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Many solutions in the �eld of architecture of the Internet of things are based on the results of
wireless sensor networks (WSN) research. Currently, corporations and government agencies, especially
in the US, Europe and the Middle East, are making serious e�orts to research, develop and patent
wireless sensor network-based technologies for monitoring long pipelines for various purposes. WSNs
are able to carry out continuous monitoring of critical infrastructure objects, detect any anomalies
in real time and deliver the necessary data to the decision-making center. However, in this case, it
becomes necessary to solve a number of problems, such as rational placement of nodes, optimization of
energy consumption, e�cient organization of data �ows, etc., for the solution of which it is necessary
to use methods for assessing the reliability and lifetime of the WSN. After all, these networks can
be operated in harsh climatic conditions, network nodes can be located in places that are di�cult to
access for regular inspection.

The main role of sensor nodes in the WSN used for monitoring is to periodically collect and
transmit data to an intelligent central base station (sink, sink), where the collected data is processed to
detect various anomalous events. In large- scale WSNs used to monitor long objects, such as pipelines,
most sensor nodes are geographically distant from the base station and are usually equipped with
self-contained low-cost batteries, the capacity of which is relatively small. This circumstance largely
determines the main disadvantages of extended WSNs, since the periodic transmission of raw data over
long distances through several hops to the base station leads to a rapid discharge of the battery of
sensor nodes and reduces the life of the network. Other disadvantages include low reliability of wireless
channels, high cost of bandwidth, low level of data security. Thus, there is a need to solve optimization
problems for extended WSNs, where the objective function or constraints contain a reliability indicator.

Authors propose an approach to solving a number of problems that arise when monitoring long
pipelines using wireless sensor networks.

A typical scenario used in a number of recent publications on this topic is considered. The WSN
consists of several sensor nodes located on the surface of the pipe, the topology is a simple chain, at
the end of which there is a base station. The sensors are responsible for collecting data, periodically
sending packets to the base station. All nodes play an important role in data forwarding, the node
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closest to the base station transmits data directly to the sink, intermediate nodes are used to transmit
packets from other nodes, i.e. data sent by the sender to the sink is relayed by nodes located between
the sender and the sink. The main power consumption is caused by tra�c transmission. Obviously,
this leads to excessive waste of energy of the sensor nodes located closer to the base station due to the
high asymmetric load on these nodes.

Each sensor node performs periodic monitoring within its sensitivity range. All sensor nodes are
initially in the same conditions, have similar communication capabilities, power consumption, their
behavior is described by the same conceptual models. Each node transmits its packet to the neighboring
node in the direction of the base station. The corresponding software module deployed on the base
station receives data from all sensor nodes, decides on the presence or absence of a problem on its own,
or via a highly reliable IP network, the data is transmitted to the decision center.

To formalize the reliability criteria, the corresponding mathematical models based on Markov
processes have been developed. The obtained results make it possible to �nd a compromise between
the reliability of the monitoring network and the costs of its deployment and maintenance.

Key words: wireless sensor networks, Internet of Things, structural health monitoring.
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Áåñïðîâîäíûå ñåíñîðíûå ñåòè (ÁÑÑ) ñïîñîáíû îñóùåñòâëÿòü íåïðåðûâíûé êîíòðîëü îáúåêòîâ
êðèòè÷åñêîé èíôðàñòðóêòóðû, â ðåàëüíîì âðåìåíè îáíàðóæèâàòü ëþáûå àíîìàëèè è äîñòàâ-
ëÿòü íåîáõîäèìûå äàííûå â öåíòð ïðèíÿòèÿ ðåøåíèé. Îäíàêî ïðè ýòîì âîçíèêàåò íåîáõîäè-
ìîñòü ðåøåíèÿ ðÿäà çàäà÷, òàêèõ êàê ðàöèîíàëüíîå ðàçìåùåíèå óçëîâ, îïòèìèçàöèÿ ýíåðãîïî-
òðåáëåíèÿ, ýôôåêòèâíàÿ îðãàíèçàöèÿ ïîòîêîâ äàííûõ è ò. ï. Â ðàáîòå ïðåäëàãàåòñÿ ïîäõîä ê
ðåøåíèþ ðÿäà çàäà÷, âîçíèêàþùèõ ïðè ìîíèòîðèíãå ïðîòÿæåííûõ òðóáîïðîâîäîâ ñ èñïîëüçî-
âàíèåì áåñïðîâîäíûõ ñåíñîðíûõ ñåòåé. Äëÿ òîãî ÷òîáû â ïîëíîé ìåðå âîñïîëüçîâàòüñÿ ïîòåí-
öèàëîì òåõíîëîãèé Èíòåðíåòà âåùåé, àðõèòåêòóðíóþ îñíîâó êîòîðîãî ôîðìèðóþò áåñïðîâîä-
íûå ñåíñîðíûå ñåòè, íåîáõîäèìî ðàçðàáîòàòü ñðåäñòâà îöåíêè íàäåæíîñòè óêàçàííûõ ñåòåé.
Äëÿ ôîðìàëèçàöèè êðèòåðèåâ íàäåæíîñòè ðàçðàáîòàíû ñîîòâåòñòâóþùèå ìàòåìàòè÷åñêèå ìî-
äåëè íà îñíîâå Ìàðêîâñêèõ ïðîöåññîâ. Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëÿþò íàéòè êîìïðîìèññ
ìåæäó íàäåæíîñòüþ ñåòè ìîíèòîðèíãà è çàòðàòàìè íà åå ðàçâåðòûâàíèå è îáñëóæèâàíèå.

Êëþ÷åâûå ñëîâà: áåñïðîâîäíûå ñåíñîðíûå ñåòè, Èíòåðíåò âåùåé, íàäåæíîñòü ñåòåé, ìî-
íèòîðèíã êîíñòðóêöèé.

Ââåäåíèå. Òåõíîëîãèè Èíòåðíåòà âåùåé (Internet of Things, IoT) íàõîäÿòñÿ â ñôåðå
îñîáîãî âíèìàíèÿ íå òîëüêî âåäóùèõ êîììåð÷åñêèõ êîìïàíèé, èññëåäîâàòåëüñêèõ öåí-
òðîâ, íî è ïðàâèòåëüñòâ ìíîãèõ ñòðàí. Â Ðîññèéñêîé Ôåäåðàöèè òåõíè÷åñêèé êîìèòåò ïî
ñòàíäàðòèçàöèè � 194 ¾Êèáåðôèçè÷åñêèå ñèñòåìû¿ àêòèâíî ðàáîòàåò íàä ðÿäîì íàöè-
îíàëüíûõ ñòàíäàðòîâ â îáëàñòè IoT. Ìíîãèå ðåøåíèÿ â îáëàñòè àðõèòåêòóðû IoT îïè-
ðàþòñÿ íà ðåçóëüòàòû èññëåäîâàíèé áåñïðîâîäíûõ ñåíñîðíûõ ñåòåé. Â êà÷åñòâå ïðèìå-
ðà ìîæíî ïðèâåñòè ïðåäëîæåíèÿ, ðàçðàáîòàííûå â õîäå ðåàëèçàöèè ïðîåêòà Internet of
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Things-Architecture (IoT-A) 7-é ðàìî÷íîé ïðîãðàììû Åâðîïåéñêîãî Ñîþçà ïî ðàçâèòèþ
íàó÷íûõ èññëåäîâàíèé è òåõíîëîãèé [1]. Ñèñòåìû ìîíèòîðèíãà æèçíåííîâàæíîé èíôðà-
ñòðóêòóðû íà îñíîâå áåñïðîâîäíûõ ñåíñîðíûõ ñåòåé (ÁÑÑ) ÿâëÿþòñÿ îäíîé èç íàèáîëåå
âîñòðåáîâàííûõ òåõíîëîãèé IoT, ïîñêîëüêó íàäëåæàùèé ìîíèòîðèíã ïîçâîëèò ñíèçèòü
óùåðá îò ïðèðîäíûõ è òåõíîãåííûõ êàòàñòðîô, ñâîåâðåìåííî ðåàãèðîâàòü íà ïîñëåäñòâèÿ
èçíîñà èíôðàñòðóêòóðû, ñíèçèòü ýêîëîãè÷åñêèå è ýêîíîìè÷åñêèå ðèñêè.

Â íàñòîÿùåå âðåìÿ êîðïîðàöèè è ïðàâèòåëüñòâåííûå ó÷ðåæäåíèÿ, îñîáåííî â ÑØÀ,
Åâðîïå è íà Áëèæíåì Âîñòîêå, ïðèëàãàþò ñåðüåçíûå óñèëèÿ, íàïðàâëåííûå íà èññëå-
äîâàíèÿ, ðàçðàáîòêó è ïàòåíòîâàíèå îñíîâàííûõ íà áåñïðîâîäíûõ ñåíñîðíûõ ñåòÿõ òåõ-
íîëîãèé ìîíèòîðèíãà ïðîòÿæåííûõ òðóáîïðîâîäîâ ðàçëè÷íîãî íàçíà÷åíèÿ. Â ÷àñòíîñòè,
èññëåäîâàíèÿ ïî èñïîëüçîâàíèþ ÁÑÑ äëÿ ìîíèòîðèíãà òðóáîïðîâîäîâ ïðîâîäèëèñü â
ðàìêàõ ñîâìåñòíûõ èññëåäîâàòåëüñêèõ ïðîåêòîâ Ñòýíôîðäñêîãî óíèâåðñèòåòà, Þæíî-
Êàëèôîðíèéñêîãî óíèâåðñèòåòà è êîðïîðàöèè Chevron. Êîíêóðñ ïîèñêà ðåøåíèé äëÿ ìî-
íèòîðèíãà òðóáîïðîâîäîâ ïðîâîäèëñÿ àãåíòñòâîì ôåäåðàëüíîãî ïðàâèòåëüñòâà ÑØÀ (Áþ-
ðî ìåëèîðàöèè) íà êðàóäñîðñèíãîâîé ïëàòôîðìå Innocentive. Ñîãëàñíî àíàëèòè÷åñêîìó
îò÷åòó GlobeNewswire, äàæå äëÿ òàêîé ÷àñòíîé ïðîáëåìû êàê ìîíèòîðèíã âîäîïðîâîäîâ ñ
öåëüþ îáíàðóæåíèÿ óòå÷åê ðûíîê ðåøåíèé äîñòèãàåò ìèëëèàðäà äîëëàðîâ è ðàñòåò íà 5 %
â ãîä. ÁÑÑ ñïîñîáíû îñóùåñòâëÿòü íåïðåðûâíûé êîíòðîëü îáúåêòîâ êðèòè÷åñêîé èíôðà-
ñòðóêòóðû, â ðåàëüíîì âðåìåíè îáíàðóæèâàòü ëþáûå àíîìàëèè è äîñòàâëÿòü íåîáõîäèìûå
äàííûå â öåíòð ïðèíÿòèÿ ðåøåíèé. Îäíàêî ïðè ýòîì âîçíèêàåò íåîáõîäèìîñòü ðåøåíèÿ
ðÿäà çàäà÷, òàêèõ êàê ðàöèîíàëüíîå ðàçìåùåíèå óçëîâ, îïòèìèçàöèÿ ýíåðãîïîòðåáëåíèÿ,
ýôôåêòèâíàÿ îðãàíèçàöèÿ ïîòîêîâ äàííûõ è ò. ï., äëÿ ðåøåíèÿ êîòîðûõ íåîáõîäèìî èñ-
ïîëüçîâàòü ìåòîäû îöåíêè íàäåæíîñòè è âðåìåíè æèçíè ÁÑÑ.

Íåîáõîäèìî çàìåòèòü, ÷òî ýêñïåðòàìè â îáëàñòè èíôîðìàòèçàöèè âûäâèãàþòñÿ îáîñ-
íîâàííûå ñîìíåíèÿ â íàäåæíîñòè òåõíîëîãèé IoT â öåëîì è â êîíå÷íîé âûãîäå äëÿ îáùå-
ñòâà îò âíåäðåíèÿ ðàçðàáîòîê, íàäåæíîñòü êîòîðûõ íå ãàðàíòèðîâàíà. Â îñîáåíîñòè ýòî
êàñàåòñÿ ìîäåðíèçàöèè êðèòè÷åñêîé èíôðàñòðóêòóðû. Îòìå÷àåòñÿ, ÷òî êîìïàíèè, ñïåöè-
àëèçèðóþùèåñÿ íà òåõíîëîãèÿõ IoT, ñòðåìÿòñÿ ñêîðåå çàíÿòü êàê ìîæíî áîëüøóþ ÷àñòü
ðûíêà è ñòàâÿò ïðèîðèòåòíîé öåëüþ ñêîðåéøèé âûïóñê ïðîäóêöèè, íå óäåëÿÿ äîñòàòî÷íî
âíèìàíèÿ âîïðîñàì åå íàäåæíîñòè è áåçîïàñíîñòè. Äëÿ òîãî ÷òîáû â ïîëíîé ìåðå çàäåé-
ñòâîâàòü ïîòåíöèàë òåõíîëîãèé IoT, íåîáõîäèìî ðàçðàáîòàòü ñîîòâåòñòâóþùèå èíñòðóìåí-
òû îöåíêè è îáåñïå÷åíèÿ èõ íàäåæíîñòè. Â îñîáåííîñòè, ýòî êàñàåòñÿ ñèñòåì ìîíèòîðèíãà
òðóáîïðîâîäîâ ñ èñïîëüçîâàíèåì ÁÑÑ, ïîñêîëüêó óêàçàííûå ñåòè ìîãóò ýêñïëóàòèðîâàòü-
ñÿ â ñóðîâûõ êëèìàòè÷åñêèõ óñëîâèÿõ, ñåòåâûå óçëû ìîãóò íàõîäèòñÿ â òðóäíîäîñòóïíûõ
äëÿ øòàòíîé èíñïåêöèè ìåñòàõ. Îñíîâíàÿ ðîëü ñåíñîðíûõ óçëîâ â ÁÑÑ, èñïîëüçóåìûõ
äëÿ ìîíèòîðèíãà, çàêëþ÷àåòñÿ â ïåðèîäè÷åñêîì ñáîðå è ïåðåäà÷å äàííûõ íà èíòåëëåêòó-
àëüíóþ öåíòðàëüíóþ áàçîâóþ ñòàíöèþ (sink, ñòîê), ãäå îñóùåñòâëÿåòñÿ îáðàáîòêà ñîáðàí-
íûõ äàííûõ äëÿ îáíàðóæåíèÿ ðàçíîîáðàçíûõ àíîìàëüíûõ ñîáûòèé. Â êðóïíîìàñøòàáíûõ
ÁÑÑ, çàäåéñòâîâàííûõ äëÿ ìîíèòîðèíãà ïðîòÿæåííûõ îáúåêòîâ, òàêèõ êàê òðóáîïðîâî-
äû, áîëüøèíñòâî ñåíñîðíûõ óçëîâ ãåîãðàôè÷åñêè óäàëåíû îò áàçîâîé ñòàíöèè è îáû÷íî
îñíàùàþòñÿ àâòîíîìíûìè íåäîðîãèìè áàòàðåÿìè, åìêîñòü êîòîðûõ îòíîñèòåëüíî íåáîëü-
øàÿ. Óêàçàííîå îáñòîÿòåëüñòâî âî ìíîãîì îïðåäåëÿåò îñíîâíûå íåäîñòàòêè ïðîòÿæåííûõ
ÁÑÑ, ïîñêîëüêó ïåðèîäè÷åñêàÿ ïåðåäà÷à íåîáðàáîòàííûõ äàííûõ íà áîëüøèå ðàññòîÿ-
íèÿ ÷åðåç íåñêîëüêî ïåðåõîäîâ ê áàçîâîé ñòàíöèè ïðèâîäèò ê áûñòðîìó ðàçðÿäó áàòàðåè
ñåíñîðíûõ óçëîâ è ñîêðàùàåò ñðîê ñëóæáû ñåòè. Äðóãèå íåäîñòàòêè âêëþ÷àþò íèçêóþ
íàäåæíîñòü áåñïðîâîäíûõ êàíàëîâ, âûñîêóþ ñòîèìîñòü ïîëîñû ïðîïóñêàíèÿ, íèçêèé óðî-
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âåíü áåçîïàñíîñòè äàííûõ [2�3]. Òàêèì îáðàçîì, âîçíèêàåò íåîáõîäèìîñòü ðåøåíèÿ çàäà÷
îïòèìèçàöèè ïðîòÿæåííûõ ÁÑÑ, ãäå â öåëåâîé ôóíêöèè èëè îãðàíè÷åíèÿõ ïðèñóòñòâóåò
ïîêàçàòåëü íàäåæíîñòè.

1. Ìîäåëü ñèñòåìû. Ðàññìàòðèâàåòñÿ òèïîâîé ñöåíàðèé, èñïîëüçóåìûé â ðÿäå íåäàâ-
íèõ ïóáëèêàöèé ïî äàííîé òåìàòèêå [4�7] . ÁÑÑ ñîñòîèò èç íåñêîëüêèõ (n) ñåíñîðíûõ
óçëîâ, ðàçìåùåííûõ íà ïîâåðõíîñòè òðóáû, òîïîëîãèÿ ïðåäñòàâëÿåò ïðîñòóþ öåïü, â êîí-
öå êîòîðîé íàõîäèòñÿ áàçîâàÿ ñòàíöèÿ. Ñåíñîðû îòâå÷àþò çà ñáîð äàííûõ, ïåðèîäè÷åñêè
îòñûëàþò ïàêåòû íà áàçîâóþ ñòàíöèþ. Âñå óçëû èãðàþò âàæíóþ ðîëü â ïåðåñûëêå äàí-
íûõ, áëèæàéøèé ê áàçîâîé ñòàíöèè óçåë ïåðåäàåò äàííûå â ñòîê íàïðÿìóþ, äëÿ ïåðåäà÷è
ïàêåòîâ îò îñòàëüíûõ óçëîâ èñïîëüçóþòñÿ ïðîìåæóòî÷íûå óçëû, ò. å. íàïðàâëÿåìûå îòïðà-
âèòåëåì â ñòîê äàííûå ðåòðàíñëèðóþòñÿ óçëàìè, ðàñïîëîæåííûìè ìåæäó îòïðàâèòåëåì è
ñòîêîì. Îñíîâíîå ýíåðãîïîòðåáëåíèå âûçâàíî ïåðåäà÷åé òðàôèêà. Î÷åâèäíî, ýòî ïðèâîäèò
ê ÷ðåçìåðíîé òðàòå ýíåðãèè ñåíñîðíûõ óçëîâ, ðàñïîëîæåííûõ áëèæå ê áàçîâîé ñòàíöèè èç-
çà âûñîêîé àñèììåòðè÷íîé íàãðóçêè íà ýòè óçëû. Êàæäûé ñåíñîðíûé óçåë îñóùåñòâëÿåò
ïåðèîäè÷åñêèé ìîíèòîðèíã â ïðåäåëàõ ñâîåãî äèàïàçîíà ÷óâñòâèòåëüíîñòè. Âñå ñåíñîð-
íûå óçëû èçíà÷àëüíî íàõîäÿòñÿ â îäèíàêîâûõ óñëîâèÿõ, îáëàäàþò ñõîæèìè êîììóíèêà-
öèîííûìè âîçìîæíîñòÿìè, ýíåðãîïîòðåáëåíèåì, èõ ïîâåäåíèå îïèñûâàåòñÿ îäèíàêîâûìè
êîíöåïòóàëüíûìè ìîäåëÿìè. Êàæäûé óçåë ïåðåäàåò ñâîé ïàêåò ñîñåäíåìó óçëó â íàïðàâ-
ëåíèè áàçîâîé ñòàíöèè. Ðàññòîÿíèå ìåæäó ñîñåäíèìè óçëàìè îòëè÷àåòñÿ íåçíà÷èòåëüíî.
Ñîîòâåòñòâóþùèé ïðîãðàììíûé ìîäóëü, ðàçâåðíóòûé íà áàçîâîé ñòàíöèè, ïîëó÷àåò äàí-
íûå ñî âñåõ ñåíñîðíûõ óçëîâ, ïðèíèìàåò ðåøåíèå î íàëè÷èè èëè îòñóòñòâèè ïðîáëåìû
ñàìîñòîÿòåëüíî, ëèáî ïîñðåäñòâîì âûñîêîíàäåæíîé IP-ñåòè äàííûå ïåðåäàþòñÿ â öåíòð
ïðèíÿòèÿ ðåøåíèé.

Íàãðóçêó, ñîçäàâàåìóþ ñåíñîðíûì óçëîì, áóäåì ìîäåëèðîâàòü Ïóàññîíîâñêèì ïðîöåñ-
ñîì, ÷òî òàêæå íå òîëüêî ÿâëÿåòñÿ îáùåóïîòðåáèìûì ïðåäïîëîæåíèåì, íî è ìíîãîêðàòíî
ïðîâåðÿëîñü ýêñïåðèìåíòàëüíî [8]. Èíòåíñèâíîñòü ïîòîêà äàííûõ îò ñåíñîðà j îáîçíà÷èì
÷åðåç λj = λ, ∀j = 1ṅ. Äëÿ îäíîðîäíûõ óçëîâ òåêóùóþ åìêîñòü áàòàðåè óçëà (C) ìîæ-
íî èçìåðÿòü â êîëè÷åñòâå ïîòåíöèàëüíî âîçìîæíûõ ïåðåäà÷ ïàêåòîâ [9]. Òàêèì îáðàçîì,
ïîâåäåíèå áàòàðåè óçëà ìîäåëèðóåòñÿ Ìàðêîâñêîé öåïüþ ñ íåïðåðûâíûì âðåìåíåì: C(t),
t > 0. Âðåìÿ æèçíè óçëà ÿâëÿåòñÿ ñëó÷àéíîé âåëè÷èíîé, ôîðìèðóåòñÿ âðåìåíåì, êîòîðîå
òðàòèò ñèñòåìà íà ïåðåõîä èç òåêóùåãî ñîñòîÿíèÿ â ôèíàëüíîå ñîñòîÿíèå, êîãäà íåäî-
ñòàòî÷íî ýíåðãèè äëÿ ïåðåäà÷è ïàêåòà. Íå óìåíüøàÿ îáùíîñòè, ìîæíî äëÿ ôèíàëüíîãî
ñîñòîÿíèÿ ïðèíÿòü: C(t) = 0.

Íà÷àëüíàÿ åìêîñòü áàòàðåè äîñòàòî÷íà äëÿ ïåðåäà÷è C0 ïàêåòîâ. Ââåäåì âåðîÿòíîñòè
ñîñòîÿíèé,

Pk(t) = P [C(t) = k], k = 0,1, . . . , C0.

Òîãäà óðàâíåíèÿ Êîëìîãîðîâà äëÿ äàííîé ñèñòåìû:

dPk(t)

dt
= −λPk(t) + λPk+1(t), 0 < k < C0,

dPC0(t)

dt
= −λPC0(t),

êðîìå òîãî

Pk(0) =

{
1, k = 0

0, k < 0
.

Òàêæå äîëæíî âûïîëíÿòüñÿ óñëîâèå íîðìàëèçàöèè:
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∑
k

Pk(t) = 1.

Äàííûé ïðîöåññ ÿâëÿåòñÿ âàðèàöèåé ïðîöåññà ãèáåëè è ðàçìíîæåíèÿ, ñîäåðæèò àáñîð-
áèðóþùåå ñîñòîÿíèå, ïåðåõîäû èç ñîñòîÿíèÿ â ñîñòîÿíèå âîçìîæíû ëèøü â íàïðàâëåíèè
óìåíüøåíèÿ ïîïóëÿöèè. Ðåøåíèå ñèñòåìû óðàâíåíèé Êîëìîãîðîâà â äàííîì ñëó÷àå ïðè-
íèìàåò âèä:

Pk(t) =
(λt)0−k

(0 − k)!
e−λt, 0 < k ≤ 0.

Ñëåäîâàòåëüíî,

P0(t) = 1− e−λt
0−1∑
k=0

(λt)k

k!
.

Ïîëó÷åííàÿ ôóíêöèÿ îïèñûâàåò âåðîÿòíîñòü òîãî, ÷òî áàòàðåÿ ñåíñîðà áóäåò ðàçðÿ-
æåíà ê ìîìåíòó âðåìåíè t, ò. å. P0(t) ïîçâîëÿåò ïîëó÷èòü ïðåäñòàâëåíèå î âðåìåíè æèçíè
ñåíñîðà è ôîðìàëèçèðîâàòü ðàçëè÷íûå êðèòåðèè íàäåæíîñòè ñåòè. Òàê, ñðåäíåå âðåìÿ
æèçíè (mean life time, MLT) óçëà:

MLT =
0

λ
.

Äëÿ ïîëó÷åíèÿ äàííîé ôîðìóëû äîñòàòî÷íî âîñïîëüçîâàòüñÿ ñâîéñòâàìè ðàñïðåäåëå-
íèÿ Ýðëàíãà.

2. Àíàëèç. Èñïîëüçóÿ ðåçóëüòàòû ïðåäûäóùåãî ðàçäåëà äëÿ ñåíñîðà ñ ýíåðãîçàïàñîì
C, ïîëó÷àåì ñðåäíåå âðåìÿ æèçíè ñåíñîðà:

λ
. Ïðèíèìàÿ âî âíèìàíèå ñâîéñòâà Ïóàññî-

íîâñêîãî ïðîöåññà, ïîëó÷àåì, ÷òî äëÿ îäíîðîäíîé ÁÑÑ ñðåäíåå âðåìÿ æèçíè ñåíñîðîâ (îò
äàëüíåãî ê ñòîêó ñåíñîðà ê áëèæíåìó) áóäåò ñëåäóþùèì:

λ
,

2λ
, . . . ,

nλ
,

ïîñêîëüêó ïðîìåæóòî÷íîìó ñåíñîðó íåîáõîäèìî ïåðåäàâàòü ïàêåòû âñåõ ñåíñîðîâ, óäàëåí-
íûõ îò ñòîêà íà áîëüøåå ðàññòîÿíèå. Ñåòü ñòàíåò íåñâÿçíîé â òå÷åíèå âðåìåíè, â n ðàç
ìåíüøåì, ÷åì âðåìÿ æèçíè äàëüíåãî óçëà. Äëÿ ñáàëàíñèðîâàííîãî âðåìåíè æèçíè óçëîâ
íåîáõîäèìî îòêàçàòüñÿ îò èñïîëüçîâàíèÿ îäíîðîäíûõ ïî ýíåðãîçàïàñó óçëîâ, ò. å. äëÿ óçëà,
îòñòîÿùåãî îò ñòîêà íà j õîïîâ, åìêîñòü áàòàðåè äîëæíà áûòü: (n− j + 1).

Òàêæå, îñíîâûâàÿñü íà êðèòåðèè ñðåäíåãî âðåìåíè æèçíè óçëà, ìîæíî ñäåëàòü âûâîä
î íåñîñòîÿòåëüíîñòè ïîäõîäà ê îïòèìèçàöèè è áàëàíñèðîâêå ýíåðãîïîòðåáëåíèÿ ëèíåéíûõ
ÁÑÑ, ïðåäëîæåííîìó â ñòàòüå [5], ñîãëàñíî êîòîðîìó óçëû ðàçáèâàþòñÿ íà êëàñòåðû ïî 3
óçëà, îäèí èç óçëîâ àãðåãèðóåò òðàôèê è ïåðåñûëàåò ñèììåòðè÷íîìó óçëó â ñëåäóþùåì
êëàñòåðå. Åñëè â êà÷åñòâå ãîëîâíîãî óçëà êëàñòåðà áåðåòñÿ ñðåäíèé óçåë, äåéñòâèòåëüíî,
ñðåäíåå âðåìÿ æèçíè äâóõ äðóãèõ óçëîâ êëàñòåðà áóäåò

λ
. Îäíàêî, ãîëîâíîé óçåë äîëæåí

ïåðåäàâàòü äàííûå íà ðàññòîÿíèå, óâåëè÷åííîå âòðîå. Ïðèíèìàÿ âî âíèìàíèå òî, ÷òî ðîñò
ýíåðãîðàñõîäîâ íà òðàíñëÿöèþ äàíûõ ðàñòåò ïðîïîðöèîíàëüíî êâàäðàòó ðàññòîÿíèÿ, åì-
êîñòü äàííîãî óçëà óæå áóäåò íå C, à

9
, ñîîòâåòñòâåííî ñðåäíåå âðåìÿ æèçíè ãîëîâíîãî

óçëà áåç ó÷åòà ðåòðàíñëÿöèè òðàôèêà ñíèçèòñÿ äî
27
.

Äàæå åñëè áðàòü â êà÷åñòâå êðèòåðèÿ îáùèå ýíåðãîçàòðàòû, à íå íàäåæíîñòü â êàêîì-
ëèáî âèäå, òî êëàñòåðèçàöèÿ, îïèñàííàÿ â [5], âñå ðàâíî èìååò îãðàíè÷åííîå ïðèìåíåíèå.
Ïóñòü e1 � ýíåðãîçàòðàòû íà ïåðåäà÷ó ïàêåòà â ñîñåäíèé óçåë (1-õîï), à e2 � ýíåðãîçàòðàòû
íà ïåðåäà÷ó ïàêåòà ìåæäó ãîëîâíûìè óçëàìè êëàñòåðîâ, a � ñëåäóþùèé êîýôôèöèåíò:
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e2 = ae1, a > 1.

Òîãäà ïîëó÷àåì óñëîâèå âûãîäû ðàññìàòðèâàåìîãî ñïîñîáà êëàñòåðèçàöèè:

a <
7

3
− 6

n+ 3
.

Êàê îòìå÷àëîñü âûøå, âî ìíîãèõ ïðàêòè÷åñêèõ ñëó÷àÿõ ïðèíèìàåòñÿ a ≈ 9, ò. å. ïðè èñ-
ïîëüçîâàíèè ðàññìàòðèâàåìîé êëàñòåðèçàöèè ñ öåëüþ ýíåðãîñáåðåæåíèÿ íåîáõîäèìî ñíè-
æàòü ìîùíîñòü ïåðåäàò÷èêà, ÷òî íåèçáåæíî âåäåò ê äåãðàäàöèè îòíîøåíèÿ ¾ñèãíàë-øóì¿
è êà÷åñòâà îáñëóæèâàíèÿ.

Ôîðìóëó P0(t) ìîæíî ïðèìåíÿòü äëÿ ôîðìàëèçàöèè äðóãèõ êðèòåðèåâ íàäåæíîñòè,
íàïðèìåð, âåðîÿòíîñòè áåçîòêàçíîé ðàáîòû â òå÷åíèå ïðåäïèñàííîãî âðåìåíè. Òàêæå, èñ-
ïîëüçóÿ ïîëó÷åííûå âûøå ðåçóëüòàòû è ïîäìîäåëè äëÿ λ è C, ìîæíî îöåíèâàòü ðàçëè÷íûå
ïîäõîäû ê àãðåãèðîâàíèþ òðàôèêà, îïòèìèçèðîâàòü ôóíêöèîíàëüíóþ íàäåæíîñòü ñåòè.
Â êà÷åñòâå ïðèìåðà ðàññìîòðèì çàäà÷ó âûáîðà îïòèìàëüíîãî ðàçìåðà ñîîáùåíèÿ ïðè èñ-
ïîëüçîâàíèè êîððåêòèðóþùèãî êîäà ñëåäóþùåãî âèäà:

max
n

MLT,

R(p,n,k(n)) ≥ α.

Çäåñü p � âåðîÿòíîñòü îøèáêè ïðè ïåðåäà÷å îäíîãî ñèìâîëà; n � äëèíà ñîîáùåíèÿ; k(n) �
ìàêñèìàëüíîå ÷èñëî èñêàæåííûõ ñèìâîëîâ, ïðè êîòîðîì âîçìîæíî êîððåêòíîå âîññòàíîâ-
ëåíèå ñîîáùåíèÿ; ôóíêöèÿ R � âåðîÿòíîñòü âîññòàíîâëåíèÿ ñîîáùåíèÿ; α � òðåáóåìàÿ
íàäåæíîñòü ïåðåäà÷è. Ñ ðîñòîì n ðàñòåò äèñòàíöèÿ ìåæäó ïåðåäàâàåìûìè ñëîâàìè, è
íàäåæíîñòü êîðåêòíîé ïåðåäà÷è âîçðàñòàåò. Ñ äðóãîé ñòîðîíû, ÷åì áîëüøå n, òåì âûøå
ýíåðãîçàòðàòû íà ïåðåäà÷ó. Ôóíêöèÿ R ïðèíèìàåò ñëåäóþùèé âèä [10] äëÿ ïåðåäà÷è â
ñìåæíûé óçåë:

R(p,n,k) =
k∑

j=0

Cj
np

j(1− p)n−j.

Ïðè ïåðåäà÷å â ñòîê ÷åðåç h êàíàëîâ (h − 1 ïðîìåæóòî÷íûé óçåë) ñ êîððåêöèåé â
ïðîìåæóòî÷íûõ óçëàõ ïîëó÷àåì:

R(p,n,k) =
k∑

j=0

Cj
N(1− (1− p)h)j(1− p)h(N−j).

Ôóíêöèÿ R(p,n,k) ìîíîòîííî âîçðàñòàåò ïî n. Îòñþäà

nopt = argmin {R(p,n,k(n)) = α} ,

ïðèíèìàÿ âî âíèìàíèå ôîðìóëó äëÿ MLT.
Çàêëþ÷åíèå. Â ñòàòüå ïðåäëîæåí ïîäõîä ê ôîðìàëèçàöèè êðèòåðèÿ íàäåæíîñòè

ïðîòÿæåííûõ ÁÑÑ. Ïîêàçàíî, ÷òî â îäíîðîäíûõ ÁÑÑ êîíñòðóêòèâíî çàëîæåí ñåðüåçíûé
äèñáàëàíñ â ýíåðãîïîòðåáëåíèè óçëîâ. Ïðèâåäåíî îáîñíîâàíèå òîìó, ÷òî ïðåäëîæåííûé
íåäàâíî ïîäõîä ê ýíåðãîñáåðåæåíèþ ëèíåéíûõ ÁÑÑ ñ èñïîëüçîâàíèåì êëàñòåðèçàöèè
[5], âîîáùå ãîâîðÿ, íå ÿâëÿåòñÿ ñîñòîÿòåëüíûì è âëå÷åò äåãðàäàöèþ íàäåæíîñòè ñåòè.
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Äëÿ îáåñïå÷åíèÿ òðåáóåìîãî óðîâíÿ íàäåæíîñòè ëèíåéíûõ áåñïðîâîäíûõ ñåíñîðíûõ
ñåòåé ïðåäñòàâëÿåòñÿ ïåðñïåêòèâíûì èñïîëüçîâàòü ìîáèëüíûå áàçîâûå ñòàíöèè íà
ÁÏËÀ, íåñìîòðÿ íà òî, ÷òî îáùèå ñèñòåìíûå ýíåðãîçàòðàòû âîçðàñòóò. Òàêæå îòìåòèì
ïåðñïåêòèâíîñòü èññëåäîâàíèÿ è ðàçðàáîòêè ýôôåêòèâíûõ ìåõàíèçìîâ àãðåãèðîâàíèÿ
òðàôèêà ñ èñïîëüçîâàíèåì ïîìåõîóñòîé÷èâîãî êîäèðîâàíèÿ.
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