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The article is an analytical review of scienti�c publications on the topic of modern information
technologies in the �eld of data collection, processing and analysis for monitoring air pollution in large
cities. Modern large cities are the source of most emissions of harmful substances into the atmosphere.
To monitor atmospheric pollution parameters, as a rule, either data obtained from few and fairly
far from each other regular environmental monitoring stations are used, or data obtained as a result
of expensive short-term �eld studies. This is not enough to obtain adequate information about the
spatial distribution of pollutants or to identify sources of pollution. To monitor atmospheric pollution
parameters with high spatial and temporal resolution are required.

Over the past two decades, progress has been made in the development of small-sized sensor devices
with the added ability to determine their location, the so-called geosensors. The use of wireless geosensor
networks for monitoring air quality is considered in many scienti�c publications. The aim of the review
was to analyze modern scienti�c publications in this �eld of research. The problems of research are
related to the tasks of managing of spatio-temporal data streams. The review presents articles that
describe mathematical models and optimization algorithms for data collection processes, as well as their
processing. Today, the scienti�c community has already reached a consensus about which information
technologies are most preferable at this level � data mining methods are the most promising tool for
analyzing and predicting air pollution. The level of spatial and temporal granularity of data necessary
for the application of these methods can be achieved using geosensor networks.

The main problems that arise during the collection and transmission of data in a wireless geosensor
network are problems of ensuring energy e�ciency, speed and accuracy of transmission. For the e�ective
functioning of monitoring networks, it is necessary to develop adequate mathematical models and
methods that will optimize the data collection process. The review analyzes various approaches to
solving this problem (for example, the use of mobile sinks or clustering of many geosensors). The
review includes publications in which it is proposed to improve monitoring through the use of mobile
nodes. The possibility of using Vehicle ad-hoc Sensor Networks (VANET) for monitoring air quality has
been o�ered quite often in recent years � sensors can be installed on cars that move in the transport
network of a city. Thanks to mobility, the sensor node can take measurements in di�erent places,
thereby reducing the requirements for a large number of sensor nodes for monitoring the territory.

The bottleneck of most research projects in this area is the lack of the possibility of large-scale
deployment of the proposed solutions. Therefore, the review focuses on the use of simulation to verify
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the e�ectiveness of various technological solutions. Some systems for modeling data streams from
geosensors (for example, the MobGeoSensSimulation system), which measure air quality parameters
over a large urban area and send data to a processing center, are analyzed.

The analysis of scienti�c publications carried out in the article suggests that the main trend
in research in the �eld of monitoring atmospheric air pollution is the development of technological
solutions associated with the use of wireless geosensor networks, and the current trend is the transition
from stationary to mobile geosensors. Such a transition will allow the use of data mining methods
with greater e�ciency. Various solutions described in the modern scienti�c literature and intended for
application at various levels of the atmospheric monitoring system are analyzed: at the level of data
collection, at the level of data processing and at the level of data analysis. Another identi�ed research
trend is the development and study of computer modeling systems for monitoring systems.

Key words: monitoring of air pollution, wireless geo-sensor networks.
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Ñòàòüÿ ïðåäñòàâëÿåò ñîáîé àíàëèòè÷åñêèé îáçîð íàó÷íûõ ïóáëèêàöèé íà òåìó ñîâðåìåííûõ
èíôîðìàöèîííûõ òåõíîëîãèé â îáëàñòè ñáîðà, îáðàáîòêè è àíàëèçà äàííûõ äëÿ ìîíèòîðèí-
ãà çàãðÿçíåíèÿ àòìîñôåðíîãî âîçäóõà â óñëîâèÿõ êðóïíûõ ãîðîäîâ. Ïîêàçàíî, ÷òî ãëàâíûì
òðåíäîì èññëåäîâàíèé â ýòîé îáëàñòè ÿâëÿåòñÿ ðàçðàáîòêà òåõíîëîãè÷åñêèõ ðåøåíèé, ñâÿçàí-
íûõ ñ èñïîëüçîâàíèåì ãåîñåíñîðíûõ ñåòåé äëÿ ñîçäàíèÿ ñèñòåì ìîíèòîðèíãà. Ðàññìîòðåíû
ðàçëè÷íûå ðåøåíèÿ, îïèñàííûå â ñîâðåìåííîé íàó÷íîé ëèòåðàòóðå è ïðåäíàçíà÷åííûå äëÿ
ïðèìåíåíèÿ íà ðàçëè÷íûõ óðîâíÿõ ñèñòåìû ìîíèòîðèíãà àòìîñôåðû: íà óðîâíå ñáîðà äàí-
íûõ, íà óðîâíå îáðàáîòêè äàííûõ è íà óðîâíå àíàëèçà äàííûõ.

Êëþ÷åâûå ñëîâà: ìîíèòîðèíã çàãðÿçíåíèÿ âîçäóõà, áåñïðîâîäíûå ãåîñåíñîðíûå ñåòè.

Ââåäåíèå. Â íàñòîÿùåå âðåìÿ â êðóïíûõ ãîðîäàõ ïðîæèâàåò áîëåå 50 % íàñåëåíèÿ
ïëàíåòû, ïðè ýòîì èìåííî ìåãàïîëèñû ÿâëÿþòñÿ èñòî÷íèêîì áîëüøèíñòâà âûáðîñîâ â
àòìîñôåðó âðåäíûõ âåùåñòâ, òàêèõ, êàê îêñèä óãëåðîäà èëè äèîêñèä àçîòà. Ðàñïðîñòðà-
íåíèå òàêèõ çàãðÿçíåíèé â âîçäóøíîé ñðåäå ïðèâîäèò ê íåãàòèâíûì ïîñëåäñòâèÿì äëÿ
îêðóæàþùåé ñðåäû â öåëîì, à òàêæå äëÿ æèçíè è çäîðîâüÿ ëþäåé. Â íàñòîÿùåå âðåìÿ
äëÿ ìîíèòîðèíãà ñîñòîÿíèÿ âîçäóõà â ãîðîäàõ èñïîëüçóþòñÿ, êàê ïðàâèëî, ëèáî äàííûå,
ïîëó÷àåìûå îò íåìíîãèõ è äîâîëüíî äàëåêî ðàñïîëîæåííûõ äðóã îò äðóãà ñòàíöèé ðåãó-
ëÿðíîãî ýêîëîãè÷åñêîãî ìîíèòîðèíãà, ëèáî äàííûå, êîòîðûå áûëè ïîëó÷åíû â ðåçóëüòàòå
äîðîãîñòîÿùèõ êðàòêîñðî÷íûõ ïîëåâûõ èññëåäîâàíèé. Ýòîãî íåäîñòàòî÷íî äëÿ ïîëó÷å-
íèÿ àäåêâàòíîé èíôîðìàöèè î ïðîñòðàíñòâåííîì ðàñïðåäåëåíèè çàãðÿçíÿþùèõ âåùåñòâ
èëè âûÿâëåíèÿ èñòî÷íèêîâ çàãðÿçíåíèÿ, äàæå ïðè èñïîëüçîâàíèè ñëîæíûõ ìîäåëåé ðàñ-
ñåèâàíèÿ. Êàê îòìå÷åíî â ðàáîòàõ [1�3], äëÿ ìîíèòîðèíãà çàãðÿçíåíèÿ âîçäóõà â ãåòå-
ðîãåííûõ ñðåäàõ, òàêèõ êàê ãîðîäñêàÿ ñðåäà, êîòîðûå õàðàêòåðèçóþòñÿ íàëè÷èåì áîëü-
øîãî êîëè÷åñòâà ðàçëè÷íûõ èñòî÷íèêîâ çàãðÿçíÿþùèõ âûáðîñîâ, òðåáóåòñÿ ïðîèçâîäèòü
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èçìåðåíèÿ ñ áîëüøèì ïðîñòðàíñòâåííûì è âðåìåííûì ðàçðåøåíèåì. Çà ïîñëåäíèå äâà
äåñÿòèëåòèÿ áûë äîñòèãíóò áåñïðåöåäåíòíûé ïðîãðåññ â ðàçðàáîòêå ìàëîðàçìåðíûõ ñåí-
ñîðíûõ óñòðîéñòâ ñ äîáàâëåííûìè âîçìîæíîñòÿìè îïðåäåëåíèÿ ñâîåãî ìåñòîïîëîæåíèÿ �
ãåîñåíñîðîâ. Èñïîëüçîâàíèå áåñïðîâîäíûõ ñåòåé ãåîñåíñîðîâ äëÿ ìîíèòîðèíãà êà÷åñòâà
âîçäóõà â êðóïíûõ ãîðîäàõ ðàññìàòðèâàåòñÿ âî ìíîãèõ íàó÷íûõ ïóáëèêàöèÿõ. Îäíàêî
ýòè ïóáëèêàöèè ÷àñòî îãðàíè÷èâàþòñÿ îïèñàíèåì êàêîãî-ëèáî îäíîãî àñïåêòà òàêîãî ðîäà
ïðèìåíåíèÿ ñåòåé ãåîñåíñîðîâ, íå äàâàÿ ÷èòàòåëþ îáùåé êàðòèíû èññëåäîâàíèé â ýòîé
îáëàñòè. Öåëüþ íàïèñàíèÿ äàííîãî îáçîðà ÿâëÿëîñü ïðîâåäåíèå àíàëèçà ðåçóëüòàòîâ èñ-
ñëåäîâàíèé â îáëàñòè ïðèìåíåíèÿ ñîâðåìåííûõ òåõíîëîãèé (â ÷àñòíîñòè, áåñïðîâîäíûõ
ñåòåé) äëÿ ìîíèòîðèíãà ñîñòîÿíèÿ àòìîñôåðû.

1. Òåõíîëîãè÷åñêèå ïðîáëåìû è ðåøåíèÿ íà óðîâíå îáðàáîòêè è àíàëè-

çà äàííûõ. Â ïîñëåäíåå âðåìÿ èíòåðåñ èññëåäîâàòåëåé ñìåñòèëñÿ ñî ñòàòè÷åñêîãî èçó-
÷åíèÿ ãåîïðîñòðàíñòâåííûõ ôåíîìåíîâ, ïðè êîòîðîì âî âíèìàíèå ïðèíèìàþòñÿ òîëü-
êî ïðîñòðàíñòâåííûå õàðàêòåðèñòèêè èçó÷àåìîãî ÿâëåíèÿ, ê áîëåå ïðîäâèíóòûì ñðåä-
ñòâàì âûÿâëåíèÿ äèíàìè÷åñêèõ îòíîøåíèé â èññëåäóåìûõ ãåîñèñòåìàõ. Êàê ïîêàçàíî â
[4], òåõíîëîãèÿ ïîëó÷åíèÿ ïðîñòðàíñòâåííî-âðåìåííûõ äàííûõ ñ ïîìîùüþ ñèñòåì ãåîñåí-
ñîðîâ ïðåäîñòàâëÿåò èññëåäîâàòåëÿì âîçìîæíîñòü ïîëó÷àòü äàííûå ñ íåâîçìîæíîé ðàíåå
ïðîñòðàíñòâåííî-âðåìåííîé äåòàëèçàöèåé, à òåõíè÷åñêèé ïðîãðåññ â îáëàñòè ðàçðàáîòêè
ãåîñåíñîðîâ ñóùåñòâåííî óäåøåâëÿåò èñïîëüçîâàíèå ýòîé òåõíîëîãèè. Ïðîáëåìàòèêà èñ-
ñëåäîâàíèé â ýòîé îáëàñòè ñâÿçàíà ñ óïðàâëåíèåì ïîòîêàìè ïðîñòðàíñòâåííî-âðåìåííûõ
äàííûõ îò ñåòè ãåîñåíñîðîâ. Îäíîé èç îñíîâíûõ çàäà÷ ÿâëÿëàñü ïðîáëåìà îáðàáîòêè
íåîãðàíè÷åííî ìàñøòàáèðóåìûõ ïîòîêîâ. Â ðàáîòå [5] ïðåäñòàâëåíà ìàòåìàòè÷åñêàÿ ìî-
äåëü ïðîöåññîâ îáðàáîòêè ïîòîêîâ ïðîñòðàíñòâåííî-âðåìåííûõ äàííûõ â ãåîèíôîðìàöè-
îííîé ñèñòåìå, à ðàáîòà [4] îïèñûâàåò ìåòîäîëîãèþ îáðàáîòêè, êîòîðàÿ îáåñïå÷èâàåò íåçà-
âèñèìîñòü âðåìåíè âûïîëíåíèÿ ïðîñòðàíñòâåííûõ çàïðîñîâ ê âõîäÿùèì ïîòîêàì äàííûõ
îò èíòåíñèâíîñòè ýòèõ ïîòîêîâ.

Âåðõíèé óðîâåíü ñèñòåì ìîíèòîðèíãà ñîñòîÿíèÿ àòìîñôåðíîãî âîçäóõà � ýòî òåõíîëî-
ãèè àíàëèçà äàííûõ. Íà ñåãîäíÿøíèé äåíü â íàó÷íîì ñîîáùåñòâå óæå ñëîæèëñÿ êîíñåíñóñ
ïî ïîâîäó òîãî, êàêèå èìåííî èíôîðìàöèîííûå òåõíîëîãèè ÿâëÿþòñÿ íàèáîëåå ïðåäïî-
÷òèòåëüíûìè íà ýòîì óðîâíå � â íàñòîÿùåå âðåìÿ äëÿ àíàëèçà è ïðîãíîçèðîâàíèÿ çà-
ãðÿçíåíèÿ âîçäóõà íàèáîëåå ïîïóëÿðíûìè è ïåðñïåêòèâíûìè èíñòðóìåíòàìè ÿâëÿþòñÿ
ìåòîäû èíòåëëåêòóàëüíîãî àíàëèçà äàííûõ. Ñóùåñòâóåò ìíîæåñòâî ôàêòîðîâ, âëèÿþùèõ
íà òàêóþ ñëîæíóþ ñèñòåìó, êàê àòìîñôåðà, à âçàèìîñâÿçü ýòèõ ôàêòîðîâ ïëîõî èçó÷åíà è
òàêæå ÿâëÿåòñÿ ñëîæíîé. Ïîýòîìó ïðè ïðîãíîçèðîâàíèè çàãðÿçíåíèÿ âîçäóõà â áîëüøèõ
ãîðîäàõ ñëåäóåò âûáèðàòü ðàçíûå ìåòîäû ïðîãíîçèðîâàíèÿ ñ ó÷åòîì ïëîùàäè ãîðîäà è
òèïîâ çàãðÿçíÿþùèõ âåùåñòâ. Ñðåäè ïðèìåíÿåìûõ ìåòîäîâ ìîæíî âûäåëèòü êàê íàèáî-
ëåå ÷àñòî óïîìèíàåìûå ñëåäóþùèå: ìåòîäû, îñíîâàííûå íà äåðåâüÿõ ïðèíÿòèÿ ðåøåíèé;
ìåòîäû ðåãðåññèîííîãî àíàëèçà; ïðèìåíåíèå èñêóññòâåííûõ íåéðîííûõ ñåòåé.

Îäíà èç ðàííèõ ïîïûòîê èñïîëüçîâàòü èñêóññòâåííûå íåéðîííûå ñåòè äëÿ ïðîãíîçè-
ðîâàíèÿ çàãðÿçíåíèÿ âîçäóõà îïèñàíà â [6].

Â [7] ïîêàçàíî, ÷òî òî÷íîñòü íåéðîñåòåâûõ ìîäåëåé ïðîãíîçèðîâàíèÿ âûøå, ÷åì ó äðó-
ãèõ ñòàòèñòè÷åñêèõ ìîäåëåé. Îäíàêî, íåñìîòðÿ íà ïðåèìóùåñòâà ïðèìåíåíèÿ ìîäåëåé,
îñíîâàííûõ íà ìåòîäàõ ìàøèííîãî îáó÷åíèÿ, ïî-ïðåæíåìó íå ñóùåñòâóåò ýôôåêòèâíûõ
ðåøåíèé äëÿ ïîâûøåíèÿ òî÷íîñòè ïðîãíîçèðîâàíèÿ è óâåëè÷åíèÿ äëèòåëüíîñòè ñðîêîâ.

Â ñòàòüå [8] ïðåäëàãàåòñÿ ðåøåíèå íà îñíîâå èñïîëüçîâàíèÿ äåðåâà ïðèíÿòèÿ ðåøå-
íèÿ. Â êà÷åñòâå ýêñïåðèìåíòàëüíûõ äàííûõ àâòîðàìè áûëà èñïîëüçîâàíà áàçà äàííûõ
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ïîãîäíûõ óñëîâèé ïî äàííûì ìåòåîðîëîãè÷åñêèõ íàáëþäåíèé, âûïîëíåííûõ íà ñòàíöèè,
ðàñïîëîæåííîé â ã. Ñàíêò-Ïåòåðáóðã. Â ýòîé ðàáîòå òàêæå áûëè èñïîëüçîâàíû äàííûå
íàáëþäåíèé çà ñîñòîÿíèåì àòìîñôåðíîãî âîçäóõà (ïåðèîä 2006�2014 ãã.), ïîëó÷åííûå îò
10 ñòàöèîíàðíûõ ïîñòîâ, ðàñïîëîæåííûõ â 8 àäìèíèñòðàòèâíûõ ðàéîíàõ ãîðîäà, 4 ðàçà â
ñóòêè. Äëÿ îöåíêè ñâÿçè ñèíîïòè÷åñêîãî ïðîöåññà è óðîâíÿ çàãðÿçíåíèÿ âîçäóõà áûë èñ-
ïîëüçîâàí êîýôôèöèåíò âçàèìíîé ñîïðÿæåííîñòè Ïèðñîíà-×óïðîâà. Ïî ìíåíèþ àâòîðîâ
ñòàòüè [8], ïîäõîä íà îñíîâå äåðåâà ïðèíÿòèÿ ðåøåíèÿ ïîçâîëÿåò îïðåäåëèòü îæèäàåìûé
óðîâåíü çàãðÿçíåíèÿ àòìîñôåðíîãî âîçäóõà äëÿ òåïëîãî è õîëîäíîãî ïåðèîäîâ ãîäà äíåâ-
íûõ è íî÷íûõ ÷àñîâ, ñ çàáëàãîâðåìåííîñòüþ â 12 ÷àñîâ, ñ îïðàâäûâàåìîñòüþ 84�91%.

Äëÿ ïðîãíîçèðîâàíèÿ çàãðÿçíåíèÿ âîçäóõà â Òóðöèè áûëà ïðåäëîæåíà ìîäåëü Fuzzy
Time Series (FTS) (íå÷åòêîãî âðåìåííîãî ðÿäà), îñíîâàííàÿ íà àëãîðèòìå êëàñòåðèçàöèè
Fuzzy K-Medoid (FKM) [9]. Ïî ìíåíèþ àâòîðîâ ñòàòüè [9], ìîäåëè òèïà FTS èìåþò ïðå-
èìóùåñòâî ïî ñðàâíåíèþ ñ äðóãèìè ìåòîäàìè, èñïîëüçóåìûìè ïðè ïðîãíîçèðîâàíèè çà-
ãðÿçíåíèÿ âîçäóõà, ïîñêîëüêó íå òðåáóþò êàêèõ-ëèáî ïðåäïîëîæåíèé î âåðîÿòíîñòíîì
ðàñïðåäåëåíèè äàííûõ âðåìåííûõ ðÿäîâ, à òàêæå îáåñïå÷èâàþò óñïåøíûå ðåçóëüòàòû äà-
æå â ñëó÷àå ìàëîãî íàáîðà íàáëþäåíèé. Ýôôåêòèâíîñòü ðàññìàòðèâàåìîãî â ýòîé ñòàòüå
ìåòîäà ïðîãíîçèðîâàíèÿ çàãðÿçíåíèÿ âîçäóõà áûëà ïðîäåìîíñòðèðîâàíà íà âðåìåííîì ðÿ-
äå, ñîñòîÿùåì èç ïîêàçàíèé êîíöåíòðàöèé SO2, èçìåðåííûõ íà 65 ñòàíöèÿõ ìîíèòîðèíãà
â Òóðöèè â ïåðèîä ñ 2013 ïî 2016 ã. Îäíàêî â ýòîé ñòàòüå îòìå÷åíî, ÷òî ñóùåñòâóþùèå
ìîäåëè FTS, îñíîâàííûå íà íå÷åòêîé êëàñòåðèçàöèè, íå îáëàäàþò äîñòàòî÷íîé òî÷íîñòüþ
ïðîãíîçèðîâàíèÿ íà íàáîðàõ äàííûõ, ñîäåðæàùèõ àíîìàëüíûå âûáðîñû.

Ñòàòüÿ [10] ïðåäëàãàåò èñïîëüçîâàòü ãèáðèäíóþ ñèñòåìó, âêëþ÷àþùóþ â ñåáÿ äâà èëè
áîëåå ìåòîäà ïðîãíîçèðîâàíèÿ çàãðÿçíåíèÿ âîçäóõà. Òàêàÿ ãèáðèäíàÿ ñèñòåìà îïèñàíà â
[11]. Ñèñòåìà áûëà ïðåäíàçíà÷åíà äëÿ ïðîãíîçèðîâàíèÿ ïî÷àñîâûõ êîíöåíòðàöèé äèîê-
ñèäà àçîòà íà òåððèòîðèè êîìïëåêñà Òàäæ-Ìàõàë â ãîðîäå Àãðà, Èíäèÿ. Èñïîëüçîâàëñÿ
ìåòîä ãëàâíûõ êîìïîíåíò (PCA), ÷òîáû íàéòè êîððåëÿöèè ìåæäó ïàðàìåòðàìè ìåòåîðî-
ëîãè÷åñêîãî ïðîãíîçèðîâàíèÿ è çàãðÿçíèòåëÿìè âîçäóõà. Âûäåëåííûå íà ýòîì ýòàïå çíà÷è-
ìûå ïàðàìåòðû ìåòåîðîëîãè÷åñêîãî ïðîãíîçèðîâàíèÿ áûëè çàòåì âçÿòû â êà÷åñòâå âõîä-
íûõ ïàðàìåòðîâ äëÿ îáó÷åíèÿ ìíîãîñëîéíîé èñêóññòâåííîé íåéðîííîé ñåòè. Ïðîâåäåííîå
èññëåäîâàíèå ïîêàçàëî, ÷òî îáó÷åííàÿ èñêóññòâåííàÿ íåéðîííàÿ ñåòü íå ìîãëà õîðîøî
ïðîãíîçèðîâàòü â ïåðèîäû, â êîòîðûå íàáëþäàëèñü âûñîêèå êîíöåíòðàöèè çàãðÿçíèòåëÿ.
Êàê ïðàâèëî, òàêèå âñïëåñêè âûçâàíû àíòðîïîãåííûìè ôàêòîðàìè.

Íåñìîòðÿ íà ðàçëè÷èå ïðèìåíÿåìûõ ìåòîäîâ èíòåëëåêòóàëüíîãî àíàëèçà, âñå îíè, êàê
ïðàâèëî, â êà÷åñòâå âõîäíûõ äàííûõ èñïîëüçóþò îäíè è òå æå òèïû äàííûõ. Â õîäå ïðî-
âåäåííîãî àíàëèçà áûëî âûÿâëåíî, ÷òî äëÿ ïðîãíîçèðîâàíèÿ óðîâíÿ çàãðÿçíåíèÿ âîçäóõà
èñïîëüçóþòñÿ â îñíîâíîì äàííûå î òåêóùåì êà÷åñòâå âîçäóõà, òåêóùèõ ïîãîäíûõ óñëî-
âèÿõ, ïðîãíîçå ïîãîäû, à òàêæå âðåìåíè ñóòîê è äíÿ íåäåëè. Ñòîèò òàêæå îòìåòèòü, ÷òî
ìåòîäû èíòåëëåêòóàëüíîãî àíàëèçà, êàê ïðàâèëî, òðåáóþò îáøèðíûõ äàííûõ, íàèáîëåå
ïîëíî îòîáðàæàþùèõ èññëåäóåìûé îáúåêò. Èñïîëüçîâàíèå òîëüêî äàííûõ, ïîëó÷åííûõ
îò ñòàöèîíàðíûõ ïîñòîâ íàáëþäåíèÿ çà êîíöåíòðàöèåé ïðèìåñåé â âîçäóõå, ñ ïîñëåäóþ-
ùèì ïðèìåíåíèåì ìàòåìàòè÷åñêèõ ìîäåëåé, íàêëàäûâàåò îãðàíè÷åíèÿ íà ýôôåêòèâíîå
èñïîëüçîâàíèå èíòåëëåêòóàëüíûõ ìåòîäîâ àíàëèçà.

Òàêèì îáðàçîì, ìîæíî ñäåëàòü âûâîä, ÷òî íà íàñòîÿùèé ìîìåíò ãëàâíîé ïðîáëåìîé
â èñïîëüçîâàíèè ìåòîäîâ èíòåëëåêòóàëüíîãî àíàëèçà äàííûõ î çàãðÿçíåíèè àòìîñôåðíî-
ãî âîçäóõà ÿâëÿåòñÿ íåîáõîäèìîñòü ïîëó÷åíèÿ áîëüøîãî êîëè÷åñòâà äàííûõ ñ âûñîêîé
ïðîñòðàíñòâåííîé è âðåìåííîé äåòàëüíîñòüþ.
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2. Òåõíîëîãè÷åñêèå ïðîáëåìû è ðåøåíèÿ íà óðîâíå ñáîðà äàííûõ. Ïðîöåññ ìî-
íèòîðèíãà îêðóæàþùåé ñðåäû ñîñòîèò èç ðåãóëÿðíîãî ñáîðà è àíàëèçà ïîòîêîâ äàííûõ,
ïîëó÷àåìûõ îò äàò÷èêîâ. Íåîáõîäèìûé äëÿ ýôôåêòèâíîãî ïðèìåíåíèÿ ìåòîäîâ èíòåë-
ëåêòóàëüíîãî àíàëèçà äàííûõ óðîâåíü ïðîñòðàíñòâåííîé è âðåìåííîé äåòàëüíîñòè äàí-
íûõ ìîæåò áûòü äîñòèãíóò ñ ïîìîùüþ èñïîëüçîâàíèÿ ñåòåé ãåîñåíñîðîâ. Çà ïîñëåäíèå
äâà äåñÿòèëåòèÿ áûë äîñòèãíóò áîëüøîé ïðîãðåññ â ðàçðàáîòêå ñåíñîðíûõ óñòðîéñòâ ñ
âîçìîæíîñòÿìè îïðåäåëåíèÿ ñâîåãî ìåñòîïîëîæåíèÿ � ãåîñåíñîðîâ, èíòåëëåêòóàëüíûõ
äàò÷èêîâ, êîòîðûå èçìåðÿþò çíà÷åíèÿ âåëè÷èí, ðàñïðåäåëåííûõ â ïðîñòðàíñòâå [12]. Òàê
íàçûâàåìûå ãåîñåíñîðíûå ñåòè (GSN) ïðåäñòàâëÿþò ñîáîé ñïåöèàëèçèðîâàííûå ïðèëîæå-
íèÿ òåõíîëîãèè áåñïðîâîäíûõ ñåíñîðíûõ ñåòåé â ãåîãðàôè÷åñêîì ïðîñòðàíñòâå, êîòîðûå
îáíàðóæèâàþò è îòñëåæèâàþò ÿâëåíèÿ è ïðîöåññû â îêðóæàþùåé ñðåäå [13]. Ïî ñðàâíå-
íèþ ñî ñòàöèîíàðíûìè ïóíêòàìè ìîíèòîðèíãà, ñåòü ñ ìíîæåñòâîì äàò÷èêîâ îáåñïå÷èâàåò
áîëåå äåòàëüíûé ìîíèòîðèíã êà÷åñòâà âîçäóõà. Ñîáèðàåìûå ñåíñîðàìè äàííûå î ñîñòîÿ-
íèè àòìîñôåðû ïåðåäàþòñÿ â àíàëèòè÷åñêèå öåíòðû äëÿ äàëüíåéøåé îáðàáîòêè. Äîñòàâêà
äàííûõ â ðåæèìå ðåàëüíîãî âðåìåíè óâåëè÷èâàåò òî÷íîñòü ìîíèòîðèíãà è ïðîãíîçà ñî-
ñòîÿíèÿ àòìîñôåðû. Ê ñîáðàííûì äàííûì ïðèìåíÿþòñÿ ðàçëè÷íûå ìåòîäû èçâëå÷åíèÿ
äàííûõ, ÷òîáû âûâåñòè àãðåãèðîâàííóþ ñòàòèñòèêó, ïîëåçíóþ äëÿ îáíàðóæåíèÿ è ïðî-
ãíîçèðîâàíèÿ àíîìàëèé. Ïîëó÷åííûå ðåçóëüòàòû òåñíî ñâÿçàíû ñ êà÷åñòâîì ñîáðàííûõ
äàííûõ. Íà ñàìîì äåëå, äàííûå ÷àñòî ñîäåðæàò øóìíûå, îøèáî÷íûå è ïðîïóùåííûå çíà-
÷åíèÿ. Íèçêîå êà÷åñòâî äàííûõ ïðèâîäèò ê îøèáî÷íûì ðåçóëüòàòàì. Îäíî èç ðåøåíèé
äëÿ ïðåîäîëåíèÿ ýòîé ïðîáëåìû ïðåäñòàâëåíî â ñòàòüå [14]. Àâòîðû ïðåäñòàâëÿþò êîí-
öåïöèþ êà÷åñòâà äàííûõ äàò÷èêîâ è ïðåäëàãàþò ïîëíóþ ñèñòåìó óïðàâëåíèÿ. Îïèñàíà
àðõèòåêòóðà ñèñòåìû Sensors Data Quality Management System, ïðåäëîæåíû ìåòîäû äëÿ
îáíàðóæåíèÿ äàííûõ ñ øóìîì è äëÿ óëó÷øåíèÿ èõ êà÷åñòâà, ÷òî ïðèâîäèò ê ïîâûøåíèþ
òî÷íîñòè èçìåðåíèé.

Êà÷åñòâî ãåîñåíñîðîâ, êîòîðûå ñîáèðàþò äàííûå, îñòàåòñÿ îäíîé èç ãëàâíûõ ïðîáëåì,
ïðåïÿòñòâóþùèõ øèðîêîìó ðàñïðîñòðàíåíèþ íåäîðîãèõ ñåíñîðíûõ òåõíîëîãèé. Íåâåðíûå
äàííûå äàþò èñêàæåííóþ êàðòèíó îá óðîâíÿõ çàãðÿçíåíèÿ âîçäóõà. Â ñòàòüå [15] àâòîðû
àíàëèçèðóþò ðàáî÷èå õàðàêòåðèñòèêè íåñêîëüêèõ íåäîðîãèõ äàò÷èêîâ äëÿ ìîíèòîðèíãà
÷àñòèö è ãàçîâ, ñóììèðóþò èõ âîçìîæíîñòè è îãðàíè÷åíèÿ. Äëÿ îáåñïå÷åíèÿ òî÷íîñòè äàí-
íûõ ðåêîìåíäóåòñÿ äâóõýòàïíûé ïðîöåññ êàëèáðîâêè äàò÷èêà, êîòîðûé âêëþ÷àåò ëàáîðà-
òîðíóþ êàëèáðîâêó, äîïîëíåííóþ ïðîâåðêàìè, âûïîëíÿåìûìè ïîëüçîâàòåëåì â óñëîâèÿõ
îêîí÷àòåëüíîãî ðàçâåðòûâàíèÿ. Äëÿ áîëüøèõ ñåíñîðíûõ ñåòåé, ãäå êàëèáðîâî÷íûå ïðî-
âåðêè íåöåëåñîîáðàçíû, ïðåäëàãàåòñÿ èñïîëüçîâàòü ñòàòèñòè÷åñêèå ìåòîäû îáåñïå÷åíèÿ
êà÷åñòâà äàííûõ. Äàëüíåéøèå óñîâåðøåíñòâîâàíèÿ è ïðèíÿòèå ñëîæíûõ ìàòåìàòè÷åñêèõ
è ñòàòèñòè÷åñêèõ ìåòîäîâ äëÿ êàëèáðîâêè äàò÷èêîâ, îáíàðóæåíèÿ íåèñïðàâíîñòåé è îáåñ-
ïå÷åíèÿ òî÷íîñòè äàííûõ äåéñòâèòåëüíî ìîãóò ðåàëèçîâàòü ïðåèìóùåñòâà íåäîðîãîé ñåòè
ìîíèòîðèíãà çàãðÿçíåíèÿ âîçäóõà â ìåãàïîëèñàõ.

3. Ìàòåìàòè÷åñêèå ìåòîäû è àëãîðèòìû â ðåøåíèè çàäà÷ îïòèìèçàöèè ñáî-

ðà è ïåðåäà÷è èíôîðìàöèè. Áîëüøîå êîëè÷åñòâî íàó÷íûõ ïóáëèêàöèé (â îñíîâíîì
çàðóáåæíûõ) íà òåìó îïòèìèçàöèè ôóíêöèîíèðîâàíèÿ ñåòåé ñáîðà èíôîðìàöèè î ñîñòî-
ÿíèè àòìîñôåðû ïîñâÿùåíî ðàçðàáîòêå ìàòåìàòè÷åñêèõ ìîäåëåé è ìåòîäîâ äëÿ ðåøåíèÿ
âîçíèêàþùèõ çàäà÷. Â êà÷åñòâå ìîäåëåé äëÿ ïåðåäà÷è äàííûõ â áåñïðîâîäíûõ ñåòÿõ îáû÷-
íî èñïîëüçóþò ñëó÷àéíûå ãåîìåòðè÷åñêèå ãðàôû, â ÷àñòíîñòè, UDG-ãðàôû [2, 16]. Ðàñ-
ïîëîæåíèå óçëîâ (äàò÷èêîâ) ìîäåëèðóåòñÿ òî÷êàìè íà Åâêëèäîâîé ïëîñêîñòè, à îáëàñòü
ðàñïðîñòðàíåíèÿ ñèãíàëà íàõîäèòñÿ â êðóãå ñ ðàäèóñîì, ðàâíîì ðàäèóñó äåéñòâèÿ ñèã-
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íàëà. Àëãîðèòì ãåíåðàöèè ïñåâäîñëó÷àéíûõ UDG-ãðàôîâ (íàïðèìåð, ñ îãðàíè÷åíèåì íà
ñòåïåíü âåðøèí, äèàìåòð ãðàôà) ïðåäëîæåí â [17].

Äëÿ îöåíêè è ïðîãíîçèðîâàíèÿ óðîâíÿ çàãðÿçíåíèÿ àòìîñôåðû íà îñíîâå äàííûõ ìî-
íèòîðèíãà è ìàòåìàòè÷åñêèõ ìîäåëåé ïåðåíîñà è òðàíñôîðìàöèè ïðèìåñåé èñïîëüçóþòñÿ
àëãîðèòìû ðåøåíèÿ îáðàòíûõ çàäà÷ è çàäà÷ óñâîåíèÿ äàííûõ. Òàêæå ÷àñòî â èññëåäîâà-
íèÿõ ðàññìàòðèâàþòñÿ îáðàòíûå çàäà÷è èäåíòèôèêàöèè èñòî÷íèêîâ. Îáçîð àëãîðèòìîâ
èäåíòèôèêàöèè èñòî÷íèêîâ ïðåäñòàâëåí â [18]. Â ÷àñòíîñòè, èñïîëüçóþòñÿ àëãîðèòìû
íà îñíîâå àíñàìáëåé ðåøåíèé ñîïðÿæåííûõ óðàâíåíèé [19�21], êîòîðûå äîïóñêàþò åñòå-
ñòâåííîå ðàñïàðàëëåëèâàíèå. Àëãîðèòìû óñâîåíèÿ äàííûõ ðåøàþò ïîñëåäîâàòåëüíîñòè
îáðàòíûõ çàäà÷ ïî ìåðå ïîñòóïëåíèÿ íîâûõ äàííûõ èçìåðåíèé. Â êîíòåêñòå îïåðàòèâíûõ
îöåíîê îñîáûé èíòåðåñ ïðåäñòàâëÿþò àëãîðèòìû óñâîåíèÿ, ðàáîòàþùèå "â ðåàëüíîì âðå-
ìåíè". Ïðèìåðîì ÿâëÿåòñÿ àëãîðèòì êâàçè-íåçàâèñèìîãî óñâîåíèÿ äàííûõ íà îòäåëüíûõ
øàãàõ ñõåìû ðàñùåïëåíèÿ [22].

Â èññëåäîâàíèè, îïèñàííîì â ñòàòüå [23], àâòîðû ðåøàþò çàäà÷ó îïòèìàëüíîãî ðàç-
ìåùåíèÿ äàò÷èêîâ, îðèåíòèðîâàííîãî íà áûñòðîå îïîâåùåíèå èíôîðìàöèåé ãðàæäàí, òî
åñòü, ñ ó÷åòîì ìåñò íàèáîëüøåãî ñêîïëåíèÿ ëþäåé â ìåãàïîëèñå. Ïîêàçàíî, ÷òî çàäà÷à NP-
òðóäíà, íî öåëåâàÿ ôóíêöèÿ îáëàäàåò õîðîøèì íåóáûâàþùèì è ñóáìîäóëüíûì ñâîéñòâîì.
Îïèñàíû ýôôåêòèâíûé æàäíûé àëãîðèòì è åãî âàðèàíòû, êîòîðûå ìîãóò áûòü ïðèíÿòû ñ
ãàðàíòèðîâàííûì êîýôôèöèåíòîì àïïðîêñèìàöèè (1− 1/e). Ïîäîáíàÿ îöåíêà äëÿ çàäà÷è
ðàçìåùåíèÿ ìîíèòîðèíãîâûõ óñòðîéñòâ áûëà ïîëó÷åíà ðàíåå, â ñòàòüå [24].

Îñíîâíûå çàäà÷è, êîòîðûå âîçíèêàþò ïðè ñáîðå è ïåðåäà÷å äàííûõ â áåñïðîâîäíîé
ñåòè ãåîñåíñîðîâ � ýíåðãîýôôåêòèâíîñòü, ñêîðîñòü è òî÷íîñòü ïåðåäà÷è. Òàê êàê áîëü-
øå âñåãî ýíåðãèè òðàòÿò óçëû, ðàñïîëîæåííûå ðÿäîì ñî ñòîêàìè, òî âîçíèêàåò äèñáàëàíñ
ýíåðãèè. Ðàçëè÷íûå ïîäõîäû ê ðåøåíèþ ýòîé ïðîáëåìû (íàïðèìåð, èñïîëüçîâàíèå ìî-
áèëüíûõ ñòîêîâ, êëàñòåðèçàöèÿ ìíîæåñòâà ãåîñåíñîðîâ) îïèñàíû â [25, 26]. Îäíà èç òàêèõ
çàäà÷ ñâÿçàíà ñ ïîíÿòèåì ýíåðãîýôôåêòèâíîñòè áåñïðîâîäíûõ óçëîâ. Ðàçðàáîòêà è âíåä-
ðåíèå ñîâðåìåííûõ ñåíñîðíûõ ñåòåé, óçëû â êîòîðûõ îñíàùåíû ñðåäñòâàìè äëÿ ïîëó÷åíèÿ
ýíåðãèè èç îêðóæàþùåé ñðåäû, ïðèâåëè ê ïîÿâëåíèþ íîâûõ çàäà÷, â êîòîðûõ íåîáõîäèìî
ó÷èòûâàòü ñòîõàñòè÷åñêèé õàðàêòåð è íåíàäåæíîñòü èñòî÷íèêîâ ýíåðãèè. Ñëåäîâàòåëü-
íî, òðåáóåòñÿ ìîäèôèêàöèÿ ñóùåñòâóþùèõ ïðîòîêîëîâ, èñïîëüçóåìûõ â òðàäèöèîííûõ
ñåíñîðíûõ ñåòÿõ. Â ñòàòüå [27] ïðèâîäèòñÿ îáçîð èññëåäîâàòåëüñêèõ ïðîåêòîâ ïî äàííîé
òåìàòèêå, à òàêæå ïðåäëîæåíû íîâûå àëãîðèòìû íàõîæäåíèÿ îïòèìàëüíûõ ìåñò äëÿ îñó-
ùåñòâëåíèÿ áåñïðîâîäíîé ïîäçàðÿäêè ãðóïïû ñåíñîðîâ ïðè ïîìîùè ìîáèëüíîãî ïîäçà-
ðÿæàþùåãî óñòðîéñòâà. Àëãîðèòìû îñíîâàíû íà ìåòîäàõ ðåøåíèÿ èçâåñòíûõ çàäà÷ èç
òåîðèè ãðàôîâ: ïîèñê p-ìåäèàí è ðàçìåùåíèå p-öåíòðîâ.

Äëÿ ýôôåêòèâíîãî ôóíêöèîíèðîâàíèÿ ñåòåé ìîíèòîðèíãà íåîáõîäèìà ðàçðàáîòêà
àäåêâàòíûõ ìàòåìàòè÷åñêèõ ìîäåëåé è ìåòîäîâ, êîòîðûå ïîçâîëÿò îïòèìèçèðîâàòü ïðî-
öåññ ñáîðà äàííûõ (íàïðèìåð, ìèíèìèçèðîâàòü ýíåðãîçàòðàòû). Â ñòàòüå [28] îïèñàíà çà-
äà÷à ïîâûøåíèÿ ýôôåêòèâíîñòè ïîòðåáëåíèÿ ýíåðãèè â ïðîöåññå ñáîðà ïðîñòðàíñòâåííî-
âðåìåííûõ äàííûõ ñ ïîìîùüþ ñåòè ãåîñåíñîðîâ. Ïðè ïåðåäà÷å äàííûõ îò âñåõ óçëîâ ñåòè
ê ñòîêàì, ÷åðåç óçëû, íàõîäÿùèåñÿ ðÿäîì ñî ñòîêàìè, ïðîõîäèò çíà÷èòåëüíî áîëüøèé
îáúåì òðàôèêà, ÷åì ÷åðåç äðóãèå óçëû. Òàêèì îáðàçîì, ìåæäó óçëàìè âîçíèêàåò äèñáà-
ëàíñ ýíåðãîïîòðåáëåíèÿ, ÷òî ïðèâîäèò ê óìåíüøåíèþ âðåìåíè ðàáîòû âñåé ñåòè, òî åñòü
èç-çà îòäåëüíûõ óçëîâ âîçíèêàåò íåîáõîäèìîñòü â ïîäçàðÿäêå. Â ñòàòüå ïðåäëîæåíî èñ-
ïîëüçîâàòü â êà÷åñòâå ðåñóðñà äëÿ îïòèìèçàöèè âîçìîæíóþ ìîáèëüíîñòü ñòîêîâ. Àâòîðû
ïðåäëîæèëè ìàòåìàòè÷åñêóþ ìîäåëü äëÿ àíàëèçà âðåìåíè æèçíè áåñïðîâîäíîé ñåòè ãåî-
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ñåíñîðîâ, èñïîëüçóþùåé ìîáèëüíûå ñòîêè. Ïðåäëîæåííûé ïîäõîä ïîçâîëÿåò óâåëè÷èòü
âðåìÿ æèçíè áåñïðîâîäíîé ñåòè ãåîñåíñîðîâ ñ ïîìîùüþ íàõîæäåíèÿ îïòèìàëüíûõ ìàðø-
ðóòîâ äâèæåíèÿ ìîáèëüíûõ ñòîêîâ, ñîáèðàþùèõ èíôîðìàöèþ ñ óçëîâ.

Èñïîëüçîâàíèå áåñïðîâîäíûõ ñåòåé äëÿ ìîíèòîðèíãà çàãðÿçíåíèÿ âîçäóõà ïðèçâàíî
ðåøèòü äâå îñíîâíûå çàäà÷è � ðåãóëÿðíîå êàðòèðîâàíèå è îáíàðóæåíèå âûñîêèõ êîíöåí-
òðàöèé çàãðÿçíåíèÿ. Äëÿ àäåêâàòíîñòè ðåøåíèÿ íåîáõîäèìî îïòèìàëüíîå ðàçìåùåíèå äàò-
÷èêîâ, ÷òîáû ïîëó÷èòü òî÷íóþ èíôîðìàöèþ î çàãðÿçíåíèè âîçäóõà. Â ñòàòüå [29] àâòîðû
èñïîëüçóþò ïîäõîäû ê ìîäåëèðîâàíèþ, îñíîâàííûå íà ìåòîäàõ öåëî÷èñëåííîãî ëèíåéíîãî
ïðîãðàììèðîâàíèÿ (ILP). Ñ ïîìîùüþ ìîäåëè ILP àâòîðû îïèñûâàþò ðåãóëÿðíîå êàðòèðî-
âàíèå çàãðÿçíåíèÿ âîçäóõà íà îñíîâå ïðîãíîçèðóåìûõ êàðò çàãðÿçíåíèÿ. Åùå äâå ìîäåëè
ILP ðàçðàáîòàíû äëÿ îáíàðóæåíèÿ ïåðåñå÷åíèÿ ïîðîãîâ çàãðÿçíåíèÿ. Ìîäåëè îñíîâàíû
íà ïðîãíîçèðóåìûõ äàííûõ è íà ìíîæåñòâå ñîáðàííûõ äàííûõ î âûáðîñàõ ñ îïèñàíèåì
èñòî÷íèêîâ çàãðÿçíåíèÿ.

Óëó÷øèòü ìîíèòîðèíã ñ ïîìîùüþ ñåíñîðíîé ñåòè ìîæíî, íàïðèìåð, çà ñ÷åò èñïîëü-
çîâàíèÿ ìîáèëüíûõ óçëîâ. Äàííûé ïîäõîä èñïîëüçîâàëñÿ â òîì ÷èñëå è äëÿ îðãàíèçàöèè
ìîíèòîðèíãà ñîñòîÿíèÿ àòìîñôåðû. Â Óïïñàëå (Øâåöèÿ) äëÿ ìîíèòîðèíãà çàãðÿçíåíèÿ
âîçäóõà ïðèìåíÿëèñü áåñïðîâîäíûå ñåòè, ãäå â êà÷åñòâå ìîáèëüíîãî íîñèòåëÿ ñåíñîðà èñ-
ïîëüçîâàëè îáùåñòâåííûé òðàíñïîðò [30]. Îñíîâíîé öåëüþ ýòîãî ýêñïåðèìåíòà áûëî ñðàâ-
íèòü äàííûå ñåíñîðîâ, ðàçìåùåííûõ íà àâòîáóñàõ, ïîëó÷åííûõ çà äëèòåëüíûé ïåðèîä âðå-
ìåíè, ñ äàííûìè äðóãèõ ìîíèòîðèíãîâûõ óñòðîéñòâ. Â óêàçàííîé ñòàòüå íå èññëåäóåòñÿ
âåðîÿòíîñòü îøèáêè è ñêîðîñòü îáíàðóæåíèÿ ïðèñóòñòâèÿ îïàñíîãî çàãðÿçíåíèÿ. Ñóùå-
ñòâóåò äåôèöèò ìîäåëåé äëÿ ñîîòâåòñòâóþùèõ âû÷èñëåíèé.

Â ïîñëåäíåå âðåìÿ àêòèâíî èññëåäóþòñÿ âîçìîæíîñòè èñïîëüçîâàíèÿ àâòîìîáèëüíîé
áåñïðîâîäíîé ñåòè (Vehicle Sensor Networks) äëÿ ìîíèòîðèíãà êà÷åñòâà âîçäóõà â êðóïíûõ
ãîðîäàõ � äàò÷èêè óñòàíàâëèâàþòñÿ íà àâòîìîáèëÿõ, êîòîðûå ïåðèîäè÷åñêè çàìåðÿþò
äàííûå î ñîñòîÿíèè âîçäóõà [31]. Áëàãîäàðÿ ìîáèëüíîñòè, ñåíñîðíûé óçåë ìîæåò ïðîâî-
äèòü èçìåðåíèÿ â ðàçíûõ ìåñòàõ, òåì ñàìûì ñíèæàÿ òðåáîâàíèÿ ê áîëüøîìó êîëè÷åñòâó
ñåíñîðíûõ óçëîâ äëÿ ìîíèòîðèíãà òåððèòîðèè ìåãàïîëèñà. Çäåñü âîçíèêàåò çàäà÷à ñî-
ñòàâëåíèÿ áàëàíñà ìåæäó òî÷íîñòüþ ìîíèòîðèíãà è ñòîèìîñòüþ ñâÿçè: êàê ðåãóëèðîâàòü
ðàñïèñàíèå ïåðåäà÷è èíôîðìàöèè ìîáèëüíûìè óçëàìè äëÿ óäîâëåòâîðåíèÿ êà÷åñòâà ìî-
íèòîðèíãà ïðè îäíîâðåìåííîì ñíèæåíèè ðàñõîäîâ íà ñâÿçü. Íàïðèìåð, â ðàéîíå, ãäå ìíîãî
àâòîìîáèëåé ñ äàò÷èêàìè ìîíèòîðèíãà, ìîæíî óìåíüøèòü ÷àñòîòó ñîîáùåíèé íåêîòîðûõ
óçëîâ, ÷òîáû èñêëþ÷èòü âîçìîæíîå äóáëèðîâàíèå. Ñ äðóãîé ñòîðîíû, íà òåððèòîðèÿõ, ãäå
êîíöåíòðàöèÿ CO2 ðåçêî ìåíÿåòñÿ, óçëó ìîæåò ïîòðåáîâàòüñÿ óâåëè÷èòü ÷àñòîòó ïåðåäà÷è
ñîîáùåíèé äëÿ ïîâûøåíèÿ òî÷íîñòè [32].

Â ñòàòüå [33] ðàññìàòðèâàåòñÿ âîïðîñ èñïîëüçîâàíèÿ áåñïðîâîäíîé ñåòè ñ ìîáèëüíûìè
ãåîñåíñîðàìè, ò. å. äàò÷èêàìè, çàêðåïëåííûìè íà äâèæóùèõñÿ îáúåêòàõ (òðàíñïîðòíûõ
ñðåäñòâàõ). Ðàññìîòðåíî äâà âàðèàíòà äâèæåíèÿ òðàíñïîðòíûõ ñðåäñòâ: âðåìÿ ìåæäó ïî-
ÿâëåíèåì òðàíñïîðòíûõ ñðåäñòâ â èññëåäóåìîé çîíå ÿâëÿåòñÿ êîíñòàíòîé, ëèáî ðàñïðåäå-
ëåíî ïî ýêñïîíåíöèàëüíîìó çàêîíó. Íàëè÷èå ïîâûøåííîãî óðîâíÿ çàãðÿçíåíèÿ â èññëåäó-
åìîé îáëàñòè îïðåäåëÿåòñÿ âî âðåìÿ ïðåáûâàíèÿ òðàíñïîðòíîãî ñðåäñòâà â ýòîé îáëàñòè
ñ íåêîòîðîé âåðîÿòíîñòüþ. Ðàññìàòðèâàþòñÿ ìåòîäû îöåíêè óêàçàííîãî çíà÷åíèÿ âåðîÿò-
íîñòè. Òàêæå ïîëó÷åíà ôóíêöèÿ ðàñïðåäåëåíèÿ äëÿ ñêîðîñòè îáíàðóæåíèÿ ïðåâûøåíèÿ
ïîðîãà çàãðÿçíåíèÿ. Ðåçóëüòàòû ìîãóò ïðèìåíÿòüñÿ äëÿ óïðàâëåíèÿ ñèñòåìàìè ìîíèòî-
ðèíãà, èñïîëüçóþùèìè ìîáèëüíûå ñåíñîðû.
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4. Èìèòàöèîííîå ìîäåëèðîâàíèå êàê ñðåäñòâî ïðîâåðêè ýôôåêòèâíîñòè ðàç-

ëè÷íûõ òåõíîëîãè÷åñêèõ ðåøåíèé. Óçêèì ìåñòîì áîëüøèíñòâà èññëåäîâàòåëüñêèõ
ïðîåêòîâ â ðàññìàòðèâàåìîé îáëàñòè ÿâëÿåòñÿ îòñóòñòâèå êðóïíîìàñøòàáíîãî ðàçâåðòû-
âàíèÿ ïðåäëîæåííûõ ðåøåíèé. Åùå â [34] áûëî îòìå÷åíî, ÷òî áîëüøèíñòâî èññëåäîâà-
òåëüñêèõ ãðóïï îöåíèâàåò ñâîè èäåè ñ ïîìîùüþ ìîäåëèðîâàíèÿ èëè íåáîëüøèõ òåñòîâûõ
ðàçâåðòûâàíèé, ðåçóëüòàòîì ÷åãî ìîãóò áûòü ïîòåíöèàëüíûå ïðîáëåìû â ðåàëüíûõ êðóï-
íîìàñøòàáíûõ ïðèëîæåíèÿõ.

Â [31, 35] àâòîðû ñ ïîìîùüþ èìèòàöèîííîãî ìîäåëèðîâàíèÿ àíàëèçèðóþò ýôôåêòèâ-
íîñòü íåêîòîðûõ òåõíîëîãè÷åñêèõ ðåøåíèé, ðàçðàáîòàííûõ â ðàìêàõ ðåàëèçàöèè êîíöåï-
öèè áåñïðîâîäíûõ ñåíñîðíûõ ñåòåé ñ äàò÷èêàìè íà àâòîìîáèëÿõ (vehicular sensor networks),
è ìåòîäû àãðåãèðîâàíèÿ òàêèõ äàííûõ.

Â ðàáîòå [36] îïèñàíà ñèñòåìà êîìïüþòåðíîãî ìîäåëèðîâàíèÿ îáîáùåííîé ñåòè ãåîñåí-
ñîðîâ MobGeoSensSimulation (MGSS) äëÿ ìîäåëèðîâàíèÿ ïîòîêîâ äàííûõ îò ìíîæåñòâà
ìîáèëüíûõ ãåîñåíñîðîâ, êîòîðûå çàìåðÿþò ïîêàçàòåëè êà÷åñòâà âîçäóõà íà áîëüøîé òåð-
ðèòîðèè ìåãàïîëèñà è îòïðàâëÿþò äàííûå â öåíòð îáðàáîòêè ñ íåêîòîðîé ÷àñòîòîé. Ñè-
ñòåìà áûëà ðåàëèçîâàíà íà ÿçûêå ïðîãðàììèðîâàíèÿ Python 3, ñ èñïîëüçîâàíèåì áèáëèî-
òåê NumPy è SciPy. Ñèñòåìà áûëà ñêîíôèãóðèðîâàíà äëÿ èìèòàöèîííîãî ìîäåëèðîâàíèÿ
ïîòîêîâ äàííûõ îò ãåîñåíñîðîâ, ðàçìåùåííûõ íà îáùåñòâåííîì òðàíñïîðòå ã. Ìîñêâû.
Ìîäåëèðóåòñÿ ðàñïðîñòðàíåíèå çàãðÿçíåíèÿ âîçäóõà îò èñòî÷íèêîâ, à òàêæå äâèæåíèå
ãåîñåíñîðîâ ïî ðåàëüíûì ìàðøðóòàì ãîðîäñêîãî òðàíñïîðòà. Ïî ïîëó÷àåìûì äàííûì â
ðåæèìå ðåàëüíîãî âðåìåíè âîññòàíàâëèâàëîñü ðàñïðåäåëåíèå êîíöåíòðàöèè çàãðÿçíåíèÿ.
Áûëî óñòàíîâëåíî, ÷òî èìèòàöèîííîå ìîäåëèðîâàíèå â ðàçðàáîòàííîé ñèñòåìå êîìïüþ-
òåðíîãî ìîäåëèðîâàíèÿ MGSS ïîòîêîâ ïðîñòðàíñòâåííî-âðåìåííûõ äàííûõ îò ìîáèëü-
íûõ ãåîñåíñîðîâ ìîæåò èñïîëüçîâàòüñÿ êàê ñðåäñòâî äëÿ ñòðóêòóðíîé îïòèìèçàöèè ñåòè
ãåîñåíñîðîâ. Àâòîðàìè ïðåäëîæåíî ðåøåíèå äëÿ çàäà÷è âû÷èñëåíèÿ ïðè çàäàííûõ îãðà-
íè÷åíèÿõ îïòèìàëüíîãî êîëè÷åñòâà òðàíñïîðòíûõ ñðåäñòâ ñ óñòàíîâëåííûìè äàò÷èêàìè
äëÿ ïîñòðîåíèÿ ïðîñòðàíñòâåííîé ìîäåëè çàãðÿçíåíèÿ èññëåäóåìîé òåððèòîðèè.

Çàêëþ÷åíèå. Ïðîâåäåííûé â íàñòîÿùåé ñòàòüå àíàëèç íàó÷íûõ ïóáëèêàöèé ïîçâîëÿ-
åò óòâåðæäàòü, ÷òî ãëàâíûì òðåíäîì èññëåäîâàíèé â îáëàñòè ìîíèòîðèíãà çàãðÿçíåíèÿ
àòìîñôåðíîãî âîçäóõà â óñëîâèÿõ êðóïíîãî ãîðîäà ÿâëÿåòñÿ ðàçðàáîòêà òåõíîëîãè÷å-
ñêèõ ðåøåíèé, ñâÿçàííûõ ñ èñïîëüçîâàíèåì áåñïðîâîäíûõ ãåîñåíñîðíûõ ñåòåé, ïðè÷åì
òåêóùàÿ òåíäåíöèÿ � ýòî ïåðåõîä îò ñòàöèîíàðíûõ ê ìîáèëüíûì ãåîñåíñîðàì. Òàêîé
ïåðåõîä ïîçâîëèò èñïîëüçîâàòü èíòåëëåêòóàëüíûå ìåòîäû àíàëèçà äàííûõ ñ áîëüøåé
ýôôåêòèâíîñòüþ. Îäíàêî ìàñøòàáèðîâàíèå ãåîñåíñîðíûõ ñåòåé ïðèâåëî ê ïîÿâëåíèþ
íîâûõ ïðîáëåì, íå âñå èç êîòîðûõ ðåøåíû. Â ÷àñòíîñòè, äî ñèõ ïîð íå óòðàòèëè ñâîåé
àêòóàëüíîñòè ïðîáëåìû îïòèìèçàöèè íà óðîâíå ñåòè ñáîðà äàííûõ. Äðóãèì âûäåëåííûì
èññëåäîâàòåëüñêèì òðåíäîì ÿâëÿåòñÿ ðàçðàáîòêà è èññëåäîâàíèå ñèñòåì êîìïüþòåðíîãî
ìîäåëèðîâàíèÿ ñèñòåì ìîíèòîðèíãà çàãðÿçíåíèÿ àòìîñôåðíîãî âîçäóõà. Áûëî îòìå÷åíî,
÷òî íàó÷íûå ãðóïïû, ðàáîòàþùèå â ýòîé îáëàñòè, àêòèâíî èñïîëüçóþò èìèòàöèîííîå
ìîäåëèðîâàíèå áåñïðîâîäíûõ ãåîñåíñîðíûõ ñåòåé íå òîëüêî êàê ñðåäñòâî òåñòèðîâàíèÿ
ïîëó÷åííûõ òåõíîëîãè÷åñêèõ ðåøåíèé, íî è êàê ñðåäñòâî èõ îïòèìèçàöèè.
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