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CONVERGENCE OF THE EULER-MARUYAMA METHOD
FOR STOCHASTIC DIFFERENTIAL EQUATIONS DRIVEN
BY G-BROWNIAN MOTION

Cunxia Liu aAND WEN Lu

ABSTRACT. In this paper, we deal with the Euler-Maruyama (EM)
scheme for stochastic differential equations driven by G-Brownian mo-
tion (G-SDEs). Under the linear growth and the local Lipschitz condi-
tions, the strong convergence as well as the rate of convergence of the EM
numerical solution to the exact solution for G-SDEs are established.

1. Introduction

In the last decade, the fundamental theory of G-expectation, G-Brownian
motion and its related stochastic calculus were established in Peng [18-20], due
to its potential applications in uncertain problems, risk measures as well as the
super-hedging in finance. Since then, a lot of works have been devoted to the
study of G-expectation and G-Brownian motion, one can see Hu and Peng
[9], Denis et al. [6], Li and Peng [14], Soner et al. [21], Song [22,23] and the
references therein. Under the G-framework, stochastic differential equations
driven by G-Brownian motion (G-SDEs) were introduced in Peng [20]. The
solvability of G-SDEs has been obtained in Peng [20] and Gao [7] under the
Lipschitz assumptions on the coefficients. Since the global Lipschitz condition
is somewhat restrict in applications, some non-Lipschitz conditions were intro-
duced. For instance, Bai and Lin [1] proposed the existence and uniqueness
of solutions for G-SDEs under the integral-Lipschitz conditions, Li et al. [12]
showed the existence and uniqueness result under a locally Lipschitz condition
and a Lyapunov-type condition on the coefficients.

It is known that the explicit solutions for SDEs or G-SDEs are often dif-
ficult to obtain, so as an alternative, the numerical solutions are considered
naturally. For the classical framework, a lot of literature has been focused
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on the convergence of the EM schemes for SDEs under reasonable conditions,
see for example, Kloeden and Platen [11] and Mao [16] for SDEs with global
Lipschitz condition, Higham et al. [8] for SDEs with local Lipschitz condition
and the linear growth condition. For SDEs without the linear growth condi-
tion, Hutzenthaler et al. [10] developed the tamed EM schemes, and Mao [17]
developed the truncated EM schemes. Recently, Li, Mao, Yin [13] presented
an approximation technique to study truncated EM schemes for SDEs in finite
or infinite horizons. Wu et al. [25] showed the convergence of the numerical
solutions for pantograph stochastic functional differential equations. On the
other hand, the convergence rates of numerical approximations were studied
extensively, see Higham et al. [8], Yuan and Mao [27], Bao and Yuan [4], Bao
et al. [3], Bao and Huang [2] and the references therein.

Accordingly, so far as we know, there are very few works on the numerical
solution for G-SDEs. Yang and Zhao [26] proposed the numerical simulations
of the G-Brownian motion B and the related quadratic variation process (B).
Ullah and Faizullah [24] showed the strong convergence of the EM approxi-
mate solutions for G-SDEs under the linear growth and the global Lipschitz
assumptions on the coefficients. Li and Yang [15] proved the convergence of
the stochastic theta solution and the asymptotical stability of the backward
EM numerical simulation for neutral SDEs in the G-framework. Deng et al. [5]
showed the stability equivalence between the G-SDE with delay and the corre-
sponding Euler-Maruyama numerical method.

Motivated by the aforementioned works, we aim to investigate the EM
scheme for G-SDEs. With the local Lipschitz and the linear growth assump-
tions, our first goal of this paper is to study the strong convergence of the EM
numerical solution for G-SDEs, and then, it allows us to derive the rate of con-
vergence. It should be pointed out that our results are obtained by a technique
similar to that in Higham et al. [8] and Yuan and Mao [27], but the model is
nontrivial due to the uncertainty of G-Brownian motion. Moreover, we hope
that the current discussion will play a fundamental role for more in-depth study
of the numerical solutions for G-SDEs.

The rest of the paper is organized as follows. In Section 2, we propose some
notations and preliminaries. In Section 3, we discuss the strong convergence of
the EM numerical solution for G-SDEs. In Section 4, the rate of convergence
is provided.

2. Preliminaries

In this section, we propose some basic notations and results in the framework
of G-expectation, the readers are referred to Peng [18], Denis et al. [6] and Gao
[7] for more details. In the sequel, R™ represents the real n-dimensional space
and for x € R™, |z| denotes its Euclidean norm. Let 2 be the space of all R%-
valued continuous paths with wy = 0 equipped with the distance p (wl, wz) =
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S vet 27N ((maxeepo,ny |wi — wi|) A1) and let B(€2) be the Borel o-algebra of
Q.
For t € [0,00), we list the following notations:

e Bi(w) := w; be the canonical process;
o O ={war:weQ}, Fri=B(y);

e L9(Q) : the space of all B(Q2)-measurable real functions;
o LV(9Q;) : the space of all B (£2;)-measurable real functions;
e B,(Q) : all bounded elements in L°(2); By () := Byp(Q2) N LY (Q);

Q
° C’b((Q) : all continuous elements in B, (2); Cy, (€24) := Cy(Q) N L° (Qy);
° Ly (Ran) . the collection of all bounded and Lipschitz functions on R**";
o Lip(Q) :={@(By,...,B,) i n>1,0<t <+ <1, <00,0 € Liy(R*™)};
o Lip () :=Lip(Q) NLO ().
For each p > 1, we denote by Lf.(2) the completion of L;;(2) under the

norm || - ||, == EJ[|- \p]%, where E(-) denotes the related G-expectation on
(2, Lip(Q)). Similarly, we can define L7, (Qr) for each 0 < T < oo. In Denis
et al. [6], they derived that there exists a weakly compact set P of probability
measures defined on (€2, B(€2)) such that

E[Y] = sup Ep[Y] forall Y € L5 (),
PeP

where Ep is the linear expectation with respect to probability measure P. For
this P, the associated capacity is defined by C(A) :=suppcp P(A), A € B(Q).

Definition 1. A set A € B(Q) is called polar if C(A) = 0. A property is said
to hold quasi surely (q.s., in short) if it holds outside a polar set.

We define
N-1

MEY([0,T]) = {m =D &lppy)(t) YN EN,0=tg < -+ <ty =T,
=0

& € L ()}
We denote by M%([0,T]) the completion of M%°([0,7]) under the norm:

1/p
1 T
UMptzEf/npdt .
I <T0|t|

In this paper we consider the following n-dimensional stochastic differential
equation in the G-framework

(1) da(t) = f(z(t))dt + g(2(t))d(B) + h(z(t))dB;, ¢ € [0,T]

with given initial condition x(0) = xy € R™, where B, is a one-dimensional G-
Brownian motion under the G-expectation space (€2, L;, (), E(-)) with G(a) :=
1E[aB}] = 1 (6%a™ —c?a™) for a € R, where 62 = E[B}], 0¢* = —E[-Bj}],
0 < g <7 < o00. The quadratic variation process of G-Brownian motion B; is
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denoted by (B):. A process z(t) € M ([0,T];R") with ¢t-continuous path and
satisfying the G-SDE (1) is said to be its solution.

We impose the following conditions on the coefficients f, g and h:

(A1) Assume that f,g,h : R® — R" satisfy the local Lipschitz condition:
for each R = 1,2,..., there exist positive constants L;(R), Lo(R) and L3(R)
such that

[f(@) = f(y)l < Li(R)|z —yl, [9(z) —g(y)| < La(R)|x —y|
and
[h(z) = h(y)| < La(R)|z — y|
for all z,y € R™ with |z| V |y| < R.
(A2) Assume that f, g, h satisfy the linear growth condition: there is a
constant u > 0 such that

|f(@)]VIg(@)] V [h(z)] < u(l+ |z])
for all z € R"™.

Remark 2.1. Under assumptions (A1) and (A2), the G-SDE (1) has a unique
solution (see [12]).

The following Burkholder-Davis-Gundy type inequalities in the G-framework
are borrowed from [7].

Lemma 2.2. For each p > 1, n € M{([0,T]) and 0 <t < T, we have

T p t
/ ned(B)s ] < a2ptp—1/ E (s ”] ds.
0 0
Lemma 2.3. Let p > 2, ne ME([0,T]) and 0 <t <T. Then,

T P t
/ n.dB, }sc*(p)&pt’z’l / E [[n,["] ds,
0 0

where C(p) is a positive constant independent of 7.

E [ sup
0<r<t

]E{sup

0<r<t

3. Strong convergence

In this section, we prove that the strong convergence of the EM approximate
solution for the G-SDE (1) under the local Lipschitz and the linear growth
conditions.

We now set up the EM approximate solution for the G-SDE (1). Given a
stepsize 0 < A < 1, let ¢, = kA for k > 0. Then the discrete EM approximate
solution yi (= z(t)) for the G-SDE (1) is defined by

U1 =Yk + f (Ye) A+ g (yx) AB)k + h (yx) ABy, k >0, yo = o,

where A<B>k = A<B>tk+1 — A<B>tk7 ABk = Btk+1 — Bt We extend the
discrete solution to the continuous one by

y(t) =yo+/0 f(g(s))ds+/0 9(17(8))d<3>s+/0 h(y(s))dBs, t € [0,T],

P
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where §(t) is defined by g(t) := yi for t € [tg,tx4+1), it is obvious that y(t;) =
y(tk) = Y-

Lemma 3.1. Under assumptions (A1) and (A2), for any given p > 2, there
is a constant K (p) := K(p,T,yo,u,7) such that

B| s P | VE| s o)1) < K0

Proof. By the Holder inequality, we have

o) < 4 [x e / F(5(s))Pds

p

+

p

4 / o(7(3))d(B)s / h(y(s))dB,

Taking G-expectation on both sides yields that

T
E[ sup Iy(t)p} <4t [Iﬂc()lvaT”l/0 E|f(g(s))["ds

0<t<T
(y(s))d(B)s )

)]

(2) +E| sup

(
[

By Lemmas 2.2 and 2.3, we obtain

t P T
EL;‘QT/OQ(Z/(S)WB% < TP /O Elg(5(s))|Pds
and
t 4 T p/2
_ . o
ELE‘SET/O Wa(e)aB,| | <o’ CWE | [ In) ds]
T

< P C(p)TP/> /O E|h(5(s))[Pds.

Substituting this into (2), using the linear growth condition, we have

E [ sup y<t>|p] < g
0<t<T

T
lwol? + T / <1+E|y<s>|p>ds] ,

where I'y := 2P~ P (TP~ 4+ 52PTP~1 4+ 5PC(p)T?/>~1). Applying the Gronwall
inequality we obtain

B| s yol| < K0
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Similarly, we can show that
E { sup |x<t>p} < K@),
0<t<T

The proof is complete. O

Theorem 3.2. Let assumptions (A1) and (A2) hold. Then, the EM approxi-
mate solution for the G-SDE (1) satisfies

lim E [ sup |x(t) — y(t)|2] =0.
A—0 0<t<T
Proof. First, we define

Tr:=1inf{t > 0: |y(t)| > R}, pr:=inf{t > 0: |z(t)]| > R}, Or := TR A\ pRr

and
e(t) == z(t) — y(t).

Note that the Young inequality: for r=t +¢7 1 =1

abggar—k b? VY a,b,0 > 0.

qélJ/T
We thus have for any § > 0 and p > 2

E[ sup |e<t>|2] _E| sup Je()P1por WT}}
0<t<T lo<t<T

+E [ sup |e(t)]* 1<t or pR<T}}
0<i<T

I 20
<E| sup le(tA 93)|2 1{9R>T}] + —E [ sup |e(t)|p}
lo<t<T P lo<t<T

2

P
+ 62/(p_2)C(TR <Torpr<T).

By Lemma 3.1, we have

E [ sup |e<t>|ﬁ] <'E [ sup_ (Ja(t)P + |y<t>|p>} < 2K (p)
0<t<T 0<t<T

and

C(rr<Torpr<T)<C(rg <T)+C(pr<T)

& (pr)|”

wenl”] p
{PRST} Rp

<E |y =5, | TE

1 1
<—E|s HIP| + 5-E | s £
<t [02‘3&'9‘ M . L;?&'“’( >|]
K(p)
Rr

<2
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Hence, in (3),

B[ sup ] <E [ sup 1o670m) —y (610

(@) 0<t<T 0<t<T
245K (p) | (p—2)2K(p)
+ P p(sz/(P*Q}RP ’

Now we bound the first term on the right-hand side of (4). In view of

tAOR tAOR tAOR
y(tNOR) :=yo+ / fy(s))ds + / 9(y(s))d(B)s + / h(y(s))dBs,
0 0 0
and the Cauchy-Schwartz inequality, we have

|z(t A OR) —y(t A OR)[?

A Rf@@»—ﬂﬂﬁﬂ&+é " ga(s)) — g(a(s))d(B),

2

t/\eR
+A h(a(s)) — h(3(s))dB.

, /maR
-ﬂ/M% 9(s))

§3PAImMﬂ( £(@(s dmﬂ/ 00210 9(5(s))d(B).
+’/Otf[o,emh(:v(S))—h(g(s)) s }

Then, for any 7 < T, with the help of (A1) and Lemmas 2.2 and 2.3, we have

<3

fa() w+y/wR Hs)d(B),

E { sup |z (tAOgr) —y(t/\th)ﬂ

0<t<rT
TAOR
<3 (LRT + L3(RCR) + EETTE [ o) —i(s)ds

< 6L*(R) (T +5°C(2) +'T)

TNOR
xEA [l(s) — y(s)2 + y(s) — g(s)|?] ds
< 6L*(R) (T +5°C(2) +&'T)

TANOR
/ |z (s AOR) —y (s ABR)| dS—I—IE/ |y(s)—g(s)|2ds] ,
0
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where L(R) := max{Li(R), L2(R), L3(R)}. Given s E [0,T A 0R), let ks be the
integer for which s € [tg_, tr.+1), and noting that g(s) = yx,, we have

/f ds+/ 9(y /h
= [ (yr.) (s —tr,) + g(yks) ((B)s — (B)t,.) + h(yr.) (Bs — By,.) -

Thus,
2

() = 5> < 3[1f ()P A2+ 1g () [(B)s — (B,

)2 B, — Btk\}.

(6)

+ |k (yk,)
By (A1), for [y| < R we have
LF@)*V 1g@)P v [R(y)|* < 2 (LX(R)]y[* +m3) ,
where mg = |f(0)| V |g(0)| v |h(0)|. Hence, in (6),
[y(s) = §(s)[2 < 6(LA(R)IyI® +mB)(A? + [(B)s — (B)a,, I + | Bs = By, |*)-

Integrating and then taking G-expectation on both sides, for any 7 < T, by
Corollary 5.5 in [20], we get

TAOR
B[ lute) — ao)as
S6/OTJE(L2< My, |2+ m2) (A% 4 [(B)s — (B |* + | Be — By, [?) ds

< 6/0T (L2 (R)E|yx, |* + m3) (A% +&*A% + 5%A) ds

< 6T (LQ(R)K( )P+ mo) (A+5*A+5%) A

< 6T (LQ(R)K(p)E + mg) (14+6*+5%) A.
Substituting it into (5), we have

E[sup |x(tAeR>—y<maR>|2]
0<t<r

< Uy (LABK()? + L(Rym3) A
1+ 6L3(R) (T +0°C(2) + 2°T) / E[ sup |z (rA0r) —y (r AO)[2]ds,
0 0<r<s
where Uy := 36T (T + 52C(2) + o*T) (1 + o* + 52). Applying the Gronwall

inequality, we have

E [ sup |x<moR>—y<meR>|2}
0<t<r
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< U, <L4(R)K(p)% n LQ(R)mg) AL (RT(T+5°C(2)+5°T)
and then

E|: sup 6(t)|2:| <U, (L4(R)K(p)% +L2(R)mg) AeGLQ(R)T(T+62C(2)+64T)
0<t<T

245K (p) | (p—2)2K(p)
+ S Sl 23
P po /(p—2} Rp

Given any € > 0, we can choose § > 0 and R so that (2PT'6K(p)) /p < €/3,
and

(1-2)2K(p)

€
52/(0—2) Rp 3’

and then choose A > 0 sufficiently small for

[]1 (L4(R)K(p)% +L2(R)m%) A66L2(R)T(T+5'20(2)+5'4T) < %

As a result, we obtain E [supy< ;< [e(t)|?] < e. The proof is complete. O

4. Convergence rate

In this section, we aim to establish the rate of convergence.

Lemma 4.1. Assume that there are positive constants Ly, Ly and L3 such
that

|f(x) = fW)] < Lilz —yl, [9(x) — g(y)| < La|z —y|, [h(z) — h(y)| < Ls|z —y|

for all x,y € R™. Then, there exists a constant D > 0 such that

E [ sup |y(t) — z(t)|*| < DTA2.
0<t<T

Proof. By the G-1to’s formula, we have
ly(t) — z()|* = /0 Aly(s) — 2(s)*(y(s) — a(s), f(y(s)) — f(a(s)))ds

+A[4M@—ﬂ@WM@—ﬂ@ﬂ@@D—ﬂﬂ$»
@ +2ly(s) — 2(5) PR (H(s)) — h(z(s))]?
+ 4(y(s) — 2(5), h(z(s)) — h(x(s))?] d(B)s

+ /0 Aly(s) — 2(s)[*(y(s) — a(s), h(5(s)) — h(x(s)))dBs.
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Next, we consider (7) on the interval [0,¢;). Using Lemma 2.3, we have for any
T € [0,t1)

E [p / aly(s) — () (y(s) — 2(5), h(G(s)) — h(a(s)))dB, ]
< 4C(1)5E [ / ") — 2()[*(y(s) — 2(s), h(G(s)) — hla(s)))ds } ’

< 35| s 1y —o(0)]

0<t<r

502 [ () ~ o) h(a10) ~ ha() %

5 < ESICEEUN
50t | [ u(s) — a(o)Plnts) - s(o)Pas
< 3E | s ) -1
+a0* W23 | [ (0(6) — a(e)! + ) ~ o))
< 38| s 1)~ )] + 36C* )28 | [ yto) ~ a(o)as]

+320%(1)6°L3E UOT |5(s) — x(5)|4ds] .

Similarly, using the global Lipschitz condition, the Hoélder inequality and
Lemma 2.2, we get

1 s [ o) = 5P lu(s) ~ 2(5) £ ~ ale))] ds
0<t<r Jo
<48 [ o) — a(o) ly(s) — o(5)] (0(5) — (y(s))| s
0
©) <AL [ lyle) = 2(6)? ly(s) = ()] i) = a(s)| s
< 3L1E/OT ly(s) — a(s)|*ds + LlE/OT 5(s) — z(s)|" ds

< 11L1E/0T ly(s) — x(s)|*ds + 8L, E /OT 5(s) — z(s)[* ds



and

(10)
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< (11 LsE / "ly(s) — a(s)|*ds + BLoE / " li(s) — y(s)|ds

+ 27L3E /OT ly(s) — x(s)[*ds + 24L3E /OT 15(s) — y(s)|*ds)].

Substituting (8)-(10) into (7) yields

(11)

where Uy := 22L1 + 62(72C?(1) + 54)L3 + 226%L3, Uz =

E[OiltlgT ly(t) — 2z(t)|"]

<U2/|y —x( |ds—|—U3/|y |ds

72(64C?(1) +48)L3.
On the other hand, since the global Lipschitz condition implies the linear
growth condition

[f (@) V]g(x)| V [h(z)| < Us(1 + |2|)

927

16L, + 165%Ly +

with Uy := max{Ly, Lo, L3, mp}. Hence, for given stepsize 0 < A < 1 and
t €[0,t1), we have

<or (tS / sanlas+| [ atana.

—y()*

))ds + / 5(s))d(B), + / h(ii(s))dB,

o] [ natenas

4
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Taking G-expectation and applying the Burkholder-Davis-Gundy inequality in
G-framework, we get

(4))(t* + &%t + C(4)5*t?)
(4)(1 + &%+ C(4)5h) A%

Substituting this into (11), by the Grownwall inequality, we obtain

E[ sup [y(t) —x(t)|"] < DTA?,
0<t<r

where D := 216U>U¢(1 + K(4))(1 + 5° + C(4)5*)eV*T. Repeating the above
procedure on each interval [ty,tg+1), k > 1, we get that

(12) E[ sup |y(t) —z(t)|"] < DTA%
0<t<T
Therefore, the proof is complete. O

Theorem 4.2. Let assumptions (A1) and (A2) hold. Suppose that there are
some positive constants ay, az and az such that Li(R) < ajlog R, max{Ls(R), L3(R)}
< aglog R and max{L3(R),L3(R)} < azlog R. Then

B s ) - <] = O

Proof. For each R > 1, define the function

oo Jr@. Rl <R,
Ir(@) {f(Rx/|x|), if 2] > R

and gr(x), hr(x) similarly. Let z(t) be the solution to the following stochastic
differential equation

dzg(t) = fr(zr(t))dt + gr (zr(t)) d(B): + hr (zr(t)) dB;
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with 25 (0) = z¢ and yg(t) be the corresponding EM solution with the stepsize
0 < A < 1. Using (12), we obtain

E| sup lya(t) - za(t)]

< 216U,UF (1 + K(4))(1 + &% + C(4)5%)
x [(64C?(1) + 48)5*L3(R) + 16L1(R) + 6216 Lo (R)] TA?
x exp {[72C*(1)6°L3(R) + 22L,(R) + 6°(22L3(R) 4+ 54L3(R))|T'}

< 216U,U; (14 K(4))(1 + &% + C(4)*)TA?
x exp {[38L1(R) + (54 4+ 72C*(1))5>L3(R) + 166° L2 (R)
+(48 4+ 64C*(1))5°L3(R) + 226°L3(R)] T}

< 216U,U4 (1 + K(4))(1 + &% + C(4)a")TA?RT,

where T := [38a3 + (70 + 72C?(1))5%az + (70 + 64C?(1))5%a3]T.
Set

y(T)= sup |y(t)| and Z(T) = sup |z(t)|.
0<r<T 0<r<T

Define the stopping time
Tr=TAinf{t € [0,T] : |xr(t)|V |yr(t)| > R}.
It is easy to show that
z(t) = zr(t) = vr+1(t) and y(t) =yr(t) = yrw(t) if 0<t < 7g.

This implies that 7z is non-decreasing and, by Lemma 3.1, limg_ oo 7 = T
q.s. Let 79 =0, for t € [0,7T), we have

ly(t) — x(t)]* = Z ly(t) — ()P Ly <t<rn)
R=1
= Z lyr(t) — xR(t)|2 Iirn i<t<tn)
R=1
<Y lyr(t) - 2r(t)| I(r-1<g(r)va(r)<R)-
R=1
Therefore
| sup I - a(0)?)
0<r<T
> 4 % 1
< Z (]E|yR(t) —xr(t)| ) (EI{p—1<g(r)va(m)<R})’
R=1
o0
< Z (JElyR(t)—a:R ) VC(R—1<73(T)VZ(T) <R).

=}
ﬂ‘



930 C. LIU AND W. LU

On the other hand, by the G-Markov inequality, for any ¢ > 2

CHT)VE(T)>R—-1)< Ely(T) + 117 + E[z(T) + 1)

R4
< 27N EA + [H(T)]9) + EQ + [2(T)|9)]
< =
L 2+ K(9)
< T ,
where K(q) is defined in Lemma 3.1. Thus
= | s, ) - 0]
s 29(1 + K(q))J?
<> V20U + K(a)(1+ 0° + Ot ran ZUEE@E,

Letting ¢ be sufficiently large for 2 > 1 4+ T, we see that the right-hand side
of (13) is convergent, we get the rate of convergence is 1/2. The proof is

complete.
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