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ABSTRACT. A mean-square approximation, which ensures boundedness of both time
and space increments, is considered for stochastic differential equations in a bounded
domain. The proposed algorithm is based on a space-time discretization using a
random walk over boundaries of small space-time parallelepipeds. To realize the
algorithm, exact distributions for exit points of the space-time Brownian motion
from a space-time parallelepiped are given. Convergence theorems are stated for the
proposed algorithm. A method of approximate searching for exit points of the space-
time diffusion from the bounded domain is constructed. Results of several numerical
tests are presented.
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1. Introduction

The paper is devoted to a mean-square approximation for a system of stochastic
differential equations (SDE)

dX = XTt,z>Sb(S’ X)dS + XTt,z>So-(S’ X)dw(s)’ X(t) = Xt,m(t) =7z, (1'1)

in a space-time bounded domain Q = [ty,t;) x G C R, Here X and b are d-
dimensional vectors, o is a d X d-matrix, (w(s), Fs), s > to, is a d-dimensional standard
Wiener process defined on a probability space (2, F, P), G is a bounded open domain
in R%, and the Markov moment 7;, is the first-passage time of the process (s, X;.(s)),
s>t tol = Q\ Q. The set I' is a part of the boundary 8Q consisting of the lateral
surface and the upper base of the cylinder Q. We put X; ,(s) = X;,(7,) under s > 7,
and thus, the process (s, X;.(s)) is defined for all ¢ < s < ¢;. The coefficients b (s, z)
and 0 (s, ), (s,r) € Q, and the boundary G are assumed to be sufficiently smooth,
while the strict ellipticity condition is imposed on the matrix a(s, z) := o(s,z)o ' (s, z).

The first numerical method concerning simulation of a diffusion process in a bounded
domain is constructed in [27]. The method is based on a random walk over touching
spheres and applied to solving the Dirichlet problem for elliptic equations with constant
coefficients by a Monte Carlo technique.

Probabilistic methods for solving boundary value problems, which involve the numer-
ical integration of ordinary SDE, are the main subject of the works [19, 20, 21, 24, 26].
These methods ensure that the proposed weak approximations belong to the bounded
domain associated with a considered boundary value problem. Some other probabilistic
approaches are also available in [5, 8, 16, 31].

A mean-square approximation for simulation of an autonomous diffusion process in
a space bounded domain is considered in [23, 25]. The algorithm is based on a space
discretization (quantization) using a random walk over small spheres. It gives the points
which are close in the mean-square sense to the points of the real phase trajectory for
SDE in the space bounded domain. To realize the algorithm, the exit point of the
Wiener process from a d-dimensional ball has to be constructed at each step. Due
to independence of the first exit time and the first exit point of the Wiener process

from the ball, it is possible to simulate them separately. It is known, that the exit
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point is distributed uniformly on the sphere, but simulation of the exit time is a fairly
laborious problem. Consequently, the algorithm gives only the phase component of the
approximate trajectory without modelling the corresponding time component like the
algorithm over touching spheres [27]. The space-time point lies on the d-dimensional
lateral surface of a semi-cylinder with sphere base in the (d + 1)-dimensional semi-
space [0,00) x R?4. The algorithm ensures smallness of the phase increments at each
step, but the non-simulated time increments can take arbitrary large values with some
probability.

As is well known, ”ordinary” mean-square methods (see, e.g. [14, 18, 28]), intended to
solve SDE on a finite time interval, are based on a time discretization (sampling). The
space-time point, corresponding to an "ordinary” one-step approximation constructed
at a time point ¢, lies on the d-dimensional plane ¢ = ¢, which belongs to the (d+ 1)-
dimensional semi-space [ty, 00) x R%. The ”ordinary” mean-square methods give both
time and phase components of the approximate trajectory. They ensure smallness of
time increments at each step, but space increments can take arbitrary large values with
some probability.

The mean-square approximation, which is the subject of the present paper, controls
boundedness of both space increments and time increments at each step. In addition
it gives approximate values for both time and phase components of the space-time
diffusion in the space-time bounded domain ). It is possible to solve this problem in a
constructive manner by the implementation of a space-time discretization by a random
walk over boundaries of small space-time parallelepipeds. It turns out that the first exit
point (8, w(f)) of the space-time Brownian motion (s, w(s)), s > 0, from the space-time
parallelepiped II, = [0,(r?) x C,, C,, C R%is a cube with center at the origin and edge
length equal to 2r, can be easily simulated in a sufficiently easy way (some aspects of
the space-time Brownian motion under d = 1 are considered in [11]). To construct

a one-step approximation, we introduce the system with frozen coefficients (both ¢, z
fixed)

dX =b(t,z)ds + o(t,z)dw(s), X(t)=z. (1.2)

As an approximation of the point (¢ + 6, X, ,(t + 0)) of the space-time diffusion
(5, Xt2(s)), s > t, we take the point (¢t + 6, X; (¢t +0)), where X; (¢ + ) is a solution
of (1.2):

Xio(t+0) =z +0b(t,z)0 +o(t,z)(w(t +0) — w(t)), (1.3)

and (0, w(t+0)—w(t)) is the exit point of the space-time Brownian motion (s—¢, w(s)—
w(t)), s > t, from the space-time parallelepiped II,..

The point (¢+6, X; ,(t+0)) lies on the lateral surface or on the upper base of a certain
parallelepiped obtained from II, by a linear transformation, i.e., it is constructed on a
bounded d-dimensional manifold in contrast to the ”ordinary” mean-square approxima-
tions and to the approximations of [23, 25|, which are constructed on the d-dimensional
unbounded manifolds.

On the basis of the one-step approximation (1.3), we form a Markov chain (J;, X})
which belongs to Q at each step and approximates the points (9, X (J;)) of the tra-

jectory (s, X:.(s)), s > t, in the mean-square sense.
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2. Auxiliary knowledge

Let G be a bounded domain in R?, Q = [ty,t;) X G be a cylinder in R T =
Q\Q. The set I' is a part of the boundary of the cylinder @ consisting of the upper
base and the lateral surface.

Consider the first boundary value problem for the equation of parabolic type

d

22: 4z 1 ]la--( Zax] +Zbl (t,z)— +c(t r)u +e(t,z) =0, (t, ) € sz.l)
with the initial condition on the upper base
u(ty,z) = f(z), z € G, (2.2)
and the boundary condition on the lateral surface
u(t,z) =g(t,z), to <t <ty, z € 0G. (2.3)

Introduce the function ¢ defined on I' such that it is equal to f(z) on the upper base
and it is equal to g(¢, z) on the lateral surface. Then the conditions (2.2)-(2.3) may be
rewritten shortly as

u|p = . (2.4)

All the coefficients and the boundary G of the domain G in (2.1)-(2.3) are assumed
to satisfy the appropriate conditions of smoothness. Besides, the coefficients a®¥ = a’*
are such that the property of strong ellipticity in @ is fulfilled, i.e.,

A} = min_max \(¢,z) > 0,
(t z)eQ 1<i<d

where M2(t,z) < Ai(t,z) < --- < Ai(¢,z) are eigenvalues of the matrix a(t,z) =

{a¥(t,7)}. i}
Let A\J = max(,)cg A3(t, ). Then for any (t,z) € Q and y € R the following
inequality

)\ZZy <Za txyy’<)\22y (2.5)

2,j=1

holds.
The solution to the problem (2.1), (2.4) has the following probabilistic representation

(6]
u(t, z) = E (7, Xt,0(7))Yeen (T) + Ztz1,0(7)] (2.6)

where X, (s), Yizy(5), Ziwy.(5), s > t,is the solution of the Cauchy problem of the
following system of stochastic differential equations

dX =b(s,X)ds + o(s, X)dw(s), X(t) =z,
dY =c(s,X)Yds, Y(t) =y,

dZ =e(s,X)Yds, Z(t) = z. (2.7)

Here the point (¢,z) belongs to Q, T = T, is the first-passage time of the tra-
jectory (s, X:.(s)) to the boundary T'. In the system (2.7) Y and Z are scalars,
w(s) = (w!(s),...,wl(s))" is a d-dimensional standard Wiener process, b(s,z) is a
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column-vector of dimension d compounded from the coefficients b’(s, ), o(s,z) is a
matrix of dimension d X d which is received from the equation

o(s,z)o’ (s,z) = a(s, ), a(s,z) = {a”(s,z)}. (2.8)
Setting in (2.1)-(2.7)

c=0,e=0, f=0, g=Xx06c),(z), (2.9)
where (0G)y C 0G, we get the following formula
’U,(t, .’E) = P(Ttﬂ. < tl, Xt,q:(Tt,z) € (8G)0), t() S t < tl, (210)

where the time 7, is the first-passage time of the trajectory X;.(s) to the boundary
0G.
In particular, if

c=0,e=0, f=0,9=1, (2.11)
then
u(t,z) = P(Tip < t1), to <t <. (2.12)
Setting in (2.1)-(2.7)
c=0,e=0, f=xg(z), g=0, (2.13)
where Gy C G, we get the following formula
u(t,z) = P(1ee > t1, Xia(t1) € Go). (2.14)

In autonomous case (i.e., a, b, ¢, e, g do not depend on t) we shall consider the
first boundary value problem for parabolic equations in the following form

ou 1 a i %u . . ou
5= §i;a (x)axiaxj + ;b (.'1,')6%z +c(z)u+e(z), t >0, z € G, 215
u(0,z) = f(z), z € G, (2.16)
u(t,z) = g(z), t >0, z € 8G. (2.17)

Using (2.9)-(2.10) and (2.13)-(2.14), it is not difficult to obtain that:
the function

’U,(t, .’L') = f)(’ro,ac <t, XO,z(TO,:c) S (8G)0), t >0, (218)
is the solution of the problem (2.15)-(2.17) under (2.9);
the function
u(t,z) = P(roe < t), t >0, (2.19)
is the solution of the problem (2.15)-(2.17) under (2.11);
the function
u(t,x) = P(Tg’x Z t, X()ﬂ.(t) € GU) (220)

is the solution of the problem (2.15)-(2.17) under (2.13).
Here X .(s) is the solution to the Cauchy problem

dX =b(X)ds + o(X)dw(s), X(0) =z, (2.21)

and Ty is the first-passage time of the trajectory Xy .(s) to the boundary 0G.
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3. Some distributions for one-dimensional Wiener process

A part of distributions for the Wiener process, which we give in the paper (see
Sections 3, 4, 9), may be found in the literature. For instance, in [4, 7, 11| some
distributions for the one-dimensional Wiener process are written down in a certain
form. But we do not know whether all the distributions needed for our goals are
available in the literature. Moreover, we need in various analytical forms of one and
the same distribution due to computational aspects. That is why, for completeness of
the exposition, we derive all the distributions here and give them in the forms, which
are suitable for practical realization.

Introduce the first-passage time 7, := 7y, of the one-dimensional Wiener process
z+W(t), -1 <z <1, t >0, to the boundary of the interval [—1, 1]. Derive the
formulas for

u(t,z) = P(1, < t).
From (2.15)-(2.17) under (2.11) we obtain that the function (see (2.19))
v(t,z) =u(t,z) —1=P(r, <t)—1

satisfies the following boundary value problem

v_10% o <<t (3.1)
ot~ 20z2° reh '
v(0,z) = —1, v(t,—1) = v(t, 1) = 0. (3.2)
By the method of separation of variables, we get the following distribution
4 > (—1)k 7T(2]€ + 1).’L‘ 1,2 2
Plr,<t)=1-—— e 8™ (R 3.3
(r= <¥) T ; dk+1 0 2 ¢ (3:3)

Further, extending the initial data in (3.1)-(3.2) by the odd way on the whole axis and
solving the obtained Cauchy problem, we get another form for the same distribution
1

Plr,<t)=1- / G(t, 7, y)dy, (3.4)
1
where
Gltz,y) = e 3 (e Rl _ omhla—(ihiD)?) (3.5)

\/ 2T
We shall use the formulas (3.3) and (3.4) under z = 0. Denote 7 = 7y,
P(t) := P(r < t),

and introduce the density P’'(¢). From (3.3) and (3.4) one can obtain the following
lemma.

o~

k=—o0

Lemma 3.1. Let 7 be the first-passage time of the one-dimensional standard Wiener
process W (t) to the boundary of the interval [—1,1]. Then the following formulas for
its distribution and density take place

4 (-1 —1n2(2k+1)%
Plt)=1-=)_ ‘e 1> 0, (3.6)
k=0



and

> 2k +1
Pt) =2 (—1)kerfc , >0, 3.7
(t) kzo( ) NGT) (3.7)
P'(t) = gZ(—l)’“(% +1)e s e s, (3.8)
k=0
and

2 o0
P'(t) = N S (-1)k(2k + 1)em @D g s, (3.9)

k=0

Remember

2 oo
erfc © = ﬁ/m e_szds, erfc 0 = 1.

The formulas (3.6) and (3.8) are suitable for calculations under great ¢, and the
formulas (3.7) and (3.9) are suitable under small ¢. The remainders of the series (3.8)
and (3.9) are evaluated by the quantities

ru(t) = 5 (2 + 8)e 5T

and
2 2
pr(t) = 2k 4 3)e 2%+
correspondingly.
2
These quantities coincide under £ = — and
s
2 2
t) < —), t > —
rr(t) <re(2), >,

2 2
£) < r(2), t < 2.
Px(t) Tk(w) -

If we take k, for example, equal to 2, then
2 s
ra(>) = 7(3—49"/4 <2.13-107%,

and consequently,

9 2
7(6_1/% _3e79/2 4 56—25/2t) 0<t<Z,

D'(4) = V2rt? g
( ) I(e—wzt/s . 36—91r2t/8 + 56—257f2t/8) t> g

2 o

differs from P’(t) by a quantity of 2.13 - 107! on the whole interval [0, co).
It is not difficult to evaluate that

P(t) = /0 B (s)ds

8
differs from P(t) on the whole interval [0, c0) by 7—6_49“/4 < 7.04-107"8. Such an
s

exactness is quite sufficient for practical calculations. See the curves of the distribution
P(t) and its density P’(¢) on Figure 1.
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FIGURE 1. The distribution function P(¢) and the density P'(t).

Denote the inverse function to P by P!, and let v be a uniformly distributed on

[0, 1] random variable. Then the random variable
T=P7'(7)

is distributed by the law P(t).
To simulate this law in practice, we have to solve the following equation

P(t) =1 . (3.10)
Let us note that due to analytical simplicity of the function P(t) it is natural to use

the Newton method for solving the equation (3.10).

Lemma 3.2. For the conditional probability

Q1) = PW(t) < B/ [W(s)| <1,0<5<1),
where —1 < B < 1, the following equalities hold:
PW(t)< B, T>t)

Q(B;t) = P 1)
1 2~ 1 . w2k +1)8, 1. >
- - .= . _1k+ I S A W s7r(2k+l)t,
1-P() WZ%%+1(() sin——5——)-¢ (3.11)
and
1
Q(ﬁ,t):mx
= (—1)* 2k — 1 2k + 2k+2-p 2k +3
fi —erfc——— —erfc————— fi .
xkz:% 5 (erc\/ﬂ erc\/ﬂ erfc T —i—erc\/ﬂ) 612



Proof. The first equality in (3.11) flows out equivalence of the events (| (s)| <
1, 0 < s <t)and (T > t). Let us prove the second one. To this end consider the
probability

u(t,z) = P(r, > t, a <z +W(t) < B)

where a > —1. Due to (2.15)-(2.17), (2.20) under (2.13), this probability is the solution
of the following boundary value problem

Ou _10%u o <<t (3.13)

= __ — T .

ot 20x? ’ ’

u(0,2) = X[a,p)(z), u(t,—1) =u(t,1) =0, t > 0. (3.14)
Solving this problem, we get
2 o= 1 k k(B —
u(t,z) = - kz_; Z sin ~ (a2—l— f) sin © (52 @) sinwkz - e 2™ Kt

L SN C ) it B R CRd PICL Ly
™ 2k +1 4 4 2

As PW(t) < B, 7> t) = u(t,0) under « = —1, z = 0, we obtain (3.11) from here.
The equality (3.12) follows from

1 B
G(t,z,y)d
th/a (t,z,y)dy

obtained analogously to (3.4) . Lemma 3.2 is proved.

Let us note that the series (3.11) and (3.12) are of the Leibniz type, the formula
(3.11) is convenient for calculations under great ¢, and the formula (3.12) is convenient
under small ¢. We draw our attention to the denominator (1 — P(¢)) in (3.11) which
is close to zero for ¢ > 1. But it is not difficult to transform (3.11) to the proper for
calculations form. See the curves of the distribution Q(f;t) for some values of ¢ on
Figure 2.

u(t,z) =

Let the function Q@ !( - ;t) for every fixed ¢ be the inverse function to Q( - ;¢). Then
the random variable

§=092'(nt)
has Q(8;t) as its distribution function.

4. Simulation of exit time and exit point of Wiener process from cube

Let C C R? be a d-dimensional cube with center at the origin and with edge length
equal to 2. We suppose all the edges of the cube to be parallel to the coordinate axes,
e, C={z=(z},...,2%) : |2'| <1, i =1,...,d}. Let W(s) = (W(s),..., W%(s))" be
a d-dimensional standard Wiener process, 7 be the first-passage time of W(s) to the
boundary dC' of the cube C.

Let us give the following evident result in the form of a lemma.

Lemma 4.1. The distribution function P4(t) for T is equal to

Pi(t) = P(r<t)=1—(1—-P(@))* (4.1)
8
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-1 0 1

FIGURE 2. The distribution function Q(8;-); under ¢ > 0.5 the curves
coincide visually.

and the random variable
=P (1 — 49 (4.2)
is distributed by the law Py(t).

Our nearest goal is to construct an algorithm for simulation of the point (7, W(7)).
To this end, let us obtain some distributions connected with the d-dimensional Wiener
process.

Lemma 4.2. Let 7/ be the first-passage time of the component Wi(t) to the
boundary of the interval [—1,1]. Then

P(ﬂ(wi(ﬂ) < B, [Wis)| <1, 0<s<79),/79)
iZ£]

= (=P ][ Q65 ) . (43)

i#j

Proof. We shall use an assertion of the following kind: if ¢ > 0 is F-measurable
(where F is a o-subalgebra of a general o-algebra F), a random variable (¢, w) under
every ¢t > 0 does not depend on F (p(t,w) is supposed to be measurable on t), and
Eo(t,w) = h(t), then E(p(¢,w),/F) = h(¢) (see [9, p. 67], [15, p. 158)).

Due to Lemma 3.2 and independence of the processes W*(s), we get for any ¢ > 0

P((Wit) < B, [Wi(s)| <1, 0 <s<t))=(1—-PE)""-J[ QB%¢1) .
i#j i£j
This equality implies (4.3) in accordance with the above-mentioned assertion because

the processes Wi(s), i # j, do not depend on the process W(s). Lemma 4.2 is proved.
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Introduce the random variable sc which takes the value j for w € {w: Wi(r) = £1}.
1
This variable is defined uniquely with probability 1, and P(3 = j) = 7 Let v :=

1
W?*(r). Clearly, the distribution law for v is given by P(v = —1) = P(v =1) = 3"
Lemma 4.3. The following equality takes place
P(x=j, 7 <0, [\W(r) < 8Y)
i£]
9 . !
= [(a-pwyt-T[ew:0)- P @) (14
0 i

Proof. We have
P(c=j, 7 <0, [ \(Wi(r) < B)
i
= POYW() < B, IWi(s)| <1, 0< s <), 7 <0)
i

[
/ P(OWi(r) < B, [Wi(s)| <1, 0 < 5 <719),/ 79 = 9)dPy(9)
0 i#) (4-5)

where P.;(¥9) is the distribution function for 77. Clearly P, (¥) = P(9). Now the
assertion (4.4) arises from Lemma 4.2. Lemma 4.3 is proved.

Lemma 4.4. The following equality takes place

P(O\Wi(r) < 8)/= =3, 7=10)=]] 2(8;0) . (4.6)
i£j i#]

Proof. The random variables s and 7 are independent. Indeed, P(»x = 1, 7 <
0) =---= P(3x =d, 7 <0) on the strength of symmetry. Hence P(»x =i, 7 < 0) =

éP(T < 0) = P(x=1)P(t <0). Further (see (4.1))

AP (< = j, 7 < 6) = 2dPs(6) = (1~ P(0))" *P'(6)do.

From here we get

P(x=j, 7 <0, [ \(Wi(r) < 5)
i)

o
_ / P(OW(r) < 8)/ =], 7=0)- (1- PP @)dd . (47)
O i
Comparing (4.4) with (4.7), we obtain (4.6). Lemma 4.4 is proved.

Let us note that the point (7, W (7)) € [0,00) x 9C, i.e., this point belongs to the
lateral surface of the unbounded semi-cylinder [0, 00) x C with cubic base in (d + 1)-

dimensional space of variables (¢, z!, ..., z%).
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Theorem 4.1 (Algorithm for simulating exit point to lateral surface of
cylinder with cubic base). Let s, v, v,7%,...,7% ! be independent random variables.

1 1
Let 3 and v be simulated by the laws P(s = j) = 7 j=1,..,d; Pv=+1) = 2 and

let v,7", ..., 741 be uniformly distributed on [0,1]. Then the point (1, £) = (1,€1, ..., €9)
with

T=P (1), & = (y7), ., €T = Q7 (),

& =v, &M =97 (v57),.., €= Q71 (v 7) (4.8)
has the same distribution as (7, W(T)).

Proof. This theorem is a simple consequence of Lemmas 4.1 and 4.4.

Corollary 4.1. Let C, = {z = (z',...,z% : |z| <7, i =1,..,d} C R* be a d-
dimensional cube with center at the origin and with edge length equal to 2r. Let 0 be the

first-passage time of the d-dimensional standard Wiener process w(s) to the boundary
0C, of the cube C,. Then the point

(0, @) = (r*r, 7€),

where (7,&) is simulated by the algorithm for simulating exit point to lateral surface of
cylinder with the cubic base C, has the same distribution as (6, w(6)).

Proof. The proof easily follows from the fact: if W(t) is a Wiener process, then
w(t) = rW(t/r?) is a Wiener process as well.

Remark 4.1. The algorithm for simulating exit point to lateral surface of cylinder
with parallelepiped base is more complicated because of dependence of sz and 7. This
algorithm will be adduced later as a consequence of some next results.

5. Simulation of exit point of the space-time Brownian motion from
space-time parallelepiped with cubic base

Now let us consider the space-time parallelepiped IT = [0,1) x C C R%*1) where the
cube C C R? is defined as above, and construct an algorithm for simulating the exit
point (7(1), W (7(l))) from the parallelepiped II. The random variable 7(l) is found as
min(7, ), where 7 is the first-passage time of W(s) to the boundary 0C as above, and
the distribution function of 7(1) is equal to

P(r(l) <t) = { 1-@- P(t))i: ’; § g (5.1)

Theorem 5.1. (Algorithm for simulating exit point from space-time par-
allelepiped with cubic base).

Let v, s, v, v, v, ..., v ! be independent random variables. Let v be simulated by
the law

Plt=—1)=1—(1-P@)*, Plt=1)=(1-PQ)",

and the random variables s, v, v, ¥, ..., v4~! be simulated as in Theorem 4.1.
Then a random point (7(1),€), distributed as the exit point (7(1), W(7(l))), is simu-

lated by the following algorithm:
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If the simulated value of v is equal to —1, then the point (7(1), &) belongs to the lateral
surface of 11, and

(1) =P (1 —[1 = (1 — (1= P@)"TY,
g = 97(Yhr(D),..., T = Q7Y (), €F =
&t = 9 (ysT(),. .., €0 = ( - (l)),
otherwise, when v = 1, the point (T(l), f) belongs to the upper base of 11, and
(1) =1,
=07 (1), =9 (5D, ., &= (v HD).

Proof. Using Lemma 4.1, we have

P(r(l) < )=P(r<l)=1-1-P@))", (5.2)
Prl) = 1) =P(r>1)=(1-PQ)

The conditional probability P(7(l) <t /7(l) <) is equal to

P(T(l) < t/T(l) < l) _ P((T(l) < t) ﬂ(Tl()l) < l)) = X, oo)(t) + Xp, l)(t)%,

and the random variable P~1(1 — [1 — y(1 — (1 — P(1))¥]"/%) is distributed by the law
P(r(l) <t/ /7(l) <1).

Carrying out reasoning similar to Lemmas 4.2, 4.3, and 4.4, we obtain

P(OW(r() < B)/5 = jyr(1) = 0 < 1) = xop(0) [[ ©(50).  (5.3)
i#] 1#£]
Further, the equality
d d
P((O\Wi(r(1)) < 8)/7(1) = 1) = P((\W'(1) < 8)/T > 1)
i=1 =1
1 d .
T P(r>1) P(Q(Wl( ) <B [Wi(s)| <1, 0 < s <))
1 d d
T Pris)) (ﬂ( (1) < B, 7 > 1)) HQ(B,) (5.4)
holds due to the mutual independence of the components W, i =1, ... ,d, and Lemma

3.2.

Now the statement of the theorem easily follows from (5.2)-(5.4). Theorem 5.1 is
proved.

The following corollary has the same proof as Corollary 4.1.

Corollary 5.1. Let I, = [0,1r%) x C, = {(t,z) = (t,z',...,a%) : 0 <t <Ir? |2f| <
r,i=1,..,d} C R be a space-time parallelepiped. Let 0 be the first-passage time of
the process (s, w(s)), s > 0, to the boundary Oll,. Then the point

0, w) = (r*7(1), 7€),
where (7(1),&) is simulated by the algorithm for simulating exit point from the space-

time parallelepiped 11, has the same distribution as (0, w(d)).
12



6. Theorem on local mean-square approximation

Let us return to the problem (1.1). Introduce the space-time parallelepiped Uz (z) :
Ut @) = | {4 s} x CZED o+ b(t, 2)9),

0<s<lIr2

where (t,z) € @ and C’f(t’x)(:z: + b(t, T)s) is the space parallelepiped in R? obtained
from the open cube C, by the linear transformation o(t,z) and the shift = + b(¢, z)s,
and as in the previous section, C, is the cube with center at the origin and with edges
of length 2r which are parallel to the coordinate axes.

Let I's be an intersection of a d-neighborhood of the set I' with the domain Q.
Remember that the set I' is a part of the boundary 0@ consisting of the lateral surface
and the upper base of the cylinder Q. The size § of the layer I's may depend on r. The
condition of strict ellipticity ensures for any # > 0 the existence of a constant a > 0
such that under all sufficiently small r for every point (¢,z) € Q\I'y, the following
relations take place:

Urt(z) €@, min p(ACT“)(z +b(t, 2)s), 0G) > Br. (6.1)

The values 3, a, and r used below are such that these relations are fulfilled.

To construct a one-step approximation for the system (1.1), we consider the system
with frozen coefficients

dX =b(t,z)ds + o(t,z)dw(s), X(t) ==, (t,) € Q\Lar. (6.2)
Let 0 be the first-passage time of the process (s — t,w(s) — w(t)), s > t, to the
boundary OII, of the space-time parallelepiped II, = [0,[r?) x C, C R*!. Clearly,

0 < Ir®. The point (f, w(t + 0) — w(t)) is simulated in accordance with Corollary 5.1.
Let us take the point (¢ + 0, X;.(t + 6)) with X, ,(t + 0) calculated by

Xiz(t+0) =z +b(t,z)0 +o(t,z)(w(t + 0) — w(t)) (6.3)

as an approximation of the point (t+0, X;,(t+0))), (t,z) € Q\Iar, where X; ,(s) is a
solution of the system (1.1). Remember that if t+60 > 7, ,, then X, ,(t+0) = X; ,(Ts.)-
The point (¢ + 0, X;,(t + 0)) belongs to the lateral surface or to the upper base of
the space-time parallelepiped U7®" (z) C Q.
It follows from (6.1) that

p(Xia(t +5),0G) > fr, 0 <s <Ir”. (6.4)

Theorem 6.1. For every natural m there exists a constant K > 0 such that for any
sufficiently small r and for any point (t,x) € Q\Tar the inequality

E|Xya(t+0) — Xpolt +0)|™ < K rim (6.5)
holds.

Proof. Below we use the same letter K without any index for various constants,
which depend only on the system (1.1) and do not depend on (¢,z), r, and so on.
Thereby, we write K instead of, e.g., K + K, 2K, K2, etc.

We have (see (1.1)) that 7, < t1, X;.(s) € G under s € [t,7;), and X;,(s) =
Xt.2(Tt) under s > 7y 4.

Let us rewrite the local error in the form

E|Xiu(t +0) — Xou(t +0)" =
13



E| /t (XTt,z>Sb(S’ Xt,x(s)) - b(t’ x)) ds + /t (XTt,z>Sa(s’ Xt,m(s)) - O'(t, x)) dw(s)|2m
KB [ (bl Xea(9) = (0,2)) s

(t+0) ATt
LK B /t (05, Xoa(5)) — o(t, 2)) duw(s)[2

t+0
+K E| o(t, ) dw(s)]*™. (6.6)
(t+0)ATt 0

We obtain for the first term in (6.6):
t+0
KE| / (Xow55b(5, X1 (5)) — b(t, 2)) dsP™ < K EP™ < K '™ (6.7)
t

because of boundedness of b(s, z), (s,z) € @, and 0 < Ir?,
Below we need the following inequality for Ito integrals in the case of scalar Wiener
process (see, e.g., [9, p.26]):

B /t o(s) dw(s))™™ < (m(2m — 1))™ 17m 1 /t Bp™(s)ds, m = 1,2, o

Clearly, in the case of the d-dimensional Wiener process the inequality (6.8) implies

t+T
E|/ |2m<KTm1/ EZ ii(s))™mds, m=1,2,...,
t

3,7=1 (69)
where the constant K depends on m, of course.
If ¢ is bounded, we also have
E|/ (8)P™ < KT™, m =1,2,... (6.10)

Due to the inequality (6.9), smoothness of o(s, z), (s,z) € Q, and (t+0)AT;, < t+1r?
we obtain for the second term of (6.6):

t+0) AT 2
KE| / (0(s, X () — o(t, 2)) duo(s) 2™

t+Ir
— KE| / Xsipoans (005, Xea(s)) — o(t, 2)) du(s)
t

d

t+Ir2
2m—2
< Kr / X(t4+0)Ate,z>s E
t

o' (s, X:2(8)) — o™ (¢, x)‘Qm)ds

t-+Ir
<Kt [ (B [Xuals) = o™+ (5 = 07) d
t

t+ir
< Krzmz/ EXrposs | Xea(s) — z|*™ ds + Kr®™. (6.11)
t

14



Further,
Bxne PXaa(s) = 27 = Bxo el [ 06, Xuals)ds + [ o5, Xuals ()™,
t t
whence due to (6.10)
EXryoos | Xia(s) =z < K- (s =)™ + K - (s — )™,

Substituting this inequality in (6.11), we obtain
(t+0)ATt,2
KE|/ (0(s, X12(3)) — o(t,z)) dw(s) "™ < Kr*™. (6.12)
t

It follows from the inequalities (6.7) and (6.12) that
B | X1o(tee A (t+0)) = Kio(ro A (L4 0)| < K7™, (6.13)
Now let us estimate the third term in (6.6). We have due to (6.9):

t+6 t+1r?
KE| /( e dw(s)P" = KE| / (X815 — X(es3ms) ot 2)duo(s) P
t+60 ATtz t

t+ir?
< Kr2m_2/ E (X(t+é)>s - X(t+9_)ATt,z>s) ds
t

= KT‘Qm_Q ' E’X'rt,m<(t+§) ((t + 9) - (t + é) A Tt,z) S Kr2m ' P(Tt,z <t+ é) (6 14)

Evaluate the probability P(r;, < t+0) using the reception from [25]. If 7, < t +0,
then 7, < t; and, consequently, X;,(7:,) € 0G. At the same time due to (6.4)

p(Xiz(Tez A (t+0)),0G) > Br.

Therefore,

E (Xn,z<t+é | Xto (T A (E+0)) = Xyo(Ta0 A (E+0)) ‘m)

> P(rie <t+0)-(Br)™, m=1,2,....
From the other hand, due to (6.13) we have
P(rye <t+0)-(Br)" < E (Xn,z<t+é ‘Xt,a:('rt,z A(t+0)) — Xiz(rea A+ é))‘m)

— _ _ ~ .\ 2m1Y/
< [Pl < t40) [B|Xu(rin A (04 0) ~ Kol A e+ D))

< Kr*™ [ P(ri, < t 4 0).
Consequently,
P(riz <t+0) < Kr*, m=1,2,.... (6.15)

Now the inequality (6.6) together with (6.7), (6.12), and (6.14) gives (6.5).
Theorem 6.1 is proved.
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7. Global algorithm and convergence theorems

Let us construct a random walk over small space-time parallelepipeds based on the
one-step approximation (6.3) of the previous section. Let (61, w(t + 6;) — w(t)) be the
first exit point of the process (s —t,w(s) — w(t)), s > ¢, from the parallelepiped II
simulated in accordance with Corollary 5.1, (0, w(t + 01 4 03) — w(t + 61)) be the exit
point of the process (s —t — 0y, w(s) — w(t + 0y)), s > t + 01, from the parallelepiped
IT, and so on. o

Suppose that (¢,z) € @Q\I'ar. Then, we construct the recurrence sequence (¥, Xx),
k=0,1,....,0:

190 = t, XO =,

O = k1 +0k,

X, = Xer + b('gk—lan—l)gk + U(ﬁk—la Xk—l)(w("gk) - w(ék—l))a k=1,...,7,
where the number 7 = 7, is the first one for which (9%, Xi) € Lar.

If (t,z) € Tar, we put o = 0. o

Let (¥k, Xx) = (¥5, X5) under k > 0. The obtained sequence (¥, Xx), £ =0,1,...,
is a Markov chain stopping at the Markov moment ©. It is clear that the random
number of steps 7 depends on the domain Q\I',,. That is why, the more rigorous
notation for 7 is 7, (Q\Tar).

At first we consider some average characteristics of 7, = 7 ,(Q\ ') following the
technique proposed in [19, 23, 24].

Define the operation P acting on functions v(¢, z), (¢, ) € Q, as

Pu(t,z) = Ev(9,, X))
and the operator A :
Av(t,z) = Pu(t,z) — v(t, ) (7.1)

which is called by generator of the chain.
The generator gives an average increment of the function v on the trajectory of the
chain per step.

Lemma 7.1 ([32], see also [24]). Let v(t,z) be a solution to the boundary value
problem

qPu(t,z) —v(t,z) = —g(t,z), (t,z) € Q\lar, (7.2)

v(t,z) =0, (t,7) € Ly, (7.3)

where ¢ > 0 is a constant, g(t,xz) > 0 is a continuous function on Q\I'q,.

Then for (t,z) € Q\l'ar
Upp—1

EZ (Br, Xi) - ¢*. (7.4)

Proof. Let us complete the definition of the function g : g(¢,z) = 0 for (¢,z) €
[or. We have for (t,z) € Q\[yr :

v(t,z) = g(t,z) + qPu(t,z) = g(t, z) + qEv(9, X;)

= g(t,z) + qE(g(d1, X1) + qPv(91, X1))
16



= g(t, x) + qEXat,m>1g(T§1, Xl) + QQEXat,m>1E(U(1§2, X2)/(1§1, X1))
=g(t,z) + qEXﬁt,z>1g(1§1, X))+ QZEXﬁt,z>2U(T§2, X5)
=g(t,z) + qEXat,m>1g(T§1, X1) + QQEXﬂt,m>29('l§2; Xo) + Q3EXm,z>3U(T§3, X3)
=...=g(t, %) + ¢Exp,.>19(01, X1) + ... + ¢" Exp,.>n9(On, Xn)

+qN+1EX17t,m>N+1'U(7§N+1; Xni1).
As N goes to infinity, we obtain (7.4). Lemma 7.1 is proved.
Corollary. If ¢ > 1 and g(t,z) > ¢ for (t,z) € Q\L4r, then
1

F(Eqﬂ"z —1) < —u(t, ).

o | =

Now consider the following boundary value problem in Q

Av(t,z) = —g(t,z), (t,z) € Q\Lar, (7.5)

v(t,z) =0, (t,z) € Ty, (7.6)

which is connected with the chain (J, X}).
The solution of this problem v(¢, z) is equal to

g p—1

v(t,z) =E Y g0, Xi), (t,2) € Q\Tar.

Therefore, if g = 1, then v(t,z) = E;,, and if
g(t,z) > 1,
then
Evy, <u(t, ).

Theorem 7.1. The mean number of steps 0 ,(Q\I'ar) is estimated as

K
El_/t,q:(Q\Far) S ﬁa (77)
where the positive constant K does not depend on r.

Proof. Introduce the function [19]

] ti—t, (tz) € Q\Tar,
V(t,z) = { ' 0, (¢, ) € Tap.

It is clear that V(t,z) > 0 for all (t,7) € @ and it complies with the boundary
condition (7.6).

At first consider the points (¢, z) such that U?(z) C Q\l'a, then V(s,y) = t; — s
for (s,y) € OU7 () and

AV (t,z) = EV(t+0,,X,) — V(t,z) = —E0;.
17



Analogously to (5.1), the random variable 0, has the following distribution function
(see also Corollary 4.1 and Lemma 4.1)

_ 1—(1-"P(s/r?))d, s <Ir?
P(91 < S) =
1, s> Ir?

whence it is not difficult to obtain that
1
Ef, =yr? v = / (1—P(s))*ds.
0
Thus, for (¢, z) mentioned above

AV = —r2,

Let (¢,z) € Q\I'ar be now such that a part of U7 () belongs to I's,. Introducing for
a while the function V' (s,y) which is equal to ¢; — s on @, we get as above:

AV = —r2,
Since V (s,y) < V(s,y) on 8U?(z), we have due to (7.1)
AV < —yr? (7.8)
Clearly, the inequality (7.8) is fulfilled for all (z,¢) € @\, and the function
V(t, z)
t = 7.9
olt,) = 2 (7.9)

satisfies (7.5)-(7.6) with g > 1. Thus, we prove (7.7) with K = (¢; — to)/. Theorem
7.1 is proved.

Remark 7.1. The statement of the theorem is also valid in the case of infinity #;
and the bounded G if we assume that the coefficients of the system (1.1) are bounded
in @ and the lowest eigenvalue of the matrix a(t, z) is uniformly bounded with respect
to (t,z) € Q by a positive constant from below. To prove the theorem in this case, one
can use, for example, the following Lyapunov function analogously to [12, p.132]:

[ B2—|z+c*, (t,z) € Q\Tar,
Vit,z) = { 0, (t,2) € Tar,

where c is a vector such that min & |z +¢| > C > 0, n is a sufficiently large natural

number, the choice of which depends on bounds of (b(¢,z),y +c¢), (t,2) € Q, y € G,
and B? is the constant equal to max, g |z + c|*".

Theorem 7.2. (see [23, 24]). For every L > 0 the inequality

L e
P {Ijtm(Q\Far) > —2} < (T4t —to)e ”HI*tOL, c. > lasr—0,
’ (7.10)

1s valid.

Proof. We have for the function v(¢,z) from (7.9):
(L4 ur?)Po— (1 ur)o < —(1+ pr?), (t,2) € QT
Hence

(14 pr®)Pv —v < pr*v — (1 + pr?), (t,z) € Q\Lar,
18



v=0, (t,z) € Tpr.
Thus, the function v(¢, ) is a solution to the problem (7.2)-(7.3) with ¢ = 1 + pr?
and with g(¢, z) satisfying the inequality
V(t
g(t,z) > 1+ ur? — pr’v =1+ pr? — M
Y

Then due to Corollary to Lemma 7.1 (remember V' < ¢; — ¢;), we have under y =
2

T+t —ty
1+t —t
—
and, consequently (see (7.9)),

E(1+

) 2\D
EFl4+ ——m— e 1)< (14+¢t —t t,x
( ( 1 t tor) )—( 1 U)U(’ )’

T
1+t —t
whence by the Chebyshev inequality we obtain (7.10). Theorem 7.2 is proved.

r3)Pe <14ty — to,

We need in two auxiliary lemmas.

Lemma 7.2. There exists a constant K such that for all v small enough and all
(t,z) € Q\I'yr the inequality

|E(Xio(t+61) — Xio(t +61))] < Kr (7.11)
18 valid.

Proof. By the Ito formula, smoothness of b(s,z), and the inequality (6.15) under
m = 1, we obtain

|E(Xiz(t+01) — X o(t + 01))]

=|E /t ' (Xroassb(8, Xi0(s)) — b(t, z)) ds
+E /t (X005, Xea(8)) — 0(t, 7)) dus(s)|

t+6;
B / (Xow»55b(8, X1 (8)) — b(t, 2)) ds|
t

(t+01)ATe,0 _ _
_|B( /t (b(s, X1a(s)) — bl(t, ©))ds) — b(t, &) E((t + 1) — 70a A (£ + 01))]

(t+(§1)/\Tt,z s _ _
< |E(/ / Lb(s', X 2(s"))ds' ds)| + KE((t + 01) — 1ee A (£ + 61))
t t

< KE® + Kr*P(ri, <t+0,) < Kr*,

where

d d

0 1 N -0
L=—4+—- M b —.
0s + 2 Z . oz ozI + 12:1: oz’

ij=1

Lemma 7.2 is proved.
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Lemma 7.3. Let the random variable Z be defined by the relation
Xio(t+61) = Xpy(t+6) =z —y+ Z.

Then for every natural m there exists a positive constant K such that for any r small
enough and all (t,z), (t,y) € Q\Ta the inequalities

ElZ"™<Kr™- (e —y|™+r™), (7.12)

EZ| < Kr*- (lz —y|+7%). (7.13)
hold.
Proof. We have due to (¢, z), (t,y) € @\ and (6.3):
Xiz(t+0,) =z +bt, )0 +o(t,z)(w(t + 0;) — w(t))
and
Xiy(t+01) =y +b(t,y)0; + o(t,y)(w(t + 0;) — w(t)).
Then
Z =Xt +0,)— Xipy(t+01) — (z—y)

= (Xew(t +01) = Xpa(t +01)) = (Xoy(t + 01) — Xy (t +61))

+(b(t, ) — b(t, )01 + (o(t,z) — o(t,y))(w(t + 0;) — w(t)).
By Lemma 7.2 and smoothness of b(s, z), (s,z) € Q, we get
|EZ| < ‘E(Xt,q:(t + g1) - Xt,x(t + g1))‘ + ‘E(Xt,y(t + g1) — Xt,y(t + 9_1))‘

SKT4+K|x—y|-r2,

that gives (7.13).
Now consider the 2n-th moments of Z. Using Theorem 6.1, the property (6.9), bound-
edness of b(s, z), (s,z) € @, and smoothness of o(s,z), (s,z) € Q, we obtain

E|Z™ < KE| X (t+0,) — Xio(t+0)" + K E| X, (t +0,) — X; (¢ + 0,)]*"

t+ir?
+K |b(t, z) — b(t,y)|™" - EOF + B / Xt18,>s(0(t, ) — o(t,y)) dw(s)*"
t

< Kr'™ + Kr*|z — y|™

that gives (7.12) in the case of the even m.
In the case of the odd m, we come to (7.12) using the Cauchy-Bunyakovskii inequal-

ity:
E|Z|™ < (B|Z]P™)Y? < (Kr™™ - (Je — y[>™ +r*™))Y? < Kr™ - (|l — y|™ + ™).

Lemma 7.3 is proved.
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For every € € (0,1] and any 8 > 0 it is possible to introduce the layer I',,1-- with
a constant « such that under a sufficiently small r and for every (¢,z) € Q\I'4m1-- the
following relations together with the relations (6.1) take place:

U7t @) € @, min p(0CT*)(a + b(t,2)s), 0G) > Ar' .

Clearly, I'p, C I'gpi-- . o
The Markov moment 7; ,(Q\I'4r1-<), when the chain (J, Xy) leaves the domain
T or1-<, satisfies the inequality

Dt,il? (Q\Farlfs) S Dt,:c (Q\Far) .

We shall use the old notation (d, X;) for the new Markov chain, which is constructed
by the same rules as above but stops in the layer I',,1-- at the new Markov moment
U = 0 ,(Q\Lap-c). We believe that such a use of the same notation (94, Xj) for
various Markov chains and 7 for various stopping moments will cause no confusion
below.

Consider the sequence (9, X3), k=0,1,...:

XO = T,
Xl — Xt,m('ﬂl)

Xp = X)) = X5, x,_, (k)

connected with the system (1.1).

The sequence (U, X;) is a Markov chain, which stops at the random moment o due
to 9 = 9, under k > .

The following theorem states the closeness of X and X for N = L/r? steps.

Theorem 7.3. Let 7 = D;,(Q\T'ar1-<), 0 < € < 1, be the first exit moment of
the Markov chain (¥;, X;), i = 1,2,..., from the domain Q\I gr1--. Then, there exist
constants K > 0 and v > 0 such that for all r small enough the inequality

_ o\ 1/2 _ 9\ 1/2
(Bl X - Xwol*) = (B |Xw - Xn|) " < K7

holds.

Proof. Below we use the same letter K for various constants (see the notice in
Theorem 6.1).

Remember that ’lgk = Tgk/\,j, Xk = Xk/\,j, and Xk = Xk/\,j = X(Tgk/\g A Tt,z)-

Here we follow the proof of the corresponding theorem in [25].

Let v be the first number at which X, € I',, :

~f min{k: Xy € T, k < 7},
V= man¢Fcrak§Da

where ¢ < grs (here 3 is concerned to I'ypi-c).

Then under v < ¥

X, — X,| > grla. (7.14)



We rewrite the global error in the form (I is a diameter of G) :

E|Xy— XN‘Q = EXu>Nas ‘XN - XN‘Q + EXv<nnp ‘XN - XNF
< Exus>nav | Xnaw — XN/\V‘Z +1I’P(v < N AD)

< E|Xyn — Xnn| +BP(v < N AD). (7.15)
Due to (7.14), we have

% n — /6 n n—en
EXV<N/\I7‘XN/\V_XN/\V‘ ZP(V<N/\V)'(§) T ,m=12....
From the other hand
EXI/<N/\17 ‘XN/\U - XN/\U‘H

_ on]1/2
< Plv< NAD)- [E‘XN/\U_XN/\U‘ ]

Consequently,
Plv < NAD) < Kr?" . E|Xypn — Xnaw (7.16)

To prove the theorem, we need to find bounds for Eldi|*, k = 0,1,...,N, where
dy = Xn, — Xgav- Note that the first term in (7.15) is equal to E|dy|?.
We have

‘Qn

di = Xy — Xipw = (X&(k—l)/\uyx(k—l)/\u (5’“/\") - Xﬁ(k—n/\u,)_((k—n/\u (5’“/\"))

+(X"§(k—1)/\qu(k—1)/\u (ﬁk/\") - X’“/\V)'
Denote the second term by pr and define Z;, similarly to Z in Lemma 7.3:
Xﬁ(k_l)/\u,X(k_l)/\u (,lgk/\ll) - X’g(k—l)/\mx(k_n/\u (ﬁk/\l/) - X(k—l)/\u - X(k—l)/\u + XV/\I7>k*].Zk'
Then

di = Xk—1)aw — X(e—1)rv + Xonosk—12k + Xvnosk—10k = k-1 + Xvnosk—1(Zk + pr)-
We have

E|dk|2n = FE|dk—1 + Xvrosk—1(Zk + Pk)|2n
= E[(dr-1,dk-1) + 2(dk—-1, Xvorosk-1(Zk + pr)) + Xvrosk—1(Zk + pr, Zr + pr)]"
<Fk |dk71|2n +2nk |dk71|2n72 (dk—1, Xorno>k—1(Zx + pr))

2n
+K Z E |di-1 ™™ Xonosk-1]Ze + pi|™

m=2
Due to Fj_;-measurability (we denote F,, = F3_) of dy_1 and X,rs>k—1 and due to
the conditional variants of (7.13) and (7.11), we get

E |dkfl|21%2 (dr—1, Xvnosk-1(Zk + pr))
= B [|dr-1/" 2 (dr—1, Xonvsk1E ((Zk + pi) / Fi-1)]

< E [|di1 " Xonosko1 (|1E(Zr/ Fr1)| + | E(pr/ Fr—1)|]
29



S KT2E|dk_1|2n + KT‘4E|dk_1|2n_1.

2n—m

Now consider E' |dy_1]| Xvavsk—1|Zk+ pr|™. Using F_i-measurability of di_; and
Xvas>k—1 and the conditional variants of (7.12) and (6.5), we obtain for 2 < m < 2n:

Eldi 1" "™ Xvnosk-1|Zk + pr|™ = E [|di—1/ " Xorosk1E (|25 + pr|™ / Fr—1)]
< KE [|di1 " ™ Xvnosk—1 E (| Ze|™ / Fic1)] + KE [|di—1 " " Xonosk—1E (|px]™/ Fi-1)]

S KE(|dk,1|2n7"m + |dk,1|2n_m7'2m).

Then,
2n
E|dk|2n < E |dk—1|2n + KT2E|dk,1|2n + KT‘4E|dk,1|2n71 + KT'2 Z E|dk71|2nfmr2m72
m=2
2n
< Eldg /" +Kr® B |de ™1™
m=0

: : : a? b 1 1
Using the elementary inequality ab < — + —, a,b6 >0, p,g>1, —+ — =1, we get
p q P q

|dje_1 [P ™™ < do [ + r 1<m<?2
N r m < 2n.
kol —2n/(2n—m) 2n/m’

Hence
E|di|*™™ < E|dj_1]* + Kr?E|dp_1|*™ + Kr*"2, dy = 0,
and we obtain for N = L/r? :

Eldy™ = E|Xyp, — XN/\I/‘Zn < Ke?'" - r?n, (7.17)
Taking n > 1/e and substituting (7.17) in (7.16), we get
P(v < NAD) < Ke?'t . p2, (7.18)

Note that K and v depend on «.
Then, the inequality (7.15) together with (7.17) under n = 1 and (7.18) gives the
statement of the theorem. Theorem 7.3 is proved.

Theorem 7.4. Let v = Upo(Q\Lari—<), 0 < € < 1, be the first exit moment of
the Markov chain (¥;, X;), i = 1,2,..., from the domain Q\I'4,1--. Then, there exist
constants K > 0 and v > 0 such that for all r small enough the inequality

o 12\ /2 yL —eryL/2
(E‘X,;—X,;‘) <K(e"r4e /)
holds.

Proof. Introduce two sets C = {v < L/r?} and ON\C = {v > L/r?}. Let [ be a
diameter of GG. Using Theorems 7.2 and 7.3, we obtain

E|X, - %" = E(|% - %[ ic) + B (X - %' o)
= B (|Xnn — Xwo EEUNY
< E|Xy—Xy|"+2-PO\C) < KePEr? 4 Ke ok,

Theorem 7.4 is proved.

2;c) +E(\X,;—X,;
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Remark 7.2. Let 0 = 7;,(Q\I'ar1-¢), 0 < € < 1, be the first exit moment of
the Markov chain (9;, X;), i = 1,2,..., from the domain Q\I'y,1--. Then, for every
natural m there exist constants K > 0 and v > 0 such that for all » small enough the
following inequalities

E|Xy — Xn|™ < Ke&Fr?m, (7.19)
E|Xy — X5|™ < K(e2E 2™ 4 e=o7E), (7.20)
and
P(ri. < 9y) < Ke?'r? n=1,2,..., (7.21)
hold.
Indeed, taking n > m/e in (7.17) and in (7.16), we get
P(v < N AD) < Ke¥k . p2m (7.22)

instead of (7.18).
Similarly to (7.15), we have

E|Xy— Xn|" < E|Xyn — Xnp| ™ +12"P(v < N A D).

Now the inequality (7.19) can be easily obtained from (7.17) under n = m.

The inequality (7.20) follows by the arguments as in the proof of Theorem 7.4.

Let us prove the inequality (7.21). Remember that Xy = X; 4(1i2 AUN) = Xi2(Ti )
under 7;, < 9y, and p(Xy,0G) > Brl-¢. Therefore

EXTt,z<1§N ‘XtJ(Tt’x AN 'I§N) — XN‘m Z P(Tt’x < 1§N) . /Bm . ’)"miam, m = 1, 2, e
From the other hand,

= S m = S 2m 1/2
EXTt,m<'l§N ‘Xt,:c(’rt,z A 79N) - XN‘ S \/ P(Tt,z < T9N) |:E ‘XN - XN‘ :| .

Consequently, we get
P(r, < Oy) < Kr*™ "B | Xy — Xy
Using (7.19) under m > n/e, we come to (7.21).

8. Approximation of exit point (7, X (7))

Here we are interesting in an approximation of the exit point (73, Xt z(7z)) of the
space-time diffusion (s, X:.(s)), s > t, from the space-time domain Q.

We have (Oy, Xn) = (95, X5) € Typi-- on the set C = {7 < L/r?}. Let (Tig, &0) (W),
w € C, be a point on I defined as: if 9, > t; — ar! € then 7;, = t; and &, = X, € G,
otherwise (i.e., when p(X;,0G) < ar'=¢) : 7, = 9, and a point &, € G is such that

1 Xo — &o| <ar'™f, weCl. (8.1)
To complete the definition of (74, & )(w) on the set Q\C, we put 7, be equal to

Jy and &2 be a point on OG nearest to Xy

It is natural to take the point (7 .,&:,) as an approximate one to the exit point
(Tees Xt2(Te,2))-

Below we need the following lemma (it is analogous to the corresponding lemma

from [23]).



Lemma 8.1. There exists a constant K > 0 such that for all (t,z) € Q and y € 0G

the inequalities
E (Xio(re) —y)* < K|z —yl,

E(Tt,z - t) < K|=’L' - y|

are valid.
Proof. Consider the Dirichlet problem
d d
- _ L] t S bz t - = t
‘9t+2ij:1a ( x)axzay*; (t2)55 =9, (Le)€Q,

u(t,z) [r= (z - y)*,

where g > 0 is a constant.
The solution of the problem is

uy(ta x) =F (Xt,z(Tt,m) - y)2 + gE(Tt,m - t)
Due to the assumptions on the coefficients (see Introduction), u, is a sufficiently

smooth function on Q. Since u,(t,y) = 0, we have
uy(t,z) = uy(t,z) —uy,(t,y) < K|z —yl.

Lemma 8.1 is proved.

Theorem 8.1. Let v = Ut o(Q\L 1<), 0 < € < 1, be the first exit moment of
the Markov chain (¥;, X;), it =1,2,..., from the domain Q\I'n1-=. Then, there exist

positive constants K and v such that for all r small enough the inequalities

(B (|Xoul(ns) — &al?:0)]" < K05, (8.2)

and
T o2y (8.3)

1/2
[E|Xt,:c(7't,z) - ft,z|2] / S K(r 2

hold.
Proof. Consider the distance between X; (7 ,) and &, on C :

E (|Xt,m(7—t,z) - 5t,z|2 ;C) = E (X1§N2t1—ar1*€ Xt,m(Tt,m) - gt,m|2 1C)

+E (X§N<t17ar1_f |Xt,z(7—t,m) - ft,m|2 ) C) . (84)
We get for the first term of (8.4):
S 2
E (Xoysti-ar— [ Xea(Tz) = &eal”5C) = EXaysty—art— | Xia(Tea) — Xn|
o 2
Xio(Tiw) — Xn|* + 2B | Xy — Xn| . (8.5)

S 2EX1§N2t1—ar1*€
Due to Theorem 7.3, the second term of (8.5) is estimated by Ke?'X r2. And we have
for the first term of (8.5):
2
Xia(Tiz) = Xn? = E |Xoy 511 —art - (Xto(Te0) — X))
2

/ Xinons i eb(s, Xoa(s))ds
9

NATt,z

EX1§N >ti—arl-c

<2F
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2

X&Nztl—arlfsa-(s’ Xt,x(s))dw(s)

/Tt,z
7§N/\Tt,m

+2F
—_ 2 —_
< KEXgy>t,—ari—< (7},2c — Tp N\ 19N) + KEXgy>t,—ari—= (7},m — Tz N\ 19N)

S KEXﬁNZtl—aTl_E (tl - T§N)2 + KEngNZtl—arl_f(tl - T91\7) S KTl_E;
(8.6)

whence it follows that
E (ngZtl,aH_s | Xtz (Tez) — ft,x|2 ; C) < Krte.

Consider the second term of (8.4). Due to its definition, the point & .(w), w € C,
belongs to G if 9y < t; — ar'™¢. Then by the conditional version of Lemma 8.1, we

get (note that &, is measurable with respect to Fy)
E (X6N<t1,a7-1—€ |Xt,z‘(7—t,q:) - 6t,$|2 ’ C)

"/ Fn)iC)

= E <X5N<t17ar1—EE (‘X&N,XN (TgN,XN) - ét,iﬂ

XN _ét,:l: 7C) .

S KE (X5N<t1—oﬂ'1*E
2 _C)]1/2

XN - ét,z

Theorem 7.3 and the inequality (8.1) imply
XN - ét,z| ;C) S [E (X&N<t1—0ﬂ‘17€

Xy —taf'i0)]”

E (X5N<t1—a7“1*5
= 2

< [ZE Xy — Xy +2 (EX%QI,MI_E

< Ke'lr +2art7¢ < Kri=e.

(8.7)

Xt,z(Tt,x) — 5t,z|2 ; C) < K rte.

Thus,
E (X&N<t1—a7“1*5

Substituting this inequality and the inequality (8.6) in (8.4), we get (8.2).

The inequality (8.3) is obtained by Theorem 7.2 analogously to the proof of Theorem

7.4. Theorem 8.1 is proved.
Theorem 8.2. Under the assumptions of Theorem 8.1, the inequalities
(8.8)

E (|Tt,z - 7_—t,Z|; C) S K’rl_ga
(8.9)

E|Tt,z - 7_—t,:c| < K( 7‘175 + e*arvL)

hold.
Proof. l_{emember that 7, <11, Iy < ty. F_urther, Ttw = t1 under Iy
and 7;, = ¥y otherwise. Consequently, 7;, > ¥y. Let below 7 := 7, T :
(8.10)

Consider the difference |7 — 7| on the set C. We have
E(lr—=7;C)=E({(T—7AT);C)+ E((tr—1AT);C).

We get for the first term:
E((T—7AT);C)<E(fT—7AT)=ExXsci:(T—TAT)

= BXeeiy(F = T AT) + BxgycrealF —7 A7)

S (tl - to) . P(T < T§N) + Eth—ar1*5§T<t1 (tl - T)
26



Then using (7.21) under n = 1, we obtain
E((F—7A7);C) < K . r? far'™ < Kr'™e, (8.11)

Consider the second term of (8.10). Due to &, € OG under 9y < t; —ar!~¢, Lemma
8.1, and the inequality (8.7), we get

E((r =7 NAT);C) = E (Xear(T =T AT);C) = E (Xgy<r Xy <ts—art— (T — 7 ADn); C)
= E (Xoy ety ar-<(Toy xy — IN);C) = E (Xoy<ts-ar—-E(T5y xy — I/ Fn); C)

< KE (Xgy<t,—ar—<|Xn — &al;C) < Kr' e

Substituting this inequality and the inequality (8.11) in (8.10), we get (8.8).
The inequality (8.9) is obtained by Theorem 7.2 analogously to the proof of Theorem
7.4. Theorem 8.2 is proved.

9. Simulation of Brownian motion with drift provided bounded space
increment

Sections 6-8 are connected with the one-step approximation (¢+0, X; ,(t+0)), (¢, ) €
Q\I'ar (see (6.3)), which is based on the simulation of the exit point (6, w(t+80) —w(t))
of the process (s — t,w(s) — w(t)), s > ¢, from the space-time parallelepiped II, =
[0,1r?) x C, with the cubic base C,. We can guarantee that X;.(t + )) belongs to
G due to the smallness of both C, and lr?. The smallness of the time-size Ir? of II,
ensures that the term b(t,z) - § in (6.3) is not bigger than b(t,z) - Ir>. Consequently,
the projection of the space-time parallelepiped U: (z) on R? differs not essentially from
the space parallelepiped C' (z), to which the point o (¢, z)(w(t + ) — w(t)) belongs.
Remember that (¢t + 0, X;,(t + 0)) € OU? (z).

It is possible to derive other constructive one-step approximations. Let us consider a
one-step approximation based on a simulation of exit points for the Brownian motion

with drift W,(s) :
Wo(s) = s + W(5), W(0) =0,

where p is a d-dimensional fixed vector and W (s) is a d-dimensional standard Wiener
process.

If (0, w,(t + 0) — w,(t)) is the first exit point of the process (s — ¢, w,(s) — w,(t)),
s > t, under u = o~ (t,z)b(t,x), (t,z) € Q\l4r, from the space-time parallelepiped
[0,1) x C,, I <t; —t, then it is easy to see that the approximation

Koot +0) =+ o(t, ) (wu(t + 0) — wu(t)) (9.1)

belongs to the space parallelepiped 6: (z) even under not small [.

Then we are able to ensure again belonging of X;,(t + 0) to G, and, consequently,
(t+0,X;.(t+0)) to @, but the smallness of time-size of the space-time parallelepiped
[0,1) x C, is already not required in contrast to the approximation (6.3).

The approximation (9.1) is more universal than the approximation (6.3). However,
the approximation (6.3) is simpler in a computational sense than (9.1) and is quite
appropriate for the majority of problems.

In this section we give algorithms on simulating exit points for the Brownian motion
with drift W),(s). The theorems on local error and global convergence connected with
the one-step approximation 9.1 can be done analogously to the corresponding theorems

of Sections 6-8.
27



9.1. Some distributions for one-dimensional Brownian motion with drift.
Lemma 9.1. Let 7 be the first-passage time of the one-dimensional Brownian motion
with drift W,(s) = ps+ W (s), W,(0) = 0, to the boundary of the interval [—1,1]. Then
its distribution P(t; u) = P(1 < t) is equal to
P(t;p) =1—2me et +e )Y (1)
k=0

(2k +1) o hm2(2k11)2

or

1 2k —1 t 2k +1 t
Pt;p)=1-— = Z(—l)keZ“k(erfc kot erfc ﬂ)

2k+1— ut

RS k—2uk LS e e )
3 Z(—l) e #*(erfc NoT rf e ) - (9.3)

Proof. Due to (2.19), the distribution P(7, < t) is equal to 1 — v(¢, ), where 7, is
the first exit time of x + W,(s) =z + us+ W (s), —1 <z < 1, to the boundary of the
interval [—1, 1], and v(¢, z) obeys the following boundary value problem

ov 1 o0%*v n ov
ot~ 202 Mow
v(0,z) =1, v(t,—1) =v(t, 1) = 0. (9.5)

, >0, —1l<z <1, (9.4)

The function
u(t,z) = e%“ztﬂ“v(t, T)

satisfies the following boundary value problem

ou 10%u

—=—-——,1t>0, —1 1 9.6

5 gz >0 —l<z<l, (9.6)
u(0,z) = e, u(t,—1) = u(t,1) = 0. (9.7)

Solving this problem analogously to (3.1)-(3.2) and (3.13)-(3.14), we get two expres-
sions for v(t, ) :

—1)*nk

u(t,z) = e 2t E > 77% vy s(e " —e!) -sinTkz - e 2™k
1 = ye2m(2k +1) , _ T2k + 1) 120911y
2u2t ue I AN . s> (2k+1)%t
+e ,;0 5 2k+1 R 5(e7# +et) - cos —y ¢

and

1
v(t,z) = e_é”zt_’“”/ G(t,z,y) - edy.

1
The equality P(t;u) = P(r < t) =1 —v(t,0) gives (9.2) and (9.3). Lemma 9.1 is
proved.

Remark 9.1. Asearlier the formula (9.2) is convenient for calculations under great ¢,
and the formula (9.3) is convenient under small ¢. It should be pointed out that if one of

2k + 1 4+ ut
el o > 1. Therefore

V2t

2k+1+ut takes a negative value then the corresponding erfc
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it may be necessary to calculate more terms of the series in (9.3) in comparison with
(3.7). But the number of the needed terms is not too large in practice due to very fast
convergence of the series under small ¢.

Remark 9.2. Using the Laplace transform, it is possible to derive one more expres-
sion for P(t; p) :

2(e " + eM) — > pu?(2k +1)2
Pl = 2 LS ) [ exp( I
k=0 Vot

It is clear that this expression is convenient for calculations under small ¢.

Lemma 9.2. Let T be the first-passage time of the one-dimensional Brownian motion
with drift W,(s) = ps+ W (s), W,(0) = 0, to the boundary of the interval [—1,1]. Then
the probabilities

P(t;—1;p) == P(r <t, W,(1)=—-1), P(;1u):=P(r<t, Wyur)=1)

are equal to

e2H

Plt; —1;p) = Pt p), P(t1u) = P(t; 1) - (9.8)

et +1 et + 1

Proof. The probability P(t; —1; ) is equal to v(¢,0) , where v(t, z) is the solution
of the equation (9.4) with the initial and boundary conditions: v(0,z) =0, v(¢,—1) =
1, v(t,1) = 0 (see the problem (2.15)-(2.17) under (2.9) and its solution (2.18)). The
following change of variables

e—2y _ e—?uz

. luzt—i—;m:
u(t,z) = e? (v(t,z) + T

) (9.9)

leads to the problem

Ou _ 197 >0, -1<z<l1
_ = —— J— €T
ot 20x%’ ’ ’
—2p+tpxr _ ,—px
u(0,z) = ¢ ¢

T u(t,—1) = u(t,1) = 0.

Solving this problem, we get (we restrict ourselves to writing u(¢,0) only)

oo

2k + 1) > 2
t 0 — 2 — _1 k+1 ( — (2k+1) t/S
u(t, 0) = 2me kz:;( ) m2(2k + 1)2 + 42 ¢

or

672;1 1 1 1
u(t,0) = m/lG(t, 0,y)-e"dy — m/l G(t,0,y) - e ™dy.

Using (9.9), we obtain (9.8) for P(¢; —1; ). The second formula in (9.8) is obtained
analogously. Lemma 9.2 is proved.

Remark 9.3. Lemma 9.2 is a consequence of Reuter’s theorem (see [30, p. 84]),
which asserts that 7 and W),(7) = ur + W(7) are independent random variables (it is

1 2u
not difficult to show that P(W,(r) = —1) = P(Wu(r)=1) = - ). But
e

e2n + 1"
the given proof has an independent interest because it can be used for evaluation of
some other probabilities, for example, like P(7, < t, W,(1) = —1).
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Lemma 9.3. For the conditional probability
Q(B;t,u) =PW,(t) < B/Wu(s)|<1,0<s<t),1<f<1

the following inequalities

4 2479 N 1 T(2k+1) _
-t - prt/2 —1)k Iz
85, ) 1 —P(t; u)e kz:; m2(2k + 1)2 + 42 <( ) 2
Lot {M cos m(2k +1)5 N m(2k +1) sin m(2k + 1)ﬁ]> ok
2 2 2 (9.10)
1 > 4k — B+ pt 4k 4+ 1 4 ut
OBt u) = ——— (e‘“‘k [erfc ———— —erfc 7}
G5t 1) = 50 =D wy) kZoo NeT V2t
4k + 3 t 4k + 2 — t
+ eH(1k+2) {erfc kbl L erfc T2 Otp } > (9.11)
V2t V2t
hold.
Proof. We have (as in Lemma 3.2)
PW,(t) < B, T>1
Q(Bst, ) = Wuld) )

P(r >1t)

Then to prove the lemma, we need in expressions for the probability P(W,(t) <
B, T > t). This probability is equal to v(t,0), where v(¢,z) is the solution of the
equation (9.4) with the initial and boundary conditions: v(0,z) = x[1,8)(x), v(t, —1) =
v(t,1) = 0, t > 0 (see the function (2.20), which is the solution of the problem (2.15)-
(2.17) under (2.13)). The following change of variables

u(t,z) = ex Iyt 1) (9.12)
leads to the problem
%:1@ t>0, -1<z<1
ot 20z’ ’ ’

u(0,z) = e’ x119)(x), u(t,—1) =u(t,1) = 0.

Solving this problem analogously to (3.13)-(3.14) and then using (9.12), we get the
statement of the lemma. Lemma 9.3 is proved.

9.2. Simulation of exit time and exit point of Brownian motion with drift
from cube. Let us consider a d-dimensional Brownian motion with drift W,(s) in the
d-dimensional cube C = {z = (2!,...,z%) : |2| <1, i =1,...,d} C R%, and let 7 be
the first-passage time of W,(s), W,(0) = 0, to the boundary 0C' of the cube C.

Lemma 9.4. The distribution function Py(t; u) for T is equal to

d
Pa(t;pn) = P(r <t) = 1= [J(1 = P(t; ), (9.13)
=1
where u*, i =1,...,d, are components of the vector p.

The proof is evident.
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Introduce the random variable s, which takes the value j for w € {w : W}j(r) = £1}.

Lemma 9.5. The conditional probability P(sc = j /1 = 0) is equal to
P'(0;07) IT(1 = P(6; 1))

Plx=3j/T=0)=— hacl i=1,....d (9.14)
;7”(9; ) 11;[-(1 —P(0; 1))

Proof. To prove the lemma, we use two expressions for P(» = j,7 < 0) :

Pl =j,1 < 0) = /0 Pl = j /= 9)dP.(9)

— [ Poe=isr =0y P [[0-PoiuNds,  (@15)
0 i=1 14
and
P(sxx=j,r<0)=P((\(Wi(s)| <1,0< s <7),77 <0)
i£]
- / POIWi(s)| < 1,0 < 5 < ) /9 = ) dPs (9)
0 iz
_ / 1 - P; )P (9; 1) . (9.16)
0 iz

The equality P((,,,;(IW;i(s)] <1,0<s < 17)/7 =9) = [[(1-P(;p")) in (9.16)

i)
is proved similarly to Lemma 4.2. The expressions (9.15) and (9.16) imply (9.14).
Lemma 9.5 is proved.

Lemma 9.6. The following equalities
1

j - e
P(WM(T):]_/%:],TZQ): 62H]_+1. (918)

are true.

Proof. Due to Lemma 9.2 and Remark 9.3, which state the independence of 77 and
W;Z (77), we get

PWi(r)=—-1/%x=j,1=0)=PWi(')=—-1/7 =0)

1

=P(Wi(r’) =-1) = ETRE

The formula (9.18) is obtained analogously. Lemma 9.6 is proved.
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Lemma 9.7 The following equality
P(\Wi(r) < 8/ = j,7 = 0) = [ ] (8% 0, ). (9-19)
] ]
is valid. In particular, the relation (9.19) means that provided s and T been known,
W;(T), i # j, are independent.

Proof. Carrying out reasoning as in Lemma 4.2, we get

p(ﬂ(wg(ﬂ) < B, Wis)| <1, 0<s<7l) /1)
i#£]

=i =P ) - Q8% 77, ),
i£]
whence, doing as in Lemma 4.3, we obtain

P(sxx=j, 7 <0, [ \(Wi(r) < 8)
i#j

= [ TIH0 =P ) - Q850,14 - P (65 7 . (9:20)
O i
We have from (9.16):

dP(x = j, 7 < 0) = | [(1 = P(6; &) - P'(6; ") dO.
i
Then

Plse=j, T <0, \Wir) < )
i#]

= [ POV < 80/ = s =) [J(1 = P31 - (050 do.
0 iz i3] (9.21)

Comparing (9.20) and (9.21), we come to (9.19). Lemma 9.7 is proved.

Let us note that the point (7, W,(7)) belongs to the lateral surface of the unbounded
semi-cylinder [0, 00) x C C R4 with the cubic base C.

Theorem 9.1. (Algorithm for simulating exit point of the space-time
Brownian motion with drift to lateral surface of cylinder with cubic base).

Let 7, 0, v, v',..., ¥4 be independent, uniformly distributed on [0,1] random
variables. A random point (7,§,), distributed as the first exit point (7,W,(7)) of the
process (s, W,(s)) to the lateral surface of the cubic semi-cylinder, is simulated by the
following algorithm:

T =Py (v 1),

where Py (+; 1) is the inverse function to Pa(t; u) with respect to t;
s 18 found as

%:_] Zfi_{e [ozj_l,a]-), _]:1, ,d,
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where

P'(m;07) TT(1 = P(7; 7))

ap =0, 0 = 0 + y i£] :
> P'(r;p) TT(L = P(7; 1))
i=1 I#£i
v 1s found as
1
-1, ve|0, 57—
el e + 1)
V=
1, 7€ [71 1]
7 )
) teLx _"_ 1’ )
and then the components 5;, i=1,...,d, of §, are simulated as
€& = Q). & = QT ), & =
&= QT Tu"“) &= Q7 (v T ),

Proof. The statement of the theorem follows from Lemmas 9.4-9.7.

Corollary 9.1. Let C, = {z = (z%,...,2%) : |zf| <r, i =1,...,d} C R? be the d-
dimensional cube with center at the origin and with edge length equal to 2r. Let 0 be the
first-passage time for the d-dimensional Brownian motion with drift w,(s) = ps+w(s)
to the boundary OC, of the cube C,. Then the point

(é’ u_’u) = (7'273 Tfru)a

where (7,€,,) is simulated by the algorithm for simulating exit point to lateral surface
of cylinder with the cubic base C, has the same distribution as (0, w,(0)).

Proof. We have
W t t W t
W) = Sl
Due to the fact that if W(t) is a Wlener process, then w(t) = rW(t/r?) is also a
Wiener process, we get

walt) = pt + w(t) = W),

Evidently, the point w,(#) belongs to the boundary 8C, of the cube C, and w,(s) €
C, under s € [0,0). Corollary 9.1 is proved.

Remark 9.4. Consider an application of Theorem 9.1 in the case, when the domain
G is bounded, ¢; = oo, and the system (1.1) is autonomous. Then by Corollary 9.1,
we are able to construct the following one-step approximation

Xiz(t+0) =z + o(z)(wu(t +0) — w,(t)),

where 0 is the first passage time of the Brownian motion with drift w,(s) —w,(t), s >,
pu = o (z)b(z), to the boundary of the cube C, C R%.

The approximation X, (¢ + 0) satisfies the equation with frozen coefficients (6.2).
The point (t+0, X;,(t+0)) belongs to the lateral surface of the semi-cylinder [ty, 00) x

@ (r) C R4, where the space parallelepiped co) (z) is obtained from the cube C,
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by the linear transformation o(z) and the shift z. Note that § can take arbitrary large
values with some probability.

The point (¢ + 0, X; (¢t + 0)) approximates in the mean-square sense the point (¢ +
0, X;(t + 0)). Theorems on the local mean-square error, global convergence, and on
an approximation of the exit point of the autonomous diffusion process X (s) from the
domain G can be stated and proved analogously to the corresponding theorems of [25].

Remember that the algorithm of [25] gives only the phase component of the ap-
proximate trajectory (see also Introduction). Using a random walk over boundaries
of small space parallelepipeds, we are able to simulate constructively both phase and
time components of the approximate trajectory.

9.3. Simulation of exit point of the space-time Brownian motion with drift
from space-time parallelepiped with cubic base. Analogously to Section 5, let
us construct an algorithm for simulating the exit point (7(l), W,(7(l)) of the process
(s, W,(s)) from the space-time parallelepiped IT = [0,1) x C C R%*'. The random
variable 7(l) is found as min(7,[), where 7 is the first-passage time of W,(s) to the
boundary 9C' as above.

Theorem 9.2. (Algorithm for simulating exit point of the space-time
Brownian motion with drift from space-time parallelepiped with cubic base).

Let v, 7, 0, v, v', ..., v*! be independent random variables. Let 1 be simulated by
the law

P(=—1) =Pall; n), P(t=1) = 1= Pa(l; p),

and the other random variables be uniformly distributed on [0, 1].

Then a random point (7(1),§,), simulated by the algorithm given below, is distributed
as the exit point (7(1), W,(7(1))).

If the simulated value of v is equal to —1, then the point (7(1),€,) belongs to the
lateral surface of 11, and

(1) = Py (vPa(l; p); p);

s 18 found as

%:] zf%E [Olj_l,O{j), _]: 1, ,d,
where
P'(r(); 1) TT(1 = P(7(1); 1))
ay =0, o = 01 + y i£] ,
;P’(T(Z); ) ll;[_(l = P(r(0); 1))
v is found as
1
1. 7
 PED, )
UV =
L, ve| ! 1];
) v eZM;{ _"_ 1’ )
and the components § =1,...,d, of &, are simulated as
£ = ( (l) ) e = ’1(7"*1;7(!)&"*1),6;‘ =v

& = Q (v, "“),--- ,fd I ONTSF



otherwise, when v = 1, the point (7(1),€,) belongs to the upper base of 11, and
() = I,
& = QM (wlhp"), & =07 (L), 6l =07 (v L ud).

Proof. The statement of the theorem follows from Lemmas 9.4-9.7 and reasoning
similar to that done in the proof of Theorem 5.1.

The following corollary is proved as Corollary 9.1.

Corollary 9.2. Let I1, = [0,1r?) x C, = {(t,z) = (t,z%,...,z?) : 0 <t <Ir? |z*| <
r,i=1,..,d} C R¥! be a space-time parallelepiped. Let  be the first-passage time of
the process (s,w,(s)), s > 0, to the boundary OIl,.Then the point

0,w,) = (r*r(1), &),
where (7(1), &) is simulated by the algorithm for simulating ezit point from the space-
time parallelepiped I1, has the same distribution as (6,w,(0)).

Remark 9.5. Let a be a d-dimensional vector, C, = {z = (z',...,z%) : |2f| <
o', i = 1,..,d} C R? be the d-dimensional parallelepiped, and II, = [0,1) x C, C
R be the corresponding space-time parallelepiped. By the results of Section 3 and
reasoning of this section (see also Remark 4.1), we can prove lemmas, which are similar
to Lemmas 9.4, 9.5, and 9.7, in the case, when 7 is the exit time of the d-dimensional
Wiener process W (s), W(0) = 0, from the parallelepiped C,. Then, it is not difficult to
state the corresponding theorems on algorithms for simulating the exit points (7, W (7))
of the process (s, W(s)), s > 0, both to the lateral surface of the cylinder [0,00) x C,
with parallelepiped base C, and to the boundary of the space-time parallelepiped II,.
Using these theorems, the corresponding one-step approximation can be constructed.
Note that we are also able to write down the distributions for the exit points in the
case when W(0) =z, z #0, z € C,.

10. Numerical examples

The numerical methods proposed in the paper are widely applicable. As it has been
mentioned in Introduction, these methods are the first ones which can constructively
approximate space-time trajectories of a space-time diffusion process. They can be
also applied to solving boundary value problems through a Monte Carlo technique on
a level with the weak methods. Let us underline that the proposed methods give an
estimator for a solution to the Dirichlet problem for parabolic and elliptic equations
with constant coefficients, which does not contain the error of numerical integration.

Here we give three numerical examples. The first and the second examples deal
with solving boundary value problems. The third one essentially uses simulation of
trajectories.

Example 1. Let us consider an application of random walks over touching space-
time parallelepipeds to the Dirichlet problem for parabolic equation (2.1)-(2.3) in the
case when the coefficients are constant. This problem has the probabilistic representa-
tion (2.6)-(2.7), which we use for the Monte Carlo procedure here.

Let (Jx, X)) be a Markov chain which is formed analogously to the one of Section
7 but wandering is realized over touching space-time parallelepipeds (instead of small
space-time parallelepipeds in Section 7) and is finished in the layer I's at a random step
U, where § > 0 is a sufficiently small constant. The equation with frozen coefficients

(6.3), which we are able to simulate exactly, coincides with the equation (2.7), when
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its coefficients are constant. Consequently, the chain (94, X1) coincides with the chain
(9%, X&)- In the considered case, the solution u(¢, z) to the Dirichlet problem (2.1)-(2.3)
under ¢ = 0 and e = 0 is simulated as (see (2.6))

1 M
u(t, z) = a(t, ) Zgo j:ZD/M]l/2
m:l
where
FEE™), 95 € (1 — 6,t1]
(X)) =
g(XS™Y, 85 ¢ (t— 6,1]
-1 —()21M—<>2
D:M;[@(Xﬁ ))] _[M;W(Xﬂ )] )

and M is a number of independent Markov chains (zgim), X’,ﬁm)> ,m=1,...,M.

Because the simulated values (J;, X;) coincide with the points of exact solution
(9%, X&) here, the estimator @(t,z) does not contain the error of numerical integra-
tion (naturally, there are Monte Carlo error depending on M and the error due to
approximation of the boundary conditions depending on 4).

The mean number of steps of the random walk over touching spheres up to the

[
boundary of space domain G is estimated by C'In % (see, e.g., [8, 31] and also [24]),

if G is a convex and [ is its diameter. In our case the value of 7 is also estimated by

I
Cln—.
195

Another Monte Carlo approach, whereby a random walk is made on a maximum
square and the differential Laplace operator is approximated by a difference one, was
proposed in [10].

As an illustration, we take the following parabolic equation in the domain @ =
0,t1) X G, G = {z = (z1,22) : |z1] < 2, |xa| < 1} (this example is similar to one of

[10]):

ou 1
i §Au, t>0, |z <2, || < 1, (10.1)
with the initial and boundary conditions
u(0,z) = 2, (10.2)
u(t,z) lsag= 0, t > 0. (10.3)

TABLE 1. Test results for the boundary value problem (10.1)-(10.3). The
exact solution u(1,0.7,0.4) = 0.4796 (6 = 0.00001).

M |a(1,0.7,0.4) £ 2[D/M]'? | Ev
1000 0.4460 + 0.0527 3.142
4000 0.4780 4 0.0270 3.257

100000 0.4782 4 0.0054 3.272
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By changing of time ¢ = ¢; —s in (10.1)-(10.3), we obtain the corresponding boundary
value problem (like (2.1)-(2.3)) with the initial condition on the upper base.

The results of numerical test are presented in Table 1.

Throughout our tests we use a generator of uniform random numbers from [29].

Example 2. Consider the boundary value problem for biharmonic equation

L*u+ c¢;(z)Lu + cy(z)u = f(z), € G C RY, (10.4)
u o= ¢(z), Lu lac=(z), (10.5)
where L is an operator of elliptic type:
d d
1 g 0? : o}
L=- “ ——— b’ .
2 ”2::1 a”(z) OxtoxI + 12:1: (z) oxt’

and ¢;(z), ca(z), f(z), ¢(z), and 1(z) are some known functions.
Introducing the function v = Lu, we obtain the system of elliptic equations

Lu—v=0, z€G, ulsc= ¢(z), (10.6)

Ly +ci(z)v + co(z)u = f(2), © € G, v |sg= Y(x). (10.7)

Let us give a probabilistic representation of the solution to the problem (10.6)-
(10.7) (the first probabilistic representation for the problem (10.6)-(10.7) in the case
of constant ¢; and ¢y is obtained in [13]). To this end introduce the system of SDE

dX =b(X)ds + o(X) dw(s), (10.8)
dy;
7~ oo
dy:
d—; = Y} + 1 (X)Ys, (10.9)

where w(s) is a standard d-dimensional Wiener process, b(z) is the d-dimensional vector
with the components b*(z) introduced above, Y and Y3 are scalars, and o(z) is a matrix
that is obtained from the equality

a(z) = o(z)o"(z), a(z)={a"(z)}.
Under some conditions on the coefficients of the problem (10.6)-(10.7), its solution
(u(z),v(z)) has the following form (see [17]):

u(e) = B [p(X ()Y (1) + (X (r)V(r)] - B / ()Y (s) ds,

v(2) = B [o(Xu(M)YP (1) + p(Xe ()P (7)| - B / ) () d?io .

where 7 is the first exit time of the process X,(s), X(0) = z, from the domain G,
and (Yl(l), YQ(I)) is the solution of the system (10.9) with the initial data: Yl(l)(O) =1,
Y2(1)(0) =0, and (Yl(l), YQ(I)) has the following initial data: Yl(z)([)) =0, YQ(Z)(O) = 1.
The probabilistic representation (10.8)-(10.10) for the boundary value problem (10.4)-
(10.5) can be used for solving the problem (10.4)-(10.5) by implementation of the ran-
dom walk over small space-time parallelepipeds through the Monte Carlo technique.

If the coeflicients of the elliptic operator L and the scalars ¢;, ¢o, f are constant, we
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can use the random walk over touching space parallelepipeds that gives an estimator,
which is free from the error of numerical integration. Note that in this case the suf-
ficient condition, under which the representation (10.10) is valid, consists in ¢; < 0,
Co 2 0.

As an illustration, consider the following two-dimensional problem in the square
G={z=(z122) : |m1] <1, |za] < 1}:

1
ZAzu =1, z €@, (10.11)
1+zf 1+ z3
U |3G QO(x), QD(-’El, ) 12 ) QO( axZ) 12 )
1 1+ 23 1+ 23
iAu |3G: ¢(x)a ¢(-’L'1, :l:l) = 9 ¢(i1,l’2) = 5
(10.12)
Its exact solution is
4 4 2 2
Tyt T, T+ T
u(z) = LT () = BT
Introducing the function v = %Au as above, we obtain the system of elliptic equations
1
iAu —v=0, z € G, ulsc= p(z) (10.13)
1
EAU =1, z € G, v |sgg= ¥(z). (10.14)

Of course, one can solve the problem (10.13)-(10.14) sequentially: first find the
function v from the problem (10.14) and then u from (10.13). But such an approach
requires the knowledge of the function v in the whole domain G even if one needs the
solution (u,v) only at individual points of the domain G. In the last case, the Monte
Carlo approach is more preferable.

For the system (10.13)-(10.14), the formulas (10.8)-(10.10) acquire the form

w(z) = Bo(z + w(r)) — Blrv(e + w(r)] + %ETZ,

v(z) = EY(z 4+ w(r)) — ET,

where 7 is the first exit time of the process z + w(s) from the domain G.

To simulate the point (7,2 + w(7)), we use the random walk over touching space
squares, which is finished in a d-neighborhood of the boundary G belonging to G.
Remember that we are able to simulate both the exit point and the exit time of the
Wiener process from a square exactly in accordance with Theorem 4.1. Then due to
the same reasons as in Example 1, the corresponding estimator (@, 7) does not contain
the error of numerical integration. The notice on the mean number of steps E7 from
Example 1 is also valid here. Let us underline that the usual method of random walk
over touching spheres in the space domain G cannot be applied to this problem, because
we essentially use the simulation of both the exit point z + w(7) and the exit time 7.

The results of numerical tests are given in Table 2.
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TABLE 2. Test results for the boundary value problem (10.11)-(10.12)

(& = 0.00001).
M|z | 2o | u(z1,22) a(z1, o) v(zy, ) o(xq, x2) Ev
10000 | 0.3 | 0.5 | 0.00588 | 0.0065 + 0.0038 0.17000 | 0.1700 £ 0.0082 | 4.01
100000 0.0058 + 0.0012 0.1700 £ 0.0026 | 3.99
1000000 0.00586 + 0.00039 0.17005 & 0.00082 | 4.00
10000 | 0.7 | 0.8 | 0.05414 | 0.0531 =+ 0.0020 0.56500 | 0.5637 4 0.0061 | 3.98
100000 0.05378 + 0.00061 0.5651 £ 0.0019 | 4.03
1000000 0.05419 +0.00020 0.56536 &+ 0.00062 | 4.00
10000 | 0.9 10.9| 0.10935 | 0.1088 + 0.0010 0.81000 | 0.8070 4 0.0038 | 3.05
100000 0.10918 + 0.00033 0.8096 + 0.0012 | 3.01

Example 3. Let us remind some needed facts concerning the stability analysis of
stochastic equations. Consider the second-order Ito linear autonomous system of SDE

2
dX = AX dt + ) BiX duw(t), (10.15)
i=1
where X is a two-dimensional vector, A and B;, i = 1, 2, are constant 2 X 2 matrices,
w;(t), i = 1,2, are independent standard Wiener processes.

Various characteristic describing asymptotic behavior of solutions of the system
(10.15), such as the Lyapunov exponent, moment Lyapunov exponents, the stabil-
ity index, and some others, are considered in [1, 2, 12] (see also references therein).
The Lyapunov exponent A* of system (10.15) (cf. [12]) is defined as

. .1 .1
A" = tllg}) ;Eln | X.(t)| = tll>rcI>lo p In |X,(¢)| a.s., (10.16)
and the moment Lyapunov exponent g(p) is defined as
1
g(p) :== tlirn ZEIH | X ()P, p € R, (10.17)
—00

where X, (t), t > 0, is a nontrivial solution to system (10.15).

The limits A* and g(p) exist, and they are independent of z, z # 0, in the ergodic
case. The limit g(p) is a convex analytic function of p € R, g(0) = 0, g(p)/p increases
with growing p, and

iy o 9(P)
g'(0) = Il)l_l’)I(l) by A" (10.18)
If A* < 0 then the trivial solution to system (10.15) is a.s. asymptotically stable. It is
well-known and follows from (10.18) that in this case g(p) is negative for all sufficiently
small p > 0, i.e., the solution X = 0 of (10.15) is p-stable for such p. If g(p) — 400 as
p — 400, then the equation

9(p) =0 (10.19)

has the unique root v* > 0, which is known as the stability index.

It is clear that the solution X = 0 of (10.15) is p-stable for 0 < p < 4* and p-
unstable for p > «*. The stability index v* is connected with the asymptotic behavior
of the probability Vs(z) of the exit of X,(t) from the ball |z| < § (see [3]): Vs(z) =
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P{sup;s |Xs(t)| > &}, |x|/6 — 0. It turns out that there exists a constant K > 0 such
that for all 6 > 0 and |z| < § the following inequality takes place:

%(vaa)“ < Vs(z) < K - (|z]/6)". (10.20)

The unstable case, when the equation (10.19) has a negative root v*, is considered
analogously [3].

The stability properties of the system (10.15) can also be characterized by the exit
time 7 of X,(t) from a certain neighborhood of the origin. In [16] the value of Ee #7,
@ > 0, is simulated. By the algorithms proposed in the present paper, we are able to
evaluate the distribution function P(7 < t), which may be a good characteristic for
description of transient behavior related to the system (10.15). Naturally, we are also
able to evaluate functionals on 7, e.g., Fe #.

We take the following particular case of the two-dimensional system (10.15) for our
numerical tests:

dX; = (aX1 + cXa) ds + b1 Xy dw(s) + by Xo dws(s)
dXy = (—cX1 + aX3) ds + by X dwi(s) — be X1 dws(s),

X(0) = X,(0) = z. (10.21)

The function g(p), the Lyapunov exponent A*, and the stability index v* for this
system are equal to (cf. [22]):

1 1
g(p)=p-(a+ 5(63 —b7)) + ipzbf,
* ! ]‘ 2 2
N =g(0)=at (8,

2a + (b3 — b?)
bt

Here we evaluate the distribution function P(7 < t), where 7 is the first exit time

of X,(s) under X(0) = (1,1)T from the square G = {(z1,22) : |zi| < 3,7 =1,2}. To

simulate the system (10.21), we use the random walk over boundaries of small space-

time parallelepipeds constructed in Section 7. The algorithm allows to find 7 (see

Section 8), which is close to 7. The sampling distribution function Py,(t) is calculated
as

*

V= — (10.22)

0, t <7M,
Pu(t) =4 m/M, 79" <t <700,
1, t> 7",
where {7"1(M), . ,T'I(MM)} is a sample point of size M sorting in the ascending order, it

corresponds to the random variable 7.

The sampling function Py,(t) is close to the distribution function P(t) = P(7 < t)
under a sufficiently big M, and P(t) is close to P(t < t) under a sufficiently small
r (remember that r is a distinctive size of the space-time parallelepipeds used in the

algorithm for solving (10.21)). We control the accuracy of our simulations by increasing
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FIGURE 3. The distribution function P(t) for a = —1, ¢ = 1, by = 2,
X(0) = (1,1)7, »r = 0.02, M = 5000, and for various b; : (1) by = 0.1
(A = 0.995, v* = —199), (2) by = 0.6 (\* = 0.82, v* = —4.556), (3)
by =5 (\* = —1.5, v* = 0.6), and (4) b =3 (\* = —3.5, v* = 0.778).

M and decreasing r. We select M and r such that the curves Py (t) are visually almost
identical under larger values of M and smaller values of r.

Figure 3 presents the behavior P(t) = Py (t) under fixed a,c,b,, and various b;.
Increasing of b; leads to stabilization (see formulas (10.22)). It is interesting to note
(see Figure 3) that the probability of the exit of X,(s) from G at small times ¢ under
A* > 0 (unstable case) is lower than the corresponding probability under A* < 0 (stable
case). It may be explained in the following way. The radius p(s) = \/X?(s) + X3(s)
satisfies the following equation

b2
dp = (a+ 5 2)pds + bypdw,(s). (10.23)

Due to the selection of the parameters, the Lyapunov exponent \* is positive (un-
stable case) under relatively small b; and large by. In this case the first term of (10.23)
plays the main role and influence of noise is relatively small. So there is a lag time
before the trajectory X,(s) leaves the domain G. In the stable case our parameters are
such that b, is large and the second term of (10.23) plays an essential role. Then the
trajectory X,(s) can leave the domain G during a small time interval with a rather
large probability.

Figure 4 illustrates the behavior of P(t) under fixed a,c, and \* = a + (b% —b?)/2 for
various values of the stability index v* (see (10.22)). One can see that the probability
of the exit of the trajectory X,(s) from G decreases with increasing of * that is in
accordance with (10.20).

Figures 3 and 4 also demonstrate that in the unstable case the trajectory leaves the
neighborhood of the origin during a finite time interval with the probability equal to 1

(see the curves 1 and 2 on Figure 3). But in the stable case the probability P(7 < oo),
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FIGURE 4. The distribution function P(¢) fora = —1, ¢ = 1, X(0) =
(1, )T, A* = —1.5, M = 5000, and for various v* : (1) v* = 1/3 (b; = 3,
by = 2.828, 1 = 0.02), (2) 7* = 0.6 (by = /5, by = 2, = 0.02), and (3)
v* =2.479 (by = 1.1, by = 0.4683, r = 0.05).

that the trajectory leaves the neighborhood of the origin, is less than 1. It decreases
with decreasing of the Lyapunov exponent A* (see the curves 3 and 4 on Figure 3) and
with increasing of the stability index v* (see Figure 4).
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