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SUMMARY

The optimal control of partial differential equations is a crucial topic in
computational science and engineering. Many techniques from functional
analysis are combined with state-of-the-art numerical schemes and efficient
software technology to efficiently compute solutions to optimal control prob-
lems.

One of the most challenging tasks is the solution of linear systems in
structured form. These systems often represent the computational bottle-
neck of an optimization problem. Linear systems can be found representing
the first order optimality conditions, at the heart of an outer nonlinear solver,
or even in methods for non-smooth problems. One of the key features that
these problems have in common is the large-scale nature of the systems, as
the computation of accurate solutions requires small mesh-parameters. This
problem becomes even more pronounced when the constraining PDE is of
parabolic type as now the curse of dimensionality strikes and the computa-
tional work drastically increases.

The approach that we promote in this thesis is one of discretizing the
problem in both space and time and then simultaneously solving the cor-
responding optimization problem. Assuming a linear PDE and a convex
objective, this means we need to solve a large-scale KKT system represent-
ing the first order conditions. Such a space-time system can only be solved
using iterative solvers. For this we propose methods of Krylov type and
discuss tailored preconditioners. These are needed because the convergence
of the unpreconditioned scheme can be very slow as it will depend on the
system parameters, such as mesh and regularization parameter.

In our proposed methodology we need an efficient approximation of the
leading block and the Schur-complement of the system representing the
first order conditions. Typically, the approximation of the leading block is
straightforward due to the nature of its construction. The Schur-complement
typically involves the sum of potentially complicated operators such as the
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discretized PDE operators. We illustrate an approach where the Schur-
complement is approximated by a simpler operator that is the product of
three matrices that match all terms of the original Schur-complement. It
is often possible to theoretically underpin this approach by proving the ro-
bustness of the eigenvalues of the preconditioned Schur-complement with
respect to variations of the system parameters.

While this approach in many cases provides optimal or nearly optimal
results it can suffer from the storage requirements of the space-time vec-
tors not that space-time matrix. For this we illustrate an elegant solution
that utilizes low-rank techniques to avoid the curse of dimensionality when
dealing with parabolic control systems.

10 Martin Stoll



ZUSAMMENFASSUNG

Die optimale Steuerung von partiellen Differentialgleichungen ist von enormer
Bedeutung in allen Bereichen der computergestiitzen Wissenschaften oder
den Ingenieurwissenschaften. Viele Techniken aus der Funktionalanalysis
werden mit modernsten numerischen Verfahren und neuester Software kom-
biniert, um die Losungen der Steuerungsprobleme genau und effizient zu
berechnen.

Eine der grofiten Herausforderungen ist das effiziente Losen von linearen
Gleichungssystemen in strukturierter Form, welche das Herzstiick vieler Op-
timierungsalgorithmen bilden. Solche Systeme reprasentieren dabei ent-
weder die Optimalitatsbedingungen erster Ordnung oder sind der Kern von
adufleren, nichtlinearen Losern, wie dem populdren SQP-Verfahren. In all
diesen Fallen ist die Systemmatrix sehr grofi, da akkurate Losungen zumeist
kleine Netzparameter erfordern. Diese Figenschaft ist noch starker aus-
geprigt, wenn zeitabhéngige, parabolische Probleme betrachtet werden und
der Curse-of-dimensionality zuschldgt und daraus resultierend der Arbeits-
aufwand drastisch steigt.

Die in dieser Arbeit prasentierte Technik 16st dabei das Optimierungsprob-
lem simultan in Raum und Zeit. Bei linearer PDE-Nebenbedingung und
einer konvexen Zielfunktion bedeutet dies, dass ein grofies KKT- oder Sat-
telpunktsystem gelost werden muss. Systeme dieser Grofie konnen nur von
iterativen Verfahren effizient gelost werden. Zu diesem Zweck wird das Ver-
wenden von Krylov-Unterraumverfahren vorgeschlagen und die Entwicklung
von speziellen Vorkonditionierern diskutiert.

Diese sind extrem wichtig, um die Konvergenzgeschwindigkeit zu beschle-
unigen und robuste Konvergenz unabhéngig von den Systemparametern, wie
den Netz- oder Regularisierungsparametern, zu garantieren.

Dazu wird eine effiziente Approximation des (1, 1)-Blocks und des Schur-
komplements verwendet. Der (1, 1)-Block ist dabei einfach zu approximieren,
was in der Natur der Formulierung liegt, aber nicht prinzipiell fiir alle Prob-
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leme gilt. Das Schurkomplement besteht typischerweise aus einer Summe
von komplizierten, diskretisierten Differentialoperatoren. Dabei ist ein Ansatz
erfolgreich der moglichst alle Terme des urspriinglichen Schurkomplements
widerspiegelt, aber dabei einfach zu invertieren ist. Hierbei kann in eini-
gen Féllen die Robustheit dieser Approximation bewiesen werden und es
zeigt sich dabei, dass die Eigenwerte der vorkonditionierten Matrix robust
beziiglich Parameterverwénderungen sind.

Dieser Ansatz zeigt haufig optimales oder nahezu optimales Konvergenz-
verhalten. Ein moglicher Nachteil ist der Speicherbedarf fiir die Raum-Zeit-
Vektoren. Die Raum-Zeit-Matrizen erfordern dabei nahezu den gleichen
Speicherbedarf wie im stationdren Fall. Diese Arbeit priasentiert daher eine
elegante Losung, welcher Niedrigrangansétze aufzeigt, die es erlauben den
Curse-of-dimensionality zu durchbrechen.

12 Martin Stoll



CHAPTER 1

INTRODUCTION

The numerical solution of partial differential equations (PDEs) has been
a core question of numerical analysis from the beginning. Much progress
has been made on understanding the equations, existence of solutions, con-
structing tailored discretizations, developing fast solvers and much more.
This has enabled researchers from all subjects to ask more fundamental
questions. One that is typically asked is to compute the ’optimal setup’ of
complex PDE models that describe measured or desired data. The field of
optimal control with PDEs or PDE-constrained optimization has therefore
received much attention over the last decades with fantastic progress on all
fronts. The contribution of this thesis is mainly concerned with the progress
that has been made for the solution of the discretized linear systems that
arise as the solution of first order optimality conditions or are at the core of
a nonlinear solution technique. The next sections follow the path of such an
optimal control problem from formulation to discretization and further to
solution via iterative solvers. Beyond that, modern compressed formats are
lastly presented and we speculate on what problems will be considered in
the future. This thesis is not intended to give a general introduction to the
subject but rather give a small overview of issues related to the fast iterative
solution of linear systems in saddle point form that arise in PDE-constrained
optimization. There exist excellent introductions to PDE-constrained opti-
mization see [39,/41,87] and in particular the theses [60,67] for linear algebra
focused introductions.

The field of PDE-constrained optimization is a research area with prob-
lems coming from all areas of science and engineering. Our strategy in this
thesis is to illustrate our developed methodology on a model problem that
is a representative of a wider class of challenges. We will in places refer to
more general introductions or different applications.

The goal of the following overview is to establish the contribution made

13



1.1. A PDE-CONSTRAINED OPTIMIZATION MODEL PROBLEM

in the attached papers (cf. Appendix to[A.9), which focus on the fast
and robust solution of the linear systems that arise in the discretization of
the infinite-dimensional optimization problems. In particular, this thesis
focuses on time-dependent PDEs treated in a simultaneous or all-at-once
approach for which little work existed until recently.

1.1 A PDE-constrained optimization model prob-
lem

The core problem that will be discussed in this work and the associated pa-
pers shown in the appendix is an optimization problem where the objective
function is given by

Ty = /Q ) = 7)o + ; [ teas (L1)

in stationary form or in the transient case defined by

J(y,u) = ;// (y(z,t) — (2, 1)) dedt + g// u(x, t)2dadt, (1.2)
Q by

where Q = Q1 x (0,7),X = Qp x (0,T) are space-time cylinders. Here T
is the final time and we have a given desired state § which is specified for
each problem. The goal of the optimization process is to drive the state y as
close as possible to the desired state using the control u. Note, that both €2;
and €y are subdomains of a Lipschitz domain Q € R?. We will frequently
use 29 = ) and occasionally €1 & €. So far we have only introduced the
objective function but the state y and the control u need to be linked in a
meaningful way. For this it is crucial that the underlying ’problem physics’
are well represented. Often naturally, we use as a model problem a partial
differential equation called the state equation that links both quantities. We
consider the following parabolic PDE for the course of this work

y—Ay=u (1.3)

in Q x (0,7), with boundary conditions y = 0 on the spatial boundary 92
and initial condition y(x,0) = yo(x). We here simply use the heat equation
because it illustrates many of the desired features that require our special
attention later on. In practice, more complex models are needed and in many
instances additional constraints often of algebraic nature are imposed. We
later briefly come back to such cases.

Assuming that €2 is a Lipschitz domain and 3,4 € L?(Q), Theorem 3.16
in [86] gives the existence of an optimal control «*, which is unique for 5 > 0.
We also later need the adjoint PDE to the heat equation constraint defined

14 Martin Stoll



1.1. A PDE-CONSTRAINED OPTIMIZATION MODEL PROBLEM

above. For (1.2), the adjoint equation is given by

—pt — Ap=xo,(y —7)
p =0 on 00 (1.4)
p(z,T) =0,

where ygq, is an indicator function for the domain §; (see Chapter 3.6.4
in [86] for more details). The adjoint equation with adjoint state p is a
crucial quantity in PDE constrained optimization and p acts as the Lagrange
multiplier used in a Lagrangian (see [41},87] for details).

In order to determine the optimal solution to the optimization problem
described above one would typically follow a Lagrangian approach. The
stationary points of the corresponding Lagrangian function reflect the first
order necessary optimality conditions [41] of our problem. There are two
ways to arrive at such an approximate solution. The first one discretizes the
objective function and PDE-constraint, then considers a discrete Lagrangian
and builds the first order conditions of the discretized problem. This is the
so-called discretize-then-optimize approach.

The second approach first builds a Lagrangian function based on the
infinite dimensional problem and then discretizes the resulting optimality
conditions. This is the so-called optimize-then-discretize approach. In this
approach [87] the optimality conditions are given by the state equation ,
the adjoint PDE (1.4), and the gradient equation

Bu+p=0, (1.5)

all formulated in function space. Both approaches have favorable properties
and much research has be done to find suitable discretization such that
both approaches commute [39]. Additionally, it can be advantageous not to
discretize the control variable at all but remove it using the gradient equation
(1.5). This is often referred to as the variational discretization concept [36].
As the focus of our work is on the efficient design of fast solvers for the
discretized problem the elimination of the control is often not a crucial step
in this setup and we will not employ the variational discretization.

In this work we follow a discretize-then-optimize strategy for the simple
reason that the resulting linear systems representing the first order con-
ditions are symmetric, which simplifies the choice of the iterative solver.
Nevertheless, the techniques we present are mostly applicable in the non-
symmetric case that could arise when an optimize-then-discretize framework
is employed.

We now discuss this approach in more detail. We begin by discretizing
the functional given in using a standard finite-element approach in
space and a trapezoidal rule for the temporal discretization. The discretiza-
tion in time of the PDE uses an implicit Euler scheme and finite elements

Martin Stoll 15



1.1. A PDE-CONSTRAINED OPTIMIZATION MODEL PROBLEM

in space. Note that of course other temporal discretization schemes are pos-
sible and our methodology typically applies in these cases. We here refer
to [2,52] for more details on space-time discretizations and believe that this
area will receive more attention in the coming years.

In more detail, the discretization of (1.2]) leads to

T _ _ BT

J(y,u) = 5(}’ —9) " Miply —3) + 7UTM1/211’ (1.6)

where ~ _

sM
M
My = . (L.7)
M
im
L 2 M

Note that we use bold notation for the vectors representing the state, control,
adjoint state and so on. Using the rectangular rule instead would give
Bt

Ly =9 Mo(y — 3) + Zu” Mou, (1.8)

with Mo = blkdiag(M, M, ..., M,0). Here, y = [y{,yd,...,y5]T is a
space-time vector representing the discrete state at time-steps 1 to N of

a backward Euler scheme (see below). Next, we perform a time discretiza-
tion of the PDE (1.3)) using a backward Euler scheme
k_k—1
Co A Ayk = uF (1.9)
-

with time step 7. A spatial discretization using finite elements leads to
My + 717Ky = Myp_1 4+ 17Mug. (1.10)

Here, K is the finite element stiffness matrix and M the finite element mass
matrix. Putting all of Equation (1.10) together, the one-shot or space-time
discretization for N time-steps becomes

[ M+ 71K v1
-M M+1TK V2
-M  M+7K y3 | —7Mu=d,
i -M M+7K | | yN |
K

(1.11)

16 Martin Stoll



1.1. A PDE-CONSTRAINED OPTIMIZATION MODEL PROBLEM

where
Myg+c
d= C , ou=[ul,ul,.. . ul]?, and M = blkdiag(M, ..., M).
c

The vector ¢ represents the boundary conditions of the state equation. Using
this we can write down the discrete Lagrangian for the functional J(y, u) as

L(y,u,p) = J(y,u) + p’ (—Ky + 7Mu + d), (1.12)

with the Lagrange multiplier given as p = [plT, pg, . ,p%].T In this frame-
work, the Lagrange multiplier also represents a discrete version of the adjoint
state satisfying the adjoint equation. Finally, the first order conditions can
now be written as

TMl/Q 0 —ICT Yy TMl/Q}_’
0 BTMl/Q TM u = 0 . (113)
—K ™M 0 P d

The first equation in is referred to as the adjoint equation, for the
simple reason as it represents a discretization of the adjoint PDE. Namely,
we get

TMy 0y — K'p = TMy 0y

Note that an Euler discretization would be given by

k k—1
p—-D — _ ke
_f_Apk lzyk 1_yk 1. (114)
In order to return to the discussion about whether to optimize first and
then discretize or vice versa we look at the final condition for the adjoint
equation. The final condition for the adjoint PDE has to be represented by

the first equation in ([1.13]). Note that the last block-line of the first-equation
in (1.13)) gives

1 _

MY =§%) = (M +rK)p",

which does not necessarily coincide with final conditions of the adjoint PDE

N _  N-1
b p o ApN_l _ yN—l _ gN—l‘

T

Note that for the steady version of the heat equation, discretize-then-optimize
and optimize-then-discretize typically coincide while for the transient prob-
lem this is not necessarily the case. For 7 — 0 the final condition is fulfilled;
indeed the final condition of the adjoint equation is satisfied to first order

Martin Stoll 17



1.1. A PDE-CONSTRAINED OPTIMIZATION MODEL PROBLEM

accuracy in 7.

We have now in much detail described the discretization of the optimiza-
tion problem constrained by the heat equation. Before we discuss how to
solve the system , we comment on possible extensions and more general
cases. Obviously, in many applications one needs to consider more complex
objective functions, more difficult PDEs, systems of PDEs, or additional
constraints.

Among the vast amount of research on this topic, we want to point to
the control of the Stokes equations [37,46,70,[83,84] (see also Appendix |A.5|)
and convection diffusion equations [1,/15,/64,67]. In these examples the PDE-
constraint is a linear PDE, which when ignoring additional constraints on
the state or the control means solving the KKT conditions is sufficient to
determine the optimal control and state.

In contrast, many examples found in the sciences and engineering are of
nonlinear type and it becomes even more important to be able to solve such
problems efficiently. Many of the techniques we later present can be used
for nonlinear problems. Here we do not discuss nonlinear problems and the
numerical techniques needed in any detail. For introductions to nonlinear
PDE-constrained optimization we refer to [39,41,87]. A typical way to
solve such problems consists of forming the first order conditions for the
Lagrangian function, which itself is now a nonlinear system of equations.
Such a system can then be solved using Newton techniques, this is the
so-called Lagrange-Newton or SQP scheme see [11}/12}/41}|42}45,56,/66 93]
for more details and Appendix [A77] and [A§ for reaction-diffusion systems
employing Lagrange-Newton techniques. Another very efficient scheme is
the so-called interior point method [75},89,91]. Introductions to these types
of methods are found in [23,43,57] for general optimization problems and
in [11,31}39,|41,|88] for the particular case of nonlinear PDE-constraints.
Such a nonlinear solver again requires the solution of a linear system similar
to the one shown in . One technique often used in combination with
SQP schemes is the so-called trust region approach that has recently received
some attention [30,93].

Additionally, one can obtain nonlinear problems when the model also
requires the control to be bounded via

Ug < U < Up

where we assume that ug,u;, € L?(X). This additional constraint presents
a new challenge as the optimality conditions for such a system now involve
variational inequalities. For handling problems of this type, non-smooth
Newton methods have shown great potential [9,35,41] and have been studied
extensively. Non-smooth Newton schemes are also well-suited for the more

18 Martin Stoll



1.2. KRYLOV SUBSPACE SOLVERS

challenging case when the state itself is constrained

yagyéyb

[10,16,41]. We refrain from discussing the last two cases here and refer
to the excellent work found in the literature, see [39.,/41,86.88] as points of
reference. We refer to [33|/74] for functional analysis motivated approaches
to these problems. Our results for the development of iterative solvers are
found in Appendix and representing our work in [81}82].

We now discuss methods that allow the efficient solution of these large-
scale saddle point systems such as the one given . Our discussion
will focus on iterative solvers of Krylov type. There are also other efficient

schemes such as multigrid methods that we do not discuss but refer to
[13,/14.(38].

1.2 Krylov subspace solvers
The linear system presented in ([1.13)) is a system in saddle point form with

system matrix
A BT
e ]

where

A—{ O/ BTM1/2} B—[—IC T./\/l].
A system of this form is typically referred to as a KKT system as it represents
the first order of an optimization problem [56]. Systems of this type have
been studied extensively within the numerical analysis community, see [7,20]
for superb introductions to the numerical solution of saddle point problems.
While often, especially for two-dimensional systems, direct solvers provide
outstanding performance, these method’s performance typically deteriorates
for higher dimensional or highly structured systems. Hence, there is a crucial
need to construct efficient iterative methods.

The most effective methods to iteratively solve large and sparse linear
systems are so-called preconditioned Krylov subspace solvers. We briefly
discuss the basics needed in our case but refer to [22,24,27,53\|72] for more
thorough introductions. There exist many different Krylov subspace solvers
and the choice which one to employ typically depends on the properties of
the system matrix. As our systems are symmetric and indefinite we focus on
the MINRES method [59], which we explain in the following. In the case of a
symmetric positive definite system the conjugate gradient method [34] is the
method of choice. For nonsymmetric problems it is much less clear which
method to choose [55] and we here refer to GMRES [73] and BICGSTAB [90]
for two of the many available nonsymmetric Krylov methods.

Martin Stoll 19



1.2. KRYLOV SUBSPACE SOLVERS

For MINRES and all the just mentioned methods, the underlying Krylov-
subspace of dimension k

Kr(A,rg) = span {7“0, Arg, .. .Akilro}

is of utmost importance. Here, rg = b — Axy is the initial residual but
ro can be an arbitrary starting vector. With every step of an iterative
procedure the chosen method uses an increased dimension of Ky (A, 7o) to
find an approximation to the solution x of the linear system. The method
uses an optimality criterion for the selection of approximation to the solution
x and the quantity that is minimized by a particular method depends mainly
on the properties of the systems matrix A.

The minimal residual method (MINRES) [59] is an iterative solver for
symmetric systems where, as the name suggests, the minimization of the
residual is its defining characteristic. We start our discussion of it from a
purely algebraic viewpoint. We will later discuss it using the knowledge that
the matrix 4 comes from the discretization of a partial differential equation.
The discussion is then based on the fact that we have a good understanding
of the mapping properties of the continuous operator underlying the matrix

A.

The MINRES method is based on the symmetric Lanczos procedure,
which constructs an orthogonal basis for the Krylov-subspace K (A, 7).
The Lanczos method is then expressed as

AVi, = Vi Ty, + Brr1virier = Vi1 Thr1k

with -~ _
ar P
B2
Tht1k = B
Br oy
i Br+1 |

This scheme can be derived from a tridiagonalization of the matrix A, i.e.,
A=VTVT, and its column-wise consideration. The approximate solution
xy, is of the form

zp = 20 + Vizg (1.15)

for some vector zj, where the columns of Vj, form an orthogonal basis of the
Krylov subspace Ki(A,79). We refer to the condition as the space
condition because the current approximation zj is a linear combination of
the starting vector z¢ and the current basis of the Krylov space K (A, ro).
The vector z; of coefficients is computed such that the 2-norm of the current
residual rp, = b — Axj is minimized. Mathematically, this is expressed as

20 Martin Stoll



1.2. KRYLOV SUBSPACE SOLVERS

(ignoring the minimization)

Ikl = [|b— Azgl2
= [[b— A(zo + Vizk) |2
1.16
= ||7’0 - AVk;Zk||2 ( )
= [lro = Vi1 Thr1,02l2
and with the typical choice of v1 =79/ ||70]|, we get
Irills = Vi (lrolly e2 = Tepr szl e

= |lllrolly er = Thy1r2kll2-

The term Vi inside the norm can be ignored because its columns are
orthogonal in exact arithmetic. In order to compute the vector zj, we have
to minimize ((1.17)), i.e., a least squares problem

min [|ry ||, = min || ||7olly €1 — Thr1,k2k]l2-

A well-known technique to solve least squares systems of this type is the
QR decomposition (cf. [59]). As computing the QR decomposition at every
step could be very costly, we need an alternative. Fortunately, since the
matrix T4 1 changes from step to step simply by adding one column and
one row, its Q)R decomposition can be updated at every step. This can be
done by simply using one Givens rotation [24,85]. In more detail, we assume
that the QR factorization of T} j—1 = Qk—1x—1 is given with

Ry
Ry = [ 0 }

and Ry_q an upper triangular matrix. To obtain the QR factorization of
T}41,, we eliminate the element (4 from

0 0 Ter 1 Qpe
O Vmene = [ ][ ]
(1.18)
_ [Rk—l leakek]
0 Br+1

by using one Givens rotation in rows k,k + 1. There is no need to store
the whole basis V, in order to update the solution. The matrix Rj of the
QR decomposition of the tridiagonal matrix 7} ; has only three non-zero
diagonals. Let us define C = [co,c1,. .., k1] = kailzl. Note that ¢ is a
multiple of v; and we can compute successive columns using that CkRk =V,
i.e.

Ch—1 = (Vp — Ph—1,kCh—2 — Th—2,kCk—3)/ Tk k> (1.19)
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1.2. KRYLOV SUBSPACE SOLVERS

where the 7; ; are elements of Ry. Therefore, we can update the solution
zr = 20 + ||rolly Ck (Q;‘gm)kxl =Tk-1+ Af—1Ck—1, (1.20)

where aj_1 is the kth entry of ||ro|l, @ e;. Implementations of MINRES are
found in most libraries for scientific computing and even many finite element
packages come with a MINRES implementation under the hood. We refer
to |2022] for more details on the implementation.

We have introduced MINRES as a method to solve the system but
need to discuss its convergence as this is typically dependent on the number
of distinct eigenvalues of the system matrix A [27,49]. Loosely speaking,
the fewer the number of distinct eigenvalues or number of eigenvalues the
faster the convergence. For the PDE-constrained optimization problems,
the eigenvalues of the system matrix A depend on the system parameters
such as the mesh-parameter and the regularization parameter. This means
for many interesting values of these parameters, the eigenvalues are spread
out over the real line with no hope for fast convergence. The goal is now to
overcome this shortcoming and for this reason we are modifying the problem
using a so-called preconditioner such that we can still apply MINRES but
with enhanced convergence properties. In more detail, the preconditioning
matrix P is used in the following way

P LAz =P b (1.21)

with the ultimate goal that P~'A has very few distinct eigenvalues or its
eigenvalues are found in a small number of distinct clusters. While P~ A is
not symmetric anymore, a symmetric positive definite preconditioner P still
allows the use of MINRES using the spectral equivalence of the matrix P~ .4
to a centrally preconditioned system R~' AR~ with R being the Cholesky
factor of P. The usual way to obtain the preconditioned version of MINRES
as it is shown in [19] is to plug in the centrally preconditioned system into the
unpreconditioned MINRES method and then see that the expensive Cholesky
decomposition is not necessary. Compared to the unpreconditioned method,
the resulting preconditioned scheme only needs little extra storage and the
additional cost of solving a system with the preconditioner P. The derivation
of efficient preconditioners is postponed until the next section.

We now want to discuss a different way of arriving at the preconditioned
MINRES method. The minimization of the residual that defines the method
is in its standard from done in the 2-norm, but this is not necessary for
the success of the scheme. We here take our motivation from some recent
work in operator preconditioning [28,32,|74,76] where the preconditioner is
a crucial ingredient in the well-posedness of MINRES.

The derivation by Herzog and coauthors who consider the MINRES method
from a function space perspective [28,32] is based on the mapping properties
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of the operator A, which is defined as A : X — X*. Here X is a Hilbert
space and X* its dual space.

A crucial role in the derivation of the operator preconditioned MINRES
method is played by the Riesz representer H, which is a bounded linear
operator that maps from the dual space X* back to the original space X.
For the minimization of min ||7[|;, the authors in [28] give the Lanczos
relation

AHV =VT

where the matrix of basis vectors Vj is now H—orthogonal. This can be seen
as a tridiagonalization of the matrix

VIHAHYV =T.

The initial residual is again of importance as the first vector in V is v; =
70/ ||roll4, - The Lanczos iteration at step & then uses the k-th column of

.AHVGk = VTek
and in more detail

AHvp = (Br1Vk+1 + apvk + Br—1Vk—1) -

To determine the coefficient aj, we multiply the previous equation on the
left by v,{?—[ to get

v{?—[A’Hvk = Bkﬂv,{’Hka + akv,{’Hvk + Bk_lv,{’}-[vk_l (1.22)
= Q. (1.23)
Introducing Hv, =: zx, the parameter is computed via aj = z,fAzk. The

parameters () are determined via the H-norm of the vectors. The matrix
form of the Lanczos process is then given by

ARV = Vg1 Thq1,k

and we can use this to derive the appropriate result for MINRES. The
residual norm in the H-inner product then becomes

Irelly = 1o — Azglly
= |Ib— Az — AHVyrlly
= |lro = Vi1 Try19rll 5
= |lllrolls €1 — Thr1yrll4 5

(1.24)

using the fact that zp = zo + HViyx.

Note also that the Riesz representer and the inner product matrix H
given above take the role of the preconditioner, i.e., H = P~!. For more
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recent work regarding the derivation of preconditioners based on the under-
lying PDE operators we refer to [28,3240,/51}76,/94] among others.

Here the notion is slightly different than the one presented in [65] where
the author starts with the tridiagonalization of A

AV =vT
and an H— orthogonal matrix V. This would then result in
VIHAV =T

which is not identical to the formulation of Herzog and co-authors if A =
A. The mapping properties of A and considering Pestana’s approach with
preconditioning it can then be seen that the matrix A = A%, i.e. the right
preconditioned matrix, represents the correct choice. Note that for this
discussion to remain true we assume that A is self-adjoint in the H—inner
product.

From the previous discussion and the fact that the inner product matrix
acts as a preconditioner, the residual at step k is expressed via the following
relation

T = pk(AH)To

where py, € II§ is the polynomial of degree at most k satisfying px(0) = 1.
The convergence of MINRES is then given via

k|l < min max |pgr(MN)]||ro 1.25
Irile < min, e () ol (1.2

where p(AH) denotes the spectrum of the matrix AH. Herzog and Sachs [32]
present a nice convergence analysis for MINRES defined in function space.
For the linear algebra formulation we refer to [22,49,50].

We have now realized that the preconditioner P can be identified with
the inner product H, which we will elaborate on in the next section. Ad-
ditionally, we introduce a preconditioning framework that has been widely
used for designing preconditioners for saddle point problems.

1.3 A preconditioning framework

One important result from the above made observations is that the precon-
ditioner needs to define an inner product or in other words a symmetric
positive definite matrix. While other preconditioners can also be used when
different iterative solvers are employed, we here only focus on block-diagonal
preconditioners. Our preconditioning strategy mainly follows a result pre-
sented in [54] for the general construction of preconditioners for saddle point
systems. Similar results are found in [41|48].
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Lemma 1.1 (Proposition 1, [54]). For the saddle point system

A BT
=15 % ]
preconditioned by
A 0
P-4 5]

with S = BA™'BT the negative Schur-complement, the following holds
T(T-D(T*-T-1)=0

with T = P~ A the preconditioned system matriz.

Lemma implies that a good preconditioner is found when the (1, 1)-
block and the Schur-complement of the matrix are well approximated. A
thorough analysis concerning the behaviour of the eigenvalues of the precon-
ditioned system when both the (1,1)-block and the Schur-complement are
approximated is given in [58]. We now focus on approximating the (1,1)-
block and the Schur-complement of the saddle point system where it
holds that

o TMl/Q O o _
A—[ 0 5TM1/2], B—[ K TM].

We start by discussing the approximation of the (1, 1)-block of the matrix

T, ie.
A= |: TM1/2 0 :| ‘

0 BTMl/Z

Note that the matrix M, /5 in the case of a distributed observation (£ = )
over all time-steps is a block-diagonal matrix with mass matrices as diag-
onal blocks. This means that in order to approximate My, we need to
approximate the mass matrix M efficiently. In the case when M is lumped,
i.e., diagonal, this is a trivial task. For consistent mass matrices one can
either resort to a diagonal approximation of M or one can use the Cheby-
shev semi-iteration [25,26] shown in Algorithm In the case that we
do not observe the desired state on the full domain €2, the matrix M, 5 is
a block-diagonal matrix consisting of matrices M; where this matrix only
contains contributions from the domain 2. This means that the matrix My
is semi-definite. For the preconditioning of this matrix we introduce a small
parameter v to obtain the preconditioning matrix M; = M; + vI;, where
I, is an identity matrix associated with the degrees of freedom in the part
O\Q;. A more detailed description of this parameter is found in [8,83]. In
general v will depend on the mesh parameter h, the time-step 7, and the
regularization parameter 3.
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1: Set D = diag(M)

2: Set relaxation parameter w

3: Compute g = wD™1h

4: Set S = (I —wD~'M) (this can be used implicitly)
5: Set wg =0 and w; = Swi_1+ ¢

6: cop=2and c; =w

7. for k=2,...,ldo

8  Cppl = Wek — TCk_1

9 Mgt1 = wclfil

10:  Wrg1 = M1 (Swr + g — wr—1) + w1
11: end for

Algorithm 1.1: Chebyshev semi-iterative method to solve Mw = b for a
number of [ steps

For nonlinear problems, the (1, 1)-block is typically more complicated in
structure and therefore harder to approximate. Different nonlinear solvers
result in different structures of the (1, 1)-block and tailored preconditioners
need to be devised.

Typically the more challenging part comes from the approximation of
the Schur-complement S. For reasons of exposition we will in this chapter
occasionally discuss solvers for the steady control problem, which in its
discretized form is written as

M 0 -KT y My
0 BM M ul=| 0 |. (1.26)
-K M 0 P c

Preconditioners for this problem have been studied extensively in the lit-
erature (cf. [19,33168,/69./76]). Following the above approach, we see that
approximating the block-diagonal matrix

o o]

is essential and can in this case easily be done using the techniques mentioned
earlier. The Schur-complement

1
S=KM KT + BM

is typically harder to approximate. For larger values of 8 ignoring the sec-
ond term %M in S can be successful [68]. A more robust approach for
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approximating S was presented in [63] where the approximation

. 1 1
S=(K+—=MM YK +-—=M)T
VB VB
was presented. Here, we note that K and M are symmetric and positive
definite which makes the transpose used redundant] The effectiveness of
this approach can be seen by analyzing the eigenvalues of S~1S. This can
be done looking at the Rayleigh-quotient
T Sw VTEM ™ KT + GoT Mo aTa+bTh

oISy T (K + ﬁM)M_l(K + ﬁM)Tv ~aTa+bTb+2aTh

with @ = M~YV2KTy and b = MY2y. We can now easily show that the
Rayleigh quotient is bounded independent of all the system parameters.
For this we use the fact that

(a—0)T(a—b)>0=aTa+b"b>2a"b

and this gives a lower bound of % for the Rayleigh quotient. The upper
bound of 1 that we want to establish follows from the fact that

2a7b = 20TKv >0

since K is positive semi-definite and in the case of a Dirichlet boundary
condition even positive definite. The result is that the eigenvalues of S-18
lie in the interval [1,1] independent of all system parameters [63]. In a
similar fashion one can obtain an eigenvalue result for the control of the
heat equation. We here only state the result from [62] and refer to the
paper shown in Appendix for a more detailed discussion.

Theorem 1.2. If

S = %ICM;}QICT + %MM;}ZM, (1.27)
and
g1 </c + TM) M} </c + TM>T (1.28)
PR e )
then
1

ASLS) € [5-1-

We nevertheless use the transpose as the matrices are not necessarily symmetric for
other problems.
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If we now look at the structure of the matrix

L
- -M L

K+ —-M=
B

—M L

with L = (1+ ﬁ)M + 7K, we see that the inversion of this matrix and also
its transpose are forward and backward substitutions. We thus require the
solution or approximation solution with the diagonal blocks (1+ ﬁ)M +7K.
As this itself is a costly process due to K and M being large-scale finite
element matrices, we employ an approximate solve for the diagonal blocks
using multigrid techniques. For this both geometric [29,/92] and algebraic
[21,71] multigrid techniques can be used. We here illustrate the performance
of this scheme by showing results from Appendix in Table It can
be seen that the proven robustness can be observed in a practical scenario.

The degrees of freedom listed in Table are only the spatial degrees of
freedom. This means the system size is much larger.

| DoF [ MINRES(T) | MINRES(T) | MINRES(T) |

b=1le—2 | f=1le—4 | f=1e—6
4913 | 10(2) 12(2) 12(2)
35937 | 10(14) 12(17) 12(18)
274625 | 10(148) 12(171) 12(170)

Table 1.1: Results for the robust Schur-complement approximation and an
optimal control problem with distributed control for the heat equation. Var-
ious mesh-sizes and different values for 8 are computed. We have chosen 20
time steps and a tolerance of 10~ for convergence of MINRES.

Employing such a robust Schur-complement approach has proven effi-
cient in many cases. We point to [5,/64,78,83] for some examples involving
linear PDEs. For nonlinear problems this approach has also shown promising
results but typically it is harder to theoretically underpin the performance
as was done in Theorem for the heat equation with distributed control.
We point to [61,[80] for some first results on reaction-diffusion-like systems.
For this we point to Appendices[A.6] [A.7, and[A.8 Similar results could be
proven for time-periodic systems shown in Appendix and [78§].

Another technique to develop preconditioners that has recently received
more attention is the so-called operator preconditioning. For an introduction
to this approach we point to [2,28,51,76,(94]. We here briefly introduce the
idea for the steady-state problem and note that for the transient case, first
efforts have been made in [2}74]. For now consider the steady state optimal
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control problem. Following the notation used in [32] we write the steady
control problem with €7 = Qo = Q as the following linear system

<U(y,u,p),(q,g,v)>—/quJrB/ngJr/va-W—/qu

—/Vp~Vq+/pg
Q Q

(b,(q,9,v)) = /qu

assuming zero Dirichlet conditions and test functions (¢, g, v). The operator
A acts on

with right hand side

X = H}(Q) x Ly(Q) x HA(Q)
into the dual space
X* = HYQ)* x Ly(Q)* x H}(Q)*
= H Q) x Ly(Q) x H ().

The inner product that we need from the previous section is now given by
the Riesz representer

-A"l 0 0
Pl = o It o0 ,
0 0 —A"1

where I : Ly(2) — Lao(2)*. Herzog and Sachs discuss the convergence be-
haviour of MINRES for this case in [32], and by construction, this precon-
ditioner shows mesh-independent behaviour. We here additionally want to
present a technique presented by Mardal and Winther in [51], which also
shows robustness with respect to the regularization parameter. The idea
presented in [51] is that regularization-parameter dependent spaces are in-
troduced. For this they consider the space

X5 = (LQ(Q) N 51/41{01(9)) x BY2L,(9) x (5—1/21:2(9) N 5—1/41{5(9)) .

One needs to establish coercivity of the bilinear form representing the control
problem by showing there exists an a > 0 such that

loll? + B lull? = o (gl + 872 1Vyl? + 8llul?)  (1.29)
for all y € H}(Q) and u € Lo(f2) that satisfy the state equation in the

elliptic case
(Vy, Vo) = (u,v) Vv € H}(Q).
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Here, the left hand side of represents the bilinear form representing
the contributions of state and control to the objective function and the right-
hand side of the equation c times the norm on the space (Lz(£2) N BYAH} (Q)) x
BY2L5(9). The constraint for v = y now results in

(Vy, Vy) = (u,y) = [IVyl* < Nyl lull -

We start by using

(lyl+ VB llul)) " 0 (1.30)

lyll* + 8 lul® = 2/B Iyl lul (1.31)

VB VB

1 1 B
5 Il 581l = V/Bllgl lall = 27 gl el = Y57 [Vl (132)

Now adding 3 yll* + 38 |u||? to both sides of (1.32) gives

1
Iyll? + 811ull® = 5 (VBIVYI® + Iyl + 811ull®)

and we see that for a = % the coercivity is satisfied. Furthermore, we need

to check whether the inf-sup condition is also satisfied as then the choice of
the above spaces is well justified. It reads in this case as

. (Vy, Vo) = (u,0)

> (1.33)
(y,u)EHE XL 2 1/2 2 2\ /2
ywetixta (|y|2 4+ g2 | 9y|? + 8 |lu]?)

/
w (874 ol + 5772 wul?) (1.34)

where 7 is the inf-sup constant. On the other hand, if we choose y = B2y
and u = —f v, then

(Vy, Vo) = (u,v)

sup > (1.35)
etz (|2 + B1/2 [Vl + 8 ull?)
-1/2 2 -1
f Vo] +f Iicll 2 (1.36)
(571 o] + B~1/2 | Vv||? + 81 IIUH)
-1/2 2 -1
8 var +8 \v|!2 = (1.37)
\/§<ﬁ—1 o] + 8=1/2 Vo] )
L2 ~1/2 2\ /2
\/5(/3 loll® + 872 [ Vol) (1.38)

Since this relation holds for all v including its infimum the inf-sup constant
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in this case is given by n = % With this result we can now establish the
design for our preconditioner in this case. We start by noting that the dual
space is given as

X5 = (LQ(Q) + 5*1/4Hé(9)*) X B2 Ly (62) (51/ 2La() + B 4H&(Q>*) -
The operator mapping

X5 = <L2(Q) N /31/41{01(9)) x BY2Ly(Q) x (ﬂ‘l/ 2Ly()n gt 4H&(Q)>
to Xg is then given by

I—pBY2A
BI
BHI = B2A)

and induces the following preconditioner

(1 —pB12a)~!
Pl = B
BI — B2~

Again as in the result taken from Herzog and Sachs, this preconditioner
needs to be implemented efficiently. The realization of the individual blocks
via a spectrally equivalent approximation such as a multigrid process typi-
cally shows outstanding performance. The resulting blocks obtained in the
preconditioner resemble the blocks obtained in the robust Schur-complement
approximation introduced by Pearson and Wathen [63].

In the case of parabolic control problems first steps for the design of
operator based preconditioners have been made (cf. [2,/74]).

1.4 Data-compressed approximations

We have so far presented methodology to efficiently simultaneous space-time
problems. Convergence theory and numerical results indicate the efficiency
of this approach. Nevertheless, a possible shortcoming is the storage required
for the space-time vectors. We point out that the storage of the matrix
system is only slightly higher than for the steady problem. We now introduce
a technique that we proposed in [79] also described in detail in Appendix

A9
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We recall the definition of the Kronecker product

'LU11V e wlmV
WV =
W1V ... WV

and note that we can write our linear system ([1.13)) using Kronecker notation
and get

D1 @ TM; 0 —(In®L+CT @ M) y
0 Dy @ BT Mo D3 ®TM u | =

—-(UN®L+C®M) D3®TM 0 D

A
(1.39)
Dy & T M1Yops
0 ;
d

where D1 = Dy = diag(1 1 1 1) , L =M+ 7K, and D3 = Iy. Addi-

DRI R Rt )
tionally, the matrix C' € RV is given by

-1 0
and represents the implicit Euler scheme. It is of course possible to use
a different discretization in time. So far we have simply reformulated the
previously given system ((1.13). But our goal was to derive a scheme that

allows for a reduction in storage requirement for the vectors y, u, and p. For
this we remind the reader of the definition of the vec operator via

vec(W) = vec(wy, ..., wy]) =

WN
as well as the relation
(WT @ V) vec(Y) = vec(VYW).
Now employing these definitions and using the following notation

Y:[y17y27"‘7yN ]7 U:['LL1,'LL2,...,UN ]7 P:[p17p27"‘7pN]
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we get for the matrix vector multiplication that

Dy ® M, 0 ~(In®L+CT o M) vec(Y)

0 Dy ® BT M5 D3 @ TNT vec(U)
—(IN®L+C®M) D3®TN 0 vec(P)
(1.40)

TMYDT — LPIY, — MPC
= vec( TBMsUDT + rNTPDT ).
—LYITL -~ MYCT + TNUDT

So far nothing is gained from rewriting the problem in this form. As was
previously done in [6] we assume for now that Y, U, and P are approxima-
tions to the true solutions and that these approximations are represented
by a low-rank representation. Then any iterative Krylov subspace solver
can be implemented using a low-rank version of for the matrix vector
multiplication. To see this, we denote the low-rank representations by

Y = Wy Vi) with Wy € R™F 13, ¢ RVM (1.41)
U=WyVZ with Wy € Rk v, € RVF2 (1.42)
P = WpVE with Wp € R™Fs p ¢ RV (1.43)

with k123 being small in comparison to N and rewrite (1.40) accordingly
to get

MWy VDT — LWpVETL — MWpVEC
TBMoWyVE DY + TNTWpVEDT . (1.44)
— LWy IE — MWy VECT + T NWy VE DY

Note that we skipped the vec operator and instead use matrix-valued un-
knowns. We can write the block-rows of ([1.44) as

VTDT
y H1
(first block-row) [ MWy —LWp —MWp ] Vi |,
vic
VTDT
(second block-row) [ 7MWy TNTWp || Y73 |,
Vp D3
Wiy
(third block-row) [ —LWy —MWy tNWy || VW CT
vEDT
U ~3

(1.45)
We have now shown that the matrix vector product with the KKT matrix
of our optimization problem can be performed using low-rank methodology.

Martin Stoll 33



1.4. DATA-COMPRESSED APPROXIMATIONS

This is easily seen from ((1.45)). While the rank of the matrix
[ 7MWy —LWp —MWp ]

grows with this multiplication, one can condense the result again using for
example a truncated SVD or a QR reduction [47[79].

Using such truncation approaches for the approximation to state, con-
trol, and adjoint state, we can perform a full cycle of an iterative scheme. As
our system matrix is indefinite, we employ MINRESonce more. Nevertheless,
all other Krylov solvers can be used. In Algorithm we show a skeleton
version of MINRES in the full format and highlight the work intensive parts
of the algorithm. These involve the matrix vector product and the precon-
ditioning step. If both can be performed maintaining the low-rank form the
algorithm can then be rewritten for a low-rank approximation.

Zero-Initialization of v(o), w(o)7 and w®),
Choose u(®)

Set v = b — Au®

Solve Pz(1) = (1)

for j = 1 until convergence do
2 = z(j)/'yj
8 = <Az(j)7z(j)>

i1 = (20D, uG+D)

if Convergence criterion fulfilled then
Compute approximate solution
stop
end if
end for

Algorithm 1.2: Skeleton of MINRES algorithm with gray areas illustrating
the computationally expensive parts.

The matrix vector product is a crucial component of any Krylov subspace
solver and enables us to proceed to a low-rank Krylov scheme as
shown in Algorithm This algorithm is almost identical to the classical
scheme but working with matrix valued unknowns and maintaining the low-
rank nature. One of the crucial steps of the algorithm is illustrated by the
parentheses {}, which indicate the concatenation and truncation process.
To recall this again, relation can be truncated using efficient QR or
SVD based reduction techniques where even benign rank increase can be
avoided ,, see also Appendix Again, preconditioning is crucial
for this scheme and we also refer to Appendix for details on potential
preconditioners.

The use of low-rank techniques for linear systems coming from high-
dimensional problems has seen a lot of interest as of late with a vast
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Zero-Initialization of V(O) 1(?), ..., and Wl(ll), e
Choose U, U9, Ug“l”, Uggx Ué‘f), Y
Set V11, Via, ... to normalized residual

Whl%e) remd(uz;l norm(>) tolelzance do ( N o)
Z1J1 *Zn/%vzj = 21/717 ] *Z]/’Yy , ‘ ‘ )
[F11, F12, Fo1, Fba, F31, F32] = Amult(Zﬁ)ng),ZéJ) Zm Z§ Zéj))
5j = traceproduct(Fu, Fio, Fo1, FQQ, F31, F3a, Z£J1>, ZEJQ), Zéjl), Zég) , Z§]1>, Z(J))

(J+1) _ [€)] (j—1) (j+1) i—1
Vl(lj )—{ F1 }; V< ) —ﬂ{] 1V< | }7 V1(5 )-{ Fig V1(2]) V1<2] ) }
j+1) i 10 Vi Jj—1 i+1) _ j j—1
v 7{ Fo —2V)) vy }, v { Fn VY vygY }
(G+1) _ _ %y, v v G-1) (G+1) _ j i—1
VR oL Ry BV G L v Sy v vy )

+1 +1 +1 j+1 +1 +1
Z(J ) Z(J ) Z(J ) éJQ )’Z_éjl >7Z§JQ ) . _
bprec(1 ™ V) D v )

T -
Vi+1 = \/tracepoduct(ZY1 ), ce Vl(f ), .l)
ao = ¢j0; — ¢j—15;7;j

a1 = fad +o2,,

Qg = 8j0; + ¢j-1¢57;

a3 = Sj—17j

= 20
Ci+l = o,

. — Ji+1
Sj+1 = o

Wit ={ 2 el e oW {2 W) W )
j+1 i - . i1 . . .
WAt ={ A eyl e bW ={ ) Wit wy) |

W 20 e ) b W {2 wi w )
if Convergence criterion fulfilled then
Compute approximate solution
stop
end if
end while

Algorithm 1.3: Low-rank MINRES
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majority of the work considering not just matrix-valued but tensor-valued
equations [18,/44]. As is clear from the algorithm, the initial rank comes
from the right-hand side of the equation as this is the starting vector for our
Krylov subspace. For optimization problems this can often be expected to
have a small rank. A more detailed discussion can be found in [79].

Additionally, one needs to worry about preconditioning. For this, we
recall the system matrix

Dy ® TM) 0 —~(In®L+CT o M)
0 DQ@,BTMQ DstM
—(IN®L+C®M) Ds® 1M 0

and our previously discussed strategy to approximate the (1, 1)-block

Dy ® 7M; 0
0 D2®5TM2

and the Schur-complement

S=(IN®L+C@®M)(Di@7M) ' (In®L+C" & M)
+(D3®TM)(D2®§TM2)71D3®TM.

The inversion of the (1,1)-block is again easy and maintains the low-rank
structure of the approximations. The Schur-complement can in a similar
manner to before be approximated using

S = (IN®£+C®M) (Dy ® M)~ (IN®£+CT®M>,

where L is chosen according to the matching approach presented earlier. In
order to use our presented low-rank approach, the evaluation of S—1 needs
to maintain this structure. Let us note that the first and last term in S
are equations resembling generalized Sylvester equations for which low-rank
techniques are available (see [77] and the references mentioned therein).

It is also possible to extend this methodology to the case of a nonlinear
PDE-constraint. Namely, the Navier-Stokes equations, which then results
in a much more complex structure of the matrix blocks. First results for
this approach seem to be promising [17].

1.5 Conclusion

Our introduction presented here was based on a linear algebra view of part
of the field of PDE-constrained optimization. In order to get to this point we
have seen that sophisticated discretization schemes are needed. We showed
that one can find a large-scale, highly structured linear system at the core
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of the optimization procedure. We have focused on linear constraints with a
convex objective function such that the first order conditions are sufficient
to solve the optimization problem. Nevertheless, similar systems are found
at the heart of optimization schemes when nonlinear problems need to be
tackled.

We have discussed the use of MINRES as an iterative solver and motivated
how the preconditioned version of this algorithm can be derived from looking
at nonstandard inner products. We also discussed that any iterative solver
is enhanced by preconditioning and in the case of MINRES preconditioners
needs to be symmetric and positive definite. In our application, they can
be thought of as inner product representations for the underlying function
spaces. In particular, we have discussed possible preconditioning strategies
for the optimization problems. We have followed a Schur-complement ap-
proach and illustrated how robustness for this method can be proven for
some cases. We have additionally illustrated that similar constructs are
obtained when operator preconditioning is employed.

While the results obtained for such a space-time approach mostly show
good convergence behaviour, the possible downside of a high-storage demand
remains. In order to avoid this potential pitfall, we discussed a low-rank
framework that allows an optimal low-rank representation of the full solution
and can be efficiently combined with iterative solvers such as MINRES.
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APPENDIX A

SELECTED PAPERS

A.1 Preconditioning for control constraints

This paper is published as M. STOLL AND A. WATHEN, Precondition-
ing for partial differential equation constrained optimization with
control constraints, Numer. Lin. Alg. Appl., 19 (2012), pp. 53-71.

Result from the paper

Table shows results for 3D example with number of iterations for a
nonstandard CG method (BPCG) and MINRES for the case of no bound
constraints. The iteration numbers for the active set (AS) method with
total number of CG iterations are shown and timings for all methods are
given in brackets. Robust iteration numbers can be observed for a varied
mesh-parameter.

Unconstrained Iterations | Simple bounds
BPCG(T) | MINRES(T) | AS(# BPCG/T)
4913 7(0.65) 7(0.62) 2(15/1.51)
35937 | 7(6.06) 7(5.84) 5(39/35.36)
274625 | 7(52.01) 9(62.7) 4(32/247.55)
2146689 | 8(476.47) | 11(609.85) 5(43/2652.73)

Table A.1: Results for 3D example with number of iterations for the
Bramble-Pasciak ¢G (BPCG) and MINRES for the case of no bound con-
straints. The iteration numbers for the active set (AS) method with total
number of CG iterations are shown and timings for all methods are given in
brackets.
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SUMMARY

Optimal control problems with partial differential equations play an important role in many applications.
The inclusion of bound constraints for the control poses a significant additional challenge for optimization
methods. In this paper, we propose preconditioners for the saddle point problems that arise when a primal—
dual active set method is used. We also show for this method that the same saddle point system can be
derived when the method is considered as a semismooth Newton method. In addition, the projected gradient
method can be employed to solve optimization problems with simple bounds, and we discuss the efficient
solution of the linear systems in question. In the case when an acceleration technique is employed for the
projected gradient method, this again yields a semismooth Newton method that is equivalent to the primal—
dual active set method. We also consider the Moreau—Yosida regularization method for control constraints
and efficient preconditioners for this technique. Numerical results illustrate the competitiveness of these
approaches. Copyright © 2011 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Advances in algorithms and hardware have enabled optimization with constraints given by partial
differential equations (PDEs). Problems of this type arise in a variety of applications [1]. Com-
prehensive introductions to this field now titled PDE-constrained optimization can be found in
[1-3]. Problems of this type arising in many applications pose significant challenges to optimization
algorithms and numerical methods in general.

In this paper, we will focus on three numerical optimization algorithms: an active set method
(Section 3), a projected gradient method (Section 4), and a Moreau—Yosida regularization technique.
These are standard methods in the field of practical optimization [4, 5], but within the framework of
PDE-constrained optimization, one has to carefully analyze the numerical schemes to solve these
problems as the constraining PDEs typically result in very large dimensional discrete systems.
In particular, we focus on the linear systems arising in these methods and preconditioners to be
employed with iterative methods for their solution. We show in the course of this paper that all three
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St Giles’, Oxford OX1 3LB, U.K.
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methods lead to systems in saddle point form, that is

[A BT] ceh

K

where we assume that A € R™" is symmetric and positive definite and B € R™", m < n, is a
matrix of full rank. Under these assumptions, the linear system given in (1) is well defined and has
a unique solution. The system matrix X is symmetric and indefinite, and a variety of methods exists
to solve problems of this type efficiently (see [6] for a survey). In practice, the linear system Cx = b
usually is of sufficiently high dimension that iterative solution methods are needed, and it is never
solved without the application of a preconditioner P chosen to enhance the convergence behavior
of the iterative method. A variety of preconditioners exists to tackle saddle point problems of the
form (1). The aim of this paper is for the different optimization methods to present preconditioners
that are tailored toward an efficient solution of the linear system arising from the discretization of
an optimal control problem involving a PDE.

The problem we are interested in will be presented in detail in Section 2. Our focus in this paper
is to derive efficient preconditioners for the optimal control problems; hence, we introduce all meth-
ods from a linear algebra perspective. The area of PDE-constrained optimization has received an
enormous amount of attention over the last few years, but only a few contributions for the efficient
solution of the corresponding linear systems have been made. We show how for each method the
saddle point system can be preconditioned and efficiently solved using a Krylov subspace technique.
We also derive bounds for the eigenvalues of the preconditioned matrix in some idealized cases, and
the numerical results presented in Section 6 illustrate the competitiveness of this approach.

2. THE PROBLEM

The functional to be minimized over a domain Q € R? with d = 2,3 is given by

p

I
T =5y =329 + 5 ul72q) 2)

where B € R is a regularization parameter and y is a given function that represents the desired
state. In many practical applications, this function describes design criteria in the underlying appli-
cation; hence, problems of this type are often called design optimization problems. The state y and
the control u are linked via a PDE problem that we shall take throughout this paper to be the Poisson
equation:

— Ay =uin Q. (3)
Additionally, we allow for the control to be bounded by so-called box constraints
u,(x) <u(x) <up(x)aein L, (E))
where we assume that u,(x) < up(x) a.e in 2 and define
Uy = {u € L2(Q) 1 ua(x) < u(x) <up(x) aein Q}

to be the set of admissible functions. The presented setup can be summarized in the following
optimization system:

min %Ily - }_’HiZ(Q) + g”u”iz(g) St

—Ay_: u in 2 (5)
y=y onI’
U, (x) <u(x) <up(x) a.ein Q.

Problems of this type are well studied, and we refer to [1-3, 3, 7-9] for more details. Note that it
is not necessary to restrict y to y on the boundary.

Copyright © 2011 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2012; 19:53-71
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We want to discuss the discretization of our problem as we will follow a discretize-then-optimize
approach as we discretize first and then look at the first-order conditions of the discrete problem.
One way to discretize the optimization problem (5) is to use the finite element method [10].

Our choice is here Q1 elements using the deal.Il [11] framework; to guarantee that necessary opti-
mality conditions are satisfied, we use lumped mass matrices. Note that using piecewise constant
finite elements for the control u and the Lagrange multipliers u, and w, would be sufficient. Our
approach leads to a more convenient notation, but everything also holds for the case when piecewise
constants elements are used for the control and the Lagrange multipliers. Now, the resulting discrete
optimization problem is given by

min 2 (v ="My —5)+Eu"Mu st
Ky=Mu—d (6)
U, U< Uy,
where K and M represent the stiffness and lumped mass matrices of the appropriate finite element
space, respectively. The vector d represents the boundary data and u,, uy represent projections

onto the finite elements space in an analogous way to u. We want to solve this problem using the
Lagrange multiplier approach (cf. [2,3,9]). The Lagrange function is given by

L= Loy-»"My -7

+BuT Mu— AT (Ky — Mu + d), ™
and the stationarity conditions for the Lagrange function L(y,u, A) are
VyL(y*, u*,A*) = My* -~ M5 - K"A* =0 ®)
and
ViL(y*,u*,A*) = —Ky* + Mu* —d =0. )
The last optimality condition considering the box constraints on the control can be written as
w—u®TV, L™ u*, M%) = u—u*)T (BMu* + MA*) =0 Yu € Uy. (10

Condition (10) follows from the variational inequality
F'u u—u*)=0 VYu e Uy,

where F(u) can be obtained by using the state equation to remove y from the objective function
and to solely work with the control u. In more detail, we obtain the reduced discretized optimization
problem as

nl}in Fu) = % (K" Mu—d)—y)M (K" (Mu—d)—-7)+ guTMu, (11)

where we define the admissible set as U, = {# € R" : u, <u <uyp}. Note that in the absence of
box constraints on the control u, (10) would reduce to BMu* + M A* = 0, and the solution can be
found by solving a linear system in saddle point form (see [7] for details). Now, we want to further
rewrite the optimality system to get rid of the condition (10).

With Uy as defined previously, we obtain the component-wise expression of u*

= (up); if (Bu*+1%); <0
Wi=1 elu if(Bu*+1%) =0 (12)
= (u,)i if (Bu™+1%); >0

as M is a lumped mass matrix. From the second equation in (12), we have that

A’*
u* = 5 whenever fu* + 1* = 0. (13)

Copyright © 2011 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2012; 19:53-71
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Relation (12) can be used to define a new Lagrange function by introducing two Lagrange
multipliers:

fa = (Bu* +2*) " and == (Bu* +2%)7, 14
where

(/'La)i = (IBM* + A*),

whenever (fu™* + A*); is positive; otherwise (u,); will be zero. Similarly,

(p); = |(ﬂu* +A*)i|

if (Bu® + A*); is negative; otherwise (up); is zero. This gives the complementary slackness
condition

/’LaZO, Ea_u*so, (ﬂa_u*)T/'LaZO (15)
o =0, u* T, <0, (u* )" py=0.

3. ACTIVE SET METHOD

On the basis of the description in the last section, we introduce numerical methods to solve problem
(6). The first is an active set method. Active set methods have a long history in optimization for linear
programming in terms of the simplex method [12] or in quadratic programming [13]. The approach
we follow was introduced in [14], and we follow its derivation in [8]. For reasons of convenience,
we use a new Lagrange multiplier u instead of p, and uy, that is defined as follows:

W= g — by = Bu + A, (16)
and we have for the optimal control

=(u,); ifu>0
(u*),- = (S Uad if ,LL:‘ =0 (17)
= (up); ifp; <O0.

The first equation in (17) gives that (u*); = (u,);. and hence, (1*); > 0 that results in (u* —pu*); <
(u,)i- Analogously, the third equation in (17) gives that (1*); < 0 and (u* — u*); > (up));. The
second equation in (17) shows that for (u*); = 0 the relation (u™* — u*); = (u™); holds.

Thus, the quantity ¥ — p is an indicator whether a constraint is active or inactive; with this, an
active set strategy can be implemented. For a general introduction to active set methods, we refer to
[4,5]; in the particular case of a primal—dual active set strategy for PDE-constrained optimization,
we recommend [2, 3,9, 14].

First, we define the active sets as

Ap={ie{l,2,...,N}:(u—p)i > (up)i} (18)
A—:{ie{l’z""’N}:(u_M)i<(ﬂa)l’} (19)
Ar={1,2,...,N}\ (A UA_). (20)

We now introduce the control u®) at step k of an iterative procedure as the approximation to the
optimal solution u*. In a straightforward fashion, this notation will be used for the state and
the adjoint state. The active sets A%, Aslf), and Agk) are defined using u*~1 and %~V The
following conditions have to hold in each step of an iterative procedure (see Algorithm 3)

My® — M5 —KT2® =0 1)
—Ky® 4+ Mu® =4q (22)
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AR AU I A

,_
=4

Choose initial values for «(?), y(© A(®) and 1, (©)

Set the active sets A(f), A and A§°) by using ©(?) and (*) in (18), (19) and (20)
Solve (21) to (23) on the free variables from the previous iteration ( A(kal))

Set the active sets A, A% and A% by using u® and p®) as given in (18), (19) and (20)
LAY = A% fand A(Ik) = A(kal) then

fork=1,2,...do
Update ()
if A® = 40
STOP (Algorithm converged)
end if
end for

Algorithm 1: Active Set algorithm

BMu® + MA® — pp® =0
n® =0on A(Ik)
u® =y on A®

u® =1, on .AS]_{).

(23)
(24)
(25

(26)

Following a technique given in [8], we partition the control u according to the dimension of the
sets .Agk), A® and A:’f) and using the fact that the u is known on the sets AS’_C) and A% to obtain

M ?k) (9] 0 0 _Ign X y® My
0 | BMAT AL 0 0 MAT uAP 0
40 4@ FUSR B A%
0 0 BM 7+ 7+ 0 M7+ Uy =| (Mp)*+
0 0 0 ﬂMAg\)’A(/\) M_A(k) u, (MM)A(k)
-K AP AP M AL 0 A0 d
27
This can now be reduced to the final linear system
M 0 K y® M3
0 ﬂMA(’k)’A(’k) MA(’k)’: MA(Ik) = 0 (k) (28)
Kk MAY 0 A® —MA T, — MAY y, +d

Once this system is solved, we can update the Lagrange multipliers associated with the sets AS]_{)
and A®:

MY = gAY A g, gAY ®

29
(MM)A(_k) — ,BMAQC)’AQ{)% + MAQ(),IA(IC) 29)

In [14], it is shown that when the active sets stay unchanged in two consecutive steps, the method
has found a local minimum and the algorithm can be terminated.

3.1. Equivalence to a semismooth Newton method

In this section, we want to emphasize the connection of the active set method to a semismooth
Newton method as given in [15]. For an introduction to semismooth Newton methods, we refer
to 1,9, 16]. Recall that we introduced the reduced optimization problem for F(u) in (11). To use
Newton’s method for solving (11), we have to compute the gradient of F', which is given by

VF(u)= MK TMK™'Mu— MK TMK™'d = MK~" My + fMu
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Again, we can use Ky = Mu — d to simplify this and obtain

MK TMy—-MKTM5j + BMu. (30)
If we introduce A as the solution of the adjoint system
KT =M(y-7). )
the gradient finally becomes
VFu)=MA+ BMu. (32)

Note the equivalence to the definition of u in the active set method presented in the previous section.
The Lagrange multiplier j represents the gradient of the function F(u). The Hessian of F can now
easily be obtained as

V2F(u)= MK TMK'M + M, (33)

which is a symmetric and positive definite matrix.

It is possible to show that the active set method is equivalent to a semismooth Newton method.
In [15], Hintermiiller et al. show that the primal—dual active set method is a semismooth Newton
method. On the basis of [1], we want to derive the equivalence of the active set method for the
optimality system (5) and a semismooth Newton method solely written in linear algebra terms as
this will provide useful information for developing good preconditioners. For more details on non-
smooth Newton methods, we refer to [1,9, 16-18]. In our case, the optimality condition for F(u)
becomes

®(u) = Py, u,)(u — D(BMu + H'(u))) —u =0,

where D is a diagonal matrix with positive entries and H'(u) = MK TMK"Mu - MK~ T M5
(see Theorem 5.2.4 in [19]). Note that the gradient of F(u) is given by VF (u) = fMu + H'(u);
with the choice D = M ~!, we obtain

®(u) := Ppy ) (u —Bu—M""H'(u)) —u =0.
As ®(u) now represents a nonsmooth functional, the Newton system becomes
Mis® = —o®D), (34)
where the generalized differential is given by
My=G—-BG—GK TMK™'M —1
with

0w (g, T0)
(G _{ 1 otherwise

and . = Bu + M~V H’(u) (this is equivalent to (16)). Without loss of generality, we can assume
that the variables are ordered such that
0 0
G= [ 0 ] |

Note that solving the system (34) with M} can be achieved by solving
)

M 0 —KT p 0
0 —I+G-BG -G s | = —o@®Dy |, (35)
-K M 0 s® 0

We could stop here for the implementation of a semismooth Newton method; however, as we
want to obtain the implementation of the active set method presented earlier as well as obtain a
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symmetric linear system that can be solved much more efficiently than the one given in (35), we use
the definition

o*) =Py gy @D = BuEY 4 MTVH @ED)) —u*D

=Py, ﬁb](“(k_l) — =Dy g k=1
with /L(k_l) defined as in (16). We now use this equation to rewrite (35) to have
M 0 KT y® — y&=D 0
0 —-I+G-pG G u® —y k=D | = _puk-D) |, (36)
-K M 0 LK) _ ) k=1 0
which is also equivalent to
M 0 —KT [ »y® —KTAU=D 4 ppy =)
0 -I+G-BG -G u® | = —d* V) + (-1 + G - BGu*=D — GAK-D
—-K M 0 A0 —Ky®=D 4 pry =1
My
—| —o®) |. 37)
d

We now have to take care of the part in (37) that corresponds to the control u. For that we are
splitting the control in its parts corresponding to the active sets based in u®*=1 and consider the
following three cases:

=(u, — uk=0), foralli € A%
ou*V) 3 = kD — k=) _y k=D foralli e A%V (38)
= (i, —u®=D); foralli € Agc_l),

where A%—D, Aif_l), and A(Ik_l) are defined as in Section 3. For convenience, we neglect the

indices of the active sets in the linear systems. We can equivalently split up —®u* D) + (=1 +
G — BG)u*=D — GA*=1D ysing (38) and the definition of jx to have

=-—u, foralli e A%~V

— o V) 4 (=1 +G -G u* D —Ga* DL —0  foralli e AXV (39)
=, foralli e A¥7V.

Putting this together into a linear system now gives
y(k)

M 0 0 0 —KT @ My
0o -1 0 0 0 Uy —0y
0 0 —1I 0 0 u® =1 |- (40)
0 0 0 BI  GAr¥ u® 0
—K MY MA- MPAL NG d

(k)

We are almost there and now eliminate the rows corresponding to u L and ufff)

’ and also mul-

tiply the row corresponding to u% by MA7-A1 ] a diagonal matrix, and using the fact that
MAAL (G)a,.= MA1 to have

y((lf))
M 0 -KT U, My
0  BMAAL AL u® | = 0 . @D
-K M 0 1 d — M+, — M*A-u,
A
2.6
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This shows that the active set method is a semismooth Newton method. For the convergence prop-
erties of the active set or equivalently semismooth Newton method, we refer to [14, 15]. Note that
the semismooth Newton method converges superlinearly if the initial guess is sufficiently close to
the solution of the optimality system (see [1, 9] for more details).

3.2. Solving the linear system

The costly part of the active set method presented earlier is the solution of the saddle point system
(28) where the system matrix is

M 0 K
K=| o pMATAR  pAPs | 42)
,A(k)
K MA 0

It has to be noted that working with this matrix is not convenient in a practical environment as the

. k) 4K . . .
matrix M7 A1 will change with every step of the semismooth Newton method.
We will now show that we can implicitly work with the matrix

M 0 -K
K= 0 BM M (43)
-K M 0

for every step of the Newton method (see also [20]). In a Krylov subspace method, only matrix vec-
tor multiplications with the system matrix K are required; if the right hand side is chosen carefully,
then the matrix vector product with (42) in Algorithm 2 can be replaced by the matrix product with
(43)

M 0 0 0 —-K
0 | gAY AT 0 0 MAT ﬁy(k:m
A0 4K UK utl
Kp= 0 0 BM A+ "+ 0 M7+ 0 (44)
0 0 0 ﬁMAQ‘),AQ‘) MAD.: 0
K M:,A(,k) MI.ASI_() M:,AQ‘) 0 Do

and then annihilating the entries in /Cp corresponding to the positions of the variables in AS]_C) and
A% This means that if the initial residual ro has zeros in the positions corresponding to the active

sets .Aff) and A%, the matrix vector multiplication will not take any contributions from the matrix
blocks associated with these variables, and the annihilation of the additional entries after multipli-
cation in the blocks corresponding to Aslf) and A%® will guarantee that this property holds in all
steps of the algorithm. We will now discuss how to solve a linear system with this system matrix
efficiently.

The matrix in (43) is symmetric and indefinite, and thus, we could employ MINRES [21] to solve
the linear system. For MINRES to be applicable when the matrix A is preconditioned, we need the
preconditioner P to be symmetric and positive definite. For a general survey of how to precondition
saddle point problems, we refer to [6, 10]. In the case when no constraints are imposed on the con-

trol u, that is, M A(Ik = M, Rees et al. presented a block-diagonal preconditioner that can
be used to solve the saddle point system [7]. Recently, Rees and Stoll showed that block triangular
preconditioners can be employed for the solution of the linear system with /C in case no constraints
are given for the control [22]. In this section, we show that both techniques can efficiently be used
to solve the system arising as part of the active set method.

-1 A(kal)
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We consider here two preconditioners: the block-diagonal preconditioner

Ao 0 O
Pep=| 0 Ay O (45)
0 0 S
and the block triangular preconditioner
Ao 0 0
Ppr = 0 A1 O . (46)
-K M -5

The preconditioner Ppp is a preconditioner that is typically used within the MINRES framework
because it is symmetric and positive definite whenever the blocks Ay, A, and Sy are chosen to
be symmetric and positive definite. The block triangular preconditioner Pgr is typically used when
the now nonsymmetric preconditioned matrix K= PgiK is used with a symmetric and positive
definite inner product defined by (x, y) 3y = X7 Hpry where

M — Ay 0 0
Hpr = 0 BM —A; 0 |. (47)
0 0 So

It is easily seen that the definition of Hpt imposes the restriction on the preconditioners Ao and
Ay that M — Ay and BM — A; both have to be symmetric and positive definite. If this criterion
is fulfilled, methods such as the Bramble—Pasciak CG method can be used [23-26]. Assuming that
‘Hpr defines an inner product, these methods use the fact that the preconditioned matrix K= PB_TIIC
is symmetric and positive definite in (.,.)74,;, and hence, a CG method can be used [25,27,28] (see
Algorithm 2).

We will now motivate the use of the preconditioner by considering an idealized case with
Ao = M, Ay = BM, and Sy = KM~YKT as an approximation to the Schur complement of
the matrix S = KM ~1KT 4+ 71 M. Note that in this case the inner product would be degenerate
(H is singular), but we expect the eigenvalues for a more realistic setup to be close to the ones that
we analyze in the following. With this choice, the eigenvalues of P~!KC can be read off the diagonal
blocks of the upper triangular matrix

I 0 -M~KT
Pak=| 0 I i1 : (48)
0 0 I+B 'K TMK'M
In particular, we have 2n eigenvalues at 1, and the remaining eigenvalues satisfy (/I +
B'KTMK~'M)x = Ax. A similarity transformation

M2+ B 'K TMK'M)M ™2 =1 + B 'M2KTMK'M?

Given zg = 0, set 7o = P~ (b — Kxg) and po = 7
for k=0,1,...do
(ThoTR)H
(P=1Kpk.pr)n
Th41 = T + apy
i1 =15 — AP Kpy,

o =

B = {Tetreri)n
T {rerkdw
Dhk+1 = Th+1 + BD
end for
Algorithm 2: Bramble and Pasciak CG
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reveals that the eigenvalues of the last diagonal block are the eigenvalues of the symmetric matrix

I+ ﬁ_lM%K_TMK_lM%. With a field of value* analysis, we want to obtain bounds on the
eigenvalues of P! K. Thus, the upper bound can be obtained from

XTBIMEIKTMK " M2x B (zTMz) (x"Mx) (yTKTK y)
= (49)
xTx (x7x) () (72)

with y = M %x, z = K~ 'y. And as the matrices K and M are symmetric, the eigenvalues of

I+p71 K-TMK~'M are bound from below by 1 and from above by 1+ 8! (A,‘,ﬂi)f A&E;TK_I).
For this, we need bounds on the eigenvalues of the mass matrix and the stiffness matrix. Propo-
sition 1.29 and Theorem 1.32 in [10] provide these bounds for Q1 elements, that is, consistent
mass matrix and the stiffness matrix. We have ch? < xT Mx/xTx < Ch? for the mass matrix
with the constants ¢ and C independent of the mesh size h. For the stiffness matrix K, we obtain
dh? < xTKx/xTx < D for mesh-independent constants d and D. We now get that the largest
eigenvalue of K~T K~ as K = KT is bounded by

A(K_TK_I) < 1
max ~ d2h4'

Hence, the eigenvalues of S~ K~ MK~'M are bounded above by

AI(]/151\71KerKflM) < ,3_1C2h4 _ ,B_ICZ’
x d2h* d?

which is a constant independent of /. This results in the following Theorem.

Theorem 3.1
For the consistent mass matrix M and the stiffness matrix K of a Q1 finite element space, the
eigenvalues of the matrix

I+ B 'K TMK'M
lie in the interval [1,1 + (871C?/d?)].

This illustrates that for the idealized case, the eigenvalue lies in an interval independent of the
mesh size, and good approximations Ay, A1, and So should result in a similar behavior. Thus, we
now have to discuss the choice of these preconditioners.

Note that methods based on a nonstandard inner product given by Hpr usually suffer from the
drawback of appropriately scaling Ag and A;. In [29], Wathen and Rees emphasize the fact that
for the approximation Ay to M, a linear operator should be chosen to guarantee that the overall
process; that is, the employed Krylov subspace method is a linear operator itself. On the basis of the
eigenvalue bounds for the mass matrix given in [30], they identify that the appropriate Chebyshev
iteration gives a highly effective linear operator in this context. Building further on these results,
Rees and Stoll show in [22] that an appropriate scaling for the preconditioning blocks Ay and A4
can easily be obtained when one is interested in solving problems from PDE-constrained optimiza-
tion. Rees et al. [7] propose to employ the Chebyshev semi-iteration for the blocks Ag and A (see
Algorithm 3). For more details on the Chebyshev semi-iterative method, we refer to [29, 31-33].
It has to be noted that the analysis in [22,29] uses consistent mass matrices; as for lumped mass
matrices, preconditioning and scaling are not an issue.

The block Sy should represent a good approximation to the Schur complement

1
KM'KT + EM. (50)

“The field of values of a matrix A is given by x” Ax/x7x Vx #0 e R".

Copyright © 2011 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2012; 19:53-71
DOI: 10.1002/nla



PRECONDITIONING WITH CONTROL CONSTRAINTS 63

: Set D = diag(M)
. Set relaxation parameter w
: Compute g = wD™'b
Set S = (I —wD~1M) (this can be used implicitly)
Set 2,1 =0and 2z, = Szk—1 + ¢
Ch—1=2and ¢, = w
fork=2,...,0do

Chil = WCk — TCk—1

D1 = wits
Zhp1 = Vg1 (Szk + 9 — 2p—1) + 211
: end for

h AR I A T o

—_ =
—_ o

Algorithm 3: Chebyshev semi-iterative method for a number of [ steps

Some choices proposed in Rees et. al. [7] are to neglect the term (1/8)M in (50) as already carried
out in Theorem 3.1 and to only use an Sy that approximates the term KM ~' K. One typical choice
for So = KM 'K is to use a fixed number of algebraic multigrid V cycles from the Trilinos ML
package [34] to approximate the stiffness matrix K by K. Ttis also important that this is also a linear
operator. The cost of MINRES with Pgp and the Bramble—Pasciak CG with Pyt are the same when
it comes to the number of applications of preconditioners Ag, A1, and So. The Bramble—Pasciak CG
is slightly more expensive as it requires one additional multiplication by the (2, 1)-block of the 2 x 2
saddle point matrix [20,35]. A comparison of these two methods for the unconstrained case is given
in [22]. In addition, we want to mention the fact that for the evaluation of the inner products with
‘Hgr the preconditioners never need to be known explicitly; that is, the application of the inverse or
rather the solution of a linear system with P as coefficient matrix is all that is required in practice
[23,25].

4. THE PROJECTED GRADIENT METHOD

In [4, Section 16.6], Nocedal and Wright present a projected gradient method to solve a quadratic
optimization problem with box constraints. Similar approaches using a projection of the gradient
are also described in [2, 3, 19,36]. We focus on the approach used by Nocedal and Wright in more
detail and will describe different variants on how to choose the search direction.

4.1. Steepest descent direction

In (11), we identified the problem of minimizing J(y,u) with the problem of minimizing F(u)
where y and u are linked via the state equation. Hence, the minimization problem min J(u, y) can
be identified with the discrete optimality system

min F(u) s.t.
U, <UL Uy

(see also (11)). The projected gradient method takes steps toward the steepest descent direction
p = —VFu®*D) and maintains the feasibility of the iterate at step k by projecting the Cauchy
point onto the box given by U,4. We explain this procedure here step by step. To calculate the gradi-
ent VF(u%*=1), we have to check the definition of F(u) in more detail. The gradient of F is given
by

VF(u) = MA + BMu (51)

(cf. (32)). By introducing indices k indicating the step k of an algorithmic procedure, we can
compute the gradient at every iteration once the forward Poisson equation

Ky® = Mu*= —q (52)
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is solved and also the solution to the adjoint equation given by
K720 =M(y© -3 (53)

is computed.
On the basis of the previous observations, we can now compute u® by the following process
using projected gradients. The new iterate u®) at step k is given by the projection of

u*=D (k—=1)

—ap
onto U, where a denotes the step size and p*~1 represents the gradient at step k. Hence, the
feasibility of the next iterate u®) is guaranteed. Following Section 16.6 in [4], the optimal step size
« can be explicitly determined.

For a stopping criterion for this method, we refer the interested reader to [19, Section 5.4]. The
results shown in Section 6 were computed by simply using the difference between two consecutive
controls as an indicator for convergence. This will be sufficient here as we want to improve on this
method in the next Section and will see there that a stopping criterion is given naturally.

4.2. Scaled and Newton directions

It is well known that when the steepest descent method is used to solve linear systems, the conver-
gence can be very slow because it is possible to take steps into previously chosen search directions.
In the case of a linear system, the Conjugate Gradient method introduced in [37] is an alternative
that guarantees for the search directions to be orthogonal with respect to the positive definite system
matrix.

Here, we now want to look at an approach where the steepest descent direction is scaled by a
matrix L (see [38]). In more detail, instead of moving into the direction —p*~1 where p(k_l) is
the gradient of F', we move into the direction —Lp(k_l). In [38], Bertsekas requires the matrix L to
be positive definite and diagonal with respect to the active sets A_ and A ; that is, L is diagonal
for every index in A— and A, and positive definite otherwise.

In our case, we will choose L to be a reduced Hessian (see [19] for more information). In more
detail, the search direction p}(lk_l) is the solution to the linear system

R@® D, v2Fu®*V)) p*~ = _vFu*-D)

where

_ _ 8ij ifieAdyUA_orje A_UA_
k=1) v2 gy (k=D _ ) Oij +

R, VEF@)) = { (V2ZFu®=D));;  otherwise

and V2 F(u%*~D) is the Hessian as derived in (33). The sets A_ and A are defined as follows:

Ay = {i ()i — @® D), < o} and A_ = {i L @® D) — () < o} .
Equipped with this new pi(lk_l), we can employ the same technique that we already used for the
projection of the steepest descent direction onto the box defined by U,q.
For reduced Hessians R(u*—D, V2 F (4 *~1)) that are uniformly positive definite, a global con-
vergence theorem for the scaled steepest descent direction is given by Theorem 5.5.2 in [19].
Whenever the reduced Hessian is symmetric and positive definite, which in our case is trivially ful-

filled, the aforementioned procedure can be modified. In more detail, we define the reduced Hessian
(cf. [19]) by

ifieAfUA_orjeA_UA_

8ij
(V2F (u))l.j otherwise.

Vi F(u) = (54)
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We then have to solve the following equation
ViFpy Y =-VF@*h)

using that V2F(u) = MK~TMK~'M + M. Without loss of generality, we assume that V% F (u)
can be written as

1 0
VI%F(”)Z[ 0 O7V2Fu)I ]

where IT is a projection consisting of columns of the identity corresponding to entries in .A;. We
look at the block T17 V2 F (1)1 in more detail using MATLAB notation:

N7V2Fu)l= OTMKTMK'MT 4+ 0T MITI

— MA],:K—TMK—IM:,.AI + ﬂMA”AI (55)
The part corresponding to free variables u; in the linear system VI%F (u) p}(Lk_l) = —VFu%-D)
can now be written as
A =T —1p0:A4 ApAp k) — _ (k=1)
MA KT MET MAAT - pMATAT p®) = (56)

using the definition that u = VF(u) = MA + BMu. We can then, similar to before, build a
corresponding saddle point system

N @
0 MALAL ppAL: K | | _, k-1
—K ﬁM:»AI 0 "t Ha
Sh
The last system can now equivalently be rewritten as
M 0 —KT y® My
Ar A Ar (k) (k—1)
0 ﬂM ’ M- Uy = _k/J“_A, '
_K M AT 0 FIG) d— M:,A+u54;1) _ M:,A_MEA:U

which is similar to the linear system at the heart of the active set method introduced in Section 3
(see (28)), and for a critical point, we obtain /Lgfl_l) = 0 [19]. This shows that the active set method
and the projected gradient method with Newton acceleration are related depending on the choice of
the active sets and the step size in the projected gradient method. This will be when the projected
gradient algorithm diverges from the implementation described in Algorithm 3. The superlinear
convergence for the projected gradient method can be found in [38, Proposition 4.]. More details
can also be found in [39].

5. MOREAU-YOSIDA FOR CONTROL CONSTRAINED PROBLEMS

The Moreau—Yosida regularization (see [40,41] and the references mentioned therein) is a popular
technique for the case when state constraints are present. As discussed in [41], this case provides
challenging problems from the linear algebra point of view, and we refer to [42] for preconditioning
strategies.

To complete the discussion of possible methods for control constraint problems, we briefly
introduce the Moreau—Yosida regularization for control constraints and discuss the arising linear
systems. The problem of minimizing (2) when there are bound constraints on the control using the
Moreau—Yosida penalty function is expressed as minimization of

1 =112 ﬂ 2 1 2 1 . 2
J(y,u) =S lly =yII” + S [ull” + = [lmax {0, u — up}||* + 5~ [[min {0, u — w,}||”. (57
2 2 2¢e 2¢e
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The Moreau—Yosida approach then leads to the following linear system [41]:

M 0 —KT y M3y
0 ﬂM-i—S_lG_AMG_A M u |=| ! (GA+MGA+ﬁb+GA_MGA_ya) s
—-K M 0 A d

(58)
where the sets Ay = {i :u; > (Up);}, A-{i 1u; < (u,);} are the active sets associated with the
bound constraints on the control u in a similar way to before (we have A = Ay U.A_), and G is a
matrix variant of the characteristic function for the corresponding sets (see also Section 3.1).

Our focus is again on the efficient solution of the linear systems in (58), which is of saddle point
type. Note that the block blkdiag(M, BM + e~ 1G 4, MG 4,) is symmetric and positive definite as
we have a mass matrix on the one hand and a mass matrix plus a submatrix of a mass matrix on the
other. Again, considering an idealized preconditioner, we obtain

M 0 0
P = 0 L 0 ,
-K M =S

where L = BM + ¢~ 1G4, MG 4,. The preconditioned matrix is given by

M1 0 0 M 0 —-KT
Pk = 0 Lt 0 0 L M
—So kMt SyiMLTY —S;! -K M 0
(59)
I 0 —M~'KT
0 I L1 ,
0 0 Sy (KM7'KT +ML™'M)

which shows that it has 2n eigenvalues at 1 and n eigenvalues are given by the eigenvalues of
SoW(KM~'KT + ML='M). Assuming So = KM~ KT, this simplifies to

I+K TMK'ML™'M.
We again use a similarity transformation
LM+ K TMK "ML \MYM 'L = + LMK TMK ML,
The eigenvalues of this symmetric matrix can now be estimated in a similar way to Theorem 3.1.
XTLSMK "MK "ML 3x  (xTL'0) (T M2y)TKTK ' 2)(w” Mw)
xTx a CT)OTYET)WTw) (T y)

with y = L=12x 7 = My, w = K~1z. From (60), we see that we can use eigenvalue bounds
from Section 3.2 for both mass matrix and stiffness matrix. Note the only term that has not been
analyzed before is given by x” L™1x = xT (M + zs_lGAMGA)_1 x. We will start analyzing
xT Lx/xTx to have bounds for the eigenvalues of L and use these to establish bounds for L.
With ch? < xTMx/xTx < Ch?, we see that

(60)

xT(BM + e 1GAMG 4)x
xTx

Beh* < <(B+et)Ch2

Now this finally gives for L™}

xT(BM + e 'GAMG )" 'x _ 1
xTx = Bch?’
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The upper bound for the eigenvalues can now be established as

_ _ _ C3
A(K TMK—'ML™'M) < ) 61
max ﬂcdz ( )

We have thus proven the following Theorem.

Theorem 5.1
For the consistent mass matrix M and the stiffness matrix K, the eigenvalues of the matrix

I+K "MK 'ML'M

lie in the interval [1,1 + (C3Bcd?)].

We remark that the bounds are similar to the ones obtained in Theorem 3.1 and again the inter-
val depends on the parameter 8. We will compare this approach with the active set method from
Section 3 in Section 6.

6. NUMERICAL EXPERIMENTS

In this section, we will illustrate the effectiveness of the presented methods for a simple problem.

6.1. Setup

We illustrate our method using the following example, which is Example 5.2 in [7]. Let Q = [0, 1]™,
where m = 2, 3, and consider the problem

1 <112 B a2
min 5||y_ 917, @ + EHUHLZ(Q)

s.t. —V2y=u inQ (62)
y=y ondQ (63)
where
exp (—64 ((x1 -2 4 (x, - l)2)) if (x1,x2) €[0,1]?

exp (—64 ((x1 — ;)2 +(x2—3)% + (x3— %)2)) if (x1,x2,x3) €[0,1]3.

<

That is, y is Gaussian with peak at unit height at the center of the unit cube. Figure 1 shows the state
and the control for the optimal control problem without control constraints with = le — 2.
For the active set method, Bergounioux et al. [14] use different initial setups to start the method.

We only introduce the setup that proved best for the examples analyzed in [14], that is,

M(O) = ﬁb

Ky(O) = Mu©®
K720 = My©® —pm5
1@ = BMu© 4+ MA©.

(64

We do not show any results for the projected gradients method without scaling as this is known
to converge slowly and was also observed when implemented. Our goal is to demonstrate the effi-
ciency of the semismooth Newton method in combination with efficient preconditioning strategies
as will be shown now for various examples.
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(a) State (b) Control

Figure 1. State and control for 2D case.

Table I. Results for 2D example with number of iterations for the
Bramble—Pasciak CG and MINRES for the case of no bound constraints.

Unconstrained iterations Simple bounds

BPCG(T) MINRES(T) ASH#BPCG/T)
289 8(0.02) 9(0.02) 3(24/0.08)
1089 8(0.09) 9(0.08) 5(38/0.42)
4225 8(0.32) 11(0.4) 4(36/1.54)
16641 10(1.84) 13(2.24) 3(33/6.36)
66049 11(9.55) 15(12.32) 5(53/48.56)
263169 13(47.49) 19(65.97) 4(51/193.54)
1050625 17(251.44) 25(352.3) 4(69/1038.97)

The iteration numbers for the active set (AS) method with total number of
CG iterations are shown, and timings for all methods are given in brackets.
BPCG, Bramble—Pasciak CG.

6.2. Results

6.2.1. Semismooth Newton method. We now want to present the results for the semismooth Newton
method to illustrate its superiority over the projected gradient method with steepest descent direction
presented in Section 4.1. The lower bound is given by

" — 0.5x; exp —xf — x%)) in 2D (65)
7 0.lxpexp (—xf —x3 —x3)) in 3D.
The upper bound is defined as
1 in 2D
Mo = { 05  in3D. (66)

Table I shows the results for the computations performed in two dimensions, and Figure 1 shows
the control and state for this setup. In Table II, we can see the results for the computations in three
space dimensions, and the corresponding state and control are shown in Figure 2. For the results
shown in this section, we used 8 = le —2 and the matrices are formed on a 2 x 2V grid. We com-
pare the unconstrained problem and the constrained problem with active set method. Each stiffness
matrix K is here approximated by two V cycles of the algebraic multigrid method. The tolerance
for MINRES as well as the Bramble—Pasciak CG is set to 107 for the relative residual given in the
2-norm. The results given in Tables I and II illustrate the mesh-independent performance of both
MINRES and Bramble—Pasciak CG for the unconstrained problem. Note that the Bramble—Pasciak
method needs less iterations than MINRES. The active set (semismooth Newton) method shows
mesh-independent convergence for the problems considered here.
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Table II. Results for 3D example with number of iterations for the
Bramble—Pasciak CG and MINRES for the case of no bound constraints.

Unconstrained iterations Simple bounds

BPCG(T) MINRES(T) AS(# BPCG/T)
125 7(0.01) 9(0.01) 7(48/0.08)
729 7(0.08) 7(0.07) 2(14/0.18)
4913 7(0.65) 7(0.62) 2(15/1.51)
35937 7(6.06) 7(5.84) 5(39/35.36)
274625 7(52.01) 9(62.7) 4(32/247.55)
2146689 8(476.47) 11(609.85) 5(43/2652.73)

The iteration numbers for the active set (AS) method with total number of
CG iterations are shown and timings for all methods are given in brackets.
BPCG, Bramble—Pasciak CG.

(a) State (b) Control

Figure 2. State and control for 3D case.

6.2.2. Moreau—Yosida regularized Newton method. We finally show results that indicate the per-
formance of the Moreau—Yosida regularized method described in Section 5 as a competitor to the
primal—dual active set method. We here restrict ourselves to the 2D case with the following setup:

u, =0 and up, = sin (2w x1x2) (67)

Table IIT shows results for ¢ = le — 6 and B = le — 2 for both the active set method and the
Moreau—Yosida approach. As can be seen, the results for the Moreau—Yosida approach and the
active set method are nearly indistinguishable. Figure 3 shows the state and control for the setup
used here.

7. CONCLUSIONS

In this paper. we presented efficient preconditioning strategies that can be employed when a PDE-
constrained optimization problem has to be solved. Our main focus was the solution of linear
systems in saddle point form that arise when bound constraints for the control are introduced. We
presented results for different preconditioners and considered different optimization algorithms that
are well suited for problems in optimal control with PDEs subject to control constraints.

We first considered a primal—dual active set method and derived the same linear system from
its interpretation as a semismooth Newton method. On the other hand, we looked at a projected
gradient method with steepest descent direction. Because the results for this method were not very
encouraging, we considered a Newton acceleration and were able to show that this leads to the same
semismooth Newton method that is represented by the active set method. For completeness, we
also looked at the Moreau—Yosida approach to the control constraint case and found very similar

Copyright © 2011 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2012; 19:53-71
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Table III. Results for Moreau—Yosida and PDAS with ¢ = 1le — 8 and

B=1le—2.
n MY(# BPCG) PDAS(# BPCG) ||uMY — UPDAS ||2
289 4(26) 2(14) 2.862¢ — 11
1089 4(26) 2(14) 5.795¢ — 11
4225 4(28) 3(22) 5.884¢ — 12
16641 3(20) 3(20) 1.146e — 11
66049 3(22) 6(44) 1.387¢ — 09
263169 3(23) 3(23) 3.516e — 11
1050625 3(27) 3(27) 1.398¢ — 10

Shown are the number of iterations plus the total number of CG solves. MY,
Moreau—Yosida; PDAS, primal—dual active set; BPCG, Bramble—Pasciak CG.

(a) State (b) Control

Figure 3. State and control for 2D case from the Moreau—Yosida regularized method.

results to the active set method. All numerical results given indicate the competitiveness of these
approaches.
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A.2. PRECONDITIONING FOR STATE CONSTRAINTS

A.2 Preconditioning for state constraints

This paper is published as

J. W. PEARSON,M. STOLL, AND A. WATHEN, Preconditioners for state
constrained optimal control problems with Moreau-Yosida penalty
function, Numer. Lin. Alg. Appl., 21 (2014), pp. 81-97.

Result from the paper

In this paper we derive robust preconditioners for the problem when the state
is constrained. Table shows the number of CG iterations per Newton
step for different values of 5 and &, a parameter needed for a regularization
of the state-constrained problem.

lelB—[1le2] led [ 1e6 |
led | 19 | 27 | 26
le6 | 26 | 34 | 28
le8 | 32 | 36 | 28

Table A.2: Number of CG iterations per Newton step for different values of
B and €, using a direct factorization of K + M. The example was again the
2D-results for non-zero Dirichlet boundary and upper box constraint at 0.1.
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SUMMARY

Optimal control problems with partial differential equations as constraints play an important role in many
applications. The inclusion of bound constraints for the state variable poses a significant challenge for
optimization methods. Our focus here is on the incorporation of the constraints via the Moreau—Yosida
regularization technique. This method has been studied recently and has proven to be advantageous
compared with other approaches. In this paper, we develop robust preconditioners for the efficient solution
of the Newton steps associated with the fast solution of the Moreau—Yosida regularized problem. Numerical
results illustrate the efficiency of our approach. Copyright © 2012 John Wiley & Sons, Ltd.
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ditioning; Newton method; Krylov subspace solver

1. INTRODUCTION

Optimization problems with constraints given by PDEs arise in a variety of applications (see [1]).
Comprehensive introductions to this field can be found in [1,2]. Throughout this paper, we consider
the minimization of a functional J(y,u) defined as

1 B
T i= 31y = yal g + 51132 (1)

with Q R4, d € {2,3}.In (1), B € R represents a regularization parameter, and y, is a given
function that represents the desired state. The state y and the control u are linked via the Poisson
equation

—Ay=uing, (2)
with boundary conditions y = g on dQ2 or
—Ay+y=uinQ, (3)

with boundary conditions dy/dn = 0 on dS2. We decide to consider both (2) and (3) as both play a
significant role in the literature. The choice of g will typically be O or the projection of y; onto the
box defined by constraints. The introduction of box constraints on the control and the state, that is,

u<u<u 4
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and

Yy<y<y, (5)

is of practical interest. In this paper, we will focus on the numerical solution of the optimization
problem given when state constraints are present. Effective preconditioning strategies for the control
constrained case can be found in [3,4]. Recently, operator preconditioning for the state-constrained
case has also received more attention [5].

We will later show that a semismooth Newton method applied to the Moreau—Yosida regulariza-
tion of (1) leads to a linear system of saddle point form. The saddle point matrix is symmetric and
indefinite, and a variety of methods exists to solve problems of this type efficiently (see [6] for a
survey). In practice, the linear system is usually of sufficiently high dimension that iterative solution
methods are needed, and it is never solved without the application of a preconditioner P, which is
chosen to enhance the convergence behavior of the iterative method. A variety of preconditioners
exists to tackle saddle point problems. The aim of this paper is to present preconditioners that are tai-
lored towards the efficient solution of the linear system arising from the discretization of an optimal
control problem involving a PDE and state constraints. In general, the state-constrained problem is
a considerably harder problem (see Section 2) than the control constrained problem. In this paper,
we will introduce preconditioning strategies that allow for robust solution of the linear system with
respect to both the regularization parameter § and the parameter coming from the Moreau—Yosida
penalty term.

The paper is organized as follows. The problem we are interested in will be presented in detail in
Section 2. Our focus in this paper is to derive efficient preconditioners for the optimal control prob-
lems, and hence, our focus is to introduce all methods from a linear algebra perspective. We show
how for each method the saddle point system can be preconditioned and efficiently solved using
a Krylov subspace technique. We successively introduce three preconditioners, where the first is
derived from previous results for PDE-constrained optimization and the others follow a recent tech-
nique focusing on robustness with respect to the regularization parameters. The numerical results
presented in Section 4 illustrate the performance of the presented methods.

2. THE MOREAU-YOSIDA FORMULATION

We consider the case when state constraints are introduced and assume that the functional J(y,u)
(1) has to be minimized for functions y and u defined over a domain Q2 C R4. The problem of
minimizing (1) when bound constraints on the state are given is more complicated than the control
constrained case [1,7,8] as in general the Lagrange multiplier is only a measure. Several remedies
have been proposed for this problem. In [9], Meyer et al. consider regularized state constraints,
that is,

yseu+y<y. (6)

An alternative approach is given by changing the objective function (1) using the Moreau—Yosida
penalty function [10] to give

1 B 1 _
J(ya Ll) :=§||y —Yd ”iz(g) + 5”””22(9) + E”max {O’Y -y }”12(9) o
| -
+ 5 lmin {0,y = 3} 122 0):
subject to the aforementioned state equations with appropriate boundary conditions. For the

remainder of this manuscript, we will assume that the state equations and hence J(y,u) are
considered in discretized form using an appropriate finite element discretization [3].

Copyright © 2012 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2014; 21:81-97
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The discretized version of state Equations (2) and (1) is given by
1
Minimize E(y —ya) My —yq) + guTMu

1
+ gmax {0,y —Y}TMmaX {0,y =¥} ®)
1
+ z—min{O,y—?}TMmiﬂ{O,y—y}
&
subjectto Ky = Mu — f.

Here, K represents the finite element stiffness matrix and M the mass matrix. We will only con-
sider the lumped mass matrix here but comment later on how to precondition for the consistent
mass matrix. Note that y, u, y4, V, and y now represent vectors. The optimality system of (8) looks
as follows: B

—KT) =—M(y—yd)—871)(A+Mmax{0,y—7}—871)(A7Mmin{0,y—X} )

BMu + M =0 (10)

—Ky+Mu=f an
with y 4, being the characteristic function for the indices where y —y >0 and y 4_ the character-
istic function for the region where y —y < 0. Note that Ay = {i : y; >y;} and A_ = {i 1y < Xi}

are the active sets associated with the bound constraints on the state y at step k. If we now wish to
apply a semismooth Newton method to (9)—(11), we must solve the following system at every step:

M+e'GaMGy 0 —KT y&+D ca
0 BM M ukth =1 0o |, (12)
-K M 0 A(k+1) f

where c4 = Myg + ¢! (GA+MGA+§ + GA_MGA_X) defines part of the right hand side,

A= A_UA,, and the G matrices are projections onto the active sets defined by .A. The application
of the semismooth Newton method to these problems has been previously studied (see [3, 10, 11]).
Our task is the efficient solution of the linear system in (12), which is of saddle point form. Note
that we do not focus on the discussion of the inexact semismooth Newton method here but rather
refer to [12] where it was observed that with suitable preconditioning this method performed just as
well as the exact semismooth Newton method.

In the case of the state equation being defined by (3), we define K := Ky + M, where K is the
stiffness matrix for a pure Neumann problem, and obtain the same formulation as shown previously.

The Moreau—Yosida regularization has also recently been analyzed for semilinear elliptic
problems (see [13]).

3. SOLUTION OF THE LINEAR SYSTEM AND EIGENVALUE ANALYSIS

The system matrix

L 0 -—-KT
K= 0 pM M (13)
-K M 0

is symmetric and indefinite; we define L = M + &~ 'G 4 M G 4 for the remainder of this paper. Note
that the block blkdiag(L, BM) is symmetric and positive definite, as we have a mass matrix as one
term and a mass matrix plus a submatrix of a mass matrix as the other. The matrix K is the stiffness
matrix associated with the weak formulation of (2) or (3) — it is symmetric and positive definite.
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Benzi et al. [6] discuss properties and numerical methods to solve matrices of saddle point form. As
K is a large and sparse, symmetric and indefinite matrix, a Krylov subspace solver [14-16] will be
our method of choice. For smaller (and typically 2D) examples, direct methods [17, 18] will prove
very efficient, but for large and/or 3D problems, these methods are likely to run out of memory.

The choice of preconditioners that we mention in this section is motivated by an observa-
tion about the eigenvalues of the preconditioned system P! for certain preconditioners P.
Murphy et al. show in [19] that for some idealized preconditioners, the matrix P~k has only a
small number of eigenvalues (3 for a block-diagonal preconditioner and 2 for a block-triangular
preconditioner).

One method that is a standard choice for symmetric and indefinite systems is the minimal
residual method (MINRES) introduced in [20], which is a method for minimizing the residual
I7kll2 = || /Cxx — b||2 over the current Krylov subspace

span {ro, Kro, KC?ro, ..., ICk_er} .

To be able to use MINRES, we need the preconditioner to be symmetric and positive definite, and
hence, block-diagonal preconditioners would present a natural choice [14,21]. A preconditioner for
MINRES and the aforementioned problem could look like the following:

Ao 0 0
P=| 0 A O |, (14)
o 0 S

with Ag, A1, and S being approximations to the (1, 1)-block, the (2, 2)-block, and the Schur comple-
ment, respectively. The use of MINRES for optimal control problems has been recently investigated
in [22-26]. Note that MINRES is also applicable in the case of a semidefinite (1, 1)-block, which is
the case if we were to consider the minimization of J(y,u) as in (1), but with the ||y — y4||? term
given on some subdomain €21 C €2 (as opposed to €2 itself). This problem was investigated in [27].
We believe that the results presented here can be applied to the subdomain case when MINRES is
employed with a block-diagonal preconditioner.

Another class of methods that has proven to be of interest is based on the fact that for some
preconditioners, the preconditioned saddle point matrix P~'K is symmetric and positive defi-
nite in an inner product defined by a matrix H, that is, (P™'Ax,y)y = (x,P~'Ay)y where
(x,y)n = xTHy. There exists a variety of such methods [28-33], which can also be combined
to give rise to new methods [34,35]. Herzog and Sachs [3] analyzed the method of Schoberl and
Zulehner [33] for state and control constrained optimal control problems.

We wish to focus our attention on the so-called Bramble—Pasciak conjugate gradient (CG) method
introduced in [29], a method that uses a block-triangular preconditioner

Ay 0 0
p=| 0 A4 o | (1)
-K M -5

with Ay, Ay, and S being approximations just as previously mentioned. Once the preconditioner is
applied to K, the resulting preconditioned matrix X = P~k is not symmetric anymore but self
adjoint in a nonstandard inner product defined by

L— Ag 0 0
H= 0 M — A 0 . (16)
0 0 S

It is clear that for H to define an inner product, the diagonal blocks have to be symmetric and pos-
itive definite. Although this is in general a rather tricky issue requiring an eigenvalue estimation
problem, in the case of (lumped) mass matrices, scaling is straightforward [4]. Further, for the case
of a consistent mass matrix, Rees and Stoll showed that the scaling issues can be easily removed
[24]. For more details on the implementation and properties of the nonstandard inner product solver,
we refer to [3,24,29,33,34,36,37] and Algorithm 1.
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1: Givenxg = 0, setrg = P~ (b — Kxo) and p, = 1o
2: fork =0, 1,...>d0
= Telk)n
3 o= (P=1Kpgpic) 1
4 Xk+1 =Xk +apg
5: k41 =Tk — (X'Pillcpk
_ {rkp k1) m
6 p= (rgrg ) m
70 Prt1 = Tk+1 + Bpx
8: end for

Algorithm 1: Nonstandard inner product conjugate gradient.

3.1. First preconditioner

The Schur complement of K is given by
S=KL'KT +87'M. a7

For the case L = M, it was proposed [23] to neglect the term 8! M, which would in our case result
in an approximation §0 = KL 'KT to S. For a symmetric system, the clustering of the eigenvalues
will govern the convergence of the iterative scheme, and we want to analyze the eigenvalue distri-
bution of K = P~'K for an idealized case. We consider now the block-triangular preconditioner
with the choice A9 = L, Ay = M, and §0 = KL 'KT— in this case, the eigenvalues of the
preconditioned matrix P~1K can be read off the diagonal blocks, that is,

I 0 —L7'KT
Plc=| 0 I B , (18)
0 0 I+p'KTLK'M

which shows that there are 2n eigenvalues equal to 1 and n eigenvalues are given by the eigenvalues
of I + B7'K~TLK~'M. Thus, we wish to find eigenvalue bounds for / + 7' K~TLK~'M.
The eigenvalue bounds may be obtained from a field of value analysis.* Note that the matrix
I+ B 'K~TLK~'M is similar to the symmetric matrix M /2 (I + B7'K-TLK'M)M~1/2 =
I+ B "MYV2K-TLK=' M2 and

XTX + ﬂ_leMl/zK_TLK_lMI/ZX . ,B_I(ZTLZ)(XTM)C) (yTK—TK—ly) 19
xTx CT)OTNET)
with y = M'/2x and z = K~'y. The second term on the right-hand side of (19) can be bounded
using the results of Proposition 1.29 and Theorem 1.32 in [14], which provide bounds for the eigen-
values of the consistent mass matrix and the stiffness matrix. Namely, with / being the mesh size of
our finite element, we have that

xTMx xTKx

ch? < < Ch? and dh? <

<D

xTx
with ¢, C, d, and D being mesh-independent constants. Note that these are the bounds for a 2D prob-
lem. For 3D bounds, we also refer to [14] but do not discuss them here. This directly gives bounds
for almost all the terms in (19), and the only term that we need to analyze further is z7 Lz/z7 z.
Using the definition of L, we obtain (zTMz + g_lzTGAMGAz) /zT z, which obviously can be
bounded above by (1 4+ ¢~1)C h2. Hence, the overall bound is given by

2 2
I+ 'K~TLK"'M) C C
AU Sl+gm+o (20)

*The field of values of a matrix A € R"" is a set given by ":Tf‘: Vx #0,x e R".
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Similarly, the minimum eigenvalues are given by

25,4 25,4
c*h c*h - (I+/5_1K_TLK_1M)

1<+ S0 <
T ppz T gepz S

(2D

Theorem 3.1
For the consistent mass matrix M and the stiffness matrix K of a Q1 finite element space, the
eigenvalues of the matrix

I+B8 'K TLK'M

o . c2 c2
lie in the interval [1, 1+ Ba? + ﬁgdz].

We remark that the eigenvalue distribution depends on the regularization parameter 8 as was pre-
viously observed for other cases (see [4,23]). It also depends on the value of the penalty parameter
&: with decreasing value of ¢, the upper bound for the eigenvalues in Theorem 3.1 will increase.

We used the block §0 = KM~'K as an approximation for the Schur complement of the sys-
tem matrix /C. This choice results in good clustering of the eigenvalues but is too expensive for
practical purposes as §0_1 involves the term K~! (the discretized PDE) twice. One now has to
approximate the matrix K as best as possible. For this, it is very important to take the structure of
the infinite-dimensional problem into account. For both PDEs (2) and (3), the underlying operators
are elliptic PDEs, and hence, multigrid provides a suitable and optimal preconditioner. The most
efficient method would certainly be a geometric multigrid method as described in [38,39]. It is well
known that algebraic multigrid (AMG) provides very good approximations to the aforementioned
operators while allowing greater flexibility than their geometric counterparts [40,41]. As we imple-
mented our method within the deal.Il framework [42], we use the available interface to Trilinos [43]
and the smoothed aggregation AMG method implemented there [44]. Our choice will be to approx-
imate K by a small number of V-cycles and a fixed number of steps of a Chebyshev smoother. The
mass matrix M can be efficiently approximated using a variety of methods. In our case, as we only
work with lumped mass matrices, we can solve for M cheaply. For consistent mass matrices, the
Chebyshev semi-iteration [45,46] provides a powerful preconditioner [24,47].

3.2. Two improved preconditioners

When testing the preconditioner in the previous section, we observe, both theoretically and in prac-
tice, strong dependence on the regularization parameters B and e. We therefore wish to introduce
ideas for modifying the preconditioner, so as to improve the performance of our iterative solvers
for small values of f and . We base our ideas on recent efforts [48-50] for PDE-constrained
optimization problems without state constraints.

We now motivate our first modified preconditioner. It is based on the observation that if all mass
matrices are lumped, the matrix L can be split up in the following way:

L[ Mz 0
0 (Q+eHmMy |”

where M7 is the part of the mass matrix that corresponds to the free variables and M 4 analogously
to the active sets. Our aim is to propose a Schur complement preconditioner of the form

S, = (K n ﬁ) L (K n ﬁ) , 22)

where we have constructed §1 to approximate the Schur complement S = KL~'K + 87! M better
than S. Hence, we examine S'; in more detail,

Si=KL 'K +ML "M +KL'M+ML 'K, (23)
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and look for a way for ML™'Mto approximate the term 87! M in the best possible manner. Writing

7 OCMI 0
=[5

for some parameters « and y, gives that if ML M = B~ M, then

o® Mz 0 1T aeiay | BT'Mz 0
[ 0 pPU4et)yim, |[TMLTM=F"M=1" " gy, | Y

This yields that

oz=iandy=1;£_l
VB VB

which we then use for M in our approximation to Sy in (22).

We find that the Schur complement approximation derived leads to much improved convergence
properties when the resulting preconditioner is used in conjunction with MINRES. This is what was
observed in [49] and [51] for the Poisson control and convection—diffusion control problems, respec-
tively, without state constraints. For these cases, it was possible to prove robust eigenvalue bounds
using simple algebraic manipulation and Rayleigh quotient arguments, respectively.’ We find that in
this case, proof of such a rigorous result is not as straightforward because of the ill-conditioning of
the (1, 1)-block for small values of € — we present below a Rayleigh quotient analysis on the basis
of that of the previous section and [51] in 2D (the 3D case is similar).

We note that the eigenvalues of the matrix :S’\l_lS are bounded by the extreme values of the
Rayleigh quotient

(25)

vI'Sy v KL7'Kv + g~ "wT My 26)
TS v vTKL—lKv~|—,B—1vTMv—l—vT/AZL—lKv—i—vTKL—IX/I\v
- -1
TML'K TKL'M
(142 vy Y =k 7)
vIKL71Kv + B~ 1vTMv

The term of interest here is

WITML'Kv+ v KL™"Mv _ bTa+aTh
vIKL-1Kv+ B~ WwIMv — aTa+bTh’

witha = L™1/2Kv and b = L~V/2Mv. We note first that we may write

T T
a'b+b'a
a-0Ta-b)>206 —— <1

( ) ) aTa+bTh
for any a, b. Using this along with the fact that a”a + b7 b > 0 gives immediately that R > 1/2 for
all v.

For the upper bound of R, we first note that excluding multiplicative constants of O(1), A(K) €

[A2, 1], A(M) = h?, A(L) = [1, 1 4 € 1]. Further, as

_ 1T 0
-1 _ 57-—1 _
ML =L M_\/E[O (1+e—1)—1/21]

SFor these cases, it was shown that the eigenvalues of the preconditioned Schur complement were contained within the
interval [% 1] independently of the two parameters involved in the problem: 4 and B. It is in some sense unsurprising
that the same cannot be rigorously proved for this problem, as there are now three parameters involved: 4, 8, and .
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we have that A(ﬁL‘l) = A(L‘lﬁ/l\) e [B7Y2,B712(1 + €7 1)71/2]. We are now in a

position to consider the upper bound of R, which corresponds to the largest negative value of
(bTa + aTb)/(aTa + bTb). We write (using the eigenvalue bounds stated)

bT Tb 2 —-1/2 —1/2 2
a+a > B X7 - . where w=‘31/2xn—1/2h—2>0’
aTla + bTh X2rl—1h—2 + ﬁ—th w + w1

where y € [dh%, D], ne[1,1 + €], and w = B2y~ Y/2h=2 > 0, again excluding multiplicative

constants. Therefore,
5 -1
R< (1 - i) ,
w4+ w1

~ 1 2 \!

We note that from this analysis that the lower bound for A (:9\1_1 S ) is concrete for all values of /4,

and hence,

B, and . However, we observe that we cannot prove a universal, clean upper bound for A (:9\1_1 S ),

because of the nonsymmetry of the matrices ML™'K and its transpose, and the ill-conditioning of
the matrix L. As such, the presentation of the upper bound should be regarded as heuristic guidance
as to the combination of parameters our approximation should work best for, as opposed to rigorous
proof. The obvious worst-case scenario of this analysis occurs when w = 1, in which case §1_1 S
could have an infinitely large eigenvalue. However, we can easily argue that this will not happen, as
it would either correspond to the quantity v7 Sv in the aforementioned analysis being infinite (which
clearly cannot happen) or the quantity vT S being equal to 0 (which will not occur because the
matrices K + M and L, which make up S, are both invertible).

We observe that if the value denoted w is not too close to 1, the heuristic upper bound presented
earlier will be close to 1, and we observe that this occurs in many practical cases. In Figure 1, we
present graphs of eigenvalues of §f1S for a variety of values of &, B, and € to demonstrate that
in almost all cases of practical interest, our Schur complement approximation is highly effective.
These figures not only validate the lower bound we have proved but also indicate that the upper
bound of )L(gl_lS ) is of O(1) in the majority of cases. (The figures consist of parameter regimes
that are close to the worst case in terms of the largest eigenvalue of :9\1_1 S.) As numerical evidence
indicates the effectiveness of this Schur complement, but theoretical study indicates that it is diffi-
cult to rigorously prove this, we would describe the resulting preconditioner as parameter robust as
opposed to parameter independent.

We find that another potentially potent Schur complement approximation is given by

T
-~ 1 1 1 1
S, = K+—M(1+—G) Mg! K+—M(l+—6) )
B T, I A
where Mg = (I + (1/+/€) Ga) M (I + (1/+/€) G 4). Note that the matrices G 4 are projections

onto the active sets used in the semismooth Newton method. We perform a Rayleigh quotient
analysis on this approximation, aiming to demonstrate that

1 1 ! 1 -
S~ K 1+—GA)M(1+—GA)] KT +-M:=S=~8,,
[( NG NG B

which we do by considering the eigenvalues of SIS and §;1§, using Rayleigh quotients.
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(a) Different cardinalities of the active set for 3= (b) Only one free variable,3 =le — 2, and € = le —
le—2ande =le-6. 6 for varying matrix dimensions.
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Figure 1. Eigenvalue distributions of /S\l_1 S for various problem set-ups.

We first examine the Rayleigh quotient
v (M + e 'GAMG 4) v alay +bTh,

R, = = R
VT (T4 e 12G) M (1 +€172G4) v (ay+b)T (a1 +b)

where a; = M2y and by = ¢ Y2M'/2G 4v. We can see by straightforward algebra (using
that al'a; > 0 by positive definiteness of M) that Ry > 1/2. Further, using the fact that
alTbl = b{al > 0 (by virtue of the diagonal and positive definite structure of the lumped mass
matrix M and the diagonal and positive semidefinite structure of the projection matrix G 4), we
can show that R; < 1. From these bounds, it is a simple matter to show that the Rayleigh quotient
v Sv/vTSv e [1,2].

Looking now at the eigenvalues of S\EIE, we examine the Rayleigh quotient vT'Sv / vT' S5,
writing

TSy alas + b1 b, _( a§b2+b§a2)“

Ry = — = =
2 vTS,v (a2 +b2)T(az + by) alas +bTb,

where a, = M~Y2(I + ¢ Y2G)"'KTv and by = B~Y/2MY2y. By algebraic manipula-
tion (using that b b, > 0), it is clear that (a) by + b2 as)/(akar +b1by) < 1 and hence
that R, = 1/2. For the upper bound of R,, we consider the maximum negative value of
(agbz + b;az)/(agaz + bgbz). Using that (excluding multiplicative constants of O(1)) A(K) €
[72,1], A(M) = h2, and A(I + € V/2G 4) € [1,1 + €/2], we may use a very similar approach as
for Sl

T T —1/2 ,#—1
a, by +b; as 2872 X8 2 1/2 =17 —2
> — =— ,  where v = h >0
A P Ry S e
and therefore that R, < (1 —-2/v+ v_l)))il. Here, y is as defined, ¢ € [1,1 4+ ¢ 1/2], and
v = BY2y¢7'h=2 > 0 up to a multiplicative constant of O(1).
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Figure 2. Eigenvalues for n/2 variables in the active sets and varying values of 3.

As for the Schur complement approximation S1. we are able to demonstrate a clean lower bound
for the eigenvalues of the preconditioned Schur complement but not a concrete upper bound. Simi-
larly, as for §1, the limiting case v = 1 is potentially a problem here, but we can easily argue that
this value will never be attained in the same way (as the matrices K + (1/ \/B)M (I + (1/4/¢) GA)
and M are both invertible). It is clear that the bound shown is tight if the value denoted v is far
from 1. We again find that this is frequently the case in practical situations and provide numeri-
cal evidence to demonstrate that the eigenvalue distribution in practice is tight for a wide range
of practical situations. Figure 2 shows the eigenvalues for a small example using the Schur com-
plement approximation S,. Once again, we describe the preconditioner resulting from our Schur
complement approximation as parameter robust as opposed to parameter independent.

We therefore believe that both §1 and §2 are viable and often effective Schur complement
approximations for the problem we are considering.

As we only focus on lumped mass matrices in this paper, we refrain from showing results for the
nonlumped case in Section 4, although some results still hold for consistent mass matrices.

We note that the analytical results of this section were obtained for an idealized case where we
use approximations of the form

S=(K+ML YK+M) with S™'=(K+M)"'L(K+M)".
However, in practice, we always use
S = (K+ M) L(K + M),
where
(K + M)~

denotes the application of an algebraic or geometric multigrid method to the matrix K + M. Note
that as M changes with every Newton iteration, we must recompute it at the beginning of each
Newton step. Nevertheless, the reduction in iteration numbers is so significant that this is clearly the
preferred approach, especially for small values of the regularization parameters.

3.3. Nested approach

A strategy that will prove useful in the context of solving state-constrained problems is the so-called
nested approach [3]. This technique starts by computing the solution to the state-constrained prob-
lem on a very coarse grid. In the next step, a uniform refinement is performed for the mesh, and the
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solution from the coarse level is prolonged onto the fine mesh. This solution is then used as an initial
guess for the Newton method on the fine level. Once the solution is computed to a desired accuracy,
we can proceed in the same way onto the next finer grid. It is hoped (and will be shown in the next
section) that this strategy reduces the number of Newton steps significantly.

4. NUMERICAL EXPERIMENTS

All results shown in this section were computed using the deal.Il [42] framework with an imple-
mentation of the Bramble—Pasciak CG method that uses the 2-norm of the relative preconditioned
residual (107°) as the stopping criterion. The Newton method is stopped whenever the active sets
remain unchanged [52]. For the approximation via AMG, we use 10 steps of a Chebyshev smoother
and four V-cycles of the smoothed aggregation AMG method implemented in Trilinos [44]. As for
the domain €2, we consider the unit square or cube. All results are performed on a Centos Linux
machine with Intel(R) Xeon(R) CPU X5650 at 2.67 GHz CPUs and 48 GB of RAM.

4.1. Results for Dirichlet problems

2D results. The first example we compute is a Dirichlet problem with boundary condition y =
Ppy 31(ya) on 32 defined by

Ydi ifzi <y <Yy,
Pysyi=4 Vi ifyizY;
Vi if yi $Xi.

Figure 3 shows the desired state y;, computed control u, and state y for the case without bound
constraints. In Figure 4, we show the computed state and control for a bound constrained problem.
The problem is unconstrained from below, and the upper bound is given by ¥ = 0.1. It can be
seen that there is a small active set where y, is attained, which results in the ‘hole’ in the control
(see Figure 4(b) and the active set (black contour) in Figure 4(a)). Here, the desired state is given by

Yd = sin(2wx1x2).

Table T shows results for f = le — 2, e = le — 6, and the upper bound y = 0.1. It can be seen that
for this set-up, the preconditioner as well as the Newton method behave almost independently of
the mesh parameter. In our experience, the performance of the AMG preconditioner deteriorates for
meshes with smaller mesh size /1. The increase in iteration numbers could not be observed if a fac-
torization of K + M was used; however, for large problems, this is not feasible. Hence, we chose a
rather large number of V-cycles, namely 4, to approximate the matrix well. A parameter-independent
approximation of K + M should be investigated in future research. Note that the timings shown also
include the set-up of the preconditioner for each Newton step in the improved preconditioner. As
we can see from Table II where we show results for the same set-up but with the nonrobust precon-
ditioner presented in Section 3.1, the improvement is substantial as for the set-up with § = le — 2,
& = le — 6; however, the Newton method did not converge within 50 iterations. For f = le — 2,
e = le — 4, we show the results with four multigrid cycles in Table III and observe good con-
vergence for this set-up of parameters. As for the nonrobust preconditioner, the AMG only has to
approximate K, a smaller number of V-cycles produces the results shown in Table IV. Note that as
observed in [12], the quality of the preconditioner determines the convergence of the semismooth
Newton method with inexact solves.

The next comparison we wish to make is that of the quality of the preconditioner for different
values of the parameters. As we mentioned earlier, some dependence of the AMG routine on the
parameters could be observed. Hence, our choice is a factorization of K + M for a smaller mesh
with 16, 641 degrees of freedom. The results shown in Table V show that having no deterioration in
the approximation of K + M results in almost constant low iteration numbers for the CG steps per
iteration. In practice, one should of course use approximations to K + M.
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(a) Desired state (b) State (c) Control

Figure 3. Desired state, state, and control for unconstrained problem.

(a) Computed state (b) Computed control

Figure 4. Computed state and control for constrained problem.

Table I. 2D results for nonzero Dirichlet boundary, f = le — 2,6 = le — 6, and y = 0.1.

Total conjugate ~ Conjugate gradient

Degrees of freedom ~ Newton steps gradient per Newton Time for Newton
1089 14 259 18 11.27
4225 8 138 17 12.63
16,641 7 108 15 30.3
66,049 7 118 16 123.54
263,169 6 103 17 462.78
1,050,625 7 183 26 3267.28

Table II. 2D results for nonzero Dirichlet boundary, 8 = le —2, ¢ = le —6,and y = 0.1.

Total conjugate  Conjugate gradient

Degrees of freedom  Newton steps gradient per Newton Time for Newton
1089 14 780 55 29.31
4225 2 14 7 1.25
16,641 5 59 11 13.63
66,049 10 170 17 131.98
263,169 No convergence after 50 Newton steps
Copyright © 2012 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2014; 21:81-97
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Table III. 2D results for nonzero Dirichlet boundary, § = le —2, ¢ = le —4,and y = 0.1 with
four V-cycles.

Total conjugate

Conjugate gradient

Degrees of freedom  Newton steps gradient per Newton Time for Newton
1089 9 145 16 5.55
4225 3 21 7 1.87
16,641 4 34 8 7.75
66,049 4 39 9 31.26
263,169 9 172 19 530.38

Table IV. 2D results for nonzero Dirichlet boundary, f = le —2, e = le — 4, and y = 0.1 with

two V-cycles.

Total conjugate

Conjugate gradient

Degrees of freedom  Newton steps gradient per Newton Time for Newton
1089 9 150 16 5.64
4225 3 24 8 1.76
16,641 7 124 17 22.63
66,049 8 307 38 191.54
263,169 10 1059 105 2507.48
Table V. Number of conjugate gradient iterations per Newton step
for different values of B and &, using a direct factorization of
K+ M . The example was again the 2D results for nonzero Dirichlet
boundary and y = 0.1.
el p— le—2 le—4 le—6
le—4 19 27 26
le—6 26 34 28
le—8 32 36 28
Table VI. 3D results for zero Dirichlet boundary and y = 0.1.
Total conjugate ~ Conjugate gradient
Degrees of freedom  Newton steps gradient per Newton Time for Newton
729 4 48 12 1.05
4913 4 53 13 6.17
35,937 4 53 13 37.78
274,625 3 41 13 228.05

3D results. We now wish to show results for the 3D example with the desired state given by
Ya = sin(2wrx1x2x3)

and a zero Dirichlet boundary condition. In this case, we again consider the upper bound y = 0.1
and the parameters 8 = le —2 and ¢ = le —4. The results shown in Table VI show that the iteration
numbers per Newton step as well as the number of Newton steps stays almost constant.

To illustrate the robustness of our approach, we present in Table VII iteration numbers for the
Newton method and average number of CG iterations for a 3D problem. The desired state is
given by

Va = sin(2wx1x2x3)
with a lower bound fixed at y = 0. All results are obtained for a fixed mesh with 4913 degrees
of freedom, and for this to resemble a realistic scenario, we refrain from using a factorization as

Copyright © 2012 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2014; 21:81-97
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Table VII. Number of conjugate gradient iterations per Newton step for different values

of B and ¢, using an algebraic multigrid for the approximation of K + M. The example is
3D with 4913 degrees of freedom.

el B — le—2 le—4 le—6
AS(@ conjugate gradient) AS(Q conjugate gradient) AS(Q conjugate gradient)
le —4 2(14) 4(20) 3(22)
le—6 2(14) 5(21) 3(22)
le —8 2(14) 5(21) 3(22)

Table VIII. Number of conjugate gradient iterations per Newton step for different values of

B and ¢, using an algebraic multigrid for the approximation of K + M. The example is 3D
with 35,937 degrees of freedom.

el p— le—2 le—4 le—6
AS(2 conjugate gradient) AS(Z conjugate gradient) AS(Q conjugate gradient)

le—4 2(14) 7(23) 5(25)

le—6 2(14) 7(26) 5(25)

le —8 2(15) 7(27) 5(25)

Table IX. 3D results for Neumann boundary and y = 0.2.

Total conjugate  Conjugate gradient

Degrees of freedom  Newton steps gradient per Newton Time for Newton
729 6 78 13 1.95
4913 4 63 15 7.49
35,937 4 72 18 51.61
274,625 4 75 18 413.21
2,146,689 5 104 20 4458.58

was carried out in [5] but rather use the AMG with four V-cycles and 10 steps of a Chebyshev
smoother. As was pointed out in [12], the convergence of the outer Newton iteration depends on the
quality of the preconditioner, and to allow for a fair comparison of the parameter set-ups, we solve
rather accurately to a tolerance of le — 10 for all parameter values. We can see that for both mesh
sizes, the iteration numbers are very low and almost constant. We believe that the slight increase in
Newton iterations can be avoided using the nested approach, which we did not employ for Tables VII
and VIII.

4.2. Results for Neumann boundary

In this section, we only consider 3D results for the problem with the state equation given by (3). We
start with the desired state given by

Vag = sin(2rx1x2X3)

and the lower bound y = 0 — the results are shown in Table IX. Here, we take f = le — 3 and
& = le — 5. An illustration of the desired state and the constrained state is shown in Figure 5.
We next compute an example presented in [3] where the desired state is given by

. 1 ifxg<0.5
Yd=1 2 otherwise. (28)
The upper bound is given by y = 0 and 8 = le —2 and ¢ = le —4. The results are shown in Table X
where, in contrast to [3], we observe parameter-robust convergence.

Copyright © 2012 John Wiley & Sons, Ltd. Numer. Linear Algebra Appl. 2014; 21:81-97
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(a) Desired state (b) State

Figure 5. Desired state and state with lower bound y = 0 for problem in 3D.

Table X. 3D results for Neumann boundary and y from Herzog and Sachs.

Total conjugate  Conjugate gradient

Degrees of freedom  Newton steps gradient per Newton Time for Newton
729 5 52 10 1.32
4913 1 13 13 1.67
35,937 2 30 15 22.19
274,625 2 32 16 181.56
2,146,689 1 16 16 758.11

5. CONCLUSIONS AND OUTLOOK

In this paper, we introduced preconditioners for a state-constrained PDE-constrained optimization
problem when solved using the Moreau—Yosida penalization. The Krylov subspace solvers we used
showed very promising performance as we could observe robust convergence of the preconditioned
Krylov solver for a wide range of parameters.

In the future, it would be useful to investigate the problem where the L? norm of y — yg is
measured on a subdomain of €2, as opposed to €2 itself. This, like the problem considered in
this manuscript, could be solved using the preconditioned MINRES algorithm. Also, the choice
of multilevel method for the parameter dependent matrix K + M should be reconsidered, as we
could observe dependence on the parameters for smaller meshes within the AMG preconditioner.
Geometric multigrid and more advanced AMG preconditioners should be investigated, and incor-
poration of a more sophisticated scheme for the parameter ¢ would also be desirable for future
implementations. Finally, a significant piece of future work would be to extend the results presented
here to time-dependent problems, as well as to more difficult PDEs.
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A.3. REGULARIZATION ROBUST PRECONDITIONING

A.3 Regularization Robust Preconditioning

This paper is published as

J. W. PEARSON, M. SToLL, AND A. J. WATHEN, Regularization-robust

preconditioners for time-dependent PDE-constrained optimization
problems, SIAM J. Matrix Anal.Appl, 33 (2012), pp. 1126—1152.

Result from the paper

We develop a robust Schur-complement approximation for the time-dependent
optimization problem. The proven eigenvalue bounds are independent of all
system parameters. Table shows the iteration numbers and comput-
ing time for 20 time-steps and various mesh and regularization parameters.

DoF | MINRES(T) | MINRES(T) | MINRES(T) |

b=1le—2 | f=1le—4 | B=1le—6
98,260 | 10(2) 12(2) 12(2)
1,918,740 | 10(14) 12(17) 12(18)
5,492,500 | 10(148) 12(171) 12(170)

Martin Stoll

Table A.3: Results for Discretize-then-Optimize approach via trapezoidal
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Abstract. In this article, we motivate, derive, and test effective preconditioners to be used with
the MINRES algorithm for solving a number of saddle point systems which arise in PDE-constrained
optimization problems. We consider the distributed control problem involving the heat equation
and the Neumann boundary control problem involving Poisson’s equation and the heat equation.
Crucial to the effectiveness of our preconditioners in each case is an effective approximation of the
Schur complement of the matrix system. In each case, we state the problem being solved, propose
the preconditioning approach, prove relevant eigenvalue bounds, and provide numerical results which
demonstrate that our solvers are effective for a wide range of regularization parameter values, as well
as mesh sizes and time-steps.

Key words. PDE-constrained optimization, saddle point systems, time-dependent PDE-
constrained optimization, preconditioning, Krylov subspace solver
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1. Introduction. The development of fast iterative solvers for saddle point
problems from a variety of applications is a subject attracting considerable atten-
tion in numerical analysis [12, 46, 57, 14]. As such problems become more complex, a
natural objective in creating efficient solvers is to ensure that the computation time
taken by the solver grows as close to linearly as possible with the mesh parameter of
the discretized problem. In more detail, it is desirable that if the problem size doubles
due to refinement of the mesh, then the computation time roughly doubles as well.

Recently, due to the development of efficient algorithms and increased computing
power, the solution of optimal control problems with PDE constraints has become an
increasingly active field [55, 27, 29]. The goal is to find efficient methods that solve the
discretized problem with the objective in mind of creating preconditioners that again
scale linearly with decreasing mesh size. The interested reader is referred to [48, 22, 40,
44, 50] and the references therein for steady (time-independent) problems and to [52,
53, 39, 51, 4] for unsteady (time-dependent) problems. There are also multigrid [20]
approaches to both time-dependent and time-independent optimal control problems
[25, 26, 54, 6, 7, 1, 19, 18].

Often, designing solvers that are insensitive to the mesh size is found to com-
promise the performance of the solver for small values of the regularization parame-
ter inherent in PDE-constrained optimization problems, unless the approximation of
the Schur complement of the matrix system is chosen carefully. Therefore, recently
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research has gone into developing preconditioners which are insensitive to the regu-
larization as well as the mesh size; see [37, 48] for instance for such solvers for the
Poisson control problem.

Here, we consider whether it is possible to build solvers for the time-dependent
analogue of this problem, that is, the optimal control of the heat equation. We con-
sider the distributed control problem and attempt to minimize a functional that is
commonly used in the literature [55]. We also investigate solvers for the boundary
control problem, first in the time-independent Poisson control case and then in the
time-dependent heat equation control case. Further, we develop a solver for a dis-
tributed subdomain problem of this type.

This paper is structured as follows. In section 2, we outline some prerequisite
saddle point theory, state the problems that we consider the iterative solution of,
and describe a solver for the distributed Poisson control problem (originally detailed
in [37]) that we base our methods on. In section 3, we motivate and derive the
preconditioners that we apply for the problems stated, proving relevant eigenvalue
bounds of the preconditioned Schur complements of the matrix systems when our
recommended approximations are used. In section 4, we provide numerical results for
a variety of test problems to demonstrate the effectiveness of our approaches, and in
section 5 we make some concluding remarks.

2. Problems and discretization. This section is structured as follows. In sec-
tion 2.1, we briefly detail elements of saddle point theory that we utilize throughout
the remainder of this paper. In section 2.2, we describe work that has been undertaken
on the (time-independent) distributed Poisson control problem and state the formu-
lations of the time-dependent problem that we consider. In section 2.3, we describe
the time-independent and time-dependent Neumann boundary control problems we
consider in this paper.

2.1. Saddle point theory. The problems we discuss in this paper are all of
saddle point structure, i.e., of the form

(2.1) [2 BOTHZ}:H;}
—

where A € R™*™ is symmetric and positive definite or semidefinite, B € RP*™ with
m > p and the matrix A is nonsingular. The properties and solution methods for
such systems have been an active field of research for two decades. State-of-the-art
numerical methods for solving saddle point problems can be found in [3, 12] and the
references therein.

Throughout this paper, we consider block diagonal preconditioners for such saddle
point systems of the form

P =

wy o

0

which is symmetric and positive definite. To apply this preconditioner, we therefore
require a good approximation A to the (1,1)-block of the matrix system, A, and S
as an approximation to the (negative) Schur complement, S :== BA~'BT. Note that
in general we are only interested in the application of A1 and §—17 which allows the
use of multigrid [20] or algebraic multigrid (AMG) [45, 13] methods, for example.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Such a preconditioner is known to be effective because the spectrum of the matrix
P~1A is given by

AP7IA) = {1, %(1 + \/5)} ,

provided P~1A is nonsingular, when A = A, and § = S (sce [34] for details). In
this case, an appropriate Krylov subspace method applied to the system (2.1) will
converge in three iterations with this preconditioner. Throughout the remainder of
this paper, we apply the MINRES algorithm of Paige and Saunders [35] to saddle point
systems of the form A, with preconditioner P as in (2.2).

Note that many other preconditioners are possible such as block triangular pre-
conditioners [34, 8, 42, 49] or constraint preconditioners [11, 30, 59]. These usually
have to be combined with different iterative solvers, either symmetric ones [8, 16] or
nonsymmetric ones such as GMRES [47].

2.2. Distributed control problems. One of the most common problems em-
ployed in PDE-constrained optimization for the study of numerical techniques is the
distributed Poisson control problem with Dirichlet boundary conditions [55]. This is
written as

1 _ B 2
(2.2) min 3 ly = 9l17, ) + 5 lullz, 0a)
st —Vy=u inQ,
y=f on 0%,

where y is referred to as the state variable with § some known desired state and u
as the control variable. Here Q; and Qy are subsets of the domain Q C R?, where
d € {2,3}, on which the problem is defined with boundary 9, and 3 > 0 is the
(Tikhonov) regularization parameter. Note that we will limit ourselves to the cases
Qo = Q and Qy = 9Q—the boundary control problem is addressed in the next section.

There are two common approaches for solving this optimization problem. One
can consider the infinite-dimensional problem, write down the Lagrangian, and then
discretize the first order conditions, which is referred to as the optimize-then-discretize
approach, or one can first discretize the objective function and then build a discrete
Lagrangian with corresponding first order conditions. The latter is the discretize-
then-optimize approach. Recently, the paradigm that both approaches should coincide
was used to derive discretization schemes for PDE-constrained optimization (see, for
example, [25]).

The problem (2.2) represents a steady problem, i.e., y = y(x), where x denotes the
spatial variable. Using a Galerkin finite element method [12] and a discretize-then-
optimize strategy, with the state y, control u, and adjoint state or Lagrange multiplier
p all discretized using the same basis functions [40, 37], leads to the following first
order system:

My 0 K y My
(2.3) 0 pBM -M u | = 0 ,
K -M 0 P c

where y, u, and p denote the vectors of coefficients in the finite element expansion in
terms of the basis functions {¢;, j = 1,...,n} of y, u, and p, respectively, y is the
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vector corresponding to 4, and c corresponds to the Dirichlet boundary conditions
imposed. Here, M denotes a finite element mass matriz over the domain €; similarly,
Mj is the finite element mass matrix for the domain Q, and K a stiffness matrixz over
Q. The matrices are of dimension n x n with n being the degrees of freedom of the
finite element approximation. These are defined by

(24) M = {m’b77 Za] = 17"'5”}7 mij :/§2¢7¢] dQ7

Q

Note that we often consider M to be a lumped mass matrix, that is,

/§Z¢i¢j dQ‘.

The matrix M; can be obtained analogously to the above by replacing €2 by €.

In literature such as [37, 48], solvers are designed which solve (2.3) in computa-
tional time independent of the mesh size h and any choice of regularization parameter
(3. The solver that we consider is based on the block diagonal preconditioner discussed
in [37], in which the system (2.3) is written in classical saddle point form (2.1) with
A= [ e ] and B= [ K —M ]. The (1,1)-block is then approximated by
the application of Chebyshev semi-iteration to each mass matrix for consistent mass
matrices [58] or by simple inversion for lumped mass matrices, and the (negative)
Schur complement

M = dlag(m“), mi; = Z
Jj=1

1
S=BA'BT = KM'K + EM

is approximated by

5= (K+ %M) M (K+ %M) .

It is shown in [37] that A(S~1S) € [1,1] for any choice of step-size h and regular-
ization parameter 8 when this approximation is used. Using a multigrid process to
approximate the inverse of the matrix K + ﬁM gives a viable solution strategy.

In this paper, we attempt to extend this preconditioning framework to time-
dependent analogues of the above problem. Specifically, we will consider the optimal

control of the heat equation. This problem may be written as

(2.5) min J(y,u)
y,u
st oy —Viy=u, for (x,t)eQx][0,T],
y=f ondf,

y=1yo att=0

for some functional J(y, u), where f and yo may depend on x but not ¢. The functional
that we consider here is a functional where we have observations (desired state) on
the whole time-interval

(2.6) Ji(y,u) = % /0 /Q (y(x, 1) — (3, 1)) dQlng /0 /Q (u(x, 1) dsdt.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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Note that it is also possible to consider a problem where the desired state is only
defined at a more limited set at times, for example, at only ¢ = T, which would
correspond to a functional of the form [36]

B =g [ 6T =560 a5 [ [ uen)? dna

We consider here only the problem relating to the functional .J; (y, ), which we refer
to as the “all-times case.” Note that the state, control, and adjoint state are all now
time-dependent functions. For now we again assume that Qs = Q.

As illustrated in [52], the matrix system arising from solving the problem (2.5)
with J(y,u) = Ji(y,u) varies according to whether a discretize-then-optimize or
optimize-then-discretize strategy is applied. Applying the discretize-then-optimize
approach, using the trapezoidal rule and the backward Euler scheme with N; time
steps of (constant) size T to discretize the PDE in time, gives the matrix system [52]

™™ 51/)2 0 KT y ™™ gl/gy
(2.7) 0 BrMyys —TM || u | = 0 ,
K —-TM 0 P d

where y, u, ¥, and p are vectors corresponding to the state, control, desired state,
and adjoint at all time-steps 1,2,..., Ny, and

iM M T
M M
(2.8) My = , M= ;
M M
M M |
1M, |
M,
©)
M1/2
M,
My |
M+7K Myo+c ]
-M M+7K c
K= . , d= :
-M M+7K c
-M  M+7K c |

Note that if n is the number of degrees of freedom in the spatial representation only,
then each of the matrices in (2.8) belongs to R"Nt*"Nt with blocks as indicated, where
M, My, K € R"*™. The overall coefficient matrix in (2.7) is of dimension 3nN; x 3nN;.

If, alternatively, the optimize-then-discretize approach is used with J(y,u) =
J1(y,u), the matrix system becomes [52]

TMy 0 KT y TMoy
(29) 0 BTMl/Q *TM u = 0 N
K —TM 0 P d
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where

M,
MO — .. c RnNtXnNt.

M,y
0

The matrix systems (2.7) and (2.9) are the systems corresponding to the time-
dependent distributed control problem. The efficient solution of these saddle point
systems will be considered in this paper.

2.3. Neumann boundary control problems. Another important problem in
the field of PDE-constrained optimization is the class of Neumann boundary control
problems. Note that this problem corresponds to Q3 = 9 in (2.2). In practical
applications, these are perhaps the most useful class of problems. We start once more
by considering the boundary control of Poisson’s equation written as

1 _ B
(2.10) o lly — ZJH%Q(Q) T3 ||u||2LQ(aQ)
st —Vi%y=f inQ,
g—z =wu on 0,

where f is the known source term, which may be zero, and the control, u, is applied
in the form of a Neumann boundary condition. As for the distributed control case,
we discretize y, u, and p using the same finite element basis functions.

The first order optimality conditions of a discretize-then-optimize approach yield
the following matrix system:

M 0 K y My
(2.11) 0 pAM, —NT u | = o |,
K —-N 0 p f

where M and K are as before (see (2.4)), M, here denotes the boundary mass ma-
trix over Jf2, and N corresponds to entries arising from terms within the integral
Joq utr(v)ds (with u the boundary control and tr(v) denoting the trace function act-
ing on a member of the Galerkin test space). The vector f corresponds to f, the
source term of Poisson’s equation. The matrix in (2.11) is essentially of dimension
(2n 4+ np) X (2n + np), where n is the number of degrees of freedom for y and ny, the
number of degrees of freedom for the boundary control, u.

As well as this problem, we also investigate the time-dependent analogue, that is,
the Neumann boundary control of the heat equation. We write the problem that we
consider as

(2.12) min %/OT/Q(y(x,t)—g(x,t)f det+§/0T /;9 (u(x,t))* dsdt,

Y, u
sty — Viy=f for (x,t) € Qx[0,T],
9y

n =u on Jf).
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Note that this is related to the distributed control problem (2.5) with J(y,u) =
J1(y,uw). Although we could seek to solve the optimize-then-discretize formulation
of this problem in a similar way as for the distributed control problem, we focus
our attention on the discretize-then-optimize formulation. In this case, applying the
backward Euler scheme in time and the trapezoidal rule, we obtain the matrix system

TM1/2 0 ICT Yy TM 1/2}_7
(2.13) 0 BrMyjpp —TNT u | = 0 ,
K TN 0 P g

where M and K are as defined in (2.8), and

1M, T
M,
Mijop = )
M,

|
N Myo +f ]

N f

N: 9 g =

N f

N £

We will consider the iterative solution of the matrix systems (2.11) and (2.13), in
addition to the distributed control problems previously stated, in section 3.

2.4. Possible extensions. In this section we wish to introduce some extensions
of the above problems that in one form or another frequently appear in the field of
optimization with PDE constraints. In many applications so-called box constraints
for the state and/or the control have to be included. Here we highlight pointwise
control constraints

g () < ulz) < up(x)
as well as pointwise state constraints

Ya(2) < y(z) < vp(2).

These additional constraints can be handled very efficiently by so-called semismooth
Newton methods [27, 23, 56, 28], whereas due to the reduced regularity of the Lagrange
multiplier the state-constrained problem presents a more difficult problem [9]. It is
also possible to include different or additional regularization terms in the objective
function. A popular choice is the inclusion of a so-called sparsity term where the
control u is given in the L;-norm for which we write |jul|; . This term can efficiently
be treated as part of the semismooth Newton method (see [22]). Another possibility
is to have differential operators acting on the control as part of the objective function,
for which we write || Lul|,. In this case efficient preconditioning depends on the nature
of the operator L and how well it can be approximated. Recent examples for this can
be found in [43, 4]. Combinations of all the above are of course possible and we
address some possibilities in the next section.
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3. Preconditioning. In this section, we motivate and discuss our proposed pre-
conditioners for the matrix systems stated in section 2. These will be applied within
the MINRES algorithm [35]. This section is structured as follows. In section 3.1.1,
we propose a preconditioner for the matrix system (2.7) corresponding to a time-
dependent distributed control problem, minimizing (2.6) and using a discretize-then-
optimize formulation. We start with the case ; = € and discuss the subdomain
case next. In section 3.1.2, we motivate a preconditioner for (2.9), which is the same
problem except with an optimize-then-discretize strategy employed. We then consider
Neumann boundary control problems for the case {27 = ; in section 3.2, we discuss
the time-independent case corresponding to (2.11), and in section 3.3 we extend this
theory to the time-dependent case, relating to (2.13). We only discuss the subdomain
case 3 C Q for the time-dependent problem in section 3.4. In section 4, we present
numerical results to demonstrate that all our proposed solvers are effective in practice.

3.1. Time-dependent distributed control.

3.1.1. Minimizing J; with discretize-then-optimize. We start by consid-
ering the case Q7 = Q, which gives M;l/)z = M, ;. Equation (2.7), which is the
discretize-then-optimize formulation of (2.5) with J(y,u) = Ji(y,u), can be written
as a saddle point system with

TM1/2 0

A=
0 ﬁTMl/Q

B:[IC —T./\/l},

in the notation of (2.1). The (negative) Schur complement of this system is therefore
given by

,
8

For this matrix system, we seek a (symmetric block diagonal) preconditioner of
the form

1
(3.1) S = ;/CM;}Q/CT + 2 MM M.

A0
0 S

(3.2) P=

to be used with MINRES.
For the approximation A, we apply a similar approach as for the Poisson control
problem and take

~ M 0
3.3 A= | T2 2]
( ) |: 0 /BTMl/g :|

where M 1/2 denotes the approximation of M, /,. Here a Chebyshev semi-iteration
process is again taken to approximate consistent mass matrices or a simple inversion
for lumped mass matrices.

We now wish to develop a result which enables us to find an accurate approxima-
tion to (3.1), as well as to approximate Schur complements that we will consider in
section 3.1.2.

We start by noting that the matrix system (2.7) is of the form

0 KT
0 B8P -,
K —® 0
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with Schur complement given by

1
(3.4) S =Ko KT + E%@;l%,

where ®; and ®5 are symmetric positive definite, as they are block matrices solely
consisting of mass matrices. (In section 3.1.2, we will consider approximations of Schur
complements of the form (3.4), where ®; and ®2 have the same such properties.)

We note that in all the cases we consider, the matrix <I>f1<1>2 simply involves scaled
(positive) multiples of identity matrices. That is, all the relevant blocks are scalings
of the same matrix I € R"*™. We may use the straightforward resulting observation
that MO ®y = &7 M with M defined as in (2.8) to demonstrate one further
property that we will require in our analysis: that IC<I>1_1(I>2 + <I>1_1(I>21CT is positive
definite. We show this by applying Theorem 1 below with A = <I>f1<1>2.

THEOREM 1. The matriz KA + AKT, where A = blkdiag(on I, azl,. .., an,I),
aty...,an, >0, I € R™" and K is as defined in (2.8), is positive definite.

Proof. We show that w (KA+AKT)w > Oforallw := [ w] w3 --- wh _; Wi,
with wy, ..., wy, € R, and

}T

Ay
A= ) AJERnxnv j:17"'7Nt7
Ay

t

with AJ = ajI, ] = 17~~-7Nt-
Using the symmetry of the mass and stiffness matrices M and K,
Ay A M
—MA, Ao —As M
KA+ AKT = . .
7MAN,,72 AN,,—l *ANtflﬂf
—MAN, 1 An,

where Aj = (M +7K)Aj; + A;(M + 1K) for j =1,..., N; and therefore by straight-
forward manipulation that

N
Wi (KA + AKT)w = > W] [MA; + A;M + 7KA; + 78, K]w;

j=1
N¢—1 Nt
- Z WJT(]\/[A])WJ+1 - ZW?(Ajflj\/[)ijl
j=1 j=2
N¢ N:¢—1
(3.5) =2 Wl (KA)wi+ > (wi—wjipn) (MA;)(w; — wjg1)
j=1 j=1

+wi (MA)wy +wh, (MAN,) W,

where we have used the facts that MA; = A;M and KA; = AjK for j=1,..., Ny,
which are clear by the definition of A.

As we now have that w? (XA +AKT)w is a sum of positive multiples of (symmet-
ric positive definite) mass and stiffness matrices, we deduce that w? (KA+AKT)w > 0
and hence that KA + AKT is positive definite. d
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Having demonstrated the properties required, we are now in a position to prove
a result bounding the eigenvalues of S~15, where

T
~ 1 1
(3.6) S = (IC + —@2) ot (IC + —<1>2)
VB ' VB
and S is given by (3.4). To do this, we consider the Rayleigh quotient R :=
This may be written as

vTsv
vTSv'

T bTb
(3.7) R= aat ,
aTa+bTb+a’b +bla
where
_ 1 __
a=0;"’kTv, b=—0;"?d,v.
1 \/E 1

Now, as a’b + bTa = ﬁvT[IOI)f(I)Q + <I)2<I>IIICT}V > 0 due to Theorem 1 with
Aj = &7 0y = dy®7! it is clear from (3.7) that R < 1.

Further, showing that R > % is a simple algebraic task, which requires only the
fact that b”b > 0 because of the positive definiteness of ®; and ®,. (See [38] for
further details.)

We have hence proved the next theorem.

THEOREM 2. If S and S are of the form stated in (3.4) and (3.6) respectively,
with ®1, ®o symmetric positive definite and <DI1<1>2 = blkdiag(onl, a2l,. .., an,I),
ai,...,an, >0, I € R™™™, then

MSLS) € Bl} .

We note that Theorem 2 is an extension to a result discussed in [38] concerning
convection-diffusion control.

We may now apply Theorem 2 with &; = 7 M,/ and &2 = 7M, as ¢; and
®5 defined in this way are clearly symmetric and positive definite and are such that
A = &' ®, is symmetric positive definite and satisfies MA = AM. We therefore
deduce that

(3.8) 5=- (IC + #M) M), (/c + #M)T

is an effective approximation to the Schur complement of the matrix system (2.7).
We note that applying the inverses of the matrix I + ﬁ/\/l and its transpose would
not be feasible as this essentially means solving the PDE directly, which in itself is
a computationally expensive task. Hence, for a practical algorithm we approximate
S using multigrid techniques for I + ﬁ/\/l and its transpose, that is, we require
a multigrid process for each of the diagonal blocks M + 7K + ﬁM € R™". We
apply a few cycles of such a multigrid process N; times to approximate the inverse of
K+ /M and N; times to approximate the inverse of (IC + ﬁM)

In conclusion, for an effective iterative method for solving (2.7), we recommend
a MINRES method with a preconditioner of the form (3.2), with A and S as in (3.3)

and (3.8). In section 4, we provide numerical results to demonstrate the effectiveness
of our proposed preconditioner.
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3.1.2. Minimizing J; with optimize-then-discretize. We now turn our at-
tention to (2.9), the optimize-then-discretize formulation of (2.3) with J(y,u) =
J1(y,u). Again, we may write this as a saddle point system of the form (2.1) with

TM() 0

A=
0 BTMl/Q

B:[IC —T/\/l}.

We note that the (1,1)-block of this system, A, is not invertible, due to the rank-
deficiency of My, so when prescribing an approximation for a preconditioner, we
recommend considering a perturbation of the matrix My

M
M

M
yM

for some constant v such that 0 < v < 1, and taking as our approximation to A the
following;:

(3.9) A=

T./\//T() 0
0 ﬁTMl/Q ’

where ./T/l\o and M 1/2 denote approximations to M{ and M, /2, generated by using
Chebyshev semi-iteration in the case of consistent mass matrices, or, in the case of
lumped mass matrices, themselves.

Now, due to the noninvertibility of My, the Schur complement of the matrix
system (2.9) does not exist. Therefore it is less obvious what the (2,2)-block of our
block diagonal preconditioner of the form (3.2) should be. The heuristic we use is
1 T
5
complement of this matrix system. This is given by the quantity

to examine the perturbed saddle point system [ ] and consider the Schur

T
B

Now, by simple manipulation, we observe that

N 1 —~
S = ;ICMgllCT+ MM M.

1~ _
§ = _KM'K" + %FlM(}lFl,

where

V2M
M

I =
M
VM

By applying Theorem 2 with ®; = T.X/l\o and ®5 = 7I'y, we therefore deduce that

(3.10) 5= (IC + ﬁn) My </c + %n)T
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satisfies

Aﬁﬁﬁngy

2

which tells us that S is a good Schur complement approximation to the perturbed

matrix system we have considered. As the matrix system (2.9) is very similar in

structure to this perturbed system, it seems that this would also be a pragmatic

choice for the (2,2)-block of our block diagonal preconditioner for this system.
Therefore, within the MINRES algorithm for solving (2.9), we again recommend a

preconditioner of the form (3.2) with A and S as in (3.9) and (3.10). The numerical

results of section 4 demonstrate that this is indeed an effective approach.

3.2. Time-independent Neumann boundary control. We now consider
preconditioning the system (2.11), which arises when solving the time-independent
Poisson boundary control problem. If we write the saddle point system in the form
(2.1) with

M 0
A:{O mﬂ},B:[K N,

then constructing an approximation A to the (1,1)-block A is relatively straightfor-
ward, as we treat both mass matrices M and M, as before. However, an issue arises
when we consider the effective approximation of the Schur complement of (2.11)

1
B

Because of the rank-deficiency of the %N M, INT term of the Schur complement, it

S=KM 'K+ —-NM,'NT.

is not as simple to find a clean and easy-to-invert approximation S to S such that
the eigenvalues of S~'S may be pinned down into an interval independent of both
h and (3, as for the distributed control case in section 2.2. We therefore seek an
approximation which is robust for a range of h and §. We first wish to motivate our
choices before analyzing them in more detail.

We assume now that all mass matrices are lumped. It is then easy to see that
NM,” INT is a diagonal matrix with nonzero entries on the diagonal for every bound-
ary node. For simplicity we assume the degrees of freedom are ordered in such a way
that the nodes located on the boundary can be found in the lower right corner of
NM;'NT, ie.,

NM;'NT = { 8 ]\2 }
b

Now our task is to approximate the Schur complement S via

5= (K+ %J\?) M (K+ %M)

for some matrix M in such a way that the structure of the original Schur complement
is maintained as much as possible. If we look at the last equation we see this gives
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= 1~ —~ 1 -
S=KM KT+ MMM+ — (KM 'M+MM'K).
B VB ( )

We now look at the terms separately. The first one is part of the original Schur
complement. The second one needs to be looked at more carefully. Hence

0 0 M0 0o 0 ]_Jo 0
0 aM, 0 My, [0 aM, |~ [0 o*MM, M,
with ¢ and b denoting interior and boundary, respectively, and for some constant «.
This tells us now that if

aQMbMy’g M, ~ M,

we have found a good approximation to the Schur complement of the original matrix,
which can be evaluated efficiently. A simplification will now motivate our choice of «
as, if we approximate M, = hl, (where I, is the identity matrix of dimension equal
to the number of boundary nodes) and M, ;, = h%I, we obtain that

(3.11) P MM,y My = My <= o*hh™*hl = o*I =~ hl,

and hence a good choice for o seems to be & = V. As a result, our recommended
Schur complement approximation is now defined as

S, = (K—i— \/gMF) M (K + \/ng) ,

i.e., the matrix M introduced earlier is given by vhRMp. We note that because of
the diagonal nature of the mass matrices the matrix My = NM," INT is simple to
evaluate. Another choice with a similar motivation is given by

~ h —~ ﬁ

Here My is given by the matrix M} in the boundary components and a small scalar
of order h for all nodes corresponding to the degrees of freedom on the interior, i.e.,

Mr = Mr + hlI;,

with I; a diagonal matrix with ones on the diagonal for all interior degrees of freedom
and zeros elsewhere. We now wish to analyze these two preconditioners in more
detail by considering the eigenvalue distributions of S;° 'S and Sy 1S. Our analysis
is based on the two-dimensional problem, however it can be easily extended to the
three-dimensional case.

Eigenvalues of §1_ LS. Here we must consider the Rayleigh quotient

vTSv vIKM'Kv + %VTMFV

VISV yTKM-1Kv + gvTMFMflMFv + %VT [MrM—1K + KM~tMy]v

vIKM—'Kv+vT (%]\/[p) v

VIKM=1Kv + T Mp M~ Mrv + 2\/%VTMFM*1KV7

which will provide us with the eigenvalues of §f ls.
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If v € null(Mr), then ‘:’Trg‘; = 1. If not, then we can write the above also as
1

(3.12) viSy !
vISiv  VIKM-1Kv+EvTMrM-1Mrv 2, /EvT Mr M~1Kv
vIKM-1Kv+4vT Mrv vIKM-1Kv+4vT Mrv

Using the fact that Mp (%]\4) -t Mr = hMpr M~ Mp and My are spectrally equivalent,
we can see that
VIKM ™ Kv + &vT M M~ Mrv

0< =:D; =0(),
VTKMflKv—f—%vTMpv ! (1)

where Dy is a mesh and S-independent constant.
We now examine the term

25T Me MKy

VIKEM T Kv+ IvTMpv T

in particular its maximum and minimum values, more carefully. We assume now
that M =~ h%I and Mr = hI, ignoring all multiplicative constants. Furthermore,
we note that the eigenvalues of K are within the interval [cKh27 CK], where cx and
Ck are constants independent of h and 8 (apart from a single zero eigenvalue with a
corresponding eigenvector of ones—this corresponds to an arbitrary constant being a
solution of the continuous Neumann problem for Poisson’s equation).

As we work with lumped mass matrices throughout our work on Neumann bound-
ary control, we observe that 77 > 0, as it relates to a positive constant multiplied by
the product of two matrices (MprM ~!, which we have assumed to be approximately
h™1I, and K, which is symmetric positive definite). We also note that T must be
strictly positive.!

We now consider the maximum and minimum values of % We consider the
maximum such value by writing

T /371/2h1/2h1h72c 671/2}7/71/26 ac

Ty, h22+pB1h - h=2(c2 + B-1h3) = 2 + a2

with @ = h3/2871/2 and ¢ corresponding to the relevant eigenvalue of K. Here, both
a and c are positive. Therefore, in this case, 5% < % by straightforward algebraic
manipulation. This means that the denominator in (3.12) will be bounded above by
a constant independent of h, 8, and 7, as both terms are of O(1). This gives us a
lower bound for Apin.

As Ty and T5 are both nonnegative, we may write that % > 0 and hence that
vT§v > 1
vTS,v — D1

Putting our analysis together, and reinstating multiplicative constants, we con-
clude that

, giving us an upper bound for Apax.

a1 a1
)\miﬂ(sl S) = (1, )‘max(sl S) = Cl,
where ¢; and C are positive constants independent of h, 8, and 7.
1This may be argued as follows. Both v KM~1Kv and %VT]\/II‘V are nonnegative terms. The
former will be strictly positive unless v is the vector of ones, which corresponds to the zero eigenvalue

of K. In this case, it is clear that the v7 Mpv term will be strictly positive, as none of the entries of
My are negative. So for each v, at least one term will be strictly positive.
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Eigenvalues of §2_ LS. We may carry out a similar analysis for the approxima-
tion Sy of S by considering the Rayleigh quotient

vISv vIKM 'Kv+vT (%MF>V

VISV VTR (hMy) UKy + BvT My (hMrp) = Mrv + QﬁvTMp(hﬂp)*lKv’

and writing that M =~ h2I, Mr ~ hI, and My =~ blkdiag(0, hl}).
Proceeding as we did for the analysis of S;, we obtain that

)\Inin(é\;ls) = C2, )\max(ggls) = 027

where ¢y and Cy are positive constants independent of h, 8, and 7, provided we use
lumped mass matrices.

We emphasize that due to the rank-deficient nature of the + N M, b INT term of the
Schur complement S, it is more difficult to obtain a complete picture of the eigenvalue
distributions of S7'S and S; 'S than for the preconditioned Schur complement in
the distributed control case. Consequently, the bounding of )x(§f 18) and >\(§2_ 1s)
by constants of O(1) is less descriptive than the more specific bound outlined for
distributed control in [37] and discussed in section 2.2.

However, the conclusion that the eigenvalues of 51_ 15 and §2_ 1S are certainly
real and bounded above and below by constants of O(1), independently of h, 3, and
7, indicates that either S; or Sy should serve as an effective approximation of S—a
hypothesis which is verified by the numerical results presented in section 4. We note
that in the above analysis, we have assumed that lumped mass matrices are being
used; however, numerical tests indicate that we still obtain a clean bound when using
consistent mass matrices.

3.3. Time-dependent Neumann boundary control. In the case of the time-
dependent boundary control problem, we are interested in approximating the Schur
complement

1 1T T
(3.13) S = ;ICMI/ZK + E

of the saddle point matrix .A. We want to approximate the above by

NM;/g,bNT

~ T — T —
(3.14) Sy =71 (IC + —M) M7} (ICT + —M) ,
va) MM g

and for this to be a good approximation the choice of M is again crucial. We recall
that we assumed My 3 to be a block diagonal matrix of lumped boundary mass
matrices and also that M 5 consists of lumped mass matrices over the domain 2.
Hence the first term in (3.14) is given by 77 1KM ;/12/CT, which means that the first
term in the Schur complement (3.13) is well represented in our approximation. We
then obtain the next term from (3.14) as

i —~ 175 T Traa-1 7o

WMMUQM = BMMUZM

To understand how this approximates N'M ;/lz‘b/\f T we need to study the structure of
both matrix products more carefully. We recall that M5}, = blkdiag(%Mb7 My, ...,
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My, $Mp) and that with some abuse of notation A = blkdiag,..(N,...,N), giving
for the overall structure
2N M, 'NT
NM,; 'NT
NMy NT =
NM,;'NT
2NM,;'NT

We see that as Mo = blkdiag (3M,M,..., M, M) and M = blkdiag(M, ..., M),
the structure of the large problem looks as follows:
QMMM
MMM
MM, M =
MMM
QMMM
This indicates that it is important for MM 1M ~ N M, ' NT, which we split up even

further now. Consider an ordering of the degrees of freedom on the boundary and in
the interior as before,

e M0 0 o ]_1|oO 0
MM™M = {o QAL,] [ 0 My [0 aM, | |0 o®MyM_yM, |’

and now note that

NM,;'NT = {8 A; }7
b

where M, ; and M, ; denote the splitting of the mass matrix M into its interior and
boundary parts, respectively. Similar to before, we can show that a = v/h is a good
choice. A choice not very different from the above is given by the approximation

& -1 ﬁ/\ gy -1 r EAT
(3.15) Sy=1 <K+TV;NO(MMﬂ <K+ ¢;M>,

where M\p consists of block diagonal matrices that have the boundary mass matrix
for the boundary nodes and a suitably scaled identity matrix for the interior nodes.
(See also the time-independent case.)

Eigenvalues of §4_1.S' . We now search for the eigenvalues of §4_ 1S, where

SN (R (3 Py (N T
(3.16) Si=7 (’C-FT\/;M) (hMr) </C—|— \/;M> ,

by considering the Rayleigh quotient

v Sy T_IVT’CM;;QICTV + 78T My

vT Sy T IVTK(hMrp)—1Kv + Tﬂ—th/T/l\(h/T/l\p)*l/T/l\v + 2\/%VTIC(h./T/t\F)*1./T/l\V’
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Fic. 3.1. Singular values of L and IC for a small ezample.

using the fact that Mp = NMI_/IQ V7. Assuming that v € null(M), we obtain that

vl Sv
vTSyv

= 0(1).

So we now consider the case where v is not in this nullspace; we then examine the
term

1
r*lvTK(h/T/l\r)’1Kv+%vT./(/l\(h/T/l:1\~)*1./\//\lv " ﬁvT()C(h.//\/l\r)’l//\/l\+./\//\l(h//\;l\r)’1£7")v '
r*lleCM;/IQJCTV-FTﬁ*lVTMV B T*lvT)CMl’/l,L,ICTv—FTﬂ*lvTMv

So if we now assume (neglecting constants for now) that hMp ~ My ~ h2I and
M=~ /T/l\(hﬁ/l\r)fl/i/l\% hI, we see that
T WK (AMp) T Ky + Z2vT M(hMr) ™' My

T IvT KM f/lleTv + Tﬁ*lvT/T/l\v

=0(1).

In order to simplify the analysis at this stage we simply assume that K is approximated
by its block diagonal, i.e., £ = K (see Figure 3.1). We use this to approximate the
above by

T*lvTﬁMf/g£v+Tﬁ*1vTj\7v T

ﬁvT (M) M+ MMy L) v
" .

We may proceed as in section 3.2 for the time-independent boundary control case to
obtain (neglecting constants)

T RU/23-1/2p=1¢ B-1/2p=1/2 TB1/2h3/2¢ ac 1
i = = = < —
Ty 77 'h=2c2+7671h  h2771(c2+728"1h3) 2+ 7287h3 2 +a® T 2
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with a = Tﬂ71/2h3/2 and ¢ € [CKTh2 + ey h?, Cpr + CMhQ]. This shows that the
results for the time-independent case can be used here as well. For the minimum
value of %, we may apply a similar analysis as in the case of Sy 16 and working once
more with lumped mass matrices. We obtain that (reintroducing constants)

Amin(S71S) = ¢4, Amax(S71S) = Cu,

where ¢4 and Cjy are positive constants independent of /, 3 and 7.

A similar analysis can be carried out for S5 18. As for the time-independent case,
it is more difficult to develop a complete picture of the eigenvalue distribution of the
preconditioned Schur complement than for the distributed control case; however, it is
useful to see that we may bound the eigenvalues by constants of O(1) independently
of the parameters h, 3, and 7. Indeed, the results shown in section 4 show that the
performance for the preconditioners for the time-dependent and time-independent
boundary control problems is quite similar, and we find that both approximations S3
and Sy are effective for this problem for a wide range of parameters.

3.4. The subdomain case. We now wish to address the case when the desired
state is only given on a subdomain §2; of Q2. The saddle point system is then defined by
™™ 51/)2 0

0 /BT M 1/2

A= , B=[IC —7'/\/[]7

1)
1/2
is semidefinite. However, we wish to obtain an invertible approximation of A, as
well as an effective Schur complement approximation, as in previous sections. For
that purpose we introduce a parameter v € R such that the matrix M =

1/2
blkdiag (%]WI’, MY, ... MY, %MI’) with M7 defined as
(Mawa, =7 or (M])awa, = vMaq;-

Note that we use the same notation for the small parameter, namely, v, dealing with
the zero parts of the (1,1)-block and believe it will be clear from the context what
v represents. The (1, 1)-block of this perturbed problem may now be approximated

by A= blkdiag(r/(/l\(ll/’;), [))T./T/l\ 1/2), where /T/l\gl/;Y> now denotes the relevant approx-

imation of mass matrices (Chebyshev semi-iteration or diagonal solves) within the

and we note that the matrix A is only positive semidefinite as the matrix M

matrix Mgl/;) The Schur complement of this perturbed problem that we now wish

to approximate is given by
r
B

Again our goal is to derive an approximation to the Schur complement that exhibits
robustness with respect to the regularization parameter. For this we consider

~ 1
§ = —KM) KT+ S MM LM,

1 - -
§=—(K+ MM K+ M)T,
where we have to define M. Ideally, we have agreement between the terms

%./T/l\(./\/l (11/’;))_1./@1\ ~ g MM 1_/12./\/1. Assuming now that all mass matrices are lumped
we can give an elementwise description of what we wish to achieve, i.e.,
2
,

m2 = E (m(1w)>ii M,
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that is,

ﬁzii = L m(lﬁ) A/ Mg .
(3.17) \/B,/( ),/

We now have to distinguish between indices ¢ that represent degrees of freedom within
Qq or in 2 \ Q4. In more detail,

(3.18) <m<1,y)>h _ { my ifi e Q,

0 otherwise.

We have now established an expression for the elements of M in the case of the
distributed control problem. We find that the resulting Schur complement approxi-
mation works well in practice—we demonstrate this once again with numerical results
in section 4.

Choice of v. We now explain how we select in practice the “perturbation param-
eter” 7 that we have utilized in previous sections. We start by deriving the parameter
v for the case when optimize-then-discretize is used for the distributed control prob-
lem. We assume that we want both terms of the Schur complement

S = KMg'KT + 787 My

with M\o = blkdiag(M, ..., M,yM), My = blkdiag(2M, M. ..., M,2M) to be “bal-
anced” (see [4, 52]). We simplify this task by replacing K by its block diagonal
L := blkdiag(L,...,L), where L = M + 7K. We now wish to balance the terms in
this new approximation with a particular focus on the parameter v, i.e.,

5 =LMGLT + 787 Ms.
Comparing the blocks in S that involve v, we obtain
(3.19) vy hT2L? = r BRI,

using the approximation M = h%I for a two-dimensional problem. In this heuristic,
we want to balance the smallest eigenvalues of both terms; for L? = 72 K2 + 7 KM +
TMK + M? these will be of the order 72h* (neglecting constants). In order for 7 to
balance both terms in (3.19), we get

771h7272h4 ~ Tﬁ71h2
and therefore that
(3.20) T8 = 1.

Note that the above heuristic holds for the two-dimensional case. In complete analogy,
we can derive that

(3.21) B Ry

is also a good choice for problems in three dimensions. If one wants to balance the
largest eigenvalues in both terms the parameter v might not be small, depending on
the choice of 7 and . In a very similar way we can derive a heuristic for the parameter
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v in the subdomain case. To solve the distributed control problem we replace the zero
entries by v to give

(3.22) v 12ht = 7872 = 4 = 78R2.

Rees and Greif [41] also introduce a similar parameter + that is part of a perturbation
of the (1, 1)-block of a saddle point problem coming from the treatment of a quadratic
program using interior point methods. They construct a preconditioner with an aug-
mented (1, 1)-block, i.e., A+~y ' BBT using the classical saddle point notation, where
their parameter v is chosen to balance the two summands A and BB”, similar to our
heuristic above.

4. Numerical results. The results presented in this section are based on an im-
plementation of the above described algorithms within the deal.Il [2] framework using
Q1 finite elements. For the AMG preconditioner, we used the Trilinos ML package [15]
that implements a smoothed aggregation AMG. Within the AMG we typically used 10
steps of a Chebyshev smoother in combination with the application of two V-cycles.
Our implementation of MINRES was taken from [12] and was stopped with a tolerance
of 10~ for the relative pseudoresidual. Qur experiments are performed for T = 1 and
7 = 0.05, i.e., 20 time-steps. We consider homogeneous Dirichlet conditions for dis-
tributed control problems, though we are of course not limited to them, and also a
zero forcing term f = 0 for Neumann boundary control problems. We carried out the
examples on the domain Q = [0, 1]3. Whenever we show the degrees of freedom these
are only the degrees of freedom for one grid point in time (i.e., for a single time-step).
Implicitly, we are solving a linear system of dimension three times the number of time-
steps (IV;) times the degrees of freedom of the spatial discretization (n). For example,
a spatial discretization with 274,625 unknowns and 20 time-steps corresponds to an
overall linear system of dimension 16,477,500. All results are performed on a Centos
Linux machine with Intel Xeon CPU X5650 at 2.67 GHz CPUs and 48 GB of RAM.

4.1. Distributed control. We start by giving results for the distributed control
examples presented earlier. For the distributed control problems we impose a zero
Dirichlet condition. This results in the computed state not matching the desired
state quite as well very close to the boundary. Another option would be to impose a
Dirichlet condition where the state corresponds to the desired state on 0f2.

4.1.1. The all-times case—whole domain. The example we consider for the
distributed control problem is given by the all-times case, where the functional J(y, u)
contains observations for all time-steps. We have the choice of using the trapezoidal
rule (which corresponds to the discretize-then-optimize formulation) or the rectan-
gular rule (which corresponds to the optimize-then-discretize formulation) for the
discretization of the state integral. We will show results for both cases that desired
to drive the state close to the desired state given by

¥ = 64tsin (27 ((zo — 0.5)% + (21 — 0.5)* + (x2 — 0.5)%))

with a zero initial value. An illustration of the desired state, the computed state, and
the control is shown in Figure 4.1 for one particular point in time, i.e., one particular
time-step. The results with the Schur complement approximation as presented in
section 3.1.1 (trapezoidal rule) are shown in Table 4.1 and the results for the approach
presented in section 3.1.2 (rectangular rule) are shown in Table 4.2. We can see that
the number of iterations remains constant with varying mesh size and regularization
parameter 3.
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4.1.2. The all-times case—subdomain problem. We now show results for
the subdomain problem when the desired state is again defined by

¥ = 64tsin (27 ((zo — 0.5)> + (1 — 0.5)* + (w2 — 0.5)%))
and the domain Q; is defined by
0 = {x €l0,1:04< 21,20 < 0.7},

Results for this case are shown in Table 4.3, where we can again see that the iteration
numbers are small and robust with respect to the mesh parameter and the regulariza-
tion parameter. The timings are slightly higher than in the case for the whole domain.
This is because in our experience the AMG approximation sometimes deteriorates for
small parameters and as we now include v in our approximation we decided to use
four V-cycles instead of two.

4.2. Boundary control. We now present results for the time-independent and
time-dependent Neumann boundary control problems discussed earlier.

4.2.1. Time-independent boundary control. The time-independent bound-
ary control problem example that we present starts from initial value zero, matching

(a) Control (b) Desired state (c) Computed state

FiG. 4.1. Control, desired state, and state for distributed control with B = le — 4 at grid point
15 in time.

TABLE 4.1
Results for discretize-then-optimize approach via trapezoidal rule.

[ DoF [ Minres(T) [ MiNREs(T) | MINRES(T) |

f=1le—2 | f=1le—4 | f=1le—6
4913 10(2) 12(2) 12(2)
35937 10(14) 12(17) 12(18)
274625 10(148) 12(171) 12(170)
TABLE 4.2

Results for optimize-then-discretize approach via rectangular rule.

[ DoF [ Minres(T) [ MiNrEs(T) | MINRES(T) |

f=1le—2 | f=1le—4 | f=1le—6
1913 12(3) 10(2) 3(1)
35937 12(16) 10(14) 10(14)
274625 14(196) 10(152) 10(147)
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TABLE 4.3
Results for discretize-then-optimize approach via trapezoidal rule for a subdomain problem.

[ DoF [ Minres(T) [ MiNres(T) | MINRes(T) |

B=1c—2 |[B=1le—4 | B=1le—6
1913 | 12(5) 13(5) 15(5)
35937 | 12(28) 15(35) 17(38)
274625 | 12(332) 15(386) 19(495)
TABLE 4.4

Results obtained with Schur complement approximation §1.

[ DoF [ MNres(T) | MiNres(T) | MiNres(T) |

B=le—2 | B=le—4 | B=1le—6
4913 26(1) 28(1) 22(1)
35937 32(2) 38(2) 30(2)
274625 34(22) 48(31) 46(29)
2146689 38(211) 60(289) 64(314)

the desired state given by

— [ sin(z1) + xexo if 2o > 0.5 and 21 < 0.5,
y= 1 otherwise.

The desired state, computed state, and control are shown in Figure 4.2. The CPU
times and iteration numbers for the MINRES algorithm with varying mesh size and
regularization parameter are shown in Table 4.4 for the Schur complement approx-
imation S; and in Tablg 4.5 for S5. We see that S; performs better in all cases,
although the results for Se are not dramatically different. We see for both approaches
a slow growth in the iteration numbers, which is expected when dealing with a pure
Neumann problem (see [5]). We observe some rather small growth with decreasing
3, especially for small meshes, but with the iteration numbers still reasonably small.
We also observe improved preformance when h3 and 3 are further apart. The results
we experience matched our expectations based on the theory detailed in section 3.2.

4.2.2. Time-dependent boundary control. The setup for the example time-
dependent boundary control problem we present again starts with an initial value of
zero and the following time-dependent desired state:

_ | sin(t) + zox1ze if g > 0.5 and z1 < 0.5,
y= 1 otherwise.

(a) Control (b) Desired state (c) Computed state

Fia. 4.2. Control, desired state, and state for boundary control with = le — 4.
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TABLE 4.5 N
Results obtained with Schur complement approximation Sa.

[ DoF [ MiNres(T) [ MiNres(T) [ MiNres(T) |

B=le—2 | B=le—4 | B=1le—6
4913 38(1) 38(1) 30(1)
35937 44(3) 54(3) 44(3)
274625 48(31) 74(48) 70(44)
2146689 54(263) 98(466) 108(513)
TABLE 4.6

Results obtained with Schur complement approximation §3.

[ DoF [ Minres(T) [ MiNRES(T) | MINRES(T) |

B=1le—2 | B=1le—4 | B=1le—6
4913 34(7) 38(7) 28(6)
35937 38(49) 48(62) 38(48)
274625 48(620) 62(800) 58(725)
TABLE 4.7

Results obtained with Schur complement approximation §4.

[ DoF [ MiNges(T) [ MiNRES(T) | MINRES(T) |

B=1le—2 | f=1le—4 | B=1le—6
4913 40(8) 42(8) 36(7)
35937 | 50(65) 59(73) 42(54)
274625 | 62(808) 80(1002) 63(855)

The desired state as well as the computed state and control are depicted for grid
point 20 in time (i.e., the 20th time step) in Figure 4.3 and for grid point 10 (the
10th time step) in Figure 4.4. We again computed results for both Schur complement
approximations presented earlier; the results are given in Table 4.6 for §3 and in Table
4.7 for S4. We again see higher iteration numbers for the second approximation Sy
and benign growth with respect to the mesh size, but again with improved results if
h? and B are far apart. The results here reflect the results for the time-independent
case, which we expect due to our theoretical study presented in section 3.3.

5. Concluding remarks and outlook. We have presented various setups for
the optimal control of the heat equation. We derived the discretized first order condi-
tions for the distributed and boundary control cases and showed that both problems

(a) Control (b) Desired state (¢) Computed state

Fic. 4.3. Control, desired state, and state for boundary control with = le — 6 at grid point
20 in time.
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(a) Control (b) Desired state (c) Computed state

Fic. 4.4. Control, desired state, and state for boundary control with 8 = le — 6 at grid point
10 in time.

lead to a linear system with saddle point structure. We then extended the analysis for
a regularization-robust preconditioner from the time-independent distributed control
case to the time-dependent distributed control case. We also provided some bounds for
the case of Neumann boundary control for the time-dependent and time-independent
setups. We then gave an extensive numerical study of the preconditioners derived
earlier and showed that the dependence with respect to the mesh size, regularization
parameter, and time-step could be removed for the distributed control case. The nu-
merical results for the pure Neumann control problem illustrated a benign dependence
on the mesh size (similar to the forward problem) and very little dependence with
respect to the regularization parameter 5. These results have already been used in a
different work on time-periodic parabolic problems with control constraints (see [51]),
where good numerical results were obtained. The work presented in this paper also
serves as a framework for the consideration of other time-dependent optimal control
problems. The techniques presented could be adapted for the case where the control
is only applied in a subdomain, or examples with additional constraints such as box
constraints being imposed on the state or control.

A possible future extension of this work would be to develop robust precondi-
tioners for more complicated PDEs with respect to all parameters involved. As well,
one could generate solvers for the subdomain case, as discussed in this manuscript,
or the boundary control setting. Furthermore, one drawback of the procedure de-
scribed in this paper, which could be tackled in future work, is the necessary storage
requirement for the vectors corresponding to the control, state, and adjoint. Although
it is possible to condense the system by, for example, eliminating the control, more
research would be required here. Various approaches have been applied to time-
dependent PDE-constrained optimization in the past. For instance, checkpointing
[17], a method which involves storing only certain checkpoints of the state and com-
puting the adjoint state based on these, has been investigated. We note that our
one-shot approach is not ideally suited for this method but rather could be treated
using ideas based on instantaneous control [10, 24, 21], multiple shooting [21], and
parareal schemes [31, 32, 33]. Possibly the simplest idea of all is to split up the interval
into subintervals and use our approach to solve the relevant subproblems, for which all
the analysis presented here carries over. However, we note that the solution obtained
using this approach is suboptimal [21]. Parareal and shooting methods maintain the
splitting into subintervals but ensure agreement of the control and state where the
time-slices meet each other. We believe that the techniques presented here can be

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



1150 J. W. PEARSON, M. STOLL, AND A. J. WATHEN

used within multiple shooting methods such as that presented in [21]—this is another
area of further work which will be investigated.
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A.4. TIME-PERIODIC HEAT EQUATION AND PRECONDITIONING

A.4 Time-periodic heat equation and precondition-
ing

This paper is published as

M. StoLL, All-at-once solution of a time-dependent time-periodic
PDE-constrained optimization problems, IMA J. Numer Anal,, 34
(2014), pp. 1554-1577.

Result from the paper

In this paper we develop robust preconditioners for time-periodic problems.
In some instances we make use of the circulant structure within the dis-
cretization. For such a circulant preconditioner Table shows MINRES
iterations and timings for various meshes and values of the regularization
parameter 5 applied to a boundary control problem.

DoF MINRES(t) MINRES(t) MINRES(t)
B=le—2 B=1le—4 B=1le—6

36880 30(14) 26(12) 20(9)
227280 32(83) 32(82) 26(67)
1560400  34(384) 40(450) 36(403)
11476560 36(2671)  * *

Table A.4: Circulant preconditioner: MINRES iterations and timings for
various meshes and values of the regularization parameter 8 applied to a
boundary control problem with only one step for the Uzawa iteration.
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In this paper we describe the efficient solution of a partial differential equation (PDE)-constrained opti-
mization problem subject to the time-periodic heat equation. We propose a space-time formulation for
which we develop a monolithic solver. We present preconditioners well suited to approximating the Schur
complement of the saddle point system associated with the first-order conditions. This means that, in
addition to a Richardson iteration-based preconditioner, we also introduce a preconditioner based on the
tensor product structure of the PDE discretization, which allows the use of an FFT-based preconditioner.
We also consider additional bound constraints that can be treated using a semismooth Newton method.
Moreover, we introduce robust preconditioners with respect to the regularization parameter. Numerical
results will illustrate the competitiveness and flexibility of our approach.

Keywords: PDE-constrained optimization; saddle point systems; time-dependent PDE-constrained opti-
mization; preconditioning; Krylov subspace solver.

1. Introduction

For many years the solution of partial differential equation (PDE) problems has been the focus of the
numerical analysis and scientific computing community. The progress made over recent decades has
enabled the search for, in some sense, optimal solutions of PDEs. This task in the field often labelled
PDE-constrained optimization is to minimize an objective function subject to constraints given by
PDE:s. Introductions to the field can be found in Ito & Kunisch (2008), Hinze et al. (2009) and Tréltzsch
(2010).

A typical example will look like the following:

min  J(y,u) (1.1)
st L(y,u)=0, (1.2)

where J(y, u) is the function we want to minimize and L(y, u) =0 represents an equation constraint,
typically a PDE, that links the state y and the control u. We assume that suitable boundary conditions are
given and in the case of time-dependent problems initial conditions are specified. Often the introduction
of additional constraints, such as bound constraints on the control and/or the state poses additional
challenges (see Ito & Kunisch, 2008; Hinze et al., 2009; Troltzsch, 2010 and the references mentioned
therein for suitable methods to deal with this).

Our focus in this paper is to solve a problem of the above type where the PDE constraint is equipped
with appropriate boundary conditions and the state y exhibits time periodicity, i.e., y(0,-) =y(T,-),

(© The authors 2013. Published by Oxford University Press on behalf of the Institute of Mathematics and its Applications. All rights reserved.
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where T is the final time we are interested in. Problems of this type have recently been analysed, for
example, in Abbeloos et al. (2011) and Potschka er al. (2012). The motivation for optimal control
problems of this type is that many applications incorporate time periodicity; see, e.g., Kawajiri & Biegler
(2006) for so-called simulated moving bed reactors.

The paper is organized as follows. In the next section, we introduce the problem formulation and
the PDE constraint with time periodicity. We will discuss the discretization and then give the first order
optimality system, which shows additional structure due to the time periodicity. In Section 3 we briefly
introduce a technique based on the semismooth Newton method (cf. Kummer, 1988; Pang, 1990; Qi
& Sun, 1993; Bergounioux et al., 1999; Hintermiiller ef al., 2002) that will allow us to handle box
constraints on the control. We will then briefly motivate our choice of the Krylov subspace solver. In
Section 5, we discuss the preconditioners that are suitable for our approach as the matrix structure is
different from the case when nonperiodic boundary conditions are given. Note that parts of our approach
are similar to previous work by the author (see Pearson et al., 2012b) but the special structure in the time-
periodic case introduces additional structure that can be exploited within a numerical treatment. Namely,
we discuss a stationary iteration-based preconditioner and also a preconditioner using the circulant
structure of the discretized PDE. We discuss fast solvers for the case of a boundary control problem
focusing on the numerical issues that arise for a varying regularization parameter. Numerical results in
Section 6 illustrate the efficiency of our approach.

2. Problem and discretization

In this paper, we analyse tracking-type functionals subject to a time-periodic PDE. The functional that
we want to minimize is given by

1 T T
J1 (v, 1) :=5/0 ; (y(x,t)—j}(x,t))zdxdt—i—g/o ; (u(x,1))? dx ds, 2.1)

where §2,, C §2 are domains in R? with d = {2,3}, y is the state, y is the desired state and u is the
control. We want to minimize this functional subject to the time-periodic heat equation that links the
state and the control and is hence called the state equation. In more detail, the equation now reads as

Vi — Ay = Xo,u (2.2)

defined over £2 x [0, T] with xg, the characteristic function of the domain £2,. Also we impose the
Dirichlet boundary condition y = 0 on the spatial boundary 92 and the time-periodic condition y(x, 0) =
y(x, T). In addition, we allow for variations of this problem. The first is the so-called boundary control
problem given by

T T
Jona (¥, 1t) ::1 / / (y(x,t)—)?(x,t))zdxdt+é / / (u(x,1)? dx ds, (2.3)
2 Jo Ja 2 Jo Jag

subject to
yi—Ay=f, (2.4)

with Neumann boundary condition
dy
on

>
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and some fixed forcing term f that we assume to be zero. Additionally, the introduction of bound con-
straints on the control and/or the state poses additional challenges to numerical algorithms. Bounds such
as

ug <u<u, and y,<y<yp

have to be accounted for by more sophisticated algorithms (Ito & Kunisch, 2008; Hinze et al., 2009).
We discuss the necessary approaches for control constraints in later parts of this paper (see Section
3). There are two ways to proceed from the above problems. First, one can write down the infinite-
dimensional first-order conditions and then discretize them; this is the so-called optimize-then-discretize
approach. The other approach is to discretize first and then write down the first order or Karush-Kuhn-
Tucker (KKT) conditions; this is the so-called discretize-then-optimize approach. For many problems it
is desirable that these two approaches coincide, which is taken into account when devising discretization
schemes such as the ones derived in Hinze er al. (2008). We here follow the discretize-then-optimize
approach. Hence, we discretize both the functional and the PDE using standard Galerkin Q1 finite
elements, rectangular in our case because of the underlying use of deal.Il (see Bangerth er al., 2007),
which does not use triangular elements.

For the time discretization of the PDE we use a backward Euler scheme that leads to the semidis-
cretized form of (2.2),
- Ayt =k, (2.5)
with 7 being the time step, and the number of grid points in time is denoted by n,. The second PDE
(2.4) is treated similarly. The finite element discretization in space is straightforward and putting all
time steps into one system, a so-called one-shot approach, leads to

M + K -M yi
-M M + K Y2

-M M +tK 3| —tNu=d,
) ) . 2.6)

-M M+tK| |yn

K

where M and K are the finite element (lumped) mass and stiffness matrix, respectively, and d the right-
hand side representing the boundary conditions and forcing terms. The finite element stiffness and mass
matrices are constructed from

Q 2

respectively, where the ¢ functions are the basis functions that are used both for the trial and test space
(see Elman et al., 2005). The mass lumping is obtained by a particular choice of numerical quadrature,
i.e., the trapezoidal rule for our Q1 elements. Note that /C exhibits a circulant structure, which we will
discuss in more detail later. Further, we have the matrix A = blkdiag(N, N, ...,N ),! where N can be a
rectangular matrix, depending on the nature of the optimal control problem and its discretization. For
the distributed control problem, as discretized here N is a square mass matrix because u is discretized
with the same trial functions as y and these are also the basis for the test functions. In the case of u being

! Here we use the MATLAB notation blkdiag to describe a matrix in block-diagonal form.
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discretized using different finite element trial functions from the ones used for the state y, e.g., piecewise
constant elements for the control and linear finite elements for the state, or if « is a boundary control,
then N is a rectangular matrix. In the case of a boundary control N, will consist of entries coming from
the integral fa o utr(v), where u is the boundary control and tr is the trace operator acting on the test
function v from the test space used for the discretization of the state y.

We now need to discretize the objective function J (v, ) and for this we use the trapezoidal rule to
get the discretized objective function as

T _ _ 17°]
Jyw=20 -9 My -9+ SuMu, 2.7)
where M, = blkdiag(1/2M,,M,, ...,1/2M,), where M, is the mass matrix over the domain £2;, and
M, =blkdiag(1/2M,,,M,,, ..., 1/2M,), where M, represents the mass matrix for the domain £2;.
Once all these ingredients are available, we can combine them into a Lagrangian and write down

the first-order conditions, which can be written as the following KKT system:

™™, 0 K™ [y M,y
0 BtM, NT| [ul=]| 0 |. (2.8)
-K N 0 D d

Note that (2.8) represents a saddle point system with a symmetric and positive semidefinite (1, 1) block
given by blkdiag(tM,, Bt.M,) and a full rank block [-/C 7 ]. For the case of a singular K we refer
the reader to Section 5.5. Here, p represents the discrete Lagrange multiplier or equivalently the solution
to the adjoint PDE. These conditions are sufficient for the invertibility of the saddle point system. In a
optimize-then-discretize approach one would obtain the adjoint PDE from the Lagrangian formulation.
Its existence and uniqueness is discussed in Troltzsch (2010, Lemma 3.17). Here, the first row in (2.8)
represents a discretization of the adjoint PDE obtained from a discretize-then-optimize approach and
the existence of its solution follows from the existence of the solution to the state equation.

Note that in the case of a discretization of the objective function via the rectangular rule the block
blkdiag(z M,, BT.M,,) would contain zero blocks. In the case of only a final time observation where the
first term in J (y, u) is given by

L[ e =5

2 ol
the (1, 1) block of the saddle point system, will be highly singular (see Benzi ef al., 2011; Simoncini,
2012; Stoll & Wathen, 2010, 2013). Note that the above linear system will typically be of very large
dimension, i.e., the dimension is given by 3nn,, where n is the number of the degrees of freedom of the
PDE discretization.

Note that a reduction in the dimensionality of the above system is possible by eliminating the
control u, a technique that is also discussed in Hinze (2005) and Simoncini (2012). In the case where
the (1, 1) block is positive definite, we can also only work with the Schur-complement reduction as the
mass matrices are lumped and hence the evaluation of M Uand M, ! is trivial. This case would enable
the use of the classical conjugate gradient (CG) method (see Hestenes & Stiefel, 1952) but the challenge

in developing good preconditioners for the Schur complement stays intact. Note this does not apply if
M, and M, are not invertible, e.g., $2; C £2.
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3. Bound constraints

Bound constraints on the control and the state represent additional challenges with regard to the design
of numerical methods. For this purpose the development of semismooth Newton methods has received
much attention over the last decade. In the context of PDE-constrained optimization this method was
first introduced as a primal-dual active set method (see Bergounioux et al., 1999) for problems with
control constraints. It was later shown in Hintermiiller ez al. (2002) that this method is equivalent to
a semismooth Newton method. Since then the semismooth Newton method has been employed for
many problems in PDE-constrained optimization. The field of nonsmooth Newton methods is vast and
we refer the reader to Kummer (1988), Pang (1990), Qi & Sun (1993), Hintermiiller ef al. (2002) and
Ulbrich (2011) and the references mentioned therein.

In Stoll & Wathen (2012) the efficient solution of the linear systems arising within the semismooth
Newton method for steady control-constrained problems was discussed. Here, we want to use a tech-
nique that again employs the semismooth Newton method but applied to a slightly different set-up.
In more detail, we replace the objective function (2.1) and the control constraints by a penalized objec-
tive function, which for PDE-constrained optimization problems is often referred to as the Moreau—
Yosida regularization (see Bergounioux & Kunisch, 2002). This function looks as follows:

T
JO,u):=J(y,u) + % / (max{0, u(x, 1) — @(x,H)})* + (min{0, u(x, 1) — u(x,H})*>dxds, (3.1)
0 (22

again subject to the time-periodic heat equation that links the state and the control. The parameter ¢ is
assumed to be small and can be interpreted as a penalization parameter associated with the box con-
straints on the control. We again proceed with a discretization utilizing finite elements and the implicit
Euler scheme to obtain a discretized version of the Moreau—Yosida regularized problem. It was shown
previously (see Herzog & Sachs, 2010) that the semismooth Newton method can be used to solve the
Moreau—Yosida regularized problem. At the heart of this method again lies the solution of a linear
system in saddle point form, i.e.,

M, 0 =K' ry®
0 BM,+e'GaoMGaw NT u®
K N o] p?
M,y
= |7 (G40 MuG 01+ G 0o MG 400) | . (3.2)
d

The matrices G are block-diagonal matrices with blocks G that are again diagonal matrices. These matri-
ces represent the generalized derivatives with respect to the nonsmooth parts of the objective function
associated with the control constraints at each grid point in time where we define the active sets as

Aﬂ‘) ={i:w >} and AP :={i:u< u;}.

We note that these sets consist of n, different active sets for each grid point in time. Additionally, we
have that

A® = AD U A©,
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To briefly summarize, the active sets defined above simply store the indices where the control attains the
upper or lower bound. Note that the matrix M, + £~'G 40 M, G 4» is a block-diagonal matrix where
each block is the sum of a scaled (by ) mass matrix and a scaled (by £~') submatrix of a mass matrix
defined on the domain £2, (the control domain). The goal now is to solve the system (3.2) efficiently
and we come back to this in Section 5.

4. Choice of Krylov solver

As the dimensionality of the linear system is very large and the applications are likely to be three-
dimensional, direct methods based on a factorization of the saddle point system (cf. Duff, 1996; Davis,
2005) will not be applicable for realistic scenarios of the above-described problem. Therefore, we apply
iterative Krylov solvers. These methods build up a so-called Krylov subspace,

K (A, ro) = span{ro, Ary, . .., A g},

and then construct an approximation to the solution of the linear system based upon some optimality
criteria for the current iteration. In the case of a symmetric and positive-definite upper left block, CG
methods (see Hestenes & Stiefel, 1952) can be applied, typically with a nonstandard inner product.
There are a number of candidates that are based upon a nonstandard inner product, usually employing
different preconditioners and hence different inner products. The Bramble—Pasciak CG method intro-
duced in Bramble & Pasciak (1988) is a very successful method coming from finite element solutions of
the Stokes problem and has recently been used for optimal control problems (see Rees & Stoll, 2010).
Schoberl & Zulehner (2007) proposed another method that also has been used successfully for optimal
control problems by Herzog & Sachs (2010). Our method of choice here will be the minimal resid-
ual method (MINRES) of Paige & Saunders (1975), which minimizes the residual ry = b — Kx; over
the current Krylov space. This method needs a symmetric and positive-definite preconditioner, which

typically would look like
P= [A“ 0}, (4.1)

0 S

where A, approximates the upper left block and Sy approximates the Schur complement of the saddle
point system. These choices within 7P are motivated by a result given in Murphy et al. (2000), where
it is shown that the choices of Ay as the unchanged upper left block and S as the negative Schur
complement lead to three distinct eigenvalues in the preconditioned system. Our goal is hence to find
good approximations to both the Schur complement and the upper left block.

The problem of solving time-periodic PDE problems is not a new one and a variety of methods
have been proposed to solve the forward problem; see Vandewalle & Piessens (1992) for a multigrid
approach or Bomhof & van der Vorst (2001) and Bomhof (2001) for a GMRES technique applicable
to cyclic systems. The method given in Vandewalle & Piessens (1992) has been used for the optimal
control problem studied in Abbeloos et al. (2011). In Ernst (2000) an overview of iterative methods that
apply to p-cyclic matrices is presented.

5. Preconditioners

As we have seen in the previous section the choice of approximations for the (1, 1) block of our system
and the Schur complement

T KM + T N M, (5.1)
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Set D =diag(M)
Set relaxation parameter w
Compute g = wD™ b
Set S = (I — wD~'M) (this can be used implicitly)
Setzx—1 =0and zx =Sz + &
Ck—1 =2 and Cr=w
fork=2,...,l1do

k1 = OCK — FCk

Y1 = w(ck/Cry1)

k1 = V1 Sz + & — 2—1) + -1
: end for

R A A R ol

—_ =
—_= o

Algorithm 1: Chebyshev semiiterative method for a number of / steps

where we assume that M, and M, are both invertible, is crucial. Note that this is not the case if £2; & £2
or a rectangular rule is used for the approximation of the time integral, but even in that case, we can get
good preconditioners that approximate an equation that somewhat resembles (5.1). Note that we initially
follow a strategy used in Rees ef al. (2010b) to drop the second term t8~' N M 'N'T, but we later
comment on and introduce alternatives. For expository purposes we will introduce all approximations
for the first approach and later introduce a slight change in these approximations that allows for a more
robust approach but can in a straightforward manner be used with the previously introduced techniques.

5.1 (1,1) Block

Our goal in this section is to derive effective approximations to the upper left block and the Schur
complement. The upper left block is given by blkdiag(t M,, Bt M,,). This leaves us with the problem
of efficiently approximating mass matrices. This is a trivial task once the mass matrices are lumped
and hence diagonal. If we did not employ the trapezoidal rule, we would obtain a nondiagonal mass
matrix, the so-called consistent mass matrix, which can be handled via the Chebyshev semiiteration
(see Algorithm 1). This method is a viable tool for preconditioning and has been used successfully for
optimal control applications (see Rees et al., 2010a,b). Going to the case of control constraints we note
again that the (2, 2) block consists of blocks of the form

BM, + S_IGA(k)MuGAgk>,

where the index i in the active set refers to the ith block corresponding to the ith grid point in time. Note
that these blocks are again symmetric positive-definite matrices and the Chebyshev semiiteration can
be applied. We frequently consider diagonal (lumped) mass matrices, which means that this matrix can
be easily inverted at almost no computational cost.

5.2 Schur complement: stationary iteration

In Stoll & Wathen (2010) we studied all-at-once approaches for the heat equation. In contrast to our
previous results where the matrix representing the one-shot discretization was a lower block-triangular
matrix, we now have an additional term in the upper right corner of K coming from the periodicity
condition. Our goal is to derive preconditioners that deal with the Schur-complement approximation
§=KM KT, where M represents a symmetric positive-definite approximation to T M,, e.g., in the
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case of the trapezoidal rule and £2; = £2 this will simply be 7. M,. We now approximate S by approx-
imating ! and K~ using the stationary iteration. The idea of a stationary iteration is rather simple as
we can use a trivial identity

Kx=Ix+ (K —-1Dx=b,

and, rearranging the last part, we get

x=I—-K)x+b. (5.2)
We can now turn this into an iterative method in the following way:
kD = (- IC)x(k) +b. (5.3)

It is well known (see Saad, 2003) that this method converges if the eigenvalues of the matrix I — K lie
within the unit disc; this is easily seen by subtracting (5.2) from (5.3). To improve the convergence of
this approach a preconditioner P can be introduced:

P lKx=Ix+ (P 'K—-Dx=P b,

resulting in the iteration

D = (1 = PR ® P p,

or equivalently

XD — B _pty

with rp = KCx; — b the residual. Many well-known methods fit into this scheme and we refer the reader
to Saad (2003) for details. For our problem we decide to use the preconditioner

for the forward PDE, where L is an approximation to the matrix L=tK + M. We will use a fixed
number of algebraic multigrid (AMG) cycles as L~'. This approach is feasible as we are not interested
in the solution of the PDE problem but only in an approximation as part of the preconditioner. Note
that, for L = L, this simply is the block Gauss—Seidel method. Similarly, we proceed for the adjoint PDE
represented by T with the preconditioner PT. Note that, for the Schur-complement approximation to
be symmetric, we need to use a right-preconditioned stationary iteration for the adjoint PDE.

It would also be possible to use other preconditioners such as the one used in Jacobi’s method, i.e.,
a block diagonal with the blocks given by L.
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5.3 Schur complement: circulant approach

We will now focus on a different approximation of the Schur complement. For this we study the structure
of the discretized forward problem defined by the one-shot operator

M + K -M
-M M +tK
-M M +tK )
-M M +1K
which can be written as
K=IRTtK+C®M, (54)
with
1 0 0 0o -1
-1 1 0 0 0
c=10 -1 1 0 0
0 0 . 0
0 0 0o -1 1

a circulant matrix. It is well known from Chen (1987) that the matrix C can be diagonalized using the
Fourier matrix F, i.e.,
C = Fdiag(hi, Az, ..., g )FU.

If we apply the fast fourier transform (FFT) to the matrix Ky = g, we get
(F"® L)K(F @ L) (F' @ 1)y = (F" ® I,)g.

and, using the definition of K, this becomes

(F'®@L)KF@L)=F"®1,)I@TtK+CROM)(F Q1,) (5.5
=FlF®tK+FiCFeM (5.6)
=1Q® tK + diag(h1, A2, ..., Ay) @ M. (5.7

The eigenvalues A; can be determined via

Aj=co+ [c1 + ca1]cos ((}—kl)Zn) +ilc1 — ¢p1]sin ((}—2)271) ,

forj=1,...,n; (see Chen, 1987). In our case we get c; =0, co =1 and ¢,—; = —1, and hence

. (G—D2rm .. (G—D2n
Aj=1—cos (k >+ISIH (k )

All of this results in a block-diagonal matrix with the diagonal elements in the form

G- 12 (G D2
Wi=tK+AM =tK+ (1—cos — M +isin T — M.
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The matrix W; represents one of the blocks of the block-diagonal matrix that we now have to solve for.
First, we have to point out that the application of the Fourier transform will in general result in complex-
valued systems. In more detail, the diagonal blocks mentioned above represent n, complex-valued linear
systems, i.e.,

(G—1D2x . (G—D27 . . .
(rK + <1 — COoSs (k)) M +isin (k> M) Or +1iye) = (gr +1igc) V), (5.8)

{l‘i _UV] B] N E] ’ (5.9)

U=1tK+ (l—cos <O—](1)271)>M and V =sin <(}—kl)2n)M

or equivalently
using

The linear system can also be written in symmetric form to give

u =Vi|i|» 8r
= . 5.10
{—V —v ] H [—gc o1
Once the solution to the system (5.10) is computed we have to transform the solution back using the
Fourier transform F. Note that the same has to be done for the adjoint PDE as we have to approximate

the solution of both the forward and the adjoint PDE in order to approximate the Schur complement.
Note that the one-shot discretization of the adjoint PDE is characterized by

M + K -M
M + K -M
M+ K . ,
-M M +tK
which can be written as
K=I®QtK+C®M, (5.11)
with
1 -1 0 0 O
0 1 -1 0 O
cC=|0 0 1
0 0 o . -1
-1 0 0 0 1

Similarly to the forward PDE we see that C is a circulant matrix, which means that we can diagonalize
it using the Fourier matrix to get

I ® tK +diag(A1, A2, .. .. Ap) @M,
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where the eigenvalues A are determined from

Aj=co+ [c1 + ca1]cos <(/—kl)271) +i[e1 — ¢p1]sin <(1—k1)27r) .

with co=1,c; =—1 and ¢,—; =0 to give

((j—l)ZyT) . ((j—l)Z;r)
)uj:l—COS — | —1Sm| ——1.
k k

These are simply the complex conjugates of the eigenvalues of the forward circulant matrix. Again, we
have to solve a complex linear system and we use the above-presented approach to get

(ﬂ<+ (1 — cos ((]_kl)z”)) M —isin ((]_kl)z”) M) Or +ive) = (g +ig0),  (5.12)

or equivalently
U VI _| e
v =) 519

Again, the solution to the complex linear system has to be transformed back using F' via the FFT. We
now discuss how to solve the linear systems associated with the complex-valued system. Note that
preconditioning a matrix of block-circulant type was also recently studied for the solution of a forward
time-periodic PDE (see Greidanus, 2010).

5.4 Solving the complex linear system

As we have already seen in the previous section, the circulant approach to both the forward and the
adjoint problem leads to a complex-valued linear system. We want to solve the complex systems in their
real form shown in (5.10) and (5.13). As these systems arise within an outer MINRES iteration we need
the iterative solver for both systems to represent a linear operator. Note that a changing preconditioner
would require a flexible method as an outer iteration (Saad, 1993). This would not be achieved in the
case when a Krylov solver is used, due to its nonlinearity. Instead, we propose to use a fixed number
of steps of an inexact Uzawa-type method as has already been proposed for Stokes control in both the
steady (see Rees & Wathen, 2011) and the unsteady (see Stoll & Wathen, 2013) case. The main iteration
of the inexact Uzawa method can be cast in the form

~1
Xer1 =X + 0P 1y,

which means that we need to multiply by the system matrices

u v u -V
[V —U] and [—V —U}’ (5.14)

with U =tK 4+ (1 — ¢)M and V = sM, where s and c¢ are abbreviations for the sine and cosine values
used before. Matrices that resemble the ones used in (5.14) can be found in the numerical solution
of the bidomain equations (see Pennacchio & Simoncini, 2009, 2011). There we have a two-by-two
block matrix that has mass matrix plus stiffness matrix terms as diagonal blocks and the off diagonals
are mass matrices. We want to use a preconditioner P = blkdiag(Ay,A;), where Ay approximates the
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(1, 1) block of (5.10) or (5.13). For the bidomain equations the choice of A| approximating the (2, 2)
block also gives good results. As the Schur complement is rather complicated, one way could be to
use U + V diag(U)VT as an approximation. Here, we will stay with the choice of an AMG method
for both the (1, 1) and the (2,2) block. In fact, in our computations we simply use the AMG that we
need for the L = 1K + M block as an approximation of U. This is because we would otherwise need n,
different preconditioners for one space-time solve as all the diagonal blocks in the circulant approach
are different; this would be infeasible.

5.5 Singular constraints

As we also consider boundary control, it has to be noted that this means that the stiffness matrix of
the Laplace part can only be positive semidefinite. The operator and hence the matrix K have a one-
dimensional kernel that, for the matrix K, is written as 1, the vector of all 1s of the appropriately chosen
dimension, i.e., K1 =0. It can easily be seen that the vector [17,17, ..., 1T]T is in the null space of
the one-shot discretization K of the time-dependent PDE (see (2.2)—(2.4)). Note that the saddle point
system is well defined as the (1, 1) bock is positive definite on the null space of the constraint matrix.
Problems of a similar type occur in applications such as the treatment of the hydrostatic pressure in
the solution of Stokes flow (see Elman ef al., 2005). Hence, for singular problems we refer the reader
to Elman er al. (2005, Section 2.3), where it is stated that iterative methods will be able to handle the
singularity since any stationary method will converge as long as all nonzero eigenvalues of the iteration
matrix are inside the unit disc.

In the case of the circulant approach we note that the first of the diagonal blocks will become a
pure Neumann problem for both the real and the complex parts. Hence, the system we want to solve is

given by
K 0| |y]| _ |&
R

with K a Neumann Laplacian. As a consequence we have to solve two uncoupled pure Neumann prob-
lems. The solution of pure Neumann problems is a fundamental problem in many applications and has
to be treated carefully since the system matrix 7K has a one-dimensional kernel spanned by 1. Bochev
& Lehoucq (2005) present a review of techniques to overcome this dilemma, i.e., we instead solve the
system

O'KMx=1"p,
where [T is the projection operator
T—1 weT
N cTw’

with ¢ being in the span of 1, and w € R" is chosen such that ¢Tw > 0.

5.6 Dependence on the regularization parameter

There has recently been a surge in the development of preconditioners that show not only mesh-
independent convergence behaviour but also have independence with respect to the regularization
parameter B (see Schoberl & Zulehner, 2007; Takacs & Zulehner, 2011; Pearson & Wathen, 2012;
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Pearson er al., 2012b) and also the penalization parameter ¢ (see Pearson et al., 2012a; Schiela &
Ulbrich, 2012). In the case of distributed control, the dependence on 8 for many values of the parameter
could be observed to be very benign for the Schur-complement approximation given by

§=7v"KMK.

For boundary control and smaller values of the regularization parameter this observation is no longer
true.

In Pearson & Wathen (2012) a different approximation of the Schur complement of a time-dependent
distributed control problem was introduced, namely, the approximation

. 1 1
S=(K+—M|M! <K M>, 5.16
( B ) B 610

which can be obtained by dropping the term —(2/+/B)K from the Schur complement

S= (K—i— \/IBM> M™! (K—i— JEM) - jBK.

Note that, for our problem, we can also use this technique which was recently shown to be effective
for the heat equation in the standard non-time-periodic set-up (see Pearson et al., 2012b). We illus-
trate this for the distributed control example over the whole domain M, = M, =M and use a result of
Pearson et al. (2012b) to show its effectiveness. The Schur complement of the time-dependent problem
is given by

S=t'KMJ'K" + 7' NMINT,
and this will now be approximated by
§=1" K+ MM (KT + M), (5.17)

The choice of M will be explained now. In the distributed control case we have M, =M, and
N = M :=blkdiag(M, ..., M) being block matrices containing the mass matrix M. Note that, using
this notation, we have T8~ N M 'NT = 7' MM M". We want to determine M such that the

two terms of the Schur complement § are exactly matched. This leads us to the choice M= (t//B)M
such that I’IMM; IM =18 MM MT. The effectiveness of this approach depends on the qual-
ity of the approximation SIS and, using Pearson et al. (2012b, Theorems 1 and 2), we can show that
the eigenvalues of S~'S are confined in the interval [%, 1). In order to prove such a result we need
to show that the matrix A + AKT is positive definite. Note that we now have A = t’lj\;l/\/l; I=
t‘lM;lj\;l =blkdiag(a i/, a2l . .., a, 1), oj >0, I € R™". Here, we repeat (Pearson et al., 2012b,
Theorem 1) adjusted for the time-periodic set-up.

THEOREM 5.1 The matrix A + AKT, where A =blkdiag(oil, aol, ..., 1), ai,..., 0, >0, o) =
o, I € R and K is as defined previously, is positive definite.
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Proof. We show that w' (KA + AKT)w > 0 for all w:=[w] wy --- w; | w; " with wi,...,w,, €
R”", and
O[]I
A=

o, 1

T

Using the symmetry of the mass and stiffness matrices M and K,

Ay —o M —a, M
—Oth A2 —Ole
KA+ AK" = ,
_an,72M An,fl _an,flM
—OlnrM _Oln,—lM An,

where A; =2a;(M + tK) forj=1,...,n;, and therefore by straightforward manipulation,

n
wi(KA+ AK w = ZZaj M + tK]w; — Zajw Mwj — Zoe] 1W; TMw;_
j=1 =1
Wi MW, — o, Wy MW (5.18)
n; n—1
=2t Z ajW}(K)Wj + Z a;j(w; — Wj+1)TM(Wj — Wit1)
j=1 j=1
+ (xlw?Mwl + oz,,leMwnx — oz,,leMwnl — anlszwl (5.19)
n—1
=2t Za]w Kw; + Zoz](wj W) TM (W) — W)
J=1 J=1

+ (Wi — w,)TM (Wi —w,,), (5.20)

where we have used the fact that o) =a,,. As we now have that w' (KA + AKT)w is a sum
of positive multiples of (symmetric positive-definite) mass and stiffness matrices, we deduce that
wl (KA + AKT)w > 0, and hence that A + AKT is positive definite. O

We have now shown that the cross terms from the Schur-complement approximation generate a
positive-definite matrix and (Pearson et al., 2012b, ThAeorem 2) can be applied, which means that the
eigenvalues of the preconditioned Schur complement S~'S are confined in [%, 1) independently of the
parameters /4 and S.

The set-up for the boundary control case is much more intricate and the results tend to be less
rigorous. Here, we only introduce the approximations for this case, and illustrate their competitiveness
with our numerical results in Section 6. We again construct a preconditioner of the form

S=171 K+ MMKT + M), (5.21)

where M = blkdiag(0, T+/(h/B)M,) if we assume that the degrees of freedom corresponding to nodes
on the boundary are ordered so that they appear in the last components. Note that 4 is the mesh size and
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this scaling has to be introduced to compensate for the different order of the boundary mass matrix and
the mass matrix over the whole domain. We remember at this stage that N'M ' N'T will be a diagonal
matrix with M, a block-diagonal matrix consisting of lumped boundary mass matrices.

One important fact about these new Schur-complement approximations is that the preconditioning
strategies mentioned earlier, i.e., stationary iteration and the circulant approach, apply with almost no
changes to this case since the matrices M only introduce positive-definite perturbations of the diagonal
blocks of /. Hence, we will not discuss how to implement these new approximations efficiently but
rather use them immediately in Section 6.

5.7 Preconditioning the control constraints

We have already introduced a preconditioner for the (1, 1) block in the case of control constraints but
now need to focus on an efficient approximation of the Schur complement

S=t'KM'K" + N M N,

with M, := BM, + e 'G a0 MG aw. As in the previous section we want to construct an approxima-
tion

S=17' K+ MMKET + M),

where M is chosen such that the terms v~ MM ' M and TA’M,'N'T match. For the individual
blocks of these block-diagonal matrices this means that

T MM\ M; ~ TNM;'NT, (5.22)

where M;, = M, + ¢ 'G 4®M,G 4. The matrices G 4w represent the generalized derivatives with
respect to the active sets associated with grid point i in time. Note that we also introduced the index
i for the blocks of M since each of these will vary corresponding to the active sets associated with
grid point i in time. Note that NM{MINT is a diagonal matrix with nonzero entries corresponding to
the boundary degrees of freedom. As all the matrices in (5.22) are diagonal, and ignoring for now the
different scalings between boundary mass matrices and mass matrices over the whole domain, we get

the following expression for the nonzero entries of M;:

2,2 2
Tims my jim;,
—1~2 u,jj ~ YT
My i = — = Mm=T4{/——,
M jj Mui jj

where the subscripts y and u refer to entries from the state and control mass matrices, respectively. We
have already mentioned that the boundary mass matrix scales differently compared with the mass matrix
on the whole domain by one order of 4, e.g., using the approximations M, ~ h*I and M, ~ hl. Using the
fact that, roughly speaking, m,, ; ~ hm,;;, we change the previous approximation to

with m,,; jj = Bm, j; for the free variables and m,,;j; = Bmy, j; + e lm, jj for degrees of freedom in the ith
active set.
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6. Numerical experiments
6.1  Set-up and implementation details

In this section we provide numerical experiments for the methods presented above. For the discretization
we use the deal.Il library (see Bangerth et al., 2007), which is implemented in C++ using quadrilateral
elements. As deal.Il provides easy access to the Trilinos ML AMG package, our multigrid approxi-
mations were performed using Trilinos’ smoothed aggregation preconditioners (see Gee et al., 2006).
We approximated the blocks involving L as the sum of a mass matrix and stiffness matrix, also the
matrices possibly involving scalar factors in front of M or K, by a fixed number of steps of an AMG
V-cycle and typically 10 steps of a Chebyshev smoother, which has proved to be effective for symmetric
matrices representing discretized elliptic operators (see Gee et al., 2006). The stationary iteration-based
preconditioner uses a fixed number of steps for both the adjoint and the forward problem. The circulant-
based preconditioner also uses a small but fixed number of steps of the inexact Uzawa method for every
complex linear system. The application of the FFT needed for the circulant approach was provided
by employing FFTW (see Frigo & Johnson, 1998, 2005). We use a relative tolerance of 10~ for the
pseudo-residual ||7¢ | p-1 and T =0.05 with 7 =1, i.e., n, = 20 unless mentioned otherwise. All experi-
ments are performed on a Centos Linux machine with Intel(R) Xeon(R) CPU X5650 @ 2.67 GHz CPUs
and 48 GB of RAM.

6.2 Distributed control

The first example is a distributed control example with zero Dirichlet boundary condition. The desired
state is given by

¥(t) = 2""xox0x1 (xo — 1) (x1 — 1) (x2 — 1),

which for y;o (the desired state at grid point 10 in time) is depicted in Fig. 1(a). Figure 1(b) shows a
spherical slice of the computed state that approximates y.

Note that the Dirichlet boundary condition y =0 on 952 could force the state to differ drastically
from the desired state on the boundary. Better results are typically obtained if the desired state and the
Dirichlet boundary condition coincide, i.e., in Rees et al. (2010b) the Dirichlet boundary condition is
chosen to match boundary values of the desired state. These choices clearly depend on the underlying
problem and the requirements coming from an application and cannot be altered for the sake of better
numerical behaviour. The boundary control problem is often more relevant for practical applications
and we show results for this case in the next subsection. Here, we compare the results of the stationary
iteration-based preconditioner and the circulant preconditioner, both in their more robust form intro-
duced in Section 5.6. Table 1 gives the results for the stationary iteration and Table 2 for the circulant-
based approach. In both cases we look at the performance over a variety of meshes and different values
of the regularization parameter . It can be seen that both methods perform in a robust manner with
respect to mesh size and S values. Also, both methods give comparable iteration numbers. The number
of degrees of freedom given in the Tables 1 and 2 represents the size of the whole-saddle point system.
The difference in timings is due to the fact that we perform two stationary iterations versus two inexact
Uzawa steps for every complex system. The circulant preconditioner needs to solve n; complex systems
and each of these solves uses a Uzawa method with a double-sized matrix and two applications of the
preconditioner.

In Table 3 we show results for a fixed mesh with 294780 unknowns for a large variety of values of
the regularization parameter .
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Fi1G. 1. Spherical slice of the desired and computed state at grid point 107 in time for the distributed control problem evaluated
with the regularization parameter 8 = le—4. (a) yjo and (b) yjo.

TABLE 1 Stationary iteration preconditioner: MINRES iterations and timings for various meshes
and values of the regularization parameter B applied to a distributed control problem

Degrees of freedom  MINRES(?), 8 = le—2, MINRES(?), 8 =1le—4 MINRES(?), B = le—6

43740 8 (1) 6(1) 4(1)
294780 8 (4) 8 (4) 6 (4)
2156220 8 (29) 8 (28) 6 (23)
16477500 8 (297) 8 (298) 6 (213)

TABLE 2 Circulant preconditioner: MINRES iterations and timings for various meshes and values
of the regularization parameter 8 applied to a distributed control problem

Degrees of freedom MINRES(?), 8 =1e—2 MINRES(?), B = le—4 MINRES(?), B = le—6

43740 12(2) 8(2) 4(1)
294780 12 (12) 8(9) 6 (6)
2156220 12 (86) 8 (61) 6 (51)
16477500 12 (924) 8 (673) 6 (550)

TABLE 3 Stationary iteration and circulant preconditioner: MINRES iterations and timings for various
values of the regularization parameter B applied to a distributed control problem on a system with
294780 unknowns

MINRES(r), MINRES(r), MINRES(r), MINRES(r), MINRES(?),
Degrees of freedom B=1le=2 B=1le—4 B=1le—6 B=1e—8 B=1e—10
Stationary iteration 8 (12) 8 (13) 6(9) 2(5) 2(5)
Circulant 12 (48) 8 (34) 6 (28) 2 (13) 2 (14)
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TABLE 4 Stationary iteration preconditioner: MINRES iterations and timings for various meshes and
values of the regularization parameter 8 applied to a distributed control problem

Stationary iteration Circulant
MINRES(?), MINRES(?), MINRES(?), MINRES(?),
Degrees of freedom B=1le—4 B=1le—6 B=1le—4 B=1e—6
143740 28 (7) 22 (6) 26 (12) 20 (9)
294780 40 (37) 30 (28) 32 (81) 26 (67)
2156220 50 (198) 40 (163) 40 (443) 36 (405)

In Table 4 we show the comparison of both Schur-complement approximations when the number of
stationary iterations is reduced to one and also the Uzawa method for the complex linear systems using
only one iteration.

6.3 Boundary control

Our next task is to illustrate the performance of the preconditioners proposed for the boundary control
problem presented earlier. In the case of boundary control it was noted previously (see Pearson et al.,
2012b) that the approximation for the Schur complement given by

I KMTIKT

is often not sufficient to guarantee convergence within a reasonable number of iterations. Hence, we
developed the preconditioners presented in Section 5.6 that can use all the techniques presented for the
original approximation as the structure for both the stationary iteration and also the circulant structure
remain untouched. We will now illustrate the performance of the new Schur-complement approximation
again for the stationary iteration and the circulant approaches. We compare the two different approxi-
mations for S given a three-dimensional example defined by the following desired state:

__ |sin(f) + xox1x2, xo>0.5and x; <0.5,

{ 1 otherwise.
Figure 2(a) shows the desired state y;o, and Fig. 2(b,c) show the computed state y;o and control uy,
respectively. In Tables 5 and 6 we again show results for the stationary and the circulant iteration
approach, respectively. Again, both methods perform rather robustly with respect to the mesh parameter
and the regularization parameter. We believe that the growth in iteration numbers is due to the low rank
nature of the second term in the Schur complement involving the rectangular matrices A. Also, the
discretized Laplacian is now only positive semidefinite as we are dealing with a pure Neumann prob-
lem. Nevertheless, the iteration numbers are consistently low for linear systems with several million
unknowns in three dimensions.

We now want to investigate the effect of reducing the number of stationary iterations/Uzawa iter-
ations for both Schur-complement approximations. We need to have a fixed number of steps during
one iteration to solve the linear system since otherwise we would have a preconditioner that changes
in between two steps, which requires the use of flexible Krylov solvers. Thus, we will now investigate
reducing the number of iteration steps to one for both the stationary iteration (see Table 7) and the
Uzawa method for the complex linear system coming from the circulant preconditioner (see Table 8).
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F1G. 2. Desired state, computed state and computed control at grid point 107 in time for the boundary control problem. The
regularization parameter was fixed at 8 = le—4. (a) ¥10, (b) y10 and (c) ujp.

TABLE 5 Stationary iteration preconditioner: MINRES iterations and timings for various meshes
and values of the regularization parameter 3 applied to a boundary control problem

Degrees of freedom MINRES(?), B =1e—2 MINRES(?), B =1le—4 MINRES(?), g =le—6

36880 30 (10) 26 (9) 20 (7)
227280 32 (45) 38 (54) 28 (40)
1560400 38 (233) 48 (290) 38 (233)
11476560 48 (2519) 62 (3216) 58 (2995)

TABLE 6 Circulant preconditioner: MINRES iterations and timings for various meshes and values
of the regularization parameter 3 applied to a boundary control problem. The * indicates a seg-
mentation fault from the nl_7 function of FFTW (Frigo & Johnson, 2005), which might be triggered
by our implementation

Degrees of freedom MINRES(?), 8 =1e—2 MINRES(?), B =1le—4 MINRES(?), f = le—6

36880 26 (19) 24 (18) 18 (13)
227280 30 (130) 36 (158) 26 (113)
1560400 36 (656) 48 (866) 38 (696)
11476560 42 (4775) * *

TABLE 7 Stationary iteration preconditioner: MINRES iterations and timings for various meshes
and values of the regularization parameter  applied to a boundary control problem with only one
step for the stationary iteration

Degrees of freedom MINRES(?), 8 =1e—2 MINRES(?), 8 = le—4 MINRES(?), B = le—6

36880 30 (7) 26 (7) 20 (6)
227280 34 (32) 38 (36) 28 (26)
1560400 38 (154) 48 (194) 40 (161)

11476560 48 (1575) 62 (2022) 60 (2124)
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TABLE 8 Circulant preconditioner: MINRES iterations and timings for various meshes and values
of the regularization parameter 8 applied to a boundary control problem with only one step for the
Uzawa iteration

Degrees of freedom MINRES(?), 8 =1e—2 MINRES(?), B =1le—4 MINRES(?), 8 = le—6

36880 30 (14) 26 (12) 20 (9)
227280 32 (83) 32 (82) 26 (67)
1560400 34 (384) 40 (450) 36 (403)
11476560 36 (2671) * *

TABLE 9 Circulant preconditioner: average number of MINRES iterations per Newton step and timings
for various meshes and values of the penalty parameter ¢ applied to a control-constrained boundary
control problem. The upper bound is u=0.1 and B = le—2 is fixed throughout. We AS(t) denotes the
number of active set iterations and the time taken

AS(t) MINRES average AS(t) MINRES average AS(t) MINRES average

Degrees of
freedom e=1le-2 e=1le—4 e=1le—6
36880 6 (451) 41.2  6(399) 412 6 (321) 34.0
227280 6 (2476) 55.0 6(1964) 433 6 (1654) 36.0
1560400 7 (16794) 60.5 7 (12857) 46.0 7 (10673) 374

6.4 Boundary control with box constraints

We finally want to present results for the case of boundary control in the presence of box constraints.
The desired state y is defined by

6.1
1 otherwise. ©.1)

{sin(t(l — 1) +xoxix;  forxg>0.5and x; < 0.5,
This is the same set-up as was shown in Fig. 2. As the control changes with varying § we will, in
this section, work with a fixed regularization parameter 8 = le—2. We decide to only work with an
upper bound fixed at u;, = 0.10. Since the performance of the Newton iteration generally depends on the
quality of the preconditioner (see Kanzow, 2004) we use the relative tolerance of 1le—6 for which we
always observed good behaviour of the outer Newton iteration. In the case where strict complementarity
is encountered, which we will not discuss here, a strategy proposed in Bergounioux ef al. (1999) is to
replace the upper bound >u by >u — § where § is of the order of machine precision. As our focus is
on the solution of the linear systems we believe that these algorithmic changes will not greatly affect
the performance of the iterative solver for the inner linear system but rather the outer Newton iteration.
Based on Kanzow (2004) this might require a more accurate solve of the linear system, which we show
in this section tends to produce satisfying results.

Please note that the timings for the results shown here are worse than the timings without control
constraints. This is due to the fact that as a proof of concept we have recomputed the AMG precon-
ditioner for every application involving a different active set. To effectively use this preconditioner in
the future the recomputation of the preconditioner needs to be avoided and other strategies such as
stationary iterations should be used.
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TABLE 10 Stationary iteration preconditioner: average number of MINRES iterations per Newton step
and timings for various meshes and values of the penalty parameter ¢ applied to a control-constrained
boundary control problem. The upper bound is u = 0.1 and B = le—2 is fixed throughout

AS(t)  MINRES average AS(t) MINRES average  AS(t) MINRES average

Degrees of
freedom e=1e-2 e=1le—4 e=1e—06
36880 6 (428) 40.3 6 (372) 34.7 6 (320) 29.7
227280 6 (2002) 48.3 6 (1760) 41.7 6 (1454) 34.7
1560400 7 (17006) 57.4 7 (14998) 50.0 7 (11897) 39.7

F1G. 3. Desired state, computed state and computed control at grid point 107 in time for the control-constrained boundary control
problem. The upper bound is given by u = 0.1. The regularization parameter was fixed at 8 = le—2. (a) ¥10, (b) y10 and (c) ujp.

In Table 9 we show results for the active set method using the circulant preconditioner on a com-
bination of various meshes and various values of the penalty parameter ¢. The same set-up is shown
in Table 10 when the stationary iteration preconditioner is used. Both methods perform very similarly
in terms of iteration numbers and timings. Here, we used three steps for the stationary iteration pre-
conditioner and only two steps of the Uzawa method for the circulant approach. The iteration numbers
are constantly low and very little mesh dependency can be observed [Fig. 3(a,b,c)]. The results for an
example with control constraints are shown in Fig. 3.

7. Conclusions and outlook

In this paper we presented a monolithic solver for the space-time discretization of an optimal control
problem subject to the time-periodic heat equation. We formulated a one-shot approach that resulted in a
huge linear system in saddle point form. With our choice of MINRES as the Krylov subspace solver we
were focusing on the task of devising good preconditioners for the Schur complement of the saddle point
matrix. We proposed two techniques, one based on a stationary iteration and the other on a circulant
formulation that allowed the use of the FFT. Both methods performed competitively for distributed
and boundary control problems. We introduced a Schur-complement approximation that allowed more
flexibility with respect to the regularization parameter . The efficient solution of the control problem
also enabled the fast solution of the minimization when control constraints are present. We showed the
results for boundary control with box constraints on the control and illustrated the flexibility of our
approach.
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One point that needs to be addressed in future research is a more efficient implementation of the
Schur-complement preconditioner that avoids recomputation of the AMG approximation. Also, it would
be interesting to investigate scenarios where the circulant preconditioner is able to outperform the sta-
tionary iteration approximation. We believe that higher-order discretizations in time that lead to a more
complicated matrix structure can benefit from the circulant approach as, in this case, a larger number of
stationary iterations might be needed to efficiently approximate the Schur complement.
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A.5. PRECONDITIONING FOR THE STOKES EQUATIONS

A.5 Preconditioning for the Stokes equations

This paper is published as

M. STOLL AND A. WATHEN, All-at-once solution of time-dependent
Stokes control, J. Comput. Phys., 232 (2013), pp. 498-515.

Result from the paper

In this paper we develop robust iterative solvers for the optimal control
of Stokes equations. The techniques are then applied to two and three-
dimensional examples. A two-dimensional setup is shown in Figure
where we consider a lid-driven cavity example.
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Figure A.1: State and desired state
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1. Introduction

The solution of complex flow problems is one of the most interesting and demanding problems in applied mathematics
and scientific computing. Over the last decades the numerical solution of problems such as Stokes flow has received a lot of
attention both from applied scientists and mathematicians alike. The discretization of the Stokes equation via finite elements
[13,1,10] as well as the efficient solution of the corresponding linear systems in saddle point form [13,48,43,3] are well estab-
lished. In recent years, with the advances of computing power and algorithms, the solution of optimal control problems with
partial differential equation (PDE) constraints such as Stokes or Navier-Stokes flow problems have become a topic of great
interest [22,25,38,7,12].

In this paper, we want to address the issue of efficiently solving the linear systems that arise when the optimal control of
the time-dependent Stokes problem is considered. We here want to employ the so-called all-at-once approach, which is a
technique previously used in [23,24,5,44]. In detail, the discretization of the problem is constructed in the space-time do-
main and then solved for all time-steps at once. One of the advantages of this approach is that the PDE-constraint does
not need to be satisfied until convergence of the overall system is reached. We will come back to this later.

One of the crucial ingredients to derive efficient preconditioners that show robustness with respect to the important
problem parameters such as the mesh-parameter and the regularization parameter is the construction of efficient Schur-
complement approximations. Recently, Pearson and Wathen [34] introduced an approximation that satisfies these criteria
for the Poisson control problem. We here extend their result to a time-dependent problem subject to Stokes equation. In con-
trast to [34] the new approximation cannot simply be handled by a multigrid scheme but has to be embedded in a stationary
iteration due to the indefiniteness of the discrete Stokes system.

* Corresponding author. Tel.: +49 391 6110 805; fax: +49 391 6110 500.
E-mail addresses: martin.stoll80@gmail.com (M. Stoll), wathen@maths.ox.ac.uk (A. Wathen).
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The paper is organized as follows, we first discuss the control problem and how it can be discretized. In Section 3 we dis-
cuss the choice of the Krylov solver that should be employed. We then discuss the preconditioners for the various parts of the

saddle point problem. This is followed by numerical experiments for two different objective functions in both two and three
space dimensions and time.

2. Problem and discretization
In the following we consider the tracking-type functional
_ 1 T 5 Zd d ﬁ r Zd d V = Zd
Jy.u) == (y — ) dxdt + % (W dxdt+5 [ (T) - y(T))"dx M
2 Jo Q 2 Jo Q, 2 [oR

where Q;/; C Q are bounded domains in RY with d = 2, 3. Additionally, for the state y and the control u the time-dependent
Stokes equation has to be satisfied

Ye—VvAy+Vp=u in [0,T]x Q 2)
~V.y=0 in [0,T]xQ (3)
y(t,)=g(t) in 0Q,te(0,T] (4)
y(0,)=y° in Q (5)

with y the state representing the velocity and p the pressure. Here, y is the so-called desired (velocity) state. The goal of the
optimization is to compute the control u in such a way that the velocity field y will be as close as possible to y. One might
impose additional constraints both on the control u and the state y. One of the most common constraints in practice are the
so-called box constraints given by

Ug<u<uy, and y, <y <Yy,

which will not be discussed further (see [45,32] for simpler PDEs).

There are two techniques used to solve the above problem. The first is the so-called Discretize-then-Optimize approach,
where we discretize the objective function to get J,(y, u) and also discretize the PDE (Eqs. (2)-(5) written as By,(y, u) = 0. This
allows us to form the discrete Lagrangian

La(y,u) = Ja(y, u) + 2" Bu(y, u),

stationarity conditions for which would lead to a system of first order or KKT conditions. The second approach follows a Opti-
mize-then-Discretize principle where we write Egs. (2)-(5) in the form B(y,u) = 0 and then formulate the Lagrangian of the
continuous problem as

L(,y)u) :J(y7 u) + (B(y’ U), )>

where (-, -) defines a duality product (see [26] for details). Based on the continuous Lagrangian, first order conditions are con-
sidered, which are then discretized and solved. There is no recipe as to which of these approaches has to be preferred (see the
discussion in [25]). Recently, discretization schemes have been devised so that both approaches lead to the same discrete
optimality system (e.g [23]).

We begin by considering the first order conditions of the above infinite dimensional problem. We obtain the forward
problem described in (2)-(5) from L; = 0, the relation

pu+7i=0 (6)

follows from L, = 0 and is usually referred to as the gradient equation, and we obtain also the adjoint PDE

e —VAL+VE=y—F in [0,T]xQ (7)
~V..=0 in [0,T]xQ (8)
Mt,)=0 on 9Q,te0,T] 9)
40,) =y -y(T) in Q (10

from L, = 0. For more information see [47,46,23,24].

The question is now whether we can find a discretization scheme such that the Discretize-then-Optimize and the Opti-
mize-then-Discretize approach coincide. We start the Discretize-then-Optimize approach by using a backward Euler scheme
in time to obtain for the forward Stokes problem

Bt vay, 4 Vpy = uy ()
-V-y=0 (12)
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and similarly for the adjoint PDE we get

@—VAikvLka:}’k—ﬂ (13)

—V Jx=0. (14)

Note that this is not an explicit method but as the adjoint PDE is going backwards in time this also represents an implicit
scheme.
The matrix representation for these two expressions after a finite element space discretization is now given by

w + vKy, + B'p, = Mu, (15)
By, =0 (16)
Vo=)° (17)
and

Miy, — MJ, )

% + VK + BTE, = My, — My (18)
Bi, =0 (19)
n="7N—Vn) (20)

with M being the mass matrix (for the sake of simplicity we assume M to be the lumped mass matrix), K the finite element
stiffness matrix and y, = y° is the projection of the initial condition onto the finite element space. We will later use M, for
the mass matrix on the pressure space but refrain from adding the index y to the mass matrix on the velocity space.

The appropriate all-at-once form for the forward PDE is now given by

Yo
£ 0 0 0 07|p,
Mo £ 0 0 0|y,
0 Mo 0 of|P 21)
0 0 Y R N
0 0 0 Mo LI1|¥n
LPn |
™M 0 0 07 -
00 0 0 (’)’0
0 M 0 0 Uy 0
0 O 0 0 u
_ . - |0 (22)
00 ..M 0|uy (;
0 ... 00 0
0 0 ... 0 M) - U
or Ky* — Nu' =d, (23)
where
T
- L B 7
B O

L=1"'M+K and M, = blkdiag(z~'M, 0). In Eq. (23) we use the notation y* = [y, Py, - - -, Yn; Py}, U™ = [Uo, ..., uy] for the
vectors containing the state and control variables. The matrix K defines the block-lower triangular matrix in (21) and A/
the rectangular matrix acting on the discretized control in (22). The right-hand side d is chosen in such a way to guarantee
that the Discretize-then-Optimize and Optimize-then-Discretize approaches coincide (neglecting boundary contributions at
this stage).

The scheme presented by (21) and (22) represents a discretization of the forward PDE; as already pointed out in [44] the
adjoint of (22) will represent the time-evolution described by (18) but the initial condition for the adjoint PDE might make
for a difference between the Discretize-then-Optimize and Optimize-then-Discretize approaches.
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In more detail, the discretization of the functional J(y,u) (using y;,u;,y; for i = 0,...,N at the different time-steps) via a
rectangle rule for the time and finite elements for the space leads to

Jyw =3

N B
=y

N
_ _ T _ _
(Vi = 90 M(Y; ~ ¥i) + % S ulMui 43 (v — ) M (Y — ). (24)
i=1

Here M is the standard or lumped mass matrix for the velocity space as before and M, is the mass matrix for the control
space, which in our case with a distributed control using the same finite element space leads to M,, = M. Note that N denotes
the number of time-steps. In fact, we are using a slightly different approximation (note the indices of the first sums)

T _ _ T _ _
Jyw =33 9 - 50+ > M+ L - 90 My - 9. 25)
i=0 i=0

which will later give that the approaches optimize-then-discretize and discretize-then-optimize coincide. Note that this
changes the functional J(y, u) only by constant terms involving the initial values for y,, o and u, but the location of the min-
imum will not be changed.

The Lagrangian of the discrete problem can now be written as

Ly(y* u*, 4%) = J(y*,u) + (1) (—Ky* + Nu* +d) (26)
where we use y* = [yo,Po, - - -,Yn, Py] as before and similarly 4" = [4g, &, ..., 4n, &]- The first order or KKT conditions for
Ly(y*,ut, ") are now given by the following system

™ 0 —K'[y" My
0 pM, N |[|ut|=| 0 |, (27)
-£ N 0 i d

with M = blkdiag(M,0,...,M,0) and M, = blkdiag(M,, ..., M,). We will discuss appropriate solvers and possible precondi-
tioners for system (27) in Section 3.

Our aim now is to discuss the Optimize-then-Discretize approach and how to ensure it coincides with Discretize-then-
Optimize. Here we follow the results presented in [23] for the Stokes equation (see [24] for Navier-Stokes). Hinze et al. start
with the infinite-dimensional KKT system. A straightforward discretization of the infinite dimensional problems will in gen-
eral not result in agreement of both optimization-discretization approaches. Hinze et al.[23] however employ a technique
that uses the projection of y° onto the finite element space to guarantee that y, is divergence free and has the correct bound-
ary conditions. The initial condition is then formulated as

Yo — TAYo =y° — TAY°.

Now, writing down the Lagrangian for the semi-discretized problem the following first-order system can be obtained

BTt yay, + Vp = u (28)
-V =0 (29)
Yo = TaYo =Y° — T8)° (30)
ﬁuk—&-ik:O (31)
R L (32)
V0 (33)
AN = TAN = (T+7)Yn —IN)- (34)

More details can be found in [24,23].

Using standard mixed finite elements to discretize in space we obtain the same discrete first order system for the
Optimize-then-Discretize approach as for the Discretize-then-Optimize procedure. Note that with the changes we made ear-
lier to the discretization of the cost functional J(y, u), we get agreement of the initial values of the Optimize-then-Discretize
approach and the Discretize-then-Optimize procedure.

In addition to the above considered problem, we will also discuss the numerical solution of a PDE-constrained optimiza-
tion problem that has an added pressure term in the functional J(y, u), i.e.,

T T T
](y,u):%/o L (y—j/)zdde—%/o /ﬂ (p—p)zdxdt+§/) /Q(u)zdxdt-i—%gl (W(T) = §(T))2dx (35)

subject to the unsteady Stokes equation as shown above. Here p is the pressure and p is the desired pressure. The discret-
ization follows the above procedure and the first order conditions L,(y*,u,4") are now given by the following system



502 M. Stoll, A. Wathen /Journal of Computational Physics 232 (2013) 498-515

™ 0 —K'[y* My*
0 pM, N ||ut|=]| 0 |, (36)
-K N 0 it d

where the only difference to the system given in (27) is the matrix M = blkdiag(M, M,, ..., M, M,). Note that for reasons of
convenience we use the same notation M whether the pressure mass matrix is present or not. We will specify when it is
important to consider the two cases separately.

3. Krylov solver and preconditioning

After having derived the linear system corresponding to the solution of the optimal control problem, we now want to dis-
cuss how to solve this system efficiently. For a reasonable sized spatial discretization even in two dimensions a direct solver
might run out of memory fairly quickly as the dimensionality of the overall system crucially depends on the temporal dis-
cretization. Hence, we dismiss the possibility of using a direct solver for the overall system and rather decide to employ Kry-
lov-subspace solvers. Because of the nature of the problem, .4 being symmetric and indefinite, we will use minres [31] as it is
often the method of choice for saddle point problems. In more detail, for a linear system .Ax = b, initial guess Xy, and initial
residual ro = b — Axo, MiNges (and also other Krylov subspace solvers) will build up Krylov subspaces

span{rO,Aro,Azro, .. ,A"’lro}

by multiplying with the system matrix at each step. Here .4 denotes the saddle point system shown in (27) or (36). The
approximation to the solution of the linear system will then be computed such that the 2-norm (in the unpreconditioned
case) of the residual, ||r¢||,, is minimized over the current Krylov subspace. Naturally, minres will only be used with a precon-
ditioner and we refer to [13] for implementation details. In order for the preconditioned system to maintain the symmetric
and indefinite nature of the problem, we need the preconditioner to be symmetric and positive definite. Hence, our choice
will be a symmetric block-diagonal preconditioner. Before we mention the details of the preconditioner we will discuss
alternative choices for the iterative scheme. In case the upper-left block (blkdiag(t.M, ftM,) is positive-definite, as is the
case for the added pressure term or the forward Stokes problem, we could employ a non-standard cc method also known
as the Bramble-Pasciak cc [8], which also has been successfully used for optimal control problems [45,37]. It is also possible
to use the projected cc method [19] with the so-called constraint preconditioners [27], which was demonstrated to also work
well for control problems [35,42,20,50]. For the use of indefinite preconditioners we would have to use non-symmetric
methods such as cmres [41], Bicc [14] or avr [15] but we will refrain from using these methods in the course of this paper.
Benzi et al. [6] use Krylov methods within the preconditioner, which means that as an outer method a flexible method such
as FGMREs [40] has to be employed.

We will now discuss the choice of preconditioner best suited to be used with minges. Our choice is a block-diagonal pre-
conditioner of the following form

Ay 0 0
P=|0 A 0], (37)
0 0 §

where Ay is an approximation to TM,A; approximates the (2,2)-block of the saddle point system, which we can afford to
invert in case the mass matrices are lumped, and S is a Schur complement approximation. First, we want to comment on
the blocks involving mass matrices. If we decide to use a consistent mass matrix, good preconditioners are available; Namely,
the Chebyshev semi-iteration [17,18], which is an easy-to-use but nevertheless very efficient method for systems involving
the mass matrix as illustrated in [49]. The blocks corresponding to the zero-bocks in 7.M, can be approximated by yI with
1 > 0 as was done in [5]. Appropriate choices of the parameter # will be discussed in Section 3.4.

3.1. The Schur complement approximation

The choice of the Schur complement approximation is more tricky as the (1, 1)-block of A is semi-definite. Assuming for
now that tM is definite, the Schur complement of the system matrix would look like the following
TIMIKT + T M N (38)
In the case TM is only semi-definite, we use the Schur complement approximation
TIRMIKT T M, T (39)

where the zero blocks in 7. M are replaced by »I with small . We will use an approach presented in [35-38] where we drop
the second term (r][}”NML’,]NT) in (38). Hence, our approximation to the Schur complement is given by

S =t emM Ik
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We will also employ a second approach that has recently been applied to PDE-constrained optimization problems with a
special emphasis on robustness with respect to regularization parameters is given by
So =1 (K+ MM (KT + M.

Here, M is chosen in such a way that not only the first term of the Schur complement but also the second term is matched. In
more detail, this means that ideally

MMM = INMNT

by ignoring the cross terms in S,, which are hopefully small. In order to derive A1 we need to study NM,]lNT and recalling
the structure of the block matrices, we can see that this is simply

‘M 0 0 0 0
000 00
MM'NT=10 0 . 0 0
000 MO
Lo 0 0 0 Ol

Based on this observation we can now define M as

-1 -
WMOO 0 O

0 0 O 0 O

M= 0 0 0 0
1
oooﬂmo

0 0 O 0 O

For both Schur complement approximations hatS; and $; it is infeasible to invert the block-triangular systems involving iC as
this would require the exact solution of all of the discretized Stokes systems. We will therefore approximate the Stokes sys-
tems further, which is described now.

3.2. Approximation of the Stokes system

For the simpler problem of the state equation being the heat equation the authors suggest in [44] that one can replace the
solution with the discretized PDE operator by an appropriately chosen algebraic multigrid (AMG) preconditioner. We want
to do something similar for the Stokes problem but as already pointed out in [38] the approximation of the Schur comple-
ment in the case of the Stokes problem is more involved than for the simpler heat equation. In [38] the authors show that a
preconditioner for the Schur complement, namely the block-diagonal preconditioner P = blkdiag(Ao, M,), is a good precon-
ditioner for the forward Stokes equations but in the case of Stokes control where a fourth-order operator (inverting also the
adjoint) has to be approximated, the contraction of the block-diagonal preconditioner is not sufficient for the Schur comple-
ment approximation of the control problem. Hence, Rees and Wathen suggest the use of an inexact Uzawa method using a
block-triangular preconditioner

A 0
P= :
5w

where Ay is an approximation to the discretized Laplacian, in general a multigrid operator, and M, is the mass matrix on the
pressure space (see [13]). A fixed number of Uzawa steps to approximate the discrete Stokes operator represents a linear
operator and provides a good enough contraction rate such that the approximation to the Schur complement will be suffi-
cient to guarantee convergence of the overall outer mingres iteration. For the steady case this was shown in [38]. Algorithm 1
shows a version of the inexact Uzawa method. Note that in the case of enclosed flow the Stokes-system matrix will be sin-
gular due to the hydrostatic pressure [13] but a consistent right-hand-side still enables the use of iterative solvers. As we
need to apply a forward and a backward solve with the inexact Uzawa method a scaling? to make the right-hand-side suffi-
ciently close to a consistent right-hand-side always worked very well in our numerical experiments. In the case the Stokes sys-
tem is invertible these issues do not arise.

2 In Matlab notation: Scaling b such that Pb is close to a consistent right hand side, with P = speye(n) — %ones(n,n) with « close to one, e.g. 0.9.
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Algorithm 1. Inexact Uzawa method

1: Select xg.
2:fork=1,2,...do

3t X1 = X + P (b — Lxg)
4: end for

There is only a change in the preconditioner when moving from the steady system to the transient one. We note that the
Schur complement approximation
KMKT
involves a forward and backward substitution where we have to approximate the inverse of the matrix

-1 T
L[r M+K B “0)

B 0

for the evaluation of £ and KT at each time-step. We propose to use the inexact Uzawa algorithm (see Algorithm 1) for the
matrix (40) with a block-triangular preconditioner defined as

A 0O
P { } |
B -S
We can now simply use an algebraic or geometric multigrid for the preconditioner A approximating 7-'M + K but the choice
of S is not so straightforward. In the case of steady Stokes problem the pressure mass matrix will allow for a suitable approx-
imation to the Schur complement. In our case, we have a different (1, 1)-block to the steady case and we derive a suitable

preconditioner using a technique for the steady Navier-Stokes equation. We follow [Chapter 8 [13]] by looking at the least
squares commutator (see [13]) defined by

&=LV -V(ly)

where L =171+ A and L, = (7' + A) is defined on the pressure space. These operators are only used for the purpose of
deriving matrix preconditioners and no function spaces or boundary conditions are defined here. We expect the least squares
commutator to be small as was previously done for the derivation of Navier-Stokes preconditioners [13]. Using the finite
element method we obtain the discretization of the differential operators (see Chapter 8.2 [13]) and put this into the discret-
ized version of the above to get

&= M"'L)M'B" - M'B"(M,'L,)
where L = 7'M + K. We now pre-multiply the last equation by BL"'M and post-multiply by L;lM,, to get

BM~'B'L,'M, — BL"'B" ~ 0, (41)
under the assumption that the least squares commutator is small. The expression (41) gives

BM'B'L,'"M, ~ BL'B', (42)

which allows us to use the Schur-complement approximation BM"BTL; 1M,,. We do not want to use the matrix BM~'B’,
which is invertible. For our implementation, we would have to form this matrix, which would be infeasible in the case of
a consistent mass matrix. Hence, we rather use the fact that BM~'BT is spectrally equivalent to the Laplacian formed on
the pressure space K, to give

S=K,L,'M,. (43)
Note that as we are only interested in the application of S—' we can further obtain

ST =M,'LK," =M, (1M, + KK, =T'K," + M,". (44)

With the approximation (44) we are now able to provide efficient preconditioners for the solution of the time-dependent
Stokes problem within the Uzawa method. The preconditioner S—! was first derived in [11] by Cahouet and Chabard and
is hence often referred to as the Cahouet-Chabard preconditioner. It was extensively used, analyzed and extended to for
example the Navier-Stokes case (more information can be found in [4,28,9,6,30]). A will in our case be an algebraic multigrid
method applied to 7'M + K and for S~! we need the approximation to K, ! which can be done using algebraic multigrid as
well. Additionally, we need to approximate M, ! which can be efficiently approximated using the Chebyshev semi-iteration
[17,18,49] (see Algorithm 2).
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Algorithm 2. Chebyshev semi-iterative method for a number of [ steps

1: Set D = diag(Mp)

: Set relaxation parameter

: Compute g = wD~'b, (with b the input right-hand-side)
: Set S = (I — @D~ 'My,) (this can be used implicitly)
:Setzp 1=0andz, =Sz,_1+¢&

g =2and ¢ =w

fork=2,...,1do

Chi1 = OCk — §Chq

9. Yy = wcﬁl
100 2z = Vg1 (Szk + 8 — Zk-1) + 21
11: end for

0O NOU A W N

The identical analysis can be performed for the case when the Schur complement is approximated by
S=7"(K+ MM (K" + M") as only the Cahouet-Chabard preconditioner now has to be derived for L = t~'I + iﬁl + 4,

which in turn leads to Vi
o1 a1 -1 -1
St= <‘c +7B>I(p +M, . (45)

3.3. Eigenvalue analysis

In this section, we study the eigenvalues of the preconditioned matrix. We closely follow an earlier analysis presented in
[44].
We analyze the eigenvalues of the preconditioned matrix for a somewhat idealized case. We assume that the precondi-
tioner is given by
M 0 0
P=10 ptM, O
o 0 S
with §; = KAM-1K". A congruence transformation P~'/2.4P~"/2, now reveals the following matrix

D o B
PPAP? =10 | B (46)
By B, 0
where By = §;"2KM-172, and B, = t-1/27V28, 2N’ M;'/*. We will switch to the notation A = blkdiag(D,I) and B = [B; B,] as

for the classical saddle point problem. It is a well-known result [39] that for such a saddle point problem with symmetric and
positive-definite (1, 1)-block, the eigenvalues of P~1/24P~ "2 lie in the intervals

1(.a @ \? 1/, , 2
2<;1(m)n <}'mi>n) +o_?nax 75 Ag;xf (/“Ellfn\.)ax) +0-12‘nax

I =

and

It =

1 2
1A A (A
Amins 5 <)“1(11e)1x + </“£n;x) + Glgnax>:| ’

where 0. denotes the maximal singular value of B. This is true for both problems presented here. In the case when the
pressure is included in the objective function (35), the resulting saddle point system (36) has a positive definite (1, 1)-block,
which will lead to 44, > 0. We will now discuss the bounds for Z* and Z~ in more detail. In both cases, we need bounds for
eigenvalues of A. The structure of A reveals that we have an identity block and the matrix D = blkdiag(l, 0,1,0,...,I,0) for the
objective function (1) and D = blkdiag(I,I,,1,1,, . ..,1.1,) for (35). It is therefore easy to read off the eigenvalues of D. The esti-
mation of the singular values of B is a bit more involved and we use the fact that the eigenvalues of BB are the square of the
singular values of B. The structure of B now gives

BBT _ B]B¥ + Bng _ §] —I/ZICM—IICTSIUZ + Tflﬁfls;l/ZNMlleTS]ﬁ]/Z

and note that the last matrix is similar to
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Fig. 1. Largest 100 eigenvalues of K" MK~ MM, ' N7 for two small problems.

(MK + T T INM T,
This indicates that if S; is chosen to be X" MK ™" the above takes the following form

I+t ' KT MK NM, N (47)
Similar equations to (47) have been analyzed before for stationary problems [35,44]. For the transient case in (47), we have
to show that for a more refined mesh, smaller mesh parameter h, the eigenvalues of IC’TMIC”NM;INT do not change. We
are at this stage not able to prove the mesh-independence of the term rlﬁ”IC’TMIC”NM;]NT. In general the term M will
include a multiplication by T which removes the dependency of the eigenvalue bounds on 7 since no other matrix involves 7.
In Fig. 1 we show the largest 100 eigenvalues computed by the mMATLAB eigs}command of the matrix IC’T/\_/UC”NM;]NT
where M = blkdiag(M, #l, ..., M,yI) with # = 10°°. The Stokes problem is for simplicity chosen with a Neumann boundary
at the bottom and Dirichlet on the remaining sides of the domain to have an invertible Stokes matrix. In Fig. 1 we show the
100 largest eigenvalues for two relatively small meshes with the DoF for one Stokes system given by n = 578, m = 81 and for
the second Stokes system n = 162, m = 25, where n is the number of discrete velocity variables and m the number of discrete
pressure variables. Note that these are the degrees of freedom for one instance of the unsteady problem. We chose a fixed num-
ber of time-steps N = 10 and see that the eigenvalues for these problems do not depend on h; we expect this behaviour to con-

tinue for smaller h as in our numerical experiments (see Section 4) we do not observe mesh-dependent behaviour.
We further want to analyze the behaviour of the second Schur complement approximation provided by

Sy =1t (K+ MM (KT + M.

In a similar way to the results presented in [33,34], we have to consider the eigenvalues of the matrix 32*‘5, where S is the
Schur complement. For this we consider the Rayleigh quotient with a normalized vector v of appropriate dimension, i.e.,

Sy oM UMK T T INM, N
VS v VTt UK+ MIM YK + M)

which we can also write as

}

VT (e MK 1AM ' N e 1T (MM KT+ kM )
T (KM KT+t 1 INM AT T oT (e M KT+ 1 TAM TN T

Assuming that MM ' M = g 'AMM;' N, this can also be written as
1

LT (MM KT kM T M)
VT (UM KT+t 18 TM TN T

:=R.

1+

3 Note that in the enclosed flow case we have a one-dimensional kernel and this cannot be used for the illustration in Fig. 1.
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We see that the value R can be bounded below by ] as

a’b+b'a

a'a+b'b -

forany a,band a’a+b'b > 0 and hence fora = M~"2kK"v and b = M, A" v we get that R > 1. For previous results [34] the
boundedness of R from above used the positive definiteness of the matrix (MM 'KT + KM ™' M), which for the problem pre-
sented in [34] is trivially given. Here the structure of the matrices does not give that (MM™'KT + KM~ M) is positive def-
inite, i.e.,

(a—b)(a-b) > 0=

1 00 00
00 0 00
R 1
MM =— g
|00 .00
00 0 10
00 0 00
results in
2L BB - M 0 0 0 0 0]
B 0 0 0 0O 0O O O
M 0 0 O 0 0 0
. ,-.1|/0 0 0 0 0 0 0 O
(MM KT+ KM M) =— (48)
VBl o o 0 0 -M 0
0 0 0 0 0 . 0 O
0 0 0 0 -M 2L BT
L0 0 0 0 0 O B O

At this point we are unable to prove the robustness for the upper bounds but we will illustrate the behaviour of the eigen-
values based on numerical experiments. Fig. 2 is showing the eigenvalues for the case with pressure term of two small prob-
lems (n =578,m =81 and n = 162, m = 25) and for two different values of the regularization parameter. It can be seen that
the eigenvalues of S;'S depend on the regularization parameter 8 but seem to be independent with respect to the mesh-
parameter h as for both matrix sizes the eigenvalues are very similar for the same regularization parameter. The situation
is different when we are dealing with a semi-definite (1,1)-block (no pressure term) as the matrix M now includes the
parameter 7. Again, the lower bound ] can be obtained in the same way as in the above and the upper bound can be moti-
vated by the fact that now the term

TN (MM + KM M)

= 49
VT IKMAKT + 1 WM N @

is 7 dependent. Due to the structure of MM~! = ﬁblkdiag(l, 0,...,1,0) the parameter # is not influencing the term in the

numerator of (49) but only influences the value of its denominator, which helps to explain the eigenvalue distribution shown

in Fig. 3, i.e.,  balances the effect of the negative eigenvalues of (MM~1KT + KM~ M). In Fig. 3 we again show the eigen-
values for the two different problem sizes used earlier and two values of the regularization parameter.
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Fig. 2. Largest 30 eigenvalues of 5515 for two small problems with pressure term.
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Fig. 3. Largest 30 eigenvalues of 32’15 for two small problems without pressure term.
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Fig. 4. Largest 30 eigenvalues of $-1S for a small problem with pressure term and varying g. P1 and P2 refer to the use of S; and S, respectively.
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Fig. 5. Largest 30 eigenvalues of $-1S for a small problem without pressure term and varying p. P1 and P2 refer to the use of S; and S,, respectively. Only the
eigenvalues of 5;S for small values of g (8 = 107 and g = 107*) are significantly larger than one.

In Fig. 4 and Fig. 5 we compare the largest 30 eigenvalues of $-1S for both choices of § for the problem with and without
pressure term. In Fig. 4 we use the notation P1 for the use of $; and P, whenever S, is used for a small problem with a variety
of regularization parameters. It can be seen that the eigenvalues in both cases strongly depend on the regularization param-
eter p. This is in contrast to Fig. 5 where we again compare $; and S, for the same small problem without pressure term and
varying regularization parameter.
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Fig. 6. Largest 30 eigenvalues of 52’15 for two small problems without pressure term and varying .

3.4. Choice of n

We now want to motivate a heuristic for the choice of the parameter #. Note that the results below are for a two-dimen-
sional problem. We follow a strategy presented in [5] that was also used in [33] to balance the two terms in the Schur-
complement

S=1'kM KT + T AM AT

We have previously observed [44,33] that a heuristic choosing # ~ 7ph" where h is the mesh-parameter and d = 2,3 is the
dimension of the domain often yields good results. In Fig. 6 we show the dependence of the 30 largest eigenvalues of the two
already considered problems with respect to varying 7. Namely, we consider the choice 1 = 78, which can be motivated only
using the diagonal blocks of K in a Schur complement approximation. This in turn leads to a balancing of the terms
LM~'L + n~'B"B against -1 "M, where we can use that the eigenvalues of B'B scale like h* in 2D. We also show results
for the value 1 = Tgh* that was previously used in [33]. It can be seen that this choice outperforms the first one as no depen-
dence on the mesh-parameter could be observed. This is also used in the numerical experiments presented later, where we
always obtained satisfying results using this heuristic. Note that so far we only considered the two-dimensional case but this
heuristic can easily be extended to three space dimensions to get 5 = tph°.

4. Numerical experiments

The numerical tests are all performed using deal.Il [2]. We use a Q2/Q1 discretization of the Stokes problem. The inverse
of the pressure Laplacian is approximated by 6 steps of an AMG V-cycle and 10 steps of a Chebyshev smoother as part of the
ML Trilinos package [16]. The inverse of the Laplacian plus mass matrix block is approximated by 10 steps of a Chebyshev
smoother and 2 steps of an AMG V-cycle. In general we use a relative tolerance of 10~ for the pseudo-residual and mention
explicitly if any other tolerance is used. Within the smoothed aggregation AMG we use a Jacobi solver for the coarsest level.*
With the setup 10 steps of a Uzawa method seem to produce good results for all our test cases. All experiments are performed
on a 64 bit Centos Linux machine with Intel (R) Xeon (R) CPU X5650 @ 2.67 GHz CPUs and 48 GB of RAM. No parallelism was
exploited in our implementation. The example we look at in this section is taken from the paper by Hinze et al. [23]. The spatial
domain is defined as Q = [0, 1]d and the time domain is given as [0, 1]. As we have not used special multigrid methods devised
for parameter-dependent problems it has been observed in [29] that general purpose preconditioners might loose the indepen-
dence with respect to 7. This behaviour could not be observed if T scaled with the mesh-parameter and hence we are often
choosing T ~ h. We will also present results for a fixed t = 0.05.

The target flow is the solution for the unsteady Stokes equation with Dirichlet boundary conditions, i.e. y = (1,0) when
the second spatial component x, = 1 and y = (0,0) on the remaining boundary for the two-dimensional case. In the three
dimensional case we set y = (1,0,0) when x, =1 and y = (0,0,0) on the remaining boundary. The viscosity was chosen
to be v = 1. Fig. 7 shows the desired state at t = 0.63. For the control problem we now consider the following time-depen-
dent boundary conditions. For the top-boundary where x, = 1 we get y = (1 +1 cos(4nt — m),0) and zero elsewhere in two

4 The standard direct solver worked well for the Neumann problem on 32 bit machines but failed completely on 64bit machines.
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Fig. 8. Uncontrolled vs. controlled state.

space dimensions. For this example the viscosity is set to 1/100. We also take y = 0. Fig. 8 shows both the computed con-
trolled state and the uncontrolled state for the above system at t = 0.63. For the choice of the scaling parameter # dealing
with the zero-blocks in the (1, 1) block of the saddle point system we follow the heuristic proposed above. To illustrate the
performance of our preconditioner it is imperative to consider three-dimensional results and we choose the boundary con-
dition for x, = 1 to be y = (t 4 sin(0.1x;), t 4 c0s(0.5x,),0),y = (0,0,0) on the rest of the domain, and v = ;. This is a some-
what arbitrary choice but nevertheless exhibits all the complications expected in a realistic problem. For simplicity the initial
condition y, is chosen to be zero within the domain and satisfying the boundary conditions on 9Q for the corresponding
problem.

4.1. Without pressure term

We begin our numerical experiments by computing the approximate solution to the above problems on a variety of
meshes. Fig. 8 shows the controlled and the uncontrolled state at the time t = 0.63. The control for this time is shown in
Fig. 9. We denote by DoF the degrees of freedom used for the discretization of the PDE at one time-step, similar to a steady
problem, then we show the number of time-steps N. This means that for the finest mesh we are implicitly solving a linear
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Fig. 9. Control at t = 0.63.

system of dimension 3 x 37507 x 129 ~ 14million unknowns. Timings are given in seconds. Table 1 shows the results for a
relative tolerance of 10~* when 7 ~ h. In Table 2 we show the results for the same setup just the number of time-steps is now
fixed. As can be seen from the results in Table 1 the iteration numbers with both preconditioners do not increase with refine-
ment in space and time. We see that the approximation S; produces mesh-independent iterates but the results are not as
satisfactory as the ones obtained for the preconditioner S,, which comes essentially at the same cost. Thus, we will refrain
from showing the results of the S; preconditioner for the remainder of this section. We see in Table 2 that the iteration
counts with respect to  are almost constant. The slight increase in the iteration numbers for smaller g and h is in our opinion
due to the performance of the algebraic multigrid method, which for parameter dependent problems does not always per-
form equally for decreasing parameter values. We believe that if the parameter decrease is taken into account by algebraic or
geometric multigrid, then the iteration numbers will stay constant. In fact, we can see in Table 2, where the time-step 7 is
constant, that the iteration numbers are constant with respect to g and h.

Table 3 shows the results for a boundary condition that is more oscillatory than the one previously used, i.e.,
y = (144 cos(50.57t — m),0) whenever x, = 1.1t can be seen that iteration numbers do not change compared to the iteration
numbers presented in Table 1. It might be necessary to refine further in time and space to capture the essence of the more
oscillatory problem but as our preconditioners are robust with respect to temporal and spatial refinement we would not ex-
pect any difficulties.

The results shown in Table 4 are computed for a tolerance of 107° and t ~ h with the setup in three dimensions. Again, we
see a very moderate number of miNges iterations for this case. We show results for the three-dimensional problem in Fig. 10

Table 1

Number of MINRES steps with CPU-time T ~ h for different values of p. Results are shown for the preconditioner $; and the preconditioner S,.
DoF N MINRES (Time) MINRES (Time) MINRES (Time)

S (=107 S (=10 5 (=107
2467 33 51(1010) 15(323) 11(247)
9539 65 49(7447) 15(2454) 17(2777)
37507 129 49(48668) 15(16008) 24(24521)
Table 2

Number of MINRES steps with CPU-time for different values of g and 7 =0.05. Results are shown for the
preconditioner S, with a stopping tolerance of 107%.

DoF N MINRES (Time) MINRES (Time)
S (=10 S (=10

2467 21 15(336) 12(277)

9539 21 14(1201) 14(1202)

37507 21 14(4277) 16(4832)
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Table 3

Number of MINRES steps with CPU-time for different values of § and t ~ h. The boundary condition is changed to
y = (1+14 cos(50.57t — 7),0) for the top boundary. Results are shown for the preconditioner S, with a stopping
tolerance of 10~

DoF N MINRES (Time) MINRES (Time)
S (p=10") S (p=10"°)
2467 33 14(322) 8(201)
9539 65 14(2367) 13(2227)
Table 4

Number of MINRES steps and CPU-time with T ~ h using different values of g for a three-dimensional problem.
Results are shown for the preconditioner S,. The tolerance is set to 10 5,

DoF N MINREs (Time) MINRES (Time)
Sy (p=10"%) S (8=10"°)

2312 9 23(364) 17(277)

15468 17 20(4711) 12(2996)

g 1000 S T — gy 04— — —7
-07500 / 03293
| 05000 / | o02)es

(a) Desired state at ¢t = 0.5 (b) Control at t = 0.5

Fig. 10. Desired state and control.

and Fig. 11 with Fig. 10(a) showing the computed state, Fig. 10(b) showing the computed control, Fig. 11(b) showing the
uncontrolled state, and Fig. 11(a) showing the desired state.

Finally, in Table 5 we compute a 2D solution with tolerance 10~* and the above setup and only change the viscosity v to be
equal to one. Again, the iteration numbers are low and robust with respect to the parameters  and h.

4.2. With pressure term

In this section we show results for the problem including a pressure term in the objective function. The desired state and
the desired pressure are obtained from solving the previously mentioned unsteady flow problem. In our case we now simply
invert the mass matrix coming from the velocity space (as it is lumped) and use the Chebyshev semi-iteration for the mass
matrix on the pressure space that corresponds to the pressure terms in the objective function, i.e., 20 steps of this method are
typically employed.

Table 6 shows results for both preconditioners in the case of the problem including pressure terms in the objective func-
tion. As indicated in the eigenvalue analysis presented in Section 3.3 both preconditioners perform reasonably for large val-
ues of g but perform badly when g becomes small.
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m 1415 — = — 1615 — —
1212 1212/
-0.8077 -0.8077
0.4039 0.4039
0,000 N\ : 0,000
Max: /1.615 \ Max: /1.615
Min: 8 Min:

(a) State at t = 0.5 (b) Uncontrolled state at ¢ = 0.5
Fig. 11. Uncontrolled vs. controlled state.
Table 5

Number of MINRES steps and CPU-time with 7 = 0.05 and varying different values of 8. Here the viscosity is set to
v = 1. Results are shown for the preconditioner S,.

DoF N MINRES (Time) MINREs (Time)
S (p=10"") 5 (=10"%)

2467 21 16(356) 14(305)

9539 21 16(1352) 14(1221)

Table 6
Number of MINRES steps with CPU-time 7 ~ h for different values of § in 3D. Results are shown for the preconditioner $; and the preconditioner S, using a
tolerance 107%.

DoF N MINRES (Time) MINREs (Time) MINRES (Time) MINRES (Time)
S (B=10% Si (=107 5 (B=10% S (=107
2312 9 24(442) 63(1107) 32(579) 91(1585)
15468 17 26(7012) 79(20112) 38(9931) 131(33821)
S (p=10" S (=10 S (p=10" 5 (=10
2312 9 357(5989) 695(11619) 407(6817) 572(9779)

5. Conclusions and future work

We have shown that the discretization of the PDE-constrained optimal control problem involving unsteady Stokes flow as
a PDE constraint can be efficiently cast using a Lagrangian technique into an all-at-once saddle point problem. As the dimen-
sions of these type of problems are extremely large the use of iterative solvers is imperative. We have proposed the use of
MINRES as the outer solver and block preconditioners. The Schur complement can efficiently be approximated using an inexact
Uzawa method for which we have shown that the well-known Cahouet-Chabard preconditioner can be used. The iteration
numbers for the outer minres method are always very low. We were able to introduce a preconditioner that showed robust-
ness with respect to the regularization parameter f.

We believe that the results for the computation of the Stokes control problem will be very similar to the ones presented
here if control constraints are present. In that case an outer Newton-type [21] method can be used and the linear systems
that have to be solved at each step of the active set iteration are similar in nature to the ones for the problem with no bound
constraints [45]. It might also be good to apply a nested approach where the solution is first approximated on a coarse mesh
and then transferred to a fine discretization (see [20]). Another interesting aspect of the above problem is to consider the
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more realistic scenario of boundary control for which we believe the regularization robust preconditioner can be extended.
Of course, these problems should also be analyzed and tested numerically in the future.
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A.6. PRECONDITIONING FOR THE H1 NORM

A.6 Preconditioning for the H1 norm

This paper is published as

A. T. BARKER, T. REES, AND M. STOLL, A fast solver for an HI1

regularized optimal control problem, Commun. Comput. Phys.,
19 (2016), pp. 143-167.

Result from the paper

We develop robust solvers for optimization problems with H; —regularization
for the control. Figure shows eigenvalues for two different meshes and a
variety of regularization parameters. We show coarse mesh on the left and
slightly finer mesh on the right.

° 102
001 . o 104

- 108

Imaginary Part
o
...

‘n_m.wm__,
-+
:

Imaginary Part

o

0.6 0.8
Real Part

(a) Coarse (b) Finer

Figure A.2: Eigenvalues depending on regularization parameter.
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Abstract. In this paper we consider PDE-constrained optimization problems which in-
corporate an #H; regularization control term. We focus on a time-dependent PDE, and
consider both distributed and boundary control. The problems we consider include
bound constraints on the state, and we use a Moreau-Yosida penalty function to han-
dle this. We propose Krylov solvers and Schur complement preconditioning strategies
for the different problems and illustrate their performance with numerical examples.
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1 Introduction

As methods for numerically solving partial differential equations (PDEs) become more
accurate and well-understood, some focus has shifted to the development of numerical
methods for optimization problems with PDE constraints: see, e.g., [41,44,69] and the ref-
erences mentioned therein. The canonical PDE-constrained optimization problem takes
a given desired state, ij, and finds a state, y, and a control, u, to minimize the functional
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subject to the constraints

Ay=u,
U <u<up,
Ya<Yy=<yp,

where ||-||y is some norm and R(u) is a regularization functional. We are free to choose
both the norm and the regularization functional here; appropriate choices often depend
on the properties of the underlying application. In the description above A denotes a PDE
with appropriate boundary conditions and  denotes a scalar regularization parameter.
The focus of this manuscript is regularization based on the H; norm of the control, which
we motivate below.

The simplest choice of R(u) is [|u(|7, () Where Q) denotes the domain on which the
PDE is posed. This case has been well-studied in the literature, both from a theoreti-
cal and algorithmic perspective. However, the requirements of real-world problems has
necessitated the application of alternative regularization terms.

One area where there has been much interest is in regularization using L; norms,
see, e.g., the recent articles [12,73]. A related norm is the total variation norm R(u) =
[VullL, (), has also aroused excitement recently — see e.g. [14,59] and the references
therein. These L; norms have the benefit that they allow discontinuous controls, which
can be important in certain applications.

For certain applications it is desirable to have a smooth control - for this reason the
Hq semi-norm, R(u) = ||VMH%2 () has long been studied in the context of parameter-
estimation problems [10, 46, 76], image-deblurring [13,17,48], image reconstruction [49],
and flow control [18, 34], for example. Recently van den Doel, Ascher and Haber [19]
argued that this norm can be a superior choice to its Li-based cousin, total variation, for
problems with particularly noisy data due to the smooth nature of controls which arise.
The test problems in PDE constrained optimization by Haber and Hanson [31], which
were designed to get academics solving problems more in-line with the needs of the real-
world, suggest a regularization functional of the form R (u) =||u ||%2(Q> +al VuH%z (o) fora
given «. Indeed, this form of regularization is commonly used in the ill-posed and inverse
problem communities. Another example of a field where the standard L, regularization
may not be appropriate is flow control - see, e.g., Gunzburger [28, Chapter 4].

At the heart of many techniques for solving the optimization problem, whether it is
a linear problem or the linearization of a non-linear problem, lies the solution of a linear
system [35,41,44,70]. These systems are very often so-called saddle point matrices [4,23],
which have the form

5 o (1.2)

where A represents the misfit and regularization terms in (1.1) and B represents the
PDE constraint. In the systems we consider in this paper, A is symmetric positive semi-
definite. Such saddle point matrices are invertible if B has full rank and ker(A)Nker(B)=

A—[A BT},
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{0}: this condition holds for most of the examples we consider here, and in the cases
where it doesn’t — e.g. (2.3-2.4) — there is a well-understood one dimensional null-space
that can be straightforwardly dealt with [4, Section 3.2]. We are then left with the chal-
lenge of efficiently solving linear systems of the form (1.2).

Direct solvers based on factorizations [21] can be effective, but for large and, in par-
ticular, three-dimensional problems these are no longer sufficient. In such cases we turn
to iterative Krylov subspace methods, which can deal with these large and sparse sys-
tems efficiently provided that they employ a preconditioner which enhances the con-
vergence behaviour, ideally independent of problem-dependent parameters such as the
mesh-size or the regularization parameter. For a general overview of preconditioners we
refer to [29,61], and in the particular case of saddle point problems see [4,23,77].

A number of preconditioners which are robust with respect to regularization param-
eters and mesh-parameters have recently been developed for PDE-constrained optimiza-
tion [1, 15,20, 36,47,52,53,65]. However, these methods are tailored for an optimization
problem with R(u) = ||u H%Z(Q) and heavily rely on the corresponding presence of a mass
matrix in the A block of (1.2). Benzi, Haber and Taralli [5] consider a block precondi-
tioner with of R(u) given by (a variant of) the #; —norm, but their approach is general
enough to work with most regularization and the form of this term is not exploited in
the method. To the authors” knowledge there have been no other attempts to apply block
preconditioners — which have proved so successful with L, regularization — in the case of
other choices of R(u). We address this issue here by considering a cost-functional where

R(u)=[ullf,+[Vul,

and we present preconditioners that show robustness with respect to the regularization
parameter for this problem, which is more challenging from a linear algebra perspective.

In the following we use the heat equations as an example PDE. In principle the ap-
proaches described here can be extended to other PDEs, as for the L, regularization case.
We deliberately choose to focus on the simplest PDE example to highlight the issues cor-
responding directly to the regularization, not the difficulties involved in using a more
complicated model, which is discussed elsewhere.

The structure of the paper is as follows. We begin in Section 2 by stating the optimal
control problem in the time-dependent and time-independent cases with both distributed
and boundary control. We illustrate how to obtain discretized first order conditions from
a so-called discretize-then-optimize approach. In Section 3 we describe how — following
a method first proposed by Ito and Kunisch [43] — the state constraints can be handled
using a Moreau-Yosida penalty approach and show how to incorporate this into possi-
ble preconditioning strategies. Sections 2 and 3, which describe the application of well
known techniques for solving such optimal control problems, show how the bottleneck
for such codes is the solution of a very large linear system.

In Section 4 we discuss the choice of possible Krylov solvers and introduce precon-
ditioning strategies for both the time-dependent and time-independent control problem,
with an emphasis on how to handle the H; regularization term. This builds on the work
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in the literature that has been used to efficiently solve L, regularized problems, but the
use of the H; norm in the cost functional causes difficulties which require novel tech-
niques to overcome. The development of such techniques is the main contribution of the
paper. Our numerical results shown in Section 6 illustrate the efficiency of our approach.

2 Problem setup and discretization

2.1 A stationary control problem

Before describing the time-dependent control problem we fix ideas by considering a sta-
tionary optimal control problem. We wish to minimize the functional

1 _
Fily) =3 IR0 + ol
1 12 2 2
=y =1 e+ E N ) + NV 0y, e

where both Q; and (), are subdomains of Q € R? with d=2,3. The constraint is given by
the following elliptic PDE

u in Qz,
—Ay= 2.2
v {0 in O\O,, @2)

together with Dirichlet boundary conditions, y= g on d(). We refer to y as the state and u
as the corresponding control, which is used to drive the state variable as close as possible
to the desired state (or observations) j7. The above problem is the distributed control
problem, as u defines the forcing of the PDE over the interior subdomain (2. Another
important case is given by the Neumann boundary control problem, where (2, = 0Q2
together with the PDE constraint

—Ay=f inQ, 2.3)
Wy _
Pl u onadQ), (2.4)

where f represents a fixed forcing term.
In practice, physical characteristics of the application will require box constraints on
the control and/or the state. Typical bounds would be

Uy <u<uy

for the control and
Ya <Y <yp
for the state. The numerical treatment of these constraints is by now well established

[6,7,38] but nevertheless represents a computational challenge, in particular for the state
constraints [11].
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We follow the discretize-then-optimize paradigm and discretize the PDE and the ob-
jective function using Q1 finite elements [23, 67]; we employ the deal.Il [2] finite element
package for our numerical experiments.

We derive the discrete optimality system for the cost functional (2.1) with the PDE
constraint (2.2), together with homogeneous Dirichlet boundary conditions for ease of ex-
position — the extension to other boundary conditions proceeds similarly. Let ¢y,--- ¢, be
a finite element basis for the interior of (), and suppose we extend this by ¢,41,*+,¢p-+an
to include the boundary. Let Y(’} =(¢p1--¢pn), U"=(p1-- P, P 1,Puran)- Furthermore, let
Yo, :={¢1-+-¢p) and U, := (¢1 - Py) denote the subsets of U" with support on Q; and
), respectively.

The finite dimensional analogue to (2.1), (2.2) is to find y;, € Yél CHY(Q) and uy, € utc
H1(QY) which satisfy

. 1 12 B 2
]/hEYf?LI}}EUOZZHyh Iz 00+ 3 a2 )

s.t. /Vyh~Vvh:/ Upoy, VthYé“.
Q o}

We can write the optimization problem in terms of matrices as

nyl/il}n%yTMyyfyTbJrguTMuu+§uTKuu, (2.5
s.t. Ky=Mu, (2.6)
where
(M= [ Gy, =11, (Ki)ij= [ V@9, ij=1,m,
(Mu)i,j:/n(ﬁi pis 1, j=1,--,1m, (K)i,jZ/(;VCPi'V(Pj/ Lj=1,-m,

(M)i,jZ/qui@', i=1,---,n, j=1,---,m, biZ/OWJi,i:l,'“,T?l-

Note that in this paper we only discuss the case where (), =0 or () =Q and (1 =Q.
Other choices influence the matrix properties of M,,M,,K,, M for which the techniques
presented here are still applicable.

In the distributed control case the first order optimality conditions lead to the follow-
ing saddle point system:

M, 0 —KT y b
0 PBM,+BK, MT ul=[0]. (2.7)
—-K M 0 p 0

Note that the addition of an H; norm in the regularization leads to an optimality system
with substantially different properties compared to the L, case; in particular, if p =0
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on the boundary, we do not necessarily have that u =0 on the boundary here, which
is known to be true if we use L, regularization (see [58, 69, Section 2.8]). If we were to
use non-homogeneous boundary conditions the 3rd entry of the right hand side would
hold the boundary data, as the state equation (2.6) would become Ky = Mu—d for some
non-zero vector d.

We treat the boundary control problem similarly. Here we get

1
Ji(yw) =5y Myy—bTy+ guTMu,bu‘f‘ guTKu,bu 2.8)
together with L
Ky=Nu+f. (2.9

Here M, , and K, , are the boundary mass matrix and Laplacian, respectively, i.e.

(Kup)ij= /a V() Tte(), (Mys)i= /a E(@(gy), i =ntL, e ntdm,

where tr(-) is the trace operator, which we use here to give us a finite element discretiza-
tion of the boundary. The vector f represents the discretized forcing term, which for
simplicity we take to be zero for the remainder of the paper. The matrix K is the stiff-
ness matrix, including the boundary nodes, and N connects interior and boundary basis
functions, in particular

(N)ij:/an¢itr(4>j), i=1,---,n+on, ]:1,87’1

We obtain the following first order optimality system

M, 0 -K" 1Ty b
0 ,BMLL,b+!3Ku,b NT u = 0 . (210)
-K N 0 p 0

2.2 Time-dependent problem

We now present a time-dependent version, which is of wide practical interest and will be
the focus of our numerical tests. The objective function is now given by

Jz(y,u):;/;/gl (y—y‘)zdxdt+§/0T/02u2dxdt+§/OT/QZ(Vu)zdxdt, 2.11)

where all functions are simply time-dependent versions of their steady counterparts
presented above. For the distributed control problem we apply the time-dependent
parabolic constraint

u, for(x,t)eQyx|0,T],
yi—Ly=

0, for (x,t)e O\, x[0,T],
y=g onoQ),
y=yo, att=0,
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for some prescribed functions g, yo. In case of a boundary control problem, where (), =
d() and again take the heat equation as our PDE constraint:

yi—Ay=f for (x,t)eQx|0,T], (2.12)
W _

5, =4 on 00}, (2.13)
y=yo, att=0. (2.14)

For the discretization of the time-dependent objective function we use the trapezoidal
rule for the time integral and finite elements in space to give

Ja(y,u) :%yTMyy+lA)Ty+§uTMuu+guTlCuu, (2.15)
where b=[1/2b7,b7,---,bT,1/2b7]7,

M =blkdiag(M,,---,M,),

M, =blkdiag(1/2M,,M,,---,M,,1/2M,),

M, =blkdiag(1/2M,,M,,---,M,,1/2M,), and

K., =blkdiag(1/2K,,K,,---,K,,1/2K,),
which are simply block-variants of the previously defined matrices over the domains ();
and (). Note that in the time-dependent case we abuse the notation y, u defined earlier,

ie,y= [le,sz e ,y{]T] T, etc.; we believe it will be clear from the context which of the
two we are currently considering. Using this notation and a backward Euler scheme, we
can write down a one-shot discretization of the time-dependent PDE as follows

L

-M L
- o y+TMu=d (2.16)

-M L

K

with L = M+7K and d holding the initial conditions for the heat equation. For more
details see [5, 20, 66].
We form the Lagrangian and write down the first order conditions in a linear system,

™™, 0 -KT y b
0 TBM,+K,) TM ul=| 0 |, (2.17)
-K ™™ 0 p d
in the case of the distributed control problem, and
™, 0 —KT y M,y
0 TB(M,p+Kyp) TNT ul|=| 0 (2.18)
-K ™ 0 p d

for boundary control, where ' =blkdiag(N,--,N).
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3 Handling the state constraints

Box constraints for the state y can be dealt with efficiently using a penalty term. The
Moreau-Yosida penalty function has proven to be a viable tool: see [36,43,52] and the
references mentioned therein. One can also use the Moreau-Yosida technique for box
constraints on the control but the primal-dual active set method [38] is mostly the method
of choice. We briefly describe the Moreau-Yosida technique for the distributed control
problem. A more thorough discussion can be found in the references mentioned earlier.
The modified objective function becomes

1 1,
Ty (y,14) = Ty, ) + 5 [Imax {0,y —ys } |+ 5 [Imin {0,y —ya} I (3.1)

for the state constrained case. Here Q =) x [0,T] is the space-time cylinder. In accor-
dance with [36], we can employ a semi-smooth Newton scheme that leads to the follow-
ing linear system

i TMy+€71GAMyGA 0 —KT y
0 TB(Mypy+Kup) TNT u
i -K ™N 0 p
[ Myy+e ! (Ga. MyGa,yp+Ga MyGa_ya)
_ 0 ) 3.2)
i d

where the block-diagonal matrix
G M, G 4 =blkdiag(G 4 MyG 41,---,G vy MyG 4nr)

defines the contribution of the penalty term with the active set AF for time-step k de-
fined as follows. We set where we define the active sets as A% = {i:y¥> (y,)f}, and
AR {ityk < (y,)k}, and AF =A% UAF; the matrices G are diagonal matrix variants of the
characteristic function for the corresponding sets, i.e.,

1 forie Ak,
(G = { 0 otherwise.
Our focus is on the efficient solution of the linear systems (3.2), which are of saddle point
type. Note that the active sets defined above within an iterative process such as the semi-
smooth Newton scheme are computed based on the state at the previous iteration, but
for simplicity we neglect the iteration index. For more details of semi-smooth Newton
methods we refer to [41,44, 70]; there is also recent theory introducing path-following
approaches for the penalty parameter ¢ [39].
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4 Preconditioning

4.1 Choice of Krylov solver and Schur complement preconditioning

As mentioned in the introduction, the linear systems that arise from PDE-constrained
optimization are very often too large for direct solvers to be effective, and for scalable and
efficient solution of these linear systems the combination of a state-of-the-art solver with
an efficient preconditioning technique is crucial. In this section we derive preconditioners
for each of the problems presented earlier, but first mention the choice of the iterative
scheme. Krylov solvers are for many applications the method of choice [64], as they are
cheap to apply; at each step they only require a matrix vector product, the evaluation
of the preconditioners, and the evaluation of inner products. These methods build up
a low-dimensional subspace that can be used to approximate the solution to the linear
system.

There are a variety of Krylov subspace methods, and the most effective to use depends
on the properties of the linear system. Here we focus on the development of effective
preconditioners and we will focus less on the choice of linear solver.

Schur-complement based preconditioners, based on approximations to S:=BA~!BT,
have proved to be effective. Popular choices are a block diagonal preconditioner P; =
blkdiag(A,S), or a nonsymmetric preconditioner,

A 0
Pe(40).
Naturally, these are too expensive for any realistic problem, but if we can approximate
both the (1,1)-block and the Schur-complement of A, then the underlying Krylov method

will converge in a small number of steps. In the following sections we describe how to
find good approximations to these blocks for the application considered here.

4.2 The (1,1)-block

Our first goal is to efficiently approximate the (1,1)-block of the saddle point matrix.
Parts of the (1,1)-block here consist of lumped mass matrices, which are diagonal and
can simply be inverted. If, on the other hand, the user prefers to use consistent mass
matrices they can use the Chebyshev semi-iteration [72]. If the (1,1)-block part corre-
sponding to the discretization of the state misfit part of the objective function is only
semi-definite, e.g., via a partial observation operator, we can add a small perturbation to
the zero blocks within the preconditioned and hence make this part positive definite so
the above applies. In more detail, we replace the zero blocks in A by blocks of the form #1
with 77 a small parameter greater than zero. Note that this technique can also be used for
an approximation of the Schur-complement in case the (1,1)-block is semi-definite [5,66].

The matrix part corresponding to the discretization of the H; term in the objective
function is more complicated as it is not diagonal. The good news in this case is that
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the operator and the corresponding matrix representation are not only symmetric but
also positive definite. This allows the use of either geometric [32, 75] or algebraic [24, 60]
multigrid techniques.

4.3 Schur-complement approximation

The methods described in Section 4.2 efficiently approximate the (1,1)-block, A, of the
saddle point system; we use Ato represent such an approximation to A for the remain-
der of this paper. Our goal now is to introduce efficient approximations S to the Schur-
complement S.

The Schur complement of the system matrix (2.17) is

S=T KM K+ M(My+K,) T M. 4.1)
There are various ways to approximate S; one of the simplest is
ST KM, 'K,

which for larger 8 often performs well but is not robust with respect to this parameter.

In order to develop a more robust method we look for a more sophisticated approxi-
mation inspired by [53] that more accurately mirrors S by also including the second term
in (4.1). We have two options here, either a symmetric version,

Si=t (K+ MM, (K+M)T,
which can be used within MINRES [51], or a non-symmetric approximation
Sr=1 LK+ M) M, (K+ M)

to be employed with a non-symmetric solver, e.g. GMRES [63] or BICG [25]. The goal is
now to find M, M», and M such that

TﬁlMlMyilM%ﬂ:T,BilM (MM‘FK:u)ilMT

and

TINMI M =T MM+ K) M

We start by deriving the symmetric approximation to S using

M= —— MMy +Ka) 2 M2,

VB

We then obtain the following Schur-complement approximation

T
§ =11 (IC+ LM(MHJFICu)‘l/zM;/Z) M,! <1C+ LM(Mu"‘K:u)_l/ZM;/Z) :

VB VB
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This has the advantage that the approximation is symmetric and positive definite, which
would allow us to use MINRES. However, the drawback is that this expression involves
the square root of large-scale non-diagonal matrices, IC,.

We now turn our attention to the non-symmetric approximation. Using

~ T

MlzzﬁM(Mﬁ/cu)*lMy, 4.2)
Mo:=—M, (4.3)

VB

we introduce the non-symmetric approximation

T
S=11 (/c+lM(Mu+/cu)1My> M, </C+LM> .

VB VB
This configuration does not require the square root of a potentially very large matrix.
For any preconditioner to be effective we must be able to evaluate the inverse of the
Schur-complement approximation quickly. We now focus on the non-symmetric approx-
imation but discuss the symmetric approximation in Section 5 when we analyze the ap-
proximation quality of both Schur-complement approximations.
The second part (K+ ﬁj\/l) of S, is easy to approximate as this is simply a block-

triangular matrix with symmetric positive definite matrices along the diagonal. We there-
fore use an algebraic multigrid approximation for the diagonal blocks and then proceed
backwards approximating the inverse of (K+—=M) requiring the application of Nt

V/B
algebraic multigrid operators.
The approximation of the inverse of (K+ ﬁ/\/l (M, —HCH)_lMy) is more involved.

We are interested in solving systems of the form

<K+LM(Mu+/cu)1My>u_f

VB

and interpret this as the Schur-complement of the auxiliary system

HEt

Recalling the block-structure of the involved matrices, it is easy to see that we can proceed
with a forward substitution that requires the solution of diagonal blocks given by

K M
My, — M1k

M+71K M
M, \/E(Mu+l<u)

_T

. (4.5)
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Even this block is not suitable to be inverted directly and we use a stationary iteration to
approximate the solution to this system. Such an iteration proceeds by computing

W =k wW 1y,

where 7y is the residual for the system matrix used in (4.5) and a right-hand-side used
within the preconditioner application. The matrix

M+7K
VE (M 1K)

T

is the preconditioner for (4.5). Here (/\) signifies the algebraic multigrid approximation
to the corresponding matrix.

Boundary control

The matrix structure in the case of a boundary control problem is very similar to the
distributed control problem but nevertheless there are significant differences in the prop-
erties of some of the blocks. Therefore, we now discuss a Schur complement approxi-
mation for the boundary control problem driven by the system matrix (2.18). The Schur
complement is now given by

S :T_llCMy_liCT—l- %N(Mu,b'i'lcu,b)_lNT'

For the reasons described above, we again focus on the non-symmetric approximation

T

§=71 <IC+ lN(Mu,bHCu,b)‘lNT) M, (lC+ M,
VB VB

Again, the evaluation of the preconditioner $~! needs to be discussed. While the term

(K4+—==M,) " can easily be approximated using multigrid techniques in combination

VB

with backward substitution, the term (K+ ﬁ]\/ (Myp+K,p)'NT) " is more compli-

cated to approximate. Note again that we only need to focus on the diagonal blocks of
this matrix which correspond to the system

M+71K N 6)
NT \/E(Mu,b+Ku,b) . '

T

We proposed earlier the use of a stationary iteration, but found choice of damping pa-
rameter to be much more critical here; the value needed to be tuned by hand, which is
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not desirable. We therefore use the non-linear iterative method GMRES [63] to evaluate
the system (4.6), together with a preconditioner

w=| MK o (47)
N _(Mu,b +Ku,b)

—

Here ~-~ again represents that the action of the inverse of these blocks is given by a fixed
number of steps of an algebraic multigrid method. Note that, because of the use of GM-
RES as an inner iteration, the preconditioner P, is nonlinear, and theory dictates that we
should use a flexible outer method such as FGMRES [62]. By using a rather small tolerance
to stop GMRES we seem to avoid convergence difficulties, allowing us to use a standard
Krylov method; see Section 6 for details. An alternative would be to use a sparse direct
method [22,42] to solve for the sub-problem (4.6), giving us a hybrid solution method.

State constraints

The situation is not much different in the case when state constraints are present. Here
the system matrix is

™M, 0 —KT
0 TBM+K) ™ |, 48)
-K ™ 0

where each of the blocks of M, is now given by M, +¢1G 4, MyG 4,. The Schur-complement
is now T

S=1t'UKMIKT+ E/\/l (M, +K,) M.
We can now proceed as n the absence of state constraints. An approximation of S is
chosen to be

VB VB

We use the symmetric matrix /\/l;\/ 2 because this makes all factors of the approximation
S dependent on €. A solve with S is approximated as before, where the diagonal blocks

S=1 (m i_M(Mu+/cu)‘1M§/2> M (/cung”M) .

of (ICTJrﬁMl/ M) ! are approximated by an algebraic multigrid technique. Note

that due to the matrix M, the diagonal blocks of this matrix are different at each outer
iteration, and we need to recompute the algebraic multigrid approximation; update tech-
niques to exploiting this structure should be investigated in the future to streamline the
solver.

The term (K+ ﬁ/\/l (My+K,) " MI/?) is again harder to deal with and as previ-

ously we use an auxiliary system

Kc M
M2 Bk |
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which we can permute to be of block-triangular form. We are then left with approxi-
mately solving a system for

where i indicates the i-th block corresponding to the i-th point in time and its correspond-
ing structure coming from the active set. Our strategy is again to use an accurate solution
via a preconditioner GMRES method employing the preconditioner

[M~+7K] 0
W; = i o
Ms,i - [Mu "l‘Ku}

Here [/\] indicates the use of an algebraic multigrid in the inversion of this matrix.

5 Eigenvalue analysis

Our goal here is to analyze the quality of the preconditioners proposed earlier. As de-
scribed in the previous section, the approximation of the (1,1)-block is relatively straight-
forward using standard tools, such as multigrid, which are well understood. We therefore
focus solely on the quality of the Schur-complement approximation.

We use the methodology introduced by Pearson and Wathen [54] for the stationary
case that was later generalized for the time-dependent case (see [53]). There a symmetric
Schur-complement approximation was chosen, and the quality of the approximation was
measured by bounding the eigenvalues of $~'S via the Rayleigh quotient

vISv
vTS1v

We here briefly illustrate their argument in order to assess what parts carry over here.
One can write

vTSv ala+bTh 5.1)
oTSv  ala+bTb+bTa+a’b :
with suitably chosen vectors a and b. It is easy to see from
0<(a—b)"(a—b)=a"a+b"b—a"b—b"a (5.2)

that R > §. Pearson and co-authors then proceeded by showing that ab+b"a is positive
to conclude that the R is bounded by 1 from above. For the distributed control case this
is both true in the steady [54] and transient [53] case.
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Our goal is to carry this analysis over to our setup. We focus on the distributed control
case here, where

a::T’l/ZMy*l/leTv, (5.3)
bi=1"28"12 (M, +K,) 2 MTo. (5.4)

Using
vTSv=aTa+bTb

as well as (5.2) we can see that the lower bound for the approximation $; is still valid,
ie, R> 1 regardless of the mesh-parameter and the regularization parameter.

The interesting question from now on is whether the upper bound R <1 is still valid.
For this to be true we immediately see from (5.1) that aTb+b"a needs to be positive. We
proceed by considering the simpler time-independent case for which the matrix structure
is very similar. In that case we obtain

aTb+bTa=p"1/27 (KM;”Z(Mu+1<u)*”2MT+M(Mu+1<1,)*1/2M;1/21<) 0.

To see that in the L, norm case this was positive we set K, =0 and M, = M, =M and
obtain
ﬁ’l/QvT (K+KT) v

which is obviously positive. The same is true for the time-dependent problem without
‘Hi-norm (see [53] for a proof). Unfortunately, once the H;-norm is considered the posi-
tivity of a’b+b"a is lost.

So why does the H;-norm cause a problem as its discretization only introduces a
symmetric and positive definite matrix M, +K,? This is clear from the fact that in gen-
eral WV 4 VW #0 even when both V and W are symmetric and positive definite matrices.
A simple example is given when W and V correspond to a Dirichlet and Neumann Lapla-
cian, respectively.

Note that in our case a’b+b"a is of precisely this form and the computation of the
eigenvalues of (KMy_l/2 (M, +K1¢)71/2MT+M(MH +K1¢)71/2M;1/2K) reveals several neg-
ative eigenvalues.

Nevertheless, the spread of the eigenvalues above the desired value of 1 with varying
B and mesh-parameter is not severe as illustrated by the eigenvalues shown in Fig. 1.
Fig. 1(a) shows the eigenvalues of $; for a coarse mesh and four values of the regular-
ization parameter B and Fig. 1(b) shows the eigenvalues for the same values of § but
on a finer mesh. From these pictures we can see that the magnitude of the eigenvalues
does not increase for the finer mesh and that most of the eigenvalues are contained in the
interval [3,1] with some outliers that do not move much beyond 1 when the regulariza-
tion parameter is decreased. The major disadvantage of the approximation $; is the use
of the matrix square roots, which is infeasible for large systems. We hence move to the
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Figure 1: Eigenvalues for two different meshes and a variety of regularization parameters. We show coarse mesh
on the left and slightly finer mesh on the right. We use Ny =5.
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Figure 2: Eigenvalues for two different meshes and a variety of regularization parameters. We show coarse mesh
on the left and slightly finer mesh on the right. We use Ny =5.

nonsymmetric approximation $, for which the above used Rayleigh quotient analysis is
unfortunately not applicable.

Nevertheless, we expect the eigenvalues of the pencil (S,S,) to provide guidance on
the speed of convergence of our iterative scheme. We here want to numerically study the
eigenvalues of $,'S to obtain information that can allow us to understand the conver-
gence of a nonsymmetric solver using the nonsymmetric Schur-complement approxima-
tion §2.

Fig. 2 shows eigenvalue distributions of 55 'S for two different mesh-sizes and a va-
riety of regularization parameters. The comparison of both plots 2(a) for the coarse mesh
and 2(b) for the refined one indicates that for very small values of § the eigenvalues move
closer towards the origin but stay sufficiently far away from zero. Additionally, this be-
haviour does not change when the mesh is refined so we expect robust iteration numbers
with respect to a refinement in space. We computed approximations to the eigenvalues
closest to the origin of S, 'S for one further mesh and found these to be in the same region
as the smallest eigenvalues shown in Fig. 2.

Our numerical results given in Section 6 indicate that this choice of Schur complement
approximation allows for good convergence with relatively robust iteration numbers.
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Figure 3: Eigenvalues for two different meshes and a variety of regularization parameters. We show a coarse
mesh on the left and slightly finer mesh on the right. The top row shows the eigenvalues for 5515 for Nyp=5.

The lower figures illustrate the dependency of the smallest and largest eigenvalues of §;15 on the number of
time-steps and hence T.

6 Numerical results

We now want to illustrate how the preconditioners presented above perform when ap-
plied to a variety of problems. As mentioned earlier we employ a finite element dis-
cretization, here done with the finite element package deal Il [2]. We discretize the state,
control and adjoint state variables using Q1 elements. For symmetric methods the stop-
ping criterion is often inherent to the problem [74]. In the nonsymmetric context the
debate is much more open an we decide to use the relative residual with xo =0 based on
the discussion in [3]. Hence, we present results for both a tolerance of 10~*and a tighter
tolerance of 10~ for the relative residual within BICG using the preconditioner P,. For
the algebraic multigrid preconditioner we use the Trilinos ML package [27] that imple-
ments a smoothed aggregation AMG. Within the algebraic multigrid we used 6 steps of
a Chebyshev smoother in combination with the application of two V-cycles. For time-
dependent problems we show the degrees of freedom only for one grid point in time (i.e.
for a single time-step) and we are implicitly solving a linear system of dimension 3 times
the number of time-steps (N;) times the degrees of freedom of the spatial discretization
(n). For example, a spatial discretization with 274625 spatial unknowns and 20 time-steps
corresponds to an overall linear system of dimension 16477 500.
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6.1 Distributed control

No state constraints

In this section we show results for the time-dependent case. First, we consider the case
when no state constraints are present. Here, we work with a fixed time-step T = 0.05,
which results in 20 time-steps. In all tables we only show the degrees of freedom as-
sociated with the discretization of the spatial domain. The desired state is now given
by

y=exp (—64((x0—0.5)*+(x;—0.5)%))

and y =¥ on 9Q), where the domain is [0,1]2. The results for this setup are shown in Table
1 for various mesh-parameters and values of the regularization parameter .

Table 1: Results for the distributed control problem and varying mesh and regularization parameter. This table
shows iteration numbers and timings for BICG with a nonsymmetric Schur complement approximation using 10

Uzawa steps and a damping parameter w=0.1. The tolerance of the iterative solver is set to 10~°
DoF p=10"2 p=10"* p=10""°
#it(t) #it(t) #it(t)
1089 15(40.1) 17(45.9) 28(72.9)
4225 15(129.2) 18(153.5)  29(242.1)
16641 18(554.2)  22(669.7)  31(932.2)
66049 19(1627.6) 27(2280.1) 36(2995.4)
263169 23(5922.8) 28(7203.9) 44(11389.2)

Table 2: Results for the distributed control problem and varying mesh and regularization parameter. This table
shows iteration numbers and timings for BICG with a nonsymmetric Schur complement approximation using 10

Uzawa steps and a damping parameter w=0.1. The tolerance of the iterative solver is set to 107°.
DoF B=10"2 p=10"* pB=10""°
#it(t) #it(t) #it(t)
1089 13(35 1) 13(35.2) 22(57.3)
4225 13(112.6) 15(128.8) 22(184.8)
16641 15(462.3) 15(462.2) 25(756.1)
66049 17(1442.6) 20(1691.4) 31(2578.7)
263169 19(4928.3) 22(5843.9) 34(8368.3)

State constraints

We now consider the problem with state constraints. The defining parameters are given
by the desired state

7=~ txoexp (- ((x0—05)*+ (1 ~05)%))
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Table 3: Results for the distributed control problem and varying mesh and regularization parameter. This table
shows iteration numbers and timings for BICG with a nonsymmetric Schur complement approximation using 10

Uzawa steps and a damping parameter w=0.1. The tolerance of the iterative solver is set to 107°.
DoF B=10"2 pg=10"* p=10"°
#it(t) #it(t) #it(t)
1089 13(35.1) 13(35.2) 22(57.3)
4225 13(112.6) 15(128.8) 22(184.8)
16641 15(462.3) 15(462.2) 25(756.1)
66049 17(1442.6) 20(1691.4) 31(2578.7)
263169 19(4928.3) 22(5843.9) 34(8368.3)

Table 4: Results for the state-constrained problem. We here vary the penalization parameter €. Shown are the
Newton iteration numbers for a Newton tolerance of 1073 for the first two columns and a tolerance for 102
for the case e=10"". As the number of Newton iterations increased we here only show iteration numbers for a
stopping tolerance of 1072 for the outer iteration. Further we give the average number of BICG iterations and
the maximal number of GMRESiterations needed for the evaluation of the preconditioner. The tolerance of the
iterative solver is set to 107°.

DoF e=10° e=10"2 e=10"*
AS/BICG/GMRES AS/BICG/GMRES AS/BICG/GMRES

81 3/23.7/12 7/21.3/19 6/25.8/41

289 3/32.7/16 7/26.9/23 6/35.2/52

1089 3/51.3/19 6/37.0/27 2/45.5/75

4225 3/74.0/23 6/53.3/43 2/56.5/109

with zero initial and boundary condition. We then consider a fixed regularization pa-
rameter B =10"*%, which then allows us to consider the lower bound —0.1 <y for all
time-steps. The results are shown in Table 4, where we vary the penalization parameter
from 1 to 10~*. The iteration numbers obtained show a small increase with respect to the
mesh-size. This might be due to the approximation quality of the diagonal blocks used
within the evaluation of the preconditioner W. We observed that we needed to increase
the number of V-cycles within the AMG method to 8 to obtain a robust performance. Fu-
ture research should be devoted to obtaining preconditioners that allow updating to deal
with the changing blocks involving components from the active sets and also show more
robustness with respect to parameter-dependent matrices (here in particular  and ¢).

6.2 Boundary control
We now show results for the boundary control case where the desired state is given by
§=—exp(t)sin(27rxox1x2)exp (— ((x0—0.5)*+ (x1 —0.5)* + (x2—0.5)?))

on the three-dimensional domain Q) = [0,1]3. The results with the Schur complement
approximation S with varying mesh-size and regularization parameter 8 are shown in
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Table 5: Results for the boundary control problem and varying mesh and regularization parameter. This table
shows iteration numbers for BICG and the maximal number of GMRES iterations used for the preconditioner.
The tolerance of the iterative solver is set to 107°.

DoF =102 p=10"*
BICG/GMRES  BICG/GMRES

729 18(21) 19(38)

4913 18(22) 17(40)

35937  19(24) 17(44)

274625 19(25) 19(47)

Table 5. We again want to emphasize that we use preconditioned GMRES to evaluate
the diagonal-blocks of the Schur-complement approximation. The tolerance is set rather
tight on the one hand to guarantee that as an outer iteration BICG is still suited and on the
other hand to guarantee that we obtain robustness with respect to parameter changes. We
additionally state for every problem the maximal number of iterations that was needed
for GMRES. It can be seen that the number of BICGiterations are robust with respect to
parameter changes. The number of iterations for the GMRES preconditioner increases
slightly with a decrease of the regularization parameter.

(a) Desired state 1o (b) Computed state yp

Figure 4: Desired state and computed state for boundary control problem. Here the regularization parameter
was set to f=10"°.

7 Conclusions and outlook

In this paper we presented optimal control problems subject to the Poisson equation or
the heat equation in a distributed or boundary control setting. The control was added to
the objective function as a regularization term in the 71 norm. We introduced the corre-
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sponding discrete optimality system and introduced preconditioners for both the steady
as well as the transient problem. Due to the Laplacian term coming from the #; norm we
were not able to introduce preconditioners that are fully independent of the regulariza-
tion parameter but for the simple preconditioners we introduced the dependence on the
regularization parameter seemed rather weak. We also showed that our approach works
for state-constrained problems, which were treated using a Moreau-Yosida penalty ap-
proach. Numerical results showed that our preconditioners provided satisfactory results
when applied to three-dimensional test problems.

The method presented here has not focused on the storage efficiency of our all-at-once
approach. One might employ checkpointing [30] techniques when alternately solving
forward and adjoint PDEs. Multiple shooting approaches are one way of splitting up the
time-interval [33] and can lead to the same type of system. A possible way forward is to
compute suboptimal solutions on a sequential splitting of the time-interval [33] or to use a
parallel implementation of our approach. It is also possible to reduce the storage require-
ments by performing block-eliminations of some form, usually via a Schur-complement
approach.
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A.7. PRECONDITIONING FOR REACTION-DIFFUSION PROBLEMS

A.7 Preconditioning for reaction-diffusion problems

This paper is published as

J. W. PEARSON AND M. StoLL, Fast Iterative Solution of Reaction-
Dijffusion Control Problems Arising from Chemical Processes, SIAM
J. Sci. Comput., 35 (2013), pp. 987-1009.

Result from the paper

In this paper we consider the numerical solution of a nonlinear reaction-
diffusion model where we construct efficient preconditioners. Figure [A.3]
shows the three-dimensional results for a computed state and control.
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Abstract. PDE-constrained optimization problems, and the development of preconditioned
iterative methods for the efficient solution of the arising matrix systems, is a field of numerical
analysis that has recently been attracting much attention. In this paper, we analyze and develop
preconditioners for matrix systems that arise from the optimal control of reaction-diffusion equations,
which themselves result from chemical processes. Important aspects of our solvers are saddle point
theory, mass matrix representation, and effective Schur complement approximation, as well as the
incorporation of control constraints and application of the outer (Newton) iteration to take into
account the nonlinearity of the underlying PDEs.
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1. Introduction. A class of problems which has numerous applications within
mathematical and physical problems is that of PDE-constrained optimization prob-
lems. One field in which these problems can be posed is that of chemical processes
[4, 19, 20, 21, 22]. In this case the underlying PDEs are reaction-diffusion equations,
and therefore the PDE constraints in our formulation are nonlinear PDEs.

When solving such reaction-diffusion control problems using a finite element
method, and employing a Lagrange-Newton iteration to take account of the non-
linearity involved in the PDEs, the resulting matrix system for each Newton iteration
will be large, sparse, and of saddle point structure. It is therefore desirable to devise
preconditioned iterative methods to solve these systems efficiently and in such a way
that the structure of the matrix is exploited. Work in constructing preconditioners
for PDE-constrained optimization problems has been considered for simpler problems
previously, for instance, Poisson control [46, 47, 53], convection-diffusion control [45],
Stokes control [36, 50, 56], and heat equation control [44, 54].

In this paper, we will consider an optimal control formulation of a reaction-
diffusion problem, which generates a symmetric matrix system upon each Newton
iteration. (Such an iteration is required to take into account the nonlinear terms
within the underlying PDEs.) We will generally search for block triangular precondi-
tioners for the matrix systems we examine, to be used in conjunction with a suitable
iterative solver. In order to do this, we will need to approximate the (1,1)-block by
accurately representing the inverse of mass matrices amongst other things, as well as
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devise an effective approximation of the Schur complement of the matrix system. We
demonstrate with numerical tests why the choices we make are sensible for a number
of practical problems.

This paper is structured as follows. In section 2, we discuss the underlying
chemical problem (detailing the statement of the problem without and with control
constraints included) and represent it in terms of matrix systems. In section 3, we
introduce some basic saddle point theory and use this to devise effective precondi-
tioners for the matrices which arise. In section 4, we present numerical results to
demonstrate the performance of our iterative solvers in practice. Finally in section 5,
we make some concluding remarks.

2. Problem formulation and discretization. Throughout this paper we con-
sider an optimal control problem based on that considered in [4]. The objective func-
tion that has to be minimized is given by

(2.1)
(6% 2 Ay 2
J(u,v,¢) = ?u flu— UQ||L2(Q) + 71 [[v— UQ”LQ(Q)

aTy 2 ary 2 Qe 2
T Ju(x,T) = uallz,q) + 5 [v(x,T) = vell7, @) + > lellz, sy »

where u and v refer to concentrations of reactants (which in this problem are state
variables), and ¢ is the control variable, which also influences the underlying reaction.
The spatial domain on which the problem is solved is given by Q C R¢ with d € {2, 3},
and the time domain is taken to be the interval ¢ € [0,7]. We then have the space-
time domain @ given by @ := Q x [0, T}, as well as the space-time boundary given by
¥ =00 x (0,T). The goal of the optimization problem is to compute the quantities
u, v, and ¢ in such a way that they are close in the Lo-norm to what are often referred
to as the desired states (ug, vq, uq, vo). Note that we have four desired states in this
problem—two which are defined at all time points and two which are solely defined
at the final time at which the problem is being solved. These are known quantities,
which are typically determined from measurements and observations. In order for
the objective function to resemble a physical or chemical process the variables need
to satisfy the physics of the process of interest, which is typically modeled using one
or more PDEs alongside additional constraints. In our case the constraints subject
to which the objective function J(u,v,c) is minimized are given by the following
reaction-diffusion equations:

(2.2) ug — D1Au+ kiu = —yuv  in Q,

(2.3) vy — Do Av + kov = —yuv  in Q,

(2.4) Di0,u+b(x,t,u) =c on X,

(2.5) Dyd,v+ev=0 onXx,

(2.6) u(x,0) = uo(x) in Q,

(2.7) v(x,0) = vo(x) in Q,

(2.8) c€Cu={c€Loo(X):cqg <c<cpae onX}.

The quantities o, oy, ary, ary, ae, D1, Do, ki, k2, 71, Y2, and € are nonnegative
constants. The function ¢ describing the boundary condition (2.4) is the control
variable defined above, and 9, denotes the normal derivative. Equations (2.6) and
(2.7) define the initial conditions for both concentrations. Additionally, we can impose

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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so-called box constraints on the control as stated in (2.8). In [22] Griesse and Volkwein
also consider an integral constraint on ¢, which we do not discuss here. In some cases
it might also be sensible to include state constraints for the concentrations u and v,
which would be described by

Ug S U< Up, Vg SV < Vp

State constraints typically bring additional difficulties to optimal control problems
(see [10, 33]) and are not considered further in this present paper. For the remainder
of this paper we will also follow the assumptions of b(x,t,u) = 0 and € = 0, as studied
in [22]. There are two approaches for solving the above problem. The first is the so-
called discretize-then-optimize approach, where we discretize the objective function
and constraint to build a discrete Lagrangian, and then impose the optimality con-
ditions in the discrete setting. The second is known as the optimize-then-discretize
approach, where we instead build a Lagrangian for the infinite dimensional problem
and then discretize the first order conditions. There is no preferred approach and we
refer to [30] for a discussion of the two cases. We note that recently it has become
a paradigm to create discretization schemes such that both approaches lead to the
same discrete first order system. We also need to deal with the nonlinearity of the
PDE constraint. We here apply a simple sequential quadratic programming (SQP) or
Lagrange-Newton method. Before we proceed to the derivation of optimality condi-
tions and discretization, we split the problem into two stages: solving the nonlinear
PDEs without control constraints and solving the system with the additional control
constraints incorporated.

Newton system without control constraints. In this section we wish to
further describe how the above problem can be examined and in particular focus on
how to treat the nonlinearity of the PDEs. We proceed by formally building the
(continuous) Lagrangian subject to the reaction-diffusion system

ur — D1Au + kyu = — yiuv  in Q,

v — Do Av + kov = — yuv  in Q,
Did,u=c onX%,
D20,v =0 on X,
u(x,0) =up(x) inQ,
v(x,0) =vp(x) in Q,

giving
E(u7 v, ¢ p, q) = J(u7 v, C) + / p(ut - DlAu + klu + ’Yluv)
Q
+ / q(vy — DaAv + kov 4 youw)
Q

+/pg(D18yu—c)+/qE(Dgal,v).
» b

Here we have split up the adjoint variables p and q into interior and boundary parts
(p and py, and ¢ and ¢x). We note that for brevity, when constructing £, we included
only the PDE part without boundary and initial conditions, which of course also need
to be incorporated. We also make the assumption ary = ary = 0 in the working
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below; the case where this is not so may be treated similarly. A rigorous derivation
of the first order conditions can be found in [4, 22], to which we refer the interested
reader. By taking the Fréchet derivatives with respect to state, control, and adjoint
variables and equating the resulting expressions to zero, we obtain the first order
conditions, or Karush-Kuhn-Tucker (KKT) conditions, given by

—pt — DiAp+ k1p + y1ipv + y2qu + o (u —ug) =0 in Q,
—qt — DaAg + kog + yoqu + y1pu + ay(v —vg) =0 in Q,
Op=0,q=0 on?,

acc—p=0 on 3,

ug — D1Au+ kiu+yuw =0  in Q,

vg — Do Av 4+ kv +yuv =0  in Q,

du—Drle=0 onX,

d,v=0 onX.

We may abbreviate this set of nonlinear equations describing the first order conditions,
using the notation ®(x) = 0. We can use Newton’s method to solve this problem via
the relation ®’(xy)sp = —P(x).

We now construct the Fréchet derivative of ®, obtaining

2.9) —(sp)t — D1Asy + k1sp + 71 (pse + spv) + v2(qse + $qv) + Sy = by,
—(8q)t — D2Asg + kasq + v2(qsu + Squ) + 71 (Psu + spu) + sy = ba,

0cSe — Sp = bs,

(su)t — D1ASy + K18y + 71 (08 + Sput) = by,
2.13 (8v)t — D2Asy + kasy + Y2 (usy + sy,v) = bs.
Here we denote with b = [bl,bg,bg,b4,b5]T := —®(xy,) the right-hand side of the

Newton system. Note that we did not write down the boundary conditions; however,
they naturally carry through to the Newton system. If we now write all the equations
together into an infinite dimensional system, the matrix describing the Newton process
is given by

a, Id Y1p + Y24 0 L, Yo
Y24 + Y1ip OZUId 0 71U [,i]
(2.14) 0 0 a.Dy'ld —-Dy'id 0 |,
Lo " —D7'd 0 0
Y2v Ly 0 0 0
where
0 , 0
Lo, = &7D1A+k11d+71v, £u=fa*D1A+k11d+V1U,
['v = % —DgA-ﬁ-kgId-i—’ygu, [,2) = —% —D2A+k21d+’ygu,

and Id denotes the identity operator.
In order to numerically solve the above problem we need to discretize the system
(2.14) and the right-hand side —®(xx).
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We first note that the system (2.14) is in saddle point form (as defined in sec-
tion 3), and its discrete counterpart (using a backward Euler time-stepping scheme)
is given by

7M1 0 KT

y
(2.15) 0 «@tDi'M. —7tD'NT c|=b
K —mD'NV 0 by
A
with
M, = blkdiag (M{”, M@, MY, M{N”) ,
M. = blkdiag(M,, M, ..., M,, M,),
- N -
0
N
N = 0 :
N
L 0 -
where
(1) _ ayM ’lewp(i) + ’72]\/[4(7:) .
MY = My, a0y, oM , i=1,...,N,.

Here, M denotes a standard finite element mass matrix, M. is a boundary mass
matrix, and the matrix N consists of evaluations of inner products from the term
Joq wtr(z) with w a function on the boundary 99, z a test function for the domain
€2, and tr the trace operator. The matrices Mp, and My, are mass-like matrices
the entries of which are terms of the form fQ Dp;j¢ and fQ Goj 1, respectively (where
p and q represent the previous Newton iterates of the adjoint variables—or Lagrange
multipliers—p and ¢), and the vectors y and A correspond to the discretized state
(u,v) and adjoint (p,q) variables, respectively. The quantity N; denotes the number
of time-steps used, with 7 the size of the time-step.
Finally, the matrix IC represents the discretized PDE and can be written as

L
-My; L®
’C = ’
My LD
—M,; LW
where
M 0
Ma = { 0 M ]
and
16 M+ 7(D1K + kM +'yl]WU(i)) Y1 My,
T’YQMU(i) M + T(DQK + koM + ’)/2]\/Iu(1>)
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1oy and ]VL,(Z.)
matrices with terms of the form fQ up;¢; and fQ U¢;¢1, where 4 and v correspond to

the previous Newton iterates of the state variables v and v.

with K the standard finite element stiffness matrix, and M, mass-like

Note that we can solve for the updated states, control, and adjoints directly, which
also makes the computation of the right-hand side cheaper, that is,

D u® aruti + (71p® + 72g ) ®)
USRS o L awo + (124® +1p®)u®

Al D | =A] ™ | +b= 0 ,
P+ o) B ®)
g(+) e a0 F) g ()

in continuous form.

So far we have only discussed the Newton method to solve the KKT conditions.
Note that for certain values of the states, Lagrange multipliers, and parameters we
might run into the problem of obtaining an indefinite (1, 1)-block of A, caused by an
indefinite matrix M [15]. For this reason we briefly highlight that for this purpose
different techniques within the SQP step can be employed, such as line-search or trust
region approaches—these may explored in future research into this subject area. One
alternative that we also mention within the numerical results of section 4 is a Gauss—
Newton approach (see [24]), where we ignore all mixed derivatives of the Hessian
with respect to the Lagrange multipliers, resulting in a matrix system defined by the
matrix

o, 1d 0 0 Ll YU

0 o, Id 0 Yiu L
(2.16) 0 0 a.Di'ld —Di'ld 0
L, mu -—Di'1d 0 0
YU L, 0 0 0

We find that preconditioners for the matrix (2.16) can be derived using the method-
ology presented in section 3.

Problem with control constraints. The problem we have discussed so far did
not include any additional constraints on the control c. We now wish to discuss how
pointwise constraints on the control, i.e.,

ca(x,t) < c(x,t) < cp(x,1),

may be dealt with. The treatment of control constraints can typically be carried out
using a semismooth Newton method introduced in [7]. (For further information we
refer to [27, 30, 58].) For the special case of the reaction-diffusion system we point to
literature such as [4, 19, 20, 21, 22] for discussions on control constraints. In general
the gradient equation of the Lagrangian becomes a variational inequality, which is in
turn solved using the semismooth Newton method or equivalently [27] a primal-dual
active set method. In contrast to [7] we employ a penalty technique, which has been
applied very successfully to state-constrained optimal control problems, called the
Moreau—Yosida penalty function [25, 32, 37]—this approach has also been applied to
control-constrained problems [55]. The advantage of this approach is that the method
does not need to work on submatrices corresponding to the free variables, which would
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require a reassembly of matrices for every Newton step and would make precondition-
ing the matrix systems more difficult. From experience [55], the performance of this
approach is comparable to the approach that directly uses the semismooth Newton
method. In the Moreau—Yosida framework, the constraints

ca(x,t) < c(x,t) < cp(x,1)

are incorporated into the objective function via a penalization term, that is, we instead
minimize the functional

1 2 1 . 2
J(u,v,¢) + % [max {0,c —cp}l7,x) + % [[min {0, ¢ — ca}[|7, ()

subject to the state equations detailed above. We can now proceed using the semi-
smooth Newton approach, solving linear systems of the form

TM;y 0 KT y
(2.17) 0 DL, —TD'NT c|=b
K —rD{'WN 0 A

at each Newton step, where

M, + 8_1GA(1)]WCGA(1)
L. =
M.+ 571GA(Nt)]V[CGA(Nt)

Here A® = Aif) U A defines the active sets for every time-step of the discretized
problem, that is,

(2.18) Agi) ={je{1,2,....,N}: (ci); > ()i} »
(2.19) A = e 1,2, N} (¢i); < (Ca)iy)s

using the control ¢ from the previous iteration. The quantities (¢;);, (¢)i,j, and
(cq)i,; denote the values of ¢, ¢p, and ¢, at the ith time-step and the jth node, with
N representing the total number of nodes. This method is schematically shown in
Algorithm 1, where we assume here that the problem is already discretized.

ALGORITHM 1. Active set algorithm.

1: Choose initial values for ¢(©@, p(@ g u©® (©

2: Set the active sets Af), A9 and Ago) by using c© in (2.18), (2.19)

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

4:  Solve (2.17) (a system on the free variables from the previous iteration (Aﬁkfl) )
5. Set the active sets Af), A™ and A(Ik> by using c¢*) as given in (2.18), (2.19)
6: if A(f) = A$71)7 AW = A% and AR = AFTY then

7 STOP (Algorithm converged)

8  end if

9: end for
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3. Solving the linear systems.

Krylov solvers. We now wish to discuss how to efficiently solve linear systems
of the form Ax = b that arise at the heart of the Lagrange-Newton method dis-
cussed in the previous section. We here decide to employ Krylov subspace methods,
which have previously been found to be very efficient for a number of optimal con-
trol problems subject to PDE constraints [47, 48, 49, 53]. In our case, as the system
matrix is symmetric and indefinite, one option would be to employ the MINRES [43]
method introduced by Paige and Saunders. This is a short-term recurrence method
[12], requiring only a minimal amount of storage and involving one matrix-vector mul-
tiplication per iteration. MINRES minimizes the 2-norm of the residual ry = b — Axy
over the current Krylov subspace, where xj, is the approximation to x at step k of
this procedure. Alternatively, there are many widely used nonsymmetric solvers such
as GMRES [52] and biconjugate gradients (Bica) [13] which could be used. Of course,
any Krylov method should only be effective if a preconditioner P is introduced such
that the properties of the left-preconditioned system

P lAx=P 'b

are better than that of the unpreconditioned system Ax = b. Specifically, P is
constructed in order to capture the properties of the matrix A well and so that it is
easy to invert. For excellent introductions to the topic of constructing preconditioners
for saddle point problems, we refer to [5, 11] and the references mentioned therein.
As a guideline for constructing good preconditioners we use the known results that if
the saddle point matrix

Stk

B -C

is invertible, then the (ideal) block preconditioners

A 0 A 0
7’1—{0 S}’ 772—[3 —S]’

where A is the unchanged (1, 1)-block of the saddle point matrix and S = C+BA~! BT
is the (negative) Schur complement of A, satisfy \(Py'A) € {1, %} provided
C =0 [38, 39], and A\(P;'A) € {1} for any matrix C [31]. Therefore, although P,
is nondiagonalizable, both P; and P, are extremely effective preconditioners for A.
Of course in practice, we would not wish to explicitly invert A and S to apply the
ideal preconditioner; however, if we construct good approximations to the (1, 1)-block
and the Schur complement of the system (2.15), an appropriate iterative solver is
likely to converge rapidly when used with a preconditioner consisting of these ap-
proximations. As pointed out earlier the (1,1)-block of the preconditioner may be
indefinite—in this case we cannot employ a symmetric Krylov subspace solver. Now
faced with the decision of choosing a nonsymmetric Krylov method, we wish to point
out that it is not straightforward to pick the “best method” (see [40]) and the con-
vergence of the Krylov subspace solver might not be adequately described by the
eigenvalues of the preconditioned matrix system [18]. Nevertheless in practice a good
clustering of the eigenvalues often leads to fast convergence of the iterative scheme,
and it can be seen that with a good preconditioner many methods behave in a similar
way.
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It is also possible to employ multigrid approaches to such saddle point problems.
This class of methods has previously been shown to demonstrate good performance
when applied to solve a number of PDE-constrained optimization problems, subject
to both steady and transient PDEs [1, 2, 8, 9, 23, 24, 28, 29, 57].

We emphasize once more that the matrix systems we seek to solve fit into this
saddle point framework. For the problem described in section 2 without control
constraints, for instance,

7'/A/11 0

A= 0 acTDflMC ’

B=[K —-tD{'N ], C=]0].
We may therefore employ the theory of saddle point systems to develop precondition-
ers for this problem.

Approximating the (1, 1)-block. In the case of a PDE-constrained optimiza-
tion problem with a linear PDE as the constraint and a cost functional of the form
discussed in section 2, the (1,1)-block of the resulting matrix system is a block di-
agonal matrix containing mass matrices (see [47, 49, 53], for instance), which can be
handled very efficiently. In this case, however, we have to take into account that the
(1,1)-block now contains blocks of the form

o, M 71MP(7:) + 72MQ(7‘,)
’YlMp(” + ’72]‘411(,) O[’UM ’
which demonstrates one of the major complexities encountered when attempting to

solve such nonlinear problems numerically. When we seek to approximate these blocks,
we use the saddle point theory as stated above to take as our approximation

M — a;l (’yl]\/[p(z) + ’72Mq<1>) M1 (’yﬂVIpm + 72]\/1(1(”) 0
’Y11V1b + ’YQJ»IQ o, M

(3.1)

(i) (i)

_. { A 0
71Mp(l)+72Mq(,) o, M

Using the saddle point result concerning block triangular preconditioners, we observe
that each preconditioned block has eigenvalues all equal to 1 using this approximation.
Note that these complicated looking matrices are actually straightforward to handle
as we assume that the mass matrices are lumped for our work.! The block M.,
which also forms part of the (1, 1)-block of our matrix systems, may be approximated
using Chebyshev semi-iteration [16, 17, 59] for consistent mass matrices or by simple
inversion for lumped mass matrices.

Approximating the Schur complement. We now focus on approximating the
Schur complement of the matrix system, which is given by
T
acD 1
One approach that we would predict to prove successful for moderate values of the

parameter o, (motivated by work undertaken in [47], for instance) is to use the ap-
proximation

5= %ICM{UCT T NMINT

(3.2) Sy = %ICM;UCT,

1n the case where mass matrices are not lumped, we believe that we may take a similar approx-
imation but replace the mass matrices by their diagonals within the preconditioner.
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that is, to drop the second term of the exact Schur complement for our approxima-
tion. However for smaller values of a. we find this approximation does not produce
satisfactory results. Hence, approximations that provide robustness with respect to
the crucial problem parameters have been investigated (see [35, 44, 46, 53, 60]). The
idea introduced in [44, 46] for simpler problems uses an approximation of the form

§2:%<IC+/W>M{1 (K+A7)T,

where M is chosen to accommodate a better approximation of the term that was
initially droppeAd from S. To discover an approach for finding such an approximation,
we first study Sy more closely:

1 _ _ -
S, (/CM;UCT + MMM + KMTIM + MM;IICT) .

T

Our goal is for the second term of the Schur complement approximation §2 to accu-
rately approximate the second term of the exact Schur complement S, that is,

T

NMIINT,

(3.3) LM M~
T el

We now consider a block diagonal approximation M and recall the block structure of

the other matrices involved. The most complex term which needs to be considered is

the M7 ! term, which involves inverting 2 x 2 block matrices of the form (3.1). To

carry out this task, we observe that, given suitable invertibility conditions, the inverse

A1 Az

of a 2 x 2 block matrix [A21 An] may be expressed as

(A1 — 14121427211421)71 —(A1 — A12A2721A21)71A12A§21
—(Agy — A21A1711A12)71A21A1711 (Ag2 — 14211417111412)71 ’

which can be easily checked. We may use this expression to note that the problem
of finding a suitable approximation (3.3) can be reduced to finding a matrix M =
blkdiag(M Y, MV, M2 M2 . M™O MIN)) such that

1M A O M 0 ~ [ a7 D' NMZINT 0 }
0 oy My M M) 0 0

for i =1,..., Ny, where AS(D = (AEJ“)A‘
We may therefore conclude that it is appropriate to take ]\//.72(1) = ]WQQ) ==
]\/[2(Nt> =0, with ]V[l(l) chosen such that

—MVA;MY ~ ——M
A M

where Mr = NMc_lNT. Given that the matrices A(;(i) and Mr are diagonal, the

above criterion will be satisfied if ]/\II(Z)

given by

is a diagonal matrix, with diagonal entries

~ (i T i
s = Jagiy; 1"/ m
Dlac

1/2
rj5°
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where aét)]] and mr j; are the jth diagonal entries of A(()i) and M, respectively. It
would also be appropriate to make the selection

~ (i) _ 1(d-1) 1/2
my ', = ——— h2 ay
1,57 \/D—ozc | |
when j corresponds to a node on 9f, using the fact that M, (which is equal to the
nonzero part of Mr) is spectrally equivalent to h%~'I, where d is the dimension of
and h the mesh-size used. . .

We may build these choices of M; ) into the matrix M and in turn into the Schur
complement approximation 52 We can also check heuristically that these choices of
M ensure that 7'*1/\/(/\/11 M~ Ta DT INMZINT by taking the approximations
M =~ heI, M. ~ h®'I (where I are 1dent1ty matrices of different dimensions), and
writing

[

(d—1) (1) 2 0 T (d—1), (2
h? lag ;1" - ag j; Dio. h? lag,j;

Q

‘1/2

T \/Dlozg

T d—1 1
%Dlh (achNM N’T>

whenever the index j corresponds to a boundary node. (Both sides of the expression

(FAim; 4)
.

Ji

would be equal to zero otherwise.) In the above work, we have assumed that a(()g 5 # 0.

Let us now consider how our approximations of the (1,1)-block A and (negative)
Schur complement S may be applied. Due to the potential indefiniteness of A, as
well as the nonsymmetry of the preconditioner used, a nonsymmetric solver, such as
GMRES or BI1CG, needs to be applied. Given that this is the case, we recommend that

a block triangular preconditioner of the form Py be used, of the following structure:

M 0 0
Py = 0 aaD'M. 0 |,
K —TDle —Ss

where M 1 denotes the approximation of M; described above.

Alternative Schur complement approximation. We note at this point that
as we apply a nonsymmetric iterative method to solve the matrix system discussed,
we see 10 reason a nonsymmetric Schur complement approximation could not be used.
For instance, it seems feasible to utilize an approximation

Sy = % (1c+ M) M7t (KH\?)T,
where in general M is not equal to M. We may consider block diagonal matrices
M = blkdiag (Mf}),o Mff’,o,...,ﬁf{vl),()),
M = blidiag (M3}, 0, M, 0,...., AT, 0)

and, similarly to above, select ]T/[\f? and J/VTQ(ZI) to be diagonal matrices. Their diagonal
entries may be given by

@) T (@) |

™M1 T D, 10430
c
~ () T ~ (i) T L(d-1)
Mo, 1 = ———— Mr.ii, OI My = h2
21, 33 21, )
J Dlac I vV Dlac
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ALGORITHM 2. Inexact Uzawa method.

1: Select xg.

2: for k=0,1,2,... do

3t Xpp =xp + P! (b — (L + blkdiag(M\, 0)) xk)
4: end for

for example. Such choices of M and M should ensure that the approximation
TAIMMTM =~ 7a;' DTN MINT holds, as for the Schur complement approx-
imation §2. R R

We note that whether the Schur complement approximation Sy or Sj is used, the
inverses of matrices of the form I+ M need to be approximated for every application
of the Schur complement. We here use a Uzawa scheme [51] that approximately solves
for diagonal blocks of the form L + blkdiag(}M,0) of K + M. (See Algorithm 2 for a
sketch of the routine used.) The preconditioner P is of block diagonal form and for
each of these matrices applies an algebraic multigrid (AMG) technique to approximate
the diagonal blocks of L + blkdiag(ﬁ ,0).

Preconditioning for Gauss—Newton system. Let us now consider whether
the approach detailed above may be applied to the matrix systems arising from a
Gauss—Newton method. The matrix involved is given by (2.16) in continuous form,
which in discrete form results in the same matrix (2.15) as for the Newton method,
except now with

My = blkdiag (o, M, o, M, ey M, ey M, . .. ot My oty M) .

For this matrix, we may approximate the (1, 1)-block A = blkdiag (T./\/ll, TachlMc)
exactly. When developing an approximation of the form

—\T

S, = % (/C+A7)M;1 (IC+M>
to the Schur complement

1 1T T
S KM K +aCD1

T

NMIINT,

we may therefore look again for a matrix of the form M such that

T
ach

1~ P
;MMl‘lM ~ NMIINT.

As for the Newton system, this problem reduces to finding an alternating block diag-
onal matrix M = blkdiag(]k[l(l), 0, M1(2)7 0,..., ZMl(N"), 0) such that

1D 0][aM 0 17'[M? 0] _ 7 [NMINT 0
| 0 0 0 M 0 0| D 0 0

for i =1,..., N¢. This suggests that we should take

T

1 —; (i
MOM MY ~ Mr,

Ty, ac.Dq
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which is achieved if ]T/I\l(l) =... = ]/\Zl(N") =M 1, where M is a diagonal matrix with

diagonal entries
—~ Qi 1/2 1/2 Qy d—1
myii =Ty —— m."“my;. or 7,/ —— h% 2.
Ja Dia, 43 7Tdd Dia.

Here, m;; and mr j; denote the jth diagonal entries of M and Mr, respectively.

These approximations of A and S may be incorporated into a block diagonal or
block triangular saddle point preconditioner. For the numerical results of section 4,
we will once again consider block triangular preconditioners for matrix systems of this
form.

Preconditioning for control constraints. We also wish to examine how the
system (2.17), which incorporates inequality constraints on the control variable, may
be preconditioned effectively. The (1,1)-block now contains the matrix aCTDfILC,
which is a simple block diagonal matrix that can be treated in the same way as the
(1,1)-block of the problem without control constraints. Approximating the Schur
complement

T

1
S =KM7IKT
T My * ae.Dy

NLIINT

is again the more challenging task. We now wish to use the technique employed earlier
and write

Sy = <K+M\>Mf1 (IC+/\7)T,

S

where M\ is chosen such that

T

NLIINT.

1~ —~
“ MMM =~
T Qe

Note that —T5-N L "N is a block diagonal matrix with blocks of the form

T
O[CDl

N (M. +e G MG aw) N7, i=1,...,N,

alternating with zero blocks. Hence, we see that M should again have an alternat-
ing block diagonal structure, that is, M= blkdiag(ﬁl(l), 0, J/\ZI(Q), o0,..., ]T/[\l(]\]‘)7 0), as
before. )

Let us now employ the notation ll(f’)j ; for the diagonal entries of the matrix
N (]V[C—i—e_lGA(i)MCGA(Z))_l NT, which will be nonzero on the diagonals corre-
sponding to boundary nodes and zero otherwise. Then, in complete analogy to the
case without control constraints, we may motivate the following choice for the diagonal
entries of ]/Vfl(i):

~(1)  _ T () 11/2((5) \1/2
ml,jj_\/mmo,jj‘ (l ) :

T

These choices of ]/Vflm may again be built into the matrix M and hence the Schur
complement approximation S5.
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Fic. 3.1. Eigenvalues of Sv = ASv for various approzimations of the Schur complement (left)
including a nonrobust approzimation. GMRES iterations for the saddle point problem using the differ-
ent Schur complement approzimations and also block diagonal and block triangular preconditioners
(right). The problem size is relatively small (dim(S) = 5000).

Effectiveness of Schur complement approximations. To motivate our
choices of Schur complement approximation, we wish to illustrate the properties of the
preconditioned matrix systems when the approximations derived in this section are
used. We note that good clustering of these eigenvalues alone will not guarantee rapid
convergence of a nonsymmetric iterative solver such as Bica or GMRES; however, it
should at least indicate the prudence of our selections.?

In Figure 3.1, we aim to demonstrate this effectiveness in two different ways. In
plots (a) and (c) we show, for different values of «., the eigenvalues of the precondi-
tioned Schur complement when robust symmetric (that is, 32)7 robust unsymmetric
(5'\3)7 and nonrobust (S)) approximations are used. The plots indicate that whereas
the eigenvalues of both :9\5 1S and :5*\; 1S seem to be fairly clustered, the results when
§2 is taken as the Schur complement approximation seem to be the best.

In plots (b) and (d), we show GMRES convergence plots for a test problem when a
range of preconditioning choices are made, for different values of a.. Specifically, we
show results when the symmetric approximation (that is, S3) and nonsymmetric ap-
proximation (§3) are taken to the Schur complement and when a BT (block triangular
preconditioner we considered in this section) and BD (analogous block diagonal pre-
conditioner) are used within the GMRES method. Whereas the plots indicate that all
four choices of preconditioner behave reasonably well, the block triangular precondi-
tioner with Schur complement approximation So yields the best results. We therefore
use this preconditioner for the numerical results presented in the next section.

2Figure 3.1 considers the case without control constraints, but we note that the behavior of our
preconditioners is very similar when control constraints are present.
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4. Numerical experiments. In this section we present numerical results for the
iterative methods we have described, using the Schur complement approximation Ss.
We implement this methodology using the finite element package deal.IT [3] with Q1 fi-
nite element basis functions on a quadrilateral mesh. For the AMG preconditioner, we
use the Trilinos ML package [14] that applies a smoothed aggregation AMG. Within
the multigrid routine we typically apply a Chebyshev smoother (10 steps) in combi-
nation with the application of 6 V-cycles. We currently regard our implementation as
a proof of concept, as at present we reinitialize the AMG preconditioner upon each
application. A possible alternative would be to store various preconditioners, however
this is prohibitive from a computer memory point of view. Therefore, we believe that
the development of an efficient technique using multigrid or a fixed number of steps
of a simple iterative solver such as a Gauss—Seidel or Jacobi method should be inves-
tigated in the future. Consequently, we wish to emphasize that the timings presented
here are not as rapid as they would be were the recomputation of the preconditioner at
each application not required. If the varying preconditioners are handled efficiently,
this could also lead to the relatively larger number of V-cycles being reduced—we
choose to use this number of V-cycles as we wish to avoid the performance of the
AMG routine being sensitive to parameter changes. Our implementation of BICG is
stopped with a tolerance of 10~* or smaller for the relative residual. Additionally, we
stop the SQP method whenever the relative change between two consecutive solutions
is smaller than a given tolerance, as specified in our examples. More sophisticated
techniques [41] for carrying this out could be employed in the future. We feel that
as our purpose is to illustrate the performance of our preconditioner the choice made
here is appropriate. Our experiments are performed with 7' = 1 and 7 = 0.05, that
is, with 20 time-steps. We take the parameters ary = apy = 0 in all our numerical
experiments, though we find it makes little difference computationally if this is not
the case. We only consider three-dimensional examples here and specify Q c R? for
each example. All results are performed on a Centos Linux machine with Intel Xeon
CPU X5650 at 2.67 GHz CPUs and 48 GB of RAM. We present overall timings for
the solution process in seconds.

No control constraints.

Example 1. The first example we consider involves a cylindrical shell domain
shown in Figure 4.1(a) with inner radius 0.8, outer radius 1.0, and height 3.0. The
parameter setup for this problem is as follows: the desired state for the first reactant
is shown in Figure 4.1(b) and is given by

ug = 2t |sin(2z1z223)| + 0.3,

where x = [wl,xg,xg]T, and the desired state for the second reactant is given by
vg = 0. Additionally, we have D1 = Dy = k; = k2 =1 and v, = 72 = 0.15. Figure
4.2 demonstrates computed state and control variables for this problem at a particular
time-step.

In Table 4.1 we show for each step of the SQP method the number of Bica
iterations needed to achieve the required convergence. The first column indicates
the number of degrees of freedom (i.e., the dimension of the matrix systems being
solved), with the second and fifth columns providing the timings for all SQP steps at
the level of mesh refinement. The third and sixth columns give the number of SQP
steps needed to reach convergence, and the remaining fourth and seventh columns
give the iteration numbers needed for BicG to converge to the desired tolerance. For
this setup we require three SQP steps to reach the tolerance of 1076. The results
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e /
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07000 /

l 05000 /
/
03000 /

Mox: 1.100
Min: 03000

(b) Desired state for first reactant at eighth
time-step

Fic. 4.1. Cylindrical shell domain for computations and desired state for the first reactant at
the eighth time-step.

- /

-09226 /
06952

l— 04678
02404
Max: 1.150

/
Min: 02404 /

Max: 1213 |
Min:-02570 |

(a) Computed state for first reactant at eighth  (b) Computed control at eighth time-step
time-step

Fic. 4.2. Computed control and state for the first reactant at the eighth time-step with ae =
le — 5 and ay = a, = 1.0.

indicate a benign mesh-dependence of the preconditioner, which from our experience
can often be observed for boundary control problems. We also observe nearly constant
iteration numbers when the regularization parameter is varied.

Ezample 2. The setup used for the second example is similar to that for the first.
Here, however, we take the desired states

vg =0,

v — 0.7 for (z1,x2,x3) € [0,0.5,
©700.2 otherwise,

with the parameters Dy = Dy = k1 = ko = 1 and 71 = 72 = 0.15. In contrast to the
previous example we solve the optimization problem on a Hyper L domain consisting
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TABLE 4.1
Results on the cylindrical shell domain for varying mesh-size and regularization parameter ac.
SQP steps are shown in columns 3 and 6 with the corresponding BICG iteration numbers in columns
4 and 7. The timings (in seconds) measure the total time for convergence of the SQP scheme.

DoF  Time SQP step Bice Time SQP step Bica

ac=1le—5 ac=1le—3

538 240 1726 step 1 16 1995 step 1 17
step 2 16 step 2 20

step 3 16 step 3 20

3331 520 14904 step 1 28 14757 step 1 28
step 2 27 step 2 31

step 3 34 step 3 29

(a) Computed state for first re- (b) Desired state (¢) Computed control
actant

FiG. 4.3. Desired state, computed control, and state for the first reactant at eighth time-step
with ac = le — 5 and ay = a, = 1.0.

of the cube on [—1,1]* with the cube (0, 1]* removed (see Figure 4.3). Again, we wish
to vary the control regularization parameter o, and the mesh-size. Table 4.2 shows
the results for the setup presented here, including timings and iteration numbers as
explained in Table 4.1. We again observe a mild growth in iteration numbers with
varying mesh-size and robustness for our selection of o, values. We find all iteration
numbers are very reasonable considering the complexity of the matrix system being
solved.

TABLE 4.2
Results on the Hyper L domain for varying mesh-size and regularization parameter a.. SQP
steps are shown in columns 3 and 6 with the corresponding BICG iteration numbers in columns 4
and 7. The timings (in seconds) measure the total time for convergence of the SQP scheme.

DoF  Time SQP Bicc  Time SQP Bica

ac=1le—5 ac=1le—3

60920 457 step 1 23 369 step 1 19
step 2 25 step 2 20

step 3 25 step 3 20

382 840 2819 step 1 29 2624  step 1 27
step 2 35 step 2 30

step 3 33 step 3 33

2670 200 22976 step 1 46 19128 step 1 36
step 2 52 step 2 44

step 3 53 step 3 44
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Varying parameters. We next consider a problem where the desired states are
given by
0.3 for (z1,x9,23) €[0,0.5), _
ve = {0.2 otherwise, ve =0,

and vary some values that have previously been assumed to be fixed. The default setup
is again D1 = Dy = k1 = ko = 1 and ;3 = 72 = 0.15, with the stopping tolerance
for the SQP method set as 10~%. In the remainder of this section we vary one or two
of these parameters and keep the others fixed. Clearly this does not cover all the
relevant choices that might be possible, but this should indicate the effectiveness of
our approach for a large range of parameter regimes. All computations are carried
out on a fixed mesh that leads to a saddle point system of dimension 382840. We note
that each of the problems tested represents a completely different setup of the PDE
and the optimization problem. The purpose of presenting the results in Table 4.3 is
to show that the iteration numbers for these scenarios are reasonable and sometimes
very low. There are some specific parameter regimes for which this approach is not
as effective as for the cases presented, but for a wide range of parameters (h, T,
Qyy Oy e, D1, Do, k1, ko, 71, 72) we find that our approach works very well. Also
presented in the table are results for the case when the tolerance of the iterative solver
is decreased—it can be seen that the increase in iteration numbers is not dramatic for
a decreased tolerance.

We may see from the results in Table 4.3 that especially for increasing values of v;
and 7, it is possible that the convergence deteriorates slightly due to the (1, 1)-block
having larger negative eigenvalues (as the increasing indefiniteness of the (1, 1)-block
in this case is not captured by our preconditioner). One way to overcome this issue is
by switching from a Newton method to a Gauss—Newton scheme [6, 42]. This means
that the off-diagonal blocks in (2.14) are ignored, which results in a typically slower
convergence of the nonlinear iteration but provides better matrix properties during

TABLE 4.3
Results for varying parameters on the Hyper L domain with fixed dimension 382840 and varying
regularization parameter ae. The timings (in seconds) measure the total time for convergence of the
SQP scheme. We show the number of BICG iterations and the number of SQP steps.

Parameter Time SQP step Bicc Time SQP step Bica
ac=1le—5 ac=1le—3
Dy =Dy =100 1783 step 1 28 1161 step 1 16
step 2 33 step 2 22
D1 =D>2=0.1 2083 step 1 19 1744 step 1 18
step 2 27 step 2 20
step 3 20 step 3 19
y1 =72 =0.05 2426 step 1 25 2199 step 1 22
step 2 29 step 2 25
step 3 29 step 3 25
y1 =772 =0.75 3240 step 1 20 3796 step 1 24
step 2 60 step 2 36
step 3 32 step 3 72
tol = le — 6 3226 step 1 34 2702 step 1 27
step 2 38 step 2 33
step 3 38 step 3 33
tol = le — 8 3749 step 1 39 3289 step 1 33
step 2 46 step 2 39
step 3 46 step 3 42
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TABLE 4.4
Results for varying parameters v1 and 2 on the Hyper L domain with fized dimension 382840
and varying regularization parameter a. for the Gauss—Newton scheme. The timings (in seconds)
measure the total time for convergence of the SQP scheme. We show the number of BICG iterations
and the number of GN steps.

Parameter Time GN Step Bicc Time GN Step Bica

ac=1le—5 ac=1le—3

y1 =72 =0.75 3107 step 1 25 2848 step 1 22
step 2 27 step 2 25

step 3 27 step 3 25

step 4 27 step 4 24

y1 =72 =175 3249 step 1 25 2973 step 1 22
step 2 28 step 2 26

step 3 28 step 3 26

step 4 26 step 4 26

the solution process. We observe that all our preconditioners can be applied in this
case. Table 4.4 provides some results for this case with larger 7; and 7 and the
desired states

3
uo = {0.7 for (x1,z2,23) € [0,0.5]", vg = 0.

0.2  otherwise,

It can be seen that we have a small increase in the number of Gauss—Newton (GN in
the table) iterations compared to the number of SQP steps to reach the tolerance of
10~* but that the number of BICG iterations remains (almost) constant.

Control constraints. We now present results for the case where control con-
straints are present. The domain of interest is again the Hyper L domain presented
earlier, with the desired states given by

ug = tsin(2z1@ax3) cos(2z12223)|, v =0,

and D1 = Dy = k1 = ko =1, 71 = 72 = 0.15. We work only with an upper bound on
the control given by

Cp = 1.5.

The results for varying . and different mesh-sizes are shown in Table 4.5. We note
that the convergence of the Newton method dealing with the control constraints
(CCNM in the tables) seems to depend on the tolerance used for the solution of

TABLE 4.5
Results on the Hyper L domain for varying mesh-size and regularization parameter ae. Shown
are the number of SQP steps, the number of the Newton iterations for the CCNM, and the average
number of BICG iterations per step of the CCNM method.

DoF Time SQP step CCNM/Bicc Time SQP step CCNM/Bica

ac.=1le—5 ac=1le—3
60 920 859 step 1 3/22.0 1066 step 1 3/18.0
step 2 2/25.5 step 2 3/21.0
step 3 3/21.0
382 840 13358 step 1 5/28.6 5498 step 1 2/26.0
step 2 5/32.6 step 2 2/36.0
step 3 5/32.8 step 3 2/35.0
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TABLE 4.6
Results on the Hyper L domain for varying penalty parameter €. Shown are the number of
SQP steps, the number of the Newton iterations for the CCNM, and the average number of BicG
iterations per step of the CCNM method.

CCNM/ CCNM/ CCNM/

DoF  SQP step av.Bica SQP step av.Bica SQP step av.Bica
e=1le—2 e=1le—4 e=1le—6

60 920 step 1 3/32.3 step 1 3/24.6 step 1 3/20.6

step 2 3/36.3 step 2 3/26.6 step 2 3/22.3

the linear system (see [34]). The smaller value of o shown in Table 4.5 requires the
tolerance for the iterative solver to be reduced, as otherwise we do not observe con-
vergence of the Newton method to deal with the control constraints. Our stopping
criterion for the Newton method is based on the coincidence of subsequent active sets,
but a more sophisticated stopping criterion might be able to avoid the convergence
issue of the Newton method [26, 41]. Table 4.5 shows the number of SQP steps, the
number of semismooth Newton steps (CCNM) for the control constraints, and the
average number of BICG iterations at each SQP step. We find that it is also feasible
to handle the nonlinearity of the PDEs and the control constraints within a single
Newton loop, and the matrix systems obtained using this approach are of the same
structure as that derived in section 2. We see that there is a benign growth in Bica
iteration numbers with respect to the mesh-size. The difference in iteration numbers
for the two different values of a. is likely to be due to the fact that as we change a.
the values for the control ¢ change, which means that more nodes belong to the active
sets than in the case with the larger value of a.

In addition, we wish to illustrate robustness with respect to the penalty parameter
€. We here keep the mesh-size, as well as the regularization parameter (a. = le — 3),
fixed and consider different values of €. Table 4.6 illustrates that once again the
resulting iteration numbers are very reasonable given the complexity of the problem.
We also observe that the performance of the Newton method depends on the tolerance
with which the linear systems were solved. For the rather low tolerance of 10~
we find that the Newton scheme and the SQP method often converge in very few
iterations. We sometimes observe that for smaller values of the penalty parameter
the convergence of the outer SQP method is slower than for larger values. This
may be caused by the use of our simple SQP scheme—as we mentioned previously
more sophisticated schemes may be able to avoid this. Observe that the residual of
the iterative solver depends on e, and thus from our experience small tolerances are
typically required to ensure convergence of the outer iteration. We note that it is also
possible to replace the SQP scheme by a Gauss—Newton iteration to possibly avoid
indefinite Hessians.

5. Conclusions. In this paper we have considered a PDE-constrained optimiza-
tion problem based on reaction-diffusion equations used to model chemical processes.
We devised nonlinear solvers to solve these problems, at the heart of which lay the
solution of large-scale linear systems of saddle point structure. We have shown that
these systems can be solved using efficient preconditioning techniques for a wide range
of cases. We have introduced a preconditioner that efficiently approximates the (1, 1)-
block of the saddle point systems, and we additionally derived approximations of the
Schur complement which were intended to be robust with respect to parameters within
the construction of the problem. Our numerical results illustrated that for a variety
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of problem setups (including problems with box constraints on the control variable)
our method solves the matrix systems in low BICG iteration numbers. To summarize,
the method presented here not only enables the accurate solution of chemical process
models but also provides fast and robust techniques to do this.
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A.8. PRECONDITIONING FOR PATTERN FORMATION

A.8 Preconditioning for pattern formation

This paper is published as

M. StoLL, J. W. PEARSON, AND P. K. MAINI, Fast Solvers for Opti-
mal Control Problems from Pattern Formation, J. Comput. Phys.,
304 (2016), pp. 27-45. (2015).

Result from the paper

Pattern formation models are considered in this paper where we compare
Newton and Gauss-Newton approaches and equip them with efficient pre-
conditioners. Figure [A.4] shows the computed vs. the desired state for a
two-dimensional model.

(a) Desired State U2 (b) Computed State w12

Figure A.4: Desired and computed state
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ARTICLE INFO ABSTRACT

Article history: The modeling of pattern formation in biological systems using various models of reaction-
Received 24 March 2014 diffusion type has been an active research topic for many years. We here look at a
Received in revised form 5 July 2015 parameter identification (or PDE-constrained optimization) problem where the Schnaken-
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Available online 13 October 2015 berg and Gierer-Meinhardt equations, two well-known pattern formation models, form the

constraints to an objective function. Our main focus is on the efficient solution of the asso-
ciated nonlinear programming problems via a Lagrange-Newton scheme. In particular we

I;EyEvffgﬁi;ramed optimization focus on the fast and robust solution of the resulting large linear systems, which are of
Reaction-diffusion saddle point form. We illustrate this by considering several two- and three-dimensional
Pattern formation setups for both models. Additionally, we discuss an image-driven formulation that allows
Newton iteration us to identify parameters of the model to match an observed quantity obtained from an
Preconditioning image.

Schur complement © 2015 Elsevier Inc. All rights reserved.

1. Introduction

One of the fundamental problems in developmental biology is to understand how spatial patterns, such as pigmentation
patterns, skeletal structures, and so on, arise. In 1952, Alan Turing [42] proposed his theory of pattern formation in which
he hypothesized that a system of chemicals, reacting and diffusing, could be driven unstable by diffusion, leading to spatial
patterns (solutions which are steady in time but vary in space). He proposed that these chemical patterns, which he termed
morphogen patterns, set up pre-patterns which would then be interpreted by cells in a concentration-dependent manner,
leading to the patterns that we see.

These models have been applied to a very wide range of areas (see, for example, Murray [27]) and have been shown
to exist in chemistry [6,30]. While their applicability to biology remains controversial, there are many examples which
suggest that Turing systems may be underlying key patterning processes (see [2,8,40] for the most recent examples). Two
important models which embody the essence of the original Turing model are the Gierer-Meinhardt [14] and Schnakenberg
models [39] and it is upon these models which we focus.! In light of the fact that, to date, no Turing morphogens have

* Corresponding author.
E-mail addresses: stollm@mpi-magdeburg.mpg.de (M. Stoll), j.w.pearson@kent.ac.uk (JW. Pearson), maini@maths.ox.ac.uk (P.K. Maini).
1" Although the second model is commonly referred to as the Schnakenberg model, it was actually first proposed by Gierer and Meinhardt in [14] along
with the model usually referenced as the Gierer-Meinhardt model - we therefore refer to the first and second models as ‘GM1’ and ‘GM2’ within our
working.

http://dx.doi.org/10.1016/.jcp.2015.10.006
0021-9991/© 2015 Elsevier Inc. All rights reserved.
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been unequivocally demonstrated, we do not have model parameter values so a key problem in mathematical biology is to
determine parameters that give rise to certain observed patterns. It is this problem that the present study investigates.

More recently, an area in applied and numerical mathematics that has generated much research interest is that of
PDE-constrained optimization problems (see [41] for an excellent introduction to this field). It has been found that one key
application of such optimal control formulations is to find solutions to pattern formation problems [11,12], and so it is
natural to explore this particular application here.

In this paper, we consider the numerical solution of optimal control (in this case parameter identification) formulations
of these Turing models - in particular we wish to devise preconditioned iterative solvers for the matrix systems arising
from the application of Newton and Gauss-Newton methods to the problems. The crucial aspect of the preconditioners is
the utilization of saddle point theory to obtain effective approximations to the (1, 1)-block and Schur complement of these
matrix systems. The solvers incorporate aspects of iterative solution strategies developed by the first and second authors to
tackle simpler optimal control problems in literature such as [32-35].

This paper is structured as follows. In Section 2 we introduce the Gierer-Meinhardt (GM1) and Schnakenberg (GM2)
models that we consider, and outline the corresponding optimal control problems. In Section 3 we discuss the outer
(Newton-type) iteration that we employ for these problems, and state the resulting matrix systems at each iteration. We
then motivate and derive our preconditioning strategies in Section 4. In Section 5 we present numerical results to demon-
strate the effectiveness of our approaches, and finally in Section 6 we make some concluding remarks.

2. A parameter identification problem

Parameter identification problems are crucial in determining the setup of a mathematical model, often given by a system
of differential equations, that is best suited to describe measured data or an observed phenomenon. These problems are
often posed as PDE-constrained optimization problems [20,41]. We here want to minimize an objective function of misfit
type, i.e., the function is designed to penalize deviations of the function values from the observed or measured data. The
particular form is given by [11,12]:

Bi N B2 ~
Ju,v,a,b)= 5 lux, t) —u(x, t)”%Z(QX[O’T]) + ) lvix,t) —v(x, t)“%z(Qx[O,T])
Bra ~ Br.2 -
+ 5 e T = Br @l g + == IV T) = V1ML, )
V1 V2
+ 5 lla(x, t)”%z(QX[O,T]) + 5 Ib(x, t)”%z(QX[O’T]) s (2.1)

where u, v are the state variables, and a, b the control variables, in our formulation. This is to say we wish to ensure that
the state variables are as close as possible in the Ly-norm to some observed or desired states u, v, Ur, Vr, but at the same
time penalize the enforcement of controls that have large magnitudes in this norm. The space-time domain on which this
problem is considered is given by € x [0, T], where Q C RY de {2,3}.

Our goal is to identify the parameters of classical pattern formation equations such that the resulting optimal parameters
allow the use of these models for real-world data. We here use models of reaction-diffusion type typically exploited to
generate patterns seen in biological systems. The two formulations we consider are the GM1 model [14,27]:

ru?
ut—DuAu—T+au:r, on 2 x [0, T],

vt—DvAv—ruz—i-bv:O, on 2 x [0, T],

ux,0)=uox), v(x,0)=vo(x), ong,
u ov
—=—=0, ondQ x|[0,T], (2.2)
v v
and the GM2 model [14,27,39]:
ur— DyAu+y@w—u?v)—ya=0, onx[0,T],
vi —DyAv + yuzv —yb=0, onQx][0,T],

u,0)=uogx), v(x,0)=vo(x), ong,
au  av
—=—=0, ondQx|[0,T], (2.3)
v dv
where r and y are non-negative parameters involved in the respective models.

Both the GM1 and GM2 formulations are models of reaction-diffusion processes occurring in many types of pattern
formation and morphogenesis processes [14,27,39]. The GM1 model relates to an “activator-inhibitor” system, whereas the
GM2 model represents substrate-depletion. Within both models the variables u and v, the state variables in our formulation,
represent the concentrations of chemical products. The parameters D, and D, denote the diffusion coefficients - typically
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it is assumed that v diffuses faster than u, so Dy < D, [14]. The (given) parameters r and y are positive: the value r in
the GM1 model denotes the (small) production rate of the activator [14], and the parameter y in the GM2 model is the Hill
coefficient, which describes the cooperativity within a binding process. The variables a and b, the control variables in our
problem, represent the rates of decay for u and v, respectively. The initial conditions ug and v are known.

Throughout the remainder of this article we consider the minimization of the cost functional (2.1), with PDE constraints
taking the form of the GM1 model or the GM2 model. PDE-constrained optimization problems of similar form have been
considered in the literature, such as in [11,12]. When solving these problems we consider a range of values of the parameters
involved in the PDE models, as well as variations in the coefficients 8;, Br i, vi (i =1, 2) within J(u, v, a, b). One typically
chooses B; (and frequently Br ;) to be larger than v; in order for the states to closely resemble the desired states, due to
the input of control not being severely penalized - the case of larger v; relates to the control variables being very small,
with the state variables therefore failing to match the desired states as closely. However it is possible to formulate these
problems using a wide range of parameters, and so within the numerical results of Section 5 we vary the parameter setup
to demonstrate the robustness of our methods.

Note that the PDE constraints, for either model (2.2) or (2.3), are nonlinear, and as a result the optimization problem
ming, v,q,n) J (U, v, a,b) is itself nonlinear (although the cost functional is quadratic). To solve this problem we are therefore
required to apply nonlinear programming [29] algorithms. Many of these are generalizations of Newton’s method [29]. We
here focus on a Lagrange-Newton (or basic SQP) scheme and a Gauss-Newton method. At the heart of both approaches
lies the solution of large linear systems, which are often in saddle point form [4,9], that represent the Hessian or an
approximation to it. In order to be able to solve these large linear systems we need to employ iterative solvers [9,37], which
can be accelerated using effective preconditioners.

3. Nonlinear programming

A standard way of how to proceed with the above nonlinear program is to consider a classical Lagrangian approach [41].
In our case, with a nonlinear constraint, we apply a nonlinear solver to the first order conditions. We hence start by deriving
the first order conditions, or Karush-Kuhn-Tucker conditions, of the Lagrangian

Lu,v,a,b,p,q9)= Ju,v,a,b)+ (p,R1(u,v,a,b)) + (q, R2(u, v,a, b)),

where Rq(u, v, a,b), Ra(u, v,a,b) represent the first two equations of both GM1 and GM2 models, and p, g denote the ad-
joint variables (or Lagrange multipliers). Note that for convenience our Lagrangian ignores the boundary and initial conditions.
In general form the first order conditions are given by

EUZO, ACV:Oa
Le=0, Lp=0,
L,=0, Ly=0.

The equations are in general nonlinear and a standard Newton method can be applied to them to give the following
Lagrange-Newton or SQP scheme:

T Luy Luv Lua Lup Lup Lug? [SuT MLy
Lvu Lvv Lya Lyp Lvp Lyg sv Ly
Loy Lav Laa Lap Lap Lag éa _ La (31)
Loy Lpy Lba Lvp Lbp Lbg || b Ly |’ )
Lou Lpv Lpa Lpp Lpp Lpg || p Lp

L Lqu Lgv Lga Lgp Lgp Lggq | [ 8q L Lq

where $u, 8v, éa, 8b, 8p, 8q denote the Newton updates for u, v, a, b, p, q.

Note that our formulation does not include any globalization techniques such as trust region or line search approaches
[28]. In order for the optimization algorithm to converge these should in general be incorporated. As our focus here is on
large-scale linear systems we do not focus on these approaches now. At this stage we simply state the systems obtained for
both GM1 and GM2 models and refer the interested reader to Appendix A, where all quantities are derived in detail. The
system given in (3.1) represents the most general Newton system but it is often possible to only use approximations to this
system. The Gauss-Newton method [16] is often used as the corresponding system matrix in (3.1) - this ignores the mixed
derivatives with respect to the primal variables, i.e. with the system matrix given by
Zuw O 0 0 Ly Lug]

0 Lyw 0 0 Ly Ly

0 0 Lw 0 Ly L

a@ - ap aq i (3.2)

0 0 0 Lpp Ly Lpg

Lpu Lpv Lpa Lpp Lpp Lpg
L Lou Lgv Lga Lgp Lgp Lgq
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where the matrices denoted by 2 do not contain second derivative information (see [16,29] for more details). Additionally,
to derive the infinite-dimensional Newton system we discretize the resulting equations using finite elements in space and a
backward Euler scheme in time. The resulting system for the GM1 model is given by

Au.cm1 —2TtrMyp;2 —TMp 0 _]_LTLGM1 20rMy 7 [ 8u-
_2trMup/v2 Ay cm1 0 —TMq —rrMuz/vz _Lz,GMl SV
—TM, 0 1M 0 —TM, 0 Sa s
0 —TMq 0 Tv,M 0 —T™M, b ’
—Ly,cm —TrMy2,2 —TMy 0 0 0 sp
L 2trM, —Lyv.omt 0 —tM, 0 o |lsql
A

where
Ay em1 = TBIM + Br1Mr + 27rMpy + 27rMg,
Ay vt = THM+ Br oMy +271M,2p 3,
Ly,cm1 = Mg + TDyK - 27rMy )y + TMg,
Ly cv1 =Mg + tD K+ TMj.
Note that M and K denote standard finite element mass and stiffness matrices, respectively. Here the matrices

M
-M M
-M M

0

-M M M

correspond to, respectively, the time-stepping scheme used, and the values at the final time t = T. All other mass matrices
My, = blkdiag(My, ..., My) are obtained from evaluating integrals of the form [My lij = [ ¥¢i¢; for each matrix entry and
for every time-step, where ¢; denote the finite element basis functions used (see the group finite element method in [23]).
Furthermore, the matrix K = blkdiag(K, ..., K). The parameter t denotes the (constant) time-step used. The vector f is the
discrete representation at each Newton step of the following vector function:
[B1 @ =)+ [(=pe — DuAp —2r§p+ap —2rig) |
o~ — — — 52— - _
B2 [(V =)+ [(=Gt — DyAq+r53p +bq)
J@p —na
J(vG —v2b)
[ (e — Dy Al — " 4 Git — 1)
[ (V¢ — DyAV —rit? + bv)

where i, v, @, b, p, § denote the previous Newton iterates for u, v, a, b, p, q.
The Gauss-Newton type matrix for this problem now becomes

r BiT™ 0 0 0 Ll on 2T'My ] [SuT]
0 BrTM 0 0 —TTMuz/Vz _LE,GMl Sv
0 0 VM 0 —TMy 0 da — oy
0 0 0 1 TM 0 —7M, b ’
—Luomr —TrM,,2 —TMy 0 0 0 3p
L 2trMy, —Ly.own 0 —M, 0 0 J1Ldq]

A

with all matrices as previously defined (see [5,16] for details on the Gauss-Newton matrix structure). We consider this
matrix system as well as the “pure Newton” formulation of the GM1 model, as we find that the Gauss-Newton method
often results in favorable properties from an iterative solver point-of-view.
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Moving on to the GM2 model, Appendix A reveals the following structure of the Newton system:

Ay.cm2 =2ty My(g-p) 0 0 _LLT:,GMZ —2TyMyy ] [8u]
—2tyMyg-p) Ay cm2 0 0 TYyM,2 _Lzl-,GMZ Y
0 0 viM 0 TyM 0 da |
0 0 0 Tw,M 0 TyM sb |~ %
—Lu.cm2 Ty M, TyM 0 0 0 3p
L —27yMyy —Ly.om2 0 tyM 0 0 J1Ldql
A

with
Ay.omz2 = TBM + Br 1M1 + 27y My(g—p),
Ay om2 = TB2M + Br 2Mr,
Lycv2 =Mg +tDyK+tyM - 279y M),
Ly om2 =Mg + DK+ Ty M2,
and g the discrete representation of the vector function:

[ 1 [@ =)+ [(—=Pe — DyAPp +2yuv(q—p) +yD)]
B2 [V =)+ [(—=G: — DyAG+ yi*(@ — D))
—[(na+yp)

— [(v2b+yq)

[(@ — DyAu+y (@ — u?v) — ya)

[ (V¢ — DyAV + yu?v — yb)

The main challenge is now the numerical evaluation of the discretized problems. As we here opt for an all-at-once
approach where we discretize in space and time and then solve the resulting linear system for all time steps simultaneously,

we need to be able to perform this operation efficiently. Similar approaches have recently been considered in [33]. The goal
of the next section is to introduce the appropriate methodology.

4. Preconditioning and Krylov subspace solver

The solution of large-scale linear systems of the saddle point form:

A BT
Ax =D, with A= , 41
15 2] (a1)
where A € R™™ B ¢ R™™M (with m >n), C € R™", is a topic of major interest within the numerical analysis community
[4,9]. Due to the vast dimensionality of the systems derived earlier we cannot use factorization-based approaches [7]. We
hence employ a Krylov subspace method [37] where we construct a Krylov subspace of the form

Kk (A, ro) = span {ro, Arg, A’rg, ..., A"ro} i

within which we seek an approximation to the solution of a given linear system. These methods are cheap as they only
require multiplication with the system matrix, which is often possible to perform in a matrix-free way, that is to say the
matrix A can be a black-box that only computes Aw for some vector w. As a rule-of-thumb (rigorously in the case of
symmetric .A) the eigenvalues of .4 determine how fast the approximate solution converges towards the true solution.

It is very well recognized that the eigenvalues of a saddle point matrix .A depend strongly on the eigenvalues of the
individual blocks A, B, C.? Clearly the eigenvalues of the individual matrices within these blocks depend on the mesh-size
and time-step used, as well as all the other parameters describing the PDE and the objective function. [To give one example,
the eigenvalues of K are contained within [c1h?, c;h%2] for constants c1, ¢z, where a constant mesh-size h is taken.] As a
result, for our problem, the eigenvalues of .A depend on these problem parameters. The convergence of an iterative method

2 For illustrative purposes, a fundamental result [36] is as follows: if A is symmetric positive definite, B is full rank, and C =0, the eigenvalues of .4 are
contained within the intervals

1 1 1
MA) € [5 (Mm -\ ud +4012>,5 (m —yud +4Unz):| u [Mm, 3 (m +,/M%+4alz>]

where 41, 1y are the largest and smallest eigenvalues of A, and o1, o, denote the largest and smallest singular values of B.
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applied directly to .A can therefore be prohibitively slow, especially for large problems where h and 7 are small. Our goal is
therefore to find a preconditioning matrix P such that we can solve the equivalent preconditioned system

P lAx=P"'bh,

and P captures the properties of A well. If this can be achieved, the dependence of eigenvalues of P~!.4 on the problem
parameters can be mitigated, and in the best case removed.
For a saddle point problem of the form (4.1), this is typically achieved by preconditioners of the form

A 0 A 0

'P—|:0 '§i| or |:B _'§:|, (4.2)
where A approximates the (1, 1)-block A of the saddle point matrix A, and S approximates the (negative) Schur comple-
ment S :=C + BA~!BT. This is motivated by results obtained in [22,26] where it is shown that the exact preconditioners
A=Aand S=Slead to a very small number of eigenvalues for the preconditioned system, and hence iteration numbers.
The choice of the outer Krylov subspace solver typically depends on the nature of the system matrix and the preconditioner.
For symmetric indefinite systems such as the ones presented here we usually choose MINRES [31] based on a three-term
recurrence relation. However as MINRES typically requires a symmetric positive definite preconditioner, in the case of an
indefinite preconditioner 7 we cannot use this method. We then need to apply a nonsymmetric solver of which there
exist many, and it is not obvious which of them is best suited to any particular problem. Our rule-of-thumb is that if one
carefully designs a preconditioner such that the eigenvalues of the preconditioned system are tightly clustered (or are con-
tained within a small number of clusters), many different solvers perform in a fairly similar way. For simplicity we here
choose BicG [10], which is the extension of cG [17] to nonsymmetric problems and is based on the nonsymmetric Lanczos
process [15].

4.1. GM1 model

We now wish to derive preconditioners for all of the above linear systems. When examining the GM1 model using a
Newton method the matrix A is written in the form of the saddle point system (4.1), with

Au cm1 —2TrMyp )2 —TMp 0
A= —erMup/,,z Av,GMl 0 —‘L’Mq ’
—TMp 0 V1M 0
0 —TMq 0 Tv1M
=|:—Lu,GM1 —‘L’TMuz/vz —TtMy 0 i| C=|:O O]
2TtrMy, _LV,GMl 0 —-t™M, ’ 0 0]

Consider first approximating the matrix A. We observe that its block structure means we can also write it in saddle
point type form. The matrix blkdiag (tv{M, tv,M) is comparatively straightforward to work with, as it is a block diagonal
matrix consisting solely of mass matrices, so we may devise saddle point approximations with this as the leading block, i.e.,

A, 0 0 0 —A; 0 0 0

~ 0 A, O 0 0 -A 0 0

A= 2 or 2 , (4.3)
0 0 TviM 0 —TM) 0 M 0
0 O 0 Tv,M 0 —TMq 0 TvuM

for suitable choices of 7(1 and Kz. To make these selections, we seek to approximate the Schur complement of A, that is:
[7\1 0 ] N [ Ay.Gm1 —2erup/vz} [rv11Mpm—1Mp 0 ]
0 A —2TrMy, 2 Avomi 0 vy MMM |
:37\(1.2)

We then utilize the heuristic of approximating IN\(l,z) by its own (block diagonal) saddle point approximation, leading to the
following candidates for A; and Aj:

A=Ay — TN)*Myp 24, Gy My, 02 — TV MMM,
/~\2 =AV,CM1 — TV{1MqM_qu,

which we apply within (4.3). Within our implementation we replace the matrix M~! with diagonal approximations, in order
for the application of our solver to be computationally feasible.
Turning our attention now to the Schur complement of the entire matrix A:
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s [ Luom —TrM, 2/V2j|x 1 [ “Ligm  2TTMy ] tr [‘H_lMuM1Mu 0 ]
[2trMy —Lyawr | TP LMy, LT 0 v, 'MyM~'M,
we construct an approximation
T [ —Ly.evm1 + l/\/\lgl) ‘L’I’Muz/vz ~_q LT GM1 + M(z) —2TtrMy
- =(1 (1,2) 2) |’
—2trMy Ly + M3 Mg, =L Gy + MY

for suitably chosen matrices l\/l\lgl), 1\71(21), 1\7132) and lVléz). To do this we apply a ‘matching strategy’, where we seek an

additional (outer) term of the Schur complement approximation to match the second term of the exact Schur complement,’
as follows:

MY o a mM® o - vy MMM, 0
s [Ha2) o) |~ Sty et |
0 M 0 M 0 vy 'M,M~'M,

By examining the diagonal blocks of A7l we see that this strategy motivates the approximations:

(1.2)

SMR-1772) o T -1
M1 Al M] f\«v—lMuM M,, A1 —Au GM1 —(er) Mup/vav oM up/vz,

SMR-1772) o T -1 o 2 -1
MVAS MY ~v—2MvM My, A=Ay cmt — QTN My 2R, Gy Myp 2.

To achieve such an approximation, we again recommend selecting diagonal matrices l\//\l?), 1\719) s 1\7152) and 1\7[%2) , with diagonal

entries given by
=5(2) -1/2
[M;7];; = ‘/ (M1} 7% [Mu] 5.

[ﬁl§1)]jj:\/7[Mu]]] [M]_U2 ‘[31]]'1‘*
[lﬁga]jj \/7[M]_1/2 [My]j;.

(M), \/7[Mv]” v | [Ae] .

Now, for any practical method, we are only interested in the inverse of the Schur complement approximation S. We
therefore evaluate the inverse of the first and last block using a fixed number of steps of an Uzawa method [37] with
preconditioners

blkdiag ((—Lu,cn/n + lVl(ll))AMG, (—Lyv.cm1 + IVIS))AMG) or

. e (2)
blkdiag (( L] o + M ))AMG, (—L omn + M )AMG) ’

where (-)amc denotes the application of an algebraic multigrid method to the relevant matrix.

For the Gauss-Newton case the derivation of the preconditioners is more straightforward. The approximation of the
Hessian is typically not as good as in the Newton setting but the Gauss-Newton matrices are easier to handle from a
preconditioning viewpoint. To approximate A we write

piTM 0 0 0 BiTM 0 0 0
0 pftM O U I fotM 0 L
0 0 mtM 0 0 0 mtM 0 o
0 0 0 1M 0 0 0 1M

where M is equal to M for (diagonal) lumped mass matrices. If consistent mass matrices are used instead, some approxima-
tion such as the application of Chebyshev semi-iteration [43] is chosen. The inverse of the Schur complement approximation

S .= —Luom1 + Mgl) TrMyz2,2 A1 [‘LTz omt t 1\7152) —2TrMy
- o~ 132 o~ 9
—2uMy Leam +MY [P oMy LT+ M

3 This matching strategy was originally developed by the authors [33-35] to generate approximations for more fundamental PDE-constrained optimization
problems. Considering the Poisson control problem, for instance, the Schur complement and its approximation take the form [34]:

1 ~ 1 1
S=KM7'K+-M, S= <1<+ —M) M1 <1<+ —M),
B VB N
whereupon it can be shown that the eigenvalues of S-15 are contained within [%, 1], independently of problem parameters and matrix dimension. This
bound can be proved due to the comparatively simple structures of the matrices involved, and thus cannot be replicated for the complex systems studied
here, however we have found this strategy to be very effective for a range of PDE-constrained optimization problems.
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where here IN\(LZ) = blkdiag(g1T™, B2TM), lVlgl) = lVI;z) =T f—: M,, and 1\7[2” = ]Vl;z) =T % M,, is applied at each step of
our iterative method.

4.2. GM2 model

In a completely analogous way we can derive saddle point preconditioners for the GM2 model, for which

Ay,cm2 —2tyMug-py O 0
A— —Z‘L']/Mu(q_p) AV,GMZ 0 0
0 0 tviM 0 ’
0 0 0 Tv,M
_ |: —LU’GMz ‘L’)/Muz 'L')/M 0 ] C= |:O O]
—2tyMyy —Lyew2 O tyM]’ 0 0f

in the notation of (4.1).
We may approximate the matrix A, in this case using the saddle point type structure of its upper sub-matrix, by

A 0 0 0 A 0 0 0

i 0 Aygm2z2 O 0 or —2tyMyq-p) Avemz O 0
0 0 M 0 0 0 M 0 ’
0 0 0 TV1LM 0 0 0 TV1LM

where
Ay =Aucmz — (27—'V)ZMu(qu)A;,]GmMu(qu)-
We follow a similar strategy as before to approximate the Schur complement
_ [ —Lucm2  TYMp }K’l [_Lz,cmz _ZTVM”V] +12 [Vl_lM 0 }
—2tyMuy  —Lyawe | P L tyMe LT G 0o v'm/l

where for this problem

X [ Au.cm2 —ZfVMuaz—p)]
A(Lz) = .
—2TyMy(g-p) Av.om2
Again applying our matching strategy, we obtain the following approximation:
~ =2
< [—LH,GMZ +MP —ryM, }Nﬂ L oMY 2TyMy,
= . 12 . .
2Ty Myy —Ly om2 + Mél) 1.2 —TyYM,2 _sz-,GMZ + M(Zz)

Examining the diagonal blocks of K(_ﬂz) (as for the GM1 model), and applying a matching strategy to approximate the second
term of S, we motivate the following approximations:

Ty?
V1
—x-12x@) TV’
M, A 'M)Y ~ ——

V2

SN R-173(2) ~ 2 -1
MUVAT'M? ~ —M, A=Ay a2 — 2TY)*Muq-pA; yoMuqp)-
M, A, =Aycm2 — (2T)/)zMu(q—p)Alj,lczszU(q—p)-

These approximations may be achieved by constructing diagonal matrices IVI?), lVlgl), IVI?), lVlgz) with diagonal entries given

by
[ﬁ(l)] _ T [M]l/z-‘[ﬂ] ‘ []\7[(2)] _ |1 [M]”z
1l =y 5 Y M () Ul =y Y
~ T A M i
(M5°];;= Vo, 7 LUYE ‘[Az]jj" (M), = V¥ M1

We can again build these choices of 1\7151), 1\719), l/\l\liz) , l\//\lgz) into the approximation S within our preconditioner.
For each of our suggested iterative methods, we insert our approximations of A and S = BA~!BT into the general
preconditioners for saddle point systems stated in (4.2).
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4.3. Computational cost

When implementing our preconditioned iterative methods, the vast majority of the computational expense occurs when
applying the inverse of our preconditioners. We therefore now wish to detail the solves that we are required to carry out
when applying our preconditioner to each problem.

To enact our preconditioner for the GM1 model, we are required to perform the following:

- Solves for 7\} and ﬁz (‘mass-like’ matrices),
- Chebyshev semi-iteration/diagonal solves for Tv{M, TvoM (mass matrices),

- 1 multigrid per Uzawa iteration for each of —L; cm1 + 1\7[51), —Lv.ev1 + IVI(;), —LT

uemt T M, —Ly ou1 + M (to apply
S,

From a computational point-of-view, the most straightforward operations involve inverting mass matrices, with the multi-
grid operations the most expensive.

For the Gauss-Newton approach for the same problem, the preconditioner is cheaper to apply, with the following oper-
ations dominating the computational cost:

- Chebyshev semi-iteration/diagonal solves for g1TM, B2TM, TviM, Tv,M (mass matrices),
- 1 multigrid per Uzawa iteration for each of —Ly gy + I\’/\I?), —Ly.cu1 +M®P, —LT L+ M?, LT

=(2
1L.GM v.om1 T M; ) (for the
; D gD 7@ 5(2)
new choices of My"’, M;"~, M;”, M;™).

Further, the dominant computational operations for solving the GM2 model are:

- Solves for Aj, Ay cm2 (‘mass-like’ matrices),

- Chebyshev semi-iteration/diagonal solves for TviM, Tv,M (mass matrices),

- 1 multigrid per Uzawa iteration for each of —Ly gy1 + Mg”, —Ly.cmt +M§1), L o +MP, —LEYGM] + M;z) (to apply
SN,

We believe the amount of computational work required to apply our preconditioner is satisfactory when taking into
account the complex structure and large dimension of the matrix systems.

4.4. Alternative methods

Before presenting numerical results we wish to briefly discuss alternative approaches for the solution of the optimization
problem, or the linear systems at the heart of the nonlinear solver. Due to the highly complex structure of the problem
statements and associated matrix systems, we are not aware of any robust methods that have previously been developed
for solving these systems. We believe that this underlines the value of investigating preconditioned iterative methods for
this important class of problems. However we wish to outline other classes of methods which could potentially be applied
to these problems, in many cases building on the work described in this article.

The method we have presented is applied when using either a Newton or a Gauss-Newton approach for the nonlinear
program. Alternatively, we could apply a simple gradient descent coupled with a line search procedure [29], which typically
converges very slowly. Another alternative would be to employ an interior point scheme [44], which also requires the
solution of saddle point problems, and we believe that many of our proposed techniques could be carried over to this
case. In [21] the authors follow a so-called one-shot method that can be viewed as a stationary iteration of the form
X1 = X + P~ 'ri. The preconditioner in this case is given by a block matrix that requires the (approximate) inversion of
the adjoint and forward PDE operator, as well as the solution of a complicated Schur complement system (here written for
the Gauss-Newton system (3.2) with the block containing second derivatives with respect to Lagrange multipliers equal to
zero):

& -1r7 -1
SA ~ [ﬁﬂﬂ } + [Eﬂp »Caq] |:£up £uq] |:»Cuu ] |:£pu LPV] |:»Cpa ﬁpb]
Lpp Cbp qu va qu Lyy [fqu qu an qu

Note that this is in general harder to approximate than the Schur complements obtained using our approach, as we here
have the sum of mass matrices and inverse PDE operators within the Schur complement approximation. As it is the action
of S;l that is important for preconditioning purposes, this approximation is extremely difficult to apply in practice.

Recently, operator preconditioning approaches have proven successful for many PDE preconditioning problems (see [25,
45]). Their use for nonlinear problems has recently attracted attention within the field [1,38], and we are currently investi-
gating how to extend these approaches to the reaction-diffusion type setting.

Of the approaches currently within reach, the stationary iteration approaches were found not to converge, and the above
approximation S, is of a very complex nature and is infeasible to apply. The only alternative approach which we found
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Fig. 4.1. Iteration numbers for Uzawa scheme with a block triangular version of our preconditioner. Plots are shown for every SQP step, however they can
often not be distinguished due to very similar convergence behavior. The smaller example uses 729 degrees of freedom in space, and the larger example
4096.

to generate sensible results for a range of parameter regimes is that of an Uzawa method, using a preconditioner of the
form derived in this paper. In Fig. 4.1 we show the iteration numbers that are required using such an approach for two
different meshes and two regularization parameters. We note that, while the results show that this method performs well,
we are required to move from the block diagonal preconditioner derived in this section to a more expensive block triangular
preconditioner, as the Uzawa method diverges when a block diagonal approach is taken. Apart from this change, the major
computational operations required per Uzawa iteration are largely similar to those required to apply our preconditioner
with a single Uzawa step. We also highlight that this method is itself only feasible due to the preconditioners derived in
this paper.

5. Numerical results

We now wish to apply our methodology to a number of test problems. All results presented in this section are based
on an implementation of the presented algorithms and (block diagonal) preconditioners within the deal.ll [3] framework
using Q1 finite elements. The AMG preconditioner we use is part of the Trilinos ML package [13] that implements a
smoothed aggregation AMG. Within the algebraic multigrid routine we typically apply 10 steps of a Chebyshev smoother
in combination with the application of two V-cycles. Typically we apply 4 iterations of the Uzawa scheme within our
Schur complement approximation, to guarantee high accuracy. For our implementation of BicG we use a stopping tolerance
of 10™4. Our experiments are performed for T =1 and t = 0.05, i.e. 20 time-steps. Typically, the spatial domain Q is
considered to be the unit square or cube. All results are performed on a Centos Linux machine with Intel(R) Xeon(R) CPU
X5650 @ 2.67 GHz CPUs and 48 GB of RAM.

5.1. GM2 model

For both GM2 and GM1 models we start creating desired states using Gaussians placed at different positions in the unit
square/cube that might depend on the time t. In Fig. 5.1 we illustrate two instances of the desired state and computed
results for the GM2 formulation, with the parameters set to D, =1, D, =10, 1 =82=1, ¥y =50, and v{ = v, = 1076. As
the regularization parameters become smaller we see that the desired and computed states are very close. This is reflected
in the third set of images within Fig. 5.1, where the control is shown with sometimes rather high values. In Table 5.1
we present BicG iteration numbers for solving this test problem for a range of degrees of freedom and regularization
parameters - the results indicate that our solver is robust in a large number of problem setups.

5.2. GM1 model with Newton and Gauss—-Newton methods

For the next problem we examine, the desired state for the GM1 model is created using Gaussian functions placed in
the unit cube. This is illustrated in Fig. 5.2, where we present the desired state for the first component, the computed
first state variable, and the corresponding control variable. The parameters for this case are chosen to be g1 = f, = 102,
vi=v;=10"2, D, =1, D, =10, and r = 10~2. For many interesting parameter setups (including for a range of values
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Fig. 5.1. Desired state for 8th and 12th grid points in time (upper two), computed state using the GM2 model (middle two), and the computed control
(lower two) for two reactants using the GM2 model. The parameters are set to be D, =1, D, =10, 1 =, =1, y =50, and v{ =v; = 1076,

Table 5.1
Results on unit square with D, =1, D, =10, 1 = 82 =1, and y = 50. Stated are BicG iteration numbers for each Newton step.
DoF V=1, =102 v=1,=10"* vy =1,=10"6
Newton Bicc Newton Bicc Newton Bicc
507,000 step 1 18 step 1 16 step 1 16
step 2 20 step 2 15 step 2 15
step 3 20 step 3 15 step 3 15
step 4 20 step 4 15 step 4 15
step 5 20 step 5 15
1,996,920 step 1 23 step 1 17 step 1 17
step 2 23 step 2 18 step 2 16
step 3 24 step 3 18 step 3 16
step 4 23 step 4 18 step 4 16
step 5 23 step 5 18
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Fig. 5.2. Desired state, computed state and computed control for the first reactant in the GM1 model with parameters at 81 = 8 = 10%, v; = v, = 1072,
Dy=1,D,=10,and r=1072.

Table 5.2
Results on unit cube with ; = g, =102, D, =1, D, =10, and r = 10~2. We here vary the mesh-size and the regularization parameters v; and v,. Stated
are Bicg iteration numbers for each Gauss-Newton step.

DoF vy =v; =1072 v =1 =10"% v =1, =106
GN Bicc GN Bicc GN Bicc
87,480 step 1 11 step 1 11 step 1 9
step 2 11 step 2 11 step 2 9
step 3 11 step 3 11 step 3 9
step 4 11 step 4 11
step 5 11 step 5 11
589,560 step 1 11 step 1 13 step 1 11
step 2 11 step 2 12 step 2 11
step 3 11 step 3 12 step 3 11
step 4 11 step 4 12 step 4 11
step 5 11 step 5 12
4,312,440 step 1 11 step 1 13 step 1 11
step 2 11 step 2 12 step 2 11
step 3 11 step 3 12 step 3 11
step 4 11 step 4 12 step 4 11
step 5 11 step 5 12

of r) it is not trivial to find a configuration of the Newton scheme that demonstrates satisfying convergence properties.
We instead focus on the Gauss-Newton method here, and we illustrate the BicG iteration numbers achieved for a range of
problems in Table 5.2 - these results demonstrate much greater robustness, with rapid convergence of the inner solver.

As we have already highlighted, the complex structure of the linear systems makes the design of efficient preconditioners
harder when the Newton scheme is applied compared to the Gauss-Newton scheme. We use the results presented in
Table 5.3 to illustrate the performance of both Newton and Gauss-Newton schemes. We observe that the Newton method
and our associated preconditioner perform well when the regularization parameters are chosen to be rather large. In this
case, whereas the Gauss-Newton scheme generates low iteration numbers, it seems to generate less meaningful numerical
results. Whereas, in the case of smaller regularization parameters, the Gauss-Newton scheme requires a greater number of
outer iterations, the number of inner BicG iterations remains low. For this setup the preconditioner for the Newton scheme
does not allow the method to converge, and therefore the scheme failed. This makes clear that careful choices concerning
the outer iteration and preconditioner need to be made, in order to achieve good performance of the method for a particular
parameter case.

Additionally, we illustrate in Table 5.4 the performance of the Gauss-Newton scheme when the tolerance of the inner
solver is relaxed. We can see that for this mesh the choice of a tolerance decrease from 10~* to 10~2 does not have a
significant influence on the output of the optimization routine and the number of outer iterations.

We also wish to highlight that it is possible to include additional control constraints a <a <a and b <b < b, to be
enforced along with the systems of PDEs (2.2) or (2.3). Our approach to deal with these additional bounds is to include
a Moreau-Yosida penalization [18] that can be used with a non-smooth Newton scheme. The structure of the Newton
system is very similar to the one without control constraints, and we refer to [32] for more details on the derivation of the
non-smooth Newton system and the choice of preconditioner. In Table 5.5 we present results for the setup 0 <a and 0 <b,
where the Gauss-Newton scheme is used in conjunction with Bica.
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Table 5.3

Results on unit cube with 8y =B, =1, Dy =1, D, =10, and r = 10~*. We here vary the mesh-size and the regularization parameters v; and v,. We show
the iteration numbers for Bic, the value of the data misfit term ||y —¥||? in the objective function, and the relative change in the optimization variable
between two consecutive Gauss-Newton iterations (GN ). The outer iteration is stopped if GN, is smaller than 1074,

DoF Newton GN GN
87,480 v =1y =102 v; = vy =102 vy =v; =103
BicG/|ly — ¥ /GN, BicG/[ly — ¥112/GNa BicG/[ly — 112 /GNa
step 1 2/4.67/- 2/38.53/- 2/38.53/-
step 2 5/4.27/7.4 x 1072 7/38.45/3.6 x 1073 16/5.1 x 1071/9.8 x 10!
step 3 5/4.27/1.2 x 1072 7/38.45/9.7 x 1074 19/3.8 x 1072/2.1 x 10°
step 4 5/4.27/1.9 x 1073 7/38.45/3.3 x 1076 16/3.3 x 1072/4.3 x 10~
step 5 5/4.27/2.2 x 1074 15/3.3 x 1072/2.7 x 1073
step 6 5/4.27/1.8 x 1072 15/3.2x1072/7.9 x 102
Table 5.4

Results on unit cube with g; = 8 =102, D, =1, Dy, = 10, and r = 10~2. We here vary the mesh-size and the regularization parameters v; and v;. We
show the iteration numbers for BicG and the value of the objective function 7(-). The outer iteration was stopped if the relative difference between two
consecutive iterates was smaller than 1074,

DoF Newton GN GN
87,480 tol =104 tol =102 tol =10""
BicG/ T (+) BicG/ T () BicG/ T (+)
step 1 2/1926.98 2/1926.98 2/1926.98
step 2 11/13.57 7/13.58 3/12.63
step 3 11/1.78 7/1.79 3/1.19
step 4 11/2.20 5/2.20 3/2.30
step 5 11/2.20 5/2.22 31217
step 6 11/2.20 5/2.22 3/2.18
step 7 5/2.22 3/218
step 8 3/2.18
step 9 3/218
Table 5.5

Results on unit cube with g1 = g =10%, D, =1, D, =10, and r = 10~2. We here vary the mesh-size and the regularization parameters v; and v,. Stated
are Bic iteration numbers for each Gauss-Newton step. The tolerance for the Gauss—-Newton method is 1072,

DoF v =1 =102 V=1 =10"*
GN BicG GN Bicc
130,680 step 1 2 step 1 2
step 2 9 step 2 13
step 3 13 step 3 14
507,000 step 1 4 step 1 4
step 2 9 step 2 15
step 3 10 step 3 15
1,996,920 step 1 10 step 1 10
step 2 14 step 2 17
step 3 14 step 3 17

We now wish to compare the performance of our preconditioned BicG approach with an unpreconditioned version of the
same solver. We do so in order to demonstrate the clearly superior convergence properties of the preconditioned method,
and show the very high accuracy to which our solver is able to solve the matrix systems. Fig. 5.3 illustrates the residual error
of the unpreconditioned and preconditioned approaches for two test problems: it is clear that running the preconditioned
method for only a few iterations easily outperforms the unpreconditioned version. Indeed the unpreconditioned method
appears to diverge in many cases, demonstrating the need to construct effective preconditioners for the complex matrix
systems involved.

5.3. Image-driven desired state and GM1 model

An attractive feature of this methodology is that it is also possible to obtain desired states by reading in pattern infor-
mation from an image. This may be done for the GM1 and GM2 models, whether or not control constraints are included.
Image-driven parameter estimation techniques can also be found in [19]. For this problem, we choose to take an image sim-
ilar to those used in [24] - this involves reading in a pattern found on a mature jaguar. As this problem is not necessarily
time-dependent we wish to illustrate the performance of our method by scaling the desired pattern by t;, where i denotes
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Fig. 5.4. Results for image-driven model: Shown are computed state, desired state, and computed control for the parameter setups using g1 = 8 = 102,
vi=v2=10"7, Dy =1, Dy =10, and r =107,

the relevant index in time. The results for applying the Gauss-Newton scheme to this image-driven problem are shown in
Fig. 5.4.

In Fig. 5.4(b) we show the desired state used, with the computed state presented in Fig. 5.4(a) and the associated control
in Fig. 5.4(c).

The parameters for this setup are gy = 8, = 10%, vy =v, =107, D, =1, D, =10, and r = 10~°. For the computations
from which Fig. 5.4 is generated, a tolerance of 102 is taken for the Gauss-Newton scheme. Within these computations 8
steps of the Gauss-Newton iteration are required, with an average of 20.5 BIcG iterations per Gauss-Newton step.

Overall the numerical results presented for the above experiments indicate that we are able to solve a wide range of pa-
rameter identification problems from pattern formation, with our observed BicG iteration numbers (as well as computation
times) being low for a large number of parameter regimes. Furthermore, the iteration numbers behave in a fairly robust
way as the parameters involved in the problem are varied.

6. Concluding remarks and future work

In this article, we have considered the development of preconditioned iterative methods for the numerical solution
of parameter identification problems arising from pattern formation. We have constructed our methods using effective
strategies for approximating the (1, 1)-block and Schur complement of the saddle point systems that result from these
problems.

The numerical results we have obtained when applying our techniques to a number of test examples (using both GM1
and GM2 models) indicate that our proposed solvers are effective ones for a wide range of parameter setups. Another
key aspect of our methodology is that we are able to feed desired states (or “target patterns”) into our implementation
using experimental or computational data, and use this to obtain appropriate solutions to the Turing model in question.
Furthermore, our solvers are found to be effective at handling additional inequality constraints on the control variables.

There are a number of related areas of research which we hope to consider, including the incorporation of additional
constraints on the state or control variables (for instance integral constraints, or bounds on the state variables), different
time-stepping schemes, and possibly different techniques for the outer iteration. We also wish to investigate a version of
the problem where the L-distance between the states and desired states is only measured at the final time t =T (i.e.
where 1 = 82 =0), as we find that such problems have considerable physical applicability. Furthermore, we now hope to
tackle other problems of significant interest to the mathematical biology community using the methodology presented in
this paper.
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Appendix A. Derivation of the Newton systems

For the Gierer-Meinhardt (GM1) formulation, we examine the forward equations
ru?
ur—DyAu— —+au=r, onQx]|0,T],
v
ve —DyAv —ru? +bv=0, onQx][0,T],

ux,0)=uox), v(x,0)=vo(x), ong,
u  dv
—=—=0, ondQ2x|[0,T],
av v
and the adjoint equations (see [11])
u
—pe = DuAp —2r_p +ap —2rug = p1(u —1u), onQx[0,T],

2
u ~
—qr—DyAq+roop+ bg=p2(v-v), onQx[0,T],

pX,T)=BriuxT)—-ux,T)), qxT)=pr2(vx,T)=V(x,T)), ong,
0 9
P _% _o onanx[o,TI,
v Jv

where p and q denote the adjoint variables.
We now employ a Newton iteration, by writing at each Newton step

U=1i+8u, v=v+38v, a=a+dsa, b=b-+sb, p=p+dép, q=q+4q,

where i, ¥, @, b, p, § denote the most recent iterates of u, v, a, b, p, q, with du, 8v, 8a, 8b, §p, 5q denoting the changes in

the solutions at each Newton step.
Applying this to the forward equations yields

(@ + 8u); — Dy Al + du) — M +@+8a)(m+du)y=r, on x][0,T],
vV+48v
(V4 68V)e — DyA(V + 8v) — r(il + 8u)? + (b + 8b)(V +8v) =0, on K x [0, T],
(u+dsu)(x,0) =up(x), (v+46v)X,0)=vo(X), ong,
o(u+du) d(v+38v)
av - av -

whereupon we can use the assumption (il + du)? ~ i1 + 2ii - Su and the resulting derivation

0, onodQ2x[0,T],

2V — 12 - 8v + 21V - Su
‘72

@+su)? _v—38v 5, __
= N — u 2u-Su) ~
V48v v2 W+ )

to write
2 .8v —2iiv - du i12
(bu)r — Dy A(Su) +rT

(8v)e —DyA(8V) —2rii-Su+ v -8b+b-8v=—(V, — DyAV —rii? +bv), onQ x [0, T],
(du)(x,0) = 6v)(x,0) =0, ong,
d(du)  av)
v v
Considering now a Newton iteration applied to the adjoint equations, we have

0, ondL2x][0,T].

_ _ _ _ ru __
+u~8a+a-8u:r—(ut—DuAu—T+au>, on Q2 x [0, T],

(A1)

(A2)
(A3)

(A4)
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_ _ u—+déu _ _ _ _ _
—(p+p) — DyA(p +6p) —Zr‘_/+5v(P +4p) + (a+da)(p + 8p) — 2r(u + du)(q + 3q)

=p1((@+8u) —u), onL xI[0,T],

_ _ i+ 8u)2 _ — _
@450 — Dy AG+09) + 10 4 5p) + (b + bY@ + 59)
(v+6v)

=B((V+8v)—V), onQ x[0,T],

(p+8p)X, T)=Pr1((W+8u)x, T) —Ux,T)), ong,
@+38q)(X, T) =Br2((V+6v)(X, T) —V(x,T)), on,

(P +38p) _ 3@+ 59
av av

Now, using the approximations

=0, ondQx]|[0,T].

ihou o S = 5B +3p)
Vv PTOP 2
__ UVDp+Vp-Su—up-8v+uv-sp
~ = :
@F8u)? o o) @208V —20-5v)(P +6p)
W tovy2 P TOP vd

u o___ __ __ __
~ ﬁ(uvp—i-vawSu —2up-8v +uv-é8p),
we may write

up-8v—vp-du—uv-48p
72

—(8p)t — DyA(Sp) — 2r +p-da+a-8p—2r(u-8q+q-58u) — Biéu

=p1(—u) - (—ﬁt —DuAp — 2T%ﬁ +ap — 2ffl?]> , onQ2x[0,T], (A5)

_2vp-Sdu+uv-8p—2up-dv

—(8q)c — DyA(Sq) +ril +q-8b+b-8q— B8V

72
_ _ _ . -
=po(V =) - (_Qt_DvAQ'f‘rﬁp"‘bQ), onQ x [0, T], (A6)
@GP T)=pra1Gu)x,T), QX T)=pr206v)X T), ong, (A7)
a(é a(é
p) = (69) =0, onadQ x[0,T]. (A.8)
av av
Now, the forward and adjoint equations can clearly be derived by differentiating the Lagrangian
B ~ B2 -
Jemi1(u, v,a,b,p,q) = 5 flu— u”%z(QX[O,T]) + 5 v — V”%Z(QX[(),T])
Bra ~ Br2 ~
+ - llu — uT||%2(Q) + - lv — VT”%Z(Q)

1 2 1%) 2
+ > ”a”LZ(QX[O,T]) + > “b”LZ(QX[O,T])
ru?
— / p ut—DuAu——+au—r>
v
Qx[0,T]

_ / q(vt—DvAv—ru2+bv),
Qx[0,T]

with respect to the adjoint variables p, g and the state variables u, v, respectively. Within this cost functional, we have
excluded the constraints on the boundary conditions for readability reasons. To obtain the gradient equations we require for
a closed system of equations, we also need to differentiate the above cost functional with respect to the control variables a
and b. Differentiating with respect to a gives the requirement
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/ (up —v1a) =0,

Qx[0,T]

and differentiating with respect to b yields similarly that
/ (vg—vab)=0.
Qx[0,T]

Applying a Newton iteration to these equations gives constraints of the form

(p-du+u-8p—vida)=— / (up —vqa),
Qx[0,T] Qx[0,T]

/ (G-8v+7V-8q—v8b) = — / (VG — wmb),
Qx[0,T] Qx[0,T]

at each Newton step.
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(A.9)

(A.10)

Therefore the complete system which we need to solve at each Newton step corresponds to the adjoint equations

(A.5)-(A.8), the gradient equations (A.9) and (A.10), and the forward equations (A.1)-(A.4).

We now turn our attention to the Schnakenberg (GM2) model, where we wish to deal with the forward equations

ur — DyAu+y@w—u?v)—ya=0, on€x[0,T],
vi—DyAv + yuzv —yb=0, onQx][0,T],
ux,0) =up(x), vx,0)=vo(x), ong,
g_tzg—:jzo’ ondQ2 x [0, T],
and the adjoint equations (see [11])

—pt —DuAp +2yuv(@—p)+yp=pHi(u—1u, onQxI[0,T],

—q = DyAq+yu*(@—p)=F2(v =), onQx[0,T],
px. T)=praux T)—ux 1)), qxT)=pr2(vx,T)—V(x,T)), ong,

ap d
P _% _4  ona@x0,T].
v dv

Now, substituting
u=iu+d8u, v=v+8v, a=a+da, b=b+8b, p=p+3p, q=q+4q,
into the forward equations at each Newton step gives
u+dsu) —DyAw+dsu)+y(u+du)—(u +8u)(V +8v)) — y(@+38a)=0, onQ x[0,T],
(V+8V) — DyA(V +8v) + y (i + 8u)>(V +8v) —y(b+8b) =0, on x[0,T],

u+su)(x,0) =ug(x), (v+48v)(x,0) =vo(X), ong,
i +8u) AT +v)
v v

0, onod2x|[0,T],

which we may expand and simplify to give
(Bu); — Dy A(Su) 4+ y (Su — it - §v — 2@ - Su) — yéa
= —(ily — DyAll 4 y (il — i%V) —y -@), onQx [0, T],
(8v)e — Dy A(SV) + y (i1 - 8v + 21 - Su) — y8b = —(V; — Dy AV + yii’v —y -b), on 2 x [0, T],

(bu)(x,0) = (§v)(x,0) =0, on L,
a(du) 9(8v)
v v
Applying the same substitutions to the adjoint equations gives

0, ondQ2x|[0,T].

(A11)
(A12)
(A13)

(A14)
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—(P +8p)c — DuA(P +8p) +2yuv((q +8q) — (p+8p)) +y (P +8p) = p1(( +8u) —u), onQx[0,T],
—(@+ 3@ — DyA@+89) + yi* ([ +89) — (P +8p)) = f2((V +8v) = V), onQx [0, T],

(P +8p)(x, T) = Br (U +8u)(x, T) —u(x,T)), ong,

@+38)(x,T)=Pr2((V+8v)(X, T) = V(x,T)), on€,

a(p+38p)  3(q+3q)
v v

=0, ondQx|[0,T],

which may then be expanded and simplified to give

—(p)t —DyA@Bp)+2y(vq-Su+uq-8v+uv-6q—vp-éu—up-8v—uv-8p)+ysp — Biéu

=p1(t —U) — (=pr — DyAp +2yuv(G—p)+yp), onQx[0,T], (A15)
—(89)c — DyA(8q) + y (% - 8q + 2iG - Su — u?Sp — 2P - Su) — Padv
=p2(V =) = (Gt — DyAG+ y @@~ p)), onQx[0,T], (A16)
Epx,T)=Br1(6u)x,T), P&, T)=pr206v)X,T), ong, (A17)
a(8 a(s
@6p) _ 909 _ 5 ohaq < [0.7]. (A18)
av av
The forward and adjoint equations can be derived by differentiating the Lagrangian
B ~ B2 ~
Jom2(u,v,a,b,p,q) = 5 lu— u”%Z(QX[O,T]) + 35 lv— V”%Z(QX[O,T])
Bra ~ Br.2 ~
+ S = rll, ) + == 1V = V1l

151 2 1%) 2
+ 5 lali,@xiory + =5 IPIL,@xpo.r)

— / p (ut —DyAu+yu— uzv) — ya)
Qx[0,T]
- / q (vt —DyAV + yu?v — yb) ,
Qx[0,T]
with respect to u, v, p and g, similarly as for the GM1 model. The gradient equations for this problem may be derived by
differentiating this Lagrangian with respect to the control variables a and b, which gives the conditions
(via+yp) =0, f (v2b+yq) =0.
Qx[0,T] Qx[0,T]

Applying Newton iteration to these equations gives

(nda+ yop) = — f (nd+yp). (A19)
Qx[0,T] Qx[0,T]

(123b + y8q) = — f (W2b + 1), (A20)
Qx[0,T] Qx[0,T]

at each Newton step.
Hence the system of equations which need to be solved at each Newton step are the adjoint equations (A.15)—(A.18), the
gradient equations (A.19) and (A.20), and the forward equations (A.11)-(A.14).
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A.9. LOW-RANK IN TIME METHOD FOR PDE-CONSTRAINED
OPTIMIZATION

A.9 Low-rank in time method for PDE-constrained
optimization

This paper is published as

M. StoLL AND T. BREITEN, A low-rank in time approach to pde-
constrained optimization, SIAM J. Sci. Comput., 37 (2015), pp. B1—
B29.

Result from the paper

Results for full-rank (FR) MINRES vs. low-rank (LR) MINRES with both the
stationary iteration (SI) and IKPIK for a fixed mesh with 16641 unknowns
in space. We show varying time-steps and additionally the rank of the
state/control/adjoint state. Both iteration numbers and computing times
in seconds are listed. OoM indicates Out of Memory in MATLAB®. Results
are shown for 8 = 1074,

DoF 20 100 200 400 600
16641 4it(t)  #itt)  #it(t)  #it(t)  # it
LR(SI) 19(108.2) 21(307.8) 25(432.7) 43(671.9) 61(937.3)

LR(IKPIK ) 19(115.1) 19(288.9) 19(296.8) 21(335.3) 21(357.1)
Rank (SI)  8/10/10  10/11/11 12/13/13 11/14/14 14/15/15
FR 21(18.3)  35(124.0) 63(434.3) OoM OoM

Table A.5: Full-rank versus low-rank scheme implemented with two different
preconditioners.
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A LOW-RANK IN TIME APPROACH TO PDE-CONSTRAINED
OPTIMIZATION*

MARTIN STOLLT AND TOBIAS BREITEN?

Abstract. The solution of time-dependent PDE-constrained optimization problems is a chal-
lenging task in numerical analysis and applied mathematics. All-at-once discretizations and corre-
sponding solvers provide efficient methods to robustly solve the arising discretized equations. One of
the drawbacks of this approach is the high storage demand for the vectors representing the discrete
space-time cylinder. Here we introduce a low-rank in time technique that exploits the low-rank nature
of the solution. The theoretical foundations for this approach originate in the numerical treatment
of matrix equations and can be carried over to PDE-constrained optimization. We illustrate how
three different problems can be rewritten and used within a low-rank Krylov subspace solver with
appropriate preconditioning.

Key words. PDE-constrained optimization, low-rank methods, space-time methods, precondi-
tioning, Schur-complement, matrix equations

AMS subject classifications. 65F08, 65F10, 65F50, 92E20, 93C20

DOI. 10.1137/130926365

1. Introduction. Many complex phenomena in the natural, engineering, and
life sciences are modeled using partial differential equations (PDEs). To obtain
optimal configurations of these equations one typically formulates this as a PDE-
constrained optimization problem of the form

min J (y, u)
subject to
L(y,u) =0

with J(y,u) the functional of interest and L£(y,u) representing the differential oper-
ator. Problems of this type have been carefully analyzed in the past (see [49, 84] and
the references therein).

Recently with the advancement of algorithms and technology, research has focused
on the efficient numerical solution of these problems. In this paper we focus on the
efficient solution of the discretized first order conditions in a space-time framework.
The KKT conditions when considered in an all-at-once approach, i.e., simultaneous
discretization in space and time, are typically of vast dimensionality. Matrix-free
approaches have recently been developed to guarantee the (nearly) optimal conver-
gence of iterative Krylov subspace solvers. The focus for both steady [68, 73] and
transient problems [61, 81] has been on the development of efficient preconditioning
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B2 MARTIN STOLL AND TOBIAS BREITEN

strategies for the linear system that typically are of structured form (see [16, 27] for
introductions to the numerical solution of saddle point systems).

One of the obstacles using a space-time discretization is the storage requirement
for the large vectors needed to represent the solution at all times. Approaches such
as checkpointing [38] or multiple shooting [42] are possible methods to solve these
problems. Here we want to introduce an alternative to these schemes that can for
certain problems provide an efficient representation with a minimal amount of storage.
We are basing our methodology on recent developments within the solution of large
and sparse matrix equations; see, e.g., [4, 13, 25, 28, 36, 50, 51, 54, 70, 74, 77, 85]
and references therein. One classical representative in this category is the Lyapunov
equation

AX + XAT = —¢C”,

where we are interested in approximating the matrix-valued unknown X. Solving this
system is equivalent to solving the linear system

I®A+A® D=4

where z and ¢ are related to X and CC7, respectively. For details on the relevance
of this equation within control theory, see [3, 44, 52]. In [15, 56, 64, 65, 70] the
authors have introduced low-rank iterative schemes that approximate intermediate
iterates X}, in a low-rank fashion that is maintained until convergence. We can exploit
these technologies for problems coming from PDE-constrained optimization. It is not
expected that these techniques outperform optimal solvers with only a few time-steps.
The more crucial component is that they enable computations with many time-steps
that would otherwise not be possible.

The paper is structured as follows. In section 2 we introduce the heat equation
as our model problem and discuss its discretization. Section 3 illustrates how this
problem can be reformulated using Kronecker technology and how we need to adapt
a standard Krylov-subspace solver to be able to solve this problem efficiently. As we
need a preconditioner for fast convergence we next discuss possible preconditioners in
section 3. We provide some theoretical results in section 4. Section 5 is devoted to
illustrating that our methodology can be carried over to other state equations such
as Stokes equations and the convection-diffusion equation. Finally, in section 6 we
illustrate the competitiveness of our approach.

2. A PDE-constrained optimization model problem. We start the deriva-
tion of the low-rank in time method by considering an often used model problem in
PDE-constrained optimization (see [47, 49, 84]) that nevertheless reflects the crucial
structure exhibited by many problems of similar type. Our goal is the minimization
of a misfit functional that aims at bringing the state y as close as possible to a desired
or observed state y,ps while using a control u, i.e.,

L1 2 &) 2
(2.1) min 5 Y = Yobsl 1,00y + ) lullz, )

subject to a partial differential equation that connects both state and control, referred
to as the state equation. We start by considering the heat equation with a distributed
control term,

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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(2.2) y—Vy=u inQ,
y=f on 0f,

or equipped with Neumann-boundary control,

(2.3) yw—Viy=f inQ,
0y
o u on Of).

For a more detailed discussion on the well-posedness, existence of solutions, etc.,
we refer the interested reader to [47, 49, 84]. Classically these problems are solved
using a Lagrangian to incorporate the constraints and then consider the first order
optimality conditions or KKT conditions [49, 58, 84]. This can be done either by
forming a discrete Lagrangian and then performing the optimization procedure or by
first considering an infinite-dimensional Lagrangian for whose first order conditions
we employ a suitable discretization. Here we perform the first approach, although
much of what we state in this paper is valid for both cases. Our goal is to build a
discrete Lagrangian using an all-at-once approach [61, 81, 40] using a discrete problem
within the space-time cylinder Q x [0, T]. Using the trapezoidal rule in time and finite
elements in space leads to the discrete objective function
T

(2.0 Tu) = 7 (= vone)” My (5~ o) + D" Mo

with My = blkdiag($My, My, ..., My, M), My = blkdiag( M, Mo, ..., Mo, $M>)
being space-time matrices where M; is the mass matrix associated with the domain
Q1 and My is the corresponding mass matrix for Q3. The vectors y = [y{ ...yZ |7
and u = [uf ... ul ]T are of vast dimensionality and represent a collection of spatial
vectors for all time-steps collected into one single vector.

The all-at-once discretization of the state equation using finite elements in space

and an implicit Euler scheme in time is given by

(2.5) Ky — tNu=d,
where
L N MlyO + f
-M L N f
K= , N= , d= .
-M L N f

Here, M is the mass matrix for the domain €2, the matrix L is defined as L = M + 7K,
the matrix N represents the control term either via a distributed control (square
matrix) or via the contributions of a boundary control problem (rectangular matrix),
and the right-hand-side d consists of a contribution from the initial condition yg and
a vector f representing forcing terms and contributions of boundary conditions. The
first order conditions using a Lagrangian formulation with Lagrange multiplier p leads
to the following system:

TMI 0 _}CT ) TMlynbs
(2.6) 0 BrMs NT| |u| = 0
-K ™N 0 P d
A
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Systems of this form have previously been studied in [81, 61, 82, 57]. As these systems
are of vast dimensionality it is crucial to find appropriate preconditioners together
with Krylov subspace solvers to efficiently obtain an approximation to the solution.
The vast dimensionality of system matrices does not allow the use of direct solvers
[26, 23] but we can employ Krylov subspace solvers in a matrix-free way by never
forming the matrix A and only implicitly performing the matrix vector product. The
main bottleneck of this approach is the storage requirement for the space-time vectors
which can be reduced by working on the Schur-complement if it exists of the matrix
A or removing the control from the system matrix [76, 45]. Other approaches that
can be employed are checkpointing schemes [38] or multiple shooting approaches [42].
In the following we want to present an alternative that uses the underlying tensor
structure of the first order conditions.

3. A Kronecker view. We noticed earlier that the linear system in (2.6) is of
vast dimensionality and that we need only very few matrices to efficiently perform the
matrix vector multiplication with A, and we can approach this in a matrix-free form
by never forming A. Nevertheless, the vectors y, u, and p themselves are enormous and
every storage reduction would help to improve the performance of an optimization
scheme. The goal now is to employ the structure of the linear system to reduce
the storage requirement for the iterative method. Our approach is based on recent
developments for matrix equations [10, 54, 36]. Using the definition of the Kronecker
product

w11V wl,,LV
WV =

w1V oo WV

we note that (2.6) can also be written as

D, ® TM; 0 —(In,®L+CT @ M) y
(31) 0 Dy ® ,67']\/12 D3 ® TNT u
—In, ®L+C®M) D3®@TN 0 D
A
Dl ®TA[1yabs
= 0 ,
d

where D = Dy = diag (%, 1,...,1, %) and D3 = I,,,. Additionally, the matrix C' €
R™™ s given by

-1 0
and represents the implicit Euler scheme. It is of course possible to use a different
discretization in time. So far we have simply reformulated the previously given system.
But our goal was to derive a scheme that allows for a reduction in storage requirement

for the vectors y, u, and p. For this we remind the reader of the definition of the vec
operator via

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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w11
vec (W) = | wp1

wnm

as well as the relation
(W' ®V)vec(Y) = vec(VYW).

Now employing this and using the notation

Y:[levawuﬂnt }7 U:[u17u27‘~'7unt ]a P:[p1>p27~~7pm }
we get that
Dy ® M, 0 ~(In,® L+ CT @ M)] [vec(Y)
(32) 0 Dz@ﬂTMz D3 ®7'NT vec (U)
— (I, ®L+C®M) D3®TN 0 vec (P)
TMlYDlT—LPIEt — MPC
= vec TBMaUDT + 7NTPDT

—LYIT — MYCT +7NUDJ

So far nothing is gained from rewriting the problem in this form. As was previously
done in [10] we assume for now that if Y, U, and P can be represented by a low-
rank approximation, any iterative Krylov subspace solver can be implemented using
a low-rank version of (3.2). We denote the low-rank representations by

(3.3) Y = Wy Vit with Wy € RMvk 14 € Rk
(3.4) U =WyVe with Wy € RV, e Rk2,
(3.5) P =WpVE with Wp € R Vp € Reks,

with k12,3 being small in comparison to ny, and we rewrite (3.2) accordingly to get
MWy VEDT — LWpVEIE — MWpVEC
(3.6) TBMoWy VE DT + TNTWpVEI DT ,
—LWy VI IT — MWy ViFCT + T NWy VE DT

where we skipped the vec operator and instead used matrix-valued unknowns. Note
that we can write the block-rows of (3.6) as

VI DT
(first block-row) [TM\Wy —LWp —MWp]| |VEIL |,
VEcC
Vg Dy
(3.7) (second block-row) [78MaWy TNTWp | | 107 |,
VIDI
Wi,
(third block-row) [fLWy —MWy TNWy } ViEoT |.
Vi Dg
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B6 MARTIN STOLL AND TOBIAS BREITEN

We obtain a significant storage reduction if we can base our approximation of the
solution using the low-rank factors (3.7). It is easily seen that due to the low-rank
nature of the factors we have to perform fewer multiplications with the submatrices
by also maintaining smaller storage requirements. As the usage of a direct solver is
out of the question we here rely on a preconditioned Krylov subspace solver, namely,
MINRES introduced in [59] as the underlying matrix is symmetric and indefinite.
Before explaining all the intricacies of the method we state the resulting algorithm
and carefully explain the necessary details afterward. Algorithm 1 shows a low-rank
implementation of the classical preconditioned MINRES method as presented in [59].
Note that due to the truncation to low-rank the application of the preconditioner is
not identical for every step of the iteration and the use of a flexible solver needs to
be investigated in the future. Here we use a rather small truncation tolerance to try
to maintain a very accurate representation of what the full-rank representation would
look like.

It is hard to hide the fact that the low-rank version presented here seems much
messier than its vector-based relative. This is due to the fact that we want to maintain
the structure of the saddle point system, which is reflected in low-rank representations
associated with the state (all matrices with indices 11 and 12), the control (all matrices
with indices 21 and 22), and the Lagrange multiplier (all matrices with indices 31 and
32). Please keep in mind that

T
AT
VASVA

vec 21499

Z31 725

Il
w

corresponds to the associated vector z from a vector-based version of MINRES.

For Algorithm 1 to be accessible to the reader, we need to dissect its different
parts. Starting with the inner products of the classical MINRES method we see that
we can efficiently evaluate the inner product (z(),v(9)) . In more detail, we use

vee | | 2§ ()T || = 2 and vee | | VP (VT || = oV
25 (Z32)" Vi (Va)T

and the relation for the trace
trace (A" B) = vec (A)" vec (B)
to compute the inner product (z(j), v(j)) (for convenience ignoring the index j) via
(59,09 = trace ((21125)" (Vi Vi) )
(3.8) + trace ((ZngQTQ)T (VglVQTQ))
+trace ((Zn28)" (VauVih) )

where 20 and v are the vectorization of the stacked V and Z matrices. Note that
so far we have rewritten the vector problem in matrix form, but the interested reader
might have noted that the matrices formed as part of (3.8) are of the full dimension-
ality n X n; in the case of a distributed control problem. Due to the properties of the
trace operator we are in luck as

trace <(Z11Z1TQ)T (VuVlg)) = trace (ZlTquvnglg)
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ALGORITHM 1: Low-RANK MINRES.

Zero-Initiliazation of Vl(lo)7 c Wf?), ..., and Wl(ll), R

Choose U, U U U U, Uy

Set Vi1, Via, ... to normalized residual

while residual norm > tolerance do
20 =78 g, 280 = 28 28 = 29
[Fll ) F127 Fo ’ F22’ F317 F32] = Amult(Zﬁ), Zg>7 Zigjl.)v ZQ%)v Zé{)a Zéjz.))
6; = traceproduct (Fi1, Fia, For, Fos, Fi1, Fio, 23, 283) 280 78 7 780))
VD {Fu A _%%<5—1>} VUt = {Fm v Vg—n}

2
v = e ov om0 vt = e v v

Vi—1
i+1 S i ; j—1 i+1 i i—
yuth = {F31 —r,jVa(f) ~ vl >}7 vty = {ng vy vy 1)}
j+1 j+1 j+1 j+1 j+1 j+1
ZiJl >7Z£J2 )7Zéjl )aZéJZ )=Z.’§]1 )7Z.’§; ) =

Aprec(‘/l(f+1)v ‘/1(2]+])= V2<1j+1)7 V2(2]+])7 V3<1j+1)7 V3(2]+]))

Vi1 = \/tracepoduct(ZHJrl), Co Vl(f+1>, oY)
a0 = ¢;j0; — ¢j-1857;

al = \/O‘g +'7]2+1

az = 8505 + ¢j—1¢7;

a3 = 5j-17;

Ci+1 = ay
. — 41
Sjt1 = —h

i1 ) o ) i1 ) o )
W ={z) e e} Wi = {2 Wi wy
W =z e e}, wg = {2 wi wi)
WE {2 e —aaw@}, W = {20 wg w@)
if Convergence criterion fulfilled then

Compute approximate solution

stop

end if
end while

allows us to to compute the trace of small matrices rather than of the ones from
the full temporal/spatial discretization. We denote the reformulation of the trace in
Algorithm 1 by the term tracepoduct.

We have now defined the matrix vector multiplication denoted by Amult in Al-
gorithm 1 and shown in detail in Algorithm 2 as well as the efficient computation of
the inner products within the low-rank MINRES algorithm. We have not yet defined
the brackets {} . The brackets U :={U; Vi Wi} and {Us V2 Wha} can be under-
stood as a concatenation and truncation by the way of an abstract function trunc that
takes as inputs the matrices [U; Vi Wil and [Uz Vo Wa] and gives back low-rank
approximations to these matrices, i.e., Z1 ~ [U;y Vi W] and Ty Uy Vo Wsl.
We now briefly discuss how the trunc function could be designed.

We want to perform the truncation of two matrices V and U that represent
the low-rank representation of Z = VUT. As discussed in [54] we can perform
skinny QR factorizations of both matrices, i.e., V = Q,R, and U = Q,R,. We
then note that Z = Q, R, RIQT. A singular value decomposition [32] of the matrix
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B8 MARTIN STOLL AND TOBIAS BREITEN

ALGORITHM 2: MATRIX MULTIPLICATION: AMULT.
Input: Wiy, Wiz, Way, Waa, W31, Wi
Output: Z11, Z12, Za1, Zoz, Z31, Z32
Zy = MWy —LWs —MWs; |
Zgl = [ Tﬁ]\/[szl TNW31 ]

Z31 = [ *LWH *Mng TNW21 }

Zyg=| DiWia I,,Wsy CTWs, |
[
[

Zyy = | DaWay D3Wsy |
Zzg = | I, Wiz CWia D3W22]

R,RT = BY.CT provides the means to reduce the rank by dropping small (depend-
ing on some tolerance) singular values. Using MATLAB notation we get a low-rank
approximation via the truncated expression B(:,1: k)S(1: k,1: k)C(:,1: k)", This
leads to the overall low-rank approximation Vye,, = QuB(:, 1 : k) and Upe, = Q,C(:
10 k)S(1 ¢ k,1 : k), which in turn gives Z = VyeUL,,. We have implemented
this approach in MATLAB but noted that the computation of the skinny QR fac-
torization was rather slow. Alternatively, we exploited the MATLAB function svds
to directly compute a truncated singular value decomposition of VUT by passing a
function handle that allowed the implicit application of the Z = VU7T without ever
forming this matrix. This approach proved advantageous in terms of the time needed
for the truncation. Note that alternative ways to compute the truncated SVD are of
course possible [48, 6, 79].

Before discussing the possible preconditioners, employed via the Aprec function
in Algorithm 1, we state that the vector update formulas given in Algorithm 1 are
straightforward versions of vector versions of MINRES.

We additionally want to briefly comment on some of the alternative approaches
to the presented methodology. One can of course reduce the dimensionality by elimi-
nating the control when possible and obtain a system that is still vast and can be cast
using our low-rank methodology. The use of reduced Hessian approaches typically
leads to a symmetric positive-definite system for which ¢G would be applicable. But
these formulations usually involve the inverse of the discretized PDE and this means
that in order to simply apply the system matrix to a vector one has to very accu-
rately solve for the PDE, as otherwise the matrix vector product does not represent
the original KKT system. We refer to [39] for more details. Many algorithms employ
the checkpointing technique [38], where only snapshots in time are stored. This is of-
ten done when the KKT system is treated in a block-Gauss—Seidel fashion, i.e., solving
adjoint PDE, gradient equation, and forward PDE in an alternating manner. For such
an iteration convergence might be slow or without proper scaling the method might
not converge at all. The multiple shooting approach presented in [42] is in spirit very
similar to the full-rank system we introduced here. Heinkenschloss [42] introduced an
augmented Lagrangian formulation that leads to a large-scale linear system than can
be reordered to obtain a system similar to (2.6). Our approach implicitly picks the
“correct” number of vectors needed to accurately represent the solution in time. On
the other hand we are currently limited to a formulation that can be written in the
tensor form shown above. This is not true for the full-space approach and techniques
based on the checkpointing methodology.

While the storage requirements can be reduced dramatically we still need to pre-
condition the linear systems as we still have to deal with possibly very large matrices
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from the discretization in space. We show in the next section that we can use many
of the techniques from the full-order space-time system for the low-rank scheme.

Preconditioning for low-rank MINRES. The study of preconditioners for
the optimal control subject to parabolic PDEs has recently seen developments that
were aimed at providing robust performance with respect to the many system pa-
rameters such as mesh-size or regularization parameters (see [73, 61, 60, 53]). More
results can be found in [40, 17] and for multigrid techniques we recommend [18] and
the references therein. We start our derivation of suitable preconditioners based on
an approach presented by Pearson and colleagues [61, 63], where we start with a
block-diagonal preconditioner

A
(3.9) P= A
S

Here Ag = 7M; and A; = 7M3 are approximations to the upper left block of A
and S is an approximation to the Schur-complement

T
B

One approximation that has proved to be very effective [61, 63] is of the form

S =7 MY + —NMGINT

§ =71 <K+M)M;1 (K+M)T,

where in the case of a distributed control problem the matrix M is given by

VB

Note that for for simplicity we assumed Dy = Dy = D3 = I, during the Schur-
complement approximation. It is of course possible to obtain robust approximations
for other choices, but they would make the presentation of the Schur-complement
approximation less accessible (see [61] for details using different Ds). This approach
will be the basis for the derivation of efficient preconditioners for the low-rank version
of MINRES. For this we need the preconditioner P to maintain the low-rank structure
as described in (3.7). Due to the nature of the upper left block of A given by

M = — blkdiag(M, ..., M).

D1®TM1 0
0 Dy ® BTM,

we see that an efficient preconditioner given, for example, by

D, ®T]\;[1 0
0 D2®BTM2 ’

where the mass matrices are approximated by the Chebyshev semi-iteration [86], will

naturally maintain the desired structure. But what can be said about the Schur-
complement S of the above system? Starting from the previously used approximation

S— 1 <Int®ﬁ+C®M>M;1 <Int®ﬁ+C®M)T7
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where L = ((1+ ﬁ)]\/ll + 7K), we see that there already exists an inherent tensor
structure within this approximation. In [81] the authors observe that such a system
can be easily solved as the matrix (I, ® L+C® M) is of block-triangular nature.
This means one can sequentially pass through the vectors associated with each grid-
point in time. For our purpose the block-triangular nature will not be sufficient to
guarantee the low-rank preserving nature of our algorithm. In simple terms, a low-
rank factorization in time does not allow for a temporal decoupling of the time-steps
as the vectors for each time-step are not readily identified. In mathematical terms we
can see that it is not possible to explicitly write down the inverse of (I, L+ CeoM).
Our starting point is a Block—Jacobi version of the Schur-complement approximation.
This procedure is motivated by the fact that we can simply write

A\ 1 ~
(Im®L> :([m®L*1>.

The last expression assures us that this preconditioner applied to any vector v =
vec (RST) can be written as

vec (ﬁflRSTIm).
We can now simply use the Schur-complement approximation
R . AT
St (zm ® L) M, (Im ® L)

or when using § = 77 1(I,,, ® L + C ® M) My(I,,, ® L + C @ M)T approximate the
inverse of (I,,, ® L+ C'® M) by a small, fixed number of steps of a stationary iteration
with the block-diagonal preconditioner (I,,, @ L).

Another possibility is to employ a matrix equation approach to approximately
solve for the Schur-complement system with S , where we use that (I,; ® L+CoM )
is the Kronecker representation of the generalized Sylvester operator

S(X)=Lx+MmxcCT.

As mentioned in the beginning, there exist several low-rank methods such as the ADI
iteration (see, e.g., [14]) and projection-based methods (see, e.g., [74]) that allow us
to approximately solve linear matrix equations of this type. For our purposes, we use
the method IKPIK, which is an inexact version of the method KPIK developed in [74].
We employ this method with a small and fixed number of steps to approximately solve
the two matrix equations (I,,, ® L + C' ® M) and its transpose found in

A N . T
S=r"1 <Im ®L+C®M)M;1 <Im ®L+C®M) .
Note that due to the nature of the problem we have rewritten S using

1+1ﬁ )
. - +
¢ = v
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This was done as IKPIK needs to work with the inverse of €' and in the old formulation
C could not be inverted. As this method is designed for the classical Sylvester equation
we transform the two systems during the preconditioning to become

(In, ® M)™" (1 QL+C® M) - (Im @M L+C® I)

and similarly for the transpose equation. The inexactness in IKPIK [77] allows us to
approximately solve the systems for the two matrices M ~'L and C. Note that in our
case the matrix C' is trivial to solve for and we employ algebraic multigrid combined
with a few steps of a stationary iteration [19] for the solution with M~'L. Note
that this approach is not yet ideal as one should use methods design for generalized
Sylvester equations. However, due to the limitation of the scope of this paper, here we
refrain from these latter ideas and instead propose them as possible topics of future
research.

These preconditioners are then embedded into Algorithm 1 via the precondition-
ing function outlined in Algorithm 3.

As was noted in [80], a time-periodic control problem where y(0,.) = y(T,.)
results in the matrix C' having circulant structure and we can then make use of the
Fourier transform to transform the Schur-complement system to a system with only
block-diagonal matrices that are now of complex nature, which simplifies the Sylvester
equation.

Similar matrix structures are obtained in [1] for the simultaneous discretization
in space and time. Preconditioning results using tensor structures are found in [2, 24].

ALGORITHM 3: PRECONDITIONER APPLICATION: APREC.
Input: Wiy, Wia, War, Waa, Wi, Waa
Output: Zi1, Z12, Zo1, Zo2, Z31, Z3
Solve TMZH = W11
Solve D1Z12 = W12
Solve T,BA{ZQl = W21
Solve D2]\/[Z22 = W22
Compute Z37 and Z35 as the low rank solution of S with right-hand side defined
by W31 and W32.

We have now obtained an overall low-rank algorithm for the computation of low-
rank in time solutions to the PDE-constrained optimization problems. We want to
comment on some of the algorithms properties before moving on to the existence of
low-rank solutions in the next section. The computational cost of the algorithm is
again dominated by the matrix vector product and the application of the precondi-
tioner. Both of these are needed in any other iterative solver and the dimensionality
of the low-rank factors determines how expensive the matrix vector products are. The
cost of the preconditioner is here dominated by how efficiently we can solve the Schur-
complement system. The stationary iteration suffers from the fact that the matrix
structure does not result in parameter independent convergence. The solver based on
standard Sylvester equations IKPIK typically shows much more parameter independent
convergence behavior. We refer to section 6 for the numerical results. Nevertheless,
more research is needed to employ solvers for generalized Sylvester equations. Addi-
tionally, the algorithm has to compute the truncation of the resulting matrices. This
step is not free and one should use the full-space method for a small set of time-steps.
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Nevertheless, the computation via a truncated SVD proved to be typically quite fast
as we only needed to multiply with the large and skinny low-rank factor matrices.

4. Existence result of low-rank solutions. The previously derived low-rank
method of course is competitive only if the solution to the optimal control problem
exhibits a fast singular value decay, allowing us to replace it by a low-rank approx-
imation. It thus remains to show that this is indeed a reasonable assumption for
problems of the form (2.6). For this reason, in this section we establish a direct
connection between (2.6) and the more prominent Sylvester equation

(4.1) AX + XB=0C,

where A € R™" B € R™*™_ and C' € R™™. For the case that C is of low-rank,
ie, C = WeVer, Wa € R<F Ve € R™ * and k < n,m, it is well-known
(see, e.g., [36, 35, 55]) that there exist approximations X, = WxV{ ~ X with
Wx € R"7" Vx € R™*" and r < n,m. Moreover, recently there has been an in-
creased interest in numerical methods that, rather than computing the true solution
and computing an approximation afterward, solely work on low-rank factors and iter-
atively construct approximations X, converging to the true solution X, making these
approaches feasible for dimensions n, m ~ 10°. Popular methods are projection-based
methods (see [9, 30, 75]), ADI-based methods (see [8, 14, 12, 78]), and multigrid
methods (see [37]).
Let us now consider the second block-row of (2.6), for which we obtain that

(D2 ® BrMa)u+ (D3 @ 7NT)p=0.

Solving this equation for u and inserting the result into the third block-row of (2.6)
gives

1
—(Im®L+C®M)y—E(D3®TN) (Dy'@ My (Ds@NT)p=d,

which, due to the properties of the Kronecker product and the definition of D3, can
be simplified to

f(Im®L+C®M)y7%(D;@NM;lNT)p:d.

Together with the first blow-rock, we thus can reformulate (2.6) in matrix
notation as

MY Dy — LP — MPC= 1M, Y, D1,
Ly —MycT — %NM;INTPD§1= D.

So far, we have only eliminated the second block-row and rewritten the problem
in its matrix form. For the connection to (4.1), we have to make some additional
assumptions on our initial setup (2.1). Typically, in real-life applications we can only
observe a small portion ¢ of the state rather than the full y. In other words, the
mass matrix M; in this case can be replaced by a low-rank matrix C’Dbséﬂs = M,
with Cops € R71%¢ determining the observable parts of y. Note that in the context of

classical control theory, Cyps simply denotes the measurable output quantity of interest
within the state-space representation of a linear dynamical system; see [3, 44, 52].
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Similarly, in the case of boundary control, the rectangular matrix N € R™ *™ usually
contains significantly fewer columns than rows. In summary, this means that we are
often interested in the solution [Y P] of the linear matrix equation

(4.22 v Pl {_OI *OI} +M[y P {_OC *g } + CopsCh [V P {TDI 8}
+NM;'NT [y P] [g } {TMlY”béDl}.

Pre- and postmultiplying the previous equation by M~! and [ ° T _0 ] leads to a gen-
eralized Sylvester equation of the form

AX + XB+ Q1 AR, + O2XRy = £, FF,
where

CT

A=M""L, B:{O

0
C:| ; Ql M~ Cobscobg

o 0 *TDl
mel

& = []Wlwx,bs WDL Fi= [

0 0
Qo= MINM;'NT, Ry = [7%[);1 O],
DiVy,. 0
0 Vbl

Note that we assumed Y,,s = Wy, VYW
representations for the right-hand side.

In what follows, we proceed as in [10, 22] and use the Sherman-Morrison-Woodbury
formula [32] to simplify the previous equation. Since Q; = U4 VT and Qp = Us VT, for
the Kronecker structured linear system, we subsequently obtain

(T A+B" @I +RT ® Q1 + RS ® Q2) vec (X) = vec (E1F] ),

and Yp = WDVDT to be the low-rank

which can be rewritten as

T RT @ VI B T
IQA+BTQI+[IoU IQU] R & Y vec (X) = vec (& F]).
~—_—
—_— v 2 2

U

VT
According to the Sherman—Morrison—Woodbury formula, we alternatively get

Avec (X) = vec (&1F]) — U(I+VTAO) VT A vee (& F]) .

vec(Y)

0 vee () ~ {vee (Bﬂ)

_ V1
= [I@Z/{l I(X)Ug} vec({yz})
= vec (U1 1) + vec (UsDy)

Since we have
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we can conclude that
Uvec (Y) =: vec (&2F7)
with & e R x(+m) - 7, ¢ R2Znex(+m) In particular, this implies
Avec (X) = vec (&1F]) = vec (E2F7)

or, in other words, X can also be derived as the solution to a regular Sylvester equation
of the form

#

AX 4 XB= (6 —&)] {IQ }

We have now established that the PDE-constrained optimization problem can be
written in form of a classical Sylvester equation for which we can use the existence
results for a low-rank solution introduced in [36]. Note that we do not claim to actually
proceed this way in order to compute the solution matrix X. Obviously, determining
the intermediate solution vec()) would be a challenge on its own. The previous
steps rather should be understood as a theoretical evidence for the assumption that
X indeed exhibits a very strong singular value decay. Keep in mind that we had to
assume that the desired state Y,ps as well as D are of low-rank and that [,m < nq,
which is a reasonable assumption for realistic control problems.

A special case. One might argue that for the distributed control case, i.e., N
begin square together with an (almost) entirely observable state, i.e., Coops C’g;s = My,
the previous low-rank assumptions no longer hold true. Consequently, applying the
Sherman-Morrison-Woodbury formula will not simplify (4.2) and we thus will have

to deal with a linear matrix equation of the form

4
(4.3) > AXB =& F,

i=1

where we cannot benefit from additional structure in A; and B;. Still, as has already
been (numerically) observed and partially discussed in [10, 11, 22] for the special
Lyapunov type case, i.e., B; = AT, the solution matrix X still seems to exhibit
similar low-rank properties.

Although the most general case certainly is an interesting topic of future research,
we want to conclude by pointing out that for the special case My = M7 = N = M
we immediately get an analogous (in fact even stronger) low-rank existence result for
(4.2). This is due to the fact that here (4.2) is equivalent to the Sylvester equation

0 -I

L[y P [71 ;

} My P [rDl -CT } B {TMyoble]

~-C —ED;'| D
for which we again can apply the low-rank existence results from [36].
5. Other state equations.

Stokes equation. In addition to the heat equation as a test problem we here also
consider the Stokes equation. The discretization of the Stokes control problem can
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be performed similarly to the case for the heat equation and we refer the interested
reader to [27]. The Stokes equations are given by

(5.1) Yy —vAy+Vp=uin [0,T] x Q,

(5.2) ~V.y=0in[0,7] x Q,

(5.3) y(t,.) = g(t) on 9Q,t € [0,T7],
(5.4) y(0,.) = y" in Q,

and the functional we are interested in is defined as

1 T N 5 T )
(5.5) J(y,u) == (y — )" dzdt + = u“dxdt.
2Jo Ja 2Jo Ja,

Our goal is to build a discrete Lagrangian using an all-at-once approach [82], where we
set up a discrete problem within the space-time cylinder. Using the trapezoidal rule
and Q2/Q1 finite elements in space leads to the following discrete objective function:

T

2 (y - yobs)TMl (y - yobs) + ﬁUTMQU

(56) Ty .

with
. 1 1
My = Dlkdiag ( 5M1,0,My,0,...., M0, 5 M;,0),
. 1 1
M2 = blkdlag (§M2, ]WQ, ey Afz, 5]\42)

where we reuse the notation for the heat equation. Note that for the Stokes case the
vectors y; are split into a velocity v part with d = 2,3 components and pressure part

p, i.e.,
|
v LA

The all-at-once discretization of the state equation using finite elements in space
and an implicit Euler scheme in time is given by

(5.7) Ky —tNu =d,
where
C N O _
0 0 0 Lyo + f
£ 0 N 0 0
-M L !
K= , N= 0 , d= .
-M L 0N é‘
L 0 O -
Here,
L BT
=5 %]
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represents an instance of a time-dependent Stokes problem with B the discrete di-
vergence, M is the mass matrix for the domain €2, the matrix L is defined as L =
7'M + K, the matrix N is a rectangular matrix that can be written as

Ds & N, with N, = {ﬂ

which represents the distributed control term control term where N = M, the matrix

TIM 0
e[

is associated with the discretization in time via the implicit Euler scheme, and the
right-hand side d consists of a contribution from the initial condition 3y and a vector
f representing forcing terms and contributions of boundary conditions. Note that all
matrices here correspond to the ones introduced for the heat equation but equipped
with a block form corresponding to the components for the velocity 3, and pressure

yp- The first order conditions using a Lagrangian with Lagrange multiplier p lead to
the system

7—-/Vll 0 7KT Yy TMlyobs
(5.8) 0 pBrMy NT u| = 0 ,
-K N 0 D d
A

where again we can switch to a Kronecker structure defined by

Dy ® T M 0 — (I, ® L+ CT @ M)
(59) 0 Do ® ﬂT]V[Q D3 ®.N;T
—(L, L+ C®M) D3N 0

We can now in a similar way as earlier use the low-rank MINRES method. Again,
here we apply a block-diagonal preconditioner of the form

D1 ®7M; 0 0
0 0 S

Here M = blkdiag (My,yI) with v = Brh¢ (see [82] for details). Here d is the
dimension of the problem (d = 2,3) and h the mesh parameter. The matrices M;
and M are approximated via a Chebyshev semi-iteration [33, 34, 86], or in the case
of lumped mass matrices we trivially have ]\7[1,2 = M. The approximation of the
Schur-complement is much more tricky in this case as for the indefinite M; the
Schur-complement is not well-defined. Thus, we again use the approximation M =
blkdiag (M 1,7I) to form an approximate Schur-complement

S =7 MUK + T BTINMG N
with M; a block-diagonal involving M. We in turn approximate this via

§=r1 <IC +M) M (IC +M)T7
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where M = blkdiag(ﬁ]\ﬁ,o, ey %Ml,O) for the distributed control case. As in
section 3 we note that the matrix
(IC+M) = (Im ®/§+C®M>

with £ = [<T?1+ﬁ7;/2)M1+K BOT}. We now proceed in the following way. A stationary
iteration scheme with a fixed number of steps is used to approximately solve (I, ®
L 4 C ® M) with preconditioner (I,, ® £) and within this preconditioner systems
with £ are approximately solved using another Uzawa scheme with a fixed but small
number of iterations. For this inner Uzawa iteration the inverse of the preconditioner
is given by

. - -1
(' + B8712) My + K] 1 y 0 L
0 (r1 =+ 87Y2) [Kplare + Mol e
where the [...]}/, indicates the use of a geometric [41, 87] or algebraic multigrid

method [69, 29]. Preconditioners of this type are of so-called Cahouet—Chabard form
[21] and the derivation can be done using a least squares commutator approach [27, 82].

Again, for more robustness, more sophisticated Sylvester solvers should be used
in the future to guarantee robustness with respect to the system parameters.

Convection-diffusion equation. Before coming to the numerical results we
quickly want to introduce the last state equation considered here. The PDE constraint
is now given by the convection-diffusion equation

(5.11) yr —elAy+w-Vy =wuin Q,

(5.12) y(:,z) = f on 09,

(5.13) y(0,:) = yo

as the constraint to the following objective function:
1 T /8 T

(5.14) J(y,u) = —/ (y —9)° dadt + —/ / u?duxdt.
2Jo Jo 2 Jo Ja,

Note that the parameter ¢ is crucial to the convection-diffusion equation as a decrease
in its value is adding more hyperbolicity to the PDE where the wind w is predefined.
Such optimization problems have recently been discussed in [67, 43, 62] and for brevity
we do not discuss the possible pitfalls regarding the discretization. Here we focus on a
discretize-then-optimize scheme using a streamline upwind Galerkin (SUPG) approach
introduced in [20]. Note that other schemes, such as discontinuous Galerkin methods
[83] or local projection stabilization [62], are typically more suitable discretizations
for the optimal control setup as they often provide the commutation between opti-
mize first or discretize first for the first order conditions. Nevertheless, our approach
will also work for these discretizations. Once again we employ a trapezoidal rule in
connection with finite elements and now additionally use a SUPG stabilization. The
discretized objective function and state equation are given by

J(y7 U) = % (y - ynbs)T Ml (y - yobs) + ?UTM2U7

which is the same as for the heat equation case. For the all-at-once discretization of
the convection-diffusion equation we get the same structure as before,

(5.15) Ky —tNu=d,
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with
Ly M Miyo + f
—-M, L, M, f
’C = . . 9 N = . b d = .
—M, L, M, f

Note that due to the SUPG test functions used we now have M, which is obtained
entrywise from evaluating the integrals

(M) = /Q bis; + 6 /Q 6i (w - Ve;),

where ¢ are the finite element test functions and ¢ is a parameter coming from the
use of SUPG [20, 27]. We then have Ly = M, + 7K, where K, is the standard
nonsymmetric matrix representing the SUPG discretization of the convection-diffusion
equation. We can now see that this again is of the desired Kronecker form

Dy ® M, 0 — (I, @ Ly+CoM)" ] [y
(5.16) 0 Do @ BrMs, D3 @ TMT u
_(Int ®L.§+C®]\Ig) D3®T]V[S 0 P
Dl ® T]\/flyabs
= 0
d

Again, we employ the low-rank version of MINRES to solve this system. Note that for
nonsymmetric formulations such as the one obtained from an optimize-then-discretize
strategy we can also use low-rank versions of nonsymmetric Krylov solvers such as
GMRES [72] or Bica [31]. A preconditioner is of the form

Dy @ 7N, 0 0
(5.17) P= 0 Dy @ fBrMy 0|,
0 0 S

where the two blocks involving mass matrices are as before and the Schur-complement

of A

(518) S =(I,, ®Ls+C®M,) (D' @7 'M;Y) (I, ® Ly + C @ M,)"
+ (D3 @ 7M,) (Dy' @ B~ v MyY) (Ds @ M.

As before with the heat and Stokes problem the aim for an efficient approximation
of S is by not dropping terms but rather to create an approximation that matches
both terms in S. In a similar way to the technique introduced in [63] for the steady
case can now be extended by introducing a term D ® M so that

~ “ ~ N\NT
(D ® M) (DY@ tmh (D ® M)
~ (D3 ®7M,) (Dy' @B~ My ') (Ds @ T MY) .

If we now assume Dy = Dy = D3 = I,,, one can obtain

N N N T
(5.19) S= (Im ®LS+C’®]WS) (D7 @ MY (1 ®LS+C®MS) ,
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where

. 1
L= 1+—) M, + 7K.
(7

Note that it is of course possible to construct such an approximation without assuming
Dy = Dy = D3 = I,,. We can now proceed with a stationary iteration for the
two Sylvester equations in S, or if we want to employ IKPIK again we rewrite the
approximation as

N ~ N T
(5200 &= (Im QL +C® M) (D7 @ r MY (Int ®L+C® MS>

with

-1 1+

Now when solving with $ we can approximately solve both (In, ® Ls + CoM s) and
its transpose using IKPIK, where we use an algebraic multigrid for the approximate
solution with the stiffness matrix Ls. These preconditioners need to be adapted when
other discretizations are used, but we expect our results to carry over to these cases
as well.

6. Numerical results. We are now going to present results for the low-rank
in time solution of certain PDE-constrained optimization problems. The results pre-
sented in this section are based on an implementation of the above described algo-
rithms within MATLAB, whereas we perform the discretization of the PDE-operators
within the dealIl [7] framework using @1 finite elements for the heat equation and
the convection-diffusion equation. The Stokes equation is discretized with Q2 ele-
ments for the velocity and @1 elements for the pressure component. For the algebraic
multigrid approximation, we used HSL MI_20 [19]. For some preconditioner we used
backslash within MATLAB for the innermost solution within the preconditioner. Our
implementation of MINRES is based on a vector version presented in [27] and was
stopped with a tolerance of 10™* or 1076 for the relative pseudoresidual. Please note
that we ideally should couple the stopping criterion for the iterative solver to the
discretization error. We also give results for the stationary iteration and IKPIK used
for the approximation within the preconditioner. Our experiments are performed for
a final time 7" = 1 with a varying number of time-steps. As the domain 2 we consider
the unit cube, but other domains are of course possible. We specify the boundary
conditions for each problem separately. Throughout the results section we fixed the
truncation at 1078, for which we observed good results. Additionally, we also per-
formed not-listed experiments with a tolerance of 107! for which we also observed
fast convergence. Larger tolerances should be combined with a deeper analysis of the
algorithms and a combination with flexible outer solvers. All results are performed on
a standard Ubuntu desktop Linux machine with Intel Xeon CPU W3503 @ 2.40 GHz
and 6 GB of RAM.
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Desired State (full ank) Desired State (low rank)

(a) Desired state §10—full rank (b) Desired state y10—Ilow rank

FiG. 1. Desired state in full-rank and low-rank form.

TABLE 1
Results for full-rank MINRES versus low-rank (LR) MINRES with stationary iteration precon-
ditioner for 20 or 100 time-steps and a variety of different meshes. Both iteration numbers and
computing times in seconds are listed. DoF = degrees of freedom. OoM indicates out of memory in
MATLAB. Results are shown for § =104,

DoF FR (20) LR (20) FR(100) LR (100)
# it(t) # it(t) # it(t) # it(t)
289 17(0.2)  15(5.6) 31(1.1) 19(7.6)
1089 19(0.7)  17(3.9) 33(5.56)  21(11.9)
4225 19(3.5)  17(19.7)  35(26.6)  23(26.3)
16641 21(17.5) 19(72.1)  35(125.8)  23(97.6)
66049 23(81.8) 19(324.8) OoM 25(427.4)

6.1. The heat equation.

Distributed control. As the first example shown in this section we use the heat
equation with a distributed control term. We choose the boundary conditions for this
problem to be of zero Dirichlet type. We first show how well the desired state

Yobs = —64 exp (— <(x0 —0.5t)% + (2 — 0.5t)2))

is approximated in low-rank form. Figure 1 illustrates this for grid point 10 in time
where the right-hand side vec™! (TM1yobs) = B11 B;‘FQ is approximated by low-rank
factors of rank 2.

Table 1 shows first results for the comparison of the full-rank MINRES versus
the low-rank version. We want to point out that here we use the backslash operator
in MATLAB to evaluate the matrix L within the preconditioner, but this can easily
be replaced by a multigrid approximation and in fact is done later. For the full-rank
version, we only used a block-diagonal approximation for the matrix K and hence the
robustness with respect to changes in the number of time-steps is not given. This
would typically be the case and our results using deal.Il and C++ in [81, 61] show
robustness with respect to the number of time-steps. Nevertheless, every increase in
the number of time-steps also results in an increase in the matrix size and so one would
expect when the number of time-steps is increased fivefold that the same happens for
the time needed to solve the linear system. Going back to the results in Table 1, where
both the timings and iteration numbers are shown for a variety of mesh-sizes and two
different orders of grid points in time, both methods perform mesh-independent and
we can see that the low-rank method shows almost no increase when the number of

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



A LOW-RANK IN TIME APPROACH B21

TABLE 2
Results for full-rank MINRES versus low-rank MINRES with both the stationary iteration (SI)
and IKPIK for a fized mesh with 16,641 unknowns in space. We show varying time-steps and addi-
tionally the rank of the state/control/adjoint state. Both iteration numbers and computing times in
seconds are listed. Results are shown for B =104

DoF 20 100 200 400 600
16641 # it(t) # it(t) # it(t) # it(t) # it(t)
LR(ST) 19(108.2)  21(307.8) 25(432.7) 43(671.9)  61(937.3)

LR(KPIK )  19(115.1)  19(288.9)  19(296.8)  21(335.3)  21(357.1)
Rank (SI)  8/10/10  10/11/11 12/13/13 11/14/14 14/15/15
FR 21(18.3)  35(124.0) 63(434.3) OoM OoM

time-steps is drastically increased. Note also the degrees of freedom given here are only
for the spatial discretization. The overall dimension of the linear system is then given
by 3nn, where n represents the spatial degrees of freedom. We see that the iteration
times for the full rank solver go up, and using the nonoptimal preconditioners we
additionally see that the times increase more than just by a factor of five. We also see
that due to the cost of performing a low-rank truncation the full-rank method always
outperforms the low-rank scheme for a small number of time-steps. Nevertheless, the
low-rank method can easily solve problems that are no longer tractable for full-rank
methods.

Next we compare how both the full-rank and the low-rank method perform when
the number of time-steps is further increased. We therefore consider a fixed mesh for
a varying time-discretization. Table 2 shows the results for both the full-rank and
the low-rank method. We additionally show the rank of the three components of the
state, control, and adjoint state. We started computing the truncation process using a
maximum size of the truncated SVD of 20, which was sufficient for all discretizations
in time using a truncation tolerance of 1078, In order to keep the iteration numbers
from growing too much with an increase in the number of time-steps we increased the
number of stationary iterations for the preconditioner from two to three for the last
two columns in Table 2. Additionally, we show the results for the Schur-complement
approximation when IKPIK is employed. For this we employ IKPIK with a fixed number
of steps. We used four steps for the results shown in Table 2. For the evaluation of the
inverse of the stiffness matrix within IKPIK we used a five steps of a stationary iteration
with one cycle of an algebraic multigrid as a preconditioner. The algebraic multigrid
is also used within the stationary iteration approximation to the Sylvester equation.
We see again that the full-rank method exceeds the memory limit in MATLAB. It can
also be seen that the increase in rank and computing time is typically moderate. Note
that the system dimension considering a full-rank solution is ranging from 998, 460 to
29,953,800 unknowns.

In order to illustrate the distribution of the singular values we show in Figure 2
how the relative value of the singular values behaves throughout the iteration. Shown
are the scaled singular values (0;/01) of the approximation to the state for the prob-
lem with 4225 unknowns and 100 grid points in time. In Table 3 we illustrate the
performance of our scheme when different values for the regularization parameter are
considered. So far the preconditioners introduced based on the stationary iteration
have used a direct solver for the solution of the systems with

i = <<1+ﬁ> ]\/[1+TK)
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F1G. 2. Singular values of the approzimate solution during the iteration before truncation.

TABLE 3
Results for low-rank MINRES with 100 time-steps and a varying regularization parameter on
three different meshes. Both iteration numbers and computing times in seconds are listed. The
results shown use the IKPIK approzimation of the Sylvester-type operators.

DoF 1089 (100) 4225 (100) 16641 (100) 16641 (100)

B #it(t) # it(t) # it(t) ly — 1 /151
1074 17(25.8) 19(80.1) 19(311.9) 0.3979
1076 17(23.8) 17(64.7) 19(267.5) 0.2019

108 15(20.3) 17(56.7) 19(227.2) 0.0809

both in the full-rank method and the low-rank one. We now illustrate that we can
easily approximate this matrix using an algebraic multigrid technique by also showing
that our preconditioner performs robustly with respect to the regularization parameter
5. We here compute the truncated singular value decomposition up to order 20 and
then cut off corresponding to the truncation tolerance. We additionally increased
the number of stationary iteration steps for the matrix (I, ® L + C' ® M) with
preconditioner (I,,, ® L) to 4.

Boundary control. In the following we demonstrate that our approach also
works for the case of a boundary control problem. The desired state is shown in
Figure 3(a) and the computed state needed to approximate this in Figure 3(b). In
Table 4 we show results for the low-rank MINRES approximation for a variety of
mesh-parameters and regularization parameters. Details on the preconditioners used
can be found in [61]. As in the last example for the distributed control case we
choose four Uzawa iterations and a tolerance of 10~ for the iterative solver. Here we
evaluate L again using the backslash operator in MATLAB but the use of AMG is
straightforward. We do not employ IKPIK as its use for this setup needs to be further
investigated.

6.2. Stokes equation. The configuration for the Stokes equation is taken from
[82] and originally appeared in [46]. The spatial domain is the unit cube Q = [0, 1]¢
with a time domain [0,1]. The target flow is the solution for an unsteady Stokes
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(a) Desired state at grid point 65 in time. (b) Computed state at grid point 65 in time for g =
10-6.

FiG. 3. Desired state and computed state for a boundary control problem.

TABLE 4
Results for low-rank MINRES with 100 time-steps and a varying regularization parameter on
three different meshes for a boundary control example. Both iteration numbers and computing times
in seconds are listed.

DoF 289 (100) 4225 (100) 16641 (100)
B #it(t) # it(t) # it(t)
1072 49(137.3)  61(236.18)  79(802.7)
1074 67(179.8)  99(406.6)  151(1510.6)
1076 63(169.2) 95(380.4)  147(1448.6)

TABLE 5
Results for low-rank MINRES with 100 time-steps and a varying regularization parameter on
three different meshes for a Stokes control example. Both iteration numbers and computing times
in seconds are listed.

DoF  578+81 (100) 21784289 (100) 84501089 (100)

B #it(t) # it(t) # it(t)
1071 11(224.4) 12(624.8) 14(3601.9)
1075 15(290.2) 15(737.6) 17(4091.5)

equation with Dirichlet boundary conditions, i.e., y = (1,0) when the second spatial
component zo = 1 and y = (0,0) on the remaining boundary for the two-dimensional
case. For the control problem we now consider the following time-dependent boundary
conditions. For the top-boundary where 25 = 1 we get y = (1 + 3 cos(4nt — ), 0) and
zero elsewhere in two space dimensions and we set viscosity to 1/100. Figure 4(a)
depicts the desired state and the corresponding computed pressure is shown in Figure
4(b). For the results shown in Table 5 we note that we needed to set the number of
stationary iteration steps for the outer iteration to 30 and for the inner one for the
small saddle point system to 5. We believe that the outer iteration can be replaced
by a robust Sylvester solver.

Apart from the approximation of the Neumann-Laplacian on the pressure space
whose inverse was evaluated using an algebraic multigrid scheme, we simply used
the backslash operator to evaluate the remaining components. A further increase in
computational efficiency can be gained when these are replaced by multigrid approx-
imations.

6.3. Convection-diffusion equation. The configuration for the convection-
diffusion equation is taken from [27] and is typically referred to as the double glazing
problem. The spatial domain is the unit cube Q = [—1, 1]? with a time domain [0, 1].
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Pressure Computed State

40 40

(a) Desired state at grid point 10 in (b) Pressure of the computed state for 8 = 1e — 1.
time.

F1G. 4. Desired state and computed pressure for the Stokes flow problem.

FiG. 5. Computed state for B = 1075 at grid point 10 in time.

The wind w is given by
w = (2y(1 — ac2), —2z(1 — y2)) .

Here we set the parameter to € to 1/200 and the boundary condition is a Dirichlet
zero condition with the exception of y = 1 when zo = 1. The desired state is set to
zero throughout the domain [62]. In Figure 5 we show the computed state for grid
point 10 in time. Due to the nonsymmetric nature of the PDE operator we have not
employed the recommended multigrid technique [66] and simply used the backslash
operator here. The results shown in Table 6 indicate a robust performance of the
low-rank MINRES method. We here set the number of stationary iterations to 15.
We additionally show iteration numbers for the use of IKPIK with the use of a direct
solver and a fixed number of IKPIK steps. The tolerance for MINRES is set to 107.

Additionally, we show in Table 7 the numerical ranks that we obtain for the
computed state. We hereby change the parameter ¢ in order to make the problem
more hyperbolic. The tolerance for the low-rank truncation is chosen to be 1078,
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TABLE 6
Results for low-rank MINRES with 100 or 200 time-steps and a varying reqularization parameter
on a variety of meshes for a convection-diffusion control example. Both iteration numbers and
computing times in seconds are listed. The tolerance for convergence is le — 6.

DoF 1089 (100) 4225 (100) 16641 (100) 4225 (200) 16641 (200)

B #it(t) # it(t) # it(t) # it(t) # it(t)

SI 1078 4(17.36) 6(66.1) 6(291.1) 6(68.8) 6(277.6)

IKPIK 1078 4(8.5) 6(35.6) 6(151.0) 6(36.7) 6(161.4)

SI 1076 10(40.4) 10(109.7) 14(639.5) 12(128.1) 14(646.3)

IKPIK 1076 10(22.3) 10(72.3) 14(520.3) 12(98.7) 14(568.6)
TABLE 7

Results for low-rank MINRES with 100 time-steps and a fized mesh with 4225 DoFs. We here
show the ranks of the low-rank factors with respect to a varying e within the convection-diffusion
equation. The tolerance for convergence is le — 6.

DoF 1/50 1/500 1/5000 1/50000
¥1 (trunctol = le — 8) 9/7/7 7/6/6 7/5/5 7/5/5
¥2 (trunctol = le —8)  30/35/35 20/49/49  29/50/50  29/50/50
¥2 (trunctol = le — 5) 4/3/3 3/4/4 3/4/4 3/4/4

We show ranks for both the zero desired state ¥; and a different desired state with a
higher frequency §2. We note that the control and adjoint states both need more terms
for the low-rank representation when the desired state is nontrivial. The maximum
number of vectors stored was limited to 50, which was not sufficient for small values
of £. This does not indicate that the method fails in this case but rather that it is
crucial to investigate the relation between the discretization error, the algebraic error,
and the truncation error. The truncation tolerance of 10~ could have simply been
too tight for the level of discretization. Hence, we additionally show the results for
the truncation level 107°, which in this case is smaller than h2.

7. Outlook. We believe that the research presented here opens some interest-
ing angles that should be studied in the future. The incorporation of additional
constraints such as control and state constraints is typically very important for real-
world scenarios. We plan to investigate a technique introduced in [45] where the state
and adjoint state are computed first and hence is amenable to low-rank techniques,
and then the constrained control is computed. It is further desired to investigate more
complicated discretizations in time. Of particular interest, we want to study back-
ward differentiation formulas [5] as these can be easily incorporated simply modifying
the C' matrix in (3.1). We further plan to incorporate more sophisticated generalized
Sylvester equation solvers for (I,, ® L + C ® M), which we believe allows for more
robustness with respect to the system parameters and should be combined with a
flexible outer method [71]. It is further crucial to investigate how the low-rank tech-
niques can be extended to incorporate nonlinearities of both the objective function
and the PDE constraint such as [17].

8. Conclusions. In this paper we proposed the use of a low-rank methodology
for the solution to PDE-constrained optimization problems. In particular we intro-
duced a low-rank in time approach that allows us to significantly reduce the storage
requirements in time for a one-shot solution of the optimal control problem. We were
also able to rewrite the problem in such a way that we can obtain low-rank existence
results from classical Sylvester equation theory. We additionally discussed a stationary
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iteration as a preconditioner for the Schur-complement approximation within the over-
all block-diagonal preconditioner. We further illustrated that this technique can be
used for many well-known PDEs. Our numerical results illustrated that even with the
rather crude Schur-complement approximation a rather robust performance could be
obtained. The low-rank method presented enabled computations that are no longer
possible to perform with the full-rank approach, which we see as a crucial feature of
our methodology.
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