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We are concerned with the stochastic differential delay equations with Poisson jump and
Markovian switching (SDDEsPJMSs). Most SDDEsPJMSs cannot be solved explicitly as stochastic
differential equations. Therefore, numerical solutions have become an important issue in the study
of SDDEsPJMSs. The key contribution of this paper is to investigate the strong convergence
between the true solutions and the numerical solutions to SDDEsPJMSs when the drift and
diffusion coefficients are Taylor approximations.

1. Introduction

Recently there has been an increasing interest in the study of stochastic differential delay
equations with Poisson jump and Markovian switching (SDDEsPJMSs). Svishchuk and
Kazmerchuk [1] investigated stability of stochastic differential delay equations with linear
Poisson jumps and Markovian switchings. While Luo [2] discussed the comparison principle
and several kinds of stability of It6 stochastic differential delay equations with Poisson
jump and Markovian switching. Besides, Li and Chang [3] discussed the convergence of
the numerical solutions of stochastic differential delay equations with Poisson jump and
Markovian switching. In the present paper we will further research this topic and our focus
is on the convergence of numerical solution to stochastic differential delay equation with
Poisson jump and Markovian switching when the coefficients are Taylor approximations.
Stochastic differential delay equation with Poisson jump and Markovian switching
may be considered as extension of stochastic differential delay equation with Poisson
jump. Of course, it may also be regarded as an generalization of stochastic differential
delay equation with Markovian switching. Similar to stochastic differential delay equations
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with Poisson jump, explicit solutions can hardly be obtained for the stochastic differential
delay equations with Poisson jump and Markovian switching. Thus appropriate numerical
approximation schemes such as the Euler (or Euler-Maruyama) are needed if we apply
them in practice or to study their properties. There is an extensive literature concerning the
approximate schemes for either stochastic differential delay equations with Poisson jump or
stochastic differential delay equations with Markovian switching [4-12].

However, the rate of convergence to the true solution by the numerical solution
is different for different numerical schemes [13]. Recently, Jankovi¢ and Ili¢ [14] have
investigated the rate of convergence between the true solution and numerical solution of
the stochastic differential equations in the sense of the LP-norm when the drift and diffusion
coefficients are Taylor approximations, up to arbitrary fixed derivatives. Moreover, Jiang et al.
[15] generalized the Taylor method to stochastic differential delay equations with Poisson
jump. Since the rate of convergence for such a numerical method is faster than the result
obtained in [13], in this paper, we intend to generalize the above method to the SDDEsPJMSs
case and consider the strong convergence between the true solution and numerical; solution
to SDDEsPJMSs if the drift and diffusion coefficients are Taylor approximations, up to
arbitrary fixed derivatives. To the best of our knowledge, so far there seem to be no existing
results. Therefore, the aim of this paper is to close this gap.

In Section 2, we introduce necessary notations and approximation scheme. Then comes
our main result that the Taylor approximate solutions will converge to the true solutions of
SDDEsPJMSs. The proof of this main result is rather technical so we present several lemmas
in Section 3 and then complete the proof in Section 4.

2. Approximation Scheme and Hypotheses

Throughout this paper, we let (Q,¥F, (¥}, P) be a complete probability space with a
filtration {¥F:};, satisfying the usual conditions (i.e., it is increasing and right-continuous
while ¥y contains all P-null sets). Let C([-7,0]; R) be the family of continuous function ¢
from [-7,0] to R with the norm ||| = sup_,_,|¢(¢)|. We also denote by Cgo([_T/O]?R) the
family of all bounded, y-measurable, C([-T,0]; R)-valued random variables and denote
by Lgt([—T,O] ;R) the family of all #;-measurable, C([-7,0]; R)-valued random variables
&= {&(t) : -7 <t <0} satisfying sup___, ,E|¢(t)[P < k < oo, where « is a positive constant.

Let w(t), t > 0, be a one-dimensional Brownian motion defined on the probability
space and let N (t), t > 0, be a scalar Poisson process with intensity A which is independent
of w(t). Let r(t), t > 0, be a right-continuous Markov chain on the probability space taking
values in a finite state space S = {1,2,..., N} with the generator I = (y;;) N« given by

5+0(6),  if i#],
P{r(t+6)=j|r(t) =i} = Yo+ 0(0) 7 2.1)
1476 +0(5), if i=]j,

where 6 > 0. Here yj; > 0 is the transition rate from i to j if i#j while y;; = - 3;.,; yij. We
assume that the Markov chain () is independent of the Brownian motion w(-) and Poisson
process N (t). It is well known that almost every sample path of 7(:) is a right-continuous step
function with finite number of simple jumps in any finite subinterval of 93, = [0, o0).
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Consider stochastic differential delay equations with Poisson jump and Markovian
switching of the form

dx(t) = f(t,x(t), x(t —7),r(t))dt + g(t, x(t), x(t = T),r(t))dw(t)
2.2
+ h(t,x(t),x(t—7),r(t))dN(t), 22

on the time interval [0, T] with initial data ¢(t) € Cf;o([—T,O] ; R) being independent of w(t)
and N (t), and r(0) = iy € S, where

f:[0,0) x RxRxS — R, g:[0,0) x RxRxS — R, h:[0,00) x Rx RxS — R.
(2.3)

In the paper, f,gj ), g,(cj ), and h;]) denote, respectively, jth-order partial derivatives of

f, g and h with respect to x. Further, to ensure the existence and uniqueness of the solution
to (2.2), we impose the following hypotheses.

(Hy) f, g, and h satisfy Lipschitz and linear growth condition; that is, there exists

a positive constant L > 0 such that

|f(t/x1/x2/ l) _f(t/yllyZ/i)l \4 |g(tl x11x2/i) - g(t/ylryZI l)l
\% |h(t/x1/x2/ l) - h(t/ylfyZIi)| < L(lxl - y1|2 + |x2 - y2|2>/ (24)

£t 1,22, D)V [ 21,02, )PV It 30,22, D < L2 (1 P + o),

for x1,x2,y1,¥2 € Rand i € S.
(Hz) There exist constants K1 > 0 and y € (0,1] such that, forall -7 < s <t <0
and p > 2,

Elg(t) = ¢(s)IP < Ki(t-s)". (2.5)

(H3) f, g, and h have Taylor approximations in the second argument, up to m;th,
myth, and msth derivatives, respectively.
(Hy4) Partial derivatives of the order m; + 1, my + 1, and m3 + 1 of the functions f,
(my+1

g,and h, f,gm”l)(t, X, Y,1), 8x '(t, x, y,i), and Rt x, y, 1), are uniformly bounded; that
is, there exist positive constants L1, Ly, and L3 obeying

sup  |fI" (4 x,y, i)| <Ly,

[0,T]xRxRxS

sup
[0,T]xRxRxS

g (txy,i)| < L, (2.6)

sup pimatD) (t,x,y,1) | < Ls.

[0,T]xRxRxS



4 Journal of Applied Mathematics

For some sufficiently large integer M, we define the time step by h = 7/M, where
0 < h « 1. Then, the approximation solution to (2.2) is computed by y(¢) = ¢(t) on -7 < t <0,
and forany ¢t > 0,

my 0) /
tz (s, z1( S) Zz(s ,7(5)) (y(s) - z1(s)) ds

y(t) = £(0) +j

+ f i g;j) (s,z1(8), 22(5),7(s))

il
0 j=0 J:

(y(s) - z1(s)) dw(s) (2.7)

DT (4(5) - z1(5)) dN (s)

L (s, 21 (s), 2o
ap> ..
0 j=0 J:

where, for tj = kh with integer k > 0,

z21(t) = Dyt @), 220t = Dyt =D @), T(t) = D) ) ().
k=0 k=0 k=0
2.8)

In order to show the strong convergence of the numerical solutions and the exact
solutions to (2.2), we will need the following assumption.
(Hs) There exists a positive constant K, such that

[sup|x(t |p:| VE[sup ly( t)|(m b p:l <K, (2.9)

0<t<T 0<t<T

for any p > 0, where m = max{my, my, ms}.

Remark 2.1. (H;) shows that the exact solutions to (2.2) admit finite moments; see [15]. If
my = my = m3 = 0, then (H;) shows also that the numerical solutions and the exact solutions
admit finite moments (see, [1, 3]).

We can now state our main result of this paper.

Theorem 2.2. Under assumptions (Hy)—(Hs), for any p > 2, then

h=0 Jo<t<r

llmE[sup |x(t) - (t)|p:| =0. (2.10)

The proof of this theorem is rather technical. We will present a number of useful
lemmas in Section 3 and then complete the proof in Section 4.

3. Lemmas

Throughout our analysis, C;, i =1,2,... denote generic constants, independent of h. In order
to prove the main theorem, the following lemmas are useful.
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Lemma 3.1. If assumptions (H1), (H3), (Hs), and (Hs) hold, then, for2 < p < (m +1)p,

Ely(t) - z:1(H)|f <Ch’?, t>0, (3.1)

where C is a positive constant independent of h.

Proof. For notation simplicity reason, let us denote that

m () -
A(t,y(t),Zl(t),Zz(t),?(t)) =Z x (t,Zl(t),Zz(t),T(t))

il
j=0 I

(y(t) -z (1)),

m () —
B(t,y(t), z1(t), za(t),7(t)) = ng (t, Z1(t)j,|zz(t),r(t))
=0 !

(y(t) - =z (), (32)

m3 1. () =
C(t,y(t),Z1(t),Zz(t),?(t)) — th (trzl(t)/ZZ(t)/T(t))

=0 J;

(y(t) - z1(1)).

Obviously, for any t > 0, there exists an integer k > 0 such that t € [t, tx+1]. Then, by (2.7)
and (2.8) we obtain

y(t) —z1(t) =y (t) - y(te)

t t
= f A(s,y(s),z1(5), z2(5),7(s) ) ds + f B(s,y(s),z1(s),z2(s),7(s) ) dw(s)
tr te

t

+ | C(s,y(s),z1(s),22(s),7(s)) AN (s).
b

(3.3)

Hence, we have

P
Ely(t) - z1(t)|” < 377! [E

t
f A(S’ y(S), 21 (S)/ ZZ(S)/?(S))dS
t

P

!

+E (3.4)

t
f B(s,y(s), 21(s), za(s), () deo(s)
tk

¢
+E f C(s,y(s),z1(s), za(s),7(s))dAN (s)

b

By the Holder inequality, we have

P

E < (t—t)P! It E|A(s,y(s),z1(s),z2(5),7(s)) | ds.
73

(3.5)

t
J‘ A(s,y(s),z1(5), 22(5),7(s) ) ds
tk
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By the Burkholder-Davis-Gundy inequality and the Holder inequality, we yield, for some
positive constant Cp,

P
E

t
j B(s, y(s), 21(s), z2(s), 7(s)) duo (s)

t

(3.6)
< Cp(t — i)/ *! J‘t E|B(s,y(s),z1(s), z2(s),7(s)) | ds.

te

For the jump integral, we convert to the compensated Poisson process N(t) := N(t) — At,
which is a martingale with

2 t
E =z\f E|C(s,y(s), z1(s), za(s), 7(s)) |'ds; (3.7
t

ty _
j C(s,y(s), 71(5), 2a(s), 7(s)) AN (s)
f

see, for example, [1, 4, 12, 16]. By the Burkholder-Davis-Gundy inequality and the Holder
inequality, for some positive constant C, ,, we then obtain

t P
E I C(s,y(s),z1(5), z2(5),7(s))dAN(s)

t

t t P
=E f C(s,y(s),2z1(s), z2(s),7(s) ) AN (s) +)Lf C(s,y(s),z1(5), z2(s),7(s) )ds

tk t

P
<2°'E ft C(s,y(s),z1(s), 22(s), 7(5)) AN (s)

t

(3.8)
t P
+2°1E AI C(s,y(s),z1(s), za(s),7(s) ) ds

b

<2071C) ,(t - te)?/ 2 It E|C(s,y(s), z1(s), 22(s),7(s)) | ds
tre

+20710P (- 1y)P 7! Jt E|C(s,y(5), z1(5), 22(5), 7 () ) | ds.
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Now, by the mean value theorem there is a 8 € (0, 1) such that

t
10 = [ ELF(s,(6),22(6), 7))~ [£ (5, 15), 2200, 7(5)) = A5, (5), 21 (5), (), 7)) s

t
t

f (s,210) +0(y(5) — 71(5)), 22(5), 7(5))
(ml + 1)'

f(5,y(s),22(s),7(s)) -

P

x(y(s) - zl(s))m1+1 ds.

(3.9)

This, together with (H;), (H3)-(Hs), yields that
-1 ' - 2\P/2 L‘17 (m1+1)p
Ja(t) <2° L [E<|f(51y(3),22(5),r(5))| ) + WHJ/@ - z1(s)| ]ds

1 ! /2 p p qu(mlﬂ)‘)
SZP‘I 372 LP (1 + E|y(s)|" + E|zx(s S
" ( |3/( )l | 2( )I ) [(m1+1)|]p

x(Ely(s)| " + E|z1(s)|(’"’””’)] ds

bk

t
< 2r! f [3P/2LP(1 +2K, + %) +

= Cy(t—tx).
(3.10)

Similarly, we can also show that there are two positive constant C, and Cs for which

t
L) =f E|B(s, y(s), 21(s), 22(s), 7(s)) ["ds

bk

< Co(t—tx), (3.11)

t
Ja(t) = j E|C(s,y(s), 21(5), 22(5),7(s)) [P s

< Cs(t — ).

Next, since the boundedness of Ji(t), J»(t), and J3(t), we then have some positive constant C,
independent of h, such that

E|ly(t) - z1(t)|” < Ch’% (3.12)

The desired assertion is complete. O
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Lemma 3.2. If assumptions (H;)—(Hs) hold, then, for2 < p < (m + 1)p,
Ely(t-7)-z(t)|’ <Ch', t>0, (3.13)

where y € (0,1] and C is a positive constant independent of h.

Proof. Clearly, for any t > 0, there exists an integer k > 0 such that t € [tk trs1). In what
follows, we split the following three cases to complete the proof.

Case 1. If -t <ty — 7 <t -7 <0, we then have, from (Hj),
Elyt-7)—z®)|" =E|ly(t-7) -yt - 7)|" = E|g(t - 7) - é(t - T) < Ky (3.14)
Case 2. If 0 <ty — T <t — 7, then, by Lemma 3.1, we have
Ely(t-7) - z2(t)|" < C4h?/2. (3.15)
Case 3. If -7 <t — 7 <0 <t -7, note that
Ely(t-7) - z2(t)|" <27 'E|y(t - 1) - ¢(0)|” + 2°'E|y (tx — T) - £(0)]". (3.16)
Then, by the above two cases, it follows easily that
Ely(t-1) - z()|f < C5<hP/2+hY>. (3.17)
Now, combining the three cases altogether, for2 < p < (m+1)P and y € (0,1],

Ely(t-7) - za(t)|’ < ChY; (3.18)

where C is a positive constant independent of h. The proof is complete.

O
Lemma 3.3. If assumptions (Hy) and (Hs) hold, then, for p > 2,
LT E|f(s,y(s), za(s),7(s)) = f (s, y(s), za(s),7(s))|"ds < Cih, (3.19)
fOT E|g(s,y(s), 22(5),7(5)) = §(5,¥(5), 22(5), 7(5)) ["ds < Cah, (3.20)
ﬂ Elh(s,y(s), 22(5),7(s)) = h(s,y(5), 22(s),7(s)) [P ds < C3h, (3.21)

where C’l, (~32, and 63 are positive constants dependent on maxo<i<n (—Yii), but independent of h.
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Proof. Let n = [T/h] be the integer part of T/h. Then

T
E J‘O f(5,5(5),22(5), 7(5)) = f(5,y(s), 22(5),7(s)|"ds

(3.22)
n 7981
=2E f |£ (5, 9(5), 22(5), 7(5)) = f (5, y(5), 22(5), 7(tx)) [ s,
k=0 7tk
with t,,,1 being T. By (H;) and (Hs), we derive
7951
Ef |f(f(51y(5)/ 22(5)/7”(5)) - f(f(sry(s)/ ZZ(S)/r(tk)) |Pds
tx
ties1
= 2”'1EJ [1£ (5,99, 22(8), 7)) [ + | £ (5, y(5), z2(5), 1t [ | Tirs) i s
b
7981 2 9 p/2
< 2’”L”EI (1+ [y P +1220P) " Lo 2ren s (3.23)
tk
7981
SZPU”3’“/271J‘ E[E[(1+|y®)]" +1z2(6) ) L1r) £rwy | 7(t)] ] ds
t
7981
< opPLp3p/2-1 f E[E[(1 42K + %) | 7(ti)]E[Lirs) 2ty | 7(te)]] ds.
L
Now, by the Markov property [6], we have
E[Iirs)#re0) | (8] = DT ire=iy P(r(s) i | 7 (tx) = i)
ies
= > Iiro=iy O, (vij(s — tx) + o(s — tx))
S S0 52

< D irwo=i) (fgg;@(—%f) A +0(A)>-

i€S

So, (3.19) is complete. Similarly, we can show (3.20) and (3.21). O
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4. Proof of Theorem 2.2

Let us now begin to prove our main result Theorem 2.2. Clearly,

E[sup |x(t) —y(t)l”]

0<t<T

¢
J‘o [f(s,x(s),x(s = T),7(s)) — A(s,y(s), z1(s), z2(s),7(s) ) | ds

=E{sup

0<t<T

¢
+ .[0 [8(s,x(5),x(s = 7),7(s)) = B(s,y(s), z1(5), 22(5),7(s5) ) | dw(s)

t
+ L[h(sfx(S),x(S - 7),7(5)) = C(s,y(5), z1(5), 22(5),7(5)) |AN (s)

<3 HE( sup
0<t<T

)
)

¢
J;) [f(s,x(s), x(s = T),7(s)) — A(s,y(s), z1(8), z2(s),7(s) ) | ds

t p
+ E<Osur; | [8(5,x(5) x(5 =), 7(5)) = B(5,(5), 21(5), 2(6),7(5) (o) )
<t<
¢ P
+E<supT :[o [A(s,x(s),x(s = T),7(s)) = C(s,y(s),z1(5), z2(s), 7(s)) | AN (s) > }
0st<
@.1)
So, for any t; < T, by the Holder inequality,
t P
E<sup I [f(s,x(s),x(s = 7),7(s)) — A(s,y(s),z1(s), z2(s),7(s)) | ds >
0<t<t; 0 (42)
t
<7TP! f E|f(s, x(s),x(s = T),7(s)) — A(s,y(s), z1(5), z2(5),7(s)) | ds.
0
By the Burkholder-Davis-Gundy inequality, for some positive constant C,,, we have
¢ p
E<oi1:<1? J‘o [g(s,x(s), x(s = T),7(s)) = B(s,y(s), z1(s), z2(5),7(s)) | dw(s) >
- (4.3)

<G fo E|g(s,x(s),x(s = 7),7(5)) = B(s,y(5), 21(5), 22(5), 7(5)) |"dls.
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By Doob’s martingale inequality and the compensated Poisson integral, for some positive

constant C, ,, 7, we yield
P
E( sup
0<t<t
p

p b
< (;) 2P 1Cy 1 4[0 E|h(s,x(s),x(s — T),7(s)) — C(s,y(s), z1(5), za(5),7(s)) | ds

t
Io [A(s,x(s),x(s = T),7(s)) = C(s,y(s),z1(s),2z2(s),7(s) ) | AN (s)

4 2P\ pP-1 jtl E|h(s,x(s),x(s - T),7(s)) = C(s,y(s), z1(5), z2(s),7(s) ) | ds.
0

(4.4)
Now, by virtue of the assumption (H;), we obtain that
t
Ja(t) = jo E|f(s,x(s),x(s = T),7(s)) — A(s,y(s),z1(5), z2(s),7(s)) | ds
t
= jo E|f(s,x(s),x(s =7),7(s)) = f(s,y(s), z2(s),7(s))
+ f(s5,y(s),22(5),7(s)) — f(s,y(s), z2(5),7(s))
+£(5,9(5),22(5),7(s)) — A(s,y(s),z1(5), z2(5),7(s)) | ds (45)

t
<3 U E|f(s,x(s),x(s = T),7(s)) = f(s,y(5), 22(5),7(s)) |pd5]
0
]
+ fo E|f(s,y(s),22(5),7(5)) = f(5,4(5), 22(5),7(s)) " ds

t
i J‘O Elf(sl 3/(5)/ ZZ(S)/F(S)) - A(S,y(S), Zl(S),ZQ(S),F(S)) |pds'
Moreover, by (H;) and Lemma 3.2, we have

t
fo E|f (5, x(s), (s — 7),7(5)) - £ (5,(5), za(5), r(s)) 'ds
t
< L”f E(|x(s) - y(s)| + |x(s = T) — z2(s)|)"ds
0
< L2 rl (Elx(s) = y(s)|” + E|x(s = 7) = y(s = 7)|" + E|y(s = 7) = z2(5)|") dls
0

ty —
< LP2%P2 f (E|x(s) = y(s)|" + E|x(s =) —=y(s - 7)|")ds + LP2***TCh?,
0
(4.6)
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and by Lemma 3.1 and (Hy), there exists a 8; € (0,1) such that

t
fo E|f(s,y(s),22(5),7(s)) — A(s,y(s), z1(5), z2(8),7(s) ) | ds

(e E 06 - 216, 26,760
_Io [(m1 +1)!]P

LiTC
< 1 -
" [m+ D1

ly(s) -z (s)| "™ Pds  (47)

Rm+1p/2.

Hence, by (4.6) and (4.7), together with Lemma 3.3, we yield

LiTC

WWHDP/ 24 LP2%-2TChY
nmq !

Ja(t) <377 [Gh -
(4.8)
t
+LP2%P2 f (E|x(s) —y(s)|" + E|x(s - T) —y(s - T)|p)ds].
0

Similarly, we have

b
J5(t) = J‘O E|g(s,x(s),x(s = 7),7(s)) = B(s,y(5), z1(s), 22(5),7(s)) | ds

LiTC

m -2~
(e RICH (49)

< 3]:7—1 [ézh +
+LP2%P2 Itl (E|x(s) - y(s)|" +E|x(s - T) —y(s - 7) |p)ds],
0

t
Jo(t) = fO E|h(s,x(s), x(s = 7),7(5)) = C(s,y(s), 21(s), 22(5),7(5)) | ds
Litc

1| ~
T

Kms+1)p/2 | 1 P22p-2TChY (4.10)

by

+LP2%P2 J <E|x(s) —y()|" +E|x(s-1) - y(s- T)|p>ds:|.
0
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Now we use K to denote a generic positive constant that may change between occurrences.
Hence, by (4.2)—-(4.4) and (4.8)—(4.10), we yield that

E(sup | (t) - y(t)l”>
0<t<ty

5]
< Kh+Kh'"™P2 L KR+ K| (Elx(s) —y(s)|P + E|x(s—7) —y(s—-7)|")ds (4.11)
0

t
< Kh+ Kh'"™Dpr/2 L KnY + ZKI E<sup |x(s) - y(s)|pds>.
0

0<r<s

The continuous Gronwall inequality then gives

E<sup |x(t) - y(t) |”> < <Kh + Khimp/2 4 KhY>e2KT. (4.12)

0<t<T

This proof is therefore complete.

Remark 4.1. If my = my = m3 = 0, then the approximate scheme (2.7) is reduced to
Euler-Maruyama method for stochastic differential delay equations with Poisson Jump and
Markovian switching, which has been discussed in [3].

Remark 4.2. As is well known, Taylor approximation is effectively applicable in engineering
if the equations can be solved explicitly. If not, since polynomials are very useful analytic
functions, the approximation in the paper can be useful in other applications of stochastic
Taylor expansion, especially in the construction of various time discrete approximations of
Itd processes by using Itd-Taylor expansion such as Euler-Maruyama approximation and
Milstein approximation, which has order 1/2 and 1, respectively [3, 8, 13]. All these show
that numerical methods based on Taylor expansions of higher degrees could be improved by
combining them with analytic approximations presented in this paper.
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