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Ïðåäëîæåíî îáîñíîâûâàòü êîëè÷åñòâåííûå ðåøåíèÿ ïðè ïðîåêòèðîâàíèè è ýêñïëóàòàöèè ñèñòåì
áåçîïàñíîñòè àâòîíîìíûõ îáúåêòîâ íà îñíîâå ìåòîäîâ òåîðèè ìàññîâîãî îáñëóæèâàíèÿ. Ðàñ-
ñìîòðåíû çàäà÷è àíàëèçà è ñèíòåçà ñèñòåì ìàññîâîãî îáñëóæèâàíèÿ ïðè ðåøåíèè çàäà÷ îáåñ-
ïå÷åíèÿ áåçîïàñíîñòè îáúåêòîâ (íàïðèìåð, ñèñòåì ïðîòèâîïîæàðíîé èëè ïðîòèâîàâàðèéíîé
çàùèòû àâòîíîìíîãî óäàëåííîãî îáúåêòà), îñîáåííîñòüþ êîòîðûõ ÿâëÿåòñÿ íàëè÷èå ðàçëè÷íûõ
òèïîâ çàÿâîê, òðåáóþùèõ ðàçíîãî âðåìåíè îáñëóæèâàíèÿ (íàïðèìåð, ïîæàðíî-ñïàñàòåëüíûìè
ïîäðàçäåëåíèÿìè èëè ðåìîíòíî-âîññòàíîâèòåëüíûìè áðèãàäàìè). Ïîëó÷åíû àíàëèòè÷åñêèå âû-
ðàæåíèÿ äëÿ âåðîÿòíîñòåé ñîñòîÿíèé ñèñòåì îáñëóæèâàíèÿ. Ñôîðìóëèðîâàíà çàäà÷à àíàëèçà
êàê íàõîæäåíèå âåðîÿòíîñòè îòêàçà ñèñòåìû â ïðèåìå çàÿâêè êàêîãî-ëèáî òèïà ïî ïðè÷èíå çà-
íÿòîñòè âñåõ êàíàëîâ îáñëóæèâàíèÿ, êîãäà èçâåñòíû èíòåíñèâíîñòè ïîñòóïëåíèÿ çàÿâîê è ñêî-
ðîñòè èõ îáñëóæèâàíèÿ. Ñôîðìóëèðîâàíà çàäà÷à ñèíòåçà êàê íàõîæäåíèå íåîáõîäèìîãî ÷èñëà
êàíàëîâ îáñëóæèâàíèÿ ïðè çàäàííûõ îãðàíè÷åíèÿõ íà âåðîÿòíîñòè îòêàçà â ïðèåìå çàÿâîê.
Ïðèâåäåíû ïðèìåðû ðàñ÷åòà äàííûõ õàðàêòåðèñòèê äëÿ îäíî-, äâóõ- è òðåõêàíàëüíîé ñèñòåì
ìàññîâîãî îáñëóæèâàíèÿ ñ äâóìÿ è òðåìÿ òèïàìè çàÿâîê.
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Ââåäåíèå

Â íàñòîÿùåå âðåìÿ îñîáåííî àêòóàëüíûìè ñòàíî-

âÿòñÿ âîïðîñû îáåñïå÷åíèÿ áåçîïàñíîñòè àâòî-

íîìíûõ èëè òðóäíîäîñòóïíûõ îáúåêòîâ (íàïðèìåð,

â ñåâåðíûõ ðàéîíàõ èëè â Àðêòè÷åñêîé çîíå) [1–4].

Ïðè ïðîåêòèðîâàíèè è ýêñïëóàòàöèè ñèñòåì áåç-

îïàñíîñòè ýòèõ îáúåêòîâ íåîáõîäèìî îáîñíîâûâàòü

ðåøåíèÿ ïî èõ êîëè÷åñòâåííûì ïîêàçàòåëÿì. Â êà-

÷åñòâå òàêèõ ïîêàçàòåëåé ìîæåò ðàññìàòðèâàòüñÿ

÷èñëî óíèâåðñàëüíûõ àâàðèéíî-íàëàäî÷íûõ è ïî-

æàðíî-ñïàñàòåëüíûõ ïîäðàçäåëåíèé, ïðèíèìàþùèõ

ó÷àñòèå â ëèêâèäàöèè ÷ðåçâû÷àéíûõ ñèòóàöèé (×Ñ)

ðàçëè÷íîãî õàðàêòåðà, à òàêæå âåðîÿòíîñòíî-âðå-

ìåííûå õàðàêòåðèñòèêè èõ ðåàãèðîâàíèÿ íà ×Ñ. Ýòè

ðåøåíèÿ ìîãóò áûòü îáîñíîâàíû ñ èñïîëüçîâàíèåì

ìåòîäîâ òåîðèè ìàññîâîãî îáñëóæèâàíèÿ.

Òåîðèÿ ìàññîâîãî îáñëóæèâàíèÿ øèðîêî ïðèìå-

íÿåòñÿ äëÿ ðåøåíèÿ ìíîãèõ ïðèêëàäíûõ çàäà÷ â ðàç-

ëè÷íûõ îáëàñòÿõ íàóêè è òåõíèêè, â òîì ÷èñëå â ñè-

ñòåìàõ ïîæàðíîé è ïðîìûøëåííîé áåçîïàñíîñòè

[5–9]. Ïðàêòè÷åñêèé èíòåðåñ â ýòèõ ñëó÷àÿõ ïðåä-

ñòàâëÿþò â îñíîâíîì çàäà÷è äâóõ âèäîâ — àíàëèç è

ñèíòåç [6, 10, 11]. Â ïåðâîì ñëó÷àå, èñõîäÿ èç èçâå-

ñòíûõ èíòåíñèâíîñòåé (÷àñòîò) âîçíèêíîâåíèÿ ïî-

æàðîâ èëè äðóãèõ ÷ðåçâû÷àéíûõ ñèòóàöèé (êîòîðûå

ïðåäñòàâëÿþòñÿ êàê çàÿâêè, ïîñòóïàþùèå íà îá-

ñëóæèâàíèå) {-}, ñêîðîñòåé èõ ëèêâèäàöèè (îáñëó-

æèâàíèÿ) {�}, ÷èñëà n êàíàëîâ îáñëóæèâàíèÿ (ÊÎ),

â êà÷åñòâå êîòîðûõ ðàññìàòðèâàþòñÿ òàêèå ðåñóðñû

ñèñòåìû áåçîïàñíîñòè, êàê: êîëè÷åñòâî åäèíèö òåõ-

íèêè, ëè÷íîãî ñîñòàâà, ìàòåðèàëüíûõ ñðåäñòâ è ìåñò

â î÷åðåäè íà îáñëóæèâàíèå m, îïðåäåëÿþòñÿ âåðî-
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ÿòíîñòè {ð} ñîñòîÿíèé ñèñòåìû ìàññîâîãî îáñëó-

æèâàíèÿ (ÑÌÎ) (êîòîðûå ìîãóò ðàññìàòðèâàòüñÿ

êàê ïîêàçàòåëè âîçìîæíîñòè âûïîëíåíèÿ ñèñòåìîé

áåçîïàñíîñòè ñâîèõ ôóíêöèé). Èç ýòèõ ñîñòîÿíèé

ïðåäñòàâëÿþò èíòåðåñ êëþ÷åâûå: S0 — ïðîáëåì-

íûõ ñèòóàöèé íå âîçíèêëî (çàÿâîê íå ïîñòóïèëî),

âñå ÊÎ ñâîáîäíû; Sí — ñâîáîäåí õîòÿ áû îäèí ÊÎ,

ñïîñîáíûé îòðåàãèðîâàòü íà ïðîáëåìó (îáñëóæèòü

çàÿâêó); Sîòê — âñå n ÊÎ çàíÿòû, íà âîçíèêøóþ ïðîá-

ëåìó íåò âîçìîæíîñòè îòðåàãèðîâàòü (çàÿâêà ïîëó-

÷àåò îòêàç â îáñëóæèâàíèè), òàêàÿ ñèòóàöèÿ ìîæåò

ïðèâåñòè ê êàòàñòðîôè÷åñêèì ïîñëåäñòâèÿì. Âåðî-

ÿòíîñòè òàêèõ ñîñòîÿíèé ñîîòâåòñòâåííî ð0, ðí è

ðîòê. Ïîñëå êîëè÷åñòâåííîãî îïðåäåëåíèÿ êëþ÷å-

âûõ âåðîÿòíîñòåé ïîÿâëÿåòñÿ âîçìîæíîñòü ñäåëàòü

âûâîä î òîì, íàñêîëüêî ýôôåêòèâíî ñèñòåìà ìîæåò

îáåñïå÷èòü áåçîïàñíîñòü çàùèùàåìîãî îáúåêòà.

Âî âòîðîì ñëó÷àå (çàäà÷à ñèíòåçà ÑÌÎ) ïî çàäàí-

íûì äîïóñòèìûì çíà÷åíèÿì âåðîÿòíîñòåé ð0, ðí è

ðîòê è èçâåñòíûì ÷àñòîòàì {-} ïîäáèðàþòñÿ íåîá-

õîäèìûå êîëè÷åñòâåííûå õàðàêòåðèñòèêè ñèñòåìû,

òàêèå êàê ÷èñëî ÊÎ n, ÷èñëî ìåñò â î÷åðåäè è/èëè

ñêîðîñòè îáñëóæèâàíèÿ {�} [5].

Ðåøåíèå çàäà÷, ñâÿçàííûõ ñ ôóíêöèîíèðîâàíè-

åì ÑÌÎ, ïîäðîáíî ðàññìàòðèâàåòñÿ â ñïåöèàëüíîé

ëèòåðàòóðå [5, 6, 12–17]. Äëÿ óäîáñòâà ñôîðìóëèðî-

âàíû îáùåïðèíÿòûå äîïóùåíèÿ. Â ÷àñòíîñòè, ñ÷è-

òàåòñÿ [5], ÷òî, ïîñêîëüêó ïîòîê çàÿâîê ïðîñòåéøèé,

âðåìÿ îáñëóæèâàíèÿ ïîä÷èíåíî ýêñïîíåíöèàëü-

íîìó çàêîíó, ïðîöåññû ïðèåìà-îáñëóæèâàíèÿ óñòà-

íîâèâøèåñÿ, êàæäûé ÊÎ îáñëóæèâàåò çàÿâêó ñàìî-

ñòîÿòåëüíî, çàäà÷à ñèíòåçà ìíîãîêàíàëüíîé ÑÌÎ ñ

î÷åðåäüþ ìîæåò ðåøàòüñÿ ñ èñïîëüçîâàíèåì íîìî-

ãðàìì [6, 10], à çàäà÷à àíàëèçà — ïî äîñòàòî÷íî

ïðîñòûì àíàëèòè÷åñêèì âûðàæåíèÿì [5, 6].

Òåîðåòè÷åñêèå îñíîâû
(ïîñòàíîâêà çàäà÷è)

Â ðàáîòå [11] ðàññìîòðåíû çàäà÷è àíàëèçà è

ñèíòåçà ÑÌÎ ñ íåñêîëüêèìè òèïàìè çàÿâîê, äëÿ îá-

ñëóæèâàíèÿ êîòîðûõ òðåáóåòñÿ ïðèâëå÷åíèå îäíî-

ãî, äâóõ, òðåõ èëè áîëåå ÊÎ. Ñ ó÷åòîì îñîáåííîñòåé

ôóíêöèîíèðîâàíèÿ ñèñòåì áåçîïàñíîñòè ñòàíîâèò-

ñÿ àêòóàëüíîé ðàçðàáîòêà ìàòåìàòè÷åñêîé ìîäåëè

ñèñòåìû áåçîïàñíîñòè êàê ÑÌÎ, â êîòîðóþ ïîñòó-

ïàþò m ïîòîêîâ ðàçíîðîäíûõ çàÿâîê ñ èíòåíñèâíî-

ñòÿìè (÷àñòîòàìè) -1, …, -m, îáñëóæèâàåìûõ óíè-

âåðñàëüíûìè ÊÎ ñî ñêîðîñòÿìè �1, …, �m ñîîòâåò-

ñòâåííî. Íàëè÷èå òàêîé ìàòåìàòè÷åñêîé ìîäåëè

ïîçâîëÿåò ðåøàòü çàäà÷è àíàëèçà è ñèíòåçà ñèñòåìû

áåçîïàñíîñòè êàê ÑÌÎ äëÿ øèðîêîãî êðóãà óäàëåí-

íûõ àâòîíîìíûõ îáúåêòîâ (íàïðèìåð, â Àðêòè÷å-

ñêîé çîíå), èñïîëüçóÿ íåçíà÷èòåëüíûå äîïóùåíèÿ è

óïðîùåíèÿ.

Â ïåðâîì ñëó÷àå (çàäà÷à àíàëèçà) ïî èçâåñòíûì

çíà÷åíèÿì -1, …, -m, �1, …, �m è ÷èñëå ÊÎ n ïðîâî-

äèòñÿ îöåíêà âåðîÿòíîñòåé íàèáîëåå âàæíûõ ñîñòî-

ÿíèé ÑÌÎ — ð0, ðí è ðîòê, ÷òî ïîçâîëÿåò ñäåëàòü çà-

êëþ÷åíèå î êà÷åñòâå ôóíêöèîíèðîâàíèÿ ÑÌÎ.

Çàäà÷à ñèíòåçà ïðåäïîëàãàåò íàëè÷èå èíôîðìà-

öèè î âåëè÷èíàõ -1, …, -m è çàäàíèå äîïóñòèìûõ

âåðîÿòíîñòåé îñíîâíûõ ñîñòîÿíèé è ñîîòâåòñòâó-

þùèõ òðåáîâàíèé:

p p0 �
0

äîï è/èëè p pí í
äîï� è/èëè p pîòê îòê

äîï& . (1)

Ïðè ýòîì ìîæåò áûòü äâå ôîðìóëèðîâêè çàäà÷è

ñèíòåçà:
� ïî äàííûì î ñêîðîñòÿõ îáñëóæèâàíèÿ �1, …, �m

è òðåáîâàíèÿì (1) îïðåäåëèòü íåîáõîäèìîå ÷èñëî

ÊÎ n;
� ïðè èçâåñòíîì ÷èñëå ÊÎ n è òðåáîâàíèÿì (1)

íàéòè íåîáõîäèìûå ñêîðîñòè îáñëóæèâàíèÿ

�1, …, �m.

Ñèñòåìà áåçîïàñíîñòè êàê ÑÌÎ
ñ çàÿâêàìè äâóõ òèïîâ

1. Åñëè â îäíîêàíàëüíóþ (n = 1) ÑÌÎ ïîñòóïà-

þò çàÿâêè äâóõ òèïîâ, ò. å. m = 2 (íàïðèìåð, çàÿâêè

1-ãî òèïà — àâàðèè (îòêàçû îáîðóäîâàíèÿ), 2-ãî òèïà

— ïîæàðû), òî îíà ìîæåò ïðåáûâàòü â îäíîì èç

òðåõ ñîñòîÿíèé: S0, S1 è S2 (ñì. òàáë. 1, n = 1). Ãðàô

ïåðåõîäîâ äëÿ òàêîé ÑÌÎ ïðåäñòàâëåí íà ðèñ. 1.

Ïðè ðàíåå îãîâîðåííûõ äîïóùåíèÿõ [5, 6] òàêîìó

ãðàôó ïåðåõîäîâ ñîîòâåòñòâóåò ñèñòåìà èç òðåõ ëè-

íåéíûõ àëãåáðàè÷åñêèõ óðàâíåíèé, ïðèâåäåííàÿ â

ãðàôå 2 òàáë. 2 äëÿ n = 1. Åå ðåøåíèå, ïîëó÷åííîå â

àíàëèòè÷åñêîì âèäå, ïðåäñòàâëåíî â 3-é ãðàôå òàáë. 2

è ìîæåò íåïîñðåäñòâåííî èñïîëüçîâàòüñÿ äëÿ ðå-

øåíèÿ çàäà÷è àíàëèçà. Â çàäà÷å ñèíòåçà óñëîâèÿ (1)

ìîãóò áûòü ñâåäåíû ê âèäó:

-
�

-
�

1

1

2

2
0

1
1

1
1

1
� & � �

�

�

�
�min ; ;

p p

p

päîï
í
äîï

îòê
äîï

îòê
äîï�

�

�
�
�

. (2)

Ïðèìåð 1. Ïðîåêòèðóåòñÿ îäíîêàíàëüíàÿ (n = 1)

ÑÌÎ, â êîòîðóþ ïîñòóïàåò äâà òèïà (m = 2) çàÿâîê

ñ ÷àñòîòàìè -1 è -2. Òðåáóåòñÿ íàéòè ñêîðîñòè îá-

ñëóæèâàíèÿ �1 è �2, åñëè çàäàíû äîïóñòèìûå çíà÷å-

Ðèñ. 1. Ãðàô ïåðåõîäîâ îäíîêàíàëüíîé (n = 1) ÑÌÎ ñ äâóìÿ

òèïàìè (m = 2) çàÿâîê

Fig. 1. The transition graph of a single-channel queuing (n = 1)

system with two types (m = 2) of applications
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íèÿ âåðîÿòíîñòåé p
0

äîï = 0,95, pí
äîï = 0,99 è pîòê

äîï =

= 0,001.

Âîñïîëüçîâàâøèñü âûðàæåíèåì (2), ïîëó÷àåì:

-
�

-
�

1

1

2

2

1

0 95
1

1

0 99
1

0 001

1 0 001
� & � �

�
�
�
�

�
�
� �min

,
;

,
;

,

,

= min (0,0526; 0,0101; 0,001) = 0,001.

Êðèòè÷íûì çäåñü ÿâëÿåòñÿ óñëîâèå pîòê & pîòê
äîï =

= 0,001. Ïîëó÷åííûé ðåçóëüòàò ñâèäåòåëüñòâóåò î íå-

îáõîäèìîñòè ïðåäúÿâëåíèÿ äîñòàòî÷íî æåñòêèõ

òðåáîâàíèé ê ñêîðîñòÿì îáñëóæèâàíèÿ: [�1, µ2]
ò >

> 1000[-1, -2]
ò.

2. Åñëè â äâóõêàíàëüíóþ (n = 2) ÑÌÎ ïîñòóïà-

þò çàÿâêè äâóõ òèïîâ (m = 2), òî ïðè óñëîâèè, ÷òî

ÊÎ óíèâåðñàëüíû, îíà ìîæåò ïðåáûâàòü â îäíîì èç

øåñòè ñîñòîÿíèé — S0–S5 (ñì. òàáë. 1, n = 2). Ãðàô

ïåðåõîäîâ äëÿ òàêîé ÑÌÎ ïðåäñòàâëåí íà ðèñ. 2.

Ïðè ðàíåå îãîâîðåííûõ äîïóùåíèÿõ [5, 6] òàêîìó

ãðàôó ïåðåõîäîâ ñîîòâåòñòâóåò ñèñòåìà èç øåñòè

ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâíåíèé, ïðèâåäåííàÿ

äëÿ n = 2 â ãðàôå 2 òàáë. 2. Åå ðåøåíèå, ïîëó÷åííîå

â àíàëèòè÷åñêîì âèäå, ïðåäñòàâëåíî â ãðàôå 3 òàáë. 2

è ìîæåò íåïîñðåäñòâåííî èñïîëüçîâàòüñÿ äëÿ ðå-

øåíèÿ çàäà÷è àíàëèçà. Â çàäà÷å ñèíòåçà óñëîâèÿ (1)

ìîãóò áûòü ñâåäåíû ê âèäó:

n
Ñîñòîÿíèå {S}

State {S}

Sí , Sîòê

Su , Sref

1 2 3

n = 1
(ðèñ. 1 /
fig. 1)

S1 — ïîñòóïèëà çàÿâêà 1-ãî òèïà, îáñëóæèâàåòñÿ â ÊÎ

S1 — the 1st type of application was received and serviced in the service channel;

S2 — ïîñòóïèëà çàÿâêà 2-ãî òèïà, îáñëóæèâàåòñÿ â ÊÎ

S2 — the 2nd type of application was received and serviced in the service channel

Sí = S0

Su = S0;

Sîòê = S1 � S2

Sref = S1 � S2

n = 2
(ðèñ. 2 /
fig. 2)

S1 — ïîñòóïèëà çàÿâêà 1-ãî òèïà, îäèí ÊÎ çàíÿò, äðóãîé ñâîáîäåí

S1 — the 1st type of application was received, one service channel is busy, the other is free;

S2 — ïîñòóïèëà çàÿâêà 2-ãî òèïà, îäèí ÊÎ çàíÿò, äðóãîé ñâîáîäåí

S2 — the 2nd type of application was received, one service channel is busy, the other is free;

S3 — ïîñòóïèëè 2 çàÿâêè 1-ãî òèïà, îáà ÊÎ çàíÿòû

S3 — received 2 applications of the 1st type, both service channels are occupied;

S4 — ïîñòóïèëè çàÿâêè 1-ãî è 2-ãî òèïîâ, îáà ÊÎ çàíÿòû

S4 — applications of the 1st and 2nd types were received, both service channels are occupied;

S5 — ïîñòóïèëè 2 çàÿâêè 2-ãî òèïà, îáà ÊÎ çàíÿòû

S5 — received 2 applications of the 2nd types, both service channels are occupied

S S i
i

í �
�0

2

�

S Su i
i

�
�0

2

� ;

S S i
i

îòê �
�3

5

�

S Sref i
i

�
�3

5

�

n � 3 S0 — çàÿâîê íå ïîñòóïèëî, âñå ÊÎ ñâîáîäíû

S0 — there were no requests, all channels of service are free

Òàáëèöà 1. Ñîñòîÿíèÿ ÑÌÎ, îáñëóæèâàþùåé äâà òèïà çàÿâîê

Table 1. States of the queuing systems with two types of applications

n Ñèñòåìà óðàâíåíèé / System of equations Àíàëèòè÷åñêîå ðåøåíèå / Analytical expressions

1 2 3

1 0 = – (-1 + -2) ð0 + �1 ð1 + �2 ð2;

0 = -1 ð0 – �1 ð1; 0 = -2 ð0 – �2 ð2

ð0
1

1 21� � � �% % ; ð1 = %1 ð0; ð2 = %2 ð0; ðí = ð0;

ðîòê = ð1 + ð2 = (%1 + %2) ð0

2 0 = – (-1 + -2) ð0 + �1 ð1 + �2 ð2;

0 = -1 ð0 – (�1 + -1 + -2) ð1 + 2�1 ð3 + �2 ð5;

0 = -2 ð0 – (�2 + -1 + -2) ð1 + 2�2 ð4 + �1 ð5;

0 = -1 ð1 – 2�1 ð3; 0 = -2 ð1 + -1 ð2 – (�1 + �2) ð5;

0 = -2 ð2 + 2�2 ð4

ð0
1

1 2 1
2

1 2 2
21 0 5 0 5� � � � � � �% % % % % %, , ;

ð1 = %1 ð0; ð2 = %2 ð0; ð ð3 1
2

00 5� , ;%
ð4 = %1%2 ð0; ð ð5 2

2
00 5� , ;%

ðîòê = 0,5(%1 + %2)
2 ð0

Ï ð è ì å ÷ à í è å . %1 = -1��1, %2 = -2 ��2 — ïðèâåäåííûå íàãðóçêè; pi
i

C

�
. �

0

1; C C m
m� �2 1.

N o t e . %1 = -1��1, %2 = -2 ��2 — given load; pi
i

C

�
. �

0

1; C C m
m� �2 1.

Òàáëèöà 2. Âûðàæåíèÿ äëÿ îïðåäåëåíèÿ âåðîÿòíîñòåé ñîñòîÿíèé ÑÌÎ ñ çàÿâêàìè äâóõ òèïîâ (m = 2)

Table 2. Expressions for the probabilities of the states of the queuing systems with two types (m = 2) of applications
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-
�

-
�

1

1

2

2

2
1 1� & �

�

�

�
�

�min ;
ð

0

äîï

1 1 2� � �ð ð

ð

í
äîï

í
äîï

í
äîï

( )
; (3)

ð ð ð

ð

îòê
äîï

îòê
äîï

îòê
äîï

îòê
äîï

� �

�

�

�

�
�

( )
.

2

1

Ïðèìåð 2. Ïðîåêòèðóåòñÿ äâóõêàíàëüíàÿ (n = 2)

ÑÌÎ, â êîòîðóþ ïîñòóïàåò äâà òèïà (m = 2) çàÿâîê

ñ ÷àñòîòàìè -1 è -2. Òðåáóåòñÿ íàéòè ñêîðîñòè îá-

ñëóæèâàíèÿ �1 è �2, åñëè çàäàíû äîïóñòèìûå çíà÷å-

íèÿ âåðîÿòíîñòåé p
0

äîï = 0,95, pí
äîï = 0,99 è pîòê

äîï =

= 0,001.

Âîñïîëüçîâàâøèñü âûðàæåíèåì (3), ïîëó÷àåì:

-
�

-
�

1

1

2

2

2

0 95
1 1� & � �

�

�
�
�min

,
;

1 0 99 1 0 9801

0 99

0 001 0 001 2 0 001

1 0 001

� � � � �
�

�

�
�, ,

,
;

, , ( , )

, � �

= min (0,0513; 0,526; 0,0458) = 0,0458.

Êðèòè÷íûì çäåñü òàêæå ÿâëÿåòñÿ óñëîâèå pîòê &
& pîòê

äîï = 0,001. Ïîëó÷åííûé ðåçóëüòàò ñâèäåòåëüñò-

âóåò î íåîáõîäèìîñòè ïðåäúÿâëåíèÿ ñëåäóþùèõ òðå-

áîâàíèé ê ñêîðîñòÿì îáñëóæèâàíèÿ: /�1, µ2]ò >

> 21,83[-1, -2]
ò. Êàê âèäèì, ïî ñðàâíåíèþ ñ îäíî-

êàíàëüíûì âàðèàíòîì ýòè òðåáîâàíèÿ îòëè÷àþòñÿ

ìåíüøåé æåñòêîñòüþ.

Ñèñòåìà áåçîïàñíîñòè êàê ÑÌÎ
ñ çàÿâêàìè òðåõ òèïîâ

1. Åñëè â îäíîêàíàëüíóþ (n = 1) ÑÌÎ ïîñòóïà-

þò çàÿâêè òðåõ òèïîâ, ò. å. m = 3 (íàïðèìåð, çàÿâêè

1-ãî òèïà — àâàðèè (îòêàçû îáîðóäîâàíèÿ), 2-ãî

òèïà — ïîæàðû, 3-ãî òèïà — óòå÷êè èç ïðîäóêòî-

ïðîâîäîâ), òî îíà ìîæåò ïðåáûâàòü â îäíîì èç

÷åòûðåõ ñîñòîÿíèé — S0– S3 (ñì. òàáë. 3, n = 1).

Ãðàô ïåðåõîäîâ äëÿ òàêîé ÑÌÎ ïðåäñòàâëåí íà

ðèñ. 3. Ïðè ðàíåå îãîâîðåííûõ äîïóùåíèÿõ [5, 6]

òàêîìó ãðàôó ïåðåõîäîâ ñîîòâåòñòâóåò ñèñòåìà èç

÷åòûðåõ ëèíåéíûõ àëãåáðàè÷åñêèõ óðàâíåíèé, ïðè-

âåäåííàÿ äëÿ n = 1 â ãðàôå 2 òàáë. 4. Åå ðåøåíèå,

ïîëó÷åííîå â àíàëèòè÷åñêîì âèäå, ïðåäñòàâëåíî â

ãðàôå 3 òàáë. 4 è ìîæåò èñïîëüçîâàòüñÿ äëÿ ðåøå-

íèÿ çàäà÷è àíàëèçà. Â çàäà÷å ñèíòåçà óñëîâèÿ (1)

ìîãóò áûòü ñâåäåíû ê âèäó, àíàëîãè÷íîìó (2):

-
�

-
�

-
�

1

1

2

2

3

3

1
1

1
1

1
� � & � �

�
min ; ;

p ð

ð

ð
0

äîï
í
äîï

îòê
äîï

îòê
äîï

�

�
�
�

�

�
�
�. (4)

Ïðèìåð 3. Ïðîåêòèðóåòñÿ îäíîêàíàëüíàÿ (n = 1)

ÑÌÎ, â êîòîðóþ ïîñòóïàåò òðè òèïà (m = 3) çàÿâîê

ñ ÷àñòîòàìè -1, -2 è -3. Òðåáóåòñÿ íàéòè ñêîðîñòè

îáñëóæèâàíèÿ �1, �2 è �3, åñëè çàäàíû äîïóñòèìûå

çíà÷åíèÿ âåðîÿòíîñòåé: p
0

äîï = 0,95, pí
äîï = 0,99 è

pîòê
äîï = 0,001.

Êàê è â ïðèìåðå 1, ïîëó÷àåì:

-
�

-
�

-
�

1

1

2

2

3

3

� � &

& � �
�

�
�
�

�
�
� �min

,
;

,
;

,

,

1

0 95
1

1

0 99
1

0 001

1 0 001

= min (0,0526; 0,0101; 0,001) = 0,001.

Ïîëó÷åííûé ðåçóëüòàò ñâèäåòåëüñòâóåò î íåîá-

õîäèìîñòè ïðåäúÿâëåíèÿ äîñòàòî÷íî æåñòêèõ òðå-

áîâàíèé ê ñêîðîñòÿì îáñëóæèâàíèÿ: [�1, �2, �3]
ò >

> 1000 [-1, -2, -3]
ò.

2. Åñëè â äâóõêàíàëüíóþ (n = 2) ÑÌÎ ïîñòóïàþò

çàÿâêè òðåõ òèïîâ (m = 3), òî îíà ìîæåò ïðåáûâàòü

â îäíîì èç 10 ñîñòîÿíèé: S0–S9 (ñì. òàáë. 3, n = 2).

Ãðàô ïåðåõîäîâ äëÿ òàêîé ÑÌÎ ïðåäñòàâëåí íà ðèñ. 4.

Ïðè ðàíåå îãîâîðåííûõ äîïóùåíèÿõ [5, 6] òàêîìó

ãðàôó ïåðåõîäîâ ñîîòâåòñòâóåò ñèñòåìà èç 10 ëèíåé-

íûõ àëãåáðàè÷åñêèõ óðàâíåíèé, ïðèâåäåííàÿ â ãðà-

ôå 2 òàáë. 4 äëÿ n = 2. Åå ðåøåíèå, ïîëó÷åííîå â

àíàëèòè÷åñêîì âèäå, ïðèâåäåíî â ãðàôå 3 òàáë. 4 è

ìîæåò íåïîñðåäñòâåííî èñïîëüçîâàòüñÿ äëÿ ðåøå-

Ðèñ. 3. Ãðàô ïåðåõîäîâ îäíîêàíàëüíîé (n = 1) ÑÌÎ ñ òðåìÿ

òèïàìè (m = 3) çàÿâîê

Fig. 3. The transition graph of a single-channel queuing (n = 1)

system with three types (m = 3) of applications

Ðèñ. 2. Ãðàô ïåðåõîäîâ äâóõêàíàëüíîé (n = 2) ÑÌÎ ñ äâóìÿ

òèïàìè (m = 2) çàÿâîê

Fig. 2. The transition graph a two-channel queuing (n = 2) system

with two types (m = 2) of applications
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n
Ñîñòîÿíèå {S}

State {S}

Sí , Sîòê

Su , Sref

n = 1
(ðèñ. 3 /
fig. 3)

S1 — ïîñòóïèëà çàÿâêà 1-ãî òèïà, îáñëóæèâàåòñÿ â ÊÎ

S1 — the 1st type of application was received and serviced in the service channel;

S2 — ïîñòóïèëà çàÿâêà 2-ãî òèïà, îáñëóæèâàåòñÿ â ÊÎ

S2 — the 2nd type of application was received and serviced in the service channel;

S3 — ïîñòóïèëà çàÿâêà 3-ãî òèïà, îáñëóæèâàåòñÿ â ÊÎ

S3 — the 3rd type of application was received and serviced in the service channel

Sí = S0

Su = S0;

S Si
i

îòê �
�1

3

�

S Sref i
i

�
�1

3

�

n = 2
(ðèñ. 4 /
fig. 4)

S1 — ïîñòóïèëà çàÿâêà 1-ãî òèïà, îáñëóæèâàåòñÿ â ÊÎ

S1 — the 1st type of application was received and serviced in the service channel;

S2 — ïîñòóïèëà çàÿâêà 2-ãî òèïà, îáñëóæèâàåòñÿ â ÊÎ

S2 — the 2nd type of application was received and serviced in the service channel;

S3 — ïîñòóïèëà çàÿâêà 3-ãî òèïà, îáñëóæèâàåòñÿ â ÊÎ

S3 — the 3rd type of application was received and serviced in the service channel;

S4 — ïîñòóïèëè 2 çàÿâêè 1-ãî òèïà, îáà ÊÎ çàíÿòû

S4 — received 2 applications of the 1st type, both service channels are occupied;

S5 — ïîñòóïèëè çàÿâêè 1-ãî è 2-ãî òèïîâ, îáà ÊÎ çàíÿòû

S5 — applications of the 1st and 2nd types were received, both service channels are occupied;

S6 — ïîñòóïèëè çàÿâêè 1-ãî è 3-ãî òèïîâ, îáà ÊÎ çàíÿòû

S6 — received applications of the 1st and 3rd types, both service channels are occupied;

S7 — ïîñòóïèëè 2 çàÿâêè 2-ãî òèïà, îáà ÊÎ çàíÿòû

S7 — received 2 applications of the 2nd type, both service channels are occupied;

S8 — ïîñòóïèëè çàÿâêè 2-ãî è 3-ãî òèïîâ, îáà ÊÎ çàíÿòû

S8 — received applications of the 2nd and 3rd types, both service channels are occupied;

S9 — ïîñòóïèëè 2 çàÿâêè 3-ãî òèïà, îáà ÊÎ çàíÿòû

S9 — received 2 applications of the 3rd type, both service channels are occupied

S Si
i

í �
�0

3

�

S Su i
i

�
�

;
0

3

�

S Si
i

îòê �
�4

9

�
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i

�
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�

n = 3
(ðèñ. 5 /
fig. 5)

S1 — ïîñòóïèëà çàÿâêà 1-ãî òèïà, îáñëóæèâàåòñÿ â ÊÎ

S1 — the 1st type of application was received and serviced in the service channel;

S2 — ïîñòóïèëà çàÿâêà 2-ãî òèïà, îáñëóæèâàåòñÿ â ÊÎ

S2 — the 2nd type of application was received and serviced in the service channel;

S3 — ïîñòóïèëà çàÿâêà 3-ãî òèïà, îáñëóæèâàåòñÿ â ÊÎ

S3 — the 3rd type of application was received and serviced in the service channel;

S4 — ïîñòóïèëè 2 çàÿâêè 1-ãî òèïà, îáà ÊÎ çàíÿòû

S4 — received 2 applications of the 1st type, both service channels are occupied;

S5 — ïîñòóïèëè çàÿâêè 1-ãî è 2-ãî òèïîâ, îáà ÊÎ çàíÿòû

S5 — applications of the 1st and 2nd types were received, both service channels are occupied;

S6 — ïîñòóïèëè çàÿâêè 1-ãî è 3-ãî òèïîâ, îáà ÊÎ çàíÿòû

S6 — received applications of the 1st and 3rd types, both service channels are occupied;

S7 — ïîñòóïèëè 2 çàÿâêè 2-ãî òèïà, îáà ÊÎ çàíÿòû

S7 — received 2 applications of the 2nd type, both service channels are occupied;

S8 — ïîñòóïèëè çàÿâêè 2-ãî è 3-ãî òèïîâ, îáà ÊÎ çàíÿòû

S8 — received applications of the 2nd and 3rd types, both service channels are occupied;

S9 — ïîñòóïèëè 2 çàÿâêè 3-ãî òèïà, îáà ÊÎ çàíÿòû

S9 — received 2 applications of the 3rd type, both service channels are occupied;

S10 — ïîñòóïèëè 3 çàÿâêè 1-ãî òèïà, âñå ÊÎ çàíÿòû

S10 — received 3 applications of the 1st type, all service channels are occupied;

S11 — ïîñòóïèëè 2 çàÿâêè 1-ãî òèïà è çàÿâêà 2-ãî òèïà, âñå ÊÎ çàíÿòû

S11 — received 2 applications of the 1st type and the application of the 2nd type, all service
channels are occupied;

S12 — ïîñòóïèëà çàÿâêà 1-ãî òèïà è 2 çàÿâêè 2-ãî òèïà, âñå ÊÎ çàíÿòû

S12 — received application of the 1st type and 2 applications of the 2nd type, all the service
channels are occupied;

S Si
i

í �
�0

9

�

S Su i
i

�
�

;
0

9

�

S Si
i

îòê �
�10

19

�

S Sref i
i

�
�10

19

�

Òàáëèöà 3. Ñîñòîÿíèÿ ÑÌÎ, îáñëóæèâàþùåé òðè òèïà çàÿâîê

Table 3. States of the queuing systems with three types of applications
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íèÿ çàäà÷è àíàëèçà. Â çàäà÷å ñèíòåçà óñëîâèÿ (1)

ìîãóò áûòü ñâåäåíû ê âèäó, àíàëîãè÷íîìó (3):

-
�

-
�

-
�

1

1

2

2

3

3

2
1 1� � & �

�

�

�
�

�min ;
ð

0

äîï

1 1 22� � � � �ð ð

ð

ð ð ðí
äîï

í
äîï

í
äîï

îòê
äîï

îòê
äîï

îòê
äîï( )

;
( )

1�

�

�

�
�ðîòê

äîï
. (5)

3. Åñëè â òðåõêàíàëüíóþ (n = 3) ÑÌÎ ïîñòóïà-

þò çàÿâêè òðåõ òèïîâ (m = 3), òî ïðè óñëîâèè, ÷òî ÊÎ

óíèâåðñàëüíû, îíà ìîæåò ïðåáûâàòü â îäíîì èç 20

ñîñòîÿíèé — S0–S19 (ñì. òàáë. 3, n = 3). Ãðàô ïåðå-

õîäîâ äëÿ òàêîé ÑÌÎ ïðåäñòàâëåí íà ðèñ. 5. Ïðè

ðàíåå îãîâîðåííûõ äîïóùåíèÿõ [5, 6] òàêîìó ãðàôó

ïåðåõîäîâ ñîîòâåòñòâóåò ñèñòåìà èç 20 ëèíåéíûõ

àëãåáðàè÷åñêèõ óðàâíåíèé, ïðèâåäåííàÿ äëÿ n = 3

â ãðàôå 2 òàáë. 4. Åå ðåøåíèå, ïîëó÷åííîå â àíàëè-

òè÷åñêîì âèäå, ïðåäñòàâëåíî â ãðàôå 3 òàáë. 4 è ìî-

æåò íåïîñðåäñòâåííî èñïîëüçîâàòüñÿ äëÿ ðåøåíèÿ

çàäà÷è àíàëèçà. Â çàäà÷å ñèíòåçà íåîáõîäèìî íàéòè

ïðèâåäåííûå íàãðóçêè %0, %í è %îòê èç ðåøåíèÿ êó-

áè÷åñêèõ óðàâíåíèé:

% % %0
3

0
2

03 6 6
1

1 0� � � �
�

�
�
�

�

�
�
�
�

p
0

äîï
; (6)

p

p

í
äîï

í
äîï í í í

1
3 6 6 03 2

�

�

�
��

�

�
�� � � � �% % % ; (7)

1
1 3 6 6 03

ðîòê
äîï îòê îòê

2
îòê�

�

�
��

�

�
�� � � � �% % % . (8)

n
Ñîñòîÿíèå {S}

State {S}

Sí , Sîòê

Su , Sref

S13 — ïîñòóïèëè çàÿâêè 1, 2 è 3-ãî òèïîâ, âñå ÊÎ çàíÿòû

S13 — received applications of the 1st, 2nd and 3rd types, all service channels are occupied;

S14 — ïîñòóïèëè 2 çàÿâêè 1-ãî òèïà è çàÿâêà 3-ãî òèïà, âñå ÊÎ çàíÿòû

S14 — received 2 applications of the 1st type and the application of the 3rd type, all service
channels are occupied;

S15 — ïîñòóïèëè 2 çàÿâêè 3-ãî òèïà è çàÿâêà 1-ãî òèïà, âñå ÊÎ çàíÿòû

S15 — received 2 applications of the 3rd type and the application of the 1st type, all service
channels are occupied;

S16 — ïîñòóïèëè 3 çàÿâêè 2-ãî òèïà, âñå ÊÎ çàíÿòû

S16 — received 3 applications of the 2nd type, all service channels are occupied;

S17 — ïîñòóïèëè 2 çàÿâêè 2-ãî òèïà è çàÿâêà 3-ãî òèïà, âñå ÊÎ çàíÿòû

S17 — received 2 applications of the 2nd type and the application of the 3rd type, all service
channels are occupied;

S18 — ïîñòóïèëè çàÿâêà 2-ãî òèïà è 2 çàÿâêè 3-ãî òèïà, âñå ÊÎ çàíÿòû

S18 — received application of the 2nd type and 2 applications of the 3rd type, all the service
channels are occupied;

S19 — ïîñòóïèëè 3 çàÿâêè 3-ãî òèïà, âñå ÊÎ çàíÿòû

S19 — received 3 applications of the 3rd type, all service channels are occupied

n � 4 S0 — çàÿâîê íå ïîñòóïàëî, âñå ÊÎ ñâîáîäíû

S0 — there were no requests, all channels of service are free

Îêîí÷àíèå òàáë. 3 / End of Table 3

Ðèñ. 4. Ãðàô ïåðåõîäîâ äâóõêàíàëü-

íîé (n = 2) ÑÌÎ ñ òðåìÿ òèïàìè

(m = 3) çàÿâîê

Fig. 4. The transition graph a two-

channel queuing (n = 2) system with

three types (m = 3) of applications
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Óñëîâèÿ (1) ìîãóò áûòü ñâåäåíû ê âèäó:

-
�

-
�

-
�

% % %1

1

2

2

3

3
0� � & min ( ; ; ),í îòê (9)

ãäå %0 1 1
2

1

3
2 0 5 8 20� � � � � �, B B B

� � � � � �2 0 5 8 20 11 1
2

1

3
, ;B B B

%í � � � � � � �
�

�
�� �

1
1 3 3 1 9 10 3

2
2
2

2 2 2
2

2

3

B
B B B B B

� � � � � �
�

�
��3 3 1 9 10 32

2
2 2 2

2
2

3
B B B B B ;

% îòê � � � � � � �
�

�
�� �

1
1 3 3 1 9 10 3

3
3
2

3 3 3
2

3

3

B
B B B B B

� � � � � �
�

�
��3 3 1 9 10 33

2
3 3 3

2
3

3
B B B B B .

Ïðèìåð 4. Ïðîåêòèðóåòñÿ òðåõêàíàëüíàÿ (n = 3)

ÑÌÎ, â êîòîðóþ ïîñòóïàåò òðè òèïà (m = 3) çàÿâîê

ñ ÷àñòîòàìè -1, -2 è -3. Òðåáóåòñÿ íàéòè ñêîðîñòè

îáñëóæèâàíèÿ �1, �2 è �3, åñëè çàäàíû äîïóñòèìûå

çíà÷åíèÿ âåðîÿòíîñòåé p
0

äîï = 0,95, pí
äîï = 0,99 è

pîòê
äîï = 0,001.

Íàõîäèì: Â1 = 0,3158; Â2 = 99; Â3 = 999. Èç (6)–(9)

ïîëó÷àåì:

-
�

-
�

-
�

1

1

2

2

3

3

0 051 0 455 0194 0 051� � & �min ( , ; , ; , ) , .

Ýòî ñâèäåòåëüñòâóåò î êðèòè÷íîñòè óñëîâèÿ p0 >

� �ð
0

äîï 0 95, è íåîáõîäèìîñòè ïðåäúÿâëåíèÿ òðåáî-

âàíèé ê ñêîðîñòÿì îáñëóæèâàíèÿ: [�1, �2, �3]
ò >

> 19,6[-1, -2, -3]
ò.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Îáîáùàÿ ïîëó÷åííûå ðåçóëüòàòû, äëÿ äàííîãî

òèïà ÑÌÎ ìîæíî âûâåñòè ñëåäóþùèå óíèâåðñàëü-

íûå âûðàæåíèÿ:

ð
i

i

n

j

j

m
i

0

1 1

1

1
1

� �
�

�
�
�

�

�
�
�

�

�

�
�

�

�

 
 � �

�

. .
!

;% (10)

n Ñèñòåìà óðàâíåíèé / System of equations Àíàëèòè÷åñêîå ðåøåíèå / Analytical expressions

1 2 3

1 0 = – ð0 (-1 + -2 + -3) + �1 ð1 + �2 ð2 + �3 ð3;

0 = -1 ð0 – �1 ð1; 0 = -2 ð0 – �2 ð2; 0 = -3 ð0 – �3 ð3

p0
1

1 2 31� � � � �% % % ; ð1 = %1 ð0; ð2 = %2 ð0;

ð3 = %3 ð0; ðí = ð0; ðîòê = (%1 + %2 + %3) ð0

2 0 = – ð0 (-1 + -2 + -3) + �1 ð1 + �2 ð2 + �3 ð3;

0 = -1 ð0 – (�1 + -1 + -2 + -3) ð1 + 2�1 ð4 + �2 ð5 + �3 ð6;

0 = -2 ð0 – (�2 + -1 + -2 + -3) ð2 + �1 ð5 + 2�2 ð7 + �3 ð8;

0 = -3 ð0 – (�3 + -1 + -2 + -3) ð3 + �1 ð6 + �2 ð8 + 2�3 ð9;

0 = -1 ð1 – 2�1 ð4; 0 = -1 ð1 – (�1 + �2) ð5 + -1 ð2;

0 = -3 ð1 + -1 ð3 – (�1 + �3) ð6; 0 = -2 ð2 – 2�2 ð7;

0 = -3 ð2 + -2 ð3 – (�2 + �3) ð8; 0 = -3ð3 – 2�3ð9

ð0
1

1 2 3 1
2

2
2

3
21 0 5� � � � � � � � �% % % % % %, ( )

� � �% % % % % %1 2 1 3 2 3;

ð1 = %1 ð0; ð2 = %2 ð0; ð3 = %3 ð0;

ð ð4 1
2

00 5� , ;% ð5 = %1%2 ð0; ð6 = %1%3 ð0;

ð ð7 2
2

00 5� , ;% ð8 = %2%3 ð0; ð ð9 3
2

00 5� , ;%
ðí = ð0 (1 + %1 + %2 + %3);

ðîòê = 0,5(%1 + %2 + %3)
2ð0

3 0 = – ð0 (-1 + -2 + -3) + �1 ð1 + �2 ð2 + �3 ð3;

0 = -1 ð0 – (�1 + -1 + -2 + -3) ð1 + 2�1 ð4 + �2 ð5 + �3 ð6;

0 = -2 ð0 – (�2 + -1 + -2 + -3) ð2 + �1 ð5 + 2�2 ð7 + �3 ð8;

0 = -3 ð0 – (�3 + -1 + -2 + -3) ð3 + �1 ð6 + �2 ð8 + 2�3 ð9;

0 = -1 ð1 – (2�1 + -1 + -2 + -3) ð4 + 3�1 ð10 + �2 ð11 + �3 ð14;

0 = -2 ð1 + -1 ð2 – (�1 + -1 + -2 + -3) ð5 + 2�1 ð11 + 2�2 ð12 + �3 ð13;

0 = -3 ð1 + -1 ð3 – (�3 + -1 + -2 + -3) ð6 + �2 ð13 + 2�1 ð14 + 2�3 ð15;

0 = -2 ð2 – (2�2 + -1 + -2 + -3) ð7 + �1 ð12 + 3�2 ð16 + �3 ð17;

0 = -3 ð2 + -2 ð3 – (�2 + �3 + -1 + -2 + -3) ð8 + �1ð13 + 2�2 ð17 + 2�3 ð18;

0 = -3 ð3 – (2�3 + -1 + -2 + -3) ð9 + �1 ð15 + �2 ð18 + 3�3 ð19;

0 = -1 ð4 – 3�1 ð10; 0 = -2 ð4 + -1 ð5 – (2�1 + �2) ð11;

0 = -2 ð5 + -1 ð7 – (�1 + 2�2) ð12;

0 = -3 ð5 + -2 ð6 + -1 ð8 – (�1 + �2 + �3) ð9 + �1 ð13;

0 = -3 ð4 + -1 ð6 – (2�1 + �3) ð14; 0 = -3 ð6 + -1 ð9 – (�1 + 2�3) ð15;

0 = -2 ð7 – 3�2 ð16; 0 = -3 ð7 + -2 ð8 – (2�2 + �3) ð17;

0 = -3 ð8 + -2 ð9 – (�2 + 2�3) ð18; 0 = -3 ð9 – 3�3 ð19

ð0
1

1 2 3 1 2 3
21 0 5� � � � � � � � �% % % % % %, ( )

� � �( ) ;% % %1 2 3
3 6

ð1 = %1 ð0; ð2 = %2 ð0; ð3 = %3 ð0;

ð ð4 1
2

00 5� , ;% ð5 = %1%2 ð0; ð6 = %1%3 ð0;

ð ð7 2
2

00 5� , ;% ð8 = %2%3 ð0; ð ð9 3
2

00 5� , ;%
ð ð10 1

3
0 6�% ; ð ð11 1

2
2 00 5� , ;% %

ð ð12 1 2
2

00 5� , ;% % ð13 = %1%2 %3 ð0;

ð ð14 1
2

3 00 5� , ;% % ð ð15 1 3
2

00 5� , ;% %
ð ð16 2

3
0 6�% ; ð ð17 2

2
3 00 5� , ;% %

ð ð18 2 3
2

00 5� , ;% % ð ð19 3
3

0 6�% ;

ðí = ð0 [1 + %1 + %2 + %3 + 0,5(%1 + %2 + %3)
2];

ðîòê = ð0 (%1 + %2 + %3)
3�6

Ï ð è ì å ÷ à í è å . %1 = -1��1, %2 = -2 ��2, %3 = -3 ��3 — ïðèâåäåííûå íàãðóçêè; pi
i

C

�
. �

0

1; C C m
m� �2 1.

N o t e . %1 = -1��1, %2 = -2 ��2, %3 = -3 ��3 — given load; pi
i

C

�
. �

0

1; C C m
m� �2 1.

Òàáëèöà 4. Âûðàæåíèÿ äëÿ îïðåäåëåíèÿ âåðîÿòíîñòåé ñîñòîÿíèé ÑÌÎ c çàÿâêàìè òðåõ òèïîâ (m = 3)

Table 4. Expressions for the probabilities of the states of the queuing systems with three types (m = 3) of applications
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ð ð
i

i

n

j

j

m
i

í � �
�

�
�
�

�

�
�
�

�

�

�
�

�

�

 
 �

�

�
. .0

1

1

1

1
1

!
;% (11)

ð p
p

n
k

k N

N

j

j

m
n

îòê � �
�

�
�
�

�

�
�
�

� �
. .

1

2
0

1
!

.% (12)

Ýòî ïîçâîëÿåò ñôîðìóëèðîâàòü ñëåäóþùóþ òåî-

ðåìó: äëÿ n-êàíàëüíîé ÑÌÎ áåç î÷åðåäè ïðè ñòàí-

äàðòíûõ äîïóùåíèÿõ (ïðîöåññû ïðèåìà-îáñëóæè-

âàíèÿ çàÿâîê óñòàíîâèâøèåñÿ, ïîòîêè çàÿâîê ïðî-

ñòåéøèå, âðåìåíà îáñëóæèâàíèÿ çàÿâîê êàæäîãî òèïà

ïîä÷èíåíû ýêñïîíåíöèàëüíûì çàêîíàì: 0(tj) = �j *
* exp (– �j tj), êàæäûé ÊÎ îáñëóæèâàåò çàÿâêó ñàìî-

ñòîÿòåëüíî), â êîòîðóþ ïîñòóïàþò çàÿâêè m òèïîâ

ñ ÷àñòîòàìè l1, …, l
m

, îáñëóæèâàåìûå ñî ñêîðî-

ñòÿìè m1, …, m
m

ñîîòâåòñòâåííî, âåðîÿòíîñòè íå-

çàíÿòîñòè êàíàëà îáñëóæèâàíèÿ, îòêàçà â ïðèåìå

çàÿâêè è ïðèåìå çàÿâêè ê íåìåäëåííîìó îáñëó-

æèâàíèþ ìîãóò áûòü íàéäåíû ïî âûðàæåíèÿì

ñîîòâåòñòâåííî:

ð
i
Ñ
i

i

n

0

1

1

1� �
�

�
��

�

�
��

�

�

.
%

!
; (13)

ð ð
i
Ñ
i

i

n

í � �
�

�
��

�

�
��

�

�

.0

1

1

1
%

!
; (14)

ð ð n Ñ
n

îòê � ( !) ,0 % (15)

ãäå %Ñ — îáùàÿ ïðèâåäåííàÿ íàãðóçêà; %
-

�Ñ
j

jj

m

�
�
.

1

.

Äîêàçàòåëüñòâî òåîðåìû äëÿ m = 1 (çàÿâêè îä-

íîãî òèïà) çàêëþ÷àåòñÿ â òîì î÷åâèäíîì ôàêòå, ÷òî

âûðàæåíèÿ (10)–(12) ïðèâîäÿòñÿ ê îáùåèçâåñòíîìó

âèäó [5] äëÿ ñòàíäàðòíûõ îäíî- è ìíîãîêàíàëüíûõ

ÑÌÎ ñ îòêàçàìè. Äëÿ m = 2 (çàÿâêè äâóõ òèïîâ) äîêà-

çàòåëüñòâî ïðåäñòàâëåíî â òàáë. 2, äëÿ m = 3 (çàÿâêè

òðåõ òèïîâ) — â òàáë. 4. Ïîäîáíûì îáðàçîì ïîëó÷å-

íû äîêàçàòåëüñòâà è äëÿ m � 4, íî ââèäó ãðîìîçäêî-

ñòè âûðàæåíèé îíè çäåñü íå ïðèâîäÿòñÿ.

Çàäà÷à àíàëèçà ðàññìàòðèâàåìîé ÑÌÎ ìîæåò ðå-

øàòüñÿ íåïîñðåäñòâåííûì âû÷èñëåíèåì ïî âûðà-

æåíèÿì (11)–(12) âåðîÿòíîñòåé ð0, ðí è ðîòê ïðè èç-

âåñòíûõ ÷àñòîòàõ ïîñòóïëåíèÿ çàÿâîê -1, …, -m, ñêî-

ðîñòÿõ èõ îáñëóæèâàíèÿ �1, …, �m è ÷èñëå ÊÎ n.

Çàäà÷à ñèíòåçà, êàê ïîêàçàíî âûøå, ñâîäèòñÿ ê

òîìó, ÷òî ïî çàäàííûì äîïóñòèìûì çíà÷åíèÿì âå-

ðîÿòíîñòåé p
0

äîï , pí
äîï è pîòê

äîï è èçâåñòíûì ÷àñòîòàì

-1, …, -m ïîäáèðàþòñÿ íåîáõîäèìûå çíà÷åíèÿ ÷èñëà

ÊÎ n è/èëè ñêîðîñòåé îáñëóæèâàíèÿ �1, …, �m.

Âûâîäû

Òàêèì îáðàçîì, ïîëó÷åíû ìàòåìàòè÷åñêèå ìî-

äåëè äëÿ ñèñòåì áåçîïàñíîñòè îáúåêòîâ íà îñíîâå

n-êàíàëüíûõ ÑÌÎ, â êîòîðûå ïîñòóïàþò ïðîñòåé-

øèå ïîòîêè ðàçíîòèïíûõ çàÿâîê. Äàííûå ìàòåìàòè-

÷åñêèå ìîäåëè ìîãóò áûòü èñïîëüçîâàíû äëÿ ðåøå-

íèÿ çàäà÷ àíàëèçà è ñèíòåçà òàêèõ ÑÌÎ.

Ïîëó÷åííûå ðåçóëüòàòû àêòóàëüíû ïðè ðàññìîò-

ðåíèè ñèñòåì áåçîïàñíîñòè àâòîíîìíûõ îáúåêòîâ

(íàïðèìåð, â ñåâåðíûõ ðàéîíàõ èëè Àðêòè÷åñêîé

çîíå), ãäå ìîãóò âîçíèêàòü ðàçëè÷íûå òèïû ÷ðåçâû-

Ðèñ. 5. Ãðàô ïåðåõîäîâ òðåõêàíàëüíîé (n = 3) ÑÌÎ ñ òðåìÿ òèïàìè (m = 3) çàÿâîê

Fig. 5. The transition graph a three-channel queuing (n = 3) system with three types (m = 3) of applications
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÷àéíûõ ñèòóàöèé (îòêàçû îáîðóäîâàíèÿ, àâàðèè, ïî-

æàðû, óòå÷êè ýíåðãîíîñèòåëåé), äëÿ óñòðàíåíèÿ êî-

òîðûõ ñîçäàþòñÿ óíèâåðñàëüíûå àâàðèéíî-íàëàäî÷-

íûå è ïîæàðíî-ñïàñàòåëüíûå áðèãàäû.
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ABSTRACT

It was proposed to substantiate quantitative solutions in the design and operation of safety systems of

autonomous objects on the basis of methods of the theory of queuing systems.

The article deals with the problems of analysis and synthesis of the queuing systems when solving

the problems of ensuring the safety of objects (for example, fire-fighting or emergency protection

systems of an autonomous remote object), which feature is the availability of different types of appli-

cations that require different maintenance time (for example, fire and rescue units or repair and

recovery teams).

While solving problems of analysis the probability p of finding the system in key states deter-

mines. S0 — there were no problematic situations, all the service channels are free; Su — at least one

service channel is available, capable of responding to the problem (service request); Sref — all n

service channels are busy, there is no possibility to react to the problem that has arisen (the application

receives a denial of service).

While solving the synthesis problem, the necessary quantitative characteristics of the system, such

as the number of service channels n, the number of queues and the speed of service {-}, are selected

from the given permissible values of probabilities p0, pu and pref and known frequencies {�}.

Step by step systems are considered with applications of two types — one-channel and two-

channel applications and a system with applications of three types — one-channel, two-channel and

three-channel applications.

Graphs and equations describing the states of the system and analytical solutions for finding

the probabilities of the ground states are given for each of the considered types of systems.

Universal expressions are obtained for finding the probabilities of key states for an n-channel

queuing system without a queue under standard assumptions for m type applications. The justification

of the obtained expressions is given.

Examples of characteristics calculation for one-channel, two-channel and three-channel queuing

systems with two and three types of applications are given. In particular, the probability of finding

a system in a state when no applications are received ( p0) is calculated, when the requests arrive and

one service channel ( pu) is left and when all the service channels are occupied ( pref ).

Examples of solving problems of analysis and synthesis are given for each of the considered types

of systems.

The article clearly demonstrates the possibility of applying the above methods to the problems of

creating integrated security systems for remote autonomous objects, in particular, located in the Far

North and in the Arctic zone.

This work is a logical continuation of the article Tarantsev A. A., Kholostov A. L., Ishchenko A. D.,

Potapenko V. V. Problems of analysis and synthesis of application service systems of several types.

Pozharovzryvobezopasnost / Fire and Explosion Safety, 2017, vol. 26, no. 3, pp. 31–38.

Keywords: fires; emergency; diverse application; queuing system; security system of the object.
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