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Résumé

Cette these se concentre principalement sur ’analyse d’erreur a posteriori et les algorithmes adaptatifs
qui en découlent pour résoudre itérativement des équations aux dérivées partielles (EDP) non linéaires.
Nous considérons des EDP de type elliptique et parabolique dégénéré. Nous étudions également
I’adaptivité dans la précision en virgule flottante d’un solveur multigrille.

Dans les deux premiers chapitres, nous considérons des EDP elliptiques découlant d’'un probleme
de minimisation d’énergie. L’analyse a posteriori est directement basée sur la différence d’énergie entre
la solution vraie et approchée. Les applications non linéaires des EDP elliptiques que nous considérons
sont en particulier fortement montones et Lipschitziennes. Dans ce contexte, une quantité importante
est la « force de la non-linéarité » donnée par le rapport L/« ot L est la constante de Lipschitz et
a est la constante de (forte) montonicité.

Dans le Chapitre 1, nous étudions un algorithme adaptatif comprenant la régularisation, la dis-
crétisation et la linéarisation adaptative. L’algorithme est appliqué & une EDP elliptique avec une
non-linéarité non réguliere. Nous établission une borne supérieure garantie, fondée sur un estima-
teur basé sur I’écart primal-dual. De plus, nous isolons les composantes de l’erreur correspondant
a la régularisation, la discrétisation et la linéarisation qui conduisent & des criteres d’arrét adap-
tatifs. Nous prouvons que les estimateurs des composantes convergent vers zéro dans les limites
respectives de régularisation, discrétisation et linéarisation de l'algorithme. Nous présentons des ré-
sultats numériques démontrant 'efficacité de l'algorithme. Nous présentons également des preuves
numériques de robustesse par rapport au ratio mentionné L/« qui motive le travail dans le deuxiéme
chapitre.

Dans le Chapitre 2, nous examinons la question de 'efficacité et de la robustesse de I'estimateur
d’erreur de ’écart primal-dual. Nous considérons en particulier une différence d’énergie augmen-
tée, pour laquelle nous établissons une indépendance vis-a-vis de ce ratio pour la linéarisation de
Zarantonello et seulement une dépendance locale et calculable par patch pour d’autres méthodes de
linéarisation, y compris la linéarisation de Newton. Des résultats numériques sont présentés pour
étayer les développements théoriques.

Dans le Chapitre 3, nous nous tournons vers le probléme de régularisation adaptative pour 1’équa-
tion de Richards. L’équation de Richards apparait dans le contexte de la modélisation des milieux
poreux. Elle contient des non-linéarités non-régulieres, et se prétant a la méme approche que celle
adoptée dans le Chapitre 1. Nous développons des estimateurs, ici inspirés des estimateurs en norme
duale du résidu, ainsi qu'un algorithme adaptatif basé sur ces estimateurs.

Dans le Chapitre 4, nous fournissons des détails sur la mise en ceuvre efficace du flux équilibré : un
ingrédient crucial dans le calcul des estimateurs d’erreur. La mise en ceuvre s’appuie sur le paradigme
du multi-threading dans le langage de programmation Julia. Une boucle supplémentaire est introduite
pour éviter les allocations de mémoire, essentielle pour obtenir un passage a 1’échelle parallele.

Dans le Chapitre 5, nous considérons un algorithme de précision mixte avec une méthode de
multigrille géométrique comme solveur interne. Le solveur multigrille fournit intrinsequement un esti-
mateur d’erreur que nous utilisons dans le critere d’arrét pour le raffinement itératif. Nous présentons
un benchmark pour démontrer I'accélération obtenue en utilisant des représentations en simple pré-
cision des matrices creuses impliquées. Nous concevons également un algorithme adaptatif qui utilise
I'estimateur mentionné pour identifier quand le raffinement itératif échoue pour des problémes trop
mal conditionnés, ’algorithme est alors capable de récupérer et de résoudre le probléme entierement

en double précision.
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Mots-clés : Equations aux dérivées partielles, non linearité fortement monotone et
Lipschitzienne, méthode des éléments finis, linéarisation itérative non linéaire, méthode de
Newton, estimation d’erreur a posteriori, adaptivité, régularisation, multigrille, équation de
Richards, milieux poreux, précision mixte, raffinement itératif



Abstract

This thesis concerns a posteriori error analysis and adaptive algorithms to approximately solve nonlin-
ear partial differential equations (PDEs). We consider PDEs of both elliptic and degenerate parabolic
type. We also study adaptivity in floating point precision of a multigrid solver of systems of linear
algebraic equations.

In the first two chapters, we consider elliptic PDEs arising from an energy minimization problem.
The a posteriori analysis therein is based directly on the difference of the energy in the true and
approximate solution. The nonlinear operators of the elliptic PDEs we consider are strongly monotone
and Lipschitz continuous. In this context, an important quantity is the “strength of the nonlinearity”
given by the ratio L/« where L is the Lipschitz continuity constant and « is the (strong) monotonicity
constant.

In Chapter 1 we study an adaptive algorithm comprising adaptive regularization, discretization,
and linearization. The algorithm is applied to an elliptic PDE with a nonsmooth nonlinearity. We
derive a guaranteed upper bound based on primal-dual gap based estimator. Moreover, we isolate
components of the error corresponding to regularization, discretization, and linearization that lead to
adaptive stopping criteria. We prove that the component estimators converge to zero in the respective
limits of regularization, discretization, and linearization steps of the algorithm. We present numerical
results demonstrating the effectiveness of the algorithm. We also present numerical evidence of
robustness with respect to the aforementioned ratio L/« which motivates the work in the second
chapter.

In Chapter 2, we consider the question of efficiency and robustness of the primal-dual gap error
estimator. We in particular consider an augmented energy difference, for which we establish inde-
pendence of the ratio L/« (robustness) for the Zarantonello linearization and only patch-local and
computable dependence for other linearization methods including the Newton linearization. Numer-
ical results are presented to substantiate the theoretical developments.

In Chapter 3 we turn our attention to the problem of adaptive regularization for the Richards
equation. The Richards equation appears in the context of porous media modeling. It contains
nonsmooth nonlinearities, which are amenable to the same approach we adopt in Chapter 1. We
develop estimators and an adaptive algorithm where the estimators are inspired by estimators based
on the dual norm of the residual. We test our algorithm on a series of numerical examples coming
from the literature.

In Chapter 4 we provide details for an efficient implementation of the equilibrated flux, a crucial
ingredient in computing the error estimators so far discussed. The implementation relies on the
multi-threading paradigm in the Julia programming language. An additional loop is introduced to
avoid memory allocations, which is crucial to obtain parallel scaling.

In Chapter 5 we consider a mixed precision iterative refinement algorithm with a geometric
multigrid method as the inner solver. The multigrid solver inherently provides an error estimator of
the algebraic error which we use in the stopping criterion for the iterative refinement. We present a
benchmark to demonstrate the speedup obtained by using single precision representations of the sparse
matrices involved. We also design an adaptive algorithm that uses the aforementioned estimator to
identify when iterative refinement in single precision fails and is able to recover and solve the problem
fully in double precision.

Keywords: Partial differential equations, Strongly monotone and Lipschitz continuous nonlinear

operators, finite element method, iterative linearization, Newton method, a posteriori error estimate,
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adaptivity, regularization, multigrid, Richards equation, porous media, mixed precision, iterative
refinement
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“(C’est avec la logique que nous prouvons
et avec l'intuition que nous trouvons.”
- Henri Poincaré

Introduction

In the modern age, many fields of science and engineering rely increasingly on numerical
simulation to gain insight into complex phenomena. Numerical experiments have several
advantages over conventional laboratory experiments.

o Cost: Numerical experiments are almost always more cost effective than their physical
counterparts.

e Reproducibility: Numerical experiments provide a higher degree of reproducibility due
to the deterministic nature of computers.

e Generality and extensibility: The same numerical methods can be applied to a large
class of physical models as well as taxonomies of models with increasing complexity.

Furthermore, in certain cases, physical experiments may be dangerous or even impossible.
This is indeed the case for the French agency for nuclear waste management (ANDRA) that
funded this thesis.

i Context and motivation

Originally founded in 1979 as a branch of the atomic energy center (CEA), ANDRA was
established as an independent organization in 1991. Immediately following its independence,
the 1991 Waste Act tasked ANDRA with determining the feasibility of a deep geological
repository for high-level and long-lived intermediate-level radioactive waste. One of the major
culminations of ANDRA’s work in this direction is the Cigéo (Centre industriel de stockage
géologique) project. The goal of this ambitious project is to provide a solution for nuclear
waste disposal that is viable for at least 100 years. The plan is to bury steel casks containing
the waste around 500 meters below the ground. The main facility (see Figure 1) located in
the Meuse/Haute-Marne region was chosen carefully based on its geological characteristics.
In particular, this region is home to vast clay deposits that can potentially insulate the
surface in the case of radioactive seepage.

Indeed, understanding the consequences of potential leaks of radioactive material is of
paramount importance to ANDRA. In a worst-case scenario, the groundwater could corrode
the steel casks and transport the radioactive material away from the containment zone. To
understand and mitigate such risks, ANDRA conducts large-scale simulations over very long
timescales (thousands of years) in addition to physical testing at the facility. The underlying
mathematical models involve modeling flow in porous media such as clay or rock. These
porous media models are often highly complex, with parameters varying over large space
and timescales, as well as containing highly nonlinear and/or nonsmooth closure laws.
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Figure 1: Cutaway view of the main Cigéo site (courtesy of andra.fr).

This thesis is primarily concerned introducing new methods for treating difficulties arising
from the form of nonlinear nonsmooth closure laws, and the subsequent study of the resulting
adaptive algorithms. The central tools will be a posteriori error analysis and adaptivity,
which we detail in the forthcoming sections. In particular, in Chapters 1 and 2 we study an
academic model problem related to energy minimization while in Chapter 3 we study the
Richards equation which is a reduced model of two-phase flow in porous media with highly
nonlinear and nonsmooth closure laws. Implementation aspects are considered in Chapter 4
and we explore mixed precision floating point adaptivity in Chapter 5.

ii Goals of this thesis

Accurate simulation of nonlinear nonsmooth partial differential equations (PDEs) such as
those appearing in porous media flows can be prohibitively expensive in terms of computa-
tional resources, whether it be in terms of mesh resolution, temporal resolution, or number
of solver iterations for the resulting linear or nonlinear systems of algebraic equations. These
steps will be described in greater details in the following but for now let us simply observe
how each approximation comes with a set of parameters allowing to increase the accuracy,
typically at the detriment of the computational cost:

o A spatial discretization method-here the finite element method (FEM)-allows approx-
imating the continuous PDE by a discrete problem, see §iv.2. The approximation
involved is governed by the chosen mesh, which can be refined in order to make the
solution more accurate.

e A linearization procedure allows handling the nonlinear nature of the problem at hand
as in §iv.3, transforming it into a sequence of linear problems. In this case the approx-
imate solution can be made more accurate by hardening the stopping criterion so that
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the number of iterations increases. A regularization procedure will be introduced to
handle non-smooth closure laws (see §iv.1). Its accuracy is governed by a parameter,
which can be made smaller to let the regularized closure law converge to the exact
non-smooth law.

e Even when, after all these steps, only linear systems of algebraic equations remain to be
solved (see §v.1), some choices can still be made to control the accuracy and speed of
the linear solver. One such choice is the stopping criterion used for an iterative solver.
Another choice is the precision of the arithmetic used for the underlying floating point
operations (see §v.2).

For hard problems such as the Richards equation, it becomes of paramount importance
to try and spend the computational effort to increase the accuracy of the weakest link in the
chain, and to try and avoid wasting computational resources on approximations that do not
actually influence the overall solution accuracy.

In such a context, the natural question then becomes: how can we steer the overall
algorithm that chains all these approximations? In particular, how to decide, at a certain
step of the algorithm, whether to, e.g., refine the mesh or reduce the regularization? At a
given linearization iteration, is it enough to use a single-precision linear solver, or is double
precision needed? Or can a mixed-precision approach provide the required accuracy?

The main unifying feature of our work here is to propose methods that free the user from
the burden of choosing appropriate parameters to control the accuracy of each step in the
algorithm. Instead we propose methods that automatically steer the overall algorithm
to spend computational resources where it matters most. Our main strategy will be to

1. estimate the error with a computable a posteriori error estimator (see §vi);

2. decompose the estimator into components corresponding to the different parts of
the solution procedure, and

3. balance these components.
This therefore leads us to
e Adaptivity in discretization by local mesh refinement,
e Adaptivity in regularization by updating a regularization parameter,
e Adaptivity in linearization by adaptive stopping criteria,

e Adaptivty in floating point precision in the linear solver using iterative refinement.

iii Mathematical models

The overarching mathematical theme of this thesis are strongly nonlinear and nonsmooth
partial differential equations (PDEs).
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Figure 2: The nonlinear saturation function for the Brooks—Corey model [25]. The function
is nonsmooth as it is not differentiable at the point p = —0.2.

iii.1 The Richards equation

An important model in the context of porous media modeling is the Richards equation
[33, 39]. The Richards equation provides a reduced model of two-phase flow. The equation
reads, for unknown pressure p and saturation s,

Os — V- Kk(s)(Vp+g)|=f inQx][0,T], (1)

where () is a spatial domain, 7" is the final time, K is the absolute permeability tensor, x
is the relative permeability function, —g represents the constant force of gravity, and f is a
body source term. The equation is closed by the so-called capilary pressure relation

s =S(p). (2)

We note that the functions x : [0,1] = R* and S : R — [0,1] are nonlinear in practical
models. We study the Richards equation in more detail in Chapter 3. In the case where S(p)
is constant so that d,s = 0, and if g = 0 and K = I, the Richards equation is a stationary
equation for the pressure p, namely,

=V-(k(S(p))Vp) = f inQ. (3)
In Figure 2, we show a nonlinear and nonsmooth example of the saturation function S(p).
Degenerate functions & are also considered in Chapter 3.
iii.2 Energy minimization
In Chapters 1-2 we study equations similar to (3), namely PDEs of the form
—V-(a(|Vu|)Vu) = f in Q, (4)

where the function a : R™ — R™ is nonlinear and possibly nonsmooth. We assume additional
structure in that there exists a convex function ¢ € C''(R) such that
¢'(s)
als) = : (5)

S
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Figure 3: The nonlinear and nonsmooth function a and the corresponding function ¢’. They
are both non-differentiable at s = 2.

For some appropriate Sobolev space V', our problem can then be stated as

u= argmin/ﬂ¢(\Vu) — fvde. (6)

veV

This is further equivalent to the so-called Euler-Lagrange equations: find u € V' such that
(a(|Vu])Vu, Vo) = (f,v)  VveV, (7)

whereby (4) is the strong form of (7).

iv Solution strategy

iv.1 Regularization of nonsmooth nonlinearities

As mentioned above, we are interested in solving problems where nonsmooth nonlinear func-
tions appear cf. Figure 2 and Figure 3. We in particular seek to avoid poor iterative
linearization solver performance due to low regularity. Our recipe is to regularize the non-
smooth nonlinearities. Regularization is a well known approach in many circumstances for
handling low regularity. For example, for inverse problems [73, 98, 48], regularization is a
common tool to deal with issues pertaining to ill-posedness. Closer to the current setting,
regularization has been used as a theoretical tool for establishing existence and uniqueness
in the context of degenerate parabolic PDEs [100, 43, 96], a class that the Richards equation
(1) belongs to. Degenerate parabolic equations are characterized by “degeneracies”, i.e.,
points in either space or time where the PDE changes type (from parabolic to either elliptic
or hyperbolic in the present setting). In [100] and [96], sequences of regularized problems
are introduced that avoid these degenerate regions. These regularized problems are always
parabolic, and thus amenable to standard methods to prove well-posedness. Next, it is
shown that the limit of the regularized solutions converges in some sense to the solution of
the original problem.

Here, we are rather interested in how to improve nonlinear solvers performance, and in
particular Newton’s method. For Newton-type methods, regularization (smoothing) Newton
methods replace non-differentiable nonlinearities with smooth counterparts, see [122, 103,
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Figure 4: Regularized approximatations of the nonlinear and nonsmooth functions a and ¢
in the energy minimization problem of (12).

102] and the references therein. In this case, the amount of added regularization is typically
proportional to a parameter that is driven to zero as the Newton iterations progress, thereby
approaching the original problem.
In our context, for the given nonsmooth nonlinear function a and the associated function
#, we introduce a sequence of positive regularization parameters {e/ }j>1 that gives rise to
a sequence of regularized functions a.; and ¢.;, see Figure 4 for an example in the energy
minimization setting where a € C°(R) \ C'(R) and correspondingly the convex function
¢ € C1(R)\ C?(R). In this case, we obtain a sequence of modified weak problems for j > 1:
find v/ € V such that
(ag (VW) V!, Vo) = (f,v) Yo e V. (8)

Our salient point is that we will be choosing ¢/ adaptively using a posteriori error
estimators. This approach is also relevant when we study the Richards equation in more
detail in Chapter 3, in particular for the Brooks—Corey model for which the saturation
function (2) contains a kink point cf. Figure 3. Figure 5 gives an example of our proposed
regularization in this context. We will again be choosing €/ adaptively.

iv.2 Finite element discretization

Problem (8) is still infinite-dimensional. To discretize it, we consider the continuous Galerkin
(Lagrange) finite element method of arbitrary order, see e.g., [50]. More precisely, given a
conforming, shape-regular mesh 7; of the domain 2, our discrete approximate space, for
polynomial order p > 1, will be V' := Pp(Ty) N HZ (). In particular, the choice of notation
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Figure 5: Regularized approximations for the saturation function (2) in the Brooks—Corey

model [25] cf. (3.7).

£ € N rather than h € R reflects the fact that we will work with sequences of meshes that
are typically graded and are generated from an adaptive mesh refinement (AMR) procedure.
We thus consider a regularized and discretized problem associated to (7): for a mesh index
¢ and a regularization index j, find ui € Vf such that

(a0 (V) Vi, Vup) = (f,v0) Yop € V. ©)

iv.3 Iterative linearization

Once the problem has been regularized and discretized, we consider a sequence of linear prob-
lems to solve, whose solutions approximate the solution ug to the nonlinear problem (9). We
refer to this procedure as iterative linearization. For general nonlinear PDE, there exist many
well known linearization procedures, e.g. the Picard/fixed point iteration, the Zarantonello
iteration, and the Newton iteration, see [20, 42, 50, 67, 80, 129] and the references therein.
However, Newton’s method stands apart in providing potentially quadratic convergence un-
der certain conditions. Thus, as stated in §iv.1, we seek to satisfy the necessary conditions
for Newton’s method (in particular the regularity requirements) by introducing an adaptive
regularization. For a mesh index ¢ > 1 and a regularization index j > 0, given an initial
guess uz’o, we can consider a regularized, discretized, and linearized problem associated to
(7): for a linearization index k > 1, find u)* € V such that

(AP Vo) = (f,00) + (07" Vo) Yo e VY, (10)

where Ai’kil Q) — R4 and bZ’kil : 2 — R? depend on the previous iterate ué’kil and on
the chosen linearization.
We now present three typical choices of the linearization (10):

o The Picard (fixed point) iteration, see, e.g. [42], is defined as
AP = (VeI and b2FT =0 i Q. (a)
o The Zarantonello iteration, introduced in [127], is defined as

AP =1y and 6 = (53— a9 ) Vit o, (b)
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where v € (0,00) is a constant parameter. The Zarantonello iteration converges lin-
early, but the convergence is slow as vy takes large values.

o The Newton iteration, see, e.g. [42], is defined as
jk—1
a'([Vuy™ )
h1
[Vuy™ |

with b]lf*l = a’(|VuZ’k71|)|Vu2’k71|VuZ’k71 in Q.

AR = (Va1 + Vuy* @ !

()

Specifically for the Richards equation, the design of effective linearization procedures is an
ongoing effort. A sufficient condition for the convergence of Newton’s method in the context
of the Richards equation was derived in [75]. Other linearization schemes specific to the
Richards equation include the modified Picard method [31], L-schemes [111, 87, 99, 92], and
the Jager—Kacur method [77, 78]. These methods are generally more robust than Newton’s
method at the cost of slower convergence. In particular, the L-scheme was shown to be
unconditionally convergent in [105], though it only converges linearly. In our philosophy we
want to keep the Newton method but rather apply it to a suitably (adaptively) regularized
nonlinearity.

v Linear solvers, iterative refinement, and mixed precision

v.1l Linear solvers

Once we have reduced the original problem to a sequence of finite dimensional linear problems
of the form (10), we can choose a basis of the finite-dimensional space V,/ and then the discrete
linear problem (10) is equivalent to a linear system of the form Az = b. One possible choice
to solve these types of equations are direct methods, i.e., procedures to produce the exact
solution z of the linear system (up to machine precision) in a predetermined number of
steps, see, e.g., [62, 126, 3] and references therein. We will however, be primarily interested
in dterative solvers, where a sequence of approximate algebraic vectors are computed that
converge to the true solution z. In the model context (10), this would give us an approximate
solution uék’ € Vf on each iteration ¢ of the linear solver.

Classical iterative methods include fixed point-type methods such as Jacobi, Gauss—
Seidel, and successive over-relaxation. An important class of solution methods are Krylov
subspace methods such as the conjugate gradient method (CG) and generalized minimum
residual methods (GMRES), see, e.g., [110, 80]. Another branch of linear solvers are so-called
multi-level methods. These methods rely on information from the underlying discretized
system (namely, the mesh the problem is discretized on) to consider auxiliary versions of
the original problem with fewer unknowns. More precisely, we are interested in geometric
multigrid methods, see, e.g., [65, 24]. A typical geometric multigrid algorithm consists of
a so-called V-cycle, see Figure 6. A sequence of grids is established, and discrete functions
are transferred between them. The operations performed on the individual levels (grids)
are referred to as smoothing, usually consisting of an iterative fixed point method, and a
coarse solve: a direct method on the lowest level (coarsest grid). The smoothing steps are
called pre-smoothing (resp. post) because they occur before (resp. after) the coarse solve,
see Figure 6.

In particular, we will use the geometric multigrid solver introduced in [91, 89] and in the
PhD thesis [90]. This version of geometric multigrid has several advantages: 1) there are no
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COARSE_SOLVE

Figure 6: A typical multigrid V-cycle with J = 4 levels (Figure 3 of [90]).

pre-smoothing steps and only one post-smoothing step; 2) the smoother is a simple Jacobi
smoother in the lowest order case and block Jacobi in general; 3) the solver is p-robust,
that is, the contraction property of the solver is independent of the polynomial order; 4) the
solver has a built-in a posteriori estimator of the algebraic error. This last property will be
the most crucial for us, as we will design an adaptive algorithm based on this estimator.

v.2 Iterative refinement and mixed precision

The vast majority of numerical algorithms are carried out in finite precision, more specifically
using the floating point arithmetic. Mixed precision methods involve using different precision
levels (such as single, double, or extended precision) at various stages of a computation, see,
e.g., [71, 124] and references therein. This approach allows for the balancing of computational
speed and memory usage, as lower precision arithmetic is typically faster and less memory-
intensive. One Mixed precision can in particular be applied in iterative refinement, originally
introduced in [124].

Iterative refinement is a correction method consisting of an inner solver and a residual
correction. In particular, an equation for the error is solved in lower precision and the
residual calculation is computed in higher precision, see Algorithm 1. The basic tenant of
iterative refinement is that solving for the correction generally requires less precision since
the entries of the residual are on a smaller order compared to the right hand side b. Since
the residual is small, and if A is not too ill-conditioned, the correction y should also be small.
Furthermore, if y is small, then the rounding errors in computing y should be negligible when
compared to the rounding errors in x. Iterative refinement has been studied in the context
of direct solvers [124, 38], Krylov subspace methods [27, 26], and more recently in [88, 115]
for multigrid methods.
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Algorithm 1: Iterative refinement in mixed precision

1 Input: initial guess (9, 4,b

2 3:=0

3 while ||| > tol do

4 r@ = p— Az® * Compute residual in high precision
5 y(i) := InnerSolve(A4, 7'(i)) * Compute correction in low precision
6 (D) = () 4 () * Update in high precision
7 ti=1+1

vi A posteriori error estimation and adaptive mesh refine-
ment

The final but crucial ingredient for designing adaptive algorithms are a posteriori error
estimates. A posteriori error estimation for PDEs is a well established subject, see for
example the books of Verfiirth [120], Ainsworth and Oden [1], Repin [107], and the references
therein. A posteriori errors estimators can be utilized to 1) certify the error; 2) drive adaptive
mesh refinement strategies; and 3) drive adaptivity in a larger sense, such as providing
stopping criteria for iterative solvers. In general, important properties of such estimators are
their reliability (upper bound for the error) and efficiency (lower bound for the error), where
the constants in the upper bounds are ideally explicit, independent of the PDE data and
finite-dimensional approximation parameters. More specifically in the context of adaptive
stopping criteria, it is especially attractive to have a constant-free upper bound. As for the
error lower bound, the goal is to obtain a generic constant ideally independent of the model
and/or discretization parameters, which we refer to as robustness.

vi.l Primal-dual gap error estimators

Thanks to the minimization structure in (12), we can consider a special type of a posteriori
error estimators known as primal-dual gap estimators [109, 108, 107, 13, 129]. In particular,
these estimators do indeed provide a constant-free upper bound on the difference of energies.
The following uses standard duality arguments for convex functions, following [17, 107, 129].
Note that in this section we specifically consider Sobolev space V = H}(Q2). We begin by
defining the energy functional J : H(Q2) — R as the right hand side of (12), i.e.

J(v) = /¢(|Vv|)da:—/fvdm. (11)
Q Q
We consider the associated minimization problem:

u = argmin J (v). (12)
vEH ()

Then, we define the associated dual functional J* : H(div,{2) :— R by

()= = [ (s dz, (13)
where the star represents the Fenchel conjugate

¢ (r) i= max{sr — 6(s)}. (14)
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Then, for any function v € HZ () and any vector-valued field ¢ satisfying ¢ € H (div, Q)
with V-¢ = f, we have the following result (cf. Corollary 1.5.6)

0< T () =T () <IT) =T (). (15)

In particular, we use the bound (15) to define a computable error estimator with constant-free
upper bound, (cf. Lemma 1.7.1)

0< J(uy") = T(u) < T(") = T ("), (16)
total error (efgc’k)Q total est. (nf{i’k)z

where the flux ti’k € H(div,Q) with V'ti’k = f is computed at each step 4,7,k and is
an approximate solution of the dual problem achieved by means of some local (patchwise)
problems. The construction of this object will be the discussion of §vi.3.

vi.2 Other ways of measuring and estimating the error

In addition to measuring the errror via the difference of the energies as in (15), a second
type of error measure we will consider will be that of the energy norm. For v € H} (), we
namely consider

ol = a2 Vo], (17)

for some real number o > 0. One can also consider the dual norm of the residual. Let the
residual R(v) € H~1(Q) be given by

(R(v),w) = (f,w) = (a(|VV)Vv, V), w € Hy(9). (18)
Then the dual norm of the residual is given by

[IR()l[-1 = sup - (R(v), 9). (19)
pEH} (), llllI=1

These three error measure turn out to be equivalent in the linear case a(s) = constant (cf.
§1.4.4)

T (W) = T (w) = 5lllv = ull® = IR,

This equivalence extends to the nonlinear case but the equivalence constant depends on the
nonlinear function a. The corresponding error estimator for these two error measures is (cf.
§ 1.7.2-1.7.3)

0 < 3llluy™ —ulll* < 3R < 5o A(Vuy™) + 7).

total est. (i]fojtk)Q

vi.3 Equilibrated flux

In the previous section, we observed that the computability of the estimators hinged on being
able to produce an object ti’k in H(div, ) with a specified divergence. This is achieved
by solving linear, local, and mutually independent problems on patches of mesh elements.
This resulting object is referred to as the equilibrated flux and is based on principles first
established in the works of Ladeveéze and Leguillon [84], Destuynder and Métivet [41], Braess
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Va

Figure 7: A nodal patch and its associated hat function.

and Schoberl [21], and Ern and Vohralik [53]. One major advantage of this strategy is the so-
called p-robustness, i.e., the resulting estimator is uniformly efficient for arbitrary polynomial
order p. For the linearized problem (10) this construction boils down to solving, on each
nodal patch w, (see Figure 7) corresponding to the node a of the mesh 7, a mixed problem
of the form: find (tg’k, Ga) € Va X Qa such that

(45, 00 — (G0 V01), = —(Ua (AT V) = b]5), 0p)s, (20a)
(V-3F r)un = (foa = (A7 Vug" = 0)%) - Vi, o), (20b)

for all pairs (vg,7¢) € Va X Qa. See §1.6.1 for full details. We give details of our implementa-
tion in the Julia programming language in Chapter 4 in the simpler but very much relevant
context of the Poisson equation.

vi.4 Adaptive mesh refinement

One common use of a posteriori error estimation is driving adaptive mesh refinement algo-
rithms. Adaptive mesh refinement algorithms are well studied, see e.g., [119, 6, 97, 28] and
references therein. To preserve mesh continuity and mesh shape regularity during refinement,
we use the newest-vertex bisection (NVB) algorithm, see Figure 8 for an illustration. The
NVB algorithm is applied in tandem with Dorfler marking [46] (cf. Algorithm 3 below) for
the selection of elements to refine. I have implemented the newest vertex bisection algorithm
in the Gridap.jl [118, 7] open source finite element package via the pull request #901,
https://github.com/gridap/Gridap.j1/pull/901. It can be applied via a single line call
to a given mesh, as demonstrated in the following example.

using Gridap

1
2
3 Q = CartesianDiscreteModel((0,1,0,1), (10,10)) |> simplexify
4 using Gridap.Adaptivity
B
6

Q_ref = refine(Q, refinement_method = "nvb", cells_to_refine = [5, 14, 23])
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NVB

Figure 8: The red elements are marked for refinement. The newest vertex bisection algorithm
(NVB) ensures the mesh continuity by bisecting additional elements to those marked, and
always choosing to bisect by adding a new node opposite to the longest edge.

vii Contents and contributions of the thesis

This manuscript consists of five chapters excluding this introductory one. We now give their
summary.

vii.1 Chapter 1: Adaptive regularization, discretization, and linearization
for nonsmooth problems based on primal-dual gap estimators

This chapter corresponds to the article [58] in Computer Methods in Applied Mechanics in
Engineering. It is a joint work with Francgois Févotte and Martin Vohralik.

In this chapter, we are interested in two main questions: 1) how can can we we obtain a
good approximation to the solution of a nonsmooth PDE by applying Newton’s method to a
sequence of auxiliary regularized and discretized problems and 2) can we do so while bounding
the error in difference of energies as discussed in §iii.2. To this end, we introduce a three-
level adaptive algorithm controlling regularization (with index j), discretization (with index
?), and linearization (with index k) in the numerical resolution of nonsmooth PDEs. The
regularization is applied at the PDE level by modifying the nonlinear nonsmooth function
defining the PDE. Our adaptive algorithm is driven by component estimators that isolate
the errors coming from regularization, discretization, and linearization. These component
estimators provide a constant-free upper bound decomposition of the so-called primal-dual
gap estimator of the form (16).

The main results of this chapter are as follows: 1) we introduce a global regularization of
a nonsmooth function in the spirit of Figure 3, thus obtaining a sequence of smooth PDEs; 2)
we derive a decomposition of the standard primal-dual gap estimator (16) into components,
(cf. Theorem 1.7.3)

O <| [t + o (a1 + Vit o

discretization est. (nfl’é G
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+ /Q o (dI* + ri*)) — ¢ (|di*)) dee

~~

regularization est. (nféjg’k)Q

+ /Q 6 (1E5F)) — o* (Jd + ri*

) d

’

é,j,k)g

linearization est. (n;:

3) we prove that these component error estimators converge to zero in their respective limits.
More precisely, we have the following

Lemma 1.7.4: lim nf;fé’k =0,
J,k—o00
L 1.7.5: lim n5% =0
emma Jim i’ =0,
L 1.7.6: lim 7% = o;
emma A it =0

4) we design an adaptive algorithm (Algorithm 2) balancing the error components: see
Figure 9 for an example of its execution. More precisely, we plot the values of the component
estimators for each combination of indices the ¢, j, k. Some important remarks about the
behavior of the estimators are:

1. The linearization estimator converges rapidly for a given mesh ¢ and regularization
parameter j

2. The regularization estimator decreases in j and is kept strictly below the discretizaiton
estimator for almost all the iterations

3. The discretization estimator decreases in ¢

5) we consider the convergence of the total estimator with respect to total degrees of freedom
(DOFs). Specifically, we apply the algorithm for both a known smooth solution as well as
an unknown solution on an L-shaped domain. In particular, in the smooth case we recover
the optimal rate of convergence with respect to DOFs for polynomial degree p = 1 using
uniform refinement, see Figure 10. For the unknown solution on the L-shaped domain,
we observe the optimal rate of convergence for the total estimator using adaptive mesh
refinement for polynomial order up to 3. Indeed, in Figure 11 we compare the results of using
uniform and adaptive refinement for Algorithm 2 (in both cases the adaptive regularization
and linearization are performed as usual), and in particular the sub-optimality for uniform
refinement due to the re-entrant corner.

vii.2 Chapter 2: Robust energy a posteriori estimates for nonlinear elliptic
problems

This chapter corresponds to article [68]. It is a joint work with André Harnist, Koondanibha
Mitra, and Martin Vohralik. This article has been submitted for publication and is currently
under Teview.

In this chapter, we conduct a rigorous mathematical study of the robustness of the primal—
dual gap estimator (16) with respect to the strength of the nonlinearity of the function a.
We do not consider regularization in this chapter, hence the index j does not appear. In
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Figure 9: Evolution of the component estimators during the execution of the adaptive
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Figure 11: Comparing uniform and adaptive mesh refinement for an unknown solution on an
L-shaped domain for the total error and estimator (16). The uniform refinement results in
sub-optimal convergence with respect to DOFs, while the adaptive refinement recovers the
optimal rate, including iterative linearization and iterative regularization. See Figure 1.13
and https://doi.org/10.1016/j.cma.2023.116558

particular, we seek to show that the primal-dual gap estimator is not only an upper bound
but also, up to a generic constant, a lower bound of the difference of energies. As a second
step, we consider an augmented version of the difference of energies which takes into account
the iterative linearization, e.g., the Picard/fixed point iteration (a), the Zarantonello iteration
(b), or the Newton iteration (c). The linearized energy functional jfﬁl : H} () — R defined
for all v € H}(2) and associated to a linearization of the form (10) is given by

T ) = 5 (A~ (70 - 0, ) (21)

The augmented energy difference then reads as

1 L - - :
e =1 [ eweh) - )t 3 (27 wh) - 7 ) (22)
nonlinear line;;ized

where A§ (cf. (2.41)) is defined to “balance” the nonlinear and linear components of the
energy difference, and u’f@ is the minimum of the energy functional (21) over the infinite-

dimensional space H}(£2). We have an equivalent augmented estimator:

T - T bt (27 - T @h) | e

/

=

N | =

nonlinear . .
linearized

where J* is the dual energy of (13) and o is an equilibrated flux, cf. (2.25). For this
augmented energy, we are able to prove robustness for the Zarantonello iteration, and a

reduced local dependence for the other linearization schemes that we study. More precisely,
we have (cf. Theorem 2.5.5)

Eé‘: < 775 + quadrature type and oscillation terms
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Figure 12: The effectivity indices are the ratios of the respective estimators in (23) divided
by the errors in (22). We observe robustness of the estimators with respect to the strength
of the nonlinearity for the Zarantonello linearization (left) and lack thereof for the Newton
linearization (right) where the computable constant 6’5 blows up for large values as discussed
in Chapter 2, Figure 2.3 and https://hal.science/hal-04033438.

T]f S 6555 + quadrature type and oscillation terms,

where the constant 6’5 = 1 for the Zarantonello linearization. This in particular means that
this estimator is robust with respect to the strength of the nonlineaity for the Zarantonello
linearization. As a consequence, the effectivty index for the augmented estimator/error is
independent of the strength of the nonlinearity expressed as the ratio Lipshitz continuity
/ monotonicity. This is demonstrated numerically in Figure 12 (left), where the effectivity
index is stable over seven orders of magnitude for the strength of the nonlinearity. In fact, we
observe that the components of the augmented estimator and error (nonlinear and linearized)
also exhibit robustness in this case.

We derive a similar result (cf. Theorem 2.4.4) involving only the nonlinear component
of the estimator with a constant 65 in the lower bound. However, in this case, even for
the Zarantonello the constant is not fully independent of the strength of the nonlinearity.
However, the constant 6,5? is computable in the augmented case. In particular in Figure 12
(right), we compute the effectivity indices for the three different estimator/error pairs on
the left axis, as well as the constant éé“ on the right axis. In particular, we observe that
the constant aé" explodes in this case with respect to the strength of the nonlinearity. The
linearized effectivtiy (and hence the augmented effectivity) also increase with the constant
ék, but the increase is much less dramatic.

These results are to the best of our knowledge the first rigorous study for the robustness
of primal-dual gap estimators with respect to strength of the nonlinearity.

vii.3 Chapter 3: Adaptive regularization for the Richards equation
This chapter corresponds to the article [58], a joint work with Francois Févotte and Martin

Vohralik. This article has been submitted for publication.

This chapters applies some of the framework of Chapter 1 to the setting of the Richards
equation, (1). We propose regularized versions of the nonsmooth and degenerate functions
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appearing in the Richards equation for the two most common models (Brook—Corey and van
Genuchten—-Mualem see Figures 3.1 and 3.8). We then consider an implicit time discretiza-
tion of the Richards equations resulting in a sequence of nonlinear PDEs on each timestep.
Unfortunately, these PDEs do not correspond to an energy minimization problem, so we
cannot use primal-dual gap estimators. However, we design simpler component estimators
based on the dual norm of the residual as studied in [94], namely, (cf. (3.27)) for a timestep
n, regularization step j, and linearization step k, we define

nﬁ{j”“ = ||FE]§ + O'Z’kH (discretization),
nﬁnjk = || Fy (pfgk) - Fj- | (linearization),

j j ko ik ..
n?e’é’k = |F(py") — Fa(p)")|| (regularization).

We thus obtain a decomposition into error components that steers an adaptive algorithm, cf.
Algorithm 4. See Figure 3.12 for the evolution of these estimators during the first timestep
in the numerical test of §3.6.3.

We study the performance of our adaptive algorithm applied to several test cases in
the literature that are known to cause difficulties for Newton’s method. In all the cases
considered, our adaptive algorithm is able to finish the simulation. We compare the numer-
ical solution produced by the adaptive algorithm with a solution obtained using an ad-hoc
linearization for Richards equation, the so-called modified Picard [31] method. Our pro-
posed regularized Newton method outperforms the modified Picard method in terms of total
number of iterations, and produces a comparable approximate solution. As an example, in
Figure 13, we plot the cumulative and stepwise number of iterations corresponding to the
numerical test in §3.6.3. In particular, Newton’s method without regularization takes over
300 iterations on the first timestep so we stop it there (no convergence). The modified Picard
method is able to reach the end of the simulation, but takes substantially more iterations
per timestep than our proposed adaptive regularization Newton method. To show that the
approximate solution is of similar quality to the unregularized one resulting from modified
Picard, we plot a side by side comparison in Figure 14. In particular, here we are plotting the
saturation S(py,) for our numerically computed solution py. Finally, we show the evolution of
the component estimators over the course of three timesteps in Figure 15. We see a similar
behavior to that observed in Chapter 1, where the regularization error decreases in j and
ends up below the discretization error (here at the end of a timestep as opposed to before
switch meshes in the Chapter 1).

Our proposed approach is novel compared to other proposed linearization methods for
Richards equation. Firstly, we do not change the underlying Newton solver, which is advan-
tageous when the solver is being treated as a black box. Another advantage is that Newton’s
method is applied on a sequence of smooth and nondegenerate problems, therefore good con-
vergence properties are recovered. We can also easily keep the original physical unknowns,
which is often useful in engineering practice. Finally, a failsafe mechanism allows the solver
to recover in the case of failure of convergence.

vii.4 Chapter 4: Notes on implementation of equilibrated fluxes

This chapter describes the implementation of the equilibrated flux, which is realized in
the following GitHub repository https: // github. com/ aerappa/EquilibratedFluz. j1.
This repository received contributions from Frangois Févotte.
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Figure 13: Performance comparison between the three methods considered in Chapter 3,
Figure 3.11 and https://hal.science/hal-04266827.

Figure 14: Comparison of the resulting saturation profiles for the regularized and un-
regularized algorthims solving Richards equations in Chapter 3, Figure 3.13 and https:
//hal.science/hal-04266827.
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Figure 15: The evolution of the component estimators during the first timestep for the
adaptive algorithm solving the Richards equation in Chapter 3, Figure 3.12 and https:
//hal.science/hal-04266827.

Underlying much of the aforementioned developments is the equilibrated flux of §vi.3.
Thus, having a performant implementation is crucial to the realization of the subsequent
adaptive algorithms. In Chapter 4, we present an implementation of the equilibrated flux in
the Julia programming language with the help of the Gridap. j1 library [118, 7]. As described
in §vi.3, see the formula (20), the flux is realized by solving mutually independent problems
on nodal patches of a given mesh. This independence naturally lends itself to parallelism.
However, there are several considerations that go into realizing a parallel implementation.
The first question one must ask is whether to attempt shared memory or distributed memory
parallelism. Here, we opt for shared memory parallelism using the threading model in Julia.
This leads to the next big question of how to handle memory and reduce allocations as much
as possible. This is especially crucial for shared memory programs where multiple threads
are accessing the same data structures in main memory. The novelty in this chapter is the
design of an implementation of the equilibrated flux which completely avoids allocations when
solving the patch problems by performing an initial loop on cells. Furthermore, the loop on
cells is a common paradigm in finite element codes, and many of the details can be handed
off to optimized routines in the library. The work on each cells is also parallel, resulting
in the possibility for more parallelism. The (parallel) performance of our implementation is
evaluated for a model problem and results of scaling are presented.

vii.5 Chapter 5: Adaptive safeguarded iterative refinement

Up until this point we have only considered the direct resolution of the sparse linear systems
of equations arising from the solution strategy of §iv.1-§iv.3. We now would like to explore
in more detail an iterative method for solving sparse linear systems. We will in particular
be interested in improving performance (speedup) by working with mixed precision floating
point arithmetic as described in §v.2. There are two main ways that using mixed precision
arithmetic can accelerate the performance of a numerical method.

1. Processor intrinsics: Modern processors have Single Instruction Multiple Data
(SIMD) instructions (like SSE, AVX). These are optimized for performing multiple
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operations in parallel, making them ideal for vectorized computations. Lower precision
formats allow more data elements to fit into a single SIMD vector register. This means
that each SIMD instruction can process more elements at once, compared to higher
precision formats.

2. Reducing the overall memory footprint: Smaller data size means more data can
fit into the same memory space. This leads to better utilization of caches and reduced
memory bandwidth requirements.

We will focus here on the latter, since it is especially pertinent for iterative methods for sparse
linear systems. This is due to the memory-bound nature of sparse linear algebra. Memory-
bound operations are defined by their low arithmetic intensity: the bottleneck is the time
required to move data through the memory hierarchy rather than to perform actual floating
point operations (FLOPs) on the data. In this chapter, we specifically develop a performance
model for sparse matrix-vector multiplication (SpMV), a basic building block of nearly all
iterative methods for sparse linear systems and which is memory-bound. We consider the
possible speedup in relation to a reduced footprint achieved by storing single precision floating
point numbers rather than double precision. Our scheme, which we describe below in more
detail, consists primarily in SpMVs, and the speedup due to storing and performing certain
operations in single precision is demonstrated in Figure 17.

While mixed precision can have great benefits in terms of savings for memory bound
kernels, the inherent challenge of using lower precision is its reduced robustness with respect
to ill-conditioning. More precisely, lower precision formats, with fewer bits for number repre-
sentation, result in greater rounding errors (especially in operations like subtraction), and a
heightened sensitivity to perturbations (reduced numerical stability). Thus, we must be very
careful in designing mixed precision algorithms. As discussed in §v.2, iterative refinement is
one strategy in the context of linear solvers to perform some operations in reduced precision
while maintaining numerical stability.

In this chapter, we will consider a special case of iterative refinement with geometric
multigrid (an iterative method consisting primarily in SpMVs) as the inner solver. More
precisely, we consider the lowest order version of the geometric multigrid solver developed in
[89, 91] as the inner solver for the iterative refinement. This version of geometric multigrid
has the attractive property of providing an error estimator at each iteration. We thus use
this estimator to design a more robust version of iterative refinement. In particular, we
present an example where a classical iterative refinement diverges and where our adaptive
algorithm is able to detect divergence and switch to fully double precision, see Figure 16.

The main results are 1) the introduction of an iterative refinement variant where the stop-
ping criterion is based on a rigorous error estimator 2) the validation of a performance model
of a matrix-vector product based inner solver and 3) the design of an adaptive algorithm
that is more robust for highly ill-conditioned problems.
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Chapter 1

Adaptive regularization,
discretization, and linearization for
nonsmooth problems based on
primal-dual gap estimators

This chapter corresponds to the contents of the paper https: // doi. org/ 10. 1016/ 5. cma.
2023. 116558 in Computational Methods in Applied Mechanics and Engineering.

1.1 Introduction
Given a Hilbert space V, consider the abstract minimization problem

u := argmin J (v)
veV

where J is a convex functional. When J satisfies certain regularity conditions, one can
form the associated Euler—Langrange conditions which are expressed as a nonlinear elliptic
partial differential equation (PDE). We are particularly interested in cases where it is difficult
to iteratively solve the resulting nonlinear PDE by the standard Newton method, cf. [80,
42], due to non-smoothness. More specifically, applying the standard Newton method can
lead to slow convergence or even failure. The difficulty in many cases is the appearance
of kink functions, i.e., continuous functions that are non-differentiable on a finite set. In
Figure 1.1, we give three examples in the context of degenerate PDEs. In this work, we, in
particular, seek to recover good convergence of Newton’s method by adaptively regularizing
the nonlinear PDE.

By replacing the original problem by a regularized one, a regularization error appears.
For inverse problems [73, 98, 48], regularization is a common strategy and the error due to
regularization has been extensively studied. In [98], the authors study the so-called Tikhonov
regularization and its associated error. The regularization parameter is chosen adaptively
and various criteria are discussed. Regularization is also considered for degenerate PDEs
where the operators change type as a function of either space or time [100, 43, 96]. In these
cases, a regularized problem is introduced that does not suffer from degeneracy. It is proven
in [100] that the regularized solutions converge to the true solution in an approximate sense.
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In a similar spirit, for Newton-type methods, regularization (smoothing) Newton methods
replace non-differentiable nonlinearities with smooth counterparts, see [122, 103, 102] and
the references therein. In this case, the amount of added regularization is proportional to a
parameter that is driven to zero as the Newton iterations progress, thereby approaching the
original problem.

From a practical point of view, the choice of the regularization parameter should ideally
be updated in a dynamic way as the chosen numerical method converges. This leads to
the question of how to choose the regularization parameter based on information from a
solution iterate. In this work, we adaptively update the regularization parameter based on
information from a posteriori error estimators.

A posteriori error estimation for PDEs is a well established subject, see for example the
books of Verfiirth [120], Ainsworth and Oden [1], Repin [107], and the references therein. A
posteriori errors estimators can be utilized to 1) certify the error; 2) drive adaptive refinement
strategies; and 3) provide stopping criteria for iterative solvers. In general, important prop-
erties of such estimators are their reliability (upper bound for the error) and efficiency (lower
bound for the error), where the constants in the upper bounds are ideally explicit, indepen-
dent of the PDE data and finite-dimensional approximation parameters. More specifically
in the context of adaptive stopping criteria, it is especially attractive to have a constant-free
upper bound. As for the error lower bound, the goal is to obtain a generic constant ide-
ally independent of the model parameters. In the case of strongly monotone and Lipschitz
continuous operators, robustness with respect to the ratio of the Lipschitz constant to the
monotonicity constant is of particular interest. We will present numerical evidence of robust-
ness in such a setting, where theoretical developments are presented in [68]. However, unlike
in [68], we consider regularization, explicitly estimate the regularization error, and introduce
a solver strategy with adaptive regularization when the nonlinearity does not satisfy the hy-
potheses for Newton’s method to converge. Furthermore, in this work we identify component
error estimators and show that these estimators converge to zero in their respective limits.
This in turn shows that the total error (measured in the same way as in [68]) converges to
zero in a triple limit as detailed later.

In the context of energy minimization, it is advantageous to study a certain class of a
posteriori estimators, namely the so-called primal-dual gap estimators [109, 108, 107, 13, 129].
These estimators rely on results from convex analysis to bound the “difference of energies”
which we make precise in §1.4.1. In particular, these estimators do indeed provide a constant-
free upper bound on the difference of energies.

In the recent works of [13, 12] Bartels et. al. employ the primal-dual gap estimator to
drive a posteriori mesh refinement for singular solutions. It is also applied directly at the level
of the energy minimization so that rough problems, e.g., posed in the space of functions of
bounded variation (BV), can be treated without appealing to the Euler-Lagrange conditions.
The energy minimization is solved directly via the so-called variable-alternating direction
method of multipliers [12]. In this method the primal and dual problems are solved in a
globally coupled, iterative manner. We note here that duality refers to the dual optimization
problem and should not be confused with the notion of duality in adjoint-based a posteriori
error analysis.

In the present context, we use a continuous Galerkin finite element discretization for the
primal problem and perform a local equilibrated flux reconstruction to obtain a vector field
in H(div, ) with the divergence prescribed by the load. This is achieved by solving linear,
local, and mutually independent problems on patches of mesh elements. This resulting object
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Figure 1.1: Examples of kink-type nonlinear algebraic closures arising in the study of degen-
erate PDEs. From left to right, we have the saturation function for the Richards equation,
namely for the Brooks—Corey model [25], the enthalphy function for the Stefan problem [57],
and the shear stress/shear rate relation for Bingham plastics [76].

is referred to as the equilibrated flux and is based on principles first established in Prager
and Synge [101] and more recently in the works of Ladevéze and Leguillon [84], Destuynder
and Métivet [41], Braess and Schoberl [21], and Ern and Vohralik [53]. One major advantage
of this strategy is the so-called p-robustness, i.e., the resulting estimator is uniformly efficient
for arbitrary polynomial order.

The main contribution of this work is an adaptive algorithm for solving nonsmooth
problems by incorporating regularization into the algorithm. This in particular allows us
to apply the standard Newton method to nonsmooth nonlinearities. This adaptive solution
strategy resembles the one in [53], where the authors distinguish discretization, linearization,
algebraic, and quadrature errors through computable component estimators. However, in [53]
no regularization is considered when the nonlinearity is not differentiable, and the question
of what to do in this case is not addressed. Here, we construct estimators for the errors due
to regularization, discretization, and linearization. These estimators then lead to adaptive
stopping criteria to steer an adaptive algorithm. We test our algorithm numerically and
recover the optimal convergence rate under uniform refinement for a known smooth solution.
We also consider a numerical test for an unknown solution on an L-shaped domain and
observe the optimal rate of convergence with respect to total degrees of freedom (DOFs) as
well as with respect to the cost for our estimator.

The rest of the paper is organized as follows. In §1.2 we introduce the relevant mathe-
matical details of the problem, as well as our regularization strategy. In §1.3 we define the
discrete spaces as well as the particular form of the Newton algorithm. In §1.4 we discuss
some common notions of error and their relations to the difference of energies. Next, in
§1.5 we introduce the necessary ideas from duality theory to describe the primal-dual gap
estimators. In §1.6 we give the details of the flux reconstruction in the current setting. We
introduce our decomposition of the upper bound provided by the primal-dual estimator in
§1.7. We discuss the efficiency of the estimators in §1.8. We subsequently introduce the
adaptive algorithm in §1.9 and we present numerical results in §1.10. Finally, we conclude
in §1.11 and discuss future work.

1.2 Continuous problem statement and regularization

In this section we will fix continuous-level notation and then introduce in detail the model
problem which we study throughout the rest of the paper.
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1.2.1 Notation

For d = 2,3, let Q2 C R? be a polygon or polyhedron with Lipschitz boundary, 992. We define
the Euclidean norm on R¢ by | -|. We introduce the space of Lebesgue square-integrable
functions L?(w) with scalar product (-, ), and norm || - ||, on w C Q. We drop the subscript
when w = 2. We use the same notation for vector-valued functions. Next, we define, for
scalar-valued functions, the standard Sobolev space H'(Q) = {v € L? : 9,,v € L*(Q),V1 <
i < d} with H}(2) being the subspace of H'(Q) of functions with vanishing trace on 9. For
vector-valued functions we consider the space H(div,Q) := {v € [L*(Q)]%; V-v € L*(Q)}.

1.2.2 Energy minimization and equivalent formulations

Let ¢ : R — R be a given function and f € L?(2). Consider the functional J : H}(Q) — R
given by

T() = / (Vo)) dz — / foda. (1.1)
Q Q
We will make the following assumptions on the function ¢.

Assumption 1.2.1 (Assumptions on the energy function). We assume that the function ¢
is convex and of class C*(R) with

¢(0) = ¢'(0) = 0. (1.2)

We further assume ¢ satisfies, for real constants 0 < a < L,
|¢'(r) — ¢'(s)| < Ljr —s| Vr,s €R, (1.3a)
(' (r) = ¢ (s))(r —s) > a(r—s)? Vr,seR. (1.3b)

Note that (1.3b) in particular implies ¢'(r) > ar, Vr >0, so that ¢' : RT™ — R™T.
We will be interested in the solution to the minimization problem

u:= argmin J(v). (1.4)
vEHI ()

Due to the convexity of the functional J following from Assumption 1.2.1 and the fact
that H}(Q) is complete, the solution exists and is unique, see e.g. [8]. Another way to
characterize the solution to problem (1.4) is through its Euler—Langrange equations. To this
end, we introduce the nonlinear functions ¢ : R — R, A : R — R,

a(s) := , Alq) = a(lql)q. (1.5)
A consequence of this definition is the following.

Lemma 1.2.2 (Strongly monotone and Lipschitz continuous operator). For L and o from
Assumption 1.2.1, the operator A given by (1.5) is strongly monotone

a||[ V(v —w)|* < (A(Vv) — A(Vw), V(v —w)) Yo,w € HY (). (1.6)
It is also Lipschitz continuous

|A(Vo) — A(Vw)|| < L|V(v —w)|| Yv,w € HLRQ). (1.7)
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The proof is standard and is detailed in, e.g., [68, Proposition A.1]. Then the solution to
(1.4) also solves the following weak formulation (the Euler-Langrange equations of (1.4)):
find u € H}(2) such that

(A(Vu),Vv) = (f,v) Yo € HLH(Q). (1.8)

Consequently, the strong formulation of (1.8) and (1.4) is given by the boundary-value prob-
lem

—V-AVu)=f inQ, (1.9a)

u=0 on . (1.9b)

1.2.3 Regularization

According to Assumption 1.2.1 it is possible that the function ¢ belongs to the class C'(R)
but not C?(R). In particular, this means that the nonlinear functions a and subsequently A
defined by (1.5) are not necessarily (Fréchet) differentiable. We give an example in §1.2.4 be-
low. Thus the classical Newton method to iteratively linearize (1.8) can struggle to converge
as we demonstrate later with numerical examples. To overcome this issue, our approach will
be to introduce an auxiliary regularized problem that we use to create a sequence of solutions
that approach the solution to the non-regularized problem. We will more precisely introduce
a regularized function defined from ¢', parameterized by € > 0, which we call ¢.. We will
make the following assumption.

Assumption 1.2.3 (Regularization of ¢). For every e > 0, the reqularized function satisfies
¢.(0) =0, (1.10)
¢l € C*(R). (1.11)

Neat, the reqularized function satisfies inequalities similar to (1.3):
|$e(r) — d(s)]
(@e(r) — dc(s))(r — s)

where 0 < o < L are real constants independent of €. Moreover, in all points s € R, there

holds

<Llr—s| VrseR, (1.12a)
e

(r—s)* Vr,s €R, (1.12b)

(¢! — ¢)(s) 20 0. (1.13)

The regularized function implicitly defines regularized versions a. and A as in (1.5)
through

/
(s
os) = 2 4.(q) = aullaa, (1.14)
which, by the same reasoning as in Lemma 1.2.2, satisfy
a|V(v —w)||? < (Ad(Vv) — A (Vw), V(v —w)) Yov,w e H}(Q), (1.15a)
|A(Vv) — A(Vw)|| < L|V(v —w)| Vo, w € HY(Q). (1.15b)

We now prove a consequence of Assumption 1.2.3 which will be useful later.
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Lemma 1.2.4 (L? convergence of the regularization). For any vector field v € L*(Q) we
have that

lim [[¢ (o)) = ¢ (Jo])]| = 0. (1.16)

Proof. We will make use of the Lebesgue dominated convergence theorem in L?(Q), see e.g.
[113]. Indeed, consider an arbitrary real sequence {€"},en tending to zero and consider the
sequence of functions

gn(®) := ¢ ([v(@)]) — &' ([v()))-
Then by (1.13) from Assumption 1.2.3, we have that g, — 0 pointwise for almost all = € Q.

Next, to establish a dominating function, observe that since ¢'(0) = ¢.(0) = 0 by (1.2) and
(1.10), we have

(1.3a),(1.12a) __
gn(@)] < ¢ (fo(@))] + ¢ (lv(@))] < (L+L)lv(z) =: g(z) € L*(Q),

so we can choose g as the dominating function. Finally, since €” was arbitrary, the sequential
criterion for a limit ensures (1.16). O

For algorithmic reasons, we will consider a monotonically decreasing sequence, {e’} j>o0 of
positive real values which is in particular determined by two values € > 0 and 0 < C. < 1,
where, for j > 1,

¢ = Ced™ L. (1.17)

All these considerations lead us to a regularized version of the problem (1.8): for a fixed
j >0, find v/ € H}(Q) such that

(A, (Vu), V) = (f,v) Yo € HH Q). (1.18)

1.2.4 An example nonsmooth nonlinearity with a kink

To make our notions more concrete, we introduce a simple but instructive example for our

study. Consider ¢ € C1(R)\ C%*(R) given by

. $(s—s0)%+s0s — 355 s < so,
o(s) = {2 , o (1.19)
(5 —50)° + 508 — 555, 5> 80
with continuous derivative
s, s < sg,
¢(s) = - (1.20)
m(s — sg) + S0, $ > So,

where sg > 0 determines the location of the discontinuity in the second derivative and m > 1
determines the slope to the right of sg. An illustration is given in Figure 1.2. We call the
function (1.20) a kink function due to the fact that ¢/(s) is not strongly differentiable at the
point sg. This function satisfies Assumption 1.2.1 with L = m and « = 1 since the weak
derivative of ¢’ is given by

m, 8> Sp.

#'(s) = {1’ s (1.21)

For this particular choice of function ¢, applying the standard Newton method leads to
failure of convergence as illustrated in the example of §1.10.1.2.
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wis)
(s)

Figure 1.2: [Kink function (1.19) with m = 4, sp = 2| The kink function ¢ (1.19) and its
derivative ¢’ (1.20) Notice that ¢’ is not strongly differentiable at s.
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Figure 1.3: [Kink function (1.19) with m = 4, sop = 2] Regularization of the kink function
(1.19) by replacing the absolute value function with its differentiable counterpart, see (1.25).
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We now introduce a regularized version of the function ¢’ of (1.20) that in turn defines
regularized versions of the nonlinear functions a and A in (1.14). We first notice that (1.19)
can be equivalently rewritten as

m—1 m—+1
|S—So‘+

¢'(s) = (s = s0) + S0 (1.22)

We then consider, for a fixed value of € > 0, the smooth approximation of the absolute value

|sle := V82 + €2. (1.23)

We then replace the absolute value in (1.22) by the smooth version

function

N m—1 m-+1
Gils) = s = sole +

(s — s0) + so. (1.24)

We then set A A
¢(s) = ¢L(s) — #(0) (1.25)

to achieve ¢.(0) = 0. An illustration is given in Figure 1.3. We now show the following

Lemma 1.2.5 (Example regularization (1.25)). The definition (1.25) satisfies Assumption
1.2.5.

Proof. The requirement (1.10) is obvious from the definition. Next, the function is actually
C*(R)—in particular C?(R)—so (1.11) is satisfied. Next, for (1.12), observe that

oy m—1 s +m+1
T2 Je2re 2

is strictly increasing and lims_, o @7 (s) = 1, as well as lims_,oc ¢7(s) = m. Thus, 1 < ¢! <m
and appealing to, e.g., [68, Proposition A.2], we conclude that (1.12) is satisfied with L = m
and 1 = ¢,

Finally, we show that for all s € R,

2

€
sle— 18| =Vs2+€2 —Vs? = -0
sle = Is1 V82 + €2 +1/s2

when € — 0, which confirms (1.13). O

1.3 Discrete problem and linearization

We now give details for the discretization of the regularized problem (1.18) via the continuous
Galerkin finite element method [49] and subsequent linearization.

1.3.1 Finite element discretization

Let 7y be a simplicial mesh of the physical domain €2 with no “hanging nodes” i.e., 7o =
Ur{K}, where the intersection of (the closure of) two arbitrary simplices K, K’ € 7T, are
either empty or an [-dimensional simplex for 0 <[ < d — 1. From the initial mesh 7g, we
generate a hierarchy {72}521 of nested meshes, i.e., Ty C Tyy1 for all £ > 0. We assume that
each mesh in the hierarchy is also free of hanging nodes in the same sense as for 7g. We also
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assume that the hierarchy of meshes is shape regular, i.e., that there exists a constant k7
such that, for all £,

max kg < K 1.26
KT, K >~ RT, ( )
where kg = %’ hx is the diameter of K, and pg is the radius of the largest inscribed

ball of K. For an arbitrary collection of simplices 7 of some mesh 7, and its corresponding
subdomain w C €2, we define the broken polynomial space of order p > 0 by

Pp(T) := {v € L*(w) : v|x € Pp(K), VK € T}. (1.27)

Finally, we introduce, for a fixed polynomial degree p > 1 and for each £ an H{ (Q)-conforming
finite-dimensional space,

Vy = Hy(92) N Py(To).- (1.28)

We now consider a discrete equivalent of the regularized continuous problem (1.18) where
we seek, for j,£ > 0 the solution ufz € Vep such that

(A, (Va)), Vog) = (f,v) Vog € VP (1.29)

Note that while this problem is finite-dimensional, it is still nonlinear.

1.3.2 Linearization

We now define a linearization scheme for the regularized finite-dimensional problem (1.29).
For fixed £,5 > 0, let ui’o € V/ be the initial guess. Denoting by k > 1 the linearization
iterate, a step of the linearization procedure to approximately solve (1.29) takes the form:
find ui’k € V} such that

(AS Y (Vu)?), Vo) = (f0) Yo e VP, (1.30)
where the operator AZ-_I is affine and takes the form
A g) = AN g — bt (1.31)

for a matrix-valued function Afj_l : 0 — R4 and a vector-valued function bfj_l (0 — R
Once a basis of Vf is chosen, the problem (1.30) is equivalent to solving a linear system of
algebraic equations.

We make the following assumptions on the linearization.

Assumption 1.3.1 (Assumptions on the linearization). Let the regularization step j > 0
and mesh level £ > 0 be fized. We assume that the linearized operator converges in the sense
that
. k—1 j j
klingo AT (Vuy) — A (Vuy)|| = 0. (1.32)

Finally, we assume that A]:j_l is uniformly bounded and symmetric positive definite, that is,
the following conditions hold for all x € Q and all v € RY,

|Affl(ac)v| < Av| (boundedness), (1.33a)
A < (Afjl(w)v) ‘v (positive definiteness), (1.33b)

where 0 < X\ < X are real constants.
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A prototypical example is the Picard, or fixed point, linearization where
_ i k—
AR (q) = ay (VU ), (1.34)
whereas for a Newton step the linearized function is given by
- j k— j k— j k— j k—
A7) = ag (V)™ )g + (0gaa (V")) @ Vup™ ™) (g — Vai*™h), (1.35)

and, in turn,

Oyac (|q]) = aﬁ",fl',"')q — (6(laD) - &.0aDlal ™) lal . (1.36)

In [68, Section 2.3.2] it is demonstrated that these two linearization schemes satisfy (1.33)
for \=« and \ = L.

Remark 1.3.2 (Newton linearization). Note that the derivative ¢! (s) appears in (1.36).
For nonsmooth nonlinearities, where merely the function ¢ € C1(R)\ C*(R), the second
derivative ¢ does not exist in a strong sense. This is the motivation for introducing the
reqularization.

1.4 Three ways of measuring the error and their mutual re-
lations

We have now established and characterized different solutions, namely the true solution w of
(1.8) and the approximate solution to the regularized, discretized, and linearized problem of
(1.30) u%k The next step is to define a concrete notion of error between these two objects,
and then, ideally, to have a computable means of estimating it. We postpone the discussion
of error estimation to §1.7. In this section we will recall, following [107, 129, 10], three
notions of error between u and ug’k, namely the difference of energies (1.1), a notion related
to a (weighted by o!/2) H}(2) norm, and the dual (weighted by a~'/2) norm of the residual.
One salient feature when comparing these error measures is that they all coincide in the
linear case where ¢(s) = s/s and A(q) = q, as will be made precise in §1.4.4. Recall that
we assume that the constants L and « are given by Assumption 1.2.1.

1.4.1 Energy difference

A physically-motivated notion of error is the difference of energies. For v € H}(2), this is
given as

0<JWw)—T(u), (1.37)

where the energy functional J is defined in (1.1). Since the true solution w is the unique
minimum of 7 in H{ () as per (1.4), this quantity is guaranteed to be nonnegative and only
0 when v = .

1.4.2 Energy norm

A second type of error measure we will consider will be that of the energy norm. For
v € HE(Q) we namely consider
llolll := 2|1 Voll, (1.38)
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where a > 0 is the monotonicity constant from (1.3b). Thus, the error between v € Hg ()
and the solution u of (1.8) is here expressed as

0 < 5lfu — ollI*. (1.39)

The reason for the choice of squaring and dividing by two will become clear in §1.4.4.

1.4.3 Dual norm of the residual

Finally we consider the abstract error quantity obtained through the dual norm of the resid-
ual. First, we define, for a fixed v € H}(Q), the residual functional R(v) € H~1(2) by

(R(v),w) := (f,w) — (A(Vv), Vw), w € H(5), (1.40)

where the duality pairing (-, -) is between H~1(Q2) and H} (). Next we introduce the dual
norm for R € H1(Q)

[IR@)[[[-1:= sup - (R(v), ¢)- (1.41)
pEH(Q), llellI=1

Here the error in the energy dual norm of the residual is given, for v € HZ(Q),
0 < LIRWIPL. (1.42)

(1.8). The choice of squaring and dividing by two will again be made clear in §1.4.4. Finally,
if we consider the standard definition of the dual norm,

IR 1) = sup_ (R(v), ¢), (1.43)
PEH} (), | Ve|=1

our definition satisfies the scaling

IR@)II-1 = o™ IR )] 5-1(0)- (1.44)

1.4.4 Equivalence in the linear case

In this section, we recall the special relationship between the three different error measures
of the previous sections in the case where ¢(s) = s2/2, i.e., @« = L = 1, which writes as

T () = T (u) = 3lllv = ulll* = 3IR@)1Z;. (1.45)
For the sake of completeness, we recall the proof of (1.45). As for the first equality,

j(v)—j(u):/ Vol = fode — (/ ;\VuP—fudx)
Q Q
(158)/%|Vv|2—Vu-Vvda:— (/ §|Vu2—vu'vud$>
Q Q
:/§’Vv|2—Vu‘Vv+§|VU!2dl':%H’U_UHP-
Q

The latter one is then simply
llu—=ll| = sup (V(u—w),Vy)
PEHG (), [Vell=1

= sup {(fa SD) - (VU, v@)}
el (), |Vel=1

= [[IR@)l[-1-
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1.4.5 Relations in the nonlinear case

In the nonlinear case, the measures are only equivalent up to factors of L/«. Indeed, between
the dual norm of the residual and the energy norm, a factor of exactly L/« relates the two:

Proposition 1.4.1 (Relation energy norm-dual residual norm). Let u solve (1.8) and let
v € HY(Q) be arbitrary. Then there holds

1 2 o1 2 L? 2

bl — ull? < IR < gl — ull. (1.46)

Proof. By the definition of the energy norm (1.38) and the dual residual norm (1.41), together
with the monotonicity assumption (1.3b) implying (1.6) and definition (1.8),

v—ull| = o/ v—u (L) (A(Vv) — A(Vu), V(v — u))
< sup  (A(Vv) — A(Vu), Vo)
peH} (), lell=1 (1.47)

D s {(ATY), V) - (f0))
weHL (), |llelll=1

= [IR@)I[[-1-
For the second inequality, observe that, using the Lipschitz continuity assumption (1.3a)
implying (1.7),
(1.44) _
IR@)-1 =" o 2[R(w) ]l a-1(@)

(L8) -1/2 sup (A(Vv) — A(Vu), Vo)
PeH(Q),[[Vell=1

<ol sup [A(Vv) = A(Vu)| [Vl
PeHL(),|| V=1 (1.48)

= o 2| A(Vv) — A(Vu)|
(1.38) L
= Xl - ull.
]

When comparing the energy difference with the energy norm, a factor of \/L/« is instead
introduced.

Proposition 1.4.2. Let u solve (1.8) and let v € H}(Q) be arbitrary. Then there holds
L
allle =l < T (@) = T(w) < o |llo = ull* (1.49)

Proof. See [59, Lemma 5.1]. O

1.5 Duality theory

In order to bound the energy difference as introduced in §1.4.1, we will proceed using duality
for convex functions, following [17, 107, 129].
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1.5.1 Fenchel conjugate and its properties

Let us introduce the Fenchel conjugate (also known as the Legendre transform). For a convex
function ¢, it is given by

0= [ @) as (1.50)
We also define the conjugate operator
m@%:wmmg' .

To illustrate, let us compute explicitly the Fenchel conjugate for the kink example (1.19)
of §1.2.4. We first compute the inverse of the derivative

<s
N s) =47 T 1.52
(@) (s) Lwans>% (1.52)

m 9

Then the Fenchel conjugate (1.50) takes the form

T 1p2 r<s
wmzéwv%mF{Q’ R

g [(r 4 (m = 1)s0)” = sgm(m — 1)], 7> s

Indeed, for the case where r > sq,

/OT(¢,)1(S) ds = /080 sds + /0 st

= % (r* +2(m — 1)sor — s3(m — 1)) (1.54)
= 5[+ (m = 1)so)? — shm(m — 1)

Definition (1.50) yields the following properties, see [107, 17] or Appendix 1.A:

Proposition 1.5.1 (Properties of the Fenchel conjugate). Let ¢ be a convex function with
#(0) = ¢'(0) = 0 and let ¢* : R — R be its Fenchel conjugate given by (1.50). Then the
following properties hold.
¢*(r) = r(¢") 7' (r) — d((¢)) 7' (1) = max{sr — 4(s)}, (
¢* is conver, (1.55b
¢" € C(R) and (6)' = (¢) 7", (
¢*(0) = (¢7)'(0) = 0. (
This proposition can be used to derive the following well-known result [107, 129, 17, 106]
or Appendix 1.A:

Corollary 1.5.2 (Young’s inequality for convex functions). Let ¢ € C'(R) be convexr and
let ¢* be given by (1.50). Then

sr < ¢(s)+ ¢*(r) for all s,r >0, (1.56)

where the equality holds for r = ¢'(s) or equivalently s = (¢*)'(r).
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Next, we consider the relationship between the vector-valued counterparts.

Corollary 1.5.3 (A and A*). Let A be given by (1.5) and A* be given by (1.51). Then the
following holds for all q € R?

A(A%(q)) =4q (1.57a)
A(q) - q=¢(lq]) + ¢"(|A(q)])- (1.57b)
Finally, there holds:

Lemma 1.5.4 (Lipschitz continuity of (¢*)"). Let ¢ satisfy the Assumption 1.2.1. Then
(¢*) is Lipschitz continuous with Lipschitz constant equal to ™!

[(67)(r) = (&) (s)] < a7 — s]. (1.58)

The proof of these results is again given in Appendix 1.A.

, i.e.,

1.5.2 The two energies principle

We are led to investigate the dual optimization problem to (1.4). The dual problem to (1.4)
can be stated as

o= argmax J" (), (1.59)
SEH (div,Q)
Ve=f

where the dual functional J* : H(div,Q) — R is given by

THe) = — /Q &*(s]) dz. (1.60)

It turns out that the flux o = —A(Vu), where u is given by (1.4), or, equivalently, by (1.8).
We see this in the following way. First of all, the Euler-Langrange conditions for (1.59) are:
find o € H(div,Q) with V- = f such that

(A*(o),v) =0 Vv e H(div,) with V-v = 0. (1.61)

We consider the equivalent mixed formulation of (1.61): find (o, @) € H(div,Q) x L?(Q)
such that
(A*(o),v) — (4,V-v) =0 Vv € H(div, ), (1.62a)
(V-o,9) = (fq) Vg € L*(Q). (1.62b)
By the definition of the weak gradient, (1.62a) implies

(L5T0)

Vi = —A*(c) —A(Vi) = o. (1.63)

Finally taking ¢ € H}(2) C L?(€) as the test function in (1.62b) shows that @ = u is the
solution to problem (1.8).

To make the connection between the primal and dual problems more precise, we proceed
to introduce the saddle point functional by

L(v,6) = T*(s) — (Vu,6) = (f,v), <€ H(div,Q), v e Hé(Q) (1.64)

Then we have the following
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Lemma 1.5.5 (Two energies principle). Let u be the solution to the minimization problem
(1.4) and o be the solution to (1.59). Let L be as in (1.64). Then

geﬁn(ifi,mj (¢)=JT"(o) =L(u,0) =T (u) ve%(l}r(lQ)j(U) (1.65)
Ve=f
There also holds
L(u,0) = in L(v,). 1.66
(u.2) e il (v:9) (1.66)
V.g=

Proof. The first and last equalities of (1.65) follow by definition. For the second equality of
(1.65), note that from o € H(div,Q) and V-0 = f, for any v € H}(2), we have —(Vv, o) —
(f,v) = 0. For the third equality of (1.65),

L(u,0) = /Q —¢*(|lo|) = Vu-o — fudzx

(153)/—¢>*(!A(Vu)|)+vu-A(Vu)—fuda: “'5—7b)/¢(lvu\)—fudw
Q Q
(L)

= J(u).
Finally, (1.66) follows since, as above,
. (1.64) x x
max min L(v,q) = max J'(¢) =T (o) = L(u,0o).
SEH(div,Q) veHI(Q) SEH (div,Q)
V-s=f Vs=f

O]

The above developments directly lead to an upper bound on the energy difference [109,
129, 9, 17):

Corollary 1.5.6 (Two energies principle). Under the assumptions of Lemma 1.5.5, the
following holds for any ¢ € H(div,) with V-¢ = f and any v € H}(Q),

0<T(0) =T () <IT() - T () (1.67)

Proof. We apply the properties of the objects involved,

Jw) =T (o) < ) T () — T*(s). (1.68)

A

-

INT
S

J () =T (u)

1.6 Equilibrated flux and its components

In this section, we detail an algorithm to construct a dual object t;’k € H(div,Q) with
V-ti’k = f as required by the duality theory of §1.5. We consider patch-wise minimizations
corresponding to local Neumann mixed finite element problems. This strategy has already
been employed in many contexts cf. [21, 53, 41]. First we make the following assumption to
simplify the analysis. The treatment of general f has been studied carefully in e.g. [53, 68].

Assumption 1.6.1 (No data oscillation). We suppose for simplicity that the source term is
a piecewise polynomial, f € Pp(Ty).
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1.6.1 Equilibrated flux

We begin with some additional geometric information. For a given mesh level £ > 0, let Vy

be the set of mesh vertices partitioned to V, = ém U Vg™ by interior and boundary vertices.

Next let w, be the subdomain corresponding to the set of elements of 7, for which a is a
vertex, denoted by T,. We also make use of the hat functions 14 € P1(77)NC%(Q) associated
with the vertex a € V.

For a collection of simplices 7 and their corresponding domain w, we introduce the broken
Raviart-Thomas-Nédélec finite element space [23] of order p > 0,

RT,(T) = {vs € [L*(w)]? : vl € [Pp(K)] + 2Pp(K), VK € T}. (1.69)
Next, to account for normal face continuity, we define the vertex patch space
Vep(wa) = RT,(Ta) N Hy(div,wa), (1.70)

where Hy(div,w,) is the subspace of H(div,w,) of functions with vanishing normal trace
on Ow, when @ € V™ and on dw, \ {t)e > 0} when a € Vi*'. For v € L?*(1), define the
L%-projection Il ,v € Py(Ty) by (v — Iy ,v,v0) = 0 for all v, € P,(T;). Note that it acts
elementwise. Finally, for 7 C 7; and the corresponding domain w C €2, define the mean-free
space by Pr(T) := {v € Py(T) : [, vdx = 0}.

Definition 1.6.2 (Total flux ti’k). Let ué’k be the solution to (1.30). For all vertices a € Vy,

define t5* € V) (wa) and qq € Py(Ta) as the solution to the patch-local mized finite element
problem

(t{;k,w)wa — (9a, V-vg)u, = —(%Affl(VUi’k), I (1.71a)
(VA5 10w, = (fha — AT VEY) - Vida, 7)., (1.71b)

for all pairs (ve,r¢) € VP (wa) X Ppy(Ta). After solving this local problem on each patch and
extending tf;k by 0 outside of wa, assemble the global flux by
tyh =" ik (1.71c)
acVy

The patch problem (1.71) is equivalent to solving the local minimization problem,

. ) B b

thk = arg min Hl/JaA]:j Y(Vu)™) + v, (1.72)
Ufevgp(wa) _

v.vg:ne,p(waf_wa-Ag;l(vu;”“))

We study the wall time cost of constructing the total flux (1.71) in Appendix 4.10. The
flux satisfies the divergence constraint.

Lemma 1.6.3 (Divergence of the equilibrated flux). Given Assumption 1.6.1, the fluzx té’k
given by Definition 1.6.2 satisfies '
vtk = 1. (1.73)

Proof. By construction,

Vit = ST vt =10, | Y (af — Ve - A H(VEN) | = 1,0 =/,

acVy acVy

see e.g. [21, 53]. O
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We have the following stability result obtained by proceeding as in [112].

Lemma 1.6.4 (Stability of the equilibrated flux). For a fized vertex a € Vy, the solution to
the patch problem (1.71) satisfies

. e ik
18 s S AL (Vg™ e + P00 f - (1.74)

The hidden constant only depends on the space dimension d and the mesh shape regularity
constant kT of (1.26).

Proof. We first recall the result used in [112, Lemma 4.1], i.e., for any 74 € RT,(7,) and
da € PP<7:1)7

min ||7g +vellw, < sup {(9as V)ws — (Ta, VU)uwn b (1.75)
V€V, (wa vEH (wa)
V-vi=ga V0] =1

where H](w,) is the subspace of functions in H'(w,) that have mean value zero on the patch
subdomain w, if a € Vént is an interior vertex, or that vanish on dw, N {¢q > 0} when
ac VE’Xt is a boundary vertex.

Next, set

98" = Mpp(af — Vita - AL (Vah), 0% = va Al (Vig"). (1.76)

For technical reasons, we will need to introduce another auxiliary problem. First, we intro-
duce Hﬁ:{l, the [L?]%-orthogonal projection from [L?(Q)]¢ to RT,_1(T;). Note that it acts
elementwise. We consider the vector-valued data

~ 5.k RT k—1 j,k
To" = Yallyy 1 (A7 (Vup™)) (1.77)
and the associated minimization problem
thF .= min  [|F2F + vy, 1.78
o= i 7l (1.78)
Vovg=gh*

We are now prepared to derive the bound (1.74). We start with

18 lla < N85 + 78 lleos + 1785

(1.72)  _ , .
<S4 T e + 178

. L .
< ta” + T2 e + 1787 = 72 lw + 1787 lea

(1.78) . ~jk ik =ik ik
=" min |77 4 vllw, + 178" = T e + 178" e
v €V, (wa)
Vovp=gi*
(1.75) , » . i :
<" sup {(957, 0wy — (FF V0 178 = T o+ 178 e -
VEHL (w) b By T
[V0]lwa=1 2 3

T
We now bound these three terms individually. For the third term,

ik
Ta = 178" e

(1.76) _ 1
= e AL (V) ") |,

— ik
< ¥all oo ) A5 (Vg™
= A5 (V™) e

€l

(1.79)
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For the second term,

To <78 + 178w
(L77) ik RT k=1, ik
= 72"l + 1allep1 (AG (Vug™))) e
1 k— '7k;
<+ T (AL (V™) e,
(1.79) - "
< ASH (V) -
Finally, for the first term, fix v € H} (wa) with ||Vol|1(,,) = 1. For term b,

. C.S. .
(7%, Vo), < ||73F

|wa7
whence the preceding arguments can be applied again. For term a,
. cs. .
(95" 0w < 195" a0l

Poincaré

/S hwaHg(]l’k

|Wa

[

.76 _ 1
I Ty ($a f — Ve - AL TuIH))

< ho[Vaf = Vita - A5 (V)

< i (I0af e + 1V 0 - A (Tu) L)

< D (I o + [ 94al o0 | A5 (V) )
S b (Iaflly + 5HAE (VU)o

= a9 f o + A (V7"

(

Combining these terms concludes the proof. O

1.6.2 Component fluxes

In addition to the flux in Definition 1.6.2, we introduce three more fluxes. The idea, as in
[53], is that t?k will contain information about the total error, and the additional fluxes will
isolate components of the error. This definition is more precisely intended to distinguish the
errors coming from regularization, linearization, and discretization.

Definition 1.6.5 (Decomposition of tZ’k into components). Let ué’k be the solution to (1.30),
for £ > 0,5 >0, and k > 1. Let A, A, and A]:;l be given by (1.5), (1.14), and (1.31),
respectively. Then define

r?k = A (Vu%’k) — A(VuZ’k) [regularization error flux], (1.80a)
lz’k = Al:j_l(Vui’k) — A, (VuZ’k) [linearization error flux], (1.80b)
dz’k = tZ’k + A(Vu%’k) - A]:jfl(VuZ’k) [discretization flux]. (1.80c)

Based on our Assumption 1.2.3 on ¢., we have the following result.
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Lemma 1.6.6 (H}-convergence of the regularized approximation). Consider a discrete ver-
sion of (1.8), i.e., find up € V' such that

(A(Vug),Vug) = (f,ve) Yve VL. (1.81)
Then the solution to the regularized discrete problem (1.29) satisfies

lim ||V (u; —u))|| = 0. (1.82)
J—00

Proof. Using the strong monotonicity of A,

) (1.15a) , .
|V (ue —u))| (Ao (Vug) — A (Vuy), V(ug — uy))

= (Aej(vw) — A(Vug) + A(Vug) — A (Vd), V(ug — u)))
2L (A S (Vug) — A(Vug), V(g — )
A (Vug) — ATun) |1V (e — )|

(1.5),(1.14) ;
60 (IVuel) = &' (IVue )1V (e — u)]-

j—)OO

Thus, ||V (ue — up)l| < @@ (|Vuel) = ¢/ (|Vuel)|| "= 0 by (1.16). O
We have a similar result for the linearized problem.

Lemma 1.6.7 (H&—convergence of the linearized approximation). Let the reqularization step
j > 0 and mesh level £ > 0 be fized. Then

lim ||V (u) — ul®)|| = 0. (1.83)
k—o0
Proof. We use the coercivity of the linearization matrix of Assumption 1.3.1,

, o (133b) . : , ,
ATt — )< AGV ), Vo )
(1. 51) i ;
(AL (Vap™) = AL (Vup), V(™ — )
= (A5 (V") = A (Vu)) + Ay (V) — A (Va)), V() = u)))
(1.29),(1.30) ; _ ;
= (A (V) = AN (V) V(g — )

C.S. . . . .
< A (Vag) — A (Va)[IV (up™ — )

Thus, [|V(u}* — ul)[| < A" A (Vi) — A5 (Vud) || 237 0 by (1.32). O

We are now prepared to prove the following.

Lemma 1.6.8 (Convergence of the regularization error flux). For a fized mesh index ¢ > 0,
. ik . ) .
the regularization error flux ;" given in (1.80a) satisfies

lim Hr | = 0. (1.84)
J,k—00
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Proof. From the definition of the regularization component flux,

. ik (1.80a) k ik
lim v "= jhm | A (V™) — A(Vud™)||

J,k—00
< tim_([14(Vei") = A (Vur)| + A (Vue) = A(Vu| + | A(Tue) — AVa")])
(1.15b),(1.7) _ .
< am (A6 (V) = AV + (L + D)V (e — u}b)])

j,k—00

< tim (1146 (Tue) = ATu) | + (L + D)1V (e = uf) | + 1V (e, =¥

J,k—00
1.83),(1.82) ..
P Jim [ A (Tug) — A(Vuo)|

(1.5),(1.14) (1.16) 0

Jim. 6L (1Vuel) — &' (| Vel ) |

d

We now turn our attention to the convergence of the linearization error flux component.

Lemma 1.6.9 (Convergence of the linearization error flux). Let the regularization step j > 0
and mesh level £ > 0 be fixed. The linearization error flux l%’k given by (1.80b) satisfies

lim |2 = 0. 1.85
k;n;lolle | (1.85)

Proof. From the definition of the linearization error flux,

k 80b
)

. — ik i,k
Jim ] T |45 (Vul) - A (9]

< lim <\|Ag—1(vugﬁ’“) — AEN (V)| + | A5 (V) — A (Vad)|

k—o0
140 (T 4070
" lim (1145 (V) — AG )]+ Ao (Vi) — Ay (Vui")])
Y dm (1457 (Tu) - A5 (V)| + DIV 0 - )
"2 i (A5 — )+ TV — i)
" i R+ DIV - )

O]

Combining these results with the stability of the equilibrated flux in Lemma 1.6.4 results
in the following.

Lemma 1.6.10 (Boundedness of the total equilibrated flux). The equilibrated fluz tZ’k of
(1.71¢) is bounded in the indices j and k, i.e.,

i [[55) = Cpe < o0 (1.86)
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Proof. We first observe that

2. (1.87)

.7k ‘,k
51 < (d+1) D I
acVy

Now, for a fixed a, j, k, letting Cf.q := hu,||Vaf||w.

(1.74) k—1 j ke
lwa S ||A€j_ (VU[ Mewa +Cfa

< AVl + A6 (Vrd) = A(Vue) |y + A5 (Ve*) = Ag (Vid)luy + Cra
< AV ug) oy + A (Vi) — A(Vug) o, + | A% (Vi) — A (Vi) .,

T T2
A5 () — A (V) o, +Ca

T3

ik
Ita

First, we have

lim 1 < lim (|| Ao (Vi) — Ao (o), + [ Aa (Tue) = A(Tue)]o, )
J]—00 J]—00

(1.15Db)

< dim (ZIV (] = )l + 1A (Vi) — A(Vug) )
J—00
(1.5) .. — ; (1.16),(1.82)
2 tim (ZIV (] = w) o + 16 (V) = ¢ (Ve ) 7" 0,
Jj—00
Next,
lim T, 20
J,k—o0
Finally, we have
Jim T TS dm AR (Ve e, < lm K90 )l = 0.

Combining these results with (1.87), we conclude

2<(@d+1) ) (IA(Vud)llw, + Cra)* =: (Cro)*.

ac)y

lim ||¢)*
J,k—00

O

Lemma 1.6.11 (anvergence of the discretization flux). For a fized mesh index £ > 0, the
discretization fluz d%’k given in (1.80c) satisfies

lim [|dJ" — %] = 0. (1.88)

J,k—00

Consequently, we have that the discretization flux satisfies

lim ||d)"|| = Cfy < oo, (1.89)

J,k—00

where Cy g is given in (1.86).
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Proof. Equation (1.88) is a direct consequence of Lemmas 1.6.8 and 1.6.9 taken with the
definition (1.80c). For (1.89),

. . ) . (1.88),(1.86)
lim (4| < lim (et - g8 1EN) S Cre (1.90)

J,k—00 J,k—00

O]

We use this fact to justify calling d%’k the discretization flux. Indeed, the total flux té’k is
captured by the discretization component dz’k upon convergence of both the regularization
and linearization indices j and k respectively. We now present the results separately for the
three ways of measuring the error introduced in §1.4.

1.7 A posteriori error estimates distinguishing the error com-
ponents
In this section we present error estimates that provide an upper bound and decompose

the total error in a given numerical solution. The components estimate the error due to
regularization, discretization, and linearization.

1.7.1 Energy difference

The results of §1.5 lead us directly to the following upper bound on the error in the difference
of energies.

Proposition 1.7.1 (Upper bound on the energy difference). Let u € H}(Q) be the solution

o (1.4), and let J and J* be given by (1.1) and (1.60), respectively. For a mesh index
£ >0, a reqularization step j > 0, and linearization step k > 1, let uZ’k € Vf be the solution
o (1.30) and tZ’k be given by Definition 1.6.2. Then there holds

0< J() - Iw) < T - 75"

(1.91)
total error (efjtk)2 total est. (nf&{’k)z
Proof. We apply Corollary 1.5.6 with v = ué’k and ¢ = t‘z’k- i

Remark 1.7.2 (Equivalent definition of the total estimator). The definition of the total
estimator (1.91) has an equivalent form that is more amenable to local adaptive mesh re-
finement. This has been already discussed in, e.g., [13, Proposition 4.9]. Indeed, we have
that

(2 2

Iup*) = T (1")
(11,0160 / (V) + 6" (1E2]) — ful® da

13 /(;5|Vu )+ ¢t (E5]) — (V) deo o

IBP/MW )+ & (1E5]) + Vad* - £ da

Z/¢>|Vu )+ 6" ([t"

KeT,

)+ Vui’k . tZ’k dx.

£,j,k
ek >0 by (1.56)
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The advantage of this definition is that the last integrand is non-negative by the generalized
Young’s inequality for convex functions (1.56). Indeed, the reasoning goes as follows:

¢(|Vu[k)+¢*(ltiﬁ’kl) IVu “I1e") B vt gt (1.93)

We now present a decomposition of total estimator, employing Definition 1.6.2 and (1.92).

Theorem 1.7.3 (Decomposition of the energy difference upper bound). Let the assumptions
of Proposition 1.7.1 hold. Let in addition d% k, r% k, and lj’ be given by Definition 1.6.5. Then
the total estimator in (1.91) can be further bounded from above as

(ne*)? < ‘ / o(IVul ™)) + ¢* (1" ) + Vu)® - 6" da

-~

discretization est. (nﬁi k)

+ /Q o (dI* + ri*)) — ¢ (|di*)) dee

(1.94)

regularization est. (nfe]gk)

+ /Q & (1E5F)) — o* (Jd + ri*

)dex| .

. o 0,5,k
linearization est. (nhg )2

Proof. The proof follows by adding and subtracting (b*(\d%’k + rg’k|) and qb*(]dz’k\) to the
integrand of (1.92) and using the triangle inequality. O

We now show our definition of the regularization component behaves in the way that we
would expect.

Lemma 1.7.4 (Convergence of the regularization error estimator). The regularization com-
ponent estimator nr,’f’ of (1.94) tends to 0 as j, k — co.

Proof. From the definition of the regularization component estimator,

—¢*(|d)* + ")) da

. 2 (194)
lim (”fé{g’k)z ]k%oo'/ " ( ‘d]’

J,k—o0
= lim // '(s)dsdx
J,k—o0 + 7k
(1.55d),(1.58)
< ~ lim // sdsdx
],k~>oo +,,,e
= (20) 1j£13100 /Q|d% ? —|d&)" + )" de
1 g j k & Jyp2] (1:84)
= (20)7" tim_ [l — "+ | O

where we have also used that di’k is uniformly bounded in j, k by Lemma 1.6.11 to interchange
the limit and the integral in the last equality. O
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The same argument holds for the linearization error component estimator.

Lemma 1.7.5 (Convergence of the linearization error estimator). The linearization compo-
nent estimator nﬁ’g’k of (1.94) tends to 0 as k — co.

Finally, we have the following result pertaining to the discretization error component
estimator.

Lemma 1.7.6 (Convergence of the discretization error estimator). The discretization com-

ponent estimator satisfies
. 0,5,k\2 . 0,5,k\2
lim (n2")* = lim (ntojt )2 (1.95)

J,k—o0 j,k—00
Proof. In addition to (1.94), there holds

3.k 2 J,kN2 , J.kN2
52V < (M) + k)2 + (2 ™2,

Thus, Lemma 1.7.4 and Lemma 1.7.5 finish the proof. O

1.7.2 Dual norm of the residual

Considering the dual norm of the residual as an error estimator leads to a different set of
estimators. These have been studied previously in a variety of contexts [53, 43, 47]. First,
we consider the total estimator, which provides an upper bound on the quantity (1.42).

Lemma 1.7.7 (Upper bound on the dual norm of the residual). Let the Assumption 1.6.1
hold. Let R be defined by (1.40) and let ué’k € V} be the solution of (1.30). Then there holds

j ke - j ke 5k
0< 3 IR@IEL < 3o AU + 8", (1.99)
total error (éfc’){’k)Q total est. (nfoi *)2

Proof. Let us first fix a function ¢ € Hg () with |||¢||| = ||a!/?Vp| = 1. Then,

(1.40) - (1.73) - ;
R, Vo) 2 (£,0) = (A(VU"), Vo) " (A" + 5, V)
—a AV + 55,01 V) < o7 EIAV G 10! 2 V|
_ ~lj,k
= Mot -
(1.97)
Since ¢ was arbitrary, (1.96) follows the definition (1.41). O

Corollary 1.7.8 (Decomposition of the upper bound). Let assumptions of Lemma 1.7.7
hold. Then

0.5k . - i k k - k j ke
e <o PIAET (Va4 0+ o P A(Vup") — A (Vupt)|

g

discretization est. nl al regularization est. 17 Ik
~1/2 . k1w ik reg (1.98)
+a A (Vap®) — A5 (Vag®)] .
~0,j,k

linearization est. 7ji;)

Proof. From the definition (1.96) of ntgjtk,
e = o e + AV

a2 E)F 4 (AT (Vup®) — AR (V) + A (Vu®) - A (V) + A(Vuh))|

,] k Zvjvk

77d’1]s’ + g + iy

O]
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Remark 1.7.9 (Decomposition of the residual). We can also split the residual R(v) intro-
duced in (1.40) as

R(v) = RG*(v) + RELF (v) + RiF (), (1.99)
where
(REF(0),w) = (f,w) — (A5 1V, V), (1.100a)
<Rf’e]gk(v),w> = (A (Vv) — A(Vv), V), (1.100b)
(R (), w) = (A (Vo) — Ay (Vv), V). (1.100c)
Then there holds
IR -1 < IRGE* (™ —1 + NREEE (w1 + IR ()] -1 (1.101)

1.7.3 Energy norm

In light of the relation between the dual norm of the residual and the energy norm presented
in Proposition 1.4.1, we observe that the results of the previous section imply,

Lemma 1.7.10 (Upper bound on the energy error). Let the assumptions of Lemma 1.7.7
hold. Then,

j g,k N ~0,5.k
™ = wll| < [IR@™)I=1 < diet™ < agh® + aldk + . (1.102)

1.8 Efficiency of the estimators

Up to this point, we have only considered the property that the estimators we construct are
global upper bounds of the errors that we have defined and identified the error components.
However, it has already been demonstrated that these estimators provide lower bounds to
the error as well, even local lower bounds.

1.8.1 Dual norm of the residual

The setting of [53 19] covers the present one. In particular, the flux of Definition 1.6.2, which
in turn defines nt’j "+ as in (1.96), provides a local lower bound under certain conditions on
stopping criteria of the form (1.105a) and (1.105b) below. Roughly speaking, the efficiency
is achieved when discretization component estimator is larger than the other components.
This efficiency is robust with respect to the Lipschitz/montonicity parameters L/« i.e.,

ﬁf(’ftk < ’HR(UZE)W—l + oscillation and quadrature terms,

where the hidden constant has no dependence on L and « and the oscillation and quadrature
terms are discussed in §1.8.3 below.
1.8.2 Energy norm

In the case of the energy norm, we can also obtain a (local) lower bound for the estimator
ALTR of (1.102) by using the lower bound of (1.46):

IR |- < *Illu — ulf] (1.103)

Unfortunately, this makes appear the “strength of the nonlinearity” factor L/a. We will
show numerically in §1.10.1.1, that this bound actually appears to be sharp. Thus, if L/«
is large, the a posteriori estimate is pessimistic for the error measured in the energy norm.
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1.8.3 Energy difference

In [68, Theorems 3.4 and 4.1], we study the efficiency of nfgj,;’k

that incorporates the error in the difference of energies for the linear minimization problem
corresponding to the linearization step (1.30). In particular, results of the form

as well as of a related estimator

j(ui’k) — T(u) < (k)2 < (05)2(.7(@%) — J(u)) + (oscillation and quadrature terms)?
(1.104)
are obtained where a typical data oscillation term is of the form

1/2
(ZKG% (}%(H(I—Hg,p)fﬂg()) and a typical quadrature term is of the form

(I — HfT)Affl(Vui’k)H, where the projection operators II,, and IIf*T are defined
in §1.6. Importantly, the constant Cé“ only depends locally on the ratio of the biggest and
smallest eigenvalues of N:j_l and the hidden constant has no dependence on o and L at all.

1.9 Adaptive algorithm

In this section we will use the estimators based on the energy difference as in §1.7.1 to devise
an adaptive algorithm. In particular, the algorithm will construct a sequence of solutions
ui’k over mesh levels ¢, regularization iterations j, and Newton iterations k. The main
ideas will be to 1) spend the maximum amount of computing time on coarser meshes where
computations are cheap and 2) decrease the regularization parameter adaptively so as to
make Newton converge but avoid polluting the solution to the approximate problem. The
algorithm accepts user-defined parameters v, > 0 and e > 0 that express the requested
relative sizes of the corresponding error components. Additionally, the algorithm takes as
parameters C, € (0,1) and €® > 0 that determine the sequence of regularization parameters
according to (1.17) and a user-specified tolerance tol, the requested maximal overall error.

We consider three stopping criteria with bars denoting the stopping indices as

0,5k :

Mia" < iy (1.105a)
7,k 677.7]::

nféjék < 'Yregndijs ) (1.105b)

ni’ < tol, (1.105c¢)

The first criterion (1.105a) indicates that the Newton solver should not continue on a given
regularized problem if it has sufficiently converged. The problem should be changed (increas-
ing the difficulty) by lowering the regularization parameter. The second criterion (1.105b)
says that once the regularization parameter is sufficiently small on a given mesh, we can
then pass to a finer mesh through the refinement procedure REFINE (newest vertex bisection
or uniform refinement). Finally, the last criterion (1.105¢c) checks whether the estimator for
the total error is below the user-specified threshold. Details are given in Algorithm 2.
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Algorithm 2: Adaptive regularized Newton algorithm

Initialization Choose an initial guess ug’o € VJ and initialize £ = j := 0

Parameters : vieq, Vin, tol, eV, C.
1 Loop for discretization

2 Loop for regularization
3 Initialize k£ := 0
4 Loop for linearization
5 Increment k := k+ 1
6 From ui’kil compute the linearized operator Afjl by (1.35)
7 Solve for ué’k in (1.30)
8 Compute t] ™ following Definition 1.6.2 and 7y S3F following (1.91)
9 Compute estimators nd’jsk, nréjgk, 7711}]1 ok following (1.94)
k
10 until 7711731’ < '711n77ré€
11 Update k := k
12 if nré] k> fyregnd’] * then
13 Increment j := j+1
14 Update ¢/ := C.el™!
15 end
16 until nré]g’ < 'yregnd’fs’
17 Update j := j
18 Increment ¢ := ¢+ 1
19 | V7= REFINE(V) |, %)
20 | upio = U{z kl
21 until nt’] k< to1
22 Update £ := /¢
7.k

23 return u;’

C‘\

1.10 Numerical experiments

We now present numerical experiments to substantiate the theory developed in the preceding
sections. In particular, we compare and contrast the three error measures discussed in §1.4
for a polynomial manufactured solution defined on the unit square. Next, we explore several
solver strategies for this same polynomial solution, including the adaptive Algorithm 2. In
this case we will use uniform mesh refinement. Finally, we consider an unknown solution
on an L-shaped domain and test the adaptive Algorithm 2 comparing both adaptive and
uniform mesh refinement, in addition to adaptivity in regularization and linearization.

We will consider the effectivity index defined as the ratio of the estimator to the er-
ror, and in particular we have, using the notation of Proposition 1.7.1, Lemma 1.7.7, and
Lemma 1.7.10,

0.5k Wt’Jt’k =05k nt’jt’k 50,5,k Ut’jtk
Lot = e hett = She L= s (1.106)
ot €t |H“g — ul||

We also consider a relative version of the various quantities (both errors and estimators) by
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Figure 1.4: [Polynomial solution (1.108), kink nonlinearity (1.19) with sp = 1 and m =64,
polynomial degree p = 1, #DOFs varying, no regularization € = 0] Robustness with respect
to the number of DOFs for the three error measures.

dividing by the energy of the approximate solution, e.g.,

eik o ()2
(Mirel)” = j(lz?k). (1.107)

We will start with piecewise linear continuous finite elements i.e., we first set the polynomial
order p =1 in (1.28), but later we test adaptivity for 2 < p < 5. All numerical experiments
are conducted with the help of the Gridap.jl library [7, 118] in the Julia programming
language.

1.10.1 Polynomial solution on a square

In this case, we consider a square domain 2 = (0,1)2 C R? and we take a manufactured
solution,

u(z) =10z(zx — 1)y(y — 1) (1.108)

to generate the source term f. We neglect that f ¢ Py(Ty). We will take ¢ in the energy
(1.1) as in the definition of the kink function as (1.19). Thus, according to (1.21), we have
that the monotonicity constant « = 1 and the Lipschitz continuity constant L = m.

1.10.1.1 Comparison of the three error measures of §1.4

In this section, we will numerically investigate the relationships between the error measures
discussed in section §1.4. The results are given in Figures 1.4 and 1.5. For this example we
set the regularization parameter to zero, i.e., €¥ := 0. We first consider the scaling of the
effectivity indices (1.106) with respect to the number of DOFs. We remark that all three
error measures appear to be stable under uniform mesh refinement. This is consistent with
the theory since the constants in the reliability and efficiency bounds are independent of
the mesh size/number of DOFs. We do, however, note that the effectivity for the energy
difference is much larger for each value of the mesh than for the other two error measures.
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Figure 1.5: [Polynomial solution (1.108), kink nonlinearity with sy = 1 and m varying,
polynomial degree p = 1, #DOFs=3969, no regularization ¢ = 0] The effectivity associated
with the energy norm scales linearly in m whereas the other effectivities remain constant.

Now we consider the scaling with respect to the “size of the nonlinearity” i.e., m = L/«
in Figure 1.5. We begin with the dual norm of the residual. We observe that the estimator
(1.96) is not only a constant-free upper bound on the dual norm of the residual, but it is
also a (local) lower bound [53, 19] robust with respect to m.

Next we observe that the energy norm effectivity scales like m. This is consistent with
the theoretical bounds, (1.46) and (1.103) and confirms non-robustness.

Finally, we consider the effectivity based on the difference of energies. This estimator too
appears to be robust with respect to the scaling for this range of parameters. This behavior
has been studied in [68]. In particular, a robustness result was demonstrated for a modified
estimator, see (1.104).

1.10.1.2 Need for regularization for large ratios L/«

For the rest of this section, we will only consider the error and estimator based on the
difference of energies of Proposition 1.7.1. We now study a much larger value of the “size
of the nonlinearity” m = L/a and test the standard Newton algorithm, i.e., performing
Algorithm 2 without regularization (with €* = 0). In particular, we set m = 10000 and we
consider the same manufactured solution (1.108) on a fixed uniform mesh with 261121 DOFs.
In Figure 1.6, we plot both the relative total error and estimator along with the corresponding
effectivity index in function of the Newton iterations. In the lower figure, the components as
in (1.94) are shown. Based on the behavior of the linearization estimator nﬁ’g’k
that the Newton solver fails to meet the specified convergence criteria after 50 iterations

, we conclude

and we artificially terminate the algorithm. This manifests possible non-convergence of the
Newton linearization for nonsmooth nonlinearities.

In Figure 1.7 we consider the same problem but now we fix a relatively large value for the
initial regularization of ¢ :=0.125. We set the parameters Yreg 1= 1.0e16, Yiin :=1.0e-5 to
ensure the algorithm will converge fully in linearization but will not perform any adaptivity
in either regularization or discretization.

We first remark that the effectivity index of our a posteriori error estimator oscillates
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Figure 1.6: [Polynomial solution (1.108), kink nonlinearity (1.19) with so = 1 and m = 10000,
polynomial degree p = 1, #DOFs = 261121, no regularization € = 0, refinement index ¢,
regularization index j, linearization index k, | The classical Newton method fails to converge
for the unregularized problem corresponding to € = 0.
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Figure 1.7: [Polynomial solution (1.108), kink nonlinearity (1.19) with sop = 1 and m = 10000,
#DOFs = 261121, € = 0.125, Yyeg = 1.0e16, yin = 1.0e-5, Cc = 1, polynomial degree p = 1,
mesh refinement index ¢, regularization index j, linearization index k| The classical Newton
method converges for the regularized problem with ¢ = 0.125 but the errors and estimates
other than the linearization stagnate due to the fixed regularization and discretization.
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Figure 1.8: [Polynomial solution (1.108), kink nonlinearity (1.19) with sop = 1 and m = 10000,
final #DOFs = 261121, ¢ = 0.125, Yreg = 0.6, Yin = 0.4, Cc = 0.5, polynomial degree p
= 1, mesh refinement index /¢, regularization index j, linearization index k| The adaptive
Algorithm 2 applied to a polynomial solution. The final value of the regularization parameter
is €0 = 1.95¢-3.

much less, compared to Figure 1.6, signifying a more stable approximation of the error. It
appears further to converge after several iterations to a value near 1.6. We next remark that
the Newton linearization exhibits the optimal quadratic convergence according to the values

ﬁgk However, the other two estimator components nf;ﬁg’k

and nﬁ’é’k stagnate at similar values: 1.06e-1 and 1.07e-1 respectively. We remark that the
reason that these are larger than the total estimator nf&{’k = 2.05e-2 is due to the insertion of
absolute values in the definition (1.94). In any case, the Newton linearization now converges,
but the regularization component is much too large to be satisfactory. This motivates the

adaptive Algorithm 2 where the regularization estimator is decreased adaptively along the

of the linearization estimator n

iterations.
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Figure 1.9: [Polynomial solution (1.108), kink nonlinearity (1.19) with sy = 1 and m = 10000,
polynomial degree p = 1, €® = 0.125, Yeg = 0.6, Min = 0.4, Cc = 0.5, #DOFs varies]
Achieving the optimal rate of convergence for a polynomial solution with uniform mesh
refinement.

1.10.1.3 Adaptive regularization and linearization

We now engage the adaptive regularization and linearization of Algorithm 2 by setting the
parameters Yreg = 0.6, 1in = 0.4 and C. = 0.5. We again set m = 10000, eV = 0.125, and
we now start from a uniform coarse mesh with 3969 DOFs for £ = 0 (64 x 64 x 2 triangles).
The results of the adaptive algorithm are presented in Figure 1.8. We first remark that the
effectivity index (1.106) stays bounded below 2, and as the Newton solver converges for a
fixed (7, /), the effectivity approaches a value near 1.4. Next, we observe that in accordance
with the criteria (1.105b), the regularization component estimator is always ~;eg-times below
the discretization component estimator. Thus, we can guarantee that in this sense the
regularization does not pollute the overall error, in constrast to the previous section. Indeed,
this is substantiated in Figure 1.9, where the optimal rate of convergence of both the error
and the estimator with respect to DOFs is observed, for the stopping indices k and j satisfying
respectively (1.105a) and (1.105b). Finally, we see that the majority of the iterations are
spent on the meshes ¢ = 0, 1,2. This is another advantage of the adaptive algorithm, where
the coarser meshes serve as a way to create a good initial guess for the next mesh. For a
smooth problem it is not strictly necessary to begin on a coarse mesh, since the refinement
procedure is known a priori, but as we will see in the following section, sometimes starting on
a coarse mesh is not just useful to create a sequence of initial guesses, but also to efficiently
obtain an optimal mesh family using adaptive mesh refinement. Finally, we remark that the
final total error is 2.51e-3 as opposed to 1.03e-2 in the previous case, where no adaptivity was
used. This confirms that fixing once and for all the regularization parameter can deteriorate
the quality of the final solution, which does not happen for Algorithm 2.
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Figure 1.10: [Unknown singular solution with data (1.109), kink nonlinearity (1.19) with
so = 0.75 and m = 10000, final #DOFs = 97793, €® = 0.125, Yyeg = 0.4, Nin = 0.4, Cc = 0.5,
polynomial degree p = 1, mesh refinement index ¢, regularization index j, linearization index
k] Applying Algorithm 2 using uniform refinement.
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Figure 1.11: [Unknown singular solution with data (1.109), kink nonlinearity (1.19) with
so = 0.75 and m = 10000, final #DOFs = 86973, €® = 0.125, Yyeg = 0.4, in = 0.4, Cc = 0.5,
polynomial degree p = 1, mesh refinement index ¢, regularization index j, linearization index
k] Applying Algorithm 2 using adaptive refinement.
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1.10.2 Unknown solution on an L-shaped domain

We now consider an L-shaped domain Q = (—1,1)2\ ([0,1] x [~1,0]) where we impose the
boundary condition and right-hand side as

u = up(r,d) = r*sin(af) on 92 and f =0 in Q, (1.109)

where o = % We note that the trace of this function is not a piecewise polynomial at the
boundary, but we ignore the error due to interpolation of the boundary condition in this
case. This has been rigorously studied in, e.g., [45]. We will consider the parameters yyeg =
0.4, yiin = 0.4 and C. = 0.5. The main difference compared to the polynomial solution
of §1.10.1 is that we anticipate that uniform mesh refinement will not achieve the a priori
optimal convergence rate due to the re-entrant corner and the nonlinearity that will activate
around the curve |Vu| = sg. We will first consider uniform refinement of the mesh as in the
previous problem, and then adaptive refinement using the estimator nf(’)i”;( in (1.92) will be
employed on line 19 of Algorithm 2. Note that here, since we do not know the true solution,
we do not plot the error and the effectivity index.

In Figure 1.10, we consider the uniform mesh refinement strategy. We see the estimator
along with the component estimators. The adaptive algorithm works as before for the smooth
case, with the regularization estimator always below the discretization estimator, and for
fixed (4, £) the Newton solver converges very quickly. However, if we now consider convergence
with respect to DOFs in Figure 1.12, we see that we obtain the suboptimal convergence rate
of DOFs~1/3. This is evidence that the true solution is not H? regular, and therefore the
optimal rate of DOFs~%/2 will not be achieved for uniform mesh refinement. Next, we
consider in Figure 1.11 applying Algorithm2 but now with adaptive mesh refinement using
Dorfler marking [46]. The elementwise indicators are given by nfg){’% from (1.92) and we use
the newest vertex bisection algorithm to enforce mesh (:0nf01rrr1ity,7i.e.7 to ensure no hanging
nodes are generated. We see first of all that many more iterations are needed to obtain a
similar number of final DOFs. However, the total estimator at the end of the iterations is
much lower compared to that of the uniform case. This is even more explicit when we plot
the number of DOFs versus the total estimator in Figure 1.12. In particular, we see that
upon running the same algorithm with adaptive mesh refinement, we recover the optimal
rate of DOFs~1/2 for the estimator with respect to DOFs.

One advantage of adaptive mesh refinement is that it allows in general to recover the
optimal rate of convergence for arbitrary polynomial degree with respect to DOFs, i.e.,
DOFs~?/ 4 even when the solution does not have sufficient regularity for the a priori theory,
see e.g. [30]. We now test the convergence rate and the behavior of the adaptive algorithm for
higher polynomial degrees. We first show the convergence plots for 2 < p <5 in Figure 1.13.
We observe that for p = 2,3 the optimal rate of convergence DOFs?/? ig again achieved
for the adaptive mesh refinement. However, for p > 4, the convergence rate is suboptimal,
it appears to be similar to that of p = 3, i.e., DOFs™%/2. We can potentially explain
this deterioration by the appearance of one-dimensional curve singularities, see e.g., [29].
Indeed, in Figure 1.14, we notice there is non-trivial refinement along the curves where the
norm of the gradient equals sg. Since the right hand side f = 0 and we have chosen a
nonsmooth nonlinearity, heuristically the solution must also be nonsmooth along |Vu| = sg
to compensate. Finally, we consider comparing the estimator against a notion of cost across



1.10. Numerical experiments 59

p=1

LA LA T T ooy LA T T ooy
0 |-
nfol,:’ﬁcl (adaptive) 10 B
---  O(DOFs~12) 5 g
ntetﬁel (uniform) g "
- O(DOFS_%) ;; 10—12
1072 |

I B B

10t 102 103 104 10°
DOFs

Figure 1.12: [Unknown singular solution with data (1.109), kink nonlinearity (1.19) with
sp = 0.75 and m = 10000, polynomial degree p = 1, ¥ = 0.125, Yreg = 0.4, 1in = 0.4,
C. = 0.5, #DOFs varies| Comparison of the suboptimal convergence for uniform reﬁnement
and optimal convergence for adaptive mesh refinement based on the estimator nt’J ™ for the
lowest order.

all iterations following [59, 64] We define this cost at each step of the algorithm as

7 i) k(L))
Cost = » (DOFs), (1.110)
=0 j=0 k=1

We observe in Figure 1.15 that the rates in this metric are very similar to those observed
for the convergence with respect to DOFs of Figure 1.12; in particular, we shall obtain the
optimal -1/2 rate in cost for adaptive mesh refinement.
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Figure 1.13: [Unknown singular solution with data (1.109), kink nonlinearity (1.19) with
5o = 0.75 and m = 1000, different polynomial degrees p, #DOFs varying, €’ = 0.125, Vreg =
0.4, min = 0.4, Cc = 0.5] Different polynomial degrees p using adaptive mesh refinement
based on nfgf,;’k. The optimal rate of DOFs™?/¢ is obtained for adaptive refinement up to
p = 3, then only suboptimal convergence of DOFs~3/¢ is achieved. We explain this by the
appearance of one-dimensional (curve) singularities. In the case of uniform mesh refinement,

increasing the polynomial degree does not change the suboptimal rate of DOFs~1/3.
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Figure 1.14: [Unknown singular solution with data (1.109), kink nonlinearity (1.19) with
sop = 0.75 and m = 1000, polynomial degree p = 4, #DOFs=93681, ¢ = 0.125, Yreg = 0.4,
Yin = 0.4, Cec = 0.5, ] Coloring corresponding to the norm of the gradient of the approximate
solution at the final iteration, i.e., |Vuzk| We note the aggressive refinement at the re-entrant
corner, and the weaker, but still substantial, refinement along the curves corresponding to
50 = |Vu%’k|7 i.e., at the kink.
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Figure 1.15: [Unknown singular solution with data (1.109), kink nonlinearity (1.19) with
sp = 0.75 and m = 10000, polynomial degree p = 1, ¥ = 0.125, Yreg = 0.4, 1in = 0.4,
C. = 0.5, #DOFs varies| Convergence in costs given by the triple sum (1.110). We observe
the same rates in function of the cost as we do for the DOFs which is expected theoretically.

1.11 Conclusions and future work

In this paper, we have considered an adaptive algorithm to iteratively solve energy mini-
mization problems with nonsmooth nonlinearities. Our adaptive algorithm is guided by the
so-called primal-dual gap error estimator which provides an upper bound for the difference
of energies. We construct the necessary dual object required by the estimator by solving
mutually independent, patch-local, minimization problems. We introduce a regularization
to allow the use of a standard Newton’s method as a nonlinear solver for the nonsmooth
system of equations associated to the minimization problem. The algorithm adaptively con-
trols the regularization parameter to reduce the model error incurred by regularizing the
problem. We perform a decomposition of the total estimator into component estimators
related to regularization, discretization, and linearization. In particular, we prove that these
component estimators converge to zero in the limit as the number of associated iterations
tends to infinity. These component estimators are used to construct stopping criteria for the
various components of the algorithm.

We test our algorithm numerically on two examples. In the first example, we show that
the regularization restores the (quadratic) convergence of Newton’s method, which without
regularization failed to converge. Moreover, the adaptivity in the regularization does not
influence the optimal rate of convergence of the error in the energy difference with respect
to DOFs. In the second example, we consider an unknown solution on an L-shaped domain.
We use adaptive mesh refinement to overcome the geometric singularity generated by the
re-entrant corner; there also appears a singularity along a curve arising from the nonsmooth
nonlinearity. With the help of adaptive mesh refinement, we again obtain the optimal rate of
convergence with respect to DOFs for low order cases. However, for higher orders, suboptimal
convergence rates are obtained. We attribute this to the appearance of the above-discussed
singularity, which is a well known difficulty for isotropic mesh refinement.
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In terms of future work, one possible approach to address the singularity problem in the
L-shaped domain case would be to employ an anisotropic refinement strategy. In our work
we, however, would be missing a number of theoretical tools. It would also be instructive
to prove convergence of the adaptive algorithm, i.e., to show rigorously that by decreasing
the regularization, we can obtain the optimal rate of convergence with respect to DOFs and
cost, which is what we observe numerically. It may also be possible to extend certain aspects
of this algorithm to other energy minimization settings posed in different spaces like the
p-Laplace problem or the obstacle problem.

1.A Proofs from §1.5

Proof of Proposition 1.5.1. We begin by proving (1.55a). To simplify notation, define £ :=
¢'. We consider the integral in (1.50), with the change of variables s = ¢/(t) = £(t)

T B C I
/0 £1(s) ds = /f e (E)E (1) dt = /0 1€'(t) dt

~1(0)

EHr) ()
- /0 £(t)dt = re () — S(€71(r) + 6(0),

0

= t£(t)

where we have used our assumptions that ¢'(0) = 0 and hence also (¢')~1(0) = 0 = £71(0).
The second equality in (1.55a) follows from the basic fact that for a convex differentiable
function, the max is obtained by setting the derivative w.r.t. s in the curly braces equal to
zero, and hence r = ¢/(s).

To prove (1.55b), we consider the criterion for convexity. For ri,ro € Dom(¢*) and
a € [0,1],

¢*(ary + (1 = a)rz) = max{s[ar; + (1 — a)rz] = é(s)}
= max{alsr — ¢(s)] + (1 — a)[sr2 — o(s)]}
< amax{sr — ¢(s)} + (1 — ) max{srs — ¢(s)}
= a¢*(r1) + (1 —a)¢™(ra).
Finally, to prove (1.55¢), let now ((r) := (¢')~'(r), so that

d

5.9°(r) = d%(ré(?“) = ¢(¢(r)) = ¢(r) +7¢(r) = ' (C(r))C (1) = ¢(r) = (¢)) 7 (r),

because ¢'(¢(r)) = r by definition, whereas (1.55d) is obvious. O

Proof of Corollary 1.5.2. The inequality (1.56), follows immediately from the max definition
of the transform, i.e., the second equality of (1.55a). The maximum in (1.55a) for r = ¢'(s),
as discussed above, which leads to the equality. ]

Proof of Corollary 1.5.3. Since we know ¢’ : RT™ — R™, we have

Alq)-q= ¢'|<(‘1‘|1')q-q= A@) Jal (1.111)

T S
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Now take r in s as in the Young inequality (1.56), and note that r = ¢'(s) so equality (1.57b)
holds. Unpacking the definitions, we find (1.57a) as

s ¢'(1A*(q)])
|A*(q)]

A*(q) (550) |q|A*(q) (1.51)

A(A"(q)) (e*y(al) (@) (lal)

A*(q) = ¢'((¢") (la]))

Proof of Lemma 1.5.4. Note that for any x,y > 0,

, (1:3D) / ,

O<a(z—y)” < (-y)(¢(@) - {y)

= alz —y” < |z —yll¢/(x) — ¢'(v)]

= ale —y| < |¢'(z) - ¢'(y)]-
Thus, since we assume ¢’ is bijective on R*, we may take z = (¢')7(r),y = (¢')7(s),
yielding

al(@)7Hr) = (¢) )| < | —sl.

The relationship given by (1.55¢) finishes the proof. O]



Chapter 2

Robust Energy a Posteriori
Estimates For Nonlinear Elliptic
Problems

This chapter corresponds to the paper https://inria. hal. science/hal-04033438v2
currently submitted for publication.

2.1 Introduction

Nonlinear elliptic problems are of paramount importance in a broad range of domains such
as physics, mechanics, economics, biology, and medicine, see, e.g., [10, 55, 72, 107, 117].
Numerical discretization methods then serve to deliver approximate solutions, upon em-
ploying iterative linearizations to resolve the arising discrete nonlinear systems, see, e.g.,
[20, 42, 49, 67, 80, 129] and the references therein.

Given a numerical approximation, there arises the important question of the error
with respect to the exact solution. This is practically handled by the so-called a pos-
teriori estimates. For nonlinear problems, these have been proposed, amongst others,
in [11, 13, 32, 35, 47, 53, 63, 66, 67, 74, 81, 83, 95, 107, 129]. In particular, already in,
e.g., [129], the concept of a fully computable upper bound on the energy difference while
relying on a duality gap has been discussed, see also [11, 13, 35, 63, 95, 107] and the ref-
erences therein. The crucial question in this context is how to locally construct a suitable
equilibrated flux. This has been a subject of research for several decades [84, 41, 85] and has
only reached maturity recently [81, 21, 36, 53]. One step further, the estimates can be used
to adaptively steer the numerical approximation, and recently, convergence and optimality
results have been obtained in [18, 28, 59, 60, 64, 69, 70], see also the references therein.

Two crucial properties of an a posteriori estimate are the efficiency, assessing whether the
estimate is not only an upper bound on the error, but also, up to a generic constant, a lower
bound, and its robustness, assessing whether the quality of the estimate is independent of
the parameters. In the present setting, we specifically use the term robustness if the chosen
error measure and the associated estimate are uniformly equivalent, for any strength of the
nonlinearity. Namely, the efficiency constant has to be indeed generic, independent of the
strength of the nonlinearity, leading to the same overestimation factor (effectivity index)
for linear, mildly nonlinear, and highly nonlinear problems. Unfortunately, robustness is
typically (theoretically) not achieved; we illustrate this in Figure 2.1. There, we present
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Figure 2.1: [Exponential nonlinearity (2.53), smooth solution (2.51), Newton solver, 25
DOFs] Comparison of the effectivity index (given as the ratio of the estimate over the error)
of different error measures and associated a posteriori estimates.

the effectivity indices for three common error measures: the energy norm (L? norm of the
difference of the weak gradients), the (square root of the) difference of the energies, and the
dual norm of the residual (cf., e.g., [58] for their mutual comparisons). We employ guaranteed
equilibrated flux estimates following [21, 53], for the problem of Example 2.6.2 below. We
can observe that the estimate in the energy norm setting is not robust with respect to the
strength of the nonlinearity (the effectivity index explodes as the ratio ac/an, from (2.4) below
grows). The dual norm of the residual leads to robustness, as proven in [47, 53]. Though
the dual norm of the residual is indeed localizable, cf. [19] and the references therein, it may
be criticized as it actually does not take into account the nonlinearity (an incorporation has
recently been addressed in [93]). The energy difference then numerically shows a robustness,
though, to the best of our knowledge, all known theoretical estimates, cf. the references
above, depend unfavorably on the ratio ac/ap,. Our main motivation in this context is to
bring a theoretical insight to the robustness in the energy difference setting.
We focus on nonlinear elliptic problems of the form: find u : Q — R such that

—V-(a(+,|Vu])Vu) = f in Q, (2.1a)
u=0 on 0f, (2.1b)

where a : Q x [0,00) — (0,00) is a nonlinear function satisfying assumptions of Lipschitz
continuity and strong monotonicity (cf. (2.4) below). We employ a finite element approxi-
mation of (2.1) and an iterative linearization, yielding the approximation ulg on each mesh
T and linearization step k. The iterative linearization method needs to satisfy a few clearly
identified assumptions. We will show that this is satisfied for usual linearizations such as
Picard, Newton, or Zarantonello.
We consider the energy difference Effw of the nonlinear problem (cf. (2.29a)) and its
a posteriori estimator 7% , (cf. (2.29b)). We establish that €&, and nf , are respectively
equivalent to L? norms of differences of the exact and approximz;te solutions with pointwise
contributions of the nonlinearity (cf. Lemma 2.4.1). We then obtain our first main result,
Theorem 2.4.4, which can be summarized as follows. For every iterative linearization index
k, neglecting data oscillation, quadrature-type errors, and iterative linearization error terms,
we have
E&o <k S CFEE (2.2)

where the hidden constant depends only on the space dimension, the mesh shape-regularity,
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and possibly on the polynomial degree p of the finite element approximation when the spatial
dimension is greater than or equal to 4. Here, C’f only has a local, through unfortunately not
computable, dependence on the nonlinearity; we prove that in any case, Cé“ < (ac/ am)l/ 2,

In order to improve the above result and in particular the constant C¥, we additionally
consider a linearized energy difference Eﬁg (cf. (2.39a)) and the associated estimator nﬁg
(cf. (2.39b)). We then augment £X, by EF, to form & and similarly for the estimators.
We then obtain our second main reéult, Theorem 2.5.5, which can be presented as follows.
For every iterative linearization index k, neglecting again data oscillation, quadrature-type
errors, and iterative linearization error terms, we have

EF <nf S CRef, (2.3)

with the same dependence as in (2.2) for the hidden constant. Here 65 only depends on
local variations of the linearization matrices and, crucially, is fully computable. Moreover,
we show that éf = 1 in the case of the Zarantonello linearization, making the estimate (2.3)
robust with respect to the strength of the nonlinearity. For the other linearizations, the
estimate (2.3) is robust if the computed constant éf is small, which is an a posteriori
verification of robustness for each given setting (nonlinear function a, domain €2, datum f,
mesh 7, linearization step k, polynomial degree p). We also discuss in Remark 2.5.7 why
we can expect CA'f tend to 1 in the discretization limit (¢ large enough).

The rest of the paper is organized as follows. In Section 2.2, we detail the assumptions on
the nonlinear function a. We next give the continuous weak formulation with its equivalent
energy minimization. Then, we introduce the discrete weak formulation with its associated
discrete energy minimization, and finally the iterative linearization. In Section 2.3, we define
the convex conjugate, the duality setting, and the equilibrated flux necessary for our a
posteriori estimates. In Section 2.4, we study the original energy difference, which leads us
to our first main result, Theorem 2.4.4, giving details of (2.2). In Section 2.5, we define the
augmented energy difference and estimator and state our second main result, Theorem 2.5.5,
giving details of (2.3). In Section 2.6, we present a series of numerical experiments in order
to illustrate our theoretical findings, for both settings (2.2) and (2.3) as well as smooth and
singular solutions. In Section 2.7, we give a proof of crucial technical result of Lemma 2.4.1,
and then in Section 2.8, a proof of Theorem 2.4.4. In Section 2.9, we give a proof of the
boundedness of the weight )\IZ from Lemma 2.5.1 and of the augmented energy difference
consistency summarized in Lemma 2.5.3, and then, in Section 2.10, a proof of Theorem 2.5.5.
Finally, we summarize, in Appendix 2.A, some useful properties of the nonlinear functions
and the assumptions required, and, in Appendix 2.B, we show some technical results to
determine the local eigenvalues of the Newton linearization.

2.2 Weak formulation, energy minimization, finite element
discretization, and iterative linearization

Let Q ¢ R d > 1, be an open polytope with Lipschitz boundary 99. We consider prob-
lem (2.1), where f € L?(f2) represents a volumetric force term, while a is the diffusion
coefficient which depends on the potential v : 2 — R only through the Euclidean norm of
its gradient |Vul.

We consider the following assumption for the nonlinear function a (see, e.g., [129] for
more details).
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Assumption 2.2.1 (Nonlinear function a). We assume that the function a : Q X [0,00) —
(0,00) is measurable and that there exist constants ay < ac € (0,00) such that, a.e. in
and for all ¢,y € RY,

la(-, |xz])x — a(-, |y))y| < aclx — y| (Lipschitz continuity), (2.4a)
(@)@ — a(- [y)y) - (x —y) > amlz — Yl (strong monotonicity).  (2.4b)

2.2.1 Weak formulation and equivalent energy minimization

The weak formulation of problem (2.1) reads: find u € HE(Q2) such that
(a(, |Vu)Vu, Vo) = (f,v) Vv e Hy(Q), (2.5a)

where (-, -) is the inner product of L?(12).
Referring to [129], the weak formulation (2.5a) is equivalent to the following minimization
problem:
u=arg min J(v), (2.5b)
vEHI(Q)

with the energy functional J : H}(Q) — R defined as,

T(v) = /Q 6 Vo) = (f0), v e HY(Q), (2.6)

where the function ¢ : ©Q x [0,00) — [0,00) is defined such that, a.e. in § and for all
r € [0,00),

o(-,r) = /07“ a(-,s)sds. (2.7)

It is shown in [129] that, under Assumption 2.2.1, there exists a unique solution to prob-
lem (2.5). We refer to Appendix 2.A for more details about equivalent assumptions on the
nonlinear functions a and ¢.

2.2.2 Finite element discretization

Let ¢ > 0 be a mesh level index. We consider simplicial triangulations 7; of the domain 2
satisfying the following shape-regularity property: there exists a constant x5 > 0 such that
for all ¢ > 0 and all K € Ty, hx/px < k7, where hg is the diameter of K and pg is the
diameter of the largest ball inscribed in K.

For a polynomial degree p > 1, denoting P,(7;) the space of piecewise polynomials on
the mesh 7; of total degree at most p, we define the discrete finite element space Vf =
P,(7¢) N H}(£2). The finite element approximation of (2.5a) would be u; € V' such that

(a, [Vue)Vue, Vog) = (f,ve) - Vo € VY (2.8a)
As in (2.5b), uy € V} solves the minimization problem

up = arg min 7 (vy). (2.8b)

wevy

Below, we never work with u, but rather with its approximations coming from iterative
linearization.
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2.2.3 Iterative linearization

We henceforth consider an iterative linearization of (2.8a), which is anyhow necessary for a
practical solution of (2.8a). Let u) € V/} be a given initial guess. For an iterative linearization
index k£ > 1, consider Aéf*l : Q — R and blgfl : Q — R? arising from a suitable
linearization; details and examples are given below. We define the linearized finite element
approximation: uf € V7 to be such that

(AP, Vo) = (f,00) + (b5, V) Vo € V. (2.9a)
As in (2.8b), this is equivalent to the discrete minimization problem

uf = arg min jekfl(vg) (2.9b)
wevy

with the linearized energy functional jék_l : H (Q) — R defined for all v € H(Q) by
k-1 1 k—1y1 2 k—1
TEw) = 5 |[(AEHEVY| = (o) - (6 W), (2.10)
where |[-|| is the L?(2) norm corresponding to the inner product (-,-) of L?(€2).

2.2.3.1 Assumptions on iterative linearization schemes

Let k£ > 1. We will suppose that Aif_l : Q0 — R4 and blg_l : Q — R? from (2.9) satisfy
Assumption 2.2.2 below (for the sake of conciseness, we assume that they are well defined
everywhere in ). We will use the following notation of the derivatives in the second argument
of the functions a, ¢, and others (cf. (2.21)-(2.22)): for all r € [0,00), d'(-,7) == %a(w,r)
and ¢/'(-,7) = Lo(z, 7).

Assumption 2.2.2 (Iterative linearization). For all points * € €, we assume that
Aéf_l(a:) € R™4 s q bounded symmetric positive definite matriz. Specifically, denoting
by Afn_zl (x) and A?El(w) respectively its smallest and largest pointwise eigenvalues, we have,

for all € € RY,

|Alg_1(m)€] < A’;}Zl(m)|£| (boundedness), (2.11a)
(A’Z_l(a:)g) > Aﬁl_’gl (x)|€]*  (positive definiteness). (2.11Db)

Moreover, we suppose uniformity, i.e., that there exist Ay, < Ac € (0,00) independent of k,
£, and x such that

Ap < AN (@) < AFN(2) < A (2.11c)
Finally, we explicitly define bf_l(w) e R? for all x € Q by
bil(z) = AV @) Vb (2) — ale, | VUi (z)) Vul  (z). (2.12)

In the following, we use the boldface font to denote the spaces of multi-dimensional
functions, e.g., L%(Q).
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Remark 2.2.3 (Assumption 2.2.2). Equality (2.12) implies that (2.9a) can be equivalently

written as a problem for the increment ulg — ulgfl on the left-hand side and the residual of

uffl on the right-hand side:

(A1 (uf — ub™1), Vo) = (f,v0) — (al-, |[Vub )Vl V) Vo, € VP, (2.13)

which is the form used in, e.g., [93]. Therefore, equality (2.12) ensures that the discrete
problem (2.9a) is consistent with the discrete problem (2.8a) in that

AIZAVu? - b’;fl — al-, |[Vue)Vug in L2(Q)  when  uf — up in H(Q). (2.14)

Indeed, (2.11a) and (2.11c) imply that AIZAV(u’gC - ulzfl) — 0 in L*(Q), whereas
a(-,]Vuif_l\)Vulg_l — a(-,|Vug|)Vug in L?(Q) thanks to (2.4a). Finally, we recall that
the positive definiteness of Alz_l implies that (Aif_l)_l and (Aif_l)% exist, which is used
below.

2.2.3.2 Examples of iterative linearization schemes

We now present some examples of linearization methods satisfying Assumption 2.2.2.

Example 2.2.4 (Picard). The Picard (fized point) iteration, see, e.g., [42], is defined as
Aéf_l =af(, ]Vu?_l VI; with blg_l =0 in Q. (2.15)

It satisfies Assumption 2.2.2 with Af:njl = Aizl = a(-, |Vub™t), which leads to Ay = an
and Ac = ac thanks to (2.85).

Example 2.2.5 (Zarantonello). The Zarantonello iteration, introduced in [127], is defined
as

AL — Ty with BT = (7 —af, !VU?_I\)) Vgt in Q, (2.16)

where v € (0,00) is a constant parameter. To ensure contraction, one needs to assume that
2

v > ;—C The Zarantonello iteration maintains the same linearization matrix vI; during

the iterations and converges linearly, but the convergence is slow as v takes large values. It

satisfies Assumption 2.2.2 with Aﬁl_l = Al(le = v, which leads to Ay, = Ac = 7.

Example 2.2.6 ((Damped) Newton). The (damped) Newton iteration, see, e.g., [42], is
defined as

— — a’(-, lvuk_l)
A’g 1 :a(.,|Vu’Z 1,)Id+eﬁ
y4

with blg_l = 0d'(-, \Vulg_1|)\Vulg_1]Vu§_l in €,

k—1 k—1
Vu,7 @ Vu, (2.17)

where 6 € [0,1] is the damping parameter. Observe that = 1 gives the Newton iteration,
whereas § = 0 corresponds to the Picard iteration. If 0 = 1, the Newton method converges
quadratically. However, it might not always converge. The (damped) Newton iteration sat-
isfies Assumption 2.2.2 with, if the space dimension d =1,

Ané = Ao = ol [Vui™ D+ 80 Ve DIe™

(2.90)

(2.18)
=7 (1= 0)a(, |Vuy™ ) + 00" (- [Vuy ),
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and, if d > 1,
Ar-l = (1= 0)a(, |[Vuy ) + Omin(a(-, [Vuy '), 6" ([ Vug ™)), (2.19a)
A = (1= 0)al, |Vuy ) + Gmax(al-, [ Vuy ), ¢ (- [ Vuy ). (2.19b)

Indeed, denoting the spectrum of a matriz A € R¥9 by Spec(A), we infer (2.19) by writing,
_ (2.91) _ _ _ _
Spec(A51) B2 (o, Vb)), a( (V=) + 00, |Vl ) W)
(2.90) _ _
= {1 = 0)al [Vug™')) + al-, [Vug ™),
(1= 0)a(, [Vug ) + 06" (-, [Vug ')}

Finally, we can set Ay, = ay and Ac = a. thanks to (2.85) and (2.87).

2.3 Convex conjugate, dual energy, and flux equilibration

In this section, we define some common tools for the forthcoming developments.

2.3.1 Convex conjugate function and dual energy
Recalling the primal energy J of (2.6), the corresponding dual energy J* : H(div,{) — R,
cf. [10, 72, 107, 129], is defined by

T (w) = _/Q¢*(-,yw\), w e H(div, ), (2.20)

where ¢* : Q x [0,00) — [0,00) is the convex conjugate of ¢ (also known as the Legendre
dual or the Fenchel conjugate), which is defined such that, a.e. in Q and for all s € [0, 00),

¢*(-,8) = sup (sr— (1)), (2.21a)

r€[0,00)

or equivalently, for all s € [0, c0),

O'(5) = /0 O () dr =56 (5) = 0, 8 (5), (221b)
We refer to [72] for more details and recall that the construction of ¢* yields

d)*l _ ¢,,1 and d)*// o 1

S 2.22
¢// o ¢/—1 ( )

Consequently, under Assumption 2.2.1, ¢* is convex thanks to Remark 2.A.3 below.
Finally, we define the linearized dual energy functional .7;’16_1 : H(div,Q?) — R such
that

4 w) = = e b -k wem@v. @2
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2.3.2 Flux equilibration

Let Vy be the set of all mesh vertices and, for each vertex a € V,, define the patch 7,/ as
the collection of the simplicies of 7y sharing the vertex a, as well as the patch subdomain wg
corresponding to 7,*. For all @ € Vy, we define the space V,* := RTN,(7,*) N Hy(div,wf).
Here RTN,,(7,*) denotes the broken space consisting of p-th order Raviart-Thomas-Nédélec
space on each simplex, RTN,(K) = [P,(K)]¢ + zP,(K). Moreover, Hy(div,wg) is the
subspace of H(div,wf) of functions with vanishing normal trace on dwf if @ € V; is an
interior vertex and of functions with vanishing normal trace on dwf\{¢§ > 0} ifa € Vy is a
boundary vertex. Here, for all a € V,, the hat function 97 is the continuous, piecewise affine
function equal to 1 in @ and 0 in V,\{a}. We recall the partition of unity

Y U@ =1 Vzeq (2.24)

acVy

We denote by Il , the L%-orthogonal projection from L?(f2) to P,(7;) and by Hfﬁl\{ the L-

orthogonal projection from L?(2) to RTIN,_1(T;); note that both are elementwise. Finally,

we consider the equilibrated flux locally reconstructed from ulg’ as

ok = ot 2.25a
l { >
acly

where, for all vertices a € V, following [21, 35, 41, 53, 54],

oft g min, 1(CE) ™2 (TN € + wp) g
A (2.25b)
with & = AF'Wuf —bf1 A2F = g f — vyl ¢
and where the weight Tf will be chosen according to needs. Specifically, we will set

Y} = I, in Section 2.4, (2.26a)
Y} = AF~! in Section 2.5. (2.26b)

We note that
k
(7217 ’ 1)0-17 = 0
for all interior vertices a € Vy, which is an immediate consequence of (2.9a) with the test

function v, = ¢ € V. Consequently, problems (2.25b) are well posed.
Combining (2.25) and (2.24), we infer, as in, e.g., [52],

Vo =Y Vot =3 ,wef) - Y My, (Vef - &)

acVy acVy, acVy

=1Ly Z (Wf) = H&pf-

acVy

(2.27)

In particular, 0'5' € RTN,(T;) N H(div,2) and we have with the Green theorem, since
uf € VP =P,(To) N HE(Q),
_(Ué:vvué?) = (fv u?) (2'28)

2.4 A posteriori estimate of the energy difference

This section gives an a posteriori estimate of the energy difference.
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2.4.1 Energy difference and the associated estimator

We define the (square root of twice the) energy difference corresponding to the nonlinear
problem (2.5) by

ek = (2AT(f) — Tw))*. (2.292)

Note that SII\CI,Z is well defined from (2.5b) and the fact that uf € H}(Q). Actually, 5{{}72 >0
and 0 if and only if u} = u from the uniqueness of u in (2.5b). We then define the estimator
771]%,8 corresponding to the nonlinear problem (2.5) as in, e.g., [11, 107, 129], employing the
dual energy J* of (2.20) and the equilibrated flux o¥ of (2.25) with the choice (2.26a),

e = (27 0h) - T (@) (2:29)

Note that 771]%’@ is well defined (the argument of the square root is nonnegative), which can
be seen from (2.55)—(2.56) below.

2.4.2 Locally-weighted bounds for the energy difference and the associated
estimator

Denoting, a.e. in 2,
af = a(-,|Vuf]) and a, = a(-,|Vul), (2.30)
we define, for all (v,w) € L1(Q) x [L}(Q)]%, a.e. in €,

2.85),(2.87
ok, (v, w) :=min(a<-,\wn, ess inf ¢”<‘,¢’1<-,r>>)( I ad, (2.31a)

re(|wl,|ay Vug])

L v o1 (2.85),(2.87)
ac (v, w) =max ( a(-,[Vv]), esssup ¢"(, ¢ (7)) € [am,ac], (2.31Db)

re(lwl,|af Vug])
and, for the sake of brevity, we denote for both o € {m, c}, a.e. in Q,

k k k
ag:g = agé(ulg,af), azug’ = agg(uf,auVu), and aZ:e = age(u, a,Vu). (2.31c¢)

Observe that a”% and a7} are computable, in contrast to the other terms in (2.31c).

Lemma 2.4.1 (Locally-weighted bounds for the energy difference and estimator). Recall-
ing (2.29)-(2.31), we have

’LL,IC 1 /U"k 1
(ap)? (Vuf = Va)|? < (€807 < (agy)? (Vuf = V)%, (2.32a)
o _1 o _1
(@) "2 (af Vuf + of)II” < (k)* < ()2 (af Vi + o)1, (2.32b)
Vu,k _1 Vu,k _1
@)Wk — V)| < (8, < 2T Heh Vb — V)P (232)

The proof of this important technical result is postponed to Section 2.7.
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2.4.3 Data oscillation, quadrature-type, and iterative linearization esti-
mators

Following, e.g, [52], let

2
(Moset)? = D [hKlH(I—He,p)fHK] : (2.33a)

KeT, Lmah

(nosc,q,€)2 = (noasc7q7£)2 a‘nd (niter,€)2 = (ni‘zer7£)2’ (233b)
acVy acVy

where, for all vertices a € Vy, recalling the notation from (2.25b),

K 1 hx k 2
U = ———2% | D T = ep)™ x| + 198 (I = INER 120 ),
essmfw? g \KeTe
(2.33c)
k2 1
(nﬁer,e)Q = ﬁ”fbﬁvuﬁ - 55”27- (2.33d)

€ess infwzz a.’y
b

Remark 2.4.2 (Data oscillation and quadrature-type estimators). The estimator n'o‘“'SM mon-
itors the so-called oscillation in the source datum f: it vanishes if f is piecewise polynomial
and is of higher order for piecewise smooth f. The quadrature-type estimators 77’0“86,(M arise
from piecewise polynomial approzimation of the (possibly) apolynomial data *yg’k and éf de-
fined in (2.25b), which involve themselves the nonlinear function a through Alg_l and b"lf_l,
cf. Section 2.2.3.2. These terms can completely disappear (for the lowest polynomial degree
p =1 where a(-, \Vulz_1|) and d'(-, |Vulz_l\) are piecewise constant if the spatial dependence
in a is piecewise constant) or be of higher order if the nonlinear function a has the necessary
smoothness. One could actually force them to be negligible if a separate, sufficiently increased
polynomial degree was chosen for the equilibration in (2.25b).

Remark 2.4.3 (Iterative linearization estimator). Congruently with (2.14), if uf — u, in
H&(Q), then we can have nﬁerg as small as we need since, also using the standard coloring
bound (2.68),

(2.31a),(2.25b),(2.12) _1
Mrer,e < am? (d +1)]|af Vuf — af = Vuy ™ — ApTHV (uf — ug |

(2.4a),(2.11) (2.34)
<

_1
am® (d + 1)(ac + Ao) |V (uf — ub™H)].

2.4.4 A posteriori estimate of the energy difference

We now present our first main result, giving an a posteriori estimate for the energy difference
&L , and the estimator 7% , defined in (2.29).

Theorem 2.4.4 (A posteriori estimate of the energy difference). Suppose Assumption 2.2.1
and let u € HE(Q) be the weak solution of (2.5). Let uf be its finite element approzimation
given by (2.9) on mesh Ty, £ > 0, and linearization step k > 1, for any iterative lineariza-
tion satisfying Assumption 2.2.2. Let 0'? be the equilibrated flux defined by (2.25) with the
choice (2.26a). Then

E o <o+ 2Fess (2.352)
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771]%,[ S.z Ctlggll\gl,f + nlgsc,q,f + nikter,éﬂ (235b)

where the hidden constant only depends on the space dimension d, the mesh shape-regularity
KT, and possibly, when d > 4, the polynomial degree p, with

1
Vu,k\ 2 1
ess Supa d, y’ (2.31) >
CF = max <w> < <ac> : (2.36)

. o.k —
acVy \ ess 1nfwzz Ny am
Proof. See Section 2.8. O

Remark 2.4.5 (Structure of CJ and robustness). The constant C¥ from (2.36) is composed
of purely local contributions. Since the ratios of azz’k to a;”lz on each patch wy are smaller
than the global ratio ac/am and since the patches w§ shrink with mesh refinement, Cf may
converge to 1. For evample, in the case where the problem is smooth in that a € C' (2 x
[0,00)), u € CHR), and Vuf — Vu in [L®(Q)]%, then, for £ and k large enough,

(2.31) _ " 1

CF < CFi=esssup (max <¢, ”) (x, \Vu];(w)\)) , (2.37)
e a ¢

which is small if the function ¢ /a is close to 1 over Qx[0,00). Unfortunately, C§ from (2.36)

cannot be computed and its value may possibly explode with the ratio (ac/am)l/z.

In the next section, by augmenting the energy difference, we will achieve a result similar
to (2.35) but with a computable constant C’f which moreover takes value 1 for the Zaran-
tonello linearization of Example 2.2.5.

2.5 A posteriori estimate of the augmented energy difference

This section gives an a posteriori estimate of the augmented energy difference defined below.

2.5.1 Energy difference and estimator of the linearized problem

In order to derive robust estimates, we now also crucially consider the linearized prob-
lem (2.9). We introduce the abstract linearization on the continuous level: find u]<€€> € H (Q)
such that

(A}'Vufy, Vo) = (f,0) + (b, Vv) Yo € Hy(9), (2.38a)
which is a linear problem. Note that (2.38a) is equivalent to
u% = arg%%ilrgm T (w), (2.38b)

employing the linearized energy (2.10). Analogously to the (nonlinear) energy difference
Sllfw (2.29a), we define the energy difference Sfé of the linearized problem (2.38) as

1
_ _ 7 (2.77a) 1,1
et o= (2T wh) = T wly) )T PR IAE P (= ) (2.39)
Here, there holds trivially 5{1 ;= 0and Slﬂ , = 0if and only if uif = u’f@. Finally, we define the
estimator nﬁe of the linearized problem (2.38), employing the linearized dual energy (2.23)
and the equilibrated flux o} of (2.25) with the choice (2.26b), by

it = (27 wh) - 77 k)

CE Ak (A vl - B ol

(2.39b)



76 Chapter 2. Robust Energy a Posteriori Estimates For Nonlinear Elliptic Problems

2.5.2 Augmented energy difference and the associated estimator

Recalling the notation in (2.25b), as in (2.33d) but with the weight (2.26b), we define the
iterative linearization estimator ﬁfier ¢, by

—1\— 41
Mere = I(AF™) 72 (af Vuf — &) (2.40)

Observe that with the same reasoning as in Remark 2.4.3, if (u})g>1 converges in H} (),
then we can have ﬁi]ier,é as small as needed. Then, we define a computable weight )\]g >0
from the estimators (2.29b) (using o} of (2.25) with the choice (2.26b)), (2.39b), and (2.40)
by

A= Y (2.41)
K o T 3 . .
nlﬁ,f + n/\kiter,ﬁ
Finally, we define the augmented energy difference é'é“ and estimator n}f by
1 1

& = 5 (51151,5 + )\fglf,é) and 7} = 5 (771131,5 + A?ﬁf,z) : (2.42)

Lemma 2.5.1 (Weight \F). There holds
11
M < am?AZ2. (2.43)

Proof. See Section 2.9. O

Remark 2.5.2 (Weight )\f and uniform equivalence of 77éC and 771131,@)- The weight )\’g
from (2.41) ensures a balance between the two components n¥ , and NsnF , in (2.42). In
particular, )\ljnﬁg = 7]11315 in the limit ﬁikteré = 0, whereby simply néf = 771]315- Moreover,
from (2.41)—(2.42), at any linearization iteration k > 1,

1
577{31,5 < < ke (2.44)

so that the augmented estimator néf of (2.42) is uniformly equivalent to the standard primal-
dual gap estimator 77{%’5 of (2.29b). This construction is well defined; in particular, the

inclusion of the estimator nAkiteM ensures that /\i? 1s uniformly bounded for every k > 1 as
per (2.43). This is in turn used in the error consistency of Lemma 2.5.3 and in Theorem 2.5.5
below.

Lemma 2.5.3 (Error consistency). Let the error £ be given by (2.42). Then there holds
1 1 -1 1
shoset < (horantalel,) Sebo+ IVl -l @y

where the last inequality holds up to constants depending on am, ac, Am, Ac. In particular,
EF — 0 if and only if uf — u in HE(S).

Proof. See Section 2.9. 0

Remark 2.5.4 (Augmented energy difference). From (2.44), the estimators 771’317@ and nf
are uniformly equivalent. In that respect, Theorem 2.5.5 shows that the standard primal—
dual gap estimator nlliw gives a guaranteed and potentially robust bound for the augmented
energy difference Ef in place of the energy difference Sffw of Theorem 2.4.4. As per (2.45),
the modification of Sffu to Sf is a bit more subtle in terms of the equivalence constant. In
practice, though, we eacipect the situation to be better in that the added linearization component
Sﬁz multiplied by the weight /\i? makes again Ef comparable in size to 51’\“175.
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2.5.3 Data oscillation and quadrature-type estimators

As in Section 2.4.3, let

2
hi
(se0)? = (T =TT fllk | (2.46a)
! K;- Wlan(Ak 1)1 Y
(ﬁgsc,q,Z)Z = Z QSCQZ and (nq,f)2 = Z (%7’[5{:)27 (246b)
acVy acl,

where, for all vertices a € Vy, recalling the notation from (2.25b),

2
(At ) = ——1 D {H (I —Tlyy) ?’kHK} : (2.46¢)
@ inf, aAmg Kete
k. 1L
AeF = (A2 (02 (I — TIEN)ER) e, (2.46d)

2.5.4 A posteriori estimate of the augmented energy difference

We now present our main result giving an a posteriori estimate based on the augmented
energy difference and estimator defined in (2.42).

Theorem 2.5.5 (A posteriori estimate of the augmented energy difference). Suppose As-
sumption 2.2.1 and let u be the weak solution of (2.5). Let ulg be its finite element approx-
imation given by (2.9) on mesh Ty, £ > 0, and linearization step k > 1, for any iterative
linearization satisfying Assumption 2.2.2. Let 0'? be the equilibrated flux defined by (2.25)
with the choice (2.26b). Let u]&) be given by (2.38), and the augmented error £ and estimator

ny by (2.42). Then

)\k
k k k ~k
5@ < Ny + Nosc,¢ + ?ﬁnosc 2 (247&)
k ~k ok
Ne S CZ EZ + )‘K (CE Nq,e + 7,’osc ,a,¢ + nlter E) (247b)

where the hidden constant only depends on the space dimension d, the mesh shape-regularity
K7, and possibly, when d > 4, the polynomial degree p, with

sup, o AFZ1Y 2 =1 for the Zarantonello linearization,
OF = max | —L oL AN (2.48)
a€Ve \ infue A, < <C> in general.
Am
Proof. See Section 2.10. O

Remark 2.5.6 (Robustness for the Zarantonello linearization). In the Zarantonello lin-
earization of Fxample 2.2.5, since 6,? = 1, we obtain via (2.47) an estimation of the aug-
mented energy difference 6}“ by the estimator néC (under small oscillation, quadrature-type,
and iterative linearization errors) whose quality is independent of the nonlinear function a.
As we will see in the proof of Theorem 2.5.5, this relies on the fact that here Alzfl =1,
the linearized problem (2.38) features a constant diffusion tensor, and consequently the asso-
ciated error (2.39a) and estimator (2.39b) simplify respectively to 51116 = 'y% IV (uf — u%)H

_1 _
and 771]34 =y 2(vVub - béf Lyab.
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Remark 2.5.7 (Robustness in the general case). The constant 6’5 can be easily calculated in
practice, without knowing the continuous solution u of (2.5). It is in particular defined from
merely patchwise variations of the linearization matrix Aé?*l (recall (2.11)). For the Picard
and damped Newton iteration cases of Examples 2.2.4 and 2.2.6, in particular, the local ratio
of the functions A’g’zl and Aﬁl_’gl is a lower bound for that of the global constants A. and Ay

given in (2.11c), typically bringing 6,5 close to 1 as in the Zarantonello case. This is indeed
observed in the numerical experiments of Section 2.6. Importantly, 55 allows us to quantify
the quality of the estimates in any situation: whenever it is small, we can affirm robustness
a posteriori.

Remark 2.5.8 (Theorem 2.5.5 at the convergence of iterative linearization / impact of
the chosen iterative linearization). Suppose that ulg — uy in H3(Q), i.e., the solution ulg of
the iterative linearization (2.9) converges to the solution uy of the discrete nonlinear prob-
lem (2.8a). In the limit, ﬁﬁew from (2.40) vanishes and all the different iterative lineariza-
tions, cf. the examples of Section 2.2.5.2, yield the unique finite element approximation uy.
Nevertheless, in Theorem 2.5.5, the augmented energy difference Sf from (2.42) is still (pos-
sibly) influenced by the chosen iterative linearization, in particular by the (limit) values of
A?fl and blzfl as per (2.39), cf. also Remarks 2.5.2 and 2.5.5.

2.6 Numerical results

In this section, we present numerical experiments that serve to illustrate Theorems 2.4.4
and 2.5.5. Thus, we will primarily be interested in the effectivity indices

k k k
IN,e k My k T,e
I ,=—=, I =k = (2.49)
. koL k» Lt ko
Exy & €Ly

)

where the last one brings insight into the augmentation of Section 2.5.1. In particular, our
numerical experiments study the robustness of our estimates with respect to the ratio ac/am
from (2.4) where we consider a./ay = 10°, i € {0,...,7}. We present results for the three
linearization methods of Examples 2.2.4, 2.2.5, and 2.2.6 after the convergence criterion

IV (u ™" = uf)| < 107° (2.50)

has been reached.

In addition to Vép as defined in Section 2.2.2, we also consider a richer discrete space
Vf obtained by refining the mesh 7; and using higher-order polynomials, ¢ < ¢ and p < p.
This space serves as an approximation to H&(Q), so that we can approximately compute u]&)
defined in (2.38b) at each iteration k of the linearization method. This only serves here for
the evaluation of the error Ellig; it is not needed to evaluate our estimators ?7{317[, nf’e, and néf.

For all examples, we use the method of manufactured solutions, i.e. we choose a solu-
tion uw and construct f through (2.1). The boundary conditions are then enforced by the
true solution. All experiments were conducted using the Gridap.jl finite element software
package [7, 118].

2.6.1 Smooth solution

We consider a unit square domain 2 = (0,1)2. We set for all (x,y) € Q,

u(z,y) =10x(z — 1)y(y — 1). (2.51)
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For the space V', we use a polynomial degree p = 1 and a uniform triangular mesh consisting
of 8192 elements for a total of 3969 DOFs. We consider three different nonlinear functions « :
[0,00) — (0,00) (independent of the spatial coordinate & € ) satisfying Assumption 2.2.1.
We first consider the following example, in which the function a is monotone (decreasing).

Example 2.6.1 (Mean curvature nonlinearity). The mean curvature nonlinearity (cf. [40])
is defined such that for all v € [0, 00),

Q¢ — Gm

V1472

where ay,ac € (0,00) with ap < ac. Observe that Assumption 2.2.1 holds for the mean
curvature nonlinearity. Indeed, we use Proposition 2.A.2 observing that, for all r € [0,00),

a(r) == apy + (2.52)

Gc — Am

¢ (T):am+m

€ [am, acl.

The results for the effectivity indices (2.49) are presented in Figure 2.2, taking a,, = 1.
We see that they vary only very mildly with respect to the ratio ay,/ac and that all values
are below 1.2. This illustrates the robustness for the Zarantonello linearization that has been
proven in Theorem 2.5.5. For the Newton and Picard linearizations, we also compute and
display the constant 65 of (2.48). Since we see that 55 is uniformly close to 1 (bounded by
3), we are sure that the effectivity index I é“ will be small and uniformly bounded even prior
to computing it. This is the meaning of “affirm robustness a posteriori” of Remark 2.5.7.

We now consider the following nonmonotone nonlinear function a similar to the example
given in [70, Section 5.3.2].

Example 2.6.2 (Exponential nonlinearity). The exponential nonlinearity is defined such
that for all r € [0, 00),

1—e 2"
CL(T) =am + (ac - am)737 (253)
1+2e 2

where again ap,a. € (0,00) with ay < ac. Observe that Assumption 2.2.1 holds for the
exponential nonlinearity. Indeed, we again use Proposition 2.A.2 observing that, for all
r € [0,00),

2

1+ (3r2 —1)e 2"
1+ 26_%

¢"(r) = am + (ac — am) € [am, ac).

The results, again with a,, = 1, are presented in Figure 2.3. The Picard linearization is
not included because the solver does not converge for large values of the ratio ac/an,. We
observe that the results for the Zarantonello iteration are similar to those of Figure 2.2.
However, the effectivity indices of the Newton iteration seem to start to deteriorate for large
values of the ratio ac/ay,. We can see that the reason is that the constant 65 is becoming
very large. This constant is thus here a good indicator that the robustness may not be
obtained; in this case, we cannot “affirm robustness a posteriori” and it indeed seems not to
hold. For this example, we also present, in Figure 2.4, the component errors Sffw and )\?(‘:ﬁz,

as well as the factor )\E, see (2.41)—(2.42). We observe that 5@75 and )\EEEZ stay very close,

independently of the ratio a./an, which was our design. Remark, though, that M~ 1 for
Newton, whereas \f ~ (a./ am)% for Zarantonello.
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Figure 2.2: [Mean curvature nonlinearity (2.52), smooth solution (2.51), unit square domain,
3969 DOFs| Effectivity indices from (2.49) and the computable constant C¥ from (2.48).
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Figure 2.3: [Exponential nonlinearity (2.53), smooth solution (2.51), unit square domain,
3969 DOFs| Effectivity indices from (2.49) and the computable constant C¥ from (2.48).
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Figure 2.4: [Exponential nonlinearity (2.53), smooth solution (2.51), unit square domain,
3969 DOFs] Components EX , and AFEF , from (2.42) together with the weight A\f from (2.41).
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(a) 2945 DOFs

Figure 2.5: Uniformly (left) and adaptively (right) refined meshes for the L-shaped domain
with the singular solution (2.54). The adaptive mesh corresponds to the 28th iteration of
Algorithm 3.
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Figure 2.6: [Exponential nonlinearity (2.53), singular solution (2.54), L-shaped domain]
Effectivity indices from (2.49) and the computable constant C} from (2.48), for the uniform
mesh (left) and the adaptive mesh (right) shown in Figure 2.5.

2.6.2 Singular solution

We consider the L-shaped domain 2 = (—1,1)?\ ([0,1) x(—1,0]) and the singular solution
u in polar coordinates (p,0) € [0,00) x [0, 27)

u(p,0) = p®sin(ab) (2.54)

with a = 2, so that u € H 1Jr%“E(Q) for all € > 0. We consider the exponential nonlinearity
of Example 2.6.2 again with ay, = 1; this choice of solution ensures that the right-hand
side f belongs to L?(Q2) despite the singularity in the norm of the gradient for the L-shaped
solution (2.54).

We consider two different meshes to analyze the results, see Figure 2.5. One mesh is
obtained by taking an initial uniform triangulation of 2, while the other one is adaptive
following Algorithm 3.

The results are presented in Figure 2.6. The Newton iteration showcases, for both meshes,
effectivity indices close to 1, which stabilize for large enough values of the ratio an/ac.
Moreover, the effectivity indices corresponding to the adaptive meshes are closer to 1 than
those corresponding to the uniform meshes. Since 65 takes small values below 2, we can
again claim robustness a posteriori, see Remark 2.5.7.
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2.6.3 Convergence on a sequence of adaptively refined meshes

Due to the singularity in the solution of the previous section, it is of interest to consider
a local adaptive mesh refinement strategy. We thus need to compute the contribution of
the estimator 771]3174 to each mesh element which is nonnegative. In order to do that, cf.
the discussion in, e.g., [13, Proposition 4.9], we use (2.6), (2.20), and (2.28) to rewrite the
estimator 771’%,4 of (2.29b) as

1
1 2

Moo = (2/ (éf)*(',laﬂ)+¢(',|Vu’g|)+cr§-Vuf))z = S wke?] . (255
@ KeT,
s =2 [ (6" lot) + o0 Vul) + of - V), K ET, (2.550)
K

Here, recalling the generalized Young inequality, cf. [72],

it follows that for all K € 7, indeed 771’317 x = 0. We then use the standard newest vertex
bisection algorithm, see [28] and the references therein, as follows.

Algorithm 3: Adaptive refinement

1 Let egTop and 6 € (0,1) be parameters, and let 7g be a conforming initial
triangulation of Q. Let u8 € V01 be an initial linearization guess. For ¢ > 0:

1. Solve: Starting from uY, solve the linearized problems (2.9) until the convergence
criterion (2.50) is satisfied.

2. Estimate: Compute the elementwise estimators (UE,K)KGTg of (2.55b).

If nﬁ ¢ < €stop, then stop.

3. Mark: Choose a set M, C 7, with minimal cardinality such that

ST k) =0k k) (2.57)

KeMy KeT,

4. Refine: Perform the newest vertex bisection on the set M. Set £ := ¢+ 1,
ug = u’g_l, and go to step 1.

The results of the refinement study are displayed in Figure 2.7, for the exponential
nonlinearity (2.53) and the singular solution (2.54). We consider two values of the parameter
ae/am, namely 10% and 10%. We note that for both values of the ratio, the asymptotic rates
for the estimator and error agree with the theoretical optimal rate of (DOFs)~'/2 for the
adaptive algorithm; we observe no distinguishable difference in this graphic representation
between a./am = 103 and 10°. B B

We also made an analogous study on the augmented error Ef and the estimator 77éC , with
the same strategy of refinement, using the local version 77}“( = 771’{17 Kt )\fnﬁ K, forall K € T,

of the estimator WE. The results are displayed in Figure 2.8. We observe a similar behavior
of the asymptotic rates as in Figure 2.7.
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Figure 2.7: [Exponential nonlinearity (2.53), singular solution (2.54), L-shaped domain,
uniform vs adaptive mesh refinement] Convergence rates of 5{{3 , and 77113I , for uniform and
adaptive mesh refinement for a./ay, equal to 10® (left) and 10° (right).
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Figure 2.8: [Exponential nonlinearity (2.53), singular solution (2.54), L-shaped domain, uni-
form vs adaptive mesh refinement| Convergence rates of éf and 775 for uniform and adaptive
mesh refinement for a./ay, equal to 103 (left) and 10° (right).

In conclusion, the adaptive mesh refinement is more efficient than the uniform mesh
refinement since it requires a smaller number of DOFs for the same precision. The behavior
seems to be independent of the strength of the nonlinearity ac/any,.

2.7 Proof of Lemma 2.4.1

Proof of Lemma 2.4.1. Observing that by integration by parts (IBP), %((|a’f|—r)¢*’(-, r)) =
(o] —7)¢*"(-,r) — ¢*'(-,7), we obtain, a.e. in €,

loy|
6ot — GVl = [ ornar
af|Vu§\
(IBP) ‘0-5' k x! k x/ |0§|
B (ot =16 ) dr — | (lok] - )6 () (2.58)
ag |Vuy| af|Vuk|
(2.22) ot | \af -7

e dr 4 (|0 | — af [ Vug]) [ Vg,
ak|wuk| ¢//('7¢/ 1(-,T>)

where we used the fact that ¢/~ (-, af|Vub|) = ¢ (-, ¢/ (-, [Vub|)) = | Vub| thanks to (2.84).
Reusing this relation together with the definitions (2.6) of J and (2.20) of J*, we obtain
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the right-hand side of (2.32b) by writing

(m’% 4)2 =20

2 [ (ClokD + 00 [Vu)) = (1)
202 [ (o) + o [V + o - )

(2.21b) . .
202 [ (67t = 0"l V) + o Vb + ok - Vi)

(2.58) / /U lof| — 7 1 o
- L e e A R B CA LD
Q [ vt (' (7)) e lob|labVul| + of - (abVuf)

(2:31c) 2 L & 2 i kil ko k k ok k
< /Qa"’k —5(’0'41—7") + |o||ag Vug| + o - (af Vuy)

af|Vub|

(2.59)

(lof — ag|Vug))® + 2(lof||af Vug| + of (G’EVUQf))]

I
S
g’\

—_

o,
m,

(2.86a)
= /Q k’aevue +oy)?,

mZ

where, in using (2 21b), we have set s = af|Vuf|, and where we used (2.31c) noticing that
lo¥||afVub| + oF - (a¥Vuf) > 0 thanks to the Cauchy-Schwarz inequality, together with
the fact that |o}| — r is of the same sign as |o§| — a¥|Vuf| for all r € (af|Vu|,|oF]). The
left-hand side of (2.32b) is obtained with the same reasoning.

Now, observing that %((\Vulﬂ -1 (-, 7)) = (|Vul| —r)¢"(-,7) — ¢/(-,) by integration
by parts (IBP), we get

€502 20 [ (o [Vull) = 6,1V aD) ~ 2f0f — )
{250) //VUZ dr — 2(a,Vu, V(uf — u))
UEP) v ub| — )" (-, r)dr — ubl =)' (-, r |VU§|> (2.60)
o 2/9(/%| (Vubl )¢,y dr — (W] - ) )]lw

—2(a,Vu, V(uif —u))
(2.84) |Vug]
= 2/ / (|Vué? — )" (-,r)dr + au(|Vu§||Vu| — Vullf -Vu) | .
Q \

Vul

From there, with the same reasoning as for (2.32b), we obtain the right-hand side of (2.32a),
by writing
(2.60),(2.31¢) -,
@2 [t (V= 19ul? + 2091Vl - V- V)

(2.61)
(2.860) / aZ’f]Vulg — Vul?
Q Y

The left-hand side of (2.32a) is obtained with the same reasoning. Moreover, since ¢ is
nondecreasing and |Vuf| — r is of the same sign as |Vuf| — |Vul for all r € (|Vul,|Vuf|),
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using the mean value inequality, we have a.e. in 2,

V| IVub| (. e
/ (]Vul; - T)¢,/("T) dr > / : ( : ‘VU§|) 2 ( 7T)¢”('7T) dr
|

Vu| [Vul €ss sup ¢//('>S)
sE(r,\Vu’ﬂ)
(2.31c) 1 |Vuf|
> i [ @IV - ) dr
acl’ [ Vul
1 / k / 1 / 2 lvu?'
= Vuk [(ﬁ (5 IVug))g'(,r) — ifﬁ (-,7) ]
Qe o |Vul
(2.84) 1 1
= < (2 (lak [ + lau Vul?) - a';auyvu’;uvuy),
c,l

(2.62)
where we used (2.31c) knowing that |a, Vu| = ¢/(-,|Vu|) and |af Vul| = ¢/(-,|Vuk|). Thus,
observing that |Vuf\|Vu\ - Vu]lf - Vu > 0 thanks to the Cauchy-Schwarz inequality, we
obtain the left-hand side of (2.32c¢) by writing

(2.60),(2.62),(2.31c) 9 1
(EX0)? > /Q <k <2 (|a§vu§|2 + |auVu|2> — (ay Vuf) - (auVu)>
of (2.63)

1
—/ W!algVulg—auVu\Q.

Qa’c,Z

Finally, since |[Vu}| — r is of the same sign as |Vul| — |Vul for all 7 € (|Vul, |Vuf]), we
have

|Vuk| |Vuk|
[ vt = et dr < (V] - 1)) [ e dr
v e (2.64)
2 .
(2:310) 1 V| (2.81) 1 2
< Vu,k (/ ¢"(-,r)dr = Vuk ( afVuf! - IauVu\) .
am’é ‘Vu| aml

Hence, observing again that ]Vué?HVu| - Vuf - Vu > 0 thanks to the Cauchy-Schwarz
inequality, we obtain the right-hand side of (2.32¢) by writing

(2.60),(2.64),(2.31c) 2 2
oL [ (b0t - o)+ 2 Vo, v
m/f | ) (2.65)
- Vi) @v)) O [ - a, v,
Qan,
O
2.8 Proof of Theorem 2.4.4
For all vertices a € Vy, we introduce the space H!(w®) such that
{o e HY(wd) : (o, Dwg = 0} if a € Vint,
H}(w}) = L a ' - (2.66)
{pe H (w}): Ploweniuesoy = 0} ifa ¢ V™,

where Vém is the set of the vertices of 7y lying inside 2. We will need:
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Lemma 2.8.1 (Patchwise flux equilibration stability). Let a € V; and let 7* € RTIN,(T,*)
and g§ € Pp(T2) be such that (gf, 1)we = 0 if @ € V). Then,

min o + 78 lue S sup (9, ©)wz — (78, V)ue]
vi eV peH! (WD) (2.67)
i IV¢llua=1

where the hidden constant only depends on the space dimension d, the mesh shape-regularity
K7, and possibly, when d > 4, the polynomial degree p.

Proof. See [54, Corollary 3.3] or [52, Lemma 3.2]. O

We will use next the fact that, for all v € L(Q) and W € [L?(Q)]4*9,

YololZe =D D vl =(@+1) D Ivlk = @+ Dol (2.68)

acVy KeT;aeVk KeT,

since every simplex K € T, has (d + 1) vertices, collected in the set Vi . Also,

(2.24),(2.25) PNIE
lo+ W2 = 3 o+ Waflk “E7 S| S wie+ woh)||
KeTy KeT, a€Vk
<@d+1) Y D vfv+Wot|i = (d+1) Y [[vfo+Wopt ||

KeTy aeVEk a€Vy
(2.69)

In the following, for any x,y € [0,00), we use the notation z < y when z < Cy with
C > 0 only depending on the space dimension d, the mesh shape-regularity «, and possibly,
when d > 4, the polynomial degree p.

Proof of Theorem 2.4.4. As in [10, 107, 129] but including data oscillations, we have

(2:29) *
(&80 =" () —2/Q(¢ (loF]) + ¢(|Vul) = fu)
(221a) o k ko \2 k
< (R —2 Q(|U£ IVul = fu) < (8 ,0)° +2((f, u) + (o7, Vu))
(2.28)
=7 () +2(f = Veoi,u—uf) (2.70)
1
2
(2.27) hye 2
USRI TR WM O]
KeT,
(2.76),(2.33a)
< (771’%,2)2 + 2771536,(8113,5’
By the quadratic formula, this gives
1 1
81]\61,2 < 5 <2n§sc,f + (4(n§sc,€)2 + 4<77]1\€I,£>2)2) < 771131,@ + 277§sc,€7 (271)

hence (2.35a).

It remains to prove (2.35b). Let us temporarily denote ¢ := 1/(essinfya a;”i)%
the weight appearing in (2.33c)—(2.33d). We apply the triangle inequality, the defini-
tions (2.33¢)—(2.33d), the fact that 0 < ¢ < 1, the definition (2.25b) with the choice (2.26a),
and Lemma 2.8.1 with 77 = 1/)?1_[51;"3\1’5? € RTN,(7/) and gf = H&pv?’k e P,(T2)
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with (9¢,1)we = 0if @ € Vint. Also using the fact that ¢@¢ € Hl(w) and V(ygp) =
VIV + Ve for all ¢ € H (wg), we get

(2.33)
k k k RTN ¢k k ke ke
§H¢?ae Vué + 0-21 Hw? < gngnf,p—léﬁ + 0-21 HW? + n(?sc,q,é + ni(:er,f
(2.25b),(2.67)

K k »
5 < sup |:(Hf7p’7; ,QD)W? - (w?]:[quz\liéfa V@)wf} + ngsc,q,f + n;er,@
peH} (wf
Vellua=1
(2.25b),(2.33c) " & o ak ak
< ¢ sup [(f, VEp)ws — (&0, V(U5 SD)M‘] T Mose,a,e T Miter,
peH (wf)
IVellua=1 (2.72)
(2.3<3d) " by (18 ak ak
S s osup (L Ufe)ee — (afVug, VOFe))we | + Mogeqe T Miter,e
peH ! (wf)
Vellua=1
(2.5a

kxg, k ak ak
= 9 sup (auvu —ay VU( ’ V(l/J?QO))w:} + nosc,q,f + 77iter,Z
PEH (w§)
IVellp=1

ko, k Kk "
S g”ak Vuﬁ - CLUVUHW? + ngsc,q,Z + ni(ter,é’
where we have used ||V (7¢)[lwg S IV@llwe as in [21, 52]. In conclusion, we obtain

(2.32b),(2.69)

2
1 k k a.k 2
"IN,¢ S E ok i ag Vuy + o, ||w;
acy, €58 mfwg iy

1
(2.72),(2.33) 1 2

k k 2 k k
SJ Z inf ok Haf VU@ - CLUVUHUJ? + 77osc,q,2 + niter,£
acVy €ssin wy a’m,f (2.73)

(NI

(2.36) 1
k k k 2 k k
< CE Vu,k ||a£ Vuﬂ - CLUVUHwZz + nosc,q,é + niter,f
acV, €SS Supw? ac,e
(2.68),(2.32¢)

k ok k k
5 Cf gN,E + nosc,q,@ + niter,b

where we have used the triangle inequality on £o(RY:l).

2.9 Proof of Lemmas 2.5.1 and 2.5.3

Proof of Lemma 2.5.1. We write with the triangle inequality
(2.59) 1 (2.31),(211) _1 1 1
k A N e k k—1y—1/ kxo, k k
e < llagp) 2 (af Vg + a7 < am® AZ [|(A7 ™) "2 (ay Vuy + o) ||
1
2

1
< an? A2 (|[(AF7)7H APV (uf —uf ™) + o VU 4 o) 1)
1 _ _ _ _ '
HI(AF)E (@ Tuf — af T VU - AR (uf - uf )
(2.39b),(2.40) -1 1
= am? Ag (77113,6 + 77Akiter,z)7
where we have also employed the definitions (2.12) and (2.25b). Thus, by virtue of the
definition (2.41), A¥ is uniformly bounded as per (2.43). O
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Proof of Lemma 2.5.5. The first two inequalities in (2.45) are immediate from (2.42)
and (2.43). As for the last one, for all &£ > 1,

(2.11)
AmHV(U@)—U?_l)HQ < (AIZ_IV(U“ uy~ 1),V(u’<}>—u§ ")
2

2 (Al — BV () - ) — (@ T Y () - )
2.38a _ _
- )(f,u’&)—u’g ) = (a7 VT, Y (ufy —u ) (2.75)
(2.5a) _ _
= (auVu—ag 1Vu§ 1,V(u< 0 —u’g )
(2.4a) k 1
< ael|V (u—ug IV (ufy = ug -

Hence, dividing (2.75) by ||V(ul<“£> - uffl)H, we infer
Amag ||V (ufy —ug I < IV (w =g ]
and consequently, by the triangle inequality,
Amag [V (ufy, — u) | < 1V (w—uf) || + [V (uf — ™) + Amag [V (uf —ug ™).

Thus, &, < 5{376 + |V (uf — uf™")| thanks to definition (2.39a) (employing the rela-
tion (2.77a) below) and

am [V (uf — w)|* < (E8 )* < acl| V (ug —u)], (2.76)

which is a consequence of inequality (2.32a) together with the bounds in (2.31).

The convergence statement is then easy. Assuming Eé“ — 0 implies 8{374 — 0 and then
the H} () convergence follows from (2.76). Reciprocally, when uf — u in H{(€2), the last
term in (2.45) goes to 0, as well as Sﬁ,g thanks to (2.76), so that & — 0. O

2.10 Proof of Theorem 2.5.5

Recalling the definition (2.10) of jgk_l, we can rewrite Efj given by (2.39a) as
1

e
—2(b; 71, V (uf —U V) = 2(f, uj —u ))

~

(2.38) (2.77a)

(b evul | - Ak vl || - 24k vty v - o)

101 (2.68) 1 a
= I(AF 2V f —ufy)IP 7= o D ()

where, for all a € V),
a, . - l
£ = 1(AF™)2 V7 (uf — ufy)lue- (2.77b)
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Similarly, using the definition (2.23) of J,” *ok— 1, we can rewrite and upper-bound U}If,g
of (2.39b),

(2.23) 101 2 11
(o 220 Al + ||l H ok — || - 206 vl — 207,
1 =1 — _
= I(AF)H A Vg — b 4 o) 2 200k, V) - 2(f,uf)

(2.28) TN § _ _ (2‘69) a
= AT ATV =T e < (1) Y (),
acV,
(2.78a)
where, for all a € V),
_1 _
iy = (AFH 2 (U (A Yl — b ) + o) [l (2.78b)

Proof of Theorem 2.5.5. Let k > 1. Since (2.38) is a linear problem, proceeding as in [52, 53],
we obtain the a posteriori error estimate

(2. 77a)
(&L ) (A}~ 1V(“]<€z) — up), V(Ul&) — up))
(2.382) _ _
Doty — ) — (AW - b Wl — ub)
(2.27) _ _
=" (I - He,p) Jufy —uf) — (AFT'Vuf — by + o, V(uf,) — uf)) (2.79)
(2.46a)

—1y—41 _ — —1\ %
< (Toser + (AT 72 (A7 VU = b~ + o) IDII(A) 2V (uf — ufy)

2.77a),(2.78a
(3778 (3750) (%sc,z + 771’1@)51115-

Now, observing that (2.71) still holds with the version (2.26b) of the equilibrated flux, we
obtain (2.47a) by writing

2.42) 1
eb O2) (eho+ Mely)
(2.71),(2.79) 1
< 5(771]%,4 20 p + ML + Tses)) (2.80)
(2.42)

Ne + nosc,é + ?77050,2'

It remains to prove (2.47b). For all vertices @ € V), denote by oy ék the minimizer
of (2.25b) with the choice (2.26a). Recall also the notations (2.78b) and (2.25b) together
with (2.46¢) and (2.46d). Then, using the same reasoning as in (2.72), we infer

ak (2.46d) k—1y—1 at1 RTN
T’LVE S ||(A ) 2(¢e ’p 16@ +0‘€ )sz +77qe
(2.11) 1 i .
= m”iﬁ?ﬂfﬁqﬁf + o1y g + g
m W? m,/
(2.72),(2.48) 1 .
S g1 sw |(L e — (& VOTE))we (2.81)
(infug Ay70)2 peHl(wg)
IVellua=1

+(1+ CHRSY + 0%
(2.38a),(2.77b) __ ak | Ak~ak , ~ak
S./ Cf gL £ + CE nq l + 77057(?7(17[
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Therefore, we obtain (2.47b) by writing

20 = N AL = A0t Titer )
1
(228) \E aky2)\® | \kok
~ 4 Z (nL,ﬁ) + Eniter,ﬁ
acVy
(2.81) 1 1 1
. k Ak‘ J{I 2 Ak) J{I 2 J{I 2
So|a( Senr) var(Ta?) + (S ata?) | o
acVy acVy acly ’

ko~k
+ )‘Z niter,é
@TD2A6) Tl ek | Akek L ok ~k
Sj )‘K |:2C€ gL,E + Cé Uq,z + 77osc,q,€ + niter,€:|

(2.42) _ ~
k ok k(kok =~k ~k
< CZ gf + >‘Z (CZ T’q,@ + nosc,q,é + niter,€)7

where we used the triangle inequality on BQ(IR‘W'). Finally, we get éé“ = 1 for the Zarantonello
iteration since Af;:el = Aljzl =~ in  in this case. O

2.A Equivalent assumptions on the nonlinear functions

In this section, we show some useful properties of the nonlinear functions a and ¢. In
particular, we show that inequalities (2.4) admit equivalent versions with the function ¢
defined in (2.7), preserving the same constants a. and ay,.

Proposition 2.A.1 (Equivalent assumption on ¢'). Inequalities (2.4) are equivalent to the
following ones: a.e. in Q, for all r,s € [0, 00),

¢/ () = ¢/ (-, 8)| < aclr — 5], (2.83a)
(@) = ¢'(,8)(r — 8) > am(r — ). (2.83Db)

Proof. Differentiating (2.7) gives, a.e. in Q and for all r € [0, c0),
¢' () = a(-,r)r. (2.84)

Thus, assuming and using (2.4) (with = (r,0,...,0)" and y = (s,0,...,0)") together
with (2.84) yields (2.83).

Reciprocally, assuming (2.83), we have in particular (with s = 0), using (2.84), a.e. in
and for all r € [0, 00),

am < a(-,r) < ac. (2.85)
We conclude by using the fact that for all 2,y € R, and all a, 8 € [0,00), we have
 —yl® = (|| — y|)* + 2(|j[ly| — = - y), (2.86a)
(ax = By) - (z —y) = (alz| = Bly) (=] - [yl) + (@ + B)(|z[ly| — = - y), (2.86b)
to obtain, a.e. in Q and for all &,y € R%,
(-, |2])& — al- [y|)y|®
= (a(, [z)]z] — al-, [yDlyl)” + 2a(, [z])al, [y (z]|y| — = - y)
(@' (- [2]) = &' (- [y1)? + 2a(-, [zal, ly)(lzlly| — 2 - y)

(2.83),(2.85)
< a(lzl = [y)? +2(|zlly| — = - y)] = allz — y|?

(2.84)
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and
(a( |z —al- |yl)y) - (x —y)
CE (e — al [yl (2] — [y]) + (@, ) + al- ly) (elly] — = - y)
CEV (@ lal) — &G D) (2] — y]) + (aC [2]) + ol [u]) (ellyl - = - v)
(2.83),(2.85)
> anl(l@] — y))? + 2(|2lly] — @ - y)] = amlz — y[?,
hence (2.4). O

Proposition 2.A.2 (Equivalent assumption on ¢"). Inequalities (2.83) are equivalent to the
facts that ¢' is weakly differentiable and, a.e. in Q and for a.e. r € [0, 00),

am < ¢"(-,r) < a. (2.87)

Proof. Assuming (2.83), since ¢’ is Lipschitz continuous thanks to (2.83a), ¢’ is weakly
differentiable. Furthermore, defining the difference quotient, a.e. in Q and for all r, s € [0, 00),

r # s, by
T("n S) — d) ('772 : f ('73)’

inequalities (2.83) are equivalent to the fact that, a.e. in  and for all r, s € [0, 00), r # s,
am < 7(,1,8) < ac. (2.88)

Hence, letting s tend to r in (2.88) gives (2.87).
On the other hand, assuming and integrating (2.87) gives, a.e. in 2 and for a.e. r,s €
[0,00) with 7 > s,

am(r—s) < qb,('ar) _d)/("s) < ac(’r—S)? (289)
and dividing (2.89) by r — s gives (2.88), which becomes also true for r < s by symmetry. [

Remark 2.A.3 (Convexity). Under Assumption 2.2.1, inequality (2.83b) implies that ¢' is
nondecreasing, i.e., ¢ is convex. Moreover, from (2.84), we have, a.e. in Q and for a.e.
r € [0,00),

&"(,r)y=a(,r)+d(,r)r (2.90)

2.B Spectral properties of the tensor product

Lemma 2.B.1 (Spectral properties of the tensor product). The following holds:
Spec(aly + BA) = {a} + B Spec(A) Va,B € R, YA € R4, (2.91a)
Spec(é ® &) = {0,€]*}  VEER?, d>1. (2.91b)
Proof. We refer to [37] for details about the tools used in the following. Denoting P4 the
characteristic polynomial of A, we obtain (2.91a) by writing, for all A € R,
Par+pala+ BA) = det((a + SN Iy — (aIy + BA)) = B det(M; — A) = BPa(N).

Moving to (2.91b), since (§ ® &) = (€ - 7)€ for all 7 € R? dim(Ker(¢ ® &) =
dim(Ker((€,-))) > d—1, i.e. 0 € Spec(€ ® &) with a multiplicity of at least d — 1. Thus, the
sum of the eigenvalues of € ® £, being tr(€ ® £) = |€|?, is in Spec(é ® £). Hence, 0 and |€|?
are the only elements of Spec(€ ® &), and we infer (2.91b). O



Chapter 3

Adaptive regularization for the
Richards equation

This chapter corresponds to the paper https: //hal. science/hal-04266827v1 currently
submitted for publication.

3.1 Introduction

One of the most fundamental equations for modeling flows in porous media is the Richards
equation. It can be viewed as a simplified two-phase model, e.g., for water and air, where
one of the phases is assumed to be of constant pressure. For a detailed review of the role of
the Richards equation in porous media modeling see, e.g., [34, 39]. The equation describes
the evolution in space and in time of the pressure p and saturation s for a fluid in a porous
medium. Given a domain Q C R?, for d = 1,2,3, and a final time 7" > 0, the Richards
equation is given by

s — V- [Kr(s)(Vp+g) = f, inQx[0,T], (3.1)

where —g represents the constant force of gravity, K : Q — R%*? is the absolute permeability
tensor, k : [0,1] — [0, 1] is the relative permeability function, and f : Q2 x [0,7] — R a forcing
term, all considered as data along with suitable initial and boundary conditions. The system
is closed by an algebraic relationship expressing the saturation as a function of the pressure,
i.e., there exists a function S : R — [0, 1] such that

s =S(p). (3.2)

For the well-posedness of this initial boundary value problem see, e.g., [2].

Realistic choices for the saturation function S of (3.2) and relative permeability x are
nonlinear cf. Figures 3.1 and 3.2. This means that once the equation (3.1) is discretized
with an implicit time-stepping scheme, a linearization procedure must be applied at each
timestep.

The design of robust and efficient linearization schemes for Richards equation is an active
area of research. Newton’s method [86, 87, 42] is an attractive choice due to its potentially
quadratic convergence. A sufficient condition for the convergence of Newton’s method in
the context of the Richards equation was derived in [75]. In particular, the authors of [75]
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considered the lowest order continuous Galerkin finite element method (FEM) as a spatial
discretization and an implicit Euler time discretization and derived a condition of the form

2471

< CSw hY, (3.3)

where 7 is the time step size, h is the mesh size, Sy, := inf S’ > 0, and C,r > 0 depends on the
S and k. In practice, satisfying this condition may render the timestep 7 prohibitively small,
or the condition may even be impossible to satisfy if the derivative S” = 0. Other linearization
schemes include the modified Picard method [31], L-schemes [111, 87, 99, 92], and the Jager—
Kacur method [77, 78]. These methods are generally more robust than Newton’s method at
the cost of slower convergence. In particular, the L-scheme was shown to be unconditionally
convergent in [105], though it only converges linearly.

The tradeoff between the robustness of the linearly-converging methods and the speed
of Newton’s method have motivated hybrid methods such as those studied [87] where the
authors apply several iterations of the slower scheme to provide an initial guess to Newton.
More recently, this strategy was taken further in [114], where an a posteriori error estimator
was designed to provide a criteria to switch between the L-scheme and Newton’s method.

The degenerate nature of the Richards equation (see §3.3) partially explains the difficulty
encountered by Newton’s method. One way to address the degeneracy involves the choice of
the unknown in (3.1). In particular, whenever the function S in (3.2) is invertible one has
the choice of whether to solve for the pressure p or the saturation s in (3.1). This idea led to
the so-called primary variable switching methods [56, 44]. Initially, these methods required
a local choice (by looping over degrees of freedom in the context of a Galerkin method)
for which variable to solve for. This idea was elegantly adapted in [22], where the authors
achieved a continuous variable switch by introducing a global C! parameterization of the
saturation curve (3.2). The parameter is chosen so that it is proportional to the saturation
in the dry regions (where s < 1) and otherwise it is proportional to the pressure. The
continuous variable switching was recently generalized in [16] as well as the PhD thesis [15]
where the authors consider an additional switch that aids in the case of heterogeneous media.

On top of difficulties related to degeneracy, the specific forms of the nonlinearities for the
most common models (Brooks—Corey and van Genuchten-Mualem defined in §3.2) also suffer
from low regularity. Approaches to address this while keeping good convergence of Newton’s
method include the line search or trust region methods, where the step size of Newton is
limited in certain critical zones of the nonlinearity, see, e.g., [79, 123, 14| and references
therein. Another alternative to handle low regularity is the so-called semismooth Newton
method [82, 104], where the main tenant is to work with elements of the subdifferential to a
nonsmooth function.

A useful tool in the context of Richards equation, both theoretically and practically,
is regularization, i.e, considering an auxiliary perturbed problem to obtain some desired
properties. The authors of [100] rely on regularization to prove well-posedness of a certain
case of the Richards equation. Regularization has already been explored for improving the
performance of iterative schemes in, for example, [78, 14]. In [78], regularized versions of
the nonlinear functions are introduced to control the degeneracy whereas in [14] a kind of
slope limiting method was proposed to handle the case where the derivative of the relative
permeability « tends to infinity. However, in practice, a natural question to ask is how much
regularization should be added to obtain a tradeoff between model error and performance.

In this work, we seek to provide a possible answer to the question by adaptively updating
a regularization parameter. In particular, the adaptive choice is informed by a posteriori error
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estimators. Our a posteriori estimators follow the spirit of those derived in [94] in the context
of the fully degenerate Richards equation, where a rigorous a posteriori analysis leads to a
reliable and efficient estimator.

We also take inspiration from our recent work [58], where we introduced an adaptive
algorithm for regularizing a nonsmooth nonlinearity based on an additive decomposition of
an estimator. The central observation is that reqularization (model) error is often dominated
by the discretization error and hence does not impact the overall accuracy of the scheme. In
the setting of [58], we were able to recover the optimal rate of convergence with respect to
total degrees of freedom by solving a sequence of regularized problems without ever sending
the regularization parameter to 0. We seek to apply this same strategy to this setting, where
component estimators will guide an adaptive algorithm and in particular ensure that the
regularization component estimator remains sufficiently below that of discretization.

Our scheme has several advantages to those already mentioned. Firstly, it does not
require the modification of the underlying Newton solver. Secondly, for the test cases we
consider, the regularization allows Newton to converge where it takes hundreds of iterations
without. Finally, by adaptively lowering the level of regularization, we are able to produce
a solution that matches well visually with a solution obtained without regularization.

The rest of the paper is organized as follows. In §3.2, we introduce the necessary no-
tation as well as the assumptions on the data. In §3.3, we discuss the various difficulties
for a nonlinear solver and introduce our proposed regularization. In §3.4, we present the
backward Euler—finite element discretization of the Richards equation with its correspond-
ing regularized and linearized problems. In §3.5 we detail our adaptive algorithm. In §3.6,
we present numerical experiments and we conclude in §3.7 where we also give an outlook on
future research.

3.2 Setting and specification of the data

In this section we detail the necessary information to describe precisely the problem under
consideration. We use the standard notation from functional analysis. Let Q@ ¢ R% d =1,2,3
be a domain with polygonal boundary. For w C €, let (-,-), and || - ||, correspond to the
L?(w) inner product and norm respectively. We drop the subscripts when w = . Let H'(£2)
be the Sobolev space of functions defined on Q with first-order weak derivatives in L?(().
We also introduce the space H (div,Q) := {v € [L2(Q)]? : Vv € L?(Q)}.

We now specify the initial and boundary conditions for the problem (3.1). We consider
a partition of the boundary 9€2 = I'p U 'y into Dirichlet and Neumann boundaries, where
I'p has strictly positive measure. The boundary conditions are specified as

p=pp onI'p x (0,7], Kr(s)(Vp+g) -n=0 onTy x (0,T], (3.4)
and the corresponding space incorporating the Dirichlet boundary condition is given by
() = {v € HY(Q) : vlry = po}- (3.5)
The initial condition is imposed on the saturation,
s(x,0) = so(x), x €. (3.6)

We introduce a conforming triangulation 7, of €2, i.e., T, = Uxg K where the intersection
of (the closure of) two simplices K, K’ € T}, are either disjoint or an I-dimensional simplex
for0<i<d-1.
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10 . L i
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Figure 3.1: [pm = —0.2,\; = 0.66] Saturation and relative permeability functions for the

Brooks—Corey equation of state (3.7).

We consider the following assumptions on the data of problem (3.1)-(3.2).

Assumption 3.2.1. The absolute permeability tensor K : Q — R¥*? 45 piecewise constant
with respect to T, and satisfies the ellipticity and boundedness conditions, i.e., there exists
constants K, Ky > 0 such that, for almost every @ € €, there holds

Kulz)? < 2TK(x)z < Ky|x|?

The two most common equations of state for the nonlinear functions S and x are the
Brooks—Corey model [25]

(3.7)

K(s) = 52?317 S(p) = {(—P/pM)_’\l P < P

1 otherwise,

for parameters pyr < 0, A1 € (0,1) and the van Genuchten—Mualem model [116], for py; € R,

R(8(s)) = re/S(s)(1 — (1 = 8(5)/22)2)?, (3.8a)

1 7—A2
_ _ I—x <
Sp) = 1SR F (Sv = Sw) [(1+ (ap) 2] T p <y, (3.55)
Sv otherwise,
where g
s— Sr
8(8) = ———— 3.9

with Sy the water content, Sg the residual water content, and k. the hydraulic conductivity.
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Figure 3.2: [pm = 0,A2 = 0.66,Sg = 0, Sy = 1, = 0.551] Saturation and relative perme-
ability functions for the van Genuchten-Mualem equation of state (3.8).

3.3 Difficulties related to the nonlinearities and proposed reg-
ularization

We first outline the possible difficulties a nonlinear solver can encounter in the context of
the Richard’s equation. We summarize them in the following list:

1. Hyperbolic degeneracy: if x = 0 the terms containing spatial derivatives vanish and
the PDE changes type from parabolic to an ODE.

2. Elliptic degeneracy: If S’ = 0 the PDE changes type from parabolic to elliptic. This
is typically not a serious problem for solvers in the pressure formulation that we have
chosen.

3. For the van Genuchten—Mualem model (3.8), the derivative of the relative permeability
function blows up, i.e., k’(8(s)) = 0o as s — Sy.

4. For the Brooks-Corey model (3.7), the saturation function S(p) is non-differentiable
at p = pwm.

We thus replace the saturation function S and relative permeability function s by regularized
counterparts denoted by Se and k. respectively. The parameter ¢ > 0 determines the amount
of added regularization, and is adaptively updated to minimize the incurred model error (see
§3.5). The regularization is designed with the intention of alleviating the problems mentioned
in the previous list. We now state the conditions on the regularization more precisely.

Assumption 3.3.1 (Assumptions on the regularization). The approximations S. to the
saturation S and ke to the relative permeability k satisfy the following.

(A1) the regularized relative permeability satisfies limq_o ke(s) = k(s) for all s € [0,1]
(A2) The regularized saturation satisfies lime_,o Se(p) = S(p) for allp € R
(A3) There exists a constant k. > 0 such that ke(s) > k. for all s € [0, 1].

(A4) The regularized saturation satisfies S. € C1(R)
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(A5) The regularized composite function satisfies ke o Se € C*(0,1)

Assumptions (A1) and (A2) ensure that the regularized functions are good pointwise
approximations of the true functions S and x. The Assumption (A3), ensures that the reg-
ularized function k. does not induce a hyperbolic degeneracy. The last two assumptions are
smoothness requirements on the functions that are important, as derivatives of the functions
appear in the bilinear form associated to the nonlinear solver as we will see below in §3.4.2.

We now introduce our chosen choices of regularization which satisfies Assumption 3.3.1.
The choices depend on the chosen models, namely the Brooks—Corey model (3.7) and van
Genuchten-Mualem (3.8). First, in the case of the Brooks—Corey model, the regularization
of the relative permeability is simply

Ke(s) = K(s) + €. (3.10)

This ensures that k. > 0 for all s and the smoothness requirements are already satisfied.
The regularized saturation for the Brooks—Corey model is given by

5.(p) = {Sf<p> if [p —pul < c, (311)

S(p) otherwise.

where S¥(p) is determined by polynomial interpolation so that S, € C*(R) is k-times con-
tinuously differentiable. In particular we choose k = 2 so that Assumption (A4) is satisfied.
A plot is given in Figure 3.3 for several values of e. To satisfy Assumption (A5) we follow
the approach in [14] where the relative permeability (3.8a) is replaced by a second degree
polynomial near the critical point 8(s) = 1:

_Jr(s)te ifs<1-—c¢
mel8) = {/%(s) + €, otherwise (3.12)
where "
R(s) = n(2—e)(8 — (1= 4+K1-e(s—1—€)+r(l—¢ (3.13)

see Figure 3.4 for a plot with a range of values of e.
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Figure 3.3: [A\1 = 2,pm = —0.2,k = 2] Regularization of the relative permeability (left)

(3.10) and of the saturation (3.11) (right) for the Brooks—Corey model (3.7).
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Figure 3.4: [pm = 0, A2 = 0.66] Regularization of the relative permeability (3.8) of the the
van Genuchten—-Mualem model (3.8). We do not regularize the saturation in this case, since
it it already smooth.
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3.4 Discrete problem and solution method

In this section we give details about the discretization strategy we employ to solve the
Richards equation (3.1). We define the lowest order continuous finite element space for our
trial space

VP = {u, € HH(Q), uplr € P1I(K) YK €T}, (3.14)

as well as the test space
Vi = {un € Hy (), uplg € PLI(K) VK €Th}. (3.15)

For the time discretization we use the lowest order implicit method, i.e., the backward Euler
method. We consider uniform time stepping with N time steps so that the interval (0,7) is
partitioned with fixed step size 7 = T'/N and the time points {t,}_, are given by t, = nr
for all n = 0,...,N. The backward Euler problem for each n € {1,..., N} and a given
Pn-1,h € V}P is to find the approximate pressure p,, j, € VhD satisfying

%(S(pn,h) - S(pnfl,h)a (Ph) + (F(pn,h)v Vsoh) = (f(? tn)? @h) W’h € Vl?? (316)

where the flux function is defined as

F(q) = Kr(S(0)[Va +g]. (3.17)

3.4.1 Regularization

We also consider the regularized version of the problem. First, for a fixed timestep, we
introduce a non-negative sequence {e/ }j>1 such that el is fixed at the beginning of the

timestep (see §3.5). The regularized problem is then: given pf;b_l , € VP find pZL , € VP
satisfying

%(Sej (piz,h) - Sej (pgl_l,h)’ Sﬂh) + (Fej (pZL,h)’ v@h) = (f(a tn)v (;Oh) v@h € V}?7 (318)
where the corresponding regularized flux is given by
F, (Q) = K"{ej (Sej (Q))[vq +g]7 (319)

and j is a stopping index that will be defined in §3.5.

3.4.2 Linearization

Due to the nonlinear nature of the problem (3.18), linear iterations are usually used to
approximate pﬁL 5. To this end, we consider the following linearized problem: given an initial

guess piﬁ;l, find piﬁl € V,P such that

 k— ik ik gk
LS (2 =S L ) o)+ L@ =Pl ), on) + (L, Vo) = (f(tn),on)  Veon € Vi,
where j and k are stopping indices that will be defined in §3.5 and the linearized flux is given
by
K 7k_1 A7k ‘7k 7]{,‘—1

Fl = Krg(Sa (o)), NIVoL, +9)+ €Wl — o). (3.20)
Here, (L, &) € L*®°(Q; R%*1) depends on the specific scheme used. For the case of the modified
Picard iteration [31], we have that

L=S,@h", €:=o0. (3.21)
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For Newton’s method, we have that
L:=S,oh ), € =Kk oS Wl Vet +gl. (3.22)

Remark 3.4.1 (Appearance of derivatives in the linearization). We note that the for both the
modified Picard scheme Newton’s method, the derivative S’(pfl’k};l) appears. Additionally, in

, Lo ) . jk—1
the case of Newton’s method the derivative of the composite functions (k. o Sej)/(pzl’h ) ap-
pears. This is the motivation for the reqularity requirements we impose on the reqularization,

i.e., Assumptions (A4) and (A5).

3.4.3 A posteriori component error estimators by flux reconstruction
fllz of
the flux (3.20) that satisfies afL’IZ C H(div, ). The main tool to achieve this is the Raviart—
Thomas—Nédélec (RTN) finite element space [23]. We first introduce the lowest order broken
RTN space,

The key to our a posteriori error estimators will be a postprocessed approximation o

RTy(Tp) = {vn € [L*(@))? : wa|ic € [Po]? + 2P0, VK € Tp}, (3.23)
and the H (div, Q)-conforming space
RTy(Q2) := RTH(Ty) N H(div, Q). (3.24)

Our general approach is in the spirit of equilibrated flux reconstruction. The method of
flux reconstruction in the context of a posteriori error analysis has origins in the works of
Prager and Synge [101] as well as in Ladeveze and Leguillon [84], Destuynder and Métivet
[41], Braess and Schéberl [21], and Ern and Vohralik [53]. However, in this work we do
not consider a full equilibration by solving local minimization problems, but rather a flux
based on averaging and prescription of the degrees of freedom in H(div,{2) as in [121, 51].
In general this type of estimator satisfies the equilibration with the external load in a weak
sense.

First, we introduce some additional notation for the mesh. Let F denote the set of faces
in the mesh and for a face F' € F let Tr denote the edge patch of F), i.e.,

Tr={K €T,:FCK}. (3.25)

Then we define the reconstructed flux 0'7]1’12 € RT,(2) by

1 / ik
e o, -npdS =
|E| Jp ™" |7'F||F\

where |Tr| denotes the cardinality of Tp. '
The conditions in (3.26) totally determine the function 0'7]1’]2, see, e.g., [49]. We thus
define the following estimators with the help of the reconstructed flux (3.26):

> / -npdS VF e F, (3.26)

KeTp

nd’i; = ||F% + 0' H (discretization), (3.27a)
nh’g’ = ||F; (pj ) H (linearization), (3.27b)
nréé’ = ||F (p’ ) — F (pﬂi)” (regularization). (3.27¢)
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Remark 3.4.2 (Choice of estimators). We take inspiration for the discretization estimator
from [94], where our estimator can be thought of a simplified version of n¥. We make this
choice because the current definition is very cheap to compute as it does not require the solu-
tion of local problems. This decomposition into component estimators is very much inspired
by those established in [53, 58]. In [53], a decomposition was established that identified errors
associated with the discretization, linearization, algebra, and quadrature. These estimators
were then used to define stopping criteria for the nested nonlinear and linear solvers. More
recently in [58], we consider a regularized problem and introduce a corresponding regulariza-
tion estimator, leading to the same (at least in spirit) choice of estimators as in the current
work. In [58] we rigorously prove that the estimators tend to zero in their respective limits,

0,5,k J5k

i.e., még tends to zero as j — oo and nﬁn tends to zero as k — oo.

3.5 Adaptive algorithm

In this section we present an adaptive algorithm for iteratively solving the system of nonlinear
algebraic equations (3.16), Algorithm 4. For a given timestep t,, the algorithm constructs
a sequence of regularized problems, with regularization parameter €/, and linearization iter-
ations indexed by k, producing intermediate solutions p‘;]Z as per §3.4.2 and § 3.4.1. The
algorithm takes some user-specified parameters, starting with an initial regularization pa-

1

rameter ¢! > 0 and an initial contraction factor C! € (0,1). We take inspiration from

Algorithm 1 in [58] to define the following stopping criteria, where bars denote the stopping

indices,
ok j e
M < il (3.28a)
7,k 7_.7’;
M < Apegnhi2 ", (3.28b)

where Yreg, Yiin > 0 are further user-specified parameters. The first criterion (3.28a) states
that the linearization procedure should not continue on a given regularized problem if it has
sufficiently converged. The second criterion (3.28b) states that, on a given timestep ¢,, the
error introduced by regularization should only be 7;ee times smaller than the inherent error
due to discretization.

In more details, the algorithm proceeds as follows: we start on a given timestep with the
initial regularization parameter ¢/ and contraction factor C?. We proceed to iterate in the
linearization until the first stopping criterion (3.28b) is satisfied. However, we also have a
safety measure (line 12 of the algorithm) to check whether the linearization error does not
increase between the previous and current linearization iterates k—1 and k. If this is the case,
we revert the regularization parameter and reset the approximate pressure. We also increase
the current contraction factor C’g which limits the amount we decrease the regularization
parameter between the steps j and j + 1. This strategy is comparable to common practice
of cutting the timestep to provide a better initial guess, but the advantage here is that we
only “go back” one value of the regularization parameter and not to the beginning of the
timestep.

We also remark that the initial guess can be taken as pg’g := S71(sp) in the regime where
S is invertible, namely sg < 1. For the points z € Q where so(x) = 1, we simply take the
initial guess pgzg(m) = pm(x).
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Algorithm 4: Adaptive regularization for the Richard equation

Initialization Choose an initial guess pg’?l € VhD and initialize the time step

counter n :=0
Parameters : Yyeg, Yrins €', C2 € (0,1)
1 while ¢, < T do

2 Update n:= n+1
3 Initialize j := 0,k := 0
4 Loop for regularization
5 Increment j := j+1
6 Initialize k£ := 0
ok
7 77hnj =0
8 Loop for linearization
9 Increment k :=k + 1
10 Solve for pﬁﬁL in (3.20)
11 Compute the estimators (3.27)
12 if 77111;1] ks 7711111] k=1 then
j—1,k
13 Reset p h = Pnn
14 Increase C2 1 := /!
15 Decrease €]+1 (C]/C]H)
16 go to line 4
17 end
JJs N
18 until Min ik < 711n77reé
19 Update k := k
20 Decrease e/ ! := Clél
21 until nre’]’ < ’yregndl’g &
22 Update j := j
0,0 7.k
23 | Ppp T pfz,h
24 end
RN
25 return {p}}, },

3.6 Numerical experiments

In this section we detail numerical experiments using our adaptive regularization of Algo-
rithm 4. In particular, we consider three rather involved examples where a plain Newton
solver struggles to converge. In all cases our adaptive algorithm succeeds. All numeri-
cal experiments are conducted with the help of the Gridap.j1 library [7, 118] in the Ju-
lia programming language. For all the experiments, we take the linearization parameters
Yreg = 0.2, min = 0.3, Cl =0.1, and ¢! = 0.1. For comparison, we also test the unregularized
Newton’s method (corresponding to taking e! = 0 in Algorithm 4), and the modified Picard
scheme (3.21) In the unregularized case, instead of criterion (3.28a), we ensure that

m* < 1e—6. (3.29)

Remark 3.6.1 (Choice of the stopping criterion in the unregularized case). We use a fized
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stopping criterion for the linearization in (3.29) because we would like to compare our adap-
tive strategy with an unadaptive one, which is the much more common approach. For ex-
ample, even in [11]] where the solver is chosen adaptively, the authors use a fized stopping
criterion for terminating the linearization procedure. Namely, their criterion ensures that the
difference of two consecutive iterates of the approrimate measured in a iteration dependent
norm 1is less than 1e-7. Moreover, our choice of the value 1e-6 is partially related to the ob-
servation that in Figure 3.6 (described in detail below in §3.6.1), the linearization estimator
nﬁ’nj’k is on the order of 1e-5 at the end of the iterations. Thus, we choose a value that at
least ensures this level of accuracy for all the numerical experiments.

3.6.1 Strictly unsaturated medium

In this test case, we seek to reproduce the results obtained in [114, §4.1]. This means we
have the following data:

e 0 =01UQ9, Q1 =(0,1) x (0,1/4],Q9 = (0,1) x (1/4,1)
e Uniform mesh with 40 x 40 x 2 elements

e T =1

e T=1

e I'p=00n{y=1}

o 'n=00\Tp

* g= (0,1)T

_Jo (z.9) € b
f( 7y) - {006 COS(%W?/) Sin(l') (l',y) S QZ.

—y—1/4 (z,y) €N

, S9g=28
—4 ($7y> € 927 ’ (pO)

° pO(xay) = {

e pp = polry

We use the van Genuchten-Mualem model (3.8) with the parameters specified in Fig-
ure 3.5. Please note that there is only 1 timestep. We first plot the approximate pressure at
the final step of both Algorithm 4 as well as the modified Picard iteration with no regulariza-
tion, Figure 3.5. We observe that the two not only match well but are also comparable with
the results in [114, §4.1]. In this case, Newton’s method without regularization diverged,
which is consistent with what is reported in [114, §4.1].

We now look more carefully at the evolution of the estimators in the adaptive algorithm
for this example. In Figure 3.6, we plot the component estimators as a function of cumulative
linearization steps. The components all begin on the order of 0.1 on the first iteration. We see
that the linearization estimator converges very rapidly for a given value of the regularization
parameter ¢/ := e! = 0.1, then ¢/ := 0.01,0.001 and 0.0001. Furthermore, once we lower
the regularization parameter, the regularization component estimator clearly decreases. On
the final iteration, we see the discretization and regularization estimators stabilize with a
constant gap between the two.



104 Chapter 3. Adaptive regularization for the Richards equation

Time: 1.000000

Figure 3.5: [§3.6.1, van Genuchten—-Mualem model (3.8) with p,, = 0,Sg = 0.026, Sy =
0.42, ke = 0.12, ¢ = 0.551, A2 = 0.655, solver parameters: Yreg = 0.2, 7in = 0.3, Cl =0.1]
Approximate pressure pfllz for the problem in §3.6.1 using Algorithm 4 with Newton’s method

and adaptive regularization ¢! = 0.1 (left) and modified Picard with no regularization e! = 0
(right).
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Figure 3.6: [§3.6.1, van Genuchten—Mualem model (3.8) with p,, = 0,Sg = 0.026, Sy =
0.42, ke = 0.12,0 = 0.551, Ao = 0.655, solver parameters: Yyeg = 0.2, 71, = 0.3, C! = 0.1,
¢! = 0.1] Evolution of the component estimators (3.27) for the Algorithm 4 with Newton’s
method and adaptive regularization with ¢! = 0.1 applied to the test problem in §3.6.1.
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3.6.2 Injection test

This test is inspired by the one presented in [22, §4.1]. In particular, we use the following
model parameters:

« Q= (0, 1)2
e T'=1.0
o T =2.82e—-2

e Quasi uniform mesh with A = 2.82e—2
o I'p ={(z1,22)|z1 € (0,0.3), 29 = 1}

o 'n=00\Tp

« g=(0,-1"

. f:O

« pp=1

We use the Brooks—Corey model (3.7) with parameters specified in Figure 3.8. We note firstly
that there is a inconsistency between the trace of pg and the imposed boundary condition
pp at t = 0. This is mathematically valid, but can cause problems for the solver as we shall
see shortly. The domain is initially “mildly dry” with S(pg) = sg = 0.027. We remark that
we were not able to consider a smaller value of sy as was done in, e.g., [22, 14]. It would
likely be necessary to implement their variable switching strategy for this, which we discuss
in §3.7. However, the current test still remains challenging for Newton’s method.

In Figure 3.7, the total stepwise and cumulative iterations are plotted for Algorithm 4
using Newton’s method with and without regularization as well as modified Picard without
regularization. First of all, it is clear that Newton’s method without regularization is not
feasible and we cut the solver after 300 iterations on the first step. Next, we note that
Modified Picard takes consistently more iterations than Newton solver with regularization,
resulting in an approximate 3.3x speedup at the end of the simulation (1004 iterations for
modfied Picard vs 297 for the regularized Newton solver). We also note that the number of
iterations is somewhat less stable for modified Picard with peaks of 56 iterations at ¢t = 0.42,
and 48 iterations at ¢ = 0.22. In contrast the regularized Newton solver takes no more than
13 iterations per timestep. In fact, this only occurs at the beginning of the simulation as we
will not explore in more detail.

In Figure 3.8 we see that Newton’s method has trouble converging for the reguarization
parameter ¢/ = 0.1 and the linearization estimator increases during the second and third
timesteps, thus triggering the if statement on line 12 of Algorithm 4. Indeed, we see conse-
quently the algorithm recovers by simultaneously increasing the regularization parameter to
¢! := €' /C! and then increasing the contraction factor C = /C9. This combination allows
the estimator to converge on the following series of regularized problem until the stopping
criterion (3.28b) is achieved and the solver advances to the next timestep.
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Figure 3.8: [§3.6.2, Brooks—Corey model (3.7) with pyy = —0.2, \; = 2.239, solver parameters
Yreg = 0.2, Min = 0.3, C’e1 =0.1,el = 0.1] Plots of the evolution of the estimators on the second
and third timesteps (left) and of the fifth, sixth and seventh timesteps (right).

We now consider the effect of the regularization on the solution. In particular, in Fig-
ure 3.9, we compare side by side plots of the saturation profile for the regularized and un-
regularized solutions. The profiles match well, and we also note that the regularized profile

appears smoother at the interface.

3.6.3 Realistic test

In this test, we take inspiration from [94, §6.3] by using the following model parameters:

« Q= (0, 1)2
e T'=1
o 7 =2.02e—-2

¢ Quasi uniform mesh with A = 2.02e—2
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Time: 0.734518 Time: 0.734518

Figure 3.9: [§3.6.2, Brooks—Corey model (3.7) with p\ = —0.2, A\ = 2.239, solver parameters
Yreg = 0.2,7in = 0.3, Cl = 0.1] Two snapshots comparing the evolution of the saturation

field s =5 (p%) using the Algorithm 4 with Newton’s method and adaptive regularization
¢! = 0.1 (left) and modified Picard with no regularization ¢! = 0 (right).
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e g= (—1,O)T

» pu(e) = () @

cosf —sinf
) Q_<sin9 cosﬁ)

e Ky=0.1
* Pout = —2.0
e pin=—0.2

e pp =Dolry

where the initial condition and boundary conditions are fully specified with the help of the
schema in Figure 3.10. We use the Brooks—Corey model (3.7) with parameters specified in
Figure 3.12.

We begin by comparing the stepwise and cumulative number of iterations in Figure 3.11.
We first remark that Newton’s method without regularization takes an unreasonable number
of iterations on the first step (we stop the solver at 300 iterations). Modified Picard is able
to finish the simulation but has some big peaks namely 208 iterations for ¢ = 0.82, 101
iterations at t = 0.54, and 77 iterations at t = 0.78. In contrast, the number of iterations
per step for the regularized Newton solver does not exceed 20. This gain is reflected clearly
when comparing the cumulative number of iterations where by the end, modified Picard has
taken almost 5-times as many iterations as the regularized Newton solver (2359 vs. 576).

To better understand how the adaptive algorithm works, we refer to Figure 3.12. In the
left figure we see that no problems are encountered at the timesteps ¢ = 0 through ¢ = 0.061.
In the right figure we plot the estimators around the time of the contact with the interface
at t = 0.445-0.486 and we see that the linearization estimator begin to increase on the first
timestep for € = 0.001. The condition of the if statement on line 12 is then true, resetting to
the result at the previous value of ¢ = 0.01, and increasing the contraction factor c? thereby
decreasing the “distance” between the two consecutive regularized problems. This allows the
algorithm to proceed, albeit with more intermediate values of €, to the end of the timestep.

Finally, we compare snapshots of the saturation for two timesteps ¢t = 0.40 and ¢ = 0.95
in Figure 3.13. As in the previous examples, the two profiles are comparable with the
regularized version appearing smoother at the boundary of the evolving interface.
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Figure 3.10: Schematic of the boundary and initial conditions for the test problem considered
in §3.6.3.
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Figure 3.11: [§3.6.3, Brooks—Corey model (3.7) with ppy = —0.2,\; = 2, solver parameters
Yreg = 0.2, Min = 0.3, 061 = 0.1,¢! = 0.1] Comparison of the total cumulative and stepwise
iterations for the three strategies.
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Figure 3.12: [§3.6.3, Brooks—Corey model (3.7) with pyy = —0.2, A\; = 2, solver parameters
Yreg = 0.2, Y1in = 0.3, Cl =0.1,¢! = 0.1] Evolution of the estimators on the first and second
timesteps (upper) and of the 22nd, 23rd and 24th timesteps (lower).
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Figure 3.13: [§3.6.2, Brooks—Corey model (3.7) with pyy = —0.2, A\; = 2, solver parameters
Yreg = 0.2, Min = 0.3, C! = 0.1] Two snapshots comparing the evolution of the saturation

field s = S (pfl’]Z) using the adaptive regularization Algorithm 4 with Newton’s method and
el = 0.1 (left) and modified Picard with ! = 0 (right).
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3.7 Conclusions and future work

In this work, we introduced an adaptive regularization algorithm to iteratively solve the
Richards equation. The algorithm works with regularized versions of the nonlinearities
present in Richards equation to improve the performance of Newton’s method in solving
the resulting nonlinear system. The proposed algorithm adaptively controls the level of reg-
ularization based on a posteriori error estimators. The proposed adaptive algorithm is able to
converge where the unregularized version takes excessively many iterations. Furthermore, we
compare the performance with the modified Picard scheme which is specific to the Richards
equation. In all test cases the adaptive algorithm with regularization outperforms modified
Picard and produces a perceptibly comparable solution.

In terms of future work, we note that our proposed algorithm is not able to converge in
the dry regime s < 1. This is a well known difficulty and has been shown to be ameliorated
by variable switching techniques, see [22] and references therein. We would like to emphasize
that our strategy is not incompatible with these methods, and that we would like to test
a combination of regularization and variable switching to tackle even more difficult bench-
mark problems. Another future direction would be to study two independent regularization
parameters for the functions k. and S, in the case of the Brooks—Corey model.



Chapter 4

Implementation of the equilibrated
flux

In this section, we introduce a memory efficient, parallel implementation of the equilibrated
flux, already used extensively throughout this thesis. To simplify notation, we consider
construction the equilibrated flux for the Poisson equation with homogeneous boundary
conditions, i.e., for a polygonal domain  C R?,

—Au=f inQ

4.1
u=0 on 0f. (41)

4.1 Notation and problem statement

In this context we introduce all the necessary notation to describe the equilibrated flux and
is subsequent resolution. We consider a fixed triangular conforming mesh 7, = Ug{K} such
that Uger, K = Q. Let &, denote the set of edges in the mesh and V) denote the set of
vertices. We decompose these into the of interior edges S}lnt (respectively interior vertices
V}Lnt) contained in the interior of  and boundary edges £™' (respectively boundary vertices
Vﬁ’“) lying on 092. We introduce the nodal patch 7, of a node a € V, by T, :== {K € T}, :
a € K}. We denote the corresponding domain of 7, by w, := {x € int K : K € T,} C .
See Figure 4.1 for an illustration. We assume that we work with a fixed polynomial degree
k > 0. Next, for an element K € 7, we introduce the Raviart-Thomas-Nédélec [23] mixed
finite element space,

VA(K) = [PL(E)) + oPy(K), (4.2)

as well as the H (div, )-conforming counterpart for a collection of elements 7 C 7, and its
corresponding subdomain w C ()

Vh(w) = {’Uh S H(div,w) : ’U}L‘K S Vh(K) VK € T}, (43)
as well as the broken space
Qnw) == {v e L*(w) : U‘K ePr(K) VK eT}. (4.4)

Let H'(T;) be the broken (elementwise) H' space. The following definition will be the
central object of study for this chapter.
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Va

Wa

Figure 4.1: A nodal patch of elements and its associated hat function.

Definition 4.1.1 (Equilibrated flux). Let u;, € H'(T,) satisfy the hat function orthogonality
(Vun, Viba)w = (f,%a)w.  Va € V™. (4.5)
For each node a € V,, determine g, € V;* and ry € Q3 by solving

(Sa> Vn)wa — (Ths V-UR)wy = —(VaVup, Vh)w,s (4.6a)
(V'Ca, Qh)wa = (fwa — Vuy, - Vwm Qh)waa (4'6b)

for all (v, qn) € Vi2 x Q}. The spaces are defined as

V2= {v, € Vi(wa) : vp, - Ny, = 0 0n Owa},

ac Vit (4.7a)
Q3 = {an € Qnwa) : (an, 1), = 0}, "
V2 ={v, eV, : v, -n, =0o0n dw, \ 00},
w = {vn € Vhivp -, \ 0%} ac Vet (4.7b)

Q% = Qh(wa)a

The global fluzx is then defined by
Sp = Z Sa. (4.8)

acy,

4.2 Linear algebra representation

Once a basis {v2};2, of V}* and {¢?}/2 of Q% are chosen, We can also write the patch system
(4.6) in matrix form,

AaXa = Fa (4.9)

with the block decomposition

M, —-BF _ (za _(F,
au= (M B (7)o (), (120

The block matrices M, € R™*™ and B, € R™*™ are given by

[Malij == (5, 0w, (4.11a)

Jr v

[Balij := (V0] ¢} )wn (4.11b)
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while the right hand side vectors F, € R"™ and F, € R™ are given by

[Fa]j = _(@bavuh, Uj)wa7 (412&)
[Falj = (fta — Vup - Viba, Gj)uw,- (4.12b)

The degrees of freedom for the local equilibrated flux ¢, are contained in the vector x,.

4.3 Naive implementation with dynamic allocations

We first consider in Algorithm 5 a possible implementation of the equilibrated flux assembly
Definition 4.1.1 at a very high level. In this implementation, we assume that we have access to
a finite element library that can create the required spaces V;* and Q% as well as evaluate the
bilinear forms in (4.11) and (4.12). While this algorithm is very simple to write down, there
are some subtleties to consider. Firstly, the geometrical and topological patch information
needs to be extracted from the mesh. Many libraries do not support this, as it is not part
of the standard assembly procedure. Next, on Line 7, the local to global degree of freedom
(DOF) mapping between the patch and the global DOF index space needs to be accessible.
Finally, the question of boundary conditions and imposing the mean free condition are quite
technical, and we postpone them for the moment.

Even if all the aforementioned subtleties can be addressed, there is still a major drawback
of the implementation in Algorithm 5. Namely, this algorithm inherently requires many
dynamic memory allocations inside the loop on patches. Firstly, at each iteration of the
loop on line 3, the finite element spaces are rebuilt completely from scratch, including in
particular all the information pertaining to the reference element (which is often the most
heavyweight in terms of allocation). In addition, on line 4 the matrix and vectors associated
to the patch system are not reused between iterations, invoking more dynamic allocations.

Dynamic memory allocation can be a significant performance bottleneck due to overhead
and data locality. Firstly, the process of allocating and deallocating memory dynamically
involves system calls, which are substantially slower compared to accessing stack or pre-
allocated heap memory. This added computational overhead is particularly problematic in
scenarios involving frequent allocations/deallocations, such as in tight loops or high-frequency
function calls. Secondly, modern processors use a hierarchy of caches to speed up access to
frequently used data. Good data locality means that the data a program needs is either
already in the cache or close together in memory, allowing for efficient cache usage. Dynamic
memory allocation can lead to poor data locality because it often allocates memory in a
non-contiguous manner. Objects that are logically related in a program might end up being
physically scattered in memory. This scattering can result in more cache misses (where the
required data is not in the cache), leading to slower performance as the processor has to
fetch data from the slower main memory. These considerations are all the more critical in a
shared memory parallelism paradigm (which is the one we consider here).

In shared memory parallelism, the extensive use of dynamic memory allocation can lead
to bus saturation, a critical performance bottleneck. This issue arises from the heightened
memory traffic caused by multiple cores simultaneously accessing and managing memory,
on top of the overhead of allocation and deallocation operations. As each core competes
for memory resources, the shared bus, which facilitates communication between the CPU
cores and the memory subsystem, becomes increasingly congested. This congestion not only
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slows down memory operations due to exceeded bandwidth limits but also strains the cache
coherency mechanisms. Maintaining cache coherency, essential in multicore systems for
consistent memory views across cores, demands additional memory access and bandwidth,
further contributing to the saturation of the buses and impacting overall system performance.

These considerations are independant of the programming language, and apply just as
much to a statically compiled language with manual memory management like C as to
Julia which uses just-in-time compilation and is garbage collected. Thus, our approach to
reduce dynamic memory allocations are applicable and relevant to any choice of language
for someone interested in serial performance and even moreso for parallel performance.

We therefore reduce dynamic memory allocations in the following ways

1. Assemble cellwise versions of (4.11) and (4.12)

2. Introduce lightweight mappings from the cell DOF index space to the patch DOF index
space

3. Reuse patch-local vectors and matrices

In the following section we show how these three steps lead to a much more efficient algorithm,
with very few, or even zero memory allocations inside the main loop on patches.

Algorithm 5: Naive equilibrated flux assembly

Input: Mesh 7}, approximate flux —Vuy, source term f
Output: Global equilibrated flux g,
Initialize ¢, € V()
for each node a in V), do
Instantiate the finite element spaces V2 and Q% of (4.7)
Allocate patch matrix and vector A, and F,
Populate A, and J, using V;#, Q%
Solve X, = A; 15,
Scatter ¢, = DOFs(sa) to DOFs(sp)

N O ok W=

03]

return ¢

4.4 High level view of the efficient algorithm

In this section we consider a more involved algorithm that relies less on the builtin function-
ality provided by a standard finite element library. However, the result is a more efficient
algorithm that is also more amenable to shared memory paralellization. As explained in the
previous section, one key to the efficient implementation will be to perform an initial cellwise
assembly. For an element K and bases {vX}I'5 of V},(K) as well as {¢F }"% of Qpn(K), we
define the cell block matrices Mg € R"5*"K and By € R™K*"K by

[Mglij == (v] v )k (4.13a)
[Brlij == (V-v}, ¢ ) k. (4.13b)

The right-hand sides of (4.6) are slightly more involved because they depend on the hat
functions 1,, of which there are d 4+ 1 for a d-dimensional simplex K. Thus, the right-hand
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sides are also indexed by the node a,

[Fi]j i= —(ta] s Vun, v} ), (4.14a)
[Flj = (fal o — Vun -V (¥a| ) af k- (4.14b)

We now present Algorithm 6, which starts with a loop on cells creating the objects
in (4.13) and (4.14). This loop is a common paradigm in finite element codes, and in
certain cases this functionality is exposed. This is indeed the case in Gridap. j1, and in our
implementation this part of the algorithm relies mostly on existing technology in the library.
We discuss this in more detail in §4.6.

The next step of the algorithm is the pre-allocation of A, and F,, on line 5. This is
nontrivial since the dimensions of the patch problems are variable, and we will address this
in §4.7. Next, we see that we only perform read operations on the matrices My, Bx inside
the loop on patches. This effectively reduces the number of allocations inside the loop on
patches to zero. We also remark that many details are missing, and in particular we have
not discussed the scatters on lines 10, 11, and 14. This requires careful handling of indices.
There is also some index juggling required in the imposition of the boundary conditions on
line 12. We will give more details about managing indices in §4.8. We also need to remove
allocations due to the resolution of the linear system on line 13, which we discuss in §4.7.
A prerequisite for all the aforementioned steps is some topological information about the
patches, which we discuss in §4.5.

Algorithm 6: Efficient equilibrated flux assembly

Input: Mesh 7y, approximate flux —Vuy, source term f
Output: Global equilibrated flux ¢
// Loop on cells
for each cell K in T, do
Build the cellwise matrices My, Bi of (4.13)
for each node a in the cell K do
L Build the cellwise vectors Fj, F& of (4.14)

BOwWw N =

ot

Allocate A,, Fa
Initialize ¢, € V()
// Loop on patches

(=]

for each node a in the mesh do
Zero out A, and F,

for each cell K € T, do

10 Scatter Mg, Bx to A,
11 L Scatter Ff, Fi to J,

®

12 Impose boundary conditions on Aa, Fa
13 Solve X, = A;lffa
14 Scatter x, = DOFs(s,) to DOFs(sp)

15 return ¢
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4.5 Topological patch information

We construct a small type hierarchy that contains the necessary topological information
pertaining to patches.

abstract type Patch{T} end

1
2
3  struct PatchData{T}

4 node_to_offsets::Vector{T}

5 patch_cell_ids::Vector{T}

6 bdry_edge_ids::Vector{T}

7 all_edge_ids::Vector{T}

8 end

9

10  struct DirichletPatch{T} <: Patch{T}
11 data::PatchData{T}

12 end

13

14 struct InteriorPatch{T} <: Patch{T}
15 data::PatchData{T}

16 end

The two types of patches DirichletPatch and InteriorPatch corresond to the differences
in the definitions of the spaces (4.7). The PatchData struct contains topological information
related to the patch which is extracted through the Gridap.Geometry.get_faces function.
For example, node_to_cell = Geometry.get_faces(topo, 0, 2) gives a vector of vectors
for each node in the mesh to the ids of the cells it belongs to.

4.6 Cellwise assembly

As established in §4.4, we want to compute cellwise matrices and vectors of (4.13) and (4.14).
To achieve this, we first build the spaces V}(K) and Qp(K) on the reference element and
then (lazily) extend it to the whole mesh 7, via the following code

reffeRT = ReferenceFE(raviart_thomas, Float64, k)
reffeP = ReferenceFE(lagrangian, Float64, k)

RT_space = FESpace(Tn, reffeRT, conformity = :HDiv)

O N WN P

L2_space = FESpace(Tn, reffeP, conformity = :L2)

With these spaces in hand, we can evaluate bilinear forms (lazily) cell-wise on the mesh. The
ingredients for this will be the basis of these respective spaces, as well as a CellQuadrature
to perform cellwise integration at quadrature points. We create these objects in the next

snippet.
1 Qn = CellQuadrature(Zh, quad_order)
2 dvp = get_trial_fe_basis(L2_space)
3 duRT = get_fe_basis(RT_space)
4 dvRT = get_trial_fe_basis(RT_space)

The interface for evaluating the bilinear forms cellwise is then very straightforward,

1 cell_mass_mats = [(duRT . dvRT) = Qn
2 cell_mixed_mats = [((V - duRT) = dvp) * Qn
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These two objects are then the mass matrices { Mg } kT, , and the second contains the mixed
form matrices { Bx } k7, as in of (4.13).

The right-hand sides are more involved due to the fact that in two dimensions the hat
functions are supported on three triangles. First, we consider the two following helper
functions to get the hat basis.

1 function _get_hat_function_cellfield(i, basis_data, Tn)
2 cell_to_ith_node(c) = c[i]

3 A = lazy_map(cell_to_ith_node, basis_data)

4 return GenericCellField(A, 7n, ReferenceDomain())

5 end

6

7 function _get_hat_functions_on_cells(Zh)

8

9 reffe = ReferenceFE(lagrangian, Float64, 1)

10 VO = TestFESpace(Tn, reffe; conformity = :H1, dirichlet_tags = "boundary")
11 fe_basis = get_fe_basis(V0)

12 bd = Gridap.CellData.get_data(fe_basis)

13 return bd

14 end

Once these two functions are in place to extract the hat functions, we can assemble the
right-hand sides: one for each hat function.

hat_fns_on_cells = _get_hat_functions_on_cells(Zh)
RHS_RT_form(¥) = /(-¥ * (Vun « dVRT))*Qn
RHS_LZ_form(¥) = [((f * ¥ - Vun - V(¥))xdvp)=*Qn
cur_num_cells = num_cells(Zn)

nodes_per_cell = 3

for i = 1:nodes_per_cell
Vyi = _get_hat_function_cellfield(i, hat_fns_on_cells, Tn)
cell_RHS_RTs[i] = RHS_RT_form(Vs)
cell_RHS_L2?s[i] = RHS_L2_form(Vs)

end

P O OWoOoO~NOO B WNPRE

A

These arrays correspond to {Fp}ger, and {Fi}re7;, of (4.14). We add a Lagrange
multiplier row to handle the mean free condition in the case of interior patches and collect
all these objects in a NamedTuple

1 cell_A_vecs = [(1 * dvp) * Qn
2 co = (; cell_mass_mats, cell_A_vecs, cell_mixed_mats, cell_RHS_RTs, cell_RHS_L?2s)

4.7 Patch-level linear algebra

In this section, we detail our strategy for reusing the matrices and vectors of the patch system
between iterations. The dimensions of the spaces on the reference element are known and
calculated via the following:

1 function get_dofs_per_cell(k, d)

2 RT_dofs_per_cell = (k + d + 1) * binomial(k + d - 1, k)
B L2_dofs_per_cell = binomial(k + d, k)

4 (RT_dofs_per_cell, L2_dofs_per_cell)

5 end

Next, we need to know the maximum number of cells in a patch. We obtain this information
during the initial creation of the Patch objects of §4.5, which we call max_patch_cells.
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(RT_dofs_per_cell, L%_dofs_per_cell) = get_dofs_per_cell(k, d)
zeros(RT_dofs_per_cell * max_patch_cells, RT_dofs_per_cell * max_patch_cells)
eros(RT_dofs_per_cell x max_patch_cells, L2_dofs_per_cell * max_patch_cells)

M
B z
A = [M B; transpose(B) zeros(size(B)[2], size(B)[2])]

ws = LUWs(A)

RHS_RT = zeros(max_patch_cells % RT_dofs_per_cell)
RHS_L? = zeros(max_patch_cells * L?_dofs_per_cell)
RHS = [RHS_RT; RHS_L2]

A = similar(RHS_L?2)

o_loc = similar (RHS)

P O WOWoOO~NOO PR WDNRE

o

As for the cellwise objects, we collect everything into

1 linalg = (5 M, B, A, ws, A, RHS_RT, RHS_L2, RHS, o_loc)

Finally, we note that we also instantiate a pivot vector ws. This is required for the library
FastLapackInterface. j1l which allows efficient (in terms of allocation) calls to the under-
lying LAPACK solver. This is ultimately used in the following (during the loop on patches
once these objects are correctly populated)

A_free_dofs = @view linalg.A[1:n_free_dofs, 1:n_free_dofs]

RHS_free_dofs = @view linalg.RHS[1:n_free_dofs]

o_free_dofs = @view linalg.o_loc[1:n_free_dofs]

1div! (o_free_dofs, LU(LAPACK.getrf!(linalg.ws, A_free_dofs)...), RHS_free_dofs)

B WN PP

where n_free_dofs depends on the patch.

4.8 The DOF manager

We now arrive at the most challenging part of the assembly: the treatment of the DOFs.
In particular, the cell objects of §4.6 are all cell-locally indexed. The Gridap.jl library
exposes the so-called local-to-global map that is standard in finite element codes. This map
allows the scatter procedure from the cell-locally indexed objects to objects with mesh global
indexing. We will be able to reuse this information to create a local-to-global map where
the global index space is a patch w, and not the full mesh 7. To this end, we introduce the
following struct

struct DOFManager{T, M <: Matrix{T}, V <: Vector{T}}
all_cell_dofs_gl::M

patch_dofs_gl::V

free_patch_dofs_loc::V

cell_dofs_loc::V

1
2
3
4
5|
6
7
8
€
0
1 end

This struct is built on the cell-local to mesh-global map to construct cell-local to patch-
global maps for each patch. The field all_cell_dofs_gl is created via the function
Gridap.FESpaces.get_cell_dof_ids which takes a FESpace, e.g., RT_space or L2_space,
and returns an ncells X ndofs lazy vector of vector representing the cell to mesh-global
map. Here, ndofs represents the number of dofs on a cell, e.g., ng = dim(V,(K)) or
myg = dim(Qp(K)). The other fields of the DOFManager are updated dynamically, but with
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no memory allocations using the empty! and push! methods (the convention in Julia is
to append non-allocating function names with an exclamation point and modify the first
argument). For example, the following function updates the cell_dofs_loc in place:

1 function update_cell_local_dofs!(dm::DOFManager, cellid)

2 empty!(dm.cell_dofs_loc)

5 for id in cur_cell_dofs_gl

4 new_id = findfirst(n -> n == id, dm.patch_dofs_gl)

5 new_id isa Nothing && error("Cannot update cell local dofs!")
6 push!(dm.cell_dofs_loc, new_id)

7 end

8 end

4.9 The loop on patches

We now consider the heart of the code, i.e., the loop on patches. The efforts up to this point
have been so that this part of the algorithm can be completely free of memory allocations
so that the shared memory parallelism is efficient. We only show a serial version of this loop
for simplicity.

1 for patch in patches

2

3 update_patch_dofs! (dm_RT, patch.data)

4 update_patch_dofs!(dm_L?, patch.data)

B)

6 matrix_scatter!(linalg.M, co.cell_mass_mats, dm_RT, dm_RT, patch.data)
7 matrix_scatter!(linalg.B, co.cell_mixed_mats, dm_L2?, dm_RT, patch.data)
8

9 vector_scatter!(linalg.RHS_RT, co.cell_RHS_RTs, dm_RT, patch.data)

10 vector_scatter!(linalg.RHS_L2, co.cell_RHS_L2s, dm_L2, patch.data)

11 single_vector_scatter!(linalg.A, co.cell_A_vecs, dm_L?, patch.data)
12

13 remove_homogeneous_neumann_dofs! (dm_RT, patch.data, RT_order)

14

15 n_free_dofs_RT = count_free_dofs(dm_RT)

16 n_free_dofs_L? = count_free_dofs(dm_L?)

17 n_free_dofs = n_free_dofs_RT + n_free_dofs_L?

18

19

20 setup_patch_system! (linalg.A, linalg.RHS, linalg, dm_RT, dm_L?)

21

22 if patch isa InteriorPatch

23 add_lagrange! (linalg.A, dm_RT, dm_L2, linalg.A)

24 n_free_dofs += 1

25 end

26 solve_patch!(linalg, n_free_dofs)

27

28 scatter_to_global_o!(o_gl_chunk, dm_RT, linalg.o_loc, n_free_dofs_RT)
29 end

30 end

First, we assume we have created DOFManagers dm_RT and dm_L2 out of their respective
spaces. The various scatter functions are non-allocating. For example, vector_scatter is
given by

1 function vector_scatter!(patch_vec, cell_vecs, dm, patch_data)
2 fill! (patch_vec, 0)

3 node_to_offsets = patch_data.node_to_offsets

4 for (i, cellid) in enumerate(patch_data.patch_cell_ids)

5 cell_vec_all_nodes = @view cell_vecs[cellid, :]

6 offset = node_to_offsets[i]
7 update_cell_local_dofs!(dm, cellid)
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8 cell_vec = cell_vec_all_nodes[offset]

9 for i in axes(cell_vec, 1)

10 patch_vec[dm.cell_dofs_loc[i]] += cell_vec[i]
11 end

12 end

13 end

4.10 Performance study for the estimator

In this section we discuss the cost associated to the evaluation of the estimators in (1.91).
We constrast this with the cost of solving the linearization step (1.30). In particular, we
consider the cost of assembling the flux reconstruction given in (1.71) since this is by far
the most expensive part of calculating the estimators. The patchwise problems are mutually
independent and therefore can be solved in parallel. We use the threading model in Julia
to possibly take advantage of this parallelism in the results presented below. We also use
routines from the Gridap.jl library [7, 118] in the assembly with all the details described
in the previous sections. The tests in this section were carried out on a cluster with 20
dual socket Cascade Lake Intel Xeon 5218 nodes and 192GB of 2667 MHz RAM. We do not
discuss any gains due to significantly reducing the number of linearization iterations due to
our adaptive stopping criteria.

For the setting of §1.10.1, we plot the time to assemble the flux via (1.71) versus the
time required to solve the linearization step (1.30) by a direct LU solver in Figure 4.2 for
polynomial degrees p = 1,2, 3,4. We use differently-sized meshes for the various polynomial
degrees to have a roughly constant number of DOFs. We first remark that the assembly time
for (1.71) is linear in the number of DOFs for sufficiently many DOFs. This is in contrast
to the time to solve the linearization step (1.30), which is superlinear as we use a direct
LU solver. Next, we observe that the total time to assemble the flux decreases with more
processors for sufficiently many DOFs, and that this is more pronounced for p > 2.

We now consider Table 4.1, where we tabulate the percentage of the total runtime, i.e.,

Tt

N S 4.15
Tt + 1IN ( )

P
where Tt is the time for assembling the flux and Ty is the time for solving the linearization
step. We calculate this quantity for the largest number of DOFs that we consider, approxi-
mately 1.25e6 DOFs for the various polynomial degrees. We see that this value is less than
0.5 (meaning the flux assembly is cheaper than solving the linearization step) for p > 2 and
8 or more processors. The table also reflects a monotone decrease of P as we increase the
number of processors, which is more pronounced for p > 2. We conclude that the cost of the
estimator can be effectively reduced by parallelization (adding computational resources), at
least for problems of a sufficient size.



122 Chapter 4. Implementation of the equilibrated flux
p=1 p=2
T T T T T T T T
102 | E
10% E E 1
10t | E 10" E
= | | = ol |
z 10°¢ 1 “F
£ k 1 E E ]
= E & - |
10-t | 1 processor 101 F 1 processor
E —A— 2 processors E —4A&— 2 processors
C —4o— 4 processors C —&o— 4 processors
I —6— 8 processors I —o— 8 processors
10*2 = —— 16 processors 1072 = —»— 16 processors
E ---  O(DOFs) F ---  O(DOFs)
r —&— Linearization step F —&— Linearization step
Bl Lol Lo Lol Lol Lo
103 10* 10° 106 103 10* 10° 106
DOFs DOFs
p=3 p=4
LN L o B 1 B S B A AT L B B ) O B A BT
2| i
- ] 1071 E
1L - | |
10 g E 10t g 1
= f 1= . ]
~ 0| | <
g 100¢ 12 100 .
E £ 1 2 E |
= L = F ]
1 processor [ 1 processor
—&— 2 processors 10_1 E —&— 2 processors
—46— 4 processors = —6— 4 processors
L —6&— 8 processors r —6— 8 processors
o | —x— 16 processors 9 —»— 16 processors
107% ---  O(DOFs) 1077 ¢ ---  O(DOFs)
F | | —— Linearization step = | | —— Linearization step
R} Lo L Er i L Lo

103

10%

DOFs

10°

108

—_
<,
)

10%

DOFs

10°

108

Figure 4.2: Comparison between solving linearization step (1.30) and assembling the equili-
brated flux via (1.71) for different polynomial degrees p and different numbers of processors.
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Table 4.1: Percentage of total runtime (4.15) for 1.25e6 DOFs.

Processors
1 2 4 8 | 16
87%|81% | 74% |66% |62%
81%|70%|58% |45% |39%
81% |68% |54% |41% |28%
85% | 74%|61% |45% |33%

NG INJUR I O8I B




Chapter 5

An adaptive iterative refinement
multigrid method

5.1 Introduction

Double precision (FP64) floating point numbers have long been the gold standard for sci-
entific computations. However, recently there has been a great deal of interest in mixed
precision algorithms, i.e. incorporating single precision (FP32) and lower (FP16 and even
FP8). Mixed precision algorithms judiciously blend different numerical precision levels within
a computation, allowing to retain the original accuracy while still performing many opera-
tions in the lower precision. By using lower precision, the memory footprint of the algorithm
can be reduced substantially.

A big driver for the interest in mixed precision algorithms is the reduced memory footprint
(half the bytes in the case of single vs. double precision for example) that comes with
lower precision formats. This is especially important for memory-bound kernels for which
the bottleneck is the time required to move data through the memory hierarchy rather to
perform actual floating point operations (FLOPs) on the data. Many kernels in scientific
computing including sparse matrix-vector multiplication are memory-bound [128, 125]. This
is not suprising considering on modern computer architectures, the disparity between the
fast processing speeds of modern CPUs and the slower data retrieval times from memory.
CPUs, often operating at speeds measured in GHz, can perform billions of cycles per second,
with each cycle taking just a fraction of a nanosecond. In contrast, accessing data from main
memory (DRAM) typically takes tens to hundreds of nanoseconds.

While mixed precision can have great benefits in terms of savings for memory bound
kernels, the inherent challenge of using lower precision is its reduced robustness with respect
to ill-conditioning. More precisely, lower precision formats, with fewer bits for number rep-
resentation, result in greater rounding errors (especially in operations like subtraction), and
a heightened sensitivity to perturbations, see e.g. [71] and references therein. These limi-
tations make lower precision unsuitable for accurately resolving ill-conditioned problems, as
the accumulated errors from reduced precision can lead to significant deviations from correct
results, undermining the reliability of the computations.

Specifically in the context of solving linear systems, a mixed precision algorithm that seeks
to retain robustness is iterative refinement, first introduced in [124]. Iterative refinement is
an iterative method consisting of an inner solver and a residual correction. In particular, an
equation for the error is solved in lower precision and the residual calculation is computed
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in higher precision, see Algorithm 7. The basic tenant of iterative refinement is that solving
for the correction generally requires less precision since the entries of the residual are on a
smaller order compared to the right hand side b. Since the residual is small, and if A is not
too ill-conditioned, the correction y should also be small. Furthermore, if y is small, then the
rounding errors in computing y should be negligible when compared to the rounding errors
in z. Iterative refinement has been studied in the context of direct solvers [124, 38|, Krylov
subspace methods e.g. in [27, 26], and more recently in [61, 88, 115] for multigrid methods.

Algorithm 7: Iterative refinement

1 Input: initial guess 2%, A, b, high_precision, low_precision, tol
27:=0,70:=b— Ax0
3 while ||| > tol do

4 rii=b— Az’ * Compute residual in high precision
5 Y= InnerSolve(A,ri) * Compute correction in low precision
6 ptl =2t 4yt x Update in high precision
7 1=1+1

In the context of iterative refinement algorithms, the issue of stopping criterion is cen-
tral [5]. However, most standard stopping criterion are based on the algebraic residual vector
b— Az’ and therefore scale with the true error as some function of the matrix condition num-
ber. In this work we will use a stopping criteria based on a computable a posteriori estimator
of the error evaluated directly in the energy (A) norm.

To compute our error estimator, we choose a particular inner solve as a special case of
the geometric multigrid method propsed in [91, 89] and in the PhD thesis [90]. This version
of geometric multigrid has several advantages: 1) there are no pre-smoothing steps and only
one post-smoothing step; 2) the smoother is a simple Jacobi smoother in the lowest order
case and block-Jacobi in general; 3) the solver is p-robust, that is, the contraction property
of the solver is independent of the polynomial order p; 4) the solver has a built-in a posteriori
estimator. This last property will be crucial for us, as we will design an adaptive algorithm
based on this estimator. an a-posteriori estimator that is equivalent to the true error (efficient
and reliable) and in particular is constant free in the lower bound [91]. Furthermore, the
contraction factor for this method satisfies explicit bounds that make it attractive from the
point of view of analysis.

The main results of this chapter are 1) the introduction of an iterative refinement variant
where the stopping criterion is based on a rigorous estimator of the algebraic energy error;
2) the validation of a performance model of a matrix-vector product based inner solver;
and 3) the design of an adaptive algorithm that is more robust for highly ill-conditioned
problems while automatically switching the precision if needed and safe guarding the overall
procedure. The rest of the chapter is organized as follows. In §5.2 we present our continous
model problem and its discretization as well as recalling some basic elements from geometric
multigrid. In §5.3 we develop estimates for the compression of low precision for sparse CSC
matrices and present numerical speedup results to estimate best possible gains. In §5.4 we
show an example of divergence of iterative refinement and propose an adaptive safeguarded
version backed with numerical evidence. Finally, we present our conclusions in §5.5.
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5.2 Model problem and discretization

The linear systems we consider arise in the discretization of second-order elliptic diffusion
problems posed on an open bounded polytope with Lipshitz-continuous boundary, 2 C
RY,d € {1,2,3}. For a given source function f € L?(Q) and a (possibly) tensor-valued
diffusion coefficient K € [L°°(2)]%*¢, the problem reads as: find u : Q — R such that

—V(KVu) = f inQ,

5.1
u=0 on O (5-1)
The corresponding weak form of this problem is to find u € HE(Q) such that

(KVu, Vo) = (f,v) Yo e H(Q), (5.2)

where (-,-) denotes the L2(Q2) or [L2(€2)]? inner product. We then consider a matching
simplicial mesh 7; and consider the finite-dimensional space

V= P1(T;) N Hy(Q), (5.3)

and in turn P1(7;) = {vy € L*(Q) : vj|x € P1(K) VK € T;}. The finite-dimensional
problem is then stated as: find u; € V; such that

(KVuy,Vuy) = (f,vy) Yvs € Vj. (5.4)

Once we have chosen a basis {¢; }i<i<dim(v;) of V, this is equivalent to the following matrix
equation:

AJiUJ = bJ, (5.5)
where [Aj];; = ()Cqu}],VgZ);]) and [bs]; = (f,¢7). We further assume that there exists a
hierarchy of nested simplicial meshes {7;}1<;j<s—1 such that 7; is obtained by bisecting the
longest edges of elements of 7;_; for all 1 < j < J — 1 and such that previously introduced
fine mesh 77 is obtained by bisecting 7;_1. This mesh hierarchy allows us to introduce a
sequence of prolongation matrices P; for 2 < j < J representing the usual piecewise linear
interpolation operators standard in geometric multigrid, see e.g., [65, 24]. We also introduce
num_coarse_dofs as the number of dofs on the coarsest level.

We define the algebraic energy error by

ey = |K'2V (ug — )], (5.6)

where uf] is the approximate solution on step i of some iterative linear solver to be defined
below. We also introduce the following data that we will use later in numerical experiments.

Example 5.2.1 (Skyscraper). This ezample is inspired by [91, Section 9] and [4, Section
5.3]. We take Q = (0,1)2, f =1 and uloq := v/z, and the diffusion coefficient K := c(z,y)I

where

(e.g) = {mqu +1], if mod(|9z],2) = 0 and mod(|9y],2) = 0; 57

1 otherwise,
the function c is plotted in Figure 5.1.

We also consider two more examples

Example 5.2.2 (Sine). This is a smooth example with a known solution. We take Q :=
(—1,1)2, u(x) := sin(27x) sin(27y), and the diffusion coefficient K := I.
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Figure 5.1: The scalar coefficient function c(z,y) defined in (5.7) for the skyscraper example
in the unit square.

5.3 Performance and mixed precision

5.3.1 Storage of sparse matrices

In this section we will develop a performance model that will reveal best-possible savings
in the context of reduced precision for sparse matrices. In particular, we will concentrate
on the storage of compressed column storage (CSC) matrices. For a general sparse matrix
A € R™" the CSC storage format uses three vectors, which we call colptr(A), rowval(A),
and nzval(A). The vector colptr(A) is of length n + 1 and gives information about the
distribution of the nonzero elements across the columns of A. More precisely, colptr is
defined such that the absolute indices (counting all the nonzeros) in column j of A are between
colptr(j] and colptr[j+1]. The array rowval(A) is defined such that i = rowval[j*] if and
only if [A];; = nzvals[j*| for j* € {colptr[j], - ,colptr[j+ 1]}. Therefore, [rowval(A4)| =
|nzrow(A)| = nnz(A).

To illustrate the storage pattern, we consider an example of the well-known tridiagonal

matrix,
2 —1
-1 2 -1
-1 2 -1 e R, (5.8)
-1 2 -1
-1 2

The CSC representation of this matrix is given in Figure 5.2.

We will assume the index arrays colptr and rowval are stored using Int32 (4 bytes).
We use the notation A, to mean that the nzval array is stored using either double precision
p = 64 (8 bytes) or single precision p = 32 (4 bytes). We now calculate the compression ratio
of storing the matrix in single versus double precision,

bytes(A64)
btyes(Asz)
_ bytes(colptr(Ags) + rowval(Aes) + nzval(Aes))
~ bytes(colptr(Asz) + rowval(Ass) + nzval(Ass))

Coa—32 :=
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colptr: 1 3 6 9 12 | 14

rowval: 1 2 1 2 3 2 3 4 3 4 5 4 5

~

nnz(A)

nzval: 2.0 —1.0|—1.0 2.0 —1.0I—1.0 2.0 —1.0|—1.0 2.0 —1.0|—1.0 2.0

~

nnz(A)

Figure 5.2: Sparse CSC storage of the 5 x 5 tridiagonal matrix (5.8).

~ 12nnz(A) +4(n +1)
"~ 8nnz(A)+4(n+1)°

We assume that nnz(A) =~ 3%n, due to the stencil structure of the lowest order continuous
Galerkin FEM described in §5.2, and hence

12nnz(A) +4(n +1) _ 12(3%) + (4n +4) nooe 12
Sunz(A) +A(n+ 1) 8(3I) - (dntd) s (5.9)

Co1—32 =

For d = 2,n = 10000 this gives Cg4_32 = 1.47 which is close to the 1.5 bound. We remark
that this is much lower than the factor of 2 if one considers only the vector nzval.

The bulk of our mixed precision algorithm below will be sparse matrix-vector products
(spMV). Since we know that matrix vector multiplication is a memory-bound operation
[128, 125], we can only hope for better performance in by reducing the overall memory
throughput. In the best case then, we could hope for a speedup of Cgq—32.

Remark 5.3.1 (Choice of Int32). We would like to point that the preceding analysis would
result in an even worse compression ratio using Int64. Since none of our example require
indexing exceeding the mazimum value of 231 — 1 (2.14 x 10°), we can use Int32 indices.
Another optimization would be to use unsigned integers since we are dealing with indices.

5.3.2 Iterative refinement and optimal multigrid V-cycle

We now give a more detailed description of our proposed algorithm combining standard
iterative refinement with a the lowest order case of the optimal multigrid solver in [91,
89]. First we introduce a modified version of the iterative refinement algorithm 7, given in
Algorithm 8. In particular, the main difference here is that the inner solve is now specified
as the optimal V-cycle in Algorithm 9 described shortly. This choice of inner solver has the
added advantage that it also produces an estimator on each iteration i: namely 7', which
we then use instead of checking the norm of the residual as was the case in Algorithm 7. As
proven in [91], the estimator 7* provides a constant-free lower bound to the algebraic energy
error (5.6), as well as an upper bound where the constant in the upper bound depends on
the contraction factor of the solver. This is advantageous when compared to the standard
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residual based estimator based on the algebraic residual vector * used in 7, which depends
inherently on the condition number of the matrix A.

We now explain in detail the optimal V-cycle of Algorithm 9. In particular, the optimal V-
cycle corresponds to a standard geometric multigrid V-cycle [24, 65] with zero pre-smoothing
steps and a single Jacobi post-smoothing step on each level (merely one step is sufficient for
convergence; in practice we v number of post-smoothing steps, typically » = 3). The main
difference with respect to a usual V-cycle is that the update of the error correction on line 11
is weighted by the parameter \;, which is the optimal step size, ensures an algebraic energy
error Pythagorean decreases formula. In particular, this choice of step size also permits the
calculation of an error estimator 7, initialized on line 3 and updated on line 10. We use
this estimator in the stopping criterion of the iterative refinement algorithm in place of the
standard condition on the residual.

5.3.3 Performance test

We first note that the main operations in Algorithm 9 are sparse matrix vector multipli-
cations. Thus, we can assume based on the discussion in §5.3.1 that the speedup when
using single precision storage of the sparse matrices will not exceed Cgq— 32, again due to the
memory-bound nature of sparse matrix vector multiplication.

For our performance test, we use Example 5.2.2. We use a uniform coarse mesh, with
varying num_coarse_dofs as well as varying the number of levels J to give different amounts
of work for the overall V-cycle. We then present the time to complete one iteration of the
while loop starting on line 4 of Algorithm 8. First, in Figure 5.3, we plot the time taken if we
perform all operations of Algorithm 8 in double precision including the Optimal V-Cycle on
the x-axis, and the time for iterative refinement (the algorithm as is it written) and the time
for computing all operations in the loop in single precision for the same problem size on the
y axis. We see that as the problem gets bigger and hence the time gets longer, the advantage
in terms of timing for both single precision and double precision (in blue in Algorithm 8) is
clear, and there is actually not too much added overhead for iterative refinement with double
precision. Next, we plot the speedup, i.e. the time using all double precision divided by the
time using either high_precision = single or high_precision = double in Figure 5.4. We
also plot our theoretical maximum speedup coming from the compression factor discussed in
§5.3.1. We see that the results are quite reasonable and in certain cases we obtain a speedup
close to theoretical best speedup (5.9) for pure sparse matrix vector multiplication.

Algorithm 8: Estimator based iterative refinement

1 Input: initial guess #°, A, b, high_precision, low_precision
2 Initialize: i := 0,7° := oo

3 Carry out all the following steps in specified precision

4 while 7' > tol do

5 7‘J =by — Ay *x Compute the fine level residual
6 (yits, n') :== Optimal V-Cycle(r") % Compute correction and estimator
7 rtl =g +yé$}1 * Update the current solution
8 t=1+1
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Comparison of Times for a Single V-Cycle
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Figure 5.3: [J, num_coarse_dofs varying, v = 3] Comparison wall times of performing one
iteration of the iterative refinement loop in double precision on the z-axis with the time using
only single precision operations and storage, or using the combination of single and double

precison indicated in the Algorithm 8.
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Figure 5.4: [J, num_coarse_dofs varying, v = 3| Showing the speedup corresponding to
one iteration i of Algorithm 8 where all the operations are performed in double, single, by
the color code in Algorith 8 with high_precision = double and low_precision = single

(standard iterative refinement).
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Algorithm 9: Optimal V-Cycle
Input : {Aj}}]:p {Pj}jﬂ, rj, tol, precision, v

1 7= H?:J PJTT‘J, 1<k<J-1 * Restrict the fine mesh residual
2 Yy = Al_lrl * Solve exactly on coarsest mesh
3 0% = (y1)T A * Initialize estimator
4 for j=2,...,J do

5 Ysum ‘= FjYj-1 * Interpolate the correction
6 for k=1,...,vdo

7 TiI=T — Ajysum * Update the residual
8 y; := diag(A;) " Ir; * p=1 patches equivalent to Jacobi
9 Aj = (yf)gi:m * Calculate optimal step size
10 n? =07+ (\)2(y) T Ajy; * Update square of estimator
11 Ysum ‘= Ysum + AjYj +* Update the correction
12 return (Ysum, \/772)

Algorithm 11: Adaptive safeguarded iterative refinement

Input : {Aj}}]:p {Pj}jZQ, 20 initial guess, b, tol, Ny,

170 :=b— A * Compute the initial residual in double
2 (Ydums1') := V-Cycle (r9, double) % Solve initial step in double
3 2t i=a%+yl, * Update the solution in double
4 Initialize: ¢ := 2

5 while 1’ > tol do

6 forn=1,...,N, do

7 r;i;r” =b— Ajzitn * Compute the residual in double
8 (yitntl pitn).= v-Cycle (r’/'", single) x Solve step in single
9 pitntl = gitn g gidntl * Update the solution in double
10 PN = b — Ayt x Compute the residual in double
11 (yifuﬁrb+2777i+‘m71’+1) = V—Cycle(Tf],double) * Solve step in double
12 gt No+2 = it N+l g iE N2 * Update the solution in double
13 t:=1+Np+1 * Update the index by total steps taken
14 Update pf7 as in (5.11) % Geometric mean of double estimators
15 if p;, > v then
16 L Set NV, :==0 * All subsequent iterations in fully double

5.4 Stability considerations and adaptive precision

In this section, we first consider a motivating example where standard iterative refinement
fails and we propose an adaptive algorithm that is able to overcome this difficulty. We now

define the effectivity index for ¢ > 1 as

i
i _ %y
eff_ni‘

(5.10)
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Note however that 7’ is actually only computed on step i + 1 so that we do not have Iéff of
the last iteration. To calculate the exact finite dimensional solution uj, we solve the linear
system with a direct solve, which is feasible in the test cases we consider.

5.4.1 Motivation for adaptivity

We first consider applying our new iterative refinement algorithm 8 with the optimal V-Cycle
inner solver to Example 5.2.1. Note that Algorithm 8 is not adaptive and the choice of high
precision and low precision is made once and for all. The result is given in Figure 5.5, where
we see that Algorithm 8 diverges after several iterations, but it able to converge with the
choice of low_precision = double. We are thus motivated to design an adaptive algorithm
using the estimator to determine if iterative refinement is failing and if we need to switch to
double precision.

5.4.2 Adaptive safeguarded iterative refinement
Our adaptive algorithm will be based on the two following simple facts:
1. We can trust the estimator when all operations are performed in double precision.

2. Barring precision issues, the optimal V-cycle of Algorithm 9 has been proved to be
contractive [91], and thus should be decreasing with a constant contraction factor.

To address the first point, we introduce a parameter, IV,,. This will correspond to the number
of consecutive iterations we will perform using iterative refinement before performing an
iteration with only double precision. This allows us to trust the estimator calculated every
Ny, + 1-th step.

To address the second point, we will then look at the ratio between the estimator at step
i and step i — (Np + 1) to determine whether the solver is still contracting normally. To
measure the contraction, we define the following quantity

) 1
o 7’,7’ Np+1

The idea of this definition is that if all is going well, between the time we last computed
the estimator in double precision (N + 1 iterations ago) we should have contracted by some
constant factor, i.e., we should have that
77i ~ O Mol
i (No+1)

for some constant C' < 1. Thus, we compare pﬁi with a user specified parameter v < 1 to
check if we are indeed converging at a constant contraction factor. If this is not the case,
we break out of the iterative refinement algorithm and perform all calculations with double
precision floating point numbers. The adaptive algorithm putting these elements together is
given in Algorithm 11. The main elements are the initial step entirely in double precision to
compute an initial reliable estimator (lines 1-3), then the loop on Ny, +1 of standard iterative
refinement (lines 6-9), followed by another fully double precision estimator calculation (lines
10-14). Finally, on line 15, we compare p% against the user specified 7 to see if the solver is
still contracting. If it is not, we set Ny, to 0, since we then bypass the loop starting on on
line 6 and continue hereafter entirely in double precision.
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Figure 5.5: [J = 4,v = 3, num_coarse_dofs = 208, tol= 1075 The estimator

and error of Algorithm 8 applied to Example 5.2.1 with high_precision= double and
low_precision= single, i.e. standard iterative refinement (left) and high_precision=
double and low_precision= double (right), i.e. all operations in double precision. The
circled iterations are performed entirely in double precision.

5.4.3 Test of the adaptive safeguarded algorithm

We first consider applying our adaptive safeguarded Algorithm 11 to the troublesome ex-
ample 5.2.1. The result is given in Figure 5.6, where we consider Ny, := 4 and v := 0.6.
The algorithm catches the divergence at the first comparision occuring on the 6th iteration.
Furthermore, the progress of the iterative refinement (before starting to diverge) is not en-
tirely lost. Since we catch the divergence early, we can use the current iterate as an initial
guess for the double precision only iterative refinement, i.e., the optimal V-cycle multigrid of
Algorithm 9. Overall, we end up using 4 extra iterations than if we performed all iterations
in double from the beginning.

Next, we consider the result of applying this algorithm to a well-conditioned problem,
namely Example 5.2.2. The result is given in Figure 5.7. We see that in this case, since there
is no divergence, the adaptive algorithm does not make the switch to double precision, and
the majority of the iterations are still computed using iterative refinement, more precisely

AL 0.8, discounting the first iteration all in double. Furthermore, the same exact number

Np+1
of iterations are required to achieve the user-specified tolerance as for Algorithm 8 without

adaptivity /safeguarding.
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Figure 5.6: [J =4, v = 3, num_coarse_dofs = 208, N}, = 4,y = 0.6, tol = 1075] Applying
the adaptive safeguarded iterative refinement of Algorithm 11 to Example 5.2.1. The circled
iterations are performed entirely in double precision.
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Figure 5.7: [J = 4,v = 3, num_coarse_dofs = 226, N, = 4, v = 0.6, tol = 10~!%] Com-
parision of the estimator-based iterative refinement 8 with the adaptive safegaurd variant
of Algorithm 11 applied to the well-conditioned example 5.2.2. The circled iterations are
performed entirely in double precision.

5.5 Conclusion

In this chapter, we have presented an adapted version of the classical iterative refinement
algorithm where the stopping criteria comes from information in the inner solve and are
based on an estimator of the algebraic error in the energy norm in place of the L? norm
of the algebraic vector. We then study the compression effect of storing sparse matrices in
single precision and estimate the maximal possible speedup for matrix vector multiplicaiton.
Finally, we present an example of an ill-conditioned problem where classical iterative refine-
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ment diverges and propose an adaptive algorithm that provides a safeguard switch to double
precision in this case. The adaptive algorithm is also shown to improve the performance in
the case of a well-conditioned problem for which the switch is not achieved.
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