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Inexact monotone methods for solving
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Abstract

We numerically solving semilinear elliptic problems with the method
of upper and lower solutions. Inexact monotone iterative methods are
constructed, where monotone linear systems are solved by the Jacobi
or Gauss—Seidel methods only approximately. The inexact monotone
methods combine the quadratic monotone iterative method at outer
iterations and the Jacobi or Gauss—Seidel methods at inner iterations,
and possess global monotone convergence. Results of numerical experi-
ments are presented.
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1 Introduction

We consider the semilinear elliptic problem

=Y Dy )y, + ) wWuy, +fx,u) =0, x€w, (1)
v=1 v=1
u(x) =g(x), xe€odw, u,, =ou/ox,,
where w is a connected bounded domain in R* for k = 1,2,... with bound-
ary 0w, and D,(x) >0 withx e @ =wUdw for v=1,...k. We assume

that for some constant ¢, > 0,
fu>c., (x,u)€ewx (—o0,00), f,=o0f/0u. (2)

Section 2 introduces a nonlinear difference scheme for the numerical solution
of (1).

These types of elliptic problems arise in various fields of applied sciences [8].
In the study of numerical solutions of nonlinear elliptic problems, the cor-
responding discrete problem is usually formulated as a system of nonlinear
algebraic equations [7]. A fruitful method for solving the nonlinear differ-
ence scheme is the method of upper and lower solutions and its associated
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monotone iterations. Boglaev |2] and Pao [9] gave some accelerated monotone
iterative methods with a quadratic rate for solving discrete elliptic boundary
value problems. However, solving a monotone linear system at each iterative
step can be expensive if the number of unknowns is large |2, 9]. It seems
reasonable to solve the monotone linear system at each iterative step (outer
iteration) only approximately with a fixed number of iterative steps (inner
iterations). One advantage of using an iterative method to solve monotone
linear systems approximately is that the systems do not need to be solved
too accurately in the early stages of the monotone iterative method. Inner
iterations should keep global monotonicity of outer iterations. We call this
combined monotone method an inexact monotone method (cf. inexact New-
ton methods [5]). Inexact monotone methods offer a trade-off between the
accuracy with which the monotone linear systems (outer iterations) are solved
and the amount of work per iteration (inner iterations).

Boglaev [4] constructed and investigated inexact monotone methods for solving
semilinear parabolic problems. The aim of this article is to construct inexact
monotone methods for solving semilinear elliptic problems, where the outer
iterations are based on the monotone method discussed by Boglaev [2] and the
inner iterations are based on the Jacobi and Gauss—Seidel iterative methods.
The numerical results show that the inexact monotone methods converge with
a fast linear rate of convergence (superlinear rate). The inexact monotone
iterative methods are presented in Section 3.

2 The monotone iterative methods

On @, we introduce a connected mesh Q. For a mesh function U(p), p € Q,
consider a nonlinear difference scheme of the form

LUp)+fp,U)=0, peQ, Ulp)=glp), peodQ, (3)

!

LU(p)=dpUP)— Y  alp,p)Up),

p'€d’ (p)
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where o (p) = o(p) \ {p}, o(p) is a stencil of _the scheme at an interior
mesh point p € () and 0Q) is the boundary of (3. We make the following
assumptions on the coefficients of the difference operator L:

d(p) >0, a(p,p) >0, dp)— > alp,p)=0, peQ. (4
p'ed’ (p)
Remark 1. These assumptions are satisfied by the standard difference approx-
imation of the differential operator in (1).
We now formulate the maximum principle for the difference operator £
from (3).

Lemma 2. Let the coefficients of the difference operator £ from (3) satisfy (4)
and let the mesh Q be connected. If a mesh function W(p) satisfies the
conditions

(L+c)W(p) >20(<0), peQ, W(p)=20(<0), pecaQ,
where c(p) =0, p € Q, then W(p) >20(<0),pecQ.

Abraham and Plemmons [1] proved this lemma.

2.1 The monotone iterative method

We say that U;(p) is an upper solution if it satisfies
Rip, W) = LU(p) +flp, W) 20, peQ, UWlp) >g(p), pecoQ,

where R(p, U;) is the residual of the difference scheme (3) on U;(p). Similarly,
U_;(p) is a lower solution if it satisfies the reversed inequalities. Initial upper
and lower solutions U (p) (=1 and o = —1 correspond to the upper and
lower cases, respectively) are calculated by solving the linear problems

(L+c)Z(p) =alR(p,S), peqQ, ZP(p)=0, pedQ, (5)

x

Z0(p)=uP(p)—S(p), R(p,S)=LS(p)+f(p,S), peqQ,
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where c, is from (2), and S(p) is defined on Q and satisfies the boundary
condition S(p) = g(p) on 0Q. For n > 1 we calculate upper and lower
solutions by using the recurrence formulae

L+ DPNzMp) =—Rp,ul"), peqQ, (6)
zZPE)=uPE -ulp), peq, z{Mp)=0, pedQ,
)

09 29

Rip, U= = cul™(p) + f(p,ult=1).

The mesh function ¢™ 1 is

" (p) =max |fulp, W, UN () cUSW " (p)|, peq. (V)

Boglaev 2] proved that the sequences {U((xn)} for « = +1, generated by (5)—(7),
converge monotonically and quadratically to a unique solution U* of (3).

2.2 The monotone inexact methods

For solving the linear systems (5), we employ the Jacobi or Gauss—Seidel
iterative methods and show that inexact iterative methods still maintain
the monotone convergence of the iterative sequences. We write the linear
problems (6) in the equivalent form for o = +1,

LOUM(p)+o(p, UM =0, peQ, (8)
L =L+ V(p),
D p, UL ) =~ (YU (p) + f(p, U ).

o4

uM(p)=g(p), pedQ.

The iterative sequences {U&n’i) (p)} fori=0,1,..., generated by the Jacobi
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and Gauss—Seidel methods, are defined by the recurrence formulae

LMz (p) = —H(p,u™") peq, zMp) =0, pecaQ, (9)
zZiP) =uE -up), peq, ix>1,

U m) =ul ), peq,

Hp, U = MUl (p)+ oM (p),

where @ (p) = O (p, U, and H(p, UL ") are the residuals of the
difference equations (8) on U&n’lfn(p). For the Jacobi and Gauss—Seidel
methods, £ is defined by

L(n)z(n,i)

* x

o) LRZM (p) = [d(p) + ™ PNz (p)

P ez (p) = 82 (9) — X e ) alp.P))ZE (1),
(10)

where LE:C) and Lé:) denote the difference operators in the Jacobi and Gauss—

Seidel methods, respectively, and o] (p) is a set of stencil points corresponding

to a strictly lower triangular part of o(p).

Remark 3. The sequences {U&n)} with « = £+1 and n > 0 are called outer
iterations, and for n fixed, the sequences {U&n’l)} with « = £1 and 1 > 0 are
called inner iterations.

Lemma 4. Let the coefficients d(p) and a(p,p’) in the difference operator £
from (3) satisfy (4) and the mesh Q be connected. Then for the difference

operators LETA% and L(GTSL) from (10), the maximum principle in Lemma 2 holds.

Proof: In the case of £{%, d(p) +c™(p) > 0 is a diagonal entry and
a(p,p’) =0 for p’ € o'(p). In the case of ,Cg;), d(p) +c™V(p) >0is a
diagonal entry and a(p,p’) = 0 for p’ € o{(p). Thus, the coefficients of
the difference operators LETA% and LS;) satisfy the conditions (4). From here
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and (7) it follows that

dip)+c™p)— > alp.p)=dp)— D  alp,p)=0.

p'ea (p) p'ed’(p)

Thus, from Lemma 2, we conclude the maximum principle for ngg and Lgsl).

[ )

In the following theorem, we prove the monotone property of the inexact
iterative methods from (5)—(7), (9) and (10).

Theorem 5. Under the assumptions of Lemma 4, the sequences {U&m} and
UM for o« = +1, generated by (5)-(7), (9), (10) are, respectively, upper
and lower solutions and converge monotonically:
ut ) < Ut e <ue) <utp), peq, (1)
We) <yt e <u ), peq,

where i > 1, US(p) = UL (p) and UL (p) = US™ (p) for o = &1,
and i, 1s a number of iterative steps in the iterative method (9) for n fized.
The upper sequence {U](n)} converges from above to the unique solution U*
of (3) and the lower sequence {U(_n])} converges from below to U*.

Proof: Boglaev [2] proved the existence of the unique solution U* of (3).

Taking into account that

Ul =ulp), Hpe.uM==RrpE,u), peq, o==I1,

09 [0

Rp, Uy 20, Rp, U <0, peq,

from (9), by the maximum principle in Lemma 4, we conclude that

z"p)y =0, z"p) <o, peq. (12)
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Thus, uﬁ) (p) < Ugi])(p) and U%H)(p) < U%O)(p) for p € Q. We now prove
that

Introduce the notation

W (p) =u™p) - U p), W) =Y p) Ul (p). (14)

For U(p) > V(p) withp € Q, we define the sector (V,U) = {V(p) < W(p) <
U(p),p € Q}. Using the mean-value theorem, from (9), we get the difference
problem for W1
SOWID p) = (£ = LW p) + (¢ (p) — fulp, QWO (p)
peQ, Wlh(p)=0, peaqQ, (15)

where Q©) € (U@]),UEO)). From here, (4), (8) and (10), we obtain

(LM =W p)= > alp,p W (p'),

p’€ai(p)

where o/ (p) = o/(p) for £ and o (p) = of,(p) for £ where ol (p) is a
set of stencil points corresponding to a strictly upper triangular part of o(p).
From here, (4), (7) and taking into account that U(f]) (p) < U.l(n)(p), by
Lemma 4 applied to (15), we conclude that W1 (p) > 0 for p € Q, and
prove (13). From (12) and (13), follows (11) forn=1andi=1.

We now show that UY"" are upper (o = 1) and lower (a = —1) solutions to
problems (8) and (3), that is,
3, W) =

, spuy <o, peq, (16)
Rip,Uj"") > <

0
0, ®Rp,uy <o, peq.

We represent H(p, U((x]’”) with o« = £+1 in the form

Hip, Ug) = LU (p) + @ (p) = £V Z (p) + H(p, UL
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where H(p, ulv ) = H(p, ul . Using the above difference equations for z{
with o« = +1, from (3), (9) and (10), we get

Hip, UlM) = (L0 =Mzl p)=— > alp,p1Z{"p), peq,
p'eoi(p)
(17)
where o (p) = o’(p) for £ and 0' (p) o (p) for £ From here, (4)
and (12), we prove (16) for H(p,U Y for o = +1.

To prove (16) for R(p, Uy with o = 41, from (9) and using the mean-value

theorem, we represent H(p, ul 1)) in the form

Hip, UP) = [c(p) — fulp, EL] [ULY (p) = UL ()] + Rip, UL
(18)

where E{"V e (U™ Uy and £V e (u ut"Yy | From here, (7), (12)

and (16), we conclude that

Rip, W) = H(p,uy =0, Rp,u)y <Hp,u’)y <o, peq.
(19)

Thus, we prove (16) for ﬂz(p,uf,}”) with o = £1.

From (9) and (16), by the maximum principle in Lemma 4, we conclude that
28 p)y =0, )" p) <0, peq. (20)

Thus,

up) <u e <uPe), uMe <u™e) <up), peq.

We now prove that

u ) <up), peq. (21)

Similar to (15), using the mean-value theorem, from (9), we get the difference
problem for W(1:2)

LW (p) = [£) = £OTWED(p) + [ (p) — fulp, Q)] W (p),
peQ, W' (p)=0, peaq, (22)
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where Q©) € (VEOR,V](O]>. From here, (4), (8) and (10),

(£ —£Mwiip) = 3 alp,p W (P, (23)

p’eoi(p)

where o/ (p) = o’(p) for £ and o’ (p) = o{,(p) for L. From here, (4),
(7), (11) with n =1,1 =1, and taking into account that U.(_n]) (p) < U.En)(‘p) ;
by Lemma 4 applied to (22), we conclude that W% (p) > 0 for p € Q and
prove (21). From (20) and (21), follows (11) forn =1 and i = 2.

This completes the proof that UY"? are upper (« = 1) and lower (o = —1)
solutions to problems (8) and (3), which is equivalent to (16).

By induction on i, we prove (11) for n = 1, and prove that U1(1) = UE]’M

and ufﬁ = ufﬁ” are, respectively, upper and lower solutions to (3). Now,
by induction on n and i, we prove (11).

The upper sequence {U][n)} is a monotone decreasing sequence, which is
bounded by U(ﬂ) . From here it follows that lim, _,. Zgn)(p) =0forpeQ.
From here and (6) we conclude that lim, . R(p, u§“)) =0 for p € Q. Thus,
lim,, 00 uﬁ“)(p) = U*(p) for p € Q. Similarly, we can prove this result for
the lower sequence {U(_n])}. [

3 Numerical experiments

In this section, we compare numerically convergence properties of the inexact
monotone Jacobi and Gauss—Seidel methods and the corresponding mono-
tone iterative methods of Boglaev [3]. The monotone iterative methods of
Boglaev [3] are constructed using the assumption that

0<c, <fu<c™, ¢4, c" =const >0. (24)
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These methods utilize ¢* in (6) instead of ¢~V (p). Denoting the difference
operators £, £;,c and L from (10) with ¢V (p) = c* by Z*, ZJAC and ch,
respectively, we present the methods of Boglaev [3] in the form of (5) and the
recurrence formulae

peQ, (25)

zy ) UM -urp), peq, ZM(p) =0, peoQ,
Rip, U ") = UL (p) +f(p,UN "), a==1,

x

£.Z0(p) = —R(p, U
(p

where

Z _ ngcp&n)(p) =~[d(P~) + c*]ﬂ&n)(p) ) _
* LGSu((Xn) (‘p) = LJACu&n) (p) - ZPIGO{(P) a(p? p,)u&n) (p/) *

Boglaev |3] proved that the monotone iterative methods (5) and (25) converge
linearly to the solution of the nonlinear difference scheme (3).

Our implementation of the inexact monotone Jacobi and Gauss—Seidel iter-
ative methods is based on the framework of an inexact Newton method by
Dembo et al. [5]. Dembo et al. [5] defined an inexact Newton method as a gen-
eralization of Newton’s method for solving the system of nonlinear equations
F(x) =0 for F: R* — R*. At the mth iteration, the step S, = Xm41 — Xm 18
defined by

F,(Xm)sm = —F(xm) +Tm,

and satisfies
[Tl

e v X Nms

IFOe) =
where Ny, € [0,1) is the forcing term. One advantage of using an iterative
method to solve the Newton linear system F(x,,)sm = —F(xm) approximately

is that the system does not need to be solved too accurately in the early stages
of the Newton iteration. Thus, the inexact Newton method offers a trade-off
between the accuracy with which the Newton system is solved and the amount
of work per iteration. In typical applications, the choice of the forcing terms



3 Numerical experiments C79

is critical to the efficiency of the method and can affect robustness [6]. For
the nonlinear system F(x) = 0, our choice of forcing term n,, is

_ { MNmax » mZO?
= min (Muas [T |/ IFGanl) , m >0,

where Nmax € (07 ]) [6]

For the inexact monotone Jacobi and Gauss—Seidel iterative methods, the
forcing term is

(n—1) _ { Nmax,« ; n=1 )

(n,1)
; 1H(Ue” Do
min (nmax,om IRCUT )0 ) n>1,

where NMmax.« € (0,1). The stopping test for outer iterations is chosen to be
IR UM 0 <6, a= =1, (26)

where 0 is a prescribed accuracy.

As the test problem for (1), we consider the diffusion-reaction problem

— (U +uyy) + (e —e ™) =0, (x,y) €w,
w={0<x<T}x{0<y<1}, ulx,y)=0, (x,y)€ow.

From f, =e >0 and 0 < u < 1, condition (2) is satisfied with c, = e

From here and u > 0 we conclude that ¢* =1 in (24). Since f,,, = —e " < 0,
in (7) c™V(p) = fulp, U(f]_”) [2]. For the approximation of the differential
operator, we use the central difference approximations on the five-point square
stencil with Ny = Ny = N, which satisfies (4). A lower solution is defined
by UEO]) (QQ) =0 and U(f])(aﬂ) = 1. We choose the convergence tolerance
§ =107 in (26).

In Table 1, for various values of N, we give convergence iteration counts. Here
I; and I, are the results, corresponding the monotone iterative methods of
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Table 1: Comparison of iteration counts.

N 16 32 64 128
Jacobi method
I; 557 2233 8934 35740

I, 400(5) 1321(5) 4521(5) 17979(5)
Nmax ~ 0.095 0.097 0.098 0.098
Li/I, 1.392 1.690 1.976 1.999
Gauss—Seidel method
I, 281 1118 4469 17872
I, 224(5) 707(5) 2744(5) 10324(6)
Nmax  0.096 0.097 0.098 0.098
I/, 1232 1.458 1.629 1.731

Boglaev [3] and the inexact monotone iterative methods (5)—(7), (9), (10),
respectively. Also, a number in () indicates the number of outer iterations.
Optimal values of 1N, are also provided.

From the numerical data it follows that for all values of N the inexact monotone
methods converge faster than the corresponding monotone iterative methods
of Boglaev [3]|. The iterative methods of Boglaev [3] utilize the constant c*
in (6), which is independent of n. Although the mesh function ¢~ in (6)
is computed at each outer iteration, the overall amount of computational
work in the inexact monotone methods is much less than in the case of the
iterative methods of Boglaev [3].
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