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Abstract: In this article, we construct a new order 2.0 simplified weak It6-Taylor symmetrical scheme
for stochastic delay differential equations. By the new local weak convergence lemma and the
connection inequality, we theoretically prove the global weak convergence theorem in two parts on
the basis of Malliavin stochastic analysis. Meanwhile, numerical examples are presented to illustrate
the error and convergence results. Furthermore, the obtained results display the influence of the
delay coefficient on global errors.
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1. Introduction

Nowadays, there are many scholars studying differential equations with delay terms.

The authors [1] propose a computationally effective numerical solution for a new
design of a second-order Lane-Emden pantograph delayed problem. Stochastic delay
differential equations (SDDEs) play a significant role in many application fields, such as
control [2], dynamics [3], epidemic problems [4,5] and stock markets [6]. Ain and Wang [7]
studied an epidemic model for the evolution of diseases utilizing an Ito—Levy stochastic
differential equations system. Among these applications, the application of symmetry
principles in the realm of SDDEs offers profound insights into the behavior of complex
systems, see [8-10]. In this paper, we study d-dimensional SDDEs as follows:

te0,T],

t e [—p,0], @

aX; = a(t, X, th‘r(t) )dt + b(t, X, th.[(t))dwt,
Xi=9(t),
where W; = (th, e Wtq )T is g-dimensional normally distributed Brownian motion with
mean (0,..,0)T and variance tI;.,, and §(t) is a Fp-measurable C([—p, 0], RY)-valued
random variable such that sup_,_,, E[|$(t)|?] < co. Here, the constant —p = inf{t — (¢),
t €10,T]} <0,and t — 7(t) is a continuous increasing function with the variable delay
time 7(t). The function a : [0, T] x R? x RY — R is known as the drift coefficient and
b:[0,T] x RY x R? — R¥*1 is the diffusion coefficient.

The existence and uniqueness theorems of SDDEs have been proved by the standard
technique of Picard iterations in [11]. Generally, it is difficult to obtain an explicit solution
of SDDEs. As a result, many scholars have proposed some numerical schemes for solv-
ing SDDEs, such as the Euler-Maruyama scheme [10,12-14], 6-Maruyama scheme [15],
split-step 6 scheme [16], multistep Maruyama scheme [17] and Runge-Kutta Maruyama
scheme [18]. The classical Euler-Maruyama scheme for solving SDEs generally achieves
a strong order of convergence 0.5, and strong convergence schemes have the stability of
absolute moments and mean-square stability. In [19,20], the Euler-Maruyama method was
employed to solve the stochastic Cahn-Hilliard—Cook equations. Buckwar [8] proposed
the strong Euler-Maruyama scheme for Equation (1) and proved the mean-square sense
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convergence theorem under a global Lipschitz condition by using an induction argument
on the interval [0, T]. Mao [10,11,21] showed that the Euler-Maruyama numerical solution
of SDDEs will converge to the true solution under a local Lipschitz condition by using the
technique of stopping times and some moment inequalities for the solution of Equation (1).
Subsequently, Mao [22] obtained the convergence in probability of the Euler-Maruyama
scheme under a local Lipschitz condition and Khasminskii-type condition.

Given the application requirements in finance and related fields, there is an increas-
ing interest in studying high-order numerical schemes for solving SDEs. Based on the
Ito-Taylor expansion, Kolmogorov backward partial differential equations and some weak
approximation properties, Kloeden and Platen [23] obtained the weak convergence theorem
of classical It6-Taylor weak high-order schemes for SDEs. However, if the scheme contains
multiple stochastic It6-type integrals, it will consume more CPU time and become computa-
tionally inefficient for multidimensional SDEs. In order to improve computational efficiency,
the simplified weak second-order method [23] is used to solve multidimensional SDEs,
which is highly effective and accurate compared to the classical order 2.0 It6-Taylor scheme.

In addition, there are also some higher-order numerical schemes for SDDEs. For
example, Buckwar and Winkler [17] constructed a linear multistep Maruyama scheme for
SDDEs and proved that the implicit two-step backward differentiation method has an order
2.0 convergence rate with the smallest parameter in the noise term. Meanwhile, the weak
order 2.0 stochastic orthogonal Runge-Kutta—Chebyshev (S-ROCK) method is proposed
in [24,25] for solving SDEs. Then, based on the the S-ROCK method, Guo [18] developed
an explicit Runge-Kutta scheme for SDDEs and studied its stability properties.

In this paper, a new order 2.0 simplified weak Ito—-Taylor scheme is put forward to
solve SDDEs, which is different from the traditional methods in [10,21,23,26]. The primary
contributions of this paper can be highlighted as follows:

* A new order 2.0 simplified weak It6-Taylor symmetrical scheme is proposed for
solving SDDEs, which involves no multiple stochastic It6-type integrals and can be
easily applied to solve multidimensional SDDEs.

e Provided that the critical value { = 7(&), we divide the global weak convergence
theorem into two steps in the time intervals [0,¢] and (¢, T]. On the basis of the
Malliavin space under some reasonable hypotheses, the global weak convergence
theorem of the new scheme and the connect inequality are rigorously proven on the
time interval [0, {]. Subsequently, based on the theory of Malliavin analysis, using
the new weak convergence lemmas and the connection inequality between the two
intervals [0, ¢] and (¢, T], we rigorously prove that the new scheme has global weak
second-order convergence and mean-square stability.

¢  Several numerical examples, including the Mackey-Glass equation with a multiplica-
tive noise, a nonlinear SDDE about the square of the O-U delay process, a linear
SDDE with a time-varying delay and a two-dimensional linear SDDE, are used to
illustrate the error and convergence results of the new order 2.0 simplified numerical
symmetrical scheme. Additionally, a dedicated discussion section is added to compare
our method in detail with other existing methods in terms of computational time and
show the global and local convergence rates and mean-square stability property.

The following notations are listed for future reference:

* risa positive constant, and each line may be different.

e (s a positive constant, and it relies on the upper bounds of the derivatives of the
coefficients a, b, f.

. C;’j/j : the set of functions U = U(t,x,y) : [0,T] x RY x R — R are continuously
differentiable with uniformly bounded partial derivatives %Ctlgl and % forl <c<i
and1 <d+e<j.

. C’g : the set of functions ¢ : x € R? — R with uniformly bounded partial derivatives

g%‘fforlgcgk.
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This paper is organized as follows. Some fundamental concepts such as the It6-Taylor
expansion and the Malliavin derivative are introduced in Section 2. In Section 3, we present
a novel order 2.0 simplified weak It6—Taylor numerical method for solving stochastic delay
differential equations (SDDEs) and prove the global weak convergence theorem. Section 4
provides linear and nonlinear examples to illustrate the impact of the delay coefficient,
alongside error and convergence analysis. Finally, in Section 5, we draw our conclusions.

2. Preliminaries

In Section 2.1, we introduce some basic concepts, such as the Itd formula and It6-Taylor
expansion. Further, we list two lemmas and one corollary of the Malliavin derivative in
Section 2.2.

2.1. Ito-Taylor Expansion

In this paper, let (Q), .#,{.%;}+>0, P) be a complete probability space with the filtration
{Z#}+>0. Furthermore, assume the filtration {.%; } satisfies the usual conditions, i.e., it is right-
continuous and .% contains all P-null sets. Moreover, let the filtration be g-dimensional Brown-
ian motion W;. The random variable X; is .#;-measurable and ¢(t) is .%)-measurable, respectively.

Then, we introduce the set of all multi-indices, which are given by M in [23]:
M = {0( = (jlr]’Z/"'/].l) :ji € {0,1,...,q},1 <i<landl > 1} U {Z)},

where v denotes the empty index. We give the definition of hierarchical set I'; as follows:
I ={xeM:Il(a) <I},and B(I}) = {a € M :I(x) =+ 1} denotes the remainder
set. Given a multi-index « € M with the length I(x) > 1, we write —a = (jp, ..., j;) and
a— = (j1,j2, - ji—1). Then we have the recursive definition of the multiple It6 integral I,
as follows:

fpg IIX*[gk,tx(slfxsllXS]*T(SO)]PzSIdsl’ l Z 1, jl = O,

Tu[8ka (51, Xs1s X, —(s))p,c = { ' '
“ Sl fpg Itx—[8k,1x(51,X511X51—T(S1))}P,51dwg' 121 ji=z1,

where g , can be represented by

Qen = 4 8EO) = ar(t, Xe, Xe—v(1))s 8k(i) = bri(t, Xe, Xy—zp)), 1=1.
“ Ligr I>1.

For V € C21([0, T] x RY x R%;R), we introduce the operators LV (t,x,y), L'V (t, x, )
(1 <i < g)such that

92

d 9
IZ L g,V (3 Wbt x, )by (1 x,y),

) d 9 1
Lov t,x,y)==V(tx,vy)+ tx,y)a(t,x,y) + =
(txy) = =Vt xy) k;axk (&% y)a(t,x,y) + 3 gy

k
V(t,x,y) = Z V(t,x,y)byi(t,x,y),

Consequently, by using the above operators, the Itd formula in [21] is presented as

t q I .
V(t, X1, Xy_r(r) = V{0, Xo, X_r(0)) + /0 LOV (s, Xo, Xy_r(e))ds + Y /0 LIV/(s, X, Xy _g(s) JAWE,
i=1

Let X; . be the k-th component of explicit solution X; of Equation (1); therefore, we
can obtain the following It6-Taylor expansion:

Xk,g = Xk,p + 2 gk,ﬂé(p' XPI pr'r(p))lﬂt[l]{),g + Z Iy [gk,tx(slrXS1/X5171'(51))]P,€'
aelr\{v} w€B(I)
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2.2. Malligvin Derivative

The Malliavin derivative D; of a random variable F = (Fy, ..., F;)T is given by the
following in [27]:

DiF = (D}F,...,D{F)4y,  DiF = (DjFR,...,DiF))",

and i) 4
o _ J1s- 1 J1
ot = Dtl tz D . Dtl

with, especially, D?k =1forl1<k<I

Furthermore, D*/ can be defined as ordinary Sobolev spaces of functions on R? that
together with their k first partial derivatives have moments of order j with regard to the
standard normal law. For any j > 1 and k € N, we can define the following norm:

Il —E|G|f+zz/ [ DS, GVt .at,

where G is the smooth random variable. Next, we give two lemmas and a corollary with
the Malliavin derivative.

Lemma 1 (duality formula, see [27]). Let F € Dy, and Xy € Dy, for 0 < t < T. Then for
1<j<g

. T , T ‘
/ XudWj] = / XiDjFdt|, D] / XodW! = X, + / DIX,dW..
0 t
Lemma 2 (chain rules, see [27]). () For1 <i < g, let G1, G, € Dy and also G1G, € Dy, with

Di(G1Gy) = G1DiG, 4 GyDIGy.

Let G € Dy, and ¢ € CY(RY) with bounded partial derivatives. Then ¢(G) € D1, and
d
) .
2 a— G)D;Gy.
Corollary 1. For1 <i,j < g, by using the It6 formula, we can obtain the fact that
¢ rt . . 1 . 2
[ awiawi = 3 (Wi =W, = (= p)),
P Jp 2
and we can also deduce the following Malliavin derivative with regard to multiple stochastic integrals:
. ¢ rt , , ) , . ¢ rt . . . )
D;(/ / AWIAW]) = Wi — Wi, D;(/ / AWLdWE) = W] — W],
pJp e Jp
et ; ; st ‘
D;(/ / AWidW]) = Wi — W], D;(/ / dsdWi) = r—p
p Jp p Jp

for0<p<r<g<Tandi#]j.

3. Main Results

In Section 3.1, we present the new order 2.0 simplified weak numerical method for
SDDEs on the basis of the It6—-Taylor expansion and trapezoidal rule. Further, by using the
new local weak convergence lemma, we obtain the global weak convergence theorems in
Section 3.2.



Symmetry 2024, 16, 685

50f18

Xt

X = X+ Aty + Z b AW +

i=1 1

n+l

3.1. Order 2.0 Simplified Weak Scheme for SDDEs

Note that the continuous increasing function t — 7(t) € C[—p, T — t(T)], then for
n=0,1,2,...,N, we first present the uniform partition on time interval [0, T| and At := ng'
u; = iAt (1 < i < Np), and we define L := min{ili € NT, u; — t(u;) > 0} and
m :=max{i|li € N,i> L, u; — t(u;) < ur}. In this paper, we use the time discretization
{t, 0 <n < N:=2Ny— L+ 1}:

O=to<...<uy—T(Upy) <...<tp1=u,<...<itn=T

with step size At, = t,11 —t, < Aft, including all the times {u;,1 < i < Ny} and
{up — t(up), up41 — t(up41), ..., un, — T(un,)}- Then, we have the k-th component of
explicit solution X; , of Equation (1) by the It6-Taylor expansion

n+1

Z gk,zx(tn/th/thf'r(ty,))lﬁé[l]tn,tnﬂ+ Z Iﬂé[gk,a(slrXS]sz1f'r(sl))}fn,fn+1' ()
wel,\{v} x€B(T>)

Scheme 1. For 1 < n < N — 1 and initial value X° = X, it takes the form

1
ZLOak Aty)? + Liay + LOby ;) AWL AL, + Z L’bk](AW’AW] + Vi),

q
i=1 ij= 1

N\)—‘

where AW!, = Wti - Wtin, ag = ag(tn, X", X"7") and by ; = by ;(t,, X", X"™™), and

n+1

xn—m _ {lp(t” - T(tn))r 0<n<m,

xn-m, m<n<N,
where the V;,; are independent two-point distributed random variables with P(V;; = +At,) = % for
i=1..,1 1V”— —Atand Vij = —Vjifori=1,.,qandj=i+1,...q.

Hypothesis 1. Assume the functions a, b satisfy the following conditions:
e Lipschitz condition: for x1,%2,y1,y2 € R, t € [0, T], there is a constant L > 0 with

la(t, x1,y1) — a(t, x2,y2)| V [b(t, x1,y1) — b(t, x2,y2)| < L(|x1 — %2 + [y1 — y2l)-
e Linear growth condition: for x,y € RY, there is a positive constant K with
la(t, %, y) PV 1b(E %, )2 < K(L+ [xf2 + [y ).

At the same time, the functions  satisfy the following conditions:

»  The Holder continuity of the initial data: for all —p < s < t <0, there exist constants H > 0
and vy € (0,1] such that

Elly(t) — (s) ) < H(|t —s|").

Let X; and X" be the solution of Equation (1) and Scheme 1, respectively. We have the
following hypothesis.

Hypothesis 2. Assume the functions a,b & C§’3’3, P € C.

Lemma 3. X;and X" (0 < n < N) are the solutions of Equation (1) and Scheme 1, respectively.
Under Hypotheses 1 and 2, we can obtain {X; }o<i<1 € D32 and {X"}o<p<n € D32
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Proof. Assume X; is the explicit solution of following equation:

t t
X; = Xo+ /0 a(s, Xs, X,_v(s))ds + /0 b(s, Xs, X, _y(s))JAWs. 3)

Using the B-D-G inequality, Gronwall’s inequality and Hypothesis 1, one can show
that in reference [11],

E[sup |X,[*] < (1+3E[|Xo[*])e* T+ 4)

0<r<t

By taking the Malliavin derivative with respect to Equation (3), we obtain

D, X; = / " Dya(s, X, Xov(s))ds + b(r, X0, X,_y) + / "Dib(s, Xo, Xo_r) AW, (5)
where 0 <r <t < Tand
Dra(s, Xs, Xs_r(s)) = a3(5, Xs, Xs_1(5)) Dr Xs + a3(5, Xs, Xs_(5)) Dr Xs_(s)/
Dyb(s, Xs, Xs_r(s)) = Dy (8, X5, Xs_(5)) Dr Xs + b3(5, Xs, Xs_(5)) Dr Xs_1(s)-

3 3
Using the elementary inequality () ¢;)> <3 Y c?and a,b € C,'J’l'l, one can further
i=1 i=1
show that

t t
(D, X¢)? < 3(b(r, X,, xrqm))2 + 3T/r (Dya(s, Xs,xsff(s)))st + 3(/7 D,b(s, XS,XS,T(S))dWS)z, (6)

Then using Holder’s inequality, we have
T T
E(|DXi[?] < 3E[b(r, X, X, )P] +3T | ElIDsa(s, Xo, Xe s Plds +3 [ E[IDb(s, Xs, X, (o)) Flds
r r

T
< C sup E[1+ X2 + [X,_+(o) ] +CT/ E[| D, Xs|2]ds,
0<s<T r

which by the Gronwall inequality yields

E[|D;Xi|*] < C sup E[1+ |Xs[* + |X,_(5)[*]eT < C. 7)
0<s<T

Further, if a,b € C§’4’4, (VNS C# we obtain that
E[|Ds, D, X/[Y] < C, E[|Ds, DyDe, X, < €, ®)

which yields {X;}o<i<1 € D*?. Applying similar techniques as in the proofs of Inequali-
ties (4) and (7), under the conditions of the lemma, we deduce {X" }o<,<n € D32, O

3.2. Weak Convergence Theorems

For the sake of a simple proof, we present a new local weak convergence lemma before
presenting the proof of global weak convergence. Next, we give two theorems to prove
the global weak convergence theory on the basis of the new weak convergence lemma.
In Theorem 1, we utilize the theory of Malliavin analysis and the new lemma to prove
Scheme 1 has the global weak second-order convergence rate within [0, t,]. Based on
Theorem 1, we prove the global weak convergence theorem within [t,,, T] in Theorem 2.
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Lemma 4 (Local weak convergence). Let X;, ., and X+l (0 < n < N —1) be the solutions of
Equation (1) and Scheme 1, respectively. Assume F"™*! = F(X;, , X"*1) : RY x R — R. Under
Hypothesis 1 and Hypothesis 2, for 1 < j < q, we have

t, t ) .
[E[F(Xt,.,, X" ( / h dwgdtf%AwilAtn)]\ < C(1L+E[[Xo[)(A1°  (9)
tn th
and
tn ;
\E[P(xthnﬂ)(/ s AW/ — %AtnAw;)H < C(1+E[|Xo|)(AH3.  (10)
tﬂ t?l

Proof. For 1 < j < g, by taking the Malliavin derivative on both sides of Scheme 1 and
Equation (2), we can obtain

i 1. . 1 . o1 Jd ) . )
DIXPh =y + 5LJakAtn + ELObk,jAtn + Lib AW, + 5 ;#(Ubkﬂ‘ + L'bj) AW, (11)
i=1,i#j
DéXk,thrl - Z gkzx(tnrxt,,/ thfr( ))D Ia[l]tn,tn+1 + Z DéLX [gk,zx(sl/ Xsl’XS]*T(Sﬂ)]tnlthr] (12)
aelr\{v} aeB(Ty)

fort, <s <t,;1. Using Lemma 1 (duality formula), we conclude that

ty
E[P(Xtm,X”“)(/t b tdW]dt EAwatn)]

tipr pt bt flayr (13)
=E|[ DL(F(Xy,,,, X"™))dsdt — = DL(F(Xy,,,, X"))dsdt].
tn th tn ty

Combining Equations (11) and (12) and Corollary 1, for t, < s < t,;1, we have
Dé (F(th+1’ Xn+1)) = F{(Xt’1+1, X"+1) Dgxtn#rl + Fé(Xtrwl’ X”+1) Dgx”+1 = (Pl + (PZ,S- (14)

Here, ¢y := ¢y (tn, X", X", X4, 1, X"+, AWy, At,) is a function not depending only
on time s, and

¢o5 = (Wi, — Ws) GIT1 4 (Ws — W,,) G 4GS, (15)
where

Gi’l-‘rl G?’l-l-l (Xn X X?’H-l th+1) Gn+1 Gn+1 (Xr’l th’ X'rl Xt

- ) . n+l)’ (16)
Gyt = GiH (A, X", X", Xy, X' s =ty b1 — )

n+1/

with the property

IE[GE T (Aty, X, X", Xy, XM s — by, b1 — 5)]| < CA+E[ X0 )AL (17)

n+17
On the basis of Equations (13) and (14), we immediately obtain that

NS}

E[F(th+1,xn+1)(/t | Lawlat — 1Awatn)]

tnt1

_E| / (1 + ¢os)dsdt — / " / "1 + o )dsdt]

tn

(18)

=€+ &2,
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where

tupr ot 1 rtasr platr
_IE[qbl](/tn tndsdt—i/tn /t dsdt),

tn+1 t 1 tn+1 tn+1
er = K| / / Pt — 5 / / Pos dsdt].
tn tn tn tn

Since ft n ft dsdt — 1 ft i f "1 dsdt = 0, we have &1 = 0. Using Lemma 1 (duality
formula), it follows from Equatlons (15) and (16) that

E[(W:

n+1

tyl 1 S
fws)cyﬂ}:/s " E[D,GI ] dr, IE[(WSth”)GQH}:/t E[D,GIldr  (19)

fort, <s < t,4q. Utilizing Equations (15), (17) and (19), we deduce

'tn+1 t 1 tn+1 'tn+1
2l = B[ [ [ guadsdt =5 [ ["7 o dsat]| < CU+EXI DA% (20)

Consequently, from the fact e = 0, by Equations (18) and (20), we obtain
oty
E[E(Xs,,,, X" ( / L awlar — waf IAt)]| < C(1+E[Xo|) (AB)?.
tH tn

Applying similar techniques as those used to prove Inequality (9), we obtain that
Inequality (10) holds.
The proof is completed. [

For the ease of the proof, we consider one-dimensional Wiener process W; and random
variable X;. Next, we give the proof of global weak convergence (Theorem 1) on t € [0, t,].

Theorem 1 (global weak convergence: part ). Let Hypotheses 1 and 2 hold. Let X; and X"
(1 < n < m) be the solutions of Equation (1) and Scheme 1, respectively. Then, if f € C},
ur e D32 (1 < n < m), we have

weak convergence inequality : |E[f(X;,) — f(X™)]] < C(1+ E[|Xo|"])(At)?; (21)
connection inequality : |E[(X;, — X")U"]| < C(1 + E[|Xo|"])(At)>. (22)

Proof. In the case that the time t,,,1 = uy, it follows from the Taylor formula that
f(Xe,) = f(X™) = (X, = X")fY! (23)

with fi' = [, dxf(X’” + A(X}, — X™))dA. Note that

tm 1 1
/t t " AW, dW,, = S (AW 1) = Aty 1) and / * dsydsy — S (Bt 1)
m—1 m—1

b1 tp—1

so by virtue of the Itd-Taylor expansion, we can obtain

Xtm - Xm - Xtm_l - Xmil + Z IﬂC [glx(sllxsl’ lp(sl - T(Sl)))}tm—lztrn

aEB(Fz)
+ 2 (glx(tm_l’ Xtm—l’lp(tm—l - T(tm—l))) gﬂé( m—1s X" ! lp( m—1 — T(t ))))Lx[l]tm—lltm 24
EKGFQ\{U} ( )
+ Z g“(tm—llxmil/ l/J(t -1 — T / / Wg} WJZ _ %Aw]l Awﬁfl)
n#h Em—1

for1 < ji,j» < gand WQ = s. For g4 = ga(t, x,), it follows from the Taylor formula that

8 (b1, Xty 1 P (b1 = T(t-1))) = 8a (b1, X" 1, (b1 — T(tw-1))) = (Xe,_, = X" "Gy, (25)
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where GZZ;;; = fol L on(tmor, X"+ AM(Xs, , — X" 1), ¢(ty_1 — T))dA. Combining
Equations (23)—(25), we have

E[f(Xy,) — f(X™)] = E[(Xy, — X™)f}']
=E[(Xg,, = X" A+ L Gl s, )] HETHEST

€D\ {v} (26)
=E[(Xy, , — X" HF" 1] + igj’"‘l,
where i
Frl= 1+ ) Giophals, o6), 27)
€T\ {v}

erti= ; E(ga (tm—1, X", p(tw-1 — T(tw—1))) f}' / / 1 qu WJZ ZAWQAAWZA)L (28)

12 b
g = Y B[ Tlga(s1 Xey, 9051 — T(50))) by ). 29)

aeB(Iy)
From Equation (26), we deduce the following recursive formula:

B 0) — FOX™) =[0G, — X 4 R Er =BG - X0F) - Tl oo

where F"~ 1, 8{”*1 and 6’2’”*1 are defined in (27), (28) and (29), respectively, and for1 <i < m —2,

Fi=F 14+ Y Giaphlllyn,) (31)
a€l>\{v}
£ = Y Elgu(t, X w(t; — (1)) FH( /+/ AW AW — AW”AWJZ)]
#j2 fi
gﬁ = Z ]E[Pl+1la[ga(sl,Xsl,1p(s1 — T(Sl)))]ti,ti+1]-
IXGB(rz)

In order to give the estimate with respect to Equation (30), we give the detailed proof
process in three parts. In the first part, let the condition Xy = X, so we obtain

X, — X' = Y Lalga(st, Xsy, sy — T(Sl)))]to,fl' 42
a€B(T7)

Using Lemma 1 (duality formula) and Equation (32), it yields
E[(Xy, — Xl)Fl] = Z ]E[Flltx [g“(sl’Xsl’lP(sl - T(Sl)))}to,tl]
NGB(TZ)

= Y 000 [E[DS s, (F1)ga (51, Xy, (51 — T(s1)))]]
aeB(Ty)

(33)

to, t°

It follows from the condition in Hypotheses land 2 that G} , ,, = Gj , (X, X') € D??
for1 < i < m—1and fI' = fi"(X,, X") € D32, which, by combining the

Equations (27) and (31), yields
m—1 .
=TI+ Y Giphlll,n,) € D% (34)
i=1 tXEFz\{U}

Consequently, we can infer from (33) and (34) that

[E[(Xy, — X")F']| < C(1+E[|Xo|"]) (At)°. (35)
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In the second part, we give the error estimate with respect to 5{:
[ ; i+1 . . 1 . .
&l = Y Blgalti Xt — T(t:)) F( / [ awhaws: - EAw{l AWP)]
jl #]2 1

= Y E[ga(t;, X, p(t — T(t)))E[FH( /'”/ AWLAWE — AW AWE) | 7,]].
h#h

Next, by using Lemma 4, we have |£| < C(1+E[|Xo|"])(At)3. In the third part, by
using Lemma 1 (duality formula), we deduce

g= Y E[F T [gu(s1, Xy, (51 — T(s1)))s 1]

IXGB(FZ) (36)
= Z I (0,0,0) [ [ 515253(1:1 1)th(511X51/1p(51 - T(Sl)))]]ti,tiH'
D(GB 1’2)
Furthermore, by Equation (36), it is obtained that
&= ¥ Tooo [E[DS sy, (F)gals1, Xey, (51 — T(Sl)))”ti,ti“’ < C(1+E[|Xo["])(At)°. (37)
DCGB(rz)

Combining Equation (30), Inequalities (35) and (37) and the fact |£i] < C(1 +
E[|Xo|"])(At)3, we deduce

ELf(Xp,,) = F(X™)]] < C(1+E[| Xo|"]) (A1)

Further, in a similar way as in proving Inequality (21), due to U' € D3? (1 <1 < m),
we have
E[(Xy, — XU < C(1+E[|IXo[') (A1)

The proof is completed. O

Next, based on Inequalities (21) and (22), which are the connection between
Theorems 1 and 2, we give the proof of global weak convergence on t € [t T].

Theorem 2 (global weak convergence: part II). Let Hypothesis 1 and Hypothesis 2 hold. Let X;
and X" (m < n < N) be the solutions of Equation (1) and Scheme 1, respectively. Furthermore, if
fe C#* we have

weak convergence inequality : |[E[f(X¢,) — f(XM)]| < C(1+E[|Xo|"])(At)?; (38)
mean-square stability : E[(X;, — X™)?] < C(1 + E[|Xo|"])(At)% (39)

Proof. For the sake of a simple proof, by using the Taylor formula, we have the follow-
ing equation:
f(Xiy) = F(XN) = (Xey = XP)FY (40)

with fN = [J dxf(XN + A(Xpy — XN))dA. For m < n < N, it follows from the Ito-Taylor
expansion that

X, — X" = thfl - X" + Z In [gzx(SLXsl/Xsl_r(sl)”t,,,l,tn
(XEB(rz)
+ Z (8a(tn—1, Xt, 1 Xty 1 0n) — Sa(tn—1, X", X"_l_m)) L[1]t, 4t
aelr\{v}

+ Z ga(tnfl,Xnil,Xnil m / / dW]ldwa _ 7Aw]1 szlz_l)
jl#]'Z b1 Jt1

(41)



Symmetry 2024, 16, 685 11 of 18

for1 < j1,j» < q.For gu = gu(t, x,y) and m < n < N, by the Taylor formula we have

gﬂl (tnill Xt"*lf thflfm) - gﬂt (tnfl/ Xn_l/ Xn_l_m)
- gtx(tn_l, Xt”ﬁ’ thfl—m) - gﬂt(tn—l/ Xnil/ th—]—m)

1 1 on—1— (42)
+gﬂl(tnfl/Xn /Xf,,,l,m) _gzx(tnflz Xn /Xn m)
= (Xt = X"HGH + (X, — XTTTMGH
where -
GZ,Il = /D ag“(tﬂfll Xn_l + )\(thfl - Xn_l)’ thfl—m)d)L’
19
Gyt = /O @ga(tn,l,xnfl,xnflfm FAX, = XTI A,
Combining Equations (40)—(42), we deduce
E[f(Xey) — f(X™)] = E[(Xty = XN)£1]
=E[(Xey, — X" (A + Y G AL )] + 0T+ T G
aelz\{v} (43)
3 2N—I-1 3
—E[(Xiy, - XN DR £ Y N ZE[(X,, - XMR" 4 Y Y
j=1 i=m j=1
where
RN"L= V114 Y G Ll ) (44)
wel\{o}
RU=RT(1+ Y GLli,) m<i<N-1 (45)
ael\{v}
dim ¥ E[(Xy, - X G R Ly, ], m<isN-1,
a€l\{o}
. . . . t; s . . 1 . .
G:=Y E[ga(ti,Xl,Xl_m)R’“(/t " /t.zdwﬁdwég — SAWIAWE)], m<i<N-1;
n#2 i i
gé = Z E[RlJrlItx[gtx(Sersl/Xsl_r(sl))]ti,tHJI m S i S N-—1.
OLGB(rz)

Next, we give the estimate with respect to Equation (43) in four parts. In the first part,
we infer from the conditions in Hypotheses 1 and 2 that G, ; = G ; (X, X', Xy, ) € D32

1—m

form <i < N-—1and f) = fN(X,,XN) € D*>2, which, by employing Equations (44)

and (45), yields
N-1 '
R" = f){v H (1 + Z thx,llﬂé [”tirtiJrl) € D>
i=m ael\{v}

Therefore, we can infer from R € D3? and Inequality (22) in Theorem 1 that

[E[(Xe, — X")R"]| < C(1+E[|Xo|'])(A)% (46)
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Next, we give the estimate with respect to { 11 in the second part. Utilizing the tower
rule and Lemma 1 (duality formula), we have

gll = Z E[(Xti,m - Xiim)G;,zRiHIa [1]ti, ti+1]

ael\{v}
= Z E[<Xti—m - Xiim)E[GL,ZE[RﬁlIﬂ [1]tirti+1|jti]|§ti—m]]
aclr\{v}
= Z E[(Xti—m B Xl_m)E[Grlx,ZIoco [D?C(Rl+1)]ti,ti+1 \ﬁti_"’”,
aelr\{v}
1)
——
where a0 = (0,---,0). Under the conditions in Hypotheses 1 and 2, note that

Gi\{z_l = Gi\{l_l(XN’l,Xthlfm,XN’l’m); therefore, we deduce Gﬁf{l € D32, Assume
the notation O;_,,(At) is a %, , -measurable function of X;, , and X=™  which has
the estimate

|0i—m(At)| < CAH(1 + [ X,

1—m |r + ‘Xl_m ‘r)'
Consequently, combining the fact E [G;glao [DARH] . |\ F, ] = U =0, (A)

and the connection of Inequality (22) in Theorem 1, we can deduce
Gl < CO+E[Xo|T) (A1) (47)
In the third part, we give the error estimate with respect to {:
tit1
t;

g = Z E[ga(tilxilxi—m)Ri-&-l(/

S . . 1 . .
> /t CAWdwE — AW aW)]
N7z

| (48)
. . . 'f,‘+1 S2 . . 1 . .
= Y E[gu(t;, X', XM E[RH( / / AWEAWE — J AW AWE) |7,]].
1#h fi fi
Therefore, by combining Equation (48) and Lemma 4, we deduce the
following inequality: ‘
5] < C(1+E[|Xo|]) (A1), (49)

In the fourth part, using Lemma 1 (duality formula), we have

&= BZ(;F )E[Ri+1 To[8a(s1, Xs1s X5y —2(s1))]y, 1., ]
(1S 2

= gr ) I(O,O,O) [E I:Dg152$3 (RZ+1 )gﬂ( (Sl’ Xsl 4 Xs171(sl))} ]
(2SS 2

(50)

titipn’
Furthermore, by Equation (50), we obtain that

|€é‘ < Z ’I(O,O,O) [E [Dlsxlsz% (RiJrl)gl’é(sllXslfxsl—r(sl))“
(XEB(rz)

| < COL+E[Xo]")(A1)°.

ti ity

(51)
Combining Equation (43) and Inequalities (46), (47), (49) and (51), we have

B[ (Xey) = FXM]] < C(1+E[| Xo| ]) (A1) (52)
Using a similar technique as in the proof of Inequality (52), we can obtain

E[(Xey — XM)UN]| < C(1+E[|Xo") (A1), (53)
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for UN € D32. Then let UN = Xiy — XN € D32 in (53); therefore, we have the following
mean-square stability estimation:

E[(Xey — X)) < C(1+E[| Xo| ") (A1)%
The proof is completed. [

Remark 1. It is worth noting that {X; }o<i<1 € D*>? and {X"}o<y<n € D*? are obtained under
the regularity conditions on a,b € C§’3'3 , f € Cyand ¢ € C} in Lemma 3. However, under a
weaker reqularity condition on these coefficients, we might obtain a lower order of convergence of
Scheme 1. For example, if a,b € Cy*?, f € C} and y € C}, we can only obtain the following weak
order-one convergence:

E[f (Xty) — f(XM)]] < C(1+E[|Xo|']) At
In this case, it is better to use the Euler—Maruyama scheme to solve SDDEs (1).

4. Numerical Experiments

In the following numerical examples, for 1 < n < N, let X}! and X ;, be the solutions
of Scheme 1 and Equation (1) at time t,,, respectively. Furthermore, we give the definition
of global errors and local errors as follows:

glohal 1

A =

M N
(f(X,ﬁ\’) — f(Xgpy))| and eff = |ﬂﬁ Z ; f(Xiee))|,

I Mg

where M = 5000 is the number of sample tracks, and At is uniform-temporal with the time
step by %

Example 1. Consider the Mackey—Glass equation with a multiplicative noise:

1X2

where a > 0, and b and o are real parameters. Next, we use Scheme 1 to solve the problem
with parameters
a=3,b=10=11=1, X =1, t€[-1,0]

We approximate the “true solution” using the Euler-Maruyama method with a suffi-
ciently small step size (here, At = 2710). In Table 1, we compare the errors, convergence
rates (CR for short) and operating time of the Euler scheme, Milstein scheme and Scheme 1.
The results demonstrate that Scheme 1 exhibits a superior convergence rate. In the left
of Figure 1, we depict the numerical solution resulting from Scheme 1 with a step size of
At = %, alongside a sample path’s “true solution”. We obtain the mean-square convergence
stability result of global errors to test stability in the right of Figure 1. The numerical results
here are consistent with the results we established regarding convergence and stability.

Table 1. The results of global convergence rates and errors for three schemes in Example 1.

N

16

32 64 128 256 CR Time(s)

Euler scheme
Milstein scheme
Scheme 1

1433 x 1072 7.032x 1073  3.548 x 1073 1766 x 1073 6.773 x 1074 1.079 0.3337
1.380 x 10~2 6.319 x 1073 3.238 x 1073 1.771 x 1073 5928 x 1074 1.092 0.3581
1293 x 1072 3.240 x 103 1.049 x 1073 3375x 107%  2.805 x 107° 2.096 0.3608
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Figure 1. (Left) Path simulation; (Right) mean-square stability with different time steps At = %,
At = %andAt: 3%

Example 2 (Square of O-U delay process). In this example, we consider nonlinear SDDEs. In
order to give nonlinear SDDEs, we first study linear SDDEs:

{dXt = {El]Xt + ath_T}dt + bdW;, te [O, T], (55)

Xy =1+t te[-1,0],

with the terminal time T = 2T = 2.

By using the Itd formula with respect to X7, we deduce

d(X?) = (2Xi (a1 X + a2 Xi 1) + 0.5 x 2b%) dt + 2bX;dW
= (b2 + 2a1Xt2 + ZaZXtXt,T)dt + ZbXtth.

Assuming Y; = Xf, we have

dY; = {b? + 2a1Y; + 2a2/Yi/ Y it + 26/ Y, dW;.

Therefore, we obtain the following nonlinear models for SDDEs:

{dYt = {B? +2mY; + 200/ Yiv/Yi< }dt + 2b/YdW,,  t€[0,T], 56)

Y = X?, t € [—,0].

Based on the explicit solution of Equation (55), we have the explicit solution of
Equation (56) on t € [0,1]:

t
Yy = XF = (Xoe! e [

t

_ _ 2

asse “1sds+be”1t/ e~ M dW;)”,
0

0
where X; has normal distribution N(h(t),o(t)) with the mean value h(t) = Xpe! —

b2
2te=M — % (¢~M" —1) and the variance o(t) = T (e2m! —1). Next, we obtain the solution
1 1

of Equation (56) on t € [1,2]:

t t
Y = X? = (Xleﬂl(t_l) + e“lt/l a,Xs_1e”M%ds + be“l"‘/1 e_”lsdws)z.

In this experiment, we give nonlinear SDDEs by the (O-U) process for linear SDDEs
and study the property of the nonlinear SDDEs with the parameters of a1 = —2,a, = 1.7
and b = 0.01. In Table 2, we present the error and convergence results for Example 2. For a
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0.12

more intuitive display, the plots of errors result with respect to N are drawn in the left of
Figure 2, which implies that the experimental results are in agreement with the theoretical
results. In addition, we obtain the mean-square convergence stability result of global errors

with times steps At = 11—6, At = 31—2 and At = 61—4, which are shown in the right of Figure 2 .

Table 2. The results of convergence rates and errors with constant parameters in Example 2.

N Avg.Local Errors CR Global Errors CR
8 1576 x 107! 8.102 x 1072

16 2.073 x 1072 2.9264 1.998 x 1072 2.0196
32 2444 x 103 3.0054 5.076 x 1073 1.9991
64 2841 x 1074 3.0431 1.261 x 1073 1.9985
128 3415 x 105 3.0533 3.384 x 107 1.9790

5x10'4 i

0.1r

In(lsin{X_)-sin(x))

o
R

0.02 r

—#— Avg.Local errors 45 e i —
Global errors ) )

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
-5
=10

<
= 4

%

< —

i

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

A t=1/64

20

*

40

L " s PR, 05 L L L L L L L L L
60 80 100 120 140 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

number of N lterations

Figure 2. (Left) The plots of global and average local errors with respect to the steps N; (Right) mean-
square stability with different time steps At = 11—6, At = 31—2 and At = é.

Example 3. Consider the linear SDDE with a time-varying delay:
aX; = {alxt + azxt,T(t)}df + {b1 + bZthr(t)}thr t e [0, T}, (57)
X =9(t), te[-7,0]

where T(t) = % and the terminal time T = 2. Next, we give the solution of Equation (57) on
te 0,1

t t
X; = Xget + et / (s — t(s))e”"%ds + e“lt/ (b1 +bap(s — t(s)))e "%dW;.  (58)
0 0

Next, we utilize Equation (58) to obtain a solution on ¢ € [1,2]. Therefore, Equation (57)
has the solution

t t
X = Xleﬂl(til) + e”lt/l ﬂsz_T(s)eialst + e“lt/l (bl + bzXS_T(S))EialdeS.

In this example, we assume N € {22, 23 24 25,26}. We test the convergence rate
and errors of Scheme 1 by setting the delay function ¢(t) = 1+t a1 = —1,a, = 1,
b1 = 0.01, by = 0.01; the error and convergence results are provided in Table 3. As expected,
Scheme 1 can obtain global second-order and local third-order convergence rates, which
are in agreement with theoretical results. We also plot the lines of average local errors
(Avg.Local Errors for short) and global errors with respect to the steps N in the left of
Figure 3. Furthermore, the figure intuitively displays that the theoretical results are correct.
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For three different time steps At = %, At = % and At = %6' we obtain the mean-square
convergence stability result of global errors in the right of Figure 3.

Table 3. The results of convergence rates and errors with constant parameters in Example 3.

N Avg.Local Errors CR Global Errors CR

4 1.494 x 1073 6.060 x 1073

8 1.621 x 10~* 3.2040 1.290 x 1073 2.2323
16 1.918 x 107° 3.1418 3.060 x 1074 2.1539
32 2.737 x 10~ 3.0359 8.224 x 107° 2.0686
64 3.020 x 10~7 3.0435 2275 x 1075 2.0086

<10t

—#— Global errors 55F
—#— Avg.Local errors —

500 1000
<10°°

1500 2000 2500 3000 3500 4000 4500 5000

4 T T
‘ <
\ Z 35
\ x
a < 3
3 | o
| 25¢
'\‘ 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
2r \ <08
\ 2‘ A 121116
1r 150
1
T
0 * e 05t
0 10 20 30 40 50 60 70 0 500

1000 1500 2000 2500
number of steps N

3000 3500 4000 4500 5000
lterations

Figure 3. (Left) The plots of global and average local errors with respect to the steps N; (Right) mean-
square stability with different time steps At = %, At = % and At = %

Example 4. Consider the following two-dimensional linear SDDEs:

-A 0 0 o
X = Xdt + Xi_rdWs, te€0,T],
(2 0w (2 s, reon

(59)
Xe =19(t),

te[-1,0],

where T = 1 and the terminal time T = 1. Next, we use Scheme 1 to solve the problem with parameters
A=4,0=03 ¢pt)=1+t1+0)T.

In this example, it is not a simple decoupled SDDE, so it cannot be regarded as a scalar
equation. With an assumption of N € {16, 32, 64,128,256}, we simulate and calculate the
convergence rates and errors of Scheme 1; the error and convergence results are provided in
Table 4. It is gratifying that Scheme 1 can obtain global second-order and local third-order
convergence rates. We also plot the lines of average local errors (Avg. Local Errors for short)

and global errors with respect to the steps N in the left of Figure 4. For three different time
steps At = %, At = 31—2 and At = 61—4, we obtain the mean-square convergence stability result

of global errors in the right of Figure 4. The figure intuitively displays that the theoretical
results are correct.



Symmetry 2024, 16, 685

17 of 18

0.012

Table 4. The results of convergence rates and errors with constant parameters in Example 4.

CR Global Errors

1.002 x 102
1.939 x 1073
4482 x 1074
1.132 x 1074
3.747 x 1075

N Avg.Local Errors CR

16 6.267 x 1074
32 6.059 x 105
64 7.003 x 10~°
128 8.830 x 1077
256 1.207 x 1077

3.3706
3.2418
3.1526
3.0784

2.3701
2.2416
2.1519
2.0796

0.01 r

0.008

0.006 -

In{jsin (X )-sin(x")]

0.004

0.002 r

<10°°

—#— Avg.Local errors
1k
Global errors

T —_—

A =118

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

<107

a4

=

%

2 —
o

0 500 1000
<1078

A t=1/32

1500 2000 2500 3000 3500 4000 4500 5000

A t=1/64

References

100

1500 2000 2500 3000 3500 4000 4500 5000

lterations

150 200 250 300 0 500 1000

number of N

Figure 4. (Left) The plots of global and average local errors with respect to the steps N; (Right) mean-
square stability with different time steps At = 11—6, At = 31—2 and At = 6i4'

5. Conclusions

A simplified numerical method is developed to solve SDDEs, which involves no
multiple stochastic It6-type integrals and can be easily used to solve multidimensional
SDDEs. Based on the theory of Malliavin derivatives, we introduce a novel weak local
convergence lemma for multiple random integrals, deriving the connecting inequality
between Theorems 1 and 2. We rigorously establish in two steps that Scheme 1 exhibits
a global weak second-order convergence rate. Furthermore, we present four distinct
numerical examples to illustrate the efficiency, mean-square stability and convergence
rates of the simplified weak high-order numerical method. Additionally, we included a
dedicated discussion section to provide a detailed comparison of our approach with other
existing methods in terms of computational time. According to the above experiments, we
can obtain that the new scheme has the most precision of all schemes but costs more time.
In future work, we will investigate higher-order numerical methods for solving SDDEs.
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