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NUMERICAL ALGORITHMS FOR SEMILINEAR PARABOLIC
EQUATIONS WITH SMALL PARAMETER BASED ON
APPROXIMATION OF STOCHASTIC EQUATIONS

G. N. MILSTEIN AND M. V. TRETYAKOV

ABSTRACT. The probabilistic approach is used for constructing special layer
methods to solve the Cauchy problem for semilinear parabolic equations with
small parameter. Despite their probabilistic nature these methods are nev-
ertheless deterministic. The algorithms are tested by simulating the Burgers
equation with small viscosity and the generalized KPP-equation with a small
parameter.

1. INTRODUCTION

Nonlinear partial differential equations (nonlinear PDE) usually are not sus-
ceptible of analytic solution, and are mostly investigated by numerical methods.
Numerical methods used for solving PDE are traditionally based on deterministic
approaches (see, e.g., [23, 24, 27] 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 equa-
tions (SDE) are used to construct numerical algorithms. Despite their probabilistic
nature these methods are nevertheless deterministic.

Nonlinear parabolic equations with small parameter arise in a variety of appli-
cations (see, e.g., [2, 4, 8, 11, 26] and references therein). For instance, they are
used in gas dynamics, where 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, which is one of the popular approaches to the
numerical solution of inviscid problems of gas dynamics [21, 25, 30].

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

a_u + 5_ i % (t ) 0%u + i(bz(t )
ot T2 2u O\ T G ien T . U
(1.1) 3,j=1 i=1
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(1.2) w(T,z) = o(x).

The probabilistic representations of the solution to the problem (1.1)-(1.2) are
connected with systems of SDE with small noise. Just 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).

When the solution of (1.1)-(1.2) is regular, it turns out that errors of the proposed
methods have the form of O(hP 4 €'h?), where p > ¢, | > 0, and h is a step of time
discretization. Thanks to the fact that the accuracy order of such methods is
equal to a comparatively small g, they are not too complicated, while due to the
large p and the small factor ! at h9, 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 equations
of a particular type, we obtain the corresponding theoretical results. As to the
equation of the general type (1.1), 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
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 for these experimental facts and possible ways to get realistic estimates
of 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 a space discretiza-
tion. The numerical algorithms based on the proposed layer methods and on the
linear interpolation are constructed in Section 4. For simplicity, Sections 3 and 4
deal with the one-dimensional case of the problem (1.1)-(1.2). In Section 5, ex-
tensions to the multi-dimensional case and systems of reaction-diffusion equations
are given. In Section 6, we propose both two-layer and three-layer methods in a
particular case of the problem (1.1)-(1.2).

All the numerical algorithms presented in the paper are tested through computer
experiments. 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 7.

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 bound-
edness (see the corresponding theoretical results, e.g., in [13, 29]). If we substitute
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u = u(t, z) in the coefficients of (1.1), we obtain a linear parabolic equation with
small parameter. The solution of this linear equation has the following probabilistic
representation:

(2.1) u(t,z) = B(o(X10(T)) + Zia0(T)),  t<T,z€R,

where X; (), Zt,5,2(8), s > t, is the solution of the Cauchy problem for the system
of stochastic differential equations

(2.2) dX = (b(s, X, u(s, X)) + e%c(s, X, u(s, X)))ds
+eo (s, X, u(s, X))dw, X(t) ==,
(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 co-
efficients b°(s, z,u) and ct(s, z,u) of (1.1), o(s, x,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 solv-
able with respect to o (for instance, by a lower triangular matrix) at least in the
case of a positive definite a.

To simplify the notation, we write u(¢,z) and X 5(s) instead of u(¢, z;¢e) and
X; . (s) throughout the paper.

Introduce a discretization, for definiteness the equidistant one:

T —to
e

Note that all the methods given in the paper can easily be adapted for a nonequi-
distant discretization. For instance, we use a variable discretization step h in some
of our numerical tests (see Section 7.1).

We have

u(ty, z) = E(0(Xt,,2(T)) + Zty ,0(T))
= E(0(Xtr i1, X, 2 tei) (T)) F Zoyys Xo o (tr41), 20 0 (trn) (1))
= EE(o( Xty X, o (tren) (1))
+ Ztk+1,th,z(tkﬂ),Ztk,z,o(tkH)(T)/th,z(tkﬂ), Zt 2,0(tk41))-

T=ty>tn_1>->tg=t, h:=

Because Z; 4., (s) = Ziz,0(s) + 2, t < s, from this we get
(2.4)
u(tk, T)
= EBE(p(Xty1,%, o (b3 1) (D)) + Zty iy X0y o (tr40),0(T)./ Xt o (ht1), Zty 2,0 (Bh41))
+ EE(Zy; 2,0(tkt1),/ Xtz (trr1)s Ztyo,0(ter1))
= E(u(tis1, Xty ,o(ter1)) + Zoy,2,0(ter1))-

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, 22] are employed to obtain some approximate relations from (2.2)-(2.4).
The relations allow us to express approximations @(tx, z) of the solution u(t,z) in
terms of 4(tx+1, ) recurrently, i.e., to construct layer methods which are discrete
in the variable t only. To clarify 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,
we restrict ourselves to the case d = 1.
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Applying the explicit weak Euler scheme with the simplest noise simulation
[12, 14, 22] to the system (2.2)-(2.3), we get

(2.5) th,ﬂ?(tk-i-l) = thk,x(tk+1) =z+ hb(tk7x7u(tk7x)) + SQhC(tk’xyu(thx))
+€h1/20'(tk, x, u(tk, :C))fk,
Ziy w2 (ths) = Zi .2 (tor1) = 2 + hg(t, @, u(te, 7)),

where én_1,&N—2, ... ,&o arei.i.d. random variables with the law P(§ = £1) = 1/2.
Using (2.4)-(2.5), we obtain

(2.6)
u(te, ) ~ E(u(trr1, Xtp,o(the1)) + Zty,2,0(tkt1))

1
= Eu(tk+1, & + hb(ty, T, u(ty, ) + e2he(tr, z, u(ty, €)) + eh* 20 (ty, @, ulty, )))
1
+§u(tk+1, T + hb(tk, €, u(ty, ) + e2he(ty, z, u(ty, €)) — eht/ 2o (ty, x, u(ty, )))
+hg(tka z, u(tk7 .'L'))
Thus, we can calculate the approximations @(ty, z) layerwise:
(2.7) u(tn,z) = ¢(z),
a(tk, x)
1
= Ea(tk+1, & + hb(ty, z, a(tr, ) + e2hc(ty, z, W(ty, 7)) + eh* 20 (t, z, u(ty, z)))

W(tpr1, € + hb(ty, x, W(ty, ) + e2he(ty, ©, U(ty, ) — eh 20 (tr, z, a(tr, z)))
+ hg(tg, z, u(tg, x)), k=N-1,...,1,0.

_|_

N =

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

Applying the method of simple iteration to (2.7) with @(tx+1,2) as a null iter-
ation, we get the first iteration (we denote it as @(tg,x) again, since this does not
cause any confusion):

(28) ﬂ(tNax) = <p(x),
’U,(tk,x) v
1
= S Uter1, @ + hb(t, 2, Ulter1, 7)) + e*he(ty, T, u(trt1, )
+ eh' 2o (ty, z, u(tys1, 2)))

+ 'I._t(tk_;,_l,.’lf + hb(tk,m,a(tk+1,x)) + €2hC(tk,I,'ﬁ(tk+1,I))

N =

— eh' 20 (ty, x, (tes1,2)))

+ hg(t, T, W(tk+1, 7)), k=N-1,...,1,0.

According to the propositions proved in [18], this explicit layer method has one-
step error estimated by O(h?) and global error O(h).
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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 solu-
tion 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 + e%c(t, X)dt + eo(t, X)dw(t), X (to) = ,

t € [to,T], 0<e<eq,
where X, b(¢,z), and c(t,z) are d-dimensional column-vectors, o(t,z) is a d x m
matrix, w(s) = (w!(t),... ,w™(t))" is an m-dimensional standard Wiener process,
€p is a positive number. The coefficients are assumed to satisfy the corresponding
conditions of smoothness and boundedness (the details are given, e.g., in [14, 19]).

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

p=|Ef(Xeu(t+h) — Ef(Xew(t+ ),
R =|Ef(X44(T)) — Ef(X12(T))l,
where f(z) is a function belonging to a sufficiently wide class (the details are given,
e.g., in [12, 14, 22)).
Below we write down a number of weak schemes from [14] and [19] which are

used in the next sections.
The Euler scheme:

(2.10) Xip1 = Xi + hb(te, Xi) + €>h(te, Xi) + b 2o (tr, Xi)k,
p=0(h?), R =O0(h),
where the & = (§},. .. ,&T) areiid. 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 + Ehb(tk,Xk) + ihb(tk+1,Xk + hb(tk, X))
+e2he(ty, Xi) + eh 2o (t, Xi)Ex,
p = O(h® +2h?), R = O(h? + €h),

where the & 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):

(2.12)
X1 = Xi + —;-hb(tk,Xk) + %hb(tkﬂ, X + hb(t, Xi) + eh'/%aty) + eh'/ 2oy,
p=O(h), R=0(h?),
where the & = (&1,... ,€") 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(¢ = £v/3) = 1/6.
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The special Runge-Kutta scheme with error O(h* + €2h?) (for SDE with small
additive noise, i.e., o is a constant matrix; ¢ = 0):
(2.13) Xpy1 = Xi + %(k1 + 2ky + 2ks + ky) + eh/ 20ty
ki = hb(tk, Xi), ko = hb(tiy1/2, Xk + k1/2),
ks = hb(tyi1/2, Xk + ko /2 + eh/20€k), ka = hb(ts1, Xi, + k3 + eh'/2aty),
p =0 +e%h%), R=0(h*+€%h?),
where the &, are the same as in (2.12).

Note that in Sections 6 and 7 we also handle some other special weak approxi-
mations.

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 simplicity, let us consider the Cauchy problem
(1.1)-(1.2) for d = 1:
ou

2 2
(3.1) +5 o’(t,z, u)

5 £ 5 + (b(t,z,u) + € 2c(t, , u))au

ox
t € [to,T), x € R,
(3.2) u(T,z) = ¢(x).

The probabilistic representation of the solution u(t,x) 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

(3.3) Xz (tior1) = Xy 2 (tigr)

1 1
=z + §hbk + ihb(tk-l—la T+ hbk» U(tk+1,$ + hbk))

-l—g(t,x,u) =0,

+ €2hck + €h1/20'k§k,

_ 1 1
Ztyz,2(tht1) = Zoy 3,2 (tet1) = 2+ ihgk + §h9(tk+1,x + hbg, u(tps1, = + hby)),

where by, ck, ok, and g are the coefficients b, c, o, and g calculated at the point
(tk,.’L‘,U(tk,.’E))-
Using the probabilistic representation (2.4), we obtain

u(t, @) = E(u(teys, Xy o (ter1)) + Zty2,0(thr1))

1

= 5u(tkﬂ, T+ hlbg + b(try1, T + hbg, u(tps1, © + hbp))]/2 + e2hey + eh 20y,)
1

+§u(tk+1,m + hlbg + b(tes1, 2 + hbg, u(tey1,  + hbi))]/2 + e2hex — eh/%0y)

1 1
+§hgk + ihg(tk_,_l,m + hbk,u(tk+1,m + hbk)).
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We can approximate u(tg, z) by v(t, z) found from
(3.4)

v(tg, x)
= %u(tkﬂ, & + hlbg + b(tpg1, T + hbg, u(tppr, © + hby))]/2 + 2héy, + eh/?5y)
+ ‘;‘U(tk+1,$ + hlbk + b(tks1, @ + hbg, u(tir1, T + hby))]/2 + €2hé, — eh/?5y,)
+ %hgk + %hg(tkﬂ,m + hbg, u(tri1, € + hby)),
where Ek, Ck, Ok, and gx are the coefficients b, ¢, 0, and g calculated at the point

(tka x, U(tk, .’L‘))
The corresponding implicit layer method has the form

(35) ﬂ(tN,.TlJ) = (P(SL'),

U(tks1, T + h[bk + b(tk+1, T + hbg, G(tk+1, T + hby))]/2

N =

ﬂ(tk,.’lf) =
+ e2héy, + eh'/?5y,)

+ ﬂ(tk+1,$ + h[l_)k + b(tk+1,x + hEk,fL(tk+1,SL‘ + hl_)k))]/2

N =

+ €2h5k - €h1/25'k)
1 1 - -
+ §hgk + Eh’g(tk+1)$ + hbk,a(tk+1,.’1) + hbk))’ k=N - 1,... 707

where by, €, Gk, and gx are the coefficients b,c, o, and g calculated at the point
(tk, x, ﬂ(tk, I))

3.2. Convergence theorem in the regular case. Let us make the following two
assumptions.

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

git+itp gititlg X <9
. — | < — | <K, <i+j <2,
(36) | geiant! S K pagrau S 5 0Sititls
Hititle Hititly

|m| <K, IW|SK, 0<i+j+1<1,
to<t<T, ze€R, u <u<u’,
where —oo < u,, u° < 00 are constants.
(ii) There exists a unique bounded solution u(t,z) of problem (3.1)-(3.2) such
that

(3.7) Uo < U S uft,z) < u* < u,

where u,, u* are constants, and there exist the uniformly bounded derivatives
y

iy
<K, Z=0aJ=1a2a3747’L=1)]=0a1a2aZ=27.7=0a1a

(3‘8) 507 <

i=3,j=0; toc<t<T,zecR! 0<e<e".
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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 assumptions (i) and (ii), the one-step error of the implicit
layer method (3.5) is estimated by O(h® + €2h?), i.e.,

[v(te, z) — u(ty, z)| < C - (h® + €2h?),
where v(tx, z) is found from (3.4), and C does not depend on h, k, z, €.
Proof. Introduce the function
Uiy, ()
= %U(tk+17 & + hlbk + b(tki1, @ + hbg, u(tr1, @ + hbk))]/2 + €2héy + eh'/*&y)

1 y y y
+ 5u(tkﬂ, z + hlbg 4 b(tes1, T + hbg, w(tey1, T + hbg))]/2 + €2héy — eh*/?5)

1 1 v »
+ Ehgk + Ehg(tk-i-l,x + hbka U(tk+1,$ + hbk))a

where l;k, 8k, Ok, and gi are the coeflicients b, ¢, o, and g calculated at (tx, z,v).
To prove the lemma, we make use of the method of simple iteration. Define the
sequence

0 (b, 3) = Uge o (00D (b5, 2)), i =1,2,... ,
and take u(tx, z) as a null iteration:
0O (tg, ) = u(ty, x).
First we prove that
(3.9 [o® (g, ) — 0O (tg, )| = [vD (tr, ) — ultr, x)| < C - (h® + e2h?).

We have

(3.10)
v(l)(tk,x)

1
= §u(tk+1, &+ hlbg + b(tey1, T + hbg, u(tps1, € + hbg))]/2 + e2hex + eh/%0y)

1
+ iu(tkﬂ, x + hlbg + b(tis1,x + hbg, w(tet1, ¢ + hbg))]/2 + e2hey, — shl/on)

1 1
+ §hgk + §hg(tk+1,:c + hbk,u(tk+1,m + hbk)),

where by, cx, ok, and g are the coefficients b, ¢, 0, and g calculated at the point
(tk, xz, u(tk, :C))
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Using assumptions (i) and (ii), we expand the functions v and g :

u(tis1, T + hbg/2 + hb(tk+1,m + hbg, u(tp i1, T + hby))/2 + e2hey £ eh'/?0y,)

du 19b,, 186, o 10b0u ,
= u(ty, x) + ath+ Y (bkh + 531 T 33 ht + 55 5 h
10b0
Y534 _ubkh2+€ cxh £ eoihl/?)
10%u 0%u 9 3/2
292 h +5t8 - (bgh® £ eoph®'?)
1
+ g - (2a2o,3h+ —bihQ +eh! 20 - (bh + e2cxh))
i%g— Soph’? + O(h® +€°h?),

g(tk+1: T+ hbk: (tk+1: T+ hbk))
dg Ou 0g Ou

_ dg,  Og 99 2
=g+ 5 ht o beh+ oo h ot on o —bgh + O(h?),

where the derivatives of u are calculated at the point (¢x,z), the derivatives of the
coeflicients b and g are calculated at the point (¢x, , u(tx, )), and

(3.11) |O(R® +€%h%)| < C - (R® +€%h%),  |O(h?)| < C- k2.

Substituting these expansions in (3.10), we get
2

ou Ou €2 0%u
1 2 2
o )(tk,m)=U(tk,l‘)+h'(a+%'(bk+6 ck) + = 2 9z 20'k+gk)

0%u  O0bOu  ObOudu 0%u  O0g OgOu

at2+é€£+%5%+bamat+_+auat)

+_bh2.(ﬂ_+@@+@@@+ £+ag+8gau

2 K" \otdx T Oz 0z ' Oudrdxr | 0z ' Oz | Oudz
+O(h3 + £%h?).

+h2

)

Then, adding and subtracting the appropriate terms of order O(e2h?) in the
above expression, we obtain

ou Ou e2 0%
(3.12) v(l)(tk,m) =u(tk, z)+h- (5t + oz (bk+€ ck)+ — 2 Bz 20'k+gk)
20 Ou g2 0%u
2 6t(—+— (b+¢ )+58——a +9)
3] €2 0%u
+— 28(—u+— (b+e20) + = 5 522 >+ 9)+ O(h® +€°h?),

where, after differentiation, all the expressions are calculated at the point (¢g,x).
Since u(t, z) is the solution of problem (3.1)-(3.2), the relation (3.12) implies

v (ty, z) = ulty, z) + O(h® + €2h?).

The estimate (3.9) is proved.
Clearly, for a sufficiently small h, we obtain

Uo < —Ch?(h+€) + ue < oW (tg,2) < u* 4+ Ch%(h+¢) <u®, x € R
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Using assumptions (i) and (ii), we get
|v(2)(tk’x) - v(l)(tk,x)| = ]Utk,z(v(l)(tkam)) - Utk,z(v(o) (tk>x))|
< Kh|v(1)(tka I) - v(O) (tk,.fl?)‘,
whence it follows that
|v(2)(tk,m) — @ (tg,z)] < (1+ Kh) Iv(l)(tk,:c) —v© (tg, x)|-

It is not difficult to show that there exists a sufficiently small h such that the
procedure can be continued infinitely (i.e., uo < v(? (tg, ) <w®, i=2,3,...) and
o™ (b, ) — oD kg, 2)] < (K)o (b, 2) — v (b, 7)),

1— (Kh)™
1-Kh
Further, we prove by the usual arguments that there is a unique root of the
equation

|'U(n)(tk,.’1,‘) - v(O)(tk)x)] < |v(1)(tkax) - v(O)(tkax)|’ n= 1a2a3a ceee

v(tk, z) = Uty z(v(tr, T))
such that

(3.13) lv(tg, z) — v (tg, z)| <

1 _ Kh]v(l)(tk7x) - 'U(O)(tk,x)l.

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 assumptions (i) and (i), the global error of the implicit layer
method (3.5) is estimated by O(h? + €2h) :

'u(tkaw) - ﬂ(tk,x)| <K- (h2 + 52h)>
where the constant K does not depend on h, k, z, €.

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

(3.14) R(tk,x) = 'I._t(tk,:l:) - u(tk,x).
Introduce the notation

x,gﬁ =z + %th + %hb(tkﬂ,x + hbg, @W(tgy1, @ + hby)) + €2he, + eh/ %5y,

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

(3.15) u(tg,x) + R(tk, ) = a(t, )

1 )y, Lo (yy Lo 1 b @ 5
= §u(tk+1,Xk+1) + —2-u(tk+1,Xk+1) + §hgk + ihg(tk+1,:1,‘ + hbg, @(tk+1, T + hby))
1 1 _ 1 1 _
= §U(tk+1yxigi)1) + iu(tk—i-laX]g_;_)l) + ER(tk+1»X/(gi)1) + »'2‘R(tk+1,X1(c+)1)

1 1 - _
+§h§k + §hg(tk+1,x + hbk,ﬂ(tk+1,$ + hbk)).
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Clearly, R(tn,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 (we need it now): the value u(ty,z) + R(tg, )
remains in the interval (uo,u®) for h small enough.

We have

b = b(tg, z, u(ty, ) = b(tr, z, u(ts, ) + R(ty,z))
= b(tg, x, u(ty, z)) + Ab = by, + Ab,
where by := b(tg, z, u(tk, z)) and due to assumption (i) Ab satisfies the inequality
(3.16) |Ab| < K|R(tg, )]
Analogously,
(3.17) ¢k =ck + Ac, |Ac| < K|R(tk,x)|, 0k = ok + Ao, |Ac| < K|R(tg, )],
gk = gr + Ag, |Ag| < K|R(tx, z)|.
Using (3.16)-(3.17) and (3.14), we get

(3.18) X5 =+ —;-h(bk + Ab)
4 Shb(ti1,@ + Al + DB (b1, + b + AB) + R, @ + hb))
+&2h[ck + Ad] £ eh?[oy + Ac]
=+ %hbk + %hb(tkﬂ, & + hbg, u(tpr1, © + hby)) + e2hey + eh/ 20y,
+h[Ab/2 4+ e2Ac] £ ehY? Ao + h2 Ay + hA,

and
1 1 _ _
(3.19) ihgk + ihg(tk+1: x + hbg, @(tk41,2 + hby))
1 1
= Zhge + ~hA
2hg;c + 2h g

1 _
+§hg(tk+1, T+ h[bk + Ab], 'u,(tk+1, T+ h[bk + Ab]) + R(tk+1, T+ hbk))

1 1 1
= §hgk + §hg(tk+1,x + hbk,u(tk+1, T+ hbk)) + §hAg + h2A3 + hAy4,

where |Ai], |As| < K|R(tk,z)| and |Ag|, |Ag] < K|R(ti41,2 + hby)l.
Substituting (3.18) and (3.19) in (3.15) and expanding Fu(tx41, X,(cf_)l), it is not
difficult to obtain

1
w(ty, x) + R(tp, x) =v0 (t, z) + 5 Rtk X&)

1 - .
+ iR(tk+1a X/E;+)1) + 'I'(tk, .’L‘) + Ir(tka LIJ),
where v (t), z) is defined in (3.10) and
[r(tk, z)] < Kh|R(tk41,2 + hl_)k)l, |7(tk, z)| < Kh|R(tk, )|
Then by (3.9) we get
(3.20)

1 1 - -
R(t,®) = 3 R(tkers, Xi12) + 5 R(tk, X(30) + 7ty @) + ¥ty @) + O(h° + 217,
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Introduce the notation

Ry = max  |R(tg, ).
—oo<z <400

We have, from (3.20),
Ry =0, Ry < Rpy1+ KhRy + KhRyy1 +C - (B3 +€*h?), k=N —1,...,0.

Hence

C 1+Kh
< —
Re < op (G- xm

and therefore (remember that N = (T — to)/h)

WV —1)- (h? + €2h),

C
< AK(T—t0) _ 7). (B2 + £2h).
R < 2K(e 1) - (h* 4+ €°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?+¢€%h), and can be applied to 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 at 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,x) 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 by 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 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 @(tg,z) again)

(3.21) u(tn,z) = p(),
i)k = b(tk,m,ﬁ(tk+1,m)), Cr = c(tk,x,ﬂ(tk+1,x)), O = O’(tk,x, ﬂ(tk+'1,x)),
a(l) (tky .’L‘) = a(tk+17 T+ hl;k) + hg(tlﬁ z, ﬂ(tk-i-l: .'L')),

@(te, ) = SU(tet1, T + hlb(te, 2, @D (tk, ) + b(tet1, T + hby, G(tks1, @ + hbk))]/2

N =

+e2hég + eh?6y)
+%a(tk+1, z + h[b(ty, z, 5 (tk, ) + b(thi1, T + hb, T(tri1,  + hby))]/2
+e2héy — eh'/?6y)
+éhg(tk,x,a<1)(tk,x)) + %hg(tkﬂ,x + by, GW(thy1, T + hby)),
k=N-1,...,0.

The following theorem can be proved by arguments like those used for Lemma
3.1 and Theorem 3.1.
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Theorem 3.2. Under assumptions (i) and (i), the global error of the explicit layer
method (3.21) is estimated by O(h% + €2h) :

[u(te, z) — @(tg, z)| < K - (h? + €%h),
where the constant K does not depend on h, k, x, €

Remark 3.2. Naturally, we can take other weak approximations (more accurate
than the ones we use above) of SDE with small noise [19] to construct the corre-
sponding 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 above (The-
orems 3.1 and 3.2) are obtained provided the bounds of derivatives of the solution
to the problems considered are uniform with respect to z € R%, t € [to, 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) with e =0

ou 0
(3.22) B

(3.23) u®(T, ) = p(z).

If the coeflicients of the equation (3.22) and the initial condition (3.23) are such
that the solution u°(t,x), = € R!, is sufficiently smooth for ¢ty < ¢t < T, then
the derivatives of the solution u(t, z) to (3.1)-(3.2) can be uniformly bounded with
respect to 0 < e < e* for t € [to, T] (see (7, 28]). Note that generally the assumption
that the coefficients of (3.22) and the initial condition ¢(z) are bounded and smooth
functions is not enough to ensure the regular behavior of u®(t,z) at any ¢t < T [7].

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,
Theorems 3.1 and 3.2 become inapplicable.

After the known change of variables t = €2t/, x = €22/, the problem (3.1)-(3.2)
is rewritten for v(#',2') := u(e?t’,e22’) in the form

v &% v

+b(t, z, uO)——+g(t z,u’) =0, t € [to,T), = € R,

(3.24) —874-— ot %’ v)a ,2+(b(5t €2z’ v) + (e, e%a’ v))(9 -
+e2g(e?t, %2’ ,v) = 0, t' € [to/e?,T/e?), x' € R, 0 < e < €*,
(3.25) , v(T/e?,2') = p(e%a’).

If assumptions like (ii) hold for the solution v(¢',2’) of (3.24)-(3.25) (we ob-
serve that the problem (3.24)-(3.25) is considered on long time intervals), then the
derivatives of the solution u(t,z) to (3.1)-(3.2) are estimated as

iy K
|8ti8x7 = g2(i+4)’
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)), an estimate of the

form g —}2(61{ (T—t0)/2* _1) would be obtained for the proposed methods. Due to the

(3.26) t€fto,T), z€ R, 0<e <e*

big factor 1/¢? in the exponent, this estimate is meaningless for practical purposes.
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Our numerical tests (see:Section 7.1) demonstrate that the proposed methods are of
essentially better quality than could be predicted by this estimate. Apparently, the
methods work fairly well in the singular case because the derivatives are large only
in a small domain known as interior layer (see, e.g., [8]). The further theoretical
investigation, namely, obtaining a realistic estimate for the errors of the methods
proposed, should rest on a stability analysis and on more extensive properties of
the solution considered. Recently the similar problem for finite elements methods
has been considered in a few papers (see [3] and references therein).

However, in some particular, but important, singular cases of the problem (3.1)-
(3.2) we get reasonable estimates (without 1/e? in the exponent) for the errors of
the proposed methods by the arguments of Lemma 3.1 and Theorem 3.1. As an
example, we give the following two theorems here (see their proofs in [20]).

Theorem 3.3. Assume the coefficients b and o in (3.1) are independent of u. Let
the conditions (i) and (3.7) hold, and let the derivatives |0°tIu/0t'02%|,i=0,j =
1,2,3,4;i =1, =0,1,2;4 = 2,5 = 0,1; 1 = 3,7 = 0, satisfy (3.26). Then for
a sufficiently small h/e?, the global error of the explicit layer method (3.21) is
estimated as

_ Kh _
[t 2) = (th, 2)| < 3 (T 1),
where the constants C and K do not depend on h,k,x, €.

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

O tiy K

(321) ot < o, teltoT] v € (@) e 1), 0<e <<,

and

3.28 Ou g T * <&

(3.28) |W|_ ) t € [to,T], x ¢ (w«(t),2*(t)), 0 < e <€,
Ou ok it T <e*
|W|$_ 5 Z+]%0,t€[t0, ],0<€_8.

o (zx (8),2*(2))

Theorem 3.4. Assume the coefficients b and o in (3.1) are independent of u. Let
conditions (i) and (3.7) hold, and let the derivatives |0*77u/0t'0z7|, i = 0,7 =
1,2,3,4;i=1,7 =0,1,2%5 = 2,7 = 0,1; i = 3,5 = 0, satisfy (3.27) and (3.28).
Then for a sufficiently small h /€2, the global error of the explicit layer method (3.21)
is estimated in I*-norm as

(329) [ Tutts,2) = altw, )l < 555 (0 - 1),
R C g2

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

The analogous theorems for the simpler 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(t, z).

See also Remarks 6.1 and 7.1, 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(tg, z) ~ @(tg, ) at a certain point z by the explicit layer method
(3.21), one can use a recursive procedure. But it is evident that if the number
of steps N = (T — to)/h is relatively large, the recursive procedure is practically
unrealizable due to the 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 u(ty,z).

Introduce an equidistant space discretization: {z;= zo+jhs, j =0,+1,£2,...},
where o € R' and h, is a sufficiently small positive number.

When it does not lead to any misunderstanding, we use the old notation a, @(\),
etc. for new values here.

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

(4.1) utn,z) = ¢(z),
br,j = btk T, Wtes1,75)), kg = e, T5, Ultks1, 5)),
Ok, = o(te, 5, U(tk+1,75)),
aM (th, z;) = U(ths1,T; + hby,;) + hg(te, T5, Wltes1, T5)),

ﬂ(tk,:cj)

1
= gﬁ(tkﬂ,%‘ + hlb(tr, z;, ™ (g, z;))
+b(tk+1, z;j + hi)k’j, 'L_I,(tk.;,.l, zj + th,j))]/z
+ 2héy, ; + eh/ %6y, ;)
1
+§ﬂ(tk+1, z; + h[b(tk, zj, 6D (t, ;)
+ b(tk+1, T; + hi)k,j) ’l_l,(tk.H, T+ th,j))]/Z
+ e2héy, ; — eh/ 264, ;)

1 1 . .
+§h9(tk»wj»a(1)(tk»xj)) + Ehg(tk+1»xj + hbg,j, u(tr+1, 5 + hbk j)),

ZTj — X r—XT; _
u(ty,z) = J—-‘-}i—-ﬂ(tk,x]‘) + 3 ]u(tk,:cj+1), T; < T < Tjt,
z z
j=0,£1,+£2,..., k=N-1,...,0,

has global error estimated by O(h? + €%h) if the value of h, is selected as h, =
amin(h3/2,eh), where o is a positive constant.

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

1 1 N .
X/(c:-ilz-)l,j =z;+ §hb(tk,x]~,ﬁ(1) (tk,il?j)) + ‘z‘hb(tk+1»xj + hbk,j,ﬂ(tk+1,xj + hbk’j))
+e2héy j + eh %6y, ;.

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

1 1 -
R(tg,z;) = ER(tk"‘l’Xl(ci)l,j) + —2-R(tk+1, X/(c+)1,j) +r(te, ;) + O(h3 + 52}7,2)’
|lr(tk>x]')] < Kth+1a
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where

Riyi:=_ max  |R(tks1,2)]
(unlike (3.20), this formula does not contain 7(tx,x;), because the algorithm (4.1)
is explicit and, for instance, Ab satisfies the inequality |Ab| < K|R(tk41,2;)|)-
Hence

(4.2) |R(tk,7;)| < Riy1 + KhRyy1 + C - (B® + 2h2).
We have

T —xj

(43) ulte,2) = ZHZu(ty, ;) +

he

u(th, zjr1) + O(h2), z; <z < xj41,

where the interpolation error O(h2) satisfies the inequality |O(h2)| < ChZ with C
independent of h, k, hy, j, z, €.
From the last relation of (4.1) and from (4.3), we get
w e

X - X xXq
R(tk,x) = —]i_’i—-—R(tk,IL’j) + _h_]‘R(tk,xj+1) + O(hi), T; <T < Tjtrl,

whence, due to (4.2)
|R(tg,z)| < Rgy1 + KhRyy1 + C - (R® +2h? + h2)

with a new constant C.
As h, = amin(h®2,eh), we can now obtain 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 some restriction on the type
of interpolation procedure which can be used for constructing the numerical algo-
rithm. The restriction is such that the sum of the absolute values of the coefficients
staying at @(tk,-) in the interpolation procedure must be not greater than 1. We
can make use of B-splines of the order O(h2), for which this restriction is valid.
Cubic interpolation of order O(h%) does not satisfy the restriction. However, our
numerical tests give fairly good results in the case of the algorithm based on cubic
interpolation. See also Section 7.1, 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 x where derivatives of the solution are big, and
take relatively large h, outside these intervals.

5. EXTENSIONS TO THE MULTI-DIMENSIONAL CASE
AND TO REACTION-DIFFUSION SYSTEMS WITH SMALL PARAMETER

It is easy to generalize our 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: z; = 25+jhe1, 27 = 25+lhe2, j,1 = 0,£1,%2,...,
(z},27)" € R?, by = o min(h3/2,eh), i = 1,2, and the o' are positive constants.
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The algorithm with global error O(h? + €2h) has the form
(5'1) ’L_L(tN,CCI,£L'2) = QD(CCl,CCZ),
i)k,j,l = b(tkv IZ?; 3 xlza ’L_L(tk+1, 117}, xl2))7 ék:,j,l = C(tk, x;y xl27 'L—L(tk+1, IZ?;, xl2))7
&k,j,l = J(tkv ilf;, xlzv ’L_L(tk;+1, CC;, xlz))y
ﬂ(l)(tk,x},ﬁ) = ﬂ(tk_,.l,x; + hl;,lc’j,l,:c? + hIA)ﬁ gt hg(tk,x},:clz, ﬂ(tk+1,x},xf)),

- ~ 1
(X/i+1,j,l’X/%+1,j,) (%»wl) +2hb(tka$ wl’u(l (tk»l’ 7))

1
+ 2hb(tk+1,x + hbkjl,xl

+ hbk,jz» (tk+1,x + hbk] l,xl + hi’%,j,l))
+ €2hék’j7l,
u(tk,x ,T?)
Wtpy1, Xpyy 5, +eh' 261 +eht/2612% | X2, o)
+ 5h1/2 21 L+ chl/25 22J l)

+-= u(tk+1>X]c+1_7l_€h’ V25 11 +5h1/2%gz»Xk+1,Jl
—€h1/2 21 +€h1/2 22 l)

N

1
+Zu(tk+1>Xk+1]l+€h /2 11 5h1/20k31>Xk+1,11

) +€h1/2 21, — ehl/25 ’%72“)
+Za(t’°+1’X/%+1,jz —ehl2oh, — €h1/2%1 b XR 41,50

L emiern enan )
+5 hg(tkax_pxl» ()(tkvx xl))

l N B R R
+§hg(tk+1>$]1‘ + hbk,j’l, le + hbﬁ,j,z, u(tk+1’x]1' + hbllc,j,l»'z? + hbi,j,l))»

~ 1.,.2
'U'(tk:):C ,IZ?)
1 1 2 2 1 1 2
i1 —X X - Tii{—X o —x?
j+1 I+1 _ 1 .2 j+1 ]
= . u(tk,xj,:cl)+ (tk,xj,xlﬂ)
{lzl . ) hg2 ) 1h,1 . hye
2 2
T —x; x -z -z I’ —2x
J +1 - 1 2 J L= 1 2
. u(te, x5, 1,27) + . U(tg, 51,2
Bt e e Ty 0) Foe U T3 T,

le le Sx}+17 5812 SIL’Q le2+17 Bl=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 system (we take d =1 for simplicity in writing)

2
Ou O byt 2, ) + 2y (1,2, 0) 2 + gyt 2,u) = 0,

q QE—
8t+ ACEb B%
teto,T), z€ R, q=1,...n, u:= (ug,...,un),

U’Q(Ta z) = QDq(:L'),

(5.2)
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the method like (3.21) has the form
(5.3) QQ(tN>x) = ()oq(x)v

~

bq,k = bq(tkvx;a(tk+lyx)); éq,k: = Cq(tk,w,ﬁ(tk+1,$)), a.q,k: = O'q(tk,x,ﬂ(tk+1,x)),

@) (te, ©) = @ithr1, « + hbik) + hgi(te, o, a(tes1,2)), i=1,... ,n,
1
’L—LQ(tka LL') = iaq(tk+1, x+ h[bq(tkn Z, a(l) (tk: CC))
+bq(tk+1, T+ hi)q’k, @(tks1,z + hl;q’k))]/Q + E2hﬁq,k + 6h1/25q7k)

1
+§aq(tk+1, & + hlby(tk, z, @ (ty, z))

+bg(tht1, T + hbg g, Wtk 1, @ + hbg 1))]/2 + €2héqk — e %64 k)

1 1 . .
+5hgq(th, 7, M (b, z)) + 5ha(tes1, @ + hbq g, Ut 11,2 + hbyv)),
¢g=1,...,n, k=N—-1,...,0.

It is easy to write down the corresponding algorithm like (4.1) on the basis 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 again.
Consider the Cauchy problem

ou €2 0%u 1
(6.1) E-F?%Q—-i-g(t,x,u)—o, telte,T), z€ R,

(6.2) u(T,z) = ().

We assume that the term g(¢, z, u) is a uniformly bounded and sufficiently smooth
function and conditions like (ii) from Section 3 are fulfilled for the solution u(t, z)
to (6.1)-(6.2). Note that to construct high-order methods we need uniform bound-
edness of the derivatives of u(t, ) with higher orders than in the assumption (3.8).
To realize the methods of this section, we can avoid any interpolation. This is
so because when ¢ = 1, b = 0,c = 0 we are able to choose a special space dis-
cretization. The methods of this section are tested by simulation of the generalized
KPP-equation with a small parameter (see Section 7.2).

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

(2.1)-(2.3))

(6.3) u(t,z) = E(p(Xe2(T)) + Zt,z,0(T)),
where X; ;(s) and Z; ; .(s), s > t, satisfy the system
(6.4) dX = edw(s), X(t) =z,

dZ = g(s,X,u(s, X))ds, Z(t) = 2.

Note that (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 explicit layer method (2.8) with error O(h) has the form

(6.5) a(tn, ;) = p(z;),
1 1 .
ﬂ(tk,xj) = Eﬂ(tk.n,xj + €h1/2) + §'L_L(tk+1,xj — €h1/2) + hg(tk.H,:Ej, ﬂ(tk+1,xj)),
zj = xo+jeht?, §j=0,+1,£2,..., k=N —1,...,0.

Note that it coincides with the well-known finite-difference scheme under the
special relation of time and space steps (hy = ch; / %) in the scheme.

In the case of the problem (6.1)-(6.2) the explicit layer method (3.21) with error
O(h? 4 €2h) takes the form

(66) ﬂ(tN,il’j) = QD(:U]’),
aW (ty, 2;) = @ltpr1, 25) + hglte, 75, @ltes1, 25)),
1 1
ﬂ(tk,wj) = —2-ﬁ(tk+1,xj + 6h1/2) + —2-'L_L(tk+1,.l‘j — €h1/2)
1
+§h[g(tk,wj, @D (tr, 25)) + g(ths1, 25, Wlths, 25))],
zj =0+ jeh/?, 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 semilinear parabolic equation with constant diffusion is con-
structed in [18]. In the case of the problem (6.1)-(6.2) the implicit layer method
with error O(h?) has the form

(67) ﬂ(thxj) = QD(IL']‘),

1 2 1
’E(tk,xj) = —6-17,(tk+1,$j + \/§€h1/2) + gﬂ(tk+1,$]‘) + ga(tk+1>xj - \/§€h1/2)

3
h
+Eg(tk+1,x]~ + \/§€h1/2,ﬁ(tk+1,xj + \/§€h1/2))

h _ h _
+§9(tk,$j, u(ty, z5)) + = 9(tet1, 5, Wtk1,25))

h
+ﬁg(tk+1’xj — V3eh'/? Uty 41, @; — V3eh'?)),

z; =xo+ jV3eht?, j=0,41,42,... , 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.

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

oy, K
| <
0ttdz7 gl
These bounds are obtained using the change of variables t = ', z = ez’ (cf. Section
3.4).

(6.8) t € [to,T], € R}, 0 < e <¢*.
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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

[u(ty, ) — (g, z)| < Kh,

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 7.2 we present results of testing these methods (instead of
(6.5) we use a modification of it) on an equation in which g depends on € and the
derivatives of the solution have other bounds than (6.8) (see Remark 7.1 and other
details in Section 7.2).

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, which requires stability analysis of multi-layer methods.
We test these methods in our experiments, and they give fairly good results.

To calculate @(tx+1, z) by a three-layer method, two previous layers are used. So,
to start simulations we should know @(ty, z) and @(¢y—1, ). To simulate a(ty—_1, )
one can use, e.g., the two-layer method (6.7) with a sufficiently small step. Below
we consider this layer to be known, and denote ¥(z) := a(ty—1, ).

Apply the special Runge-Kutta scheme (2.13) to approximate (6.4):

(6.9)  Xepo(ter1) = Xop o(ter1) = z + b2,
Ztk,x,z(tk+1) jad Ztk,m,z(tk+1)
h
=z+ g(g(tk, z, 'U,(tk, IZ?)) + 2g(tk+1/2a x, U(tk+1/2, .T))
+29(tgy1/2, T + eh'/?¢, u(tpg1/2, 2 + €h1/2£k))
+ g(tet1, = + eh 28, ultir1, @ + eh2EL))),

where & are i.i.d. variables with the law P(¢ = 0) = 2/3, P(¢ = £/3) = 1/6.
The implicit method with one-step error O(h® + €2h3) has the form (to get the
method we use the scheme (6.9) with the time step 2h)

(6.10) u(tn, z;) = p(x5), wW(tn-1,;) = p(z;),

2
U(tpyo, T + \/é€h1/2) + gﬂ(tm.z, z;) + ~U(tpre, T — \/66}7,1/2)

|
—

'L—L(tk, :th) =

(=]

h B 10A _
+§g(tk, z;, u(te, z;)) + —g—g(tkﬂ,wj, U(tkt1,z5))

+gg(tk+1’wj +V6eh'/2, a(tyt1, z; + VBeh/?))
+gg(tk+1’wa‘ — V6eh?, u(t 41, x5 — V6eh'/?))
+%g(tk+2,xj + V6eh!/?, U(tpq2, T + \/66h1/2)) + %g(tk+2,xj,ﬁ(tk+2,xj))
+1_h89(tk+2’$j — V6eh!/?, U(trya, z; — V6eh'/?)),
z; = w0+ jV6eh/?, j=0,£1,£2,..., k=N -2,N-3,... 0.



ALGORITHMS FOR PARABOLIC EQUATIONS BASED ON SDE 257

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

(6.11) (fi—;b +g(t,u) =0, t <T, u(T) = .

Recall (see, e.g., [10]) that a linear n-step method for (6.11)

AUk + Qp_1Ukt1 + -+ QUkn = h - (Bngi + -+ + BoGk+4n),
9i = g(ti,ui)7 Qo 7é 0) |Oé()| + |ﬁ0| > 07

is zero-stable (D-stable) if the generating polynomial
(6.12) an A" + 0 A" 4ty =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. Asis 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, (7.10)-(7.12) (Section 7.2). One
can see that the method (6.10) does not preserve the property u < 1 of the problem
(7.10)-(7.12) that leads to an unstable behavior of the approximate solutions. We
modify the method (6.10) in the experiments: if a(tx,x;) > 1, we put @(tg, z;) = 1.
Since locally, in a single step, the resulting difference 0 < @(tx, ;) —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 work fairly
well if applied to the generalized KPP-equation. However, the modification is based
on 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 but with the one-step error
of lower order (see the method (6.13) below). Let us note that it is possible to reach
both the same one-step accuracy O(h® + €2h3) and the better stability properties
by a four-layer method.

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

X o (ter1) = Koo (torr) = @ + b2,

_ h
Ztk,m,z(tk+1) ~ Ztk,a:,z(tk+1) =z+ 5(59(%,% u(tkwr)) + g(tk+1ax>u(tk+1>x))
+79(tkr1, © + ehY 2k, u(tpyr,  + eh'/2€L))
—g(tira, & + eh €y, ultro, x + eh/2Ey))),

where the ¢ are i.i.d. variables with the law P(¢ = 0) = 2/3, P(¢ = +/3) = 1/6.
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The three-layer implicit method with one-step error O(h* + €2h3) has the form

1 2 1
ﬂ(tk,xj) = E'L—L(tk+1,$j + \/§€h1/2) + gﬁ(tk+1,xj) + g’l_l,(tk_'_l,xj - \/§€h1/2)
5h 17h
+E9(tk,%’,ﬂ(tka$g’)) + %g(tkﬂ,%’, U(te+1,25))

Th

o 0(tkt1, @+ V3eh2, Ut g1, 35 + V3eh!/?)
Th

+ﬁg(tk+1’xj — VBeh'/2, u(ty 41, x5 — V3eh!/?))
h

_59(%”’%’ + V3eh2 A(tyt2, 7; + V3eh'/2))

L h
~ g0t @5, Wtke,2)) = 5 0(tira, 25— V3ehY?, Wltan, 2, — V3eh'/?),
zj =0+ jV3eh'/?, j=0,£1,42,..., k=N —-2,N -3,... 0.

For (6.11) this method coincides with one of the implicit two-step Adams meth-
ods 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 7.2) 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 problems of a higher
dimension or for systems of reaction-diffusion equations. Additionally 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(h® 4+ €2h?) can be obtained. It is also not difficult to get an implicit four-
layer method with the one-step error O(h® + £2h3) for (6.1)-(6.2) possessing good
stability properties in the above sense, or an explicit four-layer method with the
one-step error O(h* + £2h3), and so on.

Remark 6.3. In the preprint [20] another special layer method for some nonlinear
problems is constructed. To approximate SDE, it attracts the eract 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. In the nonlinear case layer methods, using the exact simulation
of the Brownian motion, possess some preferable properties as well.

7. NUMERICAL TESTS

We start with two short digressions of a general nature.

In the previous sections we dealt with semilinear parabolic equations with neg-
ative direction of time ¢ : the equations are considered for ¢ < T' and the “initial”
conditions are given at t = T. This form of equation is suitable for the probabilistic
approach which we use to construct numerical methods. Of course, our methods
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are adaptable to semilinear parabolic equations with positive direction of time, and
this adaptation is particularly easy in the autonomous case.

Consider the Cauchy problem for autonomous semilinear parabolic equations
with positive direction of time

2 2

o?(z, )g 5+ (b(z,u) +€ 2¢(, u))gz

Ou ¢

guv_¢& 1
(7.1) 5 = 3 +g(z,u), t>0,z€R,

(7.2) u(0,z) = ().

Note that if we substitute the solution u(t,z) of this problem in the coefficients
o, b, ¢, and g, the equation (7.1) 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. In our numerical tests
we use algorithms with positive direction of time (see, e.g., (7.8), (7.9) below).

We noted in Remark 4.1 that the algorithms based on 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),
x € R!, can be interpolated by cubic interpolation as

(7.3) f@) = fz) = Z‘I’J,z(x f(@jti);, Tjr1 < <Tjya,
3 -
0ji(z) = e L
=0, mti Tjti — Tj4m
where z; = 20+ j - Ay, X0 € R',j=0,%£1,%£2,..., and h; is a positive number.
The error of the cubic interpolation (7.3) is estimated by
Fle) - 7@ < 1 T K, m<a<a
o) =@ < g, maxggal he i <E<Tjea

Recall (see Theorem 4.1) that the algorithm (4.1), based on the layer method
(3.21) and on linear interpolation, has error estimated by O(h?+¢&2h) provided h,, =
min(h3/2, eh). One can expect that under assumptions (i) and (ii) from Section 3
the algorithm based on the layer method (3.21) and on the cubic interpolation (7.3)
can achieve the same accuracy O(h? + €2h) with h, taken equal to min(h%/4, Veh)
only. Our numerical tests on the Burgers equation support this supposition. See
the theoretical explanations in [18] as well.

As mentioned in the Introduction, all the methods have been tested through
computer experiments. Some of them are presented below.

7.1. The Burgers equation with small viscosity. The one-dimensional Burg-
ers equation with small viscosity has the form

ou 20%u  Ou 1

(7.5) u(0,z) = ¢().
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By means of the Cole-Hopf transformation, one can find the explicit solution of
the problem (7.4)-(7.5):

2, Ktz y)p(y) exp(— = fo @(£)de)d

u(t? x) = y
Joo K (t,z,y) exp(— 2f0 o(¢)d¢)d
1 (z —y)?
K(t,z,y) = mex (- x252t ).

Let us take the initial condition ¢(x) of the form

c T < lg,
(7.6) () =4 A=), lo<z<lo+],
d, x> 1ly+1,

where ¢, d, ly, [ are numbers, ¢ > d, | > 0, A(z) is a bounded measurable function,
and d < A(z) <c

Recall some theoretical facts concerning the problem (7.4)-(7.5), (7.6) (the details
are given, e.g., in [9, 28]).

The solution u(t, z) to (7.4)-(7.5), (7.6) is uniformly bounded:

d<u(t,x) <ec, zeR, 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
(7.4)-(7.5), (7.6) for € = 0 is smooth at ¢ < T and discontinuous at ¢ > T. The
solution u(t, x) to (7.4)-(7.5), (7.6) is regular for t < ¢, < T':

Oitiy

|W(t,x)|gm zeR, 0<t<t, 0<e<e"

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

|z* (t) — 2. (t)]| ~ €2

az‘-i—ju K ) *
latza J(t7x)| S 62(i+j)’ S (x*(t),x (t)), tZT, 0<8S€ y
oty K, ,
= «(t), " y 02T, <e*.
|50z b < o ¢ (@.(t),2"(t), t 2T, 0<e<e

In our experiments we take A\(z) equal to

™™

(7.1 Az) = a—bsin o

uw>0,b>0,and c=a+b d=a—b, | =p, loz_%"

For this A(z) the moment T can easily be found: T' = pu/mb.
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We compare the behavior of two algorithms. The first one is based on the layer
method (3.21) with the cubic interpolation (7.3). In the case of the problem (7.4)-
(7.5) it has the following form:

(7.8) u(0,z) = p(z),

1
Uter1, 25) = 5u(te, 25 — halty, z; — hu(te, ;) +eh'/?)
1
+§ﬂ(tk,xj - hﬂ(tk,xj - hﬂ(tk,x]‘)) — €h1/2),
3
ﬂ(tk,x) = Zq)j’i(x)ﬂ(tk,x]’+i), Tjr1 < T < Zjto,
1=0

3
T—Zitm
Bia(z)= [] —2=-,

T — 2
m=0,mzi T TItm

j=0,41,42,..., k=0,... ,N -1,

where z; = zo + 7 - hs.
The second algorithm is based on the layer method (2.8) proposed in [18] and
on the cubic interpolation (7.3):

(7.9) u(0,z) = ¢(2),
1 1
ﬂ(tk+1,xj) = —2-'L_L(tk, T — hﬂ(tk,:cj) + €h1/2) + é-ﬂ(tk,wj - hﬂ(tk,:cj) — €h1/2),
3
u(ty, ) = Z‘Pj,i(x)ﬂ(tkaxj+i)a Zjp1 < T < Tjpg,
=0
3 z—z;
®ji(z) = —n
me0,mats Tt T Titm
j=041,42,..., k=0,... N—1

Table 1 gives the results of simulation of the problem (7.4)-(7.5) with ¢(z) from
(7.6), (7.7) in the case of the regular solution. In this case assumptions (i) and (ii)
from Section 3 are fulfilled, and the algorithm (7.8) has error O(h? + €2h) while
(7.9) has error O(h). The value of h, is taken equal to h%/4. We present the errors
of the approximate solutions # in the discrete Chebyshev norm and in the I!-norm:

err®(t) = max |u(t, z;) — u(t, z;)|,
errt(t) = Z |a(t, z;) — u(t, ;)| - hyg .

One can infer from Table 1 that the proposed special algorithm (7.8) with error
O(h? + €2h) requires less computational effort than the algorithm (7.9) with error
O(h), and that the experimental data conform to the orders of accuracy of the
algorithms given by the theoretical results.

To find the solution u(¢,z) to the problem (7.4)-(7.5), (7.6) for ¢ > T, when the
solution is singular, we realize the following numerical procedure: we simulate the
problem by the algorithms (7.8) and (7.9) with a sufficiently big time step h and
with hy = h3/4 up to the time moment t, < T; then we change the time step h to
a smaller one h., take h, = h,, and continue the simulations.
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TABLE 1. The Burgers equation (regular solution). Dependence
of the errors err¢(t,) and err!(t,) on h and e for the algorithms
(7.8) and (7.9) when a =b=0.5, p =8, and ¢, = 4 (T = 5.09).

€ h algorithm (7.8) algorithm (7.9)
err©(t.) errt(t,) err®(ty) err!(t,)
0.3 0.1351-10"1 | 0.1531- 10! 0.1130 0.1397
0.3 0.1 0.2146 - 102 | 0.3347 - 1072 0.3978 107! | 0.4628 - 10!
0.01 0.2295-1073 | 0.3874- 102 | 0.4221-1072 | 0.4799 - 102
0.001 0.2265-10~% | 0.3947-10~* 0.4244 - 1073 | 0.4814 - 103
0.3 0.2325-10~1 | 0.2051 - 101 0.1539 0.1519
0.1 0.4255 - 10~2 | 0.2287 - 10~2 0.6084-10~! | 0.5007 - 107!
0.1 | 0.03 0.3489-1073 | 0.2396- 102 | 0.2029-107! | 0.1553 - 10!
0.01 0.4444 - 10~% | 0.5442 - 10~* 0.6751-10~2 | 0.5169 - 10~2
0.001 0.5529 - 1075 | 0.6374 - 10~° 0.6806 - 103 | 0.5189 - 103
TABLE 2. The Burgers equation (singular solution). The errors
err®(t) and erri(t) for t = 8 (T ~ 5.09). Other parameter values
are the same as in Table 1. The time steps h and h, are used when
t <t. and t > t, correspondingly.
€ h h algorithm (7.8) algorithm (7.9)
err®(t) errt(t) err®(t) err!(t)
0.1 0.01 0.6322-1072 | 0.2713-10"° 0.1693 0.6555 - 10~ *
0.3 0.01 0.001 0.4036 - 1073 | 0.2482-1072 0.1771-107% | 0.6782- 1072
0.001 0.0001 0.5977-10"% | 0.3760-10~* 0.1776 - 1072 | 0.6931 -10~3
0.1 0.001 0.5553-10~1 | 0.2351 107 > 0.5 0.6594 - 10~ !
0.1 0.03 0.001 0.1219-10"* | 0.4699 - 1073 > 0.5 0.3189 - 107!
0.0001 0.3955 - 1072 | 0.1718 - 1073 0.4029 0.1716 - 107!
0.01 0.0001 0.7047 102 | 0.3007 - 107* 0.1687 0.6828 - 1072
0.001 0.0001 0.4139- 1072 | 0.2312.107* 0.5461-10~* | 0.2185 . 102

Table 2 gives the results of simulation of the problem (7.4)-(7.5) with ¢(z) from
(7.6), (7.7) when t > T. One can see that in the singular case the behavior of the

algorithm (7.8) is also better than the behavior of (7.9).
In connection with this example, see the numerical experiments in [1] and [18]

as well.

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

(7.10)

(7.11)

ou_ e
ot~ 2

@ +g(z,u;€)
6x2 g b b b)
u(0,z) = x_(z) =

t>0, ze R,
1, z <0,
1/2, =0,
0, x>0,
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and take

(7.12) o(z,u3e) = éc(x)u(l ),

clz)=c+ % arctg a(x —b).

Here € > 0 is a small parameter, o > 0 is a big number, ¢, a, and b are positive
constants, and a/2 < ¢ < 3a/2.
The problem (7.10)-(7.12) is a generalization of the KPP-equation. The theoreti-

bv/2a

cal results for this problem obtained in [5] give the following. For t < Tp =~ o1 05a’

¢+ 0.5a
the wave propagates to the right of the domain Gy = {x < 0} with the velocity
V2¢ — a, “taking no notice” of the fact that after z = b the coefficient c(z) takes a

a
larger value ¢ + —. But at the time Tj, a new “source” arises at the point z = b,

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

Figure 1, obtained in our numerical experiments, demonstrates this phenomenon.
Under the parameters used here (see the figure caption), Tp = 5.65. As soon as the
time t is close to Tp, the velocity of the new front to the right is greater than
V2c+ a ~ 2.06 (see Figures 1c and 1d); and with an increase of time the velocity
tends to v/2c+ 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 for our values of the parameters (¢ = 0.1; see the caption to
Figure 1)

min _ %(5.75,2) =~ 107"

—oco<z<b

while there is already the new front at x = 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 on a computer. For instance,
when £ = 0.04

min  4(5.75,2) ~ 107*39,
—oo<z<b

which is less than the smallest positive number (~ 1073%%) realizable by many
compilers. To observe the phenomenon in this case, one has to compose a special
numerical procedure or use a special compiler.

An additional confirmation of the high sensitivity of our model is given, for
instance, by the following experiment. If we put (0, z) = u for z > 0 with a small
positive u, e.g. 1071, in the initial condition (7.11) and take the other parameters
as in Figure 1, the new “source” arises at a moment t < 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 results
of the numerical tests are shown in Figures 2 and 3.
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FIGURE 1. The KPP-equation. Evolution of the solution u(t, z) to
problem (7.10)-(7.12) for e = 0.1, ¢ =1.125,a = 2, b = 6, o = 150
simulated by the method (6.13) with A = 0.0001.

The first-order method is

(7.13) (0, z;) = x_(=;),
W(tet1, %) = 2k, x5 + ehM?) + La(ty, z; — eh/?)
+%(g(xj—1a a(tk’ xj—l)) + g($j+1, ﬁ'(tk’ xj+1)))’
z; = 2o + jeh'/?, j=0,%1,..., k=0,... ,N - 1.

It can be checked that for a sufficiently small A this method preserves the
monotonicity property of the solution. The first-order method (6.5), which has
hg(z;, u(tk, z;)) instead of h(g(z;—1, U(tk, Tj-1)) +9(;+1, Wltk, Tj+1)))/2, does not
preserve the monotonicity property and has unstable behavior for this problem.
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FIGURE 2. The KPP-equation (new source appearance). Com-
parison of the methods. The solid curve is simulated by (6.7) and
(6.13) with A = 0.0001, and it visually coincides with the exact
solution. The curves 1, 2 are simulated by (7.13) and (6.6) with
h = 0.0001; the curves 3, 4 by (6.7) and (6.13) with A = 0.001.

Here ¢ = 0.2, t = 5.8, and the other parameter values are the same
as in Figure 1.

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 the three-layer method (6.10) are discussed in Section 6.2.

3\

0.5

é 4 6 X

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 (7.13) and (6.6) with & = 0.0001. Here

t = 5.75, and the other parameter values are the same as in Fig-
ure 1.
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Remark 7.1. Derivatives of the solution to (7.10)-(7.11) can be estimated as
| 0"ty | K
Otidzi ' — g2(i+3)’
By the same arguments as in Theorem 3.3 one can prove that, under (6.8), for a
sufficiently small h/e? the errors of both methods (6.5) and (6.6) are estimated as

(7.14) tefto,T), r€ R, 0<e<e"

_ h
lu(ty, ) — @(ty, )| < K6—4,
and the error of the method (6.7) is estimated as

_ h?
Iu(tkn il?) - U(tk, x)l S K_E—é—’
where the constant K does not depend on z, k, h, €.
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