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ẋ(t) = A(t)x(t) + B(t)u + C(t)v

" � � �# $� �  # % �& ' � ( � # �) � � '* ��# �+ �# � ,.-/ ' $0 ' $& � �1 �# � 2 3 $� # � � �+ � �& ' �
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ẋ(t) = A(t)x(t) + B(t)u + C(t)v

> � �� �# # ' , � #  � �� � � T = [t0, t1]

5 � & �� � '� �# -

u

+

u ∈ P(t)

∫ t

t0

‖u‖2
R(t) dt 6 ν

v v ∈ Q(t)
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ẋ(t) = A(t)x(t) + B(t)u + C(t)v

> � �� �# # ' , � #  � �� � � T = [t0, t1]

5 � & �� � '� �# -

7� ' ,# ' � '* ��# �+ �# � �# � 8� ��� � �# � � ?
u

@!

* � ' � � � �+ � �& ' � + � #  �* �� �<# ' �

u ∈ P(t)

∫ t

t0

‖u‖2
R(t) dt 6 ν

A � ' � � � �+ � �& ' � '* ��# �+ �# � �# � � ' � � 0 8 ?

v

@! v ∈ Q(t)
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B� �1 � � �# # � � �� � �� �!

{
ẋ(t) = A(t)x(t) + B(t)u + C(t)v,

k̇(t) = −‖u‖2
R(t)

(∗)

C#  �* �� �<# ' � '* ��# �+ �# � �D5� 6 '� ' � '* ��# �+ �# � �# � k(t)!

k(t) > 0 ⇐⇒

∫ t

t0

‖u‖2
R(t) dt 6 k(t0) = ν
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B� �1 � � �# # � � �� � �� �!

{
ẋ(t) = B(t)u + v,

k̇(t) = −‖u‖2
R(t)

(∗)

C#  �* �� �<# ' � '* ��# �+ �# � �D5� 6 '� ' � '* ��# �+ �# � �# � k(t)!

k(t) > 0 ⇐⇒

∫ t

t0

‖u‖2
R(t) dt 6 k(t0) = ν
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UCL

3 �� #  �6 � � 8 2 4� � � ��  �* � �

U(t, x, k) : [t0, t1] × R
n × R → conv R

n,

� 6 � � � � � ' � ' t � � -# - �- � ' (x, k),

U(t, x, k) ⊆ P(t),

U(t, x, k) = {0} � � � k < 0.

(
ẋ(t)

k̇(t)

)

∈ conv

{(

B(t)u

−‖u‖2
R(t)

) ∣
∣
∣
∣
∣
u ∈ U

}

︸ ︷︷ ︸

B(t,U(t, x, k))

+Q(t). (∗∗)
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UCL

3 �� #  �6 � � 8 2 4� � � ��  �* � �

U(t, x, k) : [t0, t1] × R
n × R → conv R

n,

� 6 � � � � � ' � ' t � � -# - �- � ' (x, k),

U(t, x, k) ⊆ P(t),

U(t, x, k) = {0} � � � k < 0.

(
ẋ(t)

k̇(t)

)

∈ conv

{(

B(t)u

−‖u‖2
R(t)

) ∣
∣
∣
∣
∣
u ∈ U

}

︸ ︷︷ ︸

B(t,U(t, x, k))

+Q(t). (∗∗)
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UOL = UOL(k0) 3 � � '* �� � � # % � 8� ��� � �# � �
u(t) : [t0, t1] → R

n, � 6 � � � � � ' � ' t,

u(t) ∈ P(t),

∫ t1

t0

‖u‖2
R(t) dt 6 k0.
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" � ,  � � # 'E � � � ' �� 6 � �1 � � ' � � W [t] ⊆ R
n+1 �

�� #  �6 8� ��� � �# � ,

U(t, x, k) ∈ UCL

 -+ - $ �� � � � 0

� �1 �# � , $� 5 5 � � �# ) � � �<# '* '� & � 2+ �# � � (∗∗)9� % � 8 4 �# # % 0 � 6 (x(t), k(t)) ∈ W [t]9 � % � ' �# � � ��

(x(t1), k(t1)) ∈ M-
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� � � � � F �� ��

; � $�+ � � �1 � � �� � '+ � �# � �� � � � $ 8 2 4� 0 � ' $0 ' $ '� !

G �<  � �# � � '� �# # % , � #  �* �� � H - I - / '#  �� * � # �? / '#  �� * � # 9 JKL MON / '#  �� * � # 9 JKP Q @ -

R � ' � � � " - " - S �� � '� �& '* ' ? S �� � '� �& � , 9 JKL P @ -

" �* �� $& ' � $� # � � �+ � �& ' � � � '* �� � � � � '� �# � �?TVU WX Y W Z Z WX Y[ \^] X_ 9 JKP ` N I 8 ( ( '  � # 9 JK K Q @ -

/ ' $ ' (# � � & ' � ( � # �) � � ��# � � �� � �� �  � � � � �� �< $ ��

6 � $�+ � * � ' � � � �+ � �& � � '* ��# �+ �# � �� # �

8� ��� � �# � � � � ' � � 0 8 �) � �< 2 � � � � �# �# � � � � ' $ '�

a � � � � � ' � $� �<# ' , � � � � '& �� � �) � � $ �� � ' � 8+ �# � �

a 5 5 �&  � � # '* ' � � * ' � �  � � � �1 �# � � 6 � $�+ �? S 8 � E �# �& � , 9 JK K K @ -
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�� �� �� � � � �	 � � � � � F � � � 	 � �

7 �� N ⊆ R
n × R N (k) = {x ∈ R

n | (x, k) ∈ N}# � 6 %� � � �� � �+ �# � �� N# � 8 � '� # � k-
N = {(x, k) | x ∈ N (k)}

x1, . . . , xn

k N

/

N (k∗)

ik∗ k = k∗
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I �+ �# � � ) � � �� '* ' � # 'E � � � �! M(k)-I �+ �# � � � # 'E � � � � �� 6 � �1 � � ' � � ! W [k, t]-

R � � ( '� �# � � & ) � � �� ' � 8 � # 'E � � � 8 M!

J - � '# '  '# # ' � <! M(k1) ⊆ M(k2)
� � � � k1 6 k2

N

b - M(k) = ∅

$ �� k < 0N

` - M(k)# � � � � � %� # ' � ' c� 8 � $ ' � 5 8 � � �

M(k) 6= ∅

N

d- M(k) ∈ conv R
n-
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V (t, x, k) = inf
U∈UCL

sup
(

x(·)
k(·)

)

∈ZU(·)

d(x(t1),M(k(t1))).

W [k, t] = {x ∈ R
n | V (t, x, k) 6 0}, V (t, x, k) 6 d(x,W [k, t]).

x1, . . . , xn

k

-�
�

d(x,M(k))

d((x, k),M)

M

x

k
M(k)
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�� � �f � �� �hg 
 � i � g � � � � �� �hg

� � � 
	 �

Vt + min
u∈P(t)

max
v∈Q(t)

{

〈Vx, B(t)u + v〉 − Vk‖u‖
2
R(t)

}

= 0,

t0 6 t 6 t1, k > 0, x ∈ R
n

�& �� �� % � 8 � � '� � ��

Vt + max
v∈Q(t)

〈Vx, v〉

∣
∣
∣
∣
k=0

= 0, t0 6 t 6 t1, x ∈ R
n

� # �+ � �<# % � 8 � � '� � ��
V (t1, x, k) = d(x,M(k)), k > 0, x ∈ R

n.
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U∗(t, x, k) = Arg min

u∈P(t)

〈Vx, B(t)u〉 − Vk‖u‖
2
R(t).
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 � � j e � �� � � � � � �� � �

k# '* ' 6# �+ # ' � '  ' ( �� E �# � � Z[k, t] : R × R → R
n

� �� ( ' � # � � � � �#  # ' � � � �

Z[k, t] ⊆ W+(k, t, t + σ,Z(·, t + σ)).

Z[k, t] � �� ( ' � # � � � � �#  # ' ⇐⇒ � � �� � �� � �1 �# � ��

a� ' � 2) � '# # '* ' 8 ��� # �# � �
lim
σ↓0

σ−1h+

(

Z[k, t] + σQ(t),
⋃

06γ6k

[
Z[γ, t + σ]−

− σP(t) ∩ E
(
0, (k − γ)σR−1(t)

)])

= 0.

W [k, t] 3 � � & �� � � �<# ' � � �1 �# � � a� ' � 2) � '# # '* '

8 ��� # �# � � -
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/ 8 � < Z[k, t] 3 � �� ( ' � # � � � � �#  # ' � � # '* ' 6# �+ # ' �

'  ' ( �� E �# � � � ' � ' �# ' , 5 8# & ) � � , 9 # � � � � � %� # '

$� 5 5 � � �# ) � � 8 �� ' , � ' t � k- R '* $�
min

u∈P(t)
max
v∈Q(t)

dd2(x,Z[k, t])

dt
6 0.

Arg min
u∈P(t)

〈`0, B(t)u〉 + ‖u‖2
R(t)

∂ρ(`0 | Z[k, t])

∂k

# � 6 %� � � �� a& � � �� � �<# ' , � ��  �* � � , $ �� Z[k, t]-

`0 = arg max
`

〈`, x〉 − ρ(` | Z[k, t]) −
1

4
‖`‖2.
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l& � � �� � �<# � � � ��  �* � � UZ(t, x, k) � � � # � $ � � E �  

UCL

� � � �� � �� � �1 �# � �� � �0 ' $# ' , 6 � $�+ � !
d(x(t1),Z[k(t1), t1]) 6 d(x(t),Z[k(t), t])

x(t) ∈ Z[k(t), t] =⇒ x(τ) ∈ Z[k(τ), τ ], τ > t,

� + � � # ' � � 9 x(t1) ∈ M(k(t1))-
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�� �� � � � � � � � �	 � � � � � F �nm

� � 	 � �

k � & �� � � # # ' � k - B- W+(k, t, t1;M(·)) � ' � ' �  � 6

 '+ �& x ∈ R
n 9  -+ - $ �� � 2 ( ' , � ' � � 0 � v(·)� 8 4 � � � 8 � u(·) ∈ UOL(k)9  -+ - x(t1) ∈ M(k(t1))-? � ' � � 0 � � 6� � � # � 6 � ��# � � @

k � # � � � & �# ' � k - B- W−(k, t, t1;M(·)) � ' � ' �  � 6

 '+ �& x ∈ R
n 9  -+ - � 8 4 � � � 8 � u(·) ∈ UOL(k)9 $ ��

& '  ' � '* ' x(t1) ∈ M(k(t1))
$ �� � 2 ( ' , � ' � � 0 � v(·)-?# � � # 5 ' � � �) � � ' � ' � � 0 � @

; $ � �< x(·) 3  �� �&  ' � � � (∗∗)9 � % � 8 4 �# # � � � 6

� '6 � ) � � (t, x, k) � � � 8� ��� � �# � � u(·) � � ' � � 0 � v(·)-
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�� �� � � � � � � � �	 � � � � � F �nm

� � 	 � �

W+[k, t] =
[ ⋃

06γ6k

M(γ) −XGI(t, t1; k − γ)
]

−̇

∫ t1

t

Q(τ) dτ,

W−[k, t] =
⋃

06γ6k

[(

M(γ) −̇

∫ t1

t

Q(τ) dτ
)

−XGI(t, t1; k − γ)
]

.

; $ � �< XGI

3 � # 'E � � � ' $ ' � � E � � ' � � � � � $� ' ,# ' �

'* ��# �+ �# � � !

XGI(t, t1; k) =

{∫ t1

t

B(τ)u(τ) dτ

∣
∣
∣
∣
u(·) ∈ UOL(k)

}

.

Проблемы управления и приложения · 17 V 2005 – p. 20/55



� � � XGI

−4 −3 −2 −1 0 1 2 3 4
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e �� 
 � � �� XGI

XGI(t, t + σ; δ) ⊆ XG(t, t + σ) ∩ XI(t, t + σ; δ)9 * $ �

XG =

∫ t+σ

t

B(τ)P(τ) dτ, XI = E

(

0, δ

∫ t+σ

t

R−1(τ) dτ

)

.

h(XGI,XG ∩ XI) = O(σ2)

� � � � � � $� ' � 'E �# � � 0!

J - 0 ∈ intP(t)N

b - ρ(` | P(t)) � R(t)# � � � � � %� # % � ' H � � 1 � ) 8-
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�f � � � � � �� � � � 	 � � �

/ 8 � < T = {t = τ0, τ1, . . . , τm−1, τm = t1} 3

�� 6 ( � �# � � [t, t1]N σi = τi − τi−1 > 0-
W+

T [k, τm] = W−
T [k, τm] = M(k),

W+
T [k, τi−1] = W+(k, τi−1, τi; W

+
T [·, τi]),

W−
T [k, τi−1] = W−(k, τi−1, τi; W

−
T [·, τi]).

W+
T [k, τ0] = I+

T [k, t], W−
T [k, τ0] = I−

T [k, t]

3� � �0 # � � � # � E # � � � �<  � �# � � '� �# # % � � 8� � %o-? � # 'E � � � ' �� 6 � �1 � � ' � � � 6 � $�+ �& ' � � �& ) � �

$� � E �# � � @
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� � � � � � � � � � � �� � �� � �

/ � � $� ' � 'E �# � �! $ �� � 2 ( '* ' �� 6 ( � �# � � T 9 k > 0 �

t ∈ [t0, t1]

� # 'E � � � � I+
T [k, t] � I−

T [k, t]� % � 8& � % �-

p � � � $ �� # �& '  ' � '* ' k > 0 � 8 4 � � � 8 � � � � $ � � � '

c� 8 � $ ' � 5 8 I+[k, t]� � �0 # � 0 ?# � E # � 0 @ � 8� �

lim
diam T →0

h(I+
T [k, t], I+[k, t]) = 0,

 ' a  ' � � � $ � �# � 6 %� � � �� � � �0 # � � ?# � E # � � @

� �<  � �# � � '� �# # % � � #  �* �� � ' � -

I+[k, t] =
⋂

T

I+
T [k, t], I−[k, t] =

⋃

T

I−
T [k, t].
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�f � � � � � �� � � � �� � �� � �

I−[k, t] ⊆ W [k, t] ⊆ I+[k, t].

p � � � � � �0 # � , � # � E # � , � �<  � �# � � '� �# # % ,

� #  �* �� � % � 8 4 � � � 8 2  � � '� � � $� 2  9  '
I[k, t] = I+[k, t] = I−[k, t]# � 6 %� � � ��

� �<  � �# � � '� �# # % � � #  �* �� � ' � -
W [k, t] = I[k, t].

q  ' ( �� E �# � � I 9 I+ 9 I− 9 W ' ( �� $� 2  

� ' � 8* � 8� � '� % � �� ' , � � ' � !

I(k, t, t1;M(·)) = I(k, t, τ, I(·, τ, t1;M(·))),

t0 6 t 6 τ 6 t1.
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� � � �=� � � � � � �� � �

ẋ = Ax + bu

|u| 6 µ

; � $�+ � ( % � � ' $ � , � � � � !

x(0) = x0 x(θ) = 0 θ → min

u0(t) = µ · sign h0(t)
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dx = Ax dt + b dU(t)

dU

dt
= u 3 rs X sU W Z \ut s Y Y sU \uv W w \v s

VarU 6 µ

; � $�+ � ( % � � ' $ � , � � � � !

x(0) = x0 x(θ) = 0 θ → min

u0(t) =
k∑

i=1

αiδ(t − ti)
k∑

i=1

|αi| 6 µ

t0 6 t1 < t2 < . . . < tk 6 θ
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�� �� �

; � $�+ � J - k � # � � � 6 � � '� �  <

J(U(·)) = Var
[t0,t1]

U(·) + ϕ(x(t1 + 0)) → inf,

� ' 5 8# & ) � � � U(·) ∈ BV ([t0, t1]; R
m) � � � 8 � � '� � �

dx(t) = A(t)x(t) dt + B(t) dU(t), t ∈ [t0, t1],

x(t0 − 0) = x0.

> � E # % ,+ � � # % , � � 8+ � ,!

ϕ(x) = δ(x | {x1})
! � � � � 0 ' $ � 6 (t0, x0)

� (t1, x1)-
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k � # � � � �<# ' � 6# �+ �# � � J(U(·)) � � � 5 � & �� � '� �# # ' ,

# �+ � �<# ' , � ' 6 � ) � � x(t0 − 0) = x0

# � 6 %� � � ��

5 8# & ) � � ,) �# %!

V (t0, x0) = V (t0, x0; t1, ϕ(·)).
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�� � 	 � �� � � � 
e � � e �� �

; � $�+ � �� 6 ( � � � � �� # � $� �+ � � � !

# � ,  � ' �  � � � �<# ' � x1 = x(t1 + 0)

# � ,  � ' �  � � � �<# ' � U(·) $ �� � � � �� ' $� � 6 (t0, x0)� (t1, x1)

V (t0, x0) = inf
x1∈Rn

{

ϕ(x1) + sup
p∈Rn

〈p, x1 − X(t1, t0)x0〉

‖B′(·)X ′(t1, ·)p‖C[t0,t1]

}

.

X(t, τ) 3 � �1 �# � �
∂X(t, τ)/∂t = A(t)X, X(τ, τ) = I.
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�� � 	 � �� � � � 
e � � e �� � x x
X(t1, t0)x0 +

∫ t1

t0

X(t1, t)B(t) dU(t) = x1

〈p, x1 − X(t1, t0)x0〉 =

∫ t1

t0

〈B′(t)X ′(t1, t)p, dU(t)〉 6

6

[

max
t∈[t0,t1]

B′(t)X ′(t1, t)p

]

· Var
[t0,t1]

U(·)

inf Var
[t0,t1]

U(·) = sup
p∈Rn

〈p, x1 − X(t1, t0)x0〉

‖B′(·)X ′(t1, ·)p‖C[t0,t1]
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 � � 	 � �� � �� � �� �� �

y 8# & ) � � ) �# % � � �� � �� � % � 8& � ' , 9 � ' � �� E z# # � � &

# � , ��� # �

V ∗(t0, p) = ϕ∗(X ′(t0, t1)p) + δ
(

X ′(t0, t1)p
∣
∣
∣ B‖·‖[t0,t1]

)

* $ � ‖p‖[t0,t1]
= ‖B′(t)X ′(t1, ·)p‖C[t0,t1]

-

t = t1 + 0t = t1t = τt = t0

p1

pn

p1

pn

p1

pn

p1

pn

B‖·‖[t1,t1]
B‖·‖[t0,τ]

B‖·‖[τ,t1]
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�� � 	 � �� � � 	 � � � {� � � � � 
e � �

V (t0, x0) = inf
x1∈Rn

{

ϕ(x1) + sup
p∈Rn

〈p, x1 − X(t1, t0)x0〉

‖B′(·)X ′(t1, ·)p‖C[t0,t1]

}

.

V (t0, x0) = inf
x1∈Rn






ϕ(x1) + sup

p∈B
‖·‖[t0,t1]

〈p, x1 − X(t1, t0)x0〉






.

V (t0, x0) = sup
p∈B

‖·‖[t0,t1]

inf
x1∈Rn

{ϕ(x1) + 〈p, x1〉 − 〈p, X(t1, t0)x0〉}.

V (t0, x0) = sup
p∈B

‖·‖[t0,t1]

{−ϕ∗(−p) − 〈p, X(t1, t0)x0〉}.

V (t0, x0) = sup
p∈Rn

{

ϕ∗(p) − 〈p, X(t1, t0)x0〉 − δ
(

p
∣
∣
∣ B‖·‖[t0,t1]

)}

.
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�� e � � � � � � � � �f � � 	 � �

y 8# & ) � � ) �# % V (t, x; t1, ϕ(·)) 8 $ '� � � � ' �� � 

� � � # ) � � 8 ' �  � � � �<# ' � �

V (t0, x0; t1, ϕ(·)) = V (t0, x0; τ, V (τ, ·; t1, ϕ(·))),

* $ � τ ∈ [t0, t1]-

V (t0, x0; t1, ϕ(·))

V (t0, x0; τ, V (τ, ·)) V (τ, x; t1, ϕ(·))

ϕ(·)

t0 τ t1

ϕ(·)

=
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�� e � � � � � � � � �f � � 	 � � x x

> ' ( 4 �� � � 8+ � � V (t1, x; t1, ϕ(·)) 6 ϕ(x)9  � & & � &
V ∗(t1, p) = ϕ∗(p) + δ(B(t1)p | B1).

" � � � � � � � 9 � � � � ϕ(x) = δ(x | {x1})
� B(t1) = I 9  '

V (t1, x; t1, ϕ(·)) = ‖x − x1‖.

q $# � & ' 9 � �� � 8 � � � # ) � � � ' �  � � � �<# ' � � 9

V (t1, x; t1, ϕ(·)) = V (t1, x; t1, V (t1, ·; t1, ϕ(·))).
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� � �� � � � � � � �� �

y 8# & ) � � ) �# % � � �� � �� � � 6 & ' � # % � � �1 �# � ��

8 ��� # �# � � A� � � �<  '# �}| ~& ' ( � | � � � � � �# �!
min {H1(t, x, Vt, Vx), H2(t, x, Vt, Vx)} = 0,

V (t1, x) = V (t1, x; t1, ϕ(·)).

H1(t, x, ξt, ξx) = ξt + 〈ξx, A(t)x〉,

H2(t, x, ξt, ξx) = min
u∈S1

〈ξx, B(t)u〉+1 = −
∥
∥BT (t)ξx

∥
∥+1.
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� 
 � � � � � �� ��

(t, x)H1(t, x) = 0 H2(t, x) = 0

�& �+ '&

U(τ) = α · d · χ(τ − t)

dU(t) = 0

E $�  < � % ( ��  < # � � ��� � �# � � �& �+ & �

d = −B′(t)Vx

� % ( ��  < � � � �+ � # 8 �& �+ & �

min α > 0 : H1(t, x + αd) = 0
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>� � $ z�� '* ��# �+ �# � �# � # ' � � 8 8� ��� � �# � � 9
u(t) ∈ Bµ

9 � �� � �� '  � � � � ' '  � � � � 8 2 4 8 2 6 � $�+ 8!

; � $�+ � b - k � # � � � 6 � � '� �  <

Jµ(u(·)) =

∫ t1

t0

‖u(t)‖ dt + ϕ(x(t1)) → inf,

� ' 5 8# & ) � � � u(·) ∈ L1([t0, t1]; R
m) � � � 8 � � '� � �

ẋ(t) = A(t)x(t) + B(t)u(t), x(t0) = x0,

‖u(t)‖ 6 µ.
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k � # � � � �<# ' � 6# �+ �# � � Jµ(U(·)) � � �

5 � & �� � '� �# # ' ,# �+ � �<# ' , � ' 6 � ) � � x(t0) = x0# � 6 %� � � �� 5 8# & ) � � ,) �# %!

Vµ(t0, x0) = Vµ(t0, x0; t1, ϕ(·)).

y 8# & ) � � ) �# %� 6 � $�+ � b � � �� � �� � � 6 & ' � # % �

� �1 �# � �� 8 ��� # �# � � A� � � �<  '# �}| ~& ' ( � | � � � � � �# �? A| ~| � @

∂Vµ

∂t
+ min

u∈µB1

{〈
∂Vµ

∂x
, A(t)x(t) + B(t)u

〉

+ ‖u‖

}

= 0,

Vµ(t1, x) = ϕ(x).Проблемы управления и приложения · 17 V 2005 – p. 46/55



�� � 	 � �� � � � 
e � � e �� �

y 8# & ) � � ) �# % 6 � $�+ � b ��� # �

Vµ(t, x) = sup
p∈Rn

{

〈p, X(t1, t0)x0〉−

− µ

∫ t1

t

(‖B′(τ)X ′(t1, τ)p‖ − 1)+ dτ − ϕ∗(p)
}

,

� � z � ' � �� E z# # � � � ' � � � �� �# # ' ,
x 3

V ∗
µ (t, p) = ϕ∗(p) + µ

∫ t1

t

(‖B′(τ)X ′(t1, τ)p‖ − 1)+ dτ.
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� �� � � � 	 �f Vµ

/ � � µ → ∞

Vµ(t, x) → V (t, x), V ∗
µ (t, x) → V ∗(t, x).

/ � � # �& '  ' � % 0 � � � $� ' � 'E �# � � 0
0 6 Vµ(t, x) − V (t, x) = O(µ−1).

� ��� # �# � � A| ~| � $ �� 6 � $�+ � J � 'E � ( %  <5 ' � � � �<# ' � ' � 8+ �# '� � � � $ � � � � � � µ → ∞ $ ��

8 ��� # �# � � A| ~| � $ �� 6 � $�+ � b -
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q �  � � � �<# % , �� #  �6 8� ��� � �# � ,� 6 � $�+ � b � ' � ' �  

� 6 � � # � � � 6 �  ' � '� � 8 ��� # �# � � A| ~| �!
U∗

µ(t, x) =







{0}, ‖ζ‖ < 1;

[0,−µζ], ‖ζ‖ = 1;
{

−µ
ζ

‖ζ‖

}

, ‖ζ‖ > 1,

ζ = B′(t)
∂Vµ

∂x

?�  � 0  '+ & � 0 9 * $ � Vµ(t, x) $� 5 5 � � �# ) � � 8 �� � � ' x @ -
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{

dx1(t) = x2(t) dt,

dx2(t) = −x1(t) dt + dU(t),
0 6 t 6

π
2 ,

Var
[0,

π
2 ]

U(·) → inf,

x1(0−0) = x0
1, x2(0−0) = x0

2, x1(
π
2
+0) = 0, x2(

π
2
+0) = 0.

x1

x2
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