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1. Introduction

We consider the solution of the nearly singular system of equations: Find u € V' such that
Au = (Ao + EAl)U = f, (11)

where V is a finite dimensional Hilbert space, Ag is symmetric and positive semi-definite,
and A; is symmetric and positive definite, and € > 0 is a parameter. We are interested in the
convergence properties of a special class of linear iterative methods (subspace correction
methods) for the approximate solution of (1.1). For ¢ = 0, the operator A reduces to Ay,
which is symmetric and positive semi-definite and a convergence study in this case has
been done in Ref. 26. Our considerations here are for ¢ > 0, and we focus on proving
e-independent convergence results under appropriate (minimal) assumptions.

There are abundant examples that fall into the category of nearly singular systems
like (1.1). Such examples are given by the finite element discretizations for H (grad),
H(div) and H(curl) systems as discussed in Ref. 23, 3, 1; stable discretizations of the
nearly incompressible linear elasticity problems (see Ref. 33, 31, 36),

—V(divu) — (1 -20)Au=f in Q, (1.2)

where the Poisson’s ratio v is close to 1/2. Nearly singular problems also occur when solv-
ing indefinite systems arising from mixed finite element discretizations such as (Navier-)
Stokes equations Ref. 20 or more complicated system of equations such as non-Newtonian
flow equations as discussed in Ref. 6, 24, 27 by Augmented Lagrangian Method (see
Ref. 21, 13, 19).

The main goal in this paper is to provide unified theoretical framework for the analy-
sis of multilevel methods for nearly singular systems of equations. Apparently, problems
like (1.1) are badly conditioned, since the smaller ¢ is the larger the condition number of A
becomes. To illustrate how this affects the convergence rate of an iterative method, let us
consider Gauss-Seidel iterations, applied to the following simple example

1 -10 100
Au=(Ag+eAhu=4{ [ -1 2 =1 | +e|010] bu="r (1.3)
0 -11 001

Here we assume that [ = (f1, f2, f3)! € IR? and f is in the range of Ay. The convergence
history of the Gauss-Seidel method for (1.3) for different values of ¢ is recorded in Table 1.
It is clearly seen that for € vanishingly small, the convergence deteriorates. To explain such

€ 1 1071072 | 1073 | 10°* 10~° 0
# of iterations | 14 94 823 | 7427 | 66556 | 588770 | 2

Table 1. The number of iterations to obtain the energy norm error ||u — uf|| 4 < 10~ for various values of e.

behavior, we consider the energy norm convergence rate § of the Gauss-Seidel method for
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(1.3), which is given by (see Ref. 35, 26),

1 1 —1,,2 ) -1,2
P=1-—, K=1+ sup (1+e) vz +(2+ ) vg (1.4)
K v=(v1,v2,v3)t€IR3 (A’U, U)
Clearly, by choosing v in the null space of Ay, for example, v = (1, 1, 1)?, we obtain
1 14 (2 -1
K>14 3FI97+@+97 (1.5)

3€

Hence K — ocoand § — 1, when € — O.

Of course, the Gauss-Seidel method is a special iterative method, and if we consider the
Conjugate Gradient or the Richardson method, the convergence behavior will be different.
Indeed, in the extreme case when the right hand side f and the initial guess u° belong to the
range of Ay all the iterates u’ generated by Richardson method or the Conjugate Gradient
method belong to the range of Ag. This is due the fact that in the example above, 47 = I,
ie.,, A = Ay + €el. In such extreme case, with special initial guess, it is not difficult to
show that the convergence rate of Richardson method or the Conjugate Gradient method
is independent of the parameter e. However, most subspace correction methods including
multigrid methods do not in general possess this property. Moreover, for a practical iterative
method, it is desirable that e-uniform bound on the convergence holds for any initial guess
u®, which rules out the special choice u’ € R(Ap). Generally speaking, if we decompose
the solution u to (1.1) as u = v + ¢ where v and ¢ belong to the range and the null space
of Ay respectively, the difficulty is to approximate ¢ (the component of « in the null space
of Ap). In summary, from the results in Table 1 and (1.5), we may conclude that a naive
application of an algorithm based on space decomposition and subspace corrections (such
as Gauss-Seidel relaxation) would result in an inefficient method.

As it turns out, a crucial assumption on the space decomposition is needed, in order
to obtain e-uniform convergence (see §4.2, assumption (A1)). Roughly speaking, this as-
sumption says that every kernel component of Ay can be decomposed as a sum of “local”
kernel components in the subspaces. For example for finite element discretizations of vari-
ational problems in H (curl) and H(div), point-wise smoothers violates (A1), while block
Schwarz smoothers with blocks corresponding to vertices (or edges in H(div)) satisfy
(A1). In the former case (point-wise smoothers), it can be shown that a two-level method
is not optimal (see Ref. 37). In the latter case, when using block smoothers, a uniform con-
vergence is proved in Ref. 23, 3. These results show that (A1) is necessary and sufficient
for e-uniform convergence.

The rest of the paper is organized as follows. In §2 we introduce some of the frequently
used notation. In §2.1, we discuss examples of nearly singular problems, and in §2.2 we
show how to reduce an indefinite problem to a nearly singular problem. In §3 we first
formulate a method based on the augmented system and analyze the simplest case when
the kernel of Ag is one dimensional. In §4 we present the subspace correction algorithm,
the main assumptions and the abstract convergence theory. Further, in §4.1 we also prove
that the augmented system methods are equivalent to subspace correction methods and
hence our analysis applies in more general cases, when the null space of Ag is not just
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one dimensional. To illustrate the abstract results, in §5 we derive convergence estimates
for a multilevel method for the Neumann problem and for two-grid methods for variational
problems in H(div) and H(curl). Finally in §6 we give some concluding remarks.

2. Notation and preliminaries

Throughout this paper, we use the notation introduced below. Let V' be a finite dimensional
Hilbert space with an inner product (-, -) and a corresponding norm || - ||. For a bounded
operator T : V +— V, N(T') and R(T') denote the null space of 7" and the range of 7'
respectively. Let 2 C le, d = 2, 3 be a connected bounded domain. We will use the stan-
dard notation for the differential operators grad, div and curl. The space L?(2) denotes the
space of square integrable functions and H'(§) = H(grad) denotes the standard Sobolev
space consisting of square integrable functions with square integrable (weak) derivatives
of first order. Similarly, H (curl) and H (div) denote the spaces of L?(2) functions with
square integrable curl or divergence, respectively. The bilinear forms (-, -)o and (-, -); de-
note the usual L2(2) inner product and H () inner product, respectively. Also || [|o, || -||1
and | - |; denote the L? norm, H! norm and H' semi-norm, respectively. We also denote
Il Nldivs |+ laivs ||+ llcurt @and | - |eurt by H(div) norm, H(div) semi-norm, H (curl) norm
and H (curl) semi-norm respectively. Following Ref. 34, we use the notation z1 < y; and
Zo 2 Yo whenever there exist constants C; and Cs independent of e and other important
parameters such that 1 < Cyy1, and xo > Cays.

2.1. Examples of positive definite nearly singular problems

We summarize here some examples that fall into the category of nearly singular problems
and in our opinion, are encountered quite often in the numerical models of physical phe-
nomena.

2.1.1. Discretizations of variational problems in H(grad), H(curl) and H (div)
For this type of problems we have
(Aou,v) := (Gu, Gv), (eAru,v) := (Tu,v),

where G = curl or G = div and 7 is a given function. As we mentioned in the intro-
duction, the nearly singular behavior is “hidden” in the lower order term. In §5.1 and §5.2,
we apply the abstract theory to analyze the convergence of two-level methods for varia-
tional problems in H (curl) and H(div), and multilevel method for variational problem in
H(grad).

2.1.2. Anisotropic problems

An interesting example, which we will not consider further in this paper is related to the
finite element discretizations of anisotropic problems:

(Au,v) := (agradu, gradv),
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and V = H} (). The coefficient tensor a behaves differently in different coordinate direc-

tions, and we may take a = diag(1,1,... ,¢€), for 0 < € < €nax < 1. Apparently (Au,v)
can then be rewritten as A = Ay + €A1, where
d—1

(Aou,v) == Z((l —€)o;u, 0jv), (eAiu,v) := (egradu, gradv).
i=1

We remark that when the mesh is aligned with the anisotropy and the null space of Ay is
known, there are several techniques that can be applied to design of an optimal iterative
method. These techniques use semi-coarsening, line (plane) smoothers or both and they
precisely correspond to splittings that satisfy assumption (A1) (see §4.2). When the mesh
is not aligned with the anisotropy or a varies throughout the computational domain, to find
a splitting that satisfies (A1) is a challenging and complicated task, which we will study in
the future.

2.2. Reduction of indefinite problems to nearly singular problems

Other examples of nearly singular problems are obtained when solving systems arising
from mixed and hybrid finite element discretizations of second order partial differential
equations Ref. 13, such as the indefinite systems corresponding to mixed finite element
discretizations for elliptic problems (Darcy’s law in porous media) or the Stokes equation
Ref. 30, 7, 14. We aim to show that implementing an efficient iterative method for the
resulting indefinite linear system reduces to designing an efficient method for the solution
of an auxiliary nearly singular problem.

To begin, we briefly describe a minimal set up needed for our discussion. Let V' and
W be two Hilbert spaces, and V* and W* be the dual spaces of V' and W respectively.
Here (-,-) will denote the dual pairing. Consider the following variational problem: Find
(u,p) € V x W such that

{Au—|—B*p:f, @1

Bu =g,
where f e V¥, g e W A: V> V* B:V — W*"and B* : W — V* is the dual
operator of BB, namely

(v,B*q) = (q, Bv) YveV,qgeW. (2.2)

We assume that A is coercive, B is onto and B satisfies the following inf-sup condition:

B
(Av,0) > alvl}, a>0, inf SHPM
qEW yev ||UHV||Q||W

By the Babuska-Brezzi theory Ref. 12, 13, 5, the problem (2.1) is well-posed. Since same
conditions would hold for any compatible discretization of (2.1), we may assume here,
without loss of generality, that V' and W is a pair of compatible finite element spaces.
One of the most popular methods for solving discrete equations resulting from (2.1) is the
classical Uzawa method: For given (uf, p*), the next iterate (u’T!, p**1) is obtained by

Au€+1 _ f _ B*pﬁ. pé—i-l :pf _ H(g _ Bu“‘l),

=06>0.
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where xk > 0 is a damping parameter. It is known that the Uzawa method converges if x
satisfies 0 < Kk < pis’ where S = BA~!B* is the Schur complement corresponding to
the p variable. One may say that the Uzawa method is equivalent to a Richardson relaxation
for a linear system with the Schur complement S. Certainly, the choice of the damping pa-
rameter x affects the convergence of the Uzawa’s iteration and to come up with a procedure
for choosing optimal damping parameter is a non-trivial task (if at all possible). One rem-
edy is to use the Augmented Lagrangian method Ref. 21, 13, 19, which solves a modified
problem, equivalent to (2.1) by the Uzawa method. The modified problem is as follows:

{ (A+e'B*B)u+ B*p = f + ¢ ' B*g,

Bu = g. 2:3)

Application of the Uzawa method to (2.3) with damping parameter x = ¢! reads: Given
(uf, p*), the new iterate (u**1, p**1) is obtained by solving the following system:
{ (A + 6—1B*B)u€+1 — f + e—lB*g _ B*p€7

_ 2.4)
p€+1 :pf —€ 1<g _ BU£+1).

Convergence of this method has been discussed in several works Ref. 21, 19, 9. Here we
also provide a result on the rate of convergence of the Augmented Lagrangian method,
which indicates that for small e, the iterates converge very fast to the solution of (2.1). The
payoff, however, is that to obtain u‘*! we need to solve a nearly singular system, such as

(eA+ B*B)u't! = ¢f + B*g — eB*p", (2.5)

In many applications, B* B would be a singular operator. Thus the design of optimal iter-
ative method for the nearly singular system (2.5) will result in an optimal iterative method
for the indefinite system (2.1) and a general solution strategy for various mixed and hybrid
finite element discretizations.

We now state and prove a convergence result for the Augmented Lagrangian method.

Lemma 2.1. Let (u°, p°) be a given initial guess and for £ > 1, let (u®,p’) be the iterates
obtained via the Augmented Lagrangian method. Then the following estimates hold:

?
) b= POl

V4
3 €
o=l < Velp =5 w < Ve () o3l

€+ [o

_ ot <
lp —p'llw < p——

where [ig is the minimum eigenvalue of S = BA™! B*.

Proof. Let e, = (p — p*) and e}, = (u — u”) be the errors after ¢ iterations (¢ > 0). From
the definition of (u, p*), (2.3) and (2.4) we obtain that (e, €} satisfy:
{ (A+ e 'B*B)e!, = —B*eﬁ_l,
ehb =1 —€e'B(A+ e 'B*B)"'B*)e, 1.

A simple application of Shermann-Morrison-Woodburry formula for (e A + B*B)~! gives
¢ 'B(A+e¢'B*B)"'B*=B(¢A+ B*B)'B* = S. — S.(I + S.)"'S,,
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where S, = e71S = e 1 BA~!B*. It is also straightforward to verify that
I—e'BA+e¢'B*B) 'B* =TS+ S(I+8S)"'Se=T+S)". (26)
Hence
eﬁ =+ eflS)*lef,’l,

and the first estimate follows immediately. The second estimate is obtained using the fol-
lowing identities

lenll = (Aeq.en) = (A+ e 'B*B — ¢ ' B*B)ey, e,,)
AR

= f(B*ef;fl,eu) — (7 'Be!, Bet)

= e[(Zey ™ ey ) = 12, )l

where Z = B(eA + B*B)~'B*. The proof is complete by observing that (2.6) implies
that || Z||w < 1. O

3. Solution of nearly singular problem via augmented system

The first method for nearly singular problems that we now present in this paper is based on
the so-called augmented or modified system of equations Ref. 4, 29 by means of a basis of
N (Ap) is known. We equip V = IR" with the discrete ¢ inner product (-,-) = (-, )¢z and
anorm || - | = (-,-)'/2. Assuming that a basis in the kernel of A is known:

N(Ap) C span{¢1, -+, Pm}- 3.1)
we define ® = [¢1,- -, ] : W — V with W = IR™ and obtain the augmented system
of equations for the problem (1.1) as follows (see Ref. 4, 29):

- OIAD PTAN .~ ~ ot f
Au( A A )uf, f(f>. (3.2)

We note that the system (3.2) is singular and furthermore the range and null space of .4 are
characterized by

R(A):{(q):”) :UEV} and N(A):{<f1>c) :ceW}. 3.3)

Obviously, there exist infinitely many solutions to the equation (3.2). However, if @ =

(Ul ) is a solution to (3.2) then the solution  to the original system (1.1) can be recovered
Uz

in a unique fashion by setting u = ®u; + us.

We now consider the block Gauss-Seidel method for the augmented system (3.2) with
one block given by ®* A®. This method has convergence rate independent of ¢ and it is, as
we shall see in §4.1, equivalent to a two-level method with coarse space N (Ap) Ref. 34,
22.

As an example, we first analyze a simpler problem, with A; = I, and f € R(Ay), that
is

Au = (Ag+eu = f, (3.4)
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where dim N (A4y) = 1, i.e., N (Ag) = span{£}. The augmented system of equations for

this problem is given by
t t -
Au = <§A§€A)ﬂ:f, (3.5)

A¢ A
s 7= (€)= (7).

Assume that
A=D.—L-L' Ay=Dy—L—Lt (3.6)

where D, and Dy are the diagonal matrices corresponding to A and Ay, respectively and
—L is the strict lower triangle of both A and Ay. We then define

S.=LD;'L' and Sy=LDy'L".
Since D, = Dy + €I, there exists «(¢) such that for any v € V,
(Sov,v) > (Sev,v) > a(e)(Sov,v), and 151(1) ae) = 1. (3.7
We also introduce a splitting of the augmented matrix A
A=D—-L'—L, and S=LD Lt

Note that the null space and the range of A are

N(A) =span{(1£>} and R(A) = {5: ((5;”)> v € V}.

Furthermore, both the energy norm convergence rate J 4 of the Gauss-Seidel method for
matrix 4 and 6 4, of the Gauss-Seidel method for the matrix A are as follows Ref. 35, 26

1 . (S(v+¢),(v+79)
4 =1—-—, KW=1+ su inf — ,
A K(A) (A) 567354) TEN(A) (0,0)4
and
1 . (So(v+e¢),(v+0))
04 =1———, K(A))=1+ su inf .
=Ry KA S e T o,

The constant K (Ay) is independent of € and we have the following convergence result.

Lemma 3.1. Let § 4 and 0 4, be defined as above. Then
11II(1)5A = 5,40. (3.8)

Proof. A simple calculation yields

K(A) =1+ sup g S0+ A9, (0 +A)) + [ Pe(v + A%

— , (3.9
T=((£,0),0) ER(A) AER (19112

where P is the A-orthogonal projection on N (Ay), namely
P = €(ET AT A.
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Now, for a given v € V, we consider the orthogonal decomposition
v="1" 4%,
where v* € R(Ap) and v € IR. With this decomposition, ||2]|% can be written as
D12 = llv + (€ v)€ll% = O + ely + (&, v)PlI€]* (3.10)
From (3.9), we see that
(S0 +A9), (v + AQ))

K(A)>1+ sup sup inf (3.11)
W2t et seb A8 Ol + ey + (€ o) Pl
0 0
>14+ sup inf (Solv +)\§0),2(v +>\£)).
vWER(Ag) MR [v°11%
Observe that for v € N'(Ay), we have
e (50429, 0+ 20) + Pl 12015
AER 1911% ’
and also forv = 1% + £ €V,
Jnf (Se(v +A8), (v +A8)) + [ Pe(v + 2%
= Aig]{{(Se(vo +AE), (00 +AE)) + [[Pe(v” + 281
Therefore, K (.A) can be estimated by
o (Se(v+28), (v +A9)) + [|Pe(v = A%
K(A) =1+sup inf
A = B ™ T2 + ey + E P TP
2
<1t i (SN + IR O
gex AR 10011,
0 0 0 2
R YR SR UL A VR S
vER(Ag) MR v HAU
where
X = {<(£;)U)> ER(A) :v =1+ witho’ £0 € R(Ao)}.
Finally, we observe that
[P (0” + A% = el Pe(v” + 281 (3.13)
As a result, we see that
0 2
K(A) < a(O)K(4g)+ sup inf D FADI (3.14)

v0ER(Ag) MR [[0011%,
Thanks to the inequalities (3.11) and (3.14), by taking the limit ¢ — 0, we complete the
proof. O

More general cases can be treated using the analysis provided in Ref. 26, since in § 4.1
we prove that an iterative method for the augmented system is in fact equivalent to a sub-
space correction method for the original problem (1.1).
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4. Abstract convergence analysis for general subspace correction method

Let us introduce the bilinear forms that correspond to the operators (matrices) A, Ag and
A;. We define a,ag and a; : V x V — IR by

a(u,v) = (Au,v), ag(u,v) = (Agu,v), and aj(u,v) = (Aju,v), Yu,v€V. (4.1)

The corresponding induced (semi)-norms are then defined by [|ul|2 = a(u,w), |ul? =
ao(u,u) and [|u|2, = a1(u,u). The solution u € V to the system (1.1) satisfies the
following variational problem:

a(u,v) = ag(u,v) + €ay(u,v) = (f,v), YveV. 4.2)
The null space of the operator Ag denoted by N is given by
N={ueV:a(u,v)=0, YveV}.
We then define the a(-, -)-orthogonal complement A’ of N
Nt ={ueV:aluv)=0, YweN}={uecV:a(uv)=0 YveN}.

Note that, A/ is also the orthogonal complement of A/ with respect to the inner product
a1 (-, -). To describe the iterative algorithm that we study, we assume that V' is decomposed
into a sum of subspaces {V;}7_; such that V = Z;le V;. A subspace correction algorithm
then can be written as follows.

Algorithm 4.1 (MSSC). Let u® € V be given,

for [ = 1,... until convergence,
-1 _ -1
uy  =u
fori=1,---,J

Let e; € V; solve
ai(ei,vi) = f(v;) — a(uéj,vi), Yv; € V; 4.3)

-1 _ 1-1 )
U = Ui T e
endfor

1 _ -1
u' = uj

endfor

Here, as usual, the bilinear forms a(-, -) are approximations of a(-, ) on V;. For each

1 =1,---,J, we assume that they satisfy the inf-sup conditions:
a (vi7wi) inf sup a (Uiawi) — 62'7 (44)

inf su =
D Toillllwil ~ wievinev:

vi€Vi w, eV;

vil[[fws |

where (3; > 0. The assumptions make all the steps in Algorithm 4.1 well-defined.

Remark 4.1. In what follows, we shall often use the following convention: A decompo-
sition {V;}7/_, such that Z;jzl V; = V, and approximating bilinear forms a’(-, -), satisfy-
ing (4.4) uniquely determine all steps in a subspace correction algorithm, such as Algo-
rithm 4.1.
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To obtain an estimate on the convergence rate we need to introduce some additional
notions and terminology, commonly used in the analysis of iterative methods such as Al-
gorithm 4.1. We first define the subspace solvers T; : V — V;, by setting T;v be the unique
solution to the variational problem:

a (Tyw,v;) = a(v,v;), Yo eV, Yu; €V 4.5)

We note that if ' = a on Vj, then Tj is the orthogonal projection on V; with respect to
the inner product a(+, -). In such case we denote the exact subspace solver by P;, instead of
T;. Evidently, after [ iterations the errors (u — u!), (u — u!~1), and (u — u°) are related as
follows:

uw—ul= E(u— ulil) =.= El(u —u), where E= (I —-T;)I—Ty_1)---(I—Ty).
(4.6)
The operator F is usually referred to as the error transfer operator. For each 1 < ¢ < J,

there exists a unique 7} : V +— Vj, the Hilbert adjoint of T; with respect to the inner
product a(-,-), i.e.,

a(Tv,w) = a(v, Tjw), Yv,weV. 4.7
The symmetrization T; of Tj for each i = 1,- - -, .J is given by
T, =T+ T - T/T;. (4.8)
Foreachi =1,---,J, we introduce a projection P; ;. P; 1 : V + V; defined by

(ll(Pi’l’U,’Ui) = (11(1),1)1‘), Yov S Vv,'Ui c V;

We also need a projection P; o, orthogonal with respect to aq (-, ). Since this bilinear form
has a nontrivial kernel, we need to define the action P; o in a non-ambiguous way. This can
be done as follows. Denote by A;, the local null space of ag, namely,

Ni = {u; € Vi : ag(ui, v;) =0, Vou; € Vi}
and the orthogonal complement of N; with respect to the inner product a(-,-),
Ni- = {ui € V; s aui,v;) =0, Vo, € Ni} = {u; € Vi s an(u,v3) = 0, Vo € N}

Then P; gv € Nt for all v € V is uniquely determinated by the following variational
problem:

ao(Piov,vi) = ap(v,v5), Yo e Vv €V

4.1. Equivalence with methods for the augmented system

We now show that every subspace correction method (SSCA) for the augmented sys-
tem (3.2) corresponds to an equivalent subspace correction method (SSCO) for the original
problem (1.1). Let V = R™™ and let a(,-): V x V = TR be the bilinear form corre-
sponding to the augmented matrix A : ViV, namely,

a(u,v) = (A,0), Vu,oeV. (4.9)
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In order to introduce the subspace correction method for the augmented system, we de-
compose the space V' as follows:

J
V=>"V. (4.10)
=1

By the convention that we have made above, associated with each subspace XN/Z-, we have
a bilinear form a’(-,-) : V; x V; — IR satisfying the inf-sup conditions, required for the
well-posedness of the local problems:
a' (v;, w; a'(v;, w; ~
inf sup M = inf sup @ (vi, i) = ;> 0. 4.11)
v, EV; @ieai |'U1||HU/1|| w; EV; 'ﬁie‘?i

oi |||l

We denote the subspace correction method for the augmented system of equations based
on the decomposition (4.10) and the bilinear forms @’ on YN/Z by (SSCA).

We now introduce the components needed for a subspace correction method (SSCO)
for the original problem (1.1). For V' = IR", we define A : VeV by

U1

A5=(<I>7I)5=(<I>,I)< >=<I>v1 + . (4.12)

V2
It is obvious that the operator A is onto, but in general it may not be one-to-one. To obtain
a space decomposition for V', each subspace V; is chosen to be

Vi={v, eV :v,=Ab;, Vo eVi}
Next we introduce a’ : V; x V; — IR, using the definition of @’ on V.
a'(vi,w;) = a' (AT, AW;) = @ (0, @), Vo, @; € Vi, (4.13)
where v; = Av; and w; = Aw;. The mapping A : ‘Z — V; is clearly one-to-one (on V)
due to the solvability conditions (4.11) and therefore, it is an isomorphism. Furthermore,

the bilinear forms a’(-, -) also satisfy the corresponding inf-sup conditions on V;.
We now show that the two methods (SSCO) and (SSCA) are equivalent.

Theorem 4.1. Let {u’} and {u'} be two sequences of iterates generated by the meth-
ods (SSCO) and (SSCA) with initial guesses u® and u°, respectively. Then the algorithms
(SSCA) and (SSCO) are equivalent in the following sense: If u® = Au°, then u* = Au’.

Proof. Let ©i* denote the /-th iterate obtained by (SSCA) and u‘ denote the /-th iterate
obtained by (SSCO). We will show that
Wttt = A;IIZ+17 4.14)
under the assumption that %* and u’ satisfy
uf = ATL. (4.15)

Thanks to the relation (3.2), we see that

~ Pt ~
Gor= (%) #5) =), voe @.16)
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and also
a(v,w) = (Av,w) = (AAD, Aw) = a(Av, Aw). (4.17)
We consider now the local residual equations as follows.
ai(ei,vi) = (f,v) — a(uf_l,vi), Yv; € Vi,
@&, ) = (f. A%) —a(@t_y,5) = (£, 0) — a(@t_,5), Vo € V.

Therefore, If uf |, = Au‘ |, we get e; = A¢; and uf = Au! directly by the above
local residual equations. Since we assume that u§ = u’ = Au’ = Auj and from the
aforementioned observation, we have u{ = Aﬂf Repeat this argument for ¢ = 2,--- , J,
we get that u‘T" = Au‘*. Then, a simple induction shows that u‘ = A%’ for all £. m|

As an illustration, let us revisit the example from §3, with dim A (A4g) = 1 (see (3.5)).
The Gauss-Seidel method for (3.5) is based on the decomposition

V=>"V, (4.18)
i=0
where V; = span{e; 41} for i = 0,--- ,n. Here ¢; is the canonical basis for the space

V = IR""!. The equivalent subspace correction method for the original equation (3.4) is
based on the space decomposition

V=>"V, (4.19)

where V; = AV; = span{e;} fori = 1,--- ,n and V = span{¢}.

A simple conclusion that can be drawn from the aforementioned analysis is that if the
null space is contained in one of subspaces, then the convergence of the subspace correction
method will be e-independent. However, in many cases it does not lead to an efficient solu-
tion method, because the dimension of the null space of Ay may grow with the size of the
problem. Nearly singular problems, that exhibit such a behavior are easily found by consid-
ering discretizations of variational problems in H (curl) or H(div), because the dimension
of the null space increases with the problem size and it is hard or even impossible to solve
systems with ®7 A® directly. Apparently, in such cases a good candidate for providing ef-
ficient iterative solver is a multigrid method. As it turns out, when designing a multigrid
method, the role of the smoother (or equivalently the choice of the local subspaces) is cru-
cial. As we have mentioned in the introduction, a point Gauss-Seidel relaxation will not
work for discrete systems resulting from H (curl) or H(div) discretizations (see Ref. 37
for a proof of such result) and the local subspaces should contain the kernel functions to
obtain a good smoother (see Ref. 2, 3 for the relevant results on uniform convergence of
multigrid method in such cases). In the next section, we formulate a general assumption
that encompasses in a way these observations, and then prove a convergence result.
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4.2. Abstract assumptions

In this section, we present the abstract assumptions under which we can obtain the pa-
rameter independent convergence of Algorithm 4.1. For the discussion of the parameter
independent convergence, when inexact subspace solvers are used, we need some addi-
tional assumptions. We first assume that for each ¢ = 1,...,J, there exists a constant
0; € [0, 1), independent on ¢, such that

sup  [[(I = T3)villa < 05 (4.20)

v; €Vit||villa=1

This assumption is equivalent to the following two assumptions: There exist w; € (0,2)
and p; > 0 independent of € such that

(Tivi, Tivi)a < wi(Tivi,vi)a Vv € Vi, 4.21)

(Tivi, Tivi)a > pi(visvi)a  Vo; € Vi (4.22)

We remark that the assumptions (4.21) and (4.22) are automatic for 7; = P; with w; =
w; = 1. In particular, the assumption (4.21) is well known to be a necessary and sufficient
condition for the energy norm convergence of the subspace correction method Ref. 34, 35.
On the other hand, (4.22) is related to the limiting case ¢ = 0 and is necessary to guarantee
e-independent convergence. Similar assumptions have been introduced as necessary and
sufficient conditions for the energy norm convergence of the semi-definite problems (case
€ = 0) in Ref. 26, 25.

The next assumption is on the splitting of the null space of Ay. It plays a crucial role in
the convergence analysis.

J
(A1) The decomposition V' = 21]:1 V; satisfies N = Z(Vk NN).

k=1
In another word, (A1) implies that any element in A can be decomposed into a sum of

elements in V;, N .

4.3. Convergence estimate for Algorithm 4.1

With all assumptions and notation in hand, we are ready to prove a convergence rate esti-
mate for Algorithm 4.1, applied to problem (1.1).

The following lemmas are needed to prove the main results (Theorem 4.2 and Theo-
rem 4.3).

Lemma 4.1. The following inequality holds true.

[Piullz < |Pouls, + el Piaullz,, YueV.
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Proof. Forany u € V,

a(u, Piu) = ao(u, Pu) + eaq (u, Pu)

= ao(P; ou, Piu) + €aq (P 1u, Pu)

(
(P,
(ao Pu, Piu) + (lo(Pi7()u, Pi’0u>)
(

+
w\mw\»—l

ay P~u,Piu) + al(Pi’lu,Pmu)) .

This completes the proof. O

We now show the e-independent convergence rate for the local subspace solver based
on the assumptions (4.21) and (4.22).

Lemma 4.2. Assume (4.21) and (4.22). Then we have
(Tivis vi)a = [loill2 = |(I = Ti)will3 (4.23)

2
> ( - 1) lil2, Ve i
w;

7

(T7vi, Tjvi)a < w2 (viyvi)a, Yv; € Vi, (4.24)

and
Wi

T 0, 0)a € —o—
( ) pi(2 — w;)

(3

(’Ui, 'Ui)a, Yu,; € V;. (425)

Proof. The inequalities follow directly from the definitions and assumptions (4.21)
and (4.22). O

The following convergence rate result for the subspace correction method for the sym-
metric and positive definite problems (see Ref. 26) will be crucial in our analysis.

Lemma 4.3. [f (4.21) holds, then

1
E|? = sup ||Ev|?=1-—,
1512 = sw IB0E=1- g

with

J 1
K =sup inf Zi:l(Ti Wi, Wi)a
veV S vi=v vl

where w; = v; + T} Z;-]:H_l v;

Since an estimate on K also gives an estimate on the convergence rate || E||,, below we
only state the results in terms of K. Under the assumptions (4.21) and (4.22), we get an
estimate which only depends on the exact subspace solvers and the constants w; and p; in

(4.21) and (4.22).
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Lemma 4.4. Assume that (4.21) and (4.22) hold. Then,
J

K<t Y2 )<vz||2+w2||PZmn?)/nvn?

’UEVZL 1 Vi=V Hi

j=1+1
Proof. Set
J
w; =v; + T} Z ;.
j=it1
Using (4.21) and (4.22), and applying Lemma 4.2, leads to
— wj
(T;  wi, wi)a < ———lwill3
1i(2 — wi)
2
< “’{2||v 12 +2||T7 P, Z v; }
T (2 - wy) i
2
2w; J
< 7 12 2 p. ) .
N /%'(2—&%'){HUZHG_FWz Zj:zi-:i-lv] }
The proof is completed by applying Lemma 4.3. D

Lemma 4.5. For any v € V, we decompose v = w + @, withw € N+ and o € N, then

lollz = lwlz, + elwlz, + ellell?,- (4.26)

Proof. Noting that /- is the orthogonal complement of A/ with respect to a; (-, -) (see the
beginning of § 4), we have
a(v,v) = a(w + ¢, w + @) = a(w, w) + a(p, ¢)
= ag(w, w) + ea(w,w) + eai(p, ). O

The first estimate that gives e-independent convergence rate is for exact subspace
solvers.

Theorem 4.2. [f (A1) holds, then Algorithm 4.1 with exact local subspace solves converges
uniformly with respect to € and we have the estimate

J J
|Pio Y= vila, N 1Pin 225 Uj||§1>

J
K <2 sup _inf (
=1

veNL T vi=v 4 V]2, [[v]I2,
J J 2
C P Qs
t2sup _ inf izt “1%]—1 Pille, 4.27)
GEN 2 pi=p i €N ||‘P||a1

Proof. By Lemma 4.3, we get that

K(v)
K:supW, with K (v of_ ZHP ZUJHZ

veV >
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For a given v € V, we have the decomposition v = w + ¢ where w € N+ and p € N. By
(A1), there exist ¢; € V; N N such that ), ¢; = ¢. Then

J J
K(v) < _inf inf P v+ ©; i
(v) s o Zi%:%%@\f;” ]z:;( j ‘P])H
J J J J
<2 inf Py vl +2 inf P 2.
B IR w2 S IRS v

By Lemma 4.5 and the above inequality, we get

J J 9
S Yy,

K <2 sup _inf 22*12” ¢ ijzQ J Ha
veEN L ;Uizv ‘U‘ao +€HU”a1

J J
2 . iz 1B Zj:i ‘Pj”rzz
+ — sup inf 5
€ peN 2 vi=p,pi €N lll2,

By Lemma 4.1, we obtain that

J J J
1Y ojll2 < 1Pio Y vjleg +ellPin > vz,
j=i =

j=i
and
J J J J
1P " 0ill2 < 1Pio > wjle, +ellPin Y will2, = ellPin Y wsll2,.
j=i j=i J=i j=i
Combining the above three inequalities, we get the inequality (4.27). O

By Lemma 4.4 and using similar arguments as in the proof of Theorem 4.2, we get
convergence result for the case of inexact subspace solvers.

Theorem 4.3. Assume (Al), (4.21) and (4.22) hold true. Then the convergence rate of
Algorithm 4.1 is given by |E||?> = 1 — K~ with

J
K<2 sup inf 2w; (Uzﬁo + w7 |Powila,  uilld, +wz-2||Pz',1w1:||§1>
=N S & (2 = w;) o2, [EIEN
J 2 2 2
+2 sup inf Z 2("")1 ||SD’L||a1 + wi H’2P7;g1wi,§9 ‘al
peN T, pi=ppieN = 11i(2 — wi) llellz,

J J
where w; =375, vy and Wi, = Y1 @5

We remark that the estimate on K in Theorem 4.2 and Theorem 4.3 are also indepen-
dent of the upper bound on e. In the next section we apply these estimates for discretizations
of variational problems in H(grad), H(curl) and H(div).
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5. H(grad), H(curl) and H (div) systems

Let G represents any of the grad, curl or div operators. Given a bounded and convex
polyhedral domain Q € IR?, we introduce the following Sobolev spaces

H(G;Q)={veL*), GuveL*Q))}.
We now consider the following model problems: Find v € H(G; ) such that
a(u,v) = (Gu, Gv) + e(u,v) = (f,v), v e H(G;Q), (5.1)

where (-,+) = (+,+)o is the L? inner product. (5.1) corresponds to the partial differential
equation

G*Gu+ eu = f,

where G* is the adjoint operator of G with respect to (-,-) inner product, with natural
(Neumann) boundary condition.

To introduce the finite element discretization for (5.1), we assume that the domain
Q is triangulated using simplexes and the triangulation is quasi-uniform. We denote this
triangulation with 7, = {75, }. The spaces V},(G) are the conforming finite element spaces
corresponding to the triangulation 7.

The finite element discretizations of (5.1) is: Find u;, € V},(G) such that

a(up,vp) = (f,vn), v € Vi(Q). (5.2)

Examples for the lowest order H (G, €2)-conforming finite element spaces on a tetrahe-
dral mesh 7}, of Q are listed below for various G.

Vi(grad) := {vy € H(grad) : vp-(x) =a+b-x,a€R,be R3, Vr € Tp,},
Vi(curl) := {vy, € H(curl,Q) : vp.(x) =a+xxb,abe R* Vr €T},
Vi(div) := {vy € H(div,Q) : v, (x) =a+px,acR*,B€R ,Vr € T},

Vi(0) := {vp, € L*(Q) : vp).(x) =a,a € R, V1 € Tp,}.

The readers refer to Ref. 23 and Ref. 28 for a detailed discussion on the finite element
space V;,(G). A simple description on V}, (&) is made in Table 2.

5.1. Two-level method with Schwarz smoothers for H (curl) and H (div)
systems

To be specific, we will restrict our concern only on the two-level method with the exact
coarse grid solver. We denote 7y = {7y} by the triangulation of 2 with the mesh size
H, and assume that 7}, is obtained from the refinement of the triangulation 7. Vg (G)
denotes the conforming finite element spaces based on the triangulation 7.

Following the notation presented in our abstract convergence theories, we shall set V' =
Vi (G) and

a(v,v) = ap(u,v) + €(v,v),
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G H(G,Q) Vu,(G)C H(G,Q) FE space reference
grad HY(Q) Vi (grad) linear Lagrangian FE ~ Ref. 16
curl  H(curl,Q) Vi (curl) edge elements Ref. 28
div  H(div, Q) Vi (div) face elements Ref. 28

0 L3(Q) V1,(0) p.w. constants

Table 2. Finite element spaces of Whitney forms.

P d 3
R o gra O curl O div oS 0

rrad 1 di 0
il—[}gl a J{Hi”ur J/thv J/Hh

R —— Vi(grad) =225 vy (curl) —2 Vi(div) —25 12— 0

Fig. 5.1. Exact sequences, commutative diagrams and degrees of freedom for the finite element spaces in the
lowest order case.

where (-,-) = (-, )0 and ag(u,v) = (Gu, Gv). The null space of ag is denoted by A/ and
V can be decomposed (orthogonal) as

V=Nao~Nt

where L is with respect to the L? inner product.
Now, we construct the subspace correction methods for (5.2) based on the vertex-based
space decomposition as in done in Ref. 3. For a vertex x* of 7y,, we define

Ti={reT, 2" 7}, and € = interior (UT;Z) .

Then the domain €2 is the subdomain of €2 formed by the patch of elements with z* as a
vertex. The subspaces and the space decomposition are then given by
J J
Vi={veV:isupp(v) CQp}, and V=Vg+> Vi=> Vi, (5.3)
i=1 i=0
where for convenience we have denoted V;? = Vj and J is the number of vertices of 7j,.
We then apply the exact subspace solver in each subspace V! as well as in the coarse space
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Vir. We call the aforementioned subspace correction methods as two-level method with
vertex-based smoother. Observe that by the commuting diagram given in Figure 5.1 (see
also Ref. 3), we have

J J
N=YN=Y NV
=0 =0

Thus, the decomposition (5.3) satisfies (Al). The following lemma is well-known (see
Ref. 3).

Lemma 5.1. Let Py be the orthogonal projection onto Vi with respect to H(G) inner
product. Then under the assumption H 2, h and v € (I — Py )V}, there exists a decompo-
sition v = Z;.Izl v; with v; € V}i such that

J
Z HviH%I(G) S HU”%I(G)' (5.4)

i=1

Furthermore, we can show the following result.

Lemma 5.2. Let IS : V(G) — Vi (G) be the interpolation operator. Then, under the
assumption that H 2 h and o € (I — 1) N, there exists a decomposition ¢ = Ele i
with o; € N such that

J
> el S lells- (5.5)
=1

Proof. The proof for both curl and div systems is similar. Here we only prove the case
G = curl. Then N' = {grad¢ : ¢ € Vj,(grad)} and we have the following commuting
relation (see Figure 5.1),

gradlT%™ = 115 grad.
For ¢ € (I — ™), there exists a function ¢ € V;,(grad) such that
¢ = grad[I — 15",

Now, by the interpolating locally, there exists a decomposition of ¢ = (I — H%}ad)aﬁ =
S>7_ | 4b; such that

J
o905 S N9l13-
i=1

Then p = Z;‘le ;= Z;‘le gradz; is the desired decomposition, i.e.,

O

J J
D llgradwilly S A7) G S A5 S 1913 = llellg-
=1 i=1

Note that in the setting described above, since a1 (-,-) = (-, -)o, the projection oper-
ator P; 1 is nothing else than the local L? projection for each i = 1,---,.J. Applying
Theorem 4.2 and Theorem 4.3, can obtain the following convergence rate estimate.
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Lemma 5.3. The two-level method with vertex-based Schwarz smoother for H(div) and
H (curl) systems converges uniformly with respect to € and the mesh size h.

Proof. We have that | E[2 =1 — % with

J J J
(Pw 25 Vil N 1Pia D5 vjl%)

K < sup _inf (5.6
S it D (T ol
J J
+ sup inf > im0 l1Pi Zj:i @j”%
PEN 2, Pi=p,pi€N; ||<P||%

For both systems, the last quantity can be similarly estimated by a generic constant, and
here we shall estimate the first term only. We observe that by setting v = Py,

J J J J
Yo PoY vilay S 1Py vila, + [Pl
i=0 =i i=1 =i

M&

S D il + vl

1

.

Similarly, we see that by setting vy = Py,

J

J J
DoIPa D> osllF S D 1P Y wsllg + 1Pl
=0

Jj=1 1 Jj=1

3
< D sl + [1wl13-

J
=1

%

With the choice of decompositions {v; } 3']:1 given in Lemma 5.1, we can conclude that

sup _ inf
veENL 2o vi=v i—0

(0 = Pr)olay +10la, 1T = Prr)olld + |[vll3
02, V13

J J
4 [P0 Zj:i Uj|30 P31 Zj:i V513
+

[0lZ, V113

A

<1

The above inequalities are obtained by the stability of the operator Pr. This completes the
proof. O

5.2. Multigrid analysis for H (grad) = H' ()

In this subsection, we will illustrate how our general theory may also be applied to mul-
tilevel analysis for the case G = grad. The technique presented in this section relies on
the techniques introduced in Ref. 24, 26 for semi-definite problems. The difference is that
for e > 0, one can see the important role played by assumption (A1), in order to obtain
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{€, h}-independent convergence of Algorithm 4.1. We now consider the following problem
in H(grad):

—Au+eu=f, in Q, 5.7
subject to the pure Neumann boundary condition on 01, i.e.,
n-Vu=0, (5.3)

where n is the unit normal vector to J€2. The variational problem corresponding to (5.7) is
as follows: Find u € H'({2) such that

a(u,v) = ag(u,v) + ear(u,v) = (f,v), Yve& H(Q), (5.9)

where

ag(u,v) = (u,v); = / Vu-Vudz,
Q

ay (u,v) = (u,v)g = / uvdr, and
Q

(f,v):/ﬂfvdx.

The null space N of ag(-,-) is N' = span{1}. As usual, we assume that 2 is triangulated
with a nested sequence of quasi-uniform triangles 7y, = {7} of size hy, where the quasi-
uniformity constants are independent of k and hj, ~ v* withy € (0,1) fork = 1,--- , J.
Associated with each 7y, we have the finite element space of continuous piecewise linear
functions Vi, C H'(Q). In this setting, it is clear that

wc---cVpyCc---CVy=VW.
The standard nodal basis functions for each space V}, are denoted by ¢%, and we have the
following decomposition of V'

2
Vk :Span{qﬁl{:?"' ’d)Zk} = ZVI;L7
=1

where V;! = span{¢}}, dimV;/ = 1. We are interested in solving the system resulting
from the standard finite element discretization: Find u € V with h = hy and V = V; such
that

a(u,v) = (f,v), YveW (5.10)

To solve the problem (5.10), we consider a multigrid method with the Gauss-Seidel method
as a smoother. Setting Vo = N, ng = 1 and Vbl = Vi, then V' can be decomposed as
follows:

J ng
vV=> YV

k=0 i=1
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It is easy to see that the decomposition satisfies (A1). The error transfer operator, F, is:
B =gl (1 = Py), (5.11)

where P} is the exact solver on V]! (see also 34). In the following discussion, P} ; and P} |
are the ap and a; orthogonal projections on V,j respectively. We note that for all £ and [,
Py;1 and P,i_l are L2 projections. Following more popular convention, we use the standard
notation Q = Py 1 and Q) = P} .

By a direct application of Theorem 4.2, we obtain the following convergence estimate.

Theorem 5.1.
IEllZ <o <1, (5.12)
where § is bounded uniformly with respect to the parameter €, the number of levels J and

the mesh size h.

Proof. By the Poincare’s inequality and Theorem 4.2, we obtain that

J Nk
K <1+ sup 1nf ZZ|P£0 Ue|1/|“1

VEN L Yioo ik, vi=v k=0 i=1 (4,5)>(k,3)

J ng
Y e Y vz|3/|v||3
(£,5)>(k,i)

k=0 1i=1

J
. Zk:oZ ||Q;<;Z(ed)>(1m) %Ho
+ sup in

pEN Zk OZ X Lm0 ENY ||<P||o

For simplicity, we shall denote

J ng J ng _
=SS |BL, v“/|v|1+22||czz 3 vznﬁ/wna,
(£,5)>(k,i)

k=0 i=1 (£,5)> (ki) k=0 i=1

= sup inf DS el / 113
(4,5)> (ki)

n K2
‘PENEIC 02 kllpk W@keNkk 0i=1

Since VO1 is one dimensional, we have

1.2
Il =2 sup HQOC‘JO =
oen lells

Now, by setting, vé = 0, we obtain the following estimate:

J ng
| <1+ sup inf ZZ|PkO |1/|”U|1
(@J)>(k i)

’UENLZk 12 ’U]lc:’v k=1 i=1

J ng
LYY e o2 / e

k=1i=1 (Z,j)>(k %)
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The estimate of the right hand side of the above inequality is standard, we refer to Ref. 26
for the details. U

6. Conclusions

We presented a transparent theoretical framework for proving convergence estimates for
subspace correction algorithms for nearly singular problems. We have stated the minimal
assumptions needed to provide parameter independent convergence. The abstract theory is
applicable to wide range of numerical models corresponding to finite element discretiza-
tions of partial differential equations, for example it can be used to design and analyze
efficient methods for indefinite problems. As a future research, we plan to extend this work
and derive convergence estimates for multigrid methods for anisotropic problems and linear
elasticity problems.
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