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Ðàññìîòðåíû çàäà÷è àíàëèçà è ñèíòåçà ñèñòåì ìàññîâîãî îáñëóæèâàíèÿ (íàïðèìåð, ñèñòåì
ïðîòèâîïîæàðíîé çàùèòû îáúåêòà) çàÿâîê íåñêîëüêèõ òèïîâ, òðåáóþùèõ ïðèâëå÷åíèÿ îäíîãî,
äâóõ èëè áîëåå êàíàëîâ (íàïðèìåð, ïîæàðíî-ñïàñàòåëüíûõ ïîäðàçäåëåíèé). Ïîëó÷åíû àíàëè-
òè÷åñêèå âûðàæåíèÿ äëÿ âåðîÿòíîñòåé ñîñòîÿíèé ñèñòåì îáñëóæèâàíèÿ. Ñôîðìóëèðîâàíà çà-
äà÷à àíàëèçà êàê íàõîæäåíèå âåðîÿòíîñòè îòêàçà ñèñòåìû â ïðèåìå çàÿâêè êàêîãî-ëèáî òèïà ïî
ïðè÷èíå çàíÿòîñòè âñåõ êàíàëîâ, êîãäà èçâåñòíû èíòåíñèâíîñòè ïîñòóïëåíèÿ çàÿâîê è ñêîðîñòè
èõ îáñëóæèâàíèÿ. Ñôîðìóëèðîâàíà çàäà÷à ñèíòåçà êàê íàõîæäåíèå íåîáõîäèìîãî ÷èñëà êàíà-
ëîâ îáñëóæèâàíèÿ ïðè çàäàííûõ îãðàíè÷åíèÿõ íà âåðîÿòíîñòü îòêàçà â ïðèåìå çàÿâîê. Ïîêàçà-
íà âîçìîæíîñòü ðåøåíèÿ çàäà÷è ñèíòåçà ñ èñïîëüçîâàíèåì íîìîãðàìì.
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Ââåäåíèå

Â ðàáîòå [1] ðàññìîòðåíû n-êàíàëüíûå ñèñòåìû

ìàññîâîãî îáñëóæèâàíèÿ (ÑÌÎ), ïðåäíàçíà÷åííûå

äëÿ ðàáîòû ñ çàÿâêàìè ðàçëè÷íûõ òèïîâ, ïðèåì è

îáñëóæèâàíèå êîòîðûõ òðåáóåò ïðèâëå÷åíèÿ ëèáî

îäíîãî, ëèáî äâóõ èëè òðåõ êàíàëîâ îáñëóæèâàíèÿ

(ÊÎ). Àêòóàëüíîñòü òàêîé çàäà÷è îáóñëîâëåíà íà-

ëè÷èåì àâòîíîìíûõ îáúåêòîâ [2, 3], íà êîòîðûõ ìî-

ãóò âîçíèêàòü îïàñíûå ñèòóàöèè (íàïðèìåð, ïîæà-

ðû) ðàçëè÷íîé ñëîæíîñòè, êîãäà äëÿ èõ ëèêâèäàöèè

òðåáóåòñÿ ïðèâëå÷åíèå ëèáî îäíîãî ïîæàðíî-ñïà-

ñàòåëüíîãî ïîäðàçäåëåíèÿ (â òåðìèíàõ ÑÌÎ — êà-

íàëà îáñëóæèâàíèÿ), ëèáî îäíîâðåìåííî äâóõ èëè

òðåõ ïîäðàçäåëåíèé ïðè óñëîâèè, ÷òî ÷èñëî òàêèõ

ïîäðàçäåëåíèé n îãðàíè÷åíî. Ýòî îòíîñèòñÿ êàê ê

ïðîìûøëåííûì ïðåäïðèÿòèÿì è íàñåëåííûì ïóíê-

òàì [4–9], òàê è ê êðóïíûì äîðîæíûì ìàãèñòðàëÿì

è îáúåêòàì â Àðêòè÷åñêîé çîíå [2, 3, 10–12].

Â ðàìêàõ îáùåïðèíÿòûõ äîïóùåíèé òåîðèè ìàñ-

ñîâîãî îáñëóæèâàíèÿ [13, 14] ïðè íàëè÷èè èíòåí-

ñèâíîñòåé ïîñòóïëåíèÿ çàÿâîê 1-ãî òèïà �1 (äëÿ îá-

ñëóæèâàíèÿ êîòîðûõ äîñòàòî÷íî ïðèâëå÷ü îäèí ÊÎ),

2-ãî òèïà�2 (äâà ÊÎ) è 3-ãî òèïà�3 (òðè ÊÎ), à òàêæå

èíòåíñèâíîñòåé îáñëóæèâàíèÿ çàÿâîê ñîîòâåòñò-

âåííî �1, �2 è �3 â ðàáîòå [1] ïîëó÷åíû ñèñòåìû

óðàâíåíèé äëÿ âåðîÿòíîñòåé ñîñòîÿíèé òàêèõ ÑÌÎ

è ïðåäñòàâëåíû ñîîòâåòñòâóþùèå èì ãðàôû ïåðå-

õîäîâ.

Íà ýòàïàõ ïðîåêòèðîâàíèÿ è ôóíêöèîíèðîâàíèÿ

ÑÌÎ âîçíèêàþò äâå õàðàêòåðíûå çàäà÷è — àíàëèç

è ñèíòåç [13–15]. Çàäà÷à àíàëèçà ñâîäèòñÿ ê íàõîæ-

äåíèþ ñîñòîÿíèé ÑÌÎ {p} (ïðåæäå âñåãî âåðîÿò-

íîñòåé îòêàçà â ïðèåìå çàÿâîê ëþáîãî òèïà ðîòê, 2-ãî

òèïà ðII è 3-ãî òèïà ðIII) ïðè çàäàííîì ÷èñëå ÊÎ n,

êîãäà èçâåñòíû èíòåíñèâíîñòè {�} è {�}. Çàäà÷à

ñèíòåçà â íàèáîëåå ðàñïðîñòðàíåííîì ñëó÷àå çà-

êëþ÷àåòñÿ â íàõîæäåíèè ìèíèìàëüíî íåîáõîäèìî-

ãî ÷èñëà ÊÎ n ïðè èçâåñòíûõ èíòåíñèâíîñòÿõ {�} è

{�} è çàäàííûõ îãðàíè÷åíèÿõ íà äîïóñòèìûå âåðî-

ÿòíîñòè îòêàçîâ ðîòê, ðII è ðIII. Â ðÿäå ñëó÷àåâ ïðè
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ñèíòåçå ÑÌÎ òðåáóåòñÿ íàéòè íåîáõîäèìûå èíòåí-

ñèâíîñòè îáñëóæèâàíèÿ {�} (íàïðèìåð, ñíàáäèòü ïî-

æàðíî-ñïàñàòåëüíûå ïîäðàçäåëåíèÿ ñïåöèàëüíûì

îáîðóäîâàíèåì è óâåëè÷èòü øòàò ïîäðàçäåëåíèé äëÿ

ñîêðàùåíèÿ âðåìåíè òóøåíèÿ ïîæàðà) ïðè èçâåñò-

íûõ çíà÷åíèÿõ {�} è n è äîïóñòèìûõ âåðîÿòíîñòÿõ

îòêàçîâ.

Ñèñòåìû îáñëóæèâàíèÿ
çàÿâîê äâóõ òèïîâ

Â ðàáîòå [1] ïðèâåäåíû ìàòåìàòè÷åñêèå âûðàæå-

íèÿ â âèäå ñèñòåì óðàâíåíèé, ñâÿçûâàþùèõ âåðîÿò-

íîñòè ñîñòîÿíèé {p} ÑÌÎ ñ ÷èñëîì ÊÎ n = 2…7,

êóäà ïîñòóïàþò çàÿâêè äâóõ òèïîâ ñ èíòåíñèâíî-

ñòÿìè �1 è �2, êîòîðûå îáñëóæèâàþòñÿ â ÊÎ ñî ñêî-

ðîñòÿìè (èíòåíñèâíîñòÿìè)�1 è�2 ñîîòâåòñòâåííî.

Àâòîðàì óäàëîñü ïîëó÷èòü ÿâíûå àíàëèòè÷åñêèå(!)

ðåøåíèÿ ýòèõ ñèñòåì óðàâíåíèé ÷åðåç ïðèâåäåí-

íûå íàãðóçêè�1 = �1/�1 è�2 = �2 /�2 (òàáë. 1), à òàê-

æå îáùèå âûðàæåíèÿ äëÿ âåðîÿòíîñòåé íåçàíÿòî-

ñòè âñåõ n ÊÎ ð0 è âåðîÿòíîñòåé îòêàçîâ ðîòê è ðII:
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ãäå Ö(õ) — ôóíêöèÿ âçÿòèÿ öåëîãî ÷èñëà îò õ, íà-

ïðèìåð: Ö(2) = 2, Ö(2,5) = 2, Ö(3,5) = 3 è ò. ä.

Âûðàæåíèÿ (1)-(3) ìîæíî èñïîëüçîâàòü äëÿ àíà-

ëèçà ðàáîòû n-êàíàëüíîé ÑÌÎ äàííîãî òèïà. Äëÿ

n Ñèñòåìà óðàâíåíèé Àíàëèòè÷åñêîå ðåøåíèå
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Òàáëèöà 1. Âûðàæåíèÿ äëÿ îöåíêè âåðîÿòíîñòåé ñîñòîÿíèé ÑÌÎ ñ äâóìÿ òèïàìè çàÿâîê
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ðåøåíèÿ çàäà÷è ñèíòåçà öåëåñîîáðàçíî ïîñòðîèòü

íîìîãðàììû ñ ëèíèÿìè ðàâíûõ çíà÷åíèé n â êî-

îðäèíàòàõ (�1, �2). Ýòî, â ñâîþ î÷åðåäü, òðåáóåò ïî-

ëó÷åíèÿ çàâèñèìîñòåé �2 = f (�1, n), êîòîðûå â õîäå

èññëåäîâàíèé áûëè íàéäåíû â âèäå ïîëèíîìîâ:

Ak
k
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Ö n

� 2

0

2

0
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( )

, (4)

ãäå {A} — êîýôôèöèåíòû, çàâèñÿùèå îò ïðèâåäåí-

íîé íàãðóçêè �1, ÷èñëà ÊÎ n è âåðîÿòíîñòåé îò-

êàçà â ïðèåìå çàÿâêè.

Â òàáë. 2 ïðèâåäåíû âûðàæåíèÿ äëÿ âåëè÷èí {A}

è ïîðÿäêà îïðåäåëåíèÿ ïðèâåäåííîé íàãðóçêè �2.

Ìîäåëèðîâàíèå, ïðîâåäåííîå ñ èñïîëüçîâàíè-

åì âûðàæåíèé òàáë. 2, ïîçâîëèëî ïîñòðîèòü íîìî-

ãðàììû äëÿ ðîòê = 0,1 % è ðII = 0,5 % (ðèñ. 1), êîòî-

ðûå ìîæíî èñïîëüçîâàòü äëÿ ðåøåíèÿ çàäà÷ ñèíòåçà

ÑÌÎ. Ñëåäóåò îáðàòèòü âíèìàíèå íà òî, ÷òî äëÿ íå-

÷åòíûõ çíà÷åíèé n ïðèâåäåííàÿ íàãðóçêà �2 ìîæåò

âîçðàñòàòü ïðè óâåëè÷åíèè �1. Ýòî îáúÿñíÿåòñÿ òåì,

÷òî ïðè áîëüøîì îòíîñèòåëüíîì ÷èñëå “äâîéíûõ çà-

ÿâîê” âñåãäà ìîæåò îñòàâàòüñÿ ñâîáîäíûì õîòÿ áû

îäèí ÊÎ (îäíî ïîäðàçäåëåíèå).

Ïðèìåð 1. Èçâåñòíî, ÷òî äëÿ îáúåêòà ïðèâåäåí-

íàÿ íàãðóçêà ïî çàÿâêàì, òðåáóþùèì ïðèâëå÷åíèÿ

îäíîãî ÊÎ,�1 = 0,1, äâóõ ÊÎ — �2 = 0,04. Òðåáóåòñÿ

n Ñèñòåìà óðàâíåíèé Àíàëèòè÷åñêîå ðåøåíèå
Íîìåð

ðèñóíêà
â [1]

6 0 1 2 0 1 1 2 2� � � � �( ) ;� � � �p p p
0 21 0 1 2 1 1 1 3 2 4� � � � � �� � � � � �p p p p( ) ;
0 22 0 1 2 2 2 1 4 2 5� � � � � �� � � � � �p p p p( ) ;
0 2 31 1 1 2 1 3 1 6 2 7� � � � � �� � � � � �p p p p( ) ;
0 2 1 1 2 1 2 2 1 4� � � � � � �� � � � � �p p p( )
� �2 21 7 2 8� �p p ;

0 2 32 2 1 2 2 5 1 8 2 9� � � � � �� � � � � �p p p p( ) ;
0 3 41 3 1 2 1 6 1 10 2 11� � � � � �� � � � � �p p p p( ) ;
0 22 3 1 4 1 2 2 1 7� � � � � � �� � � � � �p p p( )
� �3 21 11 2 12� �p p ;

0 2 22 4 1 5 1 2 1 8 1 12� � � � � �� � � � � �p p p p( ) ;
0 32 5 2 9� �� �p p ;
0 4 51 6 1 2 1 10 1 13 2 14� � � � � �� � � � � �p p p p( ) ;
0 3 42 6 1 7 1 2 1 11 1 14� � � � � �� � � � � �p p p p( ) ;
0 2 22 7 1 8 2 1 12� � � �� � � �p p p( ) ;
0 5 61 10 1 1 13 1 15� � � �� � � �p p p( ) ;
0 42 10 1 11 2 1 14� � � �� � � �p p p( ) ;
0 61 13 1 15� �� �p p
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2
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7 0 1 2 0 1 1 2 2� � � � �( ) ;� � � �p p p
0 21 0 1 2 1 1 1 3 2 4� � � � � �� � � � � �p p p p( ) ;
0 22 0 1 2 2 2 1 4 2 5� � � � � �� � � � � �p p p p( ) ;
0 2 31 1 1 2 1 3 1 6 2 7� � � � � �� � � � � �p p p p( ) ;
0 2 1 1 2 1 2 2 1 4� � � � � � �� � � � � �p p p( )
� �2 21 7 2 8� �p p ;

0 2 32 2 1 2 2 5 1 8 2 9� � � � � �� � � � � �p p p p( ) ;
0 3 41 3 1 2 1 6 1 10 2 11� � � � � �� � � � � �p p p p( ) ;
0 22 3 1 4 1 2 2 1 7� � � � � � �� � � � � �p p p( )
� �3 21 11 2 12� �p p ;

0 2 22 4 1 5 1 2 1 8 1 12� � � � � �� � � � � �p p p p( ) ;
0 32 5 1 2 9 1 13� � � �� � � �p p p( ) ;
0 4 51 6 1 2 1 10 1 14 2 15� � � � � �� � � � � �p p p p( ) ;
0 32 6 1 7 1 2 2 1 11� � � � � � �� � � � � �p p p( )
� �4 21 15 2 16� �p p ;

0 2 2 32 7 1 8 1 2 1 12 1 16� � � � � �� � � � � �p p p p( ) ;
0 1 9 1 13� �� �p p ;
0 5 61 10 1 2 1 14 1 17 2 18� � � � � �� � � � � �p p p p( ) ;
0 4 52 10 1 11 1 2 1 15 1 18� � � � � �� � � � � �p p p p( ) ;
0 2 32 11 1 12 2 1 16� � � �� � � �p p p( ) ;
0 6 71 14 1 1 17 1 19� � � �� � � �p p p( ) ;
0 52 14 1 15 2 1 18� � � �� � � �p p p( ) ;
0 71 17 1 19� �� �p p
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Îêîí÷àíèå òàáë. 1
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ðåøèòü çàäà÷ó ñèíòåçà — íàéòè ìèíèìàëüíî íåîá-

õîäèìîå ÷èñëî ÊÎ n, ÷òîáû âåðîÿòíîñòü îòêàçà â ïðè-

åìå è îáñëóæèâàíèè ëþáîé çàÿâêè ðîòê, à òàêæå âå-

ðîÿòíîñòü îòêàçà â ïðèåìå è îáñëóæèâàíèè çàÿâêè,

òðåáóþùåé ïðèâëå÷åíèÿ ñðàçó äâóõ ÊÎ ðII, íå ïðå-

âûøàëà 0,001 (èëè 0,1 %).

Ó÷èòûâàÿ, ÷òî lg�1 = –1, lg�2 = –1,398, è âîñ-

ïîëüçîâàâøèñü íîìîãðàììàìè íà ðèñ. 1 è 2, íàõîäèì,

÷òî óñëîâèÿì ðîòê � 0,1 % è ðII � 0,1 % óäîâëåòâî-

ðÿåò òîëüêî ïÿòèêàíàëüíàÿ (n = 5) ÑÌÎ. Ïðè ýòîì

óñëîâèþ ðîòê � 0,1 % óäîâëåòâîðÿëà áû è ÷åòûðåõ-

êàíàëüíàÿ ÑÌÎ.

Ïðèìåð 2. Òðåáóåòñÿ ðåøèòü çàäà÷ó àíàëèçà —

íàéòè âåðîÿòíîñòè îòêàçîâ â îáñëóæèâàíèè ðîòê è ðII

ïðè�1 = 0,1,�2 = 0,04 è ðàçëè÷íîì ÷èñëå ÊÎ n è ïðî-

âåðèòü òåì ñàìûì ïðàâèëüíîñòü ðåøåíèÿ çàäà÷è

ñèíòåçà, ðàññìîòðåííîé â ïðèìåðå 1.

Ñ èñïîëüçîâàíèåì àíàëèòè÷åñêèõ âûðàæåíèé,

ïðèâåäåííûõ â òàáë. 1, ñòàíîâèòñÿ âîçìîæíûì ðàñ-

ñ÷èòàòü âåðîÿòíîñòè {ðîòê, ðII, ð0} = f (�1 = 0,1;

�2 = 0,04; n) (òàáë. 3). Êàê ñëåäóåò èç ïîëó÷åííûõ

çíà÷åíèé âåðîÿòíîñòåé, äåéñòâèòåëüíî, óñëîâèÿ

n {A}
Îòêàç â îáñëóæèâàíèè âûçîâà

Ïîðÿäîê íàõîæäåíèÿ �2
ëþáîãî ñ âåðîÿòíîñòüþ ðîòê äâîéíîãî ñ âåðîÿòíîñòüþ ðII

2; 3 à1 �1
2

2
n

np�
�� îòê� �n–2(1 – ðII) �2 0 1� � a a

à0 �1
n

nn p! � îòê� �n(1 – ðII) – �n–2

4; 5 à2 ( )�1
4

4 2n
np�
�� îòê� �n–4(1 – ðII) / 2

�2
1
2

0 2 1

2

4

2
�

� �a a a a

aà1 �1
2

22n
nn p�
�� �( )! îòê� �n–2(1 – ðII) – �n–4

à0 �1
n

nn p! � îòê� �n(1 – ðII) – �n–2

6; 7 à3 ( )�1
6

6 6n
np�
�� îòê� �n–6(1 – ðII) / 6 ×èñëåííîå ðåøåíèå

êóáè÷åñêîãî óðàâíåíèÿ
c íàõîæäåíèåì ïðèåìëå-

ìîãî êîðíÿ �2

à2 [ ( )! ]�1
4

44 2n
nn p�
�� � îòê� [�n–4(1 – ðII) – �n–6] / 2

à1 �1
2

22n
nn p�
�� �( )! îòê� �n–2(1 – ðII) – �n–4

à0 �1
n

nn p! � îòê� �n(1 – ðII) – �n–2

n aj �
1

2

22

n j

n jn j
p

�

��
�

( )! îòê�
� �n j n jp

j

� � �� �2 2 11( )

!

( )II Îáùèå âûðàæåíèÿ,
j = 0, …, Ö(n/2)

Ï ð è ì å ÷ à í è å . �m

i

i

m

i�
�

�

� �0
1

0

0�
!
; �0 = 1; �m<0 = 0.

Òàáëèöà 2. Êîýôôèöèåíòû óðàâíåíèÿ (4) äëÿ íàõîæäåíèÿ ïðèâåäåííîé íàãðóçêè �2

Ðèñ. 1. Çàâèñèìîñòü �2 = f (�1) ïðè ðàçëè÷íûõ çíà÷åíèÿõ n:

—— — ðîòê.äîï = 0,001; – – – — ðîòê.äîï = 0,005

Ðèñ. 2. Çàâèñèìîñòü �2 = f (�1) ïðè îáñëóæèâàíèè çàÿâîê,

òðåáóþùèõ ïðèâëå÷åíèÿ äâóõ êàíàëîâ îáñëóæèâàíèÿ, ïðè

ðàçëè÷íûõ çíà÷åíèÿõ n è ðîòê. äîï, ðàâíîì 0,001 (——); 0,002

(— — —); 0,005 (– – – –); 0,010 (– · –)
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ðîòê � 0,1 % è ðII � 0,1 % âûïîëíÿþòñÿ ïðè n = 5.

Ïðè ýòîì âåðîÿòíîñòü òîãî, ÷òî íà îáúåêòå íå áóäåò

âîçíèêàòü ñèòóàöèé, òðåáóþùèõ ïðèâëå÷åíèÿ ïî-

æàðíî-ñïàñàòåëüíûõ ïîäðàçäåëåíèé (ò. å. âñå ÊÎ íå-

çàíÿòû), äîñòàòî÷íî âûñîêà — áîëåå 86 %.

Ñèñòåìû îáñëóæèâàíèÿ
çàÿâîê òðåõ òèïîâ

Â ðàáîòå [1] ïðèâåäåíû òàêæå ìàòåìàòè÷åñêèå

âûðàæåíèÿ â âèäå ñèñòåì óðàâíåíèé, ñâÿçûâàþùèõ

âåðîÿòíîñòè ñîñòîÿíèé {p} ÑÌÎ ñ ÷èñëîì ÊÎ

n = 3…5, êóäà ïîñòóïàþò çàÿâêè òðåõ òèïîâ ñ èí-

òåíñèâíîñòÿìè �1, �2 è �3, êîòîðûå îáñëóæèâàþòñÿ

â ÊÎ ñî ñêîðîñòÿìè (èíòåíñèâíîñòÿìè) �1, �2 è �3

ñîîòâåòñòâåííî.

Â òàáë. 4 ïðèâåäåíû óðàâíåíèÿ, ñîîòâåòñòâóþùèå

ãðàôàì ïåðåõîäîâ íà ðèñ. 7–9 [1] è ÿâíûå àíàëèòè-

÷åñêèå ðåøåíèÿ äëÿ îöåíêè âåðîÿòíîñòåé ñîñòîÿ-

íèé {p} äàííîé ÑÌÎ. Äàííûå âûðàæåíèÿ òàêæå

ìîãóò èñïîëüçîâàòüñÿ äëÿ ðåøåíèÿ çàäà÷ àíàëèçà è

ñèíòåçà.

Êàê è ðàíåå, çàäà÷à àíàëèçà ðåøàåòñÿ íàõîæäå-

íèåì âåðîÿòíîñòåé ñîñòîÿíèé ÑÌÎ {p} ïðè èçâåñò-

íûõ çíà÷åíèÿõ ïðèâåäåííûõ íàãðóçîê �i = �i /�i

(i = 1, …, 3) è ÷èñëå ÊÎ n. Ïðè ýòîì íàèáîëåå âàæ-

íûì ðåçóëüòàòîì ÿâëÿåòñÿ íàõîæäåíèå âåðîÿòíî-

ñòåé îòêàçîâ ðîòê, ðII è ðIII. Çàäà÷à ñèíòåçà ìîæåò ðå-

øàòüñÿ òàêæå ïóòåì íàõîæäåíèÿ ìèíèìàëüíî íåîá-

õîäèìîãî ÷èñëà ÊÎ n ïðè èçâåñòíûõ ïðèâåäåííûõ

n Ñèñòåìà óðàâíåíèé Àíàëèòè÷åñêèå ðåøåíèÿ
Íîìåð
ðèñóíêà

â [1]

3 0 1 2 3 0 1 1 2 2 3 3� � � � � � �( ) ;� � � � � �p p p p
0 21 0 1 2 1 1 1 4 2 5� � � � � �� � � � � �p p p p( ) ;
0 2 0 1 2 2 1 5� � � �� � � �p p p( ) ;
0 3 0 3 3� �� �p p ;
0 2 31 1 1 1 4 1 6� � � �� � � �p p p( ) ;
0 2 1 1 2 2 1 5� � � �� � � �p p p( ) ;
0 31 4 1 6� �� �p p
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0 22 0 1 2 2 2 1 5 2 7� � � � � �� � � � � �p p p p( ) ;
0 3 0 1 3 3 1 6� � � �� � � �p p p( ) ;
0 2 31 1 1 2 1 4 1 8 2 9� � � � � �� � � � � �p p p p( ) ;
0 22 1 1 2 1 2 1 5 1 9� � � � � �� � � � � �p p p p( ) ;
0 3 1 1 3 3 1 6� � � �� � � �p p p( ) ;
0 22 2 2 7� �� �p p ;
0 3 41 4 1 1 8 1 10� � � �� � � �p p p( ) ;
0 22 4 1 5 1 2 9� � � �� � � �p p p( ) ;
0 41 8 1 10� �� �p p
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3 6� � ; ð ð9 1

2
2 00 5� , ;� �

ð p10 0 1
4 24� � ; ðîòê = ð6 + ð7 + ð9 + ð10;

ðII = ðîòê + ð3 + ð5 + ð8; ðIII = ðII + ð2 + ð4

8

5 0 1 2 3 0 1 1 2 2 3 3� � � � � � �( ) ;� � � � � �p p p p
0 21 0 1 2 3 1 1 1 4 2 5 3 7� � � � � � � �� � � � � � � �p p p p p( ) ;
0 22 0 1 2 3 2 2 1 5 2 6 3 8� � � � � � � �� � � � � � � �p p p p p( ) ;
0 3 0 1 2 3 3 1 7 2 8� � � � � �� � � � � �p p p p( ) ;
0 2 31 1 1 2 3 1 4 1 9 2 10 3 12� � � � � � � �� � � � � � � �p p p p p( ) ;
0 2 22 1 1 2 1 2 2 1 5 1 10 2 11� � � � � � � �� � � � � � � �p p p p p( ) ;
0 22 2 1 2 6 1 11� � � �� � � �p p p( ) ;
0 23 1 1 3 1 3 1 7 1 12� � � � � �� � � � � �p p p p( ) ;
0 3 2 2 3 3 2 8� � � �� � � �p p p( ) ;
0 3 41 4 1 2 1 9 1 13 2 14� � � � � �� � � � � �p p p p( ) ;
0 2 32 4 1 5 1 2 1 10 1 14� � � � � �� � � � � �p p p p( ) ;
0 22 5 1 6 2 1 11� � � �� � � �p p p( ) ;
0 23 4 1 7 3 1 12� � � �� � � �p p p( ) ;
0 4 51 9 1 1 13 1 15� � � �� � � �p p p( ) ;
0 32 9 1 10 2 1 14� � � �� � � �p p p( ) ;
0 51 13 1 15� �� �p p

ð
i i i

i

i

i

i

i

i

0
1 1

0

5

2
1

0

3
2
2

1

0

1

2
�

� � �

� � � �� � ��
�

� � �
! ! !

� �
�
��

�
� �3

1

0

2

2 3

i

i
i !

; ð1 = �1ð0;

ð2 = �2 ð0; ð3 = �3 ð0; ð ð4 1
2

00 5� , ;�

ð5 = �1�2 ð0; ð p6 2
2

00 5� , ;� p7 = �1�3 ð0;

p8 = �2�3 ð0; ð p9 0 1
3 6� � ; ð ð10 1

2
2 00 5� , ;� �

ð ð11 1 2
2

00 5� , ;� � ð ð12 1
2

3 00 5� , ;� �

ð p13 0 1
4 24� � ; ð p14 0 1

3
2 6� � � ;

ð p15 0 1
5 120� � ;

ðîòê = ð8 + ð11 + ð12 + ð14 + ð15;
ðII = ðîòê + ð6 + ð7 + ð10 + ð13;
ðIII = ðII + ð3 + ð5 + ð9

9

Òàáëèöà 4. Âûðàæåíèÿ äëÿ îöåíêè âåðîÿòíîñòåé ñîñòîÿíèé ÑÌÎ ñ òðåìÿ òèïàìè çàÿâîê

Ïîêà-
çàòåëü

Çíà÷åíèå ïîêàçàòåëÿ, %, ïðè n

2 3 4 5 6 7

ðîòê 3,930 0,363 0,087 0,008 Îêîëî 0 Îêîëî 0

ðII 12,664 4,278 0,450 0,095 0,001 0,001

ð0 87,336 87,020 86,944 86,937 86,936 86,936

Òàáëèöà 3. Âåðîÿòíîñòè ñîñòîÿíèé ðîòê, ðII è ð0 ïðè ðàç-
ëè÷íîì ÷èñëå ÊÎ
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íàãðóçêàõ�1,�2,�3 è çàäàííûõ òðåáîâàíèÿõ ê âåðî-

ÿòíîñòÿì îòêàçîâ ðîòê, ðII è ðIII. Â îòëè÷èå îò ñëó÷àÿ

ÑÌÎ ñ äâóìÿ òèïàìè çàÿâîê, ðàññìîòðåííîãî â ïðå-

äûäóùåì ðàçäåëå, êîãäà ïðèìåíÿëèñü íîìîãðàììû

(ñì. ðèñ. 1 è 2), çàäà÷à ñèíòåçà ÑÌÎ ñ òðåìÿ òèïàìè

çàÿâîê ìîæåò ðåøàòüñÿ ïóòåì ïîäáîðà íåîáõîäèìî-

ãî ÷èñëà ÊÎ n.

Ïðèìåð 3. Èçâåñòíî, ÷òî äëÿ îáúåêòà ïðèâåäåí-

íàÿ íàãðóçêà ïî çàÿâêàì, òðåáóþùèì ïðèâëå÷åíèÿ

îäíîãî ÊÎ, �1 = 0,1, îäíîâðåìåííî äâóõ ÊÎ —

�2 = 0,04, îäíîâðåìåííî òðåõ ÊÎ —�3 = 0,007. Òðå-

áóåòñÿ ðåøèòü çàäà÷ó àíàëèçà — íàéòè âåðîÿòíîñòè

îòêàçîâ ðîòê, ðII è ðIII â ïðèåìå çàÿâîê ñîîòâåòñòâóþ-

ùèõ òèïîâ ïðè ðàçëè÷íîì ÷èñëå ÊÎ n.

Ñ èñïîëüçîâàíèåì àíàëèòè÷åñêèõ âûðàæåíèé,

ïðèâåäåííûõ â òàáë. 4, ñòàíîâèòñÿ âîçìîæíûì ðàñ-

ñ÷èòàòü âåðîÿòíîñòè {ðîòê, ðII, ðIII, ð0} = f (�1 = 0,1;

�2 = 0,04; �3 = 0,007; n) (òàáë. 5).

Âûâîäû

Òàêèì îáðàçîì, ïîëó÷åíû àíàëèòè÷åñêèå âûðà-

æåíèÿ è íîìîãðàììû äëÿ ðåøåíèÿ çàäà÷ àíàëèçà è

ñèíòåçà ÑÌÎ ñ ðàçíîòèïíûìè çàÿâêàìè, òðåáóþ-

ùèìè èñïîëüçîâàíèÿ ëèáî îäíîãî êàíàëà îáñëóæè-

âàíèÿ, ëèáî îäíîãî èëè îäíîâðåìåííî äâóõ êàíà-

ëîâ, ëèáî îäíîãî, äâóõ èëè òðåõ êàíàëîâ îáñëóæèâà-

íèÿ. Ðåøåíèå óêàçàííûõ çàäà÷ ÿâëÿåòñÿ âàæíûì

ïðèìåíèòåëüíî ê àâòîíîìíûì îáúåêòàì, íà êîòî-

ðûõ ìîãóò âîçíèêàòü ðàçëè÷íîãî ðîäà îïàñíûå ñè-

òóàöèè, òðåáóþùèå ïðèâëå÷åíèÿ, â ÷àñòíîñòè, ïî-

æàðíî-ñïàñàòåëüíûõ ïîäðàçäåëåíèé.

Ïîêàçàòåëü
Çíà÷åíèå ïîêàçàòåëÿ ïðè n

3 4 5

ðîòê 0,0097 0,0015 0,00035

ðII 0,0486 0,0111 0,00182

ðIII 0,1351 0,0500 0,01146

ð0 0,8649 0,8637 0,86350

Òàáëèöà 5. Âåðîÿòíîñòè ñîñòîÿíèé ðîòê, ðII, ðIII è ð0 ïðè
ðàçëè÷íîì ÷èñëå ÊÎ
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ABSTRACT

The problems of analysis and synthesis of the response system to emergency situations in difficult

cases are shown here. The response system is considered as a queuing system of applications of

several types requiring the use of one, two or more channels (for example mobile fire-rescue units,

ambulance brigades, police and medical care). The relevance of this problem is caused by the presence

of autonomous objects in an environment where the number of mobile emergency response units of

the system is limited.

The analysis problem is formulated as finding the probability of system failure in the reception

of applications (of the 1st type pI, the 2nd type pII and 3rd type pIII) for a given number of service channels

n, when the intensities {�} and {�} are known, which are the parameters of exponential distribution

laws. The synthesis problem is formulated as finding the required number of service channels n under

certain intensities {�} and {�} and set limits on allowable probability of failure pI–pIII.

Analytical expressions for the probabilities of system states through the given loads are obtained

for the two types of applications of the service system �1 = �1/�1 and �2 = �2/�2, presented in table

form. The general expressions for the probability of unoccupied n channels are also obtained — p0 and

failure probability — pI and pII, which can be used for analysis of n-channel queuing system of this

type. The nomogram with lines of equal values of n in the coordinates is encouraged to use to solve

the problem of synthesis of these systems (�1,�2). For this purpose the dependences�2 = f (�1, n) are

obtained, and they are found in the form of polynomials, whose coefficients depend on the given
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load �1, the number of service channels n and the probability of failure in the admission of an appli-

cation. Formula to determine these coefficients and to determine the given load �2 is obtained. It was

found that the two types of applications service system for odd values of n at least one service channel

may always remain free.

Analytical solutions for the evaluation of the probability of states of this queuing system are

obtained for the application service system of three types.

The examples show the possibility of solving problems of analysis and synthesis of queuing

systems with heterogeneous applications using nomograms. This study is a logical continuation of the

previously published article “Modeling of sufficiency of the mobile emergency units in case of situa-

tions of high complexity.

Keywords: danger situations; mobile units; emergency services; queuing system; probability of failure.
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