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1. ¥ nuceprauiiiziii po60Ti PO3IJISIHYTO IUTAaHHS PO3POOJIEHHS JeLleHTPali30BaHOi HEHPOMEPEesKeBOi MOeTi
yIPaBJliHHS IPYIOI0 6€3MiJIOTHUX JIiTaJlbHUX allapaTiB Ha OCHOBI rpapoBUX HEHPOHHUX MEPEX Ta METOJIiB
MyJIbTUAr€HTHOTO HaBYaHHS 3 MigKpinieHHIM. OCHOBHY yBary IpuiJIeHO CTBOPEHHIO MOZE], 10 3abe3nedye
KOOpAMHOBaHe nepemimeHHs rpynu BITJIA, ninTpumanns 3agaHoi popmarii, yHUKHEHHS 3iTKHEHb MK areHTamu Ta
MOXUIMBICTb MaclITabyBaHHS CUCTEMHU 6€3 TIOBTOPHOTO HaBYaHHSI IPY 3MiHi KiZIbKOCTI JiiTalIbHUX anaparis.
3anponoHoBaHUM MifXif 6a3yeThCs HA [10€HAHHI TpaOBUX HEIPOHHUX MEPEX i3 MEXaHI3MOM yBaru Ta aJlrOpUTMy
MyJIbTUAr€HTHOTO HaBYaHHS 3 MiTKPIIlJIEHHSM 32 TapaiurMOIO0 LIeHTPaIi30BaHOTO HaBYaHHS i AELeHTPasi30BaHOTO
BMKOHaHHS. [IpOBeleHO CCTEeMAaTHYHUI aHali3 Cy4aCHUX METO/IiB KOOPAMHALii IPyIl 6€3MiJIOTHUX JiTaJbHAX
araparis, JOCJiJKeHO 0COOJIMBOCTI 3aCTOCYBaHHS IpaBu PeliHosbca, METOIiB IOTEHIiIHUX T10J1iB, aJITOPUTMIB
MyJIbTUAr€HTHOTO HaBYAHHS 3 MiJKPIiNJIEHHSIM Ta rpaoBUX HEMPOHHUX MepeX. BusaHadeHo ix nepesary,
ob6MeXXeHHs! Ta C(POPMYJIbOBAHO BUMOTH 10 TOOYI0BU €(PEKTUBHOI CUCTEMU JIELIEHTPAJII30BAHOT O YIIPABJIiHHS POEM

BIUJIA. Y gpyromy po3zisi po3po6ieH0 MaTeMaTU4Hy MOJieJib 6araToareHTHOi CUCTeMU 6e3MiIOTHUX JIiTalbHUX



arapariB y BUIVISZ] JUHAMIYHOTO rpada, cpopMOBaHO MOJEJIb JIOKAJIBHOTO CTaHY KOKHOTO areHTa, CTPYKTYPY
indopmauiitHoro o6Miny Mixx cycinHimu BITJIA Ta 3alIpOIIOHOBaHO MaTeMAaTUYHUI ONIMC KPUTEPIiB 6€3[1eYHOro pyxy
i macmtaboBaHocTi cuctemu. [1o6y10BaHO MOJIeJIb B3a€EMO/Iii areHTiB, sIka BpaxoBye 3MiHY TOIOJIOTIi Mepexi Ta
JIOKaJIbHUI XapakTep 06MiHy iH(popMauieto. Po3po6sieHO HepOMepPEXKEBY apXiTEKTYPy CUCTEMU YIIPABJIiHHS POEM
0€3MiJIOTHUX JITaJIbHUX aNlaparTiB, sKa [oeAHye rpadoBy HEMPOHHY MEPEXKY 3 MEXaHI3MOM yBaru Ta ajJrOpUuTM
MyJIbTUAr€HTHOTO HaBYaHHS 3 MiAKPIMJIeHHSM. 3allpOIIOHOBAHO apxiTeKTypy AkTopa i KpuTtuka ng peamnisanii
LIEHTPaJi30BaHOT0 HaBYaHHSI Ta AL €HTPaJi30BAaHOI0 BUKOHAHHS, PO3P00JIEHO (PYHKLIiI0 BUHArOPOIH, 1IJ0 BPAaXOBYe€
TOYHiCTh miaTpUMaHHs popmaliii, 6e3reydHi BincTaHi Mixk areHTaMu, 3B'SI3HICTb TPYNU Ta €(PEKTUBHICTb BUKOHAHHS
Micii. [l71s1 migBuIneHHs 6e3MeKu pyxy peali3oBaHO ABOPiBHEBUI MEXaHi3M YHUKHEHHS 3iTKHEHb, SIKUH [1I0€JHYE
HaBYaHHS 3 MiJKPIINJIeHHsM i3 Iapom 3abe3neyeHHs 6e3eYHuX BifjcTaHel Ha OCHOBI KBaJIpaTUYHOTO
IIpOorpamMyBaHHs. B pe3ysbTaTi eKcliepruMeHTaIbHOI IEPEBipKY 3alIPOIIOHOBAHOI MOJIEJli B CUMYJISLLITHOMY
cepenosuili Gazebo i3 BuUKopuctanHsiM nporpamHoi mar@opmu ArduPilot. npoBeeHO NOPiBHIHHS
3aIIPOINIOHOBAHOTIO MIIXOY i3 Cy4aCHUMU MeTOJaMu KoopauHalii rpym BITJIA 3a moka3HMKaMy TOYHOCTI
nigTprmaHHs popmMaliii, 6e31eKu pyxy, YCIIIIHOCTi BUKOHAaHHS Micill Ta MacmTaboBaHOCTI. Pe3ysbTaTu
€KCIIEPMMEHTIB MiATBEpAUIN €(EeKTUBHICTb 3aIIPOIIOHOBAHOTO METOAY, OT0 30aTHICTb 3abe3nedyBaTu CTabilbHe
KepyBaHHS I'PYyIIOI0 O€3MiJIOTHUX JITaJIbHUX anapariB 6€3 nepeHaBYaHHs IPpU 30iIbIIeHHI KiJIbKOCT] areHTiB, a TaK0X
MOXJIMBICTb BUKOPHUCTAHHS MOJIEJli Ha BOYJOBaHMX OOPTOBUX OOUYMCIIIOBAJIBHUX [IPUCTPOSIX Y PEXKUMI peasibHOro
yacy. Po3po6JieHi MaTeMaTUYHa MOJEJb, METOJ, JeLleHTPali30BaHOr0O YIIPaBJIiHHS Ta IPOrpaMHe 3a0€3M1e4eHHs
MO>XYTb OYTY BUKOPHUCTaHI il 4aC CTBOPEHHS iHTEJIEKTyaJIbHUX CUCTEM KEPYBaHHSI IPyNaMy 6€3MiJIOTHUX
JliTaNbHUX anapaTiB JJ1s1 BAKOHAHHS 3a/1a4 KapTorpadyBaHHs MiCLI€BOCTi, MOHITOPUHTY, TOIYKOBO-PSITYBaJIbHUX
ornepaliii, iHcrieKTyBaHHs 06'€KTiB iHQPaCTPYKTypHU, EKOJIOTIYHOTO KOHTPOJIIO T2 BUKOHAHHS CIIelja/IbHUX MiCil.
3anponoHoBaHi MOZEsi i aIrOPUTMHU 3a6€311euyIOTh MiBUIeHHs e(PeKTUBHOCTI KoopauHalii poto BITJIA,

CKOPOYEHHSI OOUMCIIIOBAJILHYUX BUTPAT i MOKPAIleHHSI MacCIITab0BaHOCTi CUCTEM I'PYIIOBOTO YIIPaBJIiHHS.

2. The dissertation work considers the development of a decentralized neural network model for controlling a
group of unmanned aerial vehicles based on graph neural networks and multi-agent reinforcement learning
methods. The main attention is paid to creating a model that ensures coordinated movement of a group of UAVSs,
maintaining a given formation, avoiding collisions between agents, and the ability to scale the system without
retraining when changing the number of aircraft. The proposed approach is based on a combination of graph
neural networks with an attention mechanism and a multi-agent reinforcement learning algorithm based on the
paradigm of centralized learning and decentralized execution. A systematic analysis of modern methods for
coordinating groups of unmanned aerial vehicles was conducted, the features of the application of Reynolds rules,
potential field methods, multi-agent reinforcement learning algorithms, and graph neural networks were
investigated. Their advantages, limitations, and requirements for building an effective decentralized UAV swarm
control system were identified. In the second section, a mathematical model of a multi-agent system of unmanned
aerial vehicles in the form of a dynamic graph is developed, a model of the local state of each agent, the structure
of information exchange between neighboring UAVs is formed, and a mathematical description of the criteria for
safe movement and scalability of the system is proposed. A model of agent interaction is built that takes into
account changes in network topology and the local nature of information exchange. A neural network architecture
of a swarm control system for unmanned aerial vehicles is developed, which combines a graph neural network
with an attention mechanism and a multi-agent reinforcement learning algorithm. An Actor and Critic architecture
is proposed for the implementation of centralized learning and decentralized execution, a reward function is
developed that takes into account the accuracy of maintaining formation, safe distances between agents, group
connectivity, and mission performance efficiency. To improve movement safety, a two-level collision avoidance
mechanism is implemented that combines reinforcement learning with a layer for ensuring safe distances based
on quadratic programming. As a result of experimental verification of the proposed model in the Gazebo
simulation environment using the ArduPilot software platform, the proposed approach was compared with
modern methods of UAV group coordination in terms of formation maintenance accuracy, movement safety,
mission success, and scalability. The experimental results confirmed the effectiveness of the proposed method, its



ability to provide stable control of a group of unmanned aerial vehicles without retraining when the number of
agents increases, as well as the possibility of using the model on embedded on-board computing devices in real
time. The developed mathematical model, decentralized control method, and software can be used when creating
intelligent control systems for groups of unmanned aerial vehicles to perform tasks such as terrain mapping,
monitoring, search and rescue operations, inspection of infrastructure facilities, environmental control, and
special missions. The proposed models and algorithms provide increased efficiency of UAV swarm coordination,
reduced computational costs, and improved scalability of group control systems.
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