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O000ooooooooooobo.bo0o00O0OC00O0o0oOoOoOoOoOggg Stochastic
Volatility D0 D 0000000000000 O00DOOO0OOO0ODOOO0OO0ObOOD
0. 000000dfdooogoo,ooo0/oooooooo,00o0/oooooo,
OO00O0O000O00O0.goooOooOn, Stochastic Volatility D00 O0O0D0OOOODODO
00,0000000000000000O0000O0O00. DO,000/0000
0000o00o0000o0oo0o0OoOo0U0OOo0ooUooooOOoooooOOO,00o/o
gbobooobooboboboboooobobooboobooboobobobobooboo
gboboboooooo.

1 Ooon

uoooboobboooooobboobobboooooooooobbooooooooooog
goboobgoooobo. boboboobooboboobooobobooboboobooboboo,
StochastiCVolatility(DEl,SV)IZIDDI)IZIDD,DDDDDDDDDDDDDDDDDDDDD
gooooo.svooooooooooooooooodooooogooo,obooooooDoo
goooooooooboooboooooboobooogoo. obooobo,svobooooooo
gboooooooobooboboboobooboboobooooboob.boo,bobo0oon, o
0000000000000 00000000,0000000 (asymmetry) 00000000
gooobob.ooo,0obobobobobo,obobobobobOobOobOo,0b0bLOon
00000,0000000000000000000000000O00 (Leverage effects). 00O,
gboboooobooooooobboobbuoooboooobooooboboo. boobo,bon
gobobobobobobobobobobobobobobobob,0bobbobobbobo
O SV (SV with Leverage; 0O, SVL) 00000000000 OOOO.

00000000 e-mail: totsuka.hideomi@nihon-u.ac.jp
00000000 e-mail: mitsui.hidetoshi@nihon-u.ac.jp
YSVOOO00000000000000, Ghysels et al. (1996), Shephard [ed.] (2005), OO (2005) OO0O.



svoOoOoOoOo svLooooooooooooobobooobooooo,0obbooooboo
000000.00000000000,000000000000000000000 (Markov
Chain Monte Carlo; 00O, MCMC) 0D 0000000000000 O0O.SVOOOO SVLOO
000,0000000000000000000000 (latent variable) 0000000000
gooooooooooboooOooooboboOogo.ooboboooobob0 MeMCDOOOO SVL
O00000o0o0oooooooooog, Yu (2005), Omori et al. (2007), DOO OO (2008),
00000 (2008), Omori and Watanabe (2008), Takahashi et al. (2009), Nakajima and Omori
(2010), 00000 (2011)00000.

Oo0oo0ooooboo, MCMCOODOO, Gibbs Sampler [ Metropolis-Hasting 00 00 O
oooooo.ooooogo,ogooMecMCOO,000O0O0DO00DbDOOoOobDOobOOooDo
000000000000000, Takaishi (2008), Takaishi (2009), Takaishi (2013) O O, Hybrid
Monte Carlo 0000000000000 OOO. OO, Nugroho and Morimoto (2015) 00O, O
goooooooooooo (HamiltonianMonteCarlo;DD,HMCDDQ)DDDDDDDDD
O00000. 00000, Nugroho and Morimoto (2015) D OO0 HMCOOOOOOOOOO
000 sSvVOOOOo SvLOOOooooooooooooo? .

00000000000000, 20150 10 500020190 120 300000000/00
000000 (Euro/U.S. Dollar exchange rate; 0 0, EUR/USD), 00O /000000 (U.S.
Dollar/Yen exchange rate; 00, USD/JPY) 0 20150 10 100 20190 120 31000000
000 (U.S. Dollar Index; 00, DXY) 4 00000000000000000000O. 00O
00 p00000,0000 9%%000000,EUR/USDOO0DOOOODOOOOOOOOO
0o0ooo,00,USD/JPY 0 DXY OOODOOOODOOODOODOODOOODOO0OOOO0oOoooo
0000000.00000,EUR/USDOOOOOOOOOOOOOOOOOOOODOOOOO
0000,UsD/JpYD DXYUOOOUOOOOOODOOOOUOO. DOoOO,000000000
o0o000000b00OO0O0000000,00000000000O00O0O0GOOOO0O0O0O0OOO
00oo00. 00,Sv0o0oOSsSvLOo0do0ooooo0oDo,0D0o00o0 (inefficiency factor) O
gbbodbooboooboooboooboboobooboobooon.

ooooobooooooboooboOob0. 20D00,0000DbDO00ODOOODOODO svooo
O SvLOOO0OO00OO0OO0O0O00003000, Leapfrog0 000 HMCOOOOOOOOOOOO
ooooo0o0oo4000,000000000O00000O0O0COOOOOOOOOOOOOO.
U000, 00booboooobooobooooo.0oboetuob,0bobboobooboon
goo.

PHMC 00, Duane et al. (1997) 0000000000000 QCD (Quantum Chromo Dynamics) O 00 0 0
goooooooooooooocoooooooooOo. 0oob,0b0boo0booOobObo0ooooOboboobbObooobobooo
0000000000. 0000, Takaishi (2013), Nugroho and Morimot (2015), 00 [0 0] (2015) O 500010.

Yooooo (20202), DOOODO (2020p) OO, 00 225000 TOPIXUOODOODOOUOUOUOUODUODUOOO
gobogo.

Y0000000000600000000000000000000OO0OOO000000. 000 (EUR)DO
57.6%, 0 (JPY)O13.6%, 0000 (GBP)O11.9%, 00000 (CAD)09.1%, 0000000000 (SEK)D 4.2%,
000000 (CHF)D3.6% 000.



2 SvLOOO

0D0000000000000000000000 SVOO0O0O0000 ¢ 00000000
o2 =exp(hy/2) 0000 hy=lno? 0O00% 00O0O0O0DOOO.

Yt = eXP(ht/2)Uta (2-1)
hip1 = p+ ¢(he — ) + 1y, (2.2)

ut iy 0 1 0
(nt>~z.z.d../\/'<[0 ,[0 0727]) (2.3)

ooo,«w0000,001,7n000 000 U%DDDDDDDDDDDDDD.i.i.d.DDDD
000000000 (independent and identically distributed) D000 0000000000
o000, 000000D00DODODODOOODOODOOOOOODODO. (22)00,00000
00 0200000 AR(1)000D (100000000000 DOO00ODOOO0OO0.0000,0
oo0o000000oooobOoO0O0O0000b0bOObOOoO0000000,000000B0O0O0O0DO010
oooO0o0oo0ooo0. 0o0o0ooo0o0oo0oooo0 (21)00 (22)00 w0 p OO
ocoooooooooooo.«w O 00,0000 pOO0OOCOO SVLOODODOOOOOO,

Ut . 0 1 po
( " ) ~iddN <[ . ] , [ o U%n D (2.4)

000. (21)-(23) 000000000 SVO000,00 (21),(22),(24) 0000000000
00000000000 SVLOOOO000000000000.SVLOOO (2.1), (2.2), (2.4) O
00000000 (¢,0mpp) 00000 #0000,SVLOOOOOOOOOODO0OOOOO

goo.
_ / . / F(ylh) f (R|6)dR

exp [_ {her1 — = d(hy — 1) — pogyr exp(—he/2)}

205(1 = p?)

I;I ,/27702\/1——
X 7\/1_‘#@@[ (L= ") — }Hdh (2.5)

A/ 2#072, 202

gooooooooooooog,svLoooooooooboobboooooobooo,oboo
goooobooooooobo.coboogo,HgMCOO0OO0ODOODOODOODO SsvooOoo SVL
gboobobobobobobg.

0000000 o2 000000000DOO00ODODOO.



3 HMCUOUOOOOOODOO

godoO, HMCO00D0OD0D0ODODOO0OO0DOOOODOODOOoOOnO. a1 0og,HMCOOnog
00000000000 00o0o0o0ooo0o0oooooooooo. 3200, HMCOO0OO0ODO
oo0o0oOoOoOoOoOoOOQODODO. 3300,00000000000 (Hamiltonian’s equations of
motion) 00 0000000000000 0O0OO0O00OOOOOO Leapfrog000O00OOOODO.

3.1 000000000

0000000000,00000000000000000000000000,00000
000000000000, 00000000000000,0000000000000000
00000. 000000000000000000000000000 (¢;,p;),( = 1,...,d) O
00000000000000000000000000000000000000000000
0000000000000000000O0,

de OH
dg; _ OH 1
dpj OH
dp; _ _OH 2
dt 8(]]' (3 )
D0D00DHOOOOO0OO0O0O0000000000000000

2

H(g,p) =Y 5 +Ulg) = K(p) + U(q) (33)

2m;
j=1"""

O0O0O00O0OK(p)OU(g)UOOOODOOUOOO0DO00O0ooo0ooooooooooouoo
m; JOOO0000000

3.2 HMC O

n00000 y={y}, 0000000,000000000 6={6}¢_, 0000000,
00000000000000.

f(yl0)(6)

f(Oly) = 7

(3.4)

000, f(8ly), f(ye), f(#) 0, 000000000000,0000,00000000000.
00,zO0OOO0OODOOO,

7= / f(y]0)f(6)d6 (3.5)
®

gooobo,gbobgobobob.obooooboooboooooooboooobooboon,
gbooobouooobooobooobo,bobooboobooboobobooboooboooobon.
gbobooobooooboobo,obboooobooobooboa.



00000000 f(Oly)0,000000000000,

He p< 2m]> (3.6)

oooooa,

f(0,ply) = f(6ly)f(p) (3.7)

D0D000. 000, p={p;}¢, 00000,0000000000. HMCOOODOODOO
000000000, (37) 00000000000
d 2

log £(0.,ply) = log f(Bly) — Y 7 (38)

j=1"""

o0o0. (3.8) 00000 1000000000 UO0ODODO,0 200000000000DOO0O,
4 p?
H(0,p) = —logf(0ly) 22— (3.9)
= U(0) + K(p)

000,0000000000000000000000. 0O0000,000000000000
0 (3.1)~(3.2) 000,
do; _9K(p) _ pj

dp; _ 0U®) _ 0

000. (3.100+(3.11)00000000000000.

HMC 000000000000000000000000000000000.000000
0000000 Metropolis 0000000000000O0000000000000000000
00000000000000000000000000000000000

HMC O00OO0O0O000000000000000000000000

1.00000000 6,4, 0 00000O0O0ODO (3.100—(3.11)00000000O0ODODODOOO
Oo0O00ooO0o0ooO0oDOoOo00bOCoO00b0DOoo0oDObOO0bDDOLeapfrogOdd
ooooo

2.000b00b00b0DbObOobOobOoDbO

r =min[l,exp (—H(0",p")+ H(0,p))| U (3.12)

.0bgbobobobooo



3.3 Leapfrog [

(3.10)~(3.11) 00 0000000000OO0OO0OOO0O0O000000,00000000000.
HMC 0000000000 0000000000000000000000,00000000
0000000 Leapfrog 0000000. Leapfrog 00 e 000000000 (3.1)-(3.2) 0O
oooooo,

pj (t + %) =p; (t) — <§) LU{;ZY)), (3.13)
q; (t+€) = q; () + ep; <t + %) ; (3.14)

) Walt+)

p; (t+€) = p; <t + g) - (2 i (3.15)

ooo.

0000000 #000,0000 h=(h,--,h) 00000000000000D0000.
00000000000000 Leapfrog 00 (3.13)<(3.15) 0000000 g=(8,h) 0000
0000,(312)000000000000000000000.

4 0OO0O0O0OoOooOooo

4.1 000

obooob,bbobboooooboo 100 000O0O0DO0 EUR/USD,USD/JPYG)D
DXY7)DDDDDDDDDD.EUR/USDD UsSh/JpY DO0OOOOOOOO,20150 10 50
0020190 120300 00000,DXY0O0O0O0O0ODOO0ODOO 20150101000 20190 120
31000000. 000 wwO,tO00OOD0ODODODO0O0O0 RODODOOO,yy=InP—InP_q) x 100
(%) 0000000000, EUR/USD O USD/JPY DUOOOOOOOOOO,20150 10 6
oood20190 120 00 00000,DXYODOOOOOOOOODOO20150 10 2000 2019
0120 31000000. 00000 EUR/USD O USD/JPY O 1225 000, DXY O 1304 O
gbo.ogooooooooo,b1oobogobogoog.

[0 1]

EUR/USDOO0O0O0OO0OOOOOOOOOOOOOODO,EUR/USDOOOOOOOOOODO
00000o0ooooo. usb/JpY o DXYUOOOOOOODODODODODODODOOOoooo,Ood
0000o0oO0000oo0o0oU0UoooUoo. 0O, EUR/USD, USD/JPY O DXY 0O O
goboobgobgooooboo,bobobooobooboob oobobobooooo,obobooobo
gooooOoOoOoOO0ODOOODOOODOOO. DOOOO,EUR/USDOOOOO, 000000
00000,0000000000000,USD/JPYD DXYUOOOOO,000000OO0OOOO
o,gooogooogooobobobobog.

6)EUR/USD, USD/JPY 0000, OO0 NEEDS-FinancialQuest 000000,
DXY 00000, Bloomberg 000000




4.2 0000

4.2.1 HMC OOOODOO

HMC OOOOOOOOO0O0O0000,000000000000 10,000000000, 100,000
00000000000, MCMC OO0OOO0O0OO00OD0O00O00O0O000000 5000000
20,000 00000000.00,0000000 MCMCOO (00000)03000.00,0
0000000000000 CO0O000O0ooo.

020 HMCOOOOOOOOOOOOOOO 000000000000 AOOODOODO
0O0.0 200,00 25000 TOPIX0OOOOOOOOOOO0® 0000,00000
0 = ($,0,p,4) 0000000000000000. 00, USD/JPY O DXY 000 EUR/USD
000000 e00000,SVO0000 75.7%,00,SVLO000 782% 0000000009

[0 2]

HMCOOODOOOODOODOODO Leapfrog000000OO0ONO. Leapfrog0 00 200000
0000 (7)) 000,ed00000O0O0OOOO,O00,7r00000000000000000.
gooooooooo,0nooooobouoog,oogoooog,gnog,gonooooooon
0000000.000,e0000,7000000000000000D0DOOCDOOOOOOO
O00000000. 0000000 AOO0O0ODOD 60000000000 0ODODOODOO00
000 (e,7) OO, (0.05,1000) O (0.01,5000) 0O 00O.

4.2.2 0000

HMCOOOODOOOOOODOODO,0000000000000000,000000000000
00000000000. 00000000000000000000,000000000000
000000000000000,0000,00000000000000000, Gelman-Rubin
0000D0D000000000. Gelman-Rubin 0000 100000,00000000000
ooooooooglo,

4.3 0000

4.3.1 EUR/USD 00OOOO

010 EUR/USDOCOOOOOOOOOO,0000,00000000000.00,0 30
SsvOOoOooO SvLOOOdoooooood Gelman-Rubin OO0OOO0O. O 100000000
ogoo,000000000O0O0C0CO0000O0DODOOOO0OO0OOODO.ODODO HMCOOO
gbobobgooooobooboooooooobobobobooobobo. ob,0b00o00oon

0000,00000 (2020a), 00000 (2020b) OO0,
YDo0000000000OOOoOOOg.
90000, Gelman and Rubin (1992), Gelman (1996) 0 0 0.




gooooooobobobobobobobobobobobobobobobobobob, o
ooooooooocoooooobo.o0oo,0 300 svOoOooo sSsvLooooooogooo
0000 Gelman-Rubin 000000 10000000000000.000C00,000000
gooboboboboobobobobgo.

[O 1]
(O3]
[0 4]

040 EUR/USDO0000OOOOOO SVOOOO SVLOOOOOOOOOOO. 00O,
00000000000000000000000000O ¢00000000.0400 SVO
000 SVLOOOO ¢ 0000000000 0.89670 0.8920000,0000 1000000
000000000000 0000000000000000000D. 00000000oo g
000000000000,

00,EUR/USDO00O0O0O0ODO0OO0OOOOONONONDNOO0OONONDNDOONO p000
00000. p000000 007400 00000000, 000,00 95% 00000 [-0.1293,
~0.2676) 0 0000000O00.000000,EVR/USDOO0O0O000OOOOODOOOOOO
0000000000000000000. 00,HMCO00000000000000000
0,00000¢,000003700000,000000000®Y0000000.000,SV
0000 SVLOOOOO00000000000® 00000 11097.72 0 111282 000, SVL
00000000000 SVO000000000000000000. 00000, EUR/USD O
0000000000 SVLOOO0O000000000000000000oonooooog.

4.3.2 USD/JPY 00O00DO

020 USD/JpPYOOOOOOOOOOO,0000,00000000000.00,050
SvOOOO SvLOOOOO0O0O00000 Gelman-Rubin 000OO0O00O.0 200000000
000000000o0oo0oo0o0O000,EUR/USDOOOOOOOOOOOOOOOOOOOO. O
Oo0,0500Sv0O000 SvVLO0O0bOO0O0oo0o0boOod Gelman-Rubin DOOOOO 1
000o0oO00o00o0o0o00. 00000, EUR/USDOOOO0OOOOOOOUOOOOOOOO
gbobobobobg.

[0 2]

[O5]

) Jacquier et ol. (1994) 0, 00000 SVOOODOODOOOODOOO0O0O0O, ¢ 000000 0.800 0.9950
000000000000000.

Yogoo,00000 (2008)000.

30000, Newton and Raftery (1994) 000 .



060 USD/JPYOUOOOOOOOODO SVOOOO SVLOOOOOOooOoood. EUR/USD
0000 ¢0O pO0O0O00DDOOCOOOOOO0.O0600SVOO0OO SVLOOODO 0000
000000 086860 0.8608 J00,0000 10000000, USD/JPY O EUR/USD OO
gbobooboboobooooooboooboobobooboog. p0booo0b -0.1806 OO
0000,000,9%% 00000 [-0.3272,-0.0275| 0000000 p000000OOOOO 9
%000000000.00000,p0000000OO,USD/JPYD0OOO0OOOODOOODO
gbobobobobobuobobobobobob.

000000000,EUR/USDOO0ODOOOOOOOOO,00000 ¢,00000 3700
oood.ooo,Ssvoooo svLooooooooooooooooooDoD 1361950 1375.76
goo,svLooboooooobogob svogooooooooooooobopoo. booobao,
USD/JPY OO0O0OO0OO0OU0OOOO SVLOOOOOOOOO0UOoOoooooooooooooo
gooo.

4.3.3 DXY OOoogono

O30 DXyooooooooooo,ooob,oboooooooogo.oo,os08vOo
O0Od SsvLOOdO0OoO0oOO000D000 Gelman-Rubin OO OO0OO0. 0 300000000000
0000oO0o0oU0ooooO, EUR/USD O USD/JPY OD0O0OU0OO0O0OOD0OOO0OOODOOOO
oo.000,0700S8Sv0000SVLOOOOOOOOODOODO0O0O Gelman-Rubin 00O
000 10000000000000. OO0OOO,EUR/USDO USD/JPY OOOOODOOO
gbboooobooobobooboooboobooboa.

(O3]
[0 7]

080 DXYDODOOOOOOOOO SsvOoOooo svLooooooooooo. o sog sv
OoOO0C0 SvLOODDO 0000000000 077850 0.6869000. 000000 1000
00ooO0,usb/JpY O EUR/USDOUOOODOO0O0OODOUOOOO0OOOOOOOOOOOO
00000. p000000 01806 0000000,000,9%% 00000 [-0.3272, —0.0275]
0000000 p0000OD0O0OCODOO 9% %000000000.00000,p0000000
00,USh/JPYO0OUOOOUOOOODOO0O0OODO0OO0OOO0OUOOOUOOUODOODODOOOOO.

00,000000000,EUR/USDO USD/JPYOOUOOOOODOOOODOOOO,000
00 0,00 728000.000,SVvO0000 SvLOOOOOOOOOOO0OO0O0O0O0O0O0O0O0
122498 0 142076 OO O, SVLOOOOOOOOOOO svOOOoOOoOooOoOOoOoooOooOoooDo
oo.00000,DXYOOOooooooooo svLoooooooobooooooooooo
gobooboooboo.



5 GUud

EUR/USD, USD/JPY,DXYOOUOO SVLOOOOOOOOOOOOOO o000OOO0O, O
000 0.8929, 0.8608, 0.6896 0 U 0O O . EUR/USD, USD/JPY U OO OOOO,DXYOOOOO
0o0o0o0o00oo.0g,SsvLooooo,00oo0g edon,0oofdoooooog AOD
000000000000, 00000000000 0ooooooooooooooooooon
0000,00000000000 AOOOOOOO (Autocorrelation function; 0 O, ACF) O
04000.

[O 4]

0400,00000000.EUR/USDOOOOOOODO,000 4000000000000
O00.00,USD/JPAOODOOOD 1500,DXY 000000 50000000000000
00o0o0o0. 0oooooooo, EUR/USD, USD/JPY,DXY DO0OO0O0O0O ¢ 0O0OO0OODO
goooobooo.gooobbo,ebbooobobooooboboobbbobboooDbo
O0000ooopoooo0od00O0 RO ACFOOCODOOO AOOODODOOOOOOOOO
ooooooooooo,0oobodboo00b0 pOb0O0D0ODOOOOOOODOODbOOD.

EUR/USD,USD/JPY,DXYOUOOO SVLOOOOOOOOO p00000,00009%00
O000,EUR/USDOOU0OOOO0OO0OOOODOOOOOOOO,O00,USD/JPYO DXY OO
00000000000oo0o0oo0oooO0ooooooO. Ooo, EUR/USD, USD/JPY, DXY
00000000O00O000ooooooooooooooooOo,o0 50 EUR/USD, USD/JPY,
DXy Oouoooooooobooooouoooobooo rogbboooooo.

[O5]

Os0b0,000 100 w0b0000000Db0000. EUR/USDDDD,DDDDDD14)D
0000000, 0000000000000000.0800000. OO, USD/JPY O DXY O
00,0000000000000,000000O000000, USD/JPY O —-0.1626, DXY O
—-02642 000. 00,000000000000DLDODODODODODODODOD. DODOO,
0000000000 ¢000D0OO0OO.USD/JPY D DXYUOOOOOOOOOODOODOOOO
goo,0bogooobgoobobobobobobobobobobobobob.

L(l) = —Aexp <_%> . (5.1)

000,/000,700000,00,A000(0D0000)0000000. 00000000
00,000000000000 100 140000000.USD/JPY O DXY O (r,A)0000
0 (4.06,0.22) O (1.74,048) 000. 0000, USD/JPY O DXY 0000000000000
ooooooo.

“YOpooooo,00 +0000000 ¢++1000000000000000000000000000O.

10



6 JuUuooooon

O00O0,HMCOOOOO SVLOOOODOO EUR/USD, USD/JPY,DXY 00000000
00000D00000000000000. EUR/USDOO, 0000000000000 OO0
00000000000, USD/JPYD DXYDOOODOOODDOOODOOODDOOOO. 00,
HMC OOOOO SVLOOOOOOOOOO0OO00000,00000000000000000
0O.00,HMCO0O0O0OD SVLOOOOOOOOOOOOO0O00000000000000
O0O0,MCMCOO0OODODOOODODOOOODO,HMCO0OODO MCMCODOOOOODODOO
0oo0o00000oooon.

000000000,000000000000000000000000000000000
0000000000,00000¢00% 0000+¢+000% 0o0000000000000
0. 00, Takahashi et al. (2009) 0000000 Realized Volatility (RV) O 00 OO O Realized
SV OO0 O Markov Switching 000 , 000 SVOOOY 0oo0ooooooooo
O0. HMCOOOOOOO,00000000000000% 000000, 0000000
00000, Leapfrog 0000000000000 0000O0ODODO0OO00OODODOOOOOOO
No-U-TumO0O0O0O0OOWO00000D000D. 0O0,0000000000000000, 0
00000000000000000000000000000000000000000oao
HMCO?) 000000000. 000000000000000000000000000.

)4 0000000000000 (Generalized Error Distribution; GED) D000 ¢ 00 (Generalized ¢ Distribution)
oooooooo.

19000, Nakajima and Omori (2010), 00000 (2011) 00, SVLO0OO0O0O0O00000000000000O0
0 ¢ 00 (genenalized hyperbolic skewed student ¢ distribution) 0000 MCMCUOOOOOOOOO0OO0OOOO.
Moooo,00000 (2013) 000.

" Markov Switching 1000 SV OO0O0 MCMC 000000000000 0000000O, Shibata and
Watanabe (2005), OO (2005)000.

Wpooo svooooooooooooooo,00 (2019 000.
gpoo000000000000ND0,0000000000000000000000000.

20000, Hoffman and Gelman (2014) 00 0.

20000, Girolami and Calderhead (2011) 000 .
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