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Ha ocHoBe marTemaTm4eckoro allllapaTa CMENIaHHBIX MAaPKOBCHKUX IIPOIECCOB B [AUCKPETHOM BpPEMEHU
CHHTE3HUPOBaHbL ONITUMAJIBHBIN W KBAa3UMONTUMAJIbHBINA aJaIllITUBHBIE AJTOPUTMbBL (bI/IJ'H)TpE‘LL[I/II/I IIapaMeTpoOB

nerkenuss BITJIA 1o naHHbIM CEHCODHOIM CeTH HA OCHOBE M3MEPEHHs] MOUIHOCTU IIPUHUMAEMOIO CUTHAJIA.
Peanmsytomme nx ycTpoifCcTBa, ABISIOTCS MHOTOKAHAJJIHBHBIMUA W OTHOCSATCS K KJIACCYy YCTPOMCTB ¢ 0OpATHBIME
cBa3aMu Mex 1y Kanajgamu. O6paboTka m3MepeHwil, MOCTYMAINUX OT JAATIYUKOB CEHCOPHON CeTH, BBITOJI-

HAeTCd C IIOMOIIBIO HapaﬂﬂeﬂbHOﬁ nponeaypbl BbIIIOJTHEHUA BbIYKCAeHUN. AHa/M3 KBa3HONTUMAJILHOIO
AJITOPUTMa BBITIOJTHEH C TTOMOIIBIO CTATUCTUYIECKOTO MOJAE/IUPOBAHUA Ha 9BM.

Karoueswie caosa: naccusras sokanus; Meron RSS; BILTA; amanTuBHbiil anropurM GuabTpanum; mnapame-

TPBI ABUXKEHUA; CEHCOPHAdA CEThb

Bcerynnenue

B coBpeMeHHBIX yCIOBHSX BCe 0OJIbIIEe 3HAYEHUE
HAYWHAIOT UTPATh OECIUIOTHBIE JIETATE/IFHBIE Allapa-
ol (BILJTA). C #MX TOMOIIBIO BBINONHAIOTCA BO3ZY-
[HASA ChEMKA, HAO/IIOIEeHNe 338 HA3EMHBIMUA O0bEKTAMU
u psaz apyrux 3aga4d. C apyroit croponst BIIJTA nopo-
JKITAIOT HOBBIM KJIACC yIPO3: MPUMEHEHWE B TepPPOpHU-
CTUYECKUX TIEJIX, BTOPKEHNE B YACTHYIO XKW3Hb, (O-
TOCHEMKA, 3ACEKPEUCHHBIX 00beKTOB, majenus BITJIA,
yrposa jis BO3AymHOro rpadcmnopra [1-3]. 9ro upu-
BOANAT K HEOOXOIMMOCTH Pa3pabOTKU CHCTEM Oe30Ia-
CHOCTH, KOTOPBIE PEIIAioT 33,191 OOHAPYKEHUsl, OLIPe-
JIeJIEHUsST MECTOTIOJIOKEHUS W MapaMeTPOB IBUKEHUST
BILJIA.

IMpu uznygyennn BILJTA curnanos, ero MecTomnoso-
KEHME MOXKET OBITHb OIPEIEIEHO C IMOMOIILIO OecIpo-
Boaubx ceHcopubix cereit (BCC) [4,5] ¢ ncmonb3ora-
HUEM METOIIOB maccuBHOM jokanuu. [Ilupokoe pacmpo-
crpaHenue mpu oM HaxoxuT meron RSS (received-
signal strength) [6,7]. Ou o6beauusier rpyiity mpore-
JIyP, OTJIMYUTETBbHON 9€PTOM KOTOPBIX SABJISIETCS IIPHU-
MEHEHHUe ]I OIpeIesieHus Mecromnosnoxkenns BILTA
M3MEPEHHBIX 3HAUEHUN MOIIHOCTH MTPUHATOrO CUTHAJIA.
JlaHHBIH METO/I UMEET CYIECTBEHHOE TPENMYIIECTBO B
MPOCTOTE PEATU3ANUN U HAXOIUT IHPOKOE TPUMEHe-
HEE Ha IpakTuke [8].

Ocobennoctbio  coBpeMeHHBIX BILJTA  gaBnsercsa
CIIOCOOHOCTH BBIMIOJIHATH PE3KNE MAHEBPHI, 8 TAKXKe CO-
XPaHSITh HEU3MEHHDBIM MTOJIOKEHNE B TOYKE TTPOCTPAHC-
TBa. 3menenne tuna asuxkennsa BIIJIA npoucxomur B
CJIydaiiHble, HEM3BECTHBIE JIJis HADJIIOAATE ST MOMEHTbI

BpPEMEHHU, UTO MO3BOJISIET TPEICTAaBUTh TPAEKTOPHUIO B
BHUJIEe CTOXACTUYECKOI'O IIPOLECCa CO CAydailHOl cMe-
Hoi#t crpykrypbl. Ha unrepBanax 3aBucaHus, a TaKxKe
neuxenus BILJTA Ge3 MaHeBpa MOXKHO 3HAYUTEIHLHO
TTOBBICUTh TOYHOCTDH OIIEHWBAHUS e€ro KoopawHat. 1lpn
9TOM, Ha NMPAKTHKE TaKzXKe JaCTO MPEJCTABJISIET WHTe-
pec onpezenenne tunos npuxkenns BITJTA.

[TosToMmy BakHOe 3HAYEHUE UMEET CUHTE3 A/IAlTHUB-
HBIX AJITOPUTMOB (DUIBTPAIIUN TAPAMETPOB JIBUXKEHUS
BIIJTA no naHHBIM CEHCOPHON CETH, B KOTOPBIX TaKIKe
BBITIOJTHAETCA PACIO3HABAHUE PA3JIUIYHBIX BHUJOB €T0
JTBUZKEHUS.

1 IlocraHOoBKa 3ajJa4n

Heuxenune BILJIA ¢ paznuaabiMu BujiaMu MaHeBpa,
B TIPSIMOYTOJIHHON CHCTEMe KOOPINHAT MOXKHO OMHCATh
CTOXaCTAYECKON IMHAMUYECKONW CHUCTEMOI CO Cirydaii-
HOJ CTPYKTYpDOIi B JUCKPETHOM BpeMeHH BHa [9]:

u(k) = Fju(k — 1) + Gjw(k), j =1, M, (1)

rae u(k) - BEKTOD COCTOSIHMS, BKJIIOYAIONIMI mapa-
merpbl gprkenus BILJTA mo ocsiM mpsiMOyroJibHOIM
cucremsr Koopauaat; Fj, G - MATPHIIBI, OMUCHIBAIONIHE
passinuHble BuUIbl ABuxkenus; w(k) - Hekoppenupo-
BaHHAs OCJIEJOBATE]LHOCTD I'ayCCOBCKMX BEKTOPOB C
€IVHUYHON KOPPEJIAINOHHON! MaTpuIei.

Jlnst ommcaHWst TWMA CTPYKTYDPHl MOJIENN JIBHZKE-
aust BIIJIA (1), coorBercTByOIIEil ONpeIeIeHHOMY
BHJly MAaHEBPa, IPUMEHSETCH IEPEMEHHAS IMEPEKITIO-
genus a;(k), j = 1,M. Ona orHOCHTCA K Kjaccy
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neneit MapkoBa, mpuauMaomei M 3HadeHumit ¢ ma-
Tpuneil BeposaTHOCTel nepexonos 1I; ;(k, k—1), 4, j =
1, M wn wauanbubiMu BeposiTHOCTSMU p;(0),7 = 1, M,
9TO TIO3BOJISET YIECTh MEPEXOIbI MEXKIY PABTHIHBIMUI
Bumamu jpuxkerns BILJIA B ciygaiinbie MOMEHTBI Bpe-
MEHH.

s onpenenenus mecronosiokenuss BILJIA  na
TIJIOCKOCTHU OECripOBOHAS CEHCOPHAsT CeTh JOJIKHA CO-
CTOSATH U3 TpeX win Dojee narankoB. [1pu ucnosb3oBa-
uuu Merosna RSS yaurhiBaeTcst 3aBUCHMOCTD MOIIHOCTH
MIPUHATOrO CATHAJIA OT PACCTOSHHUSA MEXKY TATIUKOM
u BILJTA. ITTupokoe npuMeHeHre HAXOAUT MOJIEIb TIPsi-
MOTO PACIPOCTPAHEHUST CUTHAJIA, KOTOPAS YUUTHIBAET
TOLKO ero 3aryxamme [6]. IIpu sroM ypaBHeHue Ha-
OJII0/IEH NS, OIIUCHIBAIOIIIEE ITPOIIECC U3MEPEHNUsT KOOD/IU-
Hat BIIJIA cencoproit cerbio, umeer Bus [9]

p'(k) (2)

rae p!(k) — u3MepeHHas [-M JATIMKOM MOMIHOCTH CH-
ruasia BIIJIA B kit Moment spemenu, | = 1, L; v'(k) -
HEKOPPEJNPOBAHHAS TayCCOBCKAS OMMOKA W3MEPEHWUS
MOIIHOCTH TIPAHATOTO CUTHAJIA |—M JATIAKOM C HyJIe-
BBIM MATEMATHYECKUM OXKHMJIAHUeM U jaucrepcuein d';
h(uy) — venuneiinas GyHKIMs, KOTOPas ONUCHIBAETCS
BBIPAsKECHHEM

— hl(u(k)) + o' (k), 1= T,

rae p® — MOIIHOCTL CUTHAJIA HA 33JIAHHOM PACCTOSHUH
% o — xoadpdumment 3aryxanus curnana (GIM30K K
2); z(k), y(k) - koopmuraTs nonoxenns BILIA; 2!, ¢! -
KOOPIMHATHI TOJIOXKeHus [-ro mardnka. OmmbKku n3me-
perns v!(k), [ = 1, L aBAAI0TCA HEKOPPEINPOBAHHBIMA
MexK Iy CODOii.

Tpebyercss Ha ocHOBE paccMorpenHoit momenu (1),
(2) cuHTE3WPOBATH AMANTUBHBIH AATOPUTM (DUIBTPA-
nuu napamerpos asuxkenust BILJIA mo maHHBIM CeH-
COpHOM ceTH.

2 (OcHOBHag 49acCTb

Vpasuenue (1) OnuchHIBAET MPOLECC, TMOAJIEKAIIMI
OLIEHUBAHMIO, a (2) - mpouecc HPOPMUPOBAHUS TAHHDIX,
nocryusbix Habarogenuto. Coenysi meromuke [9, 10],
o0beuHuM ypasHeHus (2) B €AuHOe ypPaBHEHUE

up(k) = H(u(k)) + V(k),

rue uy(k) = (p'(k),....p (k)T — obbenunennbiii se-
krop mamepennit; H(u(k)) = [t (u(k)), ..., X (u(k))]T
— o0beMHEeHHAS BEKTOPHO3HAYHAS (DYHKIWS U3Mepe-
muit; VI (k) = [vl(k),...,vE (k)] - obbennmennbrii Be-
KTOP OITHOOK M3MEPEHUS C KOPPEIAIIUOHHON MAaTPUIIEi

R(k) = diag[d', ..., d"].

(4)

C yueToMm NpOBEJEHHBIX NMPeoOPa3OBAHMI 331344
duibrpanun napamerpos gasukenus BIIJIA no man-
HBIM CEHCODHO CeTH CBeJach K CHHTE3y AJTOPUTMA,
duabTpanEM TIPOUEcca, OMMCHLIBAEMOTO yPABHEHHEM
(1), Ha ocHoBe HAGIIOJEHWI, ONUCHIBAEMbIX yPaBHEHU-
em (2).

[TpumeHsis MeTOAUKy PpACIIMPEHHs] BEKTOpPA CO-
cTosiaust (bUTBTPYEMOTO TIPOIECCA, PACCMOTPEHHYIO B
Monorpadun [9], MOXKHO TOKa3aTh, YTO DPACITHPEH-
HBII IPOIECC, BKIIOYAIOINNA HEIPEPBIBHBIA KOMIIOHEHT
x(k) u auckperHbIi KOMIOHeHT a;(k) oTHOCHTCS K
KJIACCy CMENIAHHBIX MAPKOBCKHUX MPOIECCOB B JUCKPE-
tHoM Bpemenu. Ciemysi METOJUKE CHHTE3a aJropu-
T™a duIbTpanmu Takux mpoueccoB [10], MOXKHO mTO-
Ka3aTh, YTO alOCTEPHOPHAS TJIOTHOCTH BEPOSATHOCTH
(L) W (u(k), a;(k)) = P(u(k), a;(k)/Uy(k)) cweman-
HOTO MPOIECCA BBIYUCISIETCA PEKYyPPEHTHO Ha OCHOBE
ypaBHEHUs

M
W (u(k), a;(k)) = P(up(k)/u(k)) Z I (k, k= 1)

<[ TG /e = 1), ;)W (e - )

— 00

ai(k: — 1)))(

X du(k = 1)/ P(up(k)/Up(k = 1)), (5)

rae P(up(k)/u(k)) — ommomarosas byHKIMS IPaBIO-
nomobwst, orpesiesisieMast Ha OCHOBAHWM ypaBHeHHst (4);
II(u(k)/u(k—1),a;(k)) — ycnosuas IIB, onpenensemast
¢ nomomrpio ypasraerus (1); U, (k) = up(1), ..., up(k) —
MONyYeHHAs] TOCIEIOBATEBHOCTD U3MEPEHUid. Y paB-
Henue (5) OLKUCHIBAET AJIIOPUTM COBMECTHOMN (DrIIbTPa-
nuu BekTopa cocrosuus u(k) M AMCKPETHOTO KOMIO-
wenta a;(k).

[Tpumensis TeopeMy yMHOXKEHHUS BEPOATHOCTE, me-
penumieM ajroputr™m (5) B BHIE CHCTEMbI PEKYPDPEH-
THBIX ypaBHeHuit [10]

M
F(k) =) Tk, k = W,k = 1); (6)

M
= (k. k= )W;(k —1)x
=1

x /H(u(k)/u(k—l),aj(k))x
x Wiu(k — 1))du(k — 1)/W (k); (7)
Wi(u(k)) = P(up(k)/u(k)) W (u(k))/

/P (up(k )/ag( ): Up(k = 1)); (8)

Wj(k) = P(uy(k)/a;(k), Up(k = 1)) Wy (k)/
[P (up(k)/Up(k = 1)), (9)
rne Wi(u(k)), W;j(u(k)) - ycnosubie skcrpamo-

JupoBaHHas u aunocrepuopHas IIB Bekropa wu(k)
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upu yenosun  a;(k); Wi(k), W;(k) 9KCTPAIO-
JMPOBAHHBIE U anocTepuopHble BepostHOCTH ¢;(k);

P(up(k)/aj(k),Up(k — 1)) — ycnosnas IIB, ompeness-
emas o dhopmyie

Plup(k)/a;(k), Up(k = 1)) =

:/ Pup(k)/u(k), a;(k)) W (u(k))du(k), (10)

P(u,(k)/Upy(k — 1)) — ompenensercs no dbopmyre

up(k)/a;(k), Up(k = 1)) W7 (k).

(11)

Haganpabre ycmoBust g anropurma (6)...(9) ume-
o1 Bug W;(0) = p;(0), W;(uw(0)) = P(u(0)), : =1, M.

C mnomompio ypasuenuit (6), (9) BblmOMHSETCH
busbrpanus AUCKPETHONO KOMIIOHEHTA, & YDABHEHUI
(7), (8) — dumbTpanyst HENMPEPHIBHONO KOMIOHEHTA.
OcobeHHOCTD AITOPUTMA, COCTOUT B HEPA3PHIBHOW CBSI-
31 ypaBHEHUN (DUIBTPAIUYU JAUCKPETHOIO M HEIPEPbIB-
HOI'O KOMIIOHEHTOB.

OnruManbHOE YCTPOWCTBO, peasu3yIoliee  aJiro-
put™ (6)...(8), ABIseTCS MHOIOKAHAIBHBIM € YHCIIOM
KaHaJioB M m OTHOCHTCS K KJIACCY yCTPOMCTB ¢ obpa-
THBIMM CBSI3sIMM MeXIy Kauanamu. Hammume oGpa-
THBIX CBsi3eli MeXK/y KaHajaMu O0yCJIOBJIEHO MapKOB-
CKHM CBOHCTBOM AMCKpeTHOro kommouenta a;(k). He-
JIOCTATKOM OITHMAJILHOIO aJIFOPUTMA ABJISIOTCSA GOJIb-
LIMe BbIYUCJIUTEJbHBIE 3aTPAThl, CBA3aHHbIE C HEOD-
XOJMMOCTHIO UHTEIPUPOBAHUS MHOIOMEPHbIX ILJIOTHO-
cTelt BEpOATHOCTH.

KBasuonrumanbHbIil aaropuTM COBMECTHOH (buiib-
TPAIUK MOXKET OBITh MOJIYUEH TyTeM DA3JIOXKEHWs! Be-
kropuosnaunoii Gyukuuu H(u(k)) B pax Teitnopa B
oxkpecrnoctax Ttouek u(k) = uj(k) m orpanmuenn-
eM JIMHEeHHBbIMHU YJIeHAMU pa3Jioxkenus. [lpumeHnsia Ha
KaxK/JIOM [1are IayCCOBCKYIO ALIPOKCUMALUIO yCJIOB-
Hoit sxcTpanommposannoit [IB W (u(k)), Mmoxmo moxa-
3aTh, YTO KBA3UONTUMAJBbHBINA ajropuT™ (bUIbTPAIUNA
HENpPEPBbIBHOIO KOMIIOHEHTa, OMUCHIBAETCH YDABHEHMUSI-
mu [11]

M
wi(k) =Y ij(k,k— Wik —1)x

x Fa;(k —1)/W}(k); (12)
M
k)= (k. k— 1) Wi(k — 1)x
x {F;P,(k — 1)FF + G;GT} /W7 (k); (13)

N - . aHT(u;f(k))
Py(k) = P} ()0 + P} (1) =5, ¢
OH (u*
o B
Tu»f
R e
i (8) = w3 (8) + K (R) () — B3 (k). (16)

rae uj(k), u;(k), P;(k), Pj(k) — wmaremarmueckme
OXKHUJIAHWS W KODPPEJANUOHHBIE MATPHUIII YCIOBHBIX
B Wr(u(k)) m Wj(u(k)) coorsercrsenno; Kj(k) —
KO3 PUINEHTHI YCUTEHNSA KAHAIOB (DUILTPAIMH He-
LpepbIBHONO Komnonenta. Havanbubie ycinosus duib-
TPAINK HENpPEphIBHOTO KOMIMOHeHTa mpn k=0 mMeroT
mun ;(0) = a(0), P;(0) = P(0), j =1, M.

Asropur™ buABTPAIME THCKPETHOIO KOMIOHEHTA
He M3MEHseTcs W onucbiBaercs ypasuerusmu (6), (9).
IIpu stom ycnosuas IIB P(uy(k)/a;(k), Up(k — 1)) =
N(H(u}(k)), Dj(k)) apaserca TayccoBcKoii, a Koppe-
nsnuonHas marpura D; (k) onpeaensieTcs ¢ mOMOIIBIO
BBIPaYKEeHHs]

OH (k)

du(k)
T(,,*

xP]( OH ((];)(k))

Dj(k) = R™'(k) — R~ (k)

R™Yk). (17)

Ksasuonrumanbuoe yeTpoiicTBO, peainu3yolee aj-
ropurM (6), (9)...(16), TakKe ABJSIETCI MHOIOKAHAJIb-
HBIM C 9UCJIOM KAaHAJTOB M W B OCHOBHOM COXPAHSET
CTPYKTypPy M ODpPATHBIE CBS3M, IPUCYIIAE OINTHMAJIb-
HOMYy ycrpoiicrBy. VIX pasimdaue cOCTOMT B TOM, 9TO B
KBA3UONTUMAJIBHOM YCTPOWCTBE BHIYUCIISAIOTCS TOJBKO
nepBbIil W BTOpOit MOMenThl yesosabx B Wi (u(k))
u W;(u(k)). Ilpn sTOM KBASHONTHMATLHBIN ATTOPATM
MO3BOJIAET COXPAHUTDH IIPEJCTABJICHHE ANOCTEPHOPHOMN
1B W(u(k)) B Buge cymmbl M 1ayCCcOBCKUX I[LJIOTHO-
CTeit.

Heo6x01uM0 OTMETHTD, 9TO AJITOPUTM BHIUUC/ICHUS
OIEHOK HerpepbIBHOrO KommoHeHTa (12)...(16) mpen-
CcTaB/ieH B OOINEM BHJE W HE YUIUTHIBAET OCOOEHHO-
cTeil MHOMOKAHAJIBHON CTPyKTypbl udmepureseit. Ilpn
UCTIONIb30BaHuu MeToma RSS, w3mepeHwst MOMIHOCTH
OPUHATHIX CUTHAJIOB JIATYAKAMHU CEHCOPHON CeTH BU-
HOJIHAIOTCS B OJIMH U TOT K€ MOMEHT BPEMEHH, UTO 00y-
CTABIMBAET NEeeCOOPA3HOCTD IIPUMEHEHHS ITAPALIE b=
HO¥ TIporeypbl peanu3anuu Beraucyienuit. Coerys me-
rojuke [11], MOXKHO 110KA3aTh, YTO [PU LAPAIIIEHHON

peanm3anun Beruucsiennii ypasuenus (14)...(16) mpe-
00pas3yiorcs K BUIY
Pj(k) = Py (k)(I + P} (k) x
L IT(,* Lo, *
Oh" (uj(k)) , Ot (uj(k)) 4

=1
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o ORT (k)
K!l(k) = P;(k) Fult) (d)™; (19)
L
a; (k) = wy (k) + > K4 (k) (p' (k) — b (u}(k))), (20)

roe K jl(k) — K03 PUIUEHT YCHIICHHS, UCIIONb3yeMbIil
s yrounenns uj(k) B j-M KaHase alanTHBHOIO
dbuiprpa upu nocrymsiennn usmepenus p' (k).

CrpykTypHas cxemMa j-TO KaHAJIa TaKoro KBA3U-
onTuMabHOro Gunbrpa mokasasa ua puc. 1. Ipwm
atoM, obpaborka mabmogenwit p'(k), [ = 1,L, B j—
KaHAaJ€e BBINOJHSETCA TMaPaJIeabHo L KaHAIAME, 9TO
MMO3BOJISIET TOBBICUTH CKOPOCTH 0OPabOTKu mHMOpPMA-
AW,

p'(k) K
B (u; (k) .
i, (k)
Pk KH b
E h* (k)

u; (k)

i, (k1)
<—

W (k)

I (k k=W, (k=D | T (e k=1 (k1)

Puc. 1. CrpykrypHasi cxema OJHOIO KaHAJa KBa3u-
OTNTUMAJILHOTO (DUIBTPA C MAPAJIIEIBLHON peasn3aluneit
BBIYUCJIEHUIA

3 Amnanun3 3¢dppeKTuBHOCTU AJITO-
puTMa

Anams s dexruBHocTr paspaboTaHHOIO KBa3H-
ONTHUMATLHOIO AJANTUBHOIO AJITOPUTMA, OIEHUBAHUS
napamerpos asuxkenus BILIJIA (6), (9), (12), (13),
(18)...(20) mpOBEIEHO C TIOMOIIBIO CTATHCTHYECKOTO
mozeampoBanust. CeHcopHasi cetb (pHC. 2) COCTOUT U3
BOCbBMH JATYMKOB ¢ Koopauuaramu: i (0;100), o
(100v/2;100v/2), [Tz (100;0), [y (100v/2;—100+v/2), [T
(0:-100), M5 (~100v/Z;—100v2), 7 (—100:0), s
(—100v/2;1001/2).

s marnagHoCTH paboThl alIropuTMa, ObLIa cop-
MHPOBaHa TeCTOBas TpaekTopusi aBukenust BILJTA
(puc. 2). Tpaekropus BKIOYAET IdATh yYaCTKOB:
mepsbiit 1<k<42 — paBHOMEpPHOE ABUYKEHHE, BTOPOil
43<k<45 — mamneBp, Tpermii 46<k<84 — paBHOMEp-
HOE [BUXKeHWe, deTBepThiii 85<k<114 — 3aBucanmue,
nareiit 115<k<130 — pasnomepnoe asmkenme. Cpe-
JTHEKBaIpaTUIHAs OIMUOKa m3Mepenus — o, = 1 1B,

Temi octyitennsa nagopmarun — T=1 c. Ucnbrranns
[POBOJIMJIUACH TI0 CTA PeaTH3alusiX.

Y
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Puc. 2. Koudurypanusa cencopuoii ceru u3 8 1ar4ukos
u TpaekTopus npuxkenuss BILJTA

Hnsa onucanus gsuxkenns BILJTA  wucnonb3osa-
JIaCh MOJIEJIb CO CJydaiiHoii crpykrypoii (1), koropas
YUYUTHIBAET TPU OCHOBHBIX Buja jprkenuss M = 3:
3aBHUCcaHue j = 1, TOYTH paBHOMEpHOe JABUKeHNne | = 2,
JBUXKEHWe ¢ MaHeBpoM j = 3. BekTop cocTosHUS
u'(k) = (x(k),@(k),&(k),y(k), §(k), (k) Brmotaer
KOODJMHATHI TOJIOXKEHUsI, CKOPOCTH W YCKOPEHHS IO
ocam X, Y. Marpuiipl, BXO#sIme B MOJIEb IBUKEHUS

(1), nmeror BUg
G 0
:|7Gj(k):|: Oj Gb:|7

rae F,GY, j = 1,3 nveior Bz

b
F! 0

Fi(k,k—1) = { -~
J

1 0 0 1 T 0
FP=|0 o0 0], FE=]0 1 0|,
0 0 O 0 0 O
T2
, 17T =
F3 - 0 1 T B
0 0 1
a,-T azT? agT°
b b 2 b 2
Gy = 0 yGo= | ay-T |,Gz= —a3'2T
0 0 as - T
ai,az,a3 — CKO cayuaitasix daykryanuii ckopo-

CTH, YCKOPEHUS W CKOPOCTH W3MEHEHWS YCKOPEHUS

BILJIA, coorsercrBenno. Ilpu MomenupoBaHuM MmoJia-
2 3

ranocek: a; = 0.05M/c; ag = 0.1Mm/c”; a3 = 6m/c”.
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Puc. 3. BepogrHocru onpesnenenus: TUIA JIBUKEHUs IPU UCIIOJIH30BAHUU AANTUBHOIO (puiibrpa

Oh' (uj (k)
ou(k) 7
ypasuennus (18),(19), mmeror Bux

YacTHble TPOW3BOIHBIE BXOJAIIEE B

Oht (us (k) _ —10-a
du(k) n(10)
« | — i‘(k;l)jxl 0;0;
(@(k—1)—2H)" + (9(k — 1) — ¢')
gk —1) — ¢ 050

(@(k—1) = 2!)” + (G(k — 1) — ¢

Hawammnsie yeosus ,(0), Pj(O),j = 1,3 ansa
MePBOM TUIIOTE3BI J 1 ¢dopmupoBaanuch MO TEKY-
UM M3MEPeHUsAM, a JJid j = 2,3 — II0 H3MEepPeHHAM,
TOJIYYEHHbIM Ha JIBYX COCEJHUX TAKTaAX.

Ha puc. 3 nokaszaHbl 3aBUCHMOCTH BEpPOSITHOCTEH
paclO3HABaHMs JIBUXKEHUs LEpBOro (kpusas 1, He-
pEpBIBHAS JIMHUS), BTOPOro (KpuBas 2, MITPUXOBAs
JIMHUSI) U TpeThero (Kpusas 3, IITPUX-IYHKTHDHAS
JIMHUs) BHIOB, nosydenHbie mMerogom Moure-Kapiio.
Jarubiit GUIbTP MO3BOJIAET PACIO3HATH 3aBHCAHUE
nouru pasaomeproe npuzkenue BILJIA ¢ BeposiraO-
cThIO OIM3KOM K enaunwmIle. BeposTHOCTL pacro3HaBa-
HUsI MaHEBpa HUKEe, YTO OOYCJIOBJIEHO €ro KpaTKOBpe-
MEHHOCTBIO.

Ha puc. 4 nokazans! nosyuerasle MeTonoM MorTe-
Kapso 3aBucumMoCTH MATEMATHYECKOTO OXKUIAHWS
(xpuBasgt 1) u CKO (kpuBas 2) ommOOK OIEHKH Me-
cronosiozkernsi BITJTA no kooppunaram X, Y, a ra-
kxe CKO (kpuBasi 3) onmmbOK OLEHKH, PACCIUTAHHOTO
amanTuBHbIM (GuabTpoM. Takke Ha puc. 4 TOKA3AHBI
zaucumoctu CKO ommbky n3MepeHns: MeCTOIOI0XKe-
uust BILJTA, koropoe coorBeTcTByeT HUXKHEH IpaHU-
ue Pao-Kpamepa (kpusas 4), kKoropasi xapakrepusyer
[OTEHIIUAJIBHYI0 BO3MOXKHYIO TOYHOCTDH OIPEIESICHUS
koopauuar BILJIA. Ipumenenne TpaeKTOPHON (Db
Tpaiuu mo3Bojisier ymenbimiuth CKO ommbku ompe-
generuns mecrononoxkenuss BIIJTA 1o cpasBHenuio c
CKO omubku onpeaenenns MeCTOIOI0KEHUST METOL0M
RSS [12] B 2 — 4 pa3a.

C 1menpio CpaBHUTEIHHON OIEHKH ObLIH TaKKe
HCCJIEIOBAHBL AJICOPUTMbL TPAEKTOPHOH (DUIIbTPAIIH

BILJTA ¢ wucnonb3oBanuem duabrpos Kanmvana, mo-
JIYUEHHBIX HA, OCHOBE MOIEJIEH MOYTH PABHOMEDPHOTO
JIBUJKEHNS j = 2 W JBUXKeHud ¢ MaHeBpoM j = 3. Ilpm
ucnonb3oBanuu duabrpa Kaamana wa ocHoBe mMomenn
j = 2, ommbku onenku nonoxkenus: BITJTA comepxkar
CHCTEMATUYIECKUE COCTABJIAIONINE, KOTOPbIe Dojiee deM
Ha nopsok npesbiiaior CKO omubok onenku mecro-
MTOJIOYKEHUsT, 9TO O0YCIOBJIEHO HAIUIneM MaHeBpoB. [1o
cpaBrenuio ¢ dbuabrpom Kanmana uHa ocHOBe Mojenn
j = 3, pa3pabOoTaHHBbI!l AJANTUBHBIN AJTOPUTM IIO-
3BOJISI€T MOBBICUTH TOYHOCTD OIEHUWBAHUS IIAPAMETPOB
apuxkenus BITJIA nHa ydacrkax 3aBuUCaHusl M JIBU2KE-
Hust 63 MaHeBpa B 2 — 3 pa3a u n3bekaTh MOSTBICHUS
CHCTEMATUIECKUX OIUOOK OIEHOK.

BriBoabl

OurumasibHbIA AJrOpUTM  AJANTUBHON (QuIbTpa-
mua (6)...(9) siBiseTca PEKYPPEHTHBIM U OINUCHIBAET
sBosoruio  amocrepuopuoit IIB  pacmmpennoro cme-
HIAHHOTO MAaPKOBCKOI'O MPOLECCA, BKJIYAIOIIETO He-
NPEPHIBHO3HAYHBIA BEKTOD IAPAMETPOB JIBUYKEHUS
BILJTA v 1uCKpeTHO3ZHAYHYIO TIEPEMEHHYIO TEPEKJII0Ue-
HUsl, OMUCHIBAOIIYIO TUII €ro jBuKenus. OuruMaabHoe
ycrpoiicTBo, peanusyiomiee airopur™ (6)...(9), aBise-
TCS MHOIOKAHAJIBHBIM C YHCJIOM KaHaJIoB M u oTHOCH-
TCST K KJIACCY YCTPONCTB ¢ OOPATHBIMU CBA3SMEU MEXK LY
kanasgamu. Hammane o6paTHBIX CBsi3ei MeK Iy KaHaa-
MU 00YCJIOBJIEHO MAPKOBCKUM CBOMCTBOM JAMCKPETHOTO
KOMIIOHEHTA.

B mosmydeHHOM IyTEM JIMHEAPH3AIMH yPABHEHUS
usMepenust (2) KBa3UOUTHMMAJILHOM AJIlOPUTME aJa-
nTuBHON duabrpamyn (6),(9)...(13), (18)...(20) Bbrun-
CJIAIOTCA TEPBBII W BTOPOl MOMEHTBI yCJIOBHBIX
AMmOCTEPUOPHBIX PACIIPEIEICHNH BEKTOPA MapaMeTPOB
npuxkennss BITJTA u oH MO3BOJISIET COXPAHUTDH MPE/I-
craBienue amnocrepuopuoit IIB mHempepbIBHOrO KoM-
nonenTta B Buae cymmbl M rayccoBckux IIB. Ilpm
5TOM B HEM PEATM30BAHA TMapasljielbHas TPOIEIyPa
BBINOJIHEHNSI BBIYUCICHUN TIPU TIOCTYIJIEHUH U3Mepe-
HHM OT JaTIMKOB CEHCOpHOit cetn. KBazmonTumanbHoe
ycrpoiicTBo, peanu3yiomee ajaropurm (6),(9)...(13),
(18)...(20), Takzke SABIAETCA MHOIOKAHAJBHBIM C Yd-
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Puc. 4. CKO omubku ornerku mecromnosoykenusi BITJTA npu ucnosnp3oBanum agantuBHOro Guibrpa

CJIOM KaHaJiOB M ¥ B OCHOBHOM COXPAaHSeT CTPYKTYDPY
7 O0paTHbBIE CBSI3M, MPUCYIIHE ONMTUMATHLHOMY yCTPOii-
CTBY.

Kak cnemyer u3 pe3yabTaToB MOJIETUPOBAHUS, TPHU-
MEHEHUE TPACKTOPHOM (DUIIHTPAIIUY TTO3BOJISIET YMEHb-
muth CKO omumbku onpeneseHust MeCTOTOOXKEHU S
BILJIA no cpasuenuio ¢ CKO omubxku omnpeaeseHus
Mecronojoxkennsa meromoMm RSS B 2 — 4 pasa. Ilo
cpaBHeHHMio ¢ ¢puabrpoMm Kanmama Ha OCHOBE MOJe-
au, asukenus BILJTA ¢ maneBpom, pazpaboTaHHBIM
AJIAIITUBHBIN AJICOPUTM [IO3BOJIAET HOBBICUTH TOYHOCTH
OTIPe/Ie/IEHNsT MECTOIOJIOKEHNST Ha YIaCTKAX 3aBUCA-
HUs U JIBV2KeHUsi 0e3 MaHeBpa B 2 — 3 pas3a u u3bexarb
TIOSIBJTEHHUST CHCTEMATHYIECKUX OIMMOOK OmeHoK. Ilpm
9TOM AJANTUBHBIN (DUIHTP MO3BOJSIET PACIO3HATH 3a-
Bucanue u nodru pasHomeproe npumkenwe BILJIA c
BEPOSITHOCTHIO OJIN3KOM K eINHUIIE.
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ApnantuBHa diabTpalniga mapaMeTpiB py-
xy BIIJIA 3a manumMu CeHCOpPHOI MepexKi
Ha OCHOBI BUMIipIOBaHHS IOTY>KHOCTI CH-
THAJLY

Tosxaw I. O., XKyx C. 4.

Ha ocnosi maremarugmoro amapary 3MimaHux MapKiB-
ChKUX TIPOIECIB B JMCKPETHOMY YacCi CHMHTE30BAHO OIITH-
MaJIbHHH 1 KBa3i0oNTUMAJIbHUN aIAIITUBHI aITOPUTMHE (hiah-
rpauii nmapamerpis pyxy BIIJTIA 3a jganuvu cencopnol
MepexXKi Ha OCHOB1 BUMipIOBaHHS IIOTYKHOCTI curaaJsty. Ilpn-
cTpoi, mo iX peani3yioTb, € 0AraTOKAHAJIHHUMH 1 BiHO-
CATBCA [0 KJIACY IPHUCTPOIB i3 3BOPOTHUMH 3B’ SI3KaMU
mixk kanajgamu. OO6poOKa BUMIpIOBaHb, MO HAIXOIATEH BilL
MATYUKIB CEHCOPHOI Mepeki, BUKOHYETHCH 3a JIOTIOMOTOIO0
napaJiesibHOl 1IpOLe/lyPU BUKOHAHHsA OOumciieHb. Anasis
KBa310MTUMAJILHOTO AJTOPUTMY BHKOHAHO 33 JOMIOMOTOIO
CTATACTHYIHOrO MomemoBanasg Ha EOM.

Karuosi caosa: nacuBHa, Jiokaris; meron RSS; BITJTA;
aJanTUBHUIA aaroputM ¢imprpamnii; mapaMerpu pyxy; CeH-
COpHa Mepexa

Adaptive filtration of parameters of the
movement UAV according to sensor
networks based on measurements of the
received signal strength

Tovkach 1. O., Zhuk S. Ya.

Introduction. In modern conditions increasingly
important begin to play unmanned aerial vehicles (UAVs),
which give rise to a new class of threats. This leads to
the need to develop security systems that solve tasks of
detection, location and motion parameters of the UAV. At
the radiation of the UAV of signals, his location can be
defined by wireless sensor networks using the method of
RSS (received-signal strength). Changing the type of UAV
motion occurs at random times. At intervals of hovering
and motion of the UAV without a maneuver it is possible
to significantly improve the accuracy of estimation of its
coordinates. Thus, in practice, it is often of interest to
determine the types of UAV motion.

Statement of the problem. UAV movement with
different types of maneuver in a rectangular coordinate
system is described by a stochastic dynamical system with
random structure in discrete time. For definition of location
of the UAV on the plane the wireless sensor network has
to consist of three or more sensors. When using the RSS
method, the model of direct distribution of a signal which
considers only his attenuation is used. Required to synthesi-
ze an adaptive algorithm of a filtration of parameters of the
movement UAV according to the sensor network.

The main part. The optimum algorithm of the adapti-
ve filtering is recurrent and describes evolution of posteriori
probability density of the expanded mixed Markov process
including a continuously valued vector of parameters of
movement of the UAV and the discrete valued variable
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of switching describing type of its movement. The opti-
mum device realizing an algorithm is multichannel with
number of channels M and belongs to the class of devi-
ces with feedback between channels. Existence of feedback
between channels is caused by Markov property of a discrete
component. In obtained by linearization of the equation of
measurements of the quasi-optimal algorithm of adaptive
filter are calculated first and second moments aposteriori
conditional distributions of the vector of motion parameters
of the UAV and it allows to keep the representation of the a
posteriori probability density of the continuous component
as a sum of M Gaussian densities of probabilities. It
implements a parallel procedure perform calculations when
entering measurements from sensors of a sensor network.
The quasioptimum device realizing an algorithm also is
multichannel with number of channels M and generally
keeps the structure and feedback inherent in the optimum
device.

Analysis of the effectiveness of the algorithm.
Analysis of the effectiveness of the developed algorithm
for estimating the parameters of motion of the UAV with
the discovery of the maneuver was conducted using the
statistical modeling. The sensor network is composed of
eight sensors. For descriptive reasons works of an algori-
thm the test trajectory of the movement UAV has been
created. A comparison of the accuracy characteristics of the
considered algorithms with the lower bound of Rao-Cramer

is carried out. For the considered model example, the use
of trajectory filtering allows to reduce the MSD error of
the positioning of the UAV compared with the MSD error
of the positioning method RSS in 2 — 4 times. Compared
with Kalman filter based on the model, motion of the UAV
to maneuver, developed an adaptive algorithm allows to
improve the location accuracy in areas hovering and motion
without maneuver more than 2-3 times to avoid systematic
errors estimates. At the same time the adaptive filter allows
to recognize a freeze and nearly uniform motion of a UAV
with a probability close to one.

Conclusions. On the basis of the mixed Markov
processes in discrete time optimum and quasioptimum
adaptive algorithms a filtration of parameters of the
movement UAV according to sensor network on the basis of
measurement of power of the accepted signal are synthesi-
zed. Realizing their devices, are multichannel and belongs
to the class of devices with feedback between channels.
At the same time in them the parallel procedure of
performance of calculations at receipt of measurements
from sensors network is realized. The analysis of a quasi-
optimum algorithm is made by means of statistical modeli-
ng on the computer.

Key words: passive location; RSS method; UAVs;
adaptive filtering algorithm; motion parameters; sensor
network
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