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GH skew Student’s t-distribution in stochastic

volatility model with application to stock returns

JoOucHI NAKAJIMA* YASUHIRO OMORI'

November 2010

Abstract

This paper represents empirical studies of SV models with a generalized
hyperbolic (GH) skew Student’s t-error distribution to embed both asymmetric
heavy-tailness and leverage effects for financial time series. An efficient Markov
chain Monte Carlo estimation method is described and the model is fit to daily
S&P500 stock returns. The practical importance of the proposed model is
highlighted through the model comparison based on the marginal likelihood,
Value at Risk (VaR) and expected shortfall. The empirical results show that
incorporating leverage and asymmetric heavy-tailness contributes to the model

fit and predicting the expected shortfall.
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1 ot

googbboobooboobbooobooboob,2boobooboon
guooooobbogdg,gbobbbodooobobbuoooooobobbooa
goggbooobobbod. jgugoooubbobodooogoobb,oooouoboa
0000 (Stochastic Volatility, SV) O O OO ODODO0O0OO0OO0OO,00,00000
00000000, (000, Ghysels ef al. (2002), Shephard (2005), 0O (2000) O
O000). 00,SVv000000000000,000000000000000OO
ggbboogubboguboboaobbo,gubbooobnboogboboood
goggooooo. oo,y bodootgoubboboboooag,
Chib et al. (2002), Eraker et al. (2003), Berg et al. (2004), Yu (2005), Omori et al.
(2007), Nakajima and Omori (2009) 0, 0000 0O (Normal Inverse Gaussian,
NIG)DOOODOO0O0O0O0D0OO0OO, Barndorff-Nielsen (1997), Andersson (2001) O O
Oo0. O0,bb000ob0,0joooobo svoobooobooooooboo
O00000000000000000000000000. (000, Eraker (2004),
Chernov et al. (2003), Raggi and Bordignon (2006) O ).

svOoooooooo,000b00o0boobooobooboob,0boobo
oo, g0, oo ooo
gagd,bbobbudoogooobbobbbbodoooooo,bbboodoooa
ggodooooo,gugooobooboobbbbbbbbboooooooooadg.
goob,bbodbbuooobbuoobobuoobbuooob,ubboa
gogooobbooooooobbuoooobobbbbooo,obbbbuooo
godoobobboooooooooobb. bbb oooooo,bobog,
O000000000000000000O0O0ODO0ODOO,D00D000 (Generalized
Hyperbolic, GH) OO O OODOOOOOOO. GHOOO Barndorff-Nielsen (1977)
O0oooboobo,000o00boboboboo oo, NIGOooooooooo
gobbobooobb, bbb ubbboooobbbooouobbooog
O000,0000000000000000 (GHOOOODOOoOOoOOOoOoOo,o
0 (2002)0000). 0000000000000 GHODDODOOOODDOOOOO
0000000000000 0, 000 (Hyperbolic) OO (Eberlein et al. (1998)),
GHOODO t00 (Hansen (1994), Ferndndez and Steel (1998), Aas and Haff (2006))
O0o0.00,SvOooooOooboooooooooooooooooan, Silva



et al. (2006), Nakajima and Omori (2010) 0 0 O O . Nakajima and Omori (2010)
0,0000000000000000000O00000ODO000OOO0O (Bo
O00000)00000SsvVO0ODOoooooooO GHOOO+topooooo,o0o0o0
000000000 (Markov chain Monte Carlo, MCMC)O DO OOO0OO0OO0O0OO0O
goooooo.

0000, Nakajima and Omori (2010) 0000000, GHOOO+¢tOOOOO
O00000000000000SsSvVO0O0oO (00, “SV with Leverage and SKew-t”
00 SVLSKtOOOOOO)O0,000000S&Pr0000000000000O0O
g, ddidod. gd, oo ooaoad
ggogobb,ddgggooobobobbbddoooouobobobooooa
O (Value at Risk, VaR) 0 OO 0OOOOO0O0O00OO (Expected Shortfall) D 00O
000000000, (D000o0oooooooOoOoOO,000,00000 (2001)
oooo).

000000000000 000O0. 00,0200 SVLSKtOOoOOooOOoOoOO
O0000,00,03008&Pr0000000000000000O00O00O0O0ODODOO
dobbooobboooobobo,bboodboboodbo vaROOOOoooO
gboboboobboooboobbooobooo,oobo0o. bboo4000b0O
000000000, 000GHOOO0ODOO0ODO0O0ODDOOODOO0ODOOODDOO
goooo.

2 SVLSKtOOdOodooooog

2.1 SVLSKtO OO

ooooooboboSvooobo,obo3oobobooon.

Y = 8texp(hi/2)7 tzlv"'ana (1)
hiti = p+éhy—p)+n, t=0,....,n—1, (2)



oo, oooobo, pooooooooobo
ooooooooooO0. 0((@)U0,000000 wOOO 100000000
(AR(1)000)000000O00O0O0O000. 00ODDO0O0O00DO00DO0OooOoooOO
0,|¢|<100000. 00,00000000 »OOOOO,000000000
0000000000, hg=p 0~ N(0,0%/(1-¢?)00000. 200000
0000007 0,0B3)000000000O0O0O0OODOOOO, pO00OOO
god. boooogooooobbooouoooobobbbooooo
gogogdoooboooooobbobuooooobb,o0oogobobbbobooo
(asymmetry) 0000000000 (leverage effect) 00 00 00O (Black (1976),
Nelson (1991)). SVOOODO,20000000000 p0000 (p<0)000,
0000000000000 0O0OD0O0O00O000OOOg (Yu (2005), Omori et al.
(2007)).

00, 0000000000DO0000D0ODODOO0O0D0, GHOODOOoOoooo
O00000. GHOODOOOO,0OOODOOOOOO (normal variance-mean
mixture) 000000 .

wy = o+ B2+ Vae, e ~ N(0,1), z ~ GIG(X,9,7). (4)

O00,GIGOO0D00O0O0ODO (Generalized Inverse Gaussian) 0000 0. ¢ 00
o0ooono, ,0GIGOOO00O0DD0O0O0ODbO0o0OooooO,oboooooooo
000000000 wO0GHOOOODO. OO GHOOO,00000D000D0O0
O00t00,NIGODO0ODOODOOD0OOO00DOO0OD0DO0O00D,400000000
goboooobooobooobbooobbooobbuooobboonoboo
0. (GHOOOOOODOOOD AD,000000000O0000 (2002)0000
ooo).

svOoOoooooooobo GHOODODOoODooooboboooooo,ooo
0000000000, GHODOO0OO0O0DOOO0ODDOO0DbOO0o0ooDDoOooooo
O000000000000000000000. (D00, Prause (1999), Aas and
Haff (2006), Nakajima and Omori (2010) 00000 000). Aas and Haff (2006)
O,GHOO00D0O0000000O00b00ob0oooobOo,0obobogooooo
O00oo0oooooooooobo,oooooo. og,svoboooo 220000
O00000000000000 AR(H)OOOOoooooO,00000000000



o0booboob GHOOOOOooDoooobooogoooboboooob.boo,
0000 Nakajima and Omori (2010) 0000, GHOOOOOOOOOOO,GH
O00¢000,SsVOO00000000000000. 0 @0o0o0d,Ax=—-v/2
(vr>0),0=+r,y=00000000,0000000000000 w0 GHO
gbo:togooo.

wy = o + Bz + Ve, € ~ N(0,1), z ~ IG(v/2,v/2). (5)

000,/GOO0000 (Inverse Gamma) 00000, GIG(—v/2,/v,0)0 IG(v/2,
v/2)00000000000000O0O0ODO. 000, SsvOOoOoooooooo
E(w)=00000000, gy =0, 000. 000, u, =E(z) =v/(v-2)0O
go.t0t,w, 0oooooooobbbbood,rv>4000.

OO0 GHOOD¢+tODO,GHODOODOOODOOODOOO0ODO,20000000
(/,v)0000,00000000000DODOOCOOOO00O00O0O,00000
000000000000, (OO0, Prause (1999), Jones and Faddy (2003), Aas
and Haff (2006)0). 00000000000 O0O0O0OO0OOOOO0OOOOOO,O00
0000000000000 O0 GHOOOt¢tOODoOoDoDoOooDoooobooDb 110
Oo0. 01)0v=100000,8=0,—-1, 2000000000 GHOOO ¢t
O0000. 4=0000000000000 (00000)0000000O0OtO
O00o0.po00db0d0b00O,00b00o0obo0obooboOoboo,000boooDo
O00. 0D0O,0000000000OOO0OO0O0ODOOOOOO. OO,0 1G6)0
f=-20000,v=1510,5000000000 GHOODOtOODOOoOO. vO
gooboooooo,obbooobobdooob,oobbbooobooob. o
obooboot+tobobboobooboobooo,vyboobOo,pObOOb0DbO
gg,obobbddoggooobobobbudooooo,bbbbodouoa
gddddoooouououooooboobbb 2o ooooog
0000000000000 0o. (0o,GHOODO+tOOD0 4000000000
000 AODDOOOOOO).

O00SvVOoOoOoooooo 3)0 0000000000000 DO0O0O,00
OO0 GHODODO¢tOOOooobhoooboooboooboo,ooboooooo



01: GHOOOD 000000000, ()v=100000,8=0,-1,-2000.
(i) f=-20000 v=1510,5000.

svoooooo.

Y = {ﬁ(zt - /LZ) + \/Z_tgt} eXp(ht/2)v t=1,...,n, (6)
hisi = p+édhy—p)+n, t=0,....,n—1, (7)
z ~ IG(v/2,v/2). (8)

O000,200000 (e,7)00 (3)000.0000,000000 SVLSKtOO
O000.=0000,(00000)0000000O0¢«000DOOOOOSVOO
O(@O0O,SVLt000000)000. SsVLtooooooooooooooooo,
Chib et al. (2002), Eraker et al. (2003), Yu (2005), Omori et al. (2007) 000 0.
SVLSKtO O OoooOooooOo,2000000000.1000,000¢¢t0000
O0000000GHOOO+¢tOODOOOOOOoOoOOooO. (000, Hansen (1994),
Ferndndez and Steel (1998), Prause (1999), Jones and Faddy (2003), Azzalini and
Capitanio (2003) 000 0). 0000 GHOOO ¢tOOO SvVOoOoooooooQd
O0,00000 BOODOoOooo MCMCOOODOOoDOoOobOooooDb,GHDO



0+00020000000000000000000000000000000
000000000000000.20000000,,00000000 (500
0D00000000D0000000,000 2~ IG(v/2,6%/2) 00000000
00000, 00000 Aas and Haff (200000 000000000000000.
0000, Nakajima and Omori (2010) 0, 000000000 Sv0000000
000000000000000000000000000000,»0460000
00099000100000000000000000000000. 000, 0
000 Nakajima and Omori (2010)0 00,0 (5)000000 GHOOO ¢t000
0000SVOOODOD0D00000000000. 00, Aas and Haff (2006) O O
0000000,330000000000000.

22 OJU0oboobobobobooboood

svoOooooooboooooooo,000b0ob0oboobobo,bgoo
goboobooooooboboo. bboboo,bboooooobuooobooboa
ooooMCMCOOOOO,000b0bO0b0bOOooooooooooogonoo
000000000,000000000000000O0O0000O0. (MCMCOOO
00000, Koop (2003), Gamerman and Lopes (2006), O O (2001), 0O (2003),
00O (2001), D0 (2005)0000).

00,0=(0,0p0,m0,v),y ={ytiz, b ={h}i, 2 ={x}, 0000000
O,76)0 000000000 000.000y0OD0OD0O0O0OD0O0O,SVLSKtOOO
0000 (0,h,2)000000000000O,0000000A0.

_ A%, ohe/2)2
(0, h, zly) o< w( bae )}

(yt
X H \/%\/Z_teht/Q °xp {_ 22t€ht
_ (hes1 — Phe — Gr)? }
: H maﬁ Xp{ 20°(1— ()
A2 A2\ 2 n v/2
y V1—¢ exp{_(l ¢ )hl} o | (;(/5;2) oW oy (_%Zt) .

2o 20 1

DDD,Bt:ht—M, thzt—,uz, gjtZpa(yt—ﬁiteht/Z)e_ht/2/\/z_tDDD. MCMC
I A A A 6



1.6, h, :000000000.

2. ¢lo,p,p,B,v,h,z,y0000000000.
3. (0,p) |6, 11, 8,1, h,2,y0000000000.
4. plo,o,p,B,v,h,z,y0000000000.
5. B|é,0,p, v, h,z,y0 000000000,
6. v|o,o,p,p,8,h,z,y0 000000000,
7. 2|6,h,y0000000000.

8. h|6,zy00DO0ODOOODODO.

9. 2000.

o000, GHO00¢t000000ooOo00oD z0000000D00000DO
oooooo.ooboogovroo,:000000000000O0C00O0O0O0O0O0OO
O00,00000000000 :00000000000000000O0. 20
oobooooboooboo,bcoboboooooooooooobooooboooDbooDn
oo,b000000000000D0000DObO00DO.DODO,00008000DO
OoooooooooooboeROoOobDOOOODOOO,SVOODDOOOOD
Ooboobooooooooooboobooobbooon, 00 single-move sampler,
multi-move sampler, mixture sampler 0 300000000000 O. multi-move
sampler O Shephard and Pitt (1997) O O O Watanabe and Omori (2004), Omori
and Watanabe (2008) 0 O O O, mixture sampler 0 Kim et al. (1998) 0 O O Omori
et ol. (200 000000000000 O00O0OO, single-move sampler 0 00 OO
000000000 oo00. (b0o00,00 (2000),00000 (20080000
O0000). 0000, Nakajima and Omori (2010) 0000, SVLSKtO OO O OO
O multiq-move sampler OO0 O OO OOO00O. OOOODODOOOOOOOOOO, O
OBOOOODOOO.



23 UO0O0ooobon

ODO00, SVILSKtODOoooDoOo Ssvtoooooboooobooobooo
gbooboobbo,bbobboobooboboobboobooboobobo
(marginal likelihood) 0000 1000000000000. 00000,0000
gobbobbbouooooobbbbuoooogobo,bbouoooobobbo
gobbobboooooboboobbouooob. ggooobbobbuoooan
0000000 (0oo,00 (2001),000 (2000)0000), 000000000
O00000000.0000000060000,00000m(y)0000,00
gobbooogad.

logm(y) = log f(y|©) + log 7(O©) — log 7(B|y). (9)

000, f(y©)DOOoOO, 7()000000000, 7(ly) 000000000
O000.000000000,0000m(y)0000000O0O0DO0O0O. SVOOOO
gobbobbbouooooobbobobuoooog,obbobboouoooobobobo
000000 (particle filter) 000 0. OO, 0000 Pitt and Shephard (1999) O
O0000000000000000 (auxiliary particle filter) 0000 0. (D OO,
Chib et al. (2002), Omori et al. (2007)0000). 00,000000000 Chib
(1995) 0 0 O Chib and Jeliazkov (2001) 000000 MCMCOOODOOOOOOO
O0000o00o0OoUo0.oo,0(9oOe0oo0o0oOO0UOOO,0DDDO0O0O00O0
gbogbobodbogobuodboobbooboobbooboobboon.
oo, boobo0boboobuooboo,booboobbo vaROoOoO
gboobooboboooboooboob,boobb. oobbn000000
O (y1,...,y,) 00000000 10000,000n+100000y,,0000
gob.y,000ooobboo,goobbbuoooboboooobn.

w(naaly) [ [ [ £naslb.hz0)m(6. b 2lg)dban (10)

obooooooMecMCOODOOOODOOooDOooooooooboooobooo,
Yy O O0O0ooooooboooobobuooaon.

(i) i1 |0, hn, 2y, 0000000000,



(i) 2.1 |»0000000DOO0.
(iii) Yns1 |0, hps1, 2 0000000000,

ooooooboboboooogoBOOobDOoODOO.

3 S&pPH000 0000000000

3.1 000

00O00,0000000 S&P500(000000000005000)00000
O00000000000.000 RO00O00O00y, =logP, —logP,_,00
000000000y 000.00000000000000000000000
10960 10 2000 20010 100 10000 1,500000000. 0000000
020000000,00000001000000000.000 —0.2726000
00,0006.35140,00000300000.00,0000000 0000
ooOoooOoooOooooooon.

0.061
0.04~

0.02r

IlLll\M\‘l‘MM\‘ M\Nllml i\'m H M IMM \xlh \l‘“” ,\Hi M'h d\ UI J‘MJI \
} i ! [' “ “l V w m\ H!' v H 'l H\'U [” Nlll‘l

0.0

o

-0.021

-0.04-

-0.061

-0.081
1996 1997 1998 1999 2000 2001

0 2: S&P5000000000000000 (1996/1/2 - 2001/10/1).



gooo 0o gooo EEN 00 goo o000
1,500 0.0003  0.0118  -0.2726 6.3514 -0.0711 0.0499

0 1: S&P5000 00000000000 (1996/1/2 — 2001/10/1).

3.2 U0OOUOobobOobboobooood

S&PHO0000000O0OO00O0OO00OOSVLSKtOOOoooooo. oooooo
g,0boogooobooogboboooobn.

1
% ~ Beta(20,1.5), 0?2 ~ Gamma(2.5,0.025), p~ U(-1,1),

p ~ N(-=10,1), B ~ N(0,1), v ~ Gamma(16,0.8) I(v > 4).

oo0,/()00000000. O00D0000D0D0D0D0DoDoDooooooooo
00000000, (p+1)/200000000000000D000OCO (0.86, 0.11),
c?000000000000000000 (100,63.2)000. v0000, v >4
0000000000000 0000000ooooooOO (20,5)000.
MCMCOUOOODOODOOOOODO, 000000 (burn-in period) 000 00O
2000000 0OO0Og,200000000000000O0DO. DDO0DDbODOODOO
00000 0x5.0(Doornik (2006)) 00 0000C. O3000000000000O
O0D00000,0000,00000000000.0000000000000
O000000000o00ooOo0ooo0ooooooooOoo,00goooag
O000ooO0ooooooooooon. oo, 0oo00oooooooooooon,
00000 Metropolis-Hasting (MH) OO000000O0OO0OO0OO,00 MHOO
O00000000000000, ¢0 96.4%, (0,p) 0 96.5%, vO 98.7%, 20O 85.9%,
O 0 A 0O multi-move sampler 0 AROOOOO 87.8%, MHO OO OO 85.5%0, O
OO0o0O0DOooooooog.
020000000000,000000,9%%0000,000000 (inefficicy
factor) DO 0. SVLSKtOODODODOOOO, SVt OOOOOODO0DO0DO0DO0DO0OO0OO00OO.
000O0000DO000O0DO00DO0bO00DO0oDO00DO0obOOoOoDOoDbOoOoDO

10



ir
400 800 400 800 400 800 0 400 800 400 800 400 800

—0.4
0.975] -9.00
0.950 -0.6 —9.25
-1
0.925r- -9.50
0.20 —O 8 ‘ ‘

20000 0 20000 0 20000 0 20000 20000 0 20000
40— H 15 0.10- V

4
r 15 5.0
sop 0 8 1.0F
20 2
[ 25 05l
10 5 1 :
A I L I}

0.9 1.0 0.2 04 -08 -04 -10 -9 10 30 50

0 3:S&P5000 000000000 SVLSKtOOOOOOOOD. 00000000
(00),0000(00), 00000000 (0o).

O0000000OD0O0OD0ODODODODOOODODODOODOOO. (000,000 (2001)00
0). 00000000000000000,00000v»00000 SVLSKtOO
OO0 mioboooboobooobooboob. boobooboobooboooboOo,ebbO
gbobobobgoboounonoil1bob,boboboobobooobobobo
U,pbdogbbbuoodbbbdug -0500 —06000, 000000000
OO00oOoooboobobooo. SVLSKtOoooooD pobobooOd —0.60980
O000,9%%00000 [-1.2086,—0.1334|] 000000000000 0OO, 00O
gooboobbooooooobboobobbooooooonbooboboog. vO DO
gbob200000000,00b0b00000b0bO0o0bO0obOobbOoDbo
OoboO0.200000000v0000D000O00ODOOOOODO,SVLSKtOOO
O0psb0000bDOobo0oooobboobooboOo,21b00bogooosvLtoog
gobobooogbbobuoooobbbooobboboooon.
g200d0d,bbobooddddogoooooooobbobooboobobob. 0o
gbg,0bgooboobbobboobooboobboobooboobobo
g,0bbodugodgbbb iocooobbbboooobobbog,oobbobo
0000000 Chib (1995) 0 0O Chib and Jeliazkov (2001) 000000000

11



gooan

SVLt

SVLSKt

0.9171 (0.0167)
0.8808, 0.9459]
31.3

0.9487 (0.0108)
0.9256, 0.9678]
44.9

0.3123 (0.0277)
0.2646, 0.3709]
77.0

0.2382 (0.0222)
0.1989, 0.2830]
97.8

-0.5266 (0.0626)
[-0.6404, -0.3962]
375

~0.6358 (0.0649)
[-0.7530, -0.5013]
70.7

-9.2559 (0.0991)
[-9.4487, -9.0565]
13.7

-9.3219 (0.1156)
[-9.5504, -9.0933]
13.2

-0.6098 (0.2754)
[-1.2086, -0.1334]
124.4

20.089 (4.6331)
[12.593, 30.838]
155.8

20.539 (4.4072)
[12.843, 29.971]
156.0

goooaoo

4668.11 (0.48)

4676.82 (0.56)

O 2 S&Po0000000000O00DOOO.100:00D0O00O0O0O0ODO, 2
00:9%0000,300: 000000. 00000000000000ODOOO
goboo.

O.SVLSKtOOoooooooosvtgoooooooo,00boooooog
OObDOoOoDSvLSKtOodooooooooooooboooooooooooboo
O 0. Nakajima and Omori (2010) 0 O, S&P5000 000000 TOPIX(D DO OO
00)00000000000000000O0O00000OOoODODOOOoOoOoOO,
O00oOoooooooo,SsvLsKtoooooo svitooooooooooooo
gobbooogbbbogg.

3.3 VaRUOUOUOOOoooooooooood

o000, VaROODOOOOOOOOODOODOOOOODOOoOooOg, SVLSKtO
goobopooobo. vaROODDODOOOOOoooOOOo0,dggooooboobobo
guoooobb,ggouobobbbbodooobobbuooooobobobbooa
O0. (000, Eberlein et al. (1998), Aas and Haff (2006), 00 OO0 (2001), O

12



00000 (200600000000). VaRO,0000,000000000000
00000000000 DO0DO0DO0DbOO0DO0ODOO0ODOO0ObOO0DOO,000,00 aO
VaROOOODOOOOOOOOOO 1000000 (quantile) 00000000, O
O0,00000000000, conditional VaR, mean excessloss0 00000, 00
OO0 VaROOOOOODODOOOOoOoooobobobobobooooog. vakROo
0000000000000 00000,000000000000000000
00000000000, 000000000DO00O00DO0DOO0DO0oDOooOoogd
0000000000000 0O0O,VaROODOOODODOODOOODOooobooooo
O0000000000. 0000, Aas and Haff (2006)0 0000000 VaROO
O00000DO000000D00DOO0DO0oDbOOooOO.

00001990 10200020010 10010000 S&Pr000000000O0O
O@O000015000)00000,000000 2005080 220000 1,0000
O00000ooOg,0250000000000000.00,000 1,h0000000
gbobobobobogo,10ooobooooobob.0bobobobOono vakr
O000000ooO0o0o000ooooog (1h01000000)0D00OD0O. ODOO
000 1o0bgoooo,20000 101000000000 o0ogoooooo
00,15020 00000000000, 00000D0DO,000000000DO
000 000000000000.00000DO0DO0OO0ODOO,VaROOODODOO
000000000000 DO00DO0b0o0oO0oDOD0ObOOoDOOobObOOoDOoDbOoOO
O000000000D0. 0000O0bO00D40000000000D00O0D00ODOO
DO00oOoDoooo.

O0Oo0ooOoooooo,SVLSKtOboooooooorooooooooo.

e SVOUD:0000ODOOOOO (p=0),000000D000CDOCOOO0O

e SVLOUODO: DODOOOOOODO,0Db0DbObOOODODOD

e SVtOOUO: 000DOOODOOOO,00DOO0O0tODOODOOOOD

e SVLtOOD: OODOODOODOODODO,OD00D00D0¢tOOODOODOD

e SVSKtODOO: OOOUODOODODOO, 00D GHDOODOtOOOODODOO
e SVISKtODOUO: DOOODOODOODOOLO,0b0GHOOO+tOOOOOO

g
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e SVLAHtOOO: 00000000000, Aas and Haff (2006) 0 00000
00,000 %~ IG(v/2,62/2)00000000 GHOOO +000000
00

0000000000,00000000000000 VaROOOOO0O0OO0OOOO
0000000000000000000000000000000.

00, a=0.005001,0050000,000 100(1 —a)%0 VaROOOODO. O
000000000000000000000,000000000000000
00000000.000000000000,0000000100000000
0000000000000.00000MCMCOOOO0O0000000000O,
230000000010000000000000000000000,0000
000000000000 100a%0000 VaROOOOO0O00. SVLAHtO OO
00000,0000000000,6~IG(4,04)000.

000000000000000000000000000000000, Kupiec
(1995)00000000000000. 00000 VaRO VaR(a)(0ODODOOO
0),1000000000000 VaROOOO, 0000 g < Vak(e)D0OODOO
On.a)000. NOOODOOOOOOO VaROOOOOOO 00000000
00000,00000000000000,0000,1)0000000000
Kupiec (1995) 0000000001

7 () N—n(a)
A=2k%{(5%9) (1—3%Q> }—zbg&wWW1—awrmw}

ooOr70o0ob0o0obooO,b0b0o0 vaRODbOOoooboooboooobooo, b
O0bO00o0oobo0obooo. 0300000 VaROODOOODOOOOODOOODOO
OO00dp00OO000O00OD0O. 0000 VaROOOOOODOOSVOOOODOO
OoO0,000 SsvLOooooobobobooooooo.bobobooboooogooo
OOoooooog. SsvoooosvLooooooooooooooooogooo
goo,0dboboobbooboboobbuooboboono,vaROobOooooo
O0000000000000. 0000 10%0000000,SvO000oooo
gobbbbboooooobbb,buodgoooobbbboouoooobobobo

0000000 VaROOOO0O0O0O0O0O0OO0O0O0O0O0OO 1/00200000144d.00000,0
0000000000000 »?20000000000000000.0000,00000000
obooobooboooooboooooon.
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() 0000 VaROOOOOOO
OO0 SV SVL SVt SVLt SVSKt SVLSKt SVLAH¢

5% 62 92 49 43 20 40 47
1% 16 9 6 6 6 6 6
0.5% 11 3 2 2 2 2 2

i) 000000000 pO

OO0 SV SVL SVt SVLt SVSKt SVLSKt SVLAHt
5% 0.093 0.773 0.884 0.299 1.000  0.133  0.660
1% 0.079 0.746 0.170 0.170 0.170  0.170  0.170
05%  0.020 0.333 0.126 0.126 0.126  0.126  0.126

O 3: VaRODODOODO. OOOOOOO 1,000000.

oooooo.

00,0000000000000000. 0000 Embrechts et al. (2004) 0O
O00D0000000. VaROOOOOOOOOOOOO0O0O0O0OOOODOOOOO
000000000000 ES,(e)000.00000,00000000 VaROO
0000000000000000O0DODOODO. 0000 VaROOOO,0000
v, < VaR()00DO0¢0000 k(e)000, (a) = y—ES,(e)00000. OO,
50 {6,(a)}¥, 010000000, §(a) <d¥DODODDt0000 7(a) 000,
000, n(a)0 §(a) <@ 000000¢t00000000. OO0, Embrechts
etal. (200H)000000000000000000 D(a) = (|Dy(a)|+ |Dy(a)])/2
Oooo0O. o004,

n.(a)

Di(a) = —— 3 Gfa),  Dyfa) = —— 3 4(a).
tek(a) ter(a)

Di(0)00000000000000,0000000 VaROOODOOOO,000
0000000000000000000000000000000000000
0.00,Di(e)0 VaROOOOOOOOOO00000,VaROOOO0O000 Dy(a)
000000000000, 00000000000, VaROOOO0000000
00000000000000000D,000000. 0,0000000000
000000000000000000000000000000,100a0000
0000000000000, D(e)00000000000000000000
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(i) 000 Dy(x10?)

OO0 SV SVL SVt SVLt SVSKt SVLSKt SVLAHS
5% 0.002 0.172 0.168 0.164 0.192  0.157  0.212
1% 0.143 0.240 0275 0.166 0275  0.027  0.140
0.5% 0305 0.303 0276 0.111 0222  -0.051  0.149

(ii) 000 Dy(x102)

OO0 SV SVL SVt SVLt SVSKt SVLSKt SVLAHt
5% -0.162 0.049 0.150 0.187 0.140  0.208  0.194
1% -0.184 0.254 0.380 0.390 0.352  0.351 0.346
05%  -0.215 0.289 0.489 0493 0424 0355  0.415

(i) 00000 D(x102)

OO0 SV SVL SVt SVLt SVSKt SVLSKt SVLAHt
5% 0.082 0.111 0.159 0.175 0.166  0.183  0.203
1% 0.164 0247 0.327 0278 0314  0.189  0.243
0.5%  0.260 0296 0.382 0302 0323 0203  0.282

U4 000000000000000.

goboboooooboobod.

0400,700 SsvOO0O000OOO0O0OooOOoOoOoOoDOoOoOoOooOoOoOoDoboOoo
oooboooooob. bobooo p,00b00,0000000 SVLSKtOO
Ooooooo,000Svtooooobooooooooooo. 0g, SVLAHt
o000, 5%, 1%00000000,05%000000000000000000
0.SVvOoooos%000000000000000000000,000 VaRO
ObOobooo vVaROOOODODOODOODOO,0D0000Db0O0O0O0b0ObDO0ODbO
oooooo. oo,000 bp,OobOOoo,svooooooooog,svLoogo
gbobooboobobboobooboboo. VvaROODOODOODOOODO
oooooobobooooooo,SsvLooooooobooboboooooo
00000000000, 00, SVLSKtOOOO 1%, 05% 0000000000
000000000. 00000000 DOODOO,SVOOOOOoOooog, s5%0
0000 SVLOOOOOOoooooooooooo. s%000o0oooooog,
gbbodbbodgbboogbobboobboobo,t0obboobboobb
gboooboo vVaROOODOODOODODOODOOODOOOODDOODOODOO.
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1%, 05% 0000000, SVLSKt OO OO0 O0O00oooooooooo. 0ooo
SVLOODO,SVLAHtOODOOOoOOoOOooOo,Svitoooooooboooooogo
gboo.bgobgobuoobooboobooboobooboobobbo
gbogboobboobb.oboboobuodgbuoobooboobboboba, b
gobbobodooooobobobbbuooooobbob,boooooobobobo
ggoobobbooooooooooobboob. ob,ooobbboobbo
SVLSKt 00000000 oooooooboboboosvitooooooooo
O00000oooo,s%000000000000000000000O0,0000
00000 1%, 05%0000000000000000000000000000O
goboooogo.

4 QOOUoogouod

gboob,bobooboboboboobobob,boobbbobooob
guoobbbogoooooobbbbooooob,oooooobobbooa
0000000 t000000D0000D000,000000 S&P50000000
ggboboooooboboooouoo. gguobbboooo,ooooboboboo
00oooooooooboboboDboOo,0b0bob0on0 VaR, 00000000ODODOO
O0O00oooo0oooo.0o0oo,00b000svLsKtoooo,0ooo0ooon
OooogsSvitoooooooooooooo,0bgrogsSvoogoog vaRk
guoobobbbooooouobobbbooooo,buoooobobobbuooa
ggoooooooooboon.

godoobbuoooooooboooooouobbbboo,gobbbooo
goobooobooooobnobobbooogu. oobbbbooooooboo, o
go0boooboboooboboooobooobobooooobo, bodg, Eraker
(2004), Chernov et al. (2003), Raggi and Bordignon (2006) 0 0000000000
0000000000, Durham (2007) 000000000000 (Mixture normal)
O00000O0O0oOoo SsvoOooo,0b0o00oooboooobooooooooo
SVLSKt O D OODoDOoOoooooooooobooooooa.
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A 000000 (GH)ODOOtOO

04000000 GHOODOODODODODOOoOoOoOoooOo.

( 62))\/2h(wt|5 :uw)
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ooo K-DDDjDDDDDDDDD3DDDDDDDDDDD,@Z\/72+BQ,
)\—/\—1/2 h(wg|0, py) = \/52 w— 1)’ 000. 000000 GHOODO tO

DD,A:—V/Q,(S:\/5,’y:O,,uw:—ﬁuz,uzzy/(y—Q)DDDDDDDDD
O0,GHOOODOO0ODOO0ODOO.

SVLSKt OO OooOoOo0oO,0000000fb0obobbo0obooooboo,00o00o
p#00000 ¢ O0D00DODO0ODOODOODOODOODOODOODOO,D000000
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f(yt|ht) - ’ & ( >u+1 ) (ﬂ 7é 0)7

25 VAL (5) (Ve +a/18) °

oo,

f@Nm==—l%%§(L+ﬁ>_ M2 (3=0).

000, § =yexp(—h/2)+Bp.000. 00,40 00000000000000
oooo.

Elylhd] = p+ Uﬁ_yg’
952,
Var[yt!ht] = (V _ 2?222 — 4) * v i 2’
_ 2\/v(v—4)3 8%
Skewness|y:|h:] = 20 + (v — 2) (v — 9P {3(1/ —2)+ v— 6} )
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{26 + (v = 2)(v — 4)}"
168w (v —2)(v —4)  8B"*(5v — 22)
—2)* (v —4
X{(V Jlv=4)+ v—=06 * (v —6)(v—38)
00,000,k000000000000D000v>2c000000000. GH
00000 GHODO¢tOOOODOOooOoOoOooOo,00 (2002)0000000.

Kurtosis[y| h]

B 0O00O0bUooooooood

(0000 2) ¢000000 7(¢)000. ¢000000000000 7(¢]) (=
(oo, p, 1, Byv,h,z,y)0,0000000000000.

(8] w<¢>ﬁ_¢%xp{ (1§ s — ol ))}

 202(1
x ﬂqb)WeXp{_%}‘ -
ooo,
D v/ N L ey

pPh3+ 30 by pPhY 4+ 300, hE
oo oooogoooooooooog
D,MetropolisHasting(MH)DDDDDDDDDDDDDDDDDDDDDDDD
000000, (00O, Chib and Greenberg (1995), 00000 (2008) 000 0).
DD,D(ll)DDDDDDDDDDDDDDDDDDDDDDDDDDDDD,D
0000 TN 1y(ue,02) 0000000 ¢*000000. 000, TNy (p,o?)
gdd w 00 02DDDD(a,b)DDDDDDDDDDDDD.DDDDD o*0
goopooggo.

gobooboogg,bboggaon.
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(00003)e0p00000000000000.9¢9=(s,py/00000,0000
0#(¢)000000,9000000000000 7(d]) (= 7(0)é, w1 B,v,h,2,y))
0D00000000.

2 2 nolg
w(ﬁ|.)o<7r(19)><a"(1—p2)"51exp{ (1_2th ; htglaz_f}_” ))}.5(12)
0o0ooooooooooooooooooooooooooooooooooon
00, MHOOOOOOOOOO. 00000 (0,p))0000R={J9:0 >0, |p| <1}
O00. 0000000000000000,0000 900 w= (w,w) 00O
O00000.000,w; =logo, wy =log(1+p)—log(l—p)000. 00000
O00,w00000 R={->x<w <o0;7=1,2}000. 0000000000
DDD(IQ)DDDD(DDDDDDDDDD)DDDDDDD,DDDD@DDD,
00,000000000000@000.0000000 Nw,x)OODOO,O
00w ogogoog. ooo,
Olog 7w(w|)

L Ologilel)
Ow ’

Wy = W+ 20, . ==
+ Owdw’

w=w w=w

gobbbeerbogooooog.

win { 2 Dol B0) )
w1 I (@l TIPS

000, fy(z/p,X) 0000000, 0000000 00000000000,
J()0O0OODOOD0D0O00000000.00,¢ 0w 0000000000.

(00004) 000000 N(p,v?)000. 000000000000 ()
(EW(/L'QS,O‘,p,ﬁ,I/’h’Z,y))DDDDDDDDD.

m(p|) o eXp{_(“_“0)2_(1—¢2 h2 Z{hm_ ) — ¢(ht) 1) — Qt}Q}.

202 202(1 — p?

ooo,

7= {lz LA=p)A=¢") + (=11 —¢>2}1,

Yo o*(1—p?)
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. az{@+<1—p2><1—¢2>h1+<1—¢> ?;f<ht+1—¢ht—yt>}
At 0= ) ‘

gbooboobbooboobooboooboobooboobobono,bo

00000, ul ~ N(i,e?)0DODO.

(00005) 000000 N(B,e)OODO. 000000000000 7(8)

(8 — fo)” = (g — Bze/?)?
W(ﬁ| ) X  exp { 208 ; 22t6ht
_ nz_l {hit1 — Ohy — po(yee™ /2 — Bz,) |z}
20%(1 = p?)
ooo,
1 ot o2
2 = - Sty fn
0'/3 - {0_§+1_p2;2:t+2n} )
n—1 _ _ n—1 ,7
— 2 @ 1 Yz YnZn B ht+1 - (bht

He = 98 {0—8 1 p* = meh? T e ; '

0000000000000000000000000000000000,00
00000, B~ N(us o) 000,

(0000 6)yO000000#(v)00000. »O00O00D0000000 n(y|)
(E 7T(V|¢,U,p,ﬂ,ﬁ,h,27y))|:| D D D D D D D D :

n l//2 v
m(v]-) H V/2 2" exp (_2_2,5)

n—1 ,7 - _
(yr — ﬁztehtﬂ)Q (hiy1 — dhy — §p)?
— — > 4.
>< { 3ol e o)

t=1 t=1

gbobooobooboboo,oboobobooobuoobobooobob, MH
gbobooobbodg. ogb,00b03b000,000b0bo0oobboo
gbobbooogbbbuooobbboooobbbuoooobboboaod.
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(Cooo7) ,00000000000000D000DODOOO.

Vgl—i-l v
w6, hy) o gla) xz e (_5)
t

ooo,

(yt—ﬁfteht”)z (}_lt+1—¢}_lt—l7t)2
= — — I(t < .
g(Zt) eXp{ 22t€ht 202(1_,02) ( n)
DDDDDDDDDDDDDD,g(Zt)DDDDDDDDDDDDDDDDDDDD
00000000, 00000 2 ~ IG((v+1)/2,»/2)000 MEDDOODOOD
goboo0O,000b0b0b00000b0b0bo0og. obbbh,000 000000,

min{g(z;)/g(z), 1y 000,

(0000 8)
gobooobbboobobooghAbibdbObOObDObODOn, multi-move
sampler 0000000000000 OOO. AO0D0O0D0OOOODOOOOO 7(h|6,z,y)
Oo0,0b00Arb00000D00D0O0O0DOODOOOO.ODO,0000D00O0OO
ooooooo, (y,...,h,) 000000000 0O0ODCOO, 100000000
gbobog,guboobuodgbboobo,bbogboooboobboobn
O000. 00, Omori and Watanabe (2008), Nakajima and Omori (2010) 0 O 00O
SVLSKt OO 0O 00O 00 multi-move sampler 0000 0OOO.
O00,t=0,...,n0000 ey =hy —p, 000 y=exp(p/2) 0000, {a}},
gbobboooobbbuoooobboboood.

Yy = {521? + \/Z_tgt} eXp(at/2)77 = 17 - n, 0 (13)
A1 = ¢Oét+7]t, t:(),,n—l (14)

000, O = (0, Crsart, Zrs - Zrads Urs - - Yrq) 0000, 000000000
0ooo. 00, (a,...,0,) 000 K+10000000000,00000000
(15> o0,)000. 000, i=1,.... K41,k =0, kxsy =n000. O
000000000, 000, Shephard and Pitt (1997) 00000 00 stochastic

22



knots 000 0O0000,i=1,...,K0000 k = int[n(i+U;)/(K +2)]000
0. 000,0;,000(0,1]000000000000000000, int[]000
0000000000. MCMCOOOOOO0O000000,0000000000
(ki,...,kx)0000000000000000,000000000000000
000000000000,

00,0000000 (ps1,-..,04¢) 00000,0000000000000
0000000000000000000000000. 000, r>0,d> 1,
r+d<n000.00000000000000000000000000000
00000000,00000000.
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g
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n (90@7

6 = (57'+17 s 75T+d)/7 625

23



A1 By 0 o 0

Br+2 Ar+2 Br+3 0
O?L _ :
Q= “Flyumw)=| 0 B Ana 1 |
: ' ' B, +a
0 -+ 0 Bra A
0?L
A, = —E(%2
= (a)
0?L
B = —-E(—"—), t=r+2,....,74+d, By =0.
a@ta&t,1

)jgdbooboobi1b0boboboboobooog.

_ L (e — ) | ye—fie Ofe | Y1 — fu—1 Ofi—1
(575 — - = ‘|‘ *

2 %7 & aa, 2, A

noo,

Bz Q1 — Py 9 000
op o TovE| ot 5| [opexplar/2)y (t<n )
doy % exp(ay/2)y (t=n000),

Oy 0 (t=1000)

day pvEoLexp(ay_1/2)y/o (t>1000),
a1 — pay)

, — (t=r+d<nO00

0 (oooo).

oo,AD000 ppO000O0CO0O200000000,y000000D0O0O0ODO
gobobo,o00obobobodogd.

11 /fom\> 1 [(Om\>
A _ = - /
: 2+&§(&%) +531(a% ),

1 . a:[:Lt—l . alat—l
5-t2—1 3at_1 804,5 .

B,

24



goo

foy) = p?/o? (t=r+d<n000)
S 0 (0DOoOD).

O00,00000000000000000000(@MOO0O00O0000O00)07

oooo,p=pLiO000000000000000 200000000000,
goboboggd.

0
h
+
S
3\
)
|
=
+
N |
=
|
=
&
VN
2Ply
QD Do
2~
N————
|
1=
|
=
+
.
E
QL
L
/T
|
3
+ N
N———
+
[
O

I
5
o
Q
VS
=
D
SN—

000,L,4,QU0000a=6 (0000yp=70000L,6, Q00000
000000000000000¢(yé)0,00000000000000000
000000000000 0000000,MHOOOODOOODOOOOOOOO
0000000.00,000000¢(»e)00000000000000000
0 (15)-(17)000000000000000. 0000,00000000000
0,0000000000000000000000000000000
0000000 2000000000000.1000,00040000000
00.

000000 1 (Disturbance smoother):
1. 0000000,0 (140000,p=40000 a0000000.
2. a=a0000 {4}, {A},{B}00O0OODOODODOO.

3. Dy =41, by =6, 0000,00000,t=r+2,...,r+d0000
opooooo.

Dy = A= DABE, K= Dy b= b= BiD b

25



000, Byrsr =0000.

4. t=r+1,...,r+d00000000,%=4%+D;'%00000. 000,

~ N AN—1 B N ~
Ve =+ Dy BiiQigr, Qrpayr = g 000

5. bbuoooobbouooubooboobooa.

?Qt = Ztat_l'GtCta t:T+1,...,T+d, (15)
Q1 = gbOét + Ht(t, t = ry...,rT -+ d, (16)
G~ N(0, Iy). (17)

000,t=r+1...,r+d0000,
Zy = 1+ ¢D;'Biyy, Gy = (K", D;'Biyo), H, = (0, 0),

O00,Hy=(0,0/y/1—-¢>)000. 0000000000000, Kalman
filter O O O Disturbance smoother O OO0 0O O .

6. 2000.

oobool1ooboasbobbooobooo,ooo, MeMCOooooooon
oobbqphOooobboobbogn.
iboouoboouoobo,pbbbooubbodb,bbooub 1000d
DDDﬁDDD,AR(Accept—Reject)—MHDDDDDDDDDDDDDDDDDD
O. (ARRMHOOOOOO0O00O000,00000 (2001),000 (2001)0000
O0000). 0000, Jong and Shephard (1995) 0 Durbin and Koopman (2002) O
00000000 Simulation smoother 0 0 OO 0.
000000 2 (Simulation smoother 0000 AR-MHOOOOOO):

1. QODDDDDDD,DDDDDD 1jgoooooooooooooooog g
goboo.

2. 0000001000002400000,000000000000000
0o (15)-(17)000.

3.000000,9p 000000000 ¢(y*) oc min{r(y*0), cq(n*|©)} 0 O
Accept-Reject(AR) 000 0000000000000 OODO.

26



(a) Simulation smoother 000 000OD (15)-(17) 00000, 000 ¢
oooooo.

(b OODODODOxyrODO0O0DODOODDODOO.

min{ﬂ(ﬂ*@), Cq(ﬂ*’é)}
cq(n*1©) '

0000000, (a)000ooooon.

4. 0000000, MHODOUOOOOUOO. O0OO0oooooooooo.

- {w<g*|é>mm{w<go|é>,cq@oré)}
(1,16) min{(1"[6). calr’[6) |

(00000000000) ()0000000, h,,m000000.

hn+1|07 h,y ~ N(Mn-ﬁ-la 02-&-1)?
o1 = B+ S(hn — 1) + po(yn — BZ."/?) exp(—hn/2)/v/Zn,
0—7%—&-1 = o’(1-p%).

(i) zps1 ~ IG(v/2,1/2)000000. (i) 0000 h,y, 000 2,,, 0000,
vy 0000000000000.

Yn+1 ‘67 thrla Zp4+1 N(ﬂnJrl? 62—{-1)7
ﬂn-l—l - ﬁ(zn-Fl - #’Z) exp(hn+1/2)7

&iﬂ = Znt16xp(hns1).

Ooon

Aas, K. and I. H. Haff (2006), “The generalized hyperbolic skew Student’s t-distribution,”

Journal of Financial Econometrics, 4, 275-3009.

Andersson, J. (2001), “On the normal inverse Gaussian stochastic volatility model,” Jour-

nal of Business and Economic Statistics, 19, 44-54.

27



Azzalini, A. and A. Capitanio (2003), “Distributions generated by pertubation of symme-
try with emphasis on a multivariate skew ¢ distribution,” Journal of the Royal Statistical
Society B, 65, 579-602.

Barndorff-Nielsen, O. E. (1977), “Exponentially decreasing distributions for the logarithm
of particle size,” Proceedings of the Royal Society of London, Series A, 353, 401-419.

—— (1997), “Normal inverse Gaussian distributions and stochastic volatility mod-

elling,” Scandinavian Journal of Statistics, 24, 1-13.

Berg, A., R. Meyer, and J. Yu (2004), “DIC as a model comparison criterion for stochastic

volatility models,” Journal of Business and Economic Statistics, 22, 107-120.

Black, F. (1976), “Studies of stock market volatility changes,” in Proceedings of the Amer-

ican Statistical Association, Business and Economic Statistics Section, 177-181.

Chernov, M., A. R. Gallant, E. Ghysels, and G. Tauchen (2003), “Alternative models for

stock price dynamics,” Journal of Econometrics, 116, 225-257.

Chib, S. (1995), “Marginal likelihood from the Gibbs output,” Journal of the American
Statistical Association, 90, 1313—-1321.

Chib, S. and E. Greenberg (1995), “Understanding the Metropolis-Hastings algorithm,”
American Statistician, 49, 327-335.

Chib, S. and I. Jeliazkov (2001), “Marginal likelihood from the Metropolis-Hastings out-
put,” Journal of the American Statistical Association, 96, 270-291.

Chib, S., F. Nardari, and N. Shephard (2002), “Markov chain Monte Carlo Methods for
stochastic volatility models,” Journal of Econometrics, 108, 281-316.

Doornik, J.A. (2006), Oz: Object Oriented Matriz Programming, London, Timberlake

Consultants Press.

Durbin, J. and S. J. Koopman (2002), “Simple and efficient simulation smoother for state

space time series analysis,” Biometrika, 89, 603—616.

Durham, G. B. (2007), “SV mixture models with application to S&P 500 index returns,”
Journal of Financial Economics, 85, 822—856.

Eberlein, E., U. Keller, and K. Prause (1998), “New insighs into smile, mispricing and
value at risk: the hyperbolic model,” Journal of Business, 71, 371-405.

28



Embrechts, P., R. Kaufmann, and P. Patie (2004), “Strategic long-term financial risks:
Single risk factors,” Computational Optimization and Applications, 32, 61-90.

Eraker, B. (2004), “Do equity prices and volatility jump? Reconciling evidence from spot
and option prices,” Journal of Finance, 59, 1367-1403.

Eraker, B., M. Johanners, and N. G. Polson (2003), “The impact of jumps in returns and
volatility,” Journal of Finance, 53, 1269-1330.

Fernandez, C. and M. F. J. Steel (1998), “On Bayesian modeling of fat tails and skewness,”
Journal of the American Statistical Association, 93, 359-371.

Gamerman, D. and H. F. Lopes (2006), Markov Chain Monte Carlo. Stochastic Simulation
for Bayesian Inference, Boca Raton, FL, Chapman & Hall/CRC, 2nd edition.

Ghysels, E., A. C. Harvey, and E. Renault (2002), “Stochastic volatility,” in C. R. Rao
and G. S. Maddala eds. Statistical Methods in Finance, Amsterdam: North-Holland,
119-191.

Hansen, B. E. (1994), “Autoregressive conditional density estimation,” International Eco-
nomic Review, 35, 705-730.

Jones, M. C. and M. J. Faddy (2003), “A skew extension of the ¢-distribution, with
application,” Journal of Royal Statistical Society, Series B, 65, 159-174.

de Jong, P. and N. Shephard (1995), “The simulation smoother for time series models,”
Biometrika, 82, 339-350.

Kim, S., N. Shephard, and S. Chib (1998), “Stochastic volatility: likelihood inference and
comparison with ARCH models,” Review of Economic Studies, 65, 361-393.

Koop, G. (2003), Bayesian Econometrics, Chichester, Wiley.

Kupiec, P. (1995), “Techniques for verifying the accuracy of risk measurement models,”
Journal of Derivatives, 2, 173-184.

Nakajima, J. and Y. Omori (2009), “Leverage, heavy-tails and correlated jumps in stochas-
tic volatility models,” Computational Statistics and Data Analysis, 53, 2535-2553.

——— (2010), “Stochastic volatility model with leverage and asymmetrically heavy-
tailed error using GH skew Student’s t-distribution.” Computational Statistics and Data

Analysis, in press.

29



Nelson, D. B. (1991), “Conditional heteroskedasticity in asset returns: a new approach,”
Econometrica, 59, 347-370.

Omori, Y. and T. Watanabe (2008), “Block sampler and posterior mode estimation for

asymmetric stochastic volatility models,” Computational Statistics and Data Analysis,

52, 2892-2910.

Omori, Y., S. Chib, N. Shephard, and J. Nakajima (2007), “Stochastic volatility with

leverage: fast likelihood inference,” Journal of Econometrics, 140, 425-449.

Pitt, M. and N. Shephard (1999), “Filtering via simulation: auxiliary particle filter,”
Journal of the American Statistical Association, 94, 590-599.

Prause, K. (1999), “The Generalized Hyperbolic models: estimation, financial derivatives

and risk measurement.” PhD dissertation, University of Freiburg.

Raggi, D. and S. Bordignon (2006), “Comparing stochastic volatility models through
Monte Carlo simulations,” Computational Statistics and Data Analysis, 50, 1678-1699.

Shephard, N. (2005), Stochastic Volatility: Selected Readings, Oxford, Oxford University

Press.

Shephard, N. and M. Pitt (1997), “Likelihood analysis of non-Gaussian measurement time
series,” Biometrika, 84, 653—667.

Silva, R. S., H. F. Lopes, and H. S. Migon (2006), “The extended generalized inverse
Gaussian distribution for log-linear and stochastic volatility models,” Brazilian Journal
of Probability and Statistics, 20, 67-91.

Watanabe, T. and Y. Omori (2004), “A multi-move sampler for estimating non-Gaussian
time series models: Comments on Shephard & Pitt (1997),” Biometrika, 91, 246-248.

Yu, J. (2005), “On leverage in a stochastic volatility model,” Journal of Econometrics,
127, 165-178.

0000000000000 00O000000O0OO0OooooOO (2001), DO0000IIO0O
gobodoboooboboobooobbooobooo

0000 (2001),00000000000000O000O000MOCOCOOO0OOOO 310,
308-3340

000000000 (2008), DMCMCOOOOOOOODOOOOOOOOOOOODODOO
gboooooogoom21cbooboooo Ioobobgoobooobobuoobgoog,
090, 223-2660

30



0000 (2003), 00000000000 MCMCODOOOODODOOOOOOOOOOOO
0000 (2002),0GIGOO0 GHOOOOOOOOmMOOOOOO 500,020, 165-1990

000000000 (2001),000000000000000OOOO0OO0O0—0O0O000O0O
goboobogboboobooboobo™oboobo20,b 20, 33-680

000 (O) (2005), 0000000000000O0O00O00O0OO
0000 (2000), 000000000000 0OOOOOOO

0000000000 (2006), 0 ARCHOOOOO “Realized Volatility” 00000000
obobobobobobobobombobobo2000,0 24, 39470

31



