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1. MeTonu afanTHBHOIO OLiHIOBAHHS IIapaMeTpiB pyxy 6e3IiJIOTHOTO JITaJbHOTrO anapaTy Ha OCHOBI BUMIpIOBaHb
CEHCOPHOI Mepexi.

2. Methods of adaptive estimation of unmanned aerial vehicles movement parameters based on measurement of

the sensor network.

Pedepar:

1. Y nuceprauiiiziil po60Ti BUpilleHa aKTyajibHa HayKoBa 3a/iaya po3poOKU METO/iB aalITUBHOTO OL[iHIOBAaHHS
napameTpiB pyxy MmaHeBpytodoro BITJIA Ha ocHoBi TDOA- i RSS- BUMipioBaHb CEHCOPHOI MepeXi i pu ix
KOMIIJIEKCHOMY BUKOPHUCTaHHi, Ki 03BOJISIOTH MiABUIIUTH TOUYHICTh BU3HAUYEHHS MOTO MiCLIETIOJIOKEHHS. ¥
MepLIOMY PO3[iJli AucepTalii ToKa3aHa aKTyaJbHICTb 33/4a4i BU3HAYEHHS TapaMeTpiB pyxy BITJIA Ha OCHOBI maHUX
CEHCOPHOI Mepexi, sika 06yMOBJI€HA [T0SIBOI0 HOBOT'O KJIacy 3arpo3 3 BukopucTtaHHsam BITJIA, mo npu3BoauTs 1o
HEOOXIiJIHOCTi pO3pOOKU CUCTEM, SIKi BUPILIYIOTh 3aBJAHHS BUSIBJIEHHS], BU3HAUEHHS MiCLIEIIOJIOKEHHS | TapaMeTpiB
pyxy BIUIA. IIpoBeneHo aHai3 MeTOxiB BU3Ha4eHHA MicuenosoxxkeHHd BITJIA na ocHoBi TDOA- i RSS- BuMiproBaHb

CEHCOPHOI Mepexi, 1[0 6a3yI0ThCS Ha MaTeMaTUYHMX METOIaX MaKCMMAaJIbHOI [IPaBONOAiOHOCTI Ta HAalIMEHIINX



KBazpartiB. BigmiueHo, mo y BinoMux MmeTozax o64nciaeHHs KoopauHaT BITJIA BUKOHYeThCS Micis HAAXOIKEHHS
BMMipIOBaHb BiJ BCiX JaTYMKiB. PO3IJISIHYTO METOM KaJIMaHOBCBKOI (isbTpaliii i afanTUBHOrO OLiHIOBAHHS
napaMeTpiB pyxy LiiJii i 3po6sieHO BUCHOBOK IIPO JOLIIBHICTh 3aCTOCYBaHHSI 117151 BUPilIeHHs] CHOPMYJIbOBAHO]
HAyKOBOI 337ja4i MaTEMAaTUYHOTO anapary 3millaHUX MapKiBCbKUX NIPOLECIB Y AUCKPETHOMY 4acy. BUKoHaHO
IIOCTAHOBKY 33J1a4i LOCJIIKEHHS. Y APYyroMy po3ziji gucepralii 3 BAKOPUCTaHHSIM MAaTEMaTU4YHOTIO arapary
pO3MINPEHOi KaJIMaHiBCbKOi QinbTpallii po3pobsieHi peKypeHTHi aropuTMU BU3HaUeHHs MiclenosioxxeHHs BITJIA 3a
IAQHUMU ceHCOPHOi Mepexxi Ha ocHOBi: TDOA-BUMipIoBaHb; RSS-BUMipIoBaHb; KOMILIEKCHOI 06po6ku TDOA- i RSS-
BMMIipIOBaHb, 4Ki MicJis1 (POPMYyBaHHS IOYaTKOBMX YMOB Ha OCHOBI BUMIPIOBaHb Bill MiHiMaJIbHOTO 4MCJIa JATYMKIB,
IO3BOJISIIOTh PEKYPEHTHO YTOYHIOBATH Ha KO>KHOMY Kpoi | micuenosniosxkeHHst BITJIA o mipi HagxomkeHHs
BUMIpPIOBaHb BiJl iHIIVX NATYUKIB. 3a JOIIOMOTOI0 CTaTUCTUYHOI'O MOJEJII0OBAHHS BUKOHAHO aHaJjli3 TOYHOCTHUX
XapaKTEPUCTUK PO3POOJIEHUX aNrOPUTMIB. [IpoBeieHO ix NOPIBHSIHHA 3 HKHBOIO rpaHulielo Pao-Kpamepa i
BitoMumu anroputmamu. Tako>k BAKOHAHO aHaJli3 BIUIMBY KOHQIrypauii aT4ukis (Tomosorii) ceHCopHOi Mepexi Ha
TOYHICTh BU3HauUeHHs MicuenosoxeHHs BITJIA. OTpumaHo KoHirypatii ceHCOpHOi Mepexi, SIKi MOXyTb OyTU
PEKOMEH0BAHI, y BUNAAKaxX BilOMOro i HEBIIOMOrO HanpsMKiB 1ossu BILJIA. ¥ TpeTboMy po3aii gucepTrauii Ha
OCHOBi MaT€MaTUYHOrO anapary 3MilIaHUX MAPKiBCbKUX IIPOLIECIB B IMCKPETHOMY Yaci CUHTE30BaHO ONTUMAaJIbHi
Ta KBa3iONTHMaJIbHI aJITOPUTMU alallTUBHOI QinbTpallist 1apaMmeTpiB pyxy MmaHeBpytodoro BITJIA 3a naHumun
ceHcopHoi Mepexi Ha ocHOBi: TDOA-BumipioBaHb; RSS-BuMipioBaHb; KOMIIJIeKCHOI 06po6ku TDOA- i RSS-
BMMipIOBaHb. ONTUMAaJIbHI QITOPUTMU JJANITUBHOTO € PEKYPEHTHUMM i OIIUCYIOTh €BOJIIOLII0 allOCTEPIOPHUX
PO3MOisiB OLiHIOBAaHUX [1ApAMETPIB, & ONITUMAJIbHI MPUCTPOI € 6araTokaHaJIbHAMU i BiTHOCATBCS [0 KIacy
IIPUCTPOIB i3 3BOPOTHMMMU 3B'I3KaMU MiXK KaHaslamu. KBa3ionTMMaJsbHi alrOPUTMHU OTPUMAaHi 3 BUKOPHUCTAaHHSIM
I10J1irayCiBCKoOi arpoKCcuMallii artoCTepPiOpHUX PO3IOLiIiB. AHaJI3 OTPUMAHUX KBa3iONTUMAJILHUX aJITOPUTMIB
BUKOHAHO 32 [OTIOMOrOI0 CTaTUCTUYHOrO MoeoBaHHs Ha EOM Ha npukiafii OLiHIOBaHHS rapaMeTpiB pyxy BITJIA,
1110 BUKOHY€ Ha BUIAAKOBUX YaCOBUX IHTEPBaJax 3a3/ajerilb HEBiIOMI BUIM MaHEBPIB. Y YETBEPTOMY PO37ii
IycepTallii BUKOHAaHO aHasi3 e(peKTUBHOCTI pO3p0o06eHUX B po3Aiiax 2 i 3 aropuTMiB B MPOCTOPI, 110 BifIIOBIfA€E
peasbHil cUTyallil OLiHIOBaHHS apaMeTpiB pyxy BILJIA, sikuiil BUIIpOMiHIOe pafiocurHai. Po3pobsieHi anropurmu
IO3BOJISIIOTh OTPUMATH XapaKTePUCTUKY BU3HAUYEHHS MicrernosnoskeHHs BITJIA 6113bKi 40 MOTEHLIHO TOCSIKHUX,
1110 BU3HAYAIOThCSl HUKHBOIO rpaHulieto Pao-Kpamepa, 3a Bcima TppoOMa MPOCTOPOBAMU KOOpAMHATaM. Takox
po3pobeHi anantuBHi QinbTp Ha ocHOBi TDOA- i RSS-BUMipioBaHb J03BOJISIIOTH PO3ITi3HATH 3aBUCAaHHS i Maiixke
piBHOMIpHMII pyx BITJIA 3 IMOBIpHICTIO 6J1M3bKOIO 10 OOMHULI. AIANTUBHUI PiIbTP HA OCHOBI KOMILJIEKCHO]
06po6ku TDOA- i RSS- BuMiproBaHb 03BOJIsIE 3HAYHO MiJBULIUTY UMOBIPHICTh PO3MTi3HABaHHSI KOPOTKOYACHUX
maneBpiB BI1JIA. KpiM Toro, npoBefeHo NOPiBHSJIBHUI aHasi3 00UYKUCIIOBAaIbHUX BUTPAT, HEOOXiTHUX TP peartizaliii
CHHTE30BaHUX aJITOPUTMIB, @ TAKOK MOKJIMBOCTEN iX peanisalii Ha 6a3i cyyacHUX 00YMCIIIOBAJIbHUX CUCTEM B

peasibHOMY MacuTabi gacy.

2. An actual scientific problem of developing methods for adaptive estimation of the maneuvering UAV movement
parameters based on TDOA- and RSS-measurements of the sensor network and their complex use that allow to
increase the accuracy of determination its location has been solved in the dissertation. The first section of the
dissertation shows the relevance of the task of determining of the UAV movement parameters based on the sensor
network data, due to the emergence of a new class of threats using UAV, which leads to the need to develop
systems that solve the problems of detection, location and UAV movement parameters. The analysis of methods
for locating UAVs based on TDOA- and RSS- measurements of the sensor network based on mathematical
methods of maximum likelihood and least squares is carried out. It is noted that in known methods of calculating
the UAV coordinates is performed after arrival of measurements from all sensors. The methods of Kalman filtering
and adaptive estimation of object motion parameters are considered and conclusion that it is expedient to use the
mathematical apparatus of mixed Markov processes in discrete time to solve the formulated scientific problem.
The research problem was formulated. The second section of the dissertation, with use of a mathematical
apparatus of the extended Kalman filtering, recurrent algorithms for determining the UAV location according to a
sensor network data were developed on the basis of: TDOA-measurements; RSS-measurements; complex
processing of TDOA- and RSS- measurements, which, after formation of initial conditions based on measurements



of the minimum number sensors, allow recurrently to specify at each step | the UAV location in process of arrival
of measurements from other sensors. With the help of statistical modeling, the analysis of the accuracy
characteristics of the developed algorithms is performed. Comparing with lower bound of Cramer-Rao and the
known algorithms is carried out them. The analysis of the influence of sensors configuration (topology) of the
sensor network on the UAV location accuracy was also performed. Sensor network configurations have been
obtained, which can be recommended in cases of known and unknown directions of UAV appearance. The third
section of the dissertation, on the basis of a mathematical apparatus of the mixed Markov processes in discrete
time optimal and quasioptimal algorithms of the adaptive filtering of the maneuvering UAV movement parameters
according to a sensor network data are synthesized on a basis of: TDOA-measurements; RSS-measurements;
complex processing of TDOA- and RSS- measurements. The optimal adaptive algorithms are recurrent and
describe the evolution of a posteriori distributions of the estimated parameters, and the optimal devices are multi-
channel and belong to the class of devices with feedbacks between channels. Quasioptimal algorithms obtained
using polygous approximation of a posteriori distributions. The analysis of the obtained quasioptimal algorithms is
carried out with the help of statistical computer simulation using the example of estimation of the UAV movement
parameters performing in advance at random time intervals unknown types of maneuvers. The fourth section of
the dissertation analyzes the effectiveness of algorithms developed in sections 2 and 3 in space, which
corresponds to a real situation of estimating of the UAV movement parameters emitting a radio signal. The
developed algorithms allow to obtain UAV location characteristics close to the potentially achievable ones
determined by lower bound Cramer-Rao over all three spatial coordinates. Also developed adaptive filter based on
TDOA- and RSS-measurements allow to recognize the hovering and almost uniform motion of the UAV with a
probability close to unity. The adaptive filter based on complex processing of TDOA- and RSS-measurements
allows to significantly increase the probability of recognition of short-time UAV maneuvers. In addition, a
comparative analysis of the computational costs required for the implementation of synthesized algorithms, and
also possibilities of their implementation on the basis of modern computer systems is carried out.
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