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Abstract

A novel class of conservative numerical methods for general conservative Stratonovich
stochastic differential equations with multiple invariants is proposed and analyzed.
These methods, which are called modified averaged vector field methods, are con-
structed by modifying the averaged vector field method to preserve multiple invariants
simultaneously. Based on the a prior estimate for high-order moments of the modi-
fication coefficient, the mean square convergence order 1 of the proposed methods
is proved in the case of commutative noises. In addition, the effect of the quadrature
formula on the mean square convergence order and the preservation of invariants for
modified averaged vector field methods is considered. Numerical experiments are per-
formed to verify the theoretical analyses and to show the superiority of the proposed
methods in the long time simulation.
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1 Introduction

Numerical methods for stochastic differential equations (SDEs) have attracted exten-
sive attention over the past decades, in view of the difficulty of obtaining explicit
solutions of original systems (see e.g. [2,7,10]). It is important to construct numeri-
cal methods which preserve properties of original systems as much as possible. For
conservative SDEs with one invariant, there have been many works related to numer-
ical methods in recent years. On the one hand, aiming at the SDEs with single noise,
[12] proposes an energy-preserving difference method for stochastic Hamiltonian sys-
tems and analyzes the local error. Based on the equivalent “skew gradient” (SG) form
for conservative SDEs with one invariant, [6] proposes the direct discrete gradient
methods and the indirect discrete gradient methods, and proves that these two kinds
of methods are of mean square order 1. Authors in [4] construct energy-preserving
methods for stochastic Poisson systems, and prove that those methods are of mean
square order 1 and preserve quadratic Casimir functions. On the other hand, in the case
of SDEs with multiple noises, [3] proposes the averaged vector field (AVF) method
for conservative SDEs (see [13] for the original derivation of the AVF method in the
deterministic setting). It is shown that the mean square order of the AVF method is
1 if noises are commutative and that the weak order is 1 in the general case. For the
case of quadratic invariants, [5] constructs stochastic Runge—Kutta (SRK) methods for
SDEs with quadratic invariants and [14] gives the order conditions for SRK methods
preserving quadratic invariants.

For conservative SDEs with multiple invariants, one difficulty is to preserve multiple
invariants simultaneously. One approach is via a projection technique, which combines
an arbitrary one-step approximation together with a projection onto the invariant sub-
manifold in each step. [15] shows that this approach is feasible in stochastic settings,
and the proposed methods could reach high strong order as supporting methods do. In
this paper, we focus on constructing a new class of multi-invariant-preserving meth-
ods, which are called modified averaged vector field (MAVF) methods. More precisely,
we add modification terms to the AVF method to preserve multiple invariants simul-
taneously, motivated by the ideas of line integral methods (LIMs) for deterministic
conservative ordinary differential equations (ODEs) in [1].

As is seen in (3.3), the modification terms contain a vector-valued random variable
a = (ag, o) which is called the modification coefficient, hence a prerequisite to
acquire the convergence order of MAVF methods is the boundedness of the high-
order moments of «. To this end, one technique is to truncate the Brownian increments,
which not only ensures the solvability of MAVF methods, but also makes sure that
for sufficiently small stepsize, « is uniformly small with respect to the sample point
w . Another technique is the use of the orthogonality of Legendre polynomials, which
makes us get rid of the effect of low-order terms and then acquire the estimate for high-
order moments of «. We compare MAVF methods with Milstein method to prove that
MAVF methods are of mean square order 1.
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When the integrals contained in MAVF methods can not be obtained directly, numer-
ical integration is an option to approximate these integrals. Thus it is necessary to
investigate the effect of the numerical integration on the mean square convergence
order and the preservation of invariants for the proposed methods. It is proved that the
induced MAVF methods are still of mean square order 1 provided that the order of
the quadrature formula is not less than 2. Generally, the invariant-preserving order in
mean square sense of the MAVF method using the numerical integration only depends
on the order of the quadrature formula.

The rest of this paper is organized as follows. In Sect. 2, we give some concepts about
conservative SDEs with invariants and preliminary theorems and lemmas for numerical
analyses. Section 3 proposes MAVF methods for conservative SDEs with single or
multiple noises and shows the properties of these methods. Section 4 investigates
MAVF methods using the numerical integration, and analyzes their convergence orders
and preservation of invariants. Numerical experiments are performed in Sect. 5 to
verify the theoretical analyses and to show the advantages of MAVF methods in the
long time simulation.

In the sequel, for convenience, we will use the following notations:

— |x|: The trace norm of a vector or a matrix x, i.e., |x| = +/Tr(xTx).

CK(R™, R"): The space of k times continuously differentiable functions f : R” —
R”.

C]l‘) (R™, R™): The space of k times continuously differentiable functions f : R" —

R" with uniformly bounded jth order derivatives, j = 1, ..., k. ‘
— V f: The gradient of a scalar function f € C!(R™, R),i.e., Vf (3x1 . %),
or the Jacobian matrix of a vector function f € C! ®R™, R"), ie., Vf =

(VAL VEDT.
— Giteaux derivative f® (x)(&1,...,&): If f(x) € Ck(R”’ R) and &1, ..., & €
m (k) _ym a* s )
R™, then f () (&1, ..., &) = 207 =i P ,kE gL
— The closed ball B(y,r) with center y € R™ and radius r > 0: B(y,r) =
{x ER’”‘ lx — y| fr}.

2 Preliminary

In this section, we give the definition of an invariant for conservative SDEs and intro-
duce some lemmas and theorems for the proof of convergence.
Consider the general m-dimensional autonomous SDE in the sense of Stratonovich

D
() = fFYO)de+ g (Y©O)odW, (1), 0<t<T, YO =Y (21
r=1

where W, (¢), r = 1, ..., D, are D independent one-dimensional Brownian motions
defined on a complete filtered probability space (.Q, F A Fhi=0, P) with {F}1>0
satisfying the usual conditions. Assume that Yy is a deterministic initial value, and
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920 C.Chenetal.

that f : R" — R", g, : R" — R™,r =1, ..., D, are such that (2.1) has a unique
global solution. Next we give the definition of an invariant.

Definition 2.1 (see [15]) SDE (2.1) is said to have v invariants L (y) € C'(R™, R),
i=1,...,v,if

VL(y)f(y) =0, VLI(y)gr(y) =0, r=1,....,D, i=1,...,v, VyeR"
(2.2)

If we define the vector-valued function L(y) := (L!(y), ..., L“(y))T, then (2.2)
can be written compactly as

VL) f() =VL(yg (=0 r=1....D, VyeR" (2.3)

Hereafter, we also say that the vector-valued function L(y), which satisfies (2.3), is
the invariant of (2.1). According to the definition of the invariant, it follows from the
stochastic chain rule that dL (Y (¢)) = 0, where Y (¢) is the exact solution of (2.1). This
implies that L(Y (z)) = L(Yyp), a.s. This is to say, L(y), along the exact solution Y (¢),
is invariant almost surely.

The following two theorems give the relationship between local errors and global
errors of numerical methods for general SDEs. In the sequel, we always assume that
the assumptions of these two theorems hold unless we make an additional statement.

Theorem 2.2 (see [8]) Suppose that the one-step approximation Y,,y (t + h) has order
of accuracy py for the expectation of the deviation and order of accuracy p for the
mean square deviation; more precisely, for arbitrary to <t <ty+T —h, y € R"
the following inequalities hold:

/2
E (Yo~ Tyt m) 1 < K- (14 152) 7w, 2.4)
2\1/2 P2
[E|Y,,y(z+h) Y,y(t~|—h)|] (1+|y|) P2, (2.5)
Also, let
> ! > py + !
P2 7 1 P2 >

Then for any N andk =0, ..., N the following inequality holds:

- 1/2 12
[EWin @) = Ton@P] " = K- (14 EYP) Thm712 26

i.e., the mean-square order of accuracy of the method constructed using the one-step
approximation Y; y(t +h) is p = p» — 1/2.
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Theorem 2.3 (see [8]) Let the one-step approximation Y, 1,y (t+h) satisfy the conditions
of Theorem 2.2. Suppose that Yt,y(t + h) is such that

\E (ﬁ,y(t +h) = Yoyt + h)) | = 6hP), 2.7
[Eu?,,y(t +h) =Y, + h)|2]1/2 = O(hP?). (2.8)

with the same pi and py. Then the method based on the one-step approximation
Y: y(t + h) has the same mean square order of accuracy as the method based on
Y, y(t +h), ie., its order is equal to p = py — 1/2.

Generally speaking, when implementing implicit numerical methods, the truncated
random variables AW, (h) for the Brownian increments AW, (h) = W, (t + h) —
W,(@), r =1, ..., D, need to be introduced (see [8]). For this end, one can represent
AW, (h) = \/Ef;‘,, r=1,...,D,where &, r =1,..., D, are independent N (0, 1)-
distributed random variables. Then define AW, (h) = «/ﬁgrh as follows:

&, if & < Ap,
on = An, if & > Ap, (2.9
—Ap, if & < —Ay,

with Ay, := /2k|In h|, where k is an arbitrary positive integer. The following proper-
ties hold for the truncated Brownian increments.

Lemma 2.4 (see [8]) Let A, := /2k|Inh|, k > 1, and &, be defined by (2.9). Then
it holds that

E(¢n — &)* < ¥, (2.10)
0<E@E>—¢%) =1—Ez% < (1+22k[Inh|)k*. 2.11)

Moreover, it is not difficult to obtain the following properties:

1 1
E(1aWnPr)” < E(1aW,017)7 < eph 2 ¥ p e VY,

E(AW, (h)*P~! = E (AW, (h))*"' =0, V¥ peNT,
E (AW, AW;AWy) = E (AW; AW;AWy) =0, Vi, j ke{l,2,...,D},
(2.12)

where ¢, is a constant independent of 4.

3 MAVF methods for stochastic SDEs
Consider the following autonomous m-dimensional SDE with single noise

dY () = f(Y(0)dt + g(Y (1)) odW(1), 0<t=<T, Y(0) =Y, (3.1
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922 C.Chenetal.

where f and g satisfy the global Lipschitz condition. Let L(y) : R™ — R" be the
invariant of (3.1), i.e., VL(y) f(y) = VL(y)g(y) = 0, for all y € R™. Hereafter, we
alway assume that VL is continuous on R™.

We consider the numerical approximation for (3.1) in the interval [0, T]. Let 0 =
t <t < -+ < ty_1 <ty = T be a uniform partition of interval [0, T'], where
t, =nh, n=0,1,..., N.Let {y, },1,\7:0 be some numerical approximation.

3.1 Introduction on AVF method

In this part, we recall the AVF method for conservative SDEs. The AVF method,
as a special discrete gradient method, is originally proposed by [13] in dealing with
conservative ODEs. For the SDE (3.1), the AVF method is proposed similarly as in
deterministic settings:

1 1
1?=y+h/ f(y+r(1?—y))dr+AvT/f g(y + (Y —y))dr. (3.2)
0 0

If I € C(R™, R) is an invariant of (3.1), then there are two skew-symmetric matrices
S(x) and T (x) such that f(y) = S(y)VI(y) and g(y) = T(y)VI(y) (see e.g. [6]).
Especially, if S and T are constant matrices, then (3.2) preserves the invariant /. In
order to preserve the invariant / for general f and g, authors in [3] combine the skew
gradient form of (3.1) and the AVF method (3.2) to give a variant of the AVF method.
Generally, the method (3.2) and the one in [3] could not preserve multiple invariants.
This inspires us to seek for a new class of conservative methods to preserve multiple
invariants simultaneously.

3.2 MAVF methods for conservative SDEs with single noise

In this part, we propose MAVF methods preserving multiple invariants for conservative

SDEs with single noise and prove that these methods are of mean square order 1.
We denote y,11 = y1,.y, (t,H__l), n=2~0,1,..., N — 1. For convenience, we write

the one-step approximation as ¥ = )_’,, y(t + h). Next, we give t_he MAVF method for
(3.1). It is generated by the following one-step approximation Y:

1 1
?Z)"Fh[/ f(U(f))dT—/ VL((T(T))Td‘C(x():|
0 0
1 1
+AW[/ g(o(r))dr—/ VL<o<r)>Tdm1], (3.3a)
0 0

1 1 1 1
[f VL(cr(r))df/ VL(U(‘L’))TdT:| a0=/ VL(G(‘L’))dT/ f(o(r))dr,
0 0 0 0
(3.3b)

1 1 1 1
[/ VL(O'(‘L'))d‘C/ VL(U(r))Tdti| o] =/ VL(O‘(‘L'))dT/ g(o(1))dr,
0 0 0 0
(3.30)
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where o(t) = y + t(Y — y), AW = Az, and ¢, is defined by (2.9) with A;, =
/4 Inhl,ie., k =2, and ap, oy are RV-valued random variables.

As is seen above, the MAVF method (3.3) can be regarded as the modification of the
AVF method in [3]. Here, fol VL(o (7)) " dt ag and fol VL(o (1)) " dt «; are called
modification terms. Let &« = (ag, @1) and we call o the modification coefficient of
the method (3.3). The modification coefficient ¢ satisfies (3.3b) and (3.3¢) in (3.3) to
make the MAVF method conservative.

More precisely, in order to preserve multiple invariants, we perturb (3.2) as follows:

1 1
Y=y+h [/ flo(r)dr —/ VL(o(1))" dt o{o]
0 0
1 1
+AW [/ g(o(f))dr—/ VL(o(t)" dm]], (3.4)
0 0

where o and o1 are undetermined coefficients to make this method preserve multiple
invariants. To this end, by the Taylor expansion and (3.4), one has

L(Y)— L(y)

1
:/0 VL(y+t(Y —y)dr(Y —y)

1 1 1 1
=h [/ VL(o(1)) d‘L’/ f(o(r))dr — / VL(o(t)) d‘[/ VL(O‘(‘L'))T dt ao]
0 0 0 0

1

1 1 1
= +AW [/ VL(o(7)) dr/ g(o(r))dr — / VL(o(t)) dt/ VL(U(r))T dr al] .
0 0 0 0

It is observed that choosing «g and & from (3.3b) and (3.3¢) in (3.3) ensures the
preservation of multiple invariants, i.e., L(Y) = L(y).

3.2.1 The a prior estimate of the modification coefficient

Let {y, }flV:O, with yp = Y9, be the numerical scheme generated by (3.3). We introduce
the level set
M = {y e R"|L(y) = L(y0)} (3.5)

and the §-neighbourhood of .#
Ms =y e R" |dist(y, #) <8}, forsomes >0, (3.6)

where dist(y, .#) = inf . 4 |x — y|. Moreover, for some subset U C R™ andk € N,
we denote by CK(U, R") the set of k times continuously differentiable functions from
U to R", and by C’;(U ., R") the subset of CK(U, R") with uniformly bounded jth
order derivatives, j = 1, ..., k.

The following lemma gives the solvability and conservation of the MAVF method
(3.3).
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924 C.Chenetal.

Lemma 3.1 Suppose that for some bounded .43, f, g, VL € Cl'(#s) and
VL(Y)VL(y)" is invertible on M. If y € M, a.s., then there is some ho > 0 such
that for all h < ho and almost sure w € 2, the method (3.3) is uniquely solvable, that
is, there is a unique Y = I?,’y (t + h), a.s., corresponding to (3.3). Moreover, it holds
that

(I) The MAVF method (3.3) preserves exactly multiple invariants L', i = 1,...,v
of SDE (3.1), i.e., L(Y) = L(y), a.s.;

(IT) For every € > 0, there exists some h1 € (0, ho) such that for all h < hy,

] <€, a.s. (3.7)

Proof We rewrite Y = Y (¢ + h) as

-1

1 1 1 1
Y=y+h [/ fo(r)dr —/ VL(o(7))' dr (/ VL(a(r))dr/ VL(O’(‘L’))TdT>
0 0 0 0

1 1 1 1
f VL(o(1)) d‘[/ f(o(r)) dt] + AW [/ glo(r))dr — f VL(U(I))T dr
0 0 0 0

1 1
(/ VL(a(r))dt/ VL(o(r))Tdr)
0 0

Noting that y € .#, one has that there is a closed ball B(y, §) C .#;s. Let 0y.(1) =
y+1(z—y)and Py(z) = fol VL(oy (7)) dt fol VL(oy (7)) " dr. Next, we prove
that_there is a constant r € (0, 8) such that for every fixed y € .#, P, (-) is invertible
on B(y,r).

Since .# is bounded, there is a bounded convex closed set F 2O .. For any
v,z € I, we define Q(y, z) = det(Py(z)), where det(Py(z)) denotes the determinant
of Py(z). Due to the continuity of VL and the fact that F x F is a bounded closed
set in R” x R™, Q(., -) is uniformly continuous on F x F. Noting that VLVL"
is invertible on .#, we have that Q(y, y) # O for any y € .#. The continuity of
Q(y, y) with respect to y yields Q(y,y) > O forany y € .# or Q(y,y) < 0
for any y € .. Without loss of generality, we assume that Q(y, y) > 0 for each
y € . 1t follows from the continuity of Q(y, y) on the bounded closed set .# that
there is a constant ¢g > 0 such that Q(y, y) > ¢ for any y € .#. By the uniform
continuity of Q, there is some r € (0, §) such that for every (y, ¥), (y,z) € F X F
with |y —z| < 7,1Q(y,2)— Q(y. )| < 3. Inthis way, forevery y € .#,z € B(y, r),
10(y,2) = Q(y, )| < . This implies that Q(y,2) > Oy, ) = $ = co — $ =

%‘) > Ofory e .#,z € B(y, r). Thatis to say, there is a constant € (0, §) such that

for every fixed y € .#, Py(-) is invertible on B(y, r).

—1

1 1
/ VL(a(r))dr/ g(o(r))dri|, a.s.
0 0
3.8)
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Let y € .# be fixed. For each z € B(y, r), we define

1 1
pz)=y+h [/0 floyz(r))dT —/0 VL(oy:(1) " dr Py(2)""

1 1
/OVL(Uy,z(T))dT/O f(Uy,z(T))dTi|

1 1
+ AW / g(ay’z(r))dr—/ VL(oy ()" dtr Py(z)™!
0 0

1 1
/0 VL(0y.:(v)) dr fo g(oy,z(r))dr]

1
=y+h /0 floy(r))dr — M(Z):|

1
+ AW / g(ay,z(t))dr—N(z)] as., (3.9)
0

where M(z) = [} VL(oy.(x)Tdz Py(2)"" fif VL(oy.(x))dt [ f(oy (1) dT
and N(z) = [} VL(ay (1) " dt Py(2)"" fif VL(0y,.(x))d7 [ g(oy (7)) dz. Then
(3.8) can be written as ¥ = go(l?), a.s.

We claim that ¢ is a contraction mapping from B(y, r) into itself. In fact, since .#;
is a bounded closed set, it follows from assumptions on f, g and VL that, there exists
a constant K5 > 0 such that

E%(If(y)l FIEWI IV + 1/ W+ 18I+ VL' ()D = Ks. (3.10)

In what follows, we use K;s to denote a generic constant dependent on .#j, but
independent of y and /4, and it may vary from one line to another. For an invert-
ible and continuously differentiable matrix-valued function G on R, we notice
that [G(y)"!'] = —G(»)~'G'(y)G(y)~!. By the assumption VL € C!(.;),
we have that for each y € .#, Py(~)_1 e CY(B(y, r)). In addition, one has that
[ floy (D) dr, [ g(oy (1) dt, [} VL(oy . (v)) dt € C'(B(y, r)). Hence, it fol-
lows from (3.10) that

max
zeB(y,r)

d 1
d_z/(; f(ay,z(f))df

1 1
< max / |f'(oy,-(t)7] dT < max | f'(oy,.(v)| Tdr
z€B(y,r) JO 0 z€B(y,r)

1

1
1
< max | f'(y)|tdr 5/ max | f'(y)| T dr < =K.
0 yeB(y.r) 0 yets 2
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926 C.Chenetal.

This means that fO‘ f(oy.(1))dt € CL(B(y,r)). Clearly, max, .z, fol floy;

(t))dt| < Kj. Same arguments also hold for fol g(oy - (1)) dr, fol VL(oy (1)) dr,

and Py(z). Since Py()"' € C'(B(y,r)), it holds that max .z, ., [Py(2)'| <
Ks. According to the fact [Py(z)_l]’ = —Py(z)_le’(z)Py(z)_l, we obtain that
maxzeé(y,r) [P}’(Z)il]/) = K5'

Using the chain rule, one has that max,ca, ) (|M(z)| +IN@|+ M (2] + |
N'(z)]) < Ks. Thus, there is some constant Ks such that fol f(oy (1)) dr,

fol g(oy (7)) dr, M(z) and N(z) are Lipschitz continuous on é(y, r) with uniform
Lipschitz constant K5. Then we deduce that for any z, z1, z2 € B(y, r),

p(z) — y| < Ks(h + |AW]),  a.s, (3.11)
lp(z1) — @(z2)] < Ks(h + |AW])|z1 — 22|,  a.s. (3.12)

Since for almost sure @ € 2, |[AW| < Ay = J4h|Inh] — 0as h — 0, there
exists a positive /¢ independent of w, such that for every h < ho, Ks(h + |AW|) <
min{l, r}, a.s. It follows from (3.11) and (3.12) that for every & < hg, ¢ is a contraction
mapping from B(y, r) into itself. Consequently, by the contraction mapping principle,
there is a unique Y such that ¥ = ¢(Y), a.s., for all sufficiently small stepsizes %, and

¥ —y| < Ks(h+ |[AW]),  a.s. (3.13)

Further, the Taylor expansion leads to
- ] -
L(Y)—-L(y) = / VL(o(t))dt(Y —y), a.s.
0

Substituting (3.8) into the above formula yields L(Y)= L(y), a.s.
It follows from the definition of o« and max_ .z, |Py ()~} | < Kj that

1 1
lag| < K / VL(o(1)) dr/ f(o(r))dr|, a.s. (3.14)
0 0

By the Taylor expansion, it holds that

1 1 1
fo flo(r)dr = f(y)+/0 T/(; f'y+0t(¥ —y)(¥ —y)dodr, a.s.
(3.15)
1 1 1 _ B
/ VL(o(t))dr = VL(y)—}—/ r/ VL (y +01(Y — y))(Y — y)d@ dr, a.s.
0 0 0
(3.16)
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Substituting (3.15) and (3.16) into (3.14), and using the fact VLf = 0, we have
ool < Ks(IY — y[+1¥ — y|*) < Ks|¥ — y| < Ks(h + AW, a.s.

Similarly, one has that |1 | < Ks(h+|A W|), a.s. Finally, using the fact (h+]A W D —
0 as A tends to 0, we complete the proof. O

As is seen in the above proof, although the randomness of y leads to the randomness
of B(y, r), the constants K5 and r are independent of w. Thus, h is also independent
of w. Using the fact yg € .#, we obtain a unique sequence {yn}ffzo satisfying y,41 =
17,", v (¥n), a.s., for sufficiently small stepsize h. Furthermore, L(y,) = L(yo), a.s.,
n=1,2,...,N.

Remark 3.2 As is seen in (3.7), we actually have that for sufficiently small 4 indepen-
dent of w, || < ¢, a.s., which is essential to give the high-order-moment estimates of
the modification coefficient . The key to the proof of the boundedness of « is the use
of the truncated Brownian increment | A VT/|. Otherwise, one can only obtain that for
every ¢ > 0 and every w € 2, there exists an o (w) such that for all h(w) < ho(w),
lee| < e.

Remark 3.3 If the initial value Y is a random variable, we can also establish the
solvability of the method (3.3). In this case, stronger assumptions on f, g, VL
are required. For example, if Yo € Uy, as., for some Uy < R™, we define
A = {y € R"|L(y) = L(x) for some x € Up}, A5 = {y € R" [dist(y, #) < §}.
If we replace .# by ./, and .#s by .45 in Lemma 3.1, then the solvability of (3.3)
can be given similarly.

Next we introduce Legendre polynomials { P;(¢)} j>0, which is a family of orthogonal
polynomials on the interval [0, 1]. For Legendre polynomials { P;(t)} j>0, it holds that

1 1
/ Pi()dr =0, Vj=>1, / Pi()t*dt =0, Vk < j. (3.17)
0 0

In the following, we will use the properties of Legendre polynomials to derive some
important lemmas. The authors in [1] give Lemma 3.1 and some facts in Chapter 6 by
means of Legendre polynomials, when dealing with numerical methods for conserva-
tive ODEs. Likewise, we obtain some useful lemmas in stochastic cases.

Lemma 3.4 Assume that f, g and VL are continuous, then

1 1
Z/ Pj(t)VL(o(7))dt - / Pi(t)f(o(r))dr =0,
=070 0

1 1
Z/ Pj(r)VL(U(r))dr~/ Pi(1)g(0(v)) dt = 0. (3.18)
0 0

j=0
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Proof Since Legendre polynomials {P;(¢)};>0 form an orthonormal basis of the
Hilbert space L? ([0, 17), it follows that f (o (1)) = ijo Pj(r)[fo1 Pj(t) f(o(z))
dl’]. Noting that VL(y) f(y) = 0, for all y € R™, one has

1
0=/ VL(o (1)) f(o(r))dr
0

= /() VL(o(7)) - Z Pj(t) |:/ Pi(t) f(o(1)) dr:| dr

Jj=0

1
_Z/ Pj(t)VL(o(r))dt - /0 Pj(t)f(o(v))dr.

jz0

Likewise, we obtain the second equality of (3.18). O

In the sequel, we will use a generic constant K, dependent on y but independent of #,
which may vary from one line to another.

Lemma3.5 Let the assumptions of Lemma 3.1 hold. Let G be a scalar or vector-
valued function defined on Ms and G(y) € CUTY (). If y € M, a.s., there is a
representation

1
/ Pi(G(o(t)dt =c;GYWMY —y,...,Y =)+ Mg, as., YVj=>0,
0 —,—J
j
(3.19)
. 1 .
where ¢; = %fol Pj(v)t/ dz, and [EIM; g1*P177 = OhYTY/2) for all p =
1,2,3,...

Proof Denote F := G oo, then F is (j + 1) times continuously differentiable. So the
Taylor expansion gives

i g L—ey ,
Z (O) / ( '0) F(]+1)(6T)Tj+1 de.
! 0 ]

k=0

Noting that fol P; (t)t¥dt = 0, forall k < j, we obtain

1 1
/ Pi(t)G(o(r))dr =/ Pi(t)F(r)dt
0 0
) 1 , 1 LoV ,
= Fj. L Pj(v)t! dr~|—/ Pj(7) [/ uF(/H)(Qr)rJHdQ] dr
7t Jo 0 o J!
= CjF(j)(O) +Mj G,

where ¢; = & [} P;(1)t/ dv and M 6 = [y P;(r )[f‘ a- ‘”’F(Hl)(er)zf“de]
dr.
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Further, F¥ (1) = GOy + (¥ —y)(¥ —y,....Y —y), k = 0,1, ..., leads to
N— —

k
(3.19).

It remains to estimate the moments of M . It follows from the boundedness of
GY*D that [M; G| < K;|Y — y|/T1. By (3.13), the Holder inequality and (2.12), we
have

1 .
[EIM; 617 = 6 (hHV2), ¥ p = 1.

This completes the proof. O
Next, we give the a prior estimate of the modification coefficient .

Lemma 3.6 Under the assumptions of Lemma 3.1, if y € . a.s., then o = (ag, ®1)
determined by (3.3) satisfies

[E|a|2p]ﬁ =0(h), |E(AWa)| = OHh?). (3.20)

Proof 1t follows from (3.13) that

F—y+Rio with [E|Rio?17 =), 3.21)
By the Taylor expansion of f (o (7)) at y,
1 - -
fle@)=f+ t/() f'y+0t(Y —y)(Y —y)do.
Integrating the above formula on both sides yields
1
/ flo(@)dr = f(y)+ Ry, ¢ with
0
1 1 ~ _
Ry = f f/ f'&+0t(¥ —y)(¥ —y)dode.  (3.22)
0 0

For sufficiently small 4, it follows from (3.13) that for some r > 0,0 (1) € B(y, r) C

1
M. Thus the boundedness of f’ on .#s and (3.21) lead to [E|R1,f|2p]5 = O0(h'/?).
Similarly, we obtain

1
/ VL(o(t))dr = VL(y) + R1; with [E|R1,L|2P]ﬁ =0h'?). (3.23)
0
It follows from (3.23) that (3.3b) can be written as
1 1
(VL+ Ry, )(VLT + R oo =/ VL(a(r))dt/ flo(r)dr.  (3.24)
0 0
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By Lemmas 3.4, 3.5 and Py(¢) = 1, it holds that

1 1
/ VL(o(1)) d‘L’/ f(o(r))dr
0 0

1 1
=—Z/O Pj(T)VL(U(T))dT-/O Pj(t) f(o(r))dr

Jj=1

==Y | VLY =y, ... Y =)+ MjvL
j=1 V

J
x i fPNE =y, Y =)+ M ¢
J
=K\ VL' ()Y — ) (f 0 =) + Riaps (3.25)

where K| = —c? with ¢| = fol Pi(t)tdr, and [E|R1,a0|2ﬂ]ﬁ = O(h'd).

In what follows, our idea is to establish a rough estimate of o such that «g can
reach % order in the mean square sense, then by the iteration argument, the order is
improved to be 1. Combining (3.24) and (3.25), we have

a0 = —[VLVL'""(VLR], + Ri.LVLT + RiLR] oo

+ K\ [VLYLTT'WL (0)(Y = 9)(f' )Y — 3)) + [VLVL 'Ry 4.
(3.26)

By (3.13), for sufficiently small A, |og| < 1, a.s. From assumptions on f and VL, it
follows that

leol < KIR1Ll+ KIRLLI? + KIY = y* + K|Ri - (3.27)

This implies that
1
[Elao|*?P1% = O(h'/?). (3.28)

Similarly, one has
1
[Ela1 P17 = O(h'/?). (3.29)

According to (3.21), (3.26) and (3.28), we obtain

Elaol* < KE(R1.L*lao*) + KE|Ry 1" + KE|Y — y|* + KE|R) g
< K[E(R1.L"1"?E|0"1'? + Kh? + KW
< Kh?.
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That is to say, [E|ao|?]'/? = &'(h). Similarly, we have

1
[Elaol*P127 = O(h). (3.30)
Thus (3.26) can be rewritten as

) = Ki([VLVL 'L/ 0)(F = (' 0T = ) + R, (331)
with [E|’R§1’a0|2p]2ip = O0h'd).

— o~ 1
We claim that ¥ = y + AWg + Ry o with [E|R; o|>P1% = O(h).
Applying the Taylor expansion to g (o (7)) gives

1
g (o (1) =g(y)+r/0 g (y+0t(¥ —y) (Y —y)do.

Since g’ is bounded, integrating the above formula on [0, 1] leads to

1 S| . .
/0 g(o(M)dr = gy + /0 : /0 ¢ (v +6T(F — ) (F — y)dode =: g(y) + Rig

with Ry | < K|Y — y|. Thus, it follows from (3.21) that (32
[E|R ¢ P15 = 6. (3.33)

Substituting (3.32) into (3.3a) produces
Y=y+AWg+ Ry, (3.34)

where

1 1
Rio=h [/ f(o(r))dr — f VL(o (1)) " dr ao]
0 0

1
+ AW [Rl,g —/ VL(o(t)" dtoz1:|.
0

Finally, using (3.28), (3.29), (3.33) and the Holder inequality, we have [ E| R} o|*”] %=
O(h).
Substituting (3.34) into (3.31) gives

o~ ~ ~ ~ 1
AWay = KiAW3[VLVL 17 'VL g(f'e)+R1.ey with [E|R) 4 |*P17 = O(h?).
Hence, |E(AWao)| = O(h?) due to (2.12).
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As for a1, analogous to the estimate on ¢, one can show that

a1 = K{[VLVLTT7'VL' ()Y = y)(g ()Y — ) + Ri4

o~ 1
with [E|R1.q, |17 = O(h'),
AWay = Ky AW VLVLT17'VL g(¢'g) + Ri.a,

. 5 2pa 2
with [E|R1q,|7P1%7 = O(h”).
1 ~
Thus, [E|«|*P127 = O'(h) and |[E(AWay)| = O (h?). o
In the proof of Lemma 3.6, we obtain the low-oder expansion ¥ — y = AWg +

R1.,0 (see (3.34)). In next subsection concerning th_e convergence order of the MAVF
method, we will make a high-order expansion on ¥ — y.

3.2.2 Convergence of MAVF methods for SDEs with single noise

Theorem 3.7 Let the assumptions of Lemma 3.1 hold. If f € Ci(Rm,R’"), g €
CZ(R’”, R™) then the numerical method generated by (3.3) for SDE (3.1) has first
order convergence in mean square sense.

Proof Our idea is to use the Taylor expansion repeatedly to represent (3.3a) so that we
can use the Theorems 2.2 and 2.3 to prove the convergence. For this end, we divide
the proof into three steps:

— o~ ~ 1
Step 1: We claimthat Y = y+ AWg+hf + %AWzg/g + Rao with [E| R 0|?P]% =
O(h'?).
Applying the Taylor expansion to g produces

1
go(1) =g+ MET =) +1> [ (1=0)g"(y+0T(¥ —y)(¥ —y, ¥ —y)do.
0
Noting the boundedness of g”, we obtain
! L, 5 1)
/0 glo(r)dr =g+ 58 M =) +R,, (3.35)
with

1 1
Ry = / 72/ (1=0)g"(y+07(¥ —y)(¥ -y, ¥ — y)dodr and
’ 0 0

< [EIRS) P15 = o).
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Substituting (3.34) into (3.35), we have

1
1 - 1
/ go()dt = g+ ~AWg'g + ~¢'Rio + RS
0 2 2 ¢

1 ~ L
=g+ EAwg’g + Ry o With [E|R2 4?7127 = O(h).  (3.36)
Substituting (3.22) and (3.36) into (3.3a) leads to

_ ~ 1 ~
V=y+AWg+hf + AW g + Rap, (3.37)

where

1 1
Roo=hRy f— h/o VL(o(r)) droag + AWR,, ¢ — AW/O VL(o (1)) "dray,

(3.38)
and [E| Ry o2P1% = 6/(h'
20712 = O(h' 7).

Step 2: Estimate of the expectation of R2 .

Recall that Ry f = fo‘ T fo‘ F(y+01(Y —y))(Y —y) dodr (see (3.22)). By the Taylor
expansion and the boundedness of f”,

Risp= 5/ 0T )+ /01 2 /01 [/01 1+ 20T = v, P - y)dx} bdodr
= %AWf/g +Rif
with [E|R), /12717 = @(h). Thus, we have
|E(hRy )| = Oh?). (3.39)

Next we estimate the expectation of Ry ; = % gRio+ Rg;. Comparing (3.34) and
(3.37), we obtain

1~
Rio=hf + EAw2g/g + Ryp. (3.40)

Further, it follows from the Taylor expansion, the boundedness of g’ and (3.34) that

QS . L
R§};:8szg/’(g,g)+1?§g with  [EIR)PP1% = 0').  (B.41)

By (3.40), (3.41) and the definition of R; ,, one has

1 1~ 1~ y _
Ry = Ehg/f + ZAWZg/(g/g) + gAWzg”(g, g+ Ry, with

[EIR) 2P = 0(h'S).
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The above formula and (2.12) yield
|[E(AWRy )| = 6(h?). (3.42)

Due to (3.23) and Lemma 3.6,

1
'E (h / VL(a(t))drao)‘ =0 and
0
1
'E (AW/ VL(o(r))dtoq)’ = O0Hh?). (3.43)
0

Combining (3.38), (3.39), (3.42) and (3.43), we have
|ER»o| = O(h). (3.44)

Step 3: Comparison between (3.37) and Milstein method.
Consider the one-step Milstein approximation Y™! for (3.1):

yMI — AWg +h lAW2/ 3.45
y+ g+ f+2 g8 (3.45)

As is well known, Milstein method (3.45) satisfies Theorem 2.2 with p; = 1.5, p» =
2. Comparing the expansion (3.37) of our method (3.3) with Milstein method, we get

- . 1 ~

V= YMl = (AW — AW)g + S(AW? = AW)g'g + R
o (3.46)

= V(e - E)g + Sh(@; —Eg'g + Rao.

OwingtoLemma2.4, |E ({7 —£2)| = O(h>~€),forevery e € (0, 1),and E (¢, —£)? =
O'(h?). Moreover, one can prove E (¢, — & )4 = O(h?). The Holder inequality and the
above evaluations lead to

ElY —YM?2 = g?), |E(Y — YMY = 6h?). (3.47)
Thus the proof of (II) is completed by Theorem 2.3. O

3.3 MAVF methods for conservative SDEs with multiple noises

In this section, we propose MAVF methods for conservative SDEs with multiple noises
and prove that these methods are of mean square order 1 if noises are commutative.

We still suppose that L(y) : R™ — R is the invariant of (2.1). Based on the ideas
of dealing with conservative SDEs with single noise, we construct the MAVF method
for (2.1) as follows:
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1 1
?=y+h[/ f(a(f))dr—/ VL(U(T))TdTOéo:|
0 0

D 1 1
+Y AW, [/ gr(o(r))dr—/ VL(a(r»Tdmr]
r=1 0 0

1 1 1 1
[/ VL(o(1)) dt/ VL((T(‘[))T dri| o :/ VL(o(1)) dr/ f(o(r))dr,
0 0 0 0

1 1 1 1
[/ VL(o(1)) dl’/ VL(O‘(‘L’))T dr:| o =/ VL(o(1)) dr/ gr(o(r))dr,
0 0 0 0

r=1,...,D,

(3.48)
where 6(t) = y + t(Y — y) and AW, = hep is defined by (2.9) with
k = 2. In addition, o, r = 0,1,..., D, are R"-valued random variables. And
o = (xg, a1, ..., ap) is called the modification coefficient.

Remark 3.8 If the invariant L of (2.1) is quadyatic, and f, g, r = 1,..:, D,
are linear functions, then fol flo(m)dr = f(%), fol g (o(r))dr = g, %),

fol VL(o(t))dr = VL(%). Noting that VLf = VLg, = 0, we have that « = 0.
In this case, method (3.48) becomes the stochastic midpoint method.

Theorem3.9 Let f € C:(R™,R™) and g, € C;(R™,R™), r = 1,..., D. Sup-
pose that VL(y)VL(y)T is invertible on A, and that for some bounded M,
VL € CL(.#s). Then the numerical method generated by (3.48) for (2.1) possesses
the following properties:
() It preserves multiple invariants L', i = 1,...,v, of (2.1), i.e., L(Y) = L(¥).
(IT) If the noises of (2.1) satisfy the commutative conditions, i.e., 8.8 = g;&r, I, =
1,..., D, it is of mean square order 1.

Proof Given that the proof is similar to that of Theorem 3.7, we only give the sketch.
The first property (I) easily comes out as in the proof of Lemma 3.1.

Let us proceed to the proof of (II). First, as is done in Lemma 3.1, we acquire the
solvability of (3.48) and have that for every € > 0, there exists an /¢ such that for all
h < ho,

le| <€ a.s.

Then, analogous to Lemma 3.6, we have that

[Elal??)% = 6(h),  |E(AW,a)| = O, r=1,....D.

Further, using the Taylor expansion repeatedly, we acquire

D D D
. N 1 o
V=y+d AW+ ZE; AW, AWiglgi +hf + R, (3.49)

r=1
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where

D D D
1 _ 1 _ _
R= 2h D AW, fg + Sh > AW f =Y AW, VL e,
r=1 r=1 r=1
1 & 1 2
+2 > AW, AW AW g,/ (8i: 8)) + ; > AW AW AW g/ (g]g)) + R,

r,i,j=1 r,i,j=1

~ 1
with [E|R|*P12r = O(h?).
Thus, it follows that

[EIRPP]'? = 0M'>),  |ER| = O®).
Further, Milstein method for (2.1) is

D D
_ 1 2
YMl =y fnf +3 " g AW, + 3 Y 88 AW,

r=1 r=1

t+h
+ Z 88i / (w; (0) — w; (1)) dW(0), (3.50)
ir !

which has first order convergence in mean square sense under the assumptions on
f, gr. Note the fact

t+h t+h
/ (wi (0) — w; (1)) AW, (0) +/ (wr(0) — wr (1)) dW; () = Aw; Aw,.
t t

This means, in the case of commutative noises,

t+h 1
D8 / (i (0) = wi (1) AW, (0) = Y _ g/ giAw; Awy = = 3 g gi Aw; Ay

i#r i<r i#r
(3.51)
With (3.51), Milstein method (3.50) becomes
) D 1 b.D
yM =y+ZAWrg,+§ZZAW,-AW,g;g,- + hf. (3.52)
r=1 r=1i=1
Comparing (3.49) and (3.52), we have
ElY — YY) =o', |EY —Y™M) =0om?, (3.53)

which means that the method (3.48) is of mean square order 1 by Theorem 2.3. O
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Remark 3.10 It is noted that if the noises are not commutative, the mean square order
of the method (3.48) is only % In this case, (3.51) could not be obtained. Thus when
comparing (3.48) and (3.50), one obtains [E|Y — YIMI|2]1/2 = @ (h) and |E(Y —
YIMI)| = ¢(h?), which leads to % convergence order in the mean square sense.

4 Numerical integration

When the integrals contained in MAVF methods can not be obtained directly, we
need to use the numerical integration to approximate the integrals. In this section, we
investigate the effect of the numerical integration on MAVF methods, including the
mean square convergence order and the preservation of invariants.

Here, we recall some concepts of numerical integration. Consider the quadrature
formula (c;, ;)™ on the interval [0, 1]:

1 M
/0 fO)ydx =Y bif(ci). (4.1)
i=1

The quadrature formula (4.1) is said to have order ¢ if it is exact for polynomials of
degree no larger than ¢ — 1, i.e.,

1 M
/ K=Y "bicf, k=0.1,....g—1.
0 i=1
Here are some examples of the quadrature formulas:

1 1

f@)dxx 1)+ f(D]. (4.2)
1 1 1

foydr~ o [3f (§> n f(l)} , 43)
1 1 3-43 3 3

f@dr~ 3 [f ( 6f) +f ( +6f)} , 4.4)

! 1 5—-J15 1 5+4/15
A Sx)dx ~ 13 |:5f (T) +8f (§> +5f <T>:|’ 4.5)

and their orders are 2, 3, 4, 6, respectively.
Asis well known, if f € C? with g being the order of the quadrature formula (4.1),
then it holds that

1 M
/0 fO)dx =Y " bi f(c) + pg f 90, (4.6)
i=1
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where n € (0, 1) and p, is independent of f. Next, we use the numerical integra-
tion to approximate the integrals in (3.48). The induced numerical method using the
quadrature formula (4.1) is

M M
Y=y+h [Z bi f (o (ci)) — ZbiVL(a(ci»Tao}

i=1 i=1

D M M
+) AW, [Z bigr(@ () =) bNL(o(c,-»Toer} : (4.7a)
r=I1

i=1 i=1

M M
[Z b,-VL(o(ci))} [Z bNL(o(cl-))T} oo

i=1 i=1

M M
= [Z bNL(o(ci))} [Z bif(a(c,'))], (4.7b)

i=1 i=1

M M
[Z bNL(o(ci))} [Z bNL(o(ci))T} o

i=1 i=1

M M
= |:ZbiVL(a(c,~)):| |:Zbig,(a(ci)):|, r=1,...,D, (4.7¢)

i=1 i=1

where o (1) =y + 1(17 —y).

4.1 Mean square convergence order

In this part, we study the mean square convergence order of (4.7). Following the
procedure in Sect. 3, we firstly present the boundedness of &, and the expansion formula

of Y. Hereafter, we denote P(z,y) := [Zfil biVL(y +ci(z — y))] [Zlﬂil biVL
0 +eaz-mT]

Lemma4.1 Assume that f, g, € CJ(R™, R™) N Cp(R™,R™), r =1,...,D, L €
Ci (R™), and that P(y, z) is invertible for each y, z € R™ with P! € Cé R™xR™N
Cp(R™ x I&m). Then for any given 'y € R™, the method (4.7) is uniquely solvable with

respectto Y and o = (ay, . .., ap), a.s., for sufficiently small stepsize h. In addition,
there is a representation

D
V=y+) AW.g + Ry, 48)

r=1

1
with [E|Ry|2”] 2 = CO(h), p =1,2,.... Moreover, for every € > 0, there exists
some ho > 0 such that for all h < hy,

le| <€, a.s. 4.9)
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Proof Considering that this proof is similar to that of Lemma 3.1, we give the sketch of
the proof. Under the assumptions of this lemma, one can use the contraction mapping
principle to prove that there is a unique Y satisfying (4.7) for sufficiently small stepsize
h independent of w. It follows from the assumptions on f, g, and L that (4.8) holds.
Then using similar arguments as in the proof of Lemma 3.1, one can derive (4.9). O

Remark 4.2 InLemma4.1,in order to acquire the solvability of the MAVF method (4.7)
using numerical integration, we make stronger assumptions than those in Lemma 3.1.
In practice, even though the numerical solution of this method may leave the manifold
A, the invariant-preserving error can still be controlled (see Theorem 4.9), and the
numerical solutions stay in some neighbourhood of .# (see for instance, the numerical
experiments in Sect. 5.2). [t means that (4.7) could be applied to some systems provided
that VLV LT is invertible on some neighbourhood of .. It would be interesting to
investigate the mild assumptions to ensure the solvability of the MAVF method (4.7)
for a uniform stepsize independent of w.

The following lemma is used to estimate the accuracy of the numerical integration
in (4.7).

Lemma4.3 Let g be the order of the quadrature formula (c;, bi)iﬂil and G be an

arbitrary scalar or vector-valued function. Let the assumptions of Lemma 4.1 hold. If
q > 2and G ¢ Cp(R™), then we have

1 M
/ G(o(r)dr =Y biG(o(c) + Y64 (4.10)
0

i=1
where Y 4 satisfies

€L
2p

[E|x1/(;,q|2l’] :ﬁ(h%), Vp=12,... 4.11)

In addition, it holds that
(D If q is odd, then

|E(aW,¥6,0)| =0 (h'T), r=1.....D. 4.12)
(IT) If q is even and GYTD e C,(R™), then
|E(aW,6,,)| =0 (h'T), r=1.....D. (4.13)

Proof We only prove the case that G is a scalar function, the case of vector-valued
function is analogous. According to (4.6), we have
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1 M
| Gowar =Y bG@@) + v,
0

i=1

where WG , = pq%G(a(t))‘ with 5 € (0, 1).
=0
Besides, it holds that

d¢
—G(o (1))

5 =GP —y,....Y — ). (4.14)
T4 —_—

=1
Due to (4.8) and boundedness of G?), we have
[EWG,q 1% = 0 (h}).
(D If ¢ is odd, the Holder inequality yields
EAW, WG 4| = O (h%) . r=1,....D.
(ID) If g is even, it holds that

E(AWy AWy -+ AW, ) =0, Viiia, ... ig41 € {1,2,..., D).

1
Since GYtD e Cp, we have G (a(n)) = GP(y) + Rg, with [E|Rg|*P1» =
O(h'/?). Thus, using the Holder inequality and (4.8) gives

o~ 2
EAW, WG 4| = 6(h'T), r=1,....D.

Next, we give the a prior estimate of the modification coefficient o in (4.7).

Lemma 4.4 Let q be the order of the quadrature formula (c;, bi)iﬁil in (4.7). Let the
assumptions of Lemma 4.1 hold. Assume that f, g, VL € CZ ®R",r=1,...,D.If
q > 2, then we have

€L

[E|a|2”]2p=6’(h), p=1,2,... and |E(AW,&)|=0h%), r=1,...,D.
(4.15)

Proof By (4.10), (4.7b) in (4.7) can be rewritten as

1 1
U VL(o(r))dr — lpVL‘q} [/ VL(o(r))" dr — WJL,q} o
0 0
1 1
= [/0 VL(o(1))dr — WVL,q} [/0 f(o(r))dr — wf,q] . (4.16)

@ Springer



Modified averaged vector field methods preserving... 941

By arranging the above formula, we have

1 1
U VL(a(t))dr/ VL(o(t))" dr] o0
0 0
1 1
=/ VL(G(I))dt/ f(o(r))dr + Ty, (4.17)
0 0
where
1 1
Toy = —/0 VL(o(t)dtWy, — ww,q/o flo(r)dt + Wy ¥,
1 1
+ |:lI/VL,q / VL(U(‘L’))T dr + f VL(o(1)) dtlIJJL’q — lI/VL,q"I/JL,q} .
0 0

Using (3.23) and (3.25), we write (4.17) as

(VL + Ri.)(VLT + R Do = KiVL' )Y = ) (f X = 3)) + Riag + Tug.

1
where [E|R} o, [*P1%7 = O(h'?).
Further, since [VLVLT]~! is invertible, we have
o= —[VLVLTI""(VLR], + Ry L VLT + Ry L R] )atg + [VLVLT]7' T,
+ Ki(VLVLTT'VL' D) = ) (f' 0)F =) + [VLYL T Ry g
(4.18)
Next we prove the conclusion for different values of g.

Case 1 Since ¢ = 2 iseven and f, g, VL € Cz(R’"), it follows from Lemma 4.3
that

1

[EI‘I/f,q|2p]5 = O(h), |:E|[pVL‘q|2pi|

L
2p

= 0(h),
and
|E(AW,W; )| = 6%, |E (AW, ¥v1,)| = 6.

1 o~
Hence, [E|Tao|21’]27’ = O(h), and |[EAW, Ty| = O'(h?*). Analogous to the proof of
Lemma 3.6, we have

1 o~
[Ela|*’17 = O(h), |E(AW,a)| = O(h%), r=1,...,D.
Case 2 If ¢ = 3, according to Lemma 4.3, we obtain
1 1
[E|W; 1?7177 = Oh'?), [E|WyL4*P17 = O(h').
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Then the Holder inequality yields
2p1 2 L5 > 2
[E|Ty|P177 = Oh'?),  |[EAW, Ty | = O(h?).
Analogous to the proof of Lemma 3.6, we have
1 o~
[Ela|*’1? = O(h),  |E(AW,0)|=O(h?), r=1,....D.
Case 3 For the case of ¢ > 4, since f, VL € Ci (R™), the proof is the same as that of

Case 2.
Combining the above conclusions, we complete the proof. O

Next we give the result of convergence of the method (4.7).

Theorem 4.5 Let the assumptions of Lemma 4.4 hold. If the noises satisfy the commu-
tative conditions, i.e., ,.8; = g, 8-, i,7 = 1,..., D, then the method generated by
(4.7) is of mean square order 1.

Proof This proof is analogous to that of Theorem 3.9, we only give the sketch. It
follows from Lemma 4.3 that

1 1
Y=y+h [f flo(m)dr — s, — / VL(o(r)) " drag + ‘I’VTL,q“O}
0 0
b 1 1
+ Y AW, [/ g (o (1)) dt — Wy, 4 — / VL(o(7)" dre, + vaqua,}
r=1 0 0
1 1
=y+h [/ flo(r))dr — / VL(U(I))T drao]
0 0

D 1
+) AW, U gr(o (1)) dr —/
r=1 0 0

where

1
VL(o ()" dwt,:| + RWI (4.19)

D
RO = —hwy + 0¥, a0+ ) AW, [—Wg,,q + ‘PvTL,qar] -

r=1

According to Lemmas 4.3 and 4.4, we have
1
[EIRP1 = 01", [ERY) = 0().

Using the Taylor expansion, analogous to the proof of Theorem 3.9, we obtain

D D D—-1 D
94 17 1 552 ~ ~ 0
V=y+) lew,g, +3 EIﬁAWrg;gr + §1 _§+j1AWiAWrg;gi +hf + T,
r= r= r=1i=r

(4.20)
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where

Tl = hZAW,f g + hZAWrgr

D D
—~ 1 ~ o~ o~
-> AWrVLTar—i—g Y AW AW AW 8] (8. g))
r=1 ry,j=1

D
1 —~ o~ ~
+7 > AW, AW, AW;gl(g)g)) + R + R, (4.21)
ri,j=1

172

with [E|R1!?]" = &/(h?). Thus, it holds that

[EITON)2 = o', |ET = oh?).

Comparing (4.20) with Milstein method for (2.1), we obtain that the method (4.7) is
of mean square order 1. O

Remark 4.6 As is explained in Remark 3.10, if the noises are not commutative, the
mean square convergence order of (4.7) is %

4.2 Invariant-preserving order in mean square sense

Itis worth noting that the method (4.7) does not generally preserve exactly the invariant
of the original system, due to the use of the quadrature formula, which makes it
necessary to study the preservation of invariant of (4.7). In the following, we give the
definition of invariant-preserving order in mean square sense.

Definition 4.7 A numerical discretization {y;} r11v=0 is said to have invariant-preserving
order p in mean square sense, if the invariant L(y) of (2.1) satisfies

[E|L(yn) — L(»0)[*1V? = O(hP). (4.22)

Let {y, }N o be the numerical discretization corresponding to the one-step approxima-
tion (4.7) with yp = Yy, and denote Ytn yont1) = Yuy1,n=0,1,..., N — 1. The
numerical method generated from the one-step approximation (4.7) reads

M M
Yoy (1) = yu + h [Z bi f (on(ci)) — Zbiw(on(c,-)ﬁao}

i=1 i=1

D
Z [Z bigr(on(ci)) — Zb VL(on(ci) ar} : (4.23a)
r=I1 i=1 i=1

M M M
[Zb,vuan(c,»} [Z w(cm(c»ﬂ} ap = [Zb,-vuon(ci))} [Zbif(anm))},

i=1 i=1 i=1
(4.23b)
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M M M
{Z biVL(on(c,-»} [Z bNL(an(c,-))T} @ = [Z b,-vuan(c,-))}

i=1 i=1 i=1

M
x [Zbigr(an(ci))}, r=1,....D, (4.23¢c)
i=1
where 0, (t) = y, + T(Vt,,,yn (ti+1) — ¥n)), and AWr,n = AWr(tn—H) - AWr(tn)»
r=1,....,D,n=0,1,..., N — 1, are mutually independent truncated Brownian
increments.

The following lemma gives the one-step error estimate on the conservation of the
invariant of (4.23).

Lemma 4.8 Let the assumptions of Lemma 3.1 hold. Assume that (VL)Y+D e
Cp(R™). Let q be the order of the quadrature formula (c;, bi)f‘il in(4.7). If g = 2,
then it holds that

g+l

[E|L()7,n,yn (hi1)) — L(yn)|2]l/2 ny (hT) Cn=01,....N—1, (424

and

17 (thj> , ifq is even,
= (4.25)

q+1

|E[L(Y;,.y, (tas1) — LOW)| Z,]
ﬁ(hT), if q is odd.

Proof Let y, denote a random variable and y € .# denote a deterministic variable in
this proof. It follows from the Taylor expansion that

1
L(Yy,,y, (tag1)) — L(yn) = /0 VL(oy (7)) dt(Ys,,y, (tnt1) — Yn)- (4.26)

By (4.10), we have
1 M
/ VL(ox(7))dt = ZbiVL(Un(Ci)) +%vLq, (4.27)
0 i=1

1
with [EWv. 4217 = & (?).
Substituting (4.27) and (4.23a) into (4.26) gives

L(Y,, 5, (ts1)) — L(3n)

M M M
=h [DZ bV L(on(ci) + ww,q} [Z bi f (0n(ci)) — Zb,-vuan(ci)ﬂao}

i=1 M i=1 i=1
+Y AW, [Z bV L(on(ci) + ww,q}

r=1 i=1
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M M
x {Z bigr(on(ci)) — Zb,-VL(an<c,-)>Tar] :

i=1 i=1

Utilizing (4.23b) and (4.23c), we obtain
L(Y,,.y, (ta41)) — L(n)

M M
= h¥yL [Z bi f (on(ci)) — ZbiVL(Un(Ci))Toto:|

i=1 i=1

D M M
+ AW ¥y [Z bigr(0n(ci) = Y _ biVL(oy (ci)far] . (428)

r=1 i=1 i=1

In order to acquire (4.24), it suffices to estimate the lowest-order term

D . M
> AW, WL, [Z bz-gr(an(cz-»} :

r=1 i=1

According to assumptions on f, g,, VL and the Holder inequality, it follows from
(4.11) that

D
EIL(T, 5, () = LOWP < K Y E[1AW, 1 PlWer o | + Knt+?

hat!, (4.29)

which proves (4.24).
If y, is replaced by the deterministic variable y, we are able to use Lemma 4.3 and
acquire that
q+2 . .
. ﬁ(hT), if g is even,
|[EAW, Yy 4] = gt (4.30)
o (hT) . if g is odd.

Thus, we have

y ﬁ(hq%z) if g is even,
|E[L(Y,.y(tar1) = L(M]| = g+l

ﬁ(hT>, if ¢ is odd.

Notice that y, is .%#; -measurable and that zn,y(tnﬂ) — L(y) is .#;,-independent.
According to the property of conditional expectations (see [10, Chapter 1]), we have
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E[L(Yi y, (i) — LOW| Z,] = (E[LT,, y(tar1) — L)) (4.31)

y=yn '

In this way, we obtain (4.25). O

We now give the result about the invariant-preserving order in mean square sense
for (4.23).

Theorem 4.9 Under the assumptions of Lemma 4.8, it holds that

ﬁ(h%> if q is even,
g—1

[EiLom - Lowr] " =1
ﬁ(h : ) if g is odd.

(4.32)

Proof Denote ¢, = E|L(y,) — L(yo)lz, n=20,1,..., N, and we have

en+1 = EIL(yn+1) — LOO)I?

EIL(Yn+1) — LOw) + L) — LOo)I

= E|L(n+1) — LOWI* + EIL(ya) — L(y0)I*
+2E [(L0m) = LONT (LGt = LOn) ]

= e, + E|L(yn+1) — L(yn)|2 +25, n=0,1,...,N—-1, (4.33)

where § = E [(L(yn) — L(y()))T (L(Yn+1) — L(yn))]. Since y, and yo are %, -
measurable, it follows that

s = E(E[@om - Lo o) - Lo)| 7, ])

= E[(LOw = Lo E (L) = Lo| F,) |

IA

1/2 1/2
[EILGw = L] T EE [LOwn) - LowI 7]

1/2
= e {E[E[LOwn - LOo0I 7,17} (4.34)

Substituting (4.34) into (4.33) and using Young’s inequality ab < %(a2 + b?), we
obtain
)

(4.35)

ens1=en+ EILGnt1) = LOwPthen+h™ {E[E[ LG = LW 7, ]

Note that y,+1 = Zn, yp (tay1). Utilizing (4.24) and (4.25) in Lemma 4.8, we have
(1) If g is odd, then

ens1 < en(14+h)+ Kh?t! 4 p= 1K pat?
<en(1+h)+ Khit!, (4.36)
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It follows from Gronwall’s inequality (see [10, Lemma 1.6]) that ¢, < Kh?, i.e.,
en'> <Khi,n=01,...,N.
(2) If g is odd, we similarly have

ent1 < en(1+h)+ Kh?. 4.37)
Thus, Gronwall’s inequality leads to e,l,/ 2 <K h%, n=20,1,..., N. This completes
the proof. O

Remark 4.10 1In fact,if f, g, r = 1,..., D,and VL(y) are polynomials with degree
no larger than ¢ — 1, then the quadrature formulas in (4.23) are exactly equal to the
integrals in (3.48). In this case, (4.23) exactly preserves the invariant L(y). For the
general case, Theorem 4.9 implies that the invariant-preserving order in mean square
sense of MAVF methods using numerical integration only depends on the order of the
quadrature formulas.

5 Numerical experiments

In this section, we implement numerical experiments to verify our theoretical analyses.
And we show the superiority of MAVF methods when applied to conservative SDEs.

5.1 MAVF methods

In this part, we take the method (3.48) as an example to explain how MAVF methods
are applied to concrete problems. For a conservative SDE with coefficients satisfying
the conditions of Theorem 3.9, then the numerical method generated by (3.48) can be
written as

1 1
Yn+l = Yn + h |:-/(; fln+ T()’n+l — yu))dr — ./(‘) VL(y, + T(yn+l - Yn))T dr aO,n]

D 1 1

+ Z AW, |:/ & (Yn +Tnt1 — yn))dr — / VL(yp +T(nt1 — yn))T dr ar.n] s
=1 0 0

—1

1 1
ao,nz[ / VL(yn + (st — yu)) dt / VL(yn+r<yn+1—yn)>Tdr]
0 0

1 1
X [/0 VL(yp +t(nt1 — yn))dtfo fOn +T(n+1 — yn)) dr] ,
1 1 -1
gy = [/0 VL(n + tOnt1 — yn))dffo VL +TGntt — ) df]

1 1
X [/ VL(yp +t(nt1 — yn))dr/ & (n + TOnt1 — yn))dr} , r=1,..., D,
0 0

(5.1
where AW, , = «/E;,h,n is the truncation of W, (t,+1) — W, (t,) = \/f_zém with
Ap = J4|Inh| (see (2.9)). Note that (5.1) is an implicit method. We denote the
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right hand side of (5.1) by F(Yp, Ynt1, @0+ - - -+ &Ds hy AW, ..., AWp ), and
then (5.1) is rewrltten as (Yn+1, 0005 -+, 0D, n) = F(Yn, Yn+1, 2.0, ---, D, N,
AW1 e AWD ). Inorder to approx1mately solve y,41ande; ,, i =0,1,..., D,
the fixed pomt iteration is applied, i.e.,

r) _(P) (P)
(yn-l-l’a()n"' Oan>

P—1) (P-1 P-1 =
=F(yn,y,(l+l)oz(()n ) al )hAW]n,...,AWD,n),

where P = 1, 2, ... The initial value of iteration at each step can be taken as yn +1 =

v and a(o) =0,i = 0,1,..., D. The iteration stops if max {|yr(£)l — ylgil l)|
|a(P) (P 1)| |oz(D17) ozg)n 1)I < €, where € is the given error tolerance.

In the followmg, we present three examples to compare MAVF methods with
stochastic midpoint method (see e.g. [5]) and the projection method based on Milstein,
i.e., the MilsteinP method (see [15]). These methods have first order convergence in
mean square sense, if noises are commutative.

5.1.1 Example 1: Kubo oscillator

Consider the following stochastic harmonic oscillator in [9]

dX(t) = —aXy(t)dt — o Xo(t) odW(2),

dXo(t) = aX ()dt + o X (1) o dW (1), >-2)
where a and o are constants, and W (¢) is a one-dimensional Brownian motion. The
quadratic function 7 (x1, x3) = %(x% + x%) is the invariant of (5.2). In the numerical
test, we take @ = o = 1 and the initial value (X{(0), X»(0)) = (1, 0). For this
system, the level set .#Z = {(yl, ) € R2|y12 + y22 = 1}. Then one could take .#Zs5 =
{(yl, W) € R2|0.5 < y12 + y% < 1.5} and verify that the coefficients and the invariant
I satisfy the conditions of Theorem 3.7. In fact, from Remark 3.8, we know that the
MAVF method (3.3) for this system is reduced to stochastic midpoint method.

Figure 1 displays the convergence order of the MAVF method (3.3) and the Mil-
steinP method in mean square sense. Here, the reference solution is obtained by
Milstein method with stepsize A0 = 2714 The mean square errors are computed at
the endpoint T = 1 by adopting five different stepsizes h = 275, 276, 277 278 279,
The expectation is realized by using the average of 1000 independent sample paths.
The convergence of order one, as is shown in this figure, is observed for the MAVF
method, which is consistent with theoretical analyses of Theorem 3.7.

Figures 2 and 3 show the long time behavior, including the evolution of errors of
invariant and the evolution of the global mean square errors, of the MAVF method
and the MilsteinP method when numerically simulating Kubo oscillator. The exact
solution is simulated by using Milstein method with 4.y = 1073, and the expectation
is approximated by using the average of 1000 independent sample paths. Figure 2
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Fig.1 Mean square errors of the MAVF method and the MilsteinP method at T=1 for Kubo oscillator. The
dashed reference line has slope 1
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Fig. 2 Errors of invariant /(x,x2) = 4 (x? + x2) of the MAVF method and the MilsteinP method for
Kubo oscillator with 7 = 100, 2 = 0.01

illustrates that both methods preserve the invariant if ignoring the round-off error. In
terms of the evolution of the errors of invariant, the MilsteinP method behaves slightly
better. Figure 3 displays the evolution of the global mean square errors in two different
kinds of time intervals; see Fig. 3a for the time interval [0, 1], and Fig. 3b for the time
interval [0, 100]. From Fig. 3, we observe that the mean square errors of the MAVF
method are always smaller than that of the MilsteinP method, and that both of the
errors evolve linearly.

5.1.2 Example 2: Stochastic cyclic Lotka-Volterra system

Consider the following stochastic dynamical system

X() X®)(Z@) —Y@)) X®)(Z(@) - Y1)
dlye) | = YO x®) —z@) |di+e | YOX@) = Z@) |od W), (5.3)
Z(1) Z()(Y () — X(1)) Z()(Y () — X(1))
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Fig.3 Global mean square errors of the MAVF method and the MilsteinP method for Kubo oscillator with
h = 0.01. The left one is plotted with 7 = 1 and the right one is with 7 = 100
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Fig.4 Mean square errors of the MAVF method and midpoint method at T=1 for stochastic cyclic Lotka—
Volterra system with yg = [1, 2, I]T. The dashed reference line has slope 1

where c is a real-valued constant and W (¢) is a one-dimensional Brownian motion. It
can be regarded as a cyclic Lotka—Volterra system of competing 3-species in a chaotic
environment [15]. It is verified that (5.3) has two conservative quantities

Lix,y,2)=x+y+z, bhkxyza=x-y-z (5.4)
In this experiment, we set ¢ = 0.5. Then, the exact solution of system (5.3) remains
on the one-dimensional manifold

=[5, e RN, y.2) = Xo+ Yo+ Zo, Da(x.v.2) = Xo- Yo Zo}.

which is a closed curve in three-dimensional Euclid space. We compare the MAVF
method with midpoint method to demonstrate the strengths of the proposed method.
Figure 4 shows the convergence orders of the MAVF method and midpoint method.
The reference solution is obtained by Milstein method with step size A,y = 2714,
The mean square errors are computed at the endpoint 7 = 1 by adopting five different

@ Springer



Modified averaged vector field methods preserving... 951

Sample Paths
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34 e —

Fig. 5 Numerical sample paths of the MAVF method and midpoint method for stochastic cyclic Lotka—
Volterra system with 7 = 100, 2~ = 0.01 and yy = [1.8, 3.6, 1.8]T
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Fig.6 Errors of invariants of the MAVF method and midpoint method for stochastic cyclic Lotka—Volterra
system with T = 100, & = 0.01 and yo = [1.8, 3.6, 1.8] T

stepsizes h = 27>, 276, 277 278 279 The expectation is approximated using the
average of 1000 independent sample paths. It is observed that the MAVF method for
this system is of mean square order 1.

The numerical sample paths of the MAVF method and midpoint method are shown
in Fig. 5 with time interval length 7 = 100 and step size h = 0.01. We observe that
numerical solutions of the MAVF method, along one sample, lie in the manifold ., but
those of midpoint method do not. Figure 6 displays the errors of invariants of these two
methods. Here the error is denoted by max{|/;(Y,,) — I1 (Yo)|, | 12(Y,) — [2(Yo)|}. Asis
seen in this figure, the MAVF method exactly preserves the two invariants. Although
the coefficients of system (5.3) do not satisfy the globally Lipschitz conditions as
required in Theorem 3.9, the MAVF method for original system still works well,
which indicates that MAVF methods can be applied to more general systems.

Figure 7 presents the evolution of the global mean square errors, and Fig. 8 presents
their errors at three different time intervals. The expectation is approximated by using
the average of 1000 independent sample paths. As is seen in Fig. 7, the mean square
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Fig.7 Global mean square errors of the MAVF method and midpoint method for stochastic cyclic Lotka—
Volterra system with yg = [1,2, 117 and h = 0.01
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Fig. 8 Global mean square errors, in different time intervals, of the MAVF method and midpoint method
for stochastic cyclic Lotka—Volterra system with yg = [1, 2, 1] and 2 = 0.01

errors of the MAVF method are very close to those of midpoint method. One observes
from Fig. 8a that midpoint method has smaller global errors in the very beginning.
Figure 8b, ¢ show that the mean square errors of midpoint method gradually exceed
that of the MAVF method.
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5.1.3 Example 3: Stochastic Hamiltonian system with multiple invariants

In this experiment, we consider the following Stochastic Hamiltonian system with
commutative noises

Yi() Y3(t)
o)y | | Ya@)

W v | =] 5o |@Feacdmo+acdmm. 65
Yy4(1) =Y (1)

where c¢; and ¢, are constants, and Wy (t) and W5 (¢) are two independent Brownian
motions. The system (5.5) can be regarded as the extension of Example 3.1 in [11].
One can verify that this system has three invariants

L1(y1, y2, 3, Y4) = Y1Y4 — Y23,

1
La(y1, y2, 33, y4) = 5 (ylz —y} 4y - yf) : (5.6)
L3(y1, ¥2, ¥3, y4) = Y1y2 + Y3 V4.

In this experiment, we take parameters ¢y = 1, ¢ = 0.5 and the initial value Yy =
(=0.5,0,0.5, HT. We compare the MAVF method with the MilsteinP method for
(5.5). It follows from Remark 3.8 that the MAVF method (3.48) becomes midpoint
method when applied to this stochastic Hamiltonian system.

We can observe from Fig. 9 that the mean square convergence order is one when
applying the MAVF method to (5.5). The mean square errors are computed at the
endpoint T = 1 by adopting five different stepsizes h = 27>, 276, 277, 278 279,
The reference solution is obtained by Milstein method with step size h,.r = 27 14 The
expectation is evaluated by the average of 1000 independent sample paths. This verifies
the conclusion about convergence in Theorem 3.9 under the case of commutative
noises.

Mean Square Convergence
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% MAVF PRy )
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102 g J
= ” ”
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w Py’ s
” - ” - - -
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”
(] -
. e
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108 .
10 102

Fig.9 Mean square errors of the MAVF method and the MilsteinP method at T = 1 for stochastic Hamiltonian
system. The dashed reference line has slope 1
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Fig. 10 Errors of invariants of the MAVF method and the MilsteinP method for stochastic Hamiltonian
system with 7 = 100 and 2 = 0.01
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Fig. 11 Global mean square errors of the MAVF method and the MilsteinP method for stochastic Hamilto-
nian system with 2 = 0.01. The left one is plotted with 7 = 1 and the right one with 7 = 100

Figure 10 displays the errors of invariants L1, L, and L3, respectively, when apply-
ing the MAVF method and the MilsteinP method to (5.5). We observe that both methods
preserve these three invariants up to the round-off error, but the MilsteinP method pre-
serves better. In the aspect of the global mean square error, as shown in Fig. 11, the
MAVF method behaves better than the MilsteinP method and both of the errors evolve
linearly.
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Fig. 12 Mean square errors of MAVF-Q2 method at T=1 for stochastic pendulum problem. The dashed
reference line has slope 1

Table 1 Errors of invariant of MAVF-Q2 method, MAVF-Q4 method, and MAVF-Q6 method at different
times along single sample path for stochastic pendulum problem with T = 10000 and h = 0.01

t 100 500 1000 5000 10000 CPU time

MAVF-Q2  0.0009 0.0036 0.0189 0.0193 0.0101 78s
MAVF-Q4 0.0145E—05 0.2108E—05 0.4764E—05 0.8180E—05 0.9179E—-05 61s
MAVF-Q6  0.0007E—05 0.0095E—05 0.0170E—05 0.0738E—05 0.1478E—05 59s

5.2 MAVF methods using numerical integration

In this section, we perform numerical experiments to present the effect of numerical
integration on MAVF methods. The MAVF methods (4.7) using the quadrature for-
mulas (4.2), (4.3), (4.4) and (4.5) are called MAVF-Q2 method, MAVF-Q3 method,
MAVF-Q4 method and MAVF-Q6 method respectively.

Consider the following SDE with commutative noises (see [3])

p _ O —1 p 0 —COS(q)
d(‘l)_<1 0 )(SiH(Q))dt+<cos(q) 0 )

X (sinﬁq)) (c1 o dWi(2) 4+ c2 0o dWa(2)), 5.7

where c1, ¢ are constants, and Wy (t), W»(t) are two independent Brownian motions.
This system has I/ (p, q) = %pz — cos(q) as its invariant. We take ¢c; = 1, ¢ = 0.5,
and the initial value (po, go) = (0.2, 1) in this experiment.

Figure 12 shows the convergence order of MAVF-Q2 method. The reference solu-
tion is obtained by Milstein method with step size h,.r = 2714 The mean square
errors are computed at the endpoint 7 = 1 by adopting five different stepsizes
h =273,27% 277 278 279 The expectation is approximated by using the aver-
age of 1000 independent sample paths. It is observed that the conservative method
for this system is of mean square order 1, which is consistent with the conclusion of
Theorem 4.5.
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Fig. 13 Numerical sample paths of MAVF method, MAVF-Q2 method, MAVF-Q4 method and MAVF-Q6
method for stochastic pendulum problem with 7 = 10000 and 2 = 0.01

Figure 13 presents the sample paths of the MAVF method, MAVF-Q2 method,
MAVEF-Q4 method and MAVF-Q6 method. The interval length is 7 = 10000 and the
stepsize h = 0.01. Table 1 shows the errors of invariant of these three methods and
their computation time along a single sample path. As is seen in Fig. 13 and Table 1,
as the order of the quadrature formula enlarges, the invariant is preserved better.

Figure 14 shows invariant-preserving orders in mean square sense of the MAVF
methods using numerical integration. Here, we use MAVF-Q2 method, MAVF-Q3
method, MAVF-Q4 method to perform numerical experiments. The reference solution
is obtained by Milstein method with step size h,.f = 2714, The invariant-preserving
orders in mean square sense are computed at the endpoint 7 = 1 by adopting five
different stepsizes 1 = 270, 277, 278, 279 2710, The expectation is approximated
by using the average of 1000 independent sample paths. It is shown that MAVF-
Q2 method and MAVF-Q3 method have mean square order 1 in the preservation of
invariants, while MAVF-Q4 method has mean square order 2. These results coincide
with those of Theorem 4.9.

@ Springer



Modified averaged vector field methods preserving... 957

Mean square order of invariant conservation

102 | et - -ref.line (slope 1)
3 PSS @ ref.line (slope 2)
o 07 o 3
= — ©-MAVF-Q2
& 10t E o = ]
= - »<MAVF-Q3
= 100k = ]
= — FMAVF-Q4
Z 10k o~ 1
ﬁ 107 § 4
108 | ]
10° | ]
10710 . .
10° h 102 107"

Fig. 14 Invariant-preserving orders in mean square sense of MAVF-Q2 method, MAVF-Q3 method and
MAVF-Q4 method at T=1 for stochastic pendulum problem. The two dashed reference lines have slope 1
and 2 respectively
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