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Íàäåæíîñòü êîìïëåêñîâ ñëîæíûõ
âîññòàíàâëèâàåìûõ ñèñòåì ñ âðåìåííûì
ðåçåðâîì è âîçâðàùåíèåì âîññòàíîâëåííûõ
ýëåìåíòîâ â ñèñòåìû ñ ìèíèìàëüíûì
âíóòðåííèì ðåçåðâîì. II

Íàéäåíî àñèìïòîòè÷åñêîå ðàñïðåäåëåíèå âðåìåíè áåçîòêàçíîé ðàáîòû êîìïëåêñîâ ñëîæíûõ

âîññòàíàâëèâàåìûõ ñèñòåì (ÑÂÑ) ñ âðåìåííûì ðåçåðâîì è âîçâðàùåíèåì âîññòàíîâëåííûõ

ýëåìåíòîâ â ñèñòåìû ñ ìèíèìàëüíûì âíóòðåííèì ðåçåðâîì ñ ìîìåíòà óñòàíîâëåíèÿ èñïðàâ-

íîñòè âñåõ ýëåìåíòîâ âñåõ ÑÂÑ. Èññëåäîâàíèå ïðîâåäåíî äëÿ êîìïëåêñîâ ÑÂÑ ñ ìàðêîâñêèì

ïîòîêîì îòêàçîâ ýëåìåíòîâ, ïðîèçâîëüíîé ôóíêöèåé ðàñïðåäåëåíèÿ âðåìåíè îáñëóæèâàíèÿ

ýëåìåíòîâ ÑÂÑ, ÷èñëî êîòîðûõ âîçðàñòàåò îáðàòíî ïðîïîðöèîíàëüíî èíòåíñèâíîñòè îòêàçîâ

òàê, ÷òî ñóììàðíàÿ íàãðóçêà íà ñèñòåìó îáñëóæèâàíèÿ òðåáîâàíèé â ïîðÿäêå èõ ïîñòóïëåíèÿ

îãðàíè÷åíà ñâåðõó âåëè÷èíîé, ìåíüøåé åäèíèöû.

Çíàéäåíî àñèìïòîòè÷íèé ðîçïîäië ÷àñó áåçâiäìîâíî¿ ðîáîòè êîìïëåêñiâ ñêëàäíèõ âiä-

íîâëþâàëüíèõ ñèñòåì (ÑÂÑ) ç ÷àñîâèì ðåçåðâîì ³ ïîâåðíåííÿì âiäíîâëåíèõ åëåìåíòiâ ó

ñèñòåìè ç ìiíiìàëüíèì âíóòðiøíiì ðåçåðâîì ç ìîìåíòó âñòàíîâëåííÿ ñïðàâíîñòi óñiõ

åëåìåíòiâ óñiõ ÑÂÑ. Äîñëiäæåííÿ ïðîâåäåíî äëÿ êîìïëåêñiâ ÑÂÑ ç ìàðêîâñüêèì ïîòîêîì

âiäìîâëåíü åëåìåíòiâ, äîâiëüíîþ ôóíêöiºþ ðîçïîäiëó ÷àñó îáñëóãîâóâàííÿ åëåìåíòiâ

ÑÂÑ, ÷èñëî ÿêèõ çðîñòàº çâîðîòíüî ïðîïîðöiéíî iíòåíñèâíîñòi ¿õ âiäìîâëåíü òàê, ùî

ñóìàðíå íàâàíòàæåííÿ íà ñèñòåìó îáñëóãîâóâàííÿ âèìîã ó ïîðÿäêó ¿õ íàäõîäæåííÿ º

îáìåæåíèì çâåðõó âåëè÷èíîþ, ìåíøîþ çà îäèíèöþ.

Ê ë þ ÷ å â û å ñ ë î â à: ñëîæíûå âîññòàíàâëèâàåìûå ñèñòåìû, âðåìåííîé ðåçåðâ,
âîçâðàùåíèå ýëåìåíòîâ, ìèíèìàëüíûé âíóòðåííèé ðåçåðâ.

Ëåììà 10. Ïóñòü ��1 è ñóùåñòâóåò êîíå÷íûé ìîìåíò ms � �. Òîãäà ïðè

N � �

E B x x dx ...dx E B xs s... ( , , , ..., , ) ... ( , ,
�� �

�

�
0 1 1 0

1 0 1 0�

	

1 1
0,..., , )x dx ...dxs s�

	

�
� .

Ä î ê à ç à ò å ë ü ñ ò â î. Âûáåðåì ëþáîå ÷èñëî
 �0. Èç ëåììû 7 ñëåäóåò,

÷òî ñóùåñòâóåò òàêîå z z� ( )
 , ÷òî äëÿ ëþáîãî z z
 ( )
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... ( , , , ..., )

\ ( )

��
�B x x dx ...dxs

z

s�




1 0

6
1 1

	 	

.
(14)

Ïîñêîëüêó� �( )0 � , èç ëåììû 5, ïðèâåäåííîé â ðàáîòå [1], cëåäóåò, ÷òî äëÿ

ëþáîãî � 
 0

B x x B x xs s0 1 1
1 0 1 0

�

�( , , , ..., , ) ( , , , ..., )�
�

,

B x x B x xs s0 1 1
1 0 1 0( , , , ..., , ) ( , , , ..., )�

�
� .

(15)

Èç (14) è (15) ñëåäóåò, ÷òî äëÿ ëþáîãî � 
 0

... ( , , , ..., , )

\ ( )

��

�

�B x x dx ...dxs

z

s0 1 1
1 0

6

�




	 	

,

... ( , , , ..., , )

\ ( )

��
�B x x dx ...dxs

z

s0 1 1
1 0

6

�




	 	

.

(16)

Èç àêñèîìû íåïðåðûâíîñòè òåîðèè âåðîÿòíîñòåé äëÿ âûáðàííîãî 
 ñó-

ùåñòâóåò òàêîå íàòóðàëüíîå ÷èñëî l l� ( )
 , ÷òî äëÿ âñåõ l l
 ( )


P z l
z

( ( ) )

( )
( )

�

	

�




0

6

� � .
(17)

Îòñþäà è èç íåðàâåíñòâà x x zs1
� � ñëåäóåò

P x l P z l
z

( ( ) ) ( ( ) )

( )
( ) ( )

� �

	

� �




0 1 0

6

� � � � .
(18)

Ïóñòü C l — ñëó÷àéíîå ñîáûòèå, ñîñòîÿùåå â òîì, ÷òî ñîâïàäóò ìîìåí-

òû âîçíèêíîâåíèÿ ïåðâûõ l òðåáîâàíèé äâóõ ïóàññîíîâñêèõ ïîòîêîâ ñ

ïàðàìåòðàìè � ( )0 è �
�
( )0 (âòîðîé ïîòîê ïîëó÷àåòñÿ èç ïåðâîãî ïóòåì

ïðîñåèâàíèÿ). Òîãäà P C Nl
l

( ) ( )� � �
�

1 1
1

ïðè N � �. Îòñþäà ñëåäóåò,

÷òî äëÿ âûáðàííîãî 
 �0 ñóùåñòâóåò òàêîå l l� ( )
 , ÷òî äëÿ ëþáîãî l l
 ( )


P C
z

l( )

( )

� �1

6




	

.
(19)

Ïóñòü C z l C l� �{ ( ) }
( )

�
� 0

è I C( ) — èíäèêàòîð ñëó÷àéíîãî ñîáûòèÿ C.

Òîãäà äëÿ ëþáîãî � 
 0

B x x x P x e x xs0 1 2 0 1 1 1
1 0 0 1

� �

� � � 
( , , , , ..., , ) { , ( ) , (� � �
ocò

)� � � �x xs 1
��

� � � 
 � � � �
�P I Ñ x I Ñ e x x I Ñ x xs{ ( ) , ( ) ( ) , ( ) ( )� � ��
0 1 1 1 1

0 1
ocò
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� � � 
 � � �
�P I Ñ x I Ñ e x x I Ñ x xs{ ( ) , ( ) ( ) , ( ) ( )� � ��
0 1 1 1 1

0 1
ocò

, (20)

B x x x P x e x xs0 1 2 0 1 1 1
1 0 0 1( , , , , ..., , ) { , ( ) , ( )� � �� � � 
 �

ocò
x xs � � �

1
��

� � � 
 � � � �P I Ñ x I Ñ e x x I Ñ x xs{ ( ) , ( ) ( ) , ( ) ( )� � ��
0 1 1 1 1

0 1
ocò

� � � 
 � � �P I Ñ x I Ñ e x x I Ñ x xs{ ( ) , ( ) ( ) , ( ) ( )� � ��
0 1 1 1 1

0 1
ocò

. (21)

Èç ïîñòðîåíèÿ ñëó÷àéíîãî ñîáûòèÿ ñëåäóåò, ÷òî äëÿ ëþáîãî � 
 0

{ ( ) , ( ) ( ) , ( ) ( )� ����� �
0 1 1 1 1

0 1
�

� � 
 � � �I C x I C e x x I Ñ x xsocò
���

� � � 
 � � �{ ( ) , ( ) ( ) , ( ) ( )� ����� �
0 1 1 1 1

0 1I Ñ x I Ñ e x x I Ñ x xsocò
�� . (22)

Ïîñêîëüêó äëÿ ëþáîãî � 
 0 ñ èñïîëüçîâàíèåì (18) è (19)

P I Ñ x I Ñ e x x I Ñ x xs{ ( ) , ( ) ( ) , ( ) ( )� � ��
0 1 1 1 1

0 1
�

� � 
 � � � �
ocò

� � � � �P Ñ P x l P Ñ
z

l( ) ( ( ) ) ( )

( )

�

	

�




1

3

(23)

è àíàëîãè÷íî äëÿ ëþáîãî � 
 0

P I Ñ x I Ñ e x x I Ñ x xs{ ( ) , ( ) ( ) , ( ) ( )� � ��
0 1 1 1 1

0 1� � 
 � � � �
ocò

� � � � �P Ñ P x l P Ñ
z

l( ) ( ( ) ) ( )

( )

�

	

�




1

3

,
(24)

èç (20) — (24) ñëåäóåò

B x x B x x
z

s s0 1 0 1
1 0 1 0

2

3

�

� �( , , , ..., , ) ( , , , ..., , )

( )

� �




	

.
(25)

Èç (25) è ñâîéñòâà èíòåãðàëà äëÿ ëþáîãî � 
 0 âûòåêàåò

... ( , , , ..., , ) ... ( , ,
�� �

�

�B x x dx ...dx Bs

z

s0 1 1 0
1 0 1 0�

	� �

x x dx ...dxs

z

s1 1
,..., , )�

	� �

�
�

� �
��

�

... ( , , , ..., , ) ( , , ,..., , )B x x B x xs s

z

0 1 0 1
1 0 1 0� �

	� �

dx ...dxs1
�

� �
��

...

( )

2

3

2

3
1

	
	� �

z
dx ...dx

z

s




. (26)
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Èç (16) è (26) ñëåäóåò, ÷òî äëÿ ëþáîãî N N
 ( )
 è ëþáîãî � 
 0

... ( , , , ..., , ) ... ( , , ,
�� �

�

�B x x dx ...dx B xs s0 1 1 0 1
1 0 1 0�

	

..., , )x dx ...dxs s�

	

�
�

1

� �
�� �

�

... ( , , , ..., , ) ... (

\

B x x dx ...dx Bs

z

s0 1 1 0
1 0 1�

	 	� �

, , , ..., , )

\

0
1 1

x x dx ...dxs

z

s�

	 	� �

�
�

� �
�� �

�

... ( , , , ..., , ) ... ( ,B x x dx ...dx Bs

z

s0 1 1 0
1 0 1 0�

	� �

, , ..., , )x x dx ...dxs

z

s1 1
�

	� �

�
�

� � � �


 
 





6 6

2

3

.

Îòñþäà äëÿ ëþáîãî N N
 ( )
 ñïðàâåäëèâî íåðàâåíñòâî

E B x x dx ...dx E B xs s... ( , , , ..., , ) ... ( , ,
�� �

�

�
0 1 1 0

1 0 1 0�

	

1 1
,..., , )x dx ...dxs s� 


	

�
� .

Îòñþäà è îïðåäåëåíèÿ ïðåäåëà ïîñëåäîâàòåëüíîñòè ñëåäóåò óòâåðæäåíèå

ëåììû 10. Ëåììà 10 äîêàçàíà.

Ëåììà 11. Ïóñòü p�1 è ñóùåñòâóåò êîíå÷íûé ìîìåíò ms � �. Òîãäà

ïðè N � �

J E B x x dx ...dxN s s1 0 1 1
1 0 0

,
... ( , , , ..., , )� �
��

�

	

.

Ä î ê à ç à ò å ë ü ñ ò â î. Äëÿ ïðîñòîòû ââåäåì îáîçíà÷åíèÿ

J E B x x dx ...dx
N s s
( )

... ( , , , ..., , )
1

1 1
1 0�

� �

	

� ,

J E B x x dx ...dx
N s s
( )

... ( , , , ..., , )
2

0 1 1
1 0�

� �

�

	

� ,

J E B x x dx ...dx
N s s
( )

... ( , , , ..., , )
3

0 1 1
1 0�

� �

	

� .
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Èç ëåìì 8—10 ñëåäóåò, ÷òî äëÿ ëþáîãî 
 �0 ñóùåñòâóþò òàêèå íàòó-

ðàëüíûå ÷èñëà N N
1 1
� ( )
 , N N

2 2
� ( )
 , N N

3 3
� ( )
 , ÷òî äëÿ ëþáîãî íàòó-

ðàëüíîãî ÷èñëà N N�
1

J J
N N1

1

3
,

( )
� �




,

äëÿ ëþáîãî N N�
2

J J
N N

( ) ( )1 2

3

� �




,

äëÿ ëþáîãî N N�
3

J J
N N

( ) ( )2 3

3

� �




.

Ïóñòü N N N N
0 1 2 3
� max{ , , }. Òîãäà äëÿ ëþáîãî íàòóðàëüíîãî ÷èñëà

N N�
0

ñïðàâåäëèâî íåðàâåíñòâî

J J J J J J J J
N N N N N N N N1

3 1 1 2 2 3

3 3
,

( ) ( ) ( ) ( ) ( ) ( )
� � � � � � � � � �


 
 





3

� .

Ëåììà 11 äîêàçàíà.

Ëåììà 12. Ïóñòü ��1è ñóùåñòâóåò êîíå÷íûé ìîìåíò ms � �. Òîãäà

E B x x x dx dx ...dx ds s... ( , , , , ..., , )

( )
	

� �
�

�
0 1 2 1 2

0

1 0
1

1

�

�

H u
t u

s
G t dt

u

s

t u

( )
( )

( )!

( .




�

�

� �

�

�
0

1

1

�

Ä î ê à ç à ò å ë ü ñ ò â î. Ñîãëàñíî ïðåäåëüíîé òåîðåìå äëÿ

ðåãåíåðèðóþùèõ ïðîöåññîâ [1, 2]

E B x x x dx dx ...dxs s... ( , , , , ..., , )

	

� �
�

0 1 2 1 2
1 0 �

� � � 


� � � �

� �
E dx P x e x x

x x xs

1

0 0

0 1 1 1

1 2

0 1... { , ( ) , (

...

� �
ocò

)� � � �
�

x x dx ...dxs s1 2
��

�

�

� �

� � � �

� � �

m
E dx ...dx

m
G t dts

x x t xs s

1

0

2

0 1
1

1

2

( )

(

...
�

��

�

�

� �

� � � �

� �

1

1
0

2

2

( )

... (

...
�

��

�

E G t dx ...dx dt

x x t

s

s

�

� �

� �

�



�

�

� �

1

1 1

1

1
0 0

1

0 0
( )

( )

( )!

(

( )

(

�

�

�

dH u
t

s
G t u dt dH

u

s

t

u
t u

s
G t dt

u

s

t u

)
( )

( )!

(




�

�

� �

�

�
0

1

1

� .

Ëåììà 12 äîêàçàíà.
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Ïóñòü B n x P x e x n( , ) { , ( ) }
1 1 1

0� � � 
� — óñëîâíàÿ âåðîÿòíîñòü òîãî,

÷òî ïåðèîä ðåãåíåðàöèè ñëó÷àéíîãî ïðîöåññà e x( ) –– ÷èñëî òðåáîâàíèé â

ÐÎ â ìîìåíò âðåìåíè x — êîìïëåêñà N íå çàêîí÷èòñÿ ê ìîìåíòó âðåìåíè

x
1

è â ìîìåíò âðåìåíè x
1

0� â ÐÎ êîìïëåêñà N íàõîäèòñÿ íå ìåíåå, ÷åì n

òðåáîâàíèé ïðè óñëîâèè, ÷òî ïåðèîä ðåãåíåðàöèè íà÷àëñÿ â ìîìåíò âðå-

ìåíè x �0, â ìîìåíò âðåìåíè x
1

ïðîèçîøåë îòêàç j
1
-ãî ýëåìåíòà ïåðâîé

ñëîæíîé ñèñòåìû è áîëüøå îòêàçîâ â ýòîé ñèñòåìå äî ìîìåíòà âðåìåíè x
1

íå áûëî.

Ïóñòü B n x P x e x n
�

�( , ) {� , � ( ) }
1 1 1

0� � � 
 — óñëîâíàÿ âåðîÿòíîñòü òîãî,

÷òî ïåðèîä ðåãåíåðàöèè ñëó÷àéíîãî ïðîöåññà � ( )e x — ÷èñëî òðåáîâàíèé â

ÐÎ â ìîìåíò âðåìåíè x — êîìïëåêñà N
�,G íå çàêîí÷èòñÿ ê ìîìåíòó

âðåìåíè x
1

è â ìîìåíò âðåìåíè x
1

0� â ÐÎ êîìïëåêñà N
�,G íàõîäèòñÿ íå

ìåíåå, ÷åì n òðåáîâàíèé ïðè óñëîâèè, ÷òî ïåðèîä ðåãåíåðàöèè íà÷àëñÿ â

ìîìåíò âðåìåíè x � 0.

Ëåììà 13. Ïóñòü ��1è ñóùåñòâóåò êîíå÷íûé ìîìåíò m
2
� �. Òîãäà

n x

B n x dx m
m



�

�

� �
� �

�

�

�

�

�

 

!
�

1

1 1

0

1

2 1

1

2 1

1
�

�

�

�( , )

( )

( ) .

Ä î ê à ç à ò å ë ü ñ ò â î.

n x

B n x dx



�

� �
�

1

1 1

0
1

�
( , )

� � � 
 � �



�




� � �

n x n

P x e x n dx nP x e x
1

1 1 1

0 1

1
0

1

{� , � ( ) } {� , � (� �
1 1

0

0

1

� � �

�

�
) }n dx

x

� � � �



�

� �
n P x e x n dx

n x1

1 1 1

0

0

1

{� , � ( ) }� .

Èç ïðåäåëüíîé òåîðåìû äëÿ ðåãåíåðèðóþùèõ ïðîöåññîâ [1, 2] ñëåäóåò

P x e x n dx p

x

n{� , � ( ) }

( )

��

� �

� � � �

�
�

� 1 1 1

0

0
1

1
1

,

ãäå �pn — ñòàöèîíàðíàÿ âåðîÿòíîñòü òîãî, ÷òî â ÐÎ êîìïëåêñà N
�,G íàõî-

äÿòñÿ ðîâíî n òðåáîâàíèé. Èç äâóõ ïîñëåäíèõ ðàâåíñòâ, ôîðìóëû Ëèòòëà

[4] è âûðàæåíèÿ äëÿ ìàòåìàòè÷åñêîãî îæèäàíèÿ ñòàöèîíàðíîãî âðåìåíè

ïðåáûâàíèÿ â îäíîëèíåéíîì ÐÎ ñ äèñöèïëèíîé îáñëóæèâàíèÿ â ïîðÿäêå

ïîñòóïëåíèÿ òðåáîâàíèé [5] cëåäóåò

n x

B n x dx



�

� �
�

1

1 1

0
1

�
( , )
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� � � � �

�

�



�




� � �n P x e x n dx n p
n x n

n

1

1 1 1

0 1

0
1

1
1

{� , � ( ) } �
( )

�

� �

m
m

1

2 1

2 1

1�

�

�

�

�

�

 

!
�

�
�

�

�

( )

( ) .

Ëåììà 13 äîêàçàíà.

Ïóñòü B n x
0 1

�

( , ) è B n x
0 1
( , ) ñîîòâåòñòâåííî â êîìïëåêñàõ N

�_( ),0 G è

N
�( ),0 G — óñëîâíûå âåðîÿòíîñòè òîãî, ÷òî, íà÷àâøèñü â ìîìåíò âðåìåíè

x �0, ïåðèîä ðåãåíåðàöèè íå çàêîí÷èòñÿ äî ìîìåíòà âðåìåíè x
1

è â ìîìåíò

âðåìåíè x
1

0� â ÐÎ êîìïëåêñîâ íàõîäÿòñÿ íå ìåíåå n òðåáîâàíèé ïðè

óñëîâèè, ÷òî ïåðèîä ðåãåíåðàöèè íà÷àëñÿ â ìîìåíò âðåìåíè x �0.

Ëåììà 14. B n x B n x( , ) ( , )
1 1

�
�

è B n x B n x B n x
0 1 0 1 1

�

� �( , ) ( , ) ( , )
�

.

Ä î ê à ç à ò å ë ü ñ ò â î. Ñîãëàñíî òåîðåìå 1 èç ðàáîòû [3]

{ ( ) , ( )[ ] } {� ( ) , � ( )[ ] }� � � � � �� � 
 " � � 
x e x n x e x n
1 1 1 1

0 0 .

Ïîýòîìó

B n x P x e x n( , ) { ( ) , ( )[ ] }
1 1 1

0� � � 
 �� � �

� � � 
 �P x e x n B n x{� ( ) , � ( )[ ] } ( , )� � �
�1 1 1

0 .

Ïåðâîå íåðàâåíñòâî äîêàçàíî. Àíàëîãè÷íî

{ ( ) , ( )[ ] } { ( ) , ( )[ ]� � � � � �
0 1 0 1 0 1 0 1

0 0
� �

� � 
 " � � 
x e x n x e x n}"

" � � 
{� ( ) , � ( )[ ] }� � �x e x n
1 1

0 .

Ïîýòîìó

B n x B n x B n x
0 1 0 1 1

�

� �( , ) ( , ) ( , )
�

.

Ëåììà 14 äîêàçàíà.

Ëåììà 15. Ïóñòü ��1è ñóùåñòâóåò êîíå÷íûé ìîìåíò m
2
� �. Òîãäà

n x

B n x dx m
m



�

�

� �
� �

�

�

�

�

�

 

!
�

1

1 1

0

1

2 1

1

2 1

1( , )

( )

( )
�

�

� ,

n x

B n x dx m
m




�

�

�

� �
� �

�

�

�

�

�

 

!
�

1

0 1 1

0

1

2 1

1

2 1

1( , )

( )

( )
�

�

� ,

n x

B n x dx m
m



�

�

� �
� �

�

�

�

�

�

 

!
�

1

0 1 1

0

1

2 1

1

2 1

1( , )

( )

( )
�

�

� .

Ä î ê à ç à ò å ë ü ñ ò â î. Óòâåðæäåíèå ëåììû 15 ñëåäóåò èç ëåìì 13, 14

è ìîíîòîííîñòè èíòåãðàëà. Ëåììà 15 äîêàçàíà.
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Ëåììà 16. Ïóñòü ��1è ñóùåñòâóåò êîíå÷íûé ìîìåíò m
2
� �. Òîãäà

J m
m

N2 1

2 1

2 1

1
,

( )

( )� �

�

�

�

�

�

 

!
�

�
�

�

� .

Ä î ê à ç à ò å ë ü ñ ò â î. Èç îïðåäåëåíèÿ J N2,
, íåðàâåíñòâ

exp{ ( ) }� �
�

� 0 1
1

1
N x ,

E e N xj
kexp{ ( ) [ ( ) ... ]}� � � � �

�

� � � �
1

1

1 1
1

ocò
,

ìîíîòîííîñòè èíòåãðàëà è ëåììû 14 ñëåäóåò

J N x P x e x nN

n k

n

x

2

1 0

1

1

1 1 1
0 0

1

,
exp[ ( ) ] { , ( ) }� � � � �


 �

�

�

� � � �

�

�
#

0

# � � � � �
�E e N x dxkexp{ ( ) [ ( ) ... ]}� � � �

1

1

1 1 1ocò

� � � � � �


 �

�

�



� � � �

n k

n

x n

P x e x n dx nP x
1 0

1

1 1 1

0 1

1
0

1

{ , ( ) } { ,� � e x n dx

x

( ) }
1 1

0

0

1

� � �

�

�

� � � 
 �



�



�

� � � �
n x n x

P x e x n dx B n x dx
1

1 1 1

0 1

1 1

0

0

1 1

{ , ( ) } ( , )� �

� � �

�

�

�

�

�

 

!
�



�

�

� �
n x

B n x dx m
m

1

1 1

0

1

2 1

1

2 1

1
�

�

�

�( , )

( )

( ) .

Ëåììà 16 äîêàçàíà.

Îáîçíà÷èì � � �N
jx E e N x( ) exp[ ( ) ( )]

1 1

1

1
� �

�

ocò
.

Ëåììà 17. Äëÿ ëþáîãî x �0 ïðè N � � ðàâíîìåðíî ïî x x
1

0$[ , ]

� N x( )
1

1� .

Ä î ê à ç à ò å ë ü ñ ò â î. Âûáåðåì ëþáîå x �0 è çàôèêñèðóåì. Ïóñòü

x x
1

0$[ , ] . Èç îïðåäåëåíèÿ � N x( )
1

ñëåäóþò íåðàâåíñòâà

%

�

� �� � �

( )
( ) ( )

e

N
E x x

j

N
1

1 1
1

ocò
.

(27)

Åñëè G x( ) �0, òî �
ocò

( )x x x x
1 1

� � � , è èç äâóõ ïîñëåäíèõ íåðàâåíñòâ

íàõîäèì

%

�

�� � �

( )
( )

e x

N
x

j

N
1

1
1.

(28)
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Åñëè G x( )�0 , òî äëÿ ëþáîãî t x$[ , ]0

E E t t E t

udG u

G t

E

G x

m

G
t

u t
� � � � �

�

� � � � � � � �
�

�

( | ) ( | )

( )

( ) ( ) (

1

x)

.

Îòñþäà è èç (27) â ýòîì ñëó÷àå ïîëó÷àåì

%

�

�� � �

( )

( )

( )
e

N

m

G x
x

j

N
1 1

1
1. (29)

Èç (28) è (29) ñëåäóåò, ÷òî ïðè N � � ðàâíîìåðíî ïî x x
1

0$[ , ]

� N x( )
1

1� .

Ëåììà 17 äîêàçàíà.

Ëåììà 18. Ïóñòü ��1 è ñóùåñòâóåò êîíå÷íûé ìîìåíò ms � �.Òîãäà

ïðè N � �

J B n x dxN

n x

2

1

1 1

0
1

0
,

( , )� �



�

� �
.

Ä î ê à ç à ò å ë ü ñ ò â î. Ïóñòü & � �N E e N� �
�

exp{ ( ) ]
1

1

1
. Òîãäà èç

èçâåñòíîãî ñâîéñòâà ïðåîáðàçîâàíèÿ Ëàïëàñà â ñèëó íåçàâèñèìîñòè ñëó-

÷àéíûõ âåëè÷èí � � �
ocò

( ), ,...,x k1 1
è îäèíàêîâîãî ðàñïðåäåëåíèÿ ñëó÷àé-

íûõ âåëè÷èí � �
1
,..., k ïîëó÷àåì ðàâåíñòâî

E e N x xk N N
k

exp{ ( ) [ ( ) ... ]} ( ) )� � � � �
�

� � � � � �&
1

1

1 1 1ocò
.

Èç ëåììû 15 ñëåäóåò

n k

n

x

P x e x n dx

 �

�

�

� � �
� � � �

1 0

1

1 1 1

0

0

1

{ , ( ) }�

� � �

�

�

�

�

�

 

!
�



�

�

� �
n x

B n x dx m
m

1

1 1

0

1

2 1

1

2 1

1( , )

( )

( )
�

�

� .

Îòñþäà è èç ëåììû 16 ñëåäóåò, ÷òî äëÿ ëþáîãî 
 �0 cóùåñòâóåò òàêîå

íàòóðàëüíîå ÷èñëî n



è òàêîå äåéñòâèòåëüíîå ÷èñëî z


, ÷òî äëÿ âñåõ l n�



è

äëÿ âñåõ z z�



n k

n

x

P x e x n dx

 �

�

�

� � �
� � � �

1 0

1

1 1 1

0

0

1

{ , ( ) }�
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� � � � �

�

�

�

�

�� �
n

l

k

n z

P x e x n dx
1

1

0

1

1 1 1

0

0

5

{ , ( ) }�




,
(30)

J N x P x e xN

n

l

k

n z

2

1 0

1

1

1 1 1

0

0 0
,

exp[ ( ) ] { , ( )� � � � �

� �

�

�

�� �
� �

� �n x dxN N
k

} ( ) )� �&




1 1

5

. (31)

Âûáåðåì l n�



è çàôèêñèðóåì. Ïðè N � �

�&N
l

)
�

�
1

1, exp[ ( ) ]� �
�

� 0 1
1

1
N x , � N x( )

1
1�

ðàâíîìåðíî ïî x z
1

0$[ , ] , ÷òî âûòåêàåò èç ëåììû 17. Îòñþäà ñëåäóåò, ÷òî

ñóùåñòâóåò íàòóðàëüíîå ÷èñëî N N l z( ) ( , , )
 
� òàêîå, ÷òî äëÿ âñåõ

N N� ( )
 ñïðàâåäëèâû íåðàâåíñòâà

�&




N
l

l lz
)

( )

�

� �

�

1
1

2

5 1

,

exp[ ( ) ]

( )

� � �

�

�

�




0 1
2

5 1

1

1
N x

l lz
, �




N x
l lz

( )

( )
1

1
2

5 1

� �

�

ðàâíîìåðíî ïî x z
1

0$[ , ]. Îòñþäà ñëåäóåò, ÷òî äëÿ âñåõ N N l z� ( , , )


exp[ ( ) ] ) ( )

( )

� � �

�

� �

� �& �




0 1
6

5 1

1

1

1

1
N x x

l lz
N

l
N . (32)

Èç (31) è (32) ñëåäóåò

n

l

k

n

NN x P x e x n x
� �

�

�

�� � � � �

1 0

1

1

1 1 1 1
0 0exp[ ( ) ] { , ( ) } ( )� � � �&N

k
z

dx)
1

0

�
�

� � � � �

� �

�

�� �
n

l

k

n z

P x e x n dx
1 0

1

1 1 1

0

0
3

5

{ , ( ) }�




.
(33)

Èòàê, äëÿ ëþáîãî 
 �0 cóùåñòâóåò òàêîå íàòóðàëüíîå ÷èñëî N ( )
 , ÷òî

äëÿ ëþáîãî öåëîãî ÷èñëà N N� ( )
 èç (30), (31), (33) ïîëó÷àåì

J B n x dxN

n x

2

1

1 1

0
1

,
( , )� �



�

� �

.

Ëåììà 18 äîêàçàíà.
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Ëåììà 19. Ïóñòü ��1è ñóùåñòâóåò êîíå÷íûé ìîìåíò ms � �. Òîãäà

n x n x

B n x dx B n x dx



�



�

�

� � � �
�

1

1 1

0 1

0 1 1

0
1 1

( , ) ( , ) .

Ä î ê à ç à ò å ë ü ñ ò â î. Èç îïðåäåëåíèé âåëè÷èí B n x( , )
1

è B n x
0 1

�

( , )

ñëåäóåò, ÷òî

B n x B n x( , ) ( , )
1 0 1

�
�

.

Îòñþäà è èç ëåììû 15 ñëåäóåò óòâåðæäåíèå ëåììû 19. Îíà äîêàçàíà.

Ëåììà 20. Ïóñòü��1è ñóùåñòâóåò êîíå÷íûé ìîìåíò ms � �.Òîãäà ïðè

N � �

n x n x

B n x dx B n x dx



�



�

�

� � � �
� �

1

0 1 1

0 1

0 1 1

0
1 1

0( , ) ( , ) .

Ä î ê à ç à ò å ë ü ñ ò â î. Èç ëåììû 15 ñëåäóåò, ÷òî äëÿ ëþáîãî 
 �0

cóùåñòâóåò òàêîå íàòóðàëüíîå ÷èñëî n



è òàêîå äåéñòâèòåëüíîå ÷èñëî z


,

÷òî äëÿ âñåõ l n�



è äëÿ âñåõ z z�



n k

n

x

P x e x n dx

 �

�

�

� � �
� � � �

1 0

1

0 1 0 1 1

0

0

1

{ , ( ) }�

� � � � �

�

�

�

�

�� �
n

l

k

n z

P x e x n dx
1

1

0

1

0 1 0 1 1

0

0

6

{ , ( ) }�




, (34)

n k

n

x

P x e x n dx

 �

�

�

� � �
� � � �

1 0

1

1 1 1

0

0

1

{ , ( ) }�
�

�

�

�

� � � � �

�

�

�

�

�� �
n

l

k

n z

P x e x n dx
1

1

0

1

1 1 1

0

0

6

{ , ( ) }�




�

�

�

�

. (35)

Êàê è ïðåæäå, �
�
( )z — ÷èñëî òðåáîâàíèé ïóàññîíîâñêîãî ïîòîêà ñ

ïàðàìåòðîì �, âîçíèêøèõ íà ïðîìåæóòêå [ , ]0 z . Ñîãëàñíî àêñèîìå íåïðå-

ðûâíîñòè òåîðèè âåðîÿòíîñòåé äëÿ âûáðàííîãî 
 ñóùåñòâóåò òàêîå íàòó-

ðàëüíîå ÷èñëî l l� ( )
 , ÷òî äëÿ âñåõ l l
 ( )


P z l
zl l

( ( ) )

( )
( )

�
�




0

3 1

� �

�

.
(36)

Îòñþäà è èç íåðàâåíñòâà x x zsk1
� � ñëåäóåò

P x l P z l
zl l

( ( ) ) ( ( ) )

( )
( ) ( )

� �
� �




0 1 0

3 1

� � � �

�

.
(37)
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Ïóñòü C l — ñëó÷àéíîå ñîáûòèå, ñîñòîÿùåå â òîì, ÷òî ñîâïàäóò

ìîìåíòû âîçíèêíîâåíèÿ ïåðâûõ l òðåáîâàíèé äâóõ ïóàññîíîâñêèõ ïîòî-

êîâ ñ ïàðàìåòðàìè� ( )0 è� ( )0
�

(âòîðîé ïîòîê ïîëó÷àåòñÿ èç ïåðâîãî ïóòåì

ïðîñåèâàíèÿ). Òîãäà P C Nl
l

( ) ( )� � �
�

1 1
1

ïðè N � �. Îòñþäà ñëåäóåò,

÷òî äëÿ âûáðàííîãî
 �0ñóùåñòâóåò òàêîå l l� ( )
 , ÷òî äëÿ ëþáîãî l l
 ( )


P C
zl l

l( )

( )

� �

�

1

3 1




.
(38)

Ïóñòü C z l C l� �{( ( ) )}
( )

�
� 0

è I C( ) — èíäèêàòîð ñëó÷àéíîãî ñîáûòèÿ C.

Òîãäà

P x e x n P I C x e x I C n( , ( ) ) ( ( ) , ( ) ( )� �
�

�

�

�

�

�

�

�

� � � � � � �
1 1 1 1

0 0 )�

� � � �P I C x e x I C n( ( ) , ( ) ( ) )�
�

�

�

�

1 1
0 (39)

è

P x e x n P I C x e x I C n( , ( ) ) ( ( ) , ( ) ( ) )� �
� � �
� � � � � � � �

1 1 1 1
0 0

� � � �P I C x e x I C n( ( ) , ( ) ( ) )�
� �1 1

0 . (40)

Èç ïîñòðîåíèÿ ñëó÷àéíîãî ñîáûòèÿ C ñëåäóåò

{ ( ) , ( ) ( ) ) { ( ) , ( ) (� �
� � �

�

�

�I C x e x I C n I C x e x I� � � � � �
1 1 1 1

0 0 C n) }� . (41)

Ïîñêîëüêó (ñ èñïîëüçîâàíèåì (37) è (38))

P I C x e x I C n( ( ) , ( ) ( ) )�
� �

� � � �
1 1

0

� � � � �

�

P C P l P C
zl l

l( ) ( ) ( )

( )
( )

�
�




0

2

3 1

(42)

è àíàëîãè÷íî

P I C x e x I C n P C
zl l

( ( ) , ( ) ( ) ) ( )

( )

�




� �

� �

� � � � �

�

1 1
0

2

3 1

, (43)

èç (34) — (43) ñëåäóåò

P x e x n P x e x n
zl l

( , ( ) ) ( , ( ) )

(

� �




� � �
� � � � � � � �

�

� �

1 0 1 1 1
0 0

4

3 1)

. (44)

Ñîãëàñíî ñâîéñòâó èíòåãðàëà èç (44) ïîëó÷àåì

n

l

k

n z

n

l

k

P x e x n dx
�

�

�

�

�

�

�

�� � �� � � �

1

1

0

1

1 1 1

0 1

1

0

0( , ( ) )�
� �

n z

P x e x
�

� �
� � �

1

1 1

0

0( , ( )�
�

�

�

�
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� � � � �
���

�

�

�

�

n dx P x e x

z

k

n

n

l

) ( , ( )
1 0 1

00

1

1

1

0 1
0�

� � � � � �
� �n P x e x n dx) ( , ( ) )�
0 1 0 1 1

0

�

�

�

�

�

�

�

�� �
n

l

k

n z

zl l
dx

1

1

0

1

1

0

4

3 1

2

3


 


( )

. (45)

Èç (34), (35) è (45) ñëåäóåò, ÷òî äëÿ ëþáîãî N N� ( )


n x n x

B x n dx B x n dx



�



�

�

� � � �
� � � �

1

0 1 1

0 1

0 1 1

0
1 1

6 6

2
( , ) ( , )


 
 





3

� .

Îòñþäà è ñîãëàñíî îïðåäåëåíèþ ïðåäåëà ïîñëåäîâàòåëüíîñòè ñëåäóåò

óòâåðæäåíèå ëåììû 20. Ëåììà 20 äîêàçàíà.

Ëåììà 21. Ïóñòü��1è ñóùåñòâóåò êîíå÷íûé ìîìåíò ms � �.Òîãäà ïðè

N � �

J B n x dxN

n x

2

1

0 1 1

0
1

0
,

( , )� �



�

� �
.

Ä î ê à ç à ò å ë ü ñ ò â î. Îáîçíà÷èì

J B n x dx
N

n x

( )
( , )

1

1

1 1

0
1

�



�

� �
, J B n x dx

N
n x

( )
( , )

2

1

0 1 1

0
1

�




�

�

� �
,

J B n x dx
N

n x

( )
( , )

3

1

0 1 1

0
1

�



�

� �
.

Òîãäà ñîãëàñíî ëåììàì 18 è 20 äëÿ ëþáîãî 
 �0 ñóùåñòâóåò òàêîå íàòó-

ðàëüíîå ÷èñëî N ( )
 , ÷òî äëÿ âñåõ öåëûõ ÷èñåë N N� ( )


J JN N2

1

2
,

( )
� �




, J J
N N

( ) ( )2 3

2

� �




.

Ñîãëàñíî ëåììå 19 J J
N N

( ) ( )1 2
� . Èç äâóõ ïîñëåäíèõ ïðåäëîæåíèé ñëå-

äóåò, ÷òî äëÿ ëþáîãî öåëîãî N N� ( )


J J J J J J J JN N N N N N N N2

3

2

1 1 2 2 3

,

( )

,

( ) ( ) ( ) ( ) ( )
� � � � � � � �

� � � � � � � � �J J J J J JN N N N N N2

1 1 2 2 3

2 2
,

( ) ( ) ( ) ( ) ( ) 
 



.

Îòñþäà è ñîãëàñíî îïðåäåëåíèþ ïðåäåëà ïîñëåäîâàòåëüíîñòè ñëåäóåò

óòâåðæäåíèå ëåììû 21.
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Ëåììà 22. Ïóñòü ��1è ñóùåñòâóåò êîíå÷íûé ìîìåíò m
2
� �. Òîãäà

n x

B n x dx m
m



�

�

� �
� �

�

�

�

�

�

 

!
�

1

0 1 1

0

1

2

1

0

2 1

1( , )
( )

( )

( )
�

�

�

�

�

1
.

Ä î ê à ç à ò å ë ü ñ ò â î.

n x

B n x dx



�

� �
�

1

0 1 1

0
1

( , )

� � � 
 � �



�




� � �

n x n

P x e x n dx nP x e x
1

0 1 0 1 1

0 1

0 1 0
0

1

{ , ( ) } { , (� �
1

0

0

1

� �

�

�
)

x

� � � � �



�

� �
n dx n P x e x n dx

n x

} { , ( ) }
1

1

0 1 0 1 1

0

0

1

� .

Ñîãëàñíî ïðåäåëüíîé òåîðåìå äëÿ ðåãåíåðèðóþùèõ ïðîöåññîâ [1, 2]

P x e x n dx p

x

n{ , ( ) }

( )( )

�

� �
0 1 0 1 1

0 0

0
1

0 1
1

� � � �

�
�

�
,

ãäå pn — ñòàöèîíàðíàÿ âåðîÿòíîñòü òîãî, ÷òî â ÐÎ êîìïëåêñà N
�( ),0 G

íàõîäÿòñÿ ðîâíî n òðåáîâàíèé. Èç äâóõ ïîñëåäíèõ ðàâåíñòâ, ôîðìóëû

Ëèòòëà [2] è âûðàæåíèÿ äëÿ ìàòåìàòè÷åñêîãî îæèäàíèÿ ñòàöèîíàðíîãî

âðåìåíè ïðåáûâàíèÿ â îäíîëèíåéíîì ÐÎ ñ äèñöèïëèíîé îáñëóæèâàíèÿ â

ïîðÿäêå ïîñòóïëåíèÿ òðåáîâàíèé [3] cëåäóåò, ÷òî

n n xx

B n x dx n P x e x n dx

 


�

� � �
� � � �

1

0 1 1

1

0 1 0 1 1

0

0

11

( , ) { , ( ) }�

�

�
�

0

�

�

� �

�

�

�

�

�

 

!
�




�

�np m
m

n

n 1 0

1

2

0

0

11

0 1 2 1

1

� �

� ���

�

�

( )( ) ( )

( ) .

Ëåììà 22 äîêàçàíà.

Ëåììà 23. Ïóñòü ��1 è ñóùåñòâóåò êîíå÷íûé ìîìåíò ms � �. Òîãäà

ïðè N � �

q
N

dH u
t u

s
G

c s

u

s

( ) ~

( )

( )
( )

( )!

'

� �'�

� � � �

� � �

0 1

0

1

0

0

1

�

�

�



�

�
(

( )
( )

( )!

(

t dt

dH u
t u

s
G t dt

m

t u

u

s

�

�

� � �

�




�

�

�

�

�

�

�

�

0

2 2

2

2

1
0

2( )1
0

�

�

�

�

�

 

!

�

�

�

�

�

�

�

�

 

!

!

!

!

!

�

�
�

t u

.

Ä î ê à ç à ò å ë ü ñ ò â î. Èç ëåììû 4 ñëåäóåò

q q q qc c c c( ) ( ) ( ) ( )' ' ' '� � �
0 1 2

. (46)
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Èç ëåìì 1, 2 è 3 ñîîòâåòñòâåííî ñëåäóþò ðàâåíñòâà

q
N

Jc s N0 0

0

( )
( )

( )
,

'

� '

�

� , q
N

Jc s N1 1
( )

( )

,
'

� '

� , q
N

J Jc s N N2 0 2
( )

( )

, ,
'

� '

� . (47)

Èç (46) è (47) ñëåäóåò

q
N

J
J J Jc s

N
N N N( )

( )

( )

,

, , ,
'

� '

�

� � �

�

�

�

�

 

!

0

1 0 2

0

. (48)

Èç ëåìì 6, 11, 12, 21, 22 ñëåäóåò, ÷òî ïðè N � �

J dH u
t u

s
G t dtN

u

s

t u

0

0

2

2
,

( )
( )

( )!

(�

�

�



�

�

� �
� , (49)

J dH u
t u

s
G t dtN

u

s

t u

1

0 0

1
1

1 1
,

( )

( )
( )

( )!

(�

�

�

�



�

�

� �
�

� , (50)

J m
m

N2 1

2

0

0

1

2 1

1
,

( )

( )� �

�

�

�

�

�

 

!
�

�
� ���

�

� .
(51)

Èç (48)—(51) è àðèôìåòè÷åñêèõ ñâîéñòâ ïðåäåëîâ ñëåäóåò, ÷òî ïðè N � �

q
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t u

s
G t dt

c s

u

s

t u

( ) ~

( )
( )

( )!

(

'

� �'�

� � �

�

1

0 2
0

2




�

�

� �

�

�

�

�

�

�

�

�

�




�

�

� �

1

1 1
0 0

1

( )

( )
( )

( )!

(

( )

�

�dH u
t u

s
G t dt

dH u

u

s

t u

u


�

�

�

�

�

�

�

�

�

�

 

!
�

0

2

1

2

0

0

2 2 1

1
( )

( )!

(

( )

(
t u

s
G t dt m

ms

�

� ���

�

� )
�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

 

!

!

!

!

!

!

!

!

!

�

1

t u

.

�

�

�

�



�

�
� �'�

� � � �

� � � �

N

dH u
t u

s
G t dt

s

u

s

0 1

0

1

0

0

1

( )
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.

Ëåììà 23 äîêàçàíà.

Îáîçíà÷èì q
1íñ

âåðîÿòíîñòü îòêàçà êîìïëåêñà íà ïåðèîäå ðåãåíåðàöèè

â ðåçóëüòàòå îòêàçà åãî ïåðâîé ÑÂÑ ïî íåñëàáîìîíîòîííîìó ìèíèìàëü-
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íîìó ïóòè, ò. å. ñîñòîÿíèå êîìïëåêñà îò íà÷àëà ïåðèîäà ðåãåíåðàöèè äî

ìîìåíòà åãî ïåðâîãî íà ýòîì ïåðèîäå îòêàçà, ïðîèñõîäÿùåãî â ðåçóëüòàòå

îòêàçà åãî ïåðâîé ÑÂÑ, ïðîõîäèò ïóòü, êîòîðûé íå ÿâëÿåòñÿ ñëàáîìî-

íîòîííûì ìèíèìàëüíûì.

Ëåììà 24. Ïóñòü ��1è ñóùåñòâóåò êîíå÷íûé ìîìåíò ms� � �
1

. Òîãäà

ïðè N � �

q O N s
1

1

íñ
�

� �

( )
( )

.

Ä î ê à ç à ò å ë ü ñ ò â î. Ïóñòü Qk l,
— âåðîÿòíîñòü òîãî, ÷òî íà ïåðèîäå

ðåãåíåðàöèè îòêàæóò íå ìåíåå l òðåáîâàíèé èç ïåðâûõ k ÑÂÑ êîìïëåêñà.

Èç îïðåäåëåíèÿ ñëåäóåò, ÷òî q Q s1 1 1íñ
�

�,
. Ñîãëàñíî ëåììå 13 èç ðàáîòû [4]

ïðè N � �

Q O Ns
s

1 1

1

,

( )
( )

�

� �

� .

Èç äâóõ ïîñëåäíèõ ñîîòíîøåíèé ñëåäóåò, ÷òî ïðè N � �

q O N s
1

1

íñ
�

� �

( )
( )

.

Ëåììà 24 äîêàçàíà.

Îáîçíà÷èì q âåðîÿòíîñòü îòêàçà êîìïëåêñà íà ïåðèîäå ðåãåíåðàöèè,

q
1

— âåðîÿòíîñòü òîãî, ÷òî ïåðâûé îòêàç êîìïëåêñà íà ïåðèîäå ðåãåíå-

ðàöèè ïðîèçîéäåò â ðåçóëüòàòå îòêàçà ïåðâîé ÑÂÑ, è q c1
— âåðîÿòíîñòü

òîãî, ÷òî ïåðâûé îòêàç êîìïëåêñà íà ïåðèîäå ðåãåíåðàöèè ïðîèçîéäåò ïî

ñëàáîìîíîòîííîìó ìèíèìàëüíîìó ïóòè â ðåçóëüòàòå îòêàçà ïåðâîé ÑÂÑ.

Ëåììà 25. Ïóñòü ��1è ñóùåñòâóåò êîíå÷íûé ìîìåíò ms� � �
1

. Òîãäà
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u
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!
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!

�

�

.

Ä î ê à ç à ò å ë ü ñ ò â î. Îòêàç êîìïëåêñà íà ïåðèîäå ðåãåíåðàöèè â

ðåçóëüòàòå îòêàçà ïåðâîé ÑÂÑ ìîæåò ïðîèçîéòè ëèáî ïî ñëàáîìîíîòîí-

íîìó ìèíèìàëüíîìó ïóòè (ñîñòîÿíèå ïåðâîé ÑÂÑ äî ìîìåíòà îòêàçà

ïðîõîäèò ìîíîòîííûé ìèíèìàëüíûé ïóòü) ëèáî ïî ïóòè, íå ÿâëÿþùåìóñÿ

ñëàáîìîíîòîííûì ìèíèìàëüíûì (ñîñòîÿíèå ïåðâîé ÑÂÑ ïðîõîäèò ïóòü,

íå ÿâëÿþùèéñÿ ìîíîòîííûì ìèíèìàëüíûì). Îòñþäà ñëåäóåò ñïðàâåäëè-
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âîñòü ðàâåíñòâà q q q
1 1 1
� �

ñ íñ
. Ïî îïðåäåëåíèþ

q q
1ñ ñ

�

$

� �'�

' �
�
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.

Èç äâóõ ïîñëåäíèõ ðàâåíñòâ è ëåìì 23, 24 ñëåäóåò

q q
N

dH u
t u

c s

u

s

1 1

0

0

1

0 1

0

~ ~

( )

( )
( )

� �'�

� � � �

� � �

'$ 


�

� �

�

�

�
�

% ( )!

(

( )
( )

( )!

(

s
G t dt

dH u
t u

s
G t dt

t u

u

s

�

�

�

�

�

�

�




�

�

�

1

2

1

0

2

�

�

�
(

(
� �

�

0

2 1
0

m

t u
( )�

�

�

�

�

 

!

�

�

�

�

�

�

�

�

 

!

!

!

!

!

�

�

.

Ëåììà 25 äîêàçàíà.

Ëåììà 26. Ïóñòü ��1è ñóùåñòâóåò êîíå÷íûé ìîìåíò ms� � �
1

. Òîãäà
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.

Ä î ê à ç à ò å ë ü ñ ò â î. Îáîçíà÷èì qk âåðîÿòíîñòü òîãî, ÷òî ïåðâûé îòêàç

êîìïëåêñà íà ïåðèîäå ðåãåíåðàöèè ïðîèçîéäåò â ðåçóëüòàòå îòêàçà k-é ÑÂÑ.

Âñëåäñòâèå îäíîòèïíîñòè ÑÂÑ êîìïëåêñà ñîãëàñíî ñäåëàííûì îïðåäåëå-

íèÿì ýòè âåðîÿòíîñòè äëÿ ðàçëè÷íûõ ÑÂÑ ñîâïàäàþò: q q q N1 2
� � �... . Îò-

ñþäà è èç ëåììû 25 ïîëó÷èì ïðè N � �
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Òåîðåìà 1 äîêàçàíà.

À. Â. Ìàêàðè÷åâ
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The asymptotic fault-free lifetime distribution is found for the set of complex restorable systems

(CRS) with the time reserve and with the return of restored elements into the systems with the

minimum internal reserve from the moment when the correct operation of all elements of all CRS

is set. The study was carried out for the CRS sets with Markovian flow of element faults, arbitrary

service time distribution function of CRS elements, the number of which increases inversely

proportional to the fault rate, so that the total load of the request processing system is limited from

above by the value less than one.
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ÌÀÊÀÐÈ×ÅÂ Àëåêñàíäð Âëàäèìèðîâè÷, êàíä. ôèç.-ìàò. íàóê, äîöåíò êàôåäðû âûñøåé ìàòå-
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òà. Â 1981 ã. îêîí÷èë Ìîñêîâñêèé ãîñóíèâåðñèòåò. Îáëàñòü íàó÷íûõ èññëåäîâàíèé – òåîðèÿ

âåðîÿòíîñòåé è ìàòåìàòè÷åñêàÿ ñòàòèñòèêà è èõ ïðèìåíåíèå, òåîðèÿ ìàññîâîãî îáñëóæè-

âàíèÿ, ìàòåìàòè÷åñêàÿ òåîðèÿ íàäåæíîñòè, òåîðèÿ îïòèìèçàöèè õàðàêòåðèñòèê ñëó÷àéíûõ

ïðîöåññîâ, ðàñøèðÿþùèåñÿ êîìïëåêñû ñëîæíûõ âîññòàíàâëèâàåìûõ ñèñòåì.
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