
Problems of Informatics. 2018. � 3

CALCULATION OF EXPECTED COVERAGE AREA OF
WIRELESS SENSOR NETWORK WITH IMPERFECT NODES

A.V. Kucherov, D.A. Migov∗

Novosibirsk State University
630090, Novosibirsk, Russia

∗Institute of Computational Mathematics and Mathematical Geophysics SB RAS,
630090, Novosibirsk, Russia

Wireless sensor networks (WSN) are widely used for monitoring various objects. It can be a building,
a certain area, a perimeter, a human body or an animal's body, and other objects. The nodes of such
a network (sensors) contain transducers that can be very di�erent. The data received from sensor is
transferred to the sink via transit sensors using wireless communication. Sink in a WSN is the central
functional node that receives and processes all data, or a gateway for data transmission to the base
station for processing.

Let's represent the structure of a WSN in the form of a random un-oriented graph G = (V,E,K), in
which: V is a set of vertices, E is a set of edges,K is a set of a dedicated vertices of the graph (terminals)
which corresponds to the WSN sinks. The sensors of a WSN are exposed to independent failures, what
is described by the probability of the presence of each vertex in the graph (node reliability). In the
scope of this paper it is assumed that communication channels are absolutely reliable. And sinks are
also absolutely reliable.

In our previous work, we have reviewed such an index of a reliability for WSN with unreliable
nodes as a probability of the possibility for network sinks to collect information from a certain number
of sensors, which is limited from below by a predetermined threshold value. In this paper, we apply
this approach for analysis of a reliable network coverage of some given monitoring area. Two reliability
indexes are reviewed: expected value of the coverage area, and the probability that the monitoring area
of is not less than the pre-de�ned threshold value. This area is formed by all points of the plane that
are in the neighborhood of a workable sensor connected to the sink via workable nodes.

Algorithms are proposed for the accurate calculation of those indices based on the known
factorization method. This technique partitions the probability space into two sets, based on the
success or failure of one network's particular element (node or link). The chosen element is called
factored element. So we obtain two subgraphs, in one of them factored element is absolutely reliable
(branch of contraction) and in second one factored element is absolutely unreliable that is, absence
(branch of removal). The probability of the �rst event is equal to the reliability of factored element;
the probability of the second event is equal to the failure probability of factored element. Thereafter
obtained subgraphs are subjected to the same procedure. The law of total probability gives expression
for the network reliability.

A strategy of selecting the next element for factorization and various types of �nal graphs are
also proposed and reviewed. In this case, it is necessary to take into account the performance of the
connectivity condition of e�cient sensors with sink and the availability of their su�cient quantity
to cover a given area. In order to ensure connectivity with the sink of the current element during
factorization in the course of its reliability increase, it is suggested to select the next element for
factorization from adjacent nodes with absolutely reliable nodes which are connected to the sink using
the same absolutely reliable sensors. The �rst element is taken from the adjacent with the sink. With
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this selection strategy, there is no need for connectivity testing, and all absolutely reliable sensors
automatically contribute to the coverage area. If there are no such elements, then we have received a
�nal network.

To calculate the coverage area of �nal networks several approaches are proposed. Their comparative
analysis is given. The pseudocodes of the proposed algorithms and a result of the numerical experiments
are given.

Key words: wireless sensor network, network reliability, random graph, factoring method,
connectivity, monitoring area.
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Ðàññìàòðèâàåòñÿ áåñïðîâîäíàÿ ñåíñîðíàÿ ñåòü, â êîòîðîé ñåíñîðû ïîäâåðæåíû ñëó÷àéíûì îò-
êàçàì. Ñåòü çàäàåòñÿ ñ ïîìîùüþ ñëó÷àéíîãî ãðàôà ñ íåíàäåæíûìè âåðøèíàìè, ðàñïðåäåëåí-
íûìè â äâóìåðíîé îáëàñòè. Äëÿ êàæäîãî óçëà çàäàíû åãî êîîðäèíàòû è âåðîÿòíîñòü èñïðàâíîé
ðàáîòû, à òàêæå ðàäèóñ îêðåñòíîñòè, â ïðåäåëàõ êîòîðîé ñåíñîð âåäåò ìîíèòîðèíã. Â êà÷å-
ñòâå ïîêàçàòåëåé íàäåæíîñòè ðàññìàòðèâàþòñÿ ìàòåìàòè÷åñêîå îæèäàíèå ïëîùàäè îáëàñòè
ïîêðûòèÿ è âåðîÿòíîñòü òîãî, ÷òî ïëîùàäü îáëàñòè ìîíèòîðèíãà íå ìåíüøå çàäàííîãî íàïå-
ðåä ïîðîãîâîãî çíà÷åíèÿ. Ïðåäëàãàþòñÿ òî÷íûå ìåòîäû äëÿ ðàñ÷åòà äàííûõ ïîêàçàòåëåé. Äëÿ
âû÷èñëåíèÿ ïëîùàäè ïîêðûòèÿ â ÷àñòíûõ ðåàëèçàöèÿõ ñåòè ïðåäëîæåíî íåñêîëüêî ïîäõîäîâ.
Ïðåäñòàâëåíû ðåçóëüòàòû ÷èñëåííûõ ýêñïåðèìåíòîâ

Êëþ÷åâûå ñëîâà: áåñïðîâîäíûå ñåíñîðíûå ñåòè, íàäåæíîñòü ñåòè, ñëó÷àéíûé ãðàô, ôàê-
òîðèçàöèÿ, ñâÿçíîñòü, îáëàñòü ìîíèòîðèíãà.

Ââåäåíèå. Áåñïðîâîäíûå ñåíñîðíûå ñåòè (ÁÑÑ) øèðîêî èñïîëüçóþòñÿ äëÿ ìîíèòî-
ðèíãà ðàçëè÷íûõ îáúåêòîâ. Ýòî ìîæåò áûòü çäàíèå, îïðåäåëåííàÿ îáëàñòü, ïåðèìåòð,
÷åëîâå÷åñêîå òåëî èëè òåëî æèâîòíîãî è äðóãèå îáúåêòû. Óçëû òàêîé ñåòè (ñåíñîðû)
ñîäåðæàò äàò÷èêè, êîòîðûå ìîãóò áûòü ñàìûìè ðàçíîîáðàçíûìè. Äàííûå, ïîëó÷åííûå
ñåíñîðîì, ïåðåäàþòñÿ â ñòîê ÷åðåç òðàíçèòíûå ñåíñîðû ïîñðåäñòâîì áåñïðîâîäíîé ñâÿçè.
Ñòîê â ÁÑÑ ÿâëÿåòñÿ öåíòðàëüíûì ôóíêöèîíàëüíûì óçëîì, ïðèíèìàþùèì è îáðàáàòû-
âàþùèì âñå äàííûå, èëè øëþçîì äëÿ ïåðåäà÷è äàííûõ íà îáðàáîòêó áàçîâîé ñòàíöèè.
Êàê ïðàâèëî, ÁÑÑ ñîäåðæèò îäèí èëè íåñêîëüêî ñòîêîâ.

Äëÿ àíàëèçà íàäåæíîñòè ñåòåé ðàçëè÷íîãî íàçíà÷åíèÿ, êàê ïðàâèëî, èñïîëüçóåòñÿ àï-
ïàðàò ñëó÷àéíûõ ãðàôîâ [1�2]. Ïðè ðàññìîòðåíèè íåíàäåæíûõ áåñïðîâîäíûõ ñåíñîðíûõ
ñåòåé òàêæå ïîëüçóþòñÿ ðàçëè÷íûìè ìîäåëÿìè íà îñíîâå ñëó÷àéíûõ ãðàôîâ [3�5]. Íàïðè-
ìåð, â [3] ðàññìàòðèâàåòñÿ ñëó÷àé íåíàäåæíûõ ñåíñîðîâ, à íàäåæíîñòü ñåòè îïðåäåëÿåòñÿ
êàê âåðîÿòíîñòü ñóùåñòâîâàíèÿ ïóòè îò ñòîêà (â ïðåäïîëîæåíèè, ÷òî ñòîê åäèíñòâåííûé)
ê ïî êðàéíåé ìåðå îäíîìó íåîòêàçàâøåìó ñåíñîðó â çàäàííîì êëàñòåðå (targeting cluster).
Â äðóãîé ðàáîòå ýòèõ æå àâòîðîâ [4] èññëåäóåòñÿ ìîäåëü, â ðàìêàõ êîòîðîé êàæäûé óçåë
ÁÑÑ ìîæåò íàõîäèòüñÿ â îäíîì èç òðåõ ñîñòîÿíèé: ðàáîòîñïîñîáíîì, îòêàçàâøåì è ñïî-
ñîáíîì òîëüêî áûòü òðàíçèòíûì óçëîì äëÿ ïåðåäà÷è äàííûõ îò äðóãèõ ñåíñîðîâ ê ñòîêó.

Ðàáîòà ïîääåðæàíà ÐÔÔÈ. Êîäû ïðîåêòîâ � 17-47-540997, � 18-07-00460.
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Òðåòüå ñîñòîÿíèå âîçìîæíî ïðè îòêàçå äàò÷èêîâ â óçëå ñ ñîõðàíåíèåì ìîäóëÿ äëÿ áåñïðî-
âîäíîé ñâÿçè.

Â ðàáîòå [6] íàäåæíîñòü îöåíèâàåòñÿ â óñïåøíî ïåðåäàííûõ/îáðàáîòàííûõ ïàêåòàõ
äàííûõ, ÷òî ÿâëÿåòñÿ òðóäíî âû÷èñëèìîé âåëè÷èíîé è òðåáóåò çíà÷èòåëüíîãî îáúåìà âû-
÷èñëåíèé ïîñðåäñòâîì èìèòàöèîííîãî ìîäåëèðîâàíèÿ. Ïîõîæèé ïîäõîä ðàññìàòðèâàåòñÿ
òàêæå è äðóãèìè àâòîðàìè [7�8]. Òàêæå ðàññìàòðèâàþòñÿ è ðàçëè÷íûå ïîäõîäû ê íàäåæ-
íîìó ïîêðûòèþ ñåòüþ çàäàííîé îáëàñòè [9�10]

Â íàøåé ïðîøëîé ðàáîòå [5] ðàññìàòðèâàåòñÿ òàêîé ïîêàçàòåëü íàäåæíîñòè äëÿ ÁÑÑ ñ
íåíàäåæíûìè óçëàìè êàê âåðîÿòíîñòü âîçìîæíîñòè ñòîêàì ñåòè ñîáèðàòü èíôîðìàöèþ ñ
îïðåäåëåííîãî ÷èñëà ñåíñîðîâ, êîòîðîå îãðàíè÷åíî ñíèçó çàäàííûì ïîðîãîâûì çíà÷åíèåì.
Â äàííîé ñòàòüå ìû ïðèìåíÿåì ïîäîáíûé ïîäõîä ê àíàëèçó íàäåæíîãî ïîêðûòèÿ ñåòüþ
íåêîòîðîé çàäàííîé îáëàñòè ìîíèòîðèíãà. Ðàññìàòðèâàþòñÿ äâà ïîêàçàòåëÿ íàäåæíîñòè:
ìàòåìàòè÷åñêîå îæèäàíèå ïëîùàäè îáëàñòè ïîêðûòèÿ è âåðîÿòíîñòü òîãî, ÷òî ïëîùàäü
îáëàñòè ìîíèòîðèíãà íå ìåíüøå çàäàííîãî íàïåðåä ïîðîãîâîãî çíà÷åíèÿ. Ïðåäëàãàþòñÿ
àëãîðèòìû äëÿ òî÷íîãî ðàñ÷åòà äàííûõ ïîêàçàòåëåé íà îñíîâå èçâåñòíîãî ìåòîäà ôàêòî-
ðèçàöèè. Ïðåäëàãàåòñÿ òàêæå ñòðàòåãèÿ âûáîðà î÷åðåäíîãî ýëåìåíòà äëÿ ôàêòîðèçàöèè
è ðàññìîòðåíû ðàçëè÷íûå âèäû îêîíå÷íûõ ãðàôîâ. Äëÿ âû÷èñëåíèÿ ïëîùàäè ïîêðûòèÿ
â ÷àñòíûõ ðåàëèçàöèÿõ ñåòè, îïðåäåëÿåìûõ ïðèñóòñòâèåì èëè îòñóòñòâèåì êàæäîãî èç
ñåíñîðîâ, ïðåäëàãàåòñÿ íåñêîëüêî ïîäõîäîâ.

1. Áàçîâûå îïðåäåëåíèÿ è îáîçíà÷åíèÿ. Áóäåì ïðåäñòàâëÿòü ñòðóêòóðó ÁÑÑ â
âèäå ñëó÷àéíîãî íåîðèåíòèðîâàííîãî ãðàôà G = (V, E, K), â êîòîðîì: V � ìíîæåñòâî
âåðøèí, Å � ìíîæåñòâî ðåáåð, K � ìíîæåñòâî âûäåëåííûõ âåðøèí ãðàôà (òåðìèíàëîâ,
ïîëþñîâ). Âåðøèíû ãðàôà G ñîîòâåòñòâóþò óçëàì ñåòè, ðåáðà � ñâÿçÿì ìåæäó óçëàìè,
à âûäåëåííûå âåðøèíû � ñòîêàì. ×åðåç N îáîçíà÷èì êîëè÷åñòâî âåðøèí ãðàôà, ÷åðåç
Ì � êîëè÷åñòâî ðåáåð. Ïðåäïîëàãàåòñÿ, ÷òî ñåòü ñîäåðæèò õîòÿ áû îäèí ñòîê.

Ñåíñîðû ÁÑÑ ïîäâåðæåíû íåçàâèñèìûì îòêàçàì, ÷òî îïèñûâàåòñÿ çíà÷åíèÿìè âåðîÿò-
íîñòåé ïðèñóòñòâèÿ êàæäîé âåðøèíû â ãðàôå. Äàëåå ýòà õàðàêòåðèñòèêà áóäåò íàçûâàòüñÿ
íàäåæíîñòüþ óçëà. Â ðàìêàõ äàííîé ðàáîòû ïðåäïîëàãàåòñÿ, ÷òî êàíàëû ñâÿçè ÿâëÿþòñÿ
àáñîëþòíî íàäåæíûìè. Íàäåæíîñòü óçëà v îáîçíà÷èì êàê pv. Ñòîêè òàêæå ïîëàãàþòñÿ
àáñîëþòíî íàäåæíûìè. Ïðåäïîëàãàåòñÿ, ÷òî ñåòü îñòàåòñÿ ðàáîòîñïîñîáíîé ïðè îòêàçå
îïðåäåëåííîãî êîëè÷åñòâà ñåíñîðîâ ïðè ñîõðàíåíèè ïîêðûâàåìîé ñåòüþ ïëîùàäè. Äàííàÿ
îáëàñòü îáðàçóåòñÿ âñåìè òî÷êàìè ïëîñêîñòè, íàõîäÿùèìèñÿ â îêðåñòíîñòè ìîíèòîðèíãà
êàêîãî-ëèáî ðàáîòîñïîñîáíîãî ñåíñîðà, ñâÿçàííîãî ñî ñòîêîì ïîñðåäñòâîì ðàáîòîñïîñîá-
íûõ óçëîâ.

Îïðåäåëèì ýëåìåíòàðíîå ñîáûòèå Q êàê ÷àñòíóþ ðåàëèçàöèþ ãðàôà, îïðåäåëÿåìóþ
ïðèñóòñòâèåì èëè îòñóòñòâèåì êàæäîé èç âåðøèí. ×åðåç VQ îáîçíà÷èì ìíîæåñòâî èñ-
ïðàâíûõ âåðøèí â ðåàëèçàöèè Q. Ïðîñòðàíñòâî ýëåìåíòàðíûõ ñîáûòèé îáîçíà÷èì Ω .

Âåðîÿòíîñòü ýëåìåíòàðíîãî ñîáûòèÿ ðàâíà ïðîèçâåäåíèþ âåðîÿòíîñòåé ïðèñóòñòâèÿ
èñïðàâíûõ âåðøèí, óìíîæåííîìó íà ïðîèçâåäåíèå âåðîÿòíîñòåé îòñóòñòâèÿ îòêàçàâøèõ
âåðøèí:

P (Q) =
∏
v∈VQ

pv
∏
v/∈VQ

(1− pv). (1)

Îïðåäåëèì ñëó÷àéíóþ âåëè÷èíó S : Ω → R ñëåäóþùèì îáðàçîì: S(Q) � ýòî ïëîùàäü
ìîíèòîðèíãà ñåòè Q. Êàê óæå óïîìèíàëîñü, äàííàÿ îáëàñòü îáðàçóåòñÿ âñåìè òî÷êàìè,
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íàõîäÿùèìèñÿ â îêðåñòíîñòè êàêîãî-ëèáî ðàáîòîñïîñîáíîãî ñåíñîðà, ñâÿçàííîãî ñî ñòîêîì
(âûäåëåííûì óçëîì ñåòè) ïîñðåäñòâîì ðàáîòîñïîñîáíûõ óçëîâ.

Ýëåìåíòàðíîå ñîáûòèå Q áóäåì íàçûâàòü óñïåøíûì, åñëè ïëîùàäü ïîêðûâàåìîé ñåòüþ
îáëàñòè íå ìåíüøå, ÷åì çàäàííîå ïîðîãîâîå çíà÷åíèå: S(Q) > pthreshold.

Ïðîèçâîëüíîå ñîáûòèå èëè îáúåäèíåíèå íåêîòîðûõ ýëåìåíòàðíûõ ñîáûòèé áóäåì íà-
çûâàòü óñïåøíûì, åñëè îíî ñîñòîèò òîëüêî èç óñïåøíûõ ýëåìåíòàðíûõ ñîáûòèé.

Ðàññìîòðèì äâà ïîêàçàòåëÿ íàäåæíîñòè ÁÑÑ. Ïåðâûé � ýòî ìàòåìàòè÷åñêîå îæèäàíèå
ïëîùàäè ïîêðûòèÿ,

MS (G) =
∑
Q

(S(Q) × P (Q)), (2)

âòîðîé � âåðîÿòíîñòü òîãî, ÷òî îáëàñòü ìîíèòîðèíãà íå ìåíüøå çàäàííîãî íàïåðåä ïîðîãî-
âîãî çíà÷åíèÿ, ò. å. âåðîÿòíîñòü ñîáûòèÿ, îáðàçîâàííîãî âñåìè óñïåøíûìè ýëåìåíòàðíûìè
ñîáûòèÿìè. Áóäåì îáîçíà÷àòü äàííûé ïîêàçàòåëü êàê RS(G):

Rs (G) =
∑
Q

P (Q) , (3)

ãäå Q ∈ Ω : S (Q) 6 pthreshold; pthreshold− ïîðîãîâîå çíà÷åíèå.
2. Òî÷íûé ðàñ÷åò íàäåæíîñòè áåñïðîâîäíîé ñåíñîðíîé ñåòè.

2.1.Ìåòîä ôàêòîðèçàöèè. Òî÷íûé ðàñ÷åò ðàçëè÷íûõ ïîêàçàòåëåé ñåòåâîé íàäåæíîñòè
îñóùåñòâëÿþò, êàê ïðàâèëî, ïðè ïîìîùè òàê íàçûâàåìîãî ìåòîäà ôàêòîðèçàöèè (Ìóðà-
Øåííîíà, âåòâëåíèÿ) [1�2]. Â îñíîâå ìåòîäà ëåæèò ðàçáèåíèå âåðîÿòíîñòíîãî ïðîñòðàí-
ñòâà íà äâà ïîäìíîæåñòâà. Äëÿ ýòîãî âûáèðàåòñÿ ïðîèçâîëüíûé íåíàäåæíûé ýëåìåíò ñåòè.
Äàëåå ðàññìàòðèâàþòñÿ äâå íîâûå ñåòè, â îäíîé èç êîòîðûõ ýëåìåíò àáñîëþòíî íàäåæåí,
â äðóãîé � îòñóòñòâóåò, ò. å. óäàëÿåòñÿ. Âåðîÿòíîñòü ïîëó÷åíèÿ ïåðâîé ñåòè ðàâíà íàäåæ-
íîñòè ýëåìåíòà, âåðîÿòíîñòü âòîðîãî � âåðîÿòíîñòè îòêàçà ýëåìåíòà. Ïîëó÷åííûå ñåòè
ðåêóðñèâíî ïîäâåðãàþòñÿ ôàêòîðèçàöèè, ïðè ýòîì ôîðìóëà ïîëíîé âåðîÿòíîñòè âûðàæà-
åò íàäåæíîñòü ñåòè ïðè ôàêòîðèçàöèè. Ðåêóðñèè ïðîäîëæàþòñÿ äî ïîëó÷åíèÿ àáñîëþòíî
íåíàäåæíîé ñåòè, ëèáî äî ïîëó÷åíèÿ ñåòè, íàäåæíîñòü êîòîðîé ìîæíî âû÷èñëèòü áåç
äàëüíåéøåé ôàêòîðèçàöèè. Òàêóþ ñåòü áóäåì íàçûâàòü îêîíå÷íîé. Ðàñ÷åò ïðåäëîæåí-
íûõ ïîêàçàòåëåé íàäåæíîñòè ÁÑÑ ìîæíî äåëàòü ïî òîìó æå ïðèíöèïó. Ôîðìóëû ïîëíîé
âåðîÿòíîñòè â òàêîì ñëó÷àå ïðèíèìàþò ñëåäóþùèé âèä:

RS (G) = pvRS (G∗v) + (1− pv)Rs (G\v) , (4)

MS (G) = pvMS (G∗v) + (1− pv)Ms (G\v) , (5)

ãäå: G∗v− ãðàô G, â êîòîðîì óçåë v àáñîëþòíî íàäåæåí; G\v− ãðàô, ïîëó÷åííûé ïóòåì
óäàëåíèÿ óçëà v.

Îäíàêî â äàííîì ñëó÷àå íåîáõîäèìî ó÷èòûâàòü âûïîëíåíèå óñëîâèÿ ñâÿçíîñòè ðà-
áîòîñïîñîáíûõ ñåíñîðîâ ñî ñòîêîì è íàëè÷èå äîñòàòî÷íîãî èõ êîëè÷åñòâà äëÿ ïîêðûòèÿ
îáëàñòè çàäàííîé ïëîùàäè. ×òîáû îáåñïå÷èòü ñâÿçíîñòü ñî ñòîêîì òåêóùåãî ýëåìåíòà ïðè
ôàêòîðèçàöèè â ïðîöåññå åãî îíàäåæèâàíèÿ, ïðåäëàãàåòñÿ âûáèðàòü ñëåäóþùèé ýëåìåíò
äëÿ ôàêòîðèçàöèè èç ñìåæíûõ ñ àáñîëþòíî íàäåæíûìè óçëàìè, ñâÿçàííûõ ñî ñòîêîì ïî-
ñðåäñòâîì òàêèõ æå àáñîëþòíî íàäåæíûõ ñåíñîðîâ. Ïåðâûé ýëåìåíò áåðåòñÿ èç ñìåæíûõ
ñòîêó.
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Ïðè òàêîé ñòðàòåãèè âûáîðà íåò íåîáõîäèìîñòè äåëàòü ïðîâåðêó ñâÿçíîñòè, à âñå àá-
ñîëþòíî íàäåæíûå ñåíñîðû àâòîìàòè÷åñêè âíîñÿò âêëàä â ïëîùàäü ïîêðûòèÿ. Åñëè òà-
êèõ ýëåìåíòîâ íåò, òî ìû ïîëó÷èëè îêîíå÷íóþ ñåòü. Ïðè ðàñ÷åòå îæèäàåìîé ïëîùàäè
ïîêðûòèÿ â òàêîì ñëó÷àå ïðîèçâîäèòñÿ ðàñ÷åò ïëîùàäè, ñîîòâåòñòâóþùåé ïîëó÷åííîìó
ñîáûòèþ. Ïðè ðàñ÷åòå âåðîÿòíîñòè ïîêðûòèÿ çàäàííîé ïëîùàäè êàæäûé ðàç ïî âåòâè îíà-
äåæèâàíèÿ íåîáõîäèìî ïðîâåðÿòü, íå äîñòèãëà ëè ïëîùàäü ìîíèòîðèíãà çàäàííîãî ïîðî-
ãîâîãî çíà÷åíèÿ. Åñëè äà, òî âûõîä èç ôóíêöèè ñ âîçâðàùåíèåì åäèíèöû. Òàêæå êàæäûé
ðàç ïî âåòâè óäàëåíèÿ íåîáõîäèìî ïðîâåðÿòü, âîçìîæíî ëè íàáðàòü ïëîùàäü ìîíèòîðèíãà
äî çàäàííîãî ïîðîãîâîãî çíà÷åíèÿ ñ ïîìîùüþ åùå íå ðàññìîòðåííûõ óçëîâ. Åñëè íåò, òî
âûõîä èç ôóíêöèè ñî âîçâðàùåíèåì íóëÿ.

Òàêèì îáðàçîì, ìåòîä ïðåäñòàâëÿåò ñîáîé ðåêóðñèâíûé îáõîä ïî ãðàôó, â êîòîðîì
äëÿ êàæäîãî îêîíå÷íîãî ýëåìåíòàðíîãî ñîáûòèÿ ñòðîèòñÿ íîâàÿ ñòðóêòóðà ñåòè è âåäåòñÿ
ðàñ÷åò ïëîùàäè ñ ïîìîùüþ îäíîãî èç 4-õ ðàññìîòðåííûõ äàëåå ìåòîäîâ ïîêðûòèÿ ýòîé
ñåòè, â çàâèñèìîñòè îò ñâÿçíîñòè ÷àñòåé ñåòè ñî ñòîêîì. Íèæå ïðèâîäÿòñÿ ïñåâäîêîäû
àëãîðèòìîâ ôàêòîðèçàöèè äëÿ ðàñ÷åòà äâóõ ðàññìàòðèâàåìûõ ïîêàçàòåëåé íàäåæíîñòè.

2.2. Ïñåâäîêîä àëãîðèòìîâ. Ââåäåì ðÿä îáîçíà÷åíèé:
� nodeRel � ìíîæåñòâî íàäåæíîñòåé ýëåìåíòîâ, èñïîëüçóåòñÿ äëÿ îòñëåæèâàíèÿ óæå

ïîñåùåííûõ âåðøèí;
� getNodes � ìíîæåñòâî èíäåêñîâ âåðøèí;
� getRelations(index) � öåëî÷èñëåííàÿ ôóíêöèÿ, âîçâðàùàåò ìíîæåñòâî èíäåêñîâ ñâÿç-

íûõ âåðøèí ñ index;
� getReliability(index) � âåùåñòâåííàÿ ôóíêöèÿ, âîçâðàùàåò çíà÷åíèå íàäåæíîñòè ýëå-

ìåíòà index;
� drawCircle � èíäåêñ ìåòîäà ïîäñ÷åòà ïëîùàäè;
� countSquare(nodeRel, Realization, drawCircle) � âåùåñòâåííàÿ ôóíêöèÿ ðàñ÷åòà ïëî-

ùàäè;
� Realization � âõîäíîé ïàðàìåòð, îïðåäåëÿåò òèï ïëîùàäè;
� recursiveMethod(nodeRel, drawCircle) � ìàòåìàòè÷åñêîå îæèäàíèå ïëîùàäè ïîêðû-

òèÿ;
� recursiveDi�Method(nodeRel, drawCircle) � ïîêàçàòåëü íàäåæíîñòü ñåòè ñ ïîðîãîâûì

çíà÷åíèåì;
� getCoverageFlag() � âåùåñòâåííàÿ ôóíêöèÿ, âîçâðàùàåò çíà÷åíèå óñòàíîâëåííîãî

ïîðîãîâîãî çíà÷åíèÿ.
Âåùåñòâåííàÿ ôóíêöèÿ recursiveMethod(nodeRel, drawCircle) âîçâðàùàåò çíà÷åíèå

MS (G). Íèæå ïðèâåäåí ïñåâäîêîä.

function recursiveMethod(nodeRel, drawCircle)
result← 0
v ← 0
for all u ∈ getNodes do

if nodeRelu = 1 then

while relations = (i, . . . ,e) ∈ getRelations(nodes) do

// äëÿ âñåõ ñâÿçíûõ âåðøèí ñ òåêóùåé
if (nodeRelie > 0) and (nodeRelie < 1) then

v ← ie // âûáîð âåðøèíû
Break
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end if

end while

end if

if v > 0 then Break
end if

end for

if v > 0 then //åñëè íàéäåíà âåðøèíà
nodeRelv ← 1
result ← getReliability(getNodesv) × recursiveMethod(nodeRel, drawCircle)
nodeRelv ← 0
result ← (1− getReliability(getNodesv)) × recursiveMethod(nodeRel, drawCircle)

else ifv = 0 then

result ←countSquare(nodeRel, Realization, drawCircle)
end if

Return result
end function

Âåùåñòâåííàÿ ôóíêöèÿ recursiveDi�Method(nodeRel, drawCircle) âîçâðàùàåò RS (G).
Íèæå ïðèâåäåí ïñåâäîêîä.

function recursiveDi�Method(nodeRel, drawCircle)
result← 0
v ← 0
square ←countSquare(nodeRel, Realization, drawCircle)
ifsquare > getCoverageFlag( ) then

result← 1
else

for all nodesu ∈ getNodes do
if nodeRelu = 1 then

while relations = (i, . . . ,e) ∈ getRelations(nodesu) do // äëÿ âñåõ ñâÿçíûõ
âåðøèí ñ òåêóùåé

if (nodeRelie > 0) and (nodeRelie < 1) then

v ← ie //âûáîð âåðøèíû
Break

end if

end while

end if

if v > 0 then Break
end if

end for

if v > 0 then //åñëè íàéäåíà âåðøèíà
nodeRelv ← 1
result ← getReliability(getNodesv) × recursiveDi�Method(nodeRel, drawCircle)
nodeRelv ← 0
result ← (1 − getReliability(getNodesv)) × recursiveDi�Method(nodeRel,

drawCircle)
end if
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Ðèñ. 1. Ñòðóêòóðà òåñòîâîé ÁÑÑ

end if

Return result
end function

2.3. Ðàçíûå ìåòîäû ó÷åòà ïëîùàäè.Ìû ïðåäëàãàåì 4 ìåòîäà ïîäñ÷åòà ïëîùàäè â ÷àñò-
íûõ ðåàëèçàöèÿõ, êîòîðûå ìû îáîçíà÷èëè êàê test, image, matrix � simpleCircle, matrix �
midpointCircle.

� Test. Ïëîùàäü êàæäîãî ýëåìåíòà ðàññìàòðèâàåòñÿ êàê åäèíè÷íîå çíà÷åíèå. Íå ó÷è-
òûâàåò ïåðåñå÷åíèÿ îáëàñòåé ïîêðûòèÿ äëÿ êàæäîãî èç óçëîâ. Èñïîëüçóåòñÿ äëÿ ðàñ÷åòà
òàêîãî ïîêàçàòåëÿ íàäåæíîñòè, êàê ìàòåìàòè÷åñêîå îæèäàíèå ÷èñëà óçëîâ, ñâÿçàííûõ ñ
âûäåëåííûì óçëîì [11].

� Image. Êîíöåïöèÿ ìåòîäà çàêëþ÷åíà â ïðåîáðàçîâàíèè ðåàëèçàöèè ãðàôà â ïðåä-
ñòàâëåíèå ãðàôà íà ÿçûêå DOT. Äàëåå ãðàô â ôîðìàòå ôàéëà .dot ñ÷èòûâàåòñÿ ïðîãðàì-
ìîé. Ïðîãðàììà ñîçäàåò äî÷åðíèé ïðîöåññ � âûçûâàåò ñòîðîííþþ ïðîãðàììó Graphviz,
êîòîðàÿ ñ÷èòûâàåò ñîîòâåòñòâóþùèé .dot ôàéë è ñòðîèò ðàñòðîâóþ ðåàëèçàöèþ ãðàôà
ñ çàêðàøåííûìè îáëàñòÿìè ïîêðûòèÿ êàæäîãî ñåíñîðà. Äàëåå ïðîèñõîäèò ïîäñ÷åò êîëè-
÷åñòâà çàêðàøåííûõ òî÷åê (ïèêñåëåé) ñîîòâåòñòâóþùåé ðåàëèçàöèè è âû÷èñëÿåòñÿ îòíî-
ñèòåëüíàÿ ïëîùàäü ìîíèòîðèíãà ðåàëèçàöèè êàê îòíîøåíèå çàêðàøåííûõ ïèêñåëåé êî
âñåì. Äàííûé ìåòîä äîñòàòî÷íî ìåäëåííûé, òàê êàê îí âêëþ÷àåò â ñåáÿ îïåðàöèè ÷òåíèÿ
è çàïèñè â ÏÇÓ. À òàêæå îïåðàöèè çàïèñè â áóôåð îáìåíà, ÷òî ÿâëÿåòñÿ êðèòè÷åñêîé
ñåêöèåé äëÿ îáðàáîòêè äàííûõ (çàïèñü/÷òåíèå èçîáðàæåíèé) â ìíîãîïîòî÷íîì ðåæèìå.
Îäíàêî, äàííîå óçêîå ìåñòî ìîæíî óñòðàíèòü ïóòåì èñïîëüçîâàíèÿ ñâîåãî áóôåðà îáìåíà
äëÿ ïîääåðæêè ìíîãîïîòî÷íîãî ðåæèìà.

� matrix, simpleCircle. Ìåòîä ïîäñ÷åòà ïëîùàäè, îñíîâàííûé íà çàïîëíåíèè ìàòðèöû
ýëåìåíòàìè, îáðàçóþùèìèñÿ ïðè çàêðàøèâàíèè îêðóæíîñòåé. Îêðóæíîñòü ñòðîèòñÿ ïî
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Òàáëèöà 1

Ðåçóëüòàòû ðàáîòû äëÿ ðàçíûõ ìåòîäîâ ïîäñ÷åòà ïëîùàäè

Ìåòîä p = 0,99 (âñå óçëû) p = 0,9 (âñå óçëû) p = 0,7 (âñå óçëû)

R̃image 0,958492 0,948649 0,871747

R̃simpleCircle 0,862326 0,827243 0,713897

R̃midpointCircle 0,862657 0,827620 0,714426

ôîðìóëå x2 + y2 6 r2. Äàííûé ìåòîä äîïóñêàåò îøèáêè ïðè îòðèñîâêå îêðóæíîñòè, ÷òî
äàåò ìåíåå òî÷íûé ðåçóëüòàò, íî óìåíüøàåò çàòðà÷èâàåìîå ïðîöåññîðíîå âðåìÿ íà îáðà-
áîòêó ìàòðèöû.

� matrix, midpointCircle. Ìåòîä ïîäñ÷åòà ïëîùàäè, îñíîâàííûé íà àëãîðèòìå ñðåäíåé
òî÷êè îêðóæíîñòè.

Ìåòîä image ïðåäñòàâëÿåò ñîáîé íàãëÿäíûé ìåòîä � êàæäîå ñîñòîÿíèå ãðàôà ñîõðà-
íÿåòñÿ â âèäå ïàðàìåòðèçèðîâàííîé ñòðóêòóðû ãðàôà íà ÿçûêå dot è ðàñòðîâîãî èçîáðà-
æåíèÿ îáëàñòè ïîêðûòèÿ ñîîòâåòñòâóþùåé ðåàëèçàöèè ñåòè. Ïðè ýòîì èìååòñÿ áîëüøîé
íåäîñòàòîê � êîëè÷åñòâî çàòðà÷èâàåìîãî ïðîöåññîðíîãî âðåìåíè âåëèêî. Åãî àêòóàëüíîå
ïðåäíàçíà÷åíèå � êàëèáðîâêà äîïîëíèòåëüíûõ âõîäíûõ ïàðàìåòðîâ. simpleCircle ÿâëÿåò-
ñÿ áûñòðûì ìåòîäîì ïîäñ÷åòà ïëîùàäè, íî ó÷èòûâàåò îøèáêè îòðèñîâêè. ßâëÿåòñÿ ìåíåå
òî÷íûì, íåæåëè midpointCircle, êîòîðûé ÿâëÿåòñÿ îïòèìàëüíûì ìåòîäîì äëÿ ïîäñ÷åòà
ïëîùàäè.

3. ×èñëåííûå ýêñïåðèìåíòû. Âõîäíàÿ ÁÑÑ çàäàíà ãðàôîì, îáîçíà÷åííûì íà ðèñ.
1. Ãðàô ñãåíåðèðîâàí ñ ïîìîùüþ ñâîáîäíî ðàñïðîñòðàíÿåìîé óòèëèòû TRMSim-WSN [8].
Êîëè÷åñòâî âåðøèí N = 30. Êðàñíàÿ âåðøèíà ñ íóëåâûì èíäåêñîì � ñòîê. Ïðåäïîëàãà-
åòñÿ, ÷òî îêðåñòíîñòè, â êîòîðûõ ñåíñîðû âåäóò ìîíèòîðèíã, èìåþò îäèíàêîâûé ðàäèóñ
äëÿ âñåõ ñåíñîðîâ. Íà ðèñóíêå äëÿ êàæäîãî ñåíñîðà ïðèâåäåíà è ñîîòâåòñòâóþùàÿ îêðåñò-
íîñòü.

Íèæå ïðèâåäåíû çíà÷åíèÿ ìàòåìàòè÷åñêîãî îæèäàíèÿ îòíîñèòåëüíîé ïëîùàäè ìîíè-
òîðèíãà, çà åäèíèöó âçÿòà îáùàÿ ïëîùàäü ðàññìàòðèâàåìîé îáëàñòè. Ðàññìîòðåíû ðàç-
ëè÷íûå ìåòîäû ïîäñ÷åòà ïëîùàäè è ðàçëè÷íûå çíà÷åíèÿ íàäåæíîñòè ñåíñîðîâ p.

Àáñîëþòíûå çíà÷åíèÿ ïëîùàäè â ïðèíÿòûõ åäèíèöàõ èçìåðåíèÿ ìîæíî âûâåñòè îñíî-
âûâàÿñü íà ôîðìóëå:

RcountMethod = R̃countMethod × S̃quareAll|MaxcountMethod
× SquareMax

Accuracy × imageScale
, (6)

ãäå, S̃quareAll|MaxcountMethod
� îòíîñèòåëüíîå çíà÷åíèå ïëîùàäè îò ìàêñèìàëüíî âîçìîæ-

íîãî (p = 1 äëÿ âñåõ óçëîâ); SquareMax � ìàêñèìàëüíàÿ îáëàñòü ïëîùàäè; Accuracy �
çíà÷åíèå òî÷íîñòè, çàâèñèò îò ðàçìåðà ñåòêè. Íàïðèìåð, ïðè çíà÷åíèè ñåòêè 100õ100, ãäå
ñåòêà � îãðàíè÷åíèå îáëàñòè ïîêðûòèÿ, Accuracy = 100. imageScale � ìíîæèòåëü ìàñ-
øòàáèðîâàíèÿ äëÿ ïîëó÷åííûõ ðàñòðîâûõ èçîáðàæåíèé.

Èñïîëüçîâàëèñü ñëåäóþùèå âõîäíûå ïàðàìåòðû:
� SquareMax = 100 × 100 = 10000;
� Accuracy = 100;
� imageScale = 2.

Ïîëó÷åííûå S̃quareAll|MaxcountMethod
äëÿ ãðàôà íà ðèñ. 1 â õîäå ðàáîòû ïðîãðàììû:
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Рисунок 2. Зависимость надежности покрытия от порогового значения 

Отметим, что некоторые вершины графа являются изначально отрезанными. Поэтому при 

высоких значениях порога вероятность того, что область мониторинга не меньше этого 

порогового значения, имеет нулевое значение. 

Заключение. В работе рассмотрена задача подсчета анализа надежности беспроводной 

сенсорной сети с точки зрения надежного покрытия сетью заданной области. 

Предполагается, что область, покрываемая сетью, образуется всеми точками плоскости, 

находящимися в окрестности мониторинга какого-либо работоспособного сенсора, 

связанного со стоком посредством работоспособных узлов. Рассмотрены два показателя 

надежности: математическое ожидание площади области покрытия и вероятность того, что 

площадь области мониторинга не меньше заданного наперед порогового значения. 

Предлагаются алгоритмы для точного расчета данных показателей на основе известного 

метода факторизации и стратегия выбора очередного элемента для факторизации, 

рассматриваются различные виды оконечных графов. Для вычисления площади покрытия 

в частных реализациях сети, определяемых присутствием или отсутствием каждого из 

сенсоров, предлагается четыре подхода. 
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Ðèñ. 2. Çàâèñèìîñòü íàäåæíîñòè ïîêðûòèÿ îò ïîðîãîâîãî çíà÷åíèÿ

Òàáëèöà 2

Ðåçóëüòàòû ðàáîòû äëÿ ðàçíûõ ìåòîäîâ ïîäñ÷åòà ïëîùàäè

Ìåòîä p = 0,99 (âñå óçëû) p = 0,9 (âñå óçëû) p = 0,7 (âñå óçëû)

R̃image 26,502974 26,230808 24,104414

R̃simpleCircle 16,722398 16,042061 13,844033

R̃midpointCircle 16,841480 16,157459 13,947595

� SquareAll|Maximage
= 0,553014;

� SquareAll|MaxsimpleCircle
= 0,387844;

� SquareAll|MaxmidpointCircle
= 0,390456.

Äàëåå ìîæíî ïîñ÷èòàòü àáñîëþòíûå çíà÷åíèÿ:
� äëÿ p = 0,99:
� Rimage = 0,958492× 0,553014 × 50 = 26,502974;
� RsimpleCircle = 0,862326× 0,387844 × 50 = 16,722398;
� RmidpointCircle = 0,862657× 0,390456 × 50 = 16,841480;
� äëÿ p = 0,9:
� Rimage = 0,948649× 0,553014 × 50 = 26,230808;
� RsimpleCircle = 0,827243× 0,387844 × 50 = 16,042061;
� RmidpointCircle = 0,82762× 0,390456 × 50 = 16,157459;
� äëÿ p = 0,7:
� Rimage = 0,871747× 0,553014 × 50 = 24,104414;
� RsimpleCircle = 0,713897× 0,387844 × 50 = 13,844033;
� RmidpointCircle = 0,714426× 0,390456 × 50 = 13,947595.
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Äëÿ ïîäñ÷åòà âåðîÿòíîñòè òîãî, ÷òî îáëàñòü ìîíèòîðèíãà íå ìåíüøå çàäàííîãî íà-
ïåðåä ïîðîãîâîãî çíà÷åíèÿ, èñïîëüçîâàëñÿ ìåòîä ïîäñ÷åòà ïëîùàäè Image. Îñíîâûâàÿñü
íà ïîëó÷åííûõ ðåçóëüòàòàõ, áûë ïîñòðîåí ãðàôèê çàâèñèìîñòè íàäåæíîñòè ïîêðûòèÿ îò
ïîðîãîâîãî çíà÷åíèÿ äëÿ òî÷íîãî ìåòîäà.

Îòìåòèì, ÷òî íåêîòîðûå âåðøèíû ãðàôà ÿâëÿþòñÿ èçíà÷àëüíî îòðåçàííûìè. Ïîýòîìó
ïðè âûñîêèõ çíà÷åíèÿõ ïîðîãà âåðîÿòíîñòü òîãî, ÷òî îáëàñòü ìîíèòîðèíãà íå ìåíüøå ýòîãî
ïîðîãîâîãî çíà÷åíèÿ, èìååò íóëåâîå çíà÷åíèå.

Çàêëþ÷åíèå. Â ðàáîòå ðàññìîòðåíà çàäà÷à ïîäñ÷åòà àíàëèçà íàäåæíîñòè áåñïðî-
âîäíîé ñåíñîðíîé ñåòè ñ òî÷êè çðåíèÿ íàäåæíîãî ïîêðûòèÿ ñåòüþ çàäàííîé îáëàñòè.
Ïðåäïîëàãàåòñÿ, ÷òî îáëàñòü, ïîêðûâàåìàÿ ñåòüþ, îáðàçóåòñÿ âñåìè òî÷êàìè ïëîñêî-
ñòè, íàõîäÿùèìèñÿ â îêðåñòíîñòè ìîíèòîðèíãà êàêîãî-ëèáî ðàáîòîñïîñîáíîãî ñåíñîðà,
ñâÿçàííîãî ñî ñòîêîì ïîñðåäñòâîì ðàáîòîñïîñîáíûõ óçëîâ. Ðàññìîòðåíû äâà ïîêàçàòåëÿ
íàäåæíîñòè: ìàòåìàòè÷åñêîå îæèäàíèå ïëîùàäè îáëàñòè ïîêðûòèÿ è âåðîÿòíîñòü òîãî,
÷òî ïëîùàäü îáëàñòè ìîíèòîðèíãà íå ìåíüøå çàäàííîãî íàïåðåä ïîðîãîâîãî çíà÷åíèÿ.
Ïðåäëàãàþòñÿ àëãîðèòìû äëÿ òî÷íîãî ðàñ÷åòà äàííûõ ïîêàçàòåëåé íà îñíîâå èçâåñòíîãî
ìåòîäà ôàêòîðèçàöèè è ñòðàòåãèÿ âûáîðà î÷åðåäíîãî ýëåìåíòà äëÿ ôàêòîðèçàöèè, ðàñ-
ñìàòðèâàþòñÿ ðàçëè÷íûå âèäû îêîíå÷íûõ ãðàôîâ. Äëÿ âû÷èñëåíèÿ ïëîùàäè ïîêðûòèÿ
â ÷àñòíûõ ðåàëèçàöèÿõ ñåòè, îïðåäåëÿåìûõ ïðèñóòñòâèåì èëè îòñóòñòâèåì êàæäîãî èç
ñåíñîðîâ, ïðåäëàãàåòñÿ ÷åòûðå ïîäõîäà.
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