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On Maximum Norm Convergence of
Multigrid Methods for
Two-Point Boundary Value Problems

by

Arnold Reusken

Abstract. We consider multigrid methods applied to standard linear finite element
discretizations of linear elliptic two-point boundary value problems. In the multigrid
method damped Jacobi or damped Gauss-Seidel is used as a smoother. We show that
the contraction number with respect to the maximum norm has an upperbound which
is smaller than one and independent of the mesh size.

Key words. Multigrid, convergence, maximum norm, two-point boundary value prob-
lems.
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1. Introduction

If one considers elliptic boundary value problems in RY (N = 1,2,3) then multigrid
methods can be used to solve the large sparse linear systems that arise after discretiza-
tion. If N = 1 then often the matrix involved is tridiagonal and thus many efficient
solvers exist. If N > 2 then in general there are only few efficient solvers and often
multigrid is one of them.

There is an extensive literature about the convergence analysis of multigrid methods.
We refer to Hackbusch [3], McCormick [4] and the references given there. The main
feature of multigrid is that the contraction number has an upperbound which is smaller
than one and independent of the mesh size. In theoretical analyses this has been shown
for a broad class of problems and for several variants of multigrid. In these analyses
the contraction number is measured with respect to the energy norm (for symmetric
problems) or the Euclidean norm (or sometimes some other exotic norm). However,
there are no results with respect to the maximum norm. In this paper we present
some first results about multigrid convergence in the maximum norm. We consider



multigrid applied to two-point boundary value problems and we prove the usual mesh-
independent convergence of multigrid, but now with respect to the maximum norm.
An important part of the analysis has a straightforward generalization to dimension
N =2 (cf. Remark 7.2 below). The analysis for the case N = 2 will be presented in a
forthcoming paper.

The remainder of this paper is organized as follows: in §2 we introduce a class of two-
point boundary value problems and we give some regularity results. In §3 we derive
some properties of the usual linear finite element discretization. Our convergence anal-
ysis of the multigrid method is based on the Approximation Property and Smoothing
Property as introduced by Hackbusch (cf. [3]). In §4 we prove the Approximation
Property with respect to the maximum norm; our analysis is similar to the one used in
Hackbusch [3]. In §5 we prove the Smoothing Property in the maximum norm; here a
new approach is used. Based on the Approximation Property and Smoothing Property
we prove convergence of the two-grid method and of the multigrid W-cycle in §6 and
87 respectively.

2. Continuous problem

Consider the linear two-point boundary value problem:

(2.2) —(a(2)¢') + b(z)¢' + c(z)p = f(z) =z €l=(0,1)

p(0)=p(1)=0,

or, in weak form, the problem of finding @ € H}(I) such that for all ¥ € HJ(I)
22 ae¥) = [ @)

I
holds, with

23) a@,) = [ a@)@¥ @)z + [ U2 @@ + [ c()p(@)p(z)ds .
I I I

We take f € L2(I) and make the following assumptions about the coefficients a, b, c:

(2.4.a) a,be Wi(I), ce L*(I)

(2.4.b) a(z) > a9 >0 forallzel

(2.4.0) c(z)>co20, |[b(z)| <6 /apce forallz eI, withd<2.



Remark 2.1. Due to the assumptions in (2.4) the bilinear form in (2.3) is H}-elliptic. We
note that for the conditions in (2.4.c) there are alternatives; for example, H 3-ellipticity
is still guaranteed if the condition |b(z)| < 8 \/agcCo is replaced by ||b’||p= < 2¢o. More-
over, the conditions in (2.4.c) are not essential; if (2.4.c) is deleted our analysis is
applicable with some technical modifications and the results still hold provided the
discretizations we use are “fine enough”.

The L2-inner product is denoted by (:,-). The following notation for Sobolev spaces
and corresponding norms is used.

wie(I) = {p € I*(I)| ¢' € LP(I)}
W2r(I) = {p € WIP(I)| ¢' € WHH(I)}

lellwme = 3 [16]|zs

0<r<m

H}(I) : closure of C§°(I) in W¥2(I) .

It is well-known that for every f € L?(I) the corresponding weak solution @ € HJ(I)
is an element of W22(]) too, and satisfies

(2.5) lgliwea < C || fllz2 -

Note that for every ¥ € Cg°(I) we have
(2:6) (a@", )= ((b—a')¢' +cp— f,9) .
The (continuous) imbeddings W22(I) < W12(I) — L*(I) imply that for p € W22(I)

we have @, @' € L=(I). From (2.6) we then see that if f € L*°(I) then a@" € L=(I),
and thus @ € W2*(I) and

~ 1 - -
(2.7) 18"lz> < o {(Ultllze + llallwee) 'l + llellz= [|Bllze + Ifllze} -

Combining the inequality in (2.7) with ||@'|lL~ < C||@llwa3, ||@llze < C |@llwe2,
|8llw22 < Cllfllzz < C|lfllze (cf. (2.5)) yields that

(2.8) if fe€ L*(I) then ||@|lw2e <C||fllL= , with C = C(a,b,¢) .
This regularity result will be used in the proof of the Approximation Property in §4.

3. Discretization and two-grid method

Let ®; be the ng-dimensional space of functions ¢ with ¢(0) = (1) = 0 that are
piecewise linear on a mesh with nodes z;; for which 0 = Z40 < Zp1 < ... < Zpp, <

Thnu+1 = 1. @, is constructed from ®i_; by using mesh refinement, so we get a
sequence of nested spaces



(3.1) P C® C...C8 C...C HI).

Let hp; := Tps — Tpi-1 (1 = 1,..,nk + 1) and hy := max hii. We assume quasi-
k]

uniformity of the meshes, i.e.:

(3.2) max hk'.-h,';} <7  with 7 independent of k .
&g

Furthermore, the mesh refinement should be such that the following holds:
(3.3) hkh;41-1 <™ with 7, independent of k .

The standard basis on @ is given by the hat functions <,o§k) which satisfy (,ogk)(:ck i)=
6;;. This basis induces a bijection

ng
(3.4) P, : Upy=R™ — @, , Pr(ug, U,y Un,) = Z 'u.'(pgk) .
i=1
On U, we use a scaled Euclidean inner product:
ng
(3.5) (u, v} = hs Z U5 .
=1

The maximum norm on Uy is denoted by || + ||. Below, adjoints are always defined
with respect to the L2-inner product on ®; and the scaled Euclidean inner product on
Uk.

The norms || - || (0n (Uk)r>o) and || - |lpe (on (@)r>0) induce associated operator
norms which are denoted by || - [|co-

The sequences (Pr)k>0, (Py k>0, (P k>0, ((Pr) ko ate uniformly bounded with
respect t0 || * ||oot

LEMMA 3.1. The following holds:
(1) | Peve||lLe = ||u]lee  for all u € Uy

2) (370)" [[ellz= < IB;0lloo < Il for all p € By (10 as in (3.2)).

Proof. The result in (1) holds because Piu is piecewise linear and (Pru)(zk;) equals
the i-th component of u.
Due to (1) the statement in (2) is equivalent with:

(2) (370) 7 llulloo < [|PEPettfleo < [lullo  for all u € U .




The matrix Py Py is the well-known mass matrix:
(P’:Pk),'j = h;l (P,’:Pke,-,e,-)k = h;l (Lp:(ik), (pgk)) = h;l / gogk)(z)wgk)(z)dz .
I

So P P, is symmetric tridiagonal with elements

(PePu)ii = § bt (i + hiegrr) =t dag
(PEPi)ii-1=Lh hei =1 e -
Because |d;| <  and |ex:| < § we get | Py Pilloo

in (2') holds.
Let Dy := diag(P;Pi), R := PfPy — Dp. Then ||Di'|le £ max d,:} < 2.
L

< 1 and thus the second inequality

Also || D' Riflee = max (d,:}(ek,,- + €k,i+1)) (with eg,1 = €gnu+1 := 0), and thus
1

1D Rilleo < 3. S0 I(PEP)fleo < 1D [leo(1 = [0 Rilleo) ™" < 3703 this proves
the first inequality in (2'). o

Galerkin discretization results in a stiffness matrix L, : U, — Uj defined by
(3.6) (Liw, V) = a(Peu, Pyv)  forall u,v € Up .

Also we have

3.7 o(Pelylg,¥) = (F)'g,¢) forallgeUs, ¥ € Be.

In §5 we prove the Smoothing Property for matrices which are weakly diagonally domi-
nant (i.e.: 3o;u4; |Aij| < |Asl for all §). It is well-known that often the stiffness matrices
Ly, are weakly diagonally dominant. For completeness we give a few criteria:

LEMMA 3.2, Take k fized and write Ly = A+ B + C with

Aij = (agf, @), Bij = (b6, 0:), Cij=(cojopi) (om= ).
Ly is weakly diagonally dominant if one of the following conditions is satisfied:
(1) all off-diagonal elements of L; are nonpositive.

(2) A+ B is weakly diagonally dominant with (A + B)i; > 0 for all i, and C is weakly
diagonally dominant.

(3) ki 3 ag (|[bllzee + 3 hucllellze) 1 (a0 as in (2.4.b)).
(4) hyg % a;l |6l <1 and c € Py.



Proof. TFirst we consider (1). Let I = (Zkm-1,%km]| and LS:") the corresponding
element stiffness matrix, i.e.:

LMy = a|1.,,(<.0§-k) o).

Note that due to the ellipticity of a(:,-) all diagonal elements of Lgm) are nonnegative.
The p-th row of Lg"') contains atmost one nonzero off-diagonal element; this element
is of the form a1, (¥;,¢p) With j € {p—1,p+ 1}, and

a1, (%5, 9p)| = |a(j, o)l = —a(wj, 0p) =
= ““II..-.(1 - ‘Pp"Pp) = aIIm(‘Pp, ¥p) — alIm(l’ ‘Pp) < (Lﬁm))ép .

So all element stiffness matrices are weakly diagonally dominant and have nonnegative
diagonal elements. This implies that the (global) stiffness matrix is weakly diagonally
dominant.

It is easy to show that L is weakly diagonally dominant if (2) holds. With respect to
(3) and (4) we note that some elementary analysis yields that if the inequality in (3)
holds then the condition (1) is fulfilled and if the conditions in (4) are fulfilled then (2)
holds. =

Remark 3.3. Note that if ¢ is small (compared with b) or if ¢ is smooth, then the
conditions in (3) and (4) in essence yield the usual bound for the Peclet number
hi 3 ag!||b||ze. It is well-known that in general the standard finite element Galerkin
discretization yields a poor approximation if the Peclet number is large. Other dis-
cretization techniques should be used in that situation.

For solving systems of the form Lpup = g we use a standard multigrid method.
The iteration matrix of the smoothing method is denoted by Si. The prolongation
p=pr : Up_1 — U, we use is the natural one:

(38) p= P,:I.Pk_l .

For the restriction r = r : U — U1 we take

(3.9) r=p*.

The iteration matrix of the two-grid method with v pre-smoothing iterations is given
by

(3.10) Ti(v) = (I — pLgt,rLy)SE = (Lt — pL2,r)LeSE -
For convergence of the two-grid method we will prove the Approximation Property

(311) Lt~ pLidirllee S CHE




and the Smoothing Property
(3.12) NLeSElleo < n(¥)hg?  (with p(v) — 0if v — 00) .
These proofs will be given in §4 and §5 respectively.

4. Approximation Property

The proof of the Approximation Property is based on optimal L* error estimates
which can be found e.g. in Wheeler [10], Douglas-Dupont-Wahlbin [2] and on the uni-
form boundedness of the sequences (Pi)io0, ((F) ™ eo-

LeEMMA 4.1. The following holds with a constant C independent of k:
(4.1) 13" = pLilyrllee < C A

Proof. Take g € Ug. In the proof different constants ¢, all independent of k and g, are
used.

Let ¢ € H(I) be such that
a(p,9) = (P)'g,9) forally € Ho(I).
From (2.8) it follows that
(4.2) lellwae < eli(P) gllz -
Let op € @k, Yr—1 € Pr_1 be such that

a(or, ) = ((Pg) 19, %) forallp € &
a(on-—l, "l’) = ((P:)-lg’ 1/’) for all 11) € D41

In [10], [2] it is shown that the following holds:

(43) lom = @llze < ch?, lollwae  for me {k,k—1}.
Combination of (4.2), (4.3) and (3.3) yields

(4.4) llex = Pr-llzee < e(hf_y + B I(PE) gllre < AR I|(PE) gllL -

From (3.7) it follows that ¢ = P;.L;lg, Ol = Pk-lL,:flrg. Using Lemma 3.1 and
(4.4) we finally get

Nt = pL2im)9lloo = || PLitg = PeciLilirgllze =

= |lox = @r-1llze= < B I(PE)gllze < chFllglleo - o



5. Smoothing Property

A new approach for proving the Smoothing Property has been introduced in Reusken
[7]. The results of this section can be found in a more general setting there. For
completeness we give proofs here too.

Below we prove that the Smoothing Property, in the maximum norm, holds for damped
Jacobi and for damped Gauss-Seidel.

Let Ly = M, — N; be the splitting corresponding to the Jacobi method or the Gauss-
Seidel method (both without damping). We consider a relaxation method with iteration
matrix

(5.1) Sk=I-3M'L,

so damping with factor 1). In our analysis we use that the splitting is such that
" 2
||My " Nie||loo < 1 holds. Therefore we introduce the following

ASSUMPTION 5.1. For every k > 0 the matriz L, is weakly diagonally dominant.
Note that in Lemma 3.2 some criteria with respect to diagonal dominance are given.

LEMMA 5.2. Let A be an n X n-matriz with ||Al|e < 1. Then the following holds:

v v 1% 2
(52)  |(7- AT +4) ||°°52( o) ) <2 +1\/w__u w>1).

Proof.

(I- AT+ AY = (I-A) i(i ) 4*
=0

S (1) - (12 )
So

(53  IT- AT+ A2+ [(2) - (12|

k=1

Using (Z)Z(kzl)«’kg—%(”"'l)’ and (Z):(yzk) we get

KZ)—(kzl)|=

k=1



(3 (+1)) ” y v y y
= X ($)-GeZo)+ 2 ((6Z1)-(¥)
1 (5 (141
i v v 1 v v
5 I (FDRIPED) IS »{(EH R PRAY)
(3] Y
23 (1) -2 ) =2(( gy ) - (5))-
Combined with (5.3) this yields the first inequality in (5.2). Elementary analysis yields
that
([%VV])SZ"\/g forallv > 1.
For details we refer to [7]. o

LEMMA 5.3. Suppose that Assumption 5.1 holds. Then for the damped Jacobi and
for the damped Gauss-Seidel relazation (cf. (5.1)) we have the following Smoothing
Property:

[ LeS¥]leo £ C % hi? (C independent of k,v) .

"Proof. Let A := M,;'IN,e = I-M;7 L. Then due to Assumption 5.1 we have || 4[| < 1.
Using Lemma 5.2 we get:

H

IL.SElleo = N La( = 2 M7 Li )]0

IMi(I = A)(3)" (T + A)"|lo

2
M, 1 v2u+1 “
M3 244 =

2 1
2/2 2 Ml
L

7

IA

IA

C-—=h? (C=C(ab,c)). o
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6. Convergence of the two-grid method

Lemma 4.1 and Lemma 5.3 together immediately yield the following result.

THEOREM 6.1. Suppose that Assumption 5.1 holds. Let Te(v) = (Lg*—pLit,r)LiSY be
the iteration matriz of a two-grid method with v pre-smoothing iterations of a damped
Jacobi or a damped Gauss-Seidel relazation (cf. (5.1)). Then the following holds:

(6.1) |¥5X€2)] < with C independent of k end v .

=

Remark 6.2. Clearly Theorem 6.1 shows that for the two-grid method with v large
enough (but fixed) the contraction number with respect to the mazimum norm has an
upperbound which is smaller than one and independent of the mesh size.

As a side issue we mention that Theorem 6.1 gives the first fairly general convergence
result for the two-grid method with (damped) Gauss-Seidel as a smoother (cf. also
Theorem 7.1 below for the multigrid convergence).

7. Convergence of the multigrid method
The analysis of the multigrid W-cycle follows the appraoch as given in Hackbusch [3].

The error iteration matrix Mk(v) of the multigrid W-cycle with v pre-smoothing iter-
ations on each level is recursively defined as follows:

My(v) = Ta(v)
Mi(v) = Te(v) + pPMr-1(v)* L2 v L SY k>2.

THEOREM 7.1. Suppose that Assumption 5.1 holds. Let Ti(v) be as in Theorem 6.1,
and assume that v is large enough such that &, := ||Tk(V)||eo < 3 (V2 — 1) holds. Let
Ly be the smallest root of the polynomial p(z) = (14 &,)a% — z + &,. Now the following
holds:

(7.1) IMe(¥)|lo < < 1,
and also
(7.2) py <& +4E2(148) .

Proof. Let mp(v) := ||Mi(v)||c. Note that due to Assumption 5.1 we have ||Sk||eo =
I -3 M Li|lw = |3 T+ 3 M7 Ni|lo < 1. Note that my(v) = &, and for k > 2:

me() < ITe(¥)lleo + [PMi-1(¥)* L2 7 LeSE lloo
< &+ IMa(W)% IPLeZyrLeSElleo (use [Ipvlleo = [|2]leo)
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& + mua () ||SF — Ti(v)||oo
< b+ma()?(1+6).
The iteration zy := &, Ziy1 = & + (1 + &)z (i > 1) has a fixed point p, :=

1(1+&)? (1 —-1-4601+ f,,)) < 1,and for all ¢ z; < u, holds. So the inequalities
in (7.1) hold. The inequality in (7.2) follows from

1-VI-z<iz+32? forallzel0,1]. o

Remark 7.2. With respect to a generalization of our analysis to the 2D situation we
note the following. The arguments used in the proof of multigrid convergence (The-
orem 7.1) can be used for the 2D case too, provided we have an upperbound for the
two-grid contraction number as in (6.1). Such an upperbound is a direct consequence of
the Approximation Property and Smoothing Property. The analysis of the Smoothing
Property in §5 can also be used in 2D. So, in essence it is only the Approximation
Property that needs to be reconsidered. It is known from the literature (cf. e.g. [1], [5],
(6], [8], [9]) that for linear finite element Galerkin approximations in 2D the optimal
L* error estimate is of the order hZ [loghg| (instead of A%). So in the Approxima-
tion Property we do not expect an upperbound C hf as in (4.1) but an upperbound
C hZ |log hy|.

Multigrid convergence in the maximum norm for two dimensional elliptic boundary
value problems will be analyzed in detail in a forthcoming paper.
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