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In recent years, researchers in many countries have been paying attention to the networks with a
non-stationary topology � with nodes on vehicles (VANET, Vehicle ad-hoc network), on �ying vehicles
(FANET, Flying ad-hoc networks). The method of collecting data using these networks is increasingly
being used, especially in monitoring problems: transport monitoring, environmental monitoring, etc.
Smart sensors are used, which, in addition to collecting data, perform the function of processing
information and transmitting it to the GPRS module for uploading to a web server. Similar projects
are carried out in di�erent countries � China, Canada, Sweden. For example, observations of the state
of air in an urban environment using wireless sensors were carried out in Uppsala (Sweden). This work
is part of the Swedish Green IoT project, which uses the Internet of Things to measure urban air
pollution.

In publications about FANET, much attention is paid to the use of unmanned aerial vehicles
(UAVs) for monitoring large territories, hard-to-reach areas. The main investigations are devoted to
the development of algorithms for controlling the routes and optimizing the process of transmitting
information collected by mobile nodes. The goal of similar projects is to collect information in real
time and upload data to a web server for users to view.UAV are equipped with environmental
monitoring sensors (gas sensor, air quality sensor, humidity sensor, temperature sensor), as well
as a microcontroller and a GPRS module. The nodes are distributed in space and transmit data
wirelessly. The microcontroller performs the function of processing the data received from the sensors
and transmits the processed information to the base station, where it is open to users in real time.

The limited battery life of the UAV narrows their functioning, therefore, various possibilities for
recharging are used � for example, recharging stations.When the critical level of the remaining energy
is reached, the path to the nearest station must be denoted for UAV. In the case of a swarm of drones,
there should be a �ight schedule for recharging, because with a very large number of UAV, queues
to stations are possible. Thus, the problem of optimal placement of charging stations in a territory is
urgent: the total number of stations is not more than a given one, and the lifetime of the network is
not less than a given one.

To solve optimization problems, it is necessary to have convenient simulation tools in order to
test algorithms on various models. For the optimizing monitoring problem, it is convenient to use
a system to simulate the movement of nodes, the transfer of information between them, as well as
to determine the possible parameters of devices for collecting and transmitting data. Well-known
systems are used to simulate data transmission from nodes on moving objects � for example, Network
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Simulator, Any Logic. However, these systems mainly simulate the movement, as well as the process
of collecting information by nodes. Such urgent problems as ensuring monitoring of the entire given
territory, recharging drones during network operation are not in the attention of simulation. In order
to complete the simulation possibilities, the authors developed a UAV-monitoring simulation system,
in which some urgent problems were solved by adapting well-known algorithms.

Key words: non-stationary networks, unmanned aerial vehicles, models of networks with nodes
on the UAV, simulation.

References

1. Hamdi M. M., Audah L., Rashid S. A., and Alani S. VANET-based tra�c monitoring and
incident detection system: A review // International Journal of Electrical & Computer Engineering
(2088-8708), 2021. Vol. 11, N 4.

2. Ullo S., Sinha G. Advances in Smart Environment Monitoring Systems Using IoT and Sensors
// Sensors (Basel). 2020; 20(11):3113. DOI: 10.3390/s20113113.

3. 3. Sokolova O. D., Materuhin A. V. Analiticheskij obzor sovremennyh informacionnyh
tekhnologij v oblasti sbora, obrabotki i analiza dannyh, primenyaemyh dlya monitoringa zagryazneniya
atmosfernogo vozduha // Problemy informatiki. 2020. � 1. S. 21�34. DOI: 10.24411/2073-0667-2020-
10002.

4. 4. SHahov V. V., Sokolova O. D. Analiz setej s nestacionarnoj topologiej. Obzor issledovanij //
Problemy informatiki. 2020. � 4, S. 27�42. DOI: 10.24411/2073-0667-2020-10014.

5. Rohi, G., Ofualagba, G. Autonomous monitoring, analysis, and countering of air pollution using
environmental drones // Heliyon 6(1), 1�10 (2020).

6. Shakhov V., Sokolova O. On Modeling Air Pollution Detection With Internet of Vehicles // 15th
International Conference on Ubiquitous Information Management and Communication (IMCOM),
2021, P. 1�3, DOI:10.1109/IMCOM51814.2021.9377350.

7. Kaivonen Sami, Ngai Edith. Real-time air pollution monitoring with sensors on city bus //
Digital Communications and Networks. 2019.

8. Leonov A. V., CHaplyshkin V. A. Seti FANET // Omskij nauchnyj vestnik. Ser. Pribory, mashiny
i tekhnologii. 2015. N 3(143). S. 297�301.

9. Prozorov D. E., Metelev A. P., Chistjakov A. V., Romanov S. V. Protocols of Georouting of
Mobile ad hoc Networks // T-Comm, 2012. N 5. P. 16�19.

10. Masahiko Nagai, Apichon Witayangkurn, Kiyoshi Honda, Ryosuke Shibasaki. UAV-Based
Sensor Web Monitoring System // International Journal of Navigation and Observation. 2012. Vol.
2012, Article ID 858792. [Electron. Res.]: https://doi.org/10.1155/2012/858792.

11. Liu, Siwen. Development of a UAV-Based System to Monitor Air Quality over an Oil Field //
Graduate Theses & Non-Theses. 2018. 187. [Electron. Res.]: https://digitalcommons.mtech.edu/
grad_rsch/187

12. Alvear, O., Zema, N. R., Natalizio, E., & Calafate, C. T. Using UAV-Based Systems to Monitor
Air Pollution in Areas with Poor Accessibility // Journal of Advanced Transportation, 2017. P. 1�14.

13. Masahiko Nagai, Apichon Witayangkurn, Kiyoshi Honda, Ryosuke Shibasaki. UAV-Based
Sensor Web Monitoring System // International Journal of Navigation and Observation. 2012. Vol.
2012, Article ID 858792, 7 pages. [Electron. Res.]: https://doi.org/10.1155/2012/858792

14. Ya'acob N., Zolkapli M., Johari J., Yusof A. L., Sarnin S. S. and Asmadinar A. Z. UAV
environment monitoring system // 2017 International Conference on Electrical, Electronics and System
Engineering (ICEESE), 2017, P. 105�109, DOI: 10.1109/ICEESE.2017.8298395.

15. Zareb M., Bakhti B., Bouzid Y., Kadourbenkada H., Bouzgou K., Nouibat W. Novel Smart
Air Quality Monitoring System Based on UAV Quadrotor // Proceedings of the 4th International
Conference on Electrical Engineering and Control Applications. ICEECA 2019. Lecture Notes in



Î.Ä. Ñîêîëîâà, Í.Ñ. Øâàðöêîï 3

Electrical Engineering, Vol. 682. Springer, [Electron. Res.]: https://doi.org/10.1007/978-981-15-
6403-1_30

16. Prozorov, D. E., Romanov S. V. Protokol ierarhicheskoj marshrutizacii
samoorganizuyushchejsya mobil'noj seti // Radiotekhnicheskie i telekommunikacionnye sistemy.
2014. T. 15. � 3. S. 74�80.

17. Rudometov S., Sokolova O., Materukhin A. Optimization of Mobile Sink Movement
in the Gathering Spatio-Temporal Data Process from Air Pollution Sensors // Proceedings �
2020 International Russian Automation Conference, RusAutoCon 2020, 2020, P. 648�652. DOI:
10.1109/RusAutoCon49822.2020.9208148.

18. Materukhin A., Maiorov A., Gvozdev O., Sokolova O. Simulation of Spatio-Temporal
Data Streams from Geosensors Located On mobile Objects // Proceedings of 15th International
Asian School-Seminar Optimization Problems of Complex Systems (OPCS-2019), P. 179�183. DOI:
10.1109/OPCS.2019.8880188.

19. Kajsina I. A. Modelirovanie poleznoj propusknoj sposobnosti seti BPLA pri mul'tipotokovoj
peredache // Trudy uchebnyh zavedenij svyazi. 2020. T. 6. � 1. S. 100�108. DOI:10.31854/ 1813-324X-
2020-6-1-100-108.

20. Kajsina I. A., Vasil'ev D. S., Abilov A. V., Mejtis D. S., Kajsin A. E., Nistyuk A. I. Sravnitel'nyj
analiz e�ektivnosti retranslyacii potokovyh dannyh v letayushchej seti // Vestnik IzhGTU imeni M.
T. Kalashnikova. 2019. T. 22, � 1. S. 108�115. DOI: 10.22213/2413-1172-2019-1-108-115.

21. Poselenceva D. YU., Zamyatina E. B. Opyt issledovaniya algoritmov marshrutizacii i peredachi
dannyh v ad-hoc-setyah // Vestnik Permskogo universiteta. Matematika, mekhanika, informatika. 2019.
Vyp. 4(47).

22. Tengisand T., Batmunkh A. State feedback control simulation of quad copter model // Proc.
Of 11th International Forum on Strategic Technology (IFOST), 2016, P. 553�557.

23. Patel K., Barve J. Modeling, simulation and control study for the quad-copter UAV // 9th
International Conference on Industrial and Information Systems (ICIIS), 2014, P. 1�6.

24. Benedetti M. De, D'Urso F., Messina F., Pappalardo G., and Santoro C. 3d simulation of
unmanned aerial vehicles // XVIII Workshop �DagliOggettiagliAgenti�. CEUR-WS, 2017.



Ïðîáëåìû èíôîðìàòèêè. 2021. � 4

ÏÐÈÌÅÍÅÍÈÅ ÍÅÑÒÀÖÈÎÍÀÐÍÛÕ ÑÅÒÅÉ Â ÇÀÄÀ×ÀÕ
ÌÎÍÈÒÎÐÈÍÃÀ

Î.Ä. Ñîêîëîâà, Í.Ñ. Øâàðöêîï∗

Èíñòèòóò âû÷èñëèòåëüíîé ìàòåìàòèêè è ìàòåìàòè÷åñêîé ãåîôèçèêè ÑÎ ÐÀÍ,
630090, Íîâîñèáèðñê, Ðîññèÿ

∗Âûñøèé êîëëåäæ èíôîðìàòèêè HÃÓ
630058, Íîâîñèáèðñê, Ðîññèÿ

ÓÄÊ 004.942
DOI: 10.24412/2073-0667-2021-4-5-15

Â ñòàòüå èññëåäóåòñÿ òåìà ìîäåëèðîâàíèÿ ñîâðåìåííûõ ñåòåé ïåðåäà÷è äàííûõ ñ óçëàìè íà
äâèæóùèõñÿ îáúåêòàõ � òðàíñïîðòíûõ ñðåäñòâàõ, áåñïèëîòíûõ ëåòàòåëüíûõ àïïàðàòàõ. Îïè-
ñàíû îñíîâíûå çàäà÷è, âîçíèêàþùèå ïðè îïòèìèçàöèè ñáîðà è ïåðåäà÷è èíôîðìàöèè â íåñòà-
öèîíàðíûõ ñåòÿõ (êëàñòåðèçàöèÿ óçëîâ, èñïîëüçîâàíèå ìîáèëüíûõ ñòîêîâ è äð.). Ïðèâåäåí
îáçîð ïóáëèêàöèé ïîñëåäíèõ ëåò ñ îïèñàíèåì ñèñòåì èìèòàöèîííîãî ìîäåëèðîâàíèÿ ôóíêöè-
îíèðîâàíèÿ òàêèõ ñåòåé, à òàêæå ïðåäëàãàåòñÿ ðàçðàáîòàííàÿ àâòîðàìè ìîäåëü ñåòè ñ óçëàìè
íà áåñïèëîòíûõ ëåòàòåëüíûõ àïïàðàòàõ.

Êëþ÷åâûå ñëîâà: íåñòàöèîíàðíûå ñåòè, áåñïèëîòíûå ëåòàòåëüíûå àïïàðàòû, ìîäåëè ñå-
òåé ñ óçëàìè íà ÁÏËÀ, èìèòàöèîííîå ìîäåëèðîâàíèå.

Ââåäåíèå. Â ïîñëåäíèå ãîäû èññëåäîâàòåëè ìíîãèõ ñòðàí óäåëÿþò âíèìàíèå ðàçâè-
òèþ ñåòåé ñ íåñòàöèîíàðíîé òîïîëîãèåé � ñ óçëàìè íà òðàíñïîðòíûõ ñðåäñòâàõ (VANET,
Vehicle ad-hoc network), íà ëåòàþùèõ àïïàðàòàõ (FANET, Flying ad-hoc networks). Ñïîñîá
ñáîðà äàííûõ ñ èñïîëüçîâàíèåì òàêèõ ñåòåé ïîëó÷àåò âñå áîëüøåå ïðèìåíåíèå, îñîáåííî â
çàäà÷àõ ìîíèòîðèíãà: òðàíñïîðòíûé ìîíèòîðèíã, ýêîëîãè÷åñêèé è äð. [1�6]. Ïðè ýòîì èñ-
ïîëüçóþòñÿ èíòåëëåêòóàëüíûå äàò÷èêè, êîòîðûå, êðîìå ñáîðà äàííûõ, âûïîëíÿþò ôóíê-
öèþ îáðàáîòêè èíôîðìàöèè è ïåðåäà÷è åå â ìîäóëü GPRS äëÿ çàãðóçêè íà âåá-ñåðâåð.
Íàïðèìåð, íàáëþäåíèÿ çà ñîñòîÿíèåì âîçäóõà â ãîðîäñêîé ñðåäå ñ ïîìîùüþ áåñïðîâîä-
íûõ ñåíñîðîâ ïðîâîäèëèñü â Øâåöèè, ã. Óïñàëà. Ýòà ðàáîòà ÿâëÿåòñÿ ÷àñòüþ øâåäñêîãî
ïðîåêòà GreenIoT, êîòîðûé èñïîëüçóåò Èíòåðíåò âåùåé äëÿ èçìåðåíèÿ óðîâíÿ çàãðÿçíå-
íèÿ âîçäóõà â ãîðîäñêîé ñðåäå. Â ñòàòüå [7] îïèñàíî èññëåäîâàíèå ìîíèòîðèíãà ñîñòîÿíèÿ
âîçäóõà â öåíòðå ãîðîäà Óïñàëà â ðåàëüíîì âðåìåíè ñ ïîìîùüþ äàò÷èêîâ, ðàçìåùåííûõ íà
àâòîáóñàõ. Ïðèâåäåíû ðåçóëüòàòû ýêñïåðèìåíòîâ äëÿ îïðåäåëåíèÿ îöåíêè êà÷åñòâà ñâÿçè
è òî÷íîñòè ïîëó÷åííûõ äàííûõ.

Â ïóáëèêàöèÿõ íà òåìó ðàçâèòèÿ ïðèìåíåíèÿ ñåòåé FANET áîëüøîå âíèìàíèå óäåëÿ-
åòñÿ èñïîëüçîâàíèþ áåñïèëîòíûõ ëåòàòåëüíûõ àïïàðàòîâ (ÁÏËÀ) äëÿ ìîíèòîðèíãà ïðî-
òÿæåííûõ òåððèòîðèé, òðóäíîäîñòóïíûõ ðàéîíîâ. Îñíîâíûå èññëåäîâàíèÿ â ýòîé îáëàñòè
ïîñâÿùåíû ðàçðàáîòêå àëãîðèòìîâ óïðàâëåíèÿ ìàðøðóòàìè ëåòàòåëüíûõ àïïàðàòîâ è îï-
òèìèçàöèè ïðîöåññà ïåðåäà÷è èíôîðìàöèè, ñîáèðàåìîé ìîáèëüíûìè óçëàìè [8�9]. Â ñâÿ-
çè ñ âîçðîñøèì èíòåðåñîì ïîòðåáèòåëåé ê ïîäîáíûì çàäà÷àì, àêòóàëüíûì íàïðàâëåíèåì
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èññëåäîâàíèé â ïîñëåäíèå ãîäû ñòàëà ðàçðàáîòêà ñèñòåì ñîâðåìåííîãî ìîíèòîðèíãà ñ èí-
òåëëåêòóàëüíûìè äàò÷èêàìè, ðàçìåùåííûìè â ìîáèëüíûõ óçëàõ íà áàçå ÁÏËÀ [10�14].
Îñíîâíàÿ öåëü ïîäîáíûõ ïðîåêòîâ � ñáîð èíôîðìàöèè â ðåàëüíîì âðåìåíè è çàãðóçêà äàí-
íûõ íà âåá-ñåðâåð äëÿ ïðîñìîòðà ïîëüçîâàòåëÿìè. Îïèñûâàåìûå â ïóáëèêàöèÿõ ñèñòåìû,
êàê ïðàâèëî, èñïîëüçóþò èçìåðèòåëüíûå äàò÷èêè äëÿ ïîëó÷åíèÿ ïîäðîáíîé èíôîðìàöèè
ñ ìàëûõ âûñîò, îòëè÷íûõ îò âûñîò ïîëåòîâ ñïóòíèêîâ èëè ñàìîëåòîâ. Áåñïèëîòíûå ëåòà-
òåëüíûå àïïàðàòû îñíàùåíû äàò÷èêàìè ìîíèòîðèíãà îêðóæàþùåé ñðåäû (äàò÷èê ãàçà,
äàò÷èê êà÷åñòâà âîçäóõà, äàò÷èê âëàæíîñòè, äàò÷èê òåìïåðàòóðû), à òàêæå ìèêðîêîí-
òðîëëåðîì è ìîäóëåì GPRS. Óçëû ðàñïðåäåëåíû â ïðîñòðàíñòâå è îáìåíèâàþòñÿ äàííûìè
äðóã ñ äðóãîì ïî áåñïðîâîäíîé ñâÿçè. Ìèêðîêîíòðîëëåð âûïîëíÿåò ôóíêöèþ îáðàáîòêè
äàííûõ, ïîëó÷åííûõ îò äàò÷èêîâ, è ïåðåäàåò îáðàáîòàííóþ èíôîðìàöèþ íà íàçåìíóþ
ñòàíöèþ, ãäå îíà îòêðûòà äëÿ ïîëüçîâàòåëåé â ðåæèìå ðåàëüíîãî âðåìåíè. Íàïðèìåð, â
ñòàòüå [15] îïèñàíà ðàáîòà ñèñòåìû, ýêñïåðèìåíòàëüíûå èñïûòàíèÿ êîòîðîé ïðîâîäèëèñü
íà êàìïóñå Óíèâåðñèòåòà Ìàñêàðà (Àëæèð), è ïîëó÷åííûå ðåçóëüòàòû ïîäòâåðäèëè åå
ýôôåêòèâíîñòü. Â ñòàòüå [5] îïèñàíî, êàê â Êàíàäå îñóùåñòâëÿþò ìîíèòîðèíã âîçäóõà �
ìíîæåñòâî àïïàðàòîâ Environmental Drones èñïîëüçóþòñÿ â ðàçíûõ ìåñòàõ, çàìåðÿþò êîí-
öåíòðàöèþ CO2, NH3, SO2, NO2, à ñïåöèàëüíîå ïðîãðàììíîå îáåñïå÷åíèå ñîçäàåò êàðòó
èíäåêñà êà÷åñòâà âîçäóõà (Air Quality Health Index), êîòîðóþ ìîæíî èñïîëüçîâàòü äëÿ
òåêóùåãî è äîëãîñðî÷íîãî ïðîãíîçà.

1. Îñíîâíûå çàäà÷è ñáîðà è ïåðåäà÷è äàííûõ â íåñòàöèîíàðíûõ ñåòÿõ. Ïî
ñðàâíåíèþ ñ òðàäèöèîííûìè ñåòÿìè, ñåòè ñ ïîäâèæíûìè óçëàìè îáëàäàþò õàðàêòåðè-
ñòèêàìè äèíàìè÷åñêîé òîïîëîãèè è îãðàíè÷åííîé ýíåðãèè. Ýòè õàðàêòåðèñòèêè îñîáåííî
àêòóàëüíû äëÿ ñåòåé ñâÿçè ñ óçëàìè íà ëåòàòåëüíûõ àïïàðàòàõ, òî åñòü âîçíèêàåò íåîáõî-
äèìîñòü ïîääåðæàíèÿ òàêîé ñòðóêòóðû, ÷òîáû óâåëè÷èòü âðåìÿ ðàáîòû ñåòè è ïîâûñèòü
åå ñòàáèëüíîñòü.

Äëÿ îïòèìèçàöèè ïåðåäà÷è äàííûõ â ñåòè îáû÷íî ïðèìåíÿþò àëãîðèòìû êëàñòåðèçà-
öèè óçëîâ (ðàçáèåíèÿ íà ãðóïïû), ïðè ýòîì â ñëó÷àå ðàçìåùåíèÿ óçëîâ íà ëåòàòåëüíûõ
àïïàðàòàõ êëàñòåðû ìîãóò áûòü ìíîãîóðîâíåâûìè. Èíôîðìàöèÿ â êàæäîé ãðóïïå ñîáèðà-
åòñÿ îò âñåõ óçëîâ â ãîëîâíîé óçåë (cluster head, CH), à çàòåì âñå CH ïåðåäàþò äàííûå â
ñòîê. Â ñòàòüå [16] îïèñàí ðàçðàáîòàííûé àâòîðàìè ìåòîä èåðàðõè÷åñêîé ìàðøðóòèçàöèè,
èñïîëüçóþùèé ïðîöåäóðó ðåêóðñèâíîé êëàñòåðèçàöèè óçëîâ è îðèåíòèðîâàííûé íà ïðè-
ìåíåíèå â îòíîñèòåëüíî áîëüøèõ ñåòÿõ (äî 500 óçëîâ) ñ âûñîêîé ïîäâèæíîñòüþ óçëîâ, ÷òî
õàðàêòåðíî äëÿ ñåòåé VANET è FANET. Çíà÷èìîñòü ïðèìåíåíèÿ êëàñòåðèçàöèè îïðåäå-
ëÿåòñÿ ýêîíîìèåé ýíåðãèè, òî åñòü ïðîäëåíèåì âðåìåíè æèçíè ñåòè. Äëÿ ñåòåé ñ óçëàìè
íà ÁÏËÀ ìåòîä êëàñòåðèçàöèè òîæå ìîæåò áûòü ïðèìåíèì, õîòÿ â ýòîì ñëó÷àå íåñòà-
áèëüíîñòü êëàñòåðîâ áîëåå âûñîêàÿ � ó÷àñòèå êàæäîãî óçëà â êîíêðåòíîé ãðóïïå ìîæåò
ìåíÿòüñÿ ÷àùå, ÷åì, íàïðèìåð, â ñåòÿõ ñ óçëàìè íà òðàíñïîðòå. Îäíàêî, â íåêîòîðûõ ñëó-
÷àÿõ (íàïðèìåð, ïðè ìîíèòîðèíãå áîëüøèõ òåððèòîðèé), ìîæíî ðàçáèâàòü âñå ìíîæåñòâî
àïïàðàòîâ íà îòäåëüíûå ãðóïïû, êîòîðûå äâèæóòñÿ â îäíîì íàïðàâëåíèè ñ ïîñòîÿííûìè
ñêîðîñòÿìè. Â òàêèõ ñëó÷àÿõ ñîñòàâ ãðóïï áîëåå ñòàáèëåí, è çàäà÷à ñâîäèòñÿ ê âûáîðó
ãîëîâíîãî óçëà â êàæäîé ãðóïïå (çàìåíà ãîëîâíîãî óçëà â ãðóïïå ïðîèñõîäèò ïåðèîäè÷å-
ñêè â ñâÿçè ñ áîëüøèì ðàñõîäîì ýíåðãèè). Ìîæíî ñíà÷àëà íàéòè îïòèìàëüíîå êîëè÷åñòâî
êëàñòåðîâ äëÿ âñåé ñåòè íà îñíîâå áàëàíñà ïðîïóñêíîé ñïîñîáíîñòè, à çàòåì ïðèìåíÿòü àë-
ãîðèòì äëÿ áûñòðîé êëàñòåðèçàöèè óçëîâ (íàïðèìåð, àëãîðèòì K-ñðåäíèõ). Äàëåå ìîæíî
ðåàëèçîâàòü àëãîðèòì âûáîðà ãîëîâíîãî óçëà êëàñòåðà, îñíîâàííûé íà îäíîì èç èçâåñò-
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íûõ ìåòîäîâ (ñóùåñòâóåò ìíîæåñòâî ïîäîáíûõ ìåòîäîâ � LEACH, PEGASYS, TEEN, èõ
ýôôåêòèâíîñòü çàâèñèò îò êîíêðåòíîé çàäà÷è).

Â ñåòÿõ ñ áîëüøèì êîëè÷åñòâîì óçëîâ íåîáõîäèìî îïòèìèçèðîâàòü ïðîöåññ ñáîðà äàí-
íûõ è ïåðåäà÷ó èõ â áàçîâóþ ñòàíöèþ ñ ó÷åòîì íåñòàáèëüíîé ñòðóêòóðû ñåòè. Ïðåèìóùå-
ñòâà ïðè ýòîì èìåþò ìîáèëüíûå ñòîêè, êîòîðûå ìîãóò ñîáèðàòü èíôîðìàöèþ ñ ãîëîâíûõ
óçëîâ [17]. Â íåêîòîðûõ çàäà÷àõ äëÿ ñáîðà èíôîðìàöèè óäîáíî èñïîëüçîâàòü ïðåèìóùå-
ñòâà ñåòåé VANET è FANET: íàïðèìåð, äëÿ ìîíèòîðèíãà â òðàíñïîðòíîé ñðåäå ïðè ñáîðå
èíôîðìàöèè óäîáíî â êà÷åñòâå ïðèåìî-ïåðåäàþùèõ óçëîâ èñïîëüçîâàòü óñòðîéñòâà, ðàç-
ìåùåííûå íà òðàíñïîðòíûõ ñðåäñòâàõ, à â êà÷åñòâå ñòîêîâ � óñòðîéñòâà íà áåñïèëîòíûõ
ëåòàòåëüíûõ àïïàðàòàõ. Â îòëè÷èå îò íåïîäâèæíûõ ñòîêîâ (íàïðèìåð, ðàçìåùåííûõ íà
ïðèäîðîæíîì îáîðóäîâàíèè), êîòîðûå ñîáèðàþò èíôîðìàöèþ îò äâèæóùèõñÿ îáúåêòîâ,
ëåòàòåëüíûå àïïàðàòû ìîãóò ñàìè ïåðåìåùàòüñÿ â íóæíîì íàïðàâëåíèè â çàâèñèìîñòè
îò èçìåíåíèÿ òðàíñïîðòíîãî ïîòîêà, ò. å. â ìåñòà íàèáîëüøåãî ñêîïëåíèÿ óçëîâ, è òàêèì
îáðàçîì ìîáèëüíûé ñòîê ñîáèðàåò áîëüøå àêòóàëüíîé èíôîðìàöèè.

Îãðàíè÷åííîå âðåìÿ àâòîíîìíîé ðàáîòû ÁÏËÀ ñóæàåò âîçìîæíîñòè èõ ïðèìåíåíèÿ,
ïîýòîìó èñïîëüçóþòñÿ ðàçëè÷íûå âîçìîæíîñòè äëÿ ïîäçàðÿäêè � íàïðèìåð, ñòàöèîíàð-
íûå ñòàíöèè (âûøêè). Ïðè äîñòèæåíèè êðèòè÷åñêîãî óðîâíÿ îñòàâøåéñÿ ýíåðãèè àïïàðàò
äîëæåí ïðîñ÷èòûâàòü ïóòü äî áëèæàéøåé ñâîáîäíîé âûøêè ïîäçàðÿäêè. Â ñëó÷àå ðàáî-
òû ãðóïïû áåñïèëîòíèêîâ íåîáõîäèìî èìåòü ðàñïèñàíèå ïîëåòîâ íà ïîäçàðÿäêó, ò. ê. ïðè
î÷åíü áîëüøîì êîëè÷åñòâå àïïàðàòîâ âîçìîæíû î÷åðåäè ê ñòàíöèÿì. Òàêæå àêòóàëüíîé
ÿâëÿåòñÿ çàäà÷à îïòèìàëüíîãî ðàçìåùåíèÿ ñòàíöèé ïîäçàðÿäêè íà çàäàííîé òåððèòîðèè
ïðè íåêîòîðûõ îãðàíè÷åíèÿõ: îáùåå êîëè÷åñòâî ñòàíöèé íå áîëüøå çàäàííîãî, âðåìÿ ðà-
áîòû ñåòè áåñïèëîòíèêîâ íå ìåíåå çàäàííîãî.

2. Èìèòàöèîííîå ìîäåëèðîâàíèå ôóíêöèîíèðîâàíèÿ íåñòàöèîíàðíûõ ñåòåé.

Äëÿ ðåøåíèÿ îïòèìèçàöèîííûõ çàäà÷ íåîáõîäèìî èìåòü óäîáíûå ñðåäñòâà èìèòàöèîííîãî
ìîäåëèðîâàíèÿ, ÷òîáû íà ðàçëè÷íûõ ìîäåëÿõ ïðîâîäèòü òåñòèðîâàíèå àëãîðèòìîâ. Äëÿ
çàäà÷è îïòèìèçàöèè ìîíèòîðèíãà ñ óçëàìè íà äâèæóùèõñÿ îáúåêòàõ óäîáíî èñïîëüçî-
âàòü èìèòàöèîííóþ ìîäåëü, ñ ïîìîùüþ êîòîðîé ìîæíî èìèòèðîâàòü äâèæåíèå óçëîâ è
ïåðåäà÷ó èíôîðìàöèè ìåæäó íèìè, îïðåäåëÿòü âîçìîæíûå ïàðàìåòðû óñòðîéñòâ ñáîðà è
ïåðåäà÷è äàííûõ (ðàäèóñ äåéñòâèÿ, ýíåðãîïîòðåáëåíèå è äð.). Ïðèìåðû ïîäîáíûõ ñèñòåì
ìîæíî íàéòè âî ìíîãèõ ïóáëèêàöèÿõ. Â [18] îïèñàíà ñèñòåìà èìèòàöèîííîãî ìîäåëèðîâà-
íèÿ, ðàçðàáîòàííàÿ â Ìîñêîâñêîì ãîñóäàðñòâåííîì óíèâåðñèòåòå ãåîäåçèè è êàðòîãðàôèè,
êîòîðàÿ ìîäåëèðóåò ïîòîêè ïðîñòðàíñòâåííî-âðåìåííûõ äàííûõ, ïîëó÷åííûõ îò ãåîñåí-
ñîðîâ, ðàçìåùåííûõ íà îáùåñòâåííîì òðàíñïîðòå. Ìîäåëèðîâàíèå ïîçâîëÿåò èçìåíÿòü
êîíôèãóðàöèþ ñåòè ñáîðà äàííûõ, à òàêæå ñèñòåìó îáðàáîòêè è ïðîâåðÿòü ðàçëè÷íûå
òåîðåòè÷åñêèå ðåøåíèÿ. Ðåçóëüòàòîì òåñòèðîâàíèé ÿâëÿåòñÿ îïðåäåëåíèå òàêîé ñòðóêòó-
ðû ñåòè ìîíèòîðèíãà, êîòîðàÿ áóäåò îïòèìàëüíîé ñ òî÷êè çðåíèÿ ðàçëè÷íûõ êðèòåðèåâ.

Äëÿ èìèòàöèîííîãî ìîäåëèðîâàíèÿ ïåðåäà÷è äàííûõ îò óçëîâ íà ïîäâèæíûõ îáúåê-
òàõ èñïîëüçóþòñÿ èçâåñòíûå ñèñòåìû � íàïðèìåð, NetworkSimulator. Â [19] îïèñàíî ìî-
äåëèðîâàíèå ñ ïîìîùüþ NS-3 ïðîöåññà ìóëüòèïîòîêîâîé ïåðåäà÷è äàííûõ îò ÁÏËÀ ê
íàçåìíîé ñòàíöèè; ïðèâåäåíû ðåçóëüòàòû ìîäåëèðîâàíèÿ ïåðåäà÷è ïîòîêîâîãî âèäåî îò
íåñêîëüêèõ óçëîâ. Â [20] àâòîðû ïðåäëàãàþò ñðàâíèòåëüíûé àíàëèç ýôôåêòèâíîñòè ïå-
ðåäà÷è ïîòîêîâ äàííûõ â ñåòè FANET äëÿ òðåõ ñöåíàðèåâ: óçåë-èñòî÷íèê óäàëÿåòñÿ îò
óçëà-ïîëó÷àòåëÿ íà îïðåäåëåííîå ðàññòîÿíèå; ìåæäó èñòî÷íèêîì è ïîëó÷àòåëåì äîáàâëåí
ëåòàþùèé óçåë-ðåòðàíñëÿòîð; ðåòðàíñëÿòîð ëåòàåò ïî êðóãó ñ ðàçíûì ðàäèóñîì. Â êà÷å-
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ñòâå ìîäåëè ðàñïðîñòðàíåíèÿ ñèãíàëà äëÿ èìèòàöèîííîãî ìîäåëèðîâàíèÿ áûëà âûáðàíà
Free-SpaceMode.

Â ñòàòüå [21] îïèñàíî òåñòèðîâàíèå àëãîðèòìîâ ìàðøðóòèçàöèè è ïåðåäà÷è äàííûõ â
ñåòÿõ FANETñ ïîìîùüþ ñèñòåìû AnyLogic. Ðàññìàòðèâàëñÿ àëãîðèòì

”
æàäíîé“ ãåîãðà-

ôè÷åñêîé ìàðøðóòèçàöèè: óçåë ïåðåäàåò ïàêåò òîìó óçëó, êîòîðûé ïîïàäàåò â ðàäèóñ
äåéñòâèÿ ïåðåäà÷è è íàõîäèòñÿ áëèæå ê ïîëó÷àòåëþ ïàêåòà, ÷åì äðóãèå óçëû. Àëãîðèòì
òåñòèðîâàëñÿ íà èìèòàöèîííîé ìîäåëè ñåòè ñ êîëè÷åñòâîì óçëîâ äî 50, ðàñïîëîæåíèå óç-
ëîâ � ñëó÷àéíîå. Àâòîðû îòìå÷àþò, ÷òî àëãîðèòì ïîêàçàë õîðîøèå ðåçóëüòàòû äëÿ ñåòåé
ñ âûñîêîé ïëîòíîñòüþ ðàçìåùåíèÿ óçëîâ.

Ñèñòåìû ìîäåëèðîâàíèÿ, îïèñàííûå â ñòàòüÿõ [22�23], ïðåäëàãàþò óïðàâëåíèå êâàä-
ðîêîïòåðîì íà îñíîâå ìåòîäà ïîëíîé îáðàòíîé ñâÿçè ñ ëèíåàðèçàöèåé â ñðåäå MATLAB.
Â ñòàòüå [23] îïèñàíî ìíîãîàãåíòíîå ïðèëîæåíèå äëÿ óïðàâëåíèÿ ìàðøðóòàìè ÁÏËÀ, â
êîòîðîå âêëþ÷åí íàáîð êëàññîâ äëÿ èìèòàöèè áåñïðîâîäíîé ñâÿçè ìåæäó óçëàìè ñ îïðå-
äåëåííîé çàäåðæêîé è âåðîÿòíîñòüþ ïîòåðè ïàêåòîâ. Â ðàáîòå [24] ïðåäëîæåíû íåñêîëüêî
ìîäåëåé äëÿ óïðàâëåíèÿ áåñïèëîòíèêàìè è àëãîðèòì äâèæåíèÿ, ó÷èòûâàþùèé êîíöåí-
òðàöèþ çàãðÿçíåíèé íà òåððèòîðèè. Ñ ïîìîùüþ ìîäåëèðîâàíèÿ â OMNeT++ ïîêàçàíû
ïðåèìóùåñòâà ðàçðàáîòàííîãî àâòîðàìè àëãîðèòìà ïî ñðàâíåíèþ ñ èçâåñòíûìè.

3. Èìèòàöèîííàÿ ìîäåëü UAV-monitoring. Îïèñàííûå â ïðåäûäóùåì ïóíêòå ñè-
ñòåìû ìîäåëèðîâàíèÿ â îñíîâíîì íàöåëåíû íà èìèòàöèþ äâèæåíèÿ àïïàðàòîâ, à òàêæå
ïðîöåññà ñáîðà èíôîðìàöèè óçëàìè è ïåðåäà÷è åå â áàçîâóþ ñòàíöèþ. Ðåäêî ðåøàþòñÿ
òàêèå àêòóàëüíûå çàäà÷è, êàê îáåñïå÷åíèå ìîíèòîðèíãà âñåé çàäàííîé òåððèòîðèè, ïîä-
çàðÿäêà áåñïèëîòíèêîâ âî âðåìÿ ðàáîòû ñåòè. Ñ öåëüþ âîñïîëíèòü ýòîò ïðîáåë áûëà ðàç-
ðàáîòàíà ñèñòåìà èìèòàöèîííîãî ìîäåëèðîâàíèÿ UAV-monitoring, â êîòîðîé ñ ïîìîùüþ
àäàïòàöèè èçâåñòíûõ àëãîðèòìîâ ðåøàëèñü íåêîòîðûå àêòóàëüíûå çàäà÷è.

Äëÿ ñîçäàíèÿ èìèòàöèîííîé ìîäåëè áûëî âûáðàíî ñðåäñòâî ðàçðàáîòêè äâóõ- è òðåõ-
ìåðíûõ ïðèëîæåíèé UNITY. Èñïîëüçîâàëñÿ ÿçûê ïðîãðàììèðîâàíèÿ C#, ñîâìåñòèìûé ñ
UNITY. Ñðåäîé ðàçðàáîòêè áûë âûáðàí VisualStudio, òàê êàê â íåì ïðèñóòñòâóåò áîëüøîå
êîëè÷åñòâî ôóíêöèîíàëüíûõ âîçìîæíîñòåé è èíñòðóìåíòîâ äëÿ ðàçðàáîòêè.

Ìîäåëü UAV-monitoring ðàçðàáîòàíà äëÿ èìèòàöèè äâèæåíèÿ ÁÏËÀ íàä çàäàííîé òåð-
ðèòîðèåé, ìîíèòîðèíã êîòîðîé îñóùåñòâëÿåòñÿ ñ ïîìîùüþ äàò÷èêîâ, ðàçìåùåííûõ íà àï-
ïàðàòàõ. Âõîäíûìè äàííûìè ÿâëÿþòñÿ: N � êîëè÷åñòâî ëåòàòåëüíûõ àïïàðàòîâ; ðàçìåð
òåððèòîðèè (îáëàñòü ðàçìåðîì 25 íà 25 åäèíèö è âûñîòîé íå áîëåå 4-õ åäèíèö); êîîð-
äèíàòû íà÷àëüíîé ïîçèöèè è êîíå÷íûõ òî÷åê ïîëåòà äëÿ êàæäîãî èç àïïàðàòîâ; õàðàê-
òåðèñòèêè àïïàðàòîâ (ñêîðîñòü ïîëåòà, îáúåì ïàìÿòè ïðèåìî-ïåðåäàþùåãî óçëà; ðàäèóñ
äåéñòâèÿ óçëà); êîîðäèíàòû ðàñïîëîæåíèÿ âûøåê äëÿ ïîäçàðÿäêè àïïàðàòîâ. Áûëè ââå-
äåíû ñëåäóþùèå ôóíêöèîíàëüíûå òðåáîâàíèÿ ê ðàçðàáàòûâàåìîé ìîäåëè: ââîä êîîðäèíàò
ïîëîæåíèÿ óçëîâ; ãåíåðàöèÿ ìàðøðóòà äëÿ êàæäîãî àïïàðàòà; ðàñ÷åò òðàåêòîðèè ïîëå-
òà êàæäîãî àïïàðàòà; ñèñòåìà êîíòðîëÿ äâèæåíèÿ àïïàðàòîâ; ñèñòåìà êîíòðîëÿ çàðÿäà
óñòðîéñòâà è êîëè÷åñòâà îñòàâøåéñÿ ïàìÿòè áóôåðà.

Ñèñòåìîé ìîäåëèðîâàíèÿ UAV-monitoring ïðåäóñìîòðåíû ñëåäóþùèå âîçìîæíîñòè:
ìîäåëèðîâàíèå äâèæåíèÿ áåñïèëîòíûõ àïïàðàòîâ ïî òåððèòîðèè ñ öåëüþ ïîñåùåíèÿ óêà-
çàííûõ ó÷àñòêîâ; ãåíåðàöèÿ ìàðøðóòîâ ñ öåëüþ ïðåäîòâðàùåíèÿ èõ ïåðåñå÷åíèé; óïðàâ-
ëåíèå ïîëåòàìè äëÿ ïîäçàðÿäêè àïïàðàòîâ.

Äëÿ îáåñïå÷åíèÿ ìîíèòîðèíãà âñåé òåððèòîðèè áûë ðàçðàáîòàí àëãîðèòì îáëåòà òåð-
ðèòîðèè ïî çàäàííûì êâàäðàòàì. Êàðòà ìåñòíîñòè äåëèòñÿ íà êâàäðàòû, êàæäîìó àïïà-
ðàòó íàçíà÷àåòñÿ ìàðøðóò (ìàðøðóò ìîæåò ìåíÿòüñÿ â çàâèñèìîñòè îò îáñòîÿòåëüñòâ �
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Ðèñ. 1. Ìîäåëèðîâàíèå çîíû âîêðóã àïïàðàòà äëÿ ïðåäîòâðàùåíèÿ ïåðåñå÷åíèé ìàðøðóòîâ

íåîáõîäèìîñòü ïîäçàðÿäêè è äð.). Äàò÷èêè íà àïïàðàòàõ âî âðåìÿ ïîëåòà çàïèñûâàþò
èíôîðìàöèþ, â êàêèõ êâàäðàòàõ îíè áûëè âî âðåìÿ ïîëåòà (êîîðäèíàòû, íîìåðà êâàä-
ðàòîâ). Ïåðèîäè÷åñêè ó êàæäîãî èç äàò÷èêîâ ñ÷èòûâàåòñÿ èíôîðìàöèÿ è âûÿâëÿåòñÿ, â
êàêèõ êâàäðàòàõ íå áûëî ïîëåòîâ ÁÏËÀ. Âûáèðàåòñÿ àïïàðàò, êîòîðûé áëèæå âñåãî ðàñ-
ïîëîæåí ê ýòèì êâàäðàòàì, è åìó íàçíà÷àåòñÿ èçìåíåííûé ìàðøðóò.

Ìîäåëèðîâàëàñü åùå îäíà àêòóàëüíàÿ çàäà÷à � ïðîäëåíèå âðåìåíè àâòîíîìíîé ðàáîòû
àïïàðàòîâ (íàõîæäåíèå â ïîëåòå ïðè óäàëåííîñòè îò áàçîâîé ñòàíöèè). Ïðè äîñòèæåíèÿ
êðèòè÷åñêîãî óðîâíÿ îñòàâøåéñÿ ýíåðãèè èñòî÷íèêà ïèòàíèÿ (àêêóìóëÿòîðíîé áàòàðåè)
àïïàðàò äîëæåí ïðîñ÷èòûâàòü ïóòü äî áëèæàéøåé ñâîáîäíîé âûøêè ïîäçàðÿäêè è ó÷è-
òûâàòü âîçìîæíîå âðåìÿ çàíÿòîñòè âûøåê (î÷åðåäü èç äðóãèõ àïïàðàòîâ íà ïîäçàðÿäêó).

Áûëè ðàçðàáîòàíû òðè àëãîðèòìà äëÿ óïðàâëåíèÿ äâèæåíèåì ÁÏËÀ (àäàïòèðîâàëèñü
èçâåñòíûå àëãîðèòìû ïîèñêà êðàò÷àéøèõ ïóòåé, àëãîðèòìû ïîêðûòèÿ è äð.). Ìîíèòîðèíã
âñåé çàäàííîé òåððèòîðèè îáåñïå÷èâàåòñÿ ïîñòðîåíèåì ìàòðèöû êâàäðàòîâ, ò. å. äåëåíè-
åì òåððèòîðèè íà ó÷àñòêè, à àëãîðèòì ñòðîèò ìàðøðóòû àïïàðàòîâ äëÿ ïîñåùåíèÿ âñåõ
óêàçàííûõ êâàäðàòîâ. Äëÿ îòñëåæèâàíèÿ ñèòóàöèé ïåðåñå÷åíèÿ ìàðøðóòîâ äâóõ àïïàðà-
òîâ è èçáåãàíèÿ âîçìîæíûõ ñòîëêíîâåíèé èñïîëüçóåòñÿ àëãîðèòì, êîòîðûé îòâå÷àåò çà
äåéñòâèÿ ïðè âõîæäåíèè ïîñòîðîííèõ îáúåêòîâ â çîíó àïïàðàòà. Íà ðèñ. 1 èçîáðàæåíî
ìîäåëèðîâàíèå çîíû îäíîãî àïïàðàòà.

Äëÿ ïðèíÿòèÿ êàæäûì àïïàðàòîì äåéñòâèé ïî ñìåíå ìàðøðóòà â ñëó÷àå îïàñíîãî ñáëè-
æåíèÿ ñ äðóãèì ÁÏËÀ âû÷èñëÿåòñÿ, â êàêèõ êâàäðàòàõ àïïàðàòû áóäóò â êàêîé ìîìåíò
âðåìåíè, ïðîèçâîäèòñÿ ïðîâåðêà ñîâïàäåíèé, è åñëè ñîâïàäåíèå åñòü, òî ïðîèñõîäèò ñìåíà
óðîâíÿ âûñîòû îäíèì èç àïïàðàòîâ. Íà ðèñ. 2 ïîêàçàíî âîçìîæíîå ïåðåñå÷åíèå ìàðøðó-
òîâ äâóõ àïïàðàòîâ è àâòîìàòè÷åñêîå ðåøåíèå âîçíèêøåé ïðîáëåìû � íàçíà÷åíèå ñìåíû
âûñîòû ïîëåòà äëÿ îäíîãî èç àïïàðàòîâ.

Äëÿ çàäà÷è ïîääåðæàíèÿ íåîáõîäèìîãî óðîâíÿ ýíåðãèè êàæäîãî àïïàðàòà ïðîèñõîäèò
ïåðèîäè÷åñêàÿ ïðîâåðêà îñòàâøåãîñÿ çàðÿäà èñòî÷íèêà ïèòàíèÿ, à òàêæå âû÷èñëÿåòñÿ
ðàññòîÿíèå îò àïïàðàòà äî áëèæàéøåé ñòàíöèè ïîäçàðÿäêè. Çíà÷åíèå îñòàâøåãîñÿ çàðÿäà
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Ðèñ. 2. Ïðèìåð ñìåíû âûñîòû àïïàðàòîâ èç-çà âîçìîæíîãî ïåðåñå÷åíèÿ ìàðøðóòîâ

ñðàâíèâàåòñÿ ñ âåëè÷èíîé çàðÿäà, íåîáõîäèìîãî äëÿ òîãî, ÷òîáû àïïàðàò ìîã äîëåòåòü
äî áëèæàéøåé ñòàíöèè ïîäçàðÿäêè. Â ñëó÷àå íåîáõîäèìîñòè ïîäçàðÿäêè àïïàðàò ìåíÿåò
ñâîé ìàðøðóò è íà÷èíàåò äâèæåíèå ê áëèæàéøåé ñòàíöèè. Ïîñëå çàâåðøåíèÿ ïðîöåññà
ïîäçàðÿäêè àïïàðàò ïðîäîëæàåò ñâîé íà÷àëüíûé ìàðøðóò � ïîëåò ê çàäàííûì êâàäðà-
òàì.

Çàêëþ÷åíèå. Â ñòàòüå îïèñàíû îñíîâíûå çàäà÷è, âîçíèêàþùèå ïðè ôóíêöèîíè-
ðîâàíèè ñåòåé ñ óçëàìè íà äâèæóùèõñÿ îáúåêòàõ (VANET è FANET) � óïðàâëåíèå
äâèæåíèåì àïïàðàòîâ, ñáîð è ïåðåäà÷à äàííûõ, ïîäçàðÿäêà àïïàðàòîâ. Íåêîòîðûå èç
ýòèõ çàäà÷ (íàïðèìåð, óïðàâëåíèå ìàðøðóòàìè ïîëåòîâ) àêòèâíî èññëåäóþòñÿ ó÷å-
íûìè è ðàçðàáîò÷èêàìè ðàçíûõ ñòðàí, äðóãèå � íàïðèìåð, çàäà÷à ïîäçàðÿäêè, ìàëî
èçó÷åíû. Ïðåäëîæåíà ðàçðàáîòàííàÿ àâòîðàìè ñèñòåìà èìèòàöèîííîãî ìîäåëèðîâàíèÿ
UAV-monitoring, â êîòîðîé ïðåäóñìîòðåíû ñëåäóþùèå âîçìîæíîñòè: ìîäåëèðîâàíèå äâè-
æåíèÿ áåñïèëîòíûõ àïïàðàòîâ ïî òåððèòîðèè ñ öåëüþ ïîñåùåíèÿ óêàçàííûõ êâàäðàòîâ
(ñáîð äàííûõ â êàæäîì êâàäðàòå), ãåíåðàöèÿ ìàðøðóòîâ ñ öåëüþ ïðåäîòâðàùåíèÿ èõ
ïåðåñå÷åíèé, ñâîåâðåìåííàÿ ïîäçàðÿäêà àïïàðàòîâ íà íàçåìíûõ ñòàíöèÿõ.
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