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Abstract

We propose explicit stochastic Runge—Kutta (RK) methods for high-dimensional It6 stochas-
tic differential equations. By providing a linear error analysis and utilizing a Strang
splitting-type approach, we construct them on the basis of orthogonal Runge-Kutta—
Chebyshev methods of order 2. Our methods are of weak order 2 and have high computational
accuracy for relatively large time-step size, as well as good stability properties. In addition,
we take stochastic exponential RK methods of weak order 2 as competitors, and deal with
implementation issues on Krylov subspace projection techniques for them. We carry out
numerical experiments on a variety of linear and nonlinear problems to check the computa-
tional performance of the methods. As a result, it is shown that the proposed methods can
be very effective on high-dimensional problems whose drift term has eigenvalues lying near
the negative real axis and whose diffusion term does not have very large noise.

Keywords Explicit method - Weak second order approximation - Orthogonal
Runge—Kutta—Chebyshev method - Stiffness - Noncommutative noise - [td stochastic

differential equation
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1 Introduction

We are concerned with stabilized explicit methods for high-dimensional stochastic differen-
tial equations (SDEs), which give weak second order approximations to the solution of SDEs.
One such class for ordinary differential equations (ODEs) is the Runge—Kutta—Chebyshev
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(RKC) methods, which are useful for stiff problems whose eigenvalues lie near the nega-
tive real axis [3, 30]. When the dimension of ODEs is very high, the class can be a powerful
tool, compared with other stabilized explicit methods such as exponential Runge—Kutta (RK)
methods. Recently, the class has played a significant role for the development of stabilized
explicit methods for SDEs.

Abdulle and Cirilli [1] and Abdulle and Li [2] have proposed a family of explicit stochastic
orthogonal Runge—Kutta—Chebyshev (SROCK) methods of strong order 1/2 and weak order
1 for noncommutative Stratonovich SDEs and for noncommutative Itd6 SDEs, respectively. As
the first order RKC methods are embedded into their SROCK methods, the SROCK methods
have extended mean square (MS) stability regions. Komori and Burrage [21] have proposed
SROCK methods of weak order 2 for noncommutative Stratonovich SDEs. The second order
orthogonal RKC methods proposed in [3] are embedded into the SROCK methods from [21].
We will refer to the orthogonal RKC methods as the standard ROCK?2 methods. The SROCK
methods in [21] have the advantage that the stability region is large along the negative
real axis, but their stability region is not very wide. In order to overcome this drawback,
Abdulle, Vilmart, and Zygalakis [4] have proposed a new family of weak second order
SROCK methods for noncommutative Ité6 SDEs. We call them SROCK?2 methods throughout
the present paper. In the SROCK?2 methods, a new family of second order orthogonal RKC
methods is embedded, and it has a real parameter . We will refer to them as the ROCK?2
methods with «. The ROCK2 methods with @ = 1 reduce to the standard ROCK2 methods.

Incidentally, there is another suitable class of explicit methods for semilinear problems that
have stiffness in the linear part as opposed to the nonlinear part. One such class of methods for
semilinear ODEs is the family of explicit exponential RK methods [15-17]. These methods
have been recently developed for SDEs [9-12, 14, 22]. Some exponential RK methods have
been proposed to cope with highly oscillatory problems [9, 12]. In [23], the authors have
proposed weak second order stochastic exponential RK methods for noncommutative Itd
SDEs with a semilinear drift term, and showed the superiority of stochastic exponential RK
methods to SROCK?2 methods in terms of computational accuracy for relatively large step
size in numerical experiments. This fact reduces the advantage of SROCK?2 methods against
exponential RK methods in high-dimensional problems.

In the present paper, we propose the split SROCK2 methods, which not only are explicit
and stabilized, but also have high computational accuracy for relatively large step size. Our
extention for the SROCK2 methods is very helpful to remove a step size restriction that
the SROCK?2 methods suffer from for computational accuracy in high-dimensional SDE:s.
In Sect. 2 we will briefly introduce the derivative-free Milstein—Talay (DFMT) method. In
Sect. 3 we will derive the split SROCK2 methods and will give their error analysis. In Sect. 4
we will state other stabilized explicit methods based on the ROCK?2 methods with «, as well
as stochastic exponential RK methods. In addition, we will deal with the implementation
issues of Krylov subspace projection techniques for matrix exponential functions. In Sect. 5
we will present numerical results and in Sect. 6 our conclusions.

2 Weak Second Order Stochastic RK Methods

First of all, We briefly introduce the definition of weak order of convergence and the DFMT
method of weak order 2 [4]. We are concerned with the autonomous SDE

dy@®) = f(y@)dr + Zgj(y(t))de(t), ¥(0) = yo, ey
j=1
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where ¢t € [0, T] and where f, g, Jj = 1,2, ..., m, are R?-valued functions on R9, the
W;(),j =1,2,...,m,areindependent Wiener processes, and y is independent of W () —
W;(0) [7, p. 100]. In order to consider weak g-th order approximations to its solution, we
make the assumptions on (1) that all moments of the initial value y, exist and f, g;, j =

1,2, ..., m,are Lipschitz continuous with all their components belonging to C f,(qﬂ) (]Rd, R).
As usual, C{,; (R4, R) denotes the family of L times continuously differentiable real-valued
functions on R¥, whose partial derivatives of order less than or equal to L have polynomial
growth [20, p. 474]. Let y,, denote a discrete approximation to the solution y(#,) of (1) for
an equidistant grid point f, < nh (n = 1,2, ..., M) with step size h = T/M < 1 (M is a
positive integer). Then we define the weak convergence of order ¢ as follows [20, p. 327].

Definition 1 When a numerical method gives discrete approximations y,,,n = 1,2, ..., M,
2(g+1)

we say that the method is of weak (global) order ¢ if for all G € C) (R4, R), constants
C > 0 (independent of /) and 69 > O exist such that
|[EIG(y(T)] = E[G(yy)]l < Ch?, h € (0,8).
An effective numerical method of weak order 2, the DFMT method, has been proposed

[4]:
Ki=y, +hf(y,). Ki=Ki+vh) g;(y.)é,
i=l )

)+ F (KD} +H () + 0 (uy)

yn+1:yn+2 2

where

o 1 m m m
Hy & 5 [g,- (y+h g (y);“kj> ~g; (y—hzgk (y)ckj)],

j=1 k=1 k=1
d f h m h m
= (S
Hy.0= ) !g,- (y +\/;ng ) Xk)
h m
+g; (y — \/;ng (@) Xk) } £,
k=1
and where the x; and &;, j = 1,2, ..., m, are discrete random variables satisfying P(x; =

£1)=1/2, P¢; = +4/3) = 1/6, and PE; =0)=2/3,and the &j, j,k=1,2,...,m,
are given by

wer (&6 —1)/2 (J=h,
i =1 Gk&j—x0)/2 <k,
G +x)/2 (> h).

Based on the following well-known theorem proposed by Milstein [25, 26], the proof of
the weak order of convergence is obtained for (2). For details, see [4].

Theorem 1 Suppose that the numerical solutions satisfy the following conditions:

(1) for a sufficiently large r € N, the moments E[|y, 121 exist and are uniformly bounded
with respectto M andn = 0,1, ..., M;
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) forall G € Cf,(qﬂ)(Rd, R), the local error estimation

|ELG(y(tas1)] — EIG(y, )] < K (y,)|h7T!
holds if y(t,) = y,,, where K € C?D(Rd, R).

Then, the method that gives y,, n = 1,2, ..., M, is of weak (global) order q.
Remark 1 If (1) has diagonal noise [20, p. 348], that is, d = m and

[g1(y) g2(y) ... g4(»)] = diag(g11(y1), 822032, - ., gad (Ya))

are satisfied, then we have Z[f:l g;(ME; = [gn(yD& 820082, .- -, 8aa(ya)EalT, where
gjjandyj, j=1,2,...,d, denote the j-th component of g ; and y, respectively. Similarly,

H(y) is a d-dimensional vector whose j-th component is

|
83 (v +hejs0657) = 85 (v = heij g}

and H ( Y, 2) is a d-dimensional vector whose j-th component is

h h h
g [gjj (y,- + \/;gjj (Zj)Xj> +8jj (yj‘ - \/;gjj (Zj)Xj) } £

Ifg;,j=1,2,...,m, vanish in (1), then the problem is an ODE. Thus, we give a brief
introduction to the ROCK?2 methods with a free parameter o for ODEs [3]. Originally, the
standard ROCK?2 methods have been proposed by Abdulle and Medovikov [3]. The parameter
values of the methods are given in a site! on the Internet. Abdulle, Vilmart, and Zygalakis
[4] have extended the standard ROCK2 methods to the following ROCK2 methods with a
free parameter o:

Ko=y,, Ki= Ko+ pnahf(Ko),
Ki=piohf(Ki 1)+ ®i+1DK; 1 —«;K; 2, i=2,3,...,5s—2,
K, 1=K; ,+ 2TOthf(KS—2)v 3)

1 h
Yn+1 = KS—2 + <29a - 5) hf(Ks—Z) + Ef(Ks—l)-

Here, 0y = (1 —a)/2 + a0, 70 & (1 — )2/2 + 2a(1 — a)8 + &2, and the p;, xi, 6, and

T are the same constants as in the standard s-stage ROCK2 method. This method achieves
order 2 for ODEs regardless of the value of «.

3 Novel Stabilized Explicit Methods of Weak Order 2

We want explicit methods to inherit preferable stability properties from (3) by involving its
stabilization procedures, while keeping weak order 2 for any «. In order to achieve this,
we propose to utilize a splitting technique. As a result, we construct novel stabilized explicit
methods of weak order 2, which have not only good stability properties, but also high precision
in the weak sense.

1 https://www.epfl.ch/labs/anmc/software/.
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3.1 Preliminary

When we consider deriving a new method of weak order 2 based on the DFMT method, the
following lemma proposed in [23] can be a useful tool.

Lemma 1 For an approximate solution y,, let y,_ | be given by (2) and y,,, | be defined by

. - h “ 8
Y1 = Yup1 + 5f<Y1 + \/Ezgj (Y2) 5]) +H(Y3)+ H(Y4,Ys).
j=1

Here, we assume that the intermediate values y,, .y and Y;,i = 1,2, ..., 5, have no random
variable and satisfy Y4 = y, + (h/2) f (yn) + O (hz), Yi=y,+00n), i=1273,5,
and

h h*
Fat + 58 0=y, + 1S () + 51 () £ () + 0 (). “)

(Note that the symbol O(h?) represents terms x such that |x|| < |K(y,)|h? fora K €
C% (R4, R) and a small h > 0.) Then, for all G € C,(RY, R) (r > 3),

E[G (3ur1)] = E[G (yur1)] = O (W). ©)

The following lemma gives a splitting technique which does not violate the weak second
order of convergence. A related theorem was originally proposed in [23]. Here, we write part
of the statement in the theorem with an appropriate notation for the present paper.

Lemma 2 For an approximate solution y,,, let y, | be given by (2) and y,,, | be defined by
Surr =Wy (@1 (¥500)).

where @, is the DFMT method for SDEs given by making the drift term zero, that is,

@ (y,) = o+ H (3,) + H(3,.5,). ©)
and where W, denotes a numerical method that at least satisfies

h2
Wi(y) = Su + S ) + 5 S ) f ) + O ().
Then, for all G € Cl,(RY, R) (r > 3)
E[G (3us1)] = E[G (yusr)] = O (1)
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3.2 An Extended Class of the Stabilized Explicit Methods

Now, let us put all ideas mentioned so far together and organize them in a sophisticated way
to obtain a new class of the stabilized explicit methods. Then, we propose

h
Ko=y, K =K0+M1(¥§f(K0),

h .
K; = Miaif(Kifl) + ki +DKi—1—kiKi—p, i=2,3,...,5=2,
K1 =K, o+ thf(Ks), Ky i=K;+0,hf(Ks_), 0]
K

1\ A h -
;k = KS—Z + (2901 - E) Ef(Ks—Z) + Zf(Ks—l) + H(KS—Z)

+il(f(s,1, K 2), Ynt1 = 'II% (K*)

A

We name the methods (7) in our extended class as the split SROCK2 methods. In what
follows, we will call them by this name.

Theorem 2 Suppose that all moments of the initial value yq existand f, g;, j = 1,2, ..., m,

are Lipschitz continuous with all their components belonging to C ?, (R4, R) in (1). Then, (7)
is of weak order 2 for (1).

Proof We begin with

Ya =¥y (20 (¥500)). ®)

where @, is given in (6) and ¥,(y,) denotes y,, given in (3). As mentioned after (3),
since (3) achieves order 2 for ODEs regardless of the value of «, its local error is of order 3
for ODEs. Due to Lemma 2, then (8) clearly has a local error of weak order 3. In order to
see that the difference between (8) and (7) is of weak order 3, let us show that the difference

between ¢h(lII% (yn)) and K7 is of weak order 3. When we denote lII% (yn) by ¥, we can
rewrite these expressions as

D) (w%(y,») =V +HW) +HW.¥), K;=%+HK2)+H(K1.K;2).

From (7) we obtain the estimates
1

nil—KH=h{2

(2905 - %) f(KS72) + %f(kifl)} = ha + 0(h2)
and

bRy =h {—if(KH) + %f(ffm)} — W%+ 00,

where a = (6a — 1/4) f(3,) + (1/4) f(y,) and b = (1/4)70 f'(¥,).f (¥,). Since we can
rewrite H(Y) as

HY)=h ) g;¥)g¥)a;+ 0w, ©)
jk=1
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we have
HW) - H(K;_»)

=h Yy {g;(v?)gkoif) - g}(KFz)gk(stz)] Gj+ O =i+ 00,
jk=1

where ry = Y7, {g’j’ (yo)[a. gk (¥2)] + g (vn) &% (¥) a} ¢kj- Here, we use the nota-
tion g’j’ (Y[, -] for the second derivative (a symmetric bilinear form) of g; at y. Similarly,
since we can rewrite fI(Yl ,Y)) as

H(Y,,Y))
m h3/2 m
=VhY_ g;(Yn§ + - > gl DIg(Ya), g1 (Y )k xik;
j=1 JokI=1
h5/2 m @
+5e 2 & NIV, g1(V2), £, (V). & (V) ke xixa o
Jj.klg,r=1
+ 0%,

we have H(W, W) — H(K,_1, Ks_2) = h%/?ry + O (h3), where

m m
1
ry= Z{g} )b+ 5 D &7 (va) 21 (32) - 81 (v) ] ka:}$j~
j=1 k,i=1
Here, we use the notation g§4) I, -, -, -] for the fourth derivative (a symmetric tetra-linear

form) of g ; at y. Thus, from qsh(q/%(yn)) — K* = i2r + h5ry + O(h?), we have
G (2n(¥4 () - G (K?)

m
=G'(y,) <h2r1 + h5/2r2) + 1 2G” (¥n) |:Z g; (¥n) & rl] +0 (h3) )
j=1
Consequently, we obtain E[G(dﬁ, (‘Il/%(yn)))] — E[G(K))] = 0(h3) since E[ri] =
E[r]=E[§iri]=0 (j=1,2,...,m).
As a sufficient condition for (1) in Theorem 1, it is known that the following two
inequalities hold for all sufficiently small 4 > 0:

IE [yus1 = yu ¥l =C A+ 1y B [ ¥ngs = Yul < Xn (U411, ll) VA,

where C is a positive constant and X, is a random variable that has moments of all orders
[26, p. 102]. The smoothness and global Lipschitzness of g; (j = 1,2,...,m) imply
||g’j Mg < C + |lyl) for a constant C > 0, whereas the global Lipschitzness
implies lg; I = CA+yl). From these facts as well as (9) and

[%5 ) =y = ClF DI < G20+ Iy Dk

for constants C1, C2 > 0, we can see that the two inequalities requested above hold for (7).
Consequently, (7) is of weak order 2 for (1) by Theorem 1. ]
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3.3 Stabilized Methods with High Precision

As we have seen above, the split SROCK?2 methods achieve weak order 2 for any «. In this
section we decide an appropriate value for the parameter « on the basis of a linear error
analysis.

Let us consider the linear scalar SDE given by

dy(@) =ary(dt +oy®dW), 0=<t=<To<1, y(0) =y, (10)

where yy # 0 with probability one (w.p.1) and A, 0 € R. When a one-step method with
a step size A is applied to (10), we generally have y,+; = R (h, A, 0, 1) y,, where R is an
amplification factor and » is a vector whose components are random variables appearing in
the method. In [23], the authors have considered the following errors of R for a method with
h = Ty/2% (k is a positive integer):

_ _ k N N k
Ek) L ROTy /2D — T, &) € {ROTy/28, 02Ty 25} — e@HoDT,

where R(Lh) def E[R] and Ié()»h, oh) def E[R?]. We investigate these errors for the split
SROCK2 methods (7).
If we apply (7) to (10), then we obtain

R(h, X, 0,81, ¢11)

212 2
1 1
e ()] frs (o)

1. \? 1 21
+ oVhE (1 + 0gAh) {1+ 64 0h + T4 <§Ah) {PS,Z (Eaxhﬂ

1. \? 1 2
+o2he [1 + Ourh + T (yh) }{Ps_z (Ea)\h)} ,

where Po(z) = 1, P1(z) = 1 + iz, and Pi(z) = (1 +«; + i) Pi—1(2) — ki Pi2(2),
i =2,3,...,s. Thus, we have

4
. 1 \? 1 4
R (Ah,0%h) = {1+9axh+ra (ﬂh) } {Px_z (Eakh>}
1 \2)’ 1 4
+02h (1 + ,Ah)? {1 + Oy A + Ty <§Ah> } {Ps_z (;mh)}
2
1 2 2 1 2 1 4
+§(a h)" {14 6,0h + 14 S Pia | o |1

Suppose that the solution to (10) is asymptotically stable in the MS. Then 24 + 02 < 0
holds. Let us define r by o2/ and consider the case of —2 < r < 0 in what follows. When
an o > 0 1is given to (7), for each r € (-2, 0] é (0) oscillates when ATy moves in an interval
[/(r), O] (see Figure 1), where I(r) is a negative number such that Ié(l(r), ri(r)) = 1.

If we choose rg € (—2, 0], then

max
1(r)<ATp<0
ro=r=0

é(())‘ (12)
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Fig. 1 Error versus ATy for the expectation and the second moment of the amplification factor of the split
SROCK?2 method with s = 6, h = Ty and @ = 2.73 when r = —1/2 (solid lines) or r = 0 (dashed lines)

Table 1 Optimal value of « for the split SROCK2 methods

s 3 4 5 7 8,9,10 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21
o 2.63 2.73 2.74 2.73 2.72 2.71

s 22,24, 26, 28, 30, 32, 35, 38, 41, 45, 49, 53, 58, 63, 68, 74, 80, 87, 95

o 2.72

s 104, 114, 125, 137, 150, 165, 182, 200

o 2.72

gives a uniform error of the second moment of the amplification factor for the numerical
method in (/(r), 0) x [rg, 0]. We decide the value of &, say @, such that the uniform error for
a given @ becomes equal to

min max
OtZl 1(r)<ATp<0
ro<r=<0

é(O)‘ .

Here, note that if « < 1, then the good stability properties of (3) themselves are violated.

As seen in the expression of &(k), we cannot expect that methods based on (3) including
other methods introduced later, have a small error & (k) in general for a small r € (-2, 0],
which leads to a large o2 = rA > 0. For this, we set ry at —1/2 and seek an optimal value
of o for (7) with the stage number s. The reason why we have chosen rp = —1/2, not
—2, will also be mentioned in detail later. For example, when s = 6, we have ¢ = 2.73
as an optimal value for (7). For other values of s, see Table 1. Figure 1 shows the errors of
(7) with « = 2.73. Local maxima and local minima of the errors are indicated by points.
In the right-hand plot, we set r = —1/2 or 0. Note that é’(k) depends on r, but £(k)
does not.

Let us investigate the errors of (7) with optimal & whose value is given in Table 1. Table 2
gives (12), that is, the uniform errors of the methods with 4 = Tj. The notation I s denotes the
abscissa of the local minimal point of z?(O) that is located in the most left among the local
minimal points of &(0). This gives auxiliary information about stability properties for the
methods. From the change of values of [y, we can observe that the stability interval becomes
longer as the stage number s increases. This is because the split SROCK?2 methods inherit the
stability properties of (3). The computational cost for the stabilization procedures depends
on the number of evaluations on f. The split SROCK?2 method with s stages evaluates it 2s
times in one step. The table gives A /(2s)%, which indicates the efficiency of the stabilization
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Table 2 Uniform error of the split SROCK2 methods with optimal o

s Error Iy 51/ (25)? s Error Iy Is1/(25)?
3 3.9 x 1073 —3.6 0.100 49 8.4 x 1074 —1428.5 0.149
6 13x 1073 —20.1 0.140 104 83 x 1074 —6440.4 0.149
12 9.6 x 1074 —84.5 0.147 150 83x 1074  —13399.3 0.149
24 8.6x 1074  —341.6 0.148 200 83x 1074  —23822.1 0.149

procedures. From the table, we can see that the value of A /(2s)? is approximately 0.149
when s is large.

The first term in &(0) is equal to the first term in the right-hand side of (11) if 7 = Tp.
In the term, the polynomial {1 + 6,Ah + 74 (AR/ 2)2} Py (arh /2) for h = Ty approximates
e*T0/2_and as a result, its square approximates e*70 in the interval [I(—1/2), 0] such as the
error is shown in the left-hand plot of Fig. 1.

Alsoin £(0), the square approximates e*70 in the interval. In addition, the other polynomi-
als (1 46y Ah) Ps_2(arh/2) and Ps_p(arh/2) for h = Ty approximate eM0/2 Jegs precisely
than the above mentioned polynomial when |A7p| << 1, but their squares serve together
with the square of the above mentioned polynomial to overcome the increase by 24 and
(02h)? /2 for h = Tp. As a result, the error & (0) behaves as shown in the right-hand plot of
Fig. 1.

Remark 2 The naive split method (8) gives R as follows:

4
R 1 12 1 4
R (Ah,oh) = {1 +0o%h+ 3 (azh)Z] [1 + O b + 1o <§xh> } {PS_Q <5am)} .

Although the differences from R for (7) are only the replacements of (1 + Oy 2h)? or 1 with
{1+ 06u2h + 1o (AR/ 2)2)2, the replacements strengthen the increase in R when |Lh| is large.
Thus, (8) is also of weak order 2, but unfortunately it cannot have good stability properties
especially when s is large. In addition, note that making a change in one ¥, > in (8) leads to

a replacement of {1 + 6, Ak + 1o (M1 /2)2}2 X {Py_a(arh/2)}* in R.

4 Other Stabilized Explicit Methods of Weak Order 2

As competitors to the split SROCK?2 methods, we first state other stabilized explicit methods
based on (3). Next, we introduce an exponential RK method of weak order 2 for SDEs [23].
When the dimension of the SDEs is very large, the exponential RK method needs techniques
in order to calculate the product of a matrix exponential function and a vector efficiently.
In the end of the section, we consider the implementation of Krylov subspace projection
techniques related to a matrix exponential function ¢s.
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4.1 Other Methods Based on the ROCK2 Methods with a Parameter a

By combining (2) and (3), Abdulle, Vilmart, and Zygalakis [4] have proposed the following
class of methods:

Ki =piahf(Ki—1) + ki + DK —kiK;i—2, i=s5-—1,s,

K =K, 2+ 2thf(Ki o) +VhY  g;(KEj,
j=l (13)

1 h
Yn+1 = K >+ (290( - 5) hf(Ks72) + Ef(Kjfl) + H(Ky)

+ iI(Ks—lv Ks)7

where K;,i = s — 3, s — 2, are the same as those in (3), and have determined the value of o
suchthat K, =y, + (h/2) f(y,) + O (h?) holds. For the value of «, (13) achieves weak
order 2. Note Lemma 1. The methods are called the SROCK2 methods. When (13) is applied
to (10), we have

R (M, 02h) = {1 4 20021 + 74 )} {P_a(ahh))?
2
+0%h {Ps_l(axh) + %Ahps(axh)} (14)

+ % (02h)* (Py(@rh)}? .

For a given s, (7) contains almost twice as many computational procedures as (13). For
this, as a competitor to (7) with 1 = Tp, we choose (13) with & = Tp/2 when the both
methods have the same stage number s. Figure2 shows the errors of (13) when s = 6 and
k = 1 in a similar manner to Fig. 1. From the comparison of Figs.1 and 2, we have the
following remarks. First, the split SROCK?2 method with 7 = Tp can achieve very small
errors, compared with the SROCK2 method with 2z = T/2. Second, the SROCK?2 method
with i = Tp/2 has a much longer stability interval than the split SROCK2 method with
h = Ty. Also for other stages, this stability property is a strength of the SROCK?2 methods,
whereas low precision is a weakness of them.

Incidentally, Table 3 gives the uniform errors of the SROCK?2 methods with 4 = Tp. As
the methods are of weak order 2, the replacement of & = Ty with h = Ty /2 is expected to

-0.01*

)\To A To

Fig.2 Error versus AT for the expectation and the second moment of the amplification factor of the SROCK2
method (s = 6, k = 1, o = 1.37) with h = Tp/2 when r = —1/2 (long-dashed lines) or r = 0 (dashed
lines)
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Table 3 Uniform errors of the SROCK2 methods

s Error I s/ + D% s Error I /(s + D2
3 9.7 x 10~! —55 0344 49 4.6 x 1072 —1070.9  0.428
6 2.0 x 107! —20.0  0.408 104 4.8 x 1072 —4721.1 0428
12 6.1x1072 —71.7 0424 150 4.9 x 1072 —9761.9  0.428
24 42x1072 —2675 0428 200 50x 1072 —17294.8  0.428

decrease errors by a factor of 1,/4 approximately. Even if we take this into account, we can say
that the split SROCK?2 methods with 7 = T have smaller errors than the SROCK2 methods
with i = Tp/2. Here, note that the value of errors in the table indicates a local maximum for
é (0), not for & (1). The SROCK2 method with s stages evaluates the function f s 4 1 times
in one step. The table gives A /(s + 1)2, which indicates the efficiency of the stabilization
procedures. From the table, we can see that the value of |I,|/(s 4 1)? is approximately 0.428
when s is large.

The first term in &(1) for (13) is equal to the first term in the right-hand side of (14) if
h = Ty/2. Thus, £(0) for (7) and &(1) for (13) have the same expression except the value of
a. The difference in « makes the difference of the left-hand plots in Figs. 1 and 2. In addition,
in éA"(l) for (13), the polynomials Ps_1(aAh) + Ah Ps_>(aAh)/2 and Pg(alh) for h = Ty /2
approximate ¢*70/2, and the fourth powers of them serve to overcome the increase by (o 2h)>
and (02h)* /4 for h = Ty/2. Remember that &(0) for (7) has lower order terms with respect
to o' 2h. This difference as well as the difference in o makes the difference of the right-hand
plots in Figs. 1 and 2.

In Fig. 2, the following are also remarkable. When ATj is sufficiently small, the first term
is dominant over the second term e*0 in & (k). For example, since e™3 ~ 5.0 x 1072, in the
left-hand plot of Fig.2 the curve shows almost only the first term in &(1) when ATy < —3.
Similarly, when AT is sufficiently small and r is close to 0, the first term is dominant over
the second term e*+0)% — @+MATo in (k). For example, since et = ¢76 ~
2.5 x 1073 if r = —1/2 and ATy = —4, in the right-hand plot of Fig.2 the curve shows
almost only the first term in é (1) when ATy < —4.

Remark 3 On the basis of the idea of dense output in RK methods, due to Lemma 1 we can
obtain another class of weak second order methods based on the ROCK2 methods with a
free parameter o. However, unfortunately the methods lead to much worse precision than the
split SROCK?2 methods and much worse stability properties than the SROCK?2 methods.

We are concerned with weak second order methods, but there is a class of excellent
stabilized explicit methods of weak order one [5]. Let us call them the SK-ROCK methods
and give a brief remark on the methods.

Remark 4 The SK-ROCK methods have a free parameter 1 to obtain good stability properties.
In fact, they have enjoyed excellent stability properties in some numerical experiments [5],
when the parameter has a typical value, n = 0.05. However, they suffer from the error of the
amplification factor. When s = 6 and n = 0.05, we obtain the left-hand plot in Fig.3. Even
if we increase the value of 7, they still suffer from the error, especially for large A7y < 0.
For example, see the right-hand plot in the figure.
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Fig. 3 Error versus AT for the second moment of the amplification factor of the SK-ROCK methods (s =
6, k=1, n =0.05,2.0) with h = Tp/2 when r = —1/2 (long-dashed lines) or r = 0 (dashed lines)

4.2 Exponential RK Methods and the Implementation of Krylov Subspace Projection
Techniques for Matrix Exponential Functions

If the drift term is given as a semilinear drift term Ay + f(y) in (1), where Aisad x d
matrix and fp is an R?-valued nonlinear function on R?, then we can apply the following
stochastic exponential RK method to (1):

h 6+ VO)vh <
o = Y1+ S0 s (2 + LESLME Sorts ‘)

Jj=1

3 —2/6)vh &
+fo(Y3+(;f)fZg,- (Y2)§/> (15)

j=1
- 5fo(yn)} +et (H¥) + H(Y2. V).

where

3
2

h h
Yl = ehAyn + h(pl(hA)f()(yn)7 Y2 =¢e Ayn + -1 <5A> f()(yn)a

2
h
Y3 =Y +2hp <5A> [fo(¥2) = fo (na)} +2h02(hA) [ fo (Y2) — fo(3a)}-

The matrix exponential functions are defined by

o0 o0
def _1,.7 | def 2, 7 |
AN/ -n=>y —zt AR/ —1-7)=Y —zk2
01(2) CE) kZ:;k! 92(2) (e ) kZ:;k!

where Z, I stand for a d x d matrix, the d x d identity matrix, respectively. As the method
is of weak order 2 and deterministic order 3 [23], let us call this the SERKW2D3 method in
what follows.

If A is diagonalizable and its dimension is not large, for example, 100, then the matrix
exponential functions in the method are easy to calculate through a similarity transformation
based on eigenvectors [27, p. 23]. In addition, once they are calculated for a given step size
h, we can use them for all trajectories. Thus, in this case the SERKW2D3 method can be an
effective and powerful method. However, if the dimension of A is very large, the situation
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drastically changes. The computation based on the similarity transformation is not useful.
We need another computational method for the matrix exponential functions.

For a large sparse matrix A, let us suppose that A is symmetric since we can rewrite f as
A+AD/ 2+ f o)+ (A — AT)/2. The symmetric property will lead to computational
savings for a matrix exponential function times a vector.

In order to calculate Y3 efficiently and precisely, let us derive a recursive formula for ¢;.
From the definition of ¢ and ¢,, we have

t+ At
(t+ At)z(pz((t + At)A)q = / (t + At — )1 ((t + At — s)A)gds
0
eV 20y (1A)g + 1 A1g1(AtA)g + (A1) @2 (At A)g
for t, At > 0, where ¢ = f(Y2) — fo(y»)- Similarly, for any w € R4,

At (AtA)(Aw + g — 17 'w) = e w + Arg1(AtA) (g — 1 'w) — w,
(A2 (AtA)(Aw + q) = Atg1(AtA)w — Atw + (A1) g2 (AtA)g.

If we set w = 1ty (tA)q, then, from the above equalities we have

(t + Ao ((t + A A)g
= (A2 (AtA)(Aw + q) + 1 At (AtA)(Aw + q) — Atg1(AtA)w + (t + ADw.

We can calculate 2k ((h/2)A)q firstly and 2k, (h A)q secondly in Y3, using this relation-
ship repeatedly. Note that the Ar does not always need to be fixed in the calculations of
Y3.

Our next concern is to calculate (At)zgoz(AlA)(Aw + ¢q) and Atg(AtA)(Aw + ¢q). For
this, we adopt Krylov subspace projection techniques. Let us set u = Aw + ¢ and denote by
Vos1 =[v1,v2,...,vp41] and H, = [h; ;], the orthonormal basis of the Krylov subspace
Span {u, Au, ..., APu} and the p-dimensional symmetric tridiagonal matrix resulting from
Lanczos process, where p is a small positive integer compared to d. For our purpose, Theorem
2 in [28] gives the following approximation

b pe1
At r(AtA)u ~ BV, L5 ] 16
(A)" 2 (AtA) BVp+i |:hp+1,pe;¢>37pe1 (16)
for a sufficiently small Az > 0, where 8 = |lu|l, hp+1,, = |Av, — f=p71 hipvill, ®ip =

(At)i<p,-(Ath), and e; denotes the p-dimensional unit vector whose i-th component is 1.
Note thatif the minimal degree of u is some integer/ (< p), then an invariant subspace is found
and the above approximation is replaced with the equality (Af)2¢2(AtA)u = ,BVZQSZJél,
where e is the /-dimensional unit vector whose 1st component is 1 [28].

Now, our next concern is to calculate @, .p€1 and <D3 pe1 efficiently. Theorem 1 in [28]
gives the following equality:

[ exp(AtHp) qsl,pel ngypel <1547pel-
o7 1 A @A’
I 30
exp(AtI:Ip+4) = 0; 0 1 . , (17
T A
0] 0 0 a
Lo o 0 - 1 |
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where 0, denotes the p-dimensional zero column vector and

Hp e] Op 0p Op

000100

Flp+4 — 01 0 | erletHxtotd
01
0 0

This shows that exp(Azﬁp+4) gives <132,pe1 and <1337pe1, and it is also helpful for us to
determine such a small Az that (16) is valid.

The procedure to determine At is given as follows [28]. When we set two errors by
errl = ﬂlhp+1,pe;<153,pe1| and err2 = ﬂ|hp+17pe;<154,pe1|||Avp+1 | for an initial A, we
have an error estimation errj,. by Algorithm 2 in [28]. We repeatedly carry out a procedure
to obtain an acceptable step size Ar. For details, see [28]. Incidentally, in our numerical
experiments we calculate exp(At H v+4) in (17) by a method based on Padé approximations
[28].

In (15), we can calculate the product of (h/3)¢2(hA) and a vector in a similar way. We
can also calculate the product of the matrix exponential or the matrix exponential function
¢1 and a vector in a similar but simpler way.

Remark 5 For the product of the matrix exponential and a vector in the case that the matrix
is of moderate dimension and is not sparse, some researchers have proposed more efficient
algorithms than the Krylov subspace projection techniques. See [6, 18] and references therein.

5 Numerical Experiments

We derived the split SROCK?2 methods of weak order 2 that are expected to achieve better
precision than the SROCK2 methods for SDEs with not very large noise. In order to confirm
the performance of the methods, we investigate the expectation and the second moment of
the solution of SDEs in our numerical experiments.? In all numerical experiments, we will
use the Mersenne twister algorithm [24] to generate pseudorandom numbers.

The first example is the following 2-dimensional damped nonlinear Kubo oscillator [11,
32]

2
dy(r) = f(y@)dr + Zgj(y(t))de(t), ¥(©0) = yg (w.p.), (18)
j=1

where t € [0, 1],

01 0 —Ly +y2)5]
= A 5
T [1 “}y+[§(y1+yz)5 0 ¥

0—-1 0 —gj

q1(y) = 0, g2(y) = %(yl + y2)3, and A,oj,a,B; € R. As we do not know the exact
expectation and second moment of the solution, let us seek approximations to them by the
SERKW2D3 method with & = 277, We refer to these approximations instead of the exact

2 For an implementation of the methods, we utilize the parameter values in a Fortran code, rectp.f, obtained
from http://anmc.epfl.ch/Pdf/srock2.zip.
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expectation and second moment. As another competitor, we add the SSDFMT method, which
is a stochastic Strang splitting method of weak order 2 [23].

Weset A = 2,00 = —a =1/2,00 = =1 = 1/5, fo = —1/10 as well as y, =
[1/2 1/2]7 [31], and simulate 1024 x 10° independent trajectories for a given &, and seek
a numerical approximation to the expectation of y(1) or to the second moment of each
element of y(1), that is, [E[(y1 (1?3 E[(yz(l))z]]T. The results are indicated in Fig. 4. As
the solution is a vector, the Euclidean norm is used. The solid and long-dashed lines denote
the split SROCK2 and SROCK?2 methods with s = 3, respectively, whereas the dashed and
long-dash-dotted lines denote the SSDFMT and SERKW?2D3 methods. Here and in what
follows, the dotted line is a reference line with slope 2. All the methods show the theoretical
order of convergence. The split SROCK2 method with s = 3, the SSDFMT method and the
SERKW2D3 method show much smaller errors than the SROCK?2 method.

The second example is the following 2-dimensional linear SDE [29]

dy(r) = [*0‘ ;ﬂ y@)de + [2 ‘5} YOAW (@), 3O =y, wp.,  (19)
where t € [0, 1] and A1, A2, 0 € R. As the matrices in the drift and diffusion terms are
not simultaneously diagonalizable if A1 # A7, the SDE cannot be transformed to decoupled
scalar SDEs. Thus, the behaviour of errors is predicted to differ from the results in Sect. 3.3.
As it is linear, we obtain ODEs with respect to the expectation and second moment of the
solution, and we can solve them for the exact expectation and second moment.

Let us set yo = [1 117, 4 = =100, A, = —1,and 0 = 1/2. We simulate 1024 x 10°
independent trajectories for a given £, and seek a numerical approximation to the expectation
of y(1) or to the second moment of each element of y(1). The results are indicated in Fig. 5.
In order to solve the SDE numerically stably with reasonable cost when a step size h is
given, we set the smallest stage number for each of the methods to solve it stably. As a
result, we set s = 3,4,5,7, and 10 for the split SROCK2 and SROCK?2 methods when
h =1/32,1/16,1/8,1/4, and 1/2, respectively. As in the previous experiment, the solid,
long-dashed, and dashed lines denote the split SROCK2, SROCK?2, and SSDFMT methods.
The results by the SERKW2D3 method are omitted since they are the same as those by the
SSDFMT method.

As (19) is a linear SDE, we can predict that the two exponential methods, that is, the
SERKW2D3 and SSDFMT methods perform well. In fact, their errors are very small espe-
cially in the approximation to the expectation, and the errors seem to come almost from

logy h logy h

-4 -3 2 L

|
N
N

I
»
log, (relative error)

log, (relative error)

L
=)
T

Expectation Second moment

Fig.4 Log-log plots of the relative error versus / for the expectation and second moment in (18). Solid lines:
split SROCK2 (s = 3); long-dashed lines: SROCK2 (s = 3); dashed lines: SSDFMT; long-dash-dotted lines:
SERKW2D3; dotted lines: reference line with slope 2
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Fig.5 Log-log plots of the relative error versus 4 for the expectation and second moment in (19). Solid lines:

split SROCK2 (s = 3,4, 5,7, 10); long-dashed lines: SROCK2 (s = 3, 4, 5, 7, 10); dashed lines: SSDFMT;
dotted lines: reference line with slope 2

statistical errors. The split SROCK?2 methods with several stages follow after them and show
smaller errors than the SROCK?2 methods in the approximation to the expectation. In contrast
to this, the relative error versus 4 for the second moment is almost the same between the split
SROCK?2 and the two exponential methods. In addition, the split SROCK2 methods with
several stages show much smaller errors than the SROCK?2 methods in the approximation to
the second moment when # is large.

In this example, the two exponential methods have shown the best performance since the
dimension of the SDE is small and especially the drift term has a diagonal matrix. However,
when the dimension of SDEs is very large, the methods have high computational cost for
matrix exponential functions unless some techniques, such as Krylov subspace projection, are
provided in order to calculate them efficiently. If the SDEs come from a spatial discretization
of multidimensional stochastic partial differential equations, for example, their dimension
can be very large.

A multidimensional stochastic Burgers equation has been studied in [8]. As a third exam-
ple, we consider the following 2-dimensional stochastic Burgers equation with zero Dirichlet
boundary conditions

du(t,x,y) 9%u 9%u
T:y j(tvx»y)—i_iz(tvxvy)

+u(t, x, y) (t x,y)+ v, x, y) (t xX,y)

3

a° Wi
— X, y),
+ﬂ13t8xay( X, )
av(t, x,y) 9%v 8%v
T:V 72(1‘7)5,)’)4'72(1‘7)5,)7) (20)

+u(t, x, y) (t x,y) +v(, x, y) (t x,y)

+8, 0°Wa t t [0,1/2] x [0, 1] x [0, 1]
ﬂaraxa(xy) (t,x,y) €0, 1/2] x [0, 1] x [0, 1],

[u(0, x, y) v(0, x, y)] = [uo(x, y) vo(x, )] (W.p.1),

(x,y) €0, 1] x [0, 1],
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where W,- (t,x,y), i = 1,2, are independent Brownian sheets on [0, 1/2] x [0, 1] x
[0, 1], and where y > O and Bi, 82 € R are parameters. We discretize the space
intervals by N + 2 equidistant points x; and y, i,k = 0,1,..., N + 1, and define
an RV’- vector valued function U(t) by [T G2 ... dn@®)T], where @;(r) =
[u(t, x1, yi) u(t,x2,y) ... u(t,xy, yi)]T. In addition, we define another vector function
V (t) similarly, by replacing @; (t) and u(z, -, -) with v;(¢) and v(¢, -, -), respectively. Then,
the application of finite differences [4, 13] to (20) yields the 2N 2_dimensional SDE with
diagonal and additive noise

) N+1
dU(t) = {y(N + )*AU (1) + T[U(r) * BiU(t) + V(1) x ByU ()] ¢ dt

+ B1(N 4+ DHAW (1), 1)
N+l[

dv(t) = {y(N + D2AV() + Ut) % BiV(t) + V(1) BZV(t)]} dt

+ Bo(N + 1)dW (1),

where W (t), W (z) are N2-dimensional independent standard Wiener processes, and where
A, By, By are N? x N2 matrices given in the following and vectors use * as component wise
multiplication. In order to express A, By, By concretely, let us introduce the notation

D Cp
Ci D (¢,

tridiag(Cy, D, Cp) = U c REN)X(kN)

Cy D (Cy
Ci D

for C1,D,C, € R¥*k which can be used to give a tridiagonal matrix or a block tridi-
agonal matrix when k = 1 or k = N, respectively. In (21), A = tridiag(I, T, I),
By = tridiag(0, S, 0), By = tridiag(—1I, O, —1I), where T = tridiag(1l, —4,1), § =
tridiag(—1, 0, 1), and I and O denote the N x N identity and zero matrices. If we use
expressions in Remark 1 for (21), then H(y) isa2N 2_dimensional zero vector, and H (¥,2)
is a 2N2-dimensional vector whose Jj-th component is 8 (N + 1)«/?151- Gg=12,..., N?)
or Bo(N + )Whé; (j = N>+ 1, N> +2,...,2N?).

In this example, letusset N = 127, 81 = o = 1/(N+ 1),y = 1/10, up(x, y) = 4y(1 —
y) sin(mrx), and vo(x, y) = sin(mwx) sin?(2m y), and simulate 1000 independent trajectories
for a given k. Then, the dimension of the SDE is 32258. In order to solve the SDE numerically
stably with reasonable cost when a step size % is given, we set the smallest stage number
for each of the SROCK?2 and split SROCK?2 methods to solve it stably. As a result, we set
s =4, 5,and 7 for the SROCK2 methods when 2 = 1/2048, 1/1024, and 1 /512, respectively,
whereas for the split SROCK?2 method we set s = 80 when 7 = 1/4. We also investigate the
SERKW2D3 and SSDFMT methods for & = 1/4. Taking computational time into account,
we set p = 100 and 30 for Krylov subspace projection techniques in the SERKW2D3 and
SSDFMT methods, respectively.

The results are indicated in Figs.6 and 7. In Fig. 6, we show numerical approximations
to the expectation of u(t, x, y) at ¢+ = 1/2. The left-hand plot shows an approximate mean
by the split SROCK?2 method with s = 80 for 2 = 1/4, whereas the right-hand plot shows
an approximate mean by the SROCK2 method with s = 7 for & = 1/512. The difference
between them is clearly visible. Although we have omitted plots given by the SROCK2
method with s = 5 for 2 = 1/1024, its difference from the left-hand plot is still visible. If we
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Fig.6 Approximations to the expectation of u in (21) by the split SROCK2 method with s = 80 for h = 1/4
or the SROCK2 method with s = 7 for h = 1/512 over 1000 trajectories
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Fig.7 Approximations to the expectation and second moment of « at y = 1/2 over 1000 trajectories in (21).
Solid line: split SROCK?2 (s=80, h=1/4); dashed line: SSDFMT (h=1/4); long-dash-dotted line: SERKW2D3
(h=1/4); long-dashed line: SROCK2 (s=7, h=1/512); thick long-dashed line: SROCK2 (s=5, h=1/1024)

choose a smaller step size (for example, 7 = 1/2048 (s = 4)) for the SROCK?2 method, then
such a difference completely becomes invisible. These facts imply that when we approximate
an expectation over not very large number of trajectories by the SROCK2 method with not
sufficiently small &, the approximate mean might be largely contaminated by errors. On the
other hand, we can get other plots by the SERKW2D3 and SSDFMT methods for i = 1/4,
which are almost the same as the left-hand plot, and the difference between them is invisible.
Thus, in order to check differences among all the methods in detail, we give Fig.7. In the
left-hand plot, we can see a slight difference between the split SROCK2 method for 2 = 1/4
and each of the SERKW2D3 and SSDFMT methods for # = 1/4, but if we set h = 1/8 for
the SERKW2D3 and SSDFMT methods, then the difference becomes invisible. Instead of
omitting approximations to E[u] given by the SROCK2 methods, we show approximations to
E[u?] given by them in the right-hand plot. We can see that their approximations are heavily
influenced by errors. Especially, a line corresponding to the approximation by the SROCK2
method with s = 7 and h = 1/512 looks serrated.

In the left-hand plot of Fig. 6, we would like to emphasize that the smoothness does not
come from the fact that for the split SROCK2 method the noise term is evaluated fewer times.
In fact, we can get a smooth plot by the split SROCK?2 method with s = 28 and & = 1/32.
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Fig.8 Approximations to the expectation of u and the second moment of # at y = 1/2 in (21) by the SROCK2
method with s = 30 for 7 = 1/32 over 1000 trajectories

Table4 Comparisons of Method

: : Ne ny

computatlonal cost 1n one step
and one trajectory SROCK?2 with s stages s+5m+1 2m
Split SROCK?2 with s stages 2s 4+ 5m 2m

In contrast to this, the SROCK2 methods cannot solve the SDE numerically stably for a
larger h than 1/32. In addition, even for h = 1/32, the SROCK2 methods need a larger
stage number s = 30 than 28 to avoid a numerical explosion. Figure 8 gives a result by the
SROCK?2 method with s = 30 and 2 = 1/32. The method can avoid a numerical explosion,
but it is heavily influenced by computational errors

Remark 6 This is a typical example where the SROCK2 methods suffer from errors. Now, the
eigenvalues in the linear part of the drift term are distributed in a wide interval. Thus, Ah’s for
them are also distributed in a wide interval when a large step size & is given. As a result, the
SROCK?2 methods are heavily influenced by the errors due to wildly distributed A4’s. This
fact is suggested in Fig.2, although the present SDE has additive noise, not multiplicative
noise.

From all results in the present experiment, we can see that the split SROCK?2 method
for h = 1/4 has better precision than not only the SERKW2D3 and SSDFMT methods for
h = 1/4, but also the SROCK?2 method for 7 = 1/1024, and especially say that the SROCK2
methods suffer from precision when a sufficiently small step size such as 4 = 1/2048 is not
given, even if they can solve the SDE numerically stably.

Incidentally, Table 4 indicates comparisons of computational cost for each of the SROCK?2
and split SROCK?2 methods in one step and one trajectory. In the table, n, and n, stand for
the number of evaluations on d-dimensional functions in the drift or diffusion coefficients,
and the number of generated pseudorandom numbers, respectively. Note that if the SDEs
have diagonal noise, then n, reduces to a smaller number obtained by the substitution of
m = 1 due to Remark 1. In the above example, since the SROCK?2 method has s = 4 and
h = 1/2048 for the SDE with diagonal noise, the method evaluates the drift or diffusion
coefficients 5120 times up to # = 1/4. On the other hand, the split SROCK2 method with
s = 80 and h = 1/4 evaluates them merely 165 times up to ¢t = 1/4. From a comparison
between Tables 2 and 3, we can see that the efficiency of the stabilization procedures for the
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Table 5 Average computational time (second) per 1000 trajectories simulation up to r = 1/2

SROCK2 with s = 4, h = 1/2048 Split SROCK?2 with s = 80, h = 1/4
870.6 (SD 1.1) 11.7 (SD 0.6)

SERKW2D3 with p = 100, h = 1/4 SSDEMT with p =30, h = 1/4
1058.9 (SD 1.3) 263.8 (SD 1.4)

SROCK?2 methods is 2.87 times higher than that for the split SROCK2 methods. However,
this numerical experiment shows that the split SROCK?2 method with s = 80 and & = 1/4
has 0.03 times fewer number of the function evaluations than the SROCK2 method with
s =4 and h = 1/2048, whereas they have invisible errors in the plots of E[u] and E [u?2].

Although we are concerned with weak second order methods, we give a brief comment on
the SK-ROCK methods, corresponding to Remark 4. When n = 2.0, the SK-ROCK method
with s = 11 and & = 1/128 gives the same profiles as those by the split SROCK?2 method
with s = 80 and & = 1/4 in Fig.7. It is known that the SK-ROCK methods work very well
for SDEs with additive noise [5]. In spite of it, this numerical experiment shows that the split
SROCK?2 method with s = 80 and & = 1/4 has 0.43 times fewer number of the function
evaluations than the SK-ROCK method with s = 11 and 2 = 1/128, whereas they have
invisible errors in the plots of E[u] and E [u?].

We have also investigated computational time. The numerical experiments were carried
out on Microsoft Windows 10 Pro 64-bit Operating System with an Intel Xeon W-2133 CPU
@3.60GHz and 64GB RAM. We used Intel C and Fortran compilers in Intel one API 2022.
We simulated 16 batches of 1000 trajectories for each method. The average and standard
deviation (SD) of time are indicated in Table 5. The split SROCK?2 method clearly shows
the best performance. Krylov subspace projection techniques are used in the SERKW2D3
and SSDFMT methods. As the SSDFMT method uses a smaller dimension p of a Krylov
subspace since it does not have ¢; and ¢; functions, it recorded much shorter computational
time than the SERKW2D3 method.

Incidentally, as we mentioned in Remark 5, in [18] the authors have proposed another
efficient algorithm based on Taylor series for the product of the matrix exponential and a
vector, and they [18] and some researchers [19] have indicated that it could work much faster
than the Krylov subspace projection techniques. For this, we have tested it, which is called the
expmvtay? algorithm. As the algorithm is slightly more sensitive than the Krylov subspace
projection techniques, we chose # = 1/8 and carried out simulations up to t = 1/2. On
average, the SSDFMT method with the expmvtay?2 algorithm took 1491.0s (SD 4.8), and the
SSDFEMT method with the Krylov subspace projection techniques took 409.9s (SD 4.1) per
1000 trajectories simulation. Thus, we can see that the Krylov subspace projection techniques
are more efficient than the algorithm in this high-dimensional problem.
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6 Concluding Remarks

We have derived a class of split SROCK?2 methods that have a free parameter o and which
achieve weak order 2 for noncommutative I1t6 SDEs. To decide the value of «, we have
provided a linear error analysis on one-step methods for SDEs. On the basis of the analysis,
we have decided the optimal value of « for each stage s such that the errors on the expectation
and the second moment of the amplification factor of the methods become small if the noise
term of the SDE is not very large. As a result, we have shown that the split SROCK2 methods
have much smaller errors than the SROCK2 methods in the linear error analysis.

In order to check the computational accuracy and performance of the methods, we carried
out three numerical experiments. Although the selection for & was based on an error analysis
in alinear case, the numerical experiments suggest that it is valid also in other cases. In the first
experiment, the damped nonlinear Kubo oscillator was considered. The experiment confirmed
that the values of o we decided are appropriate for the split SROCK2 methods. In fact, the
split SROCK?2 method with s = 3 showed smaller errors than the SROCK2 method with
s = 3. In the second experiment, we dealt with a linear SDE which cannot be transformed
to decoupled scalar SDEs. The experiment showed the superiority of the split SROCK2
methods over the SROCK2 methods in the approximation to not only the expectation, but
also the second moment when the step size is large. In the third experiment, we considered
a multidimensional stochastic Burgers equation with a multidimensional space-time white
noise, which leads to a very high-dimensional SDE with a high-dimensional, diagonal, and
additive noise after finite differences. This experiment showed again the superiority of our
method over the SROCK?2 methods in terms of computational accuracy for relatively large
time-step size. In addition, the method was superior to the stochastic exponential RK methods
in terms of computational time.

A significant advantage of the methods based on the ROCK?2 methods is that they can
numerically stably cope with high-dimensional stiff SDEs whose drift term has eigenvalues
lie near the negative real axis, by just increasing the stage number. In some types of SDEs
such as the third example, however, the SROCK?2 methods require a very small step size for
computational accuracy, not for numerical stability. The split SROCK2 methods do not have
such a step size restriction.

Finally, we should make some remarks. We have considered the case of —1/2 < r < 0in
the error analysis. If r becomes close to —2, then max; () <37, <0 |£A (0)| becomes close to 1 for
the methods based on the ROCK2 methods, whereas & (0) = 0 for ATy = 0 (62 = ri). This
means that we have to choose & such that | L] is sufficiently small for accuracy if we apply the
methods in which the ROCK?2 methods are embedded, to SDEs with large noise even if they
are linear SDEs. This is a disadvantage of these methods, compared with other methods such
as stochastic exponential RK methods. On the other hand, stochastic exponential RK methods
also have a disadvantage, namely the computational cost for high-dimensional SDEs. As we
have seen in Sect. 4.2, even when a step size & is large such as h = 1/4, we need small
At’s to calculate the products of matrix exponential functions and vectors precisely, which
substantially increase the computational cost.
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