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u= |“bi (4.2.3)

[lDD[l[l[l[l[l|:||:|D_I;’g,qg,qRDDDDDDDDDDDDDDDDDD(DDDDD)DDDDDDDD
DD|:|DDDh,bl]DDDDDDDDDDDDDDDDDab,Hb/iDDDDDDDDDDDDDDDQ“,5B
DDDDDDDDDDDDDDDDDDD&)D (f)g/iDDDDD 300 MEMSOOOOOOOO 300
MEMSOOOOOOOOOOOObOOOOOOOOOOOOOOOOOOO 60000000000
000000000 xO0180000000u0 15000000000000000
D(4.2.])DDDDDDD fOooOooooooooooo xudooooogoad
=t xu) (4.2.4)
dt
0000000000000 oo0 BAOODoDoooooOooog
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OO0 bOODOOOOO [23000 10000000000000000O0

d
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0000000000000 XO0D0D0D0D00D00D0D0OEKFOOODOOOOOOO PO

P+ OPOT+TQr" (4.2.6)

O0o000ooooooonD PQO
P=E {AZ(AX)T} (4.2.7)
Q=E [Ag (Ag)T] (4.2.8)
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00 AGOOD0O 3000000 d0000
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Bl Rt
:\/<qo—5.q)2+Hd+q03+8qu2
z\/(qg—ZQO(S'q))+<Q'G+ZQO(3'Q))

( 5 <<1,q.(3><q):6)

- @ (3] -
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00000o0ooooooooooooooo AoDoooooo
z—h(X) = —HpaAx+w (4.2.14)
0000000wDOOOOO0OO0O000000d HaO

Halx = h(X) —h(x) (4.2.15)
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0000000 (4.2.14 0
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0000000000 XX00000000000000 POOEKFOOOOOOO (A.7.130(A.7.140
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-1

K = PHA (HaPHL +R)” (4.2.17)
(I —KHa)P (4.2.18)
AXE K (z— HaX) (4.2.19)
% X— DX (4.2.20)
000 RO
R=E [W(W)T] (4.2.21)
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ooooooo
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150 O0A 00000000000

xOzOOOOOOOOOOOOOoOoOoODOO JsOOOOOOoOoOoooooooDO

Js=(z—Hx) (z—Hx) (A.1.3)
ogooo
Js=2"z—2"Hx—x"H z+x"HTHx (A.1.4)
x000000
9
LS 0" —Z"H— (HT2)" + (HTHX) " +x"HH
X (A.1.5)
=—2(zZ'"H—-x"HH)
g xoooooo
0%2Js -
IS _2(HTH A.1.6
o2 —2(HH) (A.1.6)

2
DDDD{&SDDDDDDDDDDDDD%%:QDDDDDDXDDDDDJSDDDDDDDDD

0000000000 xO0Xxoo0oo00 (Al500

"™H =%"HTH (A.1.7)

H'THOOODOOOOOOOOOO
%= (HTH) "HTz (A.1.8)

good
00000 XO000000000oooooooooog

1.0000 (g) O

E=X—X

—=x— (HTH) *HTz

=x— (HTH) "'HT (Hx+w) (A19)
=~ (HTH) 'HTw

2.00 (0000000000 v)

vV=2z-2
=H(Xx-%) +w
Hetw (A.1.10)
= (1=H (HTH) 'HT)

3.000000
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40000000 (P)

P=E[ee’]
—E [(x—z) (x—X)T}
_E [((HTH)_lHTW) <(HTH)_1HTW>T] (A.1.12)
= (HTH) "HTE [ww'] H ((HTH)_l)T

= (HTH) "HTRH ((HTH)’l)T

A2 0O00O0OO0OO0OOOO

goboooobooobooboboooboobooboobooboomoobooobOobDooDOoo
gooo0oboooboobooon

0000000000 (Al)0oO00o00o0oU00000 xO0zOOOOOODODOOOOOoDOooooOd
JsO00000D00D000000000WOOO0O00D000000000W =wDoooo

good

xogooooo

dwis = (z—Hx) "W (z— H) (A.2.1)
Jows = Z'Wz— x"HTW z— Z'WHx+ x"HTW Hx (A.2.2)
2J ;T T TyT TyT
9% ZWH-ZWH+x"HTWH + x"HTWH
2 (A.2.3)

=-2(ZZWH-x"HTWH)

0000000 dwsO0O000000000 xO XOOODO

good

Z’WH=&%"THTWH (A.2.4)

%= (HTWH) ‘HTwz (A.2.5)

O00OW—-Rl0O0D0DD0D000O0O0D00000000000000000000000000000

1. 0000 (g)

(A.2.6)
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2.0000000 (P)

'U
If

E {((HTRlH)_lHTR1W> ((HTRlH)_lHTle)T}

_E [((HTR—lH)’lHTR—lw) (WTR_lH (HTR—lH)’l)}
= (HTRH) *"HTRE ww'] R H (HTRH) (A.2.7)
THTRIRRIH (HTRIH)

)
HTRH) " (HTRH) (HTR1H)
)

A3 000 (QO0OO0)oOoooo

000000000000 00000000 (A1) 0000000000000000000000
goobogo

z hii h ... hn| /X V1
yz3 hor hoo ... hon| [ X% Vo

= . +] . (A.3.1)
Zm bt hm2 ... hmn] \Xn Vim

gooooboobooo XmDDDDDDD(A.ZB)DD(DDDW—>R*1DDDDDDDDDDDDD)

= (HTRIH) "HTR 1z (A3.2)
00000000000 PhOOUoooA27)00
Pn=(HTRIH) " (A.3.3)
PhOOO0O X, 0000
Xn=PoH'R 'z (A.3.4)
oo zn 0o gga
()bl (2)

O00oo0oooooooooboooooon XmlDDDDDDDDDDDDDDD XmEIEIEID
R 1 = K+ AX (A.3.6)

gboooobogobooboboooboobboobboobooobuoobbooboooboobo
ooogon
0000 X,,000000 (A2)000000000000 rwsO0ODOOOO0O0DO0ODOOO

s ((2) @) T8 A(() @) e
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R1 0
00000000000000 [oT 1]DDDDDDDDDDDDDDDDDDDD ooooooo
-

0000000000000 0000000O000O0DDO0DDO0ODOOOOA2 00000000
0000000000000 Ky O

- (5 W) O A e

=(H'RH +hr‘1bT)71 (HTR *z+hr'zm.1)
000 (A270000000000000 PppO0OO0OOCOOOOO

= ()T 2 ()

= (HTR™H +hr1h7) ™ (A.3.9)

= (Pnt+hrth")

= P~ Poh (WRyh+1) 'h'Ry
000000000000000000000

Alt=B1'+Cc'D'C OOC (D+cBC)'  oCooooon
A=B-BCT (D+CBC") 'cB (A3.10)
000
k=P (W Roh41) (A.3.11)

00 k,0OOOO
Pni1= (I —kph") P (A.3.12)

000 (A3.89000000000

X1 = Pt (HTR_1Z+ br_12m+1)

= (I =Kyh") Pn (HTR 2+ hr zq,1)

= (I —kph") &+ (I —kph") Pmhr ~*zm;4

= (1= k") Sop-+ (1 = Prah (WP 1) "0 ) ke (WP 1) 202
(h"Pmh+1) 1 — Pphh'

h"Puh+r

(-h"Prh+rooO0OO)
(I = K" ) &y + Kl 2Zm1
(I = Kh") X+ KiZm 1
= X+ K (Zmi1 —h'%en)

000 (A3.60000000000000000000DN0O0O000O0O00N0O00N0NO0O0O XO0
pooooboooooboonooid Zw —2Z,,, 000 h—HOOOOOOO

= (1 —knh") 3+ Ko (NP + 1) 122 1 (A3.13)
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A4 0O0000O00OO (Kalman Filter)

000000000 x0000000ooooo0ooo(@Muuooooo)oooooo
X1 = Prep i+ il + Vi (A.4.1)

o000y O0000000000O0O0OO00DO0O0yv 000000000000 000OOOOODODODODOO
goooobogoboooog

Elv] =0 (A4.2)
Evievk] = Qk (A.4.3)
ogooooooo

0000000000000 X000 0000000000000 0000000u00000000

Oooooo xo
Xir1 = Prep1iR 4 My (A.4.4)

good
000000000000 u000000uwO0 80

O = U — Uy (A.4.5)
O0o0o0o0oodoodoooooooooooo
E[o]=0 (A.4.6)
E[80k] = Q& (A4.7)
000000000000 0000 X000 xOO00 &
&= R X (A.4.8)
ododooooooooooooao ngDDDDD

Sl = X1 — Xei1
= (¢k+1,k2<k + rkgk> - (q)k+1,klk + kU +yk) (A.4.9)
= Oy 1 k€ + MOk — W

000000000 Elg,4 O
El&i1] = E[Xir1 — Xt

= Py 1 kE[E ]+ TKE[S] — E[w] (A.4.10)
=0

0000000000 Bgy O

Pc1 = E[€ 160 4]

’ ) (A.4.11)
= E[(q)k+1,k§k + oy — L/k) (q)k+1,k§k + oy — \lk)

7
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000 &,V §00000000000000
E[Svit) = E[viék] = E[Ecdk] =0 (A.4.12)
000000(A41)000000 Byt O
Per1 = P 1 kB 1 j + TRQUTE + Qc (A.4.13)

goooobogoo
o000 x., 0000000 Zk+1DDDDDDDDDDDDDDDDDD(DDDDD)DDDDDD

Z 1 = Hir1 X 1 + Wit (A.4.14)
000 w,, 000000000000 00000R,00000
E W1 =0, E[W W] =R (A.4.15)

gooooboogn
0000 x,,000000000 %,,0000000000000000000000

Kep1 = X1+ Kicra [Zk+1 - Hk+1Xk+1] (A.4.16)

oo
— — -1
Kkr1 = I:1<+1|'|I;r+1 (Hk+1H<+1H|I+1 + Rk+1) (A.4.17)

000000000 & 000 X1 000 £, 0
K1 = Xer 1+ Expa (A.4.18)
00000 (A44000000000

Xer1+ Err = K1
= X1+ Ki1 [Z 1 — Hier1 X1
= [I — Kiy 1Hiy 1] X + K112, 4
= [I = Kip-1Hicr 1] (Prg-1,,8 + i) (A.4.19)
+ K1 [His 1% 1+ Vi1
= [I = K1 Hkq 1] (Xk+1 + Oy 1 k€ + My +L/k)
+ K1 [Hi 11+ Vi1

ooad
&1 = [l — Kir1Hia1] (¢k+1.,k§k +Tkdy +L/k) + K aWye i 1 (A.4.20)

0000000 Byq O

1 = E[&y 218k, 4]
= [ = Kice1Hicr 1] (Pres Lk BPi 1M kQUTE + Qi) [ = Kier 1Hia] (A.4.21)
+ Kt 1R 1K1
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(A4.13 00000
At = [| — KiaHir] B [| = KitHi 1]+ Kieea R 1K (A.4.22)

0000000000000 00 (A41700000

A~

P=[—KH]P[l —KH]"T +KRK"
=P—KHP—-PH'KT + KHPHTKT + KRK"
=P—PHT (HPHT+R) "HP—PHT()"HP
+PHT()"™HPHT() " *HP+PHT() 'R HP (A.4.23)

=P—PH"() 'HP—PHT() 'HP+PHT()*()() 'HP
=P—PHT (HPHT+R) "HP
= [l —KH]P
000000000000 000000000000000000 [7]J00000000000

e 1IIIDODO0DOOOODOODODO (ODOODOOTime Update)

X1 = Prey 118+ il (A.4.4)
Pt = Pier 1 kPP 1+ TRQUTE + Q (A.4.13

e I00UIUOUIOOODOODO (OUOOOMeasurement Update)

Ker1 = Xiep1 T Kira [Zk+1 - Hk+1Xk+1] (A.4.16
SWRTILI 3 T -1

Kkr1 = FaHei (Hk+1|:l<+1Hk+1 + Rk+1) (A.4.17)

FA1<+1 = [I - Kk+1Hk+1] ﬁ(+l (A.4.23

AS 0O0000O0O0O0OO0OOOODOODOO

00000000 UU0oOo0oUUooooUoUUn (AddHoUUUDOOUUOODOOOOOOO
gooogoad q
&XEX:AXJF Bu (A.5.1)

OAM0D000 xO0OO0OO AxOOO0Ooooooooooo
AX ~ AAt X+ BAt U (A5.2)

0oo
X+Ax = (I +AAt)x+BAt u (A.5.3)

000 (A4.4000000

Bk =1 +AA (A.5.4)
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M« = BAt (A.5.5)

gbooooboooboobboobboooboonon

00000oo00oo00 1000000000000 00D0O00000DO00D0 100000000
gooobobooooooboboooooooobbbooooobbbbooooobDbL-oooooobobo
(Kalman-Bucy Filter)f3,31 0 0000000000000 000000O0O0O0O0O00O0O0OOO0O0O0OO
goodg

A6 UDOODOODOODODOO

gogogooooooboboboobbbobobbobbbbbbooooooooooooooooooon
gbbooobogbbuoobboooboobbuoobboobuooobuoobbooboooboobo
000000000 [74o000 (Adleg00000000000 KOOOOoOOoOOooOOoOoOOooOoooOoo
gboogoobogbooboooboooboobobooboooboobbooobo

0000000000000 000000000000O000000O0 [799 00000000000
O000D000000Doo0ooO00oDoo0oo00Dooooo0ooDooooD 1000000000 g
P,QROOCDODIOOIDODDOUDODOOOOODOODODOODOOOOO

A6.1 UDOO
00000 A00O0OO0OO0oOoooooooooooooo
A=UDUT (A.6.1)

O00uoDOooDoooo DbDOOO00DOoO00DDOO00oOO00DooooOOoO0oooono

1 for(inti=Arow —1;i>=0;i——){

2 D(,i)=A(,i);

3 UG, i)=1.0;

4 for(intj=0;j<i;j++){

5 u(, i) = AG, i) / D(, i);

6 for(int k = 0; k <=j; k++){

7 Ak, ) —=U(k, i) * D(i, i) = U(, i);
8

o}

10 }

0000000000000 0D00D0000D00D0D00000000000 PO UDODOODOO Up,
DpO0O00CODOO0OOODOOOOOOOODOOUOOUODOOUOOOOOUODODOOUODODOOODOOD
gbooooboooboobbooobobooobooon
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A.6.2 0000 (Time Update)

O0000000000000000000 POO (A413 000000000000 S=0000 P,
QUODDUUUDOoDoDDooOOoOoOoOoong

P= U|:TDF_>U|;£
= OPOT +Qr’
= PUpDpUL®" + MUgDQUATT (A.6.2)
Ds 0] [UleT
= [dUs TU P } [ P ]
Vs Tl {0 Do/ [UdrT
goood
W= [®Us TUg] (A.6.3)
_|Dg O
F= [0 DQ] (A.6.4)
agood
UsDpUg = WFW' (A.6.5)

000000 W,FOOOO Gram-Schmid OOODO0O0O Us, Dp0000O0000OO0OOOOODO
goooobogbobooobooon

for(int j = W.rows— 1;j > 0; j——){
v = W.rowVector(j);
z=vxF;

1
2
3
4
5  D_P(j, j) = (z* v.transpose())(0, 0);
6 for(inti=0;i<j i++){

7 U_P(i, j) = (W.rowVector(i)+ z.transpose())(0, 0) / IP(j, j);

8 W.rowVector(i)—= U_P(i, j) * v;

o }

10 }

11 D_P(0, 0) = (W.rowVector(0x F x W.rowVector(0).transpose())(0, 0);

A.6.3 0000 (Measurement Update)

0000000000000000000000 POO (A4.17,(A423 000000000000
PROODDDOODODOOD (A423 0 UDOODOOOOODODOODOOOOOOOO
0000 (A423000000000000000000000 H=h"ODOODOODOOOODOO

p_p_ %5@5 (A.6.6)

0Doo B
a =h"Ph+R (A.6.7)
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ubooddoo 1
UpDpUZ = UpDpUp — — UsDpUg hh" UsDpU

1
Us [D,s— aDpiJ%hhTU,st—} ul (A.6.8)

1
Us [Dg— aggq ug

goo

f=U

O+
1=

(A.6.9)
D

(A.6.10)

0|
| —h

9
goo DP——%%TDDDDDDDDDDDDDDDDDDDDDD uboooDooooooo

1

D — E@T =U'D'V’ (A.6.11)

ooooO
Up = UV’ (A.6.12)
Ds =D’ (A.6.13)

00O ubOoUoOoOooDoOOoOOoOO0oOO0U0OoOoDoOOoOoOoOoOOooOoooon

= *UﬁDpiJgh (A.6.14)

gooboooo
gbooooboooboobobooboboobooon

1 for(int i=0;i < R.rows; i++X

2 f=U.transpose(} H.rowVector(i);
3 g=Dxf;

4 alpha=R(,i) +fxg;

5 K(0,i)=g(0,0);

6 D(0, 0)x= (r/ alpha);

7
8
9

for(int j = 1; j < f.rows; j++){
_alpha = alpha + f(j, 0¥ g(j, 0);
10 D(j, j) = (alpha /_alpha);
11 lambda = f(j, 0) / alpha;

12 _u = U.columnVector(j).copy();

13 U.columnVector(j)—= lambdax K.columnVector(i);
14 K.columnVector(i) += g(j, O} _u;

15 alpha =_alpha;

16}

17 K.columnVector(k) /= alpha;
18 }
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A7 O00ODOO0OO0OOO (Extende Kalman Filter, EKF)

gooboobooboboobboobbooobooboboobbooboooboobboobboon
gboooobogoobooboooboooboboobboobooobooboboobboooboobo
gboooobogoooooboobooboboooboooog

0000000000 x 0000000000000 UO (@EoOoooO)oooooo

X1 = i (X, Uy) + Vi (A.7.1)
00000000 %00000000000000 %X,q 0
X1 = Fi(Rie, W) (A.7.2)
00000 (A7.) 00000000

Xier1 = Fie R+ (% — Xe) > Uy + (U — Uy )) + Ve

o 0 A, _ (A.7.3)
~ fic (R, Uy) + x| - (X — X) + 2ul - (U — Uy) + Vv
= 1%y = 1R,uy
oooooooogd (A.7.2)DDDDDD
_ 0 fi . o fy _
Xer1—Xg1) = 50| Ge—X)+ 5| (Ue—U) — W
(s +1) 0X |5, ou g, G (A.7.4)
= O (K — %) + T (U — Uy) — V¢
0000000 ¢, My00o0o0oooooooon
AL (A.7.5)
ox Ky, Uy
MNe= % (A.7.6)
du Ry, Uk

goog
0000000000000 00000000000000000 (A4.3 000000000000
OO00oo0oOoOdOoooo pPOODOO

Per1 = PRADE + MeQUrE + Qx (A.7.7)
doooooooooooooa
A= E [ (%) (&~ x0)] (A7.8a)
Ao1=E [(Xm —Xer1) (Xn —>,<k+1)T} (A.7.8Db)
Qk=E [(@— ) (G~ u)"| (A.7.8¢)
Q= E [ (A.7.8d)
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good
poooob g, ,000o00oogoo

Z 1= Mern (K1) + Wieq
oo00oooooao (DDDDD)DDDDDDDDDDD

Zepq = Mt (R + (1 = Xega) ) + Wi

Ohii1
oX

(Xk+1 - Xk+1) +Wii1

X1
= hir1 (Xer 1) +Higr (X1 — Xir) + Wiyt

~ i (Xes1) +

00000 iy OODOODOOOOOODDOO

0 hiy1
X

Hki1 =

Xer1

0000000 hga(X%1)—2,,00000000000000000

i1 (Xee1) — Zer = Hirr (K1 — Xirn) — Wiy

oooooo

(A.7.9)

(A.7.10)

(A.7.11)

(A.7.12)

00000000000000000000000O0O0O0O0O0O0OO0 (A4.16), (A4.17, (A4.23 00

Rier1 = X1 + K (Zk+1 - hk+1(l(_k+1))
K1 = PeptHig 1 (Hic 1P tHg g + Reen) ™
I:A1<+1 = (l - Kk+1Hk+1)ﬁ<+1

ogooooodgao
.
Reri=E [\LVkJrl‘LVkJrl]

good
gboboobogoboobboobobg

e J00UUIOUOLODODODOOOOO (ODODOOOTime Update)
Xierr = fi(Ri, Uy)
Per1 = PR + MeQil i + Q«
e 000U OUOOODOOO (OUOOOMeasurement Update)
K1 = X1 + K (Zk+1 — hk+1(l(_k+1))
Kir1 = BertHg (M 1P tH  + Reen) 7

Ac1 = (I — KirtHir )R

(A.7.13)
(A.7.14)

(A.7.15)

(A.7.16)

(A.7.2)

(A.7.7)

(A.7.13
(A.7.19

(A.7.15)
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