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Multi-step Maruyama methods for stochastic
delay differential equations*

Evelyn Buckwar and Renate Winkler'

Abstract

In this paper the numerical approximation of solutions of It6 stochastic
delay differential equations is considered. We construct stochastic linear
multi-step Maruyama methods and develop the fundamental numerical
analysis concerning their L,-consistency, numerical L,-stability and L,-
convergence. For the special case of two-step Maruyama schemes we derive
conditions guaranteeing their mean-square consistency.

1 Introduction

We consider n-dimensional systems of Ito stochastic delay differential equations
with m driving Wiener processes and () commensurate discrete lags of the form

X(s)| = /0 F(s, X(5), X (5 — ), -+ , X(5 — 70)) ds (1)
+/0 G(s,X(s),X(s— 1), -, X(s— 1)) dW(s), for te€[0,T],
X(t) = v() for teJ, where J :=[—-TM*,0]. (2)

Here the lags satisfy 7, = 7M,, 7 € R, M, € N, ¢ = 2,...,Q, the value M* in J
is defined as max(Ma, ..., Mg) and M; = 0 and thus 7, = 0.

In many areas of science there has been an increasing interest in the investigation
of stochastic delay differential equations (SDDEs), in particular, in the combined
effects of noise and delay in dynamical systems. The use of delay equations in
modelling deterministic dynamical systems in the natural sciences has a long his-
tory, see e. g., [27] for various examples. References concerning the application
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of SDDEs in biology are e. g. to infectious diseases [5] and plankton popula-
tions [47], the recent review article [7] contains a section on stochastic models.
In biophysics SDDEs are used to model for example delayed visual feedback
systems [6, 29] and human postural sway [13, 41]. Several authors have stud-
ied stochastic oscillator ensembles with delayed coupling [17, 23, 26, 50]. These
can be interpreted as mean-field models of coupled biological oscillators, such
as groups of chorusing crickets, flashing fireflies and cardiac pacemaker cells. In
physics often laser dynamics with delayed feedback are investigated [10, 15, 32],
as well as the dynamics of noisy bi-stable systems with delay [33, 48]. One of
the reduced conceptual stochastic differential equation models for a qualitative
understanding of the El Nifio phenomenon in climate dynamics relies on a delay
effect caused by Kelvin wave reflection [3],[11]. In engineering science SDDEs
arise e. g. as a problem in ship stability [25, 46] and often as control problems
[18, 40]. In financial mathematics SDDEs appear in volatility models of stock
markets [12, 21]. From a (stochastic) dynamical systems point of view, SDDEs
display a range of interesting properties, such as multi-stability [26], noise in-
duced bifurcations [28] and oscillations [1] and stochastic resonance [14, 31, 39].
For some general background on (deterministic and stochastic) delay differential
equations we refer to e. g., [20, 30, 36].

This work consists of two parts. In the first part (Sections 2 and 3) we present a
convergence theory for stochastic linear multi-step Maruyama methods (SLM-
MMs) applied to SDDEs. In [9] we considered general stochastic linear multi-
step methods (SLMMs) applied to stochastic ordinary differential equations
(SODEs). We analysed the mean-square convergence properties of these methods
and their relation to mean-square consistency and mean-square zero-stability. In
the current work we restrict the class of methods to SLMMMs only containing
the Wiener process increments, but extend the results in two directions: first, we
apply the SLMMMs to SDDEs. Mean-square convergence analysis for one-step
methods applied to SDDEs has been carried out in [2, 8]. Second, we prove that
the results also hold in the L,-norms with p > 1. For one-step methods applied
to SODEs the corresponding result has been obtained in [44].

In the second part (Section 4) we derive conditions for the mean-square consis-
tency, i.e. we choose p = 2, for stochastic linear two-step Maruyama schemes
applied to a simple scalar SDDE with a single lag and one driving Wiener pro-
cess. These conditions allow to determine the parameters for the stochastic part
from the parameters of the deterministic scheme and reduce to those of the un-
derlying deterministic schemes when there is no noise. The main tool in these
computations is the Ité-formula for SDDEs derived in [22], which we provide for
the simple case considered. Due to the appearance of stochastic integrals with
non-adapted integrands, the derivation of the It6-formula relies on Malliavin cal-
culus. The former is an unexpected feature of the analysis of SDDEs, which are
intrinsically adapted processes. For the convenience of the reader we thus give
a heuristic sketch of the derivation of the Ito-formula in Appendix B. The Ito-
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formula derived in [22] holds for the general case of SDDEs considered in Sections
2 and 3 and the consistency conditions for stochastic linear two-step Maruyama
schemes are valid for the general case, too.

2 Definitions and preliminary results

Let (Q, F, {F:}ie0,17, P) be a complete probability space with the filtration {F; }ieo,r]
satisfying the usual conditions (that is, it is increasing and right-continuous, and
each {F;}, t € [0,T] contains all P-null sets in F). Let W (t) = (Wy(t),..., Wn(t)T
be an m-dimensional standard Wiener process on that probability space.
Throughout the article let |.| denotes the Euclidean norm in R™, (-, -) its in-
duced scalar product and || - || the corresponding induced matrix norm. The
L,-norm of a vector-valued L,-integrable random variable Z € L,(€2,R™) will
be denoted by |Z||, := (E|Z|P)"/?, where E is expectation with respect to
P. The drift and diffusion function are given as F : [0,7] x (R")? — R»
and G = (Gy,...,Gp) : [0,T] x (R?)? — R™™_ respectively. The initial path
U(t) : J — R™is assumed to be a continuous and Fy-measurable random variable
such that (E sup,.; |¥(s)[P)"/? < co. We assume that there exists a path-wise
unique strong solution X (-) of (1).

We define a family of meshes on the interval 7 := [0, 7] with a uniform step h
with
hN, =7, hN<T, h(N+1)>T, N;, N eN, (3)
such that
TN ={tg<t, <ty ---<ty}CT, ty=(-h, {=0,...,N. (4)

We denote by J, the correspondingly discretized initial interval where 7}, C J.
In our discussion of numerical methods we will denote by Y (¢,,) the approximation
of the solution X (¢,) of (1) at some point ¢, in 7;¥. Further, as an abbreviation,
{Y:, } will denote the evaluation of the lag terms (Y (¢,,), Y (t,—m2), - - - , Y (t,—70))
at t, € T,N. We require given initial values Y (¢y),...,Y (tx—1) € L,(Q, R") such
that Y'(t¢) is F;,-measurable for £ =0...,k—1. For simplicity the values on the
initial interval will be taken as Y (t;) := U(t,) for t, € Jp.

Thus we consider a stochastic linear k-step Maruyama method (setting oy = 1),
which for / =k, ..., N, takes the form

k k k

Do Y(tey)=h Z By Fte s, (Yo, 1)+ D7 Glte g, {Ya, ) T+ (5)

j=0 j=1

Here IH+h = ([HFh)™ | denotes the vector of increments of the Wiener process,

where [P0 = [T QW (s) = W, (t + h) — W, (t).
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We emphasize that an explicit discretization is used for the diffusion term. For
Bo = 0, the SLMMM (5) is explicit, otherwise it is drift-implicit.
We give an example of the two-step Maruyama methods (5).

Example 2.1 This is a stochastic variant of the implicit two-step BDF method,
which we have termed BDF2-Maruyama method, applied to Equation (1). For
¢=2,...,N, it takes the form

4 1 2
Y(te) — gY(tg_l) + gY(tg_Q) =h gF(tg, Y(te),Y (te-nsn.)s -, Y (te—nign,))

_|_

NE

Gr(tgfla Y(téfl)a Y(t@—lfMQ.N_r), RN Y(tgflfMQ.N_r)) [ﬁefl’tl

r

Il
COlH =

One has the parameters o«op=1, ay = —
Nn=17=—3

We will consider L,-convergence of SLMMMs in the sense discussed in Milstein
(34, 35] (p = 2) and others [43].

Definition 1 We call the SLMMM (5) for the approximation of the solution of
the SDDE (1) L,-convergent if the global error X (t;) — Y (t,) satisfies
Jax |1 X (te) =Y (te)||z, — 0 as h — 0,
we say it is L,-convergent with order v (y > 0) if the global error satisfies
Jmax [|X(te) = Y(te)ll, <C- 7, (6)

with a constant C' > 0 which is independent of the step-size h, but may depend

on the length of the interval [0,T) and the initial data. In addition to (6) we also
consider the stronger condition

(E max [X(t)— Y(t)P)r < C -1, (7)

In the following we will define what we understand by local errors and refer to
[9] for a discussion of this concept in the area of numerics for SODEs.

Definition 2 We define the local error of the SLMMM (5) for the approxima-
tion of the solution X of the SDDE (1), for { =k,...,N, as

k k
Lo:=Y ajX(te;) —hY B Flte, X(teg), X(tej — 7).+, X (te; — 7))

= DGl gy X (teg), X (b — 1), Xty — 7)) I 774 (8)
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We aim to conclude L,-convergence from local properties of the SLMMM by
means of numerical stability in the L, sense. Numerical stability concerns the
influence of perturbations of the right-hand side of the discrete scheme on the
global solution of that discrete scheme. Sources of perturbations may be the local
error, round-off errors or defects in the approximate solution of implicit schemes.
The L, stability estimate of the global error is based on the L,-norm and on the
conditional p-th mean of the perturbations. In the case of one-step schemes and
p = 2 this appears e.g. in [2, 49], we refer in particular to the discussion in [34,
Chapter 1.4] or [35, Chapter 1.1.4]. We remark that in the case of k-step schemes
the conditional p-th mean has to be taken with respect to the o-algebra F;, ,.

In the subsequent analysis we also consider the following discrete system, the
perturbed form of (5), for £ =k,..., N

k
> o Y(t )
=0
k k m
~ =~ to_jito— it
= hzﬁj F(tffja {Klfj}) + ZPYJ ZGT(Q*]W {}/;/lfj}) [7"[ e + Dg, (9>
=0 j=1 =1

with values Y (t;) = Y (t;) + D, for £ = 0,...,k—1. We suppose that the per-
turbations D, are F;,-measurable and that D, € L,(,R") for £ =0,...,k—1.
On the interval J we allow perturbations of the initial function such that \T/(s) =
U(s) + D(s), s € J, where sup,; ||D(s)||r, < oco. Slightly abusing notation, we
write D, for D(ty), t; € Jh.

Remark 2.2 [t is useful to represent the perturbations in the form

k
Dg:Rg—f-Sg:IRg—‘rZSj?g_j_H, {=k,...,N,
j=1
where each S;o is Fy, measurable with E(S;q|F,) =0.

(10)

This repesentation is not unique. A particularly useful one is given by

R; = E(D€|~7:te—k)’ Sg =Dy — Ry,
jl—j+1 T E(Dﬁ - Re - Zi:j+1 i,@*i+1|ﬂl—j+1)7 j=kk—-1,...,1.
For further discussions of these representations we refer to Remark 2.5 in [9].

Now we give the precise definition of L,-stability and consistency that we consider
in this paper.

Definition 3 We call the SLMMM (5) numerically L,-stable if there exist
constants hy > 0 and S > 0 such that for all step-sizes h < hy and for all F3,
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measurable perturbations Dy € L,(Q,R™) (¢ =0,...,N) and all their representa-
tions (10), the following inequality holds

.....

| Rellz,  [ISellz,

ssp{iggnD(s)nmgOng%_1||De||Lp+gn,33§N< e ), (12)

where (Y (t0))N_; and (Y (t,))X, are the solutions of the SLMMM (5) and the
perturbed discrete system (9), respectively. In addition to (12), we consider the
stronger inequality

=1,..,

{=k,...,.N Ll L
< Sp{ 5w ID(s) 11, +_max |IDells, + +mw|’Hq7Q$
s€J =0,....k—1 h ¢

We refer to S, as the stability constant and to (12) and (13) as stability inequal-
ities.
Definition 4 We call the SLMMM (5) for the approzimation of the solution of
the SDDE (1) L,-consistent if the local error L, satisfies

B E(Lol Iz, — 0 for h— 0, and A2 |[ L[|y, — 0 for h — 0.

We call the SLMMDM (5) for the approzimation of the solution of the SDDE (1)
L,-consistent of order v (v > 0), if the local error L, satisfies

HE(LAFQ#C)HLP <c- h’Hl ) and ”LZHLP <c- h’YJF% ) (= 17 . '7N )

with constants ¢, ¢ > 0 only depending on the SDDE and its solution.

We remind the reader that consistency is only concerned with the local error. In
the case that we disregard other sources of errors in (9) we only have to deal with
perturbations D, = L.

We adapt the following Lemma from [9, Lemma 2.8]. Tts proof consists of obvious
modifications of the arguments in the proof of [9, Lemma 2.8].

Lemma 2.3 The SLMMM (5) is L,-consistent of order ~y , if
HRKHLPSE'hWJrl ) and HSKHLP SC.h’YJF% ) 6217"'7]\[7

for any representation (10) of the local error Dy = Ly,. The SLMMM (5) is
L,-consistent of order v , if and only if

1
IR\, <c-h*'and  ||S)||L, <c-hT2, £=1,....N,

where the representation (11) is chosen for the local error Dy = Ly.
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For further reference we state the following definitions and results.

Definition 5 A function F : [0, T] x (R")? — R" satisfies a uniform Lipschitz
condition with respect to &, ¢ =1...,Q, if there exists a positive constant L,
such that for allt € [0,T] and all &, n, € R*, ¢g=1...,Q

Q
|F(t>£1a§2a"' 75@) _F(tﬂh,n%"' anQ)| < LFZ|§Q _nq| (14)
q=1

A function G : [0, T] x (R")? — R"™™ satisfies a uniform Lipschitz condition
with respect to &, ¢ = 1...,Q), if there exists a positive constant Lg, such that
forallt €]0,T] and all &, n, e R", ¢g=1...,Q

Q
||G(ta§1a§2a T 75@) - G(t’nlan% T ’nQ)H < LGZ |£q - 77Q|' (15)

g=1

Let C5~1¢ denote the class of all functions from [0,T] x (R™)? to R™ having
continuous partial derivatives up to order s—1 with respect to the first variable and
continuous partial derivatives up to order s with respect to the other () variables.
Let CK denote the class of functions y from [0,T] x (R™")? to R™ that satisfy a
linear growth condition in the form

Q
‘y(taxlw-'axQ)‘ < K(1+Z‘x]‘2>%7 Vt € [OaT]a vxj € Rna] = 17"'7@' (16)

j=1
Definition 6 The characteristic polynomial of (5) is given by
p(C) = apCF + a1+ g (17)

The SLMM (5) is said to fulfil Dahlquist’s root condition, if i) the roots of
p(C) lie on or within the unit circle, and ii) the roots on the unit circle are simple.

Lemma 2.4 (A discrete version of Gronwall’s lemma) Let ag, £ = 1,..., N, and
Ch, Oy be nonnegative real numbers and assume that the inequalities

{—1
1
CLgSCl—I—CQNZaZ‘, {=1,...,N,
i=1

are valid. Then we have max @ < Ch exp(Cy).

.....
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3 Global properties of stochastic LM Ms

In this section we will first establish the solvability of the recurrence equations
(9) (and thus of (5)), then we will discuss numerical stability and L,-convergence
of the SLMMM (5). For a discussion of numerical stability in the deterministic
and stochastic setting we refer to [9].

We now turn to the solvability of the recurrence equations. It is obvious that every
iterate Y'(t¢), Y (t;), ¢ > k of the recurrence equations (5) and (9), respectively,
can be obtained explicitly, if the right-hand sides of (5) and (9) do not depend on
Y (), Y (t;). This happens if either the parameter Fy = 0 or if the memory term
in (1) is a pure delay term and does not itself depend on the current time instance.
In these cases the recurrence equations (5) and (9) have unique solutions. In the
case of implicit systems we need to consider the solvability of the systems of
nonlinear equations (5) and (9). In addition, we have to verify that the L,-norm
of the iterates exists. (The straightforward extension to fully implicit systems
would serve as an example were the L,-norm of the iterates does not exist.)

Theorem 3.1 Suppose that By # 0 and the drift-coefficient F' satisfies (14) and
assume that 2 h By Lp < 1. Then the perturbed discrete scheme (9) and,
in consequence, the SLMMM (5) have a unique solution. If, in addition the
coefficient G satisfies (15), then the L,-norm of the iterates exists.

Proof: The proof of the theorem follows the line of proofs used in the determin-
istic analysis of numerical schemes for DDEs [4] and stochastic linear multi-step
schemes [9].

We now formulate our main theorem on numerical stability.

Theorem 3.2 The stochastic linear multi-step Maruyama method (5) is numer-
ically Ly,-stable for every continuous F and G satisfying (14) and (15), respec-
tively, if and only if its characteristic polynomial p(¢) (17) satisfies Dahlquist’s
root condition given in Definition 6.

We postpone the proof to Appendix A.

With the powerful notion of numerical L,-stability, together with L,-consistency
the L,-convergence follows almost immediately.

Theorem 3.3 An L,-consistent SLMMM (5) for the approzimation of the so-
lution of SDDE (1) is L,-convergent for all continuous F' and G satisfying (14)
and (15), respectively, if and only if it is numerically L,-stable. If, in addition,
it is Ly,-consistent with order v > 0, then the SLMMM (5) is L,-convergent with
order -y .

The proof follows with obvious modifications the proof of Theorem 3.3 in [9].
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4 Two-step-Maruyama schemes for scalar SDDEs
In this section we consider the scalar case of Equation (1) with a single lag 7, i.e.

Q =2, M; =0, My =1 and a single driving Wiener process, i.e. Equation (1)
becomes for t € [0, T]

X(s)

:/0 F(s,X(s),X(s—1)) d3+/0 G1(s, X (s), X(s— 7)) dWi(s). (18)

0

The reason for using this basic equation is that we would like to keep the notation
as simple as possible. In order to derive consistency conditions we will apply an
[to-formula to F' and G, where the former is much more complex in the delayed
case. We refer to [22] for the development of the Ité-formula in the delayed case
and for several useful results. The methods we investigate are stochastic linear
two-step-Maruyama schemes. Thus we have for £ =2,... N

[\

2

S aY(teg) =hY B Fltes, Y (tey), Y (tey — 7))

J=0 Jj=0

2
+ 3y Giltes, Y (tey), Y (tey — 7)) L7174 (19)

J=1

For sufficiently smooth drift and diffusion coefficients ' and GGy Theorem 3.2 ap-
plies and, choosing p = 2, the two-step scheme (19) is mean square stable if the
coefficients oy, aq, ag satisfy Dahlquist’s root condition. Then the scheme (19) is
mean-square convergent of some order 7, if it is mean-square consistent of that or-
der. Thus we will be concerned with mean-square consistency of the above scheme
and derive order conditions in terms of the coefficients «ag, ay, e, By, 51, B2, V1, Vo-
In general, the mean-square order of convergence will be not higher than %, since
the only information about the driving noise process that the Maruyama-type
schemes include are the Wiener increments. We note that the simple Euler-
Maruyama method would suffice to obtain the same order of convergence. How-
ever, convergence is an asymptotic property, i.e. it holds for h — 0 and a result
concerning the order of convergence may not provide sufficient information about
the size of the actual error that arises for reasonable choices of the step-size. In
particular when one considers equations with a small noise term as in [9], one
may find that the influence of the noise is not dominant and properties of the
methods in the deterministic setting are recovered to some extent.

In the first part of this section we present the Ito-formula for functions of the
form of F' and GG;. An informal sketch of its derivation can be found in Appendix
B. In the second part we derive consistency conditions for the two-step scheme
(19) applied to the SDDE (18). We establish a representation of the local error
Ly in terms of certain multiple stochastic integrals obtained by the Ito-Taylor
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expansion. It turns out that consistency is guaranteed under the usual conditions
for deterministic order 1 and additional conditions that determine the stochastic
method parameters v; and 7».

4.1 An Ito-formula

For a function ¢(t,z,z) in C*?? we denote with ¢y, ¢, ¢., ¢ue, etc. first and
second order derivatives with respect to ¢, x, z. Further we abbreviate the evalu-
ation of a function ¢(s, X(s), X(s—7)) at s by ¢’s. The It6 formula for a function
é(t,r,z) in C1*?2 and the solution X of (18) for a,b € [0,T], b > a, reads

¢(b, X (b), X (b — 7)) = ¢(a, X(a), X(a — 7))

b 1 b
v [ ool Fl g ol Gilass [od Gl ame @

1 b—7 b—1
+ é/aT ¢22’5G%}5 ds + { o ¢Z}5+T'F}S ds (21)
b—1 b—7
+ [f ¢Z}s+7 ) Gl}s 6W1(88 + gbzx}sJﬂ' ’ G%’s ds (22)
b—7 S+T S+T
b eal el ([ DF| s / DG, dWi(r)) ds (28)
a—T 0 0
b—7

+ oocl,,. G1}5</OSDSF}Tdr+/OSDSG1]r dWl(r)> ds } (24)

a—

The terms appearing in (20) are those present in the Ité-formula for an SODE.
If the lower bound a — 7 of some of the integrals is less than 0 then it is to be
replaced by 0. In the second order terms D, denotes the Malliavin derivative
(see e.g. [37]). The framed integral in (22) is a Skorokhod integral due to the
term X (s + 7) in the integrand. All terms in curly brackets are derived from the
framed sum in (56) in Appendix B.

In the heuristic exposition in Appendix B we indicate the main steps in the
derivation of the Ito-formula above. The mathematically rigorous derivation can
be found in the fundamental work [22].

We introduce operators Ag, Ay, Aj, Ag and Ay, applied to a function ¢(¢, x, 2)
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by
Mob = G4 OF+36.G7,  Mo=0.G, (2)
Niol, = 0ul, Fl, + g0nl G+ oul, G, (20)
Asel, = o, Gl (27)
Mdl, = oul 6l ([ D ars [ D6 awe)
+éul,. G}s</0 DSF}rerr/O DSG}rdW(r)>. (28)

We denote multiple Wiener integrals and the Skorokhod integral by

—T;

b—71 51—T2 5j_1—Tj

g = [ [ [ el ) aw (s, @9
a—T1 a—To a
b—1

SHT(g) = | dWi(s), (30)

a—

where r; € {0,1,...,m} and dWy(s) = ds. If ¢ = 1 we omit the argument
(¢). Using the operators and the notation introduced above we can write the
[to-formula as

66, X (8), X (b= 7)) = 6(a, X(a), X(a = 7)) (31)
I (N00) + I (M0) + IT(AG0) + ST (Ase) + 15T (M),

Applying the Ito-formula (31) with ¢ taken as the drift coefficient F' and the
diffusion coefficient G and s € [t;—j, t—j+1], J = 1,2, yields

F(s,X(s), X(s = 7)) = Flto—j, X(to_;), X (te_j — 7)) + I (Ao F)

4+ LN FY 4 I T (ALF) + ST (A F) + I (A F),  (32)
Gi(s, X (8), X (s = 7)) = Gulte—j, X (te—y), X (te—; — 7)) + I (Mo Gy)

+ L7 (A GY) + 1T (ALGY) + ST (AsG) + Iy (A Gh). (33)

Over each interval [t,_o, ;] we evaluate the drift function F in (19) three times,
at ty_o, t,_1 and t,. We now trace back the values of the drift coefficient at t,_;
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and t, to the point ¢,_ and obtain

F(toy, X(t1), X (tr1 — 7)) = F(to—z, X (te—2), X (t_g — 7)) 4+ Il (A F)
_'_11547271‘%71;0(]\117) + 15572,15@71;7([\61;) + 511557271‘/[71;7(‘/\517) + [52727tl71;T(AMF>’ (34)

Fte, X(t0), X (tg — 7)) = F(tr—9, X (to—2), X (tg—g — 7)) + IO (A F)

+ 1?72’2&[71;0([\1]7) + [ézfmtzfl;T(AgF) + Sizfz,teA;T(ASF) + [ézfg,tzfur(AMF)
+ ISZA,W;O(AOF) + Ifzfl,tz;O(AlF) + [élil’tl;T(AgF) + Si£717t2;T(ASF>
+ LVET(AF). (35)

Further, the SDDE (18) implies the identities

X(te—1) — X(te—s) :/F(s, X(s),X(s—17))ds —|—/Gl(s,X(s), X(s—1)) dWi(s)

= RF(teg, X(tra), X(te_g — 7)) + Loy > W0 (AF) + L1520 (A F)

+ LG TN AGE) 4 Iy (S T (AS ) 4 T T T (A F)

+ Gi(te—a, X (te—s), X (to_g — 7)) T2 4 [P0 (A0 4+ 11200 (A ()
+ LT ATG) + LTS T (AGG) + T T T (A Gh) (36)

and, using additionally (34),

X(t) — X(to1) :/Z Fls, X(s), X (s — 7)) ds+/l (s, X (s), X (5 — 7)) dWWi(s)

te—1 te—1

= h{F(tra, X(tr2), X(tr_g — 7)) + L " O (AGF) + I 2" V(AL F)
Iée—QytZ—l;T(AgF) + Si[_QM_l;T(ASF) + ISZ—zytZ—uT(AMF)}

Lo N (A F) + I (AL F)

Lo MO AGE) + Iy (ST (A F)) 4 I T (A F)

Gi(te—1, X (te—1), X (te—1 — 7))L + I 00 (AgGh) + L0 (M GY)
I ARG + L (ST (ASGh)) + T (A Gh) (37)

+ o+ + o+ o+

4.2 Consistency conditions

To analyse the local error L, of the scheme (19) for the SDDE (18) and to achieve a
suitable representation (10) we want to derive appropriate Ito-Taylor expansions,
where we take special care to separate the multiple stochastic integrals over the
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different subintervals of integration. For the SDDE (18) we have the following
result.

Lemma 4.1 Assume that the coefficients F' and Gy of the SDDE (18) belong
to the class CY2% with AoF, NoG1, A\ F, AM\G1, AJF, AjG1, AsF, AsGy1, Ay F and
Ay G € CE. Then the local error (8) of the stochastic 2-step scheme (19) allows
the representation

Li= R4S, 485, ,, (=2...N, (38)
where Ry, S5,,j = 1,2 are Fy,-measurable with E(S | F, ) = 0 and
2 2 ~
Ry = | 05| X(te2) + |20+ a1 =3 B[ AP (2, X (t-2), X (te 5 —7))+ 2,
" j=0 =0

L= | — ’71] Gi(ter, X (te—1), X (te—y — 7)) ;" + 57,

501 = |(o+a1) — 72} Gi(te—a, X (te—2), X (te—y — 7)) ;""" + §§,e_1

with B B B
IR |, = O(h?), IS ille, = O(R), |55, 1], = O(h). (39)

Corollary 4.2 Let the coefficients F' and Gy of the SDDE (18) satisfy the as-
sumptions of Lemma 4.1 and suppose they are Lipschitz continuous in the sense
of (14) and (15), respectively. Let the coefficients of the stochastic linear two-
step Maruyama scheme (19) satisfy Dahlquist’s root condition and the consistency
conditions

N

2
Zoéj =0, 20{04-041:26]'7 Q) =", Qo+ Q=72 (40)
j=0 J=0

Then the global error of the scheme (19) applied to (18) allows the expansion

_ — 1/2 _
ma X (t) = ¥ (t0) 22 = O(h2) + Ofmasx X (te) = ¥ (t0) 1)

Proof:  (of Corollary 4.2) By Lemma 4.1 we have the representation (38) for
the local error. Applying the consistency conditions (40) yields

o __ Do o Qo 1) o o o
Rﬁ - Rﬁ’ 1,0 — 21,00 527£_1 = Sg’g_l, (= 2, ceey N.

As the scheme (19) satisfies Dahlquist’s root condition, it is numerically stable
in the mean-square sense. Now the assertion follows from the estimates (39) by
means of the stability inequality (12).
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Proof: (of Lemma 4.1) To derive a representation of the local error in the form

(38) we evaluate and resume the deterministic parts at the point (X (t,—2),ts—2)

and separate the stochastic terms carefully over the different subintervals [t;_o, ;1]
and [t;_1,t,. This ensures the independence of the random variables. It does

make the calculations more messy, though. By rewriting

Zan(tE—j) = ao (X (t) =X (te—1))+(ootor) (X (t—1)— X (tr—2) Z% (te—2)

J=0 J=0

we can express the local error (8) as

Lg = (X(tg) — X(tgfl)) + (Oéo + 061)(X(tg,1) — X(tgfg)) + Z OéjX(tg,Q)

Jj=0

—hz@ (tross Xt )), Xty — )
_ Z /YJ Gl(tf—j, X(tﬁ—j); X(tg_] _ 7—)) Iié_j’te—j-kl'

Inserting the expansions (36), (37), (34) and (35) into the local error formula and
reordering the terms, yields

2 2
[ZO&J tg 2 [2&0 + o) — Zﬁj]hF(tg_g,X(tg_g),X(tg_g —7')) —f—é;
j=0

Jj=

|:O[O '71] G1 tg 1,X(t€_1)7X(t£_1 . 7_)) Ite 1,t¢;0 —f-S
|: Qg + Oél '72] Gl(tg 2, X(tg_g),X(té_2 _ T)) Ifz-z,tz—uO + §§’£_1,

where
Ry = ao{hly" P (NoF) + Ig (M) + h I T (ADF)
oo TN AGF) + By (A ) + g T (A F) )
+ (a0 + an){Log () + Lo TTUAGF) + Lo (A F) }
= B {Ly T (MF) + Iy (A F) + Iy (AGE)
I (AGE) + I (A F) + I (A F)

— BTy (NGF) + Iy T (AGF) + I (A F) ), (41)
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o te—1,t¢;0,0 to_1,t0;0 , oto—1,8;T
e — Qo {Ilé TU(ME) + IOZ (S (AsF))

+ [821717)&[;070(/\06711) +{[f§71,tl;0,O(AlGl>]

LA G) + (1S (A G)) | I (A G) )

— h B {[ N (AF) + ST (ASF) Y (42)

o1 = hlao— B0 — BN F) + hag S22 (AgF)

+ (a0 + ) (Tl OO (A F) + I ST (A F))

T e [Ifi‘Q’“‘“O’O(AlGl)]

+ Iézi—z,te—lmo(AfOrGl) + {I?—z,tzq;O(Sie—Q,S;T(ASGl))] + Iézzl—Qyté—l;T,O(AMGl)}

= h(Bo + ) Sy (AsF). (43)

The estimates (39) are derived by means of Lemmata 2.1 and 2.2 in [34], applied
to the integrals containing the operators Ag and A;. The main ingredients in the
proofs of those Lemmata are the Holder inequality and the It6 isometry. With
obvious modifications these Lemmata can be adapted to estimate the integrals
containing the operator Aj. Combining these modifications and similar computa-
tions as in Lemma 5.1 in [22] yield the estimates for the integrals containing the
operator Ay;. In particular one obtains bounds on the integrand by applying the
chain rule for weak derivatives ([37, Prop. 1.2.2]) and Propositions 3.1 and 3.3 in
[22], which provide estimates on weak derivatives of the solution of (18). For the
estimates of the Skorokhod integrals we proceed similarly, additionally using the
formula for the covariance between two Skorokhod integrals ([37, Section 1.3.1]).
The framed terms in (42) and (43) determine the order O(h).

Remark 4.3 Corollary 4.2 holds, in particular, for the ©-Maruyama method,
which is of the form (19) with k=1, ag =1, oy = -1, fp =0, /1 =1—0 and
Y1 = Oy = 1.

A  Proof of Theorem 3.2

Proof: Necessity: This part can be proved as in the deterministic case,
i. e.  we take the equation X'(t) = 0, then F' and G satisfy obviously (14)
and (15). We then follow in principle the proof of [16, Thm.6.3.3].

Sufficiency: Since the SLMM (5) contains the stochastic part related to the
diffusion GG, we can not rely on the theory of difference equations and the rep-
resentations of their solutions. Instead, we will follow the route of rewriting the
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k-step recurrence equation as a one-step recurrence equation in a higher dimen-
sional space (see e.g. [19, Chap.II1.4],[42, Chap.8.2.1]). The proof follows the
proofs of Theorem 3.2 in [9] and Theorem 3.1 in [44].

For Y (t;) and Y (t;) being the solutions of (5) and (9), respectively, let the n-
dimensional vector E, be defined as the difference Y (t,) — Y (t,). We have with
Eo,...,Ex1 € L,(Q,R") for £ =k, ..., N, the recursion

k k k
Ey = _Z o Epj+h Z B; AF,_;+ Z v AG_; I"*==+1 —D,, (44)

j=1 §=0 j=1
=:Agt ZX@DK
where -
AFy = Pty {Y,}) = Fltey (V).

AGr; = Gltey (Yi )~ Gl (Vi }):

We rearrange this k-step recursion in the space L,(€2, R™) to a one-step recursion
in L,(Q, R¥™). Together with the trivial identities Fy_y = Ey_1, ... Ep_gy1 =
Ey ;11 and using the n-dimensional unit matrix I,, and the & x k-matrix A with

_al ...... —ak
1 0
1 0
we obtain

E, —opdy e —oydy, Ep At Ay’ -D,
Effl [n O E272 O O O
: - S : +h : - : - :
By I, 0 Ep_y 0 0 0
:?,ge = .A;rA(X)In ::2;_1 ::X‘I)e ::X\I/e ::‘/,D[

or, in compact form
E=AE 1 +h AP+ AV, +D,, L=k,...,N

and & 1 = (—Dy_1,—Dy_2,...,—Dy)", where & € L,(Q,RF>*"), ¢ =k—1,...,N.
The vector £,_1 consists of the perturbations to the initial values. We now trace
back the recursion in &, to the initial vector &_;. For £ = k,..., N we have
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E = AE 1 +hAD, + AV, + D,
= .A(.A Ero+h AP, + AV, + Dg,l) +hA®, + AV, +D,
A& o+ h(AD, + AAD,_,) + (AT, + AAT,_,) + (Dy + AD,_4)

= AMg 1+hZAqu}g Z+ZA2A\IQ Z+ZA Dy

=0 =0

= ACFE +hZA’f iAD, +ZAZ AT, +ZAZ ip, .

i=k i=k

Due to the assumption that Dahlquist’s root condition is satisfied and standard
arguments (see e.g. [19, Chap.I11.4,Lemma 4.4] or [24, Lemmas B.3,B.10] there
exists a vector norm |.|, on R¥*™ with a subordinate matrix norm ||.||, such that
in this norm we have || A, = [|[A®1,||« < 1. Further, due to the norm equivalence
on finite-dimensional spaces there are constants ¢, ca > 0 such that

alXP < |XP < eolX]E VX e RM

where  |X[P = Z§=1 |z;[P, for X = (27,...,2f)" and |.| denotes the Euclidean
norm on R™ . In the case of a vector of the form X = (27,0, ...,0)T the expression
|X'[P obviously reduces to |z|P.

In the remainder of the proof all constants are properly chosen to fulfill the
inequalities.

We now apply |.|? to estimate |£|? and, later, max E (|€,]7) and E ( max, 1E,17).
We start with ! !

&P < 4P~ 1{\% kilg, |p+\ZAf N \p+|z,4’f iAWY, \p+|z,4’f ip, \p}.

1) L=k L=k |

-~ -~

2) 3) 1

(45)
For the term labelled 1) we have for { =k,..., N

JATFHE 42 < (&P (46)
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For the term labelled 2) we have

)4 )4 4
WY CATIAD P < hP(0— K4+ 1)) CJATIAD P < BPNPTEY DA

i=k i=k i=k

TP TP L k

< —CzZ\MI” < e (D)7 1B (AR
i=k i=k j=0
< k+1p]§:§3U3P(L > IE )"
= N J F 1—j—Mg-Nr
i=k j=0 q=1

ks

< e (k1P QT N Z|E@ -~
i=k 7=0

To deal with the implicit term |5y|?|E¢|P we need to take it out of the above triple
sum. Obviously this term is not present for explicit methods. The implicit term
occurs exactly once for ¢ = £ in the outer sum and j = 0 in the middle sum and
¢ = 1 in the inner sum. When ¢ = ¢, we can shift the indices, such that all other
terms (other than |Gy|?|E,|P ) can be subsumed into terms with ¢ < ¢. Further,
with M* = max(M,, ..., Mg), for every index ¢ = k,...,¢ — 1 in the outer sum
there can occur terms |E;|P with the index j between i—k—M* N, and i . However,
every |E;|P with ¢ < ¢ occurs only a finite number of times, at maximum say M ¢
times. The indices emphasise that this number only depends on k£ and ), not on
the step-size h. With ¢ := max;j—o__x |3;|? and Cy := T? ¢y (k+1)P~1 LE, QP! we

.....

then have
/—1
hp|ZA€ M|p<—01{wo\p\Ee|p+chm X IEr
i=k —M*N,
1 k—1 /—1
- Ledmriap e $ |Diwp+Zszwp)}
i=— M*N- i=k
1 |ﬁo| k—1 1 -1
< —c{ ENP + s M D, P 5?}. A7
s y& Ee|? + 5 My ¢§N||+61;|| (47)

After inserting this and the estimate (46) into inequality (45) we subtract the
term containing |&£|? from both sides. If necessary we choose a bound h° on the
step-size such that for all h < h°, or rather & < h° , we have

1
4p 10 |ﬁ0| -
N C1 2
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Multiplying by 2 we obtain a new inequality for |E[?:

k—1 /-1
1 1
&b < 2-4p-1{|6k1\£+ﬁclcﬁMk,Q< > |Di\”+c—Z\&\€>
. 17
i=—M*N, i=k
V4 V4
I3 ATAT Y AT } (48)
\z‘:k i=k ,
3 1

We will now treat the term labelled 3). For that purpose we introduce the
notation AV, ; := ((y; AG; I'"+)T0,...,0)T. Using this we can write

k k
AT, = (Y 5 AG; Il o, 0)T =) AT,
j=1

j=1

We now reorder the last term above such that we have a sum of terms where each
term contains all multiple Wiener integrals over just one subinterval. For this,
we subsume under M;, i =0,...,¢ — 1 all terms of the form A”AW;,. Then

L -1
Y ATAY =Y "M, (49)
i=k v=0

and every M; consists of maximally k terms, e.g. for i = ¢ — k one has
My g =A"AVy g+ APAY, g+ A+ ATIAT

For i > ¢ — k and i < k — 1 there are even less terms. For the convenience
of notation we set AVU,; =: 0 for the terms that do not occur. Using Hoélder’s
inequality and ||.A]|. = 1 we can estimate

k k
M < R AT < R ) AT

j=1 j=1

Every AW;;_;is F,_,, -measurable and E(AW;;_;|F;, ) = 0. Thus every M; is
Fi,.,-measurable and E(M;|F;,) = 0, for i = 0,...,¢ — 1. We now observe that
the discrete parameter process { M, := ngt M, Fi, }, is a martingale and has

v=

finite p-th order moments. The Burkholder-Davis-Gundy inequality (cf. e.g. [45,
VIL.3] or [30, 1.1.7]) then yields the following estimate

i (-1 -1
2% 51 A
B, 12 Me) < BECQ M < Byt 5 BIME

for ¢ =1,..., N and with some universal constant B,. We thus obtain
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2 p—1 {
E(J:nax ‘ZA/Z%\I:ZQ):E(MI&&XZ\ M,[2) < E( max > MP)
7777 i=k Y v=0 e v=0
-1 -1k
< BUEP Y EIME < BylE R ey > ) CEIATP
=0 =0 j=1
-1k
= Bp fg_l k’p_l Co Z E |’y] AGZ Iti’ti+1|p
i=0 j=1
-1
= Bl 'k e, E|AG; ['t+|p (with ¢, == Z|%|p
=0
-1
< By li 'k ey e, Y E|AG|P E|Gt P
i=0
-1 Q p
< B2 ' K eye LB Y R <Z|Y(tiMq.NT) —?(tiMq_NT)|> E |[toti+|P
i=0 q=1
-1 Q
S Bpgg_l k?p_l Ca Cy L%Qp_lzZE|Y(ti—Mq~NT) —?(ti_Mq.NT”pE|Iti’ti+1|p
=0 ¢g=1
1 -1 Q
< By (R ey ¢y Lg; Qp_lm%(]@)ghg ZE|Ei—Mq-NT|p
i=0 g=1
-1 Q
= gh Eith2ZZE|EZ M- N-,—‘p
=0 g=1
N Q 1 -1 Q
< T2 1N02 ZE|EZ MNP = NC:s ZZE|Ei—Mq-NT|p-
=0 ¢g=1 =0 ¢=1

Again, with M* = max(Ma, ..., Mgy), for every index i = 0,...,¢ — 1 there can
occur terms E|E;|P with the index j between ¢ — M* - N, and i. However, every
E|E;|P with i < ¢ occurs only a finite number of times, at maximum say again
M, o times. We then have

(-1
1
E ( max |ZA€ 'AVi[L) < 5 Cs Mg > EIEP)
""" i=k i=—M*-N

k-1

-1
1 1
< —O3M, E|D;|P + — E&P | .
< youme( 3 morelSeer). o

=—M*-N,
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-----

.....

k-1
1 v—i
+N(Clcﬁ + C5) My o ( Z E|D;|P + ZE|5 ‘P> +E max |ZA D, |p}

——Mm*N, Y ) T

k=1
We have |Ep_1]? < Cl|5k 1h = ;) |D;|P. Thus (51) becomes
k-1
E max |62 <247 1{ZE|D P(+ oy (Cacs + Cs) Meg)
..... =0
] -1
+ N(ClCﬁ"—Cg) Mo ( Z E|D;|? + ZE|5 \p> +E max |ZA” 'D; \p}
——M*N-
< - 4P~ 1{ZE|D |p +—(0105+03) MkQ)
+1(C + C3) My | M* N, sup E|D(s) ZE\SV’
v (16 3) Mk,Q sup
v—i P
+E ma |3 4D
k—1
< Cy) EID; |p—|—C’5supE|D( [P +2-477'E max |ZA” D,
i=0 o= 1=k
=
+NCG;E max [€,[7

with properly chosen constants Cy, C5, Cs. We now apply Lemma 2.4 with a, :=
0, £ =1,...,k—1 and a; := E max |5| ¢ = k,...,N, and obtain the

-----

intermediate result

k—1

.....

=0

< & P P v=ip.p
_S{i max E|D;|? +supE|D(s)|”P + E _max |ZA D|} (52)

----- sedJ yeees i
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It remains to deal with the term labelled 4) (in (48)), i.e. the perturbations D;
in D;. We decompose D;, and, analogously, D; into

k k
D;=R;+S5; =R, + Z Sj,ifjJrla Di=Ri+8Si =R+ Z Sjvi*jJrl’
j=1 J=1

where Sj;_ ;41 is Fy,_,,,-measurable with E(S;;_j1|F,_;) =0 fori =Fk,...,N
and j = 1,..., k. Proceeding in the same way as in (49) we subsume under M,
all the terms of the form A”S;; occuring in 4.). Then we have

d ATD; = EV: M; + Z AR, (53)
=1 i=k

i=k

and {>_, M;, Fi, }4Lo is a martingale and has finite p-th order moments. For the
martingale part of (53) we apply again the Burkholder-Davis-Gundy inequality
(cf. e.g. [45, VIL3] or [30, 1.1.7]) and obtain

v N N
. - ap - -
B max |2 M) = ByE(Q INGE)® < B NE7 5 BINGE
N k
< BNIUY WY B
i=1 j=1
N k
< BpNgilkpilc2ZZE‘Sj7i|p
i=1 j=1
N k
= B,N: 'Ky ) B[Sl
i=k  j=1
N
< BN 'R oG, ) RIS
i=k
N
= C7Ngile‘Si‘p
i=k
< ;N2 max E|S|P.
i=k,....N

For the other part of (53) we obtain

v N N
voip P <& p—1 v=iqe |p — NP1 |P
Eﬁ%\;,ﬁt R, < N EZ;«‘A Ril? =N E@RZ\*

A
=
=
Is
oY)
i
B



MULTI-STEP METHODS FOR SDDES 23

Together, this yields

E max |ZA” DiP = E max |ZM +ZA” "Ry|P

i=k

..........

..........

P < Q P P v—iqy |P
E max [&[0 < s{ _max E|Dif* +supE|D(s)| + E_max |ZA D\}

----- =0,....k— seJ FERED)

i=k
< S*{ max E|D;|” +supE|D(s)|?
=0,....k—1 seJ
LT
+27 {(77h—2 max E\S\p—i—cz—E max \R\p}}
2 1=Ky v I =R,

Finally, we estimate |E,|? < |, [P and take the p-th root to obtain the final esti-
mate

=1,..,

(kN [1Sellz
< Di(s D A L }. 4
< Sp{ sup ID)la, + sy IDale, + — =5+ max Srpe (54)

We have now proved the validity of the stronger stability inequality (13). The
proof of the weaker estimate (12) is similar.

B Heuristic justification of the Ito-formula

With heuristic we mean, that we omit all details concerning modes of convergence,
conditions on the appearing functions and proofs. We refer to the major work
[22] for these details. Here, within the limitations of this paper, we would like to
explain the terms appearing in the It6-formula in the lines (21) to (24).

Take a partition of the interval [to, t] as {to,t1,...,tn}, With tg <t; < ... <ty =
t and set Aty =ty —ty1, tn = tp1 + 0nltn —ta_1), 0 € (0,1), AX(t,) =
X(tn) = X(tn1) and X (t,) = X (ta-1) + 70, (X (tn) = X(ta-1)), 9 € (0,1), 7
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random. We continue to use the abbreviation gb} to indicate the evaluation of

a function ¢ at s. If we evaluate at an intermediate value T, X (t,), we write
o(t, ., . ’t e o(, X ’t or = ¢(.,., X, }t - We then apply the deterministic
Taylor—formula to

o(t, X(t), X (L — 7)) — d(to, X (to), X (to — 7))

N

=D 0], = Stn1, X(t), X (b — 7)) + Otn-1, X (tn), X(tn — 7)) = 6|,

n=1

:Z )], A, +Z¢x AX(t +Z Saa(5 XS, (AX(t,))* (55)

2

Qﬁ@z(.,.,)?Tntn_l(AX(tn—T>>2+ > i, AX(ta=7)|  (50)

N
+ Z %%z(-, X, X,) (AX (t,))(AX (t, — 7)) + higher order terms’. (57)

The terms in (55) are those appearing in the Taylor expansion for the non-delay
[t6 formula and they will converge to (20). The second order terms in (56) and
(57) will converge to the first integral in (21) and to 0, respectively.

For the framed term in (56) we have

N n—T tn—T
Sl axt-n = ol [ rlas [T v}
n=1 tp—1—7 t

n—1—T

N
tn— t— .
Now Zl (bz}tn_l { tn_lir F}S ds} converges to tOfT qﬁZ’HTF}S ds, the first inte-
n—=

gral within the curly brackets in (21).
The ‘obvious’ limit of the second term Would be qﬁz ’s +TG} dW (s) , however,

then the integrand ¢, (s + 7, X(s +7), X G}S is not adapted to the filtration
generated by the Wiener process on the interval [tn—1—T,t,—7], thus the integral

ti”_:; qﬁz}s e }s dW (s) would be a non-anticipating integral and not longer an
Ito integral. At this point the application of the Malliavin calculus becomes
necessary. The idea developed in [22] is to use a property of the Skorohod integral,
i.e., a formula for the Skorohod integral of a process multiplied by a random
variable ([38, Thm. 3.2], [37, Eq. 1.49 in Chapterl]) and an application of this

formula yields

tn—T tn—T

O:l,, / G|, aw(s) = / Gl, ¢:l,,_, AW (s) + 7TDS<¢Z}tn_1>G!sds.

tn—1—T tn—1—T tn—1—T
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With the chain rule for weak derivatives ([37, Prop. 1.2.2]) one obtains
Ds(¢2’tn_1> = Qﬁzx’tn_leX(tnfl) + Qﬁzz’tn_leX(tnfl - T)

where the Malliavin derivative of X is given by
DX(t) =G|, 11{5<t}+/DFy dr+/DGy dW (r

Summarizing the last three formulas, we arrive at

N tn—T N fn T
o], G| dW (s . G, dW(s)
ol [ alaves - 3f [ el alave

T n=l -7
z . .
tn—T tn—T
" / 0zal, Mozt 1yG?, ds + / ¢z, Mot -G, ds
bn—1—7 a7 )
2) 3)
tn—T tn—T
+ / Gz, /DF} dr G| ds+ /@x /DG] dW(r) G|, ds
tn—1—T7 tn_1—T
tn—T tn—1—T tn—T tn—1—7
+ / Gual, / D,F| drG| ds+ /qbzz /D G| dW(r) G|, ds}.
tn—1—T 0 tn 1—T
) 6) ’ 7) ’

The sum of integrals denoted by 1) converges to the framed Skorokhod integral
n (22), the term 2) converges to the second integral in (22). The term 3) is equal
to 0. The sums of the terms 4) and 5) converge to (23), those in 6) and 7) to
(24).
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