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Bt−1
Bt−1 − ρ e−2M Bt−1−Ct−1

Bt−1

Bt−2−Ct−2

Bt−2
Bt−2

+ R
(
1− ρ e−M w Bt−1−Ct−1

Bt−1

)
.

� ¦ZW�^�©=e]WacWJ�\_bd[Ie4J�\kW�^�^WG_\
t = 1

h´e]\49 :´W�cx©R=WJ�\�9%9�gq^�©%9Y=�c�cXgS9RG_\49
^�=�e]ef\49
Ct<0 = 0

^78�WSY�[]g�búWL9Y9�\
\�9�©T9R=�cxcÌgS9YG´\ D_©RJ�\ F09�gq^5G4<�=�[]ef[]YWJ�\��Y=W9Y<2=(?pF�eK?�W�^�^WG_\ � h�[K^ \L^

Bt≤1 = K
gZU

K
\49p©!=�^ c�WLJ�W�b0e_©RJ�\

[f^W:´g�^�^�= b e¶W�Y�[fgqbúW�9R9�\4¦�[f\4JRf�\7c_^W8
W�Y�[fgqbúW�9R9�\jF½eZ?°W�^x^WG´\
t = 2

\49p©T>xgq^W:no

B2 = (1 + ρ− ρ e−M) e−M (B1 − C1) + R
(
1− ρ e−M w B1−C1

B1

)
.

8{?\G4<�=�WZ©�[]gq^5>@? gqYW9�\4J�¦ZWZ©�[]gq^ ^�gq^RYWJR=x[f©QG_\�\�9�©T>�\>e¶W½«�gSJ�b�\
It = q Bt

cXgS=WJ
t = 1 · · ·T h�gZU It

\�9�©
=x^#[]^W>x[
:´\j>�\�Y�[]g�búWL9Y9�\ J�\_e¶WZ©�[f¦q\(\¡©

q
\49p©�=�^ :´g�\��0:´[f\´^�©�>�\ " :´W�cx©Q=`J�W�Y�[fe][§©QGK$Q^W8t\49,cWJ�g2:´\�9R9Y=W9�>�\

Y`JR=�[§©�>@?[G¡©¸WZ©P\¡©�>@?�g�YW9�\�J�¦ZWZ©�[fgq^59�gq^�©PbX=�e§©�[]cxe][
:´WZ©�[§« 9k\_©Pe]gSf�^�gSJ�bdWL=CU1o

Bt = Ft(R, K, Bt−1, Bt−2)× eσW Wt ,
b �Sc

It = q Bt × eσV Vt ,
b�� c

cXgS=WJ
t = 1 · · ·T h W1:T

\¡©
V1:T

9�gq^�©!>�\�9,YWJY=�[f©R9SY�e¶WZ^W:49 f�W�=W9R9�[]\´^`9
N(0, 1)

\_©

F1(R, K, B0, B−1) = K ,

F2(R, K, B1, B0) = (1 + ρ− ρ e−M) e−M (B1 − C1) + R
(
1− ρ e−M w B1−C1

B1

)
,

Ft(R, K, Bt−1, Bt−2) = (1 + ρ) e−M Bt−1−Ct−1

Bt−1
Bt−1 − ρ e−2M Bt−1−Ct−1

Bt−1

Bt−2−Ct−2

Bt−2
Bt−2

+ R
(
1− ρ e−M w Bt−1−Ct−1

Bt−1

)
, t = 3 · · ·T .

8t\�9�c�WLJ�W�b0e_©QJ�\49
ρ
h
M
h
w
9�gq^�©4[I:´[ 9R=xc�cÌgL9RG49g:_gq^�^�=W9�^@8t\49,c�WLJ�WZbBe¡©QJ�\�9
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h
R
h
q
h
σ2

W

h
σ2

V

9�gq^�©
9Y=�c�cXgS9RG�9�W�eIG~WZ©�gq[
J�\49(\_©�[]^`:´gq^�^�=W9�^=`6\49V:_g�\��0:´[]\_^�©Q9/\¡©>e]\49>cWJ�gC:_\49R9Y=W9V>x\úYWJY=�[f© 9�g�^n©�9R=xc�cÌgL9RG49
bV=x©Q=�\_e]ef\´b�\´^�©S[]^`>WG´cX\´^W>�W�^�©Q94^

`6\�b�gC>We_e]\�c`J�gqcXgS9�\ =x^ YXgq^ :´gqb�cWJ�gqbd[I9�\_^n©RJ�\�e]\�9�bdg2>WG_e][
9�WZ©�[fgq^W9!fqe]g�Y�W�e]\�9 b 9Y=WJ�cxe
=W9�cWJ�g�P
>`=W:_©�[]gq^ b�g2>�\´eI9�c4\_©/e]\49�bdg2>WG_e][
9�WZ©�[fgq^W9g9p©QJR=`:_©Q=`JRG´\�9½\´^ W�fq\L^%8t\49/c`J�\´b�[
e�J�\�9V9�g�^n©XJRG4>`=W:_©RJ�[
:_\49
>�W�^W9�e]WRb�\49Y=WJ�\ gVU \´efe]\49�WLfSJYe4fq\_^�©�\´^ =x^ 9�\�=�e6c�W�J�W�b0e_©RJ�\d©�gS=x©�\49/ef\49�:~WL=W9�\49 >@?\G_¦�gqe
=�©�[]g�^ >�\
e]W/Y�[fgqbúW�9R9�\�h�ef\49�9�\4:_gq^W>�\�9!9�gq^�©�c�e
=`9�9�gqc`;�[
9p©�[
<�=WG_\49SbdW�[
9�^WG�:´\49Y9�[§©�\´^�©!>�\�9 >�gq^�^WG_\49 >�\g:´W�cx©R=WJ�\
¦�\´^�©�[fe
G_\49P\´^Û©¸W�[fe]e]\ b W�[f^W9�[ <�=@?\=�^ bdg2>We´ef\gJ�\_e][¶WZ^n©ae¶W�©¸W�[fe]ef\�F�eK?�WLfq\7c�h�e]\�cxe
=W9�9�gL=x¦q\_^n©1:´\�©5¬�cÌ\ >�\
>xgq^�^WG_\49P\49�©P[f^�WL:4:_\49Y9�[]Yxe]\L^
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h
σ2
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h
σ2
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h
B1:T

F½c�WLJp©�[IJ >�\49�gqYW9�\4Jp¦�Wz©�[]g�^W9
I1:T

^ &Pg�©�gq^`9@o

X1:N = [K, R, q, σ2
W , σ2

V , B1:T ]
W~¦q\�:

N = T + 5 .

8t\(YW=x©P\�9�©!>@?\G4:�;�W�^�©�[]e]efgq^�^�\�J 9�\_e]gq^Ûe¶WX>x\´^W9�[f©QG>W�cÌgL9�©�\�J�[fgSJ�[So

p(X1:N |I1:T )
b
	 c

>x\
X1:N

9�W�:�;�W�^�©V<�=�\
I1:T

h :_\-<2=x[�^x\dcX\4=x© 9�\�«¤W�[IJ�\ >�[IJ�\�:_©�\_bd\_^�©dhtgq^2«¤W�[f©�>�gq^W:dW�c�cX\´e6F =�^�\
b0G_©R;�g2>�\ �#`(�#`]o�gq^ :_gq^W9p©QJR=x[f©{=�^x\ :�;�W�m¶^x\ >�\ �CWLJ�¨�g8¦½\�JRfqg2>�[
<�=�\ {X (k)

1:N}k≥0
>xgq^�©ke¶W1>�\_^W9�[§©QG

b >�\(e¶W�efgq[�c 9p©¸WZ©�[]gq^x^�W�[
J�\4\49p© b�	 c�^
� c�c�e][I<�=�gq^W9�eZ?[G�:�;�W�^�©�[fe]efgq^�^�\�=WJj>�\
��[]Y�YW9(oKgq^ 9�[]bX=xe]\09R=W:�:´\49Y9�[§¦q\´b�\´^�©09�\_e]gq^ :�;�WL:4=�^x\)>�\49

>x\´^W9�[f©QG�9g:´gq^`>�[f©�[]gq^�^x\´e]ef\49,búWLJYfq[]^�W�e]\�9T>�\
Xn

9�WL:�;�WZ^n©>ef\49�WL=�©QJ�\�9g:´gqb�cXgS9�W�^�©�\49 {Xn′; n′ 6= n}b \_©
I1:T

c6[Z^�\�^�gq^59�[fbX=�e]\19�\´efgq^Ûe¶W >�\_^W9�[§©QGno

p(Xn|X\n, I1:T )
gZU \ n = {n′ = 1, . . . , N ; n′ 6= n}

b
� c

[Z^�\�^�e¶W >�\´^W9�[f©RGB:_gq^W>�[§©�[]g�^�^�\´efe]\ >�\
Xn

9�WL:�;�WZ^n©
X\n

\¡©
I1:T

h
cXgS=WJ
n = 1 · · ·N ^=`6\49X>�\_^W9�[§©QG�9

:_gq^W>�[§©�[fgq^�^�\_e]e]\�9úW�>�bd\¡©�©�\´^�©)>�\�9)J�\´c`JRG49�\´^�©¸Wz©�[]g�^W9ÛW�^�W�e§¬n©�[
<�=�\�9 bdW�[
9BF ^�gS=x¦�\~WL= [fe,^@? \49p©Ûc�WL9
©�gS=���gS=`JR94cXgS9R9�[]Y�ef\V>@?\G4:�;�W�^�©�[]efe]gq^x^�\4JT>�[
J�\4:_©�\´b�\´^�©j9�\_e]gq^C\´e]ef\49�^ Y ^#«¤W�[f©T>�gq^`:�W�c�cX\´enFB=�^ W�e
fqg�P
J�[f©R;�bd\�>�\ � \_©RJ�gqcXgqef[
9! :��WL9p©�[]^`fS96F�:�;�W�<2=x\4[f©RG4J�Wz©�[]g�^B>�\PeK?\G4:�;�W�^�©�[]efe]gq^x^�\4=WJ6>�\��([fY�YW9@o�:�;�W�:4=�^�\
>x\49j>�\´^`9�[f©RG49j:´g�^W>�[f©�[]gq^x^�\´efe]\49 b
� c�\�9�© >WG�:´gqb�cÌgL9RG´\�\_^ c`J�g2>W=�[f©�>@?[=x^�\->�\´^W9�[f©RG0>x\�c`J�gqcXgS9�[§©�[fgq^
b =�^�\X>x\´^W9�[f©QGV9�\´efgq^#e]WL<�=�\´efe]\>[]e
\49�©4cÌgS9Y9�[fY�e]\�>@?[G�:�;�W�^�©�[fe]efgq^�^�\�J19�[fbdcxe]\´b�\´^�©�cS\¡©g>@?\=�^�\�«�gq^`:_©�[fgq^
>x\(¦2J�W�[
9�\´b�Y�e]W�^W:_\ b <�=�\>eK? gq^)9�W�[§©�:~W�eI:4=�ef\4JS\�Uxcxe][
:_[f©�\´b�\´^�©�cEo

p(Xn|X\n, I1:T ) ∝ πn(Xn|X\n, I1:T )
︸ ︷︷ ︸
��������� ��������������� ����� ��� ���

×Ψn(Xn, X\n, I1:T )
︸ ︷︷ ︸

! ��"�� ���$#&%�' "���($�
.

b*) c

�=WLJ�©�W�^�© >@?\=�^�\�:_gq^+� fL=WJ�WZ©�[]gq^ú[]^�[§©�[¶WZe]\
X

(k)
1:N

gq^*9�[fbX=�ef\,e]W�:´g�^+� fS=WJ�WZ©�[fgq^*9Y=�[f¦ZW�^�©�\
X

(k+1)
1:N

>�\�e¶W
«¤W �´gq^ 9R=�[§¦�WZ^n©�\no�gq^HcXgS9�\

X
(k+1)
1:N ← X

(k)
1:N

h�\_©�cÌgL=WJ>©�gS=x©�[]^W>x[
:´\
n ∈ {1, . . . , N} h�gq^ 9�[fbX=�e]\

\_^W9R=x[f©�\j=�^5:~WZ^W>�[
>�WZ©�cÌgL=WJSe¶W
n
[Ie´b�\�:´g�bdcXgS9�WZ^n©�\

X
′
n ∼ πn(Xn|X(k+1)

\n , I1:T ) dXn

\_©!:~W�eI:4=�ef\
α =

Ψn(X′
n,X

(k+1)
\n

,I1:T )

Ψn(X
(k)
n ,X

(k+1)
\n

,I1:T )
,

W~¦�\4:�cWJ�g�Y�W�Y�[fe][f©RG
min(1, α)

b J�\�9�c@^
1 − min(1, α)

c,gq^ WL:�:´\´c�©�\ b J�\49�c(^�gq^ J�\ ��\_©�©�\7c�e]W ^�gS=x¦�\´e]ef\
:_gq^+� fL=WJ�WZ©�[]gq^(h`>�W�^`9Pef\�cWJ�\_bd[f\4J�:´WL9

X
(k+1)
n ← X

′
n

^-,
gS=x©�\49�e]\�9!:_gqb�cÌgS9�W�^�©�\�9 9�gq^�©,W�[]^`9�[�b�[
9�\49
F���gS=`J4^
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8t\49{>x\´^W9�[f©QG�9?W4cWJ�[]gSJ�[2>x\49?c�WLJ�W�b0e_©QJ�\49
R
h
K
h
q
9�g�^n©n=�^�[f«�gLJ�b�\49�9R=WJ

[R # � � , R # "�) ] = [0, 2000]
h

[K # � � , K # "�) ] = [400, 4000]
h
[q # � � , q # "�) ] = [1, 100]

J�\49�cÌ\�:_©�[f¦q\_bd\_^�©d^:�4W�^W9{:_\_©�\_U�\_bdc�ef\#" 9�[]b�c�e][I9xP
©�\K$ b >@?\=�^�\(c�WLJp©�9�[fbX=�e
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Ft =

Ft(K,R,Bt−1, Bt−2)
ð�� Ò~Ô�æ

t ≥ 2
ö
Ft

Ü¸à5Ö�ÓÕ×ÕÙnÏ¹Ý´×Õæ)Ü½Ü�Ù
R
öÌ×�ðÐÜ8ð

Ft = F ′
t + F ′′

t R
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Ψ
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K ← B1 eσW randn , Ψ(K) = K

R← F ′
t0

Bt0
eσW randn − F ′

t0
F ′′

t0

Ò}�
t0
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Ψ(R) = 1[R # � � ,R # "�) ](R)
[
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] ∏
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T
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