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Abstract

The truncated Milstein method, which was initially proposed in (Guo,
Liu, Mao and Yue 2018), is extended to the non-autonomous stochastic
differential equations with the super-linear state variable and the Hoélder
continuous time variable. The convergence rate is proved. Compared with
the initial work, the requirements on the step-size is also significantly re-
leased. In addition, the technique of the randomized step-size is employed
to raise the convergence rate of the truncated Milstein method.
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1 Introduction

Numerical methods for stochastic differential equations (SDEs) with super-linear
coefficients have been attracting lots of attention in recent years. Due to that
the classical Euler-Maruyama (EM) method fails to converge for those types of
SDEs [16], different new methods have been proposed.

Implicit methods are natural alternatives, since they have been successful in
handling the stiffness in ordinary differential equations (ODEs) [I1]. The implicit
methods of the Euler’s type for SDEs were studied in [2] 15, 28] 34], B5]. The
Milstein-type implicit methods for SDEs were discussed in [13], 20} 311 39]. The
multi-stage implicit methods were investigated in [I], 8] [5]. We just mention some
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of the works on implicit methods here and refer the readers to the references
therein.

Compared with implicit methods, explicit methods still have their advan-
tages, such as simple structures, easy to implement, cheap to simulate large num-
bers of paths [I2]. Recently, many different explicit methods have been proposed
to approximate SDEs with super-linear coefficients. The tamed Euler method
was initially proposed in [17]. By using the idea of taming the coefficients, dif-
ferent types of tamed methods have been proposed [7, 8, 29, 32, 33| [36] 38]. The
truncated EM method is another modification of the classical EM, which was
initialized in [26, 27]. Afterwards, the truncating technique has been employed
to develop different kinds of truncated methods [6l, Ol 18], 22| 23], 37].

Most of the works mentioned above dealt with autonomous SDEs, where the
time variable does not appear explicitly in the coefficients. Meanwhile, it is well-
known that the non-smoothness of the time variable in non-autonomous SDEs
leads to significant difference in the convergence rate of numerical methods for

both ODEs [4], [19] and SDEs [21], 24].

Motivated by all the issues mentioned above, we investigate the truncated
Milstein method for non-autonomous SDEs with the time variable satisfying
Holder’s continuity and the state variable containing super-linear terms. The
finite time convergence of the proposed method is proved and the convergence
rate is discussed. This result could be regarded as an extension of [I0], where
autonomous SDEs were considered. We also propose the randomized truncated
Milstein method to overcome the low convergence rate due to the Holder contin-
uous time variable.

The main contribution of this paper are twofold.

e Compared with the existing work [10], our results cover the non-autonomous
case and release the requirements on the step-size significantly.

e The randomized truncated Milstein method is proposed. By using nu-
merical silumations, this new method is demonstrated to outperform the
truncated Milstein method for non-autonomous SDEs.

This paper is constructed in the following way. Notations, assumptions and
the structure of the numerical methods are presented in Section 2. Section 3
contains the main results and their proofs. The randomized truncated Milstein
method is proposed in Section 4. Numerical simulations are conducted in Section
5. Section 6 sees the conclusion and some discussions on the future research.



2 Mathematical preliminary

Notations, assumptions and the truncated Milstein method for non-autonomous
SDEs are introduced in the section.

Through out this paper, unless otherwise specified, we let (2, F, P) be a
complete probability space with a filtration {F; }:>¢ satisfying the usual condition
(that is, it is right continuous and increasing while F contains all p-null sets).
Let B(t) be an one-dimensional Brownian motion defined in the probability space
and is Fi-adopted. And let |-| denote both the Euclidean norm in R™ and the trace
norm in R™*; Moreover, for two real numbers a and b, we use a Vb = max(a, b)
and a A b = min(a,b). For a given set G, its indicator function is denoted by I,
namely /g(z) =1 if 2 € G and 0 otherwise.

We are concerned with the d-dimension SDEs
dy(t) = pu(t,y(t))dt + o(t,y(t))dB(t) (2.1)

ont € [to, T] for any T' > to with the initial value y(t,) = yo € R?, where the drift
coefficient function yu : [tg, T] x RY — R¢ and the diffusion coefficient function
o : [to, T} x R = R?, and y(t) = (y' (1), y*(1), ..., y*(t))"
We define: ;
do(t,y
LO’(t, y) = Z Ul(t> y)#a
=1 dy
where o0 = (04,02, ...,0¥)T, o :RI = R.
And define the derivative of vector o(t,y) with respect to y' by

do' (t,y) 00°(t,y) 0o’ (t,y)
l L ) ) )
G (t>y) T ( 8yl ’ 8yl RRRS] 8yl ) .

Moreover, we assume that both ¢ and p have a second-order derivative, and we
make the following assumptions.

Assumption 2.1. There ezist constants C; >0, B> 0 and a € (0, 1] such that

u(t, x)—plt, y)| Vit x)—o(t,y)|V|Lo(t, )~ Lo(t,y)| < Cr(1+]z|"+|y|”) |z —yl,
p(ts,y) = plta, IV o (ty) — o(ta,y)] < Ca(l+ [y[PH[t — 12",

for all z,y € R, any t € (t, T).

Assumption 2.2. There exist constants ¢ > 2 and Cy > 0 such that
(@ =y, u(t,2) — p(t,y)) + (¢ = Dlo(t,x) — ot y)]* < Colz —y/?,

for all x,y € R, any t € (to, T).



Assumption 2.3. There exist constants p > 2 and C3 > 0 such that

(. u(t,y) + (p— Dot y))* < Cs(1+ |yl),

where Cy does not depend on t ory, for all t € [ty,T], any y € RY.

Assumptions 1] and guarantee a unique global solution of SDE (2.1]).
In addition, we can derive the boundedness of the moment of the true solution
from Assumption which is proved in [25], that is, there exists a constant M,
which is dependent on t and ¢, such that

Ely()* < My(1+ [y(0)]7). (2.2)

And it can be observed from Assumption 2] that for all y € R? and ¢ € [to, T
()| Vot )|V [Lo(t,y)] < Ma(1+ [y|™) (2.3)
where M, depends on Cy and sup (|u(t,0)] + |o(t,0)]).
to<t<T

We further assume that there exists a positive constant M3 such that

‘8u(t,y)|v‘82u(t,y)‘ |30(t,y)‘ ‘820(t,y)
dy y? dy dy?

| < Ms(1+ ]y, (24)

for all y € R? and t € [to, T).

To make the paper self-contained, let us revisit the truncated Milstein method.
Firstly, we choose a strictly increasing function f : R, — R, which is the set of
all non-negative real numbers such that f(u) — oo as u — oo and

sup sup (|t y)| Vot y)| VIG(ty)]) < flu), Vu>1,1=1,2,..d (2.5)

tefto,T] |y|<u

Then we use f~! denote the inverse function of f. we can easily observe that f~!
is also a strictly increasing continuous function from [f(1), 00) to Ry. We choose
a constant b > 1V f(1) and a strictly decreasing function h : (0,1] — [f(1), oc)
such that

lim 1h(A) = 0o and ATR(A) < h, VA € (0,1]. (2.6)

For a given step-size A € (0,1], any ¢ € [ty, T] and all y € R?, define the truncated
functions by

oalty) = o (t, (ol A 7 (R (A)) %) , (2.7)

ualtyy) = g (t, (Il A " (h(A) %) , (2.8)
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Gi(t.y) =G <t, (Jyl A f7H (R (A))) %) L 1=1,2,...d, (2.9)

where we set y/|y| =0 if y = 0.
It is clear that for all t € [to,T], any y € R? and [ = 1,2, ..., d,

loa(t. 9|V nat, )| VIGAEy)| < f (F7 (R (D)) = h(A). (2.10)

We can also obtain the fact that there exists a positive constant M such that

|8MA(t,y) ua(t,y),  doalt,y), oalt,y)
dy y? dy dy?

| V] | V]

[V | <M, (2.11)

for any t € [to,T] and y € R%.

Remark 2.4. Since the truncated functions, ua(t,y), oa(t,y) and G, are not
differential at points, f~1(h(A)) and -f~1(h(A)), here we mean the derivatives of
the truncated functions at f~'(h(A)) by their left derivatives and the derivatives
at —f7Y(h(A)) by their right derivatives.

The discrete-time truncated Milstein numerical solution X;, to approximate
y(t;) for t; = iA + to, are formed by setting Xy = yo and computing

d
1
=1

(2.12)

for i = 0,1,...N, where N is the integer part of T'/A and let tyy; = T while
To simplify the notation, we set

d
Loa(t, X;) ==Y oh(t, Xi)GA(t, X)),
=1
for all t € [to, T] and [ € {1,2,...,d}.

The continuous version of the truncated Milstein method is defined by

Xa(t) =Xa(t) + /t pa (K (s), Xa(s))ds + /t on (5 (s), Xa(s)) dB(s)

+ [ Los (5(5). Xa () AB(s)aB(o)
Z (2.13)



where Xa(t) is a piecewise constant solution such that Xa(t) = Xa(t)
Xa(ti) = X, for t; < t < t;;; and we define XaA(T) = Xa(T), AB(s) =
Zf:o I{ti§5<ti+1}(B(s) — B(t;)) and r(s) = tilft<s<tiin}-

We need the following version of the Taylor expansion.

If a function ¢ : Ry x R? — R? is third-order continuous differentiable, by
the Taylor formula we have:

¢(k(t), ) — P(k(t), z") = ¢ (k(t), 7)

(x —2%) + Ry(t, x,x"), (2.14)

where Ry(t, x, z* fo 7)o" (K(t), ) }m:wmﬂ(w_m*)(:c — x*,x — x*)dr, for any
fixed t € [to, T]
For any v, j1, jo € R?, the expressions of the derivatives are as follows:
d
Po .
/ t _ / ~z .j
# (5(0), ) () = Sl D)) = 3 i,
=1 2,7=1

where g;; = (%’},. . ayd> and ¢ = (¢1, P, ...¢q), for any fixed t € [to, T].

If we replace z and z* by X a(t) and X a(t) respectively from (ZI4), for any fixed
t € [to, T], we have:

P(r(t), Xa(t)) — d(k(t), Xa(t)) =¢' (k(1),z) ) /t on(k(s), Xa(s))dB(s)
+ Ry(t, Xa(t), Xa(t)).

(2.15)

2=Xa(t) </tt na((s), Xa(s))ds

+/ LO’A(H(S),XA(S))AB(S)CZB(S)> + Ry(t, Xa(t), Xa(t)).
l (2.16)
Thus, replacing ¢ by oa from (2.13]), we obtain

Rop (t, XA(1), Xa(t)) = oa(k(t), Xa(t)—oa(k(t), Xa(t)—Loa(s(t), XA(t)()QAI%(t)a
where AB(f) = B(f) — B(t:), for t; < t < ti41. '

3 Main results

This section is divided into three parts. The main theorems of this paper and
the comparison with the existing result are presented in Section 3.1. Important
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lemmas are proved in Section 3.2. The proofs of the main theorems are postponed
to Section 3.3.

3.1 Main theorem

Theorem 3.1. Let Assumptions [2.1, (2.2 and hold and assume that p >
2(1 4 B)q, then for any q € [2,q) and A € (0, 1], there exists a constant H such
that

sup E|y(t) — Xa(t)|? < H(Aw7 + AT(R(A))* + ( f—l(h(A)))

(B+1)q—p>
to<t<T

To see the convergence rate more clearly, we strength the requirement As-
sumption and obtained the following result.

Theorem 3.2. Let Assumptions[21] and [2.2 hold, and Assumption hold for
any p > 2(B + 1)q. Then for any q € [2,q), ¢ € (0,1/4] and A € (0, 1], there
exists a constant H such that

sup Ely(t) — Xa(t)|7 < H (A™(-207)

to<t<T

Proof. First we define f(u) = Hyu2, Yu > 1. It is easy to get
1
1 - i B+2

h(A) = A°
for some € € (0,1/4] and k> (1V f(1)).
Applying Theorem [B.I], we can see that

sup Ely(t) — Xa(t)|" < H (Amin(i“”*éﬁ = uqi(l—zem)) ,

to<t<T

Then, let

We can get the desired assertions easily by choosing a sufficiently large p. (]

To explain the improvement of the main theorem of this paper, we recall
Theorem 3.7 in [10] as follows.

Theorem 3.3. Let Assumptions 21, 2.2 and (24) hold. Furthermore, assume
that for any given p > 2, there exists a q € (p,00). In addition, if

» -1/(¢-%)
) = £ ( (aF aiayr) ) (3.)
holds for all sufficiently small A € (0,1], then for any fivzed T > to
Ely(T) — Xy [’ < KAP (h(A))™ (3.2)

holds, where K is a positive constant independent of A.
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Remark 3.4. Let us demonstrate that compared with the main result in [10] our
result in this paper releases the constraint on the step-size.

Consider the scalar SDE

dy(t) = (y(t) — 2°(t)) dt + y*()dB(t), t > to, (3.3)

with to = 0 and the initial value y(ty) = 1.
Due to the fact that

sup (|u(@)| V lo(2)| V|Lo(2)]) < 3u?, Yu>1,
lz|<u
so we choose f(u) = 3u® and define h(u) = u™* for e € (0,1/4].
Choose € = 1/4, then condition [B.1l) is satisfied with p = 1, ¢ = 12 and
A <1072 By Theorem[3Z3 (Theorem 3.7 in [10]), we can conclude that

Ely(T) — Xy | < KAP,

this is to say that the convergence rate is 1/2.

However, take € to be 1/4 and choose p sufficiently large, it can be derived from
Theorem[3.2 that )
Ely(T) — Xa(T)|" < KA2Y,

which means that the convergence rate is 1/2. It should be noted that we do not
put the constraint A < 1072% here.

Therefore, compared with the main theorem in [10)], the strong requirement
on the step-size, A < 10721, is not needed for our main result, which shows that
our result releases the requirement on the step-size.

Remark 3.5. Theorem[3Q tells us that the order of convergence of the truncated
Milstein method is min(1—2e, ). If « is close to 1, the convergence rate will not
very different from that of the traditional truncated Milstein method. Conversely,
if o is equal to 1/4 or more less than 1, then the order of convergence will worse
than the traditional sense. This shows that the Holder-continuous time variable
does affect the order of convergence dramatically.

3.2 Important lemmas

The next lemma shows that the truncated coefficients inherit the same inequality
of the original coefficients.

Lemma 3.6. Assume that Assumption [2Z.3 holds, then for all A € (0,1], there
exists a positive constant Cs such that

(. ualt,y)) + (p = Dloat,y)l” < Cs(1+[yl*), vy eR™
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The proof of this lemma follows the same idea used in the proof of Lemma
2.5 in [14].

The following lemma shows the difference between the discrete and continu-
ous versions of the truncated Milstein method in the moment sense.

Lemma 3.7. For any A € (0,1], t € [to,T] and all p > 2

E|Xa(t) — Xa(t)]P < CAE(R(A))P,

where C is a constant independent of A, consequently,

lim E|Xa(t) — XaA(t)P =0, Vte€ [ty, T).
A—0

Proof.  Fix the step size A € (0, 1] arbitrarily, for any ¢ > t,, there exists a
constant ¢ > 0 such that ¢; <t < t;;1. We derive from (ZI3) that
p

+

p

E|XA(t) — Xa®)]P < CE( /t pa (K(s), X a(s)) ds

/t. oA (n(s), )_(A(s)) dB(s)

)

where the elementary inequality | >0, a;[P < mP~t 3" | |a;? has been used, and
C'is a positive constant independent of A that may change from line to line. We
derive from the elementary inequality, the Holder inequality and the Burkholder-
Davis-Gundy inequality (Theorem 1.7.1 in [25]) that

+

[ Loa (k(s), Xa(s)) AB(s)dB(s)

E|XA(t) — Xa®)]P < C(A”_lE /t }MA (/{(S),XA(S))}I) ds + ATE[ ‘O’A (/{(S),XA(S)) }p ds
+ A%ZEK |Loa (k(s), Xa(s)) AB(s)|" ds).

By using (ZI0) and the inequality of E|AB(s)[P < CAP/2 for s € [t;,t;11), we get
E|XA(t) — Xa()P < C (Aph(A)P +ASR(AY + Aph(A)2p> .
Applying (Z0]), the desired assertion holds. ]

The next lemma shows the moment boundedness of the truncated Milstein
method.

Lemma 3.8. Let Assumption[Z:3 holds. Then, for any A € (0,1] and any T > t,

sup sup E|Xa(t)[" < K(1+ Elyl|*), (3.4)

0<ALL tr<t<T

where K is a positive constant dependent on T but independent of A.
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Proof. For any real number R > X, we define the stopping time
pr = inf{t >ty : | Xa(t)| > R}.

Applying the It6 formula, we derive from [2I3), for any ¢ € [ty, pr AT
t
E|XA(t)\p:E|XA(t0)\P+pE/ [ Xa(s)P7H(Xa(s), na(r(s), Xa(s)))ds
to
2

Mo 1) / Xa ()2 (5(s). Xa() + Loa (5(s). Xa()) AB(s)| ds.

where the fact that
E (/t PIXa(s)[P7 (X a(s), oalk(s), Xa(s)) —l—LO’A(K(S),XA(S))AB(S)>dB(S)) =0
is used. Since p|X a(s)[P"2(X a(s), 0a (k(s), Xa(s))+Loa (k(s), Xa(s)) AB(s))

is Fs-measurable, by Theorem 3.2.1 in [30] we see the fact above is true.
We rewrite the inequality as

EXa(0F <X + 5 | Xa(P ((Xals)nale(s) Xa(s) + (0= Doa (s(5). Xa(5) )

to

T p(p— E / X a(s)P2

1B [ [Xa()P* (Xa(s) = Xalo).muale(s), Xa(s)) ds.

Loa (w(s), Xa(s) AB(s)‘st

By Lemma B.6] (2.I0) and Assumption 23] we get

t t
E|XA(t)P SE\yo\erKE/ [XA(s)P2 (14X a(s)]) ds+KE/ | X A(s)[P2|R(A)][*Ads
to to

B [ [Xa()P 7 (Xals) = Xals).malr(s), Xa(s) ds.

where K is a constant independent of A that may change from line to line. By
using the Young inequality

p—2
p

aP?h < ——ZaP + = b2
p

we have

t t
E[X (1) <Elyol” + KE / Xa(s)Pds + KE / Xa(s)Pds
to to

i KE/t ()P A2 ds + KE/t X a(s) = Xa(s)|2|ua(k(s), Xa(s))|2ds.
O O (3.5)
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By (2.8), 2I0) and Lemma [37, we obtain

t t
E / X a(s) — Xa(s)| ualr(s), Xa(s)[fds < C / (W(A)PA s < Ot — to).
to to
(3.6)
Substituting (3.6]) into ([B.5), by using (2.6]) we see that

t
E|XA(t)\p§E\y0|p+K(t—t0)+KC’(t—t0)+K/ ( sup E\XA(U/\pR)\p) ds.
t

o \to<u<s
Under the fact that the sum of the right-hand-side in the above inequality is a
increasing function of ¢, we obtain

t
sup E|Xa(rApgr)|? < E|yo|p+K(t—t0)+KC'(t—to)+K/ ( sup E|XA(u/\pR)|p) ds.
to

to<r<t to<u<s

Now the Gronwall inequality yields that
sup E[Xa(r A pr)l” < K(14Elyo|”).

to<r<T

Finally, the desired assertion follows by letting R — co. |

Lemma 3.9. If Assumptions[21]], and (Z4) hold, and assume that p > 2(1+
B)q, then for any q € [27 q)

sup sup_[Elju(t, Xa () V Elo(t, Xa(t)P v E| (£ 0) eexa|" V E|o’ (1, 2) ooy < oo
0< AL to<t<T

we can derive it from ([24) and Lemma 3.8

Lemma 3.10. If Assumptions 21, 22, and (Z4)) hold and assume that
p > 2(1+ B)q, then for any g € (2,q) and A € (0,1],
2q

E|R,(t, Xa(t), Xa(t))|"VE| Ry (t, Xa(t), Xa(t)|"VE| Ry, (t, Xa(t), Xa(t))|" < CAT(R(A))™,
where C is a positive constant independent of A.

Proof.  Firstly, we give an estimate on |R,(Z, XA(t),)_(A(t))‘q, by Lemmas [3.7]
and (2.4]), we obtain a constant C such that

E|R,.(t, Xa(t), Xa(t))|"
< /0 (1= ) | (w(8), ) | Sa0r(xa-a) (Xat) = Xa(t), Xa(t) - Xa(0)| dr
<[ [
<C(1+E[Xa 0" + B[ Z a0 ) : (E|Xa() ~ Xal® \4‘1)§
<CATR(A)H

" 2 \ 1q |°
W (50, 0) | 0 (o (0% 0) E\Xm)—XA(t)}"] dr

(3.7)
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where the Holder inequality and the Jensen’s inequality are used.
Then we can observe from (ZI6) and the Hélder inequality that

q

E|R,(t, XA(t),XA(t))P SC[ME i (k(t), ) }x:xA(t)NA (k(t), Xa(1))

B[ (k(8), 1) [,y Loa (v(0). Xa (D) (AB(1)? - A) ’

2
+E|R,(t, Xa(t), XA(t))\q]

q

<C lME ] W (1), 2) |, g, s (5(8), Xa(t)

)

+% (E W (k(t), x) }x:XA(t)LO-A (k(t), Xa(t)) ‘25E |AB(t)* — A}E)

+E\Ru(t,XA(t),XA(t))}q]

(3.8)
for t; <t <t

We can derive from the Holder inequality that

E ‘AB(t)2 N A}E < 9241 <E}AB(1§)}4§ + A2¢j) < 22¢-1 (A2tj+ A2q) < 224 \27

(3.9)
By using Lemma and (2.I0), we can see that for tg <t < T,
, _ q ~ , q
B[ (5(8), ) |_g. oyps (500, T )| < BANTE | (66),2) |,_g
< C(h(a))",
(3.10)
27 27

E

i (0, 2) |, Lo (50, Xa ()| < (h(2)E
< C(h(a)™.

W R0 |

(3.11)

Substituting (B.7), (3.9), (8.10) and @.11I) into (5.8) and using the independence
between X (¢) and AB(t), we have

E|R,(t, Xa(t), Xa(t))|" < CAT(R(A))™.

We obtain the desired result.
Similarly, we can show

E| Ry (t, Xa(t), Xa(t)|"VE| Ry, (t, Xa(t), Xa(t))|” < CAT(R(A))™.

The proof is complete. |
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3.3 Proof of Theorem 3.1

Proof. Fix q € [2,q) and A € (0, 1] arbitrarily, let e(t) = y(t) — X(¢) for t > ¢,
we define the stopping time for each integer n > | X|

6, = inf{t >ty | X0V |y(t)] > n}

We can derive from the It6 formula that for any to <t < T,

Ble(t A0 =8 [ |e(s)|"*(35) = Xa(s)ose(s.9(9) = s (s(5), Xa(5) s

thon ~ )
+GE / 1) s)|7
to 2

o(s,y(s)) — oa (k(s), Xa(s))

2

— Loa (k(s), Xa(s)) AB(s)| ds.

(3.12)
Substituting (2.I7) into ([B12)), we have

tAOp

Ble(t A7 <aB [ [e(o)] " (u(5) — Xals). u(s,5(5)) — s (5(5), X (5)) s

to

N — )
+qE/ g 1}6(5)}[1_2
to 2

2

o(5,y(s)) — oa(r(s), Xa(s)) + Rop(t, Xa(t), Xa(t))| ds.

By the Young inequality 2ab < ea® + b? /e for any a,b > 0 and ¢ arbitrarily, we
choose £ = = here.

(@ 1)|o(5,y()) = 0a(5(5), Xa(5))
—(7— 1)‘0—(3, y(s)) — o (s, Xa(s)) + (s, Xa(s)) — oa(k(s), Xa(s))

<(G-1) {(1 + 4= ‘7) 7 (5.4(5) = (5, Xa(s))

:

‘2

’2

q
(1 121 o Xat0) . 00|

q9—4q
=(q— 1)‘0’(8, y(s)) —o(s, Xals)) ’2 + %‘a(s, Xa(s)) — oa(r(s), Xal(s)) ‘2.
Then
E\e(t/\@n)\q: Ji+ Jo + Js, (313)
where
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bk /tt/\en q‘e(s)‘q_2 (<e(s), ,u(s, XA(S)) — [A (H(S), )_(A(S))>

I o Xa(6) = a0 Xa(0)| ),

A0y, o -
Js < IE/ 07— 1)]e(s)|" | Ron (t, Xa(t), Xa(t))| ds.
to
By Assumption 2.2] we have
A0y, .
Jy < HiE / le(s)| ds. (3.14)
to
Rearranging J,, we get
A0y, o
2<B [ aletol ™ ((elo)n(o Xale) = ns(s) Xa(5)
to

2(g-1)(¢—1)

" q—q ‘U(S’XA(S)) - U(“(S)aXA(S)) 2) ds
tAOp, - ) |
+ E/t Q}e(s)\fm(<e(s),u(/€(s),XA(s)) N (%(8),XA(5))> (3.15)
L2 —qu%j Do (s(s). X)) — o2 (s(5). Xa(s) ‘Q)ds
::J21 + e]22.

We estimate Jo; first. Appling the Young inequality a?=2b* < (p—2)a?/p+2b°/p
for any a,b > 0 and tg <t A0, <t <T, we obtain

Jo1 <E /t:A@n q}e(s)}‘H (%}e(s)}z + %’,u(s, Xal(s)) — /J,(FL(S),XA(S))‘
2(q _qlz(cq] ) o(s, Xa(s)) —o(r(s), Xal(s)) ‘2) ds

<M, (E /t:A e(s)|"ds +E/t:A s, X a(s)) — p(a(s), X a(s))

+E /tomn o (5, X a(s)) — o (k(s), Xa(s)) qu)

<H, (E / o le(s)|"ds + 2C4E / ' (1 +]X A(s)‘uw)q) Aaéds)

<H,|E Men‘ q ’ (1+8)a\ A g
<H, e(s)|"ds + (1+E\XA(S)\ )A ds
tOtAen ~ K
<H, (E / \e(s)\"ds+Aa@),
to

2

_l_

q
ds

(3.16)
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where the Assumption 1] and Lemma [B.§ are used. Rearranging Js, shows that

JarB [ ale(s) T (e(s), (). X a(5)) = (). X a(s)) s

2¢-1(¢—-1)
q9—q

+ ’a(/@(s),XA(s)) —O’A(K(S),XA(S))F)dS

=8 [ a1 (e (060 Xa(9) = o) X(6)
4

L 2a= D=1
q9—4q

(k(s), Xals)) _O'A(I{(S),XA(S))F)CZS.

We can derive from the Young inequality and (ZI3]) that

fle/t nq‘e(s)‘q_2<e(s),u’(ﬁ(s),x)‘m:XA(s)/tsaA(/i(sl),XA(sl))dB(sl)+ Rt Xa (1), Xa(1)) )ds

SHmE/t:Aen (‘6(8)\q+ ‘e(s)Tu’(m(s),x)}m:XA(s) /t: O'A(fi(&),XA(sl))dB(sl)
T le(s) Rt Xt x&a»ﬁ)ds

g(H21E /tomn Qe(s)}q n ‘Ru(t,XA(t),XA(t))‘q)derlu),

(3.18)
where
tAOn s B %
hoi=5 [ (el (n(s).0)] gy [ o0 Xals0)dBls)| ds.
to to
Following a very similar approach used for (3.35) in [33], we get
[11 < HQlAq. (319)
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Combining ([3I8), (319) and Lemma BI0, we obtain
Ay, _ T B . )
I, <Hy (E/ \e(s)\quﬂE/ \R“(t,XA(t),XA(t))\qu+Aq)
t t
Ot/\Gn i TO B _ - _
<Hy (E/ le(s)|"ds +/ E|R,(t, Xa(t), Xa(t))|"ds + Aq) (3.20)
t t
<Hy (E/ ‘e(s) ‘qu + A7(h(A)) 4 Aq) .
to
And applying the Young inequality and Assumption 2] we can show that

q

3 §H22<E /tom"\e@)\qdm@ / ([0, Ka(6) = s (s(6). X (5)
)

< I (E [ teoftas e [ (14 st ")
x [ Xals) = (IXa) AL hA)))|XA |) ds +E/town (H)XA(s)\B‘7

st (el 5 09) 2200 )
<o (]E/t:w" \e(s)}qu+/: (E[H | Xa(s)]”" + “XA(S)} A FHR(A)) pr

X [E’XA(S)— (\XA(S)\ Af—l(h(A))>éigz;‘f%ar”wdﬁ/: (E[1+ X a(s)]

+|IXa()] A f‘l(h(A))\pD : {E}XA(S) X)) A f_l(h(A))‘;—gq] ”T‘*‘?ds)

p—Bq

<Hy, (E/t:wn ‘e(s)}qu—l—/tf <E)I{\XA(S)} > f—l(h(A))}}XA(s)\zf’%aDpds

+/toT (E‘I{‘XMS)\ > £ (R(A) HX a(s)| 7 )ppﬁqu)

n ‘a(m(s),XA(s)) — oa(k(s), X a(s))

|+ 1% s A 5 (1))

+[1Xal)] A £ ()
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where the Holder inequality and Lemma [B.8§ are used above, and using the Cheby-
shev inequality yields

to to

I, <Hy (E/Mgn le(s)]"ds + /T <[P{}Xa(8)\ > f_l(h(A))}] o [E‘XA(SW] pLBq)T_dS

T /: ([P{}XA(s)\ > f‘l(h(A))}] i Bxa ()] B) pfqu>

<H,, (E /t:/\en ‘6(5)‘qu+ /tOT <%) p=81-q

<Hy (E / " e(s) s + (11 () (BH)H)-

to

P—Ba—

oo [ (Fesy)

(3.21)

Substituting (3:20) and (3:21)) into (B.I7) gives
i0n . (B+1)a—
JQQ < H2 (E/ ‘6(8)‘qd8+ <f_1 (h(A)))

to

p+Aq(h(A))2‘7+Aq). (3.22)
Due to the Young inequality and Lemma B.10, we derive that

J3 §H3E/mn (\e(s)\q+ | R, (¢, XA(t),XA(t))\q) ds

to

<Hj (E/mn \e(s)\qu+/TE\RoA(t, XA(t),XA(t))\qu) (3.23)

to to
tAOy, B . .
<1, (E / e(s)]"ds + A7 (R(A)) )
to
where Hoyy, Hoy, H3 and the following H are generic constants independent of A
that may change from line to line.

Combining [B.13), (.14), BI5), B.I6), 3:22) and ([B.23) together, we can see
that

Ele(t A 6n)|" <H (E / - le(s)["ds + A%+ AT(R(A))™ + A7 + ( ! (h(A))> (BH)HJ)

to
¢ q - - 2g _ _1 (B+1)
gH(/ sup Ele(u A 0,)|"ds + A%+ AT(h(A))" + A7+ (7 (h(A)))
to to<u<s
An application of the Gronwall inequality yields that
_ _ _ 5 (B+1L)g—
sup Ele(r A 0,1 < H(A% + A ((A))* + (£ (h(2))) e M.
to<r<T

Due to the existence and uniqueness of the global solution to SDE (21)) in [to, 77,
we have T A6, — T as n — oo (see, for example, the proof of Lemma 2.3.2
in [25], where the similar argument was used). Using Fatou Lemma and letting
n — oo, the desired assertion is obtained. 1
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4 Randomized Truncated Milstein method

To define the randomized truncated Milstein method, let (7;) ey be a i.i.d family

of U(0, 1)-distributed random variables on a filtered probabilty space (w-, F7, (F7])jen, Pr),
the space is generated by {71, ..., 7;}. Besides we define ¢/(0, 1) as a unique distri-

bution on the interval (0,1). Furthermore, (7;);ey is assumed to be independent

of the randomness in SDE (2.1]).

As already observed in Remark 3.5 the convergence rate of the truncated
Milstein method is dominated by the Holder index «v. The purpose of this section
is to propose some new method to improve the convergence rate.

Inspired by [21], we embed the randomized time step into (2.12) and propose
the following randomized truncated Milstein method.

Given a step-size A € (0, 1), the randomized truncated Milstein numerical
solution X, to approximate of SDE (2.1]) for ¢; = ¢A is given by the recursion

X7 = Xi + 1iApa(t, Xi) + oalts, Xi) (B(t: + 7A) — B(t)),

d
Xt = Xt Dpa(ti4nd, X7, ) +oa(t, XZ-)AB#% S b (f, X:)Gl (i, X)(ABP-A),
=1
where Xy = o, tyy1 =T for N is the integer part of T/A and AB; = B(t;y1 —
B(t;)) for i € {0,1,..., N}.

Based on [21I], we have the following conjecture on the convergence rate.
Briefly speaking, with the employment of the randomized technique the conver-
gence is improved from min(1 — 2¢, ) to min(1 — 2e, o + 1/2).

Since we have still been working on the proof of it, we will demonstrate this
conjecture by using numerical simulation in the next section.

Conjecture 4.1. Suppose Assumptions[2.1], [2.2 and[2.3 hold for any p > 2, then
for any ¢ > 0,e € (0,1/4) and A € (0, 1],

sup_ Ely(t) = Xa(0)] < H (Amn0-2eetii)

to<t<T

where H is a constant independent from A.

5 Numerical examples
The purpose of the example discussed in this section is twofold. On one side, it

is used to illustrate Theorem B.2l On the other side, it demonstrates that the
convergence rate in Conjecture 1] is promising.
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Example 5.1. Consider the scaler SDE

{ dX (1) = ([t (1— )] X2(t) — X5(t)> dt + [t (1—1)]% X(t)dB(t), 51)
=2,

X (to)
where to =0, T'=1 and B(t) is a scalar Brownian motion.

For any g > 2, t € [0, 1] we can see that

(@ —y) (u(t,x) = p(t,y) +(@—Dlo(t,z) —o(ty)*
==y (FQ =D (2 +y) - (" + 2%y + 22+ oy’ + ") + (= DA —0)]F).

But
—(@%y + 2y®) = —wy(a® + y*) <0502 +4%)? = 0.5(z" +y) + 2%y,
Hence
(=) (ntx) = p(ty) + (¢ —1) o (t,x) — o (t,y)*
<=y (FA =) @+9) =05 (" +") + (g = D1 - 1))
<C(x —1y)*

Under the fact that polynomials with negative coefficient for the highest order
term can always be bounded, we can obtain the assertion above. It means that
Assumption is satisfied.

Similarly, for any p > 2 and any t € [0, 1], we have
T lt )+ p-Dlo(t o) = [t (L= O] 2=t +(p-1) [ (1 ) a? < O (1+ a)

which shows that Assumption holds.

Appling the mean value theorem for the temporal variable, Assumption 2.1
are satisfied with a = 1/4 and 8 = 4. Due to the fact that

sup sup (|p(t,z)| V |o(t,z)| V |Lo(t,z)]) < 2u°, Yu > 1,
0<t<1 |z|<u

Let f(u) = 2u® and h(A) = A~¢, for any € € (0,1/4). Choose e sufficiently small,
we can derive from Theorem that

sup Ely(t) — Xa(t)|? < HATY,

0<t<1
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Figure 1: Convergence rate of truncated Milstein method in Example

This shows that the convergence rate of truncated Milstein method for the
SDE (&1 is 1/4. To approximate the mean square error, we run M = 1000
independent trajectories for 5 different step sizes. And we regard the numerical
solution as the step-size 107 as the true solution for the SDE. By numerical
simulation we can see in Figure[Ilthat the slope of the error against the step sizes
is about 0.2562.

Let us turn to the discussion on the randomized truncated Milstein method.
We would expect

sup Ely(t) — Xa(t)|7 < HATY,

0<t<1
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Figure 2: Convergence rate of randomized truncated Milstein method

In numerical simulations, we use the step-size 107% to approximate the true
solution. In Figure we run M=1000 independent paths with step-sizes 10~%,1073,1072, 107

It is clearly to see from Figure[2that the convergence rate of the randomized
truncated Milstein method is indeed improved to be 0.7548. This shows that
Conjecture [.1] is reasonable.

6 Conclusion and future research

This paper revisited the truncated Milstein method and proved the strong con-
vergence of the method for non-autonomous SDEs, which extended and improved
the existing result.

With the observation that the convergence rate could be very low due to
the Holder continuous time variable, the randomized truncated Milstein method
was proposed. The conjecture on the improvement of the convergence rate is
reported. Numerical simulations demonstrate the conjecture is promising.

One of the main future works is to prove the conjecture. In addition, we are
working on the stability of the truncated Milstein method and the randomized
truncated Milstein method in different senses.
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