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Optimization of impulsive control systems
with intermediate state constraints *
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Abstract. In this paper, we consider an optimal impulsive control problem with
intermediate state constraints. The peculiarity of the problem consists in a non-standard
way of specifying of intermediate constraints. So the constraints must be satisfied for at
least one selection of a set-valued solution to the impulsive control system. We prove a
theorem for the existence of an optimal control and propose the reduction procedure that
transforms the initial optimal control problem with intermediate constraints into a hybrid
problem with control parameters. This hybrid problem gives an equivalent description
of the optimal impulsive control problem. We discuss a numerical algorithm based on a
direct collocation method and give a schema to the corresponding numerical calculations
for a test example.

Keywords: impulsive control, trajectory of bounded variation, intermediate state con-
straints, numerical method.

1. Introduction

We consider the optimal control problem (F):
Minimize Jo = I(z(b), V(b))

* The second author was supported by the Russian Science Foundation, project no.
17-11-01093.
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subject to the dynamics
i(t) = f(t,z(t),u®) + G(t, (1)) v(t), =z(a)= o, (1.1)
V()= lo@®h, V(e =0, (1.2)
(z(6:),V(6:)) € A, i=1,...,N, (1.3)
u(t) eU, v(t) € K for a.e. teT. (1.4)

Here, T = [a, ] is a fixed time interval from R, U is a given compact subset
of R", K is a convex closed cone from R™, the constraint sets A;, i =1, N,

are closed subsets of R*™! 0 = {6;,...,0 N} is a given vector of intermediate
times such that a < 01 < 0y < --- <Ony_1 <Oy <b, N <00, z9g €R"is a
given vector of initial states. Symbol || - ||; stands for the Manhattan norm

7

in R™, “a.e.” denotes “almost everywhere with respect to the Lebesgue
measure £ on R”.

In Problem (P), functions u(-) € L>®(T,R") and v(-) € L>°(T,R™) are
controls whereas the corresponding function V(-) characterizes the total

t m
variation of w(t) := / v(7)dr, namely, V(t) = Zvarwj(-), teT. We
a — |a,t

say that u(-),v(:) satisfying (1.4) are feasible controls if the intermediate
conditions (1.3) hold for the correspondent solution to (1.1).

In general, Problem (Fp) is singular and does not have an optimal
solution in the class of L£-measurable controls u(-), v(-) and absolutely
continuous trajectory z(-). This is due to the fact that the right-hand side
of Eq. (1.1) is pointwise unbounded and therefore one can take a sequence
of controls converging in the sense of distributions to a generalized function
(for example, the Dirac delta function) whereas the corresponding sequence
of trajectories tends pointwise to a discontinuous function. For more detail
we refer to [4;7;13]. The next example illustrates this remark.

Example 1. Let us consider the problem:

/ |v(t)|dt — inf, (1.5)

#(t) = z(t)o(t) + 4(1 — 1), z(0) =0, (1.6)
2(1/2) € [0,1],  z(1) € [3,4], 2(2)=0, (1.7)
o(t)ER, teT =102 (1.8)

We will show that the problem (1.5)—(1.8) does not have an optimal control
from L°°(T). First, we note that the inequality Jy(v) > In(9/2) holds for
an arbitrary feasible control v(-) € L*°(T") due to the obvious estimates

/|v |dt>ln<> /|U J[dt > n2, /|v |dt>ln<>
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following from the intermediate constraints (1.7). Moreover,
inf Jo(v) = In(9/2).
v

Indeed, by taking the sequence of controls {v(-)} defined as follows

11
07 t 077_7)7
M3
—k? + 4k +4 —8k(1 —1t) pe L1 1>
2k + (k2 +4k+4)(t —1/2)’ 12 k’2/)7
1 1
L 1_7)’
) 0, te |5l-2
v(t) = 3k +4—8(1 —t)k il L 1)
6k + (3k2 +4)(t — 1) k)
—k*—2—4(1 - t)k 1 1
) t 1a1 *>a
3k— (B2 +2)(f—1) <t
o1
0, tel 7,2}
€ |1+
for k = 3,4, ..., we see that the corresponding trajectories {xy(-)}:
11
912 4 4 7_7)
t2 + 4t, te (0,5 1),
PR N PR VST 11)
k2 2 ’ 12 k'2)
1 1 1
Y T te 7,1—7),
_ 2 12 k
we(t) = 3k 2 S
R NP tell- - 1)
(2 +k>( )+37 6 L k? 9
E+2) (-1 43, te 11+1)
k ) ) k b
o1
—212 + 41, te 1+%,2}

satisfy (1.7). Thereby the controls from {vi ()} are feasible. Since Jy(vg) —
In(9/2) when k tends to infinity, we conclude that {vg(-)} is minimizing.

The graphs of vg () and x(-) are shown in Fig. 1.
t

Next, we consider functions Vi (t) = |vg(7)|dT, t € T, and measures
a

pe = vg(t)dt, k > 3. We note that Vi(t) = |ux|([a,t]), t € T, where |p]
denotes the total variation of measure p.
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Figure 1. The minimizing sequence components vx and xx for k = 20

Let functions Z(-), V(-) and measure ji be defined by

4t — 212, te[0,1/2),
0, te€[0,1/2),
4t —22 —1/2, te [1/2,1), _
z(t) = t) =< In(3/2), te[1/2,1),
(t) ; , V(t) In (3/2) /
In(9/2), te[1,2]
4t — 212, te(1,2],

f=1n(2/3)6(t—1/2) +1n(4/3)6(t — 1),

where 0(t—s) is the Dirac delta function concentrated at the point s. Then,
x(t) = z(t), Vi(t) = V(t) forallteT,

i 5 g (in the sense of distributions).

Thus, the problem (1.5)—(1.8) leads us to some its relaxation, in which
the measure i and the discontinuous function Z(-) are a feasible impulsive
control and a trajectory, respectively. We note that now V() # |z|([a,-]),
where || is the total variation of fi. Therefore, the concept of impulsive
control must include additional components defining jumps of states x and
V. The impulsive statement of the problem (1.5)—(1.8) and its numerical
analysis are given in Section 4.

This paper continues the research started in [3]. We address the optimal
impulsive control problem that is a relaxation extension of Problem (Fp).
This paper is organized as follows. In Section 2, we describe an optimal
impulsive control problem and prove the existence theorem for an optimal
solution. In Section 3, we transform the optimal impulsive control problem
into an equivalent hybrid problem. In Section 4, we discuss a numerical
solution algorithm based on a direct collocation method and give a schema
to the corresponding numerical calculations for a test case from Example 1.
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2. Problem statement

Let BV ([a, b],R¥) be the space of functions y : [a,b] — R¥ with bounded
total variation on T'. Let y(a) = y(a™), y(b) = y(b™).

We consider a tuple m = (M, S, {ds,ws(-)}ses) such that: p is a bounded
Borel measure on 1" with values from K the set S is an at most countable
subset of the interval T and S D Sa(p) := {s € T} 1({s}) # 0}; the non-
negative numbers {ds}ses and L- measurable functions {ws(+)}ses, where
ws(+) 1 [0,ds] = co K1, s € S, satisfy the following conditions

ds
| ety =n(is)).
0

Here, K1 :={v e K | HUHl =1} and co A is a convex hill of A.
We say that 7 is an impulsive control and consider the corresponding
function V' = V[r]: T — R defined by the rule

V) = el (o) + 3 ey t€ (@bl Via)=0,

s<t, seS

ds 2 |[u({s})]),

where p. denotes the continuous component in the Lebesgue decomposition
of u.

Let M > 0 be given. We denote by WM (T, K) the collection of all
impulsive controls 7 for which V[r](b) < M.

Let us consider the impulsive control system

da(t) = f(t, z(t), u(t)) dt + G(t,z(t)) n(dt), z(a)= zo. (2.1)

The solution concept for (2.1) is understood in the sense of [1;4-8;13] (see
also the references therein). For given an initial condition zy and controls
(u,ﬂ), where u € L*(T\U), 7 = (M,S,{ds,ws(-)} c WM(T,K), we

introduce functions x,(-), 2°(:), s € S:

SES)

¢
= 9 +/ f T, o (T )) dr + / G(T, CEr(T)) pe(dT)
+ Z - xr 57))’ te (avb]v xr(a) = To, (2‘2)

seS, s<t

dz;f) = G(s,2°(7)) ws(7), 2°(0) =m:(s7), T€[0,d], s€S. (23)

We note that z, € BV (T,R™); moreover, z,(-) is right continuous on (a, b].
Then, we define a set-valued function Xy : T — comp(R"*1) as follows
(1) Xv(t) = (2:(t),V(t) forall t € T\ S,

Nssectus VIpKyTCKOro rocy1apCTBEHHOIO YHUBEPCUTETA.
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(i) Xv(s)={(z(r),V(s—)+7) | 7€[0,ds]} forallt =s€ 5.
Here, comp(A) denotes the collection of all nonempty compact subset from
A, and V = V[r]. We posit that

Xy(a—) = (xr(a),V(a)) = (20,0), Xy(b+)= (azr(b),V(b)).

We say that Xy is a solution to (2.1) corresponding to (u,7r) and zg. By
an impulsive process we mean a tuple o = (XV, u, 7r), where u € L>(T,U),
o= (u, S, {ds,w5(~)}ses) € WM(T,K), and Xy is the corresponding
solution to (2.1).

We consider the optimal impulsive control problem (P):

Minimize J = 1(Xy (b+))

over the impulsive processes o = (XV, U, 77) such that
XV(Hz)ﬂAl;é(Z), i=1,...,N. (2.4)

We say that o = (Xv,u, ) is feasible for Problem (P) provided that
(2.4) holds. Let ¥ be the collection of all feasible impulsive processes.

We note that every selection of Xy is a function from BV (T,R"*1). So
we can also consider individual selections of Xy as solutions to (2.1). In
this case, for a feasible process with path Xy, the intermediate constraints
(2.4) must hold for at least one selection of Xy. Such an interpretation of
intermediate constraints significantly distinguishes the problem considered
in this paper from the problems in [8;9], where the constraints were imposed
on one-sided values of trajectories at intermediate time points and thus the
existence of an optimal solution could not be guaranteed. We show below
that an optimal solution to Problem (P) exists under standard assumptions
on the input functions.

In what follows, we accept the following assumptions:

(Hy) Function [ : R*"!+— R is continuous.

(Hg) Functions f : TxR"xU + R", G : T xR™ — R™ ™ are continuous
for all arguments and locally Lipschitz continuous in x. Moreover, there
exist constants c¢1, co > 0 such that

£t 2w <er (T ]2l),  [[GE ) < e (14 ]l2])

for any (¢,z,u) € T x R" x U.

(H3) The set f(t,z,U) := {f(t,x,u)| u € U} is convex for all (t,z) €
T x R™

The next lemma following from the result [8, Lemma 1] states the
relation between problems (P) and (Fp).

Lemma 1. 1) Let {xx(-), Vi(-), ur(-),v(-) } be a sequence such that
i) for every k functions xi(-), Vi(-), ur(-), and v () satisfy (1.1), (1.2),
and (1.4),
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k
iii) lim (zx(6;),Vi(0;)) € A;, i=1,...,N.
k—o0

Then, there exist an impulsive process o = (XV, U, 71') € X and its selection

(z(t),V (1)) € Xv(t), t € T, such that
(z(t), Vie(t)) — (z(t), V(t)) forallt €T. (2.5)

2) For every o = (Xv,u,m) € ¥ and every selection (x(-),V(:)) of
Xy such that (z(a),V(a)) = (z0,0), there ezists a sequence of functions
{2k(), Vie(+), u (), vi(+) } such that the conditions i)-iii) and (2.5) hold.

Theorem 1 (The existence of an optimal solution). Let ¥ # (). Then,
there exists an impulsive process o = (Xv,ﬂ, T_I') € X such that

J(&) = min J(o0).
(0) = min J (o)
Proof. The proof of Theorem 1 is based on the space-time representation of

impulsive processes (see, e.g., [5;7;8] and references therein). We consider
the auxiliary optimal control problem (P,):

Minimize J = (§(sp), 7 (s5))

subject to the dynamics

i'(s) = @o(s), 7(0)=a, s =0, (2.6)
§'(s) = f(i(s),9(s), 7(s)) @o(s) + G (7(s), 4(s)) @(s), §(0) =0, (2.7)
w'(s) =1—ao(s),  m(0)=0, (2.8)
(ﬁ(sz),g(sz),m(sz)) € {01} xA;, i=1,...,N, (2.9)
sp€[b—a,b—a+ M], (2.10)

v(s) €U, (@o(s),@(s)) € coKy for ae. s € [0, ). (2.11)

In this problem, the trajectories are absolutely continuous functions 7j(-),

g(+), and m(-); the controls are o(-) € L>([0,sp],R") and (@o(-),w(:)) €
L‘X’([O,sb], Rm+1); p = (s1,...,8n,8p) is a vector of non-fixed times such
that 0 < 51 < -+ < sy < sp; the control constraint set R’l = {(®o,w) €
[0, 1] x K ’ wo + H(:.JHl = 1}. Let s0: =0, sy4+1 := sp.

We denote by o, a feasible process to Problem (P,); i.e.,

s = (P9, 7,80, @),
where the components satisfy (2.6)—(2.11). Let X, be the collection of all
feasible processes o,. Under the assumptions (H;)—(Hs) the sets ¥ and X,
are related to each other (for more details, see [8]) and

gleng(O') = min J(0a).

a a

Ussectns VIpKyTCKOro rocyapCTBEHHOIO YHUBEPCUTETA.
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Since X # (), the existence of an optimal solution to Problem (P) imme-
diately follows from the uniform boundedness and equicontinuity of the set
of solutions (p,7,) to the system (2.6)~(2.8) (the proof of these properties
follows closely the lines of the proof of similar results from [5;13])).

Theorem 1 is thus proven. O

3. Hybrid problem

In this section, we transform Problem (P, ) into a hybrid problem, named
(Py). To this end, we perform a standard time change for Problem (P,).
In order not to complicate the notation, we denote variables for the trans-
formed problem in the same way as for (P,).

Let 79 := 0, 7y41 := 1. We fix arbitrary time moments 7, € [0,1],
i =1, N, such that

O=1<n<n< <TN-1 <N <7Tn4+1 = 1.

Let ¢ :=(71,...,7N).

In the hybrid problem, the controls are functions v(-), wo(+), w(-) and
a vector of control parameters g = (g1, 92,...,9N+1), Where g; > 0, i =
1, N +1. We note that by definition g; > 0 for every i € {1,..., N} and
the identity gy4+1 = 0 implies 7v = 1 (i.e., Oy = b). Let

m
Z(g) = co {(wn.w) € Ry x K | wo+ ) || = g}.
J=1

Introduce some notations: for i € {1,..., N + 1}
i
Q=1 -7, mn) =Y ajg— (0 —a), ¢ = (y(r),m(n)).
j=1

Then, Problem (/) is described by the following relations:

I(gn+1) — min,

77(7’1'):91', qi EA@', i=1,...,N, (33)
v(t) € U for a.e. T € [0,1], (3.4)
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(wo(T),w(T)) € Z(g;) for ace. 7€ -1, 7], i=1,N+1, (3.5)

N+1
aigi > 0; =01, i=LN+1, > ajgi<b—a+M  (3.6)
j=1

Let us comment on the relation between problems (P,) and (B,) and
show how to define o, by using oy,.
For given oy, = (¢, g5, y, v,wo, w) satisfying (3.1)—(3.6), the correspond-
ing o, = (p; 7,9, 17,5)0,@) is defined by the following rule:
1) the vector of intermediate time moments p = (s1,..., Sy, Sp):

so =10, s;=gi(Ti—Ti1) +8i—1, i=1N, s,=gn+1(1—7n)+5N.
2) controls wy(-), @(+), 7(+) and trajectories 7(-), g(-) are defined as follows

Wo(s) = iwo(Ti(s)), w(s) = lw(ri(s)), v(s) = V(Ti(s)),

i i

i(s) =n(r'(s)),  4(s) = y(7'(s)),

where Ti(s) = Ti—1 + (S — 31‘71)/91‘, s € [Sz;l,si}, 1 = 1,N. And the
same holds for i = N + 1 if gny1 # 0.

4. Numerical solution of (F,)

For solving (F,) it is convenient to use direct collocation methods since
they can easily handle intermediate constraints. Various variational meth-
ods (see, e.g., [10;11]) can also be applied to (P}); but these approaches
are quite involved and lead to heavy computations.

Recall that in direct collocation methods we transform the initial optimal
control problem to a finite dimensional optimization problem. The latter
depends on the choice of the numerical scheme used to solve our dynamic
system.

Consider Example 1 above and write down the corresponding optimal
impulsive control problem:

J =V (2) - min, (4.1)

da(t) = z(t)m(dt) + 4(1 —t), x(0) =0, (4.2)
z(1/2) €[0,1], =z(1) € [3,4], =x(2)=0, (4.3)
™€ W(T,R). (4.4)

Here, T = [0,2], 61 = 1/2, 0, = 1, A; = [0,1], A = [3,4], A3 = {0}. The
impulsive control is a triple 7 = (,u, S, {ds,ws(-)}seg), where p € C*(T,R),

Wssectus VIpKyTCKOro rocy1apCTBEHHOIO YHUBEPCUTETA.
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S C [0, 2] is an at most countable set containing all atoms of p. In addition,
m contains, for any s € S, a nonnegative number ds; and a measurable
function w; : [0, ds] — [—1, 1] such that

ds
42 (Dl [ e = ().
In this case V(+) is given by

V()= luel(lat]) + > ds, te(0,2], V(0)=0,
s<t,seS

and the solution to (4.2) that corresponds to 7 is the tuple (z(-),{z*(-) }ses)
such that

z(t) = 4t — 212 +/0 2 (T) pe(dr) + Z (2°(ds) — 22(s7)), (4.5)

s€S, s<t

d S
Zd(T) = 2(Nwi(r), 2(0)=wm(s7), TE0.d], s€S  (46)
-
Let X : T'— comp(R) be a set-valued map defined by

(1), teT\S
X = {{z )| 7€0,d]}, t=s€S.

We say that a process o = (X, ) is feasible in (4.1)—(4.4) if the following
intermediate constraints hold instead of (4.3):

X(0;)NA; # 0, i=1,3. (4.7)

Note that selections of X can be also thought of as solutions to (4.2).
With this interpretation the intermediate constraint (4.3) must hold for
some selection of a feasible process X, i.e., there exists z(-) € BV(T,R)
such that z(t) € X (t) for t € T and z(6;) € A;, i =1, 3.

By transforming (4.1)—(4.4), we obtain the auxiliary problem

J= Zozig2 — (b—a) — min,
i=1
n'(r) =u(r), n(0)=a, n(n) =061, n(r)=>0, n(l)=D>,
y' (1) = 41 = n(1)u(r) +y(r)v(r), T€][0,1],
y(O) = Zo, y(Tl) € [07 1]7 y(TZ) € [374]3 y(l) =0,
u(r) + [o(r)| < g1, T€]0,71],
w(m) 20, Su(r)+[u(r)] < g2, 7€M,
u(r) +[v(r)| < g3, 7€ [m2,1],
;gi > 0; —0;—1, 1=1,2,3, aig1+aegs+azgs <b—a+ M.
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Here,x():O,a:O,b:Q, 90:a,91:1/2, 92:1, 0321),7'0:0,7'3:1.
The intermediate time moments 71, 7 € [0, 1] and nonnegative parameters
«; satisfy the identities o; = 7; — 1,1, 2 = 1,2, 3.

Let us choose 71 = 1/4, 79 = 1/2, M = 3. Then oy = 1/4, ap = 1/4,
a3 = 1/2. Now we define a partition {t* : k= 0,..., N3} on T such that
0 =0, tN =7, tV2 = 1y, tV8 = 73, ty+1 —ty = h for all k. Heun’s method
(a two-stage Runge—Kutta scheme) applied to our dynamical system yields
the following optimization problem (Pyjscr):

g1 92
4 + 4
(M1 — )P~ = wy,

+g§3—2—>min,

21 — me)h T = g + g,
(k41— yp)h ™t = 4(1 — i )ug + yror,
2(yk1 — yk)h ™ = 41 — ) ug + yeor + 41— Heg1)upgr + Gr1Vk11,
k=0,...,N3—1,

=0, nnx=1/2, nn, =1, nn, =2,

yo="0, yn, €[0,1], yn, € [3,4], yn, =0,
up >0, k=0,...,Ns,

ug—g1 <vp < g1 —ug, k=0,..., Ny,

U — g2 <vp <go—up, k=N +1,...,No,

up — g3 <wvp <gs—ug, k=N2+1,...,Ng,
Here the decision variables are ng, Mk, Y&, Uk, Uk, Vi, Ji-

Problem (Pjjsc;) is solved by using COIN-OR Ipopt, a nonlinear solver
implementing an interior point line search filter method. The analytical
solution of (P,) and a numerical solution of (Pyis;) for N3 = 100 are
presented in Fig. 2. Note that if N3 grows (i.e., the grid step decreases)
the numerical and analytical solutions become visually indistinguishable,
though the control function still jumps around ¢ = 0.35 and ¢t = 0.5. Further
optimization, which uses the classical Euler scheme, allows to discard these
perturbations.
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05

oo/ o
000 025 050 075 100 0.00 025 050 [E3 100

Figure 2. The analytical solution of (4.1)—(4.4) and its numerical solution for
N3 = 100. Top: controls u and v, bottom: trajectories n and y.

5. Conclusion

In this paper, the intermediate state constraints are interpreted in a spe-
cial way which provides the existence of an optimal control. The problem
of state constraints for impulsive processes has been thoroughly studied by
B.M. Miller (see references in [1;5;7]). It is clear that a relaxation extension
of singular optimal control problems admits various interpretations of state
constraints and therefore leads to different statements of optimal impulsive
control problems. In the most studied case, the intermediate constraints are
imposed on one-sided values of feasible trajectories from BV (T,R™). For
this case, necessary and sufficient optimality conditions were obtained both
in a form of Maximum principle and in a variational form based on using of
functions of the Lyapunov type (see the literature review in [8]). In this pa-
per, we consider a new case when a trajectory is represented by a set-valued
function Xy whereas the constraint at an intermediate point 6; means that
Xy (0;) N A; # (). Such constraints may arise in different applications. The
reduction procedure proposed in this paper allows to replace the initial
optimal impulsive control problem with intermediate constraints with a
hybrid problem and then with a finite-dimensional optimization problem.
It is shown that in some cases the hybrid problem can be effectively solved
by direct collocation methods.
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OHTI/IMI/ISaHI/IS[ MMITYJIbCHBIX YIIpaBJIA€MbIX CUCTEM
C IMpOMe2KYyTOITYHbIMU (baSOBbIMI/I OorpaHn4eHusdMmn

H. C. Masryryesa!, H. W. ITorogaes'?, O. H. Camconiok!

L Hnemumym dunamuky cucmem u meopuu ynpasienus um. B. M. Mampocosa
CO PAH, Upxymcex, Poccutickas Dedepavus

2 Mrnemumym mamemamury u mexaruru um. H. H. Kpacosckozo YpO PAH, Exa-
mepunbype, Poccutickas Pedepayus

Amnnoranusi. PaccmarpuBaercsd 3aada ONTUMAIBHOIO UMITYJIHCHOTO YIIPABIEHUS C
MMPOMEXKYTOYHBIME (Da30BbIMU OrpaHndeHusiMu. OCOGEHHOCTD 3319l COCTOUT B HECTAH-
JAapTHOM CIIOCOOe 3aJ[aHMs MTPOMEXKYTOYHBIX OTPAHUYEHUH, KOTOPbLIE JOJIKHBI BBIIIOJI-
HATBCSI XOTsI OBI JIJIsI OJTHOTO CEJIEKTOPa MHOTO3HAYHOTO PEIIEHNsT UMITYJILCHOM yIIpaBJIse-
Moit cuctembl. JlokazaHa TeopeMa CyIeCTBOBAHHUS ONTUMAJILHOTO PENIEHNUs, U IIPE/ICTaB-
JieHa TUOpHUIHAS 33/a9a C YIPABJISIONIMEA IapaMeTpaMu, KOTOpasl J1aeT SKBUBAJIEHTHOE
OIMCaHNe 331291 ONTUMAJILHOIO UMILYJILCHOTO yupaienus. O6CyKIaeTcst BADUAHT YUC-
JIEHHOT'O PEIeHUs THOPUTHON 3a/1a9H, OCHOBAHHBIN HA IPSIMOM KOJIJTOKAITMOHHOM METOJIE,
¥ NPeJICTaBJIeHa CXeMa COOTBETCTBYIOIIUX YUCJICHHBIX PACYETOB JJIA TECTOBOI'O IIPUMepPa.

KuroueBsblie ciioBa: nMIyIbCHOE YIIPAaBJICHIE, TPAEKTOPUN OTPAHUIEHHON BApHUAIINL,
MIPOMEXKYTOYHBIE (pa30Bble OTPAHUYEHUST, YUCTEHHBIA METOI.
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