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Abstract

Balancing Neumann-Neumann methods are extended to the equations arising
from the mixed formulation of almost-incompressible linear elasticity prob-
lems discretized with discontinuous-pressure finite elements. This family of
domain decomposition algorithms has previously been shown to be effective
for large finite element approximations of positive definite elliptic problems.
Our methods are proved to be scalable and to depend weakly on the size of
the local problems. Our work is an extension of previous work by Pavarino
and Widlund on BNN methods for Stokes equation.

Our iterative substructuring methods are based on the partition of the un-
knowns into interior ones — including interior displacements and pressures
with zero average on every subdomain — and interface ones — displacements
on the geometric interface and constant-by-subdomain pressures. The restric-
tion of the problem to the interior degrees of freedom is then a collection of
decoupled local problems that are well-posed even in the incompressible limit.
The interior variables are eliminated and a hybrid preconditioner of BNN type
is designed for the Schur complement problem. The iterates are restricted to
a benign subspace, on which the preconditioned operator is positive definite,
allowing for the use of conjugate gradient methods.

A complete convergence analysis of the method is presented for the con-
stant coefficient case. The algorithm is extended to handle discontinuous coef-
ficients, but a full analysis is not provided. Extensions of the algorithm and of
the analysis are also presented for problems combining pure-displacement and
mixed finite elements in different subregions. An algorithm is also proposed
for problems with continuous discrete pressure spaces.

All the algorithms discussed have been implemented in parallel codes that
have been successfully tested on large sample problems on large parallel com-
puters; results are presented and discussed. Implementations issues are also
discussed, including a version of our main algorithm that does not require the
solution of any auxiliary saddle-point problem since all subproblems of the



preconditioner can be reduced to solving symmetric positive definite linear
systems.
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Chapter 1

Introduction

1.1 Overview

The process of numerically solving partial differential equations (PDEs) typi-
cally involves a discretization step, in which the original infinite-dimensional,
continuous problem is approximated by a finite-dimensional one. This dis-
cretized problem usually requires the solution of a linear system of algebraic
equations (or a nonlinear system, the iterative solution of which often requires
a linear solve at each iteration). Therefore, the solution of linear systems of
equations is one of the most ubiquitous problems in scientific computing.

How well the discretized problem approximates the continuous one usu-
ally depends on the dimension of the solution space, expressed by a mesh
parameter h that measures how fine the mesh is. This is especially true when
complex geometries are involved. Typically, as the dimension of the discretiza-
tion space increases, the resulting problems are not only larger, but also worse
conditioned.

The problem of solving linear systems is central in numerical analysis. Sys-
tems arising from the discretization of PDEs have, of course, received special
attention, since they appear in many applications, such as fluid dynamics and
structural mechanics. These systems often have special structure that can
be exploited in the solution process. Unfortunately, the price to be paid for
this exploitation is the design of problem-specific algorithms, as the one we
present, as opposed to truly multi-purpose ones such as Gaussian elimination
and its variants. In particular, we will present and discuss an algorithm to
solve the system arising from the discretization of the mixed formulation of
linear elasticity.



Nowadays, when the size of problems get into the hundreds of millions of
unknowns and the largest supercomputers have thousands of processors, the
issue of parallel scalability is paramount. A solution method is said to be
scalable if the time required to solve a problem of size n.S using n/N processors
is about the same as for a similar problem of size S using N processors. Our
methods are scalable and their performance depends only weakly (polyloga-
rithmically) on the size of the local problems (i.e., on S).

There are two classes of solvers for linear systems: direct methods and
iterative methods. The latter have proved more successful for the solution
of large problems in parallel computational environments. We now briefly
describe what is arguably the most important class of iterative methods: the
Krylov subspace methods. We also motivate the necessity of designing good
preconditioners.

1.1.1 Krylov Subspace Methods
Let K be an invertible matrix and consider the linear system
Ku=f.

At the n-th iteration, define the error e, = u, — u, and the residual r, =
Ke, = f — Ku,, where u, = K~1f. If uy is an initial guess, we define the
Krylov affine subspaces by

K, = ug + span {ro, ey K”’lro} .

The iterates of a Krylov method are defined in terms of an optimization
problem constrained to the Krylov subspace. In the case when K is symmetric
and positive definite, we define the Conjugate Gradient method, in which the
n-th iterate wu,, is the solution to

. . . T
minimize e, Ke,
subject to wu, € KC,.

It can be shown that

R(K)—1Y)
lenllx <2 (W) leoll & » (1.1)

where k(K), the condition number of K, is the ratio of the largest and smallest
eigenvalues of K (see, e.g., Golub [25] or Luenberger [37]). In each iteration of



the conjugate gradient method, the matrix K is used only in one matrix-vector
product. The matrix K does not have to be explicitly available, i.e., we do
not need to know the values of its individual entries. We only need to be able
to compute the action of the matrix on vectors.

1.1.2 Preconditioning

The performance of Krylov and many other iterative methods depend strongly
on the condition number of the matrix being “inverted”, as indicated by the
error bound (1.1) for the conjugate gradient method. Therefore it often is
necessary to precondition the linear systems when using a iterative method:
instead of solving Ku = f, we solve QKu = Qf, where () is an invertible
matrix that approximates K !, in the sense that QK is better conditioned
than K. In fact, the use of an unpreconditioned conjugate gradient method
for a large linear system arising in elasticity can easily result in hundreds of
thousands of iterations without any visible progress towards the solution. Typ-
ically, a preconditioned Krylov method will require one application of K and
one application of () per iteration. The need of a good approximation for the
inverse of K must be weighed against the requirement that multiplying a vec-
tor by @) should be computationally cheap, as compared with “multiplication
by K=1”. In the case of preconditioned conjugate gradients, () is also required
to be symmetric positive definite and we have

fealle <2 (@B 1Y
e =\ RQR) +1) TR

1.1.3 Domain Decomposition Methods

Domain decomposition methods are techniques to design efficient and scalable
preconditioners for certain classes of linear systems arising from the discretiza-
tion of PDEs. Their basic idea is to construct an approximate solution for the
original problem based on the solution of a collection of smaller instances of
the problem, posed on subsets of the domain called subdomains.

To fix ideas, let us consider a discretization of the Poisson equation with
homogeneous boundary condition: find u € V such that

a(u,v) = (f,v) YveV,

where f € H7'(Q), V C Hj(Q) is finite-dimensional and a(u,v) = [, Vu- V.
We assume that there are subspaces Vy, Vi,...,Vy C V., the sum of which



spans V,
V=W+WVi+---+Vy,

and inner products b; : V;xV; — R defined on them. We then define projection-
like operators T; : V' — V; by:

bi(Tiu,v;) = a(u,v;) Yv; € V;, Yu e V. (1.2)

We remark that the inclusion of the V;’s in V is not absolutely necessary;
nonnested subspaces can also be handled with the use of restriction and inter-
polation operators.

If b;(+,-) is chosen to be the restriction of a(-,-) to V;, then T; is simply
the a-orthogonal projection onto V;. The subspaces V; are usually comprised
of functions supported in small subsets of 2, denoted by €2;, the subdomains.
Often Vj is reserved to be a subspace of a different nature: it represents a
lower-dimensional discretization of the entire domain €2 and is called the coarse
space. Such a space is typically necessary for the scalability of the method.

We define the operators (matrices) A:V — V" and B; : V; — V/ by:

(Au,v) = a(u,v) Yu,v €V,
(Biui,v;) = bi(ui,v;) Yug,v; €V,
We note that the computation of the action of T; on a vector just requires
the solution of a linear system involving B;. We also note that we can easily
compute T;u, the action of T; on the unknown solution u, since in this case
the right hand side in (1.2) equals (f,v;).

Domain decomposition methods can usually be described as the iterative
solution of a problem of the form

Tu =g,

where T', the Schwarz operator, is a polynomial on the T;’s. The additive
Schwarz method is then defined by

Tas:TO+T1+"'+TN
and the multiplicative Schwarz method by
Tos=1—I-To)I—-T1)---(I —Tn).

Other alternatives, combining additive and multiplicative components, are also
possible and give rise to hybrid methods.



The three most successful families of domain decomposition methods are
overlapping Schwarz, Balancing Neumann-Neumann (BNN), and FETI meth-
ods.

Overlapping Schwarz methods are based on local spaces V; supported on
subdomains €2 which overlap each other: € N # () for neighboring subdo-
mains €2; and Q7. This is in contrast with the iterative substructuring class,
including BNN and FETI, in which the subdomains are disjoint.

BNN methods were first developed without a coarse space; see Bourgat,
Glowinski, Le Tallec and Vidrascu [5], De Roeck [13], and De Roeck and Le
Tallec [14]. They were later significantly improved by the addition of a coarse
level; see Dryja and Widlund [15], Le Tallec [33], and Mandel and Brezina [39].
The work in [15], as well as some recent work by Mandel and Dohrmann [40],
concerns additive methods, rather than the more typical hybrid type of BNN
methods, which we adopt in this work.

Unlike for the BNN family, the iterates of FETT methods are discontinuous
across the interface between subdomains; continuity is only achieved upon
convergence of the iteration. The iteration is written in terms of Lagrange
multipliers that enforce the continuity across the interface. FETI and BNN
share many algorithmic components, such as the static condensation of interior
variables and the use of local solvers for both Neumann and Dirichlet problems
on each subdomain. Connections between these two approaches are discussed
by Klawonn and Widlund [31]. Gosselet, Rey and Rixen [26] show that with a
proper initialization for FETI, FETI and BNN methods perform equally well
for a class of problems.

1.2 Notation

Before proceeding, we will introduce some of the notation and conventions
that we will use throughout this dissertation.
We will adopt the following convention for bilinear forms:

e inner products will be denoted by parentheses, as in (-, *)r;

e associated with any square matrix S, we will define the bilinear form
(,-)s given by (u,v)g = v’ Su,

We will use the same notation for finite-element functions and their rep-
resentation in terms of a finite element basis. In the course of a proof, for
instance, u might alternately represent an element of a finite dimensional sub-
space of (HZ(Q))? or a vector in R™ef, with no further warning,



1.3 Model Problems

The matrices arising from the discretization of elliptic equations or systems
form one of the most studied classes of matrices and one for which a great
number of preconditioners are available. In particular, Balancing Neumann-
Neumann preconditioners for these problems are described in Mandel [38] and
Mandel and Brezina [39].

In this dissertation, we consider instead a class of saddle-point or penal-
ized saddle-point problems. Our main focus will be on the equations of almost-
incompressible linear elasticity with a mixed formulation. In this section, how-
ever, we also introduce the related problems of Stokes equation, compressible
elasticity with pure-displacement formulation, as well as mixed finite element
methods for incompressible elasticity.

1.3.1 Stokes Equations

The steady Stokes equations, which model the steady-state of flows with very
low Reynolds numbers, is expressed in variational terms as follows:  given

fe(HQ) andge (Hl/Q(aﬁ))d satisfying

/mg-ﬁ:(), (1.3)

findu € (HY(Q))" and p € L3(Q) such that u =g on 09 and

{Z/a(u,v) + blvip) = (f,v)  Vve (H() (1.4)

b(u, q) = 0 Vg € L§(Q).
Here, € is a bounded and connected domain in R? with a Lipschitz-continuous
boundary 052, the bilinear forms are defined as

d

d
aul- @vi
a(u,v) = /QVu.VV—/QZZaxjaxj,

i=1 j=1

b(u,p) = - / pdivu,
Q

and the kinematic viscosity v is a positive parameter.
The existence and uniqueness of the solution for problem (1.4) is well
known; see, e.g., Girault and Raviart [23, Theorem 1.5.1]. This result is related



to the inf-sup stability of the spaces (H1(2))? and L2(Q), i.e., the inequality

inf sup _bvig) B(2) > 0.

q€LF () Ve(Hg(Q))d HVHH1 HQHL2 -

A discrete counterpart of this inequality plays an important role in the design
of mixed finite-element methods.

Remark 1.1 FEven when the compatibility condition (1.3) is violated, problem
(1.4) is still well-posed; in this case the solution presents constant (but not
necessarily zero) divergence.

1.3.2 Linear Elasticity

Let 092 = 0Qp + 0Qy (the + sign indicates disjoint union). We assume that
an elastic body (2 is subject to a body force f and to a surface force h acting
on 02y, and that a displacement g is prescribed on 0€)p.

We define the Sobolev space Hj, () = {v e H'(Q)|v|oa, =0}. The
compressible or almost-incompressible linear elasticity problem, in its pure-
displacement formulation, is then of the form: given f € (H-Y(Q))?, g €
(HY2(80p)) and h € (H=Y2(00Qx))?, find u € (HY(Q))? such that u =g on
oQp and

2u/ﬂ€(u) ce(v) + )\/Qdivu divv = (F,v) Vve (HéQD(Q))d, (1.5)

where

Here the positive parameters A and p are the Lamé constants and they are
related to the Poisson ratio v and Young’s modulus E by the following formu-

las:
Ev E

A= Q+v)1—20) M 20+0)




As the Poisson ratio approaches 0.5 (i.e., u/A approaches zero), corre-
sponding to almost-incompressible materials, finite element discretizations of
this pure displacement formulation suffer from locking (see, e.g., [6, 9]). As
a result, the stiffness matrices get increasingly ill-conditioned and the quality
of the discrete solution deteriorates. A well-known remedy is the mized for-
mulation obtained by the introduction of the pressure p = —Adivu as a new,
additional variable (see, e.g., [10]): given £ € (H-1(Q))%, g € (HY2(09p))*
and h € (HY2(00Qx))?, find u € (HY(Q)? and p € L*(Q) such that u = g
on 02p and

{ua(u,v) + b(v,p) = (F,v) VVGHéQD(Q) 16)
b(u,q) — clpg) = 0 Vg € L*(Q).
Here

a(u,v) = 2 [ e(u):e(v), )

cp,q) = [opa;

and b(-,-) and (F,-) are defined as before.

When 0€)p has positive measure, the existence and uniqueness of the so-
lution to problems (1.5) and (1.6) is guaranteed by the ellipticity of the form
a(+,-), expressed by Korn’s inequality (see, e.g., [9, Corollary 9.2.22]). We will
also need to consider problems with natural boundary conditions on the entire
border (i.e., 0y = 0f2). In this case, the bilinear form a(-,-) has a nontrivial
nullspace, comprised by the rigid-body modes (rotations and translations; a
three-dimensional space in R? and six-dimensional space in R?). A solution
exists only when the following compatibility condition is satisfied:

(F,v) =0 Vv € ker(a).

An ideally incompressible material has A = oo and is modelled by replacing
%c(p, q) with 0 in (1.6). The existence and uniqueness results are the same as
above, except for the case 0€0p = €2, when the pressure is defined only up to
an additive constant and a solution exists only when

/ g -n=0.
o9

Remark 1.2 Emistence and uniqueness of the solution are guaranteed with no
compatibility condition, even in the incompressible case, if Qp has positive
measure and the pressure space is restricted to L3(SY), rather than L*(Q); cf.
Remark 1.1.



The following useful result shows the equivalence between the Stokes and
mixed elasticity bilinear forms.

Lemma 1.3 There exists a constant ¢ > 0 such that
I Vull iz < le(w) @) < IVl Vu e (H'(Q), u L ker(a).

Here ||e(u HL2 fQ ) e(u)dx.
The requzrement u L ker(a) is not necessary for the upper bound.

Proof The lower bound is a version of Korn’s inequality (see Klawonn and
Widlund [32, Lemma 4]). The upper bound follows from elementary estimates:

d d 2 d d 2 2
E _ < E -
i i=1 4 (633'] * axz) o - Zl 2 ((633']) + (8:1:2) )

1.3.3 The Incompressible Limit

The focus of this dissertation is on problems of almost-incompressible elasticity.
We will often explicitly use the fact that A is finite in proofs and algorithms.
We feel that this approach is justifiable and does not limit the application of
the methods described here, for a variety of reasons.

The algorithm we propose is built of components that are well defined in
the incompressible limit. Only minimal modifications are required to handle
A = 0o and the theory can accommodate the ideally incompressible problem,
as well; cf. Pavarino and Widlund [46] on the related incompressible Stokes
problem.

Real materials are somewhat compressible; perfectly incompressible mate-
rials are just a mathematical idealization.

Most important, the preconditioners developed for almost-incompressible
problems can be used to precondition the matrix of the perfectly incompress-
ible problem (and vice-versa), since the two problems are spectrally equivalent;
see Pavarino and Widlund [45, Section 4].



1.4 Some Solution Methods for Saddle-Point
Problems

Before we proceed with the presentation of our method, we briefly discuss
some other approaches for the solution of saddle-point problems; we will not
provide an exhaustive discussion.

The matrices that concern us, arising from Stokes, penalized Stokes and
(almost-)incompressible elasticity, are of the form

A BT

47

where the block C' might be zero (for incompressible problems). In Uzawa’s
algorithms, the (1, 1)-block A is eliminated, creating a reduced system for the
pressure unknowns only, with a matrix C' + BT A7 B. An iterative procedure
based on the gradient method or conjugate directions is then applied. The
multiplication by A~! is avoided in inexact Uzawa’s methods, with a precon-
ditioner applied instead. Used in conjuction with penalty methods, Uzawa’s
algorithm gives rise to the Augmented Lagrangian method; see, e.g., Fortin
and Glowinski [21].

Bramble and Pasciak [8] introduced an inner-product that transforms the
indefinite problem into a positive definite one. Conjugate gradients can then
be applied.

Block preconditioners are considered by Klawonn in [27, 28]. It is shown
that the condition number of the preconditioned system is bounded indepen-
dently of discretization and penalty parameters, provided that the precondi-
tioners of A and C' are of a sufficiently good quality. Other works on block
preconditioners include Elman and Silvester [16], Elman, Silvester and Wathen
[17], Pavarino [43, 44], Rusten and Winther [50], and Silvester and Wathen [51].

Klawonn and Pavarino [29] introduced an overlapping Schwarz method, in
which the local problems are restrictions of the original saddle point problem to
the overlapping subdomains and the coarse problem is a saddle point problem
associated with a coarse grid given by the subdomains. An analysis of this
method is still missing. See also [30]. Other overlapping Schwarz methods
have been considered by Fischer [18], Fischer, Miller and Tufo [19], Gervasio
[22], and Renquist [49].

Bramble and Pasciak [7] introduced an iterative substructuring method for

the Stokes equation. The substructuring strategy they adopted is the same as
our algorithm (cf. Chapter 3), but they suggested the use of a simpler block-

10



diagonal preconditioner to precondition the resulting Schur complement prob-
lem. Pavarino and Widlund [46] presented a Balancing Neumann-Neumann
preconditioner for the incompressible Stokes equation, which can be viewed
as the starting point for our current work. Li [35, 36] designed and analyzed
a dual-primal FETI preconditioner for Stokes equation. His bounds for the
condition number of the preconditioned operator are similar to ours and de-
pend polylogarithmically on the size of the local problems. They also depend
on the inf-sup constants of the finite element discretization and of the coarse
space. Other iterative substructuring methods for Stokes have been studied
by Ainsworth and Sherwin [1], Casarin [12], Fischer and Rgnquist [20], Le
Tallec and Patra [34], Marini and Quarteroni [41], Pasciak [42], Pavarino and
Widlund [45], Quarteroni [47], and Renquist [48].

1.5 Structure of this Dissertation

The remainder of this dissertation is organized as follows. In Chapter 2, we
discuss the discretization of saddle-point problems by mixed finite elements
and review some main results concerning inf-sup stability. In Chapter 3, we
discuss the partition of the mixed space into interior and interface subspaces
and define the Schur complement problem and a saddle-point extension oper-
ator necessary for the iterative substructuring processing. We then present in
detail our Balancing Neumann-Neumann algorithm for saddle-point problems
in Chapter 4, provide a full analysis of its spectral bounds in Chapter 5, and
extend the algorithm to the case of heterogeneous coefficients with jumps in
Chapter 6. Some implementation issues are discussed in Chapter 7, most im-
portantly an implementation of our algorithm that relies only on the solution
of positive definite subproblems. In Chapter 8, we extend our algorithm to
handle the combined use of mixed and displacement-only formulations in dif-
ferent subregions of the domain and in Chapter 9 we propose a preconditioner
for the continuous pressure case. Finally, in Chapter 10, we present a large set
of numerical experiments that supports our theoretical results and illustrates
the applicability of our methods.
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Chapter 2

Mixed Finite Element
Discretization

2.1 Continuous Formulation of Saddle-Point
Problems

We now discuss the discretization of the problems introduced in Section 1.3
by mixed finite element methods and present some key results on existence,
uniqueness, and stability of the solution. We first discuss the incompressible
case and then examine the almost-incompressible case as a penalized problem.

Let V and U be Hilbert spaces, a(-,-) a continuous bilinear form on the
space V x V and b(-, ) a continuous bilinear form on V x U. We define the
linear transformations A:V —V’, B:V — U’ and BT : U — V' by

(Au,v) = a(u,v) VuveV,
(Bu,p) = b(u,p) YueV,pel,
(u,BTp) = b(u,p) YueV,pel.
Then, given f € V' and g € U’, the problem
a(u,v) + b(v,p) = (f,v) WeV
{ b(u, q) = (990 VqeU
can be expressed as
{ Au + BTp = f inV
Bu = g inU.

12



When V and U are finite dimensional, we have the matrix representation

3 ))-(0)

In the theory of mixed methods, a parameter of great importance is the
inf-sup condition defined by

£ = inf sup M

> 0. 2.2
€U vev || V]|vlgllv 22)

This condition is also known as LBB condition, named after Ladyzhenskaya,
Babuska, and Brezzi. For the discretized problem, we will be interested in
pairs of spaces for which the inf-sup constant (3 is uniformly bounded away
from zero for any mesh size.

We have the following result (see, e.g., [6, Theorem I11.4.3]).

Theorem 2.1 If the bilinear form a(-,-) is elliptic on ker B, i.e.,
a(v,v) > alv|} Vv EkerB

and the bilinear form b(-,-) satisfies the inf-sup condition (2.2), then for any
f € V' and g € U the saddle point problem (2.1) has a unique solution, which
satisfies the following stability estimates:

< —|If]}v + S (1+ = ;

HuHV = C(H ||V B( a HgHU
< (14— |Iflls — 1+ — /

Ipllo < ﬁ( + o [l + 7 o gllor,
a(v,v)

where ||al| = sup 5
vev [[VI%

Almost-incompressible problems can be viewed as penalized versions of
(2.1) and take the form

{a(u,v) + b(v,p) = (f,v) WweV
b(u,q) — tc(p,q) = (9,9) VgeU,

where ¢ is a small parameter and c(-, -) is a continuous bilinear form on U x U.
When considering almost-incompressible problems, we can use the following
result (see [6, Theorem II1.4.11]).

(2.3)

13



Theorem 2.2 Suppose that the hypotheses of Theorem 2.1 are satisfied. In
addition, assume c(-,-) is coercive. Then, for any f € V' and g € U’, problem
(2.3) has a unique solution. Moreover, there is a constant C' such that

lullv + lIplly < CIElv +llgllor) ¥V £e V', gel’, 0<t<1.

What is essential in the theorem above is that the solution of the penal-
ized problem is bounded wuniformly on t. In problems of mixed almost-incom-
pressible elasticity, the small parameter ¢ will be replaced by the ratio p/A.

In Lemma 2.10, we will derive explicit bounds for the stability estimate
above, in the case of finite-dimensional U and V.

2.2 Mixed Finite Elements

Let h be the characteristic size of our finite element triangulation 75,. Among
the many choices of mixed finite elements available for our class of saddle-point
problems, we consider the following:

e Qr— P
The displacement space is composed of continuous, piecewise bi-quadrat-
ic (or tri-quadratic) functions, while the pressure space is discontinuous
and consists of piecewise linear functions. This pair satisfies the inf-sup
condition uniformly in h; see [10, Example VI.3.9].

e Taylor-Hood and Broken Taylor-Hood

Taylor-Hood elements for quadrilaterals are the pair Qo — (Q1: the dis-
placement space is composed of continuous, piecewise bi-quadratic func-
tions, while the pressure space consists of continuous bilinear functions.
This pair also satisfies the inf-sup condition uniformly on h; see [23,
Corollary 11.4.1].

As we show in Chapter 3, our main algorithm requires that the char-
acteristic function of each subdomain, which is obviously discontinuous,
be part of the pressure space. To that end, we drop the continuity re-
quirement only across the interface between subdomains. We will call
the resulting space the broken Taylor-Hood finite element space. It is
shown in [11] that this space is inf-sup stable as long as the pressure
space is restricted to the functions that have zero average on every sub-
domain. We will use this broken space in Chapter 9, when considering

14



an extension of our preconditioner to problems with continuous pressure
discretizations.

We note that while finite element methods based on hexahedra and quadri-
laterals enjoy popularity, our theory applies equally well to stable mixed meth-
ods based on tetrahedra or triangles. Spectral elements @Q),, — (),,_2 could also
be used; the methods and the theory discussed in this dissertation can be
easily extended to that case; see [46], [24].

2.3 Some auxiliary results
The following result provides a useful characterization of the inf-sup constant
as the smallest eigenvalue of a generalized eigenvalue problem. We consider

the Stokes matrix
A BT
B 0

and note that |ul%,, = u”Au. Let C be the mass matrix for the pressures,
i.e., |[pll2, = p"Cp. If we redefine the inf-sup constant using the H'-seminorm
instead of the H'-norm for the displacements (due to Friedrichs inequality,
they are equivalent), i.e.,

b
([ = inf sup Ma
€U vev Vg ||ql 22

we have the following result.
Lemma 2.3 5% = \puin (C_I(BA_lBT)).

Proof We have
b(v,q)* (¢"Bv)?
325 |V|§p - 325 v Av
= sup ((A_l/ilij)T{,y
vev Vv
= [|A72B ]|}

— qTBAleTq

and therefore
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which completes the proof. U

When dealing with saddle-point problems, we will often find it convenient
to restrict our attention to a subspace of the solution space on which the second
equation is satisfied. This motivates the definition of what we call the benign
subspace.

Definition 2.4 Associated with the problem
{ua(u,V) +obvip) = (V) WeV
b(u,q) — ic(p,q) = 0 Vq € U,

we define the benign subspace

(VxU)B:{[;] erU’ b(u,q)z%c(p,q) quU}.

When dealing with incompressible problems, the second equation does not in-
volve the pressures and we define

Veg={veV|buq) =0 VqeU}.

We now prove a series of results that later will be necessary for the analysis
of our algorithm. We start with the observation that restricted to the space of
benign functions, the saddle-point bilinear form is actually positive definite.

uA BT

Lemma 2.5 If K is a block matriz of the form K = [ B %
X

] , where C

15 symmetric and [ ; } and { ‘qf } are benign, i.e., Bu = %Cp and Bv = %Cq,

then
u T A% 1
[ } K { ¢ } = pul Av + XpTCq.

Proof Indeed,

p A

1
= pulAv + (Bu)'q+p"(Bv) — XpTCq

T
1
l v } K [ v } = pulAv+u'BTq+p"'Bv — —p'Cq

1
= pulAv + XpTC’q
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D

The following result shows that the saddle-point problem can be reformu-
lated as a positive definite one.

Lemma 2.6 Let A, B and C be as in the previous lemma and assume also

1
that C' is positive definite. Let (V x U)p = { l ; } €eVxU| Bu= XCP}’
a(u,v) = vl Au, b(u,p) = p' Bu, and c(p,q) = p"'Cq. Then, the following
two problems are equivalent:

oﬁnd{g]EVxUsuchthat

{,ua(u,v) -+ b(V,p) = f(V)
b(u,q) — clp.gq) = 0

e find l ;] € (V xU)p such that

pa(u, v) + %C(p, q)=f(v) V [

A%

; } € (VxU)p. (2.5)

Proof By using Lemma 2.5, it is evident that any solution to (2.4) also

solves (2.5).
Now assume that l ; } solves (2.5). For an arbitrary [ ;’ } eV xU,let

¢ = AC7'Bv. Then { ;j } € (V x U)p and again by Lemma 2.5,

pa(u,v) + b(v,p) = f(v)
{ b(u,q) — 3cp,q) = O
We note that the second equation above is also satisfied if ¢ is replaced by ¢,
since [ ; } € (V x U)p, and that the first equation does not involve §. We
conclude that
{ pa(u,v) + b(v.p) = f(v)
b(u,q) — clpg) = 0

17



Remark 2.7 A similar result can be proved with X = oo if V- x U s inf-sup
stable.

Remark 2.8 There are no assumptions on A. In particular, the result still
holds when A is singular. This will allow us to apply this result to local Neu-
mann problems as in equation (4.6).

We will need the following two results, which give an explicit formula for
the solution of a saddle point problem with a penalty term and a stability
result for its solution. We note that the result in Lemma 2.10 is of the same
form as the ones in Theorems 2.1 and 2.2, but it is sharper, in the sense that
it reveals the interplay of the inf-sup constant 3 and the ratio p/\.

Lemma 2.9 Let A and C' be positive definite matrices and, if A = oo, let B
have full row rank. Then,

pA BT 1T [ LA - AT'BTSTIBATY)  AT'BTST |
= , (26
B —iC ST'BA™! —pS™!
where S = BA71BT + % C.
Proof The proof follows from a direct computation. U

Lemma 2.10 Consider the discrete saddle point problem

o Lol B]-0)

B -lc

where A and C are positive definite and, if A\ = oo, B has full row rank. Let the
positive scalar o and the positive-definite matriz A satisfy vi Av < avl Av Vv
and let 3 > 0 be the inf-sup constant such that

p"BAT'BTp > #*p"Cp p (2.7)
(cf. Lemma 2.3). Then,

1 1
lala < —[lfllar + ——=—=llgllc-1 and (2.8)
H 82 + 123
« A
1 %
Iplle < ——=Ifllat + 5" llgllc-1. (2.9)
B n =5 5
o + 5y e’ A
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Remark 2.11 In our mized elasticity problem, A will essentially be some
discretization of the bilinear form a(-,-). Nevertheless, the inf-sup constant is
usually defined using the (Hl(Q))d-norm for the displacements. This is the
reason for introducing A\, which can be a discretization of the (H*(Q))"-inner-
product.

Proof [Lemma 2.10] First note that

p! BA~'BTp > %2pTC’p Vp. (2.10)

By the explicit formula (2.6) for the inverse of an invertible saddle point
problem, we have

u = %(A_1 — AT'BTSTIBATHYf + AT BT S, (2.11)

p = ST'BATY —uSlg, (2.12)

and from (2.10), we have

2
S=BATBT + Lo > 6—+H C.
A a A
(Here and in the following an inequality between matrices means an inequal-
ity between the associated quadratic forms.) We note that |[ul|4 = [|AY?ul|;2
and that [[p|lc = ||C"?pl|2; moreover |f||s1 = ||[A7Y%f||2 and ||g||c— =
|C~Y/2g]|;2 are the matrix representations of the dual norms of f and g, re-
spectively. Indeed,
(fTV)2 (fTA_1/2W)2 (fTA—l/QA—l/Qf)Q

_ _ _eT 4-1
sgp viAv sgp wlw - frA-1f =47,

and similarly for ||g||c-1.
By using (2.11), the A—norm of the displacement component is estimated

by
1
|AY2ull, < = ||(I — A"Y2BTSTIBA™Y2) A7V
I (2.13)

+[|AT2BTS gl

The first term in (2.13) is bounded by I%HA_l/QfHZz because, from S~ <
(BA1BT)=1 it follows that

0< A71/2BTsleA71/2 < A71/2BT(BAleT)leA71/2 < I,
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since the next to last expression

is an orthogonal projection. The square of

the second term in (2.13) is estimated similarly by

1A™2BTS g

<

and (2.8) follows.

gTsleAleTsflg S gTSflg
1 1

9= 72 HQH%’—U
8

g'C

-1

8

« «

From (2.12), the C'—norm of the pressure component is estimated by

IC*2pllie < [ICY2S7 BAT |12 + | CY2S ™ g e

The first term on the right in (2.14) is bounded by ——

|CY2S ' BATf

(2.14)

1

= | A=2f||,2 because

=

+

2|
>

I

A BTSS0S 'BA'f

1
< fTA'BTS'BA'f
F
1
< fTA'BT(BA'BT)"'BA™'f
o T
1 T A—1
< AT
o T

we have again used that the matrix A™Y2BT(BA='BT)"'BA~1/2 is an or-
thogonal projection. The square of the second term on the right in (2.14) is

estimated by

@2 ||CH2 S g%

and (2.9) follows.

,LL2 gTs—le—lg

i _
< & 987
@ T
BN? e
< <ﬁ2 u) 9'Cy,
o T
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Chapter 3

Substructuring

In this chapter, we carry out the substructuring of the problems described in
Section 1.3, both on the continuous and discrete level. The basic idea is as
follows: associated with a nonoverlapping partition of the domain €) into N
subdomains,

N
Q=% Qno=0fori#j
=1

we define a decomposition of the solution space W into a direct sum of N +1
subspaces, Wr and W;, 71 =1,..., N, where the elements of W, have compact
support in ;. This decomposition is done so as to allow the solution of the
original problem to be divided into two parts: we first solve N decoupled local
problems, one on each subdomain, and then solve a global problem in the
space Wr (which is usually much smaller than W).

For positive definite problems, such as Poisson’s equation or the pure dis-
placement formulation of elasticity, the definition of these subspaces is closely
related to the geometry of the decomposition. We define I' as the interface be-

tween the subdomains, i.e., I' = <UZ]\L1 8Qi> \ 09 (see Figure 3.1), and let Wr

be the space of the traces on I' of functions of W (or, more exactly, extensions
of these traces); the spaces W; contain the functions which are supported in
Q.

For the saddle-point problems we are interested in, the decomposition is
more involved. Nevertheless, we can borrow much of the notation from the
positive definite case and we will refer to the subspace W; = @Z]\il W, as the
interior subspace and to Wr as the interface subspace (even though the latter
will include pressure functions that are not directly related to I'.)

In the sequel, we will assume that the subdomains define a quadrilateral
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Figure 3.1: Subdomains €2; and interface I'.

(or hexahedral) finite element mesh 74 of characteristic size H, which is shape
regular but not necessarily quasi uniform, and that this coarse triangulation
is further refined into a fine quadrilateral (or hexahedral) finite element tri-
angulation 7, of characteristic size h. We note that this requirement that
the subdomains be quadrilateral (or hexahedral) can be relaxed. The only
point where our algorithm actually relies on this fact is in the definition of
the enrichment of the coarse space, but alternative definitions could be de-
vised. In particular, an enrichment based on bubble functions for the edges
(or faces), similar to V3 (see Section 4.1), could easily be defined for more
general subdomain geometries.

3.1 Substructuring in Variational Form

We partition our mixed finite element space W =V x U C (H(€2))? x L*(Q)
into a direct sum of subspaces:

N
W=W,;3 W= (@ V; x Uo,i) & (Vp x Up). (3.1)
=1

Here V; = V 0 (HX))Y, Us; = U N L2() and Up = @, Up,, where
Ur,; = span{xq, }. We also define U; = Uy; & Ur; = Ulg,. We note that the
requirement that U be discontinuous across the interface is necessary for Ur
to be a subspace of U. At times, we will regard the local spaces V;, U; and
Ur, as subspaces of V, U and Ur, respectively, by extending the functions by
zero. The space Vr of saddle-point harmonic extensions is defined below.
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We define the saddle-point harmonic extension operator

SHI V|F — VXUI

SHP ur ur

SHullp :| _ |: SH ur :|
SHPUF

ur — SHUF = |:

where Uy = @, Up,; and SH", SH" and SH? act on the following spaces:

SH": V|-V,
SHUI . V‘F — V[ and
SHP : V| — Uy

SHur is the solution of the problem: find SH"ur € V and SH"ur € Uy such
that SH"ur|r = ur and, fori=1,... N,

{ /,LCLZ‘(SHullF, V) + bi(V,SHqu) = 0 Vv € \/vZ (3 2)

bi(SH'ur,q) — ci(SHPur,q) = 0 Vge U,

Here a; : Vg, X Vl]g, — R is defined by replacing Q with €; in the definition
of a(-,-) (see Section 1.3). At times, we will use a;(u,v), with u,v € V, in
which case we actually mean a;(ulg,, v]g,). The same applies to b;(-,-) and
il ).

We point out that each problem (3.2) has a unique solution for an arbi-
trary ur, even in the incompressible case when A = oo (cf. Remark 1.2). If
we would have used U; instead of Uy, in the definition of problem (3.2), we
would have a well-defined extension operator only for finite A and we should
expect ill-conditioning when approaching the incompressible limit. This is the
reason for our choice of decomposition (3.1), instead of treating all pressures
as interior variables. In fact, we will return later to this idea of eliminating
all the pressure variables. That will lead to a very practical positive definite
implementation of our algorithm; see Section 7.2. We regard this approach as
just an implementation artifact, though, and believe that the natural way to
understand and analyze our method is by using the decomposition (3.1).

We define the space Vr of saddle-point harmonic extensions as Vp =
SH“(V]r). We note that the functions of Vr are defined in the entire do-
main and should not be confused with V|r, the functions of which are defined
only on I
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We define an inner product on the space of interface displacements Vr by
s(ur, vr) = pa(SH"ur, SH"vr) + %C(SHPUF, SHPvr). (3.3)
Analogously, we define local interface inner products by
si(urs, vr;) = pa;(SHiar;, SHivr,;) + %CZ‘(SHL?UFJ‘, SHIvr,),

SH;LUFJ‘
SH?UFJ‘

We also recall the definition of the discrete harmonic extension operator H:
given ur € V|p, we define Hur € V to satisfy Hur|r = ur and

where SH;ur; = } is defined in the same way as in (3.2).

/VHUF'VVZO VVEVZ‘, Z:]_,,N
Q;

The following comparison of the energy of the discrete saddle-point harmonic
extension operator and the discrete harmonic extensions H is a generalization
of the analogous result in the Stokes case (see [7], [23]). In the proof below,
we make use of the compressibility of the material (i.e., we assume A < 00).

Lemma 3.1 Given ur € V]|, let Hur be its discrete harmonic extension.
For any ur € V|r such that SH"ur L ker(a;), we have

(2(1+ 0)2)_1 si(ur,ur) < pu HVHurHig(Qi) < Cs;(ur,ur)

where o = /#‘lu, 0 is the inf-sup constant of the local mixed finite element

A
space V; X Uovj and the constant C' does not depend on ur.
The hypothesis that SHur L ker(a;) is not necessary for the lower bound.

Proof The second inequality is an easy consequence of the minimal property
of the discrete harmonic extension and the lower bound of Lemma 1.3. Indeed,

plIVSHUr |72,
O,U/CLZ‘ (SHIIF, SHUF)

OSZ‘(UF, llr).

2
H HVHUFHLQ(QZJ

IAIACINA

In order to prove the first inequality, we choose v = (SHur — Hur)|q, in
(3.2) and obtain

Ha; (SHUF, SHUF) + bZ (SHIIF, SHPUF)
= wpa;(SHur, Hur) + b;(Hur, SH’ur).
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By applying Cauchy-Schwarz and using the facts that b;(SHur, SHur) =
%ci(SHpup, SHPur) and that

(divu, divu)p(gi) = fQZ <Z§l:1 gZi) < dfg < )
d fo, Yo, Y5 (% (gi gﬁi) (3.4)
gai(u, u),

we obtain
pa;(SHur, SHur) + %ci(SHpup, SHPur)

< (uai(SHup,S?‘lup)l/2 + \/g HSHPUFHLQ(QZ,)) a;(Hur, Hur)/2. (3:5)

We estimate || SH”ur|| 12(q,) by applying Lemma 2.10 to the saddle-point prob-

lem with homogeneous boundary conditions satisfied by { SH;;{;U?UF }
From (3.2), we find that on each (;

pa;(SHur — Hur,v) + bi(v,SHPur) = —pa;(Hur,v) Vv eV,
{ b;(SHu — Hur,q) — %CZ‘(SHPUF,Q) = —bj(Hur,q) Vqe Uy,

Taking into account that a;(u,u) < 2||Vu|| 12, (cf. Lemma 1.3), Lemma 2.10
yields

1 (Hur, b;(Hur,
HSHPUFHH(QZ,) < sup Ma( Fl/‘;) ﬁglu sup M
S e vev; ai(v,v) 5+ 5 gcto, la] L2 ()
2 T X

and again by Cauchy-Schwarz and (3.4),

1 d/2

||8HquHL2(Qi) S < + [82 /
32 24 123
P 2 1A

)/LCLZ'(HUF, HUF)1/2.

>=

It follows from (3.5) that

1
,U,CLZ‘(SHUF, SHUF) + X Ci(Slelp, SHPUF)
2
< pay(SHur, SHur)Y2a;(Hur, Hur) "2 + (% + %) jas(Hur, Hur)
2

1 1
< i,uai(SHup,SHup) + (5 + % + %) pa;(Hur, Hur)
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and therefore

We complete the proof by using the upper bound of Lemma 1.3.

/,LCLZ‘(SHUF, SHUF) + ]./)\ CZ‘(SHPIIF, SHqu)
(14 0)*pa;(Hur, Hur)
21+ 0)*u [l (Hur) 720, -

<

3.2 Substructuring in Matrix Form

In order to eliminate the interior degrees of freedom, we reorder the vector of

unknowns as

Then, after using the same permutation, the discrete system matrix can be

written as

where the zero blocks are due to the interior displacements having zero flux
across the subdomain boundaries and the interior pressures having a zero

average.

Eliminating the interior unknowns u; and p; by static condensation, we

interior displacements,
interior pressures with zero average,

interface displacements, and

constant pressures in each €2;.

[ WA BITI AT 0
| Bu —+Crr | Bir 0
| wArr Bl | pAre Bl
0 0 Brr  —3Crr

obtain the saddle-point Schur complement system

‘|

ur
pr

_[br
1o
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where

S - KFF—KF[KI_IIK%}

| wArr Bip
Brr —iCFF
B ,U/AFI B?F ILLA[[ B%} ILLA[F 0 (38)
0 0 Brr _%CH Br 0
Sr Bir
Brr —§CFF ’
and
~ T T -1
[ br } B { br } B pwArr  Bip wArr - Bip { b; }
0 0 0 0 B —3Cu 01

By using a second permutation that reorders the interior displacements and
pressures subdomain by subdomain, we find that K ;11 represents the solution of
N decoupled saddle-point problems, one for each subdomain and all uniquely
solvable, with Dirichlet data given on 0€; :

—1
0 KW

The Schur complement S does not need to be explicitly assembled since
only its action Sw on a vector w is needed in a Krylov iteration. This operation
essentially only requires the action of KI_I1 on a vector, i.e., the solution of N
decoupled saddle-point problems. In other words, the action of .S is computed
by subassembling the actions of the subdomain Schur complements S® defined
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for €; by

; i i \—1 -6)T
SO = Kl - KA1
i HT ]

pARL BR

By ol
i )T i )T
pAf) BYY pAf)  BY)

oo | B el

pAY 0 (3.9)
B 0

i )T
B
By sl

Once l ur ] is known, [ t } can be found by back substitution:
pbr br
Pr B —icy 0 B O] lpr]/)

The following lemma and its corollary provide the matricial counterpart of
the inner-product s(-,-) defined in (3.3).

Lemma 3.2 For ur € V |F; we have
NI o ]
Si(uF, VF) = LIF() SF()VF()'

Proof The definition of SH in equation (3.2) can be translated to matrix
notation as follows:

SH;” ur

pAD BT 40 0
0 oo go || S| = } ' (3.10)
BI _XCH BI (4)
Ur

Therefore we have

1
3@'(qu VF) = ,LLCLZ‘(SHUUF, SHUVF) + XCZ'(SHPUF, SHpVF)
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oA A6 ]
,uA ,uA 1 i
— SHYur’ o o | SHve+ XSHfupTc*}I)Svar
L pwArr  pApp |
I ,U«A(i) ,U«A(i) T 1 '
— SHYur’ o o | SHive - Xsu%ﬁc}?sufvr
L pArr  pARp |
@7 ‘ '
+ ST | e | SHive + SHIwT | BY) B | SHivr
BIF
: r | pAl) AR | BY
= » pAr; pArp | Bp »

B B | -cy)

i T (i) @7 (i)
SH;"ur pAr By 1A SH"vr

= | SHur BY —icy) By SHvr |,
(i) i )T i (i)
uy Aty B pAn ] [ovr

where we have used the following easy consequences of (3.10):
SHiw" | | = LSHPup"Cf)  and
Bir (3.11)
[ B BY|SHive = tofisHive.

The proof is now completed by using the identity

@ pOT 17,40
SH}'ur | #A Brg pApp
i i (i) ;
SH!ur | = Bgl) - %OL) Bip u(F) :
o ]
which is easily derived from (3.10), and a similar expression for vr. 0

Corollary 3.3 Forur € V|r, we have

s(ur, vr) = ut Spvr.
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Chapter 4

Balancing Neumann—Neumann
Preconditioners

We will solve the saddle-point Schur complement problem

ur SF BITF ur f)p
[pr } lBFF —icrr pr 0 (4.1)
by a preconditioned Krylov space method such as GMRES or PCG. The lat-
ter can be applied to this indefinite problem because we will start and keep
the iterates in the subspace of benign functions (see Definition 2.4), on which
the preconditioned operator 7', defined below, is positive definite (see Theo-

rem 5.4).
The matrix form of the preconditioner is

N

Q=Qu+(I—QuS)> QI —SQn),

i=1

where the coarse operator (Qy and local operators (); are defined below. The
preconditioned operator — usually referred to as the Schwarz operator — is
then

N
T=QS=Ty+(I—-Tu)Y Ti(I—Tu),
i=1
where Ty = QS and T; = @);S. We note that () can also be written as
a three-step preconditioner as in [46]. For simplicity, we will use the same

symbol (for example vr) for both the interface vector and the function of Vr
obtained by extension inside each subdomain using the discrete saddle-point
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harmonic extension operator SH. In addition, we will not write finite element
interpolants explicitly; therefore, when we write a product of functions, e.g.
0;vr, we will mean the finite element function with nodal values equal to those
of the product of the two functions §; and vr.

This balancing Neumann-Neumann preconditioner 7' is associated with
further decomposing the interface space Vr x Ur into

N
Vi x Up =V x U+ Vi x Up,.

i=1

This decomposition is not a direct sum. Here, the coarse pressure space Uy is
chosen to be the same as the interface pressure space, i.e., Uy = Ur. The coarse
displacement space Vy is defined below; it must include the scaled nullspace
of a(-,-) in order to ensure solvability of the local problems, but other factors,
such as inf-sup stability, also play an important role in its design. The local
spaces Vr; are defined by:

Ve, ={veVr|v=0onT\0}.

We now describe the coarse and local problems in detail.

4.1 The Coarse Problem

Given a residual vector r, the coarse term Qgr is the solution of a coarse,
global saddle-point problem with a few displacement degrees of freedom and
one constant pressure per subdomain €2;:

QH = RgsjjllRHa

T
RH:{LH 0}’

where

0 I
and

(4.2)

Sy = RySRY = l LigScLu - Ly Bir } |

BrrLy —icrr

The columns of the matrix Ly span the coarse space Vg and in order
to define them, we need to define the Neumann-Neumann counting functions
0; € Vr, associated with each subdomain €2;, and their pseudoinverses (SZ-T . Let
I';, be the set of nodes lying on I' and 052, 5, be the set of nodes lying on 0€);.
0; and (SZ-T are completely defined by their nodal values on I'y:
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e J; is zero at all nodes on I'y, \ 0€2; , while its value at any node = on 9€2; j,
equals the number of subdomains to which x belongs;

e the pseudoinverse 4 is defined as

ifxely,n 891, ,
6j(x) — ¢ di(x) " "

0 ifz € Fh \ GQM.

The space Vg is defined as the range of Ly. We discuss a few alternative
choices:

LY its columns contain the inverse counting functions (SZ-T multiplied by the
functions of ker(a) (i.e., the rigid body modes);

Li;: it includes, in addition to the columns of LY, for d = 2 (d = 3), one
bubble function per edge (face) of the interface, representing a quadratic
function in the normal direction;

L%: it includes, in addition to the columns of LY, columns representing the
continuous piecewise d-linear functions on the coarse mesh 7y;

L3 it includes, in addition to the columns of LY, columns representing the
continuous piecewise d-quadratic functions on the coarse mesh 7.

The choice Vi = VY corresponds to the standard choice for second order
scalar elliptic problems and it provides a quite minimal coarse displacement
space. It turns out not to be uniformly inf-sup stable (see numerical experi-
ments in [46]) and it therefore leads to a nonscalable algorithm in the incom-
pressible case. However, in the compressible case where \/u is bounded, it
still leads to a scalable algorithm (see Theorem 5.4). In Lemmas 5.2 and 5.3,
we show that V1, and V3, are inf-sup stable uniformly in the number of sub-
domains N and in px/\. Numerical experiments indicate that the choice V%
is also uniformly inf-sup stable.

In order to avoid linearly dependent (53 functions, and hence a singular
coarse problem, we might have to drop all of the components of these functions
for one subdomain; this depends on the coarse triangulation.

In variational terms, the coarse problem is defined as follows. Given [ ;F }
r

in Vr x Ur, define l V;IF } =Ty [ ;P } € Vg x Uy as the solution of the
r r
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coarse saddle-point problem: Vv € Vg and Vq € Uy,

s(wp,v) 4+ bp(v,rr) = s(up,v) + br(v,pr) (4.3)
br(wr,q) — %CF(TF, q) = br(ur,q) — %CF(]?F, q) ‘
or equivalently,
s(wp —ur,v) + f)r(V, rm—pr) = 0 (4.4)
br(wr —ur,q) — XCF(TF —pr,q) = 0.

Lemma 4.2, below, lists some important properties of the operator T4y.
Before proving this lemma, we will need the following auxiliary result:

Lemma 4.1 If (-,-) is a symmetric bilinear form and T is an operator such
that ((I — T)u,Tz) =0 Vu,z, then T is symmetric with respect to (-,-).

Proof

(Tu,z) = (Tu,z) + (I —-T)u,Tz) = (Tu,z) + (u, Tz) — (Tu,Tz)
= (u,Tz) + (Tu,(I —=T)z) = (u,Tz),

which implies the symmetry of 7" with respect to (-, -). O

Lemma 4.2 For Ty as defined in (4.3) and (4.4), we have:
o Ty is a projection, i.e. T? = Ty;

ur

o (I —Ty) l } does not depend on pr, i.e.,

pr

(1= Ta) | 0| == | 2

pr qr
for all pr,qr € Ur;
o Ty is symmetric with respect to the bilinear form (-,-)g;
e Range(l —Ty) C (Vr,Ur)y (see Definition 2.4) and

ur

o Ty { ;If } € (Vr,Ur), for all { } € (Vr, Ur) .

br
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ur
pbr T
fies (4.3), which shows that T% = Ty. In particular, since Ug = Ur, we have

that for any pr € Ur, l 0 } € Vg x Uy and therefore Ty [ 0 } = [ 0 }
br pr Pr

Proof It is clear that if [ } € Vg x Uy, then [ wr } = { ;P } satis-
r

and (I —Ty) { X } = { 8 } This proves the second statement.

pr

Zr

By choosing l ; =Ty in (4.4), we conclude that

Sr

UF_ Zr ur Zr .
I1-T T =0 Vv , Vr x Ur.
<( H)[PF_ H|:SF:|>S [pf] lSF]ln g g

Lemma 4.1 now implies the symmetry of Ty with respect to S.
wr — ur } is balanced,
T —Pr

i.e., Range(I —Ty) C (Vp,Ur)g. Since Ty = I — (I — Ty ), the last statement
follows. O]

From the second equation of (4.4), we see that {

Remark 4.3 Since Ty is a projection and is S-symmetric, it is tempting to
believe that Ty is an S-orthogonal projection. This is not the case, since
S 1s not positive definite. However, when restricted to the benign subspace
(Vr,Ur) g, Ty is indeed an S-orthogonal projection.

4.2 Local Problems

Each local operator @); is based on the solution of a local saddle-point problem
on ; with a natural boundary condition on 9€2;\9€2. This local problem is sin-
gular for any floating subdomain, i.e., those subdomains whose boundaries do
not intersect the Dirichlet boundary 0€2. That is why we use a pseudoinverse
in the matrix description of (); below:

. ) T
D' 0 s®  p@T D' 0
— Y i T IT i A
IT NCTT

Here R; are 0, 1 restriction matrices mapping Vr x Ur into Vr; x Ur; and D;
are diagonal matrices representing multiplication by the counting functions ¢;.
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For a floating subdomain €;, the nullspace of S® is spanned by the rigid-
body modes (rotations and translations). It is easy to check, though, that

-1

D 0 A
range ({ 6 N } R;S(I — TH)> C range (S(z)) 7

as long as Vi D VY, where x can be any scalar. Also

D7t 0 \r
_ T i I
(1 TH)RZ{ : *HO} 0

for any rigid-body mode vector vr;. Therefore, the particular choice of the
pseudoinverse will not affect the algorithm; this fact will allow for an easier
implementation of ();. In the sequel, we will fix this choice by assuming that
range (ST) = range (S). We note that the 1I’s in (4.5) could equally well be
replaced by zero.

In preparation for writing the local problems in variational form, we define
the operator T; : Vi xUpr — Vr,; xUr; as T; = R;T;, and note that RiTTZ- =1T.

The local problems are now defined in variational terms: for w = { ;F ],
r
ﬁw = Tipw is the solution of the following local saddle-point problem
w

%

with natural boundary conditions: Vv € Vr;,Vq € Ur,

{Si((siﬁuur,(sﬂ) + bF,i((Sivaiqu> = 5(“1‘7") + bF(VapF) (4 6)

bF,i(aiiuuF7Q) - %CF,i(iPUDQ) = br(ur,q) — %CF(pIUQ)‘

Analogously to Definition 2.4, we introduce the concept of local benign
spaces.

Definition 4.4 We define the local benign space (Vr; x Ur;)p by

(VF,i X Ur,z')B

u
:{lp:|€Vp7iXUp7i

We note that whenever w € Range(I —1y) C (Vr x Ur) g, the right-hand
side of the second equation in (4.6) equals zero and in this case we can use

(4.7)

bri(du,q) = %CF,i(p, q) Vq¢€ UF,i} .
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Lemma 2.6 and restate the definition of i as follows: i-w € (Vp; x Ur)g
and satisfies, ¥V { ;, ] € (Vr; x Ur,) g,

- 1 o~
$i(6; W, 0;v) + XCFJ(IZ-‘ZPW, q) = s(ur,v) + br(v,pr), (4.8)
or, N
)LD, e
Irw ¢ ri 11/

Here the inner-product (-, -)r; is defined by

(L), =i+ Snina
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Chapter 5

Analysis of the Method

5.1 Auxiliary Results

We will work with the I'-inner product

q ;; ] ’ { ;rr DF = s(up, vr) + %@(pr,qr).

On the benign subspace (Vr x Ur)p (see Definition 2.4), this inner product
coincides with the bilinear form (-, -)g; cf. Lemma 2.5.

In the proof of our main result, we need a bound on the norm of the coarse
correction operator. We note that this operator has norm 1 when restricted to
the space of benign functions but that it is applied to more general functions
in our algorithm.

Lemma 5.1 The coarse correction operator I — Ty satisfies the stability esti-
mate

d

i + 123 ’
2(140) A

11— Tyllp <1+ |22+

where o is as in Lemma 3.1 and By is the inf-sup constant of the coarse space,
defined as

b
Br = inf sup (v, q)

. 51
S T Tl &1)

We note that the bound above is less than or equal to C'y/1 + \/u whatever
the value of By. We will also establish such a bound by a direct argument in
the general case discussed in Chapter 6.
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Proof We want to bound ‘ (I —Ty) { ur ] in terms of H{ ur ] In
br ]l pr ]l
view of Lemma 4.2, we have
ur ur
1T = 1T,
o=l = Je=mo %,
ur ur
< + ’ Ty [ ] (5.2)
K ak)
ur ur
< + ||T
B { Pr } r ‘ " [ 0 } r
We define
T ur . T}%UF . LYI}SFLH LgBI?F - LQI}SFIIF
10 Thur BrrLy  —5Crr Brrur
so that
ur . Tﬁup . LH 0 -~ ur
Tﬂ[o}_[TguJ_{o |t o |
In view of Lemma 3.1, we find that
1
v LL S Lyv < 21+ 0)! L, ArLyv,
1
where Ar is such that v|[EApv|r = |[V(HV|D)||3.. Let w = % + 4. Then

Lemma 2.10 gives

HTEuFH%LgSpLH S ;%HLESFUFH?%ngrLH)—l + %HBFFUFHé;Fla
-~ 2
IThurll?,. < %HHISFUFH?%L%SFLH)_l + %HBFFUFHQCF—;-
We proceed to estimate each of the terms above:
~ 1 ~ T ~ 1
!\Tﬁur\@LgspL,{ = ;u?T;j Ly SrLuTpur = ﬁs(TquraTﬁrur)
IThur|l?,.. = cr(Thur, Thur)
~TLTS u )2
LY Srur|? ., = su (VHFF<5uu
L Sr FH(iLﬁsrLH) 1 {/p i{’TLESFLE{’ < ps(ur, ur)
(QTBFFUF)2 (diVSHUF, Q)%z
Brrurl|]?-. = Sup —————— = sup
IBrevrlicqy = 00 = Gy =P o,

IN

1d
HleSHupH%z < ;58(111“, Llp)
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In the last estimate above, we have used (3.4).
Using the previous results, we conclude that

2
ur . Tﬁup
5L - HM

( #1224 ) stur. )

d
S 2 (2 + —) S(llp,llp)
w

(210

From (5.2), we finally conclude that

(2 D

} is arbitrary, the result follows. 0

—Cr (TII_DIUF, TII_DIUF)

IN

2

IN

T

o]

br

pr

. ur
Since [

In the following two lemmas, we ensure that for appropriate choices of
coarse space for the displacement, we have good bounds for Gy, defined in (5.1).
First we show that we can reduce the problem to the incompressible Stokes
case.

Lemma 5.2

b(v,q) (SHV|F, q)
inf sup inf sup ,
oUn vy IVCRVID) [ z2llallze = aUn viv s IV(SHVIR)llz2 g 22

where SH represents the Stokes harmonic extension.

Proof Because :S—‘ﬁv\p and v coincide on I'; the divergence theorem assures
that the numerators are the same in both sides of the inequality. As for the
denominator, the minimal property of the harmonic extension guarantees that
IV(Hv|o)[[2 < [V(SHVID)| L2 N

Now we can use the following result, which is proved in [46, Lemma 5.2].

39



Lemma 5.3 The coarse spaces Vi x Ug and V3 x Uy satisfy the inf-sup
condition

. b(:gT'[V‘F,Q)
Br = inf sup —
10t vevy [|[V(SHV|r)| 2 lqll >

Y

where By is independent of the number of subdomains N. Moreover, for the
space V3 X Uy, By is also independent of the size of the local problems, mea-
sured by H/h, while for Vi x Uy we have

C

N2
\/1+10gﬁ

Numerical results in [24] and [46] indicate that a uniform inf-sup condition
does not hold for the coarse space VY x Uy. The results for the coarse space
V2, x Uy are quite satisfactory although we do not have a full theory. We note
that the ()1 — Q) elements by themselves are not inf-sup stable but that we are
using a richer velocity space which also includes the (5;-r functions times basis
elements for the space of rigid body modes. We also work in the somewhat
different context of saddle-point harmonic extensions of traces on I'.

B =

5.2 Main Result

We are now ready to formulate our main theorem.
Theorem 5.4 On the benign subspace (Vr x Ur)p the balancing Neumann-

Neumann operator T is symmetric, positive definite with respect to the inner
product (-, -)r, and its condition number (T) is bounded by

K(T) < C (1+log%)2 (1+ (ﬂ%%)_l) <1+ (1%02 + %)_1> , (5.3)

where o is as in Lemma 3.1 and By and (B are the inf-sup constants of the
coarse problem and the original discrete saddle-point problem, respectively.

Proof Let w = { ;P } be benign. Then, Tyw as well as (I — Ty)w are
r

benign and we can use either (-,-);. or (-,-)s in our formulas. Since Ty is a
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(-, -)p-orthogonal projection when restricted to the benign subspace (cf. Lemma
4.2), we find that

(Tw, w)r
= (Tyw,w)p+ (I = Tu) X2, il = Ty)w, W)y,
= | Tawll+ (3, Tl = Tu)w, (I = Tu)w)g
= Wit = (I = Ta)wllp + (3, T = Ta)w, (I = Tr)w)s .

Our goal is to find both lower and upper bounds for this expression in terms
of || W[

(5.4)

5.2.1 Lower Bound

Define w = [ ;F } — (I —Ty)w. Since the pseudo inverses &' of the counting
r

functions define a partition of unity, we have apr = ). 4; with 0; = 53 ur €
Vr,;. Let ¢ be such that { qul } € (Vr,; x Ur,;)p (see Definition 4.4). From
i

the definition of the local problems (4.8), we have

s(tp, ir) =Y s(ir, i)
~ 1 ~ o
= Z Sz‘(5z‘TiuW, o) + Z XCF,Z'(TZPW, G) — Z br (W, pr).

But Zz bp(ﬁi,ﬁp) = bp(ﬁr,ﬁr) = %Cp(ﬁp,ﬁp) because |: ;; :| is benign. Then,

~ 112
Wiy =

I

1
2 2 5 9 %
N iy
i < % i

We note that d;u; = 5i5¢ ur = ﬁp‘aﬂi. From the definition of (Vr; x Ur;) g,
we have that br; (0;0;,7;) = %CFJ (Gi,7;) for all r; € Up,;. Summing over i and

5;Tw
TPw

(el
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recalling that gr is benign, we conclude that ¢; = pr|,.. The square of
F 7

the second factor in (5.5) is therefore

=1 ]

The square of the first factor in (5.5) is estimated by using the definition
of the local problems (4.9):

= Zz (
' > (57)

2
= [|w|r.. (5.6)

r

5. T

T'w

2

Putting (5.5), (5.6), and (5.7) together, we obtain

(I — Ty)w|? < <ZT] Ty )w (J—TH)W>. (5.8)

S

Finally, from (5.4) and (5.8),

(Tw, w)r > ||wl|p.

5.2.2 Upper bound

We recall that Ty restricted to the benign subspace is an orthogonal projection
with respect to (-, -)p. Therefore, the only term we have to control in (5.4) is
(> Ti(I = Ty)w, (I — Tx)w)g. This expression will be bounded from above
in terms of the square of the norm of w. Since the norm of (I —Tp)w is less than
or equal to that of w, we will assume, henceforth, that w € Range(I — Tg).
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Then, by using Lemma 4.2,

<Z T(I —Ty)w, (I — TH)W>

= (W, (I —=Ty) ) Tiw)g _S
[ Trw
),

< [ =Tullr [Iwlr

and we are left with bounding the third factor from above. We remark that
each 77w is supported in 2; and the subdomains adjacent to it. By a stan-
dard coloring argument, it suffices to bound the I'-norm of just one term,

I

By the comparison of the energy of the discrete saddle-point and harmonic
extensions in Lemma 3.1, we have

7]

We then apply to each scalar component of H(7*w) the decomposition lemma
for the scalar Neumann-Neumann algorithm (see Dryja and Widlund [15,
lemma 4]) and obtain

, of the sum.
r

2
= s(T'w, T'w) < 2(1 + 0)*ul VH(T'wW) |12 (). (5.10)
r

Pl VH(T}w) 72y < Cap [VH(STIW) |72,
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where o = (1+log(H/h))?. By using Lemma 3.1 and equation (4.9), we have:

H HVH((S@“W)H;(QZ,)

<

IN

IN

2

¢ [ Trw } T
C(w, Tiw)g

C(w, (I —Ty)Tiw)g
C(W,(I—TH) [ .

CII = Tallp [Iwllr

From (5.9), (5.10) and (5.11), we obtain

<Z T,(I —Ty)w, (I — TH)W>

S

(5.11)

),

kg

r

< Ca(l+0)* |1 = Tullp Wiy~ (5.12)

From (5.4) and (5.12), after using Lemma 5.1, we obtain

d
(Tw,w)p < Ca(l+o)* |[1+2 2+,@§{7 w2

Since the lower bound for

(Tw,w)r
ez
Wil

M

2(140)? A

is 1, the upper bound above is also the upper

bound for x(7"). The leading constant, as it appears in the statement of this
theorem, is then obtained by elementary inequalities. U

44



Chapter 6

Discontinuous Coeflicients with
Large Jumps

6.1 The algorithm

Our algorithm can be extended to handle problems with heterogeneous mate-
rials with different Lamé constants \; and p; in the different subdomains §2;.
Such problems can be formulated as follows:

N
ZM‘%‘(U, v) + b(v,p) = (F,v) WYWweV
i=1 v

b(u, q) - Z XCi(p, q) = 0 Vq e U;

cf. equation (1.6). The global stiffness matrix K is constructed by subassem-
bling the local contributions from the individual substructures,

A pot

KO —
B —%C’(i)

A saddle-point Schur complement matrix can similarly be assembled from the
matrices

i nT
s

sO=1 |
B 4l

which are obtained from the K®’s by static condensation.
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The balancing Neumann-Neumann preconditioner ) for S has the same
form as before, but uses modified local and coarse spaces and bilinear forms. As
in the scalar elliptic case, the jumps in the coefficients u; are accounted for by
appropriately scaling the special counting functions 9; and their pseudoinverses
67, As in [39], we now use the definition

oy ()

o; () S @) (6.1)
where v € [1/2,00) and N, is the set of indices of all the subdomains that
have the node x on their boundaries. The new ¢; is the pseudoinverse of
8. As before, both &; and 0] vanish at all interface nodes outside 9 and are
extended inside each subdomain by discrete saddle-point harmonic extensions.
The pseudoinverses 62 still form a partition of unity. We have chosen v = 1
in our numerical experiments. The local and coarse problems are then defined
as before, but using the modified functions &; and 4.

Our balancing Neumann-Neumann preconditioner is therefore well defined
also in the case of variable coefficients and our numerical experiments, reported
in Chapter 10, indicate that indeed our preconditioner retains its excellent
convergence rate also for heterogeneous materials.

6.2 Analysis

Unfortunately, we have not been able to completely extend our analysis to
the case of variable coefficients. While it is straightforward to check that all
other parts of the proof still works, we have not been able to extend Lemma
5.1 to the general case with variable coefficients. We note that we do not
know how to prove the uniform inf-sup stability for the underlying finite ele-
ment discretization or for the continuous problem for arbitrary heterogeneous
coefficients and that is at the heart of our difficulties.

However, if we assume that in each subdomain the Poisson ratio is bounded
away from 0.5, i.e., that A/ is uniformly bounded, then we can still prove an
upper bound for ||/ — Tyl||r. Looking at the proof of Lemma 5.1, we see

Ty l ur ] L
0 r

> si(ur,ur). By making pr = 0, v.=THur and ¢ = Tj;ur in (4.3), we have

that what we need is to bound

, in terms of
TH ur r

1
Z S; (T;_}llp, T;LLIUF) + Z XCFJ(TZUF, TII_DIUF)

1
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= Z si(up, T}_}UF) — bp(llp, TZUF).

The first term on the right can be bounded by
ZZ: si(up, Tiur) < 5 ZZ: si(up,ur) + 5 Z si(Tyup, Tiuar).
For the second term, we have

br(llp, TZUF)

z/ o udivS Hup Y
— . i V

1 ) 1 1
< 3 Z Ail|divSHur|[72(q,) + B Z y“TguF“%Zmi)

< 23 Eﬂz‘ai(SHur, SHur) + 3 ; )\—icm(Tzup, TPur)
ld Ai 1 1
< 55 Hliax (E) ; Si(ul"a uF) + 5 ; /\—iCF’i(TZuF, Tﬁur).
We conclude that
2
Tyur d \;
< 1 + —max | — s;(ur,ur).
H Tyur 'F_( 2 i (m)); (ur, ur)

We stress once again that our numerical results in Chapter 10 do not indi-
cate an actual dependence of the convergence rate on the parameter max; (2—) ,

which strongly indicates that the result above is not sharp.
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Chapter 7

Some Implementation Issues

7.1 Saddle-Point Version of the Algorithm

7.1.1 Avoiding a special basis

In our discussion, we have assumed that the basis functions for the pressure
degrees of freedom can be divided into two sets: functions with zero average
and functions that are constant in each subdomain ); see (3.6). Although
our method requires a pressure space that admits such a partition, it still can
be implemented using a standard nodal basis for the pressure.
In our actual implementation, we generate a stiffness matrix K using
a standard nodal basis, that does not separate zero-average pressures and
constant-by-subdomain pressures. Furthermore, we never assemble the entire
matrix K. Instead, we work with local stiffness matrices:
pAD  BOT g
KD =| B0 100 40 |, (7.1)
0 wd® 0

pAD o’

B® _% O
from which the matrix K is subassembled, also blocks associated with a La-
grange multiplier. The multiplier is used to enforce zero average for the pres-
sures when solving the local Dirichlet problems. Here, the matrices B® and

C® differ from B® and C® of Section 3.2, since a standard basis for the

We note that these local matrices include, besides the block
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pressure is being used. The entries of the vector w® are the integrals of the
pressure basis functions. _

In each of the local matrices K¥, we eliminate the interior velocities, all the
pressures and the Lagrange multiplier. This corresponds to taking the Schur
complement with respect to the (2,2)-block in the following matrix, which is
a reordering of (7.1):

B 1 ~’iT i -
uAf] By 0 | nAY
Kpp | Kpr ] | BY —1¢® w®| BY
Kip | Ky 0w 0| 0
i ~i\T i
L uAl BYT 0 | pAl) |

~s ~ 1 o~
We can show that the result of this static condensation, K| #r) —-K é% K g)D K g)r,
is equal to S, the (1,1)-block of S, as defined in (3.9). We note that while

the w®” in the third row is responsible for enforcing a zero-average pressure,
the w® in the second row allows for the divergence equation to be satisfied
only up to an additive constant, and therefore Kg)D is invertible even in the
incompressible limit. ‘ A

The remaining blocks of S, the vector BY) and the scalar —%C’g, are
computed using the formula:

i o T i =@)7T
MA(f% Bﬁ% | = l (I)T } le(r% B§)~ [ I e® }
e T - U

Here the entries of the vector e(? are the coefficients that express the constant
pressure on subdomain €2; in terms of the standard basis functions, i.e.,

np
Z e](:)wk = X
k=1

where {Jk} is the regular pressure basis and xq, is the characteristic
k=1,....7ip

function of the subdomain ();.

7.1.2 Solution of the Local Problems

We described our local problems in terms of the operators S (i)T, which, thanks
to the coarse corrrection (I — T} ), are applied solely to vectors in range(S®).
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We adopt the following definition of pseudoinverse: S DL any linear trans-
formation satisfying

(4) (%)
N Ll v L v v
S(z)S(Z)TS(z) [ r ] = 9@ [ 5) ] v[ (Fi) ] € Vi, x Up,.
qr dr

(@)
\% .
Then it is easy to show thatV[ 5) € range(S"),
dr
i o7 17N 40
R AT 0] v
i i () (@)
By} —icy) | Br 0] |5 (i)
dr
I
i i HT i 17
pAf BY pAfl 0 0
| e om0 | |0
- i )T i T ! ’
oy oyl oyt ||
o o s o] L
o

in the sense that once a choice of pseudo-inverse for S is fixed, there exists
a choice for K%)]VT that satisfies the identity above and vice-versa. Therefore
we will be able, once again, to compute the action of .S T on a vector without
explicitly assembling the matrix S,

The matrices K](\Z,)N are invertible except for floating subdomains €2;. For
these subdomains, a naive attempt to factor KJ(\Z[)N will fail. Our approach,
which is very convenient in terms of implementation and which has proven to
be very robust in all our numerical experiments, is inspired in the following
observation.

Lemma 7.1 Let S be a real-symmetric matriz. Then (S +el)™! is a good
approzimation for ST, in the sense that

|S(S +el)™'S = S| = O(e).
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Proof Let UAUT = S be the eigenvalue decomposition of S, where U is
orthogonal and

By -
A
A= 0
L 0 ]
is diagonal. Then
Y -
)\1 +e
S(S+el)1S -8 =—cU Ar ur
A€
0
- O -
and the result follows from elementary estimates. 0

Remark 7.2 The same result does not hold for nonsymmetric matrices. For

instance, if S = [ 8 (1) }, then it is trivial to verify that

|S(S +eI)~'S = S| = 0(1).

In our implementation of our algorithm, we simply add a small multiple of
the identity to pA®, when solving the Neumann problems involving KJ(\Z,)N

7.2 Positive Definite Implementation of the
Algorithm

Recall the block structure of .S,

Sr Bfr

S = )
Brr —5Crr
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For compressible materials, the pressure variables can be eliminated by static
condensation. We define

S = Sp+ ABL.C Brr (7.2)

and we note that S is positive definite. The solution to (3.7) is then given by

ur . I ~
pro| )\C’EFIBFF s

where ur solves gﬁp = Bp.

We can formulate a positive definite implementation of our algorithm, in
which we construct a preconditioner () for S and iteratively solve the sys-
tem QSur = Qf)p. We will show that this algorithm is fully equivalent to
the one already described. When the discrete pressure space is discontinuous
across elements, as it is the case for Q)3 — P, or Qo — (o, this positive def-
inite implementation is easier to program and is computationally less costly,
since the elimination of the pressures can be done on the element level. If the
element-level stiffness matrix is originally defined as

IU/Ael Bg;
Kel - 1 )
Bel _Xoel

we now define ~
Kel = ,U,Ae] + ABg;CTlBel.

e

Then, by subassembly, we form matrices K® and K , which are related to
their original, saddle-point counterparts K@ and K by

KO = pAD £ \BOTCOT' B0 and K = uA + ABTC™'B.
After reordering, K can be written as

- [ Ky K
% [H IF]

Krr Krr
and the action of S , defined by (7.2), can be computed from

S = Krr — kFIkﬁlkIF-
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We define the preconditioner @ as
~ ~ ~ ~ N o~ ~ o~
Q=Qu+I-QuS)> Qi —5Qn),
i=1

where
Qu = Ly(LLSLy) 'LE

and
. . K(Z) K(l) "
O =R [0 D] [ I { O ] 7.
Krp Krr ‘
Here, Ly and D; are defined as in Sections 4.1 and 4.2 and the restriction
matrices R; map from the global interface displacement space V| to the local
interface displacement space V |rnsq, -
The equivalence of this positive definite version of the algorithm and the
original one can be summarized by the following relation, the proof of which

we omit:
I ~ I
acatme | 7T it ) =

We point out that, despite of the fact that we iterate on the space of
displacements only, the underlying finite-element formulation is mixed and
our results will not present locking. Also, even though the matrix S gets
increasingly ill-conditioned as A/ increases, the equivalence of the algorithms
allows us to prove a bound on x(7') that is uniform in A/p.

The implementation of the method just described is very similar to the im-
plementation of the standard Balancing Neumann-Neumann method for the
pure-displacement formulation (1.5). The differences are in the stiffness ma-
trices — we note that the matrix ABTC~!B can be regarded as a special
discretization of the form A [ div(-)div(-) — and in the use of a richer coarse
space (V}, V% or V¥, instead of V). This similarity also simplifies the
implementation of a code that combines mixed and pure-displacement formu-
lations in different subdomains (see Chapter 8).

The local matrices that need to be factored are now somewhat smaller
(since the pressure variables have been eliminated) and, most importantly,
positive definite, which allows for the use of off-the-shelf reordering algorithms
and of Cholesky solvers. Due to these factors, we can have a significant gain
in performance.
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7.2.1 A Positive Definite Theory?

The variational counterpart of solving Stir = br is the following problem: find
ur € Vr such that
§(up,v) = <F,V> Vv € VF,

where
. —u 1 —p _
§(UF,VF) = /,LCL(SH up,SH VF) + XC(SHPUF,SHPVF) = UESVF.

Here, SH is defined by the problem: find gﬁuup €V and @J{pup € U such
that SHUUF)F =ur and, fort=1,..., N,

{,uai(gﬁuu,v) + bi(v,gT{pup) =0 WweyV; (7.4)

bi(SHu,q) - ta(SH'urq) = 0 VgeU

The only difference between (3.2) and (7.4) is that in the latter we allow ¢ to
vary in the entire space of local pressures U;, which includes constant pressures.

Notice that the pair of spaces V; x U; is not inf-sup stable (as opposed
to the pair V; x Up;). We do not know how to prove, in this case, a result
in the spirit of Lemma 3.1. We have a positive definite algorithm, but so far
we do not have a positive definite proof. The way in which we can prove the
convergence of this algorithm is by estabilishing its equivalence to the saddle-
point one, via (7.3), and relying on our results for that case. In particular,
we stress that the use of an enriched coarse space, i.e., the use of L};, L?% or
L3, and not of LY, is still a requirement when A\/pu is large. Clear numerical
evidence indicates that an underlying inf-sup stable coarse space in necessary
in order to assure a good convergence of the positive definite algorithm.
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Chapter 8

Combining Mixed and
Pure-Displacement
Formulations

Consider a domain €2, portions of which are comprised of almost-incompressible
material and portions of which of fairly compressible material. This kind of
configuration is actually encountered in practice, for instance in a mechanical
structure that combines rubber and steel.

The pure-displacement formulation is not suitable for discretizing the prob-
lem on the entire domain, due to locking. One could, of course, use a mixed
formulation for the entire domain. In this chapter, we instead discuss how
to combine both formulations in one problem, using the pure-displacement
formulation in the compressible regions and mixed formulation in the (al-
most-)incompressible.

8.1 Definition of the Problem and Substruc-
turing

We partition the N subdomains into two groups, by defining the disjoint sets
D and M, such that DU M = {1,..., N}, containing the indices of the
displacement-only and mixed formulation subdomains, respectively. In this
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context, we define the space W =V x U as

N N N N
W=W,aWr= (PVix P ) e (PVrixPur.)
=1 =1 =1 =1
v, U Vi Ur

Here, V; is defined, for all ¢, in the same way as in Section 3.1. Up; and Up;
are the same as before for i € M, but for i € D they are defined as the trivial
space containing only the zero function. The spaces Vr; are again defined as
the ranges of the operators SH;', the definition of which is given below.

The forms a;(+,-), i = 1,..., N, are as before and the forms b;(-,-) and
¢i(+,+) are only defined for i € M, in which case they are as before. We need
to define, for i € D, a new bilinear form,

gi(u,v) = (divu, divv) ;2(q,).

The variational formulation of our problem is now: find u € V and p € U

such that, for all v € V and q € U,

Zﬂiai(uav)+z)\igi(uav) + Zbl-(v,p) = (F,v)

1€D 1EM
1
1EM 1EM

The local stiffness matrices K@ are now of the form

. T
i AY B ,
. : o | TEM
K@ — B® _A_ic()
iAW + XG0, ieD.

The global stiffness matrix is generated by subassembly, as usual.

Eliminating interior variables in each subdomain (i.e., interior displace-
ments for ¢ € D and interior displacements and zero-average pressures for
i € M), we define the matrices S®. For i € M,

(i) @7
SF BFF

(i) (i)
BFF - %OFF

S —

, as before,
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and, for i € D,
SO = s¥
= <Mz‘A(ri% + /\iGg%)
. ‘ . -1 . ‘
- (ui;ﬁ;} + Aiag) (,MAy; + AiG%}) (MA% + AiG?g) .
We have then (cf. Lemma 3.2)
si(up,vr) = u%Sﬁ")vp
pia;(SHiur, SHivr) + /\iici(SHfup, SHvr) ieM
/,LZ‘(IZ'(SH?UF, SH;LVF) + Ang(SH?uF, SH?VF) 1€ D,

where SH; is defined, for i € M, by: find SH{'ur € V]q, and SH ur € Uy,
such that SHur|rnsq, = ur and

wia;(SH"ar,v) + bj(v,SHPur) = 0 WeV,

{ bi(SH"ur,q) - )%.Ci(SHqua ¢ = 0 VgeUl,
and, for i € D, by: find SHur € Vl|q, such that SH{ur|rnsq, = ur and
wia;(SH ar, v) + \igi(SH"ur,v) =0 Vv eV, (8.2)

(8.1)

8.2 The Preconditioner

The definition of the preconditioner is very much as before. For ¢ € M, we
define . .
D 0 A D0
_pr| D (i) i A
a-m[7 ) [7 9]
and for i € D,
Qi = RI DSV DR
Here R; maps Vr x Ur into Vp; x Up,; for i € M and into Vp, for 7 € D.
The coarse component of the preconditioner is defined by

o= ) ([T 1) [ 7)) [ 0]
=10 I 0 I 0 I 0o I

We note that the identity blocks above are now (#M)-by-(#M), where #M
denotes the number of elements in the index set M. The matrix Ly is defined
as before. We will see that it can be somewhat reduced in some cases; we will
discuss this point later.
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8.3 Analysis

The analysis of this algorithm is very similar to the one carried out in Chap-
ter 5. In this section, we highlight only the differences.
First, we need a result to replace Lemma 3.1 for the subdomains in D.

Lemma 8.1 Given ur € V|, let Hur be its componentwise discrete har-
monic extension. For any ur € V| such that SH"ur L ker(a;),

CSZ‘(UF, UF) S 127 ||VHuF||iQ(QZ) S OSZ‘(SHUF,SHUF)

where ¢ depends only on X\;/u;. The hypothesis that SHur L ker(a;) is not
necessary for the lower bound.

Proof The upper bound is obtained just as in Lemma 3.1.
We note that (SH"ur — Hur) |, € V; and therefore, by (8.2) and (3.4),

si(ur,ur)
= [;a; (SHullF, SHullF) + /\Z (diV(SH“up), diV(SHuuF)>L2(Qi)
= |;a; (SHuuF’ ’Hup) + N <div(8H“up), diV(HuF))LQ(Qi)
< wa; (SH up, SH*ur)"? a; (Hur, Hur)'/?
Ai (

div(SH"ur), le(SHuuF»L?(Q (div(Hur), le(HuF)>1/2(Q)

IN

Hi (1 + 2_%) a; (SH“ur,SH“uF)l/ a; (HquHuF)l/Q

; A%
< 5&1 (SHUUF,SH Llp) /; (1 + Ei) a; (HUF,HUF) .

Therefore, using Lemma 1.3,

s;(ur, ur)
A d
S i (1 + Ei) ; (HUF,HUF)
Nod
< 2 (1 + Ei) i HVHUFH;(Q)

O

Remark 8.2 We can assume that \;/u; is bounded, since the displacement-
only formulation is used only on subdomains that are compressible enough.
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The other step that deserves to be reexamined, in this new context, is the
bound on the I'-norm of I — Ty, Lemma 5.1. Unfortunately, we don’t know
how to extend this result for the case with heterogeneous coefficients (cf. Chap-
ter 6). So we assume, for a moment, that we have constant coefficients: \; = A
and p; =, 1 =1,..., N. Of course this is an unreasonable assumption, since
the only motivation for combining the two formulations is to handle highly
heterogeneous coefficients. Once again, the actual performance of the method
in all our numerical experiments indicates that this limitation is probably an
artifact of our proof and not intrinsic to the algorithm.

Assuming constant coefficients, the proof of Lemma 5.1 requires no changes.
We only remark that if Ly is reduced so as not to include any enrichment sup-
ported on J;cp 4, then Sy will not be affected. Depending on the geometry
of the problem, this observation may significantly reduce the dimension of the
coarse problem.
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Chapter 9

Continuous Pressure Spaces

Our main algorithm, in Chapter 4, requires the use of a discrete pressure
space that includes the discontinuous functions ygq,, which are 1 on §2; and
zero elsewhere. That, of course, precludes the use of Taylor-Hood or MINI
finite elements, or any other elements that use a continuous approximation for
the pressure (see, e.g., [10] or [23]). In this chapter, we present an extension
of our algorithm which is suitable for this kind of discretization. The numeri-
cal experiments, reported in Chapter 10, have shown fairly good convergence
away from the incompressible limit, but we have not been able to provide a
supporting theory.

When continuous pressures are used, there are pressure degrees of freedom
that are directly associated with the geometrical interface I'. Trying to include
them in the group of interface variables associated with W does not appear
to be a promising approach: imposing essential boundary conditions for the
pressure would result in non-physical problems, since, on the continuous level,
pressures are only in L? and their traces are not defined.

Our approach, instead, is to construct a preconditioner for the continuous
model based on our preconditioner for the discontinuous model. The latter
is applied to a broken problem, defined by dropping the pressure continuity
requirement only across the interface I'.

Let K, (Ci) be the local stiffness matrices associated with the continuous finite
element model. The global stiffness matrix K¢ is then given by

Ky

N
DT (1) i
Ko=) RY KYRY =R Re,
1=1 KéN)
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where Rg) is a 0,1 restriction matrix mapping local degrees of freedom into
their global representation and RE = [ R(Cl)T R(CN )r ] We note that

each column of R associated with a pressure degree of freedom has as many
1’s as the number of subdomains sharing that degree of freedom (two or more
on the interface, one in the interior of subdomains).

We can define a broken stiffness matrix by subassembling the same local
blocks K(CZ) with different restriction and extension matrices,

K(l)
N T . . c
Kp=Y Ry KJRY =Rj Ry,
i=1 KéN)
where RL = [ Rg)T RJ(BN )T ] The matrix Kp represents a model in

which the pressure is still continuous inside each subdomain, but is discon-
tinuous across the interface. The difference between Rg) and Rg) is that the
former uses a single global representation for a pressure degree of freedom
lying on the interface, therefore enforcing continuity, while the latter adopts
multiple representations of these degrees of freedom, allowing jumps. Each
column of Rp associated with a pressure degree of freedom is a column of the
identity matrix, i.e., has only one 1.

Let RS be a 0,1 matrix that takes broken pressure residuals into continuous
pressure ones, by adding up multiple values for pressure degrees of freedom on
the interface I'; the values of the remaining pressure and displacement degrees
of freedom are unchanged. The rows of R associated with interface pressure
degrees of freedom contain as many 1’s as the number of subdomains sharing
that degree of freedom, while the other rows are rows of the identity. We note
that

Ko = RSKyRS.

We also define D¢ = RgRgT, which is a diagonal matrix with 1’s on

its diagonal except for the entries associated with interface pressure degrees
of freedom, which contain the number of subdomains sharing that degree of
freedom. This is analogous to the matrices D; in Section 4.2, which were
defined in terms of counting functions d;.

The preconditioner () that we propose for Ko is now

_ T
Qc = Di'REQpRS DZY,

where (g is a preconditioner for Kg. The application of Q)¢ is therefore
composed of three steps: each component of the continuous residual is evenly
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partitioned among all subdomains that contain it (corresponding to the term
RgTDal); the broken preconditioner is then applied and, finally, the broken
correction vector is averaged in order to obtain a continuous correction (cor-
responding to the term D 'R%).

Remark 9.1 We expect that a different choice for D¢ (something in the lines
of (6.1)) should be necessary when dealing with discontinuous coefficients with
large jumps. We have not performed experiments on such problems.

We know how to construct a preconditioner () for the matrix S, the Schur
complement of Kp (see Chapters 3 and 4). @p can be constructed from
using the following observation (see [52, page 141]). The LDLT factorization

| K K |
ofKB—{KH Krr]ls

PP I 0[] K 0][1 K;j'Krr
B= | KpKb I 0 S|]0 I ’

where S = KFF - KF[KI_IIK[F. By deﬁning

I —Kj'Kpr || K7 0 I 0
@p = {0 I 0 Q ~ K Kb T |7 (9-1)
we have
Ok =] ! ~K'Kir | [1 0 I K;'Kir
0 I 0 QS |]|0 I '

0(QpKp), the spectrum of QpKp, is therefore {1} Uc(Q.S), which proves that
@p is a good preconditioner for K, provided that @) is a good preconditioner
for S.

As mentioned in Subsection 7.1.1, in our actual implementation, we have
not used a special basis for the pressure. Instead, we have enforced the zero
average through Lagrange multipliers. Similarly, ()5 should be defined as

5. o7 ps7 1[I —EppKprRS | [ Kpp 0
@s [RB Ry Ho I 0 Q
, (9.2)

I 077 RE
~RY KrpKph 1] | Ry
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where

~(1
. Kp),
Kpp = )
~(N
Kby
Reo = [RG - EY .
[}DF = kITD

and [?S)D and kﬁ% are defined as in Subsection 7.1.1. Here, RE is the 0,1
restriction matrix that extracts from a residual vector in the broken space
those of its components which are relevant to the Dirichlet problem: all pres-
sures and the interior displacements. The entries associated with the Lagrange
multipliers are set to zero. RY extracts, from a vector containing interface
displacements and constant pressures, only the interface displacement entries.
Finally, R%T maps from the space of interface displacements and constant pres-
sures into the entire broken space: interface displacement are simply copied;
constant pressures are mapped into their representation in terms of the nodal
basis for the pressures. B B
It can be shown that if Q is replaced with S~!in (9.2), then Q5 = K5'.
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Chapter 10

Numerical Experiments

The algorithms described in this dissertation were implemented in C, using the
parallel numerical library PETSc (see [2, 3, 4]). PETSc provides fundamental
parallel objects and methods, handles all message passing, and also ensures
great code portability.

Our code is currently limited to two-dimensional rectangular domains, par-
titioned into rectangular subdomains. In all our experiments, the domain is the
unit square [0, 1] x [0, 1], decomposed into v'N x v/N square subdomains. We
impose Dirichlet conditions on the entire boundary. The direct solver used for
the local problems is PETSc’s LU, with PETSc’s nested dissection for ordering.
Except where otherwise stated, in each experiment the domain is uniformly
triangulated into square Q3 — P; elements (or simply (o, where only displace-
ments are involved). The right-hand side of the Schur-complement problem
is a random vector and the initial guess is chosen so that the initial error is
in the range of I — Ty. The Krylov method we use is PCG and the stopping
criterion is ||r,||2/]|70ll2 < 107°, where 7, is the residual at the n—th iterate.
The coarse space is the one based on the matrix L3, (see Section 4.1).

All the experiments reported here were run on Seaborg, an IBM SP RS /6000
of NERSC (the National Energy Research Scientific Computing Center of the
Department of Energy’s Office of Science). This is a distributed memory
machine with 6080 compute processors distributed among 380 compute nodes
with 16 processors each. Each node has at least 16 GBytes of memory, shared
among its processors.
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A. Fixed number of subdomains: N =4 x 4

mesh size  local prob. dofs iter.  Apax time (sec.)
160 x 160 40 x 40 282,882 17 7.21 11.6
240 x 240 60 x 60 635,522 19 8.30 30.6
320 x 320 80 x 80 1,128,962 20 9.12 64.1

400 x 400 100 x 100 1,763,202 20 9.78 110.5
480 x 480 120 x 120 2,538,242 20 10.34 174.6

B. Fixed local prob.: 80 x 80 elements (71,042 degrees of freedom)

mesh size N dofs iter.  Apax  time (sec.)
320 x 320 4 x4 1,128,962 20 9.12 64.1
640 x 640 8 x 8 4,510,722 21 9.36 67.7
960 x 960 12 x 12 10,145,282 23 9.44 72.8
1280 x 1280 16 x 16 18,032,642 23 9.48 75.9

Table 10.1: Numerical results for the saddle-point implementation applied to
an almost-incompressible problem (v = 0.499).

10.1 Saddle-Point Implementation

Our first implementation of our algorithm (both in the order of this presenta-
tion and historically), which we refer to as the saddle-point implementation,
is one closely following the description in Chapter 4, with the modification
discussed in Subsection 7.1.1 in order to avoid the use of a special basis for the
pressure. The coarse and local problems require the solution of saddle-point
systems.

Table 10.1 and Figure 10.1 collect the results of a set of experiments on
an almost-incompressible problem: the Lamé parameters are chosen to be
p = 1.0 and A\ = 499.0, to yield a Poisson ratio of 0.499. In part A of the
table, we show a series of experiments in which the number of subdomains
is held constant, 4 x 4, and the size H/h of the local problems varies. The
column “mesh size” lists the total number of elements; “local prob.”, the size
of the local problems, i.e., the number of elements in each subdomain; “dofs”,
the total number of degrees of freedom; “iter.”, the number of PCG iterations;
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Figure 10.1: Condition number of the preconditioned operator, as a function
of H/h for fixed N = 4 x 4 (left; cf. Table 10.1, part A) and as a function of
N for fixed H/h = 80 (right; cf. Table 10.1, part B).

“Amax, an estimate of the maximum eigenvalue of the preconditioned operator
T and finally “time (sec.)”, the CPU time spent for the experiments. We note
that the estimate for the smallest eigenvalue of the preconditioned operator is
not reported, since in all our experiments we found it to be very close to 1.0,
the theoretical lower bound.

We can observe a weak growth in the condition number of 7" as the size of
the local problems increase (see also Figure 10.1, left). This is in accordance
with our main result, equation (5.3).

Part B of Table 10.1 is a parallel scalability experiment: the size of the
local problems is held constant (80 x 80 elements, 71,042 degrees of freedom)
and the number of subdomains N varies. The condition number of the pre-
conditioned operator stays close to constant, as it can also be seen in the right
in Figure 10.1. This also agrees with the bound in (5.3).

Similar results are obtained when this code is applied to perfectly incom-
pressible problems, compressible problems or problems with discontinuous co-
efficients (see also results in [24]). We do not report these here since we prefer,
instead, the positive definite implementation of the algorithm.

10.2 Positive Definite Implementation

A second implementation of our algorithm, which involves only the solution
of positive definite local and coarse problems, was used in the experiments
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saddle- positive-
point definite
iter. 12 12
Amax 9.12 9.12
time (sec.) 91.7 87.1
error 1.03 x 107° | 1.03 x 107
diff. 1.35 x 10719

Table 10.2: Comparison of saddle-point and positive definite implementations.

reported in this section (cf. Section 7.2). We recall that, in this formulation,
we only have displacement degrees of freedom after the early elimination of
all the pressures. Nevertheless, the stiffness matrix depends on the choice of
finite element space for the pressures. The pair ()9 — P; was used here.

10.2.1 Validating the Positive Definite Implementation

In Section 7.2, we mentioned that we can prove the equivalence of the saddle-
point implementation and the positive definite one. Here we also present some
numerical evidence of this fact.

We consider again an almost incompressible problem with ¢ = 1.0 and A =
499.0. The right hand-side and boundary condition are now chosen to reflect

sin(x + y)

cos(x — y) } '
We use a mesh of 320 x 320 elements divided into 4 x 4 subdomains. We
compare the solutions, after 12 PCG iterations, of both implementations (see
Table 10.2). The {**-norm of the difference between the numerical solution and
the nodal interpolant of the continuous solution is given in the row “error”.
The row “diff.” shows the [*°-norm of the difference between the two numerical
solutions. The fact that the latter is much smaller than the former indicates
that both methods actually produce the same iterates (up to round-off and
related effects). We also observe that the CPU time for the positive definite
implementation is smaller. This is to be expected, since the local problems in
the positive definite implementation have fewer unknowns and, most impor-
tantly, are positive definite and therefore easier to solve by direct methods.
However, if one compares Tables 10.1 and 10.3, one finds both examples and
counterexamples of this trend. We believe that upon accurate time profiling

the discretization of a continuous problem with the solution l
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A. Fixed number of subdomains: N =4 x 4

mesh size  local prob. dofs iter.  Apax time (sec.)
160 x 160 40 x 40 206,082 17 7.21 10.5
240 x 240 60 x 60 462,722 18 8.30 26.3
320 x 320 80 x 80 821,762 19 9.12 65.6
400 x 400 100 x 100 1,283,202 19 9.78 96.2

480 x 480 120 x 120 1,847,042 19 10.34 188.8

B. Fixed local prob.: 80 x 80 elements (51,842 degrees of freedom)

mesh size N dofs iter.  Apax  time (sec.)
320 x 320 4 x4 821,762 19 9.12 65.6
640 x 640 8 x 8 3,281,922 20 9.33 69.5
960 x 960 12 x 12 7,380,482 21 9.44 72.1
1280 x 1280 16 x 16 13,117,442 21 9.48 73.8
1600 x 1600 20 x 20 20,492,802 21 9.49 75.5

Table 10.3: Numerical results for the positive definite implementation applied
to an almost-incompressible problem (v = 0.499).

and a careful tuning of the direct solvers, the positive definite implementation
will prove itself consistently and considerably faster. It is also much easier to
code.

10.2.2 Almost-Incompressible problems

We consider once again the same almost-incompressible problem, now solved
using the positive definite implementation of the algorithm. The results are
summarized in Table 10.3 and Figure 10.2, which, not surprisingly, closely
resemble Table 10.1 and Figure 10.1. The same observations about the scal-
ability of the method and its polylogarithmic dependence on the size of the
local problems apply to this series of experiments as well.

It is interesting to notice that, in our estimate (5.3), the inf-sup constant
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Figure 10.2: Condition number of the preconditioned operator, as a function

of H/h for fixed N = 4 x 4 (left; cf. Table 10.3, part A) and as a function of
N for fixed H/h = 80 (right; cf. Table 10.3, part B).

of the coarse space, By, appears in the form

By
1+ 02

+

>I=

Assuming that the local mixed finite element spaces are inf-sup stable (and
therefore o is uniformly bounded), this expression indicates that the inf-sup
stability of the coarse problem will play an important role when (and only
when) A/ is large. That is what we verify in the next two experiments.

In table 10.4 we present again a scalability experiment for an almost-incom-
pressible problem. This time, though, we use a minimal coarse space, based on
LY, which we believe not to be inf-sup stable (see [46]). Unlike the previous
examples, the method is no longer scalable with this poor coarse space (see
also the left side of Figure 10.3).

The same poor coarse space, when used in a compressible problem, per-
forms quite satisfactorily. Table 10.5 summarizes the results for a scalability
test of the algorithm with a poor coarse space when solving a problem with
steel (v = 0.275). See also the right side of Figure 10.3.
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Fixed local prob.: 80 x 80 elements (51,842 degrees of freedom)

mesh size N dofs iter.  Ajax time (sec.)
320 x 320 4 x 4 821,762 20 13.13 65.4
640 x 640 8 x &8 3,281,922 27 35.01 7.3
960 x 960 12 x 12 7,380,482 34 57.24 86.4

Table 10.4: Numerical results for the positive definite implementation applied
to an almost-incompressible problem, v = 0.499. A poor coarse space, based
on the matrix LY, is used and scalability is lost.

Fixed local prob.: 80 x 80 elements (51,842 degrees of freedom)

mesh size N dofs iter.  Apax time (sec.)
320 x 320 4 x4 821,762 17 11.55 61.3
640 x 640 8 x 8 3,281,922 20  12.17 67.9
960 x 960 12 x 12 7,380,482 20  12.36 69.2
1280 x 1280 16 x 16 13,117,442 19  12.35 68.4

Table 10.5: Numerical results for the positive definite implementation applied
to a compressible problem, v = 0.275. A poor coarse space, based on the
matrix LY, is used, but scalability is preserved.
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Figure 10.3: Condition number of the preconditioned operator, as a function
of N for fixed H/h = 80. In this set of experiments, a poor coarse space has
been used. At the left, the results for an almost-incompressible problem; cf.
Table 10.4. At the right, for a compressible one; cf. Table 10.5.

10.2.3 Heterogeneous Problems with Jumps in the Co-
efficients

In this subsection, we present the results of numerical experiments on a hetero-
geneous problem with discontinuous coefficients. Our model problem is a com-
posite material comprised of steel, aluminum and rubber in a checkerboard-like
arrangement, as depicted in Figure 10.4.

The results, collected in Table 10.6 and graphically represented in Fig-
ure 10.5, present the same features as the ones obtained for a homogeneous
domain. This is strong evidence that our inability to extend Theorem 5.4 to
the heterogeneous case is only an artifact of the structure of our proof and not
an intrinsic limitation of the method.

We also note that the last row of Table 10.6 reports an experiment involving

almost 100 million variables and 2,000 subdomains, showing that our method
is scalable when applied to really large problems.
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Figure 10.4: Heterogeneous domain with large coefficient jumps. The Lamé
parameters for the aluminum-like material, © = 2.6 and A = 5.6, and for the
steel-like material, ;4 = 8.2 and A = 10, are typical; the values for the rubber-
like material, p = 0.01 and A = 0.99, were “invented” so as to produce a
Poisson ratio of 0.495. (The values for g and A are expressed in 10°kg/cm?.)

A. Fixed number of subdomains: N =& x &

mesh size  local prob. dofs iter.  Apax  time (sec.)
320 x 320 40 x 40 821,762 20 8.60 12.5
480 x 480 60 x 60 1,847,042 22 10.08 31.2
640 x 640 80 x 80 3,281,922 23 11.22 72.3

800 x 800 100 x 100 5,126,402 23 12.14 115.6

B. Fixed local prob.: 80 x 80 elements (51,842 degrees of freedom)

mesh size N dofs iter.  Apax  time (sec.)
640 x 640 8 x 8 3,281,922 23 11.22 72.3
960 x 960 12 x 12 7,380,482 22 10.67 T1.7
1280 x 1280 16 x 16 13,117,442 22 10.78 74.4
1600 x 1600 20 x 20 20,492,802 22 10.76 76.2
2560 x 2560 32 x 32 52,449,282 22 10.70 88.7

3520 x 3520 44 x 44 99,151,362 21 10.64 102.9

Table 10.6: Numerical results for the positive definite implementation applied
to a problem with heterogeneous coefficients with large jumps (see Figure 10.4).
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Figure 10.5: Condition number of the preconditioned operator, as a function
of H/h for fixed N = 8 x 8 (left; cf. Table 10.6, part A) and as a function of
N for fixed H/h = 80 (right; cf. Table 10.6, part B).

10.3 Combined Mixed and Displacement-Only
Formulations

We now report another set of experiments on the same heterogeneous problem
described at the end of the previous section. This time, we use different
finite element formulations for the almost incompressible regions (rubber) and
the compressible ones (aluminum and steel): mixed and pure-displacement
formulations, respectively; see Chapter 8.

We note that the results in Table 10.7 and Figure 10.6 are almost identical
to those on Table 10.6 and Figure 10.5. This shows that combining different
formulations in one problem is a perfectly viable alternative for our method.

In our implementation of the combined approach, we used the positive-
definite implementation for the subdomains with mixed formulation, because
of its greater simplicity (see Section 7.2). Nevertheless, the use of the saddle-
point implementation would also be possible and is expected to produce iden-
tical results (cf. Subsection 10.2.1).
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A. Fixed number of subdomains: N =& x &

mesh size  local prob. dofs iter.  Apax time (sec.)
320 x 320 40 x 40 821,762 20 8.61 12.2
480 x 480 60 x 60 1,847,042 22 10.10 32.0
640 x 640 80 x 80 3,281,922 23 11.23 75.2

800 x 800 100 x 100 5,126,402 23 12.15 111.0

B. Fixed local prob.: 80 x 80 elements (51,842 degrees of freedom)

mesh size N dofs iter.  Apax  time (sec.)
640 x 640 8 x 8 3,281,922 23 11.23 75.2
960 x 960 12 x 12 7,380,482 23 10.68 75.5
1280 x 1280 16 x 16 13,117,442 22 10.79 82.0
1600 x 1600 20 x 20 20,492,802 22  10.76 92.9

Table 10.7: Combined mixed and pure-displacement implementation applied
to a problem with heterogeneous coefficients with large jumps.

e * 2
= * = *
© < * * *
2 10 * 2 10
) * )
() [¢)]
S =
E® E°®
x x
© ©
£ S
0 0
0 50 100 0 100 200 300 400
H/h N

Figure 10.6: Condition number of the preconditioned operator, as a function
of H/h for fixed N = 8 x 8 (left; cf. Table 10.6, part A) and as a function of
N for fixed H/h = 80 (right; cf. Table 10.6, part B).
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A. Fixed number of subdomains: N =4 x 4

broken run continuous run
\/E iter. /\max tbroken iter. /\min /\max drop tcont ttotal
40 | 22 8.98 104 21 073 898 1.6e-5 11.1| 29.8
60 | 23 10.36 282 22 0.73 10.36 1.6e-5 30.0| 81.6
80 | 24 11.39 55.5 | 23  0.73 11.39 2.4e-5 59.2|170.0
100 | 25 12.24 96.8 | 23 0.73 12.24 3.0e-5 98.2 | 305.9

B. Fixed local prob.: 80 x 80 elements

broken run continuous run

3

iter. /\max tbroken iter. /\min /\max drop tcont ttotal

41 24 11.39 95.0 | 23 0.73 11.39 2.4e-5 59.2 | 170.0
8| 31 12.07 74.0 | 28 0.73 12.07 T7.le-5 74.5 | 206.1
121 31  12.29 7541 29 0.73 1229 9.6e-5 7782|2124

Table 10.8: Continuous pressure implementation applied to a compressible
problem (steel, v = 0.275).

10.4 Continuous Pressures

In this section, we present the results of our numerical experiments for the
method described in Chapter 9, to which we will refer as the continuous pre-
conditioner. In this set of experiments, we used the Taylor-Hood pair of finite
elements; cf. Section 2.2.

Tables 10.8, 10.9, and 10.10 list the results for a compressible problem with
a Poisson ratio v = 0.275 (typical of steel), and two almost-incompressible
problems: one with v = 0.485 (typical of rubber) and the other with v =
0.499. Part A of each table shows a series of experiments in which the number
of subdomains is fixed and the size of the local problem increases; the first
column, “\/Lp.”, lists the square root of the number of elements in the local
problems for each experiment. Part B shows the results for experiments with
increasing number of subdomains N and a local problem of fixed size.

Each numerical experiment in this section (corresponding to one row in a
table) involves two solves. The first one is for the solution of a broken Taylor-
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A. Fixed number of subdomains: N =4 x 4

broken run continuous run
\Y lp iter. )\max tbroken iter. )\min )\max dI"Op tcont ttotal
40| 21 7.39 100 | 31 0.066 7.39 9.6e-6 16.3| 34.4
60 | 22 848 26.9 | 33 0.066 8.48 1.4e-b 44.5| 94.9
80| 22 9.31 51.6 | 33 0.067 9.31 7.6e-5 852 191.1
100 | 23  9.98 88.6 | 34 0.067 9.98 8.9e-5b 143.6| 341.6

B. Fixed local prob.: 80 x 80 elements

broken run continuous run
\/N iter. )\max tbroken iter. )\min )\max dI"Op tcont ttotal
41 22 9.31 51.6 | 33 0.067 9.31 7.6e-5 852 191.1
8| 27  9.58 63.9 | 43 0.067 9.60 1.2¢e-4 113.3| 233.9
12 ] 28  9.68 67.1 | 44 0.066 9.69 8.9e-5 118.2] 243.5

Table 10.9: Continuous pressure implementation applied to an almost-

incompressible problem (rubber, v = 0.485).
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A. Fixed number of subdomains: N =4 x 4

broken run continuous run
\/m iter. )\max tbroken iter. )\min )\max dI"Op tcont ttotal
40| 22 7.39 104 31 0.0048 7.39 2.8e-2 16.3| 35.0
60 | 23  8.48 276 | 33 0.0048 848 4.3e-2 44.0| 95.2
80| 24 9.30 55.1 1 32 0.0048 9.30 2.6e-1 81.2 | 190.1
100 | 24 9.97 58.9 1 29 0.0048 997 29e-1 62.9]| 324.5

B. Fixed local prob.: 80 x 80 elements

broken run continuous run
\/N iter. )\max tbroken iter. )\min )\maX dI"Op tcont ttotal
41 24  9.30 55.1 | 32 0.0048 9.30 2.6e-1 81.2 ] 190.1
81 29 9.61 68.5 | 44 0.0048 9.61 4.0e-1 115.5 | 241.1
121 30 9.69 725 45 0.0048 9.69 6.6e-1 122.0 | 254.4

Table 10.10: Continuous pressure implementation applied to an almost-
incompressible problem (v = 0.499).
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Hood problem using the saddle-point implementation of our main algorithm;
we remark that the positive definite implementation would not be of practical
use here, since the continuous pressure cannot be eliminated at the element
level. This broken solve is used as a benchmark for measuring the performance
of the continuous preconditioner. We note that its setup phase is also part
of the setup phase for the continuous preconditioner, since the latter requires
the application of our main algorithm to the broken problem; cf. Chapter 9.
The second solve is, of course, the one for the problem with fully continuous
pressure.

For the broken solve, we list the number of PCG iterations required for the
norm of the residual to drop to 107® of its original value (column “iter.”), an
estimate of the maximum eigenvalue of the preconditioned operator (“Ayax”),
and the time, in seconds, spent in the iteration (“tyroxen” ). For the continuous
solve, the columns “iter.”, “An.” and “f.on” are the quantities analogous
to those just described, except for the fact that the iteration count refers
to GMRES iterations. We include the estimated minimum eigenvalue of the
preconditioned operator (“Ay;,”); unlike in all experiments reported so far,
the value of the minimum eigenvalue is now not close to 1. The convergence of
GMRES is monitored in terms of the norm of the preconditioned residual (the
iteration count in “iter.” reflects the number of GMRES iterations required
for the norm of the preconditioned residual to drop to 107% of its original
value.) We now include, in the column “drop”, the ratio of final and initial
unpreconditioned residuals. Once again, similar information is not provided
in other tables because the drops of the preconditioned and unpreconditioned
residuals have always been of the same order of magnitude, elsewhere.

Finally, we also include in these tables the total time spent for the assembly
of the problem, the setup of the preconditioners and the two iterative solves.
This is listed under the header “tiota”-

Table 10.8 shows our results for a compressible material such as steel. We
note that the minimum eigenvalue of the preconditioned operator is always
the same, 0.73, for all the continuous runs and that the maximum eigenvalue
for the continuous run is the same as the one for the broken run in every row
of the table. Unexpectedly, the number of iterations is slightly smaller for the
continuous runs, but we point out that the norm of the residuals dropped only
4 to 5 orders of magnitude for the continuous runs, while it dropped by 8 for
the broken one. The time required for a continuous run turns out to be just
slightly over the one required for the corresponding broken run.

Table 10.9, which lists results for an almost-incompressible material such
as rubber, shows similar features. The main difference is that the minimum
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eigenvalue for the continuous problem is now one order of magnitude smaller
and the number of iterations grows accordingly.

The experiments with v = 0.499, reported in Table 10.10, show a mini-
mum eigenvalue still an order of magnitude smaller for the continuous runs.
Although the iteration counts are similar to those of Table 10.9, the unpre-
conditioned residual has dropped only one or two orders of magnitude in this
set of experiments.

We can conclude from these experiments that the proposed preconditioner
is efficient for compressible problems and even for rubber, but that, unlike
our methods for discontinuous pressures, its performance deteriorates as we
approach the incompressible limit. We also note that some of the patterns that
these tables exhibit — in each table, the values in the two columns named
“Amax . are almost identical, as well as all the entries in column “A.;," —
are worth our attention. We consider unlikely that such patterns emerge by
chance; the understanding of their theoretical justification might lead to an
improved algorithm.

10.5 A Few Remarks on the Experiments

The results presented in this chapter show that our method is suitable for the
solution of large elasticity problems. The method is scalable and produces
extremely well-conditioned operators, even in the presence of large jumps in
the coefficients. All the variants of the method perform satisfactorily for the
discountinuous pressure problems. The preconditioner for the continuous pres-
sure problem shows a narrower range of applicability, but it might still be
competitive away from the incompressible limit.

We notice that the computational effort required for the solution of a mixed
elasticity problem by this method is not much greater than one required to
solve a Poisson problem of similar dimension with the balancing Neumann-
Neumann preconditioner.

In the previous tables, we reported the CPU time required for each ex-
periment. These are not precise numbers: there are many issues involved in
accurate profiling, which we did not attempt to tackle; see, e.g., [3, Chap-
ter 12]. Also, these running times could certainly be improved by fine tuning
of the code and, in particular, by a careful selection of the direct solvers used
for the local problems. Despite all these limitations, and with this warning,
we have included this information in order to provide the reader a first order
approximation of the computational effort involved in each experiment.
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