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Abstract

In this paper, we concern stability of numerical methods applied to stochastic delay
integro-differential equations. For linear stochastic delay integro-differential
equations, it is shown that the mean-square stability is derived by the split-step
backward Euler method without any restriction on step-size, while the
Euler-Maruyama method could reproduce the mean-square stability under a
step-size constraint. We also confirm the mean-square stability of the split-step
backward Euler method for nonlinear stochastic delay integro-differential equations.
The numerical experiments further verify the theoretical results.
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1 Introduction

Stochastic delay integro-differential equations, as the mathematical model, widely apply
in biology, physics, economics and finance [1, 2]. Because of the stochastic delay integro-
differential equations themselves, it is not easy to obtain an explicit solution for these kinds
of equations, so it is necessary to research the numerical methods for numerical solution
of stochastic delay integro-differential equations [3, 4]. Stability is the basic and important
property of numerical methods for stochastic systems.

There are few results on the numerical methods to stochastic delay integro-differential
equations. Ding et al. [5] dealt with the stability of the semi-implicit Euler method for
linear stochastic delay integro-differential equations. Rathinasamy and Balachandran [6]
proved mean-square stability of the Milstein method for linear stochastic delay integro-
differential equations with Markovian switching under suitable conditions on the inte-
gral term. The condition under which the split-step backward Euler method was mean-
square stable has been obtained by Tan and Wang [7, 8]. Rathinasamy and Balachan-
dran [9] also analyzed T'-stability of the split-step-6-methods for linear stochastic delay
integro-differential equations. Wu [10] investigated the mean-square stability for stochas-
tic delay integro-differential equations by the strong balanced methods and the weak bal-
anced methods with sufficiently small step-size. Numerical researches for stochastic delay
integro-differential equations are not perfect enough. Therefore, it is extremely essential
to develop the stability of the numerical methods to stochastic equations.

The paper is organized as follows. In Sect. 2 we will introduce related symbols and defini-
tions. Some suitable conditions will be given to guarantee stability of the Euler—Maruyama
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method for stochastic delay integro-differential equations in Sect. 3. In Sect. 4, the split-
step backward Euler method will be used to prove general mean-square stability of nu-
merical solutions. In Sect. 5, we will discuss stability of nonlinear stochastic delay integro-

differential equations. Furthermore, numerical experiments are provided in Sect. 6.

2 Preliminaries
Throughout this paper, unless otherwise specified, let (€2, 7, P) be a complete probability
space with a filtration (F;);>o, which satisfies the usual conditions (i.e., it is increasing and
right continuous while Fy contains all P-null sets). Let | - | be the Euclidean norm, W ()
is Wiener process defined on the probability space, which be F;-adapted and indepen-
dent of Fy. Let 7 > 0 and C([-7,0]; R) denote the family of all continuous R-valued func-
tions on [-7,0], C([-7,0]; R?) denote the family of all continuous functions £ from [-7, 0]
to R?, ||£]| is defined by ||£] = SUP_; << 1£(£)|. We assume &(t), t € [-7,0] is the initial
function, which is Fy-measurable and right continuous, E||£ |2 < co. Let beo([—t, 0];R) be
the family of all Fo-measurable bounded C([-7,0]; R)-valued random variables § = {£(6) :
-7 <6<0}.

As a matter of convenience, we first consider the following form of linear stochastic

delay integro-differential equations:

dx(t) = [ax(t) + x(t — ) + v [ _x(s)ds] dt
+ [Ax(t) + ux(t—1) +1 ftir x(s)ds]dW(t), t=>0, (1)
x(t) = ‘i:(t)r te [_T» 0])

where &(¢) is initial function, and £(¢) € C([-7,0; R), &, B, ¥, A, u, n € R, W(¢) is a standard
one-dimensional Wiener process and 7 is the delay term.
Under the above assumptions, Eq. (1) has a unique solution x(¢). In order to analyze

mean-square stability of two numerical methods, we introduce the following lemma [11].

Lemma 2.1 If

1 2
@+ 1B+ lyle + 5 (18] + Il + Inlt)* <O @
the solution of Eq. (1) is said to be mean-square stable, that is,
t—>00

3 Mean-square stability of the Euler-Maruyama method
Now, the Euler—Maruyama method applied to Eq. (1) one gets

X1 =Xy + (00X + BXpom + V)_(n)h + (AXy + uXyom + n)_(n)A Wi, (4)

where & = Xy, X, is an approximation to the analytical solution x(¢,),n which is F; -
measurable, & > 0 is the given step-size, which satisfies # = - for a positive integer m,
t,=nh,n=-m,...,0,and we get X,, = £(t,) when ¢, <0, AW, = W(t,.1) — W(¢,) are in-
dependent N(0, ) distributed stochastic variables. X,, approaches the integral term, this
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paper will choose a composite trapezoidal rule as the tool of the disperse integral to solve
this case. We have

h = h
X = 5 X + ;Xn_k + X

Definition 3.1 If there exists a /1o > 0, for every step-size 4 € (0, o] with & = i, such that

the numerical approximation {X,,} produced by the Euler—-Maruyama method satisfies
Jim E|X,[* =0 (5)
then the numerical method applied to Eq. (1) is said to be mean-square stable.
Theorem 3.1 Under the condition (2), let hy = max{hy, hy}, for step-size h € (0, hy], we have
lim E|X,|*>=0
=00
then the Euler—Maruyama method applied to Eq. (1) is mean-square stable, where

20 +2|B1 + 2]y T + (1A + |pl +In|T)?

hy = R

! (lal + 8] + y]7)?

. { 1 2a+2|ﬁ|+2|y|r+(l)\|+|M|+|n|f)2}

) =miny ——,— ) .
o (e + 18]+ 1ylT)

Proof From Eq. (4), we obtain

Xpi1 = (L+ah +nAW)X, + (Bl + nAW,)Xm

+(vh+ nAW)X,. ©)
Squaring both sides of Eq. (6), we have

Xﬁﬂ =(1+ah+ nAW,,)in +(Bh + MAW,,)ZXﬁ_m +(yh
+ NAW)2X2 + 2(1 + ah + nAW,) (Bh + R AW, X, X
+2(1 +ah + nAW,) (yh + nAW,) X, X,
+2(Bh + pnAW,) (Y + nAW,) XX
= (L+ o1 + AW, + 20k + 2.AW,, + 20 AhA W, ) X,
+ (B*H? + 2Buh AW, + W AW X, + (V21
+ 2y nh AW, + > AW X2 + 2[ Bh(1 + ah + nAW,,)
+ uAW, (1 + ah + nAW) | XuXyom + 2[yh(1 + ah + nAW,)
+ NAW, (L +ah + nAW,)]X,X,

+2(Bh + uAW) (v h+ nAW,) XX



Zhang and Li Journal of Inequalities and Applications (2018) 2018:114 Page 4 of 13

It follows from 2ab < |ab|(x? + y*), where a,b € R, T = mh, that

_ h m-1 ]’l
2X X = 2Xom (EXn_m +h an_k + 5Xn>
k=1

m-1
= X2+ 21X Y Xk + BXn X
k=1

m
h
<hX) , +him-1)X}_, +hy X;  + E(Xﬁ +X2.,)

51:X2 + X2 +hZ ikt X2

(7)
According to the inequality (a; +ay + -+ - + a,)* < n(a} + a3 +--- +a2),
1 = 1\
X2 = <§Xn_m +Y Xk + EX”)
k=1
2 1 2
5 2 (m- 1)2 o+ X 2ty | m-DX0,
2 2 2
Z } (X2 + X2 )+§[ ~1)x2 +Z D
h = h
<7 <5Xﬁm thY X+ 5Xﬁ) ®)
k=1
In a similar way
_ I m-1 I
2X,X, = 1X2 + EX’%*’" +h ;Xik + EXﬁ' )

We note that E(AW,) = 0, E[(AW,,)*] = h,and X,,, X;,_1, ..., X,_n are F,, -measurable. Sub-
stituting (7), (8), (9) into the above equation and taking expectations,

EX,., < (1+0o®W* + X*h+ 2ah)EX] + (B°H* + W’ h)EX;_,

+(v?H* +n*h)T ( ot hz e+ X2)
+[|(1 + ah)Bh| + AulR)(EX] + EX,_,,)

+[|@ +ah)yh| + |xn|h]E<rX3 + gxﬁ_m
+hZ ot Xz) +(1By Il + |unlh)

h = h
X E(rXﬁ_m + EXf,_m +h ZX,Z,_k + EX’2’>
k=1
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Let Y, = E|X?|, we have

Yn+1 EPYn + QYn—m +R max (Yz):

n-m<i<n
where

P=1+a?h®+2%h+2ah + ‘(1 + ah)ﬂh‘ + A+ |An|th

’

+ |(1 +ah)yth

Q=B*1 + W’h+ |(1+ah)Bh| + aulh + By |th® + |unlth,

R=(y*H* +n*h)7 + |1 + ah)yth| + Anlth+ |By|th + |un|th.
So

Yn+l§(P+Q+R)maX{YmYn—m’ max (Yi)}-

n-m<i<n

It is clear that ¥, — 0 (n — 00) if P+ Q + R < 1, namely

1+ a2k + 22+ 20k + 2’(1 + ah)ﬂh| + 2\Auh+ 2|an|th + B2H? + 1k

+2|(1 + ah)yTh| + 2|By|th® + 2lunlth + y*h* + n*h < 1.

Hence let
P 200+ 2| Bl + 2y |t + (|| + || + [n]T)?
1=- )
(lee] + 18] + Iy |7)?
" . { 1 2Oé+2|/3|+2|1/lf+(|)»|+|/¢L|+|77|T)2}
5 =miny ——, — 3 .
o (a+[Bl+lylT)

By the condition (2), we know that /1; > 0, &, > 0. If iy € (0, /1), we have

(ot2 +2|aB| +2lay|Tt + B+ 2|8yt + yztz)hz

2
+ (20 + 2181 + 2y |t + (IA] + |l + In]T) ) A <.
On the other side, we address the case 1 + ak > 0. If g € (0, 1), we get

(a2 +2a|B| +2aly|t + B2+ 2|By|T + )/Zrz)h2

2
+ (20 + 2181 + 2y |t + (IA] + |l + [n]T) ) A <.
Let iy € max{hy,hy}; when h € (0, i), P + Q + R < 1 always holds, then
lim Y, = lim E|X,|>=0
n— 00 n—0oQ

then the Euler—Maruyama method applied to Eq. (1) is mean-square stable. The theorem
is completed. g
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4 General mean-square stability of the split-step backward Euler method
Using the split-step backward Euler method applied to Eq. (1), we construct the numerical
scheme as follows:

:XZ =X + (@X} + BXyom + y Xn)h, (10)

X1 = X5+ X3 + X + 1 X)) AW,s5

the relevant definitions are in Sect. 3, if 1 — a/ # 0, we can get the sequences{X};,n > 0}
and {X,,, n > 1} via (10), when given X, = £(nh) for n € {-m,-m + 1,...,0}.

Definition 4.1 For every step-size & = .-, if any application of the split-step backward
Euler method to Eq. (1) generates a numerical approximation {X,} that satisfies

lim E|X,|*>=0 (11)
n—00
then the numerical method applied to Eq. (1) is said to be general mean-square stable.

Theorem 4.1 Under the condition (2), assume 1 — ah # 0, the split-step backward Euler
method applied to Eq. (1) is generally mean-square stable.

Proof Assume 1—ak #0 and implying o < 0; we can see from (10) that

1+ AW, -
Xn+1 = w(x + ﬁth -m t VhX ) (/’LXn—m + an)AWn' (12)

Squaring both sides of Eq. (12),

X2

n+l =

1+ 1AW, )\’ _ ]
(TM) (XZ + BEIPXE, + PP X 4 28X X + 2y h XX,
+ 2BV I Xy X) + (WX + 07 X5y + 26X X)) AW,

1+ 1AW, - -
+ 2ﬁ(xn + BhXym + Y hX) (X + 1 Xn) AW,
-
According to 2abxy < |ab|(x* + y*) and E(AW,,) = 0, E[(AW,,)?] = h, substituting (7), (8),
(9) into the above equation and taking expectations

1+ A%k h
2 2 2212142 22 _pf P2
EXi = oo |:EX,, + B2HPEX2. 4 yh rE(ZX :

m-1
h
+hY Xp i+ 5)(5) +|Blh(EX? + EX2.,)

+|y|hE<tX + X2 +hZ o+ XZ)
+|,3y|h2E<rX,,m+ X2 +hZ o+ Xz)]

I - h
+M2hEX2 +7 ThE( ]/lZXZ ot X2>
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+|;u7|hE<anm+ —Xx2. +hZ it X2>

. [Apelh
1-ah

2| Bl
1-ah

a2
+|)I—Molh E(rX,,m+ X2 hZ it X2>

(EX: +EX:,,) + EX>

-1
|An|h h ] h
*+7 —ahE X, + EXi_m +h;Xﬁ_k + 5)(5

Iﬁknlh2

1o ahE<’X”’”+ 27 *’“Z ¥ XZ)
2|)~\nlh2 )

_— +h X ,

* 1-wh Z

in particular

EX;, <PEX,+QEX,_, +R ‘max E(Xz)
where
1+3%h panlht gl
[ — 1 h h )
ey P
Q: M('Bth + |ﬂ|h+ |,3)/|‘L'h2) +M2h+ |l“7|fh
(1 - ah)?
il |BanlTh? lydplth® 20BAulk
l-ah 1-ah 1-ah l-ah ’
1+A%h
= (liﬁ)z(yzhzfz +ylth+ By |Th®) + nT*h + |un|th

lyAulth*  |Anlth |Banith®  2lyinlk®
+ + + + 7%
1-wuh 1-wuh 1-uh 1-wh

Let Y, = E|X?|, the above inequality turns into

Y1 <(P+Q+R) max{ Y., Yo_m, max Yi}.

n-m<i<n
We conclude that Y, — 0 (n — o0), if P+ Q + R < 1, that is,

1+ A%k 20aulh 2|An|th  2|BAu|k?

2
(1—ah)2(1+'ﬁ'h+2'y'ht) T1Cah  1—ah | 1—ah

2|J/)»M|Th2 2|Banlth* 2|y An|t?h?
+ +
1-ah 1-ah 1-ah

+ (|,u| + |77|‘L')2h <1

Page 7 of 13
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Hence, we have

[(182] + lyrle) —a(lul + nle) B2 + [(1B] + yIt)* - o
+ (2120 + 21l +20017) (1BA] + lyAle —a(lul + Inlt)) ]k

2
+2a +2|B] +2|y|T + (|k| + || + |n|r) <0.

Let
F(h) =AW + Bh+ 2o + 2| B] + 2|y |t + (IA] + i + |n|r)2,

where

A=[(1BM +lyrlt) —a(lnl + Int)]%
B=(1B1+1y17t)" —a®+ (20A] + 2lul + 2[n17) (18] + [y Al —a(lul + Inl7)),
A=[(181+lylt)* —a® + (21A] + 20| + 2Inlt) (182 + Iy Al = (Il + Inlo))]*

—a[(1BM] + [y rlT) — (Il + In1T) P [20 + 2181 + 21y 1T + (1A + sl + Inl7)?].

Itis easy to see A > 0, Because of the nature of a quadratic function, we can see that F(/) < 0
holds for any 0 < /2 < 1, when % > 1, and the split-step backward method Euler is
general mean-square stable. This proves the theorem. d

5 Mean-square stability of the split-step backward Euler method for nonlinear
stochastic systems

In this section, we will discuss the mean-square stability of the split-step backward Eu-

ler method for nonlinear stochastic delay integro-differential equations. Considering the

following nonlinear stochastic equation:

dx(t) = f (x(2), x(t — 1), ff_f x(s) ds) dt
+gx(®),x(t - ), [ x(s)ds)dW (¢), >0, (13)
x(t)=&(t), tel-1,0],

iR xR x R - RY, g : R? x R x RY — R4 £(t) € C([-1,0]; RY), W(¢) is an m-
dimensional Wiener process and 7 is a delay term. If f and g are sufficiently smooth and sat-
isfy the Lipschitz condition and the linear growth condition, Eq. (13) has a unique strong
solution x(¢), t € [-7,00) and x(¢) is a measurable, sample-continuous and F; adapted
process [12, 13].

The split-step backward Euler method applied to Eq. (13) yields

X;,k = Xn +f(X::Xn—man)h»

* * v (14‘)
Xps1 = Xn +g(Xn>Xn—man)AWn;

X, X1, X, h, AW, are defined in Sects. 3 and 4.
Lemma 5.1 ([14]) If there exist constant ay, a,, as, by, by, bs, for all x,u,v € R%, we have

(x,f(x, 07 0)) < —611|X|2, (15)
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lf(x’ u, V) _f(x) 0’ 0)| < ﬂ2|u| + (l3|V|, (16)

2

g1, v)|” < bulal? + balul® + bs|v]*. (17)
Theorem 5.1 Suppose that Lemma 5.1 holds and let

1 2

- +(12+613T+§(b1+b2+b31' )<0. (18)
If there exists a hy > 0, for every step-size h € (0, hy], we have

lim E|X,|? = 0.

n— 00
Then the numerical solution of Eq. (13) is mean-square stable, where

A —2a1 + 2ay + 2(131’ + (b1 + b2 + b3T2)
0 =

" bi(ay +ast) + (by + b312)(2a; — as — azt)’
Proof From the second equation of (14), we obtain
2 S\ 2 S
X1 2 = |51+ @ (OG0 X Xot) | AW + 2(X5, € (X0 Xopmins X ) A W),
Note that E(AW,) = 0, E[(AW,)?] = h, and X,,, X,,_., X are F:,-measurable, hence

E(X,g(X} Xops X)) AW,,) = 0,

5,

_ _
E|g (20 Xosoms X )| SW = |20 Xoro X
Combining condition (17) and taking expectations on both sides of the above equation,

EXp? < E|XE| + (B1E[XE]” + baE) X, l? + b3EIX,, )i

< (1+ByWE|XE|* + bohEIX,,_ul? + b3hE|X,,|*.
Next, we should derive the E|X}|* by the first equation of (14),
X —f (X Xopos X ) = X (19)
Squaring both sides of Eq. (19), one gets
X% < 112 + 2B{XCEF (X Xy X)) (20)
Through the conditions (15), (16), we have

206, f (X3 Xonem X))
=203, £ (0, 0,0))+ 205, (7 Ko K2) ~£(X3,0,0))

< =2a1 [ X2 P+ an(|XE]7 + 1Xoml?) + 2a3] XK.
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It is easily to see that for XX, from Sect. 3
2XX, = 1XF + X2 +hZ o+ XZ.

Substituting these into Eq. (20) and taking expectations
E|XZ|” < EIX, % = 2a,hE|XE|” + ashE(|XE]” + 1 Xl?)

+a3h<rX*+ -X2 +h2 &t X2>

< (=2a1h + ash + aghz)E|X;§| + E|X|? + ashE| X o

+azht max E|X;%.

n-m<i<n

In particular

1 ﬂzh

E|x*|* < EIX. 1%+ EIX. |2
| ”| ~ 1+ 2ai1h—ayh - asht X 1+ 2a1h - ash — asht Xor-|
ﬂghl’ E|X |
max
1 + 2a1h — axh — asht n-m=<izn

Hence

EXyl® < (1+ byWE|XE|* + byhE|X, |? + bshEI X,

1 +b1h dzh(l +b1]’l)
< + bzh
1+ 2a1h — a)h — asht 1+ 2a1h—ayh—asht

E|Xn|2+(

Bl + (g o ) VN
We can write
EXp1l* < PEIX,[* + QE|Xypl” + R max EIXi[,
where
- 1+ Zali i— ZZ —asht’ Q= 1+ ZLZZ(i ;f;zlﬁ)aght +bohy
1+ ;;fl}:(—lazzl—hizghr +bsht’.
So

EXyal? < (P+ Q+ REXEX,onl’ max EIXif2).

—m= l<Vl
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If P+ Q+ R < 1, it s easily to see that E|X,,|> — 0 when # — oco. By the condition (18), we
have

[b1(az + asT) + (by + b37%) (241 — a — azT)|I* + (—2a1 + 2a3 + 2a37

+ (b1 + by + b3t?))h < 0.
Namely

ash + asht + bih + aybih? + asbith? + bsht? + bst>(ay — ay — azt)h?

+ boh + by(2a1 — as — asT)H? — 2a1h + ash + asht < 0.

Therefore, for every step-size 4 € (0, ko], lim,,_, o E|X,,|? = 0 holds, the split-step backward
Euler method for nonlinear stochastic equations is mean-square stable. The proof is com-
plete. 0

6 Numerical experiments
In this section, we will discuss the example to verify the theoretical results, considering

the following testified equation:

dx(t) = [ax(t) + Bx(t—1) +y ftt_l x(s) ds) dt
+ [Ax(t) + ux(t—1) + 7 ftt_l x(s)ds)|dW (t), t>0, (21)
x(t)=&(), te[-1,0].

Taking the parameters @ = -10, 8 =2, y =1, A = 0.5, u = 0.2, n = 0.5, the condition (2) is
satisfied.

Case 1. We can easily see that /1; = %, hy = min{l—lo, %956}. By Theorem 3.1, /i =
max{hy, iy} = %. When the step-size % € (0, 1—10], the Euler—Maruyama method applied to
Eq. (21) is mean-square stable. However, the Euler—Maruyama method is unstable when
the step-size k1 = % > %, which is shown in Fig. 1(a) and (b).

Case 2. We can know A = [(|BA| + |y AlT) —a(u] + |1]T)]? >0, % ~ 1.13 > 1, and the

conditions satisfy Theorem 4.1. Hence for any 0 < / < 1, the split-step backward method

30

— h=1/15 Euler-Maruyama method| —— h=1/5 Euler-Maruyama method|

20

Figure 1 The Euler-Maruyama method with (@) h=1/15; (b) h=1/5
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— h=1/5 split-step backward Euler method|

—— h=1/15 split-step backward Euler method|

0.2
0.15
0.1

0.051

—— h=1/100 split-size backward Euler method| —— h=1/10 split-size backward Euler method|

EIX 2
o

Figure 3 The split-step backward Euler method with (a) h=1/100; (b) h=1/10

Euler has general mean-square stability. From Fig. 2, it is easy to confirm general mean-
square stability of a numerical solution under the same step-size as Case 1. The results
indicate that the split-step backward Euler method achieves superiority over the Euler—
Maruyama method in terms of mean-square stability.

Case 3. We will address the following nonlinear stochastic delay integro-differential
equation:

dx(t) = [-80x(t) + 10x(t — 1) + 10 ftilx(s) ds] dt
+ [0.4x(t) + 0.4o(t — 1) + 4f;71 x(s)ds]dW (¢t), t=>0, (22)
x(t)=1, te[-1,0].
It is easy to ascertain that Eq. (22) satisfies the conditions of Lemma 5.1. So
ay = 80, a) = 10, asz = 10, b1 = 2, b2 = 2, b3 = 20, T=1.

Therefore

1
—aq +ay +asT + E(bl +by + b31?) = 96 < 0. (23)
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We should calculate the step-size /1y =~ 0.03 from Theorem 5.1, the data used in all figures
are plotted by 200 trajectories. It is proved that the split-step backward Euler method has
mean-square stability when % = 0.01, while / dissatisfied (0, i], that is, # = 0.1 > kg, the
split-step backward Euler method is unstable. This is shown in Fig. 3.

7 Conclusion

In this paper, we investigate the mean-square stability and general mean-square stability
of two numerical methods for a class of linear stochastic delay equations. By comparison,
we know that the split-step backward Euler method achieves superiority over the Euler—
Maruyama method in terms of mean-square stability. The mean-square stability of nu-
merical method for nonlinear stochastic delay integro-differential equations is eventually
confirmed by us.
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