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The definition of the state-transition matrix is given and the general solution formula for 3-D 
linear systems is derived. The Cayley-Hamilton theorem is extended for 3-D linear systems. 
Necessary and sufficient conditions for local controll..;bility of 3-D linear systems are formulated 
and proved. The minimum energy control problem for 3-D linear systems is solved and illustrated 
by a simple ex'Ullple. 

1. Introduction 

Two-dimensional (2-D) linear systems theory has received great attention dur
ing the last ten years [1-9]. Recently there has been some interest shown in three
-dimensional (3-D) linear systems theory [10] which finds applications in 3-D com
puter memory design, 3-D sequential machines and 3-D distributed-parameter 
process design. 

The main purpose of this paper is to formulate and solve the minimum energy 
control problem for 3-D linear systems. The minimum energy control problem 
for 2-D linear systems has been considered by Klamka in [5]. 

To solve the minimum energy control problem of 3-D systems first the de
finition of the state-transition matrix will be given and the general solution formula 
for 3-D linear systems will be derived. Next necessary and sufficient conditions 
for local controllability of 3-D linear systems will be presented. 

2. State-transition matrix and general solution formula 

Consider a 3-D linear system described by the equations [10] 

x'=Ax+Bu 

y=Cx+Du 

(la) 

(lb) 
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------~-----------------~------------------

where 

[

X
11 (i,j, k)] 

x= x" (i,j, k) 
xd (i,j, k) 

x11 (i,j, k)=x1
' ERn, i;; the horizontal state vector, 

xv (i,j, k) = x" E R,
2 

is the vertical state vector, 
xd (i,j, k)=xd ER,, is the depth state vector, 
u (i,j, k)=u E Rm is the input vector, 
y (i,j, k)=y E R 1 is the output vector, 
At. B1, C1, D are constant matrices of appropriate dimensions and (i,j, k) E zx 
X Z x Z=Z3

; Z is the set of integer numbers. It is assumed that the boundary 
conditions 

for 

r,p, q=O, 1, 2, .. . are given 

DEFINITION 1. The following partial ordering is used for integer triple 
(r;p,q)"((i,j,k) if and only if r"(i, p"(j and q"(k 
(r,p, q)=(i,j, k) if and only if r=i, p=j and q=k 
(r,p, q) < (i,j, k) if and only if (r,p, q) "( (i,j, k) and (r,p, q):rf(i,j, k). 

DEFINITION 2. For 

[

At A2 A3] 
A= A 4 A 5 A6 

A 7 A 8 A9 

the matrix A 1·l·k which has the following properties 
1) A0

•
0

•
0=l (the identity matrix) 

for (i,j, k) > (0, 0, 0) 

4) A-t,J,k=A1·-i·k=A1•1·-k=O (the zero matrix) 

for i,j, k= 1, 2, ... 
is called the state -transition matrix. 

(le) 

(2) 

(2a) 



Minimum energy control 123 

From the defi:riition 2 the following properties of A 1
•1·k follow: 

I) A=Ar.o.o+Ao.r.o+Ao,o,r 

2) At.o,o=(AI.o,o)i, Ao,J,O=(Ao.r.o)l, ·Ao,o,k=(Ao.o.r)" 

for i,j, k=l, 2, ... 
3) Al,O,O=Jl·O·OA, AO,!,O=JO,l.O A, AO,O,l=[O,O,l A 

where 

[I, 0 
~l r·'·'~[~ 0 0] !'·'·'=[~ 

0 u p.o.o= 01 0 1,,2 0 ' 0 
0 0 0 0 :0 

4) p.o.o AO,J,k=O for (j, k)> (0, 0) 
JO,l,O Al,O,k=O for (i,k)>(O,O) 
JO,O,l Ai,j,O=O for (i,j) > (0, 0) 

THEOREM I. The solution to the equation (la) satisfying the boundary conditions (le) 
has the form 

where 

x(i,j,k)= }; }; Ai,J-p,k-q x r.o.o(O,p,q)+ 
(0,0) <;; (p,q) <;; (j,k) 

+ }; .2,; Ai-r,J,k-qxO,l,O(r,O,q)+ 
(0,0) <;; (r,q) <;; (i,k) 

+ }; }; Ai-r,J-p,k xo,o.1 (r,p, O)+ 
( 0,0) <;; (r,p) <;; (i,J) 

+ ~};}; M(i-r,j-p,k-q)u(r,p,q) 
(0,0,0) <;; (r,p,q) < (i,},k) 

. [x'' (O,p, q)] l 0 ] 
xl.o,o (O,p, q)=· ~ , x 0•1·o (r, o, q)= x" (r

0
o, q)- , 

XO,O,l (r,p, 0)= [ ~ ] 
xd (r,p,O) 

M(i,j, k)= A'-'·'·'[~']+ A'"-'·'[~']+ A'·"'-' m 

(3) 

(4) 

Proof. The proof is acCO!fiplished by induction. Substituting i=j=k=O into 
(3) we obtain 

x (0, 0, O)=Ao.o,o xl,o,o (0, 0, 0) + Ao.o.o xo.I,o (0, 0, 0) + 
+A0 •0 •0 x0•0•1 (0, 0, O)+M(O, 0, 0) u (0, 0, O)=A0

•
0

•
0 

X (0, 0, 0) 

Thus, the hypothesis is true for (i,j, k)==(O, 0, 0). 
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Assuming that the hypothesis is true for all (r, p, q) such that (0, 0, 0) ~ (r, p, q) < 
<(i,j, k) we shall show that it is true for (i,j, k). 

From (la) and (3) we have 

x(i,j, k)=A 1•0•0 x(i-l,j, k)+A0•1•0 X (i,j-l,k)+g0 •0 •1 x(i,j, k-l)= 

=A1.o.o[ ,2; ,2; At-1,J-p,k-4 x1.o.o (O,p, q)+ 
(0,0).;; (p,q),;; (J,k) 

+ .2) .J; Ai-r-1,J,k-qx0,1,o (r, 0, q)+ .2) ,J; Al-r-1,J-p,l<x 
(0,0).;; (r,q).; (l-1,k) (0,0).; (r,p)(l- l,j) 

x x 0
•0 •1 (r,p,O)+ .2) .J; ~ M(i-r-l,j-p,k-q)u(r,p,q)]+ 

(0,0,0).; (r,p,q)<(&-1,),1<) 

+Ao,t,o [ ,2; ,2; At,J:. p-1,I<-qx1.o.o (O,p, q)+ 
(0,0).; (p,q),;; (j -1 ,k) 

+ .2; .2: A !-r,J-1,k-q xo.1,o (r, 0, q)+ .2; .2; At-r.J-p-1.tx 
(0,0).;; (r,q).,;; (i,k) (0,0).;; (r,p),;; (l,j -1) 

xx0.0· 1 (r,p, 0)+ }; .J; .2) M(i-r,j-p-1, k-q)u(r,p, q)] + 
(0,0,0).; (r,p,q) < (i,J- l,k) 

+Ao.o.1[ ,2; ,2; Ai,J-p,k-q-1 xLo,o (O,p,q)+ 
(O,O).;;(p,q),;; (J,k-1) 

+ .2; 2 Ai-r,j,k-q-1 x0,1.0(r,p,O)+ .2) .2; Ai-r,J-p,l<-1 X 

(0,0).;; (r,q).; (l,k-1) (0,0).; (r,p),;; (l,J) 

xx0 •0 •1 (r,p,O)+ }; .J; ,2; M(i-r,j-p,k-q-l)u(t,p,q)] 
(O,O,O).;;(r,p,q) <(l,},k-1) 

Taking into account (2a), (4) and performing some simple manipulations we 
obtain 

x(i,j,k)= .J; 2 Ai,J-p,k-qx1,0,0(0,p,q)+ 2 2 Al-r,J,k-Qx 
(0,0).;; (p,q),;; (J,k) (0,0).;; (r,q),;; (l,k) 

x xo,1.o (r, 0, q)+ 2 2 Ai-r,J-p,k xo,o.1 (r,p, 0) + 

(0,0),;; (r,p),;; (l,J) 

+ 2 .J;}; M(i-r,j-p,k-q)u(r,p,q) • 
(0,0,0).; (r,p,q) < (t,J,k) 

If the input vector u (i,j, k)=O for all (i,j, k) and the boundary conditions 
(le) are zero for (i,j, k)~(O, 0, 0) then from (3) it follows that 

X (i,j, k)=A 1
•1·" X (0, 0, 0) (5) 

3. 3-D Cayley-Hamilton theorem 

DEFINITION 3. The determinant of the matrix [/1•0 •0 x+J0· 1
•
0 
y+/

0
•
0

•
1 z-A] for 

the matrix (2) is called the 3-D characteristic function of the matrix, i.e. 
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f(x,y, z)=det [Jl·o.o x+Io,1.o y+Io.o.l z-A]= 

-A~> -A2, -A3 n1 nz li3 In, X 

- -A4, In 2Y -As, -A6 = }; }; }; aiJ" x' y1 :i' ( 6) 
-A7, -As, In, Z -A9 t=O J=O k=O 

where an,n2n3 = 1 
The equation f(x, y, z)=O is called the characteristic equation of the matrix (2). 

3-D Cayley-Hamiltoo theorem 

Every matrix (2) satisfies its vwn characteristic equation, i.e. 

lit "2 ft] 

f(A)=4(x,y,z) I xly}zk=AI,j,t, = 2: .2; .2; atJ,.A'·1·"=0 (7) 
1=0 J=O 1<=0 

P r o o f. From definition of the inverse matrix we have the relation 

lit n1 n3 

= ,2; ,2; _J; Aukffl,o,o x'41 yl z"+Io.l.o x' yi+l z"+Io.o.1 x'x 
1=0 J=O k=O 

yi zk+ 1 - Ax' y1 z"] (8) 

where 
n 1 n2 n3 

.J; .J; .J; Atik xi yi i'= Adj[Jl•o.o x+JO·t,o y+lo,o.l z-A] 
1=0 J=O k=O 

Substituting A 1•1·" for the term xi yl 21' and taking into account (2a) and the pro
perties (1) and (3) of A 1

•1·" we obtain. 

[/1,0,0 Ai+l,j,k+JO,l,O A'·1+1,:C+JO,O.l Al,J,k+l_AA'·MJ=O 

udf~=O • 
The 3-D Cayley-Hamilton theorem can be used to find A'·1·" for (i,j, k)~ 

~(n1 , n2 , n3 ). 

4. Local controllability 

For (h, /,g)< (r, p, q) we can define the cube [(h,/, g), (r, p, q)] c Z 3 as follows 

[Oz,f, g), (r,p, q)]={(i,j, k) E Z 3 : (h,f, g)~(i,j, k)~(r,p, q)} (9) 

DEFINITION 4. The 3-D system (1) is said to be locally controllable in the cube 
[(0,0, 0), (r,p, q)], if for every set of boundary conditions: 

xh (O,j, k), (0, O)~(j, k)~(p, q); xv (i, 0, k), (0, O)~(i, k)~(r, q); 
xd (i,j, 0), (0, O)~(i,j)~(r,p), 
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and every vector S t; Rn.+n2 +n', there exists a sequence of vector inputs u (i,j, k), 
(0, 0, 0) ::;_ (i,j, k) < (r, p, q) such that 

x(r,p, q)= S 

THEOREM 2. The 3-D system (1) is locally controllable in the cube [(0, 0, 0), (r, p, q)] 
if and only if 

rank [.M(l,O,O), M(O, 1,0), M(O,O, I), ... ,M(i,j,k), .. . ,M(r,p,q)]= 

=n1 +n2 +n3 (10) 

where M (i,j, k) is defined by (4). 

P r o of. Fo,r the given boundary conditions and the vector S=x (r, p, q) from 
(3) we have 

S(r,p,q)=S- }; }; Ar,p-J,q -k x 1 •0 •0 (O,j,k)
(O,O).; (j,k)<; (p,q) 

where 

}; }; Ar-i,p,q - k xO.I,O (i, 0; k)- }.; }; 
(0,0)<; (i,k)<; (r,q) (0,0) .; ( i,})<; (r,p) 

xx0
•
0

•
1 (i,j,0)= }; }; }.; M(r -i,p-j,q-k)u(i,j,k)= 

(0,0,0)<; (i,j,k)<; (r,p,q) 

r u (r-1,p, q) 
u(r,p-1, q) 
u(r,p,q-1) 

=C(r,p, q) ......... . . 

u (r-i,p-j, q-k) 
••• • ••••• ~ ••• 0 •• 

l u (0, 0, 0) 

. C(r,p, q)=[M(I, 0, 0), M(O, 1, 0), M(O, 0, 1), ... , M(i,j,k), .. . , M(r,p, q)] 

(11) 

Note that for every boundary conditions and every vector S a sequence of vector 
inputs u(i,j, k), (0, 0, O)::;_(i,j, k)<(r,p, q) can be found if and only if the condi
tion (10) is satisfied. 

REMARK. From 3-D Cayley-Hamilton theorem it follows that in the condition (10) 
it can be assumed (r,p, q) < (n 1 , n2 , n3 ). 

Let us define the local controllability matrix W (r, p, q) of the system (I) in 
the following way 

W(r,p, q)= 2,; 2,; 2: M(r -i,p -j, q-k)MT (r-i,p-j, q-k)= 
( 0,0,0).; (i,j,k) < (r,p,q) 

= 2,; 2,; .2 M(i,j,k)MT(i,j,k) (12) 
(0,0,0) < (i,j,k).; (r,p,q) 

where "T" denotes the transposition 
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THEOREM 3. The 3-D system (I) is locally controllable in the cube [(0, 0, 0), (r, p, q)J 

if and only if rank W(r,p, q)= n1 +n2 +n3 (13) 

Pro of. From the relation W (r, p, q)= C (r, p, q) er (r, p, q) it follows that the 
condition (10) is 5atisfied if and only if the condition (13) holds. 1JJ 

5. Minimum energy control 

Note that for the system (I) locally contr~llable in the cube [(0, 0, 0), (r, p, q)J 
there geuerally exisr many diife;_ent sequences of vector inputs u (i,j, k), (0, 0, 0) ~ 

~(i,j, k) <(r,p; q) which transfer the system state from initial local state x (0, 0, 0) 
(with given boundary conditions) to the desired final local state x (r,p, q)=S. 
Among the admissible sequences of vector inputs we shall look for such one 
which minimizes the performance index 

J(u)= }; }; .2; ur(i,j,k)Qu(i,j,k) . (14) 
(0,0,0),; (i,j,k) <(r,v,q) 

where Q is the given (m x m) dimensional, symmetric and nonsingular weighting 
matrix. 

The minimum energy control problem for 3-D linear system (I) can be stated 
as follows. 

Given the matrices A,B, Q and the boundary conditions (le) in the cube [(0, 0, 0), 
(r, p, q)], find the sequence of vector inp~ts u* ( i,j, k) for (0, 0, 0) ~ (i,j, k) < (r,p, q) 
which transfer the system state from initial local state x (0, 0, 0) to the final 
local state S=:x (r, p, q) and minimizes the performance index (14). 

To solve the problem let us define the m,atrix 

W0 (r,p,q}= }; }; }; M(r-i,p-j, q-k) Q- 1 MT (r-i,p-j, q-k) (15) 
(0, 0,0),; (i,j,k) < (r,v,q) • 

It is easy to prove tha~ the nonsingularity of the matrix (14) is equivalent to the 
nonsingularity of the matrix (12). Thus, we can define the sequence of vector inputs 

u* (i,j,k) = Q - 1 MT (r-i,p- j, q-k) WQ" 1 (r,p, q) S(r,p, q) (16) 

where the vector S(r~p,q) is defined by (11). 

THEOREM 4. Let us assume that 
i) the system (I) is locally controllable in the cube [(0, 0, 0), (r, p, q)] 
ii) u(i,j,k) is any sequence of vector inputs defined for (O,O,O)~(i,j,k)<(r,p,q) 
which transfers the initial local state x (0, 0, 0) to the desired final local state S. 
Then the sequence of vector inputs (16) accomplishes the same transfer and 

J(u*)~J(.u) 

Moreover, the minimum value of (14) is given by 

J(u*)=ST (r,p, q) W(/ (r,p, q) S(r,p, q) 

(17) 

(18) 
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Proof. First we shall show that the sequence of vector inputs u* (i,j, k) de
fined by (16) transfers the initial local state x (0, 0, 0) to the final local state S. 
Substituting (16) into (3) for i=r, j=p, q=k and using (11) and (15) we obtain 

X (r,p, q)= }; }; Ar,p-J,q-k x 1•o.o (O,j, k) + 
(0,0)<:; (J,k)<:; (p,q) 

+ };}; Ar-i,p,q-kxO,l,o(i,O,k)+ .};}; 

(0,0)<:; (i,k)<:; (r,q) (0,0)<:; (i,J)<:; (r,p) 

+ }; }; }; M(r-i,p-j, q-k)Q- 1 MT(r-i,p-j,q-k)x 
(0,0,0)<:; (i,J,k) < (r,p,q) 

x W(/ (r,p, q) S(r,p, q)=S(r,p,q) 

Since u (i,j, k) and u* (i,j, k) transfer the initial local state x (0, 0, 0) to the final 
local state S we can write 

}; }; }; M(r-i,p-j,q-k)il(i,j,k)= 
(0,0,0)<:; (I,J,k) < (r,p,q) 

- }; }; }; M(r-i,p-j,q-k)u*(i,j,k) 
(0,0,0)<:; (i,},k) < (r,p,q) 

and 

}; }.; }; M~r-i,p-j, q-k)[u(i,j, k)-u* (i,j,k)]=O (19) 
(0,0,0)<:; (i,J,k) < (r,p,q) 

From (19) and (16) it follows that 

}; _'21
}; [ii(i,j,k)-u*(i,j,k)]T MT(r-i,p-j,q-k) W(/x 

(0,0,0).; (i,J,k) <(r,p,<f) 

x(r,p, q) S(r,p, q)= }; }; }; [u(i,j, k)-u* (i, j, k)]T x 
(0,0,0)._ (i,j,k) < (r,p,q) 

xQu* (i,j, k)=O (20) 

Using (20) it is easy to show that 

}; }; }; uT(i,j,k)Qu(i,j,k)= }; }; }; u*T(i,j,k)x 
(0,0,0) <:; (i,J,k) <(r,p,q) (0,0,0)<:; (i,J,k) <(r,p,q) 

Qu* (i,j,k)+ }; }; }; [ii(i,j,k)-u*(i,j,k)]TQx 
(0,0,0 )<:; (i,J,k) < (r,p,q) 

[ii (i,j, k)- u* (i,j, k)] (21) 

Since the last term in (21) is always nonnegative, then the inequality (17) holds. 
To obzain the minimum value of the performance index (14) we substitute 

(16) into (14) 

J(u~)= }; }; }; u*T (i,j, k) Qu* (i-,j, k) = 
(0 ,0,0)<:; (i,J.k) < (r,p,q) 

}; }; }; [Q- 1MT (r-i,p-j, q-k)W"Q 1(r,p,q) S(r,p, q)JT Qx 
(0,0,0).; (i,},k) < ,r,p,q) 

x [Q- 1 MT (r-i,p-j, q-k) W"Q 1(r,p,q) S(r,p, b)] 
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Taking into account (15) and that Q-1, W(/ (r,p, q) are symmetric we obtain 

J(u*)=ST(r,p,q) W;/ (r,p,q) [ }; }; }; M(r-i,p-j,q-k) x 
(0,0,0).; (i,j,k) < (r,p,q) 

xQ - 1 MT (r-i, p-j, q-k)] x[WQ" 1 (r,p, q) ST (r,p, q)J= 

=ST(r,p,q) W;} 1 (r,p,q)S(r,p,q) B 

6. Example 

Consider the system (1) with the matrices 

(22) 

and ;zero boundary conditions. 
Let us assume that r=p=q=l, 

x(O,O,O)~m, S=x(l, l, l)~ [ -~] 
and Q=[l]. Find u*(i,j,k) and J(u*). In this case n1 =n2 =n3 =l and m=l. 
First we check the local controllability of the pair (22). Using {4) we obtain 

M (1, 0, O)=A'·'·
0 ~']~m ; M (0, l, OH'·'·' [~']=m 

M(O,O, l)=A
0

•
0

•
0 [~,]=m 

M(l, l,O)=A"'·' [f] +A'·'·' [~']=m 

M(O, l, l)=A'·'·' [~}A'·'·'[~}[!] 
M(I,O, l)=A'·'·' [f] +A'·'·'~}[~~] 

M(l, l, l)=A'·'·' [f ]+A'·'·' [~,]+A'·'·'[~}[-!] 
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and 

[M(l,O,O),M(O,l,O),M(0,0,1), ... ,M(l,l,l)l= 0 1 0··· 
.[1 0 0 ] 

0 0 1 

Thus, by the Theorem 2 the pair (22) is locally controllable in the cube [(0, 0, 0), 
(1, 1, 1)]. 

To find u* (i,j, k) we calculate 

WQ (1, 1, I)= }; }; }; M(r-i,p-j,q-k)Q- 1 MT(r-i,p-j, q-k)= 
(0,0,0).;; {i,j,k) < ,1, 1,1) 

=M(l, 1, 1)MT(l, 1, 1)+.M(O, 1, 1).MT(O, 1, l)+M(1,0, 1)MT(l,O, 1)+ 

+M (1, 1, 0) MT(1, 1, O)+M(1, 0, O)MT (1, 0, O)+M(O, 1, O)MT(O, 1,0)+ 

and 

+M(O,O,l)MT(0,0,1)=[~ ~ ~] 
1 0 2 

0 -1] 1 0 
0 2 

Using (16) and taking into account that S=S we obtain 

2 
u* (0, 0, O)=Q- 1 MT (1, 1, 1) WQ 1 (1, 1, 1) S (1, 1, 1)=-

3 
2 

u*(1,0,0)=Q- 1 MT(O, 1, 1) WQ 1 (1, 1, I)S(l, 1, 1)=-
3 

~* (0, 1, O)=Q- 1 MT (1, 0, 1) WQ 1 (1, 1, 1) s (1, 1, 1)=0 

u* (0, 0, l)=Q- 1 MT (1, 1, 0) WQ 1 (1, 1, 1) S (1, 1, 1)=0 

u* (1, 1, O)=Q- 1 MT (0, 0, 1) WQ 1 (1, I, 1) S(l, 1, 1)= -1 

u* (1, 0, l)=Q- 1 MT (0, 1, 0) WQ 1 (1, 1, 1) S(1, 1, 1)=2 
3 

u* (0, 1, 1)=Q- 1 MT (1, 0, 0) WQ 1 (1, 1, 1) S (1, 1, 1)= 1 

and using (18) 

J(u*)=ST(1, I, 1) WQ 1 (1, 1, 1) S(l, 1, 1)=~ 
3 

7. Conclusions 

For 3-D linear systems the definition of state-transition matrix is given and the 
general solution to state-space equation (la) with boundary conditions (le) is 
derived. The well-known Cayley-Hamilton theorem is extended for 3-D linear 
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systems. Necessary and sufficient conditions for local controllability of 3-D linear 
systems are formulated and proved. Finally the minimum energy control problem 
for the system (I) is formulated and solved. The presented method is an exten
sion of Klamka's method presented in [5] for 2-D linear systems. The above 
considerations can be extended for n-D linear system!... 
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Sterowanie o miilintalnej energii dla ukladow Iiniowych 
typu 3-D 

Wprowadza sit< definicje macierzy tranzycyjnej stanu i wyprowadza og6ln~ postac rozwi~za
nia dla uklad6w liniowych typu 3-D. Uog6lnia sit< twierdzenie Cayley'a-Hamiltona na przypadek 
liniowych uk.lad6w typu 3-D. Formuluje si« i udowadnia warunki konieczne i dostateczne lokal
nej sterowalnosci Iiniowych uklad6w typu 3-D. Rozwi~zuje sit< i ilustruje prostym przyk.ladem 
problem wyznaczania sterowania minimalizujl!cego energi« dla takich uk1ad6w. 

YnpasJieHHe c MJIHifMa.JibHOii JHeprueli ,n;JIH mmeiinMx 

CHCTeM Tlllia 3-D 

BBO.L\HTCll onpe)l;eJieHHe TpaH31ITIIBHOH MaTPRW>I COCTOllHIIll ll: BblBOLJ:IITCll o6m;lli!: Bllll: pe
m;ei!IDI ll:llil mmeiiHJ,1x C.llCTeM nma 3-D. 06o6m;aeTCll TeopeMa Kamr-raM!IlThTOHa ll:llil C.JIY'fall 
ii,!mellm.IX Cll:Cl'eM nma 3-D. <'POPMYJiliPYIOl'Cll ll: o6o6m;aiOTCli Heo6xo,JJ,liMJ>Ie ll ll:OCTal'O'ffil,Ie 
ycJIOBIIJI JIOKa.JihHO:li ynpaBJUieMoctn JI,lmelliibiX c;;rcTeM nma 3-D. Pemael'Cll :a nmnocTpnpyeTCll 
npocn.IM npRMepoM npo6neMa orrpe)l;eJieimsr ynpaBJielmll c MIIIIHMa.JihHO:li :meprn:e:li .D:mi TaKJIX 
CHCl'eM. 




