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Pedepar:

1. Cokonbebkuii C.O. AKyCTUUHE BUSIBJIEHHS 6€3MiJIOTHUX JliTalbHUX anaparis. — KeanidikauiliHa HayKoBa npatist Ha
300y TTsI HAYKOBOTO CTyIIeHs JoKTopa ¢inocodil ckianaeTbes 3i BCTYIY, YOTUPbOX PO3/iJliB, BUCHOBKIB, CIIUCKY
BHMKOPHUCTaHUX JIXepeJl, 3 1oAATKiB, Ta MicTUTh 70 PUCYHKIB i 9 Tabauip. CIMCOK BUKOPUCTAHOI JIiTEpaTypu
BKJIIOYae B cebe 50 mKrepes. MeToro gucepraniiiHoi po60TH € mifBuineHHs epeKTUBHOCTI CUCTEMU BUSIBJICHHS Ta
JloKasnizanii Manux 6e3MiyIoTHUX JiTasbHuX anapartiB (MJIA) Ta 06po6KY iXHIX aKyCTUYHUX CUTHAJIB 3apeEeCTPOBAHUX
BXiZTHUM CEHCOpPOM. 3aBriaHHs nociifkeHHs: 1) [IpoBeeHHs aHaIi3y OCHOBHMX METO/iB BUSIBJIEHHS Ta JIOKasizalii
MJIA; 2) CTBOpeHHSI Ta HAKONIMYEHHS 6a31 ayJli03alnCiB aKyCTUYHUX CUTHATYP PisHUX Moaeselt MJIA; 3)
Po3po6sieHHa MaTeMaTUYHOI Mogei Al ineHTudikauii Tuny MJIA, BUKOPUCTOBYI04M 6a3y ayio3anuciB ixHix

aKyCTUYHUX CUTHaTyp 4) Po3pobsienns metony uudpoBoi 06poOKY aKyCTUYHUX CUTHAJIIB i3 BUKOPUCTAHHIM



3rOPTKOBOI HEHPOHHOI Mepexi (3HM) rmnb6okoro HaB4aHHS 3 onTuMizatopom Adam; 5) Ha ocHOBI
3aIIPOIIOHOBAHOI0 METOAY, PO3POOUTH IIporpaMHe 3abe3redyeHHs 111 00pOOKY aKyCTUYHUX CUTHAJIB Ha MTpeIMeT
HasBHOCTI curHatyp MJIA; 6) CTBopeHHs akycTu4Horo gerekropa MJIA. 7) IlepeBipka e(peKTUBHOCTiI pO3p06JI€HOro
IIPOrPaMHOTO Ta alapaTHOro 3abe3nedyeHHs 11 BUsiBjaeHHsT MJIA. O6 €eKTOM OCTiIPKEHHSI € IPOLieC aKyCTUYHOTO
BusBieHHs1 MJIA. [IpenMeToM IOCTIIKEHHS € METOM peastisaLiii cucteMu nepenadi Ta 06po6IeHHsT aKyCTUYHNAX
curnanis MJIA. HaykoBa HOBU3Ha OTPUMAaHUX Pe3yJIbTaTiB I10JIIrae B TOMY, 110: 1) Briepiue 3anpornoHoBaHoO
MaTeMaTU4Hy MoJesb inenTudikaropa MJIA, HaykoBa HOBU3HA SIKOi I10JIITa€ B TOMY, 110 BOHA IPYHTYEThCS Ha
BUKOPUCTAHHI 623y ay/1i03aMuCiB aKyCTUYHUX CUTHATYP APOHIB Ta HaJlae MOKJIMBICTb 3MEHIIATY MOXUOKY IIifl 4ac
xiacudikauii ixHboi Mozei. 2) Briepiie po3pobsieHo meton, 1rudpoBoi 06po6KY aKyCTUYHUX CUTHAJIB JPOHIB,
HayKOBa HOBU3HA SIKOTO I10JISITA€ B TOMY, 110 BiH I'PYHTYETBLCS Ha TEOPIi ITYYHOrO iHTEJIEKTY Ta BUKOpUCTOBYEe SHM
rJIMO0KOr0 HaBYaHHS 3 ONTUMi3aTOpoM Adam [1s NiABUILEHHS WBUAKOCTI Ta €(PEKTUBHOCTI ifeHTudikanii tTumny
MJIA. 3) Y00CKOHasIeHO METOAMKY PO3PaxXyHKY KiJIbKOCTi MeJl-(ifbTPiB Ta IXHbOrO YaCTOTHOTO Jiana3oHy, o, Ha
BiMiHY BiJl iCHyI0UMX, BpaXOBYye O6akaHy YaCTOTHY PO3iJIOBY 3[laTHICTb Ta Ja€ 3MOr'y MiBUIIATH MIBUJIKICTb Ta
TOYHICTh OTPUMAaHHSI OCHOBHUX IIPEACTaB/IeHb ayAiocurHany MJIA iz, yac BUKOPUCTaHHS TEXHIKU 3BaXKyBaHHS
koediuienTis LITIP 3a onomoroo 6aHKiB Mea-QinbTpiB. [[pakTUYHE 3HAUEHHS OTPMMAHUX PE3YyJIbTATiB MOJISITAae B
TOoMYy, 10: 1) Ha ocHOBi po3po61eH0I MaTeMaTH4HOI MOieJli, CTBOpeHO 6asy ayaiocurnanis MJIA mozenen «Mavic 2
Pro», «Mavic 3» ta «FPV». 2) Ha ocHOBi po3p00671€HOr0 METOAY Ta METOAVKHU, CTBOPEHO IIpPOrpamMHe 3abe3ledeHHs
IJ151 IIBUIKOTO Ta e(eKTUBHOro 06pobseHHs ayniocursanis MJIA i3 BukopuctanHsam 3HM rinb6oKoro HaByaHHS 3
ontumizaropom Adam. 3) CTBOpeHO akyCTH4YHUH feTeKTop MJIA 3 epeKTHBHOIO BiiCTaHHIO BUSIBJIEHHSI 00 €KTIB 10
200 metpiB. 4) Hapano BiAnoBifgHi yHiBepcaabHi pekoMeHalii 1151 IoJajbIioro BLOCKOHANEHHS! CUCTEMU JleTeKIii
MJIA. 3a pesysibTaTamu guceprallii ony6s1iKoBaHO 6 HayKOBUX POOIT: 3 cTaTTi B (PaxoBUX BUAAHHSIX YKpaiHH, 3 IKUX
2 y nepioguYHuX BUAAHHSX, O BKJIIOYEHHI 10 MibKHaponHoi HaykoMmeTpuduHoi 6a3u WEB OF SCIENCE, Ta 3 Te3u
IOTIOBifIi B 30ipHMKAaX MaTepiajiB MixKHapOJIHUX HAyKOBO-TEXHIYHNX KOH(epeHLiil. Y BCTyIli po60TH HiATBepaKeHa
aKTyaJIbHiCTb, CGOPMYJIbOBaHA META, 3aBAAaHHS Ta METOJIM JOCIiIyKeHHs, HalaHa iHpopmallisi Ipo HAyKOBY HOBU3HY
Ta [IPaKTUYHE 3HAYEHHSI OTPUMAaHUX PE3YJIbTaTiB. Y EPIIOMY PO34iji 6YB IPOBEeAEHNI OPIiBHIBHUN Ta
KPUTUYHMY aHaJli3 IOTEHLiIMHUX MOKJIMBOCTEN OCHOBHUX METOIB BUSIBJIEHHSI MJIA: ONITMYHOTrO, PazioI0KaLifHOTO
Ta aKyCTUYHOTOo. KOXXHUM i3 METO/IiB pO3paXx0BaHO TEOPETUYHY MAaKCUMAJIbHY JAaJIbHICTh BUSIBJIEHHS 6€3MiJI0THUKA
mogeuni «DJI Mavic 3». Y npyromy po3pijii po3rysiHyTO peasisalilo IPOCTOro Ta JELEeBOro 11 KOHCTPYIOBAHHSA
aKyCTMYHOIO AETEKTOPa 3 ONHUM MIiKpO(OHOM. BiH fae 3MOry BUSIBIISITH aKyCTUYHI KOJIMBAHHS, IO BUAAIOTh
IBUTYHU Ta JIOTIOTI IPOHY. 3a pe3ybTaToOM TECTOBUX BUIIPOOYBaHb OyJia CTBOPeHa 6a3a ayniodailsiB mymy
KkBagpokonrepa «DJI Mavic 3». CrieKTpu OTpUMaHUX ayAio3alluciB BUTPOMiHIOBAHHS KBaJPOKOIITEPa HAAIOTh
3MOTY BU3HAUUTH OCHOBHI 4YaCTOTHU TOHIB, 1O € BXXJIMBMMHU O3HAKaMMU IIiJ] 4aC PO3pPOOJIEHHS aJITOPUTMY
ksacu@ikauii 6e3ninoTHUKIB. TpeTiil po3in onucye Npouec po3pooIeHHs AITOPUTMY 1151 €(PEKTUBHOTO
00po6eHHs Ta Knacudikauii ayniocursanis MJIA i3 BUKOpUCTaHHSIM 3rOPTKOBOI HEPOHHOI MepesKi I160KOoro
HaBYaHHS, 10O0YI0BU apXiTEKTYpU Ta TEOPETUYHOTO OLiHIOBAaHHS €(PEKTUBHOCT] ii po60TH. Y yeTBepTOMy pOo31ii
IIPOBEIEHO NPAKTUYHE TECTyBaHHSI POOOTU rOTOBOI Mogeli feTekropa. EQexkTuBHa nuctanuis BusgBieHHs MJIA
ckiana no 200 M. KirouoBi cioBa: IpoH, Masuii 6e3MiIOTHUN JliTanbHUi anapar, BILJIA, BUsSBIeHHS 1iiew,
aKyCTM4YHA JIOKallisl, KOHTPOJIbOBaHA 30HA, PEECTPATOP CUTHAJIIB, BUSIBJIEHHSI CUTHAJIIB, CIIEKTP, OOPOOJIEHHS

CUrHa’jly, MalliInHHE HaBYaHH4, HeI?IpOHHa MEPEKa, r7IM00Ke HaBYaHHS.

2. Serhii Sokolskyi. Acoustic detection of unmanned aerial vehicles - The qualifying scientific paper for the degree
of Philosophy Doctor consists of an introduction, four chapters, conclusions, a list of references (50 sources), 3
appendices, and contains 70 figures and 9 tables. The aim of the thesis is to improve the efficiency of the system
for detecting and localizing small unmanned aerial vehicles (UAV) and processing of their acoustic signals
registered by the input sensor. Research tasks: 1) Analyzing the main methods of detection and localization of
UAVs; 2) Creation and accumulation of a database of audio recordings of acoustic signatures of different models of
UAVs; 3) Development of a mathematical model for identifying the type of UAV, using a database of audio
recordings of their acoustic signatures; 4) Development of a method for digital processing of acoustic signals using
a convolutional neural network (CNN) of deep learning with the Adam optimizer; 5) Based on the proposed



method, develop software for processing acoustic signals for the presence of UAVs signatures; 6) Creating an
acoustic detector for UAVs; 7) Checking the effectiveness of the developed software and hardware for detecting of
UAVs. The object is the process of acoustic detection of the UAV. The subject is the methods of realization of the
system of transmission and processing of acoustic signals of the UAV. The scientific novelty of the obtained results
is that: 1) For the first time, a mathematical model of the UAV identifier is proposed. The scientific novelty of this
model is that it is based on the use of a database of audio recordings of acoustic signatures of drones and makes it
possible to reduce the error in classifying their model. 2) For the first time, a method of digital processing of
acoustic signals of drones is developed, the scientific novelty of which is that it is based on the theory of artificial
intelligence and uses a CNN of deep learning with the Adam optimizer to increase the speed and efficiency of the
identification of the type of small unmanned aerial vehicles. 3) The method of calculating the number of mel-filters
and their frequency range is improved, which, unlike the existing ones, takes into account the desired frequency
resolution and makes it possible to increase the speed and accuracy of obtaining the main representations of the
UAV audio signal when using the technique of weighting the FFT coefficients using banks of mel-filters. The
practical significance of the obtained results is that: 1) On the basis of the developed mathematical model, a
database of audio signals of UAV models “Mavic 2 Pro”, “Mavic 3” and “FPV”. 2) On the basis of the developed
method and methodology, software for fast and efficient processing of audio signals of small UAV using a CNN of
deep learning with the Adam optimizer is written. 3) An acoustic detector of small UAV with an effective object
detection distance of up to 200 meters is created. 4) Relevant universal recommendations for further improvement
of the small UAV detection system are provided. According to the results of the thesis, 6 scientific papers are
published: 3 articles in professional editions of Ukraine, 2 of which are in periodicals included in the international
scientometric database WEB OF SCIENCE, and 3 abstracts in the proceedings of international scientific and
technical conferences. The introductory part confirms the relevance, formulates the aim, tasks, and methods of
research, also provides information about scientific novelty, as well as the practical significance of the obtained
results. In the first chapter, a comparative and critical analysis of the potential possibilities of the main methods of
detecting small UAV, such as optical, radar and acoustic, is carried out. Each of the methods calculates the
theoretical maximum detection range of the DJI Mavic 3 drone. In the second chapter, we consider the
implementation of a simple acoustic detector with a single microphone. It allows detection of the sound emitted
by the drone's engines and blades. Based on the test results, a database of audio files of the noise of the DJI Mavic 3
quadcopter is created. The spectra of the received audio recordings of the radiation of the quadcopter are
important features in the development of the algorithm for the classification of drones. The third chapter
describes the process of developing an algorithm for efficient processing and classification of UAV audio signals
using a deep learning CNN, building the architecture, and theoretically evaluating of its performance. In the fourth
chapter, practical testing of the finished detector model is carried out. The effective distance of UAV detection by
the algorithm is 200 m. Keywords: drone, small unmanned aerial vehicle, UAV, target detection, acoustic location,
controlled area, signal recorder, detection, spectrum, signal processing, machine learning, neural network, deep

learning.
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IloBHE HaliIMEeHYBaHHS IOPUAHYHOL 0C00H: HanjionanbHuii TexHiuHmil yHiBepcuteT Ykpainu "KuiBchKuit

MOJIITEXHIYHUN IHCTUTYT imMeHi Irops Cikopcpkoro”
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VIII. 3aKkJII04Hi BiZmoMOCTi

Biacue IlpizBume Im's Ilo-6aThKOBI CrenanoB Muxaino MukoJ1aiioBu4
rOJIOBH pagu

Bnacwue IpizBume Im's I1o-6aTbKOBI CrenanoB Muxaino MukosaiioBuy
rOJIOBYIOYOTO Ha 3acCiiaHHi

BigmoBizansHMIL 32 HiATOTOBKY Coxkonbcpkuit Cepriit Oserosud

00JIIKOBHX JOKYMEHTIB

Peectpartop YkpIHTEI



KepiBHuk Bigginy YKpIHTEI, mpo €
BiZITIOBiZaIBHUM 3a peecTpallilo HayKoBoi IOpuenko TeTsHa AHaTosiiBHA
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