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Observer Design for Networked Control Systems with Indefinite

Delays and Packet Loss Using Particle Filter Techniques

Student : Yan-Liang Lin Advisor : Dr. Te-Sheng Hsiao

Institute of Electrical Control Engineering

National Chiao Tung University

Abstract

The purpose of this research is to design a state observer specifically for networked controlled
systems. We propose a probabilistic model for the network controlled system which consists
of a Markov-chained random variable to represent the transferring status of each data packet.
Because of the inherent probabilistic nature of the proposed model, we design the observer by
using particle filtering techniques. To.improve the performance, both resampling and
regularization methods are incorporated into the particle filter, and the importance sampling
function is carefully selected. In addition, we simplify the way to update the weightings of the
samples in order to reduce the demanding computational power and the need for memory
space, while to maintain reasonable state estimation accuracy.

In the simulation and experiment parts, a heating system is chosen. The system has multiple
sensing nodes for a remote application, and it can change various state variables with a few
control commands. After collecting the temperature data of the system, the data are sent
through a real network to the observer for state estimation. The result of the estimation is then
compared with the outcome of a traditional Kalman filter in order to verify the feasibility and

effectiveness of the proposed method.
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SRR A EAHREIERRER DI ARG RIFEERY 2 A
st BA e DRARES B A RIERRIES

PR TIE S gt iR
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e psds o AA 04 e g7 g&@ug—,gﬁ%] AR g FERRIE

& T
1;:}}%\“9&@ &k_ﬁx P IL_%,:—JLQ m*ﬂ w2 35, 'FAKP - Kgg;s » & pL Kﬁ(j\

ey o 18

il

EF TR
PR Sz 3 Uk i 8 (finite state machine) )25 40T

¥l 3-2 4 & il 2k 4

B oe s My~ A A G RAT AT E J B B B R LR ) B

$°ﬁ&%${f%ﬁ§ﬁ$%@ﬁi%?‘#ﬂﬁﬂ’uiﬁ?ﬂﬁ

L GUE2 PR Sl o MW LRSS TR hoT
Sen€{R,D,L}, k>m

(3.3)
Transition Matrix:
1 0 0
we(k—m) 7zy(k—m) 7z (k—m)| ,zz(k—m)+7z,(K-m)+7z (kK—m)=1 (3.4
0 0 1
P L o e S 0keS, | L mBEE A e F it e o b k PR ERPE ek A

FPHET - Bk EERBIART Bk EEd mPl ke SERERFA -
WABERROGBHLTH d N E B DUEBER - L AR - PFERT A

B KA S BREREOTN A S EREEES VIR AE - BB

]

- AT LI RE GRS N BRPE Y

- Bate o HEFREEA KR S RER) 0 @
W) o R4

v H 5%

LER R L B S
SR N DR LY SN L S Rl
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BRI R IEH G HE AKPFRRT  H e s iR A
- R R SRR Do AR NG E Lk S R LR T R PER - H )
APER o SRR S TREEFETR

Bt T RE- BAZ 0 BN AP KRBT TR R &

Zk :{yi

R M LR R i R SRR o TR I PR L AT R

S..=R,S,.,=D,k—M <i<k
| | (3.5)

or S,;=Rji=k

AT A LB o B e R AT ik f Tl A g grengp it @ 4 4

FERE TR AR RERETME ARG RS o

3222 ZHKEINZFTREE

EJ‘\_+(35)"1|1“ | v](%ﬁlf““’ hl-rll.%\m{._ Iﬁ;g:b ,1 ]E;g:bm]]\‘;‘?é\
IESEERET TIERR L £ 25 TN T S T R

AE XM j‘ui?fu " ZE AR -RF AT F oon - BE G AT B
B

Gl A T g £ A F > TP Z B A L a2 AR R R g2 IR K

BAHEE Aot 3T R AGREY R
Z° VRt PBART R R ML By B F 5 e RART R A gy E i
FOUORIR G I EPITANEREL L AR EXFH R ATRZE - BE XSG

Bz > 32w - s R &R Sfic(probability density function, PDF)E B & #73 ¥ it

Yo B2 LBIE Y AT 2 i
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M
p(Z, ‘Xk—M:k’Sk,k—M:k +Sicikemi-n) = PV ‘Xk , Sk,k)H P(Yi-i ‘Xk—i +Sickcin Sktiei) (3.6)
i1

migg ¢ IR p(Yk‘Xk’Sk,k)ﬁ" p(yk—i‘kai’sk,kfi’sk—l,k—i) RIFU B S8 S | T A LT 4%

Ejrohe s kg I
N(Y, |ka' R) .S,=R
X ,S ' 3.7
p(yk‘ o Si) = { 5°(y,) ,otherwise 37)
N(Yk i |ka i R) ’Sk k=i — R, Sk—lk—i =D .
v Sk ki Skt ki ' . A1<i<Mm 3.8
P(Yi |‘ ki ki Sketkei) = { 5 (Ye) otherwise (3.8)

# ¢ 5 (y) 5 impulse 3R A& B ig iz Dirac delta s H 4tz 8, ¢ 2 3 'LE 2 yend

EAEA R EF LR OREAF UL Ly A Renis kS O
RO E B & jp(yk‘xk’sk,k)dyk 2 I P(Yii ‘Xk—i'sk,k—i'Sk—l,k—i)dyk—i R

ZXBES2ZTLI1 A £ X BASH -
FREFES LA P Z FP BRGARIE Y REERB SRR Sk

R

p(Z, ‘Xk—M:k’Sk,k—M:k s Si_skem-1) I Vi ¥ %2 1t (marginalize) » r/ gt k0 2 Flep o000

3 o

3.3 B RESFHCT

N R R WA A T 2 B - %é;jz.,b}g‘é B P NI N B R H2 T2 4pik

N3

M @A Aoon eh x> 4 FETTR]A 5N 03] (graphical model) o gt B G2 2 [ Bl & ST R

ﬁ,{’ ﬁ@i@'zﬁ%ﬂi‘k‘% 2}\&7» 2] ]} L_,l‘-»- li#B IZ; F'} ° L‘L.ll'L g > ;tz‘,\:}ob :‘4 »/L»——- P—‘ﬁ:xﬁ:'mj =S

A E AT o Fer R ko L Sk Benl o B s T2 T I

=~ 7
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ﬁi’&%f"«&—‘ﬂd—r“ﬁﬂ)\ﬁvﬂ ﬁ,,bfr'arﬂLb fﬁ%@mukﬁﬁéﬁﬁi,/}g]
AR X 2 ERpIE Dy e

P-4

RBR R X 2 B B - BRI S EREOR By A d g s G e e ]
FAP R ERREE L F - B RRE R AZ KAk A
M AL AT A A Ry RAEe S kG M D Byl

e A; Y HA] T Ao e

B 3-3 & 32k sz BRI
ﬁﬂ%x"b—rﬁlc;' Fﬁjmxmgﬂ’ljﬂz\?_k_ F&b;']\ﬁ){ﬁg”ﬁ Fﬁg;aﬁlwﬁy

EIIJ j\EFE’ Elf?]\,,, ;P‘ ﬁ’lﬁfsﬂaf-\]%u;%j gi_rﬁ;)])\u”?]“’—ﬂfilfi’k—fﬁglji
FHXF M

332 MR BRI 8 4 SHEAL S

ﬂ\ti
palrg

F_‘-

W mj?_ & ReRREAIINA T & A p(zk‘kaM:k!Sk,k—M:k!Sk—l,k—M:k—l) (*35)+

b3

AR IR R R BTG Z X S A RRES Y R TR SRR QR 2

S0 GE R e A B X N T R S R AEAE B Z b Lk R R

e
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S il AL B ALY B L o
Ft o BEHEARE LR A g Yy SRR S EORERT Z Y A

ZTEAEXESKEDHPNF IR NT G el R IR

B] 3-4 Frwd i kuz B0 A

PORCL A B K R BB G AT N T IR e R 2 T eRiE 2 Ap kL o
BBV Abagl TR - YA AP gk M oa ZR Ak

A
TR - P2 R S R R e B Dlany o 102 RRRIRE BRI Y AT R 2 B

I SR X et T LR FIRA Y 23 kp XE Sl a XE SR kp -

¥

&

[ L aifl A o dogt i o Bk ALE B R R R ERA o A2 e N AR

ELBRIEBARY S L AR o B R HR R BEBRELR
IER AR M- P TR S T AR R - SN
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AATEY o BRI AR R ] AR BRIBE R BRI R R
I A A Flt g AR R BB A RIS AR ST o I P R F T
P o R TR 2 PR AR SR KPR HRL BRIE o FAHL BRIF SRR
o FERES FH BRI EL T RS P R R BE AR

REP AT 2GR B E e

41 3 Rk B

e TR B - B3 L A B B2 iR o UTF R H A AR

oo T EHGHAY - BRRITR-ELPIRZ S KPP HEERE M E F TR AT o

411 AR

Forlkin i X, o HE-E5 87 A4a5 M2 Rl BLPIGY, o TP RHE L
27 HAc T2 A4 N
Xk+1 Xe p(Xk+l|Xk) (4 1)

Y ‘xk ~ p(Y, |Xk)
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Gk ERE S BRIE Y, Y, Y, ) o TR B AY, o B S BRI E

(X0 Xpr X} P B EX, » 50 FE E[xlkmk] ML By iE

xJ_k = j xJ.'k p(X]_-k |Y]_'k)dxl'k (4-2)

HE p(Kyy [V ) & & 36 Y, BF X, o 248 5 % A& S fic(conditional probability density
function) o & % p(Xy Yy ) & 784 > £ X', m=1,2,...k ® i=1,2,....Ns, &% Xpeh% i

B A 0 RSB Bk T ko (sample mean) k A A 0 7T

er :Ier p(xl:k |Y1:k)dxl'k lekl (4.3)
5 i=1
PHP 2 N AR @ U P PIE 7 apip B2 T EiE i o

412 £ &R

& & (4P~ (Importance Sampling) » J* 2 £ d- 3t R L anig 2 Y B4 ¢ 2

p(xj_-k |Y1_-k) lft-? Kf Bé;_T' NG i{{,’\" 'l}ﬂ uﬂl‘;% F’»ﬁmﬁﬁ A Iﬁ' \.lrﬁ';: ’ l}‘] wWig * 5 —

F A BR T A 3B q(Xy, V) KBt 3% 34 L (F Importance Distribution > s

Proposal Distribution - »* &_» i #-;4(4.3) =& 3
N A : XY,
iz Xlkl Zwlxlk ’ WI — p( 1.ki| 1.k) (44)
Ns i=1 i= q(XLk |Y1:k)

HY Wi fE Zw =1 & 243kt F N AR @ I A F g pF o ({7

W HE

bt
-\&

ABIT R Y

T IH (ALt X2 B ¥ 4 dagri o ¥ p(Xy V) 8 40T 2 353
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P(Xuy Y )
_ PO X Vi) PR aser)
p(Yy |Y1:k71)
o p(Y, |x1:k Vi) P(X gy |Y1:k—1)
= p(Yk |Xk) p(xk |XJ_'k—l ’Yl_‘k—l) p(Xl:k—l |Y1:k—1)
= p(Yk |Xk) p(Xk |kal) p(Xl:k—l |Y1:k—1)

PR i g

q(xl'k |Y:L'k) = q(xk |Xk—17Yk)q(XJ_'k—l |YJ_'k71)
1 R E

W o p(Yk‘x )p(x ‘X _1)p(x Lk 1|Y:Lk 4) i p(Yk|X )P(X, ‘Xk )

k Wk (45)
A(Xe | Xa 1 YA (X iy Vier) AXi [ XE5Y,)

WA FERET A By T i S NiEE o F A @ £ R PR 1

Bis 2 F mik B AL S B2 E & 25§ (Sequential Importance Sampling)iz o # iF

NP 1R

Algorithm of Sequential Importance Sampling Method:

For Each step k:

1. Draw X, ~q(X, ‘Xkl,

PO [X)p(X, \XL W)
a(Xx, ‘Xk =y

2. Calculate W, =w, ,x

3. Normalize w; =

B

Estimate X, :ZWLXL

i=1

3y
\\\Xr

T BEF ERPAF QXX LY F - R eE R L B SR
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Wk 7 T AKX Y) = POX, [X,) 7 v 2 % 45 Bootstrap  Filter[10] - 3 & et

ERERPAFE L L (ATOART 5

_ _ Y, [ X ) p(X, [X _ Y, | X)) p(X, [X _
ot ocut x2S [X4)p( \“) R [XOPOXG]Xi) o 500 X0 .
A(X, [ XY, p(X¢[ X, 1)
413 FEH 2 BB IR
AREAEE LA BRSO ] B R Ay £ e S
BRE ARG > §A S WREERFE Ak AR BHSERG 0 f- B L2

FEAPR S B TR RS A

4131 € #7545

MEF R i 2R R B B L € AT B TR o A- BERIE
2 SEAEEE S S IP A RS o 3 IR RE R RN RN S £ LY
BoRBR AR P H e SR L RARD L BRES TR B

Wz T Bl M B IR R AL S HR A 3T 1 (sample degeneracy) o B>t 2Bk o

43 [14] -
1
New =% ——— (4.7)
(w)
i1
'é%i I‘é‘]x "'ALF'H’}%TF%’LLLT /‘ﬁti‘f*?ﬁb“/ﬁﬂ/zt‘ﬂﬂt/z\m'F»r}UWLL”‘
FREFRFIRAFETZFFEFEY DLATBARD D 2 o EXTPHRL P2 S

7] &AFTF P % 2 F 3754 2 5 Multinomial Resampling » #* € 375~ 4 2 i 42
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IS

Algorithm of Multinomial Resampling
For each particle i

1. Draw U'~U(0,1], where U is the uniform distribution.

2. j=Di(U"), where Di returns the index of the Empirical Function of w, .

~i _ J
3. Xk—M:k - Xk—M:k

Afterall N, particles are assigned

4. Resetallw, = 1
N

S

PERTBR2 G 2 AL RRAREREY LS BikA s RRAEL N 6] £ATHC

SN BHA 7otk AERAT SN, ©

Resample

ded B ES MBEIRA- BiA o MBS PR AERE NG M 2 ERALRE S
Pad FARBRAY CHE JHBRAELIRE A EATBRREMERAZEL DE - &

FEREEEE T VOSSP B AL EE LR
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4132 & i

Mol A ERTPR S gk AR RLER EY BB B A LA R A W
e Flat g TR A T AR AP IR o @ IR AL PR MER S T R
BRESOREEREY L REFLRFDREFPLF AT DR & @i S Ao
oo IR A E FA B (Sample Impoverishment) 3R % -

FH R G - HRZ IL S S fE2 5 R0 (Regularization) o & 3Tt ek A

AE 1 EEHPHT 2 kA2 % R f(sample covariance) > ¥ A E FTBfkis 2 AL £
Arde r PR A & R R fech- &V D) o © P S [ T ke b fhdich TR

e S N

Algorithm of Regularization
1. Calculated Sy = sample covariance of x, ,,and D, suchthat D, D," =S, .
2. After Resampling,

Draw &, ~ Epanechnikov Kernel or Gaussian Kernel

Xk l_Xk l+hopt Dk

L/(n,+4)
8n, (n, +2)(n, +4)(2\z)™
N.(2n, +1)ch

For Epanechnikov Kernel: h,, ={

4 1/(n+4)
For Gaussian Kernel: h , =| ————
"N, (2n, +1)

c, isthe volume of the unit n -dimensional sphere.

Ny

TRIAZERC G FEw 2R ALF R LB B Y A7 IR PR A Rk
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ZPF G RRAAHERERIEDN DR IS FTREIL I

Regularize

O
00O =
OXOXOI0)

AT N2 A S RER R GA I T o

Y

4.2 e}“l;},i‘%@_&%w # J ?Lfi:"“] J’%??‘J%

Fh AR A 2 R ori e @ R ] R o H P sy g s M
R I W S 1 Xy F - B2 ’ﬁ Ev % ié‘fi?ﬁ”“ﬁfﬁﬁ S o
Xk+1 X - N(Xk+1|AXk + BUk,Q)
(4.8)
Yelx, ~ N(Y,|Cx, +Du,,R)
m [@I/?‘J%ﬁ% Ny, >  BEERGET GRIE
Sk’i :R’Sk,i—l: D,k_M £i<k
or §,;=Rji=k
EBERKARRIERTE IR BN Tt 2R B kAT AT 2 LRI B A
Fprdcdz FREEHLZ -
M
p(Z, ‘Xk—M:k’Sk,k—M:k +Sicakemks) = PO ‘Xk , Sk,k)H P(Yii ‘Xk,i v Sy i Siakai) (4.10)
i1



BT ARG LML o F AT RPIF T ER > B R R 2 a5
RSB EAHESRE A P T AS SRR ETEFZ RN AT AT R
P iE o fe & B 3% 3k (Bayes Ball Algorithm) s [9] » 2| %7 & B “E 1% % B chif 12 4p

wedp g § e

421 @ % PR AR AN E

o o T 1 P s , . D
BRIy :jxl:k P(X 4y Vo)X zN—Zka ¥ P2 p(Ky Yy B4 tofeds i 4y
]

FUe B2 {0 G e 1 R A 7 F k- p( Xy Yy ) B 1T

P(Xy |Z].'k) (4.11)
E o e EEIAE)L R AL R 4 xS T 4 kel i

P(Xy [Zu)
_ P(Z, |X1:k v 1) P(Xy |Z:L'k—1)
P(Z|Zus)
o P(Z, Xaser Zuses) PO [Zgc) (4.12)
= p(zk |X1:k ) Zl:k—l) p(xk |X1:k—l’ ZJ_'k—l) p(X:L-k—l |Zl'k—1)
= P(Z, [Xuer Zuss) POS [ X2) P (K| 21 )

FEE ERPAF (X [Zy) E R EEE

q(er |Z].'k) = q(Xk |Xk—l1 Zk)q(xtk—l |ZJ_'k—1) (4-13)

5 g
N

27



W|I( — p(xil.k |Zl:k)
q(xl:k |Z:L‘k)
o p(zk ‘Xli:k ! Zl:k—l) p(XIL ‘Xli—l) p(XJi_'k—l |lek—1)
A0% %1 Z)A(Ks 4 2oy )
P M Zu) POG %)
= Wi X i|oi
q(Xk ‘Xk—ﬂ Zk)

(4.14)

AR T p(Zk\ka,ZLH) F A E Ak B4R E R M RRAEE ¢ DR p(Yk\x;) » #

FiAgfe FIR B ARAZEBAFLATEWRBEOM G ST FREFEERY > L

-t

- =

B F A AP FA B o SRS (FE L R L M e

B e MM AL BRIBRS A Bl TR EE R At

p(Z, |er Zy ) = p(Z, |Xk—M:k » Zemrer) (4.15)

% (4.8)2. T & > @ F B (Marginize) = ;848 gt refrat b 2 R 28 S

Lo W

p(Z, |Xk—M:k Zy mka)

_ Z Z Z I p(zk |Xk—M:k ' Zk—M:kgl’ Sk,k—M:k ' Sk—l,k—M:k—l’ e Sk—M:k—M )_

Sk Skt Siemsem | X p(Sk|k—M:k’Sk—l,k—M:k—l""’ Sk Nk -m |Xk—M:k’Zk—M:k—l)

— Z Z Z I p(Zk ‘Xk—M:k ! Zk—M:k—l’ Sk,k—M:k ! Sk—l,ka:k—l’ g Sk*M:ka )_

Sk Skt Skemaem | X p(Sk,k—M:k’Sk—l,k—M:k—l""’ Sk Mk |Zk—M:k—1)

#e p(zk‘kaM:k’Zk—M:k—l’Sk,k—M:k’Sk—l,k—M:k—l""’Sk—M:k—M) SR TR R U

»% 2
XM St kMK 1 Ok-Lk-M K17+ kM KM P Z B 7y g RN AR R BT

D(Zk |Xk—M:k , Zk—M:k—l) = Z Z Z p(zk ‘kaM:k J Sk,ka:k ' Skfl,k—M:k—l’ R VY )

Skk Skt Sk-Mk-m Xp(sk,k—M:k’Sk—l,k—M:k—l""’Sk—M:k—M |Zk—M:k—1)

ERF R T H2BE)AEAH P 5 pF F

M
PYi X S| | PYici [Xei Sickcis Seai)
p(zk|xk—M:k’Zk—M:k—1):ZZ"' Z k‘ o 1.:1[ ‘ ‘ e Tk (4.16)

Skk Skk1 Sk-Mk-Mm
XP(Sy kMo Skak Mkt Sk mkm |Zk—M:k—1)
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422 B 32 md2

é———'— ‘i : ;/; };Li— %E" I]JL (414); ’ ’/ﬂ 4 :h‘ IE"'L p(Sk,k—M:k7Sk—l,k—M:k—l""’ Sk—M:k—M |Zk—M:k—1)
AP ol 2 AR T UEEE Y e § 2y KL

Sk,k—M:k’Sk—l,k—M:k—l""’Sk—M:k—M AaxE TRyEBZTD&L, A Fara) e

M
E p(yk‘xk’sk,k)H p(yk—i‘Xk—i’sk,k—i’sk—l,k—i) mERES > FEFT G I - PR
=

731}&

By A HEAS (S, [ A & LR Bl S(y) e F AR 50

7
“~

FIL R G OR RN R ABS B Z Y P B2y il iRAR ¢ S B B R R e b

5 1R ey SR B X5 BB S ok 2 S Y P
M

Je% ‘Xk’sk,k)H P(Yyei ‘Xk—i’sk,k—ilsk—l,k—i) F+3"00S ¢ 2 idg §
i1

Sk =R S i =R S g =D Tt R ]

P(Y, ‘Xk Sk =R) p(yk—l‘xk—ll Sika =RiS 1 =D)
= N(Yk |ka' R)N(yk—l |ka—1’ R)

Moy EF AT HEHE L X R A F R

N(Y, [Cx, RIN(Y, 4 [Cx, 1, R)
=N(x [C™Y,,CTR'C)N(%,[C'y, ;,CRC)

Mgt & A7 5 p(X|u, X)) e

S 2L 0 ehp(x|u’, X)) & #7 PDF & o Fedn g ot
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p(zk |Xk—M:k ' Zk—M:k—l)

P(Yy Xk’Sk,k) ] P(Y,i Xk—i’sk,k—i’sk—l,k—i)
sy | PO Tpo|

Sk,k Sk,kfl Ska:ka
X p(Sk,k—M:k ) Sk—l,k—M:k—l’ - |Zk—M:k—1)

U, ) P(S'|Zy gea) ot POXU ) (S

TS) I S I ICHr AN (4.17)

Skk Skk- 1 Sk-mk-m

=0+..+ p(x' Z yxa)tot0+.

= p(x'

VLI (8 X IR A BRI B A X B o

Flt afg £ iR i

W
Wi == _
S
p(x" U',Z')z Z Z [p(sl Zk—M:k—l):I
W;i(,lx Skk Skkt Sk-Mk-M

A% %1 Zi)

PO UIEDD. D > P8 Z i) |

NS

2 : i Sck Skka  Sk-mkem
Wk—l x iyl 7

i=1 q(Xk Xk—l’ k)

S S 1)

k-1

PIDIEDINNCH

iyl Zk—M:k—l)
q(X'I( ‘XL_l’ Zk) Skk Skka - Sk-Mk-M :I

z{w p<|2>] Y32 (G )

T Skk Skk-t  Sk-Mk-M
q(Xk ‘kal’ Zk)
) Xui ul’ r
Wll<71 ><p(i—iZ)
q(Xk ‘Xk—l’ Zk)

SAE)

a0 %1, Z,)

(4.18)
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BE AR S MR ] F 2 WAIE Y PR ARED R A NP RE S

N

ixig 7 B o 4oE & (44 F (Importance Distribution)shi& B~ ~ jg 5 2 5V enig sc & > 0T 3R

Ko B LR

431 € & B F FEB

AR RA R 2L R P AR A R I A RRLE > A F BT AR

FlASHR T 5 9 A % o f A4 ¢ Bidoim B 20 B2 & Pl cfe aeid i -

B 4-3 EERPELFTETLF
TRE-BHEOTAR R FRARECLEF AT > RREERSNEL L F S H Y
> kBl & N & AL AT
1 BREF AT LEENERP LT OGP EIRE T A NALPEFAF > T 7
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Ao 8 T aciE B R e

BrEPMERP LT BES S SAGPER A WMAFBERE AL AT 2L R E
i BEPRNFE AL FELIFLEREFEL -

4 EPE R P LT FER ] REPRRETEY B2 RFFRLFALTF 0 A

2 Brpd B etk B o

§ 3 200G X4 V) = POX X B o o B s X, R 2 B

B o E“Jﬁivﬁ%‘i}iﬁir’% B P otk R eh X e Bl A R opiE E A

:\rmL

R e

X A% g @& 7R 030§ P2l eaeTl i E kg % o

fie & e g i3l ) AT 2 e BY P 0 B E T T - R Aok ST 7 ikl
BRRPF o o o0 kSRR E 0 R P 00X (X, Z) = P(X X ) PR AR PR T R G S T

BATE R B P A T B R B L

WEORE-ERPEHELT
q(Xk |Xk—17 Zk) = p(xk |Xk—1’ Zk) (4-17)

poa o AR D w R BT F A KRB F T b ATHB R E 6 9 o B AT

BEIF O BEPRFRELIATALFTATRN o

q(xk |Xk—1’Zk)

= P(%[%1: Z))

P X %) PO %)
 pEZx)
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o

KiEAFEINREAT e (36);82 Tk @ BRI A R4S
Z Z Z [p(zk ‘Xk—l:k St kmir Skt kmk1) P komacr Sictkmat |Xk—J_'k):|
Skk Skk-1 Sk-Mk-M
= p(xk |Xk—1)

P 2 [P St Scamied) PGiicmio Scaemiea %) |

Sk,k Sk,kfl Ska:ka

B> oA A bamx D

Z Z Z !_”J‘ p(Z, |Xk—M:k ' Sk,k—M:k ' Sk—l,k—M:k—l)p(Xk—M:k—Z |Xk—1:k)dxk—M "'dXKSkaz:l
Sk Skt Sk-mu-m p(Sk,ka:k’Sk—l,k—M:k—l|Xk—l:k)

= P(X |Xk—1)
P‘J‘J. p(Z, |Xk—M:k +Sierenicr Skctmis) PGz X | X)Xy "'kaZka]

p(Sk,k—M:k 1 Sk—l,k—M k-1 |kal)
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Algorithm of Regularized Particle Filter:

For each step k

: : 1
1. Calculate effective particle count N ; =————

> (v

i=1
2. If Ng < Nyeoid

Do Resample and Regularization
3. Draw X ~q(xHx‘H,Zk)
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a0 % 1. Z,)

4. Calculate W =w,_, x

W
Ng
D W,
i=1

NS . .
6. Estimate X = wX,
i=1

5. Normalize w; =
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