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Cucrembl M MHTENNeKTyanbHoOe
ynpasneHue

VIK 681.5

WELL-POSED IDENTIFICATION OF NUCLEAR
TYPE INFINITE AND MULTIDIMENSIONAL
SYSTEMS

V.F. Gubarev, A.V. Gummel, S.V. Melnychuk

Space Research Institute of the National Academy of Sciences of Ukraine and State
Space Agency of Ukraine, Kiev, Ukraine

PaccMoTpeHb! mpoGiaeMbl MOZICTMPOBAHUS U MACHTH(DUKALMK
CIIOKHBIX JIMHAMHYECKHX cucTeM. J[is 3aay CTPYKTYpHO-HapaMeTpH4ecKoi
uieHTHGUKAIME HAa OCHOBE ONMCAHMS B BHJAC OECKOHCUHBIX Da3JIOKCHUN
YCTaHOBJICHBI W HCCIIEJIOBAHbI YCIIOBHS, NPH KOTOPBIX 3TH 33/Iaud SIBJISIOTCS
KOPPEKTHO ITOCTABJICHHBIMH, a KOTJ[d UX PELICHHS CTAHOBSTCS HEYCTONYUBBIMU
U, CIEJOBATEIbHO, IPAKTUYECKH HENPUTOMHBIMU. [loNydyeHHbIE pe3yabTaThl
SIBIISIIOTCA (PYHIAMEHTAIBHBIMH M JAI0T Oojiee TIyOOKoe TOHHMaHHe Mpolecca
UACHTU(PUKALIUIH.

Knrouesvie cnosa: cucreMHast nieHTUGHUKALUS, HEKOPPEKTHO-
MIOCTaBJICHHAs 3a]ia4ya, KOHEYHO-4aCTOTHAs MACHTHU(UKAILMSA, UICHTUDUKALMS
Ha OCHOBE BBIICICHUS OPTOTOHAIBHOrO moampocTtpaHctBa  (4SID),
peryisipu3anus.

PosrisiHyro mpoGiiemu  MozeiOBaHHS Ta  imeHTHiKari
CKIIaJHUX JUHAMI4HUX cucTeM. /[l 3amad  CTPYKTYpHO-HapaMeTpUYHOL
inenTudikamii Ha OCHOBI OMWCY Yy BHUIVISAAI HECKIHYCHHHX pPO3KIAIiB
BCTAHOBJIICHO Ta JOCII/PKEHO YMOBH, 32 SKHX @i 3a7adi € KOPEKTHO
MIOCTABJICHUMH, a KOJIM iX PO3B’SI3KM CTalOTh HECTIMKUMH i, OTXKE, IPAKTHYHO
HenpuatHumu. OTpuMaHi pe3ynbTatd € (pyHAaMEHTAIBHUMH 1 JAI0Th OLIbII
riubOKe PO3yMiHHSI IpoLeCy iaeHThudiKarii.

Kniouosi cnosa: cucremna ifneHTU(]IKALis, HEKOPEKTHO-
BH3HAYCHA 3a/1a4a, KiHI[EBO-4aCTOTHA ieHTU(]iKallisL, i1eHTU]iKaIlisi HA OCHOBI
BUJIIJICHHSI OPTOrOHAIIBHOTO mifnpocTopy (4SID), perymsipusartis.

INTRODUCTION

System identification problems belong to a class of inverse problems which
have the feature that under certain conditions its solutions become unstable i.e.
sensitive to the errors in input data. Especially it takes place in multidimensional
cases when it is necessary to assume a model set which adequately represents the
original system, then select a model order and find other parameters using only
general information about unknown plant. Processes in such system may be so
complex that on the base of fundamental laws and theoretical results it is often
impossible to define even the model set which includes a model that completely
describes the system that generates data. Also it is supposed that there is a
causation between finite input and output of a plant. The only possible way in such
cases is to use different infinite-dimensional expansion as model set [1, 2].

© V.F. Gubarev, A.V. Gummel, S.V. Melnychuk, 2014
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Computational mathematic methods serve as a foundation of such approach (e.g.
Galerkin method and other iterational methods, methods based on Green function
or impulse response for system with disturbed or lumped parameters [3—5]).

Example of such complicated system is a heating processes in power station.
Fuel supply that affects vapor parameters is considered as an input. Processes of
burning, heating and vaporizing are so complex that it is impossible to describe
them in any other way besides approach proposed above, that is using infinite-
dimensional model which links input (fuel supply) and output (vapor parameters).
In this case input-output map is an impulse response that induces nuclear Hankel
operator or equivalent non-rational transfer function.

The approximation of infinite-dimensional linear system by finite-dimensional
ones is a subject of interest in a mathematical theory. In [2] using output normal
realization the convergence of the finite-dimensional approximation to precise
model was proven and error bounds on the truncated realization were given. These
results are important for model reduction problem, i.e. conversion of the complex
infinite-dimensional description into simple low-dimensional model [6].

In identification problem the reduced model order selection is defined
primarily by the well-posedness, for which it is necessary to satisfy conditions
providing the stability of the solution with respect to errors in the initial data. In
this sense truncated model order will be the main regularization parameter which
means that the dimension of rational approximation should be in agreement with
the errors in available data. Hence regularization procedure should be incorporated
in the existing methods of identification allowing to find the stable solution and to
extend model order when errors tend to zero.

This paper shows how this problem may be solved correctly with selection of
highest model order admissible by stability conditions using two popular
identification methods. Besides numerous computational experiments that were
conducted allowed us to clarify a cause of ill-posedness which is an essential to
identification problem. Fundamental properties of the regularized solutions are
established irrespectively to identification method used for plant that generated
output data.

Systems with single input and single output (SISO) are considered because
even in this case nontrivial results were revealed.

PROBLEM SETTING

For infinite-dimensional nuclear type linear SISO systems model set can be
written as

X=Ax+bu+& y=cz+m, (1)

where A 1is a linear operator mapping between infinite-dimensional linear vector
spaces, b is a linear operator mapping one-dimensional space into infinite-
dimensional one, ¢ is a projecting operator. Under suitable assumptions they lead
to existence of a non-rational transfer function G(s)=c(s/ — A)b. Values & and n
denote unknown perturbation in input and noise in output that may be present in
real system.

Description (1) be also appropriate for multi-dimensional case when system
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has finite but large and unknown dimension. In this case A is a matrix, b,c are
vectors and transfer function is a rational. Such system is also a nuclear type if it
eigenvalues belong to left half-plane.

Let description (1) be proper for unknown real system, i.e. is a nuclear type
and (1) includes true model. It is required to find the finite-dimensional matrix A4
and vectors b,c using experimental data (y(¢), u(¢z)) that would provide a rational
approximation of the real system described by (1) so that difference between
system output and model output would be either in accordance with errors &, or
defined by stability condition of the solution. In other words it means to solve
identification problem correctly. For finite multidimensional case it means to
construct the model with significantly less dimension than dimension of the real
system. Here is a full analogy with so-called model reduction problem [6]. In this
case rational approximation (1) can be represented as

X=A,x+bu,y= c,fx, ()

where 4, is a matrix nxn, b, is a column-vector, ¢! is a row-vector (T is a

transposition).
FINITE-FREQUENCY IDENTIFICATION WITH REGULARIZATION

Model reconstruction using Frequency method of identification is realized on
frequency domain parameters, extracted from experimentally measured output
when input is excited by the harmonic test signal. The classical frequency approach
has a long history and here we don’t give the review of these methods because
readers can find it for example in the paper [7]. We note that in recent years the
methods were significantly developed by Alexandrov and Orlov, see [7-11].

If (2) will be written in the form of Jordan realization it is easy to get the
following input-output relation

0 1
y(t) = qu-[e_kq(t_e)u(e)de +
g=1 0

3)

p 0
£ Y e )[f,;’-cosﬁp(z—e)+f;-sinﬁp(z—e) 14(0)db.
p=10

For simplicity sake here it is accepted that initial state under ¢, is zero:
to =0; eigenvalue multiplicity is missing; O is a number of real and P is a

number of complex-valued eigenvalues with A, 20, o), 2 0. Besides

C C C S S

Ip = Cnpbup + Cupbip p=1P"’ )
S _ C LS S 1.C ’

Ip = Cnpbup — Cpbup s

Cng and by, are components of the vectors b, and ¢, for real eigenvalues and
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czp , np , b;p , bjp are components of these vectors corresponding Jordan block

—a, By
—Bp —op|

From equations (4) it is possible to select different canonical form. For

example, assuming b,, =1, b;p =1, b,fp =0 we receive the control canonical

realization and for c,, =1, czp=1, czp =0 we have observable canonical
realization. By analogy balanced realization may also be obtained.
In frequency method the system and model inputs are usually exited by

polyharmonic signal with K sinusoids of different frequencies ®; and amplitudes
Uy :
K
u(f)= Y usinat, 120, (3)
k=1
For sample data the regression equation is derived if substitute (5) in (3) and
integrate. As result we obtain

7»
(t) Zuk Z 2 t+
P
Zl[(Y3fp+Y2fp)sm[3pt+(y2fp y3fp)cos[3p]e +
p
_ (6)
0 A,g
+ qu—q"'Z(Ylfp"‘pr) sin gt +
L= 17‘q+°’k p=1
2 0r8y
" Zz—JFZ(Yzfp Y3fp)coswkt ,
K 1}L +(Dk p=l1

where Q+2P=n,

Yl:yl(ap’Bp,ook)— : Ay, Ap )
p+(ook+[3p)2 a +(°°k BP)Z
o +B, (Dk Bp
a ap
Y3=Y3(ap’Bp’wk)=0(12n+(00k+l3p)2_0‘12D+(0)k_13p)2,
o +B, o —Bp

Y4 =Y4(ap:Bp’®k) =

0c12D+(ook+[3p)2 _ocf)+(03k—[3p)2 '

When Q,P,%,,a are known formula (6) becomes linear regression which can

p-Bp
be used for g, , f, [f , | ; determination. In this regard three stages of identification
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are proposed. At first maximal admissible by stability condition Q* and P* are

defined. In other words a solution of the identification problem for Q* and P’
should be weakly sensitive to errors in available data and further increase of order
n will lead to scattering of the estimated parameters. Then QO and P may be
considered as a regularization parameters. Here we have analogy with function
recovery problem which is given in the form of approximately defined coefficients
of Fourier expansion. At the second stage eigenvalues (i.e. A, ,0,,p,) are

calculated for known model order. At the final stage parameters g, , f, [f , [ [f are

estimated from equations (4) using linear regression and then coefficients

Bpg>bp>DnpsCngCnp>Cnp that correspond to Jordan realization in suitable canonical

form are founded.
For finding solution on the first and second stages it is proposed to use the
well known equations of the frequency identification method [7]

V(jor) — (@ + YW (og) =0,k =1, K, (7)
where j= \/__1’ G(joy) = M and
W(joy)

. . -1 . ) .
V(jor) = (o) vy +(ep)" v, g+t jopy +g,

W( jop)=(jog)" w, + (jcok)n_lwn_l +...+ joyw; +wy are analytical expressions
for numerator and denominator of transfer function represented as frequency
response, @, + j¥) is a value of transfer function on imaginary axis which may

be evaluated from measured in experiment output y(¢) according to[7, 9]

T T -
D, (1) = uij y(t)sin ogtdt , Wy (1) = Mij y(t)cos wytdt , k=1,K . (8)
k 0 k 0

For large but finite t ®; and ¥} are determined with errors. If 1> @

and ¥, tend to precise values when certain requirements to the choice of w; are

realized [7, 9]. Besides correct identification on the base (7) is achieved when

K >n. Then using corresponding part equations of (7) parameters v; (i=0,n—1)

may be expressed through w; (i =0,_n) and after that we eliminate v; from
remaining equations. This procedure is correct because the relevant linear system
equations has a Vandermonde determinant, composed from different w; only, i.e.

it is a nonsingular and may be computed exactly. Details of this procedure one can
find in paper [12]. Here we write the final result namely the linear equation of the

system with respect to vector w = (wp, W, ...,W,):

Hw=g, €))
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where matrix A and g on the right side have a complicated dependence on @,
Y., o, that is H =H(®;, ¥, 0,), g=g(D, VY, o;). Their expressions are
given in [12]. Large finite t provides approximate ®; , ¥, . As a result system (9)

has given approximate matrix A and right hand side of equation. Nuclear type
systems generate the data which lead to ill-conditionality of the matrix H even for
not large #, i.e. the problem (9) becomes ill-posed for multidimensional model. It
was established in [12] that solution of (9) will be stable if

k(H)[gc + ”—gj <1, (10)
T

where k(H) is a matrix H condition number; € is a boundary (or variance) for

noise and perturbation; ¢, defines level of computational error. Detailed

researches of the solution stability problem were realized by means of numerical
experiments. Wide class of systems with different structure parameters and noise
have generated data for identification which thereupon were utilized in algorithms

that estimates @ s ¥ and matrix H . Model order n and therefore a dimension of
a system equation (9) was significant parameter. So matrix H and vector g were
computed for different n, i.e. we formed set of H, and g, for different ».

Condition number of the matrices obtained in numerical experiments is evaluated
by SVD decomposition

H,=UzVI, (11)

where U,,, V,, are orthogonal matrices and X, is a diagonal matrix with the
singular values in non-increasing order on the diagonal. Then matrix H, condition

number in spectral norm || . ||2 is defined by expression

o (H")

KZ(Hn)= PR
0,(H")

(12)

where o is the first and o, is the last singular values. Typical for nuclear type
system dependence «,(H,) from approximate model order » illustrates Fig. 1.
Increase of the model dimension on unit leads approximately to two order «,(H,,)
enlargement.

Now we address the stability problem that is how to determine the regularized
solution of the identification problem. As it was said before model order n is
regarded as regularization parameter. However it is more convenient to use
condition number for numerical modeling of identification process instead n since
condition number is roughly linked with n for each concrete system. In this case
condition number may represent the class of system even with different » .

Estimations of ® and ¥ depend on observation interval t. Obviously this
dependence become tangible when t is changed exponentially. So it is appropriate
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to choose discrete time t; as 1, = 10% 1o where Tt is initial proper observation
interval.

N=0+2P

Fig. 1. Condition number values for approximate models of different order

We exploit small interval [‘rk,rk + Ak] near each t; for data collection and

estimations of ® and W . We use set of matrices H obtained from these data for
stability analysis. We can judge about appearing unstable solution by the scattering
of eigenvalues obtained from equation W(s)=0 with coefficients w; (i =1,_n)
calculated according to system (9). Fig. 2 summarizes the results of multiple
numerical experiments for data generating systems with different structures and
parameters. On plane of two parameters k,(/H) and t are shown the stability
domain A, range C where all systems were unstable and transition domain B
where part of the systems provide the stable solution and another are unstable.
Further 1 increase leads to curves merging and after that joint curve tend to
saturation that is explained by dominant influence of computational errors. As a
result even for precise @, ¥ models with order Q+2P>11 lie in unstable
domain. For models from transition domain the checking test on stability is
required.

°
100 L B Ll
-
o
10"
milfl

L I'IH HJH :

10°

T

Fig. 2. Solution stability domains for frequency identification
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REGULARIZED SUBSPACE (4SID) IDENTIFICATION METHOD

To build a finite-dimensional model of a plant with a modification of the 4SID
method difference approximation of system (1) was selected as a model set. This
model set may be written as

Xy = Ax, +buy, v =clx, (13)

where A is a matrix axa, b is a vector ax1, el is a vector Ixo, o IS a

model dimension, discretization At is fitted so that lim Az =0, i.e. description
oL—>0

(13) should in limit lead to result coinciding with continuous approximation.
Subspace identification is a well developed method and description of it may
be found for example in [13, 14]. Here we consider simplified version. Let input

u; be exited by square wave-form oscillator alternating with relaxation intervals

u;,teSy;
0,1€85i4

U, = , i=0,1,2,...,N, (14)

where S, S,, ... are exiting intervals, Sj, S5, ... are relaxation intervals. All Sy,
(i=0,1, ..., N) have equal length M and duration of S,; (i=0,1, ..., N) may
be varied. Hankel matrix Y is formed from M  measurements

V2i+11> Y2it1.25 --+» Y2i+1,m ON €ach relaxation interval

Yir o Y31 .- VaN+l1l

Y2 1 -+ V2N+12
Y=| . . . .

YiM YVim - V2N+ILM

By analogy we form matrix X from vectors x,;,; relevant to origin of each

relaxation interval

X1 X31 .- XN+

X2 X31 ... X2N412
X=| . . . . R

XM X¥3M -+ X2N+LM

where x4, k= La isa component of vector x,;,;. Due to equations (13) and

specifics of the matrix X, Y the following matrix equation may be written
[13, 14]

Y =Ty X, (15)
CT
T4
where [, =" . is an observability matrix.
T aM
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According to realization theory if Y =YY, is any given full-rank

factorization of the Hankel matrix, then Y] is the observability matrix and Y, is the

matrix of initial state on the relaxation intervals for some state-space realization.
Optimal way for realization of such factorization is to use SVD decomposition. Let
the SVD of Y be given by

Yy=0317T, (16)

where O and V' are orthogonal matrices and X is a diagonal matrix with singular
values in non-increasing order on the diagonal. If the data generating system is n
order, then in the ideal case (all yﬁf 1 are precisely given) Y is of rank n, so that
only the n first singular values are non-zero provided that ao>n, M >n, N >n.
But in reality instead of precise ¥ we would have a matrix ¥ =Y + Z , where Y is
a true matrix and Z is a matrix produced by perturbation of input and output noise.
Then all singular values of matrix X will be positive. For multidimensional or
infinite-dimensional systems condition number is evaluated as a ratio of singular
values that grows exponentially when o incremented by one. So SVD
decomposition (16) we write as follows

Y=0,2VI +0.2,V], (17)
2, 0
where 0=(0, 0,), V=0,V,), 2= 0o s |
.

In the framework of statistical approach for finite-dimensional system the first
term corresponds to a “signal” and the second is a “noise”. It is clear that X, =0 in

the absence of errors. So the dimension of X, defines first of all the system order

n. In our case due to ill-conditioning of the matrix Y, (first term) for large (or

even for not large) n we consider partition (17) as regularization procedure. First
term with maximal »n defines the maximum order of approximate model when
identification still gives the stable solution. Unlike to statistical approach the model

order estimation depends on value HI? -Y “ When HI? -Y H — 0, then following

tendency holds »n —>n", where n is an order of a model that corresponds to

deterministic case. Value 7 is entirely defined by inevitable computational errors.
If partition in (17) is made correctly, which means the order of approximate
model satisfy the stability condition, the next step is to find the model parameters.

By setting I,,_; =, the matrix 4 for some realization can be obtained from the

matrix equation

Div - A=Top41s (18)
where 1./, is a submatrix derived from I'y,,; crossing out the first row and

.5, is a submatrix derived from I, crossing out the last row.
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In non-singular case system in (18) is overdetermined and a least-squares or a
total least-squares methods to solve the system with respect to 4 can be used. After
obtaining matrix 4 from (18) we find its eigenvalues that allows to write matrix
A in Jordan realization. For canonical controllable realization vector b is given
and only vector ¢ should be found. When canonical observable realization is
preferable, then vector b should be found with given vector ¢ . With given 4 and
b from first equation in (13) and (14) it is easy to calculate x; in each point ¢ of
the observation interval. Then the second equation in (13) allows to find vector ¢
from overdetermined linear system of equations with y, measured in experiment
for the same input. Here we remark that problem estimation of ¢ is more stable in
comparison with determination of the matrix 4 eigenvalues. It means that well-
posedness of the identification problem under consideration is completely defined
by the splitting procedure (17) that is choise of term QnZnVnT . Multiple numerical

experiments show that condition number depends on » in just the same way as it
reports in Fig. 1.
Stability property in dependence on n was studied by numerical modeling.

Two main parameters define the solution stability, namely, 8=HI7 -Y “ and
condition number «, for spectral norm of the matrix QnZnVnT , le.

o . . .
Ky (QnZnVnT) = 0—1 where o is the first and o, is the last singular values of the
n

matrix X, . Instead of regularization parameter n we choose k, on the same
reason that was pointed out for frequency method. So the plane of these two
parameters & and Kk, was used for demonstration of stability result obtained in

multiple experiments with different system structures and parameters generating
the data.

0.05% 0.50% LO0% 5.00% c 10.00%
Fig. 3. Solution stability domains for subspace identification method
Domain 4 in Fig. 3 conforms to stability and C is unstable region. Between

them transition zone B is located where part of the identified models are stable
and the other are unstable. Here as in Fig. 2 the additional stability test is required
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to use, for example set of data obtained by randomization. Fig. 2 and
Fig. 3 can be used for model construction of reduced order or maximal order
assumed by stability condition.

CONCLUSIONS

Identification problems of infinite or multidimensional systems may be fully
treated as essentially ill-posed. Because of using only measured in experiment
inaccurate data in many cases we not only look for a solution of the operator
equation but also an operator itself. Hence the problem arises how to write the
model set that includes true model of a plant. In such situation we propose in
capacity of model set to represent it in the form of infinite expansion and to find
finite approximation consistent with errors in available data using for this
regularization. In other words the identification problem in such setting is always
ill-posed. It is shown that this property is fundamental regardless what kind of
method is applied.

It should be pointed out that approximate model obtained in identification is
similar to real system with respect to output only. Moreover model parameters
(eigenvalues and others) can essentially differ from the same parameters of the real
system. For example, in most experiments each model eigenvalue represent whole
cluster of system eigenvalues, i.e. is determined as averaged estimation.

It is also worse mentioning also about ill-posed identification of the finite-
dimentional systems. All systems generating data with order corresponding to
domain C in Fig, 2 and Fig. 3 lead to ill-posed identification. For such systems
only approximate model of less order than at original system may be reconstructed.
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YK 519.9

BHEIIIHHUE 2JIJIMIICOUJAJIbBHBIE
AIIITPOKCUMAIIMU MHOXECTB
JOCTUKUMOCTHU JIMHAMUNYECKUX CUCTEM

H.A. Baouii, B.B. Boiiocos, B.H. llleBuenko

Hucmumym xocmuueckux uccneoosanuit HAH Ykpaunvt u I'KA Yxkpauno

Paccmorpern  kmacc  OMCKPeTHBIX M HENPEPBIBHBIX
nuHamudeckux cucreM (JIC) ¢ orpaHmueHHbIM  Bo3mymeHuem. C
HCIIOIb30BAHIEM TE€XHHKH BBIITYKIIOrO aHAIN3a HAWAEHBI yPAaBHEHUSI SBOJIIOLUH
JJUIATICOUIOB, COIEpXKAIIMX MHOXecTBO pocTikumoctn JIC. Metomom
¢bynkmii JlsmyHoBa monydeHa oueHka mpexaenbHoro MHoxectBa JC. s
CHCTEMBl YIPABICHUS YIJIOBBIM JABIDKEHHEM TBEPAOrO Tejla IPOBEACHO
COTOCTABJICHHE JJUIUICOMIATBHBIX OLEHOK IPEIETbHOr0 MHOXECTBA U
ACHMITOTHKHA MHOXECTBA IOCTYKUMOCTH.

Kniouegvie cnoga: JIMHAMHUYECKast cHCTEMa,
HEOINPEEICHHOCTh, UIUICOUIATbHBIE OIEHKH, MHOXECTBO JOCTIDKHMOCTH,
MIPeAEIbHOE MHOXKECTBO.

Po3risiHyTo Kinac IMCKPETHHX 1 HENepepBHHUX AWHAMIYHHX
cucteM (JIC) 3 oOMexeHnM 30BHIIIHIM 30ypeHHIM. 3 BUKOPHCTAHHIM TEXHIKA
OMyKJIOr0 aHali3y OTPHMAHO PIBHSHHS CBOJIOLIi ENINCOiAiB, SIKi MiCTSTh
MHOXKuHY gocsokHocTi JIC. Merogom ¢yHkiii JIsmyHoBa OTpUMAHO OL[HKY
rpanuuHoi MHOKUHK J{C. J{71s1 cucTeMu KepyBaHHS KyTOBHM PYXOM TBEPAOTO
Tijla IPOBEACHO CITiBCTABICHHSI EJIMCOIIATbHUX OIL[iHOK TPAHUYHOI MHOXHHH 1
ACUMIITOTHUKU MHOXXHMHH JIOCSDKHOCTI.

Knrouosi cnosa: 1vHaMiyHa CHUCTEMa, HEBU3HAYCHICTb,
€JIINCOIabHI OLIIHKK, MHOXHHA JOCSHKHOCTI, FPAaHUYHA MHOXHHA.

BBEJIEHUE

[Mon muoxectBoM poctikumoctd (M) aunamumueckoil cucremsr ([C) B
MPOM3BONIFHEIE MOMEHT BpEeMEHH (HENpPEpHIBHOTO WJIM IHCKPETHOTO) 31eCh
MMOHUMAETCSI MHOXECTBO (Pa30BOr0 MPOCTPAHCTBA, B KOTOPOE MOTYT IIOMAcTh B
JTaHHBI MOMEHT KOHIIBI €€ TPAEKTOPHIA, «CTAPTYIOLINX» U3 HEKOTOPOTO 3aJaHHOT'O
HAYAIGHOTO MHOKECTBA IHPH BCEX BO3MOXKHBIX 3HAYECHUSIX OTrpPaHUICHHBIX
BHEIIHUX BO3MYIIEHHH. MHOXeCTBa MOCTIXKAMOCTH  SIBITIOTCS — BaskKHOU
XapaKTePUCTUKON AMHAMHYCCKAX CHCTEM M WCIIONB3YIOTCS MPU PEIICHUH MHOTHX
3ajad ynpanieHus uMu [1]. OgHAKO OHA UMEIOT JOCTATOYHO CIOXKHYIO CTPYKTYPY
Jake U JIMHEHHBIX cucTeM. 1103TOMY HCHONB3YIOTCS MX OIEHKA MHOKECTBAMHU
Oomee TPOCTOH CTPYKTYpPHl, a HMEHHO BBITYKIBIMH MHOTOTDAaHHUKAMH U
smIconiaMi.  BakHOCTE TpoOiieMBl  pa3pal0OTKH W YCOBEPIICHCTBOBAHUS
QITOPUTMOB TIOCTPOSHHS OIICHOK MHOXKECTB JIOCTHIKUMOCTH [UIS  PEIICHUS
TEOPETHUECKUX W TPUKIAIHBIX 3a4ad, BKIIOYAs 3aJaddl  YIIPaBICHUS
A’POKOCMHYECKIMH U MOPCKHUMH OOBEKTaMH, OATBEP)KIAeTCS OOIIMPHBIM U BCE
TTOMOJTHSFOIUMCSI CITICKOM ITyOIMKanui (cM., Harpumep, [2—6] u oubimorpaduro
B HuX). B manHO# paboTe ¢ MOMOIIBIO €AMHOTO METOMOJIOTHYECKOTO IOIXOJa,
OCHOBAaHHOTO Ha (POPMAIIM30BAHHBIX METOAAX BBIMYKJIOrO0 aHANW3a, HMPHBOAATCS
HOBBIC KOHCTPYKTHUBHBIC AJTOPHUTMBI JJUIHIICOMIATEHOTO OLECHUBAHUS MHOXECTB
JOCTHXKUMOCTH JTMHEHHBIX TUCKPETHBIX W HEMPEPHIBHBIX JUHAMHYECKAX CHCTEM.
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ITOCTAHOBKA 3AJTAYN

Paccmorpum auckpernyto JIC Buna

X1 = ApXp + Brug + fi, k=0,1, ..., (1)
Iie BEKTOp cocTosuus Xz € R", R" — n-MepHOE €BKIMIOBO MPOCTPAHCTBO;
u;, — 3aJaHHBIA pu Bcex k>0 Bektop ympaBinenus u, € R", m<n; A4, u

B;,  3amanHble mpu BceX & MaTpHULbl COOTBETCTBYIOLIUX Pa3sMEpHOCTEH,

det 4, #0 u f; € R" — HEKOHTPONUPYEMOE OrPAHUYEHHOE BO3MYIIIECHHE

T 2
Ji Gfi <q° Vk, )
rae G — ITOJIOKUTECIIBHO OrnpeacicHHas CUMMCTpUYIHAA

nxn-Marpuua, G = GT > (0 g — 3a/aHHas KOHCTaHTA.

HAns  GopMymHpoBaHWs TIOCTAHOBKM 3aJadd BBEIEM B pPacCMOTPEHHE
JJUTUIICOU I BUJA

Ek =E[)?k,Hk]={X€RnZO’()?k,Hk)Sl}, (3)

rne  o(x, x;, Hy)=(x— )?k)Tngl (x—Xx;), X; ~— THEHTp DIUINIICOWAA,

H} — nonoxuTenbHO ONpeleneHnas nx n-marpuua fH; = H kT >0.
[penmonaraercs, 4To MpH HEKOTOPOM MTPOU3BOIEHOM 3HAUCHUH k =k, 3amaH

ammunconn Elx;,H;], T.e. 3amaHsl ero meHTp X; u Marpuna Hj . Ilpn stom

3aaya 3JUIMICOMAANBHOIO OLIEHUWBaHUSA MHOXecTB npoctwxumoctn JC (1)
IpefcTaBiIsfeT co00H 3amady MmocTpoeHus smmunconna Elxj ., Hj,.] Buma (3),

KOTOpBI Tpu BceX k >k, B cmry (1) comepxur o6paz W (k+1)smmmnconna
Elx;,H;] nns mo0oro BO3MYyIIEHHS fj, , KOTOPOE YIOBIETBOPSET YCIOBHIO (2).
Jpyrumu cioBam, HY’KHO TIPH KaXIOM k > k, HaiTn smumnconn E[x; .1, Hy 4],

TaKoW, 4To mpH BceX Xj € E[x;, H,] W npu mo60M BO3MYIICHUH f} , KOTOpOE
VIIOBIIETBOPSIET OrpaHUYEHHIO (), BBIIIOIHSAETCA BKJIIOUEHHE
X1 € Elxpq1, Hipn]-

AHaIOrMYHBIM 00pa30M CTaBWTCS 3ajava OIpPEAeIeHHUS SJUTUIICOUIATbHbBIX
OLIEHOK MHOKECTB JOCTHKMMOCTH UIS HEITPEPHIBHBIX CHCTEM

dx

= Ax B+ /() @)
rme X — BEKTOp cocTosHus x € R"; u(f) — 3amaHHBIl B KaXIblii MOMEHT
BpeMeHHM ¢ BekTop ympasienus u(t)eR"™, m<n; A(t) u B(t) — 3amanHble

MaTpHIEl COOTBETCTBYIOMIMX Pa3MEPHOCTEH; HEKOHTPOIHUPYEeMOe BO3MYIICHUE
f(t) ynoBIIeTBOPSIET YCIOBHIO
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fTOGr)<q* ve=0. (5)
[Ipenmnonaraercs, 4To BEKTOpHbIC W MaTpuuHble GyHKImU u(t), A(t), B(t)m

f(t) sABILTIOTCS HETPEPHIBHBIMI(KYCOYHO-HETIPEPHIBHBIMI) (PYHKIMSIMHU BPEMEHH.

Ilo amamorum co ClIy4acm HHCKpCTHOﬁ CUCTEMbI BBCIACM B PACCMOTPCHUC
OJIIIMIICON

E(t) = E[x(?),---H(t)]={x e R" : o[x(r), H(®)] <1}, (6)

rne  ofx(?), H@)]=[x— )?(t)]T H! (O)[x—x()]. IlomaraeM U3BECTHHIM B
HEKOTOPBIII MOMEHT BpeMEHH ¢ =f, (KOTOpPBIA 0e3 moTepru OOITHOCTH MPHHUMAEM
t, =0) ampuopHblid smumnconn E(t,) = E[x(t,), H(t,)]. Tormna craButcs 3amada
MTOCTPOEHUS utHIiconnioB E[x(t), H(t)], Takux, uro x(¢) € E(t) npu Bcex ¢ > 1, U
x(t,) € E(t,) n Bo3MyImeHUsX f(¢), yIOBJIECTBOPSIONINX OrpaHUYeHHIO (5).

He.]ILIO JTAaHHOM pa6OTI)I ABJIICTCA TMOJTYYCHHE HOBBIX KOHCTPYKTHBHBIX
aAJITOpUTMOB SJIIITUIICON JAJIBHOT'O OLICHUBAHUA MHOXXCCTB JOCTHXKUMOCTH
JIMHEHHBIX AUCKPETHBIX u HETIPEPBIBHBIX JUHAMHWYCCKUX CHCTEM C
HCIOJIB30BAHUEM CJHHOI'O MCETOJOJOIMYCCKOro I1moaxoga, OCHOBAHHOI'O Ha
(i)OpMaJ'II/ISOBaHHBIX MCTOJax BBIITYKJIOI'O aHaJIn3a.

MHOXKECTBO JJOCTUKUMOCTHU JUCKPETHBIX CUCTEM

YrBep:xkaenue 1. OreHka cCBEpXY MHOXKECTBA TOCTHKUMOCTH cucTeMbl (1),
(2) mpu k >0 smunconnmamu ElXx;, H;] Bumga (3) ompemensercss pa3HOCTHBIMH

YpaBHEHUSMU

X1 = A Xy + By (7)

Hyoy =L+ P A A +p (L4 p) °G7 ®)
mpu JI000M 3HadeHWH mapamerpa p >0 W 3aJaHHOM HaYaJbHOM DIUTHIICOHJIE
Elxy,Hp].

JoxazatenscTBO. [ OKAa3aTeNbCTBa YTBEPXKICHHS | BOCIIONB3YyeMCS
anmapaToM OMOPHBIX (YHKIMH BBITYKIIBIX MHOXeECTB [7]. Dmmunconn E[x;, Hy ],
KpoMme cooTHomeHus (3), Takke MOXKET 3aIaBaThCs CBOSH OMOPHOW (yHKIHEH
8{1|E[)?k,H +1} . Ilpn ncrons3oBannm onopHOH ¢GyHKIMM 3mmnancoun E[x;, Hy ]

OIIPENETIETCS. COOTHOIIEHIEM
I"x <8{||E[%, Hy1} VIeR", )
rne, cormacHo [1], omopHas ¢yHkuus smmncouna Elx;, Hj| ompenensercs

COOTHOIIEHUEM 8{l|E [x;, Hi]} = max [ Tx v umeer Buz
xelg

SU|Elxy, Hi 1y =1T%, +y1THyl (10)
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J1st ortopHOH QyHKITHH 8{Z|Wk 415 obpaza W, smmncouna E[x;, H; ] npu

€ro oToOpakeHUH cooTHOIIeHHEeM (1) UMeeM OIEHKY CBEpXY

8{Z|Wk+1} = max ZT[Akx+Bkuk + 1< max ZTAkx+ZTBkuk + max [T f,
xXe

EK XEEK fEFK (11)
SfeFy
rae F, = {f:fTﬁ_lf—IS 0, H = qu_l}. OyHKUUA Jlarpanxa,

COOTBETCTBYIOIIAsl 3aqade OTBICKAHUS MAaKCHMyMa IIEPBOTO CJIaraeéMoro B
HepaBeHcTBe (11), nMeeT BHI

L(x,A) = 1T 4 x—0,50o(x, X, H,) 1], (12)

rie A>0 [8]. CormacHo TeopeMe ABOWCTBEHHOCTH pELIEHUS 3ajay
MaTeMaTUYECKOr0 MPOrpaMMupoBaHus [ 8] nmeem

T .
max [* A.x =min (L),
i (1) (13)

rae QYHKIMS MaKCHMyMa (p(k) — BBINYKJIass (yHKIHS (p(k)=max L(x,\) [8].

xeR"

JlpyruMu cioBaMu, max I Apx=min max L(x,A) mpu A=>0. Ilpu 3tom u3

xeEg A xeR"
(11) cnenyert, 4to
SUWesry <o)+ By +ITHI, H=¢*G™" va20. (14)

Hatinem siBHBII BHJT (DYHKIIMH MaKCUMyMa (p(k). [IpupaBHUBas NPOU3BOIHYIO
mo x ¢yaxkomu L(x,A) Hymo, MOTyYHMM BBIpaXXE€HHE X, = Xj + e kAkT [, B

pe3yabTaTe MOJICTAaHOBKHA Kotoporo B (12) mpu k=\/ZT A H kAkT [ wu3 (14)
HAXOAUM

Sty <1 Ty + 1T Hyl +NITHI (15)

rae X, = Ayxp + By, ﬁk+1 = AkaAkT. W3 cBoiictB onopHbIX (yHKIHH [1, 9]
n ¢opmynsl (10) BeITekaer, yTo mpaBas 4dacTh (15) ecTh omopHas (GyHKIHS
MHOKECTBA, KOTOPOE SIBIAETCS CYMMO MHUHKOBCKOTO [9] IBYX SJUTHUIICOMIOB BUIA
(3) E[x; +1,ﬁ 1] 1 E[O, H ]. OnHako MHOXXECTBO-CyMMa MMHKOBCKOTO JABYX
AJUTUIICOMI0B He siBisiercs aunconnoM. CornacHo [10], yka3aHHOE MHOXKECTBO
comepxuTcs B oammmnconne  E[x; .y, Hj,;], HeHTp ®W MaTpuma KOTOpPOTro
orpenensrores ypaBHeHusMu (7), (8). YTBepikaenue 1 qokasaHo.

Oynxmus SpHj,1(p), onpenensiemast Gopmyioii (8), SBIseTcs BBIMTYKIOH U

JOCTUTaeT MHHHMYyMa IIPH P, =\/ (SpAH kAkT )_1SpG_l . IlogcraBuB 3HaYeHWE

P, B opmymy (8), momydaem cienyromiee yTBepKIeHHE.
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YrBep:xkaenue 2. Ouenka cBepxy MHOkecTBa goctixumoctu JC (1), (2) mpu
k>0 ommncongamu E[x;, H;] Buma (3) Cc JOKambHO ONTHMAIBHBIMA

MaTpHuLaMu 1}, onpenensercs peleHUsIMA Pa3HOCTHBIX YpaBHEHUI

X1 = A Xy + By (16)

SpG~! SpA H Al |
Hiy=|1+¢q p—T AH AL +q) g+ pk—]_clk G (17)
SpAkaAk SPG

IIPH 3aJJaHHOM HavdaJbHOM aimncoune E[xg, H] .

MHOXECTBO JOCTUKUMOCTHU HEMPEPBIBHBIX CUCTEM

YrBep:xkaenue 3. [ oueHku cBepxy MHOXecTBa noctwxumoctu JC (4, 5)
amanconnamMu  E[x(¢), H(t)] Buaga (6) ¢ JOKaJbHO MHHUMAIBHBIM CIICIOM

MaTpunbl H(t) HeoOxommmo pemmth 3amady Komm mis muddepeHmambHbIX

YpaBHEHUI
dx .
— = A@)x+ B(u(?), (18)
dt
-1
—dH =A)H +HAT(t)+ q G H+ SpH G (19)
dt SpH SpG~!

IpH  3aJaHHOM HadalsbHOM oaumuncomne E[x(ty), H(ty)]. llpu rypBHmEBOit
marpunie A(t)=A4 wu  u(t)=0 osmwmnconn  E[0, H,] omnpenenser

rapaHTUPOBAHHYIO OLIEHKY YCTaHOBUBILEICS TOYHOCTH CUCTEMBI.

HJoxka3zateabcTBo. CornmacHo  siBHOW  cxemMe  OJilnepa  YHCIEHHOTO
WHTETPUPOBaHUS TUPPEepeHINATBHEIX ypaBHEeHHH [11], U1 TOCTATOYHO MAaJbIX
7> 0 umeem

x(t+1)= Z(t,‘c)x(t) +tBOu@)+f (@) +f(t.v)], (20)

rae Z(t, 1) =1, +1TA(?),

fdt, 'c)" <u(t),u(t)>0 mpu T—0. JIng oObenuHEeHUS

mo BceM x(t) € E[x(¢), H(t)] u fT OGf ()< qz Vt>0 dopmyna (20)
orpenenser obdpas VIN/(t+'r) ammaniconna E[x(t), H(t)]. Haiimem omeHKy cBepxy

IUIsL BRINYKJIOH obomouku W (t+ 1) atoro obpasa. [lo ompenemeHuro omopHOit

¢yuxmun [7] d[/ |W(t +17)] BBIIYKIIOI'O MHOXECTBA HUMEEM
AW (¢ + 1< Si(x, £, 1) + Sy (x, 1, 1), (21)

rae Sj(x,¢,T)= max 1T Ax+ ‘EZTB(I)M(t), SH(x,t,1)=1 max ZTf+ 'rmaxleO ,
xeE(t) JeE@) /0] <m(o)

E(t) = EJ0, 6] = {x:fTé_lf < 1}, G= qZG_l . Bocnonp3oBaBimmch MeTOIOM
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HEOIpeIeICHHBIX MHOXUTened Jlarpamxka u dopmymnon [1, 12] mns omopHoM
(GYHKITHH SJUTHIICOn 1a Bua (6), HaXOauM

Sy(x, 1,7) <8 | E[X (¢ + 1), Hy (t + )]}, (22)
rae
S E[x(t+1), Hit+ 0 =1T5(t + 1)+ ITH (1 + )] (23)

Xt +71) = A, 0RO + B@Ou),  Hy(t+71)= A, 0)H(@OAT (1,7) .

Jost orteHKn S5 (x, ¢, T) aHAIOTHYHBIM 00pa30M IOIy4daeM
Sy(x, 1, 1) <8 | E[R (¢ +7), Hy(t + D]}, o + 1) =0, (24)

rie 8{1| E[0, Hy(t + 1)} = IT Hy(t + D)1, Hy(t+71) =0’ (1)g*G 7!,

a(t) =1+ p(t) e’ G le) ™ VeeR",

N3 cootHOmenus (21) ¢ yaerom (20)—(24) nonydaem

e||=1, o(t)>1 opu t—>0.

S[UW (¢ + )] < 81| E[%,(t + 1), Hy(t + 1)1} + 84| E[0, Hy (¢ +7)]. (25)

B mpaBoii yactu HepaBeHCTBA (25) MMeeTCS CyMMa OMOPHBIX (DYHKITHHA JBYX
MHOKECTB-3JUTUIICOMA0B Buaa (6). Kak u3BecTHO [9], cymMMe OMOPHBIX (DYHKIHI
JIByX MHOXECTB COOTBETCTBYET CyMMa MHHKOBCKOI'O 3THX MHOXKECTB, B JaHHOM
cinydae auunconaoB. HamomHuM, yTo cymMmMa MHMHKOBCKOTO JIBYX MHOMKECTB-
JJUTUIICOMIOB HeE sBJsieTcs uuncounioM. OHa COaep KUTCS B p-lapaMEeTPHUECKOM

cemetictse amnconnoB E[x(z+ 1), H(¢ +1)] [10], roe

x(t+71)=x(t+1),

~ 0 ~ . (26)
Hit+1v)=(0+pH t+v)+p (+p)H(t+1t)Vp>0

[onaras B (26) p=vy1,y>0wu mOnCTaBIAs HPUBCICHHBIC BBIIC 3HAYCHUS

xi(t+1), ﬁl(t + 1) , moIy4aeM

X(t + 1) = %) + [ A)x + B()u()]+ y(y, 1),

H(t+7) = H(t) + A H + HAT ()] + vyH + 226 + v¥(y, 1) vy > 0 @7)
¥

rie ||\u(y, 'r)” — 0, (y, ‘r)" —>0nput— 0. OyHknms ciena marpunbl H(f+1),

orpenenseMas IpaBod 9acTeio GopMyisl B (27) ¢ y4eTOM claraeMbIX HEpBOTO
MOpAIKa MaJOCTH OTHOCHTENBHO T (NMHHEHHBIX 1Mo T), ©(y)=SpH(t+71)

. SpG~!
SIBIISIETCA  BBIMYKIIOW W HMEET MUHUMYM NpU Y =Y. =(¢ S—H Cocrasinss
P

cormacio  Qopmymam  (27) Tmpm Y=Y, Pa3HOCTH 1_1[£(t+'c)—fc(t)],

! [H(t+1)— H(t)] u nepexoms x mpeneny mnpu tT— 0, momrydaeM (GopMyisl
(18), (19). YTBep:kaenue 3 qokazaHo.
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OLIEHKA TOYHOCTH YIIPABJIEHUS OPUEHTAIMEN TBEPJIOI'O TEJA IIPU
JEMCTBUU OI'PAHUYEHHOI'O BHEIIIHEI'O BO3MYIIIEHUSA

Uccnenyem  >QQeKTHBHOCTH  aNTOPUTMOB  OLCHHBAHWUS  MHOXKECTB
noctikumoctd JIC Ha mnpumepe 3amaud OLEHUBAHMUS TOYHOCTH YIPaBICHUS
opueHTauuer TBepaoro tena. [IpoBeneM cornocraBieHHE TOTYYEHHOIO PELIEHUS C
peleHneM, MoTyJ4aeMbIM ¢ UCIIONb30BaHueM amnmaparta Gpyrkmuid Jlsmynosa. [lox
OLIEHKOI TOYHOCTH B IEPBOM CIlydyae IOHUMAETCS JIJUIMIICOMJ, OIpenessieMbli
YCTAaHOBUBIIMMCS 3HA4YCHHWEM MaTpuibl H(¢) Tpu AOCTaTOYHO OONBIINX

3Ha4YeHUAX BpeMeHu B ypaBHeHUsx (18), (19) mpu rypBumeBoit matpume A(f) = A
u u(t)=0. Bo BTOpoM ciIydae OIEHKAa TOYHOCTH OIpPEHEISCTCS OLEHKOM

MpEeAeNbHOI0 MHOXKECTBA CHUCTEMBL. HamoMHUM, dYTO T1OA TpeneNbHBIM
MHOkecTBOM J|C moHUMAeTCsi MHOXKECTBO B e (pa30BOM IPOCTPAHCTBE, B KOTOPOE
momagaoT (AIH K KOTOPOMY HEOTPaHWYEHHO MPUONIDKAIOTCSA) Bce e (pa3oBbIC
TPaeKTOpHUU (IUCCUIATUBHOCTH B IIEJIOM) WM CTAPTYIOIINE WX OIpPEACICHHOU
o0acTu (IMCCHITATUBHOCTE B 00sacTh) [13, 14]. Bocmonb3yeMcst MaTeMaTHIeCKOM
MOJICTIBI0  YIIPaBIISIEMOTO YIJIOBOTO IBIDKEHHs KocMmueckoro ammapata (KA),
paccMaTpuBaeMOro Kak TBepmoe Teno [15], ¢ JONONHUTETBHBIM yYETOM
OTpaHUYEHHOTO BHEITHETO BO3MYIICHHA. J[IsI MPOCTOTHI PAacCMOTPHM CIydait
VIIpaBIICHUST OpUCHTAIMEH OTHOCHTEIBHO HHEPHUAIBHON CHCTEMBI KOOpIHMHAT.
Henmpio ympaBieHus OpUEHTAIEd SBISETCS COBMEIIeHWE CBs3aHHOH ¢ KA
cucrembl koopauHat (CK) ¢ BeiOpanHO# mHeprmamsHOi. [Ipn 3TOM ypaBHEHHS
YTIIOBOTO NBIOKEHUA 13 [ 15] mMeroT Bug

D = A(D)w, Jo=M —Q(w)Jo, (28)

rie ®F =(y,y,0) — Bekrop yrmoB KpouroBa (KpeH, phICKaHHE, TaHTaX),

ompenensromuii monokenue cesazannoii CK orHocurensHo mHepumanpHol CK;
ol = (o7, ®y, ®3) — BEKTOp MpOEKIHil yrinoBoi ckopocti KA Ha ocu cBA3aHHON
CK; J=diag{J,J,,J3} — Marpuma npencraBileHus TeH3opa uHepnuun KA B
cessagHoit CK; M =u+ f(¢), tme ul = (u#q, Uy, U3) — BEKTOP MOMEHTOB
ynpaBienus, 3agaHHbld B cBs3aHHOH CK, u=-o® - Kw,K =diagik, ky, k3},

oa>0,k>0 — xoddpdumments ycumeHHs B 3aKOHE  YIPaBJICHHS;

f T O =(f®)y, @), f3(t)) — BexkTOp  HEKOHTPOIHPYEMBIX  BHEIIHUX

BO3MYILCHHUN, OTPaHUYCHHBIX 3aJaHHOW KOHCTAaHTOH f T OGf ()< qz Vt=0.

Matpunsl A(®) u Q(w) uMeroT BUA

cosy 0 siny 0 -3 o
A(®)=|sinyzgy 1 —cosyigy |, Qo)=| o; 0 -o
_siny -, cosy —o; o 0
cosy cosy
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VYnpaenenue u = —od — K@ 1npu oTcyTcTBUM Bo3MmylueHus F(¢)=0, 1 — o©
npusoaut JC (28) B Hayano koopauHaT @ =0, o =0. [Ipu neiictBuu 10CTaTOYHO

MaJioro BO3MyHti€HusA BEKTOPD (1)&301301“0 COCTOSAHHA CUCTEMBI 6y;(eT HaxXoIuThCsA B
obyacth BOJIM3M Hadaia KOOpAuHAT. HOBTOMy 4 HAaXOXICHHSA MHOXCCTBA
JOCTHXKMUMOCTH 6y/:(eM paccMaTpruBaTh JIMHCAPU30BAHHYIO CUCTEMY B OKPECTHOCTU
Havalla KOOpAWHAT. Ilocne JIMHCapu3anun BCC TPpHU KaHaJla (erH, PBICKAHUEC U
TaHl"a)K) CTaHOBATCA HC3aBHCHUMBIMU. I[J'Iﬂ OMpEACICHHOCTH pPaCCMOTPUM KaHall

tTaHraxa. llpm 3ToM momyumm cucteMy O=0w3, J303 =uz+ f3(),

uz = —ab — k33 , BEKTOpHO-MaTpuyHas 3amuchk koropoit umeet Bu JIC (4), (5):

i=dx+ (), fTOGF(1)<q?, (29)
rae
P , X = ’ , ()= 0 ,a=J3 ky =J5 .
-0 —k3 w3 120

JUIs TIOCTpOEHUST MHOXECTBA JTOCTHIKMMOCTH CHCTEMBI (29) MoOXeT ObITh
UCIONB30BAaHO  yTBepkneHwe 3. [lpm  BHINONHEHWH  KOMITBIOTEPHOTO
MOJICTIMPOBAHUS AUHAMUKA SBOJIOIHNN MHOXKECTBA OCTIKAMOCTH CHCTEMEI (29)
ObUTH BHEIOpaHBI CIEIYIOIINE 3HAYCHHUS €€ IapaMeTpOB M HAYaNbHBIX YCIOBHH:

oa=2,k=2,q=01, G=1,,x0) = (5,2)T, HO0)=1,. «HexoHnTponupyemoe»
BO3MYIIIEHHE TIOJIaTJIOCh PpaBHBIM  f3 =¢gsin(Af), dactoTa A  KOTOpPOTO
COOTBETCTBOBAJIa PE30HAHCHOW UACTOTE CHUCTEMBL. [Ipm STOM HEW3BECTHBIN

o *
HCTHHHBIA BEKTOP HA4aJIbHOI'O COCTOSIHUS MoJaraics paBHeIM x (0) = (4,5; 2,5)T .

3

Puc. 1. I3meHenne annpoKCUMHUPYIOLIUX 3JUIMIICOMIOB BO BPEMEHU

Ha puc. 1 m300pakena quckpeTHasi alpOKCUMAINHs HHTETPATbHONH BOPOHKH
[6] cucrembr (29). Omna mpencraBisgeT Cco0OH  ImOCIEMOBAaTENBFHOCTH
AIUIAIICOMIANBHBIX OHEHOK MHOXKECTB JOCTIKHMOCTH, TOCTPOSHHBIX depe3
npoMexxyTok Bpemeru 0,1 c. Kaxmomy smmumconny HpHHAIUICKAT HCTUHHBIN

* o
BEKTOP COCTOAHHUA X (t ) CHUCTEMBI B COOTBCTCTBYIOIIIMU MOMECHT BPEMCHMU.
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WctunHaas (a3oBas TpacKTOPHUS CHCTEMbI H300pakeHa Ha PHCYHKE >KHPHOU
JIMHHUEH.

Ha puc. 2, 3 npuBeneHbl TpauKH U3MEHEHHUS ClIella U OIPEACITUTENS MaTPHI]
H Bo Bpemenu. BumHo, 9TO B acHMITOTHKE 3HAYEHUS CIENa W OIMPEICTUTEIS
CXOISTCSL K OIpEAeNIEHHBIM KOHCTaHTaM, a DJJUIMIICOMJ — OIIEHKa MHOXKECTBa
JIOCTMDKUMOCTH ~ CHCTEMBI B aCHUMITOTHUKE MPUXOJUT K  HEKOTOPOMY
YCTaHOBHBIIIEMYCS 3HAYECHHIO, OIPENEISIIONIEMYy TapaHTHPOBAHHYI) OIIEHKY
TOYHOCTH CTAOMIN3aLMH CHCTEMEL.

0

a7

0g
det(H)
05
04

03

oz

Puc. 3. U3menenne onpenenutesst Matpull H BO BpeMeHH

[Moxyunm Teneps OLIEHKY MPEAeTbHOr0 MHOKECTBA CHCTEMEI (29), KOTOpOE 1o
onpenenenuro [13, 14], Taxke SBISETCS W OLEHKOW TOYHOCTH CHCTEMBI B
YCTaHOBHUBIIEMCS pexXHMe. Bocmmonb3yeMcest A7 5TOro M3BECTHBIMU 0000IMIEHUSIMH
[13, 14] mpsimoro Merona JIsamyHOBa Ha MCCIEIOBAaHUE YCTOWYMBOCTH MHOXKECTB U
BblOepeM  ¢yHKOuio  JlamyHoBa B BHAE — KBaApaTHUHOH  (pOpMBI

v(x) = x! Px,P= Pl>0. [IponsBomHas QyHkuuu JIsmyHOBa, BBIYHMCIICHHAS

coriacHo ypaBHeHHIO (29), nMeeT Bu

v(x)=x" (4T P+ PA)x+2f7T Px. (30)
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Tak kak matpuma A sBiusgercs ['ypBumeBa, TO MaTpHYHOE YpaBHEHHE
JlamynoBa ATP+PA=-C wumeer pemenne P >0 mpm Im000H MaTpulle
C=c! >0. Honaras s omnpenenenHocty Matpuily C =/, , HAXOOUM pelIeHHe
ypaBHeHus JIsmyHOBa:

L oy + k31 + ) ol .
2 o ok 1+ o)

Hatinem MHOXecTBO (a30BOro MpOCTpaHCTBa CHCTEMBI (29), Ha KOTOpOM

v(x) <0. Bocnonp3oBapmmck cootHomenneM (30) W momaras ISl MPOCTOTHI

MaTtpuly G =/, , HAXOIUM OLIEHKY

) <o + 271 [P ol + 20 (P < 0. 31

TIE Apax (P) — MakcHMallbHOE COOCTBEHHOE 3HaueHne MaTpuisl P . V3 menoukn
HepaBeHCTB (31) momydaem, uto v(x) <0 Ha MHOXECTBE ||x|| 2P, p=2qhpax(P).
Cormacuo [13, 14], npenensHBIM MHOKECTBOM CHCTEMEI (29) OymeT MHOXKECTBO,

OrpaHUYCHHOE MOBEPXHOCTHIO ypoBHsA (GyHKumH JlimyHoBa v(x)< pz , TIe

pz = lﬁax v(x) . Bocrionp30BaBIIMCE OICHKAMU 3HAUYCHUN KBaIpaTHYHBIX (OpM Ha
x|=p

mape eIMHUYHOro paamyca [16], momyuaem uz = 4q273nax (P). Takum obpa3zom,

OLICHKa CBEPXY NPECACIIbHOIO MHOKECTBA CUCTEMbI OITPEACIISACTCSA MHOXKECTBOM

M = {x:xTPx <p?p?= 4q27\'3max(P)}' (32)

04 T T T T

=
=
5
w
o
o
o
o
o
o
o
o
@

0.4

Puc.4 Ouenka npenenbHOro MHOXKECTBA CUCTEMBI M ACHMITTOTUKH OLIEHKH
€€ MHOXKECTBA JTOCTHKHUMOCTH
Ha puc. 4 npuBenens! ammriconianbHas OIEHKAa aCUMITOTUKA MHOXECTBA
JOCTH)KAMOCTH CHCTEMBI M OICHKA €€ IPEAeIbHOI0 MHOXKECTBA, M300pakKeHHBIC
COOTBETCTBEHHO JKUPHOM M IUTPUXOBOW IJHUHHUAMHU. lIpoeKkTupys MONTydeHHbIE
SJUIATICOMABI HAa OCH  KOOpAWHAT cormacHo [17] MOXKHO  TOMy4YUTH
MPEJCTABIAIONINEG HAWOONBIIMKA HHTEPEC TapaHTUPOBAHHBIE HWHTEPBAIBbHBIC
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OLIEHKH TOYHOCTH YHPAaBJIEHHs MO KaXKIOM M3 KOOpAMHAT (10 YTy M YIJIOBOU
CKOpPOCTH) OTHENbHO. M3 pHCYHKa HENOCPENCTBEHHO BHIHO, UTO IMEPECEUCHUs
WHTEpPBaJIbHBIX OLEHOK CYIIECTBEHHO MeHbIe Kaxknoil u3 Hux. [loatomy mis
OILICHKH TOYHOCTH yCTAaHOBHUBIIEHCS CHCTEMBI II€JIECOOOpa3HO HCIIONh30BAaTH HE
TOJIBKO DJUIMIICOMJAJIbHBIE OLEHKU IMPENesIbHOr0O MHOXXECTBA, HO M OLEHKHU
MHOKECTBA JOCTH>)KUMOCTH CHCTEMBI.

BBIBOIbI

MeToa  AMIUMICOMAANBHONM — ANIpPOKCUMAlUUd MHOXECTB JOCTUKHUMOCTU
HENPEPbIBHBIX U JUCKPETHBIX JAUHAMUYECKUX CHCTEM, HOABEPKEHHBIX NEHCTBUIO
HEKOHTPOJIMPYEMbIX OrPAaHMYEHHBIX BHEIIHMX BO3MYILEHUH, OCHOBaH Ha
HCIOJIE30BaHUH (POPMATTM30BAHHBIX METOIOB BBIMYKIOrO aHANM3a, a MMEHHO Ha
TEOPUH OMOPHBIX (PYHKIIMH BBHITYKIBIX MHOXKECTB.

3¢ (heKTHBHOCTh OLIEHKN TOYHOCTH CTAOWMIIM3ALNU CHCTEMEI IT0 ACHMIITOTHKE
€€ MHOXXECTB JIOCTHKUMOCTH WILTIOCTPUPYETCA Ha IPUMEpPE CUCTEMBI YIIpaBICHUS
opuentauuert KA. g nonydeHus OLEHKUM NPEAeIbHOIO0 MHOXECTBA CHCTEMBI
ympasneHus opueHTtanued KA WMCIOmp3yloTcs M3BECTHBIE OOOOIIEHUS MPSIMOTO
Mertona JIdAmyHOBa Ha HCCIEJOBaHHWE YCTOMYMBOCTM HMHBAapUAHTHBIX MHOXECTB
JUHaMHYeCKUX cucteM. [lomydeHHble OLIEHKH COMOCTaBISIOTCS C aCUMIITOTUKON
MHOKECTBA JJOCTH>)KUMOCTH CHCTEMBI.

[apanTupoBaHHBIE  WHTEpBaJbHbIE  OIEHKM  TOYHOCTH  OpPUEHTALUH,
MOJTyYeHHbIE MTPU COBMECTHOM HCIIOJIb30BAHUHU OLIECHOK MHOXKECTB TOCTUKHUMOCTH
U OLEHOK IMpeleNIbHbIX MHOXECTB, CYIIECTBEHHO Jydlle [0 CPaBHEHHIO C
OLIEHKaMH, TIOJTy4€HHBIMU IIPU M CIIOJIb30BAaHUH KaXKJ0OI'0 U3 HUX B OTAEIbHOCTH.
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YK 517.977

OIITUMAJIBHOE YIIPABJIEHUE KOJIEBAHUSAMU
NPSAMOYTIOJIbHOM MEMBPAHBI

Konexy M.M.

Hauyuonansnorit mexnuueckuit ynueepcumem Yxpaunwt «Kueecxuii
RONUMEeXHUYECKUI UHCI UMY

Paccmorpena JINHENHO-KBaApaTuiecKas 3a/1a4a
ONTUMANIFHOTO  YNPABJICHUS  MPOIECCOM  KoneOaHWid  MPSMOYTOJIbHOM
MeMOpanel. C TOMOImIBIO MeToAa MHOxuTeneil Jlarpamka momydeHsl
HEOOXOAMMBIEC YCIIOBHS ONTHUMAalIbHOCTH. Ha WX OCHOBe BBIBEJEHA CHCTEMa
UHTETPO-Au( HepeHIHATBHBIX YpaBHEHUH PukxaTtu ¢ YaCTHBIMU
MPOU3BOAHBIMU. PelieHue nocineqHei cucTeMpl 1alno BO3MOXKHOCTh BBIIMCATh
SIBHYIO (pOpMyITy IUIsl BBIYMCICHHUS ONTUMAIILHOTO YIIPABICHHUS.

Knrwueevie cnoea: ontumanbHOE —yOPABICHHE, METON
MHOXxuTenel Jlarpamka, HeoOXOAUMBIE YCIOBHA ONTUMAIBHOCTH YPaBHEHUS
Pukkaru.

Po3risHyTO  MiHIMHO-KBaApaTHYHy 3a/ady ONTHMAIBHOTO
VIIPaBIiHHS MPOLECOM KONMBaHb MPSMOKYTHOI MeMOpaHH. 3a IOMOMOrO0
MeTOny MHOXHHKIB Jlarpamka oTrpuMmani HEOOXiqHI YMOBH ONTHMAIbHOCTI.
Ha ix ocHOBi BuBe[eHa cucTeMa iHTerpo-aud)epeHIiiaTbHIX PiBHAHD Pikkati 3
MPUBATHUMH TOXiMHUMH. PillleHHS OCTAaHHBOI CHCTEMH [aji0 MOXIIUBICTH
BUIMCATH IBHY HOPMYITY IIsi OGUHCIICHHS ONMTUMAIBHOTO KePYBAHHSI.

Kniouogi cnosa: ontumanbHe KepyBaHHS, METOI MHOKHHUKIB
Jlarpamka, HeOOXi/{HI YMOBH ONTUMAIBHOCTI PiBHSIHHS Pikkarti.

BBEJIEHUE

B Teopum onTHMambHOTO YIpPaBICHUS OIHO W3 IICHTPAIBHBIX MECT
CIpaBeUIMBO 3aHUMAaeT JWHEWHO-KBaJpaTHUecKas 3amada. J[ms ympaBisseMbIx
CHCTEM CO COCPEAOTOUYCHHBIMH MapaMeTpaMy dTa 3a7adua UCCIeI0BaHa JOCTATOUHO
moapo6HO [1, 2], 4ero Henb3s yTBEpKOaTh 00 aHAIOTHYHOHN 3a7ade Ui CUCTEM C
pacmpefeneHHBIMA [apaMeTpaMd. B HEKOTOpBIX IOCTaTOYHO  H3BECTHBIX
MOHOTpadusAX OHAa BOBce He paccMarpuBaercs [3, 4]. B mpyrux paborax mis ee
HCCIIEIOBAaHUST HCIIONB30BaHEI METOABl (DYHKIMOHAIBHOTO aHamm3a [5], dTo
00YCITOBITMBAET TOCTATOYHO BHICOKUI ypOBEHb aOcTpakiuu. B mpotuBoBec aToMy
MOJXOMY B JAHHOW CTaThe JJIS MCCIENOBAHUS JIMHCHHO-KBAAPATUICCKON 3amadn
MpeayaraloTcs  COBPEMEHHBIE  METOIBl  BAPHALIMOHHOTO  WCYHCICHHS U
MaTeMaTHYEeCKON (hU3UKH.

Hesan HACTOSIIEH CTATBH COCTOWT B HMCCICAOBAHWH JIMHEHHO-KBAJPATHIHON
3aJaqd ONTHMAIIFHOTO VIIPABICHHUS MPOLECCOM KOJNEOaHWH IPSAMOYTOIBHOM
MeMOpaHBI, a UMEHHO: IONy4YeHHEe HEOOXONUMBIX YCIOBHU ONTHMAIBHOCTH U
BEIBOA (DOPMYIIBI ISl BEIYMCIICHHS ONTHMAIIEHOTO YITPABIICHHUS.

ITOCTAHOBKA 3AJTAYN

[Iycte ympaBisieMblil NpoLIECC OMUCHIBACTCA  CIEAYIOUIUM JIMHEHHBIM
muddepeHIIanbHBIM YpaBHEHHEM C YaCTHBIMU TTPOM3BOIHBIMHA
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2 2 2
0 Z(t,an)=a2 0 Z(t’x’y)+a 2% 7) +u(t, x, ), 1)
6t2 ze ayz

rne 0<x<Il, 0<y<m, ty<t<t, nedicrBurenpHsle umcma a>0, [>0,
m>=0, =0, #>f wu3BectHel. Ecim depes () 0003HAYNTH MHOXKECTBO

Q={(tx,v):tel0,/],xe[0,l]],y[0,m]}, To ¢yakmus u(t,x,y)e L (Q)
HA3BIBAaeTCS JOIMYCTHMBIM yIpaBlieHHeM. {1 (PHUKCHpOBaHHOTO JOITYCTUMOTO

ynpasnenus U(t, X, y) nox pemenuem z(Z,X, y) ypaBenus (1) moxpasymenaem

00001IeHHOE penIeHue z(t, x, y)eWzl’O(Q). Hns ypaBuenus (1) 3amaHbl HavadbHBIE

YCIIOBHS
0z(t9, X, )
2t %, ) = f (v, ), — = =gl ), &)
rne ¢ynkumu  f(x, y) € Ly(X), g(x,y)el,(X¥) mpexmonaraioTcss H3BECTHBIMH
t
(MHOXECcTBO X mMeerT BHI 2 ={(x, y):x€[0,/],y €[0,m]} ), cumBoON W
t
0003HayaeT 3HAUYCHHUE YACTHON MTPOU3BOIHOU w npu t = t;. [logoOHBIM
t
oz(ty, X, y)
00pa3oM TPaKTYIOTCSI CHMBOI —Qa Kpaesbie ycrnoBus s ypaBHenus (1)
t

SIBJISIFOTCS. OJIHOPOHBIMH, T.€.

z(¢,0,y)=0, z(¢,1,y)=0, z(¢,x,0)=0, z(t,x,m)=0. 3)

Ha pemenunsx 3amaunm (1)—(3) paccmaTtpuBaetcs (yHKIIMOHAT

Im I m 2
I(u, 2) :% [0, x, y)dydx+% I [@} dyd+
00 00
(4)

tilm

+% I I I [Zz(fa X, J/)+u2(t, x, y)|dydxdt.
l‘()() 0

3a0aua onmumanenoco ynpaenenus (1)—(4) cocmoum 6 onpedenenuu

donycmumozo ynpaenenus U(t,X,Y) u coomeemcmeyowezo emy pewenus

z(t, x, ) 3a0auu (1)—(3), na komopuix Qyukyuonan (4) npunumaem naumenvuiee

BO3MOINCHOE 3HAYEHUE.
HEOBXOJIMMBIE YCJIOBHUA ONTUMAJIBHOCTH

OgHuM U3 BO3MOXHBIX ~ METOAOB  JJIsl  HAXOXKICHHUS  PELIeHUs
c(OpMyITHPOBaHHON BBIMIE 33/a4M ONTHMAIBHOrO yrpaeieHus (1)—(4) sBmsercs
Meton MHoxuTenei Jlarpanxa [6, c. 31]. CymHOCTh 3TOr0 MeTOAa COCTOUT B
3aMeHe (yHKIHOHANA (4) CIeIYIOMNM BCIIOMOTATEeIbHEIM ()YHKIIHOHAIOM
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phm 16 ooty %, ) T
J(p.u 2)=— [ |25t x p)dyee+_ [ | [—} dydx +
2OO 2OO o

tilm
P 2
+— z°(t, x, y)+u“(t, x, y)]dydxdt +
2[”[ (t,x, y)+u”(t,x, y)]dy

l‘()()()
tim 5 5 )
+ J.J.J.p(t, X, y){az[a Z(tagca J’) " 0 Z(t,;c’ y)J-i_
7000 ox ay

2
+u(t, x, y) —%] dydxdt,

rne p(t,X,y) — HemspecTHas QpyHKIMs (MHOXHUTenb Jlarpamika). B pesymbraTe

TaKoOM 3aMeHBl 3ajjadya Ha YCIOBHBIH »KcTpeMyM (1)—(4) cBomuTcs K 3aaade
MUHUMU3aH QyHkronHana (5) ¢ yaeroM ycnopuit (2) u (3). [Janeiie Haxoaum
BBIpaXKEHUE AJ it IpUpalecHus (dyHKIIOHAA (5)
AJ=J(p+edp,u+edu,z+edz)—J(p,u,z).

Ucnonesys cootHomenue (5), BeIpaxeHue mis AJ MOXKHO TIPEICTaBUTh

CIIEYIONUM 00pa3oM:

AJ = j j 2(4, X, y)+e&(ty, x, )P dydx +
OO

f J-[az(tlétx 2 aaz(tgt X, y)} v+

OO

l‘ Im
S fl”[z(f x, y)+ee(t, x, Y +[u(t, x, y)+edu(t, x, y)] ]dydxdt+

l‘()()()
him 5
a Z taxa a SZI X,
+”j[l?(f,x,y)+88p(t,x,y)] a? [ ( . y) (2 y)J
l‘()()() Ox x
o2ty x,y)  3%82(t, X, y)
+ 8),/2 e ay’z ’ +u(t, x, y)+edu(t, x, y)—
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5 5 Im
072t %, y) _ 0°82(t, x, y)]dydxdt - % [ [2° @, x, y)dydx -
00

ol ol
t Im
J.J.[az(tlétx y)} ) “I[z (, x, y)+u (¢, x, y)]dydxdt -
l‘()()()
fim Pat,x,y)  Palt,x y)J
+ || | p(t, x, ) az[ e 4 e |+
ool 2 22

2
+ult,x, y) — M]d dxdt.
or

(6)

BrimonauB oueBUIHBIE TPe0OPa30BaHUsI, BMECTO COOTHOIICHHUS (6) MOIYIUM

TAaKO€ PaBCHCTBO:

Im Im
AJ =¢[ [2(0,x,)82(1, x, y))dydere] | &(tlétx’ Y) %Z(Igtx’ ) dydx +

00 .
ttim
+SI”[Z(I’ x, Y)8z(t,x, y)+u(t, x, )du(t, x, y)|dydxdt +
l‘()()()
ttim 2 5
+8J.J.J.p(t,x,y){a2[a 52(t,ZX,y)+a SZ(t,zx,y)J N
7000 ox ay
2
L8u(t,x, y) — M]dydxdt+
22
ttim > 5
o) {2, ),
7000 ox ay

2
+ u(t,x,y) — M]dydxdi +
or?

21
+—J.]j.182(tl,x yPdvax + & ”[W} dydx +
00
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21‘11m
+_{”mey)+hMXﬁ]@ﬁm+
l‘()()()

him 2 5
&2 ([ [5ptt,x,y)| 2 Z22L2D) | COHLLI) ],
ax2

2
100 y

) ()
0°62(t, . )

+Ou(t, x, y)— 5 dydxdt.
ot

HOCKOJ’ILKy JOJI2KHO BBITIOJIHATBCA COOTHOIICHHEC

2 2 2 2
2 FHeny) s 0y) Pettxy) ety
Ox Ox oy oy

%zt x,y) _ 0%82(tx, )
or? ar?

TO IPUHUMAs BO BHUMaHHE ypaBHeHHE (1), MOIyInM Takoe paBEeHCTBO:

2 2 2
az[a 82(t,x,y) 07822 )) | 5,y 082 x )

+u(t,x, y)+edu(t, x, y)— =0,

8
ox? oy? ot ®)

VYuuteiBas OdYeBHAHBIE COOTHOIEHHA Jz(fy,x, y)= f(x,y)— f(x,»)=0,
0dz(19, X, )
Ot

HUHTETPUPOBAHUA 110 YACTAM, IMOJTYUIUM CICOAYIOIICC paBECHCTBO!:

=g(x,y)—g(x,y)=0 W JBOKABl  HCIOIB3YS dbopmymy

tim Im
{10055 s = [t DD e
160 0 00

852(1p, 1 85z
_”p(,o,xy)ﬂdd I”@(txy) (gxy)ddxdt:

7000
Im
odz(ty, x, ) X,

=[ [ p(tr,x, y)—(ét ) gy ”ap( lat ) 52ty x, y)dydx+

00 00
Lman(ty, x, v) 1% p(t, x, )

+IIL52(10,)C y)dydx + _[_[_[—Sz(t x, y)dydxdt =
ot oo o

Im Im
= [ [ plty ) 22D o[ [P 55 1y +
00 ot 00 ot
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il 2
| L] p(t X 2) 521, x, y)dydvdr.

toO 0 (9)
Hpe,unonaraﬂ BBIITIOJIHCHHUC KpaeBLIX YCJ'IOBI/Iﬁ
pt,0,y)=0, pt,1,y)=0 p(tx,00=0, p(t,x,m)=0 (10)

U TpUHWMAas BO BHUMaHHE OUYEBUAHBIE cooTHomeHus Oz(¢,0,y)=0-0=0,
oz(t,1,y)=0-0=0, nocie JIBYKPaTHOT'O MIPHUMEHEHUS (hopmMyBI

HWHTCTPUPOBAHUA 110 YACTAM IIPUXOJUM K TAKOMY PaBCHCTBY:

tllm hm
[[]ptx a Sz(t TOXENI) tivde= | [ 1, ) 222D gy -
l‘()()() l‘()() ax
hm him
10 100 ax
(11)

t1m fym
HGPU LY 5., l,y)dydﬁﬂwgz(t’ O )dpdt+
toO toO )

tllm 0 l‘llm 2
tOOO 1000

AHaJOrMyHO,  Y4YUTHIBas  KpaeBble  YCJIOBHUS oz(t,x,0)=0-0=0,

Oz(t, x,m)=0-0=0 u ycmous (10), moxyInM paBeHCTBO

tilm Hima2
[[] pte,, ) FOAEXD) = j”a p(’ %) 52t %, yydvdsdt.  (12)
100 5y 100

PaBenctra (8), (9) , (11) u (12) MO3BOISAIOT MPEIACTABUTH CooTHOIIeHHE (7)
CIIEIYFOIIUM 00pa3oM:

o op(t;, x, )
AJ=¢f | [z(tl,x, y)+#}82(tl,x, V) dydx+
00

I'my
oz(ty, x, 00z(h, X,
+8J.J.[%—p(tl, X, y)}%dydx +

him 2
el [a pxY) ap(rxw}z(t,x,y)_

2
100 y

2
= p(;_; = ]SZ(L x, )+ (e, x, )+ ple, x, y)ou(t, x, y) |dydxdt +
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21m
£ j j 52(t;, x, y)Pdydx + j [ [M} dydx+

()() ot
2 him
+—t£££[52(t X, y) [Bu(t X, y) ]dydxdt 13)

IlogBonst wWTOrM  BHIIIC OPpUBCACHBIM  pPaCCyXICHUAM, MPUXOOAUM K

CIIEIYIOLEMY YTBEP)KICHHUIO.
Teopema 1. EnumncTBeHHOe oONTHMaidbHOE ymOpaBieHue  u(t, x, y)

OMpeacCIaCTCA U3 CUCTCMbI COOTHOIIIEHUN

%2t x,y) _ o 0%zt x,y) | 0%2(t, %, y)
o’ ox? 6y2
oz(ty, x,
Z(t()ax:y)=f(x7y)a(oTy)=g(xay):
Z(t’ 0’ y) = 0’ Z(t’ Z’ y) = 0’ Z(t’ x’ 0) = 0’ Z(t’ x’ m) = 0’

] +u(t, x, y),

2 2 2 14
Cpexnn) _ o[ Tpeny TpenN |, (14)
ot Ox Oy
oz(t, x, op(t, x,
pltx, ) = EOED PULD) ),

pt, x,»)=0,p(t,1,y)=0, p(t,x,0)=0, p(t,x,m)=0,
u(t, x, )+ p(t, x, y) =0.

Joxa3zarenscTBo. HeoOXomuMbIM ycioBHeM dKCTpemMyma (yHKIuoHama (5)
SIBIISICTCS] PABEHCTBO HYITIO €T0 MEPBOM BapHaIiH. ITO YCIOBUE OyIET BBITOTHEHO,
€CJIM UMEIOT MECTO CJIEAYIOIINE COOTHOILIEHUS:

oplt, %, y) _ 0zt %, y)

t, Py + s t: > =0:
z(ty, x, y) Py Py p(t, x, )
2 2 2
219 Z(t,zx,y)+5 Z(t,zx,y) +u(t,x,y)—a Z(t,zx,y)z()’
Ox Oy ot

B

2 2 2
t t t
29 ,Zx,y)+5 »( ,Zx,y) +Z(t’x’y)_5 P ,Zx,y)zo
Ox Oy ot
u(taxay)-‘rp(t’x:y):o'
Eciy npucoeMHATL K 3TUM PaBEHCTBAM HadalbHBIC YCIOBHUSA (2), KpaeBble

ycnoBus (3) u coornomenus (10), To moaydnm cucteMmy ypaBHenuid (14). B cinydae
BEIITOJTHEHUS 3THX COOTHOMICHNUH BBIpaxkeHue (13) mpumeT BuL
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2]m
:-jjaz(tl,x Pdyder = ”[M} dydx +

OO ot
(15)
2 him
+— ! [SZ(I x, )P +[du(t, x, y) dydxat.
l‘()OO

IIpu ycmoBuu, uyro Ou(t, x, y)#0, umeem nHepaBenctBo AJ >0. D10
O3HAYaeT, YTO Ha yIpaBleHUH u(f, X, y) peanu3yercs MUHUMYM (QyHKInoHana (4).
Janpime mpeamnoiokuM, 4To ympaBieHue u(t, x, y)=u(t, x, y)+0(t,x, y) Taxke
SIBIISICTCS] ONTIMAJIBHBIM yIIpaBJieHHEeM. Torja OHO TaKKe AOJDKHO YIOBJIETBOPSTH
cootHomeHUsM (14) m, KpoMe TOro, IOIKHO BHIOMHATHCS paBeHCTBO AJ =0,
MOCKONBKY 00a ympasnenus u(t,x,y) u u(t,x,y) omruManbHel. Ho Torma m3
BeIpakeHus (15) cnemqyer, uro paBeHCTBO AJ =(0 BO3MOXKHO TONBKO B TOM CIy4ae,
korma du(t, x, y)=0. Orcioma crmenyer, uto u(t, x, y)=u(t, x,y), u Teopema 1

IIOJITHOCTBIO JOKa3aHa.

BBIBOI CHCTEMBI HHTEI PO-TA®PEPEHIIMAIBHBIX YPABHEHHIT PUKKATH

oz(ty, x, ) " op(ty, X, ) _
Ot ot

MpeAroyaracM CyIeCTBOBaHIE 3aBUCUMOCTH MeXay p(f, x, y) U z(t, X, V)

Hcxons n3 paBeHCTB p(f, X, y)= —z(, X, ¥),

ap(t xy) _ "
”Rn(t, X, ¥, 8, M) z(t, s, \) dhds —
00

(16)
Im
~[ R, x, y,s, K)ded
00 ot
Im
p(t.x,y) = [ [ Ryy(t x, y, 5, 1) 2(t, 5, ) dhds +
00
(17)

I m
+[ [ Ryt x, v, 5.2) dds ,

oz(t, s, \)
00 Ot
rie GyHKIMH Rj(t,x,y,5,M) (i=1,2;j=1,2) Tpebyercs HaWTH.
HMubdepenuupys paBencrso (16) mo mepeMEHHOW ¢, NPUXOAUM K TaKOMY
COOTHOIIICHUIO:
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o t, x, Lmr o t, X, V,8, A
P(at2 ) :_J.J.{ 1( aty )z(t, 5.0+
00

oz(t, s, \)
+ Ry (t, x, , 5, X)T}dkds— (18)

Im 2
. I[éRlza, % 0,80 025, 0) p g 028 0)

d\ds .
ot ot or2 }

00
[Tockonbky u3 cucremsl (14) umeem u(t,s,A) =—p(t,s,\), To ypaBHeHue (1)

022(t,5.0) az[azz(z,s,x) L 22(ts.)

OpuUMET BHU[I

or as* an?
BeIpaxkeHue (17), umeeM

0%z(t,s,0) az[ﬁzz(t, 1) 0%, x)] )

]— p(t,s,)\). Hcnonb3ys

or’ os* n?
; ; (19)
m m
t
[ [Ror,5.2,9.)20,p,0) dosdp = T Roa(t, 5.2 ) =L .
00 00

Janpme, yuutbiBas cootHomenue (19), pasenctBo (18) mpeobpasyem
CIIEAYIOIUM 00pa3oM:

2 Im
a p(tazxa y) :_J'J'|:8R]](t7 X, ¥, S, 7\') Z(t, s, 7\.)+R11(t, X, 7, 5, 7\‘) 32(1‘, S, 7\.) n
ot 00 ot ot

L ORp (%, y,5,2) 02(1, 8, 1)
Ot Ot

2 2
+a*Riy(t,x, y,5,1) 0 Z(t’zs’x)Jra Z(t,ZS,k ~
Os O\

(20)
Im

—Riy(t. %, . 8, M) [ Ryy (1, 5, A, p, 0) 2(t, p, 0) dodp—
00

Im
t
Ry, 7.5 W) [Roa 65,0, cs)%dcdp}dms.
00

ITocite 3Tor0, MpEIONaras BeITOIHEHHE KPAaeBbIX YCIOBHI
R (t,x,,0,A)=0, Rp(¢, x,»,1,1)=0 (21)

U TpUHAMAas BO BHHMAaHHE KpacBble YCIOBHS (3), ¢ MOMONIBIO JBYKPAaTHOTO
pUMEHEHHS (OPMYITBI HHTETPHPOBAHHS IO YACTSIM MOITYIUM
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622(t s, L)

Ry (t,x,,5,)) dhds = j Ryt x, v, 1, %)

0
TOR 5 (t, X, ¥, 5, 1) Oz(t, s, \)
Os Os

oz(t,1,\) "
Os

O —_—
O'—-E S +—3

Rt x, v, 0,0 2ZEON) U

d\ds =
Os

) (22)
[ RCLLD) g [P2CELOR) s
Os Os

0 0

Im A2 ImA2
] ORYOX 150 4 s 2 )dhds = [ TRRGXY M) 6 3 )ands.
00

8&'2 00 8&'2
[TomoOHBIM 0Opa30M, MPH BBHITOJTHESHHH KPACBBIX YCIOBHHA
Rip(t,x,9,5,0)=0, Rp(t, x,y,5,m)=0 (23)

IoJrydacMm CICAYromee COOTHOIICHHUE:

O —_— ~

m 2 I mA2
[Ria(t, v, v, 5,00 S22 gy [[CRROCELSD L ghnas . 4
. on a0 o

Im Im
Kpatuetit nuterpan [ [Ryy(t,x,y,5,0) [ [ Ry (L, 5.1, p, ) 2(¢, p, 6) do dp dids

00 00
npeodpasyeM TakuM 00pa3oM. MeHssA B HEM MOPSIOK HHTEIPHUPOBAHUS, U3MEHUM
0003HaUYEHHE MTePEeMEHHBIX HHTETPUPOBAHMSI S HA P, A Ha G, U , HA00OPOT, P HA

s , O Ha A . OTO OpUBOAUT K CICAYIOIEMY COOTHOIICHUIO!:

m Im

[Rip(t, x, 3, 5.0 [ [ Ry (¢, 5, %, p, ©) 2(t, p, 6) do dpdds =
0 00

Im

[ [Rip(t.x, y, 5. 0)Ry (¢, 5,1, p, ) 2(t, p, ©) d)ds do dp = (25)
00

Imlm
=[[[[Ria(t. x, y.p. 0)Ry (1, p. 0,5, %) dodpz(t, s, ) dMds -
0000

ITogoOHBIM CIOCOOOM HAXOAUM

Im Im

[[Rip (. x, y. 5.0 [ [ Ry (£, 5.1, p, ©)
00 00

Mdodpdxds—

S —3

Im

oz(t, p, o
J-J-Rlz(t’ X Vs 8, }\‘)R21(t> S, 7\'7 p> G)%dkdsdcdp = (26)
00

d\ds .

Il
o —_
o —3
S e—_=

J-RIZ(t’ X s P G)R21(t> P, 0, s, 7\4) dep%
0

Ha ocHoBe cooTHomenui (22), (24), (25) u (26) paBenctBo (20) mpuMeT BH]IT
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o%p(t, x, LM aRy (¢, x, y, 5, A oz (t, 5, \
p(atz y):_J'J'|: ll( aty )z(t,s,k)+R11(t,x,y,S,7»)%+
N ORy» (8, x, y,8,\) Oz(, s, \) N
ot ot
o[ 8 Rlz(f x, y,S M, O’Ryy(t, xzy,S s \) 2t 5.0) -
O\ 27
Im
— [ [Ria(t.x, . p. 0)Ryy (1, p, 0. 5, M do dp =(t, 5, 1) —
00
Im
[ [ Ria(t, %, v,p,6)Ra1 (1, p. 6 s, k)dcdpw} d\ds .
00 ot
C nmpyroii CTOpOHBI, Ha OCHOBE paBeHCTBa (17) mMeeM
2 Im A2
ox 00 ox
(28)
Zm
+-” (txy,sk)@z(tsk)dxdsj
00 o2 ot
0°p(tx,y) _ (MO Ryy(t, %, 3,5, M)
’2’ =_H ’2’ > z(t, s, \)dAds +
y 00 y
(29)

Zm
+-” Z(txy,s k)@z(tsk)d}bds.
00 oy’ ot

C moMmompi0 IByMepHOU nenbra-QpyHKIuH O(x—s, ¥ —A)=0(x—s)d(y—A), rae

0(x) — oObmuHas pmempTa-QyHKOUS Jlupaka, MOIYYHM  COOTHOIICHHE

I m
z(t,x,p) =] [8(x—s,y=1) z(t,s, \)dMds .
00

IMoncrasmnsist 9TO BBIpKEHUE B ypaBHEHUE
2 2 2
t t t
o ,Zx,y) =a’ o ,2)c,y)+6 it ,Zx,y) +z(t,x, ), C y4€TOM COOTHOIIEHHIA
ot Ox Oy

(28) u (29) npuxomUM K TAKOMY PaBEHCTBY:

a%mmw:ﬁ o ORoy (1., . 5,0) | Ry (8, %, y.5, 1)
ot? ox? o?

J s, M)+
(30)
+3(x—s,y—A) z(t, s, k)}dkds.

2 0?Ryy (1, x, v, s,x)+azR22(t, X, v, 5,0) | éz(t, 5, 1)
o2 oy’ ot

Comocrasnenne BeipaxeHu#t (27) u (30) IpHBOANT K CIEAYIOIINM YPaBHEHUSIM:
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Ot

2 2
6R11(t,x,y,s,k)+a2 0 Rlz(t,xz,y, s,k)+6 Rlz(t,xz,y,s,?u) N
Os ON

2 2
+a2{a Ryy(%,7,5,0) O Roy(t,%, s, x)}_

o oy 3D
— [ [Ria(t.x, p.p.0)Ryy (1, p. 5, 5, M) dodp + (x—s, y = 1) =0,
00
ORip(tx,v,8,0) | of PRt 8,0) P Rop(t, %, 3,5, 1)
(32)

m
+ Ry (6, %, 3,5, 0) = [ [Ria(t, x, y,p, 6) Ry (1, p, 6,5, M)dodp =0 .
00

Jduddepenmupys paBercTBo (17) mo mepeMeHHOH # , TOXYYUM COOTHOLICHUE

Im
op(t, x, y) ORy1(t, X, ¥, 8, \) oz(t, s, \)
= t,s,\)+ Ry (¢, x,y,s, \)————=|d\ds +
o [ o 2(t, 8, M)+ Ry (4, %, p, 5, 1) 5 s

00

I'm 2
N J~J~ ORy, (t, x, y, s, ) Oz(t, s, \) Ry (%, 3, 5, Ma z(t, s, \) Dids -
ot ot or?

Hcnonb3ys Beipakenue (19), mocienHee COOTHOIICHHE MPeoOpasyeM TaKUM
o0Opa3oM:

Im
ap(té:’y) :J'J'|:8R21(t>x;yas>}\‘) Z(t,S,}L)+R21(t X, .8 }\‘) 8z(t,s,k) +

. 5 ot
2 2
R (tx s W) 325 1) 2 (s ) )|
ot ot 52 o’
I'm (33)
—Ryy (t, %, y, 8, V[ [ Ry (¢, 5, %, p, 0) (¢, p, 0)dodp—
00
Im
Ry (6, %, v, 5, )] [ Roa 6,5, p, G)Md dp]dxds
00

Ilonaras BeIIIOIHEHUE KpacBbIX YCJ'IOBI/Iﬁ

Rzz(t,x,y, 0,7\.)=0, Rzz(t,x,y, Z,?\.)=0, (34)

MOCIIe IBYKPATHOTO TPUMEHEHUS (YOPMYITBI MHTETPHPOBAHUS IO YACTSIM MOIYIUM

Ry (t,x,y,5,)) M

O — ~
O'—-E S +—3

dds = jR22(t IR fok L))
0 Os

dh—

Rap(t, 5, 3,0,1) 2201 . UaRzz(f 5,50 026,58 oo
a 00 0Os Os
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m
- IaRZZ(t,g, FANS) AL J~5Rzz(t (;c ,7,0,1) 2(,0, V) d+
A

0 0
Im A2 Im A2
] O Ry, %05, M) e s ) dhds = [ O Ry (¢ % 1, M osndds. 3D
00 8&' 00 8S
[TomoOHBIM 00Pa30M C YUIETOM KpPaeBbIX YCIOBHM
Ry (t,x,9,5,0)=0, Ry(t, x,y,5,m)=0 (36)
HaXOIUM
Im 2
t,8,\
[T Rontt, x50 Z2E5M) g
00 o
(37)
ImAa2
O“Ryy (2 A
[ [P RCr 0B s
Janbire B IBOMHOM HHTErpaie

Im Im
J J Ry (t,x, 9,8, N) J J Ry (t,s,\, p,0)z(¢, p,0)dodpdhds cHaYaIIa MCHSIEM TOPSIIOK
00 00
HHTETPUPOBAHUS, U3MEHsIeM 0003HAUEHIE IIEPEMEHHBIX HHTEIPUPOBAHUS S HA P,

A Ha G, W ,Hao0OpOT, p HA § , G Ha A . B pe3ynprarte moxyanm

Im
Ry (t,x,y.5.0) [ [ Ry (2. 5,1, p, ©) 2(t, p, 0) do dp dh.ds =
00

O —~
O'—-S

O'—-'\ S —_~

Ry (t,x, 9,8, M)Ry (8, 5, M, p,0) 2(2, p,6)dhds do dp = (38)

S —3
—3

|
i

AHAJIOTHYHO UMEeM

Ry (t,x,y,p,0)Ry (2, p,0,8,N) dodpz(t,s, ) dhds .

oS3

S —3

i i 2=(t. . 0)
[[Rya(t.x, y,5.0) [ [ Roa(t, 5. 0. p, 0)—— ~—dodpd.ds =
00 00

Imlm
= [T1 [ Roat %, 3.5 Ros 0,5, 9, 00 ZL2D s dsdp = (39)
0000 or
Imlm
oz(t, s, h
=[[[[Raa(t. x, . p. 0) Ry (t. p. 5,5, 1) dodp%dxds.
0000

Cootnomenust (35), (37), (38) m (39) maroT BO3MOXKHOCTH HEpEIHCATh
paBeHcTBO (33) cremyromumM 06pa3om:
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Im
PEED [ {—aRﬂ(’ SRS 1500+ Ry 1 1) U
t
00

L ORy (1, %, y,5,)) 8zt 8, 1)
Ot Ot

5 2
+a2(a Ryp(t, %, ,8,%)  0"Ry(t, %, y’s’k)]z(t,sﬂ)—

os? o’ (40)

Im

—[[Ra(t.x, y,p,0) Ry (1, p, 0,5, 1) dodpz(t, s, 1)~
00

—ijnU.xyﬁxcﬂQﬂtpgssk)&nigﬂ%fjﬁ}ﬁdy
00

CpaBauBas cootHomenus (16) u (40), morygaem

ORy1(t, X, ¥, 8, 1) g 62R22 (t,x,y,8,A) N 62R22 (t, x,y,8,A) N
o os? o’

(41)

Im
+ Ry (t,x,9,5,0) = [ [ Ros (¢, 2, y.p. )Ry (£, p, 0,5, 1) dodp =0,
00
ARy (t, X, y, 5, 1)
Ot

+R12(t’ X, Y58, }\')+R21(t’ X, Y58, }\')_
(42)

Im

— [ [Roa(t. x, v, p. ©) Ry (t.p, 0,5, 1) dodp =0.
00

oz(t), x,y)  Ip(t,x,¥) _
o ot
(16), (17) npuBOIAT K TAKMM PaBEHCTBAM:
R, x, v,8,A)=08(x—s, y—A),Rj2(ty, x, ,8,1) =0,
Ry1(t1, %, ,8,A)=0,Ry5 (11, X, ¥, 8, L) =8(x—s, y—L).

Yenosus p(t4,x,y) = —z(#, X, ¥) W COOTHOIIECHUS

(43)

[lpuauMas Bo BHHMaHHE BBHIMICH3IOKEHHBIC PACCY)KACHUS, IPUXOIUM K
TaKOMY BBIBOJIY.
Teopema 2. O@ynkumn  R;(, x, y),i=1,2; j=1,2, yIOBICTBOPSIOT

cootHoteHusM (31), (32), (41), (42), kpaeBsiM ycioBusMm (21), (23), (34), (36) u
JTOTTOJTHUTEITLHBIM YCIOBUAM (43).

Ecin wssectusl Qynkumu Rji(f,x, ), i=1,2; j=1,2, T0 ¢ uX IOMOLIBIO
MOXXHO HAHTH ONTHMANBHOE YIpaBieHue u(t, x, y) .

Teopema 3. OnrumamsHOe ympaBieHue  u(f,x,y) HUMeEEeT BHUL
u(t,x,y)=-p(t,x,y), roe pyakuus p(t,x,y) 3amaHa BelpaxeHuem (17), B

KOTOpoM (yHKIHs z(f,s,\) SIBISETCS pelieHHeM HHTErpo-muddepeHnaIbHoro
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ypaBHEHHs C 4YaCTHBIMH mNpou3BoAHbIMU (19), ymOBIETBOpSET HAYAIBHBIM
YCIIOBHAM (2) U KpaeBbIM YCIOBHM (3).

BBIBOIbI

B nmamHO# craThe moONmy4YeHa CHCTEMa HHTETpo-IuddepeHImaIbHbIX
ypaBHeHUH PUKKaTH ¢ 4acTHBIMH MPOM3BOIHBIMU AJIS JIMHEHHO-KBAJIPAaTUUECKON
3aJaqd ONTHMAIIFHOTO VYIIPABICHHUS MPOLECCOM KONEOaHWH IPSAMOYTOIBHOM
MeMOpaHBl. Pemenne 3ToH CHCTEMBI IIPEIOCTABISIET BO3MOXKHOCTH BBIMTHCATH
SIBHYIO (DOPMYJy IUIS BBIYMCIICHHSI ONTHMAIBHOTO yIpaBieHus. [lepcreKTHBHBIM
JUI TabHEUIIEro UCCIeJOBAHUS SBIISIETCS OMYUEHHE aHaJOTMYHBIX PE3yJIbTaTOB
IUTSL cIydast Kpyriioi MeMmOpaHbl. BaKHBIM BOIPOCOM IIPENICTABISCTCS HU3yUCHHE

moBeneHusT (QYHKIHI Ry (¢, x, y),i=1,2;j=1,2 mpu f; —>oo. Taxxke crexyer

OTMETUTH LENIeCO00Pa3HOCTh O0OOIIEHHs Pe3yabTaTOB, IONYyYCHHBIX B JaHHOU
pabore, Ha cirydait cucTeM ¢ APOOHBIMA POU3BOTHBIMH [7, §].

1. Amunpees I0.H. Ynpasnenue koHeuHoMepHbIMH JuHeiHbIME 00bekTamu / 10. H. Anapees.
— M. : Hayka, 1976 — 424 c.

2. Poiitenbepr S.H. ABromaTtiueckoe ynpasnenue / S1.H. Poitren6epr — M. : Hayka, 1971. —
396 c.

3. byrkoBckuit A.I'. Teopusi ONTHManbHOTO YIPABICHHS CHUCTEMAaMU C PACHpPEACICHHBIMHU
napametpamu / A.I'. Byrkosckuii. — M. : Hayka, 1965. — 476 c.

4. ByrkoBckuit A.I'. Meronpl ynpaBieHUsI CHCTEMaMH C paclpe/elieHHbIMU MapaMerpamu /
A.T'. ByrkoBckuil. — M. : Hayka, 1975. — 568 c.

5. Jlmonc X.—JI. OnTuManpHOE YIpaBICHHWE CUCTEMAaMH, OMUCHIBAEMBIMH YPAaBHEHUSIMH C
yacTHbiMU nipou3BoanbiME / K. —JI. JTuonc. — M. : Mup, 1972. — 414 c.

6. CupaszermuaoB T.K. Onrumuszamuss CHCTEM C PACOpeeiCHHBIMHA —mapameTpaMu  /
T.K. CupazeraunoB. — M. : Hayka, 1977. — 480 c.

7. Yuxpuit A.A., Ougensman C.JI. UrpoBele 3amaum ympaBiieHHs ISl KBa3WJIMHEHHBIX
cucTeMam ¢ qpoOHbIMU mpou3BoAHbIMU Pumana-Jlunysuis / A.A. Yuxkpwuii, C.J1. Diigensman
// Kubepueruka u cucremusiii ananus3. — 2012. — Ne 6. — C. 66-99.

8. DOipensman C.JI. /lunamuueckne WUTpOBBIC 3afadyd CONMKEHHA U1l YpaBHEHHH APOOHOTO
nopsiaka / C.JI. Diinensman, A.A. Yukpuii / Yip. mar. xypH. — 2000. — 52, Ne 11. —
C. 1566-1583.

Iomyueno 23.06.2014
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VK 004.7:004.9:681.518

OPITAHM3AIIUA DOPEKTUBHOI'O OBMEHA
JAHHBIMHU B CETEBbBIX CUCTEMAX
YIPABJIEHUA TMHAMHNUYECKUMH
OBBEKTAMMU

C.B. I1aBjoBa, 10.I1. Borauyk, C.B. Me1bHIKOB,
A.JO. T'ocnionapuyk

MestcOyHapoOoHbLii HAYUHO-YHEeOHbLI YeHMD UHPOPMAYUOHHBIX MEXHON0ZUT U
cucmem HAH Ykpaunot

PaccMoTpeHbl MOAXOIbl K OpPraHU3allMd HAJISKHOrO KaHaja
oOMeHa JaHHBIMH B CETEBBIX CUCTEMax JUI YIPABICHUS YNAJCHHBIM
JTMHAMUYECKUM 00BEKTOM B peansHOM MacTade BpPEMEHHU.
[TpoaHanu3MpOBaHO BIUSHHUE CETEBBIX 33/IEPIKEK B PA3IMUHBIX apPXUTEKTypax
paclpeiesicHHOW CHCTEMbl  YIPABJICHUS JICTAaTENbHBIM ~ alllapatoM MpH
pELICHHH 3a7a4d  PACXOXKACHUA. YYeT YKa3aHHBIX PEKOMEHIALMH 110
OpraHu3alyy nepeaadd HHGOPMALUK B Paclpe/IeNIeHHbIX CETEBbIX CTPYKTYpax
MO3BOJSIET ~ JIOCTMYb  CYLIECTBCHHOIO  YIY4IIEHHS KadyecTBa Ipolecca
YIIPaBJICHUS YAAJICHHBIM AUHAMUYECKUM OOBEKTOM.

Knrouesvie cnoea: cetb, ceTeBOW IPOTOKON, YIaJEHHOE
yIpaBieHHe, 0OMEH JaHHBIMH, HpsiMas KOPPEKIHMsS OLIMOOK, pacrpe/ie/eHHas
CHCTEMa YIPABJICHHUS, YIPABJICHHE JICTATENIbHBIM aNlapaToM, YIPaBICHUE
CKOPOCTHBIMH LIHKJIAMHU.

PosrisiHyro migxomu [0 oprasizaiii HamiiHOrO KaHay
00MiHYy [JaHHUMH B MEPEeXKEBUX CHCTEMax Uil YIPABIIHHS BigajJeHUM
MUHAMIYHEM 00’€KTOM B peanbHOMY MaciuTabi wacy. [IpoaHanizoBaHo BIUIHUB
MEpPEKEBHX 3aTPUMOK B PI3HHX apXiTEeKTypax pO3IMOAITICHOI CHCTEMH
VIOPaBIiHHS JITATGHUM amaparoM MpPU BHUPILMICHHI 3a4adi PO3XOMHKEHHSI.
BpaxyBaHHs BKa3aHHUX PEKOMEHIAliil 3 oprawizamil mepenaui indopmarii B
PO3MOAITIEHUX MEPEXKEBUX CTPYKTypax JO3BOJNSE JOCATTH  CYTTEBOTO
MOKPAILEHHS SIKOCTI MPOLIECy KePyBaHHS BiIAICHUM JHHAMIYHUM 00’ €KTOM.

Kniouosi cnosa: mepexa, MepexeBHH MPOTOKOI, BiIalicHEe
KepyBaHHs, OOMIH JaHUMH, MPsiMA KOPEKI[sl MOMUIIOK, PO3MOIiICHa CHCTeMa
KepYBaHHS, KEPYBaHHS JITAJIBHUM amaparoM, KEpyBaHHA LIBUIKICHUMHU
LUKJIAMH.

BBEJIEHUE

CymecTByromue B HACTOSIIEE BpeMs CHCTEMBI CBSI3W, HAaBHTAIWH,
HaO0JII0JICHHsI, OpraHnu3aluy Bo3aymHoro apmxkenus (OB/l), uMerorue JIOKaJIbHYIO
30HY JEWCTBUSA, HECMOTPS Ha OOJbINHME MOJS pPaCHpeesieHHBIX HWCTOYHHKOB
paJMOHAaBUTAIIMOHHOW WH(MOpMAIMK CBS3M W HAOJIOACHHWS, OTrPaHWYCHBI B
MOBBIICHAN 0€30MacHOCTH W 3(P(EKTUBHOCTH HWCIOJIB30BAHKS aBHAIlUM B
OTJIETTFHBIX 30HAX BO3AYIIHOTO MPOCTPAHCTBA 3e€MHOr0 Imapa. MiIMeHHO mo 3Ton
MIPUYHHE TTEPCTIEKTUBHBIM CPEJICTBOM JABHEUIIET0 PACIIUPEHUS UCTIOIh30BaAHUS
BO3AYIIHOTO MPOCTPaHCTBA M oOOecleYeHrss Oe30MacHOCTH TIOJETOB B 30HAX
36MHOT0 IIapa, HEMOCTYIHBIX JJISI OCHAIICHWS TPaTUIMOHHBIMUA CpEJICTBAMH,
SIBJIICTCSI BHEJIPEHUE CITyTHUKOBOW CHCTEMBI CBS3H, HABUTAIIUU W HAOJIOICHUS.
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[lotrpebHOCTE B KapOWHAJIGHOM YCOBEPIICHCTBOBAHWH CHCTEM  CBSI3H
(Communication), wnapuranun (Navigation), wnabmozenus (Surveillance),
ympasnerus (Air Traffic Control) m opraHm3amum BO3AYIIHOTO ABHXEHUS (Air
Traffic Management) — CNS/ATC/ATM — MHOrOKpaTHO paccMaTpHBalach
MexayHnaponHoil opranu3zanueit rpaxxaanckoit aBuauuu (ICAO) [1].

TpamguuionHas ceThb aBHAOMOHHOM dnekTpocBsizsu  (ATN) oObenuHseT
cnytHukoByto, JIKMB, MB, JIMB nofcetd oOMeHa JaHHBIMH, a TaKkKe MOJCETH
mepenavyn NaHHBIX peXuMa S BTOPUYHOW PaIHONOKAlMM W IUII030B HAa3eMHOU
cetu. B Hacrosmee BpeMsl CTAHOBUTCS OYEBHIHBIM, YTO TPAIWIHUOHHBIN ITOIXOI,
TP KOTOPOM JUTSI KaXKIOT'0 THIIA YCIYT CTPOUTCS OTAEIbHAs CETh, HCUEpIan ceOs.
AJBTEpHATHBOH 3TOMY MTOIXOMY SBISICTCS OPraHU3AINS MYITbTHCEPBIUCHBIX CETEH.
MynbTHCEpPBHCHAST  CeThb  NPEACTABISIET COOOH  TEIEKOMMYHHKALMOHHYIO
CTPYKTYPY, KOTOpAs TIO3BOJISET OKAa3bIBATh MOTB30BATEISIM Pa3HOOOPa3HEIE YCIYTH
CBSI3W, pa3NUYaroOIyecs KaK IO KAYeCTBEHHBIM, TaK M MO KOJIMYECTBEHHBIM
XapaKkTepucTukaM. VIMEHHO Takoe pemIeHHe TO3BONUT  OTKa3aThCs  OT
MHOTOUHUCIICHHBIX JTyOIUPYIOMINX IPYT IPyTa CeTeH.

ITOCTAHOBKA 3AJTAYN

B ocHOBe pyHKIIMOHHPOBAHHS COBPEMEHHBIX BBHIYMCIUTENBHBIX CETEH JIKAT
METOIBI MAKETHOW Mepenadyd W KOMMYTAIlUH, KOTOPBIE pean30BaHbl Ha OCHOBE
mpeoOpazoBaHus JIFOOOro BUIAa WHPOPMAIHMH B IHU(PPOBEIE MOCIEIOBATEIEHOCTH C
MOCIIECAYIOIINM Pa3IeNICHHEM STOH TOCIEIOBATEIEHOCTH Ha MAKEThI, CHAOKCHHBIC
Bcel HeoOXommMoN WHGpOpMaIMeld s WX WACHTU(UKAINN, MapIIpyTH3aIIH,
KoppeKnuu omuOok. Takod Moaxon IMO3BONSIET B C€AMHOM HWH()OPMAIMOHHOM
pyciie TmepemaBaTh BCe BHAB HH(POpMANWHU, WCIOIB30BATh IS IIeperadd
uHpOpPMAIIMA  pa3NUYHBIE MYTH W pasidudHble  CPENCTBA, IPHUMEHSThH
YHHBEpCaIbHBIEC CPEICTBA KOMMYTAITHH, HHBAPUAHTHBIC OTHOCUTEIFHO BCEX BHOB
uHpOpMaIK. B 37TOM KOHTEKCTe BEIYHCIUTENBHAS Cpeia MOXKET pacCMaTPHBATHCS
KaK HEKOTOpasi YHHUBepcaJIbHas Cpeia Ul PAaCIpPOCTPAHEHUS HH(POPMAIIHH.

Hanmee  Oymer  mpoaHadM3WpPOBaHA  BO3MOXKHOCTH  HCIIONB30BaHUS
CYIIECTBYIOIINX CETEBHIX IIPOTOKOIOB M KAHAJOB CBS3M JUIL OpraHU3aIMd
YIAIEHHOTO YIPABICHUS MIIOTHPYEMBIMH U OECHHJIOTHBIMH JIETaTSIBHBIMA
ammapatamMd. ABTOpHl HE 3aTparuBaioT oOMKWe NPUHIMIEI OpraHU3aIrd
YIAJIEHHOTO YIIPAaBICHUS, pACCMOTpEHHEIE paHee [2].

B xauectBe mpuMepa NpaKTHYECKOH 3aJadd YAAIEHHOTO YIpaBJICHUS
MOJBIDKHEIM  O0BEKTOM  HCCIIEAOBANach 3a/lada TPAEKTOPHOTO  YIPaBICHUS
JIBIDKEHUEM JieTaTenbHoro anmnapata (JIA).

Heas paGoTrel — TpOaHATH3UPOBATH BO3MOXKHOCTH HCIIONB30BAHUS
CYIIECTBYIOIINX CETEBBIX IPOTOKOJIOB W KAHAIOB C IIENbI0 BEIPAOOTKH
PEKOMEHIAMK [0 OpraHM3alliy Iepeqaddl HWHPOpPMAIMA B PaCHpeNelICHHBIX
CETEBBIX CTPYKTYpaX W OLEHHUTh BIMSHAE CETEBBIX 3aJEpPKEK Ha KadeCcTBO
YIAJIEHHOTO YIPaBICHUS MTOIBIKHBIM 00BEKTOM Ha TpHMEpe 3aadd YIIPaBICHHS
TPaeKTOPHBIM IBIDKeHHEM JIA.
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AHAJIA3 XAPAKTEPA 3AJIEP)KEK W TIOTEPh JAHHBIX TPH WCIOJIb3OBAHUU
PAJINOKAHAJIOB

CetreBas momens OSI (Open Systems Interconnection basic reference model
— 0a3oBas dTaJOHHAS MOJIENb B3aHMMOJCHCTBUS OTKPBITBIX CHCTEM) BBIICIISIET
CeMb ypOBHEH, Ha KOTOPBIX MOTYT CTPOHTHCS W PabOTaTh CETEBHIC MPOTOKONHI:
MPUKIAHONW, TPEACTABUTEIbCKUN, CEaHCOBBIM, TPAHCIOPTHBIN, CETEBOW,
KaHAIBHBIN 1 (hU3MUecKUid. 3alep)KKA Tepeaddl TaHHBIX B KaHAJIE CBS3W MOTYT
HMMETh Pa3INyuHyI0 IPUPOLY B 3aBUCHMOCTH OT THIIa KaHalla CBSA3M U BO3HUKATh Ha
pa3HBIX YPOBHSX.

Jid paguokaHajoB Iepelaud JaHHBIX XapaKTepHBl 3alep>KKH, BbI3BaHHbBIE
oMeXaMHU Iepeiadd JaHHBIX B MPOTOKONAX (PU3NIECKOr0 W KaHAIBHOTO YPOBHSL
[Ipuunnamu MOMeX MOTYT  SIBJIATHCS: HWHIYCTpUAJIbHbIE 00BEKTHI
(BBICOKOBONIBTHBIC JIMHHH AJIEKTpoIlepeaad, TPaHC(HOPMATOPHBIC ITOICTAHIINM,
AIIEKTPOCBApOYHOE O0OpYIOBaHWUE W Jp.); aTMOC(EepHBIE NIYyMBI, BHI3BaHHBIC
TPO30BBIMHU pa3psnamu; UHTep()EpEHIIMOHHBIC TOMEXH, CBSA3aHHBIE C TPOOIIEMOit
pacrpezeneHus 4acToT; IOMEXH, CBSI3aHHBbIE C OTI'0JIOCKaMH CUTHAJIOB COCEIHUX
YacTOT; IIyMbl, BO3HUKAIOIIME MPH HAJIWYUM BTOPUYHBIX PETPAHCISATOPOB
(HampuMep, METaJUTMIECKHA JIOM, OalIKi, KOHTYpPHI). JlOIIONTHUTENBHYIO CIIOKHOCTD
BEI3BIBACT OpraHU3alWs paJuoKaHaja ULl JBIDKYIIErocs oOBhekTa. PamanoBoIHEBI
JIEIMMETPOBOrO  [IMalla30Ha, HAMOOoJee YacTO UCIONb3yeMble IS Iepenadd
JaHHBIX, HAIPUMEP B MOOMIIBHON CBSI3W, PACIPOCTPAHSIOTCS MPEHMYIIECTBEHHO
0 MPSIMOH (c1abo OrudaroT MPEMSATCTBH), HO MIPU STOM MOTYT YacTO OTPaXKaThCs
OT Pa3IUYHBIX MPEMSITCTBUH W MOBEPXHOCTH 3eMiH. B TakoMm ciyuae roBopsT o
MHOTOJIy4€BOM  PaclpOCTpaHEHUH CHUTHaja. Pe3ylbTaToM  MHOTOJIYy4eBOIO
pacrmpocTpaHeHHs sBIsieTcs Oonee OBICTpOe 3aTyxXaHHWE PaJHOCHTHAlla, a TaKkKe
WCKa)KeHWsI, BRI3BAaHHEBIC B3aUMHON HHTEep(epeHIINe OTIeNbHBIX JTyUeH.

[Ipu ananu3e 3aTyxaHHsl ypOBHA NPUHUMAEMOIO paJMOCUTHANA BBIIACISIOT
IIBE€ COCTABILIIOMIME: OBICTPYI0O W MEMICHHYI0. MemIeHHbIe 3aMUpaHus
MONUUHSIOTCS ~ JIOTApU(MHUYECKH  HOPMAIBHOMY  3aKOHY  paclpeleNiCHHUS.
HMHTEeHCHBHOCTh MeENICHHBIX (aykTyanuid He mnpeBbimaer 5—10 nb. Beictpeie
3aMHUpaHUsl — PE3yJIbTaT MHOI'OJIYYE€BOIO paclpocTpaHeHus paaunocurrana. OHU
OMMCHIBAIOTCSL PENICEBCKUM 3aKOHOM paclpelelieHus. MOXHO cKa3aTbh, 4YTO
3aTyXaHUE paJUOCUTHAaja B KaHalle CBA3M SBJSETCS MEUIEHHBIM 3aMHpaHHEM
(BciieacTBUE N3MEHEHUSI CPEJHETO YPOBHS CUTHAJIA IPU NIEPEMELLICHUH TPHEMHUKA
CHTHAlIa), Ha KOTOpO€ HAKJIAIBIBAIOTCA OBICTpHIC 3aMHUpPaHUS BCIEICTBHE
MHOTOJIy4€BOI'0 PacCIpOCTPaHEHUsI CUTHAJIA.

B kagectBe cmoco0a CHIDKEHHsI YPOBHS IIOMEX B paJHWOKaHale Iepernadu
JaHHBIX MOXET pacCMaTPUBATHCA HCIIONB30BAHUE HANPABICHHBIX CEKTOPHBIX
aHTEHH C Y3KHMH JWarpaMMaMd HampaBiIeHHOCTH. s OGOpeOBI ¢ OBICTPBHIM
3aTyXxaHHeM W MEXKCHMBOIBHONH WHTepdepeHIeld BCIeACTBHE MHOTOIYYEBOTO
paclpocTpaHEHUsI MOXKET HCIIONb30BaThCsl ITOMEXOYCTOMYMBOE KaHaJIbHOE
KOIMpOBaHHE — OJIOYHOE M CBEPTOYHOE KOTUPOBAHNE, a TAKXKE IIepEeMEKEHIE.

Taxke a8 nmneperaud JaHHBIX B pajJdOKaHalle MOXET COBMECTHO
HCHOJIb30BATHCA HECKOJIBKO PaJMOCUTHAJIOB, pa3jinyaroluxcs (pa3HECEHHBIX) IO
KakoMy-1u00 mapamMerpy min koopamHaTe. [Ipm 3ToM mapaMeTpsl BHIOHpAroTCs
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TaKUM 06p8.30M, YTOOBI CHM3HUTH A0 MHUHHMYMa BEPOATHOCTbL OJHOBPEMEHHOI'O
3aMHpaHusd BCEX CUTHAJIOB.

3AZIEPKKH Y TOTEPH TAHHBIX B CETAX C KOMMYTAIIMEN MAKETOB

PaCCManI/IBaf{ pa60Ty KOMMYHHKAIIUOHHBIX ITPOTOKOJIOB Ha CETCBOM YPOBHCE,
CIeAy€T aHaJIM3UpoBaThb 3aJCPKKH, BO3ZHHUKAOMMEC B IIpoHecce nepeaadn
I/IH(i)OpMa]_[I/IOHHI)IX IIaKCTOB IO CCTH. Cy]J.ICCTBCHHI)IMI/I BUJaMHU 3aJCPIKEK
SABJIIFOTCS  3aACPIKKa y3J'IOBOI71 O6pa6OTKI/I, 3aACPKKAa OXHUIAHHA, 3aICPIKKa
nepeaadu 1 3a1C€pKKa paCrnpoCTpaHCHUA.

3amepiKku y37I0BOH 00pabOTKU CBSI3aHEI ¢ paboTON MapmipyTr3aTtopa. Bpems
3aACPKKH OXHWAAHUA 3aBUCUT OT YHCIAa IIAaKETOB, HAXOIAIIMUXCA B OUYCpEOH
MapHIpyTH3aTOpa U MOXKET 3HAYUTEIBHO BapbUPOBATHCS OT MapIIpyTHU3aTopa K
MapuipyTu3aTopy B HPOLECCEC MPOXOXKACHHA IAKETAa IO IIYTU OT OTIIPABUTCIIA K
MMOJTy4aTeIIro.

3amepikka mepegadyd — STO CYMMapHOE BpeMs, TpeOyeMoe Ui Iepernadu
MapupyTu3aTopoM IakKe€rta IO JHWHHU CBA3H. 910 BpEMAa MPONOPHHUOHAIIBHO
CKOpPOCTHU Nep€aayvu IO JIMHUH CBA3H W pasMEepa MaKCTa U HC 3aBUCUT OT AJIMHBI
JIMHHUN CBA3H. Baﬂep)KKI/I nepeaadym Moryrt OBITH CaMBIM CYIICCTBECHHBIM BUJIOM
3aACPIKEK I HU3KOCKOPOCTHBIX MOACMHBIX COCHI/IHCHI/Iﬁ.

3amepikka paclpoCTpaHEeHHs — JTO BpeMs, TpeOyeMoe Ha Iepemady Outa
I/IH(i)OpMa]_[I/II/I 10 TUHUU CBS3H. DTO BpeMs IPSAMO TPOIMMOPHUOHATIBHO JJIMHE JIMHHUHA
CBA3HM M 3aBHCHUT OT (i)I/ISI/I‘{eCKI/IX CBOICTB nepena}omeﬁ Cpeabl. B COBPEMECHHBIX
OIITOBOJIOKOHHBIX CETAX CKOPOCTH PACHPOCTPAHCHUA CUTHAJIA Onm3Ka K CKOpOCTH
CB€Ta. 3az[ep>1<1<a PacnnpoCTpaHCHus CYHICCTBEHHA JJI CITYTHHUKOBBIX JIMHHUI CBSI3U
1 MOXKCET MMPEBBIIATH BCC OCTAJIBHBIC BUbI 3aICPIKCK.

3az[ep>1<1<a OXXHIaHUA — Hanooee CIOKHBIA BUJ 3aICPKKU, K TOMY K€ 3TO
CHHHCTBCHHLII;’I BUJ 3aICPIKKH, KOTOpLIfI MOXECT HMMCTb PAa3HbIC 3HAYCHHA IJIA
Pa3HbIX IIaKCTOB. MosxHO BbBIACIINTD TPHU OCHOBHBIX Q)aKTopa, BIIMAIOIIHUEC Ha
BCIIMYNHY 3aACPKKH OXKUIAHUSA: HACTOTY INOJYUCHUSA ITAKETOB, CKOPOCTh MEpeaavdn
BLIXO,I[HOI;’I JIMHUW CBs3M W 3aKOH pPACHpeACICHUA II0JIYy4Ya€MbIX ITaKETOB BO
BpPEMCHU.

I[J'If{ nepeaaynu NaHHBbIX PCAJIbHOIO BPEMCHH B JIOKAJBHBIX H ro0adbHBIX
BBIYHCIINTCIIBHBIX CCTAX (HaanMep, npu YHpaBJICHUU JUHAMWYCCKUMH
MpoIecCaMy B pealbHOM BPEMEHH), KaK MPaBUIIO, HCIONb3yeTcs mpoTokon RTP
— Real Time Protocol. RTP mnporokon obecrmeunBaeT yHOpsJIOUYMBAHHUE W
06pa60TKy IMaKCTOB B ClIy4a€ HCHAACKHBIX COCHI/IHCHI/Iﬁ, B YaCTHOCTH pCaIn3ycT
MpOIeIypbl BOCCTAHOBJICHUS IM(PPOBOrO IMOTOKA B IPHEMHOM YCTPOMCTBE,
HCIOJIb3yd HYMCpALMIO IMAaKETOB M BPEMCHHBLIC MCETKH, ONPCACIIANOIINC HAdalo
ACKOAUPOBAHUA MMTAKECTOB JaHHBIX.

I[J'If{ pacdye€ta BCPOATHOCTHO-BPEMCHHBIX XaPAKTCPUCTHUK MYJIbTUCCPBUCHBIX
ceTed, yIo0HO pa3/IeuTh TeHEPUPYEMbIH pa3IMUyHBIMU YCIIyTaMu TpaduK Ha JBa
THTIA: CHHXPOHHBIN TpaduK, TpeOyIOMUi epeiayn JaHHBIX MEXIy aDOHEHTaMH B
peabHOM BpeMEHHU (Harpumep, TeIeMETprs, HH(POPMAIIMOHHBIC U YIIPABJISIONINE
CUTHAJIBI, Tene(OHMs, BUJCO- U paJNOIOKAIIMOHHAS HH(GOpMAIIHs); aCHHXPOHHBII
Tpaduk, He TpeOYIOIIHUHA peabHOr0 BpeMEHHW (DJIEKTPOHHAs IOYTa, Iepeaaya
(aiinon).
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ACHHXpPOHHBI M CHHXPOHHBIA BUABI TpapuKa CYIIECTBEHHO OTIMYAIOTCS U
€llle B OJHOM Ba)XHOM OTHOLUEHHMM — YYBCTBUTEIBHOCTH K IOTEpE IAKETOB.
ACHHXpOHHBIN TpaduK OYEHb TYBCTBUTEICH K TAKUM IOTepsM. [loTepst xe omHOTrO
3aMepa aHHBIX HE OYEHb 3aMETHO CKa3bIBAETCS Ha KauecTBE BOCIIPOU3BOIUMOIO
CHTHAJIa, TaK KaK MHEPIUOHHBIN XapakTep (HU3WYECKUX IMPOLECCOB IPHBOAUT K
TOMY, YTO JIBa IOCJENOBATEIbHBIX 3aMepa HE3HAYUTENbHO OTIMYAIOTCSA JAPYT OT
Jpyra, TIO03TOMY BOCIPOM3BOASAIIEMY YCTPOMCTBY HE€ COCTaBlisieT TpyAa
BOCCTaHOBHTb, XOTSI U IPHOIH3UTENHHO, TOTEPSHHYIO HH()OPMALIHIO.

J7ist yMEHBIIEHUS CeTEBRIX 3aJiepiKeK MPUMEHSETCSl IPUOPHTETHAS 00paboTKa
MAKeTOB CHHXPOHHOro Tpaduka. OmHAKO Hake IpPH MPHOPHUTETHOH 00paboTKe
MaKeThl CHHXPOHHOTO Tpaduka MOTyT 3aJCpKUBATHCS B KOMMYHUKAITMOHHBIX
YCTPOHCTBAX, TaK KaK B HIX MOKHO PEaI30BaTh TOJIBKO aIrOPUTMBI 00paboTKA ¢
OTHOCHUTENBHBEIMU TPUOPUTETaMH, a He ¢ abcomoTHEIME. [Ipn 3TOM B cerMeHTax
pa3fensieMbIX cpell BBICOKOIPUOPUTETHBIM MAaKeT JO0JDKEH MXJAaTh HE TOJbKO
3aBepIICHUsT TepeJaddl HHU3KOINPHOPUTETHOrO TaKeTa, HO W OCBOOOXKICHUS
pazzensieMolt cpenbl. B HEKOTOPBIX HOBBIX MPOTOKOJIAX MPELYCMOTPEH MEXaHU3M
MPUOPUTETHOTO  NPEAOCTaBIeHUs  AocTyna K  cpene.  IlpuopurerHoe
MPEJOCTaBIEHNUE JIOCTYNA K Pa3lesiieMOi cpele HaMHOIO yMEHBIIAeT 3aJepiKKU
JOCTaBKU NAKETOB K Y371y Ha3HAYEHHUSL.

MexayHapoaHbIil COH3 3JNEKTPOCBSI3M PEKOMEHIIOBAJI IPU IMOCTPOECHUU
MYJIBTUCEPBUCHBIX CETEH MCIIOIB30BATh KOHIISMIINIO IIUPOKOIOIOCHOH TH(POBOI
CEeTH C MHTETpalneH cIyX0, IPeICTaBIMIONIYIO COO0H CETh MaKeTHOW KOMMYTAIHU
[0 BHUPTyalbHbIM KaHasiaMm. [Iponenypa opraHusauuyd BUPTYaJbHOIO KaHaja
BKITIOYAeT B ceOs1 ycTaHOBJIEHUE coequHeHMs. CeTH ¢ yCTaHOBJICHHEM COSIUHEHUS
HMEIOT OJIMH HEIO0CTaTOK — YCTPOICTBa HE MOTYT IPOCTO NepenaBaTh MaKeThI,
OHHU 00s3aTENBHO TOJDKHBI CHadalla yCTAHOBHUTH coequHeHue. OTHAKO TaKue CeTH
HMEIOT WU psAJ NPEUMYLIECTB, B YacCTHOCTHU, MOTYT TapaHTHPOBaTh JAHHOMY
COCIMHEHHUIO ONpeNeNieHHYl0 YacTh TONochkl  mpomyckanus. Cern  6e3
YCTQHOBJIEGHUS COEIMHEHUS, B KOTOPBIX YCTPOICTBA MPOCTO MEpearoT MaKeThl Mo
Mepe X NOJIy4YeHHUs], HE MOTYT F'apaHTUPOBATh OJIOCY IPOIMYCKaHUS.

OCHOBHBIMH TapaMeTpaMH, BIMSIOIIMMHU Ha KadecTBO IPEAOCTAaBIISIEMOrO
0OCITyXKMBaHUs, SIBIAIOTCS: 3aJepKKa MpU Iepelade ITaKeTOB, BapHaIus 3TOU
3aJIep’KKU 1 YPOBEHb MTOTEPH MTAKETOB.

Jns mepenaun TpadKOB aCHHXPOHHOTO THIIA BEITOJHEE BCETO HCIIOIh30BATh
MaKeThl OONBINON JUTMHBI, T.K. B OTOM CIIydae IepefaeTcs MEHbBIIE CIyXeOHOM
uHpOpPMAINH, YTO TOBBIIIAET KOI(D(UIMEHT WCIOIh30BAHMS KaHajda CBSI3MH.
EnuncTBEeHHOE, UTO OrpaHMYMBAET MaKCUMAJIbHbIE Pa3Mephl MaKeTa, 3TO HaIU4Ke
ommbok B KaHame cBs3u. Jmsg mepemadm  TpadUKOB CHHXPOHHOT'O THIIA
HCIIONIb30BATh TAKETHI OONBIINX Pa3MEpPOB HENB3S BCIEICTBHE TOT'O, YTO BPEMs
nepeaayd IMakera MpsSMO HPONOPLUHMOHAIBHO €ro JUIMHE, a 3TO YBEJIWYUBAET
3aJIepXKKHU TIPH TIepeave TPaQuKOB CHHXPOHHOTO THIIA.

KommaecTBO MpOMEXyTOUHBIX y3II0B B CETH CYIIECTBEHHBIM 00pa3oM BIIHSET
Ha 3aJIepKKY B mepenade TpadhukoB CHHXpOHHOTO THITa aboHeHTamu. [lepenaya sxe
Tpa(h)UKOB ACHHXPOHHOTO TUIA ¢ OOJBITUM KOJIMYECTBOM ITPOMEKYTOUHBIX Y3JIOB
(4TO XapaKTepHO IS TTTOOANBHBIX CEeTel) He OKa3bIBAET CYIIECCTBEHHOTO BIHSHUS
Ha Ka4eCTBO IIPEJOCTABISIEMBIX YCIYT.
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[Ipu mepenaye Mo ceTH AAHHBIX PEATLHOTO BPEMEHH THUITUYHBIC IHAIIA30HBI
3aJIepKEK COCTABJIAIOT: KoaupoBanne — 20-45 Mc; 3amepikka IMPOIECCOB MpPH
BXOzIE B ceTh — 15-25 mc; moctym k cetn — 1-8 Mc; 3a7epikka Ha mepeaady mo
cetn — 20-200 mMc; BbIXOa U3 ceTn — 1—8 Mc; 3aieprikKa MpoIeccoB MpH BBIXOJIE
n3 cetd — 15-25 Mc; komneHcupyommid oydpep — 20225 Mc; TeKoMIpeccrus —
15 Mc. A o0Omas THITHYHAS 3aJIepKKa Imepenavyn JaHHbIX cocTaBisgeT 100—550 mc.

[IporeHT MOTEePSHHBIX IMAKETOB MOXET 3HAYUTEIILHO MEHATHCS CO BPEMEHEM
JUIS OJTHOT'O M TOTO e KaHaja CBs3u. Eciu B KayecTBe TPaHCIOPTHOIO MPOTOKOJIA
ucnons3yercs TCP, To, B ciiydae MOTepu NakeTa, OH JOJDKEH OyAeT mociaTh ero
yepe3 ceTh 3aHOBO. Ho Jutst TOro, 4TOOB! IPUHATH PEIICHUE O TOBTOPHOM IMOCHUIKE,
HY)KHO JTOXKIAThCS YBEIOMIICHHS OT IIPUEMHON CTOPOHBI, YTO OYSPEAHOMN MaKeT He
moitydeH. M TyT Ha MepBBIN IUIaH BBIXOJUT TAKOH IapaMeTp CEeTH, KakK 3aJepiKKa
curHaia. YeM oHa OoJibIie, TeM JOJIbIIE TIEpEAaroIas CTOpOHa OyIeT B HEBEICHUH
W TeM MeijicHHee OyeT MporCcXOomuTh epeaada nadopmammu. [Tokazano [3], uro
OCHOBHAs TOTEPs B CKOPOCTH Mepeiadyn B KaHale ¢ THoBOH 1t WAN 3anepKoi
50-100 Mc, TPOMCXOTUT TIPH €IIe BIIOJHE, Ka3aJloch Obl, HE3HAUYHUTEILHOM
nporente noreps: 1-2 %.

IIEPCIEKTUBHBIE METO/IbI CHUKEHUS TOTEPH MAKETOB

OmauM W3 BO3MOXKHBIX METOHOB OOpBOBI C MpoOIIEMOH IOTEph IaKETOB
sBisiercss mcnonb3oBanne TexHoioruit Forward Error Correction (FEC), cyts
KOTOPBIX COCTOMT B HCIIOJIb30BAHUHU CIELHUAIBHBIX METO/IOB KOAUPOBAHUS C
no0aBiIeHnEM U30BITOYHOH (IOMOTHUTENBHOMN ) HH(opManuu. Takoe KoAupoBaHHE
MO3BOJISICT HWCHPABIATH HEKOTOPHIE OIMMMOKA W BOCCTAHABIMBATH HEOOIBIIHE
(parMeHTBl TIOTepssHHOW uWHPopManuu. I[IpobremMa B TOM, 4YTO TOMOOHBIE
TEXHOJOTUH MPUMEHSIOTCS, KaK IPaBIIIO, TOIBKO Ha (H3MYECKOM ypOBHE KaHANA
mepenavyn JaHHBIX W HE MOTYT YCTPaHHTH IOTEpH WH(POPMAIUH, CBSI3aHHBIE C
neperpy3kaMd B CETH, IMHAMMYECKUMH MEPeCTPOCHHUSAMU TOMOJOTHMH U T...
Kommanwmeii Silver Peak mpemnokeno [3] mcmomp3oBath TexHomorumio FEC Ha
KaHaJbHOM yPOBHE, CO3/aBasi BUPTYyaJbHBIN KaHAJI MEXIy IBYMs YCTPOHCTBaMHU, B
KOTOPOM MOJIEPKUBAETCA U aJalTHUBHO IOACTPAUBAETCS HEKOTOPOE KOJUYECTBO
M30BITOYHBIX TAKeTOB. VI30BITOUHEBII MAaKeT MO3BOJISET BOCCTAHOBUTH TTOTEPSHHBIN
peryJspHbIN MaKeT B IPUEMHOM YCTPOMICTBE.

B [3] paccmotper Bompoc 3¢ dexruBHOCTH puMmeneHwst FEC st ycTpaneHus
moreps maketoB. [lokazano, 94To Hake HE3HAYUTENBHBIA MPOLIEHT H30BITOYHOCTH
(1:10 FEC u 1:5 FEC) 3HaunTelbHO YBEIUYMBAET CKOPOCTh NEpeladyl JaHHbIX B
KaHajle IpU 3aJJaHHOM IPOLIEHTE BEPOSTHOCTH IOTEpH MakeToB B KaHane. [lpu
3TOM NPU BEPOATHOCTH NOTepH nakeTa 2 % 1 MeHee CKOPOCTh Mepenadu JaHHbIX
VBEIMYMBACTCS B HECKONBKO pa3 (HampuMmep, Mpu Tepenade (aimoB OONMbIION
JUTHHBI TI0 CeTH C THIMYHBIM TIPOIICHTOM MOoTeph makeToB 0,1 % Moxer OBITh
JOCTUTHYTO 15-KpaTHOE yBeNTMUYEHUE CKOPOCTH Iepeladd 3a CYET MCIOIb30BAHUS
texnonoruu FEC).

JpyruM TepcreKTHBHBIM pEIIeHUeM, HalpaBICHHBIM Ha OOpb0Y c morepei
MIAKETOB, SBIECTCS HOBBIM dKcHepuMeHTaNbHEI cereBoi mpoTokon QUIC (Quick
UDP Internet Connection, OpicTpoe uHTepHET-coequHeHne uepe3 UDP),
pa3pabaTeiBaemblii kommanmeit Google [4]. [Iporokon mommepxuBaeT Habop
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VIDIOTHEHHBIX coenuHennit yepe3 UDP, obecreunBas mpu 3ToM 0e30MacHOCTh Ha
ypoBae SSL/TLS. QUIC mpearmonaraer omeHKY IPOMYCKHOW CIOCOOHOCTH [UTS
MIPEIOTBPAICHHUS TIEPETPY30K, MOce Yero OymeT 3amaH TeMIl Mepeladn MaKeToB
IUIT YMEHBIICHHUST BEPOSTHOCTH IOTEPU IMaKeToB. [IpOTOKON Takke HCIIONB3yeT
BCTPOCHHBIE B TAKETHl KONBl KOPPEKIMH, KOTOPBIE IOJDKHBI ITO3BOJUTH
BOCCTAHABJIMBATh TIAKETHI, MpPUIICANINE C OMMUOKaMHu, Oe3 MoTpeOHOCTH
WHULUMPOBATh MOBTOPHYIO Iepelauy I[aKeTOB. 3ajOKeHHblE B  IAKETHI
Kpunrorpaguueckue  OIOKH  comepKaT  HEOOXOAWMBIE  HHCTPYMEHTHI,
MpeayCMaTPUBAIOIINE BEPOSTHOCTH MTOTEPH MMaKeTa MpH Iepeaade.

OLEHKA BJIUSAHUA CETEBBIX 3AJIEP)KEK HA TIPAKTUYECKUE 3AJAYM YIAJJEHHOTO
YIIPABJIEHUSA

Jlnst  wWccnemoBaHWS — BIMSIHUS — CTaHIAPTHBIX  CETEBBIX  3aJepKEK  Ha
MPaKTHYECKUE 3a7add yJAJICHHOTO YIIPABJICHUS MOIBMKHBIMH OOBEKTaMH Oblila
BBIOpaHa 3ajiada TPAcKTOPHOI'O YIpPaBJICHHS JBI)KCHHEM JIETATSIILHOTO arrapara
(JTIA). HccnenoBanoch COBMECTHOE ABMXKEHHE NBYX JIA, KaKOplii U3 KOTOPBIX
BBITIOJTHSIT COOCTBEHHOE TIOJICTHOE 3a/IaHKe (JIBUKECHHE TI0 33JAHHOMY MapIIpyTy C
MepeMeHHBIM TIpodHiieM MojieTa Mo BbIcOoTe). IIpW 3TOM IS TpPEenOTBpAICHUS
CTOJIKHOBEHHH W OINACHBIX COJIMKEHHH B BO3AyXe MOJCIMpoBaiach pabdora
cucrema TCAS II [5].

B mpomecce MomenupoBaHHWS TIpU  OTCYTCTBHHM yIPO3 CTOIKHOBEHHS
VIpaBJICHHE BBICOTOW IOJIeTa, OOKOBBIM JBH)KEHHEM M CKOPOCTBIO Tojieta JIA,
peanm3yroliee IMONeTHOe 3anaHue (T.€. JBWXKCHHE 1O 33a/JIaHHOMY MAapIIpyTy C
MepeMeHHBIM TIPO(HIIEM ITOJIeTa MO BBICOTE) BBIMOJHACTCS ABTOMUIOTOM. Bo
BpeMsi MOJIeNTMpoBaHusl coBMecTHOro nBrkeHus JIA momens cucremsr TCAS 11
KOHTPOJUPYET paccTosHue Mexay JIA, cKOpocTh COMMKEHHS, OTHOCHTEILHYIO
BBICOTY M OTHOCHTEIFHYIO BEpPTHKAaIbHYIO CKOPOCTh. B ciydae ompemencHus
YTpo3bl omacHoro commxennus Monelib cucteMbl TCAS 11 ¢opmupyer KoMaHIbI
CKOpPOCTH Ha0opa BBICOTHI HITH CKOPOCTH CHUIKECHUSI.

CTpyKkTypHasi OpraHu3alus CUCTeMbl yrpaBieHus JIA, oOecneunBaer,
Onmaromaps TPHCYIIMM €d  CBOMCTBaM aAKTUBHOCTH W  (YHKIIMOHAJIBLHOTO
rOMEOCTa3uca, MOCIEeA0BATEIFHOE pEelIeHUE OMHOIIENIEBBIX 3a/ad MpPU YCIOBUU
CyIIIECTBOBAHUSI TIOJTHOCTHIO YIIPABISEMbIX COCTOSHUN CUCTEMBI.

CoBpeMEHHBI  YPOBEHb pa3BUTHS CETEBHIX TEXHOJOTHUH  IO3BOJSET
HCIIOIb30BaTh KOMIIBIOTEPHBIE CETH C TAKETHOW mepenadeii WHPOpMALMH JUIs
peanu3anuu pacnpeeieHHBIX B TIPOCTPAHCTBE WHTETPUPOBAHHBIX
HaBUTAIMOHHBIX CHCTEM HWHTEJUIEKTyalbHOro ympaBneHus JIA. B atom cmyuae
cucTeMa yrpapieHus JIA HaxoAWTCsA BIAJIEKE OT JICTATSIIBHOrO ammapara, 0OMeH
JAHHBIMA ~ MEXIy JIETaTeIbHBIM  ammapaToM W  CHUCTEeMOW  yIpaBIICHUS
ocymectBisiercs 1o cersiMm WAN. B Takoit cxeme cetm WAN Ttakke
WCIONB3YIOTCA JUIS TIONY4YeHHs HWHPOpPManmuMu O BCTpeuHbIX JIA, MOromHbBIX
YCIIOBHSIX U TIP.

OCHOBHBIMH TTapaMeTpaMH, BIUAIOINIMMHA Ha KadecTBO pabOTHl TaKoW
pacmpeNielieHHON B HaBUTAIMOHHOW KOMITBIOTEPHON CETH CHCTEMBI YIPaBIICHUS
JIA, sBISIOTCS BENMWYWHA 3aJCP)KKH, CMEIAIONIas BO BPEMEHHM TAKEThl JTaHHBIX
P TIepesiave uX B cucTeMy ynpasieHnus JIA, v BenmndanHa 3aIepiKKH, CMETIAr0IIast
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BO BPEMEHU MAKeThl KOMaH/| yIpaBlieHUs Ipu nepenaude ux Ha JIA. Bnusnue 3tux
3afepykeK OCOOCHHO CKa3bIBAETCS HA TEX IPOIECccax YIpPaBICHUS BO3IYIIHBIM
IBIDKCHHUEM, Yy KOTOPBIX HEOOXOAMMOE BpeMs NUCKPETH3AIMH MaHHBIX IIporiecca
ynpasienust JIA MeHbllIe 3aJiep)keK Nepeadn akeToB B KOMITBIOTEPHOI ceTH.

Bouta mpemiokeHa MHBapuaHTHAas K BPEMEHHBIM 3aJ€pKKaM CTPYKTypHas
opraHu3anysi paclpelneleHHod B CceTH cucteMbl ympaenenms JIA  [6],
MO3BOJISIONIAS 3HAYUTENBHO TIIOBBICUTH KAaueCTBO M YCTOHYHBOCTH PaOOTHI
pacrpeseneHHol B HAaBUTallMOHHOM KOMIIBIOTEPHOM CETH CHCTEMBI YIPaBICHUS
JIA B mmpokoMm aMana3oHe 3aJep)KeK IepeJauyd IMakeToB NaHHBIX. Ilpu aTom
pacrmpeneneHHas BBIYMCIUTENbHAS Cpela BKIOYAaeT B ceOs MOIETHPYIOMNN
KOMIUIEKC, KOTOpBIH, B CBOIO OYepenb, COAEPKUT MOAEIH YIPaBISIEMOro
JETaTeTIHLHOTO ammapara, ero OOpTOBOW CHCTEMBI YIIPABICHHS W BHEIITHEH CpEIbI.
BTopoil Ba)XHOM 4YacThIO paCIpPEAEICHHON BBIYACIUTENBHON CpEAbl SBISIETCS
MOIYJb BEIPaOOTKH TPAEKTOPUH U aJTOPUTMOB YIIPABICHISL.

B nponecce MopenupoBaHus aHaJIM3 XapakTepa COBMECTHOIO JIBHKeHHs JIA
OCHOBBIBAC€TCS Ha YHCICHHOM pEIIEHHH BO BpPEMEHHOW OONACTH CHCTEM
muddepeHIMAaNBHEIX ~ ypaBHEHUH, ONMUCHIBAIOIINX  IBIDKCHHE JICTATEIHHBIX
anmapaToB MpH 3aJaHHBIX HAYAJIbHBIX YCJIOBUSAX C YacTOTOM AMCKPETU3alUU
naHHbIX 50 Mc. 3aziepKKa MaKeTOB JaHHBIX B HABUTALIMOHHOM KOMIIBIOTEPHON CETH
Ipu Iepegadye HUX B cucTeMy ymnpasieHuss JIA BapbupoBajach B JHana3oHe
50-550 mc. 3ageprkka MakeToB KOMaH]l yIIPaBJIEHUs NIPU Nepeaye UX OT CUCTEMbI
ynpasieHus Ha JIA BO BpeMsi MOZIENMPOBAHUS TaKKe BapbUpOBajach B JUana3oHe
50-550 mc, T.e. cymmapHas 3aJep)KKa Iepellaud IaKeTOB JAaHHBIX M NaKETOB
KOMaH/[ BapbupoBanach B nuanazone 100—1100 mc.

B mpomecce MomenupoBaHus nccienoBatack pabora Tpex CHCTEM YIpaBICHUS
JIA: mepBas — TtecTtoBas (JIOKaIbHO pacmoiOKeHHas 0e3 Iepenadd ITaKeTOB 10
KOMIIBIOTEpHOH ceTu) cuctema ymnpasieHus JIA; BTopas — pacrpeneiieHHas B
KOMIIBIOTEpPHOH CeTH cucTema ympaBieHus JIA aHajmoruyHas TECTOBOW, HO C
3aJiepKKaMu IepeJjadyr aKkeTOB JaHHBIX U NMAaKeTOB KOMaHJ YIPaBIEHUS IO CETH;
TpeTbd — MHBapUaHTHAsl K BPEMEHHBIM 3aJIepXKKaM Iepeladd MakeTOB JaHHBIX
pacripesieneHHas B KOMIIBIOTEPHOH ceTH cucteMa ympasieHus JIA.

Pabota kaxkmoif U3 Tpex CHCTEM yIIpaBiieHHs IBmKeHUeM JIA mcciemoBanach
B ILHMPOKOM CIIEKTpE HauyajbHBIX YCIIOBHM AJI BBIIOJIHEHHUS 3aJad YIpaBICHUS
nBuwokeHneM JIA B pasnMyHBIX BHAAX IOTEHLMAJBHO OINACHBIX CUTYaLUi:
nBuwkeHne JIA Ha BCTpEUHBIX WIM IMOMYTHBIX YPOBHSX IO OJHOW Tpacce;
nBukeHue JIA ¢ mepeceyeHneM BCTPEUHBIX HIIM MOMYTHBIX YPOBHEH; NBHKEHHE
JIA ¢ HabopoM BBICOTHI B OAHOM HaIpaBJICHHUM; IBIDKeHHE JIA co cHIDKeHHEM
BEICOTHI B OJJHOM HarpaBlieHHH; ABKeHne JIA ¢ HabopoM BEICOTHI Ha BCTPEUHBIX
Kypcax; aBuxkeHue JIA co CHUKEHHEM BBICOThI Ha BCTPEUHBIX Kypcax; JBHXKEHHE
JIA co cHmxeHneM 1 HaOOpOM BBHICOTHI HA MEPECEKAIOIINXCS Kypcax.

[o pe3ynmpTaTamM MOIENHpPOBaHUS MPOBOAMIOCH CPaBHEHHE KadecTBa paboThI
BTOPOH W TPEeThEW pacmpeleleHHbIX cucTeM yrpaieHus JIA ¢ mepBoil TecToBOM
JIOKaJIbHOU cucTeMol yrpaBieHus JIA. J[nsg oleHKH KadecTBa pabOThl BTOPOU H
TpeTbell  pacnpeleNieHHBIX  cucTeM  ympaBieHus JIA  UCHONb30BAIUCH
MaKCHMaJbHbIe a0COMIOTHBIC 3HAYCHHS OTKIIOHEHUH OIIEHUBAEMBIX ITAPAMETPOB OT
AQHAJIOTUYHBIX MapaMeTPOB MEPBOIl TECTOBOW JIOKAJIbHOM CHCTEMON yHpaBieHUS
JIA B kaxoW mccnemyemMon 3amade yrpaBieHus asmkenneMm JIA. IlomydenHsie
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pe3yJabTaThl 3KCIEPUMEHTOB YCPEAHSINCHh [0 BCEH CEpUHM HCCIEIYyEeMBIX 3alad
ympasnenus aBmxeHneM JIA. Omnenka kadectBa pabOTHI BTOpOH W TpeThei
pacmpeseneHHbIX cucTeM ynpaBieHus JIA mpousBonuiach MO KOOpAHMHATAM,
CKOpPOCTSAM U YCKOPEHUSIM.

PE3YJIBTATHI

[Tonyuyennsle Mo pe3yapTaTaM SKCIEPUMEHTAIBHBIX HCCIEIOBAaHUN 3HAUCHUS
omuOOK paboTHI IO KOOPAMHATAM, CKOPOCTSM M YCKOPEHHSIM BTOPOH W TpeTheit
pacrpesieleHHbIX cucTeM ynpapieHus JIA mokazansl Ha puc. 1-3.
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Puc. 1. Bennuunsl omibok paboThl ccTeMbl yrpasiieHus JIA mo koopauHaram (M)
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Puc. 2. Bennuunsl om0k paboThl cMcTeMBbl yipaBieHus JIA mo ckopoctu (M/cek)

Pe3ynpTaTel MPOBENCHHBIX UCCIEIOBAHWNA ITOKA3alll, YTO KauecTBO PaOOTHI
BTOPOH, pacmpeAcicHHOW B KOMITBIOTEPHOH CETH CHCTEMBI yHpaBieHHus JIA,
HEYIOBIICTBOPUTEIHHO Nake ITIPH HAJIWIAW CYMMApHBIX 3aJIepKeK Iepenadn
MMaKETOB JTAHHBIX W MakeToB kKomaH[ B mpenenax 200-300 mc, a mpu cyMMapHBIX
3ajepKKax Mepelavyn MaKeTOB JaHHBIX W MakeToB KoMauz, Oompmux 400 mc, oTa
CHCTeMa yIIPaBJICHUs HE JOCTUTAET IeNeH yIpaBIeHNS.

B Toxe BpeMs pe3ynbpTaTHl MCCICIOBAHMNA PaOOTHI TPEeThe WHBAPHAHTHOH K
BPEMEHHBIM 3aJiepKKaM Tepefiaud  WHPOPMAIIUH pacIpeleleHHON CHCTEMBI
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yrpasieHus JIA mokaszaiy, 94To 3Ta CUCTeMa 00eCIeUYnBaeT KaueCTBO YIPABICHHUS
COITOCTABHMOE C KAa4eCTBOM PabOThI TECTOBOW JIOKAIBHON CHCTEMBI YIIPaBICHHS
JIA nipy Hanmuuy HauboJiee THITHYHBIX I PeabHBIX CeTeH CyMMapHBIX CETEBBIX
3aJIEPIKEK Mepeadn MaKeToB JaHHBIX U MakeToB KoMaH/ B Auama3one 100—700 mc.
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Puc. 3. Bennuunsl ommOok paboThl CHCTEMBI yipaBiieHus JIA mo ycKopeHHio
(M/cex 3a cek)

Kpome Toro, TpeTsst mHBapraHTHAS K CETEBBIM 3a/IEPIKKaM Tepeladil MaKeToB
JTAHHBIX ¥ TTAKETOB KOMAaHJI paclpeieieHHas cucreMa ynpasienus JIA mo3Bonmia
MpY HE3HAUUTEIIbHOM CHUKEHHH Ka4eCTBa BCE YK€ JOCTUTHYTH LIENIe yIpaBICHUS
nBrkeHreM JIA 1Mo 3aJaHHOMY MapIipyTy ¢ IMEepeMEHHBIM MpoduieM ToieTa Mo
BBICOTE M MPEIOTBPATUTH ONacHbIe cOMkeHus JIA I Bcero CreKTpa HayallbHBIX
ycnoBuid nBrkeHus: JIA B pacIImpeHHOM Jrarna3oHe 3aJepKeK Mepeadyn MaKkeToB
JTAHHBIX U MakeToB koMaH 1 B mipenenax 700—1 100 mc.

BBIBOIbI

Hns  sddexktuBHOrO  GYHKIMOHUPOBAHUS  CHUCTEM  VIIPABICHHS  C
pacrmpeneneHHBIMA  MH()OPMAIMOHHBEIMH ¥ HCIIOJHATEIBHBIMA pecypcaMu B
Pa3HOPOJHBIX HABUTALIMOHHBIX CETAX W MPH UCIOJIb30BaHUHM CUCTEMHBIX CPENCTB,
VIAICHHBIX OTHOCHUTENPHO O0O0BEKTa VIPaBICHHS, TpeOyeTcs KOMIDIEKCHOE
LIEJIOCTHOE PAacCMOTPEHUE BCEX DSJEMEHTOB IMPOLECCOB YIPABICHUS M yYeT
CIIEAYIOIINX PEKOMEHIAIMIA: paclpeleleHne YIPaBIAIOMeH HHpOpPMAINKA TI0
3HAYUMOCTH OTHOCHTENILHO LIeJIeH yIpaBlIEHUS U JIOMYCTUMBIX 3alepXkKeK MpU ee
mepenade; OIpeaeieHue CHenu(UKAINA IPOTOKOJOB IIepeNadd NaHHBIX UL
Pa3MUYHBIX TUTIOB HH(OpPMAIINH; OIpeIeIeHIe eIecO00Pa3HOCTH UCIIONb30BaHHUS
pa3MUYHBIX KAaHAJOB W MAapHOIpyTOB Tepeqadd WHGOpPMAIMH; YCTaHOBKA
MPUOPUTETOB 3HAYMMOCTH [JaHHBIX M IIOCIEIOBAaTEIbHOCTH WX IMepefaud B
CTPYKTypax Tepemadn WHOOPMALWHU; CO3AaHUE CTPYKTYp, OOECIICUMBAIOIIINX
IyOnupoBaHWE WM W30BITOYHOCTh MEpEeNaBacMbIX NAHHBIX IIPH OpPraHU3aINd
Tpaduka mepenaBaeMoil MH(POPMANUK; OMpeNeNIeHHe CTPYKTYPHI paclpeaeseHus
gacTell CHCTEMBI W OOBEKTa YIpaBICHHS B 3aBHCHMOCTH OT BO3MOXKHBIX
HWHTEPBAJIOB 3aJIeP)KEK CUTHAJIOB YIIPaBJIEHUS.
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Kak mokazaHo B NMpuBeIEHHBIX paHee NAaHHBIX KOMILICKCHOE MCIIOIB30BaHUE
VKa3aHHBIX PEKOMEHIANWN ITO3BOISIET Ha MOPSNOK IOBBICUTH I(PQPEKTUBHOCTH
mepenadn yupasisonield mHGopMauy B pacIpeleNIeHHBIX CETEBBIX CTPYKTYpax
(mampumep, mpu mepenade (aiyoB OONBIION [UIMHBI MO CETH C THIHYHBIM
mpoueHToM ToTeph makeToB 0,1 % MokeT OBITH JOCTHUTHYTO 15-KpaTHOE
YBEIMUEHHE CKOPOCTH TIepPeAadn 3a CUeT UCIoNb30Banus TexHoioruu FEC).

Kpome ydera oOmecucreMHBIX TpeOOBaHWN TpH Tepenade HHPOPMAITUH
MOTYT OBITH HCIIONIF30BAaHEI W JIOMOJHHUTENBHBIE BO3MOKHOCTH OpraHU3aINN
VIIPaBIAIOMAX CTPYKTYp, KOTOpPBIE YYHTHIBAIOT pa3paboTaHHBIE CHOCOOBI [UIS
VIIpaBICHUST CKOPOCTHBIMH  JUHAMHYECKHMH TIPOIECCAMH W CTPYKTYPHI
pacrpeneneHusl CpeicTB YIpaBieHHS Ha OOBEKTE W CHCTEME YIIPABICHHS, UYTO
MO3BOJISICT JOMOJMHHUTENFHO B pa3bl YAYyYIINTH YIpPaBICHHE IHHAMHYCCKAM
00BEKTOM.

OnmHOBpeMEHHOE TpPUMEHEHHE pa3paboTaHHBIX CIOCOOOB  YIIpaBIICHUS
CKOPOCTHBIMH TUHAMHYECKHMH IMpOLEeCCaMd W MpPUMEHEHHE IMpeaiaraeMbIX
PEKOMEHIAMK [0 OpraHM3allii Iepeqaddl HWHPOpPMAIMA B PaCHpeNeNICHHBIX
CETEBBIX CTPYKTYpax IO3BOJSIET IOCTUYh CYIISCTBEHHOTO YIIYUIICHHS KadecTBa
mporecca yrpaBieHUs YIAICHHBIM THHAMIYECKIM 00BEKTOM.

1. Doc 9750-AN/963, 2013-2028 Global Air Navigation Plan. — International Civil Aviation
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MudopmaTtuka mn
MH(POPMALMOHHbIE TeXHONIOrMm

YAK 007.12:37.091.27: 612.825.8:613.685

UHO®OPMAIIMOHHAS TEXHOJIOT U
MCUXOPU3NOJIOTMYECKOI'O OBECIIEYEHU S
BBICOKOM HAJEXKHOCTHU OITEPATOPCKOH
JEATEJBHOCTH

B.B. Kaabaum, A.B. IlIBen

Hayuno-uccnedosamensckuit uncmumym npoonem 6oennoit meouyunst YBMA

BeisiBieHBI  (yHIAaMEHTalbHbIC  NPUYMHBI  IOSBICHUS
omMOOYHBIX JIGWCTBUH  OIEpaTopa, OCHOBaHHbIE Ha  HECOBEPILCHCTBE
UMEIOLIMXCS 3HAHUH O PErylupyeMbIX MpOLEccax W HEHOJNHOTE IPaBHI,
PErJIaMEeHTUPYIOIIUX JEHCTBUS OlepaTopa B 0COOBIX cUTyauusx. Paspaborana
WHPOPMALIMOHHASL ~ TEXHOJOTUS  TNCUXO(PHU3UOIOTHUECKOro  oOecredeHus
BBICOKOH HAJIe)KHOCTU OINEPAaTOPCKON JEATEIbHOCTH, BKIIOYAIOMAs OJIOKH:
NCUXO(HU3UOIOTUYECKON OLEHKH HAJIe)KHOCTH ONEPATOPCKOM eSTEIbHOCTH 10
UHTETPaJbHBIM XapaKTepUCTUKaM, IapaMeTpaM MpelelbHOH BO3MOXKHOCTH
OCYILICCTBJICHUS JCATEIBHOCTH U MPO(GMII0 ee HaJeKHOCTH, OCHOBAaHHOM Ha
XapaKTepUCTHKaX ~ AJUIOMETPHYECKOM MOJENM; KOPPEKUMH  HaIeKHOCTH
JIEATEIbHOCTH OIEpaTopa ¢ MOMOLIBI0 TPEHUPOBKH NPO(ECCHOHAIBHO BaXKHBIX
KauecTB; MOHUTOPHHI'A NICUXO(PHU3UOIOTHYECKUX Ka4eCTB.

Knrouesvie  cnosa: UHGOpPMAIIMOHHAS ~ TEXHOJIOTHUS,
uepapxuueckas HHGOPMAIMOHHAs MOJEJb, aUIOMETPUYecKas MOJIEIb,
HaJe)KHOCTb OIEPATOPCKOH eI TeBHOCTH.

BusiBnieHo (hyHAAMEHTABHI MPIYUHH [OSBH OMUIKOBHX it
oreparopa, 3aCHOBaHI Ha HEIOCTATHOCTI HASBHHUX 3HAHB MPO YPETyIbOBaHICTh
MPOLIECIB 1 HETMIOBHOTI MPABUII, 10 PETJIAMEHTYIOTh [Iil Oreparopa B 0COOIMBHX
curyatisx. Po3pobieno iH(opmamiiiHy TexHomoriro mncuxogizioaoriayHoro
3a0e3meueHHs] BUCOKOI HAiMHOCTI OMepaTOpChKOl MisUIBHOCTI, sSIKa BKJIFOYAE
neKinpka OJ0KiB: MCHX0(i3ionoriyHol OI[HKA HAAIHHOCTI OHepaTopChKOl
MUSUTBHOCT] 32 IHTErpaTbHUMHU XapaKTePUCTHKAMH, MapaMeTpaMd TPaHUIHOL
MOXKJIMBOCTI 3IHCHEHHS AisUTbHOCTI Ta mpodiiro ii HaAIHHOCTI, 3aCHOBAHOMY
HA XapaKTePHCTHKAX aJOMETPHUYHOI MOJEINi; KOPEKIii HaIiHHOCTI MisUTBHOCTI
oreparopa 3a JOMOMOTOK TPEHYBaHHS MPOQECiiiHO BaKIHMBHX SIKOCTEH;
MOHITOPHHTY HCUXO0()i310JI0M YHUX SIKOCTEH.

Kniouosi cnosa: indopmaniiina TEXHOIOTisI, iepapxiyHa
inpopMalliHa MoOZeNb, aJOMETPHYHA MOJelb, HAMIMHICTh ONepPaTOPCHKOL
JUSTBHOCTI.

«A owubarocw, cnedosamenvro
A cywecmeyion (Aeeycmun Aepenuii
«O I'pade booicuem, knuea X1, 26 — 427 2.)

BBEJEHUE

[Ipobnema MCHXOPHU3UOIOTHIECKOTO OOECIIEUCHUsT BBICOKOW HAJEKHOCTH
OIEePaTOPCKOH JNEATETHHOCTH CYMIECTBYET ITaBHO M HMEET IOCTATOYHO MHOTO
teopernueckux [1-3] m mpakTtmyeckux pe3ynbratoB [4-5]. Bmecre c Tem
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COBEpIIICHCTBOBAHUE TEXHUKH WM TEXHOJOTHH, ITOCTOSHHOE IIOSBIICHHE HOBBIX
mpoecCHOHaNBHBIX TPYHNI U T.II. NENAI0T H3YUSHHE STOTO BOIPOCA aKTyaTbHBIM
Ha BCEX JTamax pa3BUTHs denoBedecTBa. OUEeHb YETKO OMPEHENHI CMBICT JTOH
npobaemsl akanemuk A.U. Bepr, Ha3BaB ee BeuHo#l [6]. [loaToMy cOBpeMeHHBIE
HCCIIEIOBATENN MO-TIPSKHEMY YICISIOT 3TOMY HAIPABICHHUIO JOCTATOYHO MHOTO
BHUMAaHUSL.

J71s1 IpaBUIBHOTO TIOHUMAHUS TTOHATHS HAIEKHOCTH JESITEIEHOCTH YMECTHO
OymeT math ee TONKOBAaHHME KaK BEPOSTHOCTHOTO MOKA3aTeNs, XapaKTEePU3YIOIIETO
CIOCOOHOCTB YelloBeKa 0e30TKa3HO, YPPEKTUBHO U ¢ HEOOXOIMMOW TOYHOCTHIO
OCYIIECTBIATh ATy JEATCIBHOCTh B TEUCHHE OIPENEIICHHOTO BpPEMEHH MpU
orpeneneHHbX yeroBmsix [7-9]. C xuOepHETHUECKOH TOYKH 3peHHs, MpodiemMa
HAJEKHOCTH  OIEPaTOPCKOW  JEATENBHOCTH  PAacCMATPUBAETCA C  IO3UIHN
(YHKITMOHHUPOBAHHMSI SPraTHYECKON CHCTEMBI JIn0o spramara [10—11].

B ncuxodpusnonorndeckoM MMOHWMAHWW KAaTETOpHs HAIEKHOCTH TIABHBIM
o0pa3oM paccMaTpuBallacCh B KOHTEKCTE METONOB €€ OIpelNeNleHus: Kak
BEPOATHOCTh  Oe30mnO0YHOi paboThl [12], CTaOMJIBHOCTD XapaKTEPHCTHK
TogHOCTH [13], CITOCOOHOCTH MOIIEPKUBATh pabodne MapaMmeTpsl B YCIOBHUSIX
IeUCTBUS HKCTPEMANBHBIX (akTopoB [14], 3amac pe3epBHBIX BO3MOXKHOCTEH
YEJIOBEKa, KOTOPBIE MOTYT OBITH MOMOJHHUTENBHO IONKITIOUYEHBI €r0 OpraHu3MOM
TpU  OCYIICCTBICHUH JCATENBHOCTH B CIlydae OCIOXKHEHHWS cHuryamun [15],
(YHKIMOHANBHEIE PE3ePBHBIE BO3MOKHOCTH OpraHW3Ma, yYpPOBEHb MOTHBAIIHH,
WHANBUAYANbHBIA CTHIIb OEATEIBHOCTH W Jp., HMECIOIINE CYIISCCTBEHHYIO
HHGOPMAIIMOHHYIO COCTaBIIAIONIyI0 [16—17]. AHamM3 OSTUX XapaKTEPHCTHK
MOKa3bIBaeT, 4TO IMPOoOJIeMa HAIEKHOCTH OIEpaTopa BBIPOCIa W3 IPOOIEMBI
MOsIBJICHUS Y Hero onmnook [1, 18].

Kak BHOHO U3 W3IOXKEHHOTO, UIS MHOTMX HAYYHBIX HCCICIOBAHUI
XapaKTepPHBIM SBIIETCS TEXHOKPATHYECKOE (C TO3UIMN TEOpPUH HAIECKHOCTH
TEXHUYECKHNX CHCTEM) MOHUMaHHE MCHUXO(DU3UOIOTHICCKUX  MEXaHH3MOB
obecIiedeH s HaJeKHOCTH JISSITEFHOCTH YelloBEeKa. DTO HAILIO CBOE OTPasKEHHE B
JOMHHHPOBAHUN BEPOATHOCTHBIX METOIOB OIPEICNCHUS HAIeKHOCTH, KOTOpHIE
JIaBaJii XOPOIIHE Pe3yIbTATH B TEXHUIECKON KHOSPHETUKE U JPYTHX TEXHUICCKIX
HayKaX, HO TIPUMEHHUTEIBHO K JEATCIBHOCTH HYEJOBEKa TOKA3alH CBOIO
Or'paHUYEHHOCTb.

I[lpu ompeneneHnn  MexXaHHU3MOB  (HOPMHPOBAHHA IPOdecCHOHATBHOM
HAJISKHOCTH Ienecoodpa3Ho omupatbes Ha npenactaBienue JI.I. Jlukoit [19] o
MHOKECTBEHHOCTH ¥ Pa3HONOPSIKOBOCTH  CYIIECTBYIONIMX  MEXaHH3MOB
PETyNAIUuU HAaISKHOCTH YEJOBEKa, ITOCKOIBKY OpPraHW30BaHHOCTH JFOOOH
MaTepHaIbHOW CHCTEMBI MPOSIBIISCTCS B MHTErpalié (PYHKIHH €€ CTPYKTYPHBIX
koMmmoHeHToB [20-21]. CnemoBaTtenbHO, HAJSKHOCTh JEATEIHHOCTH YEIOBEKa-
oIrepaTopa SABJISETCS CIIOKHBIM ITapaMeTPoOM, B KOTOPOM HEOOXOIUMO YIUTHIBATh U
ceMaHTHUYeCKHe (Comep KaTeIbHBIC) ACIeKThl U TEMI NEeSTeNFHOCTH, CIOXKHOCTS,
HHTCHCHUBHOCTB, ITOCIICAOBATEIBHOCTD 3aJaHIH ¥ BOSHUKAIOIINX BCICICTBHAE 3TOTO
HHPOPMAIIMOHHEIX Meperpy3ok [3—5]; pasHooOpa3HBIX BHEIIHUX BO3ACHCTBHH, a
TakkKe KAYeCTBCHHBIC XapaKTCPHCTHKH JEATENbHOCTH  (CTaTHUeCKas WIIH
TuHaAMu4eckas) [2, 22].
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Heasro pabdoTsl sBISIETCS CO3AaHHME HMH()OPMAIMOHHOH —TEXHOJOTHUH,
HAIIPaBIICHHOW Ha OCYIIECTBICHHE MCHUXO(PU3HOIOTHIECKOr0 00eCIeUeHUs
BBICOKOH HaJIEKHOCTH OIIEPATOPCKOH NESITETbHOCTH.

Matepuaasl U MeToObl. B kadecTBe 0OBeKTa HcclemoBaHWU ObLIa B3sTA
omHOpoAHAas rpymma omepaTtopoB (40 myxuwH, Bo3pact 18-23 roma), KoTopbie
BEIITONHATN TIpOo(heCCHOHANBHBIE O00SM3aHHOCTH paanoTenerpaducra B TEUCHUE
cyrok. HccnmemoBaHne TICHXO(PHU3HONOTHYECKAX XAPaKTEPUCTUK OSTHX  JIHII
npoBomuin B yrperHee Bpems (¢ 800 mo 900 dwacoB) mo Hayama CyTOYHOTO
IeKypcTBa H  HemocpencTBeHHO Tocine Hero [20]. AHamu3 pe3ylabTaToB
MPOBOAMJICS C TIOMOIIBIO CIEAYIOIINX METOMOB: HEIHHEHHOTO PErPECCHOHHOTO,
KJIACTEPHOTO M ABYX(AKTOPHOTO IWCHEPCHOHHOTO aHaHM3a C HCIOIb30BaHHEM
nakera nporpamm STATISTICA 6.1.478.0.

PE3YJIbTATBI HCCJIEJXOBAHMIA

Hepapxuveckass uHGopMallHOHHAA MOJeJb (POPMHPOBAHMUS HANEKHOCTH
OIepaTOpPCKOil MeATeILHOCTH. PaccMOTpeHHE TaKOro CIIOKHOTO MOHSTHS KaK
HAJEKHOCTh JIEATENFHOCTH TpeOyeT NPHUMEHEHHS COBPEMEHHOIO CHCTEMHOTO
moaxona. AHamM3 OpraHM3allid  BO3ICHCTBUI  YIIPABIAIOMNX CTHMYJIOB B
APraTUIECKOM CHUCTEME ITyTeM y4eTa BIHSHHS HOACHUCTEM BBICIIETO YPOBHS UL
00BACHEHNS (PYHKITMOHHPOBAHMSI MTOJCUCTEM HH3IIETO YPOBHS OTpakeH B TEOpeMe
I'enens o nenonnote [23]. CoriiacHo 3TOM TeopeMe MHOTHEe KauecTBa CHCTEMBI He
MOT'YT OBITh IMOHATHI UCKIIOYUTENFHO U3 CBOWCTB €€ CaMoii, a TOJIBKO C IO3UINN
cucTeMbl Oonee BBICOKOro ypoBHsA. Kak mocrymupoBamum W.M. lenbhann u
coaBTOpHI [24], menecooOpa3Hoe MOBEACHUE YIIPABILIIONINX CHCTEM MOPOKIACTCS
palMOHATFHBIM MOBEACHUEM O0pa3yIoIUX WX MOICUCTEM, I KaXKIoH u3
KOTOPBIX ~BCE OCTaJbHBIE OTHOCATCS K BHemHed cpeme. I[lostomy
[eNecoo0pa3sHocTb  (DYHKIMOHUPOBAHUS BCEH CHCTEMBI MPOSBISETCS  Kak
MUHHMHU3AIAST CYMMapHOTO B3aWMOICUCTBHS CHCTEMBI CO CPEOoH, dYTO
Hapymiaercs MpH HM3MEHCHHWH IapaMeTpPOB BHEITHEW Cpelbl Ha ONpeNeIeHHOM
ypoBHe. B  mocmemHeM  ciiygae — JAeiicTBHE — IpUHIOMIA — HAWMEHBIIETO
B3aMMOICHCTBHS C TEYCHHEM BpPEMEHH MPUBOJUT K HOBOMY YCTOHYHBOMY
pPEeKIMY, OOECIEUMBAIONIEMY MHHUMH3ANUIO B3aUMOACHCTBHS B M3MCHUBIICHCS
cpene. IlosToMy it OGornee IMOTHOrO MOHWMAHUS PONK HWH(POPMAIMOHHBIX
MPOLIECCOB, HMEIOMUX pPa3HYyI TMpUPOAY © (OPMHUPYIOMHX HAIEKHOCTH
OIIEePaTOPCKOM NIESITENBHOCTH Ha Pa3HBIX YPOBHSIX HEPAPXUUECKH OpraHN30BaHHOU
CHCTEMBI YeJIOBEK — MaIllHA — OKpYXaromas cpeia, HEOOXOANMO NIETalbHO
paccMOTpeTb OCOOCHHOCTH B3aMMOIPOHWKHOBEHUS BIMSIHUS OJTHX IIPOIECCOB
(puc. 1).

3nmeck menecooOpa3HO OTMETHTh, YTO Ha HAISKHOCTh NESATENBHOCTH Ha
YPOBHE «HYEIOBEK» ITOTCHIIUAIBHO BIMSIOT TAKHUE IMApaMeTphl €ro opraHmuiMa, Kak
mon [25], Bo3pacrt [18], ypoBeHb pa3BHTHS PO ECcCHOHATBLHO BaXKHBIX KauecTs [ 5],
(YHKITMOHAIBHOE COCTOSTHUE [22] ¥ T.10.
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Crpecc-(pakTopbl, COCTOSHUE 310POBbS

CnoXHOCTh, HHTEHCUBHOCTD, COZIEpIKaHHE,
MOCTIEIOBATENNLHOCTD TIPEIbSIBICHUS,
Ka4eCTBCHHBIC XapaKTePUCTHKH
(cratmdeckue, TUHAMHYECKHUE)

Ilon, passurue I1BK, Bo3pact, ®C

Puc. 1. CtpykTypHO-()yHKIIMOHAbHAS cXeMa (JOPMHUPOBAHHS HAJICKHOCTH OMEPaTOPCKOM
JIeITENTLHOCTH € YUETOM BIIMSHUS KOMITIEKCa CHCTEMOOOPa3yroIux (akTopos:
Y — genoBek; M — mammna; C — okpyxartomias cpena; UH — uctuHAast HaqeXHOCTD;
ITH — norennmansHas HagexHOCTh; BH — BeposiTHas Hae)XKHOCTD;
[IBK — npodeccronanbHo BaxkHbIe kKadecTBa, ®C — QyHKIMOHATEHOE COCTOSIHUE;
«— — (bakTop, BO3/ICHCTBYIOMIHNII HA CTPYKTYPHBIC DJIEMEHTBI 3PTraTHYEeCKOM CHCTEMBI

Bmecte ¢ Tem, ecnu paccMaTpuBaTh 4Ye€lIOBEKAa B MOMEHT, IIOKa €Ile HET
JeSITeNbHOCTH, M3ydyaeMash HaJeXKHOCTb MMEET JIMLIb MOTEHLMAJIbHBII XapakTep,
T.e. HC MOXKET OBITh MpOAaHATH3WPOBaHA Oe3 Hanmums camoil aesTeapHOCTH (Y).
WupiMu crioBamu, nmoreHuuanbHas HaaexxHocTs (ITH) 3aBUCHT TOMBKO OT JTMYHBIX
BO3MOXKHOCTEH UYeIIOBEeKa BBHITIONHATEH JaHHYIO paboTy, HO Ha Hee TOKa HE BIHSIOT
nH(pOPMAIOHHEIC HATPY3KH, CBOMCTBEHHBIE CAMOW OIEPaTOPCKOM IesTeNFHOCTH.
Korpma genoBek nomnamaer Ha pabodee MECTO M OCYIIECTBIIACT CBOIO NIESITENEHOCTD
— TOJIBKO B 3TOM Clly4yae MpOsABIAETCA «MCTUHHaS HaaexHocTh (MH).

Omneparopckasi IeATENFHOCTh HEMOCPEICTBEHHO CBS3aHAa C IepepaboTKoi
caMoi pazHooOpa3HoW HH(OPMAIUH, KOTOPYIO penbspiisseT MammHaa (Y-M). [pu
HEOJMHAKOBOM  CIIO)KHOCTH  pEIIaeMblX 3aJaHuii W  HHTEHCUBHOCTH  HX
TIPEABSBICHUS, a TAKXKE BCICACTBUE ACHCTBUS OPYruX (AKTOPOB M MX COUCTAHHH,
BO3HMKAIOT  CYILECTBEHHO  pa3lMyalolivecs  HealIuTHUBHBIE  CUTYalluH,
CIOCOOCTBYIOIIHE TMOSIBICHUIO OMUOO0K. CBUIETENHCTBOM 3TOMY MOTYT CIY)XKHUTh
JaHHBIE O BPEMEHM M KOIUYECTBE OIEpaluii, BEHIIOIHIEMBIX pPaOOTHHKOM
(HampuMep, AUCHETYEPOM DIEKTPUUYECKUX CEeTel) B IUTATHOM U aBapuiHOU
cutyamusix [26-27], KOTopple B 3HAYMTENBHOM Mepe MPeAoIpeneisioT
aJICKBaTHOCTh €T0 OTBETHBIX AEHCTBHU. BBUIO 4eTko Mmoka3aHo, 4To paboTa B
aBapUITHOW CHUTYyAallM B 3HAYUTEIBFHOW MEpe OTJINYAETCs] OT TAKOBOM B IITATHOM 1O
BEIMYMHE HArPy3KH Ha T€ WIHM UWHBIE ICHXO(QHU3NOIOTHUECKHEe (YHKINU
paboTaroiero yeioBeka [28].

[Ipu ananm3e neicTBUS HA YENOBEKA IOACHCTEMEI Oojiee BHICOKOTO YPOBHS
(U-C) obpamaer Ha cebs BHHMaHWE BIWSHUE KaK HAa €ro OpPraHW3M, TaK W Ha
pe3ylbTaThl  €ro  JACATENBHOCTH  (DOHOBOTO  COCTOSHHUS — 3IO0pOBBS U
MHOTOUYHCIICHHBIX CTpecc-(haKTOpOB, MMEIOIUX pa3HooOpasHylo mpupomy [22].
HeobxoanMo 4YeTko OCO3HaBaTh, YTO HA JTOM YpPOBHE OTMEUCHHOE BIIHSHIHE,
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OTYACTH, SBJSIETCS KOCBCHHBIM W (OPMHUPYET BEPOATHYIO HAIEKHOCTh
nesitensHOCTH (BH).

Takum 00pa3oM, TPEIIOKEHHAS HepapXudeckas MOIENb BKIIOYAET B CeOs
BO3JIEHCTBHE MHOTO000Pa3HBIX (DAKTOPOB Cpelbl M XapaKTEPUCTHK OpraHm3Ma
YeJIOBeKa, CYIIECTBCHHBIM 00pa3oM BIHUSIOMNX Ha (OPMHUPOBAaHWE HAIECKHOCTH
OIIEePaTOPCKOM EATEIFHOCTH U TO3BOJISIET OOJIee IMOTHO OLEHUBATH 3TOT ITapaMeTp
U pa3pabaThIBaTh aJeKBATHBIC MEIUIIMHCKHE MEPOIPHUATHS IO IMOINEPKUBAHUIO
€r0 BBICOKOI'O YPOBHSL.

NudopmanmnoHHbiii  0JIOK  OIEHKH  HAJEKHOCTH  ONEPaTOPCKOM
AesiTeJbHOCTH. V3ydaemas spratuueckas CUCTeMa IMPEICTABIAETCd KaK HEYTO
eIUHOEe, ONHOBPEMEHHO SBILIIOIIEECS W apeHoi, W 00beKTOM pa3BUTHA. B
MIpoLIeCCe OCYIIECTBICHHUS MPO()ECCHOHATBHON IEeATEIFHOCTH YEIOBEK AKTHBHO
mpeodpasyeT pemaeMyro 3a1aqy U SBOIIOIHOHIPYET caM, IOCTOSHHO aIalTHPYACh
K U3MEHEHHOM uM cpene (puc.2). Bmecre ¢ Tem, ecnu neiicTBue mapaMeTpoB
3aJaHus Ha OpraHu3M YeJIOBeKa SBIIETCS OECCIIOpHBIM, TO 00paTHOE BO3ICHCTBHE
YelloBeKa Ha XapaKTepUCTUKHU 3allaHUsl HE BBIpa)kaeTcs CTONb sBHO. OJHAKO
aHAJIM3 HAJIeKHOCTU JESTEIbHOCTH CO BCEH OYEBUIHOCTBHIO CBUIETEILCTBYET O
TOM, YTO TIpA BBIOJHEHUHM 3aJaHUs YEJIOBEK CYIIECTBEHHBIM 00pa3zoM
TpaHCPOPMHUPYET €ro MmapaMeTppl W TEM CaMbIM IIOCTOSHHO  MEHSET
XapaKTePUCTUKA CBOETO 3aJaHusl, OCOOCHHO B CHTYaIUsX ITOSBIICHHS OLTHOKH.

B sTOoM ciydae MOXHO yTBEp)KIaTh, YTO YCIOBHUS IOSBIICHHS OIIMOOK HE
SIBJIAIOTCA  AJJIMTUBHBIMHU M TO3TOMY OLIEHKAa HAJEXKHOCTH C [OMOIIBIO
OIIpEIeTICHUST BEPOSTHOCTH OMIMOOYHON NESTENEHOCTH, T.€. IIyTeEM CyMMHUpPOBAHUS
KOITMYECTBA OMIMOOK, TOSBILTIONINXCS B Pa3HBIX 00CTOSATENBCTBAX, U OTHECCHHUS UX
K O0lmeMy 4YHCITy NpPOBEICHHBIX JICHCTBHHA HE CIHOCOOCTBYET MOIYICHHUIO
00BEKTUBHOTO M TOYHOTO PE3yNbTaTa. YUEeT 3TOr0 OOCTOSTENHCTBA COBEPIICHHO
UTHOPHPYETCS TpH OICHKE HAISKHOCTH TPATUIIMOHHBIM CIIOCOOOM, Kak
BEPOSITHOCTH 0€30MMOO0YHOCTH (WM OIMIMOOYHOCTH) €ro IMpogecCHOHANEHON
JEeSITENbHOCTH.

Taxum oOpa3oM, i OoJee TONMHOTO aHalm3a HaIe)KHOCTH HEOOXOIUMO HITH
Y4€CThb 3TOT BaXKHBII acleKT AEATENbHOCTH, WIHM IOCTapaTbCsi MaKCUMalbHO
HCKIIOYHTH ero nposieieHus. Orciona GpopMupyercst dpe3BbIUAiHO BaskHAs 3a/1a9a
MOCTPOCHUS TaKoi WH()OPMAMOHHON TEXHONOTHH, KOTopas OBl YYWTHIBAIIA
oTMeueHHEIH (heHOoMeH. [loaToMy I ee peanu3anuyl menecooOpa3HO MPUMEHSTh
HECKOJIBKO MO/IX0JI0B.

Ilepguiii n00x00 COCTOUT B HCHONB30BAHWH CIICIUANBHBIX KOMIUIEKCHBIX
MoKazaTeNiel, Y4YMTHIBAIOIIMX BO3JEHCTBHE Ha TMOBEIEHYECKUE PEAKIUHU
paboraromiero yenoBeka (yHIAMEHTAIBHBIX XapaKTEPUCTHK €ro OpraHm3mMa (Iod,
BO3pacT, BelpaxkeHHOCTH 1IBK 1 n1p.). IlpeumyinectBoM 3TOro moaxona sBisSeTCs
JIOCTaTOYHAas JIETKOCTh M JIOCTYHHOCTb IONYYEHHS HHTErpajibHBIX MHAMKATOPOB
HaJeKHOCTH  JEATENIbHOCTU. 3/1€Ch, KOHEYHO, HENb3sl HENOCPEICTBEHHO
onpenenuth ypoBeHb [TH, MOCKONBKY A MONydeHHs pe3yibTaTa HEeoOXOIUMO
MPEITIOKATE YENIOBEKY IPOJENATh ONPEIeNCHHYI0 paboTy, OJHAKO €Tr0 MOXHO
KOCBEHHO OIIEHHUTh C IIOMOINBI0 IMPHEMOB HH(MOPMATHKH, HAMpPaBICHHBIX Ha
MOJTy4YeHHE WHTErPalbHBIX TOKa3aTened (OLUeHKa HAJAEXKHOCTH NESTENbHOCTH I10
KOMIDIEKCY TCHXO(U3NOIOTHIECKUX ITapaMeTpoB: (YHKIHNOHAIEHOE COCTOSHHE,
Bapra0eIbHOCTh CEPACYHOr0 PUTMA, OCOOCHHOCTH AJIEKTPUICCKOW AKTHBHOCTH
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KOpBl TOJOBHOTO MO3Ta, JIMYHOCTHBIE XapaKTePUCTHKH W T.A.), B YacCTHOCTH
WCIIONIB30BaHUS METOJOB HEUETKOM Jloruku [22, 25, 29].

Bropoit momxom ompeneneHHs HAIEKHOCTH HANpaBIeH Ha BO3MOXHOE
YMEHBIIICHUE BIMSHUS 4YeJOBEKAa HA XapaKTEepUCTUKU 3aJaHds, YTO JeNaeT
TEXHOJOTHIO €ro BEHINIONHEHHWs Ooilee TPYAOSMKOH, HO (QH3HOIOTHYECKU
aJICKBAaTHOM, ITOCKONBKY KaXXIBId omepaTtop paboTaeT Ha MaKCHMyME CBOUX
BO3MOXKHOCTEH, KOTOPBIE MPENETBHO CYXKalOT CTEIEHN ero CBOOOIBI TP BEIOOpE
pelIeHu, OrpaHIMYUBAs €ro BIMSHUE Ha TapaMeTPhl perIaeMoro 3a1anus (puc. 2).

Ion \ — C10’)KHOCTh

YpoBeHb

HaAEKHOCTH
/ AeATE/IbHOCTH
Bospact

CocTrosHMe Xapaxrep
3/0pOBbI TOC/Ie0BaTe/IbHOCTH
KosimyecTBeHHbIE
PyHKIMOHA/IbHOE XapaKTepHCTUKH
COCTOsIHHE KayecTBa
(auHaMmnyeckue,
CcTaTU4YecKue)
Passutue IIBK CopepxxaHue

v (—| 3adanus e,

Xapakmepucmuku | T
desimeibHOCMu

HNHTEeHCUBHOCTb

YEJOBEK
MAINIKUHA

Puc. 2. MudopmarmonHas Mojeib qeHCTBUI YenoBeka U () YHKITHOHUPOBAHUS MAIIIMHBI
B DPTaTHYECKOH cHcTeMe

Jns ocyliecTBiIeHUsT pacCMaTPUBAEMOro MOAXO0Ma MPEMIAraeTcsl MPUMEHUTh
MOOYIb UHDOPMAYUOHHOU MEXHOLO2UU, UCHOL3YIOWUL NAPaMEempbl NPeoebHOU
BO3MONCHOCU  OCYWECMEICHUSl 0essmeabHOCHuU. ITOT MOIYJb peallu3yercs B
HECKOJIBKO JTamoB: moaroroButenbHbl (I) ams ompenmenenus mpenenbHBIX
BO3MOJKHOCTEH YeoBeKa 1o rnepepadboTke moToka nHGopMauu u oreHounsii (11),
MO3BOJIAIOIINN ONPENCIUTh YPOBEHb HAIEKHOCTH JEATEIBHOCTA B YCIOBUSAX
MaKCHUMAaJIbHOM Harpy3Ku Ha 4eloBeka (puc. 3).

Jns  peanuzanuum mpouenyp IMEpBOro 3Tana MNPUMEHSETCS MPUEM C
HCIIOJIb30BAHHEM OTPHIIATEILHON OOpPaTHOM CBSI3W, KOTOpas MO3BOJISET aIeKBaTHO
U3MEHATh CJIOKHOCTH MPEABIBIIEMBIX 3a/1a4 B 3aBUCHMOCTH OT YCIEIIHOCTU HUX
peLienus.

OrmrcanHOE MPaBUIIO MOXKHO PAaCCMOTPETh HA MPUMEPE OIEHKH HaJEKHOCTH
ONepaTOPCKON AESTENPHOCTH IO BPEMEHHBIM XapaKTEpUCTHKAM MPEIbABISIEMOrO
CHUTHaJa, KOTOpoe Iiellecoo0pa3Ho (opMalli30BaTh C IOMOIIbIO TTOHSATHS

o
HpOKOJ'IOTOfI OKPECTHOCTH U , CYHIECTBOBAaHHEC KOTOpOfI OTBC€YACT YCJIOBUSAM:

o o
V1, eU( ) f(1) < f() mm Ve, €Ut ) f(t)> (1), tie 1 —
TeKymiee 3HaueHHe (QYHKIHH f (OTpaskaloliell BPEMEHHYIO ITOCIENOBATEIHHOCTh
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W3MEHECHUH SKCHO3WIWHA pa3IpakuTeNsl B IPOIECCe MOATOTOBUTEIBHOTO 3Tarla
uccuenoBaHus). B pesympTare BBINONHEHHWS JTOTO 33JaHUS  OMPEHENSIeTCS
MIpeAeNbHOE BpeMs NEHCTBUS PasIpaskUTeNsI — Tjim, IPA KOTOPOM OIEpaTop eIe
MOXET JIaTh MPABUIBHBIA OTBET.

Bmopoii nooxoo moxer OBITH pa3neneH Ha HECKOIBKO ATAIOB, TTO3BOJISIOIINX,
OTTANKUBAsICh OT TOYKH Ty, KOHCTPYHUPOBATH TECTHPOBAHUE HCIBITYEMOTO C
MOCTOSTHHOM 3KCIIO3HUIUEH pPa3fApaXKUTENs, OTIHYAIOIIEHCS OT Tiym Ha 3aJaHHYIO
BenmuuuHy (A).

a N

£ \
' YE/IOBEK |

o
=t

v
V1, € (D](TH) f(r) < f(t,.) |
V1, € (D](TH) f()> f(r,) Gim™ 8

L Jom

Tim
Tiim

|
v
\ 4

\ 4

HagexHOoCTb onepaTopcKoii
[eATeNIbHOCTH

"
Timt O

Tim+2 A
I 11

MALLIUHA

Puc. 3. Dransl peanuzanyu Moayis HH(GOPMAIIMOHHOW TEXHOIOTHA
MICUXO(PHU3UOIOTUUECKON OLIEHKH HAJAKHOCTH ONEPaTOPCKOM AESTETBHOCTH C
HCIIOJIb30BAHUEM ITapaMeTPOB MPEACIFHON BO3MOXKHOCTH €€ OCYILIECTBIICHHUS

Tpemuii nooxo0 OCHOBaH Ha WCIOJb30BAHMW JAHHBIX TECTHPOBAHHS C
MPUMEHEHHEM OOpaTHOM CBSA3M M YYHTHIBACT TOT OYEBHJIHBIA (DAKT, YTO MpH
JOCTaTOYHO MEMJICHHOM TMPEObSABICHUH 3aJaHUM OMEepaTop MOXET JIOJIr0
0e3ommboyHo paborath. [IpH yMEHBIIEHWH 3KCIIO3WIUH 3aJaHUS BEPOSTHOCTH
MTOSIBJICHUS OIIMOKH PAcTeT M B PEXKUME MOJAYH Pa3aAPAKUTENICH, MPEBHIIAIOMEM
BO3MOXKHOCTH 4YeJoBeKa 10 IepepaboTKe JaHHOrO BHUAa HH(OpMAIWH,
BEPOATHOCTh TIOSABJICHHS OIMMOKW OymeT paBHa efuHWIlE. VHBIMH CIOBaMH,
JIEATEIPHOCTh OIlEepaTopa B IIUPOKOM [OHANA30HE CIOKHOCTEH MNPEIbsABIISIEMBIX
3aJaHUd  MOXKET YHHBEPCAIBHO OMHUCHIBATBHCS  AJUIOMETPUYECKOW KPUBOM.

®opmyrna, ONUCHIBAIOIAS OTY KPHBYKO, HMECT BHI  p(q) =% (a—b) *
+e

TIE pPr) — BEPOATHOCTh HANEKHOCTH NEATEIBHOCTH; T (MC) — DKCIO3HLUSA
MPEeABSIBIAEMOrO CHUTHama, a W b — KodQOUIHEHTH, OTpakalomiue

© B.B. Kanpuum, A.B. [lIsew, 2014
60 ISSN 0452-9910. Ku6epHeTuka u BbI4HucI. TexHUKA. 2014. Boim. 177



(YHKIMOHAIFHOE COCTOSIHAE M YPOBEHB pa3BUTHs MPOPECCHOHANTEHO BaXKHBIX
KayecTB oIreparopa.

Jiig  peanu3zauuy 3TOro MOAXOHNA TMpelylaraercd elle OAWH MOAYJb
HHGPOPMAIMOHHOM TEXHOJOITHMH, OCHOBAHHBIII HA aHa/lW3e MNapaMeTpoB
AJJIOMETPUYECKOH KpPHUBOiIl, ONMHMCHIBAKIIEH HAJEKHOCTH ONEPATOPCKOI
AeITeJJbHOCTH B IIMPOKOM /JUana3oHe HHTEHCHMBHOCTH HHG(pOpPMaNMOHHOM
Harpy3ku. OCHOBHOW wuzeed pealu3alldd 3TOr0 MOAYJS SBJSETCA aHAIU3
mapaMeTpoB  JIOTHCTHYSCKOH  (PYHKIHWH,  OTpakalomell  COrIacoBaHHYIO
COBOKYITHOCTb XapaKTEPHCTUK NEATEIFHOCTH M MPEACTABIIONICH co00i JIMHHUIO,
MOCTPOCHHYIO TI0 KOMIUIEKCY 3HA4YCHHH, OTOOpaKaloUmIMX COOTBETCTBHE
BEPOSATHOCTH MPAaBUJIBHOIO PELICHMs IIOTOKA 3a7jad U CKOPOCTH UX MpPEeIbsBIICHUS,
JIEMOHCTPHPYIONINX TPAHC(HOPMAIIUIO MMapaMeTpa HaIe)KHOCTH ACATEILHOCTH IPH
yCcIOKHEHHH — rmepepabateiBaeMoii  mH(opmanmu. Takas KpuBas — SBISIETCS
«rpodpunem HanexHocty aesrenbHoctr» (ITH) [30]. IIpu stom ITHJ otpaxaer
HE TOJBKO (POPMATBHYIO CTOPOHY U3MEHEHUS HAaJISKHOCTH ACSTEIHHOCTH OT TEMIIa
TIPEABSBICHUS 3aaHUi B Pa3sHOOOPA3HBIX YCIOBHAX M PEKMMaX, HO M MOXKET
CIIy)XUTh  XAapaKTePUCTHKOH  W3MEHEHHs  (DYHKIHOHAIBHOIO  COCTOSHHSA,
BEIPOKEHHOCTH MPOQECCHOHANBFHO Ba)KHBIX KAa4eCTB oIepaTopa. JTa TEXHOJIOTHS,
COCTOSIIIIAsl M3 JBYX AITAIOB, IMO3BOJIAET CYIIECTBEHHO YMEHBLIUTH (IPUMEPHO B
AT pa3) BpeMsl MPOBEAECHUS MCCIEIOBAHMS HAaJEKHOCTH OINEpaTOPCKON
JesITeNbHOCTH, HE TepAsl IPU 3TOM KayeCcTBa OLEHKU HaJeKHOCTH AEATENbHOCTH.

[IpumepoM HCIIONB30BAaHUS TIPEUIOKEHHOW WH(MOPMAIMOHHOW TEXHOJIOTHH
SIBIISICTCS OLIEHKA HAJIKHOCTH JEATEILHOCTH Y ONEepaTOPOB-PaIHOTENET PadUCTOB.
Boun mocTpoeHs! Joructuyeckue Kpusble, onuchiBatomue [TH/] onepaTopoB 1o
JTaHHBIM PEIICHUS TECTOBBIX 3a1ad B KOHIIE CMEHBI, KOTr1a paOOTHHUKH BCIIECICTBUE
HAKOIUIEHHOH yCTalloCTH OBUIM CKIIOHHBI JENaTh OONbIIee KOTHYECTBO OIMIMOOK.
Jiga BblAENEeHHA OJHOPOAHBIX TPYII MO CTENEHW HaIEKHOCTH IEATEIbHOCTU
ormepaTopoB ObUT TPOBENCH KIACTEPHBIM aHamu3 WHIuBHAyanbHbXx [IH/]. B
pe3ynbTare OBUIH BBIIEIEHBI JBE MOATPYIIEI JIHI, Pa3iINYaOMIAXCs 10 YPOBHIO
HajgexHocTH (puc 4, a). B moarpymmy 1 (p;) momanmu pamuotenerpadpucTel,
HAJEKHOCTh AEATENBHOCTH KOTOPBIX, UCXOIS U3 PE3YIbTATOB IBYX(PAKTOPHOTO
JIMCTIEPCHOHHOT0 aHanm3a, qoctoBepHo Bhime (p < 0,001), uem B moarpymte 2 (p»).

Bropoit »sTam OCHOBBIBajCs Ha YCTAaHOBIGHHWH OONAcTH  KoeOaHWUi
KO3 (UITUEHTOB @ ¥ b JIOTUCTHUECKOW KpHUBO#, oTpaxkaromieit ITH/] onepaTopos ¢
«BBICOKHM» YPOBHEM HAISKHOCTH MPOPECCHOHANBHON AEATeNHbHOCTH. BB
MOJIy4eH CPEIHErPYNIIOBOM WIM «HOPMATHBHBIIN» (11O TpyIIe € «BBICOKUM)
ypoBHeM HanexxHoctd) mnpobunar — [IHMIA,. Wwmenno IIHJ/,; sBisercs
VIOBICTBOPUTEIGHEIM TIPH  BBEITOJHEHUH OINEpaTOpaMH CBOMX  CITYKEOHBIX
obs3amHOCTell. [Jlanee ¢ momomipio Meroma MonTte-Kapno u aByxdaxropHOro
IMCIICPCHOHHOT0 aHali3a ObUIa BBIABICHA oONacTh, TAe mHAMBHAYanbHOe [TH]]
emie Moryio TpakroBaThesa kak I[IHJI, mpunamnexamee kontunyymy ITHJI, ¢
BeposiTHOCTRIO p < 0,05 mns mury ¢ «Beicokoi» wnu p < 0,1 mma mur c
«YIOBICTBOPUTENBHON» HameKHOCTBIO (puc. 4, 6). lmes KoopOWHATHI
BbIZIeTIeHHOM oOyacti [TH/; MoxHO 1o 3HavyeHUsM KodQQHUIHEHTOB a W b
unuBuayaneHsix ITH/] npuHuMath pelieHHe O HaAEXKHOCTH ONEpaTOPCKON
JeSITeNbHOCTH KOHKPETHOTO YeJlOBeKa.
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Puc. 4. Uudopmarmonnas TexHonorus onenku [THJ] onepaTopos:
a — ITH/] moarpymmsl ¢ BBICOKOH (— moarpymmna 1) u Hu3Ko# (- - - moarpymmna 2)
HAJISKHOCTBIO IEATENILHOCTH, P(T) — BEPOSTHOCTD HaJISKHOH AEATETHHOCTH;
6 — COOTBETCTBHE XapaKTepUCTUK HHANBHAYaTbHEIX [TH]] (@ u b) HOpMaTuBHON 00IacTH
(BBICOKOI M YIOBJIIETBOPUTEIBHON ) HAISKHOCTH JEITETLHOCTH OIIEPaTOpOB.

NudopmannoHHbIii 00K KOPPEKIMH HAJAEKHOCTH ONEPATOPCKOM
AesiTeJbHOCTH. Koppekiuss HaleKHOCTH JESTENBHOCTH OIEPaTOPOB MOXKET
OCYIIECTBIATECS. C TIOMOIIBI0O TPEHHUPOBOK IICUXO(PHU3MONIOTHUECKHX KadeCTB C
MOCTOSTHHOM OILIEHKOM CTeNeHW WX coBepmieHcTBoBaHUS (puc. 5). Koppekims
MCUXO()U3UOIOTHIECKIX KA4YeCTB IIPOBOJUTCS B HECKOIBKO JTammoB (OIEeHKa
ucxonHoro ypoBHa IIBK, o3HakomieHue ¢ METOIUKOW, TPEHUPOBKA
MCUXO()U3NONIOTHICCKIX KAa4eCTB C TUHAMHUYECKHM KOHTPOIEM HX YPOBHSI B
TedeHWe MHEBHOrOo (j) W HemenbHOro (i) IHKIOB). Pe3ympTaToM TpeHHPOBKU
SIBIISICTCS. HATMYHE TTO3UTHBHOTO d(()eKTa B MOBBIIICHUN OTHOCHTEIBHOTO CIIBUTA
yposus [IBK ne menee uem Ha 0,3.
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Puc. 5. MudopmarioHHas TEXHOIOTUS KOPPEKIHK (TPEHUPOBKH U KOHTPOJISI)
MICUXO(PU3HOTOTUUECKUX KAUeCTB ONepaTopa: i, — KOIUYECTBO LUKJIOB TPEHUPOBOK
B HEZIEIIO; j,, — KOJIMYECTBO IIUKJIOB TPEHUPOBOK B JIeHb (71 = oT 1 10 3);
Tiim » — WCXOJHBI BPEMEHHOW YpOBEHb MPEAETbHBIX BO3MOKHOCTEH 110 TiepepadoTKe
nH(OPMALNH; Ty, . — MPOMEKYTOYHBI BPEMEHHOH YPOBEHB MPEIETbHBIX BO3MOKHOCTEH
10 TepepaboTke HHPOPMAIUH MOCIE KaX/IO0TO j,, IIUKIa TPEHUPOBKU.

NudopmannoHHbiii 010K  MOHMTOPHHTa  NMCUXO(HU3HOJIOTHYECKHX
KavyecTB omeparopa. B  ycrmoBusx 1mpodeccCHOHAaNBHOW — IESATENbHOCTH
[eNecoo0pa3Ho  MPOBOAWTH MOHUTOPHHT  HAJEKHOCTH — IpodecCHOHANEHON
nestensHOCTH, a Takke OC 1, B cirydae HEOOXOIMMOCTH, MIPOBEICHAE KOMITIIEKCa
neqeOHO-TIPOPMITAKTHIECKIX MEPOIPUSATHHA, OCYIIECTBISIEMBIX IO HaOMOICHUEM
Bpaua. Pa3paboTaHHBIN 60K MHPOPMAIIMOHHON TEXHOIOTUH BKIIFOYAET HECKOIBKO
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3TanoB (MEPUOIUUYECKOT0 KOHTPOJSA HAJIEKHOCTH ONEpaTOPCKON NEATENIbHOCTH U
MIPOBEICHUS MpoQUIAKTHIECKUX, TPEHUPOBOYHBIX, MIPEBEHTUBHBIX
peabHINTAMOHHBIX WIIH JIedeOHBIX MPOLEAyp, HalpaBlIeHHBIX Ha Koppekuio OC
omepatopa). B ciyuae MO3UTHBHOrO MAEHCTBUS NPHUMEHSEMBIX MEpPOIPHATAN
PEKOMEHIYeTCsl MPONODKEHHE MpodecCHOHambHON aesTenbHOoCTH. HeraTHBHBIM
pe3ynpTar maer WHGOPMAIWIO Bpady W PYKOBOACTBY  VUPEXKICHHS O
pPEKOMEHIANU paOOTHIUKY CMEHHUTD HAIIPaBJICHUE NEATENBFHOCTH (pHC. 6).

Henoeer

OreHKa HaIeAKHOCTH
OnepaTopcKoil NeATeNBHOCTH |

24 V55

Peaynerar
MOHHTOPHHTA

<8 V<3t

OleHKa HAJIEKHOCTH

—
OMEPAaTOPCKON NEATENEHOCTH | 4 V3
C YHETOM BO3pacTa H noja
BPAY
3
o
o © '
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g " | sy
£ g S g 2355
m g 5 = & T ¥
T o T = e x
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ti>t§+)‘wti+1’> Eti
Peaynstar
MeTHIHHCKIX OueHKa HANEAKHOCTH
MeponpHATHii 4,:¥ 2 | onepatopckoii IeATeNBHOCTH
€ y4eTOM BO3pAacTa i nonia
tiqti+)‘vti+)‘<8i
Pexomenaanum o Ipoxo.rkenne

BO3MOAKHOM HIMEHEHHH
CAYReDHOTO HO0KEHHA

npodeccHoHATbLHO
HeATeIbHOCTH

Puc. 6. MudopmarmoHHblii 610K MOHUTOPHHTA ICHXO(U3UOJIOTHUECKHX KaueCTB
orepaTopa 1 JiedeOHO-TPOQUIAKTHISCKIX MEPOIIPUSTHI, HallpaBJIeHHBIX HA MOJIepKaHUe
BBICOKOW HaJIEKHOCTH ONEPATOPCKON AEATENBHOCTHU: f; — XapaKTEPUCTUKHU TEKYIIEH
HaJISKHOCTH JIEATEIBHOCTH OIIepaTopa; #;.; — OLIEHKa HaJIEKHOCTH ONEePaTOPCKON
JIeITENTLHOCTH B TIPEIBIAYIINHN TEPHUOJ] BPEMEHHU; #;+; — OLICHKA HaJeXHOCTH OIIePaTOPCKOM
JIeITENTLHOCTH MOCIIE MPOBEACHHS JIEIeOHO-TIPOPHIAKTHIECKIX MEPOIPHSITHA.

Bpau B 5TOM O110KE SBISETCS KIFOUYEBHIM 3BEHOM, MTPUHIMAIOIIAM PEIICHHIE O
[EJIeCOO0Pa3HOCTH BBITIONHEHHSI ONpPENENICHHBIX MEPONPHITHH Ha OCHOBAHHHU
uHpOpPMAIINH, IOMyYaeMOH OT OJIOKa OLEHKH HAIEeKHOCTH OIEepPaTOPCKOI
nestenbHOCTH. K HUM oTHOCsTCS: Tperuposka [IBK omeparopos, [TH]/[ kotopsix
HaxoAUTCA B  30HE  YAOBJIETBOPUTENBHOW  HAJEKHOCTH;  IPEeBEHTHBHAs
peabuiuTamus MPH HAIMYUN TOHO30JIOTHYECKHX COCTOSHUH (IepeyTOMIICHHE,
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HEPBHO-TICUXMYECKOE IepeHaNpsHKEHUEe, XPOHUUYECKOE YTOMIIEHHUE); JICUCHHE
BO3HUKUIMX COCTOSHHUHA HEBPOTU3aLMH W TCUXONAaTHU3alUM B pe3yJbTare
HAIPSDKEHHOW TPO(ECCHOHANBHON NEeSTENFHOCTH, SMOIMOHAIBHOTO BBHITOPAHHUS,
cTpecca U T.I. B moboMm ciydae mpoduiakTHIeCKue MEPOIPHATHS HAa3HAYAIOTCS
BpauoOM B HHIUBUAYAJBbHOM MOpAAKE TOCIE€ TMOJIY4YEHHs  pPe3yJIbTaTOB
MOHHUTOPHHTA WK MEAULUHCKIX MEPOIIPUITUH.

Takum o00pa3oM, B pe3yiabTaTe NpPOBEICHHOIO aHanmm3a ObUIa co3maHa
HHPOPMAIOHHAST TEXHOJOTHS 00ECIICYCHNST BEICOKOH HANIS)KHOCTH OIIEPaTOPCKO
JeSATeNFHOCTH, YYHTHIBAIOMIAss WH(POPMAIIMOHHEIC IPOLECCH], MPOTEKAIONINe Ha
pa3HBIX YPOBHSAX HEpPapXUYECKH OPraHM30BAaHHOM JpPraTU4YecKodl CcHCTEME,
CHUCTEMbl 4YeJIOBEK — MallMHa — OKpy)Karollas cpela, cocTosdlas u3
HH(POPMAITMOHHBIX OJOKOB OLIEHKH HAJEKHOCTH ONEPaTOPCKON JEATEIHHOCTH, e
KOPPEKLUUU U MOHUTOPHHTA.

BBIBOBI

Bruinennsie pyHIaMeHTANBHBIE PUYHHBI TOSBICHHUS OMIMOOYHBIX ACHCTBUI
orepaTopa OCHOBBIBAIOTCSI Ha CYIIECTBOBAHHM OOBEKTUBHBIX IPOTHBOPEUUN
MEXKIy HECOBEPUICHCTBOM HWMEIOUINXCS 3HAHUN YeloBeKa O PEeryIupyeMbIX
mpoleccax M IMPUHATHEM UMM pEIIeHWH, a Takke HEeNOoJHOTe IIpaBuJl,
PETIIaMEHTUPYIOMHUX HEeHCTBHA OIepaTopa B OCOOBIX, HEOOBIYHBIX CHTYAIIHAX,
BEAYIINX K HEMIPAaBWIBHON MHTEPIIPETAIIIH BO3HUKIINX IIPOOIEM.

PazpaboTannas wepapxuyeckas HHQOpPMAIMOHHAS MOIEITH (OPMHUpPOBAHUE
HAJEKHOCTH OIEPaTOPCKOM JEATETHHOCTH BKIOYaeT B Ce0sl  DIIEMEHTHI
MHOTOOOpa3HBIX (PAKTOPOB CpeAbl M XapaKTepHCTHK OpraHu3Ma YeNoBeKa,
CYIIECTBEHHBIM  00pa3oM  BIHUSIOIINX Ha  (OPMHPOBAHHE  HAIECKHOCTH
OIepaTOpPCKO JIEeATENPHOCTH Ha YpPOBHSX YEJOBEK, 4YEJIOBEK — MalllhHA U
YEeJOBeK — MaIllMHa — OKpYXKammas cpela, 4YTO MO3BONsAEeT OoJee IOIHO
OLICHUBATH ATOT MapaMmeTp, a Takke pa3padaTeIBaTh aJeKBAaTHBIE MEIUIIMHCKHE
MEPONPUATHS 110 MOAAEPKUBAHUIO €T0 BEICOKOIO YPOBHSL.

[pemnoxenusle  WHOOPMANMOHHBEIE  MOIYNTH  OLEHKH  HAJCKHOCTH
OIEepaTOpPCKOM  NIeATENIbHOCTH  OCHOBAaHbl HAa  IMOJMYYEHUM  HHTETrpalibHBIX
MCUXO()U3NONIOTUIECKIX TIOKa3aTelel, MCIIOIh30BaHUH MAPaMETPOB ITPEISTBHOM
BO3MOXKHOCTH  OCYLIECTBJIEHMSI  JESTENbHOCTH, a TaKkKe XapaKTepUCTHUK
AITIOMETPUIECKONH KpUBOW KakK MpO(HIsS HAIEKHOCTH ICSSITEIFHOCTH U B ILIEIOM
MO3BOJSIIOT ~ YYMTHIBAaTh B JPraTMYECKOM  CHCTeM€  MHOIOTPaHHOCTb
HH(POPMAIOHHBIX MPOIIECCOB MEXIY JnefcTBUSIMU YeNoBeKa u
(YHKINOHUPOBAHUEM MAIIIHEL.

PazpaboTannsie Onokn WH()OPMANMOHHONW TEXHOJOTHUH ISl TPOBEICHUS
MOHHUTOPHHIA U KOPPEKLUHMH HAJEKHOCTH ONEPATOPCKON JESITENbHOCTH OCHOBAHBI
Ha JUHAMAYECKOM OTCIEKHBAHUU YPOBHS IPOSBICHUS TMCUXO(PU3ZHOIOTHUECKIX
Ka4yecTB OIEepaTopa U COCTOST M3 ATAlOB: NEPUOAUUECKUN KOHTPOJIb HaJAEKHOCTH
OIIEPaTOPCKOM JIEATETHHOCTH, POBEICHUE MPOPHUIAKTUICCKIX, TPCHUPOBOYHBIX,
MIPEBEHTUBHBIX PEaOIITUTAIIMOHHBIX WU JICYeOHBIX MPOIEyp, HAPaBICHHBIX Ha
oOecrieueHre BBICOKOH HAAEKHOCTH MPOPECCHOHANEHON IEATeNbHOCTH U
coXpaHeHHUs paboTOCIIOCOOHOCTH YeIIOBEKa.
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BBICOKOI HAJEKHOCTH OHCpaTOpCKOﬁ ACATCIIBHOCTH OCHOBaHa Ha OICHKC
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A FORMAL ANALYSIS OF MECHANISMS
INCREASING ARTERIAL PRESSURE

Grygoryan R.D.
Institute of Software Systems of National Academy of Sciences of Ukraine

[IpennoxkeHo pacHmupeHHOE MHPEACTABICHHE O MEXaHU3Max
PETYISINN CPEAHETO apTEePHUANIBHOIO JABJICHHUS B HOPME M NPH apTepHAILHON
TUIIEPTOHUH. Y  TO3BOHOYHBIX (B YAaCTHOCTH, Yy 4YEJOBEKa) €cTh
MHOTOMAacIITaOHasi 3HEpreTHdecKas: MeracucreMma, Bemymas OopsOy MmpoTHB
MponoKuTeNnbHO HexBaTku AT® B xieTkax. MexaHHU3MbI, OalaHCUPYIOLIHE
CKOpOCTH Tpou3BoACTBa M pacxona ATD B kaxmod KIETKe, HaXOAATCS BO
B3aUMOCBSI3U C MEXAHU3MaMH U BET€TaTUBHBIMH CHCTEMaMH OPTaHM3MEHHOTO
MacmTaba. Pa3Butme  apTepuanbHOW THUIEPTOHMH  CKOpee  SIBISIETCS
KOMIIEHCATOPHOM peakinyeil Ha HeXBaTKy SHEPTUH, YeM OOJIC3HBIO.

Kniouegvie cnoea: aprepuaibHas THUNEPTOHUS, JHEPreTHKA,
(uznoNorus KpoBOOOpAIICHNUS, MOJICIIH.

3anpornoHOBaHO PO3LIMPEHE YSBJICHHS IPO MEXaHi3MH
peryisiii cepefHbOro aprepialbHOrO0 THCKY B HOPMI Ta HpH apTepialbHii
rinepronii. Y xpebeTHux (30Kkpema, y JOAWHH) € OaratoMacmrabHa
eHepreTUYHa MeracucTeMa, sika Bezie 60poTs0y npotu TpuBaioi Hecraui ATD B
KIiTHHAaX. MexaHi3Mu, sKi OalaHCYlOTh MIBUAKOCTI TPOAYKYBAaHHS Ta
Bukopuctanus AT® B KOXHIN KIITHHI, HAXOMITHCS y 3B’ 3Ky 3 MeXaHi3MaMu
Ta BEreTaTHBHHMH CHCTEMaMHU OpraHiamy. PO3BHTOK apTepianbHOi TilepToHil
CKOpIIIIe € KOMIIEHCATOPHOIO PEAKI[i€l0 Ha HecTady eHepril, Hi’k XBOPOOOLO.

Kniouosi cnosa: aprepiaibHa TiNEPTOHIs, EHEPreTHKA,
¢izionorist KPOBOOOITY, MOEITI.

INTRODUCTION

Arterial hypertension (AH) is a multi-factor disease mostly developing
gradually [1, 2]. About 30% of adults are affected by AH. However, its etiology is
clear only for 5% of diseased people [3]. AH eventually leads to associated serious
pathologies (heart failure, brain hemorrhagic stroke, renal diseases) [2—5]. In fact,
therapies of AH are often aimed rather to mitigate its symptoms than really
eliminate the disease [3]. Despite advanced drugs and cure, the number of diseased
people is not reducing [3]. Experts recognize that there are still some cases of
essential AH uncovered by its theories [2, 5, 6]. This disappointment gives a reason
to suspect that our knowledge of physiological mechanisms responsible for a
homeostasis of arterial pressure (AP) contains serious gaps. Naturally,
mathematical models of AP’s physiological control could not be free of these gaps.
To come to most comprehensive models, we need to extend our understanding of a
role playing by cardiovascular system (CVS) in human organism. The extended
view of CVS must include both CVS’s autonomous control mechanisms and
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conditions in which functions of these mechanisms become modulated via factors
born out of CVS.

This article has two goals. The fist one — theoretical goal is to provide special
formalized analysis determining both mechanisms of normal AP and causes of its
changes. The second one — medical goal is to facilitate a search for cardinal
curing of AH.

BASIC INFORMATION

Most theories of AP’s homeostasis silently assume that a stabilization of mean
arterial pressure (MAP) is the goal of control mechanisms [4—6]. In frame of this
concept, alterations of MAP are interpreted as undesirable aberrations of CVS. In
particular, AH is considered as a disease that should be cured in ways leading to
normalization of MAP (or its end-systolic and end-diastolic peaks).

A cardinally new view of AP’s role in organism is proposed in recent general
theory of reversible adaptation [7-9]. In fact, the conceptual leap concerns both
AP’s role and fundamentals of organs integration for providing of vegetative
functions. To mostly relief represent the new concept, it is useful to compare it
with a traditional concept.

In traditional physiology, every organ is considered to be an upper-scale
structure that has its specialized function(s) and autonomous control systems.
Under environmental violations, these organs and systems generally provide
organism’s homeostasis. In contrast, the energy concept showed that a group of
upper-scale organs, direct or indirectly involved in modulation of cell’s mean rate
of ATP-production, form an exclusive functional system aimed to provide of long-
term energy balance (EB) in every specialized cell of the organism. This functional
system was called an energy megasystem (EMS) because of its enormously large
size and complexity. It is important to remember that the CVS is one of constituent
systems of EMS thus a functional activity of CVS is reciprocally associated with
the activity of remained structures of EMS.

In human cells, ATP is produced both via anaerobe glycolisis in cytoplasm
and via oxygenation of pyruvic acid in mitochondria. The pyruvate is a common
chemical output of intracellular transformations of carbohydrates, fatty acids, fats,
and proteins. Normally, mitochondria are main producers of ATP. As the aerobic
cell does not store a large amount of ATP-molecules, their mean mitochondrial

synthesis rate (v, ) is tightly associated with a mean rate (v, ) of dissociation of
ATP. Although intracellular mechanisms balancing v, with v; are known, because

of limited efficiency, under chronic increase of v;, these mechanisms do not

provide long-term EB.

The energy view on human physiology revealed several hidden internal
relationships of organs and systems. Most of these relationships was evolutionary
saved because they accelerate cells’ fight against chronic energy deficit [7]. Indeed,
the long-term lack of ATP suppresses most cellular activities including cell’s and
entire organism’s reactivity to dangerous environmental challenges. So, in
conditions of unstable environment, those multicellular organisms that accelerated
mitochondrial enlargement in inhibited cells, had more chances to survive. It is
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reasonable to state that such a type of organism is the energetically most advanced.

In human cells, molecules of ATP are main consumables. Both the
metabolism and the reactivity of every cell are vulnerable to deficit of ATP. A lack
of energy suppresses or interrupts several biochemical transformations and affects
cellular reactivity to extracellular signals. So, even under rest conditions, a
functional integrity of entire organism or its physiological systems critically
depends upon compensatory incomes of consumables necessary for a synthesis of
ATP.

Mitochondrial total surface is main long-term determiner of v, [7]. Under

continuous situation of v, <vl;, eventually an energy deficit will appear. So,
cytoplasm concentrations of various interim chemicals eventually elevate. Some of
these chemicals (e.g., hypoxia inducible factors [2]) increase Vv and activate

mechanisms of proliferation/hypertrophy of mitochondrion. Theoretically, this
negative feedback should work until a new rate of ATP production (vlg>vl,)

eliminates the deficit of energy. In real conditions, the mitochondrial up-build
requires appropriate material incomes.
The aerobic cell cannot store a large numbers of ATP molecules, thus the

increased v automatically decreases the number of consumables (carbohydrates

and oxygen). There are multiple mechanisms compensating this lack of
consumables. Under local (regional) deficit of either oxygen or glucose, local
vasodilatation (provided by chemicals leaved suffering cells) does increase blood
flow and compensate the moderate lack of incomes. However, in case of a large
affected region, the regional vasodilatation drops MAP and decreases blood flows.
There are several ways to overcome such energy problems. An increase of MAP is
a way leading to elimination of a severe deficit of ATP only in case of sufficient
blood concentrations of glucose and oxygen. In case of low glucose, special low
molecular chemicals produced by energy suffered cells activate mechanisms of
glucose neogenesis from liver glycogen.

There are three subways for compensating of low blood oxygen. A
mobilization of blood from its depots is the first and most rapid way but this way
has very limited resource. An increase of lung ventilation is the second rapid way
supporting blood erythrocytes’ oxygenation. At last, an increase of a rate of
erythropoiesis is the main but inertial way capable to provide additional
erythrocytes for transporting of oxygen toward cells. These mechanisms all
together prompt every cell to overcome its energy problems if only the organism
possesses sufficient internal material resources. In versus case, these materials have
to be taken from outside therefore, those behaviors that are integrated in food
search and assimilation are also involved in EMS.

This general view of organism’s mechanisms, evolutionary saved for optimal
fighting of energy deficit in cells, is the basis for comprehending of causes and
mechanisms for both fluctuations and long-term shifts of MAP. To facilitate this
comprehension and to create a basis for advanced mathematical models, let us
formalize current physiological knowledge concerning neural-hormonal control of
MAP.
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A FORMAL DESCRIPTION OF MECHANISMS REGULATING MAP

Assume P4(t) and B, (¢) denote momentum values of AP and central venous
pressure appropriately. In practice, physicians use AP’s two characteristics: end-
systolic and end-diastolic peaks. But these extreme values of P,(¢)depend on

measurement site on arterial tree. Besides, for a given time 1, a mean blood flow
between every two vascular segments is determined by their mean pressure
gradients. Usually, t represents the duration of a cardiac cycle. To calculate

cardiac output Q(t), one needs mean value of total peripheral resistance Ry (t), as

well as mean values P A1), Py (t) of P4(t),and B,(¢) respectively.

Pa(t) =%J'PA(z)dz : Pr(t) =%J.PV (t)dt ; O(1) =(P (1) - Py 1))/ Ry (7).
0 0

To clarify common and specific mechanisms fluctuating human hemodynamic
characteristics, as well as to determine distinguish signs of these mechanisms in

comparison with mechanisms shifting both P 4(¢) and P,(¢), we must remember

that the CVS is an open non-stationary system. Fluctuations of P,(¢) and P A(2) in
physiological conditions suggest that characteristics of CVS are time-variables.
Energy-based modulators of P A(2) are not the exclusive external influences on
CVS. Hemodynamic effects of modulators can be realized via changes of limited
number of CVS’s characteristics: Q(), vascular tone T, (¢), blood volume V(¢).

So, every controller of human hemodynamics should have an access at least to one
of parameters that determine Q(¢), 7, (¢), and V(¢).

As P A(2) 1is in the focus of our analysis, it is worth to stress that P A(t) 1s

most sensitive to variations of V(¢). Traditionally, kidneys are assumed to be

main regulator of V(¢) . Indeed, under dropping of P 4(2), cells of juxtaglomerular

complex release renin that go to circulate. In liver cells, renin causes a release of
angiotensin I (non-active protein). After a lung circulation, the angiotensin I is

transforming into an angiotensin Il which is a vasoconstrictor increasing P 4(¢).

Besides, angiotensin 11 compels special cells to produce a hormone aldosterone. In
renal tubules, aldosterone increases a fluid reabsorption rate. Totally, these

endogenous chemical agents increase P 4(¢) via increasing of both V() and Q(¢)
[5,7].

In frame of this concept, there is assumed to be none interim alteration
between the decrease of P 4(2) and decrease of filtration rate in juxtaglomerular
cells thus, the rennin-angiotensin system is considered to be a regulator of V(¢).

This concept could be true in case of absolutely passive filtration in renal capsules.
In case the filtration is at least a partially active process provided by ATP, there
will be a time delay between a drop of pressure in renal arterioles and release of

renin. Indirectly, this supposes that a dependence of renin from P A(2) is rather
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associative than causal. This qualification, seeming to be secondary, is crucial in
frame of energy concept of arterial pressure. The fact that currently nine versions
of angiotensines (with unclear contributions in hemodynamic shifts) are discovered

gives additional reason for revising of traditional view on renal control of V,(¢)

and ;A(Z) [5, 6]. It was supposed that renin or its functional analogues are

universal indicators of energy lack in cells of different specialization [8].
So, practically all our specialized cells take part in determining of CVS’s state

and a value of P 4(2) . This is the essence of novel energy concept of AH’s etiology

[7, 8]. A brief description of this concept given below is to facilitate understanding
of main intracellular and upper-scales mechanisms responsible for both

fluctuations and long-term shifts of P A1) .
Under given central venous pressure, Q(¢f) depends on heart rate F(¢) an

ejection fraction (EF). Under constant total peripheral resistance, EF can be
characterized by a coefficient k(¢) calculated as a quotient of stroke volume of

ventricle to its end-diastolic volume [7].
The integral vascular tone 7,(f) reflects values of arterial and venous

unstressed volumes U 4(¢), Up(¢) and volumetric rigidities D4(¢), Dy (t)
respectively. In every vascular compartment, its vascular resistance R, (¢) depends
on V(t), U(t),and D(¢) [8]. An exact formula connecting these characteristics of
CVS with P,(¢) hardly can be identified but a large amount of successive

mathematical models are based on approximations like

Py@) =¥ (Vs (0),Us (), T, (0), R, (1), F (1), k(1)) - (D
For convenience, CVS’s characteristics included in ¥ — function in (1),
further are denoted x; .

Py(t) =¥ (x; (1)) - ()
Assume x;(0) is a value of every variable x; under unstressed regulators. In

every other physiological state, and for every ¢, variables x;(¢) represent regulator

alterations of the x;(0) on Ax;(t). Every Ax;(¢) has its extreme values, so

|Axl»(t)| Sx@“ . Within this interval, the value of Ax;(#) can be calculated as an
1

algebraic sum of effects, caused by ;= I,_m physiochemical influences. For a part

of such influences, their sources are known (baroreflector, chemoreflector
influences, descending nervous influences of brain upper structures, and a variety
of humoral agents). Another group of influences (e.g., temperature, metabolic,
exogenous activators or inhibitors) can have mainly local effects (e.g., modulating
only the basic rate of heart pacemakers). A formal description of these
opportunities looks as:
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Ext _ & )
)= x(0) £ Ax; (1), |x; (1) <x™, where Axi(t)—rzzlelr(t), G

Ext Ext
0 e @) > X
where

0, Yir(t)gyir
Axir(t) = air(Yir(t) _yir) + bie’ Yir < Yir(t) < Yirs : (4)
Ax;,” Yir(t) 2 Yirs

ir »
A piecewise linear relations (4) commonly represent characteristics of
specialized receptors. The formula (4) tooks into account that every such receptor

is not active until its activity threshold y, had been overcome. The formula (4)
also supposed that every receptor has its saturation level Yirs . Within these extreme

values y;,. <Y, (t)<Y,’, the receptor activity Y,.(f) is proportional to an over-
threshold value of real biological variable (e.g., blood transmural pressure or
chemical parameters). Certainly, this linear approximation does not cover the entire
diapason of receptors’ activity. Nevertheless, the reduced formulas (3) and (4) are

capable to model main cardiovascular reflector responses Ax;,. to internal/external
challenges of moderate values characteristic for physiological conditions. For
every receptor, the sensitivity coefficient g;. is considered to be constant for the

entire diapason of receptor function. It is assumed that the summands b;, are not

zero only for those x; that surely are under additional influences.

Formalizations (3) and (4) cover every variable of CVS. However, the
multiple control of the hemodynamics has several nuances that should be special
commented. To accentuate some of these nuances, it is useful to compare the
control of the heart pump function with the control of regional vascular tones. Let
us look inside the control of F'(¢).

It is known that under normal physiological conditions, the rate of right
atrium’s pacemakers is the main determiner of F(¢). From the other hand, the
pacemakers are sensitive to changes of both blood temperature (7°) and blood

chemical state (z). So, the basic rate ( f,) of right atrium’s pacemakers is a
function of at least two independent variables: f,(7°,z). Under z=const, the
function f, (T'°,z) is practically linear within 33°C<7°<41°C. Under

T = const , variations of z could either increase f,, or decrease it.
Descending nervous modulations of F'(¢) can reach the right atrium’s
pacemakers via appropriate nervous fibers of cardiac sympathetic or

parasympathetic nerves. The sympathetic fibers cause positive chronotropic effect
while the parasympathetic pathways have negative chronotropic effect. Denote

these effects AF, and AF, respectively. Then, descending modulator effects
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caused both by brain supra-bulbar structures and by main hormonal modulators
(adrenalin, noradrenalin, and acetylcholine) can be formalized as

F(t)=f,(T°,z) + AF, — AF,. )

Note that the formula (5) is indifferent to nature of modulators. In practice, a
differential diagnosis of AH and its cure require information about investment of
every modulator in a measured alterations of F'(¢). This last sentence is explained

below.
Assume, an elevation of P,(¢) is caused by an increase of Q(¢). The gain of

Q(t) is possible due to three independent alterations: 1) via increase of Py ®);

2) wvia increase of F(¢); 3) via increase of heart contractility.

Suppose Py (t) = const . Then nervous alterations either increase the frequency of
sympathetic impulses or decrease the frequency of parasympathetic impulses in the
respective descending heart nervous branches. So, the total effect is in a gain of
O(t). In addition, several hormonal agents are also capable to gain of QO(7).
Indisputable, the therapy of AH should be based on differentiation of these
mechanisms. But even possessing of reliable methods for such differentiation,
there is still one more important problem: it is necessary to clarify the primary
cause of alterations in every regulator mechanism.

The main effect of reflexes activated because of ascending impulses born
in cardiac or arterial mechanoreceptors is to damp cyclic violations
of Py(t) [2, 5, 7]. Chemoreceptor reflexes normally are aimed to increase MAP, as
well as to intensify lung ventilation. Two these alterations commonly provide the
due composition of the arterial blood [5]. As to relative roles of CVS’s nervous and
humoral control mechanisms, researchers agreed only if the discussion concerns
the speed of these mechanisms [2]. Analogically, there is no consensus concerning
roles of a variety of chemicals modulating heart pump function and /or vascular
tone [5]. The last sentence also concerns local effects of low molecular metabolites

(eg, H",OH,CO, CO,, NO, SO,) [2, 3, 12]. So, this ambiguity of thoughts

formed the conceptual relief on which the energy concept of arterial pressure
(ECAP) explained main mechanisms of cardiovascular variability had appeared

[8].
Suppose in (2) some state of arterial pressure P,(¢)= PA* (?) is already chosen

to be the basic state. In accordance with common concept of homeostasis, the value

of PA*(Z) is often close to a special but virtual value PAN*(Z) also called as the
normal value of P,(#) under rest. However P, N*(Z) is not argued physiologically.
PAN*(Z) is statistically calculated as the mean value of P,(¢) in a population of

practically healthy people under rest. Thus, PAN*(Z) does not mandatorily

represent the normal arterial pressure for an individual. To overcome this
conceptual disparity, recently a concept of individual physiological norm is
proposed [9]. According to the new interpretation, the individual physiological
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norm is a synonymous to organism-scale energy balance. But the energy
production/consumption rates can be balanced on different levels of
ATP-production. This means that instead of an exclusive state of virtual
homeostasis, every organism can have a lot of normal states. Therefore, multiple

combinations of x;(¢) are capable to provide the values of PA* ().
In the dimension of state parameters x;(¢) of CVS, two states of CVS could
be determined of different x;(¢). Although the inequality x;(¢) # x;(0) appears in

both states, mechanisms responsible for these inequalities are not the same. Indeed,
in one case, the situation of xj;(¢) # x;(0) appears because of stressed regulators

while in opposite case of x,;(¢) # x;(0) none regulator of CVS is stressed.

Normally, regulator shifts of Ax; are reversible and do not continue for a long-

time. Besides, such shifts do not cause ultrastructural re-build. However, there is
another type of alterations covering both effectors (myocardium, vascular smooth
muscles) and of regulator mechanisms’ characteristics (activation thresholds,
parameters of the sensitivity and saturation of receptors). Mechanisms responsible
for transitory alterations xj;(¢)# x;(0) are known. Moreover, physiologists and

physicians are sure that the alterations have compensatory character. Nevertheless,
both initiator and realizing mechanisms of this goal are still unknown yet. In frame
of the problem of AH, this physiological uncertainty does origin medical problems.
As a rule, most patients addressing for a cure already have signs of a
developed pathology. The multiple regulators of hemodynamics, possible
individual ontogenetic variations of every regulator are factors complicating both a
correct diagnosis of AH and its due cure [3, 13]. Despite these initial problems,
under AH’s extreme cases, the doctor must provide an appropriate cure of AH.
Currently, the cure is aimed to return important characteristics of CVS to their
so-called normal values thus the cure is mostly targeted to elimination of
symptoms [3]. Is such a cure correct? The question is not rhetorical because the so-
called normalization of AH does not take into account the real complexity of EMS
and the multiplicity of individual adaptations [7]. The current medical technologies
are not capable to effectively fight AH via drugs inactivating initial shifts. Thus
AH’s cure displays only transitory effects that are mainly disappearing soon after
the intake of drugs is stopped [3, 5]. From the platform of EMS, such transitory

results evidently show that the cure do not act against new stabile values of x,;(¢).
In other words, the palliative effect acts only at level of regulators forming Ax;(¢),

but there is no structural returning to x;(0).

So, all we know about physiology of CVS concerns its own reflexes aimed to
control AP. The traditional hemodynamic approximation does not point out
determinants of MAP. A search for deep mechanisms indirectly modulating AP,
and likely being associated with functions of other physiological sub-units, could
bring us to an extended concept of AP. During this search, the initial quest is: why
the organism needs AP in general?

According to [6, 7], normally, current level of AP should not be less than a
pressure providing blood flows sufficient for production of due amount of ATP in
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cells. In statics, every cell tries to control its mitochondria for reaching an optimal
summary surface sufficient to balance v, with v, . This balance does not depend

on physiochemical fluctuations in local intercellular environment. In fact, such a
multi-parametric optimization suggests that MAP does properly vary depending on
blood chemical composition. As this composition is resulted of efforts developed
in different physiological sub-systems of EMS, the level of MAP has to be
inversely proportional to activities of mechanisms that regulate blood glucose,
number of erythrocytes, lung ventilation, as well as a concerted function of the
digestive system. This branched system supposes a huge number of situations
satisfying energy needs of cells.

There is one more aspect that should have been analyzed. This aspect concerns
correct understanding of causes transforming the physiological control of AP to its
pathological shifts. Last several years, local rennin-angiotensin systems [6, 10] and
AMP-activated protein kinase [11-16] are in the focus of investigations. At the
moment, experts proposed a lot of hypotheses concerning roles of tissue factors in
control of cardiovascular activity, but practically every hypothesis silently assumes
that there should be some general control of AP. In this paper, another idea based
on casual mutations is provided.

The concept of EMS [7] assumed that the upper-scales sub-units of EMS had
been evolutionary saved because they accelerate the fight of cells against energy
imbalance. An indirect effect of this system is that alterations (geometric sizes,
functional) of sub-units of EMS will be synchronized. Although clinicians had
accumulated a lot of evidences that under certain diseases, a hypertrophy of some
organs (liver, kidneys, heart, and glandules) happened, only the energy concept
explains why and how these alterations correlate.

The evolutionary view of complex regulator ensembles suggests that our
organs and systems are not mandatorily optimal as one could suppose. Although
the anatomy, genetics, and biochemistry provided of many arguments for this
assertion, until recently, analogical physiological arguments were absent. Namely,
the parallelism of efforts developed by a huge number of cells (fighting for
common and scarce resources) is the best argumentation of a thought that the long-
term optimum and the acute-optimum cannot be provided simultaneously [7]. The
upper-scales regulators become activated to create a due productiveness of cell-
scale energy producers — mitochondria. So, the upper-scales regulators are under
chemicals produced by every cell. Perhaps, intravascular endothelial cells,
representing organism’s biggest producer of hormones, play the main role in
modulation of MAP-level. However, the energy concept of AP ensures that the
long-term level of MAP reflects total contribution (including opposite efforts) of
practically all cells. Therefore, an advanced cure of pathological shifts of AP
requires a creation of medical technologies based on the concept of individual
physiological norm [9].

CONCLUSIONS

The CVS is only a part of EMS that counteracts against lack of ATP in cells.
EMS also includes regulators of lung ventilation, of erythropoiesis, of blood
glucose, and mechanisms regulating the biogenesis of mitochondria. The AP’s
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responsibility concerns only transporting of chemical ingredients to and from cells.
The level of AP is reciprocally associated with the activity of remained functional
blocks of EMS thus their low activity can be compensated via increasing of AP.

A transitory increase of AP supposes one of following scenarios: a) EMS’s
non-hemodynamic reactions are delayed; b) the lack of ATP disappeared due to
spontaneously decreased rate of ATP-consumption. A steady growth of AP
indicates that assistant blocks of EMS cannot provide the adequate power.

A hypotensive cure of AH is advisable only under real risk of a haemorrhage.
In versus cases, the organism is searching for providing of cell energy balance
using non-cardiovascular mechanisms.

A healthy person can have AP essentially different of so-called normal AP.
Under blocking of mechanisms that increase AP, the counteracting mechanisms
use alternative ways for fighting the energy lack. In particular, persons having
more erythrocytes and/or more effective mitochondria do have lower values of AP.

It is necessary to develop medical technologies capable to provide both a
differential diagnostics of main forms of AH and their elimination on initial stages
of development.
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OCOBEHHOCTH NPOEKTUPOBAHUS
MEJULIUHCKON NTH®OPMAIIMOHHOMN
CHUCTEMBI NOJUIEPKKHU ITPUHSTUSA
PEIIEHUH, OCHOBAHHOM HA
UHTEJUIEKTYAJIBHOM AHAJIN3E JAHHBIX

I'.B. KHLII].[OBI, A.B. Pynemcol, E.A. Hactenko" 2, A.B. HKOBeHKOZ,
C.0. Cupomaxa', C.C. T'aanu'

!Hayuonansustii uncmumym cepdeuno—cocyoucmoii xupypzuu um. H.M. Amocosa
HAMH Ykpaunot

2 . . .
Hal{llOHlUleblll mexXHUu4YeCKuu ynueepcumem praMHbl «Kueeckuii
noJUmMexHUYecKui UHCmUmym)

OnucaHpl ~ CTPyKTypa M 9Tambl  IPOSKTHPOBAHUS
UH(POPMALMOHHON CHUCTEMBI MOIUICPIKKH MPHUHATUS BpaueOHBIX PEICHUH TpH
BEeCHUM OONBHBIX C HWIIeMHYecKoi Oone3Hpto cepama. B ocHoBe
UHOOPMALMOHHON CHCTEMBl JISKUT HWHTEIUICKTYalbHbI aHalM3 JaHHBIX,
NPEJICTABJICHHBI MaTEMaTHYeCKUMH MOJEISAMH IIPOrHO3a Pa3BUTHSL OCTPOM
CEepICYHON HEJOCTATOYHOCTH, HYTO IO3BOJSET Ha JOONEPAlMOHHOM STare
BBISIBUTh PUCK Pa3BUTHUS OCJIOKHEHHUS B PAHHEM OCIICONEPALIOHHOM TIEPHO/IE.
PaspaboranHas HHPOPMALIMOHHASL TEXHOJIOTHS IIO3BOJISET HE TOJIBKO BBISBIIATD
PHCK Pa3BUTHS OCIOKHEHHMS, HO M NMPUHUMATh PELICHUS C LIEJIBI0 KOPPEKIUH
Je4eOHOTo mporecca.

Knrouesvie cnosa: MenuuuHckas MHGOPMaLMOHHAS CHCTEMA,
NPUHATHE PEIICHUH, WHTEIUICKTYAIbHBIH aHAlM3 JaHHBIX, KOPPEKIHI
ne4eOHOTro mporecca.

OnucaHo CTPYKTYpY i eTamu HPOeKTyBaHHS iH(opMaiiiHol
CHCTeMH TMiITPUMKH MPUHAHATTS JIKAPCHKUX DIlIeHb MPHU BEICHHI XBOPHX 3
ileMiuHOI0 XBOpOOOK cepisi. B oCHOBI iH(pOpPMALiHOI CHCTEMH IEKHUTH
IHTENIeKTYallbHUM ~ aHali3 JaHUX, HAJAHUH MAaTeMaTHYHUMH MOJEISAMU
[POTHO3Y PO3BUTKY TOCTPOI CepleBOl HEZOCTATHOCTI, IO JO3BOJIAE Ha
HepeonepaliiHoMy eTarl BUSIBUTH PU3UK PO3BUTKY YCKIIaJHCHHS B PAaHHbOMY
micisionepartiiHomy mepiomi. Po3pobiena inpopmaniiiHa TEXHOIOTisSE T03BOISE
HE JIMILIC BHSBILITH PH3MK PO3BUTKY YCKIAJHEHHS, a W NpuilMaTH pillieHHs 3
METO KOPEKIIil JTiKyBalIbHOTO HPOLIECy.

Kniouosi cnosa: Mennyna indopmariiiina cucrema, MpUiHATTS
PpillieHb, IHTEIEKTYaIbHIH aHaII3 JaHUX, KOPEKIIis JIIKyBaJIbHOTO MPOLIECY.

BBEJEHUE

CoBpeMeHHble ~ MegunuHCKHe — uHpopMarmonnsie  cucremel  (MUC)
obOecrieynBalOT CcOOp, PETHCTPALMI0, CTPYKTYpUPOBaHHUE, JIOKYMEHTHPOBAHHE
JIAHHBIX, OOMEH, XpaHEHUE W MOMCK WH(OPMAIMH, a TAKKe TOANCPKKY MPHHATHS
pemiennii (III1P) mo okazaHWi0 MEOWIMHCKOW Momomu manueHTaMm. OmHako
HCIIOJIb30BAHHE HAKOTUICHHOW WH(OPMAIIUU JIJIS CHYDKEHHS YacTOThI OCIOXKHEHHUH
W COBEPIICHCTBOBAHMS JIEUEOHOrO Iporiecca BCe elle SABISETCA NaJleKOH OT
OKOHYATEIILHOTO PEIICHHUS 3aa9ei.

Kpome Toro, wacto B MaccuBax MaHHBIX COAEPXKATCS HEIOCTAIOIIUE JIIs
TIPUHSTHUSL YCIICIIHBIX PENICHUH CKPBIThIE 3HAHUS, MOMYyYUTh KOTOPHIE MOXKHO C
ITOMOIIBI0O COBPEMEHHBIX HampaBicHHHd HHPopManuoHHbIX TexHoiormid (MUT) u
METOJIOB MHTEIUIEKTyallbHOTO aHanm3a qanabix (MA ).

He MeHee BakHBIM ocTaeTcs (GopMaiu3aius Cla0OCTPyKTYPUPOBAHHBIX H
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HECTPYKTYPUPOBAHHBIX 3ajad. DJTO IO3BOISIET CO3MaBaTh MOIENH IIPOrHO3a
Pa3BUTHS OCIOKHEHHH, aHAIM3UPOBATh CTPYKTYPHI (PAKTOPOB, MPHBOMSAIMIHAX K
OCIIO)KHEHHSM, BEBIBIITH MAIMEHTOB MOBBIICHHOIO pHCKA, a TaKKe
OCYIIECTBIIATh TUHAMUYECKYI0 KOPPEKTHPOBKY JIEUEOHOTO Ipolecca C IENbIo
MUHHMHU3AIIAA PUCKA Pa3BUTUSA M TSHKECTH OCIOKHCHHH ¥ CHIDKCHHS YHCIA
MTOBTOPHBIX OOpAICHHH.

UAJI-opuentupoBanasie  MUC TpeOyOT UCIIONB30BAHUS COBPEMEHHBIX
MOJIXOOB W METONOB aHamm3a JaHHBEIX. Oco0yio akTyalbHOCTh IPHOOPETAIOT
COBpPEMEHHBIE METOABI MHOTOMEPHOI'0 CTaTUCTHYECKOTO aHan3a, C ITOMOIIBIO
KOTOPBIX MOXKHO YCTaHOBHTH XapakKTep M CTPYKTYPY B3aMMOCBS3EH MEXIy
MpH3HaKaMK H3ydaeMoro oobekra [1].

Henbo ngaHHOW  paboThl  OBUIO  OOOCHOBAaHHWE HEOOXOIUMOCTH M
MPEACTaBICHHE  JTallOB  TMPOCKTHPOBAaHWS  WH(POPMAIIMOHHOW  CHCTEMEI,
ocHoBaHHON Ha MAJl Ha mpuMmepe MPOrHO3a PUCKA Pa3BUTHS OCTPOH cepredHon
HegocratoyHoctd (OCH), B paHHEM IOCIIe0nepalluOHHOM IEPUOIE.

MATEPHAJ 1 METO/Ibl UCCJIEJJOBAHUS

Jdns pemieHUs TOCTaBICHHOW Henn OBUT TPOBEACH aHAIM3 pPe3ylbTaTOB
xupyprudeckoro jedenns 4 8§09 marmeHTOB ¢ WIIEMHYECKOH OONE3HBIO cepara
(UBC), xoTopbIM OBLIO BBEITOTHEHO aopTo-KopoHapHoe myHTtupoBanue (AKL) B
2008-2012 rr. 3a mccneayeMblid iepro ObUTO BBIOMHEHO 3 683 omnepanun AKIII
Ha paGotaromeM cepame u 1 126 omepanuid ¢ MepexoloM Ha HCKYCCTBEHHOE
kpoBooOpamenue (MK) (72 — ¢ akctpeHHBIM U 1 054 — ¢ TJIaHOBBIM TTEPEXO0IOM
Ha UK). Cpennuii Bo3zpacT mamueHToB coctaBisul 59 + 9 ner. CooTHoleHHe
MY>KYMH U JKEHIIMH cocTaBisuio 85,2 % u 14,8 % (4 096 u 713 cooTBeTCTBEHHO).
Y 9,3% (223) mamuentoB pasBwiace OCH B paHHeM mocieonepanioHHOM
nepuoe.

Bce BMmemarenbcTBa  BBINOJHEHBI B ['OCYZapCTBEHHOM — yUpPEXKIEHUU
«HanmoHansHBIA UHCTUTYT CEpPACUHO-COCyucTON Xxupyprun um. H.M. AmocoBay»
HAMH VYkpaussl.

AHanu3 JaHHBIX U BBISIBICHHE CKPBITBIX 3aKOHOMEPHOCTEH HPOBOIMIIUCH C
WCIOJb30BAHUEM pa3IMYHBIX MaTEMAaTHUKO-CTATUCTUYECKUX M HHTPOINUHHBIX
MeTonmoB. Jlns BeIABIeHHS (DAKTOPOB pHCKAa OBUIM HCIOIB30BAHBI METOIBI
OuHapHO# soructrdeckoi perpeccun (BJIP) [2] 1 AMCKpUMHHAHTHOTO aHaIM3a
(IA) [3], a nnst HAXOXKACHHS B3aUMOCBSI3EH MEXy TpU3HAKAMHU, TIPECTABISIIOCH
MEPCTIEKTUBHBIM MPUMEHEHHE METO/a CHIDKEHHS (DaKTOPHOH pa3MEpHOCTH —
Multifactor Dimensionality Reduction MDR [4].

JHanee ObLT MPOBENEH COMOCTABUTENBHBIA aHain3 ()aKTOPOB, BBISBICHHBIX
Ka)XIIBIM M3 METOJIOB [5] M Ay MPaKTHUECKOTO MCIIONB30BaHUs BEIOpaH Hamboee
3¢ EKTUBHBIN METOI.

B mpomecce mpoekrupoBanust u paspaborku MUC, ompenensis OCHOBHBIE
TpeOOBaHMS K CHUCTEMe, Oblila IMocTpoeHa (YHKIMOHAIBHAS MOAeNb B cpexe IBM
Rational Rose [8]. MonemupoBanne OW3HEC-TIPOIECCOB OCYIIECTBILUIOCH C
ucnonb3oBanueM crangapra IDEFO B cpeme BPwin [9]. B cooTBercTBHH C
YCTaHOBJICHHBIMH OWM3HEC-TIOHATHAMH U OM3HEC-COOBITHSIMU MIPEAMETHOH 00JIacTh
ocymiecTBiieHo npoektupoBanue bJI B cpene Microsoft SQL Server.
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JInst mporpaMMHOM peanu3alii CHCTEMbI MPUMEHSIIACh WHTErPUPOBAHHAS
cpena pazpaborku MS Visual Studio.

PE3YJIbTATBI HCCJIEJXOBAHMIA

Jns gocTibkeHHs ycrexa B MpHHATHH pemneHus u MAJl HeoOXoamMo MMeTh
YeTKOe IIPEICTaBIICHHE O IIEH aHalli3a, COOpaTh pelieBaHTHBIC NaHHEIE, BHIOPATH
aZleKBaTHble METOJbl aHAIM3a W NPOBEPUTH NPEANOCBUIKM HX MPUMEHEHUS;
BEIOpaTh  MPOTPaMMHO-TEXHOJOTHYECKAE W  MaTeMaTHUSCKHE  CpEICTBa,
peanm3yrompe OSTH METOABI, BEBINONHUTH aHAIUM3 M MPUHATH peIlieHue 00
HCIOJIb30BAHUU PE3YJIbTATOB.

O0wexrom wuccnenoBanmii Obmta MUC s mporHo3a pucKa pa3BHTHUS
ocnoxxkunernit, Ha npumepe OCH wu IIIIP, kxortopas obecreunBaeT CIeqyIOIIHE
(GyHKITHH:

— BO3MOYKHOCTBH OCYIICCTBIICHH ITOVCKA TAIieHTa B 6a3e naHubix (b/1);

— BBOJI U COIPOBOXKICHUE UCTOPUH OOJNIE3HU TOCTYIUBIIIETO MAIEHTA,;

— MPOTHO3 Pa3BUTHUS OCIOKHEHUH;

— TIOCTPOSHHE MOJeNell MUHAMUKA (PaKTOPOB, HEOOXOOWMEIX Bpady I
MIPUHSTHUS PELIEHUH;

— COCTaBJICHHE OTYEeTa 110 HEOOXOIMMBIM IS Bpaua KPUTEPHSIM;

— COXpaHEHHeE MOJy4YeHHBIX pe3ynbTaToB B B/] cucremsl.

Omnpenensist ocaoBHBIE TpedoBanms kK MUC I1I1P, Op110 mpoananm3upoBaHo ee
(YHKIMOHAIFPHOS HAa3HAUeHHE W ObUIa IIOCTPOCHA [uarpaMMma BapHaHTOB
Wcronp3oBanus (puc. 1).

@, O O

AHAIU3 UCONHUKOE MpedeapumensHan JaHecerue OaHHeLx ¢ B
N © 7
uspopmags ¥ daHHBIX
T
<dncluder> . T T aincludes
Céop u oBpabomia
damHBIX
YHGhOPMAUUORHBIT aHaNUMUK Q
MnemennexmyansHeli

aHanu3 OaHHEIX
. <eincludes>

@
flocmposhue modenu
npoarosa paseumus OCH

O

<<inciude>> .
J

<@

M3enevenue GanHblx

O

PacHem egpoAmHoCMU pucka
paseumun OCH no modenu nped. 2002

. «<includgz>”

AHanus esposmrocmy
7 pucka paseumuaOCH

@

<<extend>>

N

A

Mocmpoerue Modenu npoeHosa

o bopmanuzauus ..
pasaumua OCH mexyweso 200a N

" einclude=>:

: 2 ecincles> % el ™

f «i
AHanus b pucka P mexywezou  Mp neHeGHEIX
npedeapumensHozo 2odos Meponpusmut

Bpau, RpUHUMAKOWLL pelieHUe

Puc. 1. [luarpamma Bapuanto ucnonszopanus MUC TIIP: BJ] — 6a3a naHHBIX;
OCH — ocrpas cepedyHas HeJJoCTaTOUuHOCTh, ®P — (hakropsl pucka
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Ucxons n3 pyaxumonansaoro HasHadeHus, crpykrypa MUC TP Bxmogaer
Tpu OJOKa, KOTOpBIE OTBEYAOT 3a cOOp W HakomieHwe maHHBIX, WAl u
(hopMali3anurIo pe3ysIbTaToB (pucC. 2).

Mopnyne ©6a3er mamseix (B/l) mo3BonseT CTPYKTypHpOBaTh H XPAaHUTHh
nHpopmarturo. biok [P, moctpoennsiii Ha ocHoBe MA /], oGecrieunBaeT MporLo3
pHCKa pa3BUTHS OCIOKHEHHUH M MPENOCTaBIsAeT HH)OPMALNIO, HEOOXOMUMYIO [UIS
KoppeKnuu jedeOHoro mporecca. GopMbI TONB30BaTENbCKUX TIPHIIOKEHUH JAl0T
BO3MOKHOCTh BBOJIUTh, KOPPEKTUPOBATh U aHAIM3UPOBATH JAaHHBIE MO MALUEHTY,
paccuuThIBaTh PHUCK Pa3BUTHSA OCIOXKHEHUH B paHHEM IMOCIEONEPalliOHHOM
nepuozae U popMHPOBATH CTATUCTHYECKUE OTUCTHL.

v
loxoOHbIe OaHHbBIe Mo?dyrb uHmernnekmyanbHo20
acliopImHbIe aHanu3a 0aHHbIX
-’
daHHble 5£P | ﬂ'A | | MeR |
AHamMHecmu4eckue -
H NocmpoeHue moderneli npogHo3a
OaHHble
passumusi OCITOXKHEHUS
HaHrHble, v
fiory4eHHbIe Ipu- 1 1 > CpasHeHuUe pe3yrbmamos:
71860pamopHbIX Cross-[posepka, ROC-kpusbie
uccriedosaHusIX
LHaHHble, Bbibop riyyuwiezo, Haubornee
rosiyyeHHble rpu 5 apgbekmusHo20 Memoda
H> asa '
GuasHOCMUYECKUX p A al
UCCHeA08aHUSX @HHbIX B KoHUg 200a rocmpoeHue
> modernu rnpoeHo3a pucKa passumusi|
NIepauUonHbie | | ] OCH 10 daHHbIM MeKyujeao 200a
OaHHble
lNocreonepayoH- N OnpedeneHue u aHanus
Hbie O0aHHbie hakmopos pucka pazsumusi
OCIIOKHEHUS
v

B mekyuwiem 200y pacyem pucka
passumusi 0CrI0XHeHUs o mModenu

npedbidyujeao eoda
I

v
@OPMbI 10/1b308aMEITLCKOZ0
[PUITOKEHUST
Popma Onisi Hasuegauyuu o MUC
[P
v
| ®opma rnoucka nayleHma |

L7

DopMbl MPOCMOMpPa/3anosiHeHUs1
Uchop*n_/Iauuu

®opma pacyema npoeHo3a
pa3suUmMUsi OCIIOKHEHUsT

PopMa ebigo0a CMpPyKmMypbl
ghakmopoe pucka e duHamMuke Orisi
aHarnu3a u npuHsmusi peuleHud
v

| @opma eenepayuu omyemoe |
|

Puc. 2. O6mas crpykrypa MC: OCH — octpast cepieuHas HeJOCTaTOYHOCTb;
BJIP — GunapHas noructuueckas perpeccus; JJA — TUCKPUMHHAHTHBIN aHAIIN3;
MDR — Multifactor Dimensionality Reduction; MUC IIITP — meannuHckas
rH(OpMALOHHAS CHCTEMA TTOICPKKH NPUHATHS P eICHUH
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[Ipu mpoexkTHpOBaHUH CHCTEM, PAOOTAIOMINX C OONMBITIMA 00bEMaMHU JAHHEIX,
pa3pabOTUNKH CTANKUBAIOTCS C IBYMsI OCHOBHBIMH IpoOieMamu — o0paboTka
SKCIIOHEHITHATBHO HAPaCTAIOMIX O0BEMOB ITaHHBIX, ITOCTYIAIOUINX B PEATbHOM
BpPEMEHH W COKpallleHHe BpeMeHH uX oOpabortku. B ormenenmu xupyprum UBC
HanmonanbHOro MHCTUTYTa CepAeYHO-cocyaucToil xupypruu uM. H.M. Amocosa
HAMH VYxpaunHbl Bpaull MOIYYalOT CEpUI0 Tpaduueckux u BuaeohaitioB, o0beM
KOTOPBIX MOXKET 3aHHMATh JECATKHA THrabaiiT, a KOJIMYECTBO HWCCIICHOBAHHI
MOCTOSTHHO Bo3pacTaeT. [lodToMy BBIOOp CHCTEMBI ympaBieHUs 0a30f JaHHBIX
(CYBJ) mpu pazpaborke MUC sBisiics ogHON W3 BaXHEHIIMX 3a7ad Ha JTare
MIPOEKTUPOBAHUSL.

[pu mocTpoeHny HHPOPMAITMOHHONW CHCTEMBI TIOTPEOOBAIOCh BEIOPATh Cpemy
MIPOEKTUPOBaHUsS cepBepHOM M KimeHTckod uacteid. Ilockonmpky MUC nomxna
obecrieunBaTh OOMEH JaHHBIMHI CO MHOTUMH IIOJIE30BATEISIMH, IEHTPAIIN30BAHHAS
B[l ¢ cereBriM mocTymoM moTpeboBaia BBIOOP KIIHMEHT-CEPBEPHOH apXUTEKTYPHI,
KOTOpasl COBMELIAET IPEHMYILECTBA MOJEIHU CETEBBIX PACUETOB, BBICOKHE
XapaKTePUCTUKA IPON3BOJICTBA U O0JIETUYCHHE aIMUHUCTPHPOBAHUSI.

B Hacrodmiee BpeMsi akTMBHAs KOHKYPEHLHMS MJET HE MEXKIY OTAEIbHBIMU
CVYB/, a Mexay UX TUIIaMU — PESILIMOHHBIMU U TOCTpessuoHHbIMu [10].

K coBpemennbsiMm CYB/I, momnepKuBaronIuM MOJIENh CETEBBIX BBIYMCICHUHN
«KITMEHT-cepBep», otHOcATcs Oracle, Informix, SyBase, Microsoft SQL Server u
psan apyrux. M3 Bcex mapaMeTpoB, MO KOTOPBIM HMX MOXKHO aHAJIM3UPOBATh U
CpaBHUBATH OBLIO BBIJCTICHO HECKOIBKO:

— HANEKHOCTh W  3aIUINCHHOCTh  (oOecredeHre  OE30MacHOCTH U
LEJIOCTHOCTH JAaHHBIX, CUCTEMa OrPaHUYEHUN M OrpaHUUYUTENIeH, aBTOMAaTHYECKOe
apXUBUPOBaHUE, BEICHUE CUCTEMHBIX KYPHAJIOB);

— OpicTponeiictBue (Hammume SQL-QyHKIMA, XpaHUMBIX MpOHenyp U
ONTHMHU3ALKUS 3aIIPOCOB);

— BBICOKasi COBMECTHUMOCTb C CETEBOI ONepalluOHHON CUCTEMON;

— MPOCTOTAa aJMUHUCTPUPOBAHUS W HAJIMYUE CIPABOYHOWU JIUTEpaTypbl U
nokymeHTtanuu [ 11].

HUmenno »tu coobOpakeHUs mo3BoimiIn BbIOpaTh Microsoft SQL Server B
kagectBe CYB/] pu pazpadborke MUC III1P.

[pu paspaborke cTpykrypsl b1 MUC 6t chopMyIHpOBaHEI CICAYIOMINE
MPUHLIMIIBL:

1. Cucrema pa3pabaTbIBaeTcs B YCIOBHSX DKCIDTyaTalldH psla MpOrpaMMHBIX
CPEICTB.

2. imeroTcst 3HAUMTENBHBIE OOBEMBI HAKOIUIEHHOH WHQOpMAINH, KOTOpas
JIOJDKHA OBITh 3()()EKTUBHO UCIIONIB30BaHA.

3.BJ cucreMpl JOCTYymHA W3 pa3lUYHBIX TPOTPaMMHEIX CpeIcTB 0e3
HCIIOJIb30BAHUS CIICIIHANBHBIX CPEICTB SKCIIOPTA/UMITOPTA.

4. HakarmmBaemas B b/l nadopmanus MoxxeT OpMHAPOBATHCS B OTUETHL.

PesyneraToM sBHiOCH co3manue BJl, rie NeHTpalibHOW TaOJWIEeH sBIseTCsS
tabima PATIENTS, conmeprkaliasi macropTHbIe AaHHbIe OoibHOr0. CBEACHHS O
npeObIBaHUK OOJNBHOTO B CTamMoHape coiepxkarcs B Tabmume ADMISSION,
CBA3aHHOHM C mpeAplAyIleld M0 YHUKAJIbHOMY KIIHO4YeBOMY moito. MIMeHHO K 3Toi
TabNHMIe MOTyT OBITh TOAKIIOYECHBI JOMONHUTEIBHBIE TAONHIBI, COIepIKaIIue
uHpOpMAIIIO 00 00CIICIOBAaHUN 1 JICUCHUH TAHHOTO OOJTHHOTO B OTACICHIH.
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MaccuBsl IaHHBIX COIEp)KAT MOCIENOBATEeIbHEIC HAOIIONEHHS, KOTOpPEIE
ObUTM HAaKOIUIEHBI B XOZE IUIAHOBOTO JICUeOHOro TIporecca M IMOCTENCHHO
nmoctynatoT B B/l mms mocnmenmyromero xpaHeHHs, oOpaOOTKM M aHalm3a, TOe
XPaHSITCS B CTAHIAPTHOM (pOpMaTE METUIIMHCKUX JaHHBIX.

WNurerpanmst cratuctuyeckux wmerogoB u CYBJl mosBonsier co3gaBaTh
s¢pdexruBabIe cucteMsl [1I1P paznmyHOoro Ha3HaYCHHUS.

Tak, BTOpEIM OnOKOM, pa3pabateiBaemoir MUC I[IIIP semsercs UA/, B
OCHOBE KOTOPOTO 3aJI0OKCH pPa3pa0OTaHHBIA  alTOPUTM, YTO  IO3BOJIAET
paccuuThIBaTh HE TOJBKO IPOTHO3 Pa3BUTUS OCIOKHEHHUS, HO M ONPENeNsiTh
TOJIOBBIE ITOKA3aTeNN 3HAUYNMEIX (pakTopoB prcka (DP).

Unest anroputMma 3akioyaercs B TOM, YTO M3HAYAJIBHO aHAJIM3UPOBAJICS PAA
CTaTHUCTUYECKUX METOJOB, KOTOPBIE MO3BOJISIOT PACCUUTHIBATH NMPOrHO3 PA3BUTHUS
ocnoxkHerns.  Craructudeckas  oOpaOOTKa  MaTepmala IpPOBONWIACH  C
ucnons3oBanueM BJIP ¢ moMomb0 MOIyIs aBTOMAaTHIECKOTO BKIIOYEHHUs Binary
Logistic 1 TUCKpUMHHAHTHOTO aHAJM3a C MOMOIIBI0 MOIYNS MPUHYIUTEIHEHOTO
BkmoueHus Discriminant Analysis makera mporpamm IBM SPSS Statistics 20.0
[12]. Haxoxnenne B3auMocBsi3ell (hakTOPOB pUCKA MEXKIy cOOOH MpPOBOIMIOCEH C
nmomoInkto makera Multifactor Dimensionality Reduction 2.0 Beta 8.4.

[Iporno3 pucka pa3sutuss OCH ocymiecTBisicss Ha OCHOBE IOKazaTeleH,
KOTOpBIC OKa3bIBAIOT HamOoNblllee BIUSHHE Ha ee pasButue. [logpobHO
MOCTpOEHHBIE MoeH rporHo3a pazsutis OCH npencrasnens: B pabdore [13].

st oneHKH BIUSHUS (PaKTOPOB PHCKA HA TOCICONESPAIIHOHHBIC OCIOKHEHUS
y mammeHntoB ¢ UBC wucmonp3oBammce kpurepuit [lupcona m kodddummeHTs
koppensanuu Cnupmena u Kenpanna.

B Mozens ObuTH BKITFOUCHBI TPU3HAKY, TSI KOTOPBIX YPOBEHb CTATHCTHUCCKOM
3HaYIMOCTH k03¢ purmenToB koppersinnu ¢ OCH cocrasisn p < 0,05.

BropeimM marom anroputma OBUTO CpaBHEHHE IOCTPOSHHBIX MOZENEH, C
HeNbI0 BEIOOpa Hambonee 3 PEKTUBHOTO MeToa. 1 OEHKH YyBCTBUTEIBFHOCTH
U CHenu(pUIHOCTH ITOCTPOSHHBIX MOJENeH Oblia MCIIONh30BaHA KPOCC-TIPOBEpPKA
(cross validation test), T.e. METOJ OICHKA MOJCIH M €€ IIOBEICHHS Ha
HE3aBUCUMBIX JTAaHHBIX.

Higa  onpeneneHuss — TMArHOCTUYECKOM — LIEHHOCTH  Pe3yJbTHPYIOLIEH
MPOTHOCTUYECKOH MoJieNid  ucnojib3oBajack ROC-kpuBas ¢ MOCHEAYIOIIUM
ONpeseeHneM IUIOIIAA 104 HeW (IMarHOCTUYECKH 3HAYUMBIM SIBIISETCS
roKasartens, npesbimarormii 0,70 [6, 7]).

C momompio Hambonee >PPEKTUBHOIO METOIa CTPOHUTCS MaTeMaTHIECKast
Mozienb nporHo3a pazButuss OCH B paHHeEM MOcCIeONepallMOHHOM IEepuoje, Ha
OCHOBE COOpaHHBIX 3a TOJ MJaHHBIX M orOumparorcs 3HaunMbele P  misa
JTaTbHEHIIEro aHaIN3a U BO3ICHCTBHS JICUeOHBIMHA MEPO PUSTHSIMU.

Kaxxap1it mocnenyromuii rog o MOAEIN IPeabIIyIIero rojia pacCuuThIBAETCS
puck pa3Butus OCH, a B KoHIIe rojja CTPOUTCS HOBas MaTeMaTHYecKas MOJEINb
MPOTHO3a pa3BUTUSA OCIOKHEHUS M cpaBHuBaOTca OP. Orto mno3Bomser
OTCIIEKMBATh JaHHblE, BIMAIOIIME HAa PpPa3BUTHE OCJIOXHEHUS, BHOCHUTD
KOPPEKTHUBHI B JICUCOHBIN MPOLIECC U aHAIM3UPOBATD, YTO YIAIOCh CHUBEITUPOBATH
(puc. 3).

PaGora anroputma AN TONB30BATENS TPENCTABICHA TPETHHM OJIOKOM,
KOTOPBIA CONEPKUAT Pl (GOpM IOIB30BATENBCKOrO MpuiokeHuUs. [lpm 3amycke
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oTkpeIBaercs ¢popma mist HaBurarm o MUC [P, ¢ KoTopoil MOXKHO IOIacTh Ha
¢dopMy moncka, GopMy IPOCMOTpPa/peaaKTUPOBAHNS/BHECEHISI HOBBIX JAHHBIX I10
MAlMeHTy W eme aBe (OpMBI: U1 pacyera WHIAWBHAYaTbHOH OLEHKH pPHCKA
Pa3BUTHS OCIOKHEHUH Y KOHKPETHOTO IMAlMEHTa U JJIs aHamm3a (haKTOPOB pPHCKa
paseutuss OCH mo maHHBIM IBYX TOIOB, Ha OCHOBE KOTOPHIX (OPMHUPYIOTCS
perIeHus IS KOPPEKTHPOBKH U COBEPIICHCTBOBAHUS JIedeOHOr0 mporiecca.

L4 Yy
Bonerbie 2008 2. Bonbrbie 2009 2. Bonbrbie N 2.
Pacyem Pacyem
Tocmpoerue mam. Mocmpoerue mam. Mocmpoerue mam.
geposmHocmu 8eposmHocmu
modenu npoeHo3a [~ modenu npozHosa > =P modenu npoeHosa
assumug OCH pucka passumus passumug OCH pucka paseumus passumus OCH
P OCH OCH
(XX}

y y y y y
Mposepka Mposepka [Mposepka [Mposepka Mposepka
aghchexkmusHocmu agppexkmusHocmu| | achcbexkmusHocmu agppexmusHocmu| | ahopexkmusHocmu
modenu modenu modenu modenu modenu
v v v
Onpedenetue ©P) Onpedenerue ®P Onpedenetue OP
passumug OCH Cpasenu passumug OCH <Cpasreruew<Cpasreruem passumug OCH
. JleyebHere * Jleqebrbie . Jlevebrple
* Meporpusmus | . Meporpugmus - « Meporpusmus .

Ha OP Ha OP HaOP -
RN EER N R SRR

Puc. 3. MudopmarmonHas Moeb alropuTMa aHajan3a pacyera MOJCNICH U IMHAMUKH
nanabix: OCH — octpas cepaeuHas He1octaTouHOCTh; P — dakTops! prcka

s Bpada mpencraBiueHa cTpykTypa ®P, KOoTOpble OKa3bIBajiM BIMSHHAE HA
paseutre OCH B paHHEM MOCIICONEPallHOHHOM MEpHOe, Ha IpHMepe OOIBHBIX
2008 r. Bung ee, oH MOXKET BBIICITUTH Psi MPH3HAKOB Ha KOTOPBIE MOXKHO OBLIO
OBl TeM WM WHBIM CIIOCOOOM IIOBIUATH HA JOOMEPAIIMOHHOM JTarle, C B0
CHIKEHUS BEPOATHOCTH PUCKA PAa3BUTHUS OCIOKHEHUS.

B Teuenun mnocnemyrouiero roga paccuuthiBaercss puck paszsutus OCH u
MPOBOAATCS JieueOHBIE MEpHl. 3aTeM 10 HAKOIUICHHBIM JAHHBIM TEKYIIEro roia
PacCUUTHIBAETCS MOJICND MIPOTHO3a PA3BUTHS OCTIOKHEHHS, OTOUPAIOTCS 3HAYNMBIC
®P storo nmeprozaa u cpapauBarotcs ¢ ®P npenpiaymiero. TakuM 06pa3oM, MOXKHO
YBHUIIETH, YTO PSIOM JICICOHBIX BO3ACHCTBHUI YIAIOCh CHUBEIHPOBATh HEKOTOPHIC
¢daxTopsl, yacts OP MOBTOPIIINCE B CIEAYIOMIEM TOMY W YacTh HOBBIX (DAKTOPOB
BOIITA B MOAETH (puc. 4).

Bosmoxno, noBropuBmmecs ®@P, He 3aBHCAT OT caMOro Bpada, BEIb E€CTh
MIPU3HAKH, HA KOTOPBIE HET BO3MOKHOCTH BIIMSATH Ha A0ONEpallnoHHOM 3Tane. Ho
TAaKXK€ OCTAeTCs BEPOSTHOCTH TOrO, 4YTO JieueOHBIE BO3ICHCTBHA HE OBUIH
s pexTuBHEIMU. B 3TOM citydae menecooOpa3HO MEpecMOTPETh TAKTUKY BEICHUS
OOJIbHBIX.

Hcxons U3 3TanoB alropuTMa, BECh IIUKII IArOB IMOBTOPSIETCS, YTO € KaXkIbIM
MOCIICAYIOIIAM TOAOM JAacT BO3MOXKHOCTb Bpady OMNpPEHENITh M BBOOUTH B
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MOCTOSAHHYIO IPAKTUKY PAA JOIMOJIHUTEIIbHBIX JIe4eOHbIX Meponpmm/lﬁ.

2008 2. Mosmopuntics 6 2009 & [loBasustics (Hoeble) Lanroie 2009 2.
ViexodHbie OaHHble i 8 2009 a. Odbiwika
OdbiKa OdkiuiKa (8 nokoe) Apummus (s noxoe)
(& roxoe) > HedocmamouHocms Opaxyus Apummus
Xapakmep MK + eb16poca<35% ™
cmeHokapduu Opakyus
(HecmabunbHas) JKudxocmb 6 Kapduonamus ebibpoca<35%
nnespansHol
r K nonoemu Hedocmamourocms Kapduonamus
unepmpocbus g
/I;/”iaocmamquocmb ﬁ TpOM6bI /[;/”iawmamo%ocmb
Cmenos AK Crusenuposatl Mpumererue HedocmamoyHocmb
Xapakmep nnaHosoeo VK TK
Kud cmerokapduu
nnis';?nnlﬁfa (HecmabunbHas) Kapduonneaus Toom6b
fonoemu Tunepmpocdbus IDK AHespusma Kudkocmb &
Cmenos JIKA > 50% (uemurHas) > nnespansHol
Cmeros AK nonocmu
0 Ydanerus mpombos
(azsﬁzljaﬁran) Cmeros JIKA > 50% MpumereHue
PAIDK nnaHosozo VK
MopaxeHus Onepayus
ocauBarowel semku (axempenHas) %;Hunynﬂuuu Ha Kapduonnezus
MNopaxeHus AHespusma
oeuGaroujeli semxu MNepenusarue (uemurHas)
npenapamos Kposu
Ydanerus mpombos
PAIDK
Marunynayuu Ha MK
MNepenusarue
npenapamos Kposu

Puc. 4. [Tpumep paboThI anropuT™Ma JIjIsl aHAJIN3a TMHAMUKA (haKTOPOB PHCKA:
JIK — neBrrit sxxenynouek; MK — murtpanbabiii kinanan; AK — aopransHbIf Ki1anas,
JIKA — neBas xoponapsast aptepusi; TK — TpuKycraanbHBIA KiTamaH;

UK — uckycctBeHHOe KpoBooOpatienue; PAJIXK — pe3ekius aHeBpHU3MbI
JIEBOTO JKEITy0YKa

BBIBOBI

CropoektupoBaHHas HH)OPMAMOHHASI CHCTEMA TIOJIe3HA IS COMTPOBOKICHHST
nmedeOHOro Tmporecca, OIEHKHA pHCKa Pa3BUTHS OCIOKHEHHH B paHHEM
MOCIICONIEPAIHOHHOM ~TIEPUOAEC W IS BBIABICHHS CTPYKTYpHl (PakTopoB-
MIPEIUKTOPOB BIUsOMMX Ha pa3BuTue OCH.

Paspabortannas UT nocTpoeHUs MpOrHOCTHYECKUX Mojeield Ha ocHoBe AT
MO3BOJISIET HEOIPAaHUUYEHHO PACIIMPATH CHEKTP MPOTHO3ZUPYEMBIX OCIOKHEHUN U
JlaeT BO3MOXKHOCTh BBISIBJIATH NAIIMEHTOB MOBBILIEHHOro pucka. Kpome Toro, oHa
SIBJIIETCSL MHCTPYMEHTOM JJI Bpaya B NPHUHSATUU PELIEHUH C LENbI0 KOPPEKIUH
TedeOHBIX MEPOIPUSATHA ¥ MUHAMHU3AIN PUCKA Pa3BUTHUS OCTIOKHCHHH.

Cucrema mokasaia cBor 3(p(eKTHBHOCTh NPH TECTOBOM HCIIONBF30BAHAU Ha
PETPOCIIEKTUBHBIX JaHHBIX, & TAKKE B PEATBHBIX YCIOBHUIX JICUEOHOTO IIporecca.
PazpaboTanHple MOmen: MO3BONSIOT C BBICOKOH HanexHOCTBIO (Oomee 90 %)
MIPOTHO3UPOBATh BEPOSITHOCTD pa3BUTHUSA OCJIOXHEHHUS B paHHeM
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WELL-POSED IDENTIFICATION OF NUCLEAR
TYPE INFINITE AND MULTIDIMENSIONAL
SYSTEMS

V.F. Gubarev, A.V. Gummel, S.V. Melnychuk

Space Research Institute of the National Academy of Sciences of Ukraine and State
Space Agency of Ukraine, Kiev, Ukraine

Introduction: System identification problems have the feature that under
certain conditions its solutions become highly sensitive to the errors in input data.
Especially it takes place in multidimensional cases when even an appropriate model
set of the original system is unknown. In such cases it is necessary to use different
infinite-dimensional expansions as model set. Hence there is a problem of
approximation infinite-dimensional linear system by finite-dimensional ones.
Selection of model order is defined by the well-posedness which should ensure the
solution sustainability.

Purpose: The purpose of research is to establish and study conditions, that
define when system identification problems are well-posed and when solutions
become unstable and therefore practically unfit for parametric-structural
identification on the base of description in the form of infinite expansions.

Results: It was shown that solution high sensitivity is associated with ill-
conditioned matrices that are used to estimate the coefficients of the model. For
finite-frequency and subspace identification methods it was demonstrated that
depending on the ratio of the input data error and the condition number of matrix the
solution of identification problem can be both stable and unstable.

In multiple experiments with different system on the plane of these two
parameters distribution of models by stability was obtained which allowed us to
construct the stability domains. Further this domains can be used in regularizing
procedure when selecting the model order.

Conclusions: Identification problems of infinite or multidimensional systems
may be fully treated as essentially ill-posed. It is shown that this property is
fundamental regardless what kind of method is applied.

Correct solution of identification problem is almost always requires the use of
regularization procedures which imposes restrictions on the model dimension.
Resulting reduced model approximate the real system with respect to output only so
model parameters can differ from the same parameters of the real system.

Keywords: system identification, ill-posed problem, finite-frequency
identification, subspace (4SID) identification, regularization.
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EXTERNAL ELLIPSOIDAL APPROXIMATION
OF REACHABLE SETS OF DYNAMIC SYSTEMS

N.A. Babii, V.V. Volosov, V.M. Shevchenko
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Introduction: The methods for constructing the external ellipsoidal estimates
of reachable sets of discrete and continuous dynamic systems (DS), susceptible to
external bounded disturbances are proposed. Effectiveness of this method is
illustrated by the example of the system control of a solid body angular motion.

The purpose: Development of constructive methods for constructing
ellipsoidal estimates of reachable sets DS and obtaining guaranteed accuracy
estimates of DS control systems in steady mode.

Results: Ellipsoidal estimates reachable sets of continuous and discrete DS
obtained according to consistent methodological approach based on using the
support functions apparatus of convex sets and methods of mathematical
programming. The proposed methods are locally optimal by matrix trace criteria of
estimating ellipsoids. Ellipsoidal estimates of limit sets of continuous linear DS with
bounded external disturbances are obtained based on use known General direct
Lyapunov method. As exemplified by control of a solid body angular motion,
ellipsoidal estimates of limit sets and asymptotic estimates of reachable sets are
complementary. The intersection of these sets is an improved estimate of steering
control accuracy in the steady mode.

Conclusions: In order to obtain estimates of the accuracy of the DS control
systems it seems to be reasonable using Lyapunov direct method and methods for
constructing ellipsoidal estimates of reachable sets of DS.

Keywords: dynamic system, uncertainty, ellipsoidal estimates, reachable set,
limit set.
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OPTIMAL CONTROL BY VIBRATIONS
OF A RECTANGULAR MEMBRANE

M.M. Kopets

National Technical University of Ukraine “Kyiv Polytechnic Institute”, Kiev, Ukraine

Introduction: In the theory of optimal control one of the central role rightly

takes linear quadratic problem. For controlled systems with lumped parameters this
problem was studied in sufficient detail that cannot be argued about a similar

problem for systems with distributed parameters. In this article the linear- quadratic
problem is investigated by the modern methods of variational calculus and
mathematical physics. The purpose of this article is to study the linear- quadratic

problem of optimal control of oscillations of a rectangular membrane, namely
obtaining necessary optimality conditions and the derivation of the formula for
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calculating the optimal control.

Statement of the Problem: Controlled process is described by a two-
dimensional wave equation with partial derivatives. There are given the initial
conditions and homogeneous boundary conditions. The cost functional is a
quadratic. Admissible control which is implemented at least the cost functional is
called optimal.

The main results: The author of the article obtains the necessary optimality
conditions. At their bases derived a system of integro-differential Riccati equations
with partial derivatives. The solution of this system provided an opportunity to write
an explicit formula for calculating the optimal control.

Conclusions: In this paper a system of integro-differential equations with
partial derivatives of the Riccati for linear quadratic optimal control problem of a
rectangular membrane vibration process is obtained. The solution of this system
provides the ability to write an explicit formula for calculating the optimal control.
Promising for further study is to obtain similar results for the case of a circular
membrane. Also of note is the advisability of generalization of the results obtained
in this paper for the case of systems with fractional derivatives.

Keywords: optimal control, the method of Lagrange multipliers, Ruccato
equasion.
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A WAY TO ORGANIZE EFFECTIVE DATA
EXCHANGE IN NETWORK-BASED CONTROL
SYSTEM FOR DYNAMIC OBJECTS

S.V. Pavlova, Yu.P. Bohachuk, S.V. Melnikov, O.Yu. Gospodarchuk

International Research and Training Centre for Information Technologies and Systems
of the National Academy of Sciences of Ukraine and Ministry of Education and Sciences
of Ukraine, Kiev, Ukraine
Introduction: Perspective air traffic control and air traffic management systems
will use global telecommunication structure based on multiservice network. The use
of existing network protocols and communication channels in multiservice network
for remote control of manned and unmanned aircrafts may be hampered by
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transmission delays and information loss.

Purpose: The purpose of the work is to give an analysis of existing and
perspective network protocols and techniques in terms of suitability for use in
multiservice networks for remote control of dynamic objects and estimate the impact
of control data transmission delays on quality of remote control of dynamic object
using the task of aircraft trajectory control as an example.

Results: The major factors that make an impact on quality of work of
distributed in navigational computer network aircraft control system are the network
delay that shifts in time data packets transmitted from an aircraft to the remote
control system and transmission network delay for command packets from control
system to the aircraft. It is shown that use of modern protocols and techniques makes
it possible to significantly enhance speed and cut delays for transmission of control
data over network structures within control system. Network transmission speed can
be increased in times when small amount of redundancy is introduced in the network
communication channel for given packet loss rate. Results of modeling of remote
system for aircraft trajectory control shows that it is possible to build distributed
control system that is invariant to control data transmission delays in a broad range
of delays (100-700 ms) which are typical for real-world networks.

Conclusion: To build effective control system with distributed informational
and executive resources one need to separate data exchange streams based on
importance for control quality and acceptable data transmission delays. Data
exchange protocols, channels and traffic routs should be selected based on properties
of specific informational streams. Structures and protocols that provide redundancy
and duplication of transmitted information should be considered. Selection of
specific data transmission protocols and techniques can be combined and
complemented with developed methods for control of high-speed dynamic processes
and proper distribution of control components between controlled object and remote
control system.

Keywords: network, network protocol, remote control, data exchange, FEC
technology, distributed control system, aircraft control, high-speed cycles control.
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INFORMATION TECHNOLOGY
OF PSYCHOPHYSIOLOGICAL MAINTENANCE
OF OPERATOR’S ACTIVITY HIGH RELIABILITY

V.V. Kalnysh, A.V. Shvets

Research Institute of Military Medicine of Ukraine Military Medical Academy, Kiev,
Ukraine

Introduction: Human reliability is a complex parameter, which has to take into
account semantic aspects, the pace of activity, complexity, intensity, and sequence of
tasks, information overload arising from this; various external influences, as well as
qualitative characteristics of activity. That is why technocratic understanding of
psychophysiological mechanisms of ensure human activity reliability is limited in
relation to human activity that requires the creation of medical information
technology for complex foregoing problem solving.

Purpose: Creation of information technology for the implementation of
psychophysiological ensure high reliability of operator activity.

Methods: Analysis of the results was performed using the following methods:
nonlinear regression, cluster analysis, factorial ANOVA using the data analysis
software system STATISTICA 6.1.478.0.

Results: The most important task for solving this problem is to build such
information technology which would take into account the peculiarities of human-
machine interaction. Therefore, it is advisable to use several approaches for its
realization. The first approach is to use special integrated indicators, taking into
account the fundamental characteristics of his organism (sex, age, severity of PVC,
etc.) influence on working person behavioral responses. The second approach aims
to determine the reliability of a possible reduction of the human impact on the
characteristics of the job. It makes the technology more demanding but
physiologically adequate in implementation when each operator is working at his
best that extremely narrow degree of freedom in the solutions choice, limiting its
effect on the solvable task parameters. The third approach is based on the using
feedback test data and ignores the obvious fact that the operator can work correctly
for a long time under low intensity presented tasks. To maintain the reliability of the
operator's activity in information technology a special correction unit and monitoring
unit psychophysiological qualities operator have been included. As a result of
performed analysis, the information technology to maintain high reliability of
operator activity has been created. It takes into account the information processes on
different levels of hierarchically organized ergatic system human — machine —
environment, and consists of several information blocks focused on assessing
correction and monitoring the reliability of the operator’s activity.

Conclusions: The fundamental causes of operator error based on the existence
of objective contradictions between existing imperfection of human knowledge
about controlled processes and its decision-making, as well as the incompleteness of
the rules governing the operator's actions in specific, unusual situations leading to
misinterpretation of the problems have been identified. A structural-functional
hierarchical system of operator’s activity reliability formation, taking into account
the effect of various factors in the ergatic system on the quality of work has been
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proposed. The information technology of psychophysiological maintenance
operator’s activity high reliability consisting of several parts: the
psychophysiological assessment of reliability of operator's activity integral
characteristics, parameters of limited feasibility of activity and reliability profile of
activity based on the allometric model characteristics; correction reliability of an
operator using training occupationally important qualities; monitoring
psychophysiological qualities has been .

Keywords: information technology, hierarchical information model, allometric
model, operator’s activity reliability.
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A FORMAL ANALYSIS OF MECHANISMS
INCREASING ARTERIAL PRESSURE

R.D. Grygoryan
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Introduction: Arterial hypertension (AH) is a multi-factor disease indicated by
an elevation of end-systolic and end-diastolic peaks of arterial pressure (AP).
Currently, AH’s cure is symptomatic and palliative because our understanding of
mechanisms controlling AP is not comprehensive.

The purpose of the paper is to propose an extended view of mechanisms
regulating long-term level of mean arterial pressure (MAP).

Results: To reach this goal, the energy theory of reversible adaptation is used.
The theory ensures that in vertebrates (in particular, in humans) there is a multi-scale
energy megasystem (EMS) fighting against continuously lack of ATP in every cell.
EMS is a complex system constituted of multiple partners. It is shown that cell-scale
mechanisms balancing mean rates of ATP synthesis and consumption are
functioning in two-side relationships with organism-scale mechanisms. The
cardiovascular system (CVS) is a structural-functional part of EMS that materially
provides both the mitochondrial respiration and mitochondrial enlargement (via
hypertrophy/proliferation) in every cell. Under stable organism-scale physiology
indicated in form of a stable energy consumption rate, the level of MAP inversely
correlates with a total surface of cells mitochondria. On long-term scales, lung
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ventilation, blood erythrocytes amount, and blood glucose are also in inverse

correlation with MAP. These reciprocal relationships suppose that there will be an
individual normal value of AP. This value does depend on relative investments of
EMS’s sub-units in providing of ATP synthesis.

Conclusions: An increase of MAP in CVS will appear every time when the

remained partners in EMS cannot properly compensate the lack of material incomes
into cell mitochondria. This general view of roles playing by CVS and MAP in

organism suggest that AH is rather a compensatory response of entire organism to
energy lack than a disease.
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Introduction: Tendency for data mining today is great. Often, in the datasets
there is missing implicit knowledge that can be obtained with the help of modern
information technologies and methods of data mining. Use of this information
technologies allows automatization of processes for extraction of data that help to
get interesting knowledge and regularities. The formalization of semistructured and
unstructured tasks is no less important.

The integration of statistical methods and database management systems allows
to create an effective decision support systems for various purposes.

Improving the efficiency of treatment can be achieved by applying data mining
methods.

The purpose of this work is the description of the stages of design of
information system based on data mining for prediction of complications and
decision support.

Results and discussion: The developed information system consists of a
database module, data mining module and generation decisions making module. The
generation module of decision making presented as a custom application. The
database module allows to organize and store information. The basis of the module
of data mining is the algorithm that allows to calculate not only the prediction of
complications, but also to determine the annual indicators of significant risk factors
which is useful in making medical decisions. The first stage of the algorithm is the
comparison of statistical methods to determine the most effective. The second is the
construction of mathematical models to forecast the development of complications
chosen method. The third is the comparison of risk factors and outcomes models.
This provides the forecast of the development of complications. In addition, it
provides the tools necessary for the correction of treatment. Under the previous
comparative analysis revealed that the binary logistic regression gives a higher
percentage of correct assignment, the sensitivity and specificity which is indicative
of high quality of the resulting model. A method MDR helps to identify a hierarchy
relationships between risk factors and systematic communication themselves. It
gives the possibility to determine the direction, strength of influence and to which
extent the factors with the help of entropy.

Conclusions: A medical information decision support system is developed. It
allows to identify high-risk patients. A retrospective evaluation of prognosis of
complications was also carried out that allows dynamically optimize the structure of
the therapeutic measures to reduce the risk and severity of complications in the early
postoperative period in patients with coronary heart disease after coronary artery
bypass surgery.
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