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Control of Parametrically Perturbed Objects with a Full Information

Abstract

The objective of this paper was to justify the new synthesis method of stabilizing controller for parametrically perturbed systems,
which often appear in mobile robots, aircrafts, engineering objects with non-stationary parameters, intellectual control systems with a
self-learning etc. Due to the high complexity and uncertainty of these systems, the classical PID controllers are not applicable and so
a full information about the object state vector is used. Controllers obtained in this way allow to minimize the integral quality criterion
of the system with the worst case parameter perturbation. For this purpose, the methods of differential games and switching systems
theories were applied. Control laws are calculated by using the value function of the corresponding differential game, which can be
obtained by solving the Hamilton-Jacobi-Bellman-Isaacs equations. A special set of basic functions was developed to approximate the
value function and satisfy the boundary conditions. Finally, controller synthesis for a specific object with a nonstationary parameter
is given. It significantly exceeds both the linear and fuzzy controllers in terms of quality. In the task of analyzing system qualitative
characteristics under the worst parametric perturbation, our results are compared to the modern direct collocation methods of optimal
control. With the same accuracy, proposed method is two times faster for low order systems. To verify that developed controllers can
be employed in real time applications, we present computational time and memory usage in the end of the article.

Keywords: differential games, Hamilton-Jacobi-Bellman-Isaacs equations, value function, switching systems, absolute stability,
Lyapunov functions, implicit Euler scheme, fuzzy controllers
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YnpaBneHue napameTpuyecku Bo3myLlaeMbiMU 06 beKTaMmn
npyv HanNnM4YnmM NOSTHOM MHopMaLum

ue/lblO OJaHHOU cmambvu A645emcs 000CHO8AHUE HO8020 Memoda cunmesa cma6unu3upyiomux pezyaamopoe ons napame-
mpu14ecKU 603MYUL€HHbIX CUCMeM, KOmopble Hacmo ecmpe4armcs 8 MOOUNbHOU poﬁomomexﬂulce, becnunomHublX 1emamenbHblX
annapamax, UCHOJAHUMENbHbLX I’lpllGOd(IX C HeCmayuoHapHsvimMu napamempamu, UKMeANeKmYadabHblX cucmemax ynpaeieHus
c CaM006y’1€Hu€M u m. 0. H3-3a evicokoli caroxcHocmu u Heonpe()e/zeHHocmu amux cucmem Kiaccuveckue HH,ZZ pezcyaamopasl
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0KA3bl6AIOMCS HeNPUMEHUMbL, NOIMOMY 6 0aHHOU pabome npedarazaemcsi UCHOAb306AMb NOAHYIO UHDOPMAYUIO O 6eKmope
cocmosiHusi obsexma. I[loayuennoie makum o6pa3om peeyasmops. NO3G0ASIOM MUHUMUIUDOBAMb UHMESPAAbHbII Kpumepui
Kavecmea cucmembl NpU HAUXYOuleM 603MYueHUU ee napamempos. Jis 3mo2o Oviau npumerneHsl Memoost Ougppeperyuanbibix
uep u meopuu nepexayaemMbix cucmem. 3aKoHbl YNnpaeieHus 8biMUCAAIOMCA HA OCHO8e (YHKUUU UeHbl COOMEemcmayouel
Jughepenyuanrvroli uepvl, Komopas moxcem Ovims noayyena nymem peuwtenus ypaenenui lamusomona—Sxobu—beasmana—
Atizexca. Jlna annpokcumayuu QyHKyuU yervl u y0oeiemeoperus 2paHutHblX ycA08ull 0bla pazpaboman cneyuaibHolii Habop
basucnbix ynkyul. B nocaednem pazdene npueeden npumep cunme3da peeyiamopa 045 KOHKPemHo20 00seKkma ¢ Hecmayuo-
HapHvim napamempom. Ilo kauecmay nepexoO0HsIX NPOYECCO8 OH 3HAYUMEALHO NPEeBOCXO0UM NUHeliHble U HeuemKue pecyasimo-
pol. B zadaue anaaruza kauecmeennvix xapaxmepucmuk cucmemol npu 0elicmeuu HauXyouux napamempuecKkux 03MyueHul
Hawiu pe3yabmamol CPAGHUBAIOMCSL C COBPEMEHHbIMU HUCACHHBIMU Memodamu ONMmumMalbho2o ynpasienus. llpu moi xce moy-
Hocmu npedaazaembvili Memod pabomaem 6 dea pasza Ovicmpee 045 cCUCHEM HeBblCOK020 nopadka. 4Ymobvr y6edumovcs, umo
Pa3pabomanuble pecyaamopbl MONCHO UCNOAb308AMb 6 PedNbHbIX CUCMEeMAX, 8 KOHUe CIambl NPUEOOUMCSL 8PEML GbIMUCACHULL
ynpaeaaruwux 6osdelicmeutl u 00sem UCHOAb308AHHOU namamu IBM.

Karoueenvte caosa: dughpepenyuanvuvie uepsi, ypaguenus lamuromona—Sxobu—beaiamana—Aiizexca, ynkyus yenol,
nepekailouaemvie cucmeMmsl ynpasaenus, abcoalomuas ycmouuueocms, Qyukyuu Janynoea, Heagnas cxema Jiisepa, Hewemkue

pez2yasmopbl

Introduction

In recent decades artificial intelligence methods
have proven their efficiency in the tasks of complex
dynamical objects control [1, 2]. One example of their
successful application are non-stationary systems ex-
posed to various uncertainty factors [3, 4]. These types
of systems are used to describe aircrafts [5], mobile
robots [6—S8], actuators [9], etc. However, the choice
of the structure and parameters of an intelligent con-
troller as well as the analysis of the stability of the
overall system is still a difficult and not fully resolved
problem. A possible solution is the theory of absolute
stability, which allows to determine the admissible
sectors in which the nonlinear characteristics of the
intelligent controller should be located.

Numerical algorithm proposed in Berdnikov
(2018) studies can be used for constructing Lyapu-
nov spline functions to solve the problem of absolute
stability of the system with several nonstationary ele-
ments [10]. Later, this algorithm was used to construct
guaranteed stability regions of automatic control sys-
tem (ACS) with fuzzy controllers and parametrically
perturbed objects [11, 12]. Even though the synthe-
sized systems are stable, two questions still need to
be answered. The first one is related to the choice of
a fuzzy controller specific characteristics in a stable
sector. The second one concerns determination of the
object’s worst-case parameters changing.

To avoid these drawbacks, this paper proposes
the new algorithm for synthesizing nonlinear con-
troller characteristics of ACS with parametrically
perturbed objects. Its main idea is to use the theory
of differential games for switching systems. In this
context, a two-player differential game is consid-
ered. One of the players tries to minimize a pre-
selected quality criterion by using control, while the

other tries to maximize it using parametric pertur-
bation. Approximation of the game value function is
the result of the algorithm. If there is complete in-
formation about the state vector of the system, this
approach allows to synthesize optimal control laws
in the form of feedbacks. On the other hand, the
analysis of differential game permits the formation
of the worst-possible perturbations in the system.
It leads to the guaranteed estimation of the sys-
tem quality criterion, which means it can’t be worse
with any other possible parameters perturbations.
This work is structured in the following way. Sec-
tion 1 includes a detailed task description, the aim
of which is to resolve a Hamilton-Jacobi-Bellman-
Isaacs partial differential equation (HJBI). Section 2
introduces the special set of basis functions which
help to approximate solution of the HIBI equations.
Distinguishing characteristic of these functions is
that the boundary condition is always satisfied. In
Section 3, to simplify the process of finding a solu-
tion, methods of differential games with switching
strategies are applied. Section 4 develops a numeri-
cal algorithm for constructing an approximate solu-
tion of HJBI equations for a switching system. Sec-
tion 5 gives an analysis of the specific system with
parametrically perturbed object. Discussion of the
results and conclusion are presented in Section 6.

1. Problem statement

Consider a system described by equations

% =F(t,x,u,w)=f(x)+g,(x)u+g,(x)w, (1)

where x = (x;, x5,...,x;)" — d-dimensional column
vector of state variables, u = (ul,uz,...,up)T —
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p-dimensional column vector of controls,
(w, w2,...,wq)T — g-dimensional column vector of
disturbance; f(x), g,(x), g,(x) — matrix functions of
the corresponding dimensions. The restrictions on
the vectors of control and disturbancesu € Uy we W
(2) are imposed.

2

U={uecR?|-0<ul <u <u? <+o};

i @)

WZ{WERq|—OO<W}-<Wj<Wj<+OO}.

This work examines the issue of synthesis of sta-
bilizing optimal controller for parametrically per-
turbed objects. In contrast to [11, 12], this type of
controller should minimize some pre-selected qua-
lity criterion J. Obviously, it will be different for
various perturbations of a given class w(¢). In this
regard, it is advisable to tune the controller, assum-
ing that the system has some "worst" w'(7) perturba-
tion for the chosen criterion, i.e. the perturbation is
maximizing J among all other w(¢) (in the context
of the concept of antisipative strategies [13]).

It is well known from the theory of differential
games [14] that if the quality criterion is presented
as the sum of the integral component and the ter-
minal cost:

J(xg,u(*),w()) = ?L(x, u,wydt+h(x(T)),
0

xy = x(0),

the solution of the partial differential equation (3)
n, x),

Ot  ueU weW | Ox
=0,V(T,x) = h(x),
when the additional condition of the saddle point is
fulfilled (Isaac’s condition)

o + min max {ﬂ, F(t, x,u,w)+ L(t,x,u, w)} = 3)

min max{/(x,u(), w())} =

= max min{/(x,u("), w())},
is the value function of the game. Moreover, if V{7, x)
known, the optimal control and the worst perturbation
can be found in the form of feedback (4).

(1663

4
€ arg min max {(%—V, F (x,u, w)J + L(x,u, w)}

uel weW X

Next, we will consider quality criteria which op-
erates on an infinite time interval and do not ex-
plicitly depends on control and disturbance, namely:

J (%0 u(),w()) = [L(x)dt, 5)
0

where L(x) > 0 for x # 0 and L(0) = 0. It was shown
in [15, 16] that if V(x) is a solution of the equation

uel weW X
V(0) =0,

min max {(%—V, F(x,u, w)j +L(x,u, w)} =0, ©)

and if N(x) > 0, dV /dt =0V /ox, F(x,u,w)) <0 for
x # 0, and the Isaac’s condition is satisfied, then W(x)
is the Lyapunov function establishing the asymptotic
stability of the system. Moreover, in some region of the
origin V(x) is the value function of the corresponding
differential game, and the optimal controls and the
worst perturbations are obtained in the form of
feedback by the formula (4). Note that in our case,
the Isaac’s condition is satisfied, since system (1) is
divided by control and perturbation, and the quality
criterion does not at all depends on « and w [17].
Thus, calculation of W(x) in (6) permits to solve the
problem completely. This paper proposes a numerical
method for approximation of the solutions of HJBI
equations, which contains the following main steps:
1) Construction of a set of basis functions for which
the boundary condition V(0) = 0 is always satisfied;
2) Transformation of the initial system into a
switching one. This step will simplify the subsequent
procedure of the numerical search for a solution (6);
3) Development of numerical algorithm for ap-
proximating the value function V(x) of a switching
system.
In the following sections, the steps set out above
will be discussed.

2. Basis Functions Construction

There are several numerical methods of approxi-
mation for the solutions of nonlinear partial differ-
ential equations in current literature. They include
finite-difference methods [18], finite-elements me-
thods [19], Galerkin methods [20], methods based
on radial basis functions (RBF) [21] and others [see,
for example, 22]. We will consider the last one. The
main advantage of using radial basis functions is that
it is not necessary to define a dense structured space
grid, at the nodes of which the desired solution is
approximated. This circumstance makes it possible
to better cope with the so-called curse of dimensio-
nality," namely that the computational resources and
computer memory exponentially grow with increa-
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sing dimension d. In fact, classical numerical me-
thods are not applicable for the dimension d > 4 of
the space on non-specialized computers.
In RBF-based methods, the solution is searched
in the form
m
S(x) = Y a0 (x), (7)
k=1
where ¢,(x) — are basis functions, m is the number of

basis functions, g, are the coefficients that need to be
found. Radial basis functions are defined as follows:

o (x) = g(py — %), pr € RY.

Function g(+) and the centers of the basis func-
tions p, are selected according to the specifics of a
particular problem [23].

One of the main issues in the numerical solution
of HJBI is that the functions V(x) in (6) are almost
always non-smooth [24, 25]. That’s why it requires
the use of an excessively large number of basis func-
tions to approximate with acceptable accuracy. From
a practical point of view, this circumstance makes
methods based on radial basis functions inapplicable
for the analysis of systems in which the control object
is described by even a low order equations. In order to
find solutions, it is necessary to take into account the
boundary conditions (6), which complicate the struc-
ture solution and calculation process of a; in (7).

To avoid such difficulties, this paper introduces a
special set of basis functions, for which, when exer-
cised, the boundary conditions V(0) = 0 in (6) will
be satisfied automatically. The final non-smooth so-
lution will be formed by several smooth surfaces. An
overview of the proposed functions is given below:

Fig. 1. Example of a set of basis functions on the plane

S(x) = fb; {L] 0; GJ =X o >0, (8)
i=1

max
b,i () is the Bezier spline of order /, and r,,,, defines
the radius of the region in which the solution is
sought. The paper furthermore uses

1
0; () = (%ﬁj“z, pi=10<pu<l,
as a function ¢,(+), although there may be another
option. For certainty we will assume that o (x/r) = 0
for r = 0. Parameter p allows to change the shape
of @;(+): as p increases, the region in which ()
is significantly different from zero and vice versa.
Represented Bezier spline b,é(°) in the form of the
Bernstein polynomial (8) can be rewritten as follows

amzfiW%[’]%F}
i=1j=0 ‘max r
Bl(z) = sz(l )l
SN = ) '

Thus, the construction of smooth surfaces tends
to calculate the coefficients a,.j . Note that if we take
a? =0 (for all i =1, ..., m), then S(0) = 0. There-
fore, when using functions (9) as an approximation
of the solution (6), the condition V(0) = 0 in (6)
will be satisfied automatically, without introducing
special restrictions. In the next section, functions of
the form (9) will be used to construct smooth sec-
tions of the value function. Fig. 1 shows a graphical
representation of the proposed functions, where, for
convenience, ¢;(*) and @,(+) are located on circles
of different radius.

(©)

3. Transformation into a switching system

It follows directly from the equation (6) that the
optimal control u and the worst perturbation w can
only take boundary values, since the quality criteri-
on (5) does not depend explicitly on u, w. Therefore,
the entire domain Q in which the solution of the
equation (6) is sought can be divided into subdo-
mains Q%” with both constant control and pertur-
bation. When the system trajectory moves from one
subdomain to another, # and w switch instantly. As
will be shown below with numerical examples, the
solution in each Q%” can be approximated with high
accuracy using the surface (9).

If the boundaries Q%? are known, the search for
the value function can be reduced to the problem of
solving a system of linear equations. However, it is
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generally scarcely possible to determine Q%? without
solving the HJBI. In fact, the task of synthesizing the
optimal ACS is reduced to the following question:
"In which areas of the phase space of the system do
these or other values of control act?" In this regard,
we use the results of the theory of differential games
with switching strategies to construct the solution (6).

It was proved in [26, 27] that the solution V{7, x)
of partial differential equations (3) can be obtained
as the limit

HmV*b(t,x) = V(t,x),

where V,(t,x) = [Vn“’b (¢,x)] is a continuous matrix
function, which is the viscosity solution of the system

min ot ox
max b 5 =0;
Ma’ [Vn](t, X)— Vna’ (ta X)
Ma,b[Vn] (t) x) - VnaYb(t’ X)
VT, x) = h(x);

MW 1(t,x) = min{V &0 (2, x) + v, };
a+a

V(x| Ha,b[, v, x)]

(10)
M IV, 1(1,x) = rgabX{V,,“”5 (%)~ 1, )

H*(t,x, p) = p, F(t,x,a,b) + L(t, x,a,b);
acU,cU,beW,cW.

Here v,, p, are the costs for switching between dif-
ferent controls ¢ and perturbations b, which tend to
zero as n — oo. Finite sets U,, W, cover the initial sets
of controls and perturbations, and as » increases, the
coverage should become more and more dense. Since
u, w take only boundary values in the task described,
the discretization of the sets U, W occurs naturally.
Therefore, U, and W, consist of 27 and 29 elements
and, consequently, are independent of ». If a solution
(10) is found, then V,(z, x) is the lower value function
of the differential game with payoff functional

T
J(xg,u(*),w()) = IL(I, x(t),u(t), w(t))dt+
0
+ /’l(X(T)) + Na(')Yﬂ - Nb(')rna

in which N,.), Ny is understood as the number of
control and disturbance switches in the interval [0, 7.

Despite the fact that to solve (10) it is neces-
sary to calculate 27" functions V,**(¢,x) , this ap-
proach has certain advantages over direct computa-
tion of W(z, x) in (3). Indeed, the dependence on the
gradient of V¢, x) in (3) is non-linear, moreover,

in many practical cases it is not smooth, and (3)
is neither convex nor concave in oV (t,x)/o0x. At
the same time, in (10) 8Vn"’b (t,x)/0x enter linearly.
As will be shown in the next section, it allows to
compute V,(#, x) by the sequential solving systems
of linear equations. Thus, there are 2 main assets in
favor of using (10) instead of (3): discreteness of the
control and disturbances sets also as simplifying the
procedure of calculating the value function.

4. Formation of the optimization problem

On the time interval [0, 7], we introduce M + 1
uniformly distributed discrete values 1), < ... 1,44 <
<1 <1y <. <71 with 1y = 7, and 15, = 0. We
also discretize the state space X = RY using N (not
necessarily structured) points x; € X. Then, using
implicit Euler scheme, we will search for the solu-
tion (10) in the following form:

a,b a,b 0 Vii’lb j ab
Vel —AtH*? | t,x, L=y® (1D
"/ ox 43,
where

Vel =min| Ve ,,min{fd’f + vn} ;
l+§,j I+E,J a+a 1+5,j

7e - max [Vi”;b, max{V; - un}}; (12)
430 e

VP =V e, x ), Ve = h(x)).

In this work, the values of V,‘il” ; and 8V,‘jl” ;/0x

are proposed to be approximated by using the func-
tion S(x) from (9). By taking the total number of
coefficients for the basis functions in (9) as K, and
also setting M > K, we conclude that (11) is a lin-
ear equations system. Since it is overdetermined, its
solution must be sought in the least squares sense.

Thus, the transition from ¢, to #;;; consists of two
stages. At the first stage, the values V,-f’j’-b used in
(12) serve to calculate Z?ﬁ /.- The coefficients for
the basis functions in (9) are determined at the sec-
ond stage, while solving the linear equations system
(11). When this procedure complete for all t;, we
obtain a solution on the interval [0, T].

Now we will consider how this technique can
be used to solve the stationary HJBI equation that
arises in a differential game on an infinite time in-
terval. To do this, it is necessary to conduct a series
of numerical experiments, gradually increasing 7.
If, starting from some moment 7 > T, the value
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function stabilizes at the initial moment of time, i.e.
aV,;"b (0, x)/0t takes small values, then we can take

V(x)= min[ml?x Vn”’b(tM,x)] (13)

Note, that the function V(x) and its gradient can
be calculated not only at points x;, but also at any
other points x € X without additional interpolation.
Indeed, the functions V,*’(t,,,x) are represented
in the form (9) and the basis functions coefficients
occur when (11) solved. If it is possible to obtain
complete information about the state vector x for
some control object at each moment of time, then
the function (13) can be used directly on-board de-
vices to synthesize optimal control laws.

In this way, the synthesis method of the optimal
stabilizing controller consists of the following steps:

1. Equations of the system are written in the
form (1);

2. Desired quality criterion (5) is selected;

3. Radius of the region r,,,, in which the solution
is sought (6), the number of basis functions, and
the parameter u, which determines the shape of the
basis functions, are specified;

4. Value function (13) is searched while solving
the optimization problem described in this section;

5. If "(x) = 0 for x = 0, then the control law u(x)
from (5) is stabilizing and optimal with respect to
the selected quality criterion.

The examples of using this method are presented
below.

5. Numerical experiments

Consider an ACS with a parametrically perturbed
object from [12], which structure is shown in Fig. 2.

Dynamic equations of the presented system have
the following form:

% = Ax + b,0(c ,,1) + b,w(t)o,,;

L1
T, T, 0
A=| 0 0 0|b,=|0]|
0o o L 1
T T,
0 X
b, =|1],x=|x,[; (14)
0 X3
G, =—X|, O, =—X; +X3;
5;<@<5§,1=5i<w(r)<53=3.
p

If the controller is linear, then ¢(c ,,7) =k,c,,
8; <k, < Sf). If the controller is fuzzy, then
¢(c 1) determines the nonlinearity in the chan-
nel of the P-controller that satisfies the sector con-
straints 6;, 85,. The quality criterion is chosen in
the form (5) with L(x) = x12 + x22 + x32. It character-
izes accumulated deviation of the system state and
zero equilibrium point.

Next, we calculate the values of the selected qual-
ity criterion for three different types of P-controller:
linear, fuzzy P-controller from [12] (its characteris-
tics are demonstrated in Fig. 3), and controller with
the control law £(x) = k,(x)o),, 6}0 <k,(x) < 83,. The
coefficient k,(x) of third controller is determined by
complete information about the state vector.

The results of the calculation with the initial
conditions x;(0) = 5, x;(0) = x3(0) = 0 are summa-

Value of the quality criterion for different types of controllers

Controller Type LC FC FIC
Controller Parameters =5 k,= 8, =0.1 8, =2.0 8, =0.1 8, =2.0 8, =2.0
2 2 2 2 2

§2=5.3 §2=6.2 82=5.3 82=6.2 52 =8.0

Criterion Value 15.5 217.2 4.9 55 1.3 2.3 2.2

P-controller Control object
______________________________________ ]
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Fig. 2. ACS with a parametrically disturbed object
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Fig. 3. Characteristics of the fuzzy P-controller for 8}, =0.1,
82=5.3 (a) and 5}, =2.0, 32=6.2 (b)

rized in Table (LC — linear controller, FC — fuzzy
controller, FIC — controller with full information).

The rapid growth of the quality criterion J with
an increase of k, of the LC indicates the proximity
to the stability boundary. Already at k, = 7.3, the
system is unstable (in this case, the value of the
selected quality criterion tends to infinity). A FC
with non-linear characteristics from [12] shows
significantly lower values of J compared to the linear
controller. However, really interesting results are
associated with FIC. According to the same sector
constraints as for the FC, the values of the criterion
are 4 times lower for 6; =0.1, Sf, =5.3 and
2.4 times lower for 6}) =2.0, 65, =6.2. Moreover,

if the possibilities of increasing the upper boundary
of the sector 6?, without changing 6},), 81,82 are
exhausted for the FC, then this is not the case for
FIC, because in the last experiment the value of 85,
was increased to 8.0, and the level of Jwas even lower
than those of the controller with 65, = 6.2. Note that
for k, =8.0, the system with LC is unstable, i.e. at
certain moments in time, the FIC switches to an
unstable mode to improve quality index. The upper
limit of change in the non-stationary parameter w(f)
can also be increased. Even with 82 =9, the value
of J is only 3.1, which is lower than the linear and
fuzzy P-controllers for 82 = 3.

Determination of the worst parametric distur-
bances w'(f) in the system is another possible appli-
cation of the proposed method. It allows to obtain
information about the quality and stability of ACS
in the most adverse events (a worst-case scenario).
In most cases it is impossible to get analytic form
of w'(f) and numerical algorithms must be applied.
Fig. 4, a presents an example of ACS with a linear
controller (k, = 7.0) and an object, in which the
parameter w(f) changes in the worst way (based on
our method).

As can be seen from the analysis of Fig. 4, a,
strong oscillations are observed in the system. It
indicates a system’s proximity to the stability
boundary and is completely coherent with [11],
where this estimation was obtained independently
on the basis of Lyapunov spline functions. In order
to make sure that this disturbance is really the worst,
another numerical method of optimal control will
be applied [28]. It is a direct collocation method
which reduces optimal control problem to nonlinear
programming task. Since this work studies system
on infinite time interval, sufficiently large process
end time (¢, = 100) for numerical direct collocation
method is chosen. It makes it possible to compare
two processes on shorten start period ¢ € [0, 10].
The results of algorithm [28] are given in Fig. 4, b.
They are similar to those in Fig. 4, a, and so,
founded parametric disturbance is the worst. In
contrast with our method, the resulting disturbance
is given in time-dependent form (open loop form).
This means that for different initial condition x(0)
direct collocation algorithm must be run again. Qur
method leads to feedback form of disturbance and
only an approximation of the value function V(x) is
needed, what can be done once for a given system.

All experiments were done on two core 1.8 GHz
CPU computer with 4 GB RAM. Average time
of V(x) approximation for the example in this
section is 76.5 s and it is much faster than direct
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gorithms. First, it requires a full
information about object state
vector x. In most cases this in-
formation can be obtained with a
help of special sensors (for speci-
fied objects). Second, it requires
enough onboard memory size to
handle approximated value func-
tion. Third, it requires gradient

—X3

computation of approximated
value function at point x for
every new time step. For 3-di-
mensional system (14) the ap-

proximation of V(x) uses under
10 KB of memory and evalu-
ation of gradient takes around
0.005 s. Nonetheless, it must be
noted that these values depend
on system dimension and will
grow rapidly with an order of
control object.

-1 )

-of [0

t 6. Conclusion
8 10~
- - This paper proposes a meth-
| od for synthesizing ACS for
t 1 parametrically disturbed ob-
8 70 1 jects. It is shown that the sta-

4]

Fig. 4. Transient process in the system with a linear P-controller and the worst parameter

change: proposed method (a), direct collocation method (b)

collocation algorithm which average time is 1704.6 s.
Such difference can be explained in several ways.
As mentioned above, the end time of process 7
must be taken large enough, and all this time w(?)
switches instantly between two boundary values.
The same type of problem (bang-bang optimal
control problem) is one of the hardest to solve in
practical optimal control theory. To deal with a high
number of switches, direct collocation algorithms
need to subdivide time interval into many parts
and precisely detect points of switching, what take
a lot of computational resources. However, direct
collocation algorithms do not suffer from "curse of
dimensionality" and for high order systems it is still
the only way to estimate the worst disturbances.
Since used computer is comparable with mod-
ern onboard systems for mobile robots and medium
sized drones, it is interesting to discuss some aspects
of physical implementations of proposed control al-

i

bilizing control law can be ob-
tained in the form of feedback
based on the value function of
a particular differential game.
The value function is calcu-
lated by solving the nonlinear Hamilton-Jacobi-
Bellman-Isaacs equation. Since, in general, there is
no analytical solution, a numerical procedure that
approximates the value function was suggested. For
this purpose, a novel set of basis functions was de-
veloped and methods of the theory of differential
games with switching strategies were used to sim-
plify the numerical procedure.

Suggested method allows to analyze asymptotic
stability of parametric perturbed systems with high
precision which is confirmed by Lyapunov functions.
Also, it permits to find the worst parameters change
in the system and thus helps to get guaranteed esti-
mation of quality index. In comparison with direct
collocation method it is more than 20 times faster.
Meshfree nature of the proposed method leads to the
efficient value function approximation in the sense of
required memory size and gradient evaluation time.
However, this method is not "curse of dimensiona-
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lity" free, so achieved performance takes place only
for low order systems.

Consequently, future works will be concentrated
on studying higher order cases and improvements
which need to be done to handle this type of
problems. At the same time, physical implementation
of control system for trajectory motion of mobile
robots and quadcopters will be realized. One of the
main features of this approach is the necessity of
real-time full information about object state vector.
On the one hand it will increase complexity of the
system hardware, but on the other may give an
advantage to the state of the art methods.
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Poccuiickuin rocygapcTBeHHbIV YyHUBEpCUTET HedpTh 1 rasa, MockBa

O6 ycTOMYMBOCTM MO HYaCTU NepeMeHHbIX HeJIMHENHbIX AUCKPETHbIX CUCTEM
CO CllyYaMHbIMU NapameTpamm

Paccmampueaemcs neauneinas ouckpemuas (KOHEUHO-PA3HOCMHAS) CUCMEMA YDAGHEHULL, NOOBEPICEHHBIX 8030eUCMBUI0 CAY-
YatiHoeo npoyecca muna "6en020" wyma, A6ASHOUAACT PA3HOCMHBIM AHAA020M CUCHEM CMOXACmuUuYeckux oughgepeHyuanbHbix
ypaeHenuil ¢ opme HMmo. [losbiuennvili unmepec K maKum CUCMeMam C8:A3aH C UX UCHOAb308AHUEM 6 UUPDPOBbIX CUCMeMax
YHpaseHuUs, 8 PUHAHCOBOU MamemMamuke, a MAK’Ce C HUCACHHbIM pelleHuem CUucmem Cmoxacmu4eckux oughhepeHyuaibHolx ypag-
HeHull. 3adauu ycmouuueocmu OMHOCAMCSA K OCHOBHbIM 3A0a4aM Ka4eCmeeHH020 AHAAU3A U CUHMe3d PACCMAMPUBAEMbIX CUCHIEM.
IIpu smom 6 ocnoéHoM uzyuaemes obaadarouas 60O 00WHOCMbIO 300a4a YCMOUYUBOCMU HYA€68020 NOA0NCCHUS PAGHOBECU,
6 PAMKax KOMOopoU yCmouHugocms aHAAU3UPYEMCs N0 OMHOWEHUI) KO 8CeM NePeMEeHHbIM, ONPeOelsouUM COCMOSIHUE CUCIEMbL.
s ee pewenus pazpaboman ouckpemuo-cmoxacmuueckui apuanm memoda ¢ynkyuii Jlanynoea. llenmpaavroim 30ecs sa611emcs
seedennoe ¢ pabomax wkoavt H. H. Kpacosckoeo nonsmue ycpeonenHol KOHeuHOU paznocmu yuxyuu JIanynosa, 041 ebiMucieHus
KOmopou 00Cmamo4Ho 3HAMb AUUb NPAGble YACMU CUCEMbL U 8ePOSIMHOCMHbIE XAPAKMEPUCMUKU CAVHATUH020 npoyecca. B dannol
pabome 045 paccmampugaemozo Kaacca cucmem 0aemcs HOCMAaHo8Ka 6oaee obwell 3a0a4u yCmouHugoCcmu Hy1e6020 NOAONCEHUS
pagHogecus: He N0 6ceM, d N0 3A0AHHOU YACMU ONpedeasuUX e2o nepemMernblX. Jns cayuas 0emepMUHUPOBAHHBIX CUCMeEM 00biK-
HOBEHHbIX JUpepeHUUaNbHbIX YPABHEeHUT NOCMAHOBKA 3MOoll 3a0a4yu 8ocxodum K Kaaccuveckum pabomam A. M. Jlanynoea u
B. B. Pymsanyesa. Jlas pewenus nocmagieHHol 3adauu ucnoas3yemcs OUCKpPemuo-cmoxacmuueckull eapuanm memooa QyHKyui
Jlanynosa npu coomeemcmeywwell KoHkpemuzayuu mpebosanuii k hynkyusm Jlanynoea. B yeasx pacuiupenus 603MoxicHocmell
UCHOAB3YEMO20 Memoda Hapsady ¢ OCHO8HOU yuKyuel JlanyHoea paccmampusaemcs OONOAHUMENbHAS (6eKMOPHAS, 8000ue 2060~
DpA) 6cnomoeamenvras GyHKUUs 0451 KOPPeKmupoeKy obaacmu, ¢ KOmopoi cmpoumcs OCHO8HAs QyHkyus Jlanyrosa.

Karoueevre caosa: cucmema HeauHelHblX OUCKPemMHbIX (KOHEUHO-PDA3HOCMHbIX) YPABHEeHUL, CAYYAlHble 603MYULeHUs MUNA
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Teopust yCTOMYMBOCTH CHCTEM CTOXaCTHUECKMX
nuddepeHInaIbHbIX YpaBHEHUI chOpMUpPOBaIach
B 60-¢ rogbl IpOLILJOro CTOJETUSI U OIMMpAaeTcs Ha
uaen mMetona dyHkumii JIsmyHoBa. CyllecTBeHHBIN
BKJIaJ B CTAHOBJICHHE 3TOT0 METOHAa KaK OCHOBHOI'O
METOHA WCCJICAOBAHUS YCTOMYMBOCTU HEJIMHEWHBIX
CTOXaCTUYeCKMX cucTteM BHeciaa padora H. H. Kpa-
cosckoro u WM. f1. Kamna [1], B KOTOpoi1 BBEIEHO MOHSI-
THE YCPEIHEHHOM MPOM3BOMHON (PyHKUMHU JIsSmyHO-
Ba, 1 MocjenoBaBiiure 3a Heit MoHorpacuu I. Kyim-
Hepa [2] u P. 3. Xacemunckoro [3].

AHaIu3 yCTOMYMBOCTU OUCKPETHBIX CUCTEM CO
CIyJalfHBIMU TapaMeTpaMu U (UJIH) CTPYKTYpOit
COCTaBIISIET OTIEJIbHOE HaIlpaBJICHUE CTOXacCTUYe-
CKOM TeOpuHu yCTOMUYMBOCTU. B pamMkax gaHHOro
HamnpaBJIeHUSI pa3paboTaH JUCKPETHO-CTOXAaCTU-
YyeCKMI BapuaHT MeTtona GyHkuuii JIsmyHoBa (CM.
Hampumep, pabotsl [2, 4—11]), Toe LeHTpaIbHBIM
SBJISIETCSl TIOHSITUE YCPeOHeHHOU KOHEeYHOU pas3-
Hocmu GyHKUUU JIssmyHOBa M paccMaTpuBaeTCs
YCTOMYUBOCTD 10O 6CeM nepemMeHHbiM HYJIeBOIO I0-
JIoxkeHUsl paBHoBecusi. CuTyaliysi, Korjma YCTOii-
YUBOCTb UMEET MECTO TOJIbKO 10 3a0aHHOU Yacmiu
nepemeHHbIX, TIPAKTUYECKU HE MCCEI0BAIACh.

YauteIiBasg, 4TO 3aJa4yM YaCTUYHON YCTOHYMBO-
CTM CTAHOBSTCS 0a30if MHOTMX COBPEMEHHBIX HC-
cnenoBaHmii [12—15], B JaHHOM cTaTbe IJIST KJjIacca
HEJIMHEHMHBIX CHUCTEM IUCKPETHBIX (KOHEYHO-pa3-
HOCTHBIX) YpPaBHEHM, ITONBEPXKEHHBIX IEHCTBUIO
JHUCKPETHOTO CIyYailiHOTO IMpoliecca Tuma "6eaoro”
IIyMa, CTaBUTCSI 3aJadya YCTOMYMBOCTH II0 YacTH
IepeMEeHHBIX HYJIEBOTO ITOJIOKECHHUST paBHOBECHSI.

s perieHnsI 3TOM 3a0a4yy IPUMEHSIETCS AUC-
KPETHO-CTOXaCTHUYECKHU BaprMaHT MeTona (GyHK-
uuii JIsnyHoBa. HeobxoguMble TOTTOJTHEHUS U U3-
MEHEHUS BKJIIOUAIOT: 1) KOHKpeTu3auumio Tpebdo-
BaHMM K QyHKUMM JISIITyHOBA, COOTBETCTBYIOIINX
MpeIJIOKEHHOM ITOCTAaHOBKE 3adadyd; 2) Hapsaay
C OCHOBHOM ¢yHKIMe# JIsimyHOBa paccmarpuBa-
eTCsI NOIIOJTHUTENbHAsT (BEKTOpPHAsI, BOOOIIEe TOBO-
ps) BcrioMoraTesibHast (YHKLUS IJIsI KOPPEKTH-
POBKM 00JaCTH, B KOTOPOW CTPOMUTCSI OCHOBHasl
dynxkuus JIsnyHoBa.

1. ITocTanoBka 3azaun

PaccmoTpuM nuHeENHOE IeNCTBUTENILHOE KO-
HEYHOMEPHOE MPOCTPAHCTBO BEKTOPOB X C HOp-
Mot x| = max|x;| (x; — i-s1 KOMIIOHEHTa BEKTOpa X).

12

MexaTpoHuKa, aBToMaTH3amnus, ynpasiennae, Tom 22, Ne 1, 2021



BBemem pasGuenne x = (y", z)" (mHzekc "1" 060-

3HAYaeT TPAaHCIIOHUPOBAHUE). O0o3HauYNM
Z,={k=0,1,2,...} MHOXECTBO LEJbIX HEOTPU-
LaTeJIbHBIX YHMCEI.

IIycTth maHa HeMHEHaAs CUCTeMa CTOXacThYe-
CKMX JUCKPETHBIX (KOHEYHO-Pa3HOCTHBIX) YpaB-
HEHUH

x(k + 1) = X(k, x(k)) + o(k, x(k))§(k),
X(k, 0) =0, o(k, 0) =0,

B KOTOPOH k € Z, — nuckpeTHoe Bpems; X(k) —
n-MepHBIN (Pa30BbIM BEKTOpP, OMpPEACASIOIUA Te-
Kylllee COCTOsIHME cuctembl; &(k) — m-MepHBII
CJIyYalHBI BEKTOP BHEIIHUX BO3JICUCTBUA, 3a-
JaHHBIA Ha CTaHJAPTHOM BEPOSITHOCTHOM IIPO-
CTpaHCTBe ¢ BeposiTHocTHoit Mepoii P; X(k, x(k)),
o(k, x(k)) — COOTBETCTBEHHO A-MepHas BEKTOP-
dbyHk1Msa u maTpuuHag QyHKIMS pazmepa (n X m).
KomnoHeHTs! ik, ®) — peanu3auuu cay4aiiHOro
npoiecca (k) — mpenmnosaraloTcs He3aBUCUMbIMU
CJAy4YaliHBIMU BEJIMUMHAMU C OAMHAKOBBIMU 3aKO-
Hamu pacnpenenenus; E[¢(k)] = 0, E[Ej(k)] =1,
E — onepaTop MareMaTuyecKoro oXXuaaHusl.

C yueToM craejaHHOro pasoueHus x = (y', z')"
MpeACcTaBUM paccMaTpUBaeMyl0 CUCTEMY B BUJIE
JIBYX TPYTIN YpaBHEHUIA:

y(k + 1) = Y(k, y(k), 2(k)) + oy(k, y(k), 2(k))E(k); )
z(k + 1) = Z(k, y(k), z(k)) + o,(k, y(k), z(k)E(k),
e Y, Z, oy, 6, — BEKTOPHbBIE U MATPUYHBIE (DYHK-
I COOTBETCTBYIOIINX PA3MEPOB.

bynem cuutarh, 4yTo BeKTOp-QyHKuMSI X =
= (Y', Z")" n matpnunas pyHkuus ¢ = (cy, 6,)",
ornpenesguMe npaBblie yacTu cuctemsbl (1), mpu
KaXJIOM Kk € Z, W Bcex & HenpepbiéHbl TIO X B 00-
nactu |x| < oo,

Torma [7, 9] nns Becex ky > 0 u Kaxmoro aerep-
MMHMPOBAHHOTO 3HAYEHUS X, CYLIECTBYET €IWH-
CTBEHHBIU CJIy4aliHbIA MHOTOMEPHBI MapKOB-
CKU TpoLece, SIBJISIONIMICS B MPOCTPAHCTBE {X, &}
cinyvyaiiHoi BekTop-yHkuuein {x(k) = x(k; ky, Xp),
E(k, &)}, peanusauun {x(k, o) = x(k, o; ky, Xp),
E(k, ®) = E(k, ®; &))} KOTOpPOIi YIOBJIETBOPSIIOT CU-
creme (1). JlaHHBII cay4yailHBII TPOIECC U COOT-
BETCTBYIOLIUIA eMy HAOOp peaau3auuii ciydyaiHoOR
BEKTOP-(PYHKLIMU OIMPEAeNsIOT pelIeHue CUCTe-
Mmbl (1), yaoBaeTBOpsitolee HayaJlbHBIM YCIOBUSIM
Xy = x(ko; ko, %), & = E(ko; E); 5TO peleriue sib-
JsieTcsl ™00aJbHO TPOAOJXKUMBIM (OMpeAeIeHo
Nnpu Bcex k > k).

YtoOBl cmenaTh paccMaTpyUBacMble TOHSITHUS
YCTOMUYMBOCTU TIO YacCTU TEPEMEHHBIX IOJIOXe-
HuUs paBHOBecus x(k) = 0 Gonee comepkaTeaIbHBI-
MM, TIPEICTABUM KOMITIOHEHTY Z BEKTOpa X B BUJIE
z=(z],z;)" u obozHauuM Dy _ obGmacTb 3Haue-
HUM X, TAKUX, 4TO |yo| < 8, |z;o] < L, |Z,0| < 0.

Onpenenenns. [lomoxenne paBHoBecus x(k) = 0
cuctembl (1) npu 6oavuwiux 3Ha4eHUAX 7,y 8 UEAOM
no Z,:

1) y-ycmoiiuueo no eeposmuocmu, €cid st
Kaxaoro k,eZ, W s JIOOBIX CKOJIb YTOIHO
Masbix yucena ¢ > 0, y > 0, a Takxe aJs J1060ro
Hamepes 3agaHHoro yucna L > 0 HaiigeTcss Yucio
3G, v, L, kyg) > 0 takoe, yTo misi Bcex k > ky, u
Xy € Ds UM€eT MECTO COOTHOLLIEHUE

P{ sup |y(k; ko, Xq)| > 8} <Y (2)

kaO

2) pagHomepHO y-ycmouuugo, ecnu & =38(g, y, L).

3ameuanue 1. B onpeneneHusix 1)—2) 3HaueHue
X, TperoiaraeTcsi [eTepMuHupoBaHHbIM. OnHa-
KO MOXHO TI0Ka3aTb (CM. HampumMep, padoty [16]),
4YTO €CNU X, — CJydaiiHasl BeMUYMHA (HE 3aBUCS-
nias ot &(k)), U BKIIIOYEHUE X, € D BBITTOTHSETCS
MOYTU HaBepHOE (C BEepOsiITHOCTHIO 1), TO mosy-
yaeM OIpe/eIeHNsI, SKBUBAJCHTHBIC BBEICHHBIM
ONPEACICHUSIM YaCTUYHOU YCTOMYUBOCTH.

3ameuanue 2. Hanbosiee O1M3KMMU K BBEACH-
HBIM SIBJISTIOTCSI TIOHSITUST YCTOMYMBOCTH T10 YaCTH
MEPEeMEHHBIX HYJIEBOTO ITOJOXEHUSI pPaBHOBECHS
x = 0 cucreM croxacTuuyeckux auddepeHInaab-
HBIX ypaBHeHUI [17, 18]: TOHSITHE y-YCTONUNBOCTH,
B KOTOPOM |yy| < 8, |zy| < oo, Tie § MOXeT 3aBUCETh
HE TOJIBKO OT €, kj, HO U OT Z; [17] (B 2TOM ciyuae
HepaBeHCTBA |y| < §, |zy| < oo 9KBUBaJIEHTHBI Hepa-
BeHCTBaM |y,| < 8, |zy| < L), a Takxke 6osiee obiiee
MMOHSITHE Yy-yCTOMYMBOCTH [18], mpenmomaratoiiee
BKJIIOUeHUE Xy € Ds. MoTtuBanueil K pa3aejeHuo
BEKTOpa Z, Ha 1BE YacTu (B BUAE Z = (Z], Z5() ) ¥
Hepexol OT YCIOBUS |zy| < oo K YCTOBUSAM |z,9| < L,
|Z,o| < oo sIBISIETCS TOMCK KOMITPOMHUCCA MEXIY
conmepXaTeJIbHBIM CMBICJIOM TIOHSITUSI YaCTUUYHOMN
YCTOMYMBOCTH M TpPeOOBAaHUSIMU K (QYHKIIUAM
JIanyHoBa.

3anava. Haiitu ycnoBus y-ycToM4MBOCTHU (TIpU
OOJBIINX 3HAYCHUSIX Z;; B LIEJIOM TIO Z),) TIO BEPO-
SITHOCTH TIOJIOXKeHUS paBHOBecus x(k) = 0 cucre-
Mol (1) B KOHTeKcTe MeToaa pyHKumi JIsimyHoBa.

[TocTraBneHHas 3amavya TIPEACTABISIET WHTEPEC
KakK 3ajada aHaiau3a cuctembl (1), HO MOXeT uc-
MOJIb30BaThCS W JUIS PEIIeHUsT 3a1a4yud CTaOuJIu-
3allMU TI0 YaCTU TIEPEMEHHBIX TMOJOXEHUST paBHO-
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BECUS 3TOW CHUCTEMBI MOCPEACTBOM IMPUJIOXECHU S
COOTBETCTBYIOIIMX YMNPABISIONIMX BO3ACHCTBUM.
KpoMe Toro, ykazaHHas 3amadya MOXET paccMma-
TPUBATBhCS TAKXKE KaK 6CnoMo2amensHas NIpyA aHa-
JIN3€ YCTOMYMBOCTHU IO BCEM MEPEMEHHBIM HYJIE-
BOTO MOJIOXKEHUS paBHOBeCUS cUCTEMBI (1).

2. Ycaosug )’CTOﬁ‘ll/lBOCTH M0 YaCTH NMEPEMCHHbBIX

Jng pelieHus IIOCTaBJIEHHOW 3ajJadyud Oynem
paccMaTpuBaTh OMHO3HAUYHbIC HEIIPEPHIBHBIC 10 X
MpU KaxaoM k € Z, BCIOMOrarejbHble CKaJsip-
Hele pyukuuu V = Wik, x), Wk, 0) = 0, onpene-
JICHHBIE B 00JIaCTHU

(©)

AHaAJOroM TNpPOU3BOAHBIX OTUX (QYHKUUHA
B CUJy uccienyemMoi cuctembl (1) sSABASIIOTCS MX
yCpelHeHHbIe Pa3HOCTU (MMpUpALICHUS), BLIUMC-
JsseMble o dopmyne [4, 7]

Yl < A, |2] < co.

LWk, x) =
= E[Wk + 1, X*(k, x(k), &) | x(k) = x] — Wk, x),

X*(k, x(k), &(k)) = X(k, x(k)) + o(k, x(k)E(K),

rne E[V(k + 1, X*(k, x(k), &(K))) | x(k) = x] — ye-
JIOBHOE MaTeMaThyeckoe oXxuaaHue npu x(k) = x
cayuaitHoit BenuuuHbl Wk + 1, X*(k, x(k), &(k))),
MOpPOXIEeHHON peanu3anusaMu {x(k, o), &k, o)}
npouecca {x(k), &k)}.

Takke 11 GOPpMYJIMPOBKHU YCIOBUI YaCTUUHOM
YCTOMYMBOCTU JOIMOJHUTEIBHO OyIYT MCIIOJIb30-
BaTbhCs CHAEAYIOIIYE BCIIOMOraTebHble (PYHKIIVU:

1) cxkaasgpHble HENpPEepbBIBHBIE IIPU KaXXJIOM
k € Z, B obnactu (3) GpyHKUMU V*(k, Y, Z)), V*(y, Z)
M BCIIOMOTaTeibHas BeKTOpHast QyHKUUSA p(k, X),
nk, 0) = 0;

2) HerpepbIBHasE MOHOTOHHO BO3pacTalolas 1o
r > 0 ckangapHas ¢yHkuus a(r), a(0) = 0 (byHk-
uug tuna Xana [12, 13]).

Teopema 1. Ilycmo das cucmemst (1) Hapsdy c oc-
HOBHOU cKaAApHoU V-hyHKUuell MoycHo yKazamo 00-
noaHumenvuyro eekmopHyro @Qynkyuro plk, X),
nk, 0) = 0, daa komopuvix npu Kaxcoom k€7, u
docmamouno maaom h; >0 B obaracmu

Iyl + Intk, ¥)| < hy < h, |z < oo )
6bINOAHAIOMCA YCAOBUS
Wik, x) = a(ly| + n(k, X)), ©)

Vik,x) < V'k,y, z,), V'(k, 0,2)) =0, (6)
LV(k, x) = E[V(k + 1, X*(k, x(k), &(k)) | x(k) =
=x] — Mk, x) < 0. (7)

Toeda nonoxcenue pasnosecus x(k) = 0 cucme-
mot (1) y-yemotiuueo no éeposmuocmu npu 604buUX
3HAYeHUSX Zyy 8 YEAOM NO Zy.

Jlokazameabcmeo. Bo3bMeM NOpOU3BOJIBHOE
yucio ¢ (0 < ¢ < h;) u BbIOEpPEM HAYAJIBHYIO TOY-
Ky X, 13 oonactu D, = {|y,| < g, |z,9| < L, |250| < o0}
Paccmotpum caywaiinbiii mpouecc X(k; 7y, Xp)
1 0003HAYUM T, — "LIEJIOYUCTCHHBIA" MOMEHT
MePBOro JOCTUXEHUS 3TUM IIPOLIECCOM ITOBEPX-
HoctH |y| = . Ecii HeKOTOpbIe TPaeKTOPUU 3TO-
ro Impoliecca HM 3a KakKoe KOHEYHOEe BpeMs He
JNOCTUTAIOT TIOBEPXHOCTH |y| = g, TO MJISI HUX T,
cyuTaeM paBHBIM co. [lonoxum t(k) = min (t,, k);
t(ky) = ky.

HMmeroT MecTo paBeHCTBaA

V(x(k), x(x(k); ko, X)) =V (ko, Xg) =
=V (x(k), x(1(k); ko, X)) —
—V(t(k -1), x(x(k - 1); k¢, X()) +
+V(t(k -1), x(z(k - 1); ky, X)) —
-V (t(k -2), x(t(k - 2); ky, xp)) +

+V (ko +1), x(elky +1); kg, X)) =V (K, Xo) =

_ k_zkl AV ((s), X(x(5); Koy Xo));
AVE(S), X((6); ko, X)) =
— Vials + 1), x(x(5 + 1), ko, %0) — Ve(s), X6); Koy X))

M3 3Tux paBeHCTB ClienyeT, YTO ISl TIOCIeaI0Ba-
TeJbHOCTH V(k) cirydaiiHbix BenmuuH v(k) = W(z(k),
x(t(k); ky, X)), TOPOXIEHHBIX peaTU3aALUSIMU
{x(k, o), &k, )} cayyaitHoro mpotecca {x(k), &(k)},
omnpenensieMoro cucremoi (1), mMe0T MecTo "yc-
peIHeHHbIe" COOTHOIICHUS

E[V (x(k), x(w(k); ko, X)) =V (ko, Xo) | =
= EV(u(k), x(x(k); ko, Xg)) =V (Kp, Xg) =

k-1
= Y EAV(x(s), X(x(5); kg, X0)).
S:ko
VYuuteiBasg paBeHCTBA (IIOJYUYEHHBIE C YUETOM
IMpaBUja BBIYMUCJICHUSI IOBTOPHOIO MaTeMaTuue-
CKOT'0 OXUAAaHMS)

E[AV(x(s), X(x(s); ko, X)) =
= E[V(x(s + 1), X*(x(s), x(x(5); ko, Xp), &(x(5)) —
— Vx(), X(x(9); ko, Xo))] =

14

MexaTpoHuKa, aBToMaTH3amnus, ynpasiennae, Tom 22, Ne 1, 2021



= E{E[V(z(s + 1), X*(z(5), X(x(5), &(x(5)) | X(2(s)) =
= x(t(5); ko> X))} — E[V(x(s), x(x(5); kg, Xp)] =
= E{E[V(z(s + 1), X*((s), X(x(5), &((5))) | x(x(s)) =
= X(t(8); ko, X)) — V(x(s), X(x(5); ko, X))} =
= E[LN(x(s), x(x(5); ko, Xp))],

MPUXOIUM K COOTHOLIEHUIO [7], IpeacTaBIIsIONIe-
MY IUCKPETHBIN BapuaHT (GpopMyabl JbIHKMHA:

EV(u(k), x(1(k); ko, X)) =V (ko, Xg) =
k-1
= Zk E[LV (x(s), x(1(s); ko, X)].
§=Kg
B pe3ynbraTe Ha ocHOBaHUM ycaoBus (7) momy-

YacM HEPaBCHCTBO

EV(z(k), x(t(k); k¢, X¢)) < Wk, X5) < 0. (8)

Ecnu cripaBeninBo HEpaBeHCTBO K > T, (B 3TOM
ciayvyae uMmeeM t(k) = t,.), TO BBIOJTHSIIOTCSI COOT-
HouteHus |y(t(k); kg, Xo)| = |y(r.; ko, Xo)| = €. Ecaiut ke
CIpaBelJIMBO HEPABEHCTBO k < 1, (B 3TOM ciyyae
nMmeeM t(k) = k), To Ha OCHOBaHMM HEepaBEHCTBA
YeoOnieBa—MapkoBa 1 olieHKH (8) Haxoaum

Plly(k; ko, xo)| > €] <
< a ' (e)Ela(ly(k; ko, Xo)D] <
< a ' (e)Ela(y(k; ko, Xo)| +
+ |”'(k7 X(k: kO:XO))D] <
<a'()EV (k, x(k; ko, x))] =
= a ' (&)EIV (x(k), x(x(k); ko, X())] <
<a eV (ky,xp).
ITockonbky ¢yHkuMsg V(k, X) HernpepbIBHA,
V¢, 0) = 0, a TakXe BBIMOJHSIOTCS HEpaBEHCTBA
(8), To mus Beex ky = 0 1 o 1106010 3aJaHHOTO
yucna L > 0 mpeaeabHOE COOTHOIIEHUE

lim V(ky,X,) = 0
yo—0

©)

(10)

BBITIOJTHSIETCS TIPH |Z9| < L paBHOMEPHO TI0 |Z,| < oo.

[Tostomy ans Beex ky = 0 u ais 1060ro 3anaH-
Horo yuciaa L > 0 Ha ocHOBaHUM HepaBeHCTB (9),
(10) nmeeM mpeaeibHOE COOTHOILIEHNE

lim P[lim ly(k; 25,%¢)| > s} =0,
Yo—0 k>ky
BBITIOJTHSIIOIEECS TP [Z,)] < L paBHOMEPHO IO
29| < o0

B pesynbrate ansg kaxnporo ky, = 0 u mis Jo-
OBbIX CKOJIb YTOZHO MajblX umucen ¢ > 0, y > 0,
a TaKxXe JUIA JIIoOOro Hamepen 3aJaHHOTO Yucia
L > 0 naiinercs yucno 3(g, y, L, ky) > 0 Takoe, 4TO
HEPAaBEHCTBO (2) MMEET MEeCTO ISl BCeX k > ky u

X, € D;s. CnenoBaTesbHO, NMPU OOJIBIIMX 3HAYe-
HUSX Z;, B LIEJIOM MO Z,, MMOJOXEHNE PABHOBECUS
x(k) = 0 cuctembl (1) y-ycTONUYMBO 1O BEPOSITHO-
ctu. Teopema nokasaHa.

Teopema 2. Ecau ycaogusn (6) 3amenums ycao-
susAMU

Wk, x) < V(y, ), V'(0, 2;) = 0, (11)

mo noaoxcenue pasrogecus x(k) = 0 cucmemot (1)
PABHOMEPHO Y-YCMOUYUBO NO BePOIMHOCMU NpU
00NbUIUX 3HAUEHUAX Ly 8 UEAOM NO Zy.

Jlokazameavcmeo. I1pu BbIIOTHEHUM YCIOBMIA
(11) nns mob6oro 3aganHoro yucia L > 0 npeaeib-
Hoe cooTHoleHue (10) BBIMOMHSIETCS TIPH |Z,9| < L
PaBHOMEPHO HE TOJIBKO T10 |Zy| < oo, HO 1 10 & = 0.
B pesynbrate nng kaxmporo ky = 0 u nas ao0b1xX
CKOJIb YTOIHO MaJibIX uncen € > 0,y > 0, a TakKe IS
JMo00ro Hanepen 3agaHHoro uucia L > 0 Haiiget-
cd He 3aBUcCALLEe OT kyuucio d(eg, v, L) > 0 Takoe,
YTO HEPABEHCTBO (2) UMEET MECTO 114 BCexX k > k,
u X, € Ds. CiegoBaTesibHO, IPU OOJIbILIMX 3Haye-
HUSX Zjy B LIEJIOM 1O Zy, MOJIOXEHUE PaBHOBECHSI
x(k) = 0 cucrembl (1) paBHOMEPHO y-yCTOHUUBO
Mo BeposiTHOCTU. Teopema Joka3aHa.

3ameuanne 3. BcromorarenbpHast V-QyHKOUST U
ee nmpupalleHue B cuty cucteMsl (1) B TeopeMax 1, 2
MpU KaxXJIOM k € Z, SIBISIIOTCSI, BOOOLIE TOBOPS,
3HaKonepemenHuiMu (PyHKUUSIMU B obmactu (3),
KOTOpasi OObIYHO paccMaTpMBaeTCs IpU aHAINU3e
y-ycroitunBocTH. Hapsimy c ocHOBHOM V-(pyHKIMEH
JNOIOJHUTEbHASL BCIIOMOTATeJbHAasl BEKTOpHAas
p-pyHKUMS BBOAUTCS A8 HamboJjee paluoHab-
Holi 3aMeHbI 00acTu (3) obaacteio (4). Ilpu 3ToM
B paMKax MNpeAOXEeHHOIo IIOAXOAa MCIIOJb3ye-
Mbl€ BCIIOMOTATeJbHbIE HEJIMHEHHBIE V-(QyHKIIMU
MOTYT OBITh MOCTPOEHBI KaK 3HAKOOIpeAeICHHbIC
KBaapaTuuHble ¢popmbl V(k, X) = V*(k, y, u(k, x))
MepeMEHHBIX Y, W.

3ameuanue 4. B ciyyae p(k, x) = 0, k) = 0,
IXo| < & mpu BeImoMHeHUU ycioBuii (5), (7) (ycio-
BUe (6) He TpebyeTcs) MMeeM AUCKPETHBIN Bapu-
aHT Kjaccuueckoit Teopemsl B. B. PymsaHuena [12]
00 YCTOMYMBOCTHM II0 YacTU MepeMeHHBIX. B ciy-
yae (k) = 0 Teopema 1 mepexoauT B TMCKPETHBIC
BapuaHTHI [19, 20] COOTBETCTBYIOIIMX TEOPEM 00
YCTOMYMBOCTU IIO0 YaCTU TEPEMEHHBIX IeTepMU-
HUPOBAHHBIX CUCTEeM AuddepeHIInaJlbHbIX YpaB-
HeHM u3 pador [21—23].

3ameuyanme 5. YCTOMUYMBOCTHL IO YacTHU Iiepe-
MEHHBIX HYJIEBOT'O MOJIOXXEHH ST PABHOBECHSI CUCTEM
CTOXaCTUUYECKUX AUCKPETHBIX YPaBHEHUI paccMO-
TpeHa TakxXe B paboTax [24, 25], rae UCMOoab3yI0TCS
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JIPYTUe TIOHSITUSI YCTOMYMBOCTU U METOABI MCClIe-
noBanus. Kpome Toro, B psime pabot (cM. Hampu-
Mep, [26—34]) uccnenyercs 3agadya yCTOWYMBO-
CTHM MO YacCTHM MEePEeMEHHBIX HYJEBOIO TMOJOXEHUS
paBHOBECHSI HEJIMHENHBIX CUCTEM CTOXaCTUUYECKUX
nuddepeHIMaibHbIX YpaBHeHUul YTo (B TOM uuc-
JIe ¥ 11 CUCTEM CO CITYYaWHON CTPYKTYpPOWA).

4. IIpumep

IIycty nuckpetHas cuctema (1) cocTouT u3
ypaBHECHUI

nk+1) =200 + 2020 +anE)x k),

alk s ) =| 3= 00z wz® |20, (12)
Lk + D) =[1 + 2y,(k)z,(k)z,(k)] 7, (k),
E[g,(k)] =0, E[¢}(k)] = 1, a = const.
Hapsiny ¢ ocHoBHO#T V-(yHKIIUEH
V(x) = y? + 2273 (13)

Tak>Xe pacCMOTPUM BCIOMOTaTeIbHYI0 (DYHKIIUIO
(2 = 2,2,

Hnst V-dbynkuuu (13) B o6aactu (4) BHIMOIHSI-
1oTcs yeaoBust (5) u (11).

[Mpu xaxaom k € Z, B obnactu (4) ycpenHeH-
Hasi pas3HocTh (mpupaimneHue) LV BeiOpaHHON
V-byukuuu (13) B cuny cuctembl (12) onpeneins-
eTCsl CIASAYIOIIUM 00pa3oM:

2
LV00 = B|[ 35100+ 200220 + an @) +

1 2
+ 22023 (K) [5— y1<k>z1<k)z2<k>j x
X (1+ 2y, (k)zy (k)25 (k))*x(k) = x} -yt -2z{z] =

1 5 2.2 2.2
ZZY1+Y11112+1112 +ay; +

1
+=ziz3 —4yizies +8yizfzs

2 2.2
— _ 2 =
7 N AES)

3 1
( —ijf F v st 4y + 8yt

1
Ec/i BBIMOJHSAETCS YCIOBUE a° <—, TO JUISt

Kaxzaoro k €7, Tpy NOCTaTOYHO Majom /A, > 0
B obJjilactu (4) (Ho He B obynactu (3)) UMeeT MeCTO
oueHka LV(x) < 0.

Ha ocHoBaHUM TeopeMBbl 2 MOJOXEHNE paBHO-
Becus y(k) = z;(k) = z,(k) = 0 cuctemsl (12) npu
OONBIINX 3HAUYEHUSIX Z;) B LIEJOM TIO Z,; PaBHO-
MEPHO y;-YyCTOWUMBO MO BEPOSITHOCTH.

3akiaoyenue

Jng HeTWHEWHONH CUCTEMBI CTOXaCTUYECKUX
JUCKPETHBIX (KOHEUHO-Pa3HOCTHHIX) YPaBHEHUI,
HOABEPXKECHHBIX JECUCTBUIO TUCKPETHOIO Clydau-
HOTro ITpolecca Tumna "deaoro" mymMa, rmocraBjieHa
33Jla4a YCTOMYMBOCTHU II0 3aJaHHOM 4acTHU mepe-
MEHHBIX HYJIEBOT'O IIOJIOKEHMSI PAaBHOBECH .

JaHbl OOCTaTOYHBIE YCJIOBMSI pa3pelIMMOCTU
9TOM 3aJa4d B KOHTEKCTE AMCKPETHO-CTOXaCTH-
YyecKoro BapuaHTa MeTojga (GyHKuUu JIgmyHo-
Ba B COOTBETCTBYIolIel Moamdukauuu. Hapsmy
C OCHOBHOW (pyHKIMel JIsgsmyHoBa MCII0JIb30BaHAa
IOIOJHUTENbHAS. (BEKTOpHAs, BOOOILE TOBOPS)
BCcrioMoraTtesbHass QyHKUMS AJis1 KOPPEKTUPOBKU
0o0JlacTh, B KOTOPOU CTPOUTCS OCHOBHASI PYHKIIU S
JlanynoBa. llenecooOpa3HOCTh TaKOro moOAXOIa
3aKJ04yaeTcss B TOM, YTO B pe3yJbTaTe OCHOBHAas
V-dpynknus JIgnyHoBa, a TakXe ee yCpeaZHEHHOe
IpupalleHue B CUJIY pacCMaTpPUBaeMOM CUCTEMBI,
MOTYT OBITh 3HaKOIEPEeMEHHBIMU.
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On Stability with Respect to a Part of the Variables
for Nonlinear Discrete-Time Systems with a Random Disturbances

V. I. Vorotnikov, vorotnikov-vi@rambler.ru,
Sochi Institute of the Peoples’ Friendship University of Russia, Sochi, 354340, Russian Federation,
Yu. G. Martyshenko, j-mart@mail.ru,
Russian State University of Oil and Gas, Moscow, 119991, Russian Federation

Corresponding author: Vorotnikov Vladimir I., Doctor Sci. (Phys.&Math.), Professor, Sochi Institute of the Peoples’
Friendship University of Russia, Sochi, 354340, Russian Federation, e-mail: vorotnikov-vi@rambler.ru

Abstract

Accepted on September 25, 2020

Nonlinear discrete (finite-difference) system of equations subject to the influence of a random disturbances of the
"white" noise type, which is a difference analog of systems of stochastic differential equations in the Ito form, is considered.
The increased interest in such systems is associated with the use of digital control systems, financial mathematics, as well as
with the numerical solution of systems of stochastic differential equations. Stability problems are among the main problems
of qualitative analysis and synthesis of the systems under consideration. In this case, we mainly study the general problem
of stability of the zero equilibrium position, within the framework of which stability is analyzed with respect to all variables
that determine the state of the system. To solve it, a discrete-stochastic version of the method of Lyapunov functions has
been developed. The central point here is the introduction by N. N. Krasovskii, the concept of the averaged finite difference
of a Lyapunov function, for the calculation of which it is sufficient to know only the right-hand sides of the system and the
probabilistic characteristics of a random process. In this paper, for the class of systems under consideration, a statement of
a more general problem of stability of the zero equilibrium position is given: not for all, but for a given part of the variables
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defining it. For the case of deterministic systems of ordinary differential equations, the formulation of this problem goes back
to the classical works of A. M. Lyapunov and V. V. Rumyantsev. To solve the problem posed, a discrete-stochastic version of
the method of Lyapunov functions is used with a corresponding specification of the requirements for Lyapunov functions. In
order to expand the capabilities of the method used, along with the main Lyapunov function, an additional (vector, gener-
ally speaking) auxiliary function is considered for correcting the region in which the main Lyapunov function is constructed.

Keywords: nonlinear stochastic discrete-time (difference) systems, partial stability, Lyapunov functions method
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3aBanuumHcKue XVI mexxpyHaponHast KoH$pepeHuus

yrenus 2021 ~ TO 3NeKTPOMEXaHUKe U PO60TOTeXHUKe

Bod Cauxr-leTepbypr, Poccus

 CaHkT-lMeTep6yprckuii rocyAapCTBeHHbIH i 7 : - 14-17 Anpens,

YHMBEPCUTET a3pPOKOCMUYECKOro npubopocTpoenus i _ o 2021
(FYAN, Cankr-Tetepbypr) HRE - 5 4

¢ CankT-TleTepbyprekuit MHCTUTYT MHGOPMATHKKA
1 aBTOMaTU3auMKU POCCHIACKOM aKaaeMnuu Hayk
(CMUUPAH, CankT-MNetepbypr)

* l0ro-3anaaHblii roCyAapCTBEHHbIA YHUBEPCUTET
(1O3rY, Kypex)

® Y(hUMCKMIA roCyAapCTBEHHDIN HE(DTAHOM
TexHu4ecku yHusepcutet (YTHTY, Yda)

OPTAHU3ALMOHHDIA KOMUTET

Po60TOTEXHMKA M AaBTOMAaTH3aLNA: ne TE/Ib KOHOEPEHLINM:

* ynpassnexue poboTamu 1 cessb » AHTOXMHa HOnua AHaToNbeBHA - [-p KOH. HayK., npod.,
* 3/1EKTPONPUBOALI M MEXATPOHHLIE MOAYU pexTop MYAN

* B3aUMOAEICTBME YenoBeka u pobora

* CEHCOPHbIE CETU 1 06MayHbIe CEpBUCH Ans poboToB NP TE/IM KOHOEPEHLIUW:

* knbepduanyeckme cucTems! « BaynuH Oner AnekcaHgpoBW4Y - K.T.H, [OUEHT, BpMWO
3neKTpo3HepreTuka: pekTopa YTHTY

* npeobpasoBaHne INeKTPOIHEPrn » EmenbaHoB Cepreit FleHHagbeBuY - 4-p TEXH. HayK, Npod.,
® CUCTEMBI BO30GHOBNAEMbIX MCTOMHUKOB 3HEprum pekTop KO3y

® ANEKTPO3HEPreTUHECKUE CUCTEMBI U CETU e lWnwnakos Bnagucnas ®efopoBuy - A-p TEXH. HAyk,
® MEHE/DKMEHT B 3N1EKTPO3HEPreTUKE npod., NPopeKTop no 06pa3oBaTeNbHbLIM TEXHONOMUAM U MHHO-
XV MexpayHapogHas  Hay4yHO-TEXHMYECKan BaUMOHHOM AeaTensHocTu MYAIN

KOH(pepeHL A "BUBPALINA-2021.

BHOGDALMOHHbIE TEXHONOMMM, MEXaTPOHWKA W np TENb NPOrPAMMHOIQ KOMUTETA:
ynpaensieMbie MaliMHbI" * Pormxun Anppen JleoHmaoBuy - 4-p TexH. Hayk, npod.,
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WHcTuTyT Nnpobnem TouHOM MexaHuku n ynpasneHus PAH, r. CapaTtos

CuHTe3 anropmnTMa ynpaBrieHMs reHepupyroLwmm odbopyaoBaHMemM
TEennoBbIX 3NIEeKTPOCTAHLUUN HA OCHOBE Moaesie CUCTEMHON ANHAMMUKN

Paccmampusaemcs opueunaavhoe peuienue N0 KOHCMPYUPOBAHUIO AA20pUMMA NOOOOpa Haubosee ONMUMANbHBIX MEXHU-
K0-3KOHOMUYECKUX NoKazameaei padomol eeHepupyoueco 0060py008anus menio8ulx 31eKmpocmanyuil ¢ yuemom mpeoogaHull
ONMO0B020 PbIHKA INEKMPOIHepeUU, PbIHKA HA CYMKU @neped U Oaiancupyrouweco pviHka. s KOHCMPYUpOB8aHus aieopumma
YNpasaeHus eenepupyrouum 060py0osanuem 0esmeabHOCMb 2eHepupyoweli KOMIAHUU Ha ONMOBOM PbIHKe 21eKmMPOIHepUU pac-
cMOmpena 6 mepMuHax cucmemnoi dunamuxu. Ilpedsoxcentoe pewenue no360auUL0 6blOPAMYb U UHMEPNPEMUPOBAMb NEePEMEHHbLE
COCMOSAHUSA MOOeAU, NOCMPOUNb HOMOKOBble OUA2PAMMbL, ONUCLIBAIOUjUe DYHKYUOHUDPOBAHUE MEXHUKO-IKOHOMUYECKOl cucme-
Mbl, 8UZYAAUZUPOBAMb NPUYUHHO-CAEOCMBEHHbIe OMHOUEHUS 6 (POopMe CIPYKMYPUPOBAHHbIX YYHKUUOHAAbHBIX 3A8UCUMOCHE.

B coomeéemcmeuu ¢ HOpMamu ompacaeo2o 3aKOHO0ameabCmea U paHee NPOBEOCHHLIMU HAYUHBIMU UCCACA08AHUAMU OblaU
onpedenieHbl camble 8aNCHble NAPAMemMpbl, POpMUpPyrUUe HOMOKU OUHAMUHECKOU MeXHUKO-IKOHOMUYECKOU CUCMeMbl, 6450~
wuecs no cymu kpumepuamu onmumuzayuu. Ha ocnoee smoeo Obina evinoanena nomokoeas cmpamu@ukayus npou3eo00CcmeeH-
HbIX NPOUECCO8 2eHepUpYoWUX KOMAAHUL U paspaboman KOMRAEKC MameMamu4ecKux mooeiel cUucmeMHOU OUHAMUKU 045
onpedenerus u NAGHUPOBAHUS QUHAHCOB0U dhhexmugHocmu pabomol Mena08biX INeKMPOCMAHUUL U 2eHePUPYIOWUX KOMNAHUL.

OnpedeneHo MHOMNCECMB0 CUCMEMHBIX C8:3ell U 3aKOHOMepHOCmell QYHKUUOHUPOBAHUA AOCMPAKMHBIX U PeanbHbIX 00%-
eKMOo8 PbIHKA IAeKMPOIHepeUl U 2eHePUPYIOUUX KOMIAHUL, YMO NO36804UA0 ONUCAMb OMpAaciesble 0COOEHHOCMU NPOU3600-
CMBEHHbIX NPOUECCO8 MEeNA08bIX INEKMPOCMAHUUL MeMOOOM NOMOKOBOU CMPamUu@uUKayuu, 6U3yalu3uposams Yynpasisouue
U ynpaeasemvie 030eicmeus Ha d4eMeHmMbl CUCMeMbl, Onpedeiums 8adcHelluiue Kpumepuu ONMUMAAbHOCMU C Y4emom mpe-
006aHULl IHepeeMUUECKO020 PbIHKA.

Mamemamuueckuii annapam u areopumm e2o QYHKYUOHUPOBAHUS PA3PAOOMAH HA OCHOGe 0pepaha nPUHUHHO-CAeOCMBEH -
HbIX ces3ell Medcdy uccaedyembimu MexXHUKO0-IKOHoOMUHeckumu nokasameaamu. Ha ocnoee epagha e3aumocesnszeil cucmemHoix
HnepemMeHHbIX NOCMPOeHa CUCMeMa HeAUHeUHbIX JudhdepeHyuarbHblX ypasHeHul, n0360A0UWUX Onpedeliums NAAHO8ble NOKA-
3amenu 3QphexmusHocmuy npU U3MeHeHUU PA3AUYHBIX MEeXHUYECKUX U IKOHOMUYECKUX YCAOBUIL.

Hoesus3snoii npedaoxcennoeo nodxoda aeasiemcs ucnoab308aHue HO8bIX MOOEAbHbIX peuleHUll, OCHOBAHHbIX HA MameMamuye-
CcKOM annapame cucCmeMHOU OUHAMUKU, 045 NPeOCMagieHusi NPeOA0NCEHHOU MOOeAU 8 CUCMEeMaX UMUMAYUOHHO20 MOOeAUPO-
eanus, 6 ompacaesvix ERP- u MES-cucmemax 0aa paspabomku cucmem noodepicku NPpUHAMUS peuleHUl.

Karoueevie caoea: cucmemnasn aLlHaMLHCd, mMamemamu4eckKkas Moaeﬂb, MEeXHUKO-3KOHOMU4YecKue nokaszameiu, menioeole

neKkmpocmaryuu

BBenenue

OnTuMuzauusl peXUMOB pPabOTHI 3HEProreHe-
pUPYIOILLIET0 O00OPYIOBAaHUSI TEIJIOBBIX 3JEKTPO-
craniuit (TOC) Bcerna sIBsIach aKTyaJlbHOM Ha-
YUYHO-TEXHUYECKOM MHOTOKPUTEPUAIBHON 3a1a4yeil.
HoBasi BojiHa MOBBILLIEHUSI MHTEpeca K MCCeaoBa-
HUSIM 3aBUCHUMOCTEl TEXHUYECKMX U SKOHOMMYE-
CKMX MOKa3aTeseil Ipoliecca reHepaluu 3JIEKTPO-
SHepruy oOpa3oBajach IIPU Iepexone OTpaciau Ha
PHIHOYHBIE MEXaHU3MBbI U Pa3BUTUU OITOBOI'O PhIH-
Ka 2JIEKTpO3Hepruu u mMomHoctu (OPOM).

3amayamM ONTUMU3ALMU pabOThl TeHEPUPY-
fouero obopynosanuss TOC Bcerma ynenasiioch
0osbllIoe BHMMaHWE Ha Pa3HbIX 3Tanax pa3BUTHUS
SHEPreTUKM C TOUYKM 3PEHUST TEXHOJOTMUYECKHUX,
MHGOPMALIMOHHBIX U 9KOHOMMYECKHUX TTPOLIECCOB.
B. A. Benukos, B. I'. XKypasneB u T. A. ®unurnmo-
Ba chopMUpoBaInd OOIIME MTPUHIIMITBI ONITUMU3a-
MU PEXUMOB JIEKTPOCTAHLIMI U SHEPIOCUCTEM,
N. A. Edppemos, A. C. TapaH OOHOBUJIM TIPUH-
LUTIBl TOBBIIIEHUS 3(P(PEeKTUBHOCTU yIpaBAeHUS
pexXxuMaMy paboOThl 2JIEKTPOIHEPTETUUYECKUX CH-
cTeM B ycioBusax (GyHKIuoHMpoBaHus OPOM,
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H. C. Usanos, B. U. becmmanos, H. C. Jlomatun
MPEeIOKMIM BapyMaHThl MaTeMaTUYeCKUX MOje-
Jeld onTuMu3aluu pexumoB pabotrel TOC B yc-
JIOBUSIX KOHKYPEHTHOIr0o pblHKa. Ham cMexxHbIMMU
3ajlayaMM aHajau3a U ONTUMU3ALIMU PEXHUMOB pa-
0OTHl TEHEpUpPYIOIIEero 00OpyIOBaHUSI padoTanu
B. A. Xpycranes, . 10. Leimynes, 3. K. Apake-
nstH, A. M. Kitep, M. M. Cynranos. Bee atu nccie-
JIOBaHU S CBOIMJIMCH K 3aJla4aM ITOCTPOEHU S 3aBU-
CUMOCTEN pacyeTHBIX 3HAUYEHW I pacxoaa TOIIMBa
B Pa3HBIX peXuMax paboThl 000pyIOBaHU, K 3a-
JadyaM ONTUMAJbHOTO pacrpeneeHus TeIJ0BOM
U 2JIEKTPUYECKON BHEPrUM MEXIy arperatamud u
K 3aja4yaM OTEpPaTMBHOIO TJIAHWPOBAHMS PEXKU-
MOB 3HEProreHepUpYIOLIEro 00OpYIOBaHUS IIPU
MPUMEHEHUN Pa3HBIX WHCTPYMEHTOB ITPOTHO3M-
pOBaHMSI TEXHUKO-3KOHOMMYECKUX TlOKasare-
neit (TOI), HabarOmaeMBIX B IIPOM3BOICTBEHHEBIX
npoueccax TOC. C pazButuemM uHOOPMaIIMOH-
HBIX TEXHOJIOTMi, KOrja 4YeJ0BEeYeCTBO T'OTOBUT-
Ccd BCTYIUTb B 3Py MCKYCCTBEHHOTO WHTEJJICK-
Ta, MPEANPUITHUS DJEKTPOIHEPTETUKU B TEPUOL
1n¢poBoil TpaHchopMaluu A pa3padboOTKu aj-
TOPUTMOB CHUCTEM TMOAIEPXKKMU TPUHSITHUS pellie-
Huit (DSS-cucteM) cTany NPUMEHSITh TPUHIIMITBI
HEWPOHEYETKOrO M alaliTUBHOIO ynpasieHus [1].

BeiieniepeuricieHHble MOAXOAbI He oOJIaAaroT
HEOOXOMMMOIN TUMOKOCTBIO W WMEIOT CYIIECTBEH-
Hble OrpaHuWuYeHus] Ha cpeay (GYHKIIMOHUPOBAHMS.
CospeMeHnbie DSS-cuctemMbl ¢ HMCIIOIB30BaHUEM
aJITOPUTMOB MCKYCCTBEHHOTO WHTEJJIEKTAa JaloT
MHOTOO0OeIIAIoNe aJbTePHATUBHbBIE PEIIEHUsS, U
MHOTHE TIPUJIOKEHUS BBIUTPHIBAIOT OT MX WCIIOJb-
3o0BaHu [2]. 151 IpruMeHeHNU ST TPUIIOXKEHM I, OCHO-
BaHHBIX HA UICKYCCTBEHHOM MHTEJJIEKTE Y IPUHIIU-
nmax HeMPOHEUETKOro W aAarTMBHOIO YMpaBJIeHMUS,
TpeOyeTcsl CTPYKTYpPUPOBATh MPUYMHHO-CJIEICTBEH-
Hble CBSI3W, ACKUCTBYIOIIME B Mpoliecce TeHepaluu
TEIJIOBOM W 3JEKTPUYECKOU 3SHEPrMu, U OIUCATH
KOMILJIEKC CBSI3AHHBIX MareMaTU4eCKUX MOJeei
JUTST aHAJIN3a U ompenesieHns 3aBucumoctein TOI.

Jnst peuieHus 3amad CUCTEMHOTO aHalu3a
TOII, Bamgionnx Ha 3KOHOMHYECKYIO 3¢@dek-
TuBHOCTL TOC, B maHHOW padoTe OBIN TIpUMeE-
HEHbl METOAbl CUCTEMHOW AWHAMWKU, YTO TO-
3BOJIMJIO BBIOpATh U UHTEPIPETUPOBATH NIEPEMEH-
HbIE COCTOSIHUSI MOJENIU, MOCTPOUTH MOTOKOBBIE
JuarpamMMbl, onuchiBalolue ¢GpyHKIIMOHUPOBaHUE
TEXHUKO-9KOHOMUYECKOW CHUCTEMbl, BU3YyaJIu3U-
poBaTh MPUYUHHO-CJIEACTBEHHBIE OTHOIIECHUS
MEXy TePeMEHHBIMU COCTOSIHUSI CUCTEMBbI, OIU-
caTb 3TU OTHOIIEHUS B (popMe CTPYKTYpUPOBaH-
HbIX (PYHKIIMOHANbHBIX 3aBUCUMOCTE.

ITocTaHOBKa ONTUMHU3ANMOHHOM 32712494 W BBIOOP
KPHTEPHEB ONTHMAJILHOCTH

OCHOBHBIMU JOKYMEHTaMMU, OIPEICISIOIINMU
pPeXUMBI pabOThI TEHEPUPYIOLIETO 00OPYIOBaHUS,
apnsorcsa IlocraHoBiaeHue IlpaButenbctBa P®
Ne 1172 or 27.12.2010 r. "O6 yrBepxaenuu I[lpa-
BUJI ONITOBOTO PbIHKA 3JEKTPUYECCKON SHEPTUU U
MolIHOCTH" 1 "PeritaMeHT MpoBeleHUsT pacyeToB
BbIOOpA COCTaBa IeHEPUPYIOLIETO 000PYAOBaAHMS",
yTBepXAeHHbIE CucTeMHBIM olepatropoM Enu-
Holi sHepreTuyeckoit cucrtemsl (EDC) Poccun.

CornacHo 3TuM gokymMeHTaM CHUCTEMHBbIN OIle-
paTop mo peayiabraraM (GOpMUPOBAHUS ILIAHOBO-
ro ImoyacoBoro rpaguka U ¢ y4eTOM IIPOTHO3U-
pYeMBIX MM II0YaCOBHIX OO0BEMOB ITOTpPEOJICHUS
BJIEKTPUUYECKON BHEPIUM ILUIAHUPYET BJIIEKTPO-
SHEPreTUYECKUE PEXKUMBI U PEXUMbI pabOTHI T'e-
HEPUPYIOLINX OOBEKTOB Ha KaXXIbIA 4ac CYTOK,
B TEUEHME KOTOPBIX OCYIIECTBIISIETCS IIOCTaBKa
2JIEKTPUYECKON 3Hepruum [3].

st ompeneneHUs] ONTUMAIbHON BJEKTpUYE-
CKOM MOIIHOCTU CTAaHLUUU JOJKHBI OBITH HPUH-
LUIKMAJLHO PELIECHBI CIeAYIOIINE 3a1a4l: IIOCTPO-
€HHEe XapaKTEePUCTUKU OTHOCUTEILHOI'O IIPUPOCTa
pacxoja TOIIMBA CTAHIMU I 3aJaHHOIO COCTa-
Ba paboTalollero o0opyI0BaHMsI; HAXOXICHUE 3a-
BUCHMOCTU IIpelIe/bHbIX U3ACPXKEK CTAaHLUU IS
KaXkJ0TO Nepruoa; onpeaeiecHne XapakKTepUCTUKU
MpeneibHOro J0X0Aa TeHepUpPYIOLIel KOMMIaHWU
(I'K); HaxoxaeHue ONTUMAJIbLHON 3JeKTpUUecKoit
MOILIHOCTU U COOTBETCTBYIOLIETO 3HAYCHUS 3asIB-
JIEHHOI LieHbl Ha pblHKe [4]. BellenepedyucieH-
HbIE XapaKTEpUCTUKU, B CBOIO O4Yepedb, OIpee-
JISIIOTCS. MHOXECTBOM (DaKTOPOB, KOTOPbIE MOXKHO
CrpYIIUPOBaTh IO KPUTEPUSIM BBIOOpA cocTaBa
HCIIOJIb3yeMOT0 000pYdOBaHUSI, COCTAaBa UCHOJb-
3yeMOIr'o TOILJIMBA U IO 3KOHOMUYECKHM KpHUTE-
pUSM, ONpEACasIIOUIUM CTOMMOCTh pealu30BaH-
HOI1 BHEPIUM I10 CJIIOXKMBILIEeIiCS LIeHe Ha PhIHKE Ha
cytku Briepen (PCB). OnpeneneHue BeIrOgHeH e~
ro pexuMa dKCIjayaTalluyd o0OpyIOBaHUSA B 3TUX
YCIOBUSIX — 3TO IMOAOOP MJIS KaXIOTO pexXuma
paboOTHI CTAHLIMU ONTUMAJbHOIO MoKa3aress: 3¢-
(beKTHMBHOCTH, 3aBUCSILET0 OT Habopa U3MEHSIIO-
IIMXCS B3aMMO3aBUCUMBIX TepeMeHHbIX [5]. s
BCEX 3THUX IIOKa3aTesieidi MOTYT OBITh ITOJYyYECHBI
KOJIMYEeCTBEHHbIC OLIEHKU, OIpelesisieMble M3Me-
PUTEIBbHBIMU TIpUOOpAMU U pPaCYeTHHIMU METO-
JaMM. DT MOKa3aTelnd MOTYT ObITh JAEKOMIIO3HU-
pPOBaHbI MCXOISI W3 BBILIEIEPEUNCICHHBIX KPUTE-
pUeB OINTUMAJbHOCTU, Beca WU LIEHHOCTU TOIrO
WIW UHOTO KPUTEpUs IJIS JIMIa, IpUHUMAIOIIE-
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ro pemenue (JIIIP), B ompeneneHHOl cutyaumumu,
a Tak>Xe B 3aBUCMMOCTH OT BbIOpPAHHON METOAUKH
peleHus MpobjeMbl MHOTOKPUTEPUAJTBLHOTO BbI-
0opa mpy HepaBHOLIEHHOCTHU KPUTEPHEB.

Kak mpaBujio, He Bce KpPUTEPUU YYACTBYIOT
BO "B3aMMOACUCTBUU" TIPU UX COBMECTHOM pac-
cMoTpeHuu. OHM MOTYT 00Pa30BbIBATh HECKOJIBKO
TPyIM, BHYTPU KOTOPBIX MPOMCXOAUT B3aMMHOE
yCUJIEHHUE LIEHHOCTEl, pa3Hoe 10 MHTeHCUBHOCTU
B Pa3HbIX T'PyMIax B TO BpeMs, KaK KPUTEPUU U3
pasHBIX TPYNI HEe B3aUMOIEUCTBYIOT [6]. B aTnx
YCJIOBUSIX ONTUMMU3ALIMOHHONW 3amadeil sBisieTCs
ypaBHUBAHME MPEACTIbHBIX U3AEPXKEK U Mpeaeib-
HOTO JO0XONla TEHEPUPYIOIIMX KOMIaHWu [7], ee
KPUTEPUSIMU OINTUMAJBHOCTU SBJSIIOTCS BBIIIIE
MepevyrcieHHbIe TPYMIbl, a (QU3NUYECKUN CMBICT
COCTOMT B TOM, YTO CyLIECTBEHHBIMHU 3JIEMEHTaM U
nmpolecca MPOU3BOACTBA DHEPTUU MOXHO YMpaB-
JISITh M aBaTh KOJMYECTBEHHYIO OLIEHKY.

C skoHomuueckol mouku 3penus (pUHAHCOBas
adppexkTuBHOCTE TOC MOXET OBITH OIMCAaHA BBI-
paxxeHuem

X = X, — X5 — X, > max,

rne X, — dunancoBas sdpdexktuBHocTs TOC;
X, — CTOMMOCTBb PEAJM30BAHHOW 3JIEKTPOIHEP-
run Ha OPOM; X; — cTOMMOCTb HCMOIB3YEMOTO
TOILIABA; X4 — CTOMMOCTH 3aKYTUJICHHOW 3JIEK-
TpO3Hepruu Ha OamaHcupyooiueM pbeiHKe (BP).
Bce aTu mokaszarenu 3aBUCST U BIUSIOT Ha 00beM
BbIpabaTbiBaemMol sHepruu W. B sKoHOMUYeCKOM
TpPakTOBKe, coracHo pabore [7], 3amaya MOBBI-
meHuss ¢puHAHCOBOKM 3(EPEKTUBHOCTU CBOAUTCS
K 3a7a4e HaXOXJICHMS HYJs MPOM3BOIHON

a)(l(t) — 0
oX5X,

KOTOpas 3aBUCUT OT INPENETbHON CTOUMOCTH pea-
JM30BaHHON 3Hepruu X,

0X,
ow
U OT NpelnebHbIX u3nepxek X; + Xy

MR(X,) = f(X))+W

0X;Xy
ow -

Takum o6pa3oM, C 5KOHOMUYECKOI TOYKU 3pe-
HUSA KPUTEPUEM ONTHMMU3ALMU SIBISIETCSA BbIpa-
xeHue MR— C =0 umu MR = C.

C mexnuyeckoil mo4ku 3peHus KpUTEpUEM OII-
TUMU3AIMUA Pa3JIMYHBIX PEXUMOB PabOTHI IeHe-
pupyolliero o0opyaoBaHusl, coriacHo pabdote [4],

CX5+Xy)=f(X3)f(X)+W

SIBJISIETCSI TIPOCTOE OTHOIICHMWE M3IepPXKeK K 00b-
€My BhIpabaThIBaeMOI SHEPTUU

oX.X,
ow

[IpuBeneHHBIT HAOOP 3aBUCUMOCTEH OIpEACIIsi-
€T MaTeMaTUYECKYIO TOCTAHOBKY 3adayd, 3aKJIIO-
Yalollylocsd B MOCTPOCHUM HAa OCHOBE KOHLENLIUU
CUCTEMHO AMHAMHMKU €IWHOrO0 KOMILJIEKCa CBS-
3aHHBIX MaTeMaTUYECKUX MOAEIEH IS aHaJu3a U’
omnpeneneHus 3aBucumocteir TOII, mis mocTuxe-
HUSI ONTHMAJIBHOTO peXrma padOThl T€HEPUPYIO-
1Iero 00OpyIOoBaHUS IIPU €€ MAaKCUMaJIbHOM 9KOHO-
MUUYECKOl 3(p(PEeKTUBHOCTH, a TaKXe B BU3yaJiM3a-
LMY YIIPABJISIEMBIX U YIIPABJISIOLINX BO3ACICTBUIA.

— min.

MaremaTHyecKne Mojaean pexumon padotsl TOC
B TEPMHHAX CHCTEMHOI JUHAMHUKH

Pa3zpaboTaHHBINi KOMIUIEKC MaTeMaTUYECKUX
MoJeJieil COmepXXUT B3aMMOCBS3aHHYIO COBOKYII-
HOCTh CUCTEMHO-IMHAMMYECKUX U PErPECCUOHHBIX
Mojeseil A8 omnpeneiaeHus (puHaHCOBOUM 3(Pdek-
TUBHOCTH PabOTHI TeHEPUPYIOLLErO 000PYIOBAHUSL.

Mopgenu CUCTEeMHON OWHAMMKU I1O3BOJISIOT
MOJYYUTh OTCYTCTBYIOIIYIO B HACTOSILEE BpPEeMs
KOMIIJIEKCHYIO OLIEHKY CTENeHU BIWUSHUS TIPU-
YMHHO-CJIEACTBEHHBIX CBSI3¢ii HAa TOT WJM MHOM
TOII pna namaHupoBaHUs pexkMMOB padoTbl TOC
U JIJIS UCTIOJIb30BAHUS UX B OTPACIIEBBIX CUCTEMaX
MOAACPXKKY TIPUHATUS PELLICHUIA.

MaremMaTH4eCKy10 OCHOBY METOIOB CUCTEMHOM
JIUHAMMKU COCTaBJISIIOT TuddepeHlnaabHble MO-
JeI1, BKIIIOYAIOLIe B ce0sl ypaBHEHMSI COCTOSIHUIM
CHUCTEMBI Y YpaBHEHUSI BXOAOB 3TOM CUCTEeMBI. Jis
coctaBiaeHus IuddepeHIInaIbHBIX MOAeIed BbI-
OMpalTCd MEepPeMEHHBIE COCTOSHUM CHUCTEMbl U
yCTaHaBAMBAIOTCS (DYHKUMOHAJbHBIE CBSI3U MEX-
Iy HUMU.

Ecnu npenctaBuTh B BUAE TEXHUKO-3KOHOMMU-
YECKOI CUCTEMbl KOMILJIEKC T'€HepHpYyIolero o06o-
pynoBaHus TOC, TexHUYECKUE PEXUMBbI KOTOPOTO
M3MEHSIIOTCS IS JOCTUKEHU ST HEKUX 3KCTPEeMaib-
HbIX S5KOHOMUYECKUX IIOKa3aTelieil, TO ypaBHEHUE
COCTOSIHU S 9TOI CUCTEMBI MOXKHO 3aIlMCcaTh B BUJIE

KO _ px, v,

ot
rae X(1) = (X9, X5(9, ..., X,(f)) — BeKTOp COCTO-
SHUN TEXHUKO-3KOHOMUYecKoi cucteMmbl; U(f) =
= (U0, Uy, ..., U/(t)) — BEKTOp BXOAHBIX BO3-
NEeNCTBUIA HA CUCTEMY, ! — TeKyllee BpeMs. B atux

)
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0003HAYEHU X YpaBHEHUS
BBIXOJIOB 3TOW CUCTEMBI UMe-
10T BU,

Y(®) = HX(), U@),

rne YO = (1,0, L0, ..
Y,,(t)) — BeKTOp BBIXOAOB CHU-
cTeMbl. JIJsg Takoil TexXHU-

DuHaHCH B
obopoTe poiHKOB
3NEKTPOIHEPTUM
W MOLHOCTH

HaknagHele
M3AEPHKM
NpoM3BOACTEA

HCNONL3YEMOTO

CroMmocTe
peanvuaoBaHHOM
INEHTPOIHEPTMK

Ha OP3M
x?

Liexa
peanusoBaHHOW
NEKTPOIHEPTHK

Uena

TonnMea

gol

DPuHaHCOBaA

:X:D 3ddeKTHBHOCTL

X;

Uena

CroumocTe
WCNoNb3yeMoro
Tonauea
X3

CrommocTe
3aKyNNeHHOH
3INEKTPOIHEPTHUH

KO-3KOHOMMYECKON CHUCTEMBI

(aszoBoe MPOCTPAHCTBO MEPE- v - ——— — o ______~---__—_——_ ]

MEHHBIX COCTOSSHHUM OIIpeac-
JICHO OrpaHUYCHUAMUN

Xmin < x, < XM X e[0,1]; i=1,n,

roe X™" u XM _ gekoTOpble HOPMUDPOBAHHBIE
MaKcUMaJbHble U MMHUMaJbHblE 3HAYEHUS, KO-
TOpbIE MOI'YT IPUHUMATh MIEPEMEHHBIE COCTOSIHUSI
CHUCTEMBI.

B cooTBercTBUM C paboTamiu |3, 4] aBropamu OB
BBIOpaHbI CaMble BaXKHBIE MapaMeTpPhbl, ONPEAesiio-
1IMe TOTOKM AMHAMMYECKON TEXHUKO-3KOHOMMUYE-
CKOI CHCTEMBI, SIBJISIOIINECS TI0 CYTU KPUTEPUSIMU
ontummu3amu: X; — ¢uHaHcoBas 3(OHEKTUBHOCTD
TOC; X, — cTOMMOCTb peaju30BaHHON 3JEKTPO3-
Hepruv Ha OPOM; X; — CTOMMOCTb UCTIONIb3yeMOro
TOIUIMBA; X; — CTOMMOCTb 3aKyIUIEHHON 3JIEKTPO3-
Hepruu Ha bP; X5 — o0beM 1 cocTaB UCTIONIb3yeMOro
TOIUIMBA; Xy — pacriosaraemas MolHocTb Ha TOC,
X; — cocTaB UCIOJIb3yeMOro 000pyIOBaHMSI.

OnuiiieM ¥ OPOUJIIIOCTPUPYEM MPOLEAYPhI MO-
CTPOEHUSI MOJEIU CUCTEeMHONW NMHAMUKU TEXHU-
KO-3KOoHOoMHUYeckoi cucteMbl TOC. PuHaHCcoBas
3 (PeKTUBHOCTh PabdOTHI T€HEPUPYIOLIEro 000py-
nosanus (X;) xoropyo B I'K HaseiBaioT "Mapxu-
HaJIbHOM MPUOBLIBIO", 3aBUCUT OT MPEAeIbHBIX 10-
XOZIOB, KOTOpHIE, B CBOIO O4epeb, 3aBUCAT OT CTOU-
MOCTH pealIn30BaHHOU 371eKTposHepru Ha OPOM
(X,) 1 mpenenbHBIX U3IEPXKEK, CKIAIbIBAIOLINXCS
M3 CTOMMOCTH UCIIOJIb3YEMOro TOILIUBA (X3) U cTO-
WMOCTH 3aKyTUJIEHHOMW 3JIeKTposHeprun Ha bP (X;).
TeMn u3MeHeHM sl MePEeMEHHON X| MOXHO OMucaTh
rpacdoM B3aumMocBs3eil ¢pakTopoB (puc. 1).

Yem OoJbllIe CTOMMOCTh 3JEKTPOSHEPIUU, pe-
anusyemoil 'K Ha onToBOM pbIHKE, TEM BBIIIE €€
¢uHaHcoBas1 3peKTUBHOCTh. YeM OobllIe CTOU-
MOCTb MCITOJIb3yEMOI0 MPU 3TOM TOILJIMBA, U 4YeM
OoJIbllIe MPUXOAUTCS 3aKyMNaTh HEJAOMOCTaBIEHHOM
no ob6s13aTeIbcTBaM 3Hepruu Ha bP, Tem ¢prHaHCO-
Basg 3(pPeKTUBHOCTh HMXKE Ha 3aJaHHOM MHTEpBa-
Jie BpEMEHU.

HJst KaXXaoro MOMEHTa BPEMEHM MOXKET CyIIe-
CTBOBATh crielIMdrUecKast ocIeI0BaTeIbHOCTh BbI-

3NEKTPOIHEPTHM

Ha BP Ha BP

Xs

Puc. 1. I'pad B3anmocea3eii pakTopos, BIANAIOMMX HA TeMNbl H3MEHEHHsI IepeMeHHOM X
Fig. 1. Relationships graph of factors affecting the rate of change of variable X,

YUCJACHUI, ompeneseMas XapaKTepoM CHCTEMBbI
ypaBHeHUi. Pa3Hble 3HaYeHUST ypaBHEHUN paccyu-
THIBAIOTCS Ha KOHELl MHTEpBaJja, U 110 HUM OIpe/ie-
JISIIOTCSI HOBbIE TEMIIBI (peleHMS) A1 CICAYIOIIEero
BpeMeHHOoro wuHtepBana [8]. JuddepeHumanbHoe
ypaBHeHue (1) 11t nepeMeHHOi X; OyaeT MUMETh BUL:

B AU SEVIE ST B M)
Yem Oosbllle 00bEM M COCTAB MCIOJIb3YEMOTO
TONJMBa X5, TeM OOJIblIEe TEMIT €r0 pacxoia U TeM
OoJibllie TEMIT ero nocTaBok (puc. 2). Pacnonarae-
Masi MOLLHOCTb Xg (GOPMUPYET MOTOK MOCTaBJIsIe-
Moii s3Hepruu Ha OPOM u MoXeT ObITh yBeJIMYeHa
00beMoM Jokyraemoi sHepruu Ha BP (puc. 3).
CoctaB ucrnonb3dyeMoro obopynoBaHus X; 3a-
BUCUT OT OObeMa BBOIMMOIO B 3KCILJyaTallMIO
000pyd0OBaHUS U BHIBOOMMOIO M3 3KCILJIyaTallMu
reHEepUPYIOLIEr0 000PYIOBaHUS, KOTOPOE MOXET
3aKynaTh, MOpoaaBaTh, PEMOHTHPOBATb, PEKOH-
CTPYUPOBaTh, a TaKXe MOXET BBOAUTb U BHIBO-
IUTh U3 cocTaBa paboTamiux CHUCTEMHBIN oIle-
patop EBC Poccuu (puc. 4).
Naentupukanuus v ydeT (pyHKLIMOHAJIbHBIX 3aBU-
cumocreit f,, f5, ..., f, B TEHEPUPYIOILMX KOMIAHUSIX
3aBUCUT OT OINbITA pean3aliy aHAJIOTUYHBIX ITPOEK-

NOCTaBOK
Tonauvea

==

pacxopoBaHuA
TOonAuBa

06bEm M cocTaB
MCNONb3YEMOro
Tonauea
Xs

O6bém K cocTas
WCNoNb3yemMoro
obopygoeaHuAa

Puc. 2. I'pad B3ammocss3eii ¢pakTopoB, BIMSIOIUX HA TEMIbI
H3MEHeHHs nepeMeHHol X;

Fig. 2. Relationships graph of factors influencing the rate of
change of variable X;
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3NEeKTPO3HepruA Ha BP

Faun
SaKy

Nocrasnreman
3NeKTpo3HepruAa Ha OPIM

| |
| |
| |
: Pacnonaraeman :
Vd 3 MOWHOCTL ™
: WcnonHeHue mX5 06bém M cocTae :
: AOrOBOPHbIX WUCNONb3YEMOTrO :
| obAsaTenscrs obopygosaHua |
| |
| - + |
| |
! I:xﬂ [:X:] « S |
I |
| |
| Myn |
| OP3M |
| |
| |
| |
| |
| |
| |

Puc. 3. I'pad B3ammocBs3eit (GpakTopoB, BIMSIOMMUX HA TEMIIbI
H3MeHeHHs nepeMeHHo Xg

Fig. 3. Relationships graph of factors influencing the rate of
change of variable X

TOB aHAJIMTUKAMM JTaHHBIX KOMIIAHU, OT 0COOEHHO-
CTeil TEeXHOJIOTMYECKOro Mpoiiecca reHepaluu Tera
1 3JICKTPO3HEPTUH, 1IeJIeil MOICTMPOBAHUS 1 IPYTUX
(hakTOpOB, CYILIECTBEHHO BIMSIONIMX HAa ITPOU3BOJI-
CTBEHHOE M (DMHAHCOBOE TJIAHUPOBAHUE KOMITAHUU.

s mocTpoeHUsT MaTeMaTU4YeCKON MOAEAU pe-
KXUMOB paboTel TOC B TepMHUHAX CUCTEMHOM IH-
HAaMUWKU TOCTPOMM oprpad, oTpaxaiolmuii Bce
OCHOBHBIE €€ CUCTEMHBIC TTepeMeHHbIe U DYHKIIH-
OHaJIbHbIe 3aBUcUMOCTU. Ha puc. 5 npuBeneH op-
rpad, B KOTOpOM oIpeaeeHbl Bce (DyHKIIMOHAIb-
Hbl€ 3aBUCUMOCTH fi, ..., fj3 MapamMeTpoB X|, ..., X;.

Takast rpagoBasi Moaeb MO3BOJSIET MTOCTPOUTH
MaremaTudeckyio Mozaeab TOC ¢ MOMOIIbIO Clleay-
Iollel cucTeMbl TUdhepeHIInaTbHBIX YPaBHEHHI:

oX, (1)
________________________________________ 10— A00) = i) = S
I |
' ' 0X, (1)
2 .
| ocrmomm (1, 12D () + £UMR) - G (X);
| KomaHab! | ot
! CUCTEMHOTO !
. . oX4(7)
3 .
i 10 R A+ fXs);
[ paduk pemona BoisegeHHoe |
: Beoaumoe oBopyAosaniA W3 IKCNAYATaLMM : oX 4 (t )
| B 3KCNAYaTaLMio + | — 2 =CfH(X¢) + fL(MR); 3)
| oBopyposaHue Cocrae o6opyAosarme : ot 276 4 ’
| MCNONBL3YEeMOro %DQ | oX <(7)
l 0GopyAoaaHMA l —22 = f5(X7) - fo(X7) = fia(Xe);
! Xy ! ot
fTTT TS TS T T T T T T T T T T - 8X 6 (t )
Puc. 4. Tpad B3anmocBs3eii $GakTOpPoB, BIMAIOIMX HA TEMIbI ot = J5(X7) + [5(X7) + fe(X7) + f1;(W);
H3MeHeHHsl epeMeHHol X; oX (f)
. . . . . 7
Fig. 4. Relat'lonshlps graph of factors influencing the rate of —L2 = f1(X,) + fo(X7) + f9 (X7) + fio(X7).
change of variable X, ot
U 1
| Ocranosbl |
! KomaHast !
: cHCTEMHOTO Temn Temn :
: WenonHenune e rp:;:ip:::g:“ l'll:::::: Im'rcn.nhsa :
or 8 BugeaeHHoe
: o6 o) 8 aKer oBopyRosannA \ u3 3“5:"‘!‘&“:“"“ v O6b&m  coctas Ly : ‘:‘) :
: osow,q;)aau:{e Cocras obopyapsatue : FAY : ronn;u;a AN !
el y X I
: obopyaceaHua _g_>Q - :
| Xz |
I |
® — |\ :
| Obbé |
: Pacnonaraeman ° uc::;:v;:::: :
| MOWHOCTE 0BopyaoBaHUA |
1 Xs 1
| |
| |
H Uena
: Cnpoc Ha OP3M o :3:?:::: ncnmu;:emoro — ronocr :
: -—@—o ___\@ HDUHJBOACIBN@ TonAxea @ _D - :
! CroumocTs d % !
| |
: Nyn OP3M peamacsaio \ DUHIHCOBAA i :
| S [AY ) Ha OP3M :Z:> m‘“';"'m |
| X. 1 X |
: 3NEKTPO3HEPTMA Ha BP Mocrasnreman  DHHAHCH B - Crom :
| 3NeKTPO3IHEprvA Ha OPIM  0BOpOTE phiHKOB Uena mocTs |
| BNEHTPOIHEPTHH PeanMI0BaHHON Uewa _ 3AKYNNEHHOA |
| W MOWHOCTH INEKTPOIHEPIHM INEKTPOIHEPTMM :D BNEKTPOIHERTHA |
| Ha BP na 6P |
I X |
! m ‘ |
N . H

Puc. 5 Oprpad B3aumocBs3eii CHCTEMHBIX NepeMEHHbIX X[, ..., X7
Fig. 5. Digraph of interconnections of system variables X, ..., X;
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B TCHCPUPYIOIINX KOMIIAHUAX BCACTCA YUCT U

XpaHCHUC OJAHHBIX pa3JIMYHBbIX TSH, K KOTOpPbBIM

oX(f)
OTHOCATCA ITOKa3aTcClIin 5

a TaKXKC 3HAYCHU A

pa3IMYHBIX QYHKIIMOHAIBHBIX 3aBUCUMOCTEH OIS
BbIOOpA ONTHMAJILHOTO peXHMa pPaboThl TeHepU-
pytomiero otopynoBaHus. CiemoBaTeabHO, OIS
MPOBEPKM aJeKBAaTHOCTH IIOJIYYEHHOM MaTeMaTH-
YeCKOl MOJEIM MOXHO MCIIOJIb30BaTh YPaBHEHMU S
perpeccuu, IIOCTPOCHHBIE 10 3TUM COXPaHEHHBIM
JAHHBIM.

CMonennpoBaHHbBIE TaKMM 00pa3oM TEXHOJIO-
THYECKUE MPOLECCHl TeHepalluK 3JIEKTPOSIHEPIuun
MO3BOJISIIOT OIPENENIUTh TUIIOBBIE (PYHKIIMOHATIb-
HBIC 3aBUCHUMOCTH C TOYHOCTBIO, HOCTAaTOYHOM
JUIST OMHO3HAYHOI'O IIPEACTAaBICHUS MOIEICH B CU-
cTeMaxX MMUTAIlMOHHOTO MOACIMPOBAHMSI, TaKUX

BbibBpaTe MHTEpBaN

Kak AnyLogic, njisi TpoeKTUPOBAHUS OTPACIEeBBIX
BPMS-, ERP- u MES-cucrem [5]. Kpome Toro,
pa3paboTaHHbIE MaTeMaTUYeCKHUE MOJEJIU MOTYT
HalTU IMpUMEHEHNEe BO BHOBb pa3padaThIBaeMbIX
cHCTeMaxX MOIAePXKKY NPUHSITHUS pellIeHN I, a TaK-
XKe AJs1 pa3pabOTKM OPUTMHAJbHBIX aJITOPUTMOB
paboTter DSS-cucrem.

Ajaroput™ padotbl DSS-crHcTeMBbl HA OCHOBE
npeNJIOKEeHHOH MaTeMaTHYeCKOl MOIeIH

NudopmanimonHas cucteMa, OCHallleHHas TIpe/-
JIO)KGHHBIM MaTeMaTHM4eCKUM oOecriedyeHUeM, MpH-
3BaHa criocooctBoBarh JIIIP, o6neryuth BBIOOP
pexuma paboThl TEHEPUPYIOLIEr0 O0OpYdOBaHUS
1 o0ecreynTh MaKCUMAaJbHYIO (DMHAHCOBYIO 3(-
(peKTUBHOCTD B 3aJaHHBIX TEXHUYECKUX YC-
JoBusix. Takoro poma MOJEIM HAISIAHBI U
ynooHbl ms JITIP, uMeloT BBIpa3uTEILHYIO

MOAENMPOBAHUA M3MEHEHWUA [
nepemeHHbIX X; — X;

h
Beectu gaHHble, HeobxoguMmble
ANA onpefeneHuA 3HaYeHuin
nepemeHHbIX X; — X7no
mogenwm (3)

CIIOCOOHOCTh, OJIM3KYI0 K €CTECTBEHHOMY
SI3BIKY, W IIMPOKO MCIOJB3YIOTCA IPU CO3-
JTaHUU 0aHKOB 3HAHWI, a TAaKXKe MHTEJJICK-
TyaJbHBIX CHUCTEM YIIPABJICHUS CIOXHBIMU
NPOU3BOICTBEHHBIMHU TIporieccamu [9].
PaboTta anroputma JoKHA HAYMHATHCS
¢ BbIOOpa orepaTUBHBLIM TepcoHaaoM TOC
MHTEpBaJla MOACIMPOBAHUSA M3MEHEHUS

BxogHble gaHHble
OueHHTL He JOCTOBEPHbI
AOCTOBEPHOCTL BXOAHBLIX

OaHHbIX

BxopHble

CKOppeKTMpoBaThL
HeAOCTOBEPHbIE AaHHbIe,
onpeaenaowme X; — X;

MEePEMEHHBIX X, ..., X7. Kak npasuio, 3to
JIeJIAeTCs eXXeIHEBHO IIpU ITofaye LEHOBBIX
3asBok Ha PCB. Ilpu ompenenenum naH-

A
OaHHble OCTOBEPHbI

PaccumTath 3HaYeHWA
nepemeHHbIX X; — X;no
mogenu (3)

BbIXOAHME AaHHblE
HE OOCTOBEPHbI

CpaeHuTL
NoNy4YeHHbIE AaHHbIE C
OXPaHEHHbIMM CTAaTUCTUYECKMM
AaHHbIMK

BbixoaHble
AaHHbIE AOCTOBEPHbI
|
|
Bblaaua /NP coobweHua o
3HaYeHWAX NepemMeHHbIX X; — X5
Ha ebi6paHHOM WHTepBane
MOAEeNMpoBaHUA U OTKNOHEHWA
OT CTaTUCTHYECKUX AaHHbIX

Puc. 6. Arroputm npuMeHeHns: MaTemMaTnyeckoi moaean (3) B coctase DSS-

CHCTEMBbI

Fig. 6. Algorithm for applying the mathematical model (3) as part of the DSS-

system

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i
| HbIX, nogaBaeMbIx KommepyeckoMy omnepa-
I Topy EBC, TpeOyercss BBeCTU HapaMeTphl,
| HEOOXONMMBIE JUIS OIpeleSeHUs 3Haye-
| HUIi IepeMEeHHbIX Xi, ..., X3 mo mogenu (3),
i U OLICHUTh AOCTOBEPHOCTh 3TUX HAHHBIX.
! Ecnu Obu1M OGHAPYXKEHBI OLUMOKYU UJIK OT-
| CyTCTBME KaKUX-T1OO NaHHBIX, TO UX HEOO-
| XOIMMO OTKOPPEKTHMPOBATh M PAaCCYMTATh
| 3HAYEHUS MEPEMEHHBIX Xy, s X7, TIO IIpEO-
i JnoxeHHon momenu (3). Pesynbrarsl pacue-
| TOB TpeOyeTcsl CPAaBHUTL C COXPAHEHHBIMU
| CTaTUCTMYECKMMHU NaHHBIMU. Eciu BbIXO-
| HBIC JaHHBIC HENOCTOBEPHBI, OTIMYAIOTCS
| OT CTaTUCTMYECKMX WJIM OT LIeJEBbIX TOKA-
i 3aTesieil, To MoTpedyeTcsl BHOBb MU3MEHUTH
| TIapamMeTpsl, ONpeesIsIoLHe Xy ey X7, MK
| M3MEHWUTb CaMy MaTe€MaTMYEeCKYIO MOJEIb,
! moOaBMB HEOOXOOMMEIE IIOKa3aTelu II0-
! MuMo MR, MC v W wan (pyHKUMOHAb-
HbIE 3aBUCUMOCTHU f{, /5, ..., f,- B pe3yibrare
JITTP monyyaet nH(pOpMALIMIO O 3HAYCHUSIX
MEepeEMEHHBIX X|, ..., X; HA BBIOpAHHOM MH-
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TepBaje MmoaenavpoBaHusd. biok-cxema anroputMa
MpUMEHEHUS MaTeMaTHuiyeckoro obecreueHus (3)
npencraBieHa Ha puc. 6. Heiicrsus JIITP B Takux
YCJIOBUSIX JIETKO MOXHO MNepenoxXuTb Ha DSS-
CHCTEMYy Ha OCHOBE MCKYCCTBEHHOIO MHTEJIJIEKTA,
MOCKOJIbKY IS Hee YeTKO KJIaCCU(PUIIMPOBAHBI
BCE CUCTEMHBbIC MepeMEHHbIE U UX (QYHKINOHAIb-
HBIE 3aBUCHMOCTHU.

3akJoyenue

B naHHOIi cTaThe MpemIoXeH IOAXO0 K aHaJI-
3y TOC ¢ ucnoiab30BaHUEM METOIOB CHUCTEMHOM
IUHAMUKW, KOTOPBIII aHAaJOTMYHO MOXET WC-
MOJIb30BaThC IIPU BBIOOPE PEKMMOB PabOTHI Te-
HEpUPYIOLIETO 000PYAOBAaHUS TUAPO- Y aTOMHBIX
3JEKTPOCTAHIIM.

IIpoBeneHHBIE TeopeTUYECKHEe W IPUKJIagHBIC
WCCIIEAOBAHM S aJId BO3MOXHOCTb (DOpPMan30BaTh
MHOXECTBO CHUCTEMHBIX CBSI3€il W 3aKOHOMEPHO-
CcTeil GYHKIMOHUPOBAHUS abCTPaKTHBIX U peajb-
HBIX 00BEKTOB IIPUKJIAAHOU 00acTH, a TaKXKe MOo-
3BOJIMJIM OMHUCATh OTPACIEeBble OCOOEHHOCTU IIPO-
M3BOACTBEHHBIX IIPOLIECCOB METOAOM ITIOTOKOBOM
crpatudukauu. B pesynbpraTe ObLIM HaAIISIIHO
BU3YyaJIU3MPOBAHbI YIIPABJISIONINE U YIIPABISEMBbIS
BO3JICMCTBUS HA 3J€MEHTHI CUCTEMEI, OIpeae/ieHbl
BaxKHEMIlIMe KPUTEPUU ONTUMAJIbHOCTH, CBSI3aH-
Hble ¢ TpeOoBaHUsIMU OPOM, mpenbsaBiaseMbIMU
K OIMCAHHON TEXHUYECKOM CHCTEME.

YHUKaTbHOCTh TPEIJIOKEHHOTO TMOoAXoAa 3a-
KJII09aeTCs B MCITOJIb30BAHUM HOBBIX MOJEIBHBIX
pelIeHnii, OCHOBAaHHBIX Ha MaTeMaTHYeCKOM arl-
napare CUCTEMHON AUWHAMUKM, IJISI OMHO3HAYHOT O
MpeacTaBIeHUs MOJEIEN B CUCTEMAX UMUTALIMOH-

HOIo MOJEJIWpOBaHus, Takux Kak AnyLogic, aus
MMPOEKTUPOBAHMS OTPACIEBBIX MH(POPMALITMOHHBIX
cuctemax (BPMS, ERP, MES u DSS).
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The article discusses an original solution for designing an algorithm for selecting the most optimal technical and eco-
nomic indicators for the operation of generating equipment of thermal power plants, taking into account the requirements of
the wholesale electricity market, the day-ahead market and the balancing market. To design an algorithm for controlling
generating equipment, the activity of a generating company in the wholesale electricity market was considered in terms
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of system dynamics. The proposed solution made it possible to select and interpret the state variables of the model, build
flow diagrams describing the functioning of a technical-economic system, and visualize cause-and-effect relationships in
the form of structured functional dependencies. In this work according to the norms of industry legislation and previously
conducted scientific research the most important parameters were identified that form the flows of a dynamic technical and
economic system, which are optimization criteria in fact. On the basis of this data, a stream stratification of the production
processes of generating companies was carried out and a complex of mathematical models of system dynamics was deve-
loped to determine and plan the financial efficiency of the operation of thermal power plants and generating companies. The
mathematical apparatus and the algorithm of its functioning are developed on the basis of the digraph of cause-and-effect
relationships between the investigated technical and economic indicators. On the basis of the graph of interrelationships of
system variables, a system of nonlinear differential equations has been built, which makes it possible to determine planned
performance indicators when various technical and economic conditions change. The novelty of the proposed approach is
the use of new model solutions based on the mathematical apparatus of system dynamics to represent the proposed model

in simulation systems, in industry ERP and MES systems, for the development of DDS.
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For citation:

Fomin I. N., Shulga T. E., Ivaschenko V. A. Synthesis of the
Algorithm for Control of the Thermal Power Plant Generating
Equipment Based on System Dynamics Models, Mekhatronika,
Avtomatizatsiya, Upravlenie, 2021, vol. 22, no. 1, pp. 20—27.

DOI 10.17587/mau.22.20-27

References

1. Rutkovskij L. Methods and technologies of artificial intel-
ligence, Moscow, Goryachaya liniya—Telekom, 2010, 520 p. (in
Russian).

2. Egupov N. D. Robust, Methods of Neuro-Fuzzy and
Adaptive Control: A Textbook, Moscow, MGTU, 2002, 744 p. (in
Russian).

3. The Government of the Russian Federation, Resolution
No. 1172. December 27, 2010, On Approval of the Rules for the
Wholesale Electricity and Capacity Market and on Amending
Certain Acts of the Government of the Russian Federation on the
Organization of the Operation of the Wholesale Electricity and
Capacity Market, Sobranie zakonodatel'stva RF, 04.04.2011, no. 14,
744 p. (in Russian).

.000000000000000000000000000000000000000000000000000000000000000000000000000000000‘
31 maga — 02 vtoHa 2021 r.

B CaHkT-lNeTepbypre
Ha 6a3e OAO «KoHuepH «LIHWWN «3nekTponpubop»
cocTonTcs

XXVIII CaHkT-lNeTepbyprckasa MexayHapoaHasa KoHdepeHUUA
No MHTErpupoBaHHbIM HaBUraLUOHHbLIM CUCTEMAM

TemaTuka KoHpepeHLUN

* MHepumanbHble gaTynkn, CUCTEMbI HaBUTraLun 1 OpueHTauum
* IHTerpmpoBaHHble CUCTEMbI HABUTaL MK U yNpaBrieHnst BUXKEHNEM

4. Karmanov V. S., Moshkin B. N. Management of the
operation of a generating company in order to improve energy ef-
ficiency, Elektro. Elektrotexnika, elektroenergetika, elektrotexniches-
kaya promyshlennost, 2013, no. 4, pp. 2—7 (in Russian).

5. Fomin I. N., Shulga T. E., Ivaschenko V. A. The Math-
ematical models and algorithms operational, control for equipment
TPP, Prikladnaya informatika, Sinergiya, 2018, vol. 13, no. 3 (75),
pp. 24—34 (in Russian).

6. Rezchikov A. F., Mityashin N. P., Kuzmichenko B. M.,
Ryabov O. N., Karpuk R. V. Multi-criteria selection of equipment
based on a fuzzy measure of criteria value, Mekhatronika, Avtoma-
tizatsiya, Upravienie, 2010, no. 1, pp. 54—58 (in Russian).

7. Karmanov V. S., Moshkin B. N., Sekretarev Yu. A.,
Chekalina T. V., Yakovchenko K. N. Increasing the energy ef-
ficiency of a generating company by choosing optimal operating
modes by the criterion of profit maximization, Nadezhnost i Bezo-
pasnost Energetiki, 2013, no. 20, pp. 35—40 (in Russian).

8. Forrester J. Fundamentals of Enterprise Cybernetics (In-
dustrial Dynamics), Moscow, Proress, 1971, 325 p. (in Russian).

9. Ivashchenko V. A. Hardware and software for building
automated power management systems for industrial enterprises,
Vestnik Saratov State Technical University, 2007, no. 4 (26),
pp. 75—84 (in Russian).

OO OO0

* MobankbHble HaBUraLMOHHbIE CMYTHUKOBbLIE CUCTEMBbI
» CpeacTBa rpaBUMETPUYECKON NOAAEPXKKN HaBUraLmMm

B paMKax KaXxaoro HanpasJjieHnd paccMmaTpmuBaloTCA:

¢ CXeMbl NOCTPOEHUA N KOHCTPYKTUBHbIE 0COBEHHOCTH;

* METOObl N anNropuTMbl;

* ocobeHHoCTH pa3p360TKVI N NPpUMEHEHNA Ana pasfiMyHbIX NOABUXHBbIX obbekToB
n yCJ'IOBVIVI OBUXEeHNA (aspOKOCMI/I‘-IeCKVIe, MOpPCKMe, Ha3eMHble, FIOD,3eMHbIe);

* UCnblTaHNA N MeTposnorua.

KoHTakTHasa nHdopmaums:
Ten.: +7 (812) 499 82 10 +7 (812) 499 81 57
dakc: +7 (812) 232 33 76 E-mail: icins@eprib.ru

VOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOH

BOOOOOOOOOIOOOIIHIHIHOOOOIIHIOOOOIOIHIHIIIOIOIOLIHIOIOOIOIOIIIOAOIOIOIOOOOOOTH

MexaTpoHnKa, aBTOMaTH3anusd, ynpasienae, Tom 22, Ne 1, 2021

27



POBOTbIl, MEXATPOHUKA
N POBOTOTEXHUYECKUE CUCTEMbI

VIK 62-526 + 51-72 + 531.8

E. C. BpuckuH, o-p ¢us.-maT. Hayk, 3aB. kacdegpon, dtm@vstu.ru,
A. B. KanuHuH, KaHa. TexH. Hayk, Aou., jkv83@mail.ru, K. C. ApTemMbeB, CTyAeHT, subisinebeats@gmail.com,
Bonrorpaackun rocygapCTBEHHbIN TEXHUYECKUIA YHUBEPCUTET

O6 ycTOMYMBOCTU NSTIOCKOro ABUXEHNA MOOUNBbHbLIX pO6OTOB
C WwararwmMmm ABNXKUTEeNAMIN, padboTarowmmm B "TAHyLWweM" pexume

DOI: 10.17587/mau.22.28-34

Paccmampusaromes mobuabHble po6OMbL ¢ WaAAWUMU 8UNCUMeAIMU, pabomarowumu 6 "manyuem” pexcume, KOmMopbli,
Kak npasuino, s64semcs Heycmouuugvim. Imo 00ssicHAemcs 3aKAUHUBAHUEM 08UJICUMeAs 34 cYem OPMO2OHAAbHOCMU Oell-
CMBYIOWe20 YCUAUS BO3MONCHOMY NepeMelyeruio mouku npuioxcenus. Cmasumcs 3adaya pa3pabomku maxoeo aneopumma
YyhpasaeHus po6omom, cocmosuezo 8 yeAeHanpasieHHOM U3MeHeHUU 2e0Mempu4eckoll opuenmayuy osumicumeneli, ynpasasemoix
npusodom nosopoma, Komopuii obecneuum ycmouuugoe dsudicerue. Ilpedrosxcen memod ynpaeienus opuenmayueti nA0CKOCMU
Wa2anus npu ee Ha4aibHOM OMKAOHEHUU OM NPOSPAMMHO20 NOAONCEHUS, OCHOBAHHBIU HA peaiu3ayuu OUCKPemHOo20 aie0pumma
YHpasaeHus, KOmopuli npedycmampueaem ggederHue makou KycoHHO-NOCMOSHHOU PYHKYUU HA KadxcOom ulaee dsuicumens, no-
AYHUBUIC20 HAYANbHOE 803MYUeHUe, KOMOpAas obecnevum 6biX00 HA YCMOUYUBLIU pedcUM 0BUICEHUS 3a KOHEYHOe YUCAO WaA208.
Ha nepeom wace, kak u Ha NOCAeOYOUUX, 8bINOAHACMCA YAPABACHUE USMEHEHUeM OPUeHMAUUU NAOCKOCIel Wa2anus 08UNcU-
meaeil, CBA3AHHbIX C PYAEBbIM YNPABACHUEM, U MeM CAMbIM U3MeHsemcs Hanpasienue 08uiceHus Kopnyca poboma. OnucanHoli
aneopumm npeonosazaem 6vinoOAHeHUe 08YX He0OX00UMbIX YCAOBUU: HAAu4Ue UHPOPMAYUOHHO-USMEPUMENbHOU CUCMEMbl, KOH-
mpoaupyruell OpueHmayuio nA0CKocmell wazaus, u obecneverue 00CMamoyHOCmMy Ul 63aumo0eicmeus Cmon, ynpagasieMblx
Dpyaesuim ynpasaenuem osusicumeneli, ¢ ONOPHOL NOBEPXHOCMbIO 045 OMCYymcmeus npockanvivieanus. Ilpedcmasaen areopumm
ynpasaenus "3agucumvimu’” osuxicumensamu (0mpabamoul8arOUUMU nPoPAMMHOE NOCMYnAmenbHoe 08udcenue Kopnyca) ¢ yye-
MOM M020, YMO UX OPUEHMAYUUS 3A8UCUM OM OPUCHMAYUU YNPABAAEMbIX, 3AKAUAWUNICS 6 USMEHeHUU OAUHbL Waed, KOmo-
Py makxce caedyem onpedensmo 045 obecnevenus ycmouuugocmu deuxcenusi. OcHoéHoU 3adaueil ynpasaenus "3agucumvimu”
osudcumensimu, He USMEHAIOWUMU OPUEHMAUUIO C80ell NAOCKOCMU WAAHUs 6 HAYANbHbII MOMEHM 8PeMeHU, A8AAemCs Onpe-
deneHue Mo4eK NOCMAHOBKU CION 3a cCHem U3MeHeHUs OAUHbL waea 8 COOMEemcmeul ¢ YCMaHo8AeHHbIMU KPUMEPUAMU U KOH-
CMPYKMUBHBIMU 02PAHUYEHUAMU, 8 YACMHOCMU, IHePeeMUUecKoll IhGeKmugHoCmvl0, MaKCUMANbHbIMU YCUAUAMU 8 NPUBOOAX,
MAKCUMAALHOU U MUHUMAAbHOU Oaunou waea. Ha 3axaouumenvnom smane KoppeKkmupoeKku 08UMNCEHUs 3G CHem GblNOAHEHUs
nocaedogamenvHocmu Oeticmeautl dsuxcumenv HayHem pabomamos 6 YCmMouuugom "moakarouiem” pexcume. YemanogaeHo, umo
"manyuuil” pexcum pabomor wazarnuez0 08UICUMeENs MONCEM S6AAMbCA YCMOUYUBBIM, NPU COOMBEMCMBYOUEM YRPABAEHUU.

Karoueevie caoea: mobunvubie p060mbl, deumume/m, naockoe 6eumeﬁue, ycmoﬁlmeocmb deucenus

Bsenenue

M3BecTHBI pa3IMYHbICE THUITHI LIATAIOIINX IBU-
XKUTENEH, KOTOPbIE YCJIOBHO OMpPEnesiioTcs Kak
MHCEKTOMOP(dHBIE, 300MOpGHEIE, aHTOIOMOP®-
HBIE, OpTOroHajabHbIe W Ap. [1, 2]. B oTnuume ot
KOJIECHOTO IBUXKHWTENSI ONHOW U3 OCOOEHHOCTeM
1Iaramuux ABUXKUTENCH SBASETCS BO3MOXHOCTh
KakK "MOATITMBaTh' K CTOIME TOUKY IMOABEca IBUXKU-

TeJIsI Ha Kopiyce po0oTa, TaK M "OTTaJIKUBAaTh' €e
ot cebs. Tak, Harpumep, po6oT "OpToHor” (puc. 1,
CM. BTOPYIO CTOPOHY OOJIOXKH), MMEIOIIUIA Op-
TOTOHAJIBHO-TIOBOPOTHBIE NBMKUTENN [3], MOXET
MepeaBUTaThCS, TIOATSATUBASICH K CTOIIAM JBUKUTE-
neit (puc. 2, 6), a MOXKeT 1 "OTTaJKUBAThCA OT HUX
(puc. 2, a). Takass xxe OCOOEHHOCTb XapakKTepHa
IJIST poOoTa ¢ MHCEKTOMOP(MHBIMU IBUXKUTEISIMU
"MASHA" (puc. 3, cM. BTOPYIO0 CTOPOHY OOJIOXKH).

Puc. 2. KomnoHoBKa ABUraTeJbHbIX YCTAHOBOK poooTa "OpToHor":
a — "Toakawiuin" pexum; 6 — "TaHyIuin" pexum; I — croma,
compuKacaroIlnasicsi ¢ OlOpHOU MOBEPXHOCTHIO; 2 — OPTOTOHAJb-
HO-TIOBOPOTHBIM ABUXUTENb; 3 — KOpryc podora; V — Hampas-
JIECHUE CKOPOCTH

Fig. 2. The layout of the propulsion devices of the robot "Ortonog":
a —"pushing” mode; » —"pulling" mode; / — support, resting on
the ground; 2 — orthogonal-rotary propulsion device; 3 — axis of
suspension of the propulsion device to the robot body; V' — direc-
tion of velocity
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OTIMYUTENTBHON  OCOOEHHOCTBIO  POOOTOB
C IIaralomuMM IBUKUTEISIMU, TIPEICTaBIISTIONIN-
MU co0O0i1, KaK IIPaBMJIO, MEXaHUUYECKYIO CHUCTE-
MY C TpeMs CTeNeHSMU CBOOOABI, B TOM YHCJIE U
B cllyyae ¢ OPTOroHaJIbHO-MOBOPOTHHIMU JABUKM-
TEJSIMHU, COCTOUT B BO3MOXHOCTH OOECIICeUCHMUS
uaeaibHOM MaHeBpEeHHOCTHU nBuUxkeHus. [log nae-
aJIbHOM MAaHEBPEHHOCTBIO IOHMMAETCS BO3MOXK-
HOCTh OCYIIECTBJSTh JII0OOe Hamepea 3aJaHHOe
MJIOCKOE IBMKEHME KOopIlyca 0e3 ImpOoCKaab3bIBa-
HHUS CTON ABUKUTEJIECU MO OIMOPHOM MOBEPXHOCTH
[4, 5]. Joka3aHO, 4YTO 3TO BO3MOXHO, €CIM HeE
0oJice OBYX IOBUXKMTENEH, CTONBI KOTOPBIX OIH-
paloTcd Ha TPYHT, UMEIOT (PUKCUPOBAHHYIO OpU-
EHTALlUI0 TJIOCKOCTEM IaraHus 3a CueT IMPUBO-
Ja pyJIeBOTO YIOpaBJICHUS, a OCTaJbHbIE MOTYT €€
M3MEHSITh B 3aBUCHMMOCTU OT BHEIIHETO BO3Acii-
CTBUSI COIJIACOBAHHO C YHpaBjiseMbiMU. Takue
IBUXKUTEIU, ITIOJOXEHUE ILIOCKOCTEM IlaraHus
KOTOpPHIX 3aBUCUT OT JIBYX ABMKUTEJIC C yHpaB-
JISEMOU OpUEHTALIMEN, B JAJIbHEHIIIEM ONPEACIIsi-
IOTCS KaK "3aBUCHMEIE".

OpHako B 11000#1 TPOM3BOJILHBIIA MOMEHT Bpe-
MEHU POOOT IOJIKEH YMETh ABUTAThCA B JIIOOYIO
cropoHy. CrenoBaTeabHO, BCE IBUXKUTEIU, B TOM
yucjae W "3aBUCHMMBIE", TOJKHBI YMETh paboTaTh
Kak B "TSHyIIeM", TaK 1 B "TOJKampIeM" pexXumax.

OmHakKo yCTaHOBJEHO [6], UTO TAHYILMA pe-
KMM HE TOJIbKO HEYCTOMYMB, HO U 4acCTO MPUBO-
IUT K CUTyallusIM, KOTAa ABUXEHHE poOOTa He-
BO3MOXHO. DTO 0OYCJIOBJIEHO B3aMMHOI OPTOrO-
HaJIbHOCTHIO CHJIOBOTO BO3IEHCTBUSA Ha POOOT U
€ro BO3MOXHOTO NEPEMEIICHUSI B OIpeAcIcHHEIC
MOMEHTHI BpeMeHU. B cBo10 ouepenb, BO3MOXHEIE
TepeMeIeHNs ONpeneIIsTIOTCS HaKJIaAblBaeMbIMU
CBSI3SIMU B COOTBETCTBUM C BHIOPAHHOU MaTpulleid
ynpaBieHus [7]. TloaToMmy pa3zpaboTka ajJropur-
Ma YCTOMYMBOIO IBUXEHHUS MOOUJIBHOTO poboTa
KakK TBEpAOro Teja, Ha KOTOPOe HaKJIaJblBalOTCs
CBsI134, o0OeclieurBaollde 3aJaHHOE HalpaBJIcHUE
IBUXKEHUS TEX WM WHBIX TOYEK, SIBISIETCS OI-
HOIl U3 aKTyaJlbHBIX 3aj1a4y. [umnore3a o HaJIMYUK
TaKUX CBSI3eil OCHOBBIBACTCS Ha IIPEAIIOJIOXCHMU-
SIX O ITOCTaTOYHOCTH CHJI B3aMMOICHCTBHUS CTO-
MBI IBUXUTEINSI ¢ (PUKCUPOBAHHON OpUEHTAIMEH
IUIST TIPEAOTBpAlllcHUsI €€ ITPOCKaJIb3bIBaHUS Ha
OIIOPHOI ITOBEPXHOCTH. [loMMMO yCTOMYMBOCTHU
no A. M. JlanyHoBy [8] mpakTWuyecKyl0 3Ha4yM-
MOCTb MMEET U 3aJa4ya 00ecreyeH sl TEXHUUECKOM
YCTOMUYMBOCTH, COCTOSIIICH B MaJIOM OTKJIOHEHUU
LIeHTpa Macc podoTa OT IMporpaMMbl B Ipeaeiax
3aJJaHHOI0 MPOMEXYTKa BpeMeHHu [9].

IlocTanoBka 3amaum

PaccmaTpuBaeTcsl miaockoe IBUXEHUE TBEPHO-
ro tena I (puc. 4), Ha OIHY U3 TOYEK KOTOPOro A
HaKJIaAbIBaeTCs CBS3b

S(x4,94)=0. (1)

B yactHOM cityuyae, ipy IpSIMOJIMHEIHHOM JIBU-
KEHUM TOYKU A BIoib ocu Ox

2

M3BecTHBI KOOPAMHATHI HEMOABUXKHON TOUKU B
(xp, yp) U YIoJs y, Ha4aJIbHOTO OTKJIOHEHUSI OTPE3-
Ka AB ot nporpaMMHOro y, = 0, COOTBETCTBYIOILLIE-
ro rmocTymnareJbHOMY nBuxeHuio Tena I. Touka A
COOTBETCTBYET TOUYKE MOIABECA IBUXKUTENSI K KO-
nycy poborta, a Toyka B — HEemoaBMUXKHOM CTOIIe.

[TosTomy HavanbHas niauHa S, oTpeska S npu
paboTe OIBUKUTENS B "TIHYIIEM" peXMMe YMEHb-
LIaeTcsl, HapuMep, ¢ MOCTOSTHHOM CKOPOCThIO V|

S = SO —Vot.

PacuetHoii cxeme (puc. 4) COOTBETCTBYET Op-
TOTOHAJIbHO-TIOBOPOTHBIN JABUXUTEb, LIAPHUP-
HO MpPUCOECIMHEHHBI K poboty "OpTtoHor" (cM.
puc. 2, 6) ipu h = 0.

Torma

S(x4y4)=y4-b=0,b=const

X4 =Vycosy +(Sy—Vyt)ysiny; 3
0 =Vysiny — (S, -Vyt)wcosy.

M3 cooTHoleHuit (3) cieayoT 3aKOHbBI U3MEHE-

HUS yIJa y U IepeMellieHUs TOUKU A BAOJAb ocu Ox:

. 1 . v,
y =2 Sleys Xy = 0. @)

So =V

Ys

£
=y

Puc. 4. PacueTHas cxema JBHIKHUTEJIA:

1 — TBepmoe Teno, 2 — KpuBasi, COOTBETCTBYIOIIAsi ypaBHEHUIO
cBsasu (1)

Fig. 4. Calculation scheme:

1 — rigid body, 2 — curve corresponding to the coupling equation (1)
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Ortcrona, ecnu ipu ¢t = 0 y = y,, TO

. Sy sin
siny = O—WO )
M3 BeIpaxxeHus (5) ciaeayeT, YTO Yroj y BO3-
pacTaeTr ¢ TedeHHueM BpeMeHM, He IPEeBHIIIAI0IIeM

Sp(I—sinyy)
Yo

HanbHeilliee IBUXEHNE HEBO3MOXHO, TaK KakK
MPOUCXOAUT 3aKJIMHUBAHUE.

VYpaBHeHUEe B BapHallMsX, COCTaBJICHHOE IS
HEBO3MYILIEHHOTI'O ABUXKEHUSI (4) B OKPEeCTHOCTU
MpOorpaMMHOI0 IBUXKeHMS y = 0, UMeeT BUI
N
Sy -Vt
YTO TaKXe CBUIETEIBCTBYET O HEYCTOMYMBOCTU
IPOrpaMMHOIO IBUKEHMUSI.

OnHako, eciaM IeJeHalpaBIeHHO YIIPaBISATh
OpMEHTALIMEN YIIPABISAEMBIX IBUXUTEIEU, TO
BMecTO (2) ciaegyeT omupaThecs Ha ypaBHeHue (1),
KOTOpOe yIOOHO MpencTaBUTh B popMe

Ya=J(xy). (6)

Torma BMecTO ypaBHeHUU (4) MMEIOT MECTO
ypaBHEHUS

[7] <

dy = dvy,

. Vo )

xA= . ’
tgysiny + cosy

) V

Yy =tgy——2 ;

tgysiny + cosy )

W=Ltg(\v—v)'

Sy — Vot ’
df
tgy = .
gy ax,

CraBurcs 3amada pa3pabOTKM TaKOro ajJropuTMa
VIIpaBJIeHUSI pOOOTOM C IBMIKUTEISIMM, pabOTaro-
IIUMHU B "TIHYIIEM" peXHUME, COCTOSIIETO B M3MeE-
HEHUM OpHUEHTAlUM IBVKUTENCH, YIIPaBJISIeMbBIX
TIPUBOIOM PYJIEBOTO YIIPaBJICHMSI, KOTOPBI 0OecIIe-
YMBaeT €ro YCTOMYMBOE MOCTYIIATeJIbHOE IBUKCHME
KaK TBEpIOro Tela C IIPSIMOJIM-
HEMHBIM B CpeOHEM IBUKCHHUU
€ro ILIEHTpa Macc WJIN, YTO OITHO
¥ TO K€, YCTAHOBJICHUU 3aKOHO-
MEpHOCTE M3MEHEHUSI ypaBHeE-
HUIA cBsI3elt (6) B IIpoliecce ABU-
XeHus1 pobora, obecrneynBaro-

BO3MOXHO YMPaBJISITh TOJBKO JJIMHOW IIIara, KOTO-
pYIO TaKXe CJemyeT OIpENeNsiTh IJIs 00eCIieueHUs
YCTOWUYMBOCTH ABUKEHUS poOOTa.

YnpasijieHne OpueHTANHel ABUKUTENS NPH
HAYaJIbHOM BO3MYUICHHH €ro IJIOCKOCTH HIaraHus

MeTton peleHUsT MOXeT ObITh OCHOBaH Ha pe-
aJu3aly JUCKPETHOIO aJropyuTMa yIIpaBJIeHMUSI,
MpeaycMaTpPUBAOIIEIO BBEICHNUE KYCOYHO-IIOCTO-
ssHHOM ¢yHKuuM tg(y) (7) Ha KaxaoM lare IBU-
JKUTEJSI, TOJYYMBIIEr0 HayajdbHOE BO3MYILEHME
B IIpOorpaMMHOM JBMXXeHUU. Ha puc. 5 mpencrasiie-
Ha BO3MOXHAasl CxeMa aJIropyuTMa yOpaBjJIeHUs IO-
CTyIATeJbHBIM IBUXKUTEJIEM TBEpAOro Tejia C IIpsi-
MOJIMHEMHBIM MPOrpaMMHBIM IBUXKEHHUEM TOYKU A
B10Jb ocu Ox. Touka A, — HayaJbHOE MOJOXEHUE
TOYKM MOABECA NBUXKUTENS, By — TOUKa yCTAHOBKU
CTOITBI IBMXKUTEISI, HA KOTOPBIN HE HaKJIaabIBaeTCs
OpHEHTALIMOHHAsI CBSI3b ("3aBUCUMBIN" IBUKUTEJID).

Takum oOpa3oM, HayaJIbHOE OTKJIOHEHUE IIPO-
JIOJIbHOM OCU NBMXXEHUS OT IMPOrpaMMHOro (BO3-
MYLUEHUE OPUEHTALMMU) OMPENETSIETCI YIJIOM V),
a HavyaJIbHOE PAcCTOSIHME CTOIIBI OT TOYKHU IOIBE-
ca OBUKUTEISI K KOPIIYCY COOTBETCTBYET Hadally
STalra B3auMOJICUCTBUSA C OIIOPHOM ITOBEPXHOCTHIO
Y paBHO IMHe wara AyB, = §.

Torna BBIMOMHSETCS W3MEHEHHE OpPUEHTAIlUU
IJIOCKOCTEM IIaraHus YIIpaBIsIeMbIX IBUKUTEIICH,
CBSI3aHHBIX C PYJIEBBIM YIpPaBJIEHUEM (YIosl ¢;), U
TeM caMbIM M3MEHSETCS HallpaBJICHUE IBUKCHUS
KopIyca po0oTa M, COOTBETCTBEHHO, TOUKU A.
3a mepBbli IAr OHA MEPEMELIAETCS M3 TOUYKU A,
B TOUKY A; (AyA4, p). Ilpu 3TOM OpHEHTaLUs
IBUXXUTENS u3MeHsieTcsl. Ero och MeHseT cBoe mo-
JIOXEHUE: C HarpaBieHus AyB, Ha HampasjeHUe
A,B,. Ha BTOpOM 111are cTomna nepeHoCUTCS U3 TOY-
KU B B Touky B;, nexaiuyto Ha ocu Ox. Ha atom
aTalle TaKXe OCYILECTBISIETCS M3MEHEHUE OpHEH-
TallMM TUJIOCKOCTEM IIaraHus IBUXKUTEJECH, CBSI-
3aHHBIX C PYJIEBBIM yNpaBlieHUEM (yraa ¢,). [1pu

II1X €T0 YCTOMYMBOE IBUKECHUE.
Hns "3aBUCUMBIX" OBUXKUTEIICH,
OpPHMEHTALIMSI KOTOPBIX 3aBUCHUT
OT OpHEHTALIMM YIIPABISIEMBIX,

Puc. 5. TeomeTpnueckas cxema ajiropuTMa ynpaBjieHHs] ODHEHTALUel ABUKUTENEH
Fig. 5. Geometric scheme of the propulsion devices orientation control algorithm
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AJNTOPUTM ynpaBjieHHs CTAOMIM3anueil IBHKeHHS PodoTa

Robot motion stabilization control algorithm

Ne [eiicTBue Pesynbrar PesyabraTt npu mManbix yy, A
] .
OrnpeneneHue yria o sina = s:n ‘;0 a~yy(l+2)
2 OmnpeneneHue IIUMHBI OTpe3Ka A A, = b b=SvVl+22—2xcosa b~S1-2)
3 . A
OnpenesieHUe yria g Sing = Wsm Yo e~ Ay
4
OnpeneneHue AIUMHBL OTpe3ka AyAd; = p p= S\/l +22 =21 cos(o + &) px~S1-2)
> o B sinp Sinve ! 142
npeneieHue yria T 7 ~ A
V1422 -2.cosa 1 =2 Brvoll+2n)
6 o sinp, = siny, 1
npeneieHue yria 1= T =
p yIa o \/1+x2 ~2cos(a+g) 1= * 01 =woll+21)
7 OrnpezneneHue yria ¢, @ =—¢; P 0y =2y (1+2%0)
8 OmnpenesneHue yria ¢z ¢p3 =P 03 =wo(1+220)
9 Omnpezenenne NpORAEHHOTO POOOTOM PaccTOsA- | = 0coso; +bcos
Hud 3a aBa wara Agd, =/ PEOD P [=250-M

UMOJIEUCTBUS CTOI IBUXUTEJIEH, KUHEMATUUECKU
CBSI3aHHBIX C MPUBOIOM PYJIEBOIO YIIpaBJICHUS
poboTa, ¢ OMOPHOI ITOBEPXHOCThIO, HE NOITYCKalO-
IIMX UX IMpocKajb3blBaHUE. JJIs1 aHAJIUTUYECKOrO
ONpEACJIEHUS YIJIOB MIOBOPOTOB @), ¢y, O3 (pucC. 5)
HUCXOAHBIMU JTaHHBIMU SIBJISIETCS KOHCTPYKTHBHBIC
mapaMeTpbl IBUKUTEISI: MaKCHMMaJlbHOE pacCTos-
Hue S U MUHUMAJbHOE pacCTOsIHUE r = AS OT ocu
roaBeca ABUXKUTENsI Ha Kopilyce poboTa (Touka A)
JI0 MeCTa YCTAaHOBKM CTOIIbI (TouKa B), Ipearnoara-
€MO€ OIMHAKOBBIM U MaKCHMMaJIbHO BO3MOXHBIM Ha
KaxaoMm 1are. zKejaaTeabHOCTb
D . MakcHMMaJIbHOCTH S 00YCJIOBICHO
obecrieyeHeM MWHUMAaJIbHOCTU
CpelHel CUJIbl COIPOTUBICHUS
nuxutemo [10, 11]. Tpebyetcs
TaKXe 3HaThb HAYAJIbHBII IO ),
¢uKcupyeMbiii  MHPOpMAaIIOH-
HO-U3MEPUTEJIbHON CUCTEMOIA.
TakxuM o0Opa3oM, aJITOPUTM
yIIpaBJeHUs  cTabum3anueit
IBUXEHUSI poOOTa ¢ IBUKUTE-
JIIMU, pabOTaOIIMMU B "TIHY-
meM" pexuMme, Mpearojaraet
BBIIIOJIHEHUE  I10CJIeI0BaTENb-
HOCTH OIlepaluMeii, MpeacTaB-
JICHHBIX B TaOIU1IE.

3TOM TOYKa A mepemelaercs B TOUKY A, 3a CyeT
"moatsiruBaHus” ee Ttouke B;. Ha 3akmiouurenb-
HOM 3Tame (TpeTheM Illare) OpueHTalUs IJIOCKO-
CTel ILIaraHusl, YIpaBiIsgeMbIX PYJICBLIM yIIpaBJic-
HUEM JIBUXUTEJIEH, BHOBb U3MEHSETCH (Yrosl ¢3),
a CcToIa MepeHOCUTCS U3 TOYKU B; B TOUKY B,.
OnucaHHBIN aJrOPUTM IIPEAIOaracT HaJIndue
MH(POPMALMOHHO-U3MEPUTEILHON CHUCTEMbI, KOH-
TPOJHUPYIOLICH OPUEHTALMIO IUIOCKOCTEM Illara-
HUS aBvXXKUTeNnei. JIpyroe HeoOXommMmoe YCIOBHE
COCTOMT B 0O0ECIEUECHUU IOCTATOYHOCTU CHUJI B3a-

W, paj \
0.1 7

-0,1

-0,2 t =

0.3 } 3

0,1 0.2

T

0.4 0,5 0,6 e

IMar 1 I1ar 2 Ilar 3

”~

Puc. 6. I'padukn 3aBUCHMOCTEil YIJIOB ODHEHTANIMH YNPABJISEMbIX ABHKHTENECH HA KakKIOM
mare Koppexnun asmxkenus. Hauanbupie ycaosusa: S = 1w, r =0,3 M, y, = 3°, vy, = 3 m/c: -
1 — 3aBMCUMOCTB y = y(f) IPU YIPABISEMOM ABIKEHUS; 2 — 3aBUCUMOCTb y = y(f) MpH [MpenoxXeHHbIA  ajiropuT™M
IBUKEHUHU B OTCYTCTBUE CHCTEMBI YIIPABIECHUS o0ecIrieuyeHU YCTONYUBOCTU
Fig. 6. Plots of orientation angles of the controlled propulsion devices at each step of motion NBUKEHUS MOOMJIbHBIX p060—
correction. Initial conditions: S =1 m, » = 0,3 m, y, = 3°, vy = 3 m/s:

I — dependence y = wy(t) in controlled motion; 2 — dependence y = y(t) when moving in the TOB € IHaraioMMu ﬂBM")KMTe_
absence of a control system JSIMU, pabOTAOLIUMU B "TSHY-
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meM" pexrMe, TO3BOJISIET OMpPEACIUTb YypaBHEHUE
JIBUKEHUSI Ha OCHOBE PEIIeHUS CUCTEMbI IH(-
depenumanbHbiXx ypaBHeHU# (7), B KOTOPBIX tgy
omnpejessieTcsl Ha KaXJI0M U3 3TaroB:

tgy, = tgoy;
18y, = tg(e + 9,);
tgys = tg(e) + @y + 93).

Ha rpadukax (puc. 6) mpencraBieHa 3aBUCH-
MOCTb ¢ = y(f), TOe IITPUXOBBIMU JUHUSIMHU 000-
3HAUEHBbl 3aBUCUMOCTU y = y(f) IpU ABUXKECHUU
0€3 BMEIIATENbCTBA CHUCTEMBI YIIPABJIEHUS, YTO
MPUBOAUT K 3aKJIMHUBAHUIO.

AHanu3 rpauKoB MOKa3bIBaeT:

* TIpW Ha4YaJIbHOM OTKJIOHEHMH IJIOCKOCTEWN IIa-
TaHUS OJHOTO W3 IBUXXMUTEJIEWH CTaOMJIM3alUs
MOXET OBITh OCYIIIECTBJICHA HA TPETHEM IIIATE;

* TIPOMCXOAMUT AONMOJHUTEJIBHOE IOMEPEYHOE
IBUXEHUE KOpIyca padoTa, 3aBUCSILEE OT Ieo-
METPHUYECKMX IapaMeTpPOB €ro IBUXKUTEIS U
HavyaJbHOTO OTKJIOHEHWS;

* JBMXXEHUE MPOUCXOMAUT C MEPEMEHHON CKOPO-
CTBIO HECMOTPSI Ha TIOCTOSTHHYIO CKOPOCTh S .

VYupas/jieHue opHeHTalHel TBHXKUTEIEH
B OTCYTCTBHE HAYAJbHOI0 BO3MYIIEHUS
OpUEHTALMM NJOCKOCTENH maranms

PesynbraThl aHajinM3a MNOKa3bIBAIOT, 4YTO AJIS
IBUXUTEJIEH C HEBO3MYIICHHOW OpUEHTALMEN
MJIOCKOCTEH 1IaraHus MONepevyHOe IBUXEHUE KOP-
myca poboTa SIBJSIETCS IJISI HUX BHEIIHUM BO3MY-
IIeHNEeM U TpeOyeT KOPPEKTHUPOBKHU YIIpaBICHUS
nBrvkeHus. Ha puc. 7 mpeacraBiaeHa BO3MOXHas
cxeMa aJrOpuTMa YIIPpaBIICHUS "3aBUCUMBIM" j-M
nBrkuTeaeM. OCHOBHOE OTJIMYME 3TOIO aJITOPUT-

Ma OT MPEABIAYIIEr0 COCTOUT B TOM, YTO yp; = 0,
a ey = @, 9y = ¢ p; = p, S = S 1 He TPeOYIOT
omnpenesneHusa. B aToM ciaydae HYXHO Ha IEPBOM
JTare CTOIy MEXaHM3Ma LIaraHus, HaXOAALLYICs
B [IEPEHOCE, YCTAHOBUTDH B MOJIOXEHUE B|, a B3au-
MOJENCTBYIOLLYIO C OIIOPHOM MTOBEPXHOCTHIO B TOU-
ke B, nepesectu B (pady nepeHoca. Ilpu noctmxe-
HUY TOYKOH MOABECA ABUXUTENS Ay MOJTOXKEHUS A,
OCBbIO0 OPUEHTALMU €ro IIOCKOCTU ILlIaraHus OyneT
ABIATBHCS NIpsiMast A; B;. Ha cienyroniem srarme cro-
[1a MEXaHU3Ma 1lIaraHus MEPEHOCUTCH B TOUYKY B,
C TaKMM PACYETOM, YTOOBI BBINIOJHAIUCH YCIOBUS

Y T
-, o< —
2 2
Opyu HAJIMYMU KOHCTPYKTUBHBIX OFpaHI/IquI/Iﬁ

B+5> ®)

AB,<S, ByA,>r. )

VYcnosus (8) obOyciaoBlieHb TPEOOBAHUSIMU OT-
CYTCTBUSI TIOJOXEHUSI ABUKUTEIS] OTHOCUTEIBHO
Kopmyca, IMpy KOTOPOM CHJIOBOE BO3AEMCTBHE Ha
pOOOT CO CTOPOHBI ABUKMTENSI OPTOTOHATIBHO €ro
BO3MOXHOMY TiepeMellieHuo. Ha mnocnenyioiem
aTare ToYKa IoaBeca ABUXUTENS K poOOTy IBUTa-
eTCsl MPSIMOJIMHEMHO BIOAb ocu OXx, a IBUXUTEIb
paboTaeT B YCTOMYMBOM "TOJIKAIOIIeM" peXnMe.

Takum obpa3oM, 3agadyeil ynpaBjeHUS "3aBU-
CUMBIMU" IBUXUTEISIMU, KOTOPHIE B HAaYaJIbHBIN
MOMEHT HE M3MEHSIOT OPMEHTAlLIMIO CBOEH IJIO-
CKOCTM 1IaraHuisl, SBJSETCS OMNpeAcieHUue TOUeK
B, m B, MOCTaHOBKM CTON 3a CYET M3MEHEHMSI
InuHBL ara. Kpurepuem BbIOOpa MECT YyCTaHOB-
KU cToIl (Touku L;, N; Ha puc. 8) ABISAIOTCA Hepa-
BeHCTBa (8), (9) ¥ OOMOJHUTEIbHBIE YCIOBUS, BbI-
TeKalollle U3 TUHAMUYECKUX, DHEPTETUYECKUX U
IPYTUX XapaKTEePUCTUK JABUKEHUSI.

PacnonoxeHue MecT ycTaHOBKHM cTonl L, N BlIu-
seT Ha xapakTep (yHKIUU yIja OpyUeHTaluu "3a-
BUCUMBIX' HIBUXUTEEH, KO-
TOpasl MO3BOJISIET OINPEIesITh
mokaszaTejil ONTUMAaJTIbHOCTHU
ynpasienud Iy, I, v np.:

I, = fq‘ﬂdt, I, = f\jﬂdt,
0 0

Puc. 7. l'eomeTpuyeckas cxema ajaropuTMa ynpasjieHHs AJIMHOM mara JBUKHUTeEJIEi
Fig. 7. Geometric scheme of the control algorithm of the propulsion devices step length

Ie T — BpeMs BbIXOjAa Ha pe-
XUM C YCTaHOBJIGHHOW TOUY-
HOCTBIO yIjla OpHUEHTALUU
MJIOCKOCTHU LIaraHus A.
TakuM obpa3oM, paccMo-
TPEHHbIC aJTOPUTMbI TO3BO-
JISIOT O00€CNeYruTh YCTONYM-
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Puc. 8. I3MeHeHHe yriioB OpHEHTANHH "3aBHCHUMBIX" JBHIKHTE-
Jieil Ha KaXa0M U3 3TanoB maranusa. Havanabuble yciioBus:
I1—S8S=1m,r=03My,=3%v=3m/c; 2— S=1,5m,r=0,3
M, yo = 3% vy =3M/c; 3—85=0,6M, r=0,3m, yy,=3°, v, =3 M/c
Fig. 8. Change the orientation angles of the "dependent” propul-
sion devices at each step of the step. Initial conditions:
I—8S=1mr=03m,y,=3,9=3m/s; 2—S=15m,r
=03m,yy=3%v9=3m/s; 3— 5 =0,6m, r=0,3m, y, =3,
vy =3 m/s

BOCTb ABMXKEHHNA W UMECIOT aHAJOTM B TEXHUKE:
BBIBOJ, M3 3aHOCA aBTOMOOMJIS 34 CUET U3MEHEHU S
OPUCHTALIMM YIIPAaBJIACMBIX KOJICC, IIPUBOAAIICTO
K IBUKECHUIO IEHTPAa MaccC aBTOMOOUJIS B Pa3HbIC
CTOPOHBI.

BriBoasl

HokazaHo, 4YTO "TAHYILIMK" pPEXUM pabOThI
LIATaloOIeTO IOBUKMUTEISI TIPA COOTBETCTBYIOIIEM
YIIpaBJICHNUM MOXET OBITh peajiM30BaH U HE IIPH-
BOIUT K "3aKJIMHUBAHUIO'.

[IpenmoxeHBl aJlropuTMbl U3MEHCHUSI OpPUEH-
TallUM YIIPaBJISIeMBIX OIBMXKUTENICH U AJWHEI I1ara
"3aBUCUMBIX' IBUXKUTENEN, oOecrneynBalonne
YCTOMYMBOCTD IBUKCHUSI.

[TokazaHo, YTO BOCCTaHOBJIEHME TTPOrPaMMHO-
ro IBVXKEHUS MPU NEpBOHAYAJIBLHOM BO3MYIICHUU
MOXeT ObITh JOCTUTHYTO 32 HECKOJIbKO I1aroB, Mpu
KOTOPBIX OCYILIECTBJISIIOTCS pa3HOHAIpPaBJIEHHbIC
YIIPaBASIONIAE BO3ACUCTBUS HA MPUBOI OpUEHTA-
LUK ABUKUTEN S, TIOJYUYMBILIErO OTKJIOHEHUE.

[MpenyioxkeHHBI aATOPUTM YMpaBJIEHUS MO-
KeT OBbITh Pa3BUT C YYETOM JOIMOJHUTEIbHBIX
KpUTEpUEB KauyecTBa ABMKEHHUS, B OOIIEM CIy-
yae HECKOJIbKMX, YTO TO3BOJUT CTaBUTh 3aladu
ONTUMM3ALIMU YIIPABJISIEMOTO ABUXEHUS U OIpe-
JeneHusi HamOoJjiee palMOHaJbHBIX MapamMeTpOB
JIBUKUATENEH W TOCIeA0BAaTeJIbHOCTUA YIPaBJIsIIO-
WX BO3ACHCTBUI MTPY BO3MYILIEHHOM JBUKEHUU.
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On the Stability of the Plane Movement of Mobile Robots
with Walking Propulsion Devices Working in "Pulling” Mode
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Abstract

Mobile robots with walking propulsion devices operating in a "pulling” mode, which, as a rule, are unstable, are consid-
ered. It is explained to the jamming of propulsion device due to the orthogonality of the acting force to the virtual displacement
of the point of application. The task is to develop such an algorithm for controlling the robot, which consists in purposefully
changing the geometric orientation of the propulsion devices controlled by the swing drive, which will ensure stable motion.
A method for controlling the orientation of the walking plane with its initial deviation from the programmed position is pro-
posed, based on the implementation of a discrete control algorithm, which provides for the introduction of such a piecewise
constant function at each step of the mover, which has received an initial perturbation, which will provide a stable motion mode
in a finite number of steps. The change in the orientation of the walking planes of the propellers connected with the steering is
controlled, and thereby the direction of movement of the robot body changes in the first step, as in the subsequent ones. The
described algorithm assumes the fulfillment of two necessary conditions: the presence of an information-measuring system that
controls the orientation of the walking planes and ensuring that the interaction forces of the feet controlled by the steering of
the propulsion devices with the supporting surface are sufficient for the absence of slippage. An algorithm for controlling "de-
pendent" propulsion devices (working out the programmed translational motion of the body) is presented, taking into account
the fact that their orientation depends on the orientation of the controlled ones, which consists in changing the step length,
which should also be determined to ensure movement stability. The main task of controlling "dependent” propulsion devices,
which do not change the orientation of their walking plane at the initial moment of time, is to determine the points for setting
the feet by changing the step length, in accordance with the established criteria and design constraints, in particular, energy
efficiency, maximum efforts in drives, maximum and minimum stride length. The propulsion device will start to work in a
stable "pushing"” mode at the final stage of motion correction, by performing a sequence of actions. It has been established that

the "pulling” mode of the walking propulsion device can be stable, with appropriate control.

Keywords: planar motion, mobile robots, propulsion device, stability of motion
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UMutaumoHHoe mMoaernimpoBaHvne guHaMUKu CGOpO‘-IHOFO MeXaHn3ma

Onucwvieaemes memoo umumauuoOHHo20 Mode/zupoeaﬁuﬂ, Komopbu? OCHO6A4H Ha npedcmae/leﬁuu Y3106 mexanHusma e sude eeo-
mempuvecKkux meda. ,ZZ@UMC@HU@ cucmembl men eblMucaAgemcs ¢ UCN0Ab308AHUEM NPUHUUNA 8UPMYANbHbIX nepemeugeﬁuli ./Taepaﬂafca.

Ilpusodamcsa pesyromamor npumeneHuss memooa 04 uccaed08aHus 3A8UCUMOCIU Pe3y1bmama GulNoAHeHUs cOOpoUHOl
onepayuu 6cmagaenHus YUAUHOPUYECK020 8aAa 8 Omeepcmue om Ux pamepos U Ha4aabHoeo noaodceHus. Mcnoav3osanue Kom-
naekca npoepaAmMMHO20 UMUMAYUOHHO20 MOOAUPOBAHUS CYUeCMBEHHO YMeHbUulaem mpy0oemMKocms makozo ucciedosanus. Ilo
CPABHEHUIO C CYUeCMBYIOUUMU NPOSPAMMHBIMU cCPeOCm8amu 00CMO8ePHOCMb UMUMALUOHHO20 MOOeAUPOBAHUs Bblule, MAK
KaK OHO He C8A3AHO0 YCAO8UEM HeU3MeHHOCMU KUHeMamuueckou cxemvl U donyckaem uHamuveckue U3MeHEeHUs @ cocmaege
KOHmMaKmupyrowux mea.

IlIpu modeauposanuu noayuervl 6ce CUeHAPUU 63AUMHO20 NOAONCCHUS 64N U OMEePCMus 8 npoyecce coopku. Pesyromamet
MOOeAUPOBAHUS NOKA3bIBAIOM, YMO 045 MEXAHUZMO8, BKAIOUANUUX HECKOAbKO KUHEMAMUYECKUX NaAD, 6bIYUCAUMEAbHOU MOU|-
HOCMU NePCOHANbHO20 KOMRbIOMEpa 00CMamo4Ho 045 6bINOAHEHUS 6CeX GbIYUCACHUL 6 Macuimabe peaibHo20 épemMeHnu.

Karoueenie caosa: uuciennoe umumayuoHHoe ManﬂLIPOB(lHLle, aemomamu4eckas C60pl€ll, MaHui’lyﬂﬂMuUHHblIZ p060m, ae-

momamuueckoe C60p011H0€ ycmpoﬁcmeo

BBenenne

OoHMM U3 CIOCOOOB MCCIENOBAHUS PabOTHI
CJIOXHBIX MAIIMH SBJISETCS MPOrpaMMHOE MOIEe-
JIMpOoBaHUe NTUHAMUKU ABUKEHUS UX y3J0B [1—3].
IIpu yMcaeHHOM MOIEAMPOBAHUM OMNPEIEIISTIOTCS
CHUJIBI U MOMEHTBI, KOTOPBIE AEWCTBYIOT MEXY OC-
HOBHBIMM 3JIEMEHTAMU KOHCTPYKIIMM, HAXOMSTCS
OLICHKM SHEPreTUYECKMUX XapaKTepPUCTUK MaIllNH,
pa3pabaThIBAalOTCd HAMJIYYIIHME CIOCOOBI yIIpaB-
JIEHUSI MallMHaMU U poboTtamu [4—6].

K HacTosilIeMy BpeMEHU MOIEJIMPOBAHME IBU-
XXKEHUSI poOOTOB CTAaj0 OMHWM M3 HaIlpaBJICHUUA
poo6ororexHuku. C 2010 r. mpouau maTh KoHpe-
peHuuii SIMPAR (Simulation, Modeling, and Pro-
gramming for Autonomous Robots), TTOCBSITIIIEHHBIX
MOIEJIMPOBAHUIO, MaKETUPOBAHUIO U IIPOTrpaM-
MHPOBAaHUIO aBTOHOMHBIX pOOOTOB [7].

Haunbonee monyasipHbIMUA  YHUBEPCAJIBHBIMUA
MPOrpaMMHBIMK CUCTEMaMH JIsI UCCIICIOBAHUS -
HaMWKH MallIMH 1 MEXaHM3MOB s1BJIstioTcss MathCAD
Simulink [8] u "YHuBepcanbHbIit MexaHu3M" [9].

IIporpaMMHBIII KOMIUIEKC "YHMBepCaJIbHBIN
MeXaHM3M'" MpedHa3HauyeH IJISI KOMIIBIOTEPHOTO
MOJEINPOBAHUS TUHAMUKUA TEXHUYECKUX CHUCTEM
abCOJIIOTHO TBepAbIX cBA3aHHBIX Tena [10, 11]. JdBu-
>KEHUE TeJl BBIYMCIISIETCS NMYyTEM YMCJICHHOIO pe-
meHus guddepeHINaIbBHBIX YpaBHEHN, KOTOPHIE
BBIBOISITCSI aBTOMATUYECKH TIPU ONMUCAHUU TIOJIb-
30BaTeieM MeXaHMYeCcKoi cuctembl. Komrmekc
B COCTOSTHMM PAaCCUUTHIBATh TMHAMHKY HOCTATOY-

HO CJIOXHBIX CUCTEM, COAepXKaIlUX HECKOJIbKO CO-
TeH Tena [12], HampuMep, MOIEIUPOBAThL IBUXKEHHUE
KOJIECHBIX M T'YCEHUYHBIX POOOTOB B pealbHOM
Macirtabde BpemeHu [13].

Kak "YHuBepcaidbHBII MexaHU3M', TaK WU
MathCAD Simulink #ncrnonap3yloT cocTaBiisieMOe
MoJib30BaTeeM (opMaau3oBaHHOE IIpeacTaBlie-
HUe MeXaHM3Ma B BUAE CHUCTEMBI TeJl U KUHeMa-
THUYECKUX I1ap, KOTOpOe aBTOMaTHUUeCKU Mpeodpa-
3yeTcsl B CUCTeMy ypaBHeHuUI1 JlarpaHxa BTOpOro
ponma. JIBuxeHue (opMaIn30oBaHHON CHUCTEMBI,
CHJIBI 1 MOMEHTHI, JeHCTBYIOIIME MEXIYy TeaaMu
U BHEIIHEHN CpemoM, IMOJYYaroTCs IIYTEM YUCIICH-
HOTO MHTEerpUpPOBaHUS YPAaBHEHUI TMHAMUKH.

I[IpuHIMIIMAIbHBIM OrpaHUMYEHUEM B IIpUMEHEe-
HUU TaKMX CUCTEM SIBJISIETCSI YCJIOBHUE, YTO COCTaB
TOYEK KOHTAaKTa B IIPOLECCE MOMACIMPOBAHUS HeE
MeHsieTcs. ClenyeT 3aMeTUTh, UTO B OOJBLIMHCTBE
MEXaHM3MOB 3TO YCJIOBUE HE BBINOJHSETCS B CUITY
TOr0, YTO MEXIYy MX COCTAaBHBIMHU Yy3JaMU HMe-
10TCsI 3a30pbl. [IpenacraBieHre MexaHu3Ma B BUIIE
¢opMann30BaHHON KWHEMATUUYECKON CXeMBbl He
VUYUTHIBA€T B3aMMHYIO ITOABUXHOCTh KMHEMAaTH-
YecKUX Iap, HaJInuue 3a30poB, JIO(TOB, OTKJIOHE-
HU (OPM OTBEPCTUI B Mpenesiax JOMYCKOB U T.1.

s MexaHM3MOB, KauyeCTBO PabOTHI KOTOPHIX
3aBUCUT OT OCOOEHHOCTEHl B3aMMOIEUCTBUS IIO-
BEPXHOCTEM €r0 COCTABHBIX YAaCTEM, UCIIOJIb30Ba-
HUE MEePEeYMCIIEHHBIX BBIIIE CUCTEM MOIEIMpPOBa-
HUSI TPUBOIUT K CYILIECTBEHHOMY YBEJIMYEHUIO
TPYAOEMKOCTHU HUCCICI0OBaHMUSI.
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OTMeUeHHBIX HEIOCTATKOB JIMIICHBI CHCTEMBI
MMUTAIIOHHOTO MOIEINPOBAHUSI, B KOTOPHIX JIBH-
JKEHUE MeXaHM3Ma paccMaTpUBaeTCs KaK pe3yJsibraTr
B3aMMOJNIEWCTBUS TeJ, U3 KOTOPBIX OH COCTaBJICH.
IIprMepoM TaKUX CHCTEM SIBJISIIOTCSI TaK Ha3bIBae-
MBbIe "GU3nYecKre IBUXKKH', 3a1adeil KOTOPBIX SIB-
JISIETCS TIOCTPOCHUE IBUKEHUSI CUCTEM MeXaHWde-
CKUX TeJ B peaJibHOM MacilTabe BpeMeHH.

Hawnbosnrbliee pacipocTpaHEHUE CPEeaN HUX MO-
ayunsl PhysX — Kpocc-minaThOpMeHHBINA ITakKeT
nporpaMM KoMmnaHuu nVidia, mpeaHazHaYeHHBbIU
IJIsT pa3pabotunkoB urp [14]. OH BKIO4aeT B cebsa
MOIYJIN MOAEIUPOBAHUS (U3NUYECKUX SIBJICHUM,
BKJIIOYasl AMHAMUWKY IBUKEHUS TBEPIBIX TEJI, BBI-
SIBJICHNE WX CTOJKHOBEHHWI M COBMECTHOIO IBH-
JKeHMSI CUCTEeM, OOBbEIMHEHHBIX OOIIUMU CBA3SIMH.

[TakeT mporpaMM MOIEIMPOBAHUS (UMIEC-
ckux sBneHuit Bullet Physics [15] mpencraBiser
coboit pasBuThe ¢Pu3nuyeckoro abmxkka Havok.
OH sBnsIeTCS CBOOOIHO PACIPOCTPAHSIEMbIM ITPO-
TPaMMHBIM IIPOOYKTOM, YTO CIIOCOOCTBYET €ro
MONYJISIPHOCTHU CpeAr pa3paboOTUMKOB UTIP.

Monynbs MoaeTUpPOBaHUS IMHAMUKN TBUKEHUS
CHCTEMBI T€Jl PACCUMTHIBACT B3aMMHBIE CTOJKHO-
BCHUSI TaKuUX (UTYp, ITOBEPXHOCTh KOTOPHIX 3a-
naHa cdepoit, mapajiefenuIeaoM, LUUINHIPOM,
konycoM. llommep:kmBaeTcss TakKkKe BO3MOXHOCTH
OIlpele/iecHNsT TOYEK CTOJKHOBEHUI TeJ, ITOBEpX-
HOCTh KOTOPBIX 3aJaHa TPUAHTYJISIIIMOHHOM CET-
Koil. I oOHapyXeHUs CTOJKHOBEHUH MEXIy
TaKUMHM TeJlaMU WCIOJNb3yeTcsT aaroputMm [mi-
6epra—/I>)xoHcoHa—KupTn B cuiay TOro, 4To OH
MpeabIBIsIeT MUHUMAJIbHBIE TPEOOBAaHUS K IIPEI-
CTaBJICHUIO F€OMETPUYECKUX JAHHBIX 00 00BbEKTaX.
DTO CBOMCTBO MO3BOJISIET YMEHBIIUTH BpeMsI TIOJTy-
yeHUsI MHGPOPMAILIMKU O COCTaBe KOHTAKTUPYIOLINX
TeJI IIPU OOJIBIIOM YHCJIe OOBEKTOB M IMHAMUYEC-
CKOM M3MEHEHUU UX COCTaBa.

HaubGonee mnonynasipHbIM CpeacTBOM TBEPAO-
TEJIBHOTO IIPOrPAaMMHOIO MOACIMPOBAHUS PO-
OOTOTEXHMYECKUX CHUCTEM B Pa3JIMUYHBIX IIPUIIO-
XKeHusax sapiasercs nakeT Open Dynamics Engine
(ODE) [16, 17]. OH mO3BOJSIET MOIEIUPOBATH
IBUKEHNE JOKOMOLIMOHHBIX WM MAaHMITYJISIIOH-
HBIX pOOOTOB C yYETOM 3aJepKeK yIIpaBJICHMUS,
HaJIU4YMUs TIEPEXOMHBIX IIPOLIECCOB B CTEMEHSIX
MOIBMXXHOCTH M TPEHUS B cycTaBax. Ilaker mon-
JIEepKUBAeT TaKWe TeoMeTpUYECKUe NPUMUTHUBEHI,
kKak mnapajiaenenunen (box), cdepa, LTUIUHAP,
Karicyna (UMJIMHApP, HAKPBITHIM moaycdepoit) u
MIpeACTaBIeHNE TIOBEPXHOCTU B BUE ITOJIST BHICOT.

Box2D [18] sBasteTcst (M3WYECKUM IBHKKOM
peajibHOTO BpEMEHU W TIpeaHa3HadYeH JJIs1 padoThl

C IBYMEpPHBIMH (PU3NYECKUMU OOBEKTaMH B BUIIC
BBIIYKJIBIX MHOTOYTOJBHUKOB, OKPYXHOCTEH U
JuHui. Tena MOryT ObITh CBSI3aHbI B KUHEMATHYE-
CKH€ Mapbl U MOTYT MOABEPraThCs ACUCTBUIO pa3-
HBIX (U3MYECKUX CHJI, TAKUX KaK IpaBUTALUS U
TpeHue. JIomycKalTcs CTOJKHOBEHHUS TEJ, MOJAE-
JIMPYETCS yIapHOE B3aMMOACHCTBME MEXIY HUMM.
Bo3MoxxHocTu "pu3nuecKux IBUKKOB' OpHEH-
TUPOBAHbI HA MOAECIUPOBAHUE OBUKEHUS TEJ MO
JIEMCTBAEM BHEIIHUX CHUJI U CHJI, JCHUCTBYIOIIMX
B TOYKaX KOHTaKTa CO CPelOil. YUUTHIBAIOTCS €0~
METPUUYECKUE OTPAHUYECHHUSI U CTOJKHOBEHHUS Tell
Ipyr ¢ apyroM. Moaenunpyemble OObEKTHI SIBJISIOT-
csl BbINYKJABIMU. MX MOBEPXHOCTh COCTaBJIEHA U3
MJOCKOCTE M TOBEPXHOCTEH BTOPOro MOpsaKa.
B HekOTOpBIX IBMXXKaxX NOAACPKUBAIOTCS MOBEPX-
HOCTH, 3aJaBAEMbIC TPUAHTYJISIILIMOHHOU CETKOM.
OrpaHnYeHHBI Ha0Op 0a30BBIX ITOBEPXHOCTEM
T€1 U OrpaHUYEHHUE TOYHOCTU TPUAHTYJISILIUOH-
HOI'0 IPEACTaBICHUS MOBEPXHOCTU OOYCIOBICHBI
OCHOBHOM IapaaurMoi "Pu3an4ecKux IBUXKKOB" —
HEOOXONUMOCTbBIO OOECIEUNUTh pPacyeThl B pealib-
HOM MacllTabe BpeMeHH Aaxe B yIiepOd TOYHOCTH
MOJEMPOBaHUS. DT OCOOCHHOCTH OrpaHMUYMBa-
0T UCHOJb30BaHUE "(OU3NYSCKUX IBUXKOB" IS
MOIEJIMUPOBAHUS CJIOXKHBIX B3aUMOICWCTBUN J€-
TaJieii B MeXaHM3Max, TaK KakK Ipu 3TOM TpeOyeT-
CSl BBICOKAsl CTENEHb JOCTOBEPHOCTU M TOYHOCTU
BBIYMCJICHUS TPACKTOPUU IBUXKCHUS.

Hccaenosanne cOOpoYHOii onepanuu
BCTaBJICHHS BAJIa B OTBEPCTHE

PaccmoTpuM mpumep NpUMEHEHMsT UMHUTaLU-
OHHOI0 MOIEIMPOBAHUS IJIs1 MCCAEOOBaHUS OIle-
palMy BCTaBJICHUSI MaHUIYJISITOPOM Baja B OT-
BepcTHe aeTasin. Ero 1ieab cOCTOUT B oIlpeaeeHU I
3aBUCMMOCTH pe3yJibTaTa BBIIIOJIHEHMS OIlepaluu
OT HayaJbHOI'O IOJIOXEHMs neTaJiel U UX reoMe-
TpUYECKUX pa3mMepoB (puc. 1).

Ha BbIXODHOM 3BE€He MAaHMIIYJISLIMOHHOIO
pobora I HaxonuTcsd cxBar 2. B HeM 3axkar Ban 3,
KOTOpBIIA BCTaBJISIETCSd B KOPIYCHYIO AeTalb 4.
COopka ocCylIecTBISIETCS OINyCKaHWEM MaHUITy-
JaATOpa BHU3. P, — COOpPOYHOE yCUJIUE, KOTOPOE
OKa3blBaeT MaHUNYISITOp, A — TouKa, B KOTOPOit
IMOBEPXHOCTh Bajia KacaeTcsl oTBepcTus. Hauamo
CHCTeMbl KOOPAMHAT COBMHAAAeT C LIEHTPOM BBI-
XomHOTO 3BeHa MaHunyisaTopa. Ocek OX HampaB-
JIeHa B TOPU30HTAJIBHOM HallpaBJIeHUU, ocb OZ —
BepTukailbHO BHU3. Ock OY o0Opa3yeT ¢ HUMMU
IIpPaByIO TPOUKY.
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HavanbpHble TTONOXEHUSI OCH Bajla U OCH OT-
BepCcTUSI He coBmamaimT. B mporecce cOopku Baj
CKOJIB3UT 10 hacKe IO TeX Iop, MoKa He MomaiaeT
B oTBepcTHe. B mpolecce omyckaHusi och Baja
CMeIaeTcsl B HAIPaBJICHUU OCH OTBEPCTHSI B CUITY
OTKJIOHEHUSI BBIXOJIHOTO 3B€Ha MAaHUTMYJISITOPA OT
HavyaJIbHOTO TIOJIOXXEHUST M HaKJIOHSIETCS 3a CUeT
HeOOJIBIIIOTO PACKPBITHS TYOOK CXBaTa.

Crnensiiasi  cucTeMa TIPEMSITCTBYET CMEIIEHUIO
BBIXOJHOTO 3BeHa. BosBpaluatolas cuia F, mponop-
LIMOHAJIbHA CMEIICHUI0 OTHOCUTEIIBHO TIOJOXEHUS,
KOTOpOE 3BEHO 3aHMMaJIO Tiepe/l Ha4aIoM COOpKU:

F,.= —kd,
rome k — Ko3(PPUIMEHT MNPONOPINOHATILHOCTH,
KOTOPBIA 4YacTO HAa3bIBAIOT KO3(PPUIIUEHTOM

KECTKOCTH CJIESIE CUCTEMBI; d — CMEllEeHUE.
Uem Oonbliie k, TeM Ooublee ycuiime TpebdyeTcs
JJIST TOrO, YTOObI CABMHYTh MaHMITYJSITOP OTHO-
CUTEJIbHO 3aIaHHON TOYKM MO3UIITMOHUPOBAHMS.

IIpyn HakjJOHEHUM OcM Bajia B T'yOKax BO3HM-
KaeT BOCCTAHABIMBAOLIMI MOMEHT M,, KOTOpBIi
3amaetcs GOpMyJIon

M, = —xa,

rne Kk — TOCTOSIHHBIN KO3(hGULMEHT; oo — Yroja
HaKJIOHA OCH Bajla OTHOCUTEJIbHO BepTHUKaJIbHOMU
ocu OZ.

N, o003Ha4YaeT BEKTOP CUJIBI pEaKLMU OIOPHI,
KOTOpasi BO3HMKAeT NMpU KacaHWU Baja MOBEPX-
HocTH oTBepcTud. [lpu monagaHum Bajia B OTBEP-
CTHE OH MOXET KacaTbCsl €ro MOBEPXHOCTHU B ABYX

TOYKax. B aToM ciiyyae ABUXEHMIO Baja MpPeEMnsT-
CTBYIOT crIbl peakunu N; u N,.

VpaBHEeHUS] KBa3UCTaTUKU MEXaHUYECKOW CH-
CTEMBbI BKJIIOYAIOT YPaBHEHUE AJIs1 aKTUBHBIX CHUJ
U CUJI PEAKLIMU CBI3ECH:

P+F+3N,=0, F, = kd

x
i=1

ey

U YpaBHEHUSI X MOMEHTOB:
n
M, +Mp+M+3M,; =0, M, =-xa. (2
i=1
31ech # — YKMCJIO TOYEK KOHTaKTa Baja C I0-
BepxHOCTbIO oTBepCcTUs; P, F, N; — BekTOpHI cOO-
pPOYHOIO YCWJIHWS, BO3Bpalllalolleil CUJBl U CHUII
peakuuu omnopsl; Mp, Mp M;, M — BeKTOpbI
MOMEHTOB COOpPOYHOTrO YCWJIMS, BO3Bpallalolieit
CUJIBI, CUJ peaKlLMHU CBS3ei U BOCCTaHABIMBaIO-
WA MOMEHT.
KoopauHatel Toyek Bajla, KOHTAKTUPYIOLIWE
C TMOBEPXHOCTbIO OTBEPCTUS, YIOBJIECTBOPSIOT
YPaBHEHUSIM COOTBETCTBYIOIIMX MTOBEPXHOCTEI:

(©)

rae (X;, ¥;) — KOOPAMHATHI /- TOUKM KOHTAKTa.

CrnenyeT TakxXe y4ecTb, YTO COOCTBEHHBIE KO-
OpIVHATHI BaJla B MPOCTPAHCTBE, KOTOPBIE 3a1a-
IOTCA TOJIOXKEHUEM €r0 LIEHTPa Mace Xy, U YIIIOM
MOBOPOTA OCM OTHOCHUTEJIBHO BEPTUKAJU o, CBS-
3aHBI ¢ KOOPAMHATAMU TOYEK KOHTaKTa (X;, y;) He-
JVUHEWHOM 3aBUCUMOCTBIO:

Six;, y)=0,i=1, .., n,

@)

Peumienuem cuctembl ypaBHeHuit (1)—(4) sB-
JISIOTCS MOJIOXEHUWE BaJla B MPOCTPAHCTBE B COO-
CTBEHHBIX KOOpAMWHATAX X,, J,, 0, COOPOYHOE yCHU-
nue P, BosBpamnamowmas cuiaa F),, BOCCTaHaBIIU-
BAIOLIMI MOMEHT M), ¥ CUJIbI peakluu CBsizert N,

VYpasuenus (3) u (4) gaBasgTCd HEJMHEHHBI-
MU OTHOCHUTEJIBHO COOCTBEHHBIX KOOPAMHAT BaJja,
MMO3TOMY PELICHUE CUCTEMBlI YPaBHEHUU, B KOTO-
pYIO OHM BXOHST, OCYLIECTBISIETCS WTEpallMOH-
HBIM METOIOM MHHMMHU3ALIUU HEBSI30K.

Ha xaxpom 1iare MoaeaWpoOBaHUS OMpele-
JISIOTCS TOYKM CONMPUKOCHOBEHHWS MOBEPXHOCTEM
Bajia U OTBEPCTHUS, 3aTEM OHU MCIOJb3YIOTCS IS
aBTOMATUYECKOTO COCTaBJICHUSI CUCTEMBbI ypaBHE-
Huii (1)—(4).

HrepanmonHas rpoueaypa IOMCKA pPELIEHUS
3aTpauyrMBaeT 3HAYUTEIbHbIE BbIYMCIUTEIbHBIC
pecypchl Momenupylonieiit DBM. Tem He MeHee,
JIJIs1 paccMaTpyMBaeMoii MoOJAeIu COOPOYHOI oIle-

Gi(xi5 yl" xca yca (X) = O, i= 1, ey N
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palMy BBIYMCIWTEIbHAS MOIIHOCTH IEepCOHAb-
HOTO KOMTIbIOTEPA C OJHOSIIEPHBIM MTPOILIECCOPOM
OKa3bIBaeTCS MOCTATOYHOM JJIST BBITIOJTHEHUS pac-
YeTOB B MacliTabe peaJbHOTO BPEeMEHM.

MonenmpoBaHue MO3BOISCT MOJIYUYUTh UHTEP-
BaJl U3MEHEHN 3HaYeHUs cOOpouHoro ycunus P,
U JOMYCTUMOTO HAyaJIbHOTO OTKJIOHEHMS Oceit
Bajla M OTBEPCTHsI, TIPU KOTOPBIX 0OecIeynBaeT-
Cs1 YCTIEIITHOE BBITIOJTHEHNE COOPOUHON omepaiuu
IUISl 3aIaHHON KECTKOCTU CIICASIIEH CUCTeMBbl U
TTOABMKHOCTH BaJjia B TyOKax cxBara.

COopouHBIe OTepaliiy BCTaBJICHUS AeTaei, KO-
TOpble MMEIOT CONpSITaeMyl0 TTOBEPXHOCTHh B BHIIE
LWJIMHAPA, JOCTAaTOYHO IIMPOKO PACIIPOCTPaHEHBI
Kak B aBTOMAaTHMYECKOH, TaK M pPOOOTU3MPOBAH-
HoIt cOopke. Paznnyue B HUX COCTOUT B TOM, UTO
B aBTOMAaTMYECKMX CUCTeMaxX YCIEIIHOe 3aBepllie-
HUE ONepaluy JOCTUTACTCS 3a CYET MeXaHUYeCKHUX
CBOICTB 3JIEMEHTOB KOHCTPYKIIUM, B TO BPeMsI Kak
B POOOTU3MPOBAHHON COOpPKE IMMPOKO HMCIOJIb3Y-
J0TCSI BOBMOXXHOCTH aIalITUBHOTO yIIPaBJICHUS.

[IpruMepoM Takoro ycTpoWCTBa SIBJISIETCSI aB-
TOMAT JUISI BCTaBJICHMS Bajlla B OTBEPCTHE KOp-
IYCHOW NeTaju, cXxeMa KOTOpOro m3obpaxeHa Ha
puc. 2. OH cocTouT U3 ocHOBaHUS (/), TMHEHHOTO
npuBoga (2), nonsyHa (3), mapaupa (4), yoepxu-
Balollero ycrpoiicrsa (5) mpu BCTaBJCHUM BaJia
(6) B xopnycHy10 aetaib (7), mpyxuH (8) u (9).

COopka cOemMHEHMSI OCYIIECTBISETCI Bep-
TUKaAJIbHBIM NBUKEHWEM JIMHEMHOro TpuBoma 2

o ~
Lll N
e
|
X s
~

BHU3. AIANTUBHOCTH BBHITIOJJHEHUS COOPOYHOIM
omepaluyu K HayaJbHOMY CMEILEHUIO OCU Bajia U
€e HaKJOHY COOpKM obecrneunBaeTcs AByMS Mpy-
xuHamMu & u 9. OT TOro, HacCKOJbKO yIa4yHO BbI-
OpaHa WX YIPyrocTbh, 3aBUCUT 3HAYCHUE JTOMYCTH-
MOTO Ha4aJbHOTO OTKJIOHEHU S OCE BCTaBISIEMOi
JeTalu U OTBEPCTHUSI.

C 3T0i1 11eTbI0 KOHCTPYKTOPHI BBHITIOJTHSIIOT aHa-
JUTUYECKNE WCCIeAOBaHUS pPabOTHl MexaHHU3Ma.
YucneHHass MOJENb yCTPONUCTBA MO3BOJSIET YIPO-
CTUTH TIPOLIENYPY TOMCKA MTPUEMJIEMOTO PEIICHMSI.

Mone.lmposafme onepanvm BCTABJICHHUA BaJia
B OTBEpPCTHUC

PaccmoTpuM mpuUMeHeHHEe CUCTeMBbl MMHUTALIU-
OHHOIO MOACIMUPOBAHUS AJSI HCCJIEIOBAaHUS 3a-
BUCHUMOCTHU pe3yJbTaTa COOpPOYHOI oIlepaluu OT
B3aIMHOIO IIOJIOXKEHUSI Baja M OTBEpPCTUS Ilepen
HavaJioM COOpPKM, TeOMETPUUYECKUX pa3MEpPOB BaJjia
U OTBEpPCTHUSI, XKECTKOCTHU CJeNsilell CHUCTeMbl U
CHUJIBI CXKaTus TyOOK.

B Mogmenu mpenarnosaraercs, 4TO OTBEpPCTUE
BTYJIKU CHa0OXeHOo (packoil. B HayaabHOM MOJIOXKE-
HUHU OCU BaJjla U OTBEPCTUS MapasieIbHbl U MOTYT
OBITh CMEILEHBI APYT OTHOCUTEIbHO ApYTa.

B mpouecce MomenupoBaHUSI Ha 3KpaH OUC-
IJiesd BBIBOAUTCS BHUIEOU300paxkeHHe IlepeMe-
IIEHUSI Baja OTHOCUTEJNBHO OTBEpPCTUSI BTYJIKU
1 rpaduKMU 3aBUCUMOCTH COOpPOUYHOIO YCUJIUS
P, (puc. 3, 6 — 6, 6), Bo3BpawamLeil cuibl F,
(puc. 3, 6 — 6, 6) 1 BOCCTaHABIMBAIOIIETO MOMEH-
Ta M, (puc. 3, 2 — 6, 2) B 3aBUCUMOCTH OT BBICOThI
Y IOJIOXKEHUS cXBaTa MaHUIIYJISITOpA.

COOTBETCTBYIONUINI BEIOOP 3HAYECHU I TIEPEUNIC-
JICHHBIX BBIIIE ITapaMETPOB ITO3BOJIUJI MOJIYYUTH
BC€ YeThIpe BO3MOXHBIC (DMHAIbHBIE KOHPUTYpa-
LMY B3aMMHOIO MOJOXEHHS Baja U OTBEPCTHSL.
OHM npeacTaBjieHbl Ha pUcC. 3, a — 6, a. 3aMeTHUM,
YTO BO BCEX CJIyYasxX UCIOJIb30BAJICSI €MUHBINA MO-
IEJIPYIOIINM aJITOPUTM.

Puc. 3 cooTBeTCTBYeT yCIIEIIHOMY BBITIOJIHE-
HUIO omnepaluu. B ¢uHanbHONH KOHUTypauuun
BaJl KacaeTcsl OTBEPCTUS B IBYX TOYKaX. DTOT
cJIyyaii mojiydeH IIpY 3HaYeHUIX KO3(PPUIINEHTOB
k M x, COU3MEPUMBIX MO MOPSIAKY BEIUYUHBI U
HayaJIbHOM OTKJIOHEHMHM OCU Bajia OT OTBEpPCTHUS,
HEMHOTHUM OOJIBIINM, YeM 3a30p MEXIY HUMMU.

Puc. 4 Takxe cOOTBETCTBYET YCIIEIIIHOMY BBI-
MOJIHEHHUIO omepanuu. B oTimuue oT mpenbioy-
1mero ciaydass B (UHAJIBLHONM KOH(MUTYpaMU Ball
KacaeTcsl OTBEPCTUS B OMHOI TOUKE. DTO IIPOKC-
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B cinywae, mpencraBieH-
HOM Ha puc. 6, BaJ He Toma-
JIaeT B OTBEPCTUE U CKOJIb3UT
HUXHeW TpaHbio 1O hacke.
JInst Toro, 4TOOBI paccMaTpu-

BaeMbIii Clyyail peajn3oBa-
Csl, JOCTaTOYHO, 4YTOOBI BbI-
MOJIHSIJIOCHh ycioBue k K k, u
HavyaJbHOE OTKJOHEHHE OCHU
BaJla OT OCU OTBEPCTUS ObLIO
Ha TIOpSIOK OOJIbIIE 3a30pa.
[Tpn MPOEKTUPOBAHUU
oneparuii MaHUITYJISILIUOH-
HOM COOPKM M KOHCTPYMpPOBa-
HUM aJanTUBHBIX COOPOUYHBIX

YCTPOMCTB CJly4yaMu, B KOTOPBIX
BaJl HEe TOMajaaeT B OTBEPCTHE
(puc. 5 u 6), He paccMaTpuBa-
IOTCS. YCIIOBUS, TIPU KOTOPBIX
BaJI MonajaaeT B OTBEPCTHUE, 10-
CTaTOYHO XOPOIIO MCCIeI0Ba-
HbI AHAJIUTHUYECCKU WU YUCIICH-
HO B IPCANOJOXECHUN MaJlbIX
HayaJIbHBIX OTKJIOHEHUI oceil
[18, 19].

OmHako ¢ yBeIMYEHHEM Ha-

YaJIbHOIO OTKJIOHECHMST — CJIOX-
HOCTh AHAJIMTUYECKOTO pelle-
HUS OBICTPO BO3pacTaeT B CUITY
TOro, 4YTO TIOJIOXKEHWE Baya
B TIIPOCTPAHCTBE OIIMCBIBACTCS
HEeJTMHEHHBIMA (PYHKUMWSMU, U
O]_LII/I6KI/I OT 3aMEHbl UX JIMHEU-
HBIMU HpI/I6J'II/DK€HI/IHMI/I COon3s-
MCEPUMBI CO BHAYCHUAMM HaYaJIb-

XOOUT MpPU MOCTAaTOYHO OOJIBIIOM 3ariayOJIeHUun
BaJia, €CJIU K MaJio U Kk BEJIMKO.

Ha puc. 5 mpencrasiieH ciy4dail, B KOTOPOM Baj
TMEpBOHAYAJBHO TIOMAJAaeT B OTBEPCTHUE, HO 3aTEM
BBICKAKMBAeT U3 Hero. B 3akiyounTenbHOU (ase
ornepalMy JieBasi HUXKHsS BepllMHA Bajla JBU-
JKETCSI BBEPX M BBIXOAUT U3 KOHTAKTa C ITOBEpPX-
HOCTBIO OTBEPCTHUS. DTOT Cliydyail MOJydYyeH Ipu
MaJioil BeJIMUMHE K IO CPAaBHEHUIO C BEJIMYMHOM
k 1 HayaJIbHOM OTKJOHEHUU OCU BaJia OT OCHU OT-
BEPCTHUS, CYIIECTBEHHO OOJIBIIIEM 3a30pa.

HBIX OTKJIOHeHM . {151 uccneno-
BaHUSI TaKUX 3aJa4d OOJIbIIYIO
pOJTb HAUMHAIOT UTPATh METOBI

YUCJICHHOI' O NMUTAIITUOHHOI'O
MOJIETUPOBAHHSI.
3akiaoyenue

HpOFpaMMHOQ MMUTALIMOHHOE MOICINPOBa-
HUC CYLICCTBEHHO YMCHbBIIACT TPYAOEMKOCTDL UC-
CJI€O0BaHUA 3aBUCUMOCTHU IBHKCHUA MEXaHM3Ma
OT U3MEHEHU S 3HAYECHUM ITapaMETPOB B IIUPOKUX
UHTEpBaJIax UX U3MECHECHU . ITo CpaBHEHUIO C CYy-
HIECTBYIOILIMMM NpOorpaMMHBIMU CUCTEMAaMM O0-
CTOBEPHOCTb HMMUTAIIMOHHOIO MOACIMPOBAHUA
BbIIIIC, TaK KaK OHO H€ CBA3aHO YyCJIOBUEM HCU3-
MEHHOCTU KMHEMATUUYECKON CXEMbl U JOIYCKAET
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IWHAMHWYeCKe M3MEHEHNS B COCTaBe KOHTAKTH-
pyomux Tes. Pe3ynbraTel MOmeTMpoBaHUS MOKa-
3BIBAIOT, YTO JIJISI MEXaHU3MOB, BKJIIOUAIOIINX HE-
CKOJIbKO KMHEMAaTUYeCKHUX Tap, BEIYUCIUTEIbHON
MOIIHOCTH NEpPCOHAJbHOTO KOMITbIOTEpA JOCTa-
TOYHO JIJISI BEIOJTHEHU ST BCeX BHIUMCIIEHU B Mac-
1Tabe peaJbHOro BpeMEHHU.
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Numerical simulation is widespread method to investigate machines and robotic mechanisms in different applications.
Program complexes such as MATHLAB Simulink and similar ones are based on the assumption that mechanism kinema-
tics can be described by kinematic scheme and it does not change on time interval of simulation. This is used to generate
equations of dynamics automatically and then calculate the mechanism motion. Formulated assumption does not take place
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Jor numerous applications cause a set of contact points between mechanism parts is not permanent. This circumstance
restricts application area of simulation method and accuracy of investigations. "Physical drives” are software systems for
motion simulation of interacting bodies in real time. This restricts the complicity of dynamics model that are used in simu-
lation. The paper describes the simulation method in which mechanism is represented as mechanical system of geometrical
bodies. Their motion is defined by Lagrange virtual movement principle. Simulation algorithm generates equations auto-
matically when all contact points between mechanism parts and with external environment are found. Simulation program
was been used to investigate the motion of cylindrical shaft in assembly operation. It was been became all scenarios of
shaft motion relatively hole. Each of them is defined by initial position of shaft and hole and also mechanical features of
assembly device units or features of assembly manipulator servo control system. Simulation algorithm calculates assembly
Jorce, forces and moments are acted in mechanism and between mating surfaces. Developed simulation program can be
used for choosing of constructive parameters and defining acceptable deviation in initial shaft position.

Keywords: numerical imitation simulation, automatic assembly, manipulation robot, automatic assembly device
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ANHAMUKA, BATUIUCTUKA, YITPABJIEHUE OBUWXEHUEM
NETATEJIbHbLIX AMNMAPATOB

YK 528.8 DOI 10.17587/mau.22.43-47

A. C. leBATUCUNBHBIN, O-p TEXH. HayK, Npod., devyatis@iacp.dvo.ru,
A. B. WypbIrMH, Mn. Hayy. coTp., artem.shurygin@bunjlabs.com,
UHCcTUTYT aBTOMaTMKM 1 nNpoueccos ynpasneHusa ABO PAH, BnagnsocTok

MaTtemaTuyeckaa moaenb CNYyTHUKOBO-UHepLManNnbHOMU
NnoABWXHON BbIYUCIIUTENIbHOW rPaBUMeETPUMN

Ilpednacaemcs mamemamuueckas modeav eubpuonoii cucmemvt (I'C) na 6opmy nodsudichoeo obsekma, npedcmasisiemoll
UHePYUANbHbIM U3MepUmeneM 6eKmopa yO0eabHblX CUA — MPEeXKOMNOHEHMHbIM HbIOMOHOMEMPOM € OPMO2OHANbHLIMU 0CAMU
4Y8CMEUMENbHOCMU — U CEeMbl0 NO3UUUOHUDYEMbIX NPUEMHUKO8 HagueayuoHHol cnymHuukoesol cucmemst (HCC). Haznauenue
I'C — memnopanvhoe oyeHusanue HanPANCCHHOCMU 0K0A03EMHO20 2PABUMAUUOHHO20 NOAS HA MPAeKMOPpUU J8uceHUs 00seKma.

B pamkax mexanuxu Hotomona npednosazaemcs 603MOICHOCHb 8b100pa UHEPUUANLHOU CUCMEMbl OMCYema ¢ HAYAA0M 8 UeH-
mpe macc 3emau; komnaiemenmapno cmandapmam I13-90 (Poccus) u WGS-84 (CIA) é6ooamces: 1) saruncoudanrvuan (2eode-
3uyeckas) cucmema KoopouHam, JHecmKo C8s13aHHAs ¢ meepaloli 3emaell; 2) 08a NOOBUNCHBIX CONYMCMBYIOUUX NPAMOY20NbHbIX
npasvix KOOPOUHAMHBIX MPEeXePAHHUKA ¢ 00WUM HAYAA0OM — MOUKOU, 08UdICeHUe KOMOPOU 00pazyem mpaeKmopuio 08UlNCeHUs
obseKma; 00uH U3 3MuUx MmpexepaHHuKkos, NPUOGOPHbBIL, HCeCMKO C8513aH ¢ 00BeKMOM KaK meepobimM meaom U, maKum oopaszom,
c80000HO OpuUeHmMuUposaH, opyeoil, eeoepapuyecKull, NepMaHeHmHO OPUEHMUPOBAH NO CMOPOHAM c8ema (60CMOK, cegep, 3eHUm,).

Ilpu paccmompenuu Kunemamuku obpawaemcs 6HUMAHUE HA MOM YaKm, 4Hmo U3MeH4UBOCMb AOCOAIOMHOU AUHEUHOU CKO-
pocmu 6 UHePYUAAbHOM RPOCMPAHCmee, 008ACHUMAS 08UNCEHUEM 006eKma OMHOCUMEAbHO Meepadol 3emMau u ee cOOCMBEHHbIM
epaujeHuem, XapaKmepusyemcs 6eKmopamu pomayuii OMmHOCUMeAbHOl U NePeHOCHbIX CKOpocmeli, Komopble uoeHmuguuyupy-
10m 6eKMOopbl OMHOCUMENbHOU U NePEeHOCHOU Y2A08blX CKOpocmell 8paujeHus Hedehopmupyemoeo eceoepaduuecko2o mpexepat-
HUKa U npedcmagieHsl NPOEeKUUSIMU HA e20 OCU.

Kayzaasnocms mpaexkmopuu onpedenena émopuim 3akonom Hetomona; 6 npoexyusx Ha ocu no08uUNCH020 2eoepaduyeckoeo
mpexepaHHuKa 6bINOAHeHa NOKOMNOHEHMHAs 3anucb YPaeHeHUl OUHAMUKU, PA3PeUleHHbIX OMHOCUMEeNbHO KOMNOHEeHm Ha-
NPANCEHHOCMU 2PABUMAYUOHHO20 NOAS.

Ommeuvaemcs, 4mo npobaeme 6biCOKOMOUHOU OUEHKU KUHEMAMUUECKUX NApaAMempos YPAaeHeHUl 08UNCeHUS NOCBAUeHa
npedwecmayrouas cmamosi asmopos. Ilokasvieaemcs, umo 045 NPAMO20 GbIMUCACHUS HANPANCEHHOCMU 2PABUMAUUOHHO20
noas mpebyemcs mpaHcnopmayus U3mepeHull HblomoHoOMempoe8 U3 npubopHo2o mpexepannuka 6 eeoepaguueckuii. Tpebyemoe
AUHeliHOe npeobpa3oeanue 041 IMoe0 KOHCMPYUPYemcs ¢ y4emom 803MOICHOCmel Myabmuno3uyuonupoganus obsekma HCC.
Onucoieaemcs 8blMUCAUMENbHBLI IKCHEPUMEHM U NPUBOOSMCS HEKOMOpble e20 pe3yabmameoi.

Karouesste caosa: ceodhusuuecxoe noae, eunepssyxosas ckopocmo, IJIOHACC, epagumempus, KoopouHamuosiii mpexepan-
HUK, HABU2AYUOHHAS CHYMHUKO0BAS CUCMeMa, NOOBUINCHBIL 006eKm, pomayus cCKOpoCmu, MeH30p 8PAUeHUs, YeA08asa CKOPOCMb

Bsenenue

OnHuM U3 BaxXHeWIMX (U3MUYECKUX TOJei
B OKOJIO3EMHOM IIPOCTPAHCTBE SIBJISETCS TpaBUTa-
LIMOHHOE I10JIe, YTO U OOYCJIOBJIMBAET YpPEe3BblYaii-
HYI0 BOCTpeOOBAaHHOCTbH IIPEACTABICHUII O HeM
MpU OPOBEACHUM OOJBIIMHCTBA (DyHIAMEHTAJb-
HBIX ¥ TIPUKJIAJHBIX UCCIIEIOBAHMIA.

Hacrosiiias paborta omnpenelieHHO 0Oa3upyeTcs
Ha pe3yJibTaTax MCCAeAOBaHUM, U3JI0XKEHHEBIX B pa-
6orax [1, 2], m mOCBsIIIIEeHa MOAEIN CIYTHUKOBO-
WHepIHaJbHOM HaBuTanmonHoi cuctemsl (CMHC)
¢ (pyHKIMEH OLEHKU HAIIPSIXKEHHOCTU OKOJIO3EM-
HOTO TI'PaBUTALlMOHHOIO MOJISI, YTO, B CYILIHOCTH,
M OTIIMYAeT €€ OT PAaCCMOTPEHHOH B pabore [2]
CHCTEMBbI, OPMEHTHUPOBAHHOM Ha pelICHWE YWCTO
HaBUTAlIMOHHBIX 3amay. IlpeamojaraeTcs, 4YTO
HaBurauuoHHast cnyTHukoBasi cucrtema (HCC)
(pusznuecku mpencrtaBieHa OOPTOBOW CEThIO TeM-

MMOpaJbHOTO IIpHMEMa JaHHBIX, O0eCIIeYMBAIOIINX
00bEMHOE TO3UMIITMOHUPOBAaHUE (MYJIBTUIIO3UIINO-
HUpoBaHUe) noaBuxHoro oovekta (IT0), yem 00-
YCJIOBJIMBAETCSI BO3MOXHOCTb OIIPEIEICHUST BCEX
HEOOXOOMMBIX JUHENHBIX M HPOCTPAHCTBEHHBIX
YIJIOBBIX TTapaMeTpoB ABukeHus 110 kak TBepaoro
Teja. MHepumnanbHbIe Xe U3MEPUTENN (THPOCKOIILI
U HBIOTOHOMETPHI) IIPEIACTAaBICHBI TOJBKO TpeX-
KOMIIOHEHTHBIM OJIOKOM HBIOTOHOMETPOB, 4YTO
HE XapakKTepHO 18 TpaaulmoHHbIXx cxeMm CHUHC
[3—5], comepxallux eule ¥ TUPOCKOMUYECKUE U3-
Meputenu. Ilo cyiuiecTBy, paccmMaTpuBaeMasl 3[€Ch
cHUCTeMa OPMEHTHMPOBAHA Ha TOJHOE U, YTO OCO-
OEHHO BaxkHO MOAYEPKHYTh, YUCIEHHOE pElIeHUE
3aJa4y TpaBUMETPUM; €€ MPUMEHEHUE, B YACTHO-
CTH, aKTyaJIbHO IIpU IUIAHMPOBAHMU U BHIIIOJIHE-
HUM MapIIPyTHHIX 3a0aHUN MOIBUKHBIMHU OO0BEK-
TaMU, OCHAIEHHBIMM CHUCTEMaMM HaBUTAIlUU IO
reo@U3nYeCKUM IOJISIM.
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OcHOBHBIE MOJEJH

YuuThiBasi MPEeMCTBEHHOCTb MCCACAOBAHUM,
TakK Xe, Kak 1 B padotax [1, 2], BBOOIMTCS 3JJIUII-
coMaanabHas (reome3dyeckasi) CHUCTeMa OTCYeTa
¢ KoopauHatamu {@, A, i} — reome3nyecKue M-
poTa, 10JroTa U BhICOTa HaJl MOBEPXHOCTHIO OTIOP-
HOTO BJIJIMTICOMIa; KPOME TOTO, BBOASITCS:

a) CONYTCTBYMOILIUN (MOABUXHBIN) MpaBbIi
NPSIMOYTOJIbHBIA KOOPAMHATHBIM TpPEeXIPaHHUK
Ox = Ox;x,X3, HA4aJI0O KOTOPOTO COBMEILIEHO C Te-
Kyuieit Toukoit (O) Tpaektopuum nBuxeHus I10,
a OCM OPMEHTUPOBAHBI Ha BOCTOK (ocb Ox;), ceBep
(ocb Ox,) ¥ 1O HOPMAJIU K MOBEPXHOCTU 3JIIUII-
couna (ocb Ox3);

0) COIMyTCTBYIONIIN, HO CBOOOIHBIN (CBOOOIHO
BpalllalolIMiicsd) B OTIMYMHU OT Ox, MpaBblil mps-
MOYTOJIbHBIM KOOpAMHATHBINA TpeXrpaHHUK Oy =
0y,y,y; — TpUOOPHBI TPEXTPAHHUK C OCSIMH,
COOCHBIMH OCSIM YYBCTBUTEIBHOCTH HBIOTOHOME-
TPOB U cTpouTeabHbIM ocsiM T10.

Marepuanusys Touky O M ocTaBasiCb B paMKax
mupa HorotoHa [3], nist popmupoBaHust JUHAMU-
KV IBUKEeHUS TOYKHU O o0paTuMcs K HEKOTOPBIM
aHaJIOTUSAM U oOpa3aM MeXaHUKH XUIKOCTU [6].
Touka O yyacTByeT B IBYX IBUXEHHSIX — OTHO-
CHUTEJILHOM (K TBepaoi 3eMJe) U IepeHOCHOM, 00-
YCJIOBJIECHHBIM COOCTBEHHBIM BpallleHHMEM 3eMJIN
C W3BECTHOM YTIJIOBOM CKOpocCThio. Torma ee au-
HeliHasl CKOPOCTh B a0OCOJIOTHOM HbIOTOHOBCKOM
MPOCTPAHCTBE C MHEPLIMAJIIBHON CUCTEMOU OTCYE-
Ta ¢ HA4YaJIoM B LIEHTpe Macc 3eMJiu, T.e. aOCOIOT-
Has ckopocTh V, npeacraBuma B Buae V=v +v,,
II€ V U V, — COOTBETCTBEHHO BEKTOPBHI OTHOCHU-
TEJIbHOWM M TNEPEHOCHOU CKOPOCTEW, IMPOCTpPaH-
CTBEHHAass M3MEHUYMBOCTH KOTOPBIX XapaKTepU3y-
eTCd BEKTOpaMM pOTauui — rotv, rotv,, rotV =
= rotv + rotv,, WA, SKBUBAJECHTHO, BEKTOPaMU
BUXpEH (3aBUXpeHHOCTEN) — ® = 0,5roty, @, =
= 0,5rotv,, Q@ = 0,5rotV = ® + ®, U COOTBETCTBY-
IOIIMMHA UM KOCOCHUMMETPUYECKUMU TEH30paMU
3aBUXPEHHOCTEM, COCTaBISIEMbIMU U3 KOMIIOHEHT
BEKTOPOB MO TPaBuiy Q; = ey i, j, k=1, 2, 3,
TZie e — TCEeBIOTEH30P Jleem—Ywusnurta. Kak Bua-
HO U3 OIpeneseHus TpexrpaHHuka Ox, OH SB-
JIsieTcsl Heae(OpMUPYEMBIM CBSI3HBIM TpeXI'paH-
HUKOM, MOSTOMY BEKTOPBl BUXPE ® U ®, MOTYT
OBITh MIEHTU(GUIINPOBAHBI KaK BEKTOPHI OTHOCH-
TEJIbHON U MEPEHOCHON YIJIOBBIX CKOPOCTEN Bpa-
meHusg 1O kak TBepmoro Tejia M MpeacTaBICHBI
CBOMMM IIPOEKLIMSIMU Ha €ro ocu [6], a UMeHHO:

T

Vo Vi Y .

m:(__:_a_tg(p ’
rn n n

o, =u=(0,ucosq, using)’,

Tae 7| U r, — paauycbl KPUBU3HBI IBYX B3aUMHO
MEPIEHANKYJISIPHBIX IJIAaBHBIX HOPMaJbHBIX C€-
YeHMH (KacaTeJbHOIro K mapajjieid U MEepUINO-
HAJbHOIO), Mpoxoasiux 4yepe3d ocu Ox; u Ox,
[4]; w — BeKTOp YIJIOBOI CKOPOCTH COOCTBEHHOTO
BpalleHus 3emMi, [u| = u.

3aech ke 3aMeTUM, UTO B CUJIY TOro, 4YTo Ox —
CONYTCTBYIOIIUI TpeXTpaHHUK, IIEPEHOCHAsT CKO-
POCTb B IIPOEKIIMSIX HA €0 OCH OMpeAeasieTcs Kak

V., =U

c,i ijx

Jj°

rie x=(0,0,r)", Te. v, =(ur, 0,0)".
Kay3apbHOCTb 3BOJIIOLIMU aOCOTIOTHON CKOPO-

CTM MaTepuayibHOI ToYKu O, WU ee TUHAMUKA,

orpezeseHa BTOPbIM 3aKOHOM HbIoTOHa, KOTOPBIi

B COIYTCTBYIOLIEM KOOPIMHATHOM TPEXTPaHHUKE

Ox 3amuCchIBaeTCs B BUJE CIACAYIOIINUX YPABHEHUIA:

F=g+f,
rae g=(8,8,83) — HANPSKEHHOCTb IPaBUTA-

unonHoro nonsi; f=(f,, 5, f3) — BekTOp yaeb-
HBIX CHJI HETpaBUTALIMOHHON NPUPOIbI, UJIU Ka-
Xyleecss yckopeHne [3].

YuuteiBast 1eb paOOTHI, paspelinM ypaBHE-
HUs (1) OTHOCUTEIHFHO KOMIIOHEHT BEKTOpaA g, T.C..

gl = 1}1 +ﬁ(V3 _V2tg(P)—V2u3 (r—l'i'l]"r
4 p)

+ Vally + UsFy — 15

2 Vou 0))

.,V U3 .
8y =Vy+—1tgo—2vu; + +upusry — [,
n r
2 2
. Vi V) 2
83 =Vy—|—+—=|=2viuy —usn — [,
n o n
rie vy = F,; r, — PajnyC KPUBU3HBI HOPMAJIBLHOIO

CeueHHUsl 3JAMIICoMaIa Ipu A = const B Touke O
nox yrjioM y kK ocu Ox, [2,4]; w — nmyTeBoil yroiu
JBUKEHMUS.
3aMeTuM, YTO B MPOLIECCE BHIIIOJTHEHMUS UCCIe-
JOBAaHU IO MPOoOIeMe BEICOKOTOUHOM YMCIEHHOMU
OLICHKM MapaMeTPOB ABUXKEHUS (MOJIOXEHU S, CKO-
POCTH U €€ IIPOU3BOIHBIX) OTHOCUTEIBHO TBEPIAOI
3eMuin, KOTOPBIM TOCBsIIIeHa paboTa aBTOpoB [1],
ObLIM MOJIYYEHBI CJIEAYIOLINEe Pe3yJIbTaThl:
* BBIIIOJIHEHA O0las MOCTAaHOBKAa 3aday M pas-
paboTaHbl UMHUTALIMOHHBIE MOJEIN JIBUXECHUS
B OJIJIMIICOMAANBHON CUCTeME KOOpAWHAT U
MOJEIN U3MEPEHUS;
e pa3paboTaHbl MaTeMaTUYECKUE MOJEIU PEKOH-
CTPYKLMU MapaMeTPOB TPaeKTOPUI IMOIBUK-
HBbIX OOBEKTOB;
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e JaHa oleHKa KoppeKTHocTu (1o K. Amamapy)
MaTeMaTUYeCKOl ITOCTaHOBKM 3aJadyd PEKOH-
CTPYKLIMM ITapaMEeTPOB IBUXKEHUS IMpPU TeM-
MOpaJbHOM ITO3ULIMOHUPOBAHUM MOABUXXHOTO
00bEeKTa HAaBUTALIMOHHON CITyTHUKOBOI CHUCTE-
MOI1; pa3paboTaHbI MPOLEAYPhl TapaHTUPOBAH-
HOI pa3pelIMMOCTH 3aJay B YCJIOBUSX KOHEY-
HOUW TOYHOCTHY BBIYMCJIEHUN U U3MEPEHU;

* paspaboTaH HEUpoOnogOOHBINA AaJrOPUTM JMHA-
MHYECKOTO O0pallleHUs KaJIMaHOBCKOTO THUIIA;

* pa3paboTaHa METOAOJIOTUS U IMOATOTOBJIEH KOM-
IJIEKC MCCIeI0BaTeIbCKUX IIPOrpaMM sl IIPO-
BEICHUS BEIYMCIUTEIBHBIX 9KCIIEPUMEHTOB.
OTHU pe3yabTaThl ObIIM UCHOJb30BaHbLI B pabo-

Te [2], a Takke B BBIUMCIUTEIbHBIX 9KCIIEPUMEH-

Tax IpU MOATOTOBKE HACTOSIIEH cTaThbu. B Takom

KOHTEKCTE 3TO O3HayaeT, 4YTO BCEe KWHeMaTude-

CKMe€ mapaMeTpbl TPAeKTOPUU, BXOISIINE B YpaB-

HEHUSA (2) {Vl,V2,V3,vl,V2,\}3,(P,r1,fl,r2,rw,u2,u3},

M3BECTHBI M [JI MIPSIMOIO BBIYMCICHHUSI 3Haude-

HHUI KOMIIOHEHT BEKTOpa g B TpexrpaHHuke Ox

corjjacHo (2) He XBaTaeT TOJbKO TEeMMOPaJbHBIX

ouleHoK B Ox BekTopa f. BmecTte ¢ TeM mocien-

HUM U3MePsETCsl B IpUOOPHOM TpexrpaHHUKe Oy,

MPOCTPAHCTBEHHAsI OpPHEHTAIlMsI KOTOPOTO OT-

HOCHUTENIBbHO OXx xapakTepusyeTcs yriiaMu Diie-

pa—KprbuioBa — Kypca (o), KpeHa () U TaHraxa

(6), SBISIOLIMMUCS IapaMeTpaMH OPTOrOHaJb-

Hoit MaTpulbl A = A(a, B, 0) IMHEltHOTO TPeo6-

paszoBaHMs BUAa y = AX, KOTOpasl yIOBJIETBOPSET

ypaBHeHUI0 IlyaccoHa:

A+(]yA:O,

e q,=(q,,;),i=1,2,3, — BeKTOp YIJIOBOIi
ckopoctu BpauieHuss Oy oTHocuTenbHO Ox
B mpoekuusix Ha ocu Oy; q=(q;), q; = €y;ds
(i,/,k)=1,2,3, — cOOTBETCTBYIOIIUII eMy TEH30p
BpalleHUsI.

B cuny wMHBapMaHTHOCTH BTOPOrO 3aKOHAa
HreloToHa [7] nBUXeHue mMarepualibHOW Touyku O
MOXET OBITh IPEACTaBIeHO B TpexrpaHHuke Oy
B bopme, KoBapuaHTHOI (1), a UMEHHO:

d>zU+13U,

rne U un f) — COOTBETCTBEHHO BEKTOP JIMHEHOI
CKOPOCTH U TEH30p BpalllcHWsI B MHEPLUATHLHOM
MPOCTPAHCTBE.

B cuny kay3aJbHOCTM JBUXEHUS MaTepu-
anbHOM TOYKM O HUMEET MECTO COOTHOILIECHUE
® = AF, nim U+ pU=A(V +QV); mnociegHee
PaBEHCTBO  YIOBJETBOPSETCA  TOXIECTBEHHO,
eciu U = AV u AQ = Q; neiicTBUTEbHO, TOra

V+A"(p-q)AV=V+QV u A"(p-q,)A=0Q,

ecmn p-q, =Q, = AQ. H3noxeHHOe OOBSCHSI-
eT M aKTyaJudupyeT MNpobjeMy TpaHCIOpTaluu
BEKTOPHBIX M3MEPEHUI U OLEHOK, BBIMOJIHEH-
HBIX B TpexrpanHuke Oy, B TpexrpaHnHuk Ox, T.c.
oIpeneaeHUs MaTPULlbl A, — BIOJHE pelIaeMylo
npo0JieMy, €CJIM B KaXXJA0M U3 TPEXTPaHHUKOB J0-
CTYNHBI OLICHKM HE MEHee IBYX OJHUX U TeX Xe
HEKOJUIMHEAPHBIX BEKTOPOB.

B yxe ynmoMmHaemoil BeIllie cTaThe [2], MOCBSI-
IIEHHOW MOJAEJIMPOBAHUIO CUCTEMBbI OIpeaeIeHN s
JMHEHHBIX M YTJIOBBIX ITapaMETPOB IBUXKEHMUS
I1O, B KauecTBe OOMHOIO M3 BEKTOPOB IPU OLIEHKE
VIJIOBBIX ITapaMeTPOB MOXHO OBLIO OpaTh BEKTOP
f, Beiuucnsiemblit B Ox cornacHo cucteme (1) mpu
M3BECTHOM g, U OAHOBPEMEHHO C 3TUM HU3Mepsie-
MbIii HbloTOHOMeTpamu B Oy. Ilpu pelieHun xe
3ajJayyd I'paBUMETpUU, KOTOPOM IJIaBHBIM oOpa-
30M TIOCBSIIIIEHA HAcTosias pabora, Takasi BO3-
MOXHOCTb OTCYTCTBYET, IO3TOMY JJIsI €€ PelIeHU s
HAa3HAyaloTCs AONOJHUTENbHBIE K Touke O (P)
To4ku Py, P,, ..., Py (N > 2) Ha I1O ¢ 3amaHHbIMU
KOOpAMHATaMMU B NpUOOPHOM TpexrpaHHuke Oy
(BexTopbl Yy, = OP,...,y y = OP y ), IO3ULLMOHUDY-
emple HCC B TpexrpaHHuke Ox (BEKTODHI X, ..., Xy),
N > 2. Marpuua A olleHUBaeTCs ITyTeM pellieHU
CUCTEMBbI ypaBHeHUI {y, = AX;, .., Xy = AXp}.
ITpu N = 2 (mpu TpeXnO3ULIMOHHOM IIpreMe 1 00-
pabotke mHpopmauuu or HCC — B toukax Py,
P,, P,) uenecoobpa3HO MOMOJIHUTb 00€ CHUCTEMBI
BEKTOPOB "BUPTYaJbHBIMU" WIEHAMHU Z, U Z,, 00-
pa3yeMbIMU BEKTOPHBIMM IPOU3BEACHUSIMU BEK-
TOPOB y; U ¥Y,, B Oy U X; U X, — B Ox, a UMEH-
HO. 2y = CikV1k2,js Zxi = CigX1hX2,; W, TAKHUM
0o0pa3oM, peliaTb CUCTEMY ypaBHeHUU {y, = AX,,
Y, = Axy, z, = Az,}, HEIMHEIHYIO 1O MCKOMbIM
napaMeTpam o, f3, 6.

BoruncMTENbHBIA KCIIEPHMEHT

st BBIYMCIAMTENIBHOIO 3KCIEpUMEHTa, Kak
OTMEYasioCh BbIlIE, OB pa3paboTaH KOMILJIEKC
MMporpaMM, BKJIIOYAIOLIMI IpOrpaMMy aHajiau3a
pa3peliMMOCTH U peryisapu3anuuy 3a1ady JMHaAMU-
YyecKoro obpaieHus [1], uMuTanMy U3MepeHUN 1
IMOCTPOCHUS OIICHOK pelieHus. Peanmm3anms KoMm-
MJeKca BbIMOJHeHa Ha s3bike Julia Bepcuun 1.2.0.
Busyanuzanus MHONy4YeHHOTO MacCuBa OaHHBIX
BBITIOJIHEHA C IIOMOIINBIO MPOrpaMMHOIO MakKeTa
Veusz Bepcum 3.1.

Ha puc. 1 npeacraBieHa o6o01eHHAasT CTPYK-
Typa MOTOKOB JaHHBIX IIpoliecca Ipu paboTe mpo-
0JIeMHO-OPUEHTUPOBAHHOIO Ha pellieHHe 3aJadu
MOABUKHOM TpaBUMETPUM YAaCTH IIPOTPAMMHOTO
KOMIIJIEKCa Ha OMHOM BPEMEHHOM IlIare JJIMTeNIb-
HocTU t. COOTBETCTBYIOLIMI IIPOLIECC MOXET IO-
BTOPSTBHCS TpebyemMoe YUCIO pas.
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Puc. 1. CrpykTypa oaHoii nTepauun padboThl NPOrpaMmbl
Fig. 1. Structure of single iteration of the program

IToToku maHHBIX HA pucC. 1 0003HAYEHEI Ceay-
IOIIM 00pa3oM:

1 — mMopenbHOE Bpems f;

2 — nu3MepeHus1 KoopauHar {, A, A} Touku P;

3 — u3MepeHust KOOpAUHAT {0, A, A} Touek Py, P,;

4 — u3MepeHns] HbIOTOHOMETPOB;

5 — OLICHKHU 3HAYEHU I

{vl,v2,v3,\')1,152,\'/3,<p,r1,f1,r2,rw,u2,u3};

6 — OlLlEeHKa MaTpUIIHI A;

7 — olleHKa BeKTopa yaeabHbiX cui F;

8 — olleHKa BEKTOpa yIeIbHEIX cui f;

9 — oleHKa HAIPSIXKEHHOCTHU TPaBUTALIMOHHO-
ro moJs g.

Ha puc. 2 u puc. 3, 4 (cM. BTOpyIO0 CTOPOHY 00-
JIOXKH) IIPeICTaBIeHbBI HEKOTOPhIE PE3yJIBTaThl BhI-
YUCIUTENbHOTO 3KcrepuMmenTa misa 110, mBuxKy-
LLIETOCsl B CEBEPHOM TOJIYIIAPUU MO BePTUKAJIbHOM
crupanu co ckopoctbio 300 M/c ¢ HAOOPOM BBICOTHI
co ckopoctheio 1 Mm/c. O xapakTepe M3MEHYUBOCTHU
yaenabHbiX cuil F u g Ha Tpaektopuu (cM. puc. 2)
C JOCTaTOYHOCTBHIO CBUACTEILCTBYIOT IpaddMKU UX
olieHOK Ha puc. 3 u 4. CpenHekBaapaTUYecKue To-
rpemtHocTd (CKIT) o1ieHOK COOTBETCTBEHHO PaBHBI
Op %Gy = 2,6'10_2_6M/C2;2 Of, ¥ 04 = 2,7-107% m/c%;
Op ®GCg =1,2-107" M/c”. Gchr[epI/IMeHT BBIIOJI-
HeH mipu CKII mosunmonuponanus ['NIOHACC
o, = 6, = o, = 0,17 M 1 M3MepeHMiT HBIOTOHOME-
TPOB of = 1-1078 M/Cz; COOTBETCTBYIOIIME O0OUM
nporeccamM BpeMeHa Koppensunid — t, = 4,0 ¢ u

1 1 1 J -

10x107
3
42—
3 -
s [ ]
< 2r .
1F .
0-! L 1 1 l 1 1 L 1 I L 1 L L ‘ L I:
0 1000 2000 3000
[
0)

Puc. 2. Dnementsl TpaekTopuu apuxkenus I10:

a — mpoTa u posnrora (¢ = Ag + 45°, L = AL + 45°); 6 — BbICcOTa
Fig. 2. Movement trajectory elements of movable object:

a — latitude and longitude (¢ = Ap + 45°, L = AL + 45°); 6 — height

1= 1,5 c. JlaHHbIe TIO3MIIMOHUPOBAHUSI TTIOCTYTIA~
foT ¢ marom t = 0,1 c.

BrluncauTebHBIE SKCIIEPUMEHTHI ITOKa3alu,
yTO norpemrHocT no3uuonuponanusst HCC BHO-
CSIT OCHOBHOHM BKJIaJl B MOTIPELIHOCTH OLICHOK g.
Bmecte ¢ TeM nmociaegHue MOTYT OBITh YMEHBIIICHBI
JI0 3HAUEHU 1 He XyXkKe 1078 M/c2 MpU arocTepUop-
HOIT 00paboTKe pe3yJILTaToB.

3akaoyenue

B uenoMm, kak moka3zanay BbITIOTHEHHBIE UCCIIE-
JOBaHU S, MMPEAJIOXKEHHBIN U pa3BUBaeMblii, HAYU-
Hasl ¢ nyonaukauuu [1], MeTom pelIeHUsT HEKOp-
PEKTHOI MO MaTeMaTUUYECKOI MOCTAaHOBKE 3a1a4yu
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MHOTOKPAaTHOT'O BRICOKOTOUHOTO NP epeHIInpo-
BaHMS TAHHBIX TEMIIOPAJIBHOIO C MPOMU3BOJIbHBIM
maromM t ImosuluoHupoBaHus 10 HaBUrammoH-
HOI CITYTHMKOBOM CUCTEMOI BIIOJIHE Ce0s OIpaB-
IbIBA€T MPU MOCTPOCHUU TMOPUIHBIX HaBUTALM-
OHHBIX cucTeMm Al I1O IMUPOKOro CKOPOCTHOTO
Jrarna3soHa, BKJIIOYasi TMIEP3BYKOBBIE.
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The article proposes a mathematical model of a hybrid system installed on board of a moving object and represented by an
inertial sensor of the vector of specific forces — a three-component newtonometer with orthogonal sensitivity axes and a network
of receivers of a navigation satellite system (HSS). The purpose of this hybrid system is the temporal estimations of the near-
Earth gravitational field on the trajectory of the object. Within the Newtonian mechanics the possibility of choosing an inertial
reference system with a beginning at the center of mass of the Earth is assumed; complementary to the PZ-90 (Russia) and
WGS-84 (USA) standards, the following are introduced: 1) an ellipsoidal (geodesic) coordinate system, rigidly connected with the
solid Earth; 2) two movable accompanying right-angled trihedrals with a common origin as a point whose movement forms the
trajectory of the object; the instrument one, is rigidly connected with the object as a solid body, and is thus freely oriented, other
one are geographic, and permanently oriented to the cardinal points (East, North, Zenith). In the presentation of kinematics,
attention is drawn to the fact that the variability of the absolute linear velocity in inertial space explained by the motion of an
object relative to solid Earth and its own rotation is characterized by rotational vectors of relative and portable velocities which
identify the vectors of relative and portable angular rotational velocities of the undeformable geographic trihedron and are repre-
sented projections on its axis. The causality of the trajectory is determined by Newton’s second law; in projections on the axis of
the moving geographic trihedron, component-wise recording of the equations of dynamics is performed, which are resolved with
respect to the components of the strength of the gravitational field. It is noted that the previous article by the authors is devoted
fo the problem of a high-precision estimate of the kinematic parameters of motion equations. In such a context it is indicated that
direct calculation of the gravitational field strength requires the convertting of Newtonometer measurements from the instrument
trihedron to the geographic one. The required linear transformation for this is constructed considering the possibilities of multi-
position of the NSS object. A computational experiment is described and some of its results are presented.

Keywords: angular velocity, coordinate trihedron, geophysical field, GLONASS, gravimetry, hypersonic speed, moving
object, navigation satellite system, rotation tensor, speed rotation.
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HelipoceTeBol MeTOA NOCTPOEHUSA TPEXMEpPHbIX Moaernen
PUIMOHBIX OGBHEKTOB NO CMYTHUKOBBLIM U306paxeHUsim’

Paszpaboman memoo nocmpoenus mpexmeproix mooeneli pueuoHblx 006eKmos Ha 3eMHOL NOBePXHOCMU NO 00HOMY CHYMHUKO-
B80MY U300pPAdICEHUI0 HA NpuMepe 00BeKmo8 Jceae3H000POICHOU UHPpacmpykmypsl. Memod cocmoum 6 nosmanuoi obpabomie
CRYMHUKOBBIX U300pANCEHUL ¢ NOCAe008AMENbHBIM NPUMEHEHUEM 08YX C6ePMOUHbIX HelipouHblX cemei. Ha nepeom smane 06-
pabomKu ¢ NOMOWbI0 HEUPOHHOU cemu 8bINOAHACMCS Ce2MeHMAUUs CHYMHUK08020 U300padceHust 045 6bl0eeHUs CO8OKYNHOCMU
00vexmoe 3adannblx Kaaccos. Ha emopom amane ob6pabomku ¢ NOMOWbI0 HEUPOHHOU cemu 8biNOAHACMCA AOKAAbHBII AHAAU3 00~
aacmeti u300paxiceHus, 8bisA6ACHHbIX NO PE3YAbMAMAam nepeozo smana obpadomiu. Pezysomamor 6mopoeo smana obpabomiu uc-
Nn0Ab3YIOMCS 0151 OUEHKU NApamempos mpexmepHoi modeau obsexma. Bosmoxcnocmu memoda nokasansl ha npumepe oopabomiu
CRYMHUK08020 U300padceHus 006eKmoe Jceae3H000PONCHOU UHppacmpyKmypbl, npu4em paccmompeHsl makue UHHOpMamueHble
obnacmu 06sekmos, Kak 30anue, merb 30aHUs, pedPo cmeHbl, pebpo Kpbluil, 8a20H, peabcsbl, cmoabwl. Tlokazana 603moicHoCmb
UCNONB306aHUS CM0A006 U UX MeHell 8 Katecmee IMAN0HHbIX 008eKm0o6 045 oyeHKu macuimaoupyowux kodgguyuenmos. Ilpu-
6eder npumep npuMeHeHus paspabomanHo20 memooda vl0eseHUs MUNUYHbIX 006eKMO8 HCeAe3HOO00POICHOU UHPPACMPYKMYPbL
015 nocaedyioweil OUeHKU napamempos mpexmeprol mooeau 30aHus, 4acMU4HO 3ACAOHEHHO20 0ePesbsiMU.

Karoueewte caosa: CNymHUKoO&ble Ll306paMC€HLlﬂ, mpexmepHas Moc)e/zb, pacmpoeas 06ﬂacmb, UCKYCCmEeHHaA HeleOHHd}l

cems, C6ePMOYHAS HEUPOHHAS cemb, MAUWUHHOe 00yuenue, 00seKmbl UHPPaAcmpyKmypol, 06yuarouas 6l60pKa

BBenenne

CoBpeMeHHbIII YpOBEHb pPa3BUTHUS BBIUMCIIU-
TeJbHOM TEXHUKU TIO3BOJISET C BLICOKMM KaueCTBOM
BU3YaJIbHO BOCIIPOM3BOIUTH KAapTUHY MECTHOCTU
IO CIIyTHUKOBBIM M300pakeHUsSM Ha ILIMPOKOIO-
CTYIHBIX KoMIIbloTepax. OgHAKO ofHa U3 MpodieM
BOCHPOM3BEACHUST 3aKJII0YAeTCsI B IMOCTPOCHUU
TpEeXMEPHBIX MojeJiell HaOIoJaeMbIX OObEKTOB.

TpexmepHass uudpoBass MoAeAb MECTHOCTHU
BKJIIOYAeT B ce0s1 LUPPOBYIO MOJeNb COOCTBEHHO
peabeda U Monenu Apyrux oobekToB. [IpocTpaH-
CTBEHHAasl MOJeJlb MECTHOCTU — €€ HarJISIIHOe U
M3MEPUMOE TpEeXMEpHOe M300pakeHHe Ha 2JeK-
TPOHHBIX CPEICTBAX OTOOPaKeHUsT MHGOPMALIUN.

Lenpr HacTosieil padOTHI 3aK/II0YAETCS B pa3-
paboTKe MeToma IMOCTPOCHUST TPEXMEPHBIX MOJe-
Jieii pUTMAHBIX OOBEKTOB Ha MHpUMepe OOBEKTOB
KEJIE3HOAOPOXHON MHGPPACTPYKTyphl MO AByMEp-
HBIM CIIYTHUKOBBIM M300pak€HUsIM, OCHOBAHHOIO
Ha HCHOJIb30BAHWM CBEPTOUHBIX HCKYCCTBEHHBIX
HeripoHHbIX ceTeii (MHC). 3pech mom Tpexmep-
HOI MOZIEIbI0 00BbEKTA OHMMAETCS COBOKYIMHOCTh
reoOMEeTpUYECKUX (PUTyp, OMUCHIBAIOIIMX OOBEKT

! ViccnenoBaHusi BBIMOTHEHBI IIpH MOLmepxkke MHHHCTEp-
CTBa HayKW M BbIclero oopazoBaHuss P® (yHWKaIbHBINA MIEH-
TudukaTop npoekra RFMEFI60719X0312).

36MHOI IOBEPXHOCTU, MMEIOIIUX (UINYECKUE
pa3Mephl, COOTBETCTBYIOILIME pa3MepaM OObeKTa,
1 KOOPAWHATHI Y3J0BBIX TOYEK, COOTBETCTBYIOIIE
KOOpIMHATaM Ha IMOBEPXHOCTU OOBEKTA.

J g mocTpoeHUST TpeXMEPHOM MOJIe TN 00bEKTa
M0 CIOYTHUKOBOMY M300pakeHWIO JOJIKHA OBITh
pellieHa COBOKYITHOCTh CJIEAYIOLIUX 3a1ay:

e CerMeHTalus CIHOYTHUKOBOIO U300paxkeHUs

IJIS1 BbIAEeHUSI 00OBEKTOB;

* OLEHKA BHICOTHI 00BEKTOB MO JAHHBIM CErMEH-

TUPOBAHHOIO CIIyTHUKOBOTO M300paKeHU s,

e TIOCTPOEHUE OOBEMHON TPEeXMEPHON MOIEIN

10 BBIASJAEHHBIM 3JIeMEHTaM O0BbeKTa.

CymiecTBYIOIEE€ METOABI H3BJICUCHHS
TpexMepHOoii nHpopMaANNH U3 H300paKeHHI

CoBpeMeHHbIC TTOAXOAbI K M3BJICYEHUIO TPEX-
MepHOIl MH(popMaLUKU U3 U300paXeHU MECTHO-
CTH MOXHO YCJIOBHO pa3fenTh Ha mMpaoulyuoHHble
MemoOdbl, OCHOBaHHBIE Ha KJIACCUYECKUX IOIAXO-
Jax K o0paboTKe u300paxXeHU, U Helipocemeavie
MemoObl, OCHOBaHHBIE Ha MHTEJJIEKTYaJIbHOM
aHanu3e AaHHBIX. Kiaccumyeckuii MeTonm M3BJIe-
YeHUsI TpexXMEpHOil HMHPOpMalUU U3 IBYMEp-
HBIX M300paXXeHWii OCHOBAH Ha MCIIOJIb30BaHMU
cTepeornap M300paxXeHW U MOCTPOEHUU 110 HUM
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KapT aucrapaTHocTu. [1ocKoabKy MmojyueHue cre-

peonap KOCMUYECKMX H300paXeHWi TPyI0eMKO

W OTHOCUTEJIBHO JOPOTO, aKTMBHO DPa3BMBAIOTCS

MeTonbl u3BJieueHWs 3D-mHbDopManum u3 ogu-

HOYHBIX CHYTHUKOBBIX M300paxkeHWil, KOTOpPHIS

MpearnoaraloT Kak MpUBJIeYEHNE BCIIOMOTaTeb-

HBIX JaHHBIX, TaK U JOMOJHUTEIbHYIO OMepaTop-

CKYI0 00paboTKy JaHHBIX CHIYTHUKOBOU ChEMKHMU.
B nocnenHee BpemMsI MHTEHCUBHO Pa3BUBAIOTCS

HelpoceTeBble METOJbl, OCHOBAHHbIE HAa MalllWH-

HOM OO0yuyeHMHU W paboTaloliye MO OJHOMY M30-

OpakeHMu1o.

COBOKYMHOCTb 3a/lady BBICOKOTOYHOM JIOKAJIM-
3alu O0OBEKTOB HAa M300pakeHUM U MX KJIaCCH-
(uKamm ¢ IMOMOIIBI0 MCKYCCTBEHHBIX HEWPOH-
Heix ceteir (MHC) vame Bcero ynoMuHaroTcs
Moj Ha3BaHUEM ceeMenmayus obpasya (instance
segmentation). CoBpeMEHHBIC METOIBI PEIICHMS
ATUX 3aJa4 MOXHO pa3ieauTh Ha TPU Kjacca:

* JBYXIIPOXOJHBIE METOAbl Ha OCHOBE SIKOPEil:
Faster R-CNN [1], Mask R-CNN [2];

* OJHOMNPOXOMHBIE METOAbl Ha OCHOBE SIKOPEl:
YOLO v3 [3], SSD [4];

* OJHOMNPOXOIHBIE METOAbl Ha OCHOBE BCTpau-
BaHUSI OOBEKTOB B JIATEHTHOE IPOCTPAHCTBO:
DeepWatersched [5], RSIS [6].

MeToabl mepBOro M BTOPOrO KJIACCOB OCHO-
BaHbl Ha "JKOpsAX" — OIMOPHBIX TOYKAX Ha M30-
Opa’keHWU, OKPECTHOCTb KOTOPBIX OLICHMBAETCS
MHC nHa npeamMeT MpuHAIJIEXHOCTU O0BEKTY HC-
KOMOTO KJlacca. Ha OCHOBaHWU COBOKYMHOCTH
TaKMX OLIEHOK TSI KaXXA0T0 U3 sIKopeil hopMupy-
I0TCS, a 3aTéM OTCEMBAIOTCS KaHAUAATHl OObEK-
TOB. JlaHHBIE METOABI OTPAaHMYEHBI ILIOTHOCTBIO
pacmoyioKeHUsT SIKOpeii: ee yBeJIMUYeHUe CHUXKAeT
MPOU3BOAUTEBHOCTh, YMEHBbIIIEHUE — CHMXKAET
CIIOCOOHOCTH pacHo3HaBaTh KOMITAKTHEIC 1 OJIM3-
KOPAaCHOJIOXKEHHbIE OOBEKTHI.

Tpetuii Kj1acc MeTONOB OCHOBAaH Ha OILIEHKE
MOJIOXKEHU ST KaXJA0TO MUKCENsl B JATEHTHOM ITPO-
CTPAHCTBE OOBEKTOB CIIEHBI, MOCJE Yero c Mo-
MOIIIBIO METOJOB KJacTepu3allMid BbITIOJHSIETCS
JIOKaNu3alusl OTAEIbHBIX 00BheKTOB. CeMelCTBO
METOIOB JAaHHOTO KJjacca SsBJsieTcss Haubosee
MEPCHEKTUBHBIM [IJI peIIeHUsT 3aJadu instance
segmentation Ha KOCMMUYECKUX NU300paKCHUSIX.

IMonxon kK 00paboTKe KaxXJa0ro 00beKTa 3aBUCUT
OT KJIacca 3TOro oobekTa. I TUMTOBBIX OOBEKTOB,
uMeIux (GpopMy TeOMEeTPUUYECKOTO MHPUMUTHUBA,
BO3MOXHO HEMOCPEJICTBEHHOE OMpeaesieHUe Xapak-
TEPUCTUK TIO CITYTHUKOBOMY M300pa*keHU1o, cHab-
KEHHOMY MeTagaHHbIMU. B Oojiee CIOXHBIX Ciay-
Yasgx TpexXMepHash MoIelb OOBEKTOB MOXET OBbITh

IMOCTPOEHA C MOMOIIBIO MOAXO0NI0B, OCHOBAHHBIX Ha
obJakax To4eK U UX MpoeKuusx [7] 1 Metomax reo-
METPUYECKOTO MAIlIMHHOTO 00yueHus [8, 9].

Takxe O TOBBIIIEHUS KayecTBa OOYYEHHUS
LIeJ1ecoo0pa3HO MOBBILIATL IMPOCTPAHCTBEHHOE
paspenieHue mn3odOpaxkeHuii. OCHOBHBIM TOAXO-
noMm Kk npumeHenuio MHC nns moBeleHus pas-
pelieHnsT KOCMUYECKUX M300paKeHUIl SIBIISIETCS
o0y4yeHre MOIEIM COMNOCTaBJICHUIO (parMeHTOB
M300paKeHusI C BBICOKMM M HU3KUM pa3pellieHU-
€M, UYTO KOHIIEIITyaJbHO COOTBETCTBYET IIPOIIEC-
caM 00pabOTKM BU3yaJbHOU MHGpOPMAIIMU YeJIO-
BeuecKnuM Mo3roMm [10—12].

IIpn BBIOOpE croco0a TOCTPOEHUST Tpexmep-
HOI Mozenn o0beKTa yduTheiBarorces [13—16]: ypo-
BEHb JIeTaabHOCTU 00BeKTOB cuieHbl (LoDO0, LoD1,
LoD2 u np.); xapakTep BXOOHBIX JaHHBIX; CTEIIEHb
aBTOMAaTHM3allMK; pa3Mmep oOpabaTeIBaeMoil 00Ja-
CTU; TIPUBSI3Ka MOAEIN K KOHKPETHOI MECTHOCTH.

BnocneactBun mocTpoeHHE TPEXMEPHBIX MO-
Jeneid 00bEKTOB MOXET ObITh peaii30BaHO B UH-
TepaKTUBHOM peXMMeE, IpU 3TOM B IIpoliecce JIe-
TEeKTUPOBAaHUSI OOBEKTOB 3E€MHON TMOBEPXHOCTU
HCIIOJIB3YIOTCS METOIBI MAIlIMHHOTO O0yUYeHUS.

B mocnennee Bpems OBLJIO pa3paboTaHO 0OJb-
IIO€ YMCJI0O METOHOB IIOCTPOCHHUS TPEXMEPHBIX
Mogaeneil mectHocTu [17—32], omHAaKo BCe OHH
HMEIOT PsO HEeOoCTaTKOB. TakuMm oOpa3oM, ocTa-
eTCcs MMOTPEOHOCTh B pa3paboTKe YHHUBEPCAIbHOIO
aBTOMATU3MPOBAHHOIO METOAA C HEBEICOKMMMU 3a-
TpaTaM¥ Ha peaJr3alliio U BXOAHEIE JaHHEBIC.

Pa3zpaborannblii MeTO MOCTPOECHNS
TpexXMepHbIX MoJaeJel

ABTOpamMM JaHHOI pabOTHI pa3paboTaH METO.
IOCTPOCHUSI TPEXMEPHBIX MOZEJIEM, KOTOPhIA 3a-
KJIIo4aeTcs B 00paboTKe M300pakeH! s C TTOMOIbIO
MHC B HECKOJIBKO IOC/IeI0BaTeIbHBIX 3TAMOB:

* YHTETrpaJIbHbIA HEMPOCETEBOM aHAJIU3 IJIS CET-
MEHTAllUU U300paxkKeHUs;

* JIOKAJIbHBIA HEWPOCETEBOM aHAJIU3 BbIICIICH-
HBIX IIpY CerMEeHTalluM 00JlacTeil B LIEISIX BbI-
JIeJIeHUsl XapaKTepHbIX MH(GOPMATUBHBIX IIPU-
3HAaKOB U OLIEHKM TeoMeTpuueckor (GopMbl U
pa3MepoB U3y4aeMbIX OOBHEKTOB;

* IIOCTPOEHHE TPEeXMEPHON Monelu o0beKTa Mo
BbIACJICHHBIM MH(MOPMATUBHBIM IpU3HAKaAM U
MOJIYYEHHBIM OLIEHKaM pa3MepOB.

Ilpu noodzomoeke daunnvix dasn obyuwenus UHC
Ha KaXJO0M CHUMKE IIPOBOAMTCS pa3MeTKa WH-
bopmaTuBHBIX KJaccoB ¢; (puc. 1, cM. TpeTbio
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CTOPOHY OOJIOXKM): 30aHUE (MTOJUTOH, ¢;); KpbIlla
(MONUTOH, ¢,); peOpo KPbIIU (MOJUIUHUS, C3);
pedpo CTEHBI (MOJTUIUHUS, C4); TEHb 3NaHUS (I10-
JIUTOH, Cs); XE€JIe3HONOPOXHasi MHOpAcTpyKTypa
(MOJUTOH, Cg); PENbCHI (ITOJIUTOH, C7); CTOJO (ITO-
JWJIVHUS, Cg); TEHb CTOJ0a (MOJMIJIMHMUS, Cg); Ba-
roH (MOJUTIOH, ¢)p); aBTOMOOMJIbHas Aopora (Io-
JIUTOH, €;;); UCKITIOYEHHBbIE OOBEKTHI (MOJUTOH, C);
don (knacc cy).

B manHOIT paboTe paccMaTpMBAaIOTCS TUIIOBBIC
WHBapUaHTHBIE OOBEKTHl (CTaHAAPTU3UPOBAH-
HbIE) U TUIIOBbIE MapaMeTpUUYecKre O00bEKTHI (3a-
Jal0TCSl OMMHAKOBBIM KOHEYHBIM Habopom mapa-
METPOB, UMEIOIIMX pa3Hble 3HAYCHMS).

Ha nepBoM sTame 00paboTKM H300paxkeHUS
BBITIOJIHSIETCSl MHTETrpajlbHbI HEHPOCETEBON aHa-
nu3. Llenslo mepBoro sTtama SBJSETCS pelIeHUe
3a/1auy¥ MMOOOBEKTHOMN CerMeHTallMM U300pakeHus
(3amauya instance segmentation). B manHoM ciydae
npumensierca MHC, obGyyeHHast ajis cermMeHTa-
LU OOBEKTOB U3 KJIACCOB €y, Cs, Cg, C7, Cg, Cg, Cios
|} Ha CIIYTHUKOBBIX U300paxeHusix. Pesyibrarom
JaHHOTO 9JTama SBJSETCS BblAeJeHHe obyacTeit
Ha M300paxeHuu, IIe Kaxaass OTAeSbHasl BblAe-
JleHHasl 00JIaCThb COOTBETCTBYET OIHOMY OOBEKTY
(cronby, TeHu, 3maHuio u ap.). O6JacTU pa3HBIX
KJIACCOB MOTYT TepeceKarhcsi, a 00JacTh OIHOIO
KJjlacca He Tepecekalorcs. B mpouecce MalmHHO-
ro oOy4eHMsI BO3MOXHO HMCIMOJIb30BaHUE IS 00-
YUYEeHMS IPYTMX BapMaHTOB KJIacCM(PUKAIMMU dYa-
cTeil o0beKTa (BBISIBJICHUE OIBYMEPHBIX MJIN TPEX-
MEPHBIX T€OMETPUUYSCKUX MPUMUTUBOB, a TaKkKe
VIJIOB 3AaHUM U KPBILI U T.10.).

[TockonmeKy cpemu KjaaccoB ¢;, i = 1, ..., 11,
BCTpPEUAIOTCSl KaK JIMHEWHbIe, TaK W TUIOLIAJTHbBIC
(B TOM 4ucie BBITSIHYTHIE), TO JJis peanu3aluu
JaHHOro 3Tama Obl1 BbIOpaH
METOI MOOOBEKTHON CerMeHTa-
LI, UCIOJb3YIOUINN KOHIIET-

o Deep Watershed Transform —
(meTon Bomopaszaenon) [30]. Ero

paboTa COCTOUT M3 IBYX IIarOB.

Ha mepBoMm 1mare oOyuyeHHas Wicne el

MHC mnpencka3piBaeT 3HEp-
TUU I METOAA BOIOPA3/E/IOB.
ITon sHeprueil B maHHOM CIy-
yae T[OHMMAETCsl HeKoTopas
CTPOro MOHOTOHHAas (GYyHKIINS,
MoACYMUThIBaeMas [JIs  Kax-
JOTO TMHKCEeNsT U300paxkeHus
U 3aBUCAIIAsT OT PACCTOSTHUS
MEXAy TUKCeJeM M TpaHulei
OnuKalero oobeKTa M3 Cer-

Ipynna ceeprouHsLDX

GNOKOB KOAWPOBWMKA
CyBamerpeTtsauma

(ymeHbwenue pasmepa

Mpynna ceeprouHLIx
Gnokoe AEKOAMPOBLUMKA

TlokaHansHas
KOHKaTEHAUMA

POBIIMKAMMH.

MEHTUpYyeMoro kiacca. B mpocreiiiiem cnyuae
Takas QyHK1Ms Bo3Bpaiaetr 0 1s MuKceael BHe
00BbeKTa U pacCTOsTHUE A0 Kpasi oObeKTa JIJ151 BHY-
TpeHHUX mukceneit. [locire HaxoXaeHWS SHEPIrUU
MPUMEHSIeTCS METOJ BOAOPA3[e/ OB U BOCCTAHAB-
JINBAIOTCS peabHbIe KOHTYPBI OOBEKTOB.

it MHTEeTpajbHOTO aHaJiM3a Hanbosee BaXXHO
00ecrnevyrTh MUKCEIbHYI0 TOYHOCTD JIOKAJIU3alnuu
1 KjaccuuKaluym 00bEKTOB, a TAKKe aIllIPOKCH-
Malliy TI0JIell SHEPruu Al MPUMEHEHUST MeTona
Bomopazaena [30], 4To yCIEImIHO OO0ECIEeYMBAIOT
tonojorun MHC ceMaHTHMUYeCKON CerMeHTAIHUU.
B pamkax maHHOro mMeTojaa mpejajaraeTcs mpume-
HeHue tonojiornu MHC Ha ocHOBe apXUTEKTyphl
U-Net, pacluMpeHHONW W AOMOJHEHHOW aBTOpaMu
JUIST 3aJa4  MHTEpIpeTalvu a3pOKOCMUYECKUX
n3oopaxenuii 33, 34].

BBuny HeoOXOMMMOCTH pEIICHUS B paMKax
OIHOW MOJIEM HECKOJbKUMX 3aj1ay [Jisl coKpale-
HUS BpeMEHM OOyUYeHU S, TOTPEeOICHUS TTaMsITH 1
obecrnevyeHusl COrjlaCcOBAaHHOCTU PE3YJIbTATOB IS
KaXJI0l W3 TMoj3anad peaju30BaHbl OTIAEIbHbIC
0JIOKM NTeKOAEPOBIIMKA M (PYHKIIMU MOTEPD, IS
KaXXJIOTO M3 KOTOPBIX BBITIOJNHSIETCS OTIOCIbHAS
ATepalrs TPaAUEHTHOTO CITyCKa.

Hnst 610Ka mosedt sHepruM 1Jisi Boaopasziena
BBIXOAHASI aKTUBALIMOHHAS PyHKIUA — Sigmoid,
¢dyukuus morepp — Mean Square Error Loss
(cpenHekBaIpaTUUYHOE OTKJIOHEHUE); 1Jis TeMaTu-
YeCKMX KJIACCOB 3aJeliCTBOBaHA aKTHMBAallMOHHAas
dyukuus SoftMax u pyHkuuum morepp — Cross
Entropy Loss [32]; nis Teneit — Sigmoid u Focal
Loss [32] cooTBEeTCTBEHHO.

I[MpunuunuaneHas cxema MHC mpuBeneHa Ha
puc. 2. IlogpoOHBII cocTaB 0JJOKOB 1 UX XapaKTe-
PUCTHKU IIPUBEICHBI B TAOIHUIIE.

CBEpPTOYHOrO BJ'IBMCH‘I'O)

Puc. 2. IlpunnunuansHas cxema tonosornn MHC na 6asze U-Net ¢ HeCKOJbKHMH JE€KOIH-

CBBPTG“HDFO INemeHTa

iivmaodntioyalf

Yeenuuexue paimepa

Fig. 2. Schematic diagram of the topology of an ANN based on U-Net with several decoders
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CocTaB 0JIOKOB HeilpoceTeBOii MO MHTErPAIbHON OLEHKH

The composition of the blocks of the neural network model
of integral assessment

Yucno
Tun 6710Ka [poctpan- BEXOMHEIX SK3EMILISPOB
CTBEHHOE OKHO | KaHaJloB 6IIOKOB
Bxonnast rpynmna
Convolve2D 7x7 32 1
ELU 32 1
Komuposuimk
ResNet Basic 3x3 32 3
MaxPool 2x2 32 1
ResNet Basic 3x3 64 3
MaxPool 2x2 64 1
ResNet Basic 3x3 128 4
MaxPool 2x2 128 1
ResNet Basic 3x3 256 5
JleKoaupoBIIUK
Upsample 2x 256 1
Concatenate 384 1
ResNet Basic 3x3 128 2
Upsample 2x 128 1
Concatenate 192 1
ResNet Basic 3x3 64 2
Upsample 2x 64 1
Concatenate 96 1
ResNet Basic 3x3 32 2
BrixomnHas rpymnmna
Convolve2D 3x3 32 1
ELU 32 1
Convolve2D 1x1 8 1
Sigmoid 8 1

PesynbraT MHTErpajJbHOIO aHajiu3a He IO3BO-
JISIET caM 110 cebe MOCTPOUTh TPEXMEPHYIO MOIEITh
00beKTa, OJHAKO JOCTAaTOYEH [JIST ONpeAcieHus
KJlacca 3Toro oobekTa. g KakJIoro BBISIBJIEH-
HOTO OOBEKTa BBITIOJHSETCS W3BJIEUYEHUE COOT-
BETCTBYIOIIETO (hparMeHTa M300pakeHUsT M Bceid
peneBanTHOI MHpopMauu. COBOKYITHOCTh 3THX
JaHHBIX HAIIpaBJIsIETCS Ha MPOLEAYPY JIOKAJIbHOTO
HelpoceTeBOro aHaau3a (BTopoit aTan o0paboTKM).

HanpHeias o6padoTKa Mpu JIOKaJbHOM aHa-
JIM3€e 3aBUCHUT OT Kjacca oobekTa. Hanbolee 3Ha-
YUMBIMM SIBIISIOTCS JIBa YAacTHBIX Ciydasl. pac-
No3HaBaHWE OOBEKTOB TUIOBBIX MHBAPHMAHTHBIX
M TapaMeTpUYecKMX KJAcCOB M pacIlo3HaBaHUE
YHHUKAaJbHBIX 00BEKTOB.

IlepBoIif YacTHBIN Caydyail IBIISIETCS TPUBHUAIIb-
HBIM ¥ BBITIOJTHSIETCS C TIOMOIIBIO CIEIMaIn3upo-
BaHHOM 7151 faHHOro kjacca oobekToB MHC, BhI-

MOJHSAIOIIENH TMpeackazaHue MPOCTPAHCTBEHHOM
OpUMEHTAalMM, a TaKXe KOHKPETHBIX 3HauYeHMU
JUCKPETHBIX 1M HEINPEepbIBHBIX MapaMeTpoB OO0b-
ekTa. JlanpHelas MHTepIrpeTaus 3TUX napame-
TPOB, KaK MpaBUJIO, 3aKJ0Yaloasics B MepeBoae
YCJIOBHBIX BEIMYMH M3MEPEHUS U MPeAcTaBICHU I
JUCKPETHBIX MpPU3HaKoB, Bo3BpainaemMbix MHC,
B (pusnyeckue mapameTpbl 0ObEKTa, 3aBUCUT OT
OIpele/IEeHHOTO paHee Kjacca 00beKTa.

BTopoil yacTHBIN ciay4dail CBOOMTCS K HACHI-
IEHWIO0 UCXOAHBIX JaHHBIX UHMOpMaIueit, HeoO-
XOOMMOM NJI1 TMOCTPOEHUS TPEXMEPHOU MONEIIH,
1 mepeaadye MOJyYeHHONW COBOKYITHOCTU AAaHHBIX
B MIPOLIEAYPY OMpPeEAeeHUs reoMeTpruuecKoit pop-
Mbl M pa3MepoB, OMUCAHHOW B CJAEAYIOIEeM pa3-
nene. HacellieHre JaHHBIX MPOBOAMTCS C TTOMO-
ko cnenuanusupoBanHoit MHC m 3akmiouaeTcs
B JloKaJu3alluu Ha M300pakeHUM OOBEKTOB €ro
KJIIOYEBBIX TMPOCTPAHCTBEHHBIX KOMIIOHEHTOB
(KJ1accoB c¢,, €3, ¢4 KAK KOMIIOHEHTOB 3/1aHUA).

Konuenryanpno sta MHC anamormyHa wc-
MOJb3yeMOM JJisl MHTerpajbHoro aHaiamusa. OHa
CHaOXeHa eIMHCTBEHHBIM AEKOAEPOM, BO3Bpa-
IIAIOIIUM HE3aBUCMMO OOyuyaemble KaHaJlbl IS
KaXJI0ro U3 KJACCOB C,, C3, C4. VICTIONB3yeTCS ak-
tuBaumonHas ¢pyHkuusa Sigmoid u Focal Loss [32]
cy =4 (y oTBeYaeT 3a CTeNeHb KOMITEHCAIIUW JUC-
baynaHca kJjaccoB). [locienHee 0coOeHHO BaXKHO
BBU1Y HEOOXOAUMOCTH MUKCETbHON TOYHOCTH JIO-
KaJau3aluM 3JEMEHTOB OOBEKTOB M UX KOPPEKT-
HBIX TTPOCTPAHCTBEHHBIX COOTHOIIEHU.

Hnsg obyuyenusi MHC wucnonb3yeTrcs: BeKTOpHast
pa3MeTKa KJIacCOB, MOABEPrHyTasi pactpuzauuu. Pe-
synbraroM padotel MHC sBisiIoTcs omHOKaHAIEHbBIC
pacTpbl U151 KaXKI0TO M3 paclio3HaBAEMbIX KJIACCOB.

3aBepuIalOIINM 3TalloM 00paboTKM M300paxe-
HUS SIBASIETCS COOCTBEHHO MOCTPOEHUE TPEXMep-
HOI MOJENU 0O0BEKTA.

Br16op Kj1accoB ¢, ¢g, €9 OOYCIOBIEH BO3MOX-
HOCTBIO IOCTPOCHU S MOJieield 0OBEKTOB (3MaHM )
MO OTHOMY M300pakeHU10 MPU OTCYTCTBUU MeTa-
JaHHBIX. JlJaHHBIE KJ1acChl OMMUCHIBAIOT 3TaJIOHHbIE
pa3Mepbl Ha KaXJI0M M300pa*keHUU JJisd OLEHKU
HAIpaBISIONIMX W MaclTabupyrommux Koddodu-
LIUEHTOB [25, 26].

PaccTosiHue mexny penbcamu /, = 1,52 M 3ana-
€T 9TaJIOH TOPU3OHTaIbHBIX pa3mMepoB. CTaHaapT-
Hasl BbICOTa OIMOPHBIX CTOJOOB (ITPOMEXYTOUHBIE
OTOPbl C HOPMaJbHBIMU TabapUTHBIMU pa3Mepa-
MM Ha ABYXIYTHOM y4yacTke) 4, = 11,35 m 3amaer
3TaJIOH BEpTUKaJIbHBIX pa3dMepoB. Torma maciira-
oupytomue Ko3(p@GUUUEeHTH MOXHO OLIEHUTH IO
cieayiomum Ghopmyiam:
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my :ha/Nhaﬂml :la/Nla’ms :ha/Nsaa (1)
rae m; U m;, — Maclutadupyoumue Ko3Qp@uuneHTs
IJIsl OLIEHKM pa3MepoB OOBEKTOB BIOJb I'OPU30H-
TaJIbHBIX 7|, I, (TOPU3OHTAIBHBIX PA3MEPOB) U BEp-
TUKAJIbHOM 7, (BEPTUKAJIbHBIX Pa3MEPOB) HATpaB-
JSIOLKX; M, — MacluTabupyrouuii KoagduuueHT
IJIsl OLICHKM BEPTHKAJIbHBIX pa3MepOB II0 TEHSIM
BIOJIb HANPAaBJSIOLLEN TEHEN 7 | U ) MOTYT OBITh
HaWICHBI AJIs KaXXJIOro 3MaHUS KaK JUHUM TIOTY-
OCeil S5KBUBAJIEHTHOrO 3JUIMIICA OOJacTU ¢, IJs
3TOro 30aHUS; 7, HAXOMAUTCS KaK CpelHssl JIUHMUS
MOJIyoCeil 5KBUBAJEHTHBIX 3JUIMIICOB 00JacTell cg
IU1S1 JaHHOTO M300paxkeHus, a r, — JJIs1 obaacTeit
c9; N;, — cpenHsasa TonluHa ob1acTedl ¢; Ha U30-
OpaxXeHUHU B MUKCENSX; N, — cpenHss JJIrMHa 00-
nacreit cg; Ny, — cpenHss AIrHa odnacteil cg.

BhiaeneHHbIe TIpM J0KaJbHOM aHaJIM3e Xapak-
TEPUCTUKU U 3HAYMMBbIE 00JIaCTU 00BEKTa MPOXO-
ISIT IIOCTOOPAOOTKY U UCIOJAb3YIOTCS IJISI OLIEHKU
¢opMBI U pazmMepoB 00BEKTA.

31aHU OMUCBHIBAIOTCS OOJIACTAMU €|, Cy, C3, Cy,
¢s. B 3aBUCMMOCTH OT MOJHOTHI ONUCAHUST UMEIOT
MECTO pa3Hble YPOBHU AcTaau3auuu LoD reome-
TPUYECKON MOAeAU 3aHusA. Tak, Ipd HAJIUYUU
¢y MOXET ObITb MOJy4Ye€Ha TOJbKO JBYyXMEpHast
moaenb (ypoBeHb LoDO0). Ilpu Hanmuum Habopa
{c), ¢4} mm {c,, cs} BBIpabaTBIBAE€TCS MPOCTEM-
1Ias TpexMepHasi MOIEJIb C omucaHueMmM (HOpPMBbI
OCHOBaHMSI U CpeIHeil BHICOThl 00beKTa (YpOBEHb
LoD1). Ilpu Hanuuuum Habopa {c;, ¢y, c3, C4} BbI-
pabarbiBaeTcsl TpexMepHasi MOjesib C ONMMCaHUeM
(opMBI OCHOBaHHMS W BHICOTHI HAa Pa3HBIX ydacT-
Kax oobekTa (ypoBeHb LoD?2).

Hnst oTHeceHUs1 objacTeil K OTHOMY OOBEKTY
(3maHuI0) MpeanosaraeTcs: B KJlacc ¢; BXOIST BCe
KPBIIIW 1 CTEHEBI, CBSI3aHHBIE B OIHY HEIPEPHIB-
HYI0 00JacTh (B TOM 4YMCJI€ HAACTPOWKU U IIPU-
CTPOIKMN); ¢;, €3 U €4 MOJTHOCTHIO BKJIIOUYEHBI B ¢,
CTEHBl 3aHUS COCTABISIOT Pa3HOCTb MHOXECTB
¢ M ¢y (c;\cy) M BKIIOYAIOT ¢4, & €3 BKJIIOYAETCS
B Cy; 00JIACTD €5, OTHOCSILASICS K OOBEKTY, JIEXKUT
B HEMOCPEICTBEHHON OJM30CTH OT c;.

Ilpumep npumenenus paspabomannozo memo-
da nocmpoenus mpexmepuvix modeaeii. Ha puc. 3
(cM. TpeThblo CTOPOHY OOJIOXKM) MPUBEICHBI WJI-
JIIOCTpallMy 3TAIlloB 00pabOTKM Ha MpUMepe U30-
OpaxkeHus1 I oobekta 3 — 37aHUS C BUIAUMON
JNIBYXCKAQTHOW KpBILIEH, YAaCTUYHO 3aCJIOHEHHOW
nepeBbsiMU. TpexmepHash MoAejb OO0BbEeKTa olle-
HUBAeTCs MO KJjaccaM {c;, Cg, Cg}, OTBEYAIOLIUM
32 ODKBUBAJIEHTHBIE pa3Mepbl H300paxeHUs I,

a Takxe Mo KJjaccaM {c;, ¢,}, OMUCHIBAIOLIUM 00b-
eKT. MeTamaHHbBIE M300pakeHUs CUMTAIOTCS He-
HW3BECTHBIMU U HE MCIIOJB3YIOTCS B IMIPUMEPE.

Ha mepBoMm 3Tame (MHTeTrpajibHBIM Hepoce-
TEBOW aHaJIM3) BBISBJIEHBI 00JIACTU: PENBCHI (C7),
cToiib (cg), TeHb OT cTOJOA (Cg), @ TAKXKE BbISABIIEHA
obsiacTh Bcero oobekTa ¢;. Ha Bropom stamne (Jio-
KaJIbHBIN HeWpoceTeBOl aHaju3) BbISIBJIeHAa 00-
JacTh 2JIEeMEHTa 00beKTa ¢y, "Kpbia" (pactp A),
a Tak>Ke 00JIaCTh 3JIEMEHTA 00BbEKTa "CTeHA" — ¢;\C,
(pactp B). Ha tpeTbeM aTame (olleHKa reoMeTpu-
yeckoii (OopMbl U pa3MepoB) MOJYUECHBI OLEHKH
HaTpaBJISIONIMX M MacIITaOMpyOIINX Ko3hdu-
LIAEHTOB.

Hnst n3o00pakeHUsT HAXOAMTCS HampaBisonas
7, OOJBILON MOJYOCU 3KBUBAJEHTHOIO 3JUIMIICA
00JIaCTU cg U HaIpasisgwoLas #; OOJbIIONH IMOJy-
OCH 3KBUBAJEHTHOTO JJUIMAICA OOJIACTU cg (TIpH
HaJIMYUU BUJUMOI YACTU CTEH TEHU Cq HE IIPUME-
HSIOTCS [UISI OLEHKW BEPTUKAJIbHBIX Pa3MEPOB).
Takxe nnst nszodpaxkenus I mo dopmynam (1) mo
C; HaXOOMTCI MaclITabupyrowuin KoapduuueHt
m; ~ 0,26, no cg — my, ~ 1,09, no ¢y — m, ~ 0,49.

Hnss obbekTa mo pacTpy A pacCUMTHIBAIOTCS
OPTOrOHAJIbHBIE HAMPaBJISIOLLNE | U I, TIOJYyOCei
5KBMBAJIEHTHOTO 3JIJIMIICA.

Ilo pesynabraTam JMHeapu3alluy U IOJSpU3a-
uuu A u B nonyvarworcea amHuu L, (MOCTpoeHa 1o
HATpaBJSIOLIUM 7| U ;) U Lp (MOCTpOeHa Mo Ha-
MPABJSIOLIUM 7| U #;,) COOTBETCTBEHHO.

ITo dopmyne (2) paccuUThHIBAIOTCS TOPU3OH-
TaJbHble pa3Mepbl / 3JIEMEHTOB KPBIIIU MJIsI JIU-
HUU L, BIOJb HANPABISIOIWIUX F| U Fy, & TaKXKe
BEPTUKAJIBHBIE pa3Mepbl /i 3JIEMEHTOB CTEHBI Lp
BJIOJIb HAIPABJIAIOLIEH 7.

Pasmepnl / narot ocHoBanue 3ganus (I), cpen-
Hee 3HauYeHUEe BEepPTUKAJbHBIX pa3MepoB /1 JaeT
BBICOTY 3maHus no kapHu3a (II), MmakcumanbHOE
3HaY€HUE BEPTUKAJbHBIX pa3MepoOB U €ro ropu-
30HTaJbHOE MOJIOKEHVE Ha KapHU3€e Jal0T BHICOTY
3panus no kpeiuu (I1I).

3akiaoyenue

Pazpabotan Metom ompeneaeHuss GOpMBI U
pa3MepoB OOBEKTOB XKEJIe3HOAOPOXKHON HH(ppa-
CTPYKTYPHI II0 OOHOMY CITYTHMKOBOMY HM300pa-
xkeHuto. OnpeneieHbl IIpaBuja pa3MeTKH KJIaCCOB
IJIs1 OOyYeHHUSI B COOTBETCTBUU C OCOOCHHOCTSIMU
nzobpaxeHuii. Pabora MeToga mMpoaeMOHCTPUPO-
BaHa Ha IIpUMepe.
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[Ipenyiaraembiii TIOAXOA TO3BOJISIET paboTaTh
¢ obnactsaMu "HenpaBUJIbHOK" (OPMBI, C YACTUY-
HBIM 3acJIOHeHHEM Oo0jacTeill, B YCIIOBUSIX aedu-
LIIATA JaHHBIX 1T 00Y4YeHMsI, HETTOJTHOTHI UM He-
YETKOCTU Pa3MeTKH, C OMHUM M300pakeHueM Ipu
OTCYTCTBMU METaJaHHBIX.

Pasmep oOyyvaromeili BbIOOPKM OrpaHMYeH
B CBSI3U C T€M, YTO ITOCJIEAHSISI CTPOUTCSA BpPYyY-
Hylo. BBuay aToro ueiaecoodbpaszHa pa3paboTka
METOIOB U aJrOPUTMOB aBTOMATUYECKOM reHepa-
MU Oo0yyYaloleil BbIOOPKU C MPUMEHEHUEM aj-
rebpanyecKux oIepaluii Haj IeOMeTPUYECKUMU
00BbeKTaMU IIJISI YCKOPEHUS €€ IMMOCTPOCHUS.
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Abstract
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A method has been developed for constructing three-dimensional models of rigid objects on the earth’s surface using
one satellite image using the example of railway infrastructure. The method consists in step-by-step processing of satellite
images with sequential application of two convolutional neural networks. In the first processing step, a satellite image is
segmented by a neural network to select a plurality of objects of predetermined classes. At the second stage of processing
with the help of neural network local analysis of image areas detected by results of the first stage of processing is performed.
The results of the second processing step are used to estimate the parameters of the 3D model of the object. The possibilities
of the method are shown by the example of processing a satellite image of the railway infrastructure. The following classes
of informative areas are considered: building, wall edge, roof edge, building shadow, railway infrastructure, car, highway;
rails, poles and shadows from poles (taken as reference objects for estimating scaling coefficients in certain directions). An
example is given of using the developed method of highlighting typical railway infrastructure objects and for subsequent
evaluation of the parameters of a three-dimensional building model partially obscured by trees.

Keywords: satellite images, 3D model, raster area, artificial neural network, convolutional network, machine learning,

infrastructure, training sample
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Hepckasi, 1oM 2, AKLIMOHepHoe 00111ecTBO «HaydyHO-Mpon3BOACTBEHHOE 00beAMHEHNE M3-MEPUTETLHOMN
TexHUKU» (AO «HITO UT»).

Konrakrubie Teaedonnr:  +7(499)750-40-50, 106. 11-66 AukacoB Butannii AHaTonbEeBUY,

+7(499)750-40-50, m06. 10-01 Cabko Bnagumup Jleonumosuy,
+7(499)750-40-50, mo6. 10-29 Bepouukass Kapnaa BukTopoBHa.

N3patenbcTtBo "HOBbLIE TEXHOJIOTUN"
107076, MockBa, CTpOMBbIHCKUIA nep., 4

TenecdoH pegakumm xypHana: (499) 269-5510, (499) 269-5397

Texuuueckuii penaktop E. B. Konosa. Koppekrop M. IO. bezmenosa.

Cnano B Ha6op 30.10.2020. IMonnucano B meuath 08.12.2020. ®opmar 60%88 1/8. bymara odcerHas.
Veou. ned. 1. 8,86. 3akaz MH121. llena noroBopHasi.

XKypnan 3apeructpupoBan B Komurere Poccuiickoit @enepanuu no aejaam mnevyartu,
TeJlepaIuoOBEIAaHNS ¥ CPEACTB MACCOBBIX KOMMYHUKALIMIA

CauzerenbcTBo 0 peructpamuu [T Ne 77-11648 ot 21.01.02
Yupenutenab: U3narenbcTBo "HoBble TexHOIOTMN"

Opurunan-maker OO0 "AxBancen comomH3". Orneyatano B OO0 "AnBaHcen COMIOIIHS".
119071, r. MockBa, JleHuHckuit rip-T, a. 19, ctp. 1. CailT: www.aov.ru
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