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Abstract

In this paper, the mean square convergence and stability of the split-step theta-Milstein schemes
for stochastic differential equations are discussed. First, it is shown that these methods are mean
square convergent with strong order 1. Then, we investigate the mean square stability of the
split-step theta-Milstein methods. Finally, numerical examples are presented to illustrate the
theoretical results.
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1 Introduction

Stochastic differential equations (SDEs) are widely utilized for mathematical models in many ways
such as finance, biology, mechanics, ecology, chemistry and so on [1, 2, 3, 4, 5, 6, 7]. Due to most of
the SDEs cannot be solved explicitly, numerical approximations became to be an important tool for
studying them. Here we consider numerical integration of stochastic differential equations (SDEs)
in the It6 sense of the following form:

dz(t) = f(2(t))dt + g(z(t))dw(t),  te€[0,T], (L.1)

with initial data z(0) = zo € R? w(t) is a one-dimensional standard Wiener process and the
functions f, g : R? — R%. Due to advantages of the split-step method in flexibility and stability of
dealing with stiffness, we introduce the split-step theta-Milstein (SSTM) approximation

{ Yn = Tn + ef(yn)A + (1 - e)f(.'bn)A, (1 2)
Tn+1 :yn+g(yn)Awn+%ng(yn)ﬂA’wn‘Q —A), ’

where the parameter 0 € [0,1], A = T/N is a stepsize, N € N, for a scalar differential function ¢,
L'¢ = Vg and Aw,, = w(tn+1) — w(t,) denotes the increment of Brownian motion.

In recent years, some Milstein schemes have been widely used to solve stochastic differential
equations. The explicit Milstein method [8] is strongly convergent with order one, but in the mean-
square sense, the explicit Milstein scheme generally does not converge to the exact solution of the
SDEs with superlinearly growing drift coefficient. So Wang and Gan [9] introduced a tamed version
of the Milstein scheme for SDEs with commutative noise, and in that paper, they obtained strongly
convergent with order one in the non-globally Lipschitz conditions on the diffusion coefficient. In
[10], Higham, Mao and Szpruch proposed a new Milstein type scheme for simulating stochastic
differential equations (SDEs) with highly nonlinear coefficients, and analyzed multi-level Monte
Carlo simulations for mean-reverting financial models with polynomial growth in the diffusion
term. Nevertheless, the mean square stability analysis of Milstein methods is focused on linear
SDEs [10, 11, 12], and there exists a bit number of results on stability analysis for nonlinear SDEs.

In this paper, the convergence and mean-square stability of the SSTM-method for nonlinear SDEs
are studied. The organization of the paper is the following. In the next section, uniform boundedness
of pth moments is obtained. We also introduce some notations and assumption of Eq.(1) in this
section. The strong convergence order of SSTM-scheme is established in Section 3. In Section 4,
the mean square stability of scheme (1.2) is presented. Finally, several interesting examples will be
given to illustrate the theory.

2 Uniform Boundedness of the pth Moment

Throughout this paper, we use the following notations. Let (2, F, P) be a probability space with a
filtration {F;}+>0, which satisfies the usual conditions (increasing and right continuous, Fo contains
all P-null sets). The Brownian motion w(t) is defined on (Q, F, P). We let | - | denote both the
Euclidean norm in R™. If z is a vector, its transpose is denoted by zT and the inner product is
denoted by (z,y) = 2Ty for 2,y € R?. We use C to denote a generic positive constant independent
of the stepsize A and may vary from place to place.

We make following assumption to ensure the existence and uniqueness of the global solution of the
SDEs (1.1).
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Assumption 1. There exist constants K, y, 6 such that for any x,y € R?

[f(2) = ()] < K|z —y|?,

lg(z) — g(y)|* < plz —yI?, 2.1)
/(@ )P v \9( )I” <K'(1+ I%’lZ),
|L'g(z) — L'g(y)I? Sélx*yl-
Remark 2.1. From Assumption 1, one easily deduce that
2" f@)| VI (@)* VIg@)* VL g(@)]* < a+Blzf’, xR, (2:2)
where 1
a:=2|f(0)> v2|g(0)]> v2|L'g(0)]* and B:= (K + 3) V2K V2V 2. (2.3)

Definition 2.1. (See [13].) The solution x(t) = 0 of the system (1.1) in R? is said to be p-stable
(p>0),if

supElz(t)|? — 0. (2.4)

t>0

When p = 2, it is usually said to be mean-square stable.

Definition 2.2. Assume that the conditions (2.1)C(2.4) hold. For a given stepsize A, a numerical
method is said to be mean-square stable if for initial data xo the numerical solution x, produced
by the method satisfies

lim E[z3] = 0. (2.5)

n—oo

Lemma 2.1. Suppose that f : R — R? satisfies (2.2) and (2.3). If A < min{1,1/(43)}, then the
Zn and y, produced by (1.2) satisfy

Elyn] < 5E[z;] + C, (2:6)
where 0 < n < N and C' is a positive constant.
Proof. It follows from (1.2) that
Yn = xn + (0f(yn) + (1 = 0) f(z0))A. (2.7)
Squaring both sides of (2.7), we obtain
[ynl? = |znl® + 02 A2 F(yn)[* + (1 = 0)2A%|f (zn)* + 20827 f(yn)

21— 6)Aa f(z) + 2001 — O)A2(F(ya), Flwn)). @8
Using the inequality 7y < |z|? 4 |y|?, then
lynl? <l + A1)+ (1= 0)2A%1f ()P + 0A(faal® + 1)) (g
+(1 = O)A(lzn|” + | f(@n)[7) + 01 = O)A™(f(yn)” + [f(zn)])-
Then, by A < 1,0 <6 <1 and (2.2), we derive that
[ynl® < (14 A)|zn|* + (1 + A)0A(@ + Blynl?) + (1 = 0)(1 + A)A(a + Blzal) (2.10)

< (24 28A) |z | + 28A|yn|? + daA.
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Taking expectation on both sides of (2.10), we receive

Ellyn]*] < (2 + 28A)E[lzn|*] + 26AE(|yn|’] + oA,

Note that the assumption of 28A < 1/2; we take maximum on the left hand of the above inequality

and then obtain (2.6).

O

Theorem 2.1. Let x, and y, be produced by (1.2). Assume that f, g : RY — R? satisfy (2.2) and

(2.3). If A < min{1,1/(48)}, then

max E[lz:!] <C,  max Euf] < C,
0<i<n 0<i<n

where C' are positive constants.

Proof. Tt follows from (1.2) that

1
Tnt1 = Yn + g(Yn) Awn + ing(yn)OAwnF - A).

Squaring both sides of (2.12), we obtain

|zns1l? = |ynl> + Ig(yn)A71~vn|2 + ilnggyn)(lAwnl2 -A))?
Hg(Yn)Awn, L"g(yn) (|Aws|” — A))
+2(yn, g(yn) Awn + 5 L' g(yn) (|Awn > — A)).

Using the inequality ¥y < |z|* 4 |y|?, then

|Znt1]?> < |ynl® + 2|g(yn) Awn|* + %IL;‘(J(yn)(\Awnlz2 =k
+2(Yn, g(Yn) Awn) + (Yn, L g(yn) (| Awn [* = A)),

which implies
[Zns1 | < Jyol® +2 Z:O lg(yi)[?| Awi|* + % Z:O LY g(ya)[2(| Awi]? — A)?
+2 Zjo<yi,g(yz-)Awi> + ;}(yi7ng(yi)(\Awi|2 —A)).

Recall the elementary inequality: if z1,...,z, > 0, p > 1, and n is a positive integer, then

n p n

-1
E x| <nP g k.
i=1 i=1

Form Equation (2.16), we therefore have

n P

> (yi, L g (i) (| Awil” — A))

1=0

s (£ gl (aw - 7).

P n P
eaal” |yo|2p+2p(go |g<yz~>|2|Awi|2) +

i(yi,g(yi)ﬁwﬁ ’

=0

+2¥

Now, we will estimate terms Equation (2.17) separately. From [14], we have

k P n
E( sup Z|g<yi>2mui|2> < C+CAY Ellyil*),
0<k<n i=0

P

< C+OAY Elyil™),

=0

k
> ui Lgya) (|Awi|* — A)

1=0

E[ sup

0<k<n

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)
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k p n
E| su Ta(y)Aws| | <C+CAY Ef|ly:|* 2.20
LSkgn ;y 9(y:) ; [lyil ] (2:20)
and
k P n
E( su L'y (|Awi]* = A)? | <C+CADY E[jy]™). 2.21
<0<k12 ;\ 9(i)|" (|Aw;| )7 < ;J [ly:l™] (2.21)
Combining (2.18)-(2.21) with (2.17) yields
IE[ sup |xk|2”] <C+CA>Y E { sup |yk|21’} . (2.22)
0<k<nt1 5 Llo<k<i
From Lemma 2.1, we deduce that
E { sup |xn|2p} <C+ CAZIE [ sup |xk\2p] . (2.23)
0<k<n+1 o lo<k<i
Using the discrete-type Gronwall inequality and noting that (n + 1)A < T give
IE[ sup |a:n|2p] <C. (2.24)
0<k<n+1
This together with (2.6) gives the desired assertion (2.11). O

3 Convergence of the SSTM-method

Lemma 3.1. Suppose that f : R? s R? satisfies (2.2) and (2.3). If A < min{1,1/(43)}, then the
Zn and y, produced by (1.2) satisfy

Ellon —ynl’) < CA%, Ellnsr —ynl’] < CA, (3.1)
where 0 < n < N and C' is a positive constant.
Proof. From (1.2) we have
Yn — xn = 0f(yn)A + (1 = 0) f(zn)A.
Hence, it follows from the inequality 2ab < a? 4+ b? and 0 < 6 < 1 that

lyn —anl* < 282(1f (yn)I” + |f (2n)[*)

< 20%(0r 1 flyal + at Blaal?). (3:2)

Taking expectation on both sides of the above inequality, and using the estimate (2.11) in Theorem
2.1. We have

Ellzn — yn|*] < CA%. (3.3)
It follows from (1.2) that

1
Tnt1 — Yn = (yYn)Awn + §ng(yn)(|Awn|2 —A).

Squaring on both sides, we have

[ont = ynl* < 2Ag(ya)dwn* + § | Lg(ya) (Awnl® ~ M)
< 2(a+ Blyn | Awal* + 3o+ Blyn ) (1 Awal” = A)*.

Taking expectation and using (2.11), we have

E[|zni1 — yn|?] < CA. (3.4)
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The proof of the following lemma is similar to that of Theorem 4.1 in [15].

Let 6n+1 = x(tn.H) — fn+1, En41 = x(tn+1) — Tn+1, where

Un = x(tn) + A((1 = 0) f(x(tn)) + 0f(Yn)),
Tn41 = Yn + g@n)AWn + %ng(gn)ﬂAwnF - A)'

Lemma 3.2. Let Assumption 1 hold and the local error of the SSTM-method (1.2) satisfies

max |E[0, 1] < CAPY, as A —0
0<n<N-1
and
2 N\1/2 o AP
ogglgazir(—1(E[6n+l]) < CAP2, as A—0

where p2 > 1/2 and p1 > p2 + 1/2. Then the estimate
max_(E[e2])/? < cAP2~1/2

1<n<N

holds, where the constant C' is independent of A but dependent on the length of the time interval
T and initial segment.

According to the definitions of y, and Zn41, we have E[y, |z, = x(tn)] = Elyn] and Elzpq1|z, =
2(tn)] = E[Zn+1].

Now we can prove the mean-square convergence of the STM-method.

Theorem 3.1. Suppose that f, g : R% + R satisfy conditions (2.2) and (2.3). Let x(t) be the
exact solution of Eq.(1.1) and x, be the approximate solution produced by the SSTM-method (1.2).
Then there exists a positive constant C such that

max_E[|z(t,) — zn|’] < CA, A —0.
1<n<N

Proof. Define the #-Milstein Scheme ([10]) as follows

2y = o 0f (Ens) A+ (1= 0)f(2n) A+ g(wn) Dwn + 3 L g(en) (Awal* — A).

Due to Theorem 4.1 in ([10]), then there exists constant C, which may vary at each line, such that

E‘6n+1|2 IE(|$(tn+l) —.Tn+1| |377L _m(t”))
< 2R (|a(tnt1) — znia [Plzn = x(tn)) + 241
< CA® +2A,,

E n +1
=E(A 9(f(fcn+1) f(yn)) + (9(zn) — g(yn)) Awn
+ Yg(zn) — L g(yn))((Awn)2 — A)PJzn = z(tn))
g(xn) — 9(Yn 2xn:mtn
Lig(@n) — L g(ym) Pl — (tn) (35)
< 3KA’E (|xn+1 — ynl?|zn = x(tn))



Teng et al.; ARJOM, 2(3), 1-11, 2017; Article no. ARJOM.30465

Inequality (3.5) is easy to be checked by the Assumption 1 and Lemma 2. Then

[E[0nt1]] = [E[z(tat1) — Tnsi|zn = 2(tn)]|
<|E[@(tnt1) — Tpha|n = z(tn)]]| + A2 (3.6)
< CA3? 4 Ay,
where
Ay = \E[mnﬂ Tnyilen = 2(tn)]]
< (El(22, — wns1)? 20 = 2(tn)))? (3.7)
< CAY?,

which follows from the inequality |E[z]

E|x \ < (E[z?])"/2. Due to Lemma 3.1, we obtain
maxi<n<n B[(#n — #(tn))*|z0 = x(t0)] = O(A)), the

Theorem 3.1 is obtained. O

4 Mean Square Stability of the SSTM-method

In this section, we focus on the nonlinear stability of schemes (1.2). To this end, we first assume
that f(0) = ¢g(0) = 0, and then from (2.1)-(2.3), we obtain

[f(@)* < Kz, |g(@)]* < plal?,  |L'g(x)]* < 8z, (4.1)
Theorem 4.1. Assume that the condition (4.1) hold. If there exists a positive constants A\ > p
such that for all x € R"™,

227 f(x) < —Az|°. (4.2)
Then for any A < A* = (10))‘1<7+1/25’ the SSTM-method is mean-square stable.
Proof. Tt follows from (1.2) that
Yn —Of (Yn)A = zn + A1 = 6) f(zn).
Squaring both sides of the above equality, we have
lynl® = 20895 f(yn) + A%0%|f (yn)|* = |on]® + 2A(1 = Oz f(2n) + A*(1 = 0)%|f(2n)]?

and
[yl < Jnl” + 20 Ay f(yn) + 2A(1 = O)zy f(n) + A (1= 0)|f(@n)*. (43)
Taking expectation on both side of (4.3), it follows from conditions (4.1) and (4.2) that
Ellyn|*] < Ellen|*] = 0AXE[lyn[*] = A1 = O)AE[Jzn|*] + A*(1 = 0)* KE[Jwn|?). (4.4)

It follows from (1.2) that

1
Tny1 = Yn + g(yn) Awn + 51219(:yn)(|Aum|2 —A). (4.5)
Squaring both sides of (4.5) and takeing expectation, we obtain

Ellzni1?] = Ellynl®] + Ellg(yn) AWal?] + 1E[| L' g(yn)(|Awn | — A)J?]
+2E[(yn + 5 L' g(yn) (|Awn|* — A), g(yn) Awy)] (4.6)
+E[ys L' g(yn)(|Awn|* — A)].

Noting that z, is F%,-measurable at mesh point t,. So

E[lg(yn)Awn|*] = AE[|g(yn)[*],
E[|L'g(yn)(|Awn|* — A)?] = 2A%E[|L" g(yn)|?],
E[(yn + 5 L'g(yn) (|Awn|* — A), g(y™) Awy)] =0,
Elys L' g(yn)(|Aw,|* — A)] = 0.
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Then it follows from the (4.6) that

1
Ellen 1] = Ellyn|*] + AE[lg(yn)|*] + 5 A’E[IL g (yn) -
We can induce from the above equality that
Ellyn]*] < Ellzn+1[*]- (4.7)

Form the condition (4.1), we deduce that
1
Ellznt1]"] < E[lynl’] + wAE([lya|*] + §5A2E[|yn|2]- (4.8)

Applying the inequality (4.8) to the first term of the right side of (4.4), we obtain

Ellyal] < Ellya1[] + 0A(=AE[lyal*]) + A(L — ) (—AE[|z,[*)
+A2(1 - 0)?KE[[2,[?] + pAE |y 1 ] + L0A%E[Jy,—1 |’
= Ellyn1 1] + OA(=AE{lya ) + AL - 0)(~AE[|z,|*)
+A2(1— 0) KE[,[*] + OARE]|y—1]7] + (1 — ) ApEllya-1[?]
+20AE lyn—1[*] + 1 (1 — 0)A%0E]lya-1[).

By the estimation (4.7), it is obtained that

Ellyn] < Ellyn—1/? I+ 0A(=A [Iyn\ D)+ A0 = 0)(= AE |z ]
+A%(1 - 0) KE[IM ]+9AME[Iyn71I ]+ (1 = 0)AuE[zal’]

+30A%E[lyn—1[*] + (1 — O)A%OE[|zn|].
Namely
Ellynl*] = Ellyn-1"] < 0A(=XE[lyn|*] + (1 + 5A0)E[lyn—1/]) (4.9)
+AL =) (-A+ A1 - 0K + p+ LASE[|z,[?]. '
Summation of (4.9) over n from n =1 gives
Ellynl*] + A1 = )X = AL = O)K — p— 548) 3 E[|i[?]
n =1 (4.10)
HOAN = p = 508) X Ellyil’]) < (1+ (i + 1/2A8)08)E(|yo*].
i=1
Let A* = (19))‘}(%_‘_1/25 For A < A*, the condition A — A(1 — §)K — g — A8 > 0 hold. Then the
series S_E(y;)? and > E(z;)? are bound to be convergent. So we obtain that
lim E[z}] = 0. (4.11)
n—o0
O

Remark 4.1. The conditions in Theorem 4.1 are not optimal because the SSTM method may still
be stable for some stepsizes A which are larger than A*.

5 Numerical Examples

In this section, we compare computational efficiency and stability properties of the split-step theta
Milstein scheme, (6, 0)- Milstein scheme [10] and the tamed Milstein scheme [9]. In order to estimate
the rate of convergence we proceed with numerical experiments for the following SDEs. We focus
on root mean-square errors

(Ela(T) — an|?)? < ¢, (5.1)
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where ¢ > 0, N = T'/A and the expectation is approximated by computing sample average over
2000 paths. We choose a simple scalar equation

z(0) = 1. (5.2)

{ dz(t) = —z(t)dt + z(t)dw(t), t€[0,T]
By some estimation we arrive at K = y = § = 1, A = 2. From Fig.1, we observe that SSTM
scheme is consistent with strong order of convergence equal to one. As expected, the SSTM scheme
gives an error that less than the other two models. Fig.2 illustrates the mean square stability of
numerical solution obtained by the SSTM method when A = 1.5, § = 0. But we can see that the
tamed Milstein scheme is unstable for equal stepsize. In this case, the restriction on stepsize A of
mean square stable SSTM method is less than that of the tamed Milstein scheme.

10"
f| — * — Slope of 0.5

t| — © — Slope of 1

[| ==@= Tamed Milstein method
[| =@ (1,0)-Milstein method

[| =@ Split-step Milstein method ¥

10

Mean-square error

10' 1 1
10 10 10" 10*
Stepsize h

Fig. 1. Root mean square approximation error versus stepsize A to approximate (5.2)

) Split-step Milstein method , Tamed Milstein method
10 10
i

* il
(N
i h
- 1 RS
AL i

1070

107 l{ ‘ ‘ ll }Iﬂ

2;
g
%]
.

E[X
E[X

107

Fig. 2. Comparison of mean square stabilities between different Milstein methods to
approximate (5.2)
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6

Conclusion

In this work, we have examined the mean square stability of the SSTM-scheme for SDEs under the
local Lipschitz condition for the drift and diffusion coefficients. We have proved that SSTM-method
is convergent with order 1 in mean-square sense. Numerical tests verify the relationship that theory
predicts between the parameter 6 and the step size h for mean-square stability of the SDEs.
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