
HAL Id: hal-00977630
https://inria.hal.science/hal-00977630v1

Submitted on 11 Apr 2014 (v1), last revised 11 Apr 2014 (v2)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Particle-based methods for parameter estimation and
tracking: Numerical experiments

Johann Fichou, François Le Gland, Laurent Mevel

To cite this version:
Johann Fichou, François Le Gland, Laurent Mevel. Particle-based methods for parameter estimation
and tracking: Numerical experiments. [Research Report] PI 1604, 2004. �hal-00977630v1�

https://inria.hal.science/hal-00977630v1
https://hal.archives-ouvertes.fr


I 
  
R
  

 I 
  S

   A
IN

S
T
IT

U
T
 D

E
 R

E
C

H
E
R

C
H

E
 E

N
 IN

FO
R
M

ATIQ
UE E

T S
YSTÈMES ALÉATOIRES

P U  B  L  I  C  A  T  I  O  N
I  N  T  E  R  N  E
No

I R I S A
CAMPUS UNIVERSITAIRE DE BEAULIEU - 35042 RENNES CEDEX - FRANCEIS

S
N

 1
16

6-
86

87

1604

PARTICLE–BASED METHODS
FOR PARAMETER ESTIMATION AND TRACKING :

NUMERICAL EXPERIMENTS

JOHANN FICHOU, FRANÇOIS LE GLAND, LAURENT MEVEL





INSTITUT DE RECHERCHE EN INFORMATIQUE ET SYSTÈMES ALÉATOIRES

Campus de Beaulieu – 35042 Rennes Cedex – France
Tél. : (33) 02 99 84 71 00 – Fax : (33) 02 99 84 71 71

http://www.irisa.fr

σ2

Centre National de la Recherche Scientifique Institut National de Recherche en Informatique
(UPRESSA 6074) Université de Rennes 1 – Insa de Rennes et en Automatique – unité de recherche de Rennes



•

•



{
M Z̈(t) + CŻ(t) + KZ(t) = ν(t)

Y (t) = LZ(t)

t M C K
Z



ν

Qν(t) Y L

µ

det(µ2 M + µ C + K) = 0 .

f d µ

f =
ℑ(µ)

2 π
d = −ℜ(µ) .

K K−1

1/∆

{
Xk+1 = F Xk + Wk

Yk = H Xk

Xk =

(
Z(k ∆)

Ż(k ∆)

)
Yk = Y (k ∆) ,

F = exp(A∆) A =

(
0 I

−M−1 K −M−1 C

)

H =
(

L 0
)

.

H

H {Wk , k ≥ 0}

Qk
△
= E[Wk W ∗

k ] =

∫ (k+1) ∆

k ∆

exp(As) Q̃(s) exp(A∗ s) ds

Q̃(s) =

(
0 0
0 M−1 Qν(s)M−∗

)
.

X Y 2m r r
2m



λ F

det (F − λ I) = 0 .

µ λ

exp(∆µ) = λ .

f d λ

f =
arg(λ)

2 π ∆
d = − 1

∆
log |λ| .

λ F
H

{
Xk+1 = F Xk + Wk

Yk = H Xk + Vk

{Vk , k ≥ 0}

{Xk , k ≥ 0} E = R
d

Q(x, dx′)

P[Xk+1 ∈ dx′ | Xk = x] = Q(x, dx′) .

Q(x, dx′)

X Q(x, dx′)
Q(x, dx′)

Q φ(x) =

∫

E

Q(x, dx′)φ(x′) Q µ(dx′) =

∫

E

µ(dx)Q(x, dx′) .

{Xk , k ≥ 0} {Yk , k ≥ 0}
{Xk , k ≥ 0} {Yk , k ≥

0} Yk

Xk

P[Yk ∈ dy | Xk = x] = g(x, y)λ(dy) Ψk(x) = g(x, Yk) .

x P[Yk ∈ dy | Xk = x]
λ(dy) x g(x, y)

x



Yk Xk

Yk = H Xk + Vk ,

{Vk , k ≥ 0}
q(v) dv {Xk , k ≥ 0}

P[Yk ∈ dy | Xk = x] = q(y − H x) dy Ψk(x) = q(Yk − H x) .

µk(dx) = P[Xk ∈ dx | Y0, · · · , Yk] µk|k−1(dx) = P[Xk ∈ dx | Y0, · · · , Yk−1] ,

{µk , k ≥ 0}
E

µk−1 −−−−−−−−−→ µk|k−1 = Q µk−1 −−−−−−−−−→ µk = Ψk · µk|k−1 ,

µk|k−1(dx′) = Q µk−1(dx′) =

∫

E

µk−1(dx)Q(x, dx′) ,

·

µk(dx) = Ψk · µk|k−1(dx) =
Ψk(x)µk|k−1(dx)

〈µk|k−1, Ψk〉
.

Q(x, dx′) µk|k−1

N

µk|k−1 ≈ µN
k|k−1 =

1

N

N∑

i=1

δ
ξi
k|k−1

.

{ξi
k|k−1 , i = 1, · · · , N}

{ξi
k+1|k , i = 1, · · · , N} {ξi

k|k−1 , i =

1, · · · , N}

µN
k|k−1

µN
k = Ψk · µN

k|k−1 =

N∑

i=1

Ψk(ξi
k|k−1) δ

ξi
k|k−1

N∑

j=1

Ψk(ξj
k|k−1)

=

N∑

i=1

ωi
k δ

ξi
k|k−1

,

{ξi
k|k−1 , i = 1, · · · , N} {ωi

k , i = 1, · · · , N}
Yk



Q µN
k

µN
k+1|k = SN(Q µN

k ) =
1

N

N∑

i=1

δ
ξi
k+1|k

,

N {ξi
k+1|k , i = 1, · · · , N} Q µN

k

N Q µN
k

i = 1, · · · , N

ξi
k ∼ µN

k (dx) ⇐=
µN

k

ξi
k+1|k ∼ Q(ξi

k, dx′) ⇐=

Q(x, dx′) µk

wk µk

Γ(x, dx′)
Q(x, dx′)

Γ(x, dx′)

Γ φ(x) =

∫

E

Γ(x, dx′)φ(x′) = E[φ(Xk+1)Ξk+1 | Xk = x] ,

{ (Xk, Ξk) , k ≥ 0} E × F

P[Xk+1 ∈ dx′, Ξk+1 ∈ ds′ | Xk = x, Ξk = s]

= P[Xk+1 ∈ dx′, Ξk+1 ∈ ds′ | Xk = x] = K(x, dx′, ds′) .

(X, Ξ) K(x, dx′, ds′)
K(x, dx′, ds′)

Γ φ(x) =

∫

E×F

s′ φ(x′)K(x, dx′, ds′) Γ µ(dx′) =

∫

E×F

µ(dx) s′ K(x, dx′, ds′) .

{Xk , k ≥ 0} E = R
d

Xk+1 = F Xk + Wk ,

F {Wk , k ≥ 0}
R

d p(w) dw
x ∈ R

d Q(x, dx′)

Q(x, dx′) = p(x′ − F x) dx′ ,

Γ(x, dx′) = −p′(x′ − F x)
∂F

∂θ
xdx′ =

−p′

p
(x′ − F x)

∂F

∂θ
x Q(x, dx′) .



Γ φ(x) =

∫

E

Γ(x, dx′)φ(x′) =

∫

E

φ(x′)
−p′

p
(x′ − F x)

∂F

∂θ
x Q(x, dx′)

= E[φ(Xk+1)
−p′

p
(Xk+1 − F Xk)

∂F

∂θ
Xk | Xk = x] ,

Ξk+1 =
−p′

p
(Wk)

∂F

∂θ
Xk .

Ξk+1 (Xk, Wk)
Ξk+1 Wk

Γ(x, dx′) = I(x, x′) Q(x, dx′) ,

I(x, x′) = E[Ξk+1 | Xk = x, Xk+1 = x′] ,

x, x′ ∈ E

µ E B, B′ E

Eµ[Ξk+1 1(Xk+1 ∈ B′, Xk ∈ B)] =

∫

B×B′

E[Ξk+1 | Xk = x, Xk+1 = x′] µ(dx)Q(x, dx′) ,

Eµ[Ξk+1 1(Xk+1 ∈ B′) 1(Xk ∈ B)] =

∫

B

E[Ξk+1 1(Xk+1 ∈ B′) | Xk = x] µ(dx)

=

∫

B

Γ(x, B′) µ(dx) ,

B = E

∫

E

Γ(x, B′) µ(dx) =

∫

E

{

∫

B′

E[Ξk+1 | Xk = x, Xk+1 = x′] Q(x, dx′) } µ(dx) ,

µ

Γ(x, B′) =

∫

B′

E[Ξk+1 | Xk = x, Xk+1 = x′] Q(x, dx′) ,

Γ φ(x) =

∫

E×F

φ(x′) s′ K(x, dx′, ds′) Q φ(x) =

∫

E×F

φ(x′)K(x, dx′, ds′) ,

Γ(x, dx′) =

∫

F

s′ K(x, dx′, ds′) Q(x, dx′) =

∫

F

K(x, dx′, ds′) .



E × E × F π0 : (x, x′, s′) -−→ x E
π : (x, x′, s′) -−→ x′ E πF : (x, x′, s′) -−→ s′

F µ E µ ⊗ K
E × E × F

(µ ⊗ K)(dx, dx′, ds′) = µ(dx) K(x, dx′, ds′) .

Q µ(dx′) =

∫

E×F

µ(dx)K(x, dx′, ds′) = (µ ⊗ K) ◦ π−1(dx′) ,

Γ µ(dx′) =

∫

E×F

µ(dx) s′ K(x, dx′, ds′)

=

∫

E×F

πF (x, x′, s′) (µ ⊗ K)(dx, dx′, ds′) = (πF (µ ⊗ K)) ◦ π−1(dx′) ,

w µ

Q w(dx′) =

∫

E×F

w(dx)K(x, dx′, ds′)

=

∫

E×F

dw

dµ
(x)µ(dx)K(x, dx′, ds′)

=

∫

E×F

(
dw

dµ
◦ π0)(x, x′, s′) (µ ⊗ K)(dx, dx′, ds′) = ((

dw

dµ
◦ π0) (µ ⊗ K)) ◦ π−1(dx′) ,

Q µ = (µ ⊗ K) ◦ π−1
Γ µ = (πF (µ ⊗ K)) ◦ π−1 ,

(w 0 µ =⇒ Q w = ((
dw

dµ
◦ π0) (µ ⊗ K)) ◦ π−1 ) .

Γ µ 0 Q µ µ E
µ

d(Γ µ)

d(Q µ)
(x′) = Eµ[Ξn+1 | Xn+1 = x′] .

B′ E

Γ µ(B′) =

∫

E

µ(dx) Γ(x, B′)

=

∫

E

µ(dx) E[Ξk+1 1(Xk+1 ∈ B′) | Xk = x]

= Eµ[Ξk+1 1(Xk+1 ∈ B′)] =

∫

B′

Eµ[Ξk+1 | Xk+1 = x′] Q µ(dx′) ,

Γ µ Q µ

d(Γ µ)

d(Q µ)
(x′) = Eµ[Ξk+1 | Xk+1 = x′]



w µ
Q w 0 Q µ

d(Q w)

d(Q µ)
(x′) = Eµ[

dw

dµ
(Xk) | Xk+1 = x′] .

B′ E

Q w(B′) =

∫

E

w(dx)Q(x, B′)

=

∫

E

dw

dµ
(x)µ(dx)Q(x, B′)

= Eµ[
dw

dµ
(Xk)1(Xk+1 ∈ B′)] =

∫

B′

Eµ[
dw

dµ
(Xk) | Xk+1 = x′] Q µ(dx′) ,

Q w Q µ

d(Q w)

d(Q µ)
(x′) = Eµ[

dw

dµ
(Xk) | Xk+1 = x′]

Γ µ 0 Q µ (w 0 µ =⇒ Q w 0 Q µ ) ,

Fk(µ)w =
Ψk w

〈µ, Ψk〉
− 〈w, Ψk〉

〈µ, Ψk〉
Ψk µ

〈µ, Ψk〉
,

µ w µ -−→ Ψk · µ

w µ
Fk(µ)w 0 Ψk · µ

d(Fk(µ)w)

d(Ψk · µ)
(x) =

dw

dµ
(x) − 〈Ψk · µ,

dw

dµ
〉 .

Q µ
Γ µ Q w (r (µ ⊗ K)) ◦ π−1

r r ≡ 1 r = πF r =
dw

dµ
◦ π0

r (µ ⊗ K)

r (µ ⊗ K) ≈ r SN(µ ⊗ K) =
1

N

N∑

i=1

r(ξi
0, ξ

i, Ξi) δ
(ξi

0, ξ
i, Ξi)

,



N { ξi
0, ξ

i, Ξi , i = 1, · · · , N} µ ⊗ K
N µ ⊗ K

i = 1, · · · , N

ξi
0 ∼ µ(dx) (ξi, Ξi) ∼ K(ξi

0, dx′, ds′) ,

(r (K ⊗ µ)) ◦ π−1

(r (µ ⊗ K)) ◦ π−1 ≈ (r SN (µ ⊗ K)) ◦ π−1 =
1

N

N∑

i=1

r(ξi
0, ξ

i, Ξi) δ
ξi .

r ≡ 1 r = πF r =
dw

dµ
◦ π0

Q µ = (µ ⊗ K) ◦ π−1 ≈ 1

N

N∑

i=1

δ
ξi ,

Γ µ = (πF (µ ⊗ K)) ◦ π−1 ≈ 1

N

N∑

i=1

Ξ
i δ

ξi ,

Q w = ((
dw

dµ
◦ π0) (µ ⊗ K)) ◦ π−1 ≈ 1

N

N∑

i=1

dw

dµ
(ξi

0) δ
ξi ,

φ E

E|
1

N

N∑

i=1

r(ξi
0, ξ

i, Ξi) φ(ξi) − 〈(r (µ ⊗ K)) ◦ π−1, φ〉 |

≤ 1√
N

{

∫

E×E×F

|φ(x′)|2 |r(x, x′, s′)|2 µ(dx) K(x, dx′, ds′) }1/2

≤ 1√
N

{

∫

E×E×F

|r(x, x′, s′)|2 µ(dx) K(x, dx′, ds′) }1/2 ‖φ‖ ,

r ≡ 1 r = πF r =
dw

dµ
◦ π0

sup
‖φ‖=1

E|
1

N

N∑

i=1

φ(ξi) − 〈Q µ, φ〉 | ≤ 1√
N

,

sup
‖φ‖=1

E|
1

N

N∑

i=1

Ξ
i φ(ξi) − 〈Γ µ, φ〉 | ≤ 1√

N
{sup

x∈E

∫

E×F

|s′|2 K(x, dx′, ds′) }1/2 ,

sup
‖φ‖=1

E|
1

N

N∑

i=1

dw

dµ
(ξi

0) φ(ξi) − 〈Q w, φ〉 | ≤ 1√
N

{

∫

E

|
dw

dµ
(x)|2 µ(dx) }1/2 ,



{µk , k ≥ 0}
E

µk−1 −−−−−−−−−→ µk|k−1 = Q µk−1 −−−−−−−−−→ µk = Ψk · µk|k−1 .

H Ψk θ wk

µk {wk , k ≥ 0}
E

E

wk−1 −−−−−−−−−−−−→ wk|k−1 = Q wk−1 + Γ µk−1

−−−−−−−−−−−−→ wk = Fk(µk|k−1)wk|k−1 + Gk(µk|k−1) .

Gk(µ) =

∂Ψk

∂θ
µ

〈µ, Ψk〉
−

〈µ,
∂Ψk

∂θ
〉

〈µ, Ψk〉
Ψk µ

〈µ, Ψk〉
= [

∂ log Ψk

∂θ
− 〈Ψk · µ,

∂ log Ψk

∂θ
〉 ] Ψk · µ .

wk|k−1 0 µk|k−1 wk 0 µk

K(x, dx′, ds′) µk|k−1

wk|k−1

N

µk|k−1 ≈ µN
k|k−1 =

1

N

N∑

i=1

δ
ξi
k|k−1

wk|k−1 ≈ wN
k|k−1 =

1

N

N∑

i=1

ρi
k|k−1 δ

ξi
k|k−1

.

wN
k|k−1 0 µN

k|k−1

rN
k|k−1(x) =

dwN
k|k−1

dµN
k|k−1

(x) =
1

|IN
k|k−1(x)|

∑

i∈IN

k|k−1
(x)

ρi
k|k−1 ,

IN
k|k−1(x) = {i = 1, · · · , N : ξi

k|k−1 = x} x supp µN
k|k−1

µN
k|k−1

µN
k|k−1 =

1

N

∑

x∈supp µN

k|k−1

|IN
k|k−1(x)| δx ,

wN
k|k−1 =

1

N

∑

x∈supp µN

k|k−1

[
∑

i∈IN

k|k−1
(x)

ρi
k|k−1 ] δx .

{ξi
k|k−1 , i = 1, · · · , N}

rN
k|k−1(ξ

i
k|k−1) = ρi

k|k−1 ,



i = 1, · · · , N
{ξi

k|k−1, ρ
i
k|k−1 , i = 1, · · · , N}

{ξi
k+1|k, ρi

k+1|k , i =

1, · · · , N} {ξi
k|k−1, ρ

i
k|k−1 , i = 1, · · · , N}

µN
k|k−1

µN
k = Ψk · µN

k|k−1 =

N∑

i=1

Ψk(ξi
k|k−1) δ

ξi
k|k−1

N∑

j=1

Ψk(ξj
k|k−1)

=

N∑

i=1

ωi
k δ

ξi
k|k−1

,

wN
k|k−1

wN
k = Fk(µN

k|k−1)wN
k|k−1 + Gk(µN

k|k−1)

= [ rN
k|k−1 − 〈Ψk · µN

k|k−1, r
N
k|k−1〉 ] Ψk · µN

k|k−1 + [
∂ log Ψk

∂θ
− 〈Ψk · µN

k|k−1,
∂ log Ψk

∂θ
〉 ] Ψk · µN

k|k−1

= [ rN
k|k−1 +

∂ log Ψk

∂θ
− 〈µN

k , rN
k|k−1 +

∂ log Ψk

∂θ
〉 ] µN

k ,

Q µN
k

µN
k+1|k = SN(Q µN

k ) =
1

N

N∑

i=1

δ
ξi
k+1|k

,

Q wN
k = Q((rN

k|k−1 +
∂ log Ψk

∂θ
)µN

k ) − 〈µN
k , rN

k|k−1 +
∂ log Ψk

∂θ
〉 Q µN

k

= ( ((rN
k|k−1 +

∂ log Ψk

∂θ
) ◦ π0) (µN

k ⊗ Q) ) ◦ π−1 − 〈µN
k , rN

k|k−1 +
∂ log Ψk

∂θ
〉 Q µN

k ,

( ((rN
k|k−1 +

∂ log Ψk

∂θ
) ◦ π0) SN (µN

k ⊗ Q) ) ◦ π−1 − 〈SN (µN
k ), rN

k|k−1 +
∂ log Ψk

∂θ
〉 SN (Q µN

k )

=
1

N

N∑

i=1

[ rN
k|k−1(ξ

i
k) +

∂ log Ψk

∂θ
(ξi

k) − 1

N

N∑

j=1

[ rN
k|k−1(ξ

j
k) +

∂ log Ψk

∂θ
(ξj

k) ] ] δ
ξi
k+1|k

,

Γ µN
k = (πF (µN

k ⊗ K)) ◦ π−1 ,

(πF SN(µN
k ⊗ K)) ◦ π−1 =

1

N

N∑

i=1

Ξ
i
k+1 δ

ξi
k+1|k

,

wN
k+1|k =

1

N

N∑

i=1

[ rN
k|k−1(ξ

i
k) +

∂ log Ψk

∂θ
(ξi

k) − 1

N

N∑

j=1

[ rN
k|k−1(ξ

j
k) +

∂ log Ψk

∂θ
(ξj

k) ] + Ξ
i
k+1 ]

︸ ︷︷ ︸
ρi

k+1|k

δ
ξi
k+1|k

,



N { ξi
k, ξi

k+1|k, Ξi
k+1 , i = 1, · · · , N} µN

k ⊗K

N µN
k ⊗ K

i = 1, · · · , N

ξi
k ∼ µN

k (dx) ⇐=
µN

k

(ξi
k+1|k, Ξi

k+1) ∼ K(ξi
k, dx′, ds′) ⇐=

N {ξi
k+1 , i = 1, · · · , N}

N∑

i=1

ωi
kδ

ξi
k

U [0, 1]

ω1
k + · · ·ωj

k ≤ U < ω1
k + · · ·ωj+1

k

ξ
j
k 1/N

{ξi
k, ωi

k , i = 1, · · · , N}

c1 = 0

i = 2, · · · , N ci = ci−1 + ωi
k

i = 1, · · · , N

U ∼ U [0, 1]

αi cαi
≤ U < cαi+1

i = 1, · · · , N ξi
k+1 = ξαi

k ωi
k+1 = 1/N



⌊N ωi
k⌋ ξi

k
N∑

i=1

(N ωi
k − ⌊N ωi

k⌋)

{ξi
k, ωi

k , i = 1, · · · , N}
σ {1, · · · , N}
i = 1, · · · , N i σ(i)

α1 = ω
σ(1)
k − 1

N
⌊N ω

σ(1)
k ⌋

i = 2, · · · , N αi = αi−1 + ω
σ(i)
k − 1

N
⌊N ω

σ(i)
k ⌋

i = 1, · · · , N − 1 ξ
σ(i)
k 1 + ⌊N ω

σ(i)
k ⌋

αi < i/N ≤ αi+1 ⌊N ω
σ(i)
k ⌋ ξ

σ(N)
k

i = 1, · · · , N ωi
k+1 = 1/N



{ξi
k, ωi

k , i = 1, · · · , N}
σ {1, · · · , N}
i = 1, · · · , N i σ(i)

α1 = ω
σ(1)
k

i = 2, · · · , N αi = αi−1 + ω
σ(i)
k

i = 1, · · · , N βi N αi

γ1 = β1

i = 2, · · · , N γi = βi − βi−1

i = 1, · · · , N ξ
σ(i)
k γi

ωi
k+1 = 1/N
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Xk+1 = a Xk + σ Wk , X0 ∼ N(X̄0, σ
2
0) ,

µ0(dx) = P[X0 ∈ dx] =
1√

2 π σ0

exp{− 1

2 σ2
0

(x − X̄0)
2}

︸ ︷︷ ︸
p0(x)

dx ,

{Wk , k ≥ 0} a
X̄0 σ2 σ2

0 a

Xk+1 | Xk = x ∼ N(a x, σ2) ,

Q(x, dx′) = P[Xk+1 ∈ dx′ | Xk = x] =
1√

2 π σ
exp{− 1

2 σ2
(x′ − a x)2}

︸ ︷︷ ︸
q(x, x′)

dx′ .

a

Xk ∼ N(X̄k, σ2
k) ,

µk(dx) = P[Xk ∈ dx] =
1√

2 π σk

exp{− 1

2 σ2
k

(x − X̄k)2}

︸ ︷︷ ︸
pk(x)

dx ,

X̄k+1 = a X̄k σ2
k+1 = a2 σ2

k + σ2 .

Xk

log pk(x) = cste − 1

2
log σ2

k − 1

2 σ2
k

(x − X̄k)2 ,

a

∂ log pk

∂a
(x) = − 1

2 σ2
k

∂σ2
k

∂a
+

1

2 σ4
k

∂σ2
k

∂a
(x − X̄k)2 +

1

σ2
k

∂X̄k

∂a
(x − X̄k) ,

wk(dx) =
∂µk

∂a
(dx) = [

1

2 σ4
k

∂σ2
k

∂a
[ (x − X̄k)2 − σ2

k ] +
1

σ2
k

∂X̄k

∂a
(x − X̄k) ] µk(dx) ,



∂X̄k+1

∂a
= X̄k + a

∂X̄k

∂a

∂σ2
k+1

∂a
= 2 a σ2

k + a2 ∂σ2
k

∂a
.

X̄0 = 0 X̄k = 0
∂X̄k

∂a
= 0

wk(dx) =
1

2 σ4
k

∂σ2
k

∂a
(x2 − σ2

k) µk(dx) ,

w+
k wk {x :

dwk

dµk
(x) > 0} = {x : |x| > σk}

|a| < 1 X̄0 = 0

σ2
k = σ2

0 =
σ2

1 − a2

∂σ2
0

∂a
=

∂σ2
k

∂a
=

2 a σ2

(1 − a2)2
,

µk(dx) = µ0(dx) wk(dx) = w0(dx) =
a

σ2
(x2 − σ2

0) µ0(dx) .

log q(x, x′) = cste − 1

2
log σ2 − 1

2 σ2
(x′ − a x)2 ,

a

∂ log q

∂a
(x, x′) =

x

σ2
(x′ − a x) ,

Γ(x, dx′) =
∂Q

∂a
(x, dx′) =

x

σ2
(x′ − a x) Q(x, dx′) .

a

µk+1(dx′) = Q µk(dx′) =

∫ ∞

−∞

µk(dx)Q(x, dx′) ,

wk+1(dx′) =
∂µk+1

∂a
(dx′) =

∫ ∞

−∞

[
∂µk

∂a
(dx)Q(x, dx′) + µk(dx)

∂Q

∂a
(x, dx′) ] ,

wk+1(dx′) = Q wk(dx′) + Γ µk(dx′) =

∫ ∞

−∞

[ wk(dx) +
x

σ2
(x′ − a x) µk(dx) ] Q(x, dx′) .

wk 0 µk

wk+1(dx′) = Q wk(dx′) + Γ µk(dx′) =

∫ ∞

−∞

[
dwk

dµk
(x) +

x

σ2
(x′ − a x) ] µk(dx)Q(x, dx′) ,

wk+1 wk,k+1

R × R

wk,k+1(dx, dx′) = wk(dx)Q(x, dx′) + µk(dx)Γ(x, dx′)

= [
dwk

dµk
(x) +

x

σ2
(x′ − a x) ] µk(dx)Q(x, dx′) .



µk ≈ µN
k =

1

N

N∑

i=1

δ
ξi
k

wk ≈ wN
k =

1

N

N∑

i=1

ρi
k δ

ξi
k

,

k

Q µN
k (dx′) =

1

N

N∑

i=1

Q(ξi
k, dx′) ,

Q wN
k (dx′) + Γ µN

k (dx′) =
1

N

N∑

i=1

[ ρi
k +

ξi
k

σ2
(x′ − a ξi

k) ] Q(ξi
k, dx′) ,

m = (mi , i = 1, · · · , N)
s = (si , i = 1, · · · , N) EN = {1, · · · , N}× R

si(dx′) = [ ρi
k +

ξi
k

σ2
(x′ − a ξi

k) ]
︸ ︷︷ ︸

ri(x′)

1

N
Q(ξi

k, dx′)
︸ ︷︷ ︸

mi(dx′)

,

m ≈ mN =
1

N

N∑

i=1

δ
(τ i

k, ξi
k+1)

s ≈ sN =
1

N

N∑

i=1

rτ
i
k (ξi

k+1) δ
(τ i

k, ξi
k+1)

,

i = 1, · · · , N (τ i
k, ξi

k+1)
m = (mi , i = 1, · · · , N)

τ i
k = i ξi

k+1 ∼ Q(ξ
τ i
k

k , dx′) ,

µk+1 ≈ µN
k+1 =

1

N

N∑

i=1

δ
ξi
k+1

,

wk+1 ≈ wN
k+1 =

1

N

N∑

i=1

ri(ξi
k+1) δ

ξi
k+1

=
1

N

N∑

i=1

ρi
k+1 δ

ξi
k+1

,

i = 1, · · · , N

ξi
k+1 ∼ Q(ξi

k, dx′) .



ρi
k+1 = ri(ξi

k+1) = ρi
k +

ξi
k

σ2
(ξi

k+1 − a ξi
k) ,

ξi
k+1 (ξi

k, ξi
k+1)

w+
k+1 wk+1 {ξi

k+1 , i ∈ IN,+
k+1 }

IN,+
k+1 = {i = 1, · · · , N : ρi

k +
ξi
k

σ2
(ξi

k+1 − a ξi
k) > 0} .

Q µN
k (dx′) =

1

N

N∑

i=1

Q(ξi
k, dx′) = [

1

N

N∑

i=1

q(ξi
k, x′) ] dx′ ,

Q wN
k (dx′) + Γ µN

k (dx′) =
1

N

N∑

i=1

[ ρi
k +

ξi
k

σ2
(x′ − a ξi

k) ] Q(ξi
k, dx′)

= [
1

N

N∑

i=1

[ ρi
k +

ξi
k

σ2
(x′ − a ξi

k) ] q(ξi
k, x′) ] dx′

= rN
k+1(x

′) Q µN
k (dx′) ,

rN
k+1(x

′) =

N∑

j=1

[ ρj
k +

ξ
j
k

σ2
(x′ − a ξ

j
k) ] q(ξj

k, x′)

N∑

j=1

q(ξj
k, x′)

=

N∑

j=1

[ ρj
k +

ξ
j
k

σ2
(x′ − a ξ

j
k) ] exp{− 1

2 (x′ − a ξ
j
k)2}

N∑

j=1

exp{− 1
2 (x′ − a ξ

j
k)2}

.

Q µN
k ≈ 1

N

N∑

i=1

δ
ξi
k+1

,

i = 1, · · · , N

ξi
k+1 ∼ Q(ξi

k, dx′) ,

Q wN
k + Γ µN

k ≈ wN
k+1 =

1

N

N∑

i=1

rN
k+1(ξ

i
k+1) δ

ξi
k+1

=
1

N

N∑

i=1

ρi
k+1 δ

ξi
k+1

,



ρi
k+1 = rN

k+1(ξ
i
k+1) =

N∑

j=1

[ ρj
k +

ξ
j
k

σ2
(ξi

k+1 − a ξ
j
k) ] exp{− 1

2 (ξi
k+1 − a ξ

j
k)2}

N∑

j=1

exp{− 1
2 (ξi

k+1 − a ξ
j
k)2}

,

ξi
k+1 w+

k+1 wk+1

{ξi
k+1 , i ∈ IN,+

k+1 }

IN,+
k+1 = {i = 1, · · · , N : rN

k+1(ξ
i
k+1) > 0} .

Yk = c Xk + s Vk ,

{Vk , k ≥ 0} {Wk , k ≥ 0}
a X̄0 σ0 σ c s

Yk | Xk = x ∼ N(c x, s2) ,

P[Yk ∈ dy | Xk = x] =
1√
2 π s

exp{− 1

2 σ2
(y − c x)2}

︸ ︷︷ ︸
g(x, y)

dy ,

Ψk(x) = g(x, Yk) ,

a

Xk | Y1, · · · , Yk−1 ∼ N(X̂k|k−1, σ
2
k|k−1) ,

µk|k−1(dx) = P[Xk ∈ dx | Y1, · · · , Yk−1] =
1√

2 π σk|k−1

exp{− 1

2 σ2
k|k−1

(x − X̂k|k−1)
2}

︸ ︷︷ ︸
pk|k−1(x)

dx ,

X̂k|k−1 = a X̂k−1 σ2
k|k−1 = a2 σ2

k−1 + σ2 .



wk|k−1(dx) =
∂µk|k−1

∂a
(dx) = [

1

2 σ4
k|k−1

∂σ2
k|k−1

∂a
[ (x − X̂k|k−1)

2 − σ2
k|k−1 ]

+
1

σ2
k|k−1

∂X̂k|k−1

∂a
(x − X̂k|k−1) ] µk|k−1(dx) ,

∂X̂k|k−1

∂a
= X̂k−1 + a

∂X̂k−1

∂a

∂σ2
k|k−1

∂a
= 2 a σ2

k−1 + a2 ∂σ2
k−1

∂a
.

Xk | Y1, · · · , Yk ∼ N(X̂k, σ2
k) ,

µk(dx) = P[Xk ∈ dx | Y1, · · · , Yk] =
1√

2 π σk

exp{− 1

2 σ2
k

(x − X̂k)2}

︸ ︷︷ ︸
pk(x)

dx ,

Kk =
c σ2

k|k−1

c2 σ2
k|k−1 + s2

1 − Kk c =
s2

c2 σ2
k|k−1 + s2

,

X̂k = X̂k|k−1 + Kk (Yk − c X̂k|k−1) = X̂k|k−1 +
c σ2

k|k−1

c2 σ2
k|k−1 + s2

(Yk − c X̂k|k−1) ,

σ2
k = (1 − Kk c)σ2

k|k−1 =
s2 σ2

k|k−1

c2 σ2
k|k−1 + s2

.

wk(dx) =
∂µk

∂a
(dx) = [

1

2 σ4
k

∂σ2
k

∂a
[ (x − X̂k)2 − σ2

k ] +
1

σ2
k

∂X̂k

∂a
(x − X̂k) ] µk(dx) ,

∂X̂k

∂a
=

s2

c2 σ2
k|k−1 + s2

∂X̂k|k−1

∂a
+

c s2

(c2 σ2
k|k−1 + s2)2

∂σ2
k|k−1

∂a
(Yk − c X̂k|k−1) ,

∂σ2
k

∂a
=

s4

(c2 σ2
k|k−1 + s2)2

∂σ2
k|k−1

∂a
.

Yk = c X̂k|k−1 + Ik ,



Ik = Yk − c X̂k|k−1 = c (Xk − X̂k|k−1) + Vk ∼ N(0, s2
k) s2

k = c2 σ2
k|k−1 + s2 ,

Y1, · · · , Yk−1

Yk | Y1, · · · , Yk−1 ∼ N(c X̂k|k−1, s
2
k) ,

P[Yk ∈ dy | Y1, · · · , Yk−1] =
1√

2 π sk

exp{− 1

2 s2
k

(y − c X̂k|k−1)
2}

︸ ︷︷ ︸
gk(y)

dy .

P[Y1 ∈ dy1, · · · , Yn ∈ dyn] =

n∏

k=1

P[Yk ∈ dyk | Y1 = y1, · · · , Yk−1 = yk−1] =

n∏

k=1

gk(yk) dyk ,

ℓn =
1

n
log

n∏

k=1

gk(Yk) =
1

n

n∑

k=1

log gk(Yk) = − 1

n

n∑

k=1

[ 1
2 log(2πs2

k) +
1

2 s2
k

(Yk − c X̂k|k−1)
2 ] ,

∂ℓn

∂a
=

1

n

n∑

k=1

[− 1

2 s2
k

∂s2
k

∂a
+

1

2 s4
k

∂s2
k

∂a
(Yk − c X̂k|k−1)

2 +
c

s2
k

∂X̂k|k−1

∂a
(Yk − c X̂k|k−1) ] ,

∂s2
k

∂a
= c2

∂σ2
k|k−1

∂a
.

P[Yk ∈ dy | Y1, · · · , Yk−1] =

∫ ∞

−∞

P[Yk ∈ dy, Xk ∈ dx | Y1, · · · , Yk−1]

=

∫ ∞

−∞

P[Yk ∈ dy | Xk = x] P[Xk ∈ dx | Y1, · · · , Yk−1]

= [

∫ ∞

−∞

g(x, y) µk|k−1(dx)

︸ ︷︷ ︸
gk(y)

] dy ,

ℓn =
1

n

n∑

k=1

log gk(Yk) =
1

n

n∑

k=1

log

∫ ∞

−∞

Ψk(x) µk|k−1(dx) ,

∂ℓn

∂a
=

1

n

n∑

k=1

∫ ∞

−∞

Ψk(x)
∂µk|k−1

∂a
(dx)

∫ ∞

−∞

Ψk(x) µk|k−1(dx)

=
1

n

n∑

k=1

∫ ∞

−∞

Ψk(x) wk|k−1(dx)

∫ ∞

−∞

Ψk(x) µk|k−1(dx)

.



a

µk(dx) = (Ψk · µk|k−1)(dx) =
Ψk(x)µk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

,

µk+1|k(dx) = Q µk(dx′) =

∫ ∞

−∞

µk(dx)Q(x, dx′) ,

wk(dx) =
∂µk

∂a
(dx) =

Ψk(x)
∂µk|k−1

∂a
(dx)

∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

−

∫ ∞

−∞

Ψk(x′)
∂µk|k−1

∂a
(dx)

∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

Ψk(x)µk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

,

wk(dx) = (Fk(µk|k−1)wk|k−1)(dx)

=
Ψk(x)wk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

−

∫ ∞

−∞

Ψk(x′)wk|k−1(dx′)

∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

Ψk(x)µk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

,

wk+1|k(dx′) = Q wk(dx′) + Γ µk(dx′) =

∫ ∞

−∞

[ wk(dx) +
x

σ2
(x′ − a x) µk(dx) ] Q(x, dx′) .

wk|k−1 0 µk|k−1 Fk(µk|k−1)wk|k−1 0 Ψk · µk|k−1

dwk

dµk
(x) =

d(Fk(µk|k−1)wk|k−1)

d(Ψk · µk|k−1)
(x) =

dwk|k−1

dµk|k−1
(x) −

∫ ∞

−∞

dwk|k−1

dµk|k−1
(x′) (Ψk · µk|k−1)(dx′) ,

wk+1|k(dx′) = Q wk(dx′) + Γ µk(dx′) =

∫ ∞

−∞

[
dwk

dµk
(x) +

x

σ2
(x′ − a x) ] µk(dx) Q(x, dx′) .

µk|k−1 ≈ µN
k|k−1 =

1

N

N∑

i=1

δ
ξi
k|k−1

wk|k−1 ≈ wN
k|k−1 =

1

N

N∑

i=1

ρi
k|k−1 δ

ξi
k|k−1

,

k

µN
k = Ψk · µN

k|k−1 =

N∑

i=1

Ψk(ξi
k|k−1) δ

ξi
k|k−1

N∑

j=1

Ψk(ξj
k|k−1)

=

N∑

i=1

ωi
k δ

ξi
k|k−1

,



wN
k = Fk(µN

k|k−1)w
N
k|k−1 =

N∑

i=1

ρi
k|k−1 Ψk(ξi

k|k−1) δ
ξi
k|k−1

N∑

j=1

Ψk(ξj
k|k−1)

−

N∑

j=1

ρ
j
k|k−1 Ψk(ξj

k|k−1)

N∑

j=1

Ψk(ξj
k|k−1)

N∑

i=1

Ψk(ξi
k|k−1) δ

ξi
k|k−1

N∑

j=1

Ψk(ξj
k|k−1)

=
N∑

i=1

ρi
k|k−1 ωi

k δ
ξi
k|k−1

− [
N∑

j=1

ρ
j
k|k−1 ω

j
k ]

N∑

i=i

ωi
k δ

ξi
k|k−1

=

N∑

i=1

[ ρi
k|k−1 − [

N∑

j=1

ρ
j
k|k−1 ω

j
k ] ] ωi

k δ
ξi
k|k−1

.

Q µN
k (dx′) =

N∑

i=1

ωi
k Q(ξi

k|k−1, dx′) ,

Q wN
k (dx′) + Γ µN

k (dx′) =

N∑

i=1

[ ρi
k|k−1 − [

N∑

j=1

ρ
j
k|k−1 ω

j
k ] +

ξi
k|k−1

σ2
(x′ − a ξi

k|k−1) ] ωi
k Q(ξi

k|k−1, dx′) ,

m = (mi , i = 1, · · · , N)
s = (si , i = 1, · · · , N) EN = {1, · · · , N}× R

si(dx′) = [ ρi
k|k−1 +

ξi
k|k−1

σ2
(x′ − a ξi

k|k−1)
︸ ︷︷ ︸

ri(x′)

−[

N∑

j=1

ρ
j
k|k−1 ω

j
k ] ] ωi

k Q(ξi
k|k−1, dx′)

︸ ︷︷ ︸
mi(dx′)

.

N∑

j=1

∫ ∞

−∞

rj(x′) mj(dx′) =

N∑

j=1

ρ
j
k|k−1 ω

j
k ,

m ≈ mN =
1

N

N∑

i=1

δ
(τ i

k, ξi
k+1|k)

,

s ≈ sN =
1

N

N∑

i=1

[ rτ
i
k (ξi

k+1) − [
1

N

N∑

j=1

rτ
j
k (ξj

k+1) ] ] δ
(τ i

k, ξi
k+1|k)

,

i = 1, · · · , N (τ i
k, ξi

k+1|k)

m = (mi , i = 1, · · · , N)

τ i
k ∼ (ωj

k , j = 1, · · · , N) ξi
k+1|k ∼ Q(ξ

τ i
k

k|k−1, dx′) ,



µk+1|k ≈ µN
k+1|k =

1

N

N∑

i=1

δ
ξi
k+1|k

.

wk+1|k ≈ wN
k+1|k =

1

N

N∑

i=1

[ rτ
i
k (ξi

k+1|k) − [
1

N

N∑

j=1

rτ
j
k (ξj

k+1|k) ] ] δ
ξi
k+1

=
1

N

N∑

i=1

ρi
k+1|k δ

ξi
k+1|k

.

ρi
k+1|k = rτ

i
k (ξi

k+1|k) − [
1

N

N∑

j=1

rτ
j
k (ξj

k+1|k) ] ,

rτ
i
k (ξi

k+1|k) = ρ
τ i
k

k|k−1 +
ξ
τ i
k

k|k−1

σ2
(ξi

k+1|k − a ξ
τ i
k

k|k−1) ,

ξi
k+1|k (ξ

τ i
k

k|k−1, ξ
i
k+1|k)

ℓn ≈ 1

n

n∑

k=1

log[
1

N

N∑

i=1

Ψk(ξi
k|k−1) ] ,

∂ℓn

∂θ
≈ 1

n

n∑

k=1




1

N

N∑

i=1

ρi
k|k−1 Ψk(ξi

k|k−1)

1

N

N∑

i=1

Ψk(ξi
k|k−1)




=
1

n

n∑

k=1

[

N∑

i=1

ρi
k|k−1 ωi

k ] ,

X̄0 σ2
0 a σ2 c s2 N
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Q µN
k (dx′) =

N∑

i=1

ωi
k Q(ξi

k|k−1, dx′) = [

N∑

i=1

ωi
k q(ξi

k|k−1, x
′) ] dx′ ,

Q wN
k (dx′) + Γ µN

k (dx′) =

N∑

i=1

[ ρi
k|k−1 − [

N∑

j=1

ρ
j
k|k−1 ω

j
k ] +

ξi
k|k−1

σ2
(x′ − a ξi

k|k−1) ] ωi
k Q(ξi

k|k−1, dx′)

= [

N∑

i=1

[ ρi
k|k−1 − [

N∑

j=1

ρ
j
k|k−1 ω

j
k ] +

ξi
k|k−1

σ2
(x′ − a ξi

k|k−1) ] ωi
k q(ξi

k|k−1, x
′) ] dx′

= rN
k+1(x

′) Q µN
k (dx′) ,

rN
k+1(x

′) =

N∑

j=1

[ ρj
k|k−1 +

ξ
j
k|k−1

σ2
(x′ − a ξ

j
k|k−1) ] ω

j
k q(ξj

k|k−1, x
′)

N∑

j=1

ω
j
k q(ξj

k|k−1, x
′)

− [

N∑

j=1

ρ
j
k|k−1 ω

j
k ]

=

N∑

j=1

[ ρj
k|k−1 +

ξ
j
k|k−1

σ2
(x′ − a ξ

j
k|k−1) ] ω

j
k exp{− 1

2 (x′ − a ξ
j
k|k−1)

2}

N∑

j=1

ω
j
k exp{− 1

2 (x′ − a ξ
j
k|k−1)

2}

− [

N∑

j=1

ρ
j
k|k−1 ω

j
k ] .

Q µN
k ≈ µN

k+1|k =
1

N

N∑

i=1

δ
ξi
k+1|k

,

i = 1, · · · , N

ξi
k+1|k ∼ Q µN

k (dx′) ,

ξ̂i
k ∼ µN

k (dx) ξi
k+1|k ∼ Q(ξ̂i

k, dx′) ,

τ i
k ∼ (ωj

k , j = 1, · · · , N) , ξ̂i
k = ξ

τ i
k

k|k−1 ξi
k+1|k ∼ Q(ξ̂i

k, dx′) ,

Q wN
k + Γ µN

k ≈ wN
k+1|k =

1

N

N∑

i=1

rN
k+1(ξ

i
k+1|k) δ

ξi
k+1|k

=
1

N

N∑

i=1

ρi
k+1|k δ

ξi
k+1|k

,



ρi
k+1|k = rN

k+1(ξ
i
k+1|k) =

N∑

j=1

[ ρj
k|k−1 +

ξ
j
k|k−1

σ2
(ξi

k+1|k − a ξ
j
k|k−1) ] ω

j
k exp{− 1

2 (ξi
k+1|k − a ξ

j
k|k−1)

2}

N∑

j=1

ω
j
k exp{− 1

2 (ξi
k+1|k − a ξ

j
k|k−1)

2}

− [
N∑

j=1

ρ
j
k|k−1 ω

j
k ] ,

ξi
k+1|k

X̄0 σ2
0 a σ2 c s2 N
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{
Xk+1 = F Xk + Wk

Yk = H Xk + Vk ,

{Wk , k ≥ 0} {Vk , k ≥ 0}
Σ S

F =

(
f11 f12

f21 f22

)

X0 ∼ N(X̄0, Σ0)

Xk+1 | Xk = x ∼ N(F x, Σ) ,

Q(x, dx′) = P[Xk+1 ∈ dx′ | Xk = x] =
1

2 π
√

det Σ
exp{−1

2
(x′ − F x)∗ Σ

−1 (x′ − F x)}

︸ ︷︷ ︸
q(x, x′)

dx′ ,

Yk | Xk = x ∼ N(H x, S) ,



P[Yk ∈ dy | Xk = x] =
1

2 π
√

det S
exp{−1

2
(y − H x)∗ S−1 (y − H x)}

︸ ︷︷ ︸
g(x, y)

dy ,

Ψk(x) = g(x, Yk) ,

f11, f12, f21, f22

Xk | Y1, · · · , Yk−1 ∼ N(X̂k|k−1, Σk|k−1) ,

µk|k−1(dx) = P[Xk ∈ dx | Y1, · · · , Yk−1]

=
1

2 π
√

det Σk|k−1

exp{−1

2
(x − X̂k|k−1)

∗
Σ

−1
k|k−1 (x − X̂k|k−1)}

︸ ︷︷ ︸
pk|k−1(x)

dx ,

X̂k|k−1 = F X̂k−1 Σk|k−1 = F Σk−1 F ∗ + Σ .

Xk | Y1, · · · , Yk−1

log pk|k−1(x) = cste − 1
2 log det Σk|k−1 − 1

2 (x − X̂k|k−1)
∗
Σ

−1
k|k−1 (x − X̂k|k−1) ,

θ θ ∈ {f11, f12, f21, f22}

∂ log pk|k−1

∂θ
(x) = 1

2


−

∂ det Σk|k−1

∂θ
det Σk|k−1

+ (
∂X̂k|k−1

∂θ
)∗ Σ

−1
k|k−1 (x − X̂k|k−1)

− (x − X̂k|k−1)
∗

∂Σ
−1
k|k−1

∂θ
(x − X̂k|k−1) + (x − X̂k|k−1)

∗
Σ

−1
k|k−1

∂X̂k|k−1

∂θ


 ,

wk|k−1(dx) =
∂µk|k−1

∂θ
(dx) =

∂ log pk|k−1

∂θ
(x)µk|k−1(dx) ,

∂X̂k|k−1

∂θ
=

∂F

∂θ
X̂k−1 + F

∂X̂k−1

∂θ
,

∂Σk|k−1

∂θ
=

∂F

∂θ
Σk−1F

∗ + F
∂Σk−1

∂θ
F ∗ + F Σk−1 (

∂F

∂θ
)∗ ,

∂ det Σk|k−1

∂θ
det Σk|k−1

= trace[
∂Σk|k−1

∂θ
Σ

−1
k|k−1 ] ,



∂Σ
−1
k|k−1

∂θ
= −Σ

−1
k|k−1

∂Σk|k−1

∂θ
Σ

−1
k|k−1 .

Σk|k−1 Σ
−1
k|k−1 = I

U d × d

∂ det U

∂θ
det U

= trace[
∂U

∂θ
U−1 ] .

U = (1u1, · · · , 1ud)

1u1 ∧ · · · ∧ 1ud = det U (1e1 ∧ · · · ∧ 1ed) ,

(1e1, · · · ,1ed)

∂

∂θ
(1u1 ∧ · · · ∧ 1ud) =

∂ det U

∂θ
(1e1 ∧ · · · ∧ 1ed)

=

d∑

i=1

1u1 ∧ · · · ∧ 1ui−1 ∧
∂1ui

∂θ
∧ 1ui+1 ∧ · · · ∧ 1ud .

∂1ui

∂θ
=

n∑

j=1

vij 1uj

∂

∂θ
(1u1 ∧ · · · ∧ 1ud) =

d∑

i,j=1

vij (1u1 ∧ · · · ∧ 1ui−1 ∧ 1ui ∧ 1uj ∧ 1ui+1 ∧ · · · ∧ 1ud

= [

n∑

i=1

vii ] det U (1e1 ∧ · · · ∧ 1ed) ,

∂ det U

∂θ
= [

n∑

i=1

vii ] det U .

1ui =

d∑

k=1

uij 1ek 1ek =

d∑

j=1

ukj 1uj U−1 = (ukj)1≤j,k≤d

∂1ui

∂θ
=

d∑

k=1

∂uik

∂θ
1ek =

d∑

j=1

[
d∑

k=1

∂uik

∂θ
ukj ] 1uj ,

vij =

d∑

k=1

∂uij

∂θ
ukj

n∑

i=1

vii =

d∑

i,k=1

∂uik

∂θ
uki = trace[

∂U

∂θ
U−1 ] .

Xk | Y1, · · · , Yk ∼ N(X̂k, Σk) ,



µk(dx) = P[Xk ∈ dx | Y1, · · · , Yk] =
1

2 π
√

det Σk

exp{−1

2
(x − X̂k)∗ Σ

−1
k (x − X̂k)}

︸ ︷︷ ︸
pk(x)

dx ,

Kk = Σk|k−1 H∗
[
H Σk|k−1 H∗ + Σ

]−1

X̂k = X̂k|k−1 + Kk (Yk − H X̂k|k−1)

Σk = (I − Kk H)Σk|k−1 .

∂ log pk

∂θ
(x) = 1

2


−

∂ det Σk

∂θ
det Σk

+ (
∂X̂k

∂θ
)∗ Σ

−1
k (x − X̂k)

− (x − X̂k)∗
∂Σ

−1
k

∂θ
(x − X̂k) + (x − X̂k)∗ Σ

−1
k

∂X̂k

∂θ


 ,

wk(dx) =
∂µk

∂θ
(dx) =

∂ log pk

∂θ
(x) µk(dx) ,

∂X̂k

∂θ
= (I − Kk H)

∂X̂k|k−1

∂θ
+

∂Kk

∂θ
(Yk − H X̂k|k−1) ,

∂Σ
−1
k

∂θ
= −Σ

−1
k

∂Σk

∂θ
Σ

−1
k ,

∂ det Σk

∂θ
det Σk

= trace[
∂Σk

∂θ
Σ

−1
k ] ,

∂Σk

∂θ
= (I − Kk H)

∂Σk|k−1

∂θ
,

∂Kk

∂θ
= −[

∂Σk

∂θ
Σ

−1
k|k−1 + Σk

∂Σk|k−1

∂θ
] H−1 .

Σk Σ
−1
k|k−1 = I − Kk H

Q R

(H∗ R−1 H + Q−1)−1 = Q − Q H∗ (H∗ Q H + R)−1 H Q .



H∗ Q H + R ≥ R H∗ R−1 H + Q−1 ≥ Q−1

H∗ Q H + R H∗ R−1 H + Q−1

[Q − Q H∗ (H∗ Q H + R)−1 H Q] [H∗ R−1 H + Q−1]

= Q H∗ R−1 H + I − Q H∗ (H∗ Q H + R)−1 (H∗ Q H + R − R)R−1 H − Q H∗ (H∗ Q H + R)−1 H

= I .

Σk = Σk|k−1 − Σk|k−1 H∗ (H Σk|k−1 H∗ + S)−1 H Σk|k−1 ,

Σ
−1
k = H∗ S−1 H + Σ

−1
k|k−1 ,

∂Σ
−1
k

∂θ
=

∂Σ
−1
k|k−1

∂θ
= −Σ

−1
k|k−1

∂Σk|k−1

∂θ
Σ

−1
k|k−1 .

Σk Σ
−1
k|k−1 = I − Kk H ,

∂Σk

∂θ
= (I − Kk H)

∂Σk|k−1

∂θ
(I − Kk H)∗ .

Yk = H X̂k|k−1 + Ik ,

Ik = Yk − H X̂k|k−1 = H (Xk − X̂k|k−1) + Vk ∼ N(0, Sk) Sk = H Σk|k−1 H∗ + S ,

Y1, · · · , Yk−1

Yk | Y1, · · · , Yk−1 ∼ N(H X̂k|k−1, Sk) ,

P[Yk ∈ dy | Y1, · · · , Yk−1] =
1

2 π
√

det Sk

exp{− 1
2 (y − H X̂k|k−1)

∗ S−1
k (y − H X̂k|k−1)}

︸ ︷︷ ︸
gk(y)

dy .

P[Y1 ∈ dy1, · · · , Yn ∈ dyn] =

n∏

k=1

P[Yk ∈ dyk | Y1 = y1, · · · , Yk−1 = yk−1] =

n∏

k=1

gk(yk) dyk ,



ℓn =
1

n
log

n∏

k=1

gk(Yk) =
1

n

n∑

k=1

log gk(Yk)

= cste − 1

n

n∑

k=1

[ 1
2 log det Sk + 1

2 (y − H X̂k|k−1)
∗ S−1

k (y − H X̂k|k−1) ] ,

∂ℓn

∂θ
=

1

2 n

n∑

k=1


−

∂ det Sk

∂θ
det Sk

+ (H
∂X̂k|k−1

∂θ
)∗ S−1

k (y − H X̂k|k−1)

− (y − H X̂k|k−1)
∗ ∂S−1

k

∂θ
(y − H X̂k|k−1) + (y − H X̂k|k−1)

∗ S−1
k H

∂X̂k|k−1

∂θ


 ,

∂Sk

∂θ
= H

∂Σk|k−1

∂θ
H∗ ∂S−1

k

∂θ
= −S−1

k

∂Sk

∂θ
S−1

k .

P[Yk ∈ dy | Y1, · · · , Yk−1] =

∫ ∞

−∞

P[Yk ∈ dy, Xk ∈ dx | Y1, · · · , Yk−1]

=

∫ ∞

−∞

P[Yk ∈ dy | Xk = x] P[Xk ∈ dx | Y1, · · · , Yk−1]

= [

∫ ∞

−∞

g(x, y) µk|k−1(dx)

︸ ︷︷ ︸
gk(y)

] dy ,

ℓn =
1

n

n∑

k=1

log gk(Yk) =
1

n

n∑

k=1

log

∫ ∞

−∞

Ψk(x) µk|k−1(dx) ,

∂ℓn

∂θ
=

1

n

n∑

k=1

∫ ∞

−∞

Ψk(x)
∂µk|k−1

∂θ
(dx)

∫ ∞

−∞

Ψk(x) µk|k−1(dx)

=
1

n

n∑

k=1

∫ ∞

−∞

Ψk(x) wk|k−1(dx)

∫ ∞

−∞

Ψk(x) µk|k−1(dx)

.

f11, f12, f21, f22

log q(x, x′) = cste − 1
2 log det Σ − 1

2 (x′ − F x)∗Σ−1 (x′ − F x) ,

Σ−1 =

(
Σ11 Σ12

Σ12 Σ22

)
x =

(
x1

x2

)
x′ =

(
x′

1

x′
2

)

θ

I(x, x′) =
∂ log q

∂θ
(x, x′) = 1

2 [ (
∂F

∂θ
x)∗ Σ

−1 (x′ − F x) + (x′ − F x)∗ Σ
−1 ∂F

∂θ
x ] ,



f11, f12, f21, f22

∂ log q

∂f11
(x, x′) = x1 Σ11 (x′

1 − f11 x1 − f12 x2) + x1 Σ12 (x′
2 − f21 x1 − f22 x2) ,

∂ log q

∂f12
(x, x′) = x2 Σ11 (x′

1 − f11 x1 − f12 x2) + x2 Σ12 (x′
2 − f21 x1 − f22 x2) ,

∂ log q

∂f21
(x, x′) = x1 Σ12 (x′

1 − f11 x1 − f12 x2) + x1 Σ22 (x′
2 − f21 x1 − f22 x2) ,

∂ log q

∂f22
(x, x′) = x2 Σ12 (x′

1 − f11 x1 − f12 x2) + x2 Σ22 (x′
2 − f21 x1 − f22 x2) ,

Γ(x, dx′) =
∂Q

∂θ
(x, dx′) = I(x, x′) Q(x, dx′)

θ ∈ {f11, f12, f21, f22} θ

µk(dx) = (Ψk · µk|k−1)(dx) =
Ψk(x)µk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

,

µk+1|k(dx) = Q µk(dx′) =

∫ ∞

−∞

µk(dx)Q(x, dx′) ,

wk(dx) =
∂µk

∂θ
(dx) =

Ψk(x)
∂µk|k−1

∂θ
(dx)

∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

−

∫ ∞

−∞

Ψk(x′)
∂µk|k−1

∂θ
(dx)

∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

Ψk(x)µk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

,

wk(dx) = (Fk(µk|k−1)wk|k−1)(dx)

=
Ψk(x)wk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

−

∫ ∞

−∞

Ψk(x′)wk|k−1(dx′)

∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

Ψk(x)µk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

,

wk+1|k(dx′) = Q wk(dx′) + Γ µk(dx′) =

∫ ∞

−∞

[ wk(dx) + I(x, x′) µk(dx) ] Q(x, dx′) .

wk|k−1 0 µk|k−1 Fk(µk|k−1)wk|k−1 0 Ψk · µk|k−1

dwk

dµk
(x) =

d(Fk(µk|k−1)wk|k−1)

d(Ψk · µk|k−1)
(x) =

dwk|k−1

dµk|k−1
(x) −

∫ ∞

−∞

dwk|k−1

dµk|k−1
(x′) (Ψk · µk|k−1)(dx′) ,

wk+1|k(dx′) = Q wk(dx′) + Γ µk(dx′) =

∫ ∞

−∞

[
dwk

dµk
(x) + I(x, x′) ] µk(dx) Q(x, dx′) .



µk|k−1 ≈ µN
k|k−1 =

1

N

N∑

i=1

δ
ξi
k|k−1

wk|k−1 ≈ wN
k|k−1 =

1

N

N∑

i=1

ρi
k|k−1 δ

ξi
k|k−1

,

k

µN
k = Ψk · µN

k|k−1 =

N∑

i=1

Ψk(ξi
k|k−1) δ

ξi
k|k−1

N∑

j=1

Ψk(ξj
k|k−1)

=
N∑

i=1

ωi
k δ

ξi
k|k−1

,

wN
k = Fk(µN

k|k−1)w
N
k|k−1 =

N∑

i=1

ρi
k|k−1 Ψk(ξi

k|k−1) δ
ξi
k|k−1

N∑

j=1

Ψk(ξj
k|k−1)

−

N∑

j=1

ρ
j
k|k−1 Ψk(ξj

k|k−1)

N∑

j=1

Ψk(ξj
k|k−1)

N∑

i=1

Ψk(ξi
k|k−1) δ

ξi
k|k−1

N∑

j=1

Ψk(ξj
k|k−1)

=

N∑

i=1

ρi
k|k−1 ωi

k δ
ξi
k|k−1

− [

N∑

j=1

ρ
j
k|k−1 ω

j
k ]

N∑

i=i

ωi
k δ

ξi
k|k−1

=

N∑

i=1

[ ρi
k|k−1 − [

N∑

j=1

ρ
j
k|k−1 ω

j
k ] ] ωi

k δ
ξi
k|k−1

.

Q µN
k (dx′) =

N∑

i=1

ωi
k Q(ξi

k|k−1, dx′) ,

Q wN
k (dx′) + Γ µN

k (dx′) =

N∑

i=1

[ ρi
k|k−1 − [

N∑

j=1

ρ
j
k|k−1 ω

j
k ] + I(ξi

k|k−1, x
′) ] ωi

k Q(ξi
k|k−1, dx′) ,

m = (mi , i = 1, · · · , N)
s = (si , i = 1, · · · , N) EN = {1, · · · , N}× R

si(dx′) = [ ρi
k|k−1 + I(ξi

k|k−1, x
′)

︸ ︷︷ ︸
ri(x′)

−[

N∑

j=1

ρ
j
k|k−1 ω

j
k ] ] ωi

k Q(ξi
k|k−1, dx′)

︸ ︷︷ ︸
mi(dx′)

.

N∑

j=1

∫ ∞

−∞

rj(x′) mj(dx′) =
N∑

j=1

ρ
j
k|k−1 ω

j
k ,

m ≈ mN =
1

N

N∑

i=1

δ
(τ i

k, ξi
k+1|k)

,



s ≈ sN =
1

N

N∑

i=1

[ rτ
i
k (ξi

k+1|k) − [
1

N

N∑

j=1

rτ
j
k (ξj

k+1|k) ] ] δ
(τ i

k, ξi
k+1|k)

,

i = 1, · · · , N (τ i
k, ξi

k+1|k)

m = (mi , i = 1, · · · , N)

τ i
k ∼ (ωj

k , j = 1, · · · , N) ξi
k+1|k ∼ Q(ξ

τ i
k

k|k−1, dx′) ,

µk+1|k ≈ µN
k+1|k =

1

N

N∑

i=1

δ
ξi
k+1|k

.

wk+1|k ≈ wN
k+1|k =

1

N

N∑

i=1

[ rτ
i
k (ξi

k+1|k) − [
1

N

N∑

j=1

rτ
j
k (ξj

k+1|k) ] ] δ
ξi
k+1|k

=
1

N

N∑

i=1

ρi
k+1|k δ

ξi
k+1|k

.

ρi
k+1|k = rτ

i
k (ξi

k+1|k) − [
1

N

N∑

j=1

rτ
j
k (ξj

k+1|k) ] ,

rτ
i
k (ξi

k+1|k) = ρ
τ i
k

k|k−1 + I(ξ
τ i
k

k|k−1, ξ
i
k+1|k) ,

ξi
k+1|k (ξ

τ i
k

k|k−1, ξ
i
k+1|k)
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Q µN
k (dx′) =

N∑

i=1

ωi
k Q(ξi

k|k−1, dx′) = [

N∑

i=1

ωi
k q(ξi

k|k−1, x
′) ] dx′ ,

Q wN
k (dx′) + Γ µN

k (dx′) =

N∑

i=1

[ ρi
k|k−1 − [

N∑

j=1

ρ
j
k|k−1 ω

j
k ] + I(ξi

k|k−1, x
′) ] ωi

k Q(ξi
k|k−1, dx′)

= [

N∑

i=1

[ ρi
k|k−1 − [

N∑

j=1

ρ
j
k|k−1 ω

j
k ] + I(ξi

k|k−1, x
′) ] ωi

k q(ξi
k|k−1, x

′) ] dx′

= rN
k+1(x

′) Q µN
k (dx′) ,

rN
k+1(x

′) =

N∑

j=1

[ ρj
k|k−1 + I(ξj

k|k−1, x
′) ] ω

j
k q(ξj

k|k−1, x
′)

N∑

j=1

ω
j
k q(ξj

k|k−1, x
′)

− [

N∑

j=1

ρ
j
k|k−1 ω

j
k ]

=

N∑

j=1

[ ρj
k|k−1 + I(ξj

k|k−1, x
′) ] ω

j
k exp{− 1

2 (x′ − F ξ
j
k|k−1)

∗
Σ

−1 (x′ − F ξ
j
k|k−1)}

N∑

j=1

ω
j
k exp{− 1

2 (x′ − F ξ
j
k|k−1)

∗
Σ

−1 (x′ − F ξ
j
k|k−1)}

− [

N∑

j=1

ρ
j
k|k−1 ω

j
k ] .

Q µN
k ≈ µN

k+1|k =
1

N

N∑

i=1

δ
ξi
k+1|k

,

i = 1, · · · , N

ξi
k+1|k ∼ Q µN

k (dx′) ,

ξ̂i
k ∼ µN

k (dx) ξi
k+1|k ∼ Q(ξ̂i

k, dx′) ,

τ i
k ∼ (ωj

k , j = 1, · · · , N) , ξ̂i
k = ξ

τ i
k

k|k−1 ξi
k+1|k ∼ Q(ξ̂i

k, dx′) ,

Q wN
k + Γ µN

k ≈ wN
k+1|k =

1

N

N∑

i=1

rN
k+1(ξ

i
k+1|k) δ

ξi
k+1|k

=
1

N

N∑

i=1

ρi
k+1|k δ

ξi
k+1|k

,



ρi
k+1|k = rN

k+1(ξ
i
k+1|k)

=

N∑

j=1

[ ρj
k|k−1 + I(ξj

k|k−1, ξ
i
k+1|k) ] ω

j
k exp{− 1

2 (ξi
k+1|k − F ξ

j
k|k−1)

∗
Σ

−1 (ξi
k+1|k − F ξ

j
k|k−1)}

N∑

j=1

ω
j
k exp{− 1

2 (ξi
k+1|k − F ξ

j
k|k−1)

∗
Σ

−1 (ξi
k+1|k − F ξ

j
k|k−1)}

− [

N∑

j=1

ρ
j
k|k−1 ω

j
k ] ,

ξi
k+1|k
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{
Xk+1 = F Xk + Wk

Yk = H Xk + Vk ,

{Wk , k ≥ 0} {Vk , k ≥ 0}
Σ S

F =




f11 · · · f1m′

fm′1 · · · fm′m′


 H =




h11 · · · h1m 0 · · · 0

hr1 · · · hrm 0 · · · 0




X0 ∼ N(X̄0, Σ0) X 2m m′ = 2m

Xk+1 | Xk = x ∼ N(F x, Σ) ,

Q(x, dx′) = P[Xk+1 ∈ dx′ | Xk = x] =
1

(2 π)m′/2
√

det Σ
exp{−1

2
(x′ − F x)∗ Σ

−1 (x′ − F x)}

︸ ︷︷ ︸
q(x, x′)

dx′ ,

Yk | Xk = x ∼ N(H x, S) ,

P[Yk ∈ dy | Xk = x] =
1

(2 π)r/2
√

det S
exp{−1

2
(y − H x)∗ S−1 (y − H x)}

︸ ︷︷ ︸
g(x, y)

dy ,



Ψk(x) = g(x, Yk) ,

f11, · · · , fm′m′ , h11, · · · , hrm

Xk | Y1, · · · , Yk−1 ∼ N(X̂k|k−1, Σk|k−1) ,

µk|k−1(dx) = P[Xk ∈ dx | Y1, · · · , Yk−1]

=
1

(2 π)m′/2
√

det Σk|k−1

exp{−1

2
(x − X̂k|k−1)

∗
Σ

−1
k|k−1 (x − X̂k|k−1)}

︸ ︷︷ ︸
pk|k−1(x)

dx ,

X̂k|k−1 = F X̂k−1 Σk|k−1 = F Σk−1 F ∗ + Σ .

Xk | Y1, · · · , Yk−1

log pk|k−1(x) = cste − 1
2 log det Σk|k−1 − 1

2 (x − X̂k|k−1)
∗
Σ

−1
k|k−1 (x − X̂k|k−1) ,

θ θ ∈ {f11, · · · , frm′, h11, · · · , hrm}

∂ log pk|k−1

∂θ
(x) = 1

2


−

∂ det Σk|k−1

∂θ
det Σk|k−1

+ (
∂X̂k|k−1

∂θ
)∗ Σ

−1
k|k−1 (x − X̂k|k−1)

− (x − X̂k|k−1)
∗

∂Σ
−1
k|k−1

∂θ
(x − X̂k|k−1) + (x − X̂k|k−1)

∗
Σ

−1
k|k−1

∂X̂k|k−1

∂θ


 ,

wk|k−1(dx) =
∂µk|k−1

∂θ
(dx) =

∂ log pk|k−1

∂θ
(x)µk|k−1(dx) ,

∂X̂k|k−1

∂θ
=

∂F

∂θ
X̂k−1 + F

∂X̂k−1

∂θ
,

∂Σk|k−1

∂θ
=

∂F

∂θ
Σk−1 F ∗ + F

∂Σk−1

∂θ
F ∗ + F Σk−1 (

∂F

∂θ
)∗ ,

∂ det Σk|k−1

∂θ
det Σk|k−1

= trace [
∂Σk|k−1

∂θ
Σ

−1
k|k−1 ] ,



∂Σ
−1
k|k−1

∂θ
= −Σ

−1
k|k−1

∂Σk|k−1

∂θ
Σ

−1
k|k−1 .

Σk|k−1 Σ
−1
k|k−1 = I

Xk | Y1, · · · , Yk ∼ N(X̂k, Σk) ,

µk(dx) = P[Xk ∈ dx | Y1, · · · , Yk] =
1

(2 π )m′/2
√

det Σk

exp{−1

2
(x − X̂k)∗ Σ

−1
k (x − X̂k)}

︸ ︷︷ ︸
pk(x)

dx ,

Kk = Σk|k−1 H∗
[
H Σk|k−1 H∗ + Σ

]−1

X̂k = X̂k|k−1 + Kk (Yk − H X̂k|k−1)

Σk = (I − Kk H)Σk|k−1 .

∂ log pk

∂θ
(x) = 1

2


−

∂ det Σk

∂θ
det Σk

+ (
∂X̂k

∂θ
)∗ Σ

−1
k (x − X̂k)

− (x − X̂k)∗
∂Σ

−1
k

∂θ
(x − X̂k) + (x − X̂k)∗ Σ

−1
k

∂X̂k

∂θ


 ,

wk(dx) =
∂µk

∂θ
(dx) =

∂ log pk

∂θ
(x) µk(dx) ,

∂X̂k

∂θ
= (I − Kk H)

∂X̂k|k−1

∂θ
+

∂Kk

∂θ
(Yk − H X̂k|k−1) − Kk

∂H

∂θ
X̂k|k−1 ,

∂Σ
−1
k

∂θ
= −Σ

−1
k

∂Σk

∂θ
Σ

−1
k ,

∂ det Σk

∂θ
det Σk

= trace [
∂Σk

∂θ
Σ

−1
k ] ,

∂Σk

∂θ
= (I − Kk H)

∂Σk|k−1

∂θ
− [

∂Kk

∂θ
H + Kk

∂H

∂θ
] Σk|k−1 ,



∂Kk

∂θ
= Σk|k−1 (

∂H

∂θ
)∗ [H Σk|k−1 H∗ + Σ]−1 +

∂Σk|k−1

∂θ
H∗ [H Σk|k−1 H∗ + Σ]−1

− Σk|k−1 H∗ [H Σk|k−1 H∗ + Σ]−1]

[
∂H

∂θ
Σk|k−1 H∗ + H

∂Σk|k−1

∂θ
H∗ + H Σk|k−1 (

∂H

∂θ
)∗

]

[H Σk|k−1 H∗ + Σ]−1 .

Yk = H X̂k|k−1 + Ik ,

Ik = Yk − H X̂k|k−1 = H (Xk − X̂k|k−1) + Vk ∼ N(0, Sk) Sk = H Σk|k−1 H∗ + S ,

Y1, · · · , Yk−1

Yk | Y1, · · · , Yk−1 ∼ N(H X̂k|k−1, Sk) ,

P[Yk ∈ dy | Y1, · · · , Yk−1] =
1

(2 π)r/2
√

det Sk

exp{− 1
2 (y − H X̂k|k−1)

∗ S−1
k (y − H X̂k|k−1)}

︸ ︷︷ ︸
gk(y)

dy .

P[Y1 ∈ dy1, · · · , Yk ∈ dyk] =

n∏

k=1

P[Yk ∈ dyk | Y1 = y1, · · · , Yk−1 = yk−1] =

n∏

k=1

gk(yk) dyk ,

ℓn =
1

n
log

n∏

k=1

gk(Yk) =
1

n

n∑

k=1

log gk(Yk)

= cste − 1

2n

n∑

k=1

[ log(det Sk) + (y − H X̂k|k−1)
∗ S−1

k (y − H X̂k|k−1) ] ,

∂ℓn

∂θ
=

1

2n

n∑

k=1


−

∂ det Sk

∂θ
det Sk

+ (H
∂X̂k|k−1

∂θ
+

∂H

∂θ
X̂k|k−1)

∗ S−1
k (y − H X̂k|k−1)

− (y − H X̂k|k−1)
∗ ∂S−1

k

∂θ
(y − H X̂k|k−1)

+ (y − H X̂k|k−1)
∗ S−1

k (H
∂X̂k|k−1

∂θ
+

∂H

∂θ
X̂k|k−1)


 ,

∂Sk

∂θ
=

∂H

∂θ
Σk|k−1 H∗ + H

∂Σk|k−1

∂θ
H∗ + H Σk|k−1 (

∂H

∂θ
)∗

∂S−1
k

∂θ
= −S−1

k

∂Sk

∂θ
S−1

k .



P[Yk ∈ dy | Y1, · · · , Yk−1] =

∫ ∞

−∞

P[Yk ∈ dy, Xk ∈ dx | Y1, · · · , Yk−1]

=

∫ ∞

−∞

P[Yk ∈ dy | Xk = x] P[Xk ∈ dx | Y1, · · · , Yk−1]

= [

∫ ∞

−∞

g(x, y) µk|k−1(dx)

︸ ︷︷ ︸
gk(y)

] dy ,

ℓn =
1

n

n∑

k=1

log gk(Yk) =
1

n

n∑

k=1

log

∫ ∞

−∞

Ψk(x) µk|k−1(dx) ,

∂ℓn

∂θ
=

1

n

n∑

k=1

∫ ∞

−∞

Ψk(x)
∂µk|k−1

∂θ
(dx) +

∂Ψk(x)

∂θ
µk|k−1(dx)

∫ ∞

−∞

Ψk(x) µk|k−1(dx)

=
1

n

n∑

k=1

∫ ∞

−∞

Ψk(x) wk|k−1(dx) +
∂Ψk(x)

∂θ
µk|k−1(dx)

∫ ∞

−∞

Ψk(x) µk|k−1(dx)

.

f11, · · · , fm′m′ , h11, · · · , hrm

log q(x, x′) = cste − 1
2 log(det Σ) − 1

2 (x′ − F x)∗Σ−1 (x′ − F x) ,

θ

I(x, x′) =
∂ log q

∂θ
(x, x′) = 1

2 [ (
∂F

∂θ
x)∗ Σ

−1 (x′ − F x) + (x′ − F x)∗ Σ
−1 ∂F

∂θ
x ] ,

Γ(x, dx′) =
∂Q

∂θ
(x, dx′) = I(x, x′) Q(x, dx′)

θ ∈ {f11, · · · , fm′m′ , h11, · · · , hrm} θ

µk(dx) = (Ψk · µk|k−1)(dx) =
Ψk(x)µk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

,

µk+1|k(dx) = (Q µk)(dx′) =

∫ ∞

−∞

µk(dx)Q(x, dx′) ,



wk(dx) =
∂µk

∂θ
(dx) =

Ψk(x)
∂µk|k−1

∂θ
(dx)

∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

−

∫ ∞

−∞

Ψk(x′)
∂µk|k−1

∂θ
(dx′)

∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

Ψk(x)µk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

+

∂ log Ψk

∂θ
(x)Ψk(x)µk|k−1(dx)

∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

−

∫ ∞

−∞

∂ log Ψk

∂θ
(x′)Ψk(x′)µk|k−1(dx′)

∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

Ψk(x)µk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

,

Sk(x) =
∂ log Ψk

∂θ
(x)

wk(dx) = (Fk(µk|k−1)wk|k−1)(dx) + (Gk(µk|k−1))(dx)

=
Ψk(x)wk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

−

∫ ∞

−∞

Ψk(x′)wk|k−1(dx′)

∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

Ψk(x)µk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

+
Sk(x)Ψk(x)µk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

−

∫ ∞

−∞

Sk(x′)Ψk(x′)µk|k−1(dx′)

∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

Ψk(x)µk|k−1(dx)∫ ∞

−∞

Ψk(x′)µk|k−1(dx′)

.

wk+1|k(dx′) = Q wk(dx′) + Γ µk(dx′) =

∫ ∞

−∞

[ wk(dx) + I(x, x′) µk(dx) ] Q(x, dx′) .

wk|k−1 0 µk|k−1 Fk(µk|k−1)wk|k−1 0 Ψk · µk|k−1 Gk(µk|k−1) 0 Ψk · µk|k−1

dwk

dµk
(x) =

dwk|k−1

dµk|k−1
(x) + Sk(x) −

∫ ∞

−∞

[
dwk|k−1

dµk|k−1
(x′) + Sk(x′) ] (Ψk · µk|k−1)(dx′) ,

wk+1|k(dx′) = Q wk(dx′) + Γ µk(dx′) =

∫ ∞

−∞

[
dwk

dµk
(x) + I(x, x′) ] µk(dx) Q(x, dx′) .

µk|k−1 ≈ µN
k|k−1 =

1

N

N∑

i=1

δ
ξi
k|k−1

wk|k−1 ≈ wN
k|k−1 =

1

N

N∑

i=1

ρi
k|k−1 δ

ξi
k|k−1

,

k

µN
k = Ψk · µN

k|k−1 =

N∑

i=1

Ψk(ξi
k|k−1) δ

ξi
k|k−1

N∑

j=1

Ψk(ξj
k|k−1)

=

N∑

i=1

ωi
k δ

ξi
k|k−1

,



wN
k =

N∑

i=1

ρi
k|k−1 Ψk(ξi

k|k−1) δ
ξi
k|k−1

N∑

j=1

Ψk(ξj
k|k−1)

−

N∑

j=1

ρ
j
k|k−1 Ψk(ξj

k|k−1)

N∑

j=1

Ψk(ξj
k|k−1)

N∑

i=1

Ψk(ξi
k|k−1) δ

ξi
k|k−1

N∑

j=1

Ψk(ξj
k|k−1)

+

N∑

i=1

Sk(ξi
k|k−1) Ψk(ξi

k|k−1) δ
ξi
k|k−1

N∑

j=1

Ψk(ξj
k|k−1)

−

N∑

j=1

Sk(ξj
k|k−1) Ψk(ξj

k|k−1)

N∑

j=1

Ψk(ξj
k|k−1)

N∑

i=1

Ψk(ξi
k|k−1) δ

ξi
k|k−1

N∑

j=1

Ψk(ξj
k|k−1)

=

N∑

i=1

[ ρi
k|k−1 + Sk(ξi

k|k−1) − [

N∑

j=1

(ρj
k|k−1 + Sk(ξj

k|k−1)) ω
j
k ] ] ωi

k δ
ξi
k|k−1

.

Q µN
k (dx′) =

N∑

i=1

ωi
k Q(ξi

k|k−1, dx′) ,

Q wN
k (dx′) + Γ µN

k (dx′) =

N∑

i=1

[ ρi
k|k−1 + Sk(ξi

k|k−1) − [

N∑

j=1

(ρj
k|k−1 + Sk(ξj

k|k−1)) ω
j
k ]

+ I(ξi
k|k−1, x

′) ] ωi
k Q(ξi

k|k−1, dx′) ,

m = (mi , i = 1, · · · , N)
s = (si , i = 1, · · · , N) EN = {1, · · · , N}× R

si(dx′) = [ ρi
k|k−1 + Sk(ξi

k|k−1) + I(ξi
k|k−1, x

′)
︸ ︷︷ ︸

ri(x′)

−[
N∑

j=1

(ρj
k|k−1 + Sk(ξj

k|k−1)) ω
j
k ] ] ωi

k Q(ξi
k|k−1, dx′)

︸ ︷︷ ︸
mi(dx′)

.

N∑

j=1

∫ ∞

−∞

rj(x′) mj(dx′) =

N∑

j=1

(ρj
k|k−1 + Sk(ξj

k|k−1)) ω
j
k ,

m ≈ mN =
1

N

N∑

i=1

δ
(τ i

k, ξi
k+1|k)

,

s ≈ sN =
1

N

N∑

i=1

[ rτ
i
k (ξi

k+1|k) − [
1

N

N∑

j=1

rτ
j
k (ξj

k+1|k) ] ] δ
(τ i

k, ξi
k+1|k)

,



i = 1, · · · , N (τ i
k, ξi

k+1|k)

m = (mi , i = 1, · · · , N)

τ i
k ∼ (ωj

k , j = 1, · · · , N) ξi
k+1|k ∼ Q(ξ

τ i
k

k|k−1, dx′) ,

µk+1|k ≈ µN
k+1|k =

1

N

N∑

i=1

δ
ξi
k+1|k

.

wk+1|k ≈ wN
k+1|k =

1

N

N∑

i=1

[ rτ
i
k (ξi

k+1|k) − [
1

N

N∑

j=1

rτ
j
k (ξj

k+1|k) ] ] δ
ξi
k+1|k

=
1

N

N∑

i=1

ρi
k+1|k δ

ξi
k+1|k

.

ρi
k+1|k = rτ

i
k (ξi

k+1|k) − [
1

N

N∑

j=1

rτ
j
k (ξj

k+1|k) ] ,

rτ
i
k (ξi

k+1|k) = ρ
τ i
k

k|k−1 + Sk(ξ
τ i
k

k|k−1) + I(ξ
τ i
k

k|k−1, ξ
i
k+1|k) ,

ξi
k+1|k

Q µN
k (dx′) =

N∑

i=1

ωi
k Q(ξi

k|k−1, dx′) = [
N∑

i=1

ωi
k q(ξi

k|k−1, x
′) ] dx′ ,

Q wN
k (dx′) + Γ µN

k (dx′) = [

N∑

i=1

[ ρi
k|k−1 + Sk(ξi

k|k−1) − [

N∑

j=1

(ρj
k|k−1 + Sk(ξj

k|k−1)) ω
j
k ]

+ I(ξi
k|k−1, x

′) ] ωi
k q(ξi

k|k−1, x
′) ] dx′ = rN

k+1(x
′) Q µN

k (dx′) ,

rN
k+1(x

′) =

N∑

j=1

[ ρj
k|k−1 + Sk(ξj

k|k−1) + I(ξj
k|k−1, x

′) ] ω
j
k q(ξj

k|k−1, x
′)

N∑

j=1

ω
j
k q(ξj

k|k−1, x
′)

− [
N∑

j=1

(ρj
k|k−1 + Sk(ξj

k|k−1)) ω
j
k ]

=

N∑

j=1

[ ρj
k|k−1 + Sk(ξj

k|k−1) + I(ξj
k|k−1, x

′) ] ω
j
k exp{− 1

2 (x′ − F ξ
j
k|k−1)

∗
Σ

−1 (x′ − F ξ
j
k|k−1)}

N∑

j=1

ω
j
k exp{− 1

2 (x′ − F ξ
j
k|k−1)

∗
Σ

−1 (x′ − F ξ
j
k|k−1)}

− [

N∑

j=1

(ρj
k|k−1 + Sk(ξj

k|k−1)) ω
j
k ] .



Q µN
k ≈ µN

k+1|k =
1

N

N∑

i=1

δ
ξi
k+1|k

,

i = 1, · · · , N

ξi
k+1|k ∼ Q µN

k (dx′) ,

ξ̂i
k ∼ µN

k (dx) ξi
k+1|k ∼ Q(ξ̂i

k, dx′) ,

τ i
k ∼ (ωj

k , j = 1, · · · , N) , ξ̂i
k = ξ

τ i
k

k|k−1 ξi
k+1|k ∼ Q(ξ̂i

k, dx′) ,

Q wN
k + Γ µN

k ≈ wN
k+1|k =

1

N

N∑

i=1

rN
k+1(ξ

i
k+1|k) δ

ξi
k+1|k

=
1

N

N∑

i=1

ρi
k+1|k δ

ξi
k+1|k

,

ρi
k+1|k = rN

k+1(ξ
i
k+1|k)

=

N∑

j=1

[ρj
k|k−1 + Sk(ξj

k|k−1) + I(ξj
k|k−1, ξ

i
k+1|k)] ωj

k exp{− 1
2 (ξi

k+1|k − F ξ
j
k|k−1)

∗
Σ

−1 (ξi
k+1|k − F ξ

j
k|k−1)}

N∑

j=1

ω
j
k exp{− 1

2 (ξi
k+1|k − F ξ

j
k|k−1)

∗
Σ

−1 (ξi
k+1|k − F ξ

j
k|k−1)}

− [

N∑

j=1

(ρj
k|k−1 + Sk(ξj

k|k−1)) ω
j
k ]

ξi
k+1

a
a

{ξi
k|k−1 , i = 1, · · · , N} A

|A|

1

|A|
[

1

N

N∑

i=1

1
(ξi

k|k−1 ∈ A)
] ,

A



a

{(ξi
k|k−1, ρ

i
k|k−1) , i = 1, · · · , N} A |A|

1

|A|
[

1

N

N∑

i=1

ρi
k|k−1 1

(ξi
k|k−1 ∈ A)

] ,

A

a

{(ξi
k|k−1, ρ

i
k|k−1) , i = 1, · · · , N} A |A|

1

|A|
[

1

N

N∑

i=1

ρi
k|k−1 1

(ρi
k|k−1 ≥ 0)

1
(ξi

k|k−1 ∈ A)
] ,

A

1

|A|
[

1

N

N∑

i=1

ρi
k|k−1 1

(ρi
k|k−1 ≤ 0)

1
(ξi

k|k−1 ∈ A)
] ,

A

{(ξi
k|k−1, ρ

i
k|k−1) , i = 1, · · · , N}

ρi
k|k−1

ξi
k|k−1



θ

Qθ(x, dx′) Kθ(x, dx′, ds′)
θ

ℓθ
n =

1

n

n∑

k=0

log〈µθ
k|k−1, Ψ

θ
k〉 ,

∂ℓθ
n

∂θ
=

1

n

n∑

k=0

〈wθ
k|k−1, Ψ

θ
k〉 + 〈µθ

k|k−1, Ψ
θ
k Sθ

k〉
〈µθ

k|k−1, Ψ
θ
k〉

,

{µθ
k , k ≥ 0} {wθ

k k ≥ 0}

µθ
k−1 −−−−−−−−−→ µθ

k|k−1 = Qθ µθ
k−1 −−−−−−−−−→ µθ

k = Ψ
θ
k · µθ

k|k−1 ,

wθ
k−1 −−−−−−−−−−−−→ wθ

k|k−1 = Qθ wθ
k−1 + Γθ µθ

k−1

−−−−−−−−−−−−→ wθ
k = F θ

k (µθ
k|k−1)wθ

k|k−1 + Gθ
k(µθ

k|k−1) ,

θ̂k = θ̂k−1 + γk

〈ŵk|k−1, Ψ
θk−1

k 〉 + 〈µ̂k|k−1, Ψ
θk−1

k S
θk−1

k 〉
〈µ̂k|k−1, Ψ

θk−1

k 〉
,

γk ≃ k−2/3

θk = θk−1 +
1

k
(θ̂k − θk−1) θn =

1

n

n∑

k=1

θ̂k ,

{µ̂k , k ≥ 0} {ŵk, , k ≥ 0}

µ̂k−1 −−−−−−−−−→ µ̂k|k−1 = Qθk−1 µ̂k−1 −−−−−−−−−→ µ̂k = Ψ
θk−1

k · µ̂k|k−1 ,

ŵk−1 −−−−−−−−−−−−→ ŵk|k−1 = Qθk−1 ŵk−1 + Γθk−1 µ̂k−1

−−−−−−−−−−−−→ ŵk = F
θk−1

k (µ̂k|k−1) ŵk|k−1 + G
θk−1

k (µ̂k|k−1) ,



θ̂N
k = θ̂N

k−1 + γk

N∑

i=1

ωi
k [ ρi

k|k−1 + S
θN

k−1

k (ξi
k|k−1) ] θ

N

k = θ
N

k−1 +
1

k
(θ̂N

k − θ
N

k−1) ,

k = 0

θ̂N
−1

i = 1, · · · , N
ξi
0|−1 ∼ µ0|−1(dx) ρi

0|−1 = 0

i = 1, · · · , N

ωi
k = cN

k Ψ
θN

k−1

k (ξi
k|k−1) cN

k

N∑

i=1

ωi
k = 1 ρi

k = ρi
k|k−1 + S

θN

k−1

k (ξi
k|k−1)

θ̂N
k = θ̂N

k−1 + γk

N∑

i=1

ρi
k ωi

k γk ≃ (k + 1)−2/3 θ
N

k = θ
N

k−1 +
1

k + 1
(θ̂N

k − θ
N

k−1)

i = 1, · · · , N

ξ̂ i
k = ξ

τ i
k

k|k−1 ρ̂ i
k = ρ

τ i
k

k τ i
k ∼ (ω1

k, · · · , ωN
k )

i = 1, · · · , N

ξi
k+1|k ∼ QθN

k (ξ̂ i
k , dx′) ρi

k+1|k = ρ̂ i
k + IθN

k (ξ̂ i
k , ξi

k+1|k) − aN
k+1

aN
k+1

N∑

i=1

ρi
k+1|k = 0

k ← k + 1

θ̂N
k k → ∞ N → ∞

θ̂k k → ∞
Qθ(x, dx′)

Γθ(x, dx′) E
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θk

θk

θ = (θ1, · · · , θk) ∈ Θ Θ R
k

θk+1 ∈ Θ θk ∈ Θ

θk+1 Θ θ̃k+1 Θ Θ =
k∏

i=1

[θi,min, θi,max] θi,k+1 = θi,min θi,k+1 < θi,min

θi,k+1 = θi,max θi,k+1 > θi,max






