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Abstract: In this paper, we develop a new class of conservative continuous-stage stochastic Runge-
Kutta methods for solving stochastic differential equations with a conserved quantity. The order
conditions of the continuous-stage stochastic Runge-Kutta methods are given based on the theory
of stochastic B-series and multicolored rooted tree. Sufficient conditions for the continuous-stage
stochastic Runge—Kutta methods preserving the conserved quantity of stochastic differential equa-
tions are derived in terms of the coefficients. Conservative continuous-stage stochastic Runge-Kutta
methods of mean square convergence order 1 for general stochastic differential equations, as well as
conservative continuous-stage stochastic Runge-Kutta methods of high order for single integrand
stochastic differential equations, are constructed. Numerical experiments are performed to verify the
conservative property and the accuracy of the proposed methods in the longtime simulation.

Keywords: stochastic differential equations; numerical analysis; conserved quantity; continuous-
stage stochastic Runge-Kutta methods; stochastic B-series

1. Introduction

Stochastic differential equations (SDEs) are widely used to model stochastic phenom-
ena in physics, engineering, finance, biology, etc. [1]. Since analytical solutions are not
available for most SDEs, numerical methods for solving SDEs have been flourishing in
recent years [2].

Since many systems have important geometrical or physical properties, such as sym-
plectic structure and conserved quantity;, it is quite natural to look forward to numerical
methods that can preserve the peculiarities of the original systems. Such methods are
usually called structure-preserving numerical methods. Extensive numerical experiments
have exhibited the distinct advantage of structure-preserving numerical methods, espe-
cially in longtime numerical simulations. It is well known that the theory of conserved
quantities or first integrals is a very significant subject for dynamical systems, because
such quantities usually represent fundamental characteristics of these systems. Therefore,
research on the numerical methods preserving the conserved quantities of dynamical
systems is very important when it comes to performing reliable numerical simulations.
Fruitful numerical methods preserving single or multiple conserved quantities for ordinary
differential equations (ODEs) have been derived over the past few decades (e.g., [3-19]).
Nevertheless, such conservative numerical methods for SDEs are less developed. As far as
we know, the existing conservative numerical methods for SDEs mainly consist of differ-
ence methods [20], discrete gradient methods [21-23], projection methods [22,24], averaged
vector field methods [25,26], and a few others.

As is well known, Runge-Kutta methods are not conservative in general; however,
continuous-stage Runge-Kutta (CSRK) methods can overcome the difficulties. CSRK meth-
ods were first presented by Butcher in the 1970s [27], and are considered an extension
of traditional Runge-Kutta methods. For ODEs, CSRK methods have been investigated
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recently in the construction of energy-preserving methods [4,6,9,16,17]. It is worth mention-
ing that many existing energy-preserving methods for ODEs, such as average vector field
methods [10], energy-preserving trapezoidal methods [11], Hamiltonian boundary value
methods [12,13], continuous time finite element methods [14,15], and energy-preserving
collocation methods [6] all lie in the framework of CSRK methods. Ref. [8] studies the
sufficient energy-preserving conditions of CSRK methods for solving Hamiltonian systems.
Motivated by which, and in view of the fact that there has been little research on CSRK
methods for SDEs so far, in this work, we aim to develop the conservative continuous-stage
stochastic Runge-Kutta (CSSRK) methods to solve SDEs with a general conserved quantity.

The rest of the paper is organized as follows. In Section 2, we present the CSSRK
methods for general SDEs. On the basis of the stochastic B-series theory, we obtain the
order conditions. In Section 3, we apply the CSSRK methods to SDEs with a conserved
quantity to derive the conservative conditions. Furthermore, we derive the conservative
conditions in terms of the coefficients of the polynomials. In Section 4, we construct
conservative CSSRK methods of mean square convergence order 1 for general conservative
SDEs and conservative CSSRK methods of high order for single integrand conservative
SDEs. Numerical experiments are conducted to verify the theoretical results in Section 5.
Some conclusions and remarks on our work are given in Section 6.

2. CSSRK Methods and Order Conditions

Consider the stochastic differential equation (SDE) with d noises in the Stratonovich
sense

4X(1) = go(X()d + £ gu(X()) 2 dWi(1), 1 € [0,7),
X(0)=xgeRM,

M

where Wi(t) (k=1,...,d) are pairwise independent one-dimensional Wiener processes,
defined on a complete filtered probability space (Q2, F, P, { F }1>¢) fulfilling the usual condi-
tions. We assume the initial value vector xg is Fy-measurable with E||xo||> < oo; the vector
fields g : RM L RM k=0,1,...,d, are sufficiently smooth and satisfy certain conditions,
such that (1) has a unique solution.

For a uniform partition of the interval [0, T],0 =ty < t; < --- < ty = T, let y, denote
the numerical approximation of X(t) att, = nh, n =0,1,...,N. Given yy = xo, we define
the following one-step method as the CSSRK method for solving (1)

Ye=yo+h [} Acego(Ye)de + Zl Z wr 3 A ggk(y )dg,
= 2
y1 = Yo+ [y Bego(Ye)dé + Z Z Wy [y B ¢ “gr(Ye)dg,

where w;  are a series of random variables, A; s and ﬁ;kg are bivariate polynomials with

respect to 7, and ¢, Bz and BY* are polynomials with respectto ¢, k=1,...,d,r=1,...,7
There is a restrictive relation f)etween the internal and final stages for the consistency of the

method, because y; should coincide with Y7 [8]. Therefore, B is equal to A z and gg,k is

ATk
equal to Ay

;
If we denote hA,z = Z(0 Z wy k Ark = Zgg, hB; = zg , Z w,kng = zé, ) then a

more brief representation of (2) i 1s derlved as

_ 41k
Ye=w+ £ |, Zngk(Yé)dgz
3)
v1i=yo+ Z fo Mg (Ye)dg.
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Next, we show the order conditions of the CSSRK method (2). First, we recall some
definitions and lemmas about stochastic B-series and multicolored rooted trees, which are
very important tools used to perform local error analysis. The B-series theory for ODEs
was introduced by Butcher in 1963 [28], and B-series for SDEs was developed in the past
few decades (e.g., [29-32]).

Definition 1 ([30] Trees). The set of multicolored rooted trees
T={Q}UThUT;U---UTy

is recursively defined by

(I)  The graph e, = D]y with only one vertex of color k belongs to Ty.

(I Ifn,w,...,u1 €T thent =[t,1,..., 7l € Ty, wheret = [11, T, ..., T |y denotes the
tree formed by joining the subtrees 71, T, . . ., Tj, each by a single branch to a common root of
color k.

Thus, Ty, is the set of trees with a k-colored root, and T is the union of these sets.

Definition 2 ([30] Elementary differentials). For a tree t € T, the elementary differential is a
mapping F(t) : RM — RM defined recursively by
() F(@)(x0) = xo.

(I F(ex)(x0) = gk(x0)-
(I1I) Ift = [Tl,Tz, . ,Tl]k € Ty, then

1
F(t)(x0) = 81 (x0) (F(11) (x0), F(r2) (x0), . .., F(11) (x0))-
A stochastic B-series is a formal series of the form

B(g, xo;h) = ) _ a(t) - @(t)(h) - F(t)(x0),

teT

where «(t) is defined by
a(@)=1, a(ep) =1, a([T1,...,Tlx) =

where p1, ji2, . .. count equal trees among Ty, ..., 7.

The next lemma shows that if Y () is a B-series, then gx(Y(h)) can be written as a
similar series, which is essential to derive a B-series of the exact solution and the numerical
solution.

Lemma 1 ([30]). IfY(h) is a B-series B(¢, xo; h) as

Y(h) = B(g, x0;h) = Z%tx(f) ~9(£)(h) - F(#)(x0),
te

then g (Y (h)) can be represented as a formal series

gx(Y(h) =} a(t) - @i (t)(h) - F(t)(xo),

teTy

fork=0,...,d where
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Lemma 2 ([30]). The exact solution X (ty + h) of (1) can be written as a B-series B(¢, xo; )

X(to+h) = B(¢,x0;h) = ) _ a(t) - ¢(t) (h) - F(t) (x0),

teT

with
(@) (h) =1, ¢p(ok)(h) = Wi(h),

o[, al) () = [ ]Iill P(5)(s) * AWy (s),

forall [ty,..., 7l € Ty, k =0,1,...,d, where Wo(h) = h, xdWy(s) = ds and xdW(s) =
odWg(s) fork=1,...,d.

In the following theorem, we prove the numerical solution using the CSSRK method (3)
can be represented in the form of a B-series.

Theorem 1. The continuous-stage values Y and the numerical solution Y1 in the CSSRK method (3)
can be written in the form of B-series

Yo =B(¥oyoih) = L a(t) - ¥<(B) (1) - F(t) (o),

Y1 = B(®,yo; h) = tEZT“(f) ~©(t)(h) - F()(yo),

with -
¥e()(h) = 1, Yr(o) (k) = fy ZgadE,
! )
([l () = fo Zeg T ¥e(m)(h)dg,
]:
and LG
P(@)(1) =1, Do) () = [ 2 e,
©)
(m al) () = o 2 11 ¥e(g)(h)d,
]:
forall [t,..., gl € T, k=0,1,...,d.
Proof. Following the way in [30], we write Y; as a B-series
Yo =) a(t) ¥e(t)(h) - F(t)(yo)- (6)
teT
By use of Lemma 1 together with the first equality of (3), we get
d
Yo =yo+ ¥ Jo ZW T a(t) ¥} () (h) - F(t) (yo)dE
k=0 teTy (7)
d
=yo+ ¥ ¥ a(t) [y Z8¥L (5 (h)dE - F(1)(vo),
k=0teTy
where
1, ift = o,
/ — 1
Yex(H)(h) = I ¥(5)(h), if t = [, Tl € T ®)
]:
Comparing (6) with (7) term by term, we obtain (4).
Similarly, we write
Y=} a(t) @) (k) - F(t)(yo)- ©

teT
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By means of the second equality of (3), Lemma 1 and (6), we obtain
Y =yt z S0 8 a(t) -, (0 () - F(O) (vo)dé
teT (10)
1 k
“yot ¥ E alt)- f) 2% (0 dE - (1) (o),
k=0teTy
where
1, Zf t=e,
(11)

YL () =< ,
zx(t)(h) T () (), if £ = [, e € T
]:
then, comparing (9) with (10) term by term gives (5). O

Definition 3 ([30]). The order of atreet € T is defined by

1
_ _ . ‘ 1, fork=0,
P(O) =0 1= 1) = L (5) 4 {3 D reraion

With the B-series of the exact solution and the numerical solution in place, we can
derive the order conditions of the proposed CSSRK method.

Theorem 2. The CSSRK method (2) is of mean square convergence order P if

( )(h) = ¢(t)(h), Vt € Twith p(t) < P,

)=t
E®(t)(h) = E¢(t)(h), Yt € T with p(t) =P + % (12)

The result (12) follows from Lemma 2 and Theorem 1. A similar result for stochastic
Runge-Kutta method can be found in [29].

3. Conservative CSSRK Methods
In this section, we consider the SDE with a conserved quantity I(X)

{ 4X(1) = So(X(O)dt + ¥ ge(X(1)) 0 dWi(), £ € [0,T], 13
k=1
X(0) = xg € RM,

where go(X(t)) = SV(I(X(t))), gx(X(t)) = Sk V(I(X(t))) with S and Sy skew symmetric
matrices, k = 1,...,d. It follows from the chain rule for stochastic Stratonovich differen-
tial equations that dI(X(t)) = 0, where X(t) is the exact solution of (13), which shows
I(X(t)) = I(X(0)), a.s. That is to say, I(X) is almost surely invariant along the exact
solution X(t). One can see that the stochastic canonical Hamiltonian system

{ AxX(t) = ]—1VH(x(t))dt+k§ 0 ] IVH(X(H)) 0 dW, (b, t € [0, T],
=1
X(O) = X0 € ]RM,

with | = < 3 181) , where [, denotes an identity matrix, is an example of (13) with the
—im
Hamiltonian H(X) being the conserved quantity.
In the following theorem, we show the sufficient conditions of the CSSRK method (2)
for preserving the conserved quantity I(X) of (13) in terms of the polynomials Az and
Aerg, r=1,...,7,k=1,...,d. Below, for simplicity, we restrict ourselves to A, of degree

k rk -

syintand s; — 1in ¢ and A’ 7z of the degree s;” in T and sg’k —1in¢.



Fractal Fract. 2023, 7, 83

6 of 19

. . . .9 k
Theoren} 3.. The CSSRK method (2) is conservative for solving (13) if 5= Az and 5= A; ¢ are
symmetric, i.e.,

Proof. Express 2 A and B%AVT% as follows:

A = E oL, + ¥ [a(m,n)T"E" +a(n,m)T"¢"],

m<n
" s'k—l
AL =L WD+ E W+ @A )

m<n
Notice that aa?AT,G and %A;kg are symmetric, which means a(m, n) = a(n,m),
Bc"fk(m,n) = Bc'rfk(n,m), r=1,...,7,k=1,...,d,s0o we have
I(y1) — 1(vo) / T 1(Yo)d / YIVI(Y,)dt

_ h/ (/ Tgsw(yg)dg) TVI(YT)dT
+/O k;;w”kU RSV Yg)d{f)TVI(YT)dT

51—1

s Z oc(l,l)(/l glw(yg)dg) sT /1 IVI(Y,)dt

+h Y [a(mn (/ VI Yg)d{f) sT/ TVI(Y)dt

m<n

+oc(n,m)</l §mVI(Y§)d§> sT /01 "VI(Y:)d7]
+22wrk 2 k) (/ i Yg)dé‘) sk/ IVI(Y.)dt
+ Z Zwrk Y (@ (m, n) </01 g”vz(yg)dg) sT /01 TVI(Ye)dt

m<n

+ &% (n,m) (/0 ngI(Yg)dg) Ts,{ /01 T"VI(Y)dT]
=0.

In the last equality, the first and third terms vanish because of the skew symmetry of S and
Si, k=1,...,d. The second and fourth terms vanish because of

(fy G"VI(Yg)dC)TST Jo T VI(Yr)dv)

*(fol ¢"VI(Yg)dg s [ TV I(Y7)dT),

(Jy &"VI(Yp)dg) ST 3 T"VI(Yo)dr)

(i evi0g)de) ST eV i(vede), k=1,....4,

and the symmetry a(m,n) = a(n,m), & (m,n) = &*k(n,m), r =1,...,7,k = 1,...,d.
Thus, the proof is completed. O
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In the following theorem, we conduct a further exploration of the CSSRK method (2)
which is conservative for solving (13) in terms of the coefficients of the polynomials A, ¢

andAerg,r—l Lhk=1,...,d.

Theorem 4. Assuming that Az = Z aT'g A”} = Z aGTg T, r = 1,..,7,
i,j=1 ij=1
k=1,...,d, the CSSRK method (2) for solving (13) is conservative if the coefficients satisfy

rk _ —~rk rk _ = _ (14)
lal']' _]a]‘l'/ l/]_ll /S2rr_1/ /r/k_lr /d
Proof. Since
0AL, 1 1
£ = ]Elza Tl &=
9Asr i— 1
- = Z mz g
£ o
S1
= ¥ jayT e,
ij=1
AT(: o BA,:,T . . o
ot = ¢ is equivalent to ia;; = jaj;
L. a TC agg’; . . —~ —~ .o r,k
fori,j =1,...,s1. Similarly, = ¢ Is equivalent to iajj = jaj fori,j =1,...,s/,

r=1,...,7, k=1,...,d. Accordmg to Theorem 3, we complete the proof. [

Compared to Theorem 3, Theorem 4 provides more straightforward conditions under
which to construct conservative CSSRK methods, which is more convenient to employ in
practice.

4. Construction of Conservative CSSRK Methods

By means of the order conditions derived in Section 2 and conservative conditions
derived in Section 3, we can construct conservative CSSRK methods. In this section,
for simplicity, we concentrate only on conservative SDEs with one noise. The derived
results can be easily extended to SDEs with multiple noises. We consider two kinds of
construction below. One is constructing conservative CSSRK methods of order 1 for general
conservative SDEs; the other is constructing conservative CSSRK methods of high order for
single integrand conservative SDEs.

4.1. Construction of Conservative CSSRK Methods of Order 1

In this subsection, we consider the following conservative SDE

{ dX(t) = go(X(t))dt + g1(X(t)) odW(t), t € [0, T], (15)
X(0) = xp € RM,

where go(X(t)) = SVI(X(t))), §1(X(t)) = S1VI(X(t))) with S and S; skew symmetric
matrices.

With a fixed step size h and initial value yp = xo, the corresponding CSSRK method
for solving (15) is given by

Ye = 10 +th11 Avzg0(Ye)dE + AW (i fo Aregr(Ye)de, 16)
1 = Yo+ h [y Bego(Yz)dE + AW(h) [ Bzgi(Yz)dE,

where A ¢ is a bivariate polynomial of degree s; in T and s; — 1in ¢ while ﬁm: of degree
spintand sy —1in ¢, AW(h) = W(t,+1) — W(t,) are independent N (0, h)-distributed
random variables.
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Since we are interested in constructing conservative CSSRK methods of order 1 here,

one can see that we employ the Wiener increment AW (/) as the random variable in (16).

We also point out that methods of higher order could be attained if more random variables

are involved, at the cost of numerous order conditions and tedious computation. According

to the order results in Theorem 2, (16) has mean square convergence order 1 if the following
conditions

D(t)(h) = ¢(t)(h), YVt € Twithp(t) <1,

ED(t)(h) = E¢(t)(h), ¥t € T with p(t) = 15, (17)

are satisfied. Note that a tree t with p(t) = 1.5 must have an odd number of stochastic
nodes, which means the expectations are always 0; hence, the second condition in (17)
holds automatically. Thus, we only need to consider the trees with p(t) < 1. We list these
trees in Table 1, with ey denoting a deterministic node, and e; denoting a stochastic one.

Table 1. Trees with p(t) < 1 and the corresponding functions.

No. t p(t) ¢ (t) ®(t)
1 o1 0.5 AW(h) AW(h) [y Bzdg
2 .0 1 h h [} Bedg
AW?(h 5 (17
3 ! 1 0 AW2() [} By [} Ag e

According to the first condition in (17), based on a comparison of ¢(t) with ®(t) for
p(t) <1, we determine that the CSSRK method (16) is of mean square convergence order 1
if the coefficients satisfy the following conditions

1
fol §§d§ =1,
Jo BedZ =1, : (18)
13z (17
fO Bf:(fO Aé/TdT)dg = E
We mention that a quadrature formula is needed for implementation because of the

integrals in CSSRK methods. Applying a quadrature formula (b;, c;)!_; to the CSSRK
method (16), we retrieve a stochastic Runge-Kutta method as follows:

r r ~
YCZ‘ =Yo +h Z bjACi,C]‘gO(YC]‘) + AW(’/I) Z bjACl‘,ngl(YC]')/
o T (19)
]/1 = yo + h 'Zl biBC,'gO(YC,') + AW(h) ‘21 biBCigl(YC,‘)r
1= 1=

which can be represented by the following Butcher tableau

‘ (bjAc,,c]-)rxr (bjAvci,cj)rxr
‘ (bchi)lxr (bchi)lxr

The next theorem shows the convergence results of the retrieved stochastic Runge-Kutta
method (19).

Theorem 5. If the coefficients of the CSSRK method (16) satisfy the conditions (18), and the
order of the quadrature formula (b;, ¢;)_; is at least max{s,2s,}, then the retrieved stochastic
Runge—Kutta method (19) is of mean square convergence order 1.



Fractal Fract. 2023, 7, 83

90f19

Proof. Recall that Bz and Eg are polynomials of the degree s; — 1 and s, — 1 with respect
to ¢, respectively, and ET@ is a polynomial of the degree s, in T and s, — 1in ¢. Applying a
quadrature formula (b;, c;)!_; of the order of at least max{sy,2s,} to (18) leads to

1

T
biBCj - 1,
=1

r ~
biB., =1,
i=1

lr r ~ ~ 1

E Z bibjBCfACi,Cj - E/

i=1j=1
which are the exact conditions of mean square convergence order 1 for the retrieved
stochastic Runge-Kutta method (19). This completes the proof. [

According to the conservative conditions (14) and order conditions (18), we can now
construct the conservative CSSRK method (16) of mean square convergence order 1 for
solving (15). In the rest of this subsection, we confine ourselves to the cases s; < 2, sp < 2.

Let us start with the case s; = 1, s = 1; thatis to say, A,z = 4117 and AT@ = a1 7.
In this case, the conservative conditions are automatically satisfied due to (14). So we
only need to determine the coefficients 411 and 417 satisfying the order conditions. Since
Bz = Ay = a1y, Eg = Al,g = a1, inserting them into (18) yields

f01 apdg =1,
Jo andé =1,

Jo T fy angdn)dg = 5,

then we derive
ayp =1, a1 =1, (20)

which means the CSSRK method (16) reduces to a stochastic average vector field method in
this case.
Next we turn to the cases; = 2, s, = 2,1i.e,,

Ar,é =a1 T+ 1112”[(: + 1121T2 + 11221'2(:,

KT,(S =da117T + appté + 5211'2 + EzzTZC.
First, we consider the conservative conditions. From Theorem 4, the conservative conditions
are
ayp = 2ay, dp = 2ay, (21)
so it follows that
AT,C =anT+ 20121’[5 + Ll21T2 + 6122T2€,
AT,@' = ﬁllT + 2521 TC + ﬁ21 T2 + ﬁzszij,
and
By = A1 = an +2a18 + az1 + axnd,
B = A1z = a1 +2ax18 + a1 +axng.
Next, we consider the order conditions. According to (18), the conditions of mean square
convergence order 1 are equivalent to

foi(an +2ax1¢ + a1 +axd)dé =1,
Jo (@11 + 218 + dp1 + a28)dE =1, :
o S @11+ 2818 + 1 + G08) (@11E + 280 8T + A &2 + G2 T)dTdE = 5
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then, through calculation, we derive
2a11 + 4ax1 + axp = 2, 2411 + 4ax +dxpp = 2. (22)

Therefore, in this case, the CSSRK method (16) is conservative and of mean square con-
vergence order 1 if the coefficients satisfy (21) and (22). It is clear that there are various
solutions to the Equations (21) and (22); hence, we can construct a variety of conservative
CSSRK methods of order 1.

Similarly, we conclude that for the case sy =1, s = 2, i.e,,

AT§ = 4anT,
g = ﬂllT + ﬂlzTér + ﬂle + 61221'25

the CSSRK method (16) is conservative and of mean square convergence order 1 if the
coefficients satisfy
ayy =1, ajp = 2ay, 2ayy + 4do; +axn = 2. (23)

For the case s1 =2, sp =1, 1i.e.,

Ars = an T+ a1pT8 + an 7% + anT?E,
Ape = a11T,

the CSSRK method (16) is conservative and of mean square convergence order 1 if the
coefficients satisfy
ayp = 2ay1, 2a11 +4ay +axp =2, a1 = 1. (24)

4.2. Construction of Conservative CSSRK Methods of High Order for Single Integrand
Conservative SDEs

As is well known, numerical methods of mean square convergence order higher than
1 are difficult to attain to solve general SDEs. However, in some special cases, we can
derive numerical methods of higher order. In this subsection, we consider a special class of
conservative single integrand SDEs as

{ dX(t) = f(X(t))(dt+oodW(t), t €[0,T], 25)
X(O) = Xg € ]RM,

where f(X(t)) = SVI(X(t))) with S a skew symmetric matrix and I(X(t)) the conserved
quantity; o is a constant. Given a fixed step size & and initial value yy = x, the correspond-
ing CSSRK method for solving (25) is

Yo =yo+ p(h) f() Aref(Ye)dE, (26)
y1i = yo+m(h) fy Bef(Y)dg,
where u(h) = h+ (TAW(h) A ¢ is a bivariate polynomial of degree sin Tand s —1in ¢
represented by A, = 2 a;T 1T, B = Ayg, Co = fol A gdC.

i,j=1
For the following discussion, we write the deterministic counterpart of (25) as

dX(t) = f(X(t))dt, t € [0, T],
{ X(0) = xo € RM, @7

and the corresponding CSRK method as

Yr =1y +hf0 Az f(Ye)de, (28)
1= Yo+ [ Bef(Ye)de.
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Single-integrand SDEs have been investigated in many works (e.g., [33-35]). The next
Lemma shows the convergence results of the CSSRK methods (26) for solving this kind
of SDEs.

Lemma 3 ([35]). If the CSRK method (28) for solving the deterministic differential Equation (27)
is of order py4, then the CSSRK method (26) for solving (25) is of mean square convergence order

Lpa/2].

Lemma 3 indicates that we can derive a CSSRK method (26) of high convergence order
as long as the corresponding deterministic method (28) has sufficiently high order. The
construction of high-order CSRK methods were investigated by [6,36]. Now, we review
some existing results.

The following conditions for the CSRK method (28) are so-called simplifying
assumptions [6]

1

B(p) : fol B.Ck-ldr = k' k=1,...,p,
. 1
Cla): fy ArgChldg = £Ch k=10, (29)

1

D(B): [y B:Ck 1A, zdT = .

Be(1-Cf), k=1,...,p.
It is more convenient to use (29) to construct high-order CSRK methods than to use order
conditions via B-series.

Lemma 4 ([36]). If the coefficients (A ¢, Br, C) of the CSRK method (28) fulfill B(p), C(«) and
D(B), then the method is of the order of at least min(p, 2 +2, & + B+ 1).

For ease of discussion, in the rest of this subsection, we assume Bz = 1, which has been
proved reasonable in [36]. Next, we show Bz = 1is equivalent to C; = 7 if the conservative
conditions iajj = jaji, i,j =1,...,s,are satisfied.

S .
On one hand, since B = A1z = ¥ al-]@]—l, we get B = 1, which suggests
ij=1

Yoan=1,) a;=0(j#1). (30)
i—1 i—1

1 1 ¢ ixj-1 S
On the other hand, from C; = [y Aczdl = [; ¥ a;7T'¢'di = ¥ —7T', we see
ij=1 ij=1
that C; = 7 suggests

S

YU 1, Y 0 £1). (51)

j=1 J j=1 ]
If the conservative conditions ia,-]- = ja]-i, i,j=1,...,s, are satisfied, then we have

ay; a4
L= aj1, L=
]

aji .
- (i#1). (32)

Substituting (32) into (31) leads to
S S
Zﬂﬂ:l, Za]’i:O(l;&l),
j=1 j=1

which coincides with (30); thus, the statement is completed.

With Bz = 1 and C; = T, it is clear the simplifying assumption B(c0) holds.

When applying a quadrature formula (b;, c;)!_, to (28) and (26), respectively, we
retrieve a r-stage Runge-Kutta method by
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r
Yi =Yo + h Z bjACl‘,ij(Y]')/
i (33)
yi=vo+h ,):1 biBe, f(Yi),
1=
and the counterpart stochastic Runge-Kutta method by
T
Yi =yo+ pu(h) ¥ bjAc,qf(Y)),
i (34)

y1=yo+ u(h) '_il biBe, f(Yi).

The next two lemmas give the order results of the retrieved Runge-Kutta method (33) and
stochastic Runge-Kutta method (34).

Lemma 5 ([36]). Ifthe CSRK method (28) with coefficients (A g, B, C¢) satisfies Br =1,Cr = T
as well as C () and D(B) hold; meanwhile, if the quadrature formula (b;, c;)"_, is of order p, then
the retrieved Runge—Kutta method (33) is of the order of at least min(p, 20 +2, a + f+1).

Lemma 6 ([33,34]). If the Runge—Kutta method (33) for solving (27) is of the order Py, then the
counterpart stochastic Runge—Kutta method (34) for solving (25) is of the order | P;/2| under
certain conditions.

In what follows, we expect to derive a concrete conservative CSSRK method (26)
of mean square convergence order 2 for solving (25). To this end, we need to derive a
CSRK method (28) of order 4 for solving (27) first. Because a one-degree polynomial
A = a11T cannot satisfy the conditions of order 4, we start with a CSRK method (28) with
the coefficient A, ¢, which is a two-degree polynomial:

Arg = an T+ apt¢ + an T + anT’E. (35)

First, we consider the conservative conditions. It is obvious that when the second
equality in (14) vanishes, the results reduce to the conservative conditions for the CSRK
method (28) as well as the CSSRK method (26), so we find that the CSRK method (28)
with (35) is conservative if a1, = 245; that is,

Arz =anT+ 242178 + an % 4 apT?é.
Second, we consider the order conditions. From the assumption Bg =1, we get
aj1 +ap =1, 2ay; +ax»p =0. (36)
Substituting (36) into the simplifying assumptions (29) for « = 2, = 1, we find that
ay = —3, a1 =4, ay) =6, ap = —6.
So the derived CSRK method (28) with
Arp = 4T — 6T¢ — 312 + 6T°¢ (37)

is conservative and of convergence order 4 for solving (27). According to Lemma 3, the
CSSRK method (26) with (37) is conservative and of mean square convergence order 2 for
solving (25).

Lastly, we mention that if we apply a quadrature formula (b;, ¢;)/_; of the order of at
least 4 to the CSRK method (28) with (37), due to Lemma 5, the retrieved Runge-Kutta
method (33) for solving (27) is of order 4; then, according to Lemma 6, the counterpart
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stochastic Runge-Kutta method (34) for solving (25) is of mean square convergence order 2,
which will be verified in the next section.

5. Numerical Experiments

In this section, we present two numerical experiments to confirm the effectiveness of
the derived conservative CSSRK methods in Section 4. The first example is a general con-
servative SDE and the second one is a single-integrand conservative SDE. We will employ
a conservative CSSRK method of mean square convergence order 1 and a conservative
CSSRK method of mean square convergence order 2 to solve the two SDEs, respectively.

Example 1. The stochastic cyclic Lotka—Volterra system.

Consider the following stochastic dynamical system
x(t) x(8)(z(t) —y(t)) x(1)(32(t) — 3y(t))
d{y(t) | = [y(B)(x(t) —z(1) |dt+o | y(D)(Gx(t) — 3z(t)) | 0dW(H), (38)
z(t) z(t) (y(fz —x(t)) 3 3

x(t))
where ¢ is a constant. (38) can be considered as a cyclic Lotka—Volterra system of three
competing species in a chaotic environment. It is easy to verify that this system possesses a
conserved quantity I(x,y,z) = xyz.
We employ a CSSRK method (16) which satisfies the conditions of being conservative
and of mean square convergence order 1 (24) as

Ye = yo + 272 [ Eg0(Yz)dE + TAW(R) [ ¢1(Yz)dE,
yi = Yo +2h [} Ego(Ye)dE + AW(h) [ g1(Yz)dE.

Next, we apply the CSSRK method (39) to solving the system (38). We take the step
size h = 0.1, the constant ¢ = 0.1, and the initial values xp = 1, yo = 2, z0 = 0.5. A
quadrature formula of order 6 is used in the implementation of the experiment.

Figure 1 reports the errors in the conserved quantity I(x, y, z) computed by the CSSRK
method (39) on the long interval [0,1500], where the conserved quantity error is de-
noted by |I(xy, Yn,zn) — I(x0,Y0,20)|- As seen in this figure, the scheme preserves the
conserved quantity well in the longtime simulation. Figure 2 demonstrates the conver-
gence order. To achieve this, 1000 independent sample paths and five different step sizes
h=2"2,232"42"5206ar adopted. The mean square errors at the terminal T = 1 are
estimated by

(39)

1000
$ (X (1 wi) = xn (@) P+ [y(L wi) = yn (@) P+ 2(1 @) = 2n(w;) ) ) /1000.
i=1

One can observe the expected convergence order 1 by comparison with the reference
solutions obtained by mid-point method with the step size h = 27'2. Figure 3 plots
the global mean square errors on the interval [0,100]. Figure 4 reports the phase por-
trait based on the numerical solutions from different angles on the interval [0, 1500],
where we see that the numerical solutions marked in blue exactly lie in the manifold
M ={(x,y,2)|I(x,y,2) = I(x0,Y0,20) } marked in orange.

Example 2. The stochastic mathematical pendulum.
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Consider the following stochastic mathematical pendulum
t) —sin(q(t))
dp<>:( dt+ B o dW(t)),
(50 pliy )PV ) 0

Conserved quantity error

p(0) = po,9(0) = qo,

x10~1

is a stochastic canonical Hamiltonian system. The Hamiltonian H(p, q)

known as the energy function, is the conserved quantity.

VE(@i —an)? +

t

I
1000

1500

Figure 1. Errors in the conserved quantity I for Example 1 with & = 0.1.

1071

—e—Method (39)
— — Reference Slope = 1

1072

Figure 2. Convergence order for Example 1.

where f is a constant denoting the noise intensity. This single-integrand conservative SDE

cos g, also
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ek sﬁili\i‘f wmw f
W

Figure 4. Phase space plot of the numerical solutions from different angels for Example 1 with
h=0.1.

We employ the CSSRK method (26) with (37), which satisfies the conditions of being
conservative and of mean square convergence order 2; that is,

Yr = yo + pu(h) fol 4T — 6TF — 372 + 672§)f(Yg)d§,
y1:y0+ﬂhf0 YCdC

We take the step size h = 0.01, the constant 8 = 0.1, and the initial values pg = 0, g9 = 0.5.
A quadrature formula of order 4 is used in the implementation of the experiment.

Figure 5 exhibits the errors in the conserved quantity H(p, q) according to the CSSRK
method (41) on the interval [0, 500], where we can see the method is successfully preserving
the conserved quantity. Figure 6 demonstrates the convergence order, where 1000 inde-
pendent sample paths and five different step sizes h = 272,273,274,275,27% are adopted,
as in the previous example. The mean square errors at the terminal T = 1 are estimated

(41)

1000
by \/( (Ip(1, wi) — pn(wWi) 2 + 19(1, wi) — gn(w;) \2)) /1000, and the results are shown

=1
in Figure 6, where we can observe that the convergence order is 2 as expected. Figure 7
reports the global mean square errors on the interval [0, 100]. Figure 8 plots a numerical
sample path of the CSSRK method (41) on the interval [0, 500].
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x10- 1

o @ 'S B3 =Y

Conserved quantity error

-

0 50 100 150 200 250 300 350 400 450 500

t

Figure 5. Errors in the conserved quantity H for Example 2 with & = 0.01.

——Method (41) -
[ |~ — Reference Slope =2 -

\/E((prTef —pn)? + (¢ — qn)?

Figure 6. Convergence order for Example 2.
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Figure 7. Global mean square errors for Example 2 with & = 0.01.
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Figure 8. Phase space plot of the numerical solutions for Example 2 with i = 0.01.

6. Conclusions and Remarks

In this paper, we studied the conservative CSSRK methods for solving SDEs. Firstly,
we presented the CSSRK methods and investigated the order conditions via the stochastic
B-series theory. Secondly, we provided the sufficient conditions in terms of the coefficients
of the CSSRK methods, as well as the coefficients of the polynomials for preserving the
conserved quantity of SDEs. It turns out that the derived conservative conditions in
terms of the coefficients of the polynomials are very easy to use. Then, we constructed
conservative CSSRK methods of mean square convergence order 1 in various cases for
general conservative SDEs, as well as conservative CSSRK methods of high order for single-
integrand conservative SDEs. Notably, for the numerical simulation of conservative SDEs,
most of the existing conservative methods are of low convergence order; here, we construct
a high-order conservative method easily realized for single-integrand conservative SDEs.
Finally, we provide some remarks and future work concerning this paper.

(i) In our construction of conservative CSSRK methods of mean square convergence
order 1, we find the known stochastic averaged vector field method is a special case
of the derived conservative CSSRK methods. It seems that CSSRK methods may have
promising applications in constructing structure-preserving numerical methods.

(ii) It should be pointed out that we restrict ourselves to the case that the degree of ¢ is

one less than that of Tin A;z and A ¥ when proving the conservative conditions for
CSSRK methods. A further 1nvest1gat10n for other cases is of interest in our future
work.

(iii) In this paper, we have only considered conservative SDEs with a single conserved
quantity. On the other hand, some SDEs possess multiple conserved quantities. Hence,
based on the results in this paper, we would proceed to study CSSRK methods for
SDEs, leaving multiple conserved quantities numerically invariant.
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