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Phwong trinh phi tuyén

Déi véi muc dich dinh vi, cdc phép loc Kalman mé rong (Extended Kalman
Filter - EKF), Unscented Kalman Filter (UKF) va loc hat (Partlcle filter-PF)
dwoc ng dung xdc dinh vi tri cho do6i tuong chuyen dong. Pi véi phurong
trinh c6 tinh phi tuyen cao két hop véi nhiéu cé tinh phi chudn Gauss sé lam
glam dé chinh xdc ctia EKF. D€ khdc phuc nhitng han ché dé, nghién ctru nay
tdp chung vao viéc ddnh gid khd ndng tng dung ctia cdc phép loc phi tuyén,
phi chudn Gauss, bao gém UKF va PF. Sai s trung phwong vi tri diém (Root
Mean Square Error - RMSE) va thoi gian thuc hién la hai yéu td dé quyét dinh
cho khd ndng dp dung ctia cdc phép loc néu trén. Thong qua thuc nghlem
cho thdy phép loc hat la phu ho'p nhdt cho hé phu'ong trinh phz tuyen VGi
nhiéu phi chudn Gauss, dé chinh xdc c6 thé dat tét hon khodng 5 lén va 9 ldn
so véi UKF va EKF, twong ting. Doi voi nhiéu chudn Gauss, UKF cho do chinh
xdc cao hon EKF khoang 1,5 Ian Khi xét tdi thoi gian thuec hién, EKF cho phép
tinh todn nhanh nhdt con PF cdn nhiéu thoi gian nhdt do viéc sinh mdu trong
qud trinh thurc hién.

© 2017 Trwdong Dai hoc Mo - Dia chit. T4t ca cic quyén dwoc bao dam.

1. Mé dau

Moore, 1979) da phat trién mot phwong phap méi
trén co s& ma rong tir thuat toan loc cia Kalman

Thuit toan wéc lwong déi véi hé phwong
trinh phi tuyén s dung trong dinh vi da dwoc
nghién ctiru trong nhiéu nam. (Kalman, 1960) dé
xudt mot thuit toan dworc biét véi tén goi phép loc
Kalman, phép loc nay dwoc ap dung cho phwong
trinh tuyén tinh v&i nhiéu tuan theo luat phan b
chuin Gauss. Tuy nhién, hau hét cac phwong trinh
str dung thye t€ 1a phi tuyén tinh, do d6 ky thuét
tinh todn nay chwa thé 4p dung dwgc. DE khic
phuc nhitng nhwgc diém ké trén (Anderson and
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E-mail: phamtrungdung@humg.edu.vn

c6 tén goi la phép loc Kalman mé rong (Extended
Kalman Filter-EKF). Phép loc Kalman mé& rdng
thuc hién phép tuyén tinh hoa cho phwong trinh
phi tuyén dé thu dwoc phwong trinh & dang tuyén
tinh. Tuy nhién nhwgc di€ém cta phwong phap 1a
viéc tuyén tinh héa kém chinh xac khi 4p dung cho
phuwong trinh ¢6 mac dd phi tuyén cao. D& khac
phuc nhwoc diém nay (Julier and Uhlmann, 1997)
dé xuat phép loc Unscented Kalman (UKF) ma
khong st dung buéc tuyén tinh hoa. Bd chinh xac
cia phwong phap nay twong dwong véi phwong
phap Kalman suy rong néu st dung dén cic hé s6
bac hai tir khai trién Taylor.
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Thuit todn nay mac du gidi quyét dwoc cho
cac phwong trinh c6 mitc phi tuyén cao nhung van
dwoc xay dung trén gia thiét nhiéu tuan theo phan
b6 chuin Gauss giéng nhw phap loc Kalman.
Phwong phap loc hat Particle filter (PF) dwoc dé
xuit nhim mé rong kha ning tinh to4an cho cac mo
hinh phi tuyén khi nhiéu khong tuan theo phan bd
chuén Gauss. M6t s6 phwong phap pho bién dwoc
phét trién tir thuét todn loc hat ¢ thé néu ra bao
gom phwong phap Bootstrap (Gordon, 1993) va
Sequence Monte Carlo (Liu and Chen, 1998). Phép
loc str dung trong linh vurc tric dia da dwoc biét toi
qua nhiéu nghién ctru, trong d6 cé thé néu ra mot
s6 cong bo tiéu biéu nhu: (Ramm, 2008) 4p dung
phép loc Kalman cho dinh vi giao thong véi tri do
thu dwoc bdi hé thdng GPS va cac cam bién gia ré;
(Alkhatib, 2008) so sanh ba thuéat toan EKF, UKF
va PF cho phwong trinh phi tuyén véi nhiéu tuan
theo phan bd chuin Gauss; So sanh hai mé hinh hé
théng phi tuyén gdm phwong trinh duwdng thang
va duwong cong dugc dé cip bdi (Schweitzer,
2012). boi véi hé phwong trinh phi tuyén cua tri
do da dwogc dé cip trong nghién clru cia
(Aussems, 1999; Stemberg, 2000; Julier and
Uhlman, 2004; Sarkka, 2013).

Trong bai bdo, hé phwong trinh phi tuyén
dwoc ap dung cho ca phwong trinh hé théng va
phuong trinh tri do mé rong déi véi phi chuin
Gauss.

Muc hai ctia bai bao dé cip nguyén ly ctia ba
phwong phap EKF, UKF va PF cho phwong trinh
phi tuyén. Trong muc ba, rng dung phép loc cho
dinh vi véi phwong trinh phi tuyén dong ctia hé
thong va phwong trinh phi tuyén cta tri do. Muc
bén néu két qua do chinh xac va thoi gian thuc
hién cta ba phép loc néu trén.

2. Nguyén ly cta phép loc

2.1. Phép loc Kalman mé rong (EKF)

Phép loc Kalman mé rong dwoc st dung cho
phwong trinh phi tuyén cho m6 hinh hé thong va
tri do (Anderson and Moore, 1997) c6 dang nhw
sau:

Vierr = Vi, Uge, Wie), (1)
lkrr = @Vk+1 V1) (2)

Trong dé, Iy, 1a véc to tri do, yx44 1a véc to
trang thai tai thoi diém k+1, uy 12 véc to anh
hwéng do ngoai canh, va wy, Vi, 1a nhiéu ctia hé
théng va nhiéu cda tri do, chiing dwoc gia dinh 1a

doc lap va tuln theo luit phan bé chuin Gauss.
Ham ¢, ¢ la quy wéc cho ham phi tuyén ctia hé
thong va tri do, twong (rng. Thuit toan dwoc thé
hién theo hai bwérc sau:

Bworc 1. Tién dodn

Véc to trang thai biéu dién b&i phwong trinh:

Vierr = ¢(Fr) (3)

Ma tran hiép phwong sai cia véc to trang thai

(coi nhw khong cé anh hwong cia ngoai canh)
theo cong thirc (4):

— T T

2511 = Tk29,9, Tk :l_SRZWkaS » (4)

Trong d6 ma tran chuyén trang thai T, =

(a¢(YRrukak)

oy
(aﬁb(Yk:ukJWk)

awk
cua tri do Zyy, v, -

), ma tran nhiéu dong thai S, =

) va ma tran hiép phwong sai sai s6

Buwéc 2. Cdp nhdt tri do

Véctor tri do dworc tinh thong qua véc to trang
thai bdi cong thirc:
lk+17= ®Fi+1) (5)
dwoc st dung dé tinh véc to cai chinh
. diet1 = lerr = lesa- (6)
bé tinh ma tran hiép phwong sai twong trng
cla véc to cai chinh trong cong thirc (6) can ap
dung luit truyén sai s6 v&i ma tran tri do duoc
tuvén ti 7 _ (0041 VE+1) 2
uyén tinh héa Ay, = |—=———) boi:
ay7lc+1
2dk+1dk+1 = Ak+1237k+13_’k+1Ak+1 + 21k+1lk+1 (7)

Trong do, 2y, , i, ,, 1a ma tran hiép phwong
sai cla tri do.

Véc to trang thai cap nhat va ma tran hiép
phuwong sai twong (ng ctia né dwoc tinh theo cac
cong thirc sau:

Vi1 = Vk+1 T Kr1dies1, (8)

237R+137k+1 = 23_/I<+137k+1 - I("’f"'lzdkﬂdkﬂI(};“'1 9
Trong d6 ma tran hiru ich dwoc tinh béi

Kyt = 237k+137k+1A£+125k1+1dk+1 (10)

2.2. Phép loc Unscented Kalman (UKF)

Thuit todn Unscented Kalman (Julier and
Uhlmann, 1997) st dung cho phwong trinh hé
thong va phwong trinh tri do trong céng thic (1)
va (2) dwoc néu theo quy trinh nhw sau:

2.2.1. Sinh mdu diém va xdc dinh trong s6
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Tao (2n+1) mau diém (sigma-points) bang
cach st dung véc to trang thai va ma tran hiép
phwong sai cia véc to trang thai nhw sau:

Yi=|¥« Yetvnt+a: ’E?k?k] (11)

Trong d6, nla s6 hang ctia véc to trang thai gy,
tai trang thai k va Zykyk la ma t~rén hiép Phu'(rng
sai twong &ng. Trong s6 cla moi mot mau diém
dworc xac dinh theo cong thirc:

W™ =2/ + ),
W =1/(n+ D)+ (1-a%+p), (12)

w™ =w =120+ i=1,..2n
va hé so ti 1é vo hudéng dwoc xac dinh la
vn + A v6i A dwoc tinh:
A=a’(n+k)—n, (13)

Trong dd, cac tham so «, B, A, k dwoc
xac dinh nhw sau:

Tham s6 a d€ xac dinh bé rong ctia phin bo
cac mau di€ém xung quanh gi4 tri trung binh (mean
value) va c6 gia tri trong khoang 104 t&i 1. Tham
sO k dé xac dinh ti 1€ va thuwong dwoc chon gia tri
1a 3-n. Béi véi phan b6 chudn Gauss B dwoc lay
bang 2 (Wan and Van der Merwe, 2002).

2.2.2. Tién dodn

Mb6i mau diém (sigma-points) dwgc tinh
truyén qua phwong trinh phi tuyén ¢ béi:
X0 =0(r?),i=012,..2n (14)

Gia tri trung binh va ma tran hiép phwong sai
cla véc to trang thai c6 thé dwoc xac dinh thong
qua nhitng mau diém sau khi tinh todn béi cong
thirc (14), néu khong tinh dén anh hwéng cia sai

sO hé thong, dwoc:
2n

Vierr = ) W™ xf) 1s)

i=0
o ST+ z W(c)( x(z)

- )’k+1)(Xk ~ Ve+1)"
2.2.3. Cdp nhdt tri do

pX

Ye+1Yk+1

(16)

Cac mau diém tiép tuc dwoc truyén thong qua
phwong trinh phi tuyén cua tri do, ¢:
Di=0(xD,) i=012.2n (17
Trong d6, ¥ 12 ma tran tao b&i cac mau
diém da dwoc tinh tir cong thie (17).
Gia tri dw doan cua tri do dwoc tinh béi:

los = Z W @ (18)

(Julier and Uhlman 1997) trinh bay cach tinh
ma tran hiép phwong sai cda gia tri wéc lwong do
27 ey bang cach st dung ma tran hiép phwong
sai cta tri do Xy, , g, ,, tai trang thai k+1 nhw sau:

Eik+1ik+1 = Elk+1lk+1

2n
# 2 (901 ~Teoa) (90~ Te)

Ma tran hiép phwong sai gitta gid tri wéc
lwgng do va véc to trang thai duoc xac dinh
2n

_ _ (C) ®
I Z W, Xk+1 (20)

. _ T
- S_’k+1) (1/’;(;11 - lk+1)
Tir d6, ma trdn hiéu ich loc K, dwoc dinh nghia
theo cong thitc:
1

2-"lk+1}’k+1( lk+1lk+1) ) (21)

(19)

Ky, =

Cuoi cung, gia tri véc to trang thai va ma tran
hiép phwong sai cia véc to trang thai dwoc tinh
théng qua cac cong thirc (22) va (23) dudi day:

Yi+1 = Yk+1 T Kk+1(lk+1 - lk+1) (22)
2:}’k+1}’k+1 = 2:3’k+13’k+1 (23)
~ K121, 1, Kt

véi 1,112 véc to cua tri do tai trang thai k+1.

2.3. Phép loc hat (Particle Filter)

Thuit toan loc téng quat dwa vao phuong
phap Monte Carlo lién tuc ra doi véi nhiéu tén goi
khac nhau. Phwong phap Bootstrap dwoc Efron dé
xudt vao khodng cuéi nhitng nam 1970 (Efron,
1979); phuwong phap tai 1dy miu (Sampling
Importance Resampling - SIR) dé xuét béi Gordon
(1993); Pitt and Shephard (1999) phat trién
phwong phép loc b6 tro Auxiliary Particle dé giai
quyét nhirng han ché ctia phép loc SIR; Liu va Chen
(1998) dé xuit phwong phap loc Sequential
Monte Carlo; Doucet va nnk (2000) dwa ra
phwong phap Sequential Importance Sampling
(SIS). Gan day cac phwong phap nay dwoc théng
nhit goi tén la phép loc hat. Phép loc hat dya trén
phuwong phép tai 14y mau SIR dwoc trinh bay nhw
sau:

Ham dy dodn mat do phin bd xac suit
P(Yi41l1.%) c6 thé dwoc xac dinh bang cach
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st dung mo hinh xac suit cla véc to xac suit
chuyén trang thai P(yy,.|yx) dwoc biéu dién:
P(Yp41lli) =
| POralyOPObOdy,
Trong d6: L., = {l1, 15, ..., I }.
Ham phan phdi 1&é P(yy|l,.,) xac dinh theo
phwong phap dé quy ctia Bayes béi cong thirc:
P(Lly)P(Wrellye-1)
P(yillyx) = : (25)
Yl Pl )
Phuong phap loc hat wéc lwgng ham mat do
xac sut P(yy|ly.,) bdi mot s6 lwong 1ém cdc mau

(24)

N
diém doc 1ap nhau {y,(;)} va cac trong s6 twong
i=1

trng clia chiing { ( )} thoa man tong trong so
i=1

bing 1, trong d6 N 12 s8 lwgng mau.

Loc hat cip nhat gia tri véc to trang thai va
trong s6 twong (ng cha véc to trang thai theo
phuwong phap dé quy déi véi méi tri do méi duoc
thém vao. Trong cong thirc (25), hé s6 chuidn hoa
P(l|ly.k—1) chwa biét. Tuy vay, hé s6 nay khong
can thiét cho phwong phap tinh vi ham mét dé xac
sudt P(y|l;.x) hoan toan c6 thé wéc lwong béi:

P(Wi+1llix) < P(Lelyy) - P(Vrllik-1)  (26)

Ky hiéu « trong cong thirc (26) thé
hién xac suit dwoc tinh truwc tiép tir v€ phai. Gia
thi€t phan bé chuin Gauss c6 dd léch chuin
(standard deviation) la o thi ham kha nang
(likelihood function) P (1 |y,) dworc tinh:

1 ey
Pllily) = e 20 (27)

va P(yy|ly.k—1) duoc wéc lwong doi véi toan
b0 cac hat (particles):
N
1
POllig) ~ NZ s(yi-yP) @8
i=

Trong d6, 6(+) 1a ham gia s6 Dirac. Dy ciing
chinh la y twéng ctiia phwong phap loc hat.

Nhwoc diém cta phwong phap nay la hién
twong thoai hda miu. V4n dé néu trén cé thé dwoc
gidi quyét bdi thudt todn tii chon maiu
(resampling algorithm). Cé nhiéu thuit toan cho
phép tai chon mAu, tuy nhién thuat toan phd bién
nhit 13 tdi chon miu hé théng (Systematic
Resampling) dwgc phan tich va so sanh trong
nghién ctru cia (Douc, 2005). Phwong phap loc
hat stt dung tai chon mAiu SIR c6 thé dugc tém
lwoc theo quy trinh sau:

Budc 1. N hat {y,}; dwoc tao ra theo luat
phan bd chuin Gauss v&i mat do xac sudt tai trang
thai ban dau P(y,) k=0.

Buwdc 2. Trong sd cla cac hat twong Gng la
W,El) =P (lk|y,({l)) duoc tinh béi cong thirc (27)
va trong s6 chuin héa dugc xac dinh:

O]
~@) _ Wk
Yk TSN D)
j=1Wk

i=12,..,N (29)

, x o (NN
Buwéc 3. Mot tap hop mau méi {yk } dwoc
i=1
béi thuat
todn tai ciu trdc mau, trong d6 prob (yf{‘) =
yfcj )) ~(] ) (xem Hinh 1).

Buéc 4. Tai trang thai k+1, nhitng mau méi
nay dwgc truyén qua mo hinh hé théng (theo cong

thirc 1) ¢6 dang: y) | = ¢ (y,((l),u,(;),w,(;)) i=

1,2, ..., N, trong dé nhiéu ctia mo6 hinh hé thong

~ [ N
sap xép lai tir tAp mau hién tai {y’(‘l)}i:1

w,((l) dwgc mé phong theo phan b chudn Gauss va
bd qua sai s6 hé thong ciia mé hinh.

Bwéc 5. Trang thai k dwoc tang 1én k:=k+1 va
quay lai buérce 2.

Gia tri véc to trang thai sau khi cap nhat va
hiép phwong sai ciia n6 dwa trén thudt toan SIR
dugrc tinh theo cac cong thirc:

Y = E(yilly. k)
o (30)
= f YiPrllik)dyy = Zy

299, = f(J’k Vi) Wk — Vi) "POiclly)dyy

o 5 @ 1\ (31)
Nz - 3) (v - 7

Hinh 1 bi€u dién gia tri offset ngu nhién
dwoc 14y theo phan phéi déu (0,1/N] va khoang
gidn cach (interval) la 1/N. Truc tung thé hién gia
tri trong s6 chudn héa W® dwoc cong don béi
w® =31, 0. Trong truomg hop nay, mau hat
tht 6 dwoc chon lai 3 1an, mau hat thr 3 va 10
dwoc chon lai 2 1an, cAc mau tht 2, 4 va 8 dwoc
chon lai mot Ian, con lai cic mau hat thtr 1, 5, 7 va
9 bi loai bd (do gia tri trong s6 chuin hoa rat nho).
Do vay tAp mau ban d4u [1,2,3,4,5,6,7,8,9,10] sau
khi tii 1y miu dwoc tip miu méi la
[2,3,3,4,6,6,6,8,10,10].
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N
w
1

i=

I Khodng gidn
cdeh=1/N

Trong 6 chuan héa ¢fng don

Offser ngdu nhién

1 2 3 4 5 6 7 8§ 9 10 Chiséha

Hinh 1: Biéu do gidi thich phwong phdp tdi chon
mdu véi kich c& hat str dung (N=10).

11x

Ax Pk+1

Pr

Hinh 2: M6 hinh hé théng ddng.

3. Xay dwng mo hinh @wng dung cho dinh vi
cac vat chuyén dong

3.1. M6 hinh hé théng déng

Mo hinh hé théng déng dwoc tao nén bang
cach mo phdéng chuyén dong ctia mot vat thé trén
mot quy dao da biét. Véc to trang thai bao gobm hai
thanh phan clia toa dd mit phang x vay, van téc v,
géc dinh hwéng ¢ va géc xoay A@ nhu sau
(Schweitzer, 2012):

y=lx y ¢ v Aol (32)

Trong Hinh 2, gia thiét rang vat chuyén dong
(xe) di chuyén theo mdt dwong thang gitra hai
diém do lién ti€p Pk va Py.1. Thoi diém do tién hanh
trung khép véi thoi diém du doan tir mo hinh hé
thong. Toa d6 cua diém dw doan tai thoi diém k+1
dwoc xac dinh bi gia tri toa dd da biét & thoi diém
k két hop v6i tri do cp nhat & thoi diém do k+1

gom: goc dinh huéng va khoang cach ngang dwoc
xac dinh trong hé toa d6 cwc. Do d6, véc to du doan
trang thai theo cong thitc (1) c6 dang sau:

X+1 = X + ASkyq - cos(Py + APyr1)
= R + Vi1 - At cos(Px + APr+1),

Vi+1 =Pk + ASiq - sin(@y + APy41)
=P + V1 At sin(Py + APg1),

Pr+1 = Pic + APy, (33)
Uk_+1 = Uk B
APri1 = A@y.

Ma trin chuyén dich trang thai T dwoc xac
dinh:

1 0 T1,3 T1,4 T1,5
0 1 T2,3 T2,4 TZ,5
T.=0 0 1 o0 1
00 0 1 O (34)
00 0 o0 1

VO Ty 3 = —Vpyq - At - sin(Py + APpyq),

Ty 4 = At - cos(Py + APry1),

Ty 5 = —Vkqr At - sin(@y + APyq),

T3 = Upyq - At - cos(Pr + APyyq),

T4 = At - sin(Py + APy1),

Ta5 = gy - AL Sin(@g + APryq),

Trong d6, At 1a khoang thoi gian lién tiép gitra
hai tri do.

Ma tran nhiéu dong thai S biéu dién béi:

g _ St S 0 4t 0

K70S1, S, At 0 At] (35)

.. At? N _
voiS = TCOS(QUk + APy 41),
S12 = —Uks1 - At? - sin(@y + APr+1),
At? ~ _
81 = —cos(Py + APy41),

2
S22 = Vg1 At? - cos(Py + APysr).
Ma tran hiép phwong sai cia nhiéu dong thai
2 »w duoc cho béi cong thirc:
5 oz, 0

WirWg

: (36)

2
0 o,
Trong do, g,, va o, lan lwgt 1a d6 1éch
X ’)4/- . ~N v by " ) ~ I. ’
chuan cta nhiéu béi gia toc do va van tdc goc do.

3.2. M6 hinh tri do

Hai loai tri do don gian va phé bién trong trac
dia la khoang cach va géc phwong vi dwgc st dung
cho mo hinh tri do trong nghién ctru nay. Theo dé
véc to tri do dwoc thiét ké bao gobm khoang cach
va goc ngang dwoc do tir hai cdm bién dén diém
muc tiéu (xe chuyén dong):
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o @ W . ® |T

lk+1=|5k+1 Sk+1 Pr+1 Pr+a (37)

Tri do khoang cach va géc dinh hwdéng
s, o), 1aham 8 phi tuyén d6i véi tham s6 13

toa do mit phang duoc biéu dién béi:

518421 = ,’Axl%ﬂ +AYi1q (38)

i A
Xke+1

Tir d6, hé s ctia ma tran tri do A dworc xac
dinh:

AXkﬁ-]. Ayk+l 0 0 0

S S
AXk+l Ayk+l O O O

S S

Ak1: 1 (39)

B Ay-v- AX-v-
=

S S

A AX,
=

S S

Trong d6, AXpss = Xjee1 — X3 AYers =
Viwr — Yo va (X, v{P) voi i = (1,2} 1a toa 46
mat phang clia hai diém g6c A va B nhw trong Hinh
3. Hinh 3 miéu ta chuyén déng ctia xe trén quy dao
1a mot dwong cong dwoc tao béi tip hop ctia vo s6
nhitng doan thing lién ti€p. M6i doan thang dwoc
xac dinh trong khodng thoi gian gitra hai lan do
lién tuc At. Tai tirng thoi diém, khoang cach ngang
S1,S5 va goc dinh hwéng ¢4, @, dwoc do tir hai
cam bién dat tai diém da biét toa do A va B tdi xe
chuyén dong.

Cudi cing, ma tran hiép phwong sai clia sai s6
do xac dinh:

" The North

Sensor Bx?,v)

Sensor A(XOU),YO(U)

@

Hinh 3. Do hinh tri do géc va khodng cdch.

g 0 0 O

5 10 65 0 O

hates = | 0 O_; ol (40)
0 0 0 o2

Trong do, os va o, twong tng la do léch
chuin cta sai s6 do khoang cich va géc dinh
hwéng véi gia thiét do chinh xac do ctia ca hai cam
bién twong dwong nhau (g5, = g5, = 05, va
Op, = Op, = Ogp)-

4. Két qua thwc nghiém

Muc dich ctia thwe nghiém nham so sanh két
qua cta cac phép loc da néu trong muc 3, 4, 5 trén
phwong dién d6 chinh xac va thai gian tinh toan.

4.1. So sdnh d¢ chinh xdc wéc lwong

Sai s6 trung phwong Root Mean Square Error
(RMSE) ctia toa d6 mit phang dwoc st dung dé
danh gid d6 chinh xac cda cac phép loc. Sai s6
trung phwong dwoc xac dinh theo céng thic:

™. [Ax? + Ay?
RMSE = izl — 24 ], (41)

4 _.® @
VOi AX = X0 — Xests

BY = Virue = Yest

Trong d6 m 1a s6 lwong diém do, Xirye, Verue
12 toa d6 mit phang cta cac diém thudc quy dao
da biét, x,s¢, Yest 12 toa d0 mat phang cla cac diém
duoc wée lwong béi cac phép loc.

Hién nay, cic cam bién gia ré (low-cost
sensors) cung cip cac gia tri do c6 do chinh xac
thap. Sai s6 nay thwong cé d6 1éch chuin 16m va
mat do phan bo xac suit kh6 doan dinh. Bén canh
do, thuc té cac vat chuyén dong thwong theo
nhirng quy dao c6 mirc do phi tuyén 16n. Vi vay,
phan tich do chinh xac cta cac phép loc cho
phuong trinh phi tuyén str dung tri do c6 sai sé 16n
la can thiét.

Thyc nghiém dwoc mé phong trén mé hinh
bang céch tao ra tip s6 liéu do trong hai trudong
hop. Trwong hop thi nhit 13 thay déi gia tri do
1éch chuén cta sai s6 do va trweong hop thir hai la
thay do6i phan b6 xac suit cda tri do. Déi voi
trwong hop thir nhat, phwong sai ciia khoang cach
do thay ddi trong khi phwong sai ciia goc do khong
thay d6i. Cu thé nhw sau: (i) chon gia tri do léch
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chuén la 0,1 m cho khoang cach do va 0,02 radian
cho géc do; (ii) gia tri d6 1éch chuan la 0,5 m cho
khoang cach do va 0,02 radian cho goc do; (iii) gia
tri d6 1éch chun 1a 1,0 m cho khoang cach do va
0,02 radian cho goc do.

Da6i voi treomg hop thir hai, phan bo xac suat
cda tri do dwogc tao ra theo luat phan bo chuin
Gauss va theo luit phan bé phi chudn Gauss (phan
b6 tam giac - Triangular distribution). Két qua wéc
lwgng cda cac phép loc dwoc thwc hién cho 100
diém do v&i thoi gian gidn cach gitra hai lan do lién
ti€p (tAn xuit do) 1a 0,1 gidy va s6 lwong mau st
dung cho phép loc hat1a 1000.

Bang 1 cho biét sai s6 trung phwong cta ba
phép loc trong truedng hop phwong sai thay déi va
str dung luit phin b6 chudn Gauss. Sai s6 trung
phuong cta PF nhé hon so véi EKF va UKF x4p xi
1,2 lan d6i véi phwong sai nhd (03=0,1m;
0,=0,02rad). Sai s6 trung phwong ctia PF nhd hon
khoang 2 lan va 5 lan so vé&i UKF va EKF déi voi
phwong sai c¢c6 mirc trung binh (0,=0,5m;
0,=0,02rad). Twong tw nhw vay, déi véi phwong
sai 16n (0,=1,0m; 0,=0,02rad) sai s6 trung
phuong clia PF nhé hon khoang 4 1an va 6 lan so
véi UKF va EKF.

Bang 2 la sai s6 trung phwong cia ba phép loc
str dung phan bé phi chuin Gauss. D6i véi phwong
sai nhé (0,=0,1m; 0,=0,02rad), sai sé trung
phuong cia PF nho hon 1,2 1an va 1,7 lan so véi

Bdng 1: Sai s6 trung phwong ctia cdc phép loc st
dung phdn bé chudn Gauss.

Do léch chuin caa tri Sai O trung phuong
do canh va géc RMSE (m)

i PF UKF EKF
0,=0,1m;0,=0,02rad | 0,106 | 0,127 | 0,126
0s=0,5m;0,=0,02rad | 0,174 | 0,379 | 0,892
0s=1,0m;0,=0,02rad | 0,212 | 0,761 | 1,368

Bdng 2: Sai s6 trung phwong ctia cdc phép loc st
dung phdn bé tam gidc (triangular distribution).

Do 1éch chuln cua tri Sai s0 trung phuong
do canh va géc RMSE (m)

) PF UKF EKF
0s=0,1m;0,=0,02rad | 0,103 | 0,150 | 0,178
US=0,5m;J(p=0,02rad 0,180 | 0,659 | 1,233
0s=1,0m;0,=0,02rad | 0,225 | 1,050 | 2,062
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Hinh 4: So sdnh sai sé trung phwong trong trwong
hop st dung nhiéu Gauss va phi Gauss.

UKF va EKF. Déi voi phwong sai ¢6 mirc do
trung binh (0,=0,5m; 0,=0,02rad), sai s6 trung
phwong ctia PF nho hon 4 1an va 7 Ian so véi UKF
va EKF. Xu hwéng twong tw doi véi phwong sailom
(05=1,0m; 0,=0,02rad), sai s6 trung phwong cla
PF nho hon 5 lan va 9 lan so v&i UKF va EKF.

Hinh 4 so sanh sw khac nhau gitra sai s0 trung
phwong cta ba thuit todn loc 4p dung doi véi
nhiéu chuin Gauss va phi chuin Gauss dwoc tap
hop tir hai bang dit liéu 1 va 2. Dé dang nhan thiy
sai s6 trung phwong cia PF chi phu thudc vao do
16m phwong sai ctia tri do ma khong phu thudc vao
quy luit phan bo xac suat cta tri do. Ngworc lai, két
qua cua EKF va UKF chiu &nh hwéng béi ca dé lon
phwong sai ctia tri do 14n quy luat phan bd x4c suit
cuda tri do.

4.2. So sanh vé mdt thoi gian tinh todn

Thoi gian may tinh thwc hién mot thuat toan
phu thudc vao mirc do phirc tap cua thudt toan va
cAu hinh cia may tinh. Néu coi nhw cac thuét toan
duogc chay trén cung mot may tinh thi thoi gian
thuwc hién tinh toan ctia cac thuit toan khac nhau
chi phu thudc vao mirc do phirc tap cuia tirng thuat
toan O (). D€ danh gia hiéu qua ctia thuit toan, cé
thé xét s6 lwong cac phép tinh can thwc hién cla
thuit toan d6. Théng thwong sé cac phép tinh
dwoc thue hién phu thudc vao c¢& cua bai toan, tirc
la d6 16n cta dau vao. Vi thé, mic do phirc tap
thuit toan la mét ham phu thudc bién s6 dau vao.
Cu thé, mirc do phirc tap cia thuit todn EKF can
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Hinh 5: Thoi gian tinh ctia PF déi véi sy thay doi
ctia s6 lyng mdu str dung phdn mém MATLAB
phién bdn R2014 chay trén nén Windows XP
service Pack 3 cé téc dé tinh 2,66 GHz Intel Dual
Core va b6 nhé RAM la 4GB.

mot phép tinh déi véi tirng phwong trinh hé thong
va phwong trinh tri do thi UKF cén tinh 2xn+1
phép tinh (n la kich c& ctia véc to trang thai), trong
khi PF can dén N phép tinh (N 1a s6 mau can cho
PF). Nghién cttu ctia (Gustafssson, 2000) chi ra
rang ddi véi EKF néu chi xét dén s6 hang bac nhat
trong khai trién Taylor thi m&c d6 phic tap cua
thuat todn nay 1a O(nd) trong dé n, 1a tong s6
bwéc tinh cho cd phwong trinh hé théng va
phuong trinh tri do. Déi vai PF, mirc d phirc tap
clia thuat toan 1a O(Nn2). Trong nghién ctru ctia
(Jose’, 2000) cho thay mirc d6 phirc tap clia thuat
toan UKF cao hon mirc d6 phirc tap cda thuit toan
EKF khoang O(n) Ian. Nhitng nghién cru néu trén
1a co s& dé danh gid mic do phirc tap cla tirng
thuit toan ma ta dang xét. Két qua so sanh thoi
gian tinh toan cla ba thuat toan da néu dwoc thuc
hién cho phwong trinh phi tuyén va nhiéu chuin
Gauss v&i 100 diém do. Thoi gian thwe hién tinh
déi véi EKF 1a 7,5%10+4 gidy va UKF 1a 5,0x10-3
gidy. PF dworc khao sat s phu thudc cua thoi gian
tinh d6i v&i s6 lwgng mau va dwoc thé hién chi tiét
trong Hinh 5.

5. Két luan

Dai véi do chinh xac wéc lwgng, PF cho két
qua woc lwong chinh xac hon so véi EKF va UKF
déi voi phwong trinh phi tuyén ap dung cho ca
nhiéu chuidn Gauss va nhiéu phi chuin Gauss.
Trong khi PF khong bi anh hwdng bdi gia thuyét
phan b6 xac suat cua tri do thi UKF va EKF déu
gidm d6 chinh xac khoang 1,5 lan néu phin bé xac
suit cda tri do c6 tinh phi chuin Gauss. Ngoai ra,

do chinh x4c cda tat ca cac phép loc trong nghién
ciru nay déu chiu anh hwong 16n bdi do 1om
phwong sai cia tri do. PF cho két qua do chinh xac
cao nhét trong tat ca cac phwong an khao sat trén.
Tuy nhién, trong trrong hop phwong sai cia tri do
nhé thi dé chinh xac cda cac phép loc nay twong
dwong nhau. Nhirng két qua trén day hoan toan
pht hop v&i nhitng ly thuyét da néu.

Dé6i véi thoi gian tinh todn, thuit todn EKF
cho phép thuc hién tinh todn nhanh nhét, sau d6
1a thuat todn UKF. Thuit todn PF tdn nhiéu thoi
gian tinh nhat do s6 lwgng mAu doi hoi dé str dung
rat1on.
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ABSTRACT

Ability of filtering algorithms for non-linear model using for
positioning
Pham Trung Dung 1*, Duong Thanh Trung !
I Faculty of Geomatics and Land Administration, Hanoi University of Mining and Geology, Vietnam.

For the aim of positioning Extended Kalman Filter (EKF), Unscented Kalman Filter (UKF), and
Particle Filter (PF) are used to determine location of moving objects. According to high non-linear model
with non-Gaussian noise combining with non-Gaussian noise, the accuracy of EKF becomes worse. To
overcome the limitation of EKF, the research focuses on algorithms for non-linear and non-Gaussian
including UKF and PF. Root mean square error and computational time are parameters to evaluate these
algorithms. In terms of accuracy, PF is the best solution for non-linear model with non-Gaussian noise.
The result of PF is more accurate 5 and 9 times than UKF and EKF, respectively. In case of Gaussian noise,
the accuracy of UKF is higher 1,5 time than EKF. However, in terms of computational time the EKF is the
fastest method while the PF needs a great time to run because of generation of samples.

Keywords: Kalman filter, extensional Kalman filter, Unscented Kalman filter, Particle filter, Monte
Carlo, non-linear function.
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