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Abstract

The aim of this paper is the analysis of exponential mean-square stability properties
of nonlinear stochastic linear multistep methods. In particular it is known that, under
certain hypothesis on the drift and diffusion terms of the equation, exponential mean-
square contractivity is visible: the qualitative feature of the exact problem is here
analysed under the numerical perspective, to understand whether a stochastic linear
multistep method can provide an analogous behaviour and which restrictions on the
employed stepsize should be imposed in order to reproduce the contractive behaviour.
Numerical experiments confirming the theoretical analysis are also given.
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1 Framework

The purpose of this paper is the analysis of nonlinear stability properties of stochastic
numerical methods, in the spirit of preserving along the numerical solution a qual-
itative behaviour that is apparent in the solution of the continuous problem. Once

Communicated by: Ivan Oseledets

< Raffaele D’ Ambrosio
rdambrosio @unisa.it

Evelyn Buckwar
evelyn.buckwar@jku.at

Institut fiir Stochastik, Johannes Kepler University of Linz, Altenbergerstrasse 69, 4040,
Linz, Austria

Department of Mathematics, University of Salerno, via Giovanni Paolo II, 132 - 84084,
Fisciano (Sa), Italy

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10444-021-09879-2&domain=pdf
mailto: rdambrosio@unisa.it
mailto: evelyn.buckwar@jku.at

55 Page2of14 Adv Comput Math (2021) 47: 55

the property of the continuous problem is detected and identified through sufficient
conditions, we aim to provide their numerical counterparts, equivalent to conditional
stability properties for the numerical method. Before entering into the details, we first
recover here the deterministic case, with special emphasis on linear and nonlinear
stability properties.

1.1 Linear and nonlinear stability issues for deterministic differential equations

For a well-posed deterministic initial value problem based on the ordinary differential
equation
Y = fy@)

linear stability properties are classically provided with respect to the scalar linear test
equation

Y =&y, t=0, (D
where & € C and Re(§) < 0, considered for the first time by Dahlquist [6]. The
solution of this simple problem remains bounded when ¢ goes to infinity and one
needs to require that the numerical solution possesses an analogous stability property
to that displayed by the exact solution: this fact is at the basis of the linear stability
analysis of numerical methods (see [4] and references therein).

Based on the concept of one-sided Lipschitz continuity G. Dahlquist laid the foun-
dation of the theory of nonlinear stability in [7] (this paper has also been celebrated
by J. Butcher in the review paper [3]), in order to treat situations beyond the realm of
linear stability analysis. Hence, the following nonlinear test problem

{ Y(@0) =g(t,y(1), t 20,
y(0) = yo,

is considered, with g : R x R™ — R™ satisfying a one-sided Lipschitz condition of
the form

@)

(8t y1) — g1, y2))" (1 —y2) <0 3)
forallt > Oand y;, y» € R™. Denote by y(¢) and y(¢) two solutions to (2) with initial
conditions yp and g, respectively. Then it is known (see [3, 9, 11] and references
therein) that the condition (3) implies the contractivity of the trajectories, given by
the inequality

[y) = 5@ < [ya) = 5| “)
for 0 < t; < tp, where || - || is any norm in R™, and the corresponding problem is said
to be dissipative.

Extensive research has been carried out in order to provide numerical methods
generating contractive numerical solutions for dissipative problems, giving rise to
the notions of AN-stability, G-stability, algebraic stability and so on (see [4, 15] and
references therein).

1.2 Exponential mean-square stability of stochastic differential equations
We now move to the main issue of this paper, i.e. a nonlinear It6 stochastic differential

equation (SDE)
dX(t) = f(X(0)dt + g(X()dW(¢), 5)
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fort € [0, T], where f : R" — R”, g : R" — R and W(¢) is an m-dimensional
Wiener process.
Following [12], we assume the following conditions on the functions f and g:

(i) f.gecCh
(ii) the drift coefficient f satisfies a one-sided Lipschitz condition, i.e. there exists
u € R such that

(x =y, f) = f) < plx =y, Vx,yeR" 6)

(iii) the diffusion coefficient g is globally Lipschitz, i.e. there exists L > 0 such
that

lg() =g < Llx —yI>, Vx,y eR" @)

Under the aforementioned assumptions, the following result holds [12, 14].

Theorem 1 Under conditions (i)—(iii), any two solutions X (t) and Y (t) of (5) with
E|Xo|? < oo and E|Yy|? < oo satisfy

E|X (1) — Y(1)* < E|Xo — Yo|?e, 8)

where
o=2u+ L.

As a consequence of this result, the following definition is provided [12].

Definition 1 The solution of any given SDE (5) satisfying (8) with « < 0 is said to
be exponential mean-square contractive.

For other possible stability issues, compare for instance [1, 10, 18] and references
therein.

We aim to investigate the numerical counterpart of (8) when trajectories are gen-
erated by stochastic linear multistep methods, in order to provide bounds on the
stepsize whose values eventually reproduce such a contractive behaviour, according
to the following definition.

Definition 2 Assuming that the integration interval [0, T] of (5) is discretized in the
following grid

{t =nAt, n=0,1,...,N, At =T/N},
the numerical solution of any given SDE (5) satisfying (8) with @ < 0 is said to be
exponential mean-square contractive if there exists v < 0 such that

E|X, — Y,|> <E|Xo — Yo|%¢"", n=1,2,...,N. 9)

In other terms, (9) provides the discrete time counterpart of (8). The article pro-
ceeds as follows: Section 2 provides inequalities of type (9) when linear multistep
methods (10) are used; Sections 3 and 4 are respectively devoted to the analysis of
the exponential mean-square contractive behaviour of one and two-step methods;
Section 5 contains the numerical results obtained by applying the analysed methods
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to scalar nonlinear equations as well as to systems of equations; Section 6 is devoted
to giving some concluding remarks.
2 Exponential mean-square stability analysis

We develop a general analysis of the exponential mean-square stability properties of
the general family of stochastic two-step methods [2]

a2 Xp1 a1 Xy +aoXu—1 = At (B2 f (Xug1) + B1f(Xi) + Bof(Xu-1))
+ 118X AWy + vog(Xn-1) AW, 1.

In our analysis, the following lemma, reproduced from [12, 13], will be particularly
useful.

Lemma 1 Under conditions (6) and (7), given by, by € R" and h € (0, 1/(28)),
with B = max(u + % L), let ay, a € R" satisfy the implicit equation

ai —hf(a;) =b;, i=12.
Then, ay and ay exist, are unique and satisfy the inequality
(1 = 2hw)la; — az|* < |by — by|%.
For two-step methods (10), the following three-terms inequality holds.
Theorem 2 Under conditions (i)—(iii), any two numerical solutions {X}, and
(Y} with initial values such that E|Xo|> < oo and E|Yy|*> < oo, generated by
applying a two-step method (10) with stepsize At satisfy
ElXy+1 = Yur1l® < BrsEIXy — Yal? + yrsEIXumy — Yaot?, (1D

where Brs and yrs are the expressions

a? + aga — (201 Biin + (a1 Bo + aoBi M) —yEL) At + (B? + B1Bo) M Ar>

Brs = ,

a3 (1 =22 A1)
of + aoor — (200Bop + (21 BoM + aoBi) —yGL) At + (B3 + B1Bo)M Ar?

VTS = 2 9
o3 (1 — 2B At)

(12)

defined for values of At such that 1 — 2B, At # 0 and being
M= sup E|f' (X)) (13)

t€[0,T]
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Proof We consider two numerical solutions {X,}, and {V,,},, with E|Xo|?> < oo and
E|Yo|?> < oo, computed by (10) with stepsize A¢. Lemma 1 leads to
Ol% (1 =281 A1) | X1 — Yn-}—l'2 < |=a1(Xp = Yn) —ao(Xn—1 — Yuo1) + 1At (f(Xn) — f(Yn))
+ BoAr(f (Xn-1) = f(¥n-1)) + ¥1(g(Xn) — (X)) AW,
+ 0@ Xn-1) = gVum1) AW, 2

Squaring the right-hand side of this inequality, passing to expectations and applying
assumptions (6) and (7) leads to

03 (1 = 261 AN Bl X1 = Yo = (0 = 200 B At + 72 LA EIX, = Y,
+ (ag — 2apfop i + yOZLAt) E|X,_ — Yo_1]?
+ BLAPE|f (Xu)— f (Y) P+ B5 APE| f (Xn—1) — f (Ya—1)]?
+ 20001 ]E‘(Xn — Y, Xp—1 — Yn71>|

- 2C‘(l,BOAt E|<Xn — Yy, f(Xn—l) - f(Yn—l))|

- 2C’(O,BlAt ]E|<Xn—l - Yn—lv f(Xn) - f(Yn)>|

+2B0B1 AP EI(f (Xp) — f(Yn)s F(Xno1) — F(XazD).
(14)

Let us now provide estimates for the last six summands in (14):

— estimate of E| £ (X)) — f (Yn)|*. Applying the mean value theorem to the function
f leads to

Elf(Xy) — f(Y)* < M E|X, — Yul% (15)
— estimate of E| f (X;,—1) — f(Yu—1) |2. Proceeding as above leads to
Elf(Xn—1) = fYn-DI* < ME|X,—1 — Y,y |%; (16)

— estimate of 2E|(X,, — Y,, X,—1 — Yu—1)|. We use the well-known inequality
2ab < a? + b?, for any a, b € R, leading to

2E(Xy — Yoo Xno1 — Yuo )| < EIXp — Yal? + Bl X1 — Yot (17)

— estimate of 2E|(X,, — Yy, f(Xn—1) — f (Yn—1))|. By Cauchy-Schwarz inequality
together with the useful formula 2ab < a’+ b2, we obtain

20X = Yo, f(Xn=1) = f YD) < 1Xn = Yal? + 1 f K1) = f T
Hence,
2E|(Xp =Y, f(Xn—1)— f Yuo))] < BIXu= Yo+ M E| X, —Ya1]% (18)
— estimate of 2E|(X,,—1 — Y,—1, f (X)) — f (¥y))|. We proceed as above, obtaining
2E|(Xp—1—Yoo1, fF(Xn) = F(Yn)) S E|Xy1 —Yoo1 P+ M E[X, —Y,|* (19)

— estimate of 2E|(f(X,,) — f(Ypn), f(Xu—1) — f(Yn—1))|. We proceed as above,
obtaining

2EI(f(Xp)—F(Yn)s fXne1)=f Fn—1), )| < M(E|X,—Yn |*+E| X1 —Yo_1]?).
(20)
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Matching (15)—(20) with (14) leads to the thesis. [

This result first allows us to provide a complete analysis of the exponential mean-
square properties of one-step methods. Indeed, the following result holds.

Theorem 3 Under conditions (6) and (7), any one-step stochastic method
0 Xpt1 +a1Xy = At(B2f (Xn+1) + B1f (Xn)) + v18(Xn) AW, 21
satisfies the following exponential mean-square stability inequality
E|Xns1 — Yas1]* < E[Xo — Yole"+1, (22)
with |
=1 ,
v=—log Bos
being
2 _ 2 2 2
ai — Qa1 — yiL)At + BT M At

a5 (1 = 2fopAr)
defined for values of At such that 1 — 2B, At # 0.

: (23)

Bos =

Proof We apply the thesis of Theorem 2 to the family of one-step methods (21),
obtaining that

ElXnt1 = Yar1l* < BosEIXy — Yul?,
with Bos defined as in (23) and, by recursion,

E|Xnt1 — Yai1l® < BG4 ' EIXo — Yol
The thesis immediately follows by assuming v = % log Bos. O

We now aim to provide an exponential mean-square stability inequality for the

complete two-step case (10). For this purpose, we need to specify the one-step

method we use in order to recover the missing starting values X and Y;. Once this
aspect is clarified, the following result holds.

Theorem 4 Under conditions (6) and (7), any two-step stochastic method (10)
satisfies the following exponential mean-square stability inequality over a single step

E|Xp+1 = Yus1? < E[Xo — Yo[?e™1, (24)
with .
=—1Io s
n Ar g (&n+1)
where &y41 is recursively defined by the three-term formula
¢n+1 = B1s8n + v1S8n-1, (25)

with 1 = Bos and & = BrsPos+yts. We recall Brs and yts are given in (12), while
Bos is given in (23) and characterizes the one-step method employed to compute the
missing starting values X and Y.
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Proof The thesis immediately follows by recursively applying the thesis of Theorem
2, and applying the inequality

E|X; — Y1|* < BosElXo — Yol%,

for the first step. O

3 Contractivity of one-step methods

We now employ the results in Section 2, especially Theorem 3, to study the expo-
nential mean-square contractive behaviour of one-step methods (21). According to
Definition 1, a one-step method is exponential mean-square contractive if v < 0 in
(22),i.e. if

0<Bos <1 (26)

in (23). Let us analyse this condition on the case by case basis.
3.1 Stochastic trapezoidal rule
We now aim to study the behaviour of the stochastic trapezoidal rule

1 1
Xipi=X; + EAtf(Xi) + EAff(XiH) +g(X)AW;, 27

when applied to an exponentially mean-square stable SDE (5) generating contractive
solutions. For this method, the value of Sog in (23) is given by
4+ 4(u + L) At + M AF?
4(1 — pnAr)

Let us now illustrate the above result with a numerical example, given by a scalar
SDE (5) with

Bos =

fx) = —4x — x>, g(x) = x. (28)

In this case, (6) holds with 4 = —4 and (7) holds with L = 1. Sinceo« =2u + L =
—7 < 0, the problem exhibits an exponentially mean-square contractive behaviour,
according to Definition 1. In order to compute the stepsize restriction corresponding
to (26), we estimate the value of M (13) as follows

M~ fi= mx B GEMLEF @M 29)

X

1,..N

where XEM is the numerical solution computed by the Euler-Maruyama method
XEM = xEM 4 srf (XEM) + g (XEM) AW,

with initial value X, stepsize 8¢, over N + 1 grid points, while ¥M is the numerical
solution computed by the Euler-Maruyama method

YIM — yEM L sef (PEM) 4 (PP AW,

n n n—
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with initial value Yp. The result of the computation of (29) over 1000 paths with
Xo=1,Yy=2,N =2 and §r = 10/N gives M < 25. Hence, according to (26),
the trapezoidal method (27) inherits the contractive behaviour of the problem if
28
At < —.
25
In order to provide a numerical evidence of the sharpness of this bound, we apply
the trapezoidal method with Xy = 1 and Yy = 2 and obtain the patterns reported in
Fig. 1, where the pointwise mean-square of the error over 1000 paths is computed and
depicted, in correspondence of Az = 75/128 and At = 75/64. The method applied
with At = 75/128 shows the exponential decay of the mean-square error, while such
a decay is totally lost for Az = 75/64, confirming the proved theoretical result.

4 Contractivity of two-step methods

We now move to analysing the contractivity of two-step methods (10), specializing
the result in Theorem 4 to a selection of methods. According to Definition 1, a two-
step method is exponential mean-square contractive if n < 0 in (24), i.e. if, after
performing n steps,

0<¢ <1, (30)

with ¢, defined in (25). Let us analyse this condition on the case by case basis.

10°

mean-square deviation

10715k
0

Fig. 1 Pattern of the mean-square deviation associated with the trapezoidal method applied to (5) with
drift and diffusion given by (28), over 1000 paths with Xo = 0 and Yy = 1, with stepsizes At = 75/128
(solid line) and At = 75/64 (dashed line)
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4.1 Adams-Moulton method

Adams-Moulton method is given by (10) with

:]1 =_17 =Ov = )
[0%) o] @0 B2 _12
fr=— o= =1 w=0
1= 12’ 0 = 12 i=15L Y=V

For this method, we have

36 4+ (54u — 3 4+ 36L) At + 14M Ar? MAt TAt + 12

Prs = 6(6 — 5uAD) S S T o SuAr—6

In order to check condition (30), we need to compute the values of ¢, for large enough
values of n, assuming to employ the trapezoidal method as a starting method. As
a numerical illustration, we still consider problem (5) with drift and diffusion coef-
ficients given by (28). For n = 30, (30) leads to the following restriction on the
stepsize

At <0.87,

in order to have exponential mean-square contractivity. The numerical evidence orig-
inated by applying the Adams-Moulton method with X¢ = 1 and Yy = 2 is reported
in Fig. 2, where the pointwise mean-square of the error over 1000 paths is /computed
and depicted, in correspondence of At = 25/64 and At = 125/128. The method
applied with Ar = 25/64 shows the exponential decay of the mean-square error,
while such a decay is totally lost for At = 125/128, confirming what we proved.

4.2 Milne-Simpson

Milne-Simpson method is given by (10) with

1
01221, alzos a():_]’ ﬂ2=§7
B = ! Bo = : =1 =1
] - 37 O - 35 Vl - ’ VO - .
For this method, we have
Brs — 3(4M + 3L) At + 20M A2 _ 9+3Qu+4+3L)Ar 4+ 5M A2
TS = 33 — 20 A1) o VIS = 33 — 20 A1) '

In order to check condition (30), we need to compute the values of ¢, for large
enough values of n. By symbolic manipulation we have realized that, for large enough
values of n, condition (30) is never fulfilled by positive values of At; thus, Milne-
Simpson method does not show an exponential mean-square stable character.
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10°

10710

mean-square deviation

1071®

10-20 I I I I
0 2 4 6 8 10

Fig. 2 Pattern of the mean-square deviation associated with the Adams-Moulton method applied to (5)
with drift and diffusion given by (28), over 1000 paths with X¢o = 0 and Yy = 1, with stepsizes At =
25/64 (solid line) and Ar = 125/128 (dashed line)

4.3 BDF2

BDF2 method is given by (10) with

_ . 1 5 2
052— 5“]_ aa0_37 2_37
Bi=0, Bo=0, =1 y=-1i
For this method, we have
5 _ 3LAr+4 _ LAr-3
S =3 40a ST 3G —4pAn

In order to check condition (30), we need to compute the values of ¢, for large enough
values of n, assuming to employ the trapezoidal method as a starting method. As a
numerical illustration, we still consider problem (5) with drift and diffusion coeffi-
cients given by (28). For n = 30, (30) does not lead to any stepsize restriction; in
other terms, the method is nearly unconditionally stable for exponential mean-square
contractivity. The numerical evidence originated by applying the Adams-Moulton
method with Xog = 1 and Yy = 2 is reported in Fig. 3, where the pointwise mean-
square of the error over 1000 paths is computed and depicted, in correspondence of
At = 25/64, At = 25/32 and At = 75/64. Even for large values of the stepsize,
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T T ——

—_

S,
[6)]
T
1

1

1

I

mean-square deviation
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(6]

T

I

10-20 L |
0 2 4 6 8 10

Fig.3 Pattern of the mean-square deviation associated with the BDF2 method applied to (5) with drift and
diffusion given by (28), over 1000 paths with X¢ = 0 and Yp = 1, with stepsizes At = 25/64 (solid line),
At = 25/32 (dotted line) and At = 75/64 (dashed line)

the exponential decay of the mean-square error is visible and, clearly, more accurate
for smaller values of At.

5 Numerical experiments

As a test for the pertinence of the analysed methods in solving exponential mean-
square stable SDEs (5), we provide the numerical evidence associated with the
following nonlinear problems.

We first consider the following nonlinear SDE [16]

a b )
dX () = 1+tX(t)dt + 1+tX(t) sin X (1)dW (¢t), t€]0,10], (€2))]
with 2¢ — 1 > b% and b # 0 to ensure an exponential mean-square contractive
behaviour, as proved in [16]. In our experiments, we choose a = 2 and b = 1. The
evidence, reported in Fig. 4, shows the capability of trapezoidal, Adams-Moulton and
BDF2 methods to preserve the expected mean-square contractivity.

We next consider the following nonlinear system [17]

dxXi() | _ X1(1) sin X1 () X1(t) || dWi(d)
[dxz(t)} = (A [Xz(t)} o [cos Xz(t)D dr+c [Xz(l)] [sz(t)} ’
32
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mean-square deviations

—_
S
EN

—_
o|
N

Trapezoidal method

4 6 8 10
Adams-Moulton method
4 6 8 10
BDF2 method
4 6 8 10
t

Fig. 4 Pattern of the mean-square deviations associated with the trapezoidal, Adams-Moulton and BDF2
methods applied to (31) over 1000 paths with X¢o = 0 and Yy = 1, with common stepsize At = 25/64

mean-square deviations

Trapezoidal method

4 6 8 10
Adams-Moulton method
4 6 8 10
BDF2 method
4 6 8 10
t

Fig.5 Pattern of the mean-square deviations associated with the trapezoidal, Adams-Moulton and BDF2
methods applied to (32) over 1000 paths with Xo = [0, 1]" and Yy = [1,2]", with common stepsize

At = 25/64
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where

1 -28 0 2 =172 1372
A_[ 0 —30]’ B_|:1/4 1 ] C_|:5/2—1/2]’
whose solution is exponentially mean-square stable (see [17]). Also in this case,
the results reported in Fig. 5 show the capability of trapezoidal and BDF2 methods
to nicely retain the mean-square contractivity behaviour, for Ar = 25/64. Adams-

Moulton method, subject to a more severe stepsize restriction, is not able to provide
a mean-square contractivity behaviour for At = 25/64.

6 Conclusions

We have analysed the behaviour of stochastic linear multistep methods when applied
to nonlinear stochastic differential (5), in presence of exponential mean-square con-
tractivity, under the conditions highlighted in Theorem 1. The theoretical analysis has
provided sharp bounds on the stepsize to be employed in order to retain numerically
the property of contractivity, as described in Sections 2—4. If a starting procedure is
needed (and this is the case of two-step methods), the obtained bound also depends on
the property of the employed starter method. Future issues of this research, which can
be assumed as a starting point in assessing a theory of nonlinear stability for stochas-
tic numerical methods, regard the possibility of extending the notion of algebraic
stability for stochastic Runge-Kutta methods [8], in order to understand its possible
connection with geometric numerical integration of stochastic Hamiltonian problems

[5].
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