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BINARY MARKET MODELS WITH MEMORY

AKIHIKO INOUE, YUMIHARU NAKANO AND VO ANH

ABSTRACT. We construct a binary market model with memory that approxi-
mates a continuous-time market model driven by a Gaussian process equivalent
to Brownian motion. We give a sufficient conditions for the binary market to
be arbitrage-free. In a case when arbitrage opportunities exist, we present the
rate at which the arbitrage probability tends to zero as the number of periods
goes to infinity.

1. INTRODUCTION

Let T' € (0,00). We consider the stock price process (S¢)o<i<7 that is governed
by the stochastic differential equation

(1.1) S, = Sy(bdt + odY;)  (0<t<T),

where o and the initial value Sy are positive constants, and b € R. In the classical
Black-Scholes model, Brownian motion is used as the driving noise process Y, and
the resulting price process S becomes Markovian. In [1, 2], the following Gaussian
process (Y:)o<t<r Wwith stationary increments is used instead as the driving noise
process Y in (1.1):

t s
(1.2) Y, =B, _/ {/ pe(q“’)(su)dBu} ds (0<t<T),
0

— 00

where p and ¢ are real constants such that
0<qg<oo, —q<p<oo,

and (Bi)ter is a one-dimensional Brownian motion defined on a probability space
(Q, F, P) satistying By = 0. The parameters p and ¢ describe the memory of Y, and
the resulting stock price process S becomes non-Markovian. An empirical study
on S&P 500 data in [3] shows that the model captures very well the memory effect
when the market is stable.

It should be noticed that (1.2) is not a semimartingale representation of Y with
respect to the P-augmentation (F)o<t<7 of the filtration generated by (Y:)o<i<r
since (B) is not (F:)-adapted. However, by innovation theory as described in
Liptser and Shiryayev [11], we can show that Y is actually an (F;)-semimartingale
([1, Theorem 3.1]). In fact, using the prediction theory for Y which is developed in
[2], we see ([9, Theorem 2.1]) that there exists a one-dimensional Brownian motion
(Wi)o<i<r, called the innovation process, satisfying

oc(Ws:0<s<t)=0(Ys;:0<s<1t) 0<t<T),
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and
(1.3) Ytth—/Ot {/Osl(s,u)qu}ds (t €[0,T]),

where [(t, s) is a Volterra kernel given explicitly by

_ s 2pq
(L4)  U(t,5) = pe-(rralC ){1‘<2q+p>262qs_p2} (0<s<t<T).

Thus the process Y has the virtue that it possesses the property of a stationary
increments process with memory and the simple semimartingale representation (1.3)
with (1.4) simultaneously. We know of no other process with this kind of properties.
The two properties of Y become a great advantage, for example, in its parameter
estimation (see [9, Section 5]).

Several authors use fractional Brownian motion as the driving noise process
(see, e.g., Comte and Renault [5], Rogers [12], and Willinger et al. [15]). However
this approach is not entirely satisfactory since fractional Brownian motion is not
a semimartingale (Lin [10] and Rogers [12]), whence there exists no equivalent
martingale measure in the corresponding market. On the other hand, the market
defined by (1.1) with (1.2) or (1.3) and (1.4) is arbitrage-free and complete since
the process Y becomes a Brownian motion under a suitable probability measure
(see [1, Section 3]). Moreover, for this model, we can obtain explicit results such as
the solution to the expected logarithmic utility maximization from terminal wealth
(see [2]).

As is well known, binary approximation of the Black-Scholes model plays a very
important role for the model in many ways. Sottinen [13] constructed a binary
market model that approximates the market driven by fractional Brownian motion,
and investigated the arbitrage opportunities in the binary model.

In this paper, we construct a binary market model with memory that approx-
imates the continuous-time market model driven by Y in (1.3). However, rather
than considering the special kernel I(¢, s) in (1.4), we take a general bounded mea-
surable Volterra kernel (¢, s). Since [(t,s) given by (1.4) is bounded, the results
thus obtained apply to the special case (1.4). We remark that any centered Gauss-
ian process Y = (Y;)o<i<r that is equivalent to a Brownian motion has a canonical
representation of the form (1.3) with (¢, s) satisfying square integrability (see Hida
and Hitsuda [8, Chapter VI]). Thus, in this paper, we consider a subclass consisting
of Y for which I(¢,s) is bounded. As in [13], the key feature to the construction
of the approximating binary market is to prove a Donsker-type theorem for the
process Y (Theorem 2.1).

Unlike the market driven by fractional Brownian motion, the market driven by
Y in (1.3) is arbitrage-free (see, e.g., the proof of [1, Theorem 3.3]). However,
the approximating binary market may admit arbitrage opportunities. We consider
conditions for their existence or non-existence. We also study the rate at which the
aribtrage probability tends to zero as the number of periods goes to infinity.

This paper is organized as follows. In Section 2, we prove a Donsker-type theorem
for the driving process Y in (1.3) with bounded kernel I(¢,s). In Section 3, we
consider a discrete-time approximation of the stock price process S in (1.1). As a
special case, we obtain the desired approximating binary model. In Section 4, we
study arbitrage opportunities in the binary model.
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2. A DONSKER-TYPE THEOREM

Let T € (0,00). In what follows, we write C' = Cp for positive constants,
depending on 7', which may not be necessarily equal to each other. Let n be a
positive integer. In Sections 2 and 3, we write

[nt] |_ntJ
Sx-3x =T xs
s<t s<t

Let I(¢,s) be a bounded measurable function on [0,77] x [0,7] that vanishes
whenever s > t. Let W = (W, )o<¢<r be a one-dimensional Brownian motion on a
probability space (2, F, P). We define the process Y = (¥;)o<i<r by (1.3).

We put, for ¢,u € [0, T,

z(t,u) ::/ I(s,u)ds, y(t,u) :=1— z(t,u).

Then both z(¢,u) and y(¢,u) are bounded and continuous on [0,7] x [0,T], and
it holds that YV; = fo (t,u)dW, for 0 < t < T. Let C be a positive constant
satisfying, for (¢1,u), (t2,u) € [0,T] x [0,T],

(2.1) |2(t1, u) = 2(ta, w)| = [y(tr,u) — y(ta, u)| < Cltr — to.

Let {&;}5°, be a sequence of i.i.d. random variables with E[¢;] = 0 and E[(£1)?] =
1. We also assume that

(2.2) E[(&1)"] < o0
We define the process W™ = (Wt(n))ogth by
[nt]

where || denotes the greatest integer not exceeding z. The process W) converges
weakly to W in the Skorohod space by Donsker’s theorem (see, e.g., Billingsley [4,

Theorem 16.1]). We define the process y® = (Y;("))ogth by

t
VO [y gaw o<i<T),
0

Then it follows that

v W= =Syl e (0<t<T).
=1

Here is the Donsker-type theorem for Y.
Theorem 2.1. The process Y™ converges weakly to' Y as n — 0o.

Proof. We first show that the finite-dimensional distributions of Y(") converge to

those of Y as n — oo. Thus, for aj,...,aq € R and ¢y,...,tq € [0,T], we show

that X (™ converges to a normal distribution with variance Var(X), where X (™ :=
3



Zk 1akYtk and X = Ek 1 arYs, . We have

d 1 [n(teAti)] _
Var(X®) = 37 apar~ Y7y Dyl 5
k,l=1 =1

Ln(tpAty)]

akal/ y(Lnth7 |_nsJ+1)y( [nta] |_nsJ+1)dS’
0

M-

n n n n
k.l

1

where t A s := min(t,s). The function (¢1,t2,u) — y(t1,u)y(te, ) is continuous,
whence uniformly continuous, on the compact set [0,7]3. From this and the fact
that 0 <t — (|nt]/n) < 1/n, we see that

d Lt A\t
(2.3) lim Var(X™) = Z akal/ y(tx, s)y(t, s)ds = Var(X).
e k=1 0

)

We may assume Var(X) > 0. For, otherwise, (2.3) implies that X () converges
to X = 0 in law. We put b(") : ZZ 1 aRy(F Inti] L) and X(n) = n’l/QbE")fi for
n,i = 1,2,.... Then we have X = ZLRTJ X(" forn = 1,2,.... We need to
show the following Lindeberg’s condition: for every e > 0,

[nT]

(2.4) nan;O Z E [(Xf”))Ql{\xW\xam}} =0,
where o(™ := \/Var(X (). Choose a positive constant M satisfying [b\"™| < M
for n,i=1,2,.... Then since |Xi(n)| < Mn~12|¢], we have

LnT) - [nT]

Z E [(Xi )21{\x§">\>w<n>}} < Z E [(Mnfl/zfi)z1{\Mn—1/2£i\>eo<">}]

- i=1

[nT]
—-EZAF E (&) e > m-1000 ymy) < MPTE [(§0)* 11,5010 vy ] -

We obtain (2.4) from this. By (2.4) and (2.3), we can apply the central limit
theorem (cf. [4, Theorem 7.2]), so that X (™ converges to X in law, as desired.
Next we show that, for 0 <t; <t <ty <T andn=1,2,...,

(2.5) BIv" =y Ry - v R < Clts — 0.

The theorem follows from this and [4, Theorem 15.6]. However, if to—t; < 1/n, then

either ¢; and ¢ or t and t; lie in the same subinterval [2, m“) for some m, whence

the left hand side of (2.5) is zero. Therefore we may assume that to —t; > 1/n.
We show that

(2.6) B Y™ =y < Cft - s
for t, s and n satisfying
(2.7) 0<s<t<T, t—s>1



This implies (2.5) under the condition to — t; > 1/n since

By, -y Ry - v R < B I -y e B v - v

< Ot —ty||ta —t] < Clta — t1]?.

For distinct ¢, j, k and [, we have

E[(&)°¢5] = E[(&)%¢6] = El&i€;6:6] = 0.

Hence, for t, s and n satisfying (2.7), E[\Yt(n) - Ys(")|4] is equal to

(it aest ne) |

=1

n’E

Lnt)
Lns]

= Bl(&)*Jn=* Y _{u (5 1) -y Dy

+%E[(£1)2]2 S fy(ld iy o yloe s
1<i<j< | nt]
= (I + L) E[(&1)"] + 6(J1 + J2 + J3) E[(&1)?]%,

where
|ns] [nt]
nt 7 ns 1 -
L=n2Y {y2 by —yzel it = STy
i=1 i=|ns|+1
and
Jo=nt? 30 B D) (S P (B D) — e 2
(4,7)EM
Jo=n~2 0 {y(letl iy —g(lnsl gy et gy2
(4,7)EN2
Jsi=n? Y0 y(leth fyzyll g2
(i7j)€A3
with

By (2.7), we have

so that

#A1 < Cn®, #Ay < CnP(t—s),
5

Int] — [ns] <nt—ns+1=n(t—s+1)<2n(t—s),

#A3 < Cn?(t — 5)°.

1/2



Therefore, using (2.1), we obtain, for ¢, s and n satisfying (2.7),
|| <Cn2-n-(t—s)*=Cn 1 (t—s)* <C(t—s)° <C(t—s)?
L] <Cn™2 n(t—s)=Cn"t(t—s) <C(t—s)?,
|J1] < Cn~2-n? (t—s)* = C(t —s)* < C(t — 5)?,
|Jo] <Cn~2-n%(t—s)-(t—s)> =C(t —s5)> < C(t —5)?,
|J3] < Cn~2 - n?(t —s5)* = Ot — s5)%.
Thus (2.6) follows. U

Denote by AX and [X] the jump and quadratic variation processes of a process
X, respectively, i.e.,

AX; = X; — lim X, X, = AX,)%.
t t 81%1 []t ;( )

Theorem 2.2. The process AY (™ converges to zero in probability, while [Y(")]
converges to the deterministic process (t)o<i<T in probability.

Proof. From (2.6) with (2.7), we have
Bl < B -y )] <on 2,
so that, as n — oo,
E [ sup (AYt("))‘*} <E|Y (A" =N"E [ (AY;) ] < cg ~0.
0st<T t<T t<T n

Thus AY (") convergeb to zero in probability.
We put z\" = fo U:fj, dWi™ for 0 < t < T. Then we have Y™ =
W™ — 2" whence
[Y(")] W(n) _9 Z W(n) Z(")) + [Z(")]t.
s<t

Since z(u,u) = 0, we have

nt]—
z" - 2", = 7 Z {z(52 ) —=(= D)6 (=0 if [nt] =1).
From this and (2.1), E[(AZt(n))z] is at most
[nt]—1 2
) _ gz y2] Z 1 It 5y pelmtizt appe 00 2 C
E[(Zt Zt—%)]_n ; {Z( n ’n) Z( n ’n)} - n n2 _n2'

Since [Z(™]; is increasing, we see that

28) E {OS:ET[Z(”)]t] —F [[ZW]T} -3 E [(AZ,S”))ﬂ <arl -

Thus [Z(™)] converges to zero in probability.
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‘We have

|nt)
bl t+12{@ -1,

Let € > 0. Then, from (2.2) and Kolmogorov’s inequality (see, e.g, Williams [14,
Section 14.6]), we see that

[W(”)]t =

Lnt] - i) )
P(oiw e —1}\ =) = (e [ e -1 )
LnTJ
< p 2 Pl 7] < Pl -1 =0 (o)

From this and the fact that 0 <t — (|nt|/n) < 1/n, we see that [W(] converges
to the deterministic process (t) in probability.
By Schwarz’s inequality, we have

> AW @AZ)| < WL < WAz,
whence, by (2.8),
(n) ONIPS (M1/2] 7 (n)1L/2
B s |3, (awimyaze|| < & ez
1/2

<FE [[W(”)]T} E [[Z(n)]T} 1/2 < T2, (Cn 71)1/2 Cn—1/2.

Thus the process (ngt(AWsn))(AZs(n))) also converges to zero in probability.
Combining, we see that [V (™)] converges to () in probability. O

3. APPROXIMATING BINARY MARKET

Let T € (0,00) and let Y be as defined in Section 2. We consider the stock price
process S that is governed by the following more general stochastic differential
equaltion than (1.1):

dS; = Sy{b(t)dt + odY;}  (0<t<T),

where ¢ and the initial value Sy are positive constants, and b(-) is a deterministic
continuous function on [0,7]. The solution S is given by

¢
Si 1= Sgexp {UYt —|—/ b(s)ds — %0215} 0<t<T).
0

For n =1,2,..., we consider the process S(™ = (St(”))ggth defined by
n n 1 ns
s =] {1+0AYS( )+ Eb(%)} (0<t<T),
s<t
where Y (™) is as in Section 2. The aim of this section is to prove that S converges

weakly to the process S.
As in [13, (10) and (11)], we put

(1,71) R n (2"”) P n
Y= ) AL sy cpey Yo = DAY sy

s<t s<t

7



Then we have

(3.1) v =yt v,

(3.2) [ym], = Z(Aﬂ("))zl{my;m|<%a—1}»
s<t

(33) R D DGV A HINCEINee
s<t

(3.4) [ = [y ) + [y &),

Lemma 3.1. The process [Y*™)] converges to zero in probability, whence [Y ™)
converges to the deterministic process (t) in probability. The process y 2mn)
verges to zero in probability, whence Y (1™ converges weakly to Y .

Proof. Let € > 0. Then, by (3.3), we have

con-

P < sup [YZ™)], > e) <P < sup [YZ™)], > 0) =P < sup |AYt(")| > %01> .
0<t<T 0<t<T 0<t<T

Since the process AY (™) converges to zero in probability by Theorem 2.2, [Y@’")]
converges to zero in probability. Therefore, by Theorem 2.2 and (3.4), [V(17)]
converges to zero in probability.

In the same way, since

P( sup [V,*™] > 6) < P( sup [AY, "] > %0‘1) :
0<t<T 0<t<T

it follows from Theorem 2.2 that Y (3™ converges to zero in probability. Therefore,
by Theorem 2.1, (3.1) and [4, Theorem 4.1], Y (1™ converges weakly to Y. O
Theorem 3.2. The process S converges weakly to S.

Proof. Write St(n) = S,fl'">st(2*”>7 where

n 1 ns
st =11 {1 +oAY ™ 4 —b(LTJ)}
s<t n
s =TI {1+oavem},
s<t
and the processes Y™ are as above. We claim the following: (i) S converges
weakly to S; (i) S3™) converges to one in probability.
By [4, Problem 1, Page 28], the claim (ii) implies that S (S(2") —1) converges
to zero in probability. Since
St(n) _ St(l,n) (St(Z,n) . 1) + St(l,n)7

we see from (i) and [4, Theorem 4.1] that S converges weakly to S, as desired.
We first prove (ii). Let € > 0. Then

P( sup [ —1| > e) < P( sup |AY,™| > %01) .

0<t<T 0<t<T

Since the process AY (") converges to zero in probability by Theorem 2.2, (™)

converges to one in probability. Thus (ii) follows. Next we prove (i). Since the
8



exponential is a contlnuous functional in the Skorohod topology7 it is enough to
prove that log S(1™) converges weakly to the process (cY; +f0 s)ds— —02t) Notice
that |O’AY;(1 ")| + }L|b( LZtJ )| < 2 for sufficiently large n and t € [0,7], whence the

logarithm log S(:™ is well defined for such n.
We have
1
§x2 + r(z)a? (lz| < 1),

where 7(z) is a bounded function on |z| < 3. Hence

log(l+z)=a—

2
n 1 ns 1 n 1 ns
IOgSt(17 ) = E {O'A)S(l’n) + Eb(—LnJ) — 5 (O’A}S(l’ ) + Eb(LnJ))

s<t

3
+r (aAYs“’") + lb(%» : (wys(l’”) + lb(%)) }
n n

s<t
where
1 2
o =3 (Eb(m—rjj) +0AYS(1*”)> :
s<t
(n) L Ins| Lpns )
n) . _ (In) 4 Zpelnslyy . (In) 4 Zplnsl
W ._§r<0AYS + —b( )) <0AY5 + —b( L )) .
We have ") = n~2 D <t p(Lnsly2 + 20T 4+ o2[y (M), where

an) — Z —b( Lns| )AYs(l’").

s<tn

Since b(-) is bounded, the first term n=% 37, b( [ns)y2 goes to 0 as n — 0o. By

Lemma 3.1, the third term o[V (1™)] converges to (0t) in probability. As for the
second term, it holds that

sup
0<t<T

| < Csup Ayt < o < Ay,
s<T

Since AY(") converges to zero in probability by Theorem 2.2, so does I'"™). Thus
the process (®;) converges to (o2t). Since

sup U, <C< —|—Sup|AY (1,n) |> O,
0<t<T n s<T

we see that the process (U;) converges to zero in probability. Using these fact as
well as Lemma 3.1 and [4, Theorem 4.1], we see that log S(') converges weakly to

(oY + fO s)ds — $0°t). O
If we take the i.i.d. random variables {&;} so that

(3.5) P& =1)=P =-1)=1/2,

then we obtain the desired approximating binary market model.
9



4. ARBITRAGE OPPORTUNITIES IN THE BINARY MARKET

In this section, we study the arbitrage opportunities in the approximating binary
market model with memory constructed in Section 3. For simplicity, we assume
that the function b(-) is a real constant as in (1.1).

Let N € N, r,b € R, and 0 € (0,00). The number N corresponds to n in
Sections 2 and 3. Let the function y(¢,u) be as in Section 2. We define

Mo b
N’ N
The | NT |-period market M) consists of a share of the money market with price

o

process (BLN))n:O,l,...,l_NTJ and a stock with price process (Sr(zN))n:o,l,...7LNTj~ The
prices are governed respectively by

BM =M (1 4+,+™y (n=1,... |NT)), BM =1
SN = M1+ M £ XNy (n=1,...,[NT)), S =s,

where sq is a positive constant,

XN = oAvgY = \/—Z{y%%— Y5t )}

and {&;} are i.i.d. random variables satisfying (3.5). Theorem 3.2 implies that the
binary market model M) approximates the continuous-time market model with
bond price process (e”t) and stock price process S in (1.1).

Given the values of &;,...,&,-1, the random variable XT(LN) takes the following

two possible values u,, and d,: d; = —O’/\/N up = a/\/ﬁ7 and forn =2,..., N,

E (51,...,£n 1 Z{y

ag

) YR R - o

ZI;‘

n—1 1

n i — g
unEun(£17-~7§n 1 \/—Z{yﬁ YN _y(Taﬁ)}§i+\/—N~
We investigate the arbitrage opportunities in M(N). Let C' be a positive constant
satisfying
(4.1) ly(t,u) —y(s,u)| < C|t — s (0<t,s,u<T).

Theorem 4.1. Suppose that T < 1/C. Then there exists an integer Ny such that
for each N > Ny, the market M) is arbitrage-free.

Proof. From the condition T'C' < 1, we have an integer Ny satisfying
b

N \/—
By (4.1), we have, forn=1,...,|NT|,

(4.2) (TC+1)> -1, |r—b <VN(@1-TC)s (N> Ny).

min dn(

— ﬂ L n-1l 4\ _ _Z
Ee{_l)l}n—l n \/—z:: N> N (N 7N) \/N

10



This and (4.2) yield, for N > Ng and n=1,...,|NT],

b 4 x (M) > LI

dn (&) > —1,
Z Nt (&)

whence S,, > 0.
We show that M) is arbitrage-free for N > Ny. By Dzhaparidze [6, Proposi-
tion 6.1.2], M) is free from arbitrage opportunities if and only if

(4.3) dp <™ M) <, (n=1,...,|[NT)).

However, we have

max dp(§) = —= noy —y(nFt L —
cefit gyt (5) \/N £ |y(N N) y( N N) \/N
g

n—1 o
<——1(1- Cl|l<—01-T0O),
<- = (1-"5¢) s - % a-10
and
o = o
min Up(E) = ——— ooy —y(nt ) 4+ —
e (©) =~ 3 &) R B
o n—1 o
> (1— Cl|>—==010-T0).
> = (1-2570) = -0
Thus, by (4.2), (4.3) holds for N > Nj. O

By Theorem 4.1, the market M) is arbitrage-free for T' small enough and
N large enough. However, in general, the market M) may admit arbitrage
opportunities, as we see below.

Suppose that there exists a positive constant C' such that (s,u) > C for 0 <
u<s<T.Let T>1/C. We assume that » <b. Then, d|yr|(—1,...,—1) is

—1 INT]
LLNszl N (s i)ds_L>L<C(I~NTJ_1)_1)
VN i=1 % N VN VN N ’

Since T'C' > 1, it follows that d|xp|(—1,...,—1) > ry — by or
S\nt) > (L+7N)S|NT)—1

for N large enough. Therefore, if the value of ({1,...,& nyr)—1) turns out to be
(=1,...,—1), then we have an arbitrage opportunity: we may buy stocks at time
| NT'| — 1 using money obtained by shortselling bonds. In a similar fashion, we can
show that if T'> 1/C, r < b and N is large enough, then the value (1,...,1) of
(§1,...,& N7 —1) gives an arbitrage opportunity.

Put
Py=P <U:j? {dn < ) _p(N) un}c> .

As we see in the proof of Theorem 4.1, the binary market M) is arbitrage-free
if and only if Py = 0. The next theorem gives the rate at which the arbitrage
probability Py tends to zero as N — oo.

11



Theorem 4.2. There exists a positive constant C' = Cl. such that, for each o €
(0,1), we have N(«a) € N satisfying
C/
Proof. Set 3 := (av+1)/2, and choose N(«) € N so large that
(44)  NPPCVT < VN —|(r—b)Jo|, NP2>4 (N> N(a)).

Then we have d; < r™) —p() < 4y, For N> N(a) andn=2,..., |[NT|, we put
A= NB/2 and

n—1 1/2
n 1 n— [ 2 m
Sp—1 = NZ {y(ﬁv ﬁ) - y(Tlv N)} ‘| ’ Mnfl = 1<r"1;12§71 ‘Zizl i
i=1 ==
where 7; = VN {y(%, % —y("T’l,% }& for i = 1,2,.... By (4.1), we have
Sp_1 < CV/T. This and (4.4) 1mply that

o) (5

(Mn 1 >A5n 1)

e 1) < P(M,,_1 > ACVT)

Similarly we have

—b
P (u < ) < P(My—1 > Aspo1).

Since A > 1 and

(il = max VN{y (. %) (R 0 < sae,

it follows from [ , (12.16), Page 89] that

P(Mn—l Z ASn—l) < %

for some constant Cy > 0 independent of N and n (notice that n; here corresponds
to & in [4, (12.16), Page 89]). Hence, Py is at most

[NT]

r—b r—b 2|_NT_JCO QTC()
S () e (n s tR) < Bt < T
Thus the theorem follows. O

REFERENCES

(1] V. Anh and A. Inoue, Financial markets with memory I: Dynamic models, Stochastic
Anal. Appl., to appear. http://www.math.hokudai.ac.jp/ inoue/

2] V. Anh, A. Inoue and Y. Kasahara, Financial markets with memory II: Innova-
tion processes and expected utility maximization, Stochastic Anal. Appl., to appear.
http://www.math.hokudai.ac.jp/ inoue/

(3] V. Anh, A. Inoue and C. Pesee, Incorporation of memory into the Black—Scholes—Merton
theory and estimation of volatility, submitted. http://www.math.hokudai.ac.jp/ inoue/

[4] P. Billingsley, Convergence of probability measures, Chapman & Hall, New York, 1968.

(5] F. Comte and E. Renault, Long memory continuous-time models, J. Econometrics 73 (1996),
101-149.

12



[6] K. Dzhaparidze, Introduction to Option Pricing in a Securities Market I: Binary Models,
CWI Quarterly 9 (1996), 319-355.
[7] G. Gripenberg et al, Volterra Integral and Functional Equations, Cambridge University Press,
Cambridge, 1990.
[8] T. Hida and M. Hitsuda, Gaussian processes, American Mathematical Society, Providence,
1991.
[9] A. Inoue, Y. Nakano and V. Anh, Linear filtering of systems with memory, submitted.
http://www.math.hokudai.ac.jp/ inoue/
[10] S.J. Lin, Stochastic analysis of fractional Brownian motions, Stochastics Stochastics Rep. 55
(1995), 121-140.
[11] R. S. Liptser and A. N. Shiryayev, Statistics of random processes. I. General theory, 2nd
edition, Springer-Verlag, New York, 2001.
[12] L. C. G. Rogers, Arbitrage with fractional Brownian motion, Math. Finance 7 (1997), 95-105.
[13] T. Sottinen, Fractional Brownian motion, random walks and binary market models, Finance
Stochast. 5 (2001), 343-355.
[14] D. Williams, Probability with martingales, Cambridge University Press, Cambridge, 1991.
[15] W. Willinger, M. S. Taqqu, and V. Teverovsky, Stock market prices and long-range depen-
dence, Finance Stoch. 3 (1999), 1-13.
E-mail address: inoue@math.sci.hokudai.ac.jp
E-mail address: nakano_y@math.sci.hokudai.ac.jp
E-mail address: v.anh@fsc.qut.edu.au

DEPARTMENT OF MATHEMATICS, FACULTY OF SCIENCE, HOKKAIDO UNIVERSITY, SAPPORO 060-
0810, JAPAN

DEPARTMENT OF MATHEMATICS, FACULTY OF SCIENCE, HOKKAIDO UNIVERSITY, SAPPORO 060-
0810, JAPAN

SCHOOL OF MATHEMATICAL SCIENCES, QUEENSLAND UNIVERSITY OF TECHNOLOGY, GPO Box
2434, BRISBANE, QUEENSLAND 4001, AUSTRALIA

13



