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UNIFORM CONVERGENCE VIA PRECONDITIONING
RELJA VULANOVIC AND THAI ANH NHAN

Abstract. The linear singularly perturbed convection-diffusion problem in one dimension is
considered and its discretization on the Shishkin mesh is analyzed. A new, conceptually simple
proof of pointwise convergence uniform in the perturbation parameter is provided. The proof is
based on the preconditioning of the discrete system.
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1. Introduction

We consider the following one-dimensional singularly perturbed problem of con-
vection-diffusion type,

(1) Lu:= —eu” —b(x)u’ + c(z)u = f(z), = € (0,1), u(0) =u(l) =0,

with a small positive perturbation parameter ¢ and C[0, 1]-functions b, ¢, and f,
where b and c satisfy

b(x) >8>0, c(r) >0 forxel:=][0,1].

It is well known, see [6, 9] for instance, that (1) has a unique solution u in C3(1),
which in general has an exponential boundary layer near x = 0.

Singular perturbation problems arise in various applications, see [3, 4]. Typical
of them are boundary and/or interior layers, regions whose size decreases as ¢ — 0
and where the solution changes abruptly. This is why these problems require special
numerical methods [5, 10, 4, 12, 7]. One of the most popular methods is to use
an appropriate finite-difference scheme on the layer-adapted meshes of Shishkin
[10, 4, 12, 7] or Bakhvalov [13, 12, 7] types.

We consider here the standard upwind discretization of (1) on the Shishkin mesh
with N mesh steps. It is shown in [11] that for the matrix of the resulting system the
condition number in the maximum norm is of magnitude O(e~}(N/In N)?). Since
this is unsatisfactory when ¢ — 0, a simple preconditioning is proposed in the same
paper. This behavior of the condition number is contrasted in [11] to that of the
singularly perturbed reaction-diffusion problem, which can be described as (1) with
b=0 and ¢ > 0 on I. When the reaction-diffusion problem is discretized using the
standard central scheme on the Shishkin mesh, there is no need for preconditioning
because the condition number behaves like O((N/In N)?).

We note that there is another difference between the two types of the singularly
perturbed problems, viz. the difference in the proofs of e-uniform convergence of
the numerical solution to the discretized continuous solution. One of the ways to
prove that a finite-difference discretization yields e-uniform convergence is to use the
following principle, which originated from non-perturbed problems (cf. [2, 13, 5]):
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Principle 1. e-uniform stability and e-uniform consistency imply e-uniform con-
vergence.

Moreover, e-uniform pointwise convergence is desired when solving singular pertur-
bation problems. For reaction-diffusion problems, this can be achieved by using the
following version ([13]) of the above principle:

Principle 2. e-uniform stability and e-uniform consistency, both in the mazximum
norm, imply e-uniform pointwise convergence.

However, Principle 2 does not work for convection-diffusion problems (1) because
e-uniform pointwise consistency is not present, although it is easy to show that the
upwind scheme is e-uniformly stable in the maximum norm. For these problems,
e-uniform consistency can be proved in a discrete L' norm and this is why the
proofs based on Principle 1 have to rely on some kind of hybrid stability inequality
[5, 1, 8, 7], an approach that typically involves the discrete Green’s function. Other
e-uniform convergence proofs also exist, like those that use barrier functions [10, 4,
12, 7).

Our main result is that we show that essentially the same preconditioning (we
appropriately modify the method from [11]), which eliminates the difference in
the condition numbers of simple finite-difference discretizations for the convection-
diffusion and reaction-diffusion problems, can also be used to eliminate the differ-
ence in the proofs of e-uniform pointwise convergence for these two problem types.
In other words, a suitable preconditioning technique enables the use of Principle 2
for the convection-diffusion problem. Using this approach, we prove an almost (up
to logarithmic factors) first-order pointwise e-uniform convergence for the upwind
scheme discretizing the problem (1) on the Shishkin mesh. This result, however, is
not the main contribution of this paper, because the same has already been proved
elsewhere (see the above references). Rather, we feel that the main contribution
is this conceptually simple proof which points out that there is a connection be-
tween conditioning and e-uniform pointwise convergence for convection-diffusion
problems.

The rest of the paper is organized as follows. We give the properties of the con-
tinuous solution in Section 2. Then, in Section 3, we introduce the finite-difference
scheme on the Shishkin mesh and discuss the conditioning of the discrete problem.
Section 4 provides the proof of e-uniform pointwise convergence. Finally, some
concluding remarks are given in Section 5.

2. Properties of the continuous solution

The solution u of (1) can be decomposed into the smooth and boundary-layer
parts. We present here Linf}’s [7, Theorem 3.48] version of such a decomposition:

(2) u(w) = s(z) + y(@),
3) sV (@) <01 +e2F), P (@) < Cehe Pl

zxel, k=0,1,2,3.
Above and throughout the paper, C' denotes a generic positive constant which is

independent of e. For the construction of the function s, see [7], since the details
are not of interest here. As for y, it solves the problem

(4) Ly(x) =0, x€(0,1), y(0)=-s(0), y(1)=0.
It is important to note that y satisfies a homogeneous differential equation. We
shall use this fact later on in the paper.
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3. The discrete problem and conditioning

We first define a finite-difference discretization of the problem (1) on a general
mesh I'N with mesh points z;, s =0,1,...,N,suchthat 0 =z < 1 < --- < Ty =
1. Throughout the rest of the paper, the constants C' are also independent of V.

Let hz =T; — Tj—1, 1= 1,2,...,N, and ﬁz = (h1+h1+1)/2, = 1,2,...,N7 1.
Mesh functions on IV are denoted by W, UV, etc. If g is a function defined
on I, we write g; instead of g(z;) and ¢’V for the corresponding mesh function.
Any mesh function W is identified with an (N + 1)-dimensional column vector,

WN = WY, Wi, ..., W¥|T, and its maximum norm is given by
HWNH = max [W}/|.
0<i<N
For the matrix norm, which we also denote by || - ||, we take the norm subordinate

to the above maximum vector norm.
We discretize the problem (1) on IV using the upwind finite-difference scheme:

vl =o,

(5) LNUN .= —eD"UYN — b0, D'UN + ¢ UN = f;, i=1,2,...,N—1,

Uy =0,
where
DNWN — i W’LJ-Y-I - WZN _ WZN - W’ijl
! i hit1 hi ’
and v v
Wit — Wi
D'W} = 7711- :
i+1

The linear system (5) can be written down in matrix form,
(6) ANUN = N,

where Ay = [a;5] is a tridiagonal matrix with ago = 1 and ayny = 1 being the
only nonzero elements in the Oth and Nth rows, respectively, and where fN =
[Oaflana e '7fN7170]T

It is easy to see that Ay is an L-matrix, i.e., a;; > 0 and a;; < 0 if 7 # j, for all
i,7=0,1,..., N. The matrix Ay is also inverse monotone, which means that it is
non-singular and that A;,l > 0 (inequalities involving matrices and vectors should
be understood component-wise), and therefore an M-matrix (inverse monotone L-
matrix). This can be proved using the following M-criterion, see [2] for instance.

Theorem 1. Let A be an L-matriz and let there exist a vector w such that w > 0

and Aw > v for some positive constant y. A is then an M -matrix and it holds that
A7 <y~ Hwll-

To see that Ay is an M-matrix, just set w; =2 —z;,7=0,1,..., N in Theorem
1 to get that Ayw > min{1, 8}. This also implies that the discrete problem (6) is
stable uniformly in e,

2
7 A< ————<C.
Of course, the system (6) has a unique solution U™,
From this point on, we take the standard Shishkin mesh for the discretiza-
tion mesh I'V. However, our results equally hold true for the slightly generalized



350 R. VULANOVIC AND T. NHAN

Shishkin mesh considered in [16]. Let N be even and let J = N/2. Let also

L =InN and let
. [1 aeL
o=mins —,— p, a>2.
2" B

The Shishkin mesh is constructed by forming a fine equidistant mesh with J mesh
steps of size h in the interval [0, o] and a coarse equidistant mesh with J mesh steps
of size H in [0, 1]. We only consider the case when o = acL/j3, since N is otherwise
unrealistically large. We have that

L
h:%SCEN and H = 7
and we define i = (h+ H)/2.

When the discrete problem (5) is formed on the Shishkin mesh, it is shown in
[11] that the condition number of Ay,

K(An) = [IAR A ll,

satisfies the following sharp estimate:

N2
Therefore, the system is ill-conditioned when ¢ — 0. This unpleasant behav-
ior is eliminated in [11] using the preconditioning by the diagonal matrix D :=
[diag(An)]~!. When the system (5) is multiplied by D, the resulting matrix DAy
satisfies

N2
|IDAN[| < C and [(DAN)"!]| < C—
so that
N2
(8) k(DAN) < CT-

Note, however, that the matrix DAy no longer satisfies that |[[(DAy) ™| < C, thus
the original stability estimate ||Ay'|| < C in (7) is not preserved. We modify below
the preconditioning by a diagonal matrix so that the same estimate as in (8) holds
true, while the stability of type (7) is retained.

Let M = diag (mg,m1,...,my) be a diagonal matrix with the entries

,t=12,...J—-1, and m;=1,¢t=J,J+1,...,N.

T =

mo =1, m; =

When the system (6) is multiplied by M, this is equivalent to multiplying the
equations 1, 2, ..., J — 1 of the system (5) by h/H. The modified system is

~

(9) ANUN:MJEN)

where /IN = MAp. Let the entires of /IN be denoted by a;;, the nonzero ones
being

€
- 1 <1< J-1
Y ’
li = Gi—1, = hih’ i=J,
€ <
*m, J+1_Z§N*1,



UNIFORM CONVERGENCE VIA PRECONDITIONING 351

g bi .
—_— -, 1<i<J -1
e 1stsIoh
~ 3 bz
Ti = Qi 441 = _ﬁ_ﬁ, ’L—J,
g bi .
I J+1<i<N-1,
and
1 1=0

h
7li77’i+ﬁci, ].SZgJ*].,

7li77’i+6i, JSZSN*].,

1, i=N.

It is easy to see that A N is an L-matrix. The next lemma shows that A N 1s an
M-matrix and that the modified discretization (9) is stable uniformly in e.

Lemma 1. The matriz Ay of the system (9) satisfies

-1
|47 <e.
Proof. We construct a vector v = [vg, v1, .. .,vy]T such that
(a) v; > 0,i=0,1,..., N, where ¢ is a positive constant independent of both

€ and N,
(b) v, <C,i=0,1,...,N,
(C) livi,1+divi+7’ivi+1 Z 5,21 1,2,...,N71.

Then, according to Theorem 1,
IANH < 6 vl < C.
The vector v can be constructed as follows:
v; = o — Hi+ Amin{(1 + p)’ =, 1},

where « and A are fixed positive constants and p = SH/e. This construction is
motivated by the proof of Lemma 4 in [11].

Since v; > a — HN, we see that there exists a constant « such that o < C and
that condition (a) is satisfied. Then, because of v; < a + A, condition (b) holds
true if we show that A < C. We do this next as we verify condition (c).

When1<i<J—-1,wehavev; =a—-Hj+ X j=1—1,4,i+ 1, and

Livi—1 + d;v; + Vi1 = (Zz +d; + ri)vi +U;H—r;H
_ o, _ELE
CH'" h h !
> .
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For ¢ = J, condition (c) is verified as follows:

A
lyvg_1 +dyjvyr+ryvye =cyjvg + 17 H — 1y (H + ?pp>

> —ry +(y—rs)H

0
1+p
€ by Ap eH ¢
=(—=+2)- -4
(hH+H)1+p wh TR

LEHBh MSH  eH
hH e+pBH hh

zl(g—i_ﬁhﬁ)\—ﬁ)ﬁ-ﬁ

h\e+pBH h
1 /BN eH
> 222 T
>3 (5-F )+
> B,
where in the last step we choose A so that A < C and
oA e
2 — h
This is possible to do because
eH C
— < =<
h — L~
Finally, if J+1 <i < N — 1, we have
A A
li"Ui, + di’l)i =+ ;05 = c;V; + le — TZ'H —+ lz - — -
' o [(1 +p) ol (14 p)""]
i [ A A ]
T . — .
g (14 p)iti=a (14 p)i—J
p(1 +p)li — pri
>bi+ ———
= 0i + (1+ p)iti=J
(li —ri+Lip)p
> —
> B+ 05 )i
b; ﬁ J—i—1
= — — =] (1 ¢
B+ <H H) p(1+p)
> p
O
By examining the elements of the matrix Ay, we see that
. N2
[An]l < C—r-

When we combine this with Lemma 1, we get the following result.

Theorem 2. The matriz Ay of the system (9) satisfies

. N2

To conclude this section, we re-iterate that both discrete systems (6) and (9) are
stable uniformly in €. Their corresponding stability inequalities are

(10) W< AR AN W]
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and
(11) W < A AN,

where both ||Ay!|| and || Ay'|| are bounded from above by a constant independent
of e.

4. Uniform convergence

Let 73,4 =1,2,..., N—1, be the consistency error of the finite-difference operator
EN
, — . PN
Ti = Tz[u] =L U; — (EU)“
that is,

T — ENui — f'i = [AN(UN — UN)],L'.
Convergence uniform in € would follow from (10) if we could show that
(12) |7;] = 0 uniformly in € when N — oo.

However, this does not hold true, as the following simple numerical experiment
indicates.
Consider the test problem taken from [7, p.1],

—eu” —u' =1, x€(0,1), wu(0)=u(l)=0,

where we know the exact solution. Table 1 clearly shows that (12) is not satisfied.

TABLE 1. The maximum norm of the consistency error Ayu®™ — fV.

€ N=32 | N=64 | N=128 | N =256 | N =512 | N =1024
l.e-2 || 1.33e+1 | 9.71e+0 | 6.42e+0 | 3.95e+0 | 2.32e+0 | 1.32e+0
le-3 || 1.33e+2 | 9.71le4+1 | 6.42e+1 | 3.95e+1 | 2.32e+1 | 1.32e+1
le-4 || 1.33e+3 | 9.71e4+2 | 6.42e+2 | 3.95e+2 | 2.32e+2 | 1.32e42
l.e-5 || 1.33e+4 | 9.71le+3 | 6.42e+3 | 3.95e+3 | 2.32e+3 | 1.32e+3
l.e-6 || 1.33e+5 | 9.71le4+4 | 6.42e+4 | 3.95e+4 | 2.32e+4 | 1.32e+4
l.e-7 || 1.33e4+6 | 9.71e4+5 | 6.42e+5 | 3.95e+5 | 2.32e+5 | 1.32e+45
l.e-8 || 1.33e+7 | 9.71le+6 | 6.42e+6 | 3.95e+6 | 2.32e+6 | 1.32e+6

However, for the preconditioned system (9), the consistency error is

ﬁ7'2-[u], 1<i<J -1,
flu={ H
Ti[u], JSZSN*].,

and it tends to 0 uniformly in € when N — oo, as Table 2 indicates. We prove this
in the following lemma.

TABLE 2. The maximum norm of the preconditioned consistency
error Ayu®™ — M fN.

€ N=32|N=64| N=128 | N=256 | N =512 | N =1024
l.e-2 l.e+0 | 8.91le-1 | 6.97e-1 4.99e-1 3.35e-1 2.16e-1
l.e-3 || 9.38e-1 | 8.23e-1 | 6.35e-1 4.48e-1 2.97e-1 1.88e-1
l.e-4 || 9.32e-1 | 8.17e-1 | 6.29e-1 4.43e-1 2.93e-1 1.86e-1
l.e-5 || 9.32e-1 | 8.16e-1 | 6.29e-1 4.43e-1 2.93e-1 1.86e-1
l.e-6 || 9.32e-1 | 8.16e-1 | 6.29e-1 4.43e-1 2.93e-1 1.85e-1
l.e-7 || 9.32e-1 | 8.16e-1 | 6.29e-1 4.43e-1 2.93e-1 1.85e-1
l.e-8 || 9.32e-1 | 8.16e-1 | 6.29e-1 4.43e-1 2.93e-1 1.85e-1
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Lemma 2. The following estimate holds true for all i =1,2,...,N — 1:
|7i[u]] < CN~L2,
Proof. By Taylor’s expansion we have that
(13) Imilu]] < Chiga(ellu” i + [lu"]}2),
where ||g[|; == max, -, <,.. |9(z)| for any C(I)-function g. We use the decom-
position (2) to get
Tilu] = 7ils] + 7ily).
Then (13) and the derivative-estimates of s, given in (3), immediately imply that
[7ls] < CN !
and therefore the following remains to be proved:
(14) |7yl < CN~'L2
For 1 <i < J—1, we use (13) again, together with the derivative-estimates of
Yy, see (3):
h? h?
%)l < Co(lly”lli + ly"|li) < O—e™ < ONT'L2
H H
Therefore, (14) is proved in this case.
When J+2<i <N —1, (13) and (3) give
~ H —pPx; 1> H - o g
ITlyll < CH(elly™ s + lly"ll:) < C e frimale < Ce plotm/
2
< CNEG—BH/%—BU/E_
< 2
The estimate (14) follows from here because
2
H_26*5H/€ <C
€
and because the definition of o and a > 2 imply that
e Pole < N2,

We finally prove (14) for ¢ = J,J + 1. In this case, we use the fact that Ly =0
to work with

7yl = Imlyll < P+ Qi + cilyil,
where
P, =¢|D"y;| and Q; = b;| D'y
We immediately have that
cilyi| < Ce™Pri/e < CemPo/e < ON72.
As for P; and @), it holds true that
P, < hite-2|y'|li < CNe Plo=h/e < ONT1
and
Qi < CH Y|y|l; < CNe Plo—h/e < oNTL,
This technique can be found in [15]. O
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Note that when the above proof technique is applied to the consistency error 7;,
this quantity cannot be estimated uniformly in e. We can only get that
L
eN’
It is because we multiply equations 1, 2,..., J — 1 of the system (5) by h/H that
we get the extra e-factor needed for the e-uniform consistency on the fine part of
the mesh.

When Lemmas 1 and 2 are combined, which amounts to the use of Principle 2,
that is, of the stability inequality (11), we obtain the following result.

Theorem 3. The solution UN of the discrete problem (6) on the Shishkin mesh
satisfies

[UN —uN|| < CNT'L?,
where u is the solution of the continuous problem (1).

5. Concluding remarks

The result of Theorem 3 is the same as in [10, Theorem 4 in Chapter 8|, proved
by the barrier-function technique for the case ¢ = 0, but with the mesh parameter
a > 1. A finer, but more complicated, analysis in [4, Theorem 3.6] improves the
above estimate to

(15) [UY —uN|| < CNT'L,

with @ > 1 and still for ¢ = 0. The same result as in (15) is proved in [7, Chapter 4]
for the general problem (1), by using a finite-element approach to the discretization
scheme, which is slightly different from £V, having h;, instead of A; in D”.

Since WV = (Ay' M~1)(MANWY), the stability inequality (11) can be repre-
sented as

(16) WM< AR AN L,
where for a matrix B, ||B|), = |BM~!||, and |[W¥ |y = |[MW?Y|. Note that
the matrix norm || - ||, is not induced by the vector norm || - || s (which is why we

denote them differently), but the two norms are consistent in the sense that
IBWN|[ar < [ Bla (W | ar-

The inequality (16) is a stability inequality of hybrid nature, having different vector
norms on the two sides. However, the vector norm || - || 5 is still essentially a max-
imum norm and this is completely different from the hybrid stability inequalities
used in [5, 1, 8, 7], which have a discrete L' norm on the right-hand side. More-
over, these hybrid stability inequalities are derived by using the discrete Green’s
function, which we do not do here.

In conclusion, although the method presented here gives a slightly weaker result
in some cases, it provides a straightforward proof, based on a simple principle, of
e-uniform pointwise convergence for the solution of the standard upwind scheme
discretizing the singularly perturbed convection-diffusion problem (1). It is even
more interesting that the proof is enabled by the preconditioning of the system
arising from the discretization. Whether this can be used as a general approach
when proving e-uniform pointwise convergence for other types of singular pertur-
bation problems, including multidimensional ones, remains to be seen, but the
generalization to the semilinear problem of type (1) (with ¢ = ¢(x,u), ¢, > 0) is
straightforward.
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