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1054 � E : " " � 36�E�mTTq���tK0�}����a�"�-�m`�/E)A�qm�3`�/E�mku�;3^V6���>H&�}� [1] �2VMS<ku�;Kp�wmÆ���
< H- "��Æ���Kp�w>Hm��d)m�BmT�m 6MaV$?}})n
"X���qV<Æ���Kp�w>HYa,y^)V6 Kunita-

Watanab u-Pk���� [2] V62�>V<dT�m 6M S̃ =
(
Ste

−
∫

t

0
ru du)

t≥0)/������w���m H- "��Æ���Kp�w>H3/uYa�=U�
[2, 3] MS<�9Æ���Kp�w>Hm��(<�9Æ���Kp�w>HS
Föllmer-Schweizer ��tom,{� [4] (<Æ��Bm L�_? Lévy 6M���/E��3���WmÆ���Kp�wqN� [5] kh<��$���CmÆ���Kp�w>H� [6] �o< [4] �m[v�,a [7] p�X�mTT��D<bl6��3���Wm�9Æ���Kp�w>H����K, regime switching X�}Kp�wm(hZvgyI)A�m�r� [8] (<dÆ��Bm L�J�"�s}m_?5*^x�mÆ���Kp�wqN�a p�sPku/E�a	IJ/6 �o�sJ�"�8T8�(<d)m�Bm L�J�"�s}m_? Lévy 6M�m�9Æ���Kp�wqN�JOatK0m3`�/E��nm�?}3)f/m�O)g<Pkku�;m/"�-m �sP�,!}/"�*mnm�?}&���Bum�=U�sPI�/6$S<dÆ��Bm L�J�"�s}m_?
Lévy 6M�m���?}m*\&�
2 ;%7J$u/"`KTCm�F$o (Ω,F , (Ft)t∈[0,T ], P ), F = (Ft) L�VFQr�℄L6 �`�m� {Ut}0≤t≤T )u9a�F$o (Ω,F , (Ft)t∈[0,T ], P ) �m/6 �o�sJ�"�8�r	I$o}wg X = {1, 2, · · · .N}, yd δ → 0 �� U m�2�Fg

P (Ut+δt = j | Ut = i) = aijδt + o(δt), i 6= j,

P (Ut+δt = i | Ut = i) = 1 + aiiδt + o(δt),r��d i 6= j �� aij ≥ 0, y aii = −
N∑

j=1

aij , A = [aij ]i,j∈[1,2,···,N ] g6 �oJ�"�8 {Ut}0≤t≤T m Q �n�ku/E�K9�"v6mÆ��B�/")�9tÆ��B B </"Æ��B S. A r : X → [0,∞) *'/EtÆ�0F� rt = r(Ut), -Æ)>�4 Ut = i,  rt = r(i), g<
'�sPd rt = ri. A Bt *'>�R#hEa t �#mmw� Bt L�}
M
dBt = rtBtdt,r� B0 = 1. kuÆ��Bm St L�}


St =S0 exp
{∫ t

0

bs ds +

∫ t

0

σs dW̃s +

∫ t

0

∫

|x|≤1

x
(
N(ds, dx) − v(dx, ds)

)
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+

∫ t

0

∫

|x|>1

xN(ds, dx)
}

, (1)r� bt = b(Ut), σt = σ(Ut), N(dt, dx) )EW?}� v(dt, dx) )Gm1H��U^�sP-ku*kmSZx}<�}&/Em	IK,�℄ v(dx, dt) =
N∑

j=1

I{Ut−=j}vj(dx)dt,l. I{∗} )'�8=� j ∈ [1, 2, · · · , N ], vj(dx) ) Lévy ?}�g<Bpb�sPku��7m j ∈ [1, 2, · · · , N ],

∫

|x|>1

|x|vj(dx) < ∞, St "5ÆK}

St = S0 exp

{∫ t

0

µs ds +

∫ t

0

σs dW̃s +

∫ t

0

∫ ∞

−∞

xÑ (ds, dx)
}

,r� µt = bt +
N∑

j=1

I{Ut−=j}

∫
|x|>1

xvj(dx), Ñ(dt, dx) = N(dt, dx) − v(dt, dx).J Itô e�(&"sT��Bm 6M S̃t L�}EWe�
M
dS̃t = S̃t−

(
(bt − rt) dt + σt dW̃t +

∫ ∞

−∞

(ex − 1)Ñ(dt, dx)
)
, (2)r� bt = µt + 1

2σ2
t +

N∑
j=1

∫ ∞

−∞
(ex − 1 − x)I{Ut−=j}vj(dx). �^�sPIku St )n
"Xm�O)J [9] �mu- 25.17s��O ∀ j ∈ [1, 2, · · · , N ], Lévy?} vj(dx) %�L�} ∫

|x|>1

e2xvj(dx) < ∞. (3)g<
'�sP� Ut ÆK,O0?EW?}m/"EWX�m�&�"<� [10].l.sP;G [8] �m�:<�8��O i, j ∈ X , i 6= j, A ∆ij )6 m (consecutive)�$L�|o�G}g aij . u9/"8= h : X × R → RN , RN = {0, 1, · · · , N − 1},

h(i, z) =

{
j − i, d z ∈ ∆ij ,

0, rG,
dUt =

∫

R

h(Ut−, z)P (dt, dz), (4)r� P (dt, dz) )/"0?EW?}�rx}g m(dz) × dt, m(dz) )u9a R �m
Lebesgue ?}�ku P (·, ·), N(·, ·), W̃ )�D{3m�K,l
R℄�-"5<� [11]�m2 11.51. U^�algpf�sPA P̃ (·, ·) *' P (·, ·) m1H0?EW?}�J (2) "s S̃t L�}��

S̃t = S̃0 + Mt + At,
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Mt =

∫ t

0

S̃u−σu dW̃u +

∫ t

0

∫ ∞

−∞

S̃u−(ex − 1)Ñ(du, dx), (5)

At =

∫ t

0

S̃u(bu − ru) du. (6)

3 0 *DXG<9�R#5al/}�sP�DdÆ��Bm L�J� �s}m Lévy 6M�m�9Æ���Kp�wqN�}R2���/T �<k��(N 1 /"�� ϕ = (ξ, η) Jg>H�4GPL�}R_"Qr

1. ξ )"=6M�
2. ξ ∈ L2(X), ‖ξ‖L2(X) =

(
EP

[ ∫ T

0 ξ2
u d[X, X ]u

]) 1

2 < ∞;

3. η )*Bm�
4. A Vt *'a t �#mT�Z�mw6M� Vt = ξtXt + ηt, r� ξt *'a t �#NKT�Æ��B Xt m=:� ηt *'a t �#NKtÆ��Bm=:� Vt )L6 m�y� ∀ 0 ≤ t ≤ T , EP [V 2

t ] < ∞.(N 2 A H ∈ L2(FT , P ) )/ku�;��Ya��>H ϕ = (ξ, η) #krZ�mw6M Vt = ηt + ξtXt, y VT (ϕ) = H , J ϕ g H "��>H�(N 3 4+XK 6M Ct(ϕ) = Vt −
∫ t

0
ξs dXs a?} P })��>H ϕ Jg�w���m��PÆ�6M Rt(ϕ) = EP

[
(CT (ϕ) − Ct(ϕ))2

∣∣Ft

]
.(N 4 ku X g��� X mq��g X = X0 + M + A, M )Pwg 0 mn
"X�9�� A )n
"XmK�(�6M� H ∈ L2(FT , P ) )/ku�;� ϕ )

H "��>H�4 ϕ )�w���my+XK 6M C(ϕ) )ovO M m� ϕ �J�i�9Æ���Kp�w>H (pseudo locally risk minimizing hedging strategy).(N 5 /"�?} P̂ S P nm�J P̂ g���?}dy�d�Oa P }S Movm�7n
"X P � L a?} P̂ }�)�9��}Rm?- 1 q [12] �mu- 3.3 Q [6].P4 1 ku�� X mq���m M , A L�}R�"Qr

1. � ∀ 0 ≤ t ≤ T , 〈M〉t ) P -a.s ' em�
2. A ) P -a.s 6 m�
3. A ,O 〈M〉 )��6 m�℄Ya"=6M αt #k At =

∫ t

0
αs d〈M〉s <

EP

[〈 ∫
α dM

〉]
< ∞,  H "��>H ϕ)�9Æ���Kp�w>Hdy�d ϕ )�w���my+XK 6M C(ϕ) S M )ovm�Ju9 4 <?- 1 s�d M, A L��8Qr 1–3 ���9Æ���Kp�w>HSi�9Æ���Kp�w>Hnm�JO/E)3`�m�/E�Yatz"nm�?}�sP2�$Snm�?}m
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Dt = 1 +

∫ t

0

Ds−G(s, Us−) dW̃s +

∫ t

0

∫ ∞

−∞

Ds−(H(s, Us−, x) − 1)Ñ(ds, dx), (7)kuYa"=6M G(t, Ut−) < H(t, Ut−, x) > 0 #k�&u9m Dt )/"��d Ht =

Ft ∨ FU
T , l. FU

T = σ
(
Us, 0 ≤ s ≤ T

)
, sP"5u9/"�m�F?} Q }

dQ

dP

∣∣∣
Ht

= Dt. (8)J��m Girsanov u-s�a$uQr FU
T <?} Q } Wt = W̃t −

∫ t

0
G(s, Us−) ds ))
5*^x� N(dt, dx) = N(dt, dx) − H(t, Ut−, x)v(dt, dx) )1HEW?}�a [0, T ]�o~℄�JO rt 6= rt−, bt 6= bt− < σt 6= σt− mFK�opmY��-Æ)> Markov8mSZ�oY�)/""=Y�+Gm Lebsegue ?}g 0, =UJ (2) "kT��Bm 6M S̃t "5ÆK}


S̃t =

∫ t

0

S̃u−

(
(bu− − ru−) du + σu−dW̃u +

∫ ∞

−∞

(ex − 1)Ñ(du, dx)
)

=

∫ t

0

S̃u−σu−(dW̃u − G(u, Uu−)du) +

∫ t

0

∫ ∞

−∞

S̃u−(ex − 1)N(du, dx)

+

∫ t

0

S̃u−

(
σu−G(u, Uu−) + bu− − ru−

)
du

+

∫ t

0

∫ ∞

−∞

S̃u−(ex − 1)(H(u, Uu−, x) − 1)v(du, dx).=g Wt = W̃t −
∫ t

0
G(s, Us−) ds < v(dx, du) =

N∑
j=1

I{Uu−=j}vj(dx) du, F5
S̃t =

∫ t

0

S̃u−σu− dWu +

∫ t

0

∫ ∞

−∞

S̃u−(ex − 1)N(du, dx)

+

∫ t

0

S̃u−

(
σu−G(u, Uu−) + bu− − ru−

)
du

+

N∑

j=1

∫ t

0

∫ ∞

−∞

S̃u−(ex − 1)(H(u, Uu−, x) − 1)I{Uu−=j}vj(dx) du. (9)���JOJ�"�8 U F�Km3�u�Ya��Qr�,�u9a'^m σ TC
Ht ��q [13,14], ℄��7m 0 ≤ s ≤ t,

EQ

[
S̃t|Hs

]
= S̃s.O)J (9) "sT��Bm 6M {S̃t}0≤t≤T ) Q �dy�d��7 0 ≤ t ≤ T ,

σt−G(t, Ut−) + bt− − rt−

+

N∑

j=1

∫ ∞

−∞

(ex − 1)(H(t, Ut−, x) − 1)I{Ut−=j}vj(dx) = 0, a.s. (10)
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M

dSt = St−

(
rt dt + σt dWt +

∫ ∞

−∞

(ex − 1)N(dt, dx)
)
. (11)W
M (10)A�6���L�
M (10)m G(t, Ut−)< H(t, Ut−, x)m}w3)f/m���d+!b G < H #kJ (7) < (8) Fu9m?})���?}\a�Dl"qNtv�sP2��Dd)m�Bm L�J� �s}m Lévy6M�m�9Æ���Kp�wqN�ku Ψ(ST ))/ FT "?mf&ku�;�y EQ

[
(B−1

T Ψ(ST ))2
]

< ∞,r� EQ[·] *'anm�?} Q }mpd�A Φ(t, St, Ut) *'ku�;a t �#mmw�JÆ���umV-"s Φ(t, St, Ut) = EQ

[
Bt

BT
Ψ(ST )

∣∣Ft

]
. U^�sPku�

∀ j ∈ [1, 2, · · · , N ], Φ(t, St, j) ∈ C1,2
(
[0, T ]× [0,∞]

)
, G Φt *' Φ ,O t m/|e=�Φx*' Φ ,O S m/|e=� Φxx *' Φ ,O S m�|e=�(4 1 A Vt = EQ

[
B−1

T Ψ(ST )
∣∣Ft

]
= B−1

t Φ(t, St, Ut), 
Vt =V0 +

∫ t

0

Φx(s, Ss−, Us−)σs−S̃s− dWs +

∫ t

0

∫ ∞

−∞

J1(s, Ss−, Us−, x)N(ds, dx)

+

∫ t

0

∫

R

J2(s, Ss−, Us−, z)P̃ (ds, dz), (12)r�
J1(t, St−, Ut−, x) = B−1

t

[
Φ(t, St−ex, Ut−) − Φ(t, St−, Ut−)

]
,

J2(t, St−, Ut−, z) = B−1
t

[
Φ(t, St−, Ut− + h(Ut−, z)) − Φ(t, St−, Ut−)

]
.b J Itô (&K

Vt =

∫ t

0

−ru−B−1
u Φ(u, Su−, Uu−) du +

∫ t

0

B−1
u

[
Φu(u, Su−, Uu−) du + Φx(u, Su−, Uu−) dSu

+
1

2
Φxx(u, Su−, Uu−)S2

u−σ2
u− du

]
+

∫ t

0

∫ ∞

−∞

B−1
u

[
Φ(u, Su−ex, Uu−) − Φ(u, Su−, Uu−)

− Φx(u, Su−, Uu−)Su−(ex − 1)
]
N(du, dx) +

∫ t

0

∫

R

B−1
u

[
Φ(u, Su−, Uu− + h(Uu−, z))

− Φ(u, Su−, Uu−)
]
P (du, dz).J& (2) "k

dSt = St−

(
btdt + σtdW̃t +

∫ ∞

−∞

(ex − 1)Ñ(dt, dx)
)
,O)

Vt =

∫ t

0

−ru−B−1
u Φ(u, Su−, Uu−) du +

∫ t

0

B−1
u

[
Φu(u, Su−, Uu−)du + Φx(u, Su−, Uu−)

· Su−

(
bu−du + σu− dW̃u +

∫ ∞

−∞

(ex − 1)Ñ(du, dx)
)

+
1

2
Φxx(u, Su−, Uu−)S2

u−σ2
u− du

]
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+

∫ t

0

∫ ∞

−∞

B−1
u

[
Φ(u, Su−ex, Uu−) − Φ(u, Su−, Uu−)

− Φx(u, Su−, Uu−)Su−(ex − 1)
]
N(du, dx)

+

∫ t

0

∫

R

B−1
u

[
Φ(u, Su−, Uu− + h(Uu−, z)) − Φ(u, Su−, Uu−)

]
P (du, dz).t Wt = W̃t −

∫ t

0 G(s, Us−) ds < N(dt, dx) = N(dt, dx) − H(t, Ut−, x)v(dt, dx) aÆ�&"k
Vt = −

∫ t

0

ru−B−1
u Φ(u, Su−, Uu−) du +

∫ t

0

B−1
u

[
Φu(u, Su−, Uu−) + Φx(u, Su−, Uu−)Su−

· (σu−G(u, Uu−) + bu−) +
1

2
Φxx(u, Su−, Uu−)S2

u−σ2
u−

]
du

+

∫ t

0

∫ ∞

−∞

J1(u, Su−, Uu−, x)H(u, Uu−, x)v(du, dx)

−

∫ t

0

∫ ∞

−∞

B−1
u Φx(u, Su−, Uu−)Su−(ex − 1)v(du, dx)

+

N∑

j=1

∫ t

0

B−1
u Φ(u, Su−, j)aUu−,j du +

∫ t

0

B−1
u Φx(u, Su−, Uu−)Su−σu− dWu

+

∫ t

0

∫ ∞

−∞

J1(u, Su−, Uu−, x)N(du, dx) +

∫ t

0

∫

R

J2(u, Su−, Uu−, z)P̃ (du, dz).

(13)=g Vt a?} Q })��F5�&mi2	{=g 0, O)
Vt =V0 +

∫ t

0

Φx(u, Su−, Uu−)σu−S̃u− dWu +

∫ t

0

∫ ∞

−∞

J1(u, Su−, Uu−, x)N(du, dx)

+

∫ t

0

∫

R

J2(u, Su−, Uu−, z)P̃ (du, dz).l+u- 1 kq�(4 2 A Φ(t, St−, i) *'d Ut− = i �f&ku�;a t �#mmw���7
1 ≤ i ≤ N , Φ(t, St−, i) L�}he�
M


Φt(t, St−, i) − riΦ(t, St−, i) + Φx(t, St−, i)riSt− − Φx(t, St−, i)St−

·

∫ ∞

−∞

(ex − 1)H(t, i, x)vi(dx) +
1

2
Φxx(t, St−, i)S2

t−σ2
i

+

∫ ∞

−∞

(
Φ(t, St−ex, i) − Φ(t, St−, i)

)
H(t, i, x)vi(dx)

+

N∑

j=1

aijΦ(t, St−, j) = 0,y�wQr Φ(T, ST−, i) = Ψ(ST ).
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− rt−B−1

t Φ(t, St−, Ut−)

+ B−1
t

[
Φt(t, St−, Ut−) + Φx(t, St−, Ut−)St− (σt−G(t, Ut−) + bt−)

+
1

2
Φxx(t, St−, Ut−)S2

t−σ2
t−

]
+

N∑

j=1

∫ ∞

−∞

J1(t, St−, Ut−, x)H(t, Ut−, x)I{Ut−=j}vj(dx)

−

N∑

j=1

∫ ∞

−∞

B−1
t Φx(t, St−, Ut−)St−(ex − 1)I{Ut−=j}vj(dx)

+

N∑

j=1

B−1
t Φ(t, St−, j)aUt−,j = 0,M=g G(t, Ut−)< H(t, Ut−, x)L� (10),F5t σt−G(t, Ut−)+bt− = rt−−

N∑
j=1

∫ ∞

−∞
(ex−

1)
(
H(t, Ut−, x) − 1

)
I{Ut−=j}vj(dx) aÆ�&"k

− rt−B−1
t Φ(t, St−, Ut−) + B−1

t

[
Φt(t, St−, Ut−) + Φx(t, St−, Ut−)St−

·
(
rt− −

N∑

j=1

∫ ∞

−∞

(ex − 1)
(
H(t, Ut−, x) − 1) I{Ut−=j}vj(dx)

)
+

1

2
Φxx(t, St−, Ut−)S2

t−σ2
t−

]

+

N∑

j=1

∫ ∞

−∞

J1(t, St−, Ut−, x)H(t, Ut−, x)I{Ut−=j}vj(dx)

−
N∑

j=1

∫ ∞

−∞

B−1
t Φx(t, St−, Ut−)St−(ex − 1)I{Ut−=j}vj(dx)

+

N∑

j=1

B−1
t Φ(t, St−, j)aUt−,j = 0.O)�d Ut− = i ��t J1(t, St−, Ut−, x) = B−1

t

[
Φ(t, St−ex, Ut−) − Φ(t, St−, Ut−)

] aÆ�&"k
riΦ(t, St−, i) =Φt(t, St−, i) + Φx(t, St−, i)riSt− − Φx(t, St−, i)St−

∫ ∞

−∞

(ex − 1)

· H(t, i, x)vi(dx) +
1

2
Φxx(t, St−, i)S2

t−σ2
i +

∫ ∞

−∞

(
Φ(t, St−ex, i)

− Φ(t, St−, i)
)
H(t, i, x)vi(dx) +

N∑

j=1

aijΦ(t, St−, j).=U�sP`K<u- 2 mqV�W 1 d)m�Bm 6ML�J�"�s}m_?5*^x�� Φ(t, St, i) L�
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M

Φt(t, St, i) − riΦ(t, St, i) + Φx(t, St, i)riSt

+
1

2
Φxx(t, St, i)S

2
t σ2

i +

N∑

j=1

aijΦ(t, St, j) = 0,y�wQr Φ(T, ST , i) = Ψ(ST ).ku ϕu = (ξu, ηu) gi�9Æ���Kp�w>H�A
Lt = Vt − V0 −

∫ t

0

ξu dS̃u,Ju9 3 "s Lt = Ct(ϕ) − V0, _%�u9 4 "s Lt %�L�}R9"Qr

1. Lt aV$?} P })��
2. Lt S S̃t m�����m�9�9� Mt aV$?} P })ovm�{}&�g<Pkd)m�Bm L�J� �s}m_? Lévy 6M��9Æ���Kp�w>H<���?}�sP%��Æ��Bm �S}k��{Og M�,l9"k��au- 3 mqV�9CN$�P�+�
B.1 A Xt = ln St

S0

, ku ∆Xt ∈ [−c1, c2], c1 > 0, c2 > 0, � ∀ j ∈ [1, 2, · · · , N ], ℄
Lévy ?} vj(·) mrIg [−c1, c2], -Æ)> vj((−∞,−c1)) = 0, vj((c2,∞)) = 0.

B.2 −1
ec2−1 < max

j∈[1,2,···,N ]

rj−bj

σ2

j
+
∫

∞

−∞

(ex−1)2vj(dx)
< 1

1−e−c1
.(4 3 d)m�Bm L�J� �s}m_? Lévy 6M�f&ku�;m�9Æ���Kp�w>Hg

ϕt = (ξt, Vt − ξtS̃t),

ξt =

Φx(t, St−, Ut−)σ2
t−S̃2

t− +
N∑

j=1

∫ ∞

−∞

J1(t, St−, Ut−, x)S̃t−(ex − 1)I{Ut−=j}vj(dx)

σ2
t−S̃2

t− +
N∑

j=1

∫ ∞

−∞

S̃2
t−(ex − 1)2I{Ut−=j}vj(dx)

.

(14)�PÆ�6M Rt(ϕ) L�
Rt(ϕ) =EP

[ ∫ T

t

((
Φx(u, Su−, Uu−) − ξu

)2
σ2

u−S̃2
u− +

N∑

j=1

∫ ∞

−∞

[(
J1(u, Su−, Uu−, x)

− ξuS̃u−(ex − 1)
)]2

I{Uu−=j}vj(dx) +

N∑

j=1

aUu−,je
−2

∫
u

0

r2

s ds(
Φ(u, Su−, j)

− Φ(u, Su−, Uu−)
)2)

du
∣∣∣Ft

]
.b J (12) s

Lt =Vt − V0 −

∫ t

0

ξu dS̃u
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=

∫ t

0

Φx(u, Su−, Uu−)σu−S̃u− dWu +

∫ t

0

∫ ∞

−∞

J1(u, Su−, Uu−, x)N (du, dx)

+

∫ t

0

∫

R

J2(u, Su−, Uu−, x)P̃ (du, dz) −

∫ t

0

ξu dS̃u.=g Wt = W̃t −
∫ t

0
G(s, Us−) ds, N(dt, dx) = Ñ(dt, dx) − (H(t, Ut−, x) − 1)v(dt, dx), _��& (2), "k

Lt =

∫ t

0

Φx(u, Su−, Uu−)σu−S̃u−

(
dW̃u − G(u, Uu−) du

)

+

∫ t

0

∫ ∞

−∞

J1(u, Su−, Uu−, x)Ñ (du, dx)

−

∫ t

0

∫ ∞

−∞

J1(u, Su−, Uu−, x)(H(u, Uu−, x) − 1)v(du, dx)

+

∫ t

0

∫

R

J2(u, Su−, Uu−, z)P̃ (du, dz)

−

∫ t

0

ξuS̃u−

(
σu− dW̃u + (bu− − ru−) du +

∫ ∞

−∞

(ex − 1)Ñ(du, dx)
)
.��&Hp"k

Lt =

∫ t

0

(
Φx(u, Su−, Uu−) − ξu

)
σu−S̃u− dW̃u +

∫ t

0

∫ ∞

−∞

(
J1(u, Su−, Uu−, x)

− ξuS̃u−(ex − 1)
)
Ñ(du, dx) +

∫ t

0

∫

R

J2(u, Su−, Uu−, z)P̃ (du, dz)

−

∫ t

0

∫ ∞

−∞

J1(u, Su−, Uu−, x)(H(u, Uu−, x) − 1)v(du, dx)

−

∫ t

0

Φx(u, Su−, Uu−)σu−S̃u−G(u, Uu−) du −

∫ t

0

ξuS̃u−(bu− − ru−) du.JOsPku ϕu = (ξu, ηu) gi�9Æ���Kp�w>H� Lt ) P ��+�&mi2	{=g 0, ℄��7 u ∈ [0, T ] K
Φx(u, Su−, Uu−)σu−S̃u−G(u, Uu−) +

N∑

j=1

∫ ∞

−∞

J1(u, Su−, Uu−, x)

· (H(u, Uu−, x) − 1)I{Uu−=j}vj(dx) + ξuS̃u−(bu− − ru−) = 0, (15)
Lt =

∫ t

0

(
Φx(u, Su−, Uu−) − ξu

)
σu−S̃u− dW̃u +

∫ t

0

∫ ∞

−∞

(
J1(u, Su−, Uu−, x)

− ξuS̃u−(ex − 1)
)
Ñ(du, dx) +

∫ t

0

∫

R

J2(u, Su−, Uu−, z)P̃ (du, dz).
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Mt =

∫ t

0

S̃u−σu− dW̃u +

∫ t

0

∫ ∞

−∞

S̃u−(ex − 1)Ñ(du, dx),W�
[L, M ]t =

∫ t

0

(
Φx(u, Su−, Uu−) − ξu

)
σ2

u−S̃2
u− +

∫ t

0

∫ ∞

−∞

(
J1(u, Su−, Uu−, x)

− ξuS̃u−(ex − 1)
)
S̃u−(ex − 1)N(du, dx).�^�V6 Itô �9X�(&"k

LtMt = L0M0 +

∫ t

0

Ls− dMs +

∫ t

0

Ms− dLs + [L, M ]t,O) LtMt a?} P })�dy�d��7m u ∈ [0, T ],

(
Φx(u, Su−, Uu−) − ξu

)
σ2

u−S̃2
u− +

N∑

j=1

∫ ∞

−∞

(
J1(u, Su−, Uu−, x) − ξuS̃u−(ex − 1)

)

· S̃u−(ex − 1)I{Uu−=j}vj(dx) = 0, P -a.s.=U�sPK
ξu =

Φx(u, Su−, Uu−)σ2
u−S̃2

u− +

N∑

j=1

∫ ∞

−∞

J1(u, Su−, Uu−, x)S̃u−(ex − 1)I{Uu−=j}vj(dx)

σ2
u−S̃2

u− +

N∑

j=1

∫ ∞

−∞

S̃2
u−(ex − 1)2I{Uu−=j}vj(dx)

.}RsP*q?- 1 �mQr 1–3, J?- 1 "s�4l�"QrL���Rkhmi�9Æ���Kp�w>H)�9Æ���Kp�w>H�?. 1

〈M〉t =
〈∫ t

0

S̃u−σu− dW̃u +

∫ t

0

∫ ∞

−∞

S̃u−(ex − 1)Ñ(du, dx)
〉

=

∫ t

0

S̃2
u−

(
σ2

u− +

N∑

j=1

∫ ∞

−∞

(ex − 1)2I{Uu−=j}vj(dx)
)

du,JO ∫ ∞

−∞
(ex − 1)2vj(dx) > 0, + 〈M〉t ) P -a.s ' em�?. 2=g At =

∫ t

0
S̃u−(bu− − ru−)du yJO��SZ�om Lebesgue ?}g 0, F5 At)6 m�?. 3
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λt =

dAt

d〈M〉t
=

(bt− − rt−)S̃t−

S̃2
t−

[
σ2

t− +
N∑

j=1

∫ ∞

−∞
(ex − 1)2I{Ut−=j}vj(dx)

]

=
(bt− − rt−)

S̃t−

[
σ2

t− +
N∑

j=1

∫ ∞

−∞
(ex − 1)2I{Ut−=j}vj(dx)

] .U^�
EP

[〈 ∫ t

0

λu dMu

〉]
= EP

[ ∫ t

0

λ2
u d〈M〉u

]

=EP

[ ∫ t

0

(bu− − ru−)2S̃2
u−

(
σ2

u− +
N∑

j=1

∫ ∞

−∞
(ex − 1)2I{Uu−=j}vj(dx)

)

S̃2
u−

[
σ2

u− +
N∑

j=1

∫ ∞

−∞
(ex − 1)2I{Uu−=j}vj(dx)

]2
du

]

<EP

[ ∫ t

0

(bu− − ru−)2

σ2
u−

du
]

< ∞.=U�sPqV<?- 1 �mQr 1–3 )K3m�O)i�9Æ���Kp�w>H
ϕt )�9Æ���Kp�w>H�}RsPtB�PÆ�6M Rt(ϕ).JO Ct(ϕ) = Vt −

∫ t

0 ξu dS̃u, Ju9 3 "k
Rt(ϕ) = EP

[
(CT (ϕ) − Ct(ϕ))2|Ft

]

=EP

[
(LT − Lt)

2|Ft

]

=EP

[ ∫ T

t

(Φx(u, Su−, Uu−) − ξu)σu−S̃u− dW̃u +

∫ T

t

∫ ∞

−∞

(J1(u, Su−, Uu−, x)

− ξuS̃u−(ex − 1))Ñ(du, dx) +

∫ T

t

∫ ∞

−∞

J2(u, Su−, Uu−, z)P̃ (du, dz) | Ft

]2

=EP

[ ∫ T

t

((
Φx(u, Su−, Uu−) − ξu

)2
σ2

u−S̃2
u−

+

N∑

j=1

∫ ∞

−∞

[
(J1(u, Su−, Uu−, x) − ξuS̃u−(ex − 1))

]2
I{Uu−=j}vj(dx) du

+
N∑

j=1

aUu−,je
−2

∫
u

0
rs ds(

Φ(u, Su−, j) − Φ(u, Su−, Uu−)
)2

)
du

∣∣∣Ft

]
.q"�W 2 dÆ��Bm L�J�"�s}m_?5*^x�f&ku�;m�9Æ���Kp�w>Hg

ϕt = (ξt, Vt − ξtS̃t),
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Jo�v=G1065r� ξu = Φx(u, Su, Uu−), �PÆ�6M Rt(ϕ) L�
Rt(ϕ) = EP

[ ∫ T

t

( N∑

j=1

aUu−,je
−2

∫
u

0
r2

sds
(Φ(u, Su, j) − Φ(u, Su, Uu−))

2
)

du
∣∣∣Ft

]
,lo) [8] �m�4�C�u- 3 mqVNKGhk� B.1 < B.2, au- 3 mqV� H(t, Ut−, x) %�^O 0, �J G(t, Ut−), H(t, Ut−, x), (7) < (8) F�um?})�:?}�t (14) �

ξu mwaÆ (15), _J (10) "k
N∑

j=1

∫ ∞

−∞

(ΦxS̃t−

(
ex − 1) − J1(t, St−, Ut−, x)

)

·

(
(ex − 1)(rt− − bt−)

σ2
t− +

N∑
j=1

∫ ∞

−∞(ex − 1)2I{Ut−=j}vj(dx)

− H(t, Ut−, x) + 1

)

· I{Ut−=j}vj(dx) = 0.	.L��&m H(t, Ut−, x) 3/u)f/m�A�6��
H(t, Ut−, x) = 1 +

(ex − 1)(rt− − bt−)

σ2
t− +

N∑
j=1

∫ ∞

−∞(ex − 1)2I{Ut−=j}vj(dx))�&m/"��k� B.1 < B.2 �q<
H(t, Ut−, x) = 1 +

(ex − 1)(rt− − bt−)

σ2
t− +

N∑
j=1

∫ ∞

−∞(ex − 1)2I{Ut−=j}vj(dx)

> 0,=UJ (7) < (8) Fu9mnm�?})Yam�dÆ��Bm L�J�"�s}m_? Lévy 6M��/E)3`�m�nm�?})3f/m�g<!}/"�*mnm�?}&���Bum�}Rmu- 4 ak� B.1 < B.2 mTT�$S<���?}m*\&�(4 4 u9
dQ∗

dP

∣∣∣
Ht

= Dt

= exp
{ ∫ t

0

G(u, Uu−) dW̃u −
1

2

∫ t

0

G(u, Uu−)2 du +

∫ t

0

∫ ∞

−∞

lnH(u, Uu−, x)N(du, dx)

−

N∑

j=1

∫ t

0

∫ ∞

−∞

(H(u, Uu−, x) − 1)I{Uu−=j}vj(dx) du
}
, (16)
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G(t, Ut−) =

(rt− − bt−)σt−

σ2
t− +

N∑
j=1

∫ ∞

−∞(ex − 1)2I{Ut−=j}vj(dx)

, (17)

H(t, Ut−, x) = 1 +
(ex − 1)(rt− − bt−)

σ2
t− +

N∑
j=1

∫ ∞

−∞(ex − 1)2I{Ut−=j}vj(dx)

, (18)J (16) Fu9m�F?} Q∗ )���?}�b sP2�qV Dt a?} P })n
"X��J (16) "k
D2

t = exp
{∫ t

0

2G(u, Uu−) dW̃u −

∫ t

0

G(u, Uu−)2 du +

∫ t

0

∫ ∞

−∞

2 lnH(u, Uu−, x)N(du, dx)

− 2

N∑

j=1

∫ t

0

∫ ∞

−∞

(H(u, Uu−, x) − 1) I{Uu−=j}vj(dx) du
}
,

EP [D2
t ]

=EP

[
exp

{∫ t

0

G(u, Uu−)2 du +

N∑

j=1

∫ t

0

∫ ∞

−∞

(
H(u, Uu−, x) − 1

)2
I{Uu−=j}vj(dx) du

}]
.=g

G(u, Uu−) =
(ru− − bu−)σu−

σ2
u− +

N∑
j=1

∫ ∞

−∞(ex − 1)2I{Uu−=j}vj(dx)

≤
ru− − bu−

σu−
≤ max

j∈[1,···,N ]

rj − bj

σj

,+ ∫ t

0 G2(u, Uu−) du )K�m��^�=g� ∀ j ∈ [1, 2, · · · , N ], d Uu− = j �
∫ ∞

−∞

(
H(u, Uu−, x) − 1

)2
vj(dx) =

∫ ∞

−∞(ex − 1)2(rj − bj)
2vj(dx)

(
σ2

u− + (ex − 1)2vj(dx)
)2

≤ max
j∈[1,2,···,N ]

(rj − bj)
2

∫ ∞

−∞
(ex − 1)2vj(dx)

,F5 Dt )n
"X��MJOd
G(t, Ut−) =

(rt− − bt−)σt−

σ2
t− +

N∑
j=1

∫ ∞

−∞
(ex − 1)2I{Ut−=j}vj(dx)

,

H(t, Ut−, x) = 1 +
(ex − 1)(rt− − bt−)

σ2
t− +

N∑
j=1

∫ ∞

−∞(ex − 1)2I{Ut−=j}vj(dx)
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Jo�v=G1067�� (10) K3�+�F?} Q∗ )nm�?}�{}&sPtqV?} Q∗ )���?}���7mn
"X P � L, J Dt mu9"k
Dt =

∫ t

0

Du−G(u, Uu−) dW̃u +

∫ t

0

∫ ∞

−∞

Du−

(
H(u, Uu−, x) − 1

)
Ñ(du, dx)

=

∫ t

0

Du−G(u, Uu−) dW̃u +

∫ t

0

∫ ∞

−∞

Du−G(u, Uu−)(ex − 1)

σu−
Ñ(du, dx).=g

Mt =

∫ t

0

Su−σu− dW̃u +

∫ t

0

∫ ∞

−∞

Su−(ex − 1)Ñ(du, dx),+
Dt =

∫ t

0

Du−G(u, Uu−)

Su−σu−
dMu,F5sPK

[L, D]t =

∫ t

0

Du−G(u, Uu−)

Su−σu−
d[L, M ]u. (19){}&sP2�qV Mt )n
"X P ��=g ∫
|x|>1

e2xvj(dx) < ∞,  ∫ ∞

−∞
(ex −

1)2vj(dx) < ∞. MJO
EP [M2

t ] =

∫ t

0

EP [S2
u−σ2

u] du +

N∑

j=1

∫ t

0

∫ ∞

−∞

EP [S2
u−](ex − 1)2I{Uu−=j}vj(dx) du,y Su ,O?} P )n
"Xm< σu ≤ max

j∈[1,2,···,N ]
σj , F5 Mt ),O?} P mn
"X���^�V6 Kunita-Watanabe 3n&"s

EP

[ ∫ t

0

Du−G(u, Uu−)

Su−σu−
d[L, M ]u

]

≤
{

EP

[ ∫ t

0

G2(u, Uu−)

σ2
u−

d[L]u

]} 1

2

{
EP

[ ∫ t

0

D2
u−

S2
u−

d[M ]u

]} 1

2

. (20)JO Dt a?} P })n
"X�� σ2
u ≤ max

j∈[1,···,N ]
σ2

j < (5), sP"k
EP

[ ∫ t

0

D2
u−

S2
u−

d[M ]u

]
=EP

[ ∫ t

0

D2
u−

(
σ2

u− +

N∑

j=1

∫ ∞

−∞

(ex − 1)2I{Uu−=j}vj(dx)
)

du
]

= max
j∈[1,···,N ]

∫ t

0

EP [D2
u−]

(
σ2

j +

∫ ∞

−∞

(ex − 1)2vj(dx)
)

du < ∞.M=g G2(u, Uu−) ≤ max
j∈[1,···,N ]

(rj−bj)
2

σ2

j

, L )n
"X P �����&< (20) s
EP

[ ∫ t

0

Du−G(u, Uu−)

Su−σu−
d[L, M ]u

]
< ∞. (21)
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"X P ��V6 (19)< (21) "s [L, D]t) P ��=U L ) Q∗ ��O)Ju9 5 "s Q∗ )Æ����?}�l+u- 4 kq�W 3 dÆ��Bm L�J�"�s}m_?5*^x�m���?} Q∗ J}u9
dQ∗

dP

∣∣∣
Ht

= exp
{∫ t

0

µs − rs

σs

dW̃s −
1

2

∫ t

0

(µs − rs

σs

)2

ds
}
.g<>V3�u=A - J-8mYa$Æ�.-jmZ��>`&<D��}RsP�D/"L6m2��kuÆ��Bm L�J�"�s}m_?5*^x�yf&ku�;gf&�gp��0Gp�m (14) &"kJ�"�s}m_?5*^xX�}f&�gp�m�9Æ���Kp�w>Hg ϕt = (ξt, ηt), r� ξt = Φx(t, St−, Ut−),

ηt = B−1
t Φ(t, St, Ut) − ξtS̃t. =U�9Æ���Kp�w>HsPz�,siÆ��Bm[Z ξt, 0G ξt <)�BlmmwÆ"5{S ηt. J [13] "s�Æ��Bm L�J� �s}m_?5*^x�f&�gp�mmw Φ(t, St, Ut) g
∮

{J1+J2+···+JN=T−t}

(
StN(d1(J1, · · · , JN)) − Ke

−

N∑
j=1

rjJi

N(d2(J1, · · · , JN ))
)

· φ(J1, · · · , JN) dJ1, · · · , dJN ,r� Ji =
∫ T

t
I{Uu=i} du *'6 �oJ�"�8 U a	I i m+XUB�o� φ(J1,

· · · , JN ) g (J1, · · · , JN ) m4��FQ}8=� K )u�m � N(∗) *')
oI�5m+X�58=� St g t �#*km�m�
d1(J1, · · · , JN ) =

ln(St

K
) +

N∑
i=1

(
r(i) + 1

2σ2(i)
)
Ji

√
N∑

i=1

σ2(i)Ji

,

d2(J1, · · · , JN ) = d1(J1, · · · , JN ) −

√√√√
N∑

i=1

σ2(i)Ji.=U
ξt =Φx(t, St−, Ut−)

=

∮

{J1+J2+···+JN=T−t}

N(d1(J1, · · · , JN ))φ(J1, · · · , JN )dJ1, · · · , dJN .}RsP0G Matlabkh ξt S Black-ScholesX�} Delta Kp�w>Hm=w�4�g<
'tq�sPkuJ�"�8 U �K9"	I�r	I�2�Fg
(

P11 P12

P21 P22

)
=

(
0.7 0.3

0.8 0.2

)
.
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Jo�v=G1069�^�a}&m\��sPtÆ��Bm L�J�"�s}m_?5*^xX�pÆg Markov-modulated B-S, t Black-ScholesX�pÆg B-S model. Markov-modulated

B-S X�m<=�+�kug K = 30, σ(1) = 0.6, σ(2) = 0.8, r(1) = 0.03, r(2) = 0.05,

T − t = 0.5 b��D9" Black-Scholes X��r� Black-Scholes X� 1 m<=�+�kug K = 30, σ = 0.6, r = 0.03, T − t = 0.5 b� Black-Scholes X� 2 m<=�+�kug K = 30, σ = 0.8, r = 0.05, T − t = 0.5 b�
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Abstract In this paper, we suppose that the risky asset follows a Markov-modulated

Geometric Lévy process, the market interest rate, the appreciation rate and the volatility

rate of the risky asset, and the intensity and magnitude of the jump depend on the states

of the economy which are described by a continuous-time Markov chain. Since the market

which we considered is incomplete, we find an optimal hedging strategy for a European

contingent claim by employing the local risk minimization method. Then we also provide an

example and obtain the numerical result of an optimal risk hedging strategy for a European

call option under a Markov-modulated Geometry Brownian motion. Finally, this optimal

risk hedging strategy and the Delta hedging strategy under the Black-Scholes model are

compared in this paper, and prove that the uncertain factors of Markov chain will bring the

impact on the investment decision of risk manager.
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