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Abstract. This article demonstrates a systematic derivation of stochastic Taylor methods
for solving stochastic delay differential equations (SDDEs) with a constant time lag, r > 0.
The derivation of stochastic Taylor expansion for SDDEs is presented. We provide the
convergence proof of one—step methods when the drift and diffusion functions are Taylor
expansion. It is shown that the approximation solutions for SDDEs converge in the L*-
norm.
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1. Introduction

The systems that behave in the presence of randomness and time delay can often be mod-
elled via stochastic delay differential equations, SDDE:s. In general, there is no closed form
for analytical solution of SDDEs and we usually require numerical methods to solve the
problems at hand. The researches on numerical methods for SDDEs are far from complete.
Among the recent works are of Baker and Buckwar [1], Hofmann and Miiller [3], Hu ez.
al [4], Kloeden and Shardlow [6] and Kiichler and Platen [7]. Euler scheme in the sense
of Itd SDDEs was introduced in [1]. The derivation of numerical solution from It6-Taylor
expansions with time delay showed a strong order of convergence of 1.0 was studied in [7].
While, Hofmann and Miiller [3] presented the modification of Milstein scheme having or-
der of convergence 1.0. Hu et. al [4] introduced It6 formula with a tamed function in order
to derive the same order of convergence approximation method to the solution of SDDEs.
However, the convergence proof as expounded in [4] are technically complicated due to the
presence of anticipative integrals in the remainder term. Latter work was done by Kloeden
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and Shardlow [6] had used an elementary method to derive the Milstein scheme for SDDEs
that did not involve anticipative integrals and anticipative calculus. The convergence proof
is much simpler than the convergence proof provided in [4].

In this article we are interested in investigating the mean-square convergence of Taylor
approximations to strong solutions of SDDEs. We refer the reader to [1] and [8], and the
references cited therein, among others. Note that, the main difficulty to the development of
higher order numerical schemes for SDDEs is the derivation of stochastic Taylor expansions
for SDDE with arbitrarily high orders. Taylor expansion is a fundamental and frequently
used in numerical analysis for the derivation of almost all of deterministic and stochastic
numerical methods. An obvious distinction between Taylor expansion of SDDEs and SDEs
is that Taylor expansion in SDDEs contains the multiple stochastic integrals involving time
delay that have to be approximated.

The present article develops the numerical schemes to the solution of an SDDE from
stochastic Taylor expansion. The paper is organized as follows. Section 2 presented prelim-
inary background of SDDEs. Then, we showed a systematic derivation of stochastic Taylor
expansion for SDDEs, provided that SDDE is in autonomous form with no time delay in
diffusion function in Section 3. Numerical schemes and the convergence proof in a general
way are carried out in Section 4.

2. Preliminary

Let (Q,.7,P) be a complete probability space with a filtration (.%;) satisfying the usual
conditions, i.e. the filtration (.%;),- is right continuous, and each .%;,t > 0 contains all the
sets of measure zero (P — null sets) in .%. For the constant delay r > 0, let C ([—7,0],R)
is the Banach space of all continuous path from [—r,0] — R equipped with the sup-norm
|®||c = sup |®(s)| where |-| denotes the Euclidean norm on R. Let ®(z) be an .%)-
s€[—r0]

measurable C ([—r,0],%)-valued random variable such that E ||®||* < co. Then, a scalar
autonomous SDDE with constant time lag is written as

2.1) dx(t) =f(x(t),x(t —r))dt + g(x(2))dW (¢), t€[-nrT)|
x(t) :(I)(t)a re [*F,O],

where f: R xR - R, g: R — R and O(¢) is an initial function defined on the interval
[—r,0] which is independent of W (¢). W (¢) be a one-dimensional Wiener process given on
filtered probability space (Q,.%,.%;, P). The function f, g, and ® are assumed to satisfy the
following conditions:

Al: The partial derivatives of f and g exist and are uniformly bounded at least up to
mi + 1 and my + 1 order in the interval of interest i.e. there exist positive constants L; for
i=1,...,5 obeying

(2.2) sup A (x1,x0)| <L,
RxR

(2.3) sup )ﬁf““) (x1,x2)| <Lo,
RxR

(2.4) sup fj{ﬁ‘;l)(xlm) <Ls,
X
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2.5) sup £ )| <L,
X

26) sup [l (x1)| <Ls.
RxR

A2: The initial function ®(¢) is Holder-continuous with exponent y € (0, 1]; that is there
exist a constant C; > 0 such that forall -r <s<t<0Oand p > 1

2.7 E(|®(1) — ®(s)|7) < Cy ]t —s|P7,
A2 restricted our attention, for the sake of simplicity to work with an SDDE in the form of

(2.8) dx(t) =f(x(t),x(t —r))dt + g(x(¢))dW (¢), t€[-nT]
x(t) =®(t), te€[-r0].

Al guarantees the existence and uniqueness of the solution (2.1). The following Theo-
rem 2.1 and Theorem 2.2 taken from [8] are useful to study the convergence of numerical
schemes to the solution of SDDEs.

Theorem 2.1. Let (2.2) — (2.6) in Al hold. Then the solution of Equation (2.1) has the
property
E| sup |x(1) ] <Ls
te[—nT]

Lo := (1/2+4E\c1>| ) SLT(T+4) [ .= max (Ly,...,Ls)

with

Moreover, forany p > 2, E ||®||P <oand 0 <s <t <T witht —s < 1, we have

(1S

Elx(t) —x(s)|” <Ly (t —s)

where
3., N CT P P
Ly = 327LE (1+E[[@]) T [ 2T)% +(p(p—1))]
and
C=p[2vVL+@33p-1)L].
Proof. Proof of Theorem 2.1 can be found in [8]. 1

Theorem 2.2. Let
E / g (x(5))|" ds < oo,

for p > 2. Then

E‘/OTg<x<s>>dW(s>p<(”("2‘) i [ st as

Proof. Proof of Theorem 2.2 can be found in [8]. 1
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2.1. Discrete time approximation

Let the step size A = r/M for some positive integer M and let T = NA in which T is
increasing for some integer N > M and t, = n-A for n =0,...,N. The increments of
the Wiener process AW, = W,.11 — W,,, has Gaussian distribution with E (AW,) = 0 and
Var (AW,)) = t,,11 —t,, = A with the assumption that W(¢) = 0,7 < 0.

We cite the following definitions and Theorem 2.3 from [1], which are useful to study
the convergence of the numerical schemes to the solution of SDDEs.

Definition 2.1. Let Iy be a finite number of multiple stochastic integrals of the form

Int1 [t S1
2.9) I(il, ,ij)vA:/t /; | dWij (S])...dWi(j_l) (ijl)dWl'j(l‘)

where i € {0,1} and dWy(t) = dt for k = 1,...,j. Then, the increment function
Y:(0,1) x RXR xR — R incorporates (2.9) and generates the approximations x(t,)
is written as

(2.10) Y =Y(Ax(ty),x(th—pm), Ip).

Definition 2.2. The one-step iteration can be expressed in term of the increment function as
@.11) Fltns1) = (1) + (A ), F(ta-) L),

such that the increment function, (2.10) can be written as

(2.12) V(A% (1), X(tn-m1), by) = X(tn11) — %(tn).

where the initial values are given by %(t,—p) := D (tn—m) , for tu—p < 0. x (tnr1) and X (ty41)
be the value of actual and approximate solutions respectively obtained after one-step itera-
tion at the mesh point t,, 1.

Definition 2.3. The local error of (2.11) is the sequence of random variables
(2.13) Onr1 = X(tys1) = X(tng1),
forn=0,....N—1

We cite the following Definition 2.4 from [9].

Definition 2.4. Equation (2.11) is consistent with order py in the absolute mean and order
P2 in the mean square sense if the following estimates hold as A — 0 (C is constant and
does not depend on A)

(2.14) e [E(81)| < CA,
and

2.15) s (E[6,P)* < car,
with

(2.16) p2>1/2,

and

(2.17) p1=>p2+1/2.
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Theorem 2.3. Assume that the assumptions Al to A3 are fulfilled and the increment function
W has the following properties

(218) ‘E(\P(A’xvyal‘{’) —lP(A,)E,)_/,I\p) | S C2A(|x_i| + Iy_)_)|)’
(219) E(|(‘P(A7x7y71'{’) —T(A,)@i,]xy) |2) < C3A(|x—f|2 + ‘y_)—)‘Z)’
and

(2.20) E( (A5, 1) ) < Cat (1+ 6+ bP2).

where Cy, Cs and Cy4 are positive constants and x,%,y,y € R. Suppose the method defined
by (2.12) is consistent with p| in absolute mean and p; in mean square sense, with py and
D2 satisfying (2.16) and (2.17) respectively, and the increment function ¥ in (2.12)satisfies
the estimates (2.18), (2.19) and (2.20). Then, the approximation (2.12) to SDDE (2.1) is
convergent in L* as A — 0 with r/A € N with order p = p, — 1/2.

Proof. Proof of Theorem 2.3 please refer to [1]. 1

3. Derivation of stochastic Taylor expansion for SDDEs

In this section, we show a systematic derivation of stochastic Taylor expansion for SDDEs
with no delay argument in diffusion function. Strong Taylor approximations up to 1.5 or-
der of convergence were constructed. The methods derived and analysed in this article has
strong order of convergence and we are focusing on the pathwise convergence or conver-
gence in the L%-sense.

3.1. Stochastic Taylor expansion for autonomous SDDEs

Let consider SDDE (2.1). For every ¢ € [—r,T], Equation (2.1) can be expressed in the

integral form as
3.1) winer) =2t + [ )t — e+ [ g(e(e))dw (1),

In In

For simplicity the following notation is introduced

J =5 (&(tn), x(ta = 1))

F =1 (sl = ).~ 20)

J =1 (xta—20) x (1= 3))

¢ =5(x(0,)). 2= glx(t, 1)

§=g(x(tn —2r))

fo = )31 8= 3 o)
7 =32 =)t 20)

2y =% (x(ty 1)
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/ d
11 =2 )50 -1)
~ 8
f= ox; Jizr (el =), x{ta = 21)
~ d
& =g (x{tn—2)
. 9
0,0 —axtz (x(tn),x(ta = 1)) 5 800 ) 12 (x(tn))
" 82
o1 = 55— () (0, 1),
" az
fii= 8x2Jj (x(tn),x(tn — 1))

The derivation of stochastic Taylor expansion for SDDE is done by replacing the integrals
(3.1) with their corresponding Taylor expansions about (x;,,x;,—r), Where x,, = x(#,) and
X,—r = x(t, — r). The methods considered here are based on [11]. By applying Taylor
expansion for drift function f and diffusion function, g we therefore obtain

FOel0),x(e = 1)) =f + (x(e) = x(ta)) fy + (x(t = 1) = x(ta = 1)) f1
+1/2(x(t) = x(t))” fo0
+ (x(t) = x(tn)) (x(t — ) = x(ta — 1))
+1/2(x(t = r) = x(ta — 1) f1
+0y (|x(r) =x(1)1°)
3.2) +0f<|x(t—r)—x(t,,—r)|3>

(3:3)  g(x(1) = g+ (x(1) —x(ta))g0 + 1/2(x(r) — x(t)) g0+ O (Ix(0) = x(1.) )

where O <|x(t) —x(tn)|3) L0/ (|x(t ) —x(ty — r)|3) and O, (|x(t) —x(tn)|3> represent-
ing higher order term for drift and diffusion functions respectively. Substituting (3.2) and
(3.3) into (3.1) we then obtain

Tn+1 /

X(twet) =x(ta+ [ {4+ (00 = 0o+ (500 =) =30 = 1),

F1/2(x(0) = 2(1))? fog + ((6) = x(6)) (6t — ) = {1 — ) fo.
F1/20x(t = ) = x{ta — 1)) f11
+0; ([x() = (1)) + Oy (st =) =x(t, =)’ ) } e

e {g+ (x(1) — x(tx)) g0 + %w) — ()80

tn

G4 + 0 (J+(0) =x(e) ) faw ),
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or in general Equation (3.4) can be written as

x(t,,H)
Tn1 M 1 0 a1’
=x(tn) + ; jz;){j![(x(f)—x(fn))&Z()Jr(x(f—r)—x(fn—r))am

Tnt1 ma () .
G5 xfeadit [Y (ij(x(t)—x(rmf) aw (1)
=0 !

where 7o = x;, and z; = x;,—,. To obtain higher order numerical schemes to the solution of
SDDEs we need to expand (3.4) in the following way. Rearrange (3.4) ,we then have

Tnt1 Int1
Xtayr) =x(ta)+f [ dt+g [ dW(r)
n t)l
tn+l
O RGO

+ /ttn+1 (x(2) _x(tn))g;)dW(t)

Int1

T (x(t —r) —x(ta — 1)) f1d1

In
Tn+1 "
12 [ () = x(tn)) o 0dW (1)
Tnt1

172 [ 00 =200
v / 7 (40) {0 e — 1) (0~ )

+1

F1/2 [ (e —r) = x(ta =) f1 1 di

In
Int1

+ [ o (|x(t) —x(tn)|3> dt

n
Tnt1

"o (|x(t7r) fx(tnfr)|3> dt

Tnt1

(3.6) +[" 0 (\x(t) —x(t,,)|3> AW ().

Based on (3.6) the following multiple integrals together with their elementary functions are
identified.

@ ffrdi=f-A

(b) g i AW (1) = g+ (W (tns1) =W (1a))

©) fo.Jy, (x(t) = x(ta))alt
To solve (¢), x(t) — x(¢,) is expanded in the form of Taylor series which lead to the following
representation;

w(0) =2l = 1 [ di-+; [ () =xto)er
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, [t
+ / (= ) —x(tn — P))dt
tn
t ' t
g [ aW(D)+gy [ (x(0) —x(0)aw (1)

n

3.7 + higher order terms.

Then, we have

f(/)/tnﬂ(x(t)fx(tn))dt :f(’)f/"+1 dsdr

Int1
+ f() 0 / " / dsdt
In In

Tnt1
+f0 1/ / x(s—r) —r))dsdt
tn tn
Tnt1
+f08 dW( )dt
tn+1
‘|’ng0/ /t x(tn))dW (s)d1
(3.8) + higher order terms.

Term x(t) — x(t,) in (3.8) is written as a lower order Taylor method;
1) = () x(t0 — 1)) (5 — 1) + g (x(0)) (W (5) — W (1))
(3.9) =f-(s—tn) +8-(W(s) = W(tn)),
while x(r —r) — x(t, — r) in (3.8) is written as
x(s—r) —x(ty —r) =f(x(tn — 1), x(ta — 2r)) (s — ta)
+&(x(ta = 1)) (W(s —r) =W(ty —r))
(3.10) =f(s=tn) +&- (W(s=r)=W(t, = 1)),
Substituting (3.9) and (3.10) into (3.8), the following is obtained,;

/

o [ ote) =ttt

/ Int1 [t , tht1 [t
e / / dsdi + fog / AW (s)dt
tﬂ [n

+f0f0f/ / §—ty)dsdt

Tn+1
+f0fog/ / ))dsdt
/ ! ~ tn
+ fofif /+1/t s —1t,)dsdt
41
Jrfoflg/ ’ /t (s—r) —r))dsdt

Tnt1
+f0g0/ /ZS*tn dW
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Tnt1

hisos [ [ V) - W)aw(s)ar

1 t)l

3.11) + higher order terms.

) fy J (x(e—r) = x(ta —r))dt.
To solve (d), (x(t — r) —x(t, — r)) is expanded using Taylor expansion as below

x(t—r)—x(ty—7r) :/tt{f—k(x(s—r)—x(tn—r))fl,
+ (x(s—2r) —x(t, — Zr))fé} ds

+ [ {a+ s —n —xt—r)g }aw s).

In

+ higher order terms.

Then x(s — r) — x(t, — r) is replaced by lower order method given by (3.10) which yielding
to the following expression

x(t—r)—x(ty—r)=f tds—}-f;f t(s—tn)ds
+f{g/{ (W(s—r)—W(t,—r))ds

+f27‘ t(s—t,,)ds
+fz t(W(s—Zr)—W(tn—Zr))ds

n

g [ aw()+ &7 [ s-maw ()
+818 [ W= = Wlt,—r)aw (s

(3.12) + higher order terms.

Therefore, we obtain

7 [ =)=t

—f1f/ /[ndsdt—l—flflf/ / s —t,)dsdt

Tn+1
+f1f1g/ / (W (s—r) — W (tn — r))dsdt
t’l Vl
sl Int1
—|—f1f2 / / s —ty)dsdt
tn In

g [In+l
e 2g/ +/t W (s —2) — W (b, — 2r))dsdt

Tnt1

Tnt1
+ 8 dW( )dt+f181f / s —tn)dW (s
tn

In In
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tn 1
£ da [ [ Wis—r) = Wty —r))aw (s)dr

In In

(3.13) + higher order terms.
©) go Ji! (x() = x(t,))dW (1)

With the same technique as in (c), the term (e) can be expanded as follow:

!

g " ) —x)aw

’ Tnt1 1
—af / / dsdW (1)
In In

aofos [ [ 6= tdsaw (o
raofoe [ [ V)= WG)dsaw o)
+8of1f /:Hl/ s —tn)dsdW (1)

In

+ g lg/t"“/tn (5= 1) = Wty — r))dsdW ()

Int1
+gog dW(s)dW(t)

I tn

7o Tyl 1
+aosof | / (5= ta)W ()W 1)
Int1

+ 20808 W W (1n))dW (s)dW (1)

n In

(3.14) + higher order terms.
) foofirt (x(e) = x(tz))dt.

The term (f) is expanded as follow;
" In+1
12450 [ (0) = x(0,) e
" In+
17250 [ 0=+ g (W) W) P

= 124500 ) [ =1

+hoolfs) [ =)W (@) - Wis)dr

In

(3.15) +1/2f50(28) / W) - W),

(@) 1/2800 i (x(1) —x(1))dW (1),
We employed the same procedure in (f). Then we obtain

12850 [ 6l0) ) P
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— 1285000 [ 1=tn)ds

o) [ VO - W)
G106 +1/2800(0.8) [ W0 W (o) P

(B) oy St (e(t) = x(t)) (x(t = 1) = X(t2 = 7).
The term (h) is expanded in the following way.

£ / " () = x(00)) (K(t — F) — x(t — 1))t

0,1

(3.17) (f-(t—ta)+& W(t—r)—W(tya—r))) }dt

Equation (3.17) can be written as

£ /l " () = () (et — 7) — x(t — 1)t

0,1

—for () [ = )ar
(1) [ =) W= r) =W =) ds

6.8 [ VO W) Wl =) Wty )

(3.18) o ed) [ WO - W) (=t
(@) 1/2f7 ) fir! (el = r) = x(t — 7))t
The term (i) can be expanded as
127, /t " et — ) — x(t — r)2dt
=127, (7. [ =
778 [ )W =) =Wl =
(3.19) 12708 [ W= =W, P

G Ji O (e(e) =x(a) ) de+ fi2+1 O (It =) =t =) )
[ 0 (x(e) (1)) aW (1),
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Adding together (a)—(j), the stochastic Taylor expansion for SDDE is

T+ Tt
M) =xlt) = f [ di+g / g8 | / AW ()dW (1)
Tnt1
+hus | /dW a’t+f0f/t [ ' dsdt
/ tn+ Tn+1
aof | / asdW()+fos [ | "W (s)dr

ey / dsdt + f / o "W (s)di
F1/2850(8.8) | (W) =W (1) 2aW (1)

waogog [ [ V) =W aw(s)aw (o
T Int’l+10f(|x(t)—x(tn)| )
+ [0 (= —steu =) )

(3.20) + t:”“ Oy (Ix(t) —x(6,)") aW (1)

4. Strong Taylor methods for SDDEs

Taylor expansion is a fundamental and repeatedly used method of approximation in numer-
ical analysis for the derivation of most deterministic and stochastic numerical algorithms.
The truncating Taylor expansion provides a numerical scheme up to certain order of conver-
gence. The same procedure takes place in SDDEs. The iterated stochastic Taylor expansion
for SDDE (3.20) offers higher order numerical schemes to be attained. We shall begin
with the Euler-Maruyama scheme, which already presented in [1]. It represents the simplest
strong Taylor approximation and had been proved in [1] and [2] that it attains the order of
strong convergence 0.5 which has the following form
In+1 In

@.1) Mtnr)) =x) +f [ divg [ aw() Ry,

t tn
where [} dt = Aand [} dW (t) = AW (t). Then, Euler-Maruyama scheme is given as
42) X(tatr1) =x(ta) + f-A+g- (AW (1)) + Ry,

where R; is remainder term. By truncating (3.20) at fifth term, we shall obtain a Milstein
scheme
"Tn41

*taer) =x(e)+f [ di+g / aw (i

Ji,
/ Int1
“3) T / / AW ()dW (1) +Ro.
I I

It was shown in [5], the integral

/ttn+1 ttdW(S)dW(t) =1/2 ((AW(I))2 —A)
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for Itd SDEs and for Stratonovich SDEs it is
/r " rtdW(s)dW(t) — 1/2(AW (1))
The discretization of Milstein scheme is
4 () =x(0) + 7 At g (AW() +1/2g08- (AW (1)) = A) +R;,
in It6 form, while for Stratonovich form
(4.5) Xt 1) = X(tn) + - A+ g+ (AW () + 1/2808 - (AW (1)) + R,

where f = f+1/ 2g£)g, The derivation of (4.4) had been studied in [4], while Milstein
scheme in Stratonovich form of (4.5) had been considered in [3]. Both methods have order
of convergence 1.0. For the convergence proof of (4.4), please refer to [4] and [6]. The
convergence proof described in [4] however is quite complicated due to the presence of
anticipative calculus in the remainder term. Kloeden and Shardlow [6], on the other hand
showed a simpler way to prove the convergence of Milstein scheme without relying on
the use of anticipative integrals in the remainder term. As in SDEs if the integrals up to

’"“ ftn( (s) —W(2,))dW (s)dW (z) is retained, we shall have strong Taylor method with
order of convergence of 1.5 as follow;

X(tar1) = x(ta) + - A+ g (AW (1)) +1/2g08 - (AW (r))?

/ Int1 1 , T !
e / / dsdi + gy f / dsdW (1)
tn tn tn

In

;) ~ [Iny1 [T / Iny1 [T
AT / dsdi+ fog- / AW (s)dt
Jity In JiIn 1

+rg [ 'dW( )t
+ a8 / / )W (5)aw (1)
(4.6) +1/2¢5 0(2:2) / (W(r) = W (5,)2dW (t) + Rs,

where Rj is the remainder term. Numerical scheme given by (4.6) improved the conver-
gence rate of approximation methods appearing in the references therein. The convergence
proof in more general way is presented in the following section.

4.1. Convergence proof

The convergence proof of the numerical schemes in general way is given here. Let X (¢,11) =
Yo (t),%(tgar1 —7) =31 (¢),%(ty) = 20 (tn) and X(t, —r) = 21 (t,) . The following theorem
stated our main result.

Theorem 4.1. Ifthe functions f, g and ® satisfy the assumptions Al to A3 and the increment
function WV in (2.12)satisfies the estimates (2.18), (2.19) and (2.20), then the Taylor meth-
ods approximation is consistent with order py = min(((m+3)/2),((m+1)y)+1) in the
absolute mean and with order py = min (((m+2)/2),((m+1)y)+1/2) in mean-square,
where 'y is the exponent of Holder-inequality of ® in assumption A3 and m = min(m;,my),
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which then imply the convergence of Taylor approximations in L* (as A — 0 with r/A € N)
with order p = p, — 1/2.

Proof. For sufficiently large N, < N, we define the step by A=r/N,, where A € (0,1). Then
the approximation solution to (2.1) is computed by x(¢) = ®(¢) on t € [—r,0]. Obviously for
any 7 > 0, there exists integer n > 0 such that 7 € [,,,,+1] and in reference to (3.5) we have

tny1 M1 1 0 J 1J
@7 ) =x(o) + [ ZO{J, [000) = 20(0)) 5o+ (1) 21 (0) 5|
far1 2 (/) '
Slanen) par | 73 {50000 = 20(6) JaW )
By Definition 2.2, the increment function is
(48) T(A7x(tﬂ)7x(tn7r)aAWn)
tny1 M1 1 a (9 J
=), jg(){j!{(y(]([)ZO([”))%+(M([)Z1(["))8ZJ f(zo,zl)}dt
ot my (])
n+1 gO .
+/tn jz‘b{j!(YO(f)—Zo(fn))’}dW(t)

Now we aim to prove the consistency in absolute mean with order p;. For simplicity, the
following notation is introduced

AGO(0).31(0).20(1),21 (1) =m20{]1 [006) ~20(0)) 5=
@9) 010 —a10) 5| P}
Blyo(t) 2ofe) =;fo{“”]‘<?f<yo<t> — )}
By Definition 2.3, the local error, 8,1 is given by
81 =) =30) = [ A0l 0).20(0).2 (1)
(4.10) - / " Blyo(t).z0(0))dW (1)

Substituting (3.1) into (4.10) we obtain
St =] [ (P00 =) = Al0(0).31 (1) 200,21 (1)t

it
I

In
@1 [ 66 = BOo (), (0)aw (1)
Equation (4.11) can now be written as

B = [ g [0~ 200 5+ 01021 (0)

m1+1)!
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(ma+1)!

(“.12) S i+ [ {EE s 00—l faw o)

Taking expectation and absolute on both sides of (4.12) and by the property |a +b| < |a| +
|b|, the following is attained

‘E(811+1)|

— )E</tnm+l {(mlil)[(yo(t)—m(t))aazo+(yl(t)_zl(t))8}(m1+1)dt
(ma+1)!

<oz f+ [ {00 ~20(0) ™ Jaw )|

< }ELMH {(m11+1)!{(yO(t)_Zo(t))ti)+(y1(t)_zl(t))a}(mlH)

@13) oz far| +|E [ {%@m — ()" aw (1)

In employing the Binomial expansion, the first term at the right hand side of (4.13) can
easily be simplified as

\E/ {m [G0(0) *zo(t))a%o +@ a5 "'y ()

271
1 Tnt1
<Gl
(my+ 1),

J d 7(m+1)
[()’o(f) - Zo(l))aTO +Oit) -z (t))T} " f(zo,z1)‘dt
SLpaE tw (Iyo(t) — z0(£) |1+ D) flm+ ),

21
+ (my+1)[yo(r) = zo ()" [y (2 )—m(tn)Ilf m1+1 |

(m1 + 1)m
D1 0) = 2ol i ) 24 <rn>|2|ﬁml,%|
. 0

4.14)
s [y (1) — 21 ()| D A g

where Ly 1 = |1/(my +1)!]. Itis clear that |yo(t) — z0(tx)| ~ [y1(¢) —z1(2,)| and let

f*=maX{fz’”'“< +1>|f’"'“\ o (((my + Dymy .. 2) my '>|f"“+‘}

202

then the following is hold
Tt 1 8 3 (m+1)
‘E/tn {W {(yo(f) _ZO(I))TZO + 1 (7) —Zl(f))afm] f(zo,m)}dt‘
Tnt1
<Lpa [ (WD) =200l D 1 [V Bl (1) =2 0)| 4 )

n

<Ly [ 1@ — 20(6)| M
<L) |fHIE|yo(t) — z0(tn)] t

Iy
(4.15) +Ljs, / 1 | EDE (1) — 24 (1) Ve

n
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The inequality (4.15) can be divided into two following cases

(i) t—r<O0fort € [ty,ty+1]. So we have x(t —r) = P(t —r) fort — r <0,
(ii) 1, —r>0.

By Theorem 2.1, the first term at the right hand side of (4.15) can be written as

(my+1) (my+1)
Ly, |f| Elyo ) —2z0(tn)] dt<Lf1|f\ Ly(t—t,) 2 dt

Int (m+1)
<Lg» L7 (t—ty) 2 dt
In

(m1+1)+1

(t—1t,) Il
<t

In

(my +3)
SCf,l(thrl *tn) 2
(m] +3)

(4.16) <CpiA

where Lr> = Ly 1|f*| and Cr = (2Ls5L7)/(m; +3). By assumption A3 and for case (i),
the second term at the right hand side of (4.15) can be solved as

In+1
Lrilfy |(ml+])/ Elyi(t) — 21 (ta)| ™Vt

In
(my+1)
_Lf71|le|'"1“>/ B0 - @)

<Ly |le |(m1+1) C ([n+1 — [n)<ml+1)5+l
“4.17) < Cfl’3A(m1+l)5+1

where Cs3 = Ly |f, M+ () /((my +1)8+1)) for a constant C; > 0. While for the
second term at the right hand side of (4.15) and case (ii) we obtain

Tl (m+1)
Lialfal D [ B0 -2 "
Tnt1 (my+1)
=L lfal ™0 [ -0
n
_, (ti )(lnl+l)+1 ot
>~ f-,3|: (m12+1) +1 :|tn
(m1+3)
4.18) < Cf74A 2

where L3 = Ly | f2,|"™ " and Cf4 = (2Ls3)/(m; +3). Then, for the second term at the
right hand side of (4.13) and by using Theorem 2.2, the following is attained

(my+1)

’E/:H { (52+ Ty 0olt) - 20(ta)) "2V }dW(t)‘

< LyoE

(0(0) = 20(6)) "W (1)

In
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ln+]
< Loaf [ io(r) ~20(an) " Vaw (o)

<o [ ]| [ st = ras| ™
+‘£g@w»dwww<2”ﬂdwu>
< LyoE /t"“ / Flx s—r))ds‘(mZH)dW(t)
+%2(”<;‘”)ZA@fLT“Angw>Wﬁ”mmvm
<ot || [ 1ao)xts—nyas " awn

4.19) Y Lgs t:"“ /t g(x(s))’(m2+1>dsdw(z)

where Ly, = (g ™) /((my+1)1) and L3 = Ly » ((ma(my — 1)) /2)™/2 Am2=2)/2_ Baged
on [9], it is true

Tnt1 4 S1
E(/ / dVVl-j(Sz)...dVVij(ijl)dVVij(st)) =0
tnh In In

if at least one i, # 0, for k =1,..., j. Thus, it is obvious that (4.19)

’E/,:M {ﬁ(yo(t) ~20(1)) " faw (1) = 0

In summary we obtain
4.20) |E(8451)] < CfAmm((m1+3)/2 (mp+1)6+1)

where Cr = Cy,1 +Cy 3+ Cr4. So the first condition of Theorem 4.1 follows. Now we will
prove the consistency in mean—square, with order p;.

Elga P = E|[ [ (0),500 = 1) = AG0 () (1), 20(0) 200

[ etwl0) ~ B o) 2o))aw (0]

By the elementary inequality |a+ b[* < 251 (|a|* + |b[¥), which for k = 2 implies

E|3n+l|2
:E[%Kwﬂinﬁmm—mwniyum@— (»?@”“
n 2
*Jlea) dt+/ mi_ﬁl)(yo() (1)) ™ Vd )‘
= '/fnlm m {( o(t) = ZO(fn))ai + (1 (1) —z1(ta)) ai} mi+l)

2
x f(zo,z1)dt‘ 2F

/f:nH (ng%l)(yo( )- o(tn))(’"””alW(z)’2
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Tnt1 1 a a (ml+1)
<2FE A m{(yo(l)—Zo(ln))TZO+(y1(l)—Z1(ln))a7Z1}
2 nt1 8z o (mp+1) 2
@.21) xf(zO,zl)dt‘ F2E [ | 00(0) —20(ia)) ™ dw(:)’

The first term at the right hand side of (4.21) is written as follows

Int1 1 )
E,/[n m{(yo(t)—zo(tn))%
d 7(m+1) 5
+()’1(t)—21(tn))87z1} f(10711)dt‘

=2 B 0002

+o0 -zl o] "

<Kyl [ (bole) =) P ()
1) = 21 () PO 2 e

2(mp+1)
" dt

2
f(Zo7Z1)‘ dt

Int1
SKf,z/ E‘yo ) —z0(tn)

2(my+1)

Tnt1
(4.22) +Kf,3/ E‘y1 ) —z1(tn) dt

where K71 = 2(1/(m; +1)1)% Kyo = Kp1 (£)2"+) and Ky 3 = Ky, 1leml+ For case
(1), i.e. t, —r < 0, by Theorem 2.1 and assumption A3, we have

Tn 2(my+1) 2(my+1)
Kf,2/ E‘yo (1) —z0(ty) dt+Kf,3/ E‘)’l ) —z1(tn) dt
[)l
Tnt 1 2my 1) Tnt1 2(my+1)
gKf,z/ Lz‘t—tn dt+Kf,3/ E’d)(t)—d)(tn) dt
tn In

2(mp+1)

2(m;+1)8

t—t, t—t, dt

Tny1
<Kra /
In

AM+2 A2(m+1)5+1
<K K
A TR R T P
4.23) < Cf,sAm‘+2+Cf76A2(””+1)5“

In+1
dt + Kf73C2 /
t

n

where Ky 4 = Ky2Llo, Ky 5 = Ky 3C, for a positive constant C, Cys = Ky4/(m1 +2) and
Cre=Kys5/(2(my+1)8+1). For case (ii), i.e. , —r > 0, by Theorem 2.1 we obtain

Tnt1 2(m1+1)
Kpa [ E @) =210
In

my+1)

In+1 2(
dt < Kfj/ Ly(t—t,)” 2 dt
n

Int1 2(my+1)
SCf.j/ (t—t)" 2 dt
In

4.24) < ijAm1+2
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where Cy7 = Ky 3L7 for a constant L7 > 0. For second term at the right hand side of (4.21)
and by Theorem 2.1 we have

m2+1

2E [ |9 (1) — 2ol |
| (my+1)! "
my+1 t
gzo2 ’2 /"+l 2(my+1)
2’7 E 1) —zo(t) |22V dt
=2 1) g [yo(t) —zo(ta)]

2(mp+1)

Int1
§ Kg,l/ L7|t*tn| 2 dt
n

(4.25) < CpaA™ T2
2
where Ky 1 = 2|g/"" /(my + 1) !’ and Cy.7 = K, 1 L. This implies
E 6n+1 ‘2 < CgAmin((m+2),2((m+1)5)+1)7

where C, = Cy 5+ Cy 6 +Cr7 and m = min(mj,my). Thus, we obtain

201/2 .
(4.26) (E 5n+1‘ ) / SCgAmm(7+1,(m+1)5+1/2)_

which completes the proof. 1

Specifically, the following corollary are obtained.

Corollary 4.1. If m =0,y = 1/2 then the method is said to have a consistency in absolute
mean with p; = 3/2 and in mean-square with py = 1, which from Theorem 4.1 implies the
convergence rate of p =1/2.

Corollary 4.2. If m = 1,y = 1/2 then the method is said to have a consistency in absolute
mean with p1 = 2 and in mean-square with py = 3 /2, which from Theorem 4.1 implies the
convergence rate of p = 1.

Corollary 4.3. If m =2,y = 1/2 then the method is said to have a consistency in absolute
mean with p; = 5/2 and in mean-square with py = 2, which from Theorem 4.1 implies the
convergence rate of p =3/2.

It can be seen by Corollary 4.1, 4.2 and 4.3 represent the specific case of Theorem 4.1
and presented the convergence rate for Euler-Maruyama (4.2), Milstein scheme (4.4) and
Taylor method order of 1.5 (4.6) respectively.

5. Numerical example

We illustrate a numerical example that shall indicate the usefulness of the order 1.5 strong
Taylor methods in comparison to the Euler-Maruyama and Milstein schemes. The follow-
ing linear SDDE was taken from [7] is used as a test equation for the numerical methods
developed here. Let us consider

dX (t) ={aX () +bX (t—1)}dt+cX (t)dW (t), t€[-1,T]
(5.1 P(t)=1+1¢, t€[-1,0].
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The exact solution of (5.1) is
t
X(l):q)t7k_1 (X(k—1)+ bX(S—l)(I)S_klldS)
k1 :
where @' | is an inverse function of @, ;_1, X (s—1) =X (0) for s € [0, 1] and

P = exp((a—c/2) (t—to) +c(W(t) =W (n)))
To construct a numerical example we have used the set of coefficients as
a=-2,b=0.1,¢=05,T=3.0,X(0)=1.0and A=0.01.

We numerically simulate 100 sample paths of the strong solution SDDE (5.1) via three
different numerical schemes namely Euler-Maruyama, Milstein scheme and Taylor method
order 1.5. The average of the sample paths of the exact and numerical solutions were com-
puted. Numerical coding was performed in C language and the results for Euler-Maruyama,
Milstein scheme and Taylor method order 1.5 are illustrated in Figure 1, Figure 2 and Figure
3 respectively.

Figure 1. Strong approximation of SDDEs via Euler-Maruyama

Milsein Scheme
— Exact Soluion

Figure 2. Strong approximation of SDDEs via Milstein scheme
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M“%ﬂ
(M \x )‘
-y

- MAJ

" \;\"» S
‘W lw«,}ﬂ}’d ’v‘;

Taylor Method 1.5
Exact Solution

Figure 3. Strong approximation of SDDEs via Taylor method order 1.5

A glance at Figure 1, Figure 2 and Figure 3 reveals that the result illustrated by Figure
3 shows better performance than the results display in Figure 1 and Figure 2. Next, mean-
square error between simulated solution and exact solution are calculated. The results were
shown in Table 1.

Table 1. Mean-Square Error of Numerical Solution and Exact Solution.

Numerical Scheme | Euler-Maruyama | Milstein | 1.5 Stochastic
Taylor Method
MSE 0.1341 0.0581 0.0218

This example visually demonstrates that higher-order method can significantly improve
the accuracy of the solution.

6. Conclusion

This article provides the derivation of numerical schemes of higher order to the solution of
SDDEs from stochastic Taylor expansion. Based on stochastic Taylor expansion, we can
see that the complexity arises as one need a method higher than 1.5, as multiple stochastic
integral is nontrivial task to determine as well as more partial derivatives of high order
are required. However, it is easier to derive the derivative-free method such as stochastic
Runge-Kutta for SDDEs where our future work will be based on.
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