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ABSTRACT. The probabilistic approach is used for constructing special layer methods
to solve the Cauchy problem for semilinear parabolic equations with small parameter.
In spite of the probabilistic nature these methods are nevertheless deterministic. The
algorithms are tested by simulating the Burgers equation with small viscosity and the
generalized KPP-equation with a small parameter.
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1. Introduction

Nonlinear partial differential equations (PDE) are usually not susceptible of analytic
solutions and mostly investigated by means of numerical methods. Numerical methods
used for solving PDE are traditionally based on deterministic approaches (see, e.g., [22, 23,
26] and references therein). A class of layer methods intended to solve semilinear parabolic
equations is introduced in [18], where the well-known probabilistic representations of
solutions to linear parabolic equations and the ideas of weak sense numerical integration
of stochastic differential equations (SDE) are used to construct numerical algorithms. In
spite of the probabilistic nature these methods are nevertheless deterministic.

Nonlinear parabolic equations with small parameter arise in a variety of applications
(see, e.g., [2, 4, 8, 11, 25] and references therein). For instance, they are used in gas
dynamics, when one has to take into account small viscosity and small heat conductivity.
Some problems of combustion are described by PDE with small parameter. They also
arise as the result of introducing artificial viscosity in systems of first-order hyperbolic
equations that is one of the popular approaches to numerical solving of inviscid problems
of gas dynamics [20, 24, 29].

Here we construct some layer methods for solving the Cauchy problem for semilinear
parabolic equations with small parameter of the form

ou €2 &u d ) Su
(11) E + 5 Z CL”(t,.’E,’U,) o1 0TI + Z(bl(t,:z:,u) + 8201(taxau))ﬁ + g(t,:z:,u) =0,
ij=1 i=1

tclty,T), z € RY,

(1.2) u(T, z) = p().

The probabilistic representations of the solution to the problem (1.1)-(1.2) are con-
nected with systems of SDE with small noise. Namely for such systems, special weak
approximations are proposed in [19]. Applying these special approximations, we get new
layer methods intended to solve the Cauchy problem (1.1)-(1.2).

As it turned out, if the solution of (1.1)-(1.2) is regular, errors of the proposed methods
have the form of O(h? + €'h?), p > q, 1 > 0, h is a step of time discretization. Owing to
the fact that the accuracy order of such methods is equal to a comparatively small g, the
methods are not too complicated. But due to the large p and the small factor €' at h?,
their errors are fairly low and therefore these methods are highly efficient. The singular
case, when derivatives of the solution go to infinity as € — 0, requires a special theoretical
investigation. For the equations of a particular type, we give the corresponding theoretical
results. As to the equation (1.1) of the general type, we restrict ourselves to the analysis
of the one-step error. Further theoretical investigations should rest on a stability analysis

and on particular properties of the solution. However, we test the methods constructed
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here on model problems for which shock waves are observed. The tests give quite good
results not only in simulations of wave formation, that corresponds to the regular case,
but also in simulations of wave propagation, i.e., in the singular case. The reasons of
these experimental facts and possible ways to get realistic errors of the methods in the
singular case are discussed.

Section 2 gives some results from [18, 19] used in this paper. In Section 3, new implicit
and explicit layer methods for the problem (1.1)-(1.2) are proposed. Some theorems on
their rates of convergence both in the regular and in the singular cases are proved. For
implementation of the layer methods, we need in a space discretization. The numerical
algorithms based on the proposed layer methods and on the linear interpolation are con-
structed in Section 4. For the sake of simplicity in writing, Sections 3 and 4 deal with the
one-dimensional case of the problem (1.1)-(1.2). In Section 5, extensions for the multi-
dimensional case and for a system of reaction-diffusion equations are given. In Sections 6
and 7, we propose layer methods in two particular cases of the problem (1.1)-(1.2). To-
gether with two-layer methods, some three-layer methods are obtained in Section 6. For
constructing a layer method in Section 7, we attract the exact simulation of the Brown-
ian motion [17] instead of the weak simulation used in Sections 2-6 to approximate SDE
arising in the probabilistic representations.

All the numerical algorithms presented in the paper are tested through computer ex-
periments. Some results of numerical tests on the Burgers equation with small viscosity
and on the generalized KPP-equation with a small parameter are given in Section 8.

This paper is devoted to initial value problems. Boundary value problems for nonlinear
parabolic equations with small parameter will be considered in a separate work. The
probability approach to linear boundary value problems is treated in [15, 16, 17].

2. Preliminaries

Here we give, in the required form, some results from [18, 19| which are used in the
next sections.

2.1. Probabilistic approach to constructing numerical methods for semi-
linear PDE. Let the Cauchy problem (1.1)-(1.2) have the unique solution v = u(t, z)
which is sufficiently smooth and satisfies some needed conditions of boundedness (see the
corresponding theoretical results, e.g., in [13, 28]). If we substitute v = u(¢,z) in the
coefficients of (1.1), we obtain a linear parabolic equation with small parameter. The
solution to this linear equation has the following probabilistic representation

(2.1) u(t,z) = BE(9(X10(T)) + Zion(T)), t < T, z € R,

where X;.(s), Ziz.(s), s > t, is the solution to the Cauchy problem for the system of
stochastic differential equations

(2.2) dX = (b(s, X,u(s, X)) + €%c(s, X, u(s, X)))ds
+eo(s, X, u(s, X))dw, X(t) =z,

(2.3) dZ = g(s, X, u(s, X))ds, Z(t) = z.

Here w(s) = (w'(s),...,w?(s))" is a d-dimensional standard Wiener process, b(s, z, u)
and c(s, z, u) are d-dimensional column-vectors compounded from the coefficients b’ (s, z, u
and c'(s,z,u) of (1.1), o(s,z,u) is a d X d-matrix obtained from the equation a(s, z,u) =
o(s,z,u)o"(s,z,u), where a = {a*}; the equation is solvable with respect to o (for in-
stance, by a lower triangular matrix) at least in the case of a positively definite a.
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Note that to simplify the notation we write u(¢,z) instead of u(t,z;e) and X;,.(s)
instead of X7, (s) in the whole paper.

Introduce a discretization, for definiteness the equidistant one:

T=ty>1tn_1 > >ty =1, h = T_to
N

Note that all the methods given in the paper can be easily adapted for a nonequidistant
discretization. For instance, we use a variable discretization step A in some our numerical
tests (see Section 8.1).

Because the right-hand side of the equation (2.3) is independent of Z, we have from
(2.1):

(2.4) u(tr, ) = E(p(Xy0(T)) + Zty20(T))

= E(QD(thH,th,m(tkﬂ)(T)) + Ztk+1thk,m(tk+1)thk,:c,0(tk+1)(T))
= EE(QO(thH,th,m(tkﬂ)(T)) + Ztk+1,th,z(tk+1),Ztk,z,0(tk+1)(T)/th,z(tk-i-l))’ Ztk,T,O(t’H—l))

= E(u(trs1, Xop o(trr1)) + Zog20(trsr))-

In accordance with the probabilistic approach to constructing numerical methods for
semilinear PDE from [18], the ideas of weak sense numerical integration of SDE [12, 14, 21]
are attracted to obtain some approximate relations from (2.2)-(2.4). The relations allow us
to express approximations @(tg, ) of the solution u(ix, z) in terms of @(tx 1, ) recurrently,
i.e., to construct some layer methods which are discrete in the variable ¢ only. To make
clear the approach, it is relevant to derive one of the methods from [18] which is used in
this paper in a broad fashion. For simplicity in writing, we restrict ourselves to the case
d=1.

Applying the explicit weak Euler scheme with the simplest noise simulation [12, 14, 21]
to the system (2.2)-(2.3), we get

(2.5) Xy o(ter1) = Xy, o(tes1) = T + hb(ty, T, u(ty, 7)) + e2he(ty, T, u(ty, T))
+€h1/20'(tk, z, ’U,(tk, .’E))gk,

Zi s (ths1) 2 Zyy gz (tesr) = 2 + hg(t, z, u(ty, )),

where €y 1,&N_2,...,& are i.i.d. random variables with the law P({ = £1) = 1/2.
Using (2.4)-(2.5), we obtain

(2.6) u(te, @) 2 B(u(ter1, Xoo(tra1)) + Zoo0(trs1))

1
= §u(tk+1, z + hb(ty, z, u(ty, z)) + e2he(ty, z, u(ty, ) + eh 20 (ty, z, u(ty, z)))

1
+§u(tk+1, z + hb(ty, z, u(ty, 2)) + e2he(ty, T, u(ty, ) — eh' %o (ty, z, u(ty, z)))

+hg(tka Z, u(tka il?))
Thus, we can calculate the approximations @(ty, z) layerwise:

(2.7) u(tn, z) = ¢(z),

ﬂ(tk, 17) =
3



U(tpsr, T + hb(ty, z, G(te, ) + e2he(ty, T, @(ty, ) + eh 2o (ty, z, @(ty, z)))

= a(tpyr, T + hb(ty, z, a(ty, ) + e2he(ty, z, a(ty, ) — eh 2o (ty, z, a(ty, z)))

[ N Ny

+hg(te, z, u(ty,z)), k=N—1,...,1,0.

The method (2.7) is an implicit layer method for solving the Cauchy problem (1.1)-
(1.2). This method is deterministic though the probabilistic approach is used for its
construction.

Applying the method of simple iteration to (2.7) with @(tx1, ) as a null iteration, we
get the first iteration (we denote it as %(tx, z) again):

(2.8) a(ty,z) = p(z),
ﬂ(tk,x) =
1
= iﬂ(thrl, T+ hb(tk, z, ’l_l,(tk+1, .’E)) + 62hc(tk, Z, ﬂ(tk+1, $)) + 6h1/20'(tk, Z, ﬂ(tk+1, $)))
1
+§_(tk+1, T+ hb(tk, Z, ﬂ(tk+1, .’E)) + €2hc(tk, z, ’l_l,(tk+1, .’E)) - €h1/20'(tk, z, ’l_l,(tk+1, .’E)))

+hg(te, z, @(tri1,z)), k=N—1,...,1,0.

According to the propositions proved in [18], this explicit layer method has the one-step
error estimated by O(h?) and the global error O(h).

Of course, all the results from [18] can be applied to solving the problem with small
parameter (1.1)-(1.2). But since the probabilistic representation of the solution to (1.1)-
(1.2) is connected with the system of differential equations with small noise (2.2)-(2.3),
one can expect that use of weak approximations for SDE with small noise [19] leads to
new effective methods for solving (1.1)-(1.2).

2.2. Some weak approximations for SDE with small noise. Here we recall some
weak approximations for SDE with small noise

(2.9) dX = b(t, X)dt + ’c(t, X)dt +eo(t, X)dw(t), X(t) = z,

t e [to,T], OSEISEJO,

where X, b(t, ), and c(t, z) are d-dimensional column-vectors, o(¢, z) is a d X m-matrix,
w(s) = (w'(t),...,w™(t))" is an m-dimensional standard Wiener process, ¢, is a pos-
itive number. The coeflicients are supposed to satisfy the corresponding conditions of
smoothness and boundedness.

The one-step error p and the global error R of a weak approximation Xj = X, ,(¢;) at
the point (¢, z) are defined as

p=|Ef(Xiu(t +h)) — BEf(Xoa(t+h)),

R = |Ef(Xt,z(T)) — Ef(Xt,a:(T))|a

where f(z) is a function belonging to a sufficiently wide class (see details, e.g., in [12, 14,
21]).
Below we write down a number of weak schemes from [14] and [19] which are used in

the next sections.
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The Euler scheme:
(210) Xk+1 = Xk + h,b(tk, Xk) + €2hc(tk, Xk) + €h1/20'(tk, Xk)fk,

p=O0(*), R=0(h),

where & = (&}, ... ,&") are i.i.d. m-dimensional vectors with i.i.d. components and each
component is distributed by the law P({ = +1) = 1/2.
The Runge-Kutta scheme with error O(h? + €2h):

1 1
(2.11) X1 =Xk + 5hb(ztk,Xk) + 5hb(tkﬂ,X,c + hb(tg, Xi))

+€2hc(tk, Xk) + €h1/20'(tk, Xk)fk,

p = O(R®+€*h?), R = O(h* +€h),

where £ are the same as in (2.10).
The special second-order Runge-Kutta scheme (for SDE with small additive noise, i.e.,
o is a constant matrix; ¢ = 0):

1 1
(2.12)  Xiyr = X+ Shb(tr, Xi) + S hb(te1, Xi + hb(te, Xx) + eh'?0€})) + eh? o0&y,

p=O0(h*), R = O(h?),

where & = (&}, ... ,&") are i.i.d. m-dimensional vectors with i.i.d. components and each
component is distributed by the law P(¢ = 0) = 2/3, P(€ = ++/3) = 1/6.

The special Runge-Kutta scheme with error O(h* + &2h?) (for SDE with small additive
noise, i.e., o is a constant matrix; ¢ = 0):

1
(213) Xk_|_1 :Xk"l_g(kl +2k2+2k3+k4) +€]’L1/20'£k,
kl = hb(tk) Xk)a kZ = hb(tk+1/2) Xk + k1/2))
ks = hb(tyr1/2, Xi + ka/2 + eh?0&y), ks = hb(ty11, Xi + k3 + eh'/?a&y),

p=O(R®+€*h®), R = O(h* +&°h?),

where &, are the same as in (2.12).
Note that in Sections 6 and 7 we also attract some other special weak approximations.

3. Methods for a general semilinear parabolic equation with small
parameter

Here we construct new layer methods for semilinear parabolic equations with small
parameter (1.1)-(1.2) using the probabilistic approach from [18] and applying specific
weak approximations from [19] to the system with small noise (2.2)-(2.3).

3.1. Implicit layer method. For the sake of simplicity in writing, let us consider
the Cauchy problem (1.1)-(1.2) under d =1:
g? 0?2

9 9
(3.1) a—‘t‘ + 5o, u)a—; + (b(t, z,u) + e%(t, z, u))a—z 4 g(t, z,u) = 0,

t€ty,T), z € R,
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(3.2) u(T,z) = p(z).

The probabilistic representation of the solution u(t,z) to this problem has the form
(2.1)-(2.3) with d = 1.

Applying the Runge-Kutta scheme (2.11) to the system (2.2)-(2.3), we get

_ 1 1
(33) th,:c(tk-i-l) ~ th,z(tk—l—l) =+ ihbk + §hb(tk+1, T+ ]’Lbk, U(tk+1, T+ ]’Lbk))
+52hck + Ehl/QO'ké'k,

_ 1 1
Ztk,z,z(tk-i-l) ~ Ztk,z,z(tk-i-l) =2z + Ehgk + ihg(tk+1, T+ hbk, u(tk+1, T+ hbk)),

where by, ¢y, or, and g are the coefficients b,¢,0, and ¢ calculated at the point

(tka Z, u(tka ‘/E))
Using the probabilistic representation (2.4), we obtain

u(ty, z) ~ E(u(tegr, X o(thi1)) + Zoyo0(tir1))

1

= Sulthr1, @ + hbr+ b(te i1, @ + hby, ultirr, @ + hbi)))/2 + e2her + eh'?0y,)
1

+§U(tk+1, T+ h[bk + b(tk+1, T+ hbk, ’u,(tk+1, T+ hbk))]/Q + €2hck - €h1/20k)

1 1
+§hgk + ihg(tkﬂ, T+ hbk, u(tk-}-l; T+ ]’Lbk))

We can approximate u(ty, z) by v(tx, z) found from
(5.0 oty ) =

1 - . 8
= §u(tk+1, T+ h[bk + b(tk+1, T+ h,bk, u(tk+1, T+ hbk))]/2 + 52h5k + 5h:1/26'k)
1 - - .
+§u(tk+1, z + hlbg + b(tes1, T + hby, u(tprr, © + hby))]/2 + €2hé, — eh'/%5y)

1 1 ~ ~
+§h§k + §hg(tk+1, T+ hbk, ’U,(tk+1, T+ hbk)),

where l;k, Crx, Ok, and g are the coefficients b,c,0, and g calculated at the point

(tka Z, v(tka il?))
The corresponding implicit layer method has the form

(3.5) u(tn,z) = p(z),
1 _ _ _
W(te, @) = S8(terr, @ + hfbe + b(tesr, @ + hbe, W(tn i1, 7 + hbi))]/2 + e2hé, + eh'/?ay,)
1 _ _ _
+5@(tks1, @ + hlbe + b(tki1, @ + by, Wts1, @ + hbi))]/2 + e?hey — eh/?5y,)

1 1 - _
+§h§k + §hg(tk+1;$ + hby, @tk i1,z + hbe)), k=N —1,...,0,

where by, @, 61, and g are the coefficients b,¢,0, and ¢ calculated at the point

(tk, Z, ﬂ(tk, .’L'))
6



3.2. Convergence theorem in the regular case. Let us assume that

(i) The coefficients b(¢,z,u) and g(¢,z,u) and their first and second derivatives are
continuous and uniformly bounded, the coefficients ¢(¢, z,u) and o (¢, z,u) and their first
derivatives are continuous and uniformly bounded:

gitiHp i+i+lg

3.6 P70 ok 19 <K 0<itit+l<2

(3.6) somioa =5 lapaman! = StHyHls
ai+j+lc 8i+j+lo.

2iamiaa =& lopapige S K 0<ititis<l

to <t<T, z€R, u, <u<u’,

where —oo < u,, u° < 0o are some constants.
(ii) There exists the only bounded solution u(¢, z) to the problem (3.1)-(3.2) such that

(3.7) Uo < Ux < uft,z) <u* <u’,
where u,, u* are some constants, and there exist the uniformly bounded derivatives:
O tiy
3.8 —| < K,i=0,57=1,2,3,4,:=1,5=0,1,2; 1 =2, 7=0,1;
(38) ot < j ) j
i = 3,j=0; to<t<T, ze R 0<e<e".

Below, in Section 3.4, we consider the singular case, when the condition (3.8) is not
fulfilled.

In Lemma 3.1 and Theorem 3.1 we use the letters K and C' without any index for
various constants which do not depend on h, k, z, €.

Lemma 3.1. Under the assumptions (i) - (ii), the one-step error of the implicit layer
method (3.5) is estimated by O(h® + €2h?), i.e.,

lv(ty, ) — u(ty, z)| < C - (h® +2h?),
where v(ty, z) is found from (3.4), C' does not depend on h, k, z, €.

Proof. Introduce the function
U (V) 1=

1 4 v v

= §u(tk+1, T+ h[bk + b(tk+1, T+ h,bk, u(tk+1, T+ hbk))]/2 + €2hék + 5h1/25’k)
1 v v o

+§U(tk+1, T+ h[bk + b(tk+1, T+ hbk, u(tk+1, T+ hbk))]/2 + €2hék - 5h1/25’k)

1 1 v v
+§h§k + §hg(tk+1, T+ hbk, ’U,(tk+1, T+ hbk)),

where lv)k, ¢k, Ok, and g are the coefficients b, ¢, 0, and g calculated at (i, z,v).
To prove the lemma, we make use of the method of simple iteration. Define the sequence
v (ty, 2) == Uy, (v VD (ty,2)), i=1,2,...,
and take u(ty, z) as a null iteration:
v O (ty, 2) = u(ty, z).
7



Firstly we prove that

(3.9) jv® (t, 2) — v O (g, )| = oD (tr, 2) — u(ty, )| < C - (B + 2h?).
We have
(3.10) vV (ty, ) =

1

= Sulthi1, @+ hbe+ b(te i1, @ + hby, u(teir, @ + hbi))l/2 + e%her + eh?oy)
1

+§U(tk+1, T+ h[bk + b(tk+1, T+ hbk, u(tk+1, T+ hbk))]/2 + €2hck - €h1/20'k)

1 1
+§hgk + §hg(tk+1, T+ hbk, ’U,(tk+1, T+ hbk)),

where b, ¢y, ok, and g are the coefficients b,¢,0, and g calculated at the point
(tk,.’L',’U,(tk,.’L')).
Using the assumptions (i)-(ii), we expand the functions v and g :

u(tk+1, T+ hbk/2 + hb(tk+1, T+ h,bk, u(tk+1, T+ hbk))/2 + €2h,Ck + Sh,l/zo‘k)

ou ou 10b 18b 1 0b du

= u(tg, z) + 5t 5 (brh + iﬁhz + E%bkh2 + E%Ehz
+%%%bkh2 + e2cph + eoph?) + %%hQ + 88;7; - (bxh? & 0, h*/?)
+% - (%s%ih + %biiﬁ + eh'gy - (byh + €2ch))
i%%s%}jhw + O(h® 4 €2h?),
9(tky1, T + hbg, u(trr1, ¢ + hbg)) = gr + %h + %bkh + %%h
+%%bkh + O(h?),

where the derivatives of u are calculated at the point (¢, z), the derivatives of the coeffi-
cients b and g are calculated at the point (¢, z, u(tx, z)), and

(3.11) |O(h* +2h?)| < C - (h* +£2h?), |O(h?*)] < C - k%,
Substituting these expansions in (3.10), we get
ou Ou g2 0%u

’U(l)(tk, .’L') = U(tk, .’L') + h - (E + % . (bk + azck) + 5@0’,‘7 + gk)

_i_lh? (@4_%%_’_%%%4_[) 8211, +%+@%)
9 o2 ' 9tdr  Oudtor  Forot Ot | Ou ot
82u+%%+@%%+b@+@+%%)
otdr ' Ordr  Oudror "oz  Or  Oudr
+O(h® + €%h?).
8
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Then, adding and taking off the appropriate terms of the order O(g2h?) in the above
expression, we obtain

ou Ou e2 0%u
(3.12) v (ty, ) = ulty, z) + h- (5 + 5« (B T %K) + 5507 + i)
0 Ou Ou g2 0%u
Ly 0 0w Ou ?
2 ol ar t s (+EC)+2820 +9)
0,0 0 g2 9?2
4o bkh26 (8—?+8—u (b+e c)+—82;02+g)+0(h3+62h2),

where, after differentiation, all the expressions are calculated at the point (i, z).
Taking into account that u(¢, z) is the solution of the problem (3.1)-(3.2), the relation
(3.12) implies

vV (ty, ) = u(ty, z) + O(R® + 2h?).

The estimate (3.9) is proved.
Clearly, under a sufficiently small A we obtain

Uy < —Ch3(h+¢€) +u, < vV (t,z2) <u* 4+ Ch%(h+¢) <u®, z € R .
Using the assumptions (i)-(ii), we get
[v® (th, 2) — 0O (th, 2)| = Uy o(0 (8, 2)) — Upy o (0 (8, 7))

< Kh|v(1)(tk,:z:) — v(o)(tk,x)|,
whence it follows that
0@ (tg, z) — v (t, 2)| < (1 + Kh) 0O (t, z) — 0O (t, z)).

It is not difficult to show that there exists a sufficiently small A such that the procedure
can be continued infinitely (i.e., uo < v®(t,2) <u°, i =2,3,...) and

[0 (tr, 2) — oD (b, )| < (Kh)" oW (1, ) — v O (b, 2)],

1— (Kh)
(n) () i Gl Lo
|'U (tk’x) v (tk,$)| — 1_Kh

Further, we prove by the usual arguments that there is a unique root of the equation

v(te, ) = Uy, o(v(ts, ))

|U(1)(tkax) o U(O)(tkax)|’ n=123....

such that
(3.13) v(ty, z) — vO (ty, z)| < - Kh|v(1)(tk,x) — 0O (ty, z)|.

Substituting (3.9) in (3.13), we come to the statement of the lemma. Lemma 3.1 is
proved.

Let us prove the following theorem on global convergence.

Theorem 3.1. Under the assumptions (i) - (ii), the global error of the implicit layer
method (3.5) is estimated by O(h? + €%h) :

lu(te, z) — a(ty, z)| < K - (h2 + s2h),

where the constant K does not depend on h, k, z, €.
9



Proof. We follow the proof of the corresponding theorem in [18].
Denote the error of the method (3.5) to the k-th step ( (N — k)-th layer) as

(3.14) R(tg, z) := a(ty, ) — u(ty, x).
Introduce the notation

1 - 1 _ -
X,Ef_)l =+ ihbk + §hb(tk+1, T+ h,bk, ﬂ(tk+1, T+ hbk)) + €2h,ék + 5h1/26k,

where (we remember) by, ¢, and &, are the coefficients b(t, z,u), c(t, z,u), and o(t, z,u)
calculated at ¢t = tx, ¢ = z, u = U(ty, x) = u(ts, z) + R(lx, ).
Using this notation, (3.5), and (3.14), we get

(3.15) u(te, ) + R(t, z) = a(ty, z)

—

5.1 1 _ i
@(thrn, X0) + Salter, X50) + Shge + Shy(tier, @ + hby, A(te i, @ + hby))

N | =
[\

1 1 _ 1 1 _
= §U(tk+1, le:rk)l) + §U(tk+1, X1£+)1) + iR(tk-l-l:XIgi)l) + QR(tk+1:X1£+)1)
1, 1 o _
+§hgk + Ehg(tkﬂ, T+ hbk, ’U,(tk+1, xr + hbk))

Clearly, R(ty,z) = 0. Below we prove recurrently that R(tx,z), k = N —1,...,0, is
sufficiently small under a small h. Using the assumption (3.7), we shall be able to justify
the following suggestion, in which we need now: the value u(ty,z) + R(t, z) remains in
the interval (u,,u°) under h small enough.

We have

l_)k = b(tka Z, ﬂ(tka 117)) = b(tka Z, u(tka .’E) + R(tka iL'))

= b(tk, Z, u(tk, 117)) + Ab = bk + Ab,
where by, := b(tg, z, u(ty, z)) and due to the assumption (i) Ab satisfies the inequality

(3.16) |Ab| < K|R(tg, ).
Analogously,
(3.17) & = ¢ + Ac, |Ac| < K|R(tg, x)|, 6k = or + Ao, |Ac| < K|R(tx, z)|,

gk = gr + Ag, |Ag| < K|R(tk, )|
Using (3.16)-(3.17) and (3.14), we get

1
(3.18) XH =+ 5 (i + AD) +
1 -
+§hb(tk+1, T + hlby + Ab], u(tgr1,x + hlbg + Ab]) + R(tkr1, z + hbg))
+&2h[c, + Ac] £ eht?[oy, + Ao]
1 1 2 1/2
=x+ §hbk + ihb(thrl, T+ hbk, ’U,(tk+1, T+ hbk)) +e€ hck +eh Ok

+h[Ab/2 + €2 Ac] £ eh' 2 Ao + h2A; + hA,
10



and

1 1 _ _
(319) §hgk + §hg(tk+1, T+ hbk, ’l_l,(tk+1, T+ hbk))
1 1
= —hgy + —hA
9 g + 5 Y
1 _
+§hg(tk+1, T + hlby + Ab], u(try1,z + hlby + Ab]) + R(txi1,x + hby))

1 1 1
= ihgk + 5hg(t,cﬂ, T + hbg, u(tyi1, + hbg)) + ihAg + h?A3 + hAy,

where |A;], |As] < K|R(tg, z)| and |Asl, |Ay| < K|R(tgy1, T + hby)|.
1
Substituting (3.18) and (3.19) in (3.15) and expanding the functions iu(tkH,Xﬁ)l), it
is not difficult to obtain:
1 1 _ -
u(tk, .’E) + R(tk, .’E) = U(l)(tk, $) + §R(tk+1, Xk(:ir—)l) + iR(thrl, XIE-}-)I) + T'(tk, $) + T'(tk, $),

where v(\)(t;, z) is defined in (3.10) and
|7 (tx, )| < Kh|R(tey1, T + hb)|, |F(te, z)| < Kh|R(tg,z)|.
Then by (3.9) we get

1 1 _ i
(3.20) Rf(tr,z) = 5 R(tsn, x) + SRt X) + 7t ) + 7(t, ) + O(h® + 2h2).

Introduce the notation

Ry := max |R(t,z)|

—oo<r<+00

We have from (3.20):
RNZO, Rk SRk+1+Kth+Kth+1+C'(h3+62h2), k:N—l,... ,0.

Hence
C 1+ Kh
< —
B ok Gk
and therefore (remember N = (T — ty)/h)

W —1) - (h? +£%h),

C
Ry, < ﬁ(eM(T—to) — 1) - (h® + £%h).
Theorem 3.1 is proved.

Remark 3.1. For linear parabolic equations, i.e., when the coefficients of (3.1) do not
depend on u, the method (3.5) becomes the explicit one with the global error O(h? +&2h)
and can be applied to solving linear parabolic equations with small parameter. Note also
that if the dimension d of the linear problem is high (d > 3 in practice) and it is enough
to find the solution in a few points only, the Monte-Carlo technique is preferable.

3.3. Explicit layer methods. For implementation of the implicit method (3.5), one
can use the method of simple iteration. If we take u(tx;1,2) as a null iteration, in the
case of b(t,z,u) # b(t,z) or g(t,z,u) # g(t,z) the first iteration provides the one-step
error O(h?) only. One can show that applying the second iteration we get O(h® + £2h?)

as the one-step error. However it is possible to reach the same one-step accuracy by some
11



modification of the first iteration that reduces the number of recalculations. The explicit
layer method obtained on this way has the form (we use the same notation (i, z) again)

(3.21) a(ty, z) = (),
by = b(te, z, W(tks1,2)), & = c(tr, , W(tkt1, ), 6k = o(t, x, W(tet1, ),

D (ty, z) = @(teyr, ¢ + hbg) + hg(ty, T, @(tri1, 2)),

1 R .
Uty ®) = SU(tes1, @ + h[b(ts, o, @Y (ty, z)) + b(tegr, © + hbg, @(tyir, z + hby))]/2
+e2héy, + 5h1/26k)
1 R .
+§ﬁ(tk+1, z + h[b(ty, z, 5 (ty, ) + b(tesr, © + hby, G(tpy1, z + hbg))]/2

+€2hék - €h1/26'k)
1 (1) 1 - .
+§hg(tk, z, 0" (tg, x)) + §hg(tk+1, T + hby, U(try1, T + hbg)),

k=N-—1,...,0.

The following theorem can be proved by the arguments like that in Lemma 3.1 and
Theorem 3.1.

Theorem 3.2. Under the assumptions (i) - (ii), the global error of the explicit layer
method (3.21) is estimated by O(h* + €2h) :

lu(ty, ©) — @(ty, )] < K - (h? + €%h),
where the constant K does not depend on h, k, z, €.

Remark 3.2. Naturally, we can take other (more accurate than we use above) weak
approximations of SDE with small noise [19] to construct the corresponding high-order
(with respect to h and €) methods for the problem (3.1)-(3.2). In Section 6 we give
high-order methods in some particular cases of the equation (3.1).

3.4. Singular case. The estimates of errors for the methods proposed in this section
(Theorems 3.1 and 3.2) are obtained provided the bounds of derivatives of the solution to
the considered problems are uniform with respect to z € R%, t € [ty,T], and 0 < ¢ < &*
(see (3.8)). This assumption is ensured, e.g., in the following case. Consider the first-order
partial differential equation, obtained from (3.1) under e =0 :

ou® ou’

(3.22) i b(t, z, uo)a +g(t,z,u’) =0, t €[ty, T), = € R,

(3.23) u (T, z) = ¢(z).

If the coefficients of the equation (3.22) and the initial condition (3.23) are such that
the solution u°(t, z), = € R!, is sufficiently smooth under ¢, < ¢ < T, then the derivatives
of the solution u(t, z) to (3.1)-(3.2) can be uniformly bounded with respect to 0 < e < &*
under t € [to,T] (see [7, 27]). Note that it is generally not enough to assume that the
coefficients of (3.22) and the initial condition ¢(z) are bounded and smooth functions to

ensure the regular behavior of u°(¢,z) at any ¢ < T [7].
12



A lot of physical phenomena (e.g., formation and propagation of shock waves) having
singular behavior is described by equations with small parameter. The derivatives of their
solutions go to infinity as € — 0 and, rigorously speaking, the results of Theorems 3.1 and
3.2 become inapplicable.

After change of variables t = €2/, x = ¢?z’, the problem (3.1)-(3.2) is rewritten for
v(t', ') := u(e®t’,e?z’) in the form:

2
(3.24) % + %UZ(szt', e’r, v)% + (b(e*t', €22’ ,v) + (e, %2, v))%

+eg(e®t, %2, v) =0, ' € [ty/e?, T/e?), 2’ € R, 0 < e < ¢€¥,

(3.25) v(T /e, z') = p(ex’).

If the assumptions like (ii) take place for the solution v(t',z') to (3.24)-(3.25) (we pay
attention that the problem (3.24)-(3.25) is considered on long time intervals), then the
derivatives of the solution u(¢, z) to (3.1)-(3.2) are estimated as:

Oty K ;
|8ti8xj| = g2(i+5)’ €l

These bounds are natural ones for the problem (3.1)-(3.2) in the singular case.

If one followed the arguments of Lemma 3.1 and Theorem 3.1 in the singular case
(i.e., taking the assumptions (i), (3.7), (3.26) instead of (i)-(ii)), the estimate of the form

K h
6—2(€K(T_t0)/62 — 1) would be obtained for the proposed methods. Due to the big factor
£

1/€? in the exponent, this estimate is meaningless for practical purposes. Our numerical
tests (see Section 8.1) demonstrate that the proposed methods possess essentially better
quality than it can be predicted by this estimate. Apparently, the methods work fairly
good in the singular case because the derivatives are large only in a small domain known as
internal layer (see, e.g., [8]) that is attributable to the majority of interesting applications.
The further theoretical investigation, to prove a realistic estimate for the errors of the
proposed methods, should rest on a stability analysis and on more extensive properties
of the considered solution. Recently, the similar problem for finite elements methods is
considered in a few papers (see [3] and references therein).

(3.26) to, T], T € R', 0 <e <¢&*.

However, in some particular, but important, singular cases of the problem (3.1)-(3.2)
we get reasonable estimates (without 1/€? in the exponent) for the errors of the proposed
methods by the arguments of Lemma 3.1 and Theorem 3.1.

Theorem 3.3. Assume the coefficients b and o in (3.1) be independent of u. Let the
i+j

conditions (i) and (3.7) fulfill and the derivatives |8t'8uj l,i=0,=1,2,3,4,i=1,j =
'or
0,1,2;¢ = 2,7 =0,1; 4 = 3,7 = 0, satisfy (3.26). Then under a sufficiently small h/e?,
the global error of the explicit layer method (3.21) is estimated as
K h
lu(te, z) — @(ty, z)| < HE(GK(T_“)) - 1),
where the constants C' and K do not depend on h,k,x,¢€.
Proof. Denote the one-step approximation of u(tx,z) corresponding to the method
(3.21) as v(tx, ). By the arguments of Lemma 3.1, we get
(3.27) u(ty, z) — v(ty, ) = e2h*Cy(t, T; €, h) + h*Cy(ty, x;€, h).
13



Here C(tx, z; €, h) has the form

ol ze h) — L Qe dudu _dcou  Ou |\ OPu | dcdu e du,
Wk 5 B = 0N ou ot 0 Ot O OxOot 0z? Oz Oz ou Oz

Ry e

do 8%u 0o 8%u  o? B%u o?8u  dg, Ou o2 0%u

o oo 2w T 34\ T 2 am2

dc Ou Ou .. 0% . 0%u e?_ , 8% e? _, 0%u
o ™) g g I+ B )e G g Brei g 5 6 g e
ok 2h1/2 e\ OBu o o h'/? Pu o
o — — 9¢hl/? _ IR %
+ 4 (Uk c bk eh ck)axgat(ganf) 4 ¢ Orot? (ga 777)
ok 2h1/2 ey OBu o ox h'/? Pu o
il 2¢hl/? R T T (EH
R (o + £ bi +2¢h ck)8x28t(£’n+) Ty g Orot? &)
0} €0k 1/ o Ot E0k | 11/ o Ot
ﬁ((j —h (b +€ Ck))@(&??—) + (T +h (b +€ Ck))@(&m)),
where the index k£ means calculation at (¢, z), é& = c(tk, z,u(trs1,2)), ¢ is a point

between u(ty, z) and u(tyy1,), tp < £,6,& < tpi1, and f.,M+, Ny are points between z
and © + Lhb, + 3hb(tes1, © + hby) 4 €2héy, £ eh'2oy.
It is not difficult to write down the corresponding expression for Cs(tx, z; €, h) as well.
Due to the assumptions (i), (3.7), (3.26), we obtain

C C
(3.28) |Ci(t, 56, h)| < o5 |Ca(tk, T5¢,h)| < =6
Under a sufficiently small h/e? the one-step error of the method (3.21) is estimated as
h2
|u’(tk7 1') - U(tk) .’E)| S 08_4

By the arguments of Theorem 3.1, it is not difficult to get the following analog of (3.20):

1 1 _
(3.29)  R(ty,z) = 5R(t,m,x,gﬁl) + ER(tk+1,X,§+)1) + 7ty ©) + e2R2Cy (t, 73 €, B)
+h3C2(tka I€, h’)a

1 1
X =+ 5Bt @)+ Shb(te i1, @ + hb(t, @) + e*he(te, o, Ut ) £ eh %o (ty, z),

7 (tk, 7)| < KhRgya,
where

Biw = pmax, Wik, o))
(Unlike (3.20) the formula (3.29) does not contain 7(t;,z) because the method (3.21)
is explicit.)
From (3.29) and (3.28) we obtain the statement of the theorem by the usual arguments.

Theorem 3.3 is proved.
14



In a lot of applications (e.g., in shock waves) the derivatives are significant only in a
small interval (internal layer) (z.(t), z*(t)) with the width |z, (t) — z* ()| ~ €2 :

O tiy, K

(3.30) |8ti8xf| < ) t € [to, T], z € (z.(t),z*(t)), 0 < e < €,
and
Jitiy,
(3.31) |8ti8xf| <K, t€ty,T], ¢ (z.(t),z*(t)), 0 <e < e,
O tiy,
/ |8tiaxj|d:1:§K,i+j7é0,t€[t0,T],0<s§€*.

o (z.(t),z* (t))
Theorem 3.4. Assume the coefficients b and o in (3.1) be independent of u. Let the

i+

conditions (i) and (3.7) fulfill and the derivatives |8t'8uj ,1=0,7=1,2,3,4,i=1,5 =
tor

0,1,2;4 =2, =0,1; ¢ = 3,57 = 0, satisfy (3.30) and (3.31). Then under a sufficiently

small h/e?, the global error of the explicit layer method (3.21) is estimated in [*-norm as

K h
(3.32) / ultn,2) — altx, D)o < 5 (0 1),
Rl

g2

where the constants C' and K do not depend on h,k,x,¢c.

Proof. Introduce the notation
Fy := |R(tg, z)|dz.
Rl
We have from (3.29):
Fr, < Fyy1+ KhFyp —I—/ 1eh?Cy (L, T; €, h) + h*Cy(ty, T; €, h)|dz.
Rl
Due to the assumptions (i), (3.7), (3.30) (cf. (3.28))
C C
|Cl(tk,.’L';E, h)| < g: |02(tk,.’L';E, h)| < g for z € (.’E*(tk),.’L‘*(tk)),
and due to (i), (3.7), (3.31)
/ 1eh2C1 (ty, T; €, h) + h*Cy(ty, T;€, h)|dx < C - (e°h® + R®).
o (z+ (tr) 2" (t))
, h
Therefore, under a sufficiently small —
€

h2
Fy < Fyy1 + KhFpq + Cg,

whence (3.32) follows. Theorem 3.4 is proved.

The analogous theorems for the more simple method (2.8) give the same estimates of
its error. However, in our experiments the layer method (3.21) gives better results than
(2.8). To show the advantages of the method (3.21) in the singular case theoretically,
further investigation is required. Seemingly, a more accurate analysis of the error of the
method (3.21) should rest on more extensive properties of the solution u(¢, z).

See also Section 7 and Remarks 6.1 and 8.1, where in the singular situation we give
reasonable estimates of the errors for some other particular cases of the problem (3.1)-
(3.2).
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4. Numerical algorithms based on interpolation

To calculate u(ty, z) ~ @(tx, z) at a certain point z by one of the above written explicit
layer methods, one can use the recursive procedure. But it is evident that if the number of
steps N = (T —tp)/h is relatively large, the recursive procedure is practically unrealizable
due to a huge volume of needed calculations. In [18] another way is proposed, which is
based on a discretization in the variable z and on an interpolation of @(t, z).

Introduce an equidistant space discretization: {z; = zo + jh,, j = 0,£1,£2,...},
zo € RY, h, is a sufficiently small positive number.

While it does not lead to any misunderstanding, we use the old notation @, @
for new values here.

D, etc.

Theorem 4.1. Under the assumptions (i)-(i7), the numerical algorithm based on the ez-
plicit method (3.21) and on the linear interpolation:

(4.1) i(tw, ) = p(z),
bij = bk, j, Wth i1, 25)), Erg = clbe, T, Wltei1, 5)), Grj = 0(tk, T, Wltas1, 75)),
@M (tr, ©7) = A(tki1, T + hbry) + hg(te, ©j, Wtki, ;)
u(t, z;) =
= %a(tkﬂ, z; + h[b(tg, z;, @V (tk, 7)) + b(tesr, T + hbyj, Wltkr1, zj + Bbg;))]/2
+e%heéy,j + eh'?64 )

+ ﬂ(tk+1, Z; + h[b(tk, Zj, ﬂ(l)(tk, $])) + b(tk+1, I + hj)k’j, ﬂ(tk+1, I + hi)k’]))]/Q

1
2
+62hék’j — shl/z&k,j)

1 1 “ N
+§hg(tk, .’L'j, ﬂ(l)(tk, .’13])) + §hg(tk+1, .’L'j + hbk’j, ﬂ(tk-}-l; .’13]' + hbk’j)),

T — X r —T;
ﬂ(tk,.’l?) = %ﬂ(tk,$]‘)+ h ]ﬂ(tk,$j+1), T <T<Tjy,
j=0,+1,+2,..., k=N—-1,...,0,

has the global error estimated by O(h® + €2h) if the value of h, is selected as h, =
amin(h®/2,eh), where o is a positive constant.

Proof. Here we follow the proof of the corresponding theorem in [18].
Introduce the notation

1 1 - -
Xlgf-)l,j =z;+ §hb(tk, zj, ﬂ(l)(tk, .’E])) + ihb(thrl, Tj+ hbk’j, ﬂ(tk+1, Tj+ hbk’j))

274 1/2~
+e“hey j L eh/“oy ;.

Just as in Theorem 3.1 for the implicit method (3.5), it is possible to obtain the ex-
pression like (3.20) for the algorithm (4.1) at the nodes z;:

1 1 _
R(ti, 7;) = 5 Rt X&)+ S Bltrin, X{0) +r(te,z;) + O(h® + €2h?),
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|T(tk,.’13j)| S Kth+1,
where

Rysr = max  [R(tes1, 2)]

(unlike (3.20) this formula does not contain (¢, z;) because the algorithm (4.1) is explicit
and, for instance, Ab satisfies the inequality |Ab| < K|R(tg+1,%;)])-
Hence

(4.2) |R(tx, ;)| < Rpr1 + KhRyyy + C - (B + €2Rh?).
We have
43)  ultez) = Tt 1) + Sty j41) + O(h2), ;< @ < Tj41,

he hy

where the interpolation error O(h2) satisfies the inequality |O(h2)| < Ch2 with C inde-
pendent of h, k, h,, j, z, €.
From the last relation of (4.1) and from (4.3), we get

Rty z) = Z " T Rty ;) + LT

5 3 R(tk,fl?j+1) + O(hi), T; < T < Tjy1,

whence due to (4.2):
|R(tg, )| < Riy1 + KhRy 1 + C - (R® + €2h* + h2)

with a new constant C.
As h, = amin(h®?,ch), we obtain from here the statement of the theorem by the usual
arguments. Theorem 4.1 is proved.

Remark 4.1. The way of proving Theorem 4.1 gives us the restriction on the type of
interpolation procedure, which we can use for constructing the numerical algorithm. The
restriction is such that the sum of absolute values of the coefficients staying at @(¢, ) in
the interpolation procedure must be not greater than 1. We can make use of B-splines of
the order O(h?2) for which this restriction takes place. The cubic interpolation of the order
O(h?) does not satisfy the restriction. However, our numerical tests give good results in
the case of the algorithm based on the cubic interpolation. See also Section 8.1 and some
details and theoretical explanations in [18§].

Remark 4.2. One can use a nonequidistant space discretization. For instance, one can
take small h, in the intervals of z, where derivatives of the solution are big, and take
relatively large h, outside these intervals.

5. Extensions to multi-dimensional case and to reaction-diffusion
systems with small parameter

It is easy to generalize the proposed here algorithms to the multi-dimensional case
(d > 1). For instance, consider the algorithm like (4.1) in the case of d = 2. Introduce
the equidistant space discretization: zj = x§ + jhg1, &7 = z3 + lhe2, j,0 = 0,£1,£2,...,
(z},2})" € R%, hy = o'min(h*?,eh), i = 1,2, o' are positive constants. The algorithm
with the global error O(h? + £%h) has the form

(5.1) a(ty,z', %) = (2!, z?),

b jg = b(ts, 25,27, UW(tkr1, 5, 27)), Grju = clbe, 5, @7, U(tki1, 75, 77)),
17



Okj1 = 0(lk, 17}, 7, Wtpr1, 17}, z7)),
a® (ty, z}, 2}) = A(thsr, 5 + hbi gy, @f + WL 1) + hg(te, 25, 27, A(tksr, 75, 27)),
~ 1
(X;Jrl,jl’ XI%+1 s l) (x;a xZQ)T + ihb(tk’ .’E xl ) ( )(tk’ Z; xlz))
+5 hb(tk+1, 17 + h'bk i 7 + h’i)i,j,l, U(tri1, 17:][ + h'l;i,j,l’ 7 + hj)i,j,l)) + &°hégj1,

a(tka .’E}, xlz) =

1_
::Zu@hH,XkH],+sh”%%Jl+ah”2k]bXﬁH]l+€h”%m],+sh”2kjﬂ
1 -
T U(thi1, Xy gy — eh'?00, + eh' 637 ), X1y, — eh' P67y, + eh' 263%)
1_ 1/2 1 1/2 1/2; 125
+Z (tk+1’Xk+1]l+€h’ Uk] Eh/ O-k]th—I—l]l—i_Eh gh/ ,],l)
1 .
+Z_(tk+17X]1+1,]l 5h1/2 11 Ehl/?gk]l7XZ+1,]l 5h1/2 21 — ch'?6 ,]l)
1 e 2
+§hg(tkax xl’ (tkax xl))
+= hg(tkﬂ, 17] + hbk] LT+ hj)i,j,la U(tri1, 17:][ + hi’i,j,z, z7 + hj)i,j,l))a
1 1 .2 2 1 1
_ 1 ooy Tipa— T Ty — X7 1 2 Tiy1— L 17_-'1"1
u(tk’x z ) - hxl ) h$2 u(tk’xj)xl) + hxl h,z.2 (tk’x]’xl—l—l)
et — 2t 2?2 | — x? ot —zt 22— g?
_ I -
+ — i +h : u(tk,x}ﬂ,x?)—i— — i — u(tk,x}Jrl,:I:lZJrl),

z; <zt <wj,, 7 <o’ <ajy, 5 l=0,£1,£2,...,

k=N-—-1,...,0.

The proposed methods are applicable to the Cauchy problem for systems of reaction-
diffusion equations with small parameter as well. For instance, in the case of the following
system (we take d = 1 for simplicity in writing)

Ou, & 0%u

ou
2
(5.2) - T 3% 2(t, T, u) 8x2q + (by(t, z,u) + ¢,y (t, z, u))a—; + g,(t, z,u) =0,

tefty,T), zc R, q=1,...n, u:= (u1,...,u,),
uq(T’ x) = (,Dq(.’l?),
the method like (3.21) has the form:

(53) ﬂq(tNa .’E) = QDq(fE),
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Eq,k = bq(tk’ L, ﬂ(tk-l-l: .’L‘)), éq,k = cq(tk’ L, ﬂ(tk-l-l: .’L‘)), &q,k = Uq(tk7 Z, a(tk-l-l: .’L‘)),

ﬂgl)(tk, $) = ’l_l,i(thrl, xr + hj)z’k) + hgi(tk, Z, ﬂ(tk+1, .’E)), 1= 1, o, N,
1
ﬂq(tk, .’13) = §ﬂq(tk+1, T+ h[bq(tk, z, ﬂ(l)(tk, .’L'))
by (trr1, T 4 hbgg, Wtkir, T + hby1))]/2 + €2hégp + eh?G,1)

Tg(tesr, 4 h[by(tr, z, @V (tr, )

!
2

+bq(tk+1, T+ hi)q,k, ﬂ(tk-i—l; T+ hi)q,k))]/2 + EQhéq’k - Ehl/QOA'q’k)

1 1 ) .
+5 g (b, @, a (ty, z)) + 5h9a(ts1, @ + hby, Wt i1, @ + hbg ),

qg=1,...,n, k=N—-1,...,0.

It is easy to write down the corresponding algorithm like (4.1) on the base of this
method.

See [18] to obtain such methods and algorithms for another type of reaction-diffusion
systems.

6. High-order methods for semilinear equation with small
constant diffusion and zero advection

Here we restrict ourselves to the case of d = 1 for simplicity in writing again.
Consider the Cauchy problem

o, 2
ot 2 Ox?
(6.2) u(T,z) = p(z).

We assume that the coefficient g(¢, z,u) is a uniformly bounded and sufficiently smooth
function and conditions like (ii) from Section 3 are fulfilled for the solution w(t,z) to
(6.1)-(6.2). Note, to construct high-order methods we need in uniform boundedness of
derivatives of u(¢,z) with higher orders than in the assumption (3.8). To realize the
methods of this section, we can avoid any interpolation. It occurs so because under
oc=1,b=0,c=0 we are able to choose the special space discretization. The methods
of this section are tested by simulation of the generalized KPP-equation with a small
parameter (see Section 8.2).

The probabilistic representation of the solution to (6.1)-(6.2) has the form (see (2.1)-

(2.3))

(6.1) +g(t,z,u)=0,t € [t,T), r € R,

(6.3) u(t,z) = E(p(Xi2(T)) + Zi20(T)),
where X, .(s), Ziz.(s), s > t, satisfies the system
(6.4) dX = edw(s), X(t) ==z,

dZ = g(s,X,u(s, X))ds, Z(t) = .

Note that the system (6.4) is a system of differential equations with small additive

noise.
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6.1. Two-layer methods. For completeness of presentation, let us write down the
layer methods (2.8) and (3.21) and the second-order layer method from [18] in the case
of the problem (6.1)-(6.2).

The ezplicit layer method with error O(h) (2.8) has the form

(6.5) u(tn, ;) = p(z)),
_ 1 1/2 1 1/2 _
’U,(tk,.’l?j) = iu(tk+1,$]‘ +¢eh ) + §U(tk+1,$]‘ —¢ch ) +hg(tk+1,xj,u(tk+1,xj)),

z; =z +jeh? j=0,£1,42,... k=N —1,...,0.

Note that it coincides with the well-known finite-difference scheme under the special
relation of time and space steps (h, = sh:p) in the scheme.

In the case of the problem (6.1)-(6.2) the explicit layer method (3.21) with error O(h?+
e?h) takes the form

(6.6) u(ty, z;) = e(z;),

@M (t, z;) = @(trsr, T5) + hg(te, T, @(tei1, 7)),

[t

ﬂ(tk, .’Ej) = ﬂ(tk+1, Tj+ €h1/2) + —ﬂ(tk+1, T; — €h1/2)

1
2

N

1
+§h[g(tka ZLj, ﬂ(l)(tka .’E])) + g(tk+1’ Lj, a(thrla .’E]‘))],

z; =z +jeht? j=0,£1,42,... k=N —1,...,0.

Using the second-order Runge-Kutta scheme (2.12), the implicit second-order layer
method for the semi-linear parabolic equation with constant diffusion is constructed in
[18]. In the case of the problem (6.1)-(6.2) the implicit layer method with error O(h?) has
the form

(6.7) u(tn, ;) = p(z)),
_ 1 1/2 2_ 1 1/2
’U,(tk, .’13]') = Eu(tk“, I + \/gé‘h ) + gu(tkﬂ, .’L'j) + gu(tkﬂ, Ty — \/§Eh )

h h
+§g(tka Ty, a(tka .’E])) + gg(thrla Zj, ﬂ(thrla $]))

h
=gtk 7 + V3eh'? U(tyyr, z; + V3eh'/?))

12
h /2 = 1/2
+Eg(tk+1axj —V/3¢h y U(tgs1, T — V/3eh ),
z; = zo+ jV3eh'? j=0,+1,42,..., k=N —1,N—2,... 0.

To solve the algebraic equations obtained at each step of the method (6.7), one can use

the Newton method or the method of simple iteration.
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Remark 6.1. In the singular case the natural bounds for derivatives of the solution to
(6.1)-(6.2) have the form

Oty K L .
8ti8xj|§§’ te€ty, T], ze R, 0 <e<ce".

These bounds are obtained after the following change of variables: t = ', x = &z’ (cf.
Section 3.4).

By the same arguments as in Theorem 3.3 one can prove under (6.8) that the errors of
both methods (6.5) and (6.6) are estimated as

lu(te, z) — w(ty, )| < Kh,

(6.8) |

where the constant K does not depend on z, k, h, €.

Nevertheless, the method (6.6) gives better results than (6.5) in our experiments. One
can explain this by the fact that the constant K of (6.6) is essentially less than the K of
(6.5).

Under (6.8) the error of the method (6.7) remains O(h?).

Note that in Section 8.2 we present results of testing these methods (instead of (6.5) we
use some its modification) on the equation, the coefficient g of which depends on ¢, and
the derivatives of its solution have other bounds than (6.8) (see Remark 8.1 and other
details in Section 8.2).

6.2. Three-layer methods. Here we obtain two three-layer methods. Their one-
step errors can be estimated by the same arguments as in Lemma 3.1. We do not prove
their convergence that requires stability analysis of multi-layer methods. We test these
methods in our experiments and they give fairly good results.

To calculate @(tx,1, ) by a three-layer method, two previous layers are used. So, to
start simulations we should know @(¢y,z) and @(¢tx_1,z). To simulate @(ty_1, z) one can
use, e.g., the two-layer method (6.7) under a sufficiently small step. Below we consider
this layer to be known and denote

¢($) = ’a’(tN—la .’E)
Apply the special Runge-Kutta scheme (2.13) to approximate (6.4):
(6.9) Xty (tis1) = th,z(tk+1) =+ 5h1/2§k,

_ h

Ztk,q:,z(tk+1) = Ztk,z,z(thrl) =z+ E(g(tka z, u(tka .’E)) + 29(tk+1/2a zr, u(tk+1/2’ .’E))
+2g(tk+1/2a T+ Shl/zgk) u(tk—i—l/Z) T+ Shl/zgk))
+g(tk+17 T+ 5h1/2£k7 u(tk-l-la z + €h1/2§k)))7

where £ are i.i.d. variables with the law P(¢£ = 0) = 2/3, P(¢ = £v/3) = 1/6.
The implicit method with the one-step error O(h® + £2h®) has the form (to get the
method we use the scheme (6.9) with the time step 2h)

(6.10) Uty zj) = ¢(z;), @ty 1,25) = ¥(z5),

[\

1

ﬂ(tk, x]-) = _(tk+2, I + \/ESh,l/z) + —ﬂ(tk+2, .’Ej) + —ﬂ(tk+2, r; — \/éé‘hl/Z)

w
@}

10h
9(te, Tj, a(ty, z;)) + Tg(tk-l-la T, U(thi1, T5))

21

+

w | > | =



h
+§g(tk+1, I + \/ESh,l/z, ’l_l,(thrl, Z; + \/ESh,l/z))
h 1/2 -~ 1/2
+§g(tk+1, r; — X/EEh, ,’u,(tk+1, Tr; — \/éé‘h, ))

h 2h
+Eg(tk+2, zj + V6eh'/? 4(ty s, z; + V6eh'/?)) + Kg(tkw, T, Wtk i2, T5))

h
+1_89(tk+2’ Zj— \/EShl/Z, U(tpio, Tj — \/éehl/Z)),

z; = o+ jV6eh'? j=0,41,42,..., k=N—-2,N—3,...,0.

Let us look at the stability properties of this method in the simple case when u and
g in (6.1) do not depend on z, i.e., apply the method (6.10) to the ordinary differential
equation

(6.11) Cfi—ztt +g(t,u) =0, t<T, u(T)= .

Recall (see, e.g., [10]) that a linear n-step method for (6.11)
Qnti + O 1Ukt1 + 0+ QUkin = B (Bage + -+ + BoGk+n),

gi = g(ti,ui), an #0, |ag| +[Bo| >0,
is zero-stable (D-stable) if the generating polynomial
(6.12) A A"+ oy A" 4 ay=0

satisfies the root condition: the roots of (6.12) lie on or within the unit circle, and the
roots on the unit circle are simple.

In the case of (6.11) the method (6.10) coincides with the Milne two-step method which
is of the order O(h*) and is zero-stable. Its generating polynomial has two roots: 1 and
—1. As is known [10], the root —1 can be dangerous for some differential equations.
The method (6.10) has unstable behavior in our numerical tests on the generalized KPP-
equation with a small parameter (8.11)-(8.13) (Section 8.2). One can see that the method
(6.10) does not preserve the property u < 1 of the problem (8.11)-(8.13) that leads to
an unstable behavior of the approximate solutions. We modify the method (6.10) in the
experiments: if @(tx, ;) > 1, we put @(tx,z;) = 1. Because locally, at one step, the aris-
ing difference 0 < (tx, z;) — 1 is not greater than the one-step error of this method, this
modification does not change the one-step accuracy order of the method. The modified
method turned out to be fairly good in applying to the generalized KPP-equation. How-
ever, the modification is based on the knowledge of the properties of the solution and
it may be difficult to find such a modification for another problem. Fortunately, we are
able to approximate the system (6.4) by another weak scheme and obtain a method for
(6.1)-(6.2) with better stability properties in the sense considered above (see the method
(6.13) below) but with the one-step error of lower order. To reach both the same one-
step accuracy O(h® + €2h3) and the better stability properties is possible by a four-layer
method.

Approximate (6.4) by the special scheme with one-step order O(h* + £2h3) :

Xy (tir1) =~ X a(tiin) = @ + b2,
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_ h
Ztk,q:,z(tk+1) =~ Ztk,q:,z(tk+1) =z+ E(5g(tka z, u(tka iL')) + g(tk+la z, u(tk+1a iL'))

+79(tksr, T + b6, ulty i1, © + eh'/?&))

—9(tgs2, T+ eh'/%¢, U(tpro, T + 5h1/2§k))),

where & are i.i.d. variables with the law P(¢ = 0) = 2/3, P(¢ = £v/3) = 1/6.
The three-layer implicit method with one-step error O(h* + £2h?) has the form

(6.13) u(tn, zj) = ¢(zj), wtn-1,2;) = ¥(z)),
_ 1 V3ehl/2 2 1 V3R
U(tk, .’13]') = Eu(tk“, I + 3eh ) + gu(tk_H, .’L'j) + Eu(tkﬂ, Tr; — 3eh )
5h 17h
+Eg(tka Zj, ﬂ(tka .’E])) + %g(tlﬂﬂa Zj, a(tk+1a .’E]))
7h V3eht? @ V3ehl/?
+5g(tk+1,$]‘ + 3eh ,U(tk+1,.’13j+ 3eh ))
7h V3eht? 7 V3ehl/?
—‘l_ﬁg(tk_'_l, z; — V3eh'? a(tyy1, z; — V3eh''?))

h
_ﬁg(tk”’ z; + V3eh?, A(tyra, z; + V3eh'/?))

h
(thy2, 5, Wtry2, ©5)) — 75 g(teya, @ — V3eh'2, U(tyy2, m; — V3eh'?)),

189 72

z; =z + jV3eh'? j=0,+41,42,..., k=N —-2,N—3,... 0.

For (6.11) this method coincides with one of the implicit two-step Adams methods of
order O(h?) and the roots of its generating polynomial are 1 and 0. One can expect that
in the case of the problem (6.1)-(6.2) the method (6.13) also possesses better stability
properties than (6.10). In our numerical tests on the generalized KPP-equation with a
small parameter (Section 8.2) the method (6.13) has stable behavior.

To solve the algebraic equations, obtained at each step of the methods (6.10) and (6.13),
one can use the Newton method or the method of simple iteration.

Remark 6.2. The methods of this section can be extended for a problem of a higher di-
mension or for a system of reaction-diffusion equations. In addition using some other weak
approximations to SDE with small additive noise, new layer methods can be constructed.
For instance, three- and four-layer methods with the one-step error O(h5 + £2h?) can be
obtained. It is also not difficult to get an implicit four-layer method with the one-step
error O(h®+¢e2h?) for (6.1)-(6.2) possessing good stability properties in the sense as above
or an explicit four-layer method with the one-step error O(h* + £2h®) and so on.
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7. Method based on exact simulation of the Brownian motion

In this section we construct a layer method for a model nonlinear problem using the
probabilistic approach as above but to approximate SDE, arising in the probabilistic
representation of the solution to the problem, we attract a numerical method with ezact
simulation of the Brownian motion instead of the weak schemes used in Sections 2 - 6.
In [17] a few methods with exact simulation of some components of SDE are proposed
for linear problems. It was shown that these methods are preferable to weak schemes in
some situations. One can expect that in the nonlinear case layer methods used the exact
simulation of the Brownian motion possess some preferable properties as well.

Let us consider the model problem
ou , 0
ot 2 0x?
(7.2) u(T,z) = p(z;¢e), 0 <e < e

(7.1) + go(t, z)u + 2gi(t, z,u) =0, t € [, T), = € R,

As the initial condition ¢(z;€), one can take, for instance, a smooth function being
close to the step function (e.g., 0.5 — 0.5tanh(z/e)). Such a problem may be the result
of regularization (after introducing the artificial viscosity) of the first-order hyperbolic
problem with weak nonlinearity:

6 0
B—Ut + go(t, 2)u’ + gy (t, z,u’) =0, t € [ty,T), = € R,
1, z <0,
u(T,z) =4 1/2, =0,
0, z > 0.

The introduction of the artificial viscosity is a common way for numerical simulations
of first-order hyperbolic problems with discontinuous solutions [4, 20, 24, 29|.

The solution u(t, z) to the problem (7.1)-(7.2) has the probabilistic representation

(73) U(t, $) = E(@(Xt,q:(T); 5)1/;5,1‘,1(7’) + Zt,z‘,l,O(T))a
where X; ,(s), Yizy(8), Zizy.(5), s > t, satisfies the system of SDE
(7.4) dX = edw(s), X(t) ==,

dY = go(s,X)Yds, Y(t) =y,
d7 = %gqi(s, X,u(s, X))Yds, Z(t) = z.
We have
(7.5) u(ty, ) = E(u(tesr, Xopo(tes1))Yip o1 (Eet1) + Ziy z1,0(tet1))-

Let us assume that:
(a) The coefficient go(t,z) € C?**([ty,T] x R'), and both it and its derivatives are
uniformly bounded with respect to ¢t € [ty,T], z € R! :
0" gy
|8ti8:1:f
The coefficient g;(¢,z,u) and its first derivatives (with respect to t,z,u) and second
derivatives (with respect to z and u) are continuous and uniformly bounded:

|<K,0<2i+j<4, tet,T], z < R".

gititlg,

|m| SK, 0§22+]+l§2, te [to,T], .’L'ERI, U, <U(t,.’13) <’U,O,
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where —oo < u,,u° < oo are some constants.
(b) There exists the only bounded solution u(¢, z) to the problem (7.1)-(7.2) such that

(7.6) Uo < ux < u(t,z) <u* <u’,
where u,,u* are some constants, and there exist the bounded derivatives:

K 0%u K .
(7.7) | |_K| | |ax2|§ ,t€t, T], z€ R, 0<e<e"

Note that because u(T, T) = go( ;£), the function @(z;¢) is also assumed to satisfy the
inequalities (7.7). In addition, this set of assumptions is natural by the same reasons as
it is pointed out in Remark 6.1 and in Section 3.4.

We are able to simulate X (¢1) exactly:
(78) th,q:(thrl) = Xk+1 =x+ sAwk,

where Awy 1= w(tgy1) — w(t).

We are going to construct a method with the one-step error O(h3 + €2h?) based on
the exact simulation of X (¢;,1). Taking into account the results of [17], we approximate
)/tk,ﬂﬂ,y(tk-i-l) and Ztk,z,y,z(tk+1) by

_ eh o
(7.9) Vi (ther) = Vg (fsa) = y + hgo(ta, 2)y + 5 57 (0, 2)yAwy
t t
+5 (G (B @) + g5t @)y

(7'10) Ztkﬂ”,y,z(tk-i-l) = Ztk,ﬂﬂ,y,z(tk-i—l) =z+ é‘2hgl (tk’ z, u(tk-l-l: x))y

Using (7.5), (7.4), and (7.8)-(7.10), we construct the one-step approximation
(7.11) u(ty, ) ~ v(ty, ) = Bu(teyr, Xe1)Yar1 +e2hgi (th, T, u(tpy1, 7))
with Xy from (7.8) and
(7.12)

- eh o h? gy
Viern = Voo (ti) = 1+ hgo(ti, 2) + 57 () A + (2 (00, ) + 3 (0, ).

Below, in Lemma 7.1, Theorems 7.1 and 7.2, we use the letters C' and K without any
index for various constants, which do not depend on A, k, z, and €.

Lemma 7.1. Under the assumptions (a)-(b), the error of the one-step approzimation
(7.11) is estimated as

(7.13) lu(tr, ) — v(ty, z)| < C - (h* + 2h?),
where C' is independent of h, k, x, and €.
Proof. We have (see (7.5), (7.8), and (7.11))
(7.14) u(te, z) — v(ty, )| =
|E(u(tht1, Xepo(ths1)) Yo o0 (ber1) + Zoyo,1,0 (1))
—(Bu(tesr, Xps1)Yerr + €2hgy (b, @, u(tpi, 7)))]
< |Bu(trin, Xey1) (Ve e (teg1) — Yag1)]

+E(Zyy w1,0(tks1) — 2hgr (b, T, w(trs1, 7)))|-
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Introduce the notation

5 5 9 &8
A:— L= —
R TR G i s S

By the Ito formula, we obtain

byt
Yizw(tes1) = y+ / g0(s, X ()Y (s)ds = y + hgo(ts, )y

173

+e 2y [ wls) —wlt)ds + 5 (O + ey -+ ol ,0),

where

c2h2 (92 thy1
ptzy) = (G E)y e / / / AAgo(s3, X (52))Y (55)dw(sz)dw(s,)ds

tet1

—i—s/ // LAgo(s9, X (s2))Y (s2)dsadw(sy)ds
tr tr tr
tet1 s s1

—|—€/ // ALgy(s2, X (s2))Y (s2)dw(sz2)ds1ds
tr tr tr

tet1 s s1
—i—/ / / L2 go(s2, X (52))Y (s2)dsods  ds.
tr tr J i

Here the operators AA, LA, AL, L? are applied to the function go(¢, z)y.
Denote py, := p(tg,z, 1).
We have

|Bu(trin, Xey1) (Ve e (tegr) — Y1) =

= | Bu(tin, Xeer) (on +o( ) / " (wls) — wlt)ds — 5 dwy)|

— Bultues, Xes)on + (e Blultenn, Xer) ([ (0(s) ~ w(te))ds

h

—§Awk)/Xk+1))|.

The formula
trt1 tet1 h
E(/ (w(s) —w(te))ds,/ Xgi1) = E(/ (w(s) — w(ty))ds,/ Awg) = §Awk
i e
implies
|Eu(th i1, Xey1) (Ve o1 (tey1) — Yarn)| = [Bu(tern, Xey1)orl-
By the Taylor expansion, we get
ou
w(tps1, Xit1) = u(tpsr, ) + eAwp—— 97 (tkt1, ),

where £ is a point between z and = + eAwy.
Then

ou
|Bu(tirt, Xer1)pr| < |ultpsr, ©)|| Epk| Jr€|EAU)ka (41, €) ol
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By the assumption (a) we obtain
|Epr| < C - (b +€°h?).
Besides, one can prove
(Ep2)M? < C - (B + €%h?).
Using the Cauchy-Bunyakovskii inequality and the assumption (b), we get
dEAu%ggambgn%|gcn(h”2+s%fﬂ)

Thus,

(7.15) |Bu(tist, Xep1) Vi o1 (te1) — Yar1)| < C - (B® +€°h?).

Now estimate the second term of (7.14).
Applying the Ito formula, we obtain

Pz = |E(Ztk,$,1,0(tk+l) - 52h91(tk’x’u(tk+1’x)))|

byt
= |E/ 8291(8) X7 U(S, X))Y(s)ds - €2hgl (tk) z, u(tk-i-l; .’L'))|

tg

= 62|hgl(tka Z, u(tka iL')) o h’gl(tka Z, u(tk+1) ‘/E))

tk+1 S
B / / eAgy (51, X, u(s1, X))V (s1)dw(s1)ds
tr tr

trt1 s

+ / / Lax(s1, X, u(sy, X))V (51)ds1ds)|
ty t

< 52h|gl (tk7 Z, U’(tlﬁ l')) - gl(tk) z, u(tk-l-l) .’E))|

tet1
+€2|E/ / Lgi(s1, X, u(s1,X))Y (s1)ds1ds)]|.

Then due to the assumptions (a) and (b)
(7.16) p. < Ce’h?.

The inequalities (7.15) and (7.16) together with (7.14) lead to the statement of the
lemma. Lemma 7.1 is proved.

990 (

eh
Remark 7.1. If we omit the term 5 e tr, z)yAwy in the approximation (7.9), the

corresponding method has the one-step error O(h® + eh?).
The layer method, based on the one-step approximation (7.11), has the form

(7.17) iltw, o) = ol2),
i ) eh 890
a(ty,z) = Fu(try1,z+eAwy)(1+ hgo(tr, ) + 78—(% ) Awy,
h? 0
Ty ( 69; (tr, ) + g5 (t, @) + €°hgu (th, T, T(trs1, 2)),

k=N-1,...,1,0.
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Theorem 7.1. Under the assumptions (a)-(b), the global error of the layer method (7.17)
is estimated by

(7.18) lu(ty, ©) — a(ty, )| < K(h* + 2h),
where K does not depend on h, k, x, and .

Proof. We follow the proof of the corresponding convergence theorem of [18] again.
Denote the error of the method (7.17) to the k-th step ( (N — k)-th layer) as

R(tg, z) := a(ty, ) — u(ty, x).
Then
u(te, ) + R(ty, z) = a(ty,z) =

= Et(tps1, T + eAwy)Yiyr + hgy (t, T, @(th i1, 7))

= Eu(tk+1, xr + SAwk)Yk+1 + ER(tk+1, T+ sAwk)YkH + €2hgl (tk, z, ’l_l,(tk+1, .’E)),

where Yy, is from (7.12).

Clearly, R(ty,z) = 0. Below we prove recurrently that R(tx,z), k = N —1,...,0, is
sufficiently small under a small h. Using the assumption (7.6), we shall be able to justify
the following suggestion, in which we need now: the value u(ty, z) + R(tx, z) remains in

the interval (4., u°) under h small enough.
We have

(7.19) 91(tk, 7, Wltri1, 7)) = g1(te, T, ultpi1, ) + R(tri1, 7))

= g1(tx, z, u(tpr1,2)) + Agp.
Due to the assumption (a), Ag; satisfies the inequality
|Agi| < K|R(t4, 7).
Taking into account the assumption (a), it is not difficult to obtain:
(B[Yisr —1)Y? < Kh.
Now we have
u(te, ) + R(ty, z) = a(tg, z) =
= Fu(tgi1,x + eAwg)Yii1 + ER(trs1, ¢ + eAwy)
+ER(tg1, 7 + eAwg) Yiyr — 1) + €2hgy (te, T, u(trs1, 7)) + e2hAgy
= v(tg, x) + ER(tgy1,x + eAwy) + r(ly, z),
where
7 (te, 2)| < Kh(e?|R(tps1,2)| + (ER*(trsr, @ + eAwy))?).
Then Lemma 7.1 implies
(7.20) R(ty,z) = ER(tgy1, 2 + eAw) + r(ty, ) + O(R® + 2h?).
Introduce the notation
Ry := max |R(t,z)|

—oo<e<+oo
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We have from (7.20):
RN :0, Rk S Rk+1+Kth+1—|—C' (h3+€2h2), k=N — 1,... ,0,
whence (7.18) follows. Theorem 7.1 is proved.

To realize the method (7.17), we need at each step k in an approximation of w(ty1, )
at all points z. As in Section 4, we attract a space discretization here.

Introduce an equidistant space discretization: {z; = zo + jh,, j = 0,£1,£2,...},
Ty € R. Using the linear interpolation, we construct the algorithm:

(7.21) u(tn, z) = ¢(z),

eh 8go

ﬂ(tk,:L']) E”U,(tk+1,.’L'] —i—aAwk)(l—i-hgo(tk,x]) + — 2 Oz

(tk, .’ITJ)A’U)k

h? o
+5 2 ( égto (tk:xj) + gg(tk,x]))) + EZhgl(tkaxj,a(tk_;_l,xj)),

xI; — T r —I;
%ﬂ(tkaxj)Jr . La(ty, zjt1),

ﬂ(tk, .’E) =

T <zr<Tj, j=0,£1,+2,..., k=N—-1,...,0.

Calculate the expectation in (7.21). Firstly, let us calculate E@(tgi1,z; + cAwy) :
2

_ 1 < 3
Eu(tyi, zj + eAwg) = Wor /oo (ti1, 75 + h'/%€) eXP(—g) d¢

6h,1/2 oo B ($ . $')2
= Jor ) Bz exp(=7 55 ) de
Tit+1
5h1/2 oo xl —T T — 2
= Z / Lirl — (tk—l—l; -’L'z) + Tzﬂ(tk_i_l, $i+1)) . eXp(—%) dz
Z a tk+la xz)
where
() — eh!/? (i1 — IE]) (z; — z; )2 (541 — xj)2
L — ) gexp(— a2 (zir1 — 2;)°
YT Vanh, (exp( gezn, ) T 2Py ) r et )
1 Ti-1— i Ti
i— f — J
" on, (@ — @) (erfe —=——+ o 1/2 fshw)
! Tiy1 — Tj
i f epfe T T Ty
2h —(@iy1 — x;)(erfc —=—- \/_s 1/2 er i an S )
Analogously,

E (tk-i-l; .’13] + EAU)k A’U)k Z ﬁ tk+1, .’E,)

1=—00
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where
(j) _ 6h’ fe Li-1 — _2 fe Tiv1 — .’E]
ﬁ’ (er \/_a 1/2 \/’5 1/2 Ter \/_ah1/2 )
Therefore, the formula for @(tg, x;) in (7.21) has the following form

o0

; eh 0
(7.22)  a(te,z;) = Z o a(tys, ) f (t, 25 h) Z B a(tyr, i) = 5 690 (tr, z;)

+e’hgy (tr, zj, Wtpi1, T5))
with
h? Ogo
2 ( ot
(4)

Of course, under calculations, one has to take into account that the expressions for o

Stk i3 B) = 1+ hgo(te, z5) + — (5, (b, 75) + 95 (e, ;)

and Bi(j ) contain the differences of close numbers.

Theorem 7.2. Under the assumptions (a)-(b), the global error of the numerical algorithm
(7.21) is estimated by O(h? +€2h) if the value of h, is selected as h, = amin(eh®?, 2h),
a 1S a positive number.

Proof. We follow the proof of the corresponding theorem in [18].
Denote the error of the numerical algorithm (7.21) to the k-th step as

R(tg, z) := a(ty, ) — u(ty, x).

Just as in Theorem 7.1, we obtain the expression like (7.20) for the algorithm (7.21) at
the nodes z;:

R(tk, .’E]‘) = ER(tk+1, I + sAwk) + T'(tk, .’E]‘) + O(h3 + 62h2),

|7 (te, ;)| < KhRy1,

where
Ry := max |R(t,z)|
—oo<z<+00

Hence
(7.23) |R(tr, z;)| < Rp1 + KhRy 1+ C - (B® +€2h?).

We have

Tjy1 — T T —

(7.24) u(ty, ) = %u(tk,xj) +— Lu(ty, Tjt1) + Pinty Tj < T < Tjt1,
where the interpolation error p;,; satisfies the inequality (see the assumption (7.7))

h2

2
h< K.

1
< -
ol < x5

From (7.21) and (7.24), we get

2

Tj1— T — T :
R(tk,.’l?) = %R(tk,.’ﬂ]) + 5 ]R(tk,fl?j+1) + 0(5—2), T; <T < Tjy1,

whence due to (7.23) we obtain for all z :

h2
(7.25) |R(ty, )| < Rii1 + KhRyyy +C - (h® + €2h® + =),
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As h, = amin(eh®/2,e%h), we come to the statement of the theorem. Theorem 7.2 is
proved.

Remark 7.2. The approach described in this section may be applied to a more general
equation than (7.1), for instance, to the problem (1.1)-(1.2) under the constant diffusion.
Using the Girsanov transformation, one can obtain the following probabilistic represen-
tation of the solution to this problem

’U,(t, .’E) = E(W(Xt,z(T))Y;,z,l(T) + Zt,q:,l,U(T))a
where X; ,(s), Yizy(8), Zizy.(5), s > t, satisfies the system of SDE

dX = bydt + eodw(s), X(t) =z,
dy = é(a‘l(b(s,X, u(s, X)) — b)) Y dw(s), Y(£) =y,
dZ = g(s, X,u(s, X))Yds, Z(t) = z,

which is suitable for construction of layer methods based on the exact simulation of
X (tgy1)- Here by is a constant vector.

Since we use the probabilistic representation to construct only a one-step approximation
of the problem, it is possible to select by at each step, e.g., as b(tx, z, u(tgs1,2)). Such a
reception allows to decrease the influence of the big factor 1/ staying in the equation for
Y.

Method based on weak simulation of the Brownian motion. For completeness
of presentation, we construct a layer method with the global error O(h? + €2h) (i.e., with
the error like that of the algorithm (7.21)) using a weak simulation of the Brownian motion
now. To construct the algorithm (7.21), we need in the bounds (7.7) for the derivatives
Otiy,
oozl : . : o
construct, is simpler but we need in additional assumptions on the derivatives of the
solution, namely:

i+j
;i8;|§§, 0<2i+j<6,tctg,T],z€ R, 0<e<e"

We also suppose that go(t,z) and g;(¢,z,u) are uniformly bounded and sufficiently
smooth functions.

For approximating (7.4), we use the weak scheme:

with 2 = 0,7 = 1,2 and ¢« = 1,7 = 0. The new method, which we intend to

(7.26) |

(727) th,q:(tk+1) ~ Xk+1 =r + Sh,l/zgk,
7 3/2 990
Yieay(tri1) = Yo zy(ter1) =y + hgo(ts, )y +€h %(tk, )Yk
h2 8g0
+3(§(tka z) + g5 (t, ©))y,

Ztk,z,y,z(tk—l—l) = Ztk,z,y,z(tk+1) =z+ é‘2hgl(tk’ z, u(tk-l-l’ x))ya
2
where & are i.i.d. variables with the law P(§ = 0) = 3 P(& = £v/3)
The corresponding method for (7.1)-(7.2) has the form

(7.28) u(tn, ;) = p(zj;€),
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- 1_ 1/2 eh®/? 990
ate,z5) = Fultess,z; +eh V3)(f(tr, ;5 h) + 5 %(tk,xj)\@)
2
+3 Utk ) f (G, 25 1)
1 h32 9
gt o — ' PVB)(f(t, 55 h) — == SR (b, 7) V)
+€2hgl(tk;xj)a(tk+l7xj)))
z; =z + jV3eh'? j=0,+1,42,..., k=N —-1,N—2,...,0,
with
h? 8g
[, i3 h) = 1+ hgo(t, z;) + 3(8—:(% ;) + 9o (tr, 7))

By the arguments like that in Section 3, the global error of this method is estimated
under (7.26) as O(h? + €2h). Note that to realize this method we do not need in any
interpolation under the special selection of space discretization.

Let us underline that the method (6.6) of Section 6.1 has the same error O(h? + £2h)
under the assumption on uniform boundedness of derivatives of the solution. However,
under the assumption (7.7), its error is estimated as O(h) only (see Remark 6.1 as well).

8. Numerical tests

In the previous sections we deal with semilinear parabolic equations with negative di-
rection of time ¢ : the equations are considered under ¢t < 7" and the "initial” conditions are
given at ¢ = T. This form of equations is suitable for the probabilistic approach which we
use to construct numerical methods. Of course, the proposed methods are adaptable to
semilinear parabolic equations with positive direction of time and it can be done especially
easy in the autonomous case.

Consider the Cauchy problem for autonomous semilinear parabolic equations with pos-
itive direction of time

ou €2 0%u

(8.1) = —UZ(x,u)w +

0
%= 9 (b(z,u) + 820(:1:,u))—u +g(z,u), t >0, z € R,

ozr

(8.2) u(0,z) = p(z).

Note that if we substitute the solution u(¢,z) of this problem in the coefficients o, b,
¢, and g, the equation (8.1) becomes nonautonomous. Nevertheless, it is not difficult
to obtain numerical procedures with positive direction of time which correspond to the
algorithms given in the previous sections. For instance, the algorithm for (8.1)-(8.2),
which follows from the algorithm (4.1) for (3.1)-(3.2), has the form

(8.3) 4(0,z) = p(),
b = b(zj, A(ty, 75)), Gy = c(zj, Wy, 75)), Grj = o(zj, @tk T5)),
@M (ter1, ;) = (ts, ©; + hbe ) + hg(z), Aty 7)),

U(tgs1,2j) =
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= Sl @+ hlb(s, 80 G, 25)) + bla; + Rbig, 0t 75 + b))/2
+e’héy; + eh' 6y )
bgilte, @+ hlb(ay, 80 (than, ) + Bz + e, i, 25 + b )]/2
+e2héy; — eh'?64, )

1 A .
+§h[g($j, @M (ter1, 27)) + 9(z; + hbyj, @(te, Tj + hby )],

T, — T r —T;
ﬂ(tk,.’l?) = %ﬂ(tk,$]‘)+ 5 ]ﬂ(tk,$j+1), T <T<Tjy,
j=0,+1,42,..., k=0,... ,N—1.

The algorithms used in our numerical tests below can be written analogously.

We note in Remark 4.1 that the algorithms rested on the cubic interpolation give quite
good results. We use the advantage of the cubic interpolation in our numerical tests on
the Burgers equation. Let us recall that a sufficiently smooth function f(z), z € R', can
be interpolated by the cubic interpolation as

3

(8.4) f@)~ flz) =) 0i(@) f(z)0), Tj1 <T < Tjsa,
i=0
: T —
®, () = = tgdm
m=0,m#1 Ti+i = Tj+tm
where z; =z + j - hy, o € R', j = 0,%1,+2,..., h, is a positive number.
The error of the cubic interpolation (8.4) is estimated by

- 3 v,
F@) = F@)] < 5, max |5l hL,

Remind (see Theorem 4.1) that the algorithm (4.1), based on the layer method (3.21)
and on the linear interpolation, has the error estimated by O(h? + €2h) provided h, =
min(h%2,eh). One can expect that under the assumptions (i)-(ii) from Section 3 the
algorithm based on the layer method (3.21) and on the cubic interpolation (8.4) can
achieve the same accuracy O(h? + 2h) with h, taken equal to min(h®/%, v/eh) only. Our
numerical tests on the Burgers equation approve this supposition. See some theoretical
explanations in [18] as well.

As it is mentioned in Introduction, all the methods (including those from Section 7)
have been tested through computer experiments. Some of them are presented below.

Tjt1 < T < Tjto.

8.1. The Burgers equation with small viscosity. The one-dimensional Burgers
equation with small viscosity has the form

ou  €20%u ou L
(8.6) u(0,z) = ¢().
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By means of the Cole-Hopf transformation, it can be found the explicit solution of the
problem (8.5)-(8.6):

I K (1,2, (y) expl(— J1 pl(E)dE)dy

u(t,z) = 1 ;
J2o K (b @, y) exp(—— [y @(€)d€)dy
1 (¢ —y)”
K(t = — .
(t,z,y) mexp( 52 )
Let us take the initial condition ¢(z) of the form
c, x <ly,
(8.7) o) =19 Mz), lp <z <ly+1,
d, x>ly+1,

where ¢, d, ly, [ are some numbers, ¢ > d, [ > 0; A(z) is a bounded measurable function,
and d < A(z) <e.

Recall some theoretical facts concerning the problem (8.5)-(8.6), (8.7) (see details, e.g.,
in [9, 27]).

The solution u(t, z) to (8.5)-(8.6), (8.7) is uniformly bounded:

d<u(t,z)<ec,z€R' 0<t 0<e<e*.

Let the initial condition ¢(z) be a sufficiently smooth function. Introduce the time
moment 7" such that the solution of the hyperbolic problem obtained from (8.5)-(8.6),
(8.7) under ¢ = 0 is smooth at ¢ < T and discontinuous at ¢ > 7. The solution u(¢, z) to
(8.5)-(8.6), (8.7) is regular under t < t, < T :

Oty
|8ti8xj

If t > T then the solution is singular in an interval (z.(t), z*(¢)) with the width |z*(¢) —
T, (t)| ~ e

(t,z)| <K, z € R, 0<t<t, 0<e<e,.

o0ty ; < K
|6t’6$]( ,.’E)| = ma

z € (z.(t),z*(t)), t > T, 0 <e <e,,

Oty
|8ti(9:1:j
In our experiments we take A(z) equal to

(t,2)| < K, z ¢ (z.:(t),z*(t)), t > T, 0 <e <e,.

(8.8) A(z):a—bsinﬂ, u>0,b>0 and c=a+b, d=a—0b, | = p, loz—g.
w

Under this A(z) the moment 7' can easily be found: 7' = Ly

T

We compare the behavior of two algorithms. The first one is based on the layer method

(3.21) with the cubic interpolation (8.4). In the case of the problem (8.5)-(8.6) it has the
following form:

(8.9) u(0,z) = ¢(z),

U(ty, z; — hi(ty, z; — ha(ty, ;) + eh'/?)

N | —

U(tpy1, ;) =
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TABLE 1. The Burgers equation (regular solution). Dependence of the
errors err<(t,) and err!(t,) in h and e for the algorithms (8.9) and (8.10)
under a =b=10.5, p =8, and t, =4 (T =~ 5.09).

€ h algorithm (8.9) algorithm (8.10)
erre(t,) errl(t,) err®(t.) err!(t,)
0.3 0.1351-10°1[0.1531-10! 0.1130 0.1397

0.3 0.1 0.2146-1072{0.3347-10°2 0.3978 - 1071 | 0.4628 - 101

0.01 0.2295-10%|0.3874-10% | 0.4221-10"2|0.4799- 102
0.001 | 0.2265-10"%|0.3947-10"* | 0.4244-103|0.4814-103
0.3 0.2325-10 1[0.2051-10°* | 0.1539 0.1519

0.1 0.4255-1072|0.2287-10"2 | 0.6084-10"'|0.5007 - 101!
0.1 | 0.03 0.3489-107%/0.2396-10~% | 0.2029-10"'{0.1553- 107!
0.01 0.4444 -10~* | 0.5442-10"* | 0.6751-10"2]0.5169 102
0.001 | 0.5529-107°|0.6374-10"° | 0.6806-1073|0.5189-1073

1
+§ﬂ(tk, Tr; — h’l_l,(tk, r; — h,l_l,(tk, 117])) — €h1/2),

3
ﬂ(tk,.’ﬂ) = Z@M(x)ﬂ(tk,xﬂi), Tjr1 < T < ZTjio,

=0
3 r—T;
®;i(z) = —n
m=0,m#1 Tit+i = Ljtm
j=0,4+1,42,..., k=0,... ,N—1,

where z; =z + 7 - hy.
The second algorithm is based on the layer method (2.8) proposed in [18] and on the
cubic interpolation (8.4):

(8.10) u(0,z) = ¢(z),

1

W(tpr1, ;) = ~U(tg, z; — hia(ty, z;) + eh'/?) + ~a(ty, ©; — ha(ty, z;) — eh'/?),

N | =
[\

3
ﬂ(tk,.’ﬂ) = Z@M(x)ﬂ(tk,xﬂi), Tjr1 < T < ZTjio,

3
r —T;
— Jjtm
(D]ﬂ(x) - Til: — T ’
m=0,m#1 It J+m

j=0,+£1,42,..., k=0,...,N—1.

Table 1 gives the results of simulation of the problem (8.5)-(8.6) with ¢(z) from (8.7),
(8.8) in the case of the regular solution. In this case the assumptions (i)-(ii) from Section
3 are fulfilled, and the algorithm (8.9) has the error estimated by O(h? + €%h) and the

algorithm (8.10) has the error estimated by O(h). The value of h, is taken equal to h%/%.
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TABLE 2. The Burgers equation (singular solution). The errors err®(t) and
err!(t) under t = 8 (T ~ 5.09). Other parameter values are the same as
in Table 1. The time steps h and h, are used under ¢t < t, and t > t,

correspondingly.
€ h P algorithm (8.9) algorithm (8.10)
erre(t) erri(t) err®(t) errt(t)
0.1 0.01 0.6322-10 2 |0.2713-10 2 0.1693 0.6555- 10!

0.3 | 0.01 0.001 0.4036- 1073 | 0.2482-10"% | 0.1771-107'| 0.6782- 102
0.001 | 0.0001 | 0.5977-10"*]0.3760-10"* | 0.1776-10"2 | 0.6931-103

0.1 0.001 0.5553- 1071 0.2351 - 102 > 0.5 0.6594 - 101

0.1 | 0.03 0.001 0.1219-1071 | 0.4699 - 103 > 0.5 0.3189- 101
0.0001 | 0.3955-10"2]0.1718-10"® | 0.4029 0.1716 - 101

0.01 0.0001 | 0.7047-107%]0.3007-10~* | 0.1687 0.6828 - 102

0.001 0.0001 | 0.4139-107%0.2312-10~* 0.5461-1071 | 0.2185 - 1072

We present the errors of the approximate solutions @ in the discrete Chebyshov norm and
in {*-norm:

err®(t) = max |u(t, z;) — u(t, =),

err!(t) = Z a(t, ;) — u(t, z;)| - he -

One can infer from Table 1 that the proposed special algorithm (8.9) with error O(h? +
e?h) requires less computational effort than the algorithm (8.10) with error O(h) and that
the experimental data are conformed to the orders of accuracy of the algorithms given by
the theoretical results.

To find the solution u(t,z) to the problem (8.5)-(8.6), (8.7) under ¢ > T, when the
solution is singular, we realize the following numerical procedure: we simulate the problem
by the algorithms (8.9) and (8.10) with a sufficiently big time step h and with h, = h3/*
up to the time moment ¢, < 7', then we change the time step h to a smaller one h,, take
hs = h,, and continue simulations.

Table 2 gives the results of simulation of the problem (8.5)-(8.6) with ¢(z) from (8.7),
(8.8) under ¢ > T. One can see that in the singular case the behavior of the algorithm
(8.9) is also better than the behavior of (8.10).

In connection with this example, see the numerical experiments in [1] and [18] as well.

8.2. The generalized KPP-equation with a small parameter. Consider the
problem

ou  €20%u

_ . 1
(811) 5—5@—1—“%%6), t>0,ze R,
1, <0
(8.12) u(0,z) =x_(z) =4 1/2, =0
0, z >0,
and take
1
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c(z) =c+ ¢ arctg a(z — b).
m

Here € > 0 is a small parameter, « > 0 is a big number, ¢, a, and b are positive

a 3a
constants, and 2 <c< CR

The problem (8.11)-(8.13) is a generalization of the KPP-equation. The theoretical
bv/2a
wave propagates to the right of the domain Gy = {z < 0} with the velocity /2¢ — a,
"taking no notice” of the fact that after z = b the coefficient ¢(z) takes a larger value

results for this problem obtained in [5] give the following. For t < T =~ the

u u
() (b)
0.5 - 0.5 -
0 ; 0
0 2 4 6 X 0 2 4 6 X
t=4 t=5.7
u u
() (d)
0.5- 05 -
0 0
0 2 4 6 8 X 0 2 4 6 8 X
t=5.75 t=6.75
u u
(e) ®
0.5 - 0.5 -
0 2 4 6 8 10 12 14 16 x 0 2 4 6 8 10 12 14 16 x
t=8.75 t=9.75

FIGURE 1. The KPP-equation. Evolution of the solution u(t,z) to the
problem (8.11)-(8.13) under € = 0.1, ¢ = 1.125, a = 2, b = 6, a = 150
simulated by the method (6.13) with A = 0.0001.
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u e SR 3
. NS
4
0.2
0 T T T |
6 6.4 6.8 X

FIGURE 2. The KPP-equation (new source appearance). Comparison of
the methods. The solid curve is simulated by (6.7) and (6.13) with h =
0.0001 and it visually coincides with the exact solution. The curves 1, 2 are
simulated by (8.14) and (6.6) with A = 0.0001; the curves 3, 4 - by (6.7)
and (6.13) with A = 0.001. Here ¢ = 0.2, t = 5.8, other parameter values
are the same as in Figure 1.

a
c+ 2 But at the time Tj, a new ”"source” arises at the point x = b, away from which the

front starts propagating in both directions: to the left with the velocity close to v/2¢c — a
and to the right with the velocity close to v/2¢ + a.

Figure 1 obtained in our numerical experiments demonstrates this phenomenon. Under
the taken parameters (see the figure caption) Ty & 5.65. Under the time ¢ being close to
To the velocity of the new front to the right is greater than v/2¢ + a = 2.06 (see Figures
1c and 1d) and with an increase of time the velocity tends to v/2¢ + a (see Figures le and
1f). One can explain this by the fact that when the new "source” arises the value of the
solution u before the front is greater than the corresponding value of u when the shape
of the wave takes its limit form.

Let us note that under the taken parameters (¢ = 0.1, see the caption to Figure 1)

min 4(5.75,z) ~ 107"
—oo<z<b
while there is already the new front at z = b (see Figure 1c). So, the “"channel”; through
which the new “source” is initialized, is very narrow. This fact has to be taken into account
for realizing numerical procedures at a computer. For instance, under € = 0.04
min 4(5.75,z) ~ 10~%°
—oo<z<b
that is less than the smallest positive number (~ 1073%) realized by many compilers. To
observe the phenomenon in this case, one has to compose a special numerical procedure

or use a special compiler.
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0.5 1

FIGURE 3. The KPP-equation. Comparison of the methods. The curve 3
is simulated by (6.7) and (6.13) with A = 0.0005 and h = 0.0001 and it
visually coincides with the exact solution. The curves 1,2 are simulated by
(8.14) and (6.6) with h = 0.0001. Here ¢t = 5.75, other parameter values
are the same as in Figure 1.

An additional confirmation of the high sensitiveness of the considered model is given,
for instance, by the following experiment. If we put u(0,z) = p for z > 0 with a small
positive u, e.g. 107'° in the initial condition (8.12) and take the other parameters as in
Figure 1, the new "source” arises at a moment ¢ < 1.

Here we compare five numerical methods: the methods (6.6), (6.7), (6.10), (6.13) given
in Section 6 (of course, we take their versions adapted to problems with positive direction
of time) and the first-order method written below.

The first-order method:

(8.14) (0, z;) = x_(z;),

’l_l,(tk, r; — Shl/z)

DN | =

@(ty, x; +eh'/?) +

DN | =

U(tgs1,2j) =

h
+§(g($j—1, U(tr, zj-1)) + g(zjp1, 6(tr, Tj11))),

z; =z + jeh'?, j=0,%£1,..., k=0,... ,N — 1.

It can be checked that under a sufficiently small h this method preserves the mono-
tonicity property of the solution. The first-order method (6.5), which has hg(z;, @(tx, z;))
instead of h(g(z;_1, @(tk,zj—1))+9(xj+1, @(tk, zj11)))/2, does not preserve the monotonic-
ity property and has unstable behavior in the case of considered problem.

The algebraic equations, arising in the implementation of the methods (6.7), (6.10),
and (6.13) at each step, are quadratic ones and are solved exactly. The results of testing

of the three-layer method (6.10) are discussed in Section 6.2.
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The results of the numerical tests are given on Figures 2 and 3.

Remark 8.1. Derivatives of the solution to (8.11)-(8.12) can be estimated as
Oty K ,
|6t"6xj| = g2+d)’ €l
By the same arguments as in Theorem 3.3 one can prove that under (6.8) and a suffi-
ciently small h/e? the errors of both methods (6.5) and (6.6) are estimated as

(8.15) to, T], € R', 0 <e <¢&*.

B h
lu(te, z) — @(ty, z)| < K€—4,

and the error of the method (6.7) is estimated as

h2
lu(te, z) — a(ty, z)| < Kg,

where the constant K does not depend on z, k, h, €.
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