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Abstract Random ordinary differential equations (RODEs) are ordinary differential
equations which contain a stochastic process in their vector fields. They can be ana-
lyzed pathwise using deterministic calculus, but since the driving stochastic process
is usually only Holder continuous in time, the vector field is not differentiable in the
time variable. Traditional numerical schemes for ordinary differential equations thus
do not achieve their usual order of convergence when applied to RODEs. Neverthe-
less, deterministic calculus can still be used to derive higher order numerical schemes
for RODEs by means of a new kind of integral Taylor expansion. The theory is devel-
oped systematically here, applied to illustrative examples involving Brownian motion
and fractional Brownian motion as the driving processes and compared with other nu-
merical schemes for RODEs in the literature.
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1 Introduction

Taylor expansions are a very basic tool in numerical analysis and other areas of math-
ematics which require approximations. In particular, they allow us to derive one step
numerical schemes for ordinary differential equations (ODEs) of arbitrary high order,
although in practice such Taylor schemes are rarely implemented but are used instead
as a theoretical comparison for determining the convergence orders of other schemes
that have been derived by more heuristic methods. On the other hand, in view of the
less robust nature of the Ito stochastic integral, stochastic Taylor schemes are the es-
sential starting point for the derivation of consistent higher order numerics schemes
for stochastic differential equations (SDEs). Other types of schemes for SDEs, such
as derivative-free schemes, are then obtained by modifying the corresponding sto-
chastic Taylor schemes, see e.g. Kloeden and Platen [14].

Random ordinary differential equations (RODEs), which are ordinary differential
equations containing a stochastic process in their vector field functions, have been
used for many years in a wide range of applications, see e.g. [1, 2, 16, 17] and the
papers cited therein. They are also very useful for investigating pathwise properties
of SDEs since, by the results of Doss and Sussmann and their generalizations, see
e.g. [9, 19], every SDE can be transformed into a RODE and vice versa. In particu-
lar, RODEs are nonautonomous ODEs to which deterministic calculus can be applied
pathwise. Typically, however, the driving stochastic process has at most Holder con-
tinuous sample paths, so the solutions sample paths are certainly continuously dif-
ferentiable but with the derivative sample paths being at most Holder continuous in
time. Equivalently, the resulting vector field after insertion of the driving stochastic
process is at most Holder continuous in time, no matter how smooth the vector field
is in its original variables. Consequently, although classical numerical schemes for
ODEs can be used pathwise for RODEs, they rarely attain their traditional order.

Griine and Kloeden [8] showed how averaging schemes can be used to regain the
traditional order for RODEs with a special nonlinear affine structure, i.e. affine in the
noise and possibly nonlinear in the state variables. (See [7] for a generalization of
this idea to numerical schemes for affine nonlinear control systems.) More recently,
Jentzen and Kloeden [12] (see also [11]) used an integral equation expansions to de-
rive numerical schemes of arbitrary high order for general RODEs, but these integrals
equations were of an implicit nature and the schemes obtained often contained more
terms than were needed for the required order.

In this paper we generalize the Wagner-Platen multi-index notation that was used
in [14] to formulate succinctly Taylor expansions and Taylor schemes for SDEs. The
main difference is that matrix valued multi-indices are required to handle the possibly
different Holder exponents of the different components of the driving noise processes.
As in the SDE case the coefficient functions are obtained by iterated application of
differential operators to the vector field of the RODE, but instead of iterated integrals
of the components of the noise processes single integrals of suitable powers of incre-
ments of them are used. This approach is simpler and more direct than that in [12] as
well as more amenable to further development.

The paper is structured as follows. A brief introduction to RODEs is given in
Sect. 2. In Sect. 3 background material is presented and the notation needed for for-
mulating integral Taylor expansions for RODE:s is developed, specifically, the types
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of driving noise processes, matrix-valued multi-indices, iterated integrals as well it-
erated total differential operators. The basic idea underlying integral Taylor expan-
sions for RODE:s is then sketched in Sect. 4. General Taylor schemes for RODEs
are defined in Sect. 5, where the essential RODE-Taylor schemes which involve the
minimal number of terms needed for a desired order are also considered. Various ex-
amples of RODE-Taylor schemes for Brownian and fractional Brownian motion are
presented in Sects. 6 and 7 some other numerical schemes for RODESs from the litera-
ture are recalled. Numerical simulations for two test examples are given in Sect. 9 af-
ter some remarks in Sect. 8 on approximating the integrals in the schemes by suitably
chosen Riemann sums. Most proofs are given in Sect. 10, in particular the proof of the
main theorem of the paper on the convergence order of the RODE-Taylor schemes.

2 Random ordinary differential equations

Let (£2, </, P) be a complete probability space an let (¢;);>0 be a R™-valued stochas-
tic process with continuous sample paths. In addition, let f : R” x R¢ — R? be a
continuous function.

A random ordinary differential equation (RODE) in R?, i.e.,

dx

Ezf(gl(w)vx)a (21)

is a nonautonomous ordinary differential equation (ODE)

dx
— =Fy(t, x) = f({(w), x) (2.2)

dt
for almost every realization w € §2. For convenience, we will assume that this holds
for all w € §2, by restricting §2 to a subset of full probability, if necessary.

Also for convenience, we will assume that f is infinitely often continuously dif-
ferentiable in its variables, although k-times continuously differentiable with k suffi-
ciently large would suffice. In particular, f is then locally Lipschitz in x, so the initial
value problem

X (@) = f (& (@), % (w)), xo(w) = Xo(w), 2.3)

where the initial value Xg is a R?-valued random variable, has a unique pathwise
solution x;(w) for every w € §2, which will be assumed to exist on the finite time
interval [0, 7] under consideration. Sufficient conditions that guarantee the existence
and uniqueness of such solutions can be found in [2], see also [1].

The solution of (2.3) is a stochastic process (x;);¢[0,7], Which is non-anticipative
if the driving process ¢, is non-anticipative. Its sample paths r — x;(w) are con-
tinuously differentiable but need not be further differentiable, since the vector field
F,(t, x) of the nonautonomous ODE (2.2) is usually only continuous but not differ-
entiable in 7, no matter how smooth the function f is in its variables.
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116 A. Jentzen, P.E. Kloeden

3 Preliminaries and notation

Let N be the set of natural numbers and let Ng denote the set of nonnegative integers.
We will use the norms

lvllh = lvi| + -+ v, ||v||2:\/m

for a vector v = (v, ..., v;) € R and for a function g : [0, T] — R we will use the
supremum norm

|gloo := sup [g(s)]
s€[0,T]

and the Holder norm

) lg(r) —g(s)l
gly :=1gloc + sup ———"—
rsefo,7] |r— sl

for n > 0 (where these exist). For a vector valued function g = (g1, ..., 7)) : [0, T] —
R! we use the supremum norm

gloo :=sup [lg(s)ll2
s€[0,T]

and we define the Holder norm

.= max il
|g|n i l,...,l|g]|nj
for a vector n = (n1, ..., m) € (0, 11..

3.1 Regularity of the driving stochastic process

We assume that the driving stochastic process ¢; = ({tl, ..., &™) has continuous sam-
ple paths, so the maximum can be used in the supremum norms |¢/ |, j =1, ..., m,
and |¢ |0, which are in fact random variables. The Holder norms [/, i j=1,...,m,

and |¢|, defined pathwise as above, are also random variables.

The following standing assumption about the Holder continuity of the driving sto-
chastic process will allow us to exploit better the different strengths Holder continuity
of the different component processes.

Assumption 3.1 There is a vector 6 = (61, ..., 6,,) € (0, 1]™ such that
¢y <00
holds pathwise for all 0 < n <0, i.e. withO < ny <01,...,0 <ny <Op.

Finally, let ¢ := min(0y, ..., 6, ) be the minimum of 0y, ..., 6,,.
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Pathwise Taylor schemes for random ordinary differential equations 117

3.2 Multi-index notation

We now introduce a multi-index notation that uses matrix-valued indices rather than
vector-valued indices as in Kloeden and Platen [14].

For a non empty set A and [, k € N we mean by Ak = (ADK the setof all I x k
matrices with entries in A respectively the set of all k-tuples of /-tuples of A, i.e.

APXK ::{((al,l,...,al,l),...,(ak,l,...,ak,l)) |ai,jEA,1§i§k,1§j§l}.

In particular, we consider m x i-matrices Ni' ' of nonnegative integers with i > 1.
We present an element & = (1, ..., ;) € NJ' ™' withoj = (e 1, ..., ) ,) € N for
j=1,...,ias
a1 . ;1
a=(og,...,0;) =
Ol]ﬁm . Oti,m
For such an « € Ni' ', we define i («) := i. In addition, we write Ng”o = Ng = {0},

where (J is the empty set symbol, which will be used to denote the “empty" index.
Finally, we denote the set of all such matrix-valued multi-indices by

o0 .
Gy = U N .
i=0

If @ € o7, \ {4}, s0oi(x) > 1, we define

al'=oa 1! ool !
and
la| :=oap 1+ toapm+ o+
Since o is an i x m-matrix for « € <7, with i(¢) > 1 and 6 = (64, ...,6,,) in

Assumption 3.1 is an m-dimensional vector, we have

ay,101 + -+ a1 mOn
alo = : GR';()

ai,lel +--- +05i,m9m
and
la®6ll =601+ +ai1)+ -+ O (@1 + -+ i)

Finally, for « = ¢} we define

i(9):=0, Pr=1, 9] :=0, 1976 :=o.
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118 A. Jentzen, P.E. Kloeden

3.3 Iterated integrals

We use the following abbreviations for iterated integrals.
For a function g : [0, 00) — R™ and for 0 <ty <59 < 0o we write

Agiy,50 = 8(s0) — g(to), Avy.s50 7= 50 — 10-
Given such a function and a matrix index o = (a1, ..., ;) € &, with i(a) =i > 1,
we define
m .
(Agfo,fo)ak = H(Agtjo,so)ak.] ., k=1,...,14,
j=1
where Ag;) 5o = (Agzlo,so’ ..., Agyy 5,) and which we will only use for the driving

stochastic process ¢; in iterated integrals, which we define pathwise by

S0 Si(a)—1 )
Ia,l‘(),SO = f .. f [(Agto,sl)al e (Agto,si(u))al(a)] dsi(a) .o dS]
) 1)

for i(a) > 1 and by I ;. 5, := 1. Obviously, Iy 4, s, s a random variable.
3.4 Function spaces

Let Zo = C®(R?,R?) be the vector space over R of smooth functions from R to
R and for i € N let .%; = C®°(R™* x R¢, R?) be the vector space over R of all
smooth functions from R”™>/ x RY to R¥. For example, the vector field f of the
RODE (2.1) is in .#7. Let

o
7 =) 7.
i=0
We will write the components of the variables (w, y) € R"*! x R? of a function in
Z; withi > 1 as

wi,1 wi 1 Yi
w=(wg,...,w)=| : s y=

Wim ... Wim Yd

For a matrix multi-index o € <, with i = i(a) > 1 and a function H € .%;, we
define the a-derivative of H with respect to w € R™** as

H‘XH = (awl,l )al'l e (8wl,m )al,m e (8wi,l )Oli,l o (8wi‘m)ai.m H

and we define 8’ H = H for H € .%,.
Obviously, 0% H € .%; when H € .%; forany i =i(@) > 0 and « € «7,.
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Pathwise Taylor schemes for random ordinary differential equations 119

3.5 Iterated differential operators

Let (x;)se[0,77 be the stochastic process, which is the pathwise solution of the initial
value problem (2.3) for the RODE (2.1) with the driving stochastic process (£;);>0-
We want to define iterated differential operators of functions of this solution process
and thus require appropriate total derivatives.

For i € Ny we define the linear differential operator L; : .%; — F;11 by

LiHwy,...,wiy1,y) =0y H(wi,..., w;,y) - f(wig1,y)

d x d-matrix vector in R4

for wy,...,wiy1 eR™, y € RY and H € %;. (For i =0, omit the wy, ..., w; vari-
ables.) The right side here is the product of a d x d-matrix and a d-dimensional
vector.

We have an analogue of the fundamental theorem of calculus for these differential
operators and functions in .%.

Lemma 3.1 Let H € %; for somei € Ngand 0 <ty <so < T. Then,
H(wi, ..., w;, X5(w))

50
=H(wi, ..., w;, X, (®)) —+—/ (LiH)(wy, ..., w;, & (w), x;(w))dt  (3.1)
fo

forall wy, ..., w; € R" and each w € §2. (For i =0, omit the w1, ..., w; variables.)

Proof Fix » € £2 and consider the function g : [0, T] — R¢ given by
g():=H(wi,...,w;,x (@), 1€[0,T],
which is continuously differentiable with the derivative

g =0,H(wi,...,wi,x(w)) - f(&(w), x(0))
= (LiH)(w1, ..., w;, { (@), X (@)).

The assertion thus follows by applying the fundamental theorem of calculus to the
function g. O

More generally, we define the differential operator L : # — .% by
LH:=L;H if He %, forsomei € Ny.

If H € .%; for some i € Ng, then L(H) € F;11 and L(L(H)) € F;;2, and so on. Thus,
we can iterate the L-operator:

Lk::LoLo-uoL:{%—)(%_i_k

k times
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120 A. Jentzen, P.E. Kloeden

as

L L L
TR T Ny T

4 Integral equation expansions

We will now derive an integral equation expansion of the solution of the RODE (2.3)
using iterated integrals and the above differential operators. This will be the key to
developing the RODE-Taylor schemes in the next section. The underlying idea is to
use Lemma 3.1 iteratively. A similar method has already been used in a number of
other contexts [7, 10, 14, 18].

Instead of a general H € %, we restrict attention to the identity function id :
R? — R, je.

id(y)=y forallyeR?.

This is obviously in %y, so we can apply Lemma 3.1 with H = id to obtain
50
Xso = Xt +/ (L ld) ({Sl’xsl) dS],
0]

which is just an integral version of the RODE (2.1) since Lid = Lyid = f.
Then, Lemma 3.1 applied to the integrand L id € .%#| over the interval [z, s1]
yields

51
(Lid) (s, x5,) = (Lid) (s, x1) +f (L2id) (Z5,+ sy Xs,) dsa
fo

Inserting this into the previous equation, we have

S0 50 S
to =t [ @) (Eox) dsit [ [0 (6 o) diads.
1 o Jiy

0

Iterating this idea, we obtain an integral equation expansion of the solution of the
RODE (2.3):

k K Sj—1 .
x~Y0:xf0+Z/t /t (Lfid)(fsl,...,g“sj,xto)dsj...dsl
j:l 0 0

50 Sk
+/ / (LXid) (Loyv e Coprys Xsinr) dSigt - dst,  (41)
fo fo

for each k € Ny. Here ty < sg and fg, so € [0, T'].
To illustrate this integral equation expansion above we give two examples of that
expansion. For k = 0 the integral equation expansion (4.1) reduces to

50
Xso = X1o +/ S (&5 x51) dst,
fo

@ Springer



Pathwise Taylor schemes for random ordinary differential equations 121

i.e., the original RODE (2.1), whereas for k =2 we have

S0 50 S1
-xS() = -xl() +f f(;&l ) -xl‘())dsl +/ / f)’(§31 ) xt())f(é-sza xto)dsz dS]
to o Jio
) 51 52
+/ / / Foy@orr %53) (f Gy X53)s f (L3 X53)) dszdisadsy
o Jio Jio

S0 pS1 LS
+ / / / oG ts) (fy oy xsy) (F Gy 5sy))) dszdsadsy. (42)
o 1o o

where f, and f, are abbreviations for the partial derivatives 9y f and 83 f. Note that
for example the expression

fy (§31 , xS3) (fy (Csza x53) (f(é‘sx , xs3)))

can be written as

d

d
DD 0y Gy Xy) - By, f Gy Xs)T - L Esgr X))V,

i=1 j=1

where [-]¥ for k € N denotes the projection to the k-th component.

5 RODE-Taylor schemes

The integral equation expansions (4.1) of the solution of the RODE (2.3) can be
simplified further by using the Assumption 3.1 that the driving stochastic process
(¢1)r>0 is Holder-continuous.

Since Liid : R™* x RY — R is in .%;, we can approximate it by a Taylor ex-
pansion in its first m x i variables. We will use these in the integral equation expan-
sion (4.1) to construct a temporally discretized approximation of the solution of the
RODE. The resulting numerical schemes will be called RODE-Taylor schemes.

We will use the abbreviation

1 ,
fo= o (B“L’("‘) id) S %(a)

for a matrix multi-index o € .47, and for a vector v = (vy, ..., v;) € R! for some ! € N
we denote by v** for k € N the [ x k matrix

vk =,... v)=
\—\,—/
k times v;po... V]
Moreover, we will consider specific subsets of matrix multi-indices of the form
) ={aedy i@+l <y +1},

where y > 0.
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122 A. Jentzen, P.E. Kloeden

For simplicity, we consider an equidistant partition (t )n=0,1,...,N, of [0, T] with
constant stepsize h € (0, 1], Nj, := ( 1, t,i’ :=nh for n =0, 1 .,N, — 1 and
t/’\l,h :=T. Here [a] for a real number a > 0 is the smallest positive number b e Ny
such thata < b. For y > 0 we define the function @, : R? x [0, T]1x [0, 1] x 2 — R?
by

G, (x,1,h,0) 1= Y falG(@),x0) a4 (©).
acd)

Finally, we define the y-RODE-Taylor scheme w-wise by

X1 @) =@y (X (@)1 Ay @), n=0,1... .Ny—1 (5.1

with the initial value Xg (w) = Xo(w) for each w € §2. The y-RODE-Taylor scheme
generates a discrete time stochastic process (X’,}),,:o,l,_“, ~,,- To facilitate error esti-

mates, we will extend it to a continuous time stochastic process ()E,h)te[o,r] which we
deﬁneby)"cfﬁ1 =X, forn=0,1,..., N, and

=@ (x th ) forte(t

hh ), n=0,1,..., Ny — 1.

i n,

The process ()Zlh),E[o,T] obviously has continuous sample paths and it is also non-
anticipative if the stochastic process ¢; is non-anticipative.

The following pathwise global discretization error estimate will be proved in
Sect. 10.

Theorem 5.1 (Discretization error of the RODE-Taylor schemes) Let y > 0 and let
e=(e1,...,em) €0, 11" with |le|ly =Y i~ & <. Then,

sup [l (@) — £ (@)ll2 < DS (o) - ATV
0<t<T

forall 0 < h < ho(w) and all w € §2 with the nonnegative random variables

Di = (i)™, o= (Dg) I A,

where
1 e
C; = Z () <|§|9—a/{%1) sup 1 fo w1 Wigeys Y 2s
a€dy\ Ay, ’ lwill2s.o lwi @) 1218 oo
i@=ly+1 I¥l12<1x oo
el <41
and

Ly= ), <2|c|oo)'“<sup sup ||ayfa<c,“'(“),y>||z).
{9}

<t<T —x/||<1
weadln 0I=T [Iy—x <
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Pathwise Taylor schemes for random ordinary differential equations 123

Suppose that the stochastic process ({;);>0, 6 = (01, ..., 6p) for {; and the desired
order y > 0 are given. Then ¢ € [0, 1]™ should be chosen so, that ||¢||; < y and that
fori =1,...,n we have &; =0iff [¢']g, < oco. In this case, we have Df, < 00.

5.1 The essential RODE-Taylor schemes

Although we defined the y-RODE-Taylor scheme for every y > 0 only some y > 0
are important. Consider the set

Y9 :=No+0No+- 4+ 0,No={k+ 0161+ + Ok, l1,....In € No}.
It is not hard to see that #j coincides with a sequence
O=p<yi<rp<--.

From Lemma 5.1 below we conclude that for y € (y;, yi+1] for some i € Ny the
y-RODE-Taylor scheme is the same as the y;41-RODE-Taylor scheme. Hence we
need only consider the y;-RODE-Taylor schemes for i € N.

Define

[yl1=1[ylo := min y;
YiZV
vi€Yh

for y > 0. Clearly, y <[y]and [y] € ¥.

Lemma 5.1 Let y, y > 0. Then

o =] ifandonlyif [y1=[7].
In particular, &} = " and b, =Dy .

Proof We can assume without loss of generality that y > y.
First we prove “«<” that direction. Of course, .<7,, C .27, . We will suppose that
there is an o € .47 \ <7, and obtain

y+1<i(@)+la?8]; <7 +1.
Obviously, i(¢) > 1, so

y <G —D+la”0l; <7,
€%

which implies that

1< (@@ —D+le’ol <7 <[71=1[y]
7

and we obtain a contradiction.
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124 A. Jentzen, P.E. Kloeden

Now we prove the “=" direction. We assume that [y] < [y]. Then there are
a,by, ..., b, €Ny such that

yf[y]:a+b191+"'+bm9m<[)7]

and, furthermore,

[yl<y =yl
Now define
a:((al,la~~'sa1,m)v--~7(ai,19'-'7ai,m))ENmXi
withi =a + 1 e Nand
ay,1 = by, aip=by, ..., oy, =by,
a1 =--=a2,=0, ..., o1=--=a;,;,=0.
Finally, we have
y+1< i@+l ol <y +1
—_—

=14a+b101++bybn=1+[y]

so « is in .27} but not in <7, , which is a contradiction. O

6 Examples of the RODE-Taylor schemes

We present three representative examples of the RODE-Taylor schemes. In particular,
given0 <ty <ty+h <T and yg € R?, we determine the function Dy, (y0, to, h) with
stepsize h € (0, 1] of the y-RODE-Taylor scheme for different y, 6, d and m.

6.1 Thecase:y =1.5,0=(3,3),d=m=2

Both the RODE and the driving stochastic process ¢; = (;,1, ;“12) are 2-dimensional. In

view of the choice of 9, the first component of the noise process could be a Brownian
motion and the second a fractional Brownian motion with Hurst Index H = %.

Since 6 = (%, %) we have
A representative choice is y = y5 = 1.5 with the multi-index set

- (1)2 9
o (3/4) 151}’

1
127

1 3 3 7
N _N _N = O _715 ) 7_725 )
0+2 o+4 0 { 1 1

N W
LN
N W

&1 W

szzl'sz {a e |i(a) +
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Pathwise Taylor schemes for random ordinary differential equations 125

=100 6)- ()06 9

For these multi-indices in %1‘5 we have

that is,

0L f(w, y)
fo(y) =y, f(,:)(w,y)zﬂ

’

; il
2 .
Fooyw.y) = > "y, fw, L (w, y)I
00 =1
and
1 " e Y a2 Va1 _"
(;)aoaotn — Jy to.t) A0/ Q) ototh T 2

Hence, the 1.5-RODE-Taylor scheme in this case is

to+h 1 to+h )
djl.S(yO»tOsh) :y0+hf+aw1f/ A{to,t dt+aw2f/ Aé‘t(),l dt
to 0]

to+h . 5 Bi..f 1o+h L2
+8w1,w2f/ A{to’,AC,O’ldl + T/ (Agto,t) dt
1o 0]

h2
+ (2 U1 + 0 S L) 6.1)

where the coefficient functions are evaluated at (¢, yo).
6.2 Thecase:y =3,0=(3),d=m=1

Here the RODE and the driving stochastic process ¢; are 1-dimensional and the noise
process could be a Brownian motion. We consider the Taylor scheme for y = y =
3.0e Ng + % Np. The multi-index set here is

o= {i(a>+%||a||1 < %}
that is
9, 0), (1), 2), 3), (), 5)
0,0),(1,0),(0,1,(1,1,(2,0),(0,2)
2,1),(1,2),(3,0),(0,3)

(0,0,0),(1,0,0), (0, 1,0), (0,0, 1)
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126 A. Jentzen, P.E. Kloeden

The 3.0-RODE-Taylor scheme in this case is thus
5
L 1 5
®30(00.10. D) =yo+hf + Y TS Liy T 5 Sh fuy f oo
i=1
1 1
thfwlon + fuyfolan + 5 fowyfleo + 55 fuwlo)

1 1 1
+ Efw,w,yfw Ioy + Efw,yfw,w I+ g(ai,fy)f 133,0)

l 3 I l 2 h3 l 2h3
+ 6fy(awf) 0,3) + 6fyf + 6fy,yf

+ (fw,yfyf + fw,y,yfz) 1(1,0,0) + (fyfw,yf + fy,yfwf) 1(0,1,0)

+ (f7 fu + Fyy ffw) T0.0.1) (6.2)
where fw, ..., wy, ...,y is just Bfu Bly‘f(g‘to, yo) and the integrals over the interval
—_—— ——
[ times k times

[to, to + h] are given by
t0+h .
I(,‘) :/ (Agto,l)l dt fori=1,...,6,
fo

to+h to+h ps
14,0 Z/ ALy 1 Ay, dt, Lo, 2/ / ALy s dtds,
1 fo fo

0

to+h K to+h )
Ian 2/ f ALy s ALy s dtds, 12,0 =/ (A1) Ay e dt,
fo fo Iy

to+h ps ) to+h s )
Lo =/ / (AL, ) dtds, 1(2,1)=[ / (Alyy,s) Al s dt ds,
7 to [{ fo

0 0

to+h K ) to+h ;
I =/ / Al s (Al ) dt ds, 13,0 =f (A&yy,1)” Ay 1 dit,
to to fo

2

fo
to+h ps to+h ps pt
Io,1,00 = /; / ALy 1 Agy,r dt ds, Io,0,1) = / / Alyy vdvdtds.
0 0] to ty Jio

6.3 The case: y =0.6,1.6,2.1,0 =(0.3),d=m=1

to+h ps 3 to+h 5
L0,3) 2/ / (A&sy,r) dtds, 1(1,0,0)2—/ A1 (Agy 1)" dt,
) )

In this scalar case we consider y = 0.6, y = 1.6 and y = 2.1. Since
No +61Nyp={0,0.3,0.6,09,1,1.2,1.3,1.5,1.6,1.8,1.9,2.0,2.1,2.2,2.3, .. .},
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we have y» = 0.6, y3 = 1.6 and y17 = 2.1. The multi-index sets are
20 =@, (0), (1)},
20 =11, (0), (1), (2), 3), (4), (5), (0,0), (1,0), (0, 1)}

and
#,(0), (1), (2), (3), (4), (5), (6)
42/12'1 =1(0,0),(1,0),(0,1),(1,1),(2,0),(0,2)
(3,0),(0,3),(2,1),(1,2),(0,0,0)
Therefore,

t
Do.6(yo, to, h) = yo + hf + fw/ Asy.udu
fo
is the 0.6-RODE-Taylor scheme,
5 2
1 h
P16(yo. f0,h) =yo+hf + Z F0wl o+ Sy F fwy Flao + fyfulon

i=1

for the 1.6-RODE-Taylor scheme, and
1 1
D51 (Yo, to, h) = @1.6(Yo, to, h) + 533,f L) + fw,ySw 1, + Efw,w,yf 12,0)

1 1 1

+ = Sww 02 + = fuwy folen + = fuy fwwla2
2 2 2
1.5 13 L op.3 1 2,3

t el a0+ g youflos+ i f o+ cfyyfoh

6.3)

for the 2.1-RODE-Taylor scheme.

7 Other numerical schemes for RODEs

For numerical comparison later, we recall briefly other numerical schemes for RODEs
from the literature. These are also one-step schemes so we just give their functions

@ (yo, to, h).
7.1 The local linearization scheme for RODEs

The local linearization method (LL) for RODEs was proposed by Carbonell et al. [3],
where its discretization error was analyzed. In our context the LL. scheme has the
form

Io

fo+h " m to+h N .
@11 (yo, to, h) = y0+/ efyto+h—1) dt'f—i_Z[ oyt 7I)A§t{),tdt'fwj
j=1770
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128 A. Jentzen, P.E. Kloeden

respectively
h m to+h .
@11 (y0.10.h) = yo + f et f+y" / el DAL dt - fu, (1.1)
0 — 1 J
j=1

if we omit the argument (&, x;,) of the functions fy, f and fy,; for j =1,...,m.

Note that fy (¢, Xg) is a d x d-matrix, s0 ! Co-¥1g) (0+h=1) ¢ the matrix exponential
function, and the f,, i (&1y» X1y) are vectors.

In [3] it was assumed that all of the components of the driving noise were of
the same type, i.e., 8 = (9, ..., ) € (0, 1], and that the vector field f was global
Lipschitz continuous in the state variable uniformly in the noise variables. Under
these assumptions, it was shown in [3] that the LL scheme converges with order 2.
It is thus comparable with a 2¢-RODE-Taylor scheme, which is given by

m to+h .
‘Pzﬂ(yo,fo,h)=y0+hf+2fw,-/ Agj) ,dt

j=t
when % < % and

to+h

m
i 1
P29 (y0, o, 1) =y0+hf+2fw,-/ Al pdr + Efyfh2

j=1 ‘o
when & > % In the second case, we obtain

to+

@200 t0 ) =30+ Y fuy [ AGhdr 3 ffh

j=I 0

hzf m to+h .
=Yo+ h'l—f—Ty f+wa,/ Aé}{),tdt
j=t "

0

to+h

1 = :
=yo+(fy~! <hfy + 5(hfy>2) F+2fu, f Aty dt
j=1 0

and therefore

to+h

@29 (yo. 0. h) ~ yo+ (fy) (" = 1) f + wa,-/ Ag i

j=t

h m to+h .
=yo+f0 ehdt - f+Z/ AL dt - fu,
j=1""

0
~ D1 (Yo, to, h),

if f, is invertible. The coefficients and integrals of the RODE-Taylor scheme are
easier to compute when the noise process is scalar or low dimensional and the state
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space dimensional is high (although they still require the same number of evaluations
of the driving stochastic process ¢;, see Sect. 8), since in the LL scheme (7.1) one
then has to calculate a large matrix exponential eJy (toth=1) for many t € [ty, to + h]
in approximations of the integrals

to+h i
/ e Wth=D ALl dr, j=1,....m.
0]

7.2 The averaged Euler scheme

Griine and Kloeden [8] introduced the averaged Euler scheme for RODEs with the
vector field f special separable structure (hence m =d + 1)

w1
fwr, ..., wg, wgp1,x) =1 | +wayr-Hx)
Wd

for a smooth function H : R? — R?. The averaged Euler scheme for such RODEs is
given by

1

to+h Ct

<DAE(yo,to,h)=YO+/ :

1o d

&

to+h
dt+H(yo)/ ¢t dr
fo

and has order 1. It is easy to see that the averaged Euler scheme is exactly the
1-RODE-Taylor scheme for these RODEs.

7.3 The numerical schemes in [12]

In [12] Jentzen and Kloeden introduced numerical schemes for RODEs that converge
with arbitrary high order. The schemes there are very similar to the RODE-Taylor
schemes in this paper. For example, in the situation d =m =1 and 6 = (%) the
schemes there are the RODE-Taylor schemes of order y = 0.5, 1, 1.5,2.0 and 2.5.
However, for higher order they contain not only the terms of the RODE-Taylor
schemes in this paper, but also more terms than are needed for the required order.
An example of that situation is y = 3.0. A tedious calculation gives the 3.0-scheme
of [12] as

fyyfuz) to+h s 2
D (yo, 10, h) = P3.0(y0, o, h) + = / (/ ALy du) ds,
fo 0]

where @30(y0, to, 7) is the 3.0-RODE-Taylor scheme of this paper (see Sect. 6.2).
The reason for this phenomenon is the recursive technique used in [12].

@ Springer



130 A. Jentzen, P.E. Kloeden

7.4 A random Euler scheme

In [13] Jentzen and Neuenkirch analyzed a numerical scheme for RODEs that con-
verges independent of ¢ with the order % to the exact solution of the RODE. This
scheme is called random Euler scheme there and is given by

D (y0, 10, h) =x0+h - f (Lig+Rh-X0) »

where R is a on [0, 1] uniform distributed random variable. Hence, not only the equa-
tion, but also the numerical scheme there is random. With this approach the stochastic
process (¢;);>0 may even be discontinuous, in particular processes with jumps are al-
lowed.

8 Approximation of the integrals

We recall that the y -RODE-Taylor scheme was defined by
¢}/ (x7 t, h) = Z fa (CtXi(a)a x) : I()(,T,l+h°
ac sy

To implement such a scheme, we have to approximate the integrals

50 Si@)—1 .
lo19,50 = / = / (Aé‘loysl)a] e (Agtoysim))al(u) dsi()-.-dsi
Io to

for appropriate time intervals [7g, so] C [0, T] and multi-indices « € ).

We will use Riemann sums because the sample paths of the driving stochastic
process ¢;(w) are only Holder continuous and not differentiable, so there are, in gen-
eral, no better quadrature formulas of higher order.

Write i =i(«) and let n € N. This natural number will be the discretization accu-
racy for the integrals. We approximate the above integrals as follows:

Lo 19,50 / / / Afto s1 . (Aé'to,s,-)ai) ds;...dsydsy

Z/to (Acy)" ((/m (ALy)” ds,) )ds1

A, in—l Ji-1—1
L8 (02 o
~(222) Tasus) ([ X (4

J1=1 Ji=1
= Qa,to,so,n
with equidistant evaluation points 7; = fo + ﬁA,O, s for j=0,1,...,n

Note that there are not more than m - i - n = O(n) calculation steps needed to
evaluate the expression Qy,s,s,,» With the following strategy:
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— Simulate one random realization of Ag,o,,j =l — &y for j=0,1,...,n.
— Calculate F; (k) = ZIEZI(AQ,O,TI.)“I' foreachk=0,...,n— 1.
— Calculate F;_1(k) = Z'}zl(Ag,O,fj)“i*‘ Fi(j—1)foreveryk=0,...,n—1.

Calculate F (k) = Z’;ZI(A{,OJJ.)“' Fr(j—1) foreveryk=0,...,n— 1.
. Aroso <
Finally Qu.1,50,n = (%)’ -Fi(n—1).

Of course, we can write

A i n—1ji1—1 Ji-1—1
10, .
Q=<T> X Y (@) (Ady ™).

J1=1jp=1 Ji=1

It can be shown that, if one chooses
y=llel
n(h,y)= ’7}1(1 msf)—‘

in the expressions Qg 1.50,n(h,y) for a small § with 0 < § < ¢, then the numerical
scheme

D, (x0, to, h) := Z S+ OQaty,t9+h,n(h,y)

acd)

also has the desired order y — |¢||; for any y > 0.

The number of evaluations of the stochastic process ¢; does not change for dif-
ferent RODE-Taylor schemes for the same accuracy. Why use a high order RODE-
Taylor scheme then? Larger step sizes can be used to achieve a given desired ac-
curacy, so fewer evaluations of the vector field f and its derivatives (but not fewer
evaluations of the stochastic process) are required. This is particularly advantageous
when the spatial dimension is high and the noise dimension is small (see [8]). If one
descretizes a parabolic partial differential equation, that is disturbed by a finite di-
mensional additive noise process, in space, than one ends up with a high dimensional
SDE respectively RODE but with low dimensional noise. See for example Grecksch
and Kloeden [6] for those considerations and see also Da Prato and Zabczyk [4] and
Prévot and Rockner [15] for examples of stochastic partial differential equations with
additive noise.

9 Numerical results

The above theoretical results are illustrated here with two numerical examples of the
RODE-Taylor schemes presented in Sects. 6.2 and 6.3 as well as the LL scheme of
Sect. 7.1.

In each figure the error of the approximation of the solution in the interval [0, 1]
is calculated and shown in the log-log-plot.

In Fig. 1 for the first example the three orderlines correspond to the orders 0.5,
2.0 and 3.0, while in Fig. 2 for the second example the three order lines correspond
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error

Taylor 0.5
Taylor 2.0
Taylor 3.0
© -+ Orderlines

stepsize

-5

10

error

-6

10

Taylor 0.5
Taylor 2.0
Taylor 3.0
O - Orderlines

10_9 N N PR | N N P | N
1072 1072 107" 10°

stepsize

Fig. 1 Example (9.1)/(9.2): pathwise maximum error vs. stepsize for two random realizations
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error

error

Fig. 2

10°

= Taylor 0.6

12 ™ Taylor 1.6
a Taylor 2.1

= = | ocal Linearization

O -+ Orderlines

10 n n PR | n n PR | n n PR | n n PR |

10° 107" 10° 107 107
stepsize

Taylor 0.6

Taylor 1.6

Taylor 2.1

= = | ocal Linearization
O - Orderlines

10'14 N PR | N PR | N PN N |
10° 10" 10° 10° 10"
stepsize
Example (9.3)/(9.4): pathwise maximum error vs. stepsize for two random realizations
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to the orders 0.6, 1.6 and 2.1. All examples of the RODE-Taylor schemes converge
with their predicted order and the local linearization scheme in the second example
also converges with its predicted order 0.6.

9.1 First example

We consider the scalar ODE (see [12])

1 2
xl:f(;tv-xt)’ f(wsx):_ﬁ(w_l)z (-x__> B xo:l, (91)

with the noise process ¢; given by

! +1/t W+1d+|V| 0= (6) L
= —_— — S R = = — s
é’t |Wl|+% 11 0 N ) t 1 )

where W; and V; denote two independent standard Brownian motions.
This RODE with the initial value xo = 1 has the explicit pathwise solution

1 1
x (@) =3+

9.2
20 24 41 foGs(@) — D2ds 02

for each w € £2 on [0, 1].
We simulate the 0.5-, 2.0- and the 3.0-RODE-Taylor scheme (see Fig. 1). Note
that the 0.5-RODE-Taylor scheme here is just the classical Euler scheme.

9.2 Second example

Now we consider the linear scalar RODE (see [8])

Xe = f (G xe)s xo = Xo 9.3)
with
fRxR—->R, f(w,x)=sin(w)-x

and where (&)s¢[0,1] is a fractional Brownian motion with Hurst Index H = 0.3, so
6 = (0.3) and where X is a random variable, uniformly distributed on the interval
[%, %] and independent of (¢;)s¢[0,17. Thus this RODE has the unique pathwise solu-
tion

x1(@) = efo G @ x() 9.4)

for each w € £2 on [0, 1].
Here we simulate paths of the 0.6-, 1.6-, 2.1-RODE-Taylor scheme and the local
linearization method in Fig. 2.
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10 Proof of Theorem 5.1
We prove Theorem 5.1 with the following lemmata.
Lemma 10.1 Letl € Ny, i € N. Then

(Llld) (;_S| RN ;Y,' ) xt())
= D fal&X X)) (Aliys)™ - (A5

la|=!
mxi
aeNj

1
+ Z [/0 fa({t() + uA;t(),sl DR ;t() + uAé-t(),S,'v xt()) : (1 - M)l du:|

la|=1+1
aeNg !

X (l + 1) . (Aé‘to,sl)a] e (ACI(),S,')O”

holds for all tg, s1,...,s; € [0, T].

Proof Fix o € §2. Then we simply apply a Taylor expansion of order / to the function
g : [0, 1] — R? given by

() := (Lid) (L1 (@) + 1ALy 5, (@), - .., Ly (@) + uALyy 5, (@), X1 (@)

and obtain

U] 1 0l
2(1)=2(0) + /() + -+ gl—'(O) +/ 2D () (117‘”) du,
: 0 !

which is the assertion. O
We need an estimate for the integrand in Iy 4, s, -
Lemma 10.2 Let [tg, 50] C [0, T, to <soandn= 1, ...,nm) € (0, 11". Then,
T
|(A§l0,31)al e (Agto,s,'(a))ai(a” = (|§|7))|a| : (Al‘(),so)ua 7l
forallsy, ..., siq €lt,sol and a € o7, withi(o) > 1.
Proof Let jbein {l,...,i(«x)}. Then,
i 1 aj Ujm
|(A§10v5j)aj ’ = ‘(Agto,sl) ! } o ’(Agt:’),l,s,) ! ’

S (|§1 |771 (Ato,sl)nl)aj,l e (|§m|i’)m (Ato,.&‘j)nm)aj.m

< (|§|n)(xj,1+...+ﬂlj,m (Azo,xo)a""]m+"'+“-/3’"’7m .
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‘We also have

|(A§t0,sl )0(1 e (Aé‘to,s,'(m))ai(a) | = |(A§l‘0,sl)al | e |(A§Z(),S,‘(a))ai(a)|

and the assertion follows. O

As is usual for numerical schemes for deterministic ODEs, we first study the local
discretization error and than analyze the global discretization error.

Lemma 10.3 Lety > 0and let e = (g1, ...,&n) € [0, 11" with |le||; < y. Then,

650 = @y Gty 10, Asgusp) |5 = €5+ (i) "N

forall ty, so € [0, T with0 <sg — 19 < 1.

Proof We use the integral equation expansion (4.1)

Iyl

50 sic1
x‘Y0=xt0+Z/t /z (L’id)(g’sl,...,é‘si,xto)dsi...dsl
i=1""0 0

50 Syl
+/ / LYHYid) (g5 G Xsrpen ) ASTy141 -+ - dst
fo o

with k =[y] e No. Then we use Lemma 10.1 to determine the Taylor expansion of
the integrands (L' id) (L, .- ., &s; . Xy,) in the first m - i-variables of order

L
zi:{L—‘—l, i=1,.... 0]

g
and obtain
vl ‘
X=X+ Y Y fal@X ) Tasgso + E1 + Ea (10.1)
i=1 |a|=l;
aeNg !
with

50 St
E| :/ / (LYHYid) (¢5,0 s o Xsppen ) ASTy141 - - - dst
Iy Iy

and
71 50 si-1
B=). ¥ [ e[ @0 @) i
i=1|o|=l;+1770 ‘o
aeNyXi

1
X (/(; fOl(CT() + uA;l‘O‘Sl PRI Cl‘() + uA{[o,sia xto) : (1 - u)ll du) dS, . .dS] .
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Now, since |9 < [la”6]|;, we have
) = {oe € Sy |i(@) + lla” 0l <y + 1} c {aedy|lal <liw).

Hence, we can write equation (10.1) in the form

b
X=X+ D O fultr %) sy + Ev+ Ex+Ez (102)
i=1 geor)
i(@)=i
with
vl )
E3 = Z Z fa (é‘z:ls xt()) : 1(1,[(),5()~
i=1 ||l
aeNgXi\ o7
Equation (10.2) is just
Xso :qj)/(xt()vtOv At(),so)_i_El + E> + E3, (10.3)

so we need to estimate £, E> and E3 and complete the proof. We have

)

(At )(D’H—l)

Eil, < su LIv1tlig X AN

E1l2 < S bgpr] ”( )({Sl §S[y1+1 Sy'y'\+1)||2 (|—y-| T
€[0,T]

1
. |€°| G+l nln)
1E2ll=) A,O,SO) Ry

i=1|a|=+1
aeNgi

and
71 Joe]
1S 1y i+’
EED DD (( () (5, 514700
i=1 |l
aeNmI\ g7

for every n € (0, 1], where R, is the random variable

RO[= Sup ||fa(wl,-~-,wi7)’)||2
lwillz,.... [will2<I¢ oo
Iyl2=<Ixleo

for a € 2, with i =i(«) > 1. Hence, we have

let]
(1Z1n) A+l nllp)
”-xS() - ®y (xto’ tO, Ato,so)”Z = Z ( i (Ato,SO) ! RO[

aeNI¥i\ o
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for every n € (0, 1]™. This, in particular, implies that

Jee]
[Z] i ()+al
s — @y Gty 10, Apps)ll2 < > <( 1) (Ar) @IV R,

i(a)!
acdy,\ ) @
i()<[y]+1

lo|<T %1

121,) e
< Z (( i((:g! Ra) (AIO’SO)(VH llellr)

ac s\,
i()=[y]+1
lo|<T %1

withn =60 —¢/[%4],since, fori =1,..., [y]1+1 and @ € Ny'\ &) with |ee| <[4,
we have

. ) & e
i+l nli=i+le’olh - o’ =] =y+1-|a’ 5=
[511h 51l
llell
zy+l—lal—==y+1-lel.
[51
This completes the proof. O

For the global discretization error, we need a Lipschitz estimate for the func-
tion @,,.

Lemma 10.4 Let [ty, so] C [0, Tl withO0 <h =59 —ty < 1 and let y > 0. Then, for
each wq € §2 we have

1(@y (y1. 0. h, o) — y1) — (D (2. 10, b, @0) — ¥2) |, <k Ly (o) ly1 — y2ll2
for every yi, y2 € RY with |lx1,(w0) — yill2 < 1, [lx5 (o) — y2ll2 < 1.
Proof We have

Dy (yjt0.howo) =y = Y faln @ (@0).¥)) L. (@0)
aedy \(9)

for j =1 and 2. Moreover,
1 i(a) Jot] o]
o o50| < == h"* Q21¢ 1) <1 (212 ]00)

i(ar)!

for a € o, with i(«) > 1 and, by the fundamental theorem of calculus,

. : 1 .
Fa @D y0) = fu @y = /0 (8y f2) (€@ i+ u(y2 = y1) - (2 — y1) du.
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Combining the results, we obtain

|(@, (y1. 10, h, w0) — y1) — (P (y2. 10, h, w0) — y2) |

52‘

aedy \(0)

Fay @0 30) = fuly @0, 32| Hatpso @0)]

<h| Y QI (@)

aedy \(0)

Fay @0 v2) = fulty w0y, )|

<h| Y @21l (@)

aedy\(0)

X /01 H(ayfa) (ét:i(a)(wo), yi+u(ys — y1)> H2du lv2 — yill

<h-Ly(wo) -yt —y2l2,

which is the assertion of the Lemma. O

Finally, the required global discretization error follows by a standard technique

(with the Gronwall lemma) for deterministic ODEs from Lemmas 10.3 and 10.4 (see
for example [5]).

This completes the proof of Theorem 5.1.
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