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The main task of any information control in the network is to analyze the behavior of the network
and simulate options for its development based on real information. The more complex the network
topology and con�guration, the more information is required to conduct its adequate analysis. When
analyzing or designing large monitoring networks, the problem of chosen control devices (b-nodes) for
gathering information is often arised. After some pre-processing or directly b-nodes transfer information
to central node (c-node) by reliable channels. One of the main indices of quality for such networks is
a size of area that is under reliable monitoring, which may be estimated by MENC � a mathematical
expectation of a number of nodes that are connected with one special node.

Earlier this problem of optimal placement of control devices was described in [1]. But model was
limited by graph only and no algorithm was o�ered for optimization. In present paper random hypernet
with unreliable branches are considered. Simulated annealing algorithm was applied to optimize the
cost-consuming placement of b-nodes.

As need in adequate presentation of multi-layered networks is urgent, many researchers propose
their models, mainly while solving special tasks. Yet there are some papers that consider the problem
in general terms. Most known are such models as sandwiching graphs [2], graphs with di�erent kinds of
edges [3], and layered complex networks (LCN) [4]. All these models lacks fundamental and systematical
mathematical description. At the same time, more than 30 years ago Russian scientist Vladimir Popkov
invented conception of hypernets that allows description of multi-layered networks of di�erent kinds
using common basics. Unfortunately, �rst mention of this model in English occurs in 2005 only [12].
Later some papers had been published concerning solving some special problems based on the hypernet
model: the task of optimal placement of the monitoring devices on channels of communication network
[6]; design of utility network [7�8]; optimizing transport network [9]. Last two use random and fuzzy
hypernet, respectively.

The task of accurately calculating the connectivity probability of a random network with unreliable
elements belongs to the class of NP-hard ones; therefore, various approximate methods were previously
used in practice, while exact calculation methods were mostly of purely academic interest. However,
the development of computer technology has led to a revival of interest in the use of exact methods
in practice, since it became possible in a reasonable time to calculate the reliability of small and
medium-sized networks (up to tens of nodes). Of the exact methods for determining the probability
of a network being connected with unreliable elements, the factorization or Moore-Shannon method
is most widely known. This method consists in recursively breaking a hypernet into several simpler
branches, respectively, where the vertex is �reliable� (the probability of presence becomes equal to one)

© A.M. Kalney, 2022



2 Òåîðåòè÷åñêàÿ è ñèñòåìíàÿ èíôîðìàòèêà

and where it is removed. Recursion continues until a reliable path connecting the selected vertices is
obtained, or until an unconnected secondary network is obtained; the recursion also ends when a two-
vertex hypernet is received. Due to the fact that the number of recursions grows exponentially with
the number of vertices, additional techniques are required to accelerate this method. The following
methods are used: before calling a recursion, edges in hanging trees and in connected components that
do not contain selected vertices in the secondary network are deleted, when the vertex is deleted, the
network connectivity is checked and if both selected vertices are in the same connected component,
then the reliability is calculated in this component, if the selected vertices lie in di�erent components,
then we get a disconnected network. In both of the above methods, the number of elements of the
hypernet decreases, the reliability indicator does not change.

Classic cost-reliability model is considered for optimization. Each placement of b-node on branch
changes hypernet elements. First we get b-node that split branch and also creates new edges in
secondary network.

It is required to design a hypernet taking throughputs of channels and route length into account.
For solving this problem we search the shortest route for each pair of nodes from X on branches of a
primary network. Breadth-�rst search algorithm is used. By solving this problem the embedding of the
secondary network into the primary is obtained, and therefore hypernet is obtained.

Various heuristic algorithms have been considered. Simulated annealing (SA) algorithm seems quite
appropriate because it does not require too much calculation MENC in condition (3). As a negative
example, a genetic algorithm can be cited, which requires frequent computation of this condition. On
every step of SA algorithm we found solution that satisfy condition (3) by one-point random change.

This paper continues research of �nding optimal placement in monitoring network. Instead of
well known graph model, hypernet model are considered. Also was o�ered appropriate optimization
algorithm. Future works may concern parallel realizations of algorithm, extension of model (e.g. adding
lengths for channels), consideration of reliability maximizationation problem with limited number of
b-nodes.
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Ïðè àíàëèçå èëè ïðîåêòèðîâàíèè áîëüøèõ ñåòåé ìîíèòîðèíãà ÷àñòî âîçíèêàåò ïðîáëåìà âû-
áîðà êîíòðîëüíûõ óñòðîéñòâ (b-óçëîâ) äëÿ ñáîðà èíôîðìàöèè. Ïîñëå íåêîòîðîé ïðåäâàðè-
òåëüíîé îáðàáîòêè èëè íàïðÿìóþ b-óçëû ïåðåäàþò èíôîðìàöèþ öåíòðàëüíîìó óçëó (c-óçëó)
ïî íàäåæíûì êàíàëàì. Îäíèì èç îñíîâíûõ ïîêàçàòåëåé êà÷åñòâà òàêèõ ñåòåé ÿâëÿåòñÿ ðàç-
ìåð òåððèòîðèè, íàõîäÿùåéñÿ ïîä íàäåæíûì êîíòðîëåì, êîòîðóþ ìîæíî îöåíèòü ñ ïîìîùüþ
MENC � ìàòåìàòè÷åñêîãî îæèäàíèÿ êîëè÷åñòâà óçëîâ, ñâÿçàííûõ ñ îäíèì ñïåöèàëüíûì óç-
ëîì. Ãèïåðñåòè èñïîëüçóþòñÿ äëÿ ïðåäñòàâëåíèÿ ñåòè. Çàäà÷à âû÷èñëåíèÿ MENC ÿâëÿåòñÿ
NP-ñëîæíîé çàäà÷åé. Ïîýòîìó äëÿ îïòèìèçàöèè äîðîãîñòîÿùåãî ðàçìåùåíèÿ b-óçëîâ áûë ïðè-
ìåíåí àëãîðèòì èìèòàöèè îòæèãà.

Êëþ÷åâûå ñëîâà: íàäåæíîñòü ñåòè, ãèïåðñåòè, îïòèìèçàöèÿ ðàçìåùåíèÿ êîíòðîëüíûõ
óñòðîéñòâ.

Ââåäåíèå. Îñíîâíîé çàäà÷åé ëþáîãî èíôîðìàöèîííîãî óïðàâëåíèÿ â ñåòè ÿâëÿåòñÿ
àíàëèç ïîâåäåíèÿ ñåòè è ìîäåëèðîâàíèå âàðèàíòîâ åå ðàçâèòèÿ íà îñíîâå ðåàëüíîé èíôîð-
ìàöèè. ×åì ñëîæíåå òîïîëîãèÿ è êîíôèãóðàöèÿ ñåòè, òåì áîëüøå èíôîðìàöèè òðåáóåòñÿ
äëÿ ïðîâåäåíèÿ åå àäåêâàòíîãî àíàëèçà. Ïðè àíàëèçå èëè ïðîåêòèðîâàíèè áîëüøèõ ñå-
òåé ìîíèòîðèíãà ÷àñòî âîçíèêàåò ïðîáëåìà âûáîðà êîíòðîëüíûõ óñòðîéñòâ (b-óçëîâ) äëÿ
ñáîðà èíôîðìàöèè. Ïîñëå íåêîòîðîé ïðåäâàðèòåëüíîé îáðàáîòêè èëè íàïðÿìóþ b-óçëû
ïåðåäàþò èíôîðìàöèþ öåíòðàëüíîìó óçëó (c-óçëó) ïî íàäåæíûì êàíàëàì. Îäíèì èç îñ-
íîâíûõ ïîêàçàòåëåé êà÷åñòâà òàêèõ ñåòåé ÿâëÿåòñÿ ðàçìåð òåððèòîðèè, íàõîäÿùåéñÿ ïîä
íàäåæíûì êîíòðîëåì, êîòîðóþ ìîæíî îöåíèòü ñ ïîìîùüþ MENC � ìàòåìàòè÷åñêîãî îæè-
äàíèÿ êîëè÷åñòâà óçëîâ, ñâÿçàííûõ ñ îäíèì ñïåöèàëüíûì óçëîì.

Ðàíåå ýòà ïðîáëåìà îïòèìàëüíîãî ðàçìåùåíèÿ êîíòðîëüíûõ óñòðîéñòâ áûëà îïèñàíà â
[1]. Íî ìîäåëü îãðàíè÷èâàëàñü òîëüêî ãðàôîì, è íå ïðåäëàãàëîñü íèêàêîãî àëãîðèòìà äëÿ
îïòèìèçàöèè. Â íàñòîÿùåé ðàáîòå ðàññìàòðèâàåòñÿ ñëó÷àéíàÿ ãèïåðñåòü ñ íåíàäåæíû-
ìè âåòâÿìè. Àëãîðèòì èìèòàöèè îòæèãà áûë ïðèìåíåí äëÿ îïòèìèçàöèè äîðîãîñòîÿùåãî
ðàçìåùåíèÿ b-óçëîâ.

Ïîñêîëüêó ïîòðåáíîñòü â àäåêâàòíîì ïðåäñòàâëåíèè ìíîãîóðîâíåâûõ ñåòåé ÿâëÿåòñÿ
îñòðîé, ìíîãèå èññëåäîâàòåëè ïðåäëàãàþò ñâîè ìîäåëè, â îñíîâíîì, ïðè ðåøåíèè ñïåöè-
àëüíûõ çàäà÷. Ïîêà ÷òî åñòü ðàáîòû, â êîòîðûõ ïðîáëåìà ðàññìàòðèâàåòñÿ â îáùèõ ÷åðòàõ.

Äàííûå ðàáîòû âûïîëíåíû ïî ãîñóäàðñòâåííîìó êîíòðàêòó ñ ÈÂÌèÌÃ ÑÎ ÐÀÍ 0251-2021-0005
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Ðèñ. 1. Âîçìîæíûå ñëó÷àè ðàçðóøåíèÿ

Ñàììè èçâåñòíûìè ÿâëÿþòñÿ òàêèå ìîäåëè êàê ñýíäâè÷-ãðàôû [2], ãðàôû ñ ðàçíûìè âèäà-
ìè ðåáåð [3] è ìíîãîóðîâíåâûå ñëîæíûå ñåòè (LCN) [4]. Âî âñåõ ýòèõ ìîäåëÿõ îòñóòñòâóåò
ôóíäàìåíòàëüíîå è ñèñòåìàòè÷åñêîå ìàòåìàòè÷åñêîå îïèñàíèå. Â òî æå âðåìÿ áîëåå 30
ëåò íàçàä ðîññèéñêèé ó÷åíûé Âëàäèìèð Ïîïêîâ èçîáðåë êîíöåïöèþ ãèïåðñåòåé, êîòîðàÿ
ïîçâîëÿåò îïèñûâàòü ìíîãîñëîéíûå ñåòè ðàçëè÷íûõ òèïîâ ñ èñïîëüçîâàíèåì îáùåé îñíî-
âû. Ïîçäíåå áûëè îïóáëèêîâàíû ðàáîòû ïî ðåøåíèþ íåêîòîðûõ ÷àñòíûõ çàäà÷ íà îñíîâå
ãèïåðñåòåâîé ìîäåëè: çàäà÷à îïòèìàëüíîãî ðàçìåùåíèÿ ìîíèòîðèíãà óñòðîéñòâ íà êàíà-
ëàõ ñåòè ñâÿçè [5]; ïðîåêòèðîâàíèå èíæåíåðíîé ñåòè [6�7]; îïòèìèçàöèÿ òðàíñïîðòíîé ñåòè
[8]. Ïîñëåäíèå äâà èñïîëüçóþò ñëó÷àéíóþ è íå÷åòêóþ ãèïåðñåòè ñîîòâåòñòâåííî.

Îñòàëüíàÿ ÷àñòü ñòàòüè îðãàíèçîâàíà ñëåäóþùèì îáðàçîì: â ðàçäåëå 2 ìû äàåì ìà-
òåìàòè÷åñêóþ ïîñòàíîâêó çàäà÷è. Â ðàçäåëàõ 3 è 4 ìû îáñóæäàåì âû÷èñëåíèå êðèòåðèÿ
MENC è îïòèìèçàöèþ ñòðóêòóðû ñîîòâåòñòâåííî. Â ðàçäåëå 5 ìû ïðåäñòàâëÿåì òåìàòè-
÷åñêèå èññëåäîâàíèÿ ïðåäëàãàåìîãî àëãîðèòìà, à ðàçäåë 6 ÿâëÿåòñÿ êðàòêèì çàêëþ÷åíèåì.

1. Ìîäåëü ãèïåðñåòè. Îáùåå îïèñàíèå ìîäåëè ãèïåðñåòè äàíî â [9]. Ìîäåëü ñëó÷àé-
íîé ãèïåðñåòè, îñíîâàííàÿ íà ýòîì îïèñàíèè, ïðåäëîæåíà â [10].

� H = (PN,SN,F ) � ãèïåðñåòü ñîñòîèò èç ïåðâè÷íîé ñåòè PN , âòîðè÷íîé ñåòè SN è
îòîáðàæåíèÿ F .

� PN = (X,V ) � íåîðèåíòèðîâàííûé ãðàô ñ ìíîæåñòâîì óçëîâ X (óçëû îáùèå äëÿ
ïåðâè÷íîé è âòîðè÷íîé ñåòè) è ìíîæåñòâîì âåòâåé V . Êàæäàÿ âåòâü (êàíàë) èìååò èí-
ôîðìàöèþ î ñâîåé ïðîïóñêíîé ñïîñîáíîñòè.

� SN = (X,R) � íåîðèåíòèðîâàííûé ãðàô ñ ìíîæåñòâîì óçëîâ X è ìíîæåñòâîì ðåáåð
R.

� F : R → 2V � îòîáðàæåíèå ðåáåð â ìàðøðóòû PN . Äëèíà êàæäîãî ìàðøðóòà íå
ìîæåò áûòü áîëüøå îïðåäåëåííîãî çíà÷åíèÿ D.

� n = |X| � êîëè÷åñòâî óçëîâ.
� m = |V | � êîëè÷åñòâî âåòâåé.
� k = |R| � êîëè÷åñòâî ðåáåð.
� pi � âåðîÿòíîñòü òîãî, ÷òî âåòêà i èñïðàâíà (áåç ïîâðåæäåíèé, àâàðèé è ò. ï.).
� qi = (1− pi) � âåðîÿòíîñòü òîãî, ÷òî âåòâü íå ðàáîòàåò.
� Rk(p1 . . . pn) � âåðîÿòíîñòü òîãî, ÷òî ãèïåðñåòü ñîåäèíèëà k âûáðàííûõ óçëîâ â SN .
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Èíöèäåíòíîñòü è ñìåæíîñòü â PN è SN îïðåäåëÿþòñÿ àíàëîãè÷íî äëÿ ãðàôîâ, à îòîá-
ðàæåíèå F äàåò ýòè ïîíÿòèÿ äëÿ ãèïåðñåòè â öåëîì. F ìîæåò áûòü ïðåäñòàâëåí ñïåöèàëü-
íûìè ìàòðèöàìè ñìåæíîñòè, îïèñûâàþùèìè ñìåæíîñòü ðåáåð (v-ñìåæíîñòü, åñëè ðåáðà
èíöèäåíòíû îäíîé âåðøèíå, è x-ñìåæíîñòü, åñëè ðåáðà ëåæàò â îäíîé âåòâè). Åñëè ðåáðî
ïðîõîäèò ñêâîçü âåðøèíó, íå ÿâëÿþùóþñÿ åé èíöèäåíòíîé, òî èìååì ñëàáóþ èíöèäåíò-
íîñòü ýòèõ âåðøèí è ðåáåð.

Âîçìîæíû ðàçëè÷íûå ðàçðóøåíèÿ ãèïåðñåòè, îíè èçîáðàæåíû íà ðèñ. 1, çàèìñòâîâàí-
íîì èç [10]. Â òåêóùåé ðàáîòå èñïîëüçóþòñÿ âàðèàíòû I, III è IV äëÿ óäàëåíèÿ óçëîâ,
âåòâåé è ðåáåð ñîîòâåòñòâåííî.

Ïåðâûì ðàññìàòðèâàåìûì êðèòåðèåì íàäåæíîñòè áóäåò Rst âåðîÿòíîñòü ñîåäèíåíèÿ
ïàðû óçëîâ âî âòîðè÷íîé ñåòè. Âûáðàííûå óçëû îáîçíà÷àþòñÿ êàê s, t.

Îäíèì èç âîçìîæíûõ àääèòèâíûõ êðèòåðèåâ, êîòîðûé ìîæíî ïîëó÷èòü èç ýòîãî êðèòå-
ðèÿ, ÿâëÿåòñÿ MENC(H) =

∑
1⩽i⩽n RCNxi

(H). Öåíòðàëüíûé óçåë ïîìå÷åí êàê CN . Ýòîò
êðèòåðèé èñïîëüçóåòñÿ êàê õàðàêòåðèñòèêà êà÷åñòâà ñåòè ìîíèòîðèíãà ñ òî÷êè çðåíèÿ
îõâàòà êîíòðîëèðóåìîé òåððèòîðèè.

2. Âû÷èñëåíèå ñâÿçíîñòè ãèïåðñåòè. Èç òî÷íûõ ìåòîäîâ îïðåäåëåíèÿ âåðîÿòíîñòè
ñâÿçíîñòè ñåòè ñ íåíàäåæíûìè ýëåìåíòàìè íàèáîëåå øèðîêî èçâåñòåí ìåòîä ôàêòîðèçàöèè
èëè ìåòîä Ìóðà-Øåííîíà [11] (ñì. ïðèìåð íà ðèñ. 2):

Rst(H) = pRst(H/vxy) + (1− p)Rst(H\vxy),

ãäå vxy � ñëó÷àéíàÿ âåòâü ãèïåðñåòè H, p � âåðîÿòíîñòü íàëè÷èÿ âåòâè vxy, H/vxy � ãèïåð-
ñåòü, ãäå âåòâü vxy íàäåæíà (âåðîÿòíîñòü íàëè÷èÿ âåòâè ñòàíîâèòñÿ ðàâíîé åäèíèöå),H\vxy
� ãèïåðñåòü, ïîëó÷åííàÿ èç H óäàëåíèåì âåòâè vxy. Îáðàòèì âíèìàíèå, ÷òî ïðè óäàëåíèè
âåòâè ìîæåò áûòü óíè÷òîæåíî áîëåå îäíîãî ðåáðà, ëèáî íè îäíî. Ýòîò ìåòîä çàêëþ÷àåòñÿ
â ðåêóðñèâíîì ðàçáèåíèè ãèïåðñåòè ïî âåòâè íà íåñêîëüêî áîëåå ïðîñòûõ, ñîîòâåòñòâåííî
ãäå âåòâü íàäåæíàÿ è ãäå îíà óäàëåíà. Ðåêóðñèÿ ïðîäîëæàåòñÿ äî ïîëó÷åíèÿ:

1) Íàäåæíîãî ïóòè, ñîåäèíÿþùåãî âûáðàííûå óçëû. Ðåêóðñèÿ çàâåðøàåòñÿ è âîçâðà-
ùàåò Rst = 1.

2) Íåñâÿçàííîé âòîðè÷íîé ñåòè. Ðåêóðñèÿ çàâåðøàåòñÿ è âîçâðàùàåò Rst = 0.
3) Ãèïåðñåòü ñ äâóìÿ óçëàìè. Ðåêóðñèÿ çàâåðøàåòñÿ è âîçâðàùàåò Rst = pst.
Äëÿ ñîêðàùåíèÿ ïðîñòðàíñòâà ïåðå÷èñëåíèÿ ïðåäëàãàþòñÿ ìåòîäû ðåäóêöèè ãèïåðñå-

òè:
1) Óäàëåíèå ðåáåð (ñì. ïðèìåð íà ðèñ. 3) â âèñÿ÷èõ äåðåâüÿõ è êîìïîíåíòàõ ñâÿçíîñòè,

íå ñîäåðæàùèõ îáà âûáðàííûõ óçëà, âûïîëíÿåòñÿ âî âòîðè÷íîé ñåòè SN . Íàçîâåì ýòî
ïðåîáðàçîâàíèå ðåäóêöèåé ðåáåð.

2) Ðåäóêöèÿ ìîñòà (ñì. ïðèìåð íà ðèñ. 4) ïðîèñõîäèò, êîãäà ïðè óäàëåíèè âåòâè ìû ïî-
ëó÷àåì íåñêîëüêî êîìïîíåíò ñâÿçíîñòè â ïåðâè÷íîé ñåòè PN . Åñëè îäíà èç íèõ ñîäåðæèò
îáà âûáðàííûõ óçëà, òî ðàñ÷åò íàäåæíîñòè âûïîëíÿåòñÿ â ýòîé êîìïîíåíòå ñâÿçíîñòè. Â
ïðîòèâíîì ñëó÷àå ìû ïîëó÷àåì íåñâÿçàííóþ âòîðè÷íóþ ñåòü.

3) Ðåäóêöèÿ ¾ïðîñòûõ¿ öåïåé (èëè ðåäóêöèÿ öåïåé) â ïåðâè÷íîé ñåòè (ñì. ïðèìåð íà
ðèñ. 5). Öåïü áóäåò íàçûâàòüñÿ ïðîñòîé, åñëè îíà ¾êîððåêòíàÿ¿, ò. å. ïðè óäàëåíèè ëþáîé åå
âåòâè áóäóò óäàëåíû âñå ðåáðà öåïè, è ýòîò ñëó÷àé òàêæå ìîæíî îáðàáîòàòü. Â íàñòîÿùèé
ìîìåíò îáðàáàòûâàþòñÿ ñëó÷àè, êîãäà ðåáðà ñëàáî èíöèäåíòíû (ñì. òåðì â [9]) óçëàì öåïè,
è åñëè èíöèäåíòíîñòè èìåþò ñòåïåíü äâà.

Âî âñåõ âûøåïåðå÷èñëåííûõ ðåäóêöèÿõ êîëè÷åñòâî ýëåìåíòîâ ãèïåðñåòè óìåíüøàåòñÿ,
ñâÿçíîñòü ãèïåðñåòè íå ìåíÿåòñÿ.
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Ðèñ. 2. Ìåòîä ôàêòîðèçàöèè

Ðèñ. 3. Ðåäóêöèÿ ðåáåð

Ïðè âû÷èñëåíèè MENC ìû ïîëó÷àåì êóìóëÿòèâíûå ãðàíèöû [12], êîòîðûå ìîãóò ïî-
ìî÷ü îñòàíîâèòü âû÷èñëåíèÿ, êîãäà òðåáóåìîå çíà÷åíèå MENC áîëüøå âåðõíåé ãðàíèöû
èëè ìåíüøå íèæíåé ãðàíèöû.

3. Îïòèìèçàöèÿ ñòðóêòóðû ãèïåðñåòè. Ðàññìîòðåíà êëàññè÷åñêàÿ ìîäåëü ¾çàòðà-
òû � íàäåæíîñòü¿: ∑

j∈1,...,m

cjyj → min
yj

, (1)

MENC ⩾ R, (2)

ãäå cj � ñòîèìîñòü ðàçìåùåíèÿ b-óçëà â âåòâè vj; yj � ôëàã âûáðàííîé âåòâè vj; R �
òðåáóåìîå çíà÷åíèå íàäåæíîñòè. Åñëè âñå çàòðàòû ðàâíû, òî ïîëó÷àåì ñëåäóþùóþ çàäà÷ó:∑

j∈1,...,m

yj → min
yj

, (3)
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Ðèñ. 4. Ðåäóêöèÿ ìîñòîâ

Ðèñ. 5. Ðåäóêöèÿ öåïåé

Ðèñ. 6. b-óçåë íà âåòâè

MENC ⩾ R. (4)

Êàæäîå ðàçìåùåíèå b-óçëà íà âåòâè èçìåíÿåò ýëåìåíòû ãèïåðñåòè, êàê ïîêàçàíî íà
ðèñ. 6. Ñíà÷àëà ìû ïîëó÷àåì b-óçåë, êîòîðûé ðàçäåëÿåò âåòâü, à òàêæå ñîçäàåò íîâûå
ðåáðà âî âòîðè÷íîé ñåòè. Çàòåì ñîåäèíÿåì åãî íàäåæíîé âåòâüþ ñ c-óçëîì.

Òðåáóåòñÿ ñïðîåêòèðîâàòü ãèïåðñåòü ñ ïðîïóñêíîé ñïîñîáíîñòüþ êàíàëîâ è äëèíîé
ìàðøðóòîâ. Äëÿ ðåøåíèÿ ýòîé çàäà÷è èùåì êðàò÷àéøèé ìàðøðóò äëÿ êàæäîé ïàðû óç-
ëîâ èç X íà âåòâÿõ ïåðâè÷íîé ñåòè. Èñïîëüçóåòñÿ àëãîðèòì ïîèñêà â øèðèíó. Ðåøàÿ ýòó
çàäà÷ó, âêëàäûâàåì âòîðè÷íóþ ñåòü â ïåðâè÷íóþ è ñîîòâåñòâåííî ïîëó÷àåì ãèïåðñåòü.

Çàäà÷à òî÷íîãî ðàñ÷åòà âåðîÿòíîñòè ñâÿçíîñòè ñëó÷àéíîé ñåòè ñ íåíàäåæíûìè ýëåìåí-
òàìè îòíîñèòñÿ ê êëàññó NP-òðóäíûõ çàäà÷ [13]. Ïîýòîìó áûëè ðàññìîòðåíû ðàçëè÷íûå
ýâðèñòè÷åñêèå àëãîðèòìû. Àëãîðèòì èìèòàöèè îòæèãà (SA) êàæåòñÿ âïîëíå ïîäõîäÿùèì,
ïîñêîëüêó îí íå òðåáóåò ñëèøêîì áîëüøîãî âû÷èñëåíèÿ MENC â óñëîâèè (3). Â êà÷å-
ñòâå îòðèöàòåëüíîãî ïðèìåðà ìîæíî ïðèâåñòè ãåíåòè÷åñêèé àëãîðèòì, òðåáóþùèé ÷àñòîãî
âû÷èñëåíèÿ ýòîãî óñëîâèÿ. Íà êàæäîì øàãå àëãîðèòìà SA ìû íàõîäèì ðåøåíèå, óäî-
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Ðèñ. 7. Ïåðâè÷íàÿ ñåòü

(òîïîëîãèÿ ôèçè÷åñêîé ñåòè)

Ðèñ. 8. Âòîðè÷íàÿ ñåòü

(òîïîëîãèÿ ñåòè ìîíèòîðèíãà)

Òàáëèöà 1

Ðåçóëüòàòû àëãîðèòìà SA äëÿ R = 11 ñ N = 1

Ðåøåíèå ðàñ÷åòû MENC

(5,9) 83
(5,9) 39

(8,12);(12,16) 97
(15,16) 41
(14,15) 42
(5,9) 93
(3,7) 19
(5,9) 39
(3,7) 16
(5,9) 27

âëåòâîðÿþùåå óñëîâèþ (3) ïóòåì ñëó÷àéíîé çàìåíû îäíîé òî÷êè. Ïðîâåðåííûå ðåøåíèÿ
ñîõðàíÿþòñÿ â ïàìÿòè.

4. Ðàñ÷åòû. Àëãîðèòì òåñòèðîâàëñÿ íà ñåòè ìîíèòîðèíãà, ïðåäñòàâëåííîé ñëó÷àéíûì
äåðåâîì (ñì. ðèñ. 8).

Ýòà ñåòü âñòðîåíà â ïåðâè÷íóþ ñåòü (ñì. ðèñ. 7). Êàæäûé êàíàë èìååò ïðîïóñêíóþ
ñïîñîáíîñòü, ðàâíóþ äâóì, D = 12.

Ïàðàìåòðû àëãîðèòìà SA: Tmax = 10, Tmin = 0,01, ôóíêöèÿ òåìïåðàòóðû: T =
0,1Tmax/k, ãäå k � êîëè÷åñòâî èòåðàöèé. Â êà÷åñòâå èñõîäíîãî ðåøåíèÿ âûáèðàåòñÿ íåêî-
òîðîå êîëè÷åñòâî âåòâåé N ñ íàèáîëüøåé ïðîïóñêíîé ñïîñîáíîñòüþ. Àëãîðèòì çàïóñêàëñÿ
äåñÿòü ðàç äëÿ ìîäåëè ñ ïàðàìåòðàìè R = 11 è R = 12. Ðåçóëüòàòû ïðåäñòàâëåíû â òàáë.
1 è 2 ñîîòâåòñòâåííî.

Íà îñíîâàíèè ýòèõ ðåçóëüòàòîâ ìîæíî ñäåëàòü ñëåäóþùèå âûâîäû:
� Çíà÷åíèå öåëåâîé ôóíêöèè îäèíàêîâî äëÿ âñåõ òåñòîâ. Êðîìå îäíîãî äëÿ ïàðàìåòðà

R = 11. Ýòî ïîçâîëÿåò ïðåäïîëîæèòü ðàáîòîñïîñîáíîñòü àëãîðèòìà.
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Òàáëèöà 2

Ðåçóëüòàòû àëãîðèòìà SA äëÿ R = 12 ñ N = 2

Ðåøåíèå ðàñ÷åòû MENC

(6,10);(15,16) 99
(10,11);(14,15) 64
(11,15);(13,14) 54
(11,12);(13,14) 88
(11,15);(13,14) 55
(11,12);(14,15) 104
(9,3);(15,16) 86
(9,10);(15,16) 99
(6,10);(7,8) 73
(9,13);(14,15) 43

� Äëÿ MENC = 12 íåîáõîäèìî áîëåå îäíîãî b-óçëà.
� Êîëè÷åñòâî âû÷èñëåíèé MENC ðàñòåò ñ ðîñòîì ïàðàìåòðà R.
� Êàæäîå ðàçìåùåíèå b-óçëà çíà÷èòåëüíî óâåëè÷èâàåò âðåìÿ âû÷èñëåíèé.
Çàêëþ÷åíèå. Ýòà ñòàòüÿ ïðîäîëæàåò èññëåäîâàíèÿ ïî ïîèñêó îïòèìàëüíîãî ðàç-

ìåùåíèÿ â ñåòè ìîíèòîðèíãà. Âìåñòî èçâåñòíîé ãðàôîâîé ìîäåëè ðàññìàòðèâàåòñÿ
ãèïåðñåòåâàÿ ìîäåëü. Òàêæå áûë ïðåäëîæåí ñîîòâåòñòâóþùèé àëãîðèòì îïòèìèçàöèè.
Áóäóùèå ðàáîòû ìîãóò êàñàòüñÿ ïàðàëëåëüíûõ ðåàëèçàöèé àëãîðèòìà, ðàñøèðåíèÿ
ìîäåëè (íàïðèìåð, äîáàâëåíèÿ äëèí êàíàëîâ), ðàññìîòðåíèÿ çàäà÷è ìàêñèìèçàöèè
íàäåæíîñòè ïðè îãðàíè÷åííîì ÷èñëå b-óçëîâ.
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