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Etude de préconditionneurs bloc diagonaux utilisant de
Pinformation spectrale partielle pour résoudre des systémes
linéaires dans les problémes d’optimisation avec contraintes

par Charlotte Tannier

Résumé : Ce travail a pour objectif le développement et 1’étude de nou-
veaux préconditionneurs bloc diagonaux pour résoudre des systémes linéaires
indéfinis ayant une forme de point-selle. Nous considérons le précondition-
neur bloc diagonal « idéal » proposé par Murphy, Golub et Wathen (2000)
basé sur le complément de Schur exact, et nous nous concentrons sur le cas oul
le bloc (1,1) admet seulement quelques trés petites valeurs propres. En sup-
posant que 'information exacte sur ces valeurs propres et ces vecteurs propres
associés est disponible, nous proposons différentes approximations du précon-
ditionneur bloc diagonal de Murphy, Golub et Wathen et nous analysons les
propriétés spectrales des matrices préconditionnées. Nous généralisons les ré-
sultats théoriques aux systémes découlant des méthodes de points intérieurs et
nous illustrons numériquement la performance des préconditionneurs proposés.
Enfin, nous analysons 'intéraction entre les blocs (1,1) et (1,2) des systémes
de point-selle et nous étudions les situations dans lesquelles les petites valeurs
propres du bloc (1,1) peuvent avoir un impact sur la convergence des méthodes
itératives.

Study of block diagonal preconditioners using partial spectral
information to solve linear systems arising in constrained
optimization problems
by Charlotte Tannier

Abstract: This work is concerned with the development and the study of
novel block diagonal preconditioners for solving indefinite linear systems with
a saddle - point form. We consider the « ideal » block diagonal preconditioner
proposed by Murphy, Golub and Wathen (2000) based on the exact Schur com-
plement, and we focus on the case where the (1,1) block has few very small
eigenvalues. Assuming that the exact information on these eigenvalues and
their associated eigenvectors is available, we propose different approximations
of the block diagonal preconditioner of Murphy, Golub and Wathen and we
analyse the spectral properties of the preconditioned matrices. We general-
ize the theoretical results on systems arising in interior-point methods and we
illustrate the performance of the proposed preconditioners through some nu-
merical experiments. We finally analyse the interaction between the (1,1) and
(1,2) blocks of saddle-point systems and we study the circumstances in which
small eigenvalues of the (1,1) block can have an impact on the convergence of
iterative methods.
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Thesis organization and main
contribution

The scope of this work is the construction and the study of new efficient pre-
conditioners for indefinite linear systems arising in constrained optimization.
We consider (possibly large and sparse) saddle-point linear systems resulting
from the Karush-Kuhn-Tucker optimality conditions. We assume that the (1,1)
block, A say, is symmetric and positive definite and possibly ill-conditioned
with relatively few very small eigenvalues. We propose two variants for a block
diagonal preconditioner based on a Schur complement approximation derived
from some prior spectral information extracted from A directly, i.e., using in-
formation on the subspace associated to the smallest eigenvalues in A. We
study the spectral properties of the preconditioned matrix in both cases and il-
lustrate their numerical performance on a standard problem in fluid dynamics.
This in turn leads to the study of the interaction between blocks in saddle-
point systems and to highlight some aspects of this interaction. Through the
Schur complement approximation based on the very small eigenvalues of A
and theoretical developments, we analyze how and in which circumstances the
ill-conditioning due to these eigenvalues effectively spoils the convergence of
iterative methods like Krylov subspace methods.

Structure of the thesis

The thesis is organized as follows.

Chapter 1 introduces several linear systems that one needs to solve in un-
constrained and constrained optimization methods. We focus on the indefinite
linear systems with a block structure called saddle-point systems. More pre-
cisely, we study KKT systems, related to the Karush-Kuhn-Tucker optimality
conditions, and symmetric quasi-definite (SQD) systems. We then address the
properties associated to both kinds of system. The large range of methods
which can solve symmetric indefinite linear systems shows the importance of
this topic in the optimization community.

vii



Vlll THESIS ORGANIZATION AND MAIN CONTRIBUTIONS

Chapter 2 leads the reader in the field of iterative techniques for solving
linear systems and develops the framework of preconditioners that will serve
as the basis for our contributions. Some methods belonging to the class of
Krylov subspace methods are presented. We also discuss the block diagonal
preconditioner studied in Golub, Greif and Varah (2006). Most of the results of
Chapter 1 and Chapter 2 can be found in the literature. However, these results
are adapted and presented in a form suitable to motivate the design and allow
the forthcoming analysis of preconditioners.

Chapter 3 presents approximations of the inverse of the (1,1) block and
of the Schur complement using spectral information extracted from this (1,1)
block in KKT systems and SQD systems. We analyse in both cases the eigen-
values distribution of the preconditioned Schur complement and we illustrate
on a test example.

Chapter 4 proposes two new approximations of the "ideal" block diagonal
preconditioner given by Murphy, Golub and Wathen (2000) using the previous
approximations of the inverse of the (1,1) block and of the Schur complement.
We next study the eigenvalues distribution of preconditioned KKT and SQD
systems and we compare these two preconditioners. Finally, we focus on KKT
systems to develop in detail the formulation of the preconditioners combined
with a first level of preconditioning.

Chapter 5 analyses and compares the behaviour of the spectral precondi-
tioners introduced previously on a problem in fluid dynamics called the Stokes
problem and generated with the MATLAB package IFISS.

Chapter 6 focusses on KKT systems and first analyses the interaction be-
tween blocks through the inverse of the Schur complement approximation. We
show the configurations according to which the influence of the small eigenval-
ues of A can have an effect on the convergence of iterative methods. We give
a toy example and some numerical illustrations based on the explicit construc-
tion of a (1,2) block to give some intuition of this interaction. We next refine
the bounds on the eigenvalues of a KKT matrix by theoretical developments
and finally give a new cheapest alternative to our preconditioners.

Chapter 7 presents some practical considerations. We first analyse how
to combine a first level of preconditioning with the preconditioner developed
in Giraud, Ruiz and Touhami (2006) which allows to extract partial spectral
information of the (1,1) block. A practical approach, showing a practical imple-
mentation of the approximation of the inverse of the (1,1) block, is developed
in the last part of this chapter.



ix
Contribution

If a cited result is already available in the literature, we only mention a
reference without giving a proof. The main contribution based on work with
my supervisor Annick Sartenaer and my colleague Daniel Ruiz, are summarized
as follows:

1. Theorem 2.9 (Chapter 2) analyses and motivates the choice of some pa-
rameter w introduced in the block diagonal preconditioner developed by
Golub et al. (2006).

2. We propose in Section 3.2 for KKT matrices and in Section 3.2.2 for SQD
matrices spectral approximations of the inverse of the Schur complement
using an approximation of the inverse of the (1,1) block known as spectral
low rank update approach developed by Carpentieri, Duff and Giraud
(2003) . Theorem 3.1 and Theorem 3.4 establish lower and upper bounds
on the eigenvalues of the preconditioned Schur complement in both cases.

3. Chapter 4 introduces two spectral preconditioners based on spectral ap-
proximations of the inverse of the (1,1) block and of the Schur complement
introduced in Chapter 3 for the KKT and SQD systems. Theorems 4.1
and 4.3 for KKT matrices and Theorems 4.4 and 4.5 for SQD matrices
analyse their spectral properties. Sections 4.3 and 4.4 give a comparison
between both preconditioners. Section 4.5 combines these preconditioners
with a first level of preconditioning for the KKT systems.

4. Chapter 5 illustrates the numerical behaviour of the proposed precondi-
tioners on the Stokes problem.

5. Chapter 6 studies in detail the interaction between blocks in KKT sys-
tems with a first analysis through the Schur complement approximation in
Section 6.1 and some illustrations in Section 6.2. Section 6.3, by means of
a theoretical analysis, refines the interval in Rusten and Winther (1992),
associated to the positive eigenvalues in KKT matrices (Theorem 6.10).
Finally, section 6.4 studies the possibility of reducing the low rank up-
date in the inverse of the approximation of the Schur complement and
generalizes the block diagonal preconditioner.

6. Based on the work of Golub, Ruiz and Touhami (2007), Chapter 7 gives
new theoretical results (Theorems 7.1 and 7.2) on how to combine a first
level preconditioner with the preconditioner developed in Golub et al.
(2007) to extract desired spectral information of the (1,1) block. Sec-
tion 7.2 introduces an approximation of the spectral low rank update
approach of the (1,1) block (Theorems 7.4 and 7.5).



X THESIS ORGANIZATION AND MAIN CONTRIBUTIONS

A first paper related to this work and entitled "Using partial spectral infor-
mation for block diagonal preconditioning of saddle-point systems" has been
submitted to COAP(M. A second paper based on Chapter 6 is currently in
preparation.

(1) Computational Optimization and Applications.



Chapter

Introduction to optimization
methods leading to systems of
equations

The topic of interest of this thesis is a detailed study of large linear systems,
called saddle-point systems, of the form

o [ =L) -

where the square matrix A of order n is symmetric, sparse and ill-conditioned,
and such that some spectral information on A is available. The matrix B is
rectangular of size n x m with m < n, while the square matrix C' is of order m
and symmetric. The matrix in (1.1),

BT —-C (1'2)
is often called a saddle-point matriz or, in the case where C' = 0, a KKT ma-
triz, in reference to the Karush-Kuhn-Tucker’s first-order necessary optimality
conditions used to solve constrained optimization problems. In the case where
the matrices A and C are positive definite, the matrix A is called symmetric
quasi-definite, or SQD for short. We focus on the solution of saddle-point linear
systems of the KKT form,

ermrelf G- on

- [i %)

where A € R™*" is symmetric and B € R™*™ has a full column rank (m < n)
and on systems of the SQD form,



2 INTRODUCTION TO OPTIMIZATION METHODS LEADING TO SYSTEMS OF EQUATIONS

[l

where A € R™*" and C € R™*" are symmetric positive definite and B € R™*™
(m <mn).

The system (1.1) arises in many areas of computational science and engi-
neering, as in computational fluid dynamics (Elman, Silvester and Wathen,
2005), in electromagnetism (Perugia, Simoncini and Arioli, 1999), in opti-
mal control (Battermann and Heinkenschloss, 1997, Battermann and Sachs,
2001) and in weighted least-squares problems (Bjorck, 1996). This system also
emerges as subproblems in different methods for general constrained optimiza-
tion (Gill, Murray and Wright, 1981, Nocedal and Wright, 2006). In particular,
the SQD matrix appears in regularized interior-point methods (Friedlander and
Orban, 2012). Since the late 1990s, there has been a surge of interest in saddle-
point systems. Hence, numerous solution techniques have been proposed for
this type of systems. Benzi, Golub and Liesen (2005) gave a first survey in
which they presented a set of methods for solving these systems.

This work cannot reasonably cover all the different areas involving the solu-
tion of saddle-point systems. Instead, we focus on the KKT and SQD systems
and we motivate the topic of this thesis by giving the general context of some
optimization results in the unconstrained and constrained cases. Section 1.1 in-
troduces the general concepts of unconstrained optimization that will be needed
in the constrained case. Section 1.2 presents classes of constrained optimization
methods leading to the solution of KKT or SQD systems. Finally, we establish
that the KKT and SQD matrices are indefinite and we also introduce impor-
tant properties of these matrices such as their invertibility or the existence of
a factorization.

We only focus in this chapter on tools that we need afterwards and we
highlight the systems that are of interest in the remainder of this work. This
overview of unconstrained and constrained optimization methods is thus far
from complete. We refer the reader to the books of Gill et al. (1981) and
Nocedal and Wright (2006) for more details.

1.1 Unconstrained optimization

A general unconstrained optimization problem is defined as

i f(@) (15)

where the objective function f : IR™ — IR denotes the (continuous) function to
minimize. A global minimizer of this problem is a vector z* € IR" satisfying

fz*) < f(z) VzelR".



1.1. UNCONSTRAINED OPTIMIZATION 3

Generally, it can be difficult to find a global minimizer of f while the iden-
tification of a point z* achieving the smallest value of f in a neighborhood N
of x* is easier. Such a point is called a local minimizer and this terminology
distinguishes it from a strict local minimizer, which is a point z* such that
f(x*) < f(z) for all x € N with z # x*. When the objective function f is
convex, we have a strong property given by the following theorem.

Theorem 1.1 When f is a convex function, any local minimizer z* is a
global minimizer of f. If in addition f is differentiable, then any stationary
point z* is a global minimizer of f.

Proof. See, e.g., (Nocedal and Wright, 2006, p.16) O

Assuming that the objective function f is at least twice continuously dif-
ferentiable (f € C?), we define the gradient and the Hessian of f.

Definition 1.1 The gradient of f is the vector of first partial derivatives
whose i-th component is 0f(z)/0x;, and is denoted by V f(x).

Definition 1.2 The Hessian of f is the matrix of second partial derivatives
whose 4, j-th component is 62 f(z)/dx;0z;, and is denoted by V2 f(z).

1.1.1 Optimality conditions

The following theorem states the first and the second-order necessary optimality
conditions for problem (1.5). Assuming that z* is a local minimizer, one can
deduce properties about the gradient V f(2*) and the Hessian V2 f(x*).

Theorem 1.2

First-order necessary optimality conditions

If * is a local minimizer of f and f is continuously differentiable in an
open neighborhood of z*, then V f(z*) = 0.

Second-order necessary optimality conditions

If 2* is a local minimizer of f and V?2f exists and is continuous in an open
neighborhood of z*, then V f(z*) = 0 and V2 f(x*) is positive semidefinite.

Proof. See, e.g., (Nocedal and Wright, 2006, pp.14 — 15) |

We can guarantee that z* is a strict local minimizer of f if we have sufficient
conditions on the derivatives of f at the point x*.



4 INTRODUCTION TO OPTIMIZATION METHODS LEADING TO SYSTEMS OF EQUATIONS

Theorem 1.3 Second-order sufficient optimality conditions
If V2f is continuous in an open neighborhood of z*, Vf(2*) = 0 and
V2 f(x*) is positive definite, then x* is a strict local minimizer of f.

Proof. See, e.g., (Nocedal and Wright, 2006, p.16) a

We now consider a well-known problem in unconstrained optimization, the
case where the objective function is quadratic. Let us suppose that

1
q(z) = §xTAx — bz, (1.6)
with A € IR™™"™ and b € IR". By the second-order sufficient optimality condi-
tions, if 2* is a local minimizer, the gradient given by Vq(z*) = Az* — b has
to be zero and the Hessian, V2¢(z*) = A, has to be positive definite. In this
case, the minimizer 2* of ¢(x) is the unique solution of a linear system of the
form

Az =D, (1.7)

with a symmetric positive definite matrix A. Solving this kind of linear system
is an active research area and is very important in scientific computing. We
will come back to this in Chapter 2.

1.1.2 Newton’s method

In practice, at the light of the first-order necessary optimality condition, prac-
tical algorithms rely on the (approximate) solution of the nonlinear system

Vf(x)=0

of n equations with n unknowns, to solve the optimization problem (1.5). We
consider Newton’s method which is an iterative method used to generate a
sequence of points, starting at an initial guess zy and hopefully converging
towards a point z* at which V f(z*) = 0 holds. To compute the next iterate
Z41 from the current iterate xy, the objective function is replaced by a second-
order Taylor approximation built around this current iterate zy,

Flak+ ) = f@) + V@) D+ o7V @,

where p € IR™. This quadratic approximation of f around zj; has a unique
minimizer if V2 f(x},) is positive definite. Its gradient,

V f(zrk) + V2 f(zr)p,

is then set equal to zero, which leads to a set of linear equations to solve,
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V2 f(zk)p = =V f(zr), (1.8)

which are known as the Newton equations. If the Hessian V2 f(x},) is positive
definite, the solution py is thus unique and one can define the next iterate as

Tkt+1 = T + Pk-

Note that Newton’s method often does not converge if the initial point z is not
close enough to a local minimizer. The line-search and trust-region approaches
(see, e.g., Conn, Gould and Toint, 2000 and Nocedal and Wright, 2006) are two
strategies which ensure, under appropriate assumptions, global convergence,
i.e., convergence from any starting point. Note also that in many cases, the
Hessian can be indefinite or singular, or unavailable or too expensive to compute
at every iteration; then Newton’s method cannot be applied. In practice, one
uses quasi-Newton methods that do not need to directly evaluate the Hessian
but that use a suitable approximation (see, e.g., Nocedal and Wright, 2006).

Observe that (1.8) is a symmetric system. In constrained optimization,
Newton’s method is also used in some approaches but leading to symmetric
systems of equations of the KKT or SQD form. In Section 1.2, some methods
for constrained optimization problems are considered and we highlight these
systems.

1.2 Constrained optimization

We now add equality and inequality constraints to (1.5)

min T
nin, f(z)
ci(r) =0, €€,
st { e(r) >0, il (1.9)

where f : IR" — IR is the objective function and ¢; : IR" — IR for all
i € EUT are the constraint functions. The two disjoint index sets £ and 7
correspond to the indices of the equality and inequality constraints respectively,
and are of size ng and nz. For later use, we also introduce the functions
ce :IR" — R™ and ¢z : R" — IR™ defined as cg(z)T = [e1(2). .. cn, (7))
and cr(2)T = [c1(x)...cn, ()], respectively.

Definition 1.3 The feasible set € is the set of feasible points x, i.e., those that
satisfy the constraints,

2 := {x € R" such that ¢;(z) =0,¢ € £ and ¢;(x) > 0,7 € T}.
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Extending the definitions of the unconstrained case, we obtain the following
definitions for the different types of solutions of problem (1.9). A global solution
of (1.9) is a vector z* € Q satisfying

f@*) < f(zx) Vel

A vector z* € Q is called a local solution when f(z*) < f(x) forall z € N N Q,
where N is a neighborhood of z*. Finally, we define a strict local solution as a
point z* € Q such that f(z*) < f(z) for all x € N'NQ with x # z*.

Definition 1.4 For ¢: R" — IR™, the Jacobian J(x) is defined as the n x m
matrix

J(z) == [Ver(x) Vea(x) ... Ve (2)]7,

where ¢; is the ith component of c.

We denote by Jg(z)€ R™*™ and Jz(z)€ IR™* ™" the Jacobian of the equal-
ity and inequality constraints, respectively.

1.2.1 Optimality conditions

As in the unconstrained case, there exist first and second-order optimality
conditions. In this section, we only focus on first-order necessary optimality
conditions. We first define some concepts and notation needed in the remainder
of this section.

Definition 1.5 The Lagrangian function for problem (1.9) is defined as

E(m,y,z) = f(l‘) - yTCE(:E) - zTCI($)>

where the components of y € IR™ and z € IR"® are called the Lagrange
multipliers.

Definition 1.6 The active set A(z) at a given feasible point z is the set of
indices of the constraints c¢; satisfied as equalities at =z,

A(x) := E U {i € T such that ¢;(x) = 0}.

At a feasible point x, any inequality constraint satisfied as equality at = is
called active, while any inequality constraint satisfied as strict inequality is
called inactive.

Definition 1.7 The linear independence constraint qualification (LICQ) con-
dition holds at a feasible point x for problem (1.9) if the gradients of the active
constraints at x,

{Vei(x), i € A(x)},

are linearly independent.
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The first-order necessary optimality conditions given in the following the-
orem are called the Karush-Kuhn-Tucker conditions, or KKT conditions for
short, and state first-order necessary optimality conditions for z* to be a local
solution. These conditions were derived by Karush in his master’s thesis at
the University of Chicago in 1939, but it is only in 1950, when the mathemati-
cians Kuhn and Tucker published their work, that the theory of constrained
optimization emerged (see Karush, 1939, and Kuhn and Tucker, 1950).

Theorem 1.4

First-order necessary optimality conditions

Suppose that z* is a local solution of (1.9), that the functions f and
{¢i}iceuz in (1.9) are continuously differentiable and that the LICQ con-
dition holds at x*. Then there are Lagrange multiplier vectors y* € IR™¢
and z* € IR"*, with components y},i € &, and zF,i € Z, such that the
following conditions are satisfied at (x*,y*, 2*)

Vo L(z*,y*,z*) = 0, (1.10)
ce(z™) 0, (1.11)
cz(z*) = 0, (1.12)
zf > 0, forallieZ, (1.13)
ziei(z*) = 0, forallieZ. (1.14)
Proof. See, e.g., (Nocedal and Wright, 2006, Section 12.4) m]

Condition (1.10) is known as the stationarity condition. By Definition 1.5
of the Lagrangian function, we can rewrite the stationarity condition as

VaL(z*y*, ") = Vf(a*) = Je(a*)Ty" — Jz(a)T2" =0,

with Jg(2*) and Jz(2*) the Jacobian of the equality and inequality constraints
at x*, respectively. The conditions (1.11) and (1.12) imply the feasibility of z*,
while conditions (1.14) imply that either the inequality constraint ¢ is active or
the associated Lagrange multiplier is nul, or possibly both. These conditions
are known as the complementarity conditions. In addition, condition (1.13)
imposes nonnegative Lagrange multipliers for the inequality constraints.

For later use (in Chapter 6, Section 6.3.3), we also give the F. John The-
orem below (see, e.g., Hirlart-Urruty, 1996) that states first-order necessary
optimality conditions for problem (1.9) without any constraint qualification
condition.
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Theorem 1.5 Suppose that z* is a local solution of (1.9) and that
the functions f and {¢;}iceur in (1.9) are continuously differentiable.
Then there is a scalar u* € IR and vectors y* € IR"™ and z* €
IR"*, with components yf,i € &, and z},i € Z such that the vector
[ut,y*,2*] € IR x IR"™ x IR"* is nonzero and the following conditions
are satisfied at (z*,u*, y*, z*) with

wV f(a*) = Je(@) Ty — Jr(z) 20 = 0,
zi > 0, forallieZ,
ziei(x*) = 0, forallieT.
Proof. See, e.g., (Hiriart-Urruty, 1996, Theorem 3.1) O

In the next sections, we focus on some methods for constrained optimization
leading to the solution of KKT or SQD systems. We first consider the quadratic
programming, which often appears as subproblems in some methods for general
constrained optimization. Then we focus on some approaches to solve general
constrained optimization problems as, for instance, the sequential quadratic
programming leading to KKT systems, or the interior-point method leading to
SQD systems.

1.2.2 Quadratic programming

In this section, we consider the constrained optimization problem where the
objective function is quadratic and the constraints are all equalities and linear.
This type of problem arises in several applications but also as subproblems
in methods for general constrained optimization, such as sequential quadratic
programming, augmented Lagrangian methods and interior-point methods. Let
us consider the general form

. L 7 T
min qx) =" Az —b 1.15
zeclR™ (=) 2 (1.15)
s.t. BTz =g,

where A = AT ¢ IR"*", b € IR", BT € IR"*" is the Jacobian of the constraints
(m < n) and ¢ € IR™. The Lagrangian function for the quadratic problem
(1.15) is given by

1
L(x,y) = QxTAx —bTx —yT (BTz - ¢),
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where y € IR™ is the vector of Lagrange multipliers. The KKT conditions
(1.10) - (1.11) for problem (1.15) state that there exist vectors z* € IR™ and
y* € IR™ such that the following system of equations is satisfied,

Az*—b—By* = 0
BTz —c= 0

or, equivalently,

A B|| " b
ool =1 w19
The KKT conditions for problem (1.15) thus amount to solve the KKT system
(1.16).

1.2.3 Sequential quadratic programming

In this section, we consider the method for constrained problems called se-
quential quadratic programming (SQP) introduced by Wilson (1963). We only
focus on the case where we have equality constraints so that the problem can
be stated as

i () (1.17)

s.t. ce(x) =0.

The idea behind this method is to solve, at a given iteration k, a quadratic
subproblem of the form (1.15), and to use its solution to construct the next it-
erate. One replaces the objective function at the current iterate x € IR"™ by its
local quadratic approximation defined by a second-order Taylor approximation
at Tk,

1
f@) ~ f(zr) + V() (@ — ) + 5(% —x) V2 f(xp) (2 — 21),
while the constraints are linearized around zy,

ce(x) =~ ce(ag) + Je(zg)(x — xp),

with Jg(z) denoting the Jacobian of the equality constraints. If we set
p = x — xy, we get a quadratic problem of the following form

min  f(ae) + VI (en)Tp+ 25TV f(en)p (1.18)
pGIR" 2

s.t. ce(xg) + Je(z)p = 0.
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As we have seen in the previous section, we have that the KKT conditions
(1.10) - (1.11) are equivalent to solve the following system of equations for
problem (1.18),

Tetag ] 2] =[]

where y* € IR™® is the vector of Lagrange multipliers. We can see that sequen-
tial quadratic programming requires to solve systems of the KKT form at each
iteration. We refer the reader to Nocedal and Wright (2006) for more details.

1.2.4 Augmented Lagrangian method

We now consider another approach to solve general constrained optimization
problems known as the augmented Lagrangian method (see Hestenes, 1969, and
Powell, 1969). This technique consists in replacing a constrained optimization
problem by an unconstrained one which combines the objective function and
the constraint violation in some way. As in the previous section, we only fo-
cus on problems with equality constraints of the form (1.17) and we consider
the approach introduced in this context by Nocedal and Wright (2006), Sec-
tion 17.3.
Consider the Lagrangian function of problem (1.17),

L(z,y) = f(x) —yTce(x), (1.19)
where y € IR™ is the vector of Lagrange multipliers. The method considers
the Lagrangian function with a quadratic penalty term,

Llayim) = Lley)+ Gllee @3

= f(@) = y"ce(@) + Slles (@)1, (1.20)

where 1 > 0 is called the penalty parameter. The first-order necessary optimal-
ity conditions given in Theorem 1.2, implies to solve the nonlinear equations
VL(z,y; ) =0, or, equivalently,

e = [

As we have seen in Section 1.1.2, to find the roots of the nonlinear system
VL(z,y; ) = 0, one can apply Newton’s method and solve the Newton equa-
tions

VZ‘C(;vavM)p = —Vﬁ(wyil/? /1’)7

or, equivalently,
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V2, L(x,y; 1) Viyﬁ(%y;u)] [px} _ {Vxﬁ(m,y;ﬂ)]’ (1.21)

Ve Lz, y; ) Vi, L(x,y; 1) VyL(x,y; 1)

Yy

with p, € R" and p, € IR"#. The components of the gradient of the augmented
Lagrangian (1.20) are given by

Vol(z,y;p) = Vf(z) = Je(@) 'y + pJe(z) es()
= V.L(z,y) +pJe(x) ce (), (1.22)
and
VyLleyip) = —ce(a), (1.23)

while the components of its Hessian are given by

V2. L(z,y;p) = Ve L(x,y)+pde(x )+ uz ci(x)Viei(z), (1.24)
€€
and
Vi L(myip) = —Je(x). (1.26)

Substituting in the Newton equations (1.21) yields the following KKT system

Vifz(f(’%;“) —JOsS)T] M ——[V"’”ﬁ(m’”fcﬁé‘i(”%g(m’ |

where the (1, 1) block is given by (1.24).

As we have shown in this section and the previous one, we can solve opti-
mization problems with equality constraints with two approaches: sequential
quadratic programming or augmented Lagrangian™. In both cases, the key
point is to solve systems of KKT form. In the next section, we consider an
approach called interior-point method where we consider a constrained opti-
mization problem with equality and inequality constraints.

Y

(1) These methods can be adapted to problems with inequalities constraints. We refer the
reader to the book of Nocedal and Wright (2006).
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1.2.5 Interior-point method

In this section, we consider a constrained optimization problem with equality
and inequality constraints,

o
s.t. ce(x) =0 (1.27)
cz(z) > 0.

We analyse a type of methods called interior-point methods suggested by
Frisch (1955) and later developed by Fiacco and McCormick (1968), that re-
quire all iterates to strictly satisfy the inequality constraints in the problem
and to respect the equality constraints. We refer the reader to the book on
interior-point methods for linear programming (see, e.g., Wright, 1997) and to
surveys on nonlinear optimization (see, e.g., Forsgren, Gill and Wright, 2002,
Gould, Orban and Toint, 2005 and Nocedal and Wright, 2006). A subclass
of interior-point methods adopting the most efficient practical approaches are
known as primal-dual methods and were introduced in the early 1990s (see,
e.g., Wright, 1997, and Nocedal and Wright, 2006).

As in Nocedal and Wright (2006), the inequality constraint of problem (1.27)
can be reformulated as two constraints (one inequality and one equality) by
adding a new variable s € IR"Z called a slack variable. One can indeed trans-
form problem (1.27) into

Mg T
s.t. ce(xr) =0 (1.28)
cr(z) —s=0
s> 0.

We then replace the non-negativity constraint in problem (1.28) by a logarith-
mic term called barrier term in the objective function,

min flz) —w Ins;
zelR", selR"Z (@) ZEZI
s.t. ce(xr)=0 (1.29)
cz(x) —s=0,

with w > 0 being a barrier parameter and s; being a component of s. The
feasible set of problem (1.29) is the set of strictly feasible points for problem
(1.28). The minimization of the barrier term —w ), ., Ins; in (1.29) prevents
the components of s from becoming too close to zero.
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The Lagrangian function for problem (1.29) is given by

L(x,8,y,2) = —lensZ yTee(x) — 27 (cz(z) — s),

i€l

where y € IR"® and z € IR"* are the vectors of Lagrange multipliers. We write
the KKT conditions (1.10)-(1.11) for problem (1.29) as follows,

L(z,s,y,

Vs z)
VL(x,s,y,2z) =
)

ce(x

\
o o o o

cr(x) —

)

which is equivalent to VL(z, s, y, z) where the gradient of the Lagrangian func-
tion is given by

VIE(LC, 5,9, Z) vf(w) - Jg({I;)Ty - JI(x)TZ
| VeLlx, s,y 2) | —wS~le+ 2
VA S92 = G L,y )| T ~es(2) |
V.L(z,s,y,2) —cz(z) +s

with S being the diagonal matrix whose diagonal entries are given by the vector
s >0 while e = [1,1,...,1]7 € IR™. As we have seen in Section 1.1.2, to find
the roots of the nonlinear system VL(z,s,y,z) = 0, one can solve the Newton
equations. We first multiply the second equation Vi L(z,s,y,z) = 0 by S
implying

ViL(x,s,y,2z) = —we+ Sz = 0
Applying Newton’s method, we obtain

VQE(x, 5Y, Z)p = 7V£(£L’, Y, Z)

or, equivalently, the next system to solve

ngc(xz Y, Z) 0 7‘]5 (x)T 7JI(x)T yz Vf(l’) ( ) Y= JI( )
Z 0 S ps| _ Sz — we
—Je(2) 0 0 0 py| —ce ()
—Jz(z) Ing 0 0 Pz —cz(z) +s

with Z being the diagonal matrix whose diagonal entries are given by the
vector z, p, € R", p, € R"*, p, € R™ and p, € R"*. Multiplying the
second equation by S~!, we can rewrite the system in the symmetric form
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V2 L(z,s,y,2) 0 ; —Je(x)T  —Jr(x)T Dz Vi) —Je(x) 'y — Jz(x)T 2
0o 3 = 7F7707777[7n1 | |Ps| = _ z—wS e
—Jg(af) 0 0 0 Py —cg (:E) ’
—Jz(x) Ing | 0 0 P2 —cz(z) + s

(1.30)

with the diagonal matrix ¥ = S71Z € IR"**"*. Various formulations of the
Newton equations can appear in the literature. For instance, the symmetric
matrix (1.30) has a KKT form but we can consider two other formulations.
First, in the second equation of (1.30), we extract

pe=—-Y"1p, -2 lz 4+ wn S e,
and the system (1.30) can be reduced by eliminating ps with Z=1 = ¥>=15-1
[ VieL(z,s,9,2) | —Je(x)T —Jz(x)" {p} [Vf(ﬂc) —Je(x)Ty - —JZ(CB)TZ:|

777777777777777777 Dy z—wS e
2 —cr(z)+s -2z +wZ e

Observe that, by eliminating p, = —XJz(z)p, — Sez(z) + Xs — 2 + wBZ e
using the last equation, we reduce the matrix again to obtain the following
KKT matrix,

[ngﬁ(x, 8,v,2) + JE(x)2Jz(z) —Jg(x)T}
—Je(x) 0 ‘

1.2.6 Regularization method

In this section, we analyse the cure of an ill-posed system. In some cases,
the (1,1) block can be positive semidefinite and (1,2) block does not have a
full column rank. This implies that the system is not invertible or that the
solution of the system may not be unique. The reqularization is a method that
constructs a related problem whose solution is unique and only slightly differs
from a solution of the original system. Regularization can take many forms
and we analyse here the approach developed by Altman and Gondzio (1998)
and Friedlander and Orban (2012)().

The first problem that can occur is that the matrix A is not positive definite.
In this case, we can replace the original matrix denoted A by A+ ~I,, with the
positive parameter . The modification of the (1,1) block implies to add v to
the eigenvalues of A and thus to induce the positive definiteness of the (1,1)
block for v large enough. In the optimization context, it is similar to consider
the prozimal-point method developed by Rockafellar (1976) when the function
f is convex. This method generates a sequence of iterates that are approximate
solutions by solving a sequence of subproblems of the form

(2)The authors use the regularization in the context of interior-point methods, while we
focus only on problems with equality constraints.
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: 1 2
min flx)+ =vkllr — xx 1.31
i f@)+ el (131)
s.t. ce(z) =0,

where {74} is a sequence of decreasing positive parameters. The solution of
problem (1.31) yields the next iterate xy11. A proximal-point term has been
added to the original objective function, which penalizes solutions far from the
previous iterate. The Lagrangian function of (1.31) is given by

1
L(w,y) = f@) + gl = 2ell5 = y"ee (),

where y € IR™ is the vector of Lagrange multipliers. The KKT conditions
(1.10)-(1.11) are given by

V(@) + vz —zx) — Je(z)y
ce(x) = 0,

and the Newton equations give

V2f (@) + Yiln Js(x)T] [ Ps ] _ {Vf(x) + @ —ax) = Je(2)Ty
Je(x) 0 —Dy ce(x) ‘

(1.32)

The (1, 1) block of (1.32) is V2 f () +7x I, which is positive definite for v, large
enough, even if V2f(x) is positive semidefinite. It implies that the solution
Th41 is unique when Jg ()T has full column rank. The conditions under which
the proximal-point algorithm terminates under a finite number of iterations is
given by Ferris (1991).

Afterwards, if the (1,2) block has a deficient rank, the KKT matrix is
singular. The solution for this problem is to modify the (2,2) block by —dz
with the positive parameter ¢ called the dual regularization parameter and
z € IR™. Suppose that the objective function and the equality constraints of
this problem are perturbed to yield the problem

1
min x) + =622 1.33
R e fla) + 50llz]2 (1.33)

s.t. ce(x) + 02 =0.

The Jacobian of the constraints (1.33) is [Je(x) 61,,.] that never has a deficient
rank. The Lagrangian function of (1.33) is given by
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£(w,2,9) = £(@) + 501213 — 7 (s (@) + 82),

where y € IR™ is the vector of Lagrange multipliers. The KKT conditions
(1.10)-(1.11) are given by

Vf(z) = Je(@)'y = 0
0z—0dy = 0
ce(x)+d0z2 = 0,
implying the following Newton equations,
V?::z:[’(x>z7y) 0 ; Jé'(x)T Pz Vf(l') - J£<x)Ty
o0 gt Ol | e | = 6z — by )
Je(x) 0l ' 0 —Dy ce(x) + 0z

with p, € R", p. € IR"® and p, € IR"®. By eliminating p. using the second
equation, we obtain the following SQD matrix

Je () —01,,

The regularization implies to solve system of the KKT form or of the SQD
form.

via‘ﬁ(xvz7y) Jf(x)T:| )

1.3 Properties of Karush-Kuhn-Tucker (KKT) ma-
trices and of symmetric quasi-definite (SQD)
matrices

In the previous section of this chapter, we saw that systems of the KKT or SQD
form appear in various methods of optimization, such as sequential quadratic
programming or interior-point methods. These systems form an important
class of linear systems and it is crucial to solve them efficiently. In the next
chapter, we analyse the techniques to solve this type of systems but before, we
recall the properties of matrices of the KKT or SQD form as the invertibility
conditions. We only focus on the solution of saddle-point systems (1.1) with .4
previously defined in (1.2) as

BT —C

where A of order n is sparse, symmetric and positive definite, B of size n x m
has full column rank (m < n) and C of order m is either zero or symmetric
and positive definite. The matrix 4 is then indefinite. More precisely, it has n
positive eigenvalues and m negative eigenvalues, thanks to the following result.

A:[A B], (1.34)
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Theorem 1.6 If A is positive definite and C' is positive semidefinite, then
inertia(A)=(n,m — p,p), where 0 < p < m. If B has full column rank or
C is positive definite then p = 0.

Proof. (Higham and Cheng, 1998, Lemma 4.2) O

The following result shows that the saddle-point matrix A with A and C posi-
tive semidefinite is nonsingular if the two row blocks [A BT] and [B —C]
have full row rank.

Theorem 1.7 Assume that A and C' are symmetric, positive semidefinite
matrices. The vectors v and v satisfy

o 18] 1)

if and only if

Proof. (Forsgren, Gill and Wong, 2015, Proposition 5) |

We consider the solution of KKT systems in (1.3),

Agrrz =b= {;T ﬂ m = m , (1.35)

where A € R™*" is symmetric and B € R™™™ (m < n). We first consider
the case where the matrix A is positive definite, for which the following result
gives a necessary and sufficient condition for the saddle-point matrix Ay, to
be nonsingular.

Theorem 1.8 Assume that A is symmetric positive definite. Then the
matrix Ak is nonsingular if and only B has a full column rank.

Proof. See, e.g., (Benzi et al., 2005, Theorem 3.1) O
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In the particular case where A is positive semidefinite, we have the following
result.

Theorem 1.9 Assume that A is symmetric positive semidefinite and B
has full column rank. Then the KKT matrix Ay, is nonsingular if and
only if

Ker(A)n Ker(BT) = {0}.

Proof. See, e.g., (Benzi et al., 2005, Theorem 3.2) |

The requirement that A be positive semidefinite can be somewhat relaxed by
the next theorem.

Theorem 1.10 Assume that A is positive definite on Ker(BT) and B has
a full column rank. Then the KKT matrix Ay, is nonsingular.

Proof. See, e.g., (Nocedal and Wright, 2006, Lemma 16.1) |

In this work, we assume that A is symmetric positive definite and B has a
full column rank for the KKT matrices. By Theorem 1.8, the matrix Ay, is
nonsingular and thus the systems (1.35) has a unique solution.

Finally, we consider a general SQD system in (1.4),

=[5 2-[)

where A € R™*"™ and C € R™*" are symmetric positive definite and B € R™*™
(m < n). The SQD matrices Agq are always nonsingular such that the inverse
of SQD matrices has a particular form.

Theorem 1.11 The inverse of a SQD matrix is SQD.

Proof. (Vanderbei, 1995, Theorem 1) O

We recall an important result, which shows that the symmetric quasi-definite
matrices form a class of strongly factorizable matrices where a permutation
matrix is defined by permuting the rows or columns of an n x n identity matrix
according to some permutation of the numbers 1 to n.



1.3. ProrERTIES OF KKT MATRICES AND OF SQD MATRICES

19

Theorem 1.12 The SQD matrices are strongly factorizable, i.e., there
exists a factorization PAgqp PT = LDLY for any permutation P with D a
diagonal matrix and L a unit lower triangular matrix.

Proof. (Vanderbei, 1995, Theorem 2)
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Chapter

Introduction to iterative methods
for solving systems of equations

As we have seen in the first chapter, the solution of linear systems of equations
is of great interest in many numerical optimization approaches. In the first
part of this chapter, we consider a general linear system of equations

Az =0, (2.1)

where the square matrix A of order n is symmetric. When A has a small size, di-
rect methods based on Gaussian elimination are generally used. Such methods
involve a fixed number of steps that require a finite number of operations and
at the end, provide the solution. For symmetric positive definite matrices, for
instance one can use the Cholesky factorization, which requires %5 operations
in exact arithmetic and transforms A into the product of a lower triangular
matrix L and its conjugate transpose. The factors L and LT are used to solve
(2.1) through the solution of two triangular systems easier to solve: Ly = b by
forward substitution, followed by the solution of Uz = y via backward substi-
tution. If the matrix coeflicient is sparse, some fill-in can appear during the
factorization and, in addition, when A is large, direct methods are too costly,
which motivates the use of iterative techniques to find a good approximation
of the solution. We refer the reader to the books of Greenbaum (1997) and
Hageman and Young (1981) for more details on iterative methods for solving
linear systems.

We introduce here the Krylov subspace methods which aim to solve linear
systems (2.1), in particular, three iterative methods which belong to the class
of the Krylov methods: the Lanczos method, the conjugate gradient method
and the minimal residuals method. The last two are respectively known as the
CG method and the MINRES method. The CG method is the most popular

21
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method used for symmetric positive definite systems of the form (2.1), while
the MINRES method is developed for symmetric indefinite ones.

In the second part of this chapter, we present the general preconditioning
techniques for linear systems, which aim to accelerate the convergence of itera-
tive methods. Especially, we focus on the preconditioners for the KKT systems
or the SQD systems as for instance the block diagonal preconditioners or the
constraint preconditioners. We also analyse in more details the block diagonal
preconditioner proposed by Golub et al. (2006).

2.1 Krylov subspace methods

The main idea of Krylov subspace methods is to consider an initial iterate
xo € IR™ with the initial residual rq := Axy — b and to generate a sequence of
iterates such that the kth iterate xz; satisfies

xp € xo + K(A, 03 k),

where

K(A,z;k) == spanf{z, Az, ..., A1z},

is the Krylov subspace of degree k < n for x. The dimension of these subspaces
increases by one at each iteration of the method. The construction of the
iterates is based on an orthonormal basis {v1,...,v;} of the Krylov subspace
so that the approximate solution at the kth iteration is given by

z = xo + Vi, (2.2)

where y, € R”* and Vi € R™* is the matrix with columns V1y..., V. Krylov
methods can roughly be classified in four families depending on the manner in
which they compute xj. Literature on Krylov subspace methods can be found
in van der Vorst (2003) and Saad (2003). Before presenting some of them, we
recall for further use how an orthonormal basis of the Krylov subspace can be
built.

The Lanczos method introduced by Lanczos (1952), has initially been de-
veloped to compute a few dominant eigenvalues and possibly the associated
eigenvectors of a large sparse symmetric matrix A. However it also builds an
orthonormal basis of a Krylov subspace (A, z; k) whose basis vectors can be
expressed in terms of polynomials in the matrix A applied to the initial vector
zo (see, e.g., Meurant and Strakos, 2006).
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Let v1 be an initial vector and let vy = 0. Based on the Gram-Schmidt algo-
rithm, an orthonormal basis {v1, va, ..., v} for K(A,v1; k) can be constructed
by the following algorithm (see, e.g., Fischer, 2011, p.135).

Algorithm 1 Lanczos method

1: Choose an initial vector vy;

2: Set Y1 = ||’U1H2, vg = 0;

3: for j=1,2,... do

4: Vj = ’U],I‘/’Yj;

5: 6 = v; Avy;

6 Vj41 = A'Uj — 5jvj — YjVj—-1;
7 Vi+1 = lvjsall2;

8: end for

The basis vectors {v;}¥_; are known as Lanczos vectors and the Lanczos
method transforms a symmetric matrix A into a symmetric tridiagonal matrix
Ty41,x with an additional row at the bottom,

51 2 0 - 0
Yo 02 Y3
Tk = o . e T 0 c REFTD 3k
: : : Tk
0 -+ 0 ~v O
L0 o 0 kg

If we define T}, to be the first k rows of Tjy1 x, then T} is square, symmetric
and

Ty
Thy1, = [ F } ;

7k+1€£
where ey, is the kth column of the k x k identity matrix I;. Observe that line 6
of Algorithm 1 for j =1,...,k can be written in matrix form as
AV = Vi1 Tey1k (2.3)

T
= ViTh + Yet1Vk41€j, -

From the orthogonality of the Lanczos vectors, we have that VkTv;H_l =0 and
we can deduce the following relation

VI AV, = Ty, (2.4)

which will be useful in the next sections. In the next sections, we introduce the
general principle of three methods belonging to the class of Krylov subspace
methods.
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2.1.1 Lanczos algorithm

When solving linear systems (2.1) with A symmetric, the approximation of the
solution is given by (2.2). To identify suitable iterates zj, we first consider
the Ritz-Galerkin approach, also used by the CG method, which imposes that
the Ritz-Galerkin condition, i.e., that the residual ri, := Axp — b be orthog-
onal to the subspace KC(A,ry; k) = span{ry, Ary, ..., A*"1r;}. Replacing the
expression (2.2) in the kth residual gives

e = A(xo + Viyr) — b,

or, equivalently,

Tk :r0+Akak. (25)
Substituting the previous expression in the Ritz-Galerkin condition VkTrk =0
together with the relation (2.4) implies that
Vil'ro + Vil AVeyr, = 0

and we deduce that

Yr = —Tk_l(VkTTO)-

with Tj nonsingular. We set v1 = ro/8 with 8 = ||ro||2 and we obtain

e = =T}, (Bex), (2.6)

where e is the first column of the k x k identity matrix I;. The pseudocode for
the Lanczos method to solve linear systems is given by Algorithm 2. Note that
lines 1-9 correspond to the Lanczos method (Algoritm 1) applied with v; = 7
and line 10 corresponds to the approximation of the solution given by (2.2)
with (2.6).

Algorithm 2 Lanczos method for linear systems

1: Choose an initial vector xg;

2: Compute rg = Axg — b, v1 = rg;

3: Set Y1 = ||1]1H2, Vg = 0;

4: for j=1,2,...do

5: v = ,U%ﬂ/’yﬂ’

6: (Sj =v; Avj;

7 Vjt1 = Avj — 5j’Uj — YjVj—1;
8 Vi1 = llvj+allz;

9: end for

10: Compute y, = ka_l(’ylel) and set x = xo + Viyr;
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2.1.2 Conjugate gradient (CG) algorithm

The CG algorithm introduced by Hestenes and Stiefel (1952), is an iterative
method to solve linear systems (2.1) where the matrix A is symmetric and
positive definite. Although the CG algorithm was first derived in a completely
different way using conjugacy and minimization of a quadratic function, it turns
out that it is mathematically equivalent to the Lanczos algorithm described in
the previous section (see, e.g., Meurant, 2006, Section 2.1). Indeed, it can be
obtained from the Lanczos algorithm by using the Cholesky factorization of Tj.

We introduce here the CG algorithm as a method which minimizes the
quadratic function ¢(x) := %JETASC — bTx, where A is symmetric and positive
definite. The minimizer of this function is the solution to Ax = b, as we have
seen in Section 1.1.1. We initialize for a given starting point zo € IR", the
initial residual ry := Axy — b and the descent direction py = —rg. The CG
method generates the sequence of iterates {zx} by setting

Tk4+1 = Tk + QgPk,

where pj is a descent direction at iteration k£ and «y is the step length deter-
mined by an exact linesearch along py, (i.e., the minimizer of ¢(.) along pg). It
is given explicitly by

T

i Apr’
The new search direction py, is generated using only the previous direction pg_;
and is defined as a linear combination of the residual r; and pp_1,

Pe = —7Tk + BkPr—1, (2.8)

where the scalar §j is chosen to ensure that py_; and pj are A-conjugate, i.e.,

pi_1Apr, = 0.
We set
TTApkq
B = A ———. 2.9
p£71Apk—1 ( )

Doing so, one can show that all the generated directions are A-conjugate,

piTApj =0 forall i#j.

The pseudocode for the CG method is presented in Algorithm 3 (see, e.g.,
Nocedal and Wright, 2006, p.112). Line 4 and line 7 compute the step length
and the scalar fj, at iteration k based on and equivalent to formula (2.7) and
(2.9), respectively.
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Algorithm 3 CG method

1: Choose an initial vector xg;

2: Set ro = ALCO — b, Po = —To, k= 0;
3: while 7, # 0 do
, _ TRTk
4: o = —5 ;
Py, Apx
5: Th+1 = Tk + QOkPk;
6: Tht+1 = Tk + OlkApk;
T
Tey1Th+1
T Br41 = —F—;
7"k Tk
8: Pkt1 = —Tkt1 + Brt1Pk;
9: k=k+1;

10: end while

In exact arithmetic, the CG method converges in at most n iterations where
n is the order of the matrix A, but in finite precision, it could not be the case.
Indeed, the performance of the CG method depends on the distribution of
the eigenvalues and/or on the condition number of the matrix A defined, for
a nonsingular matrix, as k(A) = ||A||||A7!]|, where any matrix norm can be
used. In the case of the Euclidiean norm, we have for a symmetric positive
definite matrix that ko(A) = ’)\\—”1‘, with A\; and A,, the smallest and the largest
eigenvalues of A, respectively.

The following theorem says that the more eigenvalues are clustered, the
more convergence is rapid.

Theorem 2.1 If A has only r distinct eigenvalues, then in exact arith-
metic, the CG method will terminate at the solution in at most r iterations.

Proof. See, e.g., (Nocedal and Wright, 2006, p.115) o

The two following theorems give a bound on the error norm of iterate with
respect to the eigenvalues or the condition number of A. The A-norm of the
vector © € IR"™ is defined by ||z||4 = VaT Az.

Theorem 2.2 If A has eigenvalues \; < Ay < ... < A\, we have that

. Aok =M\ .
o -l < () oo -l (210
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Proof. (Luenberger, 1973, p.180) ad

The A-norm of the error of iterate can also be bounded by the following
convergence theorem.

Theorem 2.3
k+1
* K’Q(A) -1 *
T —x <2 Y——— To— T . 2.11
H k+1 ||A— <m+1 H 0 ||A ( )
Proof. See, e.g., (Conn et al., 2000, p.85) ad

The convergence of the CG method is not only affected by the condition number
of A but also by the number and distribution of very small eigenvalues, as shown
by van der Sluis and van der Vorst (1986).

2.1.3 MINRES algorithm

The MINRES algorithm was derived by Paige and Saunders (1975) and can
be viewed as a generalization of the CG method for the solution of symmetric
indefinite linear systems. One way to derive the MINRES algorithm is to exploit
the minimum norm residual approach which implies that the Euclidean norm
of the residual ||rg||2, is minimal over the Krylov subspace KC(A,v1;k) with
vy =19/B and B = ||rgll2. Similarly to Section 2.1.1, the kth residual (2.5) is
given by

ry = 1o+ AViyk,

where the columns of Vj, are the Lanczos vectors generated by the Lanczos
algorithm (Algorithm 1) and y, € IR* such that

Yr = arg rninlC llro + AViyll2.
yG]R

Using expression (2.3), we obtain

e = 10+ Vi1 Tht1,6Vk
= Vit1(Ber + Thy1,1Yx)-

with e; is the first column of the (k + 1) x (k + 1) identity matrix Iy,;. Since
the columns of the matrix Vi1 are orthonormal, we have
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l7xll2 = l|Ber + Thy1,xyxll2,

so that the approximate solution at the kth iteration is given by

xp = 20 + Vil, (2.12)

where y, = arg minyeIR’“ |Ber + Tkt1,kYyll2, which is the solution of a least-
squares problem.

The usual technique to solve this least-squares problem is to use a QR
factorization which transforms the tridiagonal matrix Tjy; 5 into the product
of an orthogonal matrix @ € RE+HDXEHD and an upper bidiagonal form)
R € RFFD*F 1y using Givens rotations (see line 18 in Algorithm 4 below).
We define (QR)g, to be the first k rows and columns of QR. The solution yy

is obtained by solving the upper bidiagonal system

per + (QR)kk yr = 0,

which implies that

Yk = —531;2(QT61)1:1<, (2.13)

where Ry, j; is the upper k-by-k block of the tridiagonal factor R and (QTe1) 1.k
are the k first entries of vector QTe; € IR, Using the expression (2.13) in
the approximate solution (2.12), we obtain

xp = x0 — B (Vk:RE}c) (Q@"e1)1:k-

In practice, we set Wy, := VkRk & and the columns of W denoted by {wj}
are computed in Algorithm 4 by line 20 below. The pseudocode of the MINRES
method is described in Algorithm 4 and we refer the reader to Saad (2003) and
Greenbaum (1997) for more details.

We have a result for the 2-norm of the residual in the MINRES algorithm.
As for the CG algorithm, the bound depends on the condition number of the
matrix A.

Theorem 2.4

k
|| A2y, — b||2 <2<\/ﬂ+1> [|[Azo — b]|2. (2.14)

(DThat is, the top k-by-k block is upper bidiagonal and the last row is zero.
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Algorithm 4 MINRES method

1: INITIALIZATION
2: 99 =0, wy=0,w; =0
3: Choose an initial vector x(, compute v = b — Az
4: set y; = \/vlTvl
5 Setn=7y,s0=81=0,co=c1 =1
6: for j = 1 until convergence do
7. LANCZOS
8: v = ;[
9: 5j = vaAvj
10: Vjt1 = AUj — (SJ‘Uj — YjVj-1
11: Vi+1 = [[vj41[2
12: QR FACTORIZATION
13: g = Cj(Sj — Cj—15575
14: ap = /ad + 'yJZH
15: py = Sjéj + Cj—1C57j
16: a3 = S;_17;
17: GIVENS ROTATION
18: Cjp1 = ap/ar; Sj41 = Y41/
19: LEAST SQUARES SOLUTION
20: Wit1 = (’Uj — Q3Wj—1 — Ozg’LUj)/Ozl
21: Tj=Tj—1 —+ Cj+1MWj41
2, 0= —sy41n with [] = Az, — |
23: end for
Proof. See, e.g., (Greenbaum, 1997, p.53) O

2.1.4 Comparison between CG and MINRES

In the previous sections, we have presented two famous Krylov subspace meth-
ods, CG and MINRES, which are applied on positive definite or indefinite sym-
metric systems, respectively. Indeed, the CG method can be unstable or unde-
fined on systems that are not positive definite. The natural choice for saddle-
point systems of KKT or SQD form is thus the MINRES method. The bounds
(2.10) and (2.11) for CG method and (2.14) for MINRES method, lead to the
observation that if a matrix A has a small condition number and/or that its
eigenvalues are clustered, then the convergence of the CG or MINRES method
will be rapid.

One way to classify and compare these Krylov subspace methods is based
on the quantity to be minimized. Table 2.1 summarizes the quantity to be
minimized for each method with the error norm defined by ey := x, — x*.
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kth residual kth error
CG with A positive definite min ||rg||4-1 min |leg]| 4
MINRES min ||7g||2

Table 2.1 — Residual and error properties of CG and MINRES

The efficiency of iterative techniques can be improved by using preconditioning,
which is simply a mean of transforming the original linear system into another
one having the same solution but which is likely to be more rapidly solved
with an iterative solver. The next section introduces the general technique of
preconditioning.

2.2 Preconditioning

The important feature of the CG and MINRES methods is that at each itera-
tion, only one matrix times vector multiplication and a small number of vector
operations are required. For sparse or structured matrices, the matrix times
vector product may be efficiently computed. In iterative methods, the total
computational work to solve a linear system hence essentially depends on the
number of iterations it takes to have convergence with an acceptable accuracy.

Preconditioning is usually crucial to ensure that this number is kept ac-
ceptably small. A preconditioner transforms the linear system into another
equivalent one that has better spectral properties, as these impact the con-
vergence rate. Typically, large spreads and little clustering in the spectrum
of A lead to a slow convergence of the iterative methods. In practice, a good
preconditioner should be cheap to construct and to apply. It corresponds to
the application of a non singular matrix P € IR™*" to the original linear sys-
tem to yield a different linear system for which the convergence of the iterative
method will be significantly faster. One can think of preconditioned iteration
as applying the original iteration to the system

P~ 1Az = P~ 'b. (2.15)

However the application of P as in (2.15) would be a bad choice since we would
then create a non-symmetric linear system whereas A is originally symmetric.

In general, the iterative solution of non-symmetric linear systems is more
expensive and one tries to preserve symmetry. If P is symmetric and positive
definite, we can write P = LLT for some matrix L (e.g., either the Cholesky
factor or the matrix square root). The iterative method is then applied to the
symmetric system

L YAL Ty =L"" where LTz =y

and convergence depends on the eigenvalues of the symmetric and positive def-
inite matrix L='AL~T. Benzi (2002) gives a nice survey on preconditioning
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techniques for large linear systems. The pseudocode of the preconditioned con-
Jugate gradient method (PCG) is given by Algorithm 5 (see, e.g., Nocedal and
Wright, 2006, p.119).

Algorithm 5 Preconditioned conjugate gradient method

1: Choose an initial vector zg;
2: Choose a preconditioner symmetric positive definite P;
3: Set ro = Axg — b;
4: Solve Pyg = rq for yo;
5: Set pg = —yo, k= 0;
6: while 7 75 0 do
7 ap = ?“Tyk ;
pj, Apk’
8: Tk4+1 = Tk + QEPE;
9: Tkt+1 = Tk + OzkApk;
10: Solve Pyk11 = rg11;
T
11: Br+1 = 7%:%3;’;1;
12: Ph+1 = —Yk+1 + Brt1Pk;
13: k=Fk+1,;
14: end while

For MINRES, a symmetric and positive definite preconditioner P must also
be employed and the convergence will depend on the eigenvalues of the sym-
metric and indefinite matrix L' AL~T. The pseudocode of the preconditioned
MINRES method is described in Algorithm 6 (see, e.g., Elman et al., 2005, Sec-
tion 6.1). In the next sections, we introduce possible approaches to precondition
indefinite symmetric systems of KKT or SQD form.

In the context of very large saddle-point systems, preconditioning tech-
niques for Krylov subspace methods are very useful. The paper of Benzi and
Wathen (2008) gives an overview of the most useful preconditioning techniques
for Krylov subspace methods applied to saddle-point problems, including block-
diagonal preconditioners and constraint preconditioners. Before introducing
these two types of preconditioners, we recall the spectral properties of the
KKT and SQD matrices and then, for the following of the thesis, we denote
the matrices of KKT or SQD form by

A B A B } (2.16)

Awrr = [ BT 0 ] and Asqp = [ BT _C

where A of order n is symmetric and positive definite, B of size n x m has a full
column rank (m < n) and C of order m is symmetric and positive definite. As
we have seen in the previous sections, the convergence of some iterative methods
mainly depends on the eigenvalues distribution of the system. The spectrum
of the KKT matrix A, contains both positive and negative eigenvalues as
shown by Theorem 1.6, and Rusten and Winther (1992) have established an
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Algorithm 6 Preconditioned MINRES method

1: INITIALIZATION
2: 99 =0, wy=0,w; =0

3: Choose an initial vector x;

4: Choose a preconditioner symmetric positive definite P;
5: Ccompute v1 = b — Axg

6: Solve Pz; = vy, set y1 = \/viz

7. Setn="1,50=51=0,cg=c1 =1

8: for j = 1 until convergence do

9

LaANczos
10: Zj = Zj/’yj
11: §j =< AZj,Zj >
12: Vj41 = AZj — 5]"Uj — YjVj-1
13: solve Pzj 1 = vj41
— T
14: Yi+1 = ”L)j+12j+1
15: QR FACTORIZATION
16: g = Cj5j — Cj—18575
17: al:ﬁa%—l—’yjzﬂ
18: p = Sj(Sj + Cj—1C57j
19: a3 = S;-17;
20: GIVENS ROTATION
21: Cj+1 = Oéo/Oél; Sj+1 = 7j+1/0(1
22:  UPDATE
23: Wit1 = (Zj — Q3Wj—1 — O[Q’LUj)/OLl
24: Tj=Tj—1 + Cj+1MWj41
25: = —=S8j4+17
26: end for

important result relating the spectrum of Ag . to the eigenvalues of A and to
the singular values of B.

Theorem 2.5 Assume A is symmetric positive definite and B has a full
column rank. Let 0 < A1 < Ay < ... < A\, be the eigenvalues of A and
0< o0y <oy <...< 0, be the singular values of B. Then the eigenvalues
of A xr are bounded within

A — AT+ 402, A, — /A2 + 402
2 bl

2

| [}\ An + /A2 + 402,
1 .
2
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Proof. (Rusten and Winther, 1992, Lemma 2.1) ad

This theorem has been extended to the case of the SQD system by Silvester
and Wathen (1994).

Theorem 2.6 Assume A is symmetric positive definite, B has a full col-
umn rank and C' is symmetric semi-positive definite. Let 0 < A\ < Ao <
... < A be the eigenvalues of A, 0 < 01 < 02 < ... < oy, be the singular
values of B and 0 < /\10 < /\20 <...< )\% be the eigenvalues of C'. Then
the eigenvalues of Ag,, are bounded within

M= AG = VO F )2+ 402, A\, — /A2 + 402 Ul Ant VAZ T A0
2 ’ 2 b 2 '
Proof. (Silvester and Wathen, 1994, Lemma 2.2) O

The only difference between the bounds in Theorems 2.5 and 2.6 is in the lower
bound on the negative eigenvalues (left interval). We can see that the largest
eigenvalue of C' appears twice in the numerator.

In Section 2.2.1, we analyse eigenvalues distribution of the KKT or SQD
matrices preconditioned by the block diagonal preconditioners. We recall in
Section 2.2.2; the preconditioner introduced by Golub et al. (2006) and in
Section 2.2.3, we give our contribution to this preconditioner. Finally, we
introduce constraint preconditioners in Section 2.2.4.

2.2.1 Block diagonal preconditioners

If A is nonsingular, we can decompose the saddle-point matrix A into the
following block triangular factorization,

A Bl [ I, o0][4 0 I, A™'B (2.1
BT —C|” |BTA! I,||0 —(C+BTA'B)||0 I, | \*

where C' + BTA™'B is called the Schur complement® of the saddle-point
matrix and is denoted by S. If we assume that A and C are positive definite,
then the Schur complement C' + BT A~ B is also positive definite. Since the
matrix A has a block structure, it makes sense for the preconditioner P to also
have a block structure. The approach that we propose in this thesis is based

(2)We draw attention on the fact that we use the term "Schur complement" corresponding
to the opposite of the formal definition of the Schur complement defined by —C — BT A~1B.
The goal of which is to simplify and improve the clarity of this work.
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on a well-known result of Murphy et al. (2000). The authors consider, when
C =0, the "ideal" block diagonal preconditioner,

7)::|:13 g] (2.18)

in which the exact Schur complement S := BTA™!B is used. The following
result gives the eigenvalues distribution of the preconditioned system P! A scr
of the form

1 . I, A-1B
]

Theorem 2.7 Let P be given by (2.18) with the Schur complement
S := BTA'B. Then the preconditioned matrix P~ ' A, has exactly
three distinct eigenvalues,

11+\/51—\/5
T T2

(2.19)

Proof. See Murphy et al. (2000), Proposition 1 when the preconditioned
matrix P! Ag o is nonsingular. O

A similar result may be obtained for C' # 0 and positive semidefinite, given
by Gould and Simoncini (2009). In this case, the "ideal" block diagonal pre-
conditioner (2.18) in which the exact Schur complement S := BTA™'B 4+ C
is used, yields a preconditioned matrix P~! A, of the form

P Ay = [ I, A-1B ] .

S-1BT —s-1C

Theorem 2.8 Let P be given by (2.18) with the Schur complement
S = BTA'B + C. Then the eigenvalues of the preconditioned ma-
trix P~tAsop are equal to (2.19) or

?le(o_um),

where 6 denotes the eigenvalues of the generalized eigenvalue problem

(BTA_lB + C’) v = 60 Cu.
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Proof. (Gould and Simoncini, 2009, Proposition 4.2) O

In practice, these ideal preconditioners are too expensive to compute and
to apply and we use approximations of both blocks A and S to compute an
approximation denoted by

75:{61 g] (2.20)

In Chapter 3, we introduce a new approach to approximate the two blocks
A and S using spectral information extracted from the matrix A. For the
following of this chapter, we only consider the KKT systems. We introduce
the block diagonal preconditioner given by Golub et al. (2006) leading to our
theoretical contribution.

2.2.2 Golub-Greif-Varah (GGV) preconditioner

In Golub et al. (2006), the authors assume that A is only positive semidefi-
nite and replace the (1,1) block A of the KKT system by A + BW BT with
W € R™™, a symmetric positive semidefinite matrix. The system (1.1)
with the matrix coefficient Ay r in (2.16) is thus transformed into the follow-
ing system

A+BWBT B ul| [ f+BWBTu
R | N

or, equivalently,

{A+BWBT B][u]{f—FBWQ]. (2.21)

BT 0 v g

The authors consider the block diagonal preconditioner as the "ideal" precon-
ditioner defined by

{ A+BWBT 0 } (2.22)

0 BT(A+BWBT)"'B

associated to the system (2.21), where BT (A + BW BT)~!B is the Schur com-
plement. The benefit of such an approach is that the (1,1) block of the modi-
fied linear system (2.21) may be made nonsingular, hence positive definite, and
well-conditioned. Note that, in Golub et al. (2006), the choice W = wl,, is
considered, with w a positive scalar such that the linear system becomes

(2.23)

A+wBBT B u| | f+wBg
BT 0 v| |g ’

and the "ideal" associated preconditioner (Golub, Greif, Varah) becomes
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A+wBBT 0

Paov = | g BT(A+wBBT)\B | (224)

The authors perform an algebraic study of such a preconditioning approach,
showing how the eigenvalues of the preconditioned matrix Pggy "' Ay xr are
clustered in some interval whose ends are isolated from the origin and well
bounded towards infinity. They also construct approximations of the block
diagonal preconditioner (2.24) by explicitly building some approximations of
the Schur complement BT (A + cuBBT)_1 B in which A 4+ wBB7 is replaced,
for instance, by its diagonal part or its incomplete Cholesky decomposition
(see, e.g., Greenbaum, 1997, Section 11.1). In practice, they illustrate the
convergence curves of MINRES for the solution of saddle-point systems with
different approximations of the preconditioner (2.24).

As mentioned at the end of Section 3 in Golub et al. (2006), the authors set

e
113

but without motivating this choice. In the framework of our theoretical and
empirical study on block diagonal preconditioners, we wished to motivate this
choice of w. We provide, in the next section, a theoretical result that we have
derived about the value of w.

(2.25)

2.2.3 A theoretical contribution to the GGV preconditioner

As far as we know, no theoretical result exists in the literature to justify the
choice (2.25) for the value of the parameter w in (2.24). We establish below a
new result given one approach to show that the choice of w can be motivated
by the minimization of the condition number of the matrix A +wBB7.



2.2. PRECONDITIONING 37

Theorem 2.9 Let A+wBBT € IR™*" with A symmetric positive semidef-
inite and singular, B € IR™™ has full column rank (m < n) with
0 < o; <09 < ... < 0y be the singular values of B and w > 0. Let
&1 € R™. Then

k2(A+wBBT) > h(w), (2.26)
with h(w) = max(f1(w), fo(w), fa(w)) where

Amax(4) +w][&[[507

fl(w) = OJO'?n )
[€11I50%
f2(w) = ;22 L,
/\max(A) +w||€1||%0-%
f4(0.)) )\max(A) )
and we have that 1]
. . . 2
S " T Bl

Proof. The proof is divided in three parts. The first one uses the singu-
lar value decomposition of B to imply the existence of an orthogonal matrix
P € IR™", to transform the matrix P” (A +wBBT) P, which is similar to
A+wBBT, into a matrix with block structure. In the second part of the proof,
we analyse the Rayleigh quotient of PT (A + wBBT) P to deduce some bounds
on the extreme eigenvalues of this matrix. Finally, the last part studies these
bounds to deduce the desired result.

The first part of the proof relies on the singular value decomposition (SVD)
of B (see Appendix A) that guarantees the existence of orthogonal matrices
PeR™"™ and V € R™*™ such that

PTBV =¥ = diag(oy,...,0,) €R™™  (m <n) (2.27)
where {0;}7, are the singular values of B satisfying 0 < 01 < 03 < ... < oy
Isolating B from (2.27) and considering the following decomposition of P,

P=[Ps Pg] (2.28)

with the columns of the matrix Pg € IR™*" in Zm(B) and the columns of the
matrix Pz € R™"~™) in (Zm(B))* = Ker(BT), lead to the thin SVD of B
(see, e.g., Golub and Van Loan, 2013, Section 2.4.3),
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B = PxvT,
= [ Ps P3| { (?1 ]VT, (2.29)
(n—m)xm
= Ppuy V7T,

with ¥; = diag(oy,...,0,) € R™ ™. Substituting now (2.28) for P in the
matrix PT (A +wBBT) P (which is similar to A +wBB”) and using the fact
that the columns of Pg € Ker(B7T), we obtain

PT
PT (A+wBB") P = {P:;}](fH—wBBT)[PB Ps |,
_ [ PE(A+wBBT)Pz PLAPp
~ | PLAPg pPLAP; |-

Using (2.29), we observe that BBT = (P VT)(PpX V)T = P3Pl
implying that

PL(A+wBBT) Py PLAPy 1 [ PLAPz+wS? PLAPg
PLAPg PLAP; | ~ | PLAPg PLAPE |

by orthonormality of the columns of Pg.
For the second part of the proof, consider, for any non-zero vector £ € IR"

3

having the partition [ 51 } with & € R™ and & € IR™™™), the Rayleigh
2
quotient
@ [ ][]
r(é) = g B 540 J1 & (2.30)

(& g[8 ]

Without loss of generality, we consider that the vector £ is unit (||¢]l2 = 1)
and we denote by Anin and Apax the smallest and the largest eigenvalues of
PT(A+wBBT)P (and hence of A+ wBBT), respectively, implying that

)\min S 7”(5) S )\maxa (231)

by the Rayleigh-Ritz theorem (see, e.g., Horn and Johnson, 1985, Section 4.2).
Using (2.30), we can rewrite (2.31) as

PLAPs PLAP; ] [ &

i T T T2
Amm S [ 51 62 ] PgAPB PEAPB 52 :| +UJ§1 2161 S )\maxa (232)
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or, equivalently,

Amin < & PEAPpéy + (I PEAPRS  + & PLAPR& (2.33)

+ & PEAPzE + wET R < Amax-

As (2.33) is valid for all non-zero ¢ € IR", we will select four specific configu-
rations which lead to some bounds on Ay, and Apax- These bounds will be
exploited in the last part to conclude the proof.

a)

In the first case, we consider & € IR™ and & = 0. The relation (2.33)
becomes

)\min S g?P]%:APBfl + w6?2%51 S )\max-

Since the matrix A is symmetric positive semidefinite and P has a full
column rank, we get that PL APp is symmetric positive semidefinite and
we thus have

weTs2e; < T PTAPRE) + weET Y261 < Ao

Since w&l' $3¢; > wo?||€1]|3, we obtain the following inequality

wl[€1]1307 < Amax- (2.34)

For the second case, we consider £ = 0 and & € IR"™ . The relation
(2.33) becomes

)\min S gngAPB€2 S )\max~

Since &5 PLAPp& < Amax(PLAPp)||&]3 and [|&2]]2 < 1 (€ being a unit
vector), we obtain the following inequality

>\min < SngAPBSQ < Amax(PgAPB)7

and thus

Amin < Amax (PEAPB )7

where Amax(PgAPB) denotes the largest eigenvalue of PEAPB. We ob-
tain the next inequality by the fact that the supremum of a function over
IR™ is greater than or equal to the supremum over the set of vectors of
the form z = Pgy, y € R"™™,
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T pT AP TA
/\max(PgAPB) = max yBTiBy < Amax(A4) := max x T x,
yelR"™™ vy zclR” xlx
by orthonormality of the columns of Pz. We thus have
)\min S Amax(A)~ (235)

¢) Now, let us consider for the third case that { ? } = pT [ 2—1 ], where
2 2

€ is the unit eigenvector associated to the eigenvalue of A equal to zero.
The relation (2.32) becomes

)\min S 0 + wé-,irzfgl S /\max~

Since wéf 26 < wo2,||€1|l2 with [|&1]]2 < 1 (€ being a unit vector), we
obtain the following inequality

Amin < WO'Z/V (236)

d) The last case we consider, is the vector { ? } = pT { ? }, where 5
2 2

corresponds to the unit eigenvector associated to the largest eigenvalue
of A. The inequality (2.32) then becomes

)\min S )\max(A) + ngzigl S )\max~

Since wé¢T22¢ > wo?||€1]|2, we have

)\max(A) + OJ||£1H§U% S >\max- (237)

In last part of the proof, we finally derive some lower bounds on the condi-
tion number of A+wBB” by combining the previous inequalities (2.34), (2.35),
(2.36) and (2.37). Respectively, by (2.36) and (2.37), by (2.34) and (2.36), by
(2.34) and (2.35), and by (2.35) and (2.37), we obtain

/4}2(14. + LUBBT) > max (fl(w)u fz(W), fg(w), f4(w)) )

where
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/\max(A) + w||€1 H%U%

wo?,
foy = Mliod
_ wll&li3et
fa3lw) = ma (2.38)
C Amax(4) + w1 ]302
f4(w) = )\max(A) :

We can notice that f3(w) and f4(w) are linear functions with a slope equal to
€1 11307

)\max(A)
the function fy4(w), implying the following bound on the condition number,

and fo(w) is a constant function. The function f3(w) is always below

ko(A+wBBT) > max (fi(w), fo(w), fa(w)). (2.39)

We now analyse the two possible configurations of functions fi(w), f2(w) and
fa(w) defined in (2.38). We consider the configuration where the intersections
between f1(w) and f4(w) is below fo(w) in the left-hand subplot in Figure 2.1 or
these intersection is above fo(w) in the right-hand subplot. The functions f; (w),
fa(w), f3(w) and fy(w) are plotted in blue, green, red and black respectively
for w € [0,1] with fi(w) = 1/w, fa(w) =3, f3(w) =4 w and fy(w) =1+4w
for the first configuration and we change f3(w) = 25 w and fy(w) =1+ 25w
for the second one. The grey area in Figure 2.1 represents the set of values of
k2(A + wBBT) satisfying the bounds (2.39) in both configurations. The three
intersection points denoted by I, Iy and I3 and belonging to the grey area, are
potential candidats to the problem

min h(w),
we]R+

with h(w) := max (f1(w), f2(w), fa(w))
Observe that the intersection between fi(w) and fa(w), denoted by I7, implies
that

Amax(A4) = 0. (2.40)

Hence we have that A is a null matrix, which is impossible. On the other hand,
the intersection between fo(w) and fi(w), denoted by I3, implies that

I€2130% _ Amax(A) +wll&a]30?

Jrzn Amax (A) ’

or equivalently,

)\max(A) Hgl ||§0% - UgnAmax(A)

2

w =
O.%O-T)’L”ng%

)
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Figure 2.1 — Bounds on k2(A + wBBT).

which leads to

L Amax(4) (I&lll%af - a?,,) _ (2.41)

o €11130

Since [|£1]]3 < 1 and 0? < 02, we have ||£1]|307 — 02, < 0, which is impossible
since w > 0. The last possibility is the intersection between fi(w) and fi(w),
denoted by I35 that implies that

Amax(A) + wll€1]30T _ Amax(A4) + w&[3o7
wo2, Amax(A) ’

which by simplification yields as only positive solution

w= AI“L;A). (2.42)

Um
Since A is symmetric, the 2-norm of A is equal to the largest eigenvalue of A
(see, e.g., Golub and Van Loan, 2013, Section 2.3.3) and the 2-norm of B is
equal to the largest singular value of B (see, e.g., Golub and Van Loan, 2013,
Section 2.4.2), proving the result. O

We now illustrate the effect of different values of w on the condition number
of the saddle-point system genhs28 from the CUTEr test set Gould, Orban and
Toint (2001b), as in Golub et al. (2006). This matrix is a 18 x 18 saddle-point
matrix where A is 10 x 10 and B is 10 x 8. Figure 2.2 shows the evolution of
the condition number of the matrix obtained by adding a multiple of BBT to
A. We indicate the value of w = ||Al|2/||B||3 = 0.2308 by a red star. We can
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Figure 2.2 — Condition number of A + wBB7T for the genhs28 matrix from
CUTEr.
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Figure 2.3 — Convergence profiles of MINRES for the genhs28 matrix from
CUTEr.

see that the condition number starts to decrease towards the condition number
associated to w = || Al|2/|| B3 before increasing again.

Figure 2.3 shows the convergence profile of preconditioned MINRES with the
preconditioner (2.24) using w = 0.2308 and MINRES without preconditioner for
the above test problem. The iterations are stopped when the scaled residuals
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in respectively 2-norm and P! norm, are less than 10~® and we can observe
that the convergence with preconditioning is faster.

In the case where A has high nullity, Greif and Schétzau (2006) replace
the Schur complement in (2.22) by the symmetric positive definite matrix W
introduced in Section 2.2.2. They show that the preconditioned saddle-point
system has n eigenvalues equal to 1 and m equal to —1, which implies that the
preconditioned MINRES is expected to converge within two iterations.

Finally, in Golub and Greif (2003), the authors seek for a value of w large
enough so as to eliminate the effect of the ill-conditioning of A, while not
too large to avoid the effect of the ill-conditioning of BBT. They analyse the
condition number of the saddle-point system (2.23) and show that the condition
number gets larger when w increases, and behaves like w?.

2.2.4 Constraint preconditioners

In this last section, we consider another type of preconditioners for solving
linear systems of the KKT form. This is a nonsingular preconditioner, called
constraint preconditioner of the form

¢ B} 7 (2.43)

Pe= [BT 0
where G € IR™*" is an approximation of the matrix A. The constraint precon-
ditioner for indefinite linear systems was studied by Keller, Gould and Wathen
(2000), or see Benzi and Wathen (2008) for a survey. We introduce it in this
work for comparison purposes with the block diagonal preconditioners that we
develop in Chapter 4.

Note that the blocks of preconditioner P, in (2.43) are unchanged from the
original matrix Ak, in (2.16) so that the preconditioner P, is an indefinite
matrix as i8 Ax . This implies that the MINRES method is not appropriate
in this case. The authors in Gould, Hribar and Toint (2001a) show how the
CG method combined only with the constraint preconditioner can still be used
on indefinite linear systems of the KKT form. This is a real advantage for this
preconditioner since the CG method is a very efficient method.

A first observation is that we need to solve only one system with the matrix
P, in (2.43) at each iteration of the CG algorithm. For instance, Dollar and
Wathen (2004) use a new factorization for the preconditioned step of CG based
on Schilders’ factorization. In exact arithmetic, a second advantage of this
preconditioner is that the CG combined with the constraint preconditioner
ensures that all the iterates satisfy the constraints and this is not the case for
other preconditoners.

Keller et al. (2000) give the next result on the eigenvalues distribution of
the preconditioned matrix P, L A xr. We include it here for completeness.
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Theorem 2.10 Let Ay r € RMT™X ™) he the symmetric and indef-
inite matrix defined in (2.16). Assume Z € IR™*("~™) is a basis for the
null-space of BT. Preconditioning A+ by the constraint preconditioner
P, defined in (2.43) where G # A, implies that the matrix P, 1 Ay, has

1. an eigenvalue at 1 with multiplicity 2m, and

2. n — m eigenvalues which are defined by the generalized eigenvalue
problem ZTAZx = \ZTGZx.

Proof. (Keller et al., 2000, Theorem 2.1) a

We have introduced in this chapter the iterative methods to linear systems.
In the case where we consider the KKT systems or the SQD systems, we have
analysed in particular, the block diagonal preconditioner built on the matrix
A and on the Schur complement. In the next chapter, we introduce the inverse
approximations of A and of the Schur complement.
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Chapter

Spectral preconditioners for
positive definite matrices

As we have seen in Chapter 2, preconditioning techniques are used to accelerate
Krylov subspace methods and in particular, we have introduced in Section 2.2.1
the "ideal" block diagonal preconditioner,

P:ZH g] (3.1)

where S = BTA='B + C is the exact Schur complement. Following the ideas
in Murphy et al. (2000), our goal in this chapter is to introduce good approx-
imations of the inverse of the (1,1) block A and of the Schur complement S
used in Chapter 4 to build some appropriate preconditioners of the form (3.1)
for a KKT or a SQD system with matrix, respectively,

A B A B } (32)

AKKT = |: BT O :| a,nd ASQD = |: BT —C

where A of order n is symmetric and positive definite, B of size n X m has a
full column rank and C' of order m is symmetric and positive definite. Indeed,
the starting point of this work was actually the former work that appeared
in Giraud et al. (2006) and Golub et al. (2007), giving the ground basis for
extracting and exploiting spectral information in the context of the solution
of linear symmetric positive definite systems. We analyse thereafter how this
could be extended to KKT or SQD systems, which exhibit very particular
algebraic structures that can be exploited in a specific manner.

We assume that A is ill-conditioned and that some first level of precon-
ditioning has been applied to the systems (3.2) so that the spectrum of A
is clustered, with relatively few very small eigenvalues. This situation occurs
when considering usual preconditioning techniques on A such as, for instance,

47
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the incomplete Cholesky decomposition (see, e.g., Greenbaum, 1997, Section
11.1) or a Jacobi scaling. For simplicity, we shall use A xr or Agqp with
matrices A, B and C' as defined in (3.2) to refer to the KKT matrix or SQD
matrix with the first level of preconditioning in use.

In a first stage, we also initially assume that we know the few very small
eigenvalues and associated eigenvectors of A. Based on this knowledge, we thus
aim at performing a further level of preconditioning on the system (3.2) that
ensures, when the first level is not satisfying, a sufficiently fast convergence of
MINRES. We shall derive our preconditioners from prior spectral information
extracted from A directly, more precisely from the subspace associated with
the smallest eigenvalues of A. One of the benefits of our approach is that
it allows us to work separately on A and B, recombining them through the
Schur complement approximation. This aspect will be studied in more details
in Chapter 5.

The chapter is organized as follows. In Sections 3.1 and 3.2, we introduce
the inverse approximations of A and of the Schur complement using spectral
information we will consider, and we study the spectral properties of the precon-
ditioned matrices using these approximations. These spectral approximations
will be used in Chapter 4 to build two block diagonal preconditioners for the
KKT matrix or SQD matrix.

3.1 Spectral approximation of the inverse of the
(1,1) block

Let the eigendecomposition of the matrix A in (3.2) be given by
A=UNUT = UAUT +U,AUT, (3.3)

where the spectrum {\;}?; of A is split in two parts, with A,€ IRP*? the
diagonal matrix containing the p eigenvalues less than a given positive num-
ber ¥ € Amin(A), Amax(A)], and with A€ R("P*("=P) the diagonal matrix
containing all the other (n — p) eigenvalues. The columns of the rectangular
matrices U,€ R™*? and U, € IR™*("~P) are the orthonormal sets of eigenvec-
tors corresponding to A, and 1~L, respectively and form the orthogonal matrix
U =[U,, U,] € R™". We assume that U, and A, are available(!).

Let o > 0 be some known estimate of the average of the eigenvalues in
A, (or of Apax(A)). Consider now the approximate inverse of A given by
the spectral low rank update (SLRU) approach developed by Carpentieri et al.
(2003),

1
-1 —17/T
AT = U AU + (3.4)

(Dor that some good approximations can be computed, for instance by the approach pro-
posed by Golub et al. (2007) and described in Chapter 7.
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The eigenvalues {y;}7_, of the matrix A7 LA, with

1 -
-1 _ —17/T T T
AT'A = (UWAW U! +a1n> (U A, UT + 0,4,07)
1 1~ -
= UU7 + —UyA U + —U,A, U7
1 . SN\ -
= U, (In + aA”> Ul +0, (QAW) 7

are
pi=1+2 if X <5 (p eigenvalues)
A : ) (3.5)
i = 2t if A >~ (n—p eigenvalues)

and are included within the interval

)\min A )\max A

[min (a+<> W) max (aﬂ U)} , (3.6)
e e @ e

Note that the condition number of A7 L A is explicitly controlled by the choice

of the parameters o and v (with Apin(A4) and Apax(A) fixed) and is given by

max (oz+"/ , )\max(A) )
« @

AZTA) = .
raldy A) = — (28 7)
For instance, choosing v = /\"%SA) and a = M yields
1 _ )\max(A) 2
a 100 Amax(4) +
. 2)\max(A) (3 7)
100 A max (A) + Amax (A) '
_ 2
101’
and
Amax(4) __2Amax(4)
« N )\max(A) + Y
2)\max(A)
TN (A) 4 PmeA) 3.8)
max( )+ 100
200

101
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Assuming that %(A) = O(1) and using (3.7) and (3.8) in (3.6), we obtain
that the spectrum M(AS'A) = {u;}j_; of AJ'A satisfies,

p e [min (01).2) max (1+ 1 Amm)ﬂ

L o o
[ 2 2 200
= _mln <O(1)7 101> , Imax (1 + ﬁ7 101>:| (39)
220
~[1o17 101"
fori=1,...,n, so that

ra(AZTA) < 100.

Also observe that the matrix A7 Lin (3.4) has similar ingredients to those
used in deflation techniques but has not the form of the projector used in these
techniques (see Giraud et al., 2006, for instance). Its effect is indeed not of a
deflation type, in the sense that no eigenvalue of the matrix A7 1 A is shifted to
Zero.

The choice of SLRU approach for the approximate inverse of A is motivated
by the simple form of the expression (3.4). The family of limited-memory pre-
conditioners (LMP) could be a good alternative allowing other information as
Ritz vectors or descent directions instead of spectral information to generalize
the approach developed in this thesis. We refer to the PhD thesis of Tshimanga
(2007) for more details on LMP preconditioners.

We illustrate the accuracy of the bounds (3.6) on a symmetric positive
definite matrix of order n = 300 randomly generated by the Matlab function
sprandsym (with a density of 0.05 and preset eigenvalues \; = 1078%/i where
fi is random uniformly distributed in (0,1)). The smallest eigenvalue is 1078,
while the largest is 9.93 10~! implying that the condition number of A is 9.9 107.
As a first level of preconditioning, we consider the incomplete Cholesky decom-
position of this matrix with a drop tolerance of 10=* (see, e.g., Greenbaum,
1997, Section 11.1), followed by a Jacobi scaling to set the diagonal of the pre-
conditioned matrix to 1. The spectrum of the resulting preconditioned matrix
is well clustered, with 42 eigenvalues less than v = %’}SA) ~ 3.81072, and
with extreme eigenvalues of 1.710~7 and 3.8. The condition number is then
2.2107. Figure 3.1 shows (on logarithmic scale) the eigenvalues of this pre-
conditioned matrix. For simplicity, we shall denote as A this preconditioned
matrix in the following.
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Figure 3.1 — Spectrum of the test matrix A after incomplete Cholesky precon-
ditioning and Jacobi scaling.

With the knowledge of the eigenvalues {\;}#2, (those less than ) and the
corresponding eigenvectors, we can set up A, € R*?*42 and U, € IR390%42 49
well as @ = 1.16 (the average of the remaining eigenvalues). Finally, the bounds
given by (3.6) ensure that the eigenvalues of A7'A belong to [3.21072,3.3]
and k2(A'A) < 103.1, which is illustrated by the eigenvalue distribution in
Figure 3.2. The eigenvalue distribution of AZ!A shows a nice clustering around

¥
1, which emphasizes the fact that A7 1 is a good preconditioner for A.
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Figure 3.2 — Eigenvalue distribution of A;lA.
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3.2 Spectral approximation of the Schur comple-
ment

We now introduce the approximation of the Schur complement of the matrices
Awrr and Agop as the matrices S, = BTAJ'B and S, = BTAJ'B + C,
respectively. Substituting (3.4) for AJ', the approximation S, becomes

1
S, =BT (UVA;lUVT + aI”> B, (3.10)

for the KKT case, and

- _ 1
S, =BTA'B+C=B" (UWAleWTjLaIn)BJrC, (3.11)

for the SQD case. We refer the reader to the book of Zhang (2010) for a good
survey on the Schur complement and its properties. In the next section, we
develop an approximation for the inverse of S, in (3.10) and we show that it
is a good preconditioner for the Schur complement. Next, we generalize the
theoretical result to the SQD case using (3.11) and point out the modifica-
tions implied on the bounds on the eigenvalues of the preconditioned Schur
complement.

3.2.1 Spectral approximation of the inverse of the Schur
complement for matrices of the KKT form

We write S, in (3.10) using the notation

J, = BTU, A, (3.12)
as

1

S, (BTU,AS?)(A;2UTB) + ~B"B

1
= JyJ+~B'B.

Then using the Sherman-Morrison-Woodbury formula (see Appendix A or

Golub and Van Loan, 2013), we can derive the following expression for the
inverse of 5,

1 -1 1 -1 1 -1 -1 1 -1
S5t = (—BTB) - (fBTB> Jy | In + JT (fBTB> A (7BTB) ,
« « « «
and substituting (3.12) for J, yields,

S;' = aB"B)!

-1
—2(B"B)'B U, (A7 + aUWTB(BTB)’lBTUW) UTB(BTB)Y,
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or, equivalently,

S;' = «aBTB)? (Im - K, <;A7 + KWTK7> - K$> (BTB)~1/2,
(3.13)
where K., € R™*? is the operator defined by
K, := (B'B)"Y?B"U,,. (3.14)

Observe that K., involves the constraint matrix B and the matrix U, € R™"*?,
which contains the orthonormal set of the p eigenvectors associated to the eigen-
values in A below a given threshold . The singular values of K, correspond
to the cosines of the principal angles between the two subspaces Zm(B) and
Im(U,), since B(BTB)~1/2 represents an orthonormal basis for Zm(B) (see
Appendix A or Golub and Van Loan, 2013, Section 6.4.3). The expression

-1
1
K, (&A7 + K$K7> KT

in (3.13) explicitly shows the interaction between A and B, with the combined
effects of both the smallest eigenvalues of A and the cosines of the principal
angles between Zm(B) and Zm(U,). This interaction between A and B will
be studied in detail in Chapter 5. Note that the matrix éAv + KAYTK7 € IRP*P
is a rank-p update and is of a small dimension p.

Theorem 3.1 below gives the bounds that we have derived on the eigen-
values of the preconditioned Schur complement. This proof is based on the
CS decomposition (see Appendix A or Paige and Saunders, 1981, Section 4).
However, this result, submitted to the journal COAP() has been refined by an
anonymous referee who gave us the proof, as shown in Theorem 3.2.

Theorem 3.1 Let A and A, € IR"*" be given by (3.3) and (3.4) respec-
tively. Then the spectrum A(S;'S) = {3}, of the matrix S7'S € R™*™
with § = BTA'B and S, = BT AJ' B satisfies:

o o+ y

v € s
! a+ )\max(A) + Y

, fori=1,...,m, (3.15)

with a > 0 and v € [Amin(A), Amax(A)] as defined above.

(2) Computational Optimization and Applications.
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Proof. See Appendix B for the proof. O

Theorem 3.2 Let A and A, € IR"™" be given by (3.3) and (3.4) respec-
tively. Then the spectrum A(S;'S) = {v;};2, of the matrix S;'S € R™*™
with § = BTA™!B and S, = BT A7 ! B satisfies:
a a a a
e |min [ 2, % —* ¢ 3.16
Vi {mm<a+’77>‘maX(A)),maX (a+>‘min(A)77)]’ ( )

fori=1,...,m, with @ > 0 and v € [Amin(A), Amax(A4)].

Proof. First note that the matrices S and S, are symmetric and positive
definite, hence nonsingular, by definition of A and A, respectively, and by the
full column rank property of B € IR™*™ (see, e.g., Golub and Van Loan, 2013,
Section 4.2.1). The eigenvalue problem S5 1Sz = Az is then equivalent to the
generalized eigenvalue problem:

St = AS,x, (3.17)

that is, A(S;lS) = A(S,8y) ={wi}i,.
Consider, for a non-zero vector y € IR™, the generalized Rayleigh quotient
y" Sy
yT Sy
yTBTA By
y"BTAy'By’

v(y) =

implying that the extreme eigenvalues of S’ 1S are

Vm = max v(y) and vy = min v(y).

" ye]Rm yeIRm
We first obtain the following inequality by the fact that the supremum of a
function over IR"™ is greater than or equal to the supremum over the set of
vectors of the form z = By, y € IR™,

A
=
5
"

V77 3

=  Mmax (A'yAil)
1

Hmin (AA; ! ) .
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In the same way, we deduce that

Co2TA g

vy 2 min ————

celR" 2T A

= Umin(A'yA_l)
1

/Lmax(AA’;l)'

By the interval (3.6) that contains the eigenvalues of AJ'A, we conclude that

Vm < !
min (70‘”‘“(:“(14) ) %)
« «
= max| ——, —
a+Ami11(A) Y
and
1
v >

aty /\max(A))
o b)

max (
e

— min (% _*
B a+ Amax(4) )
0

The following theorem shows that the bounds on the eigenvalues of the
preconditioned Schur complement given by Theorem 3.2 are sharper than the
bounds given by Theorem 3.1.

Theorem 3.3 The inequalities

« [e% a
- = 1
mm<04+’7’)\max(z4)>oz—|—/\maX(A)—|—fy (3.18)
and
oA~ S 1
A <a+)\min(A)’y) =y (3.19)

hold.
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Proof. Since Apax(A4) >0, @ > 0 and v > 0, we have

« S @ and a > <
a+y T a+ Anax(4) +y Amax(A4) 7 a4+ Amax(4) +77

implying the first inequality (3.18). In the same way, since

o Amin (4) at+y o«
=1- <1 and =—4+1>1,
& + Amin(A4) & + Amin(A4) ~y 0%
as Amin(4) > 0, we obtain
e} o+
< . 3.20
o+ )\min(A) o Y ( )
The inequality
oot (3.21)
v Y
is obvious. By (3.20) and (3.21), we derive (3.19). O
Similarly to AZ LA, the condition number of S5 1S is fully controlled by the
choice of the parameters o and . For instance, choosing v = ’\"‘fgéA) and
a= 7)‘“““‘(2‘4”7, implies that

)\max A
aty = 7(2)+7 +v
Amax(A4) | 3y
2 2
103 Amax (A)

200
and by (3.7) and (3.8), we have

a 101 « 101
~ = d —— =, 3.22
~ T 2 MY (@) T 200 (322)
)\min A . .
Assuming again that L() = O(1), Theorem 3.2 implies that the spec-
e

trum A(S71S) = {v;}7, of the matrix S'S satisfies
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[ 306 Amax(A) 101 101
: 200
i q03 7 AN onn b) 1 v o
v; € _rmn (%Amax(A) 200) max ((’)( ) 3 )]
[ 101 101 101
= i —_— 1), — 2
_mln (103, 200) , max ((’)( ), 5 ):| (3.23)
_ oo
© 2000 2 |
fori=1,...,m, so that

k2 (S51S) < 100.

We illustrate the tightness of the bounds in Theorem 3.2 using the pre-
viously introduced test example for the matrix A. The constraint matrix
B € R*1Y is built by means of the Matlab function sprandn (with a den-
sity of 0.05 and a condition number of 10%). The resulting Schur complement
S = BTA71B is ill-conditioned, with a smallest eigenvalue of 2.410~% and
a largest of 1.410°. In the same way, the Schur complement approximation
Sy = BTA; ! B exhibits the same ill-conditioning with extreme eigenvalues of
2.1107% and 1.4 10° and Figure 3.3 shows that the eigenvalue distribution of S,
is very close to the eigenvalue distribution of S. Finally, the bounds given by
Theorem 3.2 ensure that the eigenvalues of S7'S belong to [0.3, 30.5] implying
that ko (ST 18) < 101.7, which is illustrated by the eigenvalue distribution in
Figure 3.4. With respect to these bounds, the extreme eigenvalues of S 1S
are Vmin ~ 0.56 and vpax ~ 16.28. The eigenvalue distribution of S; 15 also
shows a nice clustering around 1, which emphasizes the fact that S 1is a good
preconditioner for S.

3.2.2 Spectral approximation of the inverse of the Schur
complement for matrices of the SQD form

In the previous section, we have introduced an approximation for the inverse
of the Schur complement of KKT matrices and we have shown using one the-
oretical result that this approximation is a good preconditioner for the exact
Schur complement. In this section, we extend the proposed approach for SQD
matrices. Writing S, in (3.11) using the notation (3.12), we get

_1 _1 1
Sy = (B'UAS?)(ASPUTB) + aBTB +C
1
T T
= LJy+-B'B+C.

Using again the Sherman-Morrison-Woodbury formula, we can derive the fol-
lowing expression for the inverse of S,
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Eigenvalue distribution of S

-
15F
1k |
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Smallest eig. = 2.40504e-06; Largest eig. = 1.42435e+05
Eigenvalue distribution of S_’
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15+
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10° 10 102 10° 107 10*
Smallest eig. = 2.06016e-06; Largest eig. = 1.42436e+05

Figure 3.3 — Eigenvalue distribution of S and S L
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Figure 3.4 — Eigenvalue distribution of ST s,
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1 -1
syt = (7BTB + c)
(e
1 -1 1 -1 -1 1 -1
- (7BTB + C) Jy (1n +JT (fBTB + C) J7> Jr (7BTB + C) ;
(03 « «
which yields, with the notation B, = BT B + aC,

S;t = aB.'—o®B'B"U, (A + U] BB, 'B"U,)"'UT BB,

(03

or, equivalently,

-1
s7' = a(B"B+aC)"V? <1 - K, (éA7 + K$K7> K$> (B"B +aC)~ /2,

(3.24)

where K, € R™*? is the operator defined by

K, :=(BT'B+a0)"Y?BTU,. (3.25)

We point out the similarity of the matrix S7' in (3.24) with the one associated
to the KKT case (3.13). The only difference is that the term B B is replaced
by BTB + aC. In the same way, we have the following result, which estab-
lishes the lower and upper bounds on the eigenvalues of the Schur complement
preconditioned by the matrix S;l in (3.24).

Theorem 3.4 Let A and A, € IR™*" be given by (3.3) and (3.4), respec-
tively. Then the spectrum A(S;'S) = {v;};2, of the matrix S;'S € R™*™
with § = BTA™'B + C and S, = BT A7 B + C satisfies:

c «a o+ 2y
Vi ) )
200 + )\max(A) +7 Y

for i=1,...,m, (3.26)

with a > 0 and v € [Amin(4), Amax(4)].

Proof. The proof follows steps similar to the ones of Theorem 3.1 and
uses the positive definiteness of C, see Appendix B. O

We have also generalized the proof of Theorem 3.2 given by the anonymous
referee.
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Theorem 3.5 Let A and A, € IR™*" be given by (3.3) and (3.4), respec-
tively. Then the spectrum A(S;'S) = {v;}i, of the matrix S;'S € R™*™
with S = BTA7'B+ C and S, = BTA;lB + C satisfies,

. a a 20+ Amin(A) a+7
() ) ) ) ) 2
v; € [mm <2a At )\max(A)> max ( @ Do (A) . (3.27)

for i=1,...,m, with a > 0 and v € [Amin(4), Amax(4)].

Proof. The matrices S and S, are symmetric and positive definite, hence
nonsingular, by definition of A, A, and C, and by the full column rank prop-
erty of B € IR"*™ (see, e.g., Golub and Van Loan, 2013, Section 4.2.1). We
now consider the eigenvalue problem Sv_ 1Sz = Az, which is equivalent to the
generalized eigenvalue problem:

St = AS,z, (3.28)

that is, A(S71S) = A(S, Sy) = {vi}i).
The generalized Rayleigh quotient, for a non-zero vector y € IR™, is defined

as .
y' Sy
v(y) = . 3.29
W)= oy (329)
Using the definitions of S and S, one can thus write
Wy) = yI'(BTA=IB + O)y
YT T(BTATB Y O)y
TBTA-'B To
= 20 Y vy . (3.30)
yT(BTA,'B+C)y 7 (BTA; B+ Cy
and in the same way,
1 y"(BTAJ'B+C)y
vy — yT(BTAT'B+ Oy
TBTA—lB TC
= T A (3.31)

yI(BTA-1B+C)y yT(BTA1B+C)y’

Since the matrices C, BT A~'B and BTA;IB are symmetric positive definite,
we have

yTBTA~'By

<= 3.32
O ey (332
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and o
1 y" BT A By
< 1. 3.33
v(y) = yTBTA 1By (3:33)
The fact that the supremum of a function over IR"™ is greater than or equal

to the supremum over the set of vectors of the form x = By with y € IR™,
implies, using (3.32),

y"BT A~ By
Vm = max v(y) < max —————a—"
yelR™ yelR™ yTBTAA, By

= Nmax(A'yAil) + 1. (334)

Hmin (AA'71)

Similarly, we have, by (3.33),

Y

. . 1
v1 = min v(y) min ——
m yTBTAZ'B
velR vl gy + 1
. 1
min ———
n TA*l
zelR e + 1
1
= 3.35
n;TAglx +1 ( )
max ————
:EG]R” xTA*lx
1

pmax (AASY) 17

Y

Using (3.6), we can deduce that

1

min <7Q+Am‘“(‘4) 1)

IN

+1

VUm

a e

o o
= s ()
— e (Qa—l—/\min(A) a—l—’y)
o+ Amin(A) 7 v
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and

vz

—_

max <2a+'y ’ a+Amax(A) )
« «a

= min ( a @ >
n 200+ o+ Amax(4) )
O

We can again illustrate the tightness of the bounds in Theorem 3.5 on the
previously introduced test example for the matrices A and B (see Sections
3.1 and 3.2.1). The matrix C € IR™¥**'*° is built by means of the Matlab
function sprandn (with a density of 0.05 and a condition number of 10%). The
bounds given by Theorem 3.5 ensure that the eigenvalues of ST LS belong to
[0.2,31.5], which is illustrated by the eigenvalue distribution in Figure 3.5. With
respect to these bounds, the extreme eigenvalues of S 1S are v, ~ 0.62 and
Umax = 9.76. The eigenvalue distribution of S 1S also shows a nice clustering

5
around 1, which emphasizes the fact that S lis a good preconditioner for S.

10° T
101 #
o
g
o
10° 1
i ]
g
10-1 I I
0 50 100 150

Figure 3.5 — Eigenvalue distribution of S7'5.



Chapter

Spectral preconditioners for
saddle-point matrices

In this chapter, we investigate two alternatives to get efficient approximations
of the "ideal” block diagonal preconditioner

P:[‘g g} (4.1)

with the Schur complement S = BT A~!B proposed by Murphy et al. (2000)
for the KKT matrix A B }

-AKKT = |: BT 0

and with S = BT A='B + C proposed by Gould and Simoncini (2009) for the
SQD matrix A4 B ]

As we have seen in Chapter 2, the performance of the MINRES method depends
on the distribution of the eigenvalues of the saddle-point matrix, which are
bounded within the intervals given in Theorems 2.5 and 2.6 for the KK'T matrix
and the SQD matrix, respectively.

The preconditioner in (4.1) may be computationally expensive and in prac-
tice, approximations of A and of the Schur complement are necessary.

In Pestana and Wathen (2014), the authors study the bounds on the eigen-
values of saddle-point systems preconditioned by block diagonal preconditioners
when saddle-point systems require discretization as for instance, electromag-
netic problems or incompressible fluid dynamics problems. With respect to
block diagonal preconditioners of the form (4.1) combining the knowledge of
some spectral information, we refer the reader to Olshanskii and Simoncini

(4.2)

(4.3)

63
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(2010). In this work, the authors perform an analysis of the eigenvalue distribu-
tion of the preconditioned Schur complement matrix, showing how the presence
of a few outliers in this preconditioned Schur complement matrix is accurately
inherited by the global preconditioned matrix P~' Ay x+. They then propose a
strategy to accelerate the convergence of MINRES with a deflation technique ac-
cording to which they incorporate an approximation of those eigenvectors into
the preconditioned matrix P~ A+ associated with the (inherited) outlying
eigenvalues closest to zero.

Following the developments in Chapter 3, we incorporate the approxima-
tions A7 and SJ* for the inverse of A and S for the KKT systems or the SQD
systems, in Sections 4.1 and 4.2 respectively, to approximate the inverse of P.
These sections introduce each two alternatives, of the form

4, o (4 o0
P1.|:O S'y:| and 7)2|:0 S,y:|’

for the inverse of P and we give the theoretical bounds on the eigenvalues
of the preconditioned KKT matrices or SQD matrices, respectively. Next, we
compare the effectiveness of these alternative block diagonal preconditioners on
KKT systems and SQD systems in Section 4.3 and 4.4, respectively. Finally,
we focus on the KKT systems and we combine the preconditioners with a first
level of preconditioning.

4.1 Spectral preconditioners for the KKT sys-
tems

To simplify the writing, we make the short notation P; to denote our first
alternative for P in (4.1), which we approximate with

P = [ 4y 0 ] (4.4)

where S, = BTAJ'B with AJ' = U,AJ'UT + 21, as given in (3.4). The
following theorem gives the bounds on the eigenvalues of a Ay . preconditioned
by 7)1.
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Theorem 4.1 Let P; be given by (4.4) with AJ! = U,AJ'UT + 11,
and Sy = BTA; !B. Then the eigenvalues of the preconditioned matrix
P; ' Ay xr are bounded within the intervals

l HPmax + +/ N?nax +4
U Hmin 9

[Mmin - ,U/Qmin + 4 Hmax — Hr2nax +4
2 ’ 2

where

Amin A >\max A
Hmin = min <M7 Py) and Hmax = Max <a s 77 ())
(% (67 (07 [e%

(4.5)

denote the lower and upper bounds on the eigenvalues of A7 LA given by
(3.6).

Proof. Note that PflAKKT is similar to Pl_l/Q.AKKTPfl/Z, with
ATV 0

A B[ A7 o
0 5’71/2 BT 0

0 5;1/2
A;l/QAA,?l/? 0,
Qf 0 ]

79171/2“41””73;1/2

(4.
where Q)1 = A;1/2BS;1/2 satisfies
Q,{Ql _ S;l/QBTA;l/QA’;l/QBS’;l/2

= ;128,812 (4.
Inn.

6)

7)

We then recall that the eigenvalues of A7'A (which is similar to A~ 1/ PAAS 12 )
are bounded within the interval [fimin, hmax), With pmin and pimax defined by
(4.5). Observing that the singular values o; of @1 in (4.6) are equal to 1 by
(4.7), we get the desired result from the bounds in Theorem 2.5 applied on

(4.6) with o1 = oy, = 1, A1 = pimin and Ay, = fimax- |
For instance, choosing as previously in Section 3.1 v = )‘“‘fa‘(()A) and
o = )\max(ZA)"F'Y y161ds

200

and Mmax = ﬁ

2
Mmll’l - 101
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as computed in (3.9) and by Theorem 4.1, the eigenvalues of PflAKKT are
included within the interval

B (B 4 B - (3)7 44 FIER ARG
2 ’ 2

101’ 2 ’

or, equivalently, [—0.99, —0.42] U [0.02, 2.40], and the condition number of pre-
conditioned matrix ra(P; ' Akrr) < 121.21.

Observe that, by Theorem 4.1, the left interval, associated to the negative
eigenvalues in P, ! Ay, is basically well bounded and isolated away from zero,
as opposed to the right interval (the one associated to the positive eigenvalues in
P YA x7), which is well bounded towards infinity but not isolated away from
zero. Indeed, we can assume from (4.5), that pmax = O(1) (for reasonable
choices of a), whereas fmin = min (O(1),O()) can actually tend to zero with
small values for the parameter v, and this mostly influences only the lower
bound in the right interval.

The other alternative to approximate the "ideal” block diagonal precondi-
tioner P is to replace only the Schur complement by its approximation S, .
Indeed, knowing that the spectral information extracted from the (1,1) block
A is readily available, it is also reasonable to consider that solutions with A
can be obtained in a cheap way by means of deflated Krylov techniques as in
Giraud et al. (2006). We thus consider the second preconditioner

A 0
pe 40 s

and we obtain the following result about the clustering of the eigenvalues in
the preconditioned matrix Py ! Ay sr, which uses the result below on the eigen-
values of matrix where the (1, 1) block is the identity.

Theorem 4.2 Let 0 < 07 < 09 < ... < 0y, the singular values of B. Then

the eigenvalues of
I, B
BT 0
++/ 1—‘,—40’i2

are 0 with multiplicity », 1 with multiplicity n — m + r and ! 5
fori=1,...,m—r.

Proof. (Fischer, Ramage, Silvester and Wathen, 1998M) | Lemma 2.1 for n=
1). Note that, when B has a full column rank, the KKT matrix is nonsingular

(1) This reference has been given by an anonymous referee.
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implying that r = 0. O

We can now state the following theorem, which gives the bounds on the eigen-
values of PQ_IAKKT.

Theorem 4.3 Let P, be given by (4.8) with AJ! = U,AJ'UT + 11,
and S, = BTA; !B. Then the eigenvalues of the preconditioned matrix
Pyt A xr are bounded within the intervals

1_\/1+4Vmax 1_\/1+4Vmin U{l}U 1“1‘\/% 1+\/m
2 ’ 2 2 ’ 2
where
. ( a ! ) d ( a a)
Vmin = Imin | ———, ——~ an Vmax = Max | —————, —
o+ )\max(A) ¢ a+ )\min(A) Y

(4.9)

denote the lower and upper bounds on the eigenvalues of ST 1S given by
(3.16).

Proof. Note that Py ' Ay s is similar to Py /2 A icrPy /2, with

_ _ A—1/2 0 A B A-1/2 0
L R { 0 5‘1/2HBT OH 0§V
Y Y
In Q2
a (410

where Qy = A~1/2BS;/? satisfies

QTQ: = S7V2BTATY2ATY2BS?
—-1/2 —-1/2
= S VPSSR

As we have seen, the eigenvalues v; of S71S (which is similar to 551/255;1/2)
are bounded within the interval [Vmin, Vmax], With vpin and vpax defined by
(4.9). We deduce from Theorem 4.2 applied on (4.10), that the eigenvalues of

/ 2
(4.10) are 1 with multiplicity n — m and li# for i = 1,...,m implying
the bounds of the desired result. |

Amax (A)

foo— and

For instance, choosing as previously in Section 3.1 v =
a = Amex(IT io)gs
101 101

and  Vpax =

Vimin = 560 3



68 SPECTRAL PRECONDITIONERS FOR SADDLE-POINT MATRICES

as computed in (3.23), so that Theorem 4.3 implies that the eigenvalues of
Py ' A icr are included within the interval

1-y/1+1(8) 1—\/1+4(58$)]U{1}U{1+ LA () 14y/1+4(13)
2 2 ’ 2

’ 2

or, equivalently, [—6.62, —0.37] U {1} U [1.37,7.62], and the condition number
Ko (Py ' Axcrer) < 20.59.

Note that Theorem 4.3 allows isolating the eigenvalue 1 and tightening the
bounds on the positive part of the spectrum. This can be of interest when
deriving upper bounds for the rate of convergence in Krylov methods such as
MINRES for instance. Indeed, it is possible to partly refine the convergence rate
by incorporating the specific root 1 into the polynomials used to establish this
rate, and obtain a rate that depends directly on the bounds of the two extreme
intervals (without taking the value 1 into account).

4.2 Spectral preconditioners for the SQD sys-
tems

Similarly to the previous section, we now use Theorem 2.6 to generalize the
previous results to the SQD matrix. To simplify the writing, we make again the
short notation® P; to denote our first alternative for P, which we approximate

with
Py = [ Ay, 0 ] (4.11)

where the Schur complement S, = BTAJ!'B + C with AJ' = U,AJ'UT +
é[n. The next result gives the bounds on the eigenvalues of a SQD matrix
preconditioned by P;.

(2)We draw attention on the fact that we use the same notation for both alternatives of the
preconditioners in the case of the KKT systems and the SQD systems.
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Theorem 4.4 Let P be given by (4.11) with AJ! = U,AJ'UT + 11, and
Sy = BTAng + C. Then the eigenvalues of the preconditioned matrix
P lASQ p» are bounded within the intervals

|:/-1/min — Wmax — \/(/J/min + wmax)2 + 4{Dmax Hmax — \Y4 l’LrQnax + 4a}min:|

2 2
Mmax + V ,U/?nax + 4‘Dmax
Hmin, 2

where

Hmin = min (OMHM7 7) and Mmax = Max (Wa AmaX(/X))
« « a o

(4.12)

denote the lower and upper bounds on the eigenvalues of A7 1A given
by (3.6), with @pyin and @max, the smallest and the largest eigenvalues

—1(RT A-1 . . . . ]
gf:lgé (BY A7 B), respectively and with wpax the largest eigenvalues of
TiC.

Proof. Note that P; ' Asqp is similar to Pfl/zASQDPfl/Q, with

P2y pol/2 A;l/z 0 A B A;1/2 0
1 sQpF1 0 5,51/2 BT _C 0 5,51/2
_ | 497PAA Q: 113
= T —1/2 ~q-1/2 | > (4.13)
Q! 5712,
where Q)1 = A;l/QBSW_l/2 satisfies
Q,{Ql _ S;l/QBTA,;l/QA,?l/QBS;]'/2
—1/2pT g-1g—1/2
STV2BT AT BS Y

The matrix S’;UQBTA;1BS.;1/2 is similar to S;1(BTA!'B) and we get the
desired result from the bounds in Theorem 2.6 applied on (4.13) with A1 = fmin,
)\n = Hmax; 0—% = Wmin, Ufn = Wmax and Ag; = Wmax- U
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We consider now the alternative preconditioner for SQD systems,

40 } (4.14)

PQ::[O S,

for which we have the following result about the clustering of the eigenvalues
in the preconditioned matrix Py " Asqp-

Theorem 4.5 Let P, be given by (4.14) with AJ' = U, AJ'UT + 17, and
Sy = BTA; !B + C. Then the eigenvalues of the preconditioned matrix
Py ' Asop are bounded within the intervals

|jl — Wmax — \/(1 + wmax)z + 4‘~Dmax 1 -V 1 + 4f(":)min‘|

2 ’ 2
{1 1++/1 +4wmax]
’ 2

where

. _mln< a a ) and _max(2a+)\mill(A) a+’Y>
min — 20[+’Y7 a"‘Amax(A) max a+>\min(A) ' Y

(4.15)

denote the lower and upper bounds on the eigenvalues of ST 1S given
by (3.27), with @min and Omax, the smallest and the largest eigenvalues
of S71(BTA™'B), respectively and with wpay the largest eigenvalues of
S;ic.

¥

Proof. Note that ’P;lASQD is similar to P;l/ZASQDP;UZ, with

_ _ ATY2 0 A B A2 0
i = [0 ][ ][ ]
2 sQD /79 0 571/2 BT —_C 0 571/2

In QQ
_ [Q% 57_1/26&_1/2}, (4.16)

where Qy = A~1/2BS;/? satisfies
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QgQZ _ S;l/QBTA_l/QA_l/QBS,;l/Q
S,?l/QBTA_lBS,?l/2

The matrix S;l/QBTA_lBS;UZ is similar to S5 '(BTA7'B) and we deduce
from the bounds in Theorem 2.6 applied on (4.16) with 0% = Gmin, 02, = Cmax
and \S = wyay the desired result. O

4.3 Comparison of the spectral preconditioners
for the KKT systems

In this section, we illustrate and compare the effectiveness of the two precondi-
tioning alternatives presented in Section 4.1 on the previously introduced test
example (see Section 3.1) for the KKT systems. We provide, in Table 4.1, the
true negative and positive intervals in which the eigenvalues of P; ! Ay rer and
Py ' A wr are included, and this for varying values of the parameter v. We
have chosen three particular cut-off values for v, e.g.

Amax(A) ’ )\max(A) and )\max(A) 7
100 1000 10000

where Apax(A4) &~ 3.8, and we indicate the corresponding number p of eigen-
values in the (1,1) block A less than ~, as well as the condition number of the
resulting preconditioned matrices. It is interesting to understand the trade off
between the size of U, (recalling that the columns of U, are the orthonormal
sets of eigenvectors corresponding to the eigenvalues less than «), given by p,
that defines the computational weight for our preconditioners, and the tightness
of the intervals on the eigenvalues, both depending on «y. Indeed, larger values
of v imply larger values of p and thus the rank-p update in the approximation
of the inverse of A,

1
-1 _ —177/T
AN =UASUT +

requires more computations, while tightening the bounds on the eigenvalues,
the most efficient combination of these two being problem dependent.

We can notice that P; and P5 act differently on the spectrum of the matrix.
With Py, it is mostly the positive lower bound that goes to zero as vy goes to
zero, the other bounds remaining roughly stable, and this is actually predicted
by the result in Theorem 4.1. As opposed to that, with Ps, the negative and
positive outer bounds grow with decreasing values of -, while the inner bounds
stay stable. This is also included in the result given by Theorem 4.3. The main
difference, that can also be seen from these two theorems, is that in the case of
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v b= |{)‘z < '7}| SpeC(Pl_lAKKT) “2(731_1-/41(1(7)
Amax(A) 42 [—0.90, —0.45] U [9.7 102, 3.28] 33.81
Amas(4) 33 [~0.98, —0.43] U [1.1 102, 3.40] 309.09
Amax () 23 [—0.99, —0.42] U [2.5 10, 3.52] 1408.00

Y p= |{)‘1 < ’YH SpeC(PglAKKT) KJQ(,PglAKKT)
Amax(£) 42 [3.57, —0.40] U [1,4.57] 11.43
Amaxi4) 33 [~12.12,—0.39] U [1,13.12] 33.64
Amax(4) 23 [~27.20, —0.38] U [1, 28.20] 74.21

Table 4.1 — True eigenvalues clustering and condition number of P; Y A rer and
Py Ay icr for varying values of .

P1, the inner positive bound is in O(y/a), whereas with Ps, the outer bounds
are in O(y/a/7v), which grows more slowly than O(\/7v/«).

Next, the bounds on the intervals in terms of Apnax(4), Amin(4),v and «
given by Theorem 4.1 and Theorem 4.3 ensure that the eigenvalues of P, YA ir
and Py ' A+ belong to

[—0.98,—0.28] U [0.03,3.56] and [-5.13,—0.19]U{1}U[1.19,6.13],
respectively, in the case where v = %"ém. Figure 4.1 shows the eigenvalues
distribution of Py YAy rer and Py L Awrer with the theoretical bounds, which
implies that the condition number of P, ! Ay xr is majorated by 119 and that
of Pyt Agrr by 32.3.

We now illustrate, in Figure 4.2, the behaviour of preconditioned MINRES
on these test cases. Assuming that the eigenvalues of the preconditioned system
P~ Ay xr are bounded within two intervals of the same length, [—a, —b]U|[c, d]
with a,b,¢,d > 0, we recall from Elman et al. (2005), Section 6.2.4, that the
convergence profile of the preconditioned MINRES method is bounded (in exact
arithmetic) by

(4.17)
0]l p— Vad + vbe

where P denotes the preconditioning matrix for the KKT system Ay -, and
where 72F = b — Ay r2%F denotes the residual of system (1.3) after 2k it-
erations. The relation (4.17) guarantees that, for a relative residual fixed to
72| 1 /||7°||p-1 = 1079, the number of MINRES iteration & is bounded by

k
I s _ (x/@— J(T)
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1 ‘_/—*_'/7 o :
p———

Figure 4.1 — The left-hand subplot shows the eigenvalues distribution of
P ! Ay e and the right-hand subplot the eigenvalues distribution of Py Y Aerer

—(g +1logy2)

logy (7\/\/@7\/E> .
ad++vbe

For comparison purposes, we indicate in Figure 4.2, in dashed lines, the conver-
gence profile corresponding to the upper bound in (4.17) for the various cases.
The iterations are stopped when the scaled residual in P~!-norm (with either
Py or Pa) ||r¥||p-1/||7°||p-1 is less than 1078. We can observe that smaller
values of 7 increase the number of iterations in both cases. However P, seems
to be less sensitive than P; to small values of v, which may be related to the ob-
servation above with respect to the behaviour of the bounds in the eigenvalues
intervals.

We also mention that, in this particular test case, the scaled residuals in
2-norm ||7*||2/||7°||2 of the unpreconditioned MINRES iteration stagnate above
10~* without convergence. This can be seen in Figure 4.3, where we also plot,
for sake of comparison, the convergence profile of preconditioned MINRES with
the classical preconditioner (see Golub et al., 2006, example 4.2)

1, 0
Pries = [ 0 BTRB ] 5 (4.18)

whose purpose is to orthogonalize the constraints. Indeed, note that P, A s
is similar to Prpd  AwxrPrad’, with
—1/2 “1/2 A B(BTB)~1/?
IBB AKKTPIBB - (BTB)_1/QBT 0 )
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5 = Amac(A)/100
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Figure 4.2 — Convergence profiles of preconditioned MINRES with precondition-
ers Py and P, for different values of ~.

where Q = B(BT B)~'/? satisfies QT Q = I,,..

The convergence curves for P; and Ps in this figure have been obtained with
a value of ¥ = Apax(A4)/100, and for a fair comparison, the scaled residuals in
this figure have been computed in the 2-norm in all cases. We can see that
the convergence behaviour of MINRES for PI_BlB.AKKT is not enough to reduce
the iteration number of MINRES. It is then crucial to take account spectral
information from A through A" in P and A=! in P; !, to ensure that the
iteration number is small.

Table 4.2 provides the true negative and the positive intervals in which the
eigenvalues of Ay cr, Py *Axwr, Py *Axxr and P Ag s are included. We
can see that the ill-conditioning of P;;BAK 7 1s caused by the lower bound on
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Minres
I\/Imres+P‘BE -

MmI’ES+P|

Minres+P2

scaled residuals (in the 2-norm)
=
i

i
0 400 800
iteration number

Figure 4.3 — Convergence profiles of MINRES for 7 = Apax(A)/100 (with and
without preconditioning).

the positive interval.

P SpeC(P_lAKKT) K/(P_lAKKT)
/ [-16,-24107°] U [2.3107°,3.8] 1.610°
Py [—0.9,—0.5] U [9.71072,3.3] 33.8
P [—3.6,—0.4] U [1.0,4.6] 11.4
Pios [—1.0,—0.4] U [3.0107°,3.8] 1.310°

Table 4.2 — True eigenvalues clustering and condition number of Ay,
Pl_lAKKT7 P2_1AKKT and PI_B}BAKKT
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4.4 Comparison of the spectral preconditioners
for the SQD systems

Now, we illustrate and compare the effectiveness of the two preconditioning
alternatives on the previously introduced test example (see Section 3.2.2) for
the SQD systems. In the same way, we provide, in Table 4.3, the true negative
and positive intervals in which the eigenvalues of P; ' Asop and Py ' Asop are
included, and this for varying values of the parameter ~.

Y p=HX <~} Spec(PflAsQD) HZ(PflASQD)
Amax(d) 42 [—1.00, —0.49] U [9.3 102, 3.28] 35.13
Amax(4) 33 [—1.00, —0.48] U [1.0 102, 3.40] 329.87
Amax(A) 23 [—0.99, —0.46] U [1.4 103, 3.52] 2598.48

v o= <ol Spec(P; ' Asqn) k2 (Py " Asop)
Amex(£) 42 [—2.90, —0.45] U [1, 3.69] 8.16
*f;g@i{‘) 33 [~11.05, —0.44] U [1, 12.00] 27.17
Amax(d) 23 [—18.04, —0.43] U [1, 18.90] 43.85

Table 4.3 — True eigenvalues clustering and condition number of P, IASQ p and
Pyt Asop for varying values of 7.

Similarly to the KKT systems, we observe that, P; and Ps act differently
on the spectrum of the matrix. Indeed, the positive lower bound associated
with P; goes to zero when v goes to zero, the other bounds remaining roughly
stable, and this is actually predicted by the result in Theorem 4.4. The negative
and positive outer bounds associated with P, grow with decreasing values of
v, while the inner bounds stay stable. This is also included in the result given
by Theorem 4.5. We can also see that the main difference from these two
theorems, is that in the case of Pj, the inner positive bound is in O(v/a),
whereas with P,, the outer bounds are in O(v/a/7).

The bounds on the intervals in terms of Apax(A4), Amin(4),y and « given
by Theorem 4.4 and Theorem 4.5 ensure that the eigenvalues of P; Y Ay rer and
P{lAKKT belong to

[~1.00, -0.28] U [0.03,3.28] and [-3.23,—1.4107*] U[1,3.62],

respectively, in the case where v = )‘mf(’)‘éA). Figure 4.4 shows (using the same
scale) the eigenvalues distribution of P;° Y Awrer and Py ! Ay rer with the theo-

retical bounds, which implies that the condition number of P, YA er is majo-
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rated by 1.1 10? and this of Py ' A xr by 2.6 10%. In Figure 4.5, we plot the
convergence profile of MINRES.

4 4
3 3
2 ; 2 1
/-—/—_ ~ /——’_’
1 ~ 1
;
0 = 0
1 1 /—/—-
2 2
3 3
-4 L 4
0 100 200 300 400 0 100 200 300 400

Figure 4.4 — The left-hand subplot shows the eigenvalues distribution of
P; ' Asop and the right-hand subplot the eigenvalues distribution of Py *Asep.
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Figure 4.5 — Convergence profiles of MINRES for v = Apax(A4)/100 (with and
without preconditioning).
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4.5 First level preconditioners

In this section, we study the effect of a first level of preconditioning on the
matrix Axgr in (4.2). As mentioned in the previous sections, a first level of
preconditioning can be useful to improve the clustering of the eigenvalues of
A. Considering a block diagonal form for this first level of preconditioning, we
denote it by Py, given as
M 0

ne[ Y 0], "
in which the two symmetric positive definite matrices M and N are given in
a factorized form, M = RTR and N = LT L, respectively. Let us first rewrite
the preconditioned system

Py ' Axrrz =Py 'b

in a symmetrized manner as
i - [ A B][Ru] [RTYf
AKKTLL' =b= |: BT 0 :| |: Lo :| = |: LiTg :| (420)

with A = R"TAR™! being the symmetric positive definite matrix correspond-
ing to A preconditioned with M, and B = R-TBL~! being the corresponding
preconditioned constraint matrix. In this case, the associated Schur comple-
ment becomes S = BTA-1B.

In the following section, we focus on the KKT systems and we derive the
formulations of A7 Land S5 L the approximations of the inverse of A and of the
Schur complement associated to the system (4.20) as introduced in Sections 3.1
and 3.2, respectively.

4.5.1 Combination of a first level preconditioner with spec-
tral approximations

Similarly to the eigendecomposition of the matrix A in (3.3), we split the
spectrum of A in two parts, with Aw € IRP*? the diagonal matrix containing
the p eigenvalues less than a given positive number v € [/\min(ﬁ),/\max(ﬁ)].
We assume that the first level of preconditioning ensures that the number p of
these eigenvalues is small. Following the steps in Section 3.1, we approximate
the inverse of A as in (3.4) with

ATV = U ATOT + -1, (4.21)

SERS

where [A],y denotes the set of eigenvectors of A associated to those eigenvalues
below the given threshold v and « > 0 is some estimate of the average of the re-
maining eigenvalues (those not in A,), or of Apax(A). Similarly to Section 3.2.1,
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we next derive the approximation of the inverse of the Schur complement S as
in (3.13) with

N e o\ —1/2 N R S St o A\ —1/2
S o= a(BTB) <Im—K7 (lAW—i—KWTKA,) K$> (BTB) (4.22)

where K., is the operator defined by (BTB)_1/2ETU7. Note that the eigen-
value equation AUW = 07[\7 together with A = RTAR™! can be written
as
—T 4 p—1 A
R ARU, =U,A,,
which is equivalent to
—17 T A
ARTU, =R U,A,.
Introducing the notation V, = R‘lﬁY , we have the generalized eigenvalue
equation
AV, = MV,A,. (4.23)

We deduce that the matrix V, corresponds to the eigenvectors of A precondi-
tioned with M. We can rewrite (4.22) as

- _ -1 _
$71 = o« <(BTB) L (BTB> 1/2[2W (é[\AY +f(:;rf(7> KT (BTB) 1/2) ’
with
BB = L "B"R 'R TBL!
= L " (B"M'B)L™!

= LTSy, L1,

where we use the notation Sy, = BT M~!B. Using the fact that

(BT"B)"Y*K, = (BTB)"'B'U,
= (B'B)"'L"TBTR 'RV,
LSy!'BTV,,
and
KTk, = U'BB"B)'B'U,

= VI'R'R™T"BL™Y(B"B)'L""B"R'RV,
= V.BS,/B"V,
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S 1 becomes,

-1
S5 = <LSMlLT — LS B"V, GA” + VWTBSJBT%) VWTBSMILT> :
We can then introduce the operator Z, given by
Z, = Sy°BTV, = (BTM~'B)"'/?BTV,, (4.24)

which plays the role of K, with respect to the eigenvectors of A precondi-
tioned with M and to the modified inner product associated to the first level
of preconditioning M, to write

. _ 1. - -

In the next section, we use the approximations /Al; ! and 5’; 1 to construct new
approximations of block diagonal preconditioners.

4.5.2 Combination of a first level preconditioner with spec-
tral preconditioners

In this section, we show that the combination of the two levels of precondition-
ing,

PPy Au = PPy, (4.26)

?

with ¢ either 1 or 2, can be expressed in a simple form
-1 -1
P Az = Piyb,

with P; s a block diagonal preconditioner satisfying 732»}} = ’Pfl’P(; 1. Using the
approximation of the inverse of A and the Schur complement .S., developped in
Section 4.5, we apply either

. A-1 . A1l
Pl = [ v ~ } and Pyl = [ A }
1 S'yl 2 S’y 1

with fl; L and ﬁ,; ! defined by (4.21) and (4.25) respectively, to the symmetrized
system At = b. Tt is then easy to see that the matrix L cancels with its inverse
or that N = LLT can be eliminated from both sides of the system of equations,
and therefore the combined two levels of preconditioning can be condensed into
the following formulations

PoiAu=PoLb and Pyl Au=PylLb
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where
VoAV 4 Lt 0 )
P = 0 v ([m —Zy (iAW + Z$Zv>7 ZvT) Su'®
and
A1 0
. -1 _
Pl o= | 0 as;? <1m ~ 2, (LA, + 27 2,) Z$> S

We first observe that the inverses of P;; and Pops do not depend on the first
level of preconditioning IV on B, implying that the preconditioning of B is not
necessary (except perhaps for numerical issues, like scaling, etc.). Obviously,
the bad conditioning of B is taken into account in the 5,/* = (BT M~ B) e
terms that appear on both sides of the (2,2) block in P;,} and P,,}. Finally,
we can easily get rid of the matrices square roots in this (2, 2) block and rewrite
it as

, , 1. , -1 ,
@ (SMl - Sy (BTU,) (EA'Y + (BTUW)TSMI(BTUW)) (BTUV)TSMI> , (4.27)

where the major computational part is in fact to solve linear systems with
matrix

Sy = BTM™'B

in an appropriate manner.

Concerning the (1,1) block of P, ]\}[, we recall that p < n so that it resumes
in a low rank update to éM —1. We also note that either M is available in a
factorized form or the solution with M is easy in principle. A way to extract
a good approximation for the partial spectral information /A\,Y and V, within
Krylov techniques is proposed in Golub et al. (2007). With respect to the (1,1)
block of P, A}[, this partial spectral information can be used to efficiently solve
with matrix A in preconditioned or deflated Krylov techniques (see for instance
Giraud et al., 2006).

Coming back to the solution with matrix Sy, = BT M !B, alot of attention
has been devoted to this issue with, in particular, the application of constraint
preconditioners of the form

P, — [ éﬁ zg } (4.28)

and we refer to Benzi et al. (2005) for a nice survey. The nice feature of the
Schur complement approximation in (4.27) is that the very small low rank
update added to 5;11 incorporates the missing information whenever the first
level of preconditioning is not enough to set up MINRES in good conditions
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for linear convergence. With respect to computational costs, this low rank
update can be constructed once, factorized beforehand, and reused many times
to speed up solutions with changing right-hand sides and the same coefficient
matrix. In this particular context, the extra cost to build the various spectral
components required in this approach can be very rapidly amortized. This
has already been illustrated in the case of ill-conditioned symmetric positive
definite systems (see Golub et al., 2007).



Chapter

Stokes problem

In this chapter, we consider a problem in fluid dynamics generated by the
Matlab package ifiss produced by Elman, Ramage and Silvester (2002) writ-
ten jointly with the book of Elman et al. (2005). The toolbox models a steady
incompressible fluid flow using partial differential equations (PDEs). It in-
cludes algorithms for discretization by finite element methods, which are used
to rewrite the problem as a linear system of equations. We use the well-know
Stokes problem to illustrate the numerical behaviour of the spectral precon-
ditioners introduced in Chapter 4. We consider a viscous fluid moving in a
domain of the two dimensional space 2. The Stokes problem is governed by
PDEs given by

—V2i + Vp 0, (5.1)
V-d = 0, (5
with boundary conditions
i = W on 0Np,
ol S
gu np = 0 on 0Ny,
on

where 0Qp U 0Qny = 09 and 0Qp and 9Oy are distinct. The vector valued
function 4 represents the fluid velocity and the scalar function p represents the
pressure. Equation (5.1) is the conservation of the momentum of the fluid,
while the second equation (5.2) enforces conservation of mass (also referred
to as the incompressibility constraint). This last equation characterizes the
"low-speed" flow as for instance engine oil. In the Ifiss software, a finite
element discretization is used to express the Stokes problem as a system of
linear equations with the following KKT form,

83
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ERdi N

where A € R™*™ is called the vector Laplacian matriz and B € R™*"» is
called the divergence matriz.

Different discretization approaches are discussed in Elman et al. (2005),
Section 5.3. In this chapter, we first consider the (Q2-Q1) Taylor-Hood method
and next the Q1-Py method. In this last case, the element pair is unstable. In
such cases, one can use stabilization techniques leading to Stokes problem with
the following SQD form

o ] [V]=[0] o

where 8 > 0 is a stabilization parameter.

In Section 5.1, we analyse and compare the behaviour of preconditioned
MINRES by P; and P, introduced in Chapter 4 for KKT systems. Section 5.2
illustrates P; and P2 on Stokes problems with SQD form.

5.1 Preconditioned approach for KKT systems

The KKT system coming from Stokes problem is generated using the ifiss
package. We present numerical results for a simple test problem arising in
incompressible fluid flow: Flow over a backward facing step in L-shaped domain
represented in Figure 5.1. The computations were performed on a workstation
using Matlab R2015a and we have used ifiss 3.4. We consider the Stokes
problem as described above, employing the Taylor-Hood elements on a non-
uniform grid with grid stretch factor equal to 2. The size of the system is
7235 and we solve the resulting linear system with MINRES. The matrix A is
symmetric positive definite of order n = 6402 and the rectangular matrix B
has size 6402 x 833.

N Q2-Q1 finite element subdivision
08 o o Jo op o o
0.6
0.4 o o do op o o
0.2 ¢ S o od © ¢

Y] A A
-0.2 o O Q
0.4 op o o
-0.6
08 op o o

-1

Figure 5.1 — L-shaped domain with non-uniform grid.
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As first-level of preconditioning, we consider a Jacobi scaling of A to set
the diagonal of the preconditioned matrix to 1. The spectrum of the resulting
preconditioned matrix is well clustered, with 246 eigenvalues less than v =
)‘"‘fﬁ"ém ~ 2.71072, and with extreme eigenvalues of 1.510~% and 32.7. The
condition number of A is 2.2 107. Figure 5.2 shows (on logarithmic scale) the
eigenvalues of this preconditioned matrix. For simplicity, we shall denote as A
this preconditioned matrix in the following.

18r
246 eigs. are below the threshold

16+ 0

= Apax (A)/100)

14r

12+

0.8

0.6

0.4F

021

10 104 102 10°

Figure 5.2 — Spectrum of the matrix A generated by Matlab with ifiss package
after Jacobi scaling.

We now illustrate, in Figure 5.3, the behaviour of MINRES preconditioned
by P1 and Ps introduced in Chapter 4 using exact spectral information of A.
Similarly to Section 4.3, we indicate, in dashed lines, the convergence profile
corresponding to the upper bound of scaled residuals in the respective P~!-
norms (with either P; or Ps). The convergence curves for P; and Ps have been
obtained with a value of v = Apax(A)/100 and the iterations are stopped when
the scaled residual in P~!-norm (with either P; or P,) is less than 1078, We
can observe that Ps is better than P;, which may be related as we have seen
to the behaviour of the bounds on the eigenvalue intervals given by Theorem
4.1 and Theorem 4.3.

In Figure 5.4, we also plot, for sake of comparison, the convergence profile
of preconditioned MINRES with the classical preconditioner P, defined by
(4.18) in Chapter 4 and the least-squares commutator (LSC) preconditioner
(see Elman et al., 2005, Section 8.2.2) defined by

-1
Pl = { - } 7 (5.4)

LSC
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Figure 5.3 — Convergence profiles of MINRES preconditioned with P; and Ps
for the Stokes problem of the KKT form.
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Figure 5.4 — Convergence profiles of MINRES (with and without precondition-
ing).



5.1. PRECONDITIONED APPROACH FOR KKT sysTEMS 87

where S; 1, = (BT B)~}(BT AB)(BT B)~! in the unscaled version (which is one
of the preconditioning possibilities in ifiss). We point out some analogies of
the matrix S;l introduced in (3.13) with the LSC preconditioner with respect
to the ingredients that specifically concern the constraint matrix B. Indeed, in
both cases the inverse of the Schur complement includes the inverse of BT B
at both ends, but the LSC preconditioner incorporates directly matrix B” AB
instead of the rank-k update that we have proposed to approximate the inverve
of the Schur complement.

Considering preconditioners Py, Ps and P, s, Table 5.1 provides the num-
ber of iterations of preconditioned MINRES. We can see that the preconditioner
P2, including spectral approximation of the inverse of the Schur complement,
is close to the number of iterations of P, s, while Py, using an approximation
of the inverse of A, demands twice as many iterations.

P # iter. MINRES

P1 137
P2 73
Prsc 67

Table 5.1 — Number of iterations of preconditioned MINRES by P;, Po and
7DLSC"

Table 5.2 provides the true negative and positive intervals in which the
eigenvalues of A s, Py Axxrs Py " Axrrs ProgAxwr and Pl Agwr are
included. We can see that the ill-conditioning of P;;BAK ~r 1s caused by the
lower bound on the positive interval. We observe that the condition number of
P.. Slc.AK xr is larger than for P; and Py. The lower bound of positive interval
of P/ Y Ay er could explain that the number of iterations of P; is larger than
for Prsc.-

P SpeC(P_lAKKT) H(P_lAKKT)
/ [75.6 1072,72.8 1071]] @] [4.3 1076,2‘8} 9.610'°
P [—1.0, —0.6} U [2.7 10_27 2.6] 9.410!
Po [—4.4, —0.6} ] [1.0, 5.4] 9.4
Pros [-3.3,-5.7] U [3.010°,38  1.310°
Pusc [-2.310, —0.6] U [10,2.3102] 3.8 102

Table 5.2 — True eigenvalues clustering and condition number of P; YAy rers
P2_1AKKT7 P;glgAKKT and P;schKKT'
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5.2 Preconditioned approach for the SQD sys-
tems

Now, we illustrate the behaviour of preconditioners P; and P on the pre-
vious test example with a @-Fp discretization leading to the SQD system
(5.3). We also consider a Jacobi scaling of A and the spectrum of the re-
sulting preconditioned matrix is well clustered, with 216 eigenvalues less than
v = )‘1"6“(‘)" ~ 31072, and with extreme eigenvalues of 2.2107% and 3. The con-
dition number of A is 1.4 10°. Figure 5.5 shows (on logarithmic scale) the

eigenvalues of this preconditioned matrix.

L8 216 eigs. are below the threshold
(v = A ., (A)/100)

16

141

0.8

0.6

0.2+

10° 10 1072 10°

Figure 5.5 — Spectrum of the matrix A generated by Matlab with ifiss package
after Jacobi scaling.

In the same way, we provide, in Figure 5.6, the behaviour of MINRES pre-
conditioned by P; and P,. The convergence curves for P; and Ps have been
obtained with a value of ¥ = Apax(A)/100 and the iterations are stopped when
the scaled residual in P~!-norm (with either P; or Ps) is less than 10~8. Simi-
larly to the KKT system, we can observe that P is better than P, which may
be related as we have seen to the behaviour of the bounds on the eigenvalue
intervals given by Theorems 4.4 and 4.5.
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103 F 4

104F E

scaled residuals (in the respective P Lnorms)

10-7 I I 1
0 50 100 150 200

iteration number

Figure 5.6 — Convergence profiles of MINRES preconditioned with precondition-
ers P; and P, for the Stokes problem of the SQD form.



90

STOKES PROBLEM



Chapter

Interaction between the blocks in
KK'T matrices

In the previous chapter, we presented two block diagonal preconditioners for
KKT systems of matrix

A B } 7 (6.1)

-AKKT = |: BT 0
which incorporate the ill-conditioned part of the matrix A through the approxi-
mation of the inverse of the Schur complement S = BT A~ B and of the inverse
of A. This proposed approach has the advantage of explicitly showing the spe-
cial link between the matrices A and B. To our knowledge, no study of the
interactions between A and B in (6.1) using the approximation of the inverse
of the Schur complement introduced in Chapter 3 has been proposed so far.
Yet the optimization and linear algebra communities using preconditioning for
KKT matrices have knowledge of the interaction between these two matrices.
Maybe is this due to numerical experimentations.

The purpose of this chapter is to highlight, from a theoretical point of view,
some aspects of the interaction between A and B when solving systems of the
form Axprx = b, as in (1.3). Indeed, it is commonly observed that despite
their possible ill-conditioning, some recombination of A and B occurs that
sometimes degrades but can also improve the convergence of Krylov subspace
methods like MINRES.

Section 6.1 gives a first insight on the interaction between A and B through
the Schur complement approximation and shows some configurations according
to which the influence of the small eigenvalues of A can have an effect on
the convergence of MINRES. The next sections give some intuition on the
interaction between the matrices A and B through a toy example first, then for
varying constraint matrices. Section 6.3 refines the bounds on the eigenvalues
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of Ag xr through new theoretical developments . Finally, the last section of the
chapter studies the possibility of reducing the low rank update in the inverse of
the approximation of the Schur complement (3.13) and we generalize the block
diagonal preconditioner P; defined in Chapter 4 in this context.

6.1 Interaction between blocks in the Schur com-
plement approximation

We first clarify through the Schur complement approximation S, introduced
in Chapter 3, Section 3.2.1, the link between the matrices A and B. We thus
come back to the inverse of the approximation of the Schur complement (3.13)
given by

-1
S7t=a(B"B)!? (Im - K, ((iA7 + K$KW> K§“> (BTB)"Y2, (6.2)
where K., € R™*" is the operator defined in (3.14) by (BT B)~'/2BTU., with
the constraint matrix B € R"™™ and with U, € R"*?, which contains the
orthonormal set of the p eigenvectors associated to the eigenvalues in A below
a given threshold . As we have seen in Chapter 3, the singular values of K,
correspond to the cosines of the principal angles between the two subspaces
Im(B) and Zm(U.,), since B(BT B)~!/? represents an orthonormal basis for
Im(B) (see, e.g., Golub and Van Loan, 2013, Section 6.4.3). The expression

1 T
~A, + KTK,

in (6.2) explicitly shows the interaction between A and B, with the combined
effects of both the smallest eigenvalues of A (through A,) and the cosines of
the principal angles between Zm(B) and Zm(U,) (through K).

Let us now consider the matrix K € IR™*" defined as

K=Q"U =[Q"U,, Q"U,] = [K,, K,], (6.3)

where

Q = B(BTB)"'/2 e ™™ (6.4)

satisfies Q7 Q) = I,,, by definition, U = [U,, Uv} is the orthogonal matrix of the
eigendecomposition (3.3) of A, K., is the operator used in (6.2) and we set K., =
QTUW. The columns of K7 are orthonormal, implying that KWK,? + f(,yf(z =
I,,. If we next complete the matrix K7 by m — n orthonormal columns to
provide an orthogonal matrix of IR"*", and if we apply the CS decomposition
as in Appendix A or Paige and Saunders (1981), Section 4, one can guarantee
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the existence of orthogonal matrices V,, € RP*?, V. € R x (n=P) 4nq
W € R™*™ such that

VWTK,fW =C = diag(cy, ..., c.) € RP*™, r = min{p,m}, (6.5)
and
VWTf(?W =S = diag(s1,...,8¢) € R(—P)xm ¢ = min{n —p,m}, (6.6)

where

cTc+8TS =1,,. (6.7)

The singular values ¢; and s; of K ;’1 and I?ff , respectively, are cosines and sines
satisfying (without loss of generality)

1>¢>...2¢.>0 and 0<s<...<s,< 1.

Among these values, min{r, ¢} correspond to the cosines and sines of the princi-
pal angles between Zm(B) and Zm(U,), the other values being equal to either 0
or 1, depending on the dimensions p, m and n. The associated min{r, ¢} princi-
pal vectors (see Appendix A or Golub and Van Loan, 2013, Section 6.4.3) are de-
fined by the min{r, ¢} first columns of matrix U, V,, and matrix QW , in Zm(U.,,)
and Zm/(DB) respectively. Equation (6.5) now implies that Kﬂ? =V,CWT, and
from the expression (6.2) of S;! we have that

—1 T —1/2 T —1/2
S;'=a(B"B)" Y2 P (B"B)™/?,

where

1
v,ew'’™

e
|

Ty, T 1 Ty,T
Ly —WCTV <5A7+VWCC VW)

-1
I, —wc” (évava + ccT> cw’.

At this point, several configurations can occur, depending on whether the
size p of the invariant subspace U, is smaller than the number m of constraint
equations or not, and/or whether some cosines are zero, meaning that there
exists some orthogonality between the principal vectors themselves. In this last
case or when p > m, the result is that some rows in the p x m rectangular
matrix C will be zero. At any rate, we can introduce a nonsingular diago-
nal matrix CT € RP*?, where the diagonal elements of C' correspond to c; !
whenever ¢; # 0 in the corresponding diagonal element in C, and 1 elsewhere.
We can also introduce the matrix J = C'C € RP*™, which will have the same
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structure as C with ones replacing the nonzero diagonal values in C. With these
notations, we can then write

-1
P = I,-wc'ct (éCTVWTAWVWCT-i—CTCCTCT) ctew™

-1
= Ln-wJ" (écﬁ/wavyCT + JJT) Jwe, (6:8)

where the matrix JJ7 in the internal inverse operator is a p x p diagonal
matrix with ones in places corresponding to the nonzero cosines in C, and zeros
elsewhere.

Consider now the most general case where p < m and all cosines are nonzero,
so that there will be no zero rows in the matrix C,

C = diag(cy, ..., cp) € RP™

C1

1]

Cp

with ¢; #£ 0, ¢ = 1,...,p. This corresponds to the generic situation that one
may encounter, assuming that the eigenvalues in A are well clustered (after
the first level of preconditioning) so that p is small with respect to the number
of constraints, and no orthogonality occurs between Zm(U,) and Zm(B). In
this situation, JJ7 reduces to the identity matrix I, and CT can be written
as O I where C., € RP*? is the diagonal part of C. Finally, let us denote by
W, = WJT € R™? the subset of the p first columns in W. The equation
(6.8) then reduces to

-1
P=1I,—-W, (éc;lvfmvwcql + 1,,) wl. (6.9)

We can observe that the term C7 1V7TAA,VWC; ! shows the relation between the
cosines and the small eigenvalues of A. It is the key part of our analysis of
interation through the Schur complement. Indeed, since V, is orthogonal, we
have

1, _ max{\; }¥_
Oy (VAL V)C A

IN

1

a (min{c; P )2

1 Y

a (min{ei}y_,)*

From this inequality, we can see that the influence of the small eigenvalues in
A, (all those below +) is inhibited in the inner inverse operator in (6.9) if

v

(min{c;}7_,)% > o (6.10)
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because in this case é”C’; Y(VFAV,)CT |2 < 1. Reasonable choices for + (for
instance, ¥ = Amax(A4)/100 and @ = Apax(A)) lead to values of y/a < 1072 so
that we can expect an influence of the small eigenvalues only when there exist
principal angles between Zm(U.,) and Zm(B) whose cosines are less than 1071,
In this situation indeed *CH(V.'A,V,)C ! influences the identity matrix I,
in (6.9).

6.2 Illustrations

In the previous section, we highlighted the influence of the cosines values of
the principal angles between Zm(B) and Zm(U.,) on the approximation of the
inverse of the Schur complement. In the situation where the small eigenvalues
of A can have an influence on the Schur complement, the preconditionner

Ay 0 ] , (6.11)

— gl
P [ 0 S,
introduced in Chapter 4, has a sizeable impact on the convergence of MINRES
and we present some illustrations showing this effect in the next sections.

6.2.1 On a toy example

In this section, we use a toy example to show that these cosines values can
impact and spoil the convergence of MINRES. To build the matrix Ay x,, we
consider a diagonal matrix A of order n = 500 with diagonal entries in ]0, 1]
and such that

TA 0
=yl
with A; = A, € RP*P where p =5 and

A’Y = diag()\l, /\2, )\3, )\4, )\5)
= diag(107%,107%,107%,1072,107 1),
and Ay € R"PX(=P) where n — p = 495, is a diagonal matrix with uniform

values from the interval [a, b] = [0.11, 1] and randomly generated by the Matlab
code

diag(a + (b-a).*rand(n-p,1)).

We impose that the columns of the matrix U, are the first p vectors {ei, es,...,€e,}
of the canonical basis of IR". The matrix B € IR™*™, where m = 200, is set to

[ c o0
2=| 58, b
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where C, = diag{ cos6, }'_,, S, = diag{ sin6; }' |, By € R("=P)XP
By, € RM™PX0m=P) that are such that Q = [B; B,] € R PX™ satis-
fies QT Q = I,,, ensuring that B has orthonormal columns. Indeed, we have

T _ [ (O SA,BlT (O 0
B'B = | 0 BT B1S, B>
_ [ C?, —&-SL,BiFBDS'7 0
- i 0 BIB,
_ [ I, 0
o I P
We then obtain
K, = (BTB)"Y?BTU,
= BTU,
_ Cy SvBlT I,
o 0 BT 0

— Cy
= o |
which corresponds to the CS decomposition (6.5) of K}; with the matrices V/,

and T equal to the identity matrix. The principal vectors in Zm(U,) are equal
to U,V, = U, and the rank-p update

1
~CH (VA V)CT + 1,

of S71 in (6.9) is reduced to
1 CI'ACT 4T
a ¥ T P

It implies a one-to-one match between eigenvectors versus principal vectors and
eigenvalues below -y versus cosines of the principal angles between Zm(U,) and
Im(B). We cousider three different configurations (a), (b) and (c¢) for

C,, = diag{cos 0;}7_;,

with values of the cosines of the principal angles between Zm(U,,) and Zm(B)
given in Table 6.1.
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(@ () (¢

cos 0 03 03 10°°¢
cos 09 0.3 1073 10°°
cos 03 03 03 10°¢
cos 0, 03 03 10°°
cos 05 03 0.3 0.3

Table 6.1 — Values of the cosines of the principal angles between Zm(U,) and
Im(B) for three configurations.
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Figure 6.1 — Convergence profiles (2-norm and P; *-norm of relative residuals)
for different values of C,.
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Figure 6.1 illustrates and compares the impact of the values of the cosines of
the principal angles between Zm(U.,) and Zm(B) on the behaviour of MINRES
applied to our toy KKT matrix for the three cases. Furthermore, we show
the impact of the preconditioner P;. For comparison purposes, the iterations
are stopped when the scaled residual in 2-norm or P; !is less than 10~8. For
particular values of the cosines, the phenomenon of plateau occurs. Indeed, we
come back to the relation iC,Y’lAVC,?l + I, which implies that if the square
of the inverse of the cosines of some principal angles are equal to the corre-
sponding eigenvalues, the corresponding bad conditioning of A is showed up
in the Schur complement inverse. For instance, if we change the value of the
second cosine cos @3 from 0.3 to 1073 (corresponding to the square root of the
corresponding eigenvalue) between situations (a) and (b), the speed of conver-
gence of preconditioned MINRES by P; ! is disrupted. One such phenomenon
of plateau in the convergence curve occurs in Figure 6.1, case (b). After this
phenomenon of plateau, the convergence behaviour is similar to the classical
one for MINRES. Case (¢) corresponds to a generalized case where four out of
the five values of the cosines reveal the corresponding bad conditioning of A
in the Schur complement inverse which leads to four phenomena of plateau in
Figure 6.1, case (c¢). In all situations, we have that the convergence of precon-
ditioned MINRES by P, 1 which deals with the bad conditioning of A, is linear
and we observe that the number of iterations in all situations is constant.

6.2.2 Varying the constraint matrix

The analysis in this section tells us that if all the cosines of the principal angles
between Zm(U,) and Zm(B) are large enough, the convergence of MINRES
preconditioned with the classical preconditioner (4.18),

PIBB[I(? BgB]’
should be fast, independently of any consideration with respect to the ill-
conditioning in A. To illustrate this case, we consider a KKT matrix with the
same matrix A as in Section 3.1, with a choice of ¥ = Apax(4)/100 ~ 3.8 1072
and a = 1.16. The dimension of the invariant subspace Zm(U,) is p = 42. As
we have seen before, the influence of the small eigenvalues in A is inhibited in
the inner inverse operator in (6.9) if

(minfe,}?_,)? > 2,

min{¢; }¥_, > \/Z. (6.12)

We thus change the constraint matrix B to B so as to get the cosines of the
principal angles between Zm(U,,) and Zm(B) to be larger than 2/v/a ~ 0.362,

or, equivalently,
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which affects the £ = 22 smallest cosines in this example. By (6.4), we have
that

B = Q(B"B)?
QW wt (BT B)/? (6.13)
= [QW,, QW4 WT(BTB)'/?

where Q € IR™™ satisfies QTQ = I,,, W € IR™™ denotes an orthogo-
nal matrix introduced in the CS decomposition of KT given by (6.5)-(6.7),
W, € R™** denotes the subset of columns in W associated to the selected
smallest cosines, and W, denotes the submatrix in W made with the remaining
(m — £) columns not included in W,. We change B into

B = [QWy + U, Vi®,, QW WT (BT B)/2, (6.14)

where the diagonal square matrices 2y = diag(w;)1<i<, and ®, = diag(y;)1<i<s,
and where V, € IRP *# denotes the submatrix made with the columns from Vs
associated to the selected smallest cosines. Using the notations

Y =U,V, € Im(U,) and Z=QW € Im(B),

we have that the p first columns of the matrix Y and Z are the p principal
vectors (see (6.5) and (6.6) with p < m and p < n—p implying that min{r, ¢} =
p). Observe that, the principal vectors QW; in (6.13) are modified in (6.14) as
a linear combination between the principal vectors QW, and U, V; associated to
the selected cosines. The choice of the diagonal entries w; and ¢;, 1 <4 < /4, is
made so that B(BT B)~1/2 still corresponds to a set of m orthonormal vectors,
ie.,

I1Z:013 = 1,

or equivalently,

w! + ¢} + 2wipici = 1, (6.15)

where Zz; = w;z; + w;y; with z; and y; are the ¢th columns of Y and Z, respec-
tively and ¢; = zl'y;. Furthermore, we impose that the cosines of the principal

angles between Zm(U,) and Zm(B) determined by

or, equivalently,
Ci = wi¢; + i, (6.16)
are now driven to a specific predetermined value ¢; = 0.362, for i = 1,..., /.

By (6.16), we have
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Qi = CNZ — W;Cqy (617)
and substituting in (6.15), we obtain

w; + (6 — wici)® + 2wi (& — wici)e; = 1, (6.18)
and thus
P& W =1, (6.19)
leading to
1—¢2
w; = 1_012 and @izéi—wici7 fOI‘ 121,,€

Note that by (6.14), in this way,

(ETE)—UQ _ (((BTB)1/2W) X (WT(BTB)l/Q))71/2
— (BTB)"/?
where
v [ QZWZT%;E—&-Q?szUwT } [ QWi+ U, Vib QW |
B [ QW QT + @,V UL (QWek + U, Vi®y)  QeW[/ We+ @,V UTQWe
- WEIWeQe + Wi Q U, Vid, WiWe

= Inm,

and that B incorporates the same ill-conditioning as the one of matrix B.
Table 6.2 gives the ¢ = 22 smallest cosines ¢; and the corresponding values
for w; and ¢; to drive all these cosines to the fixed value ¢; = 0.362. We can
observe that the scalar values ¢; are small with respect to that of w;, and
that the perturbation added to B is relatively small since QW; in (6.13) has
been replaced by QW,Q, + U,V ®, in (6.14). Nevertheless, this is enough to
set up MINRES in good conditions for linear convergence with a preconditioner
taking care of the bad conditioning in the constraints only. Figure 6.2 shows
the convergence profiles of MINRES preconditioned with P, as well as with
Py in (6.11) (no convergence without preconditioning). We can observe that
the use of the spectral information incorporated in P; does not drastically
improve the situation in this case. The interference (or recombination) between
A and B has almost no impact in this situation with large enough cosines.
This illustrates the analysis and comments made above, which also extends
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Ci Wi ©i &)

4.98107% 9.32107! 358107 3.6210°!
6.88107% 9.32107' 3.56107' 3.6210°!
8211073 9.32107' 3.55107' 3.6210°!
1.231072 9.32107' 3.51107% 3.62107¢
1.721072 9.32107! 3.46107' 3.62107!
2.391072 9.32107' 3.40107' 3.62107!
3.031072 9.32107' 3.34107' 3.62107!
4.001072 9.33107!' 3.25107! 3.62107!
4.321072 9.33107' 3.22107! 3.62107¢
4621072 9.33107! 3.19107! 3.62107!
5511072 9.33107' 3.11107' 3.6210°!
6.051072 9.34107' 3.06107' 3.6210°!
7.201072 9.34107' 295107' 3.62107!
7.831072 9.35107' 2.89107' 3.62107!
8861072 9.3610°' 2.8010°' 3.6210°!
1461071 9.42107' 2.25107% 3.6210°!
1.49107Y 9.43107' 2.22107' 3.62107!
1.69107Y 9.4610~' 2.03107' 3.62107!
2.02107* 9.52107' 1.71107' 3.6210°!
2.83107' 9.72107' 8771072 3.6210°!
3.22107Y 9.85107' 4.521072 3.62107!
3.33107' 9.88107' 3.321072 3.62107!

Table 6.2 — Values of the ¢ = 22 cosines of the principal angles between Zm(U.,,)
and Zm(B), and corresponding coefficients w; and ¢; for the linear combination
of the associated principal vectors to achieve the target cosine value ¢;.

the results in Rusten and Winther (1992) when o; = 1, ¢ = 1...,m and
A1 > 0 that clearly imply that the convergence of MINRES must be fast when
the (1,1) block is well-conditioned and the constraint matrix is for instance
orthogonalized (as done with P;55).

Considering preconditioners P; and P, 5, Table 6.3 provides the number of
iterations of preconditioned MINRES on Ay rx = b with, in A xr, B or B as
described above. We can see that the preconditioner P; significantly decreases
the number of iterations with respect to P;zz when we consider B with cosines
of principal angles between Zm(U,) and Zm(B) less than 2+/v/« .
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Figure 6.2 — Convergence profiles of preconditioned MINRES (with P;55 and
P1) in the case of large enough principal angles cosines.

P # iter. MINRES 7 iter. MINRES
for system with B for system with B
P1 62 65
Pres 483 128

Table 6.3 — Number of iterations of preconditioned MINRES on the system of
matrix A, with B or B.

6.3 Refined eigenvalue bounds for KK'T matrices

Consider the KKT matrix,

QT 0
with QTQ = I,,, (corresponding to a constraint matrix B whose columns are
orthonormal) and assume that a first level of preconditioning has been applied

so that the largest eigenvalue of A is equal to one. Using the fundamental
result from Rusten and Winther (1992), see Theorem 2.5 in Chapter 2, the

Aprr = [A Q] , (6.20)
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eigenvalues of Ay, are bounded within the intervals

. (6.21)

Amin(4) — /A2, (A)+4 1-+5 1++5
2 3 2 ] U [Amin(A)v 2

since Amax(A) = 1 and the singular values of @ are equal to 1 as well. The left
interval in (6.21), associated to the negative eigenvalues in Agrr, is basically
well bounded and isolated away from zero, as opposed to the right interval
(the one associated to the positive eigenvalues in A, r) which is well bounded
towards infinity but not isolated away from zero. The smallest eigenvalue
Amin(A) could possibly tend to zero.

In this section, we aim at refining the lower bound Apin(A) of the right
interval in (6.21) through a theoretical analysis in terms of cosines of principal
angles between Zm(U,) and Zm(Q). Doing so, we expect to identify situations
where this lower bound is guaranteed bounded away from zero. In Section 6.3.1,
we first deduce some general spectral relations and we focus on the eigenvalues
of the matrix in (6.20) smaller than /2 in Section 6.3.2. Finally, based on
these spectral relations, we successively define two constrained optimization
problems that will lead to the desired result of refining the positive lower bound
of (6.21). The norm considered in this section is the 2-norm || - |2 and we use
in the following, the short notation || - ||.

6.3.1 General spectral relations
We rewrite the matrix (6.20) into two successively similar matrices. We first
consider the eigendecomposition (3.3) of the matrix A

A=UAUT,

where the diagonal matrix A € R"*" contains the eigenvalues {\;}?_; of A
and the orthonormal matrix U € IR™" contains the associated orthonormal
eigenvectors. We first observe that

o o - e ]

QT 0 QT 0
U ol A UTQ]l[UT o
- {o I} {QTU 0 Ho 1]' (6.22)

We next split the spectrum of A in two parts (similarly to Section 3.1), with
A, € IRP*P| the diagonal matrix containing the p eigenvalues 0 < A\; <... <\,
less or equal than a given positive number v € [Amin(A),1], and with 1~\AY €
R P)*(=P) the diagonal matrix containing all the other (n — p) eigenvalues
Apt1 < ... < Ao The matrix U = [U,, U,] € R"™" is orthogonal, where
the columns of the rectangular matrices U, € R™*? and U, € R™*(""?) are
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the orthonormal sets of eigenvectors corresponding to A, and /~\,y, respectively.
U = [U,, U,] € R"™". Based on the CS decomposition of K7 introduced in
Section 6.1, (6.5), (6.6) and the relation (6.7) implies without loss of generality
that, if p < m and m < n — p, then r = p and ¢ = m, so that

S 0
C=[C 0]eR™™ and S=|0 I,, | cR"P*™  (6.23)
0 0

with C' € IRP*? and S € IRP*P. Extracting K., and K, from (6.5) and (6.6)
yields
K,=wc™V] and K,=WS"V]. (6.24)

Coming back to the matrix in (6.22), using the expressions (6.24) and re-
membering that K = [K,, K,| by (6.3), we rewrite this matrix in terms of
cosines and sines, as

A, 0 V,ewT
0 A, VSWT
werver wsTvE o

We next obtain

vioo o A, 0 V,ewrl v, 000 M, 0 C
o vI o0 0 A, v.swrfllo v, o|=|0 M, S
wT 0o W

0 0 wervy wsTvr 0 0 ¢t st o
(6.25)

where
M, =VIAV, and M,=VIAV,, (6.26)

by the orthonormality of the columns of V., V, and W. Replacing (6.23) in
(6.25), then yields the matrix

M, 0 C,0
i S0
0 M 0,1
y olo (6.27)
LG5 0.0[0,0
0Jo 1 0[0'0
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. . . . T
Let v € IR denote an eigenvalue of this matrix, with [391 To N yg] where

1 € RP, 29 € R™" P, y; € IR? and yo € IR™ P, the associated eigenvector,
from

M, 0 C,0
B S : 0 T I
0 M’Y 0,171 T2 T2
010 | =V L (6.28)
SO 1S 0.0[0,0 | [y v
0J0 1T°0[070
that
Myx1+Cy1r = v, (6.29)
. Sy
M7x2 + | y2 = UVZog, (630)
0
Cxy + [S 0 0] T = VY1, (6.31)
and
[O I 0] To = Vyo. (6.32)

Let p; and ps € IR be positive quantities satisfying

p1 € [)\1, )‘p} and P2 € [)‘p+1a ].], (633)
M = ol (6.34)

and
AL = polleal® (6.35)

Note that if both 1 # 0 and x5 # 0, then p; and py are Rayleigh quotients and
satisfy p1 € [A1,Ap] and pa € [A\pt1,1] by (6.26), respectively, implying (6.33).
Otherwise, if 1 = 0 or 3 = 0 or both, it is always possible to find positive
quantities p; and po satisfying (6.33), (6.34) and (6.35).
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The following lemma gives some spectral relations, which will be useful in

the next sections.

Lemma 6.1 Let v € IR be an eigenvalue of the matrix (6.27) associated
to the eigenvector z = [ml To Y1 yg]T with 1 € IR, o € IR"7P,
y1 € IRP and yo € IR™7P. Then z satisfies the following relations
V221 || = vpr |21 ] + 2] CPzy + 21 [CS 0 0] 2o, (6.36)
520 0
V2)aal]® = vpo|aa|® + 21 [CS 0 Olas+al [0 T 0]as, (6.37)
0 0 O
520 0
V0 ya|? = 21 CPxy + 227 [CS 0 O]ao+2l [0 0 0]z, (6.38)
0 0 O
0 00
Vgal? =23 |0 1 0 2, (6.39)
0 0 O
where p; and po satisfy (6.33), (6.34) and (6.35).
Proof. Multiplying (6.29) by vz? and using (6.34), we have
V]2 = val My, +vei Oy,
= vpr||z | + vaf Cys. (6.40)

Multiplying now (6.31) by z7 C, we obtain

vaelCy, = 2TC?%zy 4 2T [CS 0 0]as,

which together with (6.40) implies (6.36). Similiarly, multiplying (6.30) by va3

and using (6.35), we obtain

S 0
V2||CE2||2 = um%jj\?[m +ua;2T {0 1 +yx2T [I Yo
0 0

S
= vpallwol® +vag |0 g1 + vy
0

O N O

T
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Using (6.31) and (6.32) for vy; and vy,, we derive

S 0
V0 ao||® = vpollaa|® + 23 |0] (Cxi+[S 0 0]ze)+2d [I| [0 I 0]z,
0 0

implying (6.37). Finally, (6.38) and (6.39) immediately follow from (6.31) and
(6.32), respectively. a

6.3.2 Spectral relations for small positive eigenvalues

As we have seen in (6.21), the lower bound of the interval associated to the pos-
itive eigenvalues in Ay, given in (6.20) is not necessarily isolated away from
zero. In this section, we thus focus our analysis on the eigenvalues of Ak gr
smaller than « and we deduce, from Theorem 6.1, spectral relations associated
to these eigenvalues. Let us assume that the eigenvalue problem (6.28) has an
eigenvalue denoted by v > 0 such that ¥ < /2 with the corresponding eigen-

T
vector Z:= [Z1 Tz §1 ¥2| . Lemma 6.2 shows that the vectors z; € R"
and Zo € IR" P are nonzero due to the existence of such an eigenvalue v.

Lemma 6.2 Assume that the matrix (6.27) has an eigenvalue 7 satisfying
0 < 7 < 7/2, with the associated eigenvector T = [571 To 1 yg]T
where 7; € IRP, 75 e R"P, j; € IR? and 3, € IR™P. Let also C and
S € IRP*? given by (6.23) satisfy ¢min := min;—1.p{¢c;} > 0. Then, the

vectors Z; and To are nonzero.

Proof. Let first show that Z; is nonzero. Summing (6.36) and (6.37), we
have that

Pz + 1220 = 2(aulz)? + pollZ2ll®) + 21 C?2:
S 0 0
+ 2z [CS 0 0}x2+x§[0 I 0:|x2,
0 0 O

with g1 € [A, Ap], P2 € [Ap+1, 1] and satisfying

2] Moz = pr|@||* and 25 M,Zs = pof| 2.
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Combining with (6.38) and (6.39), we then have

P(171)? + 12217) = 2717117 + p2220?) = 72 (171 + 1201%). (6.41)

Observe that ||Z1||? + ||Z2]|? # 0, since otherwise we would have that z; = Zo =
0 and, by (6.38) and (6.39), that §; = §> = 0, since ¥ > 0, implying a zero
eigenvector Z. From (6.41), we can then deduce, since ¥ > 0, that

_ pillza|? + pa|Z2|? 5 172 ]* + |72
212 + l|Z2]|? [Z1][2 + [|Z2]?
pillZ]|* + pal|Z2|?
[Z1]]2 + [|Z2]2
= p1(1—-0)+ p20,

where

Assume that § > 1/2. It then implies, by definition of 0, that ||z > |z1]|?,
which in turn leads to

7 =p1(1—0)+ a0 € [p P2 ] (6.42)
since p; < p2 by (6.33). One thus has, by (6.42), that
p>2 ;p : > /2,

since pa > Apy1 > 7 by (6.33), which contradicts the assumption that 7 < /2.
Hence one has that

L b
-2

[ Z2]|* < [|Z1]1%, (6.43)

implying that z; # 0.
Let now consider Zs. Assume that To = 0, by (6.30) and (6.31), we have,
on one hand,

Sy1 = 0, (6.44)
Cr, = vy. (645)

On the other hand, one has that
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Indeed, first observe that by the assumption cmin = min;—1.,{¢c;} > 0, one
has that ¢; > 0 for all ¢ = 1,...,p. If ¢; = 1, then obviously (6.46) holds
for index i. If ¢; # 1, implying that s; # 0 by (6.7) then the corresponding
component in g is equal to zero, by (6.44), and so does the corresponding
component in Zy, by (6.45), so that again (6.46) is satisfied for this index i.
Observing that C?%; = 7, by (6.46) and z7 CS = vyF'S = 0 by (6.45) followed
by (6.44), we can rewrite (6.36) as

=21 z1|* + vprl|z|)? + [|lZ1]* = 0,

or, equivalently since Z1 # 0,

—2 +op +1=0.

The positive root of this last equation in 7 gives
p1+ /P +4 o1
2 )

i.e., U > Amax(A) = 1, which leads to a contradiction. Hence, Ty # 0. m]

U =

We now can define the following quantities associated to 0 < v < ~/2,
where Z; and Z, are nonzero vectors, as guaranteed by Lemma 6.2.

. |21
w = , 6.47
EAE (647)
with @ > 1 by (6.43),
_ T7 M7
p1 = W € (A, Al (6.48)
and
- T M., 7o
P = T\OETTQ € [Apt1,1]. (6.49)
Let us also define
T 2=
_ 77 C*74
satisfying 0 < ¢, <a <1,
52 0 0
_ 0 0 O
8 = - € [0,1], (6.51)
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and

_T —
;oo eSO 0@ (6.52)

[Z1]]2

In the next theorem, we apply the relations introduced in Lemma 6.1 to
and 7 in order to derive new relations in terms of @, p1, p2, &, B and 7.

Theorem 6.3 Assume that the matrix (6.27) has an eigenvalue ¥ satisfy-
ing 0 < v < 7/2, with the associated eigenvector = [il Zo 1 gjg]T
with Z; € R, Zo e R" P, 5 €e RP and o € R™?. Let @, p1, po, @,
B and T be given by (6.47) to (6.52), respectively and ¢pin > 0. We then
have

—+vpr+a+7=0, (6.53)
—P 4+ Opy+Tw+ B = (6.54)
T > —a, (6.55)
o < —p3, (6.56)
7w < af (6.57)

Proof. We first prove (6.53) and (6.54). Dividing (6.36) and (6.37) by
|Z1||? and ||Z2]|?, respectively, where Z1 # 0 and Z5 # 0 by Lemma 6.2,

= o zTc?z T [CS 0 0]z
T TR R Bk
S2 0 0
ZT|lo I 0|z
. _ZT[cs 0 0] 0 0 0

Using (6.47), (6.50), (6.51) and (6.52), we obtain the desired equalities.
We next prove (6.55). Adding (6.38) to (6.39), it implies

0
0 < (I |® + |152]°) = 21C°%21 +22{ [CS 0 Olzo+2 [0 [
0

which leads, by (6.47), (6.50), (6.51) and (6.52), that
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(& + 7)1 |]> + Fo + B)||z2)* > 0. (6.59)

Observing that (6.37) can be written as (7w + 3)||Z2(|?> = 7(7 — p2) || Z2]|?, (6.59)
becomes

(@+ D)z )* + (7 = po)llZ2l* > 0,
or, equivalently, by (6.47),

(@+7T)w > v(py—1).
As 0 < 7 < v/2 < py and @ > 0, we deduce that & + 7 > 0, which proves
(6.55). _
We prove (6.56) by contradiction. Assume that 7o > —f, then by (6.54),
one has that

0% —0py = (0 — p2) >0,
which implies, since 7 > 0, that v
v <n/2.
We finally prove (6.57). Multiplying (6.31) by Z7 C implies

> pa > 7/2 and contradicts the assumption

21C°2+2{C[S 0 0]z =(a+7)|z|> = vz]Cy.

Combining this last equality with (6.55) and the Cauchy-Schwarz inequality,
we obtain

0< (a+7)|z)* = vziCn
< )| Cz|[|71]]
= wvalz |l (6.60)

where the last equality derives from the definition of @ in (6.50). We can rewrite
(6.58) as

(gl + 1321”) = (@ + 27) |21 + Bllz2]|*. (6.61)
Squaring both sides of (6.60) implies
val gl
72a([ll* + [1721%)-
Combining now this last inequality with (6.61) and dividing by ||Z2||* gives

(@+7)?z* <
<

(a+7)%0 < (& + 2a7)@ + af,
which, after simplification, yields the desired result (6.57). a
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6.3.3 Refining the positive lower bound

In the previous section, we have assumed the existence of an eigenvalue v of
A rr given by (6.20) satisfying 0 < 7 < /2 and shown, under the assumption
that ¢pin = min;—1.,{¢;} > 0, that 7 and its associated eigenvector Z satisfy
the relations (6.53)-(6.57). In order to refine the positive lower bound in (6.21)
as given by Rusten and Winther (1992), we proceed in two steps, building two
optimization problems successively, whose optimal solution will provide the
desired refined positive lower bound.

To build the feasible domain of the first of these two optimization problems,
we relax the relations (6.53)-(6.57) by relaxing the quantities 7, 7 and @ in these
relations, which now become the variables v, 7 and w verifying

’1§u§p—2 and 1 < w < wWmax, 6.62
p 2

where wmax i an upper bound satisfying wmax > @. The constraints of this
optimization problem, let call it P(p1, p2, @&, B, wmax), can thus be written as

vV 4vpta+T=0, (6.63a)
V2 tupp+ B+ Tw=0, (6.63Db)
p<v<f (6.63¢)
CP)I=11 < w < wan, (6.63d)
T > —a, (6.63¢)
Tw < —B, (6.63f)
w < ap. (6.63g)

We then minimize v over the set (v, 7,w) satisfying these constraints, i.e., we
consider the following optimization problem

P(p1, pa, @, B, wmax) = min . 6.64
(P1, P2 )= L (6.64)

Note that C(P) is nonempty, since (7, 7,@) € C(P), and that v no more repre-
sents an eigenvalue of the matrix Ay i, in this problem. Instead the optimal
value vy of (6.64), whose existence is guaranteed by the compactness of the
feasible set C(P) (see, e.g., the Weierstrass Theorem in Hiriart-Urruty, 1996),
gives a lower bound on 7 (since (¥,7,w) € C(P)). Observe that 7 in (6.64)
satisfies 7 < 0 by (6.63f), since w > 1 and 3 € [0, 1], by (6.51). Finally, we have
the necessary condition

Cmin < 1, (6.65)

since otherwise ¢; = 1 Vi = 1,...,p and thus s; = 0 Vi = 1,...,p by (6.7)
implying that @ = 1 and 7 = 0 by (6.50) and (6.52), respectively. Equation

(6.54) becomes —? + Ups + B = 0 which implies that the positive solution
/2 3 —
satisfies v = M > pg since 8 > 0, which contradicts (6.62).
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Before studying problem (6.64), we establish a bound on the positive solu-
tion v of equations (6.63a) and (6.63b) that will prove to be useful.

Lemma 6.4 Assume that @ > 0, 8 > 0, w > 1 and 7 < 0. Then the

system of equations (6.63a) and (6.63b) in v has a unique positive solution
satisfying

U wpr + p2 + VA

- 20w+1) 7

where A = (wpy + p2)? + 4(w + 1) (\/o_Tw N \/E)

(6.66)

2

Proof. Multiplying (6.63a) by w and adding it to (6.63b), we get the
equation
(w+ 1)v* — (wp1 + pa)v — (w(@+27) + B) =0, (6.67)
whose roots are given by

wp1 + p2 £ VA
20w+1)

where A = (wpy + p2)? + 4(w + 1)(wa + 2wT + B). By (6.63g) together with
w > 0, we have that

V1,2

2w? < o‘sz,
or, equivalently, since 7 < 0, @ > 0 and § > 0,

TW > — &Bw.

This inequality implies that

wa+2wr+ B > wa—2\/afw+

- ()

so that, on one hand, A > (wp; + ﬁ2)2 for w > 1, yielding v; < 0. On the other
hand, it implies that A > A, so that the unique positive solution of (6.63a)
and (6.63b) is 1o and satisfies (6.66). a

Our study of an optimal solution of the optimization problem (6.64) starts
by identifying the constraints which are potentially active at optimality.
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Theorem 6.5 Consider problem P£ﬁ1,527d,3,wmax) defined in (6.64)

where wmayx > @ and @, p1, P2, @ and [ are given by (6.47)-(6.51). Then the
constraints in (6.64) possibly active at a global solution are,

2

w S Wmax
T'w <

aB.

Proof.

1. First let us prove that the lower bound in constraint (6.63d) (w = 1) is
not active. By Lemma 6.4 when w = 1, we have that

ot t\e R H80E VD ()
- 4 - 2 2
since p; > 0. This is incompatible with (6.63c).

2. Let us prove that the constraint (6.63e) is not active. Assuming that
T = —a, we have by (6.63a) and (6.63b),

2 —vp = 0, (6.68)
V24 upp+B—aw = 0. (6.69)
Equation (6.68) implies that either v = 0 or v = p;. Since v > p; > 0

by (6.63c), we have that the unique solution of (6.68) is v = py, and it
follows that (6.69) becomes

—(m)? + prpa + B — aw =0,
or, equivalently,

aw = p1(p2 — p1) + B (6.70)

Multiplying (6.70) by &, we obtain

a’w = 1’w = a(p1(p2 — 1) + B).

Since @ > 0, p1 > 0 and pp — p; > 0, one deduces that 72w > af3, which
contradicts (6.63g).
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3. Now, we prove that (6.63f) is not active. By contradiction, let assume
that 7w+ 3 = 0. By (6.63b), we have that —v?+vpy = 0, or equivalently,
v =0 or v = pg, which is impossible by (6.63c).

4. Tt remains to prove that both bounds of (6.63¢) are inactive at a global
solution. First v = p; implies by (6.63a) that (6.63¢) is active, which is
impossible by the second step of the proof. If v = ps/2, then it is not
a global solution since 7 < v/2 < p2/2 = v provides a lower objective
function value and (7, 7,&) € C(P)).

O

Assuming that w = wpax (i.e., the upper bound of (6.63d) is active) at a
global solution of problem P(py, p2, &, B, wmax) given by (6.64), we now derive
a lower bound on the optimal value of problem (6.64), hence yielding a first
potentially refined positive lower bound on the positive eigenvalues of Ay ;.

Theorem 6.6 Consider problem P(ﬁl,_ﬁg,&,ﬂ_,wmax) defined in (6.64)
where wpax > @ and @, p1,p2, @ and B are given by (6.47)-(6.51). If
W = Wmax at a global solution then

1
vy > 3 <p1 +1/p7 + 4cmm> . (6.71)

Proof. By Lemma 6.4 with w = wpax, we have

1 (Wmaxﬁl + [32 + \/Z>
o > = )

6.72
-2 Wmax T 1 ( )

where A = (Wmaxp1 + P2)? + 4(wWmax + 1) (\/awmax f) . Defining the
quantities

s Wmaxﬁl + ,52
P Wmax + 1

~ — wmax /B
“= \/avwmax'i'l Vwmax+1

we can rewrite (6.72) as

and

vy >

(ﬁ+\/m).

| =
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Observing that wmax can be taken as large as we want, provided wpax > @,
and that

lim p=p; and lim &=+a,
Wimnax—>00 Wimax—00

one can conclude, using the bound o > ¢2.. , that

min’

1
Yo =5 (Pl + /07 +4c§nin> .

0O

We next assume that w < wpax and apply the first-order necessary optimal-
ity conditions given by F. John Theorem 1.5 in Chapter 1 to problem (6.64):
there exist ¢, u, v, p € IR not all equal to zero such that p > 0,

1 —2v + ﬁl —2v 4+ ,52 0 0
0| t— 1 u— w v— | —21rw|p=|0], (6.73)
0 0 T —72 0
and
p(af — m%w) = 0. (6.74)

Note first that 7 # 0. Indeed, otherwize 3 < 0 by (6.63f), implying that 5 =0
since 8 € [0, 1], which in turn would give, by (6.63b),

—v2 +upy =v(py—v) =0,

so that v = 0 or v = pg, in contradiction with (6.63c). We next obtain that
p # 0 since otherwise 7v = 0 by the third equality in (6.73), and thus v = 0
which in turn implies u = 0 by the second equality in (6.73) followed by ¢t = 0
by the first equality in (6.73). This is incompatible with the assumption that
t,u,v and p can not be all equal to zero. The complementarity condition (6.74)
then ensures that the constraint (6.63g) is active, i.e., 72w = af, so that, since
7 < 0 by (6.63e) and w # 0 by (6.63d), we can set

Let us now denote by 7y and wy the associated quantities to vy, a global

solution of problem P(p1, p2, @, B,wmax). We then deduce that 79 = — aB

w()'

By setting
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we can rewrite (6.63a) and (6.63b), observing that 7o = —% = %g’g,
2 ~ - 70 2 ~ = 1
—vh + vp1 + & (1 + E) = —yy+tuvpLt+a <1 - 6> =0, (6.75)
0
ﬂﬁ+wm+ﬂ<LFﬁ?> = ¥+ upe+B(1—38)=0. (6.76)

We also have by (6.63e) (which is inactive at a solution), that

« _
ToO = *% > —a,
so that dg > 1.
In order to proceed in our search for a refined positive lower bound in (6.21),
we now build a second constrained optimization problem in the same spirit, i.e.,
with the aim to derive a lower bound on vy (and thus on 7 since vy < 7). To
that, we relax the quantities vy, &y, @ and § and consider the optimization
problem

P(p1,p2) = min v (6.77)
(v,6,0,,B)€C(P)

where the feasible set C(P) is defined by

1
V2 +up +a (1 - 5) =0, (6.78a)
— V2 4+upy+B(1—46)=0, (6.78b)
C(P) = mgug%A (6.78¢)
1< 6 < S, (6.784)
2. <a<l, (6.78e)
0<p<1, (6.78f)

where 0nyax iS an upper bound satisfying dmax > 09 > 1 and where ¢, < 1
(from the necessary condition (6.65)). Note that C(P) is nonempty since
(vo, 00, @, B) € C(P) by (6.75), (6.76), (6.63c) satisfied by vp, (6.50) and (6.51).
Again, the compactness of the feasible set C (P) guarantees the existence of an
optimal value vi,¢ for problem 15(,61, p2) with vine < 1.

The next theorem identifies the constraints of P(py, p2) which are poten-
tially active at optimality.
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Theorem 6.7 Consider problem P(p1,p;) defined in (6.77) where
Omax > 0o, and p; and po are given by (6.48) and (6.49), respectively.
Then, the constraints in (6.77) possibly active at a global solution are,

§ < Oumax
Coin < @ <1
B < 1

Proof.

1. Let first show that the lower bound in (6.78d) (6 = 1) is not active at
optimality. Indeed, if § = 1, we get by (6.78b),

V2 4 vps =v(ps —v) =0,

so that v = 0 or v = g, in contradiction with (6.78c).

2. Using the same argument, we have that the lower bound in (6.78f) (5 = 0)
is not active.

3. It remains to prove that both bounds of (6.78c) are inactive at a global
solution. First v = p; implies by (6.78a) that a(1 — +) = 0, which is
impossible since o # 0 and 0 # 1. If v = £, then it is not a global
solution since vy < 7 < 3 < £ = v provides a lower objective function

value and (v, 0, @, B € C(P)).
O

Similarly to the way we have proceeded for problem (6.64), we first consider
the case where § = dpax (i-e., the upper bound of (6.78d) is active) at a global
solution of problem P(py,p2). As shown in the next theorem, we retrieve the
same lower bound on the positive eigenvalues of A+ as given in Theorem 6.6.

Theorem 6.8 Consider problem P(py,p2) defined in (6.77) where
Omax > 0o, and p; and py are given by (6.48) and (6.49), respectively.
If 6 = dmax at a global solution then

1 /
Vinf = 5 (,01 +1/P1 +4cr2nin> .
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Proof. By (6.78a) with 6 = dnax, wWe obtain

1
—1/2—|—1/ﬁl—|—a(1— )—O

6m ax

whose roots are given by

1 1
inf == | P + 7 4 1-— P
Vinf 2 (Pl \/P1+ Oe< 5max>>

where p? + 4a (1 — %) > 0 as a > 0 and dpax > 9 > 1. Excluding the

negative root, one has that

1 1
v=73 <51+\/p%+4a (1 6max)> > py.

Observing that .« in problem ]5(517 p2) can be taken as large as we want,
provided dax > g, and that

1 1 1
lim = (p p? +4da 1 - —— (s p? + 4
mfzwg(mﬂ/pﬁ o(1-55)) = (e )

one can conclude, using the bound o > ¢2. , that

min’

1
Vinf 2> 3 <,51 +4/ P+ 4C?nin> .

0O

We next, and finally, consider the case where § < dp.x. Using again F. John
Theorem 1.5 (see Chapter 1), we have that there exist ¢, u, v, p, ¢, 7 € IR not
all equal to zero such that p >0, ¢ >0, r >0,

1 —2v+p1 —2v + p2 0 0 0 0
0 a -B 0 0 0 0
_ 52 _ _ _ —
) o U ([PT 1| o " T ol

0 0 1-96 0 0 —1 0

(6.79)
and

p(cr2nin - Oé) = 07 (680)
gla—1) = 0, (6.81)

r(B-1) = 0, (6.82)
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If r = 0, then v = 0 by the last equality in (6.79) since § > 1, and consequently
u = 0 by the second equality in (6.79) and since o/§% # 0. The first and third
equalities of (6.79) then imply ¢ = 0 and p = ¢, respectively. Since ¢, u, v, p,
q, 7 cannot be all equal to zero, then one must have p = g # 0, which implies,
by the complementarity conditions (6.80) and (6.81), that « = 1 = ¢2, , which
is impossible. Assume now that » > 0. Then S = 1 by (6.82), and the last
equality in (6.79) yields (1 — §)v = r. This, together with > 0 and § > 1,
implies that v < 0. The second equality in (6.79) then gives

@
62
implying that u < 0 since a > 0. By the third equality in (6.79), we get

<1(15>up+q0,

that is, p — ¢ > 0 since § > 1. As (6.80) and (6.81) with ¢2. < 1 imply that
either p or ¢ must be zero, the only possibility is to have ¢ = 0 and p > 0 (since
otherwise p = 0 and ¢ < 0, in contradiction with the sign condition ¢ > 0 on
the multiplier ¢). We thus have a = ¢2 . by (6.80).

1 min
Rewriting P(p1, p2) with 8 =1 and a = 2, we get

u+v=0,

min v
(v,6)
—v? —; vpr + c?nén(l —)%) =0,
—v 4+vpy+(1-9) =0,
s.t. pL<v< B (6.83)
1 <6 < dmax;

from which we can deduce another last lower bound on the positive eigenvalues
of Ay kr-

Theorem 6.9 Consider problem ]5(;31, p2) defined in (6.83) where dpax >
00, and py and po are given by (6.48) and (6.49), respectively. Then the
optimal value satisfies

PL+ 5 ChinD2

Vinf 2 1 2
1+ gcmin

2

min

Proof. Multiplying the first equation in (6.83) by 4, the second by ¢
and summing, we have

_V2(6 + crgnin) + V(ﬁlé + ﬁ2cfnin) =0,
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this last equation has a single feasible solution that we can express as a function

9,

P10+ PaChn
V() = S

min

Observing that

P1 (6 + c?nin) - (ﬁlé + ﬁ2012nin)
(0 + chin)?
_ (ﬁl — ﬁQ)cilin <0
(5 + Cr2nin)2 7

since p; < pa, we have that v(9) is a strictly decreasing function. On the other
hand, the second equation in (6.83) requires, to have a solution, that

pa+4(1-10) >0,
that is, the largest possible value for ¢ at optimality is #. We can thus
conclude, since p2 < 1 by (6.49), that

92 — 4 2 —_

P2 +4 p1+ 5 CminP2
of = >y(5/4) = — s mnr 6.84
Yin V( 4 ) V(5/4) 1+ 5, (684)
O

Gathering the results from Theorem 6.6, 6.8 and 6.9, we can now formulate
our final result

Theorem 6.10 Assume that the matrix (6.27) has an eigenvalue o sat-
isfying 0 < 7 < /2 and let C € IRP*? given by (6.23) be such that

0 < ¢min = min;—1.,{¢;}. Then the eigenvalues of Ak, are bounded
within
l 2 e R L B

PLtichinpe
1+ 4 62

5 “min

where b;,r = min (% (ﬁl + /3% + 4C?nin) ,

Note first that - Ny
P1+ 5ChinP2 s
14 4¢2 1'

5 ~min

Indeed, we have that
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w —-p1 = p1+ 3c2mp2— 1 (1+ 3c2s)
1+ 2c2 1+ 5
_ 5%in (P2 = 1)
= 1
1+ gcgnin
> 0,

since p; < p2 and ¢pip > 0. Furthermore, we observe that

1
3 <f71 +4/P1 + 4c3m) > pr,

since cpin > 0. We conclude that bing > p1 > Amin(A) implying that the
lower bound of the right interval in (6.21) is refined. We can also observe
that when cpin, — 0, we have that by,e — p1 with p1 > Apin(A), which is
consistent with the result given in Rusten and Winther (1992). For instance,
we set Amin(A4) = 1078 and A\p11 = 7 with v = Apax(4)/10 = 107! since
we have assumed that a first level of preconditioning has been applied so that
Amax(A) = 1. We choose p; = 1078 and p = 107! and in Figure 6.3, we
illustrate the behaviour of functions

1
bl(Cmin) = 5 (10_8 + 10—16 + 401211in) ,

and
1078 + 421071
bg (cmin) = 54 n211n ,
1 =+ gcmin
such that

bing = min (b1 (¢min), b2(Cmin))
for cmin € [0, 1]. We observe that ba(cmin) is below by (¢min) for all values of ¢pip.
By Rusten and Winther (1992), the lower bound on the positive eigenvalues
of Agyr is given by Amin(4) = 107® and we can see in Figure 6.3 that if
Cmin = 1071, the lower bound becomes 7.9 1074,

6.4 Reduced spectral information

The natural idea that arises from these considerations in previous Sections is to
incorporate into the approximation of the Schur complement inverse (6.9) not
all the invariant subspace Zm(U,), but only those principal vectors associated
to cosines of the principal angles less than 74/7v/a (with a value of 7 within
[0.5,2], for instance) as studied in inequality (6.12). This may enable us to
reduce substantially the size of the low rank update

1
—CVIMVCT 4T,
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——bi1{cmin)
——b2(cmin)

Figure 6.3 — b1 (¢min) and b2 (cmin) for cmin € [0, 1].

in S ! while keeping the value of y large enough to improve even further the
speed of convergence in MINRES.

Let us denote by ¢ < p the number of cosines less than the above threshold,
and by V; € RP* the submatrix made with the columns from V,, associated
to the corresponding cosines. In the same way, denoted by Wy, € R™*¢ the
corresponding subset of columns in W, and by C; € R“** the reduction of (0N
to the selected cosines. With these selected principal angles and vectors, we
suggest considering the following reduced Schur complement preconditioner

1 -1
S, =a(BTB)"1/? (Im — Wy (CzlvaAmcel + Ig) WE) (BTB)~1/2.
«

(6.86)

In the next section, we introduce and illustrate a spectral preconditioner which
uses reduced spectral information.
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6.4.1 The spectral preconditioner with reduced spectral
information

Among the two alternatives presented in Chapter 4 for preconditioning, we
consider the cheapest one, built from (4.4) viz.

_ A0
=% s

where i
A7 =Y (Y AYy) YT + 2,
o

and
1 -1
St =a(BTB)"Y? <Im - Ky <YZTAY5 + KzTKg) KZ) (BTB)~1/2,
«

(6.87)

which is equivalent to (6.86) in the case where p < m and all cosines are nonzero.
As the matrix Y; € IRP*¢ does not necessarily contain the orthonormal set of
the p eigenvectors associated to the eigenvalues in A below -y, the rank-¢ update
in (6.87) is written as

1
~YAY; + K{ K.
«

We now illustrate the benefits of this last proposition on the previous test

example. With a choice of ¥ = Apax(A4)/100 ~ 3.81072 and a = 1.16 (see
Section 3.1), the dimension of the invariant subspace Zm(U,) is p = 42. The
number of cosines of the principal angles (between Zm(U,) and Zm(B)) less
than 24/7v/a is reduced to £ = 22. Let us define Y; = U, V,, that represents the
selected principal vectors in Zm(U,), and K, = (BT B)~'/2BTY,.
Figure 6.4 shows the convergence profile of MINRES preconditioned with Py,
built from the 22 selected smallest cosines. We can see that linear convergence
is well established, as before, despite the reduction by about half of the size of
the low rank update in the expression of P;. The scaled residual in P, Lnorm is
reduced to 1078 after 88 iterations, while the reduction of the scaled residual in
P, -norm to 10~% that was obtained after 58 iterations (as shown in Figure 4.2,
for v = Amax(A)/100). For sake of comparison, we also show in Figure 6.4 the
convergence profile of MINRES preconditioned with P; built up with the 22
smallest eigenvalues in A. We can see that the information carried out by the
22 selected principal angles is stronger, with respect to preconditioning issues,
than the information carried out by an invariant subspace of the same size
associated to the 22 smallest eigenvalues.

As we have mentioned before, (6.87) is equivalent to (6.86) only in the case
where p < m and all cosines are nonzero, and we would like to comment on
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10°

Precond. Minres {(with 22 princ. vec.)
Precond. Minres (with 22 eigenvec.)

107 1

106 1

scaled residuals (in the respective Pl-norms)

0 40 80 120 160
iteration number

Figure 6.4 — P, versus P;. The convergence profiles for the 22 smallest cosines
and eigenvalues respectively.

the particular case where there exist rows in the rectangular matrix C that are
zero. This can occur when p > m and/or when there exists some orthogonality
between Zm (U, ) and Zm(B). In this case, equation (6.9) is not valid any more,
since JJ7 incorporates zeros onto the diagonal and does not reduce to matrix
I,, and many different situations can occur for the interactions between the
zeros or the ones in JJ7 and the p x p matrix CTV,YTA,YVWCT. However, in the
subcase where p < m but some of the cosines are zero, looking at the more
condensed formulation of S, in (6.87), it is still possible to incorporate into
matrix Y those principal vectors associated to these particular zero cosines,
and expect the preconditioner to raise the same properties. The only missing
clue is to understand whether these vectors are of real importance or not.

6.4.2 Reduced spectral information for various cut-off val-
ues

We remind that the cosines of the angles between Zm(U,) and Zm(B) do de-
pend on the choice of the cut-off parameter v too, since different values for ~y
change the dimension of Zm(U,), and consequently the distribution of these
cosines. Theorems 4.1 and 4.3 actually provide bounds on the macroscopic in-
teractions between A and B. Depending on the problem, there is a compromise
to reach between the quantity of information embedded in P; or Py, and the
potential reduction in the rate of convergence of preconditioned MINRES. The
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cosine selection more intimately targets the microscopic interactions within the
given subspaces. This is a second feature, that might be considered on top of
the first one, in order to still be able to reasonably target large values of ~y
(to ensure nice asymptotic rates of convergence), while keeping the quantity of
information to incorporate relatively small. Indeed, if one agrees with the fact
that, in general, the distribution of these cosines is more or less well spread,
then we might be left with few of them with regard to the size of the problem.
The trade-off in the computational cost of all this, as well as the practical ways
to extract the appropriate information, will surely depend on the application
itself, and is devoted to further specific application oriented investigations. The
main purpose in the discussion above is only to highlight the true components
arising from the interactions between A and B, and to investigate how best to
incorporate these into a low rank update with valuable preconditioning effects.

Now, in Figure 6.5, we analyse the behaviour of MINRES using the precon-
ditioners P; and P, for various values of ¢ and p to reach a scaled residual in
P~!-norm below 108 with P being either P, built from the ¢ smallest cosines,
{ varying from 1 to 42, or P; built from the p smallest eigenvalues, p also
varying from 1 to 42. We first note that the number of iterations decreases
with the value of £. Indeed, the preconditioner P, or P; is more efficient when
we take into account a large quantity of information (the principal vectors for
Py or eigenvectors for Py, respectively). In Figure 6.5, the gap between the
convergence curves of P, and P; decreases with the large values of ¢ and p
respectively, and finally the curves are similar for £ = p = 42.

In Figure 6.6, we show the number of MINRES iterations needed to reach
a scaled residual in P~!-norm below 1078, P being either P, built from the
¢ smallest cosines, ¢ varying from 1 to 42, or P; built from the p smallest
eigenvalues, p also varying from 1 to 42. We can see that the reduction in the
number of iterations with increasing values of the cosines is faster than the
one obtained with increasing eigenvalues. Additionally, we can see that this
reduction roughly stabilizes after the first 25 smallest cosines, corresponding to
the threshold value 74/v/a from the analysis above.
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Figure 6.5 — P, versus P;. Each subplot shows the convergence profiles for the
¢ smallest cosines and p eigenvalues respectively. The value of ¢ and p with
£ =pis, from left to right: 1, 7, 12, 17, 22, 32, 37, 42.
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Figure 6.6 — Py versus P;. Figure compares the number of MINRES iterations
needed to reach 1078 in both cases, with increasing numbers of cosines and
eigenvalues respectively.



Chapter

Practicalities

As we have seen in the previous chapters, spectral preconditioners are based on
the approximation of the inverse of (1,1) block A and we have assumed that
a first level of preconditioning Py in (4.19), has been applied to the symmetric
positive definite matrix A so that the spectrum of A is clustered, with relatively
few very small eigenvalues. We have also initially assumed that we know these
sets of small eigenvalues and associated eigenvectors of A. In this work, we
come back to these two assumptions and we analyse some practical aspects on
how to reach this assumptions. This chapter is divided into parts.

The first part of this chapter is based on how to combine a first level of
preconditioning and the preconditioner developed in Giraud et al. (2006) and
Golub et al. (2007), which combined with a Krylov method, enables to con-
struct a Krylov basis of small dimension and very rich with respect to the
eigeninformation linked to the smallest eigenvalues. This approach uses the
general framework of Chebychev polynomials and Chebyshev filtering that we
recall in Section 7.1.1. We then introduce the Chebychev polynomial precon-
ditioner as in Giraud et al. (2006) and we illustrate in Section 7.1.2 the impact
of Chebychev filtering on the spectrum of a matrix. In the next section, we
derive our contribution on how one can condense these two preconditioners into
a simple formulation, which can be used in practice.

In the second part, we focus on practical implementation of the approxi-
mation of the inverse of A presented in Chapter 3 and used in Chapter 4 to
introduce spectral preconditioners. Indeed, we consider the SLRU approach
(3.4) where we set,

1
- —177T
AT =UANTUT + EI”' (7.1)
with A, € IRP*P the diagonal matrix containing the p eigenvalues less than

¥ € [Amin(A), Amax(4)]. The columns of the rectangular matrix U, € IR"*P
are the orthonormal sets of eigenvectors corresponding to A. In Section 7.2.1,

129
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we analyse from a theoretical point of view, the effect of these two levels of
preconditioning (based on the condensed formulation developed in the first
part of this chapter) on the spectrum of the preconditioned matrix. Finally,
we see how one may derive in practice a good approximation of (7.1).

7.1 Extracting spectral information

This part recalls the general concepts of Chebyshev polynomials and introduce
the Chebychev filtering, which will be used in Section 7.1.2 to extract prior
spectral information from the matrix A eventually preconditioned with a first
level of preconditioning so as to cluster better the spectrum. The general
framework of Chebyshev polynomials as proposed in the work Golub et al.
(2007), is introduced with more details in the following sections.

7.1.1 General framework of Chebychev polynomial filter-
ing
For any nonnegative integer m, we have defined the Chebyshev polynomials of

degree m in w by the following two-term recurrence relation (Hageman and
Young, 1981).

{ To(w) =1 Ti(w) =w (7.2)

Tm+1(w) = 20T, (w) — T (w) m>1,

or equivalently, we have that T,,(w) may be expressed by

T, (w) = cos(marccos(w)) when w € [—1,1].

We have illustrated the first five Chebyshev polynomials in Figure 7.1 on the
domain [—1,1]. We consider a polynomial function of degree m defined by

T (w)
Tm(d)’

where d > 1 and we have the optimal properties of Chebyshev polynomials
(see, e.g., Hageman and Young, 1981, Theorem 4.2.1),

Hom (w) =

1
w2 = T

For any polynomial Q,,(w) of degree m or less such that Q,,(d) =1, if

™m < H’m b)
wg[lgiulQ (w)l_wg[lgfl]l (w)]

then we have Q,, (w) = H,,(w). We have that H,,(w) is the unique solution of

min max w)|.
O wg[—l,l]'Qm( )
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Figure 7.1 — We illustrate the first five Chebyshev polynomials with the x-axis
between —1 and 1.

by Theorem 4.8 given by Saad (2011). We now define a linear transformation,
which transforms the interval [y, Apax(A)] into [-1,1] :

wy, : R — R (7.3)
A wy(A) = (Amax(4) +9 = 20)/(Amax(4) —7)
and we note d, = w,(0) = % > 1. In Golub et al. (2007), the authors
introduced the filtering polynomial F,,()\) defined by
T (wy(A))
Ton(dy)

which has minimum upper bound value on the interval [y, Amax(4)] by the
previous optimal properties. Let 7, Apnax(A) and € < 1, we can fix the degree
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m of T, such that 1/|T;,(d,)| < €, which implies that

T (w (A))’
max |Fn(A)| = —
)‘e[’Yv)\maX]‘ ( )l )‘G[W»Amax] Tm(d'y)
= ———— max |Tp(wy (A
T (@] relnss | T en ”'
< T ).
x| Tous >>\

By a property of Chebyshev polynomials (see, e.g., Saad, 2011, p.109), the
maximum of the Chebyshev polynomial T, in [—1,1] is 1 and we then have

Fn (A < e 7.5
Aefﬂ?ﬁax]‘ (M € (7.5)

We now consider a vector w € IR™ and we analyse the effect of the filtering
polynomial on this vector. To see that, we construct a filtered vector as

wy = Fo(A)w = Uy Fu(Ay)UTw + Uy Fon (M) UT w0, (7.6)

where ]\ € RM~PX("=P) the diagonal matrix containing the n — p eigenvalues
greater than v € [Amin(A), Amax(A)], and the columns of the rectangular matrix
U € R™ (™ P) are the orthonormal sets of eigenvectors corresponding to A
We pre-multiply the filtered vector (7.6) by U7T and we take the 2-norm. Usmg
the Cauchy-Schwartz inequality, we obtain

10T wll2 < 1Fm (As) 12105 wll2.

and by the vector norm properties (see, e.g., Golub and Van Loan, 1996, Section
2.2.2) and (7.5), we have

10 wrllz < Va=p  [Fu(A) U wll2
< Vn—p € HU$w||2

with || Fn(A)|lee = MAX €[y, Apmax] [Fm(A)|- This equation explains that the
components of wy with respect to the invariant subspace U.y are reduced of
factor \/n —p e

In Figure 7.2, we illustrate the different behaviours of Chebyshev filtering
Fi6 on [Amin(A),7] and [y, Amax(A)] respectively. Fixing the degree at m = 16,
we obtain € equal to 107* on [y, Amax(A)]. The left figure shows that in the
interval [Amin(A),7], the Chebyshev filtering is constant to 1 and decreases
rapidly to zero when A is close to 4. Whereas in the interval [y, Amax(A)],
the Chebychev filtering in right figure is equi-oscillating around zero and the
relation (7.5) implies that the amplitude of oscillations is equal to e.
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Figure 7.2 — On left, the Chebyshev filtering Fig on [Amin(A),~] and at right,
the Chebyshev filtering Fig on [, Amax(A)].

7.1.2 Chebyshev polynomial preconditioner

The application of the Chebyshev filter as a preconditioner consists in solving
approximatively a symmetric and positive definite linear system Ax = b with
the preconditioner defined by

Pr' = Qum-1(4) = A7 (I, — Fin(A)), (7.7)

where @Q,,—1(A) is a matrix polynomial of degree less than or equal to m — 1
(see, e.g., Hageman and Young, 1981, p.7). This preconditioner helps the
CG method to generate a low dimensional Krylov basis that is very rich with
respect to the smallest eigenvalues and associated eigenvectors. This spectral
information can be used to build spectral approximations of the inverse of
A and of the Schur complement introduced in Section 3.1 and Section 3.2
respectively. This approach is developed in details in Golub et al. (2007) and
we only introduce a simple example to show the interest.

We consider a symmetric positive definite matrix of order n = 300 randomly
generated by the Matlab function sprandsym. The spectrum of the matrix has
10 eigenvalues less than %"ém The Lanczos algorithm (see Algorithm 2,
Section 2.1) combined with the preconditionner Pz in (7.7), plays the role
of spectral filter and gives a basis of Krylov subspace V', which is a good
approximation of eigenvectors of A associated to the few small eigenvalues of
A. As indicated in Figure 7.3 (left-hand plot), the values computed by V7 AV
plotting in blue are a good approximation of eigenvalues of A less than ~. The
right-hand plot represents the ”Avl/:ij‘”” for each vector v; in V' and shows the
accuracy of each vector.
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1D eigs. bélgw the thrashold —
(=M (R)100)

iw:

Figure 7.3 — Chebychev-based Krylov method.

7.1.3 Combining a first level preconditioner with Cheby-
shev polynomial preconditioner

Now, we explicitly develop our theoretical contribution on the application of
the preconditioner ’P}l in (7.7), combined with a first level of preconditioning
on the linear system denoted now

A,z = b,

where A, is symmetric and positive definite. As in Section 4.5, we consider a
symmetric positive definite matrix M given in a factorized form, M = RTR
with R € IR"™". Let us first rewrite the preconditioned system

M A =M"1b

in a symmetrized manner as

Aly ) (78)

where A, = R"TA, R™', y = R x and ¢ = R~Tb. We draw attention on
the fact that we use a different notation for the initial system with first level
preconditioner, compared to Section 4.5. The goal of which is to simplify and
improve the clarity of this Section.

In the following theorem, we derive a general formulation that combines the
two levels of preconditioning into one.
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Theorem 7.1 Let the linear system A, x = b and a symmetric positive
definite preconditioner M for A,, given in a factorized form RT R with
R ¢ IR™™. Let the Chebyshev filter preconditioner 73]?11 defined in
(7.7) as Qum_1(A,) with A, = R~TA, R™! and the preconditioned system
Ay = cwithy = Rz and ¢ = R~7b. Then the combination of the two
levels of preconditioning

Prl Ay =Prlc (7.9)

is equivalent to
Pz A = Pzlb,

where 79;01 = Qm_1(M~tA,)M~1L.

Note that the subscript ¢ in the preconditioner Pz, makes reference to the lin-
ear system with the matrix A,.

Proof. The preconditioner 73;-11 associated to the system A,y = cis a
matrix polynomial @Q,,—1(A4;) of the degree (m — 1) defined as

Qm_l(Al) = aOIn + O{1A1 + ...+ Oém—lA;n_17

where {«; ?;61 is a set of numbers (see, e.g., Hageman and Young, 1981, p. 7).

We note that,

AP = (RTTAR YR TARY) ... (RTTAR™Y), (7.10)
and premultiplying (7.10) by RR™!, we get

A = RRY R TARYHRTARY...(RTAR™
= R(M'A,)*R71,

which implies that the preconditioner P;ll can be expressed as

RQp 1 (M~ *A)R™.

We replace this expression in (7.9) and by simplifying, we obtain

PrlAiy=Prlc & RQum-1(M 'A))R"Aiy=RQm-1(M "As)R 'c
S Qm (M AR R TAR 'Rz = Qum_1(M "A)R*R™ b
& Qm (M TAIM P Agz = Q1 (M Ag)M b,
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The two levels of preconditioning can be expressed by the formulation

Prl = Qum-r(M T A)M .
0O
Since we have a symmetric positive definite linear system, the conjugate gra-
dient algorithm introduced in Section 2.1.2, is an algorithm of choice to solve
it and can be used with the preconditioner in symmetric form
Pzl =R'Qum-1(RTAR R, (7.11)

This preconditioner is symmetric and positive definite as shown by the following
result.

Theorem 7.2 The preconditioner R1Q,, 1 (R~TA,R~1)R~T is symmet-
ric and positive definite.

Proof. We have that Q,,_1(R™T A,R™!) is defined as a sum of symmetric
matrices I,, R-TA,R™', (R"TA,R~ )2, ..., (R"TA,R~")(™=1 which implies
that the preconditioner is symmetric. From relation (7.7), we obtain

AQm—1(A) =1 —Fp(N), (7.12)

for all eigenvalues A of R~T A,R~1. By (7.12) and (7.5), we have that AQ,,_1(\)
belongs to [1—e¢, 1+¢] for all eigenvalues in [y, Amax(A1)] (with A, = R-TA,R™1).
Since by construction, F,(A) € [e, 1 for A €]0, 7], we get AQ(\) €]0, 1—¢] (since
AQ(N) =1 — F(A)) (see Figure 7.2). In short, for all A € [0, Amax(A4)], we
have Q,,_1(A\) > 0 and we have that Q,, _1(R~TA,R™!) is a positive definite
matrix which implies by Meyer (2000), p.559, that for every nonzero z € IR",

27 Qu_1(R"TAR Yz > 0.
Substituting = by R~7z, we obtain

27Qum 1 (RTAR NH2z>0 o (RT)TQm_1(RTA R YR T2>0
s Z(R'Qm A (RTAR YR T)2>0

with nonzero z € IR". We can deduce that the preconditioner is positive
definite. O
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7.2 Practical implementation of approximation
of the inverse of the (1,1) block

As we have seen in Section 7.1.3, a first level preconditioner M and the second
level preconditioner, which is the Chebyshev filter preconditioner can be com-
bined into one denoted by 7?;01. In this section, we propose an approximation
of the operator A; ! based on (7.1), which is associated to the preconditioned
system

Prl Aoz = PZlb. (7.13)
with

Py =R 'Qu_1(RTAR R (7.14)
and we denote by Ag the initial matrix A. Note that the symmetric posi-
tive definite matrix Q,,_1(R"TA,R™1) = Q,,_1(A,) with the notation A, :=
R TA,R™!, can be factorized in a square root form,

Qm—l(Al) - Sf, (715)

with a symmetric matrix S, € IR™*"™ implying in (7.14), the following factor-
ization

Pzl = R'SIRT
— N—lN—T
where N = S 'R € IR"™". Denoting the preconditioned matrix by
A, = N TA N,

one obtains the following relation between A, and A,,

A, = S,RTART'S,
= S.AS,. (7.16)
By (7.15), the matrix S, has the same eigenvectors as those of A,. Since S,
is symmetric, the matrix S, is diagonalizable in the same orthonormal basis of

eigenvectors as this of A;. We then have that S, and A, are said to commute
(see Lancaster and Tismenetsky, 1985, Proposition 2) and we obtain by (7.15)

A, = S24,
= Qm—l(Al)Al' (717)

In Section 7.2.1, based on relation (7.17), we analyse the link between the
eigenvalues of A, and the eigenvalues of A,, which will be used in Section 7.2.2,
to propose and analyse an good approximation of the operator A; L
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7.2.1 Eigenvalue distribution of matrix with two levels of
preconditioning

For clarification, the notations that we will use for the following analysis are
given in Table 7.1 (we recall that N = S 'R). The first column holds the
notation of the diagonal matrices with various levels of preconditioning. The
notations used for the eigenvectors and the eigenvalues for each matrix are
defined in the second and third columns, respectively. The columns of matrices
in the second column are the orthogonal set of eigenvectors corresponding to
the diagonal matrices in third column containing the eigenvalues.

matrix eigenvectors eigenvalues

Ao U A = diag{\i}i=,
Ay =R TAR™! 1% O = diag{6;}7,
A, = N"TANT! =524, W A = diag{6;}1-,

Table 7.1 — Table of notations

With (7.16), the next theorem gives the relation between the eigenvalues of the
two preconditioned matrices A, and A,.

Theorem 7.3 Let © € IR™*" the diagonal matrix containing the n eigen-
values of A, and the columns of the matrix V € IR™*" form the orthogonal
set of the eigenvectors corresponding to ©. Then the diagonal matrix con-
taining the n eigenvalues of A, is defined as

A= Qm—l(e)@a

and the associated eigenvectors denoted by the columns of W can be given
by the eigenvectors of A;.

Proof. By (7.17), the eigendecomposition of A, and the orthogonality of
V', we have that

Ay = Qm-1(A)A,
= Qma(vevhvevT
= V(Qm-1(©)0)VT.
O

Note that all the eigenvectors of A, are necessary eigenvectors of A,, while
the opposite is not always true. Indeed, we consider two eigenvalues ¢; and 0;
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of A, and v; and v; the corresponding eigenvectors respectively. We consider
the case where Qn,—1(0;)8; = Qm—1(0;)60; and for instance, %(vz + v;) is an
eigenvector of A, but not for A,. Indeed, we have

A(;JW+%O = (At Ay

(0305 + 0;v5)

Sl -

2
HL (vi + ;)

ﬁ i 3
where 6 € IR.

7.2.2 Approximation of the inverse of the (1,1) block

Let us consider the following expression

1
A7V = M+ P(PFAP) T PT (7.18)
o

where the columns of the matrix P, € IR"™** form the set of A,-conjugate
directions computed in the conjugate gradient algorithm preconditioned (see
Section 2.2) by 73}_-01 = N7'N-T to solve the linear system A,z = b. By
Proposition 6.7 in Saad (2011) when the Krylov subspace is invariant, we can
express the basis which are the columns of Pk, as a linear combination of a
subset of k eigenvectors Vi € R"™*k (since by Theorem 7.3, the eigenvectors
of A, are equal to the eigenvectors of A,) of the symmetrically preconditioned
system A, such that

P, = N"'Vi.5, (7.19)

where 3, € R®** is an invertible matrix. Similarly to the eigendecomposition
of the matrix A in (3.3), we split the spectrum of A, in two parts, with ©, €
IRP*? the diagonal matrix containing the p eigenvalues less than a given positive
number y € [fmin(A,), max(A,)], and with ©., € R(P)*(=P) the diagonal
matrix containing all the other (n — p) eigenvalues. The columns of V., € IR"*P
and f/ﬁ, € IR"*("~P) are the orthonormal sets of eigenvectors corresponding to
O, and (:)A, respectively. We have the following spectral relations

AV, =V,0, and A,V,=V,0,, (7.20)
and by Theorem 7.3, we deduce

AV, =V,A, and AV, =V,A, (7.21)
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with Ay, = Qn—1(04)0, and Ay = Q,,—1(0,)0,.

Assuming that the initial residual is not orthogonal to the eigenvectors of
A, corresponding to the eigenvalues A, and considering that happy breakdown
has occured within the Lanczos process, we know that the Krylov subspace is
an invariant subspace and that the set of eigenvectors Vj, in (7.19) incorporates
necessarily all of V,, so that

Ve = [Vv, f/wp}

with ~, € R("P*(+=P) By (7.19) we have

P, =N {VV, f/wp} B (7.22)

Substituting (7.22) for Py in (7.18) with P = P, we can see that

VT
W VY
r[ V] >
— L
= B [WEVA{T] A [Vy Vo] Bres

PEAoPk = ﬂkT { ] N=TANT! [V’Y Vv%] B

since A, = N"TA,N~1. We have that VT A,V, = VIV,A, = 0 by (7.21),
implying that

VAV, 0

PrAP, = 5,{[ 0 TV AT, Br. (7.23)
P

Observe that the matrix PkT Ay Py is block diagonal such that the inverse of
P,? A, Py, is also block diagonal including the inverse of each block. We get the

rewritting of (7.18) with two terms after elimination of the invertible k x k
matrix 8, such that

1 -1
-1 —1 —1 T T n7—T
ATD = M NTIV (VIALY,) VN
- ~ - -1 .
+ Ny, (fypTVﬂ/TAQVW'yp) ’ygV,YTN*T.
Using spectral relations (7.21), we obtain

- 1, “1y A -
ATV = MU NTIVATIVINTT (7.24)

- ~ -1 ~
+ Ny, (’y;ijﬁ,’yp) fygVWTN_T.
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The following result establishes a first expression of the preconditioned matrix
AZ LA, and explicitly shows the effect of the preconditioner AZ Lon A,.

Theorem 7.4 Let the matrix A, € IR™*" and the preconditioner [1;1
defined by (7.24). Then we obtain, with the notations introduced above,

_ 1 . _ -1
A;lA0 =R! <ozA1 + Vv@,;lV,YTAl + 5. Vo (fygA,yfyp) VZVWT&TAQ R.

Proof. By N =S, 'R and M = RTR, we first write (7.24) as

P 1
AV =—RTIRTT 4+ RS V,ASIVISTRTT
- ~ -1 -
+ R7'S.V,q, (75A77p> VgVWTSZﬂR_T.

If we apply the operator fi; L on A,, we have the following formulation

~ 1
1 —1p-T -1 —1y/T ¢T p—T
AT A, = aR R7A, + RS V,ATVIS R A,
- - -1,
+ R7'S. Vv, (’yI:,FAW'yp) ’ygV,YTSER*TAO

or, equivalently,

AZ'A, = R (IR‘TAR‘l + 5V, AWV STRTART!
(6
~ ~ -1 -
+ 5.V (FAw)  p VWTSTTRTARl) R.
Using A, = R"TA,R™', we obtain

ATA, = (7.25)

. - -1 .
R™! (éAl + SerArrlvaSzAl + S5V (7§Aw7p) 'YPTVWTSTTAl) R

Considering the eigendecomposition of A,, i.e., A, = VVGWVWT + Vvéwf/f and
by (7.15) with Q,—1(A,;) symmetric positive definite, we obtain
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SV, (Qm-1(A))?V,

-~ o~ 1/2
(Qu1 (201 +1,6,77)) v,
= Vy(Qm-1(8,))""2,

and by Theorem 7.3,

SV, = V,0712Al2 (7.26)

Replacing (7.26) in the second therm in (7.25), we obtain

—1y,T QT —1/2 A1/2 A =1 A1/2—1/2y,T
S VLATIWVIST A, = v, 2AYPATIAY 22V T A,
— —1/2—1/2y,T
= V,0720712VTA,.

and we conclude the proof. m|

By the similarity transformation R, this theorem tells us that the eigenvalues
of A7 LA, are similar to the eigenvalues of

1 - 3 N
~ A+ V07 VA + 5,V (vFAy) AFVISTA, (7.27)

where the first two terms in (7.27) represent the effect of the spectral precon-
ditioner

1 —1y,T
aln + V7®’Y V’Y

on A,. This preconditioner is known as the SLRU approach (see Giraud et
al., 2006) associated with spectral information of A, defined as in (7.1). The
following theorem rewrites the previous expression of jl; L 4,, so as to ease the
last part of the analysis.

Theorem 7.5 Let the matrix A, € IR™*" and the preconditioner /I;l
defined by (7.24). Then we obtain

A4, =R (;Al VLV (1,67172) Y (é?/Wf)) R,

~ ~ -1 ~
where Y = (AV “ Yo (7;? Awp) VITAY 2)-
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Proof. By (7.20), the first part LA, + V,07'VI A, in (7.27) is equal to
lA +V, @’1@ VT = éAl + V,YV,YT. Similarly to equation (7.26), we have
Sy V V @ 1/2 1/2 such that we obtain the formulation

AT A, =

(1 - . 1 s/ 1/
R (G VT 4 V580 AL (3 Buy) AN AL ) R

or equivalently, using (7.20),
~ /1 e s SN s 1
A A =R (&Al + VLV 47,6512 (AV 1 (5 Bamw) o AY 2) )/ QVWT) f
O

The second formulation of fl; 1A, shows explicitly the effect of the spectral
preconditioner applied to A,. By the first and the second terms of fl; LA,, the
smallest eigenvalues of A, belonging to [0,7] are transformed into (16; + 1),
which meets the expectation as we have seen in Section 3.1. In the meantime,
the largest eigenvalues of A, belonging to [y, Omax (A, )] are approximately equal
to 79 plus a bounded corrective third term involved by a similarity transfor-
matlon the eigenvalues of

~ ~ -1 ~
V=AY, (1 A) AV

The matrix Y is positive semidefinite since Y corresponds to the orthogonal
projection (i.e. Y = Y2 and Y = Y7) implying that the eigenvalues of YV
are equal to 0 or 1. By these considerations, we have that the eigenvalues of
A_lA are isolated away from zero. Finally, this third term is active only on
the invariant subspace linked to the largest eigenvalues of A,, (in the interval
[, Omax (A,)]), because of the products with V, and VT on both sides. The
internal part is similar to the orthogonal projector Y the similitude being
given by the square root of é,y, and therefore this third term may only shift
marginally the largest eigenvalues towards +o0o, and at maxima by a factor of
(7/Omax (A1)

Now, in practice, we may expect that before "happy breakdown" is actually
reached, the Krylov subspace Py obtained in the chebyshev-preconditioned CG
will already be rich enough to incorporate all of those eigenvectors in V,,, and
that therefore the resulting preconditionner that we shall get will have spectral
properties close to what we have analysed above. This is what we shall illustrate
now on a pratical example. We consider the previous test example (see Section
3.1) with v = Amax(A4,)/100. The eigenvalues of A7'A4, and A7'A, belong to

[4.287297471632787 1072, 3.281045885810809}
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and
[4.287297471 748417 1072, 3.281045885815332}

respectively and the relative error between eigenvalues of A 14, and fl; LA, is
equal to 8.14 10!, In Figure 7.4, we illustrate the effect of preconditioner fl;l
on the eigenvalues of A,. The top figure illustrates the eigenvalue distribution
of A, such that the eigenvalues \; less than ~ are represented with a green
star and by Theorem 7.5 are transformed to % + 1 with o = 1.16 represented
respectively at the bottom figure.

10°

10°F Fa
10°
10-10 1 I L 1 L
0 50 100 150 200 250 300
100 |
Eil
#
10 5L
.
0 50 100 150 200 250 300

Figure 7.4 — On top, the eigenvalues distribution of A7 LA, and at the bottom,
the eigenvalues distribution of fl; LA,.

Figure 7.5 compares the number of MINRES iteration needed to reach 1078
in both cases, for P; defined with exact spectral information and P; defined as

- [ A, 0
7’1[0 sﬂ

where S, = BT A7 B with A as given in (7.18). We can see that the number

of iterations with the preconditioner P; is equal to 68, while that in the case
where the preconditioner is Py, reaches 69.
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Figure 7.5 — Convergence profiles of preconditioned MINRES with precondition-
ers P, and P;.
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Conclusions and Perspectives

This work focusses on block diagonal preconditioning for KKT systems and
SQD systems to ensure fast convergence of Krylov iterative solvers such as
MIiINRES. We have introduced two preconditioners that approximate the "ideal"
preconditioner proposed by Murphy et al. (2000) for KKT systems and by
Gould and Simoncini (2009) for SQD systems, that are able to reduce the
spectrum of the preconditioned saddle-point matrix.

The two alternatives of block diagonal preconditioners that we propose are
based on good approximations of the invariant subspace associated with the ill-
conditioned part of the (1, 1) block A, which can then be exploited to construct
efficient approximations for the Schur complement. Our first purpose is to
analyse the benefits of such an approach for preconditioning Krylov solvers,
and the theoretical analysis given in the various theorems actually shows that
convergence of preconditioned MINRES can be accelerated.

The two specific block diagonal preconditioners actually incorporate a low
rank update of the Schur complement itself, that can be superimposed on top
of a first level preconditioning that reduces as much as possible the dimension
of the invariant subspace containing the ill-conditioned part of the resulting
(1,1) block. We have shown that, when a first level of preconditioning is used
with our preconditioners for the KKT systems, an effective new version of our
preconditioners can be applied on the initial system.

The theoretical results and practical considerations contained in this work
show that the proposed technique is a good complement to a first level of
preconditioning whenever this is not sufficient to obtain fast convergence for
MINRES. The efficiency, as well as the practical feasibility of our precondition-
ers, will for sure depend on the application itself. The ideal conditions would
be to have the benefits of a first level of preconditioning that manages to re-
duce the ill-conditioning within the constraint equations and tightly clusters
the spectrum in the (1,1) block as well.

An important part of our analysis gives some insights on the interaction
between the (1,1) block A and the constraints (1,2) block, showing in which
circumstances the bad conditioning contained in A effectively spoils the con-
vergence of MINRES. We have also refined the bounds given by Rusten and
Winther (1992) on the eigenvalues of a KKT matrix and investigated how best

147
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to incorporate the appropriate spectral information with valuable precondition-
ing effects on saddle-point systems.

One of our perspectives is to complete the spectral approach on A with a
similar approach to address the bad conditioning of B. Moreover, we could also
analyse the cost and the amortization of our technique for the solution of several
saddle-point systems involving the same matrix and multiple right-hand sides.
Another perspective is to study and compare SQD systems arising in interior-
point methods. Preliminary results show that the preconditioners with efficient
implementation could be competitive compared to constraint preconditioners.
Another interesting point that is still open for future work is the extension of
our study to more general cases with less restrictive assumptions on the blocks
of the saddle-point matrices.
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Appendix

Tools of linear algebra

A.1 The singular value decomposition

The singular value decomposition (SVD) of the matrix A is given by the next
theorem.

Theorem A.1 If A € IR™*", then there exist orthogonal matrices
U=u,...,up] €ER™™ and V = [vq,...,v,] € R™"
such that
UTAV =% = diag(oy,...,0,) € R™*",  p=min{m,n},

where 0y > 09> ... 20, >0

Proof. See, e.g., (Golub and Van Loan, 2013, p.76) |

The singular values of the matrix A and the left and right singular vectors of
A are defined by the following result.

Corollary A.2 If UTAV =¥ is the SVD of A € R™*"™ (m > n), then

Av; = oju; and AT, =ov; for i=1,...,n.

Proof. See, e.g., (Golub and Van Loan, 2013, p.77) O
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We can deduce from this corollary that

AT Av; = a?vi and AT Au; = a?ui for i=1,...,n.

Indeed, the singular values of A are the positive square roots of the eigenvalues
of AAT or AT A.

Corollary A.3 If A € IR™*", then |A|2 = o1.

Proof. See, e.g., (Golub and Van Loan, 2013, p.77) o

A.2 The principal angles and the associated prin-
cipal vectors

Let F and G be subspaces in IR"™ whose dimensions satisfy

p = dim(F) > dim(G) = ¢ > 1.

The principal angles {01 };_, between these two subspaces and the associated
principal vectors { fr}i_, and {gx}{_, are defined recursively by

T T
cos(bk) = fr gk = e ednax g
ST fro=1]1=0 g7 [g1,.,95—1]=0
where 0 < 0; <... <0, < 3.

A singular value decomposition for computing cosines of principal angles
between the subspaces F and G can be formulated as follows. Let the columns
of matrices Qr € IR™? and Qg € IR™? form orthonormal bases for the
subspaces F and G, respectively. The thin SVD of Q;Qg is

UTQLQgV = diag(oy, . .. ,0g)s
where o1 > 09 > ... >0, >0, U € RP*? and V € IR"”*? both have orthonor-
mal columns. Then principal angles can be computed as
o =cos(0), k=1,...,q,

where 0 < 0; < ... <6, <%, while the vectors {fx}{_, and {gx}}_, are the

associated principal vectors computed by

fk=(@QFU)( k), gr=(QgV)(k), k=1,...,q
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A.3 The Sherman-Morrison-Woodbury formula

The following formula is defined as the Sherman-Morrison formula and gives a
convenient expression for the inverse of the matrix (A+UV7T) where A € R™*"
invertible, U and V. € IR™*F,

(A+UVT)"t = A=1 — A71U(I, + VTA-1U)~ VT AL,

This expression shows how to compute the inverse of a rank-k correction UV 7
to a matrix A in a rank-k correction of the inverse. Note that A + UV7 is
invertible if and only if I,, + VT A~'U is invertible.

A.4 The cosine decomposition

Theorem A.4 Let P a unitary matrix of dimension m 4 p = k + ¢, then there
exist unitary matrices U, V., W, Z of dimensions m, p, k, q respectively, so that

U~ 0 W 0
(5 ) (5 2)-
I 0 T
c S s
Oc I m-—r—s

0s I p—k+r
S —-C S
1 0z k—r—s
r s k—r—s p—k+r s m-—r—3s
C:diag(a’r'+17--->a7'+s)7 1> Qry1 2 Z Qrgs > 0,
S = diag (Br+1, -, Brts) 0<Bry1 <. < Brgs < 14
Cc*+8*=1I

Proof. See, e.g., (Paige and Saunders, 1981, p.403) ]
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Appendix

Proof of Theorems

B.1 Proof of Theorem 3.1 of Chapter 3

First note that the matrices S and S, are symmetric and positive definite,
hence nonsingular, by definition of A and A, respectively, and by the full
column rank property of B € IR"*™ (see, e.g., Golub and Van Loan, 2013,
Section 4.2.1). The eigenvalue problem S5 182 = Az is then equivalent to the
generalized eigenvalue problem:

St = AS,z, (B.1)

that is, A(S;lS) =S, 85) ={wi}i,.
The first part of the proof transforms problem (B.1) into two successively
equivalent generalized eigenvalue problems. We define the matrices

gla) — (BTB)—l/QS(BTB)—l/Q —QTAQ (B.2)
and
S'(ya) _ (BTB)71/2S’Y(BTB)71/2 — QTA,;IQ, (B3)

where Q = B(BTB)~1/2 ¢ R™"™. The first equality of each equation and
the nonsingularity of (BT B)~!/2 guarantee that A\(S,S,) = )\(S(“)7Sf(ya)) =
{vi}™,. To exploit the second equality of each equation, consider the matrix
K € R™ " defined as

K =Q"U =(Q"U,, Q"U,] = K, K,], (B.4)
where Q satisfies QTQ = I, by definition, U = [U,, U’y] is the orthogonal

matrix of the eigendecomposition (3.3), K, is the operator used in (3.13) and
we set K, = QTU,. The columns of KT are orthonormal, implying that

159
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K,YK,? +I~(,yf($ = I,,. If we now complete the matrix K7 by m—n orthonormal
columns to provide an orthogonal matrix of IR™*", and if we apply the CS
decomposition as in Appendix A or Paige and Saunders (1981), Section 4,
one can guarantee the existence of orthogonal matrices V, € IRP*P, ‘Z, €

R P)XM=P) and W € IR™*™ such that
V,YTK?;W = C = diag(cy, ..., c.) € RP*™, r = min{p,m}, (B.5)
and
\N/WTf(;FW = S = diag(s1,...,84) € R(—P)xm g = min{n —p,m}, (B.6)

where CTC + STS = I,,,. The singular values ¢; and s; of K$ and f(,? respec-
tively, are cosines and sines satisfying (without loss of generality)

1>c1>...>2¢.>0 and 0<s1<...<s,< 1. (B.7)

In principle, the min{r, ¢} of these values correspond to the cosines and sines of
the principal angles between Zm(B) and Zm(U,), the other values being equal
to either 0 or 1, depending on the dimensions p, m and n. Extracting K, and
K., from (B.5) and (B.6) yields

K,=wc™v' and K,=WS"V]. (B.8)

We now come back to the second equalities of equations (B.2) and (B.3) and
use the expressions (3.3) and (3.4) to derive expressions for A" and A7*
respectively. One obtains, by (B.4) and (B.8),
a T —177T | 77 A-177T T
s@ = KUT(U,A;'UT + UAJ'UT UK

= (KUT + K, UD)(U,A'UT + U, A TUD) (UKD + UKD

_ “1pT | R-1fT

— K AJ'KT 4 K,AK]

= ws®OwT, (B.9)
where o
S® = cTVIATV,C+ STVIAS,S, (B.10)
and, similarly,
1
a _ T —17/T T
S = KUT(UM'UY + —L)UK

- B 1 U
= (KU + K UD)(ULALUY + — 1) (U5 K + U5 K

1 1 -
= K,(AJ'+ ag,)fd + EK7K$
= wsPwT, (B.11)



B.1. Proor oF THEOREM 3.1 oF CHAPTER 3 161

where

1 1
S =ty (A;l + a1p> Vi€ + =SS (B.12)

The last equalities of (B.9) and (B.11) together with the nonsingularity of W
then guarantee that A(S(®, S\ = A(S®, Sy = {1} ..

For the second part of the proof, consider, for a non-zero vector x € IR™,
the generalized Rayleigh quotient

2T 80 g

We show that v(z) belongs to the interval defined in (3.15), hence implying the
desired result. First observe that

1 1 1 1
At — A1 _ = B.14
el me ehes ] @
by definition of A, and A.,. By (B.10) and (B.12), we can write
mTCTVWTA;lVWCx + xTSTVWT[X;”?WSx
aTCTVI (A + 11,) VoCa + 12T ST S’

v(z) =

yielding the following equalities
eTCTVI (A 1)V, Ca
aTCTVI (aAy + L)V, Ca + 2TSTSx
N 2T STVI (aA;")V, Sz
:ETCTVWT(aA;l +1,)V,Cx + 2TSTSz

v(z) =

(B.15)

and
1 eCTVI (NSt 4+ 1,)V,Cx
v(x) aTCTVI (A ")V, Ca + xTSTVWT(af\;l)VVSx
n 2TSTSx ~ ~ ~ .
aTCTVI (A )V, Ca + aTSTV (aA )V, S

(B.16)

Consider first the case where both Cz and Sz are non-zero vectors. Since a > 0,
the matrices VWT(ozA; DV, and V,YT(Oé]\,; 1)V, are positive definite and each term
of the numerator and the denominator in (B.15) and in (B.16) is positive. One
can thus write

e) < TCTVI (aAS 1)V, Ca 2’ STVI (aA;)V, Sz
= ZTCTVI(aAy + 1)V, Ca zTSTSx
< 1+2 (B.17)
Y
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using the second part of (B.14) and the fact that 27STSx = xTSTV,YTVWSx.
In the same way, we can write

1 TCTVI (aAS 1)V, Ca e'CTVIV,Ca
< +
v(z) ~  aTCTVI(aAy")V,Cx aTCTVT (aAy ')V, Ca
2TSTSx
xTSTVWT(aJNX,?l)f/WS:r
< 1+ x + Airnax(A)’ (B18)
! «

where we use both parts of (B.14) and the fact that 27ST Sz = xTSTf/WTVWSx.
The bounds (B.17) and (B.18) imply the desired result for this first case. Now,
from CTC + STS = I,,,, one cannot have both Cx = 0 and Sz = 0 at the same
time for a non-zero x € IR™. Considering these particular cases separately, we
can deduce from (B.14), (B.15) and (B.16) when Cx = 0,

xTSTVWT(aA;I)VWS:U
v(iz) = TCT
zT'STSx
o
S —
Y
< 142
~y
and
1 B 2TSTSx
v(z) aTSTVT (a3 )V, Sz
S )\max(A)
«
< 1+ l + M.
« «o

Similarly, when Sz = 0, we deduce from (B.15) and (B.16),

zTCTVI (A" )V, Ca
TCTVI (ahy! + 1)V, Ca
1

142
S

v(z)

ININA
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and

—_

e'CTVI (St + 1,)V,Cx
J:TCTVWT(aA;l)VA,Cx

< 142
(07

II]XA
< 1+1+)\a7()
« o

=
5
S~—

In both cases, the bounds in (B.17) and (B.18) are still valid, which ends the
proof.
O

B.2 Proof of Theorem 3.4 of Chapter 3

First note that the matrices S and S, are symmetric and positive definite,
hence nonsingular, by the definition of A and A, respectively, and by the full
column rank property of B € R™™ (see, e.g., Golub and Van Loan, 2013,
Section 4.2.1). The eigenvalue problem Sy 1Sz = Az is then equivalent to the
generalized eigenvalue problem:

St = \S,«, (B.19)

that is, A(S;1S) = A(S, S,) = {vi}).
The first part of the proof transforms problem (B.19) into two successively
generalized eigenvalue problems. We define the matrices

S(a) — (BTB)fl/Qs(BTB)fl/Z _ QTAle + (BTB)71/2C(BTB)71/2
(B.20)
and
S}(ya) _ (BTB)_l/QS»Y(BTB)_lm _ QTA;:LQ + (BTB)_I/zc(BTB)_1/2,
(B.21)
where Q@ = B(BTB)~1/2 ¢ R" ™. Observe that the terms QT A~'Q and
QTA;'Q in (B.20) and (B.21) are similar to (B.2) and (B.3) respectively, im-

plying that we can thus follow the similar steps in the proof of Theorem 3.1.
Indeed, defining

K = QTU = [QTUV’ QTﬁW] = [Kw f(v]v (B.22)

where Q satisfies QTQ = I,,, and using the CS Decomposition as in Appendix
A or Paige and Saunders (1981), Section 4, we obtain

K,=wc™vl and K,=WSTV]. (B.23)
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Similarly to (B.9) and (B.11), we now come back to the second equalities of
equations (B.20) and (B.21) and use the expressions (3.3) and (3.4) to derive
expressions for A= and A7, respectively. One obtains, by (B.22) and (B.23),

5@ = ws®OwT 4 (BTB)"Y20(BTB)~1/?, (B.24)
where D
) — CTVWTAfVWC + STVWTA;lVWS, (B.25)
and, similarly,
S}(ya) _ WS,(Yb)WT+(BTB)_1/2C(BTB)_1/27 (B26)
where
1 1
SS’) =cTv’ (A7 Ty alp> V,C + aSTS. (B.27)

For the second part of the proof, consider, for a non-zero vector x € IR™,
the generalized Rayleigh quotient

2T 8@y
I/(x) = W (B28)
2T Sy x

or, equivalently by (B.24) and (B.26),
TWSOWTy + 2T(BTB)~Y/2C(BTB)" %z
2TWSSWTx 4 2T (BT B)~1/2C(BTB)~1/2z

Setting y = W' and z = (BT B)~'/2z as non-zero vectors, we have

v(z) =

Ts(b) TC
) = % (B.29)
yT Sy y+ 27Cz
We will show that v(x) belongs to the interval defined in (3.26), hence implying
the desired result. First observe that

A(A;l)e{i,/\m:}(m} and A(Aﬁe[@,ﬂ, (B.30)

by definition of A, and A.. By (B.25) and (B.27), we can write

~ yTCTVIATV,Cy + yT STVIA WV, Sy + 27 C
C yTCTVI (AT + L1 Vo Cy + LyTSTSy + 27C%
yielding the following equalities

v(z)

Ve = — 3le CTV.I (aAS MV, Cy
yTCTVI (aAy™ + 1)V, Cy + yTSTSy 4 2TaCz
N y" STV (aAS)V, Sy
yTCTVI (A + 1) VA Cy + yTSTSy + 2TaCx
2TaCz

_|_

TOoTY/ T -1 TST T (B.31)
yTCTVI (aAy " + 1)V, Cy + yTSTSy + 2TaCz
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and
o y"CTVI (@At + 1)V, Cy
v(z) T yTCTVI (ahy DV,Cy + yT STV (ahy )V, Sy + 2TaCz
N y'STSy
yTCTVI (aAy)V,Cy + yTSTVI (el ")V, Sy + 2TalCz
2TaCz

+ — - == .(B.32)
yTCTVI (a5 ")V Cy + yTSTVI (aA; )V, Sy + 2TaCz

Consider first the case where both Cy and Sy are non-zero vectors. Since
o > 0, the matrices V.['(«AJ1)V, VVT(a/N\JI)VW and C are positive definite
and each term of the numerator and the denominator in (B.31) and in (B.32)
is positive. One can thus write

V) < yTCTVWT(aAgl)Vﬂ,Cy yTST‘N/WT(a[\;l)‘N/WSy N TalCz
- yTCTVVT(ozA;1 + I,)V,Cy yTSTSy 2TaCz
< 1+%+1, (B.33)

using the second part of (B.30) and the fact that y'STSy = yTSTVWT‘N/q,Sy.
In the same way, we can write

1 - yTCTVWT(aAW_l)VWCy yTCTVWTVA,Cy
viz) ~ yTCTVWT(aAJI)VWCy yTCTVVT(aA;l)VVCy
yT'STSy 2TaCz
yTSTV,YT(aAJI)VvSy * 2TaCz
< 1424ty (B.34)
« a

where we use both parts of (B.30) and the fact that y? STSy = yTSTV,YTVﬁ,Sy.
The bounds (B.33) and (B.34) imply the desired result for this first case. Now,
from CTC + STS = I,,,, one cannot have both Cy = 0 and Sy = 0 at the same
time for a non-zero z € IR™. Considering these particular cases separately, we
can deduce from (B.30), (B.31) and (B.32) when Cy =0

Vo) = LSV A TSy TaCz
yITSTSy + 2TalCz yITSTSy + 2TalCz
< 241
Y
< 1+ 241,
Y

and
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L y'STSy N TaCz
v(z) yTST‘N/f(a]\;l)VySy + 2TaCz yTSTVWT(af\JI)VvSy + 2TaCz
< )\max(A) +1.
a
< 1+ l + )\max(A) +1.
a a

Similarly, when Sy = 0, we decuce from (B.31) and (B.32),

v(z) =

INIA

and

y CTVI (AT, Cy
yTCTVI (aAy" + 1) V,Cy + 2TaCz
n 2TaCz
yTCTVZYT(ozA;1 + L)V,Cy + zTaCz
1+1
14+ 241,
Y

yTCTVVT(ozA;1 +1,)V,Cy
yTCTVWT(aAJI)VWCy +2TaCz
n 2TaCz
yTCTVT (aA; M)V, Cy 4 2TaC

1+ 41
o

AmaxA
142 4 Amed)
(0% «

+ 1.

In both cases, the bounds in (B.33) and (B.34) are still valid, which ends the

proof.

O



Abbreviations and main notations

Uy :3>r

Square and symmetric matrix (€ IR™*")
Size of the matrix A

Rectangular matrix with full column rank (E R™™ ™ n < m)

Square matrix (€ IR"™*™)
Size of the matrix C

Saddle-point matrix (e ]R(”+m)><(”+m)>

Karush-Kuhn-Tucker
Symmetric quasi-definite

Symmetrix matrix of the Karush-Kuhn-Tucker form

(e R(n+m)x(n+m>)

Symmetric quasi-definite matrix (6 R<n+m)x("+m)>

Gradient of function f at point x

Hessian of function f at point x

Jacobian matrix of the constraints at point x
Jacobian matrix of the equality constraints at p
Jacobian matrix of the inequality constraints at
Linear independency constraint qualification
Sequential quadratic programming

Conjugate gradient

Minimal residuals

Preconditioned conjugate gradient

Schur complement (€ IR™*™)

Exact block diagonal preconditioner (E R+

Approximation of exact block diagonal
(E IR(n+m) X (n+m))

Approximation of matrix A (€ R"*")
Approximation of schur complement (6 ]Rme)

167

oint x
point x

><(n+m))

preconditioner

35
35



Abbreviations and main notations

Golub-Greif-Varah preconditioner (e ]R(”+m)x(”+m))

Constraint preconditioner (E R(Hm)x (ndm)

Diagonal matrix containing the p eigenvalues less than -~
(e T°7)

Positive number € [Apin(A4), Amax(4)] (€ RT)

The largest eigenvalue of A

The smallest eigenvalue of A

Diagonal matrix containing the n — p eigenvalues more than ~
(E lR(n—p)X(n—p))

Rectangular matrix such that the columns are the orthonormal
sets of eigenvectors corresponding to A, (€ R™*?)
Rectangular matrix such that the columns are the orthonormal

sets of eigenvectors corresponding to 1~L, (G R (P ))

Estimate of the average of the eigenvalues in /N\7 (E ]R+)
Spectral low rank update

SLRU approximation of the inverse of matrix A (€ IR"*")
Limited-memory preconditioner

Approximation of the Schur complement S (€ R™*™)
Approximation of the inverse of the Schur complement S
(E IRme)

Least-squares commutator

35

44
46

46
46
46
46

46

46

46
46
46
48
a0
50

83
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