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Abstract

In this paper, “composition methods (or operator splitting methods) "for autonomous
stochastic differential equations (SDEs) are formulated to make numerical approximation
schemes for the equations. In the methods, the exponential map, which is given by solution
of a stochastic differential equation, is approximated by composition of the stochastic flows
derived from simpler and exact integrable vector field operators having stochastic coefficients.
The local errors of the numerical schemes derived from the stochastic composition methods
are investigated in detail. The new schemes are advantageous to preserve the special char-
acter of SDEs numerically and are useful for approximations of the solutions to stochastic
non-linear equations. To examine the superiority, several numerical simulations on the basis
of the schemes are carried out for stochastic differential equations which are treated in the
mathematical finance and stochastic Hamilton dynamical systems.
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1 Introduction

The theory of stochastic differential equations is understood as a fundamental tool for the
description of random-phenomena treated in physics, engineering, economics and mathe- matical
finance. However, it is often difficult to obtain the solutions of stochastic differential equations
explicitly. Hence, there has been increasing interest in numerical analysis of stochastic differential
equations, and many numerical schemes for stochastic differential equations has been formulated
(e.g. Gard (1988), Kloeden and Platen (1992), Saito and Mitsui (1993)).
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The purpose of the present paper is to propose some new numerical schemes for autono-
mous stochastic differential equations on the basis of “composition methods ”. The reasons why
we address such a topic are as follows:

In numerical analysis for deterministic ordinary differential equations, whether or not some
special character or structure of the equations is preserved precisely is an important point in
performing reliable numerical calculations. From this point of view, various numerical meth-
ods to realize the characters of differential equations have been investigated. Indeed, we can
find out such examples as energy conservative methods (Greenspan (1984), Ishimori (1994)),
symplectic integrators for Hamilton dynamical systems (Suzuki (1990), Forest and Ruth (1990),
Yoshida (1990)), and composition methods (McLachlan (1995), Moreau and Vandewalle (1996)).
Particularly, the composition methods are useful to make numerical schemes which leave some
structure or character of general differential equations numerically invariant. Hence, it seems to
be quite natural that we investigate the methods for stochastic differen- tial equations to make
numerical schemes having the conservation properties; this is the first reason for setting up the
purpose mentioned above.

Moreover, in the theory of differential equations, composition methods are also known as
operator-splitting methods, and they are often utilized for approximations of non-linear equa-
tion of which solutions are not obtained explicitly (Yanenko (1959), Iserles (1984)). In consid-
eration of this, we may expect that the methods bring us a convenient and powerful way of
approximations for “stochastic non-linear”differential equations, and this is another reason for
our purpose. '

Here, we will outline the original composition methods for ordinary differential equations.
Let X denote vector fields on some space with coordinates x, with flows exp(tX), that is,
the solutions of differential equations of the form #(t) = X(z) are given by the form z(t) =
exp(tX)(z(0)). Then, the vector field X is to be integrated numerically with fixed time step
t. In the framework, we can apply composition methods to the differential equation, if one can
write X = A + B in such a way that exp(tA) and exp(tB) can both be calculated explicitly
(more generally, this can be relaxed by approximations of the exponential maps). In the most

elementary case, the method gives the approximation for z(t) through

#(t) = exp(tA) exp(tB)(z) = z(t) + O(£2);

the last equality is shown by using Baker-Campbell-Hausdorff (BCH) formula in Lie algebraic
theory.

Thus, in composition methods, we use the exponential representation of solutions to dif-
ferential equations as an important tool. To formulate the methods for stochastic differential
equations, therefore, one needs the same notion for the equations. In Kunita (1980), such a
topic has been investigated in detail. Hence, Section 2 is devoted to review his work and to
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set up some notations of stochastic differential equations and vector fields. In addition, to esti-
mate approximation errors of our new numerical schemes, we will prove some propositions with
respect to time asymptotics of multiple stochastic integrals.

On the basis of the results in Section 2, composition methods are formulated for autonomous
stochastic differential equations in Section 3. Through the methods, we will obtain some numer-
ical schemes for the stochastic equations. Then, the approximation-error of numerical solutions
derived from the schemes must be estimated. In this paper, as the first step, we apply the local
error estimation in mean-square sense, which has established by Saito and Mitsui (1993), to the
obtainable numerical solutions. BCH formula will be useful for calculating the errors as in case
of composition methods for deterministic differential equations.

In Section 4, to examine the superiority of the new schemes, we investigate some examples
of the numerical simulations on the basis of the schemes. In the first example, the following
non-linear scalar stochastic differential equation is treated, which is often adopted as a model
of an asset price process in mathematical finance (Geman and Yor (1993)):

dS(t) = S(t)dt +21/S(t) 0 dW (), S(0) = s(> 0). (1.1)

It is known that a solution S(t) to this equation takes always a “non-negative ”value for any
t € [0,T]. Through the standard stochastic numerical schemes, however, such a character of
this equation is not always preserved numerically. In contrast with this, we will see that our
new schemes by composition methods leave the structure invariant numerically, and thereby we
can examine the first advantage of composition methods. In the second and third examples,
we investigate the second advantage of composition methods as a tool of approximation for
stochastic non-linear systems. Particularly, in case of deterministic differential equations, such a
superiority is often found out in Hamilton dynamical systems as dimensional splitting methods.
Therefore, in the third example, we treat the composition methods for “stochastic ”Hamilton
systems (Misawa (1999)). In the end of the section, we further touch upon a way to make
numerical schemes which realize the numerical preservation of conserved quantities for stochastic
systems (Misawa (2000)) .
Finally, some concluding remarks and future problems are given in Section 5.

2 Representation of solutions of SDEs

Now, we start with a review of representation of solutions of stochastic differential equations
(SDEs) in the framework of Kunita’s work (Kunita (1980)). Let us consider an autonomous SDE
of Stratonovich type (e.g. Ikeda and Watanabe (1989), Arnold (1973)) under the probability
space (Q, F,P)

dS(t) = b(S(t))dt + Z 9;(S@)) o dW9(t) (2.1)
j=1
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defined on a connected C*°-manifold M of dimension d, where b = (b*)%_; and g; = (gj-)?zl (=
1,---,r) are d-dimensional C® functions on M, respectively, and W (t) = (W(t),---W"(t)) is
a standard Wiener Process. Here S(t) is assumed to be adapted with a non-decreasing family
of sigma-algebra (F¢);>0 C F. Note that Eq.(2.1) is rewritten in the form of SDE of It6 type as
follows:

dSy = {b(S(t)) + = Zzgkazgk (t)) }dt+zga £)dw(t), (2.2)

k-—lz 1

where 9; = 3/0S5*. Using the coefficient-functions in (2.1), we define C®-vector fields X, X1, -, X,
as follows:

d d
Xo=)Y b9, X;=) g0 (j=1,--,7). (2.3)
=1 =1

The proof of Kunita’s lemma (lemma 2.1 in Kunita (1980)) suggests that the solution of SDE
(2.1) with an initial value S(0) = s is formally represented as '

S(t) = (expYy)(s), (2.4)

where Y;(w) is the vector field for each ¢ and a.s. w € §2 given by

Y, = ZW’ )X+ = }:[Wz WY(t [X@,XJ]+3ﬁzZtW’ X, X, X

=0 z<g 1=0 j=1
1 T
+ 5 2 W, WH(6)([Xs, X1, Xi]
1<j,k
+ Z {Z*CAJWAJ(t)}XJ7 (i=0,1,---,r;5,k= 1,"'a7')' (25)
JAa<|J| AJ
In (2.5), [Xi, X;] is the Lie bracket defined by X;X; — X;X;, and X7 = [---[Xj,, Xj,] - - 1 X

(J = (j1,- -, jm). Moreover, we set WO(t) = t and define [W?, W7](t) and [[W?, W7], W¥|(t) as
multiple Wiener-Stratonovich integrals of degrees equal to 2 and 3 given by

W, wi( / Wi(r) o dW(r / Wi(r) 0 dW(r),

and
Wl whw) = [0, W) 0 dw¥r) ~ [ W) o dW, WG,

respectively. Moreover, |J| denotes the length of a multi-index J; that is, if J = (j1, -, jm),
then |J| = m. W27()} and cay are the multiple Wiener-Stratonovich integrals with respect to
(WO(t), Wi(t),---,WT(t)) and the constant coefficients which are determined from a single or
double divided index AJ of J, respectively, and y" 5 ;* denotes the sum for all single and double
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divided indices of J; on the details of the definitions of AJ, W27(t) and ca s, see pp.285-289 in
Kunita’s paper (1980).

The equation (2.4) with (2.5) mean that the solution S(t,w) equals ¢(1,s,w) a.s., where

@(7,s,w) is the solution of the ordinary differential equation

2 v, 90 = (2:6)

regarding ¢ and w as parameters.

Remark 2.1: If the Lie algebra generated by Xg, X1,---, X, is of finite dimension, Ben
Arous has proved that the stochastic infinite series in Eq.(2.5) actually converges before a stop-
ping time. Therefore, in the case, the representation of solution (2.4) with (2.5) is well-defined
(Theorem 20 in Ben Arous (1989)). We will see such examples in 4.1 and 4.2 of Section 4.

Now, in what follows, we suppose that one may obtain the explicit representation of solution
(2.4) with (2.5). Moreover, we restrict ourselves to the SDEs (2.1) with a one-dimensional

Wiener process; that is, we consider

dS(t) = b(S(t))dt + g(S(t)) o dW (1), 2.7)

where b and g are d-dimensional vector-valued C* functions. Then, we may rewrite (2.5) in the
more simpler form in terms of Kloeden-Platen’s representation for multiple Wiener-Stratonovich
integrals and multiple Wiener-It6 ones (Kloeden and Platen (1989)); they are defined by

s+t Tk ) . . .
J(a)(tas) = / / / OdY(‘h)(’Tl) .. 0 dY(Jk—l)(Tk_l) ° dY(Jk)(Tk) (2.8)
8 S S
s+t pTk T2 . i ;
laptis)= [ [ [Ty ay e ay ) (), (29)
S S S
respectively, where o = (j1,---,jk), (s =0,1;4 =1,---,k) and

du for j =0

D () =
¥ (w) {dW(u) for j=1

In what follows, we denote Ji4)(t, s) and I4(t,s) by Ji4)(t) and Io(t), respectively, if s =0

Remark 2.2: Note that Jiq)(t, s) can be rewritten by I(,)(t,s) (see pp.174-175 in Kloeden
and Platen’s book (1992)). For example, we have

Jony =1gy (i =0,1) (2.10)

1 ..
JGr,d2) = Lir,ja) + 51{1123'2:1}[(0) (J1,J2 =10,1) (2.11)
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Siiasse) = Lir,sae) + %(1&1:9'2:1}[(043) ==} r0) (U253 =0,1),  (212)
where 1., denotes the defining function. In general, any multiple Stratonovich integral J(4) can
be written as a multiple It6 integral I(,y or a finite sum of I(,) and multiple It6 integrals I s
satisfying

t(a) +nla) < €(B) +n(B), (2.13)
where £(ca) ={the number of elements of o} and n(a) ={the number of 0 in the elements of o}
(Remark 5.2.8 in Kloeden and Platen (1992)).

In terms of (2.8) and stochastic Stratonovich integration by parts formula for W(t) (i = 0, 1)
and [WO°, W1](t), we can rewrite the equation (2.5) into the following form:

1
Yo = Jo)Xo+ Juy () X1 + 5(Jo,n(t) = J,0)(t))[Xo, Xi] |
1
+ “15{17(0,1,0)@) —2J(1,0,0)(t) + Ji0y(£) J(1,0)(t) = Ji0)(t) J0,1) (1) }[ X0, X1], Xo]

1 .
+ ‘1‘§{2J(0,1,1)(t) —2J01,0,1)(t) + Iy (1) J1,0)(t) — J1y () J(0,1) () } [ X0, X1], X1]

+ 0PI, Xl X+ Y K7 @)X (2.14)
J4<|J]

Here in the last term of the right-hand side of the above equation, K7 (t) = {3 a  cas W27 (1)},
and J = (1, -+, 5¢) (i =0,1;4=1,---,¢;£ > 4). In terms of Remark 2.2, this can be described
by multiple Wiener-It6 integrals as follows:

1
Y: = Io(t)Xo+ L)) X1 + 5(-’(0,1)(75) — 1(1,0)(¢))[Xo, X1]

+ ilg (2110,1,0)(t) = 21(1,0,0)(t) + L0y (£) 11,0y (t) — L0y (t) L 10,1y (1) [[ X0, Xd,Xo]
+ Ilg (21(0,1,1)(t) — 2111 0,1)(t) + L1y () L1,0y(8) = L1y (8) L (0,1) (E)[[ X0, X1], X1]
+ ;—6{1(0,0)(75)+{f(0)(t)}2}[[Xo,X1],X1]+ S HI@)XY, (2.15)

Ja<|J|

where H”(t) is another version of K”(¢) under each multi-index J, which is derived by trans-
forming multiple Stratonovich integrals in K7 (t) into It ones through Remark 2.2. Therefore,
for each multi-index J, H”/(t) is described as a polynomial function of multiple-1t6 integrals. In
the next section, we will formulate the numerical schemes of SDE (2.7) on the basis of (2.4) with
(2.15).

Now, in the remainder of this section; as a preparation for the error estimation to the new
schemes in the next section, we will prove a proposition concerning with the coefficients H7(t)
of X7 for multiple indeces J in (2.15). For this purpose, we first give a lemma for multiple It6
integrals (2.9) proved by Kloeden and Platen (lemma 5.7.5 in Kloeden and Platen (1992); Gard
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(1988)). Let E[-|Fs] be the conditional expectation with respect to a non-decreasing family of
o-subalgebra F.

Lemma 2.1 : For any a = (]137]’6)7(.71:0,177':1”k) a‘ndq: 1a2a"'a

E[| L) (At, 5)|%|F,] = O((At)1E@+n(@)) (At | 0), (2.16)

where ¢(a) and n(a) are the indices defined in Remark 2.2; that is, /(a) ={the number of

elements of o} and n(a) ={the number of 0 in the elements of o}
Let F(t,s) be a function of multiple stochastic integrals I,)(t,s). Suppose that
E[{F(At, 5)}*|F] = O((At)™) (At ] 0) (2.17)

holds. Then, in what follows, we call the real number m “mean-square order (MSO) ”of F(t,s).

From Lemma 2.1 we see that MSO of a multiple It6 integral I1,)(t, s) is equal to £(a) +n(c).
Moreover, the following lemma shows MSO of I(4)(t, 5)I()(t,s) is given by £(a) +n(a) +£(8) +
n(f); that is, MSO of a product of multiple Ité integrals equals to the sum of MSOs of the each
stochastic integral.

Lemma 2.2 : For any multi-indeces « and S3,
E[|Io)(At, 8)I(5)(At, 5)|*|Fy] = O((A) U@ +DE)) (AL 0).  (218)
holds.

Proof: Through Schwartz inequality, we obtain

E[|I(a)(At, 8)I(5)(At, 8)|*|F) < \/E[{I(a)(At,S)}4]5""s]E[{I(;3)(At,8)}4|f8]'
The lemma is straightforwardly proved by this inequality and Lemma 2.1.

Remark 2.3: By Lemma 2.1 and Lemma 2.2 together with Remark 2.2, we may verify that
multiple Stratonovich integrals Ji4)(t, s) also satisfy the results in Lemma 2.1 and Lemma 2.2.
Hence, for a given a, we find that MSO of a multiple Stratonovich integral J()(t, 8) is also equal
to {(a) + n(a); that is, MSO of Jio)(t,s) agrees with that of I(,)(¢,s) for the same multi-index

.

We are now to proceed to our purpose. Using Lemma 2.1 and Lemma 2.2, we can estimate
MSO of the each coefficient for X7 in (2.15) which is given by a polynomial function of multiple
It6 integrals on [0,t]. For example, in case of |J| = 1, MSOs of the coefficients for X, and Xi,
that is, MSOs of In(t) and I;(t) are equal to 2 and 1, respectively. In case of [J| = 2, MSO
of Iy 1)(t) or Iy gy(t) in the coefficient for [Xo, X1] is given by 3, and thereby we can easily
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prove that MSO of the coefficient (I 1y(t) — I(1,0y(t))/2 itself is also equal to 3. In the same
manner, we find MSOs of the coefficients for X when |J| = 3; that is, MSOs of the coefficients
for [Xo, X1], Xo] and [Xo, X1], X1] are given by 5 and 4, respectively. Hence, in this case, the
least value of MSOs of the coefficients for X equals 4. These facts suggest we may verify the
following proposition, and it is just one we want.

Proposition 2.1: Suppose that k is a given integer more than or equal to 2, and that the
multi-indices J satisfy |J| = k; that is, J = (j1,---,Jk) (Ji = 0 or 1;4 = 1,--- k). Then the
least value of MSOs of the coefficients H/(t) for X7 in (2.15) is equal to k + 1.

Proof: We may prove this by induction. From the above examples, this proposition is
obvious in case of |J| = 2,3. We assume that the assertion of this proposition holds for the
case of |J| = £(> 3). That is, the least value of MSOs of the coefficients H”(¢t) for X7 under
J = (j1,---,je) in (2.15) equals £ + 1. Then, note that under for the same J, the least value of
MSOs of K(t) in (2.14) agrees with that of H”(t), since H”(t) is only another version of K7 (t)
in terms of multiple It6 integrals.

Now, let us consider the coefficients K J (t) for X J under |J| = £+ 1. According to Kunita
(1980) pp.285-289, one can obtain them by adding Stratonovich integral with respect to dw or dt
to the multiple Stratonovich integrals in the coefficients K (t) for |J| = £. From the assumption,
the least value of MSOs of K7/ (t) for |J| = £ is equal to £+ 1. On the other hand, the following
equations show that the MSOs for the integrals by increments dw and dt correspond to 1 and
2, respectively:

E|| /ssmt dw(1)?|Fs] = O(At), EJ| /s e dt|?| Fs] = O((At)?) (At | 0).

Hence, in consideration these facts, one see that the least value of MSOs of K J (t) is given by
¢+1+41=2¢+2, and thereby, the least value of MSOs of H’(t) is also so. Thus, the assertion
in our proposition is proved.

3 Composition methods for numerical integration of SDEs

Now, we proceed to the new stochastic numerical schemes of SDEs on the basis of composition
methods. We start with a numerical integration of the stochastic equation (2.7) on the discretized
time series in the framework of the previous results on representation of solutions to SDEs. It
adopts an equidistant discretization of the time interval [0, 7] with stepsize

for fixed natural mimber N. Let ¢, = nAt(n =0,1,2,---, N) be the n-th step-point. Then, for
all n € {0,---, N}, we abbreviate S, = S(t,). Moreover, we use AW, for n = 0,1,---, N to
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denote the increments W (t,41) — W(t,); they are independent Gaussian random variables with
mean 0 and variance At, that is, N(0, At)-distributed random variables.

On account of (2.4), we may find the numerical solutions S,(n = 0,1,---,N) to SDE (2.7)
by

Sn+1 = exp (Yoat)(Sn) (n =0,1,2,---N - 1), (3.1)
formally, where Y,a: is a vector field derived by replacing all the multiple Wiener integrals
I(a)(t) = I(4)(t,0) in (2.15) by I(4)(At,nAt). In the followings, I(4)(At,nAt) is denoted by
Iy n(At). Moreover, we set Sy = S(0) = sp. According to the theory of ordinary differential
equations, exp (Y,a¢)(:) is often called the time-At map or exponential map. However, it is
usually difficult to find out the explicit form of the exponential map, and hence, we need to
build an approximation for (3.1).

To carry out this, we formulate a new stochastic numerical scheme as the following two
procedures, which are composed of the truncation of the vector field (2.15) and a composition
method (or operator splitting method) to the exponential map derived from the truncated vector
field:

Procedure 1: For the vector field Y; described by (2.15), we define a “truncated” vector
field Y; which is given by a truncation of the higher-order terms with respect to MSO of the
coefficients for X7 in (2.15). Then, we define a numerical sequence (S’n)ﬁzo through

Sn+1 = exp(Yaae) (Sn) (n=0,1,---.N — 1), (3.2)
where Sy = S(0) = sq.

Procedure 2: For 5'n+1 = exp(YnAt)(Sn), we apply a “composition method "in a way
analogous to that in the theory of ordinary differential equations. Suppose that the vector field

~

Yo is of the form

~

Yoat = Anat + BnAta (33)
where exp(Ana¢) and exp(Bya;) can both be explicitly calculated through (2.6). Then an ap-

proximation to the exponential map Y;,a; is given by exp(An,a¢) exp(Brat)- Hence, the sequence

of (S'n)fyzo in Procedure 1 is approximated by

gn-‘rl = exp(AnAt) eXp(BnAt)(Sn)’ (Tl - 0’ 17 -+ N — 1)7 (34)

where 50 = S(O) = 80-

After all, we regard (S,))_, as a numerical approximation to the exact discretized solutions
(Sn)rjy:O'

Next, we will turn to estimate local errors of mean-square sense for the numerical approx-
imation scheme mentioned above. For this purpose, in this paper, we use the notion of “local
error order "defined by Saito and Mitsui (1993).
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Definition 3.1: Suppose that S(t) and S, are an exact solution and the numerical approxi-
mation to SDE (2.7), respectively. Moreover, let E, ¢ be the expectation conditioned on starting
at £ at time 7. Then the local error order « is defined by

Ein s[1Gnt1 — S(tatr1)P] = O((A1)™FY), (At | 0), (3.5)

where t, = kAt (k = n,n + 1), | - | denotes the Euclidean norm on the space R4, and we set

S(tn) = Sp =s.
We note that the accuracy of a numerical scheme improves with increasing the local order.

Remark 3.1: In the framework of another definition of local error order by Kloeden and
Platen (1992), the local order of S, satisfying (3.5) is given by (a +1)/2, since the difference of
Spi1 and S(tp41) is squared. Hence, if the above-mentioned local order for a certain numerical
scheme is equal to «, one can calculate Kloeden and Platen’s local error order 8 through 8 =
(a+1)/2.

Now, we will to apply thus local error estimation to our approximation procedures. In what
follows, we set S, = s, where s is a given value.

Local error estimation for the truncation error in Procedure 1:

First, we investigate a truncation error in Procedure 1. Let H,”(At) be the coefficient for
X7 in Y, a; which is represented by a polynomial function of multiple-Ito integrals for a given
multi-index J as in (2.15).

Proposition 3.1: Suppose that a truncation vector field YnAt is given in the following form:

Yoar= Y. Hp/(ApX7. (3.6)
Ji1<| Iy

That is, we assume the terms in Y, a¢ satisfying |J| > v + 1 are neglected. Then,
. 2
By, sl1Snt1 = Snpal’] = O((A1)?), (At | 0). (3.7)

Proof: In terms of Proposition 2.1, we can easily show that the least value of MSOs of H,’(At)

in the neglected terms equals v + 2, since |J| > v + 1. This fact together with the definition of
exponential map (2.15) straightforwardly indicate (3.7).

Thus, we obtain the local order v+ 1 for numerical approximation solutions (S)N_, in the sense

of Definition 3.1.

Remark 3.2: If the Lie algebra generated by Xy and X is of finite dimension, our error
estimation mentioned above agree with that on truncation of stochastic exponential maps by
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Ben Arous (1989), since the convergence of Eq.(2.14) (or (2.15)) is actually guaranteed (cf.
Remark 2.1). That is, under the assumption that such a convergence holds, the local error
estimation mentioned above exactly holds. In general, however, our result may give only a
formal error estimation. Indeed, according to Castell (1993), when the stochastic series does not
always converge, the asymptotic expansion of stochastic exponential maps is estimated only in

a “probability ”sense. We will investigate this problem in future works.

Local error estimation for the composition scheme in Procedure 2:

Next, we will proceed to the local error estimation for Procedure 2. We can carry out it by
the Baker-Campbell-Hausdorff (BCH) formula (Bourbaki (1989)) together with Lemma 2.2; the
formula is given by the following form:

exp (€(AL)X) exp (5(ANY) = exp(e(ADX + S(ANY + Ze(ADS(AL[X, Y]

1
+ 5 ((AD?(AX, [X, Y]] + (A)S(AL)[Y, [V, X]]) + - ), (3.8)
where X and Y are C® vector fields, and ¢(At) and §(At) are any functions with respect to At;

in our case, they are corresponding to polynomial functions of multiple It stochastic integrals
I (a),n(At)'

Proposition 3.2: Let Y, a; be a truncated vector field given by (3.6). Suppose that the
vector fields A,a; and B,a; in a decomposition (3.3) for Y,.a: are described by

AnAt = Z FnJ(At)XJ, Buat = Z GnJ(At)XJa (39)
J1<| <y Ji1<|J|<y

respectively, and that the least values of MSOs of F,”(At) and G, 7/(At) in (3.9) are given by
« and J, respectively. If Xf{’ and X]Jgﬁ , which are vector fields corresponding to the coeflicients
with o and 3 as MSO, respectively, satisfy [Xﬁ“ ,XIJ;" ] # 0, then

Et,[1Sn+1 = Sut1l’] = O((A1)**7)), (At 1 0). (3.10)
Proof: Let F,”=(At) and G,”#(At) be the coefficients in (3.9) of which MSOs are equal to

and (3, respectively. Then, in an analogous way to that in Lemma 2.2, we can prove that

B, o[ (A1)Gr 78 (A1)%] = O((A1)*P) (At | 0). (3.11)

Therefore, on account of BCH formula (3.8), (3.11) and the assumption of o and 3, one may
find that

Etn,s[lgn—i-l - S'n+1 |2] - Etn,s“ €Xp (AnAt + BnAt)(s) — eXp (AnAt) €xXp (BnAt)(5)|2]
2

1
= Fy, [ exp (Anat + Bnat)(s) — exp (Anae + Brat + E[AnAt, Bnat) +--)(8)] ]

= O((At)*+h)). (3.12)



177

Thus, the local order between (5,)Y_, and (S,)N_, is given by a + 3 — 1.

n=0 n=0

Remark 3.3: By further manipulating the BCH formula to eliminate higher order terms,
we can obtain the schemes which give higher-order approximations to the exponential map.
For example, the scheme corresponding to “leapfrog ”, which is well-known in deterministic

numerical analysis, is given by
A
;Y)exp (ALX) exp (éé—y) +O((A?). (3.13)

In a way analogous to that in (3.4), we define a stochastic leapfrog scheme as follows:

exp ((At)(X +Y)) = exp

B,
Sn+1 = exp ( T;A

exp (Anad) exp (21)(5,), (0=0,1, N=1).  (314)

Then, using BCH formula (3.8) and (3.11) repeatedly, we can estimate the local error for this
scheme as follows:
Bt sl|Snt1 = Snt1l?] = O((A8)+2F). (3.15)

Thus, we can make another numerical scheme having the better local order than that of (3.4).
Moreover, using this scheme as a basis element for further leapfrog schemes, we may also produce
an approximation to exponential map up to any order in a similar way to that in ordinary

numerical analysis. This will be investigated in the future work.

Total local error estimation for the numerical scheme by Procedure 1 and 2:

Finally, we estimate the local error order between the exact discretized solutions (S, )., and
the numerical approximation solutions (S'n)f:'zo. This is easily carried out by using Proposition
3.1 and Proposition 3.2 (or Remark 3.3) for the local orders in the above two procedures together
with

~ 2 ~ 2 A & 2
Ey, s[|Sn+1 — Sut1l] < Bt s[lSnt1 = Snt1l ] + Et, sl|Snt1 — Sns1l ], (3.16)

and thereby, we obtain the following theorem:
Theorem 3.1: Under the conditions of Proposition 3.1 and Proposition 3.2,
Bin,slISus1 = Susal 1 < O((A1)) (At 1 0) (3.17)
holds, where § = min(a + 3, + 2) in case of (3.4) and § = min(«, 8 + 2v) in case of (3.14).

We call a value of § — 1 the local order “of weak sense ”for the scheme giving the numerical
approximation solutions (Sn),]%\’:o, since the estimation of error order is indirectly derived from
the inequality (3.16).

In the followings, we will investigate some examples of new numerical schemes for (2.7) which
are derived from the procedures mentioned above, and estimate the local error on the basis of
Theorem 3.1.
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Example 3.1: Suppose that a truncated vector field Y, »; in Procedure 1 is given by

~

Yoar = Lio)n(At)Xo + I (1) n(At) X1,
— AtXo+ AW, X;. (3.18)

On account of (2.15), we see that v in Proposition 3.1 for this truncated vector field equals 1.
We further set A,a: = AtXp and Byar = AW, X in the decomposition (3.3), and assume that
the explicit forms of both exponential maps for them are obtained through (2.6). In this case, «
and ( in Proposition 3.2 become 2 and 1, respectively, because of Lemma 2.1. Then, the scheme

(3.4) is put into the following form:

Scheme 3.1:
§n+1 = exp (AtXp) exp (AWnXl)(gn) (3.19)

Assume that [Xg, X1] # 0. Then, Theorem 3.1 indicates
5~ 2
Etn,SHSn-i-l ~ Sp41l ] < O((At)B)- (3.20)

Thus, we find that the local order of weak sense for Scheme 3.1 equals 2, and this result shows
that the accuracy of this scheme corresponds to that of the stochastic Taylor schemes of local
order 2 (Saito and Mitsui (1993)).

Example 3.2: For Yn(At) in Example 3.1, we set Aot = AtX 4 + AW, X4, and Bpas =
AtXBy 4+ AW, XPB, in (3.3), where Xg = X454+ X By and X; = X4, + XB,. We assume that
[X41, XP1] # 0 and that the explicit forms of both exponential maps for them are obtained.
In this case, « and 3 in Proposition 3.2 become 1 and 1, respectively, and hence the local error
order of (3.4) becomes 1; the accuracy for the scheme corresponds to that of Euler-Maruyama
scheme (Saito and Mitsui 1993). In order to make a scheme having better accuracy than that
of it, we use (3.14) instead of (3.4):

Scheme 3.2:

% B By,
Snt1 = exp (75 exp (Anae) exp (—22%), (3.21)

where Appa; = AtX4g + AW, X4, and Bya; = AtXBy + AW, X5, under Xy = X4, + X B,
and X; = X4, + X5,.

Then, Theorem 3.1 indicates (3.20) also holds in this case; that is, the local error order of
this scheme is equal to 2. This means that the accuracy of Scheme 3.2.corresponds to that of

Taylor schemes of local order 2.

Example 3.3: We will make a scheme with more better accuracy than that of the schemes

mentioned above. For this purpose, we choose the following vector field as Ynm in (3.6):

. 1 '
Yone = AtXo + AWn X1 + 5 (L0,1),n (A1) = L(1,0)n(A)[ X0, Xi]- (3.22)
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Then, from (2.15), we see that v in Proposition 3.1 for this truncated vector field becomes 2.
Moreover, we set
exp (Anat) = exp (At Xo) (3.23)

and
1 .
exp (Bnat) = exp (AW, X1 + §(I(0,1),n(At) — I3 0)n(AL))[Xo, X1]). (3.24)

Assume that the explicit forms of both exponential maps for them are obtained through (2.6),
respectively. In this case, o and 3 in Proposition 3.2 become 2 and 1, respectively, because of
Lemma 2.1. Moreover, we adopt the scheme (3.14) for these vector fields:

Scheme 3.3:

~ BnAt

St = exp (2728 exp (Anar) exp (2224 (3,), (3.25)

2
where exp (A,a¢) is given by (3.23) and exp (Bpa¢/2) is derived from replacing Bpat by Bpat/2
in (3.24).

Then, because of Theorem 3.1, we find that
52
Bt s[1Snt1 — Snta|’] < O((A1)Y), (3.26)

and hence that the local order of weak sense for Scheme 3.3 equals 3.

4 Examples

In this section, we will give several examples of applying our new stochastic numerical schemes
to stochastic differential equations concretely.

4.1 Numerical simulation to a non-linear asset price process in mathematical

finance

As was mentioned in Section 1, we first work with the following non-linear scalar SDE which

is often treated as a model of an asset price process of Bessel type in mathematical finance
(Geman and Yor (1993); ¢f. Remark 4.1):

dS(t) = S(t)dt + 2,/S(t) 0 dW (1), S(0) = s(> 0). (4.1)

This system has a structure that the value of solution becomes to be “non-negative”for any
t € [0,7]. In standard stochastic numerical schemes, however, this is not always preserved
numerical- ly; especially, if an initial value s is close to zero, the numerical solutions often go
into the domain of negative values in the midst of numerical simulations. Such a trouble will be

observed in the numerical results mentioned later. In contrast with this, through the results in
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previous section, we may obtain the scheme which leaves the structure of the stochastic system
(4.1) invariant numerically. We will examine it.
First, from the equations (2.3) and (4.1), we see that the vector fields Xy and X; become

d
ds’
respectively. Here, we note that [ Xy, X;] = —X1/2, and the Lie algebra generated by X, and X;
is of finite dimension. Hence, Remark 2.1 indicates that Eq.(2.14) and (2.15) actually converge

d
= =2/5— 4.2
Xo=S—, X; S 75 (4.2)

in this case.
We proceed to investigate Scheme 3.1 in Example 3.1 to SDE (4.1). On account of (3.19),
we suppose that A,a; and B,a; in (3.3) are given by

Apae = AtXg = AtS’%, Boat =AW X, = AWn2\/§%. (4.3)

Then, in consideration of (2.6), we obtain the exponential maps for A,a; and B, a; explicitly as

follows:
exp(Anar)(s) = sexp (At), exp(Bpat)(s) = {AW, +v/5}2. (4.4)

Inserting them into (3.19), we find that Scheme 3.1 for SDE (4.1) is given by
Sni1 = {AW, +1/ 5.} exp (A1), (4.5)

where Sy = 5(0) = s. Evidently, the numerical solutions derived from our scheme “never ”take

negative values, and this is just a result we want.

Next we will obtain Scheme 3.3 for (4.1). On account of (3.23), in this case, we also obtain
sexp (At) as exp (Apat)(s). In contrast with this, the equation (3.24) is put into

1
exp (Bnat) = exp { (AW, — Z(I(O,l),n(At) — I1,0)n(Al))) X1}, (4.6)
since [Xo, X;] = —X1/2. In similar to way in that of Scheme 3.1, this is also calculated explicitly
as follows: .
exp (Bnat)(s) = {AW, — Z(I(O,l),n(At) — I10)n (A1) +V/5}, (4.7)
and thereby we obtain Scheme 3.3 for the SDE (4.1) as
N AW, 1 -
Sn+1 =1 5 = — g(I(O,l),n(At) — I1,0)n (A1) +V3)}2 (4.8)
together with
. AW, 1 =
§= {252 = <o a(At) ~ In9,4(A0) +1/3,)2 exp (&), (19)

where Sy = 5(0) = s. This also indicates that the numerical solutions derived from this scheme

take non-negative values.
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Now, we proceed to the numerical simulations of (4.1) on the basis of our schemes. As
mentioned in Section 3, Theorem 3.1 indicates the schemes (4.5) and (4.8) with (4.9) have the
local order of weak sense 2 and 3, respectively. To examine these results, we will compare
the numerical accuracy of our schemes with that of the standard numerical schemes. For this
purpose, we adopt here Euler-Maruyama scheme (Taylor scheme of local order 1) and Kloeden’s
Taylor scheme of local order 3 (Kloeden and Platen (1992), Saito and Mitsui (1993)); they are
given in the following forms for the SDE (4.1):

Euler-Maruyama scheme:
Spi1 = Sp + (Sp + 1AL + 2¢/S, AW, (4.10)

Kloeden’s Taylor scheme of local order 3:

Sp + (S, + 1AL+ 2¢/S, AW,

{(AW,)? - At}

2v/Sn1(1,0)n(A) + v/ Snl(0,1)n(AL)

1

5(Sn+1)(A0)% | (4.11)

Sn+1

+ o+ o+

In the schemes (4.5), (4.8) with (4.9), (4.10) and (4.11), AWy, I(1 ) .(At) and (g 1) ,(At) are
numerically realized by the independent N(0,1) random numbers v, and 4, (n = 0,1,---) as
follows (Kloeden and Platen (1992)):

AW, = VAt
1 1

Iaon(At) = 5(% + —\/E%)(At)?’ﬂ (4.12)
1 1 .
Io1m)(AL) = 5(% - %%)(At)?'/?-

Moreover, we here choose T'=1 and N = 1000, and hence the stepsize At = 1073,

Table 4.1 and Table 4.2 indicate the examples of the numerical solutions from these schemes
mentioned above (in case of Table 4.2, those schemes except (4.10)) with the initial value s = 0.01
and s = 0.001, respectively. Here we have used the same sequences of random numbers for each
scheme together with (4.12). As was mentioned in the introductory part of this section, from
these results we observe that the values of numerical solutions derived from the standard schemes
become to be negative in midst of their simulations, if their initial values are close to zero; in
contrast with these results, our each scheme is free from such a trouble. Thus, our scheme (4.5)
and (4.8) with (4.9) have a superiority with respect to numerical realization of the character of
(4.1), that is, of non-negativity of solutions than the standard schemes.

Table 4.3 indicates the results with the initial value s = 1. By the estimation of local order
with respect to these schemes, we see that the accuracy for the scheme (4.5) corresponds to that
for Taylor scheme of local order 2, and the accuracy for the scheme (4.8) with (4.9) corresponds
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to Taylor scheme of local order 3. We may consider that Table 4.3 supports such a result (note

that Euler scheme is just a Taylor scheme of local order 1).
Remark 4.1: Let us consider the following SDE:
1

where 0 < v < 1. This is also often treated as a model of an asset price process in mathematical
finance, which is a generalization of (4.1). For this process, we can also construct the numerical
schemes as mentioned above in a similar way. Indeed, Scheme 3.1 for this SDE, of which local

order equals 2, is given by
Sn+1 = [{AW,, + S17V2 V2= exp (A1),
where Sy = S(0) = s. Note that the numerical solutions derived from this scheme also satisfy
“non-negativity ”.
4.2 Example of Scheme 3.2 for a non-linear SDE

We now turn into the example of Scheme 3.2 given by (3.21). Let us consider the following

non-linear scalar SDE:

dS(t) = S(t)dt + {S(t) +24/S(t)} o dW (t), S(0)=s(>0). (4.13)
In this case, the vector fields Xy and X; are set by
d d
Xo=5—, X; = 2 —_— 4.14
0= S=c, X1 = (5 +2V5) = (414)
respectively. Then, we remark that [Xo, X1} = —v/5(d/dS), [Xo, [Xo, X1]] = —[Xo, X1]/2 and
(X1, [Xo, X1]] = —[Xo0, X1]/2 hold, respectively; hence the Lie algebra generated by Xy and X,

is of finite dimension. Hence, as in 4.1, Eq.(2.14) and (2.15) also actually converge in this case.
We may regard the SDE (4.13) as a linear SDE with the random perturbation 2,/S(t)odW ().
On account of this, as A,a¢ and B,a: in Example 3.2, we adopt

d d
Anat = AtSa—g + AW,ZSZS—,

that is, we set X§' = S(d/dS), X{* = S(d/dS), XE = 0 and X = 2v/5(d/dS). Then, in
consideration of (2.6), we obtain the exponential maps for them explicitly as follows:

Boat = AWn2\/§£§; (4.15)

exp(Anat)(s) = sexp (At + AW,,), exp(Bpat)(s) = {AW, + \/5}2 (4.16)

Inserting these equations into (3.21), we find Scheme 3.2 for the SDE (4.13); it is given by

St = (AW /24 (AW, /2 4 V5, 2exp (At + AW (4.17)
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where Sy = S(0) = s.

Now, in a similar way to that in Subsection 4.1, we will compare the numerical accuracy
of this scheme with that of the standard numerical schemes for (4.13). In this case, Euler-
Maruyama scheme and Kloeden’s Taylor scheme of local order 3 are written in the following
forms:

Euler-Maruyama scheme:
3 P —
Taylor scheme of local order 3:

3 e e

(5. +3V5, + {(AW)? - A

_|_
3 5 3 11
“}‘ §(Sn + 5\/ Sn + 1)](1,0)’n(At) + E(Sn + E\/ Sn + 1)[(0,1)’n(At)
1 7
+ E(S" + 5\/5n + 3){(AW,)? — 3ALAW,}
9 17 5
+ 5(Sut 3V + %)(At)z. (4.19)

Therefore, inserting (4.12) into the schemes (4.17)-(4.19), we obtain numerical solutions through
the schemes.

Table 4.4 shows the results with the initial value s = 1, T'= 1, N = 1000 and At = 1073,
According to Theorem 3.1 and Example 3.2, we may expect the accuracy for our scheme (4.17)
is corresponding to that for Taylor scheme of local order 2. Table 4.4 indicates that such an
expectation is practically valid.

4.3 Composition method to stochastic Hamilton dynamical systems

As mentioned in Section 1, composition methods (or operator splitting methods) are not
only a superior integrating method for differential equations in preserving the special character
or structure of the equations, but also often useful for approximations of non-linear equations of
which solutions are not obtained explicitly. The examples of 4.1 and 4.2 mentioned above show
that these facts are also true in case of stochastic systems. As also mentioned, such a advantage is
remarkable in case of dynamical systems with multiple space dimensions or Hamilton dynamical
systems as standing for dimensional splitting methods (e.g. Yanenko (1959); Iserles (1984)).
In consideration of this, we will investigate numerical schemes by composition methods for
stochastic dynamical systems with “Hamiltonian structure ” (Misawa (1999),(2000)).

First we review stochastic Hamilton dynamical systems (Misawa (1999)). Let us consider

the following 2¢-dimensional stochastic dynamical systems:

2(t) \ [ OepsHo(z(t)) OpriHi(z(t)) . N
(20 )= (A Yo (S Y sy, vy
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where z = (zF)2%| and 9; = 0/027 (j = 1,2,---20), respectively. In (4.20), Ho(z) (o =0,1)
are smooth scalar functions on R%. Formally, one may regard this as a Hamilton dynamical

d :L‘i _ 8e+,ﬁ[(11)) . o
dt ( o ) - ( ~8;H (), ) G=t0

with a “randomized ”Hamiltonian H given by

system

H = Hy + Hyy,

where +; is a one-dimensional Gaussian white noise. On account of this fact, we call (4.20) and
Hy (a=0,1) an (¢-dimensional) stochastic Hamilton dynamical system and the Hamiltonian.
Now, we proceed to an example of our new scheme for stochastic Hamilton systems. For
simplicity, we set £ = 1 and denote z!(t) and z%(t) by ¢(t) and p(t), respectively. Let us
consider the class of Hamilton systems with the typical Hamiltonian Hy = p?/2 + Vj(q) and
Hy = p?/2+Vi(q), where V;(q) and V;(q) are any potential functions. Then the equation (4.20)

qt) ) _ p(t) p(t) )
! ( p(t) ) - ( ~V4(a(®)) )dH( “Vi(g(t)) ) AW (z). (4.21)

In general, this is a stochastic “non-linear”system. For this system, the vector fields X and X;

turns to be

become
Xo = paq - V()I(Q)ap, X1 = paq - Vll(Q)apa (4-22)

respectively.
We are to apply our scheme to this system. As an important example of the decomposition
of (3.3) for the above system, we choose the following splitting of Scheme 3.2 type:

Anat = p(At + AWn)0q,  Baat = —(Vg(9)At + V{(9)AW,,)5,. (4.23)

This corresponds to the decomposition mentioned in Example 3.2; that is, Xg‘, Xf, Xé? and
XE in Example 3.2 are given by pd,, p0q, —V3(q)0p and —V{(q)8p, respectively. Then we note
‘that exp(A,a¢) and exp(Bpat) are exponential maps which correspond to the flows of solutions

to the following SDEs, respectively:

q(t) \ 0 0 .
d( p(t) ) B ( V(a(t)) )d” ( “V(a(t)) ) W)

Therefore, we can obtain the explicit forms of them; this may be regarded as an example of

dimensional splitting. The results are given by

n n (At + AW,) + ¢y
exp(AnAt)<q):<p( ) q)
Pn DPn
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n | _ n :
exp(Bnat) ( P ) - ( —(AtVy(gn) + AWLV (qn)) + Pn )

Inserting these equations into (3.21), we finally find the numerical scheme 3.2 for this system as

follows:
( ({n—i-l ) _ ( 1 ) dn A ,\ ) (424)
Pn+1 » _§(AtVO’(Qn) + AWnVII(Qn)) + P
where
( n ) _ ( Dn(At + AWn) + G ) . (4.25)
P — 5 (AtVg(Gn) + AWRV{(Gn)) + Bn

As in the example in Subsection 4.2, this scheme has the local order of weak sense 2. Thus,
for the class of stochastic Hamilton dynamical systems with typical Hamiltonians mentioned
above, we can numerically approximate them through our scheme (4.24) with (4.25) having the
accuracy corresponding to Taylor scheme of local order 2.

4.4 Remark on composition methods and conserved quantities in stochastic dy-

namical systems

Finally, we remark on numerical schemes for stochastic dynamical systems which preserve
“conserved quantities ”of the systems. It is well-known that conserved quantities play an es-
sential role to determine the structure of dynamical systems; hence, it is important to find a
numerical scheme which has the conservation properties on the quantities for stochastic systems.
On the other hands, composition methods often give such schemes in deterministic systems.
Therefore, we may expect that one may obtain the schemes through our results, which have the
advantageous to preserve them for stochastic systems, and in the remainder of this section, we
will briefly examine it.

Let us consider d-dimensional stochastic dynamical systems (2.7). Suppose that a smooth
function I = I(S) satisfies

Xol =0, X;I=0, (4.26)

where X and X; are the vector fields given by (2.3). According to Misawa (1999), I(.S) becomes
a constant quantity; that is, I(S(t)) = constant holds on the diffusion process S(t) governed by
(2.7).

Under some conditions, we may straightforwardly make a stochastic scheme satisfying nu-
merical preservation of conserved quantities. Assume that the exponential maps of A,a; = At X
and B,a; = AW, X are explicitly calculated. Then, it is obvious that Scheme 3.1 preserves the
conserved quantity I numerically, because of the definition of exponential map and (4.26).

Now, we investigate a trivial example of a stochastic dynamical system with a conserved
quantity and the numerical scheme through composition methods. Let us consider

Sl(t) B 52(t) S2(t) ] .
d( S2(t) ) B ( —SL(t) )dt+ ( _s'() ) dw (t); (4.27)
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this is a stochastic system with the conserved quantity I(S) = 3((S*)2 + (S%)2), since (4.26)
holds. However, as mentioned in Misawa (2000), the ordinary schemes do not conserve I(.5)
numerically. On the other hand, for this system, we adopt Scheme 3.1 with A,a; = AtXy =
At(S20, — S'8,) and Bpar = AW, X1 = AW, (528, — $185); then through (2.6), the numerical

scheme is explicitly given by

5’711+1 _ [ cos(At) sin(At) cos (AW,)  sin(AW,) S”]i (4.28)
ggﬂ - —sin (At) cos(At) —sin(AW,) cos(AW,) ,5‘3 | |

Therefore, for any n, the numerical solutions (4.28) satisfy I (§,§,§g) = constant. Thus, our
scheme numerically preserve a conserved quantity I of the stochastic system (4.27), and this
fact also shows the superiority of the scheme derived through composition methods.

5 Concluding remarks

In this paper, we have formulated composition methods for stochastic differential equations
(SDEs), and thereby we have made some stochastic numerical schemes. Then, the several
examples have indicated that the new schemes have a superiority in conservation properties on
character of SDEs and they are useful for approximations of the solutions to SDEs. Moreover,
we have estimated local error orders for our schemes within the framework of Saito and Mitsui’s

definition. Finally, we give some remarks and future problems concerning with this work.

(i) As mentioned in Remark 3.2, we should carry out a more analytical error estimation for our
schemes through the result on time asymptotics of exponential maps for SDEs by Castell (1993),
since the stochastic series (2.14) is only a formal representation.

(ii) In our error estimation, we have addressed “local error order ”for our schemes. In general,
it is more important to estimate “global error order ”for numerical schemes. In Burrage and
Burrage (1999), the relationship between local order and global one has been discussed in some

detail. Using the results, we may carry out global error estimation for our new schemes.

(iii) In this paper, we have treated the SDEs with one-dimensional Wiener process. On the
other hand, it often happens that the error order of a numerical method collapses, if there is
more than 1 Wiener process. Hence, we should investigate the error orders of our schemes in
the case of SDEs with multi-dimensional Wiener process.

(iv) Moreover, Li and Liu (1997) and Kunita (2000) have studied on stochastic exponential maps
for a more general class of stochastic processes, e.g. Lévy processes. Hence, through the works,
we may formulate stochastic composition methods for such general stochastic processes.

The author will report these subjects in future works.
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187
188
189
190
191
192
193
194
195
196
197
198

[B273725
.0391646
.@576639
. BoR6609
8512129
. 0596316
LB561177
04783919
. 507206
. 0462854
. 0373054
0459158
0428106
8524778
. 0365604
. 0190258
0120115
7. 86052E-04
2.07421E-03

—9. 47943E-05

Euler-Maruyama Taylor of order 3

0105996
0183733
0323048
.0265831
0262494
.0318198
0285982
0223767
0236332
0200634
014018
0190609
0164982
0223075
.0126323
4.07906E-03
1.20801E-03

4., 42025E-04

6.857ATE-04
7. 4541 TE-@5

Scheme (4.5)

. 8185927
.0183659

. 0323008
.B265762
8262425
8318131

. 0285888
02237
0236273

. 0200576

. 0140095
.B8190539
01648
0222092
0126217

. 040724
1.20498E-03
4. 46361E-04
6.89868E-04
7. 31484E-0%

Scheme (4.8)

0105812

. 0183624

. 0322903

. 0265694

. B262353
.031804

. 0285826
022363
0236186

. 0200496

. 0140859
0190461
.0164839
0222007
0126192
4.0723%E-03
1.20484E-03
4, 45822E-04
6.887THE-04
7. 327@5E-@%

Table 4.1: An example of numerical solutions from Euler-Maruyama scheme

n

348
349
350
351
35e
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367

Taylor of order 3

012517
0128065

8. 45901E-83
4.89666E-03
006811
.0119832
0100548
7.71649E-03
5. 17094E-03
5. 46758E-03
4.28647E-03
7.86959E-03
0. 92672E-04
5. 7625 7E-04
2. 5TO58E-83
3.09359E-03
8. 20784E-04
2. 12819E-04
5. 3766E-04
—2 ., 9TTTeE-@7

Scheme (4.5)

0126881
.012981
8.60197E-03
5. QU384E-03
6.93784E-03
.0121529
0122105
.85315E-03
. 28022E-03
.58249E-03
. 38672E-03
. 19804E-@3
.21066E-24
. 15458E-@4
.65334E-03
. 18363E-03
.66758E-04
.9B8T3E-04
.B1956E-04
.52643E-07

N = OWNOWROOTN

Scheme (4.8)

.0124984
.@12'7872

8. 44348E-03
4.88441E-03
6. 79605E-03
0119632
.010836
7.69978E-03
5. 15682E-03
5. 45263E-03
4.27267E-03
7.05171E-03
.0BB2912
5.7371E-84
2.56494E-03
3.08695E-13
8.17091E-04
2.14876E-04
5. 40526E-04
7.81725E-10

(4.10), Taylor scheme of local order 3 (4.11), Scheme (4.5) and
Scheme (4.8) with (4.9) for (4.1) with an initial value s=0.01.

Table 4.2: An example of numerical solutions from Taylor scheme of local

order 3 (4.11), Scheme (4.5) and Scheme (4.8) with (4.9) for
(4.1) with an initial value s=0.001.
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n Euler-Maruyama~ Taylor of order 3  Scheme (4.5)  Scheme (4.8)
980 3.Tee6l 3.68752 3.68641 3.687%2
981 3.7145 3.67843 3.67732 3.67843
982 3.73492 3.69778 3.69667 3.697783
983 3.92852 3.89192 3.89084 3.89182
984 4.10458 4.06816 4.06707 4.06816
985 4.21954 4.18242 4.18134 4,18242
986 4.19385 4, 15585 4.15479 4.15586
987 4,30738 4,26862 4,26757 4.26862
9883 4.4013 4.36165 4.3606 4,.36165
989 4., 46073 4., 42002 4. 413896 4, 42002
990 4, 46056 4.41882 4. 41777 4,41882
991 4,33234 4,29109 4,29002 4,29109
992 4,25444 4.21288 4.2118 4.21288
993 3.97593 3.9392 3.93813 3.9392
994 3.72468 3.69204 3.69095 3.69204
995 3.48053 3.4519 3. 45081 3.4519
996 3.6467 3.61833 3.61729 3.61834
997 3.79678 3.76838 3.76736 3.76838
998 3.74771 3.71863 3.7176 3.71863
999 3.72407 3.69411 3.69307 3.69412
1000 3.62125 3.5914 3.58035 3.59141

Table 4.3: An example of numerical solutions from Euler-Maruyama scheme
(4.10), Taylor scheme of local order 3 (4.11), Scheme (4.5) and
Scheme (4.8) with (4.9) for (4.1) with an initial value s=1.

n Euler-Maruyama  Taylor of order 3 Scheme (4.17)
930 8.8134 9.51844 9.52098
881 9.09664 9.813 9.81558
982 9.33128 10.0542 10.0568
983 10.%9972 11.4613 11.4644
984 11.3247 12.2459 12.2492
985 11.4263 12.3423 12.3456
986 18.7926 11.6704 11.673%
887 18. 4671 11.3161 11.3191
988 18.1213 10.9412 10.9441
989 9.46724 18.2515 10.2542
990 9.70748 10. 4991 10.502
991 9.07412 9.83114 9.83382
992 9.77413 10.5897 10.5926
993 9.35542 10.1398 10.1426
984 9.79685 10.6085 10.6114
995 9.86074 10,6656 10.6686
986 9.91148 10.7086 10.7115
Q97 9.573b5 10.3428 10. 3456
988 9.27501 10.0183 10.021
999 9.64218 10. 4042 10. 407
1000 9. 47959 10.2216 10.2244

Table 4.4: An example of numerical solutions from Euler-Maruyama scheme

(4.18), Taylor scheme of local order 3 (4.19), Scheme (4.17) for
(4.13) with an initial value s=1.



