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Abstract

The main objective of this thesis is to present improvements in quadratic programming
algorithms. These improvements speed up the solution of quadratic programming problems,
with or without constraints, which are key in various fields, including, but not limited to,
economics, engineering, and machine learning.

The main improvements are for solving box-constrained quadratic programming pro-
blems. The MPRGP (Modified Proportioning with Reduced Gradient Projections) algorithm
is analyzed and, based on this analysis, improved. The analysis reveals that the expansion
of the active set through the reduced gradient projections is the most expensive part of the
algorithm. Our modification of the expansion step, using the projected conjugate gradient,
proves significantly superior to the original algorithm in most cases. The presented fallback
steps and criteria can be used to guarantee convergence or even ensure that the convergence
rate is at least as good as that of the standard MPRGP algorithm. Another presented
modification is to use the Spectral Projected Gradient (SPG) method as the expansion
step. This proves to be extremely effective in certain cases, but a little less so in others.
Numerical experiments showcasing the effectiveness of the proposed methods, as well as a
comparison with the SPG method, are presented on a number of benchmarks.

Another improvement of MPRGP is in preconditioning, which is not straightforward to
implement when the problem is constrained. Our improvement is to cheaply approximate
the preconditioning in face, which must be recomputed every time the active set changes,
with a preconditioner that is set up only once. The numerical experiments show speedups
between 5.1 and 13.4 compared to the unpreconditioned algorithm. The previous expansion
step modification is a key ingredient for an effective preconditioned algorithm. An error
analysis comparing the standard and the approximate variant of the preconditioning in
face is provided to complement the numerical experiments.

Further improvements include the scalability of FETI (Finite Element Tearing and
Interconnecting) domain decomposition methods, which allow us to solve problems with
more than one billion unknowns using tens of thousands of computational cores on large
supercomputers.

Most of the presented algorithms are implemented in the PERMON library, of which
the author of this thesis was the maintainer and the main contributor throughout their
doctoral studies. The main aim of PERMON is to provide a scalable framework for the
solution of large-scale quadratic problems. Another software contribution was the multilevel
deflation preconditioner, PCDEFLATION, in the PETSc library for scientific computing.

Keywords: quadratic programming, optimization, gradient projections, conjugate gradi-
ents, preconditioning, deflation, coarse problem, penalty method, MPRGP, SPG, SMALE,
FETI, BETI, hybrid FETI, PERMON, PCDEFLATION



Abstrakt

Hlavnim cilem této prace je predstavit vylepseni algoritmua kvadratického programovani.
Tato vylepsSeni urychluji feseni problému kvadratického programovani, s omezenimi i bez
nich, které jsou klicové v riznych oblastech véetné ekonomie, inZzenyrstvi a strojového
uceni.

Hlavni vylepseni jsou zamérena na feSeni problému kvadratického programovani s ome-
zenim ve tvaru boxu. Algoritmus MPRGP (Modified Proportioning with Reduced Gradient
Projections) je analyzovén a na zakladé této analyzy vylepsen. Analyza ukazuje, ze rozsifeni
aktivni mnoziny pomoci projekci redukovaného gradientu je nejdrazsi ¢asti algoritmu. Nase
modifikace kroku rozsiteni aktivni mnoziny pomoci projektovaného konjugovaného gradi-
entu se ukazuje jako vyrazné lepsi nez ptivodni algoritmus ve vétsiné pripadt. Predstavené
fallback kroky a kritéria mohou byt pouzity k zajisténi konvergence po kone¢ném poctu
iteraci nebo dokonce rychlosti konvergence alespon stejné dobré jako standardni algoritmus
MPRGP. Dalsi predstavenou modifikaci je pouziti metody Spektralnich Projektovanych
Gradientu (SPG) jako kroku rozsiteni aktivni mnoziny. To se ukazuje jako velmi efektivni
v urcitych pripadech, ale o néco méné v jinych. Numerické experimenty ukazujici t¢innost
navrhovanych metod a srovnani s metodou SPG jsou prezentovany na radé benchmarkt.

Dalsi vylepseni MPRGP spociva v predpodminéni, které neni snadné implementovat,
kdyz ma problém omezeni. Nase vylepseni spociva v levné aproximaci predpodminéni v
takzvané face, které musi byt prepocitano pokazdé, kdyz se zméni aktivni mnozina, pomoci
predpodminéni, které je sestaveno pouze jednou. Numerické experimenty ukazuji zrychleni
mezi 5.1 a 13.4 ve srovnani s algoritmem bez pfedpodminéni. Pfedchozi modifikace kroku
rozsiteni aktivni mnoziny je klicovou ingredienci pro efektivni algoritmus s predpodminé-
nim. Numerické experimenty jsou doplnény o analyzu chyby porovnavajici standardni a
aproximovanou variantu predpodminéni ve face.

Dalsi vylepseni se tykaji skalovatelnosti metod doménové dekompozice typu FETI
(Finite Element Tearing and Interconnecting), coz ndm umoznuje fesit problémy s vice nez
jednou miliardou neznamych pomoci desitek tisic vypocetnich jader na velkych superpoci-
tacich.

Vétsina predstavenych algoritmi je implementovana v knihovné PERMON, jejimz
spravcem a hlavnim prispévatelem byl autor této prace béhem doktorského studia. Hlav-
nim cilem knihovny PERMON je poskytnout skdlovatelné feseni velkych kvadratickych
problému. Dalsim softwarovym prispévkem byl vicetrovinovy deflacni predpodminovac
PCDEFLATION do knihovny PETSc uréené pro védecké vypocty.

Klicéova slova: kvadratické programovani, optimalizace, projekce gradientu, predpod-
minéni, deflace, hruby problém, metoda penalty, MPRGP, SPG, SMALE, FETI, BETI,
hybrid FETI, PERMON, PCDEFLATION
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Chapter 1

Introduction

Quadratic Programming (QP) represents a subclass of optimization problems dealing with

the solution of

1
arg min imTA:D —z'b st. xeQ,
x

where, in general, A € R™*" is a symmetric matrix' called the Hessian matrix, vector
b € R" is known as the right-hand side, and € is a set of constraints on the solution vector
x € R". The minimized quadratic function f(z) = j&” Az — b is known as the cost
function.

This work focuses on developing algorithms and techniques to solve these problems
when A is positive semidefinite, and 2 is a closed convex set that contains specific types of
constraints, such as linear equality and box constraints. We note that the special case of
QP with no constraints, i.e., = R™, corresponds to a system of linear equations.

QP problems have become nearly ubiquitous with the advancement of scientific com-
puting. They can be found in fields including economics, engineering, machine learning,
and many others. A vast variety of applications in science and industry require the solu-
tion of QP subproblems, and the efficiency of these underlying QP problems often drives
the efficiency of the entire application. Furthermore, as computers become increasingly
powerful, there is a growing interest in and the means to solve more complex problems.

The increased problem complexity arises from various sources, such as the increased
complexity of underlying models or the pursuit of higher accuracy in simulations by
increasing their resolution. An illustration of the first example is adding fractures to a
hydro-mechanical model of a porous medium (e.g., modeling deep geological repositories
of radioactive waste [4]). The fractures add non-penetration conditions (linear inequality
constraints) to a finite element linear elasticity model (system of linear equations).

In the case of the second example, enhancing the spatial and/or temporal resolution

of simulations requires efficient utilization of the available computational resources. To

!Such a general QP is NP-hard to solve exactly [1], and there are no local criteria to determine if the
local minimizer is also a global one [2, 3].

13



14 Introduction Chapter 1

facilitate this, most of the algorithms presented in this work have been implemented in the
PERMON library [5].

PERMON (Parallel, Efficient, Robust, Modular, Object, Numerical)? is a C library
based on PETSc [6]. PERMON provides data structures, transformations, algorithms,
and supporting functions for QP problem solutions. PERMON also contains FETI-type
domain decomposition [7, 8], which can significantly accelerate the solving of certain types
of QP problems. Parallelism, and more specifically scalability, are among the primary
development goals of PERMON. Our main objective is to solve large QP problems on
modern supercomputers. As such, PERMON was benchmarked on problems containing
more than one billion unknowns (see Section 7.2.1) and was run on up to 27,000 cores
(see Section 4.3.9). However, PERMON can also run efficiently on standard personal
computers.

The author’s own results are summarized in the introduction of each chapter and in
the conclusion 8.1. A list of publications by the author is available in Appendix A.

The thesis is divided into eight chapters and has the following outline:

e Chapter 2 reviews the optimization theory used in this thesis. In particular, Sec-

tion 2.4.1 on optimality conditions and Section 2.5 on duality are important.

e Chapter 3 introduces the software and supercomputers used for computing numerical
experiments on a number of benchmarks, which are also described in this chapter.
The benchmarks are introduced in an early chapter because they are used throughout
the following sections, sometimes to motivate the development of the algorithms’

improvements.

o Chapter 4 discusses solution methods for unconstrained QP problems. These methods
serve as building blocks for the algorithms for constrained QP problems in the
subsequent chapters. Specifically, we introduce the steepest descent method and
improvements consisting of either the Barzilai-Borwein step length or the conjugate
gradient and deflated conjugate gradient methods. Finally, a general deflation

preconditioner, which is implemented in PETSc, is discussed.

e In Chapter 5, we describe the MPRGP algorithm for the solution of QP problems
with box constraints or constraints with similarly cheap projections onto the feasible
set. The main part of the chapter is devoted to the improvements of the MPRGP
algorithm using modifications of the active set expansion step and approximate

preconditioning in face. Both improvements exhibit very large speedups.

e Chapter 6 discusses methods for the solution of equality-constrained problems. In
particular, the range space method and an augmented Lagrangian method (SMALE)

are used in the following chapter.

>The author of this thesis has been a PERMON maintainer since 2018, with contributions starting in
2015.
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e In Chapter 7, the linear inequality QP problems are solved by transforming them
into bound and possibly equality-constrained problems using duality. FETI-type
domain decomposition methods are introduced as a way to accelerate the solution of
the dual QP problems. A number of scalability improvements for the FETIT method

are discussed and supported by numerical experiments.

e Finally, Chapter 8 provides the conclusion, where the results of the thesis are

summarized, the author’s contributions are reiterated, and future plans are discussed.






Chapter 2
Optimization Overview

This chapter reviews basic facts and concepts related to optimization, with a particular focus
on QP. After introducing our optimization problem, we review the convexity of functions
and sets. The convexity of the feasible set ensures the existence of the projection onto the
feasible set. This projection is used in many algorithms described in the subsequent sections.
After describing the projection operators, we review some basic optimality conditions and
introduce the first-order necessary (and sufficient) optimality tests. Then we briefly describe
duality and the dual problem. Finally, we make a note on the descent direction, which is a
key concept in iterative optimization algorithms.

The primary references for this section are [9-13].

2.1 Optimization Problem

A general optimization problem is

gi(x) <0 fori=1,...,m,
argmin f(z) s.t. hj(x) =0 forj=1,...,r,
x
re X CRY

where f is the cost function, g; and h; are inequality and equality constraints, respectively,
and X represents other constraints, e.g., X = {x | x; € Z} for some i. The set X is
typically assumed to be closed, and the functions f, g;, and h; are typically assumed to
be smooth (at least of class C') [13]. The actual feasible set (that is, the set of feasible
solutions), which we denote €2, is given as the intersection of the individual constraint sets.

This work deals with convex (see the next section) quadratic programming problems
1
arg min §mTAm —z'b st. xeq, (2.1)
X

where A € R™ " is a symmetric positive semidefinite (SPS) matrix called the Hessian
matrix, vector b € R™ is known as the right-hand side, and () is a closed and convex
set of constraints on the solution vector & € R™. The minimized quadratic function

f(x) = tx" Az — xTb is the cost function.

17



18 Optimization Overview Chapter 2

A visualization of a quadratic cost function f(x) with a symmetric positive definite

(SPD) Hessian of dimension n = 2 can be found in Figure 2.1.

Ty

Figure 2.1: Surface and contour plot of a quadratic cost function f(a) with an SPD Hessian
of dimension n = 2. The feasible set can be visualized in the right plot. For example,
@9 > 0 limits the feasible solutions to the @7 axis and above.

2.2 Convexity

A set Q is conver if the line segment connecting any two points in €2 lies in €2, which is

formally summarized below.

Definition 2.2.1 (Convex Set). A subset Q@ C R" is called convez if
ar+(1—a)y e, Va,y € Q,Va € [0,1].

Examples of convex sets include the empty set, sets containing a single point, real
intervals, and the set of real numbers R. On the other hand, some sets used as constraints
in optimization are not convex, e.g., the set of integers Z or the set {0, 1} used in binary
optimization. Importantly, the intersection of closed convex sets is closed and convex [9].

Similarly to the convex set, a function f is convex when it lies below the line segment

connecting any two points on its graph.

Definition 2.2.2 (Convex Function). Let a subset 2 C R™ be convex. A function f : Q+— R

is convezx if
flaw+(1—a)y) <af @) +(1—-a)f(y) VayeQVae (1),
The function f is called strictly convex if the above inequality is strict.

The restriction to QP problems with an SPS Hessian gives us the convexity of the cost

function, while an SPD Hessian gives us the strict convexity [10].
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Convexity is a very strong property of functions and sets. For instance, if a convex
function f is minimized over a convex set, then every local optimal solution is global [9].
Moreover, convexity can give us the existence and possibly even the uniqueness of the
optimum. Therefore, it is a central property in optimization in general and is widely used

in the following sections.

2.3 Projection onto Convex Sets

Our requirement for the feasible set €2 to be closed and convex ensures the existence and
uniqueness of the projection onto 2. The general definition of the projection is given by

the following theorem.

Theorem 2.3.1 (Projection Theorem). Let a subset @ C R™ be nonempty, closed, and
convezx. The projection Py : R™ — Q is defined as

Pq (x) = argmin ||y — x||.
yeQ

Then the projection Pq (x) is the unique minimizer of the Fuclidean distance between
x € R" and all y € Q).

Proof. See Proposition 1.1.4 in [9]. O

An equivalent formulation is to minimize the squared norm of the above distance,

leading to a constrained least squares problem

o1
P (z) = argmin - ||y — ||,
yeN 2

which is a QP problem.
A common application of the projection is to ensure that iterates in an algorithm are
kept in the feasible set, which is utilized by the algorithms of Chapter 5.

2.3.1 Projection Examples
Projections onto some sets have closed forms. These closed forms are typically easier to
evaluate than using an algorithm to solve the projection QP problem given in Theorem 2.3.1.
Selected projection operators are provided below.
2.3.1.1 Bound Constraints
For the lower bound constraints defined as
Q={xecR" |l <z},

the projection is given component-wise as

[Po ()], = max {l;,z;}, i€{l,...,n}.

The projection for the upper bound is given analogously.
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2.3.1.2 Box Constraints

Combining the lower and upper bound constraints gives the box constraints defined as
Q={zecR"|l<z<u}.

The projection onto the box constraints is defined by subsequent projections onto the lower

and upper bounds, respectively. Therefore, the projection is given component-wise as
[Po ()]; = min {u;, max {l;,x;}}, i€ {l,...,n}.
2.3.1.3 Linear Equality Constraints
Homogeneous' linear equality constraints are defined as
Q={x € R"| Bx = 0o}, where B € R"*",

The projection is then defined as the orthogonal projection onto the null space of B. If B

is full row rank, which means (BBT) - exists, then the projection can be defined as
Po(z) = {I - BT (BBT)_l B} .
In any case, for a general matrix B, the projection is defined as
Po(z) = [I-B'B|z,

where BT is the Moore-Penrose inverse of B [14]. We note that if B is not full row rank,
there are redundant linear equality constraints that could be eliminated.

For the nonhomogeneous linear equality constraints”
Q={x eR"| Bx=c}#0, where B € R"™*"
the projection can be modified. Let
T = Tn + TKer, (2.2)

where x1, € Im BT and xk., € Ker B. Then the solution for the image part is given as

the least squares solution for the linear equality, which is
T, = B+c,
or equivalently, when B is full row rank,

&1, = BT (BBT>_1 c.

' A homogeneous system of linear equations has the right-hand side equal to the zero vector.
Technically, the constraint functions are affine. We take the name linear from the fact that B is a linear
map. The distinction between affine and linear is used only in Section 2.4.1 about optimality conditions.
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The solution for the null space is given by the projections in the above paragraph. Substi-
tuting the solutions for the image and null space parts into Equation (2.2) gives us the
projection

Po(2)=[I-B*B|z+ B'c

or equivalently, when B is full row rank,
-1 -1
Po(z) = {I - B" (BB") B} z+B" (BB")

which we also derive in Example 2.4.2 from the optimality conditions.

The splitting (2.2) of the solution vector into two orthogonal vectors, one vector in the
image of BT and the other in the null space of B, is known as the homogenization of the
linear equality constraints. After homogenization, the original QP problem is reduced to a
QP problem restricted to the null space of B, i.e., we solve for ., with homogeneous

linear equality constraints
Q= {wKET‘ € R" ‘ Bzxger = 0}7

where the cost function and potentially other constraints present are shifted by substituting
Equation (2.2) with known @, into them.

The homogenization of the linear equality constraints is often employed to simplify
more general QP problems, especially when additional constraints are involved. We use it
in the FETT method derivation in Section 7.1.2.

2.4 Optimality Conditions

The following theorem provides important conditions for the existence of the optimum for

fairly general functions.

Theorem 2.4.1 (Weierstrass’ Theorem [9]). Let a subset Q C R™ be nonempty and let the
cost function f : Q — R be lower semicontinuous® at all points of ). Assume that one of

the three conditions holds:
1. Q is compact®.
2. Q is closed and f is coercive’.
3. There exists a scalar v such that the level set
{x e flz) <~}

is nonempty and compact.

3Function f is lower semicontinuous at vector x if f(x) < lklm inf f(xx) for every sequence {zr} € Q
— 400

that converges to .

4A set is compact if it is closed and bounded. A subset of R™ is bounded if it is inside a ball of finite
radius.

"Function f(z) is said to be coercive if f(z) — 400 as ||z|| — +oo.
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Then the set of minima of f over £ is nonempty and compact.
Proof. See Proposition A.8 in [9]. O

Applying Weierstrass’ theorem to our QP problem, we observe that the QP cost function
is continuous. However, the feasible set {2 may or may not be compact. While we always
assume that the set is closed, it may not be bounded, e.g., partially constrained problems
or problems with only a lower bound. As for the second condition, our QP cost function is
coercive if and only if the Hessian is positive definite [10].

The Frank-Wolfe theorem provides the existence of a solution for quadratic functions

for a certain set €0, provided that the cost function is bounded.

Theorem 2.4.2 (Frank-Wolfe Theorem). Let f be a quadratic function that is bounded

below on a convex polyhedron 2 C R™. Then f attains its minimum on €.
Proof. See statement (i) in the appendix of [15]. O

A convex polyhedron is an intersection of finitely many closed half-spaces [12], which is
often written in terms of vectors x satisfying a linear inequality Bx < o. The restriction
on the set Q in the statement can be relaxed [16], e.g., for 2 a vector sum of a convex and
compact set and a closed cone [9]. If the right-hand side is in the range of the Hessian
(b € Im A) and the Hessian is SPS, then the cost function f is bounded from below [10].

It is not enough for the set €2 to be closed and convex and for a QP cost function to be

bounded below on §2 for the solution to exist, as illustrated by the following example.

Example 2.4.1. Let Q = {(z,y) € R? |2y > 1Ay >0} and f(z,y) = 2. Then f has an

infimum of 0 on €2, which is closed and convex, but the infimum is not attained on §2.

2.4.1 Necessary and Sufficient Optimality Conditions

In practice, it is important to be able to recognize whether a given vector can be, or even is,
a solution. For simplicity, let us consider a general minimization problem with the feasible

set given only by inequality and equality constraints

gi(x) <0 fori=1,...,m,

. (2.3)
hj(x) =0 forj=1,...,r,

argmin f(x) s.t. {
xr
where the functions f, g;, and h; are continuously differentiable®. Writing the feasible set

in vector notation
Q={xecR"|g(x) <oAh(x)=o0},
where g(x) = (g1(2),...,gm(x)", h(z) = (hi(x),..., h(x))", and the inequality is

understood component-wise, we introduce the Lagrangian function

L(z, A1, Ap) = f(x) + X[ g(x) + Agh().

5The condition that the cost and constraint functions are of class C! can be relaxed, and constraints
that are not expressed as equality or inequality can be included as well; see, e.g., [13].
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The components of vectors A; and Ag, which we will sometimes write more compactly
T
as A = (A,{, )\g) , are called Lagrange multipliers. The first-order necessary optimality

conditions are

Vo L(z, A1, Ap) =
Va, L(x, A1,Ag) =g(x) <o
V)\E (x,A\1,Ag) =h(x) =0
A g(x) =0
Ar> o

The first condition is the stationarity condition, which is analogous to Vf(x) = o for
unconstrained optimization. The next two conditions are the primal feasibility conditions.
Finally, the last two conditions are the complementary slackness and the dual feasibility.
The complementary slackness forbids two linked inequalities (g;(x) and [Af];) to be "slack”,
i.e., hold with strict inequality. These first-order necessary optimality conditions are known
as Karush-Kuhn-Tucker (KKT) conditions [9].

In the case of convex optimization (functions f and g; are convex, h; are affine), the
KKT conditions are also sufficient [11]. This means that any point (a, A) that satisfies the
KKT conditions is primal and dual optimal, i.e., « is the solution of problem (2.3), and A
is the solution to the dual problem introduced in the following section. Recall that the QP
problems in which we are interested are convex.

The existence (and uniqueness) of the Lagrange multipliers (and thus the existence of
the primal solution « in the convex case) can be guaranteed by the constraint qualifications.
We provide three examples of constraint qualifications in Definitions 2.4.4 to 2.4.6. Many

more can be found in [17].

Remark 2.4.3. Assume that * is the local minimum of problem (2.3). Then if one of
the following constraint qualifications is satisfied, there exists \* such that the pair (x*, X*)
satisfies the KKT conditions [9].

Definition 2.4.4 (Linearity Constraint Qualification (LCQ)). Functions g; and h; are
affine.

Definition 2.4.5 (Linear Independence Constraint Qualification (LICQ)). The gradients
of the equality constraints and of the active inequality constraints are linearly independent

at *. The active inequality constraints at «* are those for which g;(x*) = 0.

Definition 2.4.6 (Slater’s Constraint Qualification (SCQ)). The equality constraints h;
are affine, the inequality constraints g; are convex, and there exists a feasible vector T
satisfying

9j(®) <0  for each inequality constraint active at x*.

The KKT conditions for convex problems, equipped with a constraint qualification,

can be used not only to identify whether we have found a minimizer but also to solve the
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optimization problem. The following example provides the projection onto the set defined

by nonhomogeneous linear equality constraints that we promised in Section 2.3.

Example 2.4.2. To obtain the projection P(x) onto a set defined by linear equality

constraints By = ¢, where B is full row rank, we need to solve by Theorem 2.3.1
1
P(x) = argmin §Hy —z|*> st. By=c¢,
Yy

where we used the equivalent QP problem. The KKT conditions are both necessary (since
the constraints are affine) and sufficient (since the cost function is convex). Writing the
Lagrangian

1
Slly ==+ 3" (By - ),

and then writing the KKT conditions, we have

VyL(x,A\) =y —x+ B'Xx=o,

ViL(z,A) = By — c=o.
Substituting the first equation into the second, we obtain

Bz — BB"A—c=o.
Solving this equation for the only unknown A, we get (since B is full rank, so that
—1
(BBT) exists)
1
A= (BB") (Bz-c).

Finally, we substitute the known X into the first KKT condition to obtain the projection

Px)=y=x— BT (BBT)_1 (Bx —c).

2.5 Duality and Dual Problem

In the previous example, we first solved for the vector of Lagrange multipliers A. In fact,
we found the solution of

argmax q(A) s.t. Ar > o,
A

where

g(A) = inf L(xz, A)
ze)

is the dual function. The maximization problem above is the dual problem to the problem
(2.3), which we analogously call the primal problem. The solution A* is the dual solution
that, together with the primal solution x*, forms the primal-dual solution pair.

Defining the optimal primal value with the primal solution x*

= 1),
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and similarly for the dual problem

q" = sup q(X),
Ar>o

the optimal dual value always underestimates the optimal primal value.
Theorem 2.5.1 (Weak Duality Theorem [9]). We have
q < fr
Proof. See Proposition 6.1.3 in [9]. O

The difference between f* and ¢*
f* _ q*

is the optimal duality gap, which, by the weak duality theorem, is always nonnegative. If
the optimal duality gap is zero, we say that strong duality holds. Strong duality holds if
the primal problem is convex and a constraint qualification holds [9]. If strong duality

holds, the duality gap
f() —q(X)

for feasible  and A can be used as a stopping criterion in algorithms.

A characterization of a primal and dual solution is provided by the following theorem.

Theorem 2.5.2 (Saddle Point Theorem). A primal-dual pair (x*, X*) is the solution to
the primal and the dual problem if and only if ** € Q, X} > 0, and (x*, X*) is the saddle

point of the Lagrangian, in the sense that
L(z*, A) < L(x*,X\*) < L(x, \"), Ve € Q,Ar > o.
Proof. See Proposition 6.1.6 in [9]. O

We note that the optimal value for the primal problem can be expressed symmetrically

to the optimal dual value as
p* = inf sup L(x, ).
zEQAr>0
Together with the saddle point theorem and strong duality, this min-max property of the
primal and dual cost functions gives rise to zero-sum games [11, 13]. Other problems
exhibit natural saddle point structures as well, e.g., Stokes flow [18], where the pressure
can be interpreted as a Lagrange multiplier, and optimization algorithms for solving the
saddle point (or enforcing the equality constraints on the divergence of velocity) can be

used.
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2.6 Descent Direction
Many iterative algorithms make steps updating the approximation xj in the form
Tyl = T + ad,

where d is a descent direction.

Assuming unconstrained QP minimization
1o T
argmin —x* Ax — x" b,
x

a vector d is also a decrease direction if a step in the direction d reduces the cost function

value

flx+ad) < f(z)
for all sufficiently small o > 0. Using Taylor expansion
f(x+ad) = f(x) + a(Az — b)Td + O;dTAd,
we have that d is a decrease direction if and only if
(Az —b)Td < 0.

Some strategies for choosing the step length a will be discussed in Chapter 4 and Sec-
tion 5.2.3. In the case of constrained problems, we need to ensure that the approximation

Try1, after taking the step, is feasible.



Chapter 3

Implementation of Quadratic
Programming Algorithms and
Quadratic Programming

Benchmarks

The behavior and performance of the presented algorithms for QP are illustrated and
supported by a number of benchmarks. The benchmarks are interspersed throughout the
following chapters, and the analysis of the presented QP algorithms on these benchmarks is
often used to motivate further developments and improvements of the algorithms. As the
performance of the algorithms, particularly their timing, is affected by the implementation
and hardware, these aspects are also described.

First, the software, then the hardware, and finally the benchmarks are described. Each
benchmark description contains a short overview of the problem, which is followed by a
more detailed description. The benchmark sections of this chapter may be skipped and
only referred to when the benchmarks are encountered in the following chapters, either by
reading the short overview or the complete description.

Most of the algorithms presented in the following chapters are implemented in the
PERMON library. The new implementations and improvements to the library by the
thesis’s author are considered part of this thesis. The ability of the PERMON library to
solve QP problems in a scalable manner has proven to be useful for several applications

and libraries.

3.1 Software Implementing QP Algorithms

Most of the presented algorithms are implemented in the PERMON library. The PERMON
library utilizes the PETSc library. Both libraries are described in the remainder of this

section.

27
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The software and parameters used to compile the presented software greatly affect the
performance of the implementations. These are presented for individual machines in the

following Hardware section 3.2.

3.1.1 PETSc-TAO

PETSc (Portable, Extensible Toolkit for Scientific Computation) [6, 19, 20] is a library
for the scalable (parallel) solution of scientific applications modeled by partial differential
equations. It provides vectors, matrices, discretization management and data communi-
cation, linear solvers, nonlinear solvers, time integrators, and more. In addition, TAO
(Toolkit for Advanced Optimization), an optimization library, is a part of PETSc.

The parallelization of the library is primarily achieved through the row-wise distribution
of vectors and matrices among the available computational cores, which is realized by MPI.
The use of GPUs is also supported.

PETSc is written in C and provides Fortran and Python bindings, as well as an
interface to many additional numerical libraries. From these, we mostly use external direct
solver libraries MUMPS [21, 22] and SuperLU_DIST [23], which provide fast parallel

implementations of the Cholesky and/or LU decompositions.

3.1.2 PERMON

PERMON [5] stands for Parallel, Efficient, Robust, Modular, Object-Oriented, and Numer-
ical. The main PERMON module is the PermonQP library, which consists of the object
for QP problem definition, QP transformations, QP solvers, and supporting functions.
PermonQP provides a number of QP transformations that are used to modify a given QP
problem so that the formulation can be solved by the provided solvers and/or improved so
that the solution is more efficient. Each QP transformation creates a new QP problem
with a function that can reconstruct the solution of the QP problem before transformation.
These QP problems are placed into a chain (doubly linked list) illustrated in Figure 3.1.
The FETI method described in Section 7.1 is essentially implemented in PermonQP as a
chain of QP transformations: dualization, homogenization of the equality constraints, and
projection enforcing the equality constraints. More information about the QP transforma-
tions and the QP transformation chain can be found in [24]. The closed development of
the library started in 2011, and it was made publicly available in 2016.

The second PERMON module is called PermonSVM. It provides a library and a
computer program to train linear support vector machine classifiers, which are described in
Section 3.3.6. An overview of the features of PermonSVM can be found in the README
in the project’s repository [25], with more details available in [26]. PermonSVM depends
on PermonQP for the solution of QP problems. The public development of PermonSVM
started in 2017.

The PERMON libraries are written in C and utilize the PETSc library as the linear

algebra backend. Moreover, the TAO optimization solvers and linear systems KSP solvers,
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QP1 QP2

reconstrucon reconstruction

injeCts function injeCts function

Figure 3.1: An illustration of the QP problems chain. The user provides the QPO formula-
tion, which is then transformed into the QP1 and finally the QP2 formulation. Each QP
transformation injects a reconstruction function so that it is possible to reconstruct the
solution of the original problem once QP2 is solved [24].

including their preconditioners, can be utilized directly to solve QP problems. The
PERMON libraries have the same object design as PETSc, making them easy to use for
users familiar with PETSc. A number of additional PETSc features are utilized to decrease
the complexity of PERMON. These include, e.g., profiling, I/O routines, the build system,
the test system, and documentation generation.

As in PETSc, most of the parallelization in PERMON comes from the row-wise
distribution of matrices and vectors, which is realized by MPI. The scalability of PERMON
was tested on up to 27,000 computational cores (Section 4.3.9) and on problems with more
than a billion unknowns (Section 7.2.1).

Both modules are published under the permissive BSD-2-Clause open-source license
and are available on GitHub [25].

PERMON has been interfaced by several software packages and research codes:

e« The DEMSI project, solved in Los Alamos, uses PermonQP algorithms for load

balancing particles in ice sheet melting simulations [27].

o The Flow123d library [28], developed at the Technical University of Liberec, utilizes
FETI and QP solution infrastructure provided by PERMON to solve mechanical
contact subproblems in hydro-mechanical problems.

o The HyTeG library [29], developed at the University of Erlangen-Nuremberg, pro-
viding high-performance finite element methods, can utilize PERMON to solve
constrained FEM problems.

o The SIFEL library [30], developed at the Czech Technical University, can utilize the
FETI method and the QP solution infrastructure provided by PERMON to solve

large-scale mechanical contact problems in structural engineering.
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o Wildfire detection software [26], developed by Argonne National Laboratory, the
Institute of Geonics of the Czech Academy of Sciences, Oak Ridge National Laboratory,
and the VSB - Technical University of Ostrava, uses support vector machines provided

by PermonSVM to detect wildfires from satellite images.

The author of this thesis directly helped implement the interface or, at the very least,
provided support for the codes listed above. In fact, the author has been the main
contributor to PermonQP and the maintainer of PERMON since 2018. An overview of
the contributed commits to PermonQP is in Figure 3.2, and the contributions can be
viewed in the project’s Git repository [25]. As the maintainer, the author made biannual
major releases that coincided with the releases of PETSc. Altogether, there were 15 major
releases from version 3.7 and a small number of minor releases. The current version, at the

time of writing, is 3.21, which was released in April 2024.

jkruzik #1
217 commits 32,962 ++ 25,228 -

10

bl kL

2017 2020 2023

Figure 3.2: The number of commits (excluding merge commits) and line additions and
deletions (nearly 60% of the repository’s overall commits and lines changed) made by the
author to PermonQP since the public development of PermonQP started in May 2016 until
June 2024 [25].

3.2 Hardware Used to Compute Benchmarks

Large-scale benchmarks, as well as benchmarks where timings are provided, were run on

one or more of the following supercomputers.

3.2.1 ARCHER

ARCHER [31] was a Cray XC30 supercomputer operated by EPCC (formerly the Edinburgh
Parallel Computing Centre). It had a peak performance of 2.5 petaFLOPS, ranking at
number 20 on the TOP500 list [32] when introduced. It was decommissioned in 2021.
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The supercomputer contained 4,920 nodes. Each node featured two 2.7 GHz, 12-core
Intel Xeon E5-2697v2 (Ivy Bridge) processors and at least 64 GB of memory. The Cray
Aries interconnect linked all compute nodes in a Dragonfly topology.

As for the software used in our benchmarks, the BLAS, LAPACK, and ScaLAPACK
libraries were provided by Cray LibSci. The MPI implementation was Cray MPICH. All
other libraries, including PERMON, PETSc, MUMPS, SuperLU, etc., were compiled using
optimized builds (-03) by the Cray Compiling Environment (CCE).

3.2.2 LUMI

LUMI [33] is an HPE Cray EX supercomputer hosted by the LUMI consortium. It has a
peak performance of 531 petaFLOPS, ranking at number 3 on the TOP500 list [32] when
introduced.

Our experiments were run on the LUMI-C (CPU-only) partition, which consists of 2, 048
nodes. Each node contains two 2.45 GHz, 64-core AMD EPYC 7763 (Zen 3) processors
and at least 256 GB of memory. The HPE Cray Slingshot-11 200 Gbps interconnect links
all nodes in a Dragonfly topology.

As for the software used in our benchmarks, the BLAS, LAPACK, and ScaLAPACK
libraries were provided by Cray LibSci. The MPI implementation was Cray MPICH. All
other libraries were compiled using optimized builds (-O3) by the HPE Cray Compiling
Environment (CCE).

3.2.3 MareNostrum 3

MareNostrum 3 [34] was an IBM supercomputer operated by the Barcelona Supercomputing
Center. It had a peak performance of 1 petaFLOPS, ranking at number 30 on the TOP500
list [32] when updated to the final configuration. It was decommissioned in 2017.

The supercomputer contained 3,056 nodes. Each node featured two 2.6 GHz, 8-core
Intel Xeon E5-2670 (Sandy Bridge) processors and at least 32 GB of memory. Compute
nodes were interconnected by InfiniBand FDR10.

As for the software used in our benchmarks, the BLAS, LAPACK, and ScaLAPACK
libraries were provided by Intel MKL. The MPI implementation was IBM POE. All other

libraries were compiled with optimized builds (-O3) using Intel compilers.

3.2.4 Salomon

Salomon [31] was an SGI ICE X supercomputer operated by the IT4Innovations National
Supercomputing Center, VSB-Technical University of Ostrava. It had a peak performance
of 2 petaFLOPS, ranking at number 40 on the TOP500 list [32] when introduced. It was
decommissioned in 2021.

The supercomputer contained 1,008 nodes. Each node featured two 2.5 GHz, 12-core
Intel Xeon E5-2680v3 (Haswell) processors and 128 GB of memory. The nodes were
interconnected by InfiniBand FDR56 with a 7D Enhanced hypercube topology.
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As for the software used in our benchmarks, the BLAS, LAPACK, and ScaLAPACK
libraries were provided by Intel MKL. The MPI implementation was Intel MPI. All other

libraries were compiled with optimized builds (-O3) using Intel compilers.

3.3 QP Benchmarks

The algorithms described in the following chapters were tested on the benchmarks presented
in this section. The description of each benchmark provides a brief overview in the first
paragraph, followed by a more detailed description, which should allow for the reconstruction
of the benchmark. The appropriate function spaces and the weak formulations are omitted,
but they can be found in the provided references. The default initial guess for the

benchmarks is a null vector, unless stated otherwise.

3.3.1 Random Box-Constrained Problems

Three random box-constrained QP problems, named BQP1, BQP2, and BQP3, were
generated using code available at [35], based on the methodology described in [36].

All generated problems have non-degenerate solutions. The size of the Hessian is
n = 15,000 with a condition number x(A) = 10%, and the amount of near-degeneracy
is ndeg = 1. The number of active variables at the solution is 10%, 50%, and 90% for
problems BQP1, BQP2, and BQP3, respectively. The generated problems are available
under the BQP-15000 directory in [37].

3.3.2 1D Poisson’s Contact Problems

The problem is a model of string displacement with a lower bound. The first variant, ex1,
has the bound constraints over the entire domain, while ex2 has the same constraints but
only over the first half of the domain. See Figure 3.3 for the visualization of the solutions
to the problems. These problems correspond to PERMON examples with the same names.

Formally, we discretize the 1D Poisson’s equation

—u(x) = —15, x € [0,1]
u(0) =u(l) =0

by the central finite differences and impose the following constraint on the solution
u(x)ZSW—Z x €,

where Q = [0, 1] for ex! and 2 = {O, %} for ex2.

3.3.3 2D Journal Bearing Problem

The jbearing2 benchmark is a variant of the journal bearing problem from the MINPACK-2

test problem collection [38]. The benchmark computes a pressure distribution in a thin film
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Figure 3.3: Solution for the ex! problem (left) and the ex2 problem (right). The dashed
line represents the values of the bound constraints.

of lubricant between a freely rotating cylindrical shaft (journal) inside a cylindrical sleeve
and the aforementioned sleeve. An illustration of the solution can be found in Figure 3.4.
The problem implementation can be found in PERMON as an example under the jbearing2

name.

Pressure
0.04 0.06 008 0.1

| ce—

Figure 3.4: Solution for the journal bearing problem. The pressure is scaled by a factor of
20, with the legend containing the true values.

The continuous version of the problem has the form

ming(v) = [ (Gu@|Vol@)|® - w(@)o() ) da.

veK 2
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where wy(z1,22) = (1 + €ecos r1)3, wy(z1,22) = esinwy for some eccentricity constant
e €(0,1), and D = (0,27) x (0,2d), for some constant d > 0. Since the unknown variable
is the pressure, which under normal operating conditions cannot be negative [39], we have

a lower bound on the nonnegativity of the solution. Therefore, the convex feasible set is
K ={ve H}(D): v>0on D},
where H} (D) is the Hilbert space of functions with compact support on D such that v and
[Vv||? belong to L*(D).
We use P; finite elements regular discretization of this problem, which leads to a QP
problem with nonnegativity lower bound constraints. For our tests, we consider the journal

bearing problem with e = 0.1 and d = 10, and different discretizations characterized by the

number of grid points in the x; and x5 directions.

3.3.4 3D Linear Elasticity Cuboid Contact Problem

The linear elasticity cuboid is fixed at the bottom and pushed from the top. There is a
rigid obstacle close to the right side, and non-penetration conditions are imposed between

the cuboid and the obstacle. See Figure 3.5 for the problem illustration and solution.

Z

T

/
W/

.
v

1.0e-03
o

displacements X

A YA YA YA YA

y l -7.1e-03

Figure 3.5: Problem setting for the 3D linear elasticity cuboid contact problem and the
solution.

The model of linear elasticity [40] over a cuboid domain €, deforming under the

application of the body force f and the surface force g, can be described as
—dive = f in Q,
uU=o0 on I'p,
c-nmn=g on 'y,

where the unknown wu is the displacement, I'p is the bottom side, I'y is the top side, and

n is the outer normal. Hooke’s law, which reads

o = Ce(u), (3.1)
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relates the Cauchy stress tensor o to the strain tensor e(w), which is defined as
1 T
e(u) = 5 (Vu + (Vu) ) ,

by means of the symmetric positive definite elastic tensor C. In our case, since we have an

isotropic material, it holds that
Ce(u) =2ue(u) + Atr (e (u)) I,

where p and A are the material-dependent Lamé constants, and tr is the trace of a matrix
defined as the sum of the diagonal elements. The Lamé constants are calculated from the

Young’s modulus E and the Poisson’s ratio v by the following relations

Ev E

A A=) AT aay

In our case, the parameters are f = 0, g = —465 N/mm?, E = 2-10% MPa, v = 0.33, the
distance from the obstacle is 10~ mm, and the cuboid is 1 x 1 x 1 mm unless otherwise

stated. The problem is regularly discretized with Q; finite elements.

3.3.5 3D Tunnel Excavation in Fractured Porous Medium

The hydro-mechanical model simulates the excavation of a cylindrical tunnel extending a
large-profile drift and, more importantly, the subsequent changes in rock pressure resulting
from this excavation. It is assumed that the highly permeable fractures affect the pressure
evolution within the domain. The mechanics part is a QP problem with non-penetration
(linear inequality) contact conditions on the fractures. An illustration of the geometry,
including the fractures, is in Figure 3.6. A detailed view of a computational mesh with

fractures is shown in Figure 3.7.

Figure 3.6: Two discrete fracture network (blue) configurations in the tunnel (grey)
excavation test. Left: 200 fractures; right: 400 fractures [4].

The model is based on Biot’s poroelasticity, describing the balance of mass and forces,

as given by the equations

—dive = f inIxQ (3.2)
O (Sp+ (divu)) +divg=g in I xQ, (3.3)
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Figure 3.7: A detailed view of the computational mesh of the domain with 400 fractures
(2D objects) [4].

7

where the unknowns u are the displacement and p is the pressure; furthermore, S is the
storativity, f is the density of the body force, g is the density of the fluid source, and
I =[0,T7] is the time interval.
The stress tensor o is determined by Hooke’s law (3.1), and the flux g is given by
Darcy’s law
q = —KVp,

where K is the hydraulic conductivity tensor and Vp is the hydraulic gradient. The problem
is discretized by simplicial finite elements, where the displacement uses P1, the pressure
uses Py, and the velocity uses the lowest-order Raviart-Thomas (RT() basis functions. The
solution is obtained using the fixed-stress splitting method, which iterates between solving
the discretized mechanics part Equation (3.2), which is a linear elasticity problem, and the
discretized flow part Equation (3.3). See [4] for the boundary conditions and the precise
problem setting, and see [4, 41] for the model derivation. The model is implemented in the
Flow123d library [28].

3.3.6 Support Vector Machine Classification

The benchmark consists of learning the Support Vector Machine (SVM) linear classifier
[42] implemented in PermonSVM [43]. The SVM datasets (Australian, Diabetes, and
Ionosphere) used in the benchmark are available from the LIBSVM datasets webpage [44],
and their sizes are given in Table 3.1.

The goal of the SVM classifier is to find the maximal-margin hyperplane that divides
samples into two classes, with the hyperplane having the maximum distance (margin)

between the two classes. Let us define a training set

{(w1,y1), (m27y2)7 RS (mﬂ’hym)}a
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Dataset Training size | Number of features
Australian 690 14
Diabetes 768 8
Tonosphere 351 34

Table 3.1: Number of samples in the training datasets (training size) and the number of
features for each dataset used in our benchmarks.

where m is the number of samples, x; € R™ (n € N represents the number of features) is
the ith sample, and y; € {—1,1} denotes the label (class) of the ith sample. The goal of
the soft-margin SVM is to find a separating hyperplane

wle—b=0,

where w is the normal of the hyperplane, and m determines the bias from the origin.

Having the separating hyperplane, we can classify any sample & by a simple rule:
If we + b >0, then & belongs to Class A, else & belongs to Class B.

See the illustration in Figure 3.8, left.

‘ Class A . Class B

N 4 N 2 A

o~
= **
5 g
- =]
© L =
o 3
L w

> - >
L7 Feature #1 L7 Feature #1

b , b .
[Iw| / 1wl /

Figure 3.8: Illustration of a hyperplane separating the two classes with a maximal margin.
The encircled samples are the support vectors (left) and the misclassified samples due to
the penalty parameter (right).

The distance between the two classes for a given hyperplane is HS]—H Therefore, to

maximize the distance, we solve the following minimization problem

1 n (wlx; —b) >1-¢,
argmin —w’ w + C Z & st vi ( ’ ) &
w,b,& 2 i=1 & >0,

where we penalize misclassified samples by the penalty parameter C' and obtain a so-called

soft-margin SVM primal formulation. See illustration Figure 3.8, right.
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The bias b can be incorporated into w by augmenting samples by one dimension in the

- (5) =)

Then dualizing (Section 2.5) the above minimization problem with the augmented variables,

following way

we obtain the (relaxed bias) dual soft-margin SVM formulation
1
arg min §O¢TYTXTXYO¢ —ale st. o<a< Ce,
(a4

where e = (1,..., 1)T, X =(xy1,...,xp), and Y = diag (y1,-..,Ym). This final formula-
tion is a box-constrained QP with an SPS Hessian.

The normal vector is reconstructed by

m
w=> i,
=1

while the bias is reconstructed by
1

b= 757y > (afw—u),

icIsV

where IV = {i | oy >0, i = 1,2, ...,m}, and ‘ISV‘ is the cardinality of I°V.



Chapter 4

Unconstrained Quadratic

Programming

Minimization of an unconstrained QP problem
arg;nin é$TA$ —zTb (4.1)
is equivalent to the solution of a system of linear equations
Ax =b (4.2)

due to the stationarity KKT condition (Section 2.4.1).

The solution of systems of linear equations plays a prominent role in many problems
across various disciplines, e.g., economics and engineering. Therefore, it is not surprising
that Krylov subspace methods, one of the most successful classes of methods for solving
large systems of linear equations, have been named among the "Top 10 Algorithms of the
20th Century” [45].

In this chapter, we first discuss the steepest descent method, which is the basis for
many algorithms introduced in the latter parts of this thesis. Then we derive the conjugate
gradient method, which is perhaps the most well-known representative of the Krylov
subspace methods. Finally, a deflation preconditioner for accelerating the Krylov subspace
methods is discussed.

The author’s main result in this section is a general multilevel deflation preconditioner
known as PCDEFLATION [46], which is part of PETSc.

4.1 Steepest Descent Methods

The steepest descent method is based on the line search procedure
Tpr1 = Tk + opdy. (4.3)

To ensure that the iterates decrease the cost function, i.e., f(xrr1) < f(xx), we need to

choose an appropriate search direction and step length. The direction of the most rapid

39
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decrease, i.e., the direction giving the steepest descent, is the direction of the negative

gradient
dp = =V f(xr) = b— Axy,

which, of course, verifies the condition on the decrease direction (Section 2.6). The negative
gradient is commonly known as the residual vy, = d, = b — Axy. Rewriting Equation (4.3)

using residuals as the descent directions yields
Tyl = T + QT

Scaling the previous equation by —A and adding b to both sides, we obtain the residual

recurrence

Tk+1 =Tk — akATk.

The step length oy, is obtained by minimizing the cost function
argmin f(xy + agdy).

(895

Using the necessary condition for extrema, we have

0
0=~ f(x + ardy) = d} Vo f (xr + ardy) = di. (A (zy + ardy) — b)),

Oay,
therefore
d{’l‘k
Q= s (4.4)
dl Ady,

and we have also found that the descent direction di = 7, is orthogonal to the gradient
Vaef(®ri1) = —rra1. See Figure 4.1, left, for an illustration, and notice that the orthogo-
nality of the descent directions means that we might minimize in the same direction more
than once.

\\\\ ~_ ~ —_ ~_

. — \. T

Figure 4.1: Contour plots of f(x) for an SPD matrix of dimension n = 2, with plotted
steps of the steepest descent method (left) and the CG method (right), which is introduced
in the next section.
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The stopping criterion is typically the reduction of the norm of the gradient
|| Az — b|| < e,

the square of which we conveniently compute as the numerator in the step length compu-
tation.

We can summarize the previous observations in Algorithm 4.1.

Algorithm 4.1: Steepest descent method
Input: A, g, b
1 rg= b— ASL’O

2 for k=0,---:

3 s = Ary

4 ap = (r%rk) / (sTrk)

5 Ti+1 — Tk + opTE

6 Tky1 =Tk — QS
Output: x

4.1.1 Alternative Step Lengths

While the steepest descent step length is optimal in the sense that it yields the largest
decrease in the cost function value, a shorter (or longer) step length can yield quicker
convergence because it can avoid the zigzag pattern illustrated in the left part of Figure 4.1.
This alternating pattern is essentially present even for an SPD Hessian with dimensions
greater than two. In [47, 48], it was shown that the steepest descent method asymptotically
alternates between two directions corresponding to the eigenvectors associated with the
smallest and largest eigenvalues of the Hessian'. The alternative step lengths presented in
[49] not only avoid the alternating pattern but also try to approximate the second-order
information by the step length.
Writing the Taylor expansion for our QP problem

1
f@+d) = f(@)+ Vof(@)d+ d" Ad,
the optimal d is obtained from the stationarity condition
o= f@+d) = Vof(x)+ Ad
- od " ’
Then for an SPD Hessian A, the optimal direction is
d=—-A"'V,f(x)
and we have found the relation for the Newton method

Tpp1 =@ +d=x, — ATV f(x).

"When the initial gradient is not equal to a nonzero multiple of an eigenvector, in which case the
steepest descent method converges in a single iteration
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The Quasi-Newton method replaces the inverse of the Hessian in the above equation with

some approximation. One such approximation can be obtained from the secant equation
A(’ij — mk—l) = A(:I)k —b—x_1 + b) = wa(:l:k) — wa(mk_l).

Approximating the Hessian A by (ayl )_1, we can obtain aj by minimizing the above
equation either as

arg min Ha,;lsk,l — Yr—1|

BB1
A

or

argmin ||sx—1 — apYr—1l|,
a]sB2
where sp_1 = @ —xk_1 and yx_1 = Vuf(xr)— Vo f(xr_1). Carrying out the minimization

gives, respectively, two Barzilai-Borwein step length rules [49]

BBl — \|-5k:—1||2
F Sg_lykfl,

and

T
s _
apB2 = Skl (4.5)
yr—1ll
Further modifications of these step lengths are used in the spectral projected gradient

method in Section 5.2.3.1.

4.2 Conjugate Gradient Method

4.2.1 Minimization over Subspace

Another option to escape the alternating directions in the steepest descent method is to
define the step direction using the information obtained from the previous steps, thereby
avoiding repeated minimization in the same direction. In order to achieve this, we will
present a method that, in a single iteration, will find the minimizer over some subspace
and a way to extend this subspace for the next iteration. Formally, we would like to create

a nested sequence of subspaces
Si1CSC---CRY
where dim(Sy) = k. Now, given an initial guess x for each k, we will solve

arg min f(x).

rExo+Sk
Because the subspaces are expanding, we will obtain better and better approximations of
the solution x, and after n steps, the exact solution. However, we would like to obtain
a good approximation far sooner than after n steps. Therefore, we need to construct

subspaces S, so that f(x) decreases quickly.
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Since the subspaces are nested, we know that Sk11 contains the previous minimizer .
Moreover, we already know that the objective function f(x) decreases most rapidly in the
direction of the negative gradient. Therefore, it seems reasonable to extend Sy into Sk41
by the gradient gy = Vg f(x). This choice makes the next approximation x4, at least as
good as the one that the steepest descent method would make.

It follows that &; = span{go}. Now, as discussed above, we extend the space by g1,

i.e., So = span{go, g1 }. It turns out we can rewrite this slightly because
g1=Ax1 —b=Ax1 — Az + go = A(xo + ago) — Axzo + go € span{go, Ago},

where a € R. We used the fact that x; is the minimizer on xg + span{go} = xo + ago.

Similarly, for the next space, we have

go :Awg—b:Awg—Awl + g1
= A(zo + ago + BAgo) — A(zo + vg0) + g1 € span{go, Ago, A*go},

where «a, 3, € R. By repeating this process, we obtain that

SkJrl = Span{g()7 g1,92, ... agk} = Span{g()a AgOa A2907 ceey Akg()} = K:kJrl (Aa gO) . (46)

The space K41 (A, go) = span{go, Ago, A%go, ..., AFgy} is called the Krylov subspace.
Thus, we found that we can hope for a faster convergence than that of the steepest descent
method by minimizing the functional (4.1) in the Krylov subspaces.

This introduction was taken from the author’s Master’s thesis [50] and is, in turn, based

on [51].

4.2.2 Conjugate Gradient Method

This section derives the CG method using some ideas from [9] to tie in the idea of the
previous section.

The CG method uses the same line search procedure as the steepest descent method

L1 = Tk + APk, (4.7)

with the optimal line search step length given by Equation (4.4).
However, instead of taking residuals as the descent direction, we require that our

directions pg are mutually A-conjugate, which means
plAp; =0, Vi<kAj<k st i#j.

Such vectors are also known as A-orthogonal. Writing a linear combination of a set of

mutually A-conjugate vectors

Pr = qoPo + -+ + Ok _1Dk—1,
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then multiplying by p%A and using A-orthogonality between py, and all p;, j =0,...,k—1,
we have

P Apy = aopl Apo + -+ + ap_1p} Apy_1 = 0.

Thus, a set of mutually A-conjugate vectors is linearly independent.
We can build the set of A-conjugate directions using the Gram-Schmidt procedure to
A-orthogonalize the current residual against all previous search directions to define the

new search direction
k

Dht1 = Thet + ) 5i+1pj, (4.8)
=0

provided that the residuals are linearly independent, which we will verify later. Multiplying

the last equation by pr

(2

A for each 1 =0,...,k, we get from the mutual A-conjugacy that

k
pZ'TAPkH = PiTA"“k:Jrl + Z ﬁi+1p?Apj =0,

j=0
and then
5j _ _pJTArk __T%Apj (4 9)
M plAp; pl Ap;
Since «y, is chosen to minimize the cost function
arg min f(zx + agpy),
ag
then for all 7
of (x; + ap;
W = Vaf(@it1) pi = 0.
« a=aq;
Moreover, for i =0,...,k—1
k
Vaf (@) pi = py (Ampyr —b) = pl A | @i1 + Z a;jp; | —pl'b
j=i+1
=pl Az;1 — plb=Vaf(mit1) pi,
which combined with the previous equality gives
Vef(xr) pi=0, Vi=0,... k. (4.10)

Using the previous result, we have

Of (zo +vopo + - - - + V&Pk)

o0, Vi=ay
i §=0,...k

=0, Vi=0,...,k

and therefore the cost function is minimized over an ever-expanding subspace

argmin f(x),
w€w0+8;+1
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where S/, ; = {po, ..., pr}. Finally, we have, by construction from Equation (4.8), that

is a linear combination of the directions pyg, ..., pr. Therefore,
T9,...,7, and Py, ..., Pr span the same subspace.

Moreover, if r, = b — Axy, is not zero (otherwise, we have found the solution), we have
from Equation (4.10) that

T is orthogonal to py,...,Pr_1,
which by previous observation means
T is orthogonal to rg,...,rp_1,

and therefore rq,...,r; are linearly independent, which was the missing piece for the
Gram-Schmidt process to be valid. Furthermore, the discussion shows that the subspace
we minimize over S is precisely the Krylov subspace K}, from the previous section.

To give the CG method in its common format, we find alternative formulas for the step
lengths o and . First, multiplying Equation (4.8) by Apgy1 and using the A-conjugacy

of the search directions, we obtain an identity
Pii1APr11 = Py ATkt (4.11)
The difference of subsequent residuals is, by the residual definition and Equation (4.7),
Tit1 — 1) = —A (T — ®5) = —a; Ap;.
Multiplying by 711, we have from the orthogonality of the residuals that

0 ifj=0,...k—1
T T ) ) )
—QTh 1 AP) = T (Tj1 = 75) = o (4.12)
Tei1Th+1, ifj =k
Since the numerator in Bi 41 is nonzero only for j = k, we simplify the notation Bi 1= Br+1-

As in Section 4.1, we can obtain the residual recurrence
Tk+1 = Tk — g Apg.

Multiplying the residual recurrence by 7, we get from the orthogonality of residuals and
the identity (4.11) that
rir, = oapri Apy, = appl Apy. (4.13)

Substituting this equation, together with Equation (4.12), into Equation (4.9) allows us to

compute Si41 as
T
Bipy = Tr41Tk+1
k+1 — Ty .
LTk
Furthermore, Equation (4.13) gives us an alternative formulation for the line search step

length
. 7“',{7“]C . T%Tk

vl Ap,  plApy
Putting the derived formulas together yields the CG method illustrated in Algorithm 4.2.

893
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Algorithm 4.2: CG method
Input: A, xo, b

1 79 = b— Awo
2 po=To
g fork=0,---:
4 s = Apy
5 ap = (r%m) / (STpk)
6 Th+1 = Tk + 0Pk
7 Tp41 = Tg — QS
_(.T T
8  Brp1= (Tk+17°k+1) / (Tk Tk)
9 D+l = Tkt1 + Bri1Pk

Output: x;

4.2.3 CG Method Convergence

The CG algorithm is constructed so that in every iteration it minimizes f(x) over the
Krylov subspace g+ Ky (A, 7). With the error of approximation defined as €, = xy — x*,

we have

1 1
flar) = St Az —afb= - (ax+ 2" — ) A+ 2" — %) 2l

2
1 T 1 T * 1 #\T' T 1 T 1 #\T' *
= —€, A€, + €, Ax™ + — (%) Axy, — b= —€;, Aey, — —(x¥)" Ax™,
2 2 2 2 2
and since f(x*) = —(x*)T Ax*/2, the equation can be rewritten as

1
flzxy) = 5”%”?4 + f(x).

Therefore, each iteration of the CG method minimizes the error in A-norm over the

subspace g + K (A, 7). Since
€x = x) —x" € —x" + ;o + span{ry, ... ,Akilro} = ¢p + span{Aey, . .. ,Akeo},

the error term can be written as a linear combination
k .
o (143 ) e
i=1

where ¢; € R are coefficients chosen by CG so that ||ex|| 4 is minimized. Moreover, using
a polynomial Pj(A) of degree k that satisfies P,(O) = I, we can rewrite the previous
equation as

€x = Pr(A)ep. (4.14)

Then the CG method in the kth iteration finds a polynomial Py(A) that minimizes the

error term given by (4.14) in the A-norm, i.e.,

||€x|[a = min |[P;(A)eol[a-
Py
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Given the A\pin = A1, ..., Ap = Ajnae eigenvalues of the Hessian A and their corresponding
normalized eigenvectors vy, ..., v,, the initial error term €y can be expressed as a linear
combination

n
€ =Y &ivi,
i=1

which allows us to write (4.14) as
e = Pe(A)) &Gui =) &Pu(N)v;.
i=1 i=1

Using the orthonormality of the eigenvectors v;, we can write the square of the A-norm
of the error as

2 —min " €2 (Py(\))2 \i < mi PN &N
el = min 3 €8 (Pe(3)* d < min s (PL(V)® 3 €

— mi P.(\)? 2. 4.15
n&nkgﬁ)( k(M) leolla (4.15)

This result provides some insight into what constitutes a favorable spectrum of the
Hessian A. Assuming our initial guess xy was not a solution, the error is zero if Py is
zero for each distinct eigenvalue. Tight clusters of eigenvalues or eigenvalues with high
multiplicity are (essentially) reduced by the same Py, which, in practice, saves a number
of iterations. The eigenvalues close to zero are problematic because of the restriction
P;(0) = 1. On the other hand, if the Hessian A is only positive semidefinite and the linear
system is consistent (the right-hand side b is in the range of A), we can still use CG for
the solution of such a system [52]. Moreover, the zero eigenvalues, and therefore the null
space of the Hessian, are ignored.

It follows from (4.15) that the relative error in the A-norm can be bounded by

k
-1
lexlla < min max |P;(\)| < 2 Vr ,
||€0||A Py A \/E 1

where £ = Appaz/Amin is called the condition number of A. The last inequality is derived

by bounding the value of maxy |Px(\)| by the kth scaled and shifted Chebyshev polynomial
on the [Amin, Amaz] interval; see, e.g., [53] for a proof. Bear in mind that the previous result
is only an upper bound, i.e., having two Hessians with one being much better conditioned
than the other, there is no guarantee that the CG will converge faster for the Hessian
that is better conditioned. For example, the CG method applied to a badly conditioned
problem with only two distinct eigenvalues will converge in at most two iterations, while if
the better-conditioned Hessian has many distinct eigenvalues, the CG method may require

many iterations.

4.2.4 Preconditioned CG Method

As was shown in the previous section, the speed of convergence depends on the spectral

properties of the Hessian A. Therefore, suitably improving the spectrum of the Hessian
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will improve the convergence of the CG method. The improvement is achieved by precondi-

tioning, which consists of scaling the system of linear equations by the preconditioner M ~!
M~ 1Az = M~'b, (4.16)

where M is, in the case of the CG method, an SPD matrix [9, 51]. Note that if M~1 = A~1,
then by the previous equation & = A~'b, and we have found the solution. Finding the
inverse of A is, however, costly. Indeed, M~ is often available only as an action on a
vector, which may even be realized by an iterative method. Therefore, we often refer to
M~ as the application or action of the preconditioner on a vector or matrix. Overviews
of general preconditioners can be found, e.g., in [51, 54, 55]. Of course, using specialized
preconditioners for the given problem usually yields better results. Examples of these are
the preconditioners for the Darcy flow problem [56] and 3 x 3 block matrices [57], which
are co-authored by the thesis author, and the preconditioners for FETI methods described
in Section 7.1.3.

The issue with the preconditioned system (4.16) is that M ' A is not generally an
SPD matrix. This problem can be circumvented because, for every square SPD matrix M,
there exists a Cholesky factorization M = LLT. Using the Cholesky factorization, the

system (4.2) can be transformed into
L'AL"z=L"', z=L"x,

which is known as split or symmetric preconditioning [55]. Furthermore, the preconditioned
Hessian L' AL~T is SPD and has the same eigenvalues as M ' A.
Denoting A=L'AL T and b= L~'b, we can solve the system

Az =b

with the CG method to find &, and then the solution @ for the original problem. However, we
would have to factorize the preconditioning matrix M to obtain the factor L. Fortunately,
it turns out that this is not necessary. Let us write the update formulas for the modified

system

ap = ('FI{'Fk) / (ﬁfﬁﬁk) ,
Thy1 = Tk + Pk,
Frr1 = 7% — APy,
Bry1 = (Fﬂﬁkﬂ) / (ﬂ?ﬁ:) :

Pk+1 = Tk+1 + Br+1Pk-
Using @, = L~ 7%, and the definition of E, the residual can be rewritten as

L= g — Aik =L (b — Awk) = Lil’r'k.
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Substituting this into our update formulas and using the definition of fi, we get

o= (rEM )/ ((L75) A (L)),
L'z = LT + ay.py,
L 'rp =L Yry — o L' AL Tp,
Br+1 = (7'£+1M717'k+1) / (rgMil”’k) :
Prr1 = L7 'r4p1 + BrgaPr-
Finally, substituting z;, = M ~'r), and p, = L~7p}, into the derived formulas yields the

preconditioned conjugate gradient (PCG) method illustrated in Algorithm 4.3, which only

requires the action of the preconditioner M 1.

Algorithm 4.3: PCG method Algorithm: CG method
Input: A, M~ xg, b Input: A, xg, b

17’0=b—A:130 1r0:b—A:c0

2 zg= M lr 2

3 Po = 20 3 Po=To

4 for k=0,---: 4 for k=0,---:

5 s = Apyg 5 s = Apyg

6 op = (rfzk) / (STpk> 6 o= (Tgrk) / (STPk)

7 Tgt1 = Tk + Pk 7 Tgt1 = Tk + Pk

8 Tk+1 = Tk — OkS 8 Tk+1 = Tk — OfS

9 Zgp1 = M lrpy 9

10 Sr1 = (TkTHZkH) / (m?zk) 10 Brp1 = ("'kT+17'k+1) / (7{7‘1{)

11 Pry1 = Zkt1 + Ber1Pr 11 P11 = Tke1 + Ber1Pr
Output: x; Output: x;

4.3 Deflation Preconditioner

Deflation for the CG method, also known as CG with preconditioning by projectors, was
introduced independently in [58-60]. The basic idea of deflation is to split the solution
into a deflation subspace and its A-conjugate complement. The solution in the deflation
subspace is obtained directly, and the conjugate gradients are restricted to the A-conjugate
complement of the deflation subspace. The CG method can be sped up significantly by

choosing the deflation space that contains the slowly converging parts of the solution.

4.3.1 Deriving Deflation Preconditioner

Let us define the deflation matriz as

W = (wq,ws,...,wy,) € R m < n.
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Assuming that W is a full rank matrix and W is a subspace spanned by the columns of

W, we can denote a projector
-1
P:I—W(WTAW) WlA=T-QA

onto the A-conjugate complement of W.
Given an arbitrary initial guess &_1 and defining the residual r_1 = b— Ax_1, we can

choose xq to be
T LT
xo=x_1+ W (W’ AW’) Wr_q. (4.17)

Multiplying from the left by W7 A yields

WTAzy =WTAz_1 + WT (b— Az_;)
Wl Az, =wTb (4.18)
o=WTb—-wWTAzxy=WTr,. (4.19)

From (4.18), it follows that @ is the exact solution of (4.2) in W and therefore (Equa-
tion (4.19)) 7o is orthogonal to W. If we use x¢ as the initial guess for CG, we obtain the
InitCG method [61] illustrated in Algorithm 4.4.

Algorithm 4.4: InitCG method
Input: A, x_1,b, W
r_1=b— Ax_,
o =z_1+Qr
o = b— A:BO
Po =To
for k=0,---:
s = Apy
o = (T{Tk) / (STPk)
Tht1 = Tk + Pk
Th+1 = Tk — QS
10 Brt1 = (TkTH’“kH) / (Tgrk)

11 Pr+1 = Tk+1 + Brr1Pr
Output: x;

© 0 N O oA W N

If the columns of W are exact eigenvectors, then in exact arithmetic W is orthogonal
to Kk (A, ro) because the residuals will not have any components in the direction of the
eigenvectors spanning W. However, if W does not consist of the exact eigenvectors or the
computations are done in finite precision, this relation does not hold, and some sort of
correction needs to be employed.

The first problem is that py = r( is not necessarily A-orthogonal to W. If this is the

case, then x; has components in W. This is resolved by setting

Po = P’r’().
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Similarly, since 7,11 = 19 — A (appo + - - - + axPx), we use the same trick as above, so that

the update formula for the descent direction becomes

DPi+1 = Prip1 + Bri1Pr

Effectively, we are making the search direction A-conjugate to W by projecting the
components in W out of the residuals. This ensures that CG is not searching in W, but
only in its A-conjugate complement. Thus, the required splitting of the solution is achieved.
Setting the preconditioned residual of Section 4.2.4 to z = Pry41, we get that our method
is equivalent to the preconditioned CG method with the A-conjugate projection P taken
as the preconditioner [62]. This provides the values of oy and S, but as shown in [50], it
is not necessary to modify the values of oy and fy.

Modifying Algorithm 4.4 so that the search directions are explicitly A-orthogonalized
with respect to W gives us the deflated conjugate gradient (DCG) method, as shown in
Algorithm 4.5.

Algorithm 4.5: DCG method Algorithm: CG method
Input: A, xz_1,b, W Input: A, g, b

1 P=1-QA 1

27‘_1:b—Aw_1 2r0:b—A:c0

3 xg=x_1+Qr_, 3

4 rg=b— Axg 4

5 po = Pro 5 Po =T

6 for k=0,---: 6 for k=0,---:

7 s = Apy 7 s = Apy

8 ap = (r%rk) / (sTpk) 8 ap = (rgrk> / (sTpk>

9 Tht1 = Tk + Pk 9 Ti+1 = Tk + Pk

10 ki1 =T — QS 10 ki1 = T — QS

11 Bry1 = (TkTHTkH) / (r%m) 11 Br+1 = <7°£+17°k+1) / (7‘%7%)

12 prt1 = Prig + Brv1Pr 12 Pl = Try1 + Be+1Pk
Output: x; Output:

4.3.2 Preconditioned Deflated CG Method

An additional preconditioner can be incorporated into the previous algorithm. The
derivation is done in the same way as in Section 4.2.4. Carrying this out yields the
preconditioned DCG (PDCG) method, illustrated in Algorithm 4.6.

4.3.3 Preconditioning Effect of Deflation

In [50], it was shown that the deflated CG method is equivalent to solving a system with the
Hessian A preconditioned by P. Indeed, the following equivalence of spectra of operators

was established:
o(PA) =o(PTA)=o(PPTA)=o(PTAP).
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Algorithm 4.6: PDCG method
Input: A, x_1,b, W

1 P=1-QA
271r_1=b— Ax_;
3xpg=x_1+Qr_,

4 ToIb—A:B()

5 ZOZM_l’I“O

6 po = Pz

7 fork=0,---:

8 S:Apk

9 Qg = (ngk) / (STPk)

10 Tk+1 = Tk + APk

11 Tk+1 = Tk — QS
-1

12 Zg+1 = M Tr4+1

T T
13 Br+1 = (""k+1zk+1> / (Tk zk)

14 prr1 = Pzpy1 + Brrabr
Output: x;

Assuming that the columns of the deflation matrix W are the exact eigenvectors of A,

it immediately follows that
T T LT .
P AW:AW—AW(W AW) WTAW = O = diag(0,...,0)W,

i.e., the columns of W are eigenvectors of PT A belonging to A = 0 eigenvalues. Moreover,
if A\ and v are an eigenpair of A but v is not a column of W, then we have W7 v = o and
also WT Av = o. Therefore,

-1
PTAv = Av — AW (WTAW) W' Av = Av = ).

In other words, the DCG operator has the same spectrum as the Hessian A, except that
the eigenvalues belonging to eigenvectors comprising the deflation matrix W are shifted to
zero. As was mentioned in Section 4.2.3, the CG method ignores the space spanned by the

null space of the operator. This allows us to consider the effective condition number

rers (PTA) = Ama,

)\min
where \,,q. and A\, are, respectively, the largest and the smallest nonzero eigenvalues of

PT A or one of the spectrally equivalent operators.

4.3.4 Shifting the Eigenvalues

As shown in the previous section, if the deflation matrix W consists of the exact eigenvectors
of the Hessian A, then the associated eigenvalues are shifted to zero. However, if the
deflated eigenvectors are only approximate, the associated eigenvalues might not be zeroed
out completely but may instead be merely very small. The eigenvalues close to zero can

significantly slow down the convergence, as mentioned in Section 4.2.3.



Section 4.3 Deflation Preconditioner 53

It was suggested in [63] that we can add a correction factor @ to the projector P,

leading to a so-called projector with coarse problem correction
P. =P+ cQ,
where ¢ > 0. Replacing P in the DCG method with P,., we have, similarly to the above,

—1 -1
PIAW = AW — AW (WTAW ) WTAW + W (WTAW)  wWTAwW
= cW = diag(c,...,c)W,

and since @ is orthogonal to eigenvectors not in W, we can show, in the same way as in
the previous section, that the rest of the eigenvalues are not changed. Therefore, using P,
leads to the preconditioned operators having the same spectrum as the Hessian A, except
that the eigenvalues belonging to the columns of the deflation matrix W are shifted to the
parameter c. Moreover, choosing the parameter ¢ to coincide with an eigenvalue that is not
deflated from the Hessian does not create an isolated eigenvalue in the deflated Hessian
spectrum.

Since

Pc:I_QA+Q:I_Q(A_I)7

the cost of applying P. compared to P is one additional vector-vector addition.
The numerical experiments in [63] showed that P, also has a stabilizing effect when
the projections P, and especially the application of the inverse in P, are computed with

low accuracy.

4.3.5 Deflation Coarse Problem

The inverse in the projector P is called the coarse problem (CP), while W7 AW is called
the coarse problem matrix. The coarse problem is usually solved by a direct solver.

Our implementation has a row-wise distribution of matrices. The CP matrix is assembled
in parallel, and the rows of the CP matrix are distributed among the same number of cores
used to solve the linear system. However, the dimension of the CP is smaller than the
dimension of A, quite often significantly (even just a few rows). If we tried to solve this
problem by a fully parallel approach, the cost of communication, as well as the required time,
could be extremely high. To solve this problem, the same strategy that was successfully
used for the solution of the FETI method CP [64, 65] is employed to solve the deflation CP.
First, an MPI sub-communicator is created, and then the whole CP matrix is distributed
over the available MPI ranks in the sub-communicator. The CP matrix is then factorized
on the sub-communicator. The forward and backward solves are performed by scattering
the whole input vector into the sub-communicator. The result is then distributed among
all cores in the global communicator. A heuristic chooses the size of the sub-communicator,

controlling the partial parallelization.
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4.3.6 Required Accuracy for the Coarse Problem Solution

While it was remarked that the CP is solved by a direct solver and, therefore, with full
machine precision, it will prove useful to examine the accuracy level that is actually needed
for the CP solution.

Given the relative tolerance e for the outer iteration, the numerical experiments in [66]
showed that to achieve the same convergence as that obtained by using a direct solver, the

stopping criterion of the inner solver (CG) used for solving the CP has the form
H,’,innerH < CeHbinnerH7 0<c<l.

It was shown in [67], using the theory developed for the inexact Krylov subspace methods
[68, 69], that this accuracy is needed only in the first few iterations of the outer solver
and can be relaxed as we get closer to the solution of the original system. Their stopping

criterion has the form of

ce

inner
’ | S outer
||

I e, e>0.

The constant ¢ is guaranteed to exist. However, we do not know the upper bound, i.e., the
value that would lead to the maximal relaxation of the stopping criterion while keeping
the number of iterations required by the outer solver to converge the same as when the CP
is solved directly. The DCG method that uses this stopping criterion is called the adaptive
precision DCG method.

4.3.7 Multilevel Deflation

Given a hierarchy of the deflation matrices Wy, k € {1,...,n} such that
wlAw, (4.20)
is a coarse problem matrix, and
wlwl Aw,w,

is even coarser. It is assumed that this hierarchy continues until the coarsest problem

matrix reads

wl.. . wlwlAaw,w,...w,.

Assume that DCG is used to solve (4.2) with W being the deflation matrix. If W is
large, then it would be very costly to factorize the coarse problem matrix (4.20). Instead,
the coarse problem can be solved again by a deflated method, where the deflation matrix
is Ws. This nesting of DCG solvers for CP can continue until the coarsest CP is small
enough to be solved easily by a direct method. The resulting method is called multilevel or
nested deflation.

Numerical experiments combining the multilevel deflation with the shifted projector P,

and the adaptive precision of the previous sections can be found in [64].
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4.3.8 Implementation

Our implementation of the deflation preconditioner, called PCDEFLATION [46], is available

in PETSc. It supports complex systems of linear equations, i.e., A € C"*" x € C", b € C",

as well as the complex deflation space W € C"*"™. Moreover, other Krylov subspace

methods besides CG, e.g., MINRES and GMRES, for indefinite and possibly non-Hermitian

systems of linear equations, are supported. Effectively, supporting complex numbers only

requires swapping the transpose for the Hermitian transpose in the deflation operator [70].
Other features of PCDEFLATION are:

o Computing only the initial guess as in InitCG (Algorithm 4.4).

o The default deflation space is the Haar wavelet deflation introduced in [71]. Other
wavelet-based deflation spaces [50] are available, as well as simple aggregation. Of
course, the user can provide their own deflation space, e.g., eigenvectors obtained
with SLEPc [72].

 Additional preconditioners (Section 4.3.2) are supported, and any PETSc precondi-

tioner from the multitude available can be used.
o The coarse problem correction (Section 4.3.4) is available.

e The coarse problem is solved efficiently on the sub-communicator as described in
Section 4.3.5. The default size of the sub-communicator is selected by a heuristic

based on the problem size and the number of available cores.

e Nested or multilevel deflation, which is described in Section 4.3.7, is supported. It
automatically selects Flexible CG or Flexible GMRES as the solvers for the nested

coarse problems.

o Related to the previous point, the preconditioner supports adaptive precision across

every level (Section 4.3.6).

All preconditioner options can be controlled programmatically or with command line

arguments.

4.3.9 Results of the Deflated CG Method

In [64], we compared several methods for the solution of the FETI coarse problem, which is
described in a later section (Section 7.1.2), for the 3D linear elasticity cube of Section 3.3.4.
The FETT coarse problem is solved on the sub-communicators in the same way as described
in Section 4.3.5, which is in the results denoted as strategy S1. Strategy S2 employs an
LU direct solver to compute the explicit inverse of the coarse problem, with multiple
sub-communicators computing a part of the inverse. The deflation uses 100 eigenvectors
corresponding to the smallest eigenvalues. These were computed using the Krylov-Schur
method implemented in SLEPc with the default settings and a tolerance of 10~%. The
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CG and DCG methods had the relative stopping criterion of 10~®, which was sufficient
to achieve the relative violation of the KKT conditions for the FETI primal problem
(7.8) below 10~°. The results computed on the ARCHER (Section 3.2.1) and Salomon
(Section 3.2.4) supercomputers for different numbers of FETI coarse problem solves are
presented in Figures 4.2 to 4.4.

The results showed that the deflation preconditioner applied to the CG method, i.e.,
the DCG method, is the best way to solve the FETI coarse problem for a moderate number
of coarse problem solves. Moreover, together with the unpreconditioned CG, the DCG
method exhibits the best scalability.

S1-LU Archer —+— S2 Archer S1-DCG Salomon
S1-CG Archer —X— S1-LU Salomon - —+ - S2 Salomon
S1-DCG Archer S1-CG Salomon - -X -
64 I I
32 B

Time [s]

1 | | |

2197 4096 8000 15625 27000
Number of subdomains

Figure 4.2: Weak scaling: Coarse problem solver setup + 100 coarse problem solves. One
subdomain is assigned to one core [64].
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S1-LU Archer —+— S2 Archer S1-DCG Salomon
S1-CG Archer —X— S1-LU Salomon - —+ - S2 Salomon
S1-DCG Archer S1-CG Salomon - -X -

128 \

Time [s]

4 | | |
2197 4096 8000 15625 27000
Number of subdomains

Figure 4.3: Weak scaling: Coarse problem solver setup + 1,000 coarse problem solves. One
subdomain is assigned to one core [64].

S1-LU Archer —— S2 Archer S1-DCG Salomon

S1-CG Archer —X— S1-LU Salomon - —+ - S2 Salomon
S1-DCG Archer S1-CG Salomon - -X -

2048

1024

512

256

Time [s]

128

64

32 -

16 \ \ \
2197 4096 8000 15625 27000

Number of subdomains

Figure 4.4: Weak scaling: Coarse problem solver setup + 10,000 coarse problem solves.
One subdomain is assigned to one core [64].






Chapter 5

Projection-Based Quadratic

Programming Algorithms

This chapter focuses on algorithms that use the projections of Section 2.3 to keep iterates

feasible. Our exposition will focus on solving QP problems with box constraints
Q={zxecR" |l <z <u},

but the algorithms can be extended to other sets for which we have inexpensive exact
projections. We admit partially constrained problems, i.e., we admit I; = —oo and u; = +00
for some components ¢ and j.

The main focus of this chapter is on the MPRGP algorithm, which is described in the
first section.

The second section introduces modifications to the most expensive step of the MPRGP
algorithm, achieving a geometric mean of speedups of nearly 3 with one variant and over
6 with a variant combining MPRGP and the spectral projected gradient method on the
problems for which the methods were designed.

The last section introduces a new variant of preconditioning for the MPRGP method.
The MPRGP method equipped with the original preconditioning is sometimes even slower
than the unpreconditioned MPRGP. The modifications in the previous section prove to be
the key to making the new preconditioned MPRGP method extremely fast. The MPRGP
equipped with the new preconditioner and the modifications achieved speedups between
5.1 and 13.4 compared to the standard unpreconditioned MPRGP.

The improvements to the MPRGP algorithm and preconditioning described in the last
two sections are the own work of the author and are among the key results of this thesis.

The results are supported by articles [64, 73].

5.1 MPRGP Algorithm

QP problems with box constraints can be solved using the modified proportioning with

gradient projections (MPGP) or modified proportioning with reduced gradient projections

99
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(MPRGP) algorithms [10, 74]. We will focus on the MPRGP variant, noting the differences
with MPGP in the following description of the algorithm. The simplification to the feasible
set with only one of the bound constraints is straightforward. It is also possible to adapt
the algorithm for various other constraints, such as elliptic constraints [75, 76].

As the name of the algorithm suggests, it utilizes gradient information for minimization,
placing it among the first-order optimization methods. While MPRGP does not directly
work with active and free sets, the information about active and free sets is hidden in the
gradient splitting. Consequently, MPRGP is considered an active set algorithm.

In each iteration, MPRGP performs one of three types of steps: unconstrained min-
imization, expansion, or proportioning. Since our Hessian A is SPS, the unconstrained
minimization is performed by a step of the conjugate gradient method described in Sec-
tion 4.2. The active set is expanded by the expansion step, which consists of a maximal
feasible unconstrained minimization, in our case a partial CG step to the box, followed by
a fixed step length gradient projection. Finally, a proportioning step, designed to reduce
the active set, consists of a step of the steepest descent method (Section 4.1).

To properly describe the algorithm, we first need to define the gradient splitting. Let
g = Ax — b be the gradient of the cost function f(x) and let

A:{i]cci:li or cci:ui}, .F:{i]li<wi<ui}

be the active and free set, respectively. Then the gradient splitting is defined component-
wise for i € {1,2,...,n} and is computed after each gradient evaluation. The free gradient

g’ is defined as

0 if ie A,
gl = , (5.1)
g; if ieF.

The reduced free gradient g" is defined as

0 if 1€ A,
g; = min(%‘li,gi) if i€ F and g; >0,

max (2=%, g;) if i€ F and g; <0,

where @ € (0,2||A||7!] is used as a priori chosen fixed step length in the expansion step [74].
Typically, the parameter is given by

a=alAll7

where o, € (0,2] is a user-selected constant, and ||A||~! is approximated by the power
method. Effectively, g7 is the gradient on the free set, and g is the free gradient that is
reduced such that a steepest descent-type step in its opposite direction, that is —g", with
the step length @, does not leave the feasible set ). A step in either of these directions can

expand the active set but cannot reduce it.
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The chopped gradient g€ is defined as

0 if i€ F,
gf = min(gi,()) if x; =1,

max(g;,0) if x; = u,.

A step in the direction —g® may reduce the active set but cannot expand it.
The next ingredient is the projection onto the feasible set €2, which by Section 2.3 is
defined as
[Po(x)]; = min {u;, max {l;,z;}}, i€ {l,...,n}.

Finally, the projected gradient is defined as g©’ = g/ + g°. The decrease in its norm
serves as the natural stopping criterion for the algorithm since g* = o is equivalent to
satisfying the Karush-Kuhn-Tucker conditions of Section 2.4.1 for a box-constrained QP
problem.

These are all the necessary ingredients to summarize MPRGP in Algorithm 5.1, which

is explained in more detail in the following text.

Algorithm 5.1: MPRGP method
Input: A, xp € Q, b, T >0, a < (0,2]|A]| 7]
1 go= Az — b, po=gj, k=0
2 while ||g7|| is not small:
if [lgg|I* < 2llgf |1

3
4 al® = max{a |z, — apy € Q}
5 a) = gj pr/pi Apr
6 if azg < agea‘g:
7 CG step - Algorithm 5.2
8 else:
9 Expansion step - Algorithm 5.3;
10 else:
11 Proportioning step - Algorithm 5.4;
12 k=k+1
Output: x

Algorithm 5.2: CG step
1 L1 = T — Ol]igpk
2 git1 = gk — ) Apy

— TA f TA
3 Bk = pj, AGj,1/P). APk
4 Prpt1 = Q;J:H — BkPr
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Algorithm 5.3: Expansion step
. feas

1mk+%—mk—ak Pk

2 Gy = 91— ol Ap

8 T = Pﬂ(kar% —ag,]:)

4 gry1= Az — b

5 Pk+1 = g]];rl

Algorithm 5.4: Proportioning step

1 o' = gl g5/ (97)" Agj;

2 aieas = max{a | x; — agf € N}
3 if )" < ajd:

4 o= a,]:eas

5 Tp1 = Ty — 9],

6 g1 = gk — 0} Agp

7 Pk4+1 = Q;{H

In each iteration, the algorithm checks that the current approximation of the solution,
x, is proportional®

lggl> <T?[lgf|>, T >o0. (5.2)

If this inequality does not hold, the chopped gradient g¢ dominates the norm of the
projected gradient g”, depending on the value of the parameter I' (typically I' = 1).
Therefore, we need to release some components from the active set by a proportioning
step. This proportioning step consists of a single step of the steepest descent method in
the direction —g¢. In the case of the box and similar constraints, the step may need to be
shortened so that it does not leave the feasible set.

On the other hand, if the current solution is proportional, i.e., (5.2) holds, then the
free gradient g/ dominates the norm of the projected gradient g”, and we focus on the
minimization of the free gradient g/. First, we compute o as the optimal step length
for minimization in the direction —p and af°* as the mazimum feasible step length in
this direction that does not leave the feasible set. If a® < af€* we can perform an
unconstrained minimization using a standard CG step; otherwise, we proceed with the
expansion step. Note that initially, and after both the expansion and proportioning
steps, the next minimization direction is set to p = g/, while the CG steps set the next
minimization direction A-orthogonal to the previous one.

The expansion consists of the so-called half-step, which is a step with the maximum step
length /¢ in the direction —p. The half-step expands the active set, but typically only by
one component. Then a step in the direction —g/ with a fixed step length @ € (0, 2| A||~}]

'"We note that Dostal [10] employs a strict proportionality condition that replaces g'lf with g”. This
is needed for the convergence proof but reduces the proportionality cone as ||g”|| < ||g||. The MPGP
algorithm uses the proportionality condition as given by Equation (5.2).
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is performed?. Notice that using either g7 or g" is equivalent, since we have

_ — f _ —
Lp+1 = PQ(mIH-% - O‘gk+%) B Sy agk+%a

i.e., due to g" construction, the step with g" does not need to be projected onto the feasible
set. The active set is expanded in a component j if this component is in the free set and
either

g; >0 and ag; >x; —1;

or

g; <0 and ag; <x; —u;.

Therefore, @ controls how large a component of the gradient (in the correct direction)
has to be to expand the active set in the given component. Larger values of @ have the
potential to expand the active set in more components. However, even with the largest
possible value of the step length @ = 2||A||~!, the active set may not be expanded at all.
We refer to this expansion step variant as Fized due to the use of the fixed step length.
Finally, the maximum feasible step length used in the expansion and, depending on the

constraints, in the proportioning step can have a closed form, e.g.,

o/ = max{a |z —ap € Q}

=min ¢ | (x; — ;) /pi P> U (®i —wi) /pi pi<0
ie{l,...,n} ie{l,...,n}
in the case of the box constraints.

The operation count for each of the three steps is summarized in Table 5.1. We
argue that, in most cases, the cost of a step primarily depends on the number of Hessian
multiplications it performs.

Note that either bound may be omitted in the formulation of the algorithm. If both
bounds are omitted, the algorithm is equivalent to the standard CG method. The CG
method in finite precision can suffer from the loss of orthogonality of the search directions
and subsequent delay in convergence [54, 77, 78]. The MPRGP method naturally limits

this effect due to the explicit gradient evaluation whenever the expansion step is computed.

2MPGP uses the direction —g instead of —g.
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Step Hess. mult. | Dot prod. | Vec. update | Grad. split.
CG 1 2 3 1
Expansion: Fixed 2 1 5 2
Proportioning 1 1 3 1
Expansion: Projected CG 2 1 3 1

+ Fallback 1 0/1 1/1 0/4 0/1
+ Fallback 2 0/1 1/1 0/4 1/2
Expansion: SPG 2 1+ 4+ 1

Table 5.1: Number of operations per MPRGP step. The bottom part of the table contains
the newly proposed variants of the expansion step introduced in the following sections.

5.2 MPRGP Expansion Modifications

As discussed in the previous section, the time to solution is primarily determined by the
number of Hessian multiplications. Therefore, we need to minimize the overall number of
Hessian multiplications to speed up the MPRGP algorithm.

In our previous work [79], we demonstrated that MPRGP may need many expansion
steps to identify the active set. This is because standard expansion steps often enlarge the
active set by only one or a few components. Moreover, the expansion step is approximately
twice as expensive as the other steps due to it requiring two Hessian multiplications instead
of one. Our idea is to modify the expansion step to enlarge the active set faster. Such
modifications should lead to a reduction in the number of expansion steps, as well as the
overall number of Hessian multiplications.

In [79], the fixed step length in gradient projection was replaced with the steepest
descent step length or its approximation, computed using various gradients used throughout
the method. The steepest descent step length could significantly reduce the number of
Hessian multiplications needed to compute the solution, despite the expansion step needing
three Hessian multiplications. However, the performance was highly dependent on the
scaling factor «,, of the step length. The article also introduced an algorithm (MPRGP
with projected CG) in which the expansion step was performed by projecting the full
unconstrained CG step. This latter scheme significantly outperformed the classic MPRGP
algorithm and is the focus of the next two subsections.

The last subsection deals with a combination of the MPRGP algorithm and the spectral
projected gradient method. The modification is based on our experience comparing the
two algorithms in [73], where we observed that the spectral projected gradient method can
converge very quickly for certain problems but only to a lower satisfaction of the KKT

conditions, while MPRGP can converge to full machine precision.

5.2.1 MPRGP with Projected CG Expansion Step

Recall that the expansion consists of the half-step, followed by a fixed step length gradient
projection. The half-step is a CG step with the step length reduced to ensure that the

computed approximation is within the feasible set, i.e., x; 1 € (2.
2
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Since our goal is to expand the active set faster, it seems reasonable to replace the
half-step with the full CG step, followed by a subsequent projection onto the feasible set.

To be more specific, our expansion step becomes
_ cg
Ti1 = Po(zr — o)) pr),

followed by resetting pri1 = g,J: +1- Note that realizing the expansion in this way simplifies
the implementation, as we can always compute the CG step and then calculate the gradient
using the CG recurrence when the step is feasible; otherwise, we project the solution
onto the feasible set and explicitly recompute the gradient. Algorithm 5.5 illustrates the
implementation. It replaces the if..else block on lines 69 in Algorithm 5.1. We call this
algorithm MPPCG (Modified Proportioning with Projected Conjugate Gradient).

Algorithm 5.5: Projected CG step
1 Ty = T — Oézgpk
2 if azg < afeas;
3 Gkt1 =9k — o Apy
B, = pl Ag]_.,/p} Aps
Pk+1 = gl{_l,-l — BrDrk
else:
xp1 = Po(xri1)
giy1 = A1 — b
Pi+1 = g]];rl

© 00 N o o s

As shown in Table 5.1, this projected CG expansion variant has the same or a better
operation count compared to the other expansion variants.

Table 5.2 compares the standard MPRGP and MPPCG on 3D linear elasticity with
contact, as described in Section 3.3.4, and on training SVMs on three datasets, as described
in Section 3.3.6. The contact problem uses TFETI, as described in Chapter 7, with regular
decomposition into 1,000 subdomains (10 in each direction) with 27,000 elements per
subdomain (30 in each direction), making a total of 81,812,703 (undecomposed) degrees
of freedom (DOFs). The problem requires an outer solver (SMALE-M of Section 6.3) with
parameters n = 0.1, p = 1.1||A||, M = 100||A||, and S = 10. The results were obtained
with MPRGP/MPPCG parameter I' = 1 and with the fixed expansion step length value of
a = 1.9]|A||7Y, which is the recommended value in [79]. The stopping tolerance relative to
the right-hand side was 107 for the contact problem and 10~! for the SVMs.

We note that the computation of the largest eigenvalue A4 = ||A|| usually employs
the power method [51], which requires some additional Hessian multiplications®. The
projected CG expansion step does not require the largest eigenvalue estimates and thus
saves some additional Hessian multiplications. We do not count the number of Hessian

multiplications required by the power method in the presented results.

SPERMON defaults for the power method are the relative tolerance of 10™* with a maximum of 50
iterations. The typical number of iterations is in the low tens but can reach the maximum number of
iterations.
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Problem Expansion type | Hess. mult. | CG | Exp. | Prop.
D Contact | pi o w1 | 5| s
SVM: Australian lljir);?jcted G 122 12 23 g
SV Disbetes | b1 G | 1| | 3
SVA: lonosphere | b0 o 15| 14| 34|

Table 5.2: Comparison of the number of Hessian multiplications and the number of each
step [79].

Looking at the number of Hessian multiplications, the projected CG variant, compared
to the standard expansion variant, achieved a speedup of 1.10 for the contact problem and
between 2.34 and 4.73 for the SVMs.

5.2.2 MPRGP with Projected CG Expansion Step and Fallback

In some cases, the projected CG expansion step can lead to an increase in the value of
the cost function [10]. We illustrate this for a 2D problem in Figure 5.1. Clearly, the CG
step finds the unconstrained minimizer of the cost function, but the subsequent projection
onto the feasible set places us on a higher contour line, i.e., increases the value of the cost
function. In this case, the standard expansion would put us closer to the solution. Yet,
unless @ happens to be such that the fixed gradient projection finds the exact solution,
which in this case it cannot, both approaches converge in the next iteration. Note that
in this example, the opt step length with «,, = 1 described in [79], with any combination
of the allowed vectors for both the computation of the step length and the line search

direction, would converge to the exact solution in a single expansion step.

T T B T —
e I O\
0.6 - Pg (ml + a]"]m)” Ty &1 O~

—— —d J‘;q ) -

0.4

0.2

| —

Figure 5.1: Projected CG step illustration (based on [10]). The ellipses are the cost function
contour lines. The feasible set is on and above the red horizontal line. The red cross (X)
on the horizontal line is the solution. The point @ is reached by the first unconstrained
CG step starting with xg. The point &3 would be reached by the expansion step with the
largest admissible @, and the point Pq (21 + a1/p1) would be reached by the projected CG
expansion step.

To illustrate our previous point that the projected CG expansion step can increase the

cost function, we increased the relative tolerance on the projected gradient to 10~* for the
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SVMs. We are aware that this tolerance is too strict and overfits the SVM model [43], but

the problems are valid QP problems for our illustrative purposes. Preliminary results are

reported in Table 5.3.

Dataset Exp. type Hess. Mult. | CG | Exp. | Prop. | Cost inc. | Fall.
Australian | Fixed 4567 | 1134 | 1704 24 423 0
Australian | Projected CG 3571 | 565 | 1455 95 127 0
Australian | Fallback 1 3298 | 1015 | 1014 36 218 | 218
Australian | Fallback 2 2160 | 747 | 662 32 74 56
Diabetes Fixed 1108 | 124 | 491 1 18 0
Diabetes Projected CG 1439 | 113 | 627 71 109 0
Diabetes Fallback 1 292 84 96 1 14 14
Diabetes Fallback 2 292 84 96 1 14 14
Ionosphere | Fixed 628 | 149 | 237 4 8 0
Ionosphere | Projected CG 265 | 104 78 4 6 0
Tonosphere | Fallback 1 320 | 109 89 5 27 27
Ionosphere | Fallback 2 277 | 104 78 5 13 11

Table 5.3: Comparison of MPRGP expansion step variants computing an intentionally
overfitted SVM model with the relative tolerance of 1074. The fallback expansion is defined
in the latter part of this section. The comparison includes the number of cost function
increases and the number of fallback steps in the last two columns, respectively.

It can be observed that the method with the projected CG expansion outperforms the
standard method for the Australian and Ionosphere datasets. However, there is a slowdown
of 30% on the Diabetes dataset.

We can see a marked increase in the number of proportioning steps for the Australian
dataset and especially for the Diabetes dataset. This suggests that, at some points,
the expansion of the active set may be too aggressive. Moreover, when comparing the
convergence curves in Figures 5.2 and 5.3 for the Diabetes dataset, the convergence of the
projected CG variant is much faster in the first approximately 30 iterations. However, after
that, one expansion step leads to a significant increase in the value of the cost function.

To avoid the increase in the value of the cost function (as the standard MPRGP
decreases the value of the cost function monotonically), we propose falling back to the
fixed gradient projection expansion when the projected conjugate gradient expansion step
would increase the value of the cost function. Algorithmically, we replace Algorithm 5.5
with Algorithm 5.6, where the fallback condition is

f(@rg1) > f(@r).

We refer to this condition as Fallback 1. The step length for our numerical experiments is

(5.3)

chosen to be @ = ||A||~!, which maximizes the decrease in the value of the cost function.
Moreover, enforcing expansion to not increase the value of the cost function guarantees the
convergence of the algorithm by Proposition 5.12 in [10]. The effect on the convergence
curve for the new variant on the Diabetes dataset can be observed in Figure 5.4.

The drawback of this fallback scheme is that we now need to estimate the largest

eigenvalue of the Hessian to select the fixed step length @. Nevertheless, from the results
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Figure 5.2: SVM - Diabetes dataset: First 100 iterations of the standard MPRGP.
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Figure 5.3: SVM - Diabetes dataset: First 100 iterations of MPPCG.
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Algorithm 5.6: Projected CG step with fallback
1 T =T — Oézgpk
2 if aig < afeas;

3 gkt1 =9k — o Apy

T Aql T

4 Py =D, Agj,/Pi APk

_
5  Pk+1 = Gy — BrPrk
6 else:
7 xp1 = Po(xri1)
8  Grt1=Axp1 Db
9 if fallback:

feas

10 xr = T — .

k+1 k ;, Pk

eas
11 Gerl =9k — Q) Api
—f

12 Ti1 = Po(x, 1 — @

k1= Po( 1 Q,H%)
13 gky1 = Az — b

_
14 Pk+1 = Gj. 1
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Figure 5.4: SVM - Diabetes dataset: First 100 iterations of MPPCG with Fallback 1.
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in Table 5.3, MPPCG with Fallback 1 expansion step consistently outperforms MPRGP
with the fixed step length expansion step. The same could be said when comparing the
new variant with the projected CG variant without the fallback, except that there is a 21%
increase in the number of Hessian multiplications for the Ionosphere dataset.

Upon examining the convergence of MPPCG with Fallback 1 for the Ionosphere dataset

in Figure 5.5, we observe a long string of fallback steps between iterations 75 and 95.
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Figure 5.5: SVM - Ionosphere dataset: First 100 iterations of MPPCG with Fallback 1.

This suggests that the fixed step length expansion is not expanding the active set
quickly enough. Therefore, we relax our Fallback 1 scheme, allowing an increase in the
cost function value if the next step of the MPRGP algorithm is not the proportioning step.
Intuitively, we do not want to excessively expand the active set, only for the next step to
immediately release some of the active components. The new fallback condition, called
Fallback 2, then reads

fl@r) > f@r) A llghaall > Tllgl, Il

This latest fallback scheme once again improves convergence (see Table 5.3), and in
the case of the Ionosphere dataset, it nearly recovers the performance of the non-fallback
projected CG expansion variant. For comparison with Figure 5.5, the convergence curve
for the Ionosphere dataset solved with the Fallback 2 variant is provided in Figure 5.6.

The number of operations added to the projected CG expansion step for both fallback
variants is summarized in Table 5.1. Since the fallback criterion check is done in each
expansion step, the first value corresponds to the number of operations required for

evaluating the fallback condition, i.e., when the fallback condition is false. The second
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Figure 5.6: SVM - Ionosphere dataset: First 100 iterations of MPPCG with Fallback 2.

value is for both checking the fallback condition and carrying out the fallback step, i.e.,
when the fallback condition is true.

As mentioned earlier, the presented results are considered preliminary. This is because
the comparison of the value of the cost function should take into account the tolerance of
the computation. In fact, Table 5.3 reports the number of cost function increases, which are
counted whenever the Fallback 1 criterion, given by Equation (5.3), is satisfied. We can see
that there is a large number of cost function increases for the standard MPRGP, which is
guaranteed to have a monotonic decrease. This is due to the cost function nearly stagnating
at its minimum, while the projected gradient has not yet reached the stopping criterion.
However, in finite precision, the cost function can increase in the last few represented
decimal digits. It is possible that taking into account the computational tolerance in the
fallback schemes could further improve their performance. There is also the possibility of
developing additional fallback schemes, e.g., performing fallback if the Fallback 2 criterion
is true, but only if some of the components that would be released by the proportioning
step were added by the current expansion step.

The convergence bound of the standard MPRGP method is [10]

flews) - f@) < n(f@) - @), ne |11).

where the constant 7 depends on the smallest and the largest eigenvalue of A and the

parameters @ and I'. Using the convergence bound, we can propose a fallback condition

f@rir) = f(&) >0 (f(xr) — f(27)),



72 Projection-Based QP Algorithms Chapter 5

which can be reordered as

f(@rgr) —nf(xr) > (1 —n) f(x7). (5.4)

Of course, we typically do not have the optimal value f(x*) before we find the solution. An
underestimate f(Z) of the optimal cost f(x*) could be used instead. Using Equation (5.4)
as the fallback criterion in the MPPCG method would ensure that the method has at least
as good a bound on convergence as the standard MPRGP method.

5.2.3 MPRGP with Efficient Gradient Projections

Our comparison in [73] of MPRGP, MPPCG, and a variant of the spectral projected
gradient (SPG) [80] algorithm showed that, in cases with many active constraints, SPG
methods can achieve much better performance than the MPRGP-type methods. On the
other hand, the MPRGP and MPPCG algorithms are usually better when the active set is
small because they benefit from long chains of CG steps for unconstrained minimization.
Additionally, it was briefly remarked that the SPG algorithm can find the solution only to
a limited precision.

In the following text, we will describe an SPG method, showcase the convergence of
the SPG and MPRGP-type methods, and finally develop a method combining MPRGP
and SPG.

5.2.3.1 Spectral Projected Gradient Method

The basic iteration of the standard gradient projection (GP) method along the feasible

direction [9] is given by
Ti1 = @k + vedy, = T + v (Po(@r — argr) — @)

where dy, is a feasible decrease direction for the objective function at @y, ag € [amin, ¥maz),
0 < Qmin < Qmaaz, is the step length parameter, and v, € (0, 1] is the line search parameter
determined by a backtracking procedure implementing a monotone Armijo rule [9] or its
nonmonotone version [81].

The GP method is described in Algorithm 5.8. Observe that for M = 1 at step 3 of
the algorithm, the standard Armijo rule is obtained, while for M > 1, a nonmonotone
Grippo-Lampariello-Lucidi (GLL) line search [81] is performed. A natural stopping criterion
for GP schemes is based on the decrease in the norm of the descent direction.

When the step length oy is defined by some type of Barzilai-Borwein step length (see
Section 4.1.1), the GP method is known as the spectral projected gradient method [80, 82].
The spectral prefix in the name is added because the step lengths sweep the spectrum of
the Hessian [83, 84].

Our implementation of the SPG method employs the box constraints-aware step length
rule BoxVABB,,in [83]. The BB2 step length defined by Equation (4.5) is modified according
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Algorithm 5.7: GP method
Input: xp € Q, 6,0 € (0,1), M €N, 0 < amin < Omaz, ¥ € [Qmin, ¥maz]

1 for k=0,1,...:

dy = Po (T, — apgr) — o,

vk =15 frep = max{f(xr—;), 0 <i < min(k, M — 1)}

while f(zg + vidi) > fref + ovkgl d:

v = 0v;

Thi1 = T + vidy

define the step length axi1 € [min, Mmaz)
Output: xx

N O ok woN

to the free set in the last two iterations

T

BoxBB2 __ [sk-1l7, | [Yr-1l7, |

Ozk = 5 7
Nyk—1lz,_, |l

where 75,1 is a subset of indices defined as follows:
Ty1= {17 2,... 7n} \ Tk—-1,
To—1 = {i | ([we—1]; = L Aze]; = L) V ([wp—1]; = wi A [ag]; = wi) )

The BoxVABBi, step length then reads

BoxBB2 ap PP

. ox . _ )

BOVAB B _ min {ozj ‘ j=max{l,k—mqy},..., k} if PP < T
abBl otherwise,

where m,, is a nonnegative integer, 71 € (0,1) and the parameter 73, is updated in accordance
with the following procedure:

BoxBB2
a

%’“ if — a1 < Tk
Th+1 = Qg

971,  otherwise

with 9 > 1.

5.2.3.2 Convergence of MPRGP-Type and SPG Methods

We monitored the convergence of the MPRGP, MPPCG, and SPG methods on the generated
box-constrained problems described in Section 3.3.1 to better understand the behavior
of these methods. The initial guess was set halfway between the box constraints. The
reported numbers of Hessian multiplications in the remainder of this section include the
Hessian multiplications used by the power method to determine the fixed step length for
MPRGP.

The MPRGP and MPPCG variants use the same parameters as those in the previous
section. The SPG algorithm parameters are ag = 1, min = 10710, aypae = 10%, M = 10,
o =10"%, 6§ = 0.5, and BoxVABB,,,;, step length rule uses 7 = 0.5 and mq, = 2.
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Figure 5.7: BQP1: Convergence curves for MPRGP, MPPCG, and SPG.
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Figure 5.9: BQP3: Convergence curves for MPRGP, MPPCG, and SPG.

Figures 5.7 to 5.9 compare the convergence of each method in terms of the relative
norms of the error and the projected gradient.

We can clearly see that the SPG method can achieve the norm of the relative error of
only about 107% and the norm of the relative projected gradient between 10~ and 10~1°
before it stagnates, while the MPRGP-type algorithms can converge up to the computer
precision (IEEE 754 double).

On the other hand, the SPG method converges to its maximum precision in approxi-
mately the same number of iterations for each problem, whereas the MPRGP-type methods
require more Hessian multiplications with the increasing percentage of active set compo-
nents, i.e., between problems. The increase in the number of Hessian multiplications is
relatively low for the MPPCG method and quite high for the standard MPRGP.

Additionally, we plot detailed convergence curves for each method and problem in
Figures 5.10 to 5.18, which include the number of correctly and incorrectly identified active
set components. Additionally, we refer to the relative norms of the error and the projected
gradient collectively as the relative error on the left y-axis. We note that the SPG method
is by far the quickest to identify the active set, and the number of Hessian multiplications
required to achieve 99.5% correct active set identification increases fairly slowly with the
increasing size of the active set. The MPPCG method is much faster at identifying the
active set than the standard MPRGP.

The inability of the SPG method to converge to higher precision seems to be related to
the failure in the GLL line search, which is indicated when v < eps||d||, where v is the
step length, eps is the machine epsilon?, and d is the descent direction. The failure means
that, given the direction d, there is no meaningfully large step length v for which there is

a sufficient decrease in the cost function. In such a case, we set v, = eps. The first failure

teps = 27°% & 2.22e—16
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of the line search is indicated in the convergence figures.
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Figure 5.17: BQP3: Progress of MPPCG.
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Figure 5.18: BQP3: Progress of SPG.

5.2.3.3 MPSPG Algorithm

The presented results indicate that a hybrid algorithm, leveraging the fast active set
identification of the SPG method combined with the efficient unconstrained minimization
of the MPRGP method and its capability to converge to high precision, would be of interest.

In principle, there are two possibilities for combining the two methods. The first one
is to start with the SPG method and then switch to the MPRGP or MPPCG method.
There are many heuristics for the switching criterion, such as reaching some norm of the
projected gradient, the active set not changing (sufficiently) for a number of iterations, and
the (infinity) norm of the descent direction d or the step length v being below a threshold.
The second option is to replace the expansion step in the MPRGP algorithm with an SPG
method.

Here, we present the second variant. We integrate the SPG algorithm by replacing the
expansion step in Algorithm 5.1 with Algorithm 5.8, using the same notation and parameters
as in Algorithm 5.7. We call the combined method MPSPG (Modified Proportioning with
Spectral Projected Gradient). Notice that the expansion step can now also release some
components from the active set.

We can omit the expansion half-step in line 1 in Algorithm 5.8 and move the com-
putation of dj, before the computation of o} in line 5 in Algorithm 5.1. This allows us
to merge the matrix-vector multiplication of Ap; and Adj into a single matrix-multiple
vectors multiplication, improving the locality of matrix entries and providing additional
opportunities for data reuse [85]. We call this variant with merged/fused matrix-vector

multiplication MPSPG{. It was shown in [86] that, with a good algorithm, the matrix-
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Algorithm 5.8: SPG expansion step

_ feas
1wk+%—wk—ak Pk

2 Gyl =Gk — al Apy

3 define the step length oy € [min, @maz] by BoxVABB iy
4 dk = PQ (mk+% —Oékgk+%) _mk—&—%

5 VL = 1

6 frep = max{f(@ 1), f(r—i), 0 <i <min(k, M - 1)}

7 while f(azmé +vpdy) > frep + auk(ngr%)Tdk:

8 v = 0

9 Tyl = ZCkJr% + I/kdk

10 Git1 =Gyl + v Ady,

11 P41 = g;{H

vector multiplication with two vectors achieves about 1.5 times the performance of two
matrix-vector multiplications with a single vector on a single thread. In parallel, and
especially with a large number of nodes, this speedup factor could be even higher. Our
preliminary tests in PETSc suggest that the factor can exceed 2.

A combination of the MPGP and SPG methods was proposed earlier in [87]. However,
the combination replaced the proportioning step with a variant of the SPG method. Since,
in our numerical experiments, the proportioning step is the least frequent step, we did
not consider any modifications to it. Analogous to our MPSPG algorithm, the MPGP
with SPG proportioning can both add and release the components of the active set in the

proportioning step.

5.2.3.4 Results

We use the BQP examples from the previous section and examples from the PERMON
library as our benchmarks. Specifically, the PERMON examples used are the 1D Poisson’s
contact problems exl, ex2 (Section 3.3.2), and the journal bearing problem jbearing2
(Section 3.3.3).

For each benchmark and solver, unless otherwise specified, we set the relative tolerance
to rtol = 10~%. All other parameters are kept the same as in the previous sections.

The results for each tested variant and benchmark are presented in Table 5.4. We
compare only the number of Hessian multiplications performed by each algorithm. In the
MPSPGf algorithm with the fused matrix-vector multiplication, we count the matrix times
two vectors as a single Hessian multiplication and report the number of matrix-vector
multiplications not counted in brackets. We leave it to the reader to assess the cost factor
of the matrix multiplying two vectors for their specific setting and machine. The variant
with matrix-vector multiplication counted once will be referred to as fused-best, while the
variant with the cost of 1.5 of multiplying two vectors compared to multiplying a single

vector will be referred to as fused-realistic. The table also contains geometric means (GM)
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of the speedups compared to the standard MPRGP algorithm. The geometric means for
the fused algorithms are reported for the fused-best variant, and then in brackets for the

fused-realistic variant.

Problem Notes MPRGP MPPCG SPG MPSPG MPSPGf
BQPL  rtol: 103 1726 714 208 262 219 (217)
BQP2 rtol: 10~% 3174 799 205 273 266 (265)
BQP3 rtol: 10~* 3910 1268 248 401 234 (231)
BQP1 rtol: 1076 2075 1175 579 745 592 (590)
BQP2 rtol: 1076 4299 1230 522 744 726 (465)
BQP3 rtol: 1076 6081 1735 604 1224 692 (688)
GM of BQP speedups 1 2.94 9.19 6.25 8.12 (5.54)
exl grid: 100 177 164 249 157 167 (165)
ex1 grid: 1000 3245 3037 2709 3946 29018 (2882)
exl grid: 5000 31657 25673 19806 74756 22541 (22232)
ex2 grid: 100 208 200 369 158 181 (178)
ex2 grid: 1000 2825 3366 3077 2993 2361 (2348)
ex2 grid: 5000 21525 16103 24505 20227 20767 (20543)
jbearing  grid: 50x50 154 142 154 135 139 (129)
jbearing grid: 100x100 318 335 358 346 322 (307)
jbearing  grid: 200x50 663 664 740 803 690 (659)
jbearing  grid: 400x25 1463 1559 1597 1700 1443 (1383)
GM PERMON ex. speedups 1 1.05 0.92 0.91 1.10 (0.74)
Overall GM of speedups 1 1.54  2.19 1.87 2.32 (1.57)
Table 5.4: Comparison of the number of Hessian multiplications. The note grid refers to

the number of discretization points in 1D or 2D.

The results are divided into the BQP problems, which have high ratios of expansion
steps to the overall number of steps (between 59% and 99% with an average of 80%) in
the MPRGP method, and into PERMON examples, which have high ratios of CG steps
(between 84% and 94% with an average of 91%).

Therefore, the SPG method and the MPRGP variants with faster expansion schemes
perform exceptionally well on the BQP problems, achieving a geometric mean of speedups
between 2.9 and 9.2.

On the other hand, all methods, except the fused-realistic variant, have an overall
performance within 10% of the MPRGP method in the PERMON examples. Only the
projected CG variant and the fused-best variant have slightly higher performance than the
standard MPRGP.

Overall, due to the huge gains for the BQP problems, the SPG method and the new
variants perform better, with the geometric mean of speedups between 1.5 and 2.3.

While the SPG method achieved the second-highest overall speedup, it does not converge
to high precision. The new methods combining the MPRGP and SPG methods do not
suffer, at least on the tested BQP benchmarks, from this phenomenon. We report the
results on the BQP problems with the relative tolerance rtol = 10~2 in Table 5.5, where

the standalone SPG method does not converge.
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Problem MPRGP MPPCG MPSPG MPSPGf
BQP1 2750 1787 1422 1274 (1272)
BQP2 4951 1932 1402 1249 (1248)
BQP3 6797 2463 1923 1360 (1355)
GM of BQP speedups 1 2.22 2.80  3.50 (2.33)

Table 5.5: Comparison of the number of Hessian multiplications on the BQP problems
with the relative tolerance of 10712,

The results are as expected when considering the convergence curves presented in
Section 5.2.3.2. Notably, the overall speedup of the new methods decreases as the ratio
of CG steps to the overall number of steps needed to achieve convergence increases.
Nevertheless, the presented expansion modifications maintain a large geometric mean of

speedups between 2.2 and 3.5.

5.3 Preconditioning MPRGP-Type Methods

As discussed in Section 4.2.3, preconditioning can significantly accelerate the CG method.
However, applying preconditioners to constrained QP problems is not straightforward. For

simplicity, let us consider only a lower bound-constrained QP

1
arg min iccTAa: —z'b st l<w.
X

Let us consider an SPD preconditioner matrix M and the application of a preconditioner
with this matrix as M !, as in Section 4.2.4. Using the split preconditioning to preserve

the symmetry of the Hessian, the cost function is transformed into

1
§:£TL_1AL_T£ — 2L ',

where M = LL” and & = L~7&. Due to the variable change, the bound constraints are

transformed into general linear inequality constraints®
1<L Tz

QP problems with linear inequality constraints are typically much more difficult to solve.
We will show in the following subsections how to incorporate preconditioning that does

not change the type of the constraints into the MPRGP-type methods.

5.3.1 Preconditioning in Face

Preconditioning in face was introduced in [88] for the Polyak algorithm [89], and its use is
described for the MPRGP algorithm in [10].

5Unless L™ is diagonal, e.g., when using a diagonal scaling preconditioner.
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The idea is to apply the preconditioning only on the free set. In order to achieve this,

we split the preconditioner matrix according to the free set and the active set

Then only the free gradient is preconditioned by a preconditioner computed solely on the

R N [ I

where M~ is the application of the preconditioning in face, while M ;]1; is an application

free set

of some standard preconditioner like incomplete Cholesky. The preconditioning in face
gives a sort of preconditioned free gradient zf. Note that the vectors are usually not
reordered in actual implementations.

Obviously, the major drawback is that the preconditioner must be recomputed or
at least updated every time the free set changes. One way to avoid recomputing the
preconditioner is to restrict the preconditioner not to the current free set, but to the set
that will never be active. Then the preconditioner needs to be computed only once. For
example, if only a part of the solution vector is constrained, the preconditioner can be
computed and applied only to the unconstrained part. Such problems arise in, e.g., contact
problems. In the particular case of the 3D cuboid contact of Section 3.3.4 with n x n x n
unknowns, only n? unknowns, i.e., at most 1/n of all unknowns, can become active. This
allows us to apply preconditioning to the remaining (n — 1) n? unknowns. In the following
subsection, we develop an alternative preconditioning method that avoids the need to

recompute the preconditioner without prior knowledge of the set that will never be active.

5.3.2 Approximate Preconditioning in Face

To avoid the need to recompute the preconditioner, it is possible to apply the full precon-
ditioner, which is denoted M_l, computed for the entire preconditioning matrix M, and

then zero out the active set components

= ! !
z = (zf> =M <97> = gmdien‘uSplitFTee(M_1 <QI>),

o o o

where the function gradientSplit ... () zeros out the active set components of a given vector
in the same way as computing the free gradient in Equation (5.1). The operator M ~! is
again the application of the preconditioner, which we call the approxzimate preconditioning in
face because it tries to approximate the preconditioned free gradient z/ from Equation (5.5).
The operator M s the application of some standard preconditioner, disregarding any
information about the free set.

Assuming M = A and the application of the preconditioner is the actual inverse, i.e.,
any matrix inverse notation for the rest of this subsection represents the inverse of the

matrix and not an application of some preconditioner, then the approximate preconditioner
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corresponds to the preconditioning by the Schur complement eliminating the active set

variables

— 1 (g} Mrr — MraM 7 Mar) 'g! S-1gf
o o o

Moreover, by expanding the expression further, we obtain

(S_lg_{r> _ ((M}Jlr + My rMzpa(Mas — MA}'M}_-}:MIA)_IMA}'M]?;:)Q;:>

o o

<(I + MzprMya(Mas — MAJ-‘M]?]I:M]—'A)lMAJ-‘)M]?]I-‘g§:>
o

Applying the preconditioner to the Hessian restricted to the free set instead of the free

gradient would result in
ST Arr =T+ MzpMza(Mas — MarMzyrMyza)~" Myr.
Given r = rank(M 47), the eigenvalues of the preconditioned operator S~!Arr are
=M= =Xy << \p.

The eigenvalues of the preconditioning in face would be equal to ones. Therefore, the

difference between the two preconditioners is only in rank(M 47) eigenvalues and the term
MzMza(Mag — MarMzr-Mra) "Mar

can be thought of as the error of the approximate preconditioning in face compared to the
standard preconditioning in face.

To illustrate the previous result, we plotted in Figure 5.19 the eigenvalues for the
journal bearing problem (Section 3.3.3) in the first iteration with the zero initial guess.
The difference between the preconditioning in face and its approximate variant is precisely
in the last 50 eigenvalues, since rank(M 4r) = 50. We note that those last 50 eigenvalues

are spaced throughout the interval starting at 1 and ending with some maximal eigenvalue.

To see how the condition number and the rank of the off-diagonal matrix M 4 change
throughout the iterative process, we plotted these quantities together with the free set
size for the 1D Poisson’s contact problem ex! (Section 3.3.2) and for the journal bearing
problem in Figures 5.20 and 5.21. Apart from the first iteration for the ezl problem,
the condition number of the preconditioned operator remained constant and was always
significantly lower than the condition number of the unpreconditioned operator. The
off-diagonal matrix rank was at most 4 for the 1D Poisson’s problem and grew moderately
from 25 to the maximum of 59 for the journal bearing problem, which represented only a

tiny fraction of the free set size where the preconditioning is applied.
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Figure 5.19: Eigenvalues of the journal bearing problem with 50x50 grid points (2,500
DOFs) preconditioned by the inverse matrix at iteration 0 (the free set size is 1,250, and
the rank of the off-diagonal block is 50).
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Figure 5.20: Condition number, free set size, and rank of the off-diagonal block for ex1
with 1,000 DOFs preconditioned by the inverse matrix.
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Figure 5.21: Condition number, free set size, and rank of the off-diagonal block for the
journal bearing problem with 400x25 grid points (10,000 DOFs) preconditioned by the
inverse matrix.

5.3.3 Preconditioned MPRGP and MPPCG Methods

The preconditioning is incorporated into the MPRGP-type methods in the same way as the
preconditioning for the steepest descent and CG methods is incorporated; see Section 4.2.4.
For completeness, the preconditioned MPRGP algorithm can be found in Algorithm 5.9.
The preconditioned MPPCG method is obtained by replacing the if...else block on lines
6-9 in Algorithm 5.9 with Algorithm 5.13.

Algorithm 5.9: Preconditioned MPRGP
Input: A, M~ x5€Q, b, T >0,ac (0,2]|A]|7}]
1 90:A$0—b, ZOZM_lgOfapUZZO) k=0
2 while ||g]|| is not small:
if ||gg||” < T/ 1

3

4 al® = max{a | z — apy € Q}

5 oy’ = gf. 21,/ Pj, Apx

6 if oY < agea‘g:

7 Preconditioned CG step - Algorithm 5.10

8 else:

9 Preconditioned expansion step - Algorithm 5.11;
10 else:
11 Preconditioned proportioning step - Algorithm 5.12;

12 k=k+1
Output: x;
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Algorithm 5.10: Preconditioned CG step

1 Ty =T — Oéigpk

2 g1 = gr — o)) Apy,

3 Zpy1 = M719£+1

4 By = p} Az /D] Apy,
5 Pk+1 = 2k+1 — BkPk

Algorithm 5.11: Preconditioned expansion step

o feas
1 ac,H_%—wk—ak Pk

2 gk_t,_% =9k — agwsAPk
38 Tyl = Pﬂ(kar% —agl)
4 gry1= Az — b

5 Zpt1 = M_lg;{H

6 Dipt1 = Zg+1

Algorithm 5.12: Preconditioned proportioning step

1 oyt = gi g/ (95)" Ag;

ol = max{a |z, — agf € O}
if akeas < ozzd:
sd __ feas
Q- = Qg

d
Tyl = T — Q3 Gy,
d
9r+1 = gk — @ Agj,
_ -1.f
zZp1 =M 9i11

0 N & oA W N

Pk+1 = Zk+1

Algorithm 5.13: Preconditioned projected CG step

1 Tpy1 = T — Oézgpk

2 if oY < afeas;

3 i1 =gk — o Apy,
4 zpn=MTgl

5 fr =D} Az1/D} ADy
6  Prir1= Zk+1 — BkDk
7 else:

8 Ty = Po(Trie)

9  Ggpt1= Az - b
10 Zk41 = M’lgi;_l
11 Pr+1 = Zk+1
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5.3.4 Results

The presented results were computed on a single core of the LUMI supercomputer (Sec-
tion 3.2.2). The stopping criterion was the relative tolerance of 10719, As far as we know,
these are the only results of the MPRGP-type algorithm showcasing the preconditioning in
face (results for partially constrained problems using deflation can be found in [10, 90, 91]).

Standard preconditioners available in PETSc with the default options were used to
compute the results. The Cholesky preconditioner is the application of the direct solver,
i.e., preconditioning by the inverse of the Hessian, using MUMPS. ICC is the incomplete
Cholesky factorization [92], and SSOR is the symmetric successive over-relaxation [93].

The CG method, applied to the system of linear equations preconditioned by the inverse
of the Hessian, will converge in a single iteration. That is not the case for the preconditioned
MPRGP-type methods because the active set needs to be identified. However, if we start
with the correct active set or once the correct active set is identified, the preconditioned
method converges to machine precision in a single iteration. In any case, since the inverse
preconditioner is the optimal preconditioner for the preconditioning in face in the sense of
preconditioning the Hessian on the free set, the number of Hessian multiplications for the
Cholesky preconditioner is a very interesting metric®.

Due to the inclusion of the preconditioner in each iteration, the number of Hessian
multiplications, while still of interest, cannot be used as a metric for comparison between
the methods. Therefore, timings and speedups based on the timings are provided.

The results for a number of problem sizes are presented in Tables 5.6 and 5.7 and
Tables 5.8 to 5.11 for the 3D linear elasticity cube contact problem” described in Section 3.3.4
and for the journal bearing problem described in Section 3.3.3, respectively. Columns S
and Sp; contain speedups. Sp is computed with respect to the same unpreconditioned
method, while Sy; is computed with respect to the unpreconditioned MPRGP method.

First, examining the performance of the standard MPRGP with the preconditioning
in face, the number of Hessian multiplications is significantly reduced compared to the
unpreconditioned method. This reduction is driven by a large decrease in the CG steps,
which is precisely what we would expect. The number of expansion steps appears to
be proportional to the preconditioner effectiveness, being the lowest for the Cholesky
preconditioner, followed by ICC, and finally SSOR. Compared to the unpreconditioned
method, the number of expansions was typically lower for the journal bearing problem
and higher for the elasticity problem. The number of proportioning steps follows similar
trends as the expansion steps, but the change between the preconditioners is much less
pronounced.

As for the new approximate preconditioning in face combined with the standard
MPRGP, the effectiveness in reducing the number of CG iterations is still there. However,

there is a further increase in the number of expansion steps, which is very noticeable in

5Although it cannot be taken as the lower bound on the number of Hessian multiplications needed by
the preconditioned MPRGP-type algorithm, despite this being the case in our numerical experiments.
"The contact condition is represented by upper bound constraints.
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journal bearing problems. The cause of the increase could be driven by the decrease in
the effectiveness of the approximate preconditioning in face compared to the standard
preconditioning in face. Overall, the number of Hessian multiplications usually increases
compared to the standard preconditioning in face, especially for larger journal bearing
problems. Despite this, the time needed by the approximate preconditioning in face is
significantly lower than the preconditioning in face (except for the ICC preconditioner
in Table 5.11, where the preconditioning in face is slightly faster). The variants of the
preconditioners in face applying the ICC preconditioner exhibited a speedup between 1.96
and 4.66 for the preconditioning in face, and between 4.28 and 6.43 for the approximate
variant on the journal bearing problem. However, they were much slower on the elasticity
benchmark, where they attained a speedup of at most 0.15 and 0.86 for the preconditioning
in face and its approximate variant, respectively.

Despite the preconditioning working, i.e., the number of CG steps is reduced, the
growth in the number of expansion steps limits the usefulness of the preconditioning.
Fortunately, we developed algorithms in Section 5.2 that are specifically designed to reduce
the number of expansions. Therefore, we applied the preconditioning to the MPPCG
method described in Section 5.2.1. The results show that the MPPCG method significantly
limits the number of expansion steps, while the number of CG and proportioning steps
is in the same ballpark, if not nearly identical, compared to the MPRGP method. Even
the unpreconditioned MPPCG method exhibits some speedup over the unpreconditioned
MPRGP. The preconditioning in face always performs better than the approximate variant
in terms of the number of Hessian multiplications, but worse in terms of the time to
solution. The approximate preconditioning in face exhibits small speedups even for the
SSOR preconditioner, ranging from 1.14 to 1.94. Equipping the approximate preconditioner
with ICC leads to very large speedups between 2.70 and 10.38. If the unpreconditioned
MPRGP is taken as the base, then the speedups range between 5.13 and 13.46.
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Method | Type Precond. | Hess. | CG | Exp. | Prop. | Time [s] Sy | Sy
MPRGP | None None 2030 | 1262 | 381 ) 1.81 | 1.00 | 1.00
MPRGP | Face Cholesky 788 5| 389 4 227.16 | 0.01 | 0.01
MPRGP | Approx | Cholesky 817 28 | 392 4 9.51 | 0.19 | 0.19
MPRGP | Face (6] 1154 95 | 526 6 20.65 | 0.09 | 0.09
MPRGP | Approx | ICC 1357 99 | 626 5 2.17 1 0.84 | 0.84
MPRGP | Face SSOR 1617 178 717 4 1594 | 0.11 | 0.11
MPRGP | Approx | SSOR 1642 | 191 | 723 4 2.31 1 0.78 | 0.78
MPPCG | None None 1054 | 864 92 5 0.95 | 1.00 | 1.90
MPPCG | Face Cholesky 12 5 1 4 6.24 | 0.15 | 0.29
MPPCG | Approx | Cholesky 35 28 1 4 1.22 | 0.78 | 1.48
MPPCG | Face (6] 117 83 14 5 3.26 | 0.29 | 0.56
MPPCG | Approx | ICC 163 | 127 15 5 0.35 | 2.70 | 5.13
MPPCG | Face SSOR 257 | 192 30 4 3.73 1 0.26 | 0.49
MPPCG | Approx | SSOR 285 | 202 39 4 0.49 | 1.94 | 3.68

Table 5.6: Results for preconditioning the 3D linear elasticity cube contact problem with
10x20x40 finite elements (28,413 DOFs).

Method | Type Precond. | Hess. | CG | Exp. | Prop. | Time [s] Sp | Sm
MPRGP | None None 6544 | 3590 | 1472 9 88.51 | 1.00 | 1.00
MPRGP | Face Cholesky | 1818 6 903 5 | 14883.00 | 0.01 | 0.01
MPRGP | Approx | Cholesky | 3095 44 | 1522 6 439.77 | 0.20 | 0.20
MPRGP | Face ICC 4258 | 209 | 2020 8 594.58 | 0.15 | 0.15
MPRGP | Approx | ICC 5446 | 350 | 2544 7 102.93 | 0.86 | 0.86
MPRGP | Face SSOR 5964 | 371 | 2793 6 487.90 | 0.18 | 0.18
MPRGP | Approx | SSOR 6040 | 405 | 2814 6 152.52 | 0.58 | 0.58
MPPCG | None None 2766 | 2269 244 8 37.93 | 1.00 | 2.33
MPPCG | Face Cholesky 14 6 1 ) 212.37 | 0.18 | 0.42
MPPCG | Approx | Cholesky Y 43 3 7 30.19 | 1.26 | 2.93
MPPCG | Face 1CC 344 212 60 11 72.38 | 0.52 | 1.22
MPPCG | Approx | ICC 473 | 297 84 7 10.38 | 3.65 | 8.53
MPPCG | Face SSOR 696 | 439 125 6 82.46 | 0.46 | 1.07
MPPCG | Approx | SSOR 715 | 443 132 7 22.55 | 1.68 | 3.93

Table 5.7: Results for preconditioning the 3D linear elasticity cube contact problem with

20x40x80 finite elements (209,223 DOFSs).
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Method | Type Precond. | Hess. | CG | Exp. | Prop. | Time [s] Sy | Swm
MPRGP | None None 2884 | 2660 69 85 0.33 | 1.00 | 1.00
MPRGP | Face Cholesky 157 78 0 78 1.95 | 0.17 | 0.17
MPRGP | Approx | Cholesky 494 79 | 165 84 1.63 | 0.20 | 0.20
MPRGP | Face ICC 179 | 100 0 78 0.17 | 1.96 | 1.96
MPRGP | Approx | ICC 308 79 72 84 0.05 | 6.43 | 6.43
MPRGP | Face SSOR 999 | 732 93 80 0.77 | 0.43 | 0.43
MPRGP | Approx | SSOR 994 | 666 | 122 83 0.21 | 1.59 | 1.59
MPPCG | None None 2348 | 2218 25 79 0.27 | 1.00 | 1.24
MPPCG | Face Cholesky 157 78 0 78 1.95 | 0.14 | 0.17
MPPCG | Approx | Cholesky 197 97 10 79 0.91 | 0.29 | 0.36
MPPCG | Face ICC 179 | 100 0 78 0.17 | 1.59 | 1.96
MPPCG | Approx | ICC 208 87 19 82 0.04 | 7.28 | 9.01
MPPCG | Face SSOR 748 | 623 22 80 0.60 | 0.44 | 0.55
MPPCG | Approx | SSOR 858 | 699 38 82 0.19 | 1.42 | 1.76

Table 5.8: Results for preconditioning the journal bearing problem with 400x25 discretiza-
tion points (10,000 DOFs).

Method | Type Precond. | Hess. | CG | Exp. | Prop. | Time [s] Sp S
MPRGP | None None 7789 | 6989 306 187 3.30 1.00 1.00
MPRGP | Face Cholesky 309 154 0 154 35.22 0.09 | 0.09
MPRGP | Approx | Cholesky 856 150 274 157 10.50 | 0.31 0.31
MPRGP | Face ICC 366 | 189 11 154 1.29 | 2.56 | 2.56
MPRGP | Approx | ICC 1092 128 379 205 0.65 5.11 5.11
MPRGP | Face SSOR 3168 | 1633 667 200 8.29 | 0.40 | 0.40
MPRGP | Approx | SSOR 4928 | 2344 | 1173 237 3.71 0.89 | 0.89
MPPCG | None None 7286 | 6578 | 260 187 3.03 | 1.00| 1.09
MPPCG | Face Cholesky | 309 | 154 0 154 35.16 | 0.09 | 0.09
MPPCG | Approx | Cholesky 421 196 33 158 7.09 | 043 | 047
MPPCG | Face 1CC 352 191 3 154 1.26 2.40 2.61
MPPCG | Approx | ICC 454 154 64 171 0.29 | 10.38 | 11.30
MPPCG | Face SSOR 2066 | 1538 159 209 6.14 | 0.49 | 0.54
MPPCG | Approx | SSOR 2823 | 1970 308 236 2.25 1.35 1.47

Table 5.9: Results for preconditioning the journal bearing problem with 800x50 discretiza-
tion points (40,000 DOFs).
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Method | Type Precond. | Hess. | CG | Exp. | Prop. | Time [s] Sy | Swm
MPRGP | None None 12022 | 9389 | 1199 234 9.95 | 1.00 | 1.00
MPRGP | Face Cholesky 309 | 154 0 154 75.85 | 0.13 | 0.13
MPRGP | Approx | Cholesky | 1839 | 148 | 765 160 39.96 | 0.25 | 0.25
MPRGP | Face ICC 507 | 222 64 156 3.32 | 3.00 | 3.00
MPRGP | Approx | ICC 1920 | 140 | 772 235 2.16 | 4.60 | 4.60
MPRGP | Face SSOR 4634 | 1971 | 1226 210 22.85 | 0.44 | 0.44
MPRGP | Approx | SSOR 7330 | 2667 | 2185 292 10.45 | 0.95 | 0.95
MPPCG | None None 8906 | 7809 | 440 216 7.39 | 1.00 | 1.35
MPPCG | Face Cholesky 309 | 154 0 154 75.86 | 0.10 | 0.13
MPPCG | Approx | Cholesky 459 | 208 46 158 15.35 | 0.48 | 0.65
MPPCG | Face ICC 457 | 217 38 163 3.10 | 2.38 | 3.21
MPPCG | Approx | ICC 1042 | 169 | 274 324 1.17 | 6.29 | 8.47
MPPCG | Face SSOR 2853 | 1913 | 357 225 16.24 | 0.46 | 0.61
MPPCG | Approx | SSOR 2996 | 1961 409 216 4.64 | 1.59 | 2.14

Table 5.10: Results for preconditioning the journal bearing problem with 800x100 dis-

cretization points (80,000 DOFs).

Method | Type Precond. | Hess. CG | Exp. | Prop. | Time [s] Sp S
MPRGP | None None 37044 | 28703 | 3844 652 60.14 | 1.00 | 1.00
MPRGP | Face Cholesky 617 308 0 308 31732 1 0.19 | 0.19
MPRGP | Approx | Cholesky | 3612 244 | 1525 317 156.26 | 0.38 | 0.38
MPRGP | Face ICC 987 357 | 159 311 1291 | 4.66 | 4.66
MPRGP | Approx | ICC 6225 250 | 2738 498 14.06 | 4.28 | 4.28
MPRGP | Face SSOR 14072 | 5986 | 3780 525 144.25 | 0.42 | 0.42
MPRGP | Approx | SSOR 25871 | 8442 | 8281 866 73.02 | 0.82 | 0.82
MPPCG | None None 25166 | 21632 | 1509 515 40.40 | 1.00 | 1.49
MPPCG | Face Cholesky 617 308 0 308 31743 1 0.13 | 0.19
MPPCG | Approx | Cholesky 887 379 93 321 59.38 | 0.68 | 1.01
MPPCG | Face 1CC 776 368 42 323 11.15 | 3.62 | 5.40
MPPCG | Approx | ICC 1976 238 | 564 609 4.47 | 9.04 | 13.46
MPPCG | Face SSOR 9609 | 6194 | 1346 722 113.18 | 0.36 | 0.53
MPPCG | Approx | SSOR 11661 | 6902 | 1982 794 35.32 | 1.14 | 1.70
Table 5.11: Results for preconditioning the journal bearing problem with 1600x100 dis-

cretization points (160,000 DOFs).







Chapter 6

Quadratic Programming with

Linear Equality Constraints

This chapter presents several ways to solve QP problems with the feasible set given by a

linear equality
Q={xecR"|Bx=c}.

First, we present methods based on the KKT conditions that are capable of solving QP
problems with linear equality constraints exactly. Then we turn to iterative solvers that
allow some violations of the constraints. Among the iterative methods, we review the
penalty method and then improve upon its idea in augmented Lagrangian-type methods.
The augmented Lagrangian solver presented here will be used in the following section,

where we solve QP problems with linear inequality constraints.

6.1 Solution Methods Based on KKT Conditions

Assume, for simplicity, that the matrix B has full row rank, but not necessarily full column

rank'. Writing the Lagrangian of the linear equality-constrained problem
1
L(z,A) = imTA:B —z"b+ (Bz —¢)" A, (6.1)
the KKT conditions of Section 2.4.1 are

VeL(x,A) = Az —b+B'Ax =0 (6.2)
VaL(x,A\) = Bx —c=o.

These can be written compactly as the KKT saddle point system

(2 5)()-C)

!See [94] for when this is required.
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that can be solved iteratively by the MINRES Krylov subspace method or, if the system is
small, by a factorization method [94]. Alternatively, by eliminating the primal variable

from the KKT system, assuming A is positive definite, we obtain
BA'BTA=BA 'b—c,

which can be solved by the CG method or other methods? of Chapter 4. This approach
is known as the range space method [10] and is used in the following Chapter 7 in the
derivation of the FETI method.

If we have available a particular solution Z,
Bz =c,

and a matrix Z with columns spanning the null space of B, then every feasible solution
can be described as
r=2Zy+T. (6.3)

We substitute the above equation into the first KKT condition (6.2), obtaining
AZy+AZ—-b+B"A=o.
Pre-multiplying by Z7T, noting Z7 BT = O, and reordering, we obtain
ZTAZy=27" (b- Az).

Solving for y (again by the methods of Chapter 4) and substituting back into Equation (6.3),
we obtain the primal solution. Notice that we only had to solve a system reduced to the
null space of B, which gives the approach its name, the null space method [94]. This
approach can be adapted by employing the projectors onto the null space of B instead of

using the null space basis Z directly, as shown in Section 7.1.2.

6.2 Penalty Method

A simple way to enforce the equality constraints is to enhance the cost function in such a
way that the violation of the constraints is penalized. In the quadratic penalty method, we

minimize the unconstrained penalized cost function
_ p 2
fo(@) = f(@) + 2B — e,

where p > 0 is the penalty parameter and ||Bx — c||? is the penalty function [10]. If the
penalty parameter p were infinite, then the minimizer of the penalized cost function would
be the exact solution to the equality-constrained problem. In practice, a large enough

parameter is chosen so that the violation of the linear equality constraints

||Bz — cl]

2An iterative method is typically preferable to avoid the need to assemble the Hessian BA 'BT.
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is small. If the violation of the constraints is not sufficiently small, then a larger value of
the penalty needs to be chosen, and the optimization must be repeated. However, this
leads to a balancing act, as large penalty values typically slow down the convergence of the

unconstrained solver.

6.3 Augmented Lagrangian Methods

Instead of estimating and possibly needing to update the penalty parameter, we can
explicitly include the Lagrange multipliers in our unconstrained minimization. We denote

the augmented Lagrangian function
L(@ X p) = L(@,A) + 5||Bz —cl* = f(a) + AT (Bx —¢) + £||Bz — |

where we augmented the Lagrangian (6.1) with the quadratic penalty from the previous
section.
The iterative process of minimizing the augmented Lagrangian and updating the

estimate of the Lagrange multiplier
Aer1 =X +p (B:I)k — C)

is known as the method of multipliers [95] or a variant of the ezact augmented Lagrangian
algorithm [10]. It can be shown that the Lagrange multipliers converge to the dual solution
[10], and thus ¥ converges to the primal solution (as we have a convex problem under
linear constraints qualification; see Section 2.4.1).

We can solve the unconstrained minimization of the augmented Lagrangian inexactly
by some iterative algorithm of Chapter 4. Therefore, we have an outer loop improving
the approximation of the Lagrange multipliers and an inner solver for the unconstrained
problem. Moreover, there is no need to solve the inner problem to high precision at the
beginning of the iterative process when the Lagrange multipliers are far from the solution.
Therefore, we link the precision of the inner solver to the violation of the linear equality
constraints. Increasing the value of the penalty p will speed up the outer loop but, similarly
to the penalty method, it can slow down the inner solver. Therefore, we update the penalty
only if sufficient progress has not been made by the method. It turns out that sufficient
progress can be linked to a sufficient increase in the value of the augmented Lagrangian. If

the inequality
k
L(@ps1 M1 1) < L@ M prot) + 5[ Bayss — el

holds, we say that the progress is not sufficient [10]. This variant is known as the
semimonotonic augmented Lagrangian (SMALE) method, or more specifically as SMALE-p,
which is summarized in Algorithm 6.1.

Instead of increasing the penalty value p to achieve a sufficient increase in the augmented

Lagrangian, we could solve the inner problem to higher precision by decreasing the value
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Algorithm 6.1: SMALE method
Initialize: xg, Ao, Mo >0, p0 >0,5>1,17>0,k=0
1 while [lg(zg A, pi)l| > el[bl] V [ Bay — l| > e]|b]:
Akt1 = A + pr (Bxp — )
find @11 such that ||g(®g+1, Ak+1, pk)|| < min(Mg||Bxg11 — cl|,n)
if L(@k11, Aks1, o) < L@, Ak, pr—1) + 5| B — c|*:
Pr+1 = Bpk
else:
Pk+1 = Pk
M1 = My
k=k+1

© 000 N O ok W N

of My, i.e., replacing line 5 in Algorithm 6.1 with
M,
3
This variant is known as SMALE-M and is used for the solution of QP problems with
linear equality constraints in this thesis.

The SMALE method is quite flexible in the sense that it takes care of the equality

constraints but does not affect other constraints, if present. For example, having the

My =

feasible set include constraints such as the bound constraints, i.e.,
Q={xzecR"|l<zANBzx=c},

we can swap the inner solver for one of the solvers of Chapter 5 that is capable of solving
bound-constrained problems, and we update the stopping criteria to those appropriate
for the new inner solver, i.e., replace gradients on lines 1 and 3 of Algorithm 6.1 with the
projected gradient. In this case, SMALE using MPRGP as the inner solver is also known
as SMALBE [10]. The SMALBE method is used in the next chapter to solve problems

with linear inequality constraints.



Chapter 7

Quadratic Programming with

Linear Inequality Constraints

QP problems with linear inequality constraints
Q={xecR"|Bx<c}

can be quite challenging to solve. In our research, we prefer to solve these problems using
dualization. The drawback of dualizing linear inequality-constrained QP problems is that
a solve with the Hessian matrix features in the formulation. If this dual formulation is
plugged into an iterative solver, then there can be a large number of solves with the Hessian
matrix. In order to accelerate these solves, we prefer to use FETI-type (finite element
tearing and interconnecting) methods [96]. While originally the FETI method featured
dualization only as a means to the end of solving large-scale problems arising from the
finite element method [7], we prefer to consider FETI the other way around, i.e., as a
method to minimize the cost of the solves with the Hessian matrix in the dual formulation.
Furthermore, FETI methods can be used to naturally treat discontinuities, as described
for a slope stability problem in [97].

We will derive FETT in the following section and briefly note some of our improvements
to the method. The second section of this chapter presents several results using FETI or
standalone dualization.

The contributions of the author in this chapter are in improving the scalability and
energy efficiency of the FETI methods, and in applying QP methods to solve contact
problems using FETI or a standalone dualization. Most of the contributions are in software
implementation, QP solution strategies, and numerical experiments. The results are
supported by [4, 64, 65, 82, 96, 98-101] articles and [97, 102-107] conference proceedings.

7.1 Finite Element Tearing and Interconnecting

In this section, we will follow the descriptions of the Total FETI (TFETI) method as seen

in [8, 96, 108, 109]. For ease of cross-referencing, we temporarily adopt the notation used

99
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in these references. The solution vector @ is u, the right-hand side b is f, the Hessian A is
denoted K, and €2 is the problem domain. Since the problems in the descriptions of FETI
originate from mechanics, e.g., linear elasticity problems, the Hessian K is often referred
to as the stiffness matrix, the right-hand side f is the load vector, and the solution vector
u is the displacement vector.

Broadly speaking, the FETI method decomposes (tears) the problem into a number of
subproblems assembled on non-overlapping subdomains (the unknowns are duplicated at
the interfaces). The subproblems can essentially be solved independently, but the continuity
of the solution across the subdomains (interconnecting) has to be enforced. Lagrange
multipliers are introduced to enforce the continuity of the solution. Dirichlet boundary
conditions can also be enforced by Lagrange multipliers, which make all of the subdomains
floating, i.e., the stiffness matrix of each subproblem has a non-empty null space. This
variant of the FETI method is known as Total FETI [8]. See Figure 7.1 for an illustration
of the TFETI domain decomposition.

> v
@) Q h

> 0 A
Q Ll Q-

1

A

Figure 7.1: TFETI domain decomposition with outlined discretization.

Given a domain 2 decomposed into N non-overlapping subdomains €2, s € {1,..., Ny},
let each subdomain have a stiffness matrix K, a prescribed nodal load vector fs, and
a displacement vector us. Furthermore, let the matrix Bg have entries —1, 0, and
1, describing the subdomain interconnectivity. Specifically, for an unknown that was
duplicated on the interface, a row of Br contains —1 in the column index corresponding to
the unknown in one subdomain and +1 in the column index corresponding to the unknown
in the other subdomain. In the case of using B to enforce a Dirichlet boundary condition,
an additional row containing a single 1 is added. Then the problem of finding the reaction

(displacement) vector u caused by the force f exerted on the domain {2 is

1 Bru <
argmin —u’ Ku — fTu s.t. r=er (7.1)
u 2 BEu = CEg
where
K, fi u
K = . ) .f = ’ u = 9
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where the inequality constraints represent the non-penetration conditions for contact.

7.1.1 Dualization
Let us introduce the Lagrangian function associated with the problem (7.1)
1
L(u,A) = iuTKu —u'f+(Bu—c)' A,
where
T T T
B = [Bg,Bﬂ ) c= [cg,cﬂ , A= [}\T,)\ﬂ .
The dimension of the matrix B is Ny x N, where N, is the primal dimension and Ny is
the number of Lagrange multipliers — dual dimension. We will assume that B is full row

rank, which can be achieved, e.g., by limiting that an unknown is present in at most one
inequality [109]. The KKT conditions are by Section 2.4.1

VuL(u,\) = Ku— f + BT = o, (7.2)
Va,L(u,A\) = Bpu — cg = o, (7.3)
Va,L(u,A\) = Bru — ¢; < o, (7.4)

M (Bru —¢j) = o, (7.5)

Ar>o. (7.6)

The first equation (7.2) is solvable if and only if
(f-B™A\) cImK < RT(f - BT)\) = o, (7.7)

where R € RV >Nt columns are the null space vectors of K, and Ny = N, — rank(K).
Multiplying the last equation by K and writing the zero right-hand side as K R = o,

which is true for any a € RV, gives
Ku— f+ B\ = KRo.

Multiplying the last equation by a left generalized inverse K, i.e., KKTK = K, and

rearranging yields the solution u
u=K"(f - BTA\) + Ra, (7.8)

with unknowns A and a. The generalized inverse is typically realized by a direct solver,
which is MUMPS in our case, using either the fixing nodes [110] or projectors onto the
range of the stiffness matrix K [104]. We note that sparse graph reordering algorithms
can greatly improve the factorization of the stiffness matrix in terms of factorization speed,
solve time, and memory requirements, as we demonstrated in [102].

Substituting u into the second to fourth KKT conditions (7.3) to (7.5) yields

[VAL(w, N = |-BK*B"A+ (BK* f —¢c) + BRa}E = o, (7.9
[VAL(w,N)]; = [-BK*B'A+ (BK*f —¢) + BRa]] <o, (7.10
A [-BK*B"X+ (BK"f - c) + BRa/ =0 (7.11
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and together with the fifth KKT condition A; > o and with the solvability of the first
KKT condition R (f — BTA) = o (Eqgs. (7.6) and (7.7)) represent the KKT conditions

for

A,[207

1 1
aremax —— A BKTBTA+ A (BKTf—c)—-fTKTf st.
gl 5 ( f—c 2f f RTBTA— RTf.

(7.13)

Denoting

F =BK'BT, G = RTBT,
e=R"f, d=BK"f —c,

omitting the constant term and changing the sign in Equation (7.13), we obtain the dual

formulation
1 Ar>0
argmin =ATFA—ATd st f= (7.14)
by 2 G\ =e.
Note that if the Hessian matrix of the primal problem K is nonsingular, e.g., if the
problem is not decomposed into subdomains and the Dirichlet boundary conditions are
incorporated into K, then the dual formulation is only bound-constrained with no equality

constraints.

7.1.2 Improving Dual Formulation

To improve the dual formulation, we first homogenize the equality constraints in the same
way as in Equation (2.2). Splitting A into Apy, € Im GT and Aker € Ker G so that

A = Aim + AKer- (7.15)
The solution on the image of GT is the least squares solution
A = GT(GGT) Le.

Since Apy is known, rewriting the dual formulation (7.14) in the unknown Age, yields the

homogenized dual formulation

1 Akerl; = = [Amm
arg min 5)‘£erFAKer—A£er (d — Fm) St [AKer] 7 [Amm) 7

(7.16)
AKer GXker = 0.

In the FETI methods, to improve the convergence of iterative solvers applied to the
dual problem formulation, a projector onto the natural coarse space [111] is introduced.
This projector accelerates convergence by propagating information throughout the problem
globally.

The projector is onto the null space of G and is defined by

P=pP'-1-G"GG"'G=1-Q.
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Applying the projector symmetrically to the homogenized dual formulation (7.16) yields
the final dual formulation for the FETI method

1 A er Z - A m
arg min *AﬂerPFP)\Ker - )\gerP (d — Fpy) st [AKer] [Atm];
/\Kcr 2 GAKer = 0.

We note that the projector would be sufficient on its own to enforce the equality constraints
if there were no bound constraints in the dual formulation, i.e., if there were no linear
inequality constraints in the primal formulation. If the linear inequality is not present,
the dual formulation is solved by the conjugate gradient method'. Otherwise, we use the
SMALE method of Section 6.3. The SMALE inner problem reads

1
arg min A (PFP + ,oGTG) Aker — Moo P (d— FAm)  ste [Akerl; > — [Aml; s

)\Ker
(7.17)
which is solved by an MPRGP-type algorithm of Chapter 5.

If the matrix GG' is decomposed using Cholesky factorization
GG =LL",
then scaling the equality constraints by L~!, we have
L 'GXker = 0,
and the term added by the quadratic penalty is
gHL_lG)\KerH? = gxﬁerGT (L‘l)TL_lG)\Ker
= k6" (66" )" s = E N er @i
Then our final formulation of the SMALE inner problem can be written as

1
arg min §>\§er (PFP + pQ) Aker — A: P (d — FAp) s.t. Akerl; > — [Am); -

)\Ker

The approach is known as an implicit orthogonalization of the equality constraints [24].
The Hessian of this final formulation has a better spectrum than the Hessian of formulation
(7.17) [108], unless G has orthogonal rows, in which case the formulations are equivalent.
Indeed, the final Hessian eigenvalues are those of PF P, except for the zero eigenvalues,
which are shifted to p. This is due to the fact that P is the orthogonal projector onto
Ker G, and Q is the orthogonal projector onto Im GT. Formally, let PF Pvge = [iKerVUker,
then
(PFP + pQ) VKer = HKerVKer

and note that F' is positive definite on Ker G [109], so that zero eigenvalues come from the

null space of the projector, which is Im G*'. Moreover, for any v, € Im G*

(PFP + pQ) Ulm = PUIm-

1Only one application of the project P is required in this case.
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Therefore, there are dim (Ker G) and dim (Im GT) nonzero eigenvalues, which are equal
to the nonzero eigenvalues of PF P and p, respectively.

After obtaining A, we find a from the KKT conditions (7.9) to (7.11). By the KKT
condition (7.11), the KKT condition (7.10) is zero only if A; > 0. Denoting the active set

A=EU{i| X\ >0},
we have from the KKT conditions (7.9) and (7.10)

[-BK*B A+ (BK*f-c)+ BRa}A ~o.

Substituting F = BAK*+ (B4)?, d = B4K"f — c4, and G = RT (B4)" into the above

equation, we have

—Fay+d+GTa=o,
~ ~ ~ PUPUSI P
Gla=Fx,-d [(GGT) G-
PP P ~
a= (GGT) G (FAA - d) :
With both A and « known, the primal solution w is obtained from Equation (7.8).

7.1.3 FETI Condition Number and Preconditioning

Suppose that the domain  of a Poisson or elasticity problem (without the linear inequality
constraints) is a regularly discretized square or cube with the subdomain size H and
discretization parameter h (as in Figure 7.1). Then we have the following estimate of the
(T)FETT method condition number [8, 111]:

k(PF|Im P) SC%. (7.18)

The FETI preconditioners, introduced in [111], can further improve convergence.
Splitting the indices of DOFs into internal ¢ and boundary b (all DOFs that have
associated Lagrange multipliers) index sets, the stiffness matrix K can then be divided
into blocks
o [E )
K Ky,

Decomposing the matrix B into subdomain constraint matrices B® so that B = [B L...BN S} ,

the subdomain constraint matrix B® can be rewritten as
B =[0 Bj

where Bj is formed by the columns corresponding to the interface DOFSs, while the
remaining columns are all zero and correspond to the internal DOFs, as the constraint

matrix acts only on the interface.
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The theoretically optimal Dirichlet preconditioner reads

O O Ne
Sy [ ] (B*) =Y B;S;,(B)" = BSB",
s=1 bb s=1

where S}, is the Schur complement eliminating the block K3 related to internal DOFs

with respect to the subdomain stiffness matrix K*,

Siy = Kij, — (K3)" (K3) ™ K,

O O O O
soan([2 2].[2 2]).
o S, o S,

A cheaper variant is the lumped preconditioner

and

O O T T T
Z B¢ (B*)" => B;jK;,(B;)' = BKB'.
s=1 o Kbb s=1
The lumped preconditioner is not numerically scalable; however, it is more economical
than the Dirichlet preconditioner.

Using Fp,', the original condition number estimate (7.18), with some reasonable

restrictions on the constraint matrix B, improves as [112]
H 2
k(PF,'PF|Im P) < C (1 + log h) .

No such theoretical improvement has been proven with the lumped preconditioner F; L
On the other hand, the lumped preconditioner is much cheaper to compute and potentially

apply than the Dirichlet preconditioner F, L

7.1.4 FETI: Further Improvements and Beyond Finite Elements
7.1.4.1 FETI Coarse Problem

The solution of the coarse problem (GGT>_1 involved in the projector P becomes a
bottleneck when the number of subdomains is large. For problems with linear inequality
constraints, or when using the preconditioners from the previous subsection, this bottleneck
is magnified, as these problems require two CP solutions in each iteration of the solver.

In [104], we have shown that the coarse space projectors can be avoided when using the
Moore-Penrose inverse instead of only the left generalized inverse as K. Moreover, the
article demonstrates how to easily obtain the Moore-Penrose inverse from a left generalized
inverse. For problems with linear inequality constraints, one coarse problem still remains
when using an augmented Lagrangian method. However, this coarse problem can be solved
inexactly. The modification is known as the projector-avoiding FETI method.

Hybrid FETI methods [113] were introduced to further reduce the cost of the coarse

problem. They group subdomains into a number of clusters at the primal level. Since the
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size of the coarse problem in TFETTI is equal to the number of subdomains times the defect
of any subdomain (e.g., six rigid body modes in 3D elasticity), connecting m x m x m
subdomains into clusters reduces the coarse problem size by a factor of m? in 3D%. The
subdomains in clusters can be connected by edge averages [99, 103]. However, the hybrid
methods exhibit slightly worse convergence.

In any case, efficient strategies to solve the coarse problem are required [64]. The
deflated conjugate gradient method, together with these strategies, has been shown to be

very effective in solving this problem in Section 4.3.9.

7.1.4.2 Energy Efficiency

Energy efficiency is a hot topic in supercomputing. It turns out that the energy efficiency
of algorithms can be improved by dynamically changing the operating parameters of the
hardware depending on the part of the application being executed, e.g., stiffness matrix
factorization. The author’s own work on the topic was a contribution to energy measurement
software and methodology development, and experiments with the FETI method and BLAS
routines used in FETI, consisting of changing the processor core frequency, as detailed in
[101, 105-107].

7.1.4.3 Boundary Element Method

The FETI scheme can, in principle, be applied to any problem for which non-overlapping
subproblems can be constructed, and the continuity of the global solution can be enforced
by linear equality constraints. An easy extension is to use the boundary element method
instead of the finite element method. It was shown in [98] that the condition number
of a 2D model scalar problem is essentially better for the boundary element tearing and
interconnecting (BETI) method

K (FETI) 32

—_ L — =1 h .
= (BETI) — 7 88 as — 0

The drawback of the BETI method is that it is usually more expensive in the operator

assembly phase but can be less expensive in the solve phase.

7.2 Results

7.2.1 Solution of Large Scale Contact Problems of Mechanics

The Figures 7.2 and 7.3 illustrate the performance of the projector-avoiding TFETI method
on the 3D linear elasticity (Section 3.3.4) computed on Salomon (Section 3.2.4) with
the relative tolerance of 1075, The SMALE-M parameters were n = 0.1, p = 1.1]|A]|,
M = 100||A]|, and B = 10. The MPRGP parameters were I' = 1 and @ = 1.9||A||~!. The

scalability is demonstrated up to 15,625 cores and 1.2 billion unknowns. The size of the

2In 2D, with clusters consisting of m x m subdomains, the reduction factor would be m?2.
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subdomains is kept constant (303 elements for 73,167 DOFs). We can observe some growth
in the number of Hessian multiplications and the time to solution because the size of the
contact interface increases. Overall, the projector-avoiding TFETI method exhibits better

scalability and achieves a speedup of 1.7 on the largest problem compared to the standard
TFETI method.

TFETI —— P-less —%— P-less inexact
800 I \ \ B
700
600
5 500
€
E 400 e :
a
200 -~ —
100 - —
0 | | |
1000 2197 4096 8000 15625
81,812,703 179,329,413 333,853,923 651,245,403 1,270,694,253
Subdomains
DOFs

Figure 7.2: Numerical scalability comparison of the TFETI method and its projector-
avoiding (P-less) variants on the 3D linear elasticity cube contact problem. The inexact
method solves the one remaining coarse problem inexactly with the CG method with the
relative tolerance of 1072, One subdomain is assigned to one core [104].
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Figure 7.3: Scalability comparison of the TFETI method and its projector-avoiding (P-less)
variants on the 3D linear elasticity cube contact problem. The inexact method solves the
one remaining coarse problem inexactly with the CG method with the relative tolerance of
1072, One subdomain is assigned to one core [104].

7.2.2 Preconditioned FETI for Elastoplasticity

In [100], we compared the FETI preconditioners on a 3D elastoplastic 4 x 2 x 1 mm
cuboid, similar to the linear elasticity cuboid problem of Section 3.3.4, but without contact.
The model parameters are the same as in Section 3.3.4 except for the Young’s modulus
E =200 GPa and additional parameters o, = 450 MPa and H,, = 100 GPa, which are
the initial yield stress and the hardening modulus, respectively.

The problem consists of a solution for a single time step, with the nonlinear operator
linearized by a semismooth Newton method. See [100] for a complete problem and algorithm
description. In each Newton iteration, a linear elasticity problem is solved with FETI to
the relative tolerance of 107%. The semismooth Newton method required 5 iterations to
satisfy the relative stopping criterion of 1074

Figures 7.4 and 7.5 illustrate the performance of the FETI preconditioners on 8 x4 x 2 =
64 to 32 x 16 x 8 = 4096 subdomains, each discretized by 243 finite elements (46,875 DOFs)
for a total of 830,115 to 171,421,635 DOFs. The results were computed on MareNostrum 3,
which is described in Section 3.2.3.

The choice of the rectangular cuboid domain ensures that the subdomains are quite
badly conditioned. Therefore, the Dirichlet preconditioner works very well, achieving a
speedup compared to the unpreconditioned variant of about 3 and 2 in terms of the Hessian
multiplication and the time to solution, respectively. The time to solution may actually be
worse than the unpreconditioned FETTI for well-conditioned subdomains. In any case, the
lumped preconditioner always achieved a small (at most 1.2) speedup in our tests. More

numerical experiments with differently conditioned subdomains can be found in [100].
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Figure 7.4: Comparison of the number of CG iterations for unpreconditioned TFETI and
TFETT equipped with the lumped or Dirichlet preconditioners on the 3D elastoplastic
cuboid problem [100].
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Figure 7.5: Scalability comparison of unpreconditioned TFETI and TFETTI equipped with

the lumped or Dirichlet preconditioners on the 3D elastoplastic cuboid problem. One
subdomain is assigned to one core [100].
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7.2.3 Solving Contact Problems without FETI

In [4], we presented a numerical method for the solution of hydro-mechanical problems
with fracture networks and contact conditions. The main benchmark of rock relaxation
during tunnel excavation in a fractured porous medium is briefly described in Section 3.3.5.
A robust iterative splitting was used to alternately solve the hydrological and mechanical
subproblems with the relative stopping tolerance of 1074, The hydrological subproblem was
solved using the CG method with the BoomerAMG algebraic multigrid preconditioner. The
mechanical subproblem with contact on fractures was solved using PERMON, employing
dualization without using FETI and the MPRGP solver. The relative tolerance for the
hydrological and mechanical subproblems was 10~% and 1079, respectively. The MPRGP
parameters were I' = 1 and @ = 1.9]|A||~!. The simulation was run using the Flow123d
software.

Performances of the solvers on a single node of the LUMI supercomputer (Section 3.2.2)
employing 64 cores are summarized in Table 7.1 and Figures 7.6 and 7.7. A key ingredient
for the performance of the scheme is warm starting the solvers with the last available
solution. In the case of the mechanical subproblem, this means warm starting the MPRGP
solver with the last dual solution. Overall, the warm starting reduced the number of

iterations needed by the solvers by more than a factor of 2.

Problem ‘ Primal ‘ Dual ‘ Hydr. iter. ‘ Mech. iter. ‘ Time [min]
306k (200) 213,945 | 18,632 2,108 365 6.4
502k (200) | 322,953 | 19,591 2,587 544 10.3
1052k (200) | 629,352 | 28,128 1,869 625 20.2
989k (400) | 651,861 | 42,759 1,894 570 19.7

Table 7.1: Numerical scalability for each test case. The problem name consists of the
number of elements in thousands and the number of fractures in brackets. We report
the primal and dual dimensions of the mechanical subproblem, the number of hydraulic
subproblem iterations, the number of Hessian multiplications needed by the mechanical
subproblem solver, and the approximate runtime in minutes. In all cases, 71 time steps
were performed [4].
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Figure 7.6: Cumulative number of iterations for both solvers at each time step. Time step
iteration zero represents the steady-state initial solution, which took 148 iterations [4].
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Chapter 8

Conclusion

The thesis explores a number of improvements to selected QP algorithms. The improvements
are in terms of convergence, numerical scalability, time to solution, and general scalability
on large supercomputers.

Chapter 2 reviews basic facts and concepts in optimization, including the Karush-Kuhn-
Tucker conditions and duality.

Chapter 3 introduces the main software used throughout the thesis — the PERMON
library for quadratic programming, of which the author has been the main developer and
maintainer during his Ph.D. studies. Moreover, several benchmarks used in the thesis, as
well as the supercomputers employed to compute these benchmarks, are described.

Chapter 4 reviews the steepest descent method and the CG method for the solution
of unconstrained QP problems. Preconditioning of the CG method is discussed, with
particular focus on the deflation preconditioner. It is shown that the deflated CG method
is the fastest and most scalable method for the solution of the FETI coarse problem for
up to a medium number of coarse problem solves with a large number of cores. The time
needed for the coarse problem solution is more than halved compared to the standard
direct solver solution at 27,000 cores with a better scalability slope.

Chapter 5 reviews MPRGP and SPG methods using projection onto the feasible set.
Then new modifications of MPRGP using the projected CG method (MPPCG) or the SPG
method (MPSPGQG) instead of a fixed step length projection for the active set expansion
are developed. These modifications exhibit a large geometric mean of speedups in terms
of the Hessian multiplications on suitable benchmarks of 2.9 for MPPCG and 6.25 for
MPSPG. Furthermore, preconditioning for MPRGP-type methods is discussed, and a new
approximate preconditioning in face is developed. This new preconditioner, combined
with MPPCG, achieves solution time speedups between 5.1 and 13.4 compared to the
unpreconditioned version and consistently outperforms the standard preconditioning in
face.

Chapter 6 describes solution methods for QP problems with linear equality constraints.
These include the solutions of saddle point formulations, the penalty method, and augmented

Lagrangian methods.

113



114 Conclusion Chapter 8

Dualization is used in Chapter 7 to solve QP problems with linear inequality con-
straints. The FETI method is reviewed as a way to accelerate the solution. A number of
modifications to the FETI method (projector-avoiding FETI, hybrid FETI, and BETI) are
mentioned. The projector-avoiding FETT is shown to have superior scalability compared
to the standard FETI method, achieving a speedup of 1.7 on a simple 3D linear elasticity
contact problem with 1.2 billion unknowns. Additional results include preconditioned FETI
for 3D elastoplasticity and the solution of a 3D hydro-mechanical problem in a porous

medium with individually modeled fractures with contact conditions.

8.1 Own Results and Contributions by the Author

The main results of the author are:

e The maintenance and contribution to the development of the PERMON library
(Section 3.1.2). The maintenance work includes bug fixes and biannual major ver-
sion releases that keep the library in sync with the development of PETSc. The
contributions can be reviewed on the project’s GitHub [25]. A number of projects
listed in Section 3.1.2 can now utilize PERMON. Of course, while the author has
contributed the most to PERMON in recent years, these contributions are based on
the work of others, with special mention of Vaclav Hapla and David Horédk for the
initial PERMON development, and the PETSc team for the PETSc library.

o PCDEFLATION (Section 4.3.8) is a multilevel deflation preconditioner that the
author contributed to PETSc. The deflation preconditioner is based on previous work

[50, 71]. It was developed while the author was on a research stay at the Institute of
Mathematics, TU Berlin, hosted by Prof. Reinhard Nabben.

o The modifications of the MPRGP expansion step (Section 5.2). The first modification
is the MPPCG algorithm [79], which uses a projected CG step for the expansion of
the active set. Additional analyses led to the introduction of several fallback schemes
that can do one or more of the following: improve convergence, guarantee convergence,
and recover the convergence bound. In [73], the author suggested that a combination
of MPRGP, which excels in cost function minimization once the correct active set is
identified, and SPG, which converges very quickly but to a limited satisfaction of the
KKT conditions, would be of interest. Such a combination of MPRGP using SPG
for the active set expansion (MPSPG) has been developed, as well as a potentially
improved variant with fused matrix-vector multiplications (MPSPGf). The MPPCG
method often exhibits much faster convergence and, at worst, is about equal to
the standard MPRGP. The MPSPG variants have even better convergence than
MPPCG on some problems but are slightly slower than the standard MPRGP on

other problems.
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o Approximate preconditioning in face for MPRGP-type methods (Section 5.3). A
modification of the preconditioning in face, requiring only one setup of the precon-
ditioner instead of each time the active set changes, has been developed. An error
analysis between the approximate and the standard preconditioner is included. The
standard preconditioning in face often does not work; while it improves convergence,
it is too expensive, resulting in a slowdown. In contrast, numerical experiments show

a significant speedup achieved by the new approximate preconditioning in face.

The author made a number of contributions related to the thesis topic that he con-
siders minor'. These typically consist of methodology, software, data creation, numerical
experiments, and writing part of the accompanying article. Only a few of these results
were shown in the thesis. The contributions can be broadly categorized into the following

groups:

e Improvements and applications of FETI-type methods that include projector-avoiding
FETI [104], scalable strategies for FETI coarse problem solutions [64, 65], hybrid
FETI/BETI methods [98, 99, 103], FETT preconditioners for elastoplasticity [100],
FETI for slope stability [97], node renumbering for FETT stiffness matrix factorization
[102], and energy efficiency of FETT and BLAS routines used in FETI implementations
[101, 105-107].

o Solution of QP problems that include contact problems in hydro-mechanics [4],
contact problems with friction in mechanics [82], and linear support vector machine
classifiers [43].

e Unconstrained QP and preconditioning, including Schwarz domain decomposition pre-
conditioners for Darcy flow [56], and inner product free methods and preconditioners

for 3 x 3 block matrices [57].

8.2 Future Work

Future work includes publishing the new results related to the MPPCG fallback, MPSPG
variants, and approximate preconditioning in face presented in this thesis.

As for future research, using the approximate preconditioning in face with the known
preconditioners for FETI methods could lead to an extremely fast solver for contact
problems in mechanics. Other topics include improvements to the SMALE algorithm and
the use of interior point methods for the solution of contact problems employing the FETI
method.

'Minor in the sense of the thesis author’s own contribution and not the result as a whole. In these
cases, the thesis author’s contribution to the resulting article is typically less than 30%.
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