (“cake”) in such a way that all recipients
believe that they have received a fair. Special cases of the problem are proportional and envy-free
division. A division is said to be envy-free if each recipient believes (at the moment of reception) that
according to his measure no other recipient has received more than he has of a heterogeneous cake; in
contrast, a proportional division deals with a homogeneous cake where each of m recipients have to
receive exactly 1/m of the cake's volume.

To explain connections between RAM- and CC-problems, it is enough to reformulate a RAM as
follows:

The cake is cut on n > 0 pieces, which should be divided among m > 0 recipients. Each recipient
inb € [1..ml]is the intelligent rational agent to whom exactly one of piece of a cake is necessary, and it
knows the scale of value of pieces{p(b,s) = 0:s € [1..m]}. All recipientscan (in P2P-manner)
communicate, negotiate, make concessions, flip (individual change) and swap (pairwise exchange) their
pieces of a cake so that all concessions and swaps must be rational for both participating recipients.
However, each recipient can buy the chosen piece if and only if he/she knows that nobody else will ever
apply for this piece of cake.

Problem: Design a multiagent algorithm for recipients, which will allow each agent sooner or later to
get a piece of cake and, besides, guarantees that any pairwise swap of pieces can't reduce total value.

Differences between RAM- and CC-problems are evident: in CC-problem a cake is an infinitely
dividable resource, while in RAM-problem a “resource” has been cut already onto “salesmen”; solutions
of the CC-problem may be sequential, while solutions (if any) of RAM must be multiagent (i.e.
distributed, parallel and concurrent) by the problem statement. But even multiagent solution of CC-
problem can be unsuitable for a RAM-problem. For example, the classical envy-free solution of CC-
problem for two participants consists in the following: one agent cuts the cake so that any of two pieces
will satisfy him/her and the second chooses from these two pieces which satisfies her/him. As it is easy to
see if the cake is already cut on two pieces, and both agents wish the same piece, the system of these two
agents will get to the deadlock.

But in spite of these differences, RAM- and CC-problems have something in common since they both
are examples of a new research paradigm of Social Software [13].

In the modern world very many social requirements and procedures have algorithmic character. These
requirements can be written as (semi-)formal specifications and procedures — software (in a pseudocode).
Then the properties of these procedures can be analyzed and verified by formal methods. Well, the results
of the formal analysis or verification may be interpreted in socially significant terms. And though about
Social Software started talking only in a XXI century, but it is possible to consider as the first example of
application of this paradigm research of the Cake Cutting Problem by H. Shteinhaus, B.Knaster and S.
Banach.

This is exactly how in the paper [12, p. 115], LSM and SWP algorithms were formalized and
Proposition 1 and 2 were verified (using the methods of verification of imperative programs). And the
conclusion that can be drawn from these results is that conflicts between rational agents over the seller
(a piece of the cake and so on) can be resolved through penalties for intransigence, but these penalties
must be high enough (see Proposition 1).

Cryptographic Aspect Research
As part of the study of the cryptographic aspect of the RinS problem, we will assume that the input
data (coordinates of robots and shelters) are taken from some finite set of points in R¥, k > 2 space, all the
coordinates of which are numbers represented by a finite number of digits of some (fixed) positional
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number system. Let us note that in this case the meaning of the shelter distribution protocol is to calculate
some function of coordinates of robots and shelters, the value of which is the desired distribution. By
virtue of the Oblivious Transfer secure multi-party computation theorem [14, 15, 16] on confidential
calculations, there is a way to calculate this function, in which the participants will not receive any
additional information about one another’s input data. Unfortunately, the direct description of this method
is too cumbersome.

Therefore, we will somewhat simplify our task: we will assume that the participants are using some
kind of clicks-based shelter distribution protocol. Our objective, therefore, is to construct a click protocol
in which the participants would not reveal any additional information about their coordinates to one
another. We will consider the participants “semi-honest” (honest, but curious). This means that they
strictly follow the protocol, although they try to extract as much additional information from one another’s
messages as possible. This approach is fully consistent with the interpretation of participants as agents
who strictly follow their program and, moreover, are interested in the correctness of the protocol.

Cryptographic Aspect: Results

Proposition 3. Let S € R¥ be an arbitrary finite set of points, all the coordinates of which are
numbers with a fixed number of digits each in some fixed positional number system.

Then:

— there is a restriction of the simple click protocol to S set, in which the agents do not communicate
their coordinates to one another;

— there is a restriction of the click protocol with comparisons to S set, in which the agents do not
communicate to one another their distances to covers.

Proof. Let us take a closer look at the simple click protocol. (The click protocol with comparisons is
treated similarly). Note that the intersection of two straight-line routes [Ri, Si] and [R», Sz] is equivalent to
the conjunction of the three conditions as follows:

— both segments lie in the same plane;

— points R; u S; are separated by a straight line / (R, S,); and

— points R, and S, are separated by a straight line / (R, 1»).

All these three conditions are easily expressed by means of analytical geometry in the form of
equalities and inequalities between (fixed) arithmetic expressions from the coordinates of robots R;, R;and
covers S;, S;. Due to the finiteness of S set and the finiteness of the representation of all the coordinates of
all the points, we can consider these expressions as fixed Boolean functions of the binary representation of
the coordinates of robots and shelters, i. e. just as the well-known Boolean function. We can apply the split
computation protocol to this function [17].

Conclusion. Basic concepts of agents and multi-agent systems have been discussed in the article. A
review of multi-agent systems has been performed. Such main characteristics of the agent have been
provided as autonomy, proactivity, social ability, and reactivity; also, agents can possess such additional
characteristics as resilience, reasonability, productivity, mobility, personality, and rationality. A number of
new multi-agent algorithms have been presented, and their correctness has been proved. Two propositions
for solving RAM and MRP problems have been proved.
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BLIIMJIEP/II BEWHEJIEYTE APHAJIFAH JEPEKTEPJIH ABCTAPKTBI THIII
7KOHE KOII ATEHTTIK )KYUEJIEPIH CIIEHU®UKALIUATAPBI

AnHoranus. Ken areHTTIK alTOpHUTMAEPMEH MIEMIUIETIH KONTETeH MOCENeNep/i dJIeyMETTIK OarmapiaMaibiK
xacakrama (Social Software) mpobiemanapeIHBIH MBICAIIAPHI ACH caHayFa OOmamgsl - OYJI CAmbICTBIPMAJB TYPAE
’KaHa FeUIBIMU NIapaurma, OHbIH MOHI Kenecife. Kasipri aneMzie kenrereH ajeyMeTTiK Tajantap MeH npoleaypanap
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oTe alKbplH CHUNATTAIFaH anropuTMIik cunatka ue. CoHmplkTaH Oy TamanTapasl (kapThiiail) (Gopmaibasl
cneuuduKanysiap TypiHae, ajn mpoueaypaiapipl Oarmapiamanslk Typae (keiOip Oarmapriamanay TiniHAE Hemece
XKapThUTaid (hopMalibl TICEBIOKOATA) YChIHYFa 00Iabl, OYJI MPOIeaypatapablH KAaCHETTEPiH OarmapiaMaiblK Taaaay
JKOHE TEKCEPy dIiCTEPiMEH 3epTTeyre 00Iabl.

Makasaja areHTTep MEH KeIl areHTTIK JKyienep Typasibl HEri3ri TYCiHiKTep KapacThipbliagsl. COHBIMEH Karap,
aneyMeTTiK-OaraapiaMaiblK JKacakraMa KOHTEKCTiHJe OUTIMII YCBIHYABIH KOIl areHTTIK aJIrOpUTMIEPIiHIH eKi
Mocelieci KapacTHIpBUTFaH. bBipkarap »aHa areHTTep alrOpUTMIEPi YCHIHBUIABI KOHE OJAapABIH TYPBICTHIFBI
JIONIENICH T. ATEHTTIH aBTOHOMUS, OCJICEHIUTIK, dJI€YMETTIK KaOIIeTTUTIK, peaKTUBTUIIK CUSKTHI HETI3T1 CHITaTTaMa-
Japhl KENTIPUITeH, COHBIMEH KaTap areHTTep TaOaHIBUIBIK, ITapacaTThUIBIK, OHIMIUTIK, YTKBIPIBIK, KEKE TYIIFa,
MapacaTThUIBIK CHSIKTBI KOCBIMIIIA CHIAaTTaManapra ue Ooja anaapl. bipkarap »aHa areHTTep alropuTMiepi
YCHIHBUIIBL JKOHE ONIAPIBIH AYPBICTHIFBI AonenneHni. RAM xonme MRP mocenmenmepiH miemryre apHainFaH eKi
TYIKBIPBIM JTQJICIJICHII.

Tyilin ce3aep: MyJNBTHAreHTTIK JKyienep, MyJbTHArEeHTTIK aJIrOPUTMIED, OJECYyMETTiK-OaFraapiaMabik
umwkenepuss, RAM sxoHe MRP Tanceipmanapsl, GhopMaiibabl CHIIaTTamaiap, yiaectipiiren xyie, SWP anropurmi,
BepuUKaLus.
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ABCTPAKTHBIE TUITBI IAHHBIX JJISI ITPEJICTABJIEHUS 3HAHU I
N CIIEHNOUKAINA MYJBbTUATEHTHBIX CUCTEM

AHHoTanus. MHOTHe 3a7a4yy, KOTOPBIE PEIIAIOTCS MYJIBTHAT€HTHBIMU alrOPUTMaMH MOKHO CUHTATh IpUMe-
pamu 3a/1a4 CoOLHO-TIporpaMMHoii ntkenepueit (Social Software) — cpaBHUTENIFHO HOBOM Hay4YHOH MapajurMsl, CyTh
KOTOpOW COCTOMT B ClieAylolieM. B coBpeMEHHOM MHpe OYEHb MHOTHE COLMajbHbIE TPEOOBAaHUS U HPOLEAYPHI
HOCSIT OY€Hb YETKO ONMCAHHBIN ajJroputMudeckuil xapakrep. [loaTomy 311 TpebOBaHNS MOXKHO IPE/ICTABUTH B BUJIE
(mmoity) opmanbHBIX crienuUKanuii, a Mpoueaypbl — IPOrpaMMHO (Ha KaKOM-JTHOO sI3bIKE TPOTPaMMHUPOBAHMS WIIH
Ha 1101y hOpMaIbHOM TICEBIOKO/IE), IIOCIIE YETO CBOWCTBA ATUX MPOLEAYP MOKHO HCCIIEJ0BATh METOIaMH aHaIu3a U
BepHu(pHUKALIUN IPOTPaMM.

B cratbe paccmaTpuBaOTCS OCHOBHBIE TIOHATHS ar€HTOB M MYJIbTHAreHTHBIX CHCTEM. TakKe paccMaTpuBarOTCs
JIBE TIPOOIEMBI MyJIbTHAr€HTHBIX aITOPUTMOB AJIS IPECTABICHNS 3HAHUH B KOHTEKCTE COLMO-IIPOrPaMMHON WHKe-
Hepuu. IIpencTaBieH psi HOBBIX MyJIbTHAr€HTHBIX aJITOPUTMOB, I0Ka3aHa UX KOPPEKTHOCTH. IIpiuBeIcHBI OCHOBHBIE
XapaKTEpPUCTUKU arcHTa, TaKUe KaK aBTOHOMHOCTb, IPOAKTUBHOCTb, COIMAJIbHAs CIOCOOHOCTh, PEAKTUBHOCTb,
TAaK)K€ areHTbl MOTYT HMETh JOIOJIHUTENbHBIE XapAKTEPUCTUKH, TAKHE KaK CTOMKOCTb, DPAacCyKIaeMOCTb,
MIPOMU3BOINTEIBHOCTh, MOOHJIBHOCTb, JMYHOCTb, PallMOHAILHOCTh. [IpeacTaBiieHbl psii HOBBIX MYJIbTHAI€HTHBIX
aNrOpUTMOB, JOKa3aHa UX KOPPEKTHOCTh. Jloka3aHbl 1Ba yTBepxaAeHuUs i peuieHns RAM u MRP 3anau.

KitoueBble ¢10Ba: MyJIbTHAar€HTHBIE CUCTEMBI, MyJIbTUAT€HTHBIE aJITOPUTMBI, COLUO-IPOrpaMMHasi UHKEHe-
pust, RAM u MRP 3anaun, popmanbuble cienudukanyii, pactpeaenéHias cuctema, anroputm SWP, Bepudukarust.
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COBPEMEHHBIE BBIYUCJ/IMTEJBHBIE CTPATEI'NA
JJIAA BBIBOJA BEJIKOB B IIPOTEOMUKE IPOBOBUKA

Annoranus. Cerogss nporeomuka apodosuka (Shotgun proteomics) sIBISETCS JOCTATOYHO MOIIHBIM ITOAXO-
JIOM, IAfOIUM BO3MOXKHOCTH OXapaKTEePH30BaTh IPOTEOMBI B OmoJormdecknx obOpasmax. B otnmmume ot crpareruu
MPOTEOMUKH «CBEPXY BHHU3» IPOTEOMHUKA IPOOOBUKA XapaKTEPU3yeTCs BBHICOKOM A(PPEKTHBHOCTHIO pa3JeNieHHs] U
MacC-CHEeKTPaIbHOW UyBCTBHTENBHOCTBIO. B TO ke BpeMs OH mpembpsBiseT Ooyiee BBICOKHE TPeOOBAaHUS K
BBIYMCIIUTENIEHBIM M CTaTHCTUYECKAM METOJIaM, HEOOXOAWMBIM IS MICHTU(UKAIINH MENTHIOB, UACHTH(PHUKAINN
OEJIKOB M KOJMYECTBEHHOTO ompeaeneHus: 0e3 MeTok. OCHOBHas IeNib MPOTEOMUKH APOOOBUKA — HIACHTH(HIIN-
poBath (HOPMY U KOJHUECTBO KaXKIOTo OCJIKa MyTeM COYETaHHS KHIKOCTHOW Xpomarorpaduu ¢ TaHAEMHOU Macc-
CHeKTpOMeT‘pHeﬁ. AHaJ'Il/I?) 1 UHTCpHpETALUA SKCIICPUMECHTAJIbHBIX JAaHHBIX ABJIAIOTCA 3aKITOUYUTECIIbHBIM U Han60nee
Ba)KHBIM 3TallOM B TMPOTEOMHUKE, OHU K€ IMOPOXKIAIOT OOJBIIOE KOJIMYSCTBO MPOOJIEM, TPEOYIOIIMX CIIOKHBIX
BEIYUCITUTENBHBIX perieHni. OmHOW W3 BaKHEWIIMX 3ajad, Oe3yCIOBHO, SIBIISETCS WICHTH(HKAIUS OCIKOB,
MPUCYTCTBYIOIIUX B KCIIEPHUMEHTAIILHOM 00pasiie. Kak mpaBuiio, JaHHYIO 3a/1a4y MOPA3ISISIOT Ha TBE OCHOBHEIC
COCTABJISFOIIUC: 3TAll MPUCBOCHUS AKCICPUMCHTANBHBIX TaHIEMHBIX MAaCC-CIICKTPOB MENTHIAM, MOJNyYCHHBIM M3
0a3pl JaHHBIX OENKOB, M 3Tall COMOCTABICHHS IMENTHIOB ¢ OCMKaMU M KOJHYECTBEHHOH OLIEHKH JOCTOBEPHOCTH
UACHTU(PHUIUPOBAHHBIX OenkoB. Takke CTOWT MPHUHATH BO BHUMAaHHUE, YTO OIICHKA JTOCTOBEPHOCTH MOIYYEHHBIX
JTAHHBIX MOXET MPEICTaBIATH COOOW OTHCNBHYIO, HE MEHEE BAKHYIO M CIOXKHYIO 3aJady. B maHHOW cTaThe MBI
IpeuiaraeéM paccMaTpUBaTh WACHTH(QHUKAINIO OSKOB HE MHA4e KaK MPOOJeMy CTaTUCTHYECKOTO BBIBOAA, a TAKXKE
OTHCBHIBAEM P METOIOB, KOTOPBIE MOTYT OBITh MCIONB30BaHBI Jisl € pemeHms. CymecTBYIOMNE IMOAXOIBI MBI
kinaccuduiupyem Ha (1) METOABI, OCHOBaHHBIC Ha MpaBwiaX, (2) KOMOWHATOPHBIC METOMbI ONTUMH3AIMHA M
(3) MeTombl BEPOSATHOCTHOTO BbIBOMA. [IJisi MpEACTABICHUS METOIOB HCIOJIB3YIOTCS IEJIOYHCICHHOE MPOrpaMMHU-
poBaHue U (PpeHMBOPKH 0aiileCOBCKOrO BBIBOJA. MBI Takke OOCYXIAaeM OCHOBHBIC MPOOJIEMbI WACHTH()HKAIUN
OCITKOB | Ipe/yIaracM BO3MOXKHBIC PEIICHHS ITHX MTPOOIIEM.

KuroueBble ci10Ba: poTeoMuKa IpoOOBHUKa, HIACHTU(DUKAIMS OenKkoB, Macc-criektpomerpus, LC/MS, BbIBOI
OCIKOoB.

BBenenue. OcHOBHasi Ielb TPOTEOMHUKH Ha OCHOBE MAacCC-CIIEKTPOMETPHHA — TPEIOCTaBHUThH
MOJIEKYJISIDHBI CHUMOK (DOPMBI, YPOBHS M300MiIHs ¥ (YHKIMOHANBHBIX AaCTHEKTOB KaXKAOTo Oenka B
Oounonornueckuii obpasen [1-3]. Cpenn NpOTEOMHBIX CTpaTEeTHi BOCXOIINAS MM IpoO-Has MPOTEOMHKA
cTalla BBICOKOIIPOM3BOAMTEIHHON TEXHOJIOTHEH, CIOCOOHOW OJHOBPEMEHHO OXapaKTepHU30BaTh COTHHU
OenkoB. B osTroM cueHapum Oenku B o0Opasiie CHavajga MEepEeBapUBAIOTCS B IENTHIBI, OOBIYHO C
UCIIOJIb30BAHHUEM CaWT-CIIeNU(PUISCKUX MPOTEOJUTUYESCKUX (EPMEHTOB. 3aTeM MNENTHABl Pa3leisioT C
MOMOIMIBI0 XKHUAKOCTHOH xpomaTtorpadhmu (OKX) m aHanm3upyroT TaHAEMHOH Macc-CIeKTpoMeTpuei
(MC/MC), B pesynprarte 4ero noirydarot Habop criekrpoB MC/MC [4].

B cranmaptHOM BbIYHMCIUTEIbHOM KoHBeiiepe MC/MC cHekTpbl Macc-CIIEKTpOMETpa HIIMYTCS IO
CHEKTpambHBIM OnOmoTekam [5] w/mnm in silico cmekTpam [6], COOTBETCTBYIOIIMM IENITUAAM U3 0a3bl
JIAaHHBIX OENKOB, YTOOBI OOCCIEYNTH COBIAACHHE MENTHAHBIX crekTpoB (Peptide-Spectrum Matches -
PSM). Takoii mouck B 0a3e JaHHBIX, B 3aBUCMMOCTH OT IapaMeT-poB Moucka u miathopmel MS/MS,
MOXET MPHUBECTH K OONBIIOMY KOJM4ecTBY PSM, KOTOpBIM MpPHCBAaMBAIOTCS Oalibl, YKa3bIBAIOIIUE
YPOBEHb JOCTOBEPHOCTH NPaBHIBHOW WACHTU(UKANMK COOTBETCTByIomero mnentuaa. Cleayromum
[IaroM SIBJISIETCS COCTAaBJICHHE CIUCKA MICHTH(HUIIN-POBAHHBIX OENKOB M3 BCEX WM MOAMHOXecTBa PSM
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U TMPEJOCTABICHUE CTATHCTUYECKMX YPOBHEH IOCTOBEPHOCTH JUIsl Kaxkaoro Oenka. MpeHTudukaius
0OCIKOB — 3TO OCOOBIN Cilydall KOJUYECTBEHHOW OILICHKH OETKOB 0€3 METOK, TOTOMY YTO B HJICATBHOM
CIEHApUU KXKIBIH OCIIOK C TPaBWIBHO BEIBEJICHHBIM HEHYJEBBIM KOJIHYECTBOM OYyJIET CUYHTATHCS
UACHTU(UITIPOBAHHBIM.

[ony4yenune cnvicka uaeHTU(HUIIMPOBAHHBIX OENKOB M3 Habopa MENTUAHBIX MOCIe0BaTeb-HOCTEH C
UACHTU(UKAIMOHHBIMY OaJIJIaMH OCIIOKHSETCS HECKOJIBKUMU (pakTopamu: 1) 0OBIYHO IS KaXKI0TO OenKa
JTIOCTYTTHO JIMIIIh HEOOJBIIIOe KOJTMIECTBO HASHTH(PUKAINN TIENTH/IOB, B OOJIBIIMHCTBE CBOEM HEHA/ICKHBIE
[7]. D10 cBsi3aHo ¢ Tem, uTO TONBKO PSM ¢ HauMBBICHIMMH OajylaMd OJIs KaXKAOrO IENTHAAa OOBIYHO
BKIIIOYAIOTCS B HA0Op KaHIUIATOB JJIS MISHTHU(HUKAIMKM MENTHIOB, U CPEIH STHUX KaHIUIATOB TOJHKO
HeOOopIIasl MOATPYNIA CYHATACTCS AOCTOBEPHOW HIAeHTH(HKanuend. DTO MPUBOIUT K TPYIHOCTIM B
oOecrnieueHN HACKHOW MACHTU(DHUKAIIMN OCIIKOB, HAIPUMEP, SCIIU U3 0eKa UASHTH(GHUIUPYETCS TOJIbKO
onuH nentu. 2) [lenTumbl, qaxxe U3 0JTHOTO U TOTO e OelIKa, BPSII JIM MOTYT OBITh UICHTU(DHUIIMPOBAHEI B
MPOTEOMHOM JKCIIEPUMEHTE C OJMHAKOBOW BepoATHOCTHIO [8]. BeposTHocTh Toro, uto menTtunm OyaeT
UACHTU(UITUPOBAH B CTAaHAAPTHOM IMPOTEOMHOM SKCIIEPUMEHTE HAa3bIBACTCS JETEKTHPYEMOCTHIO TIeTITHIa
[8]. 3) MHorue menTHAHBIE IMOCIICIOBATEIIFHOCTH, BCTPEUAIOIIMECS B TUIUYHOM pabodeM TMporiecce
MPOTEOMHUKH, MOTYT OBITh COIIOCTAaBJICHBI OoJice YeM C OJAHMM OelkoM B 0a3e JaHHBIX. X Ha3bIBarOT
BBEIPOXKACHHBIMA WK oO0mumMu menrtugamu [9,10]. 4) Onenka gacToTsl JoxkHOTO 0oOHapykenms (False
Discovery Rates - FDR) wuneHTHOUIHMPOBAHHBIX TENTHIOB W OCIIKOB TaKXe SBISAETCS BechbMa
HETpUBHANbHOM 3amauei. Hekoropsie moaxonasl k oneHke FDR Ha ypoBHE neNTUAOB BKIIOYAIOT CO3JaHUE
JOXKHBIX 0a3 JaHHBIX WM HEKOHTPOJIUPYEMYIO OIEHKY YCJOBHBIX paclpeielieHHid KJIacCoB
(pactipenenenus oreHOK PSM mpu TpaBUIBLHOM M JIOKHOW WACHTH(PHUKAIINN, COOTBETCTBEHHO). OMHAKO
Oonbimoe komuuecTBO PSM ¢ HM3KOW OIICHKOW MOXET CO3/1aBaTh TPYAHOCTH B OIPEICICHUU
JIOCTOBEPHOCTH HJIEHTH(HUKAIIMKA KaK MENTHIOB, TaKk W OenkoB. XoTs Meroasl oneHkH FDR Ha ypoBHe
TIETITHIOB XOPOIIO OMNMUCaHbl, BeUHCIeHHe FDR Ha ypoBHE OEIKOB OCTaeTCs OTKPBITON IpoOieMoi
[11, 12].

[Ipouecc unenTuduUKauu OEIKOB, MPUCYTCTBYIOIMX B OHOJOTMYECKOM 00pasiie, CErOAHS IIHUPOKO
paccMaTpHBaeTCs M Kak MpodieMa CTaTHCTHIECKOT0 BRIBOJIA, M Kak IpobiieMa BeIBoaa O0enkos [9, 10]. Ha
CETOHSAITHUMN NIeHb TPEJIOKEH P/l MOIXO0J0B sl peIeHust 3Toi mpodiemsl [9, 13-14]. Mbl nenum 3tu
MOJIXOJIbI HA TPY OOJIBIINE TPYIIITH:

1. Ctparterun, OCHOBaHHBIE Ha MPaBWJIAX - METOJBI, OCHOBAHHBIE Ha OTHOCHUTEIHLHO HEOOIb-IIOM
Habope JOCTOBEpPHO HWIACHTU(MUIIMPOBAHHBIX (YHUKAJIBHBIX) IICNITUIOB, KOTOPBIC BIIOCIEA-CTBHU
Ha3HA4YaITCs OeIKaM.

2. AnropuTMbl KOMOWHATOPHON ONTHUMHU3AIMH - METO/BI, KOTOPBIE TIOJArarTcs Ha (popMy-TUPOBKH
OTPaHWYEHHON ONTUMU3AINK 3a/a4d BBIBOJA OEJIKOB, MPHUBOJIINE, HAIMPUMEpP, K MHHAMAIbHBIM
CIMCKaM OENKOB, KOTOPBIC IOKPHIBAIOT HEKOTOPHIE WM BCE JOCTOBEPHO HICHTU-(OUIIUPOBAHHBIC
TN TH]IBI.

3. ANTOpUTMBI BEpPOSTHOCTHOTO BBIBOAA - METOJBI, KOTOpPBIE (OPMYIUPYIOT MpPoOIEMy
BEPOSITHOCTHO ¥ HA3HAYAIOT BEPOATHOCTH MACHTU(DUKAIINY IS KaKI0ro Oenka B 0a3e JaHHBIX.

B cnemyrommx pasgenax Mbl NPUBOJUM OOOCHOBaHHE Pa3pa0OTKU YCOBEPUICHCTBOBAHHBIX
ITOPUTMOB BBIBOJA OENKOB, a 3aTeéM pACcCMOTPHM OCHOBHBIE BBIYHCIUTENbHBIE CTpaTernu. Bcee
KOMOHWHATOpPHBIE METO/BI ONITHMHU3ALNHN TPEICTABICHBI B PaMKax MEJIOYHCICHHOTO MPOTPaMMHU-POBAHMUS;
C JpYyroll CTOPOHBI, BEPOSTHOCTHHIE aNTOPUTMBI PE3IOMHUPYIOTCS C HCIOJNH30BAHUEM IIPUHIIAIIOB
0aifecOBCKOT0 BBIBOJIA.

OcHoBHast 4acTh. B GompmmHCTBEe dKcrepumMenToB JXXX-MC/MC, npuBOAsAMMX K MOTEHIIHAILHO
OOJNBIIIOMY KOJIIMYECTBY HWIACHTHU(GUKAIMA OCNKOB, OBLUIM CHEIaHBl BBIBOJIBI OTHOCHUTEIHHO BIUSHUS
OIMMOOYHO UJCHTU(DUIMPOBAHHBIX OCIKOB Ha OMOMEIUIIMHCKYI0 HayKy. JTO HPUBEIO K CO3JaHUI0 TaK
HA3bIBAEMOT0 «IPaBHJIa JBYX IENTHIOBY» WM MpaBUIIa JBYX COBIAJEHH, TPEOYIOMIETO HATUYHSA JBYX
wm Ooliee OJHO3HAYHO HWACHTHU()DHIMPOBAHHBIX TENTHUIOB [UIA ONpEIeNeHHs JIOCTOBEPHOM
unaeHtupukanuu Oenka [15]. Takke pEeKOMEHIOBAJICS NPUHIMII YKOHOMHH B Ka4eCTBE OOBSICHEHUS
JIOCTOBEPHOW MASHTH()HUKAINA MTENTHIOB U MPEIarajJoch, YTO «CEMEHCTBO OEITKOBY» - OSJIKH CO CXOKUMHU
MOCTIETOBATENFHOCTSAMH M3-32 BAPHAHTOB OJTHOW aMHHOKHCIIOTHI, TOMOJIOTOB, BAPUAHTOB CIJIAHCHHTA HITH
OIMMOOK aHHOTAIIMU - CIEAYeT pacCMaTpUBaTh KaK OJHY TPYMIy, €Cld OEIKH MMEIOT OJHH U TE XKe
UACHTU(UIIUPOBAH-HBIC TENTUBL. B mpuHIHIIE, 0JHOTO0 MPAaBWIBHOTO YHHUKAJIBHOTO IMENTHAA JOJHKHO
OBITH JOCTATOYHO IS MIPaBHIIbHOW uaeHTH(pHUKamu Oenka. OqHako maxe mis Hu3koro FDR, cBs3anHOTO
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¢ HabOpOM MENTHIOB, MHOTHE OTHENbHBIC TENTHIBI B OOJNBIIOM HAa0Ope MaHHBIX HUACHTH(QHUIUPOBAHEI
HenpaBwiIbHO. bonee Toro, 6e1ku, naAeHTHPUIUPOBAHHBIE C TOMOIIBIO OAMHOYHBIX NOMAaJaHIH NENTHIOB,
¢ Oomplell BEpOATHOCTHIO OyIyT HISHTH(PHUIMPOBAHHI HETPABHIILHO, YeM Oelnku ¢ 0ojee BBICOKHUM
MEeNTUAHBIM MMOKpeITHEM. Coobmanoch, uto FDR miis GekoB ¢ OMHOKPATHBIM MOMAIaHUEM MOTYT OBITh
6omee ueMm B 10 pa3 Brimre, ueM FDR Ha ypoBHe PSM [16], BeposITHO, H3-3a KIIaCTEPHU3AIUU MPABUIBHBIX
UACHTU(UKAIUN TENTHIO0B C MPABWIBHBIMH O€JIKaMH M OTCYTCTBHUS TOBEIEHUS KIacTepU3aIlUul st
HenpaBWIbHBIX mentuaoB [16]. Ilozxe mpaBwino ABYX NeNTHAOB OBUIO OCHOPEHO IO HECKOIBKUM
npuuuHaMm [17]. Bo-mepBbIX, XOTS BKJIIOUEHHE OCJIKOB C OJHOKPATHBIM IIONaJaHueM 0e3 CTPOroro
KOHTPOJI KayecTBa MOYET IOCTaBUTH IOJ Yrpo3y CHelM(UYHOCTh, UTHOPHPOBAHHE TAaKUX OEIKOB,
0e3yCcIIOBHO, CHU3UT YyBCTBUTENbHOCTH [17]. Bo-BTophIX, KOHTpONb AoctoBepHocTH (FDR) Ha ypoBHE
MENTHAO0B U TIOCIIEAYIOIIee BEIUUCICHHE OENKOB ¢ UCIIOJIb30BAHUEM IBPUCTHYECKHUX MPAaBUII IPUBOJIUT K
HeonpezaenaeHHsM FDR Ha ypoBHe 6enkos [16, 17]. C apyroii croponsl, koHTpois FDR HenmocpencTBenHO
Ha YpOBHE 0ellka MOXKET CIIaCTH HEKOTOpbIe M3 HaJeKHBIX OCIKOB C €MWHUYHBIM nonananueM. Gupta u
Pevnzer mnpomeMOHCTpHUPOBAIHM, YTO WCHOJB30BAaHHE «IpPaBHUia OIHOTO NENTHAA» MPHBOJUT K
YBEIMYEHHUIO KONINYecTBa uaeHTuuKanuii 6enkos Ha 10-40% 1o CpaBHEHHUIO C MPABHIIOM JIBYX TETITHIOB
npu ¢ukcupoBanHom ypoBHe FDR [17]. [IpaBuio omHoro menTHaa HpPOCTO HCIOIB3YET MENTUA C
HaWBBICIIICH OIEHKON M3 Oellka B KadecTBEe Oaura IS 3TOTO Oelika, a 3aTeM HampsMyio omeHmBaeT FDR
Ha ypoBHe OeJika (a He Ha YpPOBHE IENTHIa) C UCIOJIb30BaHUEM 0a3 JaHHBIX-TIPUMaHOK. TakuM 00paszom,
T1000#1 0eJIOK, KOTOPBIM UMEET OAMH MIIM HECKOJIBKO MENTHAOB C OLEHKON BBILIE ONPEACICHHOI0 MOpora,
CUHTAETCS IOCTOBEPHBIM.

C momomnsio onenkn FDR Ha ypoBHe Oenmka MOXHO pa3paboTarh Oojiee COBEpIICHHBIE M Oosee
CIIOJKHBIE TIpaBHJIa U JOCTHKEHHUS elle Ooliee BRICOKOM yyBcTBUTENbHOCTH. Hanpumep, Weatherly u ap.
MIPEUIOKIITN YCTAHOBUTH OT/AEBHBIE TIOPOTH OLEHKU JJIsi OEIKOB C Pa3HBIM KOJMYECTBOM JOCTOBEPHBIX
uaeaTnukannii nentuaoB. g GenkoB ¢ Gojiee BBRICOKUM OXBaTOM HEOOXOAMMO TMOCTENIEHHO CHIDKATh
noporoBele 3HaueHus. [l oxBata 1 (To ecTb O€JIKOB, TMOpPaKEHHBIX OTIENBHBIMU TETITHAAMH)
TpeboBasioch 44 Gamna no mkaine MASCOT, a ans oxBara 6 6annoB o mkaine MASCOT Bcero 11 ans
toro e FDR [18]. HecMoTps Ha OTHOCHTEIHHYIO IPOCTOTY ITOJXOJIOB, OCHOBAHHBIX Ha TpaBHIIAX,
3 PEKTHBHOCT IBPUCTUUECKUX MTPABIII CYIIECTBEHHO OTpaHMUYEHA U3-3a OTCYTCTBHS CTPOTOH 00pabOTKH
W HaJUIeKaIIe KoOMOMHAIMY 0aJUIOB HSHTU(DUKAIIMY TIEITH/IOB U TIPEIICCTBYIOIINX 3HAHHA.

Kombunamopuosie ancopummer onmumuzayuy. BXomHBIE NaHHBIE I ATOTO Kiacca alllOPUT-MOB
OOBIYHO C€OCTOAT M3 Habopa NOCTOBEPHO HaeHTHGMIMpoBaHHbIX menTuaoB C = {p;|t; = 1} n 6aswl

nmaHHbIX OenkoB P. llemp TakuxX alrOPpUTMOB COCTOWT B TOM, YTOOBI MPEIOCTaBUTH CIUCOK OENIKOB,
KOTOPBIA ONTHMH3UPYET OTNpe/eiieHHble KpuTepuu. Kak mpaBmiio, Bce Takue MOCTa-HOBKH MPHBOIAT K
NP-TpyaHBIM 3a7a4yaM U OOBIYHO PELIAIOTCS ¢ TOMOIIBIO MPHOINKEHHBIX aITOPUTMOB.

3amaya MUHHMAaIBHOTO TOKPBITUS MHOXkecTBa (Minimum set cover (MSC) problem): umes HaOop
JIOCTOBEPHBIX HAeHTH(GuKaruit mentuaoB U 1 0a3y maHHBIX O6emkoB P, HeOOXOAMMO HAWTH HAMMEHBIIIHIA
crucok OenkoB L € P, 4ToObl KaxIblid renTua u3 L ObLI Ha3HAaueH XOTs Obl oHOMY Oeniky u3 L. DTa
(OpMYJIMPOBKa JIOTUYECKOTO BBIBOJA OEJIKOB HMICHTUYHA KJIACCHYECKOW 3amade WHPOPMATHKH O
MUHUMAJILHOM TOKPBITHH MHOXECTBa, TJle TPU 3aJlaHHOM Habope aneMeHTOB (mentuaoB) U u Habope
MOAMHOXeECTB (OenkoB) Ham U, meab COCTOMT B TOM, 4TOOBI HAWTH HamMeHbIee (He 00s3aTEIBHO
YHUKAJIHOE) MHOXKECTBO IOJIMHOXKECTB, KOTOPBIE conepkar Bce dnemMeHTsl B U. @opmymupoky MSC
yI00OHO BU3yaJM3MpPOBATH C MOMOIIBIO IBYIONBHBIX TpadoB (pucyHOK A). Mcmonbs3ys mpencTaBieHUe
rpaca, OTHOCHTENBHO JIETKO YBHUIETh, YTO ONTHMaJbHOE pemieHne mnpodieMbl MSC Takke MOXET OBITh
MPEI0CTaBICHO, €CIIM UCXOHBIN Tpad pa3fenieH Ha CBSA3aHHBIE KOMIIOHEHTHI, a ONTHMAJFHOE peIIeHue
MSC npenocraBisercs OTACIBHO IS KaKI0TO KOMIIOHEHTA.

Xorss coctaB MSC ocHOoBaH Ha Habope MJOCTOBEpHO HACHTH()UIMPOBAHHBIX MENTUIOB,
MpeIoaraeTcs, 4YTo TMOAMHOXKECTBO TaKHX IENTHAOB OyaeT HempaBWIbHOW HAeHTH(UKanueHd. DTOT
(baxkT maeT MOTHBAILUIO JJIS TIOAXOJO0B K YaCTUYHOMY MOKPBITHIO MHOXKECTBA, TJE 1IeJb COCTOUT B TOM,
9TOOBl HAaWTH MHHUMANBHBI CHOUCOK OenkoB, KOTOphlid oxBaThiBaeT He Menee 100 - ¢c%
UACHTU(UITUPOBAHHBIX ITenTHI0B, TAe 0 < ¢ < 1 - mapameTp, 3aaBaeMbIil TOTb30BATEIEM.

3amaga 9aCTHYHOTO MUHAMAJILHOTO YaCTHYHOTO MOKPHITHS MHOXKecTBa (Minimum partial set cover
(MPSC) problem): numest Habop nocToBepHbIX UAeHTH(UKaMi nenTuaoB U, 6a3zy naHHbIX O0enkoB P u
napameTtp ¢ (0 < c¢ < 1), HeoOXOIUMO HAUTH CIUCOK OelKOB £ MUHHMAJILHOTO pa3Mepa TakoH, YTOOBI
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no kpaiiHeir mepe 100 - ¢% WACHTUPHUUIMPOBAHHBIX MENTHIOB OTHOCHIUCH K Oenkam n3 L. Takum
00pa3oM, ONITUMAJbHBIC PEHICHUS HE MOTYT OBITh TAPAHTUPOBAHBI B CUTYAIUSIX C OOJIBIIUM KOJINYSCTBOM
UACHTU(OUIIUPOBAHHBIX MTENTHAOB (KaKIbIH MENTH] U3 TPYIIIBI J00ABIISIET OrpaHUYeHHE B (POPMYITHUPOBKY
3amaun). BUT TIpemIoKeH DSl aNTOPUTMOB aIllpPOKCHMAIlUM, HAa4YHWHAS OT JKAIHBIX AITOPUTMOB JO
[IEJIOYUCIICHHOTO TPOTPaMMHUPOBAHUS, WU HECKOJIBKO TaKWX aJTOPUTMOB OBLIM MPOTECTUPOBAHBI TPHU
BEIBOJIe OenkoB [19]. ®opmynuposku 3anad MSC u MPSC npuBonsT K cuTyarusiM, KOrJila HEBO3MOKHO
pa3nuauTh O€NKH, HWISHTH()HIMPOBAHHBIE HCKIIOYUTEIHHO BBIPOKICHHBIMH TENTHAAMH (HAIpuMep,
oenku P1 u P2 na pucynke B). Nesvizhskii u Aebersold BbiaennIn HECKOJIBKO TaKUX KJIacCOB OCIIKOB,
HA3BaB WX HEOTJIUYUMBIMH OCJIKaMu, OCITKaMU MOAMHOKECTBA WK 00beIMHAEMBbIMU OenKamu [9].

/ A B

N

P1

P1
P2 P2
Ps ps
P4 pa

\ ps

DopmynrpoBKa 331241 O MUHUMAITHOM IOKPBITHH MHOXECTBA

Aneopummel  6eposSMHOCMHO20 6b1600d. BEpOSTHOCTHBIE TMOAXOABI K BBIBOAY OEIKOB OOBIYHO
COCTOST W3 JABYX OJTamoB. Bo-mepebix, omenku PSM mnpeoOpasyrorcs B BepositHoctd PSM ¢
UCIIOJIb30BaHUEM TaKWX alropuTMoB, kak PeptideProphet. Ilocme sToro srama mnpenBapu-TEIbHOI
00pabOTKH BBHIMONHSETCS BBIBOJ OCNKOB Ha OCHOBE INpeArnojaracMoil BeposTHOCTHOH wmoxenn. C
BEPOSITHOCTHON TOYKH 3PEHHS, BBIBOA OENIKOB BKIIOYACT BBIYMCIICHHE aloCTE-PHOPHBIX BEPOSTHOCTEH
P(y; = 1|§) mna kaxmgoro Oenka B MHOxectBe P. K Hacrosiiemy BpeMeHH ObUIO MPEIIOKECHO
HECKOJIBKO KJIaCCOB BEPOSITHOCTHBIX anropuTmMoB [10,20-22] ¢ pa3HbIMH CTpaTerusiMd M YPOBHSAMHU
CTPOTOCTH B OOpAaIlleHHH K IpymnnaM OeIKOB U pa3IMYHON NMPON3BOIUTEIBLHOCTEIO BO BPEMSl BHIIIOJTHEHUS.
Ms1 ogpoOHO 00CYyXKIaeM TpH OCHOBHBIX BEPOATHOCTHBIX MeTona: ProteinProphet [10], MSBayesPro
[20] u Fido [22], a Takke KpaTKO YIIOMHUHAEM HECKOJBKO IPYTUX METOJIOB, OCHOBHOMW IIEJBIO SIBIISETCS
BO3MOKHOCTb BBISIBUTH BHYTPEHHHUE CBSA3U M MPUHIHUIUAIBHBIE Pa3IuiHs MEKAY METOJaMH.

ProteinProphet — 310 nmepBrIii 1 HanboIEE MUPOKO UCTIONB3YEMbIA MOAX0]l BEPOITHOCTHOTO BBIBOJA
OenkoB [10], MO BaXKHOCTH COTIOCTABUMBIN C MEPBBIM WHCTPYMEHTOM aBTOMATHYICCKOW MACHTH(MUKAIINN
nentuaoB - anroputMoM SEQUEST. ProteinProphet cocTouT M3 ueThIpeX OCHOBHBIX 3TAIlOB; BMECTE OHH
npeoOpa3yloT ucxonHsle BeposiTHocTH PSM  u3 PeptideProphet B BeposiTHocTH uaeHTH(UKALUH
HENTUAOB, a 3aTeM 0ObEANHAIOT BEPOATHOCTH UACHTU(MKAIIMY NENTHUAOB U1 BBIBO/A OEJIKOB.

[pensapurensuas oO6pabotka. [Iisi MOMy4YeHUs] BEPOSTHOCTEH MACHTH(PHUKANUN OEJKOB B KayecTBE
BXOAHBIX JAHHBIX HEOOXOAMMBI BEPOSTHOCTH HMIACHTU(PHKALWU MENTHAOB. 37eCh TPYIHOCTb COCTOUT B
TOM, YTOOBI NOJYYHUTh BEPOSTHOCTh HIACHTU(HUKALMU OJHOTO IENTHIA W3 HECKOJIBKUX CIIEKTPOB,
COIIOCTABJICHHBIX € MMENTHIOM. Pemenne, ucronszyemoe B ProteinProphet, coctout B TOM, 4TOOBI IPOCTO
B3ATh MaKCHMAJIbHOE 3HAUEHHE CPEIH BEPOST-HOCTEH COBMAAEHUS MENTHIHOIO CIEKTpa IJIs MEeNnTHIA j,
TO ecTh (1):

P(X] = 1|SJ) = maxsESjP(xj = 1|5) (1)

rae §; - HabOp CIEKTPOB, UICHTU(QUIMPOBAHHBIX IS TENTHAA j. Eciu mentumay He COOTBET-CTBYET HU
OJIMH CTIEKTP, T. €. ecu §; = @, torma P(x; = 1[5;) = 0.

KomOuaHupoBaHue BeposTHOCTEH nentuoB. Kimodyeoii ocobeHHocThIO ProteinProphet sBisiercs o,
YTO BEPOSATHOCTH OEJIKOB PACCUUTHIBAKOTCA, UCXOAS U3 IPEAINONIOKEHUS, YTO UACHTU(GHUKALNS TEeNTHIOB
ABJISIETCSl HE3aBUCUMBIM JIOKa3aTEIbCTBOM MPUCYTCTBUS Oelika i B 0Opasue, To ecTb (2):

P(ly; = 118) = [ljeny(X — P(x; = 1]5))) (2)
— 59
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rae N (i) — 3To Habop MenTHIO0B, COMOCTABICHHBIX C OEIKOM i. DTO MpennoaoKeHue, OAHAK0, HeJIeTKO
000CHOBATH, MOCKOJIBKY MIACHTU(HKALNS TMENTHI0B HE ABJSETCS CTaTHCTUYECKH He3aBUCHMOH. To ecTb,
€CJIM ONIMH TeNnTu A U3 Oenka UAeHTH()UINPOBaH JOCTOBEPHO, BEPOSITHOCTh TOTO, YTO APYTOW MENTHI U3
TOTO JXe Oenka Takxke Oyaer maeHTH(UIMpPOBaH, BeIIe. Jpyras mpobieMa ¢ 3THM TPEIIOI0KECHHEM
3aKJIF0YaeTCs B TOM, YTO KaXKIbIH BBIPOXKACHHBIN MENTH YIUTHIBACTCS 110 OTHOIICHUIO KO BCEM Oelkam,
KOTOPBIM OH COOTBETCTBYET. DTH MPOOIEMBI PEIIAFOTCS ¢ TIOMOIIBIO CIEAYIOIINX BYX IIIaroB.

KoppektupoBka BeposiTHOCTH wWAeHTH(GHKanmWyA menTuaa. YToObl yCTpaHUTH OTpaHUYEHUE,
O0YCJIOBIIEHHOE  TIPEIMNONIOKEHMEM O He3aBUCHMOCTH, ProteinProphet 3amenser P(x; = 1[S;) B
TIPMBEICHHOM BhINIE ypaBHeHMH Ha P(x; = 1|§). Pasuuna mMexmy CKOPPEKTHPOBAHHOW BEPOST-HOCTBIO
unentuukaimu  nentuga P(x; = 1[85;) u  MCXOMHOH BEPOATHOCTHIO HMACHTH(UKAIMK TENTHIA
P(x; = 1|§) mpoMCXOMMT W3-32 HANMYMs IPYTHX CTEKTPOB (IIENITHIOB), COMOCTAB-JIEHHBIX C TEM K€
OenkoM, 9To U entuy j. OXKHUIAETCS, YTO CIIEKTPHI U3MEHSAT TOCTOBEPHOCTh HASHTH(DHUKAIIMY TIEITHIOB.

KoppektupoBka [u1st menTHAHON BBIPOXKAEHHOCTH. YTOOBI 00paTUTHCS K BBIPOXKIECHHBIM HENTHIAM,
HCIIOJIB3YETCS CXeMa B3BEIIMBAHUS TSI MN3MCHEHHS BEPOSTHOCTEH 0ekoB (3):

P(y; = 118) = [ljeny(d — wy; - P(x; = 1]8))) 3)
II€ w;j — «IpONopuMs» MenTujaa j, HasHaueHHas Oenky i. Nesvizhskii m jap. onpemenunm, 4o
wij = P(y; = 118)/ Ziren(jy P(vir = 118), tae N(j) — MHOXecTBO 6eKOB, COAEPKAIIMX MENTUT .
DTOT 3Tan KOPPEKTHPOBKH COOTBETCTBYET MPHHIMITY SKOHOMHYHOCTH Yien(j) Wij = 1, TO €CTh KaxIbIi

MENTH] TAPAHTUPOBAHHO TOJTYYEH TOJBKO U3 OJTHOTO OeJiKa.

Kax mepBEIii BEpOSITHOCTHBIM METOJ BEIBOAA IIs MAcHTHHUKannu 0eiakoB ProteinProphet okazancs
OuYCHb YCICIIHBIM Y, Kak 4YacTh Trans-Proteomic Pipeline [23] ocraercs Hauboyiee IIHPOKO
UCIOJBb3yeMbIM HWHCTPYMEHTOM BBIBOJA OenkoB. HecMoTpss Ha TO, YTO BBIPOXKJICHHBIC ICIITHIBI
00pabaTeIBalOTCA C TOMOIIBIO MPOIEAYPHl B3BEIIMBAaHWSA, OCHOBAaHHOW Ha MPHHIHUIE SKOHOMUH,
ProteinProphet ncnons3yer nTepanoOHHbBIN METO TSI TIOTYYEHUS STHX BECOB M, B KOHEYHOM HTOTE, TAeT
pa3yMHbIC BEPOSITHOCTH JJIs1 OCJIKOB.

Opnako, moOCKOJIBKY ProteinProphet momaraercs Ha HEKOTOpBIE CHIBHBIC MPEIIIOIOKEHIS,
HaIpyMep, B3BEIINBAHNS, OCHOBAHHOTO Ha MPUHITUIIE IKOHOMHH, €T0 Pe3yJIbTaThl He BCETAa pa3yMHBI CO
CTaTHCTUYECKONW TOUKM 3peHus. Hampumep, mns HaGopa O€IKOB ¢ OOUMMHM NENTHIAMH O€JOK C
YHUKAQJIBHBIM TICNTHIOM, HE3aBHCUMO OT TOTO, HACKOJIBKO MaJia BEPOSATHOCTh HIICHTH(UKAINH, BCETa
MIOMHHUPYET HaJ Oenxom (Oenkamu) 6e3 YHUKaIbHBIX MEeNnTHaoB [21].

MSBayesPro — 3to 0aliecoBcKast CeThb, CiTyKalllasi TCHePaTUBHOM MOJIENbIO IS JaHHBIX. CTPyKTYypa
BbICOKOTO ypoBHs cetn mpocta (benku — Ilentuapl — CrekTpbl) U UMHTHPYET 3KCIICPUMEHTATbHBIN
MPOTOKOJ B MPOTEOMHUKE, I/ie OeNKM CHadaia MepeBapuBalOTCs B MENTHIBI, U3 KOTOPHIX T€HEPUPYIOTCS
criektphl. CiiemoBaTenbHO (4),

P(y,x,8) = P()P(x|y)P(S|x) o« P(¥)P(x|y)P(x|S) “4)

T€ ¥ - BEKTOp CIY4YaiHBIX WHIAMKATOPHBIX TMEPEMEHHBIX JUIS BCEX OEIKOB-KaHIUAATOB, X - BEKTOP
CIy4YalHBIX WHIUKATOPHBIX MEPEMEHHBIX, MPEICTABIMIONINX BCE MENTHABI M3 ATHUX OCNKOB, a & Tpea-
CTaBJISIET JaHHBIC, TO €CTh BCE CICKTPHI, MONy4YeHHBIE B 3KkcmepuMenTe. CBs3u Ilentunasl — CrekTps
OTIPEAETAIOTCS JNOCTYHNHBIMU ToKazatensiMu PSM  (unmu BepositHOCTsMH). OnHako cBsi3u benku —
[NenTuael onpeaenstoTcs OCIeI0BATSILHOCTAMY MENTHAOB U OCITKOB-KaHIUIATOB.

Mopnenr MSBayesPro mmeer BakHOe CBOWMCTBO, 3aKIIOYAIOIIEECS B TOM, YTO HWACHTU(DHU-KAIHS
TIETITHOB YCJIOBHO HE3aBUCUMa, YIUTHIBASI IIPUCYTCTBUE POAUTEIBLCKUX OCIIKOB. ITO HE CIEAYET IMyTaTh ¢
MPEINONIOKEHUEM O HE3aBUCHUMOCTH HICHTH()HKAIIMKM TENTHI0B, HCIONb-3yeMbIM B ProteinProphet.
®dakTHdeckd, IpeAroNIoKeHne 00 YCIOBHOW He3aBucuMocTH B MSBayesPro nmpuBener k He3HAYUTETHHO
3aBUCUMON HICHTU(MUKAINK TICTITHIOB, €CIM J[Ba MENTHAA UMEIOT O0IINe POAUTEIECKHE OCIKU TPSIMO
WM KOCBEHHO Yepe3 Ipyrue y3jbl nentuaa/oenka (To ecTh, €M J1Ba MENTHIa HAXOAATCSA B CBSI3aHHOM
KoMIoHeHTe rpada). Bo3mokHOCTh 00HApYKEHUS MENTUOB — CII¢ OJHA Ba)KHAs OTIUYUTEIIbHAS YepTa
MSBayesPro. O6HapyXKHBaeMOCTh TpeOyeTcs Il TOCTPOCHISI TAOIHUI] YCITIOBHOTO PaCIIpeaelICHUS MEXKIY
CosAMU O€JIKa W TNEeNTHIA M TOCIEIYIOIIEr0 BhIUYMCICHUS alOCTEPUOPHBIX BEPOATHOCTEH s OCIIKOB.
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OpHako TS MPAaBWIBHOTO HCIOJIB30BaHMS OOHAPYKMBAEGMOCTH BA)XKHO YYHTHIBATH BIUSHHUE KOJIUYECTBA
Oenka. Li m gap. [24] npemnoxunu ¢GopMylly KOPPEKTHPOBKHM KOJIWYECTBA UIA IpeoOpa3oBaHHS
CTaH/IapPTHOI 0OHApYKUBaeMOCTH MenTHaoB (5) B 3 dekTuBHYI0 00Hapy)HUBaeMoCTh (6):

d) = P(x; = 1ly) = Lg; = ¢° (5)
dij(q) = P(x; = 1lyy) = L,q; = q (6)

re q; — KOJIMYeCTBO Oenka P;, KOTOpOe OLIEHUBACTCS METOJOM MaKCHMAJIbHOI'O IMPaBIONOIO0US N
MOJIXOJIOB COTJIACOBAaHUS MOMEHTOB.

MSBayesPro wucnons3yer BbeIOOpKY ['mO0OCa BMECTO TOYHBIX BBIYHCIICHUH, KOI/Ia CBS3aHHBIH
KOMITOHEHT B OaifiecoBckoil cetm Oomnbimoil. BaxkHo ormernth, uTo MSBayesPro Takxke cooOmraer
OIICHOYHBIE KOJMYECTBa Oellka W MapTHHAIbHBIE allOCTepPUOPHBIE BEPOATHOCTH JUISA MENTHAO0B, KOTOPHIE
obecnieunBaroT OoJiee BBICOKME Oautbl sl Uu3MepeHus nocropepHocty nentuaos [20]. Takum oOpasom,
o cBoeit cyt MSBayesPro Takxke SBISETCS aNrOpUTMOM KOJTHYSCTBECHHOM OIEHKU 0€3 METOK.

Hcnonp3oBaHue BO3MOXKHOCTU OOHAPY)KEHUS TENTHIOB SBISETCS OJHOBPEMEHHO W CHJIBHOH, U
cnaboit croponoit MSBayesPro. Jlpyroi#t HemoCTaTOK CBsi3aH C BBIYUCIUTEIBLHOW CIOXKHOCTBIO: IS
paboter MSBayesPro ¢ odenpr OonpmmMu HabopamMu JaHHBIX HEOOXOMUMBI A(()EKTHBHBIC aJTOPUTMBI
aTnmpOKCUMAIIHH.

Mooens Fido [22,25] ucnonp3yer 0aiiecOBCKYIO ceTh, HO B TIEPBYIO OuepeIs OblIa pazpa-0oTaHa Iis
ObIcTpOTrO BBHIBOJA. [ MaBHBIN BKIaJ 3TOr0 MeETOJa COCTOMT B JBYX =peoOpasoBaHusx rpada,
MPUMEHSEMBIX K KXKJIOMY CBS3aHHOMY KOMITIOHEHTY: CXJIOTIBIBAHHIO OCJIKOBBIX Y3JIOB, KOTOPBIC CBS3aHBI
C UJCHTUYHBIMH HaOOpaMu TENTHUIOB, U COKPALICHUIO CICKTPAIbHBIX Vy3J0B  (C MapaMeTpaMu,
3aJaHHBIMH TOJF30BATENIEM), YTO TPUBOAWUT K pAa3[ENCHHI0 CBSI3aHHBIX KOMMO-HeHTOB. Tarke Fido
MO3BOJISIET MPUMEHSTh HepefoBble alTOPUTMBI BEPOSTHOCTHOTO BEIBOJIA, HAPUMEP, alNTOPUTM JepeBa
COEIMHEeHHI, KOTOPBII 3HAUNTENFHO YIIydIlaeT BEIBOJ OEIKOB Ha OONBIINX rpadax.

Ecth nBa OCHOBHBIX pa3nuuus B 0alieCOBCKHUX CETEBBIX MOJENAX, HUCHONb3yeMbix Fido u
MSBayesPro. Bo-niepBbix, HengeHTU(UIIMPOBAHHBIC TIENTHBI UTHOpHPYIOTCa B Fido, u mapamerp, He
3aBHCSIIUI OT MOCIIE0BATEIBHOCTH, UCIIOIB3YETCS B KAYSCTBE 3aMEHBI OOHAPY-KMBACMOCTH ICIITHIOR.
CrneoBaTeNbHO, pe3yIbTUpYIomIas 6aliecoBcKas ceTh mpoile U ObIcTpee. Bo-BTOPBIX, B MO/IETh BBOJUTCS
elle ouH napamerp b, KOTOPBIN MpeACTaBIsIeT COOOH APUOPHYIO BEPOSTHOCTH TOTO, YTO MENTHJI OyIeT
UACHTU(UITUPOBAH U3 HCKYCCTBEHHOTO IITYMOBOTOY» Y37,

OpguuM w3 orpanuueHuit mojenu Fido sBmseTcss To, 4To OHa TpeOyeT JIOXKHOW (paHIOMH3H-
POBaHHO) 0a3bl JAHHBIX JJIS HAXOXJICHUS JIYYIIUX 3HAYCHUU TapameTpoB (&, f Uy - anpUOPHOCTh
Hajuaust 0eIKoB) myTteM komOuHupoBanus ROC-ontumu3zanuu ¢ onenkoit FDR.

BoiBoabl. Hamra rmaBHas mens cocTosiia B TOM, YTOOBI MIPEACTABUTH 33a4YH, aHAIN3 U BO3MOKHBIC
pemeHust MpoOieMbl BhIBOJa OenkoB. B 3akmoueHme MBI OOCYIMM TEKYyIIHE BOMPOCH OIEHKH
aNITOPUTMOB BEIBOJIa OEJIKOB, a 3aTEM PACCMOTPHUM HealbHbIE TIOAXOIbI K BHIBOIY OEIKOB.

Oyenka memooos udenmughuxayuu Oeixos. HecMoTpss Ha pa3BUTHE BBIYMCIMTEIBHBIX METOJOB
uacHTU(UKAIUU OCIKOB, 00BEKTUBHAS OlleHKA 3P(PEKTUBHOCTU METOJIOB OCTACTCS OTKPBITON MPOOIEMOH.
B HacTosiiee Bpemsi JOCTYNHBI JBE CTPATETHH: HCIOJb30BAaHHE CTaHAAPTHBIX 00pa3loB (cMeceit
M3BECTHBIX OCIIKOB) W HWCIIOIH30BAaHUE ITOCIICIOBATEIIBHOCTEH OCIKOB-TOBYIIEeK s orneHkn FDR Ha
ypoBHe Oenka. O0a moaxoma MMEIOT CBOM OoTpaHmdeHus. |IpenMyIecTBo HCMoNb30BaHMUS CTaHIAPTHBIX
00pas3IoB B TOM, YTO 3apaHee M3BECTHA MpaBia; TAKUM 00pa30M, Mepbl TOYHOCTH, HaIPUMEpP, TOYHOCTh U
MOJTHOTY HJICHTU(UKAIMH OSIKOB MOXKHO BBIYMCIUTH Harpsamyro. OIHAKO CTaHIApTHBIC 00pa3Ibl 4acTo
CTPajatoT OT IPUMECHBIX OCJIKOB, M TPaHUIA MEXKIY WUCTHHHON WM JIOXKHOW WACHTU(UKAIuUel Oenka
pa3mbita. Ellle 0THUM OTpaHMYCHUEM CTaHJAPTHBIX 00PA3IIOB SBISCTCS HEOOJBIIOE KOJIUISCTBO OCIIKOB,
YTO IPUBOAMT K TPYAHOCTSIM B OIIEHKE CTATUCTUYECKOW 3HAYMMOCTH IIPH CPAaBHEHUH METOJIOB.

Bropoit moaxox mo3BOISET ONEHUTH YaCTOTY JIOKHBIX OOHAPYKEHUH Ha ypOBHE OEIKOB C TOMOIIBIO
JIOXKHBIX 0a3 MaHHBIX (0a3 TaHHBIX-TIPUMAHOK WK 0a3 NaHHBIX-JIOBYIIEK). MBI mpe/iaraeM MOIXOAUTh K
WCTIOJh30BAHMIO JIOKHBIX 0a3 JaHHBIX JJIs OLICHKH AJITOPUTMOB UACHTU(DUKAIUN OSIKOB C yUETOM JABYX
HEJOCTaTKOB. BO-TIepBBIX, B OTJIMYHME OT MOAX0/1a K 0a3e JaHHBIX-NPUMAHOK IS MTENTHIOB, 0a3a JaHHBIX-
MpUMaHKa JUIs OCJIKOB HE JaeT NMPaBWILHOW OICHKH KOJIMYECTBA HEBEPHBIX UACHTU(UKAIUN OCIIKOB,
KOT/Ia TIPaBUJIbHBIE OETIKM COCTABIISIFOT 3HAUYNTENbHYIO 9acTh 0a3bl JaHHBIX. B KpaifHeM ciydae, Korna Bce
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Oenku B 0aze JaHHBIX MPHUCYTCTBYIOT B 00pasle, BCe WACHTU(QHLIMPOBAHHBIC OCTKH M3 MPSMON Oa3bl
JAHHBIX BEPHBI, HECMOTPS HA TO, YTO MHOTHE TENTHIbl HEBEpHO uAcHTHQHuUpoBaHbl. C Apyroii
CTOPOHBI, BCce HICHTU(UIMPOBAaHHBIE OeMKW M3 0a3bl JaHHBIX-PUMAHOK HEBEpHBI. Takum o0Opaszom,
KCIIOJIb30BaHKE TMPUMAHKW HampsiMylo npupeneT k HeHyineBomy FDR, Torma kak FDR = 0 sBasercs
MPaBUJIBHBIM OTBETOM.

Oty npo0i1eMy MOKHO PEIINTh, CKOPPEKTUPOBAB CMEILCHHE M3-3a KOJINYECTBA UCTHHHBIX OCNKOB B
npsMoii 6aze naHHBIX. [1ycTh KOIMUYECTBO MIESHTU(UILMPOBAHHBIX MPSIMBIX U JIOKHBIX OCIKOB OyAeT Ny U
np, a obmiee konmudectBo NpsaMbIX (forward) u moxHBIX (decoy) GenkoB B 6azax maHHbIX Oynet Np u Np
cootBeTcTBeHHO. FDR ypoBHS Genka B mpsMoil 6ase mauHbIXx Oyner FDRp, a dacToTa HEBEPHBIX
UAeHTUGUKAMA OeTKa U3 IPSIMOU U JI0’KHOM 0a3bI maHHBIX OyaeT (7) u (8) COOTBETCTBEHHO:

_ FDRp'nF
Yrp = Np — (1 — FDRp - np) (7)
)
Yo = ®)

B orHOmenun 0a3bl JaHHBIX-IIPUMAHOK HPEAIIoJIaractcsa, 4ro 4YacToTa JIOXHBIX OHpeHe-HeHI/Iﬁ
0eJIKOB MICHTHYHA, CIICIOBATEILHO, Y = Yp. Pelas 31o ypaBHeHUe, HaxomuM (9)
np (Ngp—n

ng-(Np —np)

Yp =

BakHO OTMETHTH, YTO B 3TOM YPaBHEHUHU €CTh MOMpPaBouHbIi ko3 unuent (Np — np)(Np — np).
Kpome Toro, xak u oxuganocs, npu Np = np, FDRp = 0. BaxxHo 0OTMETUTH, YTO AJIS aJTOPUTMOB
BEPOATHOCTHOTO BBIBOJIa OENKOB TeopeTHueckne 3HadeHns FDR Oemka mMoryT OBITH BBIYHCICHBI Ha
OCHOBE aIllOCTEPHUOPHBIX BEPOATHOCTEH Oenka. OmHako Takue Teopernueckue 3HadeHus FDR smisroTcs
TOYHBIMH TOJIBKO TOTJIa, KOT/Ia COOOIIEHHBIE allOCTEPHUOPHBIE BEPOSTHOCTH OEIIKOB BEPHBI.

Bropas u Oonee cepbesHas mnpoOnema njsi NPUMEHEHHS MeETOAa MpPHUMaHKH CBs3aHa C
CyLIECTBOBaHUEM CeMeHCTB OenkoB. PaHmommsupoBaHHas 0a3a NaHHBIX HE MOXKET CIYXHTh XOpOIICH
MPUMaHKON ISl OIIGHKM METOJIOB Ha Ha0oOpax JaHHBIX, KOTOPHIC COAEPKAT MHOXKECTBO BBIPOXKIACHHBIX
uaeHTnukanuii menTuaoB. llpuymHa B TOM, YTO Takue MENTHAB OOBIYHO SIBISIOTCS OOUIMMH IS
MIPSMBIX OCJIKOB, HO HE JJIs OCIKOB-JIOBYIIEK. B pesyibTare panaoMu3u-poBaHHas 0a3a JaHHBIX OCITKOB
HE MOXET MPEIOCTABUTH yKa3aHWsl, PABUIBHBI JIN UACHTU(U-KAINY, CACIaHHbIE CPEIH TOMOJIOTHYHBIX
OenkoB. Ilo 3Tolf TpHUMHE OXKHUAACTCA, UYTO PAHIOMHU3MPOBAaHHAs 0aza JaHHBIX-TIPUMAaHOK OyJer
HenoonennBaTh FDR mis o0pa3noB 3ykapuoT, KOTOpbIE UMEIOT 0OJIbIIOE KOJIHYECTBO OOIIMX METTHIOB.
[Mpobiema MoOXeT OBITH pellieHa ¢ MCIOJB30BAHUEM XOPOIIO TTOCTPOSHHOMN 0a3bl TaHHBIX HeCTy4aiHbIX
MOCTIEIOBATENb-HOCTEH WM WCIONB30BAaHMS TECHO CBS3aHHOW 0a3pl JAaHHBIX NIPOTEOMa B KadecTBE
MPUMaHKH.

Heobxooumocms pykosodawux npunyunog O0Jis CpasHerus mMemooos. Bo-TiepBhIX, HalexHas W
00BEKTHBHAS MPOBEPKA PE3YIbTATOB MACHTU(PHUKALNU OCTIKOB caMa 1o ceOe SBISIETCS CIOKHOU 3a1aueH,
nockonbky onenka FDR Bce eme HeHamexxHa. Bo-BTOpBIX, W3-3a OTCYTCTBHSI COTJIACOBAaHHBIX
PYKOBOJSIIUX MPUHIMIIOB B JINTEpaType WHOTJA BCTPEYAIOTCS HECIPABEIJIUBBIC CPAaBHEHHUS, KOTOPBIX
MOXHO H30exaTh [26].

UTo0b! pemuTh 3Ty MpoOIeMy, MBI TIpe/JiaraeM CieIyrolIne MPUHIINITE JJIsi CPAaBHEHUS allTOPUTMOB
BEIBOJIa OenKkoB. Bo-TiepBBIX, M0 BOBMOXKHOCTH CJIEYET MCIIONB30BaTh OJJMHAKOBBIE HITH SKBHBAJICHTHBIE
Oayibl MACHTU(UKAMK TIENTHIIOB B KaueCTBE BXOIHBIX NAHHBIX JJIs Pa3HBIX NporpamMm. Bo-BTOphIX,
HEOOXOAMMO TPWIOKHUTh YCHIIUS JIJIS MPEAOCTABICHUS BXOJHBIX JaHHBIX, HAUOOJEE MOAXOAIINX s
Ka)JIOTO pPaccMaTprBaeMoOro ajiropuTMa. B-TpeThHx, clelyeT UCIOoNIb30BaTh, MO KpaiHell mepe, oIuH
CTaHIAPTHEIN Ha0Op JaHHBIX CMECH OEJIKOB, M BCE M3BECTHBIC OCJIKM B TAKWX HA0Opax MAaHHBIX JOJKHBI
OBITH BKJIFOUEHBI B OIIEHKY METOJOB BBIBOJA OEIKOB. DTO MO3BOJHT OLEHUTHh AITOPHUTMBI JIOTHIECKOTO
BEIBOJIa OEITKOB JUTsA OENKOB, HACHTU(DUIIMPOBAHHBIX 0€3 KaKUX-TH00 YHUKAIBHBIX MenTH10B. Hakoner, B
WACANBHOM CLEHAapHU OOJblINe HAaOOphl JAaHHBIX W3 CIOXKHBIX OOpa3lOB HEU3BECTHBIX OEJIKOB TaKKe
JTOJKHBI HCIIOJIB30BAThCS JIJISl CPABHEHHUSI Pa3IMYHBIX MPOTPAMM.

— () ——
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OxoHuamenvHulii n00X00 K 6b1600y bOeakos. HecMOTpsi Ha KOJMMYECTBO OMYOJMKOBaHHBIX PadoOT,
npobieMa BbIBOAa OCNKOB Janeka OT pemeHHs. Mbl cunMTaeM, 4TO JBa acleKTa HMEIOT pellarolnee
3HAUYeHUE s OyAylIUX TMOIXOAOB. Bo-NepBBIX, MOAENb JOHKHA OBITh BEPOAT-HOCTHOM M C
NPUHLUIHAAIBHEIM TOJX0J0OM K BBIPOKIACHHBIM TENTHAAM. BoO-BTOPBIX, HEHICHTH-(QUINPOBAHHBIC
HENTH/B! JOJDKHBI HCIIOIB30BATHCS C BO3MOXKHOCTBIO OOHApY)KEHHS IMENTHIOB, BKIIOYCHHON B MOJEIb.
Omnpenenenue Oellka MOXKHO paccMaTpuBaTh KaK YacTHBIM CIydail KOJHMYECTBEHHOH OIEHKH 0e3 METKH
Oenka. PaxkTHyecKH, HICANbHBI alrOPUTM BBIBOJA [OJDKEH AaBTOMATHUYECKH OBITH aJrOPUTMOM
KOJINYECTBCHHOW OIICHKH, W HAo00poT. MBI cyWTaeMm, YTO TOpa3lo Jy4YIIUX pe3yJIbTaTOB MOXKHO
JIOOUTHCS, OOBbEAMHUB 3aJaull TI0 aHATU3y OCJKOB M KOJIMYECTBEHHOW OIICHKE B OJHY CTATUCTUYECKYIO

CTPYKTYPY.
E. C. Tonenko, A. A. HcmansioBa
C. Ceiipynmun ateinarsr Kazak arporexHUKaNbIK yHuBepcuTeti, Hyp-Cynran, Kazakcran

MBbUITBIKTBIH TIPOTEOMUMKACBIHIATFBI AKYBI3JAPJbI )KOIO YIIIH
3AMAHAVYMU ECEIITIK CTPATETUSIVIAPBI

Annotanus. ByriHri TaHma MBUITBIKTBIH HMPOTEOMHKACHI - OWOJOTHSUIBIK YATLIEpAETi IpoTeoMIapaspl CUIatT-
TaWTBIH KyITi Tocul. IIpoTeoMHKa »KOFapbllaH TOMEHIe Kapail CTpaTerHMsAChIHAH ailbIpMAIlbBUIBIFBl, MBUITBIK
MPOTEOMUKACH KOFAphl 06Ny THIMIUTITIMEH »OHE MACCaHBIH CIIEKTPIIK CE3IMTalIIbIFBIMEH epeKIIeNeHEe .
ConpIMeH 0ipre, ON MENTHATEPAl MACHTH(PUKANMSIAYFa, aKybI3HapAbl WACHTU(HUKAIMAIAYFa JKOHE ITHKETKACHI3
CaHABIK AaHBIKTayFa KAKETTI €CENTey JKOHE CTATHCTHKAIBIK dJicTepre >KOFapbl TalanTap KOsIbl. MBUITBIK
MPOTEOMUKACHIHBIH HETI3r1 MaKcaThl - CYHBIK XpoMarorpadusHbl TaHIEMIiI MacC-CIEKTPOMETPHAIMEH OipiKTipy
apKBUTBI Op aKybBI3IBIH IIIiHI MEH MOJIIEPiH aHBIKTAy. JKCIEPUMEHTTIK MAIIMETTEpAl TaNgay KOHE MHTEPIpeTa-
[UsUIay TPOTCOMHUKAHBIH COHFBI )KOHE MaHBI3ABI Ke3eHi 00 TabbuIa/bl, COHBIMEH KaTap oyiap KYpHewi ecentey
IICTTIMIEPiH KaXET €TeTiH KOITEreH MaceleNep i TyAbIpaasl. MaHBI3IBI MiHASTTEPIIH Oipi, SpHHE, SKCIIEPUMEHTTIK
YIIrieri aKybI3gapabl aHbIKTay. OAeTTe, Oyl TarchlpMa €Ki HEeri3ri KOMIIOHEHTKe OeliHexdi: aKybI3gap 0a3achblHaH
aNBIHFAH NEeNTUATEPre IKCIEPUMEHTTIK TaHIEM/IIK Macc CIIEKTpIepiH Oepy Ke3eHi jKoHe MeNTUATEP Il aKybl3IapMeH
CaANBICTHIPY KOHE aHBIKTAIFaH aKybI3JapIblH CCHIMIUIITIH CaHABIK Oaranay. AJNBIHFAH MOITIMETTEpAiH CeHIMILUTITIH
Oaranay »Keke, KeM eMeC MaHbBI3IBl JKOHE KypJelli MiHAeT Ooyia alaTHIHIBIFBIH ecKepreH oH. by makamama 6i3
aKybI3Zbl MACHTU(QUKANMIAYIBl TEK CTATUCTUKAJBIK KOPBITHIHIBI Mocelieci PeTiHAe KapacThIpyAbl YCHIHAMBI3,
COHBIMEH KaTap OHBI IIelryre OOJaThiH OipKaTtap omicTepi cUmarTaiMbl3. bi3 KonmadbsicTarel Tocimmepai (1)
epexere HeTi3IeNTeH oaicTepre, (2) KOMOMHATOPIBIK OHTAWIAHIBIPY dIicTepiHe KoHe (3) BIKTUMAIABIK KOPHITHIH-
IBIIAY OIiCTEpiHe JKIKTeHMi3. OIICTepAl YCBIHY VINiH OYTiH Oarmapiamanay >KoHE OalecCHSUTBIK KOPBITBIHIBI
Kyienepi konnansutagsl. CoHmaii-ak 613 aKybsI3IbI HACHTU(DUKAIMIAYIBH HET13T1 MoceNeNepiH TaTKbUIAMBI3 )KOHE
OCHI MaceleNepi MenTyaiH MyMKiH OOJaThIH )KOJIJAPhIH YCHIHAMBI3.

Tyiiin ce3aep: MBUITBHIKTBHIH IIPOTEOMHUKACH, aKybI3JapAbl HACHTUPHUKAIHIIAY, Macc-ciiekTpoMeTpusi, LC/MS,
aKybI3Iapasl OO aiy.
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MODERN COMPUTATIONAL STRATEGIES FOR PROTEIN INFERENCE
IN SHOTGUN PROTEOMIC

Abstract. Today, shotgun proteomics is a powerful approach to characterize proteomes in biological samples.
Unlike the top-down proteomics strategy, shotgun proteomics is characterized by high separation efficiency and
mass spectral sensitivity. At the same time, it places higher demands on the computational and statistical methods
required for peptide identification, protein identification, and label-free quantification. The main purpose of shotgun
proteomics is to identify the shape and amount of each protein by combining liquid chromatography with tandem
mass spectrometry. The analysis and interpretation of experimental data is the final and most important stage in
proteomics; they also generate a large number of problems that require complex computational solutions. One of the
most important tasks, of course, is the identification of proteins present in the experimental sample. As a rule, this
task is divided into two main components: the stage of assigning experimental tandem mass spectra to peptides
obtained from the protein database, and the stage of comparing peptides with proteins and quantitative assessment of
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the reliability of the identified proteins. It is also worth considering that the assessment of the reliability of the data
obtained can be a separate, no less important and complex task. In this article, we propose to consider protein
identification only as a problem of statistical inference, and also describe a number of methods that can be used to
solve it. We classify the existing approaches into (1) rule-based methods, (2) combinatorial optimization methods,
and (3) probabilistic inference methods. Integer programming and Bayesian inference frameworks are used to
represent methods. We also discuss the main problems of protein identification and suggest possible solutions to
these problems.
Keywords: shotgun proteomics, protein identification, mass spectrometry, LC/MS, protein inference.
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AJI'OPUTMBI OHEHKHU DOPPEKTUBHOCTHU
BU3HEC-ITPOLHECCOB ITPEAITPUATHUA HA OCHOBE CUCTEMBbI
CBAJIAHCUPOBAHHBIX ITOKA3ATEJIEA

AnHoTanus. B craThe mpeACTaBICH aJrOPUTM aHAIM3a M OLEHKH dPPEKTHBHOCTH OM3HEC-TIPOIIECCOB MPE-
npusatuii. COBpeMEeHHBIE MTPEIIPUATHS JOJDKHBI UMETh MPOAYMaHHYIO U 3PPEKTUBHYIO CUCTEMY YIIPAaBICHHUS CBOCH
TIESITENFHOCTRIO ISl YCTOMYMBOM KOHKYPEHTOCTIOCOOHOCTH, YTO MOYKET OBITh JOCTUTHYTO HAa OCHOBE OTIPEACTICHHBIX
METOIAMYECKUX MOAX0A0B. [IpuOsLIh, KOTOpast ABIAETCS HEeNbl0 (PYHKIIMOHMPOBAHMS KAa3aXCTAHCKUX MPEATIPHATHI
BO MHOTHX CITy4asiX HE MOKET OBITh ITOydeHa BCJICACTBHE HEMPABIIIbHOW pabOThl OM3HEC-TIPOIIECCOB U BBIIEICHUS
COOTBETCTBYIOUIMX pecypcoB. [locTOsiHHAs MOJEpHHU3ALUs TMPEIIPUITHIL SIBISIETCS (MHAHCOBO 3aTPaTHBIM
pemieHueM IpoOiemMbl oOecreueHus TUIAHOBBIX J0X0/0B. [Ipu 3TOM MojepHM3alMs NPEANPUATHS JOJDKHA OBITh
MIPOBE/ICHA TOJILKO TI0CIIE INIyOOKOT0 aHAIN3a U OLEHKH «y3KHX» MECT OM3HEC-ITPOLIECCOB KOMITAHHH.

Ilenp uccnenoBaHUs — OINPENEIUTh METOJOJOTMIO AHAIN3a M OLEHKH OH3HEC-TPOLECCOB Ka3aXCTaHCKHUX
npeanpusTiid B cdepe okazanus ycuyr. Ilpemaraemast MeTouKa MpeaHa3HaueHa JUIsl BBISBICHUS «IIPOOJIEMHBIX)»
30H KOHKPETHBIX OW3HEC-IPOLECCOB IIyTEM pacuera CpeJHEB3BEIICHHBIX, WHTErPabHBIX M 000OIIEHHBIX
mokazatesieil IPPEKTHBHOCTH M PE3YIBTATUBHOCTH. JTO TO3BOJISIET OICHHUTH COCTOSHHE KaK OTICIBHBIX OM3HEC-
MIPOIIECCOB MPEINPHUATHA, TAK U UX COBOKYITHOCTH, a TakKe 3a/JaTh MPHUOPHUTETHI YIPABICHYCCKUX ISHCTBUH MO WX
YIydIIeHn 0. XOTS TpPEIbIAYIIAE WCCIeOBAaHUS TIBITAINCH HCIIONB30BATh HWHCTPYMEHTHI W MOJCTH IS
BU3YQJIM3aIlMH TEXHOJIOTHYECKOTO OW3HEC-IIIAHWPOBAHMS, OTPAHWYCHHOE MPEIbIAyIIee HCCISIOBaHUE OBLIO
COCPEeOTOYEHO Ha MOICITHPOBAHUU CTPATETUYECKOTO ITUTAHMPOBaHMA. 3-3a mpoOieM, CBA3aHHBIX C OTCYTCTBHEM
PYKOBOJSIIMX MPUHIUIIOB U MOAEIHPOBAHUS OM3HEC-CTPATETHH, HEOOXOAMM IETOCTHHIN moaxon. C mOMOIIbIo
cUcTeMbl COaJaHCHPOBAHHBIX II0Ka3aTelieldl MpoBeJeHa oleHKa 3()(EeKTHMBHOCTH W pe3yJbTaTUBHOCTH OW3HEC-
MIPOIIECCOB IO 3aJaHHBIM KPUTEPUSAM U MOKA3aTeNN MO3BOJISIOT OTCIICKUBATH TEKYIIYIO JESTEIbHOCTh MPEANPUATUS
1 olleHUBATh d(QPEKTUBHOCTD €ro oneparyii B JF0001H MOMEHT BPEMEHH.

KitroueBble cjI0Ba: TPOLECCHBIN IMOJIXO0J, OM3HEC-NIPOLECCHI, ONTHMHU3AIMs OW3HEC-TPOLECCOB, PEHHKH-
HUPHHT, CHCTeMa cOallaHCUPOBAaHHBIX IMOKa3arelei, 3(pheKTHBHOCTb.

BBenenune. Crucrema ynpaBlIeHHUS TIPEANPUITHAS TOJDKHA OBITH HaIleJICHA HA MOBHIICHUE d(DPEKTHB-
HOCTH ()YHKLIIMOHUPOBAHHUS, TO €CTh HA aHaIHU3 dPPEKTUBHOCTH W MPHUHATHS PELICHUI B KOMIIAHUU. DTO
MMOMOYXET BBIIBUTh U YCTPAHUTH MPHUYUHBI CYMIECTBYIOIUX HECOOTBETCTBHIA, & TaKXKE OIPEIEIUTh WX
BO3MOKHOE BO3HHUKHOBeHHE. [IporeccHbIi T0aX0a — A3 PEKTUBHOE M aKTyaIbHOE CPEICTBO JAOCTIIKEHUS
KOHKYPEHTHBIX TPEUMYILECTB, MOCKOJIBKY OH (DOKYCHpYyeT AeATeNbHOCTh HPEINpHsTHs Ha OHW3Hec-
npoleccax, U OPUEHTUPYET CUCTEMY YIPABICHUs MNPEINpUSTHEM Ha YIpaBICHHE KaXIbIM OH3HEC-
MPOIECCOM B OTAEITHHOCTH M WX COBOKYITHOCTHIO Ha TIPEANPHUSATHH B IEJOM B paMKax OMpEeIeIeHHBIX
MPOCKTOB, KOTOPBIC PEaTH3yIOTCS Ha MPEIIPHUSITHH.

[Ipobnema BHenpeHUs] OM3HEC-TIPOLIECCOB HA MPEANIPUATHAIX aKTyallbHa ISl CTPaH ¢ pa3HbIM YPOBHEM
SKOHOMHUYECKOro pa3Butus. B wactHocT, Nam D., Lee J., Lee H. pa3zpaboranu nHTErpaniioHHY10 MOAEIH
BHEIPCHUST OM3HEC-TIPOIIECCOB M TPOBETH TecTupoBaHue co 170 kopeiickumu dupmamu [1]. Anamms
MOJTBEPANIT 11e7IeCO00pa3HOCTh BHEIPEHUS] OM3HEC-NPOIECCOB Ha BCEX JTamax yIpaBleHHE Mpel-
MIPHUATHEM.
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Marrella A., Mecella M., Pernici B., Plebani P. B cBoux uccnenoBanusix npeioxuin Mojaeib Case
Management and Notation, rie B OCHOBE JIS)KUT KOJMYSCTBCHHAS OLIEHKA TUCTAHIIMU MEXIY MOJCIBIO
npolecca NPUHATUS PEIIEHUH U HOJHBIM JOCTUKEHUEM YPOBHS YCTOMYUBOCTH [2].

Antunes m Mourdo pa3paboTaiii CTPYKTYPY YCTOMYHWBOCTH, OCHOBAaHHYIO Ha ABYX KPUTEPHSIX:
KOHTPOJIb, KOTOPBIA MOXKET ObITh CMEIIAHHBIM, UJIH JUCKPEIIMOHHBIM M OTBETHBIM, C YYETOM 3aIlJIAaHUPO-
BaHHBIX W HE3AIUIAHUPOBAHHBIX JIEHCTBHI. ABTOpaMH pa3paboTaH HaOOp CEPBHCOB, OOBETUHSIONINX
TTOANICP)KKY YCTOMYMBOCTH B CUCTEMax yIIpaBieHUs Ou3Hec-mporieccamu (BPM), Bkitouast oOHapyXeHHE,
JIMaTHOCTUKY, BOCCTaHOBJICHHME ¥ Ackamanuio [3]. Marrella A., Mecella M., Sardina S. npemioxuin
SmartPM - wMojens ¥ NOPOTOTHUI aBTOMATU3UPOBAHHOW CHCTEMBI YIPABICHHS TMPEANPULTHEM,
CoJIeprKaIlyo HabOp METOJIOB TOJICPKKH aBTOMATH3MPOBAHHOHN alalTallid HayKOEMKHX MPOIECCOB BO
BpeMs BBINOJIHEHHUsS. Ellle OJHO J0Ka3aTelbCTBO TOTO, YTO OW3HEC-TIPOLIECCHI CBS3aHBI C BaKHBIM
00BeKTOM ynpaBieHus [4].

AbGpenvkadu u Tolmiep mpemIoXuiIu OU3HEC-MOJIETh YCTOMYMBOTO Pa3BUTHS, HAlpaBICHHAs Ha
CO3MaHMEe TICHHOCTH JUIA PAa3lWYHBIX 3aMHTEPECOBAHHBIX CTOPOH W E€CTECTBEHHOW OKpY’Karomiei
o0cTtaHoBKH [5]. DTa MOZens OCHOBaHA Ha CO3/IaHUM PACIIMPEHHOM MeTIN 0OpaTHOM CBSI3M MEXIY LIEH-
HOCTBIO JIJIsl IOTPEOUTEIIS, CTOMMOCTHEO KOMITAHUW U IIEHHOCTBEO ISl OKpy»aromerd cpeapl. Chapman R. L.,
Soosay C., Kandampully, J. B cBoeit paboTe yTBepskIaau, 9T0 OU3HEC-TTPOIIECCH UTPAIOT BAKHYIO POJIb B
MHHOBAIIMOHHBIX CEPBUCHBIX JIOTUCTHUECKUX YCIIyTaX, OCHOBAaHHBIX Ha CEpPBHUCE, TPaHC(HOPMHU-POBAHHbBIC
13 OM3HEC-KOHIIETIIMY TPAHCIIOPTHUPOBKHU B CEPBUC JIJISl BCEX JIOTUCTUUSCKUX HYK] KJIMEHTOB [6].

VYuensie u3 JlarBum Bikse V., Lusena - Ezera I., Rivza B. mpoBenu wmccienoBaHue 1Mo CO3JaHHUIO
WHHOBAITMOHHBIX TPEINPHUATHH W BHEAPCHHUIO OW3HEC-TIPOIECCOB B WX ACATENBHOCTL [7]. OnHu
paccMOTpeIH pealin3allii0 CTApTAllOB M CBsI3aJI KOHIICTIIMIO cTapTana ¢ OW3HeCc-UHKyOaTopoM, 4TO
YKa3bIBaeT Ha NEPCIEKTUBBI PA3BUTHS HHHOBAIIMOHHOW WH(PPACTPYKTYPHI B CTPaHE.

B pabore Fomina I. G., Makolski M. S. ananmm3upyeTcss HHHOBAIITMOHHOE COTPYIHUYCCTBO MEKIY
YHUBEPCUTCTAMUA U BBICOKOTEXHOJIOTUYHBIMU mpeanpustusmMu Poccun [8]. YcraHOBIIEHO, YTO YPOBEHB
WHHOBAIIMOHHOTO pa3BuTUsi Poccum ObUTa OJHOW M3 CaMbIX HU3KHX B MUPE M HOBas MOJIENb JISJIOBOTO
MapTHEPCTBA MEXIY yUeOHBIMH 3aBEIEHUSMH W BBICOKOTEXHOJIOTHYHBIMHA KOMITAHHMSMH OCHOBaHa Ha
BHE/IpeHUH 3(O(HEKTUBHOTO yIIpaBIICHHS OM3HEC-TIPOIIECCAMH.

Burukhina O. S., Serbin S. A., Vartanyan S. V., Maltceva [. N. pa3paboTtaiii COBpeMEHHYI KOH-
LENINI0 BHEIPEHUsT OM3HEC-TTPOIIECCOB B JEATEILHOCTh HECKOIBKUX (PHupM, B yacTHOCTH CTyIeHUECKUH
koHKypc MultiComfort House», mpoBogumerii Sen-Goben ISOVER [9]. Kinash 1. P., Arkhypova L. M.,
Polyanska A. S., Dzoba O. G., Andrusiv U. Y., luras I. I. npeioxuiar MeTo SKOHOMUYESCKON OIICHKA
pa3BUTHUS TyPUCTHYECKUX MPEINPUATHH, KOTOpasi MOITBEPKIAAeT, 4TO OU3HEC-TPOIIECChl JOKHBI OBITh
BHEJIPEHBI Ha BCEX YPOBHAX cucTeMbl MeHemxkMmeHTa [10]. YdeHble mpencTaBWid METOIUKY OIEHKH
KOHKYPEHTOCIIOCOOHOCTH TMPEANPHUSITHS, TIe J0Ka3aJld aKTyaJlbHOCTh BHEIPEHUS HOBBIX OH3HEC-
MIPOIIECCOB B CUCTEMY MEHEKMEHTA.

Dovgal O. V., Kravchenko M. V., Demchuk N. L., Odnoshevnaya O. A., Novikov O. Y., Andrusiv U. Y.,
Popadynets 1. R. yTBepkIanm, 9To MPOLECCHBIA IMOIXOA TPeOYeT OT PYKOBOACTBA MPEANPHSTHS K
MIPUHSATHUIO MEP M0 aJaNnTaluy K K3MEHEHHSIM U, KaK CIIEACTBHE, TI0 YIYUIICHUI0 Ou3Hec-iporeccos [11].

B wuccnenoBannu Andrusiv U., Galtsova O. mpemiokeH METOAWYECKHI MOAXO0J K OIEHKE YPOBHS
WHHOBAIIMOHHON AaKTHBHOCTH TPEANPHUATHHA, TJe OCHOBHOH yIOp [enaicsi Ha peamu3anuio On3Hec-
MPOIIECCOB Ha BCeX YpPOBHAX ymparieHus npennpusitueM [12]. Cherchata A. momyepkHysn pasjeneHue
IKOHOMHUYECKHX KaTeropuil «IIpou3BOIUTENLHOCTE» U «3(PPEKTUBHOCTEY B IPOLECCE OICHKU OW3HEC-
MPOIIECCOB, MMOTOMY YTO 3()()EKTUBHOCTh M PE3yTbTATHBHOCTH OMPEIEISAIOT pa3Hble acleKThl MX (PyHK-
nuonuposanus [13]. Ilpu npoekTrpoBaHuy IMpeIaraeTcs UCIONIb30BaTh KOHLEMINIO COaaHCHPOBAaHHOMN
cuctemsl nokasareneit (CCI).

Metoabl ucciaenoBanus. [IporeccHO-OpUEHTUPOBAHHOE YIIPABICHUE OMPEICISETCS KaK OJWH W3
3¢ (eKTUBHBIX HMHCTPYMEHTOB YTPABICHHUA MPENNPHUATHEM B TPyJaX MHOTHX YYEHBIX, HO B HHX
HEJOCTAaTOYHO ChopMHUpOBaHA MH(OPMAIUsS aHAIMTUYECKUE OCHOBBI YIPaBIEHUs OW3HEC-TPOIlecCaMu.
llemeBass mMomens JaHHOM  paboTel  pa3pabaTeiBaeT HaboOp HMH(DOPMAIMOHHO-aHATUTUYECKHX,
METOJIOJIOTHYECKUX M MPAKTUIECKUX ACIEKTOB OOOCHOBAHHS IMO3TAITHOTO MOAXO0JAa K WACHTU(UKANN U
YOpPaBICHUIO OW3HEC-TPOIeCCaMU Ha MPEANPHITAA W CO3JaHHE MEXaHW3Ma OICHKH BBIMOJIHEHUS
mporecca, MOAX0/a, MPEAIOAraIero (OpMUPOBAHHE OICHOYHBIX IOKa3zaTelel OW3HeC-TpOoIecCoB
TIPEITPUSATHS.
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PesyabTarpl ucciaenoBanmii. (s sddexkruBHOrO ynpasineHHs HEOOXOAWMO KOHTPOJIHPOBATH U
OLICHMBATh COCTOSIHME Ou3Hec-mporeccoB. [10CKONBKY JI0OBIC M3MEHEHHS YCIOBHH WIIM PE3yJIbTaToB
OM3HEC-TIPOIIECCOB MOTYT OBITh OIPENEICHBI TOJHKO NPH HAIWYHUH COOTBETCTBYIOIIUX KPUTEPHUEB U
METOJIOB WX M3MEpeHHs. B 3ToM cimydae OOJbIIOE 3HAYCHHE MMEET IMOUCK CIa0bIX MecT (Y3KHX MECT)
OHM3HEC-TIPOIIECCOB C TMOMOIIBI0 KOHKPETHBIX IMOKa3zareiei. B pesynprare mepBoouepenHol 3amadeil B
ATOM acCIeKTe SBISETCS CO3JIaHME CHCTEeMBI TOoKaszaresed 3QQeKTHBHOCTH U Pe3yJIbTaTUBHOCTH OW3Hec-
MpoIiecca, YIUTHIBAlOINeE crennduKy npeanpustuda. Ha ocHoBe n3Mepenns u aHanmsa 3QQeKTHBHOCTH U
pe3yIbTaTUBHOCTH  CYIIECTBYIOIIMX OW3HEC-TIPOIIECCOB  Pa3padaThIBAIOTCSl MEPONPHUSTHS IO  HX
COBEpPILICHCTBOBAHUIO C HCIOJb30BAHUEM COOTBETCTBYIOIIMX MEXaHM3MOB M HWHCTPYMEHTOB. Hike
MpeJcTaBlieHa pa3paboTaHHAs METOAHMKA OIICHKH OW3HEC-TPOIIECCOB MPENNPHUSTHS IS BBISBICHUS
OM3HEC-TIPOIeCCOB, TpeOyromMX u3MeHeHui (pucyHok). OHa OCHOBaHa Ha HJACC HM3BECTHOMH
CoanancupoBanHoii cucteMsl nokasateneii (CCII) Kannana u Hoprona [14].

CyTh METOOUKHM 3aKiroYaeTcss B cleayronieM: 3(pQGeKTUBHOCTh W Pe3yIbTaTHUBHOCTH OW3HEC-
MIPOIIECCOB OTpEAETAeTCS] Ha OCHOBE 3HAUYCHWI HAWIEHHBIX TOKa3aTelei B KOHTEKCTE MPEeTOKEHHBIX
KpuTepuen. B ciydae, eciiu 3HaYCHHUST POU3BOIUTEIBLHOCTH M 3(PPEKTHBHOCTH OU3HEC-TIPOLIECCOB HUKE
JOITyCTUMOTO IMOKa3aTels Mo MPeAOKECHHON IIKaie, IpeiaraeTesl UX ylydllinTb. PacyeTsl Ui OUEHKH
OM3HEC-TIPOIIECCOB MPEINPUATHS PEKOMEHIYETCS TPOBOANTH Ha CIEAYIONINX dTanax (pUCyHOK).

B mepByto odepens chopmupyem Imokazarend SPPEKTHUBHOCTH M PE3yJIbTATHBHOCTH OW3HEC-
npoueccoB Ha ocHoBe koHIenuuu CCII. Beibop kputepreB 3QpPeKTUBHOCTH U PE3yIbTaTUBHOCTH HUMEET
Ba)XHOE 3HAYCHHUE TP OlLleHKE dPPEKTUBHOCTHU U PE3YJTTATUBHOCTH OU3HEC-TIPOIIECCOB.

Kputepnit — 3T0 KauecTBeHHBIN IPU3HAK, Oarogaps KOTOPOMY ITPOBOAMTCS OIEHKA d(PPEKTHUBHOCTH
W/WIM pe3ybTaTUBHOCTH, KiaccuuKkanust (00beKTa HCCIECAOBAaHNSA) U KOJIMYECTBEHHOE N3MEPEHHUE.

PesynpraTiBHOCTE — 3TO Mepa MJOCTIDKEHHS IIeNId KaK TakoBOH, a 3((eKTHBHOCThP — Mepa
ONTHMU3AIINY 3aTpaT Ha €€ JOCTHKEHHE, XapaKTepPHU3yIoIas OTHOIIEHHE MOTydeHHOTO SKOHOMHYECKOTO
addekra (pe3yabprata) K 3aTpaTaM pecypcoB, 00eCIIeYMBaIONINX TOCTHKEHHIE ITOTO PE3yIbTaTa.

1. Llenb - oLeHKa NpousBoauTeIbHOCTU 6U3Hec-npoLeccos U 3G HEKTUBHOCTU NPEANPUATUA.

2. ®opmrpoBaHMe KpUTEPUEB Pe3y/IbTaTUBHOCTU M 3P EKTUBHOCTU Br3Hec-npoueccos Ha ocHose CCI

2.1. dopmmpoBaHme nokasaTtenei sGpPeKTMBHOCTA B 2.2.PopmmnpoBaHMNe NoKasaTene pesynbTaTMBHOCTY B
KOHTeKcTe Kputepues CCM pa3pese kputepues CCM

3. OnpepeneHne HOPMUPOBAHHbIX NOKa3aTesel OLLEHKM Pe3yNbTaTUBHOCTU U 3 deKTUBHOCTH Br3He c-npoueccos (Ki).

4. OnpefeneHve BeCoBbIx KOIPOULMEHTOB U PAHKUPOBAHME NOKa3aTe el NPOU3BOAUTENBHOCTU U 3PHEKTUBHOCTU BU3HEC-MPOLLECCOB NO
Mpouecc aHanuTUYeckoi nepapxuu Caatm

5. OnpeAeneHue cpesHe B3BELLEHHOTO 3HAYEHWUA NMPOU3BOAUTENBHOCTU 1 3GHEKTUBHOCTU KOHKPETHOTO B1sHec-npouecca (I;) B KoHTeKcTe Kputepues CCI.

6. OnpeaeneHne HTErpPanbHOro 3HaYe HUA NPOU3BOAMUTENBHOCTU M 3GPEKTUBHOCTU KOHKPETHOrO BrsHec-npouecca (Gl) Ha
LWKana XappuHIToHa

7. OLEeHKa COCTOAHMSA KOHKPETHOTO BU3HEC-MPOLIECCA HA OCHOBE UHTEPNPETALWM PE3YIbTaTOB MO BbIGPaHHOMN
wKane

7.1 3 deKTUBHbIN 1 AeCTBEHHbIN BU3Hec-npoLecc: 7.2 HeaddeKTuBHbIN BU3Hec-npoLecc:
YposnetsoputenbHoe ot 0,37 po 0,63; xopowo: ot 0,63 go 0,8; oveHb KpuTnyeckoe coctoaHue: pasHoe 0; oyeHb naoxo: ot 0 go 0,2;
xopowo:o10,8 o 1 nnoxo: ot 0,2 go 0,37

8. Onpeaenexue o6LEro NoKasaTtess pesy/IbTaTUBHOCTU 1 3bPEKTUBHOCTM Tena busHec-npouecca (I;)

9. inarHocTnKa cocToaHNA Tena BusHec-npoLiecca Ha OCHOBE UHTEPMPeTaLMn Pe3yIbTaTos Mo BbIOpaHHON WKane:
yaosnetsoputensHoe: 0,37 <l <0,63; xopowo: 0,63 <Ic <0,8; oyeHb xopowo: 0,8 <lc <1
Mnoxo: 0,2 <lc <0,37; oueHb nnoxo: 0 <lc <0,2; KpuTnyeckoe coctoaxme: Ic =0

TlomaroBsiii AJITOPUTM aHaJin3a U OLICHKU 6I/I3HCC-Hp0HeCCOB MpearpudaTUs € NOMOIIbIO CCIl
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Crnenyronum 3TarnoM chopMupyeM mokazareinn 3PQGEeKTUBHOCTH M PE3YJIbTaATUBHOCTA B KOHTEKCTE
kputepueB CCIL. Kpurepuii - 370 mpu3HAK SBJICHHUS, TO3BOJISIOIINN UIACHTU(DUIIUPOBATH €r0 MMapaMeTphl.
[Tokazarenb - 3TO KOJNMYECTBEHHOE ONMHUCAHUE SIBICHHS. TOUKa KPUTEPUS OTPaKaeT KAYEeCTBEHHYIO
CTOPOHY M3MEPSIEMOTO MPU3HAKA, a TIOKA3aTellb — €ro KOJMYECTBCHHOE 3HAUCHHE.

Jlasiee He0OX0MMO OmpeielieHUe HOPMUPOBAHHBIX OIEHOK 3(PPEKTUBHOCTH Ou3HEec-mporeccoB (K;).
CooTHolleHHEe MEXAy (GAKTUYECKMMH W TUIAHOBBIMH  3HAYCHUSAMH 10 KaXJIOMYy IOKAa3aTesro
paccumThIBaeTCA 1Mo ypaBHeHuUo (1) ciaexyromuM odpazom:

Xn
K =32 (1)

rae K; — oTHocuTenpHas eAMHHUIA i-TO TIoKa3aTels mpolecca; X, — akTudeckoe 3HaUeHUE TOKa3arens, a
Y,, — mnaHoBoe 3HaYEHHE MTOKA3aTEIs.

[Ipu >TOM maHOBBIE 3HAYEHHS MO KaXKIOMY TTOKA3aTeNI0 YCTAHABIMBAIOTCS HAa HAYaJ0 OTYETHOTO
nepuoja. PakTHyeckre 3HAYCHUS ONPEJEISIOTCS IO pe3ysibTaraM B KOHIIE repuoja. [leproabl OueHKH
3G (GEeKTUBHOCTH U PE3yJIbTATUBHOCTH 3aBUCAT OT cHenuuKA OW3Hec-mpolecca U MOTYT OBbITh
€XKEMECSYHBIMHU, €KEKBapTAIbHBIMHU, MOJIYTOAOBBIMH WU TOAOBBIMH. [IpaBHIIBHO BBIOpPAHHBIM TEPHO.T
OIICHKH (C MCTIOB30BAHUEM CPABHEHUS (PAKTUUCCKHE M TUTAHOBHIC 3HAUCHHUSI TTOKA3aTeleil) MO3BOJISET HE
TOJILKO CBOCBPEMEHHO BBISBISATH HECOOTBETCTBUSI B OW3HEC-TIpOIECCE, HO M MPEAOTBpaIlaTh HX
BO3HUKHOBEHHE.

Crnenyrommii TIaroM SBISIETCS B3BEIIMBAHUE W PAH)XUPOBAHWE TIO AHATUTHYECKOW HEpapXuu
nporneccoB Caatn mokazatenu d(H(PEKTUBHOCTH U PE3yJbTAaTUBHOCTH OW3HEC-TIporeccoB. [lockombky
OTpE/ICTICHHBIC TI0KA3aTeH, SBIISIONUECS OTOOPAKEHHUEM BIIMSHUS OIPEACICHHBIX (DaKTOPOB Ha
COCTOSTHHE OM3HEC-TIPOIIECCOB MPEATIPHUATHS, TO-PA3HOMY BIHSAIOT HA JOCTIKEHHE CTPATETHIECKHX TIeNeit
npeanpustus. [loaToMy UX cieayeT paHKUpOBaTh 1O CTENEHH BaKHOCTH. [t 9TOW Lesin MCmonb3yem
AHanuTU4ecKyr wuepapxuio mnporeccoB Caaru, KOTOpas OCHOBBIBACTCS Ha IIAPHOM CpPaBHEHUU
MoKa3aTellel, XapaKTepH3YIONUX COCTOSHHE TeX WM WHBIX OH3HEC-TPOIECCOB IO JIEBATHOAITHHOMN
mIKaie. DTOT METOJ OTHOCHTCS K KIIacCy KpUTEpHEeB M 3aHMMAaeT 0co00€ MECTO B CBS3M C TEM, YTO
MO3BOJISIET CHU3HUTh CTEIICHD CyOhEKTUBHOCTH 3KCIIEPTHBIX OIICHOK.

[Tocre B3BemmMBaHWS W paHKUPOBaHUS HEOOXOIMMO ONPEICIUTh CPEIHEB3BEIICHHBIN TOKa3aTelb
5 PEKTUBHOCTH M PE3YJILTATHBHOCTH KOHKPETHOTO ONEPAIMOHHOro OusHec — mpouecca (I;) B pamkax
kputepueB CCIIL. [Tocne onpeerieHus HOpMaIM30BaHHBIX IMOKa3aTEIe COCTOSIHUS OM3HEC-Tpolecca (1o
KPUTEpPUSIM TEPBOTO dTala) W yCTAaHOBIICHUS BECOBBIX KOI(D(PHUIIMEHTOB 3THX IMOKa3aTelei MeTOIOM
B3BCUICHHOW CYMMBI OIICHOK OTIPEECISCTCSl CPEJHEB3BEIICHHBIH TIOKazaTelb J()(EKTUBHOCTH H
pe3yIbTaTUBHOCTH OW3HEC-Tpoliecca ¢ (PUKCUPOBAHHBIMH 3HAYCHUSMHU [0 KaXJIOMY IpeajiaraeMoMy
kputeputo CCII:

I = X K xw; (2

rae I; — cpenHeB3BeIIEHHBIH MoKa3aTenb 3(Q()EKTHMBHOCTH M PE3yJIbTATHBHOCTH KOHKPETHOIO OIepa-
IIMOHHOTO OM3Hec-mpoliecca B pamkax j-ro kputepust CCII; K;HopMupOoBaHHas OIICHKA 1-TO MOKa3aTems
Ousnec-mipouecca; Wi, — BecoBol K03(pOHUIMEHT MOKa3aTes, N-KOJNIECTBO TIOKA3aTEEH.

Tenepp, B alropuTMme SBISETCS ONPECIICHUE HHTETPANbHBIX TOKa3arenaed 3((EeKTUBHOCTH U
pPe3yIBTATHBHOCTH KOHKPETHOTO OIepariioHHoro Om3Hec-mpomnecca (Glgp) mo mkane XappHHTTOHA.
WHTterpansHplii IOKazatellb 3QQEKTUBHOCTH W PEe3yJIbTATUBHOCTH OIEPAIMOHHOTO OHM3HEc-Tpollecca B
LIEJIOM TIPEACTABISICT COOOH CyMMY CpEIHEB3BCIICHHBIX MOKaszareieid 3(h()EKTUBHOCTH U PE3YJIbTaTHB-
HOCTH TI0 BceM BeIOpaHHbIM KpuTepusim CCII u paccunthiBaercs o Gopmyiie:

Glgp = Z?:1 IjBSC (3)

rae Glgp — uHTErpanbHBIA MokasaTenb 3(GQ(GEKTUBHOCTH M PE3yJIbTATHBHOCTH OMEPAIIMOHHOTO OH3HEC-
nporiecca; Igge CPeTHEB3BEIICHHBIH TOKa3aTellb 3()(EKTHBHOCTH M PE3YJIbTATHBHOCTH HCCIETyeMOTO
OTIepalMoOHHOT0 Om3HEec-Tiporiecca B pamkax j-ro kpurepus CCII, a m - KOIMYeCTBO OICHUBAEMBIX
kputepuen CCIL.

Jlanee, HEOOXOMMO OICHUTH COCTOSIHUE OM3HEC-TIpoIiecca Ha OCHOBE MHTEPIPETAIUK PEe3YIbTATOB
Mo BeIOpaHHOW mKaie. Paccuntanusie mo (opmyne (3) WHTErpambHbBIC TMOKa3aTenw dPQPEKTHBHOCTH U
PE3YJILTATUBHOCTH HCCICTyEMbIX OM3HEC-TpoIieccoB Glpp MMEIOT 3HAUeHUs1, Bapbupyronecs or ot 0 go 1.
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[TosTOMY OHHM NOJDKHBI OBITH KAa4eCTBEHHO HMHTEPIPETHPOBAHBI JISI ONpEACICHUS YIPABICHYCCKUX
JeHcTBUI Mo OM3Hec-mporeccaM. B ¢Bsi3u ¢ 9TMM B KauecTBEe OCHOBBI JUIsl MHTEPIIPETAIlMU TIOKa3aTeNneH
TpeOyeTcsa cepuitHas mkana. OHa IOJDKHA OBITH NMPENCTaBleHa B BHIE HAO0Opa CHMBOJIOB, OTHOIICHHS
MEXIY KOTOPBIMH OTPAKAIOTCSI OTHOLICHUS MEXAY OOBEKTaMH 3MIIMPUYECKOM cucrtemsl. HHTep-
MpeTanuio ToKaszateneil d(PQPeKTHBHOCTH W ypoBHS 3(deKTHBHOCTH OHM3HEC-Tpolecca MPeATPUsTHS
npeJyiaraeTcsi Mpou3BOJIUTh C MCIOJIB30BAHMEM IIKaJlbl XappuHITOHA: crpaBemnusbiid: 0,37<I-<0,63;
xopomuii: 0.63<1<0.8; ouens xopormo: 0.8<[-<1; mmoxue: 0.2<[-<0.37; ouens muoxoii: 0</;<0.2.

OmnpenenuM  o0mmii  nokaszarens 3¢dektuBHOCTH U APPEKTUBHOCTH (QYHKIMOHHUPOBAHUS TeJa
ousHec-npoueccoB (I¢). [locae ompeneneHnss HHTErpalbHBIX MOKa3aTesnedl 3(PEKTUBHOCTH U PE3ynbTa-
TUBHOCTH OM3HEC-TIPOLIECCOB MPEANPHUATHS PACCUUTHIBACTCS OOIIMI MOKa3aTelb COBOKYIHOCTH OHM3HEC-
MIPOIIECCOB TIPESATIPUATHS TI0 YpaBHEHHIO (4) ciaemayromuM o0pa3om:

—_ vk

Ie = Xi=1Glgp/k “4)

rne [0 — oOmmii mokaszarens 3PGHEKTHBHOCTH W PE3yJbTaTUBHOCTH OusHec-mporecco; Glgp-UHTET-
paJIbHBIA TIOKa3aTesb 3(P(OEKTUBHOCTH W Pe3yJbTAaTUBHOCTH OM3HEC-TIPOIECCOB; K — KOJIMYECTBO

UCCIIelyeMbIX OM3HEC-TIPOLIECCOB.

Tenepb qMarHOCTUPYEM COCTOSIHMS Tejla OM3HEeC-IIpoliecca Ha OCHOBE MHTEPIIPETALUU PE3yJIbTaTOB B
BBIOpaHHOM MacIiTade:

[locne pacuera 3HaueHHs oOwIero mMokaszaredst oOmed 3(PQeKTUBHOCTH OU3HEC-TIPOIECCOB H
3¢ GEKTUBHOCTH MPEINPHUATHSI HA 7-M 3Talle IIKaIbl XappUHITOHA ONpPEeseTCS YPOBEHb COBOKYITHOTO
OTIEPALMOHHOTO  COCTOSIHUSI  OM3HEC-TIPOILIECCOB  MpennpusiTHs. TakuM o0pa3oM, Tocie OLUCHKH
nokaszaresniel  3(QQEKTHBHOCTH U  PE3yJIbTAaTHBHOCTH OHM3HEC-TIPOLIECCOB  OMpENesieTCs  YPOBEHb
3G EKTUBHOCTH U PE3yIbTaTUBHOCTH OM3HEC-TIPOLIECCOB B COOTBETCTBHMHU C 3afaHHOW mikanoil. Kpome
TOro, €CTb IIpeAjaraeMble NIEHCTBUS B OIPENEICHHOW CTENeHH, OW3HEec-polecc M Telo Ou3Hec-
MpouecCCOB KOMIIAHMU B 3aBUCHUMOCTH OT CTCHICHU OTKJIOHCHUA HOHy‘IeHHOﬁ KOJIMYEeCTBEHHOM OILICHKU
OusHec-mporecca (IIPOLECCOB) OT OIPEIENCHHBIX IpeaesioB No mkane XappuHrroHa. Kpome Ttoro,
JIODKeH ObITh IPOBEACH AaHalIM3 W3MEHEHMs MHTErpalbHbIX IOKazaTenedl 3¢GQeKTUBHOCTH U
pE3yIBTAaTHBHOCTH HCCIEyeMbIX OH3HEC-TIPOIECCOB B JWHAMHKE. JTO IO3BOJHUT C(HOPMYIHPOBATH
000CHOBaHHBIE BBIBOJABI O (aKTOpax M YMNPaBICHUECKUX ACUCTBHSX, BIUSIIOIIMX Ha JACATEIBHOCTD
KOMITaHUH U Ha IyTh €€ Pa3BUTHSL.

Onenka 3(pPEKTUBHOCTH M PE3yIBTATUBHOCTH OH3HEC-TIPOIIECCOB MPEANPHUATHS IIPEIyCMaTPUBAIOT
YCT@HOBJICHWE IUIAHOBBIX 3HAYCHMH, ompenesieHHe (aKTHUECKHX 3HAYCHHUH W 3HAYMMOCTH KayKIOTO
MI0OKa3aTelisl B paMKaX BBISBICHUSI OM3HEC-TIPOLECCOB. B COOTBETCTBUM € 3TOM METOAMKOH hopMHUpyeTCs
nepedeHb MoKa3aTeseld U KpUTepUeB AesITeNbHOCTH KoMIanuu. Kpome Toro, aklieHTUpyeTCsl BHUMaHHUE Ha
Ou3Hec-poreccax, CBA3AHHBIX C OCHOBHOHW (ONEparMoHHON) JesTeTbHOCTHI0 KOMITAaHWHU. BbineneHbl
Ou3Hec-mpoLecchl 0TOOpa KaHAMJATOB Ha TOCYAAPCTBEHHYIO JOJKHOCTH, TEXHUYECKOTO COMPOBOXKICHHS
MH(QOPMAIIMOHHON CHUCTEMOH KaIpoBOIO IeJIONpou3BOACTBA. lIponsBoautensHOCTh U 3(PEeKTUBHOCTD
ousnec-nponeccoB 1 kaxkaoro kpurepusi CCII (Ijgsc) paccuuThbiBaetes 1o popmyne (2). K; Bbramc-
nsercst o Qopmyne (1). CrhemyeT OTMETHTh, YTO OTHCNIbHBIC IOKazaTelud APQPEKTUBHOCTH U
PE3yIbTaTUBHOCTH SIBJISIIOTCS IPSMBIMH, TO €CTh X 3HAUCHHE BO3PACTACT C YJIyUIIEHHEM ACATEIBHOCTH
MMpEeAIpuATUud " O6paTHOC, 3HAUYCHHUE KOTOPOro yMCHBIIACTCA C NAACHUEM YIYUHICHUA AKTHBHOCTHU
npeanpustusi. [loaromy npemaraercsi MCNOJNB30BaTh YCOBEPIICHCTBOBAaHHYIO (OpPMYIy IUIsl pacueTa
HOPMAJIM30BaHHOTO OIEHOYHOI'O TOKa3zaTens K; Uil KOHKPETHBIX TIOKas3aTeleil: A IoKa3aTelieH,
CHMIKCHHUC KOTOPBIX NPUBOJAUT K JIYUIIHUM pPE3yJIbTaTaM:

Xn
Y
e Ki — HOpMHUPpOBAaHHAasA OLICHKA 1-r0 moKa3aTess mnpormnecca, Xn — (I)aKTI/I‘{eCKOC 3HAYCHHUC I1OKa3aTCIIA,

Y, — mmaHoBoe 3HayeHWe mokaszareis. J[isd mokaszaTenell, CHIDKEHHE KOTOPBIX NPUBOIUT K XYAIIUM
pe3ynbTaTam:

Kizl—

Xn
K, =2
l Yn
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Jns nmokazarenei, yBeIu4eHUE KOTOPBIX TPUBOJUT K JTYUILIUM pe3yJibTaTaM:

Y,
Klzl——n
Xn

Jns mokazarenei, MOBBIIIIEHUE KOTOPBIX MPUBOJIUT K XYAIINM pe3yJibTaTaM:

[Mo ko3 puumenty koHkopaanuu Kennania moaTBepxKAaeTCs CTENEeHb JOCTOBEPHOCTH TIPOBEICHHOM
OKCHEPTHU3bl TO KaxkaoMmy achekTy cuctembl mokazarened CCII. Ilocme wero paccumThIBaeTCS
HUHTETPAbHBINA MOKa3aTedb 3(PQGEKTHBHOCTH M PE3yJNbTATUBHOCTH OMEPAIUOHHBIX OHM3HEC-TPOIECCOB
npeanpustuss o kaxaomy kputepuro CCII. B wucciemoBaHMM HCTIONB30BATUCH OMNEPAIIOHHBIE U
oOecrieunBaronIre OU3HEC-TIPOLECCHI.

3akmouenne. Takum 00pa3oM, OICHUBACTCS BIMSHUE OTACIBHBIX TPYMI MOKa3aTened Ha KaxIbIid
kpurepuii CCII W TpoBOAWTHCS HWHTETpaibHAs OINEHKa JS(PQPEKTHBHOCTH W  PEe3yIbTaTHBHOCTH
UCCIIelyeMbIX OM3HEC-TIPOLIECCOB.

[IponieccHO-OpHEHTHPOBAHHOE YIpaBICHHE MPEANPHUITUSIME Oa3upyeTcss Ha OW3Hec-Tpoleccax.
[MporeccHbIi MOMXO/ BKIOYAET B ce0s HE TOJNBKO ONMHCAaHHE OM3HEca KaK B3aMMOCBSI3aHHOW CeTH OHM3HEC-
MPOIIECCOB, HO W HENPEPHIBHBI MOHUTOPHUHT, YNPABICHHE H COBEPUICHCTBOBAHHE OW3HEC- MPOIECCOB.
[To cyTtu, ynpaBieHue NpeaIpUsITHEM — 3TO BBISBJICHUE BHEIIHUX M BHYTPEHHUX COOBITHIH, BIHSIOLINX HA
napamMeTpbl OW3HEC-TIPOIIECCOB, a TaKKe IICJICHAMPABICHHOE DETYJIUPOBAHHE 3THUX MapaMeTpoOB s
JOCTYDKEHHSI TIOCTaBICHHBIX Tieneidl. COOTBETCTBEHHO, MOKazareld 3(P(EeKTUBHOCTH JeSTEINBHOCTH
KOMITaHUH SIBJISIOTCSl OLIGHOYHBIMH KPHUTEPUSIMH BIMSHUS YNPaBICHUYECKOTO BO3ICHUCTBHS Ha OM3HEC-
nporiecchl. [IpaBunbHas UACHTHOUKAIUS U PAlMOHAILHAS OPTaHU3alMs, CBOCBPEMEHHOE UCCIIEIOBAHUE U
OIlcHKAa OW3HEC-TIPOIIECCOB ITO3BOJISIOT BBIABUTH «IPOOJIEMHBIC» 30HBI M TPHUHATH 3PGEKTHUBHBIC
yIpaBJIeHUYECKUE pelleHus. B CBSI3M ¢ 3THUM MpeUioKeHa METOHMKA, MMO3BOJIIONIAS aHAJIH3HPOBATh M
oueHNBaTh  3PQPEKTUBHOCTH  OW3HEC-TpoLeccCOB  mpeanpusatus. Pacuer  sddexTuBHOCTH U
pe3yIbTaTUBHOCTH HMHJMBHIYaIbHOTO OM3HECa, MPOIECChI W €ro TeNo MO3BOJSIFOT MONYyYaTh |
arperupoBarh JaHHbIE 00 YypOBHE JOCTIDKCHHs IeJed Kak OTHENbHBIX OW3HEC-TIPOIeCcCOB, TaK H
CHHEpreTHYeCKHX Leiel Tena Ou3Hec-mpoueccoB. MHbopManus o pe3ynbTaTuBHOCTH U 3PPEKTUBHOCTH
OM3HEC-MPOIECCOB SIBIIACTCS OCHOBOW ISl TPUHSTHS yNpaBleHYeckux perreHuit. Kpome Toro, on
UCTIONIB3YETCSl U ONEPATHBHOTO YIPaBICHUs OW3HEC-TIPOIeCCAaMU, aHAllM3a M COBEPIICHCTBOBAHHS
JESITEITBHOCTH TIPEIIPHUSITHSI.

C. T. Hcpamnosa', A. A. Myxanosa!, A. K. Carsi6ananena’

ULH.T'ymunes atsinnarsl Eypasus ynrteik yausepeuteti, Hyp-Cynran kanacsl, Kazakcran;
2C.Ceiiysumn ateiaarsl Kazak arporexnukansik yausepcuterti, Hyp-Cyiran kanacel, Kazakcran

TEHJAECTIPUITEH KOPCETKIIITEP )KYHAECI BOMBIHIIA KOCIITOPLIHHBIH
BU3HEC-TIPOLECTEPIHIH TUIMJALJIITTH BATAJIAY AJITOPUTMIEPI

AnHOTanusi. Makanana KociIOpBIHAAPBIH OW3HEC-TPOLECTePiHiH THIMIUITIH Tajjay KoHe Oaranay airo-
putMi kenripinreH. Kasipri 3aMaHfbl KacinopblHAapaa Oenrii 6ip amicTeMeriK Taciijaep Heri3iHae KO JKeTKisyre
OonaThIH TypakThl Oocekere KaOUIETTIMIK YIIIH OJapAbIH KbI3METIH OacKapyAblH OMJIACTHIPBUIFAH >KOHE THIMII
JKyHeci Ooiybl kepek. Ka3akcTaHIpIK KoCIOpBIHAAPIBIH )KYMBIC iCT€y MaKcaThl OOJIBIT TaOBUIATHIH Taiiia KenTereH
JKaFaiapaa OM3HEC-TIPOLIECTEep/IiH IYphIC JKYMBIC icTeMeyl >KoHe THICTI pecypcrapAblH OeliHyi cangapblHaH
anpiHOaiabl. KocimopelHAAapasl TYpaKThl KAHFBIPTY JKOCHApIbl KipicTepli KamTamachl3 €Ty IpoOiieMachbIHbIH
KapyKbUIBIK LIBIFBIHABI IIEiMi OoJbIn TaObl1ansl. Byl perre KociHOpBIHIBI JKaHFBIPTY KOMIIAHUSHBIH OW3HEC-
npouecTepiHiy "Tap" KepliepiH TepeH Tajiay MeH OaranayjaH KeiH FaHa )Kypri3iiyi Tuic.

3epTTey MakKcaThI-KbI3MET KOPCeTy callachblHIarbl KaszakCTaHABIK KoCIOpBIHAAPIBIH On3Hec-nporecTepin
Tanmay *oHe Oaranay o/liCTEeMECiH aHBIKTay. ¥ CBIHBUIFAH d/licTeMe THIMALIIK TICH HOTIXKEIUTIKTIH OpTaIla eJIIeMIi,
MHTETPaJIIBIK KOHE KaJIbIJIaHFaH KOPCETKIMITEPiH ecenTey apKbliIbl HAaKThl OM3HEC-TIpouecTep i "mpobdieMalsik'"
aliMaKTapbelH aHBIKTayFa apHalraH. bys KocimopblHIApAbIH jkeke OM3HEC-TPOLEeCTEepiHiH JKai-KyHiH Jie, oJapiblH
JKUBIHTBIFBIH Jla OarajiayFa, COHJAi-aK oJjapJbl jKakcapTy OOMbIHIIA Oackapy ic-opeKeTTepiHiH OachIMIBIKTAPhIH
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Oenrineyre MyMKiHAIK Oepeni. AJIBIHFBI 3epTTEyJIep TEXHOJIOTHSUIBIK OM3HECTI KOCMapiay/bl BHU3yalu3alusiiay
YIIIH Kypajgap MeH MOJENbAepIl KOJIAHyFa THIPhICKAHBIMEH, LIEKTEYJ aJJIbIHFbI 3epTTeyJiep CTPaTEerHsUIbIK
Kocrapiayabl MOJeNbleyre OarbITTanfaH. bH3Hec-cTpaTerusHbl MOJENbICYre apHajlfaH HYCKAYJIBIKTapIbIH
OonmaybiHa OaitaHbicThl mpoOsieMarnapra Oipryrac Tocinm KaxkeT. TeHrepimai KepceTKiluTep >KyHeciH KouiaHa
OTBIPBIIN, OeplireH Kpurepuiiiep OoiibIHIIA OW3HEC-NPOLECTEPAIH THIMIUIIN MEH THIMAUITIH Oaranay >Kyprizijui
KOHE KOPCETKIIITEep KICIMOPBIHHBIH aFbIM/IAFbl KbI3METIH OaKpLIayFa )KOHE KEe3-KEJIIeH YaKbITTa OHBIH )KYMbICHIHBIH
TUIMJIUIITIH Oaranayra MYMKIHIIK Oepei.

Tyiiin ce3aep: npouectik Tocinaep, OuzHec-mnporecTep, OU3HeC-POLECTEPAl OHTAWIAHABIPY, PEUHKUHUPUHT,
TEHrepiMIi KOPCETKILITEp JKyHecl, THIMALTIK.

S. Israiloval, A. Mukhanoval, A. Satybaldiyeva’

'L.N.Gumilyov Eurasian National University, Nur-Sultan, Kazakhstan;
2Saken Seifullin Kazakh Agrotechnical University, Nur-Sultan, Kazakhstan

ALGORITHMS FOR EVALUATING THE EFFICIENCY
OF THE BUSINESS PROCESSES OF ENTERPRISE BASED ON A BALANCE SCORE CARD

Abstract. The article presents an algorithm for analyzing and evaluating the effectiveness of business processes
of enterprises. Modern enterprises must have a well-thought-out and effective system of managing their activities for
sustainable competitiveness, which can be achieved on the basis of certain methodological approaches. The profit
that is the purpose of the functioning of Kazakhstan enterprises in many cases cannot be obtained, due to the
incorrect operation of business processes and the allocation of appropriate resources. Constant modernization of
enterprises is a financially costly solution to the problem of ensuring planned income. At the same time, the
modernization of the enterprise should be carried out only after a deep analysis and assessment of the "bottlenecks"
of the company's business processes.

The purpose of the study is to determine the methodology for analyzing and evaluating the business processes of
Kazakhstani enterprises in the field of service provision. The proposed methodology is designed to identify
"problem" areas of specific business processes by calculating weighted average, integral and generalized indicators
of efficiency and effectiveness. This allows you to assess the state of both individual business processes of
enterprises and their totality, as well as to set priorities for management actions to improve them. While previous
research has attempted to use tools and models to visualize technological business planning, limited previous
research has focused on strategic planning modeling. Due to the problems associated with the lack of guidelines for
business strategy modeling, a holistic approach is needed. Using the balanced scorecard evaluated the efficiency and
effectiveness of business processes on criteria and indicators allow you to monitor current activity and to evaluate the
effectiveness of its operations at any time.

Keywords: process approach, business processes, business process optimization, reengineering, balanced
scorecard, efficiency.
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'On-®apadu areingarsl Kazak ¥aTTeIK YHMBEpCUTETI, ATIMATHI;
2KP BFM FK aknapaTThiK »oHe €CENTEY TEXHOJIOTUSIAPhl HHCTUTYThI, AJIMaThI

ILU (0) - CG 9IICIMEH TIYACCOH TEH/IEYIHIH
CAHJIBIK IIEMIIMIH TAJIJIAY

AHHOTAUMs. OIICTIH XUHAKTATY MOCENeCi — HTEpaIlMsUIBIK OMICTEpIiH CamachlH 3epTTey Ke3iHae Maiina
OoJIaTBIH HET13Ti cypak Oosbin Tabbutagpl. JKylenepai WTepanusulblK oAiCTepMEH SNy THIMIUTITIHE IIeNIiIeTiH
TEHAeYJIep KYHECiHIH alIFbIIIapTTaayhl Tikenel acep ereni. TuiMaipek memiMai KaMTaMachl3 €Ty YUIH aJIFBIIapT-
TaFBIITap KOJIAAHBIIAIEL.

Kazipri yakpITTa anFpIIapTTaFBIITAPABIH KONTEreH Typiepi Oenrimi, MbICaibl, XKyile MAaTpHIaChIH
annpokcuManusiiay Herizingeri anreimaprrarbinTap: ILU, IQR xone ILQ; kepi MaTpuiaHblH JKYbIKTaybIHA
Herizaenred YH-aiiap: KenMYIIeNiK, CHPEK TOJITHIPbLUIATEIH KePi MaTPHLAHBIH JKYbIKTaybl (Mbicaiibl, AINV), kepi
MaTpHLAHbIH (aKTOpIIbIK (hopMackIHAAFbI XKybIKTaysap (Mbicansl, FSAL SPAI xone 1.0.).

Byn makanmama eki emmemni I[lyaccon temmeyin memry wbicansiHga CG skone ILU(0) ayFpImmapTTarbIIIbl
kocbutrad CG amicrepine Tangay »xacanansl. CG oici sKambl xKarFaia Ke3 KeJIreH ChI3BIKTBIK TeHIeYIep KyhHeciH
menryre apHanrad. Makananga anrpimaptrarsimn peringe ILU(0) tarmannel. Tonsik emec LU wiabipayst (ILU(0))
THIMJI aIFBIIAPTTAFII OOIBIN TaOBIIANbI kKOHE OHal icke achipeiianel. CG skoHe OacKa a UTepalusuIbIK dmicTep-
IIiH JKAHAKTAybIH TE3NEeTy YIIiH, SFHH, UTepalysyiap CaHBIH a3alTy VIIiH MICUIICTIH JKYWEHI anFpIapTTaiIbL.
ILU(0) anrprmmaprrarsimsl LU BIOsIpaysIHBIH KOMeETiMEH oTe OHal TaObutafsl. CBI3BIKTBIK TYPre KeNTipiireH
MaTpHlla CHUPEK TOJITHIPBUIFAH OOJIFaHIBIKTAH MAaTpPUIAHbl Kaabiga cakray ymin CSR ¢dopMaTsl KoNJaHBLIIBL
CG anroputmine kaparanga ILU(0)+CG, s¥HH, alFbIIapTTaFbIll KOCBUIFAH alTOPUTM 5-8 ece KbUIgaM >KWHAaK-
tanzapl. Kymeic Hotwkecinae [LU(0) anrpluapTTarbiiibl KOMETiMEH UTEPALMSUIBIK AJITOPUTMICPIIH KUHAKTATYbIH
KbUIaMIaTyFa 00JaThIHBI KOPCETI .

Tyiiin ce3nep: CG, ILU-dakropuzanus, ILU(0)- anramaprrarsii, [lyaccon tenaeyi, CSR minrimi.

Kipicne. Cupek marpurianap anreOpachIHBIH, aTall alTKaHAa, MATEMATHKAIBIK (DU3UKAIBIK €CeTTepiH
HIBIFApyIaFbl ©3€KTI MacenesepiHin 0ipi Ax = b TypiHIeri CBI3BIKTHIK anreOpajblK TEHACYJep KyHeciH
(CATXK) memry Ooipim TaOBUTAIBI, MYHAAFsl A — NMXN ©IIIEMIl CUMMETPHUSUIBI OH aHBIKTAIFaH CHUPEK
MaTpHUIIACKl, - eIeMai BEKTOp, X — M OJIIEeMiHiH Oenricis BekTopsl . JKyieHiH IiemimMi X BEKTOPbI
0o TabkUTAE [1].

CATX wremry omicTepiH Tikesed >koHE WUTepanusuIbIK Jen Oenyre Oomaipl. MTepalsmibk omicTep
YJIKeH OJIIeM/Ii ecenTep/i MIellyae KOJNAAHBUIAIbI, MYHJA JKaIAThIH IICKTEYJCepiHE JXOHE ecemnTey
yaKBITBIHA OafTaHBICTHI TIKEJIECH 9iCTEP Il KOIAaHY MYMKIH eMec.

Urtepanusnbik omictin Moni CATXK-HbIH HakThl HoTIKeciH TaGyra apmamran {x() k =1,2,..}
XKYBIKTay Ti30€TiH Kypy OOJBIN TaObUTaIbl. OMICTiH KOHBEPTEHITUACH eTeHIMI3 — OepiireH Ti30eKTiH Ke3-
kenren x© GacTanker JKYBIKTayIaFbl )KYHEHIH HAKTHI IICITIMiHE KaKbIHIAYHI.

Hestenes and Stiefel (1952) NBS 3eprrey xypransiama CG(Conjugate Gradient) menm araiaThiH
CATX ey i uTepanusuibiK oaicin yeoiHan! [2]. CG — xoHbloranusuianran rpaguentrep aaici, CATXK
HICTTYiH CaHJIBIK 9/1ici, KpBUTOB THUITIHAETI UTEPAIVSUTBIK S]TIC.

CG aaroputwMmi. Xyite Typi:

Ax=b (1)

— 74 ——



ISSN 1991-346X Series physico-mathematical. 2. 2021

KonbroratuBTi rpagueHTTep 9ICi ChI3BIKTHIK TeH ey ep Kyiecid (1) cMMMeTpHsIbl OH aHBIKTaJIFaH
A MatpunacbiMeH wmienry (QyHKOMSHBI MHHUMH3ALUSUIAy MOCENECiH IIenryre TeH OOoJaThIHABIFbIHA

HET13/1eJTeH.
1

F(x) =5 (Ax,x) — (b, x) 2
F(x) pyHKIMACH OHBIH TpalMeHTi HONre alfHaJFaH Ke3/1e FaHa €H TOMEHT1 MoHiHE JKeTe .
AF(x) =Ax—b 3)
Ochuraiimma, xydeHiH mentiMid (1) mapTchl3 MUHUMH3ANMSIIAY MOCEICCiH ey peTiHae i3aeyre
6omazsi (3).
WtepanusibIk mpoLecc KeJecifen xKy3ere acapl:
e AngplH ana Kazamzaa OacTamkbl KaJlAbIK BEKTOPHI T, JKOHE OarblT BEKTOPBl Py €CenTernemi:
o = Po =b—Ax0.
e Apsl Kapaii xybikray (i = 0,1,2,...,n — 1) Keseci popMmynanrapMeH aHbIKTaTaIbl:

(riri)

= ) 4
L (appy) )
Xiv1 = X; + a;p;, ()
Tiy1 =1 — q;Ap;, (6)

(ri+1Tiv1)
= (iearinn) 7
B (rori) )
Di+1 = T; + Bipi- (®)

Mynparsl: 1; = b — Ax; — i-1Ii KyBIKTay KaJABIFbI, KOO(OUUHMEHT [5; KOHBIOTAIMs IIAPTHIHBIH

OpBIHAATYBIHA COMKEC Kellei
Api,pi-1 =0
barbITTapsl p; KoHE P;_1.
a; = arg min F(x; + ap;)
a

bepinren xyiie Kaiita aHbIKTaJIFaH OOJBII TaObLIAAbl, COHABIKTAH €H a3 KBaJApaTTap MarblHACBIHMA
mIenIiTyi kepek. bys eq a3 kBaapaTtTap eceOiH IIenry yiliH MaTpullanbl [ mBeHC aHaIABIPpYHI [3] apKbLIbI
JKOFapbl YIIOYpBIIITH Typre Kenatipedi. i-kagamaa €Q; aiiHangslpy Marpumacsl (m+ 1) X (m+ 1)
emeMli 00Ta bl JKOHE KeJleciied Type ka3putasl [4]:

1

1

myHnarsl ¢ +s? = 1. ¢;,s; koaddunmentrepi hi+1; xod>pduLKeHTIH HeNre TeH eTETiHAEH KbUIbII
tagaanaasl [5]. OcbLiaii KenreHe, i-1i KaTtap YIIiH alaMbl3:
_ hiyqg _ hii
Si = ,Ci =

2 2 2 2 ’
hiithi i hiithiii

OH aHBIKTAJIFAaH CUMMETPHUSIBI MAaTPHUIIACHI 0ap CBI3BIKTHIK TCHICYJCp JKYHECIHIH HAKThI MICHIIMIH
Ta0y YIIIH N WTepalusfaH apThIK eMeC OpbIHAay Kepek [6]. bipak, meHrenekTey KaTelepiH eckepe
OTBIPBIT, OYJT MPOIIECC JJICTTE UTEPATHBTI OOJIBIN CAHATATBI.
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Utepanus ToKTay mapThL: ||x(s) —x6-D || < &,

Mynnarsix®) - s HeMmipiMeH HTepalMsga aNbIHFAH KaKBIHAATY, XS~! — albIHFBI HTEpALHsIA
QIIBIHFAH JKYBIKTAy. €1- SMICTIH Iomaik napamerpi. CoHIal-aK, CaJbICTHIPMAIIBl TeTe-TeHIIK HOPMAChIHBIH
a3/IbIFBI JKaFIaiibIHa TOKTAY KOJITaHBLIAIbL:

lIrll
ol = © ©)

CG 1ILU(0) anramaprrarbill. OJicTe WTEpalys CaHbBIH a3alTy VIIH alFaliapTTaFbIil
KOJIIaHBIIaAbl - OYJI CBHI3BIKTHIK TEHHAEYJep JKyHeciHiH MOoAM(UKAIMACHL, 9p TYPMi SJicTepii KoiaaHy
apKBUIBI )KYHEHIH ISTiMiH )KeHIJIICeTE i,

Byn kymbicta OacTamkbl okydeni (1) Oenrimi 6ip M~! MarpumaceiHa KeOeHTy apKbLIbI
aNFamapTTarbIll KapacThIPbUIABL, SIFHU KYHe Typi:

M~1Ax = M~1p (10)

M wmaTpumacel agFamapTTarsim Matpunack gemn ataidansl. SSOR, SGS, ILU [7] cuskrel anramapt-
Tarpim Typsiepi Oap. Byn xymbic ymin ILU(0) amramaprTrarblll TaHOANAbL, 9fic TOJBIK emec LU
BIOBIpayBl Jen Te atanaabl. Cupexk MatpunanbiH ToublK LU biaplpaybl kesinge taObuiran L sxone U
MaTpHIAIAPBIHBIH TTOPTEPITI OacTanKsl MaTPHUIIAHBIH IMOPTPETIMEH COHKEeC KEIMEWIi, SFHU 0acTaIKhl
HOJJIIK DJIEMEHTTEP/IH HMHACKCTEpI MOHIEPMEH TOJBIKTHIPBUTYbl MYMKIH, OYJI JKaITblH >KOFAITybIHA
okeneni. byn maceneni memy ywin 6i3 ILU dakropusauus anroputimin ['aycc omicimen Tombik LU
BIIBIpAY HETi31HAe TYKBIphIMAaiiMbI3. OHBIH alTOPUTMI Keecinei:

fork=1ton-1

fori=k+1ton

ik = ai/ Qg

end

forj=k+1ton

fori=k+1ton

a;; = ajj — lixgay;

end

end

end

TonbIk emec BIABIpayasl Taby YIIiH A MaTPHUIAHBIH MOPTPETi MICTiHAE FaHa ecenTeyiep KYpridy
xeTkinikri, srun  NZ(A) = {(i,)): a;; # 0}[8][9]. ILU(0) Tonelk emec BimbIpay —aNrOPUTMIHIH
MOIU(DUKALIUSACHIH KOPCETEHIK:

fork=1ton—1

fori=k+ 1 tonand if (i,k) € NZ(A) do

lik = Qir/axk

end

forj=k+1ton

fori=k+1tonandif (i,j) € NZ(A) do

a;j = a;j — lixay;

end

end

end

TonbIK eMec BIIBIpayAbIH MaFbIHACK - OacTanKbpl A MaTPUIIAHBI KEJeCi TypJe YChIHY:

A=LU+R
myHnarel L oxkoHe U-Tonblk emec (hakropusanusiaH ajblHFAH TOMEHI JKOHE >KOFapFbl OYPBINMITHIK
Matpunanap, R-paxkropuzanusaeiy 6onmaysl. ILU dakropuzanusgan keifid, MaTpuia Keneciaei 6omampr:
M=LU
AnNFRIIIAPTTAFRINT TYPiHIAE Koimanyra Oonanbl. CG anroputmin ILU(0) anfeIrapTTaFbiiibIMeH
JKYy3€ere achlpy YIIiH, aropuTMre keioip e3repicrepai enrizemis [10]:
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1. Bacranksl kKanamna rqg = b — Axy, Mzy = 14, po = Zp-
2. Herisri kagam (i = 0,1,2 ...n — 1) keneci popmynanapmen anbikranams [11]:
GRD)

a; = m'le =X + a;p;,

— _ -1
Tig1 =1 — QAP Ziyy = M7 7144,

_ (M1, Zi41)

Bi = (roz) Pt = 2w + Bibi-
[ 2

CoHBIMEH KaTtap, ajJjbslH-ajda TeIHgaymbl m LU merrepiHiy Typine ne OonraHmbIKTaH, 1| M-HIH Kepi
MaTPUIIACHIH €CENTEY IiH OPHbIHA TeK TCHACYJIEP KYHeciH menry KaxeT [12,13].

Mz = Tiv1,

Ly =1i41,Uzi4 1 =y

CanabIK dkcniepuMenTTep. byt skymbicta [lyaccoH TypiHiH TeHACYl TaHIA b

T+ ie=f (n
Mynaa f y3nikciz GyHKIus
fxy)=—4 (12)
IIeKapablKk MOH/ICPMEH
u(0,y) =1+y?
w(Ly) =2+y?%

u(x,0) =1+ x%
u(x,1) =1+ y?%
Ecenrey alimarbl

Q=1[01]x[0.1]. (13)

Erep (4) tenneynin nuddepeHIHaIIBIK KYBIKTaybl OOJBICTBIH opOip IMIKi HYKTECi YIIH *a3buica,
OHJIa TOPJBIH 1IIKI HYKTEJIePiHIH caHblHA TeH Oenrici3 caHbl 0ap (1) ChI3BIKTHIK TECHACYJICP JXKYHECIH anyra
oonanet [14]. Anbiaran xkyiie CG sxone ILU(0)+CG annpiH ana cinremeciMeH menriigi. byn xylieHiy
KOX(pGUIMEHTTEP MATPHUIIACHI YIII )KaKThI KYPBUIBIMFA He O0IMai bl )koHe cupek 0omansl [15].

Tonplk MaTpuIaHbl OapibIK HOJTIK JJIEMEHTTEpMEH CakTay oTe YIKeH jkaaka okenerdi. JKaabrHbl
oHTainmannelpy MakcaTeiHaza CSR cupek marpunanapeiH caktay (opmarsl Tangangsl [16,17]. CSR
(Compressed Sparse Rows) — cupek MaTpumanapisl *oi Typiae cakray ¢popmarsl. by ¢popmarra yi Gip
OIIIIEeM/II MAaCCUB KOJIaHbUTa s [ 18]:

- values GipiHIII MaccuBi OapJIbIK HOJIK €MEC AIEMEHTTEPIIH MOHCPIH ChI3bIK OOHBIHIIA CAKTANIbI;

- eKiHwI cols MaccuBi values MaccuBi 3JIEMEHTTEPiHIH OaFraH HOMIpJEpiH caKTalIbl;

- yriatmIi rowindex MacCHuBi op YKOJIIBIH OacTay HHACKCIH CaKTal b,

Rowindex MaccuB ayeMeHTTEpiHIH caHbl n+1. rowindex MaccuBiHIH I-1mi 3ieMeHTi values
AJIEMEHTTEP MACCHUBIHJET1 i-I JKONABIH OackiHma kepcerimexi [19,20]. SrHu, values maccuBinzmeri
I xonnmery snementrepi rowindex[i] skone rowindex [i+1] -1 wmHAekcTepiHiH imiHAe Oomamel. Meican
KenTipeiik, A MaTpumacel keneci Typae oepincin [21,22]:

n|o|Io (S|~
S|I—|o|(Ww(o
(=) kel | S el fe)
N (oo (O~
(=} (VS ] fo ) el k)
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By sxarnaiina sxorapeina kepcetinren CSR maccuBTepi keneci Typne Oonansr:

| Values: [1 T4 3 J2 Je JT1 13 T[5 17 1
| Cols: [o [3 1 J2 T4 1t T4 Jo T2 ]
| Rowindex: [o 2 I3 [5 7 T9 |

Kepimn oTeipransiHbI3Oal, values xoHe cols MaccuBTepiniH Memepi NZ (HONIIK eMec dIeMEHTTEp
CaHbl).

bi3gin xarmaiina, erep Ilyaccon tenneyinig top emmemi 100 X 100 TeH Oonca, oHIa MaTpUIIAHBIH
oemmeMi 9604 X 9604 6omanel . by mMarpuiiaHblH >kanbiHAarsl emeMi double TypiMeH TONBIK Type
mamameH 704 Mb Gomanel. Erep ci3 ochlHIail MaTpHUIIaHBIH HOJAIK €MeC dJIEMEHTTEPiH FaHa ajCaHbI3,
onap xazara mamamed 0,36 MbB anager. CSR GopMaTeIHAAFEI TOP YIIIIH MATPUIIAHBIH JKaIbIH/IAFbl OPBIH/IbI
ecenreiimiz, on 0,8 MbB OGonambl. Kepin oteipranbiHeimail, CSR mimmimi onpekaiima yiKeH, CHUpEK
MaTpHIaIapAsl caKTayFa MYMKIHIIK Oeperti.

Haru:xesiep :kone aHaum3. [1yaccoH TOPBIHBIH OpTYpJIi ©JIIEMIEPIHAE €CeNnTey IKCIIEPHUMEHTTEPI
JKacajamel. ATam aWTKaHAa, OMICTI JKaKBIHAACTBIPY VINIH KaXETTI WTEpaIMsUIapAblH CaHBl AFBIIIApT-
TaFbIIITNCH YOHE ANFBINIAPTTAFBINICHI3 aHBIKTANABI. EKi OaraapiaMaHblH OPBIHIANY YaKbIThl CAJTBICTHI-
peutnel. Kemeci kecrege ecenreysep JKYPri3iireH MaTpHLaNaplblH CHIIATTAMACHIH Kepyre Ooiajbl.
XKorapeina aiTeutrangail, A MaTpulachiHbIH emmeMi [lyaccoH TeHIeyiHIH TOPIBIK iIKi HYKTeNlepiHiH
caHbIHA coiikec kenemi. MaTpuia Oec AMAroHaibAbl KYPBUIBIMFA W€, COHBIH HETI3iHAC HOJIIK eMec
AIIEMEHTTEPIIH CaHBIH eCenTeyre OOaIbl.

1-xecre - Konnansiiran Matpuianap.

Marpuna HeMipi 1 2 3
[TyaccoH TeHIeYiHIH TOpPBI 100x100 200x200 300x300
A MaTpHLIACBIHBIH OJIIIEMi 9604x9604 39204x39204 88804x88804
Heunmix emec eMeHTTep CaHbl 47628 195228 442828
Marpuua Hemipi 4 5 6
[TyaccoH TeHaeyiHiH TOpBI 400x400 500x500 600x600
|A MaTpHULIACHIHBIH OJIILEMi 158404x158404 248004x248004 357604x357604
IHenmik emec »eMeHTTEp CaHbl 790428 1238028 1785628
2-kecte - CG xone ILU(0)+CG onictepi OOMBIHIIA aJbIHFaH HOTHIKE.
Marpuua enmemi CG amici ILU(0)+CG omici
VYaxsIT,C HWrepanus cansl YakpIT,C Wrepauus canbl
100x100 0,115 222 0,058 69
200x200 0,746 436 0,403 130
300x300 2,481 642 1,372 191
400x400 5,839 843 3,872 252
500x500 18,438 1050 7,129 308
600x600 46,63 1221 14,508 363

Keneci cyperrepae OX ociHmeri MaTpuIiia HoMipiepi 1-KecTeaeri MaTpuIlaiapra COUKeC Keaei.

l-KecTene CcHIATTaqFaH MaTpullajgapra coilikec, JXOFaphlma aWThUTFAHMAW, MISIIUICTIH JKYHEHIH
emmemi [lyaccoH TeHAeyiHIH ImKi TOp HYKTENEpiHIH CaHbIHA TEH eKeHiH kepyre Oomnanmel. Kepin
OTBIpFaHBIHBI3AM, 1-cypeTTe, OapibIK MaTpuUIllagapAa SJICTi alablH-ajda MTEPAIlHsIMEH KAKBbIHIACTHIPY
VIIH KaKeTTi urepamusiapasiH canbl CG HTepanusIapblHBIH caHblHAH a3. OchklFaH OalIaHBICTHI,
2-cyperre CG OGarmapiaMmachiHbIH OpbiHIany yakbiTel ILU(0) amgsia-ana mavioiaganran CG Oarmapnia-
MAaCBIHBIH OPBIHJIATY YaKBITBIHAH 5-8 ece Kol eKeHIH KopeMmis.
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Urtepariis caHbl

| CG; 6; 1221
® (G; 5; 1050
=  CG: 4; 843
=
&
2 m CG; 3; 642 =
— ml| 0)+CG
B CG; 2;436
= 1LU(0)#E; 6; 363
u 119)+CG; 5; 308

m L

m L ]+CG 2;13
]+CG 1;69

1 cyper - OMiCTIH KUHAKTATY UTCPAIHSICHIHBIH CaHbI

]+CG 3,191
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2 cypert - OpbIHAQITY YaKBITHI

Kopwiteinael. CG omiciH Ke3-KeNTeH Typleri >KydemepAi Imenly VIOiH KOJJaHyFa OoJaisl,
AJIFBIIIAPTTAFBIN JMICTIH KOHBEPICHIMACHIH Te3xeredi. byn Makama eki emmemai Ilyaccon TeHuaeyiH
nrenry MbicaiibiH KojipaHa oTeipein, ILU(0) CG anplmaprrarsiin apKelibl skoHe CG omicTepiH Tanmayra
apHayrFad. IlyaccoH TeHACYiHIH KOY(POHUIMEHTTIK MaTpHIAIapbl CHpek Kezmecemi, coHmbikraH CSR
MaTpHIaiapblH cakray QopMmarbl KOJINAHBUIABI, OYJl ©Te YIKeH MaTpHIalapMeH >KYMBIC icTeyre
MYMKiHZIK Oepai. byn Tanceipmana utepauus cansl xone ILU(0)-CG apicinin opeiHaany yaksitel CG-nan
a3. by ILU(0) anFpimapTTasblil 9fici OCHl TAlCHIPMaHbI KaKChl OPBIHAANTBIHIBIFB! Typalibl KOPBITHIHIBI
JKacayra MYMKIHIIIK Oepei.

[TyaccoH TOpBIHBIH OpPTYPJIi ©JIIEMIEPIHAE eCeNnTey AKCIEePUMEHTTEpl *Kacanisl. ATan aWTKaH[a,
omicTi KAKBIHAACTBIPY VINIH KaXeTTi HTepalMsIapAblH CaHbl aJFBIIAPTTAFBIIl JKOHE aJIFBILApT-
TapFBILICHI3 aHbIKTaNAbl. Exi OarmapiaMaHbIH OpBIHAANY YaKbIThl JKOHE HUTEpallysl CaHIaphbl calbiC-
THIPBUIIBI.
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'Kasaxckuii HAMOHANLHEIM YHUBEPCUTET UM. anb-Dapabu, AMarTer;
2MHcTUTYT HHGOPMALMOHHBIX U BRIYUCIUTENLHBIX TexHonoruii KH MOH PK, Anmartsl

AHAJIM3 YNCJIEHHOI'O PEHIEHUSA YPABHEHUA TYACCOHA METOJOM ILU (0)-CG

Annoranusi. [IpoGnema 0000mIeHNsT MeTOAa — TJIABHBIM BONPOC, KOTOPBHIA BO3HHMKACT IPH HCCIEIOBAHUU
KayeCcTBa WTEPALMOHHBIX METOJOB. D(P(PEKTUBHOCTH PEIICHHS CHCTEM C MOMOIIBIO HWTEPALOHHBIX METOI0B
HaMpsIMyI0 3aBHCUT OT NPEITOJIOKEHUH O CHCTeME ypaBHEHMH, KOTOpast TO0JDKHA ObITh pemieHa. IIpenBaputenbHbie
YCIIOBHSI HCTIOB3YIOTCS IS obecriedeHus 0omee 3 HEKTHBHOTO PEIICHUS.

B Hacrosimee BpeMst H3BECTHO MHOT'O THIIOB MPE/IBAPUTEIBHBIX YCIOBHH, HAIPUMED, MPEABAPUTEIBHBIE YCIIO-
BHsI, OCHOBaHHBIE Ha ammpokcumaruu cuctemHord marpuilsl: ILU, IQR u ILQ; I[Ipeamoceiiku, OCHOBaHHBIE Ha
anMpoOKCUMaK OOpaTHONW MATPHIBl: MOJIMHOMHAIbHAS, PEJKO 3aMONIHsAEMas alIpoKCUManusi 0OpaTHOW MaTPHUIIbI
(narrpumep, AINV), annpokcumariyisi B pakropuzoBanHoi popme odparHoii Marpuiisl (Hanipumep, FSAL SPAl u . 1.).

B nanno#i crarbe mpoBoautcs ananusz mMetonoB CG u CG ¢ mpepobycnaBnmuBarenem ILU(0) na mpumepe
pemenust n1BymepHoro ypasHeHusi [lyaccona. Meroq CG 0OBIMHO MCHOJB3YETCsl Ul PELICHHs JI00OWH CHCTEMBI
nuHeiHpIx ypaBHenuid. ILU (0) Obur BeIOpaH B KauecTBE IpEIBApUTEILHOIO YCIOBHUS Ul craThu. Hemnomnoe
paznoxenue LU (ILU (0)) sBisiercst 3¢h(heKTUBHBIM NMPEIIIECTBEHHUKOM H JIETKO pealiu3yeTcs. DTO IMpeAroaraet
CHCTEMY, KOTOPYIO MOYKHO PEIIUTh sl ycKopeHust HakomieHust CG U Ipyrux UTEPAOHHBIX METOAOB, TO €CTh IS
YMeHbIIeHHsT KonmumdecTBa wureparmid. [IpemoOycrmaBmmuBatens ILU (0) odeHp Jerko OOHApyXKUTh C TOMOIIBIO
pasnoxkenust LU. TlockonbKy smHElHas MaTpulia 3aloJIHSUIACh PEAKO, Al XPaHEHWsS MaTpUIbl B TaMSTH
ucnonp3oBaics gopmar CSR. ILU (0) + CG, T.e. anroput™M c OpemyclioBHEM ObUI cobpaH B 5-8 pa3 OwicTpee
anroputMa CG. Bpun mosydeHs! ¥ NpOaHATM3UPOBAHbI JaHHBIE KOJUUYECTBA MTEPALMU CXOIMMOCTH MeTozaa 0e3
npenoOyciaaBmuBaress u ¢ npenodyciasnuBatenem [ILU(0).

Kawuenie caoBa: CG, ILU-dakropusanusi, mpenodyciasnuBareib, 1LU(0) — npemnoOyciaBiu-BaHHE,
ypasHenue [lyaccona, CSR-opmar.

A. A. Abdurakhimoval, N. M. Kassymbek', O. Zh. Mamyrbayev>

'Al-Farabi Kazakh National University,Almaty;
2 "Institute of information and computational technologies"
of the science Committee of the MES of the RK, Almaty

ANALYSIS OF NUMERICAL SOLUTION
OF POISSON EQUATION BY ILU (0)-CG METHOD

Abstract. The problem of generalization of the method is the main question that arises when studying the
quality of iterative methods. The efficiency of solving systems using iterative methods directly depends on the
assumptions about the system of equations to be solved. Prerequisites are used to provide a more efficient solution.

Many types of prerequisites are currently known, for example, prerequisites based on the approximation of the
system matrix: ILU, IQR, and ILQ; Prerequisites based on the approximation of the inverse matrix: a polynomial,
rarely filled approximation of the inverse matrix (for example, AINV), an approximation in the factorized form of
the inverse matrix (for example, FSAIL SPAI etc.).

This article analyzes the CG and CG methods with the preconditioner ILU (0) by the example of solving the
two-dimensional Poisson equation. The CG method is usually used to solve any system of linear equations. ILU (0)
was selected as a prerequisite for the article. The incomplete LU decomposition (ILU (0)) is an efficient precursor
and is easily implemented. This suggests a system that can be solved to speed up the accumulation of CG and other
iterative methods, that is, to reduce the number of iterations. The ILU (0) preconditioner is very easy to detect using
the LU decomposition. Since the linear matrix was rarely filled, the CSR format was used to store the matrix in
memory. ILU (0) + CG, i.e. the algorithm with a precondition, was assembled 5-8 times faster than the CG
algorithm. Data on the number of iterations of convergence of the method without a preconditioner and with the
ILU(0) preconditioner were obtained and analyzed.

Key words. CG, ILU factorization, preconditioner, ILU(0)-precondition, Poisson equation, CSR format.
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SYSTEMS FOR MONITORING THE PRODUCTIVITY
OF DAIRY FARM ANIMALS

Abstract. The relevance of this project lies in the fact that the use of modern digital, informational and
intelligent technologies makes it possible to keep records of dairy productivity quickly and to respond to changes in
the health of livestock in a timely manner. The result will increase the efficiency of resource potential use, as well as
profitability and attractiveness of dairy cattle breeding for investors. The systems developed will also enable
agricultural producers to make concrete decisions based on automated data analysis. The high quality of milk in the
dairy farming industry, taking into account the feedback from the household to the consumer, ensures the
competitiveness in the direction of the dairy industry. The article describes in detail a mathematical model for
automating on-farm production control of dairy products, which will have an impact on the leveling of the
commodity market. Also there are described the results of implementation of already developed software products
for accounting of animal status on dairy farms of Northern Kazakhstan. As a result, some recommendations for the
use of the developed software are given. In this way detailed results have been described for each farm, indicating
the characteristics and status of the farms to date. The results obtained will be studied and considered by farmers at
the local level to organise production processes. The implementation of this task will take place at the Seyfullin
Kazakh Agrotechnical University. We have established a scientific group to develop and implement IT solutions for
a large number of processes in agricultural production. This scientific programme is the first integrated solution
aimed at introducing and adapting best practices in the application of digital technologies in dairy farming in
Northern Kazakhstan.

Key words: expert system, data analysis, monitoring, milk yield, artificial intelligence, digital technologies,
integration, diagnosis.

Introduction. The modern livestock industry in Kazakhstan is a transition to new approaches to
production. It is based on agricultural machinery and equipment augmented with telemetry systems.
Telemetry and monitoring systems for agricultural production are deemed as one of the most innovative
technologies of precision livestock production and are automatic systems for collecting and transmitting
information as well as data analysis and remote decision making [1].

There are many causes, which can be roughly divided into 'internal' and 'external', that have a major
impact on cow yield. The 'internal' causes include: hereditary characteristics of the animal, its health and
physiological condition; the 'external' causes include: quality and quantity of feed, length of pauses
between milking of the animal and method of milking, number of years of cow's life, time between calves,
length of fattening period. Common breaches of the accepted norms of cattle housing, untimely
vaccination lead to disease, which can lead to the death of the herd in the future. In the case of infectious
diseases there is also the potential for human infection [2].
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In all of the above-mentioned livestock production processes, zootechnicians and veterinarians of
livestock farms play a key and possibly important role, on whose expertise the productivity of livestock
production and the economic component of the farm itself depends.

There has been an increase in the use of information technology in various sectors of the economy
over the last decade. The development of cloud technology for data storage and processing, the ubiquity of
mobile devices, smartphones and tablets, and [oT devices are creating new opportunities for the
digitalisation of agriculture through automatic animal tracking and automatic control of production
processes. The opportunities opened up by the development of IT technology require research and
investigation into how it can be applied in livestock farming in practice.

Mathematical model used in an automated information system for the analysis and control of milk
production. A mathematical model of changes in the productivity of a dairy cow by lactation periods has
been developed. The model uses a function like:

y(t) = atPe~ct (1

where is the rate of milk production in the animal's body at a time ¢, kg / day; ¢ - time, days; a,b,c -
options.

In this case, the milk yield in the time interval between the moments #.; and # is determined by
integrating the function (1):

Y= [y, @)

where Y; is the productivity of the animal in the lactation time interval between the moments #;.; and #. The
parameters a,b,c are determined by the formulas:

c=71(tym + tf)/(tm - tf), 3)
b = ct,,, 4)
Q= —— (5)

t—tf )
bp—ct
ooy tPectadt

The calculation of the parameters is based on the use of such characteristics of lactation as its duration
t, annual milk yield Y, time to reach peak lactation #,, as well as the average relative rate of decline in
productivity after reaching the peak of milk yield r.

We will illustrate the use of function (1) for approximating the lactation curve using the example of
one of the basic farms.

The farm contains Holstein cows. The milk yield of animals in January calving is 8260 kg / head, the
duration of lactation is 305 days, the moment of reaching the peak lactation is on average the 90th day, the
milk yield in the first days is 12 kg / head, on peak days - 50 kg / head, in the last days - 12 kg / bird, in the
sixth month (on average - 168th day) of lactation - 35 kg / bird, in the eighth month (on average - 228th
day) - 18 kg / bird. Then, the coefficient £~=-0,0110829 is the relative rate of change in the level of the
lactation curve r=-0,01102175; a=0,083954; 6=1,822433364; ¢=0,02024926.

Thus, function (1) takes the following form:y(t) = 0,083954¢1,822433364,-0,0202192

By integrating function (1) over time, we obtain the distribution of the annual milk yield by months of
lactation of the animal (for convenience, we will assume that the calving date is January 1): in January -
317 kg, February - 968 kg, March - 1471 kg, April - 1439 kg , May - 1279 kg, June - 967 kg, July - 734 kg,
August - 512 kg, September - 336 kg, October - 236 kg; total - 8260 kg / head. Model calculations are
easily automated in MS Excel environment.

The obtained mathematical model of the lactation process is used in planning milk yields and income
from its sale in the context of the periods of the year and for the whole year, as well as the needs of
animals for feed in different periods of the year.

—— Q4 =——
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Models have been developed for calculating the optimal duration of the productive life of an animal
in the conditions of the farm and evaluating the effectiveness of decisions to renew the main herd. It has
been established that the maximum average annual profit from the maintenance and use of animals should
be taken as an optimality criterion. To calculate the total profit for T years of keeping animals, taking into
account the time factor (the amount of discounted profit), you should use the formula:

P(M) =X, (1+r)7tD®) —Z(t) + 1 +7r)7TS(T) — 5(0)), (6)

where P(7) is the total discounted profit from keeping a cow over the T years, tenge; D(?) - income
from keeping a cow on the farm in the i year of lactation, tenge; Z(z) - expenses for keeping a cow in the
i year of her productive life, tenge; S(?)- income from the sale of a cow after years of her stay in the herd,
tenge; » - costs of replacing a cow left the herd (cost of a replacement heifer), tenge; - discount factor
(usually corresponds to bank interest); ¢ - current productive age of the cow, year.

Comparing P(T) different options for investment plans to choose the best one makes sense if projects
with the same life cycle are considered. However, when we are faced with options that differ in the
duration of their cycles, a different approach to solving the problem is required. A methodology for
calculating and comparing alternative capital investment plans is needed, which would take into account
both the time factor and the differences in the life cycle of the options under consideration, and the infinity
of the planned horizon.

With regard to the conditions of our problem, these requirements are met by a methodology, the
implementation of which involves calculations in two stages: using formula (1), the total discounted profit
P(T) from the use of animals during the T years of productive life is calculated, 7=1,2,...; for each variant
of the duration of the economic use of the animal, the average annual profit P,,(7) is determined, which is
provided P(7T), T=1,2,..., according to the formula:

Py (T) = P(D)[r/(1 = 1/(1 + 1)), (7

Since, under the conditions of the problem under consideration, the minimum required return » on
investment is the same for all possible options, the best of them will be the one that provides the maximum
average annual profit P, (7) from the economic use of animals. Keeping an animal in a herd for more or
less T years will reduce the value of the indicator under consideration.

Methodologically, a more correct solution of the problem involves taking into account the stochastic
characteristics of the process under study: the probability distribution of mortality, unplanned culling of
animals, offspring per 100 queens by years of productive life, and others. In this case, the calculation
formula takes on a more complex form, and the task will be to maximize the value of the function:

P, (T) = 25_1(1+r>—fER(t)p(t—1)+(1+r)T—TS(T)(1—pn(T)) H?:fp(t)—S(O)’ @)
where P,,(T )is the average annual profit from keeping a cow over the T years, tenge; ER(?) - expected
profit from keeping a cow on the farm in the i year of her productive life, tenge; p(z-1) - the probability
that the cow of the (#-1) productive age will move to the next, ¢ age group. Wherein p(0)=1; p(t) - the
probability that the cow of the i productive age will move to the next, (¢+1) age group; p.(7) - the
probability of the death of cows of the T productive age; S(7) - market value of a cow at the end of the T
year of productive life, tenge; S(0)- market value of a heifer introduced into the main herd, tenge;
r - discount factor (usually corresponds to the bank interest). Wherein,

ER(t) = P(O)p(8) + R(Opp(t) — S(0)(1 — p(1)), ©

where P(t )is the profit from keeping a cow on the farm in the i year of her productive life, tenge;
R(?) - proceeds from the sale of a cow of the i age in the event of a production marriage (barrenness,
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illness, low productivity), tenge; S(0)- the cost of a heifer introduced into the main herd instead of a cow
retired at ¢ age, tenge; pp(?) - the likelihood of unplanned culling of a cow due to a production defect in the
t year; t - current productive age of the cow, year.

An econometric model of the movement of the market price for raw milk has been developed, which
makes it possible to predict the price level in different periods of the year. The model is based on chain
milk price indices. The model was tested on materials from the milk market of the Kostanay region
(table 1).

Table 1 - Model parameters and their characteristics

No Variables Coefficient t -test
1 Free parameter 1,033 137,28
2 Trend -0,00021 1,12
3 February - -

4 March - -

5 April -0.033 2.66 *
6 May -0,051 4,13*
7 June -0,037 2,97*
8 July -0,032 2,60*
9 August -0,024 1,97**

10 September -0,015 1,19
11 October - -

12 November - -

13 December 0,018 1,46
14 R’ 0,424 -

15 F-test 4,689 -

* - significant at the level of 0.05; ** - significant at the 0.1 level.

The coefficient of determination is equal to 0.424, which indicates an acceptable predictive ability of
the model. Accordingly, the correlation coefficient turns out to be 0.651; the relationship between the
actual and calculated series of indices is quite strong. At the 0.05 level, the equation as a whole is
significant. It has been established that in the dynamics of milk prices sold by agricultural entrepreneurs in
Kostanay region, there is certainly a seasonality. Seasonality of prices is explained by the seasonality of
production and supply of products to the market. Relatively low prices are observed during the "big milk"
period from April to August-September. In turn, the season of large milk follows with a lag of 2-3 months
after the period of mass calving (winter-first half of spring) on farms, especially in private farmsteads.
Thus, the seasonality of production and prices for the products under consideration is decisively
influenced by the fact that the overwhelming share in the total volume of milk supplies to the market is
still occupied by personal subsidiary farms and small commercial enterprises (up to 80% or more). This
situation will persist as long as the individual sector and small-scale production dominate in the industry's
economy. And only with the development of intensive livestock raising should we expect the leveling of
the product market [3].

The results of the implementation of expert systems for monitoring the status of animals in
dairy farms in Northern Kazakhstan. The scientific research under the programme was organised in
6 model farms of Northern Kazakhstan: in farm No. 1 - 32 heads (Holstein-Friesian breed) and farm
no. 2 - 100 heifers (Simmental breed), in farm Ne 3 - 800 head of heifers (Simmental breed), in farm
Ne. 100 cows (Simmental breed) and in farms Ne 5 and Ne 6 - 230 cows (Holstein-Friesian breed).

All of the base farms were analysed on: economic activity, genealogical analysis of the herd to enter
the SmaXtec system into the database, dairy cow productivity, possibility and profitability of using the
"Veterinarian Tablet" and "Herd Management" software products.

The main source of information on livestock were data from on-farm record-keeping systems
integrated with milking equipment (DairyPlan and AfiFarm) and remote animal health and microclimate
monitoring systems (Smaxtec) implemented as part of the project.
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Table 2 - Results of implementation of software products "Veterinarian's Tablet"
and "Herd Management" on farms in Northern Kazakhstan

Notes

Quite a new farm. It is a small farm where almost all processes are managed by a few people. There is an AfiMilk
system installed on the farm, integrated with the milking equipment, which is also used for accounting and cattle
management. In the course of the project, the "smaXtec" system was installed on the farm, which demonstrated high
efficiency in detecting oviposition, resulting in 100% fertilisation of the breeding herd. In particular periods there was
no access to the internet. The developed 'Veterinarian Tablet' programme was demonstrated to the responsible staff.
There is no need for an additional product on the farm.

New farm. Previously it did not have any accounting software implemented, it has access to the Internet, for which
reason the web-based software package is well suited for bookkeeping.

There is a "smaXtec" system installed on the farm (boluses) for remote animal welfare monitoring. At the beginning,
the operation of the system was complicated by the lack of a permanent power supply. In order to power the system
and the modems, the diesel generator was powered up once or twice a day for half an hour, which resulted in untimely
reports of hunting, and as a result the system could not be used to its full potential. In addition, pasture maintenance
has led to increased alarms on animal activity as the system is designed to maintain stalls.

The mobile application "Veterinarian Tablet" also attracted interest, but in order to use it fully, up-to-date data must be
entered into the Herd Management software.

There is a large dairy farm with a milking herd of over 600 head, there is also a large number of Angus beef cattle.
Total number of staff on the farm is up to 50 people. The farm has implemented the DairyPlan system, which is fully
utilised in the day-to-day running of the farm. In the course of the project, the smaXtec remote monitoring system and
FeedNet feed automation system were implemented. FeedNet is in use on a daily basis to plan and manage the
preparation of feed mixes and record feed distribution. "Smaxtec is mostly in use as a hunt detection tool, so tracking
animal health signals is almost impossible.

Staff and farm management were provided with a demonstration of the Herd Management software and training on
how to use it. There was little interest in the developed software as the "DairyPlan" system already in use has all the
features required for the current operation of the farm. The farm staff understand in advance the complexity of
accounting in the two systems.

They are more interested in the 'Veterinarian Tablet' mobile app, especially its ability to view farm livestock
information offline, right next to the animal, as well as the ability to record veterinary operations right on the spot.
Staff understand the advantage of such electronic recording over paper-based recording. In order to ensure the data can
be viewed on site, the data has been transferred from DairyPlan to herd management software. Although the farm has
access to the internet, the operator's milking parlour, where DairyPlan is installed, is inaccessible to ensure the security
and reliability of the system. Thus it makes it difficult or even impossible to continually synchronise data from
DairyPlan to Herd Management and vice versa.

There is no in-house technical support with computer hardware and automated accounting systems on the farm. An
attempt to introduce Smaxtec, as the most autonomous system among others failed due to a lack of understanding of
the need for such a system on the farm. Therefore, there was no reliable electricity supply, Internet access was not paid
for, and the mobile application was not used. Other systems (herd management programme) could not be implemented
under these conditions in principle.

The farm has a mobile Internet coverage, at the same time it is absent in the automated milking rooms and in the
operator's room (metal surfaces screen the signal of the mobile network). The farm uses the “DairyPlan” system to
automatically record the milk production of the herd; animals are introduced into the system as they reach their
productive age. Integration of “Herd Management” software with “DairyPlan” is not possible under these conditions.
At the same time, program "Veterinarian's Tablet" attracted veterinarians of the farm with the ability to view reference
information on diseases, objects of veterinary and sanitary purposes and the possibility of preliminary diagnostics of
diseases based on the observed symptoms.

The farm is on the lookout for a suitable accounting system, over the years several different systems have changed:
"DairyPlan", "DairyComp", "DairyComp305", "Uniform Agri". The possibility of implementing or even just
demonstrating additional systems is perceived negatively by employees, as they are exhausted by the changes in the
accounting system. At the same time the most stable records are kept in paper journals.

The developed 'Herd Management' software and the 'Veterinarian Tablet' mobile application were demonstrated and
some suggestions for improvements were received, some of which have been implemented. However for the full
implementation of the system it is necessary to update the herd management database, for which the farm currently
has no employees. Possibly in the future the data will be transferred from the Uniform Agri system once it has been
configured and put into operation.

There were also additional suggestions in the "Veterinarian Tablet" programme related to the automation of task
control by the farm staff.

The developed mobile application was installed on the mobile devices of veterinarians of pilot farms,
training on working with the application was conducted, recommendations on their further improvement
were received, conclusions on the implementation of this software product are reflected in table 2.
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Conclusion:

The conducted research proves that nowadays it is impossible to obtain quality milk and its
derivatives without strict regulation of all technological processes and working cycles by time.

Unreasonable collection and prompt delivery cycles will lead to production and loss of production,
the distribution of which will require additional human and financial costs, which will directly affect
competition and self-employment.

High quality milk in dairy farming with customer feedback ensures competitiveness in the direction
of the dairy industry.

To ensure that modern farm information systems work properly many conditions need to be fulfilled:
clear identification of the livestock, availability of equipment, qualified and motivated staff, understanding
of the systems used by both management and farm staff, availability of network infrastructure on the farm
and access to the internet. In the absence of at least one factor, the economic information system ceases to
work. Implementation of the system requires a considerable amount of time and requires a long-term
sustained effort in this regard, regulation of internal processes and involvement of responsible persons. If
the farm has an accounting system in place, the introduction of an additional system is extremely difficult,
as it requires synchronisation of data in two or more systems, which is not feasible. Using even two
systems in parallel increases the workload of the personnel responsible for accounting.

Start-up labour costs are high and a lot of livestock data needs to be entered manually. Subsequent
accounting is facilitated by the availability of previously entered data, but requires consistency, daily data
entry.

Farms commonly do not enter the full number of animals into the accounting systems, but only
4-5 digits, which are mostly displayed on the ear tag or respondent. Such an approach is warranted if only
one system is used, but if integration with other systems is required, animal identification conflicts arise,
resulting in an inability to communicate between systems. As all systems allow you to track animals by
multiple numbers, you must use at least one field in each system to enter a full-size unique local or state
animal number, e.g: KZC10987654321, USA636293, AT8738748028.

Another infrastructural problem is Internet access: computers near the milking parlor receiving
information from the milking equipment are usually not equipped with Internet access to ensure the
security and stability of such equipment (exclude the use of computers for other purposes, exclude the
penetration of viruses). Placing computer equipment in a building where milking takes place or where
animals are kept increases the risk of failure due to high humidity and proximity to dust / manure / dirt.
This should be taken into account when setting up such workplaces, using equipment designed to work in
such conditions.

The spectrum of basic problems and needs varies greatly on farms. In order for the economy to be
interested in the proposed SW, it must have the functionality to ensure that the most important (at the time
of implementation) problematic issues are addressed. Moreover, the software implemented should not
significantly increase the workload of farm staff in its implementation; where possible, data should be
collected automatically, without human intervention, and made available to responsible staff for analysis
as needed.

Overall it can be said that there are people on farms who know how to use modern recording, analysis
and management technologies, but for this to become a habit, understanding and guidance from
management on how to implement and monitor this process is necessary.

The observations also show that systems handed over as part of a project receive less attention than
systems purchased with their own money or on credit.

Undoubtedly, the software developed has shown to be effective in operating and automating
processes on dairy farms in Northern Kazakhstan, but for a number of reasons mentioned above, they
cannot be used to their full functionality.
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O. onaryJos !, U. Tperbsikos !, A. Ucmauiosa !, A. Toctun 2

' AxmapaTthIk xylienep kadeapacel, C.Celigymn atbingarsl Kasak arporexnukanbik yausepeuteti, Hyp-Cynran, Kasakcran;
2 Oy xyifenepiniH aBTOMATTaHbIPUIFAH 5k00aay xKyiieaepinid 6oimi, B. @. YTKUH aThIHIaFbl PA3aHb MEMIICKETTIK
paguoTeXHHUKAIBIK YHHBEpCHUTeTi, Psa3anb, Peceit

CYT ®EPMAJIAPBICBIHIATBI MAJIJTAPABIH OHIMILITTH BAKBLIIAY )KYWEJEPI

AHHOTamms. By »ko00aHBIH ©3€KTUIIr MBIHaJA: 3aMaHayd IHMQPIBIK, aKIapaTThIK XXOHE 3MATKEPIIK TEeXHOJIOTHSIIAPIbI
naianaHy cyT eHIIpICiHIH eceOiH jKe/IeN KYpris3yre, xaHyapiap JCHCAyJIBIFbIHBIH ©3repyiHe Aep Ke3iHae jkayan Oepyre oHe
TaOBIHHBIH KO0€I TMpOIeCiH THIMAI KocmapiiayFa MyMKiHAIK Oepeni. HoTmkeciHae pecypcThIK oNeyeTTi maiianaHyablH
TUIMALTIT apTajpl, COHBIMEH KaTap MHBECTOpJIAp YUIIH CYTTi MaJl MIapyallbUIBIFBIHBIH KipiCTUIIrT MEH TapTHIMIBLIBIFEl apTalbl.
O3ipJIeHreH JKyHenep aybpUIIapyallbUIblK Tayap OHIIpYyLIUIepiHe AEpeKTepAi aBTOMATTAaHABIPBUIFAH Tal[ay HETI3iHAe HaKThI
mremimaep KaObuimayra MyMKiHOIK Oepeni. CyTTi Man IIapyambUIBIFBIHAA IIapyamIbUIBIKTapIbl TYTHIHYIIBIHBIH CYPAaHBICHIHA
KaifTapslll aslyMeH Oipre CYTTiH JXOFaphl carachl Majl IapyallbUIBIFBI CAaJTachIHBIH OarbIThl OOHBIHINA Oocekere KaOiLTeTTLTIKTI
KaMTaMachl3 eTeli. Makanana an MiapyallbUIBIFBIHAAFEI CYT OHIMAEPI OHIIpyli OaKblIayabl aBTOMATTAHIBIPYABIH MaTeMaTH-
KaJIBIK MOJICITI erKeU-TEeKEIi CUIaTTalFal, OyJ1 ©HIM HapbIFbIH TeHecTipyre okeneni. Connaii-ak, ContycTik Ka3akcTaHHBIH CYT
(hepManapbIHAaFbl JKaHyapIapablH JKail-KyHiH ecernke ajay YIIH Kas3ipAiH e3iHAe jkacaiFaH OaraapiaMaliblK eHIMIEpAi SHIi3y
HoTKenepl cunarranrad. JKacanran OarnapnaMaliblK jkacaKTaMaHbl Taiiganany OoiblHIIA OipHelne YCbIHbICTap OepiireH.
apyanipUTBIKTapTHIH OpKAHCHICHIHBIH HOTHKEC], CHITaTTaMallapbl MEH KaFAaiibl OYTiHr1 KYHI'e JeiiH erkel-Ter kel cunarraii-
raH. KOpBITBIHABUTAPIBI JKEPTUTIKTI hepMepiep oHIIPICTIK MpoIecTepai YHBIMAACTHIPY YIIIH €CKepel oHe KapacTeipanbl. by
MiHgerTi Ky3ere acelpy C. CelidymmmH ateiHgarsl Kazak arpoTeXHUKaibIK yHHBEPCHUTETIHIH 0a3achIHIA )Ky3ere achIpbUIyAa.
AypUTapyaisuiblK, ©HIipiciHIeri KONTEreH NpoLecTepre apHaiFaH aklapaTThIK TEXHOIOTHSIApABbIH HICIIIMACPIH d3ipIiey jKoHe
eHri3y OOWBIHIIA FBUIBIMH TON KypbUIObl. Byn reuteiMu Garmapriama - Contycrik KasakcTaHHBIH CYT IIapyallbUIBIKTapbIHIA
CaHJIBIK TEXHOJIOTHSIIAP/IBI KOJIIAHYIBIH O3BIK TOKIPHOECIH CHII3yTe kKoHe OeiiMeyre OarbITTaIFaH aFallKbl KCIICH I IEIIiM.

Tyiiin ce3aep: capanTamaiblK JKyleci, AepekTepii Tanaay, Oakpliay, CYTTUTIK MeJIIepi, JKacaHAbl caHa, CAaHJBIK
TeXHOJIOrHusuIap, Gipiiecy, AMarHos.

O. llonaryaos!, U. TperbsikoBa', A. Mcmansopal, A, TocTun?

! Kadenpa unpopmanroHHbix cucteM, Kazaxckuil arpOTeXHUUECKUN YHUBEPCHTET
nm. C. Ceiidymmuna, Hyp-Cynran, Kasaxcran;
2 Kadenpa aBTOMATU3MPOBAHHBIX CUCTEM TIPOEKTUPOBAHHUS CHCTEM CUMTHIBAHUS,
Psa3anckuii rocyaapcTBeHHBINH paguoTexHU4eckuil yHusepcureT uM. B. @. Ytkuna, Pss3ans, Poccus

CHUCTEMBbBI KOHTPOJIA MPOAYKTHBHOCTH MOJIOYHBIX )KUBOTHBIX

AHHOTaUMS. AKTYaJbHOCTh [JAHHOTO HPOEKTa COCTOMT B TOM, 4YTO MHCIIOJNB30BAaHHE COBPEMEHHBIX LHU(POBBIX,
UHGOPMAIIMOHHBIX ¥ HHTEJJICKTYaIbHBIX TEXHOJIOTUH MO3BOJIUT OINEPAaTHBHO BECTH YYET MOJOYHOM IPOLYKTHBHOCTH,
CBOCBPEMCHHO pearupoBaTh HA U3MEHEHHs 37I0POBbS )KUBOTHBIX, 3Q(GEKTHBHO IIIAHMPOBATH IPOLIECC BOCIIPOM3BOACTBA cTana. B
pe3ysbTaTe MOBBICUTCS 3()(EKTUBHOCT HCIOJIB30BAHUS PECYPCHOTO MOTEHIMANA, a TaKKe JOXOXHOCTh M IPHBIEKATEIEHOCTH
MOJIOYHOTO CKOTOBOJICTBA JUISI HHBECTOPOB. Pa3paboTaHHbIC CHCTEMBI IIO3BOJIAT CEIIbCKOX035HICTBEHHBIM TOBAPOIIPOM3BOIUTEIISIM
NPUHAMATh KOHKPETHbIE PEIIeHHs Ha OCHOBE aBTOMATH3UPOBAHHOTO aHajM3a JaHHBIX. B MOJIOYHOM CKOTOBOACTBE BBICOKOE
KaueCTBO MOJIOKA B COBOKYITHOCTH € OT3bIBOM XO3SICTB Ha 3aIpoc MOTpeduTes 00ecnevnBaroT KOHKYPEHTHYIO CIIOCOOHOCTD 110
HAIPaBJICHUIO CKOTOBOIYECKOH OTpaciu. B craThe moppoOHO omMcaHa MaTeMaTH4ecKas MOAENb M0 aBTOMATH3aLUKM KOHTPOJIA
NPOM3BOJICTBA MOJIOYHOH MPOXYKIMH Ha (epMax, 4To MOBJIEYeT 3a co00il BhIpaBHMBAHHME PhIHKA MPOLYKUMH. Tak e OnucaHbl
Ppe3yJIbTaThl BHEAPEHHUS YKe Pa3pabOTaHHBIX MPOTPAMMHBIX TMPOJIYKTOB IO YYETy COCTOSHHS KHUBOTHBIX B MOJIOYHBIX (epmax
CeBepHoro Kaszaxcrana. IIpuBeeHbI HEKOTOpPBHIE PEKOMEHAAUMM [0 HCIOJb30BAaHUIO pa3pabOTaHHBIX IPOTPaAMMHBIX
obecniedeHuit. [TonqpoOHO OBLTH ONMMCAHBI pe3yNbTaTe MO KKIOH U3 GepM, XapaKTepUCTHKA U COCTOSTHHE (GepM Ha CErOAHSIIHUIT
nenb. IlomydeHHbIe BBIBOABI OYAyT YYTEHBI M PacCMOTPEHHI (hepMepaMH MECTHOTO YPOBHS JUIS OPTaHH3AIMH IIPOIECCOB Ha
npousBojcTBe. Peanusanus NaHHOW 3agaud mpoxoauT Ha Oase Kasaxckoro arporexnmueckoro yHusepcurera um. C.
Ceitdymmiaa, co3maHa Hay4Has rpynma mo paspabotke u BHexpeHuto WT pemeHmil Uit MHOTOYHCICHHBIX IIPOIIECCOB B
CEJIbCKOXO3SMCTBEHHOM Ipou3BoJCTBe. JlaHHas Hay4yHas IporpaMma sBISETCS NEPBbIM KOMIUIEKCHBIM DELICHHEM, KOTopas
HalpaBjieHa Ha BHEJPECHHE M aJaNTalMIO NEpeoBON NPAKTHKH B cdepe MPUMEHEHUs HU(PPOBBIX TEXHOJIOTHH B MOJIOYHBIX
xo3siicTBax CeBepHoro Kazaxcrana.

KitoueBble ci10Ba: OSKCIIEPTHAs CHCTEMa, aHAIM3 JAHHBIX, MOHHTOPHHI, OOBEM Y[0s, MCKYCCTBEHHBIH HHTEIUICKT,
1 (poBBIE TEXHOIOTHH, HHTETPALHs, TUArHO3.
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CAUTTAFbI KHBEPIIABYBLIJIAPIbI
TAHYJA 3EPTTEY KYPI'I3Y

AnHoTanus. VHTEepHET *KEeNICiHIH KbUIIAM TaMybl OH JKOHE Tepic COTTEep/i ©3iMeH aibIn Kenfi. XKl caibiH
aKmaparThl YpJay/ibl )KY3ere achIPFbIChI KEJIETIH KOHE PECYPCThIH JKYMBICBIH OY3FBICHI KeJeTiH, 0acka a OChIHIal
ic-opeKeTTep i JKy3ere achIPFBICH KeNeTiH agaMaap MeH Tocimaep kebOeiin kenemi. OchiFaH OaiaHBICTBI OPTYPIIL
adybUIIapFa CauTTAPIbIH TYPAKTBUIBIFBI Typaibl MOCENIE epPeKIle ©3eKTi OOJIBIN OTHIP, SIFHH BEO-KOCHIMINAIAP/IBI
azipieyliiiepre ©3 eHIMJICPIHIH CEHIMIUINIH apTThIpyFa KOMEKTECETIH KOITereH >Ko0ajaapiblH maiga 0onybiHa
okeneni. LlIpiH MoHIHZAE, BeO CailTThl TecTiiey JXOHE cayaliHama Kyprizy, BeO-KOChIMIIAjap i34ey CeKuImi ic
OpeKeTTep )KAKChl €CKEPTY IIapachl PETiHAE aHbIKTayFa MYMKIH/IIK OEPETiH KeMIILUIIKTepi KOCBIMILIAHBI d3ipJiey KoHE
XKaOBIK TECTiJey, OChUIaiIla, KOCHIMIIAHBIH aKNapaTThIK KayilCi3IiKKe MBIKTBUIBIFBIH aHBIKTayFa OOJaThIHBIH
KepceTe.

Tyiiin ce3mep: nepekTep/iH Kayincisairi, Be0-caiT, KuOepIadybL1, FaIaMTop.

Kipicme. Be0-kochMmanapasH KayilcCi3miri-aKmapaTrThIK Kayilci3fgik KOHTEKCTIHAETI €H OTKip
MoceJeNiepAin Oipi. OeTTe, HHTEPHETTE KO KeTiMJIi BeO-calTTapIbIH KOIIILIIr SpTYpIIi OCaIIbIKTapFa
ue XoHe YHeMi Imaldybuigapra yIiblpaiasl. Bym >KyMBICTBIH HeTi3ri MakcaThl BeO-KOCHIMIIaJdapAblH
KayilCi3giKk KypanmapblH 3epieliey, COHJai-ak €H KOIl TapajfaH OCAIIBIKTapAbl aHBIKTAy JKoHE BeO-
KOCHIMIIIAJIapABIH HeMece BeO-CalTTapAsIH KayilCi3MiK KYIIiH apTThIpy OOMBIHIIA YCHIHBICTAPIBI 93ipiey
JKoHE BeO KOCBIMIIIA 93ipJiey OOJIBIN TaObLIAIbI.

Be06 caliTThIH Kayilci3aik Macemenepi KeNTereH enaep/e KeTeKii opeiaaapabpl ueneneni. «llepcrek-
THBHBI MOHUTOPHHT» KOMIIAHUSCHIHBIH 3epTTeyiepine coikec, 2019 KbIIbl MaOybUIIIBLIAPABIH CH KOIT
Oeutiri skeke TyJIFanapra OarbiTTanFaH [1]: omap Oapiblk malOybUIIapAbIH TOPTTEH Oip OOIiriH Kypaiabl
(26%). ¥iteimpapra keneTiH Ooscak, kuOepmiaOybuUiaapAaH Kem 3apian IIeKKeHAEP — MEMIICKETTIiK
KypeutbiMaap (13%), 6ankTep xone onnaitH-cepBuctep (8%).

TposstHmap eH Kkem TapaifaH caHaTtka adHamibl: 2019 xbuUIABIH OIpiHINI TOKCAHBIHBIH asFbIHIA
KonganymsiiapasiH 10.26%-baa Ta0buiasl. ExiHmi sxone ymriHmi opeiHabl Bupyctap (1,59%) sxoHe
TpostH xykrerimrep (0,64%) angpl.

Kaspersky Security Network momimerTtepi Ooipiama 2019 KBIIABIH YIIIHINI TOKCAHBIHIAFEI BEO
CANTTHIH KayiNTep CTaTUCTUKACHI [3]:

o «Kaspersky Laby» memrimaepi onemuin 203 eniHJAe OpHANAacKaH HHTEPHET pecypcTapiaH
947027577 malypuinapra ToHTapbic Oepi.

e Be0-antuBupycrap 3usaast 246695333 URL meken-kainapas! TipKeai.

e bBaHKTIK IOTTapFa OHJIANH KOJ KETKi3y apKbUIbI aKIa YPJIAHTHIH 3USHIBI

e Oarmapnamanapnael icke Kocy opekertepi 305315 mailimanmaHympuiapablH KOMIBIOTEpIEpiHIC
TipKeJIi.

o [udpmaymsr OarmapiaManapablH Madyburmapsl 259867 mnaigamaHymIBUIApIBIH KOMITBIOTEP-
JIEPiH/IE TIPKEII.

o Antuupyc 239177356 3usHIBI XKoHE KaFBIMCHI3 HEICAHAAP/IBI AHBIKTAIBI.
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JKanmel KOFappla KENTIpUITeH MaryiIMaTTaplbl ecKepe OTHIphI, KazakcTaH —TYpFBIHIApHI
KuOepmalybLl KaFaiibIHA Kaiaa Xxabapiaacy KepeKTiriH OuteTiHAiriH cypansl. OchiFaH XaibIKThIH 32,8%-bl
Kenige malybUl KacaraH XaFraaliia Kaiga JKYriHy KaxeT ekeHiH Oinmmeredn. Cypanranmapabie 23,7%
IT-mamanra keMek aiy KepekTiriH Oinmemi. XanbIKTBIH 6,8% KYKBIK KOpPFay OpraHIapblHa >KyTiHEIl

(1-cypertTi KapaHsbI3).
PO — ﬁ 7‘,80/0
Banomaiian: ofaanGaran W 29.0%%

Bimnee@ mnris=

e, Gimensin. IT naniamabin Kermerime
sy rinensi

Ho. Simenin. KRERKBIRK KOPFay opPraNIapsIraa
HemMecs COTRA My Timentir

1-cypet — KubepmaOysun sxaraaiibiHIa Kaiiga xabapiacy KepekTirin oOinecis 6e? rpadwuri

Kubepmabysin Oonran xarmadina Kocranait (49,3%), KamOwur (45,6%) xoHe Anmater (42,2%)
0O0bICTApBIHBIH TYPFBIHAAPHI Kaliga xabapiacy KepeKTirid oinmeitni (2 cypeTTi KapaHsl3).

I1a, SinemiH,
KVELIE EOpFay a2, GinemiH, IT
PEMMOHBI opraHoapbiHa MAaMaHHBIH,
HEMEeCE COTKEa KamMeriHe Binmermi Evn #afnsl Hayan Gepy
HOYTIHEMIH HOYTIHEMIH H ainadGaram EWMBIH

ATLIpay obneicol 4.6% [ ] 12,7% 38,0% | 35,9% 8,9%
MaHroicTay oBnbics! ] 3.5% R 23,9% =24 17,6% 21,5%
ConTyCTiK Ka3zakcTad obnbickl 3.1% |l 42,2 [l 251% 3,5%
LW bIMKEHT K. [ 12,5% 1§ 49.3%|[l B1.7% | 12,5% 3.9%
LWbifbic Ka3akcTad obneickl 1,1% (B X B 392% 5,2%
Kelaeinopoa obneickl 0.6% R ] 213% 11,2%
TypkecTaHn oGnbICkl ] 93% | 1N |30,.8% 4,5%
AxTioGe obnelick [11.1% B 1 ] 16,5% 3,0%
Bateic KazakcTaH obneickl 5,2% 1 L ] 36,2% 19, 7%
ACTaHAa K. 14.3% [l 36,1% [ P1.3% [ 23.9% 4,3%
KaparanHgbl ofnbicel 2,0% (B 13,4% l‘ ;3.4% E 50,5%| 10 6%
Maenogap oGnslickl [ 9.1% I 23,5% | 34.3% [ |31.3% 14 3%
Hamben obnbickl 13,3%! B | b | 15,6% 4 8%
KocTaHail o6nklickl [ R . 26,5% [ 326% I 22,5% 48%
Anmartkl K. [ W] 2.4% [ 331% | | 17.2% D 359% 11 4%
Armona ofnelicsl l: 2. 8% __ : _ | 27.7% 6 8%
AnmaTtel oGneicel [ ERES 35.5% [l 25.5% B 22.2% 4.4%

2-cypet — KubepmaOysun sxarnaiibiHIa Kaiiaa xabapiiacy KepeKTiriH oireciz 6e? (eHipaep OoitbiHIIa GeniHiciHae) rpaduri

Bynan opi, sxoFapeia KOpPCETUITeH CYpaKKa OH jKayarl OepreH XallblK CaHaThl aBTOPH3aLHs KacalThIH
calTTap Typasbl aKMapaTThl TEKCEPEeTiHIH HaKThUIayasl cypansl. OCBl CYpakKa KaTBICTBI 3epTTey
HOTIKeJIepi MBIHAJai: PeCOHACHTTEPIIH TeK TOpTTeH Oip Oemiri (25,8%) pecypc KaHgaii aa 6ip KYMoH
TYFBI3FaH Ke3Jle CalT Typaslbl aKnaparThl Keiine Texcepeni. KazakcTanablK maiiianaHymIbUIApIbIH TaFbl
20,5%-b1 akmapaTTBl ©Te cupek Tekcepeni, ain 14,1%-bl emKamaH Kayilnci3miK pecypchlH TeKcepMeni
skoHe 8,5%-bI CalTTHI Kajlai Kayirci3 Tekcepyre 6osaThiHbIH OlMeliai. Tex KasakcTanHbIH opOip OeciHIi
TYPFBIHBI aBTOPJIAHATHIH CAUT Typallbl aknapaTThl yHeMi Tekcepeni (19,6%) (3-nuarpaMmaHbl KapaHbI3).

JFor, MeH pecYpCTEIH EaVINci3OiriH Kanail TeKc epeTiEn Oim efinin I =S

SAayan Bepy KubiH . 11,4

Kok, enmxarnran I 141

Mo, yneni I 155

Crpex I 20

Kefine, Gepinren pecype KyMaH TyAMpran xaraiiia I 75

3-cypet — Ci3 o3iHi3 aBTOpJIaHATHIH caiiTTap TypaJibl akmaparTsl Tekcepeci3 6e? rpaduri

—— ) ——
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Enimizain op0Oip eKiHII TYPFBIHBI OHJIAHH KBI3METTEpAl Naiganany yIliH MOOMIIbA1 KOCBIMIIATApIbI
naiinanananel. Kaparanasl oOnbICBIHBIH TYPFRIHAAPH! (62,8%) 25-Ten 30 xacka neiinri (21,8%) sxorapsl
6imimi 6ap (99,9%). TypkicTan oONbICHIHBIH TYpFbIHAAPH (88,8%), 65 kKoHE OJaH KOFaphl XKacTarbl, OpTa
OiiM meHreli 6ap TYPFBIHIAPHI MOOHITBI KOCBIMINIATAPLI 6T¢ CHPEK JKOHE CIIKAIIaH IMaiaan0an b,

XasblK apacblHIa KbI3METTEP/Al Tejieyre apHalifaH MOOWJIBIIK KOChIMIIanap apacbinaa Kacruit
OaHKiHIH MOOMIIBIIK KOChIMIIAchl KemrOacuibl Oonbim TadbuIanel — Kaspi.kz (20,5%). Exiami opsiHza
Xanplk 6aHKiHIH MOOMIBAI KockiMIackl — MyHalyk (4%), ymiami operana DamuMed (1,8%) moGmibai
KoceiMiiackl. CayaaHamara KaThICKaHIapabiH 63,2% - bI OChI CypaKKa »ayan Oepyre KuHaJIb! (4-KecTeH1

KapaHpl3).

2Kayan Hyckanapbl % \

OntaiiH-0aHKUHT 28.,70%
Kaspi.kz 20,50%
Myhalyk 4%

IHomebank .kz 0,70%
CrapOaHKUHT 0,20%
[Typii 6aHKTED 0,90%
IAKIITa ayTapbIMAaphL 0,10%
KeI3MeTTepai OHIaltH CepBUCTEP apKBLIBI TONICY 7,40%
IDamumed 1,80%
IKviBn oMustH 1,60%
KpI3MeTTepre, KOMMYHAIIBIK TOJIEMICPIe aKpl TOJICY, HECHEIep i Teey, Oaiadakiia 0,80%
bunerrepai catsin any 0,70%
IChocolife 0,70%
Egov.kz 0,60%
\bunaiin 0,20%
InDriver 0,10%
Onap kemn (KepceTiiMereH).pe;.) 0,10%
PKayan Gepyre KMHAJIAMBIH 63.2%

4-cypet — OHJIAIH KBI3METTEP/II TOJICY JKOHE Ay YIIiH MaiJaTaHbUIaThIH KOCBIMIIIAHBIH aTayhl

Kayanrapaein comacsl 100% TeH emec, eWTKeHi Oip PEeCHOHAEHT ’XKayanTblH OipHeIIe HYCKACHIH
TaHmai anapl. OHIARH-KBI3METTEP/Il Ty YIIH MOOHIIBII KOCKIMIIIAIapAbl Al alaHaTEIH PECTIOHICHTTED
FaHa jkayar oepi.

OmnnaiiH OaHKTIK OmepanusuIapAbl Kacayaa e3iHiH JKeKe JepeKTepiH MaijanaHaTblH TYJIFatapAblH
KOPCETKIMTEpiHEe KATBHICTHI Oipmrama Oacka KepiHic. MyHma enmiH opOip VIOIHON TYPFBIHEI OaHK
onepauusiapblH OHJIalH JKacabl.

Byn, erep onmaiiH akia omepanysuiapbl Typaibl 00Jca, XaJbIK ©3iHIH Kap KBUIBIK iC-KUMBLIAAPhIHA
CaKTHIKIICH Kapaiibl IETeH CO3.

CoHbIMEH KaTap, cayaJHaMara KaTbICYIIbUIAp COHFBI yaKbITTa BeO CAMTTHIH KayilCI3IIKTIH ©3CKTI
KaTepiepiHiH ywTirid aran eteni. OchUlaiiimia, cayanHama KOPBITBIHABICHL —OoifbiHma 57,6%
KOMIIBIOTEPIIIK BUPYCTap MEH XaKepJiepHiH KbI3METI eH ©3eKTi Kayim jaern caHainbel. ExiHimi opeiHaa BeO
CAUTTHIH KayIICi3AIK YIIiH ©3€KTi Kayill — KaTepiep Ti3iMiHIe TYpil Ma3MyHAarbl craMm Tapary (25,8%).
YuriHmn opelHAa-Kudepanaskrap, ojJapaa XaibIKTeiH 19% kepcetTi (5-KecTeHi KapaHbI3).

Kayan Hyckacsl %
IXakepaepaiH KbI3METi 28.8%
DKyitenik oKiMIIIepiH iCiHe CANFBIPT Kapay 13,3%
KommbroTepitik BUpycTap 28,8%
KubGepMOIICHHUKTED, HHTEPHETTE aJlasgKTap, KONTereH ajamaap ajjgayra 19%

[TBIPBICA/IBL,0JIAP/IBIH IIOTHIHA aKIIA ayAapyIbl Cypai sl

Typi Ma3MyHIAFbI CIIaM TapaTy 25,8%
backa 0,3%
19,8%

Kayan 6Gepyre KMHaTIaMbIH

5-cyper — Ci3 Kanaii oiIaliChI3, COHFBI YaKbITTa B€O CAUTTHIH
Kayinci3Iikke KaHaai Kayin-karepiep e3ekTi 6onasl? Kecreci.
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Coma 100% TeH eMec, eiiTKeHi Oip peCIOHACHT jKayanThiH OipHEIIe HYCKAChIH TaHIaanaibl.

"Ci3 COHFBI XXKbUIBl KHOepIIaOybUIIapra YIIbIpaablHbI3 0a?"KasakcTaH TYpFBIHAAPBIHBIH YKapTHICHI
Tepic xayan Oepai (51%). CoHbIMEH KaTap, COHFBI JKbUIBI KnOepiuadybuigapra yiislparaHJapAbIH ylieci
ne G6ap. XKanmer anranaa, XanbIKTeIH 34,1%-B1 COHFBI KbUTHI KHOEpmadysUTFa yinsiparad. MyHzai mady-
BUIZIAPFa KeJleCl KyObUIBICTap bl JkaTKbI3yFa O0onansl: 3usHabl CITAM (10,8%), 3usHabl OaFaapiamMalibik
KamTamachl3 ety (8,7%), ameyMeTTik >kenijepaeri akkayHTTapael Oy3y (7,4%), OaHKTIK KapTajapMeH
KHOepaasKTHIK, aMasgKTHIKTRIH 0acka TypJepi (6,9%) (7-nnarpamMmmaHbl KapaHbI3).

Kubep mabyeiaaniE ezre Typi 0,124
DneynrrerTix mediTepaeri axasKTap | 0,3%

Ho, fauk KapTalapbhiMeH KHOePKLIIMBIC, o
S Gaica ; B 6.9%
R KIBKTEIH Dacka Typaepi

Ho, oxeysrerrin menizeri [ 7,4%

aKKayHETLIMA GYILIO KIpY

Ho, 3manan: KoMOLIoTepTin
8,7%
BupycTap Men GarAapAAManap MatyLLIbL - 7%
Ho, ixraman sasaaes: CILANM N1 O, 8256
Crparrmple e Wiy paist €

KEHIH HCOHOEN MY CIHGediN — 14,8%
Ocotnoat scazdan Gonmazar. NG 51,0

Cypert 7 — Ci3 COHFBI KbUIbl KHOEPILIaOybUIAAPFa YIIBIPAABIHBI3 6a? Tpaduri

KopsiThinabr: Beb caiiTrapnsl kubepiabybsuigan KOpray MOZETEpi 3epTTey OapbICBIHABI cayal-
Hama Xypri3inreH 6onateiH. CayaqHaMa KOPBITHIHABICH TOMEH/IE KEeATipiiareH.

JKyprizinren oneyMeTTiK 3epTTey HOTHIKECIHIIE JKalmai cayaqHamara op TYpJIi JKacTarbl, 18 skactaH
65 skacka aeiiiH xoHe ofaH yinkeH 6000 pecroHAEHT KaTBICTHI,ONAPBIH IIIIHAE JKacTap Kol kKac TOOBI
Oonpin TaObLIaAbI, cayaiHama KaszakcranubiH 17 eHipiHAe, OHBIH imliHAe ActaHa, AnMathl xoHe [1IbiM-
KEHT KaJaJapbIHIa0TKI3 .

JKeke momimeTTepai Kopray OOHbIHIIA IIapajiapibl jKy3ere acbipy kesinge Kasaxcran PecnyOnuka-
CBIHA KE3AECETIH MoceleeplAl AaHbIKTay XaJbIKTBIH COHFBl JKBUIBI KHOEpIIaOybUIFa YIIbIparaHbIH
KepceTTi. AIIBIHFaH JepeKTep NepOec AepeKTepi Kopray, KHOepKayillCi3aiK MacelelepiHae XKoHe BeO
CalTTBIH KayiNCI3MIKTI KaMTaMachl3 €Ty OOMBIHINIA KaOBUITAHBIT >KAaTKAH Imapajapia XajdbIKTHIH
Xa0apAapIbIFbIH apTTHIPYABIH MAaHBI3ABUIBIFBIH KYIICHTEI].
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M. E. Panmos, A. K. Mykamesa, I'. b. UcaeBa, K. Hypano6aii
AJNMaTHHCKHMI YHUBEPCUTET SHEPreTHKH U KOMMYyHuKaiuid uMm. ['ymapOeka JlaykeeBa, Anmarsl, Kazaxcran
HCCJIEJJOBAHMS 110 PACIIO3HABAHUIO KUBEPATAK HA CAUT

Annotanusi. brictpoe pasButie cetu MHTEpHET NpUHECIO ¢ COO0H KaK ITOJIOKHUTEIBHBIE, TAK U OTPHLIATENb-
HbIe MOMEHTHI. C Ka)XIbIM TOI0M Bce OOJIBIIE JIFO/IeH U CIIOCOOO0B, JKENAOMINX OCYIIECTBUTh Kpaky WH(POpPMAIIHH,
HapylHTh paboTy pecypca M OCyLIeCTBUTH OPYrue MONOOHBIE AeicTBHA. B CBS3M ¢ 3TUM BOIPOC YCTOHYMBOCTH
CalTOB K Pa3IMYHBIM aTaKaM CTAHOBUTCS OCOOCHHO aKTyaJbHBIM M IPUBOAUT K TOSIBJICHHIO OOJIBIIOTO KOJMYECTBA
IPOEKTOB, KOTOPBIE MOMOTal0T pa3padOTYMKaM BeO-TIPHIIOKEHHH MOBBICHTH HAJSKHOCTh CBOMX IpoAyKToB. Ha
caMoM Jiejie, Takue AEHCTBHS, KaK TECTHPOBAHHE M ONpPOC BeO-caliTa, MOMCK BEO-IPHIOKEHUH MO3BOJISIOT ONpese-
JHUTh KaK XOPOILIYI0 Mepy NpemyNnpeXIeHHs HeIOCTaTKOB. Pa3paOoTKu NPHIOKEHUH M 3aKphITOE TECTUPOBAHHUE
MOKa3bIBAIOT, YTO TAKUM 00pa30M MOKHO ONPEJENIUTD, SIBIISETCS JIM MPUIOKEHNUE YCTOMYUBBIM K HH(GOPMAIIMOHHON
0e301acHOCTH.

KiroueBnle ciioBa: 6¢30MacHOCTh JAHHBIX, BeO-caiiT, kubepaTtaka, IHTepHET.

M. E. Raimov, A. K. Mukasheva, G. B. Isayeva, K. Nuralbay
Gumarbek Daukeev Almaty University of Energy and Communications, Almaty, Kazakhstan
RESEARCH ON THE RECOGNITION OF CYBER ATTACKS ON THE SITE

Abstract. The rapid development of the Internet has brought with it both positive and negative aspects. Every
year, there are more and more people and methods that want to steal information and disrupt the work of the
resource, to carry out other similar actions. In this regard, the issue of site resistance to various attacks becomes
particularly relevant, that is, it leads to the emergence of a large number of projects that help web application
developers to improve the reliability of their products. In fact, actions such as testing and polling a website, searching
for web applications, allow you to determine as a good warning measure the shortcomings of application
development and closed testing show that, in this way, it is possible to determine whether an application is resistant
to information security.

Keywords: data security, website, cyber attack, internet.
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QR VERIFICATION OF LABORATORY STUDIES RESULTS

Abstract. This article describes the practical using of QR codes [1] verification of laboratory studies results.
QR codes have become widely used in all industries as quick identification of information and the implementation of
transactional actions, where encrypted URL allows to quickly scanning by using a smartphone camera. Digitalization
contributes to the transition to the online environment of healthcare, office workers, education and to receive more
data on the spread of diseases, exchange information and quickly receive laboratory results without distortion. The
presented solution is a component of the LIS SmartLAB platform [2], which performs complex automation of
laboratories of the different profiles, observing all work processes to obtain reliable results by direct interaction with
laboratory equipment according to international standards HL7 (Health Level 7 - "Seventh level"), ASTM (American
Society for Testing and Materials - "American Society for Testing Materials") and automatic detection of deviations
from standard values [3]. In 2019, there was a pilot implementation of QR verification of results based on the
laboratory of the Skin and venereal dispensary of the Almaty, the results of which made it possible to introduce
QR codes into other profiles of laboratory diagnostics, such as PCR (polymerase chain reaction), genetics,
microbiology and clinical diagnostics. Now, due to the pandemic, all laboratory results for the detection of RNA of
the COVID-19 virus must contain a QR code to avoid falsification of the results.

Key words: QR codes, laboratory information system, laboratory studies, Covid-19, laboratory results
verification, information system.

Introduction. State program "Digital Kazakhstan" implemented in the period from 2018 to 2022 is a
strategic comprehensive program that aims to improve the living standards of the country's population
through the use of digital technologies [6]. Within the scope of the program, special attention is paid to the
large-scale implementation of the electronic health passport of the population of the Republic of
Kazakhstan, where the automation of clinical diagnostic laboratories plays an important role. Within the
framework of the Digital Kazakhstan program, especially in terms of laboratory analyzes of an electronic
health passport, since 2018, the use of QR verification of laboratory research results has begun, where
special attention paid to protecting laboratory research results from counterfeiting. The solution
implemented on the platform of the laboratory information system SmartLAB, where QR codes applied to
the forms of laboratory research results in an automatic mode. The results were verified through the online
results verification service.

A QR code is a two-dimensional barcode (2D barcode) that can contain various information.
QR stands for "Quick Response", which reflects the ability of devices and software to quickly recognize
the code and convert the data into a barcode. DensoWave developed the QR code in Japan in 1994 for
encoding various service information. One QR code can include the following maximum number of
characters:

e Numbers — 7089;

e Numbers and letters (including Cyrillic) — 4296;

e Binary code — 2953 bytes;

e Hieroglyphs — 1817.
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Currently, the QR code is widely distributed in Asia, Europe, and North America. In Japan, such
codes are very popular and are applied to almost all products. The use of QR codes has gained particular
popularity in the banking sector. For example, in China, The most common payment scheme based on QR
codes is the use of WeChat Pay (a payment system for making payments using the WeChat messenger,
owned by Tencent) and Alipay (one of the largest payment systems that are part of Alibaba Group). In
2016, payments and transfers were made through a QR code worth $ 1.65 trillion in China, which is about
a third of all mobile payments in the country [7]. In Kazakhstan, the QR code became popular after the
launch of the Kaspi QR service, which provided a secure service in the Kaspi.kz mobile application [8].

The forms of laboratory research results published in this article are impersonal and presented without
the personal data of patients, to avoid publication of personal data of patients, which protected by the law
on personal data [9].

Main section. The study aims to implement a system to protect laboratory test results from
counterfeiting, especially if these are the results of skin and venereal diseases or COVID-19. As everyone
knows, the Covid-19 pandemic continues, and according to statistics, the situation in Kazakhstan and the
world is not stable (figure 1) [10].

Cases

Total « & worldwide ~
Cases Recovered Deaths
kel o ol
Location Cases+¥ Recovere Deatl
E Kazakhstan 250K 223K 3,135
BE United States ??6_” ] 48 4K
- India 10.9M 10.6M 196K
& s o .
2E united Kingdom 4.03M - 17K

Figure 1 - Covid-19 statistics at 20.01.2021

According to statistics, it is necessary to protect against falsification of laboratory test results so that
unscrupulous citizens cannot spread and multiply the SARS-CoV-2 virus.

The implementation of this solution consists of the following stages:

e Stage 1. Development of the model of the system;

e Stage 2. Development of libraries for generating QR codes and putting them on the results forms;

e Stage 3. Development of an online service for QR code verification;

e Stage 4. Publication of the service for production use.

Stage 1. At this stage, the processes were defined, the steps of the interaction of each process, areas
for verification of the authenticity of the research results, as well as the format of the returned information,
where it was clearly defined that:

e Data exchange with using JSON;

e Electronic results in PDF format, since it is a universal convenient format for presenting
information.

As a result, the model was presented as in figure 2.
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Online service for

Result Form with QR verification of the result

Visual
comparison with Form with the result in Checking for

QR blank for electronic PDF format a Result
compliance

The resulf is The result is reliable The result is unreliable or missing

unreliable

Figure 2 - General solution model

Stage 2. At this stage, the development of methods for generating a QR code with its further
application to the results form carried out. A result form is a form of medical documentation approved by
the Ministry of Health of the Republic of Kazakhstan, which contains the following information (figure 3):

[ Sy, ERCTIY MMASTRRE Oy T W T B 1 2010 i
e TR TEO A2 SN DR - I @oauasse he 507 Sylo et O eainrey
Py K A TR ¢ B N 230 S iy WD AN 0 TRV
iyl L TH E ; Mg Lpeecin SoeyeTE . Sopud NEILy
A L ) 00T B T " TR RO 3

100 & TEDH-8 Ea800 PO Sl Si0s MKK N 5.0, MA-CT 70 3,50 8800 Kl 2 P ey O €
IR il RN ol ) O 0 2 L W e 200488 (KRS T 0T 2 A 00A 2000 1o e 9T

KAH TANOAY b
AHANA3 KFOEBH (umxpopeacuma)
TeiAX ooy ]
Tyvas cyei (fama pewnesen): 01.05.1357 Waniscad (Mo} M. | eCH g £2202700000
Wece m-xaie (AL DEC)
[eacwan:
¥inau (Ope KT wa X B K WL ¥3 r. Anssams
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Bagirwp (Bpau) LZ222770T0000
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Kapanarmimai SxTaote 5D ApéyRwT R
e popesERcs Tepe Teps
duncpo o P & sapdud, Omp Ompuyamensng
3 T O
Tanadyass OPsHIATYs! KA Asnapar | wm of
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Figure 3 - Result form

To generate a QR code for the results form (figure 3), a built-in component in the LIS Smartlab
platform was used. The QR code was generated by the URL (Uniform Resource Locator - a system of
unified addresses of electronic resources) the address of the online service indicating the unique GUID
(Globally Unique Identifier - the globally unique identifier) key as a verification parameter. The QR code
URL received the following form: “https://online.service/?Lab_order=ABF90471-1403-4496-863E-
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8ACAB55A51F6”. The key was generated automatically when creating an order for laboratory research
and was used for further identification. As a result, the model for the implementation of the 2nd stage
received the following form (figure 4):

QR code

generation

Creating an order GUID code Making a results

generation form

for laboratory
study

Figure 4 - QR code generation model diagram

Stage 3. At this stage, the development of an online service carried out, which produces the following
work:

e Development of methods for identifying a unique code transmitted via a QR code.

e Development of API methods for verifying the result;

e Adaptation of the PDF viewer of the results to the service, since when the results are directly
displayed in PDF format on smartphones, the file is available for viewing after downloading to the device;

e Development of methods for displaying the obtained result.

When developing a method for displaying the results, external factors were taken into account, such
as robots and bots that can constantly scan hosts and load the service. To avoid this, Google ReCaptcha
(a system of protection against Internet bots) [11] was activated, which further increased the protection of
the service. When switching to an online service, a page for checking for Internet bots is displayed in front
of the user (figure 5), which will not allow switching to verification of the result without checking for
bots.

B MNpoiiante npoBepKy 1 NOATBEPAUTE UTO
Bl He poboT 1 He 60T

v [NOATBEPOUTE

o
\/ 1 He poboT .

reCAPTCHA

KosEiamsunans aaTs - YEnomaR AETons3asas

Figure 5 - Checking for Internet bots

The service and all methods developed by using the PHP 7.4 programming language, the Nginx web
server. As a result, the service received the following model of work (figure 6.):

Calling index.php
for the
verification

API methods Making results Displaying on the

for verification form device

Figure 6 - Service model

Stage 4. At this stage, the solution was tested, finally, QR codes for verification were automatically
generated in all forms of results and published for identification in the online service. For participants in
the laboratory automation process, their local online services are created, which allows you to distribute
the load. As a result, the scheme of the solution was as follows (figure 7):
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Figure 7 - Solution in production mode

Results. The presented solution passed production testing in February 2019 at the
"Dermatovenerologic dispensary” in the Almaty and widely used for other laboratories of the public and
private sectors.

Conclusion

QR coding of laboratory test results is an integral part of LIS SmartLAB results forms, and has been
implemented in laboratories of various profiles, such as “Kazakh Research Institute of Eye Diseases
(Almaty), Kapshagai City Clinical Hospital (Kapshagai), Center for Molecular Medicine ( Almaty, Nur-
Sultan, Atyrau), Center for Sports Medicine and Rehabilitation (Almaty), Almaty Regional Children's
Clinical Hospital (Otegen-Batyr village, Almaty region), KazNMU named after S. D. Asfendiyarov
(Almaty), MEDSI LLP (Karaganda), GioTrade LLP (Karaganda), Regional Center for Reproductive
Medicine (Ust-Kamenogrsk). I would like to note that the presented solution served as one of the tools to
protect against falsification of the results for COVID-19, which influenced the publication of the order by
the Ministry of Health of the Republic of Kazakhstan on the forms of results for Covid-19. As a result, the
participants in the automation process achieved:

e The reliability of the results - the result on paper could always be verified for reliability;

e Application by laboratories of various profiles, including PCR for Covid-19.

The materials presented in this article are the result of the practical application of solutions in the field
of laboratory diagnostics automation.

K. Kanipkyios', A. McmansioBal, A. Beiiceryi?, A. Carbiéannesa’
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3EPTXAHAJIBIK 3EPTTEYJIEP HOTH)XEJIEPIHIH QR-BEPHOUKALIUACHI

AnHoTanmsA. byn Makamaga 3epTXaHANBIK 3€pTTEYNEp HOTWKEIEPiHiH IIBIHAMBUTBIFBIH Tekcepy yimiH QR koxarapem [1]
NPaKTHKAIBIK KOJNJaHy cumarraidragbl. QR konarapsl OapiblK —canajmapia aKmaparThl OKbUIIaM — COMKECTCHAIPY JKOHe
TPaH3aKUMSJIBIK OPEKETTepi JKy3ere achlpy peTiHAe KeHiHeH KojgaHbuia Oactanpl, MyHaa URL MekeH-kaiibiH Iudpiay
KOJIJaHBUIbIN, CMapTGOH KamMepachl apKbLIbl KbLIIaM aHbIKTayFa MYMKiHAIK Oepeni. [ludpnanasipy IeHcaylIbIK CaKTay, JKYMBIC,
OinmiM OepyxiH OHNAH-OpTAachIHA KOIIYyre JKoHEe aypyJapIblH Tapalybl Typajibl KeOipek MaliMeTTep alyFa, akmapaT ajJMacyra
JKOHE 3epTXaHAJbIK HOTIDKeNepAi OypManaychl3 Te3 aylyra BIKIajd ereli. ¥YChHbUFAaH menriM SmartLAB maGopaTopusuibik
aKIapaTThIK XKyleciHiH m1aT¢hopMackHbIH KypaMmaac 6esmiri 60ibin Tabbutsi [2], op TYpiai npoduibaeri 3epTxaHanapabl KEeMmeH i
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aBTomaTTanabipyasl HL7 ([encaynbik meHreiii 7 - «Kerinmi geHrei») [3], ASTM (arbur. American Society for Testing and
Materials - «AMepUKaHIBIK TECTiIey MaTepHalIapbl KOFaMbl») [4] XaJbIKapanblK CTaHAAPTTapbIHA COMKEC 3epTXaHAIBIK
JKaOJBIKTApDMEH TiKeJeld e3apa OpeKeTTecy apKbUIBI CEHIMAI HOTIDKENepre KOJN JKETKi3y YINIH OapibIK >KYMBIC NPOLECTEpiH
KaJiarajail OTBIPBIIN, CTAHAAPTTHI MOHICPICH aybITKYJIapAbl aBTOMATTHI TYpJE aHBIKTayAbl Ky3ere achipaibl [5]. 2019 xbuibl
AIIMaThl KaJaChIHBIH Tepi — BEHEPOJIOTHSIIBIK JUCIIaHCEPiHiH 3epTXaHackl HerisiHae QR KOATapblH MUJIOTTHIK CHTI3Y JKy3ere
aCBIPBUIIBI, OHBIH HOTIKENepi JKarbIMABI acep Oepim, QR koxrappiH Gacka 3epTXaHaNbIK AMATHOCTHKAHBIH Npoduinepinze,
mbicansl [ITP (mommMepasmsl Ti30EKTI peakiysi), T€HETHKA, MHKPOOHOJIOTHS JKOHE KIMHHKAIBIK AWarHOCTHKAna eHTi3yre
MyMKiHIiaik 6epai. Kasipri yakeitra, nangemusra 6aitnansictl, COVID-19 Bupyceinbiy PHK-bIH aHbIKTayFa apHanFaH O0apIibiK
3epTXaHaIbIK HOTHXKenep QR KOIBIH KaMTYBI KEepeK.

Tyiiin ce3gep: QR-xonrap, 3epTXaHalbIK akKmapaTTHIK JKyHe, 3epTXaHaublK 3epTreyiep, Covid-19, 3eprxaHa-jibIK
HOTIKENIEPIi TEKCepy, aKIapaTThIK XKYie.

K. Kagupkyuos!, A. Ucmannosal, A. Beiiceryn?, A. Carbibanuesa’

! Kazaxckuii arporexunyeckuii yuusepcurer uMm. Cakena Ceiidysuna, Hyp-Cynran, Kasaxcran;
2TOO «SmartLab Kazakhstan», Anmatsl, Kazaxcran

QR-BEPU®HUKAILIAS PE3YJIbTATOB JIABOPATOPHBIX HCCJIEJOBAHMIA

AHHoOTanms. B nmaHHOI cTaThe omuchIBaeTCs mpakTHieckoe mpumeHeHne QR-komoB [1] i mpoBepKH TOCTOBEPHOCTH
pe3ysIbTaToB JIabOPaTOPHBIX HccienoBaHui. QR-KOIBI CTalM MIMPOKO MCHONB30BAaThCS BO BCEX OTPACIAX B KadecTBE OBICTpOM
ureHTHduKanuy HHGOPMAIUU U OCYLIECTBICHHS TPaH3aKIMOHHBIX JNEHCTBUMH, IJle ¢ X TIOMOLIBIO IPOM3BOIUTCS MIN(pPOBaHUE
URL-anpeca, 4to mo3BOJsIET OBICTPO €ro CKaHUPOBATh IIPH IOMOLIM Kamepsl cMapTdoHoB. LlnppoBuzamms cnocoOCTByeT
Hepexony B OHJIAWH-CPeNy 3ApaBOOXPAHEHHUS, TPYIOBOH JIEATENbHOCTH, OOpa3oBaHMsS M MOJNy4aTh OOJbIIE JaHHBIX O
pacnpocTpaHeHur 3a0ojieBaHMi, OOMEHHMBAThCS HH(OpPMAlKell M ONEepaTUBHO MOJNydYaTh pe3yNbTaThl J1a0OPaTOPHBIX
nccnenoBanuii 6e3 nckaxxenui. [IpeacraBnenHoe penieHne sBisiercss komnoHeHToM miatdopmbel JIMC SmartLAB [2], koTopsrit
MIPOM3BOANT KOMILIEKCHYIO aBTOMATH3AIMIO T1a00opaTopuu pa3HOro mpoduiis, cobronas Bce padodne mpouecchl A MOTyIeHHUs
JIOCTOBEPHBIX PE3yJIbTATOB IIyTeM HEMOCPEICTBCHHOTO B3aHMMOAEHCTBHS ¢ Ta0OpaTOPHEIM 000PYJOBAaHUEM II0 MEKTYHAPOIHBIM
cragmapram HL7 (anrn. Health Level 7 — «CenpMmoit ypoers») [3], ASTM (arrn. American Society for Testing and Materials —
«AMepHKaHCKOe OOIIECTBO IO MCIBITAHUIO MAaTepHAIOB») [4] N aBTOMAaTHYECKOMY BBISBICHHIO OTKJIOHCHHH OT HOPMAaTHUBHBIX
BenmmuuH [5]. B 2019 romy Obuto mminoTHOe BHeapenne QR-Bepubukanmu pe3ynbTaToB Ha 0ase J1abOpaTOpUH KOXKHO-
BEHEPOJIOTUYECKOT0 JIUCIaHcepa I. AJIMAThl, Pe3ysbTaThl KOTOPOrO Iald BO3MOXHOCTh BHeapeHust QR-komoB u B apyrue
npodunn abopaTopHON auarHocTukd, Takue kak I[P (monmmepasHas memHas peakius), I'€HETHKa, MHUKPOOUOJOTHS U
KIMHUYECKas JUarHocTHKa. B Hacrosmiee Bpemst B CBA3M C IaHAEMMEH BCe pe3yJibTaThl JIAOOPAaTOPHBIX HCCIENOBAHMI Ha
BeisiBneane PHK-Bupyca COVID-19 nomxasl comepxats QR-kox Bo n3bexaHnne moaiaenoK pe3yabTaToB.
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RECOGNITION OF IDENTIFICATION DATA OF BANK CARDS

Abstract. This article describes the recognition of bank card information. Recognizing an object with a camera
is one of the most important tasks at the moment. Recognizing credit card data at the same time is a rather complex
algorithmic task, but at the moment the implementation of this task is very relevant and in-demand due to the
increase in the number of payment transactions via mobile devices. The implementation of this task can save a
person from having to enter most of the data when making online payments. The fundamental difficulties of this
problem are discussed and methods for solving it are proposed. The problem under consideration is solved for the
case of application on mobile devices, which imposes strict requirements for computational complexity. The article
presents the results of a formal analysis of the performance and accuracy of the proposed algorithm. The error
spectrum of the recognition system as a whole shows that the proposed algorithm solves the problem with the
required accuracy.

The main question that was investigated at this work: is it possible to use the Tesseract OCR library for text
recognition from video images, for example, timecode? That is, digital time data embedded in the footage images.
This is important for the automation of individual procedures for video technical expert studies.

Object recognition by the camera is one of the most important tasks at the moment. The fundamental difficulties
of this problem are discussed and methods for its solution are proposed. The article presents the results of a formal
analysis of the performance and accuracy of the proposed algorithm. The spectrum of errors of the recognition
system as a whole shows that the proposed algorithm solves the problem with the required accuracy.

Keywords: Python, recognition, bank card, embossed numbers, OpenCV.

Introduction. The development of banking technologies has led to the widespread introduction of
Internet banking, i.e. remote banking customer service via the Internet, as well as mobile banking, which
provides the ability to manage bank accounts using a tablet computer or smartphone. Currently, one client
of the bank may have two or more bank cards, which he can use for payment. Filling in all data fields
when paying for services or making purchases using mobile banking requires time and attention.
Therefore, the improvement of mobile banking involves the development of algorithmic and software to
automate the entry of bank card details into the system based on the analysis of its image obtained using a
mobile device.

A bank card is a typical example of a document with a flexible form, therefore, when processing it,
algorithms for detecting and recognizing data that are used on other types of documents with a flexible
form can be used [1]. The work [2] presents an approach for the segmentation and recognition of text
characters on business cards with a plain background. In this case, such basic steps are used as the
selection of edges by the Sobel operator, line thinning, projective transformation, adaptive binarization,
segmentation of words and text symbols with their subsequent recognition. The application of this
approach is limited by the ability to work only with a simple background and rather significant
computational costs, which imposes a limitation on its implementation. The paper proposes an algorithm
for processing business cards at the first stage of which a rough background removal is performed based
on block analysis of the input image, at the second stage the obtained connected components are classified
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to determine text regions and exclude logo images. Then adaptive binarization is applied to the result,
which allows you to separate the text from the background for further recognition. This algorithm can also
be used only for images of cards with a monotone background.

Development uses python for preprocessing and segmentation of text characters, and the Tesseract
library for their recognition. In this article, preprocessing uses several operations with high computational
complexity to improve the input image and segmentation of characters, therefore, a simplified version of
the algorithm is implemented on a mobile device with the absence of certain preprocessing stages, which
led to a significant decrease in the quality of its work. At the first step, the size of the input image is
reduced, preprocessing operations are performed using the OpenCV library, and character recognition is
based on Tesseract. However, the results of experiments in the works are presented for images of business
cards with a single-color background, on which text symbols are visible.

The capabilities of the algorithms for recognizing bank card numbers under the control of python
software also do not include the recognition of the user's first and last name. The use of preprocessing of
card images ensures the accuracy of digit recognition up to 90%. It should also be noted that these
algorithms are designed to work with embossed cards with numbers and letters embossed on the front
side. In [3], a method for constructing the reliability function of recognition of images of embossed
symbols is presented and its effectiveness is shown to increase the probability of their correct recognition.
However, non-embossed cards have become widespread, which can be issued to a client on the day of his
application to the bank. But due to the lack of a procedure for extruding alphanumeric information, its
localization and recognition are much more difficult and require effective preprocessing to localize
characters and ensure their correct recognition.

Existing approaches use static images as input data, on which in some cases noise, glare, significant
changes in brightness, insufficient sharpness, etc. can occur, which leads to the need to obtain a new
image, which may also be unsuitable for correct detection cards, information fields on it, and (or) their
further recognition. Improving the efficiency of data processing can be achieved through the use of video,
which is easily obtained using a mobile phone. However, the presence of not one image, but their
sequence leads to the need to develop other approaches to processing. In [4], it was proposed to use video
sequences to detect document edges by mobile devices. At the same time, image segmentation is
performed in the Lab color space using morphological processing, linking the boundaries of individual
segments based on the Hough transformation and detecting lines that limit the document as a whole.
However, to reduce computational costs, a reduction of the input image frame size from 1280 x 720 to
180 x 100 pixels is applied. Such a reduction in the frame is not suitable for solving the problem of
localizing and recognizing information on a bank card, since the probability of character recognition will
be low due to its small size.

In this paper, an algorithm is proposed for detecting and recognizing bank card details by video
sequences. The algorithm allows almost real-time recognition of information fields on the front of a bank
card, for embossed and non-embossed types of cards.

Setting of problems

2. Algorithm for recognizing bank card details by video sequences

In the developed algorithm, a sequence of frames obtained with a video camera enters the rectangular
areas detection unit, which detects all rectangles in the frame and returns only one that satisfies the bank
card parameters.

This area is converted to a grayscale image, which is transferred to the segmentation unit to highlight
and index areas on the card image that correspond to information fields such as the card number, its
expiration date, and the owner's first and last name. For segmented blocks, filtering contrast is improved.
This is followed by adaptive binarization and morphological processing. The next step is to refine the
boundaries of the symbol areas and uses the sliding window method. Thereafter, the segmented areas are
passed to the OCR unit to recognize digital and text characters. Finally, the data evaluation unit processes
the received information to display or reject the result. If the received card number and expiration date are
valid, the result is considered correct for them. Recognition of the owner name field data stops after the
first result is obtained. If information is not read from all three information fields in the current frame, then
only the missing ones are processed in the next frame.
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Methods

2.1. Card detection. When developing a card detection algorithm, it is taken into account that the
frame size of the input video sequence varies and can reach a resolution of 3840 x 2160 pixels; the devices
also provide automatic focus on the object, brightness correction, and white balance. Thus, the resulting
image will, as a rule, have the following acceptable characteristics: sharpness, brightness, and sufficient
frame resolution for automatic extraction of bank card data.

At the first stage, all rectangular areas in the image are detected and localized. Further, to determine
the contour describing the bank card, the analysis of the aspect ratio of the sides of the obtained objects is
used. Since the height m, and width n, of the card are standardized, the ratio of the dimensions of its sides
is a constant value, it is advisable to use it as a criterion when finding the card outline from all detected
rectangular areas. Then a rectangular region »; with dimensions m; X n; can be assigned to the card image
in the frame if the condition is met:

no n;, no (1)

where e is the coefficient of permissible deviation of the aspect ratio of the card sides.

An unambiguous match is considered to be the rectangle with the longest side m.. of all detected
ones. The dimensions of the rectangular area found at this stage and its location relative to the entire
image pi(x;, y;) are used to extract the card area from the input frame.

2.2. ROI segmentation. On the resulting image of card / with dimensions m; X ny, t is necessary to
find areas containing information about the bank card number (/¢). The size and location of these areas are
defined by ISO / IEC 7811-5.4: 2018, which can be used to segment these fields, formally represented as:
C(xc, yc, me, nc) — card number;

Since the values of m;and n; can vary during filming, it is necessary to provide normalization to
correctly determine C. For this, scaling factors are used, which are multiplied by the parameters of these
areas, in width (Cs,,) and in height (Cgp):

] my #)
Cop = — = —,
sw no » “sh m

The bank card number contains 16 digits, divided into 4 equal groups of 4 digits each. Based on this,
the /¢ image selected at the previous stage with the area of the C; card number is divided into 4 equal areas
Cu, Cn, Ci3, Cua.

2.3. Segment display enhancement. Using the operations of mathematical morphology, the
boundaries of symbols are underlined on the grayscale image obtained from the previous stage. To
determine the color of the background and symbols, the average brightness value is calculated. If the result
is greater than 127, then the background color is light and the character color is dark, and vice versa.

If the color of the characters is defined as light, a morphological transformation WhiteTopHat is
performed on the image, which subtracts the open image from the original one, thus emphasizing the
details of the outlines of light characters. The BlackTopHat transform is used to emphasize the detail of
the borders of dark characters by subtracting the original image from the closed image. The structuring
element b for the cores of both filters has a rectangular shape and its size n, % m; , taking into account the
experimentally determined scaling factors, is calculated as:

n, = 0.06n;,my, = 3n, 3)

where n; is the width of the image received for transformation.

2.4. Localization of borders. Since in the images of bank cards, despite their small size, the
brightness-contrast characteristics of the fragments can differ significantly, the brightness levels of the
pixels of the background areas on which the symbols are located also change. Taking into account this
feature and the need to preserve the boundaries of symbols, the image binarization method with an
adaptive threshold is used based on the analysis of the local region according to the expression:
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bin {255, if Yoy >T(x,y)

Yy 0, otherwise
where 7(x, y) is an adaptive binarization threshold, calculated for each pixel as 7(x, y) = = corr(l, G) — c;
corr(l, G) — cross-correlation of a local £ x k image fragment with a Gaussian window; c is a constant. The
k *x k Gaussian window coefficient matrix is defined as[6]:

(-4

Gi=a-e wat )

0 =0.3((k—1)-05—1)+ 0.8,

where i =0 ... k— 1, a is the scaling factor chosen in such a way that }'; G; = 1

To reduce the amount of noise and remove uninformative details from the image, as well as to
roughly separate the characters from the background of the image, morphological operations of closure
and erosion are applied sequentially.

The shape of the structuring element b of size my, X n, (n, = @) of the kernels of both filters is

set taking, into account the peculiarities of the font characters according to ISO / IEC 7811-7.1: 2018 in
the form ellipse. The thickness of the symbol wy,.» does not depend on the type of the processed fragment
of the card image and is defined for OCR-B. The projection of the font width (mm) by the size in pixels,
relative to the size of the bank card area, is a constant and is calculated based on its full width:

Weymp = 0.004884 - n (5)

Next, the edges of the character area on the processed image are refined based on the sliding vertical
window method. The height of the window varies according to the font size of the characters. H;. — card
number font height (4.0 mm). Then their projections to the height in pixels relative to the size of the full
card area H,;.. The general view of the calculation is represented by the formula:

_H-my (6)
"~ 540

where 54.0 mm is the height of the card (ISO / IEC 7811-6.3: 2018), and mo is the height of the detected
area of the card (pix).

The received character area from the previous step, black and white lists of characters, as well as the
language identifier, are sequentially transferred to the Tesseract recognition system.

The white list, consisting of a set of numbers from 0 to 9 and the language identifier "eng", are
transmitted as parameters for displaying the bank card number. For an image with an expiration date: the
numbers 0 through 9 and the "/" character form the white list, and "eng" is the language identifier. For the
name of the cardholder: "rus" and "eng" are language identifiers, and a set of characters, including
punctuation marks, special characters, and numbers, is blacklisted. This approach helps to increase the
speed of character recognition by the Tesseract library and speed up the entire processing process as a
whole.

Results. Testing of the quality characteristics of the developed algorithm was performed using a
database of 180 bank cards, which were placed on a complex background, the information fields of the
details were not blocked by foreign objects and were visually recognized.

The values of the coefficients that are used in the calculations were experimentally obtained using the
ROC analysis technique [7]. The calculation of the permissible deviation coefficient of the aspect ratio
of the sides of the bank card (e) was carried out taking into account its exact dimensions by ISO / IEC
7811-5.4: 2018 on a sample of 214 images, 178 of which had card objects, 36 had no cards, or their
borders have been blurred or distorted. As a result of the experiment, for each coefficient e, which varied
from 0 to 0.02 with a step of 0.0002, the proportions of true (TPR) and false (FPR) detection were
calculated. For e = 0.011, the maximum TPR value is 0.974194 and the minimum FPR =0.111111
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The size of the local region for binarization was determined taking into account the scaling factor
since this parameter depends on the input dimensions of the detected area of the bank card (its width
(W, pixels)): k = W, - k'.

The k' values varied from 0.002 to 0.03 with a step of 0.001. At this stage, the maximum value of the
fraction of true character recognition TPR = 0.83447 and the fraction of false recognition of characters
FPR = 0.140864 was obtained for &' = 0.016. The constant ¢ = 13 is defined similarly.

According to the results obtained using the ROC analysis, after setting the optimal coefficients and
threshold values in the implementation of the algorithm, the proportion of truly positive classification of
all data fields on the card is TPR = 0.88, and the proportion of false-positive classification is FPR = 0.14.
Figure 1—- 3 shows examples of bank card detection from a set of video sequences, indicating keyframes
and detection diagrams. Card detection on the diagram corresponds to — 1, absence — 0. Video capture was
carried out at a constant frequency of 30 frames / s.

Figure 1 - An example of frames of a video sequence

Detection {a)
1
{]IIIIIII IIIIIIII\III’
1 35 55575961 0365676971 73757779
Frame number
Detection
{] LILELLEL I T I LI I I I I [I LI m W
I 357 9111315171921 23252?293] 33 6TG9TI T3TSTTTORI RIRSETRG
Frame number

Figure 2 — Diagram of detecting a card on a video sequence

IR40 = 2160 1920 1218 1280 =729
The size of processed frame
B Card datection B Sagmentation of areas
Algorithm o - ving character quality ® Clarification of block boundaries
stages B Character recognifion

Figure 3 — Algorithm time-consuming distribution
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The time spent for each stage of processing the algorithm of one frame of a video sequence of
different resolutions is shown in figure 3.

As can be seen from the graphs (figure 3), the time spent on the character recognition operation has a
non-linear dependence on the size of the processed frame, in contrast to other operations.

Discussion. The experiments were carried out for 180 cards under various shooting conditions, of
which for 104 cases the cards were embossed with symbols.

An analysis of the recognition results for all the cards in the database used shows that the developed
approach significantly improves recognition on cards with non-embossed characters, which does not
provide for the recognition of the cardholder's name. In general, the proportion of truly positive
classification by the proposed algorithm of all three data fields on the card is TPR = 0.88, for the card
number and validity period — TPR = 0.925.

Analysis of the results obtained during research shows that detection and recognition errors occur due
to the influence of a combination of factors: the location of the card object on a complex background,
similar to the image of the card itself; the presence of glare of artificial lighting or a significant difference
in brightness; too far away from the camera; blurring the outlines of the card if the camera or the card
moves during video recording. Further improvement of the algorithm is planned by improving the
character recognition algorithm.

Conclusion. This article presents an algorithm for recognizing the details of the front side of bank
cards.

Improving the efficiency of card detection and data recognition in comparison with existing
approaches is provided by analyzing the sequence of images obtained from the video sequence. The
proposed approach includes the detection of card boundaries in the frame based on the Viola-Jones
algorithm and the OverFeat method, segmentation of information fields taking into account their location
on the card, improvement of segment images using histogram normalization and morphological
processing, determination of the boundaries of symbol blocks based on adaptive binarization and
morphological processing, their refinement using a sliding vertical window, character recognition using
the Tesseract library. The software implementation of the developed algorithm is performed using python,
the OpenCV, and Tesseract libraries. At the same time, the share of truly positive classification by the
proposed algorithm of all three data fields on the card is TPR = 0.88, for the card number and validity
period — TPR = 0.925.

K. X. CnadexoBa, A. KapeisioBa, A. E. Kamu, K. C. 906inkaiibip
On-Papabu aTeiHnarel Kasak yITThIK yHEBEpcHTETI, AniMatel, KazakcTaH.
BAHK KAPTAJIAPBIHbIH UWIEH®UKALIUAJIBIK MOJIMETTEPIH TAHY

AnHoTanusi. By Makanaga OaHK KapTachIHBbIH aKMapaThlH TaHybl Typasibl cunarrainrad. HeicaHipl kamepa
apKBUTBI TaHy Ka3ipri Ke3[eri eH MaHbBI3Ibl MiHIeTTepaiH Oipi Ooein TabbuTansl. Hecre kapTamapbIHBIH AepeKTepiH
TaHy Oip YyakpITTa ©Te KYpHIeli aITOPUTMAIK MiHAeT OonbIm TaObUTanbl, Oipak Kazipri yakKeITTa MOOWIBII
KYPBUIFbUIAD apKbUIbI TOJIEM OIepalMsUIapbl CaHBIHBIH KeOeroiHe OaiiyIaHbICTHI ©TE ©3CKTi JKOHE CYpaHbICKa He
Mmocese Ooubin Tabbutazbl. Bysl MIHIETTI JKy3ere achlpy aiambl TeJIEMAEp/l OHIAHH PeXHUMIHIE KYy3ere achlpFaH
Ke3/Ie KONTereH MolliIMEeTTep eHII3YIEH KYTKapa anajpl. Byl MoceNeHiH Heri3ri KHUbIHIBIKTapbl TAIKbUIAHBII, OHbBI
HICNIyIiH dJicTepl YChIHBUIAABL. KapacThIpbUIBI OTBHIPFaH Macelie MOOMIIBbII KYPBUIFbUIApFa KOJIAHY >KaraaibiHIa
remiaesi, Oys ecenrey KUbIHIBIFbIHA KaTaH Tanantap Kosasl. Makanaja YChIHBUIFaH ajrOPUTMHIH OHIMIUIITT MEeH
JIOJZIITIH PECMH TajlJlay HOTHIKEIepl KeTiplIreH.

Ochl )KYMBICTa 3epTTeNreH Herisri cypak: Tesseract OCR kiTanmxaHacblH BHIEO KECKiHACPACH MOTIHII, MBICAIBI,
YakbIT KOJABIH TaHy YIIiH Maijananyra Oona ma? SIFHHM, TYCIpUIreH KecKiH HIeHOepJepiHe eHTi3UIeH yaKbITThIH
CaHIBIK NepekTepi. by OeifHe TEXHHWKANBIK capalnTaMaiblK 3epTTEyNep KYPTi3ydiH JKeKe pOCcIMIEepiH aBTOMart-
TaH/BIPY YIIIH MaHbI3/IbL.

3arrapasl KaMepaMeH TaHy - Ka3ipri Ke3leri MaHBI3Ibl MiHACTTepIiH Oipi. Byi MoceneHiH Heri3ri KHBIHIIBIK-
Tapbl TAJIKbUIAHBIN, OHBI LICUIYAIH 9icTepi YChIHbUIAABI. Makanaga YCHIHbUIFAH AITOPUTMHIH OHIMIUIN MeH
JIOIZIINIH pecMHU Tanjay HOTwkenepi kentipinreH. JKanmmel TaHy KyiHeciHIH KaTeNiKTEpiHIH CHEKTPi YChIHbUIFaH
AJTOPUTM €CENTI KAKETTI TAIIIIKICH MICMICTIHIITH KOPCeTEeIi.

Tyiiin ce3nep: Python, Tany, 6aHKTIK KapTa, peabedTik Homipiep, OpenCV.
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K. X. CnadexoBa, A. KapeisioBa, A. E. Kamu, K. C. 906inkaiibIp
Kazaxckuii HaulMoHaNBHBIN yHUBEpCUTET UMEHH anb-Dapadu, Anmarel, Kazaxcran
PACIIO3HABAHUE UAEHTU®UKALIUOHHBIX TAHHbIX BAHKOBCKUX KAPT

AnHoTanus. B naHHO¥ cTaThe onuchIBaeTCs pacro3HaBaHUe HHPOpMaU 0aHKOBCKOHM KapThl. Pacrio3naBanne
o0beKTa C IOMOIIBIO KaMepbl — OJHA M3 CaMbIX BAXKHBIX 3aJad Ha JaHHbIH MOMEHT. PacnosHaBaHue maHHBIX
KPEIUTHBIX KapT OAHOBPEMEHHO SIBJISETCS JOCTATOYHO CIOXHOW aJrOPUTMHYECKOW 3ajadyeid, OJHAKO pealn3alus
9TOH 3a/la4d OYeHb aKTyajbHA M BOCTPEOOBaHA B CBSI3M C YBEIMYCHHUEM KOJHMYECTBA ILIATEKHBIX OIEpaiuil ¢
MOMOIIBI0O MOOHJIBHBIX YCTPOWCTB. Peanmu3auusi 3ToW 3afadd CMOXET H30aBUTh YEOBEKAa OT HEOOXOAMMOCTHU
BBOJUTH OOJIBIIYIO YacTh JAHHBIX MPU COBEPILCHUU OHJaWH-TuiaTexei. OOCyxkaaTcs (yHIaMEeHTaJIbHbIE TPYA-
HOCTH 3TO# MPOOJIEMBbI U TpeIaraloTcs METO/IbI ee pellieHus. PaccMaTpuBaemast 3a1aua peraercst Uil PUMEHEeHUs
Ha MOOWJIBHBIX YCTPOMCTBAaX, 4TO HPEIbSBISIET )KECTKHE TPeOOBaHMs K BBIYMCIMTENBLHOHM CIOXHOCTU. B crarbe
MpEACTaBJICHBI PE3YJIbTAThI (l)OpMaﬂ])HOFO aHaJin3a MpOU3BOAUTCIIBHOCTU U TOYHOCTU NPECIJIOKEHHOI'O aJIrOpUTMaA.

OCHOBHO# BOINpPOC, KOTOPBHI OBUI HCCIEeNOBaH B JaHHOH padoTe: MOXHO JIM HCIOJIb30BaTh OMOIHOTEKY
Tesseract OCR i pacrno3HaBaHHMs TEeKCTa M3 BUJEOM300pakeHWH, Hampumep, timecode? To ecth 1udpossie
BpPEMEHHBIC JJaHHBIC, BCTPOCHHBIC B OTCHSTHIE KaJpbl M300paKEHHH. DTO BAXKHO JUIS aBTOMATH3aLMH OTIEIBHBIX
NPOLEAYP MPOBEACHHS BHICOTEXHUIECKUX SKCIEPTHBIX UCCIIEJOBAHHH.

Pacno3naBanne 0OBEKTOB KaMepoil — OJHAa W3 BaXHEWIHX 3a/1a4 HA JaHHBIH MoMeHT. OOcyxkaarorcs GpyHIa-
MEHTAJIbHBIE TPYAHOCTH ATOI MPOOJIEMbI U MPEITAraloTCsl METOMBI e¢ pelieHus. B cTarthe mpejcTaBlieHbl pe3yib-
TaThl (OPMANBHOTO aHAJIKM3a MPOM3BOAUTEIHLHOCTH U TOYHOCTH MPEUIOKEHHOro anroputma. Coekrp ommbok
CHCTEMBI PACIliO3HABAHMUSI B LIEJIOM I1OKAa3bIBACT, YTO MPEJIONKEHHBII alrOPUTM pPEelIaeT MOCTABJICHHYIO 3a/ady C
TpeOyeMoi TOYHOCTBIO.

Karouesbie ciioBa: Python, paciosHaBanue, 6aHKOBCKas KapTa, aMboccupoBanHbie udpsl, OpenCV.
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PACIIO3HABAHHUE HITPUX-KOJA HA CUJIBHO HCKAKEHHbBIX
MN30BPA’KEHUAX U U3OBPA’KEHUAX C HU3KUM PASPEHLIEHUEM

AHHoTanusi. CUnTBIBaHME INTPUX-KOJOB AOJDKHO OBITH YCTOMYMBBIM K CIIOXKHBIM YCJIOBHSAM, TaKUM Kak
pa3MbITHE, IIIyM, HU3KOE Pa3pelIeHNe WM HU3KOE KadeCTBO OOBEKTHBOB KaMep, KOTOPBIE OUCHb PACIPOCTPAHCHBI.
Y AMBUTENBHO, HO AaX€ CaMble MPOJBUHYTHIEC AITOPUTMbI CUNTHIBAHUS IITPUX-KOAOB TEPIST HEYAAdy, KOTJa B TPy
BCTYHAIOT HEKOTOPBIE U3 3TUX (aKTOPOB.

B aT10ii cTaThe MBI Ipe/ICTaBIIsIEM HOBBIHM MMOJIXO0J K OOHAPYKEHHIO U300pakeHnit Tpux-koxoB. Ham anropurm
crienuanbHO pa3paboTaH Uil pacro3HaBaHHs MITPUX-KOJOB, KOTa H300pakeHHe MOXKET HMETh HI3KOE pa3pelieHHue,
HHU3KOE KayecTBO MM CTpajgaTh OT 3HAYUTEIBHOI'O PasMbITHS, Pac(OKYyCHPOBKH, HEPABHOMEPHOI'O OCBEIICHHUS,
IIyMa W HACBIIIEHHOCTH IBETa. AJITOPUTM SIBJISIETCS TOYHBIM, OBICTPBIM, MAacCIITAOMPYEMBIM M MOXET OBITH JIETKO
CKOH(UTYpHPOBaH AJIsl TIOMCKA JIOIyCTUMOTO pe3yjbTaTa B MpPEAeiIaX BPEMEHHOro orpaHudeHus. Hamr anroputm
MOJIE3€H [UIS PAclO3HaBaHUS IITPUX-KOJOB B PEXHME PEAIBHOIO BPEMEHHM Ha IOPTATHBHBIX YCTPOWCTBAX C
OTPaHUYCHHBIMH BO3MOXKHOCTSIMH 00paOOTKH, TAKUX KaK MOOMIIEHBIC TeTE(OHBI.

KuaroueBslie ciaoBa: mrpux-konel, EAN13, n3pnedyeHne mpuU3HAKOB, CErMEHTANMs H300pa’kKeHUH, pacrio3Ha-
BaHHE 00pa30B, OOHAPYKEHHE.

Beegenue. ITpux-Koapl NMO-NPEXHEMY SIBISIFOTCSI paclpOCTPaHEHHBIM MEXaHHW3MOM KOJIWUPOBaHUS
MAaIIMHOYNTAaeMON MHQOpPMaUK Ha OOJLIIMHCTBE TOBAPOB U ycuyr. CeromHs MIMPOKUHA CIEKTP PYUHBIX
YCTPOMCTB 00IIeTr0 Ha3HAYEHMSI, TAKUX KaK MOOMIIbHBIE TeJIe(OHBI TIOCTABIISAETCS C ONTHYECKOW CHCTEMOM
BH3yanH3aluy. BritoueHne 3TUX yHUBEpPCANbHBIX PYUYHBIX YCTPOMCTB C BO3MOXHOCTBIO PacIlO3HaBaHUI
MITPUX-KOJIOB SBJSAETCS SKOHOMUYECKH 3P PEKTUBHON aNbTEPHATUBON OOBIYHBIM CKaHEpaM MITPUX-KOJIOB.
D10 o0opymoBaHWE TOCTYMHO MWJUTHApAaM Jroaeld. B coderaHuM ¢ HOBBIMH YCIYraMH 3TO MOXET
PEBOJIIOIMOHN3UPOBATH MTOBCETHEBHBIN OMBIT MOKYTOK, BKJIIOYAas MPOBEPKY LIEH B MarasuHe, MOJy4YeHHe
MHPOPMAaIMH O MPOIYKTE, TOCTYI K 0030paM MPOIYKTOB, OUCK MOXOKHUX MPOAYKTOB U YCIYT, a TaKKe
CpaBHEHHE IIeH Ha MecTe.

OOHapysxeHHe MITPUX-KOJIO0B Ha U300paKECHUSX, TIOTYUYEHHBIX TOPTATHBHBIMU YCTPOWCTBAMH O0IIEro
Ha3HAYCHHUsI, SBIACTCS OCOOCHHO CJIOHOW 3amauedl u3-3a OTPaHWYCHUH HMHTETPUPOBAHHON CHCTEMEI
BH3YaIH3allMd M BO3MOXXHOCTEH 00pabOTKHM AaHHBIX YCTPOWCTBA. DTHU YCTPOMCTBa 4acTO MMEKT Oolee
HU3KOE€ KauecTBO JIMH30BBIX CHCTEM M 0oJiee HM3KOE Pa3pelleHre CXeM BH3YaJIH3alliH 10 CPaBHEHHIO CO
CHECNUAIN3UPOBAHHBIMU TH(POBBIMU KamepaMmu. OnThyeckas cCUCTeMa 4acTo He INpegHa3HadeHa s
ChEMKH B HEIIOCPEACTBEHHOW OIM30CTH OT OOBEKTHBA, YTO MPUBOAUT K PachOKyCHPOBAHHBIM M ILIOXO
OCBEIIEHHBIM H300paKeHUSM C HACHIINIEHHBIMU I[[BETaMH. OTH OTPAHWYEHHS YacTO O3HAYAIOT, YTO
UCIIOJIb30BaHKE OOBIYHBIX METOJIOB IOPOrOBOI0 3HAUEHHS HE MOXKET MPUBECTH K CO3AaHUIO TTOAXOISIIETO
1rabyioHa A7l Paclo3HABaHMS LITPUX-KOAOB. ANTOPUTM, KOTOPBIA HEM3MEHHO MOXET OBITh Peann30oBaH
HAa IIUPOKOM CIIEKTPE PYYHBIX YCTPOUCTB, JOKEH YUYUTHIBATH 3TH OTPaHUICHUS.

Metoabl. ANTopuT™ 171 OOHAPYKEHHsI IITPUX-KOJOB B HU3KOM Pa3pelleHNH, CHIIbHO MCKaKEHHBIX
W 3allyMJICHHBIX H300paKeHUsX, I/Ie IUIOTHOCTh KOJA MOXKET OBITh MEHbIIEe ABYX MNHKcenei. Takoe
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n300pakeHne u300pakeHo Ha pucyHok 1. [yimua mrpux-koma EANI13 [1], oToOpaxaemoro Ha
M300pakeHUH, COCTaBIsAET 147 MUKCeNeH, YTO MPUBOAMT K TUIOTHOCTH Koja 1,54 mukceneii.

ISBN 978184737(

0

Pucynok 1 — Huskoe paspenienue, CUIbHO HCKQXKEHHBIM U ITYMHBIA IITPUX-KOJ

N3o0paxeHne TeMHOE, CHIIBHO MCKaxeHHOe U cTpamgaet oT cxarus JPEG Hu3koro kauecrtBa, HO
MOXET OBITh YCHEIIHO MACKOJMPOBAHO C TIOMOINBIO HAIIETO airopuTMa. AJTOPUTM OOECTIeYUBaEcT
CyOIUKCEeNbHYIO TOYHOCTD 32 CUET Pa3JIeNIeHNs] KPaeBbIX MUKCENEH MEXIy ABYMS COCEIHUMH MOIYIISIMHU.
MBI uCTONb3yeM TPaIUIIMOHHBIA METOJ PACTPOBOIO CKAHMPOBAHHWS, YTOOBI MOJIYYUTH MPEICTABICHUE
MOCIIEIOBATENIEHOCTH U/ICATHbHOTO JIBYXYPOBHEBOTO M300paKeHHs. JTOT METO]| TIOABEPKEH mIyMaM. MBI
pemraeM mpoOiIeMy yAaleHHs IIyMa, MPUMEHAS NMepeMEeHHBIH MOpOr MyJIbCAllH, KOTJa MBI OIIEHHBAaeM
MECTOIIOJIOKEHHE JIOKANBHBIX JKCTPEMYMOB IIOCIIEIOBATEIBHOCTH. MeTOAbl OOHapyXEHUsI THKOB |
KpaeB, 00Cyx1aeMbie B [3], HE Bcerzia MPUMEHUMBI K KJ1acCy U300paKeHUH, KOTOPBIA MBI pacCMaTpUBacM
B 3TOH CTarbe, TJie JJIMHA MOJIYJsS MEHBIIE ABYX NHUKcened. MBI IpeAcTaBisieM alroOpuUTM, KOTOPBIH
MacmTaGpreT BBICOTY IMMKOB M BHAJWH U HCIOJB3YCT CKOJII)SS[HH/Iﬁ mopor [jid OLCHKHU PacCIlOJIOKCHUA
KpaeB. OTO Takke IM03BOJSIET HaM YCHOEMIHO ACKOAUPOBATh IITPUX-KOJBI NPU HEPABHOMEPHOM
OCBEIIIEHNH, KOTOPOE SIBISETCS OCHOBHBIM HCTOYHHKOM HCKa)XKEHHWH B HM300paKEHUSIX, KOTOPBIE MBI
paccMaTpuBaeM.

PaccrosHre oT Kpas 10 Kpas U OT IKCTpEeMyMa J0 SKCTPEMyMa COXpaHseTCs B BEKTOPE MPHU3HAKOB.
3areM BEKTOp NPU3HAKOB CPAaBHUBAETCS C IMPEIBAPUTEIHHO BBIYUCICHHBIMH BEKTOpaMH IPHU3HAKOB
WEaTbHOTO JBYXYpPOBHEBOTO CHUTHaia. MeToa HanMEeHBIINX KBAJAPATOB WCIOIB3YeTCS I JeKOINPOBa-
HUSA BXOI{HOﬁ TMMOCJICAOBATCIIBHOCTU ITYTEM BI)IGOpa HUACATIBbHOTO CUTHAJIa, BEKTOP IMPU3HAKOB KOTOPOIO
HauOosiee OJM30K K OLEHEHHON MOCIEIOBATEILHOCTA. MBI TaKKe JIOKa3bIBacM JIEMMY O PaHHEM OOHapy-
JKEHHUH KIIacca MOCIeA0BaTENbHOCTE!, KOTOpast yBEINIHBAET CKOPOCTh arOpUTMA.

Pe3yabTaThl. ATTOPUTM OBLT peaTi30BaH I IITPUX-KoM0B THTIa EAN13, KOTOPEIi IpHHAIIEKHAT K
0oJee CI0KHOMY KJIACCy CUMBOJIMK UICHTU(UKAIINN, U3BECTHOMY KaK JeabTa-KoAbl [1]. DTo mpoucxoaut
W3-32 TIepEeMEHHON IIUPHUHBI CTEPKHEBBIX W IPOCTPAHCTBEHHBIX MOAYJEH, a Takxke Hu3-3a 3ddexra
HCKaKeHUs 0oJiee IMUPOKUX MOYJIeH Ha KpaHUX TIOJIOKECHUSX COCETHHUX y3KHX MOAYJeH. MeTox MoKeT
MPUMEHSATHCS K TBOWYHBIM CUMBOJIaM, TakuM kak Code39.

Oocy:xxnenue. IIpempomeccop. Ilpenporeccop momydaeT BXOAHBIE [JaHHBIE OT YCTpOMCTBa
dhopmupoBaHus M300paXkeHUsA. YacTo 3TO MpOMCXOIUT B Buae ckaroro noroka JPEG. 3arem BxomHO#
MOTOK pPacIaKkoBBIBAETCS U IMpeodpasyercs B KapTy MHTEHCHMBHOCTH B Tpajauusx ceporo. llpeamomaras
BXOJIHOE 24-0UTHOE N300pakeHue, Mbl HIMEEM

rlm,n] + g[m,n] + b[m,n] (1)
3 X 255

ifmn]=1-

T7e T, g U b — KpacHbIH, 3eJIeHBI U CHHUK KOMIIOHEHTBI BXOJHOTO CHT'Hajla, COOTBETCTBEHHO, a i [m, n] —
WHTEHCHBHOCTH CEPOM KBl B MECTOIOJIOKEHHUH [ M, N] H300paxeHud. i [m, n] MacIrabupyercs MexIy
0 u 1, rme 0 o3Havaer OBl MUKCENb, a 1 — YepHBIA MAKCETb. MBI IPEAIOYNTAEM ATO MPEACTABICHHE
YEePHBIX M OENBIX MUKCENEH, TOCKOIBKY OHO OyJeT CBSI3bIBATH MOJIOCHI C MMMKAaMH, & IPOOEITbI C BIaAHHAMH
Ha OoJylee TO3MHUX ATamax anroputMma. boibimme m3obpaxkeHus (> 2MP) orOGupatorcs, 4ToOBI CHU3UTH
3aTpaThl Ha 00pabOTKY YacTO 3aHMMAFOIIETO MHOTO BpeMeHH neTekropa obmactu mHTepeca (ROI). Kak
TOJIKO 00JIaCTH MHTEpeca 00HApy>KEHbI, CETMEHTATOP UCIIONB3YEeT U300paXKeHne UCXOAHOTO pa3Mepa.

ROI perextop. JletekTop o0sacTH MHTEpeca HCHOJIB3YyeTcd AJs MOHMCKa o0lacTeld Ha BXOAHOM
M300paKeHNH, TAE €CTh BEPOSATHOCTh HAUTH IITPHUX-KOA. JIJIT 3TOW IMETH HMCIOIh3yeTCsl HalpaBiICHHBIA
xapakrep ID mITpUX-KOIOB MyTEeM BBIYMCICHHMS KapThl I'paJHeHTa BXOJHOTO W300pakeHUS U BBHIOOpa
oOmacrei, rae ¢a3a rpagueHTa JeMOHCTPUPYET HEKOTOPBIE XapaKTepUCTUKU HarpaBieHus [2].
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Bennunna u ¢asa rpamuenta n300paskeHHs PacCUUTHIBAIOTCS C HCIOIb30BaHHEeM Macok Cobenst 3x3:

-1 0 1
Sh=|-2 0 2|,
-1 0 1

1 2 1
s, =0 o0 0]
-1 -2 -1
Gh:I®Sh
G,=1® S,

rne S, U S, — TOpU3OHTaNbHAs U BepTukanbHas macku Cobenst, G, u G, — KapThl TOPU30HTAIBHOTO M
BEPTUKAIBLHOTO TPalUeHTa COOTBETCTBEHHO, a X) — OnepaTop CBEPTKH.

Cerment. CerMeHTep OINpenesieT IpaHHLbl IITPUX-KOAA U peryaupyeT opueHTauuto. OpueHTanus
Oymer paccunrtana aetekropoM ROI. CermenTaTop moBopaduBaeT M300paKeHUE TaKUM 00pa3oM, 4TOOBI
MOJYJIH MITPUX-KO/a OBUTH MapajuielIbHbl BEpTUKAIBHON OCH. DTO YIPOILAET MPOLIECC CKAHNPOBAHUSL.

UroObl HATH TpaHMLBI, MBI UIEM TOPU3OHTANLHBIE THXHE 30HBI (OoJbIIMe 00acTu (oHA BOKPYT
MonyIne mrpux-kona). Hampumep, mist cuvBonoB EAN13 MuHMManbpHasi IUPUHA THXOH 30HBI TOJDKHA
coctaBATh 9 aM, rme d — mioTHocTh Koma. Ha 3ToM 3Tame IUIOTHOCTH KOAAa HEU3BECTHA, U MBI
NpeArnoiiaraéM HanMEHBIIYI0 BO3MOXKHYIO IUTOTHOCTH KOJA, KOTOpask MOKET OBITH OOHapy)kKeHa HalliuMm
anroputMoM (1 muKcens), 4TOOBI TapaHTHPOBaTh HawOojee TOYHBIE PE3yJbTaThl. DTO MNPHUBEAET K
00HapYKEHUIO HENOIYCTUMBIX TUXMX 30H BHYTPHM OONAacCTH IITPUX-KoJa Ul Oojee KPYIHBIX IITPHX-
KOJIOB. MBI MOeM OBICTPO M30aBUThCA OT ITHX MOTEPTOCTEH, MOJCUYUTAB KOJMIECTBO IKCTPEMYyMOB Ha
aTare CKaHUPOBAHUSI.

U3-3a myma M HMCKaKCHMH OCBELICHUS B CIIOKOWHOH 30HE MOTYT HAONIOAAThCsl BapUaLlH
MOCTIeI0BAaTEIbHOCTH, HAIIOMUHAIOIINE y3KHE MOJYJIM IITPUX-KO/Aa BBHICOKON IIoTHOCTH. Ha pucynke 2
MOKa3aHa 3Ta CUTyallMs, KOrAa PUCYHOK LITPUX-TPoOea MOX0XK Ha PUCYHOK IIyMa B THXOW 30HE. DTO
TOBOPHT O TOM, YTO HCIIOJIb30BaHUE NOPOTa MyIbCALMH /ISl YAAJICHUS IIyMa U3 TUXOH 30HBI MOXKET TaKXKe
CMBITh B&XHYIO MH(OpMaLUIO 00 3KCTpeMyMax, OTHOCALIYIOCS K Y3KUM MOIYJsIM. UTOOBI pemuTs 3Ty
npo0ieMy, HaM HYXXHO OIICHHUTHb MOCTOSIHHBIN mopor Tq, KOTOPBIH YETKO Cpe3aeT THXYI0 30HY, HO He
BJIMACT HA TIMKU HU3KOW BBICOTHI.

Eme omna BakHas OCOOCHHOCTh aJITOPUTMAa OOHAPYKEHHUS — PACCTOSHUE OT Kpas 0 Kpas. ITO
METOJ, WCIOJB3yEeMBId CKaHEpaMHU C JIa3epHBIM JIy4OM JJisi yCTpaHeHus d>(p¢eKTa paBHOMEPHOTO
WCKa)KEHHsI paCTeKaHUs KPacKH, BO3HUKAIOLIETO MPH MeYaTh MTPHUX-KoAoB [1]. 31eck OH CIyXHT TOU ke
LIENIM, TOCKOJIBKY 3(PQEKT HEeTMHEHHOIro OCBELICHUS BOJM3M KOJOBOTO CIIOBA CPOJHHM NPOCAUYUBAHHIO
KpaeB MOZIynsd B coceqHue obmactu. PaccrosiHue oT Kpast 10 Kpasi (MeXAy IapaMu MEpeAHero U 3aJHero
(pOHTOB) AEMOHCTPUPYET HEKOTOPYIO HEU3MEHHOCTD 3TOr0 3 deKTa.
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Brixon aerexropa ROI- 310 M300pakeHre, B OCHOBHOM 3aHATOE IITPUX-KOJIOM M OKPY’KAIOIIEH €Tro
TUXOU 30HON. DMIUPUUECKH MBI UMEEM

0.5 < W < 0.65 2
ROI

rae Ag, — 9TO MIIONIA/b, 3aHUMAeMas TUXUMU 30HAMH, Agpgce — ITO IUIONIA/b, 3aHUMAEMask KOCMUYEC-
KAMHU MOIYJISIMH, & Apo; — 00IIas miomans naTepecyroineii odmnactu. [IockonbKy HaM MPUOTU3UTEIHHO
M3BECTHA OTHOCHTENIbHAS IUION[a/Ab, 3aHMMaeMas (OHOM, MBI MOKEM BBIOpaTh COOTBETCTBYIOIIWI
YPOBEHb HHTEHCUBHOCTH 1St Ty, U3 ruCTOrpaMMbl cOBOKyHOW unTeHncuBHocTn (CIH) [8]. Jlnsa kaxnoro
ypoBHsi mHTeHCUBHOCTH L CIH mpemocTaBisieT KOJIMYECTBO IMHKCEIECH, MHTCHCHBHOCTh KOTOPBHIX HE
npesbimaet L. Mer BeiOupaem Ty, Takum 00pazom, 4tobbl Heymuyiative [Tqz] = 0,55. 3atem Mbl 3amensiem
MHTEHCUBHOCTH MUKCENEH HIKe YPOBHA Tg, Ha Tjy,. ITOT METO/ MO3BOJSAET HAM MCKIIOUMTH BapHallUU
WHTEHCHBHOCTU (JOHA U HEXKEJaTeNbHBIE SKCTPEMYMBbI ()OPMBI CUTHAJIA, & TAKXKE MOBBIIIACT HAJIEKHOCTD
00OHapyKeHUsI TUXHUX 30H.

Ckanep. CkaHep mpeoOpa3yeT BXOJHOW CETMEHT H300paKeHHs B ITUCKPETHYIO OIHOMEPHYIO
MOCJIEIOBATEIBHOCTD U CO3J1a€T BEKTOP IMPU3HAKOB, KOTOPBIM MO3XKE UCHOJb3YETCs ISl JEKOAUPOBAHUS
CHUMBOJIOB. MBI UCTIOJB3yeM METOJl PacTPOBOTO CKaHHWPOBAHUS, KOTOPBIH CO3/1aeT MOCIeI0BATEIbHOCTD,
OTCIIeXKHBas OJHY WM HECKOJNBKO JIMHHHA Ha W300paXCHWH, W PETUCTPUpPYET HWHPOpManuio 00
MHTEHCUBHOCTH KaK 3HAUYE€HHUS I10CIIEI0BATENBHOCTH.

WneanpHyr0 MoCIe10BaTEIbHOCTh MOYKHO 3aIHCaTh B BUJIE Psilia CTYNEHYATHIX (QYHKIHH

N
blnl =k ) (-1)'"uln —n,] A3)
2

rie u [n] — auckpetHas cryneHdaras QpyHKIus, N — KOIMYECTBO MOJYJIeH B MITPUX-KOAE, N; — PACIHOO0-
JKEHHeE i-T0 Kpas, a k — MOCTOSHHAs BBICOTA.

Ha mnpaktuke wu3-3a wuckaxeHwss PSF, wnckakeHWsS OCBeIIeHHs, OIMMUOOK BHEIOOPKH H IIyMa
Pe3yIBTUPYIONIAS MOCIEI0BATENIFHOCTD OTIMYAETCS OT HASAIBHOTO TIOCKOTO BYXYpPOBHEBOTO CHUTHAA,
KaK TIOKa3aHO Ha PUCYHKE 2.

CkaHep OlIEHUBACT IUIOTHOCTh KOJIa U JIOKAJILHBIE SKCTPEMYMbI TIOCIIeI0BaTeILHOCTH. Pacmonoxenue
Y KOJHYECTBO JIOKABHBIX JKCTPEMYMOB SBISIOTCS Ba)XKHBIMH XapaKTEPUCTHKaMH. MeCTOIOJIOKEeHUE
JIOKAITBHBIX JKCTPEMYMOB HM3MEHSETCA W3-3a HMCKKEHHS, a He)KelaTelbHbIe JOKaJbHBIE IKCTPEMYMBI
MOTYT ObITh BHECEHBI M3-3a lIyma. [lepemennbiii mopor mynbcauuu Tpipyje UCTONB3YETCS JUIS yIAlICHNUs
wyMa. Trjppre OTPAHMYMBAET OOHAPYIKEHUE NABHEHIINX SKCTPEMYMOB B HEMIOCPEICTBEHHOM OJIM30CTH OT
YK€ BBIODAHHOTO SKCTPEMYMA U B TIPEJENax PaccTOAHUS Trjppie OT 3HAYEHHS dKCTpeMyMa. Bribupaercs
MUHUMAJIBHOE 3HAYEHUE Tyippre, KOTOPOE TNPUBOAUT K OOHAPYKEHHIO MPABUIBLHOTO KOJUYECTBA
JKCTPEMYMOB, COOTBETCTBYIOIIMX MPOQHII0 CHUMBOJIOB.

Ham moxynp ckaHepa OlleHMBAaeT CPEIHIOI IIOTHOCTh Koaa. OpHeHTalus O00bhEeKTa W HEIUIOCKas
(opMa MOTYT MIPUBECTH K M3MEHEHHIO TUIOTHOCTH KOJa B M300pakKeHHOM IITPUX-Ko/e. MBI HCIOTB3yeM
MECTOIOJIO)KEHUSI 3KCTPEMYMOB JJIi  OIIGHKH TPaHUI[ KOJOBBIX CIJIOB. 3ateM kod(duumeHT
MacCIITAa0MPOBAHHUA TPUMEHSETCS JIOKaJhbHO K KaXJOMY KOJOBOMY CIIOBY JMJIi HOpMaJH3allid |
KoMIteHcannu > (deKTa MEepCreKTUBHl U OTOOPaKEHUS HETUIOCKHX JTHKETOK INTPHX-Koja (Harmpumep,
IITPUX-KO/IOB, HalleYaTaHHBIX HAa OaHKax).

Ms1 onpenensieM OPOT, Ha3bIBAEMBI TOPOTOM HOPMHUPOBAHHOTO dKCTpeMyMa Ty, YTOOBI OIIEHUTH
Kpail. MBI mpenmonaraeM, 9To Bce MUKCENH BbIme 1;,, MPUHAMIEKAT COCEAHEMY CTONOIY, a ITHKCEIH
HIDKE - IPOCTPAHCTBY, 32 UCKIIOUYEHHEM (J10) ABYX MHKCeNeH, OMMKaliX K opory. Mel pasaenseM 3Ti
MUKCETH MEX]Ty IByMs COCETHUMHU MOAYJISIMH B 3aBUCHMOCTH OT UX PACCTOSHHS JI0 TTOPOTra.

Hexonep. Ilycts Fi, = {Vi1, Vi, oo, Vi }, OyZeT HAOOPOM BEKTOPOB NPU3HAKOB Vj;, BHIUMCIEHHBIX
JUISL KQJKJIOTO HICALHOTO JBYXYPOBHEBOIO CUTHana by;B MO3UIMHU k-ro KOIOBOTO cilioBa, W i € [1,m]],
rae m - KOJIMYECTBO BO3MOKHBIX KOAUPOBKH B k-Mm IIO3HUIIUU. 33):[3‘{}/ ACKOJUPOBAaHUSA MOXKHO OIIPEACIIUTD
KaK IMOUCK CHMBOJIa, BEKTOP MPHU3HAKOB KOTOPOTO V), YIOBIETBOPSET
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min || Vi; = Vi||, Vs € F “4)

BeiBoabl. MBI MpOTECTHPOBAIM HAIll AITOPUTM Ha 0a3ze JaHHBIX W300pakeHui mTpux-koga EANI13.
N3o0pakeHuss ObLIM CHIENaHbl MPU Pa3IUYHOM OCBECIICHUW, OPUCHTAIlUU, PACCTOSHUM M YCIOBHUSAX
MEepPCHEeKTUBHI. Pe3ynbTaThl moKkazanu yiaydlleHue Ha 57% M0 CpaBHEHUIO C MOMYJIAPHBIM KOMMEPYECKUM
CUHTHIBATENIEM IITPUX-KO/A.

T. 7K. Mazaxos!?, K. C. O0inKkaibip?

KIIapaTThIK )KOHE eCelTeyilll TEXHOJIOTHsUIap HHCTUTYTHI, AnMatbl, Ka3akcrah;
'KP BFM FK A y VTHI, A , ;
ZOn-®apabu aTeiHAarsl Kasak yITTBIK yHUBEpCHTETI, Anmatel, KasakcTan.

KATTbI BYPMAJIAHT'AH CYPETTEP MEH
TOMEH AXKBIPATBIM/BIJIBIKTAFbI CYPETTEPAE INTPUX-KOATHI TAHY

Anparna. LTpuX-KOATH OKY ©Te JKHi Ke3JeCeTiH OYJIBIHFBIPIIBIK, Iy, TOMEH a)KbIPATHIMIBUIBIK HEMECe TOMEH
camaibl KaMepa JIMH3aJapbl CHAKTHI KaTal yKarJainapra Te3iMai 00osysl kepek. bip TaHKanapibIFel, ITPUX - KOXTHI
OKYJBIH €H JaMbIFaH aJIFOPUTMIEPi Jie OChl (GaKkTopiapIblH Kehbipeyrepi maiga OoFaH Ke3le COTCI3AiKKe YIIbI-
panb.

by makanama 0i3 mITPUX-KOJ KECKIHIACPIH TaOyABIH *aHA TOCUTIH YChIHAMBI3. BIi3iH alropuTMimi3 IITPUX-
KOJTap/ibl TaHy YIIIH apHaibl )acallFaH, OHJa CYpPETTIH aKbIPaThIMBUIBIFEI TOMEH, carackl TOMEH HeMece aiftap-
JIBIKTal OYJIBIHFBIPIIBIK, (OKycTay, OIpKeNKi eMec XapblK, LIy JKOHE TYC KaHBIKTBUIBIFBI O0JIybl MYMKIH. AJITOPUTM
JIoJ1, JKBIIJIaM, MAacCIUTAa0TaIaThIH JKOHE YaKbIT IIEKTEYJIri Ke3iHAe KOJIaiabl HOTWKeHI Taly YuIiH oHal KoHpury-
pauusulaHybl MYMKIH. Bi3fiH anropuTmiMiz ysuiel Tene(oH CHSKTHI ©HAEY MYMKIHIIr IIeKTeyil KOJ KYpBUIFbLIA-
PBIHIAa HAKTHI YaKbIT PEXKUMIH/E IITPUX-KOATHI TAHY YIUiH HaliaJIbl.

Tyiiin ce3nep: mrpux-konrap, EAN13, 6enrinepai msiFapy, KECKiH CErMEHTANMACHL, YITiHI TaHy, aHBIKTAY.

T. Zh. Mazakov'?, Zh. S. Abilkaiyr?

Institute of Information and Computational Technologies CS MES RK, Almaty, Kazakhstan
2 Al-Farabi Kazakh National University, Almaty, Kazakhstan

BAR CODE RECOGNITION IN STRONG DISTORTED
AND LOW-RESOLUTION IMAGES

Abstract: Almost all products and items that exist on the market today have a unique code or identifier
associated with them. We call this special identifier a barcode. Barcode detection is very common and is a necessity
today as it makes our job easier. You can simply scan the code and easily get all the product information.

Barcodes are still the prevalent machine-readable encoding mechanism for most products and services. At this
stage of development, the barcode was quite common. Most items and products present in the household now have
their own unique barcodes. They can be scanned and easily get all the necessary information, such as price, product
details and description. There are even various apps available to scan the barcode through our phones. This is due to
the high-quality pixel cameras that are present in all iPhones, android devices, or windows phones. Today, a wide
range of portable devices for general use, such as mobile phones, come with an optical imaging system. Providing
these general-purpose portable devices with barcode recognition is a cost-effective alternative to conventional
barcode scanners. The equipment is available to billions of people. Combined with new services, this could
revolutionize day-to-day shopping, including checking in-store prices, getting product information, accessing product
reviews, finding similar products and services, and comparing prices locally.

Detecting barcodes in images captured by general-purpose portable devices is particularly challenging due to
the limitations of the integrated imaging system and on-device processing capabilities. These devices often have
lower quality lens systems and lower resolution imaging circuits when compared to dedicated digital cameras. The
optical system is often not designed for shooting close to the lens, resulting in out-of-focus and poorly lit images with
rich colors. These limitations often mean that using conventional threshold detection methods cannot create a
suitable template for barcode recognition. These limitations need to be considered in an algorithm that can invariably
be implemented on a wide variety of portable devices.

Barcode reading must be resistant to harsh conditions such as blur, noise, low resolution or low-quality camera
lenses, which are very common. Surprisingly, even the most advanced barcode reading algorithms fail when some of
these factors come into play.
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In this article, we present a new approach to barcode image detection. Our algorithm is specially designed to
recognize barcodes when an image may be of low resolution, low quality, or suffer from significant blur, defocus,
uneven lighting, noise and color saturation. The algorithm is accurate, fast, scalable and can be easily configured to
find a valid result within a time constraint. Our algorithm is useful for real-time barcode recognition on handheld
devices with limited processing capabilities such as mobile phones.

Keywords: Barcodes, EAN13, feature extraction, image segmentation, pattern recognition, detection
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DEFINITION OF APPLICATION FIELD OF THE STAND
FOR THE VIDEO MONITORING SYSTEMS INVESTIGATION

Abstract. The paper presents the results of determining the areas of application of a laboratory stand designed
for studying and researching CCTV systems.

The necessity of research of video cameras of the security alarm system, their testing at the organization of
production and expediency of carrying out laboratory works by students of higher education institutions studying
security systems is shown. The state of affairs in this area in post-Soviet countries is shown. Some requirements of
the State educational standard on informativeness and expansion of opportunities of laboratory stands are given. The
input parameters necessary for the design of video camera research stands are considered. The results of the study of
the developed laboratory stand for the study and study of security television systems and the definition of areas for
its application are presented. The structure of the stand and its parts is proposed. Developed recommendations for its
use are given. The experience of conducting laboratory work on the study of the characteristics of security alarm
cameras is analyzed. The possibility of studying robust filtering on the noise immunity of the video system, the
influence of the illumination spectrum on the main qualitative characteristics of the video camera using the proposed
stand is shown. A list of suggested to run the stand includes laboratory work “Studying the parameters, operation
modes and configuration of video surveillance system NOVUS”, “the Study of possibilities of various types of
cameras when changing the light and characterization of the sensitivity of various types of cameras, Definition of
focal length, angle of view and resolution of different types of cameras and lenses, Definition of the working area of
observation, the far and the dead zone for various types of cameras and lenses”, "Determination of conditionally dead
zones for different recording speeds of the DVR and at different focal lengths” and" Determination of the volume
and quality of recorded information from the value of the recording speed of the DVR”, as well as research works
“The signal processing with variable spectrum”, “the Influence of robust filtering for noise immunity video”,
“Influence of illumination spectrum on the main qualitative characteristics of the camera” and “Comparative
performance of analog and digital cameras.”

Keywords: security television systems, robust filtering, lighting devices.

The novelty and originality of the proposed project for the modernization of the laboratory base of the
Department of Radio Engineering and Info communication Safety of the Almaty University of Power
Engineering and Telecommunications (AUPET) consist in the acquisition by students of the specialty
"Radio engineering, electronics and telecommunications" (RET) of modern knowledge, technologies and
skills in the field of security television.

The need for modernization of the teaching and laboratory fund of the department "Radio engineering
and info communication security" is explained by the fact that this stand gives an opportunity for students
to conduct not only study but also research work, which is one of the requirements of the state educational
standard for specialties in the field of radio engineering. An analysis of existing alternative projects has
shown that there is no similar laboratory equipment in competing universities for the training of specialists
in the field of radio engineering and telecommunications. At the same time, modernization of the
laboratory of the department "Radio engineering and info communication security” allows attracting an
additional contingent of students for the specialty "RET" in AUPET. The weak side of the investment
project is the impossibility of forecasting the profitability of financial investments. Creation of a
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technically equipped laboratory for the educational process, corresponding to the world requirements and
achievements in the field of CCTV systems, provides an increase in the competitiveness of AUPET in the
market of providing educational services for training specialists in this field for the Republic of
Kazakhstan.

Description of the laboratory stand. The laboratory stand is made in the form of three tables on
which the equipment of the CCTV system is located, control and measuring devices, as well as
communication channels and power supply system are laid. The general view of the laboratory stand is
shown in Figure 1. The laboratory table No. 1 is a rack, on one of the walls of which there are two dome
cameras, the lenses of which are aimed at the holder located on the opposite side of the table. The holder is
designed to place on it posters in the form of test tables and any other graphic material required to remove
the characteristics of the video cameras used. Also along the stand are guides for the cylindrical chamber,
which allows you to change the distance from its lens to the holder. The feature of the table number 1 is
the presence of darkening curtains (which are not shown in the illustrated drawings of the stand), which
allow creating the required level of illumination inside the rack, which is also necessary when removing
the characteristics of video cameras.

Figure 1 — Appearance of the laboratory stand
Legend: 1 - laboratory table number 1; 2 - laboratory table number 2;
3 - laboratory table number 3

The location of the various parts and equipment of the laboratory table No. 1 is shown in
figures 2 and 3.

Figure 2 — Fragment of the laboratory stand
Legend: 1 - the holder; 2 - guides of the cylindrical chamber;
3 - connectors for connecting a coaxial cable.
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Figure 3 — Fragment of the laboratory stand

Legend: 1 - dome video cameras NVC-SC200D and NVC-HC200D;
2 - cylindrical video camera NVC-825-DN with varifocal lens NVL-416D / IR; 3 - searchlight of visible spectrum
of radiation (made on light-emitting diodes); 4 - IR-6 / 20-880 infrared radiation spectrum.

Also on the laboratory table Ne 1 is mounted a DC power supply unit with an output voltage of 12V,
designed to provide power to video cameras.

The laboratory table Ne2 has communication cables laid along the back wall:

- 2 coaxial cables RC-75;

- 1 UTP cable 4x2 e5 cat;

- 1 optical single-mode cable.

Connection of video cameras to the video registration device via the optical communication channel
is made by means of electro-optical (OVT-1) and opto-electrical (OVR-1) converters. Along the rear wall
is also mounted a cable channel 80x100, in which cables of low-current power are laid and switches are
mounted. Also on the laboratory table Ne 2 there is an oscilloscope C1-220 and a keyboard for controlling
the rotary device (figure 4).

Figure 4 — Fragment of the laboratory stand
Legend: 1 - coaxial cables RC-75; 2 - UTP cable 4x2 e5 cat; 3 - optical single-mode cable; 4 - electro-optical converter OVT-1;
5 - opto-electric converter OVR-1; 6 - oscilloscope C1-220; 7 - NV-KBD40 rotary device control keyboard

On the laboratory table Ne 3 is a video surveillance monitor and a digital video recorder. Behind the
table, a dome video camera is attached to the wall. There is also a radio receiver configured to receive a
video signal from a wireless video camera installed at the other end of the room (figure 5).
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Figure 5 — Fragment of the laboratory stand
Legend: 1 - video surveillance monitor NVM-015CH; 2 - digital video recorder NV-DVR1014;
3 - dome rotary video camera CAMA-mini Il NVC-MSD22DN
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Figure 6 - Structural diagram of the laboratory network CCTV

Cable legends:

KoakcHasbHbIN kabenb PK-75

xabens UTP 4x2, 5 xareropus

ONTHYECKUI OJHOMOJIOBBIN Kabenb

ka0enb ciaaborounoro nutanus IIBBIT 2x1,5

Structural diagram of building a laboratory network CCTV. The structural diagram of the
laboratory network is shown in figure 6. The above equipment corresponds to the year 2015, later
manufactured stands can be equipped with other equipment that is not inferior to the one described above.

Laboratory work Ne 1. Study of parameters, operation modes and configuration of the video
surveillance system "NOVUS".

Laboratory work Ne 2. Investigation of the possibilities of different types of video cameras with
varying illumination. Determination of the sensitivity characteristics of different types of video cameras.
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Laboratory work Ne 3. Determination of focal length, angle of view and resolution of various types of
video cameras and lenses.

Laboratory work Ne 4. Determination of the working area of observation, far and dead zone for
different types of video cameras and lenses.

Laboratory work Ne 5. Definition of conditionally dead zones for different recording speeds of the
DVR and for various focal lengths.

Laboratory work Ne 6. Determine the amount and quality of recorded information from the value of
the recording speed of the DVR.

Research work Ne 1. A device for processing signals with a changing spectrum.

Research work Ne 2. The influence of robust filtering on the noise immunity of a video system.

Research work Ne 3. Influence of the illumination spectrum on the main qualitative characteristics of
the video camera.

Research work Ne 4. Comparative characteristics of analog and digital video cameras.

The list of laboratory and research works can be significantly expanded, as the laboratory network of
video surveillance has practically no restrictions.

Thus, when conducting educational work, students receive the necessary knowledge, skills and skills
in the field of security television systems, and when carrying out research on subjects 1-3, patents for
inventions were obtained [3,4,5].

P. Cadun!, M. Ampees?, T. IlaBnosaZ, J. Tembipkanosa?, }0. Fapmamona?

'Kasak KaThIHAC JKOIIapsl yHUBEPCHTET, Anmarel, Kazakcran;
2Fymap0ek JlayKeeB aTIHIAFB! AJIMATHI SHEPTETHKA
JKoHe OaiiyaHbIC yHUBEpCcHTETI, AnMatsel, KaszakcTan

BEMHEBAKBLIAY KYWEJIEPIH 3EPTTEY BOMBIHIIIA
CTEHATIH KOJJIAHBLITY CAJIAJIAPBIH AHBIKTAY

AnHoTtanusi. JXorapsl OKy OPBIHZAPBIHBIH CTYIEHTTEPiHE, KY3eT CHUTHAIM3ALMACHIHBIH OeifHeKaMepaaapblH
3epTTey, OHIIPICTI YHBIMAACTBIPY Ke3iH/Ie ONap/ bl TECTLIeY KaXKETTUIIr, KY3eT Kayilci3/iK )KyHenepid 3epTrey KoHe
3epTXaHAIBIK J>KYMBICTApABI JKYPTi3y OpBIHABUIBIFBI KepceTinreH. Kenec emnepinHzeri OChbl CajlaHBIH JKargailbl
KOpCETUIreH. AKMapaTThIK Ma3MyHFa JKOHE 3€pTXaHalbIK CTEHATEPAIH MYMKIHAIKTEpiH KEHEHTyre apHalFaH
MeMJIEKETTIK OiliM Oepy cTaHIapThIHBIH KelOip Tananrtapbl OepiireH. beliHekamepanapipl 3epTITey CTEHIATEPiH
)obanayra KaKeTTi Kipic mapaMeTrpiepi KapacThIPbUIFaH. O3IpJeHIeH 3ePTXaHAIBIK CTCHATI 3ePTTEY HOTHEXKENepi,
OciiHeOaKpUIay KYHEIEPiH 3ePTTEY JKOHE OHBI KOJIJaHy OaFbITTApbIH aHBIKTAy HOTHXenepi OepinreH. CTeHITIH
KYPBUIBIMBI YKoHE OHBIH OeumikTepi ychiHbUIaAbl. OHBI KOJNJaHyFa 33ipJeHreH YChIHbICTap Oepinred. Kyser maObuist
OciiHeKaMepanapblHblH CHIATTAMANapblH 3epTTey OOMbBIHINA, 3epPTXaHANBIK JKYMBICTAPIbI JKYPrizy Taxipuoeci
TangaHaapl. BuaeoxkyiieHiH LIybUFa Kapchl KOPFAHBICHIH, JKAPBIKTAHIBIPY CIEKTPi YCHIHBUIFAH CTEHATI KOJIaHa
OTHIpHIN, OeifHEKaMepaHbIH HETi3Ti calallblK CHIaTTaMallapbIHBIH dCepiH 3epTTey MYMKIiHAIrT kepcerinred. CTeHITI
OpBIHIAY YIIiH 3€pTTEeY KYMBICTApBl MEH YCHIHBUIFaH XYMBICTapra KentipiareH Tizimi “NOVUS OeiiHebakpuIay
JKYHECIHIH TapaMeTpIiepiH, )KYMBIC PEXKUMACPIH XKoHe KOH(PUTYpanusacelH 3epaeney’, “YKapbIKTaHIBIpY €3repreH
Ke3qe OeliHekamepasiap/blH SPTYpJi TYPJIEpiHIH MYMKIHIIKTEepiH 3epTrey” oHe “beitHexkamepanapibiH opTypii

LEINT3

TYPJEPIHIH CEe3IMTaIABIK CHUIIaTTaMaJapblH aHBIKTAY , “@OKYCTHIK KAIIBIKTHIKTHI, KOpy OYpHIIIBIH XKoHE OcifHeKa-

LR N3

MepaJiap MEeH JIMH3alIap.IblH OpTYPJIl TYpJepiHiH pyKcaT ery KaOineTin anbikray”, “beiiHekamepanap MeH JuH3anap-
JIBIH, OPTYPJIl TUOTEPI YIIiH OaKbUIAYAbIH KYMBIC aiiMaFblH, aJlbIC )KOHE ©J1i aliMaKThl aHbIKTay”, “BeliHeripkerimTin
9p TYpIi ’Ka3y KbULAAMJIBIFBI YIIIH KaHE dp TYp:i (POKYCTBIK KAIIBIKTBIKTAp YIIiH NIAPTTHI TYpAE €Ji aiMaKTap/ bl
aHbIKTay ~ jkoHe “‘beiiHeTipKerilmTiy jka3y >KbUIJaMbIFbIHBIH MOHIHEH JKa3bUIFaH aKNapaTThIH KeJeMi MeH canachlH
aHBIKTay”’, COHJAM-aK “©O3repeTiH CIEKTpJi CHTHAJIApAbl eHJeYy KYpbUIBICH'", “beifHe >XyHeHIH IIybUFa Kapchl
KOpPFaHBICHIHBIH Oepik cysrineyain ocepi”, “JKapbIKranaplpy cHekTpiHiH OeifHekamepaiapra HETI3Ti caraibIK
cUTaTTaMaapbiHa ocepi” JKoHe “AHAaJIOTTHIK JKOHE CaHABIK OeffHeKaMepalapIblH CalbICTEIPMAIIbl CHIIaTTaMalaphl”.
Tyiiin ce3aep: OcitHeOaKpIIAY XYiieci, Oepik cy3riyiey, JKapbIKTaHABIPY KYPBUIFBIIAPHL.
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P. Cagun', M. Ampees?, T. I1aBiosaZ, D. TembipkanosaZ, 0. l'apmamosa?

'Kaszaxckuii yHHUBEPCHUTET MyTeH COOOIIEHHS;
2ANIMaTMHCKMI YHUBEPCUTET SHEPTETUKH U CBA3M uMeHH | 'ymapbeka Jlaykeesa, Anmarel, Kazaxcran

OINIPEJIEJIEHUE OBJACTENA IPUMEHEHHUSA CTEH]IA
1O UCCJIEJOBAHUIO CUCTEM BUJEOHABJIIOAEHUS

Annoranus. [Toka3zana HEOOXOAMMOCTh MCCJIEIOBAaHUN BHUAEOKAMED OXPAHHOW CHUTHAIM3ALNU, UX TECTUPOBa-
HUSI TIPH OpraHM3aluK MMPOU3BOJICTBA M 1IE1eCO00pa3HOCTh MPOBEJICHHUS JT1a0OPATOPHBIX PabOT CTyIEHTaMH BY30B,
M3YyYaroLIUX CUCTEMbI OXpaHHOH Oe3onacHocTH. [TokazaHo cocTosiHME A€ 3TOH 00JIaCTH B MOCTCOBETCKHX CTPaHaXx.
[TpuBenensl HekoTOpble TpeOOBaHMS [ OCyZapcTBEHHOro 0Opa30BaTENbHOrO CTaHIAapTa M0 WH()OPMATUBHOCTH U
paclIMpeHNI0 BO3MOXKHOCTEH J1a0OpaTOPHBIX CTEHJOB. PaccMOTpEeHbI BXOIHBIE MapaMeTpbl, HEOOXOIUMBIE ISt
NIPOEKTUPOBAHMS CTEH/IOB HMCCIeNOBaHMN Buaeokamep. [IpuBeneHb! pe3ynbTaThl MCCIIENOBAHUS Pa3pabOTaHHOTO
71a00paTOPHOTO CTEH/A M3YUEHHS M MCCIEIOBAaHMS CHCTEM OXPAHHOTO TEJICBHJCHUS W OINPEAEIeHUs oOnacteit s
ero npumeHeHus. Ilpemnaraercs cTpykTypa creHaa u ero dacreil. IlpuBoasTcs paspaboTaHHbIE PEKOMEHAAIMN TI0
€ro NMPUMEHEHHIO. AHAIM3UPYETCs OMBIT IPOBEACHHS JTa0OPaTOPHBIX PAabOT MO MCCIEIOBAHUIO XAPAKTEPUCTHK
BUJICOKAMep OXpaHHOW curHamm3anuu. [loka3zaHa BO3MOXKHOCTb HCCIEHNOBAaHHMS POOACTHOH (UIBTpaluM Ha
MOMEXO03aLIMIIEHHOCTh BUICOCUCTEMBI, BIMUSHHUE CIIEKTPa MOACBETKH Ha OCHOBHbIC KAUECTBECHHBIE XapaKTEPUCTUKU
BUACOKAMEPLI C IMPUMEHCHUEM Npe€ajiaracMoro creHia. HpMBeﬂeHHblﬁ NEPEUYCHb IMpcajiaracMbIX AJIs1 BBIIIOJIHCHUA
Ha cTeHjae paboT BKItouaer jlaboparopHble paboThl “M3yueHne mapamerpoB, PEKUMOB padOThl U KOHPHIYpaluu
cucrembl BuneoHaOmonenuss NOVUS”, “HccnenoBaHne BO3MOXXHOCTEH pPa3iIMYHBIX BHAOB BHUJIEOKaMep MpHU
N3MEHEHHH OCBEIIEHHOCTH M ONpE/esIeHHE XapaKTEPUCTUK YYBCTBUTEIBHOCTH DPa3IMYHBIX BHUJIOB BHIEOKamep”,
“Omnpenenenne GOKYCHOTO PacCcTOSHUSL, yIiia 0030pa U pa3peliaroiieil CriocoOHOCTH Pa3IMYHBIX TUIIOB BUICOKaMeEp
n 00bekTHBOB”, “OmnpeneneHne pabodeil 30HBI HAONIONEHUS, JNAJbHEH M MEPTBOW 30HBI JJISl Pa3IMYHBIX TUIIOB
BHJCOKaMep W 00BeKTHBOB”, “OmpeneneHne YCIOBHO MEPTBBIX 30H U Pa3IMYHBIX CKOPOCTEH 3amlHCH BHICO-
perucTpaTopa W IpU PA3TUYHBIX (OKYCHBIX paccTosHmAX u “OmpenencHrne o0beMa M KadyecTBa 3alMCaHHON
nHPOpPMAIUK OT 3HAYCHUS CKOPOCTH 3allUCH BHICOPETHUCTpATOpa”, a TakkKe HCCIeAOBATEIbCKIE pPabOThHI
“YcTpoiCcTBO 00pabOTKKM CHTHAIOB ¢ M3MEHSIOMMMCS criekTpom”, “BimsHue pobGacTHON (uiIbTpalliy Ha TIOMEXO-
3alIMIIEHHOCTh BUAEOCUCTEMBI , “BiMsHNE cneKkTpa NMOJACBETKM HAa OCHOBHBIE KadeCTBEHHBIE XapaKTEPUCTHKU
BHJIeoKamepbl” 1 “CpaBHUTEIBHBIE XapaKTEPUCTHUK aHAJIOTOBBIX U ITU(GPOBBIX BHICOKaMep”.

KiroueBble cjioBa: CHCTEMbI OXPAHHOTO TEJICBUACHUS, pobacTHas (pUIbTpalys, yCTPONCTBA MOACBETKH.
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DEVELOPMENT OF BIOMETRIC METHODS
AND INFORMATION SECURITY TOOLS

Abstract. Now a day’s security is a big issue, the whole world has been working on the face recognition
techniques as face is used for the extraction of facial features. An analysis has been done of the commonly used face
recognition techniques. This paper presents a system for the recognition of face for identification and verification
purposes by using Principal Component Analysis (PCA) with Back Propagation Neural Networks (BPNN) and the
implementation of face recognition system is done by using neural network.

The use of neural network is to produce an output pattern from input pattern. This system for facial recognition
is implemented in MATLAB using neural networks toolbox. Back propagation Neural Network is multi-layered
network in which weights are fixed but adjustment of weights can be done on the basis of sigmoidal function. This
algorithm is a learning algorithm to train input and output data set. It also calculates how the error changes when
weights are increased or decreased. This paper consists of background and future perspective of face recognition
techniques and how these techniques can be improved.

Keywords: ANN, BPNN, NLP, PCA, Resilient Back propagation, biometric systems.

1. Introduction. Currently, artificial intelligence and machine learning systems are gaining
popularity. In addition, almost all facial recognition software is based on machine learning. The quality
and nature of this data set have a significant impact on accuracy. The better the source, the better the
algorithm can perform the task [1].

The image face recognition system is based on image identification and comparison algorithms. Most
modern facial recognition systems are very sensitive to these image characteristics. Therefore, before
direct recognition, the source images must be standardized. Face recognition is a biometric software or
computer application that automatically identifies or verifies a person based on a digital image or other
video sources. This is a method that recognizes individuals that are already stored in the database. It is
mainly used for identity verification, security, computer entertainment, passport verification, criminal list
verification, border checkpoints, email authentication, etc. [1-2].

2. Methods. In this work, we used the Viola-Jones algorithm and methods such as: PCA, BPNN,
ANN, Resilient back propagation, Eigen faces, Feedforward neural network. The basic principles
underlying the work of the Viola-Jones method:

- integrated image viewing;

- search for people by city signs;

- cascade classification using gain.

The proposed algorithm includes a facial recognition technique, it can be used with back propagation
and PCA for non-linear images of faces.

PCA: This is a statistical method that is used to reduce the dimension while preserving the necessary
information, or it is a way to identify patterns in the data and express the data in such a way that you can
highlight their similarities and differences.

BPNN: A back-propagation neural network is a multi-layer network in which the weights are fixed,
but the weights can be adjusted based on a sigmoid function. It also calculates how the error changes as
the weight increases or decreases.
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ANN: An artificial neural network is based on a biological neural network that is used to approximate
or evaluate functions that depend on a large amount of input data.

RESILIENT BACK PROPAGATION: Resilient back propagation is an algorithm that can be used
to train a neural network, similar to back propagation. It has an advantage over back propagation; learning
is faster than back propagation.

EIGEN FACES: Eigen faces is the name given to a set of eigenvectors when they are used in a
computer vision task for face recognition. Eigen collides with itself from the base set of all images used to
construct the covariance matrix.

FEEDFORWARD NEURAL NETWORK: In a forward-coupled neural network, back propagation
cannot be performed as feedback in the network.

The Viola-Jones algorithm. The integrated view is used to calculate the brightness of a rectangular
area of the image. This representation is used in many other complex algorithms of the computer
approach. The integrated view allows you to quickly calculate the total brightness of the free rectangle of a
given image, and the calculation time does not depend on the area of the rectangle (figure 1), [3-4].

£ ;

e j

85 AN

Figure 1 - The process of finding the surface area using the Viola — Jones method

3. Results. Several works have been critically analyzed, namely: PCA is used to reduce the dimension
of a face, and BPN is used for recognition purposes. Own faces extract the traits, which are then combined
with BPN for image recognition. Each face image is stored in a one-dimensional array. The method
proposed in the article was tested on the ORL database of persons. This ensures high accuracy as well as
fast calculations. It has a acceptance rate of over 90% and is fast. The implementation of the face
recognition system is divided into three parts. The first part is automatic face recognition using BPNN, the
second is facial enhancement, and the third is artificial intelligence and BPNN. In this case, face
verification and identification is performed using main component analysis and a backpropagation neural
network. Dimension reduction is done using PCA and recognition using BPNN [5]. Hence, it is safer and
more effective. Its acceptability rate is over 90% and non-linear facial images are also easily recognized.
This article presents an approach to recognizing human faces. This face recognition was done by
comparing the characteristics of the new face to the old one. In this place of localization of the face, the
end point of the mouth and retinas is obtained. In the Extraction section, the distance between the endpoint
of the mouth and the retinas was calculated. Recognition is performed using backpropagation networks
and radial base function networks [6].

The transformation for various inputs is compared with an unknown person to determine if the person
is in the database or not. This method shows high recognition speed and accuracy of human face
recognition. In this case, various problems arose due to the movement and orientation of the object. But
the problem of subject orientation is overcome by training the neural network. The self-face algorithm
works well when the lighting change is small. This article proposes a method for recognizing faces using
own faces using an artificial neural network. The structure of the face is converted to eigenvalues,
eigenvalues are implemented using eigenvectors, values, and the Jacobi method. When testing the original
image, human face recognition is performed, so this method is more effective than other methods. The use
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of natural faces is more accurate, as well as its quick calculation, non-linear images can also be recognized
very easily. Therefore, this method is said to have a good acceptability ratio in excess of 90% and is fast to
calculate and execute [7-9].

Backpropagation is a learning algorithm for training a set of inputs and outputs. When using a
backpropagation neural network, the system recognition rate was 99.2%. BPNN is more widely used than
other neural network algorithms due to its ability to reduce errors. It extracts features of a human face that
have various features such as differential projections and other features. First, a training set is assembled,
then the network is trained, and then the display and recognition accuracy are checked. The proposed
method is compared with the method of principal components, the method of linear discriminated analysis
and the method of Markov random fields (MRF). The ORL face database is used to display the
recognition rate of 98% by using only 13 functions (table 1). Thus, accuracy, efficiency, and
computational complexity have increased.

Table 1 - Face recognition system as a result

Methods Benefits Disadvantages Recognition rate
PCA High precision can be obtained. It is less reliable. 99,2 %
1. High precision.
BPNN 2. It can be used to detect online in real time. The strength is low. 96,6 %
RESILIENT BPN Non-linear images are recognized. Not suitable for small databases. 98,3 %
EIGEN FACES It gives a higher recognition rate than K-mean Very sensitive misalignments 97 %
and fuzzy c-mean. arise from the large size of the
orientation of the head.
FEED FORWARD All entrance sides are reduced by about 30%. The recognition is poor. 93,7 %
NN

4. Conclusions. As with any method of authentication, biometric technology is not fully protected.
Detection methods are the most frequently discussed counteraction measure. We have considered the
Viola-Jones algorithm. Face recognition can be used for various purposes, for example, for security
purposes, ATM’s for card security, for document processing [10]. The face recognition technique can be
used with back propagation and PCA for non-linear face images. A review of various methods was
conducted to determine and classify which method gives a higher recognition rate. The developed facial
recognition system is a product of a completed project. This system is a system for service professionals
[11-12].

T. 7K. Masakos'?, JI. H. MonTaena?

'Kazakcran Pecny6nmkaceiubil BiniM sxkone Foutbiv MunHuCTpIir
AKMapaTTHIK )KOHE eCEeNTeyilll TeXHOIOTUIap HHCTUTYTHI, AnMatsl, KasakcTan;
Zon-®apabu atbiHaarsl Kasak yiarTeik yHusepeuteti, Anmarsl, Kasakcran,

BUOMETPHSLIBIK 9IICTEP MEH AKITAPATTBIK
KAVITIICI3JIK KYPAJIIAPBIH JKACAY

Anparna. buomerpus - OyJ1 YoKiJeTTI afaM MEH alIaMIIbl apachIHAAFbl CEHIMJI albIpMAIIbUIBIKTBI aHBIKTAHTHIH
(hU3MONOTHATIBIK HEMece MiHE3-KYJIBIK CUIaTTamajapbl HETi3iHIE aaMIbl COMKECTeHIIPYHiH, TYJIFaHBIH )KeKe OachlH
TEKCepyAiH aBTOMATTaHABIPBUIFaH daicTepi. bruomeTpuka epexiie OONFaHABIKTaH, OJIApAbI YMBITYFa HEMECE YKOFAITYFa
GonMaiipl, XKoHEe COIKeCTeH Py HYKTECIH/IE TYIHYCKAIBIKTH PACTAHTHIH aJaM (U3UKANIBIK TYpAe OOIybl KepeK, JocTypii
OiliM MEH >KETOHFa HETI3JeNITeH OMICTepre KaparaHia OMOMETpHKa TaOWFAThIHAH dJJIeKaiila CeHIMI KOHE THIMIIpeK.
AnmaMIap/pl aHBIKTAy YIIiH OMOMETPHSHEI KOJIaHyJbIH OipHeIle epeKIle apTHIKIIBUIBIKTaph! 0ap. bromerpus xemeriMmeHn
ci3 @3iHI3MIH KaHAal eKeHIHI3l aHbIKTail anacel3. bruomerpust op Typni KOChIMINAiap YIIiH KOJJAHyFa OHai, Te3, oI,
CEHIMJII JKOHE ap3aH ayTeHTU(DUKALUIHBL yosie eTelli. beTTi TaHyAbIH €H KUl KOJLAaHbUIAThIH oJ[iCTepiHe Tajay >KYpPri3iiii.
byn wmakanmama skyiieni kepi kyiieney (BPNN) Oap kommonenTrepnid Herisri tangaysiH (PCA) kosimaHy apKbUIbI
CoMKeCTeHIipy *OHE pacTay MaKCaTbhlHJA TYIFaHbI TaHy XYHeci YChIHBUIFaH, ajl OeTTi TaHy JKYHeCiH eHri3y HeHpOHIBIK
JKeJIiHI KOJJIaHy apKbUIBI XKY3eTe achlpbliabl.

Kipic HoTMXXECIH LIbIFapy YILIIH HEHMPOHIBIK XKeliHi maimanaHy. byn Tynranel Tany sxyideci MATLAB xyiiecinne
HEWPOHIBIK JKeNi KypajJapblH KOJJaHA OTHIPHIN eHri3inreH. Helpompomarusuislk Kyike »xexdici - OWI camMakTapsl
OekiTiIreH Kol KabaTThl e, OipaK caaMakTap/bl CUTMOAANBIBIK (YHKIMS Heri3inae perreyre 6osansl. byn anropurym -
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KipiC JKOHE IIBIFBIC HUBIHTBIFBIH OKBITYFa apHaJIFaH alrOpuTMi Oouibin TaObutaabl. CoHmal-ak, cajJMaKThIH ecyl Hemece
TOMEHJeyl KaTeHiH Kajail e3repeTiHiH ecenteini. byn Mmakanmaga TyiaFaHbl TaHy OAICTEpiHiH OoJallarbl >KOHE OCHI
omicTepi Kajal jkakcapTyFa OOJIATBIHIBIFBI Typasibl aWThLIaNbl. Op TYpJi OHOMETPHSIIBIK JiCTepre MOy Keuoip
apTHIKIIBUIBIKTAphl JKoHE Kemuriikrepi OepinreH. ComaH keiiH 013 Kail TEeXHHKaHBIH KayillCi3 JKOHE CEHIMII eKeHiH
AHBIKTAyFa THIPBICAMBI3.

Tyiiin ce3gep: ANN, BPNN, NLP, PCA, Typakrsl kepi Tapary, OHOMETpPHUSUIBIK KYyHenep.

T. 7K. Mazakos'?, ]I. H. MonTaena?

"MHcTUTYT HHPOPMALIMOHHBIX U BEIYUCIUTENBLHBIX TexHonoruit KH MOH PK, Anmartsl, Kazaxcran;
?KazaxcKuii HAMOHANBHEIN YHUBEPCUTET MMEHH anb-Dapabu, AnMarsl, Kazaxcran,

PA3PABOTKA BUOMETPUYECKHUX METOJOB U CPEJACTB 3AIIUTHI THOOPMALINHN

AHHOTauus. buomerpus — 3T0 aBTOMAaTU3MPOBAHHBIE METO/bI UACHTHU(PHUKALMY YEJIOBEKA WIIM TIPOBEPKH JIMYHOCTH
YeJIoBeKa Ha OCHOBE (DPM3MOJIOTHYECKUX WIIM MOBEIEHUSCKHX XapaKTEPUCTUK, KOTOPHIE IO3BOJLIIOT HAJEKHO Pa3INYaTh
YIIOJHOMOUYEHHOE JIUI0 U CaMO3BaHIlAa. bbll MpoBeaeH aHanu3 Haubojee 4acTo UCMOJIb3YEMbIX METOAOB PaclO3HABAHUS
mun. B oTol cTaThe mpeacTaBiIeHa CHCTEMa pAclO3HABaHUS I Ui Iedeld WISHTU(QHKAIMH W TIPOBEPKH C
UCTIOJIb30BaHUEM aHaJi3a TIaBHBIX KOMIIOHEHTOB (PCA) ¢ HelipoHHBIMU ceTsiMu oOpatHoro pacnpoctpaneHus (BPNN), a
peanu3anys CHUCTEMbl pPACIO3HABAHUs JIMI] BBIIOJHAETCS C HCIOJb30BaHMEM HeWpoHHOH cetu. [lockoibKy
OMOMETPHYECKUE XapPAKTEPUCTUKH SBJISAIOTCS OTIMYUTEIBHBIMH, UX HENb3s 3a0BITh WM MOTEPSTh, a JIUIO, MOJISKAIIee
ayTeHTH(UKAIMH, JOJDKHO (PU3MYECKH NPUCYTCTBOBATh B TOYKE HAEHTH(UKanuu, OMOMETpus Mo cBoei cyTu Oosee
HagekHa U Oonee >ddexTHBHA, YeM TpaAWMIHMOHHBIE METOIbI, OCHOBAaHHBIC Ha 3HAHMAX M TOKEHaX. lcmonp3oBaHue
Ouomerpun I WACHTH(DUKAIUM JIIOJEH JaeT HEKOTOphle YHUKAJIbHBIE MpeuMmyllectBa. buomerpus Moxer
WCTIONB30BAThCS 111 HACHTU(UKALMK Bac Kak Bbl. bruomerpus obemiaer OBICTPYIO, IPOCTYIO B MCIONB30BAHUH, TOYHYIO,
Ha/ICKHYIO U MEHEe JIOPOTYI0 ay TeHTU(HKALIMIO JJI1 MHOYKECTBA IIPUIIOKEHHH.

Hcnonb3oBanue HEHPOHHON CETH I CO3/IaHMs BBIXOJHOIO M3 BXOAHOTO JAHHBIX. DTa CHCTEMa paclo3HaBaHUs JIMIL
peanuzopana B MATLAB c wucnonp3oBaHMEM MHCTpyMEHTaMH HeHpoHHbIX ceTell. HeilpoHHas ceTb 00paTHOro
pacnpocTpaHeHHsT — 3TO MHOTOCIOIHAs ceTh, B KOTOPOH Beca (UKCHPOBAaHBI, HO KOPPEKTHPOBKA BECOB MOJXKET
BBINOJIHATBCA HA OCHOBE CHUIMOAAIBHOM (YHKIMH. DTOT alrOpUTM IPENCTAaBISET COOOH aiaroputM OOy4eHUs [Uis
0o0y4eHHs Habopa BXOIHBIX M BBIXOAHBIX AaHHBIX. OH Takke BEYHCISACT, KaK M3MEHSETCS OMMOKa MPH YBEIHMYCHUH HIH
YMEHbLIEHUH Beca. B 3Toii ctaThe pacckas3blBaeTCsl O NEPCHEKTHBAX METOAO0B PACHO3HABAHMS JIHII, & TAKXKE O TOM, KaK 3TH
METOIBI MOXKHO YJIYUIIHTh. [IpencraBieH 0030p pa3aIMYHBIX OHNOMETPUYECKUX METOJOB ¢ HEKOTOPHIMH IIPEUMYILECTBAMU
U HeloCTaTKaMM. 3aTeM MBI IOCTapaeMcs BBISICHUTD, Kakasi TeXHUKA HaJexHee U Oe30macHee.

Kuarouenbie ciioBa: ANN, BPNN, NLP, PCA, ycroitunBoe o6paTHOE pacrpocTpaHeHne, ONOMETPHIECKIAE CUCTEMEI.
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MEJTALAHAJIBIK MACKAJIAPJATBI
BET-OJIIETTI TAHY YIIIH YOLO KEJIICIH OKBITY

Annoranus. ber mackanapsia aHbsikTay - Oyt Covid-19-1pIH angsH-ay YIDiH Kayirci3aik MaKCaTHIHAAFEI OTe
MaHBI3ABI Mocene. MeauuuHaIbIK canaga aypy Oenrinepi 6ap-KoFbIHA KapamacTaH, KYKTBIPFAaH aJaMHaH JXYKTBIPY
KaymiH Macka azaitanel. Ocpuiaiima, agaM OeT-oiIeTiHAEriT MacKaHbl aHBIKTay ©T€ MAaHBI3AbI KOHE KypAemi
MiHIeTKe aliHaIaabl. beTTi TaHy KyHelepiHiH THIMAUIIN METUIMHAIBIK MacKanap, 0ac KHiMIep JKOHE KO3UIIIpiK
CUSIKTBI KeJleprijiepre OailylaHbICTBl aliTapibIKTaldl Hamapiaybl MyMKiH. Ka3ipri yakplTTa cyperTeri HbICaHaap.bl
TaHyJIpIH OipHelIe Typii omictepi 6ap. Ex TaHbIMan oicTep iy Oipi- KOHBOJIIOIMSIIBIK HEHPOHIBIK KeJiiep, COHIa-
aK oJapJIpIH MOAH(DUKAITUSIIAPEL.

Byn makamaga YOLO »kemmiciHiH KpICKallla CHIIATTAMAChl, MACKAMCH JKOHE MAacKachl3 OCT-ONMETTI aHBIKTal
AJTATHIH JKEJIIHI OKBITY IBIH MBICAITBI XKOHE )KYMBIC HOTHIKEJIEPl KENTipiIreH.

Tany momeni Oipmeit mepektepi Oap OpTypii aniblH-ajia MaibIHAAIFaH HBICAHAAPABI TaHY MOJENbICpiHAC
OKBITBUIZIBI YKOHE MIEKTEYJIi CONKEeCTeHIIPY VIIiH JKaKChl JAIIKKE JKeTy YIIiH OipHelmre opTajga OaraiaHibl.

Tyiiin ce31ep: KOHBOMOUAIIBIK HEHPOHIBIK XKeuminepi, ynridi Tany, CNN, YOLO.

Kipicme. You Only Look Once (YOLO) - one stage detector, Oyl HEHPOHIBIK KEJiHIH
KOHBOJITIOLUSUIIBIK apXU-TEKTYPAChl, HAKTBl YaKbIT PEKUMIH/IC aHBIKTAyFa MYMKIHJIK OCpEeTiH aJFalikbl
JKBUIAMIBIKTEL AeTeKTopaapasiH Oipi. Oubl [xo3ed Pemmon sxobanaraH. BipiHii 0achbUIBIM IIBIKKAaH
ke3ne (2016) [1,2] Faster R-CNN [3,4] xore DPM [5] cuskrbl TocimmepmeH cambicThipranma, YOLO
mozmeni PASCAL VOC 2007 naracerinae mAP nonmmirinme asfmanm yThULABI, anaiiia, O aHBIKTAY
JKBUITaMIBIFBIHAA OYPBIH OONFaH OapibIK TOCUTAEpISH €Aoyip achlll TYCIN, HAKTHl YaKbIT PEXHMIiHJIE
aHBIKTay bl JXy3ere aceipa anapl. YOLO-HBIH 3 HyYcKacwkl Oap, aTam aWTKaHma 1 HYCKAchl, 2 HYCKAChI
skoHe 3 Hyckachl. COHFBI €Ki HYCKacChl OipiHIINICIHIH KaKcapTyJiapbl 00JIbI TaObUIa b [6].

YOLO-ra neitin keckiH kiaccuukaTopiapbl 00BEKTiHIH OpHAJIACKAH KEPiH aHBIKTay YIIiH OyKinl
CypeTTi CKaHepJiey apKbUIbl HBICAHABl aHBIKTAy TAIllCBIPMACHIH OPBIHIAAY YIIIH KOJJAaHBUIFaH. Bykin
KECKIHJII CKaHepJiey MpOIleCi aJiblH-aJia aHBIKTAJIFAH Tepe3eJCH OacTaiaibl, erep KOPCETUIreH HbICaH
CYpeTTiH CKaHepJeHreH OenimiHae Oosica - true MoHi, an erep ok Ooica — false mMoHi OonaThiH
JIOTUKANBIK HOTH)KE IIbIFapajsl. Bykin Tepeseneri cyperTi CKaHepllereHHEH KeiiH, CypeTTi KaiTa Kapay
VIIiH KOJJAHBUIATHIH Tepe3e YyiKeuTiuremi. Heicanapl aHbIKTay YIIiH medopMarvsuiaHaTEIH OeJIIIeKTeD
mozenbaepi (DPM) KbIDKbIMAIIBI TEPE3€ JCT aTalaThlH OChI 9JIICTI KOJIAaHA b

R-CNN xone Fast R-CNN cusakTel 0acka aHBIKTAy oicTepi, HETi3iHeH, Keieci KaaaMmaap apKbLIbI
00BeKTIIep Al aHBIKTAY YIIIH KOJITAHBUTATHIH KeCKIH/I1 KIKTEYII jKeJTijep OO TaObIIa Ib:

1. CyperTe BIKTHMAaN HIEKTEYII KopanTap Kypy YiriH Region Proposal oxicin konnany;

2. lllexreymuri koparta Kiaccu(hUKaTopabl iCKe KOCY;

3. KopanTelH mekapanapblH KaTaWTy YIIiH KEHiHT1 ©HJAEYyHi OpbIHAAY KIacCH(UKAIMSICHIHAH KeHiH
KeIllipMeNepi KO¥0.

By xyitenep xypzeni, KeJIeMIi jKoHE ONlapbl OHTAWIaHABIPY KHUbIH, ce0e0i op KOMIIOHEHTTI Oelek
OKBITY Kepek [6].

YOLO 06acka xemiepaeH e3reieliri - OyJ1 KeCKiHIi aHBIKTay Mpo0IeMackiH KIKTEy Maceseci eMec,
perpeccust Maceneci peTiHle KapacThIpabl )KOHE JKOFaphbla aTaiFaH OapiiblK TarChIpMaliapabl OpbIHAAY
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YIIiH Oip KOHBOJIIOLHUSJIBIK HEHPOH JKETICIH KOJAahpl. BapiblK Toyelcis TanceipManapibl Oip skeire
OIpiKTipyAiH KeJleci apThIKIIBUIBIKTaphl 0ap:

1. XKeumamaeik: YOLO xemici OYpHIHFBIIAH KaparaHna eTe JKbuigam, ce0ebi on HbeIcaHAapibl
aHBIKTAy YIIH OipbIHFall JKWHAKTAY JKEIiCiH KoymaHaasl. KoHBomomms OomkamMaapasl aly YIIiH OYKiI
Kipic KeCKiHi YIIiH 0ip peT KaHa OpbIHIAJabI.

2. ®oupmpik karemep a3: YOLO oHBIH OerikTepi emec, OYKiLT KECKiHHIH KOHBOJIOIMSICHIH
OpBIHIANBI, OChUIAWINA KlaccTap MEH OJapHblH Maiiia OoMybl Typaibl KOHTEKCTTIK aKmapaTThl
koxaraiinel. DOHIBIK Ty3eTynepli oOBeKT peTinae Ooibkay Ke3iHAe oJ a3 KaTemikTep xkibepeni, cebedi o
OYKiJ KeCKiHA1 XKoHe ceOenTep i JKeprillikTi TypAe emec, kahaHAbIK TypAe KapacThIpasbl.

1. HeiipoHIBIK KeJjli ApXUTEKTYPACHIHBIH CHIIATTAMACHI

448 x 448 keckiHHIH COHBIHIA 24 KOHBOJIOIUSUIBIK KaOaThl JKOHE 2 TOJBIK OaillaHBICTBIPHUIFAH
kabaTsl Oap mogudukanmsmanrad GoogleNet keckiH Kraccn(hUKanusIChl MOJIETiHIH 06JIITi apKbLIBI OTE/Ii.
«Inception module» GooglLeNet opapiHa 1 x 1 KabaTTapbl, oaH KeiiH 3 X 3 KOHBOJIONMHSIIBIK KabaTTapsl
KOJIaHEBLIA b

Keckin enmemi colikec KeIIMETeH JKaFaaiiia, 0J1 THICTI PYKCcaTKa JACHiH CO3bLIa b,

YOLO-0ynm KypamMaac KYPBUIBIMHBIH KOHBOJIOIMSUTBIK —HEHpOHIBIK kemici. Momens CH++
Oarmapiamanay TitiHae kasbutran Darknet [8,9] dpeiimBoprine Herizmenred. Oa MOACTBAIH KYMbICHIHA
JKOHE OHBI OKBITYFa KQXKETTI €CenTeyJIep/IiH OapIIbiK JIOTUKAJBIK KYPBUIBIMBIH YChIHAIBL.

«YOLO v3.0» xypsuteimbel Darknet-53 mopneni Herizinae kypacteipsitral [8]. Darknet-53 skemicinig
YKl Ka0aTThI KYPBUIBIMBI 1-CypeTTe KopCceTireH.

Typi DuneTpaep Ommemi Jii5i30d
KOHBOTHONHSTHIE, 32 3x3 256 x 256
KoHBOMFONHIBIK 64 3x3/2 128 x 128

KOHBOTIOIHATBIK, 32 1x1
1 x | KoHBOMIOIHATBIE, 64 3x3
KaIsiTsm 128 x 128
Kompomommznel, 128 3x3/2 64 x64
KOHBOIFOLHATBIK 64 1x1
Dy | KoHBOmOImIABIK 128 3x3
KaTnbIKTeIK 64 x 64

KOHBOTIOIHATBIE, 256 3x3/2 32 x 32

KoHBOIIIOITHATBIK, 128 1x1
8 x | KosBomommsisg 256 3x3

KATIBIKTEIE 32 x 32
Komsomomusmelk 512 3x3/2 16 x 16
Kompomommaier, 296 1 x 1
8¢ | KoHBOmommsThIy, 512 3x3
KanmbiKTei: 16 x 16

Kompomommamsk 1024 3x3/2 8x8

KOHBOMIOIHATHIE, 512 1x1
4x|KomBomomansx 1024 3 x 3

KatnsIKTem 8x8
[}PTHII[E{ Ym DI{EIhaH;lBlI{
TOMBIK OAlTAHEICKAH 1000
Softmax

1-cyper - Darknet-53 »xemniciHiH KaOaTThl KYPbUIGIMEI

Darknet-53 xemici opTypmi MakcaTrtarsl 53 kabarran Typaapl. Darknet-53 - "YOLO v3.0" xeniciHiH
HeTi3ri OJIOTHI KOHE OHJarbl Oenriyiepai Oenmyre kayan OeperTiH Oyok Ooubil Tabbuianbl. OChl GIOKTHIH
HIBIFYBIHJIA ANbIHFAH aKapar TiKeJeH >KeNiHiH COHFBI KadaTTapbhlHa TYCEMdl, MYH/Ia IIBIFBIC MAJIIMETTEpiH
KIKTEY JKOHE KJIBIITACTHIPY JKY3€Te aChIPBLIA/IBL.
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"YOLO v3.0" kanmbl KYpbUIBIMBI OOBEKTUIEPAIH KOOPIUHATTAPBIH JKOHE OJIAPIBIH eJIeMIepiH

Oomxkayra xayantel Darknet-53-ke Herizmenren Tarel 53 kaOartan Typaabl. Ocbuiaiimia, KabaTTap CaHbl
106-ra xeteni. XKeni KypbUTBIMBI 2-CypeTTe KOPCETINTEH.

J  Konkarenaums

Macmrab 1

Clroenie 82 Orery: 32 i
Ocraroansii 5a0K |’

Macmraé 2
Orerym: 16

Créprounbi caoi

94

Croit chepRaHCKpETHIaN

Ipoume cion
106 Macurra6 3
Oterym: 8

2-cypert - «YOLO v3.0» xeniciHiH KabaTThl KYPbUIBIMBI

2. YOLO :xeuicin okbITy. OKBITY YIIiH Imagenet-te anapiH-ana AaidbIHAAIFAH KOHBOJIOLHUSIIBIK

canMakrap Konmanbuiansl (darknet53 MonemiHiH caMakTapsl).

TananTap:

* Linux

* 3amanayu CUDA-nbI konpay yiria CMake (Hyckachl 3.8-1€H ToOMeH eMec)
*+ CUDA 10.0

* OpenCV (myckacsel 2.4-TeH TOMEH eMecC)

* CUDA 10.0 ymrir cuDNN (nyckacs! 7.0-11eH TOMEeH eMec)

* GPU men CC (uyckacer 3.0-meH TOMEH eMec)

* GCC nemece Clang

* darknet opHuaty (https://github.com/pjreddie/darknet)

* AN/IBIH ana MaibIHAaFad canMak, (paimmapsl
(https://pjreddie.com/media/files/yolov3.weights)

3. [lepeKkTep KUBIHTBIFBIH AalbIHAAYy. OpOip CypeT yIIiH .txt KeHeWTiMi Oap .txt dainbiH Oip

KaTajorra jxoHe Oipiell aTHeH Kypy Kepek jXoHe Qaiinra caly KepeK: HbICaH HOMipi MEH OOBEeKTiHIH
KOOPIMHATTAPBl OCBHI CYpeTTeri, opOip OOBEKT YIIIH KaHa oima: <object-class> <x> <y> <width>
<height>, myuna: <object-class> - 0-nen (N-1) feiiiH TaHBIIATHIH HBICAHIAP/IBIH OYTIH CaHBI,

<x> <y> <width> <height>> - KecKiHHIH €Hi MEH OMIKTIriHe KaTbICTBl ©3repMeii HYKTe MIHAEpi

0,0 - nen 1,0-re nefiin 60IyBI MYMKIH,

<x> <y> - OWI TIKTOPTOYPHIMITHIH OpTackl (3KOFapFbI COJ KaK OypbIi emec) [7].

Mpicanel, imgl.jpg keckiHi ymin imgl.txt skacay Kepex:

10.716797 0.395833 0.216406 0.147222

00.687109 0.379167 0.255469 0.158333

10.420312 0.395833 0.140625 0.166667

4. YOLO xondurypauus paiingapbid naibinaay.

YOLO-ra kanaii xoHe He YHPETy KepeKTiriH Oiry yimiH Oenriii O0ip dainmap xaker. O yImiH yur

¢aiin kypy kepek (.data, .names xone .cfg) [7].
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* cfg/obj.data
* cfg/obj.names

Obj.data aitmbrama KiTaccTapablH CaHbl, train.txt, test.txt, obj.names daitmnapeaa cinremenep 0ap.
Mbican:

classes=4

train = train.txt

valid = test.txt

names = obj.names

backup = backup/

Backup-ta yolo canmak ¢aitner cakranaasl. Obj.names kiacc aTTapblH cakTaiapl. OpOip KaHa caHat
JKaHa JKolja OOIybl KepeK, OHBIH HeMipi OyphIH acaiFaH .txt (ainmapelHIaFEl caHAT HOMIpiHE Colikec
KelTyl Kepek.

Meicai:

mask

no mask

other

Enni yolo apxurextypachlH Taaay yunH .cfg kypyra kemedik. On ymin yolov3.cfg daitneinaa
KeJleci MOHJeP/Ii e3TepTy Kepek:

* batch = 24 opnaty, OYJ1 OKBITYABIH op K€3€Hi YIIiH 24 CypeTTi KOMAaHATRIHEIMBI3IEI OUTIipe i

* subdivisions = 8 opaaty, GPU VRAM rananrtapsis azaity yiid naptus 8-re OemiHeni.

» filters = 27 opnary (filters=(classes + 5)*3) [7].

Bapisik esrepicTepaeH KeHliH OOBEKTIIEPIIH aFBIMIAFBl KJIAcTaphl YIIH XaHa calMaKTapAbl ary
YIIiH KOMaHJIa eHT13y KaXKeT:

/darknet detector train cfg/obj.data cfg/yolov3.cfg darknet53.conv.74

5. Tany HaTmxenepi. [leTekTopabl icke KOCY YIIiH TEPMHHAIIFA Kelieci KOMaHJIaHBI €HTI3y Kepek:
J/darknet detect cfg/yolov3.cfg yolov3.weights data/test.jpg

Hormxkecinne Darknet aHpIKTanFan HbICAaHIAPIBI, OJAPABIH CEHIMALUTITI MEH ONapIbl i3/ieyre KeTeTiH
YaKbITTBI OAaChIIT IIBIFAPAJIbL:

Loading weights from yolov3.weights...Done!

data/imgl.jpg: Predicted in 9.436504 seconds.

mask: 93%

no mask: 96%

no mask: 97%

ConbIMeH KaTap TaHy HoTHXeci predictions.png (aiisl petiHae cakTanaapl. TaHy MbICallbl 3-CypeTTe
KOpPCETUITEH.

3-cypet - YOLO xeniciHiH TaHy HOTHXKeNepi
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Tynnycka cypet 4-cypeTTe KopceTiIreH.

4-cyper - TynHycka cyper

KopbIThIHABI. ¥ CHIHBUIFAH OeT MacKalapblH aHbiKTay Mojeninae YOLO apxutekrypachiHa cylieHe
OTBIPBIT, Mackanmapbl 0ap agaMaap MEH Mackalapbl KOK aJamaap CaHaThlHa OOJIIHTeH CypeTTep
JKUBIHTBIFBIH OKBITY 14, 93ipJiey Je COTTI asgkTaiabl. bomamakra ockl Momenbae KoiamaHsuiaTeiH YOLO
KOHBOJTIOIUSUTBIK HEHPOHIIBIK JKeMl 9J1ici 0T MacKallapblH TaHy1a )KEeMiCTi HOTHKe Oepet.

9. K. TembipkanoBa, A. b. Caypam6exoBa
AJIMaTHHCKHI YHUBEPCUTET PHEPTETHUKH U cBsi3u uMeHH . JlaykeeBa, Anmatel, Kasaxcran
OBYYEHHUE CETH YOLO JJ1s1 PACIIO3HABAHMUSA JIUI B MEJUIIUHCKUX MACKAX

Annotanusi. Homenne Macok Ha Jmiie 04eHb BXKHO B HENsIX OezomacHocTy u npenotspamenus Covid-19. B
MEIUIMHCKON cdepe Macka CHW)KAeT MOTEHIHMAIBHBIN PUCK 3apaXeHHs OT MH(QUIMPOBAHHOTO YeJIOBeKa, HE3aBH-
CHMO OT TOT'0, €CTh JIM Y HEr0 CUMIITOMBI MK HeT. TakuMm 0Opazom, 0OHapyKeHHEe MacOK Ha JIMIE CTAHOBUTCS OYEHb
B)XHOU M CIOXKHOH 3amadeld. D(PPEeKTUBHOCTD CUCTEM PACHO3HABAHUS JIUI] MOXKET 3HAUUTEIBHO YXYIMINTHCS H3-32
Hperpaj, Taknx Kak MEJUIMHCKHAE MAacKH, IIISIBL, BOJOCH HA JIMIE M COJIHIIE3AINTHBIE O4KU. B Hacrosmiee Bpems
CYIIECTBYET ps PAa3MUYHBIX METOJOB ULl Paclo3HaBaHUS OOBEKTOB Ha m3o0pakeHmn. OmHEM U3 Hambolee
HOIYJIAPHBIX METOJOB SBIISIOTCS CBEPTOYHBIE HEHPOHHBIE CETH, a TAKXKE UX MOAU(PUKALNH.

B Hacrosimieii cratbe mpezacraBieHo kpatkoe onucanue cetd Y OLO, npuBeaéH npumMep o0yUeHUsl, C TOMOIIbIO
KOTOPOTr'0 BO3MOXKHO OOHApY>KMBATh JIMLA ¢ MACKOH M 0€3 MacKH, U pe3yJIbTaThl pabOTHI.

Mopenb pacrio3HaBaHusl OblIa PEJICTaBIeHa Ha PA3IMYHBIX MPEIBAPUTEIBHO 00YUYEHHBIX MOJEISX paclo3Ha-
BaHUs O6"beKTOB C OJMHAKOBBIMU JaHHBIMU U OLEHCHA B HCCKOJIBKUX Cpclaax IJid AOCTUKCHUSA xopomei& TOYHOCTH
JJI1 OTPaHUYCHHBIX I/I[lCHTI/I(i)l/IKﬁLII/Iﬁ.

Ki1roueBble c10Ba: cBEpTOYHBIE HEHPOHHBIE CETH, pacrio3HaBanue oopazoB, CNN, YOLO.

E. K. Temyrkanova, A. Saurambekova
Almaty University of Power Engineering and Telecommunications named after Gumarbek Daukeev, Kazakhstan
YOLO NETWORK TRAINING FOR FACE RECOGNITION IN MEDICAL MASKS
Abstract. The detection of face masks is a very important issue for the safety and prevention of Covid-19. In

the medical field, the mask reduces the potential risk of infection from an infected person, regardless of whether they
have symptoms or not. Thus, the detection of masks on the face becomes a very important and complex task. The
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efficiency of facial recognition systems can significantly deteriorate due to occlusions, such as medical masks, hats,
facial hair, and sunglasses. Currently, there are a number of different methods for recognizing objects in an image.
One of the most popular methods is convolutional neural networks and their modifications.

This article provides a brief description of the YOLO network, an example of training that can detect faces with
a mask and without a mask, and the results of the work.

The recognition model has been trained on different object recognition pre-trained models with the same data
and evaluated on multiple environments to achieve good accuracy for limited identities.

Keywords: convolutional neural networks, face detection, CNN, YOLO.
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TRANSLATIONAL-ROTATIONAL MOTION
OF A NONSTATIONARY AXISYMMETRIC BODY

Abstract. A nonstationary two-body problem is considered such that one of the bodies has a spherically
symmetric density distribution and is central, while the other one is a satellite with axisymmetric dynamical
structure, shape, and variable oblateness. Newton’s interaction force is characterized by an approximate expression
of the force function up to the second harmonic. The masses of the central body and the satellite vary isotropically at
different rates and do not occur reactive forces and additional rotational moments. The nonstationary axisymmetric
body have an equatorial plane of symmetry. Thus, it has three mutually perpendicular planes of symmetry. The axes
of its intrinsic coordinate system coincide with the principal axes of inertia and they are directed along the
intersection lines of these three mutually perpendicular planes. This position remains unchangeable during the
evolution. Equations of motion of the satellite in a relative system of coordinates are considered. The translational-
rotational motion of the nonstationary axisymmetric body in the gravitational field of the nonstationary ball is studied
by perturbation theory methods. The equations of secular perturbations reduces to the fourth order system with one
first integral. This first integral is considered and three-dimensional graphs of this first integral are plotted using the
Wolfram Mathematica system.

Key words: variable mass, translational-rotational motion, axisymmetric body, secular perturbations.

1. Introduction.

At present the observational data of astronomy show to the nonstationarity of real cosmic systems
associated with the effects of varying the masses of gravitating bodies with time, with variations in sizes
and shapes of bodies themselves and some other physical characteristics in the process of evolution [1]-
[3]. In this regard, creating mathematical models of motion of nonstationary celestial bodies becomes
relevant.

The purpose of this paper is to consider the first integral and to plot three-dimensional graphs of this
integral. Solving this problem involves rather cumbersome symbolic computations, which are best to
perform using computer algebra systems. In this work, all necessary symbolic computations are carried
out using the Wolfram Mathematica system [4].

2. The physical statement of the problem.
Let us consider the following conditions:
1. The first body is «central», it is a ball with variable mass m, =m, (t), with variable density,

spherical distribution and variable radius 7 =1, (¢);
2. The second body is a «satellite» with a mass m, = mz(t) has an axisymmetric dynamical structure
and a shape with a characteristic linear size [/, =1/, (t) and its second-order moments of inertia are

variable and given functions of time. Such a satellite is characterized by variable oblateness, and its
principal central moments of inertia 4, B,C satisfy the relations
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Aty =B(t) = C(1), €0 -40 # const ; (1)
C(t)

3. The nonstationary axisymmetric body have an equatorial plane of symmetry. Thus, it has three
mutually perpendicular planes of symmetry [1-4];
4. The masses of the central body and the satellite vary isotropically at different rates

n, /m, = m, /m, and do not occur reactive forces and additional rotational moments;

5. The axes of its intrinsic coordinate system coincide with the principal axes of inertia and they are
directed along the intersection lines of these three mutually perpendicular planes. This position remains
unchangeable during the evolution;

6. We restrict ourselves to an approximation of the force function up to the second harmonic
inclusive.

3. Equations of motion in the relative coordinate system.
The relative translational motion of the center of mass of the satellite around the central body is
described by the equations

ouU U . aU

i = =, E =, )

ox oy oz
where x,y,z are the coordinates of the center of mass of 7, in the relative coordinate system O,xyz with
the origin at the center of 7,, m = mm, / (m1 + mz) is the reduced mass, the force function of Newton’s

interaction of the two bodies has the form

szml;en2+U,R=x2+y2+zz, 3)
~ 24(t)+ C(t)—-3J
0 = i OO @

and the moment of inertia J of the axisymmetric body with respect to the vector O,0, connecting the
centers of mass of the two bodies is determined by the expression

J:A(a2+ﬂ2)+C72 (5

where «, g,y are the direction cosines of O,0, with the axes of the intrinsic coordinate system of the

satellite coinciding with its principal central axes of inertia.
The equation of perturbed translational motion has the form [3]

= + - =
R+fL3mzR—bR:grade, (6)
R
where
1 ~ 5 t t
o R MG )= ooy = M) 7
2 mm, o my (1) +m, (1)

The rotational motion of the satellite around its own center of mass in the Euler variables is governed
by the equations [3,5]

d (Ap)—(4—C) sing | oU eaU N ou

—(Ap)—(4-C)gr = ———cosfd— |+cosp—,

dt sinf | oy op o0

d ou ou ou
—(Aq)—(C—A)rpzcosq) ——cosfd— |—sinp—, 3
dt sind | Oy op 00

d
—(Cr)=0,
dt
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p=ysingsin@+60cosp, g=y cospsin@—0Osing, r=y cosd+¢. o)

where p,q,r are the projections of the angular velocity of the satellite onto the axes of its intrinsic
coordinate system and ¢,y ,6 are the Euler angles [6—8]. The problem in this statement is very
complicated; therefore, we will use the methods of perturbation theory to study it [3].

4. Differential equations of secular perturbations.

The equations of translational-rotational motion are described in the analogue of the Delaunay-
Andoyer variables. In this case, the unperturbed motion is analogous of Euler-Poinsot motion — the
rotational motion of the free non-stationary axisymmetric body around its own center of inertia [1-3].

Calculation of secular perturbations reduces to the fourth-order system with one first integral [9]

(28] ()] sl w-eolr] o
m(t) )| oh m(t) )| OH oh' oH'

3fm (C—A4) - mnm,
E(t)=-—L"0 =220 () = —2—. (11)
) 8c’a’(1-e)’? 7 m, +m,
I=I1(H,h,H',h'")=1,=const. (12)
I= —2G1G'3 (GG'3 (3+cos(2(h'—.0))+0052 I'cos® (h'+ ) +3cos’ I'cos(2J") cos® (h'+ 2) -
—cos2J’(1+cos(2(h'—(.2))+2cos(2(h'+.Q)))—%GG'3 cos’i (4cos’ (h'— Q)+ (13)

+ cos? I'(1+3cos.2J')(3+cos(2(h’+Q)))—2cos2 J’(3+cos(2(h'—Q))+2cos(2(h'+!2)))—
—4cosicos!'cos(h'+ Q2)NG® sinzi(—ZG'z cos? J'\NG?sin? I' + VG sin? J'AJG'* sin? I'sin? J'))

Upon solving system (10), we integrate the remaining equations [9]

LS@C = 0’ Gsec = 0’ l"sl'ec = 0’ G.;ec = Or (14)
i __ aI/Vsec ’ ¢ __ 6Wsec } l' = anec ) g' = anec ) (15)
sec aLr sec oG sec aL! sec aG!
sec sec sec sec
W - Moy [l_j+ml+m2 fm, (C - 4) 1 B
sec 20‘2(1‘) L2 m,m, 203 a}(l_ez) (16)

s f20)]
m,m, 20° 4a3(1—ez)3/2 2 2
O LI by CONECE e P et
¢ 24 2lc 4 2¢0° a*(1-e”)

_3fm1(C—A) ! —Lbaz{az(lﬁ-iezj}
20’ 4a3(1—ez)3/2 2 2

(17)

5. Graphs of the first integral
The resulting first integral (13) depends on the variables €,i,1’,h’. We set a constant value for one

variable and use the other three variables to plot the three-dimensional graph. To simplify the calculations
we use the dimensionless variables in the integral (13).
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Introduce the following dimensionless variables [10]. Dimensionless time ¢ is defined by 7 = Wyl ,

where w, :\/E/ay2 o = f (M 4 my).

Dimensionless masses and moments of inertia are given by m, (f ):ml (t)/ my ,

m, (f) =m, (t)/mm ’ ’ZI(Z) - A<t)/A(t0)’ é(f) - C<t>/c<t0)'
my, = m, <t0>, My, = m, (to), f,— an initial time . In equations (14), the Delaunay-Andoyer
elements are replaced by the corresponding dimensionless values G = G/ NI G = G’/ m,a’w, .

These data are sufficient to consider and obtain the graphs. The integral (13) in dimensionless values
has the form

I :261?(@@‘3 (3+ cos(2(h'—!2))+c052 I'cos? (h’+ .Q)+3(:052 I’cos(ZJ') cos? (h'+ .Q)—

—cos’ J'(l + cos(Z(h'— .Q))—i— 2cos(2(h'+ Q)))—%GGG cos’i (4cos’ (h'—2)+ (18)
+cos’ I’(1+3cos2J')(3+cos(2(h’+.(2)))—2cos2 J’(3+ cos(Z(h'—_Q))+2cos(2(h’+.(2)))—

—4cosicosI'cos(h'+ .Q)\/Gz sin? i (—2(?'2 cos? J'NG? sin? I' + G sin? J'\/G'* sin? I'sin? J'))

We use here the following values of the physical parameters of Sun (central body) and Earth
(satellite). M is the mass of the Sun, A is the mass of the Earth, 4,,C is Earth's principal moments of

inertia for initial conditions [11]

my,=m(t,)=1M _, my, =m,(t,)=3-100°M _, e=10.017,
Ay = A(t,)=0.3295M _a®>, C,=C(1,)=0.3306M _a’, (19)
G=0999, G'=4372, W =x/18, Q=x/9, i=x/3, I'=x/9, J=nx/6.

Using the Mathematica system, three-dimensional graphs of the integral (18) are obtained, which are
shown in figures 1-4.

Figure 1 - Graph of the integral, when I =TT, / 3 =const, the others according to (19)
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Figure 3 - Graph of the integral, when [’ = 77/ 9 = const, the others according to (19)

Figure 4 - Graph of the integral, when 4’ = /18 = const, the others according to (19)

These figures are more informative and illustrative, a detailed analysis of which will be dealt with in
other papers.
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6. Conclusion.

The translational-rotational motion of the nonstationary axisymmetric body in the gravitational field
of a nonstationary ball is studied by perturbation theory methods. The equations of secular perturbations
reduce to the fourth order system with one first integral. The first integral is considered in dimensionless
variables and three-dimensional graphs of this integral plotted using Wolfram Mathematica.

M. JI:x. Munrau6aes'?, C.B. BuxanoBa'

'On-®apabu atemmarsl KazYV, Anvarer, Kazaxcran;
2B.I".DeCceHKOB aTBIHAAFE! aCTPO(HU3UKA HHCTHTYTHI, AnMarsl, Kaszaxcran

BENCTALIMOHAP OCTIK CUMMETPHUAJIBI TEHEHIH
UITEPUIEMEJII-AUHAJIMAJIBI KO3FAJIBICHI

AnHoTanus. Makanaia e3apa rpaBHTAIMUIAHYIIBI OCHCTAIMOHAD €Ki JICHE KapacThIPhUIAbL: OipiHIII JACHE —
«LEHTPIIKY, SIFHA THIFBI3IBIFEI chepa OOMBIHIIA YIIECTIpIIreH map, ajl eKiHIIi JIeHe — «Cepik», SFHN JTUHAMHKAJIBIK
KYPBUIBIMBI JKOHE TIIIIHI ©CTIK CHMMeTpusuibl. HBIOTOHHBIH e3apa ocepiecy Kylli eKIHIII TapMOHHMKaHBI
eCKepreHsieri KYIITIK (YHKUUSHBIH JXYBIK ©pHETiMeH cunarTtairaH. [leHenepiH Maccackl MEH eJmieMi apTypii
KapKbIHIa H30TPOITH TYpAE ©3repeldi, COHIOBIKTaHOa KOCHIMIIA PEaKTHBTI KYLI JKOHE KOCHIMINA aiHaJBIPYIIbI
MOMEHTTEp TybIHIaMaiapl. belicTanoHap ©CTiK CHMMETPHSIBI JEHE SKBATOPIBIK CUMMETPUS Ka3bIKTBHIFBIHA He.
CoHIBIKTaH, OHBIH YIII ©3apa MePIeHANKYIAP CAMMETPHS JKa3bIKTHIFEI Oap. JleHeHiH 6ac nHepHus ocTepiMeH colkec
KeJeTiH O31HJIK KOOpAWHATalap JKYHWEeCIHIH OCTEpiH OChl VI ©3apa MEepHeHIUKYISP MKa3bIKTHIKTAPbIH KHBLUIBICY
CBI3BIFBI OOWBIMEH OarbITTaliMbI3. JleHere KaThICThl OChI OCTEPAIH OaFbIThI IBOMIOLHSI OaPBICHIH/A ©3TePICCi3 Kalabl.
CepiKTiH KO3FaJIbIC TEHJEYl CaJbICTHIPMalbl KOOpPAMHATANAp >KYHeciHAe aiblHFaH. beiicrannoHap IIapabiH
TPaBUTALMSIIBIK OPICIHIET OCTIK CHMMETpHsUIbI OeiicTalimoHap AEHEHIH UIrepijieMeni-aiiHamMalbl KO3FallbIChl
YHBITKY TEOPHMSCHIHBIH TOCUIAEpIMEH ainblHFaH. FachIpiblK YHBITKYJIapAblH TeHEYsepi Oip MHTErpanasl TOPTIHIII
perTi xylere kentipinreH. Ocbl OipiHIII MHTErpan KapacThIPBUIFaH KOHE OChI OIpIHIIT MHTETPAIABIH YII OJIIeM/Ii
rpagukrepi Wolfram Mathematica makeTiHiH KoMeriMeH TYPFBI3bIIFaH.

Tyiiin ce3aep: aiiHbIManbl Macca, irepiiemMeri-aifHaIMalbl KO3FaJbIC, OCTIK CUMMETPHSIIBI JIEHE, FACBIPIIBIK
YHUBITKY.
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2Actpodusndeckuii uHCTUTYT UM. B. T'.Mecenkora, Anmarel, Kazaxcran

INOCTYHATEJIBHO-BPAIIATEJIBHOE 1B KEHUE
HECTAIHMOHAPHOI'O OCECUMMETPHUYHOTI'O TEJIA

AnHotanusi. PaccmarpuBaercst HecTaloHapHas 3ajada JBYX TeJl, OJHO M3 KOTOPBIX HMMeEeT CepHyecKd
CHUMMETPHYHOE paCIpeieICHHEe TUIOTHOCTH W SIBISIETCS “TIEHTPANBHBIM®, a BTOpOE — “‘CHyTHHK’’, 0OJamarominit
OCECHMMETPHUYHBIM JTUHAMHYECKHM CTpoeHHeM, GopMOl M IepeMeHHBIM CkaTheM. HBIOTOHOBCKas cuiia B3aHMO-
JEUCTBUS XapaKTepH3yeTCsl IPUOIMKEHHBIM BBIPQKCHUEM CHIIOBOM (D)YHKIUH C TOYHOCTBIO 10 BTOPOH FapMOHUKH.
Macchl EeHTPaJIbHOTO Tella M CIYTHHKA U3MEHSIOTCS M30TPOIHO B PAa3IMYHBIX TEMIIaX, IPHU 3TOM HE IOSBIIAIOTCS
pEaKTHBHBIE CHIBI W JOIOJHUTENbHBIE BpallaTelbHble MOMEHTHL. HecTanmoHapHOE OCECHMMETPUYHOE Teo
o0naiaeT HKBaTOPHAIBHON IIOCKOCTBIO cuMMeTpHu. CliefoBaTenbHO, OHO 00IagaeT TpeMs B3aUMHO NEpHEeHANKY-
JSIPHBIMH TUIOCKOCTSIMH CUMMeTpUH. OcH COOCTBEHHOW CHCTEMBI KOOPIMHAT COBMAAIOT TIIABHBIMH OCSIMH HHEPIIHH
W MX HaIllpaBUM BJIOJIb JIMHUH MEPECeYeHUs] TPEX B3aMMHO NMEPHEHANKYIISPHBIX [UIOCKOCTEH. JTO MOJI0KEHHE B XOJ1€
SBOJIIOLMM OCTAETCSl HEM3MEHHBIMH. [loJTydeHbl ypaBHEHHs JBMKCHUS CITyTHHKA B OTHOCHTENIBHOM CHCTEME KOOp-
muHaT. [locTynarensHo-BpamarebHOe JABM)KEHHE HECTAllMOHAPHOTO OCECHMMETPUYHOIO Tejla B TPaBUTAIIMOHHBIM
1OJI€ HECTAI[MOHAPHOTO MIapa H3yYeHO METOJaMH TEOpHHM BO3MYIIEHMH. YpaBHEHHS BEKOBBIX BO3MYIIECHHH
CBOAUTCS K CHCTEME YETBEPTOro IOPsIKa C OJHUM NEPBBIM HHTErpajioM. PacCMOTpPEHBI 3TOT MEpPBBI MHTETpal U
MTOCTPOCHBI TPEXMEPHBIE TPAPHKH STOTO IIEPBOTO UHTETpaa ¢ oMol makera Wolfram Mathematica.

KaroueBble ci10Ba: mepeMeHHas Macca, IOCTYIaTelIbHO-BPAIATENbHOE ABWKEHUE, OCECHMMETPHYHOE TEJIO,
BEKOBBIE BO3MYIIICHHUS.
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ON THE RESTRICTED THREE-BODY PROBLEM

Abstract. The paper analytically investigates the classical restricted three-body problem in a special non-inertial
central coordinate system, with the origin at center of forces. In this coordinate system, an analytical expression of
the invariant of the centre of forces is given. The existence of the invariant of the centre of forces admits the correct
division of the problem into two problems. The first is a triangular restricted three-body problem. The second is a
collinear restricted three-body problem. In this paper the collinear restricted three-body problem is investigated.
Using the properties of the invariant of centre of forces of the restricted three-body problem in the special non-
inertial central coordinate system, the basic differential equations of motion for the collinear restricted three-body
problem are obtained when three bodies lie on the same line during all motion. Differential equations of the collinear
restricted three-body problem in the rotating non-inertial central coordinate system in pulsating variables are derived.
New differential equations of motion for the collinear restricted three-body problem in three regions of possible
location of the massless body with stationary solutions corresponding to the three Euler libration points have been
derived. The circular collinear restricted three-body problem is investigated in detail. The corresponding Jacobi
integrals are obtained. New exact non-stationary partial analytical solutions of the obtained new differential
equations of motion of the collinear restricted three-body problem have been found for the considered case.

Keywords: restricted three-body problem, non-inertial coordinate system, libration points, exact non-stationary
partial rectilinear solutions.

1. Introduction. The motion of a small natural or artificial celestial body in the gravitational field of
two large celestial bodies (hereinafter the primary bodies) is well described by the mathematical model of
the widely known limited three-body problem [1-9]. The problem has many applications. For arbitrary
values of the main body masses, the problem has five known libration points - stationary exact partial
solutions. Of these, three are Euler collinear solutions, when three bodies all the time moving on the same

line. Mathematical conditions of the restricted three-body problem with masses m, , m, ,m; can be written
in the form [1-6]

my <<my oy <<mymg > m, (1.1)

9 B

where the mass of a vanishingly small body (a massless body further) is denoted m, by the term. Due to

the lack of a general analytical solution in final form, many aspects of the problem have been studied by
various qualitative and numerical methods [1-10]. The search for new exact partial analytical solutions
seems to be relevant.

The present paper is a continuation of the works [11, 12]. The purpose of this paper is to investigate
the collinear restricted three-body problem in a special non-inertial central coordinate system and to
establish new exact particular analytic solutions. Using the properties of the invariant of center-of-forces
for the restricted three-body problem in a special non-inertial central coordinate system, the basic
differential equations of motion of the collinear restricted three-body problem when the three bodies lie on
the same line all the time of motion are investigated.
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Differential equations of the three-body collinear restricted problem in a rotating non-inertial central
coordinate system in pulsating variables are derived. Three new differential equations of motion for the
collinear restricted three-body problem in three regions of possible location of a massless body with
stationary solutions corresponding to the three Euler libration points have been derived. The circular
collinear restricted three-body problem is investigated in detail. The corresponding Jacob integrals are
obtained. New exact non-stationary partial analytical solutions of the three new differential equations of
motion of the collinear restricted three-body problem have been found in the case of the collinear circular
restricted three-body problem .

2. Differential equations of the collinear restricted three-body problem in a special non-inertial
central coordinate system and the invariant of forces center. In [11] differential equations of the
collinear restricted three-body problem in a special non inertial central coordinate system Gx)yz have been

derived in the form are

= m m km m -
P+ fl—+—F+ e ! =W 2.1
At ay P lareas (1+k>A;]“ @D

L (m, —km,) 7 - od( 1 d*( 1
W=W(t)=—f——"L3L 427 —[—]+?—[—], 2.2
O I ores Rt e 22)

where 7;, =7, —F, , f is the gravitational constant, 7;, 7, are radius vectors of the primary bodies, 7, is
the radius vector of a massless body, A, is the distance between the bodies, k =r, /7, . In deriving this

differential equation (2.1), (2.2) the center-of-forces invariant in the form
m m .
[—373—A—3‘r1]{rzsma}=0 (2.3)
21

In this paper we investigate the collinear restricted three-body problem , considering only the case
where

{r2 Sinoz}:(). 2.4)

It follows from this equality that in this case the three bodies lie on the same straight line all the time

they are moving. This straight line is on a fixed plane of motion of the main two bodies described by the
differential equation

5 m;+m
B == %’31' (2.5)

31
Equation (2.5) is the well-known equation of the classical two-body problem in a special non-inertial
central coordinate system. From the integral

1y, X1, =C,, = const (2.6)

follows that the orbit is planar, without loss of generality, one can assume that the orbit of the two
main body problem lies on the main plane Gxy . Therefore z, =0, i.e. the collinear restricted three-body
problem is planar.

The solution of the differential equation of motion of the two-body problem (2.5) in a special non-
inertial central coordinate system will be written in the form [4-6]

V4 24
r,=r=————— ,rf0=c,=c=const=0 2.7
31 1—}—60059 31 ( )
p=a(l—€), & =puyp, p,=f(m+m,) (2.8)
x, =rcosf, y, =rsind, z,=0 ,r=r. 2.9)

In the case of , = 0, a massless body lies at the origin of the coordinate system. If in equality (2.4)

rp=0,sina=0 (2.10)
then three combinations of locations of three bodies on the same line are possible.
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In scalar form, equations (2. 1), (2.2) can be written as

m km, m
X, +f Lix, +f : J =W, , (2.11)
’ N A T aEnan T aveay
(m — km )x
W =—fr1 /3L 492% §4+x,§, 2.12
X f k+1 ’”331 31 31 ( )
B+ f At f L W (2.13)
? N A3 ? A+kAL A+kA )
(m km )y
Wo=— ol 3 =4 29,8 + , 2.14
=—f PR VS + y8 (2.14)
where, for convenience, it has been renamed
s=1/(1+k). (2.15)

The resulting differential equations of motion (2.11)-(2.15) will be called the basic scalar differential
equations of motion for the collinear restricted three-body problem in the special non-inertial central
coordinate system.

Note that the centre of force is always on the line connecting the two primary bodies. Therefore, any
point lying on this line can be chosen as the centre of force. Next, we will analyse this fact and specify a
specific point for determining the centre of force.

Note that in fact the system of equations (2.11) to (2.15) contains two unknowns k(¢) and 7 (7).
Therefore, in fact, we have two scalar equations with two unknowns.

3. Differential equations of motion of a collinear restricted three-body problem in a special non-
inertial central rotating coordinate system in pulsating variables. Consider the basic equations of
motion of the collinear restricted three-body problem (2.11)-(2.15) in a special non-inertial central
coordinate system. Let us consider the general case k = const . In the solution (2.7)-(2.9) of the two-body
problem c¢,, = const = 0, one can investigate elliptic, hyperbolic, parabolic restricted collinear three-body
problems.

Let's move to a rotating coordinate system. Let the new axis G¢, pass through the points with masses

of primary bodies and m, , m; . Since, we consider rectilinear motion along the axis G¢,, , so there is no
Gn,, motion along the axis. Hence, we obtainy,, = const =0. Therefore, the transition is done by

formulae
x,=§&,cos0, y,=¢ sinb, =, =p.,r=r’ (3.1)
where and 6 = 6(z) are defined r = r(r) by the solution of the two-body problem (2.7)-(2.9).

Calculating, we obtain

¥, = (&, —0°¢,, JoosO —(20€,, +0¢,, )sin0 , 3, = (20, +0¢, )sin0 + (€, —6°¢

6p

)cos@

As a result, we obtain the transformed equations of motion in a rotating coordinate system as

.o .2 .. .o m m .
(fgp —0 g@p)cosé—(m%gp +0¢,, )sm@—i—f AL A3 &,y €O +f[(1+k)A (1+k1)A; ]x31 = )
(rm, —km) x,, '
:—f— +25x, +x,, 8,
k+1  r
—6%¢, )sin6 4 (26€, +6 0+ + e sing+ s M -
(é.ep fep)sul ( ggp fep)cos f A3 A;l gep s f (1+k)A;3 (1 —i—k)A;l y31 (3 3)
iy '
= _fMy3l +2Sy31 +y31

k+1 1’31
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Multiplying (3.2) by (+cos8) and (3.3) by (+sin 6 ) then summing them we get

km, m
—6? + + ! r=Ww. 34
ggp ggp f A3 A3 égp f (1+k)A (l—f—k)A;l 13 ( )
= fmkf;" i (3.5)
Further, by multiplying (3.2) by (-sin € ) and (3.3) by (+ cos 8 ) then summing them we obtain
(20¢,, +0¢,, )+ 25 r0=0 (3.6)

As a consequence of the centrality of forces (integral of areas) we have (29561, + éﬁg p) =0 . Therefore,
given that =0, r=0 from equality (3.6) we obtain
s=0. (3.7)
Consequently, given the notation (2.15) we have
k = const . (3.9)
Thus, we have established that the origin of the non-inertial central coordinate system is a fixed point

on the segment 7;, . As noted above, any point lying on a straight line connecting two primary bodies can

be chosen as the centre of forces - the origin of the non-inertial central coordinate system. Therefore, it
becomes clear that the barycenter of two bodies may also be chosen as centre of force (k = m, /m, = const
). Next, for convenience, let us consider a non-inertial central coordinate system with k = const > 0. For
certain cases, let us define certain values k = const .

Accordingly, the distances between the bodies are

2 1/2 1 P 1/2 k
Doy =|& =& | =6 ] A=l —8) | St 69
:1/(1—|—k):const, £3z—k/(1+k):c0nst . (3.10)

Next, move to a pulsating coordinate £ with a new independent variable using the formulas 6
g, =r¢, di=(r/c)ab, (.11)
where 6=10 (t) and r= r(t) are defined c=const=0 by the solution of the two-body problem
(2.7)-(2.9). By calculating, we obtain

€, =0(re+re), &, =0(0'(Fe+re)+0(r"c+2r'¢ +1¢")),
where the dashed line denotes the differentials in the variable® . Given the relations 27/ +6'r =0 s
Or" +0'r —r = —(c/ p) differential equations of motion (3.4)-(3.5) in pulsating variables

&=, z{s—f[’” TRLIN PR L ﬂ]¢+i}, (3.12)

5_
A3 A;l /‘1’31 A3 A;l 1+k /‘1’31

where dimensionless values are indicated

1 1 k
& i |’ §|:H_k:const, A23:A23§:‘£+1—|—_k,

& ——L—const
Y14k '

21 = o

Substituting in equation (3.12) the solutions of the two-body problem (2.7) - (2.9) we finally obtain
the differential equation of motion of the collinear restricted three-body problem in a special non-inertial

rotating coordinate system in pulsating variables
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1 1 1 1
0 - m o e oy | 1L gl a3
1+ecost m +m (A5, A m +m (A, A J1+k
B:i: fam, = m, __ kv :consz,y:ﬂ ) (3.14)
ty (k+D0m +m)  (k+D1+v) m,
Relationships (3.13)-(3.14) can be written in a more convenient form
e 1 - (1—p) &+ (k/(k+1)) . E—(1/(k+1)) ) 1 (.15)
14 ecosf ‘f—i—(k/(k—i—l))r ‘ l/k—i—l r 1+k
where dimensionless values are indicated
1
p=—2 =" o<u<-. (3.16)
m, + m, m, + m, 2

The differential equation (3.15) is called the basic differential equation of the collinear restricted
three-body problem in a special non-inertial rotating coordinate system in pulsating variables.

As noted above, a massless body can be placed in three different positions on a straight line
connecting the two primary bodies. It is necessary to consider each position of the massless body
separately.

4. New differential equations of motion of the collinear restricted three-body problem in three
regions of possible motion and non-stationary exact partial analytical solutions of the collinear
circular restricted three-body problem. Let us consider the first case when a massless body is between
two primary bodies during the whole period of motion - the region of possible motion Z, . Let us denote

by the distance from the body of smaller mass to the massless body as follows

1
- _E=z. 4.1
1+k ‘ 1
Then we get
1
= —7z, 4.2
d 1+k : 42
k k
- =z, +—= — _— = . +_:1_ . 43
§1+k SALAE 51k251+k| - *3)

As aresult, given (4.1), (4.2), (4.3), from equation (3.15), we obtain

" 1 p—1 K
= —— —1 - — (=
z H—ecos@{z+<'u ) (l—z)2 zz}

1
" 1+4ecosd

(4.4)

{2

Equation (4.4) describes changes of length of segment (4.1) in a rectilinear restricted three-body
problem in the region of possible motion where the known stationary solution - libration point - L, is
located. Exactly analogously, we obtain differential equations of motion of the collinear restricted three-
body problem in the remaining two cases when a massless body lies in the regions of possible motion
L, and L,.

In the case of

e=0, r,, =r=a=const (4.5)
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i.e. in the circular collinear restricted three-body problem , the differential equation (4.4) becomes
autonomous, hence the Jacobi integral takes place. Therefore, in case (4.5), differential equation (4.4)
reduces to quadrature. A detailed study of the found exact new partial non-stationary analytical solutions
of the collinear three-body bounded problem will be done in a separate paper.

5. Conclusion. The basic differential equations of motion for the collinear restricted three-body
problem when three bodies lie on the same line during all motion have been investigated. New differential
equations of the restricted collinear problem of three bodies in the rotating non-inertial central coordinate
system in pulsating variables were derived. New differential equations of the three-body collinear
restricted problem in three regions of possible motion of the massless body on the straight line joining the
primary bodies have been derived. In these three regions of possible motion, there are three stationary
solutions of the differential equations, the Euler libration points. The obtained new differential equations
for the motion of the collinear restricted three-body problem that describe the circular, elliptic, parabolic
and hyperbolic collinear restricted three-body problem.

In the case of the circular collinear restricted three-body problem, the derived differential equations of
motion become autonomous and hence integrable. New exact non-stationary partial analytical solutions
are established.

In the future, a detailed analysis of the obtained new exact non-stationary partial analytical solutions
of the collinear restricted three-body problemis planned. The basic idea of this paper and preliminary
results were stated in [11,15].

M. K. Munrautaes'?, T. M. Kymabek!'

lonb-®apabu areiaarsl KasYV, Anmarel, Kazakcran;
2B.T. ®ecenkor aTbiHaarsl AcTpou3KMKa HHCTHTYThI, AnMathl, Kazakcran

IEKTEJIT'EH YIII JEHE MOCEJIECIHE

AnHoTanms. JKyMmpIcTa aHATUTHKAIBIK TYple KIACCHKAJBIK IMIEKTENreH YII JeHe Maceneci 0achl MoCcesIeHEeIH
KYIITEp IEHTPiHAe OONATHIH apHAYJBl WHEpPIHAIABl eMeC IEHTPaJAbl CaHaK KYHeciHae 3epTTemiHred. byn caHak
JKYHeciHe KYITep IeHTPiHiH HHBaPHAHTHIHBIH aHAIMTHKAIBIK Typi 6epinren. Kymrep neHTpiHiH HHBapHAHTHIHBIH
Oap Goybl MoceneHi aypbic ekire 0ellin KapacThIpyIbl MYMKIH eTelli. BipiHIici ymOyphIIThl MEKTENreH VI JIeHe
Mmoceseci. ExiHIIicI KoiHeap mieKTeNlereH Yl AeHe Maceneci. byl skyMbicTa KOJUTMHEap bIK EKTENreH YIIl eHe
Mocereci 3epTTelliHreH. ApHayJibl HHEPLUAJIbl eMeC LIEHTPAJIIbl CaHAK JKYHECIH/Ie MIEKTIIEreH YIIl IeHe MOCENECIHIH
KYLITEp LEHTPiHIH HMHBAapWUAaHTBIH KAacCHETTEPiH KOJNJaHa OThIpa, YII JeHe Oip Ty3yaAiH OoWbIHIA »KaTKaHIa
KOJUTMHEAPJIBIK IICKTEJITeH YII JIGHE MOCeNeCiHiH 0a3aiblk Iu(QQEepeHIMaANIbIK TEeHACYJIEpl 3epTTEIiHI.
KosnuHeapspl MIEKTIEreH YII JeHe MOCeNeCiHiH aiHanmMalbl WHEepUHANAbl eMeC LCHTPaJIbl CaHak JKyHeciHne
MyJbCAIiMsIAY Bl alHBIMANTbUIAPBIHAA AU (epeHIHATIBIK TeHACYIepi alabIHABL. Y I MyMKiH OONAThIH Maccachl 6Te
a3 JICHEHIH OpHajacy aiiMarbl YINiH KOJUIMHEapibl LICKTEIreH YII JeHE MOCENCCiHIH KO3FalbICHIHBIH JKaHA
muddepeHIHaNabK TeHACYIepl AIBIHAB JKOHE OJIApIBIH CTAMOHAPIBIK MIeHTIiMaepi DWiepaiH Y JIuOpartus
HYKTeJepiHe coiikec kemeri. KommmHeapnbl meHOepITik MeKTIereH YII IeHe Maceleci TepeH 3eprreninmai. Colikec
Sxobu wmHTErpnBl anmeHABL. KojummHeapnbl meHOepiiK IIeKTeNreH VII JeHEe MOCENECiHiH KO3FABICHIHBIH JKaHa
muddepeHiranpIK TeHASYIIePiHiH XKaHa HaKThl OeiicTanmoHap 1epOec aHATMTUKANBIK HIeNIiMIepP] albIHAbL.

Tyiiin ce3aep: IIeKTeNreH Y JeHe MIceJeci, HHepIHaNbl eMeC CaHaK JKylheci, JIMOpalusi HyKTelepi, HaKThI
OetlictairioHap nep0Oec TY3y ChI3BIKTHI LICIIIMAEP.

M. [x. Munrau6aes’?, T. M. KymaGex!

'KaszHY um. anb-®apabu, Anmatsl, Kazaxcran;
2Actpodusnueckuii maCTUTYT MM. B. I'. ®ecenkoa, AnMarsl, Kazaxcran

K OTPAHUYEHHOM 3ATAYE TPEX TEJI

AHHoTanus. B pabore aHanMTHYECKH HCCIENOBaHAa KIACCHYECKas OrpaHMYEHHas 3ajJada TpeX Tesl B CIie-
LUaIbHON HEMHEPLMAJIbHOW LIEHTPAJIIBHON CUCTEMa KOOPAMHAT, C Ha4ajOM B LIEHTpE CWJI McclaeayeMoil 3anauu. B
9TOM cucTeMe KOOpAMHAT MPUBEAEHBI aHAIUTUUYECKOE BhIpaKEHHE MHBapHaHTa LieHTpa cuil. Hamnuue uHBapuaHTa

— 3=




News of the National Academy of sciences of the Republic of Kazakhstan

LIEHTpa CHJI JJOIyCKaeT KOPPEKTHOE pa3zieieHHe 3a/lauu Ha JBe 3afaqu. [lepBast TpeyroibHas orpaHUYeHHas 3a1a4da
Tpex Teil. BTopas koimnHeapHast orpaHHUeHHas 3a/1ada Tpex Tel. B Hacrosmel paboTe ucciaenoBaHa KOJUIMHEapHas
orpaHMYeHHas 3ajqada Tpex Ten. Mcroib3ys cBOMCTBAa MHBapHaHTa IIEHTpPA CHJI OrPaHUYEHHOW 3a/1a4d TpeX Tell B
CHeUUaabHOW HEWHEPIMAIbHON LEHTPaJbHOW CHCTEMa KOOpAWHAT, MCCIEeNOBaHbl 0a30Bble AU QepeHIaIbHbIE
YpaBHEHUsI IBM)KEHHSI KOJUTMHEAPHOW OrpaHMueHHON 3a7a4d TpeX Tel, KOTJa TPU Tella BCe BPeMs IBIKEHHUS JIekaT
Ha OJTHOM M TOM ke npsiMoil. BeiBeneHs! muddepenHnuanbable ypaBHEHUs KOJUIMHEAPHOW OrpaHWYEHHOM 3a1a41 Tpex
TEJl B BpallalolIeicss HEWHEpPIHMANbHONH NEHTPAJbHOW CHCTEME KOOPAMHAT B IIyJILCHPYIOIIMX II€PEMEHHBIX.
[Moxydens! HOBbIe nuddepeHIaIbHbIe YPaBHEHUS IBIKCHUS] KOJUIMHEAPHOW OrpaHWYEHHOW 3a/aud TpeX Tew, B
Tpex 00JIACTAX BO3MOXKHOTO PACIIONOKEHHs 0€3MaccoBOTO Tela, CTA[MOHAPHBIE PEIICHNSI KOTOPBIX COOTBETCTBYET
TpeM ToukaMm Jmbpanuu Ditnepa. [TogpoGHO MccnenoBaHa KpyroBas KOJUIMHEapHAsk OTpaHWYIECHHAs 3aJadl TPEX TeIl.
[ToydeHs! cOOTBETCTBYIOMINE HHTErpaiibl SIKOOBI. Y CTaHOBIEHB! HOBBIE TOYHBIE HECTALMOHAPHBIC YACTHBIC aHAJIH-
THYECKHE PELIeHHs MOTyYeHHbBIX HOBBIX AU (epeHInanbHbIX YPaBHeHUH IBIDKEHHS KOJUIMHEApHOH OrpaHW4eHHON
3aJa4ull TpeX Tel, B pACCMOTPEHHOM CITydae.

KnroueBble coBa: orpaHuucHHas 3aJada TPeX Tell, HEMHEepIUanbHasl CUCTEMa KOOPAMWHAT, TOUKHU JIHOpaIyy,
TOYHBIE HECTAIMOHAPHBIE YaCTHBIEC IPSMOIMHEHHBIE PELICHUSL.
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METOJAUKA HAXOKAEHUS ATEKBATHBIX
MATEMATHYECKHX MOJEJIEN OITUCBIBAIOIIHUX
XAPAKTEPUCTUKHU PAJIMOTEXHUYECKUX YCTPOUCTB

Annoranus. [IpemmoskeHa MeTOOMKa HAXOXKACHUS B AHATUTHYCCKOM BHIE, aJCKBATHBIX MaTEMaTHUECKUX
MoAeNeN paguOTEXHUUECKUX YCTPOUCTB.

POC, kak npaBuio, ObIBaeT BEChMa CIIOKHBIM TEXHHYECKUM OOBEKTOM, BKIIIOUAIOIIUM OOJIBIIOE YUCIO COCTAB-
HBIX 9acTel C MHOTOOOpPA3HBIMU CBA3SIMH MEXKIy HUMH, HEPAPXHUIO MOCTPOCHHUS KOTOPOTO MOXKHO NPEACTaBUTH B
BUJIe CBOEOOpa3HOW mupamMuibl. B CBA3M ¢ 3THUM HMeeT MecTo MojeiupoBanue POV, koropoe MoxkeT
OCYIIIECTBIJIATHCS Ha BCEX YPOBHSAX "MUpaMub!".

MojenupoBaHue Ha €€ HIDKHUX YPOBHSX, BKIFOYAOIINX MOJYIPOBOIHUKOBBIC IPUOOPHI, 3BEHBS, KACKaIbl  T.
., CBOJTUTCS K OIMHCAHUIO X PaOOTHI ¢ TIOMOIIBIO MATPUIIBI, YpaBHEHHS, (OPMYJIBI, TpaduKa Wik Ta0IuIbl. Takas
MaTeMaTH4ecKasi MOAETh OJDKHA, C OJHON CTOPOHBI, C TpeOyeMOol TOYHOCTHIO OTpPaXKaTh (YU3NIECKHE IPOIECCH B
HCCIIEyeMOM OOBEKTe, a C APYrod - OBITh MPHUTOJHON UIS HWCTONb3oBaHUS Ha [IOBM. B omHmx ciydasx
MaTeMaTHIeCKask MOJIENb SBIACTCS PEe3yJIbTaTOM aHATMTHYCCKOTO WIIM YMCIICHHOTO aHANIM3a (PU3UYECKOW MOICIH
00BEeKTa, HO YaIlle BCEro - AKCIEPUMEHTABHBIX HccaenoBannii. OOpaboTka, B TOM YHCIIE U CTATUCTHYECKAs, IMEIO-
IIETOCS MacCHBa MaHHBIX, XapaKTEpU3YIOMero paboTy KacKama WM AIIEMEHTa, MPOBOAUTCS ¢ momormipio [I9BM.
PaGora oObekTra MOXeT OBITH ONpelelieHa W B BHJIE €ro OTKIMKA WM PeakiMd Ha BXOJIHOE Bo3leicTBHe Oe3
MPOHUKHOBEHHS B CYLTHOCTh (PU3NYECKUX MPOIIECCOB, MPOTEKAIOIINX BHYTPH yCTPOHUCTBA.

KiroueBble ci0Ba: anmmpoKCHUMAanus, YacTOTHBIE XapaKTEePUCTHKH, MAaTEeMAaTHYeCKUE MOJENHU CHCTEM,
LIMPOKOIOJIOCHOE COTJIacCOBaHMUE.

Beenenne. B HacTosiiee BpeMs OTMEYACTCS YBEIHUCHHE KOIUYECTBA pa3pabaThIBACMBIX
MTUPOKOIIOJIOCHBIX ~ pamuodIeKTpoHHBIX cucteM (POC) pasnumaHoro HaszHadeHHS (KOCMHYECKas,
CITYTHUKOBAas1, NEpCOHAJIbHasd M COTOBasd CBA3b, TCICKOMMYHHUKaNW:d, THTa0UTHEBIE CHUCTEMBI nepeaayun

JaHHBIX U T.1.).
Cuctema |

YcTpoicTBa

[}

Brnioku

)\

Kackaab: -

[}

I 3BeHbA

3

JnemeHTHan Gasa

Pucynoxk 1 — Uepapxusa noctpoenus POC
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Hwxumii ypoBens "mupamuasl" (pucyHOK 1) cocraBiseT sneMeHTHas 0asa, BKIIIOYAroIias TpaH-
3UCTOPBI, TUOABI, KOHIEHCATOPBI, MUKPOCXEMBI M JECATKA MHBIX HaMMEHOBAaHHH. M3 HUX COCTaBISIOTCS
3BEHBs, 00beNUHsIEMble B (YHKIMOHAIBHO 3aKOHYEHHBIE LIEMH — Kackaibl. Takue Kak aBTOTEHEpaTop,
npeobpa3zoBaTeNb YacTOThI, MOIYJSATOP, YCHJIUTENIbh MOITHOCTH KOJeOaHWi, NeMOIYJATOp, YCHIUTETH
CBEPXBBICOKOM, BEICOKOW, TPOMEKYTOUYHOU U HU3KOM YaCTOTHI U T. 1.

Craenyrommii ypoBeHb - OJIOKHM, Takue, Hampumep, kak Manomymsmmid CBY ycunurens, moaem-
MOIYJISTOP W JEMOAYJISITOpP CHUTHaia, OJoK 00paboTKuM curHama, OI0K ycwuieHus MoimmHocT BY wmmn
CBUY xonebaHuii, TMHEHHBIN TPaKT paAHONPUEMHUKA, aHTEHHO-(QUACPHBINA TPAKT U T. 1.

Eme Oonee BhICOKM 3Tax "MUpaMuabl" BKIOYAaeT (QYHKIHOHAJIHHO 3aKOHYEHHBIE YCTpOMCTBa -
pasuONPUEMHHKH, PagUONEepPeNaTINKY, PAaJUOCTaHIMK, PAJAMOJIIOKATOPHl M T. A., KOTOpBIE paboOTaioT
CaMOCTOSITEIBHO B COCTaBE PA3JIUYHBIX PaTUOTEXHHUECKHX CUCTEM.

Onwucanne Takux 0OBEKTOB B MPOLIECCE UX CO3IAaHUS U UCIIONIB30BaHUS JOIKHO OBITH COTTIACOBAHO C
BO3MOYKHOCTAMH HX BOCHPUATUS dYenoBeKoM. OIHMM W3 TaKMX OINHCAaHUM SBIAIOTCA SKBHBAJICHTHI
pamrodNeKTPOHHBIX ycTpoiictB (PDY), Bxomsmux B coctas POC (ycunurenu, 4acTOTHBIE (DHIBTPHI,
aHTeHHble ycTpoicTBa (AY) u ap.). [laHHbBIe 3KBUBaJEHTHl AAal0OT BO3MOXKHOCTh OOECHEUUTH MPOBEPKY
MPUHUMAEMBIX TEXHHYECKMX DEUIeHMH Ha J3Tamax AICKU3HOTO M TEXHHYECKOTO MPOESKTHPOBAHHS INPHU
BBINOJIHEHUH ONBITHO-KOHCTPYKTOPCKUX PadOT 10 CO3IaHMIO U YIIy4LIeHHI0 coBpeMeHHbBIX POC.

CymecTByomue 3kBUBaieHTsl POY, Kak npaBuiio, yI0BIETBOPUTENHHO BOCIPOU3BOASAT MapaMeTphl
peabHBIX yCTPOWCTB B OTHOCHTENIBHO Y3KOM nuamna3zoHe 4acToT [1]. WX wucromp3oBaHHE B TpakTe,
paboTaromero B IIMPOKOM JAMAIa30HE 4YacTOT, MOXET NpHuBecTH K moBbimieHHOMY KCB, cHmxeHHio
TOYHOCTH M3MEPEHMs] MOLIHOCTH MepeAaTyhKa M Jake K BBIXOIY M3 CTPOS TPaH3UCTOPOB YCHUIIUTEIS
MouIHOCTH. M3-3a CI0KHOCTH aHalln3a MPHUPOJIbl BOSHUKHOBEHHS TaKMX AeQOpPMAIMid MX YacTO CUUTAIOT
CIy4YalHBIMU U PE3YNbTAT UX BIMSHUS OLICHUBAIOT AJIsl CEMEHCTBA yKe roToBbIX POY [2].

Takum o0pa3oMm, MOAETHPOBAaHUE MpecienyeT ABE LENH: MepBas 3aKI0YaeTcsl B HEOOXOIMMOCTH
CO3JIaHHs SKBUBAJIEHTA HCCIEAYyeMOro OOBEKTa, HEOOXOAMMOTOo Ui (YHKIMOHHUPOBAHUS paccMaTpH-
BAaE€MOI'0 YCTpoiicTBa 0€3 peanu3aluy camMoro CIOXHOTO M IOPOrocTosiero oobekra. Bropas sBnsercs
omnpeneneHne QyHKINN BXOAHOTO COTPOTHBICHHUS ISl PELICHUS 3aJa4l coriacoBanus. B o0oux ciydasx
BAXHBIM TMIPEJCTABIAECTCS TOYHOCTH COOTBETCTBHMS MOJETM MapaMeTpaM pealbHOro OO0beKTa 0
M3MEPEHHBIM PEaKTaHCHBIM JIN00 pedIeKTaHCHBIM IapaMeTpam.

IIpo6aema coopa anpuopHoii uHpopMauuu 00 00beKTe HCCIeT0BAHUSA. DMIUPUUCCKUE JaHHBIC,
KaK MpaBUJIO, 3aJAI0TCS YMCIIOBBIMH PsIIaMU 3HAYeHHMH JIBYX BEIHMYMH: HE3aBHCUMOMH (Yx) U 3aBUCHUMOM
(Xk), KaKOas U3 KOTOPBIX B OOIIEM Cilyyae KpOME ONpelesICHHOH peryyisipHOH (ZeTepMHUHHMPOBAHHOI)
COCTaBJISIOIIEH MOXKET COAEpkKaTh W CIydyallHble COCTAaBIISIOIIME CaMOM pas3IU4HOM MpHUpoAbl. IDTO
00yCJIOBIEHO KaK CTATHCTHYECKOW MPUPONON M3ydaeMbIX IMPOIECCOB, TaK M BHENIHUMH (aKTOpaMH
MPOILIECCOB M3MEPEHUH W MpeoOpa3oBaHUsl JaHHBIX (IIyMbl, IOMEXH, AecTaOwin3upylomue (GakTopsl U
omnOkn u3MepeHuil). HezaBucumasi mepeMeHHas Xy OOBIYHO TMoJjaraeTcsi AETCpPMUHHMPOBAHHOH, a ee
CiIy4aiiHasi cOCTaBisiolas "TepeHOCUTCs" Ha 3aBUCHUMYIO IepeMeHHylo yi. [lomaraercs Takxke, 4TO
3HaueHUS CIIy9alfHOW COCTAaBISIONICH 3aBUCHUMON TepeMeHHOW (Kak COOCTBEHHBIE, Tak W "cyMMapHbIe'")
pacIipeeneHbl I0 HEKOTOPOMY BEPOSITHOCTHOMY 3aKOHY (HapuMep — HOPMaJILHOMY ).

Hcxonst u3 3TOro, axkTyaldbHBIM CTaHOBUTCS BOIIPOC O PACCMOTPEHHUH METOAWKH OIpeesIeHUs
norpedHoro odwvema BBIOOpPKH N (YHCia MPOBOAMMBIX HATYPHBIX, MOJNYHATYPHBIX WM MOJEIBHBIX
9KCTIIEPUMEHTOB), TIPU KOTOPOM oOecreynBaeTCsl OnpefesicHHe MaTeMaTH4ecKOro OKHIAHHWS TOH WIIH
WHOW XapaKTEepUCTUKM C 3aJaHHBIMH 3HAYEHUSMHU TIOKa3aTeNeil TOCTOBEPHOCTH (XapaKTepu3yeTcs
3HAYCHUEM [OBEPUTEIFHONW BEPOSITHOCTH) M TOYHOCTH (XapaKTEepHU3yeTcs 3HAUEHHEM OTHOCHUTEIbHOM
MOTPELIHOCTH).

[ToTpeOHsIit 111 3TOro 00BEM BHIOOPKU PACCUUTHIBACTCS 10 Cleayomei Gpopmysie [3]:
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) o . .
rae V= I; — KO3 PHUIUEHT BapralliKi BHIOOPKH CIyYaiHBIX 3HAYCHUH OLICHUBAEMOW XapaKTEPUCTHKH
0

PTC; o, -~ CKO Ttoueunoit ouenku Mg; Mg — MaTeMarTndeckoro OXHJaHHi paccMaTpUBAEMOH

xapakrepuctuku PTY; M =8A—M— OTHOCHUTEJbHASI MOTPEIIHOCTh OLEHKH MaTeMaTHUYECKOTO OXHIaHUS
0

ciydaiiHoil xapaktepuctukn PTVY; g,, = I3G,; — THOIYUIMPUHY JOBEPUTEILHOTO HHTEpBaa

(aOCOMIOTHYI0  MOTPEIIHOCTh)  UISI  OLEHKM  MAaTeMaTHYECKOr0  OXHIAHMS  paccMaTpUBacMOM

xapakrepuctuku PTC; fg — cooTBeTCTBYIOIICE 3HAUCHHE Ta0IHIIa ¢ — pacnpe/encHust CThioIeHTa.

B [3] mpencraBneH moTpeOHBIM 00bEM BBIOOPKH IS OIEHKH MAaTEMAaTHYECKOTO OXXKHIAHUS TPU
ko duimenTe Bapuanum paBHoM eauHuie. [lokaxeM ero B Tadnuie.

[lorpeOHbIii 00beM BBIOOPKM A OLIGHKM MAaTeMaTHYeCKOTO OXHIAHUA NpH Kod(hHuuueHTe
BapHaly PaBHOM CIUHHIIE

3HavyeHue 3HauCHUE OTHOCUTEIBHOH MOTPENIHOCTH, %

HOBEPHTEIEHOM 30 25 20 15 10 5 1

BEPOSATHOCTH [3
0,5 5 7 11 20 46 182 4556
0,6 8 12 18 31 71 282 7056
0,7 12 17 27 48 108 433 10820
0,8 18 26 41 73 164 657 16440
0,9 30 43 68 120 272 1080 26990
0,95 43 62 96 171 384 1537 38420
0,99 73 106 166 295 664 2654 66360

AHanmu3upysi TaONHIly, MOXHO CJeJIaTh BBIBOJ, YTO JJIs OIICHKH MAaTeMaTHYECKOTO OXHIaHUS
OLICHUBAEMOM CIy4ailHOM XapaKTepUCTUKH, MCCIEAyeMOro WM ucneiTyeMoro PTY ¢ MuUHHUMaIbHO
HEOOXOIMMOHN TOBEpUTENbHON BepoaTHocThi0 0,9 m oTHOcWTenpHON morpemHocThio 10 % Tpebyercs
mpoBeieHne 272 HATypHBIX, TMOJYHATYpPHBIX WM MOJIEINBHBIX SKCIIEPUMEHTOB COOTBETCTBEHHO (TIpHU
BapHUalluy CIy4YailHOTO TapaMeTpa, paBHOW emunwuie). Jns Apyrux 3HAYCHWI Bapuallid OICHUBACMOMN
XapakTepUCTHKK uctbiTyeMoit PTC noTpe6HOe umciio SKCIepuMEeHTOB 60 yBeanIuBaeTcs B v- pas (pu
v GOJIBIITe eIMHHITED), THO0 YMEHbIIAeTCs B V> pa3 (IIPH v MEHbIIIE SIUHHIIBI).

Jl1s TOBBINIEHUS] TOYHOCTH OIIEHKH XapakTepucTHKH ucnbityeMoit PTC B m pa3 morpeOHOe Yncio
JKCIIEPUMEHTOB YBEIMUMBAeTCs B m° pa3. Hanpumep, 49TOOB YBEIMUNTH TOYHOCTH OIEHKH
MaTeMaTudeckoro oxxkumanus xapakrepuctuku PTC Ha omun mopsgok (B 10 pa3) morpeOHOE YuCIIO
AKCIIEPUMEHTOB HEOOXOIMMO YBEIHIUTh Ha 11Ba mopsaka (B 100 pa3).

B sToM 3akimouaeTcss OCHOBHOW HEJOCTATOK KJIACCHYECKOTO METOJa CTATHCTUYECKHX HCITBITAaHUN
(merona MonTte-Kapio) He3aBUCUMO OT TOTO Ha 0a3e KaKOro W3 METOJAOB HCIBITAHUN OH peallu3yeTcs
(HaTypHBIX, TOJYHATYPHBIX WJIM HMMHUTAI[MOHHOTO MaTEMaTHYECKOro MojenupoBaHus). [loatomy mpu
uccienoBanusax u ucnbitanuax PTC He crmexyeT 3amaBaTh CIMIIKOM OONBIINE 3HAYEHHUS TMOKa3aTelei
JIOCTOBEPHOCTH M TOYHOCTH TIOJYyYaeMBIX OIeHOK XapakTepucTuku PTC, Tak Kak 3TO BElET K PEe3KOMY
YBEJIMUYCHHUIO TOTPEOHOTO0 00beMa BBEIOOPKH, a CIIEOBATEIILHO, BPEMEHHBIX M (DMHAHCOBBIX 3aTpaT Ha
UCTIBITaHUS. J[0CTaTOYHO OrpaHUYMTHCS 3HAYEHHSIMU JTOBEPUTEILHON BEPOSTHOCTH B mpenenax ot 0,9 mo
0,95 1 oTHOCHTENBHOI TOTPEemHOCTH B Tipeenax oT 5 1o 10 %.

MaremaTnyeckass MoJejb PaTHOTEXHHYECKHX YycTpoiicTB. Kak mpaBmiio, mpencraBieHue
IKCIEPUMEHTANILHBIX JaHHBIX B (hopMe TaOJuIl MM TPapUKOB OKAa3bIBACTCH HEYAOOHBIM, W JIAaHHBIC
CTPEMSATCS OMHCAaTh C TIOMOIIBI0 JIOCTATOYHO TMPOCTHIX AHAJIMTUYCCKMX COOTHOIICHHH, XOTS ObI
KaueCTBCHHO OTPAXKAMOIINX XapakTep paccMaTpUBaeMbIXx 3aBucuMocTe [4]. B maHHOM ciydae
HEOOXOAMMO PEIIUTh 33/aduy alpoOKCUMAIUH, T. €. 3aMEHHTH CIOXHYI0 (QYHKIHIO (TOCTPOSHHYIO IO
IKCIEPUMEHTAILHBIM JAHHBIM ) TPUOIMIKEHHBIMU aHATUTHYSCKUMH BBIPAIKCHUSIMH.
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Takum 00pa3oM, €ciaM HCCIEAOBaHKWE AOJDKHO IPOBOAUTHCS HE UHMCICHHBIMH, a aHAJIUTHYECKUMU
METO/aMH, TO TpeOyeTcsl ToA00paTh TaKylo alIpOKCUMUPYIOIYI0 (yHKIHIO, KOTOpasi, OyIydd TOBOJIBHO
MPOCTOH, OTpakasna Obl Bce Ba)KHEHIINE OCOOEHHOCTH SKCHEPHUMEHTANbHO CHATOH XapaKTEPUCTHKH C
JIOCTaTOYHOU CTEMEHBI0 TOYHOCTH [5].

OO6mrast 3a1a49a anmpoOKCUMAITIH BKITIOYAET B ceOsI IBE CaMOCTOSATENbHBIC 3a0a4du [5,6]:

— BBIOOD KJ1acca MOAXOAALICH alNpOKCUMUPYIOLIeH (hYHKIUY;

— OmnpeAeieHHWE 3HAYCHUH, BXONAIIMX B AaNINPOKCUMHUPYIOUIYIO (QYHKIHIO MOCTOSHHBIX
kod(durenToB (onpeaenacHne KOAPPUINESHTOB AMPOKCHMAIIHH).

B cBs13u ¢ Tem, 9To n3MepeHHbie XapakTepucTiuku PTC MoryT comepkaTh ciydaifHble COCTaBIISIONINE
caMoll pa3nuYHOM MPUPOABI (LIyMbI, TIOMEXH, ACCTA0MIN3UpYomHe (PakTopsl U OMMOKK H3MEPEHHi), a
TaKXe UMEIOT CIIOKHBIN BHJ U TPEACTABIAIOTCS B BUAe TaOnui win rpadukos. s aHamm3a U pacuera
SKBUBAJICHTHBIX IETIeH MpeaiaraeTcsi HCIONb30BaTh MaTeMAaTHUECKUE MOJICIH, IPEACTABISIONINE U3 ceOst
AQHAJIMTUYECKOE IIPEICTaBICHUE XapaKTepUCTUK, T.€. INPEACTABICHHWE B BHIE AOCTATOYHO IIPOCTHIX
¢usnyeckn peanmusyembix QyHknuid [7]. Takodl TOAXOA OCHOBaH Ha WCIIOJNB30BAHUU METOJOB
anmnpoOKCUMAIMU U MoIpoOHO paccMOTpeH B paboTax [8, 9]. CyTh MOAeIHpOBaHUs CBOAUTCS K TOMY, YTO
nepefaToYHble W BXoAaHble QyHKIMH PTY, ucxoas u3 ycnosuil Gpu3ndecKkoil pealn3yeMOoCTH, SIBISIOTCS
JPOOHO-PAITMOHATEHBIMU (QDYHKITASIMA OT KOMIUIEKCHOW YacTOTHI (5) BHIA:

a, +a;s+a,(s) +...+a,(s)
b, +bs+b,(s)’ +..+b,(s)"

f(s)= (1)

re Bce Ko (OUIMEHTHI TIPY § TOJIKHBI OBITh BEIIECTBEHHBIMU U HEOTPUIIATEILHBIMU, a BHICIITUE CTCIICHU
MoJMHOMA uncnuTens (k) v 3HameHatens (¢g), Tak jke, Kak U UX HHU3IIHE CTENEHH, HE MOTYT OTJIHYATHCS
bomee wem Ha 1 [10].C moMompi0 MaTeMaTHYecKOro IpeoOpa3oBaHus, BBIpakeHHe (1) MOXKHO

npencraButh B Buze uetHoit £V f(S) nneuernoit Od f(s) wactu ot f(s):

mm, —nn,

E =2 T
R 2)
nm, —mn
Od — 1772 1 2;
S(s) it 3

rae
_ 2 2k .
m =a,+a,s +..+a,sS " -deTHas 4acTh YHCIAUTEIS QYHKIHU f (s);

m, =b, +b,s* +...+b, s* - aetnas uacts 3Hamenarens Gpynxunn f(S);

— (2k-1) .
n=as+..+a,_,S - HeueTHas 4acTh yuciurens Gpynkuun f(S);

- 21
n,=bs+..+b, s - HeyeTHas YacTh 3HaMeHaTens Gyukmun f(S).

Ilpu s = iw umeeM:
Ev f(s5)|_,, =Re f(io); Od f(s)|_ =ilm f(iw).

Bripaxenus (2) m (3) mpemraraeTcsi HCIOIL30BaTh B KAadeCTBE AMMPOKCHUMHPYIOMMX (YHKIIAN
Ref(s) wm Imf(s) wuMnemaHCHBIX XapaKTEPHCTHK HMCCIEIYeEMOro OO0BeKTa U CHOpMHPOBATH

AHATUTUYECKYI0 MaTeMaTHYecKyto Monaeinb (AMM) Harpy3ku C BBICOKOW CTEMEHBIO aJeKBATHOCTH (C
JIOBEPUTENFHON BeposATHOCTH HEe MeHee 0,9 1 oTHocuTensHON morpemHocThio He Oomee 10 %) [11, c. 9].
Hcxonst w3 BBINIECKA3aHHOTO, QJITOPUTM pealM3allid  aJIeKBATHBIX MAaTEMAaTHYSCKUX MOJeIei
HCCIIeTyeMbIX 00BEKTOB OYIET HMETh BUJL:
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Hauano

3ajaHue HaYAIbHBIX YCIOBHIT K
TapaMeTpoB MOAENIU

!

Ompenenenye He0OX0AMMOTO KOJTNYECTBA
HPOBOMMBIX M3MEPEHHii cornacHo Tadu. 1
JUIs 0OecTeYeHHsl ITapaMeTPOB MOJIEIT

}

O6paboTKa HOIyYCHHBIX PE3yIbTaTOB
(M, o)
1 GOpMHUPOBAHHE YCPEAHEHHOTO 3HAUCHHUS
paccMaTpuBaeMoil XapaKTepPUCTHKH
(perynsipHOii cocTaBisIONIeit)

l

HWHTeprionsmus KyOH4eCKUMH CIIaiHaMU
peryJisipHO# cocTaBIIsIONEeH

paccMaTpuBaeMOil XapaKTepPUCTHKA

()
|

v

Pacuer onTHMaJIBHOT'O HOPSIKA MOJIEIH 110
KPHTEPHIO MUHMMYMa JIUCTIEPCHH PA3HOCTH
(byHKIMI anmpOKCHMALMU ¥ PeryIspHOit
COCTaBIISAIOIIEH
(k. 9)

|

DopMHUpOBaHHUE ATIPOKCUMUPYIOLIUX
dynxiumit peansroi (2) u MEHUMOI (3)
COCTABIISAIOIINX PACCMATPHBAEMOIT
XapaKTEpPUCTHUKHU COTJIACHO ONTUMAIIBHOTO
MOPsI/IKa MOJEITH

(Ref(io) Imf(iv) )

l

Pacuer ko3¢ dunrentos ypaBuenuii (2, 3)
HCHOJIb3Ys YHCICHHBIH METO PEIICHUs
HEJMHEHHBIX YPAaBHEHUU U , HATIOXKUB HA

BhIpaxkenue (1) orpanudeHus
0JI0XKHTE/IbHOM BEIIECTBEHHOM (yHKIMK
1 yCTIoBHUi (pU3NYECKOil peann3yeMoCcTH

dopMHUpOBaHHE MATEMATHYECKON MOJIEIH
oObeKTa

(fs))

Pacuer abCONMIOTHON MOTPEIIHOCTH
AIIPOKCUMALUY OTHOCHTEIBHO CIUIAHH -
MHTEPHOJIALUN

(A)

CootBercTByer a1
HOJTy4YeHHas MOJIeNTb
BBIOPAHHOMY KPUTEPHIO
(A<10%)

PucyHok 2 — AnropuT™ peann3aniy afeKBaTHbIX MaTeMaTHUCCKUX MOJIENIEH nccaeyeMbIX 00BEKTOB
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3akmouenue. CyTh pabOTHl alropuTMa 3akiarodaeTcs B ciemyromieMm. Jlns Hadama, HE0OXOIUMO
3a1aTh TpeOOBaHUS K peanu3yeMoil mareMaTudeckoil mojenu. CorjacHO TpeOOBaHHSM, ONPEICIIUTh
HEOOXOAMMOe KOJIMYECTBO MPOBOJMMBIX M3MepeHui coriacHO Tabx.l. Ilocne mpoBenmeHus m3mMepeHui
MOTyYUTh CTATHCTUYECKHE XaPaKTEPHUCTHUKU HCCIEITyeMOTro O0O0beKTa M MHTEPIOIMPOBATh KyOHMUECKUMHU
CIUIaifHAMU PETYISAPHYIO COCTABISIONIYIO PAacCMaTPUBAEMON XapaKTEPHCTHKH. DTO HEOOXOAMMO s
TOTO, YTOOBI OIMPENEIUTHCS C TOPSIKOM HCKOMOH PalMOHANBHOW (PYHKIIMU W pacyeToM aOCOIFOTHOMN
MOTPENTHOCTH  ANMNpPOKCUMAIMA OTHOCHUTENBHO cCImiaiiH-uHTepriomsnuu. llociae a3toro, ¢ yderom
(bu3nYecKol pean3yeMOCTH, HEOOXOIUMO HAaUTH UCKOMYIO PAllMOHAIBHYIO (DYHKIIHIO (AMITPOKCUMAITHIO)
OIKCHIBAIONIYIO XapPaKTEPUCTUKU O0bekTa wuccienoBanus. CleayeT 3aMeTHTh, YTO HAaXOXJICHUE
MOTPENTHOCTH A BO3MOKHO MMPOU3BOJUTH PA3IMYHBIMU CIIOCO0AMHU, MTPEICTaBICHHBIMH B [7].

Ilpennaraercs paccMOTpeTb IPUMEPHI PEIICHUS 3a7adyd almnpoKCUMallMu XapakTepuctuk PTY u
(hopMUpPOBaHUS MX SKBUBAICHTOB B BuJie AMM Harpy3ku ¢ BEICOKOH CTEIECHBIO aJICKBATHOCTH.

I1. B. Boiikaues', A.A. Ep:kan?, B. O. Ucaes!, U. A. Jlybosux', A. Mapat?

! «Benapych PecnyGnmkachinbiy Ockepy akagemusch» binim Bepy Mekemeci, Munck kanacel, Benapycn;
2 «Fymap6ek JloyKeeB aTbIHIarbl AIMATBI SHEPIETHKA HKIHE OAMIAHbIC YHUBEPCUTET»
KOMMEPIIMSUTBIK €MeC aKIMOHepIiKk KoraMbl, Kazakcran

PAJHOTEXHUKAJIBIK KYPbLUIFBIJIAPAbIH CUITATTAMAJIAPBIH
CUINATTAUTBIH BAPABAP MATEMATHUKAJIBIK MOJEJBAEPAI TABY 9ICTEMECI

AHHOTanusi. PajMOTeXHUKANBIK KYpBUIFbLIAPABIH Oapabap MaTeMaTHUKAIBIK MOJENbACPIH aHATUTHKAIBIK
TYpJie Taby d/icTeMeC] YChIHBLIFaH.

POC, onerre, oTe Kypaeni TEXHUKAIBIK 00bEKT OOJIBIT TaObLIa (bl, OHBIH IIIHE OJIAPABIH apachIHIAFbl dPTYPII
OaiiaHpICTaphl Oap KONTEreH KOMIIOHEHTTEP 0ap, OJapJblH MEPApPXUACHl MHUpaMuia TYPIHIE YCHIHBUIYBI MYMKIH.
OcpbIFad 0alNaHBICTBl KENTIpUIreH '"mupaMuaaHbIH"0apiblK JIeHIeWIepiHae JXKy3ere achIppulybl MYMKiH POK
MOJIeNbIeY Oap.

OHBIH TOMEHTI JIeHreiIIepiHaeri MOMIENbCY, COHBIH INIiHIE KApPThUIAH OTKI3Tilll KYPBUIFBLIAp, CLITEMEINep,
KacKaJTap *oHe T.0. oJlapibIH )KYMBICBIH MaTpHIla, TeH/eY, hopMyia, rpadrka HeMece KecTe apKbUIbl CUIIATTayFa
neitin asasapl. MyHmall MaTeMaTHKalbIK MOJAETb, Oip KaFblHAH, KAKETTI IOIIKICH 3epTTENCTiH OOBEKTimeri
(hM3HKATBIK TIPOIIECTEPIi KOPCETY1 KepeK, eKiHIII KaFbIHAH, KOMIBIOTEpIe KOMAaHyFa KapaMIbl OOIyBI KepeK.

Keii6ip xarmaiimapma MaTeMaTHKAIIBIK MOAETh OOBEKTIHIH (PH3UKAIBIK MOICIIH aHATHTHKAIBIK HEMECEe CaHIBIK
TaNmayaelH HOTWKeci Oonbim TaOpIanmel, Oipak KeOiHece OHKCIEPHMEHTTIK 3eprreyiep. KackanTelH Hemece
AJIEMEHTTIH )KYMBICHIH CHIIATTANTHIH KOJIZIa Oap epeKTep MacCHBiH OHJCY, OHBIH IlIiH/Ae CTaTHCTHKAIBIK oHaey JIK
KeMeriMeH kyprizieni. JXyMpIc 0OBEKTICIH aHBIKTAIybl MYMKIH OHE OHBIH jKayal Oepy Hemece peakius Kipic
acepl KOK, eHy MOHI, KeKe YPIICTEepIiH IIiHAeri KypbUIFbLIap.

Tyiiin ce3mep: KybIKTay, KHUIIK CHIIaTTaMajaphl, KyHelep/iH MaTeMaTUKAIbIK MOJEIbICP], KCH YKOJAKThI
yiecTipy.

P. V. Boikachov!, A. A. Yerzhan?, V. O. Isaev!, I. A. Dubovik!, A. Marat?

'EI “Military Academy of the Republic of Belarus”, Republic of Belarus;
2Almaty University of Power Engineering & Telecommunications named after Gumarbek Daukeev, Kazakhstan

THE METHOD OF FINDING ADEQUATE MATHEMATICAL MODELS DESCRIBING
THE CHARACTERISTICS OF RADIO ENGINEERING DEVICES

Abstract. The method of finding adequate mathematical models of radio engineering devices in an analytical
form is proposed.

RES, as a rule, is a very complex technical object that includes a large number of components with diverse
connections between them, the hierarchy of construction of which can be represented in the form of a kind of
pyramid. In this regard, there is a simulation of radio-electronic devices, which can be carried out at all levels of the
"pyramid".

Modeling at its lower levels, including semiconductor devices, links, cascades, etc., is reduced to describing
their operation using a matrix, equation, formula, graph, or table. Such a mathematical model should, on the one
hand, accurately reflect the physical processes in the object under study, and on the other - be suitable for use on a PC.
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In some cases, the mathematical model is the result of analytical or numerical analysis of the physical model of
the object, but most often-experimental studies. Processing, including statistical processing, of the available data
array that characterizes the operation of the cascade or element, is carried out using a PC. The operation of an object
can also be defined in the form of its response or reaction to an input action without penetrating into the essence of
the physical processes occurring inside the device.

Keywords: approximation, frequency characteristics, mathematical models of systems, broadband matching.
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3®OEKTUBHOCTH PETUCTPAIIMY HEUTPOHOB
HU3KOU SHEPT'UM HEUTPOHHBIMU JETEKTOPAMHN
HA OCHOBE I'A30PA3PSIHbIX CYUETYUKOB *He

AnHoranus. [Ipu aHanuse pe3yabTaToB, MOIy4aeMbIX B U3MEPEHUSX HAa HEUTPOHHBIX JETEKTOpaxX ¢ HU3KHM
SHEPreTHYECKUM ITIOPOroM, HEOOXOIMMO 3HATh 3aBUCHMOCTH 3(p(hEeKTHBHOCTH perucTpanuy HEHTPOHOB OT MX KHHE-
THUYECKOH HEPTHH B MH()OPMALMOHHBIX KaHAJaX Pa3iNYHOTO THIA, KaK ISl «OTKPBITHIX» HEHTPOHHBIX CYETUNKOB,
TaK Ui CYETYMKOB, OKPY)KEHHBIX 3amemmureneM. Mmes moctpoeHHyro Ha ocHoBe makera Geant4d Qusmdeckyio
MOJIETIb B3aUMOJICHCTBHSI YacTUI], MOXKHO TIPOBECTH pacdeT 3P(PEKTUBHOCTH PETHCTPAIMU IS PA3TMYHBIX THUIIOB
JIETEKTOPOB, KOTOPBIE IPUMEHSIOTCA B IPOBOAUMBIX Ha TsHb-IIIaHBCKON BBICOKOTOPHOM CTaHLUU 3KCIEPUMEHTAX,
CBSI3aHHBIX C PErucTpaluell HEWTPOHHOTrO MOTOKAa. B paboTe MpencTaBieHO HECKOJIBKO MPOTPAMMHBIX MOJENEH,
pa3pabOTaHHBIX A1 HEHTPOHHBIX JETEKTOPOB.

KaroueBble ciioBa: HEHTPOH, HEUTPOHHBIH JIETEKTOP, HEHTPOHHBIH MOHUTOD, dPPEKTUBHOCTh PETHCTPAIIHH,
(u3nueckas MOAEIb.

BBenenne. B uccienoBaHusix, TpOBEJACHHBIX Ha JIMBHEBOM YCTaHOBKE, PacIojIOKeHHOW Ha TAHb-
[laHbCcKO# BBICOKOTOPHOW HAYYHOW CTAHIMH, OBUTH TIOJYyYEHBI CBUACTENHCTBA 00 aHOMAIBHO BBICOKOI
MHO>KECTBEHHOCTH MCTIapUTEIbHBIX HEUTPOHOB, KOTOPBIE TEHEPUPYIOTCS BHYTPH HEUTPOHHOTO MOHUTOpA
TIpH TIOTIaJJAHNK B HETO CTBOJIOB MIMPOKUX aTMochepHbIX muBHeH [1-3]. B pe3ynpTare Bo3HUK BOIPOC O
MMOBEJCHUN HU3KODHEPTHMYHOM  COCTaBIAIOMICH HEUTPOHHOTO TOTOKa (TEIIOBBIX  HEHTPOHOB),
conpoBoxknaromero npoxoxaenue IIAJI [4]. B coorBerctBum ¢ 31uM, Ha Tsanbp-lllanbckoit craHiun
MIPOBOJAUTCSI 3KCIEPUMEHT N0 AETEKTUPOBAHUIO TEIUIOBBIX HEWTPOHOB M CBS3aHHOTO C HHMH IIOTOKa
HU3KOPHEPTHUYHBIX TaMMa-KBaHTOB B IeHTpanbHOU obmactu ILIAJI [5-7]. Jlmsa peructpanuwui HSHTPOHOB
HU3KOH DJHEPrMHM HCIOJb3yeTCd CHUCTEMa CIELUUANbHBIX HEHTPOHHBIX JETEKTOPOB Ha OCHOBE
ra3opaspsAaHBIX CcueTyHkoB °He, KOTOpble, B OTIMYME OT KOH(DMIYpalMu HEHTPOHHOTO MOHHTOpA,
paboTaloT BHE KaKHX-THOO CJIOEB TSDKEIOro BEIIECTBA MHUILICHM M JIETKOro 3ameuuTens. B atom ciryuae
pOJIb MMILEHH JUIA B3aMMOAEWCTBUS 3HEPTUYHBIX aJPOHOB KOCMHUYECKHX Jydeill MIpaloT OKpY Karollue
JIETeKTOp OOBEKTHI, Mpekae Bcero, rpyHT TsHb-lllaHbckoi cTaHIWM, a 3aMeAeHHue OOpa3yIoUIMXCs B
9TUX peaKUUsAX UCIAPUTEIBHBIX HEUTPOHOB MPOUCXOJUT HETIOCPEACTBEHHO NPH UX PACIPOCTPAHEHHH BO
BHEIIHeH cpene. Takas KOHCTpyKuus obOecreynBaeT MUHHMMAIbHBIA IOPOT PErucTpanuy, U Hauboiee
3 (eKTHBHBIM TOJOOHBIH JeTEKTOp OKa3bIBAETCSA B TEMIOBOM JMana3oHe sHepruii (mopsaka 107 3B)
HaJIeTaIOUINX HEUTPOHOB.

Mogaesb HEITPOHHOIO IETEKTOpa

OCHOBO¥ 7151 pacyeToB CIIy’KUT MoJenb HeliTpoHHoro cuetunka [171631, koTopas mpencTaBieHa Ha
pucyHke 1.
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Pucynok 1 - I'eomerpudeckas moness HelTpoHHOTO cuetynka [1J1631

I'eomeTpus cuerumka omnpexensuiack B BuAe muiauHapa ¢ auamerpoMm 30 MM u qymHOM 1000 M.
[IpeamonaraeTca, 4YTO OrpaHUYMBAIOIIAS LIIMHAPHYECKHH OOBEM BHEIIHSS O00O0JO0YKAa COCTOMT W3
AIIOMUHMS TOJNMMHOW 1 MM. BHyTpeHHee HpOCTpaHCTBO MOJIENIBHOIO CYETYMKA IIOJIAraeTcs 3aroj-
HEHHBIM CMECBIO aproHa W TelHs C TapameTpamMu (JaBieHHe, TeMIepaTypa, XUMUYECKHH U M30TOMHBIN
COCTaB), COOTBETCTBYIOIIUMH XapaKTepPHCTUKaM peanbHbIX cuerunkoB [1J[631. Bmecre ¢ 6a3oBoit
MOJENBI0 «OTKPBITOTO» CYETYMKA PAcCMaTPUBAIOTCA TAKKE M CUETYMKH, HaXOIJIIUECS BHYTPH
MUITHHIPUIECKOTO 3aMeITUTENs] HSHTPOHOB. B cOOTBETCTBUM ¢ KOHPHUTYpalLlUel peabHbIX IETEKTOPOB, B
OBYX BapHaHTaxX MOJAEIH pPacCMAaTPUBAIOTCS 3aMEUIMTEN B BHAEC LWIMHAPHYECKHX TpyO W3
nonuBuHIWIXIOpuaa (IIBX) ¢ TommuHOW creHkm 6 MM u w3 mapadwmHa tommmuaOM 20 mMm. [Tommmo
oTaenbHBIX cueTunkoB [1J1631, pacueTsl MPOBOMUIUCH I HEUTPOHHOTO JAeTeKTOpa B cOope. Moenb mis
TaKOIo BapuaHTa pacueToB IT0OKa3aHa Ha PUCYHKE 2.

1200

Pucynok 2 - 'eomerprueckas MoJelib HEHTPOHHOTO JIETEKTOpa B cOope

B 3T0ii reoMeTprH OTAENBHBIC CUCTYUKU PACTIONATAIOTCS B P HA paccTossHuu 10 ¢cM apyr oT apyra
TakuM 00pa3oM, 9TOOBI HX OCH OBLTH TapauIeIbHEI, M BECh UX HAOOP MOMEIaICcs BHYTPH aTIOMHHHEBOTO
KoHTeitHepa ¢ pasmepamu 120 x 84 % 10 cM’ u ¢ TommuHOH cTeHku 2 MMm. Ilpeamomaraercsi, uTo
BMEILAIOMINI KOHTEHHEP 3al0THEH aTMOC(HEPHBIM BO3yXOM, HAXOASAIIMMCS IPH HOPMAJIbHBIX YCIOBHSIX.

Pacyer 3ppeKTHBHOCTH perucTpauu HeiiTPOHOB

Cepust pacyeToB A BCEX BapUaHTOB MOJEJIBHBIX JETEKTOPOB COCTOSIA W3 psAla OTAEIbHBIX
poseirpeimeit (mopsaka 10° MoAETbHBIX COOBITHI), B KaKJIOM M3 KOTOPHIX Ha JETEKTOp TNajajiu
MEepBUYHbICE HEUTPOHBI C OAHOM W TOW ke KuHeTHdeckod sHeprue E,. Kak Tpaektopus camoro
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MEPBUYHOTO HEUTPOHA, TaK M TPACKTOPHU OOpPA30BAHHBIX B PE3yJbTaTe €ro B3aMMOJICHCTBUI yacTHII-
MPOIYKTOB OTCJICKHUBAINCH LETUKOM Ha MPOTSHDKEHHH BCEro PacueTHOTO coObITusi. B cooTBeTcTBUU C
MPUHLIUIIOM pa0oThl peanbHBIX cueTynkoB [1/1631, nmeiicTBre KOTOPHIX OCHOBAHO Ha SAEPHON pEaKIUU
n(*He,’H) p, kpuTepueM «perucTparum» MEepPBUYHOrO HEWTPOHA B MOJEIBHOM JETEKTOPE CIIYKUIO
MOSIBJICHUE CPEIH YaCTHUI-TIPOAYKTOB ITaphl 3apsKEHHBIX YacTHUIl IPOTOH/TPUTOH BO BHYTPEHHEM 00beMe
OJTHOTO U3 HEWTPOHHBIX CUETUYMKOB. B kauecTBe oueHku ais 3¢ dexruBHocTH peructpaunu € (E,) nanHoit
KOH(HTypanuu JeTeKTopa IO OTHOIICHWI0 K HEHTpoHaMm ¢ »Heprueil E, MCIONB30BAIIOCH OTHOIICHWE
KOJIMYECTBA «3aperMCTPUPOBAHHBIX» HEUTPOHOB K OOIIEMYy YHCIYy pa3birpaHHBIX cOOBITHH. Takum
00pa3oM, Kak BEpPOSTHOCTb DPAa3BUTHs UIEKTPOHHOM JaBMHBI BHYTPU Ta3opa3psAHOIO CUYETUYMKA IPHU
00pa3oBaHUU BHYTPH HETO Maphl 3apsHKCHHBIX SAEP, TaK U BEPOSTHOCTh I'€HEPALlMH BCICACTBHE 3TOTO
CYETYMKOM JJIEKTPHYECKOTO MMITYJIbca Ha €r0 aHOJHOW HUTH IOJIaTaJUCh CTONPOIIEHTHBIMHU, a KaKoe-
nubo BiUsHUE (OPMHUPYIOIIMX CHUTHAJBI DJEKTPOHHBIX IHene Ha 3(PQEeKTUBHOCTh IETEKTOpa He
YUHUTBIBAJIOCH.

Jid  uccnenoBaHWs XapaKTEPUCTHK HEUTPOHHOTO JIETEKTOPA, COOTBETCTBYIOIIUX —Pa3INYHBIM
YCIIOBUSIM TTOCTAHOBKHM JKCIIEPUMEHTa, ObUIM MPOBEAEHBI TPU CEpUH MOJIENBHBIX pacueToB. B pacuerax
MEPBOM CEPUM C «ONTHUMAIbHBIMUY» HAdaJbHBIMU YCIOBUSMH HCXOAHOE IOJIOKEHHE BCEX NEPBUYHBIX
HEUTPOHOB B Hayale KaKIOrO PpO3BITPHINA 33JaBajOCh HEMOCPEACTBEHHO Ha ITOBEPXHOCTH
MUITMHIPUIECKON CTEHKH «OTKPBITOTO» CUETYMKA, a UX HMMITYJbC BCErAa ObLI HampaBlieH B CTOPOHY
BHYTPEHHETO MPOCTPAHCTBA CYETUYMKA, TI0 HOPMAIM K €ro MOBEPXHOCTH. Llenmbio 3THX pacdeToB OBLIO
ONpENEeNUTh JHEPTETHUECKYI0 3aBUCHUMOCTh 3()(EKTUBHOCTH ONHOTO HMHIOMBHIAYaJIbHO B3SITOTO
HerTpoHHOTO cueTdmka [1/1631, KOTOpHBI paccMaTpuUBaETCsT BHE 3aBUCHMOCTH OT KaKOTO-THOO BHEITHETO
OKpPYKEHUS.

Bo BTOpOil cepum pacyeToB WIECTh MOJEIBHBIX CUETYUKOB OOBEAWHSUINCH B EIAMHYIO MOJENb
HEUTPOHHOTO JAETEKTOpa B COOTBETCTBUM C TpeOOBaHMSAMHU OOJIBIIMHCTBA 3KCIIEPUMEHTOB Ha
Tanb-11lanbcKkON HAay4YHOU CTaHIMU. B KauecTBe HAYAIILHOTO MOJIOKEHHUS MEPBUUHBIX HEUTPOHOB B 3TOM
BapuUaHTE PacyeTOB HMCIOJIb30BAINCH CIydailHbIe TOYKM Ha BHEIIHEH MOBEPXHOCTH, COAeprKalleil Habop
CYETYUKOB aJIOMUHHEBOH KOPOOKM, a HampaBiICHHE BEKTOPAa HA4YaJbHOTO HMILyJIbCa Ul IEPBUYHBIX
YacTUI[ 33JaBaJIOCh IIyTEM pO3BITPhINIA 3HAYEHWH €ro HamnpaBiIOIIUX KOCHHYCOB COTJIACHO
paBHOMepHOMY pacnpeaenenuto Ha uHTepBane [0;1]. Takum oOpa3om, JaHHBI BapuaHT PAacUYETOB
COOTBETCTBYET CITydaro JeTeKTopa u3 mecTtu cuetdyukoB 11J1631 B cOope, MOMEIIEHHOMY B M30TPOIHBII
IOTOK HAJeTAlOUIMX HEUTpoHOB. OuYeBUAHO, YTO HAIM4YME MPOCTPAHCTBEHHBIX 3a30POB MEXIY
OTJIENbHBIMHA CYETYHMKAMH B COCTABHOM JETEKTOpE, KOTOPBIM paccMaTpHUBaeTCs Kak €IWHOEe IIeNoe, a
TaKKe CIydallHOE paclpeneicHHe HANpaBICHUI IBW)KEHUS IEPBUYHBIX YacTHIl B 3TOM BapHaHTE
pacyeToB IOJDKHBI IIPUBOAUTH K TOMY, YTO CyMMapHas 3()()eKTUBHOCTh PETUCTPALIUU HEUTPOHOB I
TaKOTO JIETEKTOpa JIOJDKHA OBITh 3aMETHO HWXKE, YeM B CIIydae «ONTHMAIbHOW» KOHQHUTYpaluu MydKa
MEPBUYHBIX HEUTPOHOB [Tl €JMHCTBEHHOI'O CUETUHKA.

B Ttperbem BapmaHTe pacueToB ObUIM YUYTEHBl cHenU(UYECKUE YCIOBHS HM3MEPEHHUH, KOTOpbIE
MPOBOJATCS HA ycTaHOBKaX TsaHb-IIIaHbCKOM BEICOKOTOpHOM cTaHIuu. II0CKONIBKY OCHOBHOE Ha3HAYEHHUE
TaKMX yCTAHOBOK 3aKJIIOYACTCSl B PErMCTpPAllMM YacCTHIl MIMPOKUX aTMOCQEPHBIX JHBHEH, €CTECTBEHHO
OXHJaTh, YTO CpEeAW IOTOKA HANETAIOIMX Ha JAETEKTOp HEWTPOHOB MOTYT NpeoOianaTh YacTHIbI,
JBIKyIIYECA B BEPTHKAJIbHOM HAaIPaBICHUH. B 3TOM Cilydae BMECTO pacdeToB C ITOJIHOCTBIO H30TPOITHBIM
HavaJbHBIM pacrpezieieHueM MEPBUYHBIX YacTUIl MOXKET OKa3aThcsa Oosiee aleKBaTHBIM MOJIEIHPOBAHNE,
NIpU KOTOPOM IOJIOKEHUE TIEPBUYHBIX HEHTPOHOB 3aJaeTCsl ClydyaifHBIM 00pa3oM Ha MOBEPXHOCTH TOJIBKO
OHOM M3 CTOPOH MOJEIBHOTO IETEKTOpa M3 4YEThIpEX, a PACHpeleNeHHe HX IEPBHYHBIX HMITYJIECOB
CTpOro (PMKCHPOBAHO: BCE NIEPBUYHBIC YACTUIHI B HAYAIBHBII MOMEHT BPEMEHHU JIBUKYTCS HapalIeIbHO
ocH Z, B CTOPOHY, NPOTHUBOINOJIOXKHYIO €€ HalpaBlIeHUIO. Takoe HadaldbHOE pacIpe/eNeHne NepBUYHBIX
HEUTPOHOB OBUIO MPUHSTO B TPETHEH CEPUU MOJEIIBHBIX PACUETOB.

Pe3ynbratel, MOMy4YeHHBIE IPH MOJECIMPOBAHUU INIPOLECCA PETUCTPAlMM HEUTPOHOB OIS BCEX TPEX
BapUaHTOB KOH(QUTYpalUU IETEKTOPA, IPEACTAaBICHBI HA PUCYHKE 3.

—— |54 ——



ISSN 1991-346X Series physico-mathematical. 2. 2021

EFFICIENCY, «(E), %

1040"10°10%10%°10°10*10°10% 10’
ENERGY, E, eV

Pucynok 3 - 3 pekTHBHOCTD perucTpanni HEUTPOHOB JETEKTOPAMH PA3IMYHBIX KOH(PUTYpaLuii
0 pe3y/IbTaTaM MOJEIbHBIX PACUETOB.
1 — neitrponnsIii cuetyuk [1/1631 6e3 3ameanurens; 2 U 3 — HEUTPOHHBIA AETEKTOP U3 ImecTh cueTdnkoB 171631
B MEPICHANKYIISIPHOM €TI0 «BEPXHEI» MOBEPXHOCTH U B U30TPOIHBIM MTOTOKE HEUTPOHOB; 4 — HEUTPOHHBII MOHUTOp NM64

Jlunmetrt (1) Ha rpaduke pHUCYHKAa 3 TMOKa3aHa SHEPreTHYECKas 3aBHUCHUMOCTh 3(P(GEKTHBHOCTH
cuetunka [1/1631 1O OTHOIIEHWIO K PETHCTpAllMd HEUTPOHOB MPU MAKCHUMAIbHO OJarompusTHBIX
HAYaJbHBIX YCIOBUAX (TIEPBUYHBIN HEUTPOH, HAXOAIIUNCS HEMOCPEICTBEHHO Ha IMOBEPXHOCTH CUETYHKA
C HaIlpaBJICHHBIM TI0 HOPMaJIH K €Tr0 MOBEPXHOCTH UMITyIIbcoM). Kak BHIHO IO 3TOMY TpaduKy, B TAKOM
«ONTUMAJILHOM» BapHAHTE pACYETOB, KOTOPBIA HWIPAET pOJIb BEPXHEro Mpefena s BO3MOXKHOU
3¢ (eKTUBHOCTH, pe3yJbTHPYIOIIEeE paclpeaeneHne pocturaer mnpaktudeckun 100% B aumamazoHe
TEIUTOBBIX dHEpTHH, cragaet 10 50% npwu sreprun nopsaka 1 3B u 1o 1% - B o6macTi HECKOIBKUX KIB.

B Oonee peancTHUHOM BapHaHTE PACYETOB C M30TPOMHBIM HadyaIbHBIM PacIpeeIeHUEM MOJI0KEHUH
U UMIYJIbCOB MEPBUYHBIX YaCTHUIl, PE3YJbTAaThl KOTOPHIX TIOKa3aHbl JHHUEH (2) Ha pHUCYHKE 3,
3aBUCHMOCTh CyMMapHOW 3(QQEKTHBHOCTH [ETEKTOpa W3 MIECTH pa3JeNICHHBIX 3a30paMH CUYETYHUKOB
IT11A631 coxpaHseT cBOM MakCMMyM B OOJAacTH TEMJIOBBIX JHEPIHil, HO BEJIHMYMHA 3TOT0 MaKCHUMyMa
cHWXKaercss 10 ypoBHs mopsgka 20%. Ilpaktudecku TakMMH K€ 3HAYCHUSIMH 3(PPEKTUBHOCTH
OKa3bIBAIOTCSI U B Cllydae PABHOMEPHOIO pacHpeleeHHUs] MEPBUYHBIX YAaCTUL MO BEPXHEH CTOPOHE
JIETEKTOpPa, KaK 3TO OTpakeHO Ha pucyHke 3 nuauel (3). Takum oOpa3oM, COTIIACHO JaHHBIM MOJIEIHHOTO
pacuera, OKa3bIBaeTCs, YTO BEPOSTHOCTh PETUCTPALMU HEUTPOHOB B JIETEKTOPE MPAKTHUECKHU HE 3aBUCUT
OT BUJIA YIJIOBOT'O PaclpeiesieHUs] HAJETAOIEr0 Ha IETEKTOP HEUTPOHHOIO MOTOKA.

Jns cpaBHeHHs, Ha TOM e pPHUCYHKE 3 TIOCpencTBOM JIMHMH (4) TIOKa3aHa »HEpreTHdecKas
3aBUCUMOCTH 3(p(PEKTUBHOCTH perucTpanuyu HEHTPOHOB, KOTOpas ObUIa MOJyYeHa MPH MOICITHUPOBAHUH
HEHTPOHHBIX B3aMMOJAEHCTBUN Uil KOH(UTypanuu cynepMoHuTopa NM64 B 001acTH HU3KHUX DHEPTUid
Haieraromied dvactuiel. Kak ciegyer ©W3  ATOW  3aBUCUMOCTH, J((HEKTHBHOCTh HEHTPOHHOTO
CyINEPMOHUTOpPA JIEMOHCTPUPYET IOBEACHHUE, MPSAMO MPOTHBOIOIOKHOE CIy4ald HHU3KOIOPOIOBOIO
JIETEKTOpa: OHA OCTAeTCs He3HAUUTEIbHOU BILIOTH 10 »Hepruu E, = 0,1-1 M»3B, a 3arem HauMHAeT pacTu
M0 Mepe YBEIWYECHHS MHOXKECTBEHHOCTH HCHApUTENFHBIX HEHTPOHOB, KOTOpBIE 00pa3yrTcs IIpU
VHULMUAPOBAHHBIX SHEPrUYHBIMM aJPOHAMHU SICPHBIX pEAKUMSIX BHYTPU TSDKEJIOrO IOIJIOTHTENS
MoHuTOpa. TakuM 00pa3oM, HEUTPOHHBI MOHUTOP W JETEKTOPHI HA OCHOBE HE DKPAHUPOBAHHBIX KaKUM-
OO0 BEIIECTBOM HEHTPOHHBIX CUETYMKOB B3aHMMHO JIOTIOIHSIOT JPYT APYyTa O CBOMM BO3MOXKHOCTSIM.

BoiBoabl. [lpencraBnenHsie B paboTe pe3ynbTaThl O3HAYalOT, YTO CaM IO cede JeTEeKTOp Ha
cuerunkax [1/1631 oOmamaer 3ameTHOW 3(P(GEKTHBHOCTHIO C BEPOSTHOCTHIO PETHCTPAallM HEHTPOHOB
= 1%, B PHEPreTH4YEeCKOM [Hana3oHe, KOTOPbIA HAUYMHAETCA C TEIUIOBBIX 3HAYEHUH U IPOJOJIKACTCS
BIioTh 10 0,1- 0,3 x3B. Ilpu 3ToM MOZOOHBIH JNETEKTOp OKa3bIBaeTCs HAaHOOJee UyBCTBUTEIHHBIM K
HEHUTpOHaM, o0namaromuM KuHeTHdeckuMu dHeprusmu E, = 0,01-0,1 3B, a B o6macTi 00NBIHX dHEPTHN

ero 3¢ (eKTUBHOCTb YMEHBIIAECTCSI 0OPATHO MPONOPLUOHANBHO 4/ E), .

Hanuas paboma evinonwena npu noodepdcke epanmogoz2o @uuancuposanus KH MOH PK,
Ne AP08955730.
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JI.U. Buabganosa, O.A. HoBosnoackas, T. X. Cagbikos, /I.0. Kantap6aesa
Satbayev University, ®u3uKka-TeXHUKAIBIK HHCTUTYTHI, Ka3akcTaH, AnMaThbl

I'A3 PA3PA/ITHI *HE ECENTEIIUTEPI HET'I3IHJAE TOMEH DHEPIUSLJIbBI
HEUTPOHIAPAbI HEUTPOH/ABIK JETEKTOPMEH TIPKEYAIH TUIMAILJIITT

AHHOTAUUsA. DHEPrUs IIEri TOMEH HEHTPOHIBIK ACTEKTOpJIApAaFrbl OJNIICYJIepPIeH alblHFaH HOTIDKENIEepIi Tanaay
Ke3iHae "amblK" HEHTPOHIBIK €CenTerilTep YIIiH Ae, 0asyJaTKBIIINCH KOpIIadfaH €CeNnTerill YIIiH e dp TYpJii THIITETI
aKMapaTThIK KaHAIJapAarbl HEHTPOHAAPIbl aHBIKTAy THIMIUITIHIH OJIApJblH KUHETHUKAJbIK SHEPIUsChIHA TOYENAUIITiH
oiny kaxkeT. «Geant4» makeTi HETi31H/IE TYPFBI3bUIFaH OOIIICKTEP/IiH 63apa OpeKeTTeCyiHiH (PU3UKAIBIK MOJETiHe He 0oa
oTeIpbin, Tsaub-11lanp OMiK CTAaHIMACHIHIA HEUTPOHAAD aFbIHBIHBIH TipKelyiHe OGaillaHbICTBI JKYpPri3iireH Toxipubenepie
KOJIJAHBUIATHIH IETEKTOPJIAPIBIH Op TYPJIi TUITEPI YIIIiH aHBIKTAay THIMALIITIH ecenTeyre 0omaapl. Makanaaa HEHTPOHIBIK
JIeTeKTOpJIap YLIiH jkacanraH OipHele OarJapaaMablK jKacaKTaMa YChIHBUIFaH.

Tyiiin ce3aep: HEUTPOH, HEHTPOH AETEKTOPBI, HEUTPOH MOHUTOPHI, TIPKEY THIMIIIT, (PU3UKAJIBIK MOJICIb.

L.I. Vildanova, O.A. Novolodskaya, T. Kh. Sadykov, D.O. Kantarbayeva
Satbayev University, Institute of Physics and Technology, Almaty, Kazakhstan

EFFICIENCY OF REGISTRATION OF LOW ENERGY NEUTRONS
BY NEUTRON DETECTORS BASED ON GAS DISCHARGE *He COUNTERS

Abstract. When analyzing the results obtained in measurements on neutron detectors with a low energy threshold, it
is necessary to know the dependence of the neutron detection efficiency on their kinetic energy in information channels of
various types, both for "open" neutron counters, and for counters surrounded by a moderator. Having a physical model of
particle interactions based on the Geant4 package, it is possible to calculate the detection efficiency for various types of
detectors, which are used in experiments conducted at the Tien Shan high-mountain station related to the registration of a
neutron flux. The paper presents several simulation models developed for neutron detectors.

Key words: neutron, neutron detector, neutron monitor, registration efficiency, physical model.
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PREDICTING THE LIFETIME OF LORA BASED WIRELESS SENSOR
NETWORKS USING A PROBABILISTIC MODEL OF MARKOYV CHAINS

Abstract. Real-time monitoring systems and sensors are not complete without wireless data transmission
modules. Improving energy efficiency requires examining various system parameters that affect the power
consumption of transmitting and receiving devices. The most important parameter of any autonomous wireless
network is its uptime. In this work, we used LoRa wireless modules on the SX1278 chip manufactured by Semtech
to determine their power consumption in various operating modes. The obtained data were used to build a
consumption model of the device when connected to a receiver. Three operating modes are considered: transmit
mode, receive mode and sleep mode. In an ideal communication channel, all transmitted data reaches the receiver
with 100% probability. In a real situation, data reaches the receiver with a certain probability, depending on the
communication channel, transmission power, distance to the addressee, and network parameters. In this work, the
occurrence of an error is random. In this case, the occurrence of an error during reception entails a lack of
confirmation of receipt or a request for re-sending data. Sending data again increases the power consumption of the
device and, consequently, decreases the operating time of the wireless device. This paper shows the dependences of
the operating time on various initial monitored parameters of the device, such as: confirmation timeout, packet
length, time of one transmission cycle and the maximum number of retransmissions in one cycle. The developed
model for predicting the consumption of the device can be used in the design of autonomous wireless sensor
monitoring networks.

Key words: Wireless sensor networks, LoRa technology, energy efficiency, Markov chains, error probability in
the communication channel.

Introduction. Wireless sensor networks (WSN) are at the heart of the ever-evolving Internet of
Things (IoT) and provide a wide range of applications such as infrastructure security, environmental
monitoring, event detection, etc. [1] Such applications are designed to collect information about a given
phenomenon or event. These sensor nodes are typically deployed in hard and inaccessible environments.
For these reasons, the sensor nodes must operate for a long period of time without human intervention
[1,2].

Power consumption modeling is an important part when designing switching sensors to monitor
a specific target application. Transmitting sensors must perform the following tasks for most applications
[1,3]: event recognition, local processing of sensor event information, and packet transmission to
the access point [3,4]. Each task consumes a certain amount of energy for a given time. Therefore, to
estimate the service life of the sensor, an accurate model of the energy consumption of the sensor node is
necessary [5].

Several standards have been proposed for communication in the ISM frequency bands and with low
data rates, the most well-known of which are LoRa, SigFox, and Dash7 [6-9]. As Dash7 is being promoted
as a medium-range technology [8], the scope for long-range networks has shifted towards LoRa and
SigFox. The adjustable data rate of the LoRa standard, combined with a slightly higher level of global
coverage [6,7], makes this technology very promising both for applications in the WSN and for other
long-distance connections with low data rates.
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To encode information, this technology uses broadband frequency-modulated pulses to achieve an
expansion gain, which leads to successful packet reception at extremely low signal-to-noise ratio (SNR)
levels. Due to its unique modulation, LoRa is a very versatile technology that can be adapted to different
types of environments and application classes [10].

In addition, the expected performance of lora has been discussed in a decent number of other
publications [9,11-14], all of them highly appreciating the potential of LoRa modulation, but some also
warn of a decrease in performance as the number of end devices increases.

However, when building any sensor network, in addition to its performance, the duration of its
operation plays a crucial role. To date, there are many works that describe in detail the consumption of
network operation [15-17]. The articles [18-19] show the application of the method of forecasting network
consumption with the probabilistic nature of sending data. This method can also be used to predict the
consumption of the transmitting device with the probabilistic nature of the communication channel.

The purpose of this article is to develop a transmission device consumption model based on LoRa
technology, taking into account the probabilistic nature of the communication channel. As well as the
dependence of time of operation of the Autonomous transmission device from the different initial
parameters such as packet length, time of acknowledgment and the maximum number of items in one
cycle.

Method. Consider the operation of a transmitting device in a network consisting of one transmitter
and one receiver, as shown in figure 1.

1 transmition I
tT)( | channel .
I DATA I
) T )
ts : :
T Ak .
tRX 1 !

Figure 1 — Point-to-point network architecture

In general, the consumption of the transmitting device can be expressed as follows:

Erotar = ESleep + E4ctive (1
Epctive = Err + Eg ()

Etowr — total energy, Esicep — energy consumption in sleep mode, Eacive — consumption in active mode,
E1r — consumption in data transfer mode, Er — consumption in receive mode.

Let the time be reserved for this transmitter (time slot) Ty, and To = 24 hours = 86400 s — the
duration of one day. During the day, the transmitter manages to send M successful messages. However,
there are always more attempts to send messages by the transmitter in real conditions. Let m be the
number of attempts to send messages in one time slot, and N be the maximum number of possible

messages sent in one time slot. Then p is the probability of sending data incorrectly, p = % Figure 2

shows the detailed time distribution of the transmitter. The transmitter must wait for confirmation of
receiving data from the receiver during the trx time, and only after that, the transmitter enters the sleep
state until the next transmission cycle begins.

Il B4 one cycle

--/-
-
el

Toesl | [T [T one coy

I I O s e L

Figure 2 - Timeslots
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The transmitter can be in three states during a single time slot: transmit mode, receive mode, and
sleep mode. The operating time in the corresponding modes trx, trx, ts. The probability of an error in the
communication channel depends on many factors and is, generally speaking, random. Therefore, in order
to analyze such processes, it is advisable to use Markov processes. Figure 3 shows the state diagram of the
transmitting device. Each state corresponds to a specific consumption. The most important is the transition
of the device from the RX receive state to the TX transmit state, since it is caused by a receive error in the
communication channel. The probability of this transition, as we have already determined, is p. Let's
construct the transition matrix (table 1) of the transmitter. By the properties of the transition matrix, the
sum of the probability in the row should not be greater than 1. Using this property, we fill in the matrix
cells.

Figure 3 - State diagram of the transmitting device

Table 1 - The transition matrix of the transmitter

TX | RX S

TX 0 1 0
RX p 0 1-p

S 1 0 0

The consumption of the transmitting device, depending on the error probability in the communication
channel, can be determined by the following formula (1) [Wireless].

E;=Eiy— (PTxtTX [POTXIRXIN + Paxtex [pP RXITX)IN + Py (Tres — [p@ (TX|RX)IN (try +
) (1)

Ei — remained energy in battery after i cycle, Ei.; — remained energy in the battery after (i-1) cycle,
Prx — power consumption of the device in transmission mode, Prx — power consumption of the device in
receive mode, Ps — power consumption of the device in sleep mode, trx — transmission time,
trx — receiving time, N — maximum number of transmission per one cycle, p — transmission probability of
the device, taken from Markov’s transition matrix, Trs — time of one cycle.

To build a model of the consumption of the transmitting device under the specified conditions, we
will use the LoRa-Ra01 wireless module on the Semtech SX1278 chip. These receiving and transmitting
modules are characterized by a low level of consumption with a relatively large coverage area due to their
unique modulation. Figure 4 shows the LoRa-01 transceiver circuit. The device is powered by two Li-ion
batteries of the standard 18650 with a voltage of 3.7 V, an ATmega328 controller, and a step-down
converter for voltage matching AMS1117.

AMS111T

LM7B05

- | T3 i1
12 17
= F— 888X
e 15w R2 c,‘:-_§
n::] R: 553 g
e . R
T

Figure 4 - Scheme of the transmitting device
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Table 2 shows the consumption of the receiving and transmitting device in different operating modes.

Table 2 - Transmission device consumption in various operating modes

Operating modes of the Transmitter Router
device
Data transmission 1085 mW/134 mA
Data reception 250 mW/30.25 mA
Sleep Mode 12.73 mW/13.7 mA

Using the consumption data of the transmitting device, we will simulate the operating time of the
transmitting device.

Results and discussion. Consider the operating time of the transmitting device at various initial
parameters. The parameters under study will be: the initial probability of error-free data sending p, the
maximum number of retransmissions in the absence of confirmation from the receiver N, the length of one
data packet L, the duration of one Ty transmission cycle, and the waiting time for trx confirmation. Figure
5 shows the results of simulating the operation of the transmitting device for 10 different values of N with
fixed values of other parameters. The abscissa axis shows the initial probability of erroneous data
reception, and the ordinate axis shows the time of operation of the transmitter in months. The operating
time of the device varies from 45 to 20 months with a minimum and maximum number of re-shipments,
respectively. With an increase in the number of retransmissions and the probability of erroneous reception,
the operating time of the transmitter also decreases, since retransmission of data is necessary. However,
this change is hardly noticeable within a single curve.

45 - | T T T
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|=-==N=20]
0’ 1 L | 1 | |
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p, probability

Figure 5 - Dependence of the operating time of the transmitting device on the initial probability
of erroneous sending of data at different maximum numbers of retransmissions
(trx =2 s, L =20 bytes, Tres = 1 hour)

Figure 6 shows graphs of the dependence of the transmitter operation time on the initial probability of
an error when receiving at different packet lengths. Compared to the previous curves, the dependence of
the running time on the length of the packets is more noticeable. As the packet length increases, the power
consumption increases, and therefore the system operation time decreases from 30 months with 20 bytes
of data to less than 20 months with 100 bytes of data being sent.
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Figure 6 - Dependence of the operating time of the transmitting device on the initial probability of erroneous sending
of data at different packet lengths (tex =1 s, N = 10, Tres = 1 hour)

Figure 7 shows a graph of the dependence of the transmitter's operating time on the initial probability
of an error in the communication channel with different confirmation waiting times.

35' T T T T T T K
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trx=15s
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Lifetime, months
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15 L ! ! L 1 L 1
0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

p, probability

Figure 7 - Dependence of the transmission device operation time on the initial probability
of erroneous data transmission with different confirmation waiting times (L = 20 bytes, N = 10, Tres = 1 hour)

As can be seen from the graphs, the operating time of the transmitters is highly dependent on the
waiting time for confirmation. With the minimum waiting time, the working time reaches more than
30 months, and with the maximum waiting time-more than 25 months.

Figure 8 shows graphs of the dependence of the transmitter operation time on the initial error
probability for different values of the time of one cycle.
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Figure 8 - Dependence of the operating time of the transmitting device on the initial probability
of erroneous data sending at different durations of one cycle (L =20 bytes, N = 10, trx =1 s)

As can be seen from the graphs, the duration of one cycle has little effect on the operating time of the
transmitter. The longer the time of a single cycle, the longer the operating time. This is due to the fact that
the transmitter increases the sleep time with an increase in the time of one cycle, all other things being
equal.

Conclusion. In this paper, a method for predicting the operating time of an autonomous transmitting
device with a probabilistic nature of the communication channel is developed. The dependences of the
operating time on various initial parameters of the transmitting device, such as: the initial probability of an
error in the communication channel, the waiting time for confirmation of reception, the packet length and
the duration of one cycle, are considered. An increase in any of these parameters, except for the duration
of one cycle, leads to a decrease in the operating time of the autonomous transmitting device. With an
increase in the initial probability of an error in the communication channel, the operating time of the
transmitter, all other things being equal, also decreases. The resulting model of the transmission device
consumption, taking into account errors in the communication channel, can be used to predict the
operating time.

M. K. Hypranmues, A. K. Caiim6eToB,
Bb. H. Koaamanos, A. T. Epanxanosa I'. b. ZKyman

'On-Mapabu ateigarsl Kaszak yaTTeIK yHuBepcuTeTi, Anmarsl, Kazakcran

MAPKOB TI3BEI'THIH BIKTUMAJI/IBI MOAEJIIH KOJITAHA OTBIPBIII,
LORA TEXHOJIOTUACBIHA HET'I3JJEJITEH CBIMCBI3 CEHCOPIJIBIK KEJIIVIEPIIH
KYMBIC YAKBITBIH BOJI’KAY

Annotanusi. Kazipri ke3zeri MOHUTOPHHT KyHelnepi chIMCBI3 OaiilaHbIc CEHCOPIIBI XKyiienepici3 ©3iHiH TOJBIK
MIHJICTIH OpBIHAAN anMaiapl. JHEPTUs THIMIUIITIH apTThIpy YIIiH TapaTyIIbl KoHE KaObUIIAayIIbl KYPbUIFbIIapIbIH
SHEpPrus TYTHIHYBIHA TOYyeNi OONaTBIH JKYWEHIH OpTYpJi CHIaTTaMalapblH 3epTTeyAi Tamanm eredi. Kes-kenreH
ABTOHOM/IBI CBIMCBI3 JKEJIiHIH MaHBI3Ibl CHIIATTaAMAChI PETiH/Ie OHBIH JKYMBIC YaKBITHL. ByJ1 Makaiazna opTypIi )KyMBIC
PEXUMIHACTI PHEPTUS TYTHIHYABI aHBIKTAy YIIiH Semtech mpraprad sx1278 mMukpocxemachIMeH jkacamraH LoRa
CBIMCBI3 MOAYJIbJEP] KOJNAAHBUIABL. AJIBIHFAH MOTIMETTep KaObUINAFBIIKA KOCBUIFAH Ke31€ KYPbUIFBIHBIH SHEPTUs
TYTBIHY MOJICTIH Kypy YIIIH NaiganaHbUiAbl. YII JKYMBIC PEXHMI KapacThIPBUIFAH: aKlapaTr Xi0epy pexumi,
aKmapar KaObuigay pexHMi jkoHe YHKbl pexxumi. Tamaina OaiaHbiC apHAChIHAA OapIbIK KiOepuIreH MaliMeTTep
100% BIKTUMANIBUIBIKIIEH KaOBULAAFbINIKA >keTedi. HakTel jkarmaiiia nepektep OaliaHbIC apHAchbiHA, TapaTy
KyaTbIHa, aKmapaT KaObUIIayIlbiFa MEHIHTI KaIBIKTHIKKA JKOHE JKeJi cHIaTTaMaliapblHa OalIaHbICThI Oenriii Oip
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BIKTUMAJIIBUIBIKIICH KaObLIIAFbIIIKA XKeTeli. byt syMmbIcTa KaTeHiH nmaiina 0osysl Ke3aeicok cunaTka ue. by perre
aKmapar KaObulZay Ke3iHJe KaTeHIH TybIHOaybl KaObULAAy[bl pacTaylblH OoJiMayblHA HeEMece AepeKTepii Kaiira
KiOepy Typalsl CypaHBIC )KacayFa oKem coraipl. Jlepekrepni Kairta kiOepy KYPBUIFBIHBIH KyaT TYTBHIHYBIHBIH
apTybIHA )KOHE CHIMCBI3 KYPBUIFBIHBIH JKYMBIC YaKbITBIHBIH TOMEH/ICYiHe oKeneai. bepiaren Makanaaa KYpbUIFbIHBIH
JKYMBIC YaKBITBIHBIH P TYPJIi OacTankpl OaKbUIAaHATHIH CHITATTaMajlapbhlHA TOYCJJIUIITIH KOpCeTe i, ojlap: pacTayabl
KYTY YaKbITBI, TAKECTTIH Y3BIHIBIFBI, aKMapaT TapaTyAblH Oip NUKIIHIH YaKbITHI KOHE Oip IUKJIIETi KaiTa akmapaT
TapaTy/AblH MaKCUMAaJIbl caHbl. JKacambill MIBIKKAH, KYPBUIFBIHBIH JHEPrHs TYTHIHYBIH OOJDKANTBIH MOJENh
aBTOHOM/IBI CBIMCBI3 CEHCOPIIBIK OaKbLIay JKENiIepiH xobanay Ke3iH/e mai1ananburybl MyMKiH.

Tyiiin ce3mep: CpIMCBI3 CEHCOPIBIK kenisiep, LoRa TexHOMOTHACH, HEprus THIMIUTIri, MapKkoB Ti30ekTepi,
OaiinaHbIC aApHACKIH/IAFBI KATENIK bIKTUMAJIbUIBIFBI.

M. K. Hypraaues, A. K. Caiim6eToB,
Bb. H. ’Koaamanos, A. T. Epaaxanosa I'. b. ’Kyman

Kazaxckuit HaunoHaBHBIH yHUBepcuTeT UM.allb-Dapadu, Anmarel, Kazaxcran

MMPOTHO3UPOBAHUE BPEMEHU PABOTHI BECIIPOBO/JIHbIX CEHCOPHBIX CETEM
HA OCHOBE TEXHOJIOT'UH LORA C UCITIOJIb30BAHUEM BEPOSITHOCTHOM
MO/IEJIA MAPKOBCKHUX IIENEN

AnnHoranus. CrcTeMa MOHHTOPHHTA B PEANTBHOM BPEMEHH PENKO 00XOmuTcs 0e3 OecIpOBOIHBIX CEHCOPHBIX
cereil. [ToBeeHne >HEProIPPEeKTHBHOCTH TpeOyeT HCCISHOBAHUS PA3IMYHBIX APAMETPOB CUCTEMBI, OT KOTOPBIX
3aBHUCHT DJHEPrornoTrpedyieHHe MNepeAalonuX W MPUHUMAIOIIUX YCTPOHCTB. BaxHeilmmM mnapamerpom 000
aBTOHOMHOW OeCIpOBOJHOW CeTH sBNsieTCs BpeMsi ee paboTel. B maHHO#l paGore ObLIM KCIOJIB30BaHBI Oecnpo-
BonHble Moy LoRa Ha Mukpocxeme SX1278 nmpousBoacrea Semtech [uist onpeeieHust X SHEPronoTpedieHus B
pa3MuHBIX pexxuMax padoThl. [lomydeHHble TaHHbIE OBUTM MCIOJIB30BAHbI JUIS MOCTPOSHHUS MOJIENH TOTpeOIeH s
YCTpOCTBa ITPY TIOAKIIIOUEHHUHN K PHEMHHKY. PaccMOTpeHO Tpu pexuMa paboThl: PeXXUM Mepeaadn, peKUM pueMa
U peXUM CHa. B npeansHOM KaHale cBs3M Bce nepenanHble qanHbie co 100% BepOSTHOCTBIO IOCTUTAIOT IIPHEMHHKA.
B peanbHO# cuTyauuu JaHHBIE JOCTUTAIOT MPUEMHHUKA C HEKOTOPOH BEPOSTHOCTHIO, 3aBHUCAIIEH OT KaHalla CBS3H,
MOIIIHOCTH TIepe/iaun, PacCTOSIHUS 10 aJpecara M HapaMeTpoB ceTH. B naHHOHW paboTe BOSHMKHOBEHHE OIIMOKH
HOCHUT ciydaiiHelii xapaktep. IIpm 3TOM BO3HMKHOBEHHE OMIMOKHM TP IpHEME BIeYeT 3a COOOW OTCYTCTBHE
MOATBEPIKACHUS MpUeMa MM 3alpoc O TIOBTOPHOW OTIpaBKe NaHHBIX. [I0BTOpHAs OTHpaBKa JAHHBIX MPUBOIUT K
MOBBIICHUIO YHEPrONOTPeOICHHSI YCTPOMCTBA M, COOTBETCTBEHHO, K CHI)KCHUIO BPEMEHH paboOThI OECIPOBOAHOTO
ycrpoiictBa. B nmaHHO# paboTe moka3aHbl 3aBUCHMOCTH BPEMEHH PabOTBHl OT Pa3iIMYHBIX HAaYalbHBIX KOHTPOJIH-
PYEMBIX IapaMeTpOB YCTPOMCTBA, TAKUX KaK: BpeMs OXHAAHMS IONTBEPXKICHUA, JUIMHA NAaKeTa, BpeMs OIHOTO
IIUKJIa IepeAadyd U MaKCHMMaJIbHOE KOJIMYECTBO IIOBTOPHBIX OTIPABIEHUI B OJHOM nuKkie. PaspaboTaHHas Monemb
NPOTHO3HUPOBAHUS IOTPEOJIEHHS YCTPOMCTBA MOXKET OBITh MHCIIOJBb30BaHA IIPU INPOCKTHPOBAHUM aBTOHOMHBIX
0ecnpOBOIHBIX CEHCOPHBIX CETEH MOHUTOPHUHTA.

KaroueBble cioBa: GecnipoBiiHbIE CEHCOPHBIE ceTH, TexHosorus LoRa, sneprosdgdexkruHocts, MapkoBckue
LIeTIH, BEPOSITHOCTH OLIMOKH B KaHAJIE CBSI3H.
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NCCIEAOBAHUE TEIINIOOBMEHA
B ITOPUCTOM IIBUIET'A30YJIOBUTEJIE
C PACIIBIVIMTEJIEM B BUJE TPYBYATOI'O KOJIBLIA

Annotanusi. Paspaboran u u3ydeH 6e3¢(opCyHOUHBIN KalmISIPHO-TIOPUCTHIHN IBIIETa30yI0BUTENb C IIEHOTe-
HEpUPYIOUIMMH U IIEHOTACAIIMMH CTPYKTypamu. IIeHHBII MOTOK reHepupyeTcs 3albUICHHBIM Ta30M, OYHINAIOTCS
MHKpPO- ¥ yIbTPaMHKPOCKOINYECKNE YaCTUIIBI, OCOOCHHO OIAacHBIE JUIs OpraHu3Ma 4esioBeka. OmpeneneHa ycTou-
YHBOCTb TUIEHKHU JKHIKOCTH B OPUCTOU CTPYKTYpe HPH MOjade IeHO00pa3yIoIIei )KUAKOCTH PACIIBIINTENEM B BUIE
TpyOuaroro koisibia. ONTHMH3HPOBAaHBI MEHOTCHEPHPYIOMIasi M IEHOTAcsIas CTPYKTYpBI, 38 CYET 3TOr0 MaTte-
PHATOEMKOCTh M TadapHuThl CHUKAIOTCS B 2—2,5 pa3a, THApaBINYeCcKOe CONPOTHUBIICHHE — B IECSTKU pa3 (1o cTa pas),
a ra3oJMHAMHUYECKOe — JI0 ABYX Pas3.

KiroueBble c10Ba: TEIUIOMaccOOOMEH, THIPOra30JMHAMUKA, TIBIJIEra3004iCTKa, IEHOTeHepaus, KaluIsIpHO-
TIOPHUCTBIE CTPYKTYPHI.

HccnenoBanre npoueccoB TEMIO- © MacCOOOMEHa B KalTWJUISIPHO-TIOPUCTHIX CTPYKTYypax HalpaBICHO
Ha ynpaBieHne kodddummentom Tterwtonepenaun [1, 2]. OmpITHBIE MaHHBIE O TEIIOOOMEHY 0000-
HIar0TCs ¢ TOYHOCTBIO 20% JUIA YMCTHIX JKUAKOCTEH, Mapo(BO3AYyX0)-MEXaHUYECKUX TEH, JI MPOIEcCOB
KUTICHHUS, TIEHOTeHepalun, 6apOoTaxa, BAyBa, 0TCOCA U MCEBIOOKIKEHUs [2-5]. [ NbUIEBBIX MEHHBIX
MIOTOKOB YIPaBJIEHHE MPOLIECCAMHU IBIJICOUYUCTKH OCYIIECTBISIETCSl TeOMETpHUell MUKpOKaHaJIoB [6, 7).
Ilonawa meHooOpa3zoBaTens W MOJBOJA PHEPTMM JJIS BBIAYBAHHSA MEHBI MPOHUCXOIAT O0e3(hopcyHOUHBIM
CHoco0OM B CHEUUATbHO ONTHUMHU3UPOBAHHBIX KaMWUIAPHO-TIOPUCTHIX CTPYKTypax [8-13], B KOTOpBIX
TaKXXe PeryjJupyercsl BBIOPOC Kallesb XKHIKOCTU M reHepauus neHsl [13]. Paznenenue sHeprum oOmero
MOTOKA ra3a Ha 3HEPTUI0 BOJHBI U 3HEPTHUI0 HEOOXOIUMBIX KOMIIOHEHTOB Ta3a JOMOJHUTEIHHO HHTEH-
CHUQHULUPYET HPOLECCH IEHOTCHEPALUH U TOBBIIIAET () (HEKTUBHOCTD MBbUIEra30uucTKy [5, 7, 10, 11].

Uccnenyem u paccuntaem 6ecopCyHOUHBII KaMIIISIPHO-TIOPUCTBIH MBIJIETa30yI0BUTENb.

[IpineynoBuTens COCTOMT U3 maTpyOKa MOABOJA 3albUICHHOIO Ia3a, COGAUHEHHOI'O C KOPILyCOM, B
KOTOpPOM pa3MelleHa TeHOTeHeprpYyIolias MOpUCTas CTPYKTypa (PUCYHOK).

PacnbuinTens, BHIIONHEHHBIH B BUE TPYOUaTOTrO KOJbLA CO LIETIbI0, CHA0XaeT NEHOreHEPHPYIOLIYIO
HOPHUCTYIO CTPYKTYPY U IIEHOTACALIYIO IIOPUCTYIO CTPYKTYPY IIEHOOOpa3yOLIM PacTBOPOM.

Kaxnas mocnenyromasi ceTka MEHOT€HEPUPYIOLIEH CETYaTON MHOPUCTOM CTPYKTYpPHl BBINIOJIHEHA C
YBEIMUYMBAIOIIMMCS pa3MEpPOM IO XOAY JIBHKEHMS OUMINAEMOro rasa, HalmpuMep, Ha METAJUIMYECKUX C
pasmepom stueek Ha mpocseT: 0,08 x 0,14 x 1 (Tpu mocneaoBaTeNbHO yCTaHOBIIEHHBIE CETKH C STUeiKaMu
Ha npocseT 0,08 x 107 m; 0,14 x 107 M; 1 x 107 M COOTBETCTBEHHO), a KaXas IOCIEAyIONas CeTKa
MeHoracsIel TOPUCTON CTPYKTYpPHI BBIMOIHEHA C YMEHBIIAIOMUMCS Pa3MEPOM siU€eK M0 X0y ABHKEHUS
OUMILAEMOTO T'a3a, HApPUMEp, U3 METANIMYECKUX CETOK C pa3MepoM siueek Ha mpocset: 0,4 x 0, 14 x 0,08.
Pa3mepsl siueek B HOPUCTBIX CTPYKTYpax OIpenesCHbl aBTOPaMH SKCIIEPUMEHTAIBHO.

OOGecnenennpiit ra3 13 ymansercs u3 marpydka 6 OTBOAA OYMINEHHOTO Trasa, a MbUIh — U3 MUIAMO-
coopHuKa 7.
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KanmisipHO-IIOpUCTHII MBUIETa30yI0BUTENb
1 — BXoaHOI naTpy0OoK; 2 — KOPILyC MbUICYJIOBUTENS; 3 — IEHOT€HEpUPYIOLIasi IOPHUCTast CTPYKTYpa;
4 — KanWUIPHO-TIOPUCTAst CTPYKTYpa; 5 — MeHoracsIas mopucTasi CTpPyKTypa; 6 — BBIXOJHOW MaTpy0oK;
7 — mmaMocOOpHHUK; 8 — pacTymue my3sipy; 9 — meHooOpasytomuii pactBop; 10 — maporazomMexaHuyecKas NeHa;
11 — my3s1pu ieHsl; 12 — 3ambUIeHHBIN Ta3 (Ms, Mu); 13 — ounIIeHHSIH ra3 (mu); 14 — pacHbUIATEIh

[IpoBenem wuccienoBaHWE W WHXKEHEPHBIM pPacdeT IO OIeHKE YCTOHYMBOCTH PabOTHI TOPHCTHIX
CTPYKTYP B IBLICYJIOBUTEIE.

PacmiemuTens 14, BBINOTHEHHBIH B BHJIE TPyO4YaToro KOINbIAa CO IIETBIO JJIS BBOJA TOpIA IMakeTra
ceTok 4, 00eCTIeYnBaET 10 CPABHEHUIO ¢ (DOPCYHOUHBIM PaCHBIINTENIEM paBHOMEPHBIN MOIBO TIEHOO0pa-
3YIOIIEro pacTBopa 9 K MEHOTeHEPHUPYIOMIEH 3 MOPUCTOM CTPYKTYPE MO BCEHM MOBEPXHOCTU CETOK 32 CUET
KOMOMHUPOBAHHOTO JICHCTBUS MACCOBBIX U KAITMIUISPHBIX CHLI.

DTO CO37aeT YCTONIMBEIA MHOTO(A3HEIHN CIIOH B 00beMe TIOPUCTON CTPYKTYPHI, CYIIICCTBEHHO HHTCH-
cUGUITPYS TPOIECCHl MACCOMEPEHOCa U MbUICYJIaBIMBAHUS 10 CPABHEHUIO C BOJOKHUCTBIMU HACaIKaMHU
U JPYTUMH TOJOOHBIMH UM MEJIKOMOPHUCTHIMUA (WIBTPYIONUMH MaTepUalaMH: METAUIHYSCKUMU
HAcaJIkaMH W3 CIIEYEHHBIX IMOPOINKOB M METAJUIOKEPAMHUKH, TMOCKOIBKY B HHUX JlaXKe MpU HEOOIBIINX
MacCCOBBIX Pacxo/laX MPOUCXOANT 3aKyIIOPHUBAaHNE MEIKHUX TI0P PACTYIIHMMH Ty3BIPSIMH ra30MeXaHUIeCKOM
TICHBI.

Hcrone3yst B kaduecTBe akTopa BO3IECHCTBUS HA TMOPUCTYIO CTPYKTYPY YIEIBHBIN TEIIOBOM MOTOK,
HaMH OMPEENIach YCTOHIMBOCTD IUIEHKH KAIKOCTH TI0 MEPETPEBY MOBEPXHOCTH MOPUCTOTO MaTepHaa.
I[J'ISI BOJIOKHHUCTBIX HaCalaOK, a TaKKC IMOPOIIKOBBIX U KEPAMHUYCCKUX HACAJOK NPH YACJIBHBIX TEIIJIOBBIX
notokax mnopsamka 2-10° Br/M’ HacTymaeT moTeps YCTOHUYMBOCTH IOTPAHHYHOTO CJIOS B CBA3M C
3almapuBaHUEM TMOPUCTOH TOBepXHOCTU. (eTdaThie MOPUCTBIE CTPYKTYPHI, MHTaeMble TpPyOUYaThIM
pacmbpUIATENeM, MPOSBUIN CYIIECTBEHHO OOJBIIYK) YCTOMYHMBOCTH MHOTO(A3HOTO TMOTPAaHUYHOTO CIIOS
(Tabmuma 1).

Tabmuna 1 — YcToHYMBOCTB IUICHKH JKHIKOCTH B ceTdaToi cTpykType 0,08x0,14x1 npu noxBose sKUAKOCTH PACTIBUINTENEM
B BHJI€ TPyOUaTOro Kojbla (ONBITEl aBTOPOB, IIPOBEICHHBIE HA MOJICIIBHEIX 00pa3iiax B Ja00PaTOPHEIX YCIOBHSIX)

®akTop BO3/IEHCTBHS — YICTBHBIN TEMIOBOH MOTOK q, X10%, % 6 8 10 20 40 60

Y CTOWYNBOCTH IIEHKH JKUAKOCTHU ONPEACIIAIach MO MEPETPEBY MOBCPXHOCTU.

AT=T,.-T,, K 18 20 21 35 46 57
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[Ipu TemnoBeIX ToTOKax ¢ > 10-10° BT/M? ams ceTyaThIX CTPYKTYp TONBKO NIPH KAMMIIPHOM
MOJBOJE JKUAKOCTH (0€3 MacCOBBIX CHIJI) HACTyIaeT 3aKylOpUBaHHE ITy3BIPIMHU S9YEEK CETOK U
MpeKpaiieHie ux (QyHKIUOHUPOBAaHUS. /I BOJIOKHUCTBIX, CIIEYEHHBIX METAUTHYECKHX MOPOIIKOB,
METaJNIOKepaMUIEeCKUX HacaloK HapylIeHHe paboTOCIOCOOHOCTH HAOMI0AaeTCs Aaxe MpH Oosiee HUIKUX
TEIIOBIX HArpy3kax, yem 10-10% Br/m?,

Bricokasi ycTOMYMBOCTD IUICHKH JKUAKOCTH B CETYATBIX CTPYKTYpax, NHTaeMbIX TpyO4yaThiM
pacIblINTENEM, TO3BOJISIET COKPAaTUTh B 1,5-2 pas3a pacxol meHooOpa3yIoIIero pacTBopa Ipu COXpaHEHUH
CTOWKOCTH, AMCIIEPCHOCTH W BBICOKOKPATHOCTH II€HBI, MOJyYaeMBbIii B IEHOTEHEPUPYIOLIEH CTPYKTYpe,
4T0 0o0ecreuYrnBaeT NOBhIICHNE KO3 dUIIMeHTa 3aXBaTa IEHHBIM OTOKOM MBIIMHOK MEJIKHUX (pakuuii u,
KaK CJIEZICTBUE, YBEJIMUUBACT KOAr'YIUPYIOIIYIO CIOCOOHOCTH IIEHBI.

Jna pacuera THAPABIMYECKOTO COMPOTHBIIEHUS CETYATONH CTPYKTYPHI MO TPAHCIOPTY >KUAKOCTH
BOCTIOJIb3yeMcs ypaBHeHHeM [lapcu [8].

Ilpu T - 20°C, nuHAMHYECKast BSI3KOCTb KUIKOCTH [ = 1000 10°TIa - ¢; my = pacxoj KUAKOCTH,
my = my B + 1,5); my — pacxon MmeHsl, my = 2,5 - 107 kr/c; MIOTHOCTH JKHIKOCTH px = 1000 Kr/M’;
Fj — JKHBOE CedeHHe TOPHCTOil CTPYKTyphl: Fy = eFy = €8y - L = 0,7 - 1,28 - 107 - 1 = 0,89 - 107 m?;
€ - IOPHCTOCTh CTPYKTYPHI, € - € = 0,7; &y — TONIIHMHA IOPUCTOH CTPYKTYPBI; [UIS CETOK M3 HEPKaBEIOIEH
cramu 12X18HIT (4MTVY-4-7-66) TonmmHa cetdatoit cTpykrypsl 0,08x0,14x1 paBHa COOTBETCTBEHHO:

(0,140,18+1) - 10°=1,28 - 10~ m;

L — mmaa mopuctoi cTpykTyphl, L = 1 M; h — BbIcOTa MOpUCTOH CTPYKTYpHl, h = 1 M; ko3 durmeHT,
YUUTBIBAIOIIUH JIOJIO ra3a, TeHEPHUPYEMOTo B KUAKOCTH; Ky — yCIOBHBIH K02 OUIIMEHT TPOHUIIAEMOCTH;
oTpesieNicH HaMU 3KCIIEPUMEHTAIBHO:

Ky =55 1077 (%) ~129, (M

rie b, — THApaBINYECKUil TUaMETpP CTPYKTYPHI:

b =228t 10-3 — 0 42- 1073 m;

d — cpenHnii AMaMeTp MPOBOJIOKU CETKH;

{ = 2055+0,09405
3

Toraa: Ky = 5,5 1077 (22) 7422 =2,38 - 1077 M2,

1073=0,22- 1073 m.

T'uapaBnuyeckoe cONMpoTUBIIEHKE: 110 ypaBHEeHMIO Jlapcu:

1,51, My h Hy My h 1-:000:1072,5-10731-
B — = = =12 Ila.

Bl
P Fo Ky (1,_5 ) pFyKy,  10000,89-103-2,38:10~7

Ap

ﬂﬂﬂ BOJIOKHHUCTBIX MaTepruajloB MaKCUMaJbHO€ 3HAYCHUC NPOHHUIAEMOCTU MOXKET COCTaBHUTh ~~ 2-

107°m? npu muHHManeHOM pasmepe mop 5 * 107°wm. Torma ruapaBaMuecKoe CONMpPOTUBIICHHE
2,38-1077
21079

00pa3oM, ¢ y4eTOM YCJIOBMil SKCIUTyaTalMy THAPABINIECKOe COIPOTUBIIEHHE CETYATOM CTPYKTYphl OyaeT
B JICCATKH Pa3 MEHBIIE, YTO IIO3BOJSET COKPATUTh PACXOMbl SHEPTHH Ha IT0ady MEeHOOOpA3yIOIIEro
pacTBopa.

Jlns  pacueTa ra3oJMHAMMYECKOrO CONPOTHBIEHHS TPEXCIOHHONW CeTyaToif CTPYKTypbl THIIA
0,08x0,14x1 o mpocackIBaHHIO Ta3a (BO3AyXa) 3alHIIEeM ypaBHCHHE:

BOJIOKHUCTBIX MaTE€pHajiOB BO3pPACTET B =~ 120 pas, T.e. OyzmeT 3HauuTENBHO OobIIe. Takum

W 2
Ap =33 &re @

rae p — IJIOTHOCTH Tasza, p — 1,2 kr/M3; W,,- CKOpOCTh Ta3a Ha BXoJe B CTPyKTypy, Wy, — 3 M/c;
2? Ere - CYMMapHBIN K03()(OUITMEHT ra30JHHAMHUYECKOTO COPOTUBIICHUSI.

Omnpenensgercs no auarpaMme 8 — 6 [14].
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Kpurepuii Peiinonbaca:

v 15-10~6 7

Wj- cKOopoCTh Ta3a B sidefkax; € - MOPUCTOCTh CTPYKTYpPHI, € = 0,7; v - K0O3PPHUITUEHT KHHEMATHICCKOM
BSI3KOCTH rasa, v=15-10"m?/c; d - CPeIHUI TuaMeTp MPOBOJIOKH ceTok, d = 0,22+ 1073 m.
ITockonsky Re>50, To
§Re = Kpeénp= 1,3 1=1,3.

CyMMapHBIi K03()OHUITUSHT COTPOTUBIICHHUS
$ERe=3ERe=3 " 1,3=39.
OKOHYATENBHO MOTYIHM:

1,2-32
2

Ap=39 =21,1TIla.

PacueT razoluHAaMUYECKOr0 COMPOTUBJIEHUS TPEXCIOMHON ceTyaTou cTpyKkTypsl Tuma 0,4x0,14x0,08
OyIeT aHaJIOTHYHEI.
OmnpenenuM ra30JMHAMAYECKOE COITPOTUBIICHNE BOJIOKHUCTON CTPYKTYPHI.
Bocmons3yemcs auarpammoit 8-8 [14] ms dunmsTpyromux Matepranos. Kpurepuit
~ w8 3011073 0
¢ v 15107 ’
e 8 — cpenuuii pasmep BonokHa, § = 0,1- 1073 m.
ITo nuarpamme 8-8 omnpezensieM BEIUUUHY E=7 npu Tonumue Gpunstpa 1- 1073 M.
OKOHYATENBHO MOTYYHM:

22
123" _37.81la,

Ap=7 5

37,8
T.e. 9Ta BennyuHa Oyner B 11 1,8 pa3a Oomplle, 4eMm TSI CETYATBIX CTPYKTYp, YTO IIO3BOJIHT

1

9KOHOMUTH PHEPIrHI0 Ha MPUBOJA BEHTHIATOpa (IbIMOcoca). B NeHCTBUTEN HOCTH SKOHOMUS IOJIYYUTCS
eIIe BBIIIC, TAK KaK TOJIIIMHA MPUMEHSEMbIX BOJIOKHUCTHIX CTPYKTYp OOIIbIIIe, a pa3Mephl Op MCHbIIE
MIPUHATHIX B pacyere.

OnbITHEIE JaHHBIC I10 I/IHTeHCI/I(i)I/IKaHI/II/I IIpoHeCCOB TCILIIO- U MaccooOMeHa B Pa3IMYHbIX CETYATBIX
cTpykTypax, A, Br/mM? K, cBeniem B Tabmuity 2.

Kak BunmHO u3 Tabmd. 2, B HanOOMIbIIel CTEIIEHH MOKHO (POPCHPOBATH MPOIECC B MOTPAHUYHOM CIIOE
ceryatoid mopucTtoii cTpykTypel THma 0,08x0,14x1 (meHoreHepHupyromas IOPHCTas CTPYKTypa), a
MaKCHUMaJIbHO OCJIa0uTh mpormecc — B cTpykrype Ttuma 0,4x0,14x0,0,08 (meHoracsmiasi CTPyKTypa).
[opucTele CTPYKTyphl, HAOpaHHBIC M3 CETOK C OJUHAKOBBIMU SUYCHKAMH, CYIIECTBEHHO YCTYMAaKOT IO
(dhopcupoBKe Tporiecca B MOrpaHuIHOM MHOTO(]a3HOM cioe cTpykTypa Tuna 0,08x0,14x1.

Tabmuma 2 - Pe3yabTaThl SKCHEPUMEHTATBHBIX HCCIEAOBAHMI IS pa3IHdHBIX TIOPHCTHIX CTPYKTYP, A, BT/M2 * K

Buy nopucToit Tennosas Harpyska, Br/m?, x10*
CTPYKTYpBI 0,5 1 2 4
0,08x0,14x1 4510 4488 4332 4035
0,4x0,14x0,08 2620 1715 1320 1115
0,14x0,14x0,14 4320 4250 3820 3510
1x1x1 2300 2210 2200 2800

OpraHn3oBarh YCTOHYMBBINA MPOLIECC B MHOTO(A3HOM CJIO€ ¢ TIOMOIIBIO BOJIOKHHCTBHIX U UM TIOH00-
HBIM (QUIBTPYIOIIMM MaTepuaiaM (MeTaJUIOKEpaMHUUYECKHe, CIICUCHHBIE MOPOLIKH) HE YAAeTcs, TaK Kak
My3bIpU IIEHbI 3aKyNOPHBAIOT INOPHI HACAOKH, NPEKpalias MOCTYIUIGHHE CBEKHX HMOpIMH INEeHooOpa-
3yIOIIeH JKUIKOCTH K My3BIpereHepHpYIOUIMM TopaM IpH TEIUIOBBIX Harpyskax B 2-2,5 pa3a MEHBIINX,
4YEeM JUJIS CETYATHIX IIOPUCTBIX CTPYKTYP.
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Taxum 00pa3om, 3a cyeT HHTEHCHU(PHUKALIUHU TPOLIECCOB TEIUIOMACCONIEPEHOCA B CETYATHIX CTPYKTypax
NpU JaHHOW MPOU3BOIUTEIBHOCTH MAaTEPHAJIOEMKOCTh U Ta0apUThl MOTYT OBITH CHM)KEHBI B 2-2,5 pasa, a
Macca YCTaHOBKH — B 3-4 pa3a [0 CpaBHEHHIO C BOJIOKHUCTHIMU HACaJAKAMU.

Taxum o0Opa3om, GpopcupoBaHre Ipouecca B IEHOTCHEPUPYIOIIEH IOPUCTON CTPYKTYpE yBEIHMUUBAET
3¢ PEKTHUBHOCTD YJIABIMBaHUS MUKPOCKOITMYECKOW TIBUIM, a MOJABJICHUE Mpolecca NMeHOOOpa30BaHUs B
MCHOTACsIIEH MOPUCTONH CTPYKTYpE YBEIWYMBAET A(PQPEKTUBHOCTH YJIABIWBAHHUSA YIBTPAMUKPOCKOIH-
yeckoll mbutu. Poct ¢ dexTuBHOCTH NbUICYIaBIMBAaHKA CBSA3aH C MOBBIIICHUEM KOAaryJIUupyoLen crnocoo-
HOCTH Ta30MEeXaHHYECKOH IeHbl B 00bEeMe IMOPUCTONW CTPYKTYpHl M Ha €€ TOBEPXHOCTH U POCTOM
kod(uirenTa 3axBara NBUIMHOK MENKUX (PPAKIMH 3apOKAAIOMIMMCS U THOHYIIUM MEHHBIM ITOTOKaM.

CounanbHeiil 3¢ ¢deKT OyaeT UMEeTh MECTO 3a CUET BBICOKOH 3 (EKTUBHOCTH yJIaBIUBaHHUSI MUKPO- U
VIBTPAMUKPOCKOIIMYECKON TBUIA B 3apOKAAIONIEMCsl U THOHYIIEM MEHHOM TOTOKE, 0COOCHHO OIACHOM
JUTSL OpraHU3Ma YelloBeKa.

TexXHUKO-3KOHOMHUYECKHE ITOKa3aTe ! MbUICYJIOBUTEN He OyIyT yCTyNaTh CYLIECTBYIOLIMM IIEHHBIM
IBUICYJIOBUTEIIAM; MaKCUMAaJIbHO JIONyCTUMas TeMIlepaTypa paboThl HE OrPaHUYUBAETCS, TO €CTh MOXKHO
OYMINATh OT IBUIM TOpsSYME Ta3bl, OTXOAAIINE OT MedYeil W KOTI0arperaroB 3JIEKTPOCTAHIINN; BO3MOKHAS
KOHJICHCAIUsI TMapoB BOJBI MOXET AK€ HECKONBKO YIYYIIUTH OCaXIEHHE MBbLIM MENKHX (PpakKLuii;
B3PBIBO- U [103KaPOONACHOCTh OyIyT CBEIEHBI K HYJIIO.

B wmenom, mpenioxkeHHOE YCTPOWCTBO IMO3BOJIAET COKPATUTh KamUTAJbHBIE M IKCIUTyaTallMOHHBIE
pacxoApl Ha CO3JaHHE IMBUICYJIOBUTENA, NOBBICUTH YCJIOBHA O€30MACHOCTH Tpyla pPabOTHUKOB H
YIIyUIINTh SKOJIOTHYECKHIE YCIOBHUS OKPYKaIoLIel cpeabl (Z0CTUYb BEICOKOTO COLMAIBHOTO 3B eKTa).

A. A.Ten6au', K. K. Illokoakos?

'TeXHUKAIBIK FBUIBIMBIHBIH JJOKTOPBI, TTPOdeccop «AnMaTsl DHepreTrka xoHe baiinansic YHuBepCHTETI»,
2nokropant ADxBY, 6ac mmxenepi TOO «HULL DuepreTuxa»

TYTIKTI IDBIFBIPIIBIK TYPIHAEI'T BYPIKKIIII AP KEYEKTI
INAHI'A3¥YCTAFBILITAFBI )KBLJIY AJIMACY/1bI BEPTTEY

Annoranus. Ke0ik reHepanusuiaymsl skoHe KOOIK OIIipyIIi KYphUIBIMIApEl 0ap (HOPCYHKACHI3 KATMILISAPIIbI-
KEYeKTi IMaH-Ta3 YCTaFbIII d3ipeH i jkoHe 3epTTenyi. KeOik aFbIHBI TO3aHHaHFaH ra30eH TeHepaIsiaHa bl ocipece
agaM ar3achblHa KayillTi MHKpPO OHE YJIBTPAMHKPOCKOMIUIBIK OejmekTepi Tapamaabl. TYTIKTI IIBIFBIPIIBIK
TypiHAeri KeOiK KalbIITACTHIPYIIBI CYHBIKTBIKTHI Oepy Ke3iHAe KEeyeKTi KYpBUIBIMIA CYWBIKTHIK YIIIpiHIH
TO3IMALTITI alikprHAaFad. KeOik reHepanusiaymibl xoHe KOOIK eIipyIr KYPhUIBIMBI OHTAWTaHIBIPUTFaH, OCBIHBIH
eceOiHeH MaTepual CHIMBIMIOBUIBIFEI MEH rabapurrepi 2-2,5 ece, THAPABIUKANBIK KapChUTaCybl — OHIAFaH ece (3Ky3
ecere Jieiin), an ra3quHaAMHUKAIBIFBl — €Ki ecere eHiH TOMCHICHTI.

Tyiiin ce3aep: TUIpOra3abl AMHAMHKACHIHBIH JKBUTY CaIMaKThl AIMACTBIPYIIBI. [IaH Ta3 Ta3apTy, Kamuusipis-
KeOey KypbuIbIMIap

A. A. Genbach!, K. K. Shokolakov?

'Doctor of technical sciences, professor of «Almaty university power engineering and telecommunication»,
2doctoral student AUPET, chief engineer JSC «SEC Energetica»

EXAMINATION OF HEAT EXCHANGE IN A POROUS DUST-GAS CATCHER
WITH A RING-PIPE SPRAYER

Abstract. Nozzle-free capillary-porous dust and gas trap with foam generating and defoaming structures was
developed and studied. Foam flow is generated by dusty gas, micro and ultra microscopic particles, which are
especially dangerous for human body, are cleaned. Stability of liquid film in the porous structure during supply of
foam-forming liquid by a spray in the form of a tubular ring, was determined. Foam generating and defoaming
structures have been optimized, due to this material consumption and dimensions are reduced by 2-2.5 times,
hydraulic resistance - by dozens of times (up to one hundred times), and gas-dynamic - by up to two times.

Key words: heat-mass exchange, hydrogasdynamics, foam generation, capillary-porous structures.
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MULTI-LINE SOLITON SOLUTIONS FOR THE TWO-DIMENSIONAL
NONLINEAR HIROTA EQUATION

Abstract. At present, the question of studying multidimensional nonlinear integrable equations in the
framework of the theory of solitons is very interesting to foreign and Kazakh scientists. Many physical phenomena
that occur in nature can be described by nonlinearly integrated equations. Finding specific solutions to such
equations plays an important role in studying the dynamics of phenomena occurring in various scientific and
engineering fields, such as solid state physics, fluid mechanics, plasma physics and nonlinear optics. There are
several methods for obtaining real and soliton, soliton-like solutions of such equations: the inverse scattering method,
the Hirota’s bilinear method, Darboux transformation methods, the tanh-coth and the sine-cosine methods. In our
work, we studied the two-dimensional Hirota equation, which is a modified nonlinear Schrédinger equation. The
nonlinear Hirota equation is one of the integrating equations and the Hirota system is used in the field of study of
optical fiber systems, physics, telecommunications and other engineering fields to describe many nonlinear
phenomena. To date, the first, second, and n-order Darboux transformations have been developed for the two-
dimensional system of Hirota equations, and the soliton, rogue wave solutions have been determined by various
methods.

In this article, we consider the two-dimensional nonlinear Hirota equations. Using the Lax pair and Darboux
transformation we obtained the first and the second multi-line soliton solutions for this equation and provided
graphical representation.

Key words. two-dimensional nonlinear Hirota equations, nonlinear integrable equations, Lax pair, Darboux
transformation, multi-line soliton solutions.

Introduction. Solitons are important when considering nonlinear equations. Nonlinearly integrated
systems have been hotly debated among scientists. This area has developed extensively, mainly in all
areas covered by technology and science. There are several ways to obtain nonlinear soliton solutions of
evolutionary equations. These include the nonlinear method of the Hirota equation, the Darboux
transformation (DT), the Painleve analysis, and more [1-7].

In this paper, the two-dimensional nonlinear Hirota equation is a modified nonlinear Schrodinger
equation considered. The Hirota system is used to describe many nonlinear phenomena. It is widely used
in the field of study of optical fiber systems, in the mechanisms of physics, electrical communication and
other engineering sciences [8, 9].

Consider the one-component two-dimensional nonlinear Hirota equation as follows [10]:

iq, +aq.,, +ifq.., —vq+i(og), =0, (1)
v, +2a8(q|), - 2if(a,a~4q"q,) =0, )
o, -2p5(q"), =0, 3)

— 172 ——



ISSN 1991-346X Series physico-mathematical. 2. 2021

where ¢g=g¢g(x,y,t) is the complex functions and v=v(x,y,t), w=w(x,y,t), (i=1,2) are the real

functions. It is integrated by the method of the inverse scattering method, thus, for its there is a Lax
representation. Its Lax representation is given in the form:

.= Ay, @)
v, =(20M+4ﬂ12)1//y +By. ®)
here A — spectral parameter, ¥ - independent function, particularly W(x, y,t; 1) = (‘I’l,‘l’z,‘lg)T. A

and B matrices
A=—idoy + 4,

6
B=/B, +B,, ©)

here 4y, Bp and o, [2 X 2] dimensional matrices:

0 ¢
A, = i
; 0 iog., — —
B, =5, +(, 9~ Py MJ
lOﬂ"y +

2 pry, +or 0
B, =iwd; + 2ifoyA

s (10
lo -1/

Using the Lax pair above, we can construct a Darboux transformation for a two-dimensional
nonlinear Hirota equation. Compatibility condition of this system:

0y

4, - B, +[4,B]-2al+4p1*)4, =0. (7
According to the above calculations, we can obtain a two-dimensional nonlinear Hirota system. The
spectral parameter A is obtained as follows:
A, =QaA+4PA1)A,.
In this article we will limit ourselves to the situation 6 = +1.
In our previous work, we have constructed the first-order Darboux transformation for the two-
dimensional nonlinear Hirota equation [1].
q[l] =q—=2iS,,
W=yy diasyy, + 4/3(31261; + 51*2% +2isy,8yy, — 2is:2S12y)7 (8)
ol =w—4ifs,,, =0+ 4ifs,,,.

here we define the components of the matrix S as follows:

s=1 ;t1|‘//1|2+/12|'/’2|2 (4 =2 s _
A (/11_/12)'//1*‘//2 /11|‘//2|2"‘/12|‘//1|2
A=l +lyal

Lets find further multi-line soliton solutions using this Darboux transformation.
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Multi-line soliton solutions
Here in order to find one soliton solution we choose seed solution as is the g =@ =v =0. When

solving a linear system under zero conditions, we obtain the following basic solution [11]:
o A (00)
V= eiix+g(y,t) (9)

here f and g - y and ¢ periodic differential functions.

2.1 The first multi-line soliton solution
we can rewrite the equation (9) to this type:

f)=iuy +iQai + 417 ) ut +c,
g(,0) =—ipy —iRad + 42 ) ut —c.

we use the N-order Darboux transformation to obtain a linear colitis solution:
€/+i;(j
e
5j = (egjﬂ'lj ] (10)

. . . . 2
0, +iy; =—id;x+ipu;y+iQQal; + 41, )u;t +c;,

here

where A, u;, c; are random real constants and A, =b; +id ;, u; =m; +in;, ¢, = kj +ilj, (j=2r-1,
r=12,.,N).

0, =dx—n,y—2(ab.n, +adm, +4pb.dm, +2fm b ~2pnd f+k,
Xy ==byx+m;y+ 2(0‘[’./’”./ —adn; —4pb,d n; +2pmb; _Zﬁmjdf>+lj

b,d,m,k,l #0, b,d,m,k,I[ -real constants.

Then ¢ U , U 1 , a)[l] we obtain a multi-line soliton solution for:
q" =2de™ sech(26,),
ol = 4d(tan 26, ]y +8if3d* ([tan 26, ]y —e M sech26, [62’7“ sech20, ]y ),
a)[l]=4ﬁ[tan2¢91]y. (1)
here

(O +ix) + (6, ~ix)) =26, = d\x—ny +(4fnb] —4pnd} —8fmbd,)t 20 (nby +myd, )t +ky;
(O +ix) = (0, —ix,) = 2ix, = =byx+myy+(4fmb’ —4pmd? —8Pnbd,)t +2a(mb, —nd,)t+1,.
Let's take q[l]

are affected. Using the calculated expressions, we can deduce from the equation the following physical
properties of the solution (11 a): the amplitude [2d1], the wave vector K = (KX,K y): (2d,,—2n,), the

as an example to analyze the distribution features of soliton, some parameters of which

d
frequency vV = [— 4(d1 —bl)-20£(n1b1 +md, )], the soliton direction g =—L. From the figure it can be seen
n

that the distribution of a linear soliton & ; depends on the change in magnitude.
To visualize the results of the first multi-line soliton solution, we construct graphs of the expressions
g", 01 and @ obtained with the help of Maple 2018:
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Figure | - a,d,,l, =1,m; =2,=2,b, =13 Figure 2 - a,d,,l, =1, =2,b, =1.3,m, =2,
(1] 0]

and ¢=0 soliton solution for ¢ k; =1,5 and =0 soliton solution for U

Figure 3 -a,d,,l, =1, =-2,b, =1.3,m, =2,n,,k, =1,5 and t=0 soliton solution for a)[l]

We obtained first-order multi-linear soliton solutions using the Darboux transformation for the two-
dimensional nonlinear Hirota equation with given seed solution conditions.

2.2 The second multi-line soliton solution
Now we obtain three two-line soliton solutions for N =2.

2ile? —6] +6,+6; a, + e**(91+91* )-65—6; a, + e*(gl+91* )+ e*(ﬁﬁrﬁ; )+6,-0; a )

2] _ 703“2_ 2
7= 2040y, -20+6,) 20-0,) . _-20-0,) i) ’
e +e 1B, +\e +e 1B, + e 1B,

(12)

By =(by —idy — by —id, )(b, +id| — by +id),
” By =(by —idy — by —id, )(by —id, — by —id}),
) g~ 2i(d, - dy).

a, =2id, (b, —id, — b, —id, (b, +id, — b, —id, ),
a, = 2idy(by —idy — b, —id, )(by +idy —b,

2] 2 . .
ol ],a)[ I Values are considered in the same way.
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ol = _4ip + 8iB(R - 0)
(62(01+91y+93+93y))+ 7 (62(91+91y_93_i13y))+ 7/12 (e

ﬂ1 (ez(a3+03y —Hly—il3y))+ ﬂz (e2(93y —%y))

_2(91+91y+93+i;(3y))+ )2 (e—2(91+01y —93—93y))
2

ol = —4ip 4l +

75 (eZi(zrz;))_,_ ¥ (e*2i(11713))
ﬁ3 (6*41‘(;{1 713))

+

To visualize the results obtained during the calculations on the second-order multi-linear soliton, we
construct graphs of the formulas q[z] , vl and @ obtained with the help of Maple 2018:

- 10 TTT -1
_j _5_
1
y 0 X {}_
- 5
] [ gug
4] |
| Iilll | T 1.1 rrri T F 01 l[} LEL L] L) l’l 1$l IIil
L 5 0 = =10 =10 =5 0 5 10
X W
Figure 4 - d|,ns,1,my, ky =1,k =1, Figure 5 - ny,b,,d\,l,,dy,ny,my, ks, 7, =1,
d3 =1.2,b3 =3,0!a,6al3 =2,b1,l’ll =1,5, 53,ﬂ1 =l,ﬂ,a,m1’l3,51’}/1,ﬂ2 =2’b3,52’}/3,

(]

and ¢=0 soliton solution for ¢ 5 =3,k; =—1 and 1=0 soliton solution for 1)[2]

Lh

|—+—

[UEEESSEEENNEESES’ EEEEE

=10 =5 0 3 10

Figure 6 - ny,ny,ky, 7, =Lk ==1,B,a,m,15,6,,7,,, =2, by =4,b5,6,,75, B3, B, =3,
my =2.5,d,,05,l, =1,5,d; =1.6 and t=0 soliton solution for a)[z]

In this section, we obtained second-order multi-linear soliton solutions for the two-dimensional
nonlinear Hirota equation with initial conditions. 3 decisions were obtained by introducing certain
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designations. As a result, we constructed graphs of the exact expressions to visualize the results of the
second multi-line soliton solution.

Conclusions. In this article, we considered the first and second multi-line soliton solutions for two-
dimensional nonlinear Hirota equations using the Lax pair and Darboux transformation. We also provided
graphical representation. The obtained result is used for further research of nonlinear integrable equations
when finding different soliton solutions.

I'. T. bekoBa, A. A. JKaasipanoBa

X.JlocmyxamenoB aTbIHIaFsl AThIpay yHUBEpCHTETI, AThIpay, Kasakcran
JL.H. 'ymunes arsiapars! Eypasus ynrTeik yausepceureti, Hyp-Cynran, Kazakcran

EKI ©JIINEM/I CBI3BIKThI EMEC XUPOTA TEHJAEYIHE APHAJIFAH
KOII CbI3bIKThI INEINIMIEP

Annotanusi. Kazipri yakpiTTa COMMTOHAAP TEOPHUSCHI MIEHOEPiHAE KOIl OIIIeMIl ChI3BIKTHI eMeC MHTerpaiia-
HaTBIH TEHJCYJIEpAl 3epTTey Moceneci ImeTenaik xoHe KasakcTaHIblK FajbIMIap YLIIH YJIKEH KbI3BIFYIIBLIBIK
Tyablpaabl. TaOuFaTTa Ke3JeceTiH KonTereH (GU3UKaiIbK KyObLIBICTApAbI CHI3BIKTHI €MEC MHTErpaIaHaThIH TEHICY-
Jiep apKbUIBI cUIarTayra Oojambl. MyHmal TEHICYNEpIiH HAKThl MICIIiMAEpiH Taly KaTThl JeHe (HU3UKACHI,
CYHMBIKTap MEXaHUKACHI, IUIa3Ma (PU3UKACHI KOHE CHI3BIKTBI €MEC ONTHKA CEKUIIi TYPii FBUIBIMHU KOHE MHKEHEPIIK
canajap/a Ke3JeceTiH KyObUIBICTapAbIH JUHAMHKACHIH 3epTTEYAe MaHbI3/Ibl pel atkapansl. OCbIHIAN TeHICyIepIiH
HAKTHI JKOHE COJIMTOHIBIK, COJUTOH TOPI3Mi IICHIMIEpiH axyAblH Oipiiama omici Oap: Kepi mammbsipay ecebi oici,
OHMCHI3BIKTE XupoTta omici, JapOy TypieHmipy omici, kepi mambipay ecebi 9ici TaHTEHC >KOHE CHHYC-KOCHHYC
dmicTepi CHUSAKTHI KONITEreH 9IiCTep YCHIHBIIFAH.

Byn xxymeicta Hlpenuarepain MoanduKausIaHFaH CHI3BIKTHI eMec TeHeyi OOJBIN TaOBUIATHIH €Ki eJmeMIi
Xwupora teraeyi seprrenini. ChI3bIKThI eMec XHpOTa TeHIeYl MHTEerpalIaHaThIH TeHAEYAiH Oipi OOJbIN TaObLIa bl
koHe XUpoTa Kyieci KONTereH ChI3bIKThI eMeC KYOBUIBICTAP/Ibl CUNIATTAY YIUIH ONTHKAJBIK TAIIIBIKTADP XKYHECIHIH
3epITey aiMarbiHAa, PU3MKa FHUIBIMBIH/A, DIIEKTPIIIK OaiyiaHbIC yoHe OacKka Ja MHXKEHEPIiK cajajap/a KOoJIaHbl-
nanel. Ocbl yakpITTa JediH eki enmeMai XupoTa TeHaeysep xyieci yiin Oipinm, ekinmi, n-perti dapOy Typien-
Jipyi KYpBUIFaH )KOHE COMIUTOH/IBIK, KUPATYIIBI TOJKBIHIBI IISIIMICPi 9p TYPIi 9[iCTepPMEH aHBIKTAJIFaH.

By makanana eki enmiemIi ChI3BIKTHI eMec XHpOoTa TCHICYNEPiH KapacThipaMbi3. Jlakc »xyObIH xkoHe [apOy
TYpJICHIIPYIH KOJIZaHa OTBHIPBIN, Oi3 OCHI TEHJAEYre apHAJIFaH OIpIiHIII JKOHE eKiHIII KOIl CBHI3BIKTHI COJUTOHIBIK
HIEIIiMAEp aTbIHIBI )KOHE OCHI MMMl rpaduKaibIK OeiiHeney MakcateiHaa Maple 2018 GarmapiaMacsl KeMeriMeH
OPTYPIIi YaKbITTa KT ChI3BIKTHI COTUTOHIAPIBIH IPadHKTEPi KYPHUIIBL

Ochl Makanazna KOJTAHBUIFAaH OMICTI 0acKa Ja CHI3BIKTHI eMeC KOMIDICKCTI TeHAEYNIepi 3epTTey OaphICHIHIA,
OIapIBIH COMMTOHABIK MIemiMaepai Tady YIIiH naiinaranyra 6onaasl. COHBIMEH KaTap, allbIHFaH HOTHXKEHI XHUpoTa
TEHJAEYIH OJIaH 9pi 3epTTey YIIiH KOJJaHyFa OoIasl.

Tyiiin ce3nep. Exi enmemi cbi3bIKTB eMec XUpOTa TEHAEYJIePi, ChI3BIKTHI EMEC UHTETPaIJaHaAThIH TeHEYIIEp,
Jlakc xyOsr, JIapOy TypieHIipyi, MyJIbTH-CBI3BIKTBI COJIUTOH IISIIiM/EPI.

I'. T. bekoBa, A. A. JKaasipanoBa

Artslpayckuil yauBepcureT UM. X.JlocmyxaMmenosa, Ateipay, Kazaxcran
EBpasuiickuil HannoHansHbI yHuBepcuteT uMenu JI. H. I'ymunesa, Hyp-Cynran, Kazaxcran

MYJbTUWIVHEMHBIE PEIIEHUSA JIJI IBYMEPHOT' O
HEJMHEHWHOI'O YPABHEHUS XUPOTBI

AHHoTanus. B Hacrosiiee BpeMst BOIPOC N3yYeHUs] MHOTOMEPHBIX HETMHEWHBIX HHTETPUPYEMBIX YPaBHEHUN B
paMKax TEOpHUHM COJIMTOHOB HMMeeT OOJIBIION HHTepec Uil 3apyOeKHBIX M Ka3axCTaHCKUX Y4eHbIX. MHorue
(u3nueckue SBICHMUS, TPOUCXOIAIINE B PUPOJIE, MOXKHO ONUCATh HEIWHEHHO-MHTETPUPOBAHHBIMU YPaBHEHHUSIMH.
Haxo)xneHne KOHKPETHBIX pElIeHUH TaKUX ypaBHEHUH WIpaeT Ba)KHYIO POJb B HM3Y4YEHUHM IVHAMHUKHU SBJICHUH,
MPOUCXOSIINX B PA3IMYHBIX 00JIACTAX HAYKU U TEXHHKH, TAaKMX Kak (U3MKa TBEPAOTO Tejla, MEXaHWKa KHUIKOCTH,
¢u3uKa Tua3Mel ¥ HenMnMHeWHast onTHka. CyIIEeCTBYeT HECKOJIBKO METO/OB IONYyUYSHHS! PeajbHBIX M COJUTOHHBIX,
COJIMTOHOTIOJJOOHBIX PELICHUH TaKUX YPaBHEHHUH: METOJI 0OpaTHOH 3a/aull paccestHus], OMIMHEHHBIH MeTo] XHUPOTHI,
MmertoJ npeodpazoBanusi JapOy, METOBI TAaHT'€HCA U CHHYCa-KOCHHYCA.
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B nmanHOl paboTe HU3y4eHO OBYMEpHOE YypaBHEHHE XHPOTBHL, KOTOpOE SBISETCS MOIM(DUINPOBAHHBIM
HenuHeWHbIM ypaBHeHueM lllpenunrepa. HenuneliHoe ypaBHeHME XHUPOTHI SIBISETCS OIHUM M3 MHTETPUPYIOLIMX
YpaBHEHUIA, a crcteMa XUPOTHI UCIIOJIB3YETCsS B 00JIACTH MCCIENOBAaHHS BOJIOKOHHO-ONTHYECKHX CUCTEM, (DU3HKH,
TEJIEKOMMYHHUKALUI U IpyTUX MHKEHEPHBIX 00JIACTSX ISl ONIMCAHWSI MHOTHX HEJIMHEeWHbIX siBieHui. K HacTosmemy
BpeMeHH pa3paboraHbl mpeoOpazoBanusi JlapOy mnepBOro, BTOpOro W N-TO IOPsSAKA Uit ABYMEPHOW CHUCTEMBI
YpaBHEHUI XHUPOTHI, 8 COIMTOHHBIE PELICHUSI B BUJIE Pa3pyLIUTEIBHBIX BOJH ONPEIEIICHBI Pa3INYHBIMA METOJaMH.

B crathe paccMOTpeHBI IByMepHBIE HeNMHEHHble ypaBHeHMs XupoTbl. C mcronmbs3oBaHueM mnapsl Jlakca u
npeoOpazoBanus J{apOy IoydeHsI IepBOe W BTOPOE MYJIbTH-TMHEHHbBIE COJIMTOHHBIE PELICHUS ATOTO YPaBHEHHUS U
U Tpa)UIecKOTo MPEICTABICHHSI TOTO PEIISHHS ¢ TOMOIIBI0 TiporpaMMel Maple 2018 Obuti OCTpOSHBI TpaduKu
MHOTOJINHEHHBIX COJINTOHOB B PA3THMYHOE BPEMSI.

Merton, MCTIONIB30BAaHHBIA B IAHHOM CTAaThe, MOXKET OBITH MCIIONB30BaH JUI M3YYEHHS APYTHX HETHMHEHHBIX
KOMIUIEKCHBIX YPaBHEHHH C LIEJIbIO TOUCKA UX CONUTOHHBIX perieHnid. Kpome Toro, noyueHHbIN pe3ybTaT MOXKET
OBITh UCTIONIB30BAH IS JaJIbHEHIEro H3yYeHUs ypaBHEHHsT XUPOTHIL.

KiroueBble ciioBa: AByMEpHbIE HEIHMHEHHbIE ypaBHEHUS XMPOTHI, HEJIMHEHHbIE MHTETPUPYEMble YPaBHEHUS,
napa Jlaxca, npeodpazoBanue JlapOy, MyIbTHIMHEHHBIE COJIUTOHHbIE PEIICHHS.
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QUASICLASSICAL LIMIT OF THE SCHRODINGER-MAXWELL-
BLOCH EQUATIONS

Abstract. The study of integrable equations is one of the most important aspects of modern mathematical and
theoretical physics. Currently, there are a large number of nonlinear integrable equations that have a physical
application. The concept of nonlinear integrable equations is closely related to solitons. An object being in a
nonlinear medium that maintains its shape at moving, as well as when interacting with its own kind, is called a
soliton or a solitary wave. In many physical processes, nonlinearity is closely related to the concept of dispersion.
Soliton solutions have dispersionless properties. Connection with the fact that the nonlinear component of the
equation compensates for the dispersion term.

In addition to integrable nonlinear differential equations, there is also an important class of integrable partial
differential equations (PDEs), so-called the integrable equations of hydrodynamic type or dispersionless
(quasiclassical) equations [1-13]. Nonlinear dispersionless equations arise as a dispersionless (quasiclassical) limit of
known integrable equations. In recent years, the study of dispersionless systems has become of great importance,
since they arise as a result of the analysis of various problems, such as physics, mathematics, and applied
mathematics, from the theory of quantum fields and strings to the theory of conformal mappings on the complex
plane. Well-known classical methods of the theory of intrinsic systems are used to study dispersionless equations.

In this paper, we present the quasicalassical limit of the system of (1+1)-dimensional Schrodinger-Maxwell-
Bloch (NLS-MB) equations. The system of the NLS-MB equations is one of the classic examples of the theory of
nonlinear integrable equations. The NLS-MB equations describe the propagation of optical solitons in fibers with
resonance and doped with erbium. And we will also show the integrability of the quasiclassical limit of the NLS-MB
using the obtained Lax representation.

Key words. Dispersionless integrable system, quasiclassical limit, Schrodinger-Maxwell-Bloch equations, Lax
pair.

Introduction

The study of the integration of nonlinear equations and systems dominates one of the main places in
theoretical and mathematical physics. Such equations have physical applications that multiply interest in
similar studies. At the present time there are a lot of nonlinear integrable equations describing different
phenomena in different fields of physics.

The system of the (1+1)-dimensional Schrédinger-Maxwell-Bloch equations obtained by
A.L. Maimistov and E.A. Manykin [14] and were studied by different scientists [15-17].

The studied system of the (1+1)-dimensional Schrédinger-Maxwell-Bloch equations reads as

iq,+q,+2|q q—2ip=0, 1)
p. —2imyp—2nq =0, ()
n.+qp+qp=0, (3)
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where x and ¢ are the normalized distance and time, respectively; g(x,¢) is the slowly varying envelope
axial field, p(x,t) is the measure of the polarization of the resonant medium, 77(x,¢) represents the

extent of the population inversion, @, is a constant corresponding to the frequency. ¢, p are complex

variable functions, and 7 is a real variable function, @, is real constant. g,, .., p, and 77, are partial
derivatives with respect to variables x and t, i is an imaginary unit, ¢ and p are complex conjugates of g
and p quantities, respectively.

The system of the (1+1)-dimensional Schrodinger-Maxwell-Bloch equations is completely integrable
by the inverse scattering transformation (IST) [18]. It is known that the IST makes use of the Lax
equations to solve such systems. Lax pair for the system of the (1+1)-dimensional Schrodinger-Maxwell-
Bloch equations (1)-(3) has the form

O = Ud, @
O, =V, (%)
where the matrices U and V have the form
U=-lc,+U,, (6)
V==20,+2U,+V, + ! V.. (7)
+ o,

Here U, V,,V_ depend on g, p, i functions and U, V;, V| are 2 x 2 matrices

S (10 .
0 _(?0’0-3 0_15 ()

and A is the complex eigenvalue parameter (constant).

Quasiclassical limit of the system of (1+1)-dimentional Schriodinger-Maxwell-Bloch equations.
To find the quasiclassical limit of the given system, we use the following change of variables
X —> &, t —> &, where ¢ is a constant [13, 19-21]. Then, the partial derivatives will change as

0 o 0 0
— &=, —>&—.
ot ot Ox Oox

Taking into account the change of variables, the equations (1)-(3) has the next form

ieq, +&°q, + 2|q|2q —2ip=0, 9)
&, —2qn—2iw,p =0, (10)
en.+qp+qp=0. (11)

Now we enter the scale transformation in the forms of ¢, p and 7

q=\/;egs, p=i«/uwegs, n=~l-uw, (12)

. 2
where u =u(x,t), w=w(x,t) are real functions, p and 7 are related as 7’ +| p| =1. Further, to

calculate all the terms of the nonlinear system (9)-(11), we differentiate equation (12) with respect to the
variables x and t.
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u ) Ls u I Ls
= — +—S,\/; e, q. =| —=+—8Alu e, 13
q(z&g ] qx(zwwj (13)

T

. S, = (uw)
= - e, =———z 15
D, (1(«/ uw)x A/ uwje n. N (15)

Substituting formula (13)-(15) into system (9)-(11) and collecting the coefficients of different powers
of & we get the system of equation

u +2(ou), =0, (16)

v, +(0* - 2u-24w), =0, (17)

w ——2" o, (18)
2w, -V

where 0=3S_. Thus, system of equations (16)-(18) is the quasiclassical (or dispersionless) limit of the
system of the (1+1)-dimensional Schrodinger-Maxwell-Bloch equations.

Lax pair of the system of the (1+1)-dimensional dispersionless Schrodinger-Maxwell-Bloch
equations.To construct Lax pair of the system of the dispersionless (1+1)-dimentional Schrodinger-
Maxwell-Bloch equations (16)-(18), at first we note that the function @ in Lax pair (4)-(5) can be written

as ®=(y,, l//z)T. Let’s consider the system of differential equations with respect to variable x :

Vi, =AY, +qy,, (19)

Vor = —-q W, + M’Wz’ (20)

and variable ¢, respectively.

. . [ . i
Vi = [— 2K +ilql + 77]% + [2/161 +iq, - p}//z, (21)
A+, A+,
— I _ . . l
Wy = (— 24 +iq, - p}wl + (2112 —ilql - 77}//2- (22)
A+, A+,
Then using transformation similar to previous section
LFea] L[F+ix-s]
vi=et Ly, =gt (23)

where S 28;1\) and F, v(x,t), & are real functions. We obtain the equivalent relations to
differential systems (19)-(22)
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ey, = —ily,+qy,, (24)
&Y, =—qy, +idy,, (25)
ew, =| =20 +i|q] +——n y, +| 24q +isqg. ————p ., (26)
A+ w, A+ w,
— . 1 . . l
&Yy = [— 224 +igq, — p}//l + (21/12 +ilg[’ - 77}//2- (27)
A+, A+ o,
We differentiate (23) with respect to variables x and ¢:
i Feax ] L[F+ax-5]
v =lE 2k ={§X+E[Fx +/1—Sx]}e€ : (28)
& &
i Hrea) i£ U[Fsax-S]
Vi = ;F;eg > Wo = {éx + ;[F; - St ]}eg . (29)

Now by equating the expressions (19)-(22) and (28)-(29), and collecting the coefficients of different
powers of & we get the next equations

u

p+24— =0,
p-v (30)
pt_(u(p+2ﬂ,—2v)j _ 1 m_u\/; =0, (31)
p—v RO p—v

X

where p = F . Finally, last equations (30) and (31) are the Lax pair of the system of the (1+1)-

dimentional quasiclassical (dispersionless) Schrodinger-Maxwell-Bloch equations.

Conclusions. In this paper, we considered the system of (1+1)-dimentional Schrédinger-Maxwell-
Bloch equations, which are integrable by IST method. The quasiclassical limit of the system of (1+1)-
dimentional Schrodinger-Maxwell-Bloch equations were obtained using the scale transformation. Also we
presented its Lax representation, which proves its integrability. The resulting model can be used to
describe quantum-optical phenomena in the absence of dispersive properties of the medium.
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IPEJUHT'EP-MAKCBEJJI-BJIOX TEHAEYIHIH KBA3ZUKJIACCHUKAJIBIK HIEI'T

AnHoTanusi. HTerpanmaHaTbiH TeHACYJIeP/ll 3epTTey Ka3ipri MaTeMaTHKAaJbIK KOHE TEOPHSIIBIK (DU3HUKAHBIH
MaHBI3/Ibl acleKTiepiHiH Oipi Oonbin Tabbutanpl. Kazipri yakpiTTa (H3UKaJIbIK KOJNJAHYFa W€ CHI3BIKTBIK €MeC
MHTErpajIIaHaThiH TeHIEYyJep caHbl oTe Koll. CBI3bIKTHIK eMeC WHTErpajlaHaThiH TEHAEYJEpP YFBIMBI COJIMTOHMEH
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THIFbI3 OaiinanbicThl. CBI3BIKTHIK OpTajna Haiaa OoJaThlH, KO3Faly Ke3iHAe, COHaai-ak e31 Topi3fec TypiepMeH
opeKkeTTecy Ke3iHJe MIllliHIH CaKTaWThIH HbICAH COJIMTOH HEMece OHAIlAJaHFaH TOJKBIH Aemn aranaabl. Kemnreren
(hm3MKaNBIK TPOLIECTEPAE CHI3BIKTHIK €MEeC AMCHEPCHsT YFBIMBIMEH THIFbI3 OainaHpICThl. CONUTOHIBIK epiTiHILIep
JICTIEPCHSCHI3 KacueTke ue. TeHaeyiH ChI3BIKTHIK eMeC KOMIIOHEHTI JUCIEePCHsT MYIIECIHIH OPHBIH TOJNTHIPATHIH-
NIBIFbIHA OaliyIaHbIC.

WHTerpanmanatelH CHIBBIKTHIK eMec aAn(epeHInaIIblK TeHaeyIepaeH 0acka, TMAPOJUHAMHKAIbBIK THIITET]
HeMece JWCIIEPCHSCHI3 TEeHAEyJep AeN aTajlaThlH WHTerpalJaHaThiH jaepdec nuddepeHnnanaplK TeHAEyIepaiH
MaHbI3Bl Kiachl aa Oap. CBI3BIKTBI €Mec IUCIEPCHSCHI3 TeHAeyJep Oenrili MHTerpajiaHaThlH TEeHAEYJIepAiH
JUCTIeP-CUACHI3  (KBAa3WKIIACCHKANBIK) IHETi peTiHae TybHaaimel. COHFBI JKBUIAAPH AUCIEPCHSCHI3 IKYHelepi
3epTTeY YJIKEH MaHbI3Fa He OONIbl, OMTKeHI onap (H3nKa, MaTeMaTHKa JKOHE KOoJimaHOaibl MaTeMaTHKa, KBAaHTTHIK
epicTep MEH IIeKTep TEOPMSACHIHAH OacTanm KOMIUIEKCTI JKa3bIKTHIKTAaFrbl KOHPOPMIBI KECKIHAEP CHUSKTBHI op TYPIi
Moceneepl Tanjay HOTHXKeciHne maiina Oonnel. Jlucrepcuschi3 TeHAEyJepl 3epTTey YIIiH Oenriii kyienep
TEOPHUSICBIHBIH KJIACCUKAJIBIK OICTePi KON AaHbIIa bl

byn xymeicta 613 (1+1) emmemnai lIpenunrep-MakcBemi-biox Tenaeynep yieciHIH AMCHEPCUSCHI3 LIETIH
ycbiHamb3. [lIpenunrep-MakcBemi-biox TeHzeyi - ChI3BIKTBIK €MeC WHTErpajlaHaThiH TEHJEYJIEp TEOPHUSICHIHBIH
KJIaCCHKaJIBIK MbIcanapbIHbIH Oipi. Llpeaunrep-MakcBemi-biiox TeHIeyl ONTHKANBIK CONMUTOHAAP/IBIH PE30HAHCTHI
KOHEe IpOMHMEH KOCBUIATHIH TANIBIKTapJa TapajyblH cHUmaTtaiinel. AnbiHFaH Jlakc OeifHeciH maiinananeim, 0i3
peannrep-Makcsem-biox TeHzeynep *KyHeciHiH KBa3UKIACCHKAIBIK (AMCIEPCUSCHI3) MIErT WHTErPajiblIbIFbIH
KepceTeMmis.

Tyiiin ce3nep. Jucnepcusachi3 HHTETpalfaHATHIH KYHie, KBa3uKIaccuKanbIK meri, [peauarep-Makcsemi-bmox
Texaeynepi, Jlakc sxyObI.
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KBA3UKJIACCHUYECKHWM ITPEJEJ YPABHEHUM IIPEJIUHTEPA-MAKCBEJLIA-BJIOXA

AnHoTauus. VMccnenoBaHue MHTETPUPYEMBIX YPABHEHUM SBIISETCS OJHUM U3 BaXKHEHIIMX aclEKTOB COBpE-
MEHHOH MaTeMaTHIeCKOW M TeOpeTHIecKoi ¢pu3uku. B HacTosIee BpeMst CymecTByeT OONbIIIOoe KOJMIECTBO HEIH-
HEHHBIX MHTETPUPYEMBbIe YPaBHEHHH, KOTOpbIe HMeeloT pusnyeckoe npuiokenue. [lonsaTre HenMHEeHHbIX HHTErPH-
PYEMBIX ypaBHEHHH TECHO CBSI3aHO C COJIMTOHOMH. OOBEKT, BO3HHMKAIOIINI B HEIIMHEHHOH cpelie, COXPaHSFOIIHI
(hopMy IIpH ABMKEHUH, a TAKKe ITPU B30MMOAEHCTBHH ¢ cebe og0OHBIMH, Ha3bIBAETCSI COJIMTOHOM WM YEeUHEHHOM
BOJHOM. Bo MHOrMX (u3nueckux mporeccax HEITMHEHHOCTh TECHO CBs3aHA C MOHATHEM aucrepcuii. ColMTOHHBIE
pemieHus: 00NanaloT OE3MUCIIEPCHOHHBIM CBOMCTBOM, B CBSI3M C TE€M, YTO HEJIMHEHHBIH KOMIIOHEHT ypaBHEHHS
KOMIIEHCUPYET AUCIEPCHOHHBIN YJIeH.

[ToMuMO HMHTETPUPYEMBIX HEJNMHEHHBIX AN (epeHINaIbHBIX YPaBHEHUH CYIIECTBYET TaKKe BayKHBIM Kilacc
MHTErPUPYEMbIX YPaBHEHHH B YaCTHBIX MPOU3BOIHBIX, TAK HA3bIBAEMbIE HHTETPUPYEMbIE YPaBHEHHS I'MPOIMHAMHI-
YecKOro THIIAa Win Oe3ancriepcuoHHble ypaBHeHMs. HenmuHeiHble Oe3qucnepcHOHHBIE YPAaBHEHHS BO3HUKAIOT Kak
6e31uCTIepCHOHHBIA (KBa3WKIACCHUECKHUI) TpEeeNl M3BECTHBIX HMHTETPUPYEMBIX ypaBHEHHH. B mocnemHme roms
GosbIIoe 3HAUEHHE MPHOOPETaeT M3yUeHHE OE3IUCIIEPCHOHHBIX CHCTEM, OCKOJIBKY OHM BO3HHMKAIOT B PE3yJIbTaTe
aHaJIM3a Pa3IMYHBIX MPOOJeM, TakuX Kak (pr3nka, MaTeMaTuka W NPHUKIaJHAss MaTeMaTuka, OT TEOPHH KBAHTOBBIX
MoJIel U CTPYH JI0 TEOPUH KOH(MOPMHBIX OTOOPaKEHUI HA KOMILJIEKCHOM MIOCKOCTH. JIjist n3yueHus Oe3qucnepcron-
HBIX YPaBHEHUH HCIIOJIB3YIOTCS XOPOILIO U3BECTHBIE KIACCHUECKHUE METOBI TEOPUH HHTETPUPYEMBIX CUCTEM.

B nanHoit pabore npeacraBiieH Oe3MUCIepCHOHHBIN Tpesen cucteMsl (1+1)-mMepHbix ypaBaenuii [lIpenunrepa-
Makcsenna-binoxa. Ypasuenue lllpeaunrepa-Makcpenna-bioxa sBiseTcs OIHUM W3 KJIACCUYECKUX MPUMEPOB
TEOpUHU HEJIMHEWHBIX UHTETpUpyeMbIX ypaBHeHMH. YpaBHeHue I[lIpenunrepa-Maxkcsemna-bioxa omnuceiBaeT
pacnpocTpaHeHUEe ONTHYECKUX COJMTOHOB B BOJIOKHAaX C PE30HAHCHBIMH M JIETMPOBaHHBIMH 3pOuem. Taxxke
MOKaXEM HHTErpHpyeMocTh Oe3ancnepcuonHoro mpexaena YIIIMB ¢ momomiplo MOJydeHHOTO TpeicTaBlICHHE
Jlakca.

KiroueBble cjioBa: 0e3QHCIEPCHOHHAs WHTETpHUpyeMas CHCTEMa, KBa3HKJIACCHYECKHH MpeAeN, ypaBHEHHS
Ipeaunrepa-Makcgeinna-bioxa, napa Jlakca.
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