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Abstract: The strong convergence of numerical solutions is studied in this paper for stochastic Volterra
integral differential equations (SVIDEs) with a Holder diffusion coefficient using the truncated
Euler-Maruyama method. Firstly, the numerical solutions of SVIDEs are obtained based on the
Euler-Maruyama method. Then, the pth moment boundedness and strong convergence of truncated
the Euler-Maruyama numerical solutions are proven under the local Lipschitz condition and the
Khasminskii-type condition. Finally, the convergence rate of the truncated Euler-Maruyama method
of the numerical solutions is also discussed under some suitable assumptions.
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1. Introduction

There are many fields in which Volterra integral differential equations (VIDEs) are used,
including control theory, economics, engineering, physical chemistry, and their theoretical
and numerical analysis research, which have also received widespread attention from
researchers; see [1-6] and the references therein. However, integral equations are affected
by noise and uncertain factors in practical applications. Therefore, stochastic Volterra
integral differential equations (SVIDEs) have been applied to describe the phenomena
of these uncertain factors, which actuates that more and more researchers are paying
attention to the study of SVIDEs [7]. For example, Zhang [8] noted Euler schemes and
large deviations for stochastic Volterra equations with singular kernels, Amir Haghighi [9]
noted the convergence of a partially truncated Euler-Maruyama method for SDEs with
superlinear piecewise continuous drift and Holder diffusion coefficients, and Mao [10]
studied the stability of the following stochastic Volterra integral differential equations:

dz(t) = F(z(1), 1) + G (/Ot g(t,5)z(s)ds, t) dw(t),

where w is a Brownian motion. Mao and Riedle [11] examined the mean square stability of
nonlinear SVIDEs as follows:

dz(t) = [F(z(t), )+ G (/Ot k1(t,5)z(s)ds, tﬂdt + H(/Ot ka(t,5)z(s)ds, t) dw(t),
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where G : RxR — R,and F : R xR — R. The kernel functions k; : D — R and
k, : D — R belong to CY(D), in which D := {(t,s) : 0 < s <t < T}. Wheni = 1,2,
we have

Killoo = ki(t,s)].
||l (g)aexml i(t,s)]

Due to the inability to obtain the exact solutions for most nonlinear SVIDESs, the numerical
solutions are often solved to approximate the exact solutions of the equations. Mao [12]
constructed a convergent specific numerical method to study the stochastic differential
equations, i.e., the truncated Euler-Maruyama (EM) method, in which the equations satisfy
local Lipschitz- and Khasminskii-type conditions. Due to the low computational cost and
acceptable convergence order, the truncation method has received increasing attention.
Thus, Zhang [13] proposed a truncation EM method under non-global Lipschitz conditions
for SVIDEs and considered its moment’s boundedness and L7-convergence. Compared
with the implicit EM method, the explicit EM method is more attractive to researchers
because of its simple algebraic structure, low computational cost, and ideal convergence
order. Meanwhile, Mao [12] noted that truncated EM methods are strongly convergent
if the coefficients of stochastic differential equations meet local Lipschitz conditions and
Khasminskii-type conditions. Reference [13] pointed out that for generalized stochastic
differential Equation (1), the classical Euler numerical methods are divergent in the sense
of moment, while Wei et al. [14] showed that the shortened EM techniques are strongly
convergent for generalized SVIDEs, and David [15] noted that for stochastic Volterra
equations with Holder diffusion coefffcients, it was found that the diffusion coefficients of
many important SVIDs satisfy the Holder continuity condition. Therefore, in this paper,
SVIDEs with Holder diffusion coefficients will be studied.

dz(t) = F(z(t),/ot kl(t,s)z(s)ds)dt + G(z())dB(t). (1)

Notation: (Q, F,{F:}i>0,[P) denotes the complete probability space with a filtration
{Ft}t>0 that meets the usual conditions, i.e., F; is right continuous and F{ contains all
P-null sets. E denotes the mathematical expectation associated with the probability P.
B(t) is a standard Brown motion defined on the above probability space. C?(R? x R;R)
represents the set of function V(z,t) : R? x Ry — R that has first-order and second-order
continuous derivatives with respect to t and x, respectively. L?(R;R?) consists of all
measurable, F;-compatible stochastic processes 9(t, w) that satisfy fOT [p(t)|Pdt < o0 a.s.
forall T > 0. Itis said that 7(w) is a stopping time of F; if a stochastic process T(w) taking
a value on [0, +o0]) satisfies {w : T(w) < t}.

2. Preliminaries

Integrating differential Equation (1) with respect to time t, where t belongs to [0, T]
and z(0) = zy, we can refer to reference [16] and obtain

2() :zo+/0tF(z(s),/Os kl(t,s)z(s)ds)ds+/OtG(z(s))dB(s), @)

In the following, we present some assumptions for the drift coefficient F(z, 1) and
diffusion coefficient G(u).

The drift coefficient F(z, u) is a Borel-measurable function on the interval [0, T| that
satisfies the following conditions:

A.1. The drift coefficient F(z, u) meets the local Lipschitz condition, which implies that for
every R > 0, there exists a positive constant Cg such that for every z,z,u, @ € R and
|z| V |2| V |u| V |ii| < R, we have

|F(z,u) — F(z,u)| < Cr(|z — z| + |u — ).
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A.2. The drift coefficient F(z, u) meets the one-sided Lipschitz condition with respect to z,
i.e, there is a positive constant L; such that

(z—2)(F(z,u) —F(z,u)) < Li|z—2?>, zzZucR.

A.3. The drift coefficient F(z, u) meets the Khasminskii-type requirement, i.e., there exists
a positive constant L; > 0 such that

2TF(z,u) < Li(14 |z + |u|?), zucR.
A 4. There exist constants L1 > 0 and u > 0 such that
|F(z,u) — F(z,a)| < Ly(1+ |z|" + |z|" + |u|" + |a@|")(|]z — z| + |u —#@]), Vz,zu,i€cR.
Remark 1. It is concluded from A.4 that
|F(z,u) — F(z,i)| < Li(1+ |z|" + |u|" + |a|")|u — @], Vzu,aeR.

A.5. Diffusion coefficient G(u) is Borel sigma-algebra on the interval [0, T| and satisfies
the Holder continuity requirement, i.e., there are constants 0 < a < % and L, > 0
such that

1G(z) — G(u)| < Lolz —u|2t%, zucR.

Under assumptions A.1-A 4, it is easy to obtain the well-posed solution in the process
of reference [17]’s similarity proof.

Lemma 1. SVIDE (1) satisfies the Khasmiskii-type condition for the drift coefficient F(z,u) and
diffusion coefficient G(z), under assumption A.3 and assumption A.5, i.e., there exist q > 2 and
L1 = L1(gq) > 0 such that

-1
2TF(zu) + 121G )P < L1+ [z + [ul?).

Proof. By assumption A.5, we obtain that

1G(z) — G(u)| < |G(z) — G(0)] < Lo|z|2**, zueR,

which means that
8(2)P < (Lalz|2** +[G(0))? < 2(Lo2Jz17 + G (0)2) < La(1+2[2).
According to hypothesis A.3, we have

T q—1 2 2 2\ , La(g—1) 2
2"F(z,u) + =6(2)] <Ly (1+]22+ uf?) + ; (1+12P%)

<Ly (14 [z + ul?).
The proof is complete. [

3. Numerical Analysis

In this section, the truncated Euler-Maruyama method and its boundedness in the
sense of moment will be analyzed.

3.1. Truncated Euler-Maruyama Method

Because of the classical Euler method’s divergence with superlinear growth coefficients
(see [18]), the EM technique is utilized to calculate the numerical solutions of SVIDEs. More
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specifically, the EM method does not directly find the analytical solution z(t) but finds a
series of points z,(n = 1,2,3, - - - ) to approximate the analytical solution on the interval
where the solution exists. Here, to obtain the truncated EM solution, let ¢ : R, — R be a
continuous and strictly monotonically increasing function with ¢(r) — oo (r — o0) and

sup |F(z,u)| <¢(r), Vr>1

|z|V|u|<r
Let ¢! be the inverse function of ¢. Then, ¢! : [¢(0),00] — R is a continuous and
strictly increasing function. In addition, for given A* € (0,1], let ¢ : (0, A*] — (0,c0) be a
strictly increasing function with
PAT) > 9(2), Timp(a)=0 A'P(A) S1A € (0,4°)
—
For given step size A € (0, A*), the discretization scheme of the equation is as follows:

Zk+1 = Zk + PA(Zk)AZ + GA(Zk)ABk, Z() = 20,

where
Fa(z,) = F(Iz1 A9 (@) g (pla) ), e R ©
When z = 0, let ﬁ = 0. Then,
[Fa(zu)| < p(9~ "9 (D)) = ¢(B), VzueR (4)

It is evident that the truncation functions F(z, u) are bounded, whether Fa(z, 1) is bounded
or not. Furthermore, it has been demonstrated that these shortened functions maintain the
Khasminskii-type condition.

Remark 2. The truncation technique employed here guarantees that the moments of the numerical
solution are bounded. Since the diffusion coefficient G(-) satisfies the linear growth condition, it is
unnecessary to truncate G(-).

From references [12,13], we can easily obtain the following result.

Lemma 2. Under the conditions of Lemma 1, for every A € (0, A*], we have
-1
TFEu) + Lo |GE R < L+ R+ u?), zuek ©)

Proof. Let zx (0) = zg be the initial value. Then, the truncated EM numerical scheme of
(1) is

k=1 i+1
ZA(ter1) = Za(ty) + Fa (ZA(tk)r Y /t kl(tkIS)ZA(ti)d5> A+ G(Za(t))ABy
i=1 7t
= Za(tk) + Fa(Za(tr), Ua(tr))A + G(Za () ) ABy, (6)

from which we know that Za(t;) = z(t;) when t; = kA, where A = L, AB; = B(t,1) —
B(tx), and

k=1 rtiq
Us(t) = 1 [ k(b )Zat)ds,
i=1""

withk = 0,1,--- ,M —1,and M € N. Further, according to {2y };>(, we introduce the
following steps
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Then, the continuous truncated EM solution can be defined as follows:
za(t) =zo + /Ot FA(Za(s), fia(s))ds + /Ot G(iia(s))dB(s), )
where s
ia(s) = /O k(s,0)zp(v)dv, t> 0. ®)
O

Remark 3. Specifically, under the continuous time and continuous sample conditions defined above,
forallk=1,2,--- ,M — 1, truncating the EM solution satisfies

zp(tx) = Za(te) = za(te),
where z (t) is an It0 process with It differentiation:
t
dza(t) = F(ZA(t),/ kl(t,s)ZA(s)ds) df 4+ G(za(t))dB(t).
0

3.2. Moment Boundedness of Numerical Solutions for Truncated EM Method

This subsection demonstrates the boundedness of truncated EM solutions in the sense
of moment by the following lemma.

Lemma 3. Forany A € (0,A*], 4§ > 0, it holds that
Elza(t) — 2a(1)7 < CpA2 (p(A))T, VO<t<T. ©
Proof. We first consider the case of § > 2. For equation

dza(s) = F(ZA(S),/Ot kl(t,U)ZA(U)dU) ds + G(2a(s))dB(s),

through integrating both sides, it can be obtained that

t t
za(t) — za(ty) :/t Fa(Za(s),1a(s))ds + t Ga(Za(s))dB(s).
k k
Thus, we can obtain that

Blza(1) — 2a 0017 = E| [ Fa(zals),ma(0)ds + || Ga(aa(s))dB(o)

tk

q

7

It can be derived from basic inequalities that

E|ZA(t) _ZA(tk)W < 21-1|E /tt FA(ZA(S>, L_IA(S))dS ' +E tt GA(ZA(S)>C1B(S) q‘| .
Let
t q t q
=B [ Fa(aa(o) ma(o)s| 2 =B [ Galza(s))aBs)]

Therefore,
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. t g
ji E[ [ 1Fa(za(s), ma(s))ds]
k
It is derived from the Holder inequality [19] that
t . 1 t 1 1-1.4
. _ _ g q 1—-= q
i <E[( ] 1alats)aa(e)lias) ([ 1177ds) ]
R t R
= (= t)TE [ |fa(2a(s), 7 (s) |7,
k
IR B2t
p< (MDY 0105 [ 1Ga(ea(s) ids
tk
Thus,
Bl (1)~ 2080l < Gy 3118 [ (2 (0) 7a(6))ats + 8B [ [Ga(2a(9) .
Let
W~ t q G2 t g
jngHE/ Fa(za(s),@a(s))| ds, ja=ATE| [ Ga(za(s))ds| .
tk te
Therefore,
N £ R R A
jo < ATIE [ (8)ds = AT T9I(8)(t — 1) = ATyi(a),
te
and
. t . i
ngm%E/ (1+|zA(s)mdsgCA¥/ E(1 + |2a(s)|7)ds
te ty
q =2 [t 5
SCAf—l—CAT/ E|za(s)|7ds.
ty
Due to
sup E|zx(s)7 < sup Elza(s)|7,
0<r<t 0<r<t
and
2a(t) = z0-+ | Falza(s), mals))ds + [ Ga(2a(s))dB(s)
k
we have

Bz ()11 < 31" (Jaolf + Bl [ Ea(za(s), aa(s))dsl + 5| [ Ga(2())aB(s) 1)
< 31 [zl + p(ay) + (1D i ZE [ [Ga(2a(5) i)
< C(1+ pa)i+ [ El(zao)lias),

which means that

sup Elza(s)|7 < <1+1P( )T+ t sup E|2A(S)|qu>-

0<r<t 0 o<r<t

It then follows from the Gronwall formula [19] that

sup E|z5(s)T < 1+ (p(a))".
0<r<T
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It can be concluded that
. g 92 7 [l §2 5
ji < CAZ +CA™2 A(1 + (w(A))q) = CAY +CA'T (p(n))A.
Therefore, we have
Elza(t) — 2a(8)|7 < Ci(AT(9(A))T+ A + AL (p(8))7) < Caak (p(a))1.
When 0 < § < 2, according to the Holder inequality, it can be concluded that
_ 4 _ q% g _ 2 g
Elza(t) = 2a(O)17 < (Elza(t) = 2a()I77) " = (Elza(t) - 2a(0))
It follows from E|zx (t) — 2 (t)|?> < CAp?(A) that
- g 5
Elza(t) — 2 (t)[* < C4A2 (g (A))1.
In summary, for every § > 0, we have
- 5 q 5
Elza(t) = 2a(8)7 < CpAz (9(A))1.
O
Lemma 4. If Assumption A.3 and the conditions of Lemma 1 hold, then
sup sup E|za(t)|T<C, VT >0.
0<A<A* 0<t<T
Proof. Using Itd’s formula with (7), one has
t
Elza (1)1 <[z0l7 +E [ qlza ()7 224(5)Fa (2a(5), a (5))ds
tglg—1
4B [ Dz, ())5216, (2 (5)) P (10

=M + My,
where

ot
Mi =[z0l? +E [ qlz4(5)[722h () Fa (2 (5), 1 ()ds,

M, =E /ot q(qz_ D 25(5)11-2/Ga (2 (5)) .

It follows from Lemma 1 that
My <KGE [ [2a(5)117 21+ [2(5) + aa(5) P)ds
<KT + KqE /Ot 122 (s)|72ds + KgE ./Ot 120 (5)|772|2a (5) |°dis
FE [ feas)1 2a(s) s
According to Young’s inequality [19],

_2 2
a172b < qTaq + ab%, Va,b >0,
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It can then be concluded that
t t
M; <KT + K(q — 2)E/ lza(5)|7ds + 2T + K(q — Z)E/ 12 (5)|7ds
0 0
t t
+2E [ [2a(3)|7ds + KqE [ [za ()1 3ma(5) P
0 0

Then, by combining
S
Efia(s)]" < Hk||2osqfl/ E[za(v)|7do,
0

we have
t t ot
M, < KT+K(q72)E/ |zA(s)\qu+2T+K(q72)E/ |ZA(s)|‘7ds+2/ E|z, (s)|7ds
0 0 0
t t
+K(q—2)E/ |zA(s)st—|—2]E/ 4 (s)]7ds
0 0
t t t
gKT—i—K(q—Z)E/ |zA(s)wds+zT+1<(q—z)E/ |zA(s)|qu+z/ E|z,(s)|7ds
0 0 0
t t s
+K(q—2)E/ |zA(s)wds+z/ E‘/ k(s,v)ZA(v)dv’qu,
0 0 0
and
t t
Mz < (g=2)E [ |2a(5)/7ds +2E [ [za(s) = 28 (5)] ¢ Fa(2a(5), ma () [ Fds
t T
< (=2 [ |za(s)l1ds +29} (A)E [ [za(s) — 2a(5) Fas
t q T 3
< (=2 [ lz()7ds +291(8) [ (Elza(s) ~ 2a(9)]7) "ds
t
< (q—Z)E/ l2a(5)|7ds + 23 Ty (A)A S
0
t
< (q—Z)E/ lza(s)|7ds + 24 T.
0
Substituting the estimations of M; and M; into (10) yields that
t t
E|z ()7 §3KT+4K(q—2)E/ |zA(s)|‘7ds+2K/ E|zy (s)|7ds
0 0
b s q q
+2K/ )/ k(s,v)zA(v)dv) ds + 27122
0 0

t
<C1+8K | sup E|zx(s)|7do,
0 0<v<s

Therefore, one can obtain that

t
sup Elza(H)]7 < G +81</ sup E|za(v)|7do.
0<u<t 0 0<ov<s

It then follows from Gronwall’s formula that

t .
sup Elza(1)]7 < C; + SK/ Ciel1¥7ds =, A e (0,A%],
0<t<T 0

where C is not dependent on the A. Therefore,

sup sup E|zpa(H)|7<C, VT >0.
0<A<A*0<t<T

The proof is complete. [
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When assumption A.1 and the conditions of Lemma 1 hold, we define the stopping
time for any real number R > |zg| as follows:

or =inf{t > 0: |z(t) > R|},
And when inf @ = oo,
C

Por <T) = 5. (11)

3.3. Convergence at Time T

To demonstrate that the truncated EM numerical solution z, (f) converges to the exact
solution z(t) at a specific time T, we present the following theorem.

Theorem 1. If assumptions A.1-A.4 hold, choose a real number R > |zo| and a small positive value
A € (0, A*] such that =1 (p(A)) > R. og and pp g are identical to the definitions in Lemma 4
and Equation (11), respectively. For any constant T > 0, let

GA,R = OR /\pA,Rr EA,R(f) = Z(t) — ZA(t), 0<t<T,
Then,
1 1 1
C(gar +2H((A)Y)), a=0,

. " (12)
c(Az(¢(A)))2, 0<a<i.

Elear(tAOaR)| < {

Proof. Letd > 1, ¢ > 0. Since

£
/ Lz = s,
% Z

there exists a non-negative continuous function 5. (z) € [0, +o0) that satisfies {5.(z) = 0
when z < § orz > ¢ and

€ 2
/§ Poe(z)dz =1,  pse(z) < s

It should be noted that the function 5. (z) was first proposed in [16] to deal with pathwise
uniqueness for stochastic differential equations with Holder continuous diffusion coeffi-
cients, and then it was generalized in [20] to study the convergence of the Euler—-Maruyama
method. Define

lz|  pu
Pse(z) :/0 /0 Pse(s)dsdv, z e R.

Then, for any z € R, we have

2
z|Iné

Iie<lzj<e)

2| < ¢se(z) +&, 0 < |95 (2)] <1, ¢5.(2) = Pse(J2]) < |

£
)

By the condition

we have

dgse(ea(s)) = [F(z(t),u(t)) — Fa(za(t), #a(t))]dt + [G(2(t)) — Ga(2(t))]dB(t).

Applying Itd’s formula, we derive that
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ea(t A0 )| et [ lea(s)) Falzals) a(s))ds
tA0ak 1" 2
5 [ fileal)IG () — Glzals)) s
EAOA R
+/O 5 (en(s))[G(z(t)) — Ga(2(t))]dB(t) (13)
=e+ L+ DL+ I
According to |¢§,(z)| < 1, Assumption A.1, and Remark 1, we obtain
Pe(z —2)[F(z,u) — F(z, )]
_ { U2 D (2~ 2)[F(z,u) — F(2,0)] + @l (z — D)[F(Zu) — F(E0)], z#72
0, z=2
< Bl 2P gl - 2)IFzu) ~ Fza)|, 242
- 0, z2=12

< Lilz—zZ| + Li(1 + |27 + |u|” + |a@]") |u — .
It thus follows from |z| V |z| V |u| V |i| < R that
Phelz — D) — F(2,m)] < K(Jz — 2] + |u — 1))

Therefore, one has

L= /OMGA/R Pse(ea(s))[F(z(s), u(s)) — Fa(Za(s), fia(s))]ds
< /OMGA/R Pse(ea(s))[F(z(s), u(s)) — Fa(za(s), ua(s))]ds
+/0t/\9A,R @5 (ea(s))[F(za(s), ua(s)) — Fa(za(s), ia(s))]ds
t/\gA,R t/\QA,R
<ty " eats)las 4 [ Flaa(s) uals)) — Falza) a(e)) [ 45 (14)

For

z/mfm ! (ea(5))[G(2(s)) — G(2a(s))]2ds,

and according to Lemma 3, we have
t/\eAR 1
<12 »
b _L2/0 |eA( )|ln5 [5<lea(s)|<e]
t/\eAR 1 )
SL%/O Jea@) [ 5! <s>|§s1(|7~(8>—zA(s>|”2”‘+IzA(s)—zA(s>|l+2w)dS
ZZ“L% tAOA R 20
<Tms Jo oA M[5<ien(s)eds
1

220(14% t 5 1+2«
ln6 0 eA( )|ZA( )_ZA(S)| I[%SleA(S)‘SS]dS

142«
‘ ds

z(s) — za(s)

2uy2520 20y 25
< 2 2 / e 142 g 1
SThe T e Jo el T AT 5
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According to Equations (11) and (13)—(15), Assumption A.1, Lemma 4, and the Holder
inequality, we derive that

Elea(t A OaR)]
t EAOA R 1
§8+L1/0 EeA,R(meA,R)ds+\/ﬁE/o 12a(5) — 2a(5)| (1 + |24 (5)|7 + |24 (5)|7) 2 dls
20
2wt e“&T ) 1 142«
+2 LZ( Inéd T ElnéTclJrza(Azw(A)) )

<e+ 1L /OtIE|eA,R(t ABaR)lds +C(A2p(a)) + c(% + ﬁ(A%IP(AD).

By the Gronwall inequality, it can be concluded that

20 5

1 € 1 142
Elea(t ANOar)| < C(s+AzH(A) tis T elné(Az(H(A)) )).

Ifoa =0,letd = A_% and ¢ = —ﬁ. Then,

1

Elea(t Abar)| < C( — % + AT (lp(A)% (A%(w(A))% i gAé(w(AD%))

(p(A))Z < 1, one has

Hl=

Noting that A (p(A))Z < 1, A

1
InA-1

Elea(t A0sr)| < C(iy +AH(p(8)1)).

fFO<a<lileté=2ande= A%v,b(A). We can then conclude that

N—

20
Elea(t A 0ar)| < C(A3(p(4))) "

This completes the proof. [

Theorem 2. If Assumptions A.1-A.4 and the conditions of Lemma 3 hold, and q > 1,

P(A) > p(AT (p(A))7T),

Then, for any small A € (0,A*], T > 0, we have

C(gar + 04 p(A)D), «=0,

Edﬂmﬁﬂ<{ ST 1
c(atpan)”, 0<a<i,

Proof. When ¢ > 0, by Young’s inequality, Theorem 1, and (11), we can obtain that for any
qg>1,

E| sup |z(t)]7| < oo, (16)

0<t<T
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Then,
Elea(T)| = Elea(T)Ip, x>1| + Elea(T)Ip, <7l

) —1
< Elea(T)lo, 1| + Blea(T)[1 + 1 (Oar < T)

qo1!

Cé C(g—-1
< Elea(T)Ipy 1l + ) + %

gqéa-TRT

|
|

e
4

Since P(A) > ¢(A ), we obtain that

(p(A)) 7

L=

o () = (alpay) ",

Let

Therefore, it can be concluded that

1
Elea(T)| = Elea(T)Ip, x>l + CA2p(A),
which, together with (11), can derive the results of the theorem. [

4. Conclusions

Based on the truncated Euler-Maruyama method, this paper studied SVIDEs with
Holder diffusion coefficients, in which the drift coefficient satisfies the local Lipschitz
condition and Khasminskii condition. With the help of the truncated Euler-Maruyama
method, the numerical soulutions of the SVIDEs were obtained. In addition, we revealed
that the truncated Euler-Maruyama solutions are bounded in the sense of the pth moment
and converge to the exact solutions at any fixed time T.
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