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1. Introduction

Invariant measure is one of essential properties of stochastic differential equations (SDEs), when long time behaviours of
SDEs are investigated, such as the persistence for biology and epidemic SDE models in [1,17]. However, the explicit forms
of neither the true solutions nor the invariant measures to SDEs are easily found. Therefore, numerical methods become
extremely important when SDE models are applied in practice.

For SDEs of the Itd form

dX: = u(Xp)dt + o (Xp)dWe, fort >0,
Xo=xeRY,

(1)
Yuan and Mao [30] studied the numerical invariant measure generated by the Euler-Maruyama (EM) method when both
the coefficients w(-) and o (-) obey the global Lipschitz condition. Under the same condition on the coefficients, Weng and
Liu [25] investigated the numerical approximation to invariant measures of SDEs by the Milstein method. When some non-
global Lipschitz terms appear in the coefficients, the backward Euler-Maruyama (BEM) method (also called the semi-implicit
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Euler method) and the truncated EM method were employed to handle the super-linearity. Liu and Mao [16] discussed the
BEM method for numerically approximating the invariant measure when the one-sided Lipschitz condition was imposed
on the draft coefficient @ (-) but the global Lipschitz condition was still required for the diffusion coefficient o (-). Jiang
et al. [11] further studied the stochastic #-method for this problem and discussed the effects of the different choices of
6 on the requirements on the coefficients. When the constraints on the coefficients were further released, Li et al. [15]
proposed the truncated EM method to approximate the invariant measure of the underlying SDEs. For SDEs with Markov
switching, Bao et al. [3] investigated the numerical approximations to the invariant measures by the EM method and Li
et al. [14] studied the similar problem with less constrains on the coefficients by the BEM method, in both of which the
r-Wasserstein distance was employed for the discussion on the convergence of numerical invariant measures to underlying
ones.

In this paper, we revisit the BEM method and study the numerical approximation to invariant measures of SDEs with both
the drift and diffusion coefficients containing super-linear terms. Compared with the existing work by Liu and Mao [16],
where only the drift coefficient was allowed to grow super-linearly, our work releases the condition on the diffusion coef-
ficient such that the super-linear terms are also allowed. To achieve such a better result, a different technique is employed
in this paper. Briefly speaking, instead of directly forming an iteration for the numerical solution of X;, we construct an
iteration for the numerical approximation of some linear combination of X; and o (X;). It should be mentioned that this
technique is inspired by Andersson and Kruse [2]. Similar techniques were employed for the studies on the finite time con-
vergence and the stability of the trivial solution of the BEM method in [5] and the stochastic & method in [23], and for the
study on the infinite time convergence of BEM method to the random periodic solution of the SDEs with additive noise in
[26]. But, to our best knowledge, there is no existing work on the numerical approximation to invariant measures of SDEs
with the super-linear drift and diffusion coefficients by using the BEM method.

Therefore, the result obtained in this paper can be regarded as an extension to [16] and a complement to the study
on BEM method in the aspect of numerical invariant measures. In addition, our results can support the application of
theorems on stabilisation of SDEs in the distribution sense that were recently developed in [13,29] (see Example 5.2 for the
illustration). It should be mentioned that the numerical invariant measure of SDEs obtained in this paper could also assist in
approximating the corresponding high-dimensional partial differential equation such as the high-dimensional Fokker-Planck
equation. With the help of the neural network architecture, such an approach through a probabilistic representation to learn
the solution of some partial differential equation could be quite efficient shown in [8].

Other approaches were also proposed and investigated for approximating invariant measures of SDEs. An incomplete list
includes [6,20,22], among many others. The BEM method, as the simplest version of implicit methods, was widely studied
for many different types of stochastic equations in [7,19,27,31,32]. We just mention some of them here and refer the readers
to the reference therein for more works.

We end this introduction with some discussions on the competition between explicit and implicit methods. For stiff
ordinary differential equations, implicit methods are preferred due to its good performance even on a time grid with a
large step size as discussed in [24]. But for its stochastic counterpart, explicit methods are also popular as shown in [10,18].
Since many sample paths are usually needed to be simulated in practice, explicit methods have their advantages like simple
algorithm structure, easy to implement and no need to solve nonlinear equation systems in each iteration, if simulations are
conducted in some finite short intervals. For simulations of long time behaviours of SDEs, implicit methods that pose better
stability properties allow large step-sizes and have low total computational costs. More interesting and detailed discussions
on this topic can be found in, for example [9,21].

2. Mathematical preliminaries

Let W: [0, 00) x 2 — R" be a standard Wiener process on the probability space (2, 7, IP), with the filtration defined by
Fli=0{Wy—W,:s<v=<u<t}and F' = F = Vo<s<F:. Throughout this paper, we shall use || for the Euclidean norm

and (-,-) for the inner product in the Euclidean space. For a vector u, we define |ju|| := E[|u|?] and |u|lp := JE[|u|P].

For a matrix B, ||B|lys means its Hilbert-Schmidt norm. In addition, we define | B| := ‘/]E[||B||12is] and ||B|l, := ,p/IEI[||B||ﬁS].
Denote a v b the larger one between scalars a and b, and a A b the smaller one. The family of all probability measures on
R? is denoted by P(RY). Let B(RY) denote the family of all Borel sets in R¢.

Before we introduce the r-Wasserstein distance, we give a brief introduction to the coupling of probability measures on
the same measurable space and refer the readers to Chapter 5 in [12] for detailed discussion on the coupling.

Let ;1 and wy be probability measures on the same measurable space (S, S). A coupling of @ and w; is a probability
measure v on the product space (S x S, S x S) such that the marginals of v coincide with @1 and py, i.e. V(A x S) = 1(A)
and v(S x A) = u2(A), for any A € S.

The r-Wasserstein distance between jt1, 2 € P@RY) for any r € (0, 1] is defined by

Wr(u1, u2) = inf / Y1 — Y2 v(dYq,dY2),
veC(i1,142)
RdxRd

where C(it1, (12) denotes the set of all couplings of pq and ws.
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Given a stochastic process X; on (2, F,IP), denote the transition probability kernel of X; by P:(x, B) for any t > 0
and any B € B. Sometimes we use Jy to emphasise the initial value x and denote P;(x,-) by 8xIP;. A probability measure
7 (-) € P(RY) is called an invariant measure of X;, if

m(B) = f P:(x, B)m (dx)
R

holds for any t > 0 and any B € B(RY).
In this paper, we are interested in the stationary measure of the solution to the R¢-valued SDE of the form

{dxt =[— AX; + f(X)]dt + g(X)dW;,  fort >0, )

Xo=xec R4

We separate the drift coefficient into two parts with the emphasis on the negative linear term —AX, as it could be regarded
as stabiliser term following [28]. We impose several assumptions on A, f and g as follows.

Assumption 2.1. The linear operator A: RY — R¢ is self-adjoint and positive definite.

Assumption 2.1 implies the existence of a positive, increasing sequence (1;)icqj C R such that 0 <1y <1y <...Aq, and
of an orthonormal basis (e;)ic[q) Of RY such that Ae; = A;e; for every i € [d], where [d]:={1,...,d)}.

Assumption 2.2. The mappings f: R? - R? and g: RY — RY*" are continuous. Moreover, there exists a constant q €
[1,00) and a positive L such that

|f 1) — f2)l v llg(ur) — gu2)llus < LA+ ug |77 + Juz 7N ug — ual,

for uq, us € R4,

It is straightforward to derive from Assumption 2.2 that

IF@IVIgWllns < QLA+ (1fO)] V 1g0)lIns) (1 + [ul?)

for u € R4,

Assumption 2.3. There exist c, c1,c2 € (0,00) and 1 > 2,1, > 4q — 3 such that
2(u1 — uz, f(ur) — f(u2)) +hllgr) — gu2)liEs < clug — uz)?
and
2(u, fw) +LIgW)lfs < c1 + czlul?
for all u, uy, uy € RY.

It is well known that under these assumptions the solution X;: [0, c0) x € — R to (2) is uniquely determined in [17].
To show the solution to SDE (2) is uniformly bounded in LP sense, i.e.,

sup [ X¢llp < oo,
>0

and is Holder-continuous in the temporal variable (see Proposition 3.1 and Proposition 3.2 in Section 3), which are two
sufficient conditions to guarantee the existence and uniqueness of invariant measure of SDE (2), we need an additional
assumption as imposed below.

Assumption 2.4. Recall that Ay is the smallest eigenvalue of A. The constants ¢ and ¢, from Assumption 2.3 satisfy that

CVCy < A1.

Now, we give a brief revisit to the well-known BEM method.

Let us fix an equidistant partition 7" := {jh, j e N} with stepsize h € (0, 1). Note that 7" stretch along the positive real
line because we are dealing with an infinite time horizon problem. Then to simulate the solution to (2) starting at 0, the
backward Euler-Maruyama method on T is given by the recursion
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/)Z(]‘Jrl)h Z’)Zjh - Ahj(\(jJrl)h + hf(y(]#l)h) + g(yjh)Ath (3)

for all j € N, where the initial value Xo =x, and AW jp :=Witnn — Wip.
The implementation of (3) requires solving a nonlinear equation at each iteration. The well-posedness of the difference
equation (3) is proved in the next lemma.

Lemma 2.1. Let Assumptions 2.3 and 2.4 hold. Then the BEM method is well defined.

Proof. For any N € N, rewrite the BEM method (3) into

?(N+1)h + Ah}z(N-&-l)h - hf(?(NH)h) = Xnn + £Xnn) AW yp.

Define G(u) = u + Ahu — hf (u) for u € RY. By Assumption 2.3, we have

2(ur — ua, f(ur) — f(u2)) < clug — uaf?

for all u1, uy € RY. Then, it is straightforward to see

ch
(u1 — 2, G(u1) — G(up)) = (1+rth— 7)|u1 —uy?.

Due to Assumption 2.4, 1+ A1h —ch/2 > 0 holds for all h > 0, which means that G(-) is monotonic. So G(-) has its inverse
function G~1(-) : R — R? such that for any N e N

Xvenn =G (Xnn + gXnn) AWnp).
That is to say, for any N € N the unique X(N+1)h can always be found for the given YNh + g(XNh)AWNh, which completes

the proof. O

To explore the invariant measure of the numerical solution, we introduce some more notations. For any j € N and
any B e B@RY), let Pj,(x, B) be the transition probability kernel of Xj;. A probability measure 7(-) € P@RY) is called an
invariant measure of Xy, if

7(B) = / P (x, B)7 (dx)
Rd

holds for any integer j € N and any B € B(RY).
We end up this section by pointing out the crucial equality for analysis of the backward Euler-Maruyama in our paper.
For any a,b € RY, the equality

Ib> —|al* + b —al* =2(b —a,b) (4)
holds.

3. Some properties of the underlying solution

In this section, we mainly explore properties of the solution to (2) for analysis later.
The first property we will show is the uniform boundedness for the p-th moment of the SDE solution.

Proposition 3.1. Suppose that Assumptions 2.1 to 2.4 hold. Then, for any p € [2, I + 1] the solution to (2) satisfies

sup || X¢ |5 < oc. (5)
t>0

Proof. Due to Assumption 2.4, we have c; < 2)Aq. Then, let € be a sufficiently small positive number such that pi; —
0.5pcy — € > 0. By the It6 formula,
t
B < P +E [ [ (pha — XlP + 05PN (2066, FOX0) + (5 = DX ) ] ds.
0

As p — 1 <[y, Assumption 2.3 indicates
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t
B < 0P +E [ ] - (b = 1P +0.5p1IP Per +calXsl)Jds

0
t

—XP +E / e“[ — (ph1 — 0.5pCs — €)|Xs|P +0.5pc |X5|p’2]ds
0

Since pi; —0.5pcy — € > 0, we know that the polynomial —(pi; — 0.5pc; — €)|Xs|P + 0.5pcy|Xs|P~2 is always bounded by
a positive number almost surely for any | X;| € R. Denote the upper bound by K. Hence

t
E[e|X,|P] < x|P + / eSKds < [P + (K/€)ect,
0
which implies
E[|X¢|P] < |x|P + (K/€), Vt=>0.

Therefore, the proof is completed. O
Following a similar argument as in Proposition 5.4 and 5.5 in [4], we can easily get the following bounds.

Proposition 3.2. Suppose that Assumptions 2.1 to 2.4 hold, then there exists a positive constant Cq 4 f ¢ Which depends on q, d, A, f
and g only, such that

1
IXe, = Xeo || < Cgoa.f.g(1 +sup IXellg,)le2 — ]2, (6)
t/

forallty,t; > 0. Moreover,
t
2q—1 3
/ [A(Xs = Xe) + £ X0 = £ X [ds < Cqpp.g 1+ 5up 1 Xel5g3) 2 — ], (7)
t=>
t

forall ts € [tq, t2].

The next theorem states that the underlying solution admits a unique invariant measure. With the help of Proposi-
tions 3.1 and 3.2, the following theorem can be proved by following the same approach as the proof of Theorem 2.3 in [3]
or Theorem 7.4 in [15]. So we omit the proof here.

Theorem 3.1. Suppose that Assumptions 2.1 to 2.4 hold. Then the solution to (2) converges in the r-Wasserstein distance to a unique
invariant measure w € P(RY) with some exponential rate & > 0 for any r € (0, 11, i.e. for any initial value x

W (8xPe, ) < Ce—r$2t7

where C is a constant independent of t.
4. Main results

In this section we will prove that the BEM method (3) uniquely admits an invariant measure with the help of two
lemmas, and show the order of convergence of the invariant measure of the BEM to the invariant measure of our target
SDE (2). We present our three main theorems as follows. Proofs of them are postponed, after some more preparations being
given.

The first main result in our paper states the existence and uniqueness of the invariant measure of the numerical solution
generated by the BEM method.

Theorem 4.1. Under Assumptions 2.1, 2.3 and 2.4, for any h € (0, 1) satisfying

h<h*:= b1 A h-1 ,
201 —2¢cp; 2A1—2C

the backward Euler-Maruyama method (3) converges in the r-Wasserstein distance to a unique invariant measure 7@ € P(RY) with
some exponential rate £1 > 0 on T for any r € (0, 1].
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The next theorem states the strong convergence of the BEM method with the rate of 1/2. This result looks similar to
that in [23] by setting 6 =1 there. But, it should be noted that our assumptions are stronger than those in [23]. So the
strong convergence is uniform in our case, i.e. the constant C in (8) is independent of t.

Theorem 4.2. Under Assumption 2.1 to Assumption 2.4 and for h satisfying
I —1 L -2
h<h* = 2 A ,
2(M—c2) 4 -0

there exists a constant C that depends on q, A, f, g and d such that the backward Euler-Maruyama method (3) approximates the true
solution of (2) on T" with

Sgp | Xnn — Xnn| < Ch1/2. (8)

The final main theorem states the convergence of the numerical invariant measure to the underlying one with the rate
of 1/2.

Theorem 4.3. Suppose that all the assumptions in Theorems 4.1 and 4.2 hold, then the numerical invariant measure T converges to
the underlying invariant measure 7 in the r-Wasserstein distance, that is for any h € (0, h* A h**)

W, ®.7)=0 (hf/z)
holds for any r € (0, 1].
4.1. Two properties of the numerical solution

The next Lemma claims that there is a uniform bound for the second moment of the numerical solution under necessary
assumptions.

Lemma 4.1. Under Assumptions 2.1, 2.3 and 2.4, for any h € (0, 1) satisfying

Ihb—1
Koo,
2(k —c2)

it holds for the BEM method (3) on T that

~ (5]

IXnnl* < 1 + g0l + 5 (9)

1—0C2

forall N € N, where x is the initial data.
Proof. First note that from (4) for any N € N we have that

| Xnnl? — Ix(Nq)hl2 + [ Xnh — /)Z(Nfl)h|2 =2(Xnh — X\(Nfl)hv Xnn). (10)
From (3) we have that

2(Xnn — X(N—1hs Xnn) = —2h(AXnn, Xnn) + 20(f (Xnn), Xnn) + 2(8(XN—1)8) AW N1y XNh)- (11)
Note that E(g(j(\(Nfl)h)AW(Nfl)h» X\(N,])}ﬁ =0.

Taking the expectation of both sides of (11) and making use of Assumption 2.3 give

IXnal% = I Xv—1h 1% + 1 Xnn — Xv—1nlI* = 2E (Xnn — Xv—1)h, Xnh)

< —2hE((A — c21) Xnh, Xnn) — Loh| g(Xnn) 11> + 2hcr + hllg(Xov—1n) I + I Xnn — Xv-1ynll>-
Then cancelling the same term on both sides gives

~ ~ 2 ~ 2 ~

(1+ 2h(A1 — c2) [ Xnnll® + Al g (Xnn) |~ < 2her + b g(Xov—1pn) |~ + IXv—1nl1*.

Choose h such that (1 +2h(A1 —c2)) <Ip and let « := M‘jcz. Rearranging the terms above gives
< < 2 = < 2
(142001 — ) (IXnal* + hllg(Xnn) |~ — &) < IXv—nnl® +hllg(Xov—1n) |* — @ (12)

By iteration, this leads to
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1
(142001 = c2))

IXnn 1% < S (X2 + hlig® 13 — o) + . (13)

Because of Assumption 2.4, the term on the right hand side above can be bounded by |x|% + ||g(x)||21_ls + o, which is inde-
pendent of k and h. O

The next result shows two numerical solutions starting from different initial conditions can be arbitrarily close after
sufficiently many iterations.

Lemma 4.2. Under Assumptions 2.1, 2.3 and 2.4, and let h < (1 — 1)/(2A1 — 2¢), define YNh and ?Nh solutions of the backward
Euler-Maruyama scheme on T" with different initial values x, y € R, respectively. Then

I Xnn — Yl < V/1+clx — yle 51Nk,

—_M=C
where & = 26,0

Proof. Define Dy := ?Nh - ?Nh. Let us use (4) again, which allows us to examine the following term:

2E(DN — Dn-1, Dn)

= —2hE(ADy, Dn) + 2hE(f (Xnn) — f(Yn), Dn)
+2E((g(Xv—1)h) — &(Y(N—1)h)) AW n_1), DN)

< 2hE((=A+cDDn, Dn) — hihlig(Xnn) — &(Ynn) I°
+ 2E<(g(?(1v—1)h) - g(?(N—l)h))AW(N—l)hv Dy — Dn-1),

where we use Assumption 2.3 to deduce the last inequality and the last term is due to

E((g(i(zv—nh) - g(?(N—l)h))AW(N—l)h» Dn-1)=0.
This leads to

||2 <IDN=1 1% +h|g(Xn-1)) — &(Yn-1)n) ||2

Choose h such that (1 + 2h(Aq —c)) < Iy, then by iteration we have

(1+2h(0 — )IDNI? + k| g(Xnn) — g(Yan)

IDNI? + k] g(RXnn) — g(Tan) | < Graneo g IPol’ +hl&(Xo) - &(Yo) Its)

1+c 2
ST 5 XY
(1+2h(k — )N =yl

where we make use of Assumption 2.3 and h < 1 to deduce the last line. Since the fact that a¥ <e~1=9N for any a € (0, 1)
and A1 > ¢ in Assumption 2.4, the assertion follows. O

4.2. The existence and uniqueness of the numerical invariant measure

Now, we are ready to give the proof of Theorem 4.1.

The proof of Theorem 4.1. Due to the Chebyshev inequality, for any initial value x € R? we obtain that {SXﬁjh} is tight,

where 3y is used to emphasise the initial value x, i.e. Sxﬁjh = @j,l(x, -). Then, a subsequence that converges weakly to an
invariant measure 7 € P(R%) can be extracted. By the Hélder inequality and Lemma 4.2, we can see that for any r € (0, 1]

Wr (8P, 8yPjn) < IXjn — Yinlly < 1Xjn — Vinl" < (1 + )2 x — y|Te "5, (14)
Then, thanks to Lemma 4.1 and the Kolmogorov-Chapman equation, for any j,! > 0 and r € (0, 2] we have
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Wr (ax]P’jh, (SXIP(H-l)h) =W (8x]P)jh, 5X]P>th1h)

< / Wr (SX]I,thy (Sy@]h) ﬁh (X7 dY)
Rd

<f(1 + 02 x — ye 1Py (x, dy) (15)
Rd

<201+ 02 (I + [ X |7 e~
< Ky(rye "s1ih,

where
¢ r/2

Now, letting [ — oo in (15), we have

W, (8:Pjn, T) < Ko(rye"510m,

Moreover, we have
W, (8Pjh, 7) = 0, as j— oo,

which guarantees that 7 is the unique invariant measure of { 6,(@]»,, } Now, assume that 7; € P(RY) is the invariant measure

of th with the initial value x and 7, € P(RY) is the invariant measure of th with the initial value y, we can see

W, (71, 2) < / W, (50, 8,B) v(dx, dy),
RIxR4

for any x, y € R? with x # y. Therefore, by (14) the BEM method has a unique invariant measure. O

4.3. The uniform strong convergence of the BEM method

The proof of Theorem 4.2 is presented as follows.

The proof of Theorem 4.2. First note that

Nh Nh Nh
Xnn=Xn-1)h — / AXsds + / f(Xs)ds + / g(Xs)dW;s
(N=1)h (N>Dh (N>Dh
Nh
= X(N—1)h — / A(Xs — Xnn)ds — hAXnn
NZ1)h
o (16)
+ / (f(Xs) — f(Xnn))ds + hf (Xnn)
(N>1h
Nh
+ f (g(Xs) - g(X(Nfl)h))dWs + g(X(n—1)h) AW (N=1)h-
(N>1)h

Define ey := Xy, — th- Then

2E(en —en—1, en) = —2hE(Aen, en) + 2hE(f (Xnn) — F(Xnn), en)
Nh

+28( - / A — Xnn)ds,en)
(N=1)h
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Nh
+28( [ (00 = FOuds.en)
(N=Dh
Nh
+2E< / (g(xs)—g(X(N—l)h))dws»eN>
(N>D)h
+2E((g(X(N-1)h) — g(’)z(Nq)h))AW(Nq)h, eN).

Note that for t € [(N —1)h, Nh], f(tN_l)h e[,_1(g(XS) —g(X(N,l)h))dWS gives a martingale, where a” represents the transpose

of a vector or matrix a. To see it, define the stopping time 7y g :=inf{s: |Xs| > K + |X(y—_1)n|}. Note that {Ty x}gen is non-

descreasing and limk_, o Tn,x = 0. Then one can check that f&f’{)’; e,f,f1 (g(Xs) — g(X(N_1>h))dW5 is indeed a martingale.

Then we have

Nh Nh
Ef / (80X0) = gXov-1m))dWs, en) = B / (8X5) = gXen-1w)dWs, en —en-1).
(N-1Dh (N=1)h

By Young’s inequality

b2
2ab < e2a® + = Va,b > 0,

and Assumption 2.3, we are able to choose 65 :=h(A —¢)/2 such that

2E(en — en—1,en) < 2hE((—A +cDen, en) — hl1llg(Xnn) — gXnn) |12
Nh

2 2 1 2
+2€2len| +€—2H - A(XS—XNh)dsH
(N=1)h

1 Nh 5
t5] [ oo - roomsl

€
0 NI1h
Nh )
2| [ (e - gCt-umnaws
(N=Dh

+2hllg(Xn—1yn) — 8Xn—I* + len — en—11I°.

By Proposition 3.2, we know there exists a constant C depending on q, A, f and g such that

Nh 5 Nh 5
|- [ ac=xwas| "+ | [ (roxo = ro)es|
(N=Dh (N=Dh

<Cr3(1+sup IXs1503) = .
s>0

Besides, by the It6 isometry and the Hoélder continuity of X in temporal variable as shown in Proposition 3.2 (reusing C
above),

Nh
2 2¢C(1+ supsso lI1Xs3,)
2| [ e - sxomumdws| < - 2 p2 . en?.
(N-1Dh

Note that B is bounded because of Proposition 3.2. Define Gy =: g(Xnp) — g(’)ZNh). Then from (4) and the estimate above
we have that

lenl® — llen—111” +hl1[|GnII* = 2E(en — en—1,en) — len —en—1l1> +hl1 | Gn >

h3
< 2hE((—A+cDen, en) +2¢5 llen 1 + ’36—2 +Ch* + 2h||GN-1]1%.
0
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Define @ := %h. Since that 1+ h(Aq — ¢) <[1/2, then the inequality above can be rearranged to

(14801 =) (len I + 221Gy |12 @) < llen—11? + 2hlIGy—1|* - &.

By iteration we have

’

1 28+c(A1—0)
2 2
+ 2h||G <(1-
||€N|| ” N” ( 1 h()\l C)N> ()\'1 —C)Z

2B+c(M

because Xg = Xo. Finally due to Assumption 2.4, we have |ley]? < o 7C);‘)h. Then the assertion follows. O

4.4. Convergence of the numerical invariant measure to the underlying counterpart

Now we are ready to show the last main theorem.

The proof of Theorem 4.3. It is clear to see that
Wr (7?7 77) < Wr (ﬁ, Bx@jh) + Wr (BX]le’ls 7T) + Wr (5XPjhv SX@jh) .
Thanks to Theorems 4.1 and 3.1, the convergences of ﬁjh to 7 and Pjj, to m yield

W, (7, 8xPj) < Ka(e ™" and W, (8xPjy, ) < Ce™"2h,

where C is a genetic constant in this proof that may be different from line to line. Then applying Theorem 4.2 gives the
final assertion. O

5. Numerical examples

In this section, two numerical examples are presented. Example 5.1 is used to illustrate that the BEM method admits a
unique invariant measure, which then converges to the underlying one. In Example 5.2, we discuss the application of our
numerical method in the stabilisation of SDEs in the distribution sense.

Example 5.1. Consider a scalar mean-reverting type model with super-linear coefficients

dX; = (b —aX— 5x§) dt + o X2dW,, Xo=x.

By setting b=1, o =1, 8 =2 and o =1, it is not hard to see that all the assumptions are satisfied. Therefore, according
to our theorems there exists a unique invariant measure for the BEM method. One thousand sample paths are simulated
with Xg =5 and h =0.01, which are then used to construct empirical density functions at different time points. It is clear
to see from the left plot in Fig. 1 that the shapes of empirical density functions at t =0.1, t =0.3 and t = 0.5 are quite
different but the ones at t =4 and t = 10 are much more similar, which indicates the existence of the invariant measure.
From the right plot in Fig. 1, we can see the empirical density functions at the same time point t = 90 but with different
initial values —5,5,15 are quite close to each other, which indicates uniqueness of the invariant measure. To measure
the difference between empirical density functions at consecutive time points t =ih and t = (i + 1)h for i =0, 1, ..., the
Kolmogorov-Smirnov (K-S) test is employed to test a sequence of hypotheses that

Ho: Twosamplesatt=ihandt = (i 4+ 1)h are from the same distribution,
Hqi: Twosamplesatt=ihandt = (i + 1)h are from different distributions,

for i =0,1,...200. It can be observed from the upper plot in Fig. 2 that as time gets large the differences between empirical
density functions at consecutive time points vanish, which indicates the existence of the invariant measure for the numerical
solution. The lower plot in Fig. 2 also confirms this conclusion as the p values are quite close to 1 as time advances.

Now we turn to our second example, which could be regarded as an illustration of the application of our results in the
system control problem. To make it clear, we brief the problem as follows.

In the very recent works [13,29], the authors discussed the design of some controllers to stabilise some SDEs that
originally are not stable in distribution. To be more precise, for some unstable SDE (i.e. not stable in the distribution sense)

dX[ = f(Xt)dt + g(xt)th, fort > 0,
Xo=xeRY,
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Fig. 1. Left: Empirical density functions at different time points. Right: Empirical density functions at t=90 with different initial values. (For interpretation
of the colours in the figure(s), the reader is referred to the web version of this article.)

0.8

K-S statistics

0 0.2 0.4 0.6

Fig. 2. K-S tests for samples at consecutive time points for Example 5.1.

the authors in those two works used some past state X;_;, where the small enough constant t > O represents the time

delay, to design a controller AX;_; such that the controlled system

dXe =[f(Xt) — AX;—c |dt + g(X)dW,,  fort >0, (17)

Xo=xeR?
is stable in distribution. In their works, the authors proposed the method to design the controller and proved theoretically
that the controlled system is indeed stable in distribution. But in practice, numerical methods are always required for the
applications of those theorems, as the explicit forms of the true solutions of stochastic systems can hardly be found, not to
mention the explicit forms of the invariant distributions. Therefore, trusted numerical methods are essential for demonstrat-
ing those theorems in [13,29] and displaying the shapes of the invariant distributions. By saying trusted numerical methods,
we mean those methods that have been proved to be able to approximate the underlying true invariant distributions. And

this is what we proved in this paper for the BEM method.
It is clear that if the AX;_; is replaced by AX; in the controlled system (17), then it looks exactly like the SDE (2)

studied in this paper. Since our results obtained in this paper do not include delay terms in the equations, we use AX; as
the controller in our Example 5.2. In future, we are going to work out the numerical invariant measures for some stochastic

delay differential equations.
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Fig. 3. K-S tests for samples at consecutive time points for Example 5.2.

Example 5.2. Consider a two dimensional SDE

dX1 =[10+2X;1 — Xe2]dt +[0.5 4+ 0.1X,2|dWy 1,
dXe2 =[5+ X1 4 3Xe2 — X2, ]dt +[0.34+0.1(Xe.1 + XZ,) |dWe 2,
Xo=(5.5)

which is unstable in distribution for any initial data. According to theorems in [13,29], one can design a controller

=3 %)

such that the controlled system

(18)

dX;1 =[10—=3X;1 — X¢2]dt + [0.5 4+ 0.1X¢,2 |dW 4
dXe2 =[5— Xe.1 —3Xe2 — X2, ]dt +[0.3+0.1(Xe.1 + XZ,) [dWe 2

is stable in the distribution sense. But, in practice one may further ask the question: what does the unique distribution look
like?

To answer the question, one may turn to our results in this paper. Since it is not hard to check that coefficients of (18)
satisfy the requirements, we can regard the numerical invariant distribution generated by the BEM method as a trusted ap-
proximate to the underlying one. 1000 sample paths generated by the BEM method with the step size of 0.05 are simulated.
Similar to Example 5.1, the K-S test is applied to illustrate that the distributions generated by the BEM method indeed tend
to a unique one as the time advances. The asymptotic behaviour of the K-S statistics in Fig. 3 confirms it. More importantly,
Fig. 3 also indicates that one does not have to simulate sample paths for long time to see the invariant distribution, as
the differences between empirical distributions decay to zero in a quite fast way. Therefore, to see the shape of the unique
distribution of (18), it is sufficient to use the empirical distribution of the numerical solutions generated by the BEM method
at relatively small time point. Fig. 4 displays the empirical density function of the solution (X; 1, X;2) at t =4, which could
be used to answer the question raised in Example 5.2. In practice, one can further use some non-parametric and parametric
approaches to find out what the distribution is and the estimated values of parameters of it.

To end up this section, we give a short informal discussion on the potential application of our results in numerical
approximates to stationary Fokker-Planck equations. It is well known that if there exists a unique invariant measure 7r for
the SDE

dXr = u(Xp)dt + o (Xp)dWe,
then the true 7 can be found by solving the following partial differential equation (PDE)

1 92

d
iﬁ(azn) — —(uw) =0 with the condition / 7(x)dx=1. (19)

ax
xeRd

The numerical invariant measure 7 obtained in this paper can be regarded as a good estimator for the solution of (19),
as the convergence of 7 to 7 actually has been proved in this paper. For example, Fig. 4 indeed display the solution to
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Empirical density

Fig. 4. Empirical density function at t =4.

the stationary Fokker-Planck equation that is corresponding to the SDE (18). Fokker-Planck equations and their stationary
forms are of importance on their own rights in various problems arising in chemical reactions, statistical physics, and
fluid mechanics, however, their practical use is hindered by the curse of dimensionality. Based on the success of [8], it is
expected that under some smart design of neural network architecture through the probabilistic representation and the
numerical simulation, one may establish an effective stochastic framework for the PDE (19), which could avoid the curse of
dimensionality.

6. Conclusion and future research

In this paper, we revisited the classical BEM method and showed the existence and uniqueness of its invariant measure
when both the drift and the diffusion coefficients are allowed to contain some super-linear terms. In addition, the con-
vergence of the numerical invariant measure to its underlying counterpart was also proved. Numerical simulations were
provided to demonstration our theorems and their potential applications in system controls.

As we mentioned occasionally in this paper, there are many works that have not been done in this area. One definitely
interesting work is to extend the results in this paper to stochastic delay differential equations, for which the concept of
invariant measure is quite different from the case of SDEs. Another question that is worth to be considered is the numerical
invariant measure of hybrid SDEs with super-linear drift and diffusion coefficients, in which the switches among different
modes would play important roles in the stability in distribution of the whole system.
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