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gooo.ooooooyoooobo.boooboobobooooooooobobo.oo0ob,boboo0oo

simulation ——

0 7. 0000Y0000000.0000000 ¢=0100000.

g oooooobooobobobobobobboboboboon. 0o,
gooooboboodbd e=0100000000. 0000000DO000O0O0O0ODOOOOO0OO
gooooo. oobo,01oo00o0oobobbD X, 0bhoooooooooooooooooo
oooooots

Y’t2

1
exp| -], =01 (0000000000 22
o (-35) ( )@

X1 =X +Y,, PV, =

20poo0000 1000000000000000.0000,0000000000000000,0000000
goooooooooobooooo.

B Ooooo00o0000000000000000000000000,0000000000. 0000000000,
0000000 (21)00000,0000000000D0,00000000000000DOO0DOODODOODOO
goooooooooooon.

ooo 100ano
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0000 (22)00 NODOODOODODOUOOOD XyOOOOOOoOoooooooooooooo
goooa.

Xy = Y % (23)

o00,00000,0000000 Xo=0000O0O00ODOOOOO.00,00000 XyO
0000000o0oooooooooooooooDbooo0O. 000,0000 Xy000000,0
o0, XyO00ooooobooobooeboooobooooobboOoooboooooooobon
obo0.000,0b000 XyOooooooboooooobob.ooobooo

N
>y,
t=0

ooo. o000 E-- 00000 ---00000000.000000000O000O0O0OOOO
googo

EXy] = E = EYo]+ EMi] 4+ E[YN_1] =0 (24)

N—-1N-1 N-1 N-—1
EIX}] = E|> ) YYi|=> EN+2> Y ENJEY]=No’>=03 (25)
k=0 [=0 k=0 k=0 l#k

000.000,0000 Xy00000,000%=Ne?00000000.0000,X00
000000000000000~v/NOOOOOOODOOOOOO0O000O000000000
00000000.0000000000 (000000000)00000000000000.

211 000000 —OOO0ODODDOO —

0000000000,0000 Xy OOOOooOooDhoooo eyO00OOoooad
Ay _ Yo+ V44V

7 = 26
A Vo (26)
ON—-co00OODOO,00100000MN(,1)000.000,
1 Z2
Pa(Z, = ——exp|——= 27

Jgood.0oo  NOODOoOoooooooD,0000 ZyOooooooooooooooda

000000000o00do. 0000oooo00o (26)00000000000 Y, 000000
oooo0O,0000000000DO0O0O0O0ODO,DO000DDOO00D,Y,0000000DO
000, ((260) 00000000000 ZyON—-o0coOOOOOOOOOOOOOOOOOOOO
ooo.

obo,y,0oboooooob e0OooboOoo

1 1
P(Y)) = 8(Yi—o)+58(Yi+0) (29)
gooo,00o0oboooooob. oogboboooo

1 [ 1 [*>
E[Y}] = 5/ 5(Yt—c)Yt2dYt+§/ 5(Y; +¢)Y2dY; = c* < o0 (30)

oob 160000
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N-1— N=10 — N=100 —
N(OL) - NO) - 08 N©.D) -

PO
PO
)

w %

4 2

N=100000 —
N©)

g

mm%ﬂ ‘"{

O 8 P(Yi) =(1/2)6(Ys —c)+(1/2)§(Y: +¢) 0000000 ¥; 000000 Zy0OODOOO NOODOOOOO
0000 AN(0,1)0000000. 0000 ¢=001000000,000000000000 1000000000000
0000O00. N=100000 N =1000000 000000000000000000 N=100000000000000
000000000. 000000 P(Zy)00DOODOO0OOO0O0OO.

goooooooooo.obo, o0y, 0000b00 Zyo NOOOOODOOOoOooo, o
0100000AM0,1)0000000000000.0000000000000000000
00000.0800,0000NO0O0DDOOD Zy0OOOOOOOOODO AN(0,)O0D0O0O0
gooooooob. bo,00boboboooboboooo,0o0ooooboooooboooboOo 30
O0o0oUooOooooooogEou)oooooo.

22 0000

0000000000000000000000000000 P(Z)---Pe(Zs)000000
000000000000.000000000,000000 (00000000000)000
0000000000000 0000O0O0.

000,z=X,02=X,000000000000 f(z),9(zx)0000,000000 Xy, X,
00 X=X,+X, 000000

Py(X) = /Oo dLF(X — )g(t) = [+ g (31)

—00

oob 1rgoogo



ugbo oooooao 2007 0000o0O00oo0o0oO (Do .00 00)

ggboobooboobooboo. boo,oobooobooobooobooobooboaong
00o0o0oo0o0oo0ooooooUo,@)yoooooooooooooooo

$2(q) = f(@)ila) (32)

Ooo000.000
a(q) = 1 - Py(X)e "XdX (33)
o = [ f@ewan o= [ gwera (34)

00000000000000. 000, X,,X, 00000000000 P(zx)000000, 0
00,000000 f(z)=g(z)=P(x)000,0 (32)0

@) = @Y, o= [ P@emd (35)

00000000000.0000000,0000 X1,X,,---,Xy000000000 P(z)0
00000,X=X1+Xs+ - +Xy00000 Py(X)0OOD0D000 ¢n(g) 0 P(z)000
0000 ¢(q) O

on(g) = {o(@}" (36)

00DO00DbOO00O000O00. 0000,y 000D0O00DO0O:
Pn(X / on(g) e Ndg (37)

0000000000 Pv(X)OOOOOD P(x)00DO0OO0O0OO,0000 Px)ODDOOOOODOOO.

221 0O000OO0OOO0OOOOOOOOOO
gogbgooooobooboobbooboobooobo.

(1) P(z) 00000000
0000000000000000000000000000,0000000 NOOOO
000000 X=X,4+---+Xy0000000 Py(X)00OO0O00000000000,
0000000000000. 000,0000000000000,0000000000
0000.0000 N(0,0) 00000000 y=02/2000

o0 d.]: 22 . 2
= e 202 ' =774 38
() /_oo\/% (38)
000000.000, ¢n(g) ={¢()}¥ =e M 00000,0000000000
1 [ > 1 X2
Py(X) = — N emiaX gy = —— 39
X 2 ¢ ¢ 1 V2rNo exp( 4N02> (39)

O00.000,P(X)00000 P(x)0D0000O00DO0OOOOODOODOOODOOOO
gooooooon.

oob 18go040o
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(2) P(x) 00000000000
OX=X,+-+Xy0000: X1, X, -, Xx00000 P(z) 0

v 1
P) = T2+ a2 (40)

gboooobooooobooooo,oooboooon

vy 00 eiqz B
9@ = ;me+ﬂ¢m47M (41)
IZIIZIIZI14.DDD,(ﬁN(q):e*NV'q'DDDDD,DDDDDDDDDDDDDDDDDD
1 [ , N~ 1
Puv(X) = — “Nolglg=iaX g — 220 = 49
N( ) o7 _ooe e q . (N’}/)2+X2 ( )

00000Y%. 0000000 P(x)0000000000OODO. 000,00000000
gogboobooooboooobooa.

222 0OO000OO0OO0OOOO

000000000000000000000000000000. 00,0000000000
000000000 —Oe,e?d 000000.0000,000 «000000,00
000000000000000000000000

#lg) = eld" (43)

gbooooob.oob,e=200000,c=100000000000000000000¢0
0.0000,000000000000 P(X)OOUOOOOOODDOOODOOOOOOO,000
gbobooooooooobooooboo

1 o0 [e3 s 1 o0 [e3
PL(X) = %/ dge " gm1aX — ;/0 dge 11" cos(gX) (44)
—o0

O0000. 00000 e=1500000000000000900000. 00O 90)0O
gbooooooboboooobooooobooboobooooo.bobooooobo,ob0o
P(X)O XOOOODODOOOOOOOOOOOOOOOOOOO0OO0O,0000000000000
00oo0oo0oO0ooooo0oO0oooOooOoooO0oO0o0o0D. 00,400 |X|>»10
gboooooboooon

Pp(X) ~ |x|7FV (45)

0000000000000o00. 0000 P(X)00O0D0OO0OO0OO. 00000000000
0O.090)0000000,000000000000O00000DOO00O00OOO0ODO. DOO,
ooooooooooooo0 Xk =X+, 000, 000000000000,0000

M OpoOo0000000000,000000000000000000000.00000: €42/(z4iv)(z — i)
00000 z2=+iw00000,0000000 #y0000O0D000000 ROODODOOOOO [-R,R 0000
00000000000000,000000000 Res(#y) = lim,—i (2 —7)e'9% /(2 +47) (2 — iv) = e~ 7149l /24y
00000,000000 CRO00000 R—oo 0000000000000, 0000000000000
#(q) = (v/m)2miRes(iy) = e Vldl DODODO.

5 e71X = cos(qX) —isin(¢X) 00ODODOOOOO.
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0.3

simulation —— j j " dmulation ——
analysis: o0 = y= 1.5 ------ analysis -------
N1 ——

0.25 -

0.2 | 0.1}

P(X)

0.15 -

0.1

005 | p jm
0 L L L 0.001 L
10

-10 -5 0 5 X 10 15 20

09 «=150000 P,(X). 00000000000 0000000DO00D. 000 (44)0000000000
ooooooooo.ooooooooooooo0oooboboo0ooooooooo. oooooooooOobOOoboObOboD
ooooooooooooooooooobooOboboooon.

gbooooooooobo y,0boooooooooooobooobooooooobo.boboo
gbooooooooooo. oo, gbooobooo,bobobobobobooobooboon
O00000000ooooOoo (Lévy flight) 0O0O0OO0OO0OOOO.

goboobooa,boobobobb,obobooobooboobboobbobbooboon
gogboobooobooo,bobbooboobooboobo,oobboobboobboobd
ugb.0b0ooooboooooboboooobob,b0obooobooboobooocoooboon
gboooobooooo.

223 0O000OO0O0OO0OO0OOOOOOOOOOOOODOO

000000000 O0O0O0O0000000O0O0,0000 4) 0000000 oooDOoOoo
0000o0.000,00000000 4) 0000000000000 O0O0ODOO0ODOO0OO
go,b0000000b000b00o0obo0oooooboooooooobooooooooboooboon
oo.

0000000000 (0,1)00000000000000000O0DO0O00O0O:

Xns1 = aXp(l-X,) (46)

ubd,e=400000000000000000DOO0ODOODODOO,00D0ODOOOODODO
0,00000000000000000000 (0 1000). 00D00DO0O0DO0OO0OO0OO0OO0OO
gogboobobobooboboboboobooobooao.

ggbo,0boobooboboooboboobobobobooboobobDoobobooobon
0000 (Umeno 2005).

1 . 1

000000 NOOOOoooooDOoOOO0oOoOo,b0bb0b000000000000O0DOODDOO
ooooooooooo XG4), i=1,---,NONOOOODOOOOOOOOOOOOOODO.O

N .
X = Lﬁi(z) (48)

1/«
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0 10: 000000000 Xp41 =4Xn(l-X,)O00OOODOODOO0OO0OO0OODOOOOOO.

gbooooobooooobob0 Xoooboooooooooob,booooobooo NOODOo
ooo0b00o0 xXooooooooooooo. o011 bo00ooo00oo. oooog,00o00
goooooo0 NOODOOOOOODOO,0000000000000O0D0O0O0O000ODO
000000 44)00000o0oooo0ooooooooooog.

23 UO0O0o0oobooboooon

ogbooooooooboood:
Xiy1 = Xi+Y;, P(Y:) =N(0,0) (49)
gooo,0oooboooooboooon:
El(Xet1 — Xo)(Xep1 — Xy)] = E[Yf]=0? (50)

gbooooooboboooobooooboo. bobo,b0bo0o0booboobooocoooboon
gb,0bobooboobooboboboboobobooboooob. obo,obobooooo
ggboobobooobooobooobooboobooooobooboooboo.

2.3.1 ARCHODO

00o0opoooooo,0b0oo0o0oo00o0000oo000oOoo0oooo0oon ARCH
(AutoRegressive Conditional Heteroskedasticity) 0000000000000 . 0000
O ARCHOOOOOO ARCH())OOOGUoooOooooo.

Xiv1 = Xi+Y;, P(Y) =N(0,0¢) (51)
oty = aot+arXy (52)

oobO 210000
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0.35

0.3

025 analysis: o= y= 15 —

0.2 |-

P(X)

0.15 -

0.1 |-

0.05

-10 -5 0 x 5 o 10

0 11: a=~v=1500000000 PL(X). 00000000 (47)0 NOOODOOOOODOOODOODOOO
000000O00000. 000 (44)00000000000000O000O00. 00000000 NOODDOOODOD
oooooooo.

000,0000000Y,000000000000000000O0O0O0O0O0O,0000 (00
00000)0000000,(52)0000000000000000000000. 00,000
0000000,00000000000000000000000000000000. 0120
000000062, 00,000000:

t—1
Xi = > Xk (53)
k=0

000000 ap =045, =0550000000000000 120000.00000,00

200

a,= 0450, =055 —— j i j a,= 0450, =055 ——

40

30 -

(/3

20

80

L L L L AN G R R UL oy VR R R S L
[ 1000 2000 t 3000 4000 5000 0 1000 2000 t 3000 4000 5000

0 120 ARCH(1) 000000000 X, =30}

0000 ag=045a1 =055000000.

X, (0) 0000000062 (0)00000. 00000000

gbooooboboooooboooooooboboboobooboooon.
0000,00000000000,00000000000 620000000 (52)000

o2 = E[U?] = g + alE[Xthl] = Qo + a102 (54)
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00o00o000,000 20000000

2 Qo
A - (55)

0oooo0o0o0oO0o0D. 000,000 E--J0000OD0 ---0000000000000000
000000000000 ---00000000000000.000,0 12000000000
ap=045,0; =055 00000 02=1000

00,Z=X:/o, 00000000 (innovation) 000000, 00000 N(0,1)0000
000 X, =Z,0,040000000 ¢c=F[X}]00000000D00O,((2)0000000
ooooo

¢ = B[X}] = E[Z/]E[0}] = 3(ad + 20001 E[X}_] + o} E[X]}]) (56)
00000Y. EX2 ]=0?=ay/(1-m),E[X}]=c00,000 0000000

3ai(1 —a?)
(1—-3a?)(1 — ag)?

c = BlX{]= (57)
0400000000000000.000,200000000 EX2=02=a¢/(1—a;)00
00000,X, 0000000000000 (Kurtosis) O

B 30-ad
S AP T 1 o

000.000,ARCH(1)00U0O0OO0OO0O0OU00O0OD0 ;@ 0O000D00O,00000 ARCH(1)ODO
obooboob x=23000.0000,00000000000000000,0000D00¢O
0000 ()00 ARCH(1)DDOOODOUODDOO OO0 OOOOO.

2.3.2 GARCHUOO

ARCHOOOOODOOOOODOOOOOO (ARCH(1)ODODOO0O000DO (52)0)00000
00000000000000000000000000000000. 00000000000
00000000 GARCH (Generalized ARCH) 000000,00000 GARCHOOO
000 GARCH(1,1) 00O

X1 = Xi+Y, P(Y:)=N(0,04) (59)
Ut2+1 = Qqp—+ Olet2 + 510752 (60)

O000000. ARCH()OOOOODOOOOoOooO, GARCH(L,))DOoOoOooOoooooooo
oo

2 Qo
l—o1—f (61)
3(1 2_9 — B2

g = St —2wf -G (62)
1—30&1—204151—61

00000O0. 013000000000 (ap,a1,B1) = (04,0.3,03)000 (00 & = 4.17) O
GARCH(1,1) 0000000000 Y,0000000.

000000000 ARCHOO (strong ARCH process) 0 000000
T E[ZzNO N(0,1)0 40000000 300000000.

oob 230000
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gogboboooooboobobooboobobooboboobobooob,oboboooban
gboooobooooboooo. gbooooooooboo,gbobo,boboooboooooooo
gboooobooooboobo.oboooobooooobooooboooobooboon.

GARCH(L,1) ——

0.1

P(Y)

0.001

le-04

le-05

1e-06 I ! I I'. I
-20 -10 0 Y 10 20

0 13: 0000000 (a0, e1,81) = (0.4,0.3,0.3) 000 (00 x=4.17) 0 GARCH(1,1) 0000000000 Y;
000. 000000 AN(0,1)000000000000.
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(oo N

gooooao

= (W<a)
Pih) = {o (¥ > a) (%)

0000000000 vz 000,Zy00000 P(Zy)O NOODOOOOOOOOOOOOO
3j00000oo0o0ooooOo(oooooon).

simulation: N= 6 ——
simulation: N = 2
N(0,1) -------

simulation: N= 1 ——
uniform: a= 2 -------

04+

03

P@2)

0.2
0.1

01

00,y 000000000000D00000O:

ol 1
P(Y}) = ;’}/QTYE (64)

O000ooOooo? (Doooooon)

0.35

simulation: N=1 ——
Lorentzz y=1 -------

03

0.25 -

P(2)

02

0.15 -

0.1 -

0.05 -

(000)00oOOoOO0DU0O0ODO0O0O0O0OO0U00OO0O0O0UOO0OUDOOOOUOOOOOn.

1 1
o = (- )

N /
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24 000

gbobooobooobooobooooboooooooboooooboooooobooooboooobn
gboboooooobobooo.oboo,bboboob0ooooobooobooboooboooooboo
gooooooooooog. obobooooooboobooboooooooooooobooooboo 1000
gboobooboooobooboobob,0obobo110b00,10b0b0b0ob0oboboobon
0.00,0/0000000000000000O0DOO0OO0O0OODOOO,0000000,10
000000000000 00000®¥. 000,00000,0000000000000000
00o0o0oo0O0oo0UOoO,000000000000000O0DU0DOO00O0UD (booo)
gbooooboboooooobooooooboob. oob,boboooa

X1 = Xi+Y;, PY:)=N(0,0) (65)

oobooooo,boob,b0b X, 0000¢t+1—-¢t=1000000000.
gbo,bob0oboooboboboboboobooocboooo, 00, 00000000000
gboboooooboboboooboooboobobobooooooobOoboobooooooon
gooo. oboob,00obboobooooboobbooboooobooo,oboobobooooo
gobgoobooobooobooboo,boob,oobooboobboobboobboobd
gboboobooooboobooboo. ooo,0o000,0000000000000000000
0000000000000 00o0000 (DOo0o0DUDoOoOoOoUoOoOOoOoUooOOO)OOo
gobgoooo,oboobbobbobbobboobo,obooboobboobboobd
gobgoobobobooboboobobooboobooboon.
gboo,0bo0oooboooobooboooobooo,oboooo,oboooo11000, 0
gbgol1ooboobobobobooboo,boboboboobooooobobobobobaobg.
gbog,bobobooooooogb,oboboboooobobobobooobooobo,ooa
0000000000000 6e000O0O0O0OOO,1000000OO0OO (DO)DOO,0000
gboboooooboooboobooobooobooob. oobooboboobooobooboooboon
00000000000, 000000000000000oUo0 (0000000 Uooooon
000o0)00oo0oo0oo0oo0oo0oo0oo0oUooo0U. 000, 00000 (ooooooo
00)0000000000o00oO00O00oOOoU0O0O00O0UDO. 000, 0000000000
gbobooooooobobobooooooboobooboooo,bobo,00b0b0boo
go,ggbogbooboboobobobobooooboobobooboboobobooobooboo
gboobogboboobob.obobob11o0,1b0oboobooboboboboboobooboon
ugb.00b0o0ooobobooboboooboooboooooboooboobooooobo.oobaoon
00000000000 0O00o000Uo00 (00)00o000,0 10000 (First-Passage
Process) 0000000 24000000000000000000O0OO0OOOOOOODOO
00000000000 0000000000, 0000 14000000000000000
0@00)000,2000000%*, 00000000000000000,000000000
goooooobo.booooob,+010000000000000O000O000DO000000
gooooooo,100,10b00bo0o0ob0oob0ooooooooobooooboooboooobooon

¥000,0000000000000000000,000000000000000000O0OODOOO,0000
O,000000 10000000

19 http://moneykit.net

000000000000 0000000 e=0.1000000000.
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— Market
@® Sony Bank

First-passage time

00 14: 00000 (00)0D0D0000000 (First-Passage Process) 0100000000000 (00). 0000
000000000000000000000000000.

00000000002 0000000000000000,000000000000 (65)0
000000000,0000000000000(000000000000000)00000
000000000000 0000000000000000000000000. 000,00
0000000000000000 ty,ts,ts,---,tx (00,000000<t; <ty <---<ty0O
00,N—-oco000)000000,00000

At; = tip1—t, (i=1,--,N) (66)

oooooo,A4; 0000000, 000000,00000000000DODOD. 000000
000o00000: t,---,ty 000000000000 (Point Process) 000. 000000
gbooooboooboobooooobooboo,00o00booooboobooboooboooaon
gboooobo,oboboobooboboocobobooobooobooooon.

ag 2:
gboboooOoboooobobooooboooobooooo.boo,0020000.

25 000000

000,000000 (D000)o0o0o0oU0ooOO0ooO0ooOOO00oDO0oD00oO0oooUOO
ooooo. P,(t)D0000C0ODOOOU0DOOOOOO¢t000O0OO0RnODOOOOOOOO. OO,
00t0t+At000 AtO000O0COOOOOODODOOOOOOOOOOOOOOOOOO,00
00000 A ADODD.000,t0¢t+At0000000 At0O0000O0O0O0OODODOODO MAtD

2l 0QOO0000000000000000000.000,00000500000000000000000000
00000 5000000000000000000,000000000000,100000000000000
0 (w@DOO (s)[D00 (00 300000000, (wu,du,ds) 0000000000000000,00
0000000D00000000000000000000.000,000000000000000000000
000000000,0000000000000000000000000000.00000,00000 100
0000000000000 00000000000000. 00,000 1000000000000,00000
000 (0000000000000000,00000000000000000000000000)00000
000D0000000,000000 «00000000000D000D0000000O0OO.

oob 2rgogn
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gob.ooobo,00oooooboooooooood.
Po(t+ At) = (1= AAD)P(t) + AALPy_1 (1) (67)

00000 10000t000n00000000000000,00 AtODOOOOOOOOO
gboooobooooboooobooboooob.0oob 2b0000t0b0n—-1000000
00000000, 00 AtoooooooooooOoOoOoOoOoOoOOOOOOOOOOOOOO
00,00 200000000 P,(t+AH)00O0O0O0O0ODOOOOOODO.OO,0000000
000000000 0,0000000+¢t0¢t+At000000000O0COOOODOOO0OO
goooooOoOooOOoOO0O0O0O0oO0O0. 000 At—-00000000DDOOOOOOOOOO
goo.

P, (t)
dt

000000o00000o0ooo00oo0ooo00ooo0o0ooooo. 00,(00o000oo00o

000000000)00000o00o0o0o00oo0ooo00oo00ooo0ooooooooo

o0,0000000000O0O0DO000DODO00O0DOO.n=-1000,P,=0000000
Ub,n=000000000

= —MPu(t) = Pu_1(t) (68)

dPy(t)
dt

= —AR(t) (69)

000, P0)=1000000000 Po(t)ze_’\tIZIEII:I.DDD,nleDDDDDDDDD
00ooooOo e8)oooooo

dPy(t)

dt
goood.oooooobobooooooo,bbo2000000ooooo0ooooooo
goooooooon A(t)e_)‘tlil (70)00000,A0000000000000,00000
000 (oo0oo).oo,000ooo0o

= —AP(t) 4 XM (70)

dA

= = (71)

000,0000 A(f)=X. 000,00000000000 P(t)=MMOO0. 00000
00000,n=k000000000 P(t)0

Pu(t) = (Akf!)k e M (72)

000.00000000000000.0150A=1,k=0,1,20000000000000
00000.00,000000000000000000000000000 (000)0000
000000.000,00000000000,000000000000000000000
000000 (duration) t000000 (72)00 n=00000

P(t) o« e M (73)

gogbgooboooboooboboobo. gob,o0booboobo«sboobboooboong
gogbg,gbooboobobobboob,oo0booboobooboboobboobboobd
gooboooo.
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ugbo oooooao 2007 0000o0O00oo0o0oO (Do .00 00)

0.6 - 4
P(t)
0.4 1 \ ]

O 15: A=1,k=0,1,20000000000.

26 U0OogOooObOOoOoOoOobDoOO

gogbobooooboobooboboobooooboboobooboo,boobobooban
g, 0boobooooobooboooboooooboooobooobooooboooboooaon
gogbooboobooboo. oo, ooboobooobooobooobooobooboaonog
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