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Analysis of network reliability is extremely important for their design and operation. For various
types of networks, various models have been proposed that take into account network particular
features, within which di�erent indicators of network reliability are considered. As a rule, random
graphs in various modi�cations are taken as a basis. Usually, the probability of connectivity of the
corresponding random graph in the case of unreliable edges that fail independently and absolutely
reliable nodes is used as an indicator of network reliability.

The problems of exact calculating of various reliability indicators are NP-hard. When network
elements are subject to dependent failure, reliability analysis becomes a much more time consuming
task. A typical example of dependent network failures is cascading failures in power networks. The
initiating event of the failure propagation process is caused by external circumstances: it can be a
fallen tree, a strong gust of wind, a line break due to overload, etc. If its failure caused overloading
of other lines or equipment, then this, in turn, can generate new outages, etc. Thus, a sequence of
dependent failures occurs.

An important property of cascade outages in power grids is both their locality and their non-
locality, as practice shows. The examples of real cascading outages show that there is a failure of lines
along the sections that cut o� certain subnets. Such scenarios for the propagation of cascading failures
are explained by the fact that the failure of a power transmission line leads to an almost instantaneous
redistribution of electricity to other power transmission lines, primarily to those lines that are included
in the cut with the failed one. This paper proposes a model for the propagation of dependent failures
in a network along its structural cuts.

As a structural model of a power grid, we consider an undirected graph G = (V, E ), where V is
the set of vertices, and E is the set of edges of the graph G. Let the presence probability be given for
each edge. We will interpret this value as the probability of failure-free operation of the corresponding
transmission line within a given time interval. If a failure occurs, then a cascade failure begins along
the network cuts, the development of which is described by in�uence graphs. In this case, it is assumed
that the vertices are absolutely reliable, i.e. are present with probability equal to 1.

In such conditions, several characteristics are considered as indicators of power network reliability:
the probability of network connectivity, the probability of each consumer can connect to any power
center, the probability of the availability of any power source for a given proportion of consumers. The
last indicator can be more informative than the previous ones when considering a power grid of large
dimension, for example, on a national scale, or several countries, if the corresponding networks are
interconnected.

The article proposes an algorithm for the accurate calculation of reliability indices, based on the
use of the total probability formula, and an estimation algorithm, based on the Monte Carlo approach.
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In addition, a method of cumulative updating of the bounds of reliability indicators is proposed, which
makes it possible to make a conclusion about the su�cient reliability (or unreliability) of a network in
relation to a given threshold.

The pseudocodes of the proposed algorithms and the results of numerical experiments are given.
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Ïðåäëàãàåòñÿ ìîäåëü ðàñïðîñòðàíåíèÿ çàâèñèìûõ îòêàçîâ â ñåòè ïî åå ñòðóêòóðíûì ðàçðåçàì.
Ïîäîáíîå ìîæåò ïðîèñõîäèòü â ýëåêòðîýíåðãåòè÷åñêèõ ñåòÿõ: îòêàç ëèíèè ýëåêòðîïåðåäà÷è
ïðèâîäèò ê ïðàêòè÷åñêè ìãíîâåííîìó ïåðåðàñïðåäåëåíèþ ýëåêòðîýíåðãèè íà äðóãèå ëèíèè
ýëåêòðîïåðåäà÷è, â ïåðâóþ î÷åðåäü � íà òå ëèíèè, êîòîðûå âõîäÿò â ðàçðåç ñ îòêàçàâøåé.
Äëÿ ïîêàçàòåëåé íàäåæíîñòè ñåòåé â òàêèõ óñëîâèÿõ � âåðîÿòíîñòè ñâÿçíîñòè ñåòè, âåðîÿòíî-
ñòè ñâÿçíîñòè êàæäîãî ïîòðåáèòåëÿ ñ öåíòðîì ïèòàíèÿ � ðàçðàáîòàíû ìåòîäû èõ òî÷íîãî è
ïðèáëèæåííîãî ðàñ÷åòà íàäåæíîñòè, à òàêæå ìåòîä êóìóëÿòèâíîãî óòî÷íåíèÿ ãðàíèö íàäåæ-
íîñòè.

Êëþ÷åâûå ñëîâà: ýëåêòðîýíåðãåòè÷åñêèå ñåòè, íàäåæíîñòü, êàñêàäíûé îòêàç, çàâèñèìûé
îòêàç, ãðàô âëèÿíèé.

Ââåäåíèå. Àíàëèç íàäåæíîñòè ñåòåé êðàéíå âàæåí ïðè èõ ïðîåêòèðîâàíèè è ýêñ-
ïëóàòàöèè, èññëåäîâàíèÿ íà ýòó òåìó ïðîâîäÿòñÿ óæå äàâíî, àêòèâíî ïðîäîëæàþòñÿ è
â íàñòîÿùåå âðåìÿ, â òîì ÷èñëå è íà òåìó àíàëèçà íàäåæíîñòè è æèâó÷åñòè ýëåêòðî-
ýíåðãåòè÷åñêèõ ñåòåé [1�5]. Ïðè ýòîì äëÿ ðàçëè÷íûõ òèïîâ ñåòåé ïðåäëîæåíû ðàçëè÷íûå,
ó÷èòûâàþùèå èìåííî èõ îñîáåííîñòè ìîäåëè, â ðàìêàõ êîòîðûõ ðàññìàòðèâàþòñÿ ðàç-
íûå ïîêàçàòåëè íàäåæíîñòè ñåòè. Êàê ïðàâèëî, çà îñíîâó áåðóòñÿ ñëó÷àéíûå ãðàôû â
ðàçëè÷íûõ ìîäèôèêàöèÿõ. Îäíîé èç íàèáîëåå èçó÷åííûõ ìîäåëåé ñåòè ñ íåíàäåæíûìè
ýëåìåíòàìè ÿâëÿåòñÿ ñëó÷àéíûé ãðàô Ýðäåøà-Ðåíüè [6]. Â áîëüøèíñòâå ñëó÷àåâ èñïîëü-
çóåòñÿ â êà÷åñòâå ïîêàçàòåëÿ íàäåæíîñòè ñåòè âåðîÿòíîñòü ñâÿçíîñòè ñîîòâåòñòâóþùåãî
ñëó÷àéíîãî ãðàôà â ñëó÷àå íåíàäåæíûõ ðåáåð, îòêàçûâàþùèõ íåçàâèñèìî, è àáñîëþòíî
íàäåæíûõ óçëîâ. Îäíàêî ðàññìàòðèâàþòñÿ è äðóãèå ïîêàçàòåëè, íàïðèìåð � âåðîÿòíîñòü
ñâÿçíîñòè ñ îãðàíè÷åíèåì íà äèàìåòð [7], ìàòåìàòè÷åñêîå îæèäàíèå ÷èñëà íåñâÿçíûõ ïàð
âåðøèí ñëó÷àéíîãî ãðàôà [8] è äðóãèå.

Çàäà÷è òî÷íîãî ðàñ÷åòà óêàçàííûõ ïîêàçàòåëåé íàäåæíîñòè ÿâëÿþòñÿ NP -òðóäíûìè.
Ñàìûé î÷åâèäíûé ñïîñîá ðàñ÷åòà � ýòî ïåðåáîð âñåõ 2M ðåàëèçàöèé ãðàôà, ãäåM � êîëè-
÷åñòâî íåíàäåæíûõ ýëåìåíòîâ. Îäíàêî ïðàêòè÷åñêè ýòîò ìåòîä íå èñïîëüçóåòñÿ, â ïîëüçó
ïðèáëèæåííûõ ìåòîäîâ èëè äðóãèõ òî÷íûõ ìåòîäîâ, êîòîðûå ïîçâîëÿþò ñîêðàòèòü, èíî-
ãäà çíà÷èòåëüíî, îáúåì âû÷èñëåíèé ñ ïîìîùüþ ðàçëè÷íûõ ïðèåìîâ.

Ðàáîòà ïîääåðæàíà ÐÔÔÈ â ðàìêàõ ïðîåêòà � 18-07-00460.
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Â ñëó÷àå, êîãäà ýëåìåíòû ñåòè ïîäâåðæåíû çàâèñèìûì îòêàçàì [9�11], àíàëèç íàäåæ-
íîñòè ñòàíîâèòñÿ ãîðàçäî áîëåå òðóäîåìêîé çàäà÷åé. Â ýòèõ ñëó÷àÿõ èñïîëüçóþòñÿ, êàê
ïðàâèëî, ìîäåëè, îñíîâàííûå íà ìàðêîâñêèõ ïðîöåññàõ. Îáû÷íî ïðåäïîëàãàåòñÿ, ÷òî èç-
íà÷àëüíî ýëåìåíòû ñåòè èìåþò îïðåäåëåííûå çíà÷åíèÿ íàäåæíîñòè, íåçàâèñèìûå äðóã îò
äðóãà. Îäíàêî ïðè îòêàçå êàêîãî-ëèáî ýëåìåíòà äàëüíåéøèå îòêàçû ýëåìåíòîâ óæå íîñÿò
çàâèñèìûé õàðàêòåð, ò. å. îòêàç îäíîãî ýëåìåíòà ïðîâîöèðóåò îòêàç äðóãèõ. Òàêæå ïðåä-
ïîëàãàåòñÿ, ÷òî îòêàçû ïðîèñõîäÿò çà äîñòàòî÷íî ìàëûå ïðîìåæóòêè âðåìåíè, òàê ÷òîáû
çà îäèí òàêîé ïðîìåæóòîê ïðîèñõîäèëî íå áîëåå îäíîãî.

Òèïè÷íûé ïðèìåð çàâèñèìûõ îòêàçîâ â ñåòè � ýòî êàñêàäíûå îòêàçû â ýëåêòðîýíåðãå-
òè÷åñêèõ ñåòÿõ [12�14], êîòîðûå è èññëåäóþòñÿ â äàííîé ñòàòüå. Èíèöèèðóþùåå ñîáûòèå
ïðîöåññà ðàñïðîñòðàíåíèÿ îòêàçà îïðåäåëÿåòñÿ ïî âíåøíèì îáñòîÿòåëüñòâàì: ýòî ìîæåò
áûòü óïàâøåå äåðåâî, ñèëüíûé ïîðûâ âåòðà, îáðûâ ëèíèè èç-çà ïåðåãðóçêè è ò. ä. Åñëè æå
åå îòêàç âûçâàë ïåðåãðóçêè äðóãèõ ëèíèé èëè îáîðóäîâàíèÿ, òî ýòî, â ñâîþ î÷åðåäü, ìîæåò
ïîðîæäàòü íîâûå îòêëþ÷åíèÿ è ò. ä. � òî åñòü, âîçíèêàåò ïîñëåäîâàòåëüíîñòü çàâèñèìûõ
îòêàçîâ. Îäíèì èç çíà÷èìûõ ðåçóëüòàòîâ â äàííîé îáëàñòè ñòàëî ïîñòðîåíèå ðàçëè÷íûõ
âèäîâ òàê íàçûâàåìûõ ãðàôîâ çàâèñèìîñòåé èëè ãðàôîâ âëèÿíèÿ (in�uence graph) [14].
Âåðøèíû ýòîãî ãðàôà � íåíàäåæíûå ýëåìåíòû èñõîäíîé ñåòè; äóãà ñâÿçûâàåò äâå âåðøè-
íû, åñëè îòêàç ïåðâîãî ýëåìåíòà ïðèâîäèò ê îòêàçó âòîðîãî; âåñ äóãè ðàâåí âåðîÿòíîñòè
ñîîòâåòñòâóþùåãî îòêàçà. Ýòè äàííûå (âåðîÿòíîñòåé çàâèñèìûõ îòêàçîâ) ïîëó÷àþòñÿ â
îñíîâíîì ïðè ïîìîùè èìèòàöèîííîãî ìîäåëèðîâàíèÿ ðàñïðîñòðàíåíèÿ îòêàçîâ.

Íèæå ìû ïðåäëàãàåì íîâóþ ìîäåëü ðàñïðîñòðàíåíèÿ êàñêàäíûõ îòêàçîâ, ó÷èòûâàÿ èõ
ëîêàëüíûé è íåëîêàëüíûé õàðàêòåð. Â åå ðàìêàõ ïðåäëàãàþòñÿ ê ðàññìîòðåíèþ íåñêîëüêî
ïîêàçàòåëåé íàäåæíîñòè � âåðîÿòíîñòü ñâÿçíîñòè ñåòè, âåðîÿòíîñòü ñâÿçíîñòè êàæäîãî
ïîòðåáèòåëÿ ñ öåíòðîì ïèòàíèÿ è äðóãèå. Íà îñíîâå àïïàðàòà òåîðèè íàäåæíîñòè ñåòåé
ðàçðàáîòàíû ìåòîäû òî÷íîãî è ïðèáëèæåííîãî ðàñ÷åòà íàäåæíîñòè.

1. Ìîäåëü ðàñïðîñòðàíåíèÿ çàâèñèìûõ îòêàçîâ. Âàæíûì ñâîéñòâîì êàñêàäíûõ
îòêëþ÷åíèé â ýíåðãîñåòÿõ ÿâëÿåòñÿ, êàê ïîêàçûâàåò ïðàêòèêà, êàê èõ ëîêàëüíîñòü, òàê
è èõ íåëîêàëüíîñòü. Íà ñõåìå (ðèñ. 1) ïðåäñòàâëåíà ïîñëåäîâàòåëüíîñòü îòêëþ÷åíèé â
Çàïàäíîé ÝÝÑ ÑØÀ, 1996 ã. Ïåðâûå òðè îòêàçà áûëè ëîêàëüíûìè � ïî ñìåæíûì ýëå-
ìåíòàì ñåòè, íî óæå ÷åòâåðòûé � ÷åðåç ìíîæåñòâî óñòîÿâøèõ ëèíèé, íà ðàññòîÿíèè â
íåñêîëüêî ñîòåí êèëîìåòðîâ. Íà ýòîì ïðèìåðå òàêæå âèäíî, ÷òî õàðàêòåðåí îòêàç ëèíèé
ïî ðàçðåçàì, îòñåêàþùèì îïðåäåëåííûå ïîäñåòè. Íàïðèìåð, îòêàçû ñ íîìåðàìè 8, 9, 10
èëè 12, 13, 14, 15, 16, 17, 20. Àíàëîãè÷íàÿ êàðòèíà áûëà è ïðè äðóãîì îòêàçå íà âîñòîêå
ÑØÀ òåì æå ëåòîì.

Òàêèå æå çàêîíîìåðíîñòè îáíàðóæèâàþòñÿ è ïðè ñòðóêòóðíîì àíàëèçå äðóãèõ êàñêàä-
íûõ îòêëþ÷åíèé â ÝÝÑ. Îáúÿñíÿþòñÿ ïîäîáíûå ñöåíàðèè ðàñïðîñòðàíåíèÿ êàñêàäíûõ
îòêàçîâ òåì, ÷òî îòêàç ëèíèè ýëåêòðîïåðåäà÷è ïðîèçâîäèò ê ïðàêòè÷åñêè ìãíîâåííîìó ïå-
ðåðàñïðåäåëåíèþ ýëåêòðîýíåðãèè íà äðóãèå ëèíèè ýëåêòðîïåðåäà÷è, â ïåðâóþ î÷åðåäü �
íà òå ëèíèè, êîòîðûå âõîäÿò â ðàçðåç ñ îòêàçàâøåé.

Òðóäîåìêîñòü çàäà÷ àíàëèçà íàäåæíîñòè ñåòåé ñ çàâèñèìûìè îòêàçàìè, â òîì ÷èñ-
ëå ÝÝÑ, ðàñòåò, â îáùåì ñëó÷àå, êàê ôàêòîðèàë îò ÷èñëà íåíàäåæíûõ ýëåìåíòîâ. Äëÿ
óìåíüøåíèÿ âû÷èñëèòåëüíûõ çàòðàò ïðåäëàãàåòñÿ ñóçèòü êîëè÷åñòâî âîçìîæíûõ âàðè-
àíòîâ ðàçâèòèÿ êàñêàäîâ � îò âñåõ, âêëþ÷àÿ ïðàêòè÷åñêè íåðåàëèçóåìûå, äî íàèáîëåå
âåðîÿòíûõ: ïî ðàçðåçàì ãðàôà è ïî ñìåæíûì ýëåìåíòàì. Ïðè íåîáõîäèìîñòè ìîæíî äî-
ïîëíèòü ïðîñòðàíñòâî âîçìîæíûõ òðàåêòîðèé îòêàçîâ òàêæå è äðóãèìè âàðèàíòàìè, ïî-
ëó÷åííûìè, íàïðèìåð, èç ñòàòèñòè÷åñêèõ äàííûõ, ýêñïåðòíûõ îöåíîê èëè èìèòàöèîííîãî
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Ðèñ. 1. Ñõåìà îòêëþ÷åíèé çàïàäíîé ÝÝÑ ÑØÀ, 1996 ã.

ìîäåëèðîâàíèÿ. Ñ äðóãîé ñòîðîíû, åñëè ïîëüçîâàòüñÿ ïðè àíàëèçå íàäåæíîñòè ÝÝÑ ãðà-
ôîì âëèÿíèé, ïîäîáíàÿ èíôîðìàöèÿ � ðàçðåçû ãðàôà è ñìåæíûå ýëåìåíòû � ìîæåò
îáëåã÷èòü åãî ôîðìèðîâàíèå. Îñíîâíàÿ ïðîáëåìà ïðè ïîëó÷åíèè ïîäîáíûõ ãðàôîâ � îò-
ñóòñòâèå íåîáõîäèìîé ñòàòèñòèêè, êîòîðàÿ áû îïèñûâàëà âñå âàðèàíòû, â òî âðåìÿ êàê äëÿ
îòêàçîâ ïî ðàçðåçàì ãðàôà è ïî ñìåæíûì ýëåìåíòàì ÝÝÑ èìåþòñÿ õîòü êàêèå-òî äàííûå,
â ñèëó ÷àñòîòû ðàçâèòèÿ èìåííî òàêèõ ñöåíàðèåâ. Êðîìå òîãî, çíàÿ íàèáîëåå óÿçâèìûå
ìåñòà ïðè âûõîäå èç ñòðîÿ êàêîãî-ëèáî ýëåìåíòà, ïîÿâëÿåòñÿ âîçìîæíîñòü ìàêñèìàëüíî
óòî÷íÿòü çíà÷åíèÿ ñîîòâåòñòâóþùèõ âåðîÿòíîñòåé � íàïðèìåð, ïðè ïîìîùè èìèòàöèîí-
íîãî ìîäåëèðîâàíèÿ. Â ïîñëåäíåì ñëó÷àå íåò íåîáõîäèìîñòè ðàññìîòðåíèÿ âñåõ âàðèàíòîâ
ðàñïðîñòðàíåíèÿ êàñêàäà, à òîëüêî ïî ðàçðåçàì è äðóãèì óÿçâèìûì ìåñòàì, ÷òî ìîæåò
óñêîðèòü ïðîöåññ èìèòàöèîííîãî ìîäåëèðîâàíèÿ (ò. å. íàðàáîòêè ñòàòèñòèêè) è ïîâûøàåò
åãî òî÷íîñòü.

Òàêæå êàê è ïðè èñïîëüçîâàíèè ãðàôà çàâèñèìîñòåé, áóäåì èñõîäèòü èç ïðåäïîëî-
æåíèÿ, ÷òî âåðîÿòíîñòü âûõîäà èç ñòðîÿ ýëåìåíòà íà i-ì øàãå ïðîöåññà îòêàçîâ çàâèñèò
òîëüêî îò òîãî, êàêîé ýëåìåíò âûøåë èç ñòðîÿ íà (i−1)-ì øàãå. Ïðè ýòîì íà ïåðâîì øàãå
ýëåìåíòû ñ÷èòàþòñÿ îòêàçûâàþùèìè íåçàâèñèìî ñ âåðîÿòíîñòÿìè pi. Íà êàæäîì øàãå îò-
êàçûâàåò òîëüêî îäèí ýëåìåíò, ëèáî íå îòêàçûâàåò íè îäèí âîîáùå, â ýòîì ñëó÷àå êàñêàä
ñ÷èòàåòñÿ çàêîí÷åííûì.

Â êà÷åñòâå ñòðóêòóðíîé ìîäåëè ÝÝÑ áóäåì èñïîëüçîâàòü íåîðèåíòèðîâàííûé ãðàô
G = (V,E), ãäå V � ýòî ìíîæåñòâî âåðøèí, à E � ìíîæåñòâî ðåáåð ãðàôà G. Ïóñòü äëÿ
êàæäîãî ðåáðà e çàäàíî âåùåñòâåííîå ÷èñëî 0 6 pe 6 1, ò. å. âåðîÿòíîñòü ïðèñóòñòâèÿ
ðåáðà e â ãðàôå. Áóäåì èíòåðïðåòèðîâàòü ýòî ÷èñëî êàê âåðîÿòíîñòü áåçîòêàçíîé ðàáîòû
ñîîòâåòñòâóþùåé ëèíèè ýëåêòðîïåðåäà÷è â òå÷åíèå çàäàííîãî èíòåðâàëà âðåìåíè. Ïðè
ýòîì ïðåäïîëàãàåòñÿ, ÷òî âåðøèíû àáñîëþòíî íàäåæíû, ò. å. ïðèñóòñòâóþò ñ âåðîÿòíî-
ñòüþ, ðàâíîé 1.

Âåðîÿòíîñòü èçíà÷àëüíîãî îòêàçà õîòÿ áû îäíîãî ýëåìåíòà:
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P (A) = 1−
M∏
1

pi.

Âåðîÿòíîñòü òîãî, ÷òî ïðè ýòîì îòêàçàë ýëåìåíò ñ íîìåðîì i :

P (Bi) =
qi∑M
1 qi

, qi = 1− pi.

Ñëåäîâàòåëüíî, âåðîÿòíîñòü òîãî, ÷òî ïåðâûì îòêàçàë i -é ýëåìåíò:

Qi = P (A)P (Bi) =
(1−

∏M
1 pi)qi∑M

1 qi
.

Ïóñòü çàäàí ãðàô çàâèñèìîñòåé G′.
Çàäàäèì äèñêðåòíîå âåðîÿòíîñòíîå ïðîñòðàíñòâî W = (Ω, P ).
Ω � ïðîñòðàíñòâî ýëåìåíòàðíûõ ñîáûòèé (ýëåìåíòàðíûõ èñõîäîâ), îáðàçîâàííîå ìíî-

æåñòâîì âñåâîçìîæíûõ ïóòåé Si = (l1, . . . , ln) áåç ñàìîïåðåñå÷åíèÿ â ãðàôå çàâèñèìîñòåé
G′, âåðîÿòíîñòü òàêîãî ñîáûòèÿ áóäåò îïðåäåëÿòüñÿ êàê

P (Q) = Qe

∏
n>l>1

rl,

ãäå rl � âåñ äóãè, e � ñàìàÿ ïåðâàÿ âåðøèíà â ïóòè.
Â êà÷åñòâå ïîêàçàòåëÿ íàäåæíîñòè ðàññìàòðèâàþò, êàê ïðàâèëî, âåðîÿòíîñòü ñâÿçíîñòè

ñåòè. Â äàííîé ðàáîòå òàêæå ïðåäëàãàåòñÿ ðàññìàòðèâàòü òàêîé ïîêàçàòåëü êàê âåðîÿò-
íîñòü äîñòóïíîñòè êàêîãî-ëèáî èñòî÷íèêà ïèòàíèÿ äëÿ êàæäîãî ïîòðåáèòåëÿ â òå÷åíèå
îïðåäåëåííîãî âðåìåíè. Äðóãîé ïîêàçàòåëü � ýòî âåðîÿòíîñòü äîñòóïíîñòè êàêîãî-ëèáî
èñòî÷íèêà ïèòàíèÿ äëÿ çàäàííîé äîëè ïîòðåáèòåëåé. Òàêîé ïîêàçàòåëü ìîæåò áûòü áîëåå
èíôîðìàòèâíûì, ÷åì ïðåäûäóùèå, ïðè ðàññìîòðåíèè ÝÝÑ áîëüøîé ðàçìåðíîñòè, íàïðè-
ìåð � â ìàñøòàáàõ ñòðàíû, èëè íåñêîëüêèõ ñòðàí, åñëè ñîîòâåòñòâóþùèå ñåòè îáúåäèíåíû.

Âñå ýòè ïîêàçàòåëè ôîðìàëüíî îïðåäåëÿþòñÿ ÷åðåç ñîîòâåòñòâóþùèå êðèòåðèè óñïåø-
íîñòè ñîáûòèÿ. Íàïðèìåð, âåðîÿòíîñòü ñâÿçíîñòè âåðøèí â ãðàôå G � âåðîÿòíîñòü òîãî,
÷òî ýòè âåðøèíû ñâÿçàíû èñïðàâíûìè ðåáðàìè, ò. å. âåðîÿòíîñòü ñîáûòèÿ, ñîñòîÿùåãî èç
âñåõ ýëåìåíòàðíûõ ñîáûòèé, â êîòîðûõ âåðøèíû ñâÿçàíû, è òîëüêî èç íèõ. Âåðîÿòíîñòü
äîñòóïíîñòè êàêîãî-ëèáî èñòî÷íèêà ïèòàíèÿ äëÿ êàæäîãî ïîòðåáèòåëÿ R(G) � âåðîÿò-
íîñòü ñîáûòèÿ, ñîñòîÿùåãî èç âñåõ ýëåìåíòàðíûõ ñîáûòèé, â êîòîðûõ êàæäàÿ âåðøèíà-
ïîòðåáèòåëü ñâÿçàíà ñ êàêîé-ëèáî âåðøèíîé-öåíòðîì ïèòàíèÿ, è òîëüêî èç íèõ.

2. Ìåòîä ôàêòîðèçàöèè â ðàñ÷åòå ïîêàçàòåëåé íàäåæíîñòè è êóìóëÿòèâ-

íîì óòî÷íåíèè èõ âåðõíåé è íèæíåé ãðàíèö. Ðàñ÷åò íàäåæíîñòè íåïîñðåäñòâåííî
ïî îïðåäåëåíèþ ïðèâåäåò ê ïåðåáîðó âñåõ ðåàëèçàöèé ãðàôà, ÷òî äåëàåò ðàñ÷åò íåâîç-
ìîæíûì äàæå ïðè íåáîëüøîé ðàçìåðíîñòè. Ïîýòîìó äëÿ ðàñ÷åòà ðàçëè÷íûõ ïîêàçàòåëåé
íàäåæíîñòè èñïîëüçóþòñÿ äðóãèå ìåòîäû, ñàìûé ðàñïðîñòðàíåííûé èç êîòîðûõ � ìå-
òîä ôàêòîðèçàöèè (âåòâëåíèÿ, Ìóðà-Øåííîíà) [15]. Ìåòîä çàêëþ÷àåòñÿ â ðåêóðñèâíîì
ïðèìåíåíèè ôîðìóëû ïîëíîé âåðîÿòíîñòè ïðè ðàññìîòðåíèè â êà÷åñòâå àëüòåðíàòèâíûõ
ãèïîòåç íàëè÷èÿ, ëèáî îòñóòñòâèÿ î÷åðåäíîãî ðàçðåøàþùåãî ðåáðà. Â íàøåì æå ñëó÷àå
ãëàâíîé îñîáåííîñòüþ áóäåò íàëè÷èå áîëüøåãî ÷èñëà òàêèõ ãèïîòåç � ïî ÷èñëó èñõîäÿ-
ùèõ ëèíèé â ãðàôå âëèÿíèé (äëÿ êàæäîé ëèíèé íóæíî ðàññìîòðåòü ãèïîòåçó åå îòêàçà),
ïëþñ åùå îäíîé, ïî êîòîðîé êàñêàä ïðåêðàòèëñÿ. Äàëåå äëÿ ãðàôà ñ óäàëåííûì ðåáðîì
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òàêæå îñóùåñòâëÿåì ôàêòîðèçàöèþ, è òàê äàëåå, ëèáî äî ïîëó÷åíèÿ âàðèàíòà, ãäå êàñ-
êàä ïðåêðàòèëñÿ (âîçâðàùàåòñÿ 1), ëèáî äî ïîëó÷åíèÿ íåóñïåøíîãî ãðàôà (âîçâðàùàåòñÿ
0). Íàïðèìåð, äëÿ ðàñ÷åòà âåðîÿòíîñòè äîñòóïíîñòè êàêîãî-ëèáî èñòî÷íèêà ïèòàíèÿ äëÿ
êàæäîãî ïîòðåáèòåëÿ ãðàô íåóñïåøíûé, åñëè êàêîé-ëèáî ïîòðåáèòåëü îêàçûâàåòñÿ îòðå-
çàííûì îò âñåõ öåíòðîâ ïèòàíèÿ.

Ââåäåì ðÿä îáîçíà÷åíèé: P(a) [Probability] � âåðîÿòíîñòü òåêóùåãî ñîáûòèÿ; TE
[Target Element] � íîìåð ýëåìåíòà, ðàññìàòðèâàåìîãî íà òåêóùåì øàãå; Adj(i) [Adjacent] �
ìíîæåñòâî ñìåæíûõ ñ i ýëåìåíòîâ â ãðàôå çàâèñèìîñòåé; FE [Failed Edges] � ìíîæåñòâî
îòêàçàâøèõ ðåáåð; P(a,b) � âåðîÿòíîñòü îòêàçà ýëåìåíòà b ïîñëå îòêàçà a; R � íàäåæ-
íîñòü ñåòè.

Áóëåâà ôóíêöèÿ Check(FE) � ïðîâåðÿåò ãðàô, ïðåäñòàâëÿåìûé ñïèñêîì îòêàçàâøèõ
ðåáåð FE , íà êðèòåðèé óñïåøíîñòè. Íèæå ïðèâåäåí ïðèìåð ïñåâäîêîäà òàêîé ôóíêöèè
äëÿ íàëè÷èÿ ïóòè îò êàæäîé âåðøèíû-ïîòðåáèòåëÿ äî îäíîé èç çàäàííîãî íàïåðåä ñïèñêà
âåðøèí-èñòî÷íèêîâ ïèòàíèÿ S :

function Check(FE)
G' := G � FE
for each i in E'
for each j<>i in S
if PathCheck(i, j) = true then
return true
end
end
end
return false
Ìåòîä ôàêòîðèçàöèè ðåàëèçóåòñÿ ïðè ïîìîùè ïðîöåäóðû Branching(FE,P,TE), êî-

òîðàÿ âû÷èñëÿåò âåðîÿòíîñòü òîãî, ÷òî, ïðè çàäàííûõ ñïèñêå óæå îòêàçàâøèõ ðåáåð, âå-
ðîÿòíîñòè îòêàçà è öåëåâîì ýëåìåíòå, ñåòü óñòîÿëà:

procedure Branching(FE, P, TE)
R1 := 0
if Check(FE) = true then
for each i in Adj(TE)
if I not in FE then
Branching(FE + i, P*P'(TE,i), i)
R1 = R1 + P'(TE, i)
end
end
R = R + P * (1 � R1)
end
Òîãäà ïñåâäîêîä îáùåé ïðîãðàììû ðàñ÷åòà íàäåæíîñòè áóäåò èìåòü ñëåäóþùèé âèä:
procedure main()
R = 0
FE := { }
for TE := 1 to M
Branching(FE + TE, P'(TE), TE)
end
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Â [16] ïðåäëàãàåòñÿ äðóãîé ïîäõîä ê çàäà÷å î íàäåæíîñòè ñåòè � ñòàâèòñÿ çàäà÷à
óñòàíîâèòü, ïðåâîñõîäèò ëè íàäåæíîñòü ñåòè çàäàííîå çíà÷åíèå (ïîðîãà), ò. å. ÿâëÿåòñÿ
ëè ñåòü äîñòàòî÷íî íàäåæíîé? Èäåÿ ðåøåíèÿ äàííîé çàäà÷è ïðîñòà. Êàæäûé ðàç, êîãäà
â ïðîöåññå âåòâëåíèÿ ïîëó÷àåòñÿ ïîäãðàô, äëÿ êîòîðîãî ìîæíî âû÷èñëèòü íàäåæíîñòü
íåïîñðåäñòâåííî, ìû óòî÷íÿåì âåðõíþþ è íèæíþþ ãðàíèöó èñõîäíîé ñåòè è, åñëè îäíî
èç ïîëó÷åííûõ çíà÷åíèé ïåðåñåêàåò çíà÷åíèå ïîðîãà, ïðèíèìàåì ðåøåíèå î íàäåæíîñòè
èëè íåíàäåæíîñòè ñåòè. Ïîäõîä, íàçâàííûé êóìóëÿòèâíûì óòî÷íåíèåì ãðàíèö, áûë äàëåå
ðàçâèò, íàïðèìåð, â [17].

Îïèøåì, êàê îñóùåñòâëÿòü ïîäîáíîå êóìóëÿòèâíîå óòî÷íåíèå ãðàíèö äëÿ ðàññìàòðè-
âàåìûõ ïîêàçàòåëåé íàäåæíîñòè â ñëó÷àå íàëè÷èÿ çàâèñèìûõ îòêàçîâ. Èçíà÷àëüíî îíè
èíèöèèðóþòñÿ êàê RL = 0, RU = 1. Â òåëå ïñåâäîêîäà ïðîöåäóðû Branching ïðè âûçî-
âå ôóíêöèè Check â ñëó÷àå îòðèöàòåëüíîãî îòâåòà íåîáõîäèìî èçìåíèòü âåðõíþþ ãðàíü:
RU = RU − P . Íèæíÿÿ ãðàíü óòî÷íÿåòñÿ âìåñòå ñ óòî÷íåíèåì òî÷íîãî çíà÷åíèÿ íàäåæ-
íîñòè: RL = RL+ P ∗ (1−R1). Èñïîëüçóÿ òàêîé ïîäõîä, âîçìîæíî çíà÷èòåëüíî óñêîðèòü
îïòèìèçàöèþ ñòðóêòóðû ÝÝÑ ïî êðèòåðèþ íàäåæíîñòè. Ïðè ýâðèñòè÷åñêîì íàõîæäåíèè
ìåñò äëÿ íàèáîëåå íàäåæíîãî ðàçìåùåíèÿ öåíòðîâ ïèòàíèÿ ïîÿâëÿåòñÿ âîçìîæíîñòü ðàí-
íåãî îòñåèâàíèÿ íåïîäõîäÿùèõ âàðèàíòîâ.

3. Ïðèáëèæåííûé ðàñ÷åò íà îñíîâå ìåòîäà Ìîíòå-Êàðëî. Äëÿ îöåíêè ðàçëè÷-
íûõ ïîêàçàòåëåé íàäåæíîñòè øèðîêî èñïîëüçóþòñÿ ìåòîäû Ìîíòå-Êàðëî [3, 18], ñïîñîá-
íûå äàòü ïðèáëèæåííîå ðåøåíèå äëÿ ñêîëü óãîäíî òðóäîåìêèõ çàäà÷.

Îïèøåì îáùóþ ñõåìó ïðèìåíåíèÿ ìåòîäîâ Ìîíòå-Êàðëî ê ðàññìàòðèâàåìûì çàäà÷àì.
Çàäàåòñÿ õàðàêòåðèñòè÷åñêàÿ ôóíêöèÿ

χ(E) =

{
1, E � óñïåøíîå ñîáûòèå,
0, � â ïðîòèâíîì ñëó÷àå.

E � ýëåìåíòàðíîå ñîáûòèå, ñîîòâåòñòâóþùèå ÷àñòíîé ðåàëèçàöèè ñåòè ïîñëå îòêàçà
îïðåäåëåííûõ ýëåìåíòîâ, â äàííîì ñëó÷àå � ïîñëå êàñêàäíîãî îòêëþ÷åíèÿ ðåáåð. Ôàêò
óñïåøíîñòè E îïðåäåëÿåòñÿ âîçìîæíîñòüþ ñîîòâåòñòâóþùåé ñåòè óñïåøíî ôóíêöèîíèðî-
âàòü, èñõîäÿ èç ïðàêòè÷åñêèõ ñîîáðàæåíèé. Êàê ïðàâèëî, ýòî îïðåäåëÿåòñÿ ðàçëè÷íûìè
õàðàêòåðèñòèêàìè ñâÿçíîñòè. Â äàííîì ñëó÷àå E óñïåøíî, åñëè â ñîîòâåòñòâóþùåé ñåòè
îñòàåòñÿ ðàáîòîñïîñîáíûé ïóòü îò êàæäîãî ïîòðåáèòåëÿ ê õîòÿ áû îäíîìó èç ïîñòàâùèêîâ
ðåñóðñà (öåíòðó ïèòàíèÿ).

Òîãäà âåðîÿòíîñòü óñïåøíîãî ôóíêöèîíèðîâàíèÿ ñåòè àïïðîêñèìèðóåòñÿ êàê:

R = M [χ] ≈ 1

L

L∑
i=1

χi, (1)

ãäå L � êîëè÷åñòâî âûáðàííûõ ñîáûòèé.
Ñîãëàñíî ÖÏÒ, ñ ðîñòîì L âû÷èñëÿåìîå ïðèáëèæåíèå R ñòàíîâèòñÿ âñå áëèæå ê òî÷-

íîìó çíà÷åíèþ:

P

{∣∣∣∣∣R− 1

L

L∑
i=1

χi

∣∣∣∣∣ 6 3σ

}
→ 0,9973. (2)

Äèñïåðñèÿ ñëó÷àéíîé âåëè÷èíû ðàâíà:
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D(χ) = M(χ2)−M2(χ) = R−R2.

Ñîîòâåòñòâåííî, äèñïåðñèÿ îöåíêè íàäåæíîñòè (ñðåäíåãî çíà÷åíèÿ ïî âûáîðêå) ðàâíà:

D(RL) =
L ·D(χ)

L2
=
R(1−R)

L
.

À óòðîåííîå ñðåäíåêâàäðàòè÷íîå îòêëîíåíèå, êîòîðîå ìû èñïîëüçóåì äëÿ îöåíêè ïî-
ãðåøíîñòè ε (2), îöåíèâàåòñÿ ñâåðõó êàê:

ε = 3σ = 3

√
R(1−R)

L
6 3

√
1

4L
=

3

2
√
L
. (3)

Íåðàâåíñòâî â öåíòðå â âûðàæåíèè (3) èìååò ìåñòî, òàê êàê 0 6 R 6 1.
Òàêèì îáðàçîì, äëÿ êîëè÷åñòâà èòåðàöèé ñòàòèñòè÷åñêîãî ìîäåëèðîâàíèÿ

L =
9

4ε2
, (4)

íåðàâåíñòâî (3) âûïîëíÿåòñÿ è ïîëó÷àåìàÿ îöåíêà íàäåæíîñòè (1) âåðíà ñ ïîãðåøíîñòüþ
ε ñ âåðîÿòíîñòüþ 0,9973 (2).

4. ×èñëåííûå ýêñïåðèìåíòû. Â êà÷åñòâå òåñòîâîãî ïðèìåðà áûë âçÿò ãðàô îäíîé
ýëåêòðîñåòè âî Ôðàíöèè [19] (ðèñ. 2), ñîäåðæàùèé 141 âåðøèíû è 216 ðåáåð. Íà ðèñóíêå
ñëåâà ñèíåé ëèíèåé îáîçíà÷åí îäèí èç ðàçðåçîâ, ïî òðåì ðåáðàì, êîòîðûé îòäåëÿåò 17
âåðøèí. Â ñëó÷àå îòêàçà îäíîé èç ýòèõ òðåõ ëèíèé ýíåðãîïåðåäà÷è íàãðóçêà ïåðåðàñïðå-
äåëèòñÿ íà äâå îñòàâøèåñÿ, ÷òî, â ñâîþ î÷åðåäü, ñ âûñîêîé âåðîÿòíîñòüþ ìîæåò âûçâàòü
îòêàçû è â íèõ. Â çàâèñèìîñòè îò êîíôèãóðàöèè (ìîùíîñòè ñòàíöèé, òåêóùåãî ïîòðåáëå-
íèÿ è ïð.) áåç ýëåêòðè÷åñòâà ìîãóò îñòàòüñÿ âñå ïîòðåáèòåëè êàê â ìåíüøåì ïîäãðàôå, òàê
è â áîëüøåì, èëè â ðàçëè÷íûõ ÷àñòÿõ è òå, è äðóãèå. Â êà÷åñòâå âõîäíûõ äàííûõ áûëî
âçÿòî ðàçáèåíèå ãðàôà íà 7 ïîäãðàôîâ (ðèñ. 2) â ïðåäïîëîæåíèè, ÷òî ðàñïðîñòðàíåíèå
êàñêàäíîãî îòêàçà èäåò â ãðóïïàõ ðåáåð ìåæäó êàæäîé ïàðîé ïîäãðàôîâ.

Äëÿ ýêñïåðèìåíòîâ èñïîëüçîâàëñÿ ÏÊ ñ ïðîöåññîðîì Intel Xeon E5450 2,7 GHz. Â êà-
÷åñòâå ïîêàçàòåëÿ íàäåæíîñòè ðàññìàòðèâàëàñü âåðîÿòíîñòü ñóùåñòâîâàíèÿ ïóòè îò êàæ-
äîãî óçëà ê èñòî÷íèêó. Èçíà÷àëüíàÿ íàäåæíîñòü êàæäîãî ðåáðà ïîëàãàëàñü 0,99, âûáîð
æå äàëüíåéøåãî ðàçâèòèÿ îòêàçà èëè åãî îñòàíîâêè ïîëàãàëñÿ ðàâíîâåðîÿòíûì ïî âñåì
âàðèàíòàì â ñîîòâåòñòâèè ñ ìîäåëüþ. Ïðè ðàñ÷åòàõ òàêæå ó÷èòûâàëîñü îãðàíè÷åíèå d íà
ãëóáèíó êàñêàäíîãî îòêàçà. Ðîñò çíà÷åíèÿ ýòîãî îãðàíè÷åíèÿ ïðèâîäèë ê çíà÷èòåëüíîìó
óâåëè÷åíèþ âðåìåíè ðàñ÷åòà. Òàê, äëÿ d = 8 òî÷íûé ðàñ÷åò íàäåæíîñòè çàíÿë 0,24 ñ,
äëÿ d = 10 � 1 ñ, d = 12 � 4 c. Ïðè îãðàíè÷åíèè 16 âðåìÿ ðàñ÷åòà ñîñòàâèëî óæå 70 ñ,
ïîëó÷åííîå çíà÷åíèå íàäåæíîñòè: 0,787863. Îöåíêà ìåòîäîì Ìîíòå-Êàðëî äàëà áëèçêîå
çíà÷åíèå: 0,786287 çà 0,2 ñ.

Çàêëþ÷åíèå. Îñíîâíîé ðåçóëüòàò ñòàòüè � ýòî ìîäåëü ðàñïðîñòðàíåíèÿ êàñêàäíûõ
(çàâèñèìûõ) îòêàçîâ ýëåìåíòîâ â ñåòè ïî åå ðàçðåçàì. Ðàçâèòèå ïîäîáíûõ ñöåíàðèåâ õà-
ðàêòåðíî äëÿ ýëåêòðîýíåðãåòè÷åñêèõ ñåòåé, êîãäà ïåðâûé îòêàç ëèíèè, ñïðîâîöèðîâàííûé
âíåøíèìè èëè âíóòðåííèìè ïðè÷èíàìè, ìîæåò ïðèâîäèòü ïðàêòè÷åñêè ê ìãíîâåííîé ïå-
ðåãðóçêå è îòêàçó äðóãèõ ëèíèé. Â êà÷åñòâå îñíîâíîãî îáúåêòà äëÿ îïèñàíèÿ ñöåíàðèåâ
îòêàçîâ áûë âçÿò ãðàô çàâèñèìîñòåé, èíôîðìàöèÿ â êîòîðîì ìîæåò áûòü óòî÷íåíà è äî-
ïîëíåíà ïîäîáíûìè çàâèñèìûìè îòêàçàìè ïî ñòðóêòóðíûì ðàçðåçàì ñåòè.
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Ðèñ. 2. Ïðèìåð ãðàôà ýëåêòðîñåòè è åãî ñòðóêòóðíûå êîìïîíåíòû

Â ðàìêàõ äàííîé ìîäåëè áûëè ââåäåíû â ðàññìîòðåíèå ðàçëè÷íûå ïîêàçàòåëè íà-
äåæíîñòè ñåòè. Ïðåäëîæåíû àëãîðèòì òî÷íîãî èõ ðàñ÷åòà, íà îñíîâå èñïîëüçîâàíèÿ
ôîðìóëû ïîëíîé âåðîÿòíîñòè, è àëãîðèòì îöåíêè, íà îñíîâå ìåòîäà Ìîíòå-Êàðëî. Òàêæå
ïðåäëîæåí ìåòîä êóìóëÿòèâíîãî óòî÷íåíèÿ ãðàíèö ïîêàçàòåëåé íàäåæíîñòè, ïîçâîëÿþ-
ùèé äåëàòü çàêëþ÷åíèå î äîñòàòî÷íîé íàäåæíîñòè/íåíàäåæíîñòè ñåòè ïî îòíîøåíèþ ê
çàäàííîìó ïîðîãó.
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