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Rainbow Option Pricing of Fractional version with

Hurst exponet H being in (%,1)

DA-YE LI JIONG RUAN

The Label rainbow was coined by Rubinstein (1991), who emphasizes that this option was
based on a combination of various assets like a rainbow is a combination of various colours.
More generally, rainbow options are multi-asset options, also referred to as correlation
options. Rainbow can take various other forms but the combining idea is to have a payoff
that is depending on the assets sorted by their performance at maturity. In this article, we
introduce Hurst exponents into the dynamics of stock log-price, and deduce the

corresponding rainbow option pricing formulas with Hurst exponents being in (E, D.

1. INTRODUCTION

Since it’s appearance in the 1970s, the Black-Scholes formula [1] has become one of the
most popular method for option pricing and its generalized version has provided
mathematicallly beautiful and powerful results on option pricing. However, they are stil
theoretical adoptions and not necessary consistent with empirical features of financial return
series, such as nonnormality, nonindependence, nonlinearity, etc. For example: Berg and
Lyhagen [2], Lo [3], Hsieth [4] and Huang and Yang [5] showed that returns are of short-
term (or long-term) dependency.

Lo and Mackinlay [6], Elton and Gruber [7], Frennberg and Hansson [8], Fama and
French [9] and Poterba and Summer [10] reported the positive auto-correlation for stock in
the short run and negative auto-correlation in the long run.

Let S(¢r) denote the stock log-price. S(¢) is defined to be statistical self-similar with
Hurst exponent H (H < (0,1)) if (S(a),z > 0) has the same probability law as (a/2S(¢),t > 0).

As we have known, mentioned from [19], many facts show that Hurst exponent H
varies in (0, 1) for different stocks returns or commodities prices or various exchange rates
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at al.. These inspire us to consider the option pricing with Hurst exponents (H € (0,1) (H

1
may not equal to E ). In fact, in this field, some models have been made. For instance,

Takahashi [16], Cutland et al. [17] and Ren ef al. [18] have considered the option pricing

1 1
problems for H € (5,1). In the case of H € (O,E), as we have known, it has been studied

by Wang et al. [19]. But they all considered the option involving one asset.

1
In this paper, we will study the rainbow option involving two assets with H € (5,1) by

using the similar way of Wang [19], and deduce option pricing formula while the dynamics
of stock log-price S of stock I and II satisfy

ds, = C(0)dt +n,(DdBy, , H; € (1,1 =1.2), H, < H, (1.1)

respectively, where C (1) and n(¢) (i = 1, 2) are deterministic functions of time ¢ and
By =By (t,0) (i=12) is anormalized fractional Brownian motion (fBm) on a probability

space (Q2, F, P). Furthmore, we obtain generalized rainbow option pricing formula involving
k (k> 1) assets.

2. SOME MATHEMATICAL PRELIMINARIES

In this section, we will consider the stochastic integral with respect to the fractional Brownian
motion (fBm) that have the Hurst exponent in (0, 1) and the corresponding general 1t6’s
formula with respect to a function f (¢,x, (?),. . .,x, (1)), where {x(?),r€[a, b]} (1 =1, ..., k)
are stochastic processes.

we work in probability space (€2, F, P). Fractional Brownian motion B, = B, (¢) with
Hurst exponent H € (0, 1) is a continuous Gaussian process with stationary increments and
with the following properties:

(1) B,(0) =0;
(2) EB,(r) =0 forall r > 0;
(3) E[By($)By ()] =1[*" +s*" =t —s "] forall 5.t > 0.

The standard Brownian motion B is a fBm with Hurst exponent

A . .
H = % r(n)=E[B, (1)(By (n+1)— B, (n)], then we have the following properties from [20]:
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(a) if H 6(0,%),2::0|r(n)|<oo;

(b) if H= %, {By(n+1)—By(n)} is uncorrelated;

(©) if He(G.D. 3, |r(n)|=c.
Actually, if H € (0,1),7(n) <0 for n > 1 (negative correlation); if H € (1,1),r(n) >0

n > 1 (positive correlation). The property Z::0|r(n)|=oo is often referred to as

long-range dependence. A fBm is also self-similar, that is, (B,(ar),r > 0) has the same
probability law as (a”B,(1),t > 0). A stochastic process x = {x(#)} _,is self-similar with

index H > 0 (H-ss) if, for any o > 0, if, for any ¢ > 0, {x(ar)}, g i{aHx(t)}teR’ where i
stands for the sense of the finite-dimensional distributions.

Definition 2.1 Let fbe a real-valued function on [a, b] x Q such that

(I) fis asecond order random function;

(ID) is B [a, b] x F — measurable.

If @)= Z:’: JiXlt;, 0, (D) is a random step-function, then we define

b m—1
L f(x)dBy (1) = Z JilBy (t;) — By (t)]
i=0

In general, let A : a =1t <1t <...<t = b be apartion of [a, b]. Set
fir= P A= maxggg, o [t —1; 1 L,(fr0) = zg)lfi[BH (ti,0) = By (1)1, Where 4 e[1,.1,,,].

If I (f,0) converges to a random variable I (f,0) in quadratic mean (q.m) as |A| =0,
then we define

[ By 1= 1(f.0)

b
We denote the set of functions such that L f(x)dBy (1) exists by € (H).

Theorem 1: Let f (t,0) be a real-valued function defined on [a, b] x Q such that
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(C.1) both (1) and (1I) hold;

b

(C.2) for each ® € Q, f (t,®) is absolutely continuous on [a, b] and L E[f, (s, 03)]2 dt < o,
where f denotes the partial derivative of f with respect to t;

(C.3) the process f= (f (t, ®)) and B, = (B,(1)

are independent, then f € ¢ (H).

tela,b] tela,b]

Note that for each 7 € [a, b], f (., ®) and B,(., ®) are F-measurable. When f is a
deterministic function of time #, condition (C.3) is naturally satisfied. This is the situation
in which we will use this theorem in the next section.

Theorem 2: Let a(t,®), b(t,0) be Bla, b] x F-measurable such that
b
L a; | (t,0) |2 dt <+ for almost every w and b (t,0) satisfies (C.1)-(C.3) with H= H_in
Theorem 1(1=1,2). Set

X () - x,(a) = j' a, (T, 0)d T + j' b (1, 0)dBy, (1) 2.2)

Let f: [a, b] Xx R x R —> R. Assume that fx{’x;f and fxf,xgt(p,qzo,...,n) are all

continuous, where fx{’x;f = 6”+qf/6xfax§,fxl,,xqt (3f P 10t. Set Y() = f (¢, x,(), x,(0)).
Assume that 1/n < H <1/(n-1) and H < H,< 1. Then for any given n > 2, we have
Y(r) - Y(s)

[T (0,00 + @ (0 £, (55,0, () + 6 (D, (1,5, (0), 5, ()l

m—1n-1 J
+ |iilm0 %Zxcl’f b (t;,x,(t,), %, (2,)bP (£ )b 7P (¢, By, )P [By (t)
- i=0 j=1 J: p=0
m-—>+o0

m—-1n-1 j
1 J
+ lim =2 KON a1 ()b (1)b37 (1)
A0 i=0 j=1 ]' p=0 E
m—>+0

PH1+(j-p)H2 <1

X By (t:11) = By, ()1 [By, (t:11) — By, (¢; W
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in the sense of probability, where [s, t]  [a, b].
Proof: See Appendix A.
From Theorem 2 and by using Taylor’s formula, we also have:

Corollary 1: Under the condition of Theorem 2,

Y(t+A0) =Y (0) =L (2., (1), %, (1) + @) (O) f, (2, %, (1), X, (1)) + ay (1) £, (2, %, (2), %, (1)) At

P
X

S| J N
t25 L O nOnO OO
Jj=1J° p=

PH{+(j-p)Hp <1
X[ By, (t+At) =By (DI [ By, (t+ A) = By, (D™ +o(| At ).
Similar to Theorem 2, we also have the generalized conclusion:
Theorem 3: Let a(t,®), b(t,0) be Bla, b] x F-measurable such that

b
L a,|(t,®)|* dt <+ for almost every w and b (t,0) satisfies (C.1)-(C.3) with H = H.in

Theorem 1(1=1, . . ., k). Set

3 ()= x(a)= [ 4z, 0)dx+ [ b(z,0)dBy, (7)

[a,b]xRx...xR—
N | ——

R. -
Letf Assume that fxfl .ape and fxlpl “_xkpk,(pl""’ Pk=0,...1) gre

. _ AP+ Hp p p _
all continuous, where fxlpl Pl o™ Cflox.. ‘axkk’fx{’l woxPke T afxlpl...x};k /0t Set Y (1)

=f(tx,@),....x(0). Assume that 1/n <H <1/(n—1)and H <H,<...<H <1. Then for
any given n > 2, we have

‘ k
Y(t) - Y(S) = J.Y [f‘c (T7x1 (T)’ ceey X (T)) + zal (T)fxl (T7 xl(r)v co X (’E))]dﬁE
' =1

m—1n-1 1 Pl 20

i
cim SELSET L
A0 S5 T T s apems PPk
m—s—+o0 1 k

X G2 (@) x (D) By, (t1,) = By, ). [ By, () — By, @)1
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‘ k
= IY [f‘c(’[v xl (T)7 ooy xk(r)) +Z al (T)fxl (T’xl (T)" . ~7xk (T))]dT
' =1

m—1n-1 m,.iﬁkzo blpl (I) b/fk (t)
i) ;

+ lim > >

|A]—>0 “ - . p | p |
=0 j=l p;+.. +p;= 1k
>0 =0 j=1p; Pk=J

Xfxlpl .k (@ x1(8,), .- X (ti))[BHl () — BH1 (ti))]pl .. '[BHk () — BHk (ti)]pk
‘ k
= IY [f‘c(’[v xl (T)7 ceey xk(r)) +Z al (T)fxl (T’xl (T)" . ~7xk (T))]dT
' =1

m=ln=1 pr. .20 pp (t.)...bP(t.)
+ lim E L ' k ' :
A0 530 0o gt Pt Dit
m—>+00
PLH .. pkH) <1

Xfxlpl ol (ti,xl (ti), e X (ti))[BHl (ti+1) - BH1 (ti))]pl .- '[BHk (ti+1) - BHk (ti)]pk
in the sense of probability, where [s, t]  [a, b].

Proposition 1: [18] Suppose H € (0, 1), then

P{ lim su

AB,,
p =4V, (=1,
a0+ (AN \[log | log At | " J

where V= I'(2—2H) cos(nH) / tH(1 — 2H)> 0.

3. MODEL OF RAINBOW OPTION PRICING FOR %< H<1

In this section, we will give a fractional version of the Black-Scholes formula of rainbow
option pricing in case of the Hurst exponent H € (4,1). Considering the option written on

a stock I and stock II, suppose that:

(A.1) There are no-transaction costs, and it is possible to hedge the risk of a portfolio in
markets.

(A.2) The value process D (¢) of the riskless bond is given by
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dD(t) = r(t) D(t)dt, 3.1
where r(t) is the risk-free interest rate, which is a deterministic function of ¢. The log-Price
S of stock I and stock II satisfy

ds; =C;(t)dt +n,()dBy, , H, e (5,)(i=1,2),H < H, (3.2)
respectively, where u(7) and 6,(1)(i = 1,2) are deterministic functions of time ¢ and satisfy
the conditions of Theorem 2.

(A2)Let C( S, S, and P (7, S, S,) be the values at time ¢ of European call and
European put written on the stock I and stock II with expiration date T and exercise price
X, X, respectively. Suppose C (¢, S|, S,) and P (¢, S, §,) satisfy the terminal conditions

C(T,87,87) = max(e® - X,,e% —X,,0);

C(I,—OO,—@)) = 0 5
(3.3)
iy L €SS )
1 e l
and
P(T,ST,87) = max(X, — % , X, — % ,0);
P(t,~o0,~o0) = max(X,, X,)e" " ; (3.4)
limg_,.., w —0 (i=1,2).

(A.4) There exists a portfolio involving stock I, stock II, and rainbow option written on
them such that this portfolio itselft is riskless. That is, the value of the riskless bond D(r)
can be exactly replicated by a ‘self-financing’ investment strategy involving stock I, stock
IT and the rainbow option written on both of them, i.e., when we take the number of unit of
the rainbow option written on stock I and stock II as one, this ‘self-financing’ strategy
satisfies the following conditions:

ND(t) =C(t,5,,S,) + N,e* + N,e™ (3.5)
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and

NAD(r) = AC(1,5,,5,)N, A’ + N,Ae™ + o(Ar) (3.6)

where §= §.(, ®) (i = 1,2) denotes the log-price of stock I and stock II respectively, and N
and N (i = 1,2) denote the number of units of the riskless, stock I and stock II at date 7,
respectively.

Since it is possible to hedge the risk of a portfolio, let’s consider how to do hedge the
risk of a portfolio. Like the Black-Scholes case, we can form a riskless portfolio involving
two stocks and a rainbow option written on them. First, from corollary 1, we have

Ae®t =G, (1" At +m (e’ ABy +o(At),

Ae® =G, (e At +m, (1) ABy, +o(Ar)
and
AC(t,S,,S5,) = (%"' Ci(®) 5C + Cz(f) )Af +( Th(f)ABﬂl +& s, nz(t)ABH2 )+ o(Ar)

Now we derive the rainbow option pricing formula. Applying Corollary 1 to

Aet, Ae®' and AC(1,S,,S,) » we see that it follows from (3.1), (3.2), (3.5) and (3.6) that

F(0(C.8,8,) + Nye® Nye™ | ar

((—+§1(t) Qz(t) )+N1§1(t)e 1 +N2§2(t)e ]

oc ocC
+(£n1 (1) + Ny, (e jABH1 + (gnz(t) + N,m, (1)e™ JABHZ +o(Ar).  (3.7)
1 2

Dividing both sides of (3.7) orderly by (Ar)™ /log|logAt|,(An)™"2 \/log|log At |, At
and let Ar —» +0, we get from proposition 1 that

ac
n (t)a—s1 + N, (e =0 (3.8)
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oC
nz(f)g + Ny, (He* =0 (3.9)
ac ac ac
r(t)(C(t,Sl,Sz) + N, Nye® ) = z;l(t)a—s1 + Cz(t)ﬁ) + NGO + NG 0e™ (3.10)

Solving (3.8) and (3.9), we obtain

oc

Nl:_ﬁ_Sle 1 (3.11)
oc

Nz?@e ? (3.12)

Substituting (3.11) and (3.12) into (3.10), we get the equation for European call C (z,
S " S2) written on stock I and stock II:

oC oCc ac
nca,s,,S,) =—+rit)(—+—
r()C(t,S,,S,) P r()(as1 asz) (3.13)

Solving (3.13) by using terminal condition (3.3), we obtain

r()C(t,S,,S,) = max(0,e” — X, OT™ 52 _x 70Ty (3.14)

where

N
(1) = T—tJ.f r(t)dr.

Remarks 1: From put-call relationship, we have the corresponding equations to (3.13)

OP oC oC
HP(t,S,,S,)=—+r{t)(—+—)L <H,H, <1).
r(t)P( 1 2) Ey r()(asl 8S2)(2 12419 )

Remarks 2: Similarly, we can obtain that if C (¢,5,S,, . . ., S)(k = 1) is the values at
time ¢ of European all written on stock 1, Stock 2, . . .,stock k with expiration date T and
exercise X, X, . . ., X, respectively and suppose C (1,5 .,S,, . . ., S)(k > 1) satisfies the
terminal conditios
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C(T,ST,ST,....8) =max(e® —X,,e% —X,,....e% —X,,0) ;
C(t,—0,—00,...,—0)=0

(3.15)
limg ., S8 2 (=1,2,..,k)
we can get the equation:
oC ocC oC oC
r)C(,S5,,S,,....8) =—+r(t)(—+—+...+—).
OCE505.--2 50 =" ()(asl as, ask) (3.16)

Solving the equation (3.16) by using the terminal conditions (3.15), we can obtain:
C(t,8,,85,...8,)= max(esl - Xlef;(’”*’),es2 - Xzefm)(T*”, e — Xke’;(’)(T”),O) (3.17)

where

N
(1) = T_tjr r(t)dr.

Remark 3: From (3.14), we know that the price of rainbow option with terminal
conditions is closely related to the maximum of stock I and stock II but not only related to
stock I or stock II.

Remark 4: The terminal conditions (3.3) are simple, so we can get the analytic solution
to the equation (3.13). In another words, Maybe it’s very difficult for us to obtain tha
analytic solution when the terminal conditions is complicated.

Remark 5: If 1/n < H< 1/(n - 1) (n 2 3), the equations which is deduced for getting
rainbow option pricing formulas become fairly complicated. Under that condition, it’s very
difficult for us to obtain the solution even when the terminal conditions are simple.

4. CONCLUSION

In this paper, we develop a fractional version of the Black-Scholes model for valuing rainbow
options with Hurst exponents in (1/2, 1). The formula on pricing rainbow option with terminal
conditions (3.3) and (3.4) are obtained, and also we deduce a more common version in
Remark 2. . More than those, we notice that:

1. As in the Black-Scholes model the ‘Delta neutral’ makes a portfolio a perfect
hedge when H € (1/2, 1). It is also the same perfect thing for the rainbow option
with H € (1/2, 1).
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2. Inthe Black-Scholes model, we must acquire the parameters such as the volatility
of the stock price and the risk-free interest which cannot be observed, But in our

model, When H € (1/2, 1), only 7(¢) needs to be estimated.

3. Compared with the option formula by using historical volatility, the rainbow option
with H € (1/2, 1) is more simple.

4. It’s very obvious that the solution (3.14) and (3.17) have nothing to with implied
volatility and historical volatility.

5. Like [19], we can easily know our model is also no-arbitrage.

APPENDIX A
Proof of Theorem 2
Let A:s=t,<t <---<t, =t be a partition of [S’t]‘|A|=021_§nX_1|ti+1 —1;|.By using

Taylor’s formula, we have

m—1
Y()-Y(s)= Z Lf s %0 (8305 %9 (810)) = (85,2, (8), %, (1;))]

i=0

m—1
= z Lo (1), (1340)) = f (0,2, (8), %, (8)))
i=0

+Z ER?prmwaa>@o»wwM)xw»%@mﬂ>xguy”

Jj= =1J

1
+;Z“ﬂvaQQmmw>mmw@mo@awﬁ

m—1

=D i (1), %, () At

mlnllj

2

i=0 j=1J* p=

- p(t,’)ﬁ(t) X, (t; ))(x1(t,+1) x1(t ))p(xz(t,+1) xz(t ))] r

X

p
CJ f)cl”
=0

m—1n—-1

1 J
+z lzclp fx{’x’ ”(Tl’xl(t) x2(t ))(xl(tH-l) xl(t ))p(XZ(tH—I) xz(f ))] pAt

i=0 j=1
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mll

+z Z AP (1,811,800 (1) — X, (8))7 (e (841) = X, (8"

mll

+z Z 1S e (358115 G )X (i) — X1 (1)) (X (111) — %, (1)) P A,

=V, (@) + V(0) + V,(0) + V3 (@) + V, (o) (A.1)
where At, =t _—tand ¢, <t <t (i=0,...,m-1),and §, =& () is between x(,m) and
x(t,,,0)(I =1, 2). Clearly, we note that

i+1°

m—1 ‘
Vo(@) Y f(ti, % (tl-),xz(tl-))At%L [ (L (0, (DAL 55 |A| 5 0. (A.2)

i=0

Since almost every sample function of {x, (#)}(/ = 1, 2) is continuous, we may write
() = x(c(w)) a.s., where , < 6, (0) <7, . From (2.1) and (A.1) we have

V(o) + V()

mlnl

— J liv liv1 r
=y 'ZC]p.fxl,,xg,p(ti,xl(t,-),xz(t,-))(jtb a(1,0)dT+ L} bl(r,w)dBHl(r))

i=0 j=1 p=0
lis1 d liv1 b dB o
X L,- a,(T,0) dt+ .L,. 5 (T,0) H, (1)

mll

liv liv1 P
o Zc e 08080 ([ a0 v+ [ by (.0 dy ()

liv fiv1 np
><( L,- a, (t,0) dt + L,- by (1,0) dBy, (r))

mlnll J

= ],ZCffxﬁ, NOEADER(D)

i=0 j=1

finl , P
BB, (010~ By 00+ [ 16,0+ BBy, (0,0) - By, (1

fl , Jj-p
0B, (1)~ B )+ [ 102(6) B 0By, 1)~ By, (01
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mll

+Z Z fxfngn(ti’au,ézi)

firl / P
BB ()= By 0+ [ 160+ BBy (0,0~ By, (1
fr , n—p
o 0B, 1)~ By )+ [ 10a(5) BBy 1)~ By, (001
We estimate V,(w) + V (o) first. Set

u,v,wela,b)
Li(w)= max |x1
j=Liwn

0<p<j

WX 0500,
[[ e )+ BB, 00~ By ()| oy @] o0,

[} a2 (9+ b3 By, @0 ~ By (O] By, @0 [ By, <u>\}

L,(w)= max {U:_”l a,(1)dt],

0<i<m-1

lis1
[ ay(vdr

, |x1 (i) — X, (ti)|’ |x2 (ti) — X, (ti)|’

|B, @+ )= By

"l (n)+ b1(T)(BH1 (ti1) = By, ())d7|,

|B t +1)- By, (t)|

[} 10+ 8, (5) (B, (1) = By, ()<

}

where ¢ (1) =1 _ if 1, <t<t  .Then L (o) is finite for almost every o and as L, (0))30 as

|A| = 0 since I: a(v)dt, By, (1),

I;b{(r)a?r,BHl (vdt and x(1)(I = 1, 2) are uniformly continuous on [a, D] for alost every .

Thus we obtain

m—1 n J .
V(@) +V, (@)<Y > — [ZC;LI((»)UZ(@)] | Az, |

10]1 p=0
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m=l{ n ~j
- Ll((;))Z[ZZTLJZ((D)J | At |

i=0 \_j=1J*

m—1
<L) -1) Y| A, |
i=0
<L (o)t s)(e”z("” - 1) <L(o)b —a)(e”z("” - 1)“—“‘;0 as |A| > 0. (A.3)

To deal with V (o) + V,(w), we write

V(o) + V()

m—1

= {fxl (2 x,(1;), % (r,-»(bl () By, (1) = By, ()" a1 (0) + by (B (t101)~ By, (r))]dr)

i=0

o (1, (1), %, (1) (bz () By ) = By, 0] [y (0 + B, (2) By, (1)~ By, <T>>de)}

m—1n—1 1 J
ST

i=0 j=2J | p=0

tiv1 ! P
x (bl (t))By, (t11) = By () + [ [y (0 + B (0)(By, (t1,) = By, (r))]dr)

x (bZ (t))By, (t;41) = By, (1)) + j:_"*‘ [ay(7) + by (VB (1,,1) — By, (r))]dr)'

m—1 n
1
+Z _‘{Z C)f PP (ti’ali’gb')
i=0

S
liy1 / b
x (bl (t))By, (t11) = By (1) + [ [y (0 + B ()(By, (1) = By (r))]dr)
Liv1 ’ P
x (b2 6By, (t1,) = By, () + [ [0y (0) + by (B, (t1,1) = By, ('c))]d‘c) }

=V, (0) + V, (o) + V(o).
V, (@)
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= livt livt
=S 00 [ a0 1 06506 a0

i=0

m-1

+Z {fxl (15, %, (8, %2 G0 (1) By, (t141) — By, @)+ f, (13, %1 (8;), %5 (2;))[6y (1) (B, (t:1.1) — By, (1; ))]}
i=0
m—1

#2052 ) B DBy, (1,0~ By, (D1

i=0
+fr, (X, (1), (zl.))j:_"*‘ by(v)By, (t;,1) ~ By, (r)]dr}

=V, (o) + V(o) + V(o).
V()

m—1n—1 1 J . i—p
> ,{Z CLf g (s 001,326 0b3 7 1) By (t100) = By, (1)) (B, (1) = By, (1)) }

J
10]2] p=0

1
+y ,205’ agon (s 1) 50 (B 0By, (1) = By 1))

m—1n—1 J
i=0 j=2

il af tti , j=p=4q
x C.;pr (bZ (ti)(BHz (ti+1) - BHZ (ti ))) (J.t [az(f) + bz ('E)(BH2 (ti+1) - BHz (‘E))]d‘t)
9=0 !

m—1 n—1 1 J .
+ 7{2 Clf o (120,55 1) (s () By, (11,0) = By, 1))
i=0 j=2J* | p=0 e
v k k[ et ' pok
X(Z G, (b1 (t:)(By, (t;,1) — By, (t; ))) (L [a, (D) + b, (D(By, (t;,1) — By, (T))]dT) J
k=0 i
m—1n—1 1 J
+ = Zcpfxzxf—p (t:,2,(2;), %, (1))
i=0 j=2.J* { p=0 !
p-l fi , Pk
H Cy b (t:)(By, (t;,1) — By, (t; ))) (LH [a (D) + by (D(By, (11) — By, (T))]df) }
=0 i
& fi , j=p=q
Z bz (t:)(By, (1;,1) = By, (1; ))) (.[ [ay (D) + by (V)(By, (1;,1) — By, (T))]dT)
V(@) + V() + V(o) + V(o).
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V, (®)

m=1 1 e
=2 {Z o (s Euis B0 (1057 (1) (By, (1) = By 1)) (B, (1101~ By, (1) "}

p=0

m—1
+Z {Z o (05810582 (B 0By, (1) = By (1))

p=0
n-p-1 af ¢t , n—-p—q
Z Co, (B (1)(Byy, (11,) = By, () ) (Jt_ [a,(7)+ by (V)(By, (t;,1) - By, (r))]dr)

m—1

+Z {Z C S g 118110800 (02 (1) By, (1,1) = By, (1))

n-p

p—l iyl / p—k
x(Z CE (B16)(By, (1111 ~ By (1)) ( [ () + by (0(By, (1.1) - By, m)]dr) J}
k=0 !
m—1 1
+z {Z 117)(;*1) (ti’éli’éﬁ)

v tin U pok
XHZ ch (b1 (t)(By, (1) = By (& )))" ( L_ la, () + b (V)(By, (t,,) — By, (r))]dr) }
k=0 !

n—p-1 . , n-p—q
{ > G, (bz (t)(By, (t;,1) = By, (f,-)))q (.[t [ay (1) + by (V)(By, (1;41) — By, (T))]df) D}
=V, (@+V,(0+V,(0)+V, (o).
Since By (1)and f,, (t;,x,(1),x,(?)) are uniformly continuous on [a, b] a.s., we can
conclude that for any given & > 0, there exists & > 0 such that | By, (;,;) — By, (t;) | <€ and

| £y, (8 x1 (8:),%,(1)) = fo, (6, %1 (8), X, (1)) | <€ and ¢ € [t,+ 1,,)) and |A| < § (I =1, 2). Thus

m—1

fo,a X, (1), %, ))j " by (D By, (1) — By, (Dldt

<el, @] [b/(0)dr<eL, ()] |b(D) | dr,

and
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m=1

fo,(t x(1;), %, (1; ))J' @(t)dt—~ J [ (6x1(0), %, (1) (D

m-1

<Zj | Fr G 1), () = o (5.2 (0), 52 () || @, (1) | de

<8I|a,(r)|dr<sf |a,(r)|d1‘<s[ J|a,(r)| dt+— (b a)j

So
Vs =30, (A.4)
and
leg.[;(al(r)fxl (T, x (@), %, (1) + a4, (1) f, (T, %, (@), x, (1)) dT aS |A| = 0. (A.5)
Next,
|V62 (0)) + V72 (O))'
m-1 n j—p-1
< Z Z {Z CPLI7+1 (m)LIi (0))|:]Zp: C]quL({ (m)L%Jrj—pqul (0))
i=0 j= 2J =0

xj:_"” | @, (t) + by (1)(By, (1) — By, () | dr}}

n L} 1(0)) . b ,
< Z Z crt (o) Z cL I,L"(oa).[a |ay (1) + by (VV(By, (t;,1) — By, (¥)) | dt

n 1
<ZU ].(w)ZCFLWZ(U))((Ll(@)JFI)] P-L p(w))

n_rj-l ) .
=L )Z" 2L e e @) )

n— 1
<21 () (2L (@) +1) ), (Ly (@)L (@) + D)
Jj=1 ]_

<213(0) (2L (@) +1) (21O _1)550 as |A| - 0. (A.6)
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V., (0) + V(o)

Zm 12, =271 { = OCprH(O))Lp(O))[ = p 1C‘1 Lq(c))L’”’ P—q- 1(0))

@, (¥) + by (V)(By, (1)~ By, (‘c))‘ dr}}

liy1
X
fi

! p=0"J

_Zn 25 l(w){ CIJLPH( )Zj pl j ]}L‘I(Q))J‘ ‘a2(T)+b2(t)(B (t;1)— By (T))‘d’c}

<2

‘(m) 117 OC;?LIHZ(OJ)((Ll(U))"FI)j_p _L.{‘I’(w))

LY, 0L 1) -CL@))

<20 ((o)(2L1((;))+l)z .

w1 (Ly (@) 2Ly (@) + 1))

Jj!
<213(0) (2L (@) +1) (21O _1)50 as |A] - 0. (A.6)
Similarly,
| Vs () + Vi3 (@) | < 212 (0) (2L, () + 1)(&2“”(”1("”*“ - 1)‘5;0 as |JA| = 0. (A.7)

Now we estimate V,(w) + V_ (W)

[V, (0) +V_ (o)

m=1 n

<Yy {z crL, (o»{ 5 CyLi(@)L5™ (co)}

1072

7

p-l "
Z C" L"((D)L"” P=q- l(w).[t'

X

" a,(t)+ IJ;(’E)(BH2 (t;11) = By, (T))dTD}

j-1 J -
< Z L (w){zcjp ({ZCkLkH((,J)H: Z ce, ‘I(Q)DJ. ‘az(r) + b, (T)(By , (i)~ By (’E))d‘t}
: q=

p=0

n L} -1 j | |
(w) {Z ((Ll (@ +D" - Lf (w))((Ll (0)+1)/77 - L‘{_”(w))}

j=2 p=0

n -1
<L (o )ZU (‘”){42(:1’@1(03)“)1’“ 1’}
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n— 1
<BL{ (@) (L (@) +1))] (2L (@)X (@) +D)’
j=1

].
<82 (0)(L, (m)+1)(e“”-<“’“l<“’>“> —1)3‘0 as [A| > 0. (A.8)
Finally, we note that
m—1 1 e
V@) 343 oL By ()= By ) B (o) = B 1)~
! . .
., 2)1 m=1 n e
<L) 3 DB )= By ) [Bu, ()= By )

10*

For any given € >0, by Markov inequality and Cauchy-Schwarz inequality with respect to
expectation, and when 1/n < H < 1/(n - 1), we have

m=1 n —p
ZZ‘BHI (tH 5 Vit H, >¢&
i=0 p=0
p}
1
2;1—11)2

¢ ‘sz +Hn—p)H,

lml n

<< > EUBHI G

i=0 p=0

H,

H, Hy

mln

<= ZZ( ‘BHl(tHl) By,

z()p()

‘BHZ (tis1)— By, @)

— n

Mml n B MMl
<=2 2l eI

€ 120 p=0 € 20 p=0

1

i+l

M w 9= n
<5 2@ ala" T 50 4 A 0. (A.9)
P

where M is a constant. Therefore, v ()50 as |A| — 0.

It follows from (A.1)-(A.9) that

Y()-Y(s)= hm (Vo(oa)-t-VSl(oa)+V52(m)+V61(w))

m ~>+w

in the sense of probability. If pH | + (j —p)

H, > 1, we also have

51



Mathematical Methods, Physical Methods and Simulation Science and Technology

[14]

[15]

m-1

1 i i
Zﬁcjpfx(’xrl’ (t: 20 (8), %5 ¢ )] ()3 7P () By, (t:11) — By (1)1 [ By, (t111) — By, (t)V ?50 as |A| — 0.
iz0 J* 2

Hence Theorem 2 follows from the above discussion.
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