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Abstract

The aim of the present paper is to give a tractable way of seeking weak order
conditions of a stochastic Runge-Kutta family for stochastic differential equations
with a multi-dimensional Wiener process. This is accomplished by an extension of
the rooted tree analysis for ordinary Runge-Kutta methods. As a result, weak order
conditions can be obtained directly from diagrams of multi-colored rooted trees.
This new methodology will be of benefit when high weak order conditions need to
be sought.
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1 Introduction

The importance of numerical schemes for stochastic differential equations
(SDEs) has increased significantly as SDEs have been used for mathematical
modeling in many fields [19]. This is because SDEs are analytically unsolvable
in many cases.

Corresponding to the meaning of approximation, there are two kinds of numer-
ical schemes for SDEs, that is, strong schemes and weak schemes [10]. Strong
schemes give an approximate solution in the mean square sense [2,4,6,15].
Weak schemes give an approximation to the moment of an exact solution
[1,9,12,14,17,18,20-22]. In either type of scheme we have to seek order condi-
tions and solve them in order to obtain high order schemes.

Generally speaking, it is hard to derive order conditions. Fortunately, how-
ever, the rooted tree analysis, invented by Butcher [5], has opened the way

Preprint submitted to Applied Numerical Mathematics 15 February 2006



to derive order conditions of Runge-Kutta schemes for ordinary differential
equations (ODEs) in a transparent manner [7,8], and it has been extended to
be applicable to the order conditions of schemes for SDEs. In fact, Burrage
and Burrage [2] have given the rooted tree analysis of strong schemes for SDEs
with a scalar Wiener process and they [3] have also extended it for SDEs with
a multi-dimensional Wiener process. Komori, Mitsui and Sugiura [13] have
extended the rooted tree analysis for ODEs to that of weak schemes for SDEs
with a scalar Wiener process.

The aim of the present paper is to further extend this to the analysis of weak
order conditions of a stochastic Runge-Kutta family for SDEs with a multi-
dimensional Wiener process.

RoéBler [17] also has developed the rooted tree analysis of week order condi-
tions for another Runge-Kutta family. The following are the main differences
between his analysis and the present one.

e RoBler’s analysis gives a unified methodology to derive weak order condi-
tions of his Runge-Kutta family for Stratonovich SDEs and 1t6 SDEs.

e On the other hand, the present analysis has a highly diagram-based ap-
proach to obtain weak order conditions of our Runge-Kutta family for
Stratonovich SDEs.

The organization of the present paper is as follows. In the next section we will
introduce basic notations and definitions. In Section 3 we will first express
the Stratonovich-Taylor expansion of the solution of an SDE by a function
of multi-colored rooted trees, and second give a detailed expression of the
function by introducing the notions of the elementary integral, differential
and weight. In Section 4 we will first express, with a function of labeled multi-
colored rooted trees, the Taylor expansion of an approximate solution given
by a stochastic Runge-Kutta family, and second give a detailed expression of
the function by the elementary differential, numerical integral and weight. In
Section 5 we will express the order conditions of the stochastic Runge-Kutta
family in the weak sense by only the expectations of elementary weights and
numerical weights. In addition, we will give a tractable way of seeking the
expectations with multi-colored rooted trees. In Section 6 we will give the
summary and remarks. In the appendix, we will show the expectations of
elementary weights and numerical weights for weak order 2, and a stochastic
Runge-Kutta scheme in the multi-dimensional Wiener process case.

2 Preliminaries

We introduce some notations and concepts dealt with in the paper.



Let (2, F, P) be a probability space and W (t) = [Wy(t),..., W, (t)] an m-
dimensional Wiener process defined on the probability space. We mainly con-
sider the following d-dimensional stochastic integral equation

t t

y(t) = @0+ [ go(y(9)ds+ > [ g,(y() e dW(s), 0= 1< T, (1)
0 =19
where g; (j = 0,1,...,m) are d-vector valued functions and o means the

Stratonovich formulation. The equation can be expressed, in differential form,
by the SDE

ay(0) = guly() dt + 3 g,(y(0) o AW(0), y(0) =0, 0= 0= Tous

We give equidistant grid points 7, L (n = 0,1,..., M) with step size
h % T,.0/M <1 (M is a natural number) and consider discrete approxima-
tions y,, to y(7,). Let C5(R", R) denote the totality of L times continuously
differentiable R-valued functions on R?, all of whose partial derivatives of
order less than or equal to L have polynomial growth. Now we can give the
following definition [3].

Definition 1 Let y,,y,, ...,y be the discrete approximations given by a
certain scheme. Then, we say that the scheme is of weak (global) order q if for

each G € C]%,(qﬂ)(Rd, R), C > 0 (independent of h) and 6 > 0 ezist such that

|EIG(y(mar)] = E[G(ya)]] < CR%, h € (0,0).

3 The Stratonovich-Taylor expansion for the stochastic differential
equation solution

The goal of this section is to represent the Stratonovich-Taylor expansion of
the solution y(t) of

Tn+1 Tn+1

y) =w,+ [ aawe)ds+ S [ gu(s)o (s )

Tn =l 7,

by functions on the set of rooted trees.



At the first step we define the integral operator J;: for any integrable function
H of y and s > 7,,

W(H)) S [Hys))dsi, )Y [ Hy(s) o awy(s)

(1 <j < m). Suppose that any component of g; belongs to CE(RY,R) (0 <

Jj < m), and set z(y(s)) of y(s) — y,, as the increment of y from time 7, to
s. Then, the expansion of g;(y,, + z) about y,, by Taylor’s theorem yields the
formal series:

Ti(g;)(s)
Ji(9;(y. +2))(s)
gyt ) b e )
. Kk — 1 times
g 0220
' K times
= Ji(g;w))5) + 45 (" (w,)=]) (s) + -
o (8wl 2) ()
b (08 +852)0z, - 2]) (5) 3)

where 0 < 6; < 1. Here, the vector z(y(s)) is represented by z for sim-

plicity and 951)(%1)7 g§“*”(yn) and gg-”)(yn) denote the 1st, (k — 1)-st and
k-th order derivatives of gj; respectively. Since the linear operator ggl)(yn)
(1)

(y,,)[z] means the product

J
(y,,) and the vector z(y(s)). Similarly, gg'ﬁfl)(yn)[z, 1

is represented in a matrix form, for example, g
(1)
J
and gj”)(yn)[z, ..., z] are evaluated as a result of multilinear operators on
arguments z, ...,z ([5], p. 132).

of the matrix g

By introducing the notations
def
P (s) = J3(9,(4a))(5).

POz, ms) 2 (0 ) 2d) (9)



for k> 1 and

R§-“)[z1,...,z,€]( )def ! J ( 5 (Y, +0,2)[z1,. ., 24 ]) (s),

from Egs. (2) and (3) we have

We can use this to obtain the expansion of y(7,4+1) — vy,,. In relation to the
second term in the right-hand side, for example, one application of (4) yields

m

ép;n[z](%ﬂ): f:; Z:P () + 37 @Pl e

+ ZP(” [Z Pz, 2 (r)
i [i ](Tnﬂ).

In the right-hand side, only the first term has a multiple integral with a con-
stant integrand and its multiplicity is 2. When (4) is applied once again, the
second term yields another multiple integral with a constant integrand, whose
multiplicity is 3. Like this, by repeatedly applying (4) we obtain the expansion
of y(741) — y,, expressed by the sum of the multiple integrals with constant
integrands whose multiplicity is at most « and those with nonconstant inte-
grands whose multiplicity is greater than x:

y(Tn+1 ZP( ) Tn+1 + Z P(l)[z Pl(O)](Tn+1) +-
=0

+§%R§-“) 2, ..., 2] (Tars). (5)

In the right-hand side of (5), 7,41 only stands for the upper bound of the
integral interval. In the sequel we omit this symbol as far as it does not cause
a confusion.



Let N be a finite set of consecutive natural numbers, #.S the cardinal number
of aset S, and V(IV) the set of all possible partitions of N. That is, if p € V(N)
and p = {p1,...,pgp} hold, then py,...,py, are non-empty pairwise-disjoint
subsets of N, the equation N = Uipl p; holds, and the elements of p; are
consecutive. For example,

N={1,2,3},
VIN)={{N}, {1, 2}, {3}}, {{1}, {2, 3}}, {{1}, {2}, {3}} }.

Let Q™ be the sum of all products of n terms of P{") appearing in the right-
hand side of (5). Then the following Lemma readily follows from (5).

Lemma 2 Q™ can be given recursively as follows:

QW = ZP§O)7 Q#NFD) — S Zpg#P) [QU#PY . QWP#)],
=0

peV(N) j=0

where 1 < #N <k —1.

For a combinatorial description of the above expansion, we introduce multi-
colored rooted trees (MRTS).

Definition 3 (Multi-colored rooted tree (MRT) ) A multi-colored rooted
tree with a root @ (colored with a label j from 0 to m) is a tree recursively de-
fined in the following manner:

1) 7U) is the primitive tree having only a vertex @.
2) If t1,...,tx are multi-colored rooted trees, then [ti,...,t]Y) is also a
multi-colored rooted tree with the root @.

The totality of MRTs is denoted by T.

Q O @i
o ¥ ¥

+0) (70 )] 6) (@), [7O10]6)

Fig. 1. Examples of MRT's

For an expression of the Stratonovich-Taylor expansion upon MRTs, we in-
troduce the elementary integral.

Definition 4 (Elementary integral W(t) on T') An elementary integral W(t)
fort €T is a function recursively given in the following manner:

() L PO () L PE (), ()] fort =, 4]9.



For example,

V104 2 0 1 0
¥ ([r, [0} = pA PO, POPO)).

For the set N, denote by T the totality of MRTs with # /N vertices numbered
with the elements of N in the following manner.

e Along each outwardly directed arc the numbers increase.

e Vertices of a subtree are consecutively numbered. This rule is also applied
to subtrees of the subtree recursively.

e [somorphic trees are regarded to be identical.

s 5 b
20 @3 4@ 2 3Q 2
gl 1 1

Fig. 2. Examples of trees in Ty Fig. 3. An example of a tree not in Ty

For u € T, let | u | stand for an MRT from which the numbers are removed.

Lemma 5 For the set N satisfying #N < k the following equation holds:
QY = 3 (| ul).

u€TN

PROOF. We will prove this by a mathematical induction. When #N = 1,
Lemma 2 and Definition 4 imply

QW = ZP§‘O) = (7).
=0 =0

When Nj is a finite set of consecutive natural numbers satisfying min(Ny) > 2,
suppose that the equation

QN = 3~ (Jul)

ueTN

holds for any set N (C Ny) of consecutive natural numbers. Then, for N =
{min(Ny) — 1} U Ny, from Lemma 2 we can see

Q(#N) — Q(#N0+1)

_ \~ p(#0) [y (#1 ,
— Z ijP[Q(#p)’n_7Q(#p#)]

p€eV (No) j=0



=Y P (). Y ®(jug)]

p€EV(No) =0 u1€Tp upp€Tp,,
= > P(jul)
UETN

where u € Ty whose root has the number min(/Ny) — 1, and which consists of
subtrees uy, ..., uy,. This completes the proof. a

Let v(t) (t € T) be the number of different ways of numbering on ¢. That
is, v(t) = #{u € Tn : |u| = t}. Furthermore denote by p(t) the number of
vertices of t € T'. From Lemma 5, we readily have the following lemma:

Lemma 6 The identity
Q#NM = N y()W(t)  for #N <k

holds.

For any multiple stochastic integral z, let A(x) be the multiplicity of integrals
with respect to a time variable or Wiener processes, and o(z) the multiplicity
of integrals with respect to a time variable.

From Lemma 6, all terms x appearing in the expansion (5) with A(z) < k can
be expressed with W(t). Actually, let y,.(7,.1) denote the truncated expansion
of y(7,41) satisfying A\(x) + o(x) < k. Then from Lemma 6, we have one of
the main results.

Theorem 7 The finitely truncated expansion has the following expression:

yn(Tn‘i‘l) =Y, + Z Z y(t)‘:[l(t)’
=1 p(t)+r(t)=i
teT

where r(t) is the number of vertices of t with the color 0.

Moreover, W(¢) has a more concise representation given by the elementary
weight, the elementary differential and the elementary coefficient:

Definition 8 (Elementary weight ®(¢) on T') An elementary weight of t €
T is given recursively as follows [3]:

o(r0) ¥ (1), = (Hd) ) for t = [t1,.... )"



Definition 9 (Elementary differential F'(t) on T') An elementary differ-
ential is a possibly multilinear operator recursively given as follows [3]:

F(r9) < g,(y,).
Ft) Y g™y F(t),...,Ft)] fort=[t,...,t;]9.

Definition 10 (Elementary coefficient 3(t) on T') The index B(t) (t €
T) is defined recursively [3]:

ke o 1 :
B E 1, )< Hﬁ for t = [tr,..., 9.

If t = [70, [7O]D]W) ] for example, B(t) = 1/2,

o(t) = J; (AT (A1), Ft) =g (y,) |9:(vn), 65 (w91 (w,)]].

The following is the main goal of this section.

Theorem 11 For any t € T we have the identity:

PROOF. We carry out the proof by a mathematical induction. When p(t) =
1, a simple interpretation gives

U(r0) =P = J;(g,(y,)) = g;(y,)J;(1) = B(rD)F(r9)0(r ).

Suppose that the statement is valid for all trees with p(t) < k. If ¢ has a root
colored with j such as t = [t1,...,t:]9) (p(t) = k' + 1), then the definition of
the elementary integral implies

O =PP[W(t),..., 0(t,)]
1J (gﬁk)(yn)[ﬁ( DF(t)®(t), -, B(te) F(t) (1))

k;l
~ 19 (T 09 F ... PG [T 000
ZZlk
_ H 1_11 B8t () IF (1), ... F(ty)] - J; (11 @(m)
=B F(t)®(1).
Thus the statement holds in this case. O



4 The Taylor expansion for a stochastic Runge-Kutta family

In order to obtain an approximate solution y,,,; to the solution y(¢,+1) of (2),
we consider the stochastic Runge-Kutta family given by

Yo =y +§: i (Lasi)y Gasi)

i=1 ja,jp=0
(Jasdv) (Jasdv) (Ja»db) (Jardbsdesja) vy (Jerda)
Yia - nza b gjb yn + Z Z Oélalb Y ) <6)
ip= 1Jc ,Ja=0
(Jasdbsderdd) (Jc,jd)
+95, (Y, )30 3 ey G
ip=1 jc,jq=0

(Jasdb) -

(1 <ig <5,0 < jg, 55 < m), where each 7;” is a random variable indepen-

dent of y,, and satisfies

thQk (]b = 0)7
Kyh* (g #0)

E [(nfﬁ“’]b)) } =

for constants Ky, Ko and £k = 1,2,.... Here, gj denotes the derivative
Of g]b If bggmjb) 7£ O, by Setting ﬁgay]b) dﬁf n(]a Jb)b(iavjb) and ,y(ﬂa Jb]c]d) déf

ta i iy
’yz(j‘;l:] berd) J bl(-i“’j”) we can rewrite this in the simpler form:

S m . . . .
Yt :yn+z Z Cz(]mjb)Yz(']a’]b)a

=1 ja,jp=0
(Jasis) _ =(Jasds) (Jardbrdesdd) (]mjd)
Yo =gl g (g, + Z Z ol YY) (7)
ip= 1chd 0
+g]b yn Z Z ,.yl(j;lljjbyjcyjd Y(Jc,Jd) ‘
=1 Jc,74=0

These formulations include stochastic Runge-Kutta and Rosenbrock-Wanner
methods [3,12].

In this section we deal with the simple formulation.

For a transparent analysis later on, we adopt nominal symbols 77, agﬁ‘r’ﬂff eja)

9 9. k2 0707 2 9
and fysfﬁljfbj‘ 74 and define % y i) and YY) by

10



(0,0,5c,3a) def (jesja) s
st V= (b =1,...

‘Ll74 def -~ 'll?' - Q). 1J Co, C».
YgJJrljb) lef ng]Jrl]b) {gjb(yn + | Z ag J;»b] ]d)Y(J ]d))

1 S m - .a7. 7.67. ‘07‘
+95,)(y,) > X AGEYY “)} :

The Taylor-series expansion of YEZ “3) gt y,, implies the formal series:

Y = nfﬁ“’”’)gjb (yn)

_i_n(Jan g]b yn Z Z chltbu]byﬂc’ﬂd)+&fﬂz:]b:]m]d))ygcﬂd)]

ip=1j¢,ja=0
~(ja,Jb)

Nia (Jasivsdesda) y Jc,Jd (Jarivsdesda)y (esda)
+ 2 g]b yn Z Z Qi Z Z Qi Yib ]

w=1jc,ja=0 =1 jc,ja=0

ﬁia a, c C,
4 tia ggb yn +ij Z Z OéEJZbe] Jd Y(J ]d))

=1 jc,74=0

Z Z a@(jzéjbdc,]d Y(]m]d Z Z aggbjwc,m Y(chaz)]7 (8)

ip=1jc,ja=0 ip=1 jc,54=0

where 0 < 6, < 1. For an expression concerning (8), we introduce some further
symbols. For a rectangular matrix z; = [200s s 2l -5 2100 zi+17m]
of (m+1)(s+1) columns, where z°_ stands for a d-dimensional column vector,
the multilinear operator of k-th derlvatlve of g; induces

—(0) def
gg‘) = [gj<yn>7 R gj(yn)]v

(m+1)(s+ 1) times

_(k)r= — 7 def k k
9§‘ )[z17"'7 ] [Q§ )(yn)[z%m t 7zlf0]v T ’g§ )(yn)[ s+1,m’ te 7zs+1,m]}

for k> 1 and

_ _ _ def yJsJes >
Tgﬁ)[zla..-,zn] = R +0 Z Z O‘lz]jcjd zicjd))[ziou"'azlfo]7"‘
ip=1 jc,ja=0

yn +0; Z Z O‘5+’1J’zjbc’]d (jcyjd))[zi-kl,mv cee z:+1,m]
p= 1jc,_]d 0

as the remainder term.

11



Next, we introduce several matrices related to the formula parameters of the

family (7). Let us define

(0,7,0,5") (m (0,4,0,4") (m.5.0.5") |
Qg T Qg g1 7 Ogqq1
(0,5,m,5") (m,3, (0,5,m,5") (m,5,m,5")
aqy Ty Qsi1,1 RSP AN |
A" def
05040 . (mg0g) . (0505) (mj0j)
Og Ag as-‘,—l,s as+1,s
0,5,m,5") (m (0,5,m,3") (m,j,m,j")
Qg e C“ls COgi1s R O TS
0 0 0

-/
for Ozl(ﬁ;;] Je7) where 0 stands for an m + 1-dimensional column vector of 0s.

Similarly, define the matrix T07") for ,?fjg};j,jc,j’)’ and set A1) & 4G L TGS,
In addition, define the (m+1)(s+1) x (m+1)(s+1) diagonal matrix DY by

i) def ;. ~(0,5 ~(m,j ~(0,5 ~(m,
D(]) = dlag(% j)v"wng J)a'-'777£+]1)7"'777§+1j))-

Finally let us denote the rectangular matrix composed with ng“’jb)’s by

() def 0,5 m,j 0,5 m,j
Yy ey oy (md oy 0Dy ),

Applying these symbols, we obtain the following expression from (8):

Y- g9po 4 i A6 pO)
i (1) AW Z Yy 4 ,11)]D(j)
1=0 71=0
4. K' *5” Z (J:71) Z Y(Jl)A 31 ]D(J) 9)
1=0 71=0

Similarly to P ) and R in the previous section, we adopt the following
notations by using a label X(j) € {AU), AW} as well as a matrix X0 ¢
{AUGT) A(Jyj/)};

PO, & g9 pUx ),

12



of 1 DY (it
p) (21, ..., %] def g(/f) B ,Zk]D(] ) x (G:4")

47, X () 19
for k > 1 and
K -~ = def 1 _(K)r— _ ) .
R(’)X<J)[ B zl{] - I{!rgl)[Zh e ZH]DU )X(JJ )

Equation (9) then yields

mo (1) . 0 m 7
Z YU x Gan) — Z Pél)X(J) + Z v X(]) Z Jz AU J2)

J1=0 71=0 Jj1=0 J2=0
m m
+ Z JLX(J) Z ]2 A(th ) Z 32 A(hdz + e
J1=0 2=0 J2=0
m _ ( m
Z i X(J> Z Y J1732 ) Z ]17J2 (10)
j1=0 J2=0 2=0

Repeated substitution of (10) into itself implies the formal expression similarly
to (5):

m 1 = 0
Z ]1 X(J’jl) = Z PJ X (@) + Z P§1)X(J)[Z PEQ?A(j1>} T
1=0 J1=0 J1=0 92=0
S R S
i X(J) o, AP T jo,Al1)
71=0 Jj2=0 J2=0
N Z (s X(J) Z % (j2) AG) ’ Z Y(jz)A(jl’h)]- (11)
]1 0 J2 =0 ‘72:0

The above equations can be verified by using the multilinearity of operator

P;.]f’)x(j) [Z1,..., Z]. The right-hand side of (11) has the following features:

e The case of k =1
The argument of P(, ‘xw[] 1s always labeled by AU, That is, it is formed
by P [-+).

e The case of k> 2
The arguments of p! i X(J)[ ] are always labeled by AU"). That is, they are

formed by P(A(] N ]

This observation suggests the introduction of rooted trees with labels AY) or
A@ _In the sequel, let us denote A® or A simply by X for ease of notation as
far as it does not cause a confusion. Similarly to Q™ in the previous section,
we denote by Qg?) the sum of all products of n terms of P,(ﬁ',) in the right-hand

13



side of (11). Then the following lemma readily follows from (11).

Lemma 12 Qg?) can be given recursively as follows: for 1 < #N <k —1

Ms

#N-H Lo #N) #) #
ZPE% (TR D DI WYy cllc) Aoy i cd}
Jj=0 peEV(N)—{N}j=0

Note that Qg?) has the same structure as Q™ in Lemma 2 except with the

labels.

Definition 13 (Multi-colored rooted tree with labels (MRTL)) A multi-
colored rooted tree with labels, denoted by tyx, is one attached by labels according
to the following rules:

1) The label of the root is X.
2) The label of the other vertices is decided by the number of branches and
the color of the parent vertex:
o the label is AY) if the parent vertez has a single branch and it is colored
with j;
o the label is AY) if the parent vertex has more than one branch and it is
colored with j.

The totality of MRTL’s whose label of the root is X, is denoted by 7x. For
example, some MRTL’s are listed in Fig. 4.

DAD

N @AY DA

DA gA DAO
) 0) () 1) 0 o2 1G)
AJ(O) [ TAG)s A]mu(m “T,E;?o]fg)(j)h(o)

Fig. 4. Examples of trees in 7,

Definition 14 (Elementary numerical integral W(¢) on Tyx) An elemen-
tary numerical integral corresponding to an MRTL is defined recursively as
follows:

() E PO, B E PR, B fort=[t,.... )Y,
where T(]) and [ty,. .. ,tk]%) express MRTL’s whose roots are labeled by X.

14



From Definitions 4 and 14, we can see that both structures of ¥(¢) and ¥ () are
the same except with the labels as well as those of Qg?) and Q. Furthermore,
if we define £ as an MRT obtained by removing all labels from t € Tx, © :
Tx >t t € T is a one to one correspondence from Ty onto 7. Therefore,
we can obtain the lemma similar to Lemma 6:

Lemma 15 The identity

ij): > v(t)W(t) for #N <k

r(d)=#N
teTx

holds.

For any monomial x of ﬁl(a) , let A(z) be the multiplicity of products with
() ()

respect to 7,7, and &(x) the multiplicity of products with respect to 7j;

except ﬁf{;o). From Lemma 15, all terms x appearing in the expansion of y,,,; —
Y, with A(z) < & can be expressed by ((m + 1)s + 1)-st element of W(¢).
Actually, let y,,,, . denote the truncated expansion of y,,,, satisfying A(z) +

d(z) < k. Then, we have one of our main results:

Theorem 16 The finitely truncated expansion of the numerical solution by
the stochastic Runge-Kutta family has the following expression:

yn+1,f§ =Y, + Z Z V<£)li,(m+1)8+1(t)7

=1 p(d)+r(f)=i
tETA(())

where W (1 1y5+1(t) denotes the ((m + 1)s + 1)-st element of ¥(t).

The above theorem holds because y,,,, — v, is equal to the ((m +1)s 4+ 1)-st
element of 37" YW A©5) all terms of the expression of > Y A©5) are

)

started from P, and Lemma 15 holds.

Definition 17 (Elementary numerical weight ®(¢t) on 7Ty)) An elemen-
tary numerical weight of t € Tx) s given recursively as follows:

(T)(T(j/) ) def 1DV x 67,

k y
o) (] &(t,)DYI X5 for t = [ty,..., 1]

(0 <j,5" <m), where 1 stands for an (m + 1)(s + 1)-dimensional row vector
of 1’s, and TI*_, ®(t;) means the elementwise product of row vectors ®(t;).

15



The following is the goal of this section. The proof can also be obtained in a
similar way to that in Theorem 11 [13].

Theorem 18 For any t € Tx we have the identity:

O(t) = BEF(D)D(t).

In Theorem 16 we obtained the Taylor expression of the approximate solution
Y41 in the same form as that in Theorem 7 except with labels. Furthermore,
we showed that the elementary numerical integral W(t) can be decomposed
into 3(t), F(t) and ®(t). This decomposition also has the same form as that
in Theorem 11. In the next section it will be seen that this fact, that is,
keeping the same form, leads to an advantage to seek the order conditions of
the stochastic Runge-Kutta family (7).

5 Order conditions of the stochastic Runge-Kutta family

In this section we will show the transparent way of seeking the order conditions
by utilizing the rooted tree analysis in Sections 3 and 4.

5.1  Order conditions

First of all, we introduce an important theorem in relation to weak order,
which Platen [10,16] has presented.

Theorem 19 ([10], p. 474) Suppose that xy and y, have the same proba-
bility law with all moments finite, where y, is an initial random variable of a
scheme when it is applied to (1). In addition, suppose that any component of
g; belongs to C?D(QH)(Rd,R) (0 < 5 < m) and satisfies Lipschitz conditions
and linear growth bounds. Furthermore, suppose that for each p = 1,2,...
there exist constants K < oo and r' € {1,2,...} independent of h such that

for each ¢ € {1,...,p}

E {Og%lynlzq’ fo] <K (1+yo™) (w.p.1) (12)
and
E ||y — | 7o) < K (1 + mmax ’yk|2TI) W' (w.p.d) (13)
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form=0,1,...,M — 1, and such that

2r'\ 1,q+1
< K(1 +0rg,§§xn|yk| )h (w.p.1). (14)

foralln =0,....M —1 and (p1,...,pr) € {1,...,d}* (1 < L < 2q+1).
Here, (z),, and F, denote, respectively, the p;-th component of z and a
non-anticipating sub-o-algebra generated by the discretized Wiener process
Wi(r) (1 =0,...,n). In addition, ¢,(y(T,4+1);y,) denotes the Ito-Taylor ex-
pansion of Y(Tu11) — y,, centered at y,, and truncated up to the term x satis-
fying MN(x) < q, where y(7,4+1) satisfies the following It6’s stochastic integral
equation

y(Tn—H)
Tn+1 m Tn+1
:yn+/ Zai ds+Z/ $)) AW (s)
Tn =1 =1z,

with probability 1. Then, the time discrete approximation y,,; converges to the
y(my) weakly with order q as h — 0.

Conditions (12) and (13) require the regularity of the time discretization it-
self. The most important assumption is (14) which provides a rule on how to
construct a series of approximations {y,, }1<n<np. Whereas (14) is expressed
by the Ito-Taylor expansion, however, the results in Section 3 are expressed
by the Stratonovich-Taylor expansion. For this, let us rewrite (14) in terms of
the Stratonovich-Taylor expansion.

For s > 7, and any natural number k, define the multiple stochastic integrals

le...jk(S) and Ij1~~~jk(3) by

Jjij. (8) déf/"'/OdVVa‘l(Sl)“'O dW;, (sk)

and

Ijl"'jk(s) def/ /dWh 81) dVVJk(Sk)v

Tn

respectively. The following relation holds between .J;, ..., (s) and the It6 integral
[10, p. 173]:
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Jjy.. it (s)

/ Ji k- 1 (sk)+ 5{]k 1 Jk?fo}/ JiJk— 2(5k*1>d3k717 (15)

where 05, —j, 20y = 1 if jr_1 = jx # 0, or 0 otherwise. From the repeated
application of this equation and the observation that A(z)+o(x) is invariant for
any term x in the both hand side, we can see that Jj,...;, (s) is expressed by the
sum of I ...;,(s) (K" < k) satisfying k + o(Jj,..;,(s)) = k' + o (1},...j,,(s)). This
means that J;,...;, (s) satisfying k + o(Jj,...;,()) > 2¢q can be expressed by the
sum of [;,..;,, (s) with k" > ¢. From this, we can see that y,,(7,41) —¥y, includes
all the term in ¢, (y(7n+1); ¥, ). Hence, we can replace ¢,(y(7n+1);y,,) in (14)
with yy,(Tn11) =¥, by noting that any term in yo, (711) =¥, — g (Y(70s1); Y,,)
does not prevent the inequality from holding.

Next, let us consider the discrete approximate solution part in the inequality.
For any p;,p; € {1,...,d},

‘E[(ynJrl - yn+1,2q)Pj (yn+1,2q - yn)pj/ |fn]’ S thq+l

holds with probability 1, where K is a constant. Hence, we can replace y,,, | —
Y, in (14) with y, 1,5, — ¥y, when L > 2. From the point mentioned above
and the results in Sections 3 and 4, for L > 2 we can rewrite the expression
in the left-hand side of (14) as follows:

L 2q 3 L 2q
II Z Yo VO, — 1G> vO)®®)y| Fa
J=1 =1 @) pr@)=i J=1 =1 p(t)+r(t)=i

teT 4(0) teT

—E H(Xq; > v Py (t))p,

J=1=1 p(d)4r(f)=i
tETA(())

L 2q

- 11 v(t)® (1)), | Fn (w.p.1)
J=1 =1 o) pr(D)=i

tETA(O)

2q 2q L . . .
=> > > HE@G)BE)EFE®E)),)
W=l +r(t)=in L= p(EL)+r(ip)=ig 771
tlETA(O) treT 4(0)
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On the other hand, for any p; € {1,...,d}

‘E[('!/nﬂ - yn+1,2q+1)p1’Fn]‘ < KthH

holds with probability 1, where K5 is a constant. Hence, when L = 1 we can
replace ¥, — ¥, in (14) with y,. ., 5,1 — ¥,,, and this yields

2q+1

(> > V¥ (t) Y. vO)¥®)p| Fu
=iy tr()=i =1 p(t)+r(t)=i
teT 4(0) teT
2q B .
=Y. X vDBOFE@)NE | B (t) - 2(0)] 7]
=t (t)+r(> i

X vOBOED)E [Rnen(t)] ] (wp).

p(B)+r(f)=2¢+1
t€7 (o)

Consequently, the inequality (14) holds if

L
H D (m1yst1(t (16)

~e|1le)

for any t1,...,t; € Tyo (1 < L < 2q) satisfying ¥-7, (p(t;) + 7(f;)) < 2¢ and

E [é(mﬂ)sﬂ(t)] =0 (17)

for any ¢t € Ty satisfying p(t) +r(t) = 2¢+ 1 since ) is independent of y,,.

5.2 Calculation rules for elementary weights or elementary numerical weights

In this subsection we will give a way of seeking the expectations appearing
in weak order conditions with the help of MRTs. As preliminaries, we first
introduce some rules to calculate elementary weights easily.

By means of the chain rule
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Tn+1

Sjiin (Tn1) Jjy gy (Tga) = / Tjigeor (8) Ty (8) 0 AW ()

Tn

Tn+1
+ / le"'jk(s)‘]jl"'jkul(8>odek/(*S)’

Tn

we can express the product of elementary weights of some MRTs by the sum
of elementary weights of other MRT's as the following example:

v08() = (§)+o(69) +(§) -+(§) -+ (@)

From the observation of the example we can obtain the following statement
in order to rewrite the product of elementary weights or the composition of
subtrees in an elementary weight:

e The product of elementary weights of two MRTSs ¢1, {5 can be expressed by
the sum of elementary weights of an MRT generated by grafting ¢, to the
root of t5 and an MRT generated by grafting ¢, to the root of ¢;.

e The elementary weight of an MRT having subtrees t;, t5 can be expressed
by the sum of elementary weights of an MRT generated by grafting ¢; to
to’s own root and an MRT generated by grafting ¢, to t;’s own root.

Hence, the product of elementary weights or the elementary weight of an MRT
having a vertex with multi-branches can be expressed by the sum of MRTs
whose each vertex has no more than one branch. Thus, next let us consider
this type of MRT only.

For a multiple Stratonovich integral expressed as the elementary weight of the
type of MRT, (15) holds. The recursive application gives a representation of
the multiple Stratonovich integral in terms of the sum of multiple It6 integrals.
In this application, only the second term in the right-hand side can yield a
term having only integrals with respect to time. The condition for it is that
the even number of indices j;’s satisfy j; # 0 and j; = j;11 or j; = j;—1 holds
for each index j;. Finally, by noting that the expectation of any multiple 1t
integral is 0 if it includes an integral with respect to a Wiener process, we can
obtain the following rules for any MRT whose each vertex has no more than
one branch:

e The expectation of an elementary weight vanishes unless the even number
of vertices are of colors different from 0 and each of these vertices has a
parent or child vertex with the same color.

e Trace vertices in the direction from the root to upper vertices. Then, the
expectation of an elementary weight of an MRT in which a vertex colored
by 7 # 0 has a child vertex with the same color is equal to a half of that of
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another MRT given by replacing the two vertices with one vertex colored
by 0 ([10], p. 175). For example,

elo ()] =220 @) =22 @)

Note that there is no longer need of the expectation in the right-hand side.
By utilizing these rules, we give an example of the expectations of elementary
weights or the products of them in Appendix A.

Next, we give a way of seeking the expectations of the ((m + 1)s 4+ 1)-st
elements of elementary numerical weights or the products of them. From the
observation of calculations for some elementary numerical weights according
to Definition 17, we can see that the ((m+1)s+1)-st element of an elementary
numerical weight can be obtained directly from a diagram for an MRTL by
the following procedure.

e Trace vertices in the direction from the root to upper vertices.
e For the root vertex, prepare indices i; and j; and write down cl(»f” )ﬁg )
the color is j.

e For each vertex except the root, prepare new indices i34, and j,,, and

Uiod JierD 5Vl i 4o Jabel is AG) and the color is [, or

write down ag; | i

~(j/ »jvjl 7l) ~(j/ 7l) . . (s . . .
SRk e R U the label is AU) and the color is I, where i, and jj mean
Ulk+1 Tk+1 ) , , : k )

. . ~(j]/97jaj;c+17l) def (jkvjvjk+17l) ~(jk7j7jk+1vl)
the indices for the parent vertex and d&;;, "\ = Qi + Viriosr

e Finally, take a summation possible values of i. and j'.
For example,
5 @40 N 09 S0 £ (55:55,0) < (74.0)
é(m—i-l)s—i-l A(U) = Z Z Cil nil ailig T]’iQ .
i1,82=1 5] ,j5=0
Now, let us assume the following.

Assumption 20 The ezpectation of the ((m + 1)s + 1)-st element of an el-
ementary numerical weight or the product of those is equal to 0 if the odd
number of vertices are of the same color j(# 0).

As we have seen above, the expectation of an elementary weight or the product
of those vanishes if the odd number of vertices are of the same color j(# 0).
Assumption 20 ensures that (16) holds for such MRTL’s and (17) holds. Hence,
it is helpful to decrease the number of order conditions to be dealt with.

Then, we can obtain the expectations of the ((m + 1)s + 1)-st elements of
elementary numerical weights or the products of them for weak order 2 as in
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Appendix B.

6 Summary and remarks

First, with MRTL’s, we have obtained the expression of the weak order con-
ditions of the stochastic Runge-Kutta family in the multi-dimensional Wiener
process case. In the expressions there appear the expectations of elementary
weights and elementary numerical weights. Second, we have shown the way
of seeking the expectations directly from diagrams for MRTs or MRTL’s. As
a result, we can obtain weak order conditions for the stochastic Runge-Kutta
family in quite a transparent way.

Because the Runge-Kutta family is sufficiently general, it is expected that
high weak order schemes with good properties are derived from the family.
For example, it includes a counterpart of a scheme proposed by Platen for
the multi-dimensional Wiener process case (Appendix C). Our next work is,
thus, to find the way of solving the order conditions in the multi-dimensional
Wiener process case, and to construct schemes having good performance. As
one of such works, we will consider the Runge-Kutta family for commutative
SDEs as in [17,18] in the near future [11].
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Appendix

A Expectations of elementary weights

We show the expectations of elementary weights or the products of them for
weak order 2 by utilizing the rules in Subsection 5.2. In what follows, we
suppose j,l # 0 and j # [ for ease of notation. Only the expectations that
do not vanish are shown here. Although only the results of calculations are
shown here, note that they are obtained easily in a diagram-based manner.
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Table A.1
Expectations of elementary weights or the products of them

(a) For t € T such that p(t) +r(t) =4

t E[®(t)] t E[®(t)] t E[®(t)]

[T(O)](O) %h2 [[[T(j)](j)](j)](j) %hZ [T(j)7 [T(l)](l)](j) §h2
[[T(O)](j)](j) ih2 [[[T(l)](l)](j)](j) %hQ [T(l), [T(l)](j)](a’) %hQ
[[T(j)](j)](O) i;ﬂ [[T(j),T(j)](j)](j) ihQ [T(j), T(j)jT(j)](j) %hQ
[7—(1')’ T(j)](O) %h‘z [[7(1)7 T(l)](j)](j) %hZ [T(j)7 + 7 T(l)](j) %h2
[T(O), T(j)](j) %hQ [T(j)’ [T(j)](j)](j) %hZ

(b) For t € T such that p(t) +r(t) =3
t t1 E[®(t)P(t1)] t t1  E[®(t)P(t1)]

[7(©]0) () 1n? ([r®O)O16)  70G) 1n?

[T(j)](O) 70 %hZ [7—(])’ T(j)](J) +(9) h2
[r@)@@)  +0G) %hQ (@), 7010 7O %hQ
[r®O)@)G) 7O ihQ [+®, 70)16)  70G) %hQ

(c) For t € T such that p(t) + r(t) = 2

¢ t E[®(t)®(t1)] t t1 ta E[()P(t1)P(t2)]
[T(j)](j) +(0) %h2 [T(j)](j) @) () %hZ
[T(j)](j) [T(j)](j) %hQ [T(j)](j) 7O 20 %hQ
[7—(])](]) [T(l)](l) %hZ
[T(l)](J) [T(l)](J) %hQ [T(l)](J) G ) %hQ

+(0) +(0) h2 +(0) @) £0) h2

t E®(t)] t E®(t)]

[+()@) ih 7(0) h

(d) For t € T such that p(t) + r(t) =1
t  t E[{e)}] E[{e)}] E[{e@)}{et)}’]
) 7O h 3h? h?

B Expectations of elementary numerical weights

To save space, we omit expectations for elementary numerical weights cor-
responding to elementary weights in Section A. Except them, we show only
the expectations that do not vanish, of elementary numerical weights or the
products of them for weak order 2. In addition, for ease of notation we omit
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all indices and the range of values of all indices in all summations.

Table B.1
Expectations of elementary numerical weights or the products of them

(a) For t € Ty such that p(f) + r(t) = 4

t E[(T)(m+1)s+1(t)]
’ 5.300) ~Gh00 7 G 3) (o0

HT/(I]< ]A(j)]A(O) 20]1 ) ~ 532“2 )O‘gfj J3:9) b z(fl ) Z(gg )m(id )

[[[7_(}() )} g( }(lz )](] © Zc(]p]) ]17]7]271) (327 9337]) (]3»]»]4:I)E |: (]17]) (.]271) (.737.7) ~'(jz/pl)_
Al A] 1122 1213 134 12 1,3 14 ]
H[Tg()l)]gz ]A(])]A()O Z C .71 ] 5‘17;27.7 ]2,l) 523; 7]37Z)Oé,fif;l7j4’J)E |:77(.717])n7g2» ) 123’ )nl(ZA/pJ)_

l j l , 35 J5sl 20,501 Ak, ) (3597
S )
[T(l()-) [Tg];)l)](l)(-)](j()o) Zc(]p]) (Jpj,jé,l) (jivjaﬂg) .737l J47])E " (]17.7 (]27 (]37) (]:17])-

AP L AMIAGITA 21 2172 1113 Xigiy 14
(b) For t € T such that p(t) + r(t) = 3,2
t t E[®(n11)541 ()P (mt1yss1(t1)]
IS e Sl G ) p [ ) ) i)
I . . ! . b il A 7 0 G
N e

The above expectations are expressed with the notation in (7). By substituting
,","]Z(aa.]b) — ,’71 7]b b( Jb) and 71 ;}]ba 7.]Li) J— ,Yz(angby \Jd /bgav.]b) for jb,]d c {O,j’ l}, however,
we can readily ‘obtain the expressions of the expectations for (6).

C An example of stochastic Runge-Kutta schemes in the multi-
dimensional Wiener process case

We show an example of schemes belonging to the stochastic Runge-Kutta
family (6) in the multi-dimensional Wiener process case. This scheme is of
weak order 2 for Stratonovich SDEs with a multi-dimensional Wiener process.
In fact, the scheme is the counterpart of a weak second order explicit scheme
for 1t6 SDEs, proposed by Platen ([10], p. 486).

When s = 7 in (6), set random variables and parameters as in Tables C.1,
C.2 and C.3. Suppose that 7, 7' # 0 in all tables and j # j" only in the second
line for 7 = 3, 4. The other random variables and parameters vanish. Then, we
have

9 h
Y1 = yn+TZAWg](yn)+ 590(¥a) + 3 Zg] (Y,)9,(y,)
Jj=1 j 1
1 y
7 AW+ (AW = h) [Vibg, (9)

Jj=1
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{aw; —(awp? =) [Vh}g, (&)

+
R

j=1
+if:1 f: {AW + (AW; AW + Vi ) /\/E}gj (QQ
e
41 > 3 Al = (@AW, £ Vi) Vi, (5)
T
L VR

+}2Lgo + 5 i [ { ( + \éﬁg](@)> - 9; (77 - \/jgj(@)> }

7=1

{ (v + Vg, (9) - (y—\/ﬁgj(m)H (1)

(m > 2) with the intermediate variables

Y=y, + h(go(yn 4+ = Zg yn)gj(yn)) + iAngj(yn),

Jl J=1

T yn+h<go(yn + = Zgz yn)gz(yn))if 9:(Y,),

l 1

¥h =y, £ Vhg;(y,),

where AW,’s and Vj ;s (j' # j) are mutually independent random variables
satisfying

0 (k=1,3,5),
[(AW)H] =3 (k= V)h+2 (k= 2,4),
O(h?) (k > 6),

EVy =0, E[(Vp)’] =, EV;Viyl=—h"
and they are also independent of y,,.

Because the last term in (C.1) can be rewritten by (h/4) Y7L, g§1)(@)gj(@) +
O(h?), (C.1) is equivalent to Platen’s scheme for It6 SDEs except the terms
being of O(h?) at least. Consequently, (C.1) is of weak order 2. (It should be
noted that there exists a typographical error in the scheme in [10].)
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Table C.1

A set of random variables

7 Random variables Random variables
1| o™ h 7 h
m(O,j) NG m(m) NG
n? AW; P Vh
2 | g vh o Vh
3 a0 AW+ (AW = h) /VR
) AW+ (AW;AWy + Vi) VR
4| AW = (AW = k) VR
0 AWy — (AW AWy + Vi) VR
Table C.2
A set of parameter values for bfi ) and cl(j“’jb)
? Parameters 1 Parameters 1 Parameters
1600 [0 1 b0 1[0 16 [0 1] 0D 1
bZ(OVj) 1 4 bz(j,j) 1 Cz(j,j) 1 bgl’j) 1 CZ(LJ‘) .
bgj’j) 1 ng’j) 2om bl(-j’j/) 1 Cl('jﬁj’) Ly bl(O,j) 1 Cl(O,j) 1
2 L T I B I O I T C L.
3 bgj’j) 1 ng’j) 1 bz(j,j) 1
Table C.3
A set of parameter values for a(]“’]b’j"jd) and ’yz(j‘;’;b’]c’]d)
i Parameters i Parameters
9 %(J 4,0,9) % 6 (O»J»O 0) (173,3 ") agg,j,j’,j’) 1
3 E{J 0 0) E{J 07])7 ag,jvj’vj’) 1 ag,m,m’ ag’” J )’ az(;vjvj’vj’) 1
a{"0) 1 NCEEDRENER) !
4 agi,j,0,0)7 5173 OJ)7 ag’j’j/’j/) 117 (?7370 0) O[Z(l,m J") %(2,],,] 3D
1({ J) 1 a(i,J,O ,0) (11 353" 53 )’ az(;,yvj’vj’) 1
5 az(g)vo,oﬂo)’ az(?ﬂod»])’ ag’o’j’j) 1 a(g,JJJ), _a%,j,jd) %
ag{,j,070)7 ag’j’jl’jl), ag’j’j/’j/) 1
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