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AHOTAIIS

Manenyux T. B. MeToau BUSBICHHA TPA€EKTOpii 1 CYMPOBOIKEHHS
manopo3mipaoro  BIIJIA FMCW pagapom 3 BUKOPHUCTAaHHSIM BUpIMIAIBHUX
CTAaTUCTUK BIIMITOK. - KBamidikalliifHa nparis Ha IpaBax pyKOIHUCY.

Juceprarris Ha 3700yTTsI HAYKOBOTO CTymeHs MOKTopa dimocodii 3 ramysi
3HaHb 17 Enextponika Ta TenekomyHikarii 172 TenexoMmyHikallli Ta pajioTexHika.
— HamionanpHuii TexHiYHUN YHIBepcUTET YKpaiHu «KHiBCbKMI MOMITEXHIYHUN
1HcTUTyT IMeHi Irops Cikopcekoroy», Kuis, 2025.

MeTtor0 po0oTH € miABUIICHHS €()EKTUBHOCTI BUSIBICHHS TPAEKTOPIl 1
cynpoBomkeHHs: Manopo3mipHoro BITJIA (MBIUIA) FMCW pagapoM npu Majiux
BinHOmeHHsX curHan 1myMm (BCI), nuisixom po3poOKu METOIIB TPAEKTOPHOT
00poOKH, IO BUKOPUCTOBYIOTh BUPIIIAJIbHI CTATUCTUKU BIIMITOK 1 HE BUMAraroTh
3HAYHUX OOYMCITIOBAILHUX BUTPAT.

Po3Butox TexHosorii moOynoBu MBIIJIA, iX JOCTYmHICTH 1 MacoBe
BUKOPUCTAHHS, TPU3BENN JI0 MOSBH HOBOTO KJIACy 3arpo3, [0 BHMAarae po3poOKu
BIJIMOBITHUX cucTeM 3axucTy. CydacHUM 3acO00M BHSIBICHHSI PyXOMHUX L€l Ha
Manux Bifctansx € FMCW panap, sikuil 3a0e3neuye: BUCOKOTOUHE BHUMIPIOBAHHS
JAIbHOCTI, @ TaKOX pajiajbHOI LIBUIKOCTI, Kpally Oe3NeKy 4epe3 BIACYTHICTb
IMITYJTECHOTO BUNPOMIHIOBAaHHS 3  BEJUKOI  TOTYXKHICTIO; HU3bKE
€HEPrOCIOKUBAHHS.

OcoOnuBicTio MBIIJIA sk 00'€KTiB paaioioOKaliifHOTO CIOCTEPEKEHHS €
EKCTpEMaIbHO HU3BKI 3HAUYEHHA €(EKTUBHOI TOBEPXHI PO3CIIOBaHHS, IO
MPU3BOJUTH J0 3MEHIICHHS TaJIbHOCTI MOTO BUSBIICHHS 1 MTOSIBU 3HAYHOT KIJIBKOCTI
xubHux BiAMITOK. KpiMm Toro, MBIIJIA MOXyTh pyxaruch 3 pI3HUMHU BHJIAMU
MaHeBpy, SKi ampiopi HeBimomi. I[le oOymMoOBIIO€ HEOOXITHICTH BIOCKOHAJICHHS
ICHYIOYOTO aJTOPUTMIYHOTO 3a0e3MedueHHs I BUPIIICHHS 3a7adl  oOpoOKu

TpaekTOpHOT 1H(hOpMAITii.



VYV TpaauiiiHuX aJropuTMax BUSBICHHS TPAEKTOPIi 1 CYNPOBOKECHHS IIICH
BUKOPHUCTOBYEThCS  TUIBKHM  KOoopAauHaTHA iHdopmaris. [nasg  miaBuieHHs
e(pEeKTUBHOCTI BHPIIMICHHS TaKUX 3aJad B SKOCTI JIOJAaTKOBOI iH(opMarlii
3arporoHoBaHo [1-3] BHKOPHCTOBYBAaTH BHPpIIIAIbHI CTATHCTUKH BIAMITOK 3
BUXOJly ONTHUMAJIBHOTO MpHiiMaya NMEpBUHHOI 00poOku curHamiB. OmHaK BiOMI
METOJM CYIPOBODKCHHSI JI0 BUSBJICHHS Ta JEPEBOBUAHI TOCIITOBHI METOIU
BUSIBJICHHS TPAEKTOPII 111711 BUMAraroTh BeJIMKUX 00UMCITIOBAIBHUX BUTpAT. Bimomuii
nIceBI00aeCiBCHbKUI alTOPUTM CYIPOBOIKECHHS 1111 3 HMOBIPHICHUM 00'€ THAHHSAM
JAHUX, SKUH BBAXKAETbCS HAWKpallUM IMIOJO CHIBBIAHOIIEHHS SKOCTI 1
OOYHCITIOBAIBHUX BUTPAT, HE BPAXOBYE PI3HI TUIH PyXY LILIIL.

Tomy aKTyallbHOIO HayKoeow 3adaueiro € Ppo3po0Ka METOAIB BUSIBICHHS
TpaekTopli 1 amantuBHOro cynpoBomkeHHs MBIUJIA FMCW  panpapom 3
BUKOPHCTAHHSM BUPIIIAIBHUX CTATUCTUK BIAMITOK, JJI HiABUIICHHS €(DEKTUBHOCTI
TpaektopHoi 00poOku mnpu wmanux BCII, ski He BUMaraiTh 3HAYHHUX
OOYHCITIOBAIBHUX BUTPAT.

B nepwomy po3zoini posrisanyro ocoonuBocti MBIIJIA, knac moTeHIIHHUX
3arpo3, SKi BOHHM CTAHOBIATH, Ta OOIPYHTOBAHO AaKTYaJbHICTh 3ajadi
pajioyniokaliifHoro BuUsiBJieHHS Ta cynpoBopkeHHs MBIIJIA. IlpoBeneHo anamis
XapaKTEePUCTUK Ta ocobiuBocTell 3actocyBaHHss FMCW panapa ayisg BUSBICHHS
pyxomux 1uiei. Po3misHyTH TiepeBarm 1 HENOJIKM ICHYIOUMX METOJIIB
paJloNOKAI[IHHOTO  BUSBIICHHS ~ TPAEKTOpli, CYNPOBOMKEHHA Ta  3pUBY
CYNPOBO/UKCHHST pyxoMux 1iiei. I[lokasaHo, 110 3acTOCyBaHHS  BIJOMHX
anroputmiB, € HeepektuBHUM Tpu Manux BCII. 3po6ieHo BHCHOBOK TIPO
JOIIJIBHICTh BUKOPUCTAHHS JJIs MiJABUILECHHS €(EKTUBHOCTI BUPIIICHHS 3ajad
BTOPUHHOI 00OpOOKH pamiookariinoi inpopmariii mpu manux BCII BupimanpHIX
CTaTUCTUK BiAMITOK. CPOpMyIbOBaHO METY 1 HAYKOBI 3aBAaHHS JUCEPTAIlITHOTO
JOCITIIKEHHS.

pyeuii po3oin npucBsueHo po3pobsieHHI0 meToniB BusineHHs MBIIJIA Ta
rioro tpaektopii FMCW panapom. Po3risiHyTo 3ajady BUSIBICHHS TapMOHINHOTO

CUTHAITy 3 HEBIJIOMHMH IMapaMeTpamMu IpH BiOMii moTyxHOCTI mymy. [Ipuctpiit
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BusiBiieHHsT curHaity FMCW panapy Ha iHTepBajli KOT€pEHTHOTO HAKOMUYEHHS
noOy10BaHoO 3a MepioA0rpaMHOI0 cxeMot0. OTpUMaHO 3aKOHU PO3MOALTY HIUIBHOCTI
WMOBIPHOCTI BUPIIIAJILHOI CTATUCTUKUA BIMITKHY 32 YMOBU HAasABHOCTI 1 BIZICYTHOCTI
i, CUHTE30BaHO alTOPUTM OIIHIOBAHHS HEBIJIOMOI MOTYKHOCTI IIyMy 3
BUKOPHUCTAHHSAM JOBIpYMX IHTEpBajJiB Ta MpoBeAeHO Horo anami3. Ha ocHoOBI
KputTepito Bambma po3po0seHO METOa TMOCHTIIOBHOTO BHSIBICHHS TPAEKTOPIT
Majiopo3mipHoro BITJIA 3 BukoprucTaHHSIM BUPIIIATBHOT CTATUCTUKYA HAHCHUITBHIIIION
BIIMITKA B CTpoO1 cympoBo/keHHs. [IpoBeaeHo i#oro anami3 i MOPIBHSAHHA 3
METOJ/IOM BUSIBJICHHS, B IKOMY BHUpIIIaIbHI CTATUCTUKH HE BPAXOBYIOTHCS IUISIXOM
CTaTUCTUYHOT'O MOJICITIOBAHHSI.

B mpemwvomy po3oini po3poOneHO MeToJ aAanTHBHOTO CYNPOBOIKEHHS
MBIIIA 3 iiMOBIpHICHOIO 1IEHTU]IKAIIIE€I0 JaHUX 3 BUKOPUCTAHHAM BUPIIIAIIBHUX
CTaTUCTHK BIIMITOK, B SIKOMY BPaXOBYIOTbCA pI3HI TUIH ioro pyxy. Ilpu npomy
BUKOPUCTAHO MOJIENb PyXy MAHEBPYIOUOI 1[I y BUTJISIAL IUCKPETHOT CTOXaCTUYHOI
JUHAMIYHOT CHCTEMH 3 BHIIAJKOBOI CTPYKTYporo Mo jaanbHOCTi. Ilnsxom
CTATUCTUYHOTO MOJIEIIOBaHHSI MPOBEIACHO aHalli3 PO3pOOJIEHOr0 METOAy 1 Horo
MOPIBHSHHS 3 aJITOPUTMAMU CYTPOBO/KEHHS 3 OTOTOKHEHHSM JJAHUX 32 METOJIaMU
CHAUCUJIBHIIIUN CYCII 1 «HAMOMMKUUN CyCiay. Y JOCKOHAIEHO METO]l BUSIBJICHHS
3puBy cymnpoBokeHHs manopo3mipHoro BITJIA FMCW pagapom Ha OCHOBI
Kkputepito |/ n, B SIKOMy J10JaTKOBO BUKOHYETHCSI TIEPEBIPKAa OCHOBHOI TIMOTE3U
IIOJI0 3aKOHY PO3MOALTY HAKOMHUYEHUX BHUPIMIATBHUX CTATHCTUK HANCHIIBHIIINX
BIJIMITOK, OTPUMaHHX B CTpoOax cynpoBokeHHs. [IpoBeiaeHo Horo anamiz Ha
MIPUKJIA/1 AJITOPUTMY BUSIBIICHHS 3pUBY CYIPOBOJIKEHHS 3a KpUTepieM 3/ 4.

B uemeepmomy po30ini CHHTE30BaHO aITOPUTM aJaITUBHOTO CYITPOBOIKEHHS
MBIIIA 3 iMOBIpHICHOIO 1ICHTH(IKAIIECI0 JAaHUX 3 BUKOPUCTAHHSIM BUPIMIATEHUAX
CTaTUCTUK BIAMITOK TpukoopauHatTHUM FMCW  pangapowm. Oco0UBICTIO
ITOPUTMA € CIJIbHE OLIIHIOBAHHS MAPaMETPiB PyXYy LIl Ta 3MIHHOI MEpEMUKaHHS,
10 XapaKTepu3ye BUJ il pyXy, Y eKapTOBii cUCTeMi KOOPAUHAT, a OTOTOXHEHHS
BIJIMITOK B CTPOO1 CYIPOBOJIKEHHSI BUKOHYEThCS Y CPepHUUHIi CUCTEM] KOOPIUHAT

HAa OCHOBI METOAY WMOBIPHICHOTO OO’€IHAaHHSIM JaHUX 3 BHUKOPHUCTAHHIM
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BUPIIIATBHUX CTATUCTUK BiAMITOK. [IlNsIXOM CTaTUCTUYHOTO MOJAEIIOBAHHSA
MPOBEJICHO aHalli3 e(EKTUBHOCTI PO3POOJEHOro alropurMmy. Po3pobiieHo
pexomenparii momo modygosu FMCW panapa B HaIBUCOKOYACTOTHOMY Jliana3oHi
paIloOXBUIb 3 BUKOPHUCTAHHSM T1OpHIHO—IHTErpalbHUX TexHONMOTiH. I[IpoBeneHo
aHaJi3 MOXKJIMBOCTEW MPAKTHYHOI peaiizaiii po3poOJeHrX aJrOpuTMIB BUSBICHHSA 1
cynpoBokeHHsI MBIUJIA FMCW pagapom Ta 00rpyHTOBaHO IU(POBY Mmarhopmy
JUTS X peaizaliii.

HaykoBa HOBU3HA OficpaHHUX PE3yJIbTATIB MOJSATA€ y HACTYITHOMY:

1. Po3po6iieHo MeTo/1 aJanTUBHOTO CYNPOBOIKEHHSI MaHeBpytodoro MBITJIA
FMCW panapom 3 IMOBIPHICHOIO 17IeHTU(DIKAIIEIO TaHUX, B SKOMY Ha BIJIMIHY BiJl
BIJIOMHUX BiI0yBAa€ThCSl CIUIbHE OI[IHIOBAHHS MapaMeTpiB 1 pO3Mi3HABAaHHS PI3HUX
BUJIIB IOTO PYyXY 1 BPaxOBYIOTHCS B SIKOCTI BUMIPIOBaHb BHpIIIAIbHI CTAaTUCTUKU
BCIX BIAMITOK B CTpOO1 CyIPOBOKCHHS.

2. VYIOCKOHAJEHO METOJA TMOCHIJOBHOTO BUsiBIEHHsS Tpaekrtopii MBITJIA
FMCW panapom Ha OCHOBI KpuTepito Banpja, HUIsIXOM BHKOPUCTaHHSIM MpU
PO3paxyHKy YaCTKOBOTO BIJIHOILIEHHS MPaBIONOA1I0HOCTI BUPIIIAIBHOT CTATUCTUKU
HaWCHIIBHIIIOL BIIMITKH B CTPOO1 CYIIPOBOIKCHHS.

3. YIOCKOHAJIEHO METON BUSBIEHHS 3puBY CynpoBokeHHss MBITJIA FMCW
pazapoM Ha OCHOBiI kpurepiro |/N, muIsgXoM m0IATKOBOI MEPEBIPKM OCHOBHOI
rinoTe3u WIOJ0 3aKOHY pO3IMOJAUTY HAKOMMYEHUX BHPIMIATBHUX CTAaTHUCTHK
HalCWJIBHIIIMX BIAMITOK, OTPUMaHUX B CTPOOAaX CYNPOBOKEHHS, MPOTH
aJbTEPHATHBHY 13 33/IaHUM PIBHEM 3HAUYIIOCTI.

4. Ynockonaneno meron BusiBieHHs MBITJIA FMCW panapom ripu HEBiioMiit
MOTYXHOCTI IIIyMYy, B SIKOMY B SKOCTI MakKCHUMajbHO MPaBIOMNOIOHOI OILIHKU
MOTY)KHOCT1 IIIyMY BHKOPHUCTOBYETHCS CEPEIHE 3HAYCHHS HaBYAOUOi BUOIPKH,
OTPUMAHOI 3 JAJIEKOMIPHO-JOMIEPIBCHKOTO MOPTPETY, 00’ €M SIKOT BU3HAYAETHCA 3
BUKOPHUCTAHHSIM 3a/1aHOi UMOBIPHOCTI XUOHOT TPUBOTHU 1 JOBIpYOi MMOBIPHOCTI il

BUXOJY 32 MEXI JOBIPUOTO 1HTEPBAITY.



IIpakTH4YHe 3HAYEHHS O/IePKAHMX Pe3yJIbTATIB MOJSrae y TOMY, L10:

l. ViockoHaIHUI MeTOoJ MOCTIAOBHOTO BUsiBIeHHS Tpaekropii MBITJIA
FMCW panapoM Ha OCHOBI KpuTepito Banblia y mopiBHSHHI 3 METOJOM, IO HE
BUKOPUCTOBYE BHpIIIANbHI CTaTUCTHKH BIAMITOK, 3a0e3nedye 301IbIICHHS
MMOBIpHOCTI BMSBJIEHHS TPACKTOPii Lidi Ipu XWUOHOI TPUBOTM o =102 i
a=5x10"2 10 50% i 34% i 3MEHIIEHHS YKCIIO OIIAAIB B 4 Ta 2.5 pasu BiAmoBigHO.
VIMOBipHiCTh XMOGHOTO BHSBIICHHS TPAECKTOPIl IiTi I pO3POOIEHOTO aJNTOPHTMY
MEHIIIE HIXK Ha MOPSIOK.

2. Po3poOnennit Meron — amantuBHOrO cyrnpoBopkeHHss MBITJIA 3
HMOBIPHICHOIO 1IEHTU(IKALIE€I0 JaHUX 3 BUKOPUCTAHHIM BHPIIIAIBHUX CTATUCTHK
BIJIMITOK, JTO3BOJISIE 3SMEHIIIUTH UMOBIPHICTh 3PUBY CYNPOBOJKEHHS Y MOPIBHAHHI 3
ATOPUTMAMH  CYNPOBO/DKEHHA 3  OTOTOKHEHHSM  JaHUX 32 METOAaMH
«HAMCWIIBHIIINK cycii» 1 «Haommxunii cyciay npu BCII 4 ab no 2.5 1 5.5 pa3is

BIJIMOBITHO 1 30LIBIIUTH CEpelHIi 4Yac cynpoBojukeHHS 1iml g0  18% 1 38%

BIJIMOBIHO B Jlana3oHi KMOBIPHOCTI XUOHOT TPUBOTH 102 <a <1072,

3. VYnockoHaneHuii METOJ] BUSBJIEHHS 3pUBY CYHPOBOIKEHHS TPAEKTOPIi
nini 3a kputepiem 3/4 3 HAKONMYEHHAM BHPIIIANBHOI CTATMCTUKH HAMCHIIBHIIION
BIIMITKM JO3BOJII€ TMIJBUIIUTA HMOBIPHICTHh MPABUIBHOTO BUSBIEHHS 3pUBY

CYNIPOBO/UKEHHS B 2-8 pa3iB  MNpu  MMOBIPHOCTI  XHUOHOI  TPUBOTH

2.5%x10° <0 <7.5x1072, y TOpPIBHSHHI 3 aJITOPUTMOM, KU HE BUKOPHCTOBYE
BUpIIAIbHI cTaTUCTUKU. CepenHiil 4Yac BUSBIEHHS 3pUBY TPAEKTOPil LI
3MEHIIYy€eThes B 2.4 - 3.3 pasu.

4. Po3pobnenuii anroput™M aganTUBHOTO CyNPOBOPKEHHS MaHEBPYIOUOTO
MBIUIA TpukoopaunatiumM FMCW panapom 3a0e3neuye po3mi3HaBaHHS PI3HUX
BuiB pyxy MBIIJIA 3 imoBipHOCTSIMU Buiiie 0.9, 110 no3Bossie hopmyBatu cTpodu
CYNPOBOJUKEHHSI aJI€KBATHO MOTOYHIM cutyauii. Ilpu mpsmominiiiHOMYy pycl i
3aBucanHl MBIUIA, anantuBHuii ¢inerp 3a6e3neuye CKB moxubok mporsosy i

OIHKY KoopauHaT 70 4.3 1 1.8 pasiB MeHIle, HIXK Ha JIJSTHKAX PyXy 3 MAaHEBPOM.



5. [Ipu peanizarii pagapa B HaJIBUCOKOYACTOTHOMY Jlana3oHi 4acToT 3
BUKOPHUCTAHHSIM riOpUIHO—IHTETPAJIbHUX TEXHOJIOT1H 1 MOTYKHOCTI

BuripoMiHioBanHsa | BT, 3a0e3nedyeThcsi BUSBICHHS 1 CynpoBoKeHHs 1 3 ETIP
2 : :
0.01M" pospobienumu anroputMamu 3 Bifcrani 1000 m.

6. Buxopucranus 1% o0uucioBabHOT OTYKHOCTI CHCTEMa Ha KPUCTall
(CuK) SX2800 gns peamizamii  po3poOJIEHOT0  aJanTUBHOTO — AJITOPUTMY
cynpoBo/ukeHHsT MaHeBpyrouoro MBIUJIA Tpukoopaunataum FMCW  panapom
3a0e3neuye CynpoOBOMKEHHS 2.5 TUC. TPAEKTOPIH.

KurouoBi cjioBa: Oe3ninotHu#t nmitaneHuid anapartr, BIIJIA, Tpaektopis pyxy,
pajioyioKalliiiHa CTaHIlisA, JIHIMHO-4aCTOTHA MOAYJISIISA, BUSBICHHS MOBITPSIHUX
1iJed, mopir, BTOpMHHA 0OpoOKa pajionokaiiiiHoi iHdopMallii, cToxacThyHa
MOJIETTh, CTIOCTEPEIKEHHS, OIlIHKa KOOPIWHAT, CTPOO CyNpOBOIKEHHS, adalTHBHUN

aJrOpUTM, IIEpiojIorpaMa, CTAaTUCTUYHE MOJICITIOBAHHS.



ABSTRACT

Malenchyk T. V. Methods for Detecting Trajectories and Tracking Small-Sized
UAVs with FMCW Radar Using Decision Statistics of Detections. — Qualification
Thesis as a Manuscript.

PhD thesis in the field of knowledge 17: Electronics and Telecommunications,
Specialty 172: Telecommunications and Radio Engineering. — National Technical
University of Ukraine "Igor Sikorsky Kyiv Polytechnic Institute,” Kyiv, 2025.

The aim of this work is to improve the efficiency of trajectory detection and
tracking of small-sized UAVs (SUAVSs) using FMCW radar under low signal-to-
noise ratios (SNR) by developing trajectory processing methods that utilize decision
statistics of detections without requiring significant computational resources.

The development and widespread use of SUAV technology have introduced a
new class of threats, necessitating the creation of appropriate protection systems.
One of the modern means for detecting moving targets at short distances is FMCW
radar, which provides high-precision range and radial velocity measurements,
enhanced safety due to the absence of high-power pulse radiation, and low power
consumption.

A distinguishing feature of SUAVs as radar observation targets is their
extremely low radar cross-section (RCS), which reduces detection range and
increases the number of false detections. Additionally, SUAVs can maneuver
unpredictably, necessitating the enhancement of existing algorithms for trajectory
data processing.

Traditional trajectory detection and target tracking algorithms rely solely on
coordinate information. To improve their efficiency, the use of decision statistics of
detections from the output of an optimal primary signal processing receiver has been
proposed [1-3]. However, known tracking-before-detection methods and tree-based
sequential trajectory detection methods require substantial computational resources.

The well-known pseudo-Bayesian target tracking algorithm with probabilistic data
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association, which is considered optimal in terms of quality-to-computational-cost
ratio, does not account for different types of target motion.

Therefore, an urgent scientific task is to develop trajectory detection and
adaptive tracking methods for SUAVs using FMCW radar and decision statistics of
detections to enhance trajectory processing efficiency under low SNR while
maintaining low computational costs.

Chapter 1 discusses the characteristics of SUAVS, the class of potential threats
they pose, and justifies the relevance of radar detection and tracking of SUAVS. It
analyzes the capabilities and features of FMCW radar for detecting moving targets,
evaluates the advantages and disadvantages of existing radar-based trajectory
detection, tracking, and tracking loss prevention methods, and highlights the
inefficiency of known algorithms under low SNRs. The chapter also substantiates
the use of decision statistics of detections to enhance secondary radar information
processing and formulates the research objectives.

Chapter 2 focuses on developing methods for SUAV detection and trajectory
estimation using FMCW radar. It examines the problem of detecting a harmonic
signal with unknown parameters under known noise power conditions. A signal
detection device for FMCW radar during the coherent accumulation interval is
designed based on a periodogram scheme. Probability density function distributions
of decision statistics under target presence and absence conditions are derived. A
method for estimating unknown noise power using confidence intervals is developed
and analyzed. Based on Wald’s criterion, a sequential trajectory detection method
for small UAVs using the strongest detection decision statistic within the tracking
gate is proposed and evaluated through statistical modeling.

Chapter 3 presents an adaptive SUAV tracking method with probabilistic data
association, incorporating decision statistics of detections and accounting for
different motion types. A maneuvering target motion model is introduced as a
discrete stochastic dynamic system with a random structure in range. The proposed
method is compared through statistical modeling with tracking algorithms based on

"strongest neighbor™ and "nearest neighbor" data association. Additionally, a refined
9



method for detecting tracking loss in SUAVs using FMCW radar is developed,
incorporating hypothesis testing on the distribution law of accumulated decision
statistics of the strongest detections.

Chapter 4 synthesizes an adaptive SUAV tracking algorithm with probabilistic
data association using a three-coordinate FMCW radar. The algorithm jointly
estimates target motion parameters and a switching variable characterizing its
motion type in a Cartesian coordinate system, while detection association within the
tracking gate is performed in a spherical coordinate system. Probabilistic data
association with decision statistics is applied. The effectiveness of the proposed
algorithm is analyzed through statistical modeling. The chapter also provides
recommendations for designing FMCW radar in the millimeter-wave frequency
range using hybrid-integrated technologies and evaluates the feasibility of
implementing the developed detection and tracking algorithms on a digital
processing platform.

The scientific novelty of the obtained results is as follows:

1. A novel adaptive tracking method for maneuvering SUAVs using
FMCW radar and probabilistic data association is developed. Unlike existing
methods, it jointly estimates motion parameters, recognizes different motion types,
and incorporates decision statistics of all detections within the tracking gate.

2. The sequential SUAV trajectory detection method based on Wald’s
criterion is improved by integrating the decision statistic of the strongest detection
within the tracking gate into the likelihood ratio computation.

3. A refined method for detecting tracking loss of SUAVs using FMCW
radar is introduced, incorporating hypothesis testing on the accumulated decision
statistics of the strongest detections against an alternative hypothesis with a
predefined significance level.

4. An improved SUAV detection method under unknown noise power
conditions is developed, where the maximum likelihood noise power estimate is

obtained from a training sample derived from the range-Doppler profile. The sample
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size is determined based on the false alarm probability and the confidence
probability of remaining within the confidence interval.

The practical significance of the obtained results is that:

1. The improved sequential trajectory detection method for SUAVs using
FMCW radar and Wald’s criterion increases trajectory detection probability by up
to 50% and 34% while reducing the number of scans by 4 and 2.5 times, respectively,
compared to methods that do not utilize decision statistics. The false trajectory
detection probability of the proposed algorithm is an order of magnitude lower.

2. The developed adaptive SUAV tracking method with probabilistic data
association reduces the probability of tracking loss by 2.5 and 5.5 times compared
to "strongest neighbor" and "nearest neighbor" algorithms at an SNR of 4 dB and
increases the average tracking duration by 18% and 38%, respectively.

3. The improved tracking loss detection method, based on accumulating
decision statistics of the strongest detections, increases the correct tracking loss
detection probability by 2-8 times while reducing the average trajectory loss
detection time by 2.4-3.3 times compared to algorithms that do not utilize decision
statistics.

4.  The proposed adaptive SUAV tracking algorithm for three-coordinate
FMCW radar achieves motion type recognition probabilities above 0.9, allowing
tracking gates to be dynamically adjusted. The adaptive filter reduces position
estimation errors by factors of 4.3 and 1.8 for straight-line motion and hovering,
respectively, compared to maneuvering segments.

5.  Withan FMCW radar operating in the millimeter-wave frequency range
using hybrid-integrated technologies and 1 W transmission power, the proposed
algorithms enable target detection and tracking at a range of 1000 meters for an
SUAV with a given RCS.

6. The developed adaptive tracking algorithm, implemented on an
SX2800 SoC utilizing only 1% of its computational power, supports the
simultaneous tracking of 2500 trajectories.
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Keywords: unmanned aerial vehicle, UAV, movement trajectory, radar station,
linear-frequency modulation, air target detection, threshold, secondary processing of
radar information, stochastic model, observation, coordinate estimation, tracking
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[TEPEJIIK YMOBHUX ITO3HAYEHb

AIIIT — ananaroBo 1udpoBHil mepeTBOPrOBAY
BITJIA — Ge3ninoTHUH JiTadbHUN armapar

BCII — BiHOIIEHHS CUTHAJ IIyM

JII® — nuckpetrHe neperBopeHHs Dyp’e

EOM — enekTpoHHO 00YMCITIOBaJIbHA MaIIHA
EITP — edekTrBHA 10112 PO3CIFOBAHHS

JIYM — niH1MHO YaCTOTHA MOJYJISLIIS

MBIUIA — manopo3MipHuit 6€3MiJI0THUIM JTiTaTLHUN anapar
O3II — oneparuBHMIA 3aamM'ITOBYIOUU I PUCTPIN
OPI — 006poOka paaionokariiHoi iHpopmarii

PJIC — panionokariifHa CTaHIIs

CK — cucreMa koopauHaT

CKB — cepenne kBagpaTUYHE BIIXUJICHHS

CHK — cucrema Ha kpucrai

LIAIT — mudpo aHamoroBuit mepeTBOPrOBaY

FMCW — Frequency Modulated Continuous Wave
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BCTYII

AKTyaJibHicTh po0oTH. Po3BuTOoK TexHosorii moOymoBu MBIIIA, ix
JOCTYITHICTh 1 MACOBE BUKOPUCTAHHS, IIPU3BEIH JI0 TTOSIBU HOBOTO KJIacy 3arpo3, o
BUMarae po3poOKH BIAMOBIIHUX cucTeM MpoTuaii. KirouoBe Mmiciie y ckiiajii Takux
cuctem 3aiimMaroth PJIC. TlopiBHSHO 3 ONTHKO-€IEKTPOHHUMH, aKyCTUIHUMHU a00
3acobamu pamiorexHiuHoi po3Biaku, PJIC 3aGesnedyioTs OiIblly  JambHICThH
BUSIBJICHHSI Ta TOYHICTh BUJaul KOOPAMHAT 11111 32 p13HUX yMOB. Cy4acHUM 3ac000M
BUSIBJICHHS PyXOMUX LilJie Ha Manux BiacTaHsax € FMCW panap, sikuit 3a0e3neuye:
BHCOKOTOYHE BHUMIPIOBAHHS JAlbHOCTI, a TaKOX PaJliaJibHO1 MIBUAKOCTI, Kpally
Oe3neKy uyepe3 BIJACYTHICTh IMITYJIbCHOTO BUIIPOMIHIOBAHHS 3  BEJIHMKOIO
MOTY)KHICTIO; HU3bKE €HEPTOCIIOKNBAHHS.

Oco6nuBicTio MBIUIA sk 00'€kTiB pagiofoKaIliiHOTO CHOCTEPEKEHHS €
eKCTpeMalbHO HU3bKi 3HadeHHs EITP mopsaky 0,01...0,5 M%, mo 3MeHmye
nanpHICTh oro BusiBjieHHSA. Kpim Toro, MBIUJIA MoxyTh pyxaruch 3 pi3HUMHU
BUJIaMU MaHEBpY, sKi arpiopi HeBimomi. Ile oOymoBItO€ HEOOXITHICTH PO3POOKHU
aJIaNTUBHOTO AJITOPUTMIYHOTO 3a0e3MedyeHHs Uil BUPIMICHHS 3aj1adl 0OpoOKH
TpaekTopHOi iHpopmailii 3a qanumu FMCW panapa.

HanpsiMkom 30171b1I€HHS] KUMOBIPHOCTI MPABUJIBHOTO BUSIBJICHHS LU, IKUW HE
BHUMara€e BHECEHHS 3MiH B KOHCTPYKIIIIO pajapa, € 3SHUKCHHS 1TOpora BUSBICHHSI, 1110
OJTHAK MPU3BOJIUTH JI0 3pOCTAHHS HMOBIPHOCTI XUOHOI TPUBOTH 1 CYIPOBOIKYETHCS
MMOSBOIO 3HAYHOI KIJIBKOCTI XMOHUX BIIMITOK.

VY TpaguiiiHux anropuTMax BUSBICHHS TPAEKTOPIi 1 3pUBY CyNPOBOIKEHHS
111711 BUKOPUCTOBYETHCS TUTHKU KOOpAWHATHA 1H(OpMAaIIis 1 BOHU € Hee(hEeKTUBHIUMHU
IpU 3HAYHIN KUIBKICTh XMOHMX BIAMITOK. BigoMi MeTomu CynmpOBOKEHHS 10
BHUSBJICHHS Ta JCPEBOBHIHI ITOCIIJIOBHI METOIM BHUSBICHHS TPA€EKTOPii LI 3a
PO3IISTHYTHX YMOB BUMAararOTh BEIMKUX OOYHCITIOBAIBHUX BUTPAT.

OnTumanbHl  aIrOPUTMH  CYNPOBOMKEHHS I, 110 Oa3yroThCcsl Ha

OaifeciBChKOMY 1 HEOaleCIBChKOMY MIAXOAaX MalOTh JIEPEBOBUIHUN XapaKTep, 110

19



NPU3BOAUTH [0 BEJIIMYE3HHX OOYMCIIIOBAIBHUX BHUTpPAT MPU 3HAYHIN KIJIBKOCTI
XUOHMX BIAMITOK, 10 BHMara€e CHHTE3y KBa3lONTHUMAJIbHUX aJTOPUTMIB.
KBazionTuManbHUN TCEBIOOANECIBCHKHI  aJTOPUTM CYMPOBOKCHHS LT 3
WMOBIpHICHUM 00'€THAHHSM JAHUX € HaWKpaIuM I0JI0 CITIBBIHOIIEHHS SKOCTI 1
OOYMCITIOBAIBHMX BUTpPaT 1 OTPUMaB INMHPOKE 3aCTOCYBaHHS B CHCTEMax
TPAEKTOPHOTO CYNPOBOKEHHS TIPU HASBHOCTI  3aBaf.. AJjie K HEIOTIKOM
aNropuTMy CyIpoBOKeHHS 11111 PDA € Te, 1m0 BiH He BpaxoBye Pi3HI TUIH PyXy
LT,

ToMmy axTyalbHOIO HayKo8oiw 3adauerd € PO3poOKa METOIIB BUSBICHHS
TpaekTopli 1 amantuBHOro cynpoBomkeHHs MBIIJIA FMCW  panpapom 3
BUKOPUCTAHHSM BUPIIIATBHUX CTATUCTUK BIIMITOK, J1JIs M1ABUILCHHS €(EKTUBHOCTI
TpaekTopHoi 00poOku mipu Mamux BCII, ski He BHUMaramTh 3HAYHHUX
OOYHCITIOBAIbBHUX BUTPAT.

3B's130k pPo0OTH 3 HAYKOBHMH MNpOrpaMaMiu, IUIaHAMH, TeMaMHM.
JocnixenHs: 7aHoi poOOTH TPOBOIMWIMCH 3T1IHO 3 MJIaHAMU HAyKOBO-JOCIITHUX
poOiT  kadenpu  paglOTEXHIYHUX CHCTEM  PAAIOTEXHIYHOrO  (aKyJIbTeTy
HartionanpHOT0 TEXHIYHOTO YHIBEpCHTETY YKpaiHu «KuUiBCHKHMI TONITEXHIYHUI
1HCTUTYT 1MeHl Iropst CikopchKkoro» B paMkax AepOro/pkeTHoi Temu: Ne 2317n
«IIporpaMHUii KOMIUJIEKC MOJIETIOBaHHS MpPOILECIB  OOpPOOKH  TpPAaEKTOPHOI
iHopmallli B CHUCTEMI 3aXUCTy BiJ MaJOPO3MIPHHX OE3MIJIOTHUX JITAIBHUX
anapatiB» (HoMep aepkaBHOI peectpaiii — 0120U0102321).

MeTta Ta 3aBAAHHA JOCTIIKeHHS. METO MOCHIHKEHHS € IIABUIICHHS
e(eKTUBHOCTI BUSABIICHHS TpaekTopii 1 cynmpoBomkennss MBITJIA FMCW pagapom
npu manux BCII, nuisixom po3poOKM METOAIB TPAEKTOPHOI OOpOOKH, 10
BUKOPHCTOBYIOTh BUPIIIAJIBbHI CTATUCTUKH BIAMITOK 1 HE BUMArarOTh 3HAYHHX
O0YMCITIOBAIbBHUX BUTPAT.

VY BIAMOBITHOCTI 10 METH, OCHOBHUMHU 3aBJIaHHSIMU POOOTH €:

1. [IpoanamizyBatu  METOAM  PAJIONOKAIlIHHOTO  BUSBIEHHSA 1

CYNPOBOKEHHS TPAEKTOPIT 1111 TPU HASIBHOCT1 XMOHUX BIJMITOK.
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2. Bnockonanutu wmeron BusinieHHss MBIIJIA FMCW panapom mnpu
HEB1JIOMiM OTY>KHOCTI IITyMY.

3. BaockoHanut MeToJ MOCIHiJOBHOTO BHsiBIEHHS TpaekTopii MBIIJIA
FMCW pagapom Ha OCHOBI KpuTepito Banpga, NHUIIXOM BHKOPUCTaHHSIM
BUPIIIATBEHOI CTATUCTUKU HAWCUIIBHIIIO! BIAMITKH B CTPOO1 CypPOBOIKEHHS.

4. Po3poOuti MeToj amanTUBHOTO CYMPOBO/KEHHS MAaHEBPYIOYOTO
MBITJIA 3 fiMOBipHICHOIO ieHTHU(DIKAIIIE€I0 JAaHUX 3 BUKOPUCTAHHSIM BUPIIIAIBHUX
CTaTUCTHK BIIMITOK

5. BrnockoHanuT MeTON BUSIBICHHS 3pUBY CYNPOBOJKEHHSI TPAEKTOPIi
MBIIJIA 3a kpurepiem [/n 3 HAKOMHYEHHSM BHPIIMIAIbHUX CTATUCTHUK
HAWCHJIBHIIINX BIAMITOK.

6. Ominutd  edeKTUBHICTh  OTPUMAHUX  QITOPUTMIB  IUISIXOM
CTaTUCTUYHOTO MOJIEOBaHHS Ha EOM.

7. Po3pobutn pexomenpamii mono mnodynou FMCW panmapa B
HAJIBUCOKOYACTOTHOMY  J1ala30Hl  pajioXBWJIb Ta TMPaKTHYHOI  peamizamii

PO3pOOTIECHUX aITOPUTMIB.

O0’e€kTOM JTOCITIIKEHHS € BUSIBICHHS TPAEKTOPii 1 cynpoBokeHHs: MBITJIA
FMCW panapom.

IIpeameToM JOCIHIIKEHHSI € METOAM BUSIBJICHHS TPAEKTOPIi 1 CyHPOBOIKEHHS
MaJOpO3MIPHOI WLIJi 3 BUKOPUCTAHHSM BHUPIMIAJBHUX CTATUCTUK BIIAMITOK TMpHU
HAsSIBHOCT1 XUOHUX BIJIMITOK.

Metoau nociigzkeHHsi. Y poOOTI BUKOPUCTOBYBAJIMCh MATEMAaTUYHUI anapar
Teopii MMOBIPHOCTEH Ta MareMaTHYHOI CTAaTUCTHKH, MapKIBCHKHX BHITQJIKOBUX
MPOIIECIB, METOIU CTATUCTUYHOI TEOpii MPUUHATTSA PIIIEHb, ONTHUMAIbHOI Ta
afanTuBHOI  (PiNbTpalii BUIAJKOBUX IMPOIECIB, CTATUCTHUYHE (IMITallliHE)
monemtoBanHs Ha EOM, a Takok TEOpETUYHI OCHOBH PaIi0I0KaIlii Ta TPAEKTOPHOT
00poOKHU pajionoKaliiHoi iHpopMmalrii.

HaykoBa HOBH3Ha 0TpMMaHHUX pe3yJbTaTiB. HaykoBa HOBH3HA OepKaHUX

pe3yJIbTaTIB MOJISATAE Y HACTYITHOMY:
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1. Po3pobieHo MeToa aganTUBHOTO CYNPOBOIKEHHS MaHeBpyrouoro MBITJTA
FMCW panapoM 3 UMOBIpPHICHOIO 1IcHTU(DIKAIIIE€I0 JaHUX, B IKOMY Ha BIIMIHY BiJl
BITOMUX BiZOyBa€ThCS CIUJIbHE OLIHIOBAHHS MapaMETPiB 1 PO3Mi3HABAHHS PI3HUX
BUJIIB MOTO PYXYy 1 BPaXxOBYIOTHCSI B SIKOCTI BUMIPIOBaHb BUPIIIAIbHI CTaTUCTUKU
BCIX BIIMITOK B CTP0Oi CyIPOBOIKEHHSI.

2. VYIocKkOHaJIeHO METOJ TMOCTIAOBHOTO BHsBICHHA TpaekTopii MBIIIA
FMCW panapom Ha OCHOBI KpuTepito Banpja, HUISIXOM BHKOPUCTaHHSIM TMpU
PO3paxyHKy YaCTKOBOTO BIHOIIEHHS MPaBIOTOAIOHOCTI BUPIMIATBHOI CTaTUCTUKA
HaWCHJIBHIIIOL BIIMITKH B CTPOO1 CYIIPOBOIKCHHS.

3. YnockoHalleHO METOJ BUSIBIEHHS 3puBY cynpoBoxeHHs MBITJIA FMCW
pamapoM Ha ocCHOBI kputepiro |/N, mumgxom mogarkoBoi IepeBipka OCHOBHOI
rinoTe3u W00 3aKOHY pO3MOJAUTY HAKONMHYEHUX BHUPIMIATIBHUX CTaTHCTHK
HalCWJIBHIIIMX BIAMITOK, OTPHUMaHUX B CTPOOAaX CYNPOBOKEHHS, HPOTH
aNbTEPHATUBHY 13 3aIaHUM PIBHEM 3HAUYIIOCTI.

4. Ynockonaneno meron BusiiieHHst MBITJIA FMCW panapom ripu HEBiIoMiit
MOTYXHOCT1 IIIyMYy, B SIKOMY B SIKOCTI MaKCHUMAaJbHO IPaBIOMNOI0HOI OIlIHKH
MOTY)KHOCT1 IIIyMY BHKOPHUCTOBYETHCS CEpEIHE 3HAYCHHS HaBUaOuOi BUOIPKH,
OTPUMAHO1 3 JAJIEKOMIPHO-JOMIEPIBCHKOTO MOPTPETY, 00’ €M SIKOT BU3HAYAETHCA 3
BUKOPHCTaHHSM 33/1aHOi KMOBIPHOCTI XMOHOT TPUBOTH 1 AOBIpYOi MMOBIPHOCTI ii
BUXOJY 32 MEX1 JOBIPUOTO 1HTEPBAITY.

IIpakTH4YHe 3HAYCHHS OIePKAHUX Pe3yJIbTATIB MOJATAE Y TOMY, LIO:

1. VocKoHaMHUI MeTOoJ MOCTIA0OBHOTO BUsiBICHHS TpaekTopii MBITJIA
FMCW panapoMm Ha ocHOBI kputepito Banbaa y mopiBHSHHI 3 METOIOM, IO HE
BUKOPHCTOBYE BUPIIIAJIbHI CTaTUCTUKU BIJMITOK, 3abe3nedye 301IbIICHHS
/IMOBIPHOCTI BHSBICHHS TpaeKkTOpii wim npu xubHOI TpuBorm o =102 i
a =5%x10"2 10 50% i 34% i 3MEHIIEHHS YKCIIO OMISIB B 4 T2 2.5 pasu BiATIOBITHO.
VIMOBipHiCTh XMGHOTO BHSBIICHHS TPAECKTOPIl IiTi [T pO3POGIEHOTO AJITOPHTMY

MEHIIIC HI’K Ha MOPSJIOK.
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2. Po3pobnenuit meton — amanTtuBHOTO cynpoBomkeHHs MBIIJIA 3
HMOBIPHICHOIO 11€HTHU(]IKAIIIE€I0 TAaHUX 3 BUKOPUCTAHHSIM BUPIIIAIBHUX CTaTUCTUK
BIIMITOK JI03BOJISIE 3MEHIIUTH WMOBIPHICTh 3pUBY CYNPOBOXKEHHS Y TIOPIBHAHHI 3
QITOPUTMAMHM  CYNPOBODKEHHS 3  OTOTOXKHEHHSIM  JTaHUX 32  METOJaMH
«HAWUCWIIBHIIMNN CycCimy 1 «HanOmmkuuit cyciay: npu BCII 4 ab no 2.5 1 5.5 pa3sis
BIJIMOBITHO 1 30LIBIMUTH CEpenHii 4dac cympoBoukeHHS 1l g0 18% 1 38%
BIJIMTOBITHO, B JI1alTa30H1 IMOBIPHOCTI XUOHOI TPUBOTH 103 < <1072,

3. VYnockoHaneHuil MeToJ] BUSIBICHHS 3PUBY CYIPOBOIXKEHHS TPAEKTOPIT
1111 32 KpuTepiem 3/4 3 HAKONMWYEHHSM BHPIIAIBHOI CTATUCTUKU HAMCHIIBHIIIOL
BIIMITKM JIO3BOJISIE TIJABUIIUTH MWMOBIPHICTh IPABUJIBHOTO BHSBICHHS 3pUBY

CYNIPOBOJUKEHHSI B 2—8 pa3iB  mnOpu  HMOBIPHOCTI  XHOHOI  TPHUBOTH

2.5x10°% <0 <7.5x107 , Y TIOPIBHSIHHI 3 QJITOPUTMOM, SIKMM HE BHUKOPHUCTOBYE
BUpiIaNbHI craTucTuku. CepenHiii 4Yac BUSBIEHHS 3pUBY TPAEKTOPIl L1
3MEHIIyeThes B 2.4 - 3.3 pasm.

4. Po3po0nennii anropuT™ aganTUBHOTO CYNPOBOIKEHHSI MAaHEBPYIOUOTO
MBIUIA Tpukoopaunataum FMCW panapom 3a0esriedye po3mi3HaBaHHS PI3HUX
BuJB pyXy MBIUIA 3 imoBipHOCTSIME Bulie 0.9, 110 103BosiE GopMyBaTH CTPOOU
CYNPOBOJUKEHHSI aJI€KBATHO MOTOYHIN cuTyauii. IIpu mpsmomiHiiiHOMY pycl i
3aBucanHl MBIUIA, anmantuBHuii ¢insTp 3a6e3neuye CKB moxubok mporHosy i
OIiHKM KoopauHar 110 4.3 1 1.8 pa3iB MeHIlle, HiXK Ha IUITHKaX PyXy 3 MAaHEBPOM.

3. [Tpu peamizarii pagapa B HaJBUCOKOYACTOTHOMY Jiama3oHl 4acToT 3
BUKOPUCTAHHAM riOpUIHO—IHTETPAITBHUX TEXHOJIOT1! 1 MOTY>KHOCTI

BUNPOMiHIOBaHHS 1 BT, 3a0e3neuyerbcsi BUSBIEHHS 1 CyNpoBOKeHHs i 3 EITP
2 : :
0.01M" po3spobienumu anroputMamu 3 ifcrasi 1000 m.

6. Buxopuctanus 1% o6GuucmroBanbHoi notykHocti CHK SX2800 ms
peasizaiiii po3po0JICHOTO aIaTUBHOTO AITOPUTMY CYITPOBOKEHHSI MAHEBPYIOYOTO
MBIIA Tpukoopaunataum FMCW panapom 3abe3riedye cynpoBOKEHHS 2.5 THC.

TPAEKTOPIH.

23



OcoOucTHii BHeCOK 3100yBaya. YCi OCHOBHI pe3yJIbTaTH JUCEPTaLIHOTO
JOCHIJIPKEHHS, TMPEACTABICHI /0 3aXHCTy, OJEp>KaHi aBTOPOM 0coOucTo. VY
nyOmiKaIisx y CIiBaBTOPCTBI, 3700yBavyeBl HaleKaTh Taki pe3yibTaTH: B [4]
PO3p0o0JIEHO METO/] aIANTUBHOTO CyNpPOBOIXKEeHHSI MaHeBpytouoro MBITJIA FMCW
pamapoM 3 WMOBIpHICHOIO 1eHTH(IKAIIEI0 JaHUX Ta MPOBEACHO HOTO aHami3
IUIIXOM CTAaTUCTHUYHOTO MOJIETIOBAHHS; B [5] yIOCKOHaJIE€HO METOJ BHSBICHHS
MBIUIA FMCW pamapom npu HEBIOMIM MOTYXKHOCTI IIIyMy, B SIKOMY B SIKOCTI
MaKCUMAaJIbHO MPABIOMOAIOHOT OIIHKK MOTYXHOCTI IIyMY BHUKOPHCTOBYETHCS
CepeHE 3HAYCHHs HaBYal04uoi BUOIPKH, OTPUMAHO] 3 JaJIEKOMIPHO-IOTIIEPIBCHKOTO
HopTpeTy; B [6] YIOCKOHaNE€HO METOJ| MOCIIJOBHOIO BHUSBIEHHS TPAEKTOPIi
MBIIUIA FMCW panapoMm Ha OCHOBI KpUTepio Banbaa, NUISIXOM BUKOPUCTaHHSIM
IpyU  PO3PaxXyHKy YACTKOBOTO BIJHOIIEHHS TMPABIONOAIOHOCTI BUPIMIAIBHOT
CTaTHUCTHKM HANCHIBHIIIOI BIAMITKH B CTPOOl CYIPOBOKEHHS; B [7] MPOBEIECHO
aHajl3 aJIrOpuTMIB BHUSBICHHS Ta CYIPOBOM)KEHHS TOYKOBUX OO’€KTIB Yy
BIJICOTIOTOLI].

Amnpobanisa pe3yiabrariB aucepraunii. Pe3yabratd Ta OCHOBHI IOJIOKEHHS
poOOTH MOAABANKCS Ta OOTOBOPIOBAIKCS HAa TAKUX KOH(EpPEHIIIsX:

- MixkHapoiHa HaykoBO-TexHIYHa KoHbepeHIis «PamioTexniuni mpoOiemu,
curHaiu, anaparu ta cucteMu» (2021), m. Kuis, Ykpaina [8-9];

-XV  MixnaponHa  HaykoBo-TexHIYHa  KoH(pepenuis "llepcnextuBu
tenekomyHikamiit 202 1», M. Kui, Ykpaina [10];

-2022 16th International Conference on Advanced Trends in Radioelectronics,
Telecommunications and Computer Engineering, (1onoBiab Ha L1 KOHpepeHI
MPOIHJIEKCOBaHA B HAYyKOMETpHUHii 6a3i Scopus) [11];

- MixkHapoiHa HaykoBO-TexHIYHa KOoHGepeHiis «PamioTexHiuHi mpoOiemu,
CUTHaJH, anaparu Ta cucteMu» (2022), m. Kui, Ykpaina [12];

-XVII Mixnapogna HaykoBo-TexHIYHa koH(epeniis "llepcnextuBu
TenexkoMyHikamiit 2023», m. Kuis, Ykpaina [13];

- MixkHapoiHa HayKoBO-TexHIYHa KOoHGepeHiis «PamioTexHiuHi mpoOiemu,

curHaju, anaparu ta cucteMu» (2023), m. Kui, Ykpaina [14];
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- MixkHaponHa HayKoBO-TexHIYHAa KoH(pepeHuis «CyyacHl mnpoOiemMu B
pasioeaeKTPOHIIll, TEIEKOMYHIKAIlISX PUCBAUCHA 85-piudro Kadeapu TeopeTHuIHOT
panioTexHiku Ta pagioBumiproBanb 2024», M. JIbBiB, Ykpaina [15].

-«XVIII MixnapogHa HaykoBO-TeXHIYHa KoHpepeHmis "llepcnekTuBu
TenekomyHikaiiit 2024», M. Kuis, Ykpaina [16];

- MickHapoaHa HayKOBO-TexHIYHAa KoH(epeHiis «PamioTexHiyHl mpoOieMu,
curHaiu, anaparu ta cucteMun» (2024), m. Kuis, Ykpaina [17];

ITyonikamii. 3a pe3ynbrataMu 10CTIIKEHb OIyOIikoBaHO 14 HayKOBUX POOIT,
B TOMY 4HCI 4 CTaTTl y HayKOBUX (paxoBUX BUJAHHAX YKpaiHH, 30kpeMa | cTtarts
OITyOJIIKOBaHA y BUJIaHHI, 1[0 BKJIFOUEHO JI0 CIUCKY MIXXHAPOAHOI HAYKOMETPUYHOI
0a3u Scopus, 2 cTarTi OmyOJiKOBAaHO Y BHJAAHHI, IO BKIIOYEHO JI0 CIHUCKY
MDKHapOJHOI HayKoMeTpu4Hoi 6a3u Web of Science.

Crpyktypa Ta 00car aucepranii. /lucepraniitHa poOoTa CKJIamaeThecs 13
BCTYIY, YOTHUPBHOX PO3/LIIB, BUCHOBKIB, CIUCKY BHUKOpUCTaHUX kepen 13 80
HallMEeHyBaHb. 3arajbHUi 00ciIr poOoTu ckmanae 176 cTopiHOK, 3 Akux 167
CTOPIHOK OCHOBHOT'O TEKCTY Ta 9 CTOPIHOK BUKOPUCTAHUX Jkepei. PoboTa MicTUTh

51 pucynka, 10 TaGnuiib.
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PO3/ILI 1 AKTYAJIBHICTB 3AJIAYI BUSIBJIEHHSI TPAEKTOPII 1
CYIPOBO/KEHHS MBILIA FMCW PAJTAPOM TA AHAJII3
ICHYIOUUX METO/IB il BUPIILIEHHSI

1.1 AkTyajabHicTh 3a1a4i pagioioKkamiiHOTr0 BUSIBJIEHHS Ta

cynposogxkednuss MBILJIA

OcTaHHIM YacoM CTPIMKHI PO3BUTOK OTpUMYy€E Oe3mioTHa aBiais. Po3poOka
OC3MUIOTHUX aBlallifHUX KOMIUIEKCIB Ha oCHOBI BIIJIA mpoBOAMTHCS MPaKTUYHO
BCIMa 1HIYCTplalbHO PO3BUHEHUMH KpaiHaMmH CBITYy. 3a Cy4YaCHUM BHU3HAUCHHSM,
BIUJIA € anapat, skuii 3HaXOAUTHCA i MOCTIMHUM AUCTAHUIMHUM KOHTPOJIEM
niyoTa abo rpymnu mijgotis [18].

Crepmry BITJIA BUKOPHCTOBYBaJIMCS BUKIIOYHO y BOEHHHX Isax [19-22].
[TosiBa mepmoro napony Phantom Big xommnanii Da-Jiang Innovations Science and
Technology Co.Ltd y 2013 Bu3Haumia peBONIONINMHI 3MIHH y PO3BHUTKY i€l
TexHoorii [23].

BIJIA moainsitoThesl 3a TaKUMU TapaMeTpamu, SIK Bara, 4ac, JajdbHICTh Ta
BHCOTa MomboTy [21, 24]. Ix knacugixayia nasenena na puc.1.2. BignmosigHo 10
HaBeaeHoi knacudikarii, BIIJIA nmoainsroThest Ha AB1 OCHOBHI TPYIIH:

eMbBIUIA - Maca IKuX CTaHOBUTb BiJ IeK1IbKOX rpaMiB 110 S0 kr (puc.1.1), o
BIJIHOCATBCA JI0 MAacoBOr0 BHUPOOHHMILTBA (BIAMOBIIHO BUKOPUCTAHHS) 1 HU3BKY
BPa3JIMBICTh JI0 ICHYIOUHX 3aC001B OOPOTHOU 3 IOBITPSIHUMHU IUISIMHU;

obIIJTA - maca skux Big S50 Kr 1 BuIlle, IO MalOTh BEJIUKY BapTICTh
BUPOOHMIITBA 1 BPA3JIUBICTh HA PIBHI 3 JIITAKaMH JI0 ICHYIOUHX 3ac001B OOpPOTHOU 3
HUMU.

PosrisayTi kmacu BITJIA BUKOPUCTOBYIOTH pi3HI TEXHOJIOTII Ta MalOTh Pi3HI
MO>KJIMBOCTI, aJié B paMKax AaHoi poOOTH OCHOBHa yBara npuauisierbcsi MBITJIA.
Ha puc.1.2 naBeaeno kareropii MBIIJIA 3aiexHO BiJ MaKCHMaIbHOT 3JIITHOI Baru

1 OCHOBHUX XapaKTEPUCTHK, BIACTUBHX YCiM TumaMm miatdopm [21, 24].
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Pucynok 1.1 — BIIJIA potopHOTro THIly

Bnacniiok 3MeHIIEHHS Macora0apUTHUX XapaKTEPUCTHK HaBIramiiHoro i
OTITHUKO-EIEKTPOHHUX MPHUIIAJIiB, BEJIMKA KUTBKICTh 3aBaHb BHpimryeThcst MBITJIA
3]IITHOI0O Macow N0 5 Kr (Ki1ac «Mikpo» (W) BIAMOBIAHO A0 MIXKHAPOMHOI
kinacudikamii UVS International). MBITJIA 1mporo kiacy maroTh Taki XapakTepHi
pucu: manpHICTH Ail 70 10 KM, MakcMMaibHa 3JIITHA Maca 0 5 Kr, IMEepeBaKHA
oinprmicte MBIIJIA nmanoro kmacy He MiJHIMAeThCs OLIBIT HiK Ha 150 M Hajg

3emitero [21].

Kaacu BILTA

(MKpO» — Macoro 10 10 Kr, gacoM
| IOTIBOTY OMH3BKO 1 TOIHHH 1
BHCOTOIO IOIBOTY 0 1 KLIOMeTpY:

«Mi1HD - Macoro 0 50 Kr, yacoM
|| OABOTY JeKLIbKa TOTHH 1 BHCOTOIO
10 3-5 KUIOMeTpIB;

cepeaHi («Mia») - 7o 1000 Kr, gacom
—1 10-12 roamuH 1 BHCOTOO 10 9-10
KLIOMETpIE;

B&KKI - 3 BHCOTAMH IOIBOTY 10 20
KLIOMETpIB 1 9acOM IOIBOTY 24
TOJIHHH 1 OLTBIIe.

Pucynok 1.2 - Knacudikamis BITJIA
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OcHoBHuMH aprymeHTamu nomupenHss MBITJIA kmacy (() € Mana BapTicTh,
BHCOKa MOOUIBHICTB 1 3/IaTHICTH JI0 Mepeiaul MEAIaKOHTEHTY B PEKUMI PEaIbHOTO
yacy. Bucoka MoO1IbHICTE 3a0€3MeUy€eThCsl MAIMMU T€OMETPUIHUMHU PO3MIpamMH 1
Macorlo, 1o ao3Bossie TpancnoptyBatd MBIIJIA no micus 3amycky B HEBEIMKHUX
TPAaHCIIOPTHUX KOHTEHHEpaxX 1 BUKOHYBATH IIBUAKWAN CTApPT MPOTATOM ACCATH —
JBAJIIATH 'ATH XBWIHH micis 300py BIIJIA B mboTHY KOHbITYpaIlito.

V BilicekoBiil cepi BIIJIA npuszHadeH1 1y BUPIIEHHS ITUPOKOTO CIIEKTpa
3aBnanb [21, 25]: cioctepekeHHs (PO3BIIKH ), HAHECEHHS YAapiB, TPAHCTIOPTYBAHHS
BAaHTaXIB, [IIJIEBKA31BKU 1HITUM 3ac00aM ypaX€HHs, peTPaHCIIAIIT JaHUX 1 T. 1. IPU
iX JUCTaHIIWHOMY YIpaBJiHHI OmepatopoM, ad0 NUIAXOM aBTOHOMHHUX i 3a
3a3/1aJeriIb 3aKJIaJeHOI0 MTPOrPaMoIo.

VY 6unbmocTi Bunaakie MBITJIA BupirytoTh Taki OCHOBHI 3aB/IaHHS :

® BEJCHHS CIIOCTEPEKEHHA 1 PO3BIAKM, B TOMY YHCIl 1 B PEXHUMI
pEaNbHOTO Yacy;

® HAHECEHHS yJapiB MO HAa3eMHUM/HAJBOJHUM IIIJISIM, CAMOCTIHHO a00
HOCITHUMU 3ac00aMH ypaKeHHS;

® [I0CTAaHOBKA PaJI0CICKTPOHHUX TEPEIIKO/;

® I[UICBKA31BKH ISl 1HITUX 3aC001B YpakKeHHsI, a TAKOK KOPUTYBaHHS 1X
3aCTOCYBaHHS;

® TPaHCIOPTYBAHHS 1 IOCTaBKa BaHTaXIB 1 3aC001B B 3a/IaHU paiioH;

® PETPAHCIIAIIS JaHUX MK BiJJaICHUMH a0OHEHTaMH MEPEXK 3B'SI3KY;

® BIJBOJIKAHHA YyBard ab00 BHUKOPHUCTAaHHS 1X B SKOCTI XUOHHUX
MOBITPSTHUX IIUJICH.

Takox TexHonorii MBIIJIA Bce wuyacriie 3HaXOASATh 3aCTOCYBaHHS Y
IIUBUIBHUX Taly3sx, a came [21,25-27]:

® aBTOHOMHE CITOCTEPEKEHHS Ta MOHITOPHHT;

®aBTOMATH30BaHUH 30ip TaHMX, TIOB'I3aHUX 3 MEpPEkKaMH 3B'I3KY;

® aBapIHO-PATYBAIBbHI OIepartii;

® MOHITOPHHT HAJ3BHYAWHUX CUTYAaIIil;
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®[IONTYK TOCTPAKITATAX
®JOCTaBKa BaHTAXYy;

® TUCTAHLIIMHUNA KOHTPOJIb KPUTUYHOI iIHQPACTPYKTYPH;

e1aTPYJIIOBAHHS CYyXOMYTHUX 1 MOPCHKUX KOPJIOHIB;

®e0JIOrOpPO3BIJIKa;

e1rdpoBa kaprorpadis;

®0XOpOHA 00'€KTIB 1 paliOHIB;

®BUSBJICHHS 3aMacKOBAaHUX 00’ €KTIB 1 CIIOCTEPEIKCHHS 3a 1X JISIMH;

® OTJISATy MICIIEBOCTI Ta CIIOCTEPEKEHHS 32 00OCTAHOBKOIO Ha Hil.

MBIIJIA  MOXyTh NpPOHHMKAaTH y HEIOCTYNHI Ta HeOe3Ne4Hl 30HH,
JOCITIJIKYBATH BaKKOJOCTYMHI MICIISl. 30UIBIIYETHCS JAJBHICTh Ta Yac iX poOOTH.
OpHoyacHO 3 1MM, 3HaHHA Ta BMIHHA Uil KepyBaHHS MBIIJIA HeBNMHHO
3MEHIIYIOTBCS, Yepe3 MOCTiiHE BAOCKOHAICHHS iXHIX CHCTEM KEpPYBaHHS.

Posutok TexHosoriii moOyaosu MBIIJIA Ta ix mommpeHHs MPU3BENH 0
TOSIBM HOBOTO Kjacy 3arpo3 [21, 28-33], (puc.1.3). IlepeaymoBoi0 ais IIbOro €
MIHIQTIOpU3aIlis 1 37CHICBICHHS CICKTPOHHUX KOMIIOHEHTIB, TaKHX SK
MIKpPOIPOIIECOPH, CEHCOPH, EIEMEHTH JKUBJICHHS, CHCTEMHU O€3MPOBITHOTO 3B'A3KY
Ta HapiramiitHi cuctemu. Komepuiiinuii punok BITJIA BinkpuBae mUpOKUNA JOCTYIT
JI0 JTAaHOT TEXHOJIOTIl HJii TPHUBATHUX CIIOXKUBAYIB, YPAMOBUX 1 HEYpPSJIOBHUX
Oprasizaiiif, 3J€MEBIIOE€ X BHPOOHUITBO MPH OJHOYACHOMY PO3UIMPEHHI
MO>KJIMBOCTEH 1 MOJIIILIEHH] XapaKTEPUCTHK.

TepopucTuuHi yrpynoBaHHS 1 0COOH, SKI BEAyTh MPOTU3AKOHHY JISIIbHICTD,
3actocoBytoTh Maii BIIJIA aiist BUpillIeHHsS] HACTYITHUX 3aB/IaHb:

®JIOCTYNly 3a TMEepUMETP OO0'€KTIB, IO OXOPOHSIOTHCS, 1 BEACHHS TaMm
CHIOCTEPEIKEHHS;

® TOYKOBE 3HUIIEHHS OKPEMHUX BAXKJIMBUX OCI0;

® CKUIaHHS CAMOPOOHMX 3aC001B YpaKEeHHS,

®HAHECEHHSI YIIKO)KEHb OyA1BIIsAM, 00'€KTaM 1HPPACTPYKTYpPH, TOILIO;
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e TPaHCIOPTYBaHHs 3a00pOHEHUX 3ac001B 200 1X 3aKUJaHHS HA TEPUTOPIIO, IO
OXOPOHSIETHCS,

e [IEPEUIKOHKAHHS MOBITPSIHOMY PYyXY B aepOmnopTax.

Tomy mutanus npo BigcrexeHHs MBIIJIA 1 KOHTpOab 3a JA03BOJICHOIO TSI HUX

JISUTBHICTIO CTAa€ BCE OLIBIN aKTyaJIbHUM.

CuekTp 3arpo3 BILJIA

Tepopuzm

[nionax

CnoctepexeHHS

TpaHcmopTyBaHHs 3a00pOHEHHX BaHTAXKIB

VYekitagHeHHS TOBITPSIHOTO PyXY

[HomkomxenHs MaiiHa

Pucynox 1.3 - 3arpo3u BHacminok nomupenass MBITJIIA

Ocnosenumu nepeeazamu MBIIVIA, 1m0 YCKIaJHIOOTH iX BHSBJICHHS 1
MOKJIMBICTE TipoTHii, € [18, 20-22, 29, 34]:

1. MOoXIMBICTE BiIaI€HOr0 BUKOHAHHS 3aBJaHb Ha O€3MeuYHIi BiacTaHl
JUJIs1 oTlepaTopa Ta HalaHHs oriepatopy iH(opMmallii mpo XiJ BAKOHYBaHOTO 3aBJIaHHS
IPAKTHUYHO B peajbHOMY Yaci.

2. 3acTOCyBaHHSI IHUPOKOTO CIEKTpa MajorabapuTHUX IIJTLOBUX
HaBaHTaXX€Hb Ha cydacHid enemeHTHid 6a3i (PJIC, 3acobiB paioeneKkTpoHHOI

PO3BIIKH, OOHOBHUX YaCTHH 31 CIIPSIMOBAHUM YPaXXKEHHSM Ta 1H.).
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3. MoxIuBICTh TPUBAJIOTO IepeOyBaHHS HaJ 30HOIK O0OHOBUX i, a
TaKOXX MOJJIMBICTh CaMOCTIMHOTO TOJABJICHHS abo0 ypakeHHsS 3aco0iB
IPOTUNOBITPSHOT OOOPOHHU.

4, Hus3vka nomimuicmoe MBIIJIA ¢ padionokauyiithomy ma onmuuHomy
dianazonax 3a paxyHOK HU3bKUX MacorabapuTHUX XapaKTEPUCTHK Yy MOPIBHSIHHI 3
M1JOTOBAaHUMHM JIITaJbHUMH amapaTtaMu 1 MIMPOKOTO 3aCTOCYBaHHS B KOHCTPYKIIIT
MBITJIA niacTUKOBUX 1 KOMIIO3UTHUX MaTepiajiB.

5. Moscnusicmeo 30ilicCHIO6amMU Manespu 3 BUCOKUMU
nepesanmanceHHAMYU 1 BUKOPUCTOBYBATH PEKUMU TOJBOTY, IO MPU3BOAATH 10
3HIKEHHSI €(DEKTUBHOCTI ICHYIOUMX 1 MEPCIEKTUBHUX 3aCO0IB MPOTUIIOBITPSHOT
00OpOHHM, MOXKJUBICTh MOJBOTY HAa TpPaHUYHO MaUX BUcoTax (1o 50 M) 3
BUKOPHCTAHHSAM 3aXHCHHX BJIACTUBOCTEN peIbe(y MICIIEBOCTI, a TAKOX HA HU3BKUX
mBUAKOCTAX NoaboTy ( 10-30 m/c). KpiM Toro, mpu npuiiomi BiIOUTUX CUTHAJIB
PJIC Big manomBuakicTHUX MBITJIA MOXIUBO iX MOTpPAIUIIHHS B CTPOO 3aXUCTY
PJIC Bij macuBHUX MEPENIKOJ 1 CTallIOHAPHUX MPEAMETIB.

6. Mani po3mipu, 10 3YMOBIIOIOTh HU3bKI 3HAYEHHA WMOBIPHOCTEH
YpOKEHHS CHapsiaMu  3€HITHOI apTuiepii, a TakoX MPU3BOJATH JIO
HECIpalbOBYBaHHS paJl0IETOHATOPIB 3€HITHUX KEPOBAHUX PAKET MPH iX MiAJIbOTI
B pailoH MaJIOPO3MIPHOI L.

7. Ckpurnicth 3actocyBanHa MBILIA, mo 3a6e3nedyerbes BiTHOCHOIO
OE3UIYMHICTIO 11X JBHUIYHIB, a TaKOX 3a paxyHOK IOJbOTY B PEXHUMI
«paZilOMOBYAHHS 10 BUXOY iX B 30HY 0€3M0CEpeIHbOTO 3aCTOCYBaHHS.

Crneuudika JIb0THO-TeXHIYHUX XapakTepuctuk MBIIJIA obOymoBiroe psif
JIOJIATKOBHUX, BKpail BaXKJIMBUX, NIEpeBar ix moOyA0BH 1 €KCIUTyaTallli:

1. MosxmuBicts ocHameHHss MBIUJIA enekTpuyHUMU JIBUTYHAMH, IO
BIJIPI3HSIOTHCA MPOCTOTOIO B €KCILTyaTallli.

2. 3HauHe 3HWKCHHS 3arajbHOro pIiBHS BUTpAT, TOB'SI3aHUX 3
NEPEKUJAaHHSAM 1 THMYAacOBUM Oa3yBaHHSM JOCHUTh KOMIIAKTHHUX ITiIPO3/LTIB
MBIIJIA B paiionn OOHOBOro NpU3HAYEHHS, PEMOHTOM Ta OOCIyrOBYBaHHSM

MBIJIA 1 3a6e3niedeHHsIM anapaTypu B OJIbOBUX YMOBaX.
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3. Husbpka BapTicTh po3poOku 1 excruryataiii MBILUIA, ska MmeHmia 3a
BapTICTh CYYaCHHMX IUJIOTOBAHUX JITaJIbHUX amaparTiB, 10 BUKOHYIOTh Oarato
aHasoriyHuX 00ioBHX 3aBAaHb. [Ipu 1bOMY 30€piraloThCs TOPOTU ILOTHUN CKIIA/,
JTaKu, BEPTOJIHOTH Ta 1H.

[lepciekTBHUM HanpsiMKoM TiaBuiieHHs epektuBHOCTI MBIUIA € rpynose
3actocyBaHHa Manux gemeBux MBIUIA 'y Burisai «powo», KOIM BOHHU
00'€THYIOTBCS B TPYIIH 32 YMOBH YiTKOTO po3nojiuny poseit. Taki rpynu MBITJIA 3a
paxyHOK CBO€i MacoBOCTI MOXKYThb JOJATH 3acO0M  PaiOCNIeKTPOHHOT 1
MPOTUIIOBITPSIHOT IPOTHU/IIT 1 BUKOHYBATH P13H1 OOHOBI 3aBIaHHS.

[Mopsin 3 nepeBaramu MBITJIA npuTtamanHi 1 AesiKi HEIOIIKH, a came [21]:

1. OOMeKeHHsT MIOJI0 3aCTOCYBaHHS B 3alIeKHOCTI BiJ 4Yacy 100 1
MOTOAHUX YMOB /I oKkpeMux kateropiit MBILIA.

2. Hu3bka KUBY4ICTh KOHCTPYKIII].

3. CXUJIBHICTB KaHAIIB PaJ10KEPYBAHHS 1 KAaHATY CYITyTHUKOBOI HaBiramii
MBIUIA 1o BIuMBY pagioeIeKTPOHHUX 3aBal.

4, [lopiBHSIHO HEBeNWKAa MaJIbHICTh Jii JAUCTAHLIMHOTO KEepyBaHHS
MBIIJIA 3 mnyHKTIB YOpaBiiHHA ~ TPU  BIJICYTHOCTI JIOJATKOBUX 3ac00iB
peTpaHCIIsIIi.

S. OOMexeHHs IO Maci 1 CKJIaly KOPUCHOTO HaBaHTAKEHHS.

Ha cworomni, B mpoBiIHMX KpaiHax CBITY BUPIIIECHHS 3a/1ayl HeHTpasizarii
3arpo3 BiJi BUKOpUCTaHHSI Manopo3mipHuX BITJIA 1 cTBOpeHHs BIIOBITHUX CUCTEM
3aXMCTy BUBEJICHO Ha PIBEHb HAI[IOHAJIIBHOT OE3IEKH.

boporsb6a 3 MBIIJIA sBisie co00r0 KOMIUIEKC 3aXOJiB IO iX BHSBIICHHIO,
pO3Ii3HABAHHIO, CYMPOBOKEHHIO 1 Heurtpamizamii [34-40]. V 3B'a3ky 3 Malioro
nomiTHicTIo MBIIJIA  3amaui iX BUSBIACHHS 1 CYNPOBOJKEHHS 3HAYHO
YCKIAAHSIOThCS. Y 3B'A3KY 3 UMM, BUSBJICHHS 1 CynpoBiJ Majgopo3Mipaux MBITJTA
€ MPIOPUTETHUM 3aBJIAHHSAM IPU CTBOPEHHI CUCTEM MPOTH/III.

[Hdopmartis ns BusBiIeHHs Ta BuMiptoBaHHs koopauHaT MBITJIA moxe Oytu
OTpUMaHa [UIIXOM MNpPUMOMY  CHELIaIbHUMU  3aco0aMu  BiIOUTOI  Ta

BUINIPOMIHIOBAHOI €Heprii y BCIX Jiama3oHax CHEKTpa eJIEeKTPOMATrHITHUX XBUJIb.
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Takumu 3aco0amu, siKi BAKOPUCTOBYIOTH BIIIIOBIIHI ieMackytoui o3Haku MBITJIA,
MOXYTh OYTH:
e PJIC;
e 3aco0M paJIIOMOHITOPUHTY;
® ONTHKO-CJICKTPOHHI 3aCO0M B ONITUYHOMY 1 iH(pauyepBOHOMY JTialla30HyY
€JIEKTPOMATrHUTHUX XBUJIb;
® AKYCTHUYHI 3aCO0M BUSIBJICHHS.

Haii6inpm epekTUBHUM PIIIEHHAM € KOMOIHYBaHHSI OCHOBHUX THIIIB 3ac00iB
[IUIIXOM CTBOPEHHS IHTETPOBAHUX CUCTeM. J[aHMil BapiaHT € TOPOTUM, ajie KOKEH 3
METO/IB JOMOBHIOE I1HIIMMA, 1, TAKUM YMHOM, 30UIbIIY€ 3arajibHy €(QEeKTUBHICTh
CUCTEMHU.

Y tabmumi 1.1 HaBenmeni mnopiBHIBHI MoxumBocTi  PJIC, 3aco0iB
paniomoHiTopuHry, CB, akycTHuHuX Ta iHppadyepBOHUX 3ac001B BUsiBieHHs BITJIA
[19, 21, 24-26, 41-44].

PJIC mo>xHa BBaxkaTH OCHOBHUM 3ac000M BusBiIcHHS MBIIJIA, ockiabKky BOHI
MOKYTb BUSIBIISITH LIl 32 OY/Ib-SIKMX YMOB 1 Ha OUIBIIINA JadbHOCTI B MOPIBHSHHI 3
IHITUMU 3ac00amMu, B TOMY YHMCIIi, B YMOBaxX MaCMBHUX Ta ITYMOBHUX 3aBajl, & TAKOXK
OJIHOYACHO BU3HAYATH JAJIBHICTh, IBUAKICTh Ta KYTOB1 KOOpAWUHATH 1iien [41,45-
48].

MBIIJIA xapakrtepusyioThes 3HaueHHam EITP mopsaky 0,01-0,5 m% Ilpm
oMy, y OutbiocTi poOiT At Takux MBIIJIA npuitmaetscst 3nauenns EINP, mo
nopisntoe 0,01 m? [22].

o dakropis, 1110 3HHKYIOTh CKJIaJIHICTh cynpoBoxeHHs: MBIIJIA, noTpibHo
BIJIHECTH MOYJITMBOCTI IIBUAKOT 3MIHH IIBUAKICHOTO PEXHUMY, aX JI0 «3aBUCAHHSY,
110 MPU3BOANUTH 110 3puBY cynpoBony MBIIJIA y 3B'I3Ky 3 BHXOJOM 3HA4E€HHS
HIBUKOCTI 32 MEXK1 CTPOOYBaHHS 3a JOMJIEPIBCHKUM 3CYBOM B aITOPUTMAaX CEJNEKIIi

pyxomux 1ineit PJIC.
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Taobmumg 1.1 — MoxmuBocti  3aco0iB  BusBiaeHns MBIIJIA B
€JICKTPOMAarHiTHOMY CIIEKTPi
Axkyctna | IHdpauep
3acobu Hi 3aco0u BOHI
XapaKkTepuCcTHKa PJIC | pamiomoHiTOp CB BUSIBJICHH | 3acoowu
UHTY s BUSIBIICHH
s
BusBneHHs y 1eHHUH 4ac + + + + +
BusiBienss B HiUHUN Yac + + - + +
BusBneHns B ymoBax + + + + —
MPUPOJIHIX 3aBaJl
Bussnenns BIUJIA cepen — + — + +
HNPUPOJIHIX 00’ EKTIB
(mep1 3a Bce MTaxiB)
BusiBiieHHS 3a CKJIaTHUX + + — — +
MOTOJTHUX YMOB
Inentudikamis MBITJIA - + + — +
Cenexiiist MOOIUHOKUX Ta + + (1o pizHUM + -(1mo +
IpYNOBHX LT KaHaJiaM) Pi3HUM
KaHaJaMm)
CynpoBOJIKEHHS Ta + + (st + — +
dhopmyBaHHS TpaeKTOPii OaraTormno3uiri
WHOL
CUCTEMHU)
JlanbHicTb aii BHCOKA BHCOKa cepenHs | Mana cepenHs

Kpim Toro, Ha manux Bucotax MBILJIA noTparuisie B MeXH MUPUHU JiarpaMu
HaIPaBJIEHOCTI AaHTEHU Pa30M 3 M1ICTUIIAI0YOI0 TOBEPXHEI0, MOTYKHI BIAOUTTS Bij
skoi MackytoTh curaain i MBITJIA. Hagite PJIC 3 By3bkuM npomMeHeM aiarpamu

CIPSIMOBAHOCTI B BEPTUKAJIbHIN TUIOUIMHI (HAIPUKJIAJ, MUIIMETPOBOTO J1alla30HY)
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HE BHpIIIy€e TOBHOIO MIPOI 3a3Ha4yeHy MpoOsieMy, OCOOJMBO Ha TEPUTOPILX 3
HEpIBHUM pesibe)OM MICIIEBOCTI Ta 32 YMOB MICBbKO1 320y 10BH.

[Ile ogHa cKIIagHICTh TOJSTAE Y HEOOX1THOCTI 0OMEXKEHHSI TIKOBOI MOTYKHOCTI
BIIMOBIAHO 7O BHUMOr 3 O€3MEKH BHUIPOMIHIOBAHHS JUIS JIIOJAWHU  Ta
€JIEKTPOMArHiTHOI CyMICHOCTI 3 ICHYIOUMMH MpPHUMMaIbHO-TIEPEAaBATIEHUMU
CHCTEMaMH, 10 MacoBO (YHKI[IOHYIOTh Y MiCBKOMY CEpPEIOBHILI.

Taxkum uunom, nezeaxcarouu Ha me, wio PJIC € oocumv Hadittnum 3acooom
KOHMPOJII0 ROGIMPAHO20 NPOCHIOPY, 3A80AHHSA GUABIEHHA MA CYRPOBOOHCEHHA
MBIUIA 3 manumu EIIP 3a3na€ 3naunux cKiaoHowiie i € akmyanavHum. Jns
HagiiHoro BusBIeHHS MBIIJIA  mouisibHO  CTBOpIOBAaTH  CIEIiajli30BaHI
BHUCOKOe(ekTUBHI Ha3eMHi pyxomi Ta nepeHocHi PJIC. 3a gonomororo Takux PJIC
HEOOXIJTHO TMEpPEeKPUBATH JOCHUTHh BEJIMKY 30HY NPOCTOPY, HAMPHUKIAJ, JIHIIO
PO3MEKyBaHHS y 30H1 00M0BUX Ail. OCKIIBKA BOHUM MAaTUMYTh BITHOCHO HEBEIUKY
JAJIbHICTH J1i, TO IXHS KUIBKICTh Ma€ OyTH 3HA4YHOIO, 1, OTXKe, BapTicTh Takux PJIC

Mae OyTH BiJIHOCHO HEBEJIMKOIO.

1.2 Anani3 xapakTepucTHK Ta ocodauBocTeii 3actocyBanust FMCW panapa
JJISl BUSIBJICHHSI PYXOMMX IlJIei

OpHuM 3 HaMMEepCNEeKTUBHIIIMX 3aC001B BUSBICHHS PYXOMHUX OO’€KTIB Ha
manux Bifgctansax € FMCW (Frequency modulated continuous wave) panap [44, 45].
Bin 3a0e3meuye: BUCOKOTOYHE BHUMIPIOBAaTH JalbHOCTI, a TaKOX paaiaJibHOI
HIBUKOCTI, Kpally Oe3neKky 4yepe3 BIACYTHICTh IMIYJIbCHOTO BUIIPOMIHIOBAHHS 3
BEJIMKOIO TOTYXHICTIO; HU3bKE €HeprocrnoxuBaHHs [46]. Pamgionoxkariiitni FMCW
CUCTEMHU, 1110 BUKOPHUCTOBYIOTHCS B KOMITAKTHUX, HEJOPOTHUX CUCTEMAX MaJIOro
paziycy Jii, 4acTO BUTOTOBJISIIOTHCS 3 BUKOPUCTAHHSM TBEPAOTLILHUX TEXHOJIOTIH.

FMCW panapu Takok BAKOPHUCTOBYIOTHCS B IIIUPOKOMY CIIEKTP1 3aCTOCYBaHb,
TaKUX SIK BUMIPIOBaHHA PiBHIB PIAUH Yy MPOMUCIOBUX pe3epByapax AJisi BUSHAYEHHS

IIBUJIKOCTI TPaAHCIIOPTHUX 3aco0iB, B HaBiramii Majioi JaJbHOCTI, pPaKeTHHUX
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rOJIOBKaxX HaBEACHHS, Pa/IlONIIpUBaYaX, CIOCTEPEIKEHHBI 3a TI0JIeM 000, BUSIBJICHHS
JITadbHUX arapariB Ta B aBTOMOOUIBHUX CUCTEMaX aIallTUBHOTO KPYi3 KOHTPOJIIO.
Ha pucynky 1.4 306paxena ctpykrypna cxema FMCW panapy. Y 3araibHOMY
Bunajaky npuHuun podotu FMCW panmapa onucyerbcs HACTYIHUM UYHUHOM:
HU3bKOYacTOTHUH JIUM mepiomnyHuil CUTHAM 3MIITYETHCS 3 CUTHAJIOM TeTepOIuHA
Ta TEHEpPyE MOAYIbOBAHMM CHUTHAJ, SIKHH TMOAAETHCA Ha IepenaBajbHy aHTCHY.
[IpuitmanbHa aHTeHa mNpUMae eXO-CUTHaJ, BIIOMTHI BiJ o0'ekta. OOpoOka
currary B FMCW panapi Bkitodae [46-48]: mpuiioMm BiOMTOTO Bl IIiTI CUTHAIY,
HOTO TEPEeMHOXKEHHS 3 OMOPHUM CHUTHAJIOM B 3MilllyBadi, HH3bKOYACTOTHY
Gb1apTpalliio CUTHATY 3 BUXOAY 3MIITyBaya 3 MOAANIbIINM MEPETBOPEHHSM B ITUGPOBY
dbopmy (puc. 1.4). HudpoBi BILIIKK JEMOAYIHOBAHOTO CHUTHAIY HAAXOIATH Y
npucTpiit nudpooi 00podku curnany (LHOC).
3 pI3HMLII YacTOT MK NEpeJaHuM 1 MPUUHATUM CUTHAJIaMH MOYKHA OTpUMATH

NAJILHICTD 1 IIBUIAKICTD I1JI1.

FMCW YHepeJ]aBanLHa

reHepaTop aHTEHa

Hoc - Alll d ®HY @  3wmimysau J_IPHI‘:IMRHLHE{

AdHTCHa

Pucynok. 1.4. Crpykrypna cxema FMCW panapy

Ha puc. 1.5 mokazaHo 3aJ€KHOCTI 3MIHHM YacCTOTH 30HAYIOUOTrO Ta MPHUHHITOTO
curHaniB. FMCW panapa, siki € nepioguunumu. Ilepion 7 3oumayrouoro JIUM
CUTHAJTy BCTAHOBIIIOETHCS TaK, 11100 BIH TPUBAB JIOBLIE, HI’K Yac MPOXOIXKEHHS TyAH
W Hazaja JUIsd HAWBIUTAJICHINMIO 1T, SKY CJIIJl BUSBUTH. TakKMM YMHOM YHUKAOUU

HEOJIHO3HAYHOCTI nepiosi 7 po3paxoByeThCs MO (popmyi

_ 2 Rmax
c .

T (1.1)
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[TouaTkoBe 3HAUYEHHS YaCTOTHU 30HAYIOYOTO CUTHAIY, TIO3HAYEHE Ha rpadiKy sK
fo, a tioro yactotHa cmyra B. [IpuitHaTuil CUTHAJI Ma€ 3aTPpUMKY B yaci 7 . Pi3HuIs
3HaYeHh YACTOTH 30HAYIOUOTO Ta TMPUUHATOTO CHUTHAJIB, IO CIOPUYMHEHA

3aTPUMKOIO 154y TIO3HAYCHA AK f,. 3HAUCHHS PI3HUII YACTOTH, MiXK MEpeJaHuM i

BIIOWTUM BiI IiJli CUTHAJOM, SIKE CIPUYMHEHE PYXOM LiTi, mo3HayeHe sk f

(gactora [omepa).

Jnga omucy moToyHoro vacy t , o BpaxoBye HOMEp m-Or0 MEpioay

BUKOPHCTOBYETHCS BUPA3
t=t;+mT, ge O0<t, <T, (1.2)
ne s yac Big mouarxy m- oro mepiony.

Toni 30HAYIOUMI CUTHAII MAa€ BUTIISA!

Bt?
X, (t;, mT) = A-cos(2z(f (t,+mT)+ 2T5)+goo) (1.3)
ne A —amiulTyaa curHaiy, ¢, - moyaTrkoBa ¢asa.
Tx signal
Frequency (f) A * — Rx signal
/ / A /
- / / /
) / / /
- 7 7 e
= / / /
£ / // //
L
= Tz / e
g /,/ / /
/ /
& / 7
/ /
»
fe Al _ Time(t)
Sweep Time (T)

Pucynok. 1.5 Curnan FMCW panapy

BinOutuii curaan Bim 1T, sSiKa po3TaIlloBaHa Ha BifAcTaHI R 1 pyXaeThcs 13

MIBHIKICTIO V , IPUXOIUTH HA BXiJ MpUiiMaya i3 3aTPHUMKOIO
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o 2-(R+V-t) 2(R+V-(mT +t))
C c

€ C — HIBI/II[KiCTL MO PCHHA CJ]CKTpOMaI‘HiTHI/IX XBHUIJIb.

ITicnst oOpoOKHM curHasly B MpUHMaIbHOMY MIPUCTPOI 3a PO3IITHYTOIO Ha PHC.
1.4 cxemor curHan Ha QineTpa HKHIX yactoT (DOHY), skuii HA3UBaIOTH

PI3HHUIIEBUM, MOYKHA TIPEJICTABUTH Y BUTTISI1

X(t,mT )= Ccos(Zn(ZBR t,+ 21V mT) + m) (1.4)
cT C Cc
2BR - : A RY
I —T = fb - CKJIa0Ba, 110 IIPOIIOpHINHA JAJIBHOCTI JO IILIL, = fd — -
C
nf,

CKJIaJIOBa, 1[0 MPOMOPIliiHA MBUAKOCTI LTI, - mocTiiiHa pa3oBa CKJIaI0Ba.

Otpumanuii pi3HuIeBud curnan (1.4) MokHa po3misAaTd, SIK JBOBUMIPHUMN

rapMOHIMHMN cUrHazi 3 apryMmeHTamMu MT, t,. YacoBi Biayiku m7 yTBOPIOIOTH HA01p
3HA4€Hb, TAK 3BAHOIO, IMOBLIBHOIO Hacy, TOMAl SIK 3MiHHa {, oTpumasa Ha3By
mBuKoro yacy. Toxni mapamerpu f, 1 f; € yacToTamu 1BOBUMIpHOTO rapMOHIMHOTO

curainy. Bonu MoxxyTh OyTH OTprMaH1 HUIIXOM JIBOMIPHOTO nepeTBopeHHst Dyp’e

Haa curHaitoM X(mT,t)) 1 MOJaJbIIOro CHEKTPAaJbHOIO aHaji3y OTPUMAHOTO

JBOBUMIPHOTO clieKTpy. OCKIIBKH PI3HULEBHI CUTHANI TUCKPETU3YETHCS Y Yaci, TO

IUISL pO3PaxyHKY CIeKTpy curraimy X(mT, t.) BukopuctoByeThes ABoBUMipHE 11D,

JInst 1IbOTO JTUCKPETU30BAHWN PI3HUIEBUN CHUTHAN MPEACTABISIETHCS y BUMIISIL
FMCW wmartpuiii, sika 300pakeHa Ha pucyHKy 1.6. Biiiku pi3HUIIEBOTO CUTHATY
KOXKHOTO TIepiofy 3amucyroTbes y BiamoBimHi croBmii FMCW wmarpumi. Takum
YUHOM KUTBKICTh PSIKIB MAaTPHIII BIAMOBIIA€ KUTHKOCTI BiJIJTIKIB CUTHATY HA OTHOMY
nepiogi M, a KigbKicTh croBmmiB N JOpiBHIOE KIiIBKOCTI MEpIOAiB, IO

PO3ITAOa0OThCA.
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B pesynbrari npoBumipHoro AII® wag FMCW wmarpuiiero po3paxoByeEThCs
JaJIEKOMIpHO-JIOTJIEPIBCHKUM TMOPTPET (alIbHICHO-IOIIIEPIBChKAa MAaTpPHIlA), sKa

MICTUTb ABOBUMIpHHUH criekTp curHaimy X(mT,t) [46, 49].
Sk BunnuBae 3 Bupasy (1.4) napamerp f,, € yactortoro curnainy X(t,,mT) 3a
MIBUJIKUM YacOM ts 1 mpornopuiitauii mampHOCTI M0 wim. Yacrora f, Takox €

MHTTEBOIO piSHI/IHGI-O YacTOT MIX 30HAYIOYUM Ta HpI/IﬁHﬂTHM curHajaMu. Takum

YMHOM, 3HAlIIOBIIM Pi3HUILIEBY YacToTy f,, MO)XHa po3paxyBaTu BIJCTaHb JO I

3a (hopmyroro:

f,cT

R = (1.5)

2B

Frequency

4 . 4
iransmitted Received

signal signal

| . - -

» Time

Slow time

N#1

Puc. 1.6 FMCW wmarpuns

Sk BurmBae 3 Bupasy (1.4) mapamerp f; € gactortoro curnamry X(mT,t.) 3a

HOBUTLHUM 4acoM MT 1 mpomopriiHuid mBHakocTi mim. Yacrora fy Takox
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JIOPIBHIOE ~ JIOTUIEPIBCBKOMY  3CYBI  4acTOTH. TakuM YHHOM, 3HAWIIOBIIU

JOMIUIEPIBChKY YacToTy f; MOkHaA po3paxyBaTu IIBHUIKICTH LiJi 32 GOpMYIOLO:
V=_t—- (1.6)

Po3oinvna 30amuicms no danvHocmi AR , XapaKTepU3Y€ETHCS MIHIMAJIbHOIO

BIJICTAHHIO, Ha SIKIF MOYKHA PO3PI3HUTH JBI OKpEeMI ITii.

Jns Toro, mo0O MokHa Oyjl0 BHSBUTH JIBa Pi3HI 00 ’€KTH, PI3HHIL YacTOT

pizHuIeBoro curnany f,, He Moxe OyTH MEHIIIO0, Hi’K CMyTa CUTHAITY 30HIyBaHHS

B.

_°
2B

Po3minbHa 3matHicTh 1O MBUAKOCTI AV XapakTepu3yeTbCs MiHIMAIbHOIO

AR (1.7)

HIBUJKICTIO, HAa SIKIA MOXKHA PO3PI3HUTH 1B OKpeMI LI, HA OIHIA 1 TIH camiil
BiJicTaHl. Tak $K JONIUIEPIBChKA YacTOTa 3MIHIOETHCS MPOTATOM MOCHIIOBHOI

KUIbKOCTI TmepiomiB MT 1 oOMeXeHa pO3IiIBHOIO 3[aTHICTIO MO JOMILICPIBCHKUI
) 1 . ) .
gactoTi yacrtotu (Afy > _T ). Po3ainpHa 37aTHICTD 10 IITBUJIKOCTI ONUCYETHCS SIK:
m

A
AV = —— 1.8
2mT (1.8)

bazoBoro 3amadero mepBUHHOI OOPOOKM pajaioioKariiiHol iHdopmalii €
BUSIBJIICHHS 1[U1l. BuxigHowo 1H(OpMaIi€o s aaroOpUTMIB BHSIBICHHS CUTHANIB
mineit B FMCW panapi € nanekoMipHO-A0IIIepiBCbKUM mopTpet [46].

JUisi BUSIBIIGHHSI CUTHAIIB IIJ1 Ha JaJIEKOMIPHO-IOIUIEPIBCHKOMY MOPTPETI
HIMPOKO BUKOPUCTOBYIOThCs anroputmu cimeictB CFAR (Constant False Alarm
Rate) [50-51].

[Ipunuun @yskuionyBanHg aiaroputmy BusiBieHHS CFAR y 3araibHomy
BUTJISA/I TIOJIATAE B aHATI31 BUIIIKIB CUTHAIY MICIS ACTEKTOPY, JOKAII30BaHUX Y
MeXaxX KOB3HOTO BikHa. [[yist 3a0e3medeHHs MOCTIHHOTO PiBHS XMOHOI TPUBOTH B

TaKUX aJITOPUTMAX BiJIOYBA€ThCS KOB3HE OLIIHIOBAHHS HEBIJIOMOT MMOTY>KHOCTI LITyMY.
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Sk1110 3HaYeHHS BUPIIIAIBHOI CTATUCTUKH, SIKE 3HANJIEHE B MEXKaxX KOB3HOTO BIKHA,
MEPEBUIILY€E 3HAYCHHS I[LOTO MOPOTa, YXBATIOETHCA PIIICHHS PO HASBHICTH 111,

Posrsinemo poGoty anroputmy CFAR Ha mpukiaai BUSBICHHS CUTHAIY 3
HEBIJIOMOIO aMILUTITYJIOI0 1 MOYaTKOBOKO (pa30l0 Ha JaJICKOMIPHOMY IOPTPETI.
CtpykTypHa cxema MpHUCTPOr, o peami3ye amroput™m BussieHHs CFAR
npencrasieHa Ha puc. 1.7.

Kom3ue BikHO CFAR peaini3yeTbcs 3a JOMOMOTOIO JIiHIT 3aTPUMKHU, Ha SKY
KOYKEH TaKT MOTPAIUIS€ HOBUM BIIIIK 3 JAIBHICHOTO TTOPTpETy. JlomycKaeThes, mo
IIJIb MOXE 3HAXOMUTHUCS TUIBKM B ICHTpPajdbHI KOMIPIIl JIiHII 3aTpUMKH 3
BUPIIIATBHOIO CTATUCTUKOIO X . B ycCiX 1HIIMX KOMIpKax MPUCYTHS TUTbKH IITyMOBa
ckiaagoBa. OTKe OI[lHKa HEBIJOMOI MOTYKHOCTI IIyMy Ha KOB3HOMY BIKHI

PO3pPaxOBYETHCA, SK CEPEIHE 3HAUCHHS IMOTY)KHOCTI IIyMy B €JIEMEHTax JiHii

3aTPUMKH.
1 N
713 (19)
N iz
Xy v | o | X | o | Fu Kommapartop I
I A

Pucynok 1.7 — Ctpykrypa npuctporo CFAR

OTpumaHa OILIIHKA MHOXHUTbCA Ha KoeQiuieHT Kgpag, BEIMYMHA SIKOTO

BU3HAYAETHCS 3aJJaHUM 3HAYCHHSIM WMOBIPHOCTI XUOHOT TpuBOorH. OTpuUMaHUi
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MOPIT MOPIBHIOETHCA 13 3HAYEHHSIM BUPIIIAJIBHOI CTATUCTHKU X, OTPUMAHOMY B

TECTOBI KOMIpIi PO3pi3HEHHs 3a NajibHiCTIO. PimieHHs mpo HasBHiCT, H; 4m

BiACyTHICTh Iimi Hy B TecToBiil KoMipii MpUHMAEThCA y BUMAJIKY MEPEBUIICHHS
IIOPOTOBOTO 3HAYEHHS XK par . BHpINIaTIbHE MPAaBUIIO IEPEBIPKH CTaTHCTHYHUX

rinoTe3 Mo0 HAsSIBHOCTI a00 BiACYTHOCTI CHTHAJY ITUTI B TECTOBIM KOMIpPIIl Mae

BUIIA

=

X XKcear (1.10)

F A

AJTOpUTMH BUSIBICHHS 3 TOCTIHHMM piBHeM xuOHOi TpuBoru CFAR
HalOUIbII €(DEeKTUBHI KOJIM 3aBajia € HEOAHOPITHOKO 1 Ma€ Pi3HI PiBHI MOTYXHOCTI
Ha. Y BHIAJKy OJHOPIAHOTO IIYMY PO3TISHYTa MPOIEAypa JIUIIE TPU3BOAUTH 10
HAJUTMIIKOBUX OOUYMCITIOBAIbHUX BUTpaT. Po3Mipu KOB3HOTO BiKHA SIK MPaBUJIO €
O0OMEXXEHUMHU, 1110 HE JI03BOJISIE OTPUMATH OI[IHKY MOTY>KHOCTI IIIyMYy 3 HEOOX1AHOIO
TOYHICTIO. TaKoX HEJIOJIIKOM TaKWX JIETEKTOPIB € MOKJIMBE HEBUSBJICHHS IIUICH, 110
pO3TaIIoBaHi OJU3BKO OJHA BiJl OJTHOI, SIK1 3HAXOAATHCA B MEKaxX KOB3HOTO BIKHA 3a
pPaxyHOK BIUIMBY CUTHAJIbHUX BIJIIKIB Ha OLIIHKY MOTYXHOCTI IIymy [52, 53].

B 6inpmiocti Bumnagkax mrymoBy ckinanoBy FMCW panapy Ha nanexkoMipHO-
JIOTIEPIBCBKOMY TMOPTPETI MOXKHA BBAXKaTH CTAlLllOHAPHOIO 3 TMOCTIMHOO, alie
HEB1JIOMOIO TOTY>KHICTIO. B sIKOCTI MaremMarnyHoi MOesli KOPUCHOTO CUTHAITY BiJ
1711 MOXKe OyTH BUKOPUCTAHUN TApMOHIWHUN CUTHAT 3 HEBIJIOMHUMHU aMILIITYIOIO,
4acTOTOI0 1 MOYaTKoBOK (azoro [52, 53]. OTxe akTyallbHOIO 3aJ1a4yelo € po3poOKa
METOJy aJanTUBHOTO BUSBICHHS TApMOHIMHOTO CHUTHaJTy 3 HEBIJIOMUMU
napamMeTpamM, OTPUMAHOIO Ha IHTEpPBajJl KOTEpPEHTHOro HakonudeHHs FMCW

panapy npu HEBIIOMil MOTYKHOCTI 3aBa/Iu.
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1.3 AHaJjii3 MeTOiB paaioIOKAIiiHOT0 BUABJICHHS TPAEKTOPIM i
CYNPOBO/’KEHHS PyXOMHUX IIei

[Ipu mnepBuHHIN 00pobHi pagionokaliiiHoi i1H(OpMalii BUPIIIYIOTHCS
3aBJIaHHs BUSBIICHHS 1 BUMIPIOBAHHS KOOPJIUHAT IMOJIOKEHHA 1Tl BimHOCHO PJIC.
BusiBiieHHS 111J11 BUKOHYETBCS IUIIXOM TOPIBHSHHS BUPIIIAIBHUX CTATUCTHK, SKI
OOYHCITIOIOThCSI B MPHUCTPOT ONTHUMAIbHOI 0OpOOKH, 3 OOpaHHM TMOPOTOM.
KoopaunaTy 1mosI0’)KeHHS sIK CITPaBXKHIX, TaK 1 XUOHUX 11l HAAXOATh B IPUCTPIN
BTOpUHHOI 00poOku. I[Ipu BTOpHHHIN 0O0pOOII HAa OCHOBI OTPUMaHUX OIIIHOK
BUPIIIYIOTBCS ~Taki OCHOBHI 3aBJAaHHS: BUSBIICHHA TPAEKTOpPIA  LILIEH,
CYNPOBO/KEHHSI TPAEKTOPINA IIJIeH, CKUJAHHA TPAEKTOPIA 3 CYIMPOBOJKEHHS,
TPAEKTOPHI PO3paXyHKH B IHTEpecaxX CHOKUBAYIB pajiioiokaiiiHoi inpopmarrii. L
3aBJIaHHS BKJIIOYAIOTh B ceO€ OIIHIOBAHHS MapaMeTpiB TPAEKTOPIi, 0 3aJAETHCS
BEKTOPHOIO (PYHKIII€I0, PO3PAXYHOK 3IJIaPKEHUX 1 €KCTPaAINoJbOBaHUX KOOPAMHAT,
a TaKOXK OIepallito CTpoOyBaHHSI BIIMITOK LilJiel. B3aeM03B’s130K 3a/1au MepBUHHOT

1 BTOpPMHHOI 00p0oOKH paaioiokaIiiHoi iHdopmarlii HaBeneHo Ha puc. 1.8.

IlepBunHa 00po0OKa BropunHa o0po0ka
paaiosokaniiiHoi paniosokaniiiHoi
ingopmauii Bupimanbhi indopmauii
CTaTUCTUKU
_ BusiBneHHs TpaekTopii
Busasnenusa muned | __ > .
e
CynpoBomXeHHs
Koopaunaru
BumiproBanHus > TPAEKTOPIN LLIeH
KOOPAWHAT ITiJIei CKuaHHS TPAEKTOPIH 3

CYIPOBOJIXKCHHS

Pucynox 1.8 - Eranu 06po6ku pamionokariiinoi indopmariii
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Oco6mBocti MBIIJIA sik 00'€KTiB pajl0IOKaLIHOTO CIOCTEPEKEHHS, [0
AKX MOKHA BIJTHECTH eKCTpeMaibHO HU3bK1 3HaueHHs EIIP nopsnaky 0,01...0,5 M2,
MaJi BHCOTH Ta IIBUIKOCTI MOJBOTY, BUKJIMKAIOTh HEOOXIMHICTh KOPUTYBaHHS
TPAIUIIMHUX MIAXOAIB JO BHOOpPY mapamMeTpiB, a TaKoX aJrOpUTMIB
(GYHKI[IOHYBaHHSI MPUCTPOIB MEPBUHHOI Ta BTOPUHHOI OOPOOKH pasioNoKaliiHOl
iHpopMaIii.

[Ipu BukopuctanHni jis BusiBieHHs MBIIJIA PJIC 3 korepeHTHUM
HAKOMMYEHHSM CUTHAJIIB, IiJIBUIICHHS JAJIBHOCTI BUSBJICHHS MOKHA JOCSTTH 32
PaxyHOK 30UTBIIEHHS TOTYKHOCT1 30HYI0UOr0 CUTHAITY, KOe(IIli€HTa IMiICUIICHHS
aHTEHH, Yacy KOT€PEHTHOTO HAaKOMWYEHHS, 3HKeHH roporosoro BCIII.

30UTbIIEHHSI MOTY>KHOCTI 30HAYIOUOIO CHUTHANly € MPOCTHM CIIOCOOOM
30UTBIICHHS JAJIbHOCTI BUSBIICHHS 1 HAYACTIIIE BUKOPUCTOBYETHCA Ha MPAKTHIILL.
OpHak >KOPCTKI BUMOTM JO TPaHUYHO JOIYCTUMOIO PIBHS ONPOMIHEHHS, IIO
BU3HAYAIOTHCS €KOJOTIYHUMH OOMEKCHHSMH, BUMAraroTh 3HIKEHHS MOTY>KHOCTI,
oco0smBo 1 PJIC, 1110 BUKOPHCTOBYIOTHCS B paiioHaX KUTIIOBHX 3a0ym0B[46, 54].

3HaueHHs koediuienTa miacuieHHs antenu PJIC oOmexeHo i reoMeTpuaYHIMEI
po3Mmipamu, 1 ans nepeHocHoi PJIC, mo mIBHIKO pO3rOpTaEThes, 3 pO3MipaMu
ariepTypy aHTeHH He Olbie 1 M He nepeBuinye 3HadeHHs 30 ab [55].

30UTBIIMTH Yac KOTEPEHTHOTO HAKOMWYEHHS BAXKKO uyepe3 OOMEXEHHs, 110
BHU3HAYAIOTHCS YaCOM KOPEJAIil PIyKTyalliii aMIuniTy 1 BigOUTuX curuaiis [56].

3umwkenHss noporoporo BCIHI € HalOIbll NOpUWHATHUM  BaplaHTOM
30UIBIIeHHS AanbHOCTI BusiBJeHHS it PJIC. OcHOBHUI HEOIK TaHOTO METOIY —
3HAYHE 3POCTaHHS KUIBKOCTI XMOHHMX TMEPEeBHUINEHb MOpOra BUSBICHHS. Tak, ais
3a0e3MeUYeHHs] NPUUHIATHOI WMOBIPHOCTI TpaBuibHOro BusBieHHS MBIUIA
D > 0.9 3umkeHHs mopora BUABJIEHHS MOYKE MPU3BOJAUTH J0 3HAYHOI'O 3POCTAHHS
WMOBIPHOCTI XMOHOI TPUBOTH a>10"° i Gimbwe i CYHPOBOJIKYETHCSA TOSIBOIO
BEJIMKOI KIJIBKOCT1 XMOHUX BIJIMITOK.

[lepmioro 1 HEBiT'€MHOIO 3a7adel0 BTOPUHHOI OOpPOOKH paaiofOKaIiiHO1

iHpopMarlii € BUsIBIICHHS TpaekTopii nimi [57,58]. Oxna BinMiTka, oTpuMaHa B Oy1b-
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axkomy orisiai PJIC, He m03BoJIs€ MPUAHATH PIllIEHHS MPO HASBHICTH 11T B 30HI
OTJIsAMy 13 3a7aHol0 MMOBIpHICTIO. OCOONMBO 1€ XapakTEepHO IS CKJIAIHOI
3aBaI0BOI 00CTAHOBKHU, KON YHCJIO XMOHHUX BIIMITOK BEJIMKE. 3aBIaHHS BUSIBICHHS
TpPa€eKTOpli IIJII JO03BOJISE 3 3aJaHOI0 WMOBIPHICTIO MPHUHHATH PIIICHHS IIPO
HasSBHICTH 111711 B 00xacTi orsiay PJIC, mepmn Hik nepenatu 11 Ha CynpOBOKEHHS.
[le nmo3Boisie palfioHadbHO BUKOpPHCTOBYBaTH pecypcu PJIC, miaTpumyrodn
KOMIIPOMIC MiX JOIMYCTUMHUM YHUCJIOM XMOHHMX TPAEKTOPIN, MBUJKICTIO 3aB'SI3KH 1
MOMMJIKOBUM CKUJIAHHSIM TPAEKTOPIHN IIIIEH.

3aBiaHHs BUSBJICHHS TPAEKTOPIl LIl MPU HASBHOCTI XMOHMX BUMIPIOBaHb
noJisira€ B MEpeBIpLI JBOX albTEPHATUBHUX Trinmore3: H - rimore3u mpo
BIJICYTHICTb TPA€KTOPIi L1l 1 H; - TOTE3H Npo HasABHICTh TPAEKTOPIT LILJIL.

Jlo umncina HalOIbII MPOCTUX (SIKI HE BUMAraroTh 3HAYHUX OOUMCIIOBAIIBHUX
BUTPAT) BIJHOCSATHCS METOAM BUSBIICHHS TPAEKTOPIi LIl 3 BUKOPUCTAHHAM
CBPUCTHUYHUX KPHUTEPIiB MOCTIIOBHUX BHUIPoOyBaHb |/n  [57-60], siki 3HaX0oagTh
IIMPOKE 3aCTOCYBAHHS HA MPAKTULI. Y TaKUX aJIropuTMax oOpoOKa OTPUMAHMX
BUMIPIOBaHb BUKOHYETHCS B MEKaX BUOPAHOTo BikHA po3mipoM N. [IpuHuum ganoro
iAXOAy IMOJISrae B TOMY, IO SIKIIO I[iIb BUSBISIETHCA B CTPOOI CYMPOBOHKEHHS |
pa3 B N nepiogax orisiay, TO IPUMMAETHCS PILLIEHHS PO BUSBJICHHS TPAEKTOPIT LTI
1 mepemaul ii Ha CyNpoOBO/KEHHS. B i1HIIOMY BHUIIaIKy 3aB'si3aHa TPAEKTOPIS
BIIKUJA€ThCS. TpUBATICTh TAKOTO MiAXOy HE MEPEBUIILYE N MEPioAiB OrsiAy. Ale
TaKl aJITOPUTMU € Hernpate3aaTHumu npu Maaomy BCILI.

OnTuManbHe BUSIBICHHS TpPAeKTOpli MoOKe 3iAiiicHIoBatucs abo 1o
¢dikcoBaHOMY YHCITY BiIMITOK, 200 3a kputepiem Banpaa [61,62]. Anroputm podotu
JIETEKTOpa, MOOYI0BaHOTO Ha OCHOBI KpuTepito Helimana-Ilipcona, 3BoauThCs 10
dbopMyBaHHS BIHOIIEHHS MPABIOMOIIOHOCTI 1 MOPIBHSIHHI HOTO 3 TIOPOTOM.

[Tpu nepeBuIIeHHI MOPOTY NPUUMAETHCA PILLIEHHS PO BUABJICHHS TPAEKTOPIT LI,
B MPOTUBHOMY — TIpO 11 BiicyTHICTh. [lopir Bu3HaUaeThes Mo 3a7aHiil HMOBIPHOCTI
xubHOi TpuBoru. Jlerektop Ha ocHOBi kputepito Heiimana-Ilipcona 3abesmneuye

pimeHHs chopMyIbOBaHO1 33]1a4l Ha (PIKCOBAHOMY 1HTEPBAII.
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Kputepiii Banpaa [63,64] BpaxoBye MOCIHIIOBHHI XapaKTep HaIXOIKCHHS
nanux. [Ipu nuboMy iHTEpBai crnocTepekeHHs He BiKcyeThess. OCOOIMBICTIO IOTO
MiXO/Ay € MOPIBHAHHA BiJTHOIIECHHS MPaBIOMOAIOHOCTI 3 IBOMa moporamu. Skio
B1IHOILICHHS MPaBOIOAIOHOCTI OLIbIIIe BEPXHBOTO MOPOTY MPUNMAETHCS PIIICHHS
PO BUSIBJIICHHS TPAEKTOPIT L1JI, KO BOHO MEHIIIE HIXKHBOTO MOPOTY MPUMMA€EThCS
pillIeHHs TpO BIACYTHICTH TpaekTopii. Ilpu HEBUKOHAHHI PO3INIAHYTHX YMOB
CIIOCTEPEKEHHS MTPOJIOBKYETHCS.

[TocnigoBHMIT METO] TO3BOJISIE€ 3MEHILIUTH CEPEIHIN Yac BUSBICHHS TPAEKTOPIl
11711 B TOPIBHSHHI 3 ONITUMAJIbHUM METOI0M MPUUHSTTS PillICHHS MPU (P1KCOBAHOMY
yucial orsadiB 3a kpurepieM Heiimana-ITipcona [35,39], mo 103Boisie CKOPOTHTH
3arajbHy KUIBKICTh IEPEBIPEHUX TIIOTE3 PO HAIBHICTh HEBUSABICHUX 1€ B 30H1
orisiny. Kpurepiii Banbna dikcye HeoOXiHI XapaKTEpUCTHUKU €(PEKTUBHOCTI 1
JIO3BOJIIE  BapillOBaTH KUIBKICTh OTJIAMIB B 3aJ€XKHOCTI Bl OTPUMAHHUX
CIIOCTEPEXKEHb, B MOPIBHAHHI 3 KpUTEPISIMU (PikcoBaHOTO 00csAry BuOipku. Tak,
BUTpall B TMOpPiBHSIHHI 3 jgetekropoM Heiimana-Ilipcona craHoBuTh B Haci
BUSIBJIICHHS ICTUHHOI TPAEKTOPIi MpUONMN3HO 77, = Dy, a B 4aci BUSABIECHHS XHUOHOI
TpaexTopii 7., = In(as, ) / In(1— Dy, ) [46, 49, 55].

Y  TpamumiiiHii  TOCTaHOBIII  3a/adyl  BUSABJICHHS  TPAEKTOpil LI
BUKOPHCTOBYEThCS TUIBKA KOOpAMHATHA 1H(MOpMAaIlis, a JoaaTkoBa iHdopmarlis y
BUTJISIAI BUPIIIAJIBHUX CTATUCTUK BIAMITOK HE BUKOPHUCTOBYEThCSA. OpHAK Taki
METOAM MaJloe()EeKTHUBHI TpPH 3HAYHOMY YHCII XUOHMX BIIMITOK B CTpOOi
cynpoBoikeHHs [57].

JIns miaBUILEHHST e(peKTUBHOCTI BUSBICHHS pyxomoi mim npu maiaux BCIHI
BUKOPUCTOBYETHCSI MIKOTJISIOBE HAKONMMYCHHS CUTHANIB. Takui miaxiJg OTpUMaB
Ha3BY CYMPOBODKEHHS 10 BUsIBIICHHS [65, 66], BHACTIOK TOTO, 110 /15 BUIIICHHS
CUTHAJIIB IIJI BU3HAYAETHCS 11 TPAEKTOPIsA, a PIIMIEHHS MNP0 BHUABJICHHS LIl
BUHOCHUTBCSA TICHS NEKUTHKOX OTfisiiB. [Ipu BupimieHH1 3a1a4i CypOBOIKEHHS 10

BUSIBJICHHS TAKOXK BUKOPUCTOBYIOTH sIK KpuTepiii Hetfimana -Ilipcona [66, 67], Tax i
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kputepii Banmpna. Mertoau, mo BUKOPUCTOBYIOTH Kputepid Heiimana-Ilipcona,
OTpUMAaJIM Ha3BY MAKETHI.

Y MeTomax CynpoBODKCHHS 110 BHUSIBJICHHS CHIIBHO OOpOOJSIOTHCS BCl
OTpUMaH1 JaHi 3 JEKUIbKOX IOCTIJOBHOCTEH OIVISAIB, IMICIS YOr0 BHHOCHUTHCS
pillIeHHs PO BHSBICHHSA LMl 1 11 Tpaekropii. Ilpu 1mpomy s BH3HAYEHHSA
TPAEKTOPIl I BUKOPUCTOBYIOTHCS MPOCTI MOJENI PyXy Ui, 1 OI[HIOBaHHS
napamMeTpiB pyXy He BUKOHYeThcsA. lle 0OyMoBIEeHO TuUM, IO B pe3yjbTaTi
3HIDKEHHS TIEPBUHHOTO TIOpora JJii BHSABICHHS CHa0KHX e 3HA4HO
30UIBIIYETHCS YHCIIO BHUSBJICHUX BIIMITOK, IO HPHU3BOJUTH JO HEOOXITHOCTI
CYIIPOBOJ)KYBaTH BEJIHMKY KUIBKICTh TpaeKTOpiil ogHouacHo. Ilpu mpoMy pi3ko
3pOCTal0Th BUMOTH JIO OOYUCITIOBAIBHUX MPUCTPOIB CYMPOBOIKCHHS.

PimieHHs mpo BUSBICHHS IUII TPU BUKOPUCTAHHI CYIMPOBOJKEHHS JO
BUSIBJICHHSI €KBIBAJIGHTHO PIIIEHHIO PO BUABJICHHS ii Tpaektopii. [Ipu upbomy mpu
HEKOT€PEHTHOMY CyMYBaHHI BUKOPUCTOBYIOThCSI BUPIIIATIbHI CTATUCTUKHU B1IMITOK
LT,

V [61, 67] npu BusBIEHHI TPAEKTOPIi i MPU HASIBHOCTI IEKITBKOX BIIMITOK
KO’KHA 3 HUX PO3IIISIAEThCS SK MPOJIOBKEHHS 3aB's3aHoi TpaekTopii (puc.1.9), mo
MPU3BOJUTH JO ii po3rary>keHHs 1 (GopMyBaHHs 0araTbox rimnotes3. Taki anropuTMu
BUSIBJICHHSI TPAEKTOPIi OTpUMalId Ha3BY AEPEBOBHUHI. {7l mepeBIpKH KOXKHOI 3
rinoTe3 MpoNoOHYETHCS 3aCTOCOBYBATH KpuTepiit Banbaa, a Takoxk npu po3paxyHKy
OKpEMUX B1JIHOIIEHb MPABIONO0110HOCTI BUKOPUCTOBYBATH 3HAYEHHS BUPIILIATILHUX
CTaTUCTHK BIJIMITOK, OTPUMAHUX TpPH MEpBUHHINA 00poOii curHamy. OnHaK mpu
BEJIMKINA KIJTBKOCTI XMOHUX BIAMITOK YHCIIO TIMOTE3, IO MEPEBIPSIOTHCS, 3pOCTaE

CKCHOHCHHiaJIBHO, 10 MPU3BOANTH JO BEIIMYC3HUX 00YHCIIOBAIBHUX BUTparT.
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Pucynok 1.9 — Po3ramysxeHHs1 TpaeKTOPpii LIl IPU HAIBHOCTI XUOHHUX BIMITOK

Takum YMHOM, HEJOJIKAMH BIJIOMUX MaKETHUX METO1B BUSBIICHHS TPAEKTOPIi
i1l Ha ocHOBI Kputepito Heiimana-IlipcoHa Ta aepeBOBHIHMX MOCHIOBHHUX
METO/IIB BHSBJICHHS Ha OCHOBI KpuUTepilo Banbna, B SKMX BHUKOPHUCTOBYIOTHCS
BUPIIIAJIbHI CTATUCTUKU BIMITOK, € BEJIMKI OOYMCIIOBAIbHI BUTPATH MPU MAJIUX
BCIII B cuny HEoOX1AHOCTI epe0opy MOMKIMBUX BaplaHTIB MEPEMIILIEHHS LTI Bl
orisiAy a0 orisay. lle 3HaYHO yckiaiHIO€ iX BUKOPUCTAHHS B MajorabapUTHHX
PJIC, mo wMmaroTh 3HayHlI OOMEKEHHsS Ha Macora0apuTHI XapaKTEpUCTHUKH 1
(GYHKIIOHYIOTH B PEXKUMI PEaIbHOTO Yacy.

[IIupoke BUKOPUCTAHHS I OTOTOKHEHHS BIIMITKH B CTPOO1 MPU BUSABIICHHI
TPAEKTOPII LI 3HAXOAUTHh KPUTEPIN «HANCUIIBHIMIMKA CyCia», IPH IKOMY B AKOCTI
IIJTLOBOI OOMPAETHCS BIAMITKA 3 MAKCUMaJIbHOIO BHPINIATHLHOK CTATUCTUKOIO B
cTpoOi cynpoBomkeHHs: [68]. i miagBUIEHHS €(QEKTUBHOCTI BUSBJICHHS
TpaekToOpii Il JIOIIJBHO BpaxOBYBaTHM 3HAUYCHHS JIOCTAaTHHOI CTATHCTHKHU
HaWCUJIBHIIIOL BIAMITKY MIPU MOOY/IOB1 aJITOPUTMY BHUSIBICHHS TPAEKTOPIT ITLTI.

Tomy, akTyanbHOIO 33/1a4elo0 € Po3poO0Ka METOY MOCIHIIOBHOTO BUSIBIICHHS
tpaektopii MBIIJIA FMCW panapoM 3 BUKOPUCTAHHSIM BHUPIIIATIbHOI CTAaTUCTUKU
HaWCWJIBHIIIOI BIIMITKA MPU MajuX BIJHOIIEHHSX CUTHAJ/IIYM, IO 3a0e3reuye
Outbily €hEeKTUBHICT, y TOPIBHSHHI 3 TMOCTIJOBHUM aJTOPUTMOM BHUSIBICHHS
TPAEKTOPIi, B SKOMY HE BPAXOBYIOThCS JOCTATHI CTATUCTHKU BIMITOK 1 KM HE

BUMarae 3Ha4YHUX 00YHMCITIOBAJILHUX BHUTpPAT.
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BusiBiieHa TpaeKkTOpis 1Tl IepeAaeThes Ha CynpoBoKeHHs [57-61]. Ha npomy
eTami B SKOCTI TMOYAaTKOBUX JaHUX 3a3BUYail BUKOPHUCTOBYIOTHCS OTpHUMaHi
napaMeTpH BUSBJICHOI TpaekTopii. B mporieci cynpoBoaKeHHS 1[iiel BUPIIIYIOTHCS
JIB1 OCHOBHI 3a/1a4i:

¢ OTOTOKHEHHS OTPUMAHUX BIAMITOK 3 TPAEKTOPIAMH IIUICH, IO
CYIIPOBOKYIOTHCS;

¢ OLIIHIOBAHHS MMapaMeTPiB pyXy LLIEH, 0 CYIPOBOIKYIOTHCS.

[lepmra 3amadya BUPINIYETHCS BUKIIOYHO B I1HTEpECax CIIOCTEPEKCHHS 3a
TpaekTopisiMu. Ha etari OTOTO)KHEHHSI OTpUMaHUX BiJIMITOK 3 TPAEKTOPISIMU IILICH,
110 CYNPOBOIKYIOThCS, BUKOHYEThCS MEPEBIPKa MOMaJaHHs KOOPAUHAT BIAMITOK B
CTpOOU CYIPOBOIKEHHS 1 B1I01p HOBUX BIAMITOK JIJIsl TOAAIBIIOT OOPOOKH.

[Ticnst 3aBepleHHS] €Taly OTOTOXKHEHHS OTPUMAHUX BIAMITOK HUISAMH, IO
CYNPOBO/IKYIOTbCS, BUKOHYETHCS YTOYHEHHS (OLIHIOBAHHA) MapaMeTpiB Pyxy
e 3a OTPUMAHMMU BHMIPIOBAaHHSIMH, & TaK0XX PO3PaXyHOK MPOTHO30BAHHUX
XapaKTEPUCTUK PyXy LiJIeH 1 cTpoOIB CyMpPOBOHKCHHS Ha 3aJJaHUM 1HTEpBaJl Yacy.
Jpyre 3aBmgaHHS BHUpPINIYETbCS, KpIM TOro, B I1HTEpecax CIOXUBaYiB
paaioNioKaIliifHoi 1H(popMallii, TaKk sIK OTPUMaH1 B MPOIIECI apaMeTpu TPAEKTOPIT
BUKOPUCTOBYIOTHCS JUISl OLIIHKM OOCTAHOBKH 1 MPUMHATTS BIANOBIAHUX PIIIECHb.

Jlnst BupieHHs 3a/1a4l CynpoBOKEHHS L1 OyJI0 pPO3pOOICHO s MIIXOI1B,
K1 MOYKHA PO3AUTUTH Ha OaieciBChKi 1 HeOaieciBebki [61, 69-70]. HebalieciBehbku
QITOPUTMH  CYNIPOBOJKEHHST HE BpPAaxOBYIOTh amnplopHy 1H(pOpMaIio Mmpo
TMOXOJKEHHs BiJIMITOK. X MOKHA PO3JINTH HA €BPUCTHYHI, SKi MICTATh HESBHY
IIJIbOBY (YHKIIIIO, 1 METOJIM MaKCHMAaJIbHO IPaBIOINOMAIOHOTO OIIHIOBAHHS, SKi
XapaKTePU3YIOThCS TUM, 110 PIIIEHHS PO MPOIOBKEHHS CYIPOBOKEHHS 200 Mpo
CKUJIAaHHS TPAEKTOPIi MPUHUMAETHCS MICIS pO3paxyHKy (YHKIIIT MPaBaOMOi0HOCTI
KOXHOI TIMOTETUYHOI Tpacu, Oe3 OLIHKK 1i anocTepiopHoi WMOBipHOCTI. Bonu
MarTh JEPEBOBUIHUI XapaKTep, OCKUIbKH B HUX KOXXHA 3 CTPOOYHOUYHUX BIJIMITOK
PO3TISAAETHCS K MMPOJIOBKEHHS CYPOBOKYBAHOI TPAEKTOPI, IO MPU3BOAUTD JI0
il po3rany>keHHs 1 popMyBaHHs Oaratbox rinores3. ToMy AaHi aarOpUTMHU OTPUMAIIU

Ha3BY 0araTorinoTe3Hi aJrOpUTMH CYNIpoBOoKeHH. OTHaK Mpy 30UTBIIIEHH] YUCIIa
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XUOHUX BIAMITOK YUCJIO T1OTE3, 10 IEPEBIPSETHCS, 3POCTAE EKCITOHEHIIIAJIBHO, 1110
OpPU3BOAUTH /10  BEJIMYE3HUX  oOuuciaioBalibHMX  BuTpar.  [loOymoBa
KBa310NTUMAaIbHIUX HE0AHECOBCHKUX alNTOPUTMIB 0a3yeThCs HA OOMEXKEH1 YHcia
PO3TJISIHYTHX TIMOTE3 3a IOTIOMOTO00 eBpucTHUHUX npoueayp [70]. Jani anropurmu
pO3TISAAAIOTh SIK  HEeOaleciBChKUMN  BapiaHT —ainroputMa 0araTorirnoTe3HOro
CYITPOBO>KEHHS.

baiteciBChbKi alropuTMH CYIPOBOKEHHS P OLIHII CTaHy IIUII BpaXOBYIOTh
anpiopHy iHdoOpMaIlito Mmpo TOXOMKEHHs BiAMITOK. [Ipm iX BHKOpHCTaHHI
pO3paxoBYIOTBCSI  allOCTEPIOPHI  MMOBIPHOCTI  MOXOJKEHHS  BIIMITOK,  SIKI
BPaXOBYIOThCSl MPU OOYMCIEHHI OIIHKM MapameTpiB pyxy mum. OnTumanbHUR
0alleCIBChKUI aJrOpUTM CYIPOBO/KEHHS 1l € HalkpammMm OaleciBCbKUM
binmpTpoM 1 3a0e3redyye MOTEHIINHI TMOKa3HUKU e(eKTUBHOCTI. BiH BpaxoBye
HAsBHICTh OAHIET CYIPOBOKYBAHOI 1111 TPU JOBIIBHOMY YHCI XUOHUX BIAMITOK
Ha KOKHOMY orJisiji. OIiHKa CTaHy 0OYHCITIOETHCS 3 BpaxyBaHHSIM BC1X BUMIPIOBaHb
BiJl TIOYATKy pOOOTH 7O MOTOYHOTO orsiay. OJHAK ONTUMANbHUN OaileCiBChbKUN
biIpTp Mae epeBOBHIHUN XapakTep, M0 TMPU3BOAUTH JO BETUYE3HUX
obumcmoBanbHuX BUTpaT [57, 58, 69, 70].

Jns  3MeHIIeHHs OOYHMCHIOBAIbHUX BUTpPAaT TMpU BHUPILMIEHHI 3ajadl
OTOTOKHEHHSI BIAMITOK B CTpOO1 CympOBOKEHHSI OyJ0 PO3pOOIIEHO €BPUCTUYHI
METOAM «HaWOmmxuuii cycim» [69] i meronm «HalicunpHimmA cycigy [68]. Y
NEepIIOMY METOJl 3a MPOJOBXKEHHS TPAEKTOpIi MPUHAMAEThCA HAHOMMXKYa 110
MIPOTHO30BAHOTO TMOJIOKEHHS LU BiAMITKAa. OHAK JaHUIN aITOPUTM Ma€ HU3BKY
e(heKTUBHICTh B IHTCHCUBHIM 3aBaJI0Biii 0OCTAHOBII. Y IPYroMy - 3a IPOJIOBKEHHS
TpaeKTOpli MPUHUMAETHCS BIAMITKA, SIKa Ma€ HAWOUIbINE 3HAYEHHS BUPIIIATIBHOL
CTaTUCTUKUA. MeTo] «HAWCWIIBHIIIMK CyCi» YacTO JI03BOJISIE TOKPAITUTH
XapaKTePUCTUKU CYNPOBOJKEHHS 1[Il TPU HASBHOCTI XWUOHUX BIAMITOK Y
MOPIBHSIHHI 3 METOJIOM «HAUOIMKIUN CYCIT».

BaxnuBe 3HaueHHS Ma€ KBa3lONTUMAIbHUM OaleCOBCHKHI  aITOPUTM
CYIPOBOJDKCHHsT 3 WMOBIpHiICHUM 00'eqHanHsM ganux (Probabilistic  Data

Association) [3, 71]. Le# miaxia IpyHTYETbCS HA TOMY, IO Ha KOKHOMY OTJISII
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(bOopMYIOTBCS TIOTE3U OTOTOKHEHHS - MOYKJIMBI BapiaHTU MOOYJIO0BH TPAEKTOPIT 1
PO3paxoBYIOThCS iX amocTepiopHi MMoBIpHOCTI. Ilicis mporo 3 ycix cTpoOOBaHUX
BIIMITOK (DOPMYIOTH OJIHY, SIKA € 3BaKEHOIO0 CyMOIO BCiX CTPOOOBaHUX BIIMITOK.
AJNTOPUTM CYNPOBOKEHHS 3 UMOBIPHICHUM 00'€/IHAHHSAM JIaHUX BITHOCUTHLCS 0
KJIaCy TCEBA00al€COBCHKUX aNTOPUTMIB 3 HYJIHOBOIO MaM'ATTIO. Y HBOMY HE
30epiraloTbcs OKpeMi BapiaHTH TPAEKTOPii, OCKUIBKA BCl BOHH O0'€IHYIOTHCS Ha
KOXXHOMY 4YE€pProBOMY OIJIsiAl. 3a paxyHOK CKOPOYEHHS 4YHClia TioTe3 s Horo
peaitizailii 4acTo moTpiOHI MPUIHATHI 0OUMCIIOBATbHI BUTPATH.

Ha cborojii anroput™ CynpoBOHKEHHS 3 HMOBIPHICHUM 00'€THAHHAM JTaHHUX
€ HalKpaIuMm 1100 CIiBBITHOIICHHS SIKOCTI 1 00YMCITIOBAIbHUX BUTpAT. ToMy BiH
OTpUMAaB IIUPOKE MPAKTHUYHE 3aCTOCYBAHHS 1 € OCHOBOIO OUIBIIOCTI aJrOPUTMIB
CYIPOBOJDKCHHsS B 3aBajax. Takok B [1, 2] eQeKTHBHICTb alrOpUTMy
CYNIPOBO/DKEHHS B YMOBax 3aBajJl Ha OCHOBI aJrOpPUTMYy CYNPOBODKCHHS 3
HMOBIPHICHUM 00'€JTHAHHSAM JAaHUX OyJia MOKpaIlleHa 3a JOIOMOr 00 BUKOPUCTAHHS
BUPIIIAIBHUX CTATUCTUK BiIMITOK. [X BUKOPHCTaHHS J03BOJISE 3HAUHO MOKPAIUTH
i1eHTU(iKkaiio BIIMITOK IJII B 3aBajoBlii OOCTAHOBIl. AJie X HEI0JIIKOM
QITOPUTMY CYTIPOBOJKEHHS 3 WUMOBIPHICHUM 00'€THAHHSAM JaHUX € T€, 0 BIH HE
BpPaxOBY€E Pi3HI BUJIU PYXY LILIL.

Cyuacui MBIIJIA, BigHOCAThCS A0 1HTEHCHUBHO MAHEBPYHOUHUX LUICH, sKi
CIIPOMOXKH1 31MCHIOBATH PI3KI 3MIHM HANpSMKY PYyXy, IHTCHCHBHI MaHEBpH, a
TaKOXX 3aBHCaTH 1 HE pyxatuch y mpoctopl. Ile oOymoBIIO€ HEOOXITHICTH
BUKOPUCTAHHSA TPU PO3pOOI aNrOpUTMIB TPAEKTOPHOI OOPOOKM aJeKBATHHUX
METO/I1B OIIHIOBAHHSI MTAPAMETPIB PYXY II1JIi, K1 BPaXOBYIOTH ii MOKJIMBI MaHEBPH.
ToMy, akTyanpbHOIO 3a7adel0 € po3poOKa METOAY aJalTUBHIO CYMPOBOKCHHS
MBIUJIA 3 i#imoBipHicHOIO ineHTH(iKariero ganux FMCW  pagapom 3
BUKOPHUCTAHHSM BUPIIIAIBHUX CTATUCTHK BIIMITOK 1 PO3MI3HABAHHSAM PI3HUX BUJIIB
HOro pyxy.

BaxnuBuMm etamoMm BTOpHUHHOI OOpOOKH pasioiokariitHoi iHdpopmarii €
BUSIBJICHHSI 3pUBY CYNPOBOJKEHHSI TPAEKTOPIl 111, MICJIA YOTO 3JIACHIOETHCS 1l

ckuganua. Moro 3aBmaHHSAM € 3HATTA 3 CYNPOBO/DKEHHS TPAEKTOPIN, SKI HE
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HaJieXkaTh IIJIIM, BHACIIOK YOro 3amo0ira€TbCs BHJIada 3aBIiIOMO HEMPaBIWBHUX
pO3paxyHKIiB CIOKMBa4aM, a TaKOXK B1IOYBA€ThCS 3BIILHEHHS OOUYMCIIOBAIBHHUX
pecypciB  EOM. Heo0xigHO BIAMITHTH, IO 3aJady MpPO BUSBICHHS 3pHUBY
CYNPOBOJIKEHHS 11JI1 MOKHA PO3TJISIATH K 3a]a4dy BHUSABJICHHS 1i TpaeKkTopli, siKa
MOJISITa€ B MEPEBIPI ABOX aTbTEPHATHUBHUX TINOTE3 MPO BIACYTHICTH 1 HASBHICTH
TPAEKTOPIT LI

3puB MOKe OyTH 3yMOBJICHUI OaratbMa npuunHaMH, cepea skux [57, 70]:

-pO3XOJDKEHHS ~ TPAGKTOPHOTO  (ibTpa  BHACTIJOK  HEBIAMOBIAHOCTI
3aKJIaJICHOI B HIM MOJIEII peajbHOMY XapaKkTepy pyxy LIL;

-HAKOTIMYEHHS TTOXUOKH OTOTOXKHEHHS MPHU CYIPOBOJIKEHHI 1171l B yMOBaX
BEJINKOI IIJILHOCTI XMOHHUX BIJIMITOK;

-BIZICYTHOCTI BIJIMITOK Y€pe3 HU3bKY UMOBIPHICTH BusiBlieHHA 11 B PJIC;

-110sIBa AaHOMAJIbHUX TTOXMOOK BUMIPIOBAHb Ta 1H.
Oco0n1Be 3HaYEHHS 3a/1a4a BUSBIICHHS 3pUBY CYIIPOBOKEHHS HAOYBA€E MPH MATHUX
BCIII, sika xapakTepu3yeThCsl 3HAUHUM YUCIIOM XMOHUX BIIMITOK B 30H1 OTJISITY.

[Ipy mpuiHATTI pilIEHHS] PO CKUJIAHHS TPAEKTOPIi 3 CympoBOIY, MOPYY 13
MPOMYyCKaMH BIIMITOK JUIsl il TIPOJOBXKEHHS, MOBHHHA BpPAaXOBYBATHCS HH3Ka
(bakTopiB, TAKUX K 3HAUYLIICTH LI1JIl, TOTOYHI KOOPAUHATH, HAPSIM PyXy Ta 1HIII
[69, 70]. OnHak BBemeHs Takoro OOJIKY TaKTHYHUX YMHHHKIB € HaI3BUYANHO
CKJIQJHUH K MO CYTi, TaK 1 yepe3 ooMexxkeny npoayktuBHicTb EOM st o6poOku
pazaionokauiiHoi iHpopmarlii. ToMy OCHOBHOIO 03HAKOIO MPUUHATTS PILLICHHS PO
CKUJIAaHHSA TPAEKTOPI1 3 CYIIPOBOTY € TOSIBA IESIKOT MOPOTOBOi KOMO1HAITIT TPOIMYCKIB
BIJIMITOK y CTpoOax CynpoBOJy 3a Kputepiem |/ n.

[Tpu BHOOPI mOpora CKUJAHHS TPAEKTOPIT TAKOK MOYXKHA BUXOIAUTH 3 JAESIKOTO
EKBIBJICHTA KUJILKOCTI 1H(pOopMaIlii, HAKOMMMYEHOI Y TIPOIIEC] TOTOYHOTO CYIPOBOTY
TpaekTopii mim. [{fo kinbKicTh 1HPOpPMAIIl MOXKHA XapaKTEepU3yBaTH, HATIPUKIA,
TOYHOCHUMH XapaKTEPUCTUKAMH MPOTHO3YBAHHS TOJIOKCHHS 1Tl Y HACTYITHOMY
OTJISiAI 32 TAaHUMH TIOTIEPEAHIX BUMIpIOBaHb. 31 301IBIICHHSM YHUCIA TPOIYCKIB
BIIMITOK HEBM3HAYECHICTh MPOTHO3YBAHHS MOJOXKEHHS 11 B HACTYMHOMY OTJISiAlL

30UTBIITY€ETHCS, MO0 MPU3BOAUTH JO HEOOXITHOCTI 30LIBIITYBATH PO3Mipu CTPOOY.
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[Ipu neskoMy 4uCiIi MPOMYCKIB MOCHIbL (200 Mpu MeBHiN koMOiHaIlli HAsBHOCTI Ta
MPOMYCKIB BIJIMITOK) PO3MIPH CTPOOY CYIPOBOAY JOCATAIOTH PO3MIPIB CTPOOY
NEPBUHHOTO 3aXOIUICHHS, IO BIANOBIJA€ MaKCHMaJbHIA HEBU3HAYEHOCTI B
MOJIOKEHH1 11T, KOJIM TapaMeTpu ii pyxy HeBigoMi. [lomanbiie 301ibIIeHHS
pO3MipiB cTpoOy MOXKHA BBaKaTU HeAOUUIbHUM. OJIHAK PO3MIISIHYTI ajJrOPUTM €
HeedexTuBHuMU Tipu Majomy BCII. Ile o6ymMoBieHO THM, 110 MPHU BIACYTHOCTI
1JTbOBO1 BIIMITKU B CTPOO1, HA CYIIPOBOKEHHS OpaTUMYThCSI XUOH1 BIIMITKH, IO
PU3BOJIUTH JI0 BTPATU TPAEKTOPIT L1 1 CyITPOBOIKEHHS XMOHOT TpacH.

B poGorax [1, 21, 70] mis oTpuMaHHS MOMKJIMBOCTI BHSBIIATH 3pHUB
CYNPOBOJIKEHHSI HEMaHEBPYIOYOT 111711 3aIIPOIIOHOBAHO BUKOPUCTOBYBATH aJTOPUTM
Ha OCHOBI MOJIEJI 3 BHUIAJKOBOI CTPYKTyporo [21]. Monenb ojHi€l CTPYKTypH
OMUCY€E PYyX IUT, IHIIMA — BIACYTHICTh L. [lepeMuKaHHS MK MOACISIMU
BiJIOYBAETHCS CTPUOKOMOMIOHO B BHITQJIKOBUM MOMEHT Yacy 1 OIUCYETHCS
JaHIorom MapkoBa 3 3aJaHOI0  MaTpHIICI0 HMOBIPHOCTEH mepexoniB. B
OTPUMAHOMY QJITOPUTM1 OOUYHUCITIOIOTHCS arOCTEPIOPHI WMOBIPHOCTI HAABHOCTI 1
BIJICYTHOCTI Takoi IIJII B TPAEKTOPii, IO CYNPOBOMKYeThCs. [lpu mpomy s
1AeHTH(IKalll BIAMITKM LI B CTpoO1 CYNPOBOJKEHHS BUKOPUCTOBYETHCS
iH(}opMallis TPo TPOCTOPOBE TOJIOKEHHS BUMIPIOBaHb, a TaKOX 3HAYCHHS
BUPIMIAJIbBHUX CTATUCTUK LUJIBOBOI 1 XUOHOT BIIMITOK. L] 703BOINII0 BUSIBISTH 3pUB
CYNPOBOJIPKEHHSI I11J11 B yMOBaX CKJIQJIHOI 3aBaJI0BOi 0OCTaHOBKH.

B po6ori [69] 3anpornoHoBaHMii aITOPUTM BUSBICHHS 3PUBY CYTPOBOKECHHS
TPAEKTOPIi MPU BUKOPUCTAHHI OAraTorinmoOTE3HOrO AJITOPUTMY CYIPOBOKEHHS,
SAKUW BUKOPHCTOBYE TMOCTIAOBHUI Kputepii Bampga 1 BpaxoBye BHpilIagbHI
craTucTukd. Hemonikom anroputmy € BelrMKa OOYMCITIOBAIbHA CKIIAIHICTh, sIKA €
XapaKTEePHOIO JIJIsl pO3TaTy’KEHUX allTOPUTMIB.

Ak BigMmidanoch BHINE, HAWOUIBIIOrO TIOMMPCHHS HA MPAKTHIN IS
NPUAHATTSA PIMICHHS MO0 3PUBY CYMPOBOKEHHS OTPUMAId EBPUCTUIHHM
kputepit |/n [60, 69, 70], BiAMOBIIHO 10 SKUX CKUJAHHS TpPAEKTOpii 3
CYIPOBO/KCHHSI BHMKOHYETBCS, SIKIIO OTpHMMaHo | abo MeHIie pilieHb Mpo

BUSIBJICHHSI B OCTaHHIX N orjsigax. Aje axuio B 30H1 orsay PJIC npucyTHs 3HauHa
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KUIBKICTh XUOHHMX BIJIMITOK, €()EKTHUBHICTh aJTrOPUTMIB BHSBICHHS 3pUBY 3a
KpuTepiem |/ n 3HAUHO 3HUKYETHCS.

Sx Bigmivanock B migpo3nuni 1.2, mus BusBieHHS curHamB 1iai FMCW
pagapoM MUPOKO BUKOpUCTOBYIOThCs anroputmu ciMeiictB CFAR (Constant False
Alarm Rate) [36-37]. s 3a6e3medeHHsI TOCTIHHOTO PiBHS XHOHOT TPUBOTH B TAKHX
ajaropuTMax BiTOYBa€ThCS KOB3HE OIIIHIOBAaHHS HEBIJIOMOI IMOTYXXHOCTI IIyMy B
Mexax BikHa aiisa koperyBanHs nopory CFAR nerexropy. Tomy 3akoH po3nofity
BUPIMIAJIbHUX CTAaTUCTUK XUOHUX BIIMITOK € BIJOMHM 1 OMMKUCYETHCS [IEHTPATBHUM
po3nojiioM Xi-kBaapat [53, 58].

Henonikom anropuTMy BUSIBIEHHS 3pUMBY CYNPOBOJKEHHS TPAEKTOPIi LI 32
kputepiem | /N € Te, 0 BiH HE BUKOPUCTOBYE HAsABHY iH(POPMAIIIIO PO 3HAYECHHS
BUPIIIATBHUX CTATUCTUK BIAMITOK, OTPUMAHUX 3 BUXO/y ONTUMAIBHOTO NMpUiiMaya
NEePBUHHOT 00poOKK curHaimiB. [Ipu 3puBI CynmpoOBOKEHHS LIbOBA BIJIMITKA B
CTpoO1 BIACYTHA. Bigomuil 3akoH poO3MOAULY HAKONMMYEHHX BHUPIIAIBHUX
CTATUCTUKHA XMOHUX BIJMITOK MOKHA PO3TJSaTH SK OCHOBHY rimotesy. Jlis
i JBMIIEHHS €(EKTHBHOCTI BUSABIICHHS TpaeKTOpii 1iji 3a kpurepiem | / N gouinasHo
MEePEBIPUTH OCHOBHY T1MOTE3Y 1010 3aKOHY PO3IMOILTY HAKOMTMYEHUX BUPIMIATEHUAX
CTaTHUCTHK HAWCUIIBHIIIOI BIIMITKH B CTPOO1 CyMPOBOIKEHHS MPOTH AJIETEPHATUBH
13 3a1aHUM piBHEeM 3HauyIocti [69, 70]. [TinTBepaKeHHS OCHOBHOI TITOTE3H MOXKHA
pO3IIIAIaTH K MPOIMYCK LI, SK 1 y BUOAAKY CHUTYyallli BIACYTHOCTI BIAMITOK B
CTpOO1 CYITPOBOIKCHHSI.

Tomy, cTaHOBUTH THTEPEC PO3POOKA METONY BUSBICHHS 3pUBY CYIPOBOI>KEHHS
MBIUIA FMCW panapom 3a KputTepieM [/n 3 BUKOPUCTAHHSM BUPIIIAIBHOL
CTATUCTUKU HAWUCUJIBHINIOI BIAMITKH, SIKHA JO3BOJISE€ MIABUIIUTH €(EKTUBHICTh
BUSIBJICHHS 3pUBY IIPU MAJIUX BITHOIIEHHSAX CUTHAJ/IIYM 1 HE TOTPEOYIOTh 3HAYHUX

OOYHUCITIOBAJILHUX BUTpAT.
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1.4 ITocTanoBKka 3a1a4i TOCTIIKeHHSA.

TakuM 4MHOM, TIPOIIEC BUSIBICHHS TPAEKTOPIT I 1 11 CYyIpPOBOIKEHHS P13KO
ycknaaHoeTbess npu manomy BCII, mo xapakTepu3yeTbcsi 3HAYHUM YHCIOM
XUOHMX BIIMITOK B CeKTOpi orisiny. OCHOBHI TpYAHOIl MOJISITalOTh Yy BHOOPI
BIIMITKH JIJISi TIPOJOBXKEHHS MOOYM0BU Tpaektopii. Lle mpusBoauTh 10 TOTO, 110
HaBITh MPH BIACYTHOCTI BIAMITKH IIiJIi B CTpOO1, HA CYIIPOBOIKEHHS OpaTUMYThCS
XUOHI BIAMITKH, 10 MOX€E IPU3BOIUTH JIO BTPATU TPAEKTOPIT LI 1 CYITPOBOKEHHS
xuOHOi Tpacu. [lpm mpoMy BITOYBAETHCS TMEPEBAHTAKCHHS OOYMUCITIOBATBHHIX
3aco0iB. s migBumieHHs €(EeKTUBHOCTI BUPIIICHHS 3a]ad BTOPUHHOI OOpOOKHU
pazaionokauiiHoi iHpopmarii npu cynpoBoaxkeHHl MBITJIA npu HasgBHOCTI XMOHHMX
BIJIMITOK B SIKOCTI J10J1aTKOBOI iH(popMmaitii [1-3] 3anpornoHoBaHO BUKOPHUCTOBYBATH
BUPIIIAIBbHI CTATUCTUKHU (aMILUNTYAHY 1H(GOpPMAIII0) 3 BUXOAY ONTHUMAJIBHOTO
npuiimMaya TEpBUHHOI 00poOKM curHamiB. OCKUIBKM 3aKOHH  PO3MOILTY
BUPIIMIAJIbHUX CTaTUCTUK XHOHMX 1 IIIJIbOBUX BIAMITOK MOXYTh 3Ha4yHO
BIJIPI3HATHUCS, TO 11€ JJO3BOJIAE OLIBII JOCTOBIPHO BUAUISATH cepel XMOHUX BIAMITOK
IIJTHOBI.

Metow poboTtu € miABUIICHHS €(EeKTUBHOCTI BHUSBJICHHS TPAEKTOPIT 1
cynpoBokeHHs MBIIUJIA FMCW panapom nipu manux BCII, nuisixoM po3poOku
METO/IIB TPAEKTOPHOI OOpPOOKH, 110 BUKOPHUCTOBYIOTH BUPIMIAIBHI CTATUCTUKHU
BIIMITOK 1 HE BUMAraloTh 3HaYHUX OOUUCIIIOBAJIbHUX BUTPAT.

JInst 1OCATHEHHS MOCTaBJIEHOI METH HEOOX1AHO BHUPIIIMTU HACTYMHI HAyKOBI
3aBJIaHHS:

I. [IpoananizyBaTh  METOAM  PaaiOJOKAIlIMHOTO  BUSBICHHS 1
CYNPOBOJIKCHHS TPAEKTOPIT 1111 MPU HAIBHOCT1 XUOHUX BIAMITOK.

2. Brnockonamutu wmeton BusiBieHHs MBIUIA FMCW papapom mnpu
HEB1JIOMii TOTY>KHOCTI IITyMY.

3. Brnockonanut MeTon MoCIiIOBHOTO BusiBieHHs TpaekTopii MBITJIIA
FMCW pagapom Ha ocHOBI kpuTepito Banpga, HUISIXOM BHKOPUCTAHHSIM

BUPIIATBHOI CTATUCTUKHU HAMCHUIIBHIIIO! BIAMITKH B CTPOO1 CYTTPOBOIKEHHSI.

55



4. Po3poOuty MeToj ajanTUBHOTO CYNPOBOKEHHS MAaHEBPYHOUOIO
MBITJIA 3 iiMOBipHICHOIO iAeHTHU(DIKAIIIE€0 JAaHUX 3 BUKOPUCTAHHSAM BUPIIIATBHUX
CTaTUCTHK BIIMITOK

5. BraockoHanuTH MeTON BUSIBJICHHS 3pUBY CYNPOBOJIKEHHSI TPAEKTOPIi
MBIIJIA 3a xputepieM [/n 3 HaKOMUYEHHSIM BHUPIIMIAIbHUX CTaTUCTUK
HAWCHIIBHIIINX BIJMITOK.

6. Ouinutd  edEeKTUBHICTh  OTPUMAHUX  QITOPUTMIB  HUISXOM
CTaTUCTUYHOTO MojetoBaHHs Ha EOM.

7. Po3pobutn pexomenpamii mogo nobymoBu FMCW  pamapa B
HAJIBUCOKOYACTOTHOMY  J1alla30H1  pajioXBWJIb Ta TMPaKTHYHOI  peamizamii

PO3pOOTIECHUX aITOPUTMIB.

BucnoBku 10 posainy 1

1. Texnomorii  MBIIJIA okpiM BHKOpPUCTaHHSI y BIMCBKOBIM cdepi
3HAXOJSITh BCE  OUIbIIE  3aCTOCYBaHHA Yy 0araTh0X Taly3dX HapOIHOTO
rOCHOJIapCTBa, & TAKOX JJISI 3aJ0BOJICHHS TOTPeO KOMEPIIMHMUX 1 MPUBATHHUX
cnokuBaviB. JlocTymnHicTh 1 MacoBe Bukoprctanus MBITJIA nmopomxyroTh HOBHIA
KJIaC 3arpo3: MaJiiHHsI, BTOPTHEHHS B IPUBATHE KUTTS, (HOTO3HOMKA 3aCEKPEUCHHIX
00'eKTIB, KOHTpaOaHIa, MOXJIMBICTb TEpAKTIB, 3ITKHEHHS 3 MOBITPSIHUMU
TPAaHCIIOPTHUMU 3acO0aMH, IO MPU3BOIUTH A0 HEOOXITHOCTI PO3POOKU CHUCTEM,
SIK1 BUPIIIYIOTh 3aja4l BU3HAYEHHS X MICILIETIONOXKEHHS 1 mapameTpiB pyxy. Ha
ChOT'OJIHI, B MPOBIJHUX KpaiHaX CBITY BUPIIIEHHS 3aJa4l HEUTpai3alli 3arpo3 Bijl
Bukopuctandsi MBIIJIA i cTBOpeHHs BiIMOBITHUX CUCTEM 3aXUCTY BUBEJEHO Ha
piBEHb HallIOHAJIBHOT OE3MEKH.

2. Kitouose wmicrie y cknaai cuctem npotuaii MBITIA 3aiimarors PJIC.
[TopiBHSHO 3 ONTHKO-EJIEKTPOHHUMH, aKyCTUIHIUMH 200 3ac00amMu paaioTeXHIYHOT
po3Biaku, PJIC moreHmiiiHo 3a0e3MeuyroTh JOCTATHIO JAbHICTh BUSIBICHHS Ta
TOYHICTh BHJAYl ITIJICBKA3iBKM 3aco0aM aKTHUBHOI MPOTHAIl BISHb 1 BHOWI.

[lepcnexkTrBHUX 3ac001B BUSBICHHS PYXOMUX LIJIel Ha Manux Biactansx € FMCW
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pagap, sKui 3a0e3nedyye: BUCOKOTOYHE BHUMIPIOBAHHS JalbHOCTI, a TaKOX
pajiaJbHOI IIBUIKOCTI, Kpalry Oe3mneKy uepe3 BIACYTHICTh IMITYJIbCHOTO
BUIIPOMIHIOBAHHS 3 BEJTMKOIO MOTY>KHICTIO; HU3bKE €HEPTOCIIOKUBAHHSI.

3. VY Oararbox mnpakTuyHuX 3actocyBaHHAX FMCW pagapy mymoBy
CKJIQJIOBYy Ha JIaJeKOMIpHO-AOIUIEPIBCBKOMY TMOPTPETI MOXHa BBa)XkaTtu
CTaI[lOHAPHOIO 3 TOCTIIHOI0, aJie HEB1JJOMOIO MOTYKHICTIO. B sikoCcTi MaTeMaTu4IHO1
MOJIeJII KOPUCHOTO CHUTHAIy BiJ LI MOXXe OyTHM BUKOPUCTaHUW TapMOHIMHUM
CUTHAJI 3 HEBIJOMHMH aMIUTITY[IOI0, YacTOTOI 1 TMOYaTKOBOKO (a3oro. Tomy
aKTyaJIbHOIO 33J1a4€I0 € pO3p0O0Ka METOY aJalTHUBHOTO BHUSBICHHS TapPMOHIMHOTO
CUTHAJIy 3 HEBIJJOMUMH IapaMeTpamMH, OTPUMAHOIO Ha 1HTEpBaJll KOTEPEHTHOTO
HakonmueHHss FMCW panapy npu HEBIJOMIM MOTYHOCTI 3aBa/IH.

4. Oco6muBicTio MBITJIA sk 00'€kTiB pagioOKaIlifHOTO CIIOCTEPEKESHHS
€ EKCTpeMaJIbHO HU3bKI 3HadeHHs edekTuBHOI 1ol poscitoBanHs (EIIP)
nopsaaxky 0,01...0,5 Mm%, M0 BUKIMKAEe HEOOXiIHICTh KOPUTYBaHHS TPaJdLiAHUX
MiJXOMIB 10 BUOOpPY MapameTpiB, a TaKOX aJrOpPUTMIB BTOPUHHOI 0OpOOKHU
pajionoKalliiHoi iHpopMmaiiii.

5. Y  TpagumiiHUX ~ aNropMTMax  BUSBICHHS  TpPAaeKTOpil 1Ll
BUKOPHCTOBY€TbCS  TUIBKM  KOOpAWHAaTHa 1HQopmaris. Bigomi  Meronu
CYNPOBOIKCHHS JI0 BHUSBICHHS Ta JIEPEBOBUIHI TOCIIIOBHI METOIU BHUSBICHHS
TpaeKTOpli LUl BUMAramTh BEIHKHAX OOYMCIIOBAIHHUX BHUTPAT TPH 3HAYHIM
KUTBKOCTI XMOHUX BIAMITOK. ToMy, akTyaJbHOIO 3aJau€l0 € pOo3poOKa METOIY
nociioBHOro BUsiBJeHHs Tpaektopii MBITJIA FMCW panapom 3 BUKOpUCTaHHSIM
BUPIIIAJILHOI CTAaTUCTHKHA HaWCWIBHINIOI BiaMiTKH mpu Manux BCII, mo
3a0e3neuye OUTbIIy €(QEKTUBHICTh y MOPIBHAHHI 3 TOCHIJIOBHUM aJTOPUTMOM
BUSIBIICHHS TPAEKTOPIi, B SIKOMY HE BPaXOBYIOThCS IOCTATHI CTAaTUCTUKH BIJIMITOK
1 IKWI HE BUMarae 3HaYHUX OOYMCITIOBAIbHUX BUTpAT.

6. AJITOPUTM CYNPOBOJIKEHHS 1T 3 UMOBIPHICHUM 00'€ JHAHHSAM JTaHUX
€ HalKpaIyM 00 CIiBBIIHOIIEHHS SIKOCT1 1 00YHCIIIOBAIBHUX BUTPAT 1 OTPUMAB
IIMPOKE 3aCTOCYBAHHS B CHCTEMaX TPAE€KTOPHOTO CYNMPOBOKEHHS TIPU HASIBHOCTI

3aBaj. s migBUIIEHHS €QEKTUBHOCTI CYNpPOBOMKEHHS Il B yMOBax
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IHTGHCUBHHUX 3aBaJi B HbOMY TaKOXX OYJIM BHUKOPUCTaHI BUPIIIAIbHI CTATUCTHUKU
BiIMITOK. HefosikoM aaroputmMy CyNnpoBOKEHHS 3 UMOBIpHICHUM 00'€THAaHHSIM
JaHUX € Te, [0 BiH HE BpaxoBye pi3Hi Tunu pyxy uum. CyuacHi MBIUIA
BIJIHOCATHCS JIO IHTCHCUBHO MaHEBPYIOUHX IIUJICH, SIKI CIIPOMOXKHI 341HCHIOBATH
Pi3Ki 3MIHH HaMpsSMKY pyXy, IHTECHCHBHI MaHEBPH, a TAKOXK 3aBUCATH 1 HE PyXaTUCh
y mpoctopi. Tomy, akTyalbHOIO 33Ja4€i0 € Po3poOKa METOAY CYIPOBOKCHHS
maHeBpyrouoro MBIUIA 3a nanumu PJIC npu HasiBHOCTI XMOHUX BHUMIpPIOBaHb 3
BUKOPUCTAHHSIM BHPIMIAIBHUX CTATHUCTUK BIJIMITOK 1 PO3MI3HABAHHSM PI3HUX
BU/IIB PYXY.

7. Haii611p1110r0 nommpeHHs Ha MPaKTULIl I TPUIAHATTS PIIIEHHS 1010
3pUBY CYIPOBO/KEHHS OTpUMMAaB €BpPUCTHYHUN Kputepid |/n. OnHak npu
HAsSIBHOCTI B 30HI ONIAY 3HAYHOI KUIBKICTh XMOHUX BIAMITOK iX €()EeKTHBHICTH
3HAYHO 3HUXKYEThbcA. HemomkoM aaroputMy BUSBICHHSI 3pUBY CYIPOBOKCHHS
TpaekTopli Ul 3a KpUTepieM |/n € Te, M0 BIH HE BUKOPUCTOBYE HASIBHY
1H(MOpMAaIIiIO OO0 3aKOHY PO3MOJLITY BUPIMIATBLHUX CTATUCTUK XUOHUX BIIMITOK,
OTPUMAaHUX 3 BUXOy MTpuiiMada NepBUHHOI 00pOOKU cUrHaiiB. ToMy, aKTyaIbHOIO
3a/1a4yero € po3poOka METOy BUSABICHHS 3puBYy cynpoBoxeHHs: MBITJIA FMCW
pamapoM 3a KputTepieM |/n 3 BHUKOPUCTAaHHSM BHUPIIMIAIBHOI CTaTUCTUKHU
HaWCWIBHINIOI BIAMITKH, SKUW J103BOJISE MIIBUIIUTH €(PEKTUBHICTh BUSIBICHHS

3puBy npu Manux BCII 1 He moTpeOyoTh 3HAYHUX 0OYMCITIOBAILHUX BUTPAT.
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PO3/ILJ1 2 PO3POBKA METO/IIB BUSABJIEHHS MBILJIA TA HOI'O
TPAEKTOPII FMCW PAJIAPOM

2.1 Po3pooka merony BusiBiiennsi MBIIJIA FMCW pagapom npu HeBigomii
NMOTYKHOCTI IIyMy

bazoBoro 3amadero mepBUHHOI OOpOOKM pasionokamiiiHoi iH(opMamii €
BUSBJICHHS 111i. BuxigHoro iH(opmarlii€eo s alropuTMIB BUSBJICHHS CUTHAJIB
mineit B8 FMCW pamapi € majnekoMipHO-IOTUIEpIBChKAa MaTpulld. Y OaraTbox
npakTuyHuX 3actocyBaHHsIx FMCW panapy myMoBy CKIaJoBYy Ha Jaji€KOMIPHO-
JIOTUIEPIBCHKIA MaTpHIll MOXKHA BBa)KaTW CTAIllOHAPHOIO 3 TMOCTIHHOIO, alie
HEB1JIOMOIO MOTYKHICTIO. B SIKOCTI MareMaTuyHO1 MOJENI1 KOPUCHOTO CUTHATY BiJl
1711 MOXKe OyTH BUKOPHCTAHHM FapMOHIMHHUIM CUTHAN 3 HEBIIOMUMU aMILTITY/IO1O,
Y4acTOTOIO 1 MOYaTKOBOIO (pazoro [52, 53]. 3a po3risHYyTHX YMOB 3a/1a4a BUSABJICHHS
uim 3a fauumu FMCW panapy Moxe 0yt cpopMysibOBaHa HaCTYITHUM YHMHOM. B
npotieci BusBieHH 1111 B ipuctpoi LIOC Ha iHTepBasii KOTepEeHTHOTO HAKOITUYEHHS

PO3TIIsAA0ThCS JIBI rinotesu [72, 73]:

H,: x(n,m) = Acos(2nfn + 2nFm+¢) + w(n,m),
Ho: x(n,m)=w(n,m), n=0N-1Lm=0M -1,

(2.1)

ne A - amrunityza; ¢ - moyatkosa ¢asa; f, F - HopMoBaHi pi3HHIIEBa YacTOTA
30H]IyIOUOT0 1 OTPUMAHOI'0 CUTHAJIIB Ta JAOIUIEPIBCHKUI 3CYB YaCTOTH 1L

(2R, o _ 2fVn
C C

T .

p - mWBHUAKICTH 3MiHK yacToTH JIYM-curnany; R - gameHicTh mo mimi; f, -
HOCII{Ha yacToTa; Vi - pagiajibHa MIBUAKICTH LUJI; C -IIBUIKICTb CBITJA; At - KPOK
JUCKPETU3aIlil 1eMOAYyI,0BAHOTO CUTHANY; T - mepioa Moyl JIYM-curnany;
w(N,m) - quCKpeTHUIA OiIMi TayCiBCHKHIA IITyM 3 JUCIIEPCIiE0 O ; , IKa B 3araJJbHOMY

BUMAJIKY € HEBIJIOMOIO.
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Ammutityna A, gactoru f, F ta mouarkosa ¢a3za ¢ rapMoHiiiHOro cursamy
HeBioMUMHU. ByiemMo BBaXKaTH, 110 Ha IHTEpBaJli KOTEPEHTHOTO HAKOMTUYCHHS IIi]Th
3HAXOJMUTHCS B MEXKaX OJHOTO €JIEMEHTa PO3PI3HECHHS 3a JAIBHICTIO 1 paliallbHOIO

mBuAKicTI0. B nbomy Bunanky wyactord f, F Ha iHTepBani crocrepexeHHs HeE

3MIHIOKOTHCS.

B skocTi KpuTepilo ONTUMAaIbHOCTI BUKOPUCTOBYEThCA KpuTepiii Heiimana-
[lipcona, sikuii mpu 3amaHiii HWMOBIpHOCTI XHMOHOI TpuBOrM (; 3abe3rneuye

MaKCHMaJIbHy HMOBIPHICTh IPaBUIBHOIO BHsiBieHHs D |
Ha nepuiomy erami po3risitHeMo 3ajady BUSBJIECHHS TapMOHIMHOTO CUTHAIY 3

HeBimoMumu napamerpamu A, ¢, f, F , orpuManoro Ha iHTepBaii KOrepeHTHOIO

HakonnyeHHss FMCW papapy npu BiAOMIM MHOTYKHOCTI LIyMY o’. Bona
BIJHOCUTBCA JIO Kjacy 3ajJad BUSBIEHHS 3 MapaMETpPUYHOI ampiOpHOIO
HeBU3Ha4eHicTio [72, 73]. 3actocyemo it 11 BUpIIICHHS aIalTUBHUN MiAXia O0e3
BUMTEN 3 BUKOPHUCTAHHSM METOJy MaKCHMalbHOI mpasaomnofioHocti [72]. B
maHoMy migxozxi mpu Bimomomy BumiproBadi X(n,m),n=0,N -1m=0,M -1 3a
KPUTEPIEM MaKCUMAaJbHOI MPaBAONOI0HOCTI BU3HAYAIOTHCS OIL[IHKM HEBIJIOMUX
napameTpiB. Ilpu 1bOMYy OTpUMaHe MakCUMajdbHE 3HAauYeHHA  (PYHKINT
PaBAONOAIOHOCTI HEBIIOMUX MapamMeTpiB BUKOPHCTOBYETHCS B SKOCTI (DYHKIIIT

npaBronoAiOHocTI  rimoresu  H; mnpum  momanmelioMy  BUpIIIEHHI — 3ajadl

OIITUMAJIBHOI'O BUABJICHHS.

Ha npyromy eramni y BiAMOBIAHOCTI 10 aJalITUBHOTO IM1JIXO1Y 3 BAKOPHUCTAHHIM

HaBYal040i BUGIpKH [53, 72] OTpHMAEMO OLiHKY O ’ HEB1JIOMO1 fuctepcii O : Iymy,
sKa B TOAAJBIIOMY BHUKOPHUCTOBYETHCS B PO3TISHYTOMY Ha TMEpIIOMY eTari
aNropuT™Mi BusABIEeHHs. Ha OCHOB1 METOAY 1HTEPBAJIILHOTO OLIHIOBAHHS BU3HAYMMO
JIOBIpYl 1HTEPBAIM II0JI0 WMOBIPHOCTEH XWOHOI TPUBOTHU 1 BUSBICHHS IIUTI B

3aJIEKHOCTI B 00’ €My TECTOBOI BUOIPKH.
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2.1.1 BusiBnenns curaaany FMCW paaapom Ha iHTepBaJii KOrepeHTHOI 0
HAKONMYEHHS NPH BiIOMiii IOTY>KHOCTI LIIyMy

OyHKIIis TPaBIONOIOHOCTI HEBITOMUX MapaMeTpiB L(A, f,F,$) Ma€ BUTTISA;

) _NM 1 N-1M-1
L(A f,F,0)=(2nc%) 22 exp{—ﬁ > (x(n,m)—Acos(2nfn+2nFm+¢))2}
(o)

n=0 m=0
(2.2)
BpaxoByroun HenepepsHicTs (yHkuii npasgonogionocti  L(A, f,F,d)

nepeieMo 0 po3risLy ii jorapudmy

InL(A, f,F,d)=c— iz '\Iz_:le_ll(x(n,m) — Acos(2nfn +2nFm+ )%, (2.3)

G n=0m=0
7ie C- KOHCTAHTA, 10 PO3PaXOBYETHCS 3a (HOPMYJIIOI0

c:—EMIn(ZnGZ).
2 2

[IpeacTaBuMO rapMOHIMHUI CUTHAI Y BUTIISI1
Acos(2nfn + 2nFm+ ¢) = Acoshcos(2n( fn+ Fm)) — Asindcos(2r( fn+ Fm)) =

= A, cos(2n( fn+ Fm)) + A;sin(2n( fn + Fm)), (2.4)

ne A., A, BU3HauaroThecs 1o popmynam

A. = Acos(¢); A, =—Asin(9). (2.5)
BianosizHo Ha OCHOBI 3BOPOTHOTrO nepeTBopeHHs napamerpu A, ¢ 38’a3aHi 3

A., A, BUpazamu

A=A+ A, ¢=arctg(—% .. (2.6)
3 BpaxyBaHHsM (2.4) nepenuiieMo Bupas (2.3) y BUrisiai
InL(A., A, f,F)=c-
1 N-IM-1 _ (2.7)
33 (x(n,m) — A, cos(2n( fn+ Fm)) — A sin(2x( fn + Fm)))?,

)
26° n=0 m=0

~ A ~

[epeitnemo mo orpumanHs omiHOK A, A, f,lf. Makcumizamito jgorapupmy

bynkuii mpaBgonomioHocti (2.7) OyneMo mpoBoauTH B aBa ertanu. CrnoyaTky
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BHU3HAYMMO YMOBHI OIIIHKH Ac(f F), As(f ,F) npu 3aganux smasennmsx f,F i

~

migcraBuMo ix B Bupas (2.7). Ha apyromy erami 3maiizemo owminku f,F.: Ilpu

A

II,OMY OIIHKM aMIUNTyau A i modaTkoBoi (asu ¢ 3HAXOIATHCA 3a (HOpMyIaMu
(2.6).
3HaWIEMO OIIIHKU /:\c(f F), As(f ,F) 3a ymosu, mo f,F Bimomi. PiBusHHs

IPaBIOMOMIOHOCTI IJIsI OI[IHOK AC (f,F), AS (f,F) marors Bursn

N-1M-1
12 2. 2 2(x(nym) ~ ACCOS(ann+2nFm)—
26 n=0 m=0 2.8)

—AS sin(2nfn + 2xFm)) cos(2xfn + 2nFm) = 0;

1 N-1M-1
— 2 2 2(x(n,m) - A, cos(2nfn + 2nFm) —
20 n=0 m=0 (2.9)

— A sin(2nfn + 27Fm))sin(2nfn + 2Fm) = 0.

[TeperBopumo cuctemy piBHsHb (2.8), (2.9) no Buxy

NAML A
2. 2 (Acct(n,m)+ A;s(n,m)c(n,m)) =

n=0 m=0
N1M 1 (2.10)

= > > x(n,m)c(n,m)

n=0 m=0

N-1M -1
> (AC c(n,m)s(n,m) + Ass (n,m)) =

n=0 m=0
NNt (2.11)

= > > x(n,m)s(n,m)

n=0 m=0

Hexait NM 1] 1, toni
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N-1M-1 M

> ¥ cos?(2n( fn+Fm))~ N

n=0 m=0

(2.12)

N-IM-1 5 NM
> > sin (2n(fn+Fm))zT; (2.13)

n=0 m=0

Nz_le_lcos(Zn(fn+ Fm))sin(2n( fn+ Fm))~0; (2.14)

n=0 m=0

3a ymoeu NM ] 1 i BpaxoByHOuYH BIACTHBOCTI TapMOHIMHUX (DYHKIIIH,

OTPpHUMAEMO

A 5 N-AM-1
A:(f,F):wggox(n,m)cos(%(fn+Fm)); (2.15)
2 N-1M-1

&(f,F):wggox(n,m)sin(Zn( fn+Fm)). (2.16)

[TigcTaBMMO ONTHMAaJbHI 3HAYEHHS OLIIHOK A:(f F), As(f ,F) B norapugm

¢yHkii mpaBmonoaioHocTi (2.7)

InL(A, A, f,F)=c—

1 N-1M-1

5 go Z_:O(x(n,m) — A, cos(2n( fn+ Fm)) — A sin(2m( fn+ Fm)))? =
L NZ_:le_:l(xz(n m) — 2A.x(n,m)c(n, m) — 2A x(n,m)s(n, m)
=— — - +
26° 120 m=0 ’ A ’ A | (2.17)

+2A A s(n,m)c(n,m)+ A c?(n,m) + A s?(n,m)).

BpaxoBytoun chiBBigHomeHHsa (2.12)-(2.14), a Takox (2.15),(2.16),

OTPUMAEMO
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N-1M-1

InL(A, A, f,F)= c—z—(z Y (n, m)——(AC(f F)+ 2(f,F)).

G n=0m=0

(2.18)

[TepeTBOPUMO CyMy KBaApaTiB OI[iHOK Ac(f F), AS (f,F) mo Burmsmy

AZ(f,F)+A2(f,F)=

n=0 m=0

(NM )2 [( TS x x(n,m)cos(2x( fn+ Fm))j2+

+['\ill\ﬂz_lx(n,m)sin(2n(fn+ Fm))jz]: (2.19)

n=0 m=0
4 N-1M-1 f 2 f
=—— x(n,m)exp(—i2n( fn+ Fm)) =——I(f,F),
NMNMr%mZO( )exp(—i2n( ) = F(FF)
ne I'(f, F) — nepionorpama Ha yactorax f, F [16].
B pe3ynbTaTi oTpuMaEmMo
. N-1M-1
InL(A, AL f.F)=c—— (Z Zx (n,m) - ZF(f F)) (2.20)
20 n=0 m=0

Bupaz  (2.20) nmpexacraBise — ONTHUMI30BaHMN ~ 3a  [apaMeTpaMu
AC( f,F), AS (f,F) morapudm dyrkuii mpaaomnoxiorocti (2.7). Ha ocHOBI BHpasy

A A

(2.20) MmoXxyTh OyTH OTpHMaHI MAaKCHMAJILHO TpaBaomnoaioHi orinku gactot f,F .

~ A

Onrumansaumu 3Hauendsmu f,F e Taxi, npu sxux In L(AC,AS, f,F). nocarae
MakcumyMmy. lle BUKOHYy€TbCs 3a yMOBH, HIO mepiogorpama I'(f,F) mpuiimae
MaKkcHManbHe 3Ha4deHHs. g momyky makcumymy I'(f,F) BHKOPHCTOBYIOThCS
quceabHl MeTtoau. HaiOinsm 4yacTo IS OIIHIOBAaHHS TIEPi0JIOrpaMHu F(f,F)

BUKOpPUCTOBYeTbC  nBomipHe  JI®. [Jng  momyky 11 Makcumymy

BukopucToByroThest yacrotu f,k=0,N/2-1, F,1=0,M —-1. 3 Bpaxysanusm

~ A A A

orpumanux  ominok A, A, f,F  makcumaneHe — 3HaveHHs — QyHKIT

MPaBIONOAIOHOCTI PO3PAXOBYETHCS MO POPMYITi
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A

f,F)

- 1 N-1M-1
L(A, A, —NMeXp{——@ > x*(nm)-2r({, ))}. (2.21)

o G" n=0m=0
(2n62)2 2 =

BukoHaeMo CHHTE3 aJITOPUTMY BUSBICHHS. Y BiJITOBITHOCTI JIO PO3TISHYTOTO
X0y TirmoTe3a Hi MpUAMaeThes SKIIO BUKOHYETHCS HEpiBHICTD [16, 17]
o L(H1|AC,AS, f,ﬁ)
A f,.F)=
L(Ho)

>, (2.22)

B pe3ynbrari oniHIOBaHHS HEBIJOMUX MapamMeTpiB PYHKIIS TPaBAONOAIOHOCTI
L( H, | AC, AS, f, If) onucyerbcst BupazoM (2.21). Ilpu 1poMy BiJHOIIEHHS

paBAONOAIOHOCTI MAa€ BUTJIIS;

1 N-1M-1
NMexp{ ZZ (n,m) - 2F(f ))}
o (27562)?? 2(5 n=0 m=0

F)=

A(A AT F) = 1 N-IM 1 1(2.23)
exp{ }

2ZZx(nm

Y G n=0m=0
(2n6%)2 2

3HaiimeMo  Jorapud™M  BIIHOIIEHHS  MpaBAONOAIOHOCTI. BukoHaBIIM

MEPETBOPEHHS, OTPUMAEMO

o (f,lf)
INA(A., A, f,E) —— (2.24)

Takum umHOM Tinore3a H; mnpuiiMaeTbess 3a 3arajJbHUM  PABUIIOM

ABOAJIbTCPHATHUBHOI'O BUABJICHHS Y BHUIIAJIKY:

F(f,lf)>c52|ny:y'. (2.25)
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CtpykTypa npuCTpOIO BUSIBJICHHSI HaBeIeHa Ha puc. 2.1.

H,
2 YA ,
. (f,F) !
x (n, m) JlBoMipHE L I'(fi £) | max (), >
— " NM - .
n=0,N-1 HHCD k=0,N-1 f]‘ﬁ Fl < ’Y’ Ho
m=0, M-1 [=0,M-1 L

Pucynox 2.1 — CTpykTypa IpHUCTpPOIO BUSIBICHHS

3HaliIeMo ONTHMAJbHUK MOpir Y 1 XapakTepUCTHKH BUSBIECHHS TaKOIO

anroputMmy 3a kpurtepieM Heitmana — Ilipcona. [IpeacraBumo mnepiomorpamy

F( f, If) y BUTJISIAIL:
r(f,lf)zgf + &2, (2.26)

ac
N-1M-1

«/W >y (n,m)cos(Zn(fn+ Ifm)) (2.27)

n=0 m=0

N-1M-1

JW >3 (n,m)sin(Zn( fn+ Ifm)) (2.28)

n=0 m=0

KoxHa 3 BUnajkoBux BeJIM4YMH &;,&, € pe3yabTaToOM JIIHIHHOTO EPETBOPEHHS

rayCiBCbKUX BMITAIKOBOI BETHUHMHH x(n,m), Nn=0,N-1m=0,M -1. 3a ymoBu
CIPaBEUIMBOCTI TINOTE3W H, MareMaTWyHi CHOAIBaHHS BHUIIAQJKOBUX BEIMYUH

&1,E, IOPIBHIOIOTH HYJIIO

N-1M-1

E{5, | Ho}= \/_ STY E{x(n, m)}cos(Zn(fn+Fm)) 0 (2.29)

n=0 m=0
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N-1M-1

E{&, |H E{x(n,m)}sin(2x( fn+Fm})=0 2.30
{£2| Ho} = J—gmzo{( Jsin(2n( fn+ Fm))=0  (230)
Jlucniepcii npuiiMarOTh OJTHAKOB1 3HAYEHHS
N-1M -1 o2
D{&; | Ho}= \/an;,)mzo D{x(n, m)}cos (Zn( fn + Fm)) —; (2.31)
1 N-1m-1 o2
D{&; | HO}_WnZE)mZo D{x(n,m)}sin? (27:( fn+ Fm)) —; (2.32)

Otxe mepiojorpama F(f,F) MpeCTaBiIsiE CO00I0 CyMy KBaJApaTiB JBOX
HE3AJICKHHUX TayCiBCHKUX BUITAIKOBUX BeIUYHH. ToMy SIKII0 mpoHOpMYBaTH &y, &,
ma 0502, To orpumaemo mpu H o UIUIBHICTE PO3MOAULY HMOBIPHOCTI

£ e 2 - - 2
f{T(f,F))=y° (uenTpanbHe pO3MOIiICHHS Xi-KBaJpaT Y5 3 JBOMA CTYICHSIMU

CBOOOTH).

3a yMOBHU CITpaBeAIUBOCTI I'noTe3n H; MareMaTu4Hi CHOIBaHHS BUMAaIKOBUX

BeIU4MH &7, &,

N-1M-1
E{¢ |H}= \/_ >y Acos(Zn( fn + Fm+¢))cos(2n( fn+ Fm))
n=0 m=0 (2.33)
~ \/I\ZI_MAcosq):ml;
E{¢, |H}= \/_ I\lleZ_:lACOS(Zn( fn+ Fm +¢))sm(2n( fn+ Fm))
o (2.34)
z—\/l\;_MAsinq):mz.

Hucnepcii &;,&, 3a yMOBHU CIPaBEIIMBOCTI TIIOTE3W H; OAHAKOBI 1 TaKOXK

NPUHAMAIOTh 3HAYEHHSI 0.56°. OTxe npu Hi MUTBHICTH PO3MOIITIEHHS! WMOBIPHOCTI
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f (F( f, If)) € HELEHTPaJIbHUM PO3MOJUIOM X1-KBajapar X’ZZ (1)3 mapamerpom He

HEHTPAJIBHOCTI A, IO PO3PAXOBYETHCS MO HOPMYIi
2 2

m O\ m. ) VNM éc:osq) vNM ésind) NMA2
x:[—lj +[ 2 j - 2 n 2 - .(2.35)
cl2 cl\2 sl\2 sl\2 26°

PospaxyemMo #MoBIpHICTE XuOHOI TpuBOTH. (OCOOJUBICTIO OTPHUMAHOTO
QIrOpUTMY € HeoOXIAHICTH, meperisgy O0.5NM  BUUIKIB  OTpUMaHOI 3

BUKOpUCTaHHAM JiBoMipHoro JIII® nepiogorpamu I'( f,,F) Wi momyky ii

MakcumMyMmy. ToMmy WMOBIpHICTb XWOHOI TPUBOTH aJITOPUTMY BHSBJICHHS O
MOB’s13aHa 3 UMOBIPHICTIO XUOHOT TPUBOTU B €JIEMEHTI PO3PI13HEHHS 1aJIEKOMIPHO-

JIOILIEPIBCHKOTO MOPTPETY O, CIIBBIIHOLICHHAM

NM
oc=1—(l—oce) 2 . (236)
3BIIKH
= 2
o =1- 2\/1—%&. (2.37)

. . o . .2 ‘o
[I{11bHICTE KMOBIPHOCTI )5 € €KCIIOHEHIIINHOI0. ToMy

oce:P{F(f,F)>y’|HO}:P{F(f'F)> Y |HO}:

o’ 12 o°/2 2.38)
= I le"‘/zdx= f 1e‘Zdz:e‘W"z.
Zy’/GZ y'/cs2

Tonai npu 3amaniid IMOBIPHOCTI XMOHOI TPUBOTH O, 1 BIANOBIJHO OTPUMaHIi
3a Qopmynor (2.37) HMOBIPHOCTI XMOHOI TPHUBOTH O, ONTUMAJIBHHUNA MOPIT

PO3paxoBYETHCS IO PopMyi

Y =o° In(i} (2.39)

0(‘63

3HalieMo HMOBIPHICTh BUSIBJICHHS
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F(f,F) Y
D=P{I'(f,F)>y'|H,!=P > H, ‘=
{ ( ) vl 1} {62/2 cs2/2| 1}

_ v _ 1
- px’zz(k)(czj_ pX'zz(k)(ZIn o }

es3

(2.40)

MIMOBIpHICTh BHUSBJICHHS BHpaKaeThes yepe3 Q) — dyHkmiro Mapkyma [53,

72]
NMAZ 2y’ _ 1
= | 5 2 :QMW 2'%:)’ .

ne Qy (v, ) — Ma€ BULIISAL

Qu (v,p) :szexp{—%(z2 +v2)}lo(vz)dz;

n

lo (vz) —MomudikoBana QpyHKiis beccenst HyboBoro nopsiky; g - BCIIL o

PO3paxoBYeThCS 3a HOPMYIIOIO

NMA?
). (2.42)

q=10log(

o

2.1.2 OuiHIOBaHHS HEBIiAOMOI MOTYKHOCTI IIYMY 3 BUKOPUCTAHHSAM JI0BipYMX
iHTepBaJiB

[ITo6 BCTaHOBUTHU MOPIT B MPUCTPOI BUSBICHHS, MOTYXXKHICTh UIIYMY o’
noBUHHA OyTH Bigoma. [[ist 11 OI[IHIOBaHHS BHUKOPUCTAEMO TECTOBY BHOIpPKY, SIKY
Oynemo (OpPMYBAaTH HACTYTHMM YHMHOM: B KOXHOMY |-My cToBOWI |=1M
nepiogorpamu T'( f,, ) Ha inTepanax k =0,N /2 -1 piBHOAMOBIpHO 0GHpaeMo

vV BUOIPKOBUX €JIEMEHTIB. 3arajbHUil 00’eéM BUOIpKHM JopiBHIOE K =vM .
Po3rnsaHyTuil miaxig  J03BOJISE  OXONMMTH BCIO  IUIOLIMHY  JIaJe€KOMIPHO-

JIOTIEPIBCHKOTO MOPTPEeTy. IMOBIpHICTh MNOTPAIUISIHHSA IUIBOBOTO BIUIKY Y
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BUOIpKY MaJia 1 Her0 MOXHa 3HeXTyBaTH. KpiM Toro, mpu 3HauHOMY 00Cs131 BUOIPKU
MOOJMHOKE MOTPAIITHHS I[ITbOBOTO BIUTIKY MPAKTUYHO HE BIIMBAE HA TOYHICTH
OLIIHIOBaHHS MOTY>KHOCTI LITyMY.

Buxopucraemo MeTon MaKCMMaJIbHOI MPABIOMOAIOHOCTI, IKH BiTHOCHUTHCS

710 HeOalleCIBChbKUX MapaMEeTPUIHUX METO/IB.

JlocTaTHs CTaTUCTHUKA F(f,F)zC 3a HasBHOCTI rimore3n H, Mae

CKCIIOHEHIIMHUI 3aKoH po3noainy [53, 58]

g

1 ==
f(Q):—Ze o, (2.43)
c
3anumemMo (pyHKIII0 TpaBAONOAIOHOCTI MapaMeTpa 6° 3a HasBHOCTI BUOIpKU
£(i),i=1L K y urmsmi
i 18,
T S R 20
L(cT)=]]—=e ° =x e N (2.44)

Jlorapudmiuna QyHKIISI MPaBAOMOI0HOCTI MAa€ BUTJIS]

IN(L()) = K In(c? —éi&(i). (2.45)
i=1

3 YMOBU MakCUMyMYy JorapupmivyHoi pyHKIIi MpaBIonoA10HOCTI

dIn(L(c?))
— V)
12 (2.46)
OTPHUMAEMO
1 1 K
K= =0. .
2t ) i§=1l§(l) (2.47)

3 piBHsAHHS (2.47) BUILIMBA€E, M0 MaKCHMAaJbHO IPaBIOIOI0OHA OIliHKA 52,

HNOTY>KHOCTI IIIyMy BHU3HA4a€ThCs 32 GOPMYJIIOH0
o 1X.
6 =) &(i). (2.48)
Kiz

OuiHka 62 HeBizOMOi MOTY>KHOCTI IIIyMY € BUOIPKOBUM CEPETHIM.
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Cdopmymnroemo Bumoru 110 06’emy BuOipku K. [l bOr0 BHKOPUCTAEMO
JIBOCTOPOHHIO 1HTEPBAIBHY OIIHKY IapaMerpa 6%, sKa 3a1aeThes JOBIpYUM
. 2 2 . . o . .
intepBasiom  [0,,05] 1  XapakTepuU3yeThCs  JOBIPYOI0  WMOBIPHICTIO

2 _ 2 _ 2 . .

P(o;, <o® <o%) =P [74,75]. dns oTprMaHHs iHTEpBaJIbHOI OI[IHKU HapamMeTpa o’
EKCIIOHEHITIHHOTO PO3TMOIITy BUKOPHUCTOBYETHCS IIEHTpaIbHA CTATUCTHKA, IO MA€E

BUTJIS

2K .

TE(),i=LK;o )_—2 (2.49)

@DyHKIIIS PO3NOLTY HEHTPAIbHOI CTATUCTUKH (2.49) Mae Xi-KBajpaT po3Moi
3 2K crynensamu cBoboau. Ilo QyHkuii po3noauly 3HAXOJUMO KBaHTWIII

X(Zl_ﬁ) 12(2K) 1 X(Zl +pyr2(2K) . OCKIIBKY TOCTATHS CTATUCTHKA (2.49) 3MCHIIYETHCS

npu 301TBIICHH] TapameTpa 2, IPaHUIll JIOBIPYOTO 1HTEPBATY BU3HAYAIOTHCS 3

PIBHSIHB
2 2K .o 2 2K .
Xa+p)2=—7590 1 Aapy2=—750 -. (2.50)
GH 66'

. . . )
BupimuBmm  piBHAHHSA (2.50) oTpumaeMo TpaHHM4YHI 3HA4YeHHS O, O,

JIOBIPUOTO 1IHTEPBAITY

2K . 2K .
05:2—62, 6222—02.. (251)
X@+p)/2 X(1-p)/2

. . . . 2 2
Jlani MO’KHa BCTAHOBUTH 3B'S30K MiK JOBipunM iHTepBaioM [o),,0%]

BIANOBIAHUM 1HTEpBAIOM [0al,,,0l,,] HMOBIpHOCTI XMOHOI TPUBOTH O, B SIKUH ii

en?

3HAYEHHA NOTPAIUIs€ TAKOXK 3 JOBIPUOIO HMOBIPHICTIO [3 MPHU HEBIIOMOMY 3HAYEHHI
HOTY>KHOCTI IIIyMY 6’

Ha ocHOBI oTpuMaHOi TOYKOBOI OIlIHKH &7 MOPIT TPUUAHSTTS PIIICHHS
PO3PaxoBYETHCS 32 HOPMYIIOIO

5= 62| 1|, (2.52)

a€3
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BpaxoByroun 3B'SI30k Mk HMOBIPHICTIO XMOHOI TPUBOTH O, 1 3HAYEHHSIM

MOTY)KHOCTI IryMy o° (2.51) HIDKHS IpaHMIIS HMOBIPHOCTI XHOHOI TPHUBOTH o,

PO3paxoBYETHCS 3a (HOPMYIIOFO

Mo, l(—6%)

R Ina,,/2K 2 .a1/0/2K
_ Yl X(A+p)/2 _ ak@+p)2ina _ X(A+p)/2
o, =e ' =¢ =e T =, . (2.53)

AHQJIOTIYHO MOJKHA TIOKa3aTH, IO BEPXHS T'paHUIld HWMOBIPHOCTI XHOHOT

TPUBOTH OL,, PO3PAXOBYETHCS 3a GOPMYJIIOO

2 aynl2K
o, = 0, P2 (2.54)

es e.
Sx BumumBae 3 BupasiB (2.53), (2.54), HUXKHA o, 1 BEpXHS O, TIPaHUILI

o . . . . . . ~2
HMOBIPHOCTI1 XHOHOT TPUBOTU O, HC 3aJIC)KUTH Bl OI1HKH IIOTY>XHOCT1 IIYMY G .

Bouu € ¢yHkuisimu 00’emy BuOipkun K, 10Bipyoi HMOBIpHOCTI [}, 3aAaHOi
MMOBIPHOCTI XUOHOT TPUBOTH O, .
. . . . 2 24 . . .
3HaiiIeMO TaKoX 3B'I30K MiX JOBipuuM iHTepBaioMm [G),0;] i BianmoBigHM

inTepBasiom [D,, D,] #imoBipHOCTI BusiBieHHsa D. Ilicns migcTtaHoBKH B GopMyiTy

(2.53) Bupasis ms mopory 7' (2.39) i rpaHuui nosipuoro intepsany - (2.51),

OTPUMAEMO
A F(f,F) 7'
D =P{I(f F)>%|H =P > H, L=
y=PUT(F)> 71 Hy) o2 /2 cg/z' !

ne g, 7', k, - mapameTpu, 1110 pO3paxoBYIOTHCS IO HOpMyIam
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NMA? 2K
252 ' Ke="7——
(@)

q:

6

=— _
X(@-p)/2
AHaJIOT1YHO MOYKHA TTOKa3aTH, 1110 BEPXHS I'PaHUIIS] KMOBIPHOCTI MPABUILHOTO

BusiBJeHHs D, po3paxoByeThcs 3a hopmyiioro

L(fF), 7 g
H =P >——I|H, ;= =,
1} {05/2 o212 1} U \/;

ne Kk, - mapamerpu, 10 po3paxoBYIOTECS 1O GopMyaam

, (2.56)

D, =P{r(f,F)>

2K
K,=———.
X(@+p)/2
Ha BinMiHYy Bix rpaHMIb JOBIPYOTro 1HTEpBaly XUOHOI TpuBOry, rpanuni D, 1 D,

JIOBIPYOTO 1HTEPBAITY UMOBIPHOCTI BUSIBJIEHHS D 3aiie’kath Bij] OLIHKU MOTY>KHOCTI

mymy 6°.

2.2 AnaJi3 po3podsenoro merony BusiBjieHHss MBIIJIA FMCW panapom
HISIXOM CTATHCTHYHOT0 MO/IEJTIOBAHHS

[IpoBenemMo crnoyaTKy aHaii3 METOAY BUSIBIEHHA Manopo3mipHoro BITTA
FMCW panapom npu BiJIOMii MOTYKHOCTI ITyMY, K1 MOKYTb BUCTYIIaTH B SIKOCTI
MOTEHIIMHO MOKJTUBHUX.

Ha puc. 2.2 1 puc.2.3, 300pakeHo0 1aneKOMipHO-I0TUIEPIBChKUA TOPTPETH TPU
3nauenHi BCII 2 1 4 nb, BianosigHo. Ak BugHO 3 puc.2.2 Ta puc.2.3 npu BCUI 4

nb crnexkTpaJbHUM BIIUTIK, KU BIJMOBIJAE LU MEPEBUILYE CHEKTPalbHI BIIIIKA

HIyMy.
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Pucynok 2.2 — 3ane;kHocTi iMoBipHOCTI BusiBiieHHs 1t D mpu BCII g = 205

1400
1200
1000
800
r 600
400

200

2000 3000

0
2000 -1000

f,ly 6 3000 F.ru

Pucynok 2.3 — 3anexxHocTi imMoBipHOCTI BusiBiieHHs 1t D npu BCII ( =405

3ase’)kHOCTI UMOBIPHOCTI mpaBuiibHOTO BUsiBNeHHA 1t D Big BCII q npu

a 210_3, po3paxoBasi 3a (opmynoro (2.41) 300pakeni Ha puc.2.4 CyIiIbHUMU
ninisimu. [pu nisomy BCIII po3paxoByeThes 3a hopMyIior:
. NMA®
- 26°
Takox Ha puc.2.4 MTPUXOBUMHU JIHISIMH HaBEJCHI aHAJIOTIYHI 3aJ€XKHOCTI,
OTpUMaHI INUISIXOM CTaTUCTUYHOTO  MOJIEIIOBaHHA, SKI  CIIBIAJalOTh 3

TEOPETUYHUMHU po3paxyHkamu. [Ipu 30UbIIIEHH] TIEP10IB 30HIyBaHHS B J[Ba Pa3H,
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HeoOX1IHe JyuIs JocsirHeHHs Ti€i xx iimoBipHOocTi D BCII ( 3menmyeThes Ha 3 1b,

110 BiJIIIOBIJIa€ 3aKOHOMIPHOCTI KOT€PEHTHOI'0 HAKOITMYEHHS CUTHAIIB.
Aute x Tpeba TaKoX BIAMITUTH, 110 JJIs 3a0€3MEUCHHS 3aJIaHOTO PIBHS XUOHO1

TPUBOTU o, NpU 30UIBLIEHHI MNEpIOAIB 30HIYBaHHA B JiBa pa3d Ha IHTepBal

KOT€pEHTHOTO HAKOMHYEHHS, B JIBa pa3ud HEOOXITHO 3MEHIIYBaTH WMOBIPHICTh

XMOHOI TPUBOTH B €JIEMEHTI PO3PI3HEHHS O, .

33_?!.333

0ar |

oo o

|3

06

04r

0.2

20

Pucynox 2.4 — 3anexxrocTi iMoBipHOCTI BusiBiieHHs it D Big BCIII q

OTpuMaHi XapaKTEepPUCTUKH MOXXYTh BHUCTYIATH B SIKOCTI HIDKHBOI TPaHUIN

iMoBipHOCTI D anropuTmiB BUSIBJICHHS IIPU HEBIAOMIM aucriepcii mymy 6’
Takox OyB 3AliiCHEHUH aHali3 XapaKTEpPUCTHK BHUSABJICHHS MpPU PIZHUX
3HAYEHHAX WMOBIPHOCTI XMOHOI TPUBOTH B €JIEMEHTI PO3PI3HEHHSI, 110 CTAHOBUJIU:
10°,10*,10°3,1072,10" npu M=16. Ha pucynky 2.5 mnpexncrasiieHi 3aIe€KHOCTI
3HauY€Hb UMOBIPHOCTEW BipHOTO BUSABICHHS 11111 Bia 3HaueHHss BCUI mis pizaux
3aJJaHUX BEJIMYMH MMOBIpHOCTEN XUOHOI TpUBOTH 0, . [Ipu 3011b111€HH] IMOBIPHOCTI

XUOHOT TPUBOTH (.,, UMOBIPHICTh IPABUJILHOTO BUSIBJIEHHS 301IBLIYETHCS, TAK IIPU

BCIII q =4 nb, iiMoBipHICTh MpaBUILHOTO BUSBIEHHS 30UIbIIyeThCs Bia 0.94 no

0.99
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—_— =01
— o, =001
o, =0.001
— o, = 0.0001
o, = 0.00001

Pucynok 2.5 — 3anexxHocti iiMoBipHOCTI BusiBiieHHs it D Big BCII

JUTSI PI3HUX BEJIMYUH XUOHOT TPUBOTH B €JIEMEHTI pO3PI3HEHHS

Ha puc. 2.6 a, 6 HaBeI€HO 3aJIEKHOCTI HIKHBOI O, 1 BEPXHBOI O.,, IPaHHIb

MMOBIPHOCTI XMOHOI TpuBOrM 0., Bix 00’eMy BHOIpku K, mpu N =256,M =8.

3HaYeHHsAX AoBipuoi iimosipHocTi [3=0.95,0.99,0,999 i 3amanoi iimMoBipHOCTI

y 3 .A~-5 . . . ) . .
XuOHO1 TpuBOrH O, =107,10"° BigmoBimHo. I'paHuIli AOBipYMX IHTEpBATIB €
CUMETPUYHMMH BIJIHOCHO 3aJaHOi HMOBIPHOCTI XHOHOI TpHUBOTH O,,. llpum

30UTbIIEHH] ~ JOBIpYOi ~ MMOBIPHOCTI  JIOBXMHA  JOBIPYOrO  IHTEpBaILy
n(ae) =0, —0,, Takox 30umbIIyeThes. [lpu 30inmbineHHi 00’eMy BHOIpKH 3
K =30 no K =150 posmipu 1oBipunx iHTepBaiB 3MEHIIYIOTECS B 3-3,5 pasu. Ha

OCHOBI OTPUMAHHUX DPE3YyJbTaTIB NpHU 3aJaHUX 3HAYCHHSIX IapaMeTpiB B 1 o,

MOHa BH3HAuuTH 00’eM Bubipkm K, mo 3abesmedye momycTime 3HaYeHHS

JIOBKMHU JIOBIPYOTO 1HTEpBaly HMOBIPHOCTI XUOHOI TPUBOTH O, .
HeoOxigHO BIAMITHTH, IO TPaHWYHI 3HAY€HHS o, 1 BEpXHI O, A
HMOBIPHOCT1 XMOHOT TPUBOTU 00 MOXYTh OyTH PO3paxoBaHi HA OCHOBI TPAaHUYHHUX

3Ha4YeHb O, 1 O, 3a popmyioro (2.36).
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PucyHnok 2.6 — 3asiexxHOCTI HUKHBOI O, 1 BEPXHBOI O, TPaHUIb HMOBIPHOCTI

XUOHOT TPUBOTHU O, BiJ 00’eMy BUOIpKU

Ha puc. 2.7 a, 6 HaBeneHo 3anexHocTi HUkHbOI D, 1BepxHboi D, rpanuns

MMOBIPHOCTI NpaBUibHOrO BusABIEeHHA D mpu N =256, M =8, o, =107 Bin
omineHoro BCII § npu 3mauenusx gosipuoi iimosipaocTi = 0.95,0.99,0,999 i

o0’emax BuOIpkn K =30 1 K =150 BianoBigHo. [Ipu 30inblieHH]I AOBipUYOl
iiMOBipHOCTI HoBXHHA AoBipuoro intepany 1n(D)= D, — D, Takox 30ibI1y€eThCH.
ITpu 36inemenni 06’emy Bubipkun 3 K =30 mo K =150 posmipu moBipumx
inTepBaniB n(D) =D, — D, 3menmrytotscs. Hampukman, mpu q=8xb po3Mipu
JIOBIPYMX 1HTEPBAJIIB 3MEHIIYIOThCSI TPUOIU3HO B J1Ba pa3u. OTpruMaHi 3aJeKHOCTI
JO3BOJISIIOTH OLIHUTH BIUIMB JOBIpYOi MMOBIpHOCTI B 1 00’emy BuOipku K Ha

JOBKMHY JIOBIPYOTO IHTEPBATy WMOBIPHOCTI BUsIBIIEHHS D .
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I .
4 = 0.95
8 =0.99 H

— 4 = 0.999

—3 =095
=099+
— 3 = 0.999

()

Pucynok 2.7 — 3anexHocti HkHbOi D, 1 BepxHboi D, rpanuils iMOBIpHOCTI

npaBwibHOTO BUsBIeHHs: D Big ouineHoro BCIII

2.3 Po3po0ka meToay nocaigoBHoro BusijaeHHst tpackropii MBILJIA 3
BUKOPHMCTAHHA BHPIIAJIbHOI CTATHCTHKHA HAWCWIBHIIIOL BIAMITKHI

JIns miaBUILIEHHS JOCTOBIPHOCTI PIIICHHSI MPO HASBHICTH I B 00JacTi
OTJISIAY pajapa Tepil HiK Tepenatd ii Ha CYMpOBiA TpH BTOPHHHIN 00poOiI
1H(popMaIlii, HeOOX1IHO BUPIIIUTH 33]1a4y BUSIBICHHS TPAEKTOPIi LUIl. BusBieHHs
TPA€EKTOPIi BIIOYBAETHCA MIIIXOM BUAICHHS BIMITOK, SIK1 33JI0BOJILHSIIOTH JIESIKIM
MOJENI TpaekTopii pyxy 1w, g 1hOro BUKOPUCTOBYETHCS —aJITOPUTM
CYNPOBOJIKEHHS 111, IKMM CKIIQAAETHCS 3 EKCTPANOJIALIT KOOPIAUHAT 1 CTPOOYBaHHS

BiIMITOK. B pasi morpamisHHs B cTpoO JEKUTBKOX BIAMITOK 3a KpPUTEPIEM
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«HANUCWJIBHIIIUNA CYCIJI» B SKOCTI I[IJIbOBOT OOMPAETHCS BIIMITKA 3 MAKCUMAJIbHUM
3HAYCHHSAM BHUPINIATBHOI CTATUCTHUKH.

CraTucTuuHa 3aja4ya BUSBICHHS TPAEKTOPIi LI MOJSTae B MEpeBipIll ABOX

anpTepHaTHBHUX Tinores [61, 76]: H y— rimoresn npo Bincyrricts TpaexTopii mimi i

H; — rinoresu npo HasBHicTh TpaekTopii wimi. [Ipu crpasemmBocti rimoresu H; B
CTpoOi MIATBEPIKEHHSI TPAEKTOPIl MOXIIMBI HACTYIHI CUTYyallii: MICTUTBCS OJHA
MiTh0Ba 1 XWOHI BIAMITKH, JUINE XWOHI BIAMITKH, BiAMITKH BincyTHi. [lpm
cripaBeuiBoCTi Timoresn H yci BimMiTki B cTpo6i mifTBepIKEHHS Tpa€eKTOPii €

XUOHUMH a00 BIAMITKHM BIFCYTHI. Y BIJIMOBIJHOCTI 3 MiJIXOJIOM «HAMCHJIbHIIIAN
cyciay [68] ams momanbuIoro miaTBepHKEHHS TPAEKTOPIi B CTPOOi B AKOCTI I[LIHOBOT
OOMpaEThCS BIAMITKA 3 MAKCUMAJIBHOIO BUPIIIAIBHOK CTATUCTUKOIO.

Jlist BupilIeHHsS 3a7a4l BUSBICHHS TPAEKTOPIl Il BUKOPUCTOBYETHCS
MOCIJOBHUN KPUTEPIA BIAHOIICHHS MpaBAonoi0HOCTI Banbna 3 mocTtiitHUMU

MOpOramu, BIAMOBIHO JI0 SIKOTO JIorapru(M BiHOIIEHHS MPaBIONO0110HOCTI
K
L(k)=>In]; (2.57)
=

Ha TOTOYHOMY K -y OTJISI/Il TOPIBHIOETHCA 3 BUX1THUMH IOPOTaMU

Azlnﬁ, B=In—22", (2.58)

12550

e |i — YaCTKOBE BIJHOIICHHS MPaBAOMNO11I0HOCTI, sIKE BU3HAYAETHCS HA |-y OIJISAL;

Dy, Oy, —3a7aHl HMOBIPHOCTI IPaBUJILHOTO 1 XUOHOTO BUSIBICHHS TPAEKTOPIT L.

79



SIKIII0 BHKOHYETHCS HEPIBHICTD B< L(k) < A, TO CIIOCTEPEIKEHHS TPHBAE.

SIKIIO BUKOHYETHCS YMOBA L(k)ﬁ B, TO TPUWMAETHCS TIMOTE3a Ho, a SKIIO
L(k) > A _rinoresa Hl-

['eomeTpuyHa iHTEpHpeTalIlis MNPOLEIYPH BUSBICHHS TpaeKTOpii Il Ha

OCHOBI TIOCTIIOBHOTO KpuTepito Banbaa npeacrasnena Ha puc. 2.8.

Heo6xixHo Bimgmituth, wo fimosiprocti Dy, i Oy, € YMOBHUMH, OCKUIbKH
BU3HAYAIOTHCSA 32 YMOBH, I[0 B TIEPIIOMY OTJISAAI OTpUMaHa IIIhOBA Ta XHWOHA

BIIMITKa BiAMOBITHO. be3yMOBHI MMOBIPHOCTI MPaBUIBLHOIO DTp 1 XMOHOTO Oy

BUSIBJICHHSI TPAEKTOPII 111 BU3HAYAIOTHCS 32 PopMyIaMu

DTp = DBX DZT ; an = aeaZT’ (259)

ne Dy, — HMOBIpHICTb HEpPBHHHOrO BHSBICHHS I{IbOBOI BiMITKH; a, —

HMOBIPHICTh XMOHOI TPUBOTY B €JIEMEHTI PO3ALUIBHOI 3JaTHOCTI.

[IpomosxeHHS

Npuitnatta H
CIIOCTEPEIKCHHS P 1

Npuitnatta £,

T
-

Y Y L i

A

Pucynok 2.8 — ['eomeTpuuHa iHTepIIpeTallis Mpoueypy BUSBICHHS TPAEKTOPIT

Ha OCHOBI KpuTepito Banabaa

Takum yrHOM, 3aj7]a4a MOCJIIIOBHOTO BUSIBIICHHS TPAEKTOPIT 1111 3BOJAUTHCS
710 OOYMCIIEHHS YaCTKOBOTO BIHOIICHHS TPaBI0ONOA10HOCTI |(k) .
[To3HauMMO 3HAYEHHSM BUPIIMIATBLHOT CTATUCTUKH OTPUMAHOI MI1IXOJ0M

«HAMUCWIIBHIIIUNA CYCI» BIAMITKA Z(k). Posrmssremo mnpouenypy BU3HA4YEHHS
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YaCTKOBOTO BIJHOIICHHS MPaBIONOAIOHOCTI |(k) 3 BUKOPUCTAHHSIM BHUPIIIAIBHOI

CTaTUCTHUKH Z(k). BBenemo HacTyIHI OOMEXEHHS :

o KUTBKICTh BIIMITOK B CTpPOOi HE paxyeThCcs, a JUIIe OOMPAETHCS
BIIMITKA 3 MaKCUMAaJIbHUM 3HAYEHHSAM BUPIIIATEHOI CTATUCTHKHY;

o IpU HasBHOCTI B CTpOO1 CYNPOBOKEHHS I[IHOBOT BIAMITKH 11
BUpIIIAIIbHA CTATUCTUKA TEPEBUIIYE 3HAUYCHHS BHUPIIIATBHUX CTaTUCTUK XHOHUX

BIJIMITOK.
JIns  BU3HAUEHHS YACTKOBOTO BIJHOIICHHS IPaBIONOAIOHOCTI |(k)
. 1 . ..
HEeOOXigHO po3rsHyTH aBa Bumaaku: 4 (K) — B cTpoOi 3HAXOMATHCSA BiIMITKH,
1°(K) — B cTpo6i BinMiTox Hemae. Ilepumii Bunagox € Gimbm 3aranbHUM. ToMy
CIOYaTKy BU3HAYMMO BiTHOIICHHS MPaBIOMOI0HOCTI npu 4 (K). s msoro
HEOOXITHO 3HAWTM YAaCTKOBI  CIUJIbHI YMOBHI  IIUIBHOCTI  WMOBIPHOCTI
~ 1 | . . .
f(Z(k), (k)| H;), 1=0,1. ITpn 1pomMy YacTKOBE BiJHOIIEHHS MPaBIONOAiOHOCTI

Ma€ BUI'TIA.

f(2(k), 1" (K) | Hy) (2.60)
f(2(k), 1" (K) | Ho)

(k) =
YMOBHY CyMIiCHY MIiIbHICTh HMOBIPHOCTI f(Z(k),,ul(k)| H;) wmoxna

MPEACTaBUTH Y BUTJISII

f(Z(K), " (K) | Hy) = F(Z(K), 1 (), (K) | Hy) + F(2(K), 2 (K), n°(K) | Hy) =
= F(Z(k) | 1 (K), 0" (K), Hp P (et (K) [ n* (K), Hy) P(n* (K) | Hy) +
+(2(k) | 1 (K),n° (K), Hy)P(x" (k) | n°(K), H) P(n° (k) | Hy)

(2.61)
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ne nt(k), n®(k) — rinoresu masBHOCTI i BIJICYTHOCTI BIAMITKH il B CTPOOi
inmosimuo; T (Z(K), & (k),n' (k)| Hy) =01 — criTbHi YMOBHI  IIIJIBHOCTI
HAMOBIpHOCTI Z(k),,ul(k), n' (k) 3a ymosu Hi;
f(Z(k)| ,ul(k), n (k),H;) — ymoBHI 1miBHOCTI WMOBIPHOCTI BHPIMIATBHOT
cratuctuxu L(K) 3a YMOBU ,ul(k),nl (k),Hy;
P(,ul(k) | nl(k), H,) — iMOBIpHICTh MOSBH BiMITOK B CTPOOi 32 YMOBH nl(k), H,:
P(n' (k)| H,) — fimoBipHicTh TinoTE3M n'(k), 1= 0,13a ymoBu Hj.
HmogiprocTi B (2.61) 06umcmo0Thes 3a GopMynamu
P(t (k) | nt(k), H,) =1; (2.62) P('(K)|H)=D,P..,; (263

P(u'(k)[n°(k),H;)=1-Py; (264) P(n°(k)|Hy)=1-D,FP (2.65)

CTp;
ne PCTp — WMOBIPHICTh MOMaJaHHS IUILOBOI BIAMITKH B CTPOO MIATBEPXKEHHS
TpaekTopii; Py — iiMoBipHicTb BifcyTHOCTI B cTPoGi XMOHMX BiIMITOK.

CymicHa ymoBHa wminbHicTs #Mosipuocti T (Z(k), 1K) H,) omucyerbes

BHUPa3OM

f(2(k), 4 (K) | Ho) = f(2(K),| ' (K), Ho)P(s (k) | Hg) , (2.66)

ne T (Z(k)| ,Lll(k),HO) — yMOBHA MIJIbHICTE HMOBIPHOCTI  BHPIIIAIBHOIO
CTaTHCTUKH Z(k), 3a YMOBHU ,ul(k),HO; P(t(K)| H,) — #imMoBipHicTh HOsBH

BiZMiTOK B cTp06i 3a ymoBu H, sika Bu3HauaeThest 3a Gopmysnoro
P('(k)|Hg) =1-Py. (2.67)
YMoBHI IIIBHOCTI HAMOBIpHOCTI f(Z(k) | ,ul (k), nt (k),Hy),

f(Z(k) | ,ul(k),no(k),Hl) ONUCYIOTHCSA YCIYEHUMH 3aKOHAMHM PO3MOILTY, SKi
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BPaXOBYIOTh NEPEBUIIECHHS BUPIIIATLHO CTATHCTHKOKO Z BXimHoro mopory H., i

MOKYTh OyTH MIPEACTaBICH] Y BUTIISAII

fs(Z(k)  _ fs(@k))

F(200)| 1K), (K), Hy) = — : (268)
[ fs(z(oyz(k) 7
ng
(2001 44Kk, Hy) = (7 | 4 Ho) = — 28D W) 5 g,

[y (2(K))dz(k)

HGX

hi(S fs (Z (k)), fN (Z (k)) - IIUIBHOCTI WMOBIPHOCTI BHPIMIAJBHUX CTATUCTHK
1JI60BO1 1 XMOHOT BIIMITOK.
BuxopuctoByroun Bupasu (2.61) - (2.69) orpumMaeMo ocTaTOUYHUHN BUpa3 IS

CYMICHHUX YMOBHHX IIJIBHOCTEN HMOBIPHOCTI f(Z(k), u(k)|Hy),

f (Z (k), ,U(k) | HO) Ha Kk - My OIJIs/11 32 HASBHOCTI B CTPOO1 BIAMITOK

fs2K)

f(2(K), (k) | Hy) = — o Porp +
[ fs(2(k))dz(k)
) Pox (2.70)
. fN(Z(k)) (1_P0)(1_DBXPCTp);
fu (Z(K))dz(K)
HBX
f(2(K), () | Hg) = — ) _p) (2.71)
[y (@(0)z(K)

H

8X
Bunamok BimcyTHOCTI B CTpoOi1 MiATBEP/DKCHHS TPAEKTOPii BIIMITOK €

BUPOJIP)KEHUM, OCKUIBKM MPH 1IbOMY BIJICYTHI BHUpIIIANbHI CTATUCTUKU BIAMITOK, 1
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BIJOMO JHIIE, IO BIAMITOK Hemae. [l BU3HAYEHHS YacTKOBOI'O BIJIHOIICHHS
rnocri 1(K) weoBxio swaitr fosiproci P(u(0) | Hy)., =01
PaBIOIO1i0HOCTI HeoOxiaHo 3uaitu imosiprocti P(u (k)| H;), 1=0,1.3

ypaxyBaHHSM PO3TJSHYTOTO BUIIIE BOHU BU3HAYAIOTHCS 32 GOopMyTIaMu

P(LO(K) | Hi)={(1‘ PPy )P0, 121 2.72)
P, 1=0.

[Tpu 1bOMY YacCTKOBE BIJTHOIIEHHS MPaBAOIOI0HOCTI Ma€ BHU]I

l, = P(“Z(k” Ho) _q_ Dy Pory - (2.73)
P(r”(K)[Hy)

3 ypaxyBanHsM Bupasis (2.60), (2.70), (2.71), (2.73) yacTKkoBE BiTHOIIICHHS

MPaBIONOAIOHOCTI |(k) Haly/e BUTIISTY

fs (Z(K))Perpr + ~(Z(k)) (1-Py)(1-DyePory ) 0
l = fn (Z(K))A-FRy) (2.74)
(1-DyePrp ). (k) =0.

BX ' CTp

Takum uyuHOM  Jlorapudm  BigHOWICHHS mpaBaomnomioOHocTi  (2.57)

pPO3paxoOBYETHCS 3 BUKOpPUCTaHHAM (opmynu (2.74).

2.4 AnaJi3 po3p0o0.ieHOr0 MeTOo1y MOCJIiIOBHOI0 BUSIBJICHHS TPAEKTOPIl
MBIJIA 3 BUKOPMCTAHHAIM BUPIIIAJbHOI CTATUCTUKHU HAWCUJILHIIIOL
BiMITKH

AHani3 CHHTE30BAHOIO AJITOPUTMY BHUKOHAEMO HA TMPHUKIAAl BHUSBIICHHS

Tpaextopii mimi FMCW pamapom, 1o BHMIpIO€ MambHICTE f, 1 pamianbHy

84



mBuAKicTs I mimi. JlansaicHO-gomIepischka Matpuns FMCW pamapa BKmrodae

N>xM  enementis, me N BiANOBITHO KUIBKICTh €JIEMEHTIB pO3DI3HEHHS 3a
JaapHICTIO, @ M — 3a pamianpHOIO MBUAKICTIO. [lokmamanocs N =256 1 M =16.
Po3mipu eneMeHTIB pPO3pi3HEHHS 3a JANBHICTIO 1 pagiadbHOI MIBUIKICTIO
npuiiManucs piBHUMHU Ar =3.9M, Af =4.9wm/c.

JI71s onucy MIJIBHOCTI KMOBIPHOCTI BUPIMIAJBHUX CTATHUCTHK MPU HAsIBHOCTI
mim Tg BUKOPUCTOBYETHCSI HELEHTPAIBbHUI PO3MOALT Xi-KBaapar ¥, (q)3
napaMeTpoM HELEHTpadbHOCTI , skuii popiBHioe BCII [35]. Ilpu BimcyTHOCTI

LT I{UTBHICTh UMOBIPHOCTI BUPIIIAIBHUX CTATUCTUK fN (Z(k)) Ma€ EHTPaJIbHHUI

PO3MOJILI X1-KBaapaT x% 3 IBOMA CTYIIEHAMH CBOOOIH.

Ha puc. 2.9 HaBeneHo 3a1e:KHOCTI HMOBIPHOCTI IPABUIILHOTO BUSIBIICHHS LU
Big BCII g mpu iimoBipHOCTI XMOHOT TpHBOTH o =1-1072,5-1073,1-1073. AHami3
aITOPUTMY BHUSBJICHHS TpaekTopil BimOyBaBcs B mianasoni BCII = —1...4 nb
1151 3a0e3MeYeH s MPUIHATHOTO PiBHA HMOBIpHOCTI BusiBieHHS i D, .

JIJist BUIUICHHS TPAEKTOPII 1)1 BAKOPUCTOBYETHCS HAUTIPOCTIIINN AT OPUTM

CYNPOBOJ/IKEHHS, SIKUW CKJIAJIA€ThCSA 3 €KCTPAMoJIAIii KOOpAUHAT 1 cTpoOyBaHHS
. . . . . * o K o
BiamiTok [57, 76]. Excrpamoinsiiss koopuHAT BiAMITKA I, 4, l,.1 HAa HACTYITHUM

OTJISi TIPOBOJUTHCS BIAMOBIAHO JIO TIMOTE3U MPO PIBHOMIPHUHN 1 TPSIMOJIIHIMHUM

PYX LIl Ta BAKOHYETHCS 32 JI0MIOMOTOI0 PIBHSAHb
* e . e . % . @
rk+1 = rk + rkT y rk+1 = rk y (275)

ne T — TeMI HaOXO/UKEHHS JaHuX. TeMIT HaaxO KeHHS TaHUX MoKiIagaBcd T = 2

C.
Jlucniepcii TOMIJIKY TPOTHO3Y JATbHOCTI 1 BUAKOCTI MatOTh BUTJISAT
24
oiT *2 2 242
4
2 2 . .. . .
ne o, , O} — JHcrepcli NMOMUJIKH BHUMIPIOBAHHS JAJIBHOCTI 1 paaiayibHOI

. 2 . .. .
MBUAKOCTI, (Ta — JUCIICPCIA IPUCKOPCHHA L1111 3a JaJIbHICTIO.
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o ook

Pucynok 2.9 — 3anexnocTi iiMmoBipHOCTI BusiBieHHs nini D,, Big BCII q

Jucniepcii  HEB’S30K BUMIPIOBaHb 3 JAJIbHOCTI 1 IIBUAKOCTI, SKI
BUKOPHCTOBYIOTBCS JIJIsl BU3HAUYEHHS pO3MIPiB CTPOOIB CYNPOBOIY, BUZHAYAIOTHCS
3a popmynaMu

2 _ %2, 2 2 _ %2, 2
Oy =0, +0,, Oy =0; +0y. (2.77)
VY pa3i BiACYTHOCTI B CTpOOiI BIAMITOK [JIsl TPOJOBKEHHS CYHPOBOAY

BUKOPHCTOBYIOTHCS €KCTPAINOIbOBAHI TApaMeTPU PYXY LIl Ha TOTOYHOMY OTJISIL.

MIMOBipHiCTh mOMagaHHS B CTPOOHM BIAMITOK  Ifii Pap =0.994, mo

BI/INIOBiZIa€ pO3Mipy CTpoOy 3 HaibHOCTI Al =60, 1 3 pamiaibHOT HIBHIKOCTI
Al =60 . BBaxaroun, 110 BUMIpIOBaHHS PIBHOMIPHO PO3IIOJLICH] B eIeMEHTaxX

PO3I1IBHOL 30aTHOCTI, TUCIIEPCli MOMUJIOK BUMIPIOBAHHS pajapa BU3HAYAIOTHCS 32

2 AI"2

.2
JIOTIOMOTOIO BUPA3iB o} = ST3 =1.27M%, g2 = AlLZ =1.59 (m/c)*[18].

:
Jlnia onucy pyxy LIl BUKOPUCTOBYBANAcs MOJIEIb MEPIIOTO MOpAIKy [57,

76]. CepenHpo KBaJpaTHYHE BIIXHJICHHS IIyMy 30Y/DKEHHS, IO XapaKTePHU3Ye

. . 2
BUIAJKOBE MIPUCKOPEHHS 1IiJTi, IpuiiManiocs: o, = 2M/c”,
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3aiaHi KMOBIPHOCTI MPABUIILHOTO 1 XUOHOT'O BUSBJICHHS TPAEKTOPIT 111, IO
BUKOPHCTOBYIOTBCSI TIPH  pPO3paxyHKy BEpPXHbOTO 1 HIDKHBOTO TIOPOTiB

BUPINIATIBHOIO IIpaBmiIa Banbaa, noknagamucs Dy, = 0.99, a5, = 0.01.

Ha puc. 2.10 cyuinpHUMHU JiHISIMH TOKa3aHI OTPHUMaHHI 3a JIOTIOMOTOIO

CTaTUCTUYHOI'O MOJCJIFOBAHHS 3aJ1€)KHOCTI fIMOBipHOCTi IMPaBUJIBHOT'O BUABJICHHA

tpaekropii mini Dy, Big BCIII q TpHU 3HAYEHHAX MMOBIPHOCTI XMOHOI TPUBOTHU B

. . -2 _ - .
eleMeHTi  po3pisHeHHs o, =107°,5x10 31073, Tpaextopiss  BBa)Ka€eThCs
BUSIBJICHOIO BIpPHO, SIKIIIO OCTAHHS BIAMITKA TPAEKTOPIT € IITBOBOIO. 31 3MEHIIICHHSIM

BCII q HMOBIpHICTb Dy, 3Hmxkyerscs. Lle 06yMOBIEHO 3MEHIIICHHAM HMOBIPHOCTI
D,,, 0 TPU3BOAWTH JO BHKOPHCTAaHHS XHOHMX BIJIMITOK 1 BIiIIOBITHO 3pUBY
cymposoxy wimi. MimosipHicts Buseiaenns tpaektopii uim Dy = 0.99 nocsraerses
npu J = 2.5 B,

Ha puc. 2.11 cyuuibHUMH JTIHISIMU MIOKa3aH1 OTPUMaHI 3a JIONIOMOT 00 METOJTY
MonTte-Kapiio 3aneXHOCTI CepeHbOTO YHcia OIJISIIB n_l npu MPaBUILHOMY
BUsBIEHHI Tpaekropii wmimi Big BCIH g npm o =102,5x10°,1073. 3i
3meHiieHHssM BCIII cepenne uuncno orisiaiB n_1 30UTbIIy€eThCsl. TakoX cepeaHe

YUCJO OTJISAAIB 1 301IBIIYETHCS TP 30UIBIIEHH] HIMOBIPHOCTI XMOHOI TPUBOTH ¢ .

D E:R ” 4

a6 '

. — 0 =0.01
R —— 4 =0.005
o =0.001

05

04

Pucynok 2.10 — 3ayexxHOCTI IMOBIpHOCTEN MPaBUIILHOTO BUSBIICHHS

tpaekropii uini Dy, Bix BCII g
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1 L —a=0.01
I a=0.005|]
. a=0.001] |

Pucynok 2.11 — 3anexHoCTI cepeJHbOr0 YUCIIa OTJISAIB Ny MU

npasuiibHOMY BusiBiieHH1 B BCIII g

Ha puc.2.12 cyminpHuMHU JiHISIMU TTOKa3aH1 OTPUMaHi 3a JI0MIOMOT00 METOLY

Mounre-Kapiio HMOBIpHOCTI XHOHOTO BUSIBIIEHHA TpaekTopil 1um Ay, Big BCII g
opu o =1072%,5x107%,1073, OTpumaHi eKCIIepUMEHTaIbHI 3HAa4YeHHS Oy, HE

NIEPEBULIYIOTh 3aJjaHe 3HaueHHs Oy, Ipu po3rsiHyTuX 3HadeHHd BCIII ¢ .

—a=001
—a = 0.005

a = 0.001

-1 0.5 0 0.5 1 1.5 2 25 3 3.5 4

Pucynok 2.12 — 3anexxHoCTi IMOBIpHOCTENH XMOHOTO BUSIBJICHHS TPAEKTOPIi

im Ayt Big BCII g
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Ha puc. 2.13 cyninsHUMHM JT1HISIMH [TOKa3aH1 OTPUMaHI 3a JJOTIOMOT 00 METOTY

MonTe-Kapiio 3a/1e’xHOCTI CEepeTHhOrO YHucia OTJISAIB MPU XUOHOMY BHSIBJICHHI
TPAEKTOPIT LI % Big BCII ¢ mpu @ = 1072 5% 10_3,10_3 . 31 3menenusm BCIII
CepeaHE YHUCIIO OTJISAIIB 3pocTae BimoBiaHO Big 1.1 10 5.4.

Jlis TOpIBHSUIBHOTO aHaji3y BHKOPHUCTOBYBABCS BIJIOMHUM TMOCHITOBHUMN

aITOPUTM BHSBIICHHsS TpaekTopii [43, 62], B SKOMY BpaxXxOBYEThCS HasBHICTh
,ul(k) =1 ,uo (k) =0 a6o BincyrnicTb ,ul(k) = 0,,u0 (k) =1 BinmiTkH y cTpOGI
HIATBEP/HKCHHST TPAEKTOPii, a TaKOX WMOBIPHOCTI: BUSIBJICHHS W17l B €JIEMEHTI
PO3pI3HEHHS, TTOMAaHHs IIJTLOBOI BIIMITKH B CTPOO MiJITBEP/HKEHHSI TPAEKTOPI],
BIJICYTHOCTI B CTpPOO1 XMOHUX BIAMITOK.

Jlorapu¢m BiTHOIIEHHS MPABAOIOAIOHOCTI PO3PAXOBYETHCS 32 BUPA3OM

k 1_P(1_DBXPC )
=X AR —— = (=D, Ry) | (278)
i=1 -0

s —a=0.0
“ = =0.005
- \ o=0.001 | ]

Pucynok 2.13 — 3aneXHOCTI cepeAHbOI0 YKCIIa OB Ny IpU XMOHOMY

BusiBiieHH1 B BCIII g

3a HasgBHOCTI y CTpOOi1 KIUTBKOX BIAMITOK, SK IIJTbOBA BUOUPAETHCS Ta
BIJIMITKA, sIKa HalONMk4ya 1O LEHTPY CTpoOy. Y pO3TIsSHYyTOMY alroOpuTMi

BUSIBJICHHS TPAEKTOPIT 1111 HE BPAXOBYIOTHCS BUPIIIAIbHI CTATUCTUKHU BIJIMITOK.
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Ha puc. 2.10 - puc. 2.13 mTpuxoBUMHU JIHIAMH MOKa3aHlI OTpUMaHHI 3a
nornomororo Metony Monte-Kapimo xapaktepuctuku e(QeKTHBHOCTI BiJIOMOTO
.. - _ _ )

anroput™y y 3ajiexnocTi Big BCII q npu o =10 2 5x107°,1073. Ipu @ =10

MMOBIPHICTH MPAaBUIBHOTO BHsIBICHHS TpaekTopii mimi Dy, mis anropurmy (2.78)

sMeHmIyeTbes Ha 14%-50%, a npu & =5x10"° _ ma 4%-34% sizmoiamo (puc.
2.10). IIpy LbOMY CepeIHE HHUCIO ONISLB N, TIpH O =102,5x10"° 301TBITY€ThCS
npubmm3Ho B 4 Tta 2.5 pasu BimmosimHo (puc.2.11). MmoBipHicTs XHGHOTO
BUSIBJIICHHS TPAEKTOPIi U1l Uy, i anroputmy (2.78) y MOpiBHSAHHI 3 pO3pO0OJIEHUM
anroputmoM (2.57), (2.74) Oinblne HiXK Ha IOpsAIoK (puc. 2.12). ITpu nupomy cepenne
qHCIo OrmAmiB N a=1075x107 30imbIIyeThCs MpuOaM3HO B 3.8 Ta 2.3 pasu

BimoBiaHO (puc.2.13).

Xoua XiJi CyHUIbHMX KpuBUX Ha puc. 2.12, 2.13 mae cnoTBOpeHHS, SKi
BUKJIMKaHI OOMEXEHOI0 KUIBKICTIO BUIpPOOyBaHb MoHTe-Kapio , 1e cyTTeBO He
BIUIMBAE€ HA PE3YJbTAaTH SKICHOTO TMOPIBHSHHS JIOCTIPKEHUX aJITOPUTMIB Ta

J03BOJISIE pOOUTH 3arajibHi BUCHOBKH PO X €(PEKTUBHICTb.
BucHoBku 10 po3aiay 2

1. Ilpuctpiit Businennsa curnany FMCW panapy Ha iHTepBaJli KOTE€PEHTHOTO
HAaKOMMYEHHsI TOOYJ0BaHO 3a TMEPIOAOTPaMHOI0 cXeMow. [[s oliHIOBaHHS

nepiogorpamu I'( f,F) BukopucToByeThes jiBomipHe JII®. Ipu BigcyTHOCTI 1
HIUTBHICTh PO3MOALTY WMOBIPHOCTI BHPIIIAIBHOI CTAaTUCTUKH € LEHTPAIbHUM
PO3MOIIJICHHSIM X1-KBaJpaT xg 3 JIBOMa CTyNEHSIMHU CBOOOAM, a MPH i HAIBHOCTI
BIJIITOBITHO HEIICHTPAJIbHUM  PO3IOAIIOM  Xi-KBaapar X'ZZ (k)3 rapamMeTpoM

HEIEHTPAIBHOCTI A, o gopisaioe BCIII.
2. B sKocTi MakcUMallbHO TNPaBIOMNOJIOHOT OLIHKK TOTYKHOCTI IIyMYy

3alpONOHOBAHO BUKOPUCTOBYBATH CEPEIHE 3HAYCHHS HABYAKOYOi BHUOIPKH,
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OTPUMAHOI 3 JTaJIEKOMiPHO-I0IUIEPiBCHKOTO TIOPTPETY, 00’ €M K01 BU3HAYAETHCS 3
BUKOPHUCTAHHSAM 3aJaHOi WMOBIPHOCTI XHMOHOI TPHMBOTH 1 JOBipYOi HMOBIPHOCTI
BUXOJly pPEaJbHOT0 3HAYCHHS XMOHOI TPHUBOTH 3a MEXI1 JOBIPYOTO IHTEpBAIy.

HwxHs o, 1 BEpXHA O.,, I'paHMIl HMOBIPHOCTI XMOHOI TPUBOTHU O, HE 3aJEKATh

BiJT OLHKH TTOTYXHOCTI myMy 6°. Bonu € dyHKiisMu 06’ emy Bubipkn K , moBipuoi
HAMOBIPHOCTI f, 3aJaHOI KIMOBIPHOCTI XHUOHOI TPUBOTH 0., . Ha BiIMiHY BiA rpaHuLb
JIOBIpYOrO 1HTEpBaldy XMOHOI TpuBoru, rpanuni D, 1 D, noBipuoro iHTepBaiy
MOBIpHOCTI BUsBICHHS D 3anexars He TUTbKH Bim 00’ eMy BHOIpKH K, JOBipYOi

HMOBIPHOCTI [, 3aJJaHOT MMOBIPHOCTI XHMOHOI TPUBOTU O,,, @ TAKOX BIJl OLIIHKU

€32
OTYKHOCT] yMy 62.

3. Orpumani xapakTepucTUKU BusiBieHHs curHanry FMCW panapy npu
BIJIOMI TMOTY>KHOCTI IIyMY MOXYTh BHUCTYNAaTH HUXHBOIO TPAHUIICIO MPHU
HeB1IOMIM aucnepcii mymy. [lpu 301blIeHH] NEeplo/iB 30HIYBaHHS B JiBa pasH,
HeoOXx1He Juist jpocsarHeHHs Tiei x MoBipHOcTi D BCII 3menmyerscst Ha 31b
3T1JTHO 3aKOHOMIPHOCTI KOT€PEHTHOTO HAKOTIMYEHHSI CUTHAJIIB.

4. 3 mpoBeEHOTO aHaJl13y BUIUIMBAE, 10 HAMOUIBII YyTIUBOIO JJO HETOUYHOTO
. 2 o .. . .
BU3HAYEHHS MOTYXXHOCTI IIyMy G° € HMOBIPHICTh XMOHOI TPUBOTHU O.,, OCKIIBKH

Ipy HE3HaYHOMY 00’eMy BHOIpKH K , pO3MIpH JOBIPYOTO IHTEPBATY MOXKYTh
MIepPEeBUIIYBATH ii 3aJjaHe 3HAYCHHs Ha MOPsoK 1 Oubiie. Ile Bumarae popmyBaTu
Takuil 00’eM BUOIpKHU K , 1110 3a0€31euye AOMyCTUME 3HAYEHHS TOBXKUHU JIOBIPYOTO
1HTepBaly MIMOBIPHOCTI XMOHOT TPUBOTH QL , .

5. Ha ocHoBi kputepito Banbaa 3anpomoHOBaHO aarOpUTM IOCIHIIOBHOTO
BUSIBJICHHSI TPAEKTOpli LUl MPU PO3PAXYHKY HYACTKOBOTO  BIJIHOIICHHS
MPaBIONOAIOHOCTI 3 BHUKOPUCTAHHSM IUIBHOCTI WMOBIPHOCTI BHUPIIIAILHOT
CTaTUCTUKW HAMCHIBHIIIOT BIIMITKH B CTPOO1 CYyIPOBOKEHHS 32 YMOBH, 1110 BOHA
€ LUJIbOBOIO a00 xuOHOW0. Peamizanis Takoro ajaropuTMy HE BHUMAarae 3HaYHUX

00YHMCITIOBAJIEHUX BUTpAT.
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6. Ha BiamiHy BiJ BIZOMOIO ajiropuTMy, B SKOMY HE BpPaxOBYIOThCS
BUPIIIAJIbHI CTATUCTUKY BIIMITKH, PO3pOOJICHUM aNrOpuTM 3a0e31edye 301IbIIeHHS
MMOBIpHICTI BHSIBIEHHS TPaeKTOpii Wi npu o =1072,5x10~2 Ha 14%-50% i 4%-
34% sigmosigHo. IIpM IILOMY CEpEIHE YMCIO OIIANIB HpH « =1072,5x107°
3MEHINyeThest mpuommM3Ho B 4 Ta 2.5 pasu. VIMOBipHICTH XHOHOrO BHSBICHHS
TpaeKTOpIi 1l Xy, IS PO3pOOJCHOI0 AJIrOPUTMY MEHIIIE HiXK Ha mopsaok. [Ipu
IIOMY CEPEIHE YKMCIIO OB MPH o =1072,5x10~3 3MeHIIy€eTbCs NPHUOIU3HO B

3.8 Ta 2.3 pasu BiAMOBIIHO.
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PO311J 3. PO3POBKA METOIIB AJAIITUBHOI'O
CYIIPOBO)KEHHS MBILJIA 3 UMOBIPHICHOIO
IJEHTUPIKALIIECIO JAHUX TA BUABJIEHHSA 3PUBY
CYIIPOBOIXEHHSA 3 BUKOPUCTAHHSAM BUPIIIHAJIBHUX
CTATUCTHUK BIIMITOK

3.1. Po3poOka meToay aganTuBHoOro cynposoa:kednss MBILJIA 3
HMOBIPpHICHOIO iTeHTH(IKAIEI0 JAHNX 3 BUKOPUCTAHHAM BHPIIIAJIbHUX
CTATHCTHK BiIMITOK

[Ticyist BUSIBIICHHS TPA€EKTOPIT 11Tl BOHA MEPENAETHCS Ha CYNPOBOIKeHHs. be3s
OOMEKEHHS 3arajIbHOCT] PO3IJIAy BUKOHAEMO PO3POOKY aIallTUBHOTO AJITOPUTMY
pPaaloJOKALIMHOIO CYIMpOBOKEHH MaHeBpytouoro bBIIJIA 3 ¥HMOBIpHICHOIO
11eHTUdIKaIier0 JaHUX 3 BUKOPUCTAHHSIM BHUPIIIAIBHUX CTATUCTUK BIAMITOK IO
OJIHIi1 KOOPJIMHATHIN OC1 — TAJIbHOCTI.

Mogens pyXy MaHEBPYIOYOI Tl 1O JAJIBHOCTI MOXKE OyTH IMpeJCTaBICHA Y

BI/IFJIHI[i I[HCerTHOT ,Z[I/IHaMi‘{HOT CTOXaCTUYHOl CHUCTEMHU 3 BHUIIAIKOBOIO
CTPYKTYpPOIO
r(k)=F; (k,k-Dr(k-)+G;(K)ok), j=LM, (3.1)

nie r(Kk)- BEKTOp, kil MicTuTb B c00i mapameTpu pyxy o6’exra; F; (k,k —1),
G;k), =1,M - BigoMi MaTpuLi, SKi Bi/IIOBIAIOTH j-My BHIy MaHeBpY, w(K)-
HEKOPEJIbOBAHUM IIyM 30y/KEHHS 3 HYJbOBUM MAaTeMAaTHYHHUM CIOJIBaHHSIM 1
kopensutiitnoro marpuuero Q;(K), j =1,M.

Jlyst onmucy THIY CTPYKTYypH Mojeli pyxy il (3.1), 1m0 BiANOBiIa€ MEBHOMY
BHJy MAaHEBDY, 3aCTOCOBYeThCs 3MiHHa mnepemukanns a;(k), ] =1,M . Bomua
BIJIHOCUTBCS A0 KJIacy JIAHLIOTIB MapKoBa 3 MaTpUIICI0 UMOBIPHOCTEN NEPEXOiB
IT;; (k,k =1),1i, j=l,_M , 1 mouatkoBumu i#imMoBipHOCTSME  ; (0), =1M, mo

JTIO3BOJISIE BpaxyBaTH MEPEXOU MK PI3HUMHU BUJIaMH MAaHEBPY 00'€KTa y JOBUIbHI

MOMEHTH 4acy.
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Ha koxxHOMY oOrjisji B ONTUMAJIbHOMY TMpUiiMadl TEepBUHHOI 0O0poOKHU
CUTHAJIIB BUKOHYETHCS BHSIBICHHS I NUIIXOM TMOPIBHSHHSA BUPIIMIAIBEHUX
CTaTUCTUK y KOKHOMY €JIEMEHTI PO3AUIbHOT 31aTHOCTI 3 BX1THUM IOPOTOM, BHOIp

SIKOTO TIPOBOJMTHCS BIIMTOBITHO 10 HEOOX1THOT MMOBIPHOCTI XUOHOT TPUBOTH. Oy, ,

a TakoX BHUMIPIOBAHHA 1i KOOpAMHAT. Y pasi BUSBICHHA (POPMYETHCS BIAMITKA,
KoopAuHaTHA 1H(OpMaIlis K01 XapaKTepu3ye ii MOJIOKEHHsI B 00J1acTi Orjisay, a
TaK0X 30€piraeTbcsi 3HAYCHHsI OIepKAHOI BUPIIIATBEHOI CTATUCTHKH.

BinmoBigHO Ha eTami CYMpOBOKEHHS TPAEKTOPii i, KU BUKOHYETHCS
micys eTamy ii BUSBJICHHS, B CTpOO1 CyMPOBOIKEHHSI MOXYTh OyTH BIAMITKA IILi,
XUOH1 BIIMITKH, a TAKOX B3araji BiJICYTHI BIIMITKH.

B 3aranpHOMY BUIaAKy B CTpOO1 CyNPOBOJKEHHS Ha k -MY OTJISIAI MICTUTBCS

Mg(k)>0 BigMiTOK 3 BHUpIIAIBHMMH CTaTHCTAKamMu Z"(k), m=1M,, IO

BU3HAYAIOTHCSA B ONTUMAJILHOMY IpHUiiMayl IEPBUHHOI OOPOOKH CUTHAIIIB. 3aKOHU
pPO3IOIIY BUPIMIAILHUX BIAMITOK MPU YMOBI, III0O m-Ta BiAMITKA € I[LJIbOBOIO
=M M 1
fJ(2M(k)) abo xubHow fY(zM(k)) € yCIYCHMMH HELEHTPAIbHUM a00 IEHTPATLHUM
PO3IIOIITIOM Xi-KBaJIpaT BiATOBITHO.
JanpHicTb 1 pagiasibHa mBUAKICT MBITJIA, 1110 BUMIPpIOIOTHCS, BU3HAYAIOTHCS

Ha OCHOBI JIIHIMHOTO PIBHSAHHS BUMIPIOBAHHS Y BUTJISII:
r(k) =Hr(k) +v(k), (3.2)
ne rP(k)=(r°(k), (k)" - Bextop crocTepeskeHHS, KM MiCTHTb BUMipsHi
JaIbHICTh 1 pagianbHy mBuAKicTh MBITJIA; H - Bigoma maTpullsl BUMIPIOBaHHS;
(k) = (v, (k), vy k)" - BEKTOp IOMHJIOK BUMIPIOBaHHS MalbHOCTI 1 pamiaabHOI

mBuaKoCcTi MBIUJIA 3 Hyl1hOBUM MaTeMaTUYHUM CIOAIBAaHHSIM M KOPEJSIIHHOIO

MaTpHULIEIO

2
o 0
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KinbkicTh XUOHUX BIAMITOK y 00JIaCT1 OTJISATY M1AKOPSIETHCS 3aKOHY PO3MOILTY
[TyaccoHa 3 BiOMOIO MPOCTOPOBOIO MIiIbHICTIO 7 [47]. KoopnuHatn XxuOHMX
BIJIMITOK B 00JIACTi OTJISATY MalOTh PIBHOMIPHUI 3aKOH PO3MOILITY .

[Tpu cuHTE31 aNrOpUTMy MPUIHATO TaKi OOMEKEHHS:

® TUIBKH OJ[HA LILJIb MOKE OYTH MPUCYTHHOIO B CTPOO1 CYIIPOBOIKEHHS;
e BCII € BijoMUM 1 HE 3MIHIOETHCS BiJl OTJISIY A0 OTJISY.

Jlyis cuHTE3y alalTUBHUX aITOPUTMIB OLIIHIOBaHHS napameTpiB pyxy MBITJIA
B poborax [21, 77] Bukopucrano anekBaTHuil nudppoBuM EOM maremaTHYHMIA
armapaT 3MIIIaHUX MapKiBCbKHX IPOILIECIB B JHUCKPETHOMY 4Yaci, KM J03BOJISIE
CUHTE3yBaTU ONTUMAaJbHI 1 KBa310NTUMAaJIbHI PEKYPEHTH1 aIrOPUTMH aJalTUBHOTO
OLIIHIOBaHHs MapaMmeTpiB pyxy LI, SKa PyXae€TbCsi 3 MAHEBPOM, a TaKOX IpPH
HAsBHOCTI AHOMAJIbHUX BHMIipIoBaHb. ONTHMallbHI aJIrOPUTMH TOJIATAIOTH B

pO3paxyHKy anocTepiopHOi HIUTBHOCTI HMOBIPHOCTI W (r(k),a;(k))
=P(r(k),a; (k)| U; (k)) PO3LIMPEHOTO porLecy (rk),a;(k)), ne

U/ (k)=r"@), ...,.r°(k) - orpumana mociiJoBHICTh BUMIpPIOBaHb 10 K MOMEHTY

BKJIFOYHO. B onTUManbHUX 1 KBa310NTUMAIBHUX MPUCTPOSIX OLIIHIOBAHHS BiJICYTHE
3pOCTaHHS YHMCJIa KaHATIB, 1 BOHU BIIHOCATHCS JI0 KJIaCy MPHUCTPOIB 13 3BOPOTHUMHU

3B'SI3KaMM MK KaHAJIAMH, OCKIIBKH po3muperuii npouec (r(k),a;(k)) BIXHOCHTBCS

JI0 KJacy 3MIIIaHUX MapKIBCHKUX IMPOIIECIB B IUCKPETHOMY Haci. AJie peaizalis
ONTUMAJIbHUX QJITOPUTMIB B pPEAJbHOMY MaciiTadl 4Yacy BHMAara€ 3HAYHUX
OOYHCITIOBAILHUX BUTpAT. Tomy uisi pO3pOOKH aJanTHBHOTO aJTOPUTMY
paJIoNOKAIIfHOTO CYIpOBOKEHHs MaHeBpyrodoro bBIIJIA 3 #iMOBipHICHOIO
iIeHTU(PiKaIlier0 MaHUX 3a KOOPJAUHATHUMHU Ta aMIUNITYJHUMH O3HaKaMu OYJio
BUKOPUCTAHO KBA31ONMTUMAJIBHUNA AJITOPUTM 3 TOJITayCiBCHKOIO ampOKCUMAIIIEI0
EKCTPaIoJIbOBAHOI IIITFHOCTI WMOBIPHOCTI TapamMeTpiB pyXy, SKHH J03BOJISIE

OTpUMATH OJIU3BKI 10 MOTEHLIMHO MOXKJIMBUX TOYHOCHI XapaKTEPUCTHKHU.
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Hnsa  wmomemi pyxy bBIIJIA (3.1) 1 piBHgHHA BumiptoBanus (3.2)
KBa310NTUMAILHUN AJITOPUTM IPOTHO3YBaHHS IapaMeTpiB pyxy Iimi Ha K — my

KPOLIl OMUCYETHCS PIBHIHHIMH:

W7 )= 3T (6 K~ (k-1 (3:3)
i=1
M

)= YT, (Gk-DW(k-DF;(k-DF(k-D/W();  (3.4)
i=1

P (k)= %{Fj (k,k—1)P;(k-DF] (k,k-1)+ G ; (k)G (k) +
i=1

HF (K -DR (=D -1 ()F K K-DRK-D-r{ () |x @5
XHij (k. k=)W;(k —1) /Wj*(k);

ae r;(k), P;(k) - MaTeMaTW4Hi CIIOMiBaHHS Ta KOPEJALiAHI MaTpHIli
YMOBHUX IIUIBHOCTEH HMOBIPHOCTI W;(r(k)) =P(r(k)|a;(k), U (k-2); Wj*(k) -

€KCTpaInoboBaHi mMoBipHoCTI 3MiHHOT iepemukanns a;(k), j=1M .

Anroputm EKCTPAaIoJIsii (3.3)-(3.5) 3abesmneuye MpEeCTaBIICHHS
eKCTparoboBanoi mitbHOCT  iimosiprocti W (r(k)) = P(r(k)|U(k-2)) vy
BUTJISIAI CYMH M TayCIBCHKHX IIIJIBHOCTEH.

CympoBomxenuss MBITJIA 3aificHIO€TbCS Y CKITaAHIN 3aBaIoBii 0OOCTAHOBIII,
KA XapaKTepU3y€eThCs HASABHICTIO XUOHMX BiAMITOK. KilbKiCTh XMOHUX BIAMITOK,
[0 HAAXOASATh HA BXiJ TPAEKTOPHOI OOPOOKH, ICTOTHO 3alCKHUTh SK BIJ
IHTGHCUBHOCTI 3aBajJl, TaK 1 BiJ e(QEKTUBHOCTI TOMEPEAHLOI O0OpPOOKHU
pazaiosioKaliiHoi 1H(QOopMaIlii, 110 XapaKTepru3yeThCs HMOBIPHICTIO XUOHUX TPUBOT.

[Ipu po3pobIll anrOpUTMIB CYIMPOBOKEHHS, SK MPABUIO, OOMEXKYIOTHCS
pO3IJIAIOM BUMIPIOBaHb y JEsKii 00iacTi - cTpoOi CYNpPOBOKEHHS, B SIKy Ha
YeproBOMY TAKTI 3 BUCOKOIO HMOBIPHICTIO Ma€ MOTPANUTH cripaBxkHii BuMip. CTpoO
CYNPOBO/KCHHS € 0araTOBUMIPHUM EJITNCOIIOM, PO3MIpU SKOTO BHU3HAYAIOTHCS

HEOOX1THOK WMOBIPHICTIO MOTPAIUITHHA J0 HBOTO BEKTOpa BUMIpY. 3a3BHYAi
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MPAKTHYHO CTPOO CYNMPOBOKEHHS MPEACTABISIOTH SIK MapaleNernine]] y mpocTopi
BuMipiB. LleHTp cTpobOa 30iraeThCs 3 EKCTPANOILOBAHMM IIOJIOKEHHSM IIiJIl Ha
JAHUH KPOK BUMIPY, @ PO3MIPH 3aJIeKaTh BiJl TOMIUIOK BHMIPY Ta €KCTPAMOJISAIII.
OueBugHO, MmO 31 30UIBLIEHHSM pO3MIpiB  CcTpoOa WMOBIPHICTH 3pUBY
CYIIPOBOKEHHS MAaHEBPYIOUOI I[1J11 3MEHIIYETHCS, MPOTE MPU LIbOMY 1 ABUIIYETHCS
WMOBIpHICTh MOMaJaHHA B CTPOO TMOMMJIKOBHX BIJMITOK, IO TaKOX MOXeE
MIPU3BOJIUTH JIO 3PUBY CYMPOBOKEHHS.

KBazionTumansHuil anropuT™M aJanTHBHOTO AJAlNTHBHOTO MPOTHO3YBaHHS
(3.3)-(3.5) n03BOJIsIE BUKOHATH ONTHMI3allil0 PO3MIPIB CTPOOIB CYIPOBOKCHHS Ha

OCHOBI OTPMMaHHX OLIHOK 3MIHHOI MCPEeMHKAHHS 4; (k). Tlotouni cTpobu

BU3HAYAIOTHCA 3 BHUKOPHUCTAHHSIM XapaKTEPUCTUK IMOMIJIOK EKCTPaIloJIsIi,
pO3paxoBaHUX JUIsI MOJENI pyXy 1T, EKCTpamnojihbOBaHa WMOBIPHICTh SIKOi
MaKCUMaJbHa.

LlenTp cTpoba 306iraerhcs 3 €KCTPAroJbOBAHUM IOJIOKCHHSM 11111 HAa JTaHUH
KPOK BHMIpY, a pO3MIpH 3aJI€KaTh BlJ MOMUIOK BUMIPIOBAHHSA Ta €KCTPAIOJISLII.
[lepeBipka Ha MOTpaIIAHHA B CTpoO CynpoBomkenns m -i Bigmitku (1 (K),Fy (K))

BUKOHYETHCS IUISIXOM OJIHOYACHOI NMEPEBIPKH HACTYITHUX YMOB

i ()= 17 ()] < oy pry (k) + o
r,;;(k)—r'f(k)\s ks P (K) + 07 |

[Tapametp K, BHOMpaeThCs BUXOASYH 3 HEOOX11HOT IMOBIPHOCTI MOTPAILISIHHS

(3.6)

BIZIMITKH B cTpoO cynpoBokeHHs. Ha npakTtuii obuparots B inTepBaii K €[3,4].

3a BIJICYTHOCTI BUMIPIOBaHb Y TOTOYHOMY CTPOO1 CYNPOBOIKEHHSI, 110 MOXKE
OyTH OOYMOBJICHO 3MIHOKO THUITY PyXy I, 3IMCHIOETHCS 11 JOMOIIYK y CTpoO1
CYNPOBO/KCHHS 3 OUIBIIMMU PO3MipaMHu, OTPUMAHUMH JIJIST MOJET PyXy I 3
MaHEBpPOM HaNOUIbIIOT IHTEHCUBHOCTI. [Ipu BIACYTHOCTI il B CTPOO1 AOMOIIYKY
OIIHIOBAHHS HE TPOBOAMUTHCS 1 B SKOCTI amoOCTEPIOPHUX BHUKOPUCTOBYIOTHCS
€KCTPaIoJIbOBaHI XapaKTEPUCTUKU PyXy I 1 WMOBIPHOCTI BHIIB pyXy. Takoxk

(bhopMy€ETHCSl 03HAKA HEBUSBJICHHS 111J11 HA TOTOYHOMY KPOIIi.
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Ha ocHOBI BIAMITOK, III0 MOTPaNUId B CTPOO CYHmpOBOKEHHS, (POPMYETHCS
BEKTOp BHMiproBaHHS I (k):(rl‘)(k),...,r,\‘jls(k)(k)), SKUH MICTUTh KOOPJHHATHY
iHpopManito BIAMITOK, 1e M (K) - KiIBKICTh BIIMITOK, IIO MOTpamnuia B CTpoO
cynpoBomxkeHHs. Takox ¢opmyerscst Bextop z(K) =(Z; (k),..., Zy, (k) (K)), mo
BKJIFOUAE BUpIIIAIbLHI CTATUCTUKU BiZMITOK, SIKi oTpuMaHi B ctpobi Ha K -y ormsi.

. . . c .
BBoasiThCst  TimoTe3sw Tpo moxomkeHHs BiamiTok I (K) 3 BupimamsHAME

cratucTukamu z(k) , AKi MOTPAIMIK B CTPOO CynpoBoKeHHs [51]:

-7m(K), m=1,Mq(K) - rinotesa, sika monsirae B ToMy, mo ™M -a BiAMiTKa
HAJICKUTH TPAEKTOPII, 1[0 CYIPOBOIKYEThCS;

-70(K) - rimoresa, sika mossirae B TOMY, 110 BCi BiAMITKH, SIKi MOTPAIAIA B
CTpOO, € XHOHUMHU.

Ha nepmomy erani pospaxosytotbest [ (K), P; (k) - matemaruuni criostisamms

i KopensmiiiHi Marpulli  yMOBHHX mIiTbHOCTEH FimosipHOCTEH Wi (r(K)) =

P(r(k)/ a; (k). vm(k), U (K),Z(K)), j=LM, m=LM(k) no dopmynam (3.7)-

(39)
i (K) =1 (k) + K j () (10 (K) = HIF] (K)) (37)

K (k) =Pj(k)H" (H Pj()H" +R)™; (38)

Pj(k) =P ()~ K (H Pj(K) ; (39)

Sk BugHO 3 hopmyi (3.10), (3.11) xopensiiliHi MaTpHILi I5j (k) me 3anexars

Bix rimores 7y (K), 7, (K), m=1LMg(k).
HacTtynHuM KpOKOM € OOYMCIIEHHS YMOBHHUX allOCTEPIOPHUX 1IMOBIPHOCTEU

Wiy (K) = P(ym(K) [ (K), U2 (K), Z(K)) rinores 75 (K), 7 (K), m=LM(K) npu

YMOBi, IO Ma€ Micue BifMOBIHMA THI pyXy &, (k), m=LM. Bomu

pO3paxoByIOThCSI Ha OCHOBI (hopmynu balieca y BUTmsii
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f(ré(k), 200 12 (k). vo(k), Uy (k =1, Z(k —1)P(ro(K)

f(r°(k),z(k)) | a;(k), Up (k -1), Z(k 1)) o
Wi (K) =1 £ (r° (), 2(k)) [ 2 (K), v (K), Up (k = 1), Z(k = 1)) Py, (K)) n—LHT
f(r'(k),z(k)) | a;(k), U (k -1), Z(k 1)) T

(3.10)
ne ymoBHa mineHicTs iiMoiprocti  f(r(k),z(k))] a;(k), Uy (k -1),Z(k -1))
BU3HAYAETHCS 110 GOPMYIIL:

F(ré(k),z(k)) | a; (k), UP (k 1), Z(k 1)) =

M (k) (3.11)
= > f(r°(k).z(k))| a; (k). (k), Uy (k -1), Z(k =) P(y, (k))

1=0

Busnauumo ckiazoBi, mo BXonATh y Bupa3 (3.11). YMoBHa MIUIBHICTH
iimosiprocti f (r‘(k),z(k))| a;j(k),vo(k), U; (k -1),Z(k —1)) mae Burmsn:

Mg (k)
f(r°(k), z(k)) | a; (k), 7o (k), U (k =1), Z(k —2) =V's® T (20 (k)
m=1

(3.12)
ne V (k) - 06’em cTpoba cynpoBOIKEHHS.
Anpiopna iimoBipHicTs P(y,(K)) pospaxoByerses mo dpopmyiti
P(vo(k)) =(1— Dy Perp) - (3.13)

ne D,, - WMOBIpHICTh NMEPBUHHOTO BUSBJICHHS IIUTLOBOI BIJIMITKHU; Pch -

WMOBIPHICTb MTOTIAIAHHS IUTHOBOI BIIMITKH B CTPOO CYIPOBOKEHHSI.

VYMoBHI [IJIBHOCTI HMOBIPHOCTI

F(ro(k),2(k)) | 2;(K), ¥ (), UP(k =1), Z(k ~1)), m =L, M (k) marots surssiz;
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f(re k), z(k)) | a; (k), v (K), UY (k =2), Z(k ~1)) =
M (k)
= F(r& (k)| a; (K), v (K), U (k =2, Z(k ~ DV s 12 (2, (k) [T 1z (K)),

j=1, j#m
(3.14)
ne f(rp(k)|a;(k),vm(k), Uy (k =1),Z(k —1)) ymoBHa miinbHicTs iiMoBipHOCTi,
SIKA Ma€ BUTJIA]

N (i (k), h(rj (k)), D; (K))
5 :

cTp

F(rm(K) 12 (k) v (k), Uy (k=1), Z(k - 1)) =

D (k) - xopensmuiiina marpuis Hes’s3kn BumiproBanns Iy (K) mpu ymoBi, 1o
Mae micue j-il tun pyxy MBILIA, sika po3paxoByeTbes o GpopMyiii

* T
D;(k)=H P(k)H" +R.

Amnpiopsi fimosiprocti P(y,(k)), m=1M(K) pospaxoBytorscs o hopmysi

P
P(ym(k)) = I\;" (kT;’ (3.15)

[TincrapuBim hopmynu (3.12)-(3.15) B Bupas (3.12), orprumaemo

b(k)
My (K)

b(k) + Z €jm (K)Am (k)

Wiy (K) _ -1 (3.16)
SRCING ]

Ms (k)

b(k) + Z €jm (K)Am (k)

., m=0,

e b(k), €jn(k), 4, (k) pospaxoByroTbcs mo dpopmysmam:

1-D._P N (ri} (k),h(r; (k)),D; (k))
um=M()——£LﬂL- €im(K) = ‘ ’ (3.17)
D PV (K) . Porp
£ (2, (K)) .
k) =S ~m /7 (3.18)
(k) = £ (Zn (K)
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HactynHaum kpokoMm € ocepeiHeHHs mapameTpiB pyxy MBILIA o orpuManum

BUMIpIOBAHHAM 33 YMOBH, 10 Ma€ Micie Biamosimamit Tvm pyxy a;(k), m=1M

Ms (k)

P (K) =1} (Woy (k) + 3 i (W (K): (319)

m=1

P, (k) ={P; (k) + (r} (k) = #; (K))(r; (k) = 7, (K)) }Wo“- (k) +
M (k)

+ 2 P (K) + (i () = 5 () (P (K) = £ (K))T }Wm|j(k) (3.20)
m=1

Anocrepiopni #imosiprocti W; (k) = P(a; (k) |U; (k),Z(k)) Toro, mo mae

wmicie pyx MBILIA a;(k), m= LM po3paxoByeThes 1o GopMysi:

W, (k) = P(r (k), 2(k) | a; (), UY (k ~2), Z(k D)W, (k) /

: (3.21)
[ P(r®(k),z(k) |Up (k -1), Z(k - 1))
f(reck),zk))| a;j(k), Ul(k-1),Z(k-1) - ¢yskuis upaBronomiGHOCTI
sumiprosanb ' (k),z(k), mo BusHagaeTses o popmysti:
f(ré(k),z(k) la;(k), Uy (k-1),Z(k -1)) =
M (k) D, P, V. Ms(I M) (3.22)
=(bkK)+ D ejn(K)rn(K)) oo [T (@, k)),

] M (k) m=1

P(r¢(k),z(k)|Uy(k -=1),Z(k =1)) - yMOoBHA WIiIBHICTH HMOBIpHOCTI

sumiproBanb I'°(K),z(K), sixa micns iX oTpUMaHHS BUKOHYe QYHKIIIFO HOPMYIOUOTO

MHOYKHUKA 1 PO3PaxoBY€EThCs 110 GOPMYJIL:
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P(ré(k),z(k)| Uy (k -1), Z(k -1)) =

Ms (k) . (3.23)
= Y P(rf(k),z(k)|a;(k), Uy (k —1), Z(k —D))W; (k).
j=1

3 BpaxyBaHHSM HABEJCHOTO, B IIJIOMY JITOPUTM YTOYHEHHS MPOTHO30BaHUX
napaMeTpiB pyxy maneBpyrodoro MBIIJIA, B skoMy BinOyBaeThCcsi WMOBIpHICHE
OTOTOKHEHHSI BIIMITOK, [0 TIOTPAITUJIN B CTPOO CYITPOBOKEHHS HA OCHOBI METOTY

PDA, onucyeTbcst piBHIHHSIMU:

P () =1 (K) + K i (K) (1 (K) = h(r; (K))); (3.24)
K;(k)=Pj(KHT (H Pj(K)HT +R)™; (3.25)
P;(K) =P (K)-K;(K)H P; (k) ; (3.26)
b(k
Ms(k)( ! ,m=0,
b(k)+ 2. &jm (k) A (K)
Wiy (K) =1 = (3.27)
: eh,-ﬂn:((kl;)im(k) M-IV,
b(k) + Z_l €jm (K) A ()

M (k)

P (k) = 1y (K)Wo;; (k) + Z_: P (K)Wi; (K) 5 (3.28)

By (k) ={P; () + (1] (k) = P4 (k))(r] (K) = 7 (k) Wey; (K) +

MO)
+ Z_: {P; (k) + (7 (k) = P ()P () = £ (k)T fWoy; (K); - (3.29)

W; (k) = P(r(k),z(k) | a; (K), UY (k —1), Z(k D)W, (k) /
1 P(ré(k),z(k) | U (k —1), Z(k ~1)).

(3.30)

102



Ak BummBae 3 dopmyn (3.24)-(3.30), mpu BHU3HAYEHI OCEPEAHEHHMX
aroCTEPIOPHUX XaPAKTEPHUCTUK f"j) (k),P j (k) mpu cnpasemnmmBocri rinoresu (k)
BUKOPHCTOBYIOTHCS €KCTPAIIOIhOBaH1 XapaKTEPUCTUKH.

B  kBazionTuMaipbHOMY  aJalNTHBHOMY  QITOPUTMI  CYIPOBOKEHHS
MaHEBPYIOYOi I[iJli BUKOHYETHCS CIIUJIbHE OIIHIOBAHHS IMapaMeTpiB pyxy Il Ta
3MIHHOI NEpEeMHUKaHH, 10 XapakTepusye BU1 ii pyxy. [Ipu nupomy BiH 3a0e3neuye
HpeCTaBlIeHHs arnocrepiopHoi miapHocTi iMosipaocti W (r(K)) mpu nepexoni na
HACTYITHUM KpOK (inbTpalii y BUIJsAAI cyMH M rayCIBChKIX IIIJIBHOCTEH, IO
03BOJIsIE  €(DEKTUBHO BUSBIATH 3MIHY TuIly ii pyxy. Ha k — My KpoiIi

OOYHCITIOIOTECS  YMOBHI BEKTOpH OLiHOK TapameTpis pyxy wuim Fj(k) Ta
KOpEALiiiHI MaTPHLi MOMIJIOK OLiHOK P j (K) 3a ymoBw, mo tumn pyxy uini 8;(k) e
BiIOMHUM, a Takox anoctepiopHi iimosiprocti Wj (k) mapamerpa a;(k), j =1 M, sxi

€ IIOYaTKOBMMH YMOBAMM JJIsI HACTYIIHOI'O KPOKY CYIIPOBOAKCHHS.

3.2 AHaJi3 po3po0seHOro MeToay a1anTuBHOrO cynposoxxeniss MBILJIA 3
HMOBIPHICHOIO iIeHTH(IKALIE€I0 JaHUX 3 BUKOPUCTAHHAM BUPiIAJIbHUX

CTAaTUCTHUK Bi)]MiTOK IIJIAXOM CTATUCTHYHOI'O MOACIIOBAHHA

AHami3  e(pEeKTUBHOCTI  AJanNTUBHOTO  AJITOPUTMY  PaAiOJIOKAIlIHOTO
CynpoBoiKeHHsI MaHeBpytouoro MBIIJIA 3 iMOBIpHICHOIO 1IEHTU(IKAIIEI0 JaHUX
32 KOODJAMHATHHUMH Ta aMIUNTYJHUMH O3HAaKaMH TPOBEIECHO METOJIOM
CTaTUCTUYHOTO MOJICTIOBAHHS.

Mopgaenb pyxy MBIUJIA onucyeThCcsi CTOXaCTUYHOIO JUHAMIYHOKO CHCTEMOIO
3 BUIIAIKOBOIO CTPYKTYporo (3.1), sika BpaxoBye Tpu OCHOBHUX Buau pyxy M =3:

3aBUCaHHS j =1, Male pIBHOMIPHUU PyX j =2, pyX 3 MaHeBpoM j =3. Bekrop

CTaHy uWT (k) = (x(k), x(k), X(k)) BxmrOYac KOOpPIUHATHU MOJOXKEHHS, IIBUIAKOCTI i
MIPUCKOPEHHS 1O 0CsX MicieBOoi mpsaMokyTHoi CK.
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Martpui F?, Gt} . j =1,3 wo BxomsTH y Mozenb pyxy (3.1) MaroTh BUTIISA:

_ -
1TT—
2
C[ro0] [T Oeon 7|
F'=(0 0 O0|,),=/0 1 Of, 00 1
0 0 0 000 | _
(a, T°|
a, T2 | 62
2 Gb:a3'T
4Tl G-l aT| | 2 |
Gl=| 0 |, 0 a-T
O — - - -

d,d,,d; — CKB BumaakoBux (uIyKTyaIliidi IIBUIKOCTI, IPUCKOPECHHS 1 IIBUIKOCTI

3Mminu npuckopenHss MBIUJIA mns mepiioro, Apyroro i TpeThOTO THUIIB PYXY,
BIJIIIOBIIHO.

JI71st pO3rIstHYTOT MOJIENII PYXY LIl MaTPUIlS CIIOCTEPEKEHHS H Mae BUTIIS

100
H = .
{010}

TectoBi Tpaektopii pyxy MBIIJIA moxentoBanuch B CHUCTEMI KOOPAWHAT

XYZ HACTYNHUM YMHOM. Tpa€eKTOpisi BKIKOYAE TAKTH -1<k<b52. [lepuni ABa TakTH

BUKOPUCTOBYIOTHCS J1s1 (POPMYBaHHS IOYATKOBUX YMOB JIallTUBHOTO aJITOPUTMY.
Ha nux wmopnemtoerscs piBHOMIpHUE pyx j=2 MBIUIA. Taktu 3<k<52

BUKOPUCTOBYIOTBCA JUIsl OILIHKK e(eKTUBHOCTI poboTu anroputrmy. Jlus
HaTJISITHOCTI aHami3y e(peKTUBHOCTI pOOOTH aITOPUTMY KOKHA TECTOBA TPAEKTOPIs
Oyna po30uTa Ha THTEPBAJIM, HA IKMX MOJEIIIOBABCS BIAMOBIAHUM THUIT PyXY:

- nepumii 1<K <9— piBHOMipHMI pYX j=2;

- napyruit 10 <k <15 maneBp j = 3;

- tperiit 16 <k < 20— piBHOMipHMI pyX j =2
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- uyerBeptrii 21 <K < 25— MaHeBp «CKHIAHHS MBHIAKOCTD) j = 3;

- warnit 26 <K <33_zapucanns j=1,

- moctmii 34<K<39_ MaHEBp j =3,

- coommit 40<k<52_ pIBHOMIpHUH pyX j=2.
[TouaTkoBi mapameTrpu pyxy MBIUIA: r(1)=1000 M, r(1)=-20 m/c, i(1)= 0 m/c?,
Temn gopmysanns tpaektopii MBIIJIA T =1 cexyHna.

INomunku BumiproBanHs koopauHat PJIC BcranosineHo o, =1.3 m, o, =1.6

M/C.

[Ipu omuci agantuBHOrO anroputmy omiHtoBaHHs CKB mrymiB 30ymkeHHS
I pisHUX THHIB pyXy MBIIJIA BcTanosieno: a, = 1 m/c?; a, =1 m/c?.; a; = 7 m/c3,
[TouyaTkoB1 yMOBH aJlaiTUBHOTO PiIbTpa (hopMyBaKCs 3a JBOMA BUMIPIOBAaHHSIMU.
PimieHHs1 mpo 3puB CynpOBOIXKEHHS MPUKUMAOCs MPU HENOMAaIaHH1 BIIMITKY 1Tl Yy
CTpOO CYNpPOBOKEHHSI Ha TPbhOX CYCIAHIX TakTax. KuIbKICTh BHUIPOOYBaHb
meTonoM MonTte-Kapio popisaroe 103,

Ha puc. 3.1 moka3ani MmarematnuHi criogiBanus m,,m,, (kpuBi-1) i CKB o7 ,0,
(KpuBI-2) MOMMJIOK MPOTHO3Y MOJOKEHHSI 00 €KTy, KOTpl BH3HAY€HI METOIOM
Monre-Kapiio Ta CKB noMuiiok mporao3y 4/ p;,«p. (KpuBi-3) NOI0KeHHs 00’ €KTY,

aki o6uuncieni ¢purpTpoM. [Ipu 11boMy XHUOH1 BIIMITKH B CTPOO1 CYIIPOBOIKEHHS HE
MOJICTIOBAIMCH. MaTeMaTH4YHe CIOIIBaHHS PealbHOT MOXUOKH OIIHIOBAaHHS J00pe
kopemtoeTrbesi 3 CKB moxubok OIiHIOBaHHS, pPO3paxOBaHUMH (UIBTPOM, IO
CBITYUTH MPO TMpPaBUIBHY pPOOOTY aiaropuTMa OI[IHIOBAHHS MapaMeTpiB pPyxy
MBIUIA. Ha pginsHkax NOpsSMOMIHIMHOTO PIBHOMIPDHOTO PyXy Ta  3aBHCAHHS
aganTuBHUN QiapTp 3a0e3neuye 3MeHieHHss CKB nmoxubok mporHosy AaibHOCTI
MBIUIA B 2 1 2.7 pa3iB Ta mBUAKOCTI B 3 1 9 pasiB, HUOK Ha JUISHKAX PYyXy 3
MaHeBpoM. Lle mo3Boise hopMyBaTH CTpOOH CYITPOBOKEHHS aJCKBAaTHO MTOTOYHIN

CUTYyaIIii.
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Pucynok 3.1 — ToyHOCHI XapaKTepUCTHKHU MPOTHO3YBaHHS NaIbHOCTI r(K)

Ta paliajIbHOT IBUAKOCTI F(K)

Ha puc. 3.2 a, 0, B moka3aHi 3aJIe>KHOCT1 HMOBIPHOCT1 3pUBY CYIPOBOKEHHS

MBIUTA p, Bix HMOBIPHOCTI XMOHOI TPUBOTU o, OTPUMAHI NP BUKOPUCTAHHI

po3pobIieHOro anropuT™My (Kpua 1), a TakoX alrOpUTMIB, B SIKUX OTOTOXKHEHHS

JaHUX B CTpoOI CympoOBOIY BIAOYBA€THCS 33 METOJAMU «HAWCHUIIBHIIIUN CyClI»

(xpuBa 2) 1 «HalOmx4uil cyciny (kpusa 3) npu 3naueHHsx BCII q =2, 3,4 1b.
Ax Buano 3 puc. 3.2 —3.3 npu BCII 2 nb 1 3menmenHi xubHOiI TpUBOTH

o <107 30UIBIIYEThCSI  MMOBIPHICTh  3pUBY  CYNPOBOJUKEHHS,  OCKIJIbKU
3MEHIIIYETHCSI HMOBIPHICTh PaBUIILHOTO BUSIBJIIEHHS D .

AJanITUBHUM aNTOPUTM CYMPOBOKEHHSI 3 WMOBIPHICHOIO 1/IeHTU(DIKAIIIEI0
JAHUX JI03BOJISIE 3MEHILIUTU WMOBIPHICTh 3pUBY CYNPOBOJKEHHS 10 2 pa3iB y
MOPIBHSIHHI 3 METOJIOM «HalcwibHImMK cycia» B mianasoni BCIHI 3-4 nb, npu
HMOBIPHOCTI XMOHOI TPUBOTH O >35.107 [Ipu nopaneiomy 30ubmenHi BCII
JIaH1 aJITOPUTMU MaroTh On3bKi xapaktepucTuku. [Ipu BCII 2 ab cunTe30Banui
JITOPUTM JI03BOJISIE 3MEHIIIUTH UMOBIPHICTh 3pUBY CYIPOBOKEHHS B CEPETHHOMY

y 3 pa3u B yChOMY Jiiana3oHi WMOBIPHOCTI XMOHUX TPUBOT.
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Pucynok 3.2 — 3anexHocTi IMOBIPHOCTI 3puBY cyrpoBomkeHHs MBITUTA

Ps npu: a- 4nb ;6 -31b ; B - 21b.
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Ha puc. 3.3 HaBeaeHO 3al1eKHOCTI HMOBIPHOCTI IPABUIILHOTO BUSBICHHS D

B1J1 XuOHO1 TpuBOTH o s pi3HuX BCIII (.

107 1072 1072

X

Pucynoxk 3.3 — 3anexHoCTi HMOBIPHOCTI MPABUIILHOTO BUSBJICHS D TIPU: o -

4nb ;6 -31b ; B - 21b.

Ha puc. 3.4. mokaszani 3aJeKHOCTI MaTEMaTHYHOIO CIIOJIBaHHS dYacy
CYIPOBOJDKEHHS LIl n, Bl MMOBIPHOCTI XHUOHOI TPUBOTH o, OTPUMaHI IpH
BUKOPUCTaHHI aJIallTUBHUX AJITOPUTMIB CYIIPOBOJAY 3 OTOTOKHEHHSIM BIJIMITOK 32
METO/IaMH 3 UMOBIPHICHUM 00'€THaHHSIM JaHuX (KpuBa 1), «HAMCUIBHIIINN CyCia»
(xpuBa 2) 1 «HaOmmxunii cycimy (kpusa 3) npu 3HaueHHs X BCII q=2,3,4x456 . [Ipu
BCIII 2 b, ananTuBHUI aJITOPUTM CYTPOBOKEHHS 3 HMOBIPHICHUM 00’ € THAHHSM
JIO3BOJISIE 301IBIIUTH CEPEHIM 4Yac CYMpOBOJKEHHS Il g0 Big 7 o 38% y
MOPIBHSHHI 3 aJJaITUBHUM QJITOPUTMOM, SIKUW BUKOPHCTOBYE METO OTOTOXKHEHHSIM
BIIMITOK «HaWOMmmkuuii cycia» Ta Big 7 no 18% y MOpiBHSHHI 3 aJallTUBHUM

aJITOPUTMOM, SIKHI BAKOPHUCTOBYE METOJI OTOTOXKHEHHSIM BIIMITOK «HAMCHIIHHIIITUHN

cycim» B miamasoni iMoBipHOCTi XxuGHOT TpuBorH 1-107° <0 <1-1072.
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[Tpu BCII 3-4 nb, aganTuBHMI alropuT™M CYIpPOBOKEHHS 3 UMOBIPHICHUM
00’ € THAaHHSIM JI03BOJISIE€ 301IBIITUTH CEPEIHIN Yac CYMpPOBOKEHHS 1111 J10 BiJ 4 10
38% y mTOpiBHAHHI 3 AMANTUBHUM aJTOPUTMOM, SKHH BHUKOPHCTOBYE METOJ
OTOTOXXHEHHSIM BIAMITOK «HaHOMMK4uii cycia» Ta Bigx 2 10 13% y mopiBHSAHHI 3
aIaNTHBHUM aJITOPUTMOM, SKHH BHKOPHUCTOBYE METOJ OTOTOKHEHHSIM BiIMITOK
«HAUCWIBHIMIUKA ~ Cyci» B Jlama3oHi  WMOBIPHOCTI  XHOHOI  TPUBOTH
1.10° < <1.107°.

B ymoBax BHCOKOi MIUTBHOCTI XMOHUX BIAMITOK IJABUINCHHS €(EKTHBHOCTI
CYNPOBOJIPKEHHSI MOKE€ OyTH JIOCATHYTO HUISXOM 3aCTOCYBaHHSI OUIbII CKJIQTHUX
QITOPUTMIB  OTOTOKHEHHSI BIAMITOK Yy CTpoOi CHOUIBHO 3 OTPUMAaHUM
KBa310[ITUMAJILHUM aJITOPUTMOM aJallTUBHOIO OI[IHIOBaHHS MapameTpiB pyXy

MaHGBp}IIOLIO.l. I_IiJIi, OJHaK I¢C IMPU3BOJNUTE 10 3POCTAHHA 00U CITIOBAJIEHUX BHTpPAT.

3.3 Po3po0ka meToay BusiBJIeHHsI 3puBY cynpoBox:xkeHHss MBIILJIA 3a
KpuTepiem | /N 3 BUKOPHUCTAHHAM BHPIIIAJIBHOI CTATHCTHKH HAWCHIbLHILIOT

BiIIMITKH

BaxnuBuMm erarnmoM BTOpPUHHOI 0OpOOKM pajiofioKaiiiHoi 1H(opmMmalli €
BUSIBJIICHHSI 3pUBY CYNPOBOJKEHHS TPAEKTOPIl 111, MICJIA YOTO 31ACHIOETHCS 11
ckupanns [57, 70]. Ha mnpakturi s NOPUAHATTS PIIICHHS IIOJ0 3PHBY
CYIIPOBOJI)KCHHS IIIMPOKO BUKOPUCTOBYETHCS €BPUCTHUHHM KpuTepii 1/ n [57, 70].
3a MM KpUTEPIEM PILIEHHS 00 3pUBY CYNPOBOHKEHHS TPAEKTOPIT TPUINMAETHCS
IIPU BIJICYTHOCTI BIIMITOK B | cTpo0ax CyIpoBOly Ha 77 CYMDKHUX MEPi0Aax OTIISTY.
BiacyTHICTh BIAMITOK B CTpOO1 CYyNpPOBOlY BU3HAYAETHCS K MPOMycK Luil. OgHak
IIPY HASIBHOCTI B 30HI OTJISAAY 3HAYHOI KIJIBKICTh XUOHUX BIAMITOK, €()eKTUBHICTh
QITOPUTMIB BUSBJICHHS 3pUBY 3a KpUTEpieEM |/n 3HAYHO 3HUWXKYyEThes. lle
OOyMOBJIGHO THM, IO TPH BIJACYTHOCTI IIJIbOBOi BIAMITKH B CTpoOi, Ha
CYNPOBO/KCHHS OpaTUMyThCS XHMOHI BIAMITKH, IO TPU3BOAWTH O BTpaTH
TPaAEKTOPII L1 1 CyIPOBOKEHHS XUOHOT Tpacu. [ umrocTpatii uboro, Ha puc. 3.5
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MOKa3aHI OTPUMaHI [UISIXOM  CTAaTUCTHYHOTO  MOJICTIOBAHHS  3aJIEXKHOCTI
nMoBIpHOCTI 3puBYy cynpoBokeHHst MBIIJIA p, 3a xputepiem 3/4 (kpuBa 2) Bix
WMOBIPHOCTI XMOHOI TPUBOTU ¢ MPHU BUKOPUCTAHHI PO3POOJICHOTO aJanTUBHOTO
AIITOPUTMY CYIPOBOKCHHS 3 UMOBIpHICHOCHUM 00’ eqHanHs naHux (3.24)-(3.30),

npu 3HaueHHAX BCII q = 4 xb. Takox Ha puc. 3.5 nokazaHa iMOBIPHICTb ICTUHHOTO
3pUBY CYIIPOBOJIKEHHS 111 (KpuBa 1) pO3TIsiHYTHM aJrOpUTMOM, SIKHI1 BU3HAYaBCS
IpU BiACYTHOCTI LITLOBOI BIAMITKH B CTPOOl CYHMpPOBOKEHHS Ha TPHOX OTJISAAX

nocniib. [Ipu 3HaueHHSIX WMOBIPHOCTI XUOHOI TPUBOTH O > 3x1073 HMOBIPHOCTI
3puBy cynpoBokeHHss MBILIA 3a kpurepiem 3/4 BiApi3HA€THCS BiJ HMOBIPHICTb

ICTUHHOTO 3pUBY CYIIPOBOJIKEHHS LILJI1 HA TOPSIJIOK 1 OLJIbIIIE.

o—1

—4—2

Pucynox 3.5 — 3anexHoCTi IMOBIPHOCTI BUSIBJICHHS 3pUBY CYNPOBOIKCHHSI

MBIJIA 3a kpurepiem 3/4 p. npu: BCII 4 nb.

Henonikom anropuTMy BHUSIBIEHHS 3pWMBY CYNPOBOKEHHS TPAEKTOPIi LI 32
KpUTEPIEM | /n TaKOX € Te€, 10 BIH HE BUKOPHUCTOBYE HasABHY iHdOpMaLlis Mpo
3HAYCHHS BUPIMIAIILHUX CTATUCTUK BIMITOK, OTPUMAHHUX 3 BUXOAY ONTHMAJIHHOTO
npuiiMava MepBUHHOI 0OPOOKH CUTHATIB.

Jlist migBuilieHHs e(EeKTUBHOCTI BUPIIICHHS 3a/lad BTOPUHHOI 00pOOKH
pamionokariiHoi iH(popMallii TpW 3HAYHIA KUIBKOCTI XHOHHMX  BIIMITOK

BUKOPHUCTOBYIOTHCSI BUPIIIAJIbHI CTATUCTUKH, OTPUMaHI B ONTUMAIbHOMY MpUMaYi
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nepBUHHOI 00p0oOKU cUTrHaMIB. Tak mpu BUPIIICHH] 3a7a4 BUSBJICHHS TPAEKTOPIT 111
1 11 CynpoOBOKEHH] TIPU HASIBHOCT1 B CTPOOI1 KIIBKOX BIIMITOK, JIJIs 1eHTU]IKALT
IITOBOT  BIIMITKM BUKOPUCTOBYETHCS ~ KPUTEPI  «HAMCHIBHIIIMIA  CyCim».
BianmoBigHO 70 IIbOTO KPUTEPiH0 B SKOCTI IIJIbOBOI BHOMPAETHCS BIAMITKA 3
MaKCHUMaJIbHUM 3HA4YeHHSM BHUpIMaNbHOI cTaTucTuku [68]. B pobGorax [1-3]
e(eKTHBHICTh AJITOPUTMY CYNPOBOIKCHHS B YMOBax 3aBajJ Ha OCHOBI aJlrOPUTMY
PDA Takox Oyna mokpaieHa 3a JOMOMOTOI0 BHUKOPHCTaHHS BHUPIIIAIBHUX
CTaTUCTHK BIJIMITOK.

st BusBnenns curnaiis 1 FMCW pagapoM mmpoko BUKOPHUCTOBYIOTHCS
anmroputMu  cimeiictB CFAR (Constant False Alarm Rate) [50-52]. [ns
3a0€3MeUeHHs] MOCTIMHOrO PIiBHA XWOHOI TPUBOTM B TaKUX aJIrOpPUTMax
B110yBa€THCS KOB3HE OILIIHIOBAHHS HEB1JIOMOI MOTY>KHOCTI IITyMY B MeXKax BiKHA JIJIs
xoperyBanHs mopory CFAR nerekropy. B pospoOnenomy B migpozain 2.1
ajanTUBHOMY BHsBIOBaHI Majopo3MipHoro BIIJNIA FMCW panapom Takox
BiJIOYBAa€ThCA OIIIHIOBAaHHS HEBIJIOMOI TOTY)KHOCTI IIYyMY 3 BHUKOPHUCTAHHSIM
JOBIpYMX 1HTepBadiB. ToMy 3akOH  pPO3MOJALTY HOPMOBAaHUX BHpPIIIAIbHHUX
CTATUCTUK XHOHHUX BIIMITOK € BIJJOMHM 1 OMHUCYETHCS YCIYEHUM IEHTPAIbHUM
PO3IOITIOM Xi-KBaJIpaT 3 IBOMA CTYIIEHSIMU CBOOOIN

[Ipu 3puBI CynpoBOKEHHS B CTPOOI MOXYTh 3 SIBISTHCS JIMILIE XHOHI
BIIMITKH, 3aKOH PO3MOJIIY JOCTAaTHIX CTATUCTHK SKUX € BijjoMuM. Ha BimMiHY BiJ
BiJIOMOTO aJIOTOPUTMY BHUSBIICHHS 32 KPUTEPIEM | / n TPOTIOHYETHCS 3a HASIBHOCTI

HAKOTIMYYBaTH BUPIIIAJIbHI CTATUCTUKH HAMCUIIBHINIUX BIMITOK 32 (POPMYIIOI0
ZZ:ZZJ- (3.31)

OckilbkM  OOYHMCIICHHS BHUPIMIAJBHUX CTAaTUCTUK B ONIAJIaX BUKOHYETHCS
HE3JIeKHO, X Hakomu4eHHs 3a ¢opmynoro (3.31) oTpumalio Ha3By HEKOTEPEHTHE
[69, 70].

3aKkoH PO3MOAUTY HAKOMUYEHOI CTAaTUCTUKM 3a YMOBH, IO HaMCHIBHIII

BIJIMITKH € XUOHHMH, PO3TIISAIA€THCS SIK OCHOBHA rinoTe3a. Ha koxkHOMy 1HTEpBai
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n OIJISLAIB MOPS 3 MEPEBIPKOIO KUIBKOCTI MIPOITYCKIB II1T1 32 KPUTEPIEM | / n TaKOXK
BiIOyBa€ThCA TEpEBipka OCHOBHOI TIMOTE3W IIOAO0 HAKOMUYEHOI CTATUCTHKHU
OTPUMAHUX HAWCWJIBHIMIKX BiJIMITOK NMPOTH aJbTEPHATHBH 13 33JaHUM PIBHEM

3Haqym0CTi k 3a IIpaBHUJIOM

Zs H

SIA

7€ m - KUIBKICTh ODNIAJIB, Ha SIKHX B CTpoOax cympoBomay Oy OTpHUMaHi

BiIMITKU. SIKIO Zs TEpeBHUIye TOpPIl, OCHOBHA TilOTE3a MIOAO PO3HOILLY
JOCTaTHBOI CTATHCTUKU BIAXWIAEThCS 1 mpuiiMaeTscs pimeHHs d;, miomo

MIPOJOBKEHHS CYIIPOBOY TPAEKTOPIT 1LIi. B mpoTtuiexxHoMy BUNIAAKY TPUIMAETHCS

pimenHs 0, mIOmO MiATBEPIKEHS OCHOBHOI rimore3u. I[IpUHATTS OCHOBHOI

TIIOTE3U CBITYUTH PO 3pUB CYNPOBOIKEHHS 111.

HeoOxigHO BIAMITUTH, IO MPOBOAUTH MEPEBIPKY 3a HAKONMHMYYyBaHUMU
CTaTUCTHUKAMU JIOLUIBHO HE JJIsSI BC1X MOMIIMBUX BapiaHTIB IMOTPAIUISTHHS B1IMITOK B
CTpOOH, a JUIIe JUIsl SKUX PIIICHHS HAa OCHOBI KUTbKICHOTO TIPAaXyHKY MPOIYCKIB
minei 3a kpurepiem |/ N npuitnatu He BaaeThes. Hampuknan mis kpurepis 3/4
TaKUMH BapiaHTaMH € IOTPAIUISHHS BiIMITOK Ha BOX M =2 i Tppox M =3 orjsmax
Ha iHTepBaii N =4,

[Toxa3zHukamMu e€(PEeKTUBHOCTI alNTOPUTMY BHSIBICHHS 3PHUBY CYIIPOBOKEHHS
TpPaeKTOPIi 11l € CepelHiil Yac CYNpPOBOJKEHHSI ICTUHHOI 1 XMOHOI TpaeKTOPpIi.
OOMEXMMOCHh aHAITUYHUM PO3PaXyHKOM CEPEeIHBOTO Yacy CYMPOBOKCHHS
XUOHOI TpaeKTOpli. AHAJI3 CEPENHBOIO Yacy CYNPOBOKEHHS ICTUHHOI TPA€EKTOPIi
Oyze MpOBEICHO NUISIXOM CTATUCTUYHOTO MOJICTIOBAHHSI.

JI71st aHaMITUYHOTO PIIEHHS 3a/1a4l BUSHAYEHHS] KIMOBIPHOCTEN MPABUIIBHOTO
BUSIBJICHHS 3pUBY TpPAEKTOpii MM 3a KpUTEpPiEM |/n BUKOPUCTOBYETHCS
MPE/ICTABJICHHS] QJITOPUTMY y BUIJISIII CTOXAaCTUYHOTO aBTOMATY 13 KIHIICBUM
HaOopom ctauiB [69]. [Ipu BusBICHH] 3pUBY CYIPOBOKEHHS aBTOMAT 3aJIHIIAETHCS
B TaK 3BAaHOMY TOTJIMHAIOUYOMY CTaHi, SIKUI SIK PABUJIO TIO3HAYAIOTH SIK HYJIHLOBUH.

[ITo6 3abe3neynTH HAOYHICTH, 3MIHY CTaHIB aBTOMaTa MPEACTABISIOTH 3a
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JOTIOMOror0  crpsiMoBaHoro rpada. Ha k-y Kpouml aBTOMaT ONMCYEThCS 3a

JIOTIOMOTOI0  BEKTOPY-psJka HWMOBIPHOCTEM CTaHIB pk)=[po(k),.... p;(K)]-

[lepexig Mk CTaHAMU 33/1a€THCS MATPHIICIO MEepeXiTHUX HMoBipHOCTEH M. Take
YSIBJICHHS I03BOJISIE aHAJII3yBAaTH aBTOMAT 3a JOTIOMOTOI0 MAaTEMaTHYHOTO anapary
JaHIorie Mapkosa [69].

3aranbHa METOAMKA BU3HAYEHHS HMOBIPHOCTEH CKUIAHHS TPAEKTOpIi 3
CYMpPOBOKEHHS Ha K -y OrJISII 1 CepeIHOTO Yacy CyMpOBOIKEHHS TPAEKTOPIi Mae
HACTYITHAW BUTJISI.

1. BuzHaueHHs 1Mo4aTKOBOro (BUXI1JHOT'0) BEKTOpa MMOBIPHOCTEH CTaHIB

asromara P(0).
2. OGuuciienHs BekTopa MHMoBipHOCcTed craniB asromara P(K) 3
BUKOPHCTAaHHSIM PEKYPEHTHOIO TIEPETBOPEHHS
p(k) =p(k T, k =100 (3.32)
BusHauenHs HMOBipHOCTEH p (k) MEPEXOqy aBTOMAaTa B IOTJIMHAIOYHUI CTaH,
AKa JIOPIBHIOE WMOBIPHOCTI CKHJQHHS TPAEKTOPii 3 CYNPOBOMKEHHS 10 K-ro
ornsy BKMOYHO. MMoBipHOCTI py(k), K =10 ¢ HApOCTAIOYMMHM BiJl OISy J0
OIIISAAY, OCKIIBKH aBTOMAT JOCATAE MOMIMHAIOYOI0 CTaHy 1 3aJIMIIAETHCSA B HBOMY.
3. OOuHCIeHHS ~ WMOBIPHOCTI pé)(k) CKUJAaHHS  TpaekTopii 3
CYIPOBOKEHHs Ha K -y orisi, sika BU3HaYaeThes 3a GOPMYIION
Po(K) = Po(k) — po(k —1). (3.33)
4, OOunciieHHs CEPeHbOT0 Yacy CYIMPOBOKEHHS TPAEKTOPIli 110

MPUHAHATTS PIICHHS 1010 i1 CKUJaHHS
k=Y kpy(k). (3.34)
=1

I'pad 1 maTpuiro mepexilHUX WMOBIPHOCTEH aJTOPUTMY BUSIBJICHHS 3PUBY
TpPaeKTOpii I HAa OCHOBI KPHUTEpIiB |/n B 3arajibHOMy BUIJISJ1 YSBUTH HE
BJIAE€THCSI, TOMY PO3IJISIHEMO 3aj[ady aHalli3y XapaKTEepPUCTUK aJrOPUTMY, B AKOMY

BUKOPUCTOBYETHCS KpUTEPIi cKuaaHHs 3/4.
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[Ipu BukopucTaHHi Kputepiro 3/4 cKumaHHS TPAEKTOpii BIIOYBAETHCS IIPHU
HAssBHOCTI TPHOX MPOITYCKIB IT1JI B YOTUPHOX TEpiojax orsiay. Y BIANOBITHOCTI 10
3alpOIIOHOBAHOTO BUIIE MIAXOAY BiIOYBa€ThCS MEPEBIpKAa 32 HAKOMMUYYBAHUMU
CTaTUCTHUKAMHU JUIs IBOX BaplaHTIB MOTPAIUITHHS BIIMITOK B CTPOOHU:

M = 2 - HasABHICTH BiAMITOK Ha JBOX OIVIAAX;

M =3 - HasSBHICTH BIAMITOK Ha TPHOX OINIAAaX.

[TochimoBHICTh poOOTH anroput™my 3/4 MOXXKHA MPOUTIOCTPYBATH 3a
JOTIOMOTO10 Tpada 3 BUMAAKOBUMH TIEPEX0aMu, 300pakeHoTo Ha puc. 1.

CraH «1» € MOYaTKOBUM 1 BI/IMIOB1/Ia€ CYMPOBOHKEHHIO TpaekTopii 1. CtaH
«0» € TOTMMHAIOUYMM CTaHOM, TMPU JIOCATHEHHI SKOTO (IKCYEThCS 3pUB
CYTIPOBO/KCHHS TPAEKTOPIl 1 aBTOMAT 3aUIIAEThCS B HhOMY. [lepexonu B cTaHm
2»-«14» BiIOYBa€ETHCS 32 HASIBHOCTI (CyILIbHA JIiHIS) 200 BIICYTHOCTI (IITPUXOBA
JiHIA) BIAMITOK B cTpooOu. Ilepexonu 13 craniB «8»-«14» B cranu «1» abo «O0»
MOXXYTbh BIJIOYBaTUCSl SIK 3a HAsIBHOCTI, TaK BIACYTHOCTI BIAMITOK B CTpoOl Ha

YeTBEPTOMY KPOIIi 1 MOKa3aH1 MTPUX-ITYHKTUPHOIO JIHIETO.

Pucynok 3.6 — I'pad anroputmy BUSBICHHS 3pUBY TPAEKTOPIT 111 32
KpuTepiem 3/4 3 BAKOPUCTAHHSM BHUPIMIATBHOT CTATUCTUKU HANCHIIHHITIION

BIMITKH
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Marpuiist nepexiIHuX UMOBIPHOCTEH 1151 KpUTepito 3/4 Mae BUTJIA

1 0 0 0 0 0 0 0 O
0 0 = 7, 0 0 0 0 0 O
0 0 0 0 =m 7, 0 0 0 O
0 0 0 0 0 m 750 0 0 O
[0 00 00 0 0 m o O (3.35)
0 0 0 0 0 0 0 0 m nx
7, 0 0 0 0 0 0 0 0 ~n
g 7y 0 0 0 0 O O 0 O
T Ty O 0 0 0 0O 0 0 O
Ty T O O 0O 0 0 0 0 O

VIMOBIpHOCTI ITIepeX0IiB MiXk CTAHAMH, OTHCYIOTHCS BHPA3aAMH:

7y :(l_ po)i 7o = Po>

779 = 7oF; m=m+my(1-F);

g0 = Mok + mFs; 7r8,1:721(1—F3)+7r0(1—F2)

mgo=mF +my;  me =m(1-F,)

e Pg- HUMOBIPHICTH BiIICYyTHOCTI XMOHUX BiAMITOK B cTpobi; K, F -
WMOBIPHOCTI HETIEPEBUIIEHHS CyMaMHU JIBOX 1 TPhOX BHUPIIIAIBHUX CTATHCTHK
noporis H, 5 i H, 3 Bixnosinuo, ski po3paxoByroTscs 10 popmynam

F, =1-k; F =1-«k.

[TouatkoBUW BEeKTOp WMOBIPHOCTEM CTaHIB aBTOMaTa Ma€ BUIJIS
p(0) = [0 100000O00O 0]. EnemMentn MaTpuii #HMOBipHOCTEM

nepexoAiB I1 [ BUMAAKIB PO3PAaXyHKY MMOBIPHOCTEW BUSIBIEHHS ICTUHHOTO Ta
XUOHOTO 3pUBY TPAEKTOPII LTI € PI3HUMHU.

Ha ocnoBi meroauku (3.32)-(3.34) po3paxoBaHO HMOBIPHICTh BHSIBJICHHS
icrunnoro spuy Po(K) Tpaexropii wimi, mpum iMOBIpHOCTI XMOHOI TpHBOrH
a =0.007 i piBui 3nauymocti x =0.15, sxi npexcrasneni Ha puc.3.7. Ha 3 TaxTi
poOOTH aBTOMAaTy WMOBIPHICTh BHUSBJICHHS 1CTUHHOTO 3puBYy aopiBHioE 0.33 1

CepeJIHil Yac BUSBJICHHS 3puBY TpaekTopii K ckias 3.90 TakTu.
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Pucynok 3.7 — AnaniTuuHa IMOBIPHICTh BUSIBJICHHS 3pUBY TPAEKTOPII L1 32

kpurepiem 3/4

3 METOW TMEpPEeBIPKH AHAIITUYHOTO PO3pPaxyHKy, OyJ0 MpPOBEAEHO
CTaTUCTUYHE MOJIETIOBaHHS poOOTH aBTOMaTa MetogoM Monte — Kapio. [li1st iporo
Ha KOXXHOMY TaKTi TpaekTopii (opMyBaluCh CTpOOU CYNpPOBOJDKEHHS, B SIKI 3
3a/1aHOI0 WMOBIPHICTIO XMOHOI TPUBOTU MOJEIIOBATIOCH MOTPAIUISIHHS XUOHUX
BIJIMITOK.

VY Bimomiil nitepaTypi BIACYTHI aHaNITHYHI 3aKOHU MJIi CyMH YCIYEHUX

LHEHTpaJIbHUX PO3MOAUIB Xi-KBagpaT 3 JBOMa CTyNeHAMH cBoOonu. Tomy mnpu
3aaHOMY DiBHI 3Ha4ymocTi x KputuyHi piBHi (moporm) H,, i H, 3, mo
PO3IISAIOTE KPUTUYHY 00JIaCTh 1 00JIaCTh MPUUHATTS OCHOBHOI TIMOTE3H, OYyJIH
OTpUMaH1 IUIAXOM CTAaTUCTUYHOTO MOJETIOBaHHS. JIJIsi 1bOTO MOETIOBAINCH
HAa0OpU JaHUX, $SKI CKIAJalUCh 3 CyM JIBOX 1 TPbOX CTaTUCTUYHO HE3AIEKHHX
BUITAJIKOBUX BEJIMYMH, 1[0 MAIOTh YCIUEHUN 3aKOH PO3MOJIIY Xi-KBajpar 3 JBOMaA

cTyneHsamu cBobonu. s BusHayenns moporis H,., i H, 3 BuxopucroBysanach

nporpama MATLAB quantile, sika 17151 3a1aHOTO MaCUBY JIaHUX TIOBEPTA€ KBAHTHIIL,
0 PO3PaxOBYIOThCA Yy BIAMOBIAHOCTI JJis 3aJaHOTO PIBHS 3HA4ymocTi «. [lpu
fimoBipHocTi xubHO1 TpuBork ¢ = 0.007 i piBHi 3HauymmocTi x =0.15 po3paxosani

noporu jgopisrrorots H,., =27.861 H, 3= 41.52.
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Po3paxoBana ekcmepuMEHTAJIbHO WMOBIPHICTh BUSBICHHS 3pUBY Po

TpaeKToOpii 11l mokazana Ha puc.3.8. CepenHiii yac BUSABICHHS 3pUBY TPaeKTOPii

3puBy k ckiaB 3.91 taxru. [Tpu npomy KinmbkicTs iTepamniii Mmeroay Monte — Kapio
cranopuna 10° Sk BugmHO 3 puc. 3.7, puc.3.8 po3paxoBaHi eKCIEpHMEHTAIbHI
AMOBIPHOCTI ICTUHHOTO 3puBY (DaKTUYHO CHIBMANAIOTh 3 PO3PaXOBaHUMU

AHAJTITUYHO.

L LE . ; T . :
Py x4 ; 5
¥ 0.5914 : : :

o
Y 0.33408

X8
¥ 0.04358

Pucynok 3.8 — ExcniepuMenTanbHa HMOBIPHICTh BUSIBJICHHS 3pUBY TPAEKTOPIT

111 32 KpuTepieM 3/4

3.4. AHaJIi3 BIOCKOHAJIEHOT0 METO/y BUSIBJICHHS 3PHBY CYNPOBOIKCHHS
MBIJIA 3a kpuTepieM //n 3 BAKOPUCTAHHS BUPIIAJIBLHOI CTATUCTUKH
HAWCHJIBLHINIOL BIAMITKH IIJIIXOM CTATHCTHYHOI'0 MOIEJTIOBAHHSA

Oninka e(peKTUBHOCTI pPO3pOOJEHOr0 aJIrOpuTMy BHUSBIICHHS 3pUBY Oyna
IpOBEJEHA LUIIXOM CTAaTUCTUUYHHOTO MOJEIIOBAHHS CYNPOBODKEHHS LI 3a
nanbHICTIO. 1 onucy pyXy Ll IO JajdbHOCTI BUKOPHUCTOBYBAJIACh MOJEIb PYyXY
maneBpytodoro MBIIJIA, posrmsayra B migpo3aim  3.2.  BumiproBamuch

KOOpAMHATU JMaJIbHOCTI 1 paaianbHOl mBHAKOCTI, npu oMy CKB momumox
BMMIpIOBaHHs cTaHOBIATE 0, =1.3M?, 0 =1.6 (M/c)%. TeMn HaaXOMKEHHS NAHUX

nokJiagascst T =1c. [[7s1 cynpoBOIKEHHS 11111 B yMOBaX MEPENIKo/] 3aCTOCOBYBABCS

po3pobneHuit B migpo3auni 3.1 aaropuT™M aganTHUBHOTO CYIPOBOIKEHHS

118



MaHEeBpYruoro Masiopo3mMipHoro BITJIA 3 iiMOBIpHICHOIO 1IEHTU(IKAIIIEIO TaHUX 3
BUKOPUCTAHHSAM BHUPIIIAIBHUX CTAaTUCTUK BiAMITOK. KiJbKICTh XMOHHUX BIAMITOK
M OPSIKOBYETHCS 3aKOHY [lyaccoHa 3 BiToMOIO TPOCTOPOBOIO MIUIBHICTIO A, IO
po3paxoByBajiach 1o popmyi /ct kBan PJI/

o

A=—
126, 0;

(3.36)

Kinekicts BUunpoOyBans 3a MerogoM Momnte- Kapno mopisaiosano 10%.

B T1a6n. 3.1 HaBeneHo pospaxoani 3HaueHHs noporis H, , i H, 3 npu piswi

sHauymocti x =0.15 mus 3amanux MoBipHOCTEH XHOHOT TPUBOTH ¢ .

Tab6mns 3.1 3nagenns noporis H,., i H, 3

a 0.0001 | 0.00035 | 0.0006 |0.0008 |0.001 |0.0025 |0.005 |0.0075 |0.01
H., 43.703 | 38.514 | 36.620 | 35.538 | 34.363 | 30.599 | 27.957 | 26.398 | 25.317

H. 64.632 | 57.080 |53.928 | 52.065 | 50.994 | 45.499 | 41.173 | 38.823 | 37.051

Jliis BU3HaYCHHsI OKAa3HUKIB BUSIBIICHHS 3pUBY, MOZIECIIIOBABCS €KCIIEPUMEHT, B
AKOMY LUIb CYNPOBOKYBaJacs B 3aBajax IMepHll YOTHUPU TaKTHU, MICIAS YOro
MOJICTIIOBAHHS TPAEKTOPii LIl MPUMUHAIOCH, 1 (OpMyBaIUCh TUIBKKM XUOHI1
BinmiTku. Ha puc.3.9 naBeneno orpumani merogo Monte-Kapno imoBipHOCTI
BUSIBJIICHHS 3pUBY TPAEKTOPIi LIl PO3POOICHUM aJITOPUTMOM 3a KpuTepiem 3/4 3
BUKOPUCTAHHSAM BUPIMIAIBHUX CTATUCTUK (KpuBa 1), BIJOMHM aJirOpuTMOM 3a
KpuTepieM 3/4 1 ICTUHHOTO 3pUBY CYIIPOBOKEHHS 111 (KpuBa 3), IKMI1 BU3HAYABCS
P BiJICYTHOCTI IIJIbOBOI BIAMITKH B CTPOO1 CYNPOBOKEHHS Ha TPHOX OIJISI/Iax
IIOCIILIb B 3aJICKHOCTI-B1JT XUOHOT TPUBOTH « .

Po3po6nennii anroput™ BUSBICHHS 3pUBY CYIPOBOKCHHS 3 BUKOPHCTAHHS
BUPIIANIBHUX CTATUCTUK Yy TOPIBHSAHHI 3 BIJIOMUM JI03BOJISI€ T1JIBUIIUTH

WMOBIPHICTh BUSIBJIEHHS 3pUBY CYNPOBOKEHHSI MPUOJIM3HO B 2 — 8 pasiB mnpu

MMOBIpHOCTI  XMOHOi  TPUBOTH @=25-102.75-10°. 3i s3Gimbmennsm
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iimoBipHocTi  xubHOI TpuBorm « >0.001 #MOBIpHICTE BHSIBIEHHS 3pHBY
CYIIPOBOKCHHS 3pOCTA€ y MOPIBHIHHI 3 BIZIOMUM aJITOPUTMOM.

P"J 107§ = il - —*’L"'ii___'

o

(I Ay

10 107 10*

Pucynok.3.9 — VIMOBipHICTh BUSBIECHHS 3pUBY TPAEKTOPIT 11T QIIBTPOM 3

BUKOPUCTAaHHSM BUPIIMIAIBHUX CTATUCTHUK 1 0e3 3a kputepiem 3/4

Ha pwuc.3.10 nHaBepeno otpumani wmetojgoM Monte-Kapno 3anexHocTi
CEPEIHbOT0 Yacy BUSBIICHHS 3pUBY TPAEKTOPIi LI PO3POOIICHUM aJTrOPUTMOM 32
KputTepieM 3/4 3 BUKOPUCTAHHSAM BUPIIIAIBHUX CTAaTUCTHK (KpuBa 1), BITOMUM
QITOPUTMOM 32 KputepieM 3/4 1 ICTHHHOTO 3pUBY CYIPOBOJIKEHHS 11Tl (KpuBa 3)

IIPU PI3HUX 3HAYEHHSIX UMOBIPHOCTI XUOHOT TPUBOTH « .
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=k 4
¥
b 9
=l e
20F __E" -
15| e 1
J
L] e — 1
e

o =

0 00 0002 0003 0004 0005 0005 Q007 0005 0009

(=]

Pucynox 3.10 — Cepenaniit 4ac BUSBICHHS 3pUBY TPAEKTOPIT 111711 GITETPOM 3

BHUKOPHUCTaHHSM BUPIMIAIBHUAX CTATUCTHK 1 0e3 3a kputepiem 3/4

Takoxx Uil pO3TJIIHYTOIO MPUKIaAy OyJIo MPOBEACHO aHali3 e(PEeKTUBHOCTI
BUSIBJICHHSI 3pHBY TP CYINPOBOJDKEHHS Il PO3POOJIEHUM  aJrOPUTMOM

aJanTUBHOTO  CYNPOBOJKEHHS MaHeBpyrodoro MajoposMipHoro BIIJIA 3
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HMOBIPHICHOIO 11€HTU(]IKALIIE€I0 TAHUX 3 BUKOPUCTAHHSIM BUPIIIAIBHUX CTaTUCTHK
BIIMITOK. B 1boMy BHMAAKy MOJEIIOBAaHHS TpPAa€eKTOpii Il BIAOYBaJIOCH Ha
KO’KHOMY TaKT1 CIIOCTEpEKEeHHsI. PillIEHHs [0/I0 ICTUHHOTO 3pUBY CYIPOBOKEHHS
MPUHUMAJIOCh MPU HE MOTPAIISHHI ICTUHHOI BIAMITKH I1iJ11 B CTPOO CYNPOBOIKECHHS
Ha TpbOX TakTax nocmniyib. Ha puc.3.11 HaBeneno orpumani metoiom Monte-Kapio
WMOBIPHOCTI BUSBIICHHS 3pUBY TPAEKTOPii IIJII PO3POOJECHHUM aJTOPUTMOM 3a
KpuTepieM 3/4 3 BUKOPHCTAHHSM BUPIMIAJbHUX CTAaTHCTUK (KpuBa 2), BIIOMUM
aJITOPUTMOM 0€3 BUKOPUCTAHHSAM BHUPIIIATBHUX CTATUCTHK (KpHBa 3) Ta ICTHHHOTO
3pUBY CYIPOBOJKEHHS IUTI (KprBa 1) B 3aJ€KHOCTI BiJf XMOHOI TPUBOTH « TIpHU
BCII § =4, 3, 2 nb. Po3po0iicHHii alrOPUTM BHABICHHS 3PUBY CYIIPOBOIKEHHS
Tpa€eKTOpii miji 3a kputepieM 3/4 3 BUKOPHCTAHHSIM BHPIIIAILHOI CTATUCTHKU
HaWCWJIBHINIOI ~ BIIMITKM  J03BOJISI€E 30UIBIIMTH  WMOBIPHICTh MPaBUIHLHOTO

BUSIBJIICHHSI 3pUBY CYIIPOBOJIKEHHS MPUOIM3HO B 2 — 8 pas3iB mpu MMOBIPHOCTI

XUOHOI TPUBOTH O = 25.107°.75107, y TOpIBHSIHHI 3 allTOPUTMOM 3/ 4, SIKHI HE
BUKOPUCTOBYE BHUPIIIATIbHI CTATUCTHKH.

Ha pwuc.3.12 mnoka3aHi 3aJeXHOCTI MAaT€MaTHYHOIO CHOJIBaHHS 4Yacy
CYNPOBO/KEHHSI ULl /10 BHUABICHHS 3pUBY TPAEKTOPIi LIl  PO3pPOOIECHUM
QITOPUTMOM 3 BUKOPUCTAaHHSIM BHUPIIIAIBHUX CTAaTHUCTHK 1 0€3 Ta 1CTUHHHM
CEpellHI Yac CYNMPOBOJKEHHS TPAEKTOPIi IUII B 3aJIEKHOCTI BiJl WMOBIPHOCTI
xubHOi TpuBoTH o , ipt BCIII q = 2, 3, 4 nb.

Cepenniii 4yac CYNPOBO/DKEHHS TPAEKTOpii Il TMPU BUKOPUCTAHHI
PO3pOOJICHOTO  aJTOPUTMY BIJAPI3HAETHCA BiJI ICTUHHOTO CEPEIHBOIO dacy
CYNPOBO/KCHHSI MEHIIe HiXK Ha 7% B ychOMYy Jiama3oHi WMOBIpHOCTEH XWOHOI
TPUBOTH « .

Cepenniii yac CynpoBOKEHHS P BUKOPUCTAHHI BiJOMOIO ajrOPUTMY MpU
majomy BCII 30ubmmBesa 3a paxyHOK HEBHSIBICHHS 3pUBY 1 CYNPOBOKEHHS

XUOHUX BIAMITOK.
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Pucynok 3.11 — MMOBIpHICTb BUSBJIECHHS 3pUBY TPAEKTOPIi (PLIBTPOM 3

BUKOPHCTAHHSM BUPIIIATBHUX CTATUCTHUK 1 0e3 3a kputepiem 3/4 , ipu: a - 41b ; 6

-31b ; B - 21b.
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Pucynox 3.12 — CepeaHiit 9ac cynpoBODKCHHS TPAEKTOPIT il GIIBTPOM 3
BUKOPHCTAHHSM BHPIIIAJLHUX CTATUCTHK Ta 0e3 3a kputepieM 3/4, nipu: a - 41b;

0 - 31b; B - 21b.
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BucHoBku 10 po3ainy 3

1. Po3poOnennii anroput™ aganTtuBHro cymnpoBojkeHHs MBIIUIA 3
HMOBIPHICHOIO 11€HTU(DIKAIIEI0 TAaHUX 3 BUKOPUCTAHHIM BUPIIIAIBHUX CTATUCTHK
BIIMITOK € peKypeHTHUM. Ha KokHOMY Kpolll OOYHCIIOIOTHCS YMOBHI BEKTOPU

OIIIHOK IMapaMeTpiB pyxy il Fj(k) rta KOPEJISIIiIHI MaTpUIll TTOMHUJIOK OIlIHOK
P; (k) 3a ymoBm, mo THO PyXy Iimi aj(k) € BIJJOMHM, a TaKOX arocTepiopHI

itmosiprocti W (k) tnnie pyxya;(k), ] =1,M, siKi € OYATKOBMMH yMOBAMH UL

HACTYITHOTO KPOKY CYIpPOBOKEHHs. [Ipu oMy 3a0e3medyeThest MpeACcTaBICHHS
armocrepioproi minbHOCTI HMoBipHocTi mapamerpis pyxy mimi W (r(k)) mpum
nepexofl Ha HACTYNHUM KpoK GuibTpauii y BUDISAI cymMu M TayCiBCBKIX
IIIJIbHOCTEH WMOBIPHOCTI.

2. ®opmyBaHHS CTPOOY CYMPOBOKEHHS BiIOYBAETHCS Y BIAMOBIIHOCTI JI0
PO3ITI3HAHOTO TUITY PYXY 111, 1110 IO3BOJISE 3MEHIIMUTH HOTO PO3MIPH Ha IHTEpBaIax
3aBUCAHHS 1 pyXy LIl 0e3 MaHeBpy 1 TaKUM YHWHOM 3MEHIIUTH HMOBIPHICTh
MOTPAIUISIHHA B HHOTO XHMOHUX BIAMITOK. J[Ji1 OTOTOXKHEHHSI BIAMITOK B CTpOOI1
CYNPOBOJIPKEHHSI BUKOPHUCTAHO METOJT HWMOBIpHICHOTO 00’eHaHHs gaHux PDA, B
SKOMY BpaxOBYIOTbCSl BHpIIIANbHI CTaTUCTHUKM  BCIX BIAMITOK B CTpoOl
CYNPOBOJIPKEHHSI 1 1X YMOBHI IIIJILHOCTEH MMOBIPHOCTI 32 YMOBH, IO BiAMITKA €
1JIbOBOIO a00 XHOHOIO.

3. Ha ginsgHKax NpSAMOMIHIMHOTO pIBHOMIPHOTO pyXy Ta  3aBUCAHHS
amantuBHUN QinbTp 3a0e3neuye 3MeHmieHHs CKB moxubok mporHosy aaibHOCTI
MBITIA B 2 1 2.7 pa3iB Ta mBuakocti B 3 1 9 pasiB, HIXK Ha JUISHKaX pyxy 3
MaHEBpPOM.

4. Po3po0ieHuil aJanTUBHUM aJITOPUTM CYIPOBOKEHHS 3 MMOBIPHICHOIO
1IeHTU(IKAIIEID JaHUX JO3BOJISIE 3SMEHIIIMTH WUMOBIPHICTD 3pUBY CYNPOBOXKEHHS Y

HOpiBHHHHi 3 AJITOPUTMAMH CYIIPOBOKCHHS 3 OTOTOKHCHHAM JIaHUX 3d MCTOJaMU
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CHANUCUJIBHIIIUN CyCi/ 1 «HanOmkunii cyciay: npu BCII 4 n1b B 2.5-5.5 pa3u, npu
BCIII 3 nb B 2.5-3 pasu, npu BCIII 2 nb B 2-3 pa3u.

5. Po3po0rennii afanTUBHUN aNrOPUTM CYIPOBODKEHHSA 3 MMOBIPHICHOIO
i1eHTU(PIKaIlEr0 JaHUX JT03BOJISIE 30UIBIIMTH CEPEIHIM Yac CympOBOJKCHHS I
npu BCII 2-4 b y mnopiBHSHHI 3 aJanTUBHUMH alTOPUTMaMH, MIO
BUKOPHCTOBYIOTh METOAM OTOTOXHCHHSIM BIAMITOK «HAWCHIIBHIIIMN Cycimy 1
«HanOmwkunt cycimy Ha 4% - 38% 1 2% - 18% BiAmoBiAHO, B Jllama3oH1
HMOBIpPHOCTI XUOHOT TPUBOTH 1-10°% <a<1-1072

6. B yagockoHareHOMy METOJi BHUABIEHHS 3pUBY  CYNPOBOKCHHS
masiopo3mipaoro BITJIA FMCW panapom Ha ocHOBI kputepito |/n, BukoHyeThCs
JI0JTaTKOBA TEPEBIpKa OCHOBHOI TIMOTE3W IOJI0 3aKOHY PO3MOIITY HAKOMMYEHUX
BUPIIIAIBHUX CTATUCTUK HAWCHJIBHINIMX BIAMITOK, OTPMMaHHUX B CTpobOax
CYNPOBOJ/IKCHHS, SIKI BBa)XAIOThCSI XMOHUMHM, MPOTH AIbTEPHATHUBH 13 3aJaHUM
piBHEM 3HauymiocTi. KpuTuuHi piBHi (IIOPOTH), O PO3AUISIOTh KPUTUYHY 00J1aCTh
1 00J1acTh MPUHUHATTS OCHOBHOI TIMOTE3U MPH 33JJaHOMY PIBHI 3HAYYIIOCTI X, Oynu
OTPUMaHI IUISIXOM CTATUCTUYHOTO MOJICTIOBAHHSI.

7. Ha npuknanl anropuTMy BUSIBICHHS 3pUBY 32 KpUTEpIEM 3/4
[UIIXOM HOTO TPEICTaBIICHHS Y BUIJISI CTOXaCTUYHOTO aBTOMATy 13 KIHIIEBUM
HAa0OpOM CTaHIB MPOBEACHO AHANITHYHUNA PO3PAXYHOK HMOBIPHOCTI BHSIBICHHS
ICTUHHOTO 3pUBY pé)(k) tpaekTopii mimi. CepenaHiii Yac BUSABICHHS 3PUBY
TpaekTopii ckiaB 3.9 Taktu. Po3paxoBaHi eKCliepUMEHTalbHI HMOBIPHOCTI
1ICTUHHOTO 3pUBY (DaKTHYHO CIIBIAIHU 3 PO3PAXOBAHUMH aHAIITUYHO.

8. Po3po0snenuii anroput™ BUSIBJICHHS 3pUBY CYIPOBOJKEHHS TPAEKTOPIT
1111 32 KPUTEPIEM 3/ 4 3 BUKOPUCTAHHSAM BHUPIIIATBHOI CTATUCTUKY HAWCHIIBHIIIOT
BIIMITKH JI03BOJISIE 301IBIINTH HMOBIPHICTh TPABUILHOTO BUSBJICHHS 3pPUBY

CYNPOBO/KEHHS MPUONM3HO B 2 — 8§ pasiB MpU HMOBIPHOCTI XUOHOI TPUBOTH

-3 -3 . . o
a=25-107..7.5-10"", y nopiBHAHHI 3 anTOpUTMOM 3/ 4, IKHii HE BUKOPHCTOBYE
BUpIMIAJbHI cTaTUCTUKUA. CepeaHidi Yac BUSBJICHHS 3pUBY TPAEKTOPIl LI

3MEHIIIYETHCS TPUOIM3HO B 2.4 - 3.3 pasm.
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4. OIHKA E®EKTUBHOCTI I MOKJINBOCTEN NPAKTHYHOI
PEAJIIBAIIII PO3POBJEHUX AJITOPUTMIB

4.1 CuHre3 anropurmMy agantuBHoOro cynposomxenuss MBILJIA 3
WMOBIPHICHOIO iTeHTH}IKALI€I0 JAHUX 3 BUKOPUCTAHHSAM BHPilIaJIbLHUX
CTATHUCTHK BiaMiTOK TpukoopauHataum FMCW pagapom

Jlns BUpilIeHHS 3ajia4l TpaekTopHoi (iabTpariii ManeBpyrouoro MBITJIA
TpukoopanHatHuM FMCW pamapoM, AOIIIBHO BUKOPUCTOBYBATH MPSIMOKYTHY
cucrtemy koopauHat (CK) 3 mouarkom y Touii posramryBanHst PJIC [61, 70]. Taka
CK Ha3uBaeTbcs MICLEBOI NPAMOKYTHOI. Mojens pyxXy MaHEBPYIOUOi Il y
MicueBiil mpsAMoKyTHIN CK onucyeTbesi CTOXaCTHUHOIO IMHAMIYHOIO CHCTEMOIO 3
BUIIAJIKOBOK0 CTPYKTYpPOIO, sSIKa BpPAaXOBy€ TPHU OCHOBHHUX BHAM PYXy M =3:

3aBucaHHs | =1, Maiike piBHOMIpHU pyX | =2, pyX 3 MaHeBpoM | =3 y BUDIAAI
u(k)=F; (k,k—Du(k -1)+ G (K)e(k), j=1M, (4.1)

ne u,,' (k) = (x(k), x(k), %(k), y(k), y(k), §(k), z(k), 2(k), Z(K)) - BextOp cTany,
10 BKJIIOYAE€ KOOPJIMHATHU IMOJIOKEHHSI, IIBUAKOCTI 1 MPUCKOPEHHS LIl MO OCSX

nekaproBoi cucremu koopauar, ®(K) — HekopenboBaHa IOCIIIOBHICTEH

rayCiBCbKMX BEKTOPIB 3 OIMHUYHOIO KOPEISLIHHOI MAaTPHUIEIO.

Martpuiii, 1110 BXOJATH B MOZAEINb pyxy (4.1) MaroTh BUJ

FF 0 0 G 0 0
Fi(kk-)=| 0 F 0[G;(k= 0 G} 0|
0 0 F 0 0 G
b b . A
aec Fj ,Gj, J =13 MAarOTh BUJI
) -
1 7 &
2
FF=|0 0 O,F?=/0 1 0], 00 1
000 000 I ]
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(a, T°|
a, T2 6 ,
T 2 | eh=| Bl
&1 Gh=| a, T |, 2
G'=| 0 | 0 a-T
O — - - -

81:82:83 _ CKB BunankoBux (IyKTyalill IIBMAKOCTI, IPUCKOPEHHS i IMBUIKOCTI
smiHun npuckopeHHss MBIIJIA mis mepiioro, Apyroro i TPETHOTO THIIIB PYXY,
BiJIITOBITHO.

Jl1st onucy TUIY CTPYKTYpH MO pyXy il (4.1), 110 BiANOBia€ IEBHOMY
BHJIy MaHEBpY, 3aCTOCOBYeThCA 3MiHHAa mepemukanns a;(K), | =1,M . Bona
BIJIHOCUTBLCA JI0 KJIacy JIAHIIOTiB MapkoBa, 3 MaTpUIICI0 HMOBIPHOCTEH MEPEXO/IiB
IT;; (k,k =1),1, j:].,_M i moyarkoBumu imMoBipHOCTSIMA P;(0), | =1M , LI{O JO3BOJISE
BpaxyBaTH MEPEXOIN MK PI3HUMH BUAAMH PyXY LI y TIOBUTbHI MOMEHTH 4acy.

PJIC Bumiprorors azumyT B°(K), kyt micua €”(k), pagiansny gansnicts I (K)
10 MBIUJIA Ta pamianeHy msuakicts [U(K) B chepuuniil cucTeMi KOOpAMHAT.

BpaxoByrouu, mo npu moOyIoBI MOJEN PyXy IJII BUKOPUCTAHO MPSIMOKYTHY

CUCTEMY KOOPAHHAT, piBHSIHHH CIIOCTCPCIKCHHA MOKHA ITPEACTBABUTH Y BI/IFJ'ISII[i

B (k) = arctg (X)) 4+ v, (k);

x(k)
Y(k) = arct 2(k) K);
£” (k) amg(sz(k)+y2(k))+°‘°'( )
(k) = \X2(K) + y2 (k) + 22 (k) + v, (K); 4.2)
o i = X000 + YRV +2002) oy
VE(K) + Y2 (k) + 22 (K)

ne Vg(k), v (k), v (k), v;(k) - HekopermboBaHi rayciBChKi MOMMITKH BUMIPIOBAaHb

a3UMyTy, KyTa MICIls, paliajibHOI JalbHOCTI 1 paaianbHoi mBuakocti MBITJIA B

127



nossipHid CK 3 HyJIbOBUM MaTeMaTMUYHUMM CHOJIBAaHHSIMU Ta JIUCIEPCISIMU

2 2 2 2
CKJIafloBUX O, O, Oy, O .

BumiproBani koopaunatu nonoxeHHs: MBIIJIA B mpsiMmokyTHi# 1 cepuuHiii
CHUCTEeMaX KOOPJMHAT 3B’s13aH1 HEJTIHIMHUMU PIBHIHHSIMHU

x"(k) =r®(k)cose® (k)cosB® (k);

y (k) =r®(k)cose® (k)sinB"(k);; (4.3)

z° (k) =r°(k)sing®(k),

ae x°(k), y°(k), z°(k) - sumiproBani koopausHatu nonoxenss MBITJIA B

NPSIMOKYTHIM CUCTEM1 KOOPIMHAT.

3B'130K Mk KoopauHaTamu nojioxkeHHss MBITJIA B cdepuuniii 1 npsMOKyTHIH
CUCTEMAaX KOOpJMHAT MOKa3aHui Ha puc. 4.1.

BukonaBimm niHeapu3zaiito BupasziB (4.3) BIJHOCHO ICTUHHHUX 3HA4Y€Hb
koopauHat MBITJIA B cdepuuHiii cuctemMi KOOpAMHAT, PIBHSHHS CIIOCTEPEHKECHHS

PJIC B npAMOKYTH1/ cUCTEMI KOOpAUMHAT MO>KHA MPUBECTH J10 BUITISIAY [69]
X7 (k) = x(k) + vy (K);
y® (k) = y(k) + v, (k);

z° (k) = z(k) + v, (K); (4.4)
£ (k) = x(k)x(k) + y(k)y(k) + z(k)2(k) o, (K),
JEWR YRR+ 2200
pe vy (k),uy(k),0,(k) - mommnkm BumiproBanHs monoxenHs MBIUIA 'y

npsmokyTHii CK.
B BekTOpHOMY BHUIJISAAI PIBHSHHS CIIOCTEPEKCHHS MOXKHA TIPEICTABUTH Y

BUIIAAL

u’(k) =h(u(k)) +v(k), 4.5)
ne Uu°(k)=(x°(k),y°(k),z°(k),r°(k))" - BekTOp crOCTEpekKeHHSA, WO BKIIOYAE,
BUMIpSIHI KoopauHaTy nosioskeHHss MBIIJIA B npsiMOKyTHIM cucTeMi KOOpAUHAT 1
pamianbHy MBUIKICT; h(u(k)) - HeIiHIMHA BEeKTOpHA (YHKIIiS, 3SHAYECHHSIM SIKOi €

BEKTOp iCTHHHUX KoopauHaT mojoxeHHss MBIIJIA npsmokytHoi CK 1 pamianbHOi
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msuakocti mimi (X(K), y(k), z(k), r(k))T 5 1)(k) = (Ux(k)f Ly (k)1 L, (k)7 Uy (k))T - BEKTOp

MOMWJIOK BUMIpIOBaHHA koopauHar nosnoxkeHHss MBIUJIA y npsamokytHii CK Ta
pamianbHI MBUAKOCTI I 3 HYIHOBUM MaTeMAaTHUYHUM CIIOAIBAaHHAM Ta

KopeJsiiiHoo MaTpuiero R(K) .

N
@

Pucynok 4.1 — Koopaunatu nonoxenuss MBITJIA B cdepuuniii 1

IPSIMOKYTHIM CHCTEMaxX KOOPAUHAT

KopensuiiiHa MaTpuilsi NOMUIOK BHUMIPIOBaHHS B MPSAMOKYTHIH CHUCTEMI

KOOPAHHAT MAa€ BUITLAA

[2(k) o3 (k) o%(k) O
o3 (k) oK) o (k) 0
o5 (k) o5 (k) oi(k) 0
0 0 0 oF(k)

R(K) =

[Tpu ipoMy 1i e1eMeHTH BU3HaYat0ThCA 1o dhopmynax [163]:
o2(k) = 6% cos® g(k) cos® p(k) + r® (k)o? cos? B(k)sin? e(k) +

+r? (K)o sin® B(k) cos” &(k);
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oy (K) =07 cos? e(k)sin? B(k) + r(K)o; sin” B(k)sin® e(k) +
+1r?(k)of cos® B(k) cos” e(k):

o2(k) =o?sin® g(k) +or? (k) cos® e(k) ;

oy (K) =0.5sin 2B(k)(cos” e(k)o; — 1 (K)o +sin” e(k)r* (k)o?)

o2, (k) =0.5sin 2e(k)sin p(k)(c? — r*(k)o? (k));

o, (K) =0.5sin 2¢(k) cosp(k) (o7 —r* (K)o (K))

ne G?, Gé, 05— aucnepcii  MOMUJIOK BUMIPIOBAHHSI KOOPJAMHAT LIl B cepuuHii
cucremi koopauHart; r(k), B(k), e(k) - KOOpAMHATH Il B CPEpUUHIN CUCTEMI
KOOP/IMHAT.

KoMnoHeHTH KOpesLiifHOi MaTpulll MOMWIOK BUMIPIOBAHHS B MPSMOKYTHIN
CUCTEM1 KOOpAMHAT 3ajexarb BiJ moTtoyHoro nojoxkeHHs MBIIJIA. Tomy BoHM
MOBUHHI 00YMCIIIOBATUCS HA KOXKHOMY KPOIIl CIIOCTEPEKEHb.

PiBusinHA (4.1), (4.5) € BUXIAHMMH Ui CHUHTE3y aJalTUBHUX AJITOPUTMIB
tpaektopHoi Qinbrparii MBIIJIA y npsamokytHiii CK. Bukonyrouu niHeapuzaiiito
PIBHSHHSI BUMIPIOBaHHS paaiaibHOI MIBUAKOCTI (4.4) 1 BUKOPUCTOBYIOYH METOJ
CUHTE3y, PO3MISHYTUH y  migpo3auiunni 3.1, aganTUBHUN — aIrOpuUTM
pamionokariiinoro cynpoBomkenHs MBIIJIA 3 HMOBipHICHOIO i1eHTU(DIKAIIEIO
JaHUX 3 BUKOPHCTAHHSM BHPIMIAJBHUX CTATUCTHK BIAMITOK TPUKOOPIUHATHUM
FMCW panapoMm MokHa IpEACTaBUTH B HACTYMMHOMY BUINIsA1. KBazionTumaibHUN
aJTOPUTM TPOTHO3yBaHHA mapameTpiB pyxy MBIIJIA y npsmokyTHiil cuctemi

KOOpAMHAT Ma€ BUITIAL

W;(k)=MZHij(k,k—1)Wi(k—1); (4.6)
i=1
M

u; (k) =ZHij (k,k =1)W; (k —D)F; (k, k —1)0; (k =1) /W, (k); (4.7)

i=1
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P (k)= %{Fj(k,k ~DP,(k-DF; (k,k-1)+G (k)G (k) +
i=1

+(Fj (K, k =1)0;(k =1) —u (K))(Fj (k, k =1)0; (k =1) —u; (k)" } x (4.8)
xn{j (k,k —DW; (k =1) /W (k);

ne u’} (k), 4; (k), P;(k), f’j (k) - MaTremaTHuHi crOAiBaHHS Ta KOPEALiMHI MaTpuIli

YMOBHHX IIUJILHOCTEH HMOBIPHOCTI Wj* (u(k)), W; (u(k)) ;

Cenexiiss BIAMITOK y CTpoOl CyNpOBOKEHHS BUKOHYETHbCA y ChEpHUHIN
CHUCTEM1 KOOpJMHAT, IO JO03BOJSIE CKOPOTUTH OOYHUCITIOBAJbHI BUTpaTH IMpHU
dbynkmionyBanHl PJIC y cknagHii OararorijiboBii 3aBajloBiii OOCTaHOBII, SKa
XapaKTepU3YEThCS 3HAYHOIO KUIBKICTIO XMOHUX BIIMITOK Yy CEKTOp1 omsiay. Tomy
EKCTparojbOoBaHl IMapaMeTpu TPAEKTOPIi Il HA KOKHOMY KpOIll OHOBJICHHS
1H(popmarii nepepaxoByroThes 3 MiciieBoi psiMmokyTHOI CK y chepuuny. [pu nipomy

nepepaxyHoOK eKCTParnojbOBaHUX KOOPJMHAT 11711 BUKOHYETHCS 3a (hOpMyIaMu:

(k) = % ()% + ¥ (k)2 + 2 ()%

. Y (k)
B} (k) =arctg(H—);
’ X; (K)
g (k) =arctg(——= — 2);
JX 02+ Y (k)
. X;,kx?,k + yj,kY?,k + Z?,kz?,k |

Fjk = > s,
\/Xj,k Yk TZjk

Buxonytoun mineapusaiiro BupasziB (4.9), MokHa MoKa3aTH, M0 AUCTIEPCIi
p:j (k), p;;j (k), p;- (k) mommiox excrpanoisiii koopaunar wimi r(k),B(k), (k) y
chepuuniii CK, BuzHauarotscs 3a popmynamu (4.10) — (4.12):

prj (k) = 57 (K) sg (k) + i (k) Py (K) + £ (K) pyg () +

1265 (K)E (K) g (K) 265 () (K) plgg (K) 265 (O () plg () (H1O)
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* * 2
x . (K) |« . (K
B ) =| ——— (pyj(k)—2[{’—”]pxyj(k)+mﬂk)[ﬁ—ﬂ) @1
w50 i) (k)
xi(k))

D5 (K) = &5 (K) P (K) + &5 (K) py; (K) + &5 () py (K) +
+28, (K)E 5 (K) P (K) + 285 (K)& 5 (K) Pog (K) + 2875 (K)&5; (K) Py (K),
(4.12)

ae Py (K), Pyj (K), Py (K), Py (K), Pr (K), Py (K) - enemenTn kopersmiiizoi Marpuwi

Pi(K); 1 (K), 15 (K), Py (K), 645 (K), €45 (K), &5 (K) - BusHagatoThest 3a hopmynamn

e XK. v Yi(K) o Zi(K),
er (k) - rj*(k) ’ ryj (k) - rj*(k) ’ Z) (k) - jk(k) )
£ (k)= —Z](k)X]-;(k) ; (k)= —Z’j(k)y];(k) ’

& *3 ﬂ 3 (k
(1+[r;yj (k)] )i (K) (l+[r§yj (k)J )i (K)
* 1
£5(k) = B i s (K) = /X () + ¥ (K)? -
(1+£rx*yj (k)} )i (K)

. . e . *
Jlucriepcist TOMUIIKA IPOTHO3Y pajtianbHoi mBHAKOCTI Py (K) obuncmoerbes

3a GOpMYJIOI0

9 9 .
p:,j(k) = Z Z H4n,j(k) pnm,j(k)H4m,j(k)-

m=1n=1
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ne Hyp j(K) - emementn marpuni Axo6i H;(Kk) :Vu(k)h(u*(k)), JKa Mae

BUIJIA
i 1 0O O 0 0O O 0 0 O]
0 0 O 1 0O O 0 0O O
H; (k) = 0 0 0 0 0 0 1 0 0l
GEoRG G S Y, AnefE 4
oy i

[lepeBipka Ha TMOTpaAIUIIHHS B CTPOO CYNPOBOKEHHS M-i BIAMITKH

(ro (K), 10 (K),Br (K),em(K))  BHUKOHyeTbCS — ILISAXOM — OQHOYACHOI  IIEPEBIPKH

()~ 7 (K] <k py; () + 02
Bi (k) — B ()] < ke[ Py () + 02
e (k) — 2 ()| < ks (K) + 0F
() — £ ()] < ko5 (K) + 02

[Tapametp Kk, BuGbHMpaeTbcs BUX0oa14M 3 HE0OX1THOT KMOBIPHOCTI HOTPATUISIHHS

HACTYNMHUX yMOB (4.13):

(4.13)

BIZAMITKHU B CTpOoO cynpoBokeHHs. Ha nmpakTuii o0uparoTs B iHTEpBani k, <[3,4].

[Torounuii cTpoO BU3HAYAETHCS 3a JOTIOMOTOI0 XaPAKTEPUCTHK TTOMIIIOK
EKCTpanoJsALii, pO3paXOBaHUX JIJISl MOJIEII PYXY LI1JI1, EKCTPAIIOJIbOBaHAa MMOBIPHICTb
AKOI € MaKCHUMaJbHOI. 3a BIJCYTHOCTI BHMIpPIOBaHb Y TIOTOYHOMY CTpoOi
CYNPOBO/UKEHHS, IO MOXe OyTM OOyMOBJIEHO 3MIHOK THUOY pPyXy Ui,
3MIACHIOETHCS 1i JTOTIOMIYK Yy CTpPoOi CYMPOBOKEHHSI 3 OUIBIIUMHU PO3Mipamu,
OTPUMAaHUMU JJI1 MOJeNi pyxXy Uial 3 maHeBpoMm j=3. Ilicns orpumanHs
BUMIPIOBaHHS Ta OT0 00pOOKH, Y (DUIBTP1 IPUHAMAETHLCS PIIIICHHS PO 3MIHY BHIY

pyXy LI, Ta MOJAJbIIe CYyNpPOBOIKEHHS BUKOHYETHCS Ha OCHOBI BIAMOBIAHHMX

cTpoOiB.

133



Koopaunatu BigMITOK, WO MOTpanwyid B CTPoO  CYNpPOBOKEHHS,

nepepaxoBytoTbcss B mOpsiMOKyTHY CK, 1 ¢opMyeTbcsi BEKTOp BHUMIPIOBaHHS

uc’ (k) = (U7’ (K), ..Uy 1y (K)) , me M(k) - KiNBKiCTH BiIMITOK, IO MOTpanmia B
cTpob cympoBomkeHHA. Dopmyerscs Bektop Z(K) =(Z; (k),...,ZMS(k)(k)), 110

BKJIFOYA€E BUPIIMIAJIbHI CTATUCTUKHU BIAMITOK, SIKI OTPMMaH1 B CTpoO01 Ha k -y OIJISII.
AJTOpUTM YTOYHEHHS MPOTHO30BaHUX MapameTpiB pyxy mMaHeBpyrouoro MBITJIA,
B SIKOMY B110yBa€ThCS KMOBIPHICHE OTOTOXKHEHHSI BIAMITOK, 1110 TOTPAITWIINA B CTPOO

CYIIPOBOKEHHS Ha OCHOBI MeToty PDA, onucyeThCs piBHIHHSIMH

0y (k) = U] () + K (k) (Ui, (k) =h(u (k) (4.14)
K () = P} (OHT ()(H; (KOP; (OHT (k) + R (k) ™ (4.15)
Pj (k) = P; (k) — K ()H; (K)P{ (K) ; (4.16)

b(k
Ms(k)( ! m=0,
b(k)+ 2. €jm (K) A (k)
Winyj (k) = Ok (4.17)
e&”;‘fk))im( ()
b(k) + Z_:l €jm (K) A (k)

M; (k)

05 (k) = U (W (K)+ D 0 (KW (K) 5 (4.18)
m=1

P (k) ={P} (k) + (U (k) — 0 (K))(U] (k) — 1} (K))T Wy (k) +

M (k)

+ 2 AP (K) + (0 (K) = 0 (K))(C jry (K) = 0 (K))T }Wm|,-(k); (4.19)
m=1

W; (k) = P(U®(k), 2(K) | a; (k), U® (k —1), Z(k —D))W; (k) /
I P(u®(k),z(k) | U° (k —1), Z(k —1)).

(4.20)

ne b(k), €jm(K), Ay (k) pospaxosyioTscs o popmysam
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1-D, P N (ufi (k),h(u’(k)),D; (k)

_ BX' CTp | _ _
b(k)—M(k)—DBXPCTpV(k) ;o Em(k) P
fg' (Zn (K))
k) = S\ ™m .
S N (Zn (k)

f(u”(k),z(k))|aj(k),UU(k -1,Z(k-1) - ¢ysKmis OpaBAONOAIOHOCTI

BUMiprOBaHb U v (k),z(k), mo Bu3Hauaerses o dbopmymi (4.21)

f(u®(k).z(k))| a;(k), U"(k -1), Z(k -1)) =

M; (k) D, PCTch;EAS(kH M; (k) (4.21)
=(0K)+ D ejm(K)in(K) v [T R (@ k),
m=1 (k) m=1
Pu®Kk),z(k)|U"(k-1),Z(k-1) - vymoBHa minbHicTs HMOBipHOCTI

BUMIpPIOBaHb u”(k),z(k), sixa micms ix OTPUMAaHHS BUKOHY€E (DYHKIIIF0O HOPMYIOUOT'O

MHOKHHKA 1 pO3paxoByeThes 1o ¢hopmyii (4.22)

Ms () .
Pu”(k).z(k)[U°(k-1),Z(k-1)= ), P(u’(k).z(k)|a;(k), U"(k-D,Z(k-D)W; (k) ; (4.22)
1

Jnst ycyHeHHs1 edeKTy po30DKHOCTI aIrOpUTMY OIIHIOBAaHHS Ha MOYaTKOBUX
TaKTaXx pOOOTH BUKOHYETHCS 3OUIBIICHHS JUCHEPCli TMOMIIKH BHUMIPIOBaHHS

pamianbHOI IIBUAKOCTI HA BEJIMYMHY, TMPOMOPIINHY AWCHEpCii MOMUIIKA

coe . . . * .
eKCTpanoJsiLii pagiajbHOl IBUAKOCTI Py 110 GopmMyii

! _ *
Rasik = Raa,jx +Ke Py j (4.23)
ne k., - KOEQIIIEHT, IO PETYNIOE BEIWYHMHY JIOJATKOBOI CKIAIOBOI AMCHEpCii
MMOMUJIKM BUMIPIOBAHHS, 110 BHOCUThCS. Y [63] moka3aHo, 110 JOIIJILHO BBa)KaTH

k. =0.8.

C
AJIanTUBHUNA aJNTrOpUTM CynpoBokeHHs (4.6)-(4.8) € neminiitaum. [Ipu #ioro

peamizailii OOYMCHIIOIOTHCS JIMILIE NP 1 Jpyruii MOMEHTH YMOBHHX
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armocTepiopHux  posnonims W, (u(k)), j=LM. Tlpm upomy amocrepiopHa
HIUTBHICT UMOBIpHOCTI W (u(k)) TpH HEpexoii Ha HACTYNMHHUM Kpok (iibTparlii
AIMPOKCUMYETHCS CYMOIO M TayCiBChCKHUX IIITBHOCTEH.

Jlnst  3amycKy  KBa3iOMTHMAIBHOTO aJaNTUBHOTO aJITOPUTMY HEOOX1THO

BCTAHOBUTHU TMOYATKOBI YMOBH. 32 HasIBHOCTI JIBOX BUMIpPIB Y MOMEHT 4Yacy k =1 U

k = 2 BEKTOPH MMOYATKOBOI OITIHKYM OJHAKOBI Ta MAIOTh BUTJISIT

OE (2)= (x“(2);w;o; yU(z);w;o;

T T
22— 20 (4.25)
2°(2), ————=;0), j=1M.
T
Kopesnsiiiini MaTpuili HOMUIJIOK MOYATKOBOI OLIIHKY Pi3HI Ta MaIOTh BUTJIS
g o:(2) : 0 : 022 '
o,(2) T 0 0,02 T 0 0,02 T 0
@ @+, 2re o %@ @000 0@ G@tal
T 2 jax T Tz T Tz
0 ajzax 0 0 0 0 0 0
2 2 2
o (2) GXVT( ) 0 Q) GVT(I) 0 o2 GYZT(Z) 0
P 2 — 2 2 2 2 2 2 2
l( ) O-XYI_ (2) O-xy (Z)T-I;O-xy (1) 0 GyT(z) o (1)-:'20—y (0) +szay-]-2 0 O';Z (2) Gyz (2)T+20yz (1) 0
0 0 0 0 0 ot 0 0 0
2 2
L B A O IR C R
. @+l %@ a0:00 o) d@+a0), 2
T T? T T? T ’ "
0 0 0 0 0 0 0 0 ok |
1=LM " 406

4.2 Oninka e(peKTUBHOCTI AJITOPUTMY aJaNTUBHOTO cynpoBomkeHHss MBIIJIA
3 IMOBIPHICHOIO ifeHTH(}iKaALi€I0 JTaHUX 3 BUKOPUCTAHHAM BHPIIIAJIbHHUX
CTATHCTHK BiAMITOK TpukoopauHaTHUM FMCW panapom

AHani3 e(eKTUBHOCTI CHHTE30BAHOTO aJrOPUTMY 3 WMOBIPHICHOIO

1meHTH(IKAMiE0 JaHUX 3 BHUKOPUCTAHHSAM BHPIMIAILHUX CTATHCTHK BIJIMITOK
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TpukoopauHatHuM FMCW panapoM BUKOHAaHUN 3a JIOIOMOTOK) CTaTUCTHYHOTIO
MozenroBanHsg Ha EOM.

TectoBi Tpaekropii pyxy MBIIJIA mozgentoBanucey B cucTeMi KOOpAUHAT XYZ
HACTYITHUM 9HHOM. Tpaextopis Bkimrodae Takth —1<K <52, Tleprni aBa TakTn
BUKOPUCTOBYIOThCS 7151 (DOPMYBaHHS MOYATKOBUX YMOB aJalTUBHOTO aJITOPUTMY.

Ha Hux Mopemoerbcs piBHOMIpHHMA pyx j=2 MBILUIA. Taktn 3<k <52
BUKOPUCTOBYIOTHCSI JUISI OIIIHKU €(EKTUBHOCTI pOOOTH anroputmy. Jis HaO4HOCTI
aHaji3y epeKTUBHOCTI POOOTH arOpUTMY KO’KHA TECTOBA TPAEKTOPIs OyJia po3ouTa
Ha IHTEPBAJIA, HA SIKUX MOJICJIFOBABCS BIJIMOBIAHUMN THUII PYXY:

- nepmmii 1<k <9— piBHOMIpHUIT pyx j=2;

- npyruit 10 <k <15-— manesp j =3;

- petiii 16 <k < 20— piBHOMIipHHIT pyX j =2

- yeTBepTuii 21< K < 25— MaHeBp «CKUIaHHS IIBUAKOCTI» | =3;

- 1atuii 26 < K < 33-3aBucanns j=1;

- moctuit 34 <k <39 manesp j =3;

- ceomuii 40 <K < 52— piBHOMIipHU# pyx j=2.

[Touarkosi mapamerpu pyxy MBITJTA: x(1) =400 m, x(1)=-20 m/c, x(1)= 0 m/c?,
y(0) =800 M, y(1)=-20 m/c, y(1)=0 M/ ¢?, z(1)=100m , z(1)=0 m/c, 7(1)=0m/ ¢*.
Temn ¢popmyBanus tpaektopii MBIIJIA T =1 cexynna.

Ha puc. 4.2 nokazano TunoBy TecToBy Tpaekropito pyxy MBIIJIA B cuctemi

xoopauHat XYZ . Ha puc. 4.3 noka3zaHo TUIIOBY TECTOBY TpaekTopito pyxy MBIIJIA

Ha rromwmHl X Y .
Ha puc. 4.4 moka3zaHo 3aJeXHICTh 3MiHM TapamerpiB pyxy MBIUIA:
MIOJIOKEHHS X, Y , IIBUJIKOCTI X,Y, MIPUCKOPEHHS X, V- moocax X (xpuBi-1)1 Y

(xpuBi-2) mpsamokytHoi CK. 3a 3HAYEHHSMH MIBHIKOCTI 1 TPUCKOPEHHS JIETKO

BU3HAYAIOTHCS IUISIHKY 3 pi3HUMU TuniaMu pyxy MBIUIA.
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Pucynok 4.3 — Tpaekropist pyxy MBITJIA na miommai XY

X, y 1000 —_ T S — T —
I ~N — .
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Pucynok 4.4 — 3anexnocTti 3Mian mapameTpiB pyxy MBIIJIA mo ocax XY
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[Ipu onuci agantuBHOTO anroputmy ouiHoBaHHs CKB mrymiB 30ymKkeHHs 11

pisaux i pyxy MBIUIA Bcranosieno: a, = 1 M/c?; a, =1 m/c%; a; = 7 m/c’.
[Tomunku BumiproBanHs koopauHat PJIC BcTtaHOBIEHO op = 0.1 rpan., o, =01

rpan., o, =20 M, o; =10 m/c. KinmbkicTb peanizaniit Metona MonTte-Kapio qopiBHio€e
100.

Ha puc. 4.5 noka3aHi mMaTeMaTH4HI CIOJIIBaHHS m:,m;,m: (xpuBi-1) 1 CKB

0,,0,,0, (KpHMBI-2) IIOMUIIOK IIPOTHO3Y IIOJIOXKEHHS OO0’€KTy, KOTpI BHM3HA4€HI

metogom Monte-Kapino, Ta CKB nomunok mnpormosy \/p7: \/p7; \/pi (xpuBi 3)

MOJIOKEHHSI 00°€KTy, siki oOumcieHi ¢uibTpom mo ocsix CK XYZ. Maremaruune
CIOJIIBaHHS peajbHOI MOXMOKU OLIHIOBaHHA J100pe koperyeThes 3 CKB moxubok
OILIIHIOBAaHHS, PO3paxoBaHUMHU (UIBTPOM, IO CBIIYUTH MPO MPABUIBHY POOOTY
anroput™My. Ha pninsHkax npsamoniHiiiHoro piBHoMipHoro pyxy MBIUIA CKB
MOXUOOK MPOTHO3Y HOT0 KOOpAMHAT B 3.2 pa3u MeEHIIe, HiK Ha JUISHKaX pyxy 3
ManeBpoM. Ha minsHkax 3aBucanHsi MBIIJIA nomaTkoBo MOXXHaA MiABUIIUTH
TOYHICTh MPOTHO3YBAaHHS MOTrO TOJIOKEHHS B 2 pasu. Lle mo3Bossie popmyBatu
CTpOOU CYITPOBOKEHHSI aJICKBATHO MOTOYHIM CUTYaITIl.

2 2 2

Ha puc. 4.6 mokasani mMaremarW4Hi CHomiBaHHsi M, (kpusi-1) 1

Gy,0y,0, (kpuBi-2) MOMHIOK OLIHKH MOJOXEHHS 00’€KTY, KOTpi BH3HAuCHi

MeronoM Monte-Kapino, Ta CKB moMuiiok OIiHKH ./px,,/py,ﬂ/pz (xpuBi-3)

MOJIOKEHHS 00’ €KTY, siKi o0uncieHi ¢pinpTpoM. DakTu4Hi Ta po3paxoBaHi HUIETPOM
CKO mnomuiok OIIIHOK J00pe Y3TOMKYIOThCS MiX CO000, IO CBIAYUTH MPO
paBUJIbLHY POOOTY aJITOPUTMY.

Ha puc. 4.7 noka3zani iimoBipHOCTI p_, (kpuBi-1), p_, (kpuBi-2), p_, (KpuBi-

3) posni3HaBaHHS aJaNTUBHUM alTOPUTMOM pi3HUX BUAIB pyxy MBILIA:
3aBUCAHHS, Maii’ke PIBHOMIPHUI PyX, pyX 3 MaHEBpOM. AJANTUBHUN aJITOPUTM

3a0e3neuye BUCOKY UMOBIPHICTh PO3Mi3HaBaHHS pi3HUX BUAIB pyxy MBITJIA.
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Pucynok 4.5 — I'padiku marematnunnx odikyBanb 1 CKB noMusnok nporaosy
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Pucynok 4.6 — I'padiku Mmatematnunux odikyBaHb 1 CKB nmoMuiok ouiHok
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Pucynok 4.7 — IMOBipHOCTI po3Ii3HAaBaHHS aIalITUBHUM aJITOPUTMOM Pi3HUX

BuiB pyxy MBIUIA
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Ha puc. 4.8 nokasani MareMartndHi criofisansst M, M, M., m. (xkpusi-1) i CKB

0,,04,0,,0, (KpUBi-2) IIOMMJIOK IIPOTHO3Y IOJIOXKEHHSA 00’€KTYy, KOTPI BM3HA4€HI

merogoM Monre-Kaprno, Ta CKB noMuiok nporuosy \/p_: : \/E \/p_€ \/E (xkpuBi-3)

MIOJIOKEHHSI 00’ €KTY, iK1 00uucieHi GpurpTpoM. MaTeMaTu4He CIoAiBaHHs peajbHOi
nmoXuOKU OIliHIOBaHHS Jo0pe koperyetbess 3 CKB moxubok oOIliHIOBaHHS,
poO3paxoBaHUMH (DUTETPOM, IO CBIAYUTH MPO MPaBUIBHY poOOTy anroputmy. Ha
IUISTHKaX npsiModiHiiiHoro piBHoMipHOTO pyxy MBIIJIA CKB nmoxu6ok mporuosy
1ioro koopAuHAT B 1.8 pa3u MeHIlIe, Hi’K Ha IUIHKaX pyXy 3 MaHeBpoM. Ha auisgHkax
3aBucanHst MBIIJIA nonaTtkoBo MOXKHaA MIJBUIIMTH TOUHICTH MPOTHO3YBaHHS HOTO
noJjioxeHHs B 2 pasu. Lle no3Bonse popmyBaru cTpoOu CyIpOBOIKEHHS a/IeKBaTHO

MOTOYHIN CUTYyaIIii.

.
If_.
N P

Pucynok 4.8 — To4HOCHI XapaKT€pUCTUKH MTPOTHO3YBaHHS aszumyTa PB(K),
KyTa micus g(k), 1aapHOCTI r(k) Ta pagiaJbHOI IBHUIKOCTI f (k)

HaiiGinpie momumpeHHs: Ha MPaKTUIll OTPUMAB METOJ] «HAWOIVIKIUM CYCIT».

Bin nosnsrae y Bigbopi mo3Hayku, HaHOMMXK4Y01 10 IIEHTPY CTpoda, K ICTUHHOT [53].
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[IpaBuio Bi1OOpY ICTUHHOI MO3HAYKHU Y CTPOOI, 110 BIAMOBIAAE j —MYy THIY PYXY
111, Mae Buj (4.27)
mind.., (k) (4.27)
m

ne d,(K) - BusHauaerses mo popmyii (3.68)

() =1 ()° (B (k) - B;(K))*
+ +

dm(k):

p; (k)+o*$ Db (k)+ci§ | 428)
L En(0-gi()* (il -rj(k)?
py; (K) + 62 py(K)+o?

[cTHHHOIO BBaXKAa€ThCs BimmiTKa, y sikoi d, (K) miHiMambHO.

[Ipy  BuUMIpIOBaHHI  BUpPIIAJIBHUX  CTAaTUCTHUK  MO3HAYOK  TaKOX
BUKOPDHCTOBYETBCSI  QJTOPUTM  OTOTOXXHEHHS IIO3HAYOK 332 MaKCUMAaJbHUM
3HAYEHHSM JI0CTaTHBO1 cTaTUCTUKHU. [[paBuiio BinOOpy ICTUHHOI MO3HAYKH Y CTPOOI,

IO BIMOBIJIa€ j —My THUILY PyXy 1111, Mae Buj (4.29)

Max z,, (k) (4.29)

ne Z,(K) - BuMmipsiHe 3HAUCHHS JOCTATHBOT CTATUCTUKH M -i BiIMITKH.

Pucynok 4.9 — 3anexxHocTi KIMOBIPHOCTI TPABUIILHOTO BHUSBJICHS D mpu: a -

4nb; 6 -31b ; B - 21b.
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AHaui3 e(EeKTUBHOCTI aJTOPUTMIB CYIIPOBOKEHHS MaHeBpytodoro MBITJTA
3 OTOTOXKHEHHSIM BIJIMITOK 3 BHUKOPHCTAHHSM METOMIB «HAHOMKYUN Cycimy ,
«HaWCUJIBHIMIUHN CycCil», MMOBiIpHICHOTO 00’ €qHanHs gaHnux PDA Oyno mpoBeaeHo
[UIIXOM CTaTUCTUYHOTO MojeltoBaHHs Ha EOM. byno BUKOpHUCTAHO TPa€eKTOPIirO
pyxy MBIUIA, naBeneny Ha puc. 4.2. TemMn OTpUMaHHsS BHUMIpIoBaHb T=I c.
PimeHHst mpo 3puB CYIPOBOKEHHS IPUMMAJIOCs MPHU HEMOMaAaHHl TTO3HAYKHU LI
y CcTpoO CYNpOBOKEHHS HA TPhOX CYCiAHIX TakTax. KuIbKicTh BUIIPOOyBaHb
metonoM Monte-Kapio nopisaroe 10°.

Ha puc. 4.10 mokazaHi 3aJIe>KHOCTI WMOBIPHOCTI 3pUBY CYNPOBOKCHHS

MBIUTA p, Big AMOBIpHOCTI XUOHOI TPUBOTH o, OTPUMaHI MPU BUKOPHUCTAHHI

po3po0iieHOr0 aropuT™My (KpuBa 1), a TaKoXK aJTOPUTMIB, B SKUX OTOTOKHEHHS
JAaHUX B CTPOO1 CYMpOBOIY BIJOYBa€TbCS 3a METOAAMU «HAWCHUJIBHIIIMKN CYC1I»

(xpuBa 2) 1 «HaOmmxuuit cyciay» (kpusa 3) npu 3HaueHHsax BCIHI q = 4 nb.

——1

102

Pucynok 4.10 — 3anexxHocti KIMOBIpHOCTI 3puBY cynpoBomxkenHss MBITJIA

p, Ipu: q =4nb..
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Ha puc. 4.11 mokaszaHi 3aleKHOCTI MaTEeMAaTUYHOTO CIOiBaHHS dacy
CYNIPOBO/UKEHHS LIl n, Bl HMOBIPHOCTI XMOHOI TPUBOTM o, OTPHMMaHl IIpH
BUKOPUCTAaHHI PO3pPOOJEHOTO aJiropuTMy (KpuBa 1), a TaKOXXK aJrOPUTMIB, B SIKUX
OTOTOXKHEHHSI JaHUX B CTpoOi CympoBOay BiIOyBaeTbCs 3a METOAAMH

«HANUCUJIBHIIINN cyciay (KpuBa 2) 1 «HaWOMMKUU cyciay (KpuBa 3) Mpy 3HAYECHHIX

BCII q=4nb.

) =

@

10 10
[0
Pucynok 4.11 — 3anexHoCTi MaTEMaTUYHOTO CIO/IIBAaHHS Yacy

CYIIPOBOKEHHS L1l , TIpH: q =4 ab..

Po3poOnennii aganTUBHUI aJIrOpPUTM CYIPOBOKEHHS 3 MHMOBIPHICHOIO
1AEHTU(IKALIEI0 JAaHUX JO3BOJISIE 3SMEHIIIMTH UMOBIPHICTh 3pUBY CYNPOBOIKEHHS Y
NOPIBHSAHHI 3 aJITOPUTMaMH CYITPOBOIXKEHHSI 3 OTOTOKHEHHSIM JIaHUX 332 METOJaMU
«HAUCUJIBHIIINN cyciay 1 «Haommxkuuii cyciay: npu BCII 4 nb B 2.5-5.5 pa3u ta
30UTBITUTH  CEepPEeAHIN Yac CYNmpoOBOMKEHHS Il 10 2.5 pa3iB, B JIiama3oHi
UMOBIPHOCTI  XMOHOI  TPUBOTHU 10* <a <107, [Ipy wpOoMy anroputm
CYNPOBO/UKEHHSI 3 OTOTOXKHEHHSIM JAHMX 33 METOAAM «HAWOMMXKYWil Cyci» €
HeIparle3JaTHUM.

Ha puc. 4.12, a, 6, B moka3zaHi 3aJIe)KHOCTI TMOBIPHOCTI 3pHBY CYIIPOBOIKCHHS

MBIUIA p, Bix HMOBIpHOCTI XHOHOI TpuBoru o . IcTuHHUI 3puB (kpuBa 1), 3
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BUKOPHUCTAHHSIM METO/1B UMOBIpHICHOTO 00’ enHaHHs qaHux PDA 3 BUKopucTaHHs
BUPIMIAJIBHUX CTAaTHUCTUK (KpUBa 2), 3 BHUKOPHUCTAHHSM METOIB MMOBIPHICHOTO
00’ennanHs qanux PDA 0e3 BUkopucTaHHS BUPIIIAIBHUAX CTAaTUCTUK (KpHBa 3) mpu
sHaueHHax BCII g =2, 3, 4 ab.

Po3pobnennii aaroput™M CympoBOKEHHS 3 HMOBIPHICHOIO 1I€HTH(IKAIIEIO
JAHUX 3 BUKOPHUCTAHHSIM BUPIIMAIBHUX CTAaTUCTHUK JO3BOJIIE 3MEHIIHUTH
HMOBIPHICTh 3pHBY CYIpoOBOKeHHs Big 1.5 mo 10 pasziB, y MNOpIBHSAHHI 3
anropuT™MoM, sikuii He BukopuctoBye BC B ycbomy miamazoni BCIL, npu
HMOBIpHOCTI XHOHO1 TpuBOrK O > 0.25- 1074,

Ha puc. 4.13, a, 6, B moka3aHi 3aJ1€)KHOCTI MAaTEMaTUYHOTO CITOJ[IBaHHS Yacy
CYIPOBOIKEHHS LIl n. Bl WUMOBIPHOCTI XMOHOI TpUBOTHU. IcTHHHMIA 3pHUB (KpHBa
1), 3 BUKOpHUCTAaHHSIM METOMIB MHMOBIpHICHOTO 00’enHaHHsS pAaHux PDA 3
BUKOPHUCTAHHSI BUPIIIAIBHUX CTAaTUCTHK (KpUBa 2), 3 BUKOPUCTAHHAM METOIIB
WMOBIpHICHOTO 00’eaHaHHs gaHuXx PDA 0e3 BUKOpUCTAHHS BUPIIIAIBHUX
crarucTuk (kpusa 3) nipu 3HaueHHsx BCI g = 2, 3, 4 nb.

Po3po0nenuii anroputMu CyrpoBOKEHHS 3 HMOBIPHICHOIO 11€HTU(]IKAIIIEI0
JaHUX 3 BUKOPHUCTAHHSM BUPIMIATHHUX CTaTUCTHUK JTO3BOJISE MOKPAIIUTH CEPEIHIN
yac cynpoBomkeHHs B cepenHboMy Ha 10 TaktiB mpu BCII 2 nb ta Ha 1-2 Taktu
npu BCIII 3.4 nb.

B ymoBax BHCOKOI HIUIBHOCTI XMOHUX BIAMITOK MiJBUIIEHHS €(PEKTUBHOCTI
CYNPOBOKCHHSI MOXKE OyTH JOCATHYTO IIUISIXOM 3aCTOCYBaHHS OUIBIN CKJIATHUX
QJITOPUTMIB  OTOTOXKHEHHSI  BIAMITOK y  CTpoOl  CHUIBHO 3  OTPUMAHUM
KBa310NTUMAJIBHUM aJTOPUTMOM aJIallTUBHOTO OI[IHIOBAHHS MapaMmeTpiB pPyxy

MaHEBPYIOUO1 I1iJ11, OTHAK 1€ TPU3BOJIUTH JI0 3POCTAHHS OOYMCITIOBAILHUX BUTPAT.
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Pucynok 4.12 — 3anexHocTti KIMOBIPHOCTI 3puBY cynpoBomkeHHss MBITJIA

p, npu:a- 2n1b;6-31b ;B - 41b.
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Pucynok 4.13 — 3anexHOCTI MaTeMaTUYHOIrO CHOIBaHHS Yacy

CYNPOBOKECHHS LM n mpu: :a- 21b;6-3ab ;B - 41b

147



4.3 Po3poOka pexomenaauii moxo nodynosu FMCW panapa B
HAJIBMCOKOYACTOTHOMY Aiana30Hi pajgioXBHJb

Bce Ounbin mepcreKTHBHOIO cTae po3podka pamapuux cuctem y HBY

Jllara3oHi, 1Mo Ja€ psii MmepeBar Takid cHUCTeMi. A caMme: MOXJIMBICTh peajizarii
IIUPOCMYTOBUX aHTCH Ta IJICHIIOBAYiB, IO JIO3BOJSE TMOKPAIIUTH PO3MUIBHY
3ATHICTh Ta 3MEHIIUTH TYCTUHY TOTY>KHOCTI BUIPOMIHIOBaHHS. 31 3pOCTaHHSIM
gactotH, 3poctae EIIP 1imi, mo m03BoJisse€ Kpalie BUSBISITH MajJopO3MipHi L.
Bucoka wactota Ta HU3bKa CIIEKTpalibHA MOTYXXHICTH BUIIPOMIHIOBAaHHS POOUTH
Takuil pajgap maionomiTHuM. Pob6ora B HBY nmianma3zoni 4actoT m03BOJIsi€ CYTTEBO
3MEHIIIUTH Maco-TabapuTHI MOKa3HUKU BUPOOY.
BukopucTanHsi 30HIYyIOYOr0 CUTHANY y Jlana3oHl HaJBUCOKUX YacTOT J03BOJISE
po3poOuTH MayiorabapuTHI PaioIOKAIliiHI CHUCTEMH Ha OCHOBI KOMIIAKTHHX
riopuHo — MoHomTHHX 1HTerpanbHuX HBY enementiB. BukopucrtanHs Takux
€JIEMEHTIB, TaKOX J103BoJIsie 3a0e3neunt Bucokuii KK/ nepenasauya.

BaxnuBe 3HaueHHa npu po3podur FMCW panapy Mae oOrpyHTyBaHHS
napamMeTpiB 30HJYIOUOIrO CHUTHATY: IIMPUHA CMYTH MOAYISALii B Ta mepiogy
monyssiitii T . [le Bumarae BpaxyBaHHs Oararbox cynepeuinBuX (haKTOpiB, BILIUB
IKUX HaBeAeHO B Ta0nui 4.1.

3MEHIICHHS] CMYTd  30HAYIOUOTO  CUTHAJIYy  JO3BOJISAE€  3MEHIIUTU
IIUPOKOCMYTOBICTh KOMIIOHEHTIB, W0 POOUTH pajxap OUIbII JEIIEBUM Y
BUPOOHMUITBI. 31 3MEHILIEHHSIM CMYTd MOIYJSIIi MOXKHA BUKOPUCTOBYBAaTH OLIbIII
BHUCOKY BUXIJHY TOTYXKHICThb, TIPH IIbOMY 3MEHIIYIOTbCS aMIUTITyAHI Ta (a3o0Bi
myMu. Asie 30UIbIIIEHHSI CMYTH 30HIYIOUOTO CUTHATY 3a0e3Medye Kpalily po3auIbHY
3MATHICTh MO JAJdbHOCTI Ta MEHIIY CHEKTpalbHy UIUIBHICTh BUIIPOMIHIOBAHOI
MOTY>KHOCTI.

[Tokparena po3aiibHa 3AaTHICTB MO AATBHOCTI 103BOJISIE TOUHIIIIE BU3HAYATH
MPOCTOPOBY 1HGOPMAIIIO TIPO I[iJIb, IO MOXXHA BUKOPHCTOBYBATH [JISI TaKUX
pexuMiB poOOTH, K pO3IMI3HABAHHSA YU HABEJACHHS Ha LlJIb. MeHIIa crnekTpajibHa

HIUTBHICTh BUIPOMIHIOBAHOI MOTY)KHOCTI 3MEHILYE HMOBIPHICTh MNEPEXOIJICHHS
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CUTHAJTY, OCKUJIbKH BIH BI/IHpOMiHIOIOTI)CH B IIUPIOOMY I[iaHaBOH 4acCToOT, 3 MCHIIIOIO

HOTY)KHiCTI-O, OTXKC HOTY)KHiCTI), o nepeaacToCAa Ha OAUHUIIO 9YaCTOTH, MCHIIIA.

Tabnus 4.1 BuGip napametpis curnany FMCW panapy

ITapametp IpuyrHU 1J1 3MEHIICHHSA Ipuunnu ISt
30i1bIIeHHS
[upuna o 3MeHIICHHS CMYTH | ® Kpama po3zainbHa
CMyTH padioTpaKTy. 3/1aTHICTb 1O JAJIBHOCTI.
30HIYIOUOIO | e CnpouieHHs KOHCTPYKIIIi | ® Hwxua
curHaiy B BY3bKOCMYTOBOTO I1ICHIFOBAYa. CIEKTpaJibHA IIIJIBHICTb
. Memmi aMmuniTy i Ta Gpa3osi | BAIPOMiHIOBaHOI
IIYMHU PagioTPaKTy. MOTY>KHOCTI.
o binem nemeBi  enekTpopasio
€JIEMEHTH Ta aHTEHA.
[epion o binbie 3HAYCHHS | ® MeHia pi3HuUlleBa
MOAYJALIT BUMIPIOBaHO1 MAaKCHMAaJIbHOI | 4acTOTA.
HIBUJKOCTI LLT1. o Kpama po3zainbha
3IaTHICTH O JAJIBHOCTI 1
IIBUIKOCTI.
o binbme 3HaueHHs
MaKCUMAaJIbHOI TalbHOCTI1
70 LTI,

301IbIIEHHS TIEP10AY MOYIALI] 301JIbLIY€E THTEPBaJ, MPOTATOM SIKOTO MOXKE

3M1ACHIOBATHCS KorepeHTHa 00poOka. YuM 10BIIE TPUBA€ KOrepeHTHA 00poOKa, TUM

Kpallle € TOTeHI[1aJl 00POOKH JIJIsl pO3/IIILHOI 3AaTHOCTI MO TaJIbHOCTI Ta IMIBUIKOCTI.

Po3rnsiHeMo TaKTHKO-TEXHIUHI XapaKTePUCTUKU Ta BapiaHT mooynosu FMCW

pazapa Ha CydacHil eJeMeHTHiM 6a31 3a TBEPAOTIIILHOI TEXHOJIOTIEHO.
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3anmporoHOBaHUK  pagap TOBHHEH BHSIBIATA Ta  CYNPOBOIKYBaTH
Masopo3MipHi, manespeni mimi, 3 EIIP 0,01 M2 OCHOBHI BHMOTM HABEIEHO B
Tabn. 4.2. Mana moTyXHICTh BUIPOMiHIOBaHHS He Oiunpiie 1 BT y BigmiueHOMy

I[iaHaBOHi XBUJIb p06I/ITI> HWOTO BUSBJICHHS IMPAKTUIHO HCMOKJIMBUM.

Tabnuus 4.2. Bumoru no FMCW panapy

IHapametp 3HaveHHs
MaxkcuManbHa JaJbHICTh A0 I 1000 m
MakcruManbHa MBUAKICTE IIT1 30 m/c
BunpomiHtoBaHa NOTYXHICTh He Outbiie 1 Bt
Po0Ooua gactora 10-201Tn
Po3ninpHa 31aTHICTE IO JAJILHOCTL He Outpie 4 M
Po3aiipHa 31aTHICTS 110 HIBHIKOCTI He OurbIIe 4 M/c

HouineHo oOparu podouy yactory f 14 I'T'm, Tak sk Takuii pagap MoxHa Oyzne

BUKOHAaTH Ha OCHOBI IHTETPAJIBHMX MOHOJITHUX TIOPUIHUX MIKPOCXEM, W10
3a0e3MeUnTh TEXHOJIOTTYHICTh BUTOTOBIICHHS Ta MiHIMAJIbHI TabapuTH pajapy.

3amanuii pajgap NOBUHEH BUSBIISATH MajJopO3MIpHI LU HA BifcTaHi 10 1000M,
3 PO3AIILHOIO 3/IaTHICTIO HE Ouibiie 4M, oTxke AoiubHO 00patu AI1D noexuHOIO
512, Tozi KIIBKICTh €JIEMEHTIB PO3PI3HEHHS 0 JajJbHOCTI Oy/e AOpiBHIOBATH 256,
110 3a0€3M€eUNUTh HACTYIHY PO3ALIbHY 3JaTHICTh:

Ry 1000

max

256 256

Tomi st 3abe3neyeHHs], Takoi pO3AUTHHOI 31aTHOCTI HEOOX1THO 3TeHEepyBaTH

3.90x; (4.30)

JIYUM curnan Takoi CMyru:

c 310°
2AR

Af =

= 38.4MTy; (4.31)

[Ilo6 BH3HAUUTHUCH 3 TPUBAIICTIO 30HJAYIOHYOIO CHUTHaNy, HEOOX1JIHO

pO3paxyBaTy 4ac 3aTPUMKHU BiJl HAWAIBIIOL Ul Ta 11 MAKCUMAJIbHY IIBUAKICTD:
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2R, 2-1000

t = max _ = 6,67 mKc 4.32

Tooc 3-10° (432)

oA 00214 00 e (4.33)
AV 0

max

Otxe 1mo0 BUSABHUTH IIb 31 mBUAKICTIO 30 M/C, TPUBAJIICTh 30H]IYIOUYOTO
CUTHaJy MOBUHHA OyTH MiHIMyM 178,45 MKc.

J{ns BU3HAYeHHS PO3A1IBHOT 3/JaTHOCTI IO IIBUIKOCTI HEOOX1IHO BU3HAYUTH

12 0024
2N T 2-16-178.45

=3.75m/ ¢ (4.34)

Heo0x1aH0 po3paxyBaTu MakCUMalbHY pi3HULIEBY YacToTy Juis Bubopy OHY
ta ALIL

MakcuMaibHa Pi3HHUIIEBA YaCTOTa PO3PAXOBYETHCS 32 (OPMYIIOO

_ 2Ry B DV _ 2.1000-38.4-10° 2-30

C_ N _1,438MTy (435
bmax = ¢ A 3.10° 0.0214 y (43

Tak six wactora ALl moBMHHA 3aTOBONBHATH yMOBi Fj i 2 2%, ax> TO
Fyn =2-1,438=2.876MTIy

B 3aranpHOMYy BHIaJKy, 3HAU€HHS NapaMeTpa MaKCHUMaJbHOI JaJbHOCTI
BusiBiieHHs 1111 FMCW panapom, BU3HaYa€eThCsl PIBHSIHHAM paiofioKallli, ke Mae

HACTYITHUW BUTJISI:

PG, Gg, A
Rmax:4 Tx3Tx Rx o (436)
(47)°KTf, .., QFL
ae P, - TOTYXHICTb IlepeAaBada, G, — KOEDIUIEHT IIiJICHICHHS

nepenaBalibHOi aHTeHHU, G, — KOC(ILieHT MiJICUICHHS MPUiMaiIbHOI aHTeHH, A —

JOBKUHA XBUIII, 0 — e(EeKTUBHA IUIOLIA po3ciroBanus Wi, K — crana Bonbunmana,

T — TeMIeparypa HaBKOJIMIIHBOTO cepenoBuimna, ( — 3HadenHs BCUI, F —

Koe(ILIEHT IIyMy NpHiiMaya, L — BTpaTu B CUCTEMI.
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Pucynok 4.14 — 3anexHOCTi 3HaYCHHS MAaKCUMAJIbHOI TaJIbHOCT1 BUSIBIICHHS

LTI pajioJIoKariiiHo0 crucTeMoro B 3HaueHHss BCIII

Ax BumHO 3 pucyHky 4.14 pospaxoBanuil pamap Ha mambHocTi 1000M, mae
BCIII 4 nb, niusa EITP o = 0.0142.
3anponoHOBaHy peali3aiilo pajgapa 3 BUKOPHUCTAHHSIM TBEPJOTUIBHOI

TEXHOJIOT1i 32 CXeMOI0, TPECTaBICHO Ha puc. 4.15.

| |
- 4 /) Y
| HMC531 ¥ AVA-183A+ N TGA 2533 o
| |
i a > B ==
| |
| Iepenapau }
} ADF4159 }
‘ r-r—-—r———-—"—-—"—" """ "> "> "> "> -\ ™>-«¥  "-& ‘" "H+"=-«#+8+8°/:=/='">7> YV —_ V—_ V—_ =
| |
| | —————-——— - —— - —— - —
| I ~_ . ‘
‘ Lo HMC 814 |—» HMC653 —{—~_ Ipuiimay \
| | X
| || ‘
| Lo \
! o —~_ x|
} | | | ADs1675 —~_ @ QPA2609 O
***************** S HMC 412 X

\

\

\

Pucynok 4.15 — Cxema ¢ynxkiionansaa FMCW panapy
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[TepenaBay mpoOMOHYETHCS 310paTH 3 BUKOPUCTAHHSAM T1OpUIHO-1IHTETPaIbHOI
XBUJIEBOJHO-TUIAHAPHOT CXEMM TMIJCUIIOBAaYa 13 MPOCTOPOBUM CYMYBAaHHSIM
MOTY>KHOCTI.

B sKkocTi reHeparopa 30HIYIOUOTO CHUTHATYy BHUKOPUCTAHO MOHOJIITHO-
inTerpanbHy cxemy (MIC) reneparopa keposanoro Hampyrowo (I'KH) HMCS531,
KOHTPOJIbOBAHOTO 32 JonoMoror MIC mBuakoro cuare3aropa yactor ADF4159. 3
Buxogy ['KH wacTMHa mNOTYKHOCTI BIATady)Xye€TbCd Ha CHHTE3aTOp 4YacToT
ADF4159, sxuit popmye kepyrounit curnan ['KH, tTum camum 3abe3neuyroun Ha
rioro Buxoni JIUM. Kpim toro Bukopucranus ADF4159 nae MoxiIuBICTH TOYHOTO

BCTAHOBJICHHS IIapaMeTpiB 30HIyI0YOTO CUrHaIy, TakuX gk T, B, .. ChopmoBanmii

30HYIOUMA curHai nonepenubo mniacuimoetbess MIC AVA-183 A+, micns yoro 3a
JIOTIOMOT0I0  TIOB3JJOBKHBO-30HJOBOTO TEPEXOAY 3 MIKPOCMYXKKOBOiI JIIHIT Ha
MPSMOKYTHHM XBWJIEBIJ MOTAIIs€ HA BUXITHUN MijicuiaoBad notyxkHocti (BIIIT).
BIIIl noOynoBaHuii 3a CXEMOK MPOCTOPOBOTO CYMYBaHHS MOTYXHOCTI B
npsaMoKyTHOMY xBujeBoal ABox MIC miacumoBauiB TGA2533. CymyBaHHSA
BIIOYBAa€ThCA 3a JIOMOMOIOIO MOB30BXHBO-30HJOBHX MEPEXO/IB 3 MPSIMOKYTHOTO
XBUJIEBOJY Ha KOMIUIAHAPHY MIKPOCMYXKOBY JIIHIIO. BUKOpUCTaHHS Takoi cXeMu
n03BoJIsIE €(pEKTUBHO CyMyBaTd MOTYXHOCTI okpemux MIC migcuiroBadiB, KpiMm
TOrO MIJCUJIIOBAuY 3a TAKOKO CXEMOIO Mpalroe B kiaci AB, 1o 103BoJisie 3HU3UTH
pIBEHb 1HTEPMOAYISIIHHUX CIOTBOPEHb BUXIAHOro curHanmy. Ilizcunenuit no
HEOOX1JTHOTO PIBHS TMOTY>KHOCTI 30HIYIOUHMI CHUTHAJl TOMA€ThCI HA CMYTOBUM
TPHOXPE30HATOPHUI XBUJIEBIIHO-TUIAHAPHUN (UIBTP HA IHAYKTHUBHUX CMYXKKax Ta
BUIIPOMIHIOETHCSA B MPOCTIP M3EPKATHHOIO AaHTEHOIO.

[lpuitHaTUH aHTEHOIO BIJOWTHM BiJl ULl CHUTHAJN, BIAPUIBTPOBYETHCS
BUINIE3raJJaHUM XBHWJICBITHO-TUTAaHAPHUM (DUIBTPOM, MICIAS YOro 3a JOMOMOTOIO
MOB3/I0BXKHBO-30HI0BOTO Tepexoay mnorpamisie Ha Bxig MIC manomrymmisaoro
nigcuimoBada QPA2609. Ilicns yoro mijacuaeHUd NPUUHITUHN CUTHAJ TIOTPAILISE Ha
Bxi MIC mnongiitnoro OamancHoro 3mimryBada HMC412. B skocTi curHamy

reTepo/IMHy  3MIlllyBaya  BUKOPUCTOBYEThCS  copMoBaHUI  paHilmie B
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nepeiaBaibHOMY TPAKT1 30HIYIOUMNA CUTHAJ 3 BUXOAY MOJIOBUHHOI yacTtotd MIC
I'KH HMC531, nomuoxenuit Basiui MIC nomHoxyBaua uwactoru HMC814,
po3mimieHoi Ourst 3MinryBada. BUKOpUCTaHHS MOJOBUHHOI YacTOTH 30HAYIOYOTO
CUTHAJIy TMPOJUKTOBAHE KOHCTPYKTHBOM pajapa, Tak sK NOpuiMalbHa 1
nepenaBaibHa  YacTHHH  PO3MINIYIOThCS  O€3MOCepeIHh0 Ha  JA3epKaTbHBHHUX
aHTEHaX, IO BUKIIOYAE BUKOPHUCTAHHS XBWJICBOAY. KpiM TOro, MOXIUBICTH
HaJIalITOBYBaHHS (pa3y CHUTHANy TeTepoAuHAa HUIIXOM IMiaAOOpYy MOBXKWHU diaepa
J03BOJISIE  KOMIICHCYBaTH TMapa3WHTI CKJIAOBI Ha BUXOMl 3MimryBada. CuTHaI
MIPOMI>KHOT YaCTOTH 3 BUXOJY 3MilllyBaya IMOTPAIUII€ Ha aKTUBHUN (PUIBTP HU3BKUX
gactot (PHY) nobynosanuit Ha MIC onepamniitnux miacuiatoadiB. AktuBHu OHY
TaKO)XK BHUKOHYE TpaHC(OpMaIlll0 pIBHIB CHTHajdy pi3HULEBOI YacTOTH s
koHKpeTHOi pobot MIC ALIIT ADS1675.
OTtxe po3poOka panapy B Aianazoni HBY mictuts psij nepesar:
e 3i 30ubmieHHAM poOounx yactorT EINP 1mim 30UIbIIyeThCs, MO J03BOJISIE
MPAIfOBaTH 3 HEBEJIMKUMH PIBHSIMU MOTY>KHOCTI.
e KommakTH1 po3Mipu aHTEH.
e MOXJIMBICTh TOYHOTO BU3HAYCHHS TTApaMETPIB IILTI.
e MOXJIMBICTh MPAIIOBATH 13 IMIUPOKOCMYTOBUM 30HIYIOUMM CUTHAJIOM, IO
3a0e3rneuye BUCOKY PO3AUIbHY 3aTHICTb.
e 3aBaOCTIHKICTH CUCTEMH.
e 3anponoHOBaHA CXeMa pajapy J03BOJISIE TPAIFOBATH B IIMPOKOMY Jiana3oH1
BIJICTaHEH.
¢ BukopucTtaHHs 3anpOITOHOBAHOI CXEMH JT03BOJISIE BHKOPUCTOBYBATH BiTHOCHO

JIelIeBy €J1eMEHTHY 0a3y, 110 rapaHTy€e HEBUCOKY BapTiCTh CUCTEMH.

4.4 AHaJjii3 MOKJIMBOCTEH MPAKTUYHOI peaJtizallii po3po0/eHuX aJropuTMin
BusBJIeHHH i cynpoBoa:keHHss MBIIJIA FMCW pagapom

PosrnsiHemMo BUMOTH 710 HEOOX1HOTO 0OCSTY OOYHMCIEeHb Jis peaiizarlii

pPO3pOOJICHUX aJTOPUTMIB, B PEKMMI peajbHOTO 4Yacy. B oMy BUTIAIKy OFHIEIO 3
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OCHOBHHX XapaKTEPHUCTHUK € Yac oOuucieHs [21, 77], HeoOXiAHUI Ha OHY ITEpaIlito
anroputmy. Tomy, TOLUIBHUM € aHa13 OOYHMCITIOBAIbBHUX BUTPAT, sIKI TOTP1OH1 1S
peasizartii:

- aJNrOpPUTMY MOCIIJIOBHOTO BUSIBIEHHS TPaeKTOpii Manopo3mipHoro briJIA
FMCW pamapoM 3 BHUKOPHCTaHHSM BHPIMIAIBHOI CTATUCTUKH HAWCHIIBHINION
BIMITKH;

—aJTOPUTMY aJANTUBHTO CYIMPOBOXKEHHSI MAHEBPYIOYOTO MaJlOpO3MIpHOTO
BIUJTA 3 HMOBIpHICHOIO 1IEHTHU(IKAIIEIO TaHUX 3 BUKOPUCTAHHSIM BHUPIMIATBHUX
CTaTUCTHUK BIIMITOK;

- QJITOPUTMY BUSIBJICHHS 3pUBY CYMPOBOIKEHHSI TPAEKTOPIT 1111 338 KPUTEPIEM
[/n 3 HAKOTIMYEHHSM BUPIIIAJIBHOT CTATUCTUKY HAHCUIIBHIIIOL BIAMITKH.

AJTOPUTM TOCHIZIOBHOTO BUSIBJICHHS TpaekTopii mMamoposmipHoro BILJIA
FMCW pagapoM 3 BHUKOPUCTAHHSIM BHPIMIAIBHOI CTATUCTUKU HAWCUIIBHIIION
BIIMITKM MO)XHa MPEACTABUTH Y BHUIJISIAI TMOCIIIOBHOCTI €TamiB, HABEACHUX B
Tabn.4.3.

VY 3arajgbHOMY BHIIAJIKY, JJI BHUSBJICHHS OJHIET TPAEKTOpli OOUYMCIIOBaJIbHA

ckimagHicTy 3HaxomkeHHs BII |, cxmane 3 omeparii MHOXeHHs, 1 minenHs, 1
nonasaHHs. OOumcnenns GyHKUIA fy (z,), fg(Z,) peami3oBaHi 3a JOIOMOIOIO

TaOJTMYHOTO METO.TY.

Tabnuis 4.3. Etanu anropuTMmy MOCIiAOBHOTO BUSIBIICHHSI TPAEKTOPIi

Eram 1 Excrpanonsuis KoopAMHAT BIAMITKA Ha HACTYNHHUM oOmIsia 1
PO3paxyHOK pOo3MipiB CTPoOY.
Eran 2 | Bwusnauenns BigmiTku 3 MakcumansHoro BC BIT |, .

Eran 3 Oo6uncnenns 3HaueHHs yactkoBoro BII tpaekropii |, .

Eran4 | IlepeBipka Ha nepeBuiieHHs noporis. ko L, > A, Tpaekropis il

BBAXKAETHCSA BUSBIICHOIO 1 NEPENAEThCA HA CYNPOBOMKEHHs. SKIIO0
L, < B, TpaekTtopis BBaXa€TbCcs XHWOHOIO 1 CKUAAETbCA 3 €TaIly

BUSIBJICHHS TPA€KTOPIi 1. K110 B<ly < A, HEOOXI1IHE MMOANIBIIIE
YTOUHEHHs CUTYyallli, 1 BII0yBa€eThCs nepexij Ha 1 erar.
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Excrpamnonsiis KoopJuHAT BIJIMITKA Ha HACTYIMHHUW OIS BUKOHYETHCS 3a

JIOTIOMOTOI0 PiBHSHbD:
r'(k)=r’(k -1 +r’(k-1T;
(k) = F (k -1);
B (K)=p"(k-D+(B"(k-1)-p"(k-2);
g'k)=e"(k=-1)+(e"(k-1) —&"(k -2)),
ne r'(k), r'(k), B7(k), £ (k) - excrpamonboBaHi 3HAYEHHS TATBHOCTI, palianbHOI
IIBUJIKOCT1, a3UMYTY Ta KyTa MICIIS.

. *2 . . *2 .
I[I/ICHepCII ITIOMUJIKA HpOFHO3y AAaJbHOCT1 GI’ 1 IIBUAKOCT1 Gf a3I/IMYTy 1 KYTa

. %2
MICIIsI Ur- PO3PpaxOBYIOTLCH 3a Q)OPMYHEIMI/I .

24
N T
O'rzzo'r2+0'r-2T2+o-a—;
0:2=J§+0§T2;

24
%2 2 o,l .
os =50%+ :
P 4" (k)2 cos? (e (k))

24

N T
0_2: 2 Oy

Bukonaemo aHami3 KUIBKOCTI omepariii, skl HeoOXiaH1 Il peanizallii oaHiel
iITepallii anropuTMy eKCTPAaIoJISIIii KOOPAUHAT BIAMITKH, KOJIU B CTPOO1 CympoBOIY

nepedyBae M, # 0 BiIMITOK, pe3yabTaT 3anuiieMo B Ta0n. 4.4.

Tabnuis 4.4 KinbKicTh onepaniii Ha OJJMH TakT aJITOPUTMY €KCTPanosIli

Kinekictes | Kinbkicts | KinbKicTh
OO0uucioBaHa BeJIMYUHA orepauin omepauiid | omneparii
MHOXKEHHSI | JIUJICHHS | IOJaBaHHS
. p, & 1 0 1
& 0 0 0
*2 *2 *2
Gr s O-ﬂ ’ O-g 11 3 4
o 1 0 1
2 2 2
Osrs Osps> Osg 4 0 4
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Jns excrpanonsiii Tpaektopii y cepuuniit CK (3 nmpocTtopoBi koopauHATH 1
IIBUJIKICTB) HE0OX11HO 17 onepartiit MHOXKeHHS, 10 onepariiit qjogaBanHs, 3 onepartii
JIJTEHHS.

Tenep moTpiOHO PO3MIAHYTH BUMOTH JI0 HEOOXITHOTO 0O0CATY Mam'siTi IS
peamizaifii  anropuT™My  aJanTHBHIO CYIPOBOIKEHHSI ~ MaHEBPYIOYOTO
Mmajiopo3MipHoro BITJTA 3 iMOBiIpHICHOO 17IeHTU(DIKAITIEIO TAHUX 3 BUKOPUCTAHHIM
BUPIIIAILHUX CTATHCTUK BimMiTOK Ha EOM, 1110 Tpalitoe B pexuMi peaabHOTo Jacy.

HeoOxigauit o6csar mam'sti O3I1 BuU3HAYAETHCS PO3MIPHICTIO BIAMOBITHUX
BEKTOPIB 1 MaTpHIlb, 10 BXOJATh Y piBHSIHHSA (4.6) — (4.20). i 1ani HaBeaeH1 B TaOJI.
4.5.

Tabnuis 4.5 Po3MipHICTh BEKTOPIB 1 MAaTPHIIb, 110 BXOJATH y piBHSIHHS (4.6) — (4.20).

3MiHHa Po3mipHicTh Heobxize wicro
komipok 311
W' (k), j=LM Mx1 M
u. (k) j=LM NxI MN
P'(k), j=LM NxM MN?
ut (k),1 =1L, M, §x1 MsS
2, (k),1 =1, M 1 M
huj (k). j=1M Sx1 M5
H;(K),j=1M SXN MSN
G;(k),j=LM NxL MNL
K;(k),j=LM NxS MNS
O, J=1LM;m=0,M, Nx1I MMN
Wiy; (K), j =L M;m=0,M, 1 M(Ms+1)
Lij(k),jzl,_M Nx1I MN
Pi(k).i=1M NxM M\
W, (K), =1 Mx1 M
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VY Ttabnui. 4.6. HaBeIEHO KIJIBKICTh Omepallii, ki MoTpioHi I peamizamii
ONHIET 1Tepallli aaropuTMy pPaaioJIOKAIIHHOTO CYIPOBOKEHHS MaHEBPYIOUOTO
BIUTIA 3 WMOBIPHICHOIO 1I€HTU(IKALIEI0 JaHUX 32 KOOPAMHATHUMHU Ta

aMHJ'IiTy,ZlHI/IMI/I O3HaKaMMH.

Tabnuus 4.6. KiibKicTh onepaliii Ha OfuH TakT anroputmy(4.6) — (4.20).

Beauunna, . . .. | KiabkicTh . . .o
KiabkicTs onmepamu oo KiabkicTs onmepamu
HKa MHOKCHHSA onepaiuu JodaBaAHHSA
00YHCIIOETHCHA IiJIeHHA
1 2 3 4
* - __ 2 .
W, (k), j=1M M 0 M (M —1)
u; (k) M2(N?+2N) M 2N MN (MN —1)
. MZ(N®=N?%+N2L) +
P’ (k) M2(N®+N2L+4N?) | 2M?2N? )
+M (M -1)N
, 5 M (N?S +2NS* —2NS +
K; (k) M (N?S +2NS +S°) 0
+S%)
P; (k) M (N® + N?2S) 0 M(N?®+ N?S —N?)
ij MNS (M, +1) 0 M (M, +1)(NS +S)
Wiy (k) M(M2+2M,) MM +M,) M (M, +1)
; (k) M (MN+N) 0 M((M;—1)N+N)
P, (k) 2N2M (M, +1) 0 MM, (N +N?)
W; (k) M M M -1

Ilpu pospaxynkax nepenbadaethess, mo dynkuii: €5, (K), 4, (k).b(k),
P(u®(k),z(k) | a;(k),U"(k =1),Z(k —1)) peanizoBani 3a JOMOMOror0 TabIMYHOIO

METO.TY.
Ha puc. 4.16 HaBeneHo 3a1eXKHOCTI KUIBKOCTI onepariii mpu N=9,L=3,5=4,

M=3, npu pi3HiH KITBKOCTI BIAMITOK B CTPOO1 CyHpOBOIKEHHS M
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Pucynok 4.16 — 3anexHocTi KIIbKOCTI onepauit npu N=9,L=3,5=4, M=3,

MIPH Pi3HIN KUTBKOCTI BIIMITOK B CTPOO1 CyIpOBOIKEHHS M,

AJNTOPUTM BUSIBIICHHSI 3pUBY CYNPOBOKEHHSI TPAEKTOPIi 11T 32 KPUTEPIEM

[/n 3 HAKONIMYEHHSM BUPIMIAJIBHOI CTAaTUCTUKHA HAMCHIIBHIIIO! BIJIMITKM MOYKHA

NPEACTAaBUTH Y BHUIVIAAI IOCTIOBHOCTI €TamiB, HaBeleHUX B Taom.4.7. s

peamizaiiii ofHiel iTeparlii anrropuTMy HeoOXigHO 2 omeparii JoJaBaHHS s

O0YHCIIEHHSA Zs T2 IXHIX O3HAK.

Tabnuis 4.7 ETanu alroputMy MociiJOBHOTO BUSIBICHHS 3pUBY

JaHo BiamiTku B cTpo06i cynpoBomkenHs Ta ix BC
Eran 1 — BusHaueHHs BIIMITKH 3 MakcuMalibHOIO BC
Eran 2 | — HakonuyeHHs 3Ha4eHb BUPINIATBHUX CTATUCTHK Zs . 1 KLIBKOCTI
O3HaK MOTPAIUISHHS BIAMITOK Y CTPOO CYNPOBOIKEHSI.
Eram 3 — - mepeBipKa Ha MOSABY 3 MPOITYCKIB BIIMITOK Y CTpOOax MOCIiJIb,
3a MOSIBU SIKUX TPAEKTOPII0 3HIMAIOTh 13 CYTIPOBOLY.
Etan 4 |- mepeBipka Ha mMosiBy 3 MPOMYCKIB BIIMITOK y CTpoOax IMOCILUIb, 3a

MIOSIBU SIKUX TPAEKTOPIIO 3HIMAIOTh 13 CYTIPOBOY

-ITepeBipka Ha mepeBuiicHHs nopora. Skmo Zs = H_ ., TpaekTopis
7Tl BBAXKAETHCS BUSBICHOIO 1 TEpPEAacTbcsl Ha CyHpoBid. Ko
Zs <H
CKHJIA€ThCSA 3 €TAIy BUABICHHS TPAEKTOPIi IILJIL.

snx» OOYIOBaHA TPAEKTOpIS BBAXKAETHCA ITOMHIKOBOKO 1
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Uepes Mamy KUIBKICTh MaTeMAaTHMYHUX oOTmepaliiid, oO4YMCIIOBAIIbHUMU
BUTpATaMU Ha BUSBJICHHS 3pUBY CYIIPOBOKEHHS MTPH O1iHIl BUMOT 10 EOM moxHa
3HEXTYBaTH.

Jns 1mudpoBoi 0OpoOKM CHUTHANIB MOXKHA BHJAUIMTH JIeKIIbKa KJIAaciB
MPUCTPOIB: YHIBEPCAIbHI MPOIECOPH, CUTHAIBHI MPOIECOPH, MIKPOKOHTPOJIEPH,
nporpamoBadi siorivai iHTerpansHi cxema(IJIIC), cucremu Ha kpucrani(CuK) Ta
pamiorexHiudi CHK[78-80].

Koken kmac mpucTpoiB mudpoBoi 0OpoOKH CHUTHATYy Ma€ CBOi IMEpeBard i
HEOJIKH.

VYHiBepcalibHI MPOIECOPU 3pyYHO BUKOPUCTOBYBATH JIJISl 3aCTOCYBaHb B SIKUX
€ HEOOXITHICTh OOUYHCJICHh 3 IIJIaBalOUOI0 KOMOIO, Ta HE Ma€ HCEOOX1THOCTI
M1KII0YaTH BEJIMKY KUIBKICTh TiepedepiitHuX MpUCTpoiB.

CurHajibH1 TIPOLIECOPH, PO3paXOBaHi HA 0OPOOKY BEITUKUX OOCATIB TaHUX Y
PEXUMi PEaTbHOTO Yacy. IXHOIO OCOOIHBICTIO € HASBHICTH ONepaliii MHOKEHHS 3
HAKOTIMYEHHSIM, 1110 Ja€ 3MOTY BUKOHYBAaTH MHOXKEHHS JIBOX YHCEJ 3a OJIUH TAaKT,
o0poOsieHHsT naHux y dopmari 3 IJIaBalouol0 KOMOIO. BiJMOBIAHO BUKOPUCTaHHS
CUTHAJIbHUX TPOLIECOPIB 3HAYHO 3MEHIIY€ Yac BUKOHAHHS 3ajadi 3 0OpoOJICeHHS
CUTHAJIIB Y IOPIBHSIHHI 3 YHIBEPCAJIbHUM MPOLIECOPOM (IIPU PIBHUX YMOBAX).

[IJIIC BUKOPHUCTOBYIOTBCSI B MEPILY 4YEPry B THUX MPUCTPOSAX, B SKHUX
MPOBOAUTHCS BEKTOpHI a00 marpuuHi oOuucnenHs. [IJIIC 3paTHi BuUKOHYBaTH
CKJIaJIHI MapayiesibHi 00YMCIIEHHS — MPAIIOI0YX Ha YacTOTax MOpsSAKy coTeHb MI 1.
Ix 3maTHicTh MapanensHO BUKOHYBATH BENMKY KilbKiCTh OOYMCIIEHD 32 OJMH TaKT i
IpU IIbOMY CIIOKMBAaTH Habarato MEHINEe €HEepTii, HXK MIKPOIPOIIECOPH, POOUTH
notinbauM BukopucTtanHs [IJIIC B cuctemax panpionokarii. Cydacui [IJIIC matots
armaparHi TOMHOXYBa4l, sIK1 3/1aTHI TIPAIFOBATH 3 YHCIIAMH 3 TJIABAIOUOI0 KOMOIO.

CuK noeanyrots y co61 nepeBaru [1JIIC 1 yHiBepcalbHUX IPOLECOPIB, TAK SIK
Ha onHOMY KpucTtam postamonani 1 [IJIIC, 1 mponecop, siki 3’€1HaHI Mik c00010,
CHUIbHOIO MIMHOIO. Lle 103BosIsle BUKOHYBATH IIBUIKI MapaeibHl OOYMCICHHS Ha
[JTIC, micns 4oro pe3yapTaTd 0OpoOKH MepeaaBaTd Ha MpoLecop, s NoAabIiol

0o0poOku pamionokariitHoi iHdopmarii (puc. 4.17). Lle 31 cBoro GOKy m03BOJsIE
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peali3dyBati ycro oOpoOKy pajiioioKaiiiHoi iHpopmMarlii Ha OJJHOMY KPHUCTalll, 110
JI03BOJIUTh OTPUMATH PIllICHHS, sKe Oy/le 3/1aTHE BUSBISATH Ta CYNPOBOKYBATH
COTHI I[iJIeH, OJJHOYACHO 3 MiHIMaJIbHUMH €HEpro3arpaTamu

Paniorexuiuni CHK micTsaTh B c061 BOynoBaH1 BucokomBuakicHi AL 1 LIATI,
0 pOOUTH 1X 3aCTOCYBaHHS BUIPABIAHUM Y BEJIUKUX 1 CKIIATHUX PATiOTEXHIYHUX
CHUCTEMaXx.

Tak sx po3poOiieHi ATOPUTMH AJANTUBHOTO OI[IHIOBAHHS BHUMAraroTh IS
CBO€i peanizalii 00YHCICHHS 3 IJIaBAIOUOI0 KOMOIO, a KIJIbKICTh KaHaliB (PiIbTpy
MOJKE JIOCSITaTh COTEeHb, TO AoluibHO oOpatu CHK, sika moeaHye B cob1 mepeBaru
[TJIIC ta mikpormporiecopa.

Cepen cyyacHux CHK MokHaA BUIILTMTU MOZEN1 KoMmaHii Altera.

Primarily Fixed Point Mostly Floating Point Primarily Floating Point

Stratix 10 FPGA

Digital Processing System

Signal Processor Data Processor

TRM Signal :
Processing Summation Fusion
e Predetect Compensation,
Decisions

q TRM Pulse (¢ )|
1 Beam PEEEM Compression ®(0
TRM Weights 2 |
Doppler Acceleration & ("
Processing (MTI) Bridging JLL L
e « Control
Digital WFG STAP
! s oo « Power
Target Detection « Displa
System Control play
{CaR) - « Communications

Pucynok 4.17 — CuK Stratix10 Bupo6HuITBa KOMManii Altera

o6 HaOMMXKEHO OLIHUTH MAaKCUMallbHy KUIBKICTb TPA€EKTOPIM, 1110
CYIIPOBOIIKYIOThCS, OyZIEMO BBaXaTH, 1110 B CTPOO1 B cepeTHbOMY NpUCyTHI M =3
BIZIMITKH, KiJIbKiCTh rinote3 L = 3. Hexaii, npu npoMy Bci 3aBmanus BTopuHHOT OPI
peani3yroThCsl OHIEI0 OOYMCITIOBAIHLHOIO MAIMHOI. Y pasi BukopuctanHs 1%

00YHCITIOBAIBHOI MOTYKHOCTI Ha 3a/1a4y CYNpPOBOIKEHHS TPAEKTOPIi MaKCUMaJbHa
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KUTBKICTh TPAEKTOPIH, 1110 MepeOyBaroTh HA IIbOMY €Tarli, Mo)ke OyTH oOunceHa 3a
dhopmynoro
_0.01-TNy
™ N !

0.a.
IS NO.HK. — MaKCHMAJIbHC YUCJIO onepauiﬁ 3 IN1IaBal0Y010 KOMOIO 3a CCKYHAY,

T — TeMn HaJIXO[KEeHHS JaHux; N, — KUIBKICTh omnepanii, sika oTpiOHa Ha

pealtizalliro oJHi€el iTeparlii aaropuTMy 3 00pOOKH OHIET TPAEKTOPIi.

Tabnuns 4.8 TexHIuHI XapaKTepUCTUKH 00YUCITIOBAIBHUX 3aC001B

MaxkcuMaibsH
Maxcumanbia oﬁeqlzcjijg C BOynoBsana
Bupo6uuk Monenn poboua parl e ,
IUIABAI0YOIO mam’ iTb
4acToTa
KOMOIO B
CEeKYHIY
1o 9200 )
Altera SX2800 1500 MI'g GFLOPS 195 Moit
. . 1o 0.6 )
STMicroelectronics STM32H743 480 MI'g GFLOPS 8 MOiT
) ADSP- mo 1.8 )
Analog Devices TS101S 300 MI' GFLOPS 6 MOoir
. o 4272 )
AMD (Xilinx) ZU48DR 1333 MI'g GFLOPS 38 MoOiT

Jls peanizaiiii anropumiB;

- mnocnigoBHoro BusiBieHHa Tpaektopii MBIIJIA FMCW panapom 3a
KPUTEPIEM «HAUCUIIBHIILIUN CYC11»

- BUSIBJICHHSI 3pUBY CYINPOBOUKEHHSI TPAEKTOPIl LIl 32 KpUTepieM [/n 3
HaKOIMMYEHHSIM BUPIMIAJIBLHOI CTATUCTUKYA HAMCHIIBHIIIOT BIIMITKH

— aJJafTUBHOTO pajionokatiitHoro cynpoBomxkeHHss MBIIJIA 3 iiMOBipHICHOIO
1IeHTU(IKAIIEI0 JaHUX 32 KOOPJAWHATHUMH Ta aMIUTITYTHUMH O3HaKamMu Ha 0asi
CuK SX2800, 1 BBakaro4u, 110 TEMII HAAXOMKEHHSI HaHUX T =1 ¢, MakCHMaJbHa
KUIBKICTh Tpa€eKTOpiil Oyne craHoBUTH 2.5 THC. 1O 3a0e3neuye poOOTy CUCTEMHU

BropuHHOT OPI ipu Mmanux BCIII 3 BennKorO KUIBKICTIO XMOHHUX BiIMITOK B CTPOOI.
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BucHoBku 10 po3ainy 4

1. Po3po0neHO afanTUBHMI aJITOPUTM CYNPOBOKECHHS MAaHEBPYIOUOTO
MBIIJIA, B sKOMy BUKOHYETHCS CIIJIBHE OIIIHIOBaHHS IMapaMeTpiB Pyxy Il Ta
3MIHHOI TIEPEeMMKaHHs, [0 XapakTepusye BUJ ii pyXy, y ACKapTOBil cucTemi
KOOpAMHAT, & OTOTOXKHEHHS BIAMITOK B CTpOO1 CYHmpPOBOKEHHS BUKOHYETHCSA Y
chepuuHii CUCTEMI KOOPJIWHAT Ha OCHOBI METOJy HMOBIPHICHOTO 00’ €IHAaHHIM
nannx PDA 3 BUKOpUCTaHHSIM BHPIIIANBHUX CTATUCTUK BiIMITOK. Lle mo3Bosse
3MEHIIUTU OOYUCIIOBAIbHI BUTpatu mpu ¢yHkuionyBanui PJIC y cknagHii
OaraToIliIbOBil 3aBa/IOBIM OOCTAHOBII, SIKa XapaKTEPU3YETHCS 3HAUHOIO KUTBKICTIO
XUOHMX BIAMITOK Yy 30H1 orisaay. Ilpu oOuMcieHHI aucnepciii MOMHIIOK
eKcTpanoiAiii koopauHar 1 y cgepuuniit CK BUKOPUCTOBYIOThCS TUCTIEpCli Ta
B3a€MHI KOpPEJIALIi MOMUIIOK KOOpaAUMHAT 1Tl y npsiMokyTH1H CK.

2. Po3pobnieHuii anropuTM aJanTUBHOTO OIIIHIOBAHHSA MapaMeTpiB PyXy
maneBpytodoro MBIUIA 3a nanumu PJIC 3a6e3neuye po3mi3HaBaHHS PI3HUX BHIIB
pyxy MBIUIA: 3aBucaHHs, Maibke pIBHOMIPHHA pyX, pyX 3 MaHEBpOM — 3
iMoBipHOCTsIMU Bulie 0.9, mo no3Boiisie GopMyBaTH CTPOOU CYIMPOBOKEHHS
aJIeKBaTHO MOTOYHIN cuTyalli. BUsBIEHHS 3MIHU TUITy pyXy L]l BUKOHYETHCS 3a
1-3 Takta pobotu anroputMy. Ha ainsiHkax npsMOJIiHIHHOTO PIBHOMIPHOTO pyXYy 1
3aBUCaHHs amanTuBHUN QuIBTp 3a0e3neuye CKB moxmubok mporHoly KOOpauHAT
MBITIA B 3.2 pa3u MeHIe, HIXXK Ha AUBTHKaX pyXy 3 MaHEBpPOM, IO 3MEHIIYE
WMOBIPHICTh MOTPAIUIIHHS B CTpoOM XMOHUX BinMiTOK. Lle mo3Bosse ¢popmyBatu
CTpOOU CYITPOBOIKCHHS aJIeKBATHO ITOTOYHIN CUTYyaIli.

3. Po3poOsieHuii aganTUBHUN aJIrOpPUTM CYHPOBOKEHHS 3 HMOBIPHICHUM
0o0’€THAaHHSAM JaHUX 3 BHUKOPUCTAaHHSIM BHPIIIAIBHUX CTaTHCTUK JO3BOJISE
MOKPAIIUTU CePeIHIN Yac CyMpOBOKEHHS B cepeHbomy Ha 10 takTiB mpu BCIII 2
nb Ta Ha 1-2 taktu npu BCII 3,4 n1b. B ymoBax BHCOKOI HIIJILHOCTI XUOHMX
BIIMITOK TIJBUIIEHHS €(PEKTUBHOCTI CYIPOBO/KEHHS MOXE OyTH TOCSTHYTO
HUIIXOM 3aCTOCYBaHHSI OUIbII CKJIAJHUX aJTOPUTMIB OTOTOXHEHHS BIJIMITOK Y

CTpoOl CHUTBPHO 3 OTPUMAHUM KBa31ONTHUMAIBHUM aJITOPUTMOM aJalTUBHOTO
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OIIHIOBAHHS TapaMeTpiB pyXy MaHEBpPYIOUOi 11, OJHAK II¢ MPU3BOAUTH IO
3pOCTaHHs! OOYUCITIOBAILHUX BUTPAT.

4. Po3po0OsieHHMH alanTUBHUN alTOPUTM CYNPOBOKEHHS 3 WMOBIPHICHUM
11eHTU(PIKAIIII0 JaHUX 3 BUKOPUCTAHHSAM BHUPIIIAIBLHUX CTATUCTHK 3a0e3Medye Bijl
1.5 no 10 pa3iB MeHIIy WMOBIPHICTh 3pUBY CYMPOBOJKEHHS 1[I Y TIOPIBHSAHHI 3
aJITOPUTMOM, SIKUI HE BUKOPUCTOBY€E BUPIIIAIbHI CTATUCTUKH B YCHOMY Jl1ara3oH1
BCILI, mpu iiMOBIpHOCTI XMOHOI TPUBOTH .

5. Po3pobniennit aganTHUBHUI alrOpUTM CYIPOBOKEHHSA 3 MMOBIPHICHOIO
11eHTU(IKAIIEI0 JaHUX JJO3BOJISIE 3SMEHIIIUTH MMOBIPHICTh 3pUBY CYIPOBOXKCHHS Y
MOPIBHSIHHI 3 AJITOPUTMAMHU CYITPOBOJIKEHHS 3 OTOTOXKHEHHSM JIAHUX 332 METOJaMHU
«HAWCWIIBHIIINK cyci» 1 «HaiOmmkunid cyciay: npu BCI 4 n1b B 2.5-5.5 pa3u ta
30UTBIIUTH CEpPEeAHIN Yac CYyNmpoOBOJUKEHHS Il A0 2.5 pasiB, B Jiana3oHi
WMOBIPHOCT1 XUOHOT TPUBOTH 107 <a <1073,

6. Ilpu peamizamii pamapa B HaJBHCOKOYACTOTHOMY Jlama3oHi 4YacTOT 3
BUKOPHUCTaHHSAM riOpUIHO—IHTETPATBHUX TEXHOJIOT 1 1 MOTYXHOCTI
BunpomiHioBaHHs 1 BT, 3a0e3neuyeTbes BUSBICHHS 1 CynpoBOKeHHs 1111 3 EITP
0.01 M? po3po6nenrmu anropurMamu 3 Bigcrani 1000 wm.

7. Ilpu Bukopucranni CuK SX2800 mns peamizamii ajaropuTmis:
nociiioBHoro BusiBieHHs TpaekTopii MBIIJIA FMCW panapom 3a kpurepiem
«HAMCWIIBHIIIUNA CYCiZ[», BUSBICHHS 3pUBY CYMNPOBOJDKCHHS TpAaeKTOpli LU 3a
kputepiem |/n 3 HakOMUYCHHSIM BHUPIIIATBHOT CTATUCTUKKM HAHCHITBHIIION BIIMITKH,
aJanTUBHOTO PaJlIOJOKAILITHOTO CYMNpOBOKEHHST MaHeBpyrouoro MBIIJIA 3
HMOBIPHICHOIO 17AeHTH(]IKAIIIEID JaHUX 3a KOOPJAWMHATHUMH Ta aMIUITyJIHUMU
O3HaKaMU Ja€ 3MOTy 3a YMOBM BHUKOpUCTaHHS 1% #oro oO4uCIIOBaILHOT
MOTYXHOCTI 00poOJSITH 2.5 TUC. TPAEKTOPIM BiAMOBIIHO, 11O 3a0e3Mevye CTIHKY
po6oty cuctemu BropuHHOI OPI ipu manux BCIII 3 BennKkoo KUTbKICTIO XHOHUX

BIJIMITOK.
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OcHOBHI pe3yJbTaTH i BUCHOBKH

l. B ynockonanenomy metosi BusiBienns MBITJIA FMCW panapom nipu
HEBIZIOMIM TMOTYKHOCTI LIyMY, B SKOCTI MaKCHMAaJIbHO IPaBIOMOMIOHOT OIIHKH
MOTY)KHOCT1 IIIyMY BHKOPUCTOBYETHCSI CEpE/IHE 3HAYEHHS HaBYarOuoi BUOIPKH,
OTPUMAHOI 3 JaJIeKOMIPHO-OTUIEPIBCHKOTO MOPTPETY, 00’ €M KO BUBHAYAETHCS 3 HA
OCHOBI 3a/1aHO1 MMOBIpHOCTI XHOHOi TPUBOTH 1 JOBIpYOi HMOBIPHOCTI BHUXOIY
peanbHOTO 3HAYEHHS XMOHOI TPUBOTH 3a MEXKI JIOBIpYOro iHtepsany. Ilpu mpomy
HIDKHSI 1 BEpPXHS TpaHUIll HMOBIPHOCTI XMOHOI TPUBOTH HE 3aJIeKaTh BiJ OLIIHKH
MOTY>KHOCTI IIYMY 1 MOKYTh OyTH pO3paxoBaHi arpiopi.

2. B orpumanoMy Ha OCHOBI KpuTepilo Banbaa mociaiioBHOMY METOI1
BusiBiieHHs Tpaektopii MBIIJIA 1mpu po3paxyHKy 4YacTKOBOIO BIJHOIIEHHS
MPaBAOIOIIOHOCTI BUKOPUCTOBYETHCS BHpIllIabHA CTAaTHUCTHKA HANCHIIBHINION
BIJIMITKH B CTPOO1 CYIPOBOKEHHS 1 11 IIUIBHOCTI HIMOBIPHOCTI 32 YMOBH, 1110 BOHA
€ LUIbOBOIO a00 XuOHOIO. Peamizaiisi Takoro aaropuTMy HE BHMAarae€ 3HAYHUX
oOuMCITIOBAIBHUX BUTpAT. Ha BiAMIHY BiJl BiIOMOTO MOCIIJOBHOTO aJITOPUTMY
BUSIBIICHHSI TPAEKTOPIl L1, B AKOMY HE BPaxOBYIOTbCS BUPIIIAIbHI CTaTUCTHKHU
BIJIMITOK, pO3p00IeHUI anropuTm 3a0e3neuye 301bIIeHHS IMOBIPHOCTI BUSIBJICHHS
TpackTopil wimi nmpu XuOHOI TpuBOorM « =102 i a=5x10"2 go 50% i 34%
BianmoBiaHo. Ilpu 1bOMY CcepelHE 4YMCIO OMIAAiB mpu o =1072,5x107°
3MEHIIyeThCsl MPUOIM3HO B 4 Ta 2.5 pasu. MIMOBIpHiCTH XHOHOTO BHSBICHHS

TpaeKTOPIi 11T Fsor s PO3pOOJICHOTO aNTOPUTMY MEHIIE HIXK Ha mopsaok. [Ipu

IIbOMY CEpEJHE YHCIO OMNISIIB MPpU o =1072,5x10™> 3MEHIIyeThCA TNPUOIH3HO B
3.8 Ta 2.3 pasu BiJIOBIAHO.

3. B po3pobnenomy wmetomi amanTuBHOTO cyrnpoBomkeHHss MBIIJIA 3
WMOBIpHICHOIO  1ICHTU(IKAIIEI0 JaHUX peali3oBaHE PEKYPEeHTHE CyMiCHE
OLIIHIOBAaHHS 1 pO3Mi3HABAHHA PI3HUX TUMIB loro pyxy. [Ipu nupomy 3abe3neuyeTbes
MOJIIrayCiBChKa ampOKCUMAITiS allOCTEPIOPHOI MIITLHOCTI HMOBIPHOCTI MapaMeTpiB

pyxy uiii. . @opMyBaHHA CTPOOY CYNPOBOJIKEHHS BIIOYBAETHCS Y BIAMOBIIHOCTI 10
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PO3ITI3HAHOTO TUITY PYXY 1111, 1110 IO3BOJISIE€ 3MEHIIIUTH HOTO PO3MIpH Ha IHTEpBaIax
pyxy i 6e3 MaHEBpY 1 3aBHCAHHS 1 TaKUM YHMHOM 3MEHIIUTH WMOBIPHICTH
NOTPAIUIIHHSA B HBbOTO XMOHUX BiAMITOK. [Ipy OTOTOXXHEHHI BIAMITOK B CTpoOi
CYNPOBOKCHHSI BPaxOBYIOThCSA 1X BHUpIIIaIbHI CTAaTUCTUKH 1 YMOBHI HIiIJIBHOCTI
NMOBIPHOCTI 32 YMOBH, 1110 BIIMITKA € I[IIbOBOIO 200 XHOHOIO.

4. Po3poOiieHHid aJIrOpuTM aJanTUBHOTO cymnpoBomkeHHs MBIIJIA 3
HMOBIPHICHOIO 1I€HTH(]IKAIIIE0 TaHUX 3 BUKOPUCTAHHAM BUPIIIAIBHUX CTATUCTHK
BIIMITOK JI03BOJISIE 3MEHIIIUTH WMOBIPHICTh 3pUBY CYNPOBOHKEHHS Y TIOPIBHSAHHI 3
QITOPUTMAMHM  CYNPOBODKEHHS 3  OTOTOXKHEHHSIM  JIAaHUX 32  METOJaMH
CHANUCWJIBHIIINN cyciay 1 «HanOmmxuuit cycimy: npu BCIHI 4 nb no 2.5 1 5.5 pa3sis
BIIMOBIHO 1 30UIBIIMTH CepeAHid 4vac cynpoBojpkeHHs nui g0 38% 1 18%
BIJINIOBIJTHO, B /l1alia30H1 IMOBIPHOCTI XUOHOI TPUBOTH 102 <a <1072

5. B ynmockoHaneHOMy MeTOAl BHUSBIEHHS 3pUBY CYIPOBOIKECHHS
masiopo3mipHoro BIIJIA FMCW panapom Ha OCHOBI KpUTEpitO [/n, BUKOHYEThCS
J0JIaTKOBA TEpPEBIPKAa OCHOBHOI TIMOTE3U 111010 3aKOHY PO3MOJLITY HAKONMWYEHHX
BUpIIAJIBHUX CTAaTUCTUK HAWUCWIBHIMIMX BIAMITOK, OTPUMaHUX B CTpoOax
CYNPOBOXKECHHS, SIKI BBAXKAIOTHCSI XWOHHUMH, MPOTH AJbTEPHATUBU 13 3aJaHUM
piBHEM 3HAYYIIOCTI.

6. Po3po0nenunii aroput™ BHUSIBIEHHS 3pUBY CYITPOBOKEHHS TPAEKTOPIT
i 3a kpurepiem 3/4 3 HaKOMMYCHHSAM BHPIMIAIBLHOI CTATHCTHKH HAWCHIIBHIIIOT
BIIMITKH JIO3BOJISIE TIJABUIIUTH MWMOBIPHICTh IIPABUJIBHOTO BHSBICHHS 3pUBY
CYNIPOBOJUKEHHSI B 2 — 8 pa3iB nOpu MWMOBIPHOCTI XHOHOiI TpPHUBOTH
a=25-10"2.75-10", y MOPIBHSIHHI 3 aJrOPUTMOM 3/ 4, SIKUA HE BUKOPUCTOBYE
BUpimanbHi cratuctuku. CepenHiii dYac BUSBICHHS 3pUBY TPAEKTOPIl IILII1
3MeHIIy€eThes B 2.4 - 3.3 pasu.

7. Po3pobneHuii amanTUBHHUN aJITOPUTM CYNMPOBOKEHHS MaHEBPYHOYOTO
MBIUIA tpuxkoopaunatanm FMCW panapom 3a0e3nedye po3mizHaBaHHS PI3HUX
BuiB pyxy MBIIJIA: 3aBucanus, Maii>ke piBHOMIPpHUN PYyX, pPyX 3 MaHEBPOM — 3

iMoBipHOCTsIMU Bumie 0.9, mo mo3Bosisie GopMyBaTH CTPOOH CYIMPOBOKEHHS
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aJIcKBaTHO MOTOYHINA cuTyallii. BUSBICHHS 3MiHU TUITy pYXy LIl BUKOHYETHCS 3a
1-3 takTta pobotu anroputmy. Ilpu npsmomniniiinHoMy pyci 1 3aBucanHi MBIIJIA,
anantuBHUN QuIbTp 3a0e3neuye CKB moxmubok mporuosy i oiHK| KoopauHaTt B 1.5
1 1.4 pasu MeHIIIe, HXK Ha TUISTHKAaX PyXy 3 MAaHEBPOM.

8. Ilpu peamizamii pamapa B HaJBHCOKOYACTOTHOMY Jiama3oHi 4YacTOT 3
BUKODUCTaHHAM  TIOpUIHO—IHTErpajbHUX  TEXHOJOTIH 1 MOTY>KHOCTI

BunpoMiHioBaHHs 1 BT, 3a0e3nedyeTbest BUSBICHHS 1 CynpoBOKeHHS 1l 3 ETIP

0.01n° po3pobienumu anroputMami 3 Bigctani 1000 m.

9. Buxopuctranns 1% oOuucitoBanbHOi mnotyxkHocti CHK SX2800 nms
peamizauii  po3poOJEHOr0  AJanNTUBHOTO  AJNTOPUTMY  CYIPOBOJKEHHS
maneBpytodoro MBIIJIA  Tpukoopaunataum FMCW  pagapom 3abe3neuye

CYNPOBOJIKEHHS 2.5 TUC. TPAEKTOPIH.
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