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JIoKTOpCKa JucepTalija 3axBajTHOCT

3axXBaJHOCT

[TocToju myHO JbyAM KOJU Cy MU IIOMOTJIM U BOJAMIIM M€ Ka YCIICIIIHOM 3aBPILIETKY TOKTOPCKE
aucepTalje 300r uera 3aciykyjy Mojy AyOOKy 3aXBaJTHOCT.

Ha mouetky, keauM Ja ce UICKPEHO 3axBajauM MeHTopy npod. np Bojucnary Ounumnosuhy,
Ha KOHCTPYKTHUBHHM pa3roBOpuUMa M MPYXKEHUM CyrecThjaMa TOKOM Bolema OBe aucepralyje.
[Topen Tora, Beoma cam 3axBajlaH IIITO Me j€ YBEO y TeOpH]y uaeHTudukamuje. buo je Heucupan
U3BOp MHCIIMpAlIMja U U7eja 3a MEeHE.

XKenum na uzpaszum ny6oky 3axBainHocT npod. a1p Hosaky Henuhy jep mu je Ha Haj60IBH
HA4YMH TPEJICTaBUO ayTOMAaTCKO YIpaBJbamke W yBeo Me y HayKy. [lopen Tora, 6eckpajHo cam
3axBaJlaH Ha IyHO] MOCBENeHOCTH MOM HarpeloBamYy, KOja je MPUCYTHA O MIPBOT HAIIIET CycpeTa
Ha CMepy 3a ayTOMATCKO YIpaBJbame U QIyHIHY TEXHUKY.

Taxolhe ce 3axBasbyjem npod. np Hparany [Ipmuhy. 3ancra nieHuM 3anarame U CBaKH cat
KOJH j€ POBOJIMO Ca MHOM Y JJabOpaTOpHju 3a ayTOMATCKO yIpaBibamke U QIyUIHY TEXHHUKY. be3
IbEra, eKCIepruMeHTaIHa Bepudukanrja 100MjeHnX pe3yaTara Koja je npukaszana y [lornasmpy 6,
curypHo He Ou Omia moryha.

Kenum nma ce 3axBanmm nipod. ap 3opany byderiy u npod. np 3opany Pubapy, Ha Beoma
KOPEKTHOM OJIHOCY TIPH TIPETJIeay MOje JOKTOPCKE AUCEpTaIHje.

MunucrapctBo Hayke je Kpo3 CTUICHIM]y Ha JOKTOPCKUM CTyaWjamMa y BEIHKO] MEpH
OJIAKIIIaJIO MOj pajl Ha Te3W M Ha Ta] HAYMH 3ay3UMa BaXKHO MECTO y MOM IIIKOJIOBamy. Takohe, He
Mory 3a0opaBuTH HU ctuneHauje Munuctapcta Ilpocsere, honna Brnage 3a miane Tanenre,
Yuuep3uteta y Kparyjesuy kao u ['paga KpasbeBa koje cy Mu npyxaie GUHAHCH]CKY MTOJPIIKY
Ha OCHOBUM CTyJlHjama.

Ha xpajy, orpoMHy 3axBaJTHOCT IyTyjeM Majlld M OIly 3a CBY INPYKEHY JbyOaB, Opury u
HEOIIXOAHY MOJAPLIKY.

Braoumup Cmojanosuh, ounin. mawt. undxic.
KpaseBo, Asryct 2013.



JIoKTOpCKa JucepTalija Pesume

Pesume

[IpumeHnoM mpuHIMIIA LPHE KyTHje W TeopHja BepoBaTHOhE, CTOXACTHUKHX IpoIeca H
MaTeMaTH4Ke CTAaTUCTHKE, y3 Kopumiheme yna3HO/M3Ia3HUX Mepema pasMmarpa ce MoryhHocT
nobujama MaTeMaTHUKUX Mojena. OKBUPH 3a J00Mjame MOJeNa Cy OIIITH jep ce MPETHOCTaBba
Ja cy croxactuuku mopemehaju Heraycosu. TakaB MOZEI j€ MPETYyCIIOB 3a MTPOjEKTOBAE IIIMPOKE
KJIace MHIYCTPH]CKHX peryyaTopa.

Teopuja muiaHupama eKCIIepUMEeHTa UMa BaXKHY YJIOTy y noBehamy Op3uHe KOHBEpreHIHje
PEKYp3UBHUX ajropuTamMa kKao W y ckpahemy BpemeHa uaeHtuduxamnuje. [ToBehana Op3wHa
KOHBEPTeHIIMje aNropuTaMa YNHU X BEOMa MIOBOJFHUM 32 MIPAKTHUYHY IPUMEHY. Y Ta3HU CUTHAIIN
3a HACHTH(PUKAIN]Y KPEHPajy ce MPEKO PEKyp3UBHE pefialije 3a ayTOKOBapHjallony QYyHKIIH]Y.
CuHre3a ayTokoBapHjamone (pyHKIMje 3aCHOBaHa j€ Ha UjejaMa U3 MPEAUKTUBHOT YIIPaBIbamkba,
MIPU Y€MY yMpaBJbadKy CUTHAJI KMa KOHa4aH adader.

[IpakTuHa HMCTpakMBama TMOKa3yjy Aa mopemehaj, y ommTem ciy4ajy, ©Ma HETayCOBY
pacniozeny. IToceOHO je BaxkaH ciydaj KaJa ce IojaBe OIcCepBallyje Koje Cy HEKOH3HCTEHTHE Y
0JIHOCY Ha TJIaBHHHY Momyaiije, ayriaajepu (outliers).Pacnogene BepoBarrohe 3a Taj ciydaj cy
NpUOIMKHO HOpManHe (& -KOHTaMHUHHpaHe) M IpeIMeT Cy WHTEH3HBHOI MpOydyaBama Y
MaTeMaTHYKOj CTAaTHCTUIM. 32 TaKaB CIIy4aj ce Mpeuiaxy poOyCHHU aITrOpUTMH UICHTUUKAIH]E,
IpU YeMy poOYCHOCT MMa CTaTHCTUYKH KapakTep.

Pasmatpa ce mpumena poOycHor KammanoBor ¢unartpa y wuieHTH(GUKAIU]A MOEIa
3aCHOBaHMX Ha rpemny wusnaza. Pooycan mnpommpenn KanmaHoB QuaTtap ce KOpUCTH 3a
uneHTuduKanujy onmre GopMe HEITMHEApHOT MOJena y MPOCTopy crama. Mnentudukanuja
npoleca ONUCAHUX OIIITAM MOJEIOM (HEMO3HATH MapamMeTpyd M CTama Mpoleca) 3axTeBa
yBohewe mpommpeHor Macpebe3-MaptuHoBor  Quitpa. YBohemeM  mpemioKeHUX
XCYPUCTHUKUX Moaudukanuja nmosehasa ce GprekcHOUIHOCT, y CMUCITY IPAKTUYHE IPUMEHE Kao
1 Op3uHE KOHBEPreHIje poOycHor GuiaTpa.

[Ipukazana je HagMONHOCT MpPEIOKEHUX POOYCHHMX airopuramMa y HUIACHTU(PUKAIU]H
CHCTeMa ca BPEMEHCKH NPOMEHJbMBUM IapaMeTpuma, koju 3acHoBaHu Ha OE kimacu mopena.
[IpakTnyHM acmekT AOOMjeHUX pe3ynTaTa HMOTBphEeH je Kpo3 EKCIepHUMEHT Ha IHEYMaTCKOM
MUJIUHAPY KOJU C€ Hajla3u y jJabopaTopuju IEHTpa 3a AyTOMATCKO yIpaBJbamke U (QIyuaHy
TexHuKy PakynTera 3a MalIMHCTBO U rpaljeBuHapcTBO y Kpasbeny.



JIOKTOpCKa JMcepTaLuja Abstract

Abstract

By applying the principles of black boxes and ptoliy theory, stochastic processes and
mathematical statistics, with the use of input thatt measurements, the possibility of obtaining
mathematical models is considered. Frames for wibaithe model are general because it is
assumed that the stochastic disturbances are noss(aa. Such a model is a prerequisite for the
design of wide range of industrial controlers.

The theory of experiment design plays an importa in increasing the speed of
convergence of recursive algorithms as well astshorg the time of identification. Increased
speed of convergence of algorithms makes themfagoyable for practical application. The input
signals for identification are created through ribeursive relation for autocovariance. Design of
autocovariance is based on the idea of predictordral, where the control signal has a finite
alphabet.

Practical studies show that disturbances, in géné@e non-Gaussian distribution.
Particularly important is the case when there &iseovations that are inconsistent with respect to
the majority of population (outliers). Probabildistribution for this case is approximately normal
(& -contaminated) and is the subject of intensiveystnanathematical statistics. In such case, the
robust algorithms for identification, where robwests has a statistical nature, are proposed.

It is considered the application of robust Kalmi#terfin identification of output error model.
Robust extended Kalman filter is used for idendifion of the general form of the nonlinear state-
space model. Identification of the processes desdrby general model (the unknown parameters
and states of the process) requires the introduaifoextended Masreliez-Martin's filter. By
introducing of the proposed heuristic modificatiogreases the flexibility in terms of practical
application and the speed of convergence of thestdiiter.

The superiority of the proposed robust algorithras gystem identification with time-
varying parameters, which are based on OE modatsbben shown. The practical aspects of the
results have been confirmed by experiment on arpaga cylinder, which is located in the
laboratory of the centre for automatic control dliael technique of The Faculty of Mechanical
and Civil Engineering in Kraljevo.
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Jokropcka aucepranmja O3Hake

O3nake
O3naka Onuc
N Ckyn npupoaHux O6pojeBa
Z Ckyn nenux 6pojeBa
R Ckyn peannux O6pojeBa
C CKyn KOMIUIEKCHUX OpojeBa

] MMarunapHa jeiuHuna, | =J-1

[a b] {xOR:as<x<b}

(a,b) {xOR:a<x<b}

(ab] {xOR:a<x<b}

[a,b) {xOR:a<x<b}

AUOB Ckyn A je moackym ckyma B

XT TpancnoHoBame Matpuiie X

X KomyroBano KOMIIJIEKCHO TPAaHCIIOHOBAKE MaTpUILle X
|X| AncoiryTHa BpeqHOCT Opoja X

|| x” Eyknnacka HopMma BekTopa X

det(X) HerepmunanTa matpuie X

tr(X) Tpar matpune X

A (X) Hajseha concTBena BpegHocT matpuie X
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X>0

sgn(x)

argmaxf &’

O3nake

[To3utnBHO NedUHUTHA MaTpHLIA
[To3uTuBHO MonyaepuHUTHA MaTpULIa

Jenquuuuna matpuna peaa n

Hyna matpuna pera nxm

OrnepaTop MaTeMaTHUYKOT OUYEKHBAHHa
OrnepaTop yCIIOBHOT MaT€MaTHUYKOT OYEKHUBamba

AyTtokoBapujanroHa QyHKIHMja
KpyxHa yyecrtanoct

Crnexrap cHare yjaa3HOT CUTHajIa

I'enepucany OMHApHU CUTHAT

Curaym dynxuja

AprymeHT Koju MUHUMHU3Hpa QyHKIH]y T (X)
Bapwujanca cimydajHor curHana

CreneH KOHTaMUHAITH] e

HopwmainHa knaca pacnozene

Onepatop momepama yHasaz, g u(k) =u(k —i)

JIucKpeTHO BpEMEHCKH MPEHOCHU OTIepaTop

Va3 cucrema y K — ToM TpeHyTKY BpeMeHa

HW3na3s cucrema y K — ToM TpeHyTKY BpeMeHa

[Mapamerpu OE mozena, (i =1,...,n; j=1... ,m)
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e(k)
p(D)
w(k)

J(k|k-1)

£(k)

v (k)
T(k)
p(D)
Y0
#(k)

0

B

6

P
P(k|k -1)
P(k|k)
M

M

Bekrtop m3naza, Y =[y(1) y(2) ... y(N)]

bpoj ynaszuux / u3na3Hux mnojaraka

ITopemehaj nznaza 'y K — Tom TpeHyTKy BpeMeHa
DyHKIIMja TYCTHHE BEPOBAaTHONE ClTy4ajHE IPOMEHIbHBE
IMopemehaj cucrema y K —ToM TpeHyTKY BpeMeHa

[Mpenuknuja u3nasa 'y K —ToMm TpeHyTKy BpeMeHa 3aCHOBaHa Ha TPOIILITAM
MepemhuMa

I'pemka npenukimje, £(K) = y(k) = y(k)
Tpaunchopmucanu pesuayain, V(K) =T (K)e(k)
Tpanchopmaninja rpemke npeauKimje
Oynk1Mja ryouTKa

Dyuxumja yrunaja, ¢(0= 0 (1)

BexTop Mepema miu perpecuje

Bekrop mapamerapa cucrema

2 T
[pommpenu BEKTOp mapaMeTapa, [ = [6’ o ]
Ipeaukiyja BeKTOpa mapamerapa

ACHMIITOTCKA KOBpHjallMOHA MaTpHIla

AnpropHa KOBapHjalloHa MaTpuUIla
AmocTepropHa KOBapHjallnoOHa MaTpHUIla

dumeposa matpuua uapopmanuja, M =P~

Ycepeamwena Gumeposa MaTpuna nHGopMmarmja, M = Lim 1/N(M)
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r(t)
Cq(t)
i

iy
a(t)
B(1)

ps, pl, pO

=

> e

Bapujanuja remneparype

Koedumujent npaxxmema BEHTHIA

Macenu npoTok 1rypema u3Mely komopa HUInHApa

MaceHnu npoTok Kpo3 i — TH OTBOp

TornoTHn KoepHUIHjEeHT
Heonpehenu rpannyan napamerap
[IpuTHuciu: HarojHH, y | — TOj] KOMOPH IIJIUHJpa, aTMOC(epCcKu

Maca knumna u ontepehema

KoedunmjeHt BUCKO3HOT Tpema

KoedunujeHt enactuaHOCTH

EdexTuBHa noBpimuHa, | — T€ CTpaHe KIuMa
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Ckpahennue

Ckpahenuue

FIR

ARX

ARMAX

BJ

PE

OE

LS

RLS

WLS

RWLS

ML

KYP

LMI

MIMO

SISO

PRBS

MPC

c.B.1

Konauno HMITYJICHU OA3UB

AyTOpEerpecuBHI MOJEIN €A Er30I€HUM YJIa30M

AYTOPGFPGCI/IBHI/I MOZACI Ca TIOMUYHOM CPpCANMHOM U CT30I'CHUM YJIa30M

Box—Jenkin®s monen

Merton rpemike npeauKImje

Meron rpeuke usnasa

Hajmamu kBagpatu

PoGycHu HajmMamu KBaapaTu
TeXMHCKU HajMambH KBaIpaTh
PoOycHHU TeKUHCKU HajMambH KBaipaTu
MaxkcruMaaHa BEpOIOCTOJHOCT
Kalman-Yakubovich-Popoxema
JluHeapHa MaTpUYHA HEjeTHAKOCT

CucreMm ca BullIe yJja3a U BUIIC U3Jia3a

CucteM ca jeJTHUM yJa30M U jeTHUM H3J1a30M
[Tceyno cnydajaa OMHapHa TOBOpPKA CUTHAJIA

[IpenuKTUBHO yNpaBibakbe 3aCHOBAHO HA MOJIEITY

Ca BepoBatHohom 1




Jokropcka aucepranmja VYBon

YBOoa

1.1 UnenTudukanuja cucrema

MaremMaTHYKd MOJEIHM PEATHUX CHCTEMa Cy OCHOBAa Yy CBUM Hay4yHHM OOJIaCTHMa H
WHXKCHEPCKUM TpUMeHaMa. MaTeMaTHuku MOJeN je OJ HApOYHUTe BAXKHOCTH 33 ayTOMATCKO
yhpaBJbame, TN je Wb J1a ce Ha 0a3u Mojena MpOjeKTyje peryiarop koju he mpumoparu
JUHAMHWYKHU CHCTEM J[Ja CC€ IIOHalla Ha XCEJbEHU Ha4duH. O6I/I‘-IHO C€ MaTEMaTHU4YKHU MOJACIN
KOHCTPYHIIY Ha OCHOBY (yHJIaMEHTAIHMX 3aKoHa Hayke. Mehyrum, y cinydajy kajga Hema
AOBOJBHO AIIPHUOPHOT 3HAKbA O CUCTEMY, HUJIU Ka/la TAKBO MOJACIHNPAKLC 3aXTCBA CYBUIIC BCIIMKU
yTPOIIaK BPEeMEHa, MOJIENI CHCTEMa CE MOXE WICHTH(HKOBATH HA OCHOBY EKCIIEPUMEHTAITHUX
MoJlaTaKa.

Cx0JHO TOME, ITOCTOj€ J]Ba OCHOBHA MPHUCTYIA AePHUHUCAHA MATEMAaTHUYKHX MOJIeNa!

1) ®usnuko moxeaoBame win npunHiun oene kyruje (White Box), roe ce mporec ce
Mo/IeNlyje Ha OCHOBY ()yHIAMEHTAIHHUX 3aKoHa Hayke. OBaj MPUHLMN je€ OTPaHUYEH Ha
npocre cirydajese (mmporece).

2) Unentnpukanuja cucrema win npuHuun npHe kyruje (Black Box),mpermnocrasipa na
Ce MOJIeN TIpolieca MOJKE ONHUCaTH ope)eHOM MaTeMaTH4IKOM CTPYKTYPOM M Ha OCHOBY
KOHA4YHOT Opoja yina3Ho/M3Na3HUX Meperha U IMPUMEHE CTATUCTUYKHUX TEXHHUKA oapelyjy
ce onrorapajyhu mapameTpu 3a uzabpany CTpyKTypy.

[Topen HaBeneHWX OCHOBHHX MPUHIUIA, TOCTOJU M XUOPUAHH MIPHUCTYN KOjJU TIPEICTaBIba
KOMOWHAIM]y Ba OCHOBHA mnpucTtyna. [lomy-Gpu3ndko Moaenupame WK MPUHIINI CUBE KyTH]E
(Grey BoX) je y OCHOBM TOKYyIIaj Jla Ce Yrpaad ampHOpPHO 3HAKE O MPOIECy Yy alropuTam
unentudukamuje. [Ipodaem je HeTpuBHjanaH.

VY te3u he ce pasmarpatu uneHtudukanuja cucrema. [Ipu uaeHTHGUKANIMjU cucTeMa HE
MHTEpecyje Hac JIeTaJbHO pa3yMeBame TaYHOI cucTeMa. MaeHtudukanujom cucrema ojasu ce
JI0 pa3yMHE MaTeMaTHYKe almpOKCHMAIlM]je€ TaYHOT CHCTEMa KOja C€ KOPHCTH 3a IMPOjEeKTOBAMKE
perynaTopa, CHMYJIalWjy WIM NpEeIuKIHjy ToHamama cuctema. OBaj 3amarak HoapasymeBa
KOMITPOMHUC M3Mel)y Tperu3HOCTH U ClIokeHocTH. Ha mpumep, 3a perynucame WHAYCTPH)CKUX
polieca, 9ecTo je JOBOJbHO JOOUTH MPOCTHjU MoJIen HIKer pena. Jlok je 3a morpede nerabHOT
yBUJA y PU3UYKH CHCTEM MOTPEOHO JOOUTH CIIOKEHUJU B CODUCTHIIMPAHU]H MOJIEI.

[Iponienypa KOHCTPYKIMje Moiena, KopuIlhemheM HIeHTH(PHKALIK]je CUCTEMA, CACTOJH CE€ O
HEKOJUKO (haza:

» Ilnanupame eKkcriepuMeHTa

» Tlpukyrpame mojaTaka
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» U300p cTpyKTYype Mojena
» IlporeHa mapameTapa Mojesna

» TlpoBepa TaYHOCTH JOOHjCHOT MOIelia

Omnmira opma JrMHEapHe CTPYKTYpe MOJIENIa Y BPEMEHCKOM JIOMEHY IJIacu:

N@WH=§$MH+z$d© (1.1)

mpu wemy cy A(Q), B(q), C(q), D(Q) u F(Q) mpenocH: momuHOMH ZOK (' MpeACTaBiba
oreparop nomepama yHasau, 1j. g X(K) =x(k —i), u To:

AQ)=1+aqg +.+3 q"™

B@)=hq"+..+b g™

C(g)=1+cg™+...+c g™ (1.2)
D(g)=1+dq™*+...+d, g™

F@=1+fg +...+f q"

VYV ommroj crpykrypu (1.1) ymas cucrema je osmauen ca U(K), Y(K) mnpencrasiba
oarosapajyhu mnznas, nox &K) mepunuine nopemehaj (rym).

F&)
D(q)
F(q@
uwk) [ B + Jf 1 | vk
Cl@ = A(Q)

Camka 1.1 Omnmta TuHEapHa CTPYKTypa MoJIesa

VYV 3aBHCHOCTH O]l HAUMHA Ha KOjU c€ Mojenupa nopemehaj, CTpykType Mojena ce Mory
CBPCTAaTH y JIBE TPYIIe: CTPYKTYpE 3aCHOBaHE Ha IpelIly jeHadnHe (equation erronm ckpaheno
EE) u ctpykType 3acHOBaHe Ha rperny usjiaza (output erromu ckpaherno OE). Kox ctpykrypa
MoJieNla 3aCHOBaHE Ha TpelId H3Jla3a, MOJAEN Ipoleca W Mojen mopemehaja He caapke
3ajeJHMYKE MapaMeTpe, ITO YCIOBJhaBa Jla C€ MOTY HE3aBHCHO mapameTpu3oBaTu. CTpyKType
MoOJIela 3aCHOBAHE Ha TPEIIH jelHaunHe MPETIIOCTaBIbajy Ja U Mpolec U nopemehaj nuMajy ucty
JTUHAMHUKY. JaCHO je J1a OBa MPETIIOCTaBKa HHje pealHa.

[Mpenukumja nzmaza ce kog ARX Mozena, koju mpunaaajy CTpyKTypHu TpEIIKe jeTHaYnHe,
MOXK€E€ 3a11mMcaTu Ha CJIG,Z[GhI/I Ha4YUH.

§(k) = 8" (K)g(K), (1.3)

IJIC CYy BEKTOpP HPOLCHE NapaMeTapa U BEKTOp MCpCHa.
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br=[a .. a4 B .. BJ, (1.4)
@k) =[yk-1) ... yk-n,) uk-1) .. uk-n) . (1.5)
e(k)
1_
A(Q)
uk) BQ + 1 vl
A@) e

Cmmka 1.2 ARX mozen (Moaen Tuma rpeike jeJHaunHe)

V ciyuajy Aa ce nmpeTnoctaBu jaa ce nopemehaj He Mozenupa, MoJENI CUCTEMA MOXKE J1a Ce
IPEJCTaBU Kao MOJIEJN I'pellIKe n3jasa;

B(a)

y(k) =——<+e(k), (1.6)
C(a)

na he oarosapajyhu nmpeauKkTop Tpenike u3iaza OuTH:

9(K) = 6" (K)P(K), (L.7)

IJie Cy BEKTOP MPOIIEHE MapaMeTapa U BEKTOp Mepermha

~ N n ~ ~ T

0(k):[q . &b bnb} , (1.8)

P (K) =[§/(k—1) e. Yyk=-n) uk-1) ... u(k—nb)]T . (1.9)

e(k)
uw®) [BQ@ + Lr y(K)
C e

Cauxka 1.3 Mogen Tuna rpemke usnasa

V Te3u he ce pazmarparu anropuT™Mu uaeHTUUKaIMje Koju ¢y 3acHoBaHu Ha OE monenuma.
Paznuka y oJHOCY Ha IPEAMKTOP KOpUIINEH y arOpuTMUMA THITA TPEIIKe MPETUKIUje, OTJIea ce
y 3amenu usnasa cucrema Y(K) ca npemuxumjom umsnaza Y(K) y BekTopy Mepema (BHIETH
penaruje (1.5)u (1.9)).

Anroput™Mu uaeHTHU(UKAIM]e KOJU Cy 3aCHOBAaHM Ha CTPYKTYpH TpeIIKe m3ja3a 0osbe
onmbanyjy yrunaj mopemehaja (umajy Oosbe mepdopmance). OBo Moxe OUTH 0O0jalImHEHO
YUEBCHUIIOM JIa H3J1a3 TPEAMKTOpa 3aCHOBAHOT Ha TPEHINH W3ja3a HE 3aBHCH JUPEKTHO O]
U3Ja3HUX BEJIMYMHA CHCTEMa Koju cy mopemeheHu mymom Beh MHIMPEKTHO, MOCPEACTBOM
ajganTanuoHor anroputMma. Kako Bpeme oaMuue, ymoTpeOoMm omanajyher amanTaroHOT
1ojavyama, OBa 3aBUCHOCT CE CMamYje.
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1.2 Ilnanupame eKciepUMEHTA

BaxxHo Mecto y Te3m 3ay3uma mpBa (aza uaeHTU(HKAIMjE CHCTEeMa — TUIAHHPAbE
excnepuMenTa. [locToje MHOTH acTieKTH Koje Tpeba y3eTH y 003Hp MpH IIaHUPaky eKCIIepUMEHTa
3a uACHTUHUKAIN]Y HEKOT cucTeMa. [[pojekToBame ONTHMATHOT yJIa3HOT CUTHAJA j€ JeTHO BaXKHO
nutame. Teopuja uneHTuduKanyje je 3aCHOBaHa Ha IPETIOCTAaBIH Ja MEpeha Ha U3J1a3y CUCTEMa
Hoce HH(POPMAIIH]y O MPOIIECY KOJH Cc€ y CUCTeMy ojiBHja. Mako je oBa mpeTnocTaBka HECYMEUBO
TayHa, MIOCTaBJba C€ MUTaWmE J1a JU je Ta nH(popMalHja J0BOJbHO Oorara ga O ce carienano
KOMIUIETHO TIOHAIIale CHCTEMA M Ha OCHOBY Koje OM ce oJipeano ajekBaTtaH Monen. KoHkpeTHo,
IJb j€ TPOJeKTOBAaTH YJIa3HM CHUTHAJ KOjU MaKCHMM3HMpa KOJMYMHY HH(OpMaluje Koja je
nobujeHa u3 eKCrepuMeHTa, Oynyhu 1a je mpaBH CHCTEM anpuOPHO Hermo3Har. Y Te3u he Outu
pasMaTpaHd ONTHMAJIHM yJa3HU CHUTHATU KOju he ce KOPUCTHTH 3a WACHTHU(PHKAIM]Y KaKo
JMHEapHHUX TAaKO U HEIMHEAPHHUX CHUCTEMA.

[IpoGnemM mnmaHupama EKCIEPUMEHTA CE€ Yy OIITEM Ciydajy Moxke AehUHUCATH Kao
onpehuBame MUHMMyMa HEKe CKalapHe (yHKIMje HMHBEp3HE AaCHMITOTCKE KOBapHjallMOHE

matpune P!, y3 orpanmuema ynasme u/win msnasHe cHare. Ilpumepu o6uuno kopuimheHux
KpUTEpHjyMa Cy:

A—onmumannu kpumepujym . tr(P™)

E — onmumannu kpumepujym: A (P™) (1.10)
D — onmumannu kpumepujym: det(P™) .

L — onmumanuu kpumepujym . tr (WP ™)

Moryhe je pazmaTpatu mpo0JeM IUIaHUpamka EKCIIEPUMEHTa KaKO Y BPEMEHCKOM TaKo Uy
(peKBEeHTHOM JOMEHY. Y BPEMEHCKOM JIOMEHY NpoOjeM ce CBOAM Ha HEJIMHEapHU MpoOiieM
ONTUMAIHOT yrpaBjbatba ca N cio00JHHX TpOoMEHJbUBUX (OpOj MPOMEHJBMBHX je& jeaHAK
OyXXWHH Hu3a ojgabmpaka). KommiekcHocT je OMO jemaH O pasjiora KOju je MOTHBHCAO
UCTpaXMBa4ye Ja TMOKYyIajy AeQUHHUCATH YJIa3HU CUTHAI y (pexkBeHTHOM paomeny. [lox
MPETIIOCTABKOM J1a j€ BeMKU Opoj ogabupaka U orpaHuvaBajyhu ce Ha Kiacy yias3a Koju uMmajy
CHEKTPAJIHY PeNpe3eHTaln]y, MOTYy ce JOOUTH NMPUKIAJIHU H3Pa3H 32 MHBEP3HY ACUMIITOTCKY
KoBapujaruony matpuily, P~ . IlltaBumle, niaHupame eKCIepUMeHTa Y (PEKBEHTHOM JOMEHY
00e30ehyje makiie npeacraBibamke pe3yiTara.

Jakme, cBu mpoOJieMH TUIAaHMpamka EKCIEepUMEHTa MOTY OuTh (opmyianucaHu Kao
ONTUMU3AIMOHN TPOOJIEM KOjU YKJbydyje HEKa oOZpanuuer,a Keanumema mooena Kao U
ozpanuuersa cucnana. KBalIuTaTMBHA OrpaHHYeHa Cy OOMYHO (YHKIHja AaCHMIITOTCKE
KOBapujaluoHe Martpuiie P, ma je npupoAHHje KOPHCTUTH ynasHu crekrap P («w) 3a
IPOMEHJBHBY BEIMYHMHY ONTHMAIHOT yna3a. OrpaHndema CUrHajla MoOpajy OMTH yKJbydeHa 1a ou
ce 10010 100po MocTaBIbEeH MpobdieM. Jenan o MpakTUYHKUX MpolieMa ca KojuMa ce HHXKEHhepu
cycpehy je orpaHUYEHOCT KamanuTeTa akryatopa. [lopes Tora, Heke CUTHaJIE je TEIIKO MEPUTH I1a
je orpaHm4eHo ao0ujame BPEeMEHCKE cepuje mojaTtaka. JlepuHucameM orpaHuyerma yaa3HUX
cUTHayIa u30eraBa ce Kopuiiheme OECKOHAYHE YIa3HEe CHare.

Omniura opMynanmja miaHUpama eKCIEPUMEHTa Y CBOM IPBOOUTHOM OOJIMKY je HEpeIInBa
U3 BHIIE Pa3Jora:

» OrpaHuuema ¢y OOMYHO HEKOHBEKCHA M TaKBU ONTHMHU3AIMOHU MPOOIIEMH MOTY
OWTH TEIIKH 32 PEIIaBamke
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» OrpaHuyema y MHOTUM ClTydajeBUMa Cy OECKOHAYHO TUMEH3HOHAIIHA, IITO MO3MBA
Ha NMOCeOHY NaXby MPU MPEy3UMamy IMOCTYIKA ONTUMH3AIIN]e

» Takobhe ce jaBipa poOJIeM MpOHATAKEHA pealU3allkje YIIa3HOT CHTHAJIA KOjU MMa
XKeJbeHe crekTpaiHe ocoduHe. OBaj mpoOieM ce Ha3uBa (pakTOpH3alMja YJIa3HOT
criektpa. Jlakie, ynorpeObeH alropuraM MpojeKTOBamba yinaza Mopa CaapKaTH H
JPYTU KOpaK KOjH W3BpIIaBa (GaKkTOPHU3AIH]y YIa3HOT CIEKTPA.

» ACHMITOTCKA KOBapHjallMOHa MaTpHUIla OOWYHO 3aBHCH OJf TAYHHX BPEIHOCTH
napamerapa P = P(68), koju cy Hemo3Haru.

[Tomohy criekTpa yna3HOT CUTHAIA MOXKE C€ YTHIIATH Ha KBaJUTET Mojiena. HajBurie maxmme
ce nmoceehyje P™', koja ce HasmBa dumepoa mMatpuna uadopmarmja. To je 3ato mro ce P~
MOKe OOJIMKOBAaTH y3 momoh yiasHor curHana U, oqHOCHO ynasHor crektpa P (w). Kipyunu

ajaT y MpojeKTOBaWkY yJa3HOT CHTHAJIA j¢ YBOheme KOHAUYHO TUMEH3MOHAIHE TTapaMeTpHu3alinje
criektpa (HIp. cyma cuHycona). Ha Taj HaunH npBe Tpu noremkohe mpojeKToBama ONTHMAITHOT
yliaza ce Mory mpeBa3uhu.

UumeHHIIA ]a ONTHMAITHO PEIleH-e 3aBUCH O] KapaKTepa CHCTeMa KOju ce UICHTH(UKY]E je
AXnioBa meTa y MpojeKTOBamby ONTHMAIHOT yia3a. Y peaJHuM NpHMeHaMa, OBa YHI-CHHIA Ce
Mopa npeBasuhu. ['eHepaiiHo, OCTOje JIBE CTpaTeruje MmpojeKToBama NodyaHor curHaia. Ilpsa
crpateryja je ad-hoernieme, Tj. Kopuiheme HEKEe CTaHaapAHE IEP3UCTEHTHE 00y e, HITP. Oenu
myM Wi nceyno ciydajuu Ounapuu curHan (PRBS). [pyra crpareruja je amganTHBHO
IPOjeKTOBAKE YJIa3HOT CHTHAJa M3 JiBa jAeja. Y MPBOM Jey je NpUMemeHa HeKa CTaHAapIHa
nolyaa Koja CIy)KM 3a WACHTHU(HKAIM]y MOYETHE INpOLIEHE MapameTrapa cucreMa, koja he
3aMEHUTH TayHE BPEIHOCTH KoOje Cy Hemo3Hare. J[pyru /eo caunmaBa ONTHMAIHU yia3 KOju ce
caJla MOXKe IOOUTH Ha OCHOBY ITO3HATE MPOLIEHE NTapaMeTapa cucreMa. Y 0BOj Te3H je KopHuinheHa
HOCJIE/Iba CTpaTeTHja 3a Kpeupame yJIa3HoT curHaia. [lomTo mporec MoaenoBama MOXKe OUTH
BEOMa JYToTpajaH, ynorpeda ONTUMAIHUX YJIa3HUX curHaja he omoryhutu aa ce Bpeme Tpajama
eKCIIEpUMEHTA PEAyKyje Kao M J1a e CMamU HUBO yJIa3He o0y/Ie.

1.3 PoOycHa unentudukanuja

VY onmrem ciydajy, npobieM peKyp3MBHE HACHTHU(HKAIM]E CACTOjH Ce MPOHAIAKEHY
npolieHa apamerapa cucrema 6, MUHUMHU3UpPakeM KpuTepujyma nepdopmanci, [2]:

06) = E{e2(.0)}, £()=y(k)-9(K), (1.11)

npu yemy rpemika npeauknuje (pesunyan) £(K,6) npencrasiba pasnuky usnasa cucrema Y(K) u
usnasza mozaena Y(K), nox E{ [} o3mayaBa omnepaTop MaTeMaTUUKOr OUEKHBAKbA.

VYxkonuko nopemehaju MMajy HOpMaJHy pacrojeiy, alropuTaM HACHTU(UKAIUje KOjH je
3aCHOBAaH OBOM KPUTEPHjyMY, j€ ONITUMAaJIaH Y CMUCITY MUHUMAJTHE BapHjaHCE TPEITKe PEIUKITH]e

£(k), [2]. MehyTuM, peasHi MEpHU MOJALM pazauyuTe (GU3UYKE MPUPOJE, IO MPABHIY YBEK
caJip>ke HEKOH3UCTEHTHE OIICepBallije Y OHOCY Ha MIaBHUHY TOITyJIallkje Meperba, TK3. ayTiajepe

(outliers), [12-14, 16]./lakme, croxacTHuku mopeMehaj mpeacTaB/ba pealn3andjy Kiace & -
koHTamMuHUpaHe ["aycoBe pacnoerne (MK Kiace MpHOIMKHO HOPMATTHUX pacrozena), [11-13]:
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®. ={p(e): p(e) = (1-£)py (€) +£q(e)} , (1.12)
1P Yemy je
pu(8) ~ N (0,0%), ae)~ N (007 ), 07> T°. (1.13)

rie Py (6) ~N(0,0°) o3mauaBa HopmanHy OYHKIHjy TycTHHE BepoBaTHohe ca HYITOM

CPE/IMHOM U BapHjaHcoM O, ok ((€) yoOHdajeHo IpeicTaB/ba HOPMANHY BYHKIH]Y IyCTHHE

BepoBaTHOhE ca HYJITOM CpPeAMHOM W BapHjaHCOM ag Koja je 3HaTHO Beha on HOMHMHAJIHE

BapujaHce, O, ; > 0. Tlapamerap 0< £ <1 ce 30Be cTenen konTamMuHanuje. Ako je £ =0 Taza je

I'YCTHHA BepoBaTHONE MOTIYHO Mo3HaTa. Y Cllydajy HOTIYHOT OACYCTBa HH(POPMaLIKje O TyCTHHH
BepoBaTHohe, y3uma ce 1a je &€ =1.

[Momro kputepujym uaentudukanuje (1.11) naje MCTy TEXKUHY CBHM pE3HIyalnMma, Te
CIIOpaInyHE OTICEPBAIIH]je BEIMKOT MHTEH3UTEeTa Mahe 3HavajaH yTHIa] Ha pe3yaTyjyhe mporene
napamerapa. Edukacan HauMH 3a TOCTH3ambe POOYCHOCTH, Y CMUCITY CMambemha YTHLAja OBUX
HecarylaCHUX OIcepBaiuja, je mMoaudukanuja kBagpatHor kpurepujyma (1.11). Jakme, mojam
poOycHOCTH O3HauyaBa CIIOCOOHOCT Ja CHOpaJW4yHe peanu3anyje mnopeMehaja BeTHKOT
MHTEH3UTETa PE3yATHPajy MaluM IpOMEHaMa IpOIleHe MapaMmerapa. Y OIIITEM CIly4ajy,
pa3marpa ce poOycHu M —kputepujym ectumanmja, [13,16]:

0(é) = E{ p[s(k,é)}} , (1.14)

rae (0] npencrasiba HenuHeapHy (QyHKIH]jy ryoutka (loss function),koja tpebda “yrymuru”
HEXeJhEeHE OTICepBaIlyje.

U3 penammje (1.14) npousmnazu na je 3a AeUHHCAmE KPUTEPHjyMa HICHTU(HUKAILU]e
kby4aH n3oop pynknuje o(0l. IIpBa npernocraska je aa je pynkuuja o(0 mapHa Tj.

p:e(k,é): = p[—g(k,é)] . (1.15)
Coducruiupana aHanusa mokasyje aa je, [13,19]:

p| £(k,8) | ==1n p(e(k))|epgeikey - (1.16)

py 4emy je p(e(k)) no3Hara rycruHa BepoatHohe nopemehaja e(k) .

[IpernocTaBka 0 TauHOM IO3HABamy pacrojene nopeMehaja y mpakcu HHUje HCIYHEHA.
MHoro je peanHuja IPETIOCTAaBKa Ja j€ MO3HaTa Kjlaca pacrojena kojuma nopemehaj npumnaja.
CBakoMm HHMBOY anpuopHe umHpopmanuje o nopemehajy oarorapa ojpeleHa kiaca pacrojene
BepoBaTHohe P. Ha kiacu pacnonena pyHkiuja ryouraka ce oapelyje 3a HajHENOBOJbHU]H CITyYaj.
U3 Teopuje urapa 3a aCHMITOTCKY KOBapHjallHOHy MaTpPHUILY BayKH:

V() V(P ,p) V(P ), (1.17)

pu 4YeMy je Po MPOM3BOJbHA BepoBaTHOha W3 Kiace pacmnojnena P. HajHemoBospHHja TyCTHHA
BepoBaTHoOhe ce ozapelyyje npema:
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p(e) =argmay @, ) (1.18)

p 0P

HeTrpuBujamHuM MOCTYIKOM c€ TTOKa3yje Ja jeé HajHETOBOJbHH]a TYCTHHA BEpOBAaTHONE 3a Kjacy
NpUOIKHO HOpMAITHKUX pacroaena, [17-19]:

_ 2
Cree-S]. sk

@xp(k| j g >k,

rae je K. momecuBu mapamerap Koju Tpeba ga 06e30e1u KebeHy epUKaCHOCT PH HOMHHATHOM

p(e)= (1.19)

5l 5

nopemehajy.

p*(e)

-kg O kg =
Cauka 1.4 HajuenoBoJbHHja TyCTHHA BepoBaTHONE Ha KJIACH MPUOIMKHO HOPMAJTHHUX PacIofesia

Ananutnuaka popma Xybepose GpyHKLH]je TyOUTaKa je

k)’ J_n

A (k)| < k,
p(e(k)) = 1 2 o (1.20)
k.Je(k)| X +| 1_—’; l£(K)| > k,
p(e(k))
ke 0 kg o(k)

Cauka 1.5 Xy6epoBa QpyHKIMja ryOUTKa

M3 npakTHYHUX pa3liora, MoxesbHo je na u3Box dynkmwmje ryourka /(0= p (0, xoju ce y
CTaTHCTUYKO] JHuTepaTypu HasuBa (yHkumja yrunaja (influence function)Oyne orpanuyeH u
Henpekuaan, [12-13]. Haume, rmaBuu 1iusb y poOYCHO] HACHTU(DUKAIU]H je 1a Ce eTUMHHHUIIE
yTUIAj CHOpaJUYHUX peain3anuja mopemehaja BETMKOT MHTEH3MTETa KOje Cy HecarjlacHe ca
TJIABHUHOM IIOITyJaiyje Mepema. M36opom orpanndene ¢pynkuuje ¢/ () o6e36ehyje ce na HujeqHa
caMoCTajlHa HecarjlacHa OIcepBalfja HeMa 3HauyajaH yTUL] Yy Tpolecy HACHTU(UKaIHje.
Honataum ycnoBom na ¢ysaknuja ()] Oyne m HempekugHa o6e3belyje ce na rpymnucane
HEKOH3HMCTEHTHE OICepBalldje HeMajy JTOMHUHAHTAaH yTUIA] HA KBAJUTET ectuMmaiuje. Taxobe,
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HenmuaeapHa ¢yHkiuja (/([) Tpeba na Oyme auHEapHa 3a MOAATKE KOjU HUCY KOHTAMUHUPAaHH,

MOIITO HAa peryjJapHUM MepemHMa poOYCHU aiaroputaM Tpeba Na ce MoHamia Kao JTUHEeapH!
ajropuTaM HajMamHuX KBajpata. M3Bom XyOepoBe (yHKIHje ryOuTKa ce 3amucyje Ha cieachu
Ha4YUH.

W(e(k)) = min{ (k)] k.} sané k) (1.21)

'

V(e(k))

kel

|

|

J >
ke ke (k)

Cauka 1.6 13Bon Xybepose pyHkmje ryoutaka

Tpeba HamoMeHYTH Ja Yy PEKyp3UBHHM allOpUTMUMa HeEraycoBu mnopemehaju yHoce
HelMHeapHy TpaHcdopmanujy Tpemke npeauknuje koja uma dopmy (¢ (0). Ilocnenuma
kopumhema XyoepoBe ¢yHkiuje yrumaja /()] je momesbuBame MamHX TEKHWHA MaJIOM OpoOjy
BEJIMKHX pe3uiyaia, Tako J1a ayTiiajepu Hehe y BelnKoj MepH yTULATH Ha KOHAYHY MPOLEHY, Kao
U JI0/IeJbUBAKE JEIMHUYHUX TEXKHWHA TJAaBHOM Jey IMOMyJalije Mepema ca yMEPEHUM
pesuayanuma. Ocrane pynakiuje ¢ ([) koje ce yoOuuajeHo KOpUcTe y poOYCHOj CTATUCTULIA MOTY
ce BuaeTn y [15-16].

1.4 CtpykTtypa Te3e 1o norjiaBbumMa

VY TlornaBjby 2 pgaT je mperjel HUCTPAXHMBAUKUX pe3yiTaTa Be3aH 3a IUIAaHHpabe
eKCIIEpUMEHTa U pOOYCHY HICHTH(PUKAIN]Y THHAMUYKUX CHUCTEMA.

[IpBu neo Ilornasma 3 ce oxHOCH Ha (HOPMUpARE AITOPUTMA 33 FEHEPHCAkE OMHAPHUX
curHaia Ha 0a3u ayTrokoBapujanuone ¢yHkuuje myma “1/f” orpanuyeHor omcera, Koju je

3aCHOBaH Ha HJiejaMa MPEANKTUBHOT YIIPaBJbarha. AJITOpUTaM 3a TeHEepHCamhe OMHAPHUX CUTHANA,
Koju je npemnoxked y [30] yomreH je ga MoXe J1a reHepuile OnHapHE CUTHAJIEC Ca MPOU3BOJHHOM
oyeknBaHoM BpenHoihy (He mopa Outu 0). Y apyrom nemy OBOr IMoOriiaBjba je pa3marpaHa
unentudukanmja OE (output error)momena 3a ciydaj fa TOCTOjU OTPaHHYCH-C BapHjaHCE
usnazHor cur”ana. IlokazaHo je, y dbopmu Teopeme, Ja ce ONTHMAIHU yJIa3HW CUTHAM, Y3
orpaHWYeHa Ha W3Ma3, Jo0HWja MPUMEHOM peryjiaTopa MUHUMaJHE BapHjaHCE M CTOXaCTHUYKE
pedepentie. [IpemioxeHa je aqanTUBHA IBOCTEIICHA MPOLIEAypa 32 TCHEPUCAKE YIa3HOT CHTHAIA
3a UICHTU(PUKAIIN]Y AUTHAMUYIKHAX CUCTEMA.

OcnoBau ¢okyc Ilornasba 4 mpencraBiba (GopMHpame aNropuTMa HICHTU(HUKAIN]jE
JMHEAPHUX CTOXACTUYKHUX CHUCTEMa y MPUCYCTBY HErayCOBHX IIyMoBa. Kao mpupoHU OKBHD 3a
peiaBame 0BHX mpobiiema y3eT je Macpesbe3-Maptunos (Masreliez-Martin)punrap, koju nma
MaJly OCEeTJbUBOCT Ha IPHUCYCTBO ayTiajepa y nopehemy ca ctannapaanm Kanmanosum puntpom
(Kalman filter).ITocmaTpa ce ciny4aj Kaza Irym mpoieca uma ['aycoBy pacroeny, a iyM Mepermba
HEeraycoBy pacmojeiy. [I[pomeHa mapaMeTrapa cucTeMa oIrrcaHa jeé METOIOM CIy4ajHOT Kopaka y
K0jOj je oxroBapajyhu mrym MojaenupaHn kao ['aycoB CTOXaCTHYKH MPOIIEC. Y BEICHE XEyPUCTUUKE
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Moaudukanuje moBehaBajy (IIeKCHOMIHOCT, y CMHUCITY TMpPaKTUYHE TMPUMEHE pPoOyCHOT
KanmanoBor ¢untpa.

[TornmaBibe Suma 3a 1TuJb J1a MPECTaBU pOOYCHU AJITOPUTAM 32 YIIOPEIHY ECTUMAIIN]Y CTakba
U TIapamMeTapa CTOXaCTHYKHUX HEIMHEAPHUX CHCTEMa y IPUCYCTBY HETayCOBHUX IITyMOBa. Y TPBOM
JIeTy OBOT TIOTJIaBJba, (hopMynucaH je mpormupern Macpesbe3-MapTHHOB ¢uitap 3a eCTUMAIIH]y
CTama CTOXAaCTHUYKMX HeNWHeapHHX cucreMa. Ha crnuyan HaumH, Kao y ciydajy Macpespes-
MapTuHoBor (uUnTpa, U3BPIICHE CYy XEYPUCTHYKE MOAMQHUKAIH]je KOje 3HadajHO moBehaBajy
NPaKTUYHY YHOTPEOJLUBOCT (QuiaTpa. Y APYyroM JAeiay OBOI IOINIaBJba MPETXOAHO OOHjCHH
poOycHU alropuTaM je y3eT Kao OCHOBa 3a (hopmupame poOyCHOT alropuTMma 3a YHOpeaHy
MpOIEHy CTama M TMapaMerapa HEIMHEapHUX CTOXACTHUYKHX cucTema. lIpomeHa mapamerapa
CHCTEMa OTHCaHa je METOJIOM CITy4ajHOT Kopaka y K0joj je onroapajyhu mrym MozaenupaH Kao
I'aycoB cToxactuuku npouec. Ilocmarpa ce ciaydaj kazia nrym mnpoueca uma ['aycoBy pacnogeny,
a IyM Mepema HEeraycoBy pacrofemy.

HanmohnocT mnpemmoxeHnx poOyCHHX alroputaMa y HWICHTU(PUKAIHUJH BPEMEHCKH
POMEHJbUBUX Napamerapa npukazana je y llormaBipy 6. IIpakTHuHU acmekTH A0O0MjeHUX
pesynrata moTBpheHH cy Kpo3 eKCHepHMMEHT Ha IHEYMAaTCKOM LMJIMHIPY KOjU ce Haja3u y
nabopatopuju lleHTpa 3a ayTomaTrcko ympaBJbambe W (QUIyHaHY TexHuky, dDakynrera 3a
MaInHCTBO ¥ rpalieBuHapcTBO Y Kpassesy.

3aksbydak je uznoxket y [lornmasipy 7. Y OKBUPY 3aKJbyUHUX pa3MaTpama, 1aTu Cy MPeio3n
3a HaCcTaBaK HAYYHOHMCTPAKUBAUKOI pajia Ha OBUM Ipobiemuma. M3noxenu npemiozu Oyayher
UCTpaXUBamka MpPEJCTaB/bajy AUPEKTHO NPOLIMPEHE MPE3EHTOBAHUX pe3yiTara Kao U HOBE
M3a30B€.
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JlonpUHOCH Y MOAPYYjY HCTPAKUBAKA

Kibydnu npo6iieM y CHHTE3M peKyp3MBHHUX ajropuTama uaeHTH(UKaluje jecte nmosehame
Op3uHE KOHBEPTEHIM]e ajropuTama. JemaH ojJ HayMHA Jla C€ TO IOCTHTHE jecTe MpUMEHa
MaTeMaTHUKe TeopHje IJIaHupama ekcrepuMenTa. [loceOHO BakaH cilydaj je Kaja ce IojaBe
oricepBaldje Koje Cy HEKOH3HMCTEHTHE ca BehmHOM momynaiuje oncepsaija (ayriajepu), dmje
NPUCYCTBO 3HAYajHO JAerpajupa neppopmMaHce JIMHEApPHUX PEKYp3UBHHUX ajlropuTama. 3a Takas
CITy4aj ce KOPUCTE POOYCHU aJITOPUTMHU HACHTH(HUKALIH]E, TPH Y€MY pOOYCHOCT UMa CTAaTUCTUUIKH
KapakTep.

VY 0BOM TOINIaBjby Cy H3JIOKEHU TJIABHH JONPHHOCH OBUX MCTPAXHBama 3ajeJHO ca
[JIABHUM JIOIPUHOCHMA TE€3€ U IPOUCTEKIUM MyOIHKalLjama.

2.1 Ilpernen pe3yararay 00J1acTH IVIAHUPAKHA eKCIIEPUMEHTA

[IpojexkToBame perynaropa je AJOOpUM JENOM 3aCHOBAHO Ha KOpUIIThemy MaTeMaTHYKHX
MoOJIeNIa KOju ce 100ujajy y mOCTynKy uaeHTudukamuje cucrema, [1-5]. 'maBHu 3amatak Teopuje
UICHTUUKAIM]E je N3BJIAUYCH-E MaKCUMaIHe HH(opMaIlje U3 Meperma Koja Cy Ha pacroiaramy.
Taj 3axTeB ce peanm3yje CHHTE30M ONTHMAIHOI eKcrepuMeHTa, [24-28]. OCHOBHU MPHCTYII
CacToju ce y MUHMMHU3ALUjU cKajapHe GyHKiuje Duriepose HHPOPMALMOHE MATPHIIE.

Baxkan monpuHoOC HCTpaKuBamba, Koju ¢y namu Mexpa (Mehra) [24-25]'ynsun (Goodwin)
u [1eju (Payne) [27],3apon (Zarrop) [28],6uo je na ce mponale ckym KOHA4YHO ITapaMeTPU30BaHUX
ylasa Koju MapameTpusyjy cBe AocTymHe uHpopmamuoHe matpuue, P™. Mehra [24-25]je
MOKAa3a0 J1a ce MpU OrPaHUYCHO] yJIa3HO] CHA3H, CBaKa JOCTYIMHA HHPOPMAIIMOHA MaTPHIlAa MOXKE
no6utn xopuinhemeM KOHAYHE CyMe CHHYCOHMIa, Koja He caapxku Buie onx P(p+1)/2+1

KOMIIOHEHATa, rie je Opoj mpolemuBaHuX napaMerapa o3HaueH ca p . Kox /I — ontumanzor

kputepujyma, J =-log detQ\_/l ), ONTUMAIHKM yjia3 Ce cacToju ox Makcumanno pP(p+1)/2
cuHycouaa, [27].

3a IMHEapHEe CUCTEME ca jeHUM YIIa30M M jJeTHUM H3JI1a30M, OBaj OpOj CHHYCOH/Ia CE J1aJbe
MOJe PeyKOBaTH HcKopHImhemeM cTpykType nHbopmanuone marpuie P . T'ynsun u Ileju [27]
u 3apon [28] cy mokaszanu aa je 3a mpeHocHy (YHKIMjy peaa M koja mma 2MmapaMerapa
JOBOJBHO HE BHIIe 01 2M cunycona (jeaHak 6pojy mapamerapa).

Hexke mame pesynrare je mao 3apom [28], rae je y3 reoMeTpHjcKa pa3MaTparba 3ajeHo ca
teoprjom UYebumiesibeBux (Tschebycheff)cucrema, mokaszao ma je moryhe cmamutu 0poj
3axXTeBaHUX CHUHYycouaa Ha M (jenHak pexny cucrema). To je yjenHO W HajMamu Moryhu Opoj
cuHycona Koju 00e30ehyje na madopmaruBHa MaTpulia Oyne perynapHa, [2].
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VYuumeH je Hanop Aa ce yHuUIMpa MPUCTYI CHHTE3€ ONTUMAIHOT eKcriepuMenTa. Behuna
NpeTI0KEHUX MPOoIeypa Moke OuTH (opMylicaHa ca Mo3uirja KOHBEKCHe ontumu3anyje [38].
BeckoHauHO TMMEH3MOHAIHA OrpaHHYEHHa, KOja 3aBUCE 0J1 KOHTUHYAJIHE IPOMEHJBHBE (U-YraoHe
dbpekBeHIje, Mory ce mpedopMynncatd Kao KOHAYHO AMMEH3MOHATHE JIMHEapHE MaTpUyHe
Hejequakoctu (LMI) kopucrehu Kanman-Jakyoosuu-ITonos (Kalman — Yakubovich — Popawm
kpahe KYP) nemy, mro n03BoJbaBa Ja c€ ONTHMAIHM CIIEKTap HyMepHukd padyHa. OCHOBHA
IIOCTaBKa OBE MJEje je Ja ce crekTap anpokcumyje y3 nomoh FIR ¢unrpa M -or pena, [39-41].
Ca oOBakBOM TapaMeTpU3aIlldjOM OrpaHWYCHA Cce€ MOry (OpMyIHcaTH Kao KOHAYHO
JTMMCH3HOHAIHHU MPOrpaM KOHBEKCHE ontummusaimje, [49-51]. BaxHo je HallOMEHYTH Ja y TOM
HOJPYYjy MOCTOje Bpio ebukacHu conBepH, kao mto cy CVX mwmu YALMIP (3a MATLAB
OKpYXEHe).

Kibydnu mpobiieM y CHMHTE3M ONTHMAHOT Ylia3a je TO IITO ONTUMAIIHU yJa3 3aBHCU O]
HEIO3HATHX 0COOMHA cucTeMa Koje Tpeba naentudukosatu. Hanme, @umeposa nHbopMamona
MaTpulla TUIIMYHO 3aBUCH O]l MapaMeTrapa cucrema. llocToje nBa OCHOBHA NpHUCTyHa 3a
npeBasmwiIakeme oBOr mpobaema. [IpBu nmpuctyn 3acHuBa ce Ha POOYCHO] CUHTE3U ONTHUMAITHOT
eKCIepuMeHTa. Y TOM cilydajy Ipolielypa je Majo OCeT/bUBa IpemMa Heoipel)eHOCTH anpropHuX
uHpopmanuja o cucrtemy [31-32]. OcHOBHAa ampHOpHAa 3HAaEKA O CHCTEMY MOTY c€ JOOUTH
KopuinhemeM HemapameTapckux QpekBeHTHHX Metona [33-34]. HoBu pesynratd w3 oBOT
nopy4ja MPEeKPUBajy clydaj KOHAYHOT Opoja mapaMeTapa MoJiesa U BPJIO BEIMKOT Opoja Mepema.
Jlpyru mpuCTYII 3aCHOBAH je Ha ajanTanuju. JeqHa TakBa, ABOCTENEHa Npoleypa, MpeaaokeHa
je y [35]. YV npBoM KOpaky, y TOKYy KpPaTKOI BPEMEHCKOI MHTEpBaia, CKyIJbajy Ce MOJaln Y3
kopuitheme pukcHor ynasa. Ha ocHOBY TuxX mopataka HMIEHTH(HKYje ce MOJEN CUCTeMa, KOjU
3aMemyje peaslaH CHCTEM, y ONTHUMAIHO] CHHTE3H ylia3a. Y JAPYroM KOpaky J0OWjeHHU YIa3HU
CHUTHAJI C€ KOPUCTH 3a FeHEePHCabe HOBOT CKYIa IMoAaTaka. AJJanTHBHA CHHTE3a YJIa3HOT CUTHANA
3a ARX mozene pasmarpana je y [36].

Y MHOrMM MNpakTHYHHM CIy4ajeBUMa BeOMa Cy BaKHa OTpaHHMYeHa Ha (IyKTyauujy
ynasHuxX u/unu u3nasHux curHana [21]. Ha npumep, y HHAYCTPHjCKO] MPOU3BOAN KBAIUTET
npous3Bosa Mopa Outu y onxpeheHum rpaHunama (orpaHuuYema Ha (QIYKTyalujy H3JIa3HOT
CHTHAJIA).

[Ipu orpanwdeHoj yjaa3HO] BapHjaHCH II0KAa3aHO j€ Ja YBEK mocToju Jl-omTuMaiHo
IPOjEKTOBAkE Y OTBOPEHO] MOBPATHO] cripesu, [21, 37].ExkcniepuMeHTH y 3aTBOPEHOj TIOBPATHO]
CIpe3n Cy ONTHUMAJHH Kaja MOCTOjU OrpaHudYer-e¢ cHare Ha usnasy [20-22, 27, 29].Axo je
OTpaHUYEH-E BE3aHO 3a BapHjaHCy M3JIa3HOT CHTHAaJIa IM0Kasyje ce J1a ce yJa3HU CUTHaJl TeHEepuIle
KopuithemeM peryiaropa MUHHMAJIHE BapHjaHCEe W €KCTEPHOr CilydajHor curHana, [21, 37].3a
ONIITH MOJEIN, peryaaTop MHUHHMajHe BapujaHce o00e30ehyje cunresy JI — omrumanHor
eKCIIEpUMEHTa 32 HOBHM CKYIl MapaMeTrapa KOju Cy, IPEKO jeIHOCTaBHE TpaHchopMmainuje y
penanuju ca OpUrHHATHUM [TapaMeTpuMa.

2.2 Ilperaen pe3yararay 06JacTu podycHe uaeHTH(PUKALIM]e

Po6ycHu anroputMmu uneHTUUKaILN]jE, TPU YEMY j€ pOOYCHOCT CTATUCTHYKOT KapakTepa 1
OJTHOCHM C€ Ha JEBHjalldjy YCBOJEHHUX IPETIIOCTAaBKA O CTATUCTUYKUM KapaKTepUCTUKaMa
nopemehaja, npemioxenu cy y [76-78, 81-89]Ilpenioxenn THHEAPHH aarOPUTMH CITUMUHHIITY
yTULA] CIOPAAMYHUX BEIMKHUX pealn3alija Mepema M 3aCHOBAaHM Cy Ha METOJy TIpellKe
npeaukiuje (Prediction Error Methodynu kpahe PEM). V ommireM ciayvajy, OBU aaropuTMH
MUHHMH3HPAJy HEJIMHEApHU KpUTEpUjyM mepdopmaHce, KOjU je y CTATHCTUYKO] JUTepaTypu
no3Hat kao pobycuu M - kputepujym mporeHe, [13]. Ilpemmokena mporeaypa 3a u300p
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KpuTepujymMmcke ¢GyHKIHMje 3acHMBa ce Ha Makcumusanuju Cramer — Raomome mehe 3a
HAjHETIOBOJbHU]Y paclofeny Yy OKBUpPY Kjace NPUOIIKHO HOPMAJIHHUX pacmojena, Koja Io
MPETIOCTABIM CaAPKHU peanHy QYyHKIHM]y pacnojaene BepoBaTHohe mopemehaja. 3a cBaky apyry
pacmiozieny BepoBaTHOhe, yHyTap Jare Kjace pacrojiena, acUMITOTCKAa BapujaHCca TIpellke
ecTUMalije HHje Beha HEero 3a ciydyaj HajHEeNMoOBOJbHHjE (YHKIIMjE pacrojielie BepoBaTHOhe.
Jaxe, yKylmHa acCHMITOTCKA BapHjaHca IPEIIke eCTUMAIIH]e He TIpeia3y TapaHTOBaHY TPAHUILY Y
OKBHPY TIPETIIOCTaBJheHE Kilace pacmojesie mopemehaja m kjace anropurama y YCBOJEHO]
penpe3eHTauuju cuctema. llokasamo ce na je oBako 1noOWjeHa KpuUTepUjyMcKa (yHKIHUja
OINITHMAJTHA Y CMUCITY MIiN-MaXyKymHe aCUMITOTCKE BapUjaHCe rPEIIKe eCTUMAIIH]e.

2.3 I'naBHM 1OTIPUHOCH Te3e

VY pedepenuama [6-10, 23, 73-74pazmarpanu cy peKyp3UBHU aITOPUTMH HICHTU(DHUKALIN]ES
U TJIaHUpamke EKCIEePHMEHTa 3aCHOBAaHM Ha TPEIIM NPEAMKIWje W Ha MHPETIOCTaBIH Ja
croxactuuku nopemehaj numa I'aycoBy pacroneny.

I'maBHM fmompUHOC Te3€ jecTe CHMHTE3a PEKyp3UBHUX alropurama HIeHTHU(DUKauuje y3
MJIaHUPamkEe eKCIIEpPUMEHTA 3a ciefichu ciydaj Koju y TuTepatypu HUje pa3MaTpaH:

e Monenu ca rperikom u3ziaza (OE momenn)

* [lopemehaju cy HeraycoBH Ipu YeMy IOCTOjH arniprHoOpHa HH(OpMAIIH]ja O KJIACH paciojerne
kojuma mopemehaj mpunama. [IpuMeHom croxacTuuke Teopuje wurapa ojpehyje ce
HaJHETIOBOJbHMja pacliofiefia Ha KJIAaCH pacrojiesia 3a KOjy c€ BPIIM CHHTEe3a poOyCHOT
IrOpUTMA.

3a reHepucame yJa3HUX CUTHAJIa KOPUCTH CE METOJ] TeHeprCcamka KOBapHjalnoHe (yHKIIH]e
yna3a. /lo6ujame oBe (yHKIMjEe je peaTu30BaHO NPHUMEHOM TeopHje XHOpPHIHHX cHCTeMa
yrpassbama. Y pedepernn [30] yna3Hu CUTHAI e TEHEPHIIE, HE3aBUCHO O] CHCTEMa, KopucTehu
ujieje U3 MPEAUKTUBHOT YIIPaBJbarha 3aCHOBAHOT Ha KOHAYHOM Yia3HoM andabery. ['enepury ce

OWMHApHU CUTHAITH { —1,]} KOJH UMajy OCOOMHY JIa /1a]y MAKCUMaJTHy €HEPTH]Y 3a JaTy aMILTUTYTy.

VY Te3u je u3BeleH OMINTH]U CIIy4aj PEKYP3WBHOT arOpPHTMa 3a T€HEPUCAE YIIa3HUX CHUTHaIA
kopuctehu HaBenene uzaeje. Haume, n3Benena gopma anropurMa je MpoHIMpeHa TaKo Ja MOXe
TreHepHcaTH CHTHAJie ca OYEKWBAaHOM BpeaHOIIhy Koja HE Mopa OWTH Hyja, OAHOCHO KOjU CYy

OTPaHUYECHU Ha IIPOU3BOJBHOM MUHTEPBAILY {a, b} .

VY te3u je Takohe pazmarpaHa omTuMaiHa cuHTe3a ekcnepumenta 3a OE (output error)
Mojielie KaJla TIOCTOjJU OTPaHWYCHE Ha CHAry W3JIa3HOT CHUTHama. Y TOM CIIy4ajy, TOKa3aHo je 3a
ARX mojen aa je Bpio BaXHO NPUCYCTBO MoBpatHe crpere, [21, 27].Y Te3u cy Tu pe3ynraTy,
kopunthewem @uniepose marpuiie, npomupenn Ha OF mogen. [lokazano je ma ce onTuMaHA
yJa3HU CUTHAJ A00M]ja IPEKO peryiaropa MUHUMAaIHE BapujaHce YMja je pedepenna Oenu mym ca
MO3HATOM BapujaHcoM. Jla Om ce anropuTraM MOTrao peaju30BaTH NMPUMEHCH je aJdanTHBHU
OPUCTYI. AJNTOpUTaM MMa JIBa KOpaka. Y NPBOM KOpPaKy ce OIemYjy HmapameTrpH mpoieca. Y
JIPYyroM KOpaky, Ha OCHOBY Tako J0OMjeHHX Tapamerapa, GopMHpa C€ Peryiarop MUHHUMAJTHE
BapHjaHce KOjU TeHEpHUIle yIa3HU CUTHAI IpoIleca Ha OCHOBY KOjer ce BPIIM MACHTU(HUKAIIH]A.
360r pedepentie y hopmu Oenor Iryma npoiieHa rmapamMerapa je KoH3ucTeHTHa (ca BepoBaTHOhoM
1 no6ujajy ce TayHe BpEIHOCTH Mapamerapa). Pesynratu pana NOTKpENJbEHU Cy CHMYJIalHjama.
Jleo pe3ynTara KOju ce OAHOCH Ha IJIaHUPAH-E eKCIIEPUMEHTA U TeHepUCcahe YIa3HUX CUTHATA, je
o0jaBsbeH y [52-54, 60].
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OmnpaBraHocT pasmarpama HICHTU(HKALMje CHCTEMa y MPUCYCTBY HETayCoOBOT MIyma
Mepema notepheHa je y npakcu, [12]. Haume, y MepemnMa TIOCTOje peTKe, ONcepBalmje Koje cy
HCKOH3HMCTEHTHEe ca BehumHOM momymanuje orcepBanuja (ayTiajepu) 4dje MPHUCYCTBO MOXKE
3HAa4YajHO JIerpajuparu neppopmMance JUHEAPHUX PEKYP3UBHUX ANTOpPHUTaMa KOjU CY 3aCHOBAHH
Ha TMPETIOCTaBIH Ja je IIIyM Mepema uMma ['aycoBy pacmojeny. 300r Tora je CuHTe3a poOyCHHUX
alropuTaMa Oj mnpuMmapHor 3Hauaja, [55-58]. Cunresa je 3acHoBaH Ha XyOepoBOj TEOpHjH
pobycuux cratuctuka, [13]. PoOycHOCT amropurama ce IOCTHXKE YyBOhEHEM HEIHHEApHE
TpaHcdopmanuje rpemike npeaukuuje (Xyodeposa QyHkuuja).

VY pedepennu [55], Macpemes (Masreliez)u Maptun (Martin) 3a HaBeaeHy cuTyaiujy cy
npeioxkmwi podycHu Kanmanos ¢unrap. OBaj ¢unrap uMa mMaily OCETJBHBOCT Ha MPHCYCTBO
aytnajepa y nopehemy ca ctangapaauM KanmaHoBuM (UIATPOM, U3BEACHUM 3a CIy4aj Ja IIyM
npoieca uMa ["aycoBy pacroelnny a myMm Mepermna HeraycoBy paciioieiy.

OpuruHanHo npeanoxenu podycHu Kanmanos ¢unrep [55] ykibydyje 1Be Belnn4nHe Koje
HUJ€ JIAaKO OJPEIUTH y MpaKTHYHUM YycioBuma. Jla Ou ce moBehana (prieKCHOMIIHOCT y IHIBY
npakTuyHe npuMmeHe poOycHor KammaHoBor ¢unrpa y Te3u Cy H3BpIIECHE XEYPUCTHUKE
Moaudukamnuje. OBe xeypucTHUKe MOAM(UKAIM]E Cy MOTBpl)eHEe WHTEH3UBHUM CHMYJalldjama.
Jonatna GeHeduirja jeHe 011 MPEATIOKESHUX HHTEPBEHIIH]a je moBehame Op3rHe KOHBEPreHIH]je
npoiieHe nmapametapa. Pasinor je moBehame nojauama podycHor Kanmanosor ¢untpa. ['maBHu 1eo
pe3ynraTa Koju ce oqHocH Ha poOycHu KanmmanoB ¢unrap, o0jaBibeH je y [59-61].

[Mpommpenn KanvanoB ¢uitap uvMa n3y3eTHO IIUPOK OIICET IPUMEHE, HE CaMo 3a MPOLICHY
CTama HEeJIMHEAPHOT CHCTEeMa Yy MPHUCYCTBY IIyMOBA IMpolleca U Mepema, Beh u 3a McToBpeMeHy
npolieHy mapamerapa Mojena. [Ipumena mnpommpenor KammanoBor ¢uiarpa 3a eCTHUMAIH]y
napameTapa JMHAMUYKHAX CHCTeMa MMa MPUJINYHO YTy UCTOPHjY, TIa je W 3HadajaH Opoj pajoBa
o0jaBJ/beH Ha OBY TeMy. JeiaH o1 IPBUX pajioBa Koju ce 0aBU OBHM MPHUCTYIIOM |€ [62]. Anan3a
KOHBepreHuuje mnpomupeHor KamManoBor ¢uiTpa kKao ectumaropa mapameTapa JIMHEapHUX
cucrema je pazmarpana y [63]. llItaBuie, npoumpenn KaamaHoB Gpuitap je yCHenHo npuMemheH
3a ecTUMaIlMjy TapaMmerapa W CTamka HEJIMHEAPHUX CTOXACTHMYKUX TeHETCKUX PErylIaTOpHUX
mpexa (gene regulatory networksjomenupanux momohy BpeMEeHCKHX cepuja mojaartaka (time
series data) [64]Kopuniheme mpormperor KaamanoBor GuiaTpa 3a eCTUMaIK]jy mapameTapa u
CTama uMa MIUPOKY MPUMEHY y Ipakcu [65-67].

Y Te3u je pasmaTpaHa TpUMEHa MpommmpeHor Macpesbe3-MaptuHoBor ¢duiatpa 3a
3ajeIHUYKY eCTUMAIIH]y TlapaMeTapa U CTama y MPUCYCTBY HEKOH3UCTECHTHHUX OICEpBallHja MIPH
mepemy (aytnajepa). OBaj cilydaj 0 cajia HHje pa3MaTpaH y JUTEpaTypu. Y BeJeHa XeypUCTHUKA
mMoaudukanuja nosehaBa Op3MHY KOHBEpreHIMjE MPOLIEHE CTamka W Hapamerapa MpOIIHPEHOT
Macpespez-MaptunoBor ¢untpa. benedunmje MomudpuxoBaHo mnpommpeHor Macpesbes-
MaptuHoBOT (QUNTpa WIYCTPOBAHE CY MHTCH3UBHUM CHUMYJalljama.

W3BeneH je poOycHM anroputaM UACHTU(HUKALM]E CUCTEMA ca IPOMEHIJbUBUM MTapaMeTpuMa
koju mpunazaajy kiaacu OE mopnena. [Ipaktuunu acnekT 00MjeHUX pe3yiTaTa MOTBpHEeH je Kpo3
EKCIEpUMEHT Ha THEYMAaTCKOM IMIIMHAPY KOjU ce Hajla3! y 1aboparopuju LleHTpa 3a ayromaTcko
ympasibambe U QuiynaHy TexHuky, @akynrtera 3a MammHCTBO M rpaleBuHapcTBO y Kpasbeny.
[Ipumena poOycHOT aJlrOpUTMa 3ajeJHO ca MPUMEHEHUM OOYTHIM CUTHAJIOM ITOKa3aja ce Kao
CyIepHOpHa y OJHOCY Ha KOHBEHIMOHAIHU JIMHEApHU anroputaM. CHHUMIBCHH Cy YIOpEIHH
OJI3UBU CHUCTEMa, MoJesia JOOMjeHOI NMPUMEHOM JIMHEApHOT AJTOpUTMa M Mojiesa JoOHjeHor
poOYCHUM aaTOpUTMOM, OJaKJie C€ jJaCHO BHJIU Ja 00Jbe Cllarame ca M3JIa30M PEATHOT CHCTeMa
uMa 13j1a3 MoJjiernia J001jeH KOpHIINemheM MPeI0KEHUM POOYCHUM alnropuTMoM. Pesyntatu koju
ce OJHOCEe HAa €CTHMAIlMjy CHCTeMa ca MPOMEHJBUBUM IapaMeTpHuMa Cy MoBe3aHH ca cienehum
o0jaBibeHNM pedepennama [79-80].
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Il1anupame eKcrepuMeHTa

[Ipu cuHTE3M eKCrepuMeHTa THIWYHO JOOMjeH ONTHMAIIHU yJa3HU CUrHaml je oapeheH y
3aBHCHOCTH OJ1 ayTOKOBapHjarnone GpyHKIMje (ayToOKOBapHjaHCe) WK CIIEKTPa yJIa3HOT CUTHAJIA.
Taxole, mpyu CUHTE3U EKCIIEPUMEHTA j€ OCEOHO BayKHO MPUMEHUTH yJIa3HU CUTHAJ KOJU Y OKBHPY
OrpaHMYeHa aMIUIUTY/ e IMa MakcuMaHy cHary. OBO JOBOM J10 ITpodiieMa pean3annje peaHor
CHTHAJIa ca MO3HATUM CHEKTPAIHUM KapakTepUCTHKaMa. Y TOM LUJbY j€ pa3BUjeH aJlfOpUTaM 32
pelaBambe HaBEICHOT MpoOJieMa KOjH j€ 3aCHOBaH Ha KOpPHUIIhEeWmY KOHIENTa MOMHUYHOT
xopuzoHTa (receding horizon conceptdju ce KOPUCTH Y IPEAUKTUBHOM YIIPaBJbamby.

Takohe je pasmarpana naentudukanuja OE (output error)monena 3a ciy4aj na mocroju
OTpaHHYeH-E BapHjaHCe M3JIa3HOT curHana. OTpaHnYehe IMa BEOMa BaXKHY YJIOTY, y TPOLECHO]
UHAYCTPHjH, Y PeAYKLHUjU Ierpajaiuje Kpajaurera npoussoaa. [lokaszano je, y ¢opmu teopeme,
Jla ce ONTHUMAJHM yJa3HH CUTHAN, y3 OrpaHHMYera Ha W3Ja3, J0o0Hja MPUMEHOM peryiaropa
MHUHHMAJIHE BapHjaHCce U cToXacTuuke pedepentie. Kibyuynu npoGieM je mTo onTUMaiH YIa3HU
CUTHAJI 3aBUCH O] IapamMerapa cucTema koje Tpeba maeHTuduxkoBatu. Jla Ou ce mpeBazuiiao
npobieM mpeUIokKeHa je aJalTHBHA JBOCTENEHA IMpoleaypa: 1o0ujamke WHUIM]aTHOT MOJena
kopuinthetbem PRBS ynaza;, nmpumena amanTuBHOT perynaTopa MHUHHUMAJHE BapHjaHCe ca
CTOXAaCTUYKOM ITPOMEHJBHBOM peepeHIIOM 3a TeHEpUCahe YIa3HOT CUTHANA 32 UICHTU(DUKALU]Y
cucreMa. TeopeTcKH pe3ysTaT WIyCTPOBAHH Cy CUMYJIAIfjama.

3.1 T'eHepucame OMHAPHUX CUTHAJIA €A 32/1aTOM AYyTOKOBAPHjaHCOM

[Ipu cuHTE3M eKcrepuMeHTa THIUYHO JOOMjeH ONTHMAIIHU yJa3HU CUrHaml je oapeheH y
3aBUCHOCTH OJI CBOjUX CIIEKTPaIHHX ocoOuHa, [2, 25, 27-28].0Bo goBoau 10 mpobiaema
peanu3anyje peaJHor CUrHana ca oapeh)eHoM ayTOKOBapHjallMOHOM (YHKIIHjOM HIIM CIIEKTPOM.
OcumMm Tora, yoOuuajeHo je aa yia3 Takohe Oyze orpaHH4eH y CBOjO] aMILUTUTYAH, Tj. aMILTUTy1a
Mopa TMpHIagaTH HEKOM WHTepBaly. Takole, mpH CHHTE3M €KCIIEpUMEHTa je MOCEOHO Ba)KHO
NPUMEHUTH YJIa3HU CUTHAJ KOjU y OKBHPY CBOT OTPaHUYCHA aMIUIUTYAE MMa MAaKCHMaJIHy CHAry,
jep ce 1o mpaBUITy KBAIUTET OIleHE TapameTapa nosehasa ca nmosehameM ogHOCA ylIa3HU CUTHAT-
myM. AKo ce m3abepe curHayi ca Behom cHarom, jacHO je Ja ce OAHOC YJIa3HHM CHTHAJ-IIYM
nosehaBa. OBy keJbeHY OCOOMHY MOOYTHMX CUTHala MMajy OWHApHU CUTHANH, jep je HHUXOBa
cHara HajBeha mpu JaToM OrpaHUYCHY aMILTUTY/IC.

Jla 6u ce reHepricao OMHAPHH CUTHAN YMja ayTOKOBapHjaHca je mTo je Moryhe Onmka HeKoj
JKEJbEHO] ayTOKOBAapHjaHCH, KOPHUCTE C€ HJeje W3 MPEAUKTUBHOT YIpaBJbakhba 3aCHOBAHOT Ha
mozeny npoueca (Model Predictive Control), [30]Pa3BujeH je mpocT mocTymnak 3a pelraBambe
HaBEJICHOT MTPo0JIeMa KOjH je 3aCHOBaH Ha KOpHUIINeH Y KOHIICITa IOMHYHOT XopHu3oHTa (receding
horizon conceptkoju ce KOpUCTH y IPEAMKTUBHOM YIpaBJbamky. XCYypPUCTHYKU ToBopehu, uaeja
je 1a ce pely, 3a CBaKi BpeMEHCKHU TPEHYTaK, ONTUMH3AIMOHH IIPOOJIeM Ha KOHAYHOM XOPH30HTY
y Wby HaJlaXemka ONTHMAIHE MOocTaBe cieaehux, peruMo T BpPEIHOCTH HHM3a Ja OM Tako
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NOOHMjeHH MPOOHM ayTOKOBAapHjallMOHK HU3 OHO OJM3aK, KOJIMKO je To Moryhe (y mpommcanom
CMHCITY), )KeJbEHO] ayTOKOBapujaHcH. 13 noOujeHe onTUMaIHe IOCTaBe HU3a y3UMa Ce CaMo TPBU
4JlaH, HAKOH Yera ce uje ce Ha ciiegieh KOpak U 11eo MOCTYIaK ce MoHaBJba. [Ipema Tome, uaeja y
MO3aJMHA OBOT TOCTYIKa je OJIMCKO TOBE3aHa ca YIPaBJhakheM Ha KOHAYHOM IOMHUYHOM
XOPH30HTY, TJIe ¢€ KOPUCTH KOHIICTIT MOMHYHOT XOPU30HTA 32 YIPaBJbake JTHHEAPHUX 00jeKaTa
YHjH yIIpaB/baukyu CUTHAJI UMa KOHAvaH angaler.

AnropuTtaM, KOjH je TIPEACTaBJbEH, je Op3 M JIaK 3a OCTBapHBamE Kajla ce YIopenu ca
nocrojehum Merogama. ANropuraM MOKe Takohe OUTH MOKPEHYT y CTBApHOM BPEMEHY, ILITO
ocTaBJba MOTYNHOCT M3BpIlIaBamka aJalITHBHUX IlIeMa TeHepUcama yiasa, Koje Mory OUTH KOpUCHE
KaJa ce OCOOMHE CHUTrHaja Memajy y TOKY BpEeMEHa, Kao y Mpoleaypama CEKBEHIIN]jaTHOT
TUTaHUPaka EKCIIEPHMEHTA.

3.1.1 Anroputam

Heka {rkd} O3Ha4aBa JKeJbCHU ayTOKOBapHjauuonu Hu3, N neduHuIIe Ty)KUHY CHTHaIa

KOJU ce TeHepuile, N MpeacTaBjba OpOj BPEMEHCKUX pa3Maka y {rkd}k_0 KOjU ce Topeze ca

oarorapajyhuM BpeMEHCKMM pa3maiiMa ofabpaHOT ayTOKOBapHjallMOHOT HH3a JAU3aJHHPAHOT
CUTHAJIa, IOK M MPEeCTaBba Ty)KHHY MTOMUYHOT XOPU30HTA Ha KOjEM CE pellIaBa ONTHMHU3AINOHA
npo6iem. 3a aerabe BuaeTu [30].

Hajnpe ce u3Bpiu koHBep3uja { rkd} (o KETBEHOT ayTOKOBapHjallMOHOT HU3a Y HELEHTPAIHU HU3
{O,II} .Ta Be3a ce nedunue:

~d A 1 ~d _ —
e _W(rk ab), k=0,...,n. (3.1)

~1 N .
AnroputaM resepuiie OMHapHU HU3 {S}i:o KOjU y3UMa caMO BPEAHOCTH {O,]} , TAKO J1a 3a

IETOB ayTOKOBAPHjallHOHHU HU3 32 BpEMEHCKH pa3Mak K Baxu:
1&
W-Z §§., =r’, k=0,...,n. (3.2)

Ha ocnoBy penanuje (3.2)3a k=0 mo6uja MareMaTn4ko OYEKHBaAE CUTHAIA {Q}IN:O :

N

18,
st ~fd = (3.3)
=1

N~

OBo wmmnmupa aa penamja (3.2) yciaoBibaBa Ja omabpaHu HH3 {Q}IN: , MMa cpenmpy

. N
Bpenroct 1/ 2, unme ce 06e306elyje na renepucanu cCUrHAT {s} i_o AMa OYCKUBAHY BPEJHOCT!

1y a+b
—>g="r. 4
N izlS > (3.4)
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. . N
Moxe ce moka3aTu Ja je ayTOKOBapHjallMOHU HH3 cnrHana{g} 1,38 BPEMEHCKH pa3MaK

k=0:

a _(a*bY
ro—(zj. (3.5)

N
Jlako ce MoOKe TOCTaBUTH JIMHEapHa 3aBUCHOCT W3Mel)y curHaia {st}

., KOju ysuma

BpeI[HOCTI/I{ a, b} u CI/IFHaJ'Ia{ §1} tN: N KOjI/I y3uMa BpeJHOCTH {O,]} .
5 =(b-a)§+a, t=1...,N. (3.6)

Capa je moryhe neduHucaT anropuraM Kpo3 HU3 KOpaka:

Tabena 3.1

1) TIlocraButu t =1.

2) TlocTaBuTH HU3 NPEAMKLMja CUTHANIA Y TIOMHYHOM X0pH30HTY (§,...,S,ma) = Oy, IpH

qeMmy Ol,m O3HayYaBa HyJla MaTpuIly peaa 1xm.

3) 3a mpBHX N BPEMEHCKHUX pa3Maka padyyHa ce 0Ja0paHd HU3 ayTOKOBapHjaHCH O]
(58,--,5.4,5 810 Qe umm on (8,5,,...,5,), ako je t =1, momohy penauwuje:

R l t+m—1AA
r = o, k=0,...,n
y Hm_li;ssk

e cmo cmarpam § =§,3ai=1,...,t-1.

4) Tenepucame HoBor M-tnmia (§,...,8.mq) Of O,f}m Y TIOHOBHMTHU KOpaK 3 CBE JOK CBH

M-TUIUIOBU HE Oyay TeCTUpaHU

5) Mocrasutu § =§ 32 m-mumn (§,...,5,,.)0{0,3" 3a xoju je

L (U |

MUHMMaJIHa. Y ciydajy 1a je oBa HopMma jeanaka 3a 06e Bpeanoctu S(0wm 1), y3umamo

A

S =0.

6) Axoje t <N, mocraBumo t =t+1 u BpatuTH ce Ha KOpak 2.

7) Komseprosaru {0,3 N -turn (§,5,....,5,) na {a,b} N-tumn (s,s,....,S, )nomohy
penarnwuje:

s=(b-a)§+a, t=1..,N.
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IIpu pany ca {rkd} <o KOPUICHHUK OBOT ITOPUTMA MOpa u3abparu Tpu npomenssue: N ,n u m.

[Ipu mnanupamy ekcriepuMeHTa n300p OOMYHO 3aBUCH O] HEKOJIMKO (haKTopa Kao MITO Cy MEePUO.T
o/abupama, YKyITHO BpeMe eKCIIEpHUMEHTHCAka Hall 00jEKTOM Kao M OJ1 3aXTEBaHEe MPEIU3HOCTH
nporieHe mapamerapa. [IpoMeHsbMBA N 3aBUCH O  KapaKTEPHCTHKA  IMPOMUCAHOT

. . d
ayTOKOBapHjallMOHOT HU3a {rkd} . Ocobuto je noroano m3abpatu N tako ga I, =03a cBako

k=
k>n. Usbop mapamerpa Mje KoMmpomuc usMely NPEHU3HOCTH W BPEMEHA H3BPIIABAMbA.
MebhyruM, mokaszyje ce Aa 3a HajBHUINE NPAKTHYHHX NpuMeHa, M=1 naje Beoma mo0pe
nepdopmance, [30].

N360p myma ca orpanuueHum omncerom “1/ f ” kao yna3zHor curHanga je MHCOUpPUCAH HOBHUjUM

pe3yaTaTuMa Ha I0Jby IUIAaHMpama eKCIEPUMEHTa, Y KOjuMa ce IMoKasyje Ja je TakaB yJIa3HH
CHTHAJI BEOMa I0roiaH y podycHoj uaeHTrdukanuju, [32]. [lltaBuiie, mopes Tora mro je podycan
y OJIHOCY Ha BapHjalyje napaMerapa, UCTo TaKko je poOycaH y OIHOCY Ha CTPYKTYpPY MOea.

Hlym “1/ f 7 je nedpunucan cnegehum crekrpom:

1 _
P wilwd)

¢ (w={Inw-Inw (3.7)
0, Y ocmanum cuyuajesuma

rae [g), cT)] OR" (c_u< cT)) . AyTOKOBapHjallMOHNU HU3 OBOT CHUTHAJIA je U3paxkeH cieaehom

pernarujom:

rt = —— 1 j CoSkx dx; KON,. (3.8)

Ino-Inw; x

Ha ciuum 3.1 je mpeacraBibeH reHepucanu OWHapHH curHan y omncery [-2,1] 3a w=0.5,
w=2.5, m=1, N=500 u n=40. Cnuka 3.2 npuKasyje uacaiHy CIEKTPAIHy I'yCTHHY IIyMa
orpanuyeHor oncera ,, 1/ f ”. Ciuka 3.3npencraBiba 100MjeHe KapaKTEPUCTHKE CUTHAJIA ITOMONY
QITOPUTMA Ca TOMUYHUM XOPH30HTOM.

L5 T T T T T T T T T

B T U N T

-0.5

Va3

AL L L AL E L UL

2.5 | | | | | | | | |
2 0 50 100 150 200 250 300 350 400 450 500

JyxuHa curxana

Cauka 3.1 'eHepucanu riceyJio IyM orpanudeHor omcera , 1/ f "
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Wneanna cnekTpanHa TyCTHHA
=
T
1

1
0 0.5 1 1.5 2 25 3
®pexBennmja

Cauka 3.2 Meanna criekTpaiHa r'yCTHHA IIlyMa orpaHH4yeHor omcera , 1/ f 7

§ 1.5 T T I T 1
=4 1 + IlpojexToBaHa ayToKoBapujaHca ||
g, ——XesbeHa ayTokoBapHjaHca
g 05F :
g
<} or
; 0.5 ! ! ! ! ! ! !
< 0 5 10 15 20 25 30 35 40
Bpoj BpemeHCKHX pazmaka
O T T T T
g
T 0
© 10
g
[
4
[
= 1 I 1 1 1
© 0 0.5 1 1.5 2 2.5 3
®pekBeHIMja

Cauka 3.3 KapakTepucTHke TeHepUCcaHor TIcey 10 ilyMa orpaHuueHor omncera , 1/ f ” 3a uzabpane

napamerpe: m=1, N =10* u n=40
3.2 [lnanupame eKciepuMeHTa y 3aTBOPEHOj MOBPATHOj CIIpe3u

3.2.1 lepunucame Mojesia

[TocmaTtpa ce onmta ¢popma OF mozena:

y(K) :%u(kwe(k), (3.9)
pH TeMy je

B(g)=bg™+...+b, g™, (3.10)
Fo)=1+fg*+...+f g™, (3.11)

10K je " omepatop momepaja 1j. " X(K) = x(k—i).

Croxactuuku nopemehaj e(k) uma Hopmanny pacnogery N (0,%).
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Moske ce yBecTd MOMOhHH MOJIEN

B(a)
Yu (K) =——-u(k), (3.12)
" F@)
KOjU Ce Y perpecuBHOj (GOopMH 3aIucyje Ha cienehn HauuH:
yu (K)=-fyy (k-D)-...— f .y, kK—n)+buk-1)+...+b uk —-m). (3.13)

[Momrro cy mapamerpu f (i =1,...,n) u b(i =1,...,m) Heno3HaTH, KOPUCTE CE HUXOBE OLICHE Ma
ce u3J1a3 MoOMONHOT MoJIejIa payyHa Kao:

9, (K) =19, (k=1)-...— f 9, (k—n)+buk—1)+...+b u-m). (3.14)

AKO ce yBeay BEJTMUMHE

6=[f,...f .b,...0T, (3.15)

(k) =[-9,,(k-D),...,=9, kK—n),uk-21),.. uk-m), (3.16)

NpeIKIIMja n3jasa Mojiea y TpeHyTky K je

Ju () =8 (k-1)p (k). (3.17)

AnropuTaM 3a OleHhUBamkE MapaMeTapa je

6(k) = 6(k-1)+ P(K)p (k) Dy(K) - 9, (K)] (3.18)

P(k) = P(k ~1)— K~ D¢ ()" (OP(k 1) (3.19)
1+¢" (K)P(k-1)p k)

6(0)=0, PO)=pl, p>1 (3.20)

Aunroputam (3.18)-(3.20)npemnoxuo je Landauy [42]. TIponenypa mpousmia3u u3 aJanTHBHAX
cHucTeMa ca pe)epeHTHUM MOIECIIOM.

VY te3u he ce pasMoTpuTH crienujaIHu cirydaj mozena (3.9):

_ba” b
y(k)—F(q)u(k)+e(k) F(q)u(k 1)+e(K). (3.21)

V oBoM ciy4ajy ce ouemyjy mapamerpu b u f (i =1,...,n).

3.2.2 CuHTe32 ONTHMAJTHOT AJrOPUTMA
IMocmarpajmo cucrem (3.21).Ha ocHoBy N Mepema nzinasza Moxe ce 0pOpMHUTH BEKTOP
T
Y=[y@® ... y(N)] . (3.22)

V3 nomoh BekTopa Y moxe ce negunucati duiiepora HHGpoOpMamona MaTpuia
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ol (a1
v-e, {( ogapﬁ(vm)j { Ogazw)j}’ (3.23)

pU yemy je Em03HaKa 3a ycoBHO MaTeMaTHuko ouekuBame 1 M [ RV" . Bexrop mapamerapa

[ uma popmy:

p=[e" o], (3.24)
py 4emy je

6 =[f, ... f. b]. (3.25)

10K je o Bapujanca mopemehaja e(K) .
VY pany he ce xopuctutu cpeama Bpeanoct dumrepose marpuiie (3.23):

M=2M. (3.26)
N

VY omnmirem ciy4ajy, KpUTEPUjyM 32 CHHTE3Y ONTHMAJIHHUX yIa3HUX CUTHaja UMa GopMmy:
O=E,®(M), ®:R™™ . R (3.27)
Ogpe he ce xopuctutu cneneha gopma kpurepujyma (3.27):

O=-logdetM . (3.28)

Kputepujym ce Moxke MHTEpIIpeTHpaTH Kao 3ampeMuHa obiactu HajBehe ryctuHe BepoBaTHOhe
(the volume of highest probability density regiof#3]. Baxkua ocobuna kputepujyma (3.28)je
Jla je OH He3aBUCaH Ha HeJIMHEeapHa MpecinKaBama, jeJat Ha jena (one to one)gapamerapa. Caga
he ce HaBecTu ABa momohHa pe3ynrara y ¢popmu jiema.

Jlema 1 [[44], pp. 232].Heka je mat npocTop BepoBaTHOhE (Q, F ,Q’) . IIperniocraBuhe ce Takohe,
na nocroju F nopanre6pa (F, OF). Tana je

E{E(¢|F)} =E¢ a (3.29)

Jlema 2 [[27], pp. 244].Heka je M mo3uTHBHO NeUHUTHA MaTpUIla 33 4Ydje TUjarOHaIHE
CJIIEMEHTE BaXH

Mi =1, i=1,...,N.
Tana matpunia M mo6uja MakcuManHy BpeaHocT 3a M =1 g

Cana he ce popmynucaTy ri1aBHU pe3yaTar y Gpopmu Teopeme.
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Teopema 3.1 IIpermocraBumo aa cy 3a OE moxen (3.21)ucnymenu ciaenehu ycaoBu

1" Croxacrnuku nopemehaj e(k) nma pacrogeny

={p(©): p(e) = (1-&)p, (€)+£q(e)}, (3.30)
IpU YeMy ce HaJajbe MoCMaTpa cliyuaj
pu(€) ~ N (0,0%), qe)~ N (007), o> 0c?,e=C. (3.31)

2’ Orpanuyern-e Ha U3JIa3HU CUTHAI je
Ey*(k)<W, WO(0,») (3.32)
3 Ey’(k) >0’ (3.33)

Tana xpurepujym —logdetM nobGuja mMunmmanny BpemHocr ako je ynasuu curHan U(K)
TeHepHCcaH PerylaTropoM MUHUMAIHE BapHjaHce unja je pedepeHiia CTOXaCTUYKHU MpoLec {/](k)}
ca r'yCTHHOM BepoBaTHohe

2

__b S
p(’?)_\/me | (334)

Hoxka3: [ledhuHummmMo BeTuInHy axk) Kao:

(k) = Y()+ 3, (k=D +...+ £y, (k-n)-buk-1). (3.35)

Ha ocnoBy ycinoBa 1I' Teopeme crneaun

L1 aedew
p(Y| B) —W (3.36)
U3 penanuje (3.36)ce no6uja
dlogp(Y|A)_ 1 {dowk) . 1 g% (1
35 - ; (k) 207 7 (N Uzéwz(k)j. (3.37)
®dummeposa konunHa nHGOpMaImja 1o01ja ce Kao
_ L 00k) 90°( 1 i
M_E*”{ 72 op 2 6ﬁ(N ?é“’z(k)ﬂ [
(3.38)
dw(s) 1 05 1Y
[E EON U aﬂ( azzf"z(s’)ﬂ}
VBenumo caenehe unmennne
EY‘ﬁw(k) =0, (3.39)
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o’ k=s

EY\/?{w(k)w(s)} :{ 0, k#s

Kopucrehu oBe unmenunie, HakoH cpehuBama, penanuja (3.38)ce Moke M3pa3suTH Kao:

_ dak)) dwk)| N (302 ao?
M —Eyﬁ{(f;[ j o8 }+204[6ﬁj 0B
Cpenmwa BpeaHocT OuiiepoBe MaTpuLe uMa hopmy
dowk)) dwk)| 1 (90?) ac?
—Ew{ma—zg( 0B ] op }+ (aﬁ] B
Ha ocuoBy penanuja (3.24)u (3.35)npousunasu
oaw(k) _ N L
6—fi_yM(k ), i=1n
9axk) _ (k-1)
ob
0aw(k) _
00’

W3 nocnenmwe penamyje npoususiasu

oK) _ oa(k) I o0axk) I oa(k)
0B of I db, I do’

oaw(k)

Y :[yM(k_l) YM(k_n) —uk-1) q
aaz{aaziaaziaa;}:[o .. 00 1.
of | of ! ab ! oo

Ha ocHoBy penanyja (3.42), (3.44u (3.45)100uja ce Ha ocHoBY Jleme 1

Ym (k_l)z yu kK-, k—n)
M=lEl oD o knf
ulk-Dy, (D) ubk-Dy, kon)-

0 0

AlB! 0
M=—|B"1Cl 0
o101/

“uk-Dyy k-1)

—u(k -1y, k-n)

——1——1————————

I

I

I

I

I

I

|

I

I

I

I

I

I

I
e

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

(3.45)

(3.46)

(3.47)
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Crnenehu 3anarax je na ce oapene exementn Matpuue My penanuju (3.47).

Kopak 1 (OnpehuBame marpume A)

Hedunummmo
E{y (k=Y (k= D} 2 9, (3.48)

Ha ocuoBy penaruje (3.48)matpuiia A Moxke OMTH TpeicTaB/beHa y ciaenehoj hopmu

P P P
pe B P P (249)
Pra Pnz - o
Kopaxk 2 (OnpehuBame marpuiie B )
Ha ocnoBy penanuja (3.9)u (3.12)no0uja ce
y(k)=-fy,(k=-1)-...—- f.y, k—-n)+buk-D+ek). (3.50)
[MTocie muoxema penanuje (3.50)ca
yu (k=1), i=1...,n. (3.51)
Jlobuja ce cinenehu cucteM o N jeaHaYMHA
y(K) Yy (k=1) ==y, k=27 —...= fy, k=n)y, -1+
+bu(k-1)yy k-D+ek)y, k-1)
y(K)yu (k=2)= =Ty, (k=Dy, k=2)=...- fyy k=n)y, k- 2)+
+bu(k -1y, (k-2)+ek)y, k-2) (3.52)
Y)Yy (k=n) ==f,y,, (kK=1)y, (k=n)=...= f,y, (k=n)"+
+bu(k -1y, (k—n) +e(k)y, (k—n)
[MpumeHoM omepaTopa MaTeMaTHUKOT OYeKHBama Ha penanuje (3.52)noouja ce
V =-Af +Bhb, (3.53)
rneje ' =[f, ... f].V=[p p, ... pl .
Konauno ce u3 penanuje (3.53)106uja
B:%(Af +V). (3.54)

Kopaxk 3 (Onpehuame ckanapa C)

U3 penanumje (3.12)n06wuja ce ynazuu curnan u(Dl
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u(k-1) :é[ym )+ T (=D £,y (k=) (3.55)
Cranap Cje nedunmcan kao

¢ = E{u(k-1?} :%E[yM ()2 + Ty (K= 2)yiy () +... FYyy =)y, ()

iy () (k-1)+ fiyw k=17 +...+ f,fy, k-1, k-n)+ (3.56)

+ fnyM (k_n)yM (k) + fn f1y|v| (k _1)y|v| (k_n)+---+ fnzyM (k_n)z}

[TocmaTpajyhu mojenruayHe YiaHOBE MOCIIEIHE pealyje, y3 MpUMEHY ollepaTopa MaTeMaTHIKOT
OUYCKHUBama, 1001ja ce:

E{y. (7} 2, (3.57)
2f1E{y|v| (k_l)yM (k)} oot 2an{y|v| (k_n)yM (k} =

A ] (3.58)
2f o +..+2fp =2f, ... f] i |=2fV

P

t2E{ vy (k=1)%} +...+ £, E{y, (k=D)y,, k—n} +

+f E{y, (k=Dy, k-m} +...+ t2E{y, (k-n)} =
f2o,+...+ f.f o+ (3.59)

o foa e+ 1000 =

Po o Pl b
=[f, .. f]] 5 . || =fTAf

Pra - Po LT

Kopumthemem penanuja (3.57) - (3.59konauno ce mo6mja uspas 3a ckamap C

C =E{u(k-1y} :é(po+2f\/T+ fTAf). (3.60)

TTowTo ¢y cana MO3HATH cBH eneMeHTH Matpuie M (penaunja (3.47))no6uja ce

— 1 A B 1 -
detM =——; de[BT c} s deADddiC-B"A™B). (3.61)

Ha ocHOByY mociie/imhe penanmje CiaeIu:

~logdetM = log2°® - lod deh)- log déC -B' A‘lB) . (3.62)
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Uspaz B" A™B mosxe ce HamucaT y GpopMH

BTA'lB:%(VT +fTA)A(V +Af) =

. . (3.63)
=S (VIAT+ET)(V+Af) =S (VAN +2f TV + fTAf)
by
Ha ocnoBy penanuja (3.60) - (3.63)100uja ce
— 1 _
-logdetM = log 2° - lod def\)- log d{t— 0,-VTAV ] =
g der) b} & ] (3.64)
=log 20° - log( detA) - lod o, -V AV ) + log?
CarnacHo ycioBy 2° Teopeme
0, =W, (3.65)

na cy JUjaroHajHH eleMeHTH MaTpule A (uKCHU.

Ha ocnoBy Jleme 2 mpousmnasu na —Iog(detA) uMa MUHUMAJTHY BpPEAHOCT Kama je A

JjaroHaJiHa MaTtpuna. To 3Ha4M 11a je

p =0, i>0. (3.66)
Ycinos (3.66)naje

V =0. (3.67)

36or (3.67), tpehu unan y penamuju (3.64) iMa MHHHUMAaJIHY BPEIHOCT, KOja C€ Ha OCHOBY
penanyje (3.65),3anucyje

~log(W). (3.68)
Konauno ce no6uja

612
min{—log detﬁ} = log2° - loyv" — logV+ loty’ = lo Zanf’; . (3.69)

Jla 6u ce mocturmo na je 2 =0, i > OnorpebHo je ma Oyne ucnymeH ciaenehu ycnos: {y(k)} je

HeKopenncaHa cekBeHIa. OBaj yCJIOB je UCIYH-EH aKo je yJIa3HU CHTHal u3abpas y popmu
1
u(k) :E[ B () +...+ £y (k=n+D)] +7(k), (3.70)

npu uemy je 77(K) pedepeHTHH CUTHAT KOjU MPEACTaBIba OENU IIyM ca BapHjaHCOM W/ bl2 .

Pemannja (3.70)npencrasipa peryaaTop MUHAMaTHE BapujaHce 3a mojen (3.21).Tume je Teopema
JIOKa3aHa. g

['maBHU pe3ynTar Teopeme je YMIbEeHHUIIA 1a Ce CHHTE3a YIa3HUX CUTHAJA, KOjU HHIIYKY]Y YHAIpe
3a[aTy CHary U3JIa3HOT CUTHaJja, BpIIX KOpUIIhemheM MOBpaTHE cIipere. Y 0BOM Cllydajy oBpaTHa
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CIIpera cacToju ce O]l peryjiaropa MUHUMAaJTHE BapHjaHce W CToXacTHuke pedepenie. Pesynrar,
Takolhe, Mmokasyje J1a CHHTe3a ONTHMAJTHOT YJIa3HOT CUTHAJIa 3aXTeBa 3HAKE TAYHUX MapaMeTapa
cucreMa. Y MPaKTUYHUM yCIIOBHMA, Mel)yTHM, TaKkaB 3aXTEB j¢ KOHTPAJAUKTOPAH jep C€ CHHTE3a
ONTUMAJIHUX YJIA3HUX CHTHAJIa BpIIU Ja Ou ce yop3ao mpouec uacHtudukaiuje (oapehusame
napameTapa Mojena). [1a umak pe3ynrar Teopeme uma ciiesieche BaKHEe UMILTHKALHT]E:

a) IITa ce y HajOOJbeM CIIy4ajy MOXKe MOCTHIY ca ONTUMATHUM YJIa3HUM CUTHAJIOM,

0) npumena ¢uro3oduje aganTanrje 3a KpeHpame MPaKTHYHOT AJITOPHUTMAa 3a CHHTE3Y
YJIa3HUX CUTrHajia.

Hanomena 3.1 V Toky ekcnepuMeHTa Ha PEaTHUM MPOIECUMa HHUjE JT03BOJHEHO IMPEBEITUKO
OJICTYIIaFbe BEIMYMHA OJl HHMXOBHUX HOMHHAJIHHX BPEIHOCTH, jep JOBOAU IO Jerpajaiuje
KBaJIMTETa MMPOM3BOJIA, CMamkbEhy MPO(pUTA a TOHEKa U JI0 TMPEKHIa IPOU3BOAKE. 3aTO je BPIIO
Ba)XHO OJIPEJIUTH POMEHE BEJIMYMHA Y 337aTUM IpaHuiiama. Kaza je y nutamy CUCTEM jefjaH-yia3
jenaH-n3na3 OrpaHHYCHOCT IIPOMEHE M3JIa3HE BEIMYNHE MTOCTIIKE Ce IPUMEHOM IIOBPATHE CIIpere
(y Hamem ciydvajy To je peryjiarop MHHUMAaJIHE BapujaHce). BaxkHO je HalmoOMeHyTH Ja ce 3a1ara
IpOMEHE yJIa3He BETMYNHE CHCTEMa, TPIMEHOM METO0/1a ONTHMHU3AIHje, HOCTIXKe 0e3 Kopuinhema
MOBpaTHE CIpere.

Hanomena 3.2: Pedepenna [27] pasmaTtpa ontumanHu ekcriepuMmeHT 3a ARX cucreme kanma
IIOCTOjU OTpaHHuCH-¢ Ha CHary u3jiasHor curhama. Oeae ce pazmarpa OE monen. AnantuBHa
CHHTe3a yna3Hor curhana 3a ARX mozene pa3smarpana je y [36] u 3acHOBaHa je Ha CHHTE3H
amantuBHor FIR (finite impulse response)untpa. Ilpouenypa je peanuzoBaHa y OTBOPEHO]
noBpatHoj crpe3u. OBAe ce, reHepucame yIa3HUX CUTHANa, y3 OrpaHUYeHhe Ha U3J1a3 CHCTEMa,
3aCHHMBA Ha IOBPATHO]j CIIpe3H (peryaarop MUHHUMAJIHE BapHjaHCe).

3.2.3 AianTHUBHA CHHTE3a yJIa3HUX CUTHAJIA

VY NpakTUYHUM yCIOBUMA, Ta4HU mapamerpu cucrema (3.21)cy Henosnaru. [Ipe Tora younmo na
ce u3 penanuje (3.21)u (3.70)moxe 1o0uTH

Yu (k+1) =by7(k). (3.71)

VY pany he ce KOpuCTUTH ABOCTEIEHA MPOIIeAypa:

a) [Ipumenom PRBScurnana kao ynasaux curnana oxapehyje ce, kpoz N, utepamnmja,

WHUIMjATHA MOJIET TIpoIieca
0) ITocie Tora npuMemyje ce aganTamnyja 3a perynatop aebunucanum y Teopemu 1.

VY neny mocseheHoM cumynanujama ymopelyje ce IBOCTENEHH alIrOpUTaM ca aJIrOpUTMOM 3a
uaeHTU(UKAIM]y CHUCTEMa y OTBOPEHOj MOBPATHO] CHpe3u Kama cy ynasHu curHamm PRBS
CUTHAJIH.

Cana ce HaBOJM KOMILJIETaH aJITOPUTAM JIBOCTEIIEHE MPOIIEAype 3a HACHTU(DHUKAIN]Y CUCTEMA.
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Tao6ena 3.2

®aza A
1) Jleduruury ce moueTHH ycnosu 3a anropuram (3.18) - (3.19),6(0)=0, P(0)=1C'I
2) Jedunumre ce 6poj urepaunja N, ., 3a reHepHcame HHHUIU]ATHOT MOJIeia
3) IlocraBu ce k=1

4) Onpelyje ce u3nas cuctema Y(k) 3a ynmazaun PRBScurnan

5) ®opMHpa ce BEKTOp Meperba

PR =[-9y (k=D ... =Gy (k-n) uk-DT

Yoo (€) ==, () vy, (k=D)=..= £, (€)y,, (k=) +b (k1)
6) Onpelyje ce Marpuua nojauama

P(k-1)p(k)¢" (K)P(k-1)

Pk = P ) = T Pk -19 ()

7) PauyHa ce rpemika npeauKImje
£(k) = y(k) - 6(k~1) $ (k)
600 =110 ... f,00 BT
8) Pauyna ce u3ma3 moMohHOT MojeIa
I (K) = 6(K)" ¢ (K)
9) Ilocrasma ce K=k+1
10)Axo je k<N, , une ce a kopak 4
@aza b
1) 3anaje ce 6poj urepauuja N,y
2) 3apnaje ce HMBO CHare u3nasHor curHana W

3) Tecrtupa ce BpeIHOCT OIICHE TapameTapa Bl(k)
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Bf(k):{ b(k),  b()#0
b (b>0), bk)=0

4) Jedunuiie ce croxacTuuka pedepeHiia
b (K) ()
p(7(k)) = e 2
N 27

5) PauyHa ce ynpaBsbauku CUTHAI

09 = ol 00 00+ 0 b0+ #10

6) CrpoBoju ce pauyHame BeIMYKMHA Kao y Taukama 4-8 Daze A

7) Tlocraswa ce K=k+1

8) Axoje k< Ny, » HIIe ce Ha Kopak 3

\ ©(0),P(0),Ninit /

k = 1:Ninit

I'enepucame PRBS

u(k)
Y

CucreM

y(k)

u(k)

Wnentudukarmja
cucremMa

Cauka 3.4 ®aza A: [loOujame HHULK]jaIHOT Mojea mpuMeHoM PRBScurnana
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» k= llNopt

T'enepucame
ONTHMAJIHOT yia3a

u(k)
[

Cucrem

y(®)

u(k)

Wnentndukanmja
cucTemMa

6(k), (k)

Cauka 3.5 ®aza b: Unentudukaiuja cucteMa NPUMEHOM ONTHMAJIHOT YJIa3HOT CHTHAJIa

3.2.4 Pe3yaraTu cumyJjanmja

Y mwby npuKazuBama MPAKTHYHOT AacleKTa MPENIOKEHOT JIBOCTEICHOT ajlropuTMa
uneHtudukamnuje, ypahene cy cumynanmje. [IpemioxeHn  ABOCTENICHH — allTOPUTaAM
uneHtudukamyje je rectupan Ha cienaehem OE moneny:

_ 0.5q7
y“*ﬁ:Lm*+aa*wm+dM' (3.72)

Tokom cumynanuja npukymbeHo je 1000yna3zno-uzna3znux nogaraka. [Tocmatpa ce cimyyaj kaaa
HOMHUHAJIHU WiIaH & — KOHTaMUHHpaHe pacrnozeine uma cienehy ['aycoBy pacmopeny (Buaetu
ciuky 3.6):

Py (€) ~ N(0,0.2). (3.73)
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w

0 200 400 600 800 1000
Bpoj nteparmja

Mlym
=)

Cauka 3.6 [Tpuka3s mryma

Cnuke 3.7 n 3.8 mokasyjy yna3 cucrema M oAronapajyhu u3na3 kajga ce KOPHCTH MPEaIOKEHH
nBocteneHn anroputam waeHtudukanuje. [Ipsux 200 utepamuja cUCTEM paad y OTBOPEHO]
crpes, mpu yemy je PRBSynasznu curnan. HakoH Tora ce ykibydyje moBparHa crpera (perysiarop
MUHHMaJIHE BapujaHce) y oncery urepanuja 200 - 1000Moske ce BUAETH J1a C€ HAKOH YKJbyUeHha
IIOBpaTHE CIpere CMamYyje BapHjaHca U3JIa3HOT CUTHAA.

wmwm»ﬂ,wwmmww M M M M WMV W \M \ W MM lf

|
wn

AnanTtuBHU TOOYTHHM CHUTHAI
(=)

| | | | | |
0 100 200 300 400 500 600 700 800 900 1000
Bpoj nteparmja

Cauka 3.7 AnantuBHY MOOYAHHU CUTHAT

4 | ]

Msmepenu u3nas
(=) —
= 1

. L 1 L | 1 | | 1 |
0 100 200 300 400 500 600 700 800 900 1000
Bpoj nteparmja

Cauka 3.8 M3na3 cucrema kopuctehn ananTHBHY TOOYIHU CUTHA
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Ja Om ce JAeMOHCTpHpalia CYINEPHOPHOCT MPEIUIOKEHOT  JBOCTEIICHOT — ajJropuTMa
uacHTH(HUKaIMje, TpaBu ce mopeheme ca anropuTMOM UISHTH(HKAIUjE Y OTBOPEHO] CIIPE3H,
Kana je ynasuu curHan PRBS.

Crnuke 3.9 u 3.10moka3yjy ymna3 cucrema u oAarorapajyhu oI3uB Kaga ce KOPUCTH alroOpuTam
uaeHTU(UKAIM]e Y OTBOPEHO] CIIPE3H.

Pesynraru cumynanuje cy nopehenn y cMuciy KBagparHe rpeuike, nepuHucane kKao:

SE=In (Hé(k) —9(k)H2) . (3.74)
1.5
b M
§ 0.5
=
IS¢
&
o
E .05
-1 1 I ,
_1'50 ]60 260 360 460 560 660 760 860 960 1000

Bpoj urepanuja

Cauka 3.9 PRBSnoOyauu curaan

W3na3 cucrema

-2

-3

A -

1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Bpoj utepanuja

Cauka 3.10 Uzna3 cuctema xopucrehn PRBSnobynnu curnan

Cmuxke 3.11 - 3.14npukasyjy oleHe mapaMerapa U KBaJpaTHE IpellKe 3a cly4yaj Kaja BapujaHca
u3naza He Mmoxxe outu Beha og W =0.5.
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-—-TIpouena napamerapa ca PRBS
o2l —IIporeHa napamerapa ca aalTHBHIM yJIa30M
' TauHe BpeTHOCTH apameTapa

1 | | 1 L | | 1
0 100 200 300 400 500 600 700 800 900 1000
Bpoj urepauuja

Camnxka 3.11 Iponena mapamerpa f;

---IIporeHa napamerapa ca PRBS
1.6 —IIpouena napameTapa ca aJalTHBHUM YJIa30M
14 TauHe BpesHOCTH ITapaMeTapa
1.2} .

| | | | | 1 | | |
0 100 200 300 400 500 600 700 800 900 1000
Bpoj utepanuja

Camka 3.12 TIponena mapamerpa f,
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I L”Hpouel-;a napameTlapa ca PRBE

0sl —IIpouena nmapamerapa ca afanTHBHUM yJIa30M

' Tayne BpesHOCTH NapameTapa
0.7
0.6 .

,_O'_‘ e PRI T R
05 L e T N e e e T e ~
04
031 -
0.2 | | | 1 | | 1 1
0 100 200 300 400 500 600 700 800 900

Cuamnka 3.13 IporeHa napamerpa by

1000
Bpoj nteparmja

-6

2 : : : :
---IIporena mapamerapa ca PRBS
—IlporeHa napamerapa ca aaliTHBHIM yJIa30M
0 —
o ol i
2 2
o)
=
)
o
= 4 SN ey _
< M
';4 AN
& WA Y i T hia S
—

e |
~ ]

- | | |
19 100 200 300

Cauka 3.14 I'penika nporexHe

Ha ocHoBy oBHX cliuKa, MOXeE Ce 3

! ! ! ! ! !
400 500 600 700 800 900

Bpoj nteparmja

1000

aKJbYYUTH J1a CHHTE3a eKCIiepuMeHTa nosehaBa Op3uHy

KOHBEpreHIMje napaMeTapa Ka TaYHUM BPEIHOCTHMA, Y CKJIaAy ca AaTOM I'pPaHHUIIOM BapHjaHCe
uznaza W . Takole, MHTEH3UBHUM CHMYyJallijamMa je MOoKa3aHo Jla pellakcalijoM OrpaHHYeHa Ha
U3JIa3 CMamyje ce TpelIka mporeHe napamerapa. OBaj 3akJbydak ce jacHO BuaHU ca ciuke 3.15.
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I'pemka mpornene

-101-

--W=0.3
—W=0.9

A ey
H AN T ey .
A i mn

e

\
0 100

I
200

\
300

! I I ! !
400 500 600 700 800

Bpoj nteparmja

900 1000

Cauxka 3.15 I'perika nporeHe Ipy pa3inuMuTUM BPEIHOCTHMA OrPaHHYCH-A BapHjaHCe M31a3a

VY pany je pa3MarpaH 4MCT IUCKPETHH MojJel. Y TOM ciydajy nopeheme anropurama ce
Bpim y Tpenymmuma K (k=0,1,2,3..). Ako ce Moaen n00uje TUCKPETH3AIN]jOM KOHTHHYATHOT

Mojena nopeljerbe anropurama ce Bpinu y Tpenyuuma KTg, rae je Ty mepuopa ogabupama.
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&)

PoOycHa uaeHTH(PUKAIMja CTOXAaCTHYKHX
JIMHEAPHMUX CUCTEMA

VY oBoOM ey ce pa3marpa ecTUMaIfja mapameTapa CTOXaCTHYKHUX JMHEAPHUX CHCTEeMa ca
BPEMEHCKH IIPOMEHJBUBUM NapamerpumMa. [Ipomena mapameTapa onncana je METOAO0M CIy4ajHOT
KOpaka y Kojoj je onrosapajyhu mym mozaenupan kao ['aycoB croxactuuku mporec. [Tocmatpahe
ce cirydaj Kaja OIyM Iporieca uMa ['aycoBy pacnozeny, a IIyM Mepema HEeraycoBy Pacloemy.
Kao okBup 3a peanusanujy oBakBOI ajiropurma y3et je Macpesbe3-MapTtunoB punrap (poOycHu
Kanmanos ¢unrap). M3Bpiiene cy xeypuctuuke moaudukaiuje Macpesbe3-MapTuHOBOT GHIITpa
KOje 3HauajHO moBehaBajy HErOBY MPaKTHUHY YHOTPeO/HHBOCT. CyNepHOPHOCT MPENIOKEHOT
pobOycHor anroput™Ma uaeHTU(GUKAIM]e Hall cTanaapaAHuM KanmanoBuM GuiiTpom je mirycTpoBaHa
Kpo3 cumynanuje. [Ipu naeHTHUKAUjH KOPUCTUO C€ ONTHMAIHU yJa3HU CHTHall KOjH je
TeHEpUCaH MPUMEHOM aTOPUTMa Ca IOMUYHUM XOPHU30HTOM.

4.1 PoOycnu KanmanoB ¢uirap kao ecrumMaTop napamerapa

Y ommreM cnydajy, mocMatpahe ce CHCTEMH ca BPEMEHCKH IMPOMEHJHHBHM TapaMeTpHhMa.
[IpernocraBuhe ce na mpoMeHa mapamerapa uma Gopmy CiIydajHOT KOpaka:

Ok +1) = (k) + w(k), (4.1)

npu yeMy je ctoxactuaku mporec «(K) T'ayco ca cpeamoM BpeaHonhy HyJla 1 KOBapHjalliOHOM
matputiom W (K) .

Hanomena 4.1: Mogen (4.1)moryhe je mpeicTaBuTH y OMIITH]Oj OpMHU
O(k+1)=Cok)+w(k), (4.2)

npu yemy je C anpropu mo3Hara HecuHTyaapHa Marpuna. OBa MaTpHIIA je TIOr0/IHA 33 YHOIICHE
anpuopHux uHpopmalja o peHoMeHy uHja ce uaeHTUUKAIH]a BPIIIH.

U3 penanuje (4.2) npousuiasd U MOTyNHOCT MOJE/IOBama JCTCPMUHUCTHYKH MPOMEHJbUBUX
napaMmerapa:

B(k +1) = COK). (4.3)

Osnaunhemo ca Y, (K) usnas momena 6e3 mopemehaja. [luHamuka Mojena je y TOM CIydajy

OIlKNCaHa Kao.

Yo (K) = =2, (K)Y, (k=1)=..=a, (K)Y, (k=) +B (K)u(k ~1)+... +b, (u k—m). (4.4)
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YBenumo cienehe BekTope

8(k) =[a(k),...a,(k),b(K),....b, k)T, (4.5)
6, (K) =[-y.(k=1),...,=y, (k=n),uk—1),.. uk-m)f . (4.6)
V ToM cityuajy MHamMuKa cuctema ca nopemehajem je ata ciiesiehoM penanujom

y(k) = 8" (K)g, (k) + (k). (4.7)

ITopemehaj e(k) je neraycoB, Tj. yKJpydyje HpPUCYCTBO ayTiajepa. ['yctuHa BepoBaTHOhe
nopemehaja P(€) mpumnaga npubIMKHO HOPMATHO] KJIACH PACIIOJIENA:

®, ={p(e): p(e) =(1-€)p, (€)+£q(e)} (4.8)
MIPY YEMY BAXKH
pu(€) ~ N (0,0°), ale)~ N (0.0, ), g, > 0”. (4.9)

rne pP()) o3HawaBa ryctuHy BepoBaTHohe. [[pyruMm peumma, ryctuHa BepoBaTHOhe p(€)
npejcTaBiba cMenny Hopmaise (["aycose) pacmoserne

pn(€) ~N(0,07), (4.10)

2 .
¥ TIPOM3BOJbHE TYCTHHE BepoBaTHOhe (J(€), mpu 4yeMy O° O3Ha4aBa IUCIIEP3Ujy a mapaMerap &
O3HauaBa CTENCH KOHTAMUHAIIH]e.

I[Tpo6Giiem ca penanujom (4.6)je mro ce Benmuuune Y,(K—i), (i =1,2,.. ,n) He Mory MmepuTu. 3ato
ce OB€ BeIMUMHE pauyHajy KopuihemeM Tekyhux orena mapamerapa 6. Jloduja ce

5o (K) = =8,(K) 9, (k=1)=... =&, (K)J, (k=) + b, (Ku(k =1)+... +B, K)u (K~ m). (4.11)
AKO ce yBey BEKTOPH

(k) =[4(K).....4,(K).By(K).....b, K)T', (4.12)
#(K) =[~9n(k=D),....,~F, k=n),u®=1),.. uk-m) , (4.13)
noGuja ce penanmja

5 (k) = 8" (K)p (k). (4.14)

V tpenyrky K, npe Hero 1mTo je mosnara oneHa é(k) , IpeAuKIHja Moena je [45]:

§(k) =6" (k-D)p (k). (4.15)
[Ipupoana neduHMULIMja TPELIKE IPEIUKLIT]E je
(k) = y(k) - y(k). (4.16)

Y 3aBHCHOCTH 0]1 yCBOjCHOT KpUTEpH]jyMa uacHTH(DUKaIHje, KopuinhemeM penanuja (4.7)u (4.13)
-(4.15Mory ce 10OUTH PA3THUYUTH PEKYP3UBHH AIITOPUTMHU HIICHTU(DHUKALIT]E.
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Voumnmo na ce Bektop @,(K) u3 penaunje (4.6)3amemyje ca Bekropom @(k) u3 penanuje (4.13),
KaKo OU ce pEKyp3UBHHU aJrOPUTaM MOTA0 Peajn30BaTH.

[IpeTnocTaBMMO 12 CE€ CUCTEM y IPOCTOPY CTamha MOXKE OIUCATH Kao

x(k+1) = F (K)x(k)+w(k), (4.17)
y(k) = H (k)x(k) + (k) , (4.18)
IIpH 4eMy cy

x(MOR", FQOR™, wDIOR",

yQOR HOOR™, e(OR".

Bemnuuna X([)) je Bextop ctama, Y([J je uznaz cucrema, a W() u e((lcy nrym mporeca u mym
mepema. [Ipermocraiba ce aa je mym nporeca ['aycoB N(O,W (k)) rae je W (k) koBapujannona
marpunia a e([)lje mym Meperma Koju UMa HeraycoBy pacrojeny nedunucany peianujom (4.8).

VY pedepennn [55] Macpesbe3s 1 MapTuH 3a HaBEACHY CHUTYAIM]y MPEUIOKHUIN CY POOYCHH
KanmanoB ¢unrap. OBaj punrap numa mamy oceT/bUBOCT Ha MPHUCYCTBO ayTiiajepa y nopehemy ca

crangapaauM KanmmanoBum ¢uitpom u3BeneHuM 3a ciydaj aa BennuuHe W(D) u e() umajy
I'aycoBy pacniozeny.

Jennaunne untpa cy

X(k|k) = F(k-D)X(k -1k -1+ P&k - DH" & (kp[v k). (4.19)
P(Kk-1)=F(k-1)Pk-1k-1F" k- 1H+W k- 1, (4.20)
P(k|k) = P(k|k=1)-P(k|k=1)HT k)T 2 (k)H (k)P(k|k—1)E@€{z,U' % (k))} : (4.21)

VY penanuju (4.19)v (k) npencraBiba TpaHchOpMECaHE pe3nIyate
v(K) =T(K)[ y(k) ~H(K)F(k-Dx(k -1k -1)]. (4.22)

[Momro je jennaumna mepema (4.18)ckanapna, onaa je T(k) takohe ckamap. Tpanchopmanuja
T(K) yBenena je 30or Tora jga Om wHOBarmoHa mnpoMeHJbmBa V(K) 3am0BoJbHiIa YCIIOBE

CUMETPUYHOCTH oJipeheHnx rycTuHa BepoBaTHOhe Kao M yCJIOBE 3a MapruHajHE BepoBaTHOhe,
[55].

Henuneapna ¢ynkuumja () je 3a kimacy & — KOHTaMHHHMpaHMX pacrojena BepoBaTHoha

XybOepoBa ¢pyHKIMja 1 100H]ja ce MPUMEHOM TeopHje urapa y cratiuctui, [13]. Ona ce nedunuine
Ha OCHOBY HaJHETIOBOJbHHM]E pacIiofiesie BepoBaTHONE 3a 3a7aTy Kiacy pacmojesnia BepoBaTHohe.
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v(x)4
a)
kel
|
-kg; kg XV
|
~ ke
6) VA
-kg kg X=

Cauka 4.1 HennaeapHa QpyHKIMja pe3nuayaa
a) Xy6eposa QyHKumMja
6) Uzsox Xybepose hyHKIHjE

OpuruHanHo npempiokern pooycHu Kanmanos dunrep [55] (penamuje (4.19)-(4.22))yxsby4yje
JIBE BEIIMYMHE KOje HHje JIaKO OJPEAUTH Yy MPaKTHYHAM YCIOBHMMa. To cy ckajlapHa

Tpancdopmanrja T(K) Kao n 4iaH y anocTepuopHOj KoBapujauuoHoj Matpuun Ej, {l//'(l/(k))} .

HaBenenu unan npencraBba OuinepoBy KomurHy HH(OpMaIMja 3a HAJHETIOBOJHHHU]Y TYCTHHY

BepoBaTHohe [88]:
_1PD
1(p) = | —5-d¢ .
_[, p({)
Carnacno pedepeniu [55], mokasyje ce aa je:

E, {¢/ (0} =@-&)[®K) - (k)] =
=(1-¢)[20Kk)-1, 1<ks ¢

rae Bennunaa P(K) oszmauasa GyHKIHM]y cTaHmapaHe HOPMAJIHE PacIoIeIe:

d(k) = %Ie_xzdx.

VY3umajyhu y 063up (4.17), (4.18), (4.8)g0m1a3u ce o cnenche penanuje:
T?(K[H(KP(Kk-1)H" (k) +o3] =1,

OJIaKJIe Ce JIAaKO MOYKe M3pa3uTH ckaiapHa Tpancopmarmja T (K):

T(k) =[H(k)P(k|k—1)HT(k)+J,f,]_]/2 .

(4.23)

(4.24)

(4.25)

(4.26)

(4.27)

Haxon 3ameHe wiaHa E(Pg{l//'(l/(k))} ca peanu3anujom (V(k)) , aroputam (4.19)-(4.22)uma

cnenehy, mogudukoBany dopmy:
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R(K|K) = F (k-1 -1k -1+ P K k- DH" &) (kp[v &) . (4.28)
P(Kk-1)=F(k-1)Pk-1k-1F" k- 1HW k- 1, (4.29)
P(k|k) = P(k|k-)-P(k|k—DHT &)T? kK)H K)P K|k -1y ¢ k)), (4.30)
v(K) =T(K)[ y(k) ~H(K)F(k-Dx(k -1k -1)]. (4.31)

BaxHo je younTH na oBa XeypHCTHYKa MoauduKaiuja nmoBehaBa Op3MHY KOHBEpIEHIMje Ha
oYeTHUM HrTepaidjama. Hanme, u3 penanuja (4.28)-(4.31)a nojauame podycnor KanmmanoBor
¢untpa nobuja ce:

K(k)=F(k=1)[ P(k=1)=PKk=DH &) &)H &P &k - D@ (v &) T

(4.32)
FT(k-DHT (k)T (k)+W (K -DH" )T k)
Viomxo je
v(K)|>k,, (4.33)
penaunja (4.32)noctaje
K(k)=F(k-DPKk-DF" k-DH" &I K)+W K-1HT €I k). (4.34)

jep y3 yenos (4.33)Baxu (V(k)) =0 (Bugeru ciauky 4.1).

Ynopehyjyhu penanuje (4.32)u (4.34)Buau ce na je nojauame K(K) y apyrom ciydajy Behe. To
3HAYM J1a KaJl KOJl Cy T'pelIKe ollemrBama Behe, mojauame uirpa ce mopehaBa m camMum TUM
nosehaBa Op3MHY KOHBEPreHIIM]j€ OLICHA.

Ynopehyjyhu penauuje (4.1)u (4.7) ca penanujama (4.17)u (4.18)Boaehu pauyna 1a ce BEKTOp
@, (K) 3amenn ca @(k) u 3amenom BenmuuHHAa:

F(k)=1, H(K) =¢"(k), X(K[k) =6(K),

y penamuje (4.28) - (4.31) noOuja ce peKyp3UBHH aITrOpUTaM 3a MPOIEHY BPEMEHCKHU
MIPOMEHJBMBHX MTapameTapa. Pagu npernennocty, anroputam hemo npeacTaBuTi y Gopmu tadene.

Anropurtam 3a UACHTHU(PHUKAIM]Y CUCTEMA Ca BPEMEHCKUM ITPOMEHJbUBUM MapaMeTpruma

Tao6ena 4.1

Mopnen npomene napamerapa

Bk +1) = B(k) +w(k)

Mogaen mepema

y(K) = 6" (), (K) +e(k)
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A nipuopu noganu

w(k) ~ NV (O,W (k))

ek) ~ 1-&)N(0,0°)+eN (002,), 07> 0
6(0)~ N (0.%,)

cov(w(k)ek))= cov@ (O k )F cow® (BK )y !
3amena y pooycuom Kanmanosom ¢punrpy (4.28)-(4.31)

F(k)=1, H(K) =97 (K), R(k|k) = 8(K)

OuemuBame napamerapa

B(k) = G(k -1) + P (k|k — 1) (k)T (K [v k)]

Koedumujent nojauama

K(k) = P(k| k-1)¢ k)T (k)

AnpropHa KOBapHjaloHa MaTpuIla

P(klk=1)=P(k -1k - 1)+ W(k- 1)

AmocTepropHa KOBapHjallnoOHa MaTpHUIla

P(k|k) = P(k|k —1) - P(k|k - 1)p (&)T* (k)¢ ()P (k|k - Ly ¢ k)

[ToyeTHu ycnosu

6(0[0)=6(0)=8, P(0]0)==3,

Hanomena 4.2: BaxxHo je HarinacuTu Jia ce y ciiydajy mMajie KoBapujallnoHe MaTpulie apameTapa,
yrunaj TtpaHchopmanuje pesuayana T (K) Moke 3aHeMapuTH W THUME JomaTHO mosehatw
MPaKTUYHY YHOTPEOJPUBOCT MPEMJIOKEHOT ainropuTMa wuaeHTHuKaumje. Hamme, Mepemem
Op3WHE W3BpIlIaBamka alrOpUTMa HAa padyHapy, MOXE C€ BHJIETH Ja Ce€ alIropuram ca
anpokcumanujom T (K) =1 u3Bpmana Opxe o Macpesbe3-MapTuHoBOT GHITPA, jep ce TOKOM
UTepalyja He TPOIIM BpPEME Ha CpadyHaBame Mmarpuie Tpanchopmanuje (4.27). UHTeH3UBHE
CHUMYJalije Cy OompaBJaje OBakBe MHTEpBeHIMje. KOHKpETHO, Ha MpUMepy CHCTEMa YEeTBPTOT
pena (4.35)-(4.38)3a 1000ureparuja, KOMIUIETHO MOAN(UKOBAHU alNropuram je 2.2 myra Op:xu
o1 opurnHaJHOT Macpesbe3-MaptuHoBor ¢untpa. Pesynratu cy mobujeHn cumysaiijama Ha
pauyHapy ca nporecopom Intel(R) Core(TM) i3 2120 CPU 3.3 GHzy 4GB RAM uncTanupane
MeMopHje, Koju paau moj 64-bit omeparuBunum cucremom. I[loHamame 0Bako MOIU(GUKOBAHOT
anroputMma 6uhe mryctpoBaHo Ha cieaeheM mpobiieMy orieHe crama:
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009 -0012 0.001 - 0.001
~0.005 098 - 0001 0.00
XKtD= o001 001 1 - 000K,

0.01 0.001 - 0.002 1

yk)=[1 0 0 Jxk)+ek).

[ym npoueca je ['aycoB ca HyATOM CpeIMHOM M KOBAPHjaIIMOHOM MAaTPULIOM:

0001 O 0 0
0O 0001 O 0
0 0O 0001 O
0 0 0O 0.00

W =

[IIym Mepema BMa HerayCcoBy pacmojeny achuHucany kao, (4.8):

®.={p(e): p(e) =(1-0.1)3v (0;0.1+ 0.1V (0;19).

I'pemika mporiene napamerapa je AeuHUCaHa y CMUCITY KBaJpaTHE IPELIKe Kao:

SE =In (Hé(k) —H(k)HZ) |

)
e}
)
=
)
o
=
<
& .
QE) ——-Macpesbe3-MapTHHOB poOycHHU (huaTap \"’» N
& 0r ——Po06ycHu duaTap ca mpBOM alpOKCHM.
1k
-2t I I 1 1 1
750 800 830 900 950

Bpoj urepauuja

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)

Cauka 4.2 YriopeaHu npuKa3 rpelike anropurMa rnocie mpse MoAaudukanuje 1 OpuruHaTHOT

Macpespe3-MapTtunoBor ¢Guntpa, 1001jeHe y IpUCYCTBY HEraycoBOT IIyMa MpH

koHTamuHanuju € =0.1
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—:—Macpesbe3-MapTHHOB pob. GpunTap i
—KommierHo MomudukoBan dunrap

I'pemka npoueHe

1 1 1 1 1
750 800 850 900 930
Bpoj urepauuja
Cauxka 4.3 YropenHu npukas rpeiike KOHaYHO MOU(PUKOBAHOT aJITOPUTMA ¥ OPUTHHAITHOT

Macpesse3-MapTuHoBor GuITpa, 100HjeHe y IPUCYCTBY HErayCOBOT IIyMa MpH
koHTamuHauuju £ =0.1

4.2 Pe3yJiTaTH CUMYJ1alHja

Beh je Ha3HaueHo na nmpomeHa napamerapa uMa Gopmy ciaydajHor kopaka, Buaetu (4.1)./la
Ou miryctpoBaiu nepopmMaHce npeaokeHe podycHe MporeIype 3a oleHy mapamerapa, pazmMarpa
ce MOJIeJI YETBPTOI pela YWjU BPEMEHCKH NPOMEHJbUB BEKTOP MapaMeTapa MMa OUYEKHUBaHY

BpeaHoct, [47-48, 60]:
§=[—0.9131 -0.3523 0.1118 0.2318 -0.0413 0.0766.0115 0.064]'}. (4.40)

VY npumepy uneHtudukanuje 6uhe mocMaTpaH ciydaj Kaga KOBapHjallMOHAa MaTpHIA IIyma
nporeca W(K) uma cnenehy popmy:

[210® 0 0 0 0 0 0 0
0  310° 0 0 0 0 0 0
0 0 2,510° 0 0 0 0 0

W(K) = 0 0 0 2,10° 0 0 0 0 (4.41)

0 0 0 0 a0 0 0 0
0 0 0 0 0 2,710 0 0
0 0 0 0 0 0 2,5110 0

0 0 0 0 0 0 0 310

VYna3uu curHan je OnHapau Hu3 [—1,1] reneprcan moMmohy anroputma ca MIOMUYHHM XOPH30HTOM,

ca m3abpanum mapamerpuma M=1, N =10" u n=40,w=0.5, = 2.5, Buneru ciuxy 4.3.
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) T T T T

~

£

510

o

)

g

QE) | | | | 1
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OpekBeHIHja

Cauka 4.4 KapakTepucTHKe T€HEpUCAHOT TIcey 10 IilyMa orpaHuueHor omcera , 1/ f ” 3a uzabpane

napamerpe: m=1, N =10* u n=40

2

L.5¢ 1

1

0.5r 1

of 4

-0.5¢ 1

Vna3sHu cursHai

Sl 1

-1.5¢ R

0 50 100 150
Bpoj uteparmja

Cauka 4.5 Ya3Hu OMHapHHU CUTHAJ T€HePHCAHOT TICEYI0 IITyMa ca orpaHudeHuM orcerom “1/ f

" 3a mapamerpe m=1, N =10 u n=40

TokoMm cuMynanuja MpeTHoCTaB/bEHO je Ja IIyM UMa HeraycoBy pacrnozeny, (4.8):
e(k) ~(1-&)N(0,0.14+ e (0,10. (4.42)

Cnuxke 4.5 - 4.8npuka3yjy MEpeHH H3J1a3 CHCTeMa, IPOIIeHE IapaMeTapa M IpeliKy MpoleHe, Y
ciy4ajy kontamuHanmje £ =0.05.
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Cauka 4.6 3mepenn uznas cucrema mnpu konramuHanju € = 0.05

1000

Po6ycHa nnenTudukanmja CToXaCTHUKUX JJHHEAPHUX CHCTEMA

-0.85_ .

a _Olg:.\,.\»,,.J,‘f,‘»_,'”'f:ii_\‘,:;_":_':i:"‘/‘ﬁ"'T/\lr;‘f,;:l::‘ﬁ,/__“_‘

—-0.95

400 500 600 700

400 500 600 700

QD
OO0
ORI

o

800

900

500 600 700
Bpoj urepanuja

400

Cuauka 4.7 [Ipouene napamerapa & (i = ]:1) nobujene npu koHramuHanuju £ =0.05

(~): Pobycuu durap,
(-.):Kanmanos duarap,
(..):Tayne BpemHOCTH MapameTapa
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~r AL

Voa,~

300 400 500 600 700 800 900

400 500 600 700 800 900

1.

400 500 600 700 800 900
Bpoj uteparmmja 35

Cuauka 4.8 IIpouene mapamerapa b (i =ZI:1) nobujene npu konramuHanuju £ =0.05
(~): Pobycuu durap,
(-.):KanmanoB ¢unrap,
(..):Tayne BpemHOCTH MapameTapa

Pesynratu cumynanuja cy nopel)eHu y cMUCIy KBaJipaTHe rpenike, 1epuHIcaHe Kao:

SE =In (Hé(k) —H(k)HZ) | (4.43)

-5 T T T

) ——-KanmaHos ¢uirap
——PobGycHu Qunrtap

I'pemika nponene

-100 200 400 600 800 1000

Bpoj utepanuja

Cauka 4.9 I'peiiika mpolieHe, 1o0HjeHa y MIPUCYCTBY HErayCoBOT IIyMa IIPpYU KOHTaMHHAIIU]U
£=0.05

Wznoxenu pe3ynraTH mokasyjy aa je kiacudan Kanmanos ¢unrap Beoma 0ceT/bUB Ha IPUCYCTBO
HEeraycoBOI IIIyMa Mepema, HacympoT TMpeiokeHoM poOycHoM KamnmanoBoM  Quirpy.
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[Ipennoxenn pooycan KanmanoB ¢unrap naje cnmuHe pesynrare yoouuajeHoM KammanoBoM
GuiTpy, y ci1ydajy cTalioHapHOT yucTor ['aycoBor mryma.

Cnuke 4.9- 4.12npuka3yjy MEpeHH U3Jla3 CUCTEMA, ITPOIICHE TTapaMeTapa M TPEIKy MpoIeHe, y
ciyuajy kontamuHaimje £ =0.1.

3amymMIbeHH M3I1a3

0 200 400 600 800 1000
Bpoj urepamnuja

Cauka 4.10 Uzmepenu uzna3z cuctema npu koHTamMmuHauuju € = 0.1

-0.7F ‘ 7
a-0.8
L0 Gk

. =
e

900

100 200 300 400 500 600 700 800 900
bpoj urepauuja 3

Cauka 4.11 Ipouene napamerapa a (i =ZI?1) nobujene pu koaTamuHanuju £ =0.1
(~): Pobycuu durap,
(-.):Kanmanos duarap,
(..):Tayne BpemHOCTH MapameTapa
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Cauka 4.12 INpouene mapamerapa b (i =ZI:1) nobujene pu koaTamuHanuju £ =0.1
(-): Pobycuu durap,
(-.):KammanoB ¢untap,
(..):Tayne BpemHOCTH MapameTapa
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——--Kanmanos dunrap
—PoOGycuu duntap

I'pemka nporene
-1
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Bpoj nteparmja

Cauka 4.13 I'penika nporieHe, 100HjeHa y IPUCYCTBY HETayCOBOT IIIyMa ITPH KOHTaMHUHALIN] K

=01

Cnuxe 4.14 - 4.1 fipukasyjy MEpeHH H3J1a3 CUCTEMA, IIPOIICHE TapaMeTapa 1 TPEeLIKy MPOLEeHE, Y

ciy4ajy kontamuHanmje £ =0.15.
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Cauka 4.14 Vzmepenu uzna3 cuctema npu KontamuHanuju € =0.15
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Cumka 4.15 Ipouene napamerapa a (i = ]71) nobujene npu koHtamuHauuju £ =0.15
(-): PoOycHu ¢punrap,
(-.):KammanoB ¢unrap,
(..):Taune BpemHOCTH MapaMeTapa
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Cuauka 4.16 IIpouene mapamerapa b (i =ZI:1) nobujene pu koHTamuHanuju £ =0.15
(-): Pobycuu durap,
(-.):KanmanoB ¢unrap,
(..):Tayne BpemHOCTH MapameTapa
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Camnka 4.17 I'pemika nporieHe, 100vjeHa Y IPUCYCTBY HETayCOBOT IITyMa IPH KOHTaMHUHAITH] U

£=0.15

[Topehemem rpemiaka nporeHe Npy pazIMdUTUM CTEIICHMMa KOHTAMHUHAIIH]€, JaCHO Ce BUAM
Jla CYIMEpUOPHOCT MpeIokeHoT podycHor ¢uitpa y ogHocy Ha KammanoB ¢unrap pacte ca

noBehameM KoHTaMuHaNMje, BuaeT ciuke 4.9, 4.13, 4.17.
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PoOycHa uaeHTH(PUKAIMja CTOXAaCTHYKHX
HeJIMHEAPHMX CUCTEeMA

Y oBOoM jeny ce pa3marpa ecTUMalMja CTakba M Iapamerapa MYJITHBapWjaOUIHUX
CTOXaCTHYKHX HEJIMHEapHHX CHCTeMa ca BPEMEHCKH NMPOMEHJbMBHM mapameTpuma. [Ipomena
napameTapa OIfMcaHa je METOA0M CIIy4ajHOT Kopaka y K0joj je oroBapajyhu rym Moaenupan Kao
["aycos croxactuuku nporiec. [locmarpahe ce cimydaj kaga nrym nponeca uma ['aycoBy pacmnoneny,
a IIyM Mepema HeraycoBy pacropeny. Kao okBup 3a peain3anujy OBaKBOT alIrOPHUTMa Y3e€T je
Macpembe3-MaptunoB  ¢unrap (podycuun KanmanoB ¢uarap). Jla 6um  ce moschana
(i1eKcHOMITHOCT, Y CMUCIY NPaKTU4YHE NMpUMeHe poOycHor KammanoBor ¢uirpa, u3BplIeHa je
xeypuctuuka monudukanuja. Pesynratu cumynanyja cy TMoKa3alw Ja Tako MOAW(PUKOBAHHU
npomupenn Macpesbe3-MapTiHHOB ¢uuitap npeBaswiasu nepdopmance ¢uinrpa 6e3 yBenaeHUX
MoauduKaImja.

5.1 MoauduxkoBanu npomupenn Macpesbe3-MapTunos guiarap

IMocmaTpa ce HenmuHEapHHW, CTOXAaCTHMYKM MYJITHBAPHjaOMIIHHM CHUCTEM omMcaH cienehum
jemHauynHaMa CTamka U Mepema.

X(K) = fy (x(k-1),uk-1),0K-Dw k- 1), (5.1)
y(k) =R (x(k), 8(k),e(k)). (5.2)

Bemmumnaa  X([)] je BekTop ctama, Y([) je BekTop u3nasza cucrema, a W([)) u e([) cy mrym mporieca
u mym Mepema. [IpernocraBiba ce na je mym npomeca 'aycoB W(k) ~ NV (0,Q(k)) rae je Q(k)
KOBapujalroHa MaTpULa.

HIym mepewa €(K) je HeraycoB, OJHOCHO MpHMaga HPUOIMKHO HOPMAJHOj KIIACH
pacniozena:

®, ={p(e): p(e) = (1-£)p, (€) +£q(e)} , (5.3)

npu uemy P()J o3nawaBa ryctuHy BepoBaTHohe. Kao y mIpeTxomHOM MOrniaBiby, T'YCTHHA
BepoBaTHohe P(€) mpencrasiba cmemy HopMaiiHe (["aycoBe) pacmoaene

Py (€) ~ N (0,R k), (5.4)
U TIPOU3BOJbHE TYCTHHE BepoBaTHOhe (|(€)
q(e) ~ N (0,R, (k)), (5.5)
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rie cy R(K) u R,(K) xoBapujammone marpuile HOMHHATHOT W KOHTaMuHHpajyher umana

Heraycose pacrogeie (5.3),pecrieKTHBHO, a mapaMeTap £ O3HayaBa CTEIICH KOHTaAMUHAIIH]E.

HakoHn pasBujama jemHaunHe crama y Tejinopos pen y okonuan tauke X(K—1) = X(K —ﬂk -1,

nobwuja ce:

K =Fk-Dxk =D+ fu RE-Jh-Duk- DO k- D.OYF k- HK- k-3
+L(k—Lw(k -1)

oaocko,

X(K) = F(K=)x(k - 1)+ 0 (K - 1)+ WK - 1), (5.7)
rae cy JakoOujeBe MaTpulie HelnHeapHe GyHKIje ctama f,

F(K) =‘;—f; iy » L) =g—f; i (5.8)
osnarn curman G(k —1) u cursan myma W(K) cy nedunncany Ha caenchn Hadms:

a(k) = f (X(k|k),u(k),8(k),0)- F k)X Kk|k), (5.9)
W(k) = L(K)w(k) . (5.10)
Iomrro ce 3ua 1a je W(K) ~ NV (0,Q(k)), To he 6urn

E{W(k)} = L(k)E{w(k)} =0, (5.11)
E{w(kw(j)"} = E{ Ltowliow” ()L (K} = LKQUKL (k). (5.12)
Cajia ce MOKe JIHHEapu30BaTH jennaunna Mepersa oko X(K) = X(k|k —1)

y(k) = H (k)x(K) + h (X(k [k =1),8(), 00~ H k)X Kk - D+V k R &), (5.13)
y(k) = H (K)x(k) + z(k) + d(k) , (5.14)
r1e cy JakoGujese MaTpuie HemuHeapHe GyHKIHje Mepema N :

H (k) :% ey V() :% (o) (5.15)
Curnan z(K) u curnan myma 0(k) cy gedurncanu Ha cienelinn HauuH:

z(k) :m(f((k|k—1),6?(k),0)—H (k))“((k|k—1), (5.16)
d(k) =V (k)e(k) . (5.17)

JluneapHa jenmnaunHa crama (5.6)u muHeapHa jeqHaurHa Mepema (5.13)ce Mory nmpeacTaBuTH Ha
cnenehu HaYMH:

x(k) = F (k =)x(k = 1)+ G (k - 1)+ W & — 1), (5.18)
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y(K) = H (K)x(k) + z(k) + 0(K) . (5.19)

VY pedepentu [55], Macpeibe3 u MapTuH 3a HaBeIeHY CUTYAIIH]y MPEIOKIIN CYy POOYCHH
KanmanoB ¢unrap. OBaj punrap numa mMany oceT/bUBOCT Ha IIPHUCYCTBO ayTiiajepa y nopehemy ca
cragmapaauMm KanmanoBum ¢untpom u3BeneHuM 3a ciydaj aa senuuude W([)) u e()] umajy

l'aycoBy pacnozeuny.

[Mpumernom Macpesbe3-MaptuaoBor ¢uiarpa Ha auHeapHe jennaumue (5.18)-(5.19),m06mhemo
npomupenu Macpesse3-Maptunos ¢untap. Jlakie, npommpenu Macpesbe3-MapTiHHOB (uinrap 3a
HenmMHeapHu cucteM Aedunucad penanujama (5.1)-(5.2)uma ciaenehy popmy:

K(k|k-1) = f (XKk-Uk-)u k- 218 k- 1),0, (5.20)
Pkk-D)=Fk-D)Pk-1k-1F" k- 1+L k- 1R k-1 k- 1, (5.21)
K(K) = P(k|k -)HT (K)TT (k), (5.22)
v(k) =T (K)| y(k) - h (X(k|k-1),6(),0)], (5.23)
R(k[k) = X(k|k —1)+ K ()W (v (K)), (5.24)
P(k[k) = P(k|k —1) = K (K)KT (K)Ep, {¢' (v (K))} . (5.25)
npu uemy cy

F (k) :% o LK) :% o HEK) :% o V(k):% o (5.26)

Tpancdopmanuja T(K) yBenena je 30or Tora na 6u nHoBannoHa npoMenspiBa €(K) 3amoBospuia

yCIIOBE CHMETPUYHOCTH Ofjpe)eHuX TrycTHHa BepoBaTHOhe Kao W ycIOBE 3a MaprUHAIHE
BepoBatHohe [55].

Henmuneapna ¢ynakmuja (¢ (Dlje 3a knacy & — KOHTAMHHHUPAHHWX pacriojieyia BepoBaTHoha

Xyb6epoBa (yHKIH]ja 1 100H]ja ce TpUMeHOM Teopuje urapa y cratuctui [13]. Ona ce aedunuiie
Ha OCHOBY HajHENOBOJbHUjE pacrojesie BepoBaTHOhe 3a 3a7aTy Kiacy pacrojena BepoBaTHohe,
noryieaTu ciuky 4.1.

Hajnpe je morpebno nepunucaru tpanchopmaunony marpuity T (K). Herpanchopmucanu
pe3uayan riaacu

£(k) = y(k) - H (K)X(k|k -2). (5.27)
MaTeMaTHIKO O4EKMBaThe M KOBAPHjaLMOHa MaTpHIa pesuayna (5.27)cy:

E{e(k)} = E{y(k)} - H (K E{&(k|k-1)} =0, (5.28)
E{ (k)€ (K)} = R(k) +H (K)P(K|k ~DH (k). (5.29)

npu wemy cy R(K) = E{ y(K)y" (K)} u P(k|k ~1) = E{&(k|k ~1)X" |k - 1} . [ourro mym mepersa

¥Ma HeraycoBy pacrojeny:
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p(e(k)) =(1-&)N (O,R k))+ N (OR, k), (5.30)

y3 kopumthewe (5.17), nobuja ce nma je kosapujamumona marpuna myma O(K) y nuxeaproj
jennaunan Mepema (5.19):

R(K) = (1- )V K)R KV (K)+ &V K)R,(K)VT (k). (5.31)
TpaHCOpMHCAHU PE3UAyall IIack

v(K) =T (K)e(K) . (5.32)
MaTteMaTHYKO OUYeKHBabE U KOBapHjallMOHAa MaTpHUIla TpaHCHOPMHCAHOT pe3uayala Cy.

E{v(k)} =T(k)E{e(k)} =0, (5.33)
E{v(k)v" (K} =T(K)[ RK) + H (K)P(k|k=DHT (k) [T" (k). (5.34)

VY ciy4ajy na Tpancdopmalriona MaTpuiia uMa o0JIMK

T(K) =[ HK)P(k[k-DHT (k) + R(k)]_;. (5.35)

KOBapHjaloHa Marpuua tpanchopmucanor pesuayana (5.34)6uhe | , ma he Tpanchopmucanu
pesunyan umaru HopmanHy pacrnopeny N (0,1). Ha ocuoBy penamuje (5.35), Bumu ce na
tparcdopmarnmja T(K) 3aBHCH 01 KOHTAMUHUPAHE pacIoielie Koja HUje alpruopy Mo3HaTa, ra ra

j€ cTora TeUIko MpaKTUYHO UMIUIEMEHTUpATH. 3aTo ce ycBaja ciueacha gpopma Tpanchopmarmone
MaTpuIe

T(K) =[ HK)PKk-DH" (K)+ R (k)] 2. (5.36)
Cnenehu kopak je nedunncame E, {l,U'([I} . Carnacuo pedepenim [55], nobuja ce na je
E, {¢ 0} =@-o)[oK)-d(-k)] = @-e) 2 k)-1 , ks & (5.37)
Bennuuna ®(K) je pyHkuuMja cranaapaHe HOPMAJIHE pacioene

1§ s
(k) v ! e 2qx. (5.38)

OCHOBHHU HEIOCTAaTaK OPUTHMHAIHO MpeaaoxeHor Macpesbe3-MaptunoBor ¢unrpa [55] je mro
yKJbydyje JBE BEJIMYMHE KOj€ HHje JIAaKO OAPEAUTH y MPAKTHUYHUM YCIOBUMa. To Cy CKalapHa

Tpancpopmanuja T(K) kao u wian E, {(/l' (V(k))} y aroCTepUOpHO] KOBApHjallMOHO] MATPHIIH,

(CIIMYHO CKaJIapHOM CITy4ajy Yy MPETXOIHOM TIOTJIaBby, BUAETH penauujy (4.23)) .

Takole, nmpu raycoBuM LIyMOBHMa OpHUTrHHaIHM Macpesbe3-MapTuHOB ¢uiiTap ce He IMOoHaIla
Tako 100po kao cranmapaau Kammanos dunrap.

3a noBehame npaktuune BpearocTu anropurMa (5.20)-(5.25)u3spiene je cinencha xeypucruka:

e UYnan E@g{l//' (V(k))} anpoxcumupat je peanusanujon ¥ (V(K)).
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Cana anropuram (5.20}(5.25) n06wuja cnenehy, moaudukoany Gopmy:

K(klk-1)=f,,Rk-Uk-1)u k-1 k- 1),0, (5.39)
Pkk-D)=Fk-D)Pk-1k-1F" k- 1+L k- 1R k-1 k- 1, (5.40)
K (k) = P(k|k -DHT (K)T" (k), (5.41)
v(K) =T(K)] y(k) - h (X(k|k-1),8(),0)], (5.42)
R(k|K) = R(k|[k —D)+ K (k)@ (v (K)), (5.43)
P(k|k) = P(k|k -1) = K (K)¥ (v (K))KT (k) , (5.44)
¢ (nK) .. 0
W (v(k)) = 0 0 , (5.45)
0 e (v, (K))
T(K) =[ HK)PKk-DH" K)+ R (K)] 2, : (5.46)

IIPU YEMY CY:

F(k) = L(k) = H (k)= h* V(K)= h* (5.47)

x(k\k) g x(k\k) J x| K(Kk=D) y | KKk -

5.1.1 Pe3yaraTu cumyjaanmja

Anroputam (5.39) - (5.47)omoryhaBa 3Ha4ajHO MOjE€AHOCTABIbEHY MPHUMEHY POOYCHHX
¢umitepa y npakcu. HTeH3UBHE cUMyJalyje ompaBlaie cy oBakBe MHTepBeHIH]je. [loHammame
alropuTMa ca MpeIoKeHUM MoauduKkanujama Owhe pa3MarpaHo Ha MpoOJIEMy ecTHMaIlUje
CTamka HETMHEapHOI CHUCTEeMa JPYIror pela KOjUu je TMpelncTaBbeH cieiehum jenHaumHama y
IPOCTOPY CTama.

y i x, (k) +0.002¢ ) - 5.48)
= + —_ , .
M 0 +0.000 % b (3 k)2 k- I, ) | T

%K) By(K)
y(k) - I X1 (k)e_xz(k) :| + e(k) . (549)

[Iym mnpomeca W(k) wuma [aycoBy pacmojeny ca HYJITOM CpeAmOM BpeaHomhy u
KOBapHjallHOHOM MaTPHUIIOM

002 0
Q(k)—{ 0 0_02] (5.50)

HIym mepemwa (k) uma HeraycoBy pacroneny AepuHUCAHY Kao:
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o | PE)=1-&)DV(0,0.0+ £,V (0;10) 651
* | p(e)=(1-&,)IV(0;0.1)+ &,V (0;10

Hajnpe cy ymopehenn npommpenn Macpesbe3-MaptunoB ¢unrap (5.20)-(5.25)u cranpapaau
npomupenu Kaimanos ¢unrap.

Crnuke 5.1-5.3n0ka3yjy u3nase cucrema, MpoIeHe CTama U KBaIpaTHY TPEIIKY 3a CIy4aj Kaja cy
BpenHOCTH KoHTamuHanujama & =0.1u &, =0.15.

_ | | | | | | | | |
10 100 200 300 400 500 600 700 800 900 1000
Bpoj urepanuja

1.5

! ! ! ! ! ! ! ! !
00 100 200 300 400 500 600 700 800 900 1000

Bpoj urepanuja

Cuauka 5.1 Wznasu cucrema npu konTamuHanujama & =0.1u £, =0.15

0.8~ ~ 7

\
880 900 920 940 960
bpoj urepaunja

|
800 820 840 860

[+ \ ! ! ! ! !
700 720 740 760 780 800 820
bpoj urepaunja

Cunka 5.2 [Iponene crama X (i =1,2) nodujeHe y NpuCcycTBY HETraycOBOT LIyMa IIpU
koHTamuHanujama & =0.1u &£, =0.15

(-.): Ipommpenn Kanmanos ¢urap,
(--): Hpomrmpern Macpesbe3-MapTuHOB Qurap,
(..): Taune BpeTHOCTH CTamba
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----- TIpow. Macpesbe3-MapTHHOB ¢,
------ ITpomur. Kanmanos ¢unrap

=

I'pemixa mpouene

\ \ \ \ \ \ \ \
0 100 200 300 400 500 600 700 800 900 1000
Bpoj ureparmja

Cauka 5.3 I'penika nporene, 1001jeHa y IPUCYCTBY HEraycOBOT IIyMa MPH KOHTaMUHALIKjaMa
£=01n¢g,=0.15

Y npyrom kopaky ce mopeae mpormupenn Macpesbe3-Maptunos duarap (5.20) - (5.25)m
NpEJUIOKEHH ITOPHTAM ca anpokcumaumjoM Ep {l//'([I} Oy () (5.39)-(5.47)Ha ciiukama 5.4u

5.5cy npukasaHe IpoIeHe CTama U KBaIpaTHE IPEIKe 3a cirydyaj Kaja cy koHramuHanyje & = 0.1
u &, =0.15.

0.75

0.7

| |
650 700 750 ) 800 850 900
bpoj urepaunja

| | | | |
550 600 650 700 750 800 850
Bpoj urepanuja
Cauka 5.4 IIpouene crama X (i =1,2) nobujeHe y IPHCYCTBY HErayCOBOT LIyMa IIPH

koHTamuHanujama & =0.1u £,=0.15

(-): IIpommpenn Macperbe3-MapTuros (uirrap ca E(Pg {w'([ﬂ} Oy (0,

(--): Hpomrmpern Macpesbe3-MapTtuHoB ¢urap,
(..): Taune BpeTHOCTH CTamba

63



JToKTOpCKa JucepTaiuja Po6ycHa nnenTudukaimja CToXxaCTHYKUX HETMHEAPHUX CHCTEMa

----TIpour. Macpesbe3-MapTuHOB unTap
—TIpour. poGycuu punrap ca th ip(W'(V)) - W'(v))

I'pemixa mpouene

\ \ \ \ \ \ \ I
0 100 200 300 400 500 600 700 800 900 1000
Bpoj utepanuja 3

Camka 5.5 I'perika mporiere, 1o0HjeHa y IPUCYCTBY HETayCOBOT IITyMa MPH KOHTaMUHAITH]jaMa

£=01u¢&,=0.15

BaxHo je yountn ja npeanoxeHa xeypucrtuuka mopudukauuja Ep {l//'([ﬂ} Oy (D) mosehasa

op3uny kouseprenmuje (5.39)(5.47) na nouernum urepanujama. Hamme, u3 pemarmmja (5.40),
(5.41)u (5.44)3a nojauame podycHor Kammanosor ¢uirpa 106uja ce:

K(K) =[ F(k=DP(k~1k-2F k- 1F k= 1K k=¥ ¢ k- DK k- " k- 1y

(5.52)
+L(k-1)QK DL k-DHT kI k)
VKOJHKO je
(k)| >k, v(K)=TK)] y(k)-h (X(klk-1),8(),0)], (5.53)
penanuja (5.52)nocraje
K (k) :[F(k—l)P(k—ﬂk— 2F k-I+Lk-1Q k-1 k- 1j HT kT" k, (5.54)

jep je y3 ycnos (5.53) ¢/ (V(k)) =0 (Buneru ciuky 4.1).

Ynopehyjyhu penanuje (5.52)u (5.54)Buau ce na je mojavame K(K) y apyrom ciayuajy Behe. To
3HAYM J1a KaJ KOJl Cy TpellKe ollemrBama Behe, nmojauame uirpa ce mopehaBa m camMum TUM
nosehaBa Op3MHY KOHBEPreHIIM]j€ OLICHA.

BaxxHo je HarmacuTh nma ce y ciiydajy Majie KOBapHjallMOHE MAaTpHUIle TapaMeTapa, yTHUIaj
Tpanchopmanmje pesuayana T(K) Moke 3aHEeMapuTH M TUME JOJATHO MoBehaTH MpaKTHYHA
ynoTpeO/bUBOCT TPEMJIOKEHOT anropuTMa wuaeHTudukanuje. Haumme, wmepemem Op3uHe
U3BpIaBamka aJropuT™Ma Ha payyHapy, MOXE C€ BHJETH Ja Ce ajropuraMm ca JO0AaTHOM
anpokcumanujom T(K) =1 wu3BpraBa Opxxe oa Macpesbe3-MapTHHOBOT QHITpa, jep c€ TOKOM
UTepalyja He TPOIIM BpEeMe Ha cpadyHaBame Mmarpuie Tpanchopmainuje (5.46). UHTeH3MBHE
CHMYyJIallije cy onpasjajic oBakBe nHTepBeHije. KonkperHo, Ha mpumepy (5.48)-(5.49)3a 1000
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uTepalyja, KOMIUIETHO MO (DUKOBAHN airopuTaM je 3 myTa Op»Ku oJ] MpoImpeHor Macpesnes-
Maprunosor ¢unrpa. Takohe xao 3a cnyyaj moaudurkoBanor Macpesbe3-MapTuHoBor GuiTpa,
pe3yaTatu cy 100HjeHH cuMylalidjaMa Ha padyHapy ca mporecopom Intel(R) Core(TM) i3 2120
CPU 3.3 GHz,ca 4GB RAM wuncranupane mMeMopwuje, koju paau moxa 64-bit onepaTuBuHuM
CHCTEMOM.

[Tocmatpajmo cucrem (5.48)-(5.49)y ciyuajy aa mym nporeca W(k) mma ["aycoBy pacmomeny ca
HYJITOM CPEI-OM BpeaHOIIhy ¥ KOBapHjallHOHOM MaTPUIIOM:

0.0002 0
k)= : 5.55
Qk) [ 0 0.0002} ( )
[Iym mepema e(k) mma HeraycoBy pacnozeny AehruHucany momohy penanuje:
_ p(e) =(1-&) 0V (0;0.1¢+ £, [V (0;10) (5.56)
* | p(e) =(1-¢,)BV(0;0.1+ ¢,V (0;10) :

Ha Cnunm 5.6 cy ynopehene rpemike nmporieHe y ciiydajy Kajia ce eCTUMallrja rmapaMerapa BpIu
ca npommpeHuM Macpesbe3-MapTHHOBUM QUIITPOM U Y CIIy4ajy KaJia je IPUMEHeH

MIPEIIOKEHHU TIPOITUPEHH poOycHHU (priTap ca 006e u3BpiIeHe MoaupUKaIHje (E(Pg {w'([ﬂ} Oy ()

u T(k) =1). [Tocmatpa ce ciry4aj Ipu cTeneny KoHTamuHanuja & =&, =0.1.

-—TIpour. Macpesbe3-MapTuHoB dunrap
-1.5 —Kommnetno MoaubukoBad Guiarap

I'pemka mpornene

| | | | | | |
0 100 200 300 400 500 600 700 800 900 1000
Bpoj nteparmja

Ciauka 5.6 YropenHu npukas rpeike KOHaYHO MOIU(UKOBAHOT aIrOpUTMa ¥ OPUTHHATIHOT
Macpesbe3-MapTHHOBOT anropuTMa, 100HjeHe Y IPUCYCTBY HErayCoBOT IIIyMa MpH

KoHTaMuHawju & =&, =0.1

Ca cimke 5.6 ce jacHO BHIM Ja je ecTUMaIMja Mpennu3Hrja (Mama rpelika) y ciydajy Kaaa
ce KOPHUCTH MpPeNIOKEeHU MpoIMpeHn poOycHH ¢uitap. Takole, Moke ce 3aKJbyduTH JAa je
MpeIOKEHH POOYCHH airopuTaMm uaeHTU(duKairje poOycHHju on yobwdajeHOor Macpesnes-
MapTHHOBOT anroputMma, jep ce ca nopehaBameM cTerneHa KOHTAMHMHAIM]e 3HaYajHO HE MEHbajy
nepdopMaHce alropruT™Ma, BUJICTH CIUKY 5.7.
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-—IIpomr. Macpespe3-MapTtuaoB dhuiarap
-1.5 —KowmruietHo Moaudukosan duirap

I'pemika nporexe

1 | 1 1 | | 1
0 100 200 300 400 500 600 700 800 900 1000
Bpoj urepanuja

Cauka 5.7 YHopenHu puKas rpeliike KOHaYHO MOTU(PUKOBAHOT aJrOPUTMA M OPUTHHAITHOT
Macpesbe3-MapTHHOBOT anropuTMa, T00HjeHe Y MPUCYCTBY HErayCoBOT IITyMa IpH

KOHTaMMHaIuju & =&, =0.2

5.2 Anropuram ecTuManmje napaMerapa u crama

[IpBo hemo onucatu mpoMeHy napamerapa mocMaTpaHoT HeJIMHEapHOT cuctema. Moryhe je
YBECTH pA3IMYUTEe NpPOMEHe mapamerapa (CKOKOBHTE, KOHTHHyanHe). [IpermocraBmhemo na
IpoMeHa apamerapa uMa Gpopmy ciydajHOT KOopaka

Ok +1)=80(k)+wk), (5.57)
pu ueMy je ctoxactuuku mporec k) I'ayco ca cpenmpoM BpeaHoIhy HyJa 1 KOBapHjalldOHOM
matpuriom W(K).

Caununo nanomenu 4.1,monen (5.57)je Takohe moryhe npeacTaBuTH y OMImTHj0j GOPMH:

A(k +1) = CO(K) + w(k), (5.58)

npu yemy je C ampuopu nmo3HaTta HecuHTyIapHa MaTpuna. OBa MaTpHIIA je Or0/IHA 32 YHOIICHC
anpuOpHUX MHpOpMaIHja o (GeHoMeHy umja ce uaeHTuukanuja Bpmm. U3 penanuje (5.58)
NpOM3MIIAa3Hu U MOTYNHOCT MO/IEIOBama IeTePMUHUCTHYKHI TPOMEHJBUBHX ITapaMeTapa;

Ok +1)=CO(K). (5.59)

Ja 6u npommpenu poOycHu KanmaHoB ¢unTap MO J1a KOPUCTHMO 3a MPOIEHY Mapamerapa,
noTpeOHO je BekTop cTama X(t) mpommpuTh ca BeKTOpoMm mapamerapad(t), ma moiasumo 1o

cnenehe mpomupene gpopme:

_IXK) | _| featx(k=D,uk-1),0k-1w k- 1))
= {e(k)} { 0. (6k-D0-D) | (5:60)
mTo ce kpahe 3anucyje
2(K) = Gy (2(k -1, uk - 1,0 k- D& k- D). (5.61)
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IIpH YeMy CMO ca ¢, _; O3HAYMIH MPOIIMPEHH BEKTOp mopemehaja
fk-1)=[w'(k-1) 7" (k-1 . (5.62)

Y HajoNIITHjeM CIIy4ajy ce pa3Marpa ciydaj Jia Cy mapameTpy BpeMeHckn pomMeHsbuBH rie /7(K)
Ipe/ICTaBIba HEKOPEIMCaHu [ aycoB mym

n(k) ~ N (0, (K)). (5.63)
[Tocne mpommpema BEKTOpa CTamka ca BEKTOPOM MapaMeTapa, jeJHaYiMHa n3jia3a 1nocraje

y(k) =h(z(k),6(k),e(k)). (5.64)
Haxie, caga he mpompenu HelnmMHEapHU MOJIeNn OUTH Ne()MHUCAH jeTHaYnHaMA.

(k) = g4 (z(k -D,uk-1).0 k- 1< k- 1), (5.65)
y(k) =h (z(k),8(k),ek)), (5.66)
raecy :

¢(k) ~ N(0,=(k)),

ky 0
=(k) = {Qé ) o }
(k)

Carnmacao penanmjama (5.39}(5.47) nako ce Moke MoOKasaTH Ja NpomupeHd Macperbes-
MapTtuHoB ¢uittap 3a npomupeHu HenuaeapHu cucteM (5.65)uma cnenehy popmy:

2(klk-1) =g (2Kk-1k-Hu k- 1P k- 1),0, (5.67)
P(kk-1)=F(k-1)PK-1k-1F" k- 1+L k- 1F k- 1" k- 1, (5.68)
K(k) =P" (k[k-1)HT K)T" (k), (5.69)
v(K) =T(K)| y(k) - h(2(k[k-1),6(),0)], (5.70)
2(k|k) = 2(k[k 1)+ K ()W (v (k)), (5.71)
P(k|k) = P(k|k -1) = K (K)¥ (v (K))KT (k) , (5.72)
¢ (v(K) ... 0
W (vk))= 0 0 , (5.73)
0 e (v, ()
T (k) =[ H(K)P(k[k —D)HT (k)+ Rl(k)]_;, (5.74)

IIPU 4EMY CY:

67



JToKTOpCKa JucepTaiuja Po6ycHa nnenTudukaimja CToXxaCTHYKUX HETMHEAPHUX CHCTEMa

_0q _dq 0 0
F(k) _a_zk 2(K|k) ? L(k) _a_fk 2(K|k) * ( )_a_k: 2(K|k-1) ? V(k) _% 2(kjk-1) * (5'75)
AKo mpeTnocTaBuMo 1a HenuHeapHe QyHkuuje cucrema g, u f, umajy cienehy dopmy
gk (6(k),77(K)) = 8(K) +n (k) (5.76)
fi (x(k),u(k),8(k),w(k)) = f, (x(k),uk),8k))+wk). (5.77)
taaa ce matputie (5.75)mory cBectu Ha cieachu o0mK:
of, | of,
_aq B ey | F(K) | Fy(K) _aq _
F(k) _O_Zk 2(kk) ~ _%(_+_?9_ —{_'O“_i“T;_ ) L(k) _6_4: 2(kk) ~ 'n+p
I P gk, 6(kk) (5.78)
oh, oh !0 } oh,
H(K) =—|, = = == =|H (k) | H (K|, V(K)=—%|, =1
() gz 124y { X : 06 R(K[k-1),8 (K|k-1) [ ) | ol )] “ gu IHKk
IToyeTHu ycnoBu cy:
Z =0, (5.79)
. [P0} 0

Ycenen cTpykType nmponiupeHor Bektopa crama z(K), kora ynHe BekTop crama X(K) u BekTop
napamerapa O@(K), mpupomHo je na yBememo cienehy OIOK CTPYKTypy MaTpulle Iojadyama U
KOBapHjalioHe MaTpULE

5(k|k —1) = K1) | k|k)= X(kk) 5.81

b= oy [ 2607 | 5.8
N(K)

K(k) = {R/I_(_k_)} , (5.82)

R(klk) | Pz(k|k)j| (5.83)

P(k'k):[ﬁfzk‘|‘k5*;‘e&|'k‘>

VY3umajyhu y 063up npezacrasibambe (5.81)u (5.82),jennaunne (5.67)u (5.71) ce mory 3amucaTu
Ha crneachu HauwmH:

s-1)= Fk_l_(_XE‘E_‘_1|_k_;_1>_19_('§_‘_1_)1_9_4_<:_}‘§_‘_1_))} | 584
Ak -1k -1)

A [ (k[k=1) ] [N(K)

2(k|k) {é(k|k—1)}{M (k)}[w(v(k))], (5.85)
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——————————————————————————————————————————— ]

Ha ocuoBy (5.84)u (5.85)106wuja ce:
R(k|Kk) = f o (Rk-1k-1)uk-1E&-Jk- N kW (v k). (5.86)
B(k|k) = 6(k -1k 1)+ M (K)¥ (v k)).- (5.87)

[loueTHe BpegHOCTH §<(0|0) 51 9(0|O) MPEJICTaBbajy HEKO allPHOPHO 3HAIE O BEKTOPY CTama U
BEKTOpY MapamMeTapa. Y ciydajy Aa alpuopHe nHpopMaluje HUCY AOCTyIHe, Oupa ce )A((O|0) =0
u 6(0/0)= 0.

Takohe, xopucrehu ycojene 6ok crpykrype (5.78), (5.82)5.83),1ak0 ce Moke mokaszaru na
penarmje (5.68), (5.69), (5.72) (5.74)umajy cienchy dopmy

Pklk=1)=| —f~-r-—7cr—"7=---=2 (5.88)

rje cy:

Rkk-D)=F (k-DRk-1k-1F k- 1+F, k- 1P k- k- I k- 1¥

(5.89)

+F (k-1 (k-1k - DF; k-D+F, k- 1P, k- k- 1F; k- I Q k- 1)
P(klk-1)=F, (k-1)P,(k—1k - 1+ F, k- 1P, k- tk- 1)

| (5.90)
P (kk-1)=P] k-1k-1F k-1+F k-Ik-1F; k-1
P(klk-1)=Py(k -1k -1)+® k- 1) (5.91)

R(k|k-DH; K)TT (K)+ P, (k|k-DH; K)T" )

“= {PT_(_k_|T<__1_)|_—|__(_k_)f?_(IZ)_;T:’_(_k_|lz__1_)l_—|"(f<_)1_'f2k)} 5:92)

P(k[k) = { ———————————————————————————————————————————————————— } (5.93)

T(K) =[ H, (R (k[k=DH; (k) +H, ()P (k|k—1)HI )+
r (5.94)
+H, (R (k[k=DH; () +Hy (R (k[k—DH; )+ R k)] 2

Panu nperneanoctu, anroputam hemo npeacrasutu y popmu Tadene 5.1.
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Tabeaa 5.1

ATnlpropHE NpolIeHE NTapaMeTapa U cTama

(k|k=1)= f,_ Rk -1k-Du k- 1P k- k- 1)
O(k|k-1) =8k -1k - 1)

JakobOujeBe marpuie HenuHeapHux Gyukimja f, u h

of, | of, |
aq ~— o F (K) | Fp(K) aq
F(k)=—"%[.,.. . =|0x i 08 =| === =1,  L(k)==—X|, I,
(k) PERECD _6_1:_|__ 0 i Ip (k) Y s(kk) ~ 'n+p
(O D)
oh, oh, | 5@} oh,
H(k) =—%|, = X =X =(H_(k) ! H,(K)|, V(K)=—X|. =
( ) 9z 2(kk-1) { X : 96 D B [ x( )| 9( )] ( ) U 2(k|k-1) r

EnemeHnTu anpuopHe KOBapHjalluoHe MaTpHIIE

Rkl 1= F, (kDR =k~ D &= D+ F, k= 277 k- k= I k- 1
+F, (kDR (3~ DF] (= D+ F, &= 1, k- k= 2 k= QK- 1

Pklk-1)=F (k-DP,k-Ik-1+F, k- 1P k- Jk- 1

R(klk-1)=Pk-1k-1)+® k- 1)

Matpwuia TpancpopMucama

T = H (R (K[ ~DH; (K)+H, (k)P (k[k—DH; ()+

+H, (K)R,(k[k ~DH; () +H, (R (k[k—DH; (k) + Rl<k)]‘§

biokoBu Matpuiie mojayama

Ni = R(k|k=D)H, ()T (K)+ Py (k[k ~DHg K)TT )

M, = B (k|k-DH, ()T" (k) + R (k|k-H; K)TT (k)

Tpancopmucanu pe3umyain

v(K) =T (k) y(k) - h (%(k[k-1),6(k),0)]

Henuneapna ¢pyHkiuja
¥ ()

W (V(k)) = ___i___
(v, (k)
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EnemenTtu MmoaugurkoBaHe anocTepruopHe KOBapHjallMOHE MaTPUIIE

R = R(k[k 1)~ N(K)¥ (v (K))N" (k)
Py = Py(k[k-D)-N KW ¢ ()M (k)
Py =Py(klk-D)-M KW ¢ k)M (k)

ArnocTepuopHe NpOLEHE CTamka U Iapamerapa
(k[k) = f(X(k -1k -1)uk-1)0 k- Tk - D} N K W (v k)

6(k|k) = G(k -1k -1)+ M (K)¥ (v K))

[ToueTHu ycnoBu

%(0]0)="0, 8(q0) = (
R(0]0)=P(x,)=10"1,
P,(0[0)=0

R(0[0)=P(6,)=101,

5.2.1 Pe3yaratu cumy.aanuja

[lepdopmance npensyoxkeHOr aaropuTMa 3a MpOLEHY MapaMeTapa U crama Ouhe mpukazaHe Ha
cieaehem npuMepy HETMHEAPHOT CUCTEMA.

_[ m e e
x(k +1) = { o 500 +sinx, J +w(K) . (5.95)
| %K)+ p, 35 (K)
y(k) { o (e }e(k). (5.96)

Beh je HamomenyTo na nmpoMeHa mapaMmerapa MocMaTpaHOT HEeJMHEeapHOr cucTteMa uMa hopmy
ciyuajaor kopaka (Bumet (5.57)) uMju BEeKTOp BPEMEHCKHM MPOMEHJbHBUX Iapamerapa MMa
OYEKHBaHY BPEIHOCT:

6=[0.5001 0.1862 0.4023 0.6712 0.3]2 (5.97)

Osgpne he 6uTH pazMaTpaH ciIydaj Kaja KoBapHjalroHa MaTtpuua myma rnpoueca W(K) uma dpopmy

(5.98)

Q(k){ztm 0 }

0 210*

JIOK KOBapHjaHca IIymMa rmapamerapa uMa 00JIHK:
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210° 0 0 0 0
0 110° 0 0 0
ok)=| 0 0 310° 0 0 (5.99)
0 0 0 1o 0
| 0 0 0 0 210°|
TokoM cuMmyIiaiyja mpeTocTaBiba ce Jaa myMm Meperma V(K) mma HeraycoBy pacroJieny:
=(1-&)V(0;0.0)+ £,V (G;10
p =] P& = (A=) V@01,V (0:20)) 5.0
p(e,) = (1-¢,) BV (0;0.14+ &,V (0;10

CuMyIanmjoM OIMCaHOT HEIMHEapHOT CHCTeMa ca mpoMeHsprBuM napamerpuma (5.95)(5.100),
n3mepero je 1000ymna3Hux u u3Ja3HUX MojIaTaka Koju ¢y yunutanu y Matinad ¢opmu. Crnuke 5.8-
5.11 noka3yjy u3iasze cuCTeMa, NMPOICHE CTarba, NPOILCHE MapamMmerapa U KBaJpaTHy IPEIIKy 3a
Clly4aj KaJa Cy CTeleHH KOHTaMuHanuje & = &, = 0.05.

Pesynrtatu cumynanmja cy ynopeheHu y CMUCITY Cpe/iibe KBaJpaTHE IPEIIKe, Koja je fepuHrucaHna
Kao:

E,is =INE|6(K) —6’(k)”2. (5.101)

1
O P N W b~ G

1 1 1 1 1 1 1 1
100 200 300 400 500 600 700 800 900 1000
Bpoj ureparmja

'
Ol—‘

1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
Bpoj urepanumja

Cunka 5.8 13nasu cucrema npu KoHTamuHauju & =&, =0.05.
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Cumnka 5.9 IIponene crama X (i =1,2) nobujeHe y NprCyCTBY HErayCOBOT IIyMa IPpH
KoHTaMuHanuju & =&, =0.05

(-): Ipommupenn pobycHu purtap ca E@g { LIJ'([E} Ow (0,

(-.): Ipommpenn Kanmanos ¢urap,
(..): Taune BpeTHOCTH CTama

1 1
90 = \ \ \ \ \ \ \ \
L 100 200 300 400 500 600 700 800 900 1000
0 \
o’ 0.5~ - RCaERIN S va
0 100 300 400 500 600 700 800 900 1000

Bpoj urepanuja ;

Cumnka 5.10 I1ponene napamerapa P, (i =1,5) nobujene y npucycTBy HErayCoBoOT IIyMa IIpH
KOHTaMHHaLuju & =&, =0.05

(+): Ipomupenu podycHu puntap ca E@s { W( U} aw' (0,

(-.): IIpomrupenn Kaamanos ¢uirap,
(..): Taune BpeqHOCTH CTama
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—Tpow. poSycnu duirrap cah (p(W(v)) — W(v))

T — ---[Ipomr. Kanvanos ¢uirap

I'pemka mponene

\ \ \ \ \ \ I I
0 100 200 300 400 500 600 700 800 900 1000
Bpoj urepanuja

Cauka 5.11 I'pemika npoueHe, 1o0ujeHa y NPUCYCTBY HETayCOBOT IlyMa IPH KOHTaMUHALW]j 1
£ =6,=0.05

Cnuke 5.12 — 5.1510Kka3yjy u3na3e cucTema, mpolieHe CTama, MPOLICHE IMapaMeTapa 1 KBaJpaTHy
TPElIKy 3a CIy4aj Kaja je KoHtamuHanuja & =&, =0.1

o

Y1
S P N W b

R \ \ \ \ \ \ \ \ \
10 100 200 300 400 500 600 700 800 900 1000

bpoj ureparmja

=
¢

! ! ! ! ! ! ! ! .
0 100 200 300 400 500 600 700 800 900 1000
Bpoj ureparnja

Cinka 5.12 M3na3 cucrema npu koHTaMuHanuju & =&, =0.1
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Cumnka 5.13 IIpornene crama X (i =1,2) noOujeHe y MpUCyCTBY HETayCcOBOT LIyMa IIPU

KoHTaMuHauju & =&, =0.1

(-): Ipommupenun pobycHu hurTap ca E@g { LIJ'([E} Ow (0,

(-.): Ipommpenn Kanmanos ¢urap,
(..): Taune BpeTHOCTH CTama
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Cumnka 5.14 Iponene napamerapa P, (i =1,5) nobujene y npucycTBy HEraycoBoOr IIyMa IIpH
KOHTamMuHaIuju & =&, =0.1

(+): Ipommpenu podycHu puntap ca E(PE { W([ﬂ} Ow' (0,

(-.): IIpomrupenn Kaamanos ¢uirap,
(..): Taune BpeqHOCTH CTama
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2.8 _
26 e

24 ’ —Ipow. pobycru punrap cah ip(¥(V)) — W(v)) 1
2.2:1! l_,-"i ------- Iporm. Kanmaunos ¢unrap N

I'pemka nporene
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Cunka 5.16 M3na3 cuctema npu koHTaMuHauju & =&, =0.15
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Cumnka 5.18 IIpornene napamerapa P, (i =1,5) nobujene y npucycTBy HErayCoBoOT IIyMa IIpH

KOoHTaMuHauju & =&, =0.15

(-): Ipommupenun pobycHu purtap ca E(Pg { LIJ'([E} Ow (D,
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Cmuxe 5.20 — 5.2310ka3yjy u3naze cucrema, IpoleHe CTama, MPOLEHE MapaMeTapa U KBaJpaTHy
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Cuanka 5.20 M3na3 cucrema npu KOHTaMUHAnMju & =&, =0.2
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Cuauka 5.22 [Ipouene napamerapa P, (i =1,5) nobujeHe y mprCyCcTBY HErayCoBOT IIyMa IIpU

KOHTaMuHauuju & =&, =0.2

(-): Ipommpenu podycHu puntap ca E(PE { W([ﬂ} Ow' (0,

(-.): IIpourupenn Kaamanos ¢uirrap,
(..): Taune BpeqHOCTH CTama
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Cauka 5.23 ['pemika nporuieHe, 1o0ujeHa y NpUCYCTBY HETayCOBOT IyMa IPH KOHTaMUHALW]j 1

& =&

=0.2

Hanomena 5.1 Ilpuka3zanu pe3ynratu cy Mnokasaid Ja je CTaHIapJHH HpormupeHn KammaHos
¢dunTap BeoMa OCETJHHB Ha MPUCYCTBO HETAyCOBOT IIyMa MEpEHa, HACYMPOT MPEIOKEHOM
npomupeHoM podycHoM KammanoBom ¢untpy. Takohe, mpommpenu Macpespe3-MapTuHOB

¢unrap (mpommpenu poOycHu KanmanoB

GunTap) ca NPeIOKESHOM MOIU(PHUKALN]OM

E(PE { W( [ﬂ} OW (D) uma ckopo unentudHe nepdopmance kao Hajuenthe kopumheH: HPOIMPEHH

KanmanoB ¢unrap y ciyuajy uuctor ['aycoBor nryma. Tpeba HamoMeHyTH J1a OBO HHjE ClTy4aj KOJ
npomupeHor Macpesbe3-MapTuHoBoT Guirpa.

[Topehewem cnmmka 5.11, 5.15, 5.1% 5.23, Moke ce jaCHO BUIETH Ja CYNEPHOPHOCT
mMoudukoBaHor podycuor Kaamanosor ¢guntpa Beha npu Behum crenennMa KoHTaMUHALIY] €.
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@

PoOycHa uaeHTHPUKALKjA THEYMATCKOT
HUJIMHAPA

Y oBOM moOriaB/by je H3BEACH pPOOYCHHM ajroputaMm HICHTU(DUKALHU]y CHUCTEMa ca
MPOMEHJPUBUM IapaMeTpuMa. AJroputaMm HWIASHTU(HKAIMjE je HW3BEIACH 3a CHCTEME KOju
npunanajy OE kmacu mozpena. IlpakTuyHu acmekT NOOMjeHHMX pe3yaTara MOTBpheH je Kpo3
EKCIICPUMEHT Ha ITHEYMAaTCKOM IWJIMHPY KOjU ce Hana3u y naboparopuju LleHTpa 3a ayromaTcko
ylpaBibame U QIyHaHy TeXHUKY, DakynTeTa 3a MalIMHCTBO U rpaleBuHapcTBO y KpasseBy. Kao
yJla3HU CUTHaJ KopuIlheH je myMm ca orpaHnueHuM omnceroM “1/ f ", koju ce mokazao kao Beoma
norojad y poOycHoj uneHTH(ukanuju. Crnekrap yjJa3HOI CHTHaja je pealin3oBaH Kopucrehu
ajqropuTaM ca IIOMHYHUM XOpHM30HTOM. JloOWjeHW pe3ynraTtd TMoKa3yjy CyINepuoOpHOCT
IPEUIOKEHOT pOOYCHOT allrOPUTMA Y OJHOCY Ha JIMHEAPHH aIrOpUTaM UACHTHU(HKAIIH]E.

6.1 MareMaTH4KH MO/eJl THEYMATCKOT CepBOCUCTEMA
Ogaj neo te3e je mocBeheH n3Bolemby MaTeMaTUUKOT MO/IejIa ITHEYMATCKOT CEPBOCHCTEMA U
yKJbydyj€ HajBaXHUjE€ TUHAMHMYKE U HEIHMHEapHe e(eKTe KOjU Cy Be3aHH 3a OBaj MHEYMaTCKH

cucreM. CuUCTeM KOjU ce pa3maTpa CacToju c€ O]l Pa3BOJHHMKA M ITHEYMATCKOT IMJIMHApa ca
onrepehemeM, Kao mTo ce BUAM Ha ciuke 6.1.

OnTepeheH)e MUJIIMHAPA YAHU Maca CIIOJballllbEr' CJICMCHTA BE3aHOT 3a KIIMITHBAaYy HUJIHHPA
W CHUJIEC KOj€ Cy TTOCJIEIUIIA CTIOJhAIIHET YTHIIaja OKOJIUHE.

[Ipu u3panu Mozena ycBojeHe cy cienehe mpernocraBke:
* Bazayx y cucremy je uaeanaH rac

* TepmomuHaMuyKH TapaMeTpu Baszayxa (MpUTHCAK, TeMIeparypa, T'yCTHHA) YHyTap
KOMIIOHEHATa CUCTEMA CY XOMOT'€HU

* Temmeparypa Bazayxa y CHCTEMY Bapupa y OJIHOCY Ha CBOjJY HOMHHAIHY BPEIHOCT

*  CepBOpa3BOJIHUK KapaKTepuIle HeoipeheHn KOePHUIHJeHT MPaKbCmha

* Kperame kimma, KIMIKHaYe U CIIOJbAIIBET OnTepehema ce 0/IBHja y IPUCYCTBY TPEHa
* [lIporiec je MOTUTPOIICKH

e JluHamMuKa cepBOpa3BOJAHHUKA CE 3aHEMApY]je, jep je mupruHa GPEeKBEHTHOT OIcera BeHTHIIA
je mHoro Beha Hero mupuHa GPEKBEHTHOT OICera HUIMHIPA
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e JlMHaMUYKO TMOHAIIalke MPUTHUCKA Y IIeBOBOAMMA H3Mel)y BeHTHNIa M aKTyaTopa je
3aHeMapeHo (HIp. pa3BOJHH BEHTUII j€ CMEIITECH AUPEKTHO Ha aKTyaTop)

* Hamnojuu nputucaxk P, je KOHCTaHTaH

* Ilypeme je mTaMuHApHO

E
Da, Va, IZ: Db, Vb, TZ; | g—— ¥t Be
mp—-
.| |=m J
l I ke /
4o i, ‘_—y—_T_

L A XL B

f / () p, (constant)

Cauka 6.1 llemarcku npuka3 HWIMHAPA YIIPaBHAHOT Pa3BOIHUKOM

6.1.1 JenHaunMHAa paBHOTEKE CUJIA HA KUY HHJINHAPA

Jlo jenHaumHe KpeTama KIIHIa MIIMHPA J0Ta3UMO IPIMEHOM Apyror IbyTHoBor 3akoHa 3a
CHJIE KOj€ JIeTTy]y Ha KJIHIIL:

Ap.—AP, =my+F (V) +ky+F,, (6.1)

npu ueMy P,H [, 0O3Ha4aBajy NPHUTHCKE y KOMopama @ u D pecrekToBaHo, Mo3HauaBa yKyIHY
Macy Kiumna ca onrepehermem, Yy je momepaj kiuma, F, () npeacrasmpa cuny tpema, K, o3nauasa
koedummjeHT enactuyHocty u F,, cumy mopemehaja va xnuny. OgHOC MOBPIIMHA ACHMETPUYHOT
kuna wamaapa je A /A >1, roe A, o3HauaBa e()eKTHBHY MOBPIIMHY KJIMIA HA CTpaHU 6e3

Knnmade a A eheKTUBHY MOBPIIMHY KNI Ha CTPAHH Ca KIUIEKHAa4oM, BUAETH CIHUKY 6.1.

Cuna tpewa F, () y penaunju (6.1)ce npema CtpubexoBoj kpuBH Tpema (Stribeck curve)yoxe

NpEeJCTaBUTH Kao (pyHKIMja Op3uHe:
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F () =RM+FEM+F(Y)=

<

(2]

= ﬁey+sgn@{|:co + FSOe_ s} (6.2)

Tpu KapakTepHCTHYHA [ea OBE KpHBE Cy: BHCKO3HO Tpewe F,(Y), crarmuko tpeme F.(Y) u

Kymnonoso tpewme F,(Y), mpu uwemy [5, o3HauaBa KOeMIHMjEeHT BHCKO3HOI Tpema, F, je

napamerap KymoHoBor Tpema, 1ok Fy, u C, (mo3narta xao CtpubexoBa Op3uHa) NMPEACTaBIbajy

rapameTpe CTaTHUYKOT Tpema. Tunndan usriex CTpubexoBe KpUBe Tpewa Mprkaszana je Ha Cruim
6.2./leTtaspbHa aHANTM3a yTHUIIAja CUJIa TpeHha Moke ce Hahu y [68].

FCU+F5() /
Foo - — — et e
3 | D
5 e F\‘
o e
=0 — -
S e ",
r:' ...........
- S
0
bp3una

Cauka 6.2 3aBUCHOCT CHJIE Tpema off Op3rHE KpeTama KiInuna

JemHaunHe koje AepUHUITY AMHAMUYKO MOHAMIAKE MMTHEYMATCKOT IHIMHIPA Y MOTITYHOCTH CE
oCJIamajy Ha TPOIeC Mymhekha U MPaKmbEemha Ba3Ayxa Y KoMopama HWIHHIPA. TpaauiinoHaTHI
NPUCTYN AMHAMHUYKO] aHAJTN3U 3aCHHUBA CE Ha JIMHEAPHU3AIlHjH, YCIIe]l Yera Cy pe3yJITaTH aHAJIN3e
BAJIMTHU CaMo 3a IOMepaje y OKOJIMHU pajHe Tauke, [69-72]. [lunamMuka nmputrcaka y Komopama
[UIMHIapa ce MOXKe MIPEACTaBUTH Kao, [47]:

= —a0a(p,y. 9+ FON Py ) 6.3)

IIPU 4EMY CY:

_ BV.(Y)
) Y, =1 1277 6.4
g(p.Yy.y) v.(y) (6.4)
N RTS
ht, p.,y,U)——Vi(y) WE (p,)sgn(), (6.5)
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rre je R yHuBep3anmHa racHa koHcTaHta, W je KOHCTaHTa BEHTWIIA, IOK |, O3Ha4aBa arCOIYyTHY
TEMIIepaTypy OKOJINHE.

Ynau f(p) ce nedunumre xao:
f(ﬂj P, axo je P,z

(o]

f(p)= (6.6)

-f_{&J P axo je py<p
P

1
Ijie P, 03HauYaBa CTOJbANILH ATICONYTHH NPUTHCAK a f QYHKIM]y peayKoBaHOT MPOTOKA.

Heonpehenu tormotHu koedunujeHT a(t) 3aBUCH OJf CTBApHOT MPEHOCA TOIUIOTE 3a BpEMeE
npoiieca. Kao mro ce moxe Buaeru u3 [47], a(t) y3uma Bpeanoctu ox 1 10 1.3997.

Heonapehenu rpannunu napamerap S(t), koju y3uma Bpeanoctu u3melhy 0.07510 1.3297 gunetn
[47]), ce xopucTn na neduHHMIIE KOMOWHAIMjy TOIUIOTHOT KoedunumjeHta «(t), HemozHaTor
koedunmjenta npaxmema C,(t), u Bapujauunje remneparype 7(t). Jakme, B(t) ce nepuuunie
Kao:

B() = a(t)C, (O)J(t) . (6.7)

6.1.2 IIHeyMATCKU HUJIMHAAP KA0 CTOXaCTUYKH CUCTEM
AXO ce BeIMYMHE CTarba U yia3He MPOMEHIbHBE Ae(DUHHIIY Kao:
X =Y, %=V, X;=p,, X,=P,, u(ynpaeipauku ynas), €= F,, (cnospammmu mopemehaj)
Tama ce MoJeT MHEYMATCKOT IMIMHIPA MOXKe TePUHUCATH Kao:
X =X
L1 .
% _E(Aix3 = AX, = kX, = F (%) _e)

X = =a(t)g(X, X, X5) + BON(E, X, X5,U)
X, == (t)9(%;, X, X,) + BON(L, X3, X4,U)

(6.8)

[omrro cy Heoapehenu TomnotHu KoeduuujeHt a(t) u rpannunu mapamerap S(t) mo3Hatu camo

y oapelheHuM rpaHHIIaMa, MOXE Ce CMaTpaTd Ja HBUXOBE MPOMEHE MMajy CIy4dyajHH KapakTep.
[TomTo cy HeonpeheHn koehHUIUjeHTH YKJbYYeHH (IMPEKTHO WIIM MHAWPEKTHO) y BEIWYHHE
CTama, MPEeTXOJHA aHaju3a OIpaBJaBa NPETHOCTaBKY Ja Ce JaTH CHUCTEM IocMarpa Kao
CTOXaCTHYKH.

Hakiie, npobiieM ca KOMIJIGKCHMM HETMHEapHHUM MOJENMMa, Kao INTO je IMHEYMaTCKH
MUJIUHIAD, j€ Taj IITO je BeoMa TEIIKO MPEIU3HO OJIPEANTH BEITUKH Opoj PU3MUKUX MapaMeTapa
KOjU Cy YyKJbydeHH y Mmojen. Mako je gocra mapamerapa ampHOpH IMO3HAT ca Pa3yMHOM
Mpernu3HoIIhy, B Opoj mapameTapa je mo3Hat camo y ofpehennmM rpanniiama, a HeKu Cy 4aK
U MOTITYHO Hero3HaT. OBO MOKe OWTH MOCIEINIA TOJIEPaHITje Y TPOU3BOIBU KAa0 M YHHEHUIIE

84



JToKTOpCKa JucepTaiuja PoGycHa nnentudukanmja mHEyMaTCKOT IIMIMHAPA

na TpousBohaum He 00jaBJbyjy BpPEIHOCTH HEKHMX IapameTapa jep WX CcMaTpajy CBOJUM
BJIACHHUIIITBOM.

OcumM TOra, HEKE MapameTpe CHCTEMa je BeoMa TEIIKO NPEIHU3HO OAPEIUTH, Kao MITO Cy
JTMMEH3H]je HeKUX KOMITOHEHTH, KOS(UIM]eHTH Iypemha, KOePHUIHN]EHT NpaXmbemna, KoeuujeHT
BUCKO3HOT TpE€Ha, CTaTWYKe M JWHAMUYKE CWiIe Tpema u3Mely kimuma W nwimHApa, WTA.
[TomenyTn mapameTpu ce HE MOTY JUPEKTHO MEpPUTH WM pauyHaTH. OBO Y3pOKyje BeHKe
norenkohe y MoJienipamy OBaKBIX CHCTEMa M yIIPABIbamby.

JacHo je a HUje TaKo TauHO U3BECTU MAaTEMATUYKH MOJIET HEITMHEAPHOT CHCTEMa Kao IITO
je TMHEeyMaTCK{ CepBOLMIMHIAD U Ja BEIMKH Opoj BaXXHHUX JAeTajba HUje Moryhe yBpCTHTH Yy
mozaen. [Ipuponan nokyimaj aa ce mpobiieM paspely je mpuMeHa Teoprje uaeHTudukaiuje. Y Tom
Cllyuajy 1MojaBibyjy cy cienehu npobiemu:

* Tun monena (TMHeapaH, HeJIMHEAPaH, TETCPMUHUCTUYKH, CTOXACTHYKH)
* IIpupona mopemehaja (yHudopMHO OrpaHUYEHH, CTOXACTHYKH)
Crnenehe Tpy YMmBEHUIIE YCIOBUJIE CYy M300p MojIena:

a) HoBuja rcTpaxknBama IMoKasaia Cy Jia ce HeIMHEapHU MOJIENT CHCTeMa MOXe KOPEKTHO
aNpOKCUMHPATH CUCTEMOM Ca BPEMEHCKH TIPOMEHIBUBUM MapameTpuma, [46]

0) JlerasbHuMja aHamm3a MoJeNa IHEYMAaTCKOT LWIMHAPA, OIHCAHOT Y NPETXOJHOM
MOTJIaBJby, TOKa3yje Ja TOCTOjU YTHUIA] KOMOWHAIM]jE TOIUIOTHOT KOE(HUIIU]EHTA,
HETO3HATOI KOe(PHIIMjEeHTa MPaXibEmha U MPOMEHE TeMIlepaType Ha MOAEN HWJINHAPA,
[47]. Tu yrumaju cy ciiydajHd W 3aTO, Yy OBOM IPHMEpPY, MPETIIOCTaB/haMO Ja Cy
napaMeTpH MHEYMAaTCKOT IIMJIMH/IPA CITy4ajHU.

B) [IpakTHyHa U TeOpHjCKa HCTPaXKKMBakbha Cy MOKa3aia Jla CTOXaCTHYKOM MOJIEITy CHCTEeMa
MOCTOje  OIcepBalMje HEKOH3HCTEHTHE ca BehmHOM Tmomynamuje omncepBalyja
(ayrmajepn), [12], ma je 360r Tora mopemehaj y moaeny (Irym Mepema) Heraycos.

300r HaBeIEHHMX pasjiora MPETIOCTABJbEHO j€ Ja je MOJEeN IHEYMATCKOT IMJIMHApa
CTOXaCTHYKH JJMHEAPHHU MOJET Ca BPEMEHCKH MPOMEHJbHBHM HapaMeTpuMa.

6.2 PoOycHu ajaropuram ujaeHTH(pUKANMje 3a cucTeMe NPOMEeH/bUBUM
napamerpuma

VY oBOM Jeny ce pa3MaTpajy MojeiH Tuia rperike nznasa (OutputError):

B
y(K) :ﬂu(k)+e(k). (6.9)
A(Q)
Henopemehenn n3nas ce Mmoxe 3anucat y GopMu JIMHEApHE perpecuje
J(k) =6 4(K) (6.10)
IJie Cy BEKTOP Mepera U BEKTOP TAYHUX MapamMeTapa neduHrcanu Ha cienaehn Haumn
¢(k) =[-9(k-1),...,~y(k-n),uk-1),.. uk-m)f, (6.11)
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f=[a,...,a,b,....n T. (6.12)

Kana ce ocobune cucreMa Memajy y BpeMeHY PeKyp3UBHU alropuTaM UaeHTUHUKAIHje Tpeba aa
npaTd BPEMEHCKHM TMPOMEHJbMBE IMapaMeTpe KOjU OMHCYjy TakaB CHCTeM. MHUHHMHU3AIN]OM
KpPHUTEPUjyMCKe (PYHKIIH]jE 3a SKCIIOHCHIIM]aTHO TeKUHCKH (MOHACPHCAHH) aJITOPUTAM HajMambHX
kBagpata (Weighted Least Squara/VLS):

Oy (6) =%ZN_:/1N‘kez(k), (6.13)

nobuja ce mporieHa 6, Hemo3HATOr BEKTopa napamerpa 6

A

g, =arg rr;inDN @) (6.14)

Mosxke ce mokaszatu na, mpu ['aycoBoj pacmojenu mryma Mepema, PeKyp3WBHU alropuTaM 3a
UICHTU(UKAIIN]Y CUCTEMa ca MPOMEHBUBUM MapaMeTpuma umMa cieaehu oomuk, [1-2,75]:

6(k)=8(k-1)+P(k)g(k)e(k), (6.15)
_ 1 poq) - P(k=1)¢(K)¢" (k) P(k-1)

P(k)==| P(k-1) 10 (P00 | (6.16)

e(k)=y(k)-6" (k-1)¢(k), (6.17)

6(0)=0, P(0Q)=cl, c> Q. (6.18)

VY naBenenom anroputmy A [ (O,ZI] npezcTaBiba pakTop 3abopasikama (forgetting factorkoju y

anropuTaM HuIAeHTU(]HKAIM]je WUMIUTMIIMTHO yrpaljyje eKCIMOHEHIMjaTHO omaaajyhy meMopujy
(fading memory).Haume, y3 momoh ¢akropa 3ab6opaBibamba A, Mame TEKHHE CE TOIACIBY]Y
MMPETXOAHUM MCPCHHMA U3J1a3ad y OJHOCY Ha MOCICAba MCPCHhA.

VY ommrem cinyvajy, m3bop ¢akropa A koju je Ommszak 1, omoryhaBa no0po mpaheme
NPOMEHJbUBUX MapamMeTrapa Mojelia yhja je TUHAMUKA MPOMEHE PEeNIaTUBHO CIIOpa, y3 JIOIIHje
npaherbe pelaTUBHO Op3ux IMpoMeHa rmapametapa. Jlok he o6pHyTo, 3a BpeaHoct A Koje cy Buile
ynasbeHe oa 1 anropuram 6oJbe mpaTUTH Op3e MpOMEHE Mapamerapa, aiu he Jomuje npaTUTH
criopuje mpoMeHe. 3Hauu, Y 3aBUCHOCTH O] IWHaMUKe TIPOMEHe mapamerapa motpeGHo je na A
Oyne amanTHBHO, OJHOCHO Ja CE€ MEHha y CBaKOM KOpaky paja amroputma. [lomTo oBakBa
pa3marpama u3ja3e U3 KOHTEKCTa OBE Te3e, Y JlaJbeM TEeKCTy he ce pa3marparu camo Ciaydaj ca
KOHCTaHTHUM (pakTopoM 3abopasibama A(k) = A =const. Yobuuajero je na A y3uma BpeqHOCTH

KOj€ Cy HeuTo Majio Mawme oa 1 (Hop. A D[O.95— 0.95}).

VYxonuko nopemehaju e(k) mmajy I'aycoBy pacnozeny anropuram uaeHtudukamuje (6.15) je
ONTUMAJIaH, Y CMUCIYy MUHUMAJIHE BapHjaHCe TPEIIKe MPEeTUKIITje £(k) , [2]. Mehyrum, kana ce
M0jaBe CIOpaJuvHEe peain3alije Meperha BETMKOT HHTEH3UTETA, Tj. ayTJajepH, KBATUTET MPOIICHA
nomohy anropurma (6.15)je HezagoBossaBajyhu, [12-14].

PenaruBHa HEOCETIHUBOCT MpoOlIeHA HAa TopeMmehaje HaBeIeHOT THUIIA MOXKe C€ MOCTUNH MOTOTHUM
n3bopom obnmka kputepujymcke pynkmuje. [Ipema Tome, 3a mocMmarpanu cirydaj neuHuIie ce
EMITMPHjCKU pOOYCHU KPUTEPUjyM Ha MOCMaTpaHoM uHTepBainy t =1,2,... Kk:
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0.(8) :%ZA"“,O[‘E(LH)] , (6.19)

rie p: R - R' npencrasiba Gpynkumjy ryéutka (loss function)IToapasymesa ce a je n3aGpaHo
J0BOJBHO BelHMKO K koje 06e36elyje na eMIUpHjCKH KPUTEPUjyM KOHBEPTHpa Ka TEOPHjCKOM
KPUTEPH]yM:

lim 0,(8) = 0(6) =E{A*"p[e(t. O)]} . (6.20)
Hexka é(k —1) Gyne nporeHa BekTopa nmapamerapa y TpeHytky K —1. [Torpe6GHo je nahu nporieny

é’(k) koja he muanmm3uparu kpurepujym (6.19).PasBojem kpurepujyma (6.19)y Tejnopos pen
(Taylor seriesy oxoquHH MPETXOAHE MPOIICHE 9(k -1), no6wuja ce:

0.[6] =0, [é(k—l)] +0 [é(k—l)][e—é(k— 1)] +

+%[9— 6(k —1)}T 0. [6k-1][6-bk-1)]+ o(He— 6 K- 1}\2) ©21
rae O, [é(k —1)] u O, [é(k —1)] O3HaYaBajy U3BOJE y OJHOCY Ha 6.
3a ocraTak pena Baxu, [4]:
 Ofle-é0-))
lim — =0. (6.22)
w0-0 | g-6(k-1)
VYcioB MuHUMyMa poOyCHOT KpUTepHjyMa je AeuHucan Ha cieaehn HauuH:
0, [é(k)] =0. (6.23)

3a JOBOJHHO BEIMKO K MOXeE Ce MPETIOCTaBHTH Ja Cy 3aJ0BOJbeHE cienche aBe XuIoTese,
[41,[77]:

X1: IIpoena 9(k) Ce HaJIa3| y HEMOCPETHO] OKOJIMHU TPOIICHE 9(k —1), mIto ycioBsbasa:
o(Hé(k) 0 —1)”) =0, (6.24)
0, [é(k)} =0, [é(k —1)} . (6.25)
X2: Ha kopaky K—1, nporiena é(k —1) je onTHManHa, MITO YCIOBJHABA!

0. [é(k —1)} =0. (6.26)
VY3umajyhu y 003up npBy nocieanity xumnotese X1, ycios (6.23)ce noBoau Ha cieaehu o0auK:
O 60<-1) [+ 0, | 8k -1) || 66)-6k-1)|= 0, (6.27)

oJlaKkie ce 1o0uja nmpoueHa Koja MUHUMHU3UPA JaTi POOYCHU KPUTEPH])yM:
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n n LA 1 A
(k) :e(k—l)—[mk[e(k—l)ﬂ 0 [6k-1)]. (6.28)
Ocum Tora, J1aKo je okasaTu Ja pooycHu kputepujym (6.19)y ureparuBHoj hopmu riacu:

kO, (6) = (k -)AD, () + p[g(k,é(k))]. (6.29)

Hakon audepenrmpama (6.29)y ognocy Ha € u nmorom 3amene & ca é’(k—l), y3 Kopuihemne
xurnotese X2 , 100Hja ce:

kO, [ 6k -1)] :—z//[g(k,é(k—l))}z)(k). (6.30)

IMocne gBocTpykor audepennupama penanuje (6.29)y omnocy Ha & u morom 3amene & ca
6(k-1), nodwuja ce:

kO, [k -1)]= k=110, [ - 1)] +z//'[£(k Ok- 1))}¢ Ky k) (6.31)
AKo ce yBeJie HoTaluja
R(k) =k, [é(k—1)] (6.32)

y3 kopuitheme penanuje (6.30)u mo3uBame Ha APyry MOCIeANIly Xumnorese X1, penanuje (6.28)
u (6.31)nocrajy:

8(k) = O(k -1) + R‘l(k)¢(k)(/1[£(k,67(k —1))] , (6.33)

R(k):AR(k—1)+z//[g(k,é(k—1))}¢(k)¢T K). (6.34)

Jla Gu ce u3Gerno pauyHame uuBep3ne Matpune R(K)™ y cBakoj urepamumju, HoromHo je ypecru
MaTpHILY:

P(k)=R™*(K), (6.35)
Y IPUMEHHTH JIEMY O HHBEP3HjH MaTpPHIIa

[A+BCD] "= A*- A'B[DAB+C™] DA, (6.36)
Ha penauyjy (6.34),npu uemy cy matpuue A, B, Cu D koMnatuOWIHUX AUMEH3H]a.

Ws6opom A=AR(-1), B=D" =¢(k), C=¢/ [s(k,é(k —1))}

PEeKyp3UBHHU poOyCHH airopuTam, nat y oonuky (6.33)(6.34),100uja koHauHy popmy:

8(k) = O(k -1) + P(k)¢(k)tﬂ[£(k,é(k—1))] (6.37)

88



JToKTOpCKa JucepTaiuja PoGycHa nnentudukanmja mHEyMaTCKOT IIMIMHAPA

P(=1p (" (P -1 | 6.38)
Av[(kb-)]] +4" 0PK-18 )

e(k)=y(k)-8" (k-1)¢(k), (6.39)

6(0)=0, P(0=cl, c> 0. (6.40)

P(K) :/11 P(k-1)-

Pemanuje (6.37)(6.40) nedunuiry poOyCHH TEKHHCKH alrOpHTaM HajMamux kBajapara 3a OE
mojene. @ynknuja (0l mpencraBiba HEJIMHEAPHY TpaHChOPMAIU]y TPEIIKe MPEIUKIHje, Koja
neduHICcaHa pemaIyjoM.

w(e) =min{|e| k,} sgne, (6.41)

npu ueMy K, mpezcTaBsba mojeriasajyhu mapamerap.

6.3 ExcneprMeHTAJIHU Pe3yJaTaTH

VY musby nokasuBama NPaKTUYHE MPUMEHE MPEI0KEHOT POOYCHOT aJlfOPUTMA U3BEJCH je
eKcriepuMeHT y sabopatopuju lleHTpa 3a ayToMarcko ympaBjbamkbe W (IYHIAHY TEXHHUKY,
daxkynTeTa 3a MAIMHCTBO U Tpal)eBuHapcTBO Y KpasbeBy. Kao mito ce Mmoxke BuaeTH ca cimke 6.3,
WHCTAJIUPaH je eNeKTPOITHEYMATCKH CUCTEM KOjHU CE€ CacTOjH O

1) IMueymarckor ceppormmuapa (PISTOR 75, @75mm—150nm) koju mpeacrasiba
CHCTEM KOju ce HIeHTH(]UKYje, U KOju y ceOu CaJpKu MHEYMAaTCKH Pa3BOIHHMK THIIA
MJIA3HUIIA 3aCIIOH.

2) Cenzopa momepaja (BTL —A) koju maje mHDOpMAIKjy O MOMEpajy KIWIbaue, Tj.
W3J1a3HO] BEMWYMHM. PaaM Ha ynTpa 3BYYHOM MNPHHIMUIY. MEpHH OICer IyKHHE
0-500 [mm], ppexBennuja mepema 2 KHz.

3) Jlanrron pauynapa (i3-2120 CPU 3.3 GHz;a 4GB RAMa, xoju paau mox Windows 7
OIlEpaTHBHUM CHCTEMOM) ToMohy Kora ce popmupa ¥ 3a/1aje o0y IHI HATOHCKU CUTHA
Ha Pa3BOAHUKY, oOpalyjy yJa3HO-W3JIa3HU TIOJAalli M OCTBapyje allfOpUTaM
uaeHTHUKAIH]e.

4) AIJA enexrponcke kapre (NI USB-6351)koja omoryhaBa HecMeTaHn IPOTOK CUTHAJIA
u3mel)y padyHapa u ocranor aena cucrema. Mima 16 aHanorHux ynasza, 2 aHallOTHa
u3naza, 10V . Takohe mma 24 muruTanHUX yiaa3HO-W3Na3HUX JnuHUja. [lepmona
onabupama -0.15;16—bit pezonymuja).

5) EIl nperBapaua (Hartmann&Braun, Signalumformer CMR)ia3 0—20 mA, wusna3s
0.2-1bar .

6) Kommpecopa koju 06e30elyje mpurucak Bazayxa 10 10bary cucremy.
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Cuimnka 6.3 TIporiec naeHTH(UKAIM]je MO/IeIa MTHEYMATCKOT IWIMHpA (JI€BO), U3/IBOjeHa CIIMKA
MHEYMATCKOT IIMIMH/PA Ca aBayeM moMepaja (1ecHo)

Ha ocHoBy anmpuopHOTr 3Hama 0 CUCTEMY KOjU c€ MACHTU(]HUKYje, TPETIOCTaB/bEHO je Aa he ce
3a/10BOJbaBajyhu Moaen nuinHapa 100Ut KopuiihemeM cienehnx moaena:

y(k) = ig u(k)+e(k) , i =1,2u3, (6.42)

rae cy degB @)= 2 degA @)= 2 degA @)= 3 degA @)= 4

Ha maeymarckom mummHapy je cHuMibeHo 2100ymma3Ho n3na3Hux NmojaTaka Koju Cy axypupaHu
y MATLAB dopwmu. [ToOyaHu curHa je ryM orpaHudeHOT OTICera, KOju e M0Ka3a0 ONTHMATHIM
y poOycHO] uaeHTHUUKAIMjU. 32 TeHEepUCamke MOOYTHOT CHUTHAjJa KOPUCTH CE alrophTaM
MOMUYHOT XOpHU30HTA. ['eHepucaH je myMm orpanuyeHor omcera ,1/f ” 3a mapamerpe m=1,

N=10n n=40, w=0.2,0= 2.5, Buznern ciuky 6.4.

1.5 T T
« IIpojexToBaHa ayrokoBapujaHca

—XeJspeHa ayrokoBapujanca

AyTtoxoBapujaHca

_ | | |
0 '50 5 10 15 20 25 30 35 40
Bpoj BpemeHCKHX pa3maka

107 ¢ T T T

Crextap cHare
-
<
T

|
0.5 1 1.5 2 2.5 3
Opexsennuja

Cauxka 6.4 KapakTepucTHKe reHeprCcaHor Icey 10 yMa OrpaHudeHor oncera ,, 1/ f 7 3a u3abpane

napamerpe: m=1, N =10° u n=40
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Cnuxke 6.5u 6.6 npukasyjy onTUManHu yiaa3Hu curHan ammutyzae 2 [V] u oarosapajyhu on3us
THEYMaTCKOT LWJIMHPA, PECTIEKTUBHO.

7 T T T T

6

Vinaz [V]

1 | L 1 1 1 | | | L L
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Bpoj urepanuja

Ciauka 6.5 OnTrMaaHH yiIa3HH CUTHAT

300 T
2501 b
200 b
150 b

100+ B

Wsznaz [mm]
<,

-100 4

-150- 4

_ I \ \ \ L L L L L L
2000 200 400 600 800 1000 1200 1400 1600 1800 2000

Bpoj nteparmja

Cauka 6.6 Uznas curaan

Ca ciuke 6.6 ce 3akpydyje Ja Cy NpU MEpemy H3ja3a MPUCYTHU LIYMOBH Ca HETrayCOBOM
pacriofesioM. Y IHJbY JEMOHCTpAIMje CYNEPUOPHOCTH POOYCHOT alropuTMa Haj JIMHEAPHHUM
TUNIOM anroputMa, nopehenu cy anropurmu (6.37)}(6.40) u (6.15)-(6.18).ExcniepumeHTa s
pe3ynrTaTi Cy mopeljeHn y CMHCITy Ipellike olehuBaHa AeGuHICcaHe H3Pa30M:

Eys =INE[9(K) - y(®)[". (6.43)

VY anroputmuMa upeHtrdukanuje mokazano ce ga cy 3a A =0.98 nobujene najnpermsnuje
TPOIICHE.

Crnuke 6.7-6.9mpukasyjy rpeiike olelkHBama 3a MOJENe CUCTeMa Apyror, Tpeher u 4eTBpror
pena, pecreKTUBHO.
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3.6 ——-WLé
’ — RWLS

I'pemka nporene

| | | | | | | | | |
200 400 600 800 1000 1200 1400 1600 1800 2000
Bpoj urepanuja

Cauka 6.7 : I'perka onemuBama y ciiydajy Mozaeia apyror pema, A =0.98

1.4k --WLS
—RWLS

=

-1.6

I'pemika mporexe

| | | | | | | | | |
200 400 600 800 1000 1200 1400 1600 1800 2000
Bpoj urepauuja

Camka 6.8 I'pemika onewuBama y ciry4ajy mojena tpeher pena, A =0.98
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-1.5

——VVLé

—RWLS

I'pemika nporneHe

| | | | | | | | | |
200 400 600 800 1000 1200 1400 1600 1800 2000
Bpoj urepammja

Cimka 6.9 I'penika onewuBama y cirydyajy Mojena 4etBpror peaa, A =0.98

[lopehemem rpemaka onemuBama IOKazyje ce Ja NPEUIOKEHH MOJAEN Ipyror peia Jnaje
HajIpenu3Huje pesyarare. [Iporiene mapamerapa oBor Mojena cy aare Ha ciukama 6.10um 6.11.

| | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Bpoj urepammja

' —--WLS

| | | |
400 1600 1800 2000

| | | | |
0 200 400 600 800 1000 1200
Bpoj urepammja

Cunka 6.10 I1ponena napamerapa a, u a,, A =0.98
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0.1

0.05

— 0
=)

-0.05

-0.1

\ \ \ | \ \
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Bpoj ureparmja

| \ \ \ | L \
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Bpoj urepanuja

Camnka 6.11 TIporena napamerapa bu b,, A =0.98

VYnopenHu mnpukas M3llaza MWIMHApPA U HM3j1a3a Mojena NoOMjeHHX MoMohy HOMHHAIHOT H
poOycHoOT anropuTMa JaTa je Ha ciunm 6.12.

M3naz [mm]

200 :
: —-WLS

1801 —RWLS

+~CTBapHHU H311a3

160/ e

140 — -
20
00
80
601
40

20

| \ \ \ | \ | \
01100 1200 1300 1400 1500 1600 1700 1800

Bpoj ureparnmja

Cauka 6.12 Yiopeauu nprkas usiasa uinHapa u mogena, A =0.98
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6.4 lonarak

6.4.1 AsropuTMu 32 HAeHTH(HUKALHUjY cUCTeMA ca NPOMEH/LUBUM apaMeTpuMa

clear all

close all

clc

% NEOUMHUCABE ITAPAMETAPA AJI'OPUTMA
% bpoj urepauuja

N=2e3;

% IToueTHa Tauka Of] KOj€ C€ y3UMajy yJa3u v u3j1a3u

b=1;

% Bpoj mapamerapa OE monena
na=2;

nb=2;

% daxTop 3a00paBibama

lam=0.98;

% Ilojauame KOBapHjaLlMOHE MATPUIIE

c=1e4;

% IMapametap nenta koa XyOepoBe GpyHKIIH]jE
delta=1.3;

% Ykynan 6poj nmapamerapa

n=na+nb;

% KoBapujanrone MaTpuile y mo4eTHO] UTepalliju
Pkl=c*eye(n);
Pk2=c*eye(n);
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% BexTop mapameTapa y O4e€THO] UTEpaIuju
teta=zeros(n,l1);
tetal(:,na)=teta,

teta2(:,na)=teta,

% I'pemika y mo4eTHO] UTEpALHjU

gr=zeros(2,1);

% IToueTHe BpeAHOCTHU MPEIUKIIM]jE U3TIa3a

yp(1:2,1:na)=zeros(2,na);

% ITodeTHE BpETHOCTH TPEIIKE MTPEAUKIIN]E

eps(1:2,1:na)=zeros(2,na);

% OBPAJIA CHUMJBEHUX ITOJATAKA
% YuuTaBame CHUMJbEHUX MOJIaTaKa

load 'D:\System Identification\ Eksperimemetza\ldentifikacija\Merenje2\podaci9.mat'

% Kaja 3HaMO MPETXOHE BPEIHOCTH yiia3a M M3J1a3a U Mpu ToM Mopa outu 'b>na’
hyz=pom(b-na:b-1,3);
huz=pom(b-na:b-1,2);

% Hedunncame n3naza

y=[hyz; pom(b:N,3)]’;

% Jlepunucame ynaza

u=[huz; pom(b:N,2)]’;

% IIpeTBapame y abCOTyTHE BPETHOCTH U3 CHUMJHCHUX
u=4*(u+l);
y=4.85*(y+1);
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% baxxnapeme nznasza

pa=[0.101138716123864.142357819325546 14.542109178128470 -29.33575B7325 0
0J;

y=polyval(pa,y);

Y%UTEPALIUJE

for k=na+1:na+(N-b+1)

% BekTop Mepema (K-ta BpeaHOCT)
fik1(:,k)=[-yp(1,k-1:-1:k-na), u(1,k-1:-1:k-nb)];
fik2(:,k)=[-yp(2,k-1:-1:k-na), u(1,k-1:-1:k-nb)];

% I'pemika mpeauKIje
eps(1,k)=y(1,k)-fik1(:,k)*tetal(: k-1);
eps(2,k)=y(1,k)-fik2(:,k)*teta2(:,k-1);

% XyOepoBa (yHKIH]a
psi(1,k)=min(abs(eps(2,k)),delta)*sign(eps(2,k));

% Onpehusame KoBapujarmonux mMarpuia
inv1=fik1(:,K)*Pk1*fik1(:,k)+lam;
K1=Pk1*fik1(:,k)/inv1,;
Pk1=(Pk1-K1*inv1*K1")/lam;

inv2=fik2(;,k)*Pk2*fik2(;,k)+lam;
K2=Pk2*fik2(:,K)/inv2;

if abs(eps(2,k))<=delta
Pk2=(Pk2-K2*inv2*K2")/lam;
else

Pk2=Pk2/lam;

end;

97



JToKTOpCKa JucepTaiuja PoGycHa nnentudukanmja mHEyMaTCKOT IIMIMHAPA

% BexTopu mapamerapa
tetal(:,k)=tetal(:d)+K1*eps(1,k);
teta2(:,k)=teta2(:,k-1)+K2*psi(1,k);

% Ipenuknuje n3naza
yp(1,k)=tetal(:,k)*fik1(:,k);
yp(2,k)=teta2(:,k)*fik2(:,k);

% Ilymeme BeKTopa urepanuja
iteracija(k-na+1)=k-na;
gr(1,k-na+1)=gr(1,k-na)+(norm(y(1,k)-yp(1,k)))"2;
grk(1,k-na+1)=1/(k-na)*gr(1,k-na+1);
er(1,k-na+1)=log(grk(1,k-na+1));
gr(2,k-na+1)=gr(2,k-na)+(norm(y(1,k)-yp(2,k)))"2;
grk(2,k-na+1)=1/(k-na)*gr(2,k-na+1);
er(2,k-na+1)=log(grk(2,k-na+1));

end

% IlITamname mapamerapa ,A"

figure

for k=1:na

subplot(na,1,k)

hold on
plot(iteracija,tetal(k,na:na+(N-b+1)),'b");
plot(iteracija,teta2(k,na:na+(N-b+1)),'r");
hold off

xlabel('Number of iterations','FontName’,'times mewan','FontSize',25);
ylabel(['a_' num2str(k)],'FontName’,'times new roffiRontSize',25);
set(gca,'FontName','times new roman','FontSize',20)
legend('WLS’,'RWLS);
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set(legend, 'FontName','Times New Roman’,'Font32)'

end

% IITamname napamerapa “B”

figure

for k=1:nb

subplot(nb,1,k)

hold on

plot(iteracija,tetal(na+k,na:na+{di1)),'b";
plot(iteracija,teta2(na+k,na:na+(N-b+1)),'r");

hold off

xlabel('Number of iterations','FontName’,'times rmeman’','FontSize’,25);
ylabel(['b_' num2str(k)],'FontName’,'times new raryi&ontSize',25);
set(gca,'FontName','times new roman','FontSize',20)
legend('WLS', RWLS");

set(legend, 'FontName',' Times New Roman','Font32g'

end

% IllTammmame rpemnike

figure

hold on

plot(iteracija,er(1,:),"-b");

plot(iteracija,er(2,:),"-r");

hold off

xlabel('Number of iterations','FontName’,'times rmeman’','FontSize’,25);

ylabel('$InE(]|\hat{y}(k)-y(k)|[*2)$','Interpretefatex’,'FontName’,'times new
roman','FontSize',25)

set(gca,'FontName','times new roman','FontSize',20)
legend('WLS','RWLS");

set(legend, 'FontName',' Times New-Roman','Font3i2g'
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% IllTamname ynmopeaHux u3ia3a

figure

hold on

plot(iteracija,yp(1,na:na+®+1)),'b";
plot(iteracija,yp(2,na:na+(N-b+1)),'r);
plot(iteracija,y(1,na:na+(N-b+1)),'k");

hold off

xlabel('Number of iterations','FontName’,'times rmeman’','FontSize',25);
ylabel(Output [mm]','Interpreter’,'latex’,'FontName’,'timme=wv roman’,'FontSize',25)
set(gca,'FontName','times new roman','FontSize',20)
legend('WLS’,'RWLS', 'Stvarn izlaz');

set(legend, 'FontName','Times New-Roman','Font3g"'

% IITammname ynaza

figure

plot(iteracija,u(1,na:na+(N-b+1)),'b");

xlabel('Number of iterations','FontName’,'times rmeman’','FontSize’,25);
ylabel('Input signal’,'Interpreter’,'latex’,'Fonthe&, 'times new roman','FontSize’,25)

set(gca,'FontName','times new roman','FontSize',20)

% IllTamname n31a3a CHCTEMa

figure

plot(iteracija,y(1,na:na+(N-b+1)),'k");
xlabel('Time','FontName','times new roman','ForgSeb);

ylabel(Output [mm]','Interpreter’,'latex’,'FontName’, timme=swv roman’,'FontSize’,25)
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6.4.2 A.]'ll"Opl/lTaM 3a r¢CHpUcCame ﬁnﬂapnnx CHUI'HaJia ¢ca 3a1aTOM ayTOKOBapl/ljaHCOM

%llocraBibame MHUpUHE PPEKBEHTHOT Olcera
wd = 0.5;

wg = 2.5;

% ITapamerpu anropurma

N=10"4;

n=40;

m=1;

% PauyHame ayTOKOBapHjarlmoOHOT HU3A
for k=0:n;
r(k+1)=1/(log(wg}log(wd))*quad(’cos(k*x)/x’,wd,wQ);

end

% [edunncame orcera CurHaIa
y_d=-1;

y_9=1;

y=zeros(N+n,1);
rO=zeros(n+1,1);

rl=zeros(n+1,1);

rdz=r',

rd=(rdz-y_g*y_d)/(y_g-y_d)"2;

for i=1:N
rO=r0-rd;
rl=rO+[1;y(n+i-1:-1:i)];

if norm(r0)>norm(rl)
y(n+i)=1;
ro=ri,
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end

end

% buHapHU cUTHAI ca )KeJbEHOM ayTOKOBApHjaHCOM

y=(y_gy_d)*y(n+1l:end)+y_d;

% IllTamname ayTOKOBapHjallMOHOT HU3a

acov = xcov(y,n,'coeff');

for i=1:n+1

lags(i)=i-1;

a(i)=acov(n+i);

end

subplot(2,1,1)

hold on

plot(lags,a,'.k’);

plot(lags,rdz,'k");

xlabel('Number of lags','FontName’,'times new roipfeontSize',17);
ylabel(’Autocovariance sequences','FontName’, time@sroman’,'FontSize',17);
set(gca,'FontName','times new roman’,'FontSize',15)

legend('Designed autocovariance sequence’,'Desitedovariance sequence’);
set(legend, 'FontName',' Times New Roman','Font3 &g’

hold off;

% IllTamname criekTpa curHajia

subplot(2,1,2)

g=csd(y,y);

w=[0:1:length(g)-1];

semilogy(w,g,'k’);

xlabel('Frequency','FontName','times new romamit&ize',17);
ylabel('Power spectral density’,'FontName’,'times noman','FontSize',17);

set(gca,'FontName','times new roman’,'FontSize',15)
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3ak/by4aKk M MpeaJio3su 3a HACTABAK
HCTPAXKNBAIHA

Kpo3 pan Ha 1OKTOpCKO] IucepTanuju, JOHUIO ce IO HU3a Pe3yiTara, KOju Cy CyMUPaHU Y
O0BOM mioriaBJby. Takohe, y 0BOM ey Te3e cy AaTh npeio3u 3a Oyayhe npasiie HCTpaKuBamba.

7.1 3akmpyyak

Knaca pekyp3uBHUX anroputama 3acHoBaHa Ha rpemnu u3nasza (OE mozenu) uma cBoje
KOpEHE y alallTHBHIM CHCTEMHUMa YIIpaBJbama ca peepeHTHIM MozenoM. 1o cana y murteparypu
HUje pa3MaTpaHa poOyCHOCT OBHX allTOpUTaMa y CTaTUCTHYKOM cMucity. [Ipumenom XyGepoBux
CTaTHCTHKA T€HepHIIe ce poOyCcHa Bep3rja Tope CIIOMEHYTHX anroputama. TakBH alrOpUTMH Cy
NOTOJHU 32 WACHTH(PHKAIM]y HWHAYCTPHJCKHX IMIpoIeca y THPUCYCTBY HEKOH3UCTEHTHUX
orceparja. [I[puMeHOM MTaHUpama eKCIEPUMEHTa aJITOPUTMHU CYy TTOCTAJIU jOIIl TTOTOIHUJU 3a
npuMeHy jep ce nmoBehaBa mUX0Ba Op3MHA KOHBEPIeHIH]e.

[omTo ce moka3zyje Ja Npu CUHTE3U €KCIIEPUMEHTa TUITMYHO T0OMjeH ONTUMAITHU yJIa3HU
CUTHAJI je oJipel)eH y 3aBUCHOCTH O] CBOJUX CIIEKTPATHUX OCOOMHA, Y T€3H C€ pa3Marpa 100ujame
ONITUMAJTHOT CIIEKTPa MPUMEHOM aJIrOpUTMa MOMUYHOT Xopu3oHTa. Y Ilornasipy 3 je u3BeneHa
dbopma anropuTMma 3a reHepucame OMHApPHUX CHTHAja KOjU Cy Jne(uHUCAaHW Ha MPOW3BOJHEHOM
uHTepBaly [&,b] ogHOCHO ca ouekuBaHOM BpenHouihy koja He Mopa Outu 0.

Takole je pasmarpaHa onTUMaliHa CHHTE3a yJIa3HOT CUTHajIa (3aCHOBaHA HA MHHUMU3AIH]H
CKaJlapHOT KpuTepujyma ycpenmene dumepoBe marpuie), 3a uaeHtudukanujy OE moznena, y
ciIy4ajy Jia je orpaHWYeHa BapujaHca W3JIa3HOT curHaia. [loka3aHo je, y OoBOM ciy4ajy, Ja ce
ONTUMAJIHU EKCHEpUMEHT Jo00Hja KopHIIhemeM peryjgaropa MUHUMAJIHE BapHjaHCce U
CTOXaCTHYKOT pedepeHTHOr curHaia. [IpeanoxkeHa je amanTWBHA IBOCTENCHA IMPOIETypa 3a
reHepHcame ylnasHor curana. Hajope ce nobuja nannujanau Mmonen npumeHoM PRBScurnana a
TIOCJIE TOTA CE€ 3a TeHEPHCAhe CUTHAIA TPUMEbYje peryIaTop MUHIMAaIHE BapHjaHce. PesynaraTu
CHUMYJalyja MoKa3yjy CyNepHOpPHOCT MIACHTU(UKAIMjE IPUMEHOM aJlallTUBHE METOAOJIOTH]jE 32
TreHepHcamke YJIa3HOT CUTHaJa Y OJHOCY Ha MACHTHU(UKAIN]Y TTapameTapa CUCTeMa Y OTBOPEHO]
noBpaTtHoj cmnpe3un mnpuMeHoM PRBS curnama. Takole je mokazaHo Ja ce pelakcaiujoMm
OrpaHMYeRa U3J1a3a J00Mja Mamka IPellka OCHUBAHIX ITapaMeTapa.

VYV TlornaBmy 4 je mpemokeHa MpoIeaypa ecTHUMaIFje IapameTapa CTOXaCTHYKHX
JMHEAPHUX CUCTEMa Ca BPEMEHCKU IPOMEHJbUBUM MapaMeTpUMa y IPUCYCTBY HErayCcoBOT IIyMa
Mepema. [Ipomene mapamerapa cy mpezicTaBibeHe Y (GopMmu ciydajHOr Kopaka. M3Bpmiene cy
xeypucTtuuke Mmoaudukamuje Macpesbe3-MapTuHOBOT GHITpa KOje 3HaYajHO noBehaBajy BeroBy
NpakTHYHy  ymoTpeOspmBocT.  CymepHOpHOCT — TIPEATIOKEHOI  POOYCHOT  alropuTMma
UAeHTUUKAIM]e Ha/l cTaHgapAHUM KanMaHoBUM (UITPOM je MITyCTpOBaHa KPO3 CUMYJIAIMje Ha
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npumepy OE moxena. Ilpu uaeHTHGUKAIINU KOPUCTHO C€ ONTUMAIHU YJa3HH CUTHAI KOjU j€
reHepHcaH MPUMEHOM aJITOpUTMa ca IOMUYHUM XOPU30HTOM. V31I0KEHH pe3yinTaTi cuMyJaluja
nmokasyjy na je kiacuyaH KaimanoB ¢unaTap BeomMa OCET/bMB Ha MPHUCYCTBO HETAyCOBOT IIIyMa
Mepema, HACYIPOT MPEJIOKEHOM POOYCHOM alITOPUTMY €CTHMAIIH]E ITapaMmeTapa.

Unentudukanyja mpoueca OMMCAHUX OMIITAM MOJETIOM (HEMO3HATH MapaMeTpy U CTarba
npoieca) 3axTeBa yBoheme mpomupeHor Kaamanosor ¢untpa. ¥ Ilornasey 5 je npemnoxeHa
IpoleaAypa eCTUMAIje CTamba ¥ TapaMeTapa CTOXaCTHYKHUX HeJTMHEapHUX CHCTEMa ca BPEMEHCKH
IPOMEHJbUBUM NapameTpuma. [Ipomena mapamerapa omucaHa je METOAOM CIy4ajHOT KOpaka.
[Tomro ce pa3marpa uaeHTHU(HKALKja Y IPUCYCTBY HETayCOBHX IIyMOBA, MPUPOIHU OKBHD 3a
peanm3anujy OBaKBOI alrOpuTMa je mpoiuupeHn Macpesbe3-MaptuHoB ¢uirap (mpomupeHu
pobycun KanmanoB ¢wunrap). Xeypuctuuka MoauduKamnuja mpoimdpeHor Macpesbes-
MapruHoBor ¢unrpa 3HauajHO moBehaBa HEroBy MpakTU4YHY BpenHOCT. IIpakTHuHu acmekar
TO0OMjeHUX pe3ynTara WIyCTPOBAH j¢ MHTCH3WBHUM CHMYJalldjama.

PoOGycHn anroputam wuaeHTH(HUKAIM]jE CHCTEMa ca TPOMEHJPHMBUM TapaMeTpuMa KOjH
npunanajy kiacu OE monena je uzsenex y [lornasspy 6. [IpakTuunu acnekT 100MjeHUX pe3yaTara
NMOTBphEH je Kpo3 eKCIepUMEHT Ha MHEYMaTCKOM IUJIWHAPY KOjU c€ Hayia3u y jabopaTopuju
enTpa 3a ayromaTcko ympaBbakbe W GIYyUAHY TexHUKYy, Dakynrera 3a MAIIUHCTBO H
rpaheBunapctBo y Kpameny.

Ca mpakTUYHOT CTAHOBHUINTA j€ OJ] MOCEOHOr 3HAYaja J1a Cce HCTaKHE Ja je ePUKACHOCT
npeaokKeHnx poOycHux anropurama (MomudukoBanu Macpesbe3-MapTuHoB — durap,
MoauduKoBaHU mpommmpeHun Macpesbe3-MaptunoB ¢untap, RWLS anroputam 3a OE tun
MojIesa) 3a10B0JbaBajyhe BUCOKA 3a NPOMU3BOJbAH CTEINCH KOHTaMUHaluje. POOycHH anropurMu
HOCTHXY NPUOTMKHO MCTH KBAINTET NPOIEHA Ka0 KOHBEHIMOHAJHH, JIMHEAPHH aJrOPUTMHU
uAeHTUGUKaNMje Kajga mopemehaj] uMMa uucTy HopMmanHy pacnogeny. Ca mnosehamem
KOHTaMHHAIIM]j€ pacTe W HaAMONHOCT pOOYCHHX ajropuTama Haj JuHeapHuM. Takohe, Tpeba
HarjgacuTd Aa ce 3a paznuky ox KammanoBor ¢untpa mim WLS anroputma, eduxacHoCT
poOyCHUX anropuTaMa He MEHa Y 3aBUCHOCTH O] BpETHOCTH BapHjaHce KOHTaMUHUpajyher wiana
y HEraycoBoj pacroieiH.

Ca acmekta MMIUIEMEHTaIMje POOYCHUX alropuTaMa jé BaXXHO je na ce 00e30eam poOycHa
euKacHOCT MOroAHUM W300poM BpeaHocTH mapamerpa K, y Henmueaphoj ¢Qynkumju ().

[Tapamerap K, je morogHo mu3abpaH y CMECITY 1a pOOYCHHU allTOPUTaM MOCEAYje MPUOIHKHO UCTH

KBaJUTET IPOLEHA KA0 JMHEAPHHU aarOpUTaM y YCJIIOBMMa YKMCTO HOPMAIHOI PAaCIOAEIHEHOT
nopemehaja.

7.2 llpenJio3u 3a HACTABaK UCTPAKNUBaHA

Wznoxenn mnpemnosn Oyayher wucTpaxuBama NPEACTaBIbajy AUPEKTHO MPOLINPEHE
IPE3EHTOBAHMX PE3yaTaTa Kao ¥ HOBE M3a30Be.

1) VYommraBame Teopeme o ontumanHoM yiaazy OE cuctema ca jeqHuM yira3oM U jeHEM
uzna3oM (SISO)uuju ersoreHu ae0 caapKu caMo jeJaH mapameTap Ha:

a) MyJTHIIapaMeTapcku ciydaj ersoreHor aena OE monena,

0) ommiTHje CTPYKType Mojena, kao mro ¢y bokc-Ilenkunc (Box — Jenkinsun kpahe
BJ) mozenu,
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B) ciyuaj myaruBapujabunaux (MIMO) cucrema.
2) IlnaHupame ekCepruMEeHTa 3a CIy4aj:

a) nmuueapaux MIMO croxacTHYKuX cHCTEMa

0) HenmuHeapHux MIMO cToxacTHYKHX crcTeMa

3) Hobwujenn podycuu Kanmanos ¢uiarap u npomupenu Kanmanos dunrap npeacraBibajy
N0JIa3Hy TauyKy 3a peaqu3aljy alanTHBHOT peryaaTopa.

4) Ca CTaHOBWIITA NMPAaKTHYHE MPHUMEHE BAXKHO je 00e30eauTH COMTBEPCKY MOAPLIKY Y
¢dopmu makera 3a poOycHe MeToie UACHTU(DUKALIT]Ee
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