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Abstract

This thesis is devoted to slope limiting and machine learning techniques to ap-
proximate the solution to steady-state convection-diffusion-reaction problems. In
the convection-dominated regime, the solution to those problems usually possesses
layers which are small regions where the gradient is steep. It is well known from the
literature that it is challenging for many classical numerical methods to approximate
the solution in those regions, and often the solution is polluted by unphysical values,
so-called spurious oscillations.

In the first step, the model problem is derived and investigated under which
conditions a unique weak solution exists. Afterwards, symmetric, incomplete, and
non-symmetric interior penalty Galerkin methods are introduced to approximate
the exact solution in the pure diffusion, convection-reaction, and the complete case
numerically. A-priori error estimates are provided and verified numerically.

As the first main topic, several slope-limiting techniques from the literature are
presented, and various novel methods are proposed. These post-processing techniques
aim to automatically detect regions where the discrete solution has unphysical values
and approximate the solution locally by a lower degree polynomial. This thesis’s first
major contribution is that two novel methods can reduce the spurious oscillations
significantly and better than the previously known methods while preserving the mass
locally, as seen in two benchmark problems with two different diffusion coefficients.

The second focus is showing how to incorporate techniques from machine learning
into the framework of classical finite element methods. Hence, another significant
contribution of this thesis is the construction of a machine learning-based slope limiter.
It is trained with data from a lower-order DG method from a particular problem
and applied to a higher-order DG method for the same and a different problem. It
reduces the oscillations significantly compared to the standard DG method but is
slightly worse than the classical limiters.

The third main contribution is related to physics-informed neural networks (PINNs)
to approximate the solution to the model problem. Various ways to incorporate
the Dirichlet boundary data, several loss functionals that are novel in the context
of PINNs, and variational PINNs are presented for convection-diffusion-reaction
problems. They are tested and compared numerically. The novel loss functionals
improve the error compared to the vanilla PINN approach. It is observed that the
approximations are free of oscillations and can cope with interior layers but have
problems capturing boundary layers.
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1. Introduction

[Science] works. Planes fly. Cars drive. Computers compute. If you
base medicine on science, you cure people; if you base the design of
planes on science, they fly; if you base the design of rockets on science,
they reach the moon. It works.

(Prof. em. Richard Dawkins)

A vast variety of problems in physics, chemistry, and engineering sciences are de-
scribed in terms of initial-boundary value problems whose solutions describe observed
phenomena. For instance, Maxwell’s equations are fundamental to describe classical
electromagnetism, elasticity equations model the deformation of a given object under
external forces, and the Navier—Stokes equations describe the motion of viscous fluids.
Some of those problems are even so important that they are part of the famous
Millennium Prize Problems for which one million U.S. dollars are rewarded for the
solution to one of them [Ins23b; Ins23a].

This thesis focuses on another fundamental type of initial-boundary value problem:
so-called convection-diffusion-reaction problems. To illustrate these problems, imagine
a river flowing from one point to another. Unfortunately, a ship was damaged in
the middle of the river, so it sank and now constantly leaks a chemical it carried.
The chemical flows into the water, but how does it spread in the river? What is
the concentration at a given point? The solution to convection-diffusion-reaction
problems exactly gives answers to these questions.

Simply speaking, they describe how a scalar quantity inside a flowing medium is
distributed in a given region. The quantity of interest can be, for instance, a species
concentration like a chemical, a pollutant or biomass, or energy in the form of heat
[JKN18; Eval0, p. 313]. In other words, both mass and heat transfer can be described.
In light of the above-mentioned example of a ship from which a chemical flows into a
river, the chemical concentration might be the modeled quantity. After the chemical
enters the river, it does not stay at its initial position but is distributed in the water
based on certain physical processes. As the name suggests, three are incorporated
into convection-diffusion-reaction problems. First of all, the chemical is transported
downstream by the flow of the water. This effect is called convection [RSTO8, p. 1].
Nevertheless, even if there was no river flow, it would spread in the water due to
what is called diffusion. Whenever there are concentration differences of a quantity,
it moves to regions with lower concentrations until the differences are leveled out
[SJ02, section 1.2]. Lastly, this chemical may react with other particles and form
other compounds. At the same time, it is also possible that other reactions may form
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(a) Reaction of chemical in sol- (b) Mixing milk and coffee. (c) Air pollution.
vent.

Figure 1.1.: Example processes that might be described by convection-diffusion-
reaction problems. In (a), the reaction of a chemical in a moving solvent is
illustrated. Mixing milk and coffee is shown in (b), where possibly no reaction
occurs. In (c), air pollution that stems from industry is depicted. From left to
right, the images are taken from [Pica; Picb; Picc].

the chemical again. Both effects affect the concentration of the quantity of interest,
which is reflected by the so-called reaction term.

The previously mentioned ship example is a simple one. However, these problems
are also widely applied in practice: Among others, they are used to model atmospheric
pollution in the form of, e.g., denser-than-air gases [Lan78; Erm92] or radioactive
tracers [Lee+16; Lee+18], and parts of marine ecosystems like the distribution
of phytoplankton biomass [FN15, section 5.3]. While in the context of financial
mathematics, they are called the Black-Scholes model, which models the price of an
option and is rewarded with the Nobel Prize in Economics [SJ15], they are referred
to as drift-diffusion models that describe the distribution of charge carrier densities
when simulating semiconductor devices [Pipl7, section 50.3.1]. Moreover, they are
applied to model chemical tubular reactors [Alh07], groundwater pollution [Atal8,
section 3.5], and the vertical ocean heat balance in ocean models [Hub+15; Hoc+21].
In particular, the last example indicates the importance of these problems since ocean
heat uptake has been responsible for more than 90% of global earth warming since
the 1970s [Fox+21; Lev+12]. Figure 1.1 illustrates possible further examples that
might be modeled with convection-diffusion-reaction problems.

Most of the examples mentioned above model the time evolution of a particular
quantity. However, from a mathematical point of view, the solutions’” most important
characteristic features can already be observed in the so-called stationary state. In
this state, the concentration no longer changes with time; in some sense, the system
has reached an equilibrium. Furthermore, the stationary problems are often easier
to analyze than the time-dependent problem and often serve as a first step towards
analyzing the time-dependent case. As a consequence, this work focuses on stationary
convection-diffusion-reaction problems.

Mathematically speaking, stationary convection-diffusion-reaction equations can be
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described as follows: Find a smooth enough unknown mass or energy concentration u
such that

—eAu+b-Vu+cu=f

holds in a domain of interest €2, where € > 0 is the strength of the diffusion, b models
the convection field, and ¢ and f describe the reaction term and sources or sinks,
respectively.

In practical applications, the convection is often orders of magnitude stronger than
the diffusion [JKN18; Mor19, p. 1]. In this so-called convection-dominated regime,
convection-diffusion-reaction problems can be seen as singularly perturbed problems
[RSTO08, p. 2]. The solution to such problems typically possesses so-called layers
[RSTO8, p. 2; Mor19, p. 1], which are parts of the solution where it rapidly changes.
How fast the solution changes, i.e., the width of these layers, depends on the strength
of the diffusion €. Depending on whether they are exponential or characteristical
layers, the width is of order O(eg) or O(y/€), respectively, if the equations are scaled
such that the convection field b is of order O(1) in a suitable norm [JKN18].

Finding the exact solution u to these problems is usually possible only in simple
toy problems, but it is unlikely to happen in practice. Therefore, approximations to
the solution are constructed based on numerical methods. Popular classical examples
of such methods are so-called finite difference methods, finite element methods, and
finite volume methods, but there also exist modern approaches like virtual element
methods and hybrid high-order methods; see, e.g., [Bra07, sections 1.3, I11.4; RSTO08,
sections 1.2.1, 1.2.2; EGHOO, section 3.9; Bei+13; Bei+16; DT18; DEL16].

In most of those methods, the solution is approximated by a linear combination
of a finite number of ansatz functions. They are defined on a given mesh, which is
a decomposition of the domain 2 into small subregions. It can be proven for many
problems that the discrete solution of the methods mentioned above converges towards
the exact solution as the mesh becomes finer. However, the approximation quality
might be low if too few ansatz functions are used. Unfortunately, using an arbitrary
amount of cells is impossible in practice because more ansatz functions lead to higher
computational costs, energy consumption, and computing time. Therefore, methods
that produce acceptable quality solutions on computationally feasible meshes are
sought.

1.1. Motivation

In the case of convection-dominated convection-diffusion-reaction problems, it is
challenging for many widespread methods to compute an accurate approximation
in the region of layers. Finite difference and many classical finite element methods,
such as the popular streamline upwind Petrov-Galerkin (SUPG) or the discontinuous
Galerkin method produce unphysical results; see, e.g., [JK07; Aug+11; JKN18]. In
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regions of layers, the solution is polluted by over- and undershoots, so-called spurious
oscillations, which result in, e.g., negative concentrations or higher amounts of energy
than what is physically allowed. The reason is that the width of the layers is much
smaller than the mesh width, which is why the layers cannot be adequately resolved
[JKN18].

On the other hand, there also exist discrete methods that are provably free of
spurious oscillations, e.g., the exponentially fitted Voronoi box finite volume method
[Aug+11] and algebraic flux-corrected (AFC) methods [BJK16; Bar+18a]. However,
the finite volume method tends to smear out the layers considerably, and only second-
order convergence in the discrete L:-norm has been observed [Aug+11; FLL11].
On the contrary, AFC methods are known to produce non-smeared layers without
oscillations, but they require solving a system of non-linear equations and might be,
therefore, computationally expensive [BJK16; Bar418a]. Furthermore, there are, as
of June 2023, only AFC methods with lowest-order continuous finite elements that
have been applied successfully, which limits the order of convergence of such methods
[BJK16; Jha20, p. 44]. In general, all available and reasonably accurate finite element
methods that satisfy a global maximum principle are based on linear finite elements
and optimal convergence rates which can be observed in some situations could not
be proved so far, cf. [BJK23|. To summarize, there does not exist yet the optimal
numerical method for convection-dominated convection-diffusion-reaction problems.

Nevertheless, what are the requirements of such a discrete method? In a nutshell,
the optimal numerical method should

1. converge fast towards the exact solution as the mesh becomes finer,
2. be flexible with respect to the used mesh,

3. produce solutions with sharp layers, and

4. compute physically reasonable solutions free of spurious oscillations.

The first requirement is vital since a low-order approximation might be admissible
in the presence of layers, but in smooth regions, it should approximate the solution as
accurately as possible on the computationally feasible meshes. Therefore, the method
should be of higher order.

Regarding the second requirement, polygonal meshes, compared to classical simpli-
cial, quadrilateral, and hexahedral meshes allow for a more straightforward decom-
position of the domain, have efficient refinement and coarsening strategies, and are
more robust with respect to distortion and torsion of the mesh [Dro+21; BLV17].
Therefore, a method that can be used with more general or even without meshes
might be advantageous in practice. Note that the first two requirements are vital
not only for convection-diffusion-reaction problems but are desirable in general for
numerical methods.
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The third and the last property are related to the quality of the approximation
of the solution to convection-dominated convection-diffusion-reaction problems. A
solution with spurious oscillations or with smeared layers might not correspond to
reality, but since these methods are used in critical practical applications, they should
be able to compute physically consistent and reasonably accurate solutions.

Particular candidates for such a method are so-called discontinuous Galerkin (DG)
methods, which are considered in the present work. Even though they were already
invented in 1973 by Reed and Hill in [RH73], they gained much attention in the last
decades; see, e.g., the monographs [CKS00; Kan07; Riv08; DE12; DF15]. Introduced
for the neutron transport equation, they have been successfully applied to a huge
variety of problems, e.g., boundary-layer equations for incompressible steady fluid
flows, compressible Navier—Stokes equations [DE12, p. VI], linear elasticity, porous
media flow [Riv08, part I1I}, magneto-hydrodynamics and Hamilton—Jacobi equations
[Coc03]. For a historical overview and more applications, the reader may be referred
to [CKS00, part I; CS01; DE12, pp. V-VI].

In contrast to continuous finite element methods, the basis functions used in DG
methods are, as the name suggests, discontinuous over element boundaries. This
makes them, in particular, appealing for problems with discontinuous solutions, such
as transport problems, but continuity can also be enforced by, e.g., interior penalty
methods if needed. They can be seen as a generalization of finite volume methods
to arbitrary higher polynomial degrees [CKS00, p. 4]. Therefore, in light of the
above-mentioned requirements, DG methods can be constructed to converge with an
arbitrarily high order of convergence. Of course, this happens in practice only if the
exact solution is smooth enough.

Furthermore, they can be used on general polyhedral meshes and, in particular,
also allow hanging nodes [DE12, section 1.4.1; CKSO00, p. 5]. Moreover, they allow
refinements of both the mesh and the polynomial degree, i.e., DG methods are
particularly suited for hp-adaptivity [HSS02; Ant+16; CKS00, p. 5]. For convection-
dominated convection-diffusion-reaction problems, they are also known to produce
sharp layers [Aug+11]. However, at the same time, they are unfortunately also known
to produce a significant amount of spurious oscillations [Aug+11]. To summarize, DG
methods are good candidates for approximating the solution to convection-dominated
convection-diffusion-reaction problems, but their spurious oscillations have to be
reduced to be more useful in practice.

Adjusting the widely known symmetric, non-symmetric, and incomplete interior
penalty Galerkin methods to produce significantly fewer spurious oscillations is one of
the significant contributions of this work. To this end, so-called slope limiters are used
to automatically detect regions where the numerical solution is unphysical, followed
by a local solution adjustment in the corresponding cells. The advantages of these
limiters are that they are easy to implement, they are computationally cheap, and in
contrast to just clipping the extrema, they preserve the mass locally. Several slope
limiters from the literature, generalizations, and novel approaches are presented and
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extensively tested on two commonly used benchmark problems. As seen in this thesis,
the best of these methods can reduce the oscillations significantly, and in many test
cases, they can reduce the oscillations as much as possible while preserving the mass.
However, none of them can remove the unphysical values completely.

Another major contribution of this work is to combine techniques from the field
of deep learning with the ideas of the aforementioned slope limiters for convection-
dominated convection-diffusion-reaction problems. Deep learning techniques are a
particular method from the broader field of machine learning, whose algorithms are
implemented in a way that they can “learn” rules from a given data set by minimizing
a given cost functional, even if these rules are never explicitly implemented [GBC16,
pp. 1-2]. The first ideas in the direction of what is nowadays called deep learning
emerged in the second half of the last century. However, it took several years and
rediscoveries to understand its full potential. For a historical overview, the readers may
be referred to [Sch15; WR17]. In particular, in the last two decades, these methods
have made a breakthrough, and nowadays, many applications cannot be imagined
without them; see, e.g., [GBC16; Sar21; HH19] for examples and state-of-the-art
techniques.

Roughly speaking, due to the famous universal approximation theorem with deep
learning methods, it is possible to approximate a vast variety of mappings, e.g.,
the translation of sentences from one language into another, the mapping from an
image to what is depicted on it, and also many mathematical functions. A particular
type of deep learning architecture are the so-called neural networks. Based on the
approximation property, the second main contribution of this thesis is the construction
of a neural network-based slope limiter that, as its classical counterparts, predicts
where spurious oscillations occur and corrects the solution locally.

Moreover, as a consequence of the universal approximation theorem, it is also
possible to use neural networks to approximate the unknown solution to initial-
boundary value problems (IBVPs) directly, even if only the problems are given. These
so-called physics-informed neural networks (PINNSs) can therefore be seen as another
numerical method and, in this sense, as an alternative to classical ones. However, in
contrast to classical methods, PINNs are, by construction, also able to easily cope
with inverse problems and incorporate already observed data of the solution [Kar+21].
They were already introduced in 1994 in [DP94], but they had their breakthrough
only after their recent rediscovery in a series of papers of the group by Karniadakis
beginning with [RPK19]; see also [Cai+21; Cuo+22; Kar+21] for an overview about
PINNs.

In a nutshell, PINNs are neural networks that are trained to represent the solution to
given IBVPs by approximately satisfying the governing equations and their boundary
conditions [Kar+21]. In their standard formulation, they are mesh-free and hence,
in light of the above-mentioned requirements, are highly flexible with respect to the
geometry of the problem. Theoretically, PINNs can approximate the unknown solution
to an IBVP with arbitrary precision, but the accuracy depends on stochastic processes.
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Therefore, it is usually proven that PINNs can approximate the solution but not
how long it takes to reach a given precision. Since very few publications investigate
PINNSs for convection-dominated convection-diffusion-reaction problems, the third
major contribution of this thesis is to develop, compare, and evaluate the quality of
the solution of several known and novel variants of PINNs for these problems.

1.2. Outline

The structure of this thesis is as follows:

Chapter 2 is devoted to the primary type of boundary value problem tackled in this
work, i.e., to convection-diffusion-reaction problems. In section 2.1, after the problems
are derived, it is investigated under which conditions a unique weak solution exists.
Section 2.2 then focuses on discontinuous Galerkin methods for such problems. The
widely used symmetric, non-symmetric, and incomplete penalty Galerkin methods
are introduced for the pure diffusion case, followed by an upwind DG discretization
of convection-reaction problems. Afterwards, these methods are combined for the
complete convection-diffusion-reaction problem. These methods are not only derived,
but proofs are also given with respect to the convergence rates of these problems.
Last but not least, this chapter closes with a two- and three-dimensional numerical
example to verify the implementation and a summary; see sections 2.3 and 2.4.

In chapter 3, slope limiters for DG methods are treated. It is heavily inspired by and
mainly based on the results already published in [FJ21; FJ22]. Several slope-limiting
techniques from the literature, as well as generalized and novel versions, are presented
in sections 3.1 to 3.3, and it is shown that they all preserve the mass locally. Moreover,
in section 3.4, numerical studies with these slope limiters for two benchmark examples
are presented. To this end, two measures are defined that rate the quality of the
limited solution with respect to spurious oscillations, and two different diffusion
coefficients and two types of meshes are used. The chapter ends with a summary in
section 3.5.

Chapter 4 serves as the bridge between slope limiters and deep learning techniques.
Its results are mainly also available as a preprint; see [FHJ22]. It starts in section 4.1
with an introduction to multilayer perceptron models, a particular type of neural
network. Here the basic structure of multilayer perceptrons is shown, followed by
an explanation of how these networks are trained. Afterwards, with section 4.2,
follows a section about how data is generated with which the neural networks can be
trained. It is explained how a vast amount of data can be created that needs to be
reduced and divided into subsets. This is followed by section 4.3, in which the first
numerical experiments are conducted. After specifying the setup of the networks and
the measures to rank the performance, the networks are trained on the data set. The
best networks are then applied to the DG solution to two benchmark problems in
section 4.4. Finally, a summary of this chapter is given in section 4.5.
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In chapter 5 PINNs for convection-diffusion-reaction problems are investigated.
To begin with, in section 5.1, the basic ideas and the classical loss functional of
PINNs are derived. Furthermore, a simple numerical example is shown to verify the
implementation. It is followed by section 5.2, where several modifications of classical
PINNs from the literature and new ideas are presented. These methods are then
tested in section 5.3 for another two benchmark problems. Afterwards, the results
are summarized in section 5.4.

The thesis finally closes in chapter 6 with a summary of what is treated in this
work and gives ideas about possible paths for future research.

Throughout this thesis, standard notations are used. This includes the usual
function spaces L2(2), WkP(Q), H*(Q), etc., and their respective norms; cf. [BS02].
A norm of a space X is denoted by || - ||x, a seminorm by | - |x, the inner product in
L*(Q) by (+,-), and for a vector € R its Euclidean norm is denoted by |x|.
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This chapter mainly serves as an introduction to convection-diffusion-reaction problems
as described in the previous chapter, and discontinuous Galerkin methods for these
problems. To this end, in section 2.1, the problems are derived from scratch, and the
existence of a unique solution to these problems is discussed. Section 2.2 follows with
a presentation of discontinuous Galerkin methods for these problems. The commonly
used symmetric, incomplete and non-symmetric penalty Galerkin methods are derived,
and the error between the exact and the discrete solution is estimated in various
norms. The findings are mainly based on the monographs [Riv08; DE12; Kan07;
DF15]. This chapter proceeds in section 2.3 with numerical experiments to verify the
implementation and ends with a summary in section 2.4.

2.1. Model problem

First, in this section, the statement of convection-diffusion-reaction problems is derived.
Second, it is investigated under which conditions a unique solution to these problems
exists.

2.1.1. Derivation of convection-diffusion-reaction problems

The presentation in this section is essentially based on [SJ02, section 2.1] and [Jha20,
section 2.1].

The starting point for deriving the convection-diffusion-reaction problems is the
following question: How does a quantity of interest spread in a flowing medium
in a certain region of interest? To this end, let the region be a bounded domain
Q C R d=23,T =00 its boundary, and assume that u : Q x (0,7] — R is the
concentration of the quantity of interest that shall be observed in the time interval

Figure 2.1.: Arbitrary control volume w and flux f; across its boundary dw.
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(0,7], 0 < T € R. The evolution in time of the quantity is based on the physical
observation that, in any fixed sub-domain w C 2, the rate of change of the quantity
equals the flux of the quantity across the boundary dw plus the total amount that is
produced or destroyed in w; see also figure 2.1 for an illustration. Translating this
into mathematics leads to

9 uda::—/ fﬂ(u)~nds+/5(u)dw,
ot w Ow

w

where fy : Q x (0, T] — R? is the flux function depending on u, S : Q x (0, T] denotes
sources or sinks which might also depend on u, n is the outer unit normal vector to
the respective boundary, € €2 denotes the space variable, ¢ € (0,7 the time variable
and s a (d — 1)-dimensional space variable. For the sake of brevity, the dependence on
space and time is not explicitly mentioned. Assuming the functions and the boundary
to be smooth enough, Gauss’ divergence theorem A.2 and a change of differentiation
with respect to time and integration with respect to space lead to

w%daz—l—/wdiv(fﬂ(u)) da::/S(u) dz.

w

Since w was chosen arbitrarily, for any (x,t) € (€ x R,), it has to hold that

% + div (fa(u)) = S(u). (2.1)
The statement of this equation is basically what was already mentioned above: The
rate of change of u is balanced by the flux and the source terms.

The next step is to specify the flux term. It can be assumed that diffusion and
convection are linearly independent [SJ02, p. 24]. This makes sense since the diffusion
models a movement due to concentration differences which is independent of the

movement due to the underlying fluid. Therefore, these two movements can simply
be added, which leads to

fn(u) = fo.e (u) + fap (),

where fp.. denotes the flux due to the diffusion and f,, the flux due to the convection.
Modeling the diffusion by Fick’s law! and the convection by the convective transport?
leads to

fo..(u) = —eVu,

fﬂ;b(u) = bu, (22)

1See, e.g., [SJ02, equation (1.15)].
2See, e.g., [SJ02, equation (2.3)].

10
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where 0 < ¢ € R for the sake of simplicity is assumed to be a constant diffusion coef-
ficient and b : Q x (0, 7] — R? models the convection field of the fluid. Substituting
equation (2.2) into equation (2.1) leads to

%—6Au+b-Vu+div(b)u-S(u). (2.3)

The last process to be incorporated is chemical reactions, i.e., production or
depletion of the quantity of interest. To be precise, it is already incorporated, as it
can be seen as a part of the source term. This is why the source term can be split
into S(u) = f — R(u), where R :  x (0,7] — R models the reaction process and
f:Qx(0,7] — R the remaining sources or sinks. For the sake of simplicity, the
reaction term is set to

R(u) = cu,

where ¢ : 2 x (0,7] — R is the reaction function. Plugging this into equation (2.3)
and defining ¢ := div (b) + ¢ finally leads to

%—5Au+b-Vu+cu:f,
ot
which is also referred to as evolutionary convection-diffusion-reaction equation.

This work focuses on the steady-state convection-diffusion-reaction problems, i.e.,
the case where du/0dt = 0. Equipping the steady-state convection-diffusion-reaction
equations with appropriate boundary conditions leads to the following model problem
tackled in this work.

Problem 2.1 (Strong form of the convection-diffusion-reaction problem). Find a
sufficiently smooth solution u : £ — R such that

—cAu+b-Vutcu=f in €, (2.4a)
u = gp along I'p, (2.4b)
eVu-n =gy along I'y, (2.4¢)

where Q C R?, d = 2,3, is a bounded domain with a polyhedral Lipschitz boundary
=00 T =TpUl'yand I'pNI'y = 0, and n is the outward unit normal vector to I
The parameter € € R, & > 0, is the constant diffusion coefficient, b € [Lip(£2)]¢ models
the convection field that is assumed to be Lipschitz continuous in each component,
c € L*(Q) is the reaction function, and f € L?(Q) describes sources and sinks. While
the boundary conditions along the Dirichlet boundary I'p are given by gp € H'/?(I'p),
the Neumann boundary conditions gy € H~/?(I'y) prescribe the derivative of the
solution in the normal direction along the Neumann boundary I'y. In accordance with
physics, Dirichlet boundary conditions have to be dictated at the inflow boundary,
ie,I_:={xel : blx) - n<0}CTlp. O

11
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Multiplying equation (2.4a) with an appropriate test function, integration by parts,
and using the Neumann boundary condition (2.4c) leads to the variational formulation
for the convection-diffusion-reaction problem.

Problem 2.2 (Variational form of the convection-diffusion-reaction problem). Under
the assumptions of problem 2.1, find u € Hp, , (€) such that

(eVu, Vu) + (b- Vu+ cu,v) = (f,v) + (gn,v)ry,  forany v e Hpy,  (2.5)
where (-, +) is the standard L?-scalar product in Q, (v, w)r, == er vw ds, and
Hp,(Q) = {ve H'(Q) : v|lp, =g in the sense of traces }.
O]

A solution to equation (2.5) is called weak solution to problem 2.1; see, e.g., [Eval0,
section 6.1.2] for an introduction to the notion of weak solutions.

After defining the problem, it needs to be investigated under which conditions a
unique weak solution exists. This is the purpose of the following section.

2.1.2. Uniqueness of the solution

To comply with the notation of the Lax—Milgram lemma A.5 that is used below, the
notation

(Voll+llv) = (Hpo(Q). 1+ ) .
a(v,w) = (eVu,Vw) + (b Vv + cv,w) (v,w € H(Q)),
F(’U) = (f,U) + (gN,U)I‘N (U € H1<Q))7

is introduced.
The following theorem states conditions under which a unique weak solution to the
convection-diffusion-reaction problem 2.1 exists.

Theorem 2.3. If the assumptions on the domain and the data of problem 2.1 and
1
c—§V-bZO, II'p| >0
hold, where |I'p| is the (d — 1)-dimensional measure of I'p, then there exists a unique

u € Hy , (Q) such that equation (2.5) holds for any v € HE (). In other words,
there exists a unique weak solution to the convection-diffusion-reaction problem 2.1.

Proof. Due to the assumptions on the boundary, there exists a linear and continuous
extension operator Er, : HY/2(I'p) — H(2) [Will9, theorem 4.2.4]. Therefore, let

12
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g = Er,(gp). Since Ep, is continuous, it is also bounded, and it follows that
legollv < Crry lgpll 172(ry) With some real number 0 < Cp,. - < oco.

Using the Lax—Milgram lemma A.5, it can be proven that there exists a unique
u € V such that

a(u,v) = F(v) — aleyy,v), for any v € V, (2.6)

which is done in the following.

It is well known that (V.|| - ||y) is a Hilbert space. Since integrals are linear
operators, a(-,+) is a bilinear mapping, and the right-hand side F(+) — a(eg,,*) is a
linear functional on V.

Moreover, it holds ||b||{ze@qye < oo, since b € [Lip(2)]? [BS02, p. 30]. Due to
this, the other regularity assumptions on the data, Holder’s inequality A.3 and the
definition of || + ||y it holds, for any v,w € V|

la(v, w)| < e[| Vol|2@)l[Vwl|r2@) + [|blliz~@a VUl 2@ 0]l L2
+ [lell e @)l L2 w22 )
< alollv|lwlv,

where a == (¢ + [|b]| [z q)e + [|¢]| L)), which is why the bilinear form is continuous.
Due to integration by parts A.1 it holds, for any v € V/,

1 1 1
/b~Vvvdzc:——/div(b)vzdaz—i-—/ b~n02dw2——/div(b)vzdw,
Q 2 Jo 2 Joa 2 Jo

where in the last step it is used that v = 0 along I'p and, since I'_ C I'p, itisb-n > 0
along I'y. From this estimate and the assumptions it follows

/(b'Vv—l—cv)vdmZ/(c—ldiv(b)>v2dm20.
Q Q 2

Together with Friedrichs’ inequality A.4 it can be concluded
a(v,v) = e[| Volzaq) = BllvllY,

where 8 :=¢/(1+ C%), which shows that a(-,-) is V-elliptic.

Last but not least, due to Cauchy’s and Holder’s inequality A.3, the boundedness of
a(+, ), the boundedness of the extension operator, the continuity of the trace operator,
and the regularity of the data it holds, for any v € V/,

[F(v) = alegy, v)| < |(f,0)[ + [(9x, 0)ry| + [alegy, v)] < Clloflv

with a real number C = <Hf||L2(Q) + Cur 98l 12004y + @CRyp HgDHHl/Q(FD)) < 00,
where OtrrN is the continuity constant of the trace operator onto I'y. This means the
right-hand side of equation (2.6) is bounded.

13
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Hence, the assumptions of the Lax—Milgram lemma A.5 are satisfied, and it follows
that the problem with a homogeneous Dirichlet boundary condition (2.6) admits a
unique solution.

To conclude the proof, u := u + e, is defined. By construction, it holds that
u € H} ,(Q) and that u satisfies equation (2.5) for any v € V. O

Unfortunately, it is usually very difficult or even impossible to compute the weak
solution in practice. Therefore, discrete algorithms are designed to compute an
approximation. The construction of such an algorithm and the quality of the resulting
approximation is addressed in the following sections.

2.2. Discontinuous Galerkin methods for
convection-diffusion-reaction problems

Several discretization techniques exist for approximating the solution to convection-
diffusion-reaction problems, e.g., finite difference, finite volume, and finite element
methods. For an overview of these methods in the context of these problems, see
the monograph by Roos, Stynes, and Tobiska [RSTO08, parts I-1II]. Besides the
popular classical continuous finite element methods (CG) and their stabilized variants,
discontinuous Galerkin (DG) methods drew attention in the last decades, see, e.g.,
the monographs [CKS00; Kan07; Riv08; DE12; DF15] and the references therein,
even though the original technique was introduced by Reed and Hill [RH73] in 1973.
For the sake of brevity, the reader may be referred to [CKS00, part I] and [DE12,
preface] for an overview of the history and evolution of DG methods, not necessarily
but also in the context of convection-diffusion-reaction problems.

In contrast to classical methods of a Lagrangian type that yield a continuous
approximation, the fundamental idea of DG methods is, as the name suggests, to
use discontinuous approximations. In the context of convection-diffusion-reaction
problems, the DG methods are, therefore, non-conforming methods. Their idea and
definition offer some advantages but, as so often, also some drawbacks.

On the one hand, DG methods facilitate so-called hp-refinements, i.e., local re-
finement of the mesh or the polynomial degree, which is more complicated for CG
methods. On the other hand, in DG methods, many degrees of freedom couple leading
to a comparatively dense stiffness matrix, and hence efficient solvers become an issue.
Moreover, in DG methods, it is unnecessary to use a conforming grid closure step
when performing adaptive refinements as long as the number of hanging nodes is
bounded. This makes mesh refinements easier and saves computational resources,
which can be helpful, especially in three dimensions.

These advantages come at the price of a more involved implementation and the
challenge of choosing suitable parameters. The main reason for that is that DG meth-
ods for convection-diffusion-reaction problems try to approximate often a continuous

14
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solution with piecewise continuous functions, and hence care has to be taken at points
of discontinuities.

The first step when describing discrete methods, whether CG or DG, is to decompose
the domain 2 into a finite number of subsets. Therefore, assumptions concerning the
so-called mesh are made in what follows.

Mesh notation and assumptions

Let T be a decomposition of Q into simplices or quadrilaterals, resp. hexahedrons,
such that @ = |Jx .7 K. The decomposition is called mesh or triangulation and shall
be admissible in the usual sense of Ciarlet; see [Cia02, pp. 38, 51]. This means that

e each K € T is closed and its interior K is non-empty,

e for each pair K7, Ky € T it holds Io(l N %2 = () and

o any (d — 1)-dimensional facet of any K € T is either a subset of the boundary I'
or a facet of another mesh cell.

The measure of a mesh cell K € T is denoted by |K], its diameter by hg, and
the radius of the largest ball contained in K by px. That being said, 7, denotes a
triangulation with a given mesh size h := maxger hg.

Families of decompositions { 7 }ren, where H is a countable set of positive real
numbers having 0 as their only accumulation point, are supposed to be regular in the
sense of Ciarlet, i.e.,

hi
sup max — < 00,
heH K€Th 0K

and constructed such that each open (d — 1)-dimensional facet of a mesh cell lying on
I' is either contained in I'p or I'y.

For each mesh cell K € 7T, the set of its facets E C 0K is denoted by &, (K).
The set of all facets of the triangulation is then called &, = gy En(K). This
set is further divided into boundary facets 08, = {E € &, : E C 0Q} and the
remaining interior facets &, i.e., it holds &, = &, U 9&,,. Concerning the different
boundary conditions, the boundary facets are divided into Dirichlet boundary facets
EP ={F€d& : ECTIp} and inflow boundary facets & { E € 9&, : EC T},
and the notation £ = & U EP is used. Since the family of decompositions is
regular, there exists a constant C' > 0 such that, for all 7, and all K € 7}, it holds
hg < hg < Chg, where hg is the diameter of the facet F of K [DE12, lemma 1.42].

Two adjacent mesh cells K;, K; € T}, are called neighbors along a facet E € &, if
E = K; N Kj;. The outer unit normal vector on 0K of a cell K is denoted by ng.
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Figure 2.2.: Unit normal vector of an edge E = ToNTy. Idea taken from [DE12, figure
1.4].

Using an arbitrary but fixed numbering of the cells Ky, K1, ..., the unit normal vector
ng on a facet £ € &, is defined as

S ng, if BEe€d& NELK) fora K € T,
B ng,, if K; and K; are neighbors along facet £ and i < j.

In figure 2.2, the unit normal vector is depicted for two triangular cells.

Continuous and discrete spaces

Let 75, be a triangulation of the domain 2. Discontinuous Galerkin methods seek
their approximate solution in a discrete subspace of the broken Sobolev space

H¥(T) ={ve L*Q) : vlg € H(K), forany K € Tp, }, s >0,

which equipped with its usual norm and semi norm

Hs(Th) = Z [l Hs(K v|%. (Th) Z ol

KeTy KeTy

vl

Hs

is also a Hilbert space.

Analogously, the broken gradient Vj, : H'(T,) — [L?*(€2)]¢ can be introduced, which,
for any v € H'(T;,) and any K € Ty, is defined as (V,v) |x == V (v|x). Note that
H*(Ty) and V;, can be seen as generalizations of H*(Q2) and V, resp., in the sense
that H*(Q) C H*(Ty) and, for any v € HY(Q), it is Vv = Vo in [L2(Q)]? [DE12,
lemma 1.22]. In the following, the index h at the broken gradient might be dropped
if a certain cell is fixed.

The definition of H*(7}) implies that a function v € H*(7;,) might be discontinuous
over interior cell interfaces. Indeed, v|p along a facet E € &, is not even well defined.
Therefore, the sign-dependent jump [v] of a function v € H*(7},) along facet E is
introduced, which is defined as

o] vlok, — v|ox,, if K; and K are neighbors along facet £ and i < j,
V], =
v vlok, it B €0& NELK) fora K € Ty,
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2.2. DG methods for convection-diffusion-reaction problems

Figure 2.3.: Illustration of the jump and the average in one dimension. Idea taken
from [DE12, figure 1.3].

and the average (v) , along E by

(v) % (U|8Ki + 'U|8Kj> , it K; and K are neighbors along facet £ and ¢ < j,
V) =
BV olok, if £ € 0&,NE(K) fora K € Ty

In figure 2.3, both the jump and the average are illustrated in the one-dimensional
case. For both, the index FE is often omitted if no confusion about different facets can
arise.

Furthermore, it holds, for any v € H'(7y), that v € H'(Q) if and only if [v], =0
for all E € & [DE12, lemma 1.23].

Last but not least, a discrete function space is needed in which an approximation is
sought. Let P,(K) be the space of polynomials of at most degree p € N on simplicial
mesh cells K and @,(K) the space of tensor products of polynomials of at most
degree p on quadrilateral, resp., hexahedral, mesh cells. The discrete space V;” in
which an approximation is sought is defined as

% ::{UELQ(Q) : vlg € Ry(K), forany K € T, } € H*(Ty),

where R is either P on simplices or ) on quadrilaterals, resp., hexahedrals. It is
VP c H*(Ty), but VP ¢ H*(2), and its functions might also be discontinuous over
cell interfaces.

2.2.1. Discontinuous Galerkin formulation for diffusion problems

To obtain a DG formulation for the full convection-diffusion-reaction problem 2.1, the
problem is split into a pure diffusion problem and a convection-reaction problem.
For the derivation below, it is assumed that u € Hp , () N H?*(2) for the exact
solution u of equation (2.5), from which it follows that
[u]z =0, for any F € &, (2.7a)
[Vul-n =0, for any E € &}, (2.7b)
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2. Convection-diffusion-reaction problems

as proven in [DE12, lemma 4.3]. Note that, as stated by Riviere [Riv08, p. 29] and Di
Pietro and Ern [DE12, p. 121], it is also sufficient to assume that u € Hf , () N H*(Q)
for some s > 3/2.

In the pure diffusive case, i.e., b = 0, ¢ = 0, the convection-diffusion-reaction
equation (2.4a) is multiplied with a test function v € H'(7;,) and integrated over Q.
Using integration by parts A.1 piecewise on each cell K € T}, leads to

Ze(/ Vu-Vvda:—/ Vu-ndes>:/fvdaz. (2.8)
KeT, K oK Q
The integrals along the boundaries can be transformed to
ZE Vu-ngvds = Z€/VU-REUdS+ZE/[[VUU]]-TLEdS,
E E

Ker, oK E€0E), el

where ng, = —ng, for neighboring cells K; and K}, i < j, and the definition of jumps
along facets is utilized. With the Neumann boundary condition, equation (2.4¢), and

[Vuv] = [Vu] (v) + (Vu) [v]
the integrals can be further manipulated to arrive at

Ze/ Vu-ndes:Ze/Vu-nEvds—i-/ gnv ds
oK B I'n

KeTh EBegp

+ Z 5/E [Vu] - ng (v) + (Vu) -ng [v] ds.

Eeg]

Due to the assumptions on the regularity of the exact solution u, equation (2.7b) and
the definition of the jumps and averages can be used to deduce

Zé Vu-ngvds = Z 5/<Vu)~nEﬂv]] ds+/ gnv ds.
oK E r

KeTy EeeP N
Plugging this in equation (2.8) and rearranging a bit yields
Z 5/ Vu-Vvdr — Z 5/ (Vu) - ng [v] d5:/fvd:1:—|—/ gnvds. (2.9)
Ker, /K peew P Q I'n

Since the bilinear form a defined in section 2.1.2 is symmetric for b = 0, ¢ = 0, one
can hope for some sort of symmetry in the discrete formulation as well. To this end,
for k € {—1,0,1}, the terms

- Z 5/4;/E<Vv> -ng [u] ds+ Z €/£[EVv-nEgD ds=0 (2.10)

EeglP Ee&P
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2.2. DG methods for convection-diffusion-reaction problems

are added to equation (2.9), which are 0 due to the Dirichlet boundary condition
(2.4b) and equation (2.7a). In the case k = 1, the discrete bilinear form will indeed
be symmetric. The choice kK = 0 leaves it the same, and it will be non-symmetric for
k= —1.

Moreover, as shown below, the jumps along interfaces and the boundary must be
penalized to achieve discrete coercivity. Following the ideas of Kanschat [Kan07], the
equation

S [l as+ X 2 [paptas= Y 22 [goas )

Eeé] Eegp Ee&pP

is considered, where, for any facet E € T, op € R is a constant, user-dependent
value, and once more, equation (2.4b) as well as equation (2.7a) are utilized.

Finally, adding equations (2.10) and (2.11) to equation (2.9) leads to the bilinear
form a. : H'(T;) x H*(T,) — R and the functional F. : H'(7;) — R, which, for
v,w € H'(Ty), are defined as

a.(v,w) = Z 5/KV1)'dezc— Z £/E<Vv>'nE[[w]]—|—/i<Vw>~nE[[v]] ds

KeT, peelP
OR 20]3
£y h—/ [l [w] ds + 3 h—/ [o] [w] ds, (2.12)
pegl P peep T TE

F.(v) ::/vada:—i-/F gnv ds — Z e/f/EVv-nEngs
N

EecgpP
20'E
+ 30 T [t

Eegp

(2.13)

Note that even though during the construction u € Hp , (Q) N H*(Q) is assumed,
the bilinear form is still well defined for any u € H*(73).

Remark 2.4 (SIPG, IIPG, NIPG). If the parameter s is chosen to equal one, a. is
symmetric and called symmetric interior penalty Galerkin (SIPG) bilinear form. In
the case k = 0, it is denoted as incomplete interior penalty Galerkin (IIPG) bilinear
form. Lastly, if Kk = —1, it is often referred to as non-symmetric interior penalty
Galerkin (NIPG) bilinear form. O

Finally, it is mentionable that the choice of the user-dependent penalty parameter og
depends on the choice of k and the polynomial degree and is discussed below.

To conclude, in the case of pure diffusion, the discontinuous Galerkin formulation
reads as follows.

Problem 2.5 (DG formulation for pure diffusion problems). For given k € { —1,0,1}
and og € R for any E € Ty, find uj, € V¥ such that

ac(up,vp) = Fe(vp), for any vy, € V/, (2.14)
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2. Convection-diffusion-reaction problems

where a. and F. are defined in equations (2.12) and (2.13). O

Remark 2.6 (Consistency and Galerkin orthogonality). By construction, it is clear
that a. is consistent for any fixed k € { —1,0,1} and given op € R for all E € Ty, in
the sense that, for the exact solution v € Hp , () N H*(Q) and all v, € V)7, it is

ac(u,vp) = Fo(vp).

Or in other words, assuming that there exists a u; € V} such that equation (2.14)
holds true for all v, € VP, the so-called Galerkin orthogonality is satisfied, i.e.,

ac(u — up,vy) =0, for any vy, € V7.

Unique existence of a discrete solution

In this section, it is investigated under which conditions problem 2.5 is well defined
in the sense that it has a unique solution. To this extent, a discrete version of the
Lax—Milgram lemma, corollary A.6, is employed for which a discrete norm and discrete
coercivity of the bilinear form are needed.

Definition 2.7 (Energy norm in the diffusive case). Assume og > 0 for all E € &j,.
Let [|-]l. : H*(Tn) — R be defined, for any v € H'(Ty), as

2 R 20E
llvfllZ = Z 5||VU||i2(K) + Z h_H [v] H%Q(E) + Z h_EH [v] H%?(E)'

E
KeTn Eeg] EBegp
This norm is called energy norm. [

Indeed, ||-]|. is a norm on V}’, if o > 0 for all E € &,, which follows directly from
| lL2(xy and || « || 2() being norms on K and E, respectively.

The following lemma states conditions under which a.(-,-) is coercive with respect
to ||-||l., i.e., it exists a positive constant 3, € R such that a.(vs,vs) > Ballval]?, for
any v, € VP

Lemma 2.8. Let ng be the maximal number of facets an element K € Ty, can have, i.e.,
three for triangles, four for quadrilaterals and tetrahedrons and six for hexahedrons,
and Cy be the constant from the trace inequality®. If one of the conditions

e k=1 and og > 2cC%ing for all E € Ty,

e k=0 and og > cC2nq for all E € Ty,

3See, e.g., [Riv08, equation 2.1]
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2.2. DG methods for convection-diffusion-reaction problems

e k=—1land og >0 forall E €T,

hold, then the discrete bilinear form a. given in equation (2.12) is coercive with respect
to ||+l

Proof. The discrete coercivity in the non-symmetric case, i.e., kK = —1 follows directly
from the definition of a.. The other two assertions can be proven using Cauchy—
Schwarz’, the trace, and Young’s inequality; see [Riv08, section 2.7.1]. O

With the discrete coercivity, it follows quickly that problem 2.5 possesses a unique
solution.

Theorem 2.9. Let o be such that a. is coercive with respect to ||-|||_, cf. lemma 2.8.
Then, the discrete problem 2.5 has a unique solution.

Proof. In light of corollary A.6 it is Vi, = VP, || + [|ln = |IIll., a» = a- and F}, = F.. By
definition, V' is a Hilbert space, and due to the linearity of integrals, the functional F_
is linear. With the given coercivity of a. corollary A.6 can be applied, and the assertion
of this theorem follows. [

Convergence analysis

Since both problem 2.1 and problem 2.5 have a unique (weak) solution, it can be
asked how large the error between these functions is. This question is tackled in this
section.

First, error estimates with respect to the energy norm |||, can be proven.

Theorem 2.10 (Error estimates in the energy norm). Let u be the weak solution
to problem 2.1 and uy, be the solution to problem 2.5. If u € HE , (€2) N HPT (),
the penalty parameters are chosen as in lemma 2.8, and the Dirichlet data gp is a
continuous piecewise polynomial of at most degree p, then it holds

|||u - uh’”a < Chp’u|Hp+1(7'h)7
where 0 < C' € R is a constant independent of the mesh width h.
Proof. See [Riv08, theorem 2.13]. O

Remark 2.11. With similar but slightly different conditions for the penalty terms
og the same result can be proven without the assumption that gp is a continuous
piecewise polynomial of at most degree p; see, e.g., [DF15, theorem 2.44] for the SIPG,
ITPG and NIPG, and [Kan07, theorem 2.2.10] as well as [DE12, corollary 4.18] for
the SIPG method. O

Next, the error with respect to the L?-norm can be estimated.

21



2. Convection-diffusion-reaction problems

Theorem 2.12 (Error estimates in the L2-norm). If the assumptions of theorem 2.10
are satisfied and elliptic reqularity’ holds true for the model problem, then it holds

Hu—uth(Q) < Chp+1HuHHp+1(7~h) (S[PG),
Hu — UhHLQ(Q) S C'hp||u||Hp+1(7-h) ([[PG, N]PG),

where again 0 < C' € R is a constant independent of the mesh width h.
Proof. See, e.g., [Riv08, theorem 2.14] and [DE12, corollary 4.26]. O

Hence, the DG method converges with optimal order in the energy norm and the
L?-norm in the SIPG case and suboptimally in the L?-norm in the IIPG and NIPG
cases. On the one hand, optimal error estimates in the L?-norm for all variants can
be proven if the so-called superpenalization is used [Riv08, theorem 2.14]. On the
other hand, this may lead to more computational costs [DF15, remark 2.51].

Remark 2.13 (Optimal order for ITPG and NIPG for odd degrees). Numerically, it
can be observed that on uniform meshes the IITPG and NIPG method show optimal
converge rates for odd degrees and suboptimal rates for even degrees, i.e.,

W, if k=1 (SIPG)
|l — unl|r2(0) < Cllullgprrcr,) § PP, if p odd, K =0 (IIPG) or k = —1 (NIPG) ,
h?, if p even, Kk = 0 (IIPG) or k = —1 (NIPG)

can be observed [Riv08, p. 49]. The theoretical reason for this is still not found. On
general meshes, examples can be constructed where these methods produce suboptimal
rates even for odd polynomial degrees, showing that the estimates in theorem 2.35
are sharp [Riv08, p. 49]. ]

2.2.2. Discontinuous Galerkin formulation for convection-reaction
problems
In this section a DG formulation for the convective-reactive part of problem (2.4) is

derived, i.e., e = 0 and b # 0 a.e. in () are assumed. The problem then reads as
follows.

Problem 2.14 (Strong form of the convection-reaction problem). Let the assumptions
on the domain and the coefficient functions from problem 2.1 hold. Furthermore,
assume that there exists a pg € R, po > 0 such that

1
C—§diVbZM0

4See, e.g., [DE12, definition 4.24] for a definition of elliptic regularity.
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2.2. DG methods for convection-diffusion-reaction problems

a.e. in Q, and it is gp € { v is measurable on 02 : [, |b-nlv*ds < oo } after gp
is extended by 0 to 0.
Find a smooth enough u such that

b-Vu+cu=f in €2, (2.15a)
u=gp along I'_, (2.15Db)
O

The problem can be recast in the following weak formulation, cf. [DE12, sections
2.1.4, 2.1.6] for the derivation.

Problem 2.15 (Variational form of the convection-reaction problem). Under the
assumptions of problem 2.14, find au € V := {v € L*(Q) : b-Vv € L*(Q) } such
that, for any, v € V, it holds

Z/(b-Vu+cu)vdw—/ b~nuvdS:/fvdm—/ b - ngpv ds.
rer, VK r_ Q _

]

Unique existence of a solution to problem 2.15 does not follow from its weak
counterpart, problem 2.2, directly. Nevertheless, it can be proven.

Theorem 2.16 (Weak solution to problem 2.14). [t exists a unique solution to
problem 2.15, i.e., problem 2.14 has a unique weak solution.

Proof. See [DE12, theorem 2.12]. O

The next step is to obtain a DG discretization of problem 2.14. To this extent, it
is assumed that the exact solution is in V-N H(Ty).

To start the derivation, equation (2.15a) is multiplied with a test function v € H*(7)
and integrated over the domain leading to

Z/K(b-Vu+cu)vd:c:/vadm,

KeTy,

To incorporate information about the inflow boundary condition (2.15b) the equality

/b-nuvds:/ b-ngpvds

is subtracted yielding

Z/(b-Vu+cu)vdm—/ b-nuvds:/fvda:—/ b - ngpv ds.
K r_ Q -

KeTy
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2. Convection-diffusion-reaction problems

To achieve coercivity of the bilinear form the term

Z/EbnE[[u]]<v> ds=0

Eeg]

is subtracted that vanishes, since for v € V.N H'(7,) it holds [b- nu] = 0 [DE12,
lemma 2.14].

At this point, the method would converge, however, only suboptimal; see, e.g.,
[DE12, corollary 2.24]. Therefore, the method is stabilized by adding

S8 [ benel ) ] ds =0,

Eegfl

with some 1 > 0, which again vanishes due to [b- nu] = 0. Especially interesting are
the choices 7 = 1 and 1 = 0, resp., which in context of finite volume schemes lead to
so-called upwind fluxes and centered fluzes; see, e.g., [BMS04; DE12, sections 2.2.3,
2.3.4]. However, letting 1 be a user-dependent parameter gives the user more freedom
since, in principle, other values than zero and one might be useful as well [BMS04].

Adding the aforementioned equations leads to the discontinuous Galerkin formula-
tion for the convection-reaction problem.

Problem 2.17 (DG formulation for convection-reaction problems). For a given n > 0,
find up, € V) such that

ape(Up, vp) = Fpe(vp), for any v, € V7, (2.16)

where ap. : H'(Ty) x HY(T,) — R and Fy. : HY(T,) — R are, for v,w € HY(Tp),
defined as

ape(V, W) = Z/K(b-Vv—i-cv)wdw—/F b - now ds

KeTy, -
- bong[o] w) ds+ S 2 [ b ng| [v] [w] ds

Fpe(v) = / fudax —/ b - ngpv ds.
Q r_

O

Remark 2.18 (Consistency and Galerkin orthogonality). As for the pure diffusive
case, the problem is consistent under the assumption that the exact solution wu is in
V' N HY(Ty,). That is, assuming there is a u;, € V¥ that satisfies equation (2.16) for
every v, € VP, the Galerkin orthogonality

ape(u — up,vp) =0 for every v, € V

holds. O]
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2.2. DG methods for convection-diffusion-reaction problems

Unique existence of a discrete solution

As in section 2.2.1, after the discrete problem 2.17 is defined, it has to be verified that
it is well posed, i.e., that it exists a (unique) solution to the problem.
To this end, the following norm is defined.

Definition 2.19 (Energy norm in the convection-reaction case). For any v € H'(T3),
let |||/l : H*(Tn) — R be defined as

1 n
2 2
Il = wolloly + [ 3lbento?ds+ 322 [ b nagl oF as,
o9 g1 2B
€l
where (i is given in problem 2.14 and n > 0. This norm is also called energy norm. [l

It holds that ap. is coercive with respect to this norm, as the following lemma
states.

Lemma 2.20. Let n > 0. It holds, for any vy, € V)P,

abe(vn; vn) = Cllonllp
where C' € R is a positive constant.
Proof. See [DE12, lemma 2.27, remark 2.19]. O
Based on the coercivity, it can be proven that problem 2.17 has a unique solution.

Theorem 2.21. Let n > 0. Then, it holds that the discrete problem 2.17 has a unique
solution.

Proof. This follows from lemma 2.20 and again the discrete version of the Lax—Milgram
lemma, corollary A.6, with (Vi, || - |ln) = (VF, Illp.)s @n = abe and Fj, = Fp.. O
Convergence analysis

As before, after it is proven that the discrete problem 2.17 has a unique solution, the
difference between the exact weak solution and the discrete solution can be examined.

Theorem 2.22 (Error estimates in the energy norm). Let u be the weak solution to
problem 2.14 and uy, be the solution to problem 2.17. If u € VN HP(Q) and n =1,
then it holds

Il = unllye < OBl ovs )

where 0 < C' € R is a constant independent of the mesh width h.

Proof. See [DE12, corollary 2.32]. O
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2. Convection-diffusion-reaction problems

Remark 2.23. In the previous theorem the upwind bilinear form, i.e., n = 1, is used. If
the non-stabilized version, i.e., n = 0, is used, then the convergence rate deteriorates
to h? [DE12, corollary 2.24]. O

Remark 2.24. As proven, e.g., in [DE12, section 2.3.3|, if the mesh is fine enough,
1n = 1 and the problem is not reaction-dominated, then it is also possible to obtain
the same convergence rates in a stronger energy norm |||, that is defined, for
ve HY(T), as

1ol = Mol + > [~ “ IIb VollZa

KeTy,

In other words, the upwind DG method controls the streamline derivative even without
another special stabilization term. [

Theorem 2.25 (Error estimates in the L:-norm). Under the assumptions of theo-
rem 2.22 it holds that

lu = unll2@) < CRPFY2 |ull v 7,
where 0 < C < oo s independent of h.

Proof. See, e.g., [Kan07, corollary 1.4.14]. O

Remark 2.26. The previous theorem states that the convergence rate in the L?-norm
is suboptimal by a factor of 1/2. Unfortunately, this estimate is sharp, as shown by
Peterson [Pet91]. However, if b is constant, the mesh consists of rectangles only, and
the solution is in WP22(Q) N WPTL>(Q), then optimal error estimates can be proven
[Kan07, theorem 1.4.16]. O

2.2.3. Discontinuous Galerkin formulation for the full problem

At this point, the individual parts of the problem are examined. This section brings
it all together to formulate and investigate a DG formulation for the full convection-
diffusion-reaction problem 2.2.

Combining the discretizations of sections 2.2.1 and 2.2.2 results in the discontinuous
Galerkin formulation for the convection-diffusion-reaction problem 2.1:

Problem 2.27 (DG formulation for convection-diffusion-reaction problems). Let
k€ {1,0,—1} and o € R for all E € T, and n > 0 be given. Find u;, € V)’ such
that

ap(up, vy) = Fp(vp), for any v, € V/, (2.17)
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2.2. DG methods for convection-diffusion-reaction problems

where the bilinear and linear form ay, : H*(7;) x H'(T,) — R and F, : HY(T;) — R,
for every v,w € H'(T}), are given by

ap(v,w) = Z 6/ Vv -Vw+ (b-Vv+ cv)wde
K

KeTy
— Z 6/ (Vu) -ng[w] + k(Vw) -ng[v] ds
Eecgld B
OF 205
#7 [pl as+ Y 8 [ ol ds - [ bomowds
Eeé‘}b EJE EGS}? E E I
—Z/b-nE[[v]](w) ds+zﬁ/|b-nE|[[v]][[w]] ds,
E 2 JE
Eeg], Eeg],
. 20’E
Fy(v) .—/vadw%—/FNngds— Z €H/EVv.nEngs+ Z E[EgDvds

Eecgp Eegp

—/ b-ngpv ds.

A direct consequence of the previous sections is that the method is consistent.

Remark 2.28 (Consistency and Galerkin orthogonality). Assume that the exact solution
w is in Hp , (Q) N H?(T,). As before, the problem is consistent, and assuming there
is a up, € VP that satisfies equation (2.17) for every v, € V), it holds the Galerkin
orthogonality

ap(u — up,vy) =0, for any v, € V7.

Unique existence of a discrete solution

The unique existence of a solution to problem 2.27 follows from the unique existence
of solutions to problem 2.5 and problem 2.17. To this end, an energy norm is defined
that is the sum of the contributions of the energy norms of the individual problems.

Definition 2.29 (Energy norm in the convection-diffusion-reaction case). For any
ve HYTy), let |||l : H'(Tn) — R be defined as

2 2 2
lollf, = Ml + lloll.

where [||v]|, and ||v]|,. are defined in definitions 2.7 and 2.19, respectively. This norm
is once more called energy norm. [
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2. Convection-diffusion-reaction problems

The map |||, is a norm on V}?, which follows from |[||v|, and [|v]|,. being norms,
if op >0 forall E €&, c—div(b)/2> py>0andn > 0.

From this definition, it follows that a;, is coercive with respect to the energy norm,
i.e., there exists a 3, > 0 such that ay, (v, va) > Bul|vall;, for any vy, € V).

Lemma 2.30. Let ng be the mazximal number of facets an element K € T}, can have,
and Cy, be the constant from the trace inequality’. If n > 0, and one of the conditions

e k=1 and og > 2cC%ng for all E € Ty,
e k=0 and og > eC2nq for all E € Ty,
e k=—1andog >0 forall E €Ty,

hold, then the discrete bilinear form a; given in problem 2.27 is coercive with respect
to |-Ill,-

Proof. This is a direct consequence of lemmas 2.8 and 2.20 and the definitions of ay,
and |[[,- O

Therefore, it follows that problem 2.27 has a unique discrete solution.

Theorem 2.31. Let n > 0 and o be such that aj, is coercive with respect to ||+,
cf. lemma 2.30. Then, it holds that the discrete problem 2.27 has a unique solution.

Proof. This follows from lemma 2.30 and corollary A.6 with (V, || « |[») = (Vi Il
0

Convergence analysis

Since it is now proven that the continuous problem 2.2 has a unique weak solution u
and the discrete problem 2.27 has a unique discrete solution uy, in this section it is
investigated how large the error u — uy, is.

Theorem 2.32 (Error estimates in the energy norm). Let u be the weak solution to
problem 2.1 and wy, be the solution to problem 2.27. If u € Hf , () N HPT(Q), the
penalty parameters are chosen as in lemma 2.30, the Dirichlet data gp is a continuous
piecewise polynomial of at most degree p and n = 1, then it holds

llw = unll, < (Ce + Coch™?) W) gross (7).

where C. € R and Cy. € R are positive constants independent of the mesh width h,
but dependent on the data €, b and c, respectively.

Proof. This follows from theorems 2.10 and 2.22. [

5See, e.g., [Riv08, equation 2.1].
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Example 2.33 (Examples for C. and C.). In the literature some explicit dependen-
cies of C. and Cp. with respect to the parameters of the convection-diffusion-reaction
problem 2.1 are given:

1. Kanschat [Kan07, theorem 5.1.7] has proven in a different norm that, if kK = 1
and ¢ > 0 is constant, then it is

C. x VE, Ce o (/1Bllieqee + V')

2. Again in the SIPG case (k = 1), Di Pietro and Ern [DE12, equation (4.82)] have
proven for a slightly different method and in a slightly different norm that

CE 0.8 \/E, Cbc 0.8 (\ / ”b”[Loo(Q)}d + \/max (HCHLoo(Q), Lb)h1/2> 5

where Ly is the Lipschitz constant for b.

3. In the NIPG case (k = —1), Houston, Schwab, and Stli [HSS02] have proven in
a slightly different norm that

Cooc vz, oo o (\/IBllieipe + CLAiv (B), e, )|l ey 2)

where p? :=c —div(b)/2 >0, and C(div (b),c,u) € R is a positive constant
that depends on div (b), ¢ and p.

Note that none of the above-mentioned constants deteriorate if ¢ — 0, i.e., also the
constant in the previous error estimate does not deteriorate as € tends to zero. [

Remark 2.34. The previous theorem shows that if the diffusion is dominant, the
energy error converges with order p. On the other hand, in the convection-dominated
case, an error reduction order of p + 1/2 can be expected. [

Last but not least, the error in the L?-norm can be estimated.

Theorem 2.35 (Error estimates in the L?-norm). Under the assumptions of theo-
rem 2.32, it holds
1
u — up|| 2y < ——= (C= 4 Cpeh?) BP||u|| go+1 (79,
[ = un|2(@) \/%( : ) 1P lull g7

where pg is given in problem 2.14, and C. € R and Cp. € R are given in theorem 2.32.
Proof. Using the definitions of ||-||,. and |||, such as theorem 2.32 it follows
2 1 2 1 2 1 2
= gy = - (polle = wnlaey) < o (lhe = wallge) < - (ls = wall)

1
= % ((CE + Cbch1/2) thu”Hp+1(7~h))2 .

Applying the square root on both sides concludes the proof. [
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2. Convection-diffusion-reaction problems
1.00
0.75

; *
0.50
I'n
b 0.25

f 0.00

(a) Domain with Dirichlet and (b) Exact solution u(x,y) = sin(rz) sin(7y).
Neumann boundaries and direc-
tion of convection field.

I'p

Figure 2.4.: Domain, direction of convection field and exact solution to example 2.37.
Lines with ticks indicate Dirichlet boundary I'p and lines without ticks indicate
Neumann boundary I'y.

Remark 2.36. The previous theorem shows that the L2-error converges suboptimally
by a factor of 1 in the diffusion-dominated case and of 1/2 in the convection-dominated
case. However, it is important to mention that this is only a lower bound, and the
convergence rates might be better in practice. Especially in the diffusion-dominated
case, the convergence rate described in theorem 2.12 and remark 2.13 can often be
seen in practice. [

2.3. Numerical studies

To verify the implementation and the theoretical results of the previous sections, the
DG method (2.17) is tested in this section on examples with known solutions.

For the experiments, the in-house research software ParMooN is used [Gan+16;
Wil+417]. The sparse direct solver UMFPACK is utilized to solve the occurring linear
systems of equations [Dav04].

2.3.1. A two-dimensional problem

To begin with, the following two-dimensional example is investigated.

Example 2.37 (Sine Laplace problem in 2D). This problem is stated in the unit
square € == (0,1)% with b := (1,2)7 and ¢ := 3. The right edge connecting (1,0) and
(1,1) is set as the Neumann boundary, while on the remaining boundary, Dirichlet
conditions are prescribed; see also figure 2.4a. The right-hand side f and the boundary
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2.3. Numerical studies

conditions are chosen such that
u(z,y) = sin(mzx) sin(my)
is the exact solution which is depicted in figure 2.4b. [

To gain insight into convergence orders of the SIPG, I[IPG, and the NIPG discretiza-
tion in the diffusion-dominated and the convection-dominated regime, the diffusion
constant is chosen to be ¢ = 1 and ¢ = 1078, While the upwind discretization is
utilized for all kK € {1,0,—1}, i.e., n = 1 in (2.17), the choice of the penalty parameter
o differs between the flavors of the DG discretization. Following lemma 2.30, [Riv08,
equation (2.8)] and [HSS02|, the penalty parameters are chosen to be

eng(p+1)(p + 2), if Kk = +1 (SIPG),
op=1eno(p+1)(p+2)/2, if k=0 (IIPG),
ep?, if K = —1 (NIPG)

for all B € &, where ng is the number of edges of a cell, i.e., three for a triangular and
four for a quadrilateral mesh. The polynomial degrees p = 1,2, 3,4 are investigated.
The computations are performed on standard triangulations of the unit square; see
figure 2.5.

The results for ¢ = 1 on the triangular grid for all polynomial degrees and all
k € {1,0,—1} are shown in figure 2.6. For the SIPG discretization, the L?-error
converges optimally with a rate of p + 1 with respect to h for all polynomial degrees.
This is in accordance with theorem 2.12 and supports remark 2.36. Only for p = 3,
the rates decrease slightly between the second to last and the last refinement step,
possibly due to round-off errors. For the IIPG and NIPG discretization, it can be
observed that the methods with even polynomial degrees converge with a rate of p 41
and with odd degrees with a rate of p with respect to h, which is better than proven
but is in accordance with remark 2.13, hence supporting remark 2.36.

The convergence rates of the energy norm for all polynomial degrees and the SIPG,
the ITPG, and the NIPG method are optimal and in accordance with the theory, cf.
theorem 2.32.

(a) Triangular grid. (b) Quadrilateral grid.

Figure 2.5.: Initial grids for example 2.37.
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2. Convection-diffusion-reaction problems

+P1 +P2 +P3 +P4
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lle = wnll,
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1078

10°
1072
1071
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1078

10°
1072
10~

llw = wnlll,
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{ { { { { { { { { {
101 10%2 10® 10* 10° 10 100 102 10%® 10* 10° 10
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|l — un|| 20

Figure 2.6.: Convergence rates for different discretizations for example 2.37 with ¢ = 1
on the triangular grid. Top row: k = +1 (SIPG), middle row: x = 0 (IIPG),
bottom row: k = —1 (NIPG). Left: L?(Q)-norm, right: energy norm.

In figure 2.7, the convergence rates of all methods and polynomial degrees for
e = 1078 on the quadrilateral grid can be found. While for all methods and all
polynomial degrees, the L2-error converges with order p + 1, the energy error shows a
rate of p 4 0.5. The first rate is faster than proven in theorem 2.35, but in accordance
with remark 2.26. The convergence rates in the energy norm are expected since the
experiment is conducted in the convection-dominated regime, cf. remark 2.34.
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|l — un|| 20

|u — un|| 220

|w — un|| 20

10! 10% 10* 10* 10° 10° 107 10! 10% 10* 10* 10° 10° 107

number dof number dof

Figure 2.7.: Convergence rates for different discretizations for example 2.37 with
e = 1078 on the quadrilateral grid. Top row: x = +1 (SIPG), middle row: x =0
(IIPG), bottom row: x = —1 (NIPG). Left: L?*(2)-norm, right: energy norm.

2.3.2. A three-dimensional problem

In this section, a three-dimensional problem is solved, which can be seen as an
extension of the previous problem.

Example 2.38 (Sine Laplace problem in 3D). Let © = (0,1)® be the unit cube,

33



2. Convection-diffusion-reaction problems

<
Z§>

(a) Tetrahedral grid. (b) Hexahedral grid.

Figure 2.8.: Initial grids for example 2.38.

b= (1,2,3)", and ¢ := 3. Dirichlet boundary conditions are prescribed everywhere,
i.e., I'p = 0. The right-hand side f and the boundary conditions are chosen in
accordance with the exact solution that is set to

u(z,y, z) = sin(mzx) sin(ry) sin(7z).
O

The computations take place on the grids depicted in figure 2.8. As before, the
diffusion coefficient is set to be either e = 1 or ¢ = 1078, and the SIPG, IIPG, and
NIPG methods are tested. Furthermore, the upwind discretization is used, i.e., n = 1,
and the penalty parameter is in accordance with lemma 2.30, [Riv08, equation (2.9)]
and [HSS02] set to

2eno(p 4+ 1)(p+3)/3, if K = +1 (SIPG),
op=1q¢eno(p+1)(p+3)/3, if k=0 IIPG),
ep?, if K = —1 (NIPG)

for all £ € &, where ng is four for the tetrahedral grid and six for the hexahedral
grid. The polynomial degrees p = 1,2, 3 are used on the tetrahedral grids, whereas
p = 1,2 is investigated on the hexahedral grids.

Figure 2.9 shows the convergence history for € = 1 on the tetrahedral grid for all
flavors of the DG method and various polynomial degrees. It can be seen that the
L?-error converges with an order of p + 1 for all polynomial degrees in the case k = 1.
For the IIPG and SIPG, only the even polynomial degrees converge with a rate of
p + 1 and the odd degrees with a rate of p with respect to h. This is better than
expected from theorem 2.35 but is in accordance with remark 2.36. Furthermore, it
can be noted that the tested iterative solvers in ParMooN cannot solve the resulting
linear system of equations, which might be due to the condition number of the system.
Solving this problem on finer meshes needs to be addressed in the future.

In the energy norm, the convergence rate is exactly p, which is in accordance with
theorem 2.32.

34



2.3. Numerical studies

10°
107!
1072
1073
1074
107°

||U - Uh||L2(Q)

10°
107¢
1072
1073
10~
1075

||U —Uh||L2(Q)

10°
1071
1072 -
10—3 I
1074 L
10—5 -

|l — un|| 20

I

1 1 1 1

10

102

103 10* 10° 10
number dof

llwe = wnlll, e = wnll,

Il = wnlll,

10°
107!
1072

1073

10° |
107 |
1072

10—3 L

k=—1

1 1 1 1

10

{
102 10® 10* 10° 10
number dof

Figure 2.9.: Convergence rates for different discretizations for example 2.38 with e = 1
on the tetrahedral grid. Top row: k = +1 (SIPG), middle row: x = 0 (IIPG),
bottom row: k = —1 (NIPG). Left: L*(Q)-norm, right: energy norm.
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Figure 2.10.: Convergence rates for different discretizations for example 2.38 with
e = 107® on the hexahedral grid. Top row: xk = +1 (SIPG), middle row: xk = 0
(IIPG), bottom row: £ = —1 (NIPG). Left: L*(Q)-norm, right: energy norm.
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2.4. Summary

The results for e = 1078 computed on the hexahedral grid are depicted in figure 2.10.
As before, in the L2-norm the error for all x and all p converge with optimal order of
p + 1, which is better than proven in theorem 2.35. However, this is in accordance
with the two-dimensional results.

As before, the error in the error norm decreases with a rate of p + 1/2 for all &
as expected from theorem 2.32 since the experiment is conducted in the convection-
dominated regime.

2.4. Summary

In this chapter, convection-diffusion-reaction problems and their discontinuous Galer-
kin discretization have been introduced.

In section 2.1, the model problems have been derived. The derivation is mainly
based on the observation that the rate of change in a sub-domain equals the flux of the
quantity across the boundary plus the total amount that is destroyed or created in the
domain. Afterwards, the notion of weak solutions to these problems was introduced,
and it was investigated under which conditions a unique weak solution exists. The
proof is based on the famous Lax—Milgram lemma.

Section 2.2 has derived the discontinuous Galerkin discretization of convection-
diffusion-reaction problems. To this end, the problem was split into pure diffusion and
convection-reaction cases. It was also investigated under which conditions a unique
discrete solution exists, and it was estimated how large the error between the exact
and the discrete solution is in the L?-norm and suitable energy norms in terms of the
mesh width h.

Last but not least, numerical results have been presented in section 2.3 to verify
the implementation and the theory. In both the two-dimensional and the three-
dimensional test cases, the convergence rates have been observed to be at least what
is expected from the theory. Therefore, this indicates that the implementation is
correct and the choices of the penalty parameters are useful.
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3. On reducing spurious oscillations using
slope limiters

In the previous chapter, it is proven that the discrete solution of the discontinuous
Galerkin method converges asymptotically towards the weak solution as the mesh
width becomes smaller. However, only meshes up to a certain mesh width can be
used in practice due to physical limitations such as time, money, and memory. On
these computationally feasible meshes, both continuous Galerkin and discontinuous
Galerkin methods lead to suitable approximations of the solution to convection-
diffusion-reaction problems in the case of “moderate” diffusion constants, i.e., if the
diffusion is about as strong as the convection. However, from a practical point of
view, often convection-dominated problems with rather “small” diffusion constants
relative to the convection are of interest for which it is computationally challenging
to compute appropriate approximations [JKN18; JJ20; FJ21].

In the convection-dominated regime that is mathematically characterized by
€ < L[b]| oy with a characteristic length scale L, so-called layers in the so-
lution may occur that have to be captured correctly by numerical methods [JKN18].
These layers are small subregions where the solution obtains a steep gradient. Unfor-
tunately, in many cases, these layers cannot be resolved correctly on computationally
feasible meshes since the size of the layers is much smaller than the mesh width. For
many numerical methods, this leads to so-called spurious oscillations, i.e., physi-
cally unreasonable values such as negative concentrations, that pollute the solution
globally [JKN18; FJ21]. Figure 3.1 shows exemplary such unphysical values for
a convection-dominated problem that is given on the unit square with I'n = 050,
e=107% b= (2,3)T, ¢ = 2, and where the right-hand side of the problem and the
boundary conditions are chosen such that

1 arctan (2e7Y/2(0.25* — (z — 0.5)* — (y — 0-5)2))>
2 s

16x(1 — z)y(1 —y) (— +

is the exact solution; see also [JKS11, example 5.1] for another description of the
problem.

To counteract these spurious oscillations, often stabilizing methods are used; see,
e.g., [RSTO08, section II1.3] for an overview and [Bar+18b] for a modern approach. In
the context of continuous Galerkin methods, the streamline upwind Petrov—Galerkin
(SUPG) method or spurious oscillations at layers diminishing (SOLD) methods are
widely used to solve such problems; see, e.g., [RST08, section I11.3.2.1] and [JKO7;
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1.10

0.80
0.60
0.40
0.20
0.00
-0.19

Figure 3.1.: Discontinuous Galerkin solution with finite elements of degree p =4 to a
convection dominated convection-diffusion-reaction problem. In equation (2.17),
the parameter kK = 1, 7 = 1 and o = 9-107° for all £ € &, are used, and the
computation is performed on the mesh that originates from refining the mesh given
in figure 2.5a six times. Spurious oscillations pollute the solution that should lie
between 1.00 and 0.00.

JKO8|. These methods add artificial diffusion terms, and in doing so, they can reduce
the spurious oscillations significantly compared to plain continuous Galerkin methods.
On the other hand, a significant drawback of these methods is that they depend on
parameters for which, at most asymptotic bounds are known and which influence the
quality of the discrete solution [JKO7; Aug+11]. Some attempts have been made to
find optimal parameters a-posteriori [JKS11; JK13; KL.S19; JKW23|, but choosing
optimal parameters a-priori is still an open problem.

It is also possible to use SUPG-like stabilization schemes based on discontinuous
Galerkin methods as mentioned in [AMO09, remark 3.1]. However, the DG method con-
trols the streamline derivative without introducing another term; see also remark 2.24.

This work instead focuses on a post-processing technique to reduce spurious oscil-
lations in the discrete solution. One advantage of these techniques is that they do
not require solving a global linear or non-linear problem and therefore are compu-
tationally cheap. This is in contrast to many SOLD methods, which often require
many iterations to solve a non-linear problem; see, e.g., [JKO7]. Moreover, the
proposed post-processing techniques allow for an arbitrary polynomial degree in
the approximation. This comes in handy since, away from layers, more accurate
approximations can be obtained with higher polynomial degrees, and hence these
polynomials are favorable compared to a lowest-order discretization. However, a lower
polynomial degree is usually a good choice in the vicinity of layers. The latter is
because Sobolev norms of the analytic solution at layers scale with an inverse power
of the diffusion coefficient. Lower polynomial degrees require Sobolev norms of lower
degrees, and therefore, the influence of the inverse power on the error is smaller than
for higher-order approximations [FJ21].

The basic idea behind the considered post-processing techniques is that in the
vicinity of layers, the discrete solution gets replaced by a lower-order approximation
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3.1. Utilizing linear reconstructions across facets of mesh cells

using thereby so-called slope limiters. Changing the polynomial degree of the discrete
solution locally can be easily done with DG methods since the degrees of freedom
in a single cell are independent of the degrees of freedom of the neighboring cells.
This is in contrast to many other discretization techniques, e.g., continuous Galerkin
methods, where neighboring cells share degrees of freedom, and hence such an easy
replacement of the polynomial degree in a single cell is not possible.

To change the solution locally, a solution for a given polynomial degree must be
computed first. Second, regions have to be detected where nonphysical behavior
occurs. And third, the polynomial degree for the solution in these cells can be reduced.
Therefore, the strategy for the post-processing techniques can be summarized in the
following steps:

1. Mark the cells where spurious oscillations in the solution occur.

2. Approximate the solution on the marked cells by a lower degree polynomial
using slope limiters.

In sections 3.1 to 3.3, some already known approaches are presented that follow
the above-mentioned steps as well as further generalizations and modifications of
these methods. They are mainly presented for the two-dimensional case since a
three-dimensional extension is generally straightforward. However, the extension to
three dimensions is shortly addressed at the end of the respective sections. Last but
not least, it is notable that all methods share the property that they preserve the
mass cell wise. This is in contrast to the naive idea of just clipping the solution locally
where it exceeds the theoretical bounds. This is also explicitly mentioned for each
method presented below.

This chapter is based on [FJ21; FJ22]. The methods presented in this work are the
same, but different values for the penalty parameters op are used for the numerical
studies.

The structure is as follows: In sections 3.1 to 3.3, seven different slope limiting
techniques are presented. They differ mainly in the way the cells are marked, and
they replace the solution with a piecewise affine or constant function. In section 3.4,
the methods are tested numerically based on two classical benchmark problems. This
chapter closes with a summary in section 3.5.

3.1. Utilizing linear reconstructions across facets of
mesh cells

3.1.1. Original method

This approach was introduced by Cockburn and Shu [CS98] and described again by
Riviere [Riv08, section 4.3.2]. Originally, the method was proposed for triangular
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. bKé
K

Figure 3.2.: A triangle K with its three edge midpoints m;, ¢ = 0,1, 2, its three neigh-
bors K[, 7 =0, 1,2, and the barycenters bx+ of the triangles, K* € { K, K|, K, K} }.
Figure taken and adapted from [FJ21].

grids, but as described below, it also works with quadrilateral meshes. It is based on
the assumption that spurious oscillations in the discrete solutions only arise if they
are present in its linear part, i.e., the L?-projection of w;, into the space of piecewise
linear functions [CS98; Riv08|. The verification of this assumption is still an open
question.

To describe the procedure, some notation has to be fixed. Let K € 7T, be an
interior triangular mesh cell with neighbors K|, K{, K, where the numbering follows
the local edge or face numbering. The midpoints of the facets of K are denoted
by m;, ¢+ = 0,1,2, and the barycenter of the triangles is labeled with b where
K' e { K, K|, K|, K} }; see also figure 3.2 for a visualization.

After fixing the notation, the two previously mentioned steps of this post-processing
approach can be described. To check whether the cell K has to be marked, the cell
wise integral means U, g« = [, upda/|K*|, K* € { K, K{, K{, K} }, of u, have to be
computed. The algorithm then marks the cell K if, for at least one edge E € &,(K),
it holds that uy|x evaluated at the edge midpoint is not between the cell averages of
the two adjacent cells, i.e., if for at least one i = 0,1, 2,

up|x(my;) & [min (Eh,K,ﬂMg) — tol, max (ﬂh,K,ﬂh,Kg) + tol] ,

where tol is set to 107!, The tolerance tol is introduced from a practical point of view
to avoid marking cells due to numerical round-off errors. Note that in the original
method, this tolerance is not proposed.

For each marked cell, three affine functions L; : K —+ R, j =0, 1,2, are computed.
The functions can be written as L;(x,y) = aé + a{x + aéy, 7 = 1,2,3, and are
determined by

L;j(bx) = Unx, Lj(bkr, ) = tnx Lj(bk:,,) =tk

+1’ j+2’

where K7 := K|, and K} := KJ. These affine functions can be ordered afterwards by
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3.1. Utilizing linear reconstructions across facets of mesh cells

decreasing Euclidean norm

(af)” + (a3)”

of their affine coefficients, i.e., loosely speaking by the steepness of their gradients.

Concerning this ordering, it can be successively checked whether the affine functions
fulfill the marking criterion, i.e., if L;(m;) is between 1, jc and @, k7 Plus the tolerance
for all © = 0,1,2. If this is the case for the current affine function, then wy is
approzimated locally by L;, i.e., locally u;, gets replaced by L;, and the other affine
functions are discarded. If none of the affine functions satisfy this criterion, u, gets
replaced by its integral mean uy, k.

Remark 3.1 (Local preservation of the mass). If the solution is replaced by its integral
mean, the mass is preserved by definition. In the case that the solution is replaced by
some L;, 7 =1,2,3, it holds by the midpoint quadrature rule

ﬁ /K L;(x) da = L;(b)

since L; is an affine function. Moreover, since by construction L;(bx) = Ty, , also in
this case, the integral mean is preserved. [

Remark 3.2. It can be noted that even though this method was defined on triangles,
it can also be applied to quadrilateral meshes. Both during the marking and the
reconstruction, just a fourth edge has to be considered, e.g., during the reconstruction,
four candidates are computed for each pair of consecutive edges, and then the best
one is chosen. [

Remark 3.3 (Extension to three dimensions). In three dimensions, the marking crite-
rion works as in two dimensions. Four candidates are constructed during the recon-
struction, i.e., one for each face. They are given by L;(x,y, z) = aé + a{x + agy + agz,
7 =1,2,3,4, and their coefficients are computed using

L](bK) = ﬂh,K; L_y(bKJ/+1) = ﬂth;+1’ L](ng/Jﬂ) = ﬂh,KJ’-+27 LJ<bKJ/+3) = ﬂh,KJ/-Jrsu

where K = Kj and K = K| and K| := K). As in the two-dimensional case, the
functions are sorted in descending order according to the Euclidean norm

V(@) + (@) + (a))”

of their affine coefficients and it is proceeded as before. O

3.1.2. Modified method

The algorithm presented above has three drawbacks:
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Ky K3
Ko

Ky

Figure 3.3.: Triangulation of the domain conv{(—1,1),(1,—-1),(1,1)}. A red-
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refinement of the domain generates the triangles.

1. It may reduce overshoots while simultaneously introducing undershoots or vice

versa.

Example 3.4. Let Q= conv{(—1,1),(1,—1),(1,1) } be red-refined into four
triangles of equal size as depicted in figure 3.3. If on this domain the function
uy, is defined as

unlky = 1=z —y, un| Ky = tn| K, =0, unl iy =1,

then the previously described algorithm replaces up |k, by © +y —1/3. It can
be seen that the original function has values in [0, 1], whereas the minimum of
the modified function is —1/3. Hence, the reconstruction decreased the global
minimum in this example and introduced an undershoot.

This can happen not only for simple examples but also in practice, as it can be
seen in the numerical experiments performed in section 3.4; see, e.g., figure 3.7.

]

. Evaluating the function at the edge midpoint does not help if the oscillations

happen near a vertex.

Example 3.5. Let the domain be given as in example 3.4 and let u;, be defined
as

up|x, = —7 + 20z + 20y — 1227 — 12zy — 124%

up|, = un|x, =0, Uplry = 1.
On the one hand, calculations show @, i, = 1/3, ux(0,1/2) = ux(1/2,0) =0

and up(1/2,1/2) = 1. On the other hand, on K, the function takes values in
[—7,4/3] and should be limited. O

. The algorithm relies on neighbors and hence is a-priori only defined for interior

cells.



3.2. Utilizing weighted mean derivatives

Figure 3.4.: Virtual triangle reflected at the boundary edge which in this example is
locally the first edge. Figure taken and adapted from [FJ21].

To counteract the problem described in item 1, it might be better always to replace
the function by its integral mean. With this strategy, the extrema are strictly clipped,
but at the price that the order of approximation is more reduced. However, since the
idea is to reduce the order in the vicinity of layers anyway, it is a fair trade-off.

Regarding item 2, evaluating the function at the edge midpoint can be seen as an
integration rule for polynomials of degree one. In this view and to detect oscillations
at other points along the boundary, it could be better to check whether the integral
mean of u, along and edge lies between the cell averages of the adjacent cells plus
the tolerance. In light of example 3.5, using the integral mean along the edges, the
function uj, on Ky would have been limited, since it holds | 5, Uh ds= [ 1, Uh ds = —1.

To apply the algorithm also on boundary cells, and thus counteract item 3, the
following approach can be used: For every boundary edge E; a virtual triangle K is
constructed by reflecting the original triangle along edge F;, cf. figure 3.4. Then on
this reflected triangle, the virtual solution uy,| K 18 defined as the continuation of uy, |
from K to K which is well defined since uy|x is a polynomial. Having this virtual
cell(s) at hand, the algorithm can be applied as before, i.e., for marking the cell.

Remark 3.6 (Local preservation of the mass). Since, in the modified case, the solution
is replaced by its integral mean, the mass is preserved. [

Remark 3.7. This modification can also be applied on quadrilateral grids in the same
manner as described in remark 3.2. ]

Remark 3.8 (Extension to three dimensions). The three-dimensional case works as
the two-dimensional case. [

3.2. Utilizing weighted mean derivatives

3.2.1. Original method

Initially, this approach was introduced by Cockburn and Shu [CS98] for axis-parallel
rectangular grids and again revisited by Riviere [Riv08, section 4.3.2]. This method
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can be generalized to quadrilaterals being the image of a reference cell under affine
transformation, which is also presented here.

The idea of the generalization stems from mapped finite elements, i.e., the basis
functions and nodal functionals of a finite element are defined on a reference cell K,
and the functions and functionals on the physical cell K are given by a reference
transformation F : K — K; see figure 3.5. Hence, it seems natural to base the slope-
limiting approach on the reference cell and the transformation. Here, K := [—1,1]? is
used as reference cell. In what follows, the reference transformation is furthermore
assumed to be affine.

On K, the functions

—1 —1
oo, g) = A, £lr,y) = LAY
are defined, where F' 1}711 and F [}712 are the first and second component of the inverse of
the reference transformation F, respectively. Note that for axis-parallel rectangles,
both functions differ by a factor of 1/2 from their respective definitions in [CS98] and
equal their definitions in [Riv08, section 4.3.2].

Moreover, the functionals

1
Nk o(vp) = W/th dx,

(3.1)

mmw:a/mm@mma

K

Nio(vp) = Cg/

un(Fi(%,9))y dz

K
are defined, where the normalizing constants C; and Cy are determined by the

condition N (1) = Ng ,(§) = 1.
Locally on K, the function wu; can be expanded by
up(x,y)|k = a0k + a1 k¥ (z,y) + as k&(x, y) + higher-order terms,
where the coefficients are given by
Ao, Kk = NK,O(Uh), a1,k = NK,l(“h)a a2 Kk = NK,Q(Uh)-

By the definition of Nk, it is clear that ag g is the integral mean over cell K.
On axis-parallel rectangular grids, the coefficients a; x and as x can be seen as a
collection of the linear parts of u;, in 2- and y-direction, respectively. This corresponds
to the linear parts in Fi(1,0)- and Fi (0, 1)-direction for affine rectangular grids.

A different point of view can be achieved by clipping the higher-order terms.
Denoting the resulting affine function by u;, and the matrix of the affine transformation

by B, it holds
B (a
V~ — K 1L,LK
h 2 (GQ,K ’
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3.2. Utilizing weighted mean derivatives

Ey
E K
E,
Figure 3.5.: Reference domain K = [—1, 1)? for section 3.2 and reference transformation

Fx to physical cell K. The edges in the physical cell are given as images of the
corresponding reference edges under Fl.

and hence the coefficients can be thought of providing information on a weighted
mean derivative of uy, in K [FJ21].

It is furthermore noteworthy that neither basis functions of the higher-order terms
have to be defined nor coefficients have to be computed.

With these coefficients at hand, it can be decided whether slope limiting must be
applied on the cell K or not. To this end, it is assumed that E; == (—1,1)(—1, —1),
E, = (—1,-1)(1,-1), E, = (1, —1)(1,1), and E, := (1, 1)(—1, 1) are the left, bottom,
right, and top edge of the reference cell, respectively. Let K; be the neighbor of K
across I .= Fi(FE);), and use analog notations for K;,, K, and Kj; see also figure 3.5.

Using two user-dependent constants My, > 0 and v > 0, the adjusted coefficients

N Kn S if |ay x| < Mim,
LK = .
minmod (a1,x, ¥(ao,x, — ao,x), V(@0,x — aox,)), else,

_ ) axk, if |ag, x| < Miim,
a2 K ‘= .
minmod (az,x, ¥(ao,rx, — ao,x), V(a0 x — ao,x,)), else,

have to be computed. The minmod function is thereby given by

e
| |

In the case of boundary cells, the minmod function is applied without missing entries.
The cell K is then marked if a; i # @1 x or as x # Go k-
For all marked cells, the higher-order terms are clipped, and the adjusted coefficients
are used, i.e., uy is approzimated by

up(x, y)‘K = ao,x + 51,K¢(33» y) + 52,1{5(% y).
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3. On reducing spurious oscillations using slope limiters

Remark 3.9 (Local preservation of the mass). Following the above-mentioned algo-
rithm the solution gets replaced by some ag x + @1 x¥(x,y) + G2 k&(z,y), with some
coefficients ag i, @1 x and Gy, and ¢ and & defined in equation (3.1). Then by
construction it holds

1
m/ a0,k + a1,k (x,y) + G k& (2, y) de = ag k,
K

since [, ¥(x,y) de/|K| = Ngo() =0 and [ &(z,y) de/|K| = Nko(§) =0. And

by definition, it is ag x = Un,x, which is why the mass is preserved. O

Remark 3.10 (Extension to three dimensions). In three dimensions, the function

Filh(z,y,2)

T](xuy7z> = 9

has to be introduced that is based on the third component of the inverse of the
reference transform. Furthermore, the corresponding functional

Nics(vn) = C / on(Fi(3,3,2))2 @
K

can be defined where Cj is determined by Nk 3(n) = 1. The expansion of the solution
gets another linear term as xn(x,y, 2) added with a3 x == Nk 3(up). In addition, also
a third adjusted coefficient

_ as g, if |ag x| < Miim,
ag K ‘=

minmod (as x, ¥(ao,x, — ao,x), V(@05 — ao,x,,)),  else,

is computed for the neighbors in the third direction Ky, K3,. Afterwards, the algorithm
can be followed as in the two-dimensional case. [

3.2.2. Modified method

As before, replacing the function on marked cells by the integral mean, i.e., by ag
could be better. If the function is replaced by its integral mean, the slope is reduced
as much as possible, and therefore chances are higher that the spurious oscillations
are leveled out.

Remark 3.11 (Local preservation of the mass). The mass is preserved since the solution
is replaced by its integral mean. [

Remark 3.12 (Extension to three dimensions). As in the two-dimensional case, the
solution gets replaced by its cell integral mean. [
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3.3. Utilizing evaluations of jumps across facets

3.3. Utilizing evaluations of jumps across facets

3.3.1. Original method

This method can be traced back to Dolejsi, Feistauer, and Schwab [DFS02], who
introduced the method and further analyzed it in [DFS03]. It uses information about
the jumps of u;, along facets to detect spurious oscillations and replaces the function
locally with a constant approximation if needed.

The indicator to mark cells is based on observations from numerical studies for
lowest-order DG methods, i.e., with polynomial degree p = 1. In regions where the
solution is smooth, it holds

ZSI/HUh]]dN T / dNC’)()

Ee&r(K)N Ee&n(K)NEL

whereas in the vicinity of layers

2 e [ SFesen

Ee&n(K)N Ee&n(K)NEL

holds true.
Dolejsi, Feistauer, and Schwab [DFS03] hence deduce that, for any a € (1,5), the
quantity

H“h]] (3.2)

Ee&y, K)mSI

may serve as a smoothness indicator, and in particular, they proposed to use v = 5/2.
Precisely, they mark all the cells where it holds

ll” s> 1, (3.3)
> [

Ec&p(K)N

which corresponds to o« = 5/2 since on two-dimensional shape-regular grids it is
|K| ~ h2..

After the cells are marked, the solution is approrimated on that cells by replacing
it by its integral mean u, k.

It can be noted that this method uses the asymptotic behavior of the solution, and
therefore, care has to be taken when the denominator is large, i.e., if hx|K[*/* > 1 or
even hy|K|** > 1. Hence, this method should only be used on small cells since for
large cells, equation (3.3) might not be satisfied even if the jump is large.
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3. On reducing spurious oscillations using slope limiters

Remark 3.13. Note that this method works independently of the geometry, i.e., for
triangular as well as for quadrilateral grids. [

Remark 3.14 (Local preservation of the mass). The mass is preserved since the solution
is replaced by its integral mean. O

Remark 3.15 (Extension to three dimensions). In three dimensions a might be chosen
to lie between 1 and 6. Besides that, equation (3.2) can be used without changes. [

3.3.2. Modified method

The authors’ choice of a = 5/2 is based on their experience and experiments, but in
general other choices are valid as well. For instance, increasing a would lead to more
cells being marked, and decreasing o would result in marking fewer cells. Instead of
choosing a different value, a slightly different approach is conducted here, which is
inspired by equation (3.2).

If the discrete solution has a non-smooth behavior across just one facet aligned
with a layer, the original indicator equation (3.3) might not detect the cell correctly.
Examining individual facets might be better in this case, and if the facets of a cell
are of much different size. In the latter, small facets might have too little impact on
the original indicator.

Having this in mind and inspired by equation (3.2), the ansatz

ar In 1u‘2 f [[uh]]2 ds
/ [[uh]]2 dS = COLU% <h_E) —_— ap = <C()L 5 E )
E

L i (%)

as an indicator is chosen, where Cy € R, Cy > 0, is a constant, L € R, L > hg, is
the characteristic length scale of the problem and ug € R, uy # 0, is a characteristic
scale of the solution. The quantity ag is computed for each facet, and for a cell K,
ag =min{ag : E € &,(K)} is deduced.

The cell K is then marked if o < aper with some reference a,es € R. As before,
the solution on the marked cells is approrimated by its integral mean.

Possible choices for L are 3/2 times the longest facet in the initial triangulation or
an adaptively chosen value of 3/2 times the longest facet of the current mesh. The
parameter uy has to be adapted to the problem and might be chosen as the largest
expected value of the solution if this is known analytically. Lastly, the constant Cj
can be used to fine-tune the limiter and has to be adapted to the problem.

In contrast to the original approach, the modified method is well defined in the
case that hgy > 1 if L is chosen appropriately. Furthermore, the method is scaling
invariant, and ag is dimensionless as expected from an exponent.

Remark 3.16 (Local preservation of the mass). The mass is preserved since the solution
is replaced by its integral mean. [
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3.4. Numerical studies

Remark 3.17 (Extension to three dimensions). In three dimensions the ansatz

2
hi\ In (g S [unl® ds)
2 o 2 2 E o 0
/E[[uh]] ds = Co L uyg (_L ) — ap= 1101 (h_E)

L
might be chosen. [

3.3.3. Derived method

Marking cells in both previously mentioned methods is essentially based on the
magnitude of the square of the integral of the jump of the discrete solution along an
edge E, which is nothing else than || [u] H%Q(E). Hence, with r € [1, o0], another idea
is to assess the L"(E)-norm of the jump directly. For each interior facet

B = | [un] ||LT(E)
‘_ 1
|E|r

can be computed, and a cell is marked if maxgeg, (k) Bg > Brer for some user-chosen
Bret € R. The solution is then approximated again by its integral mean.

This approach also has the advantage of being scaling-invariant, being easily
computed, and working on simplicial, quadrilateral, and tetrahedral grids, respectively.
A drawback might be that it is a-priori not clear how to choose [, which can be
adapted to the problem. The arithmetic mean value of all Sz may be a possible choice.
In [FJ22], different values for 3, are investigated, namely increasing and decreasing
the value by twice the standard deviation of all . However, the difference in the
results is small, which indicates that the arithmetic mean itself is already a proper
choice.

Remark 3.18 (Local preservation of the mass). The mass is preserved since the solution
is replaced by its integral mean. [

Remark 3.19 (Extension to three dimensions). In three dimensions, the same can be
done as in two dimensions. [

3.4. Numerical studies

In this section, the previously described limiters are tested for different standard
benchmark problems to investigate how much they can reduce spurious oscillations
compared to the standard Galerkin method (2.17). The experiments are conducted
with the software package ParMooN [Wil+17]. In the following experiments, the SIPG
discretization of the diffusive term and the upwind discretization of the convective
term in (2.17) are deployed, i.e., Kk = 1 and n = 1 are used. Inspired by [Riv08,
equation (2.8), p. 39], the last parameter is chosen to be o = eng(p+1)(p + 2), where
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3. On reducing spurious oscillations using slope limiters

ng is the number of facets of the cell. Several polynomial degrees are used namely
p=1,2,3,4. Note that in contrast to [FJ21; FJ22] a different penalty parameter is
chosen, which is why the results are slightly different.

On the one hand, the post-processing techniques can be compared to the unmodified
DG method to evaluate how much the oscillations decrease. On the other hand, it
is also helpful to compare the algorithms with an optimal one, i.e., a method that
reduces the over- and undershoots and the measures given below as much as possible
while it preserves at the same time the mass cell wise. This method is obtained by
locally replacing the solution with its integral mean in every cell.

In the numerical studied the following methods are tested:

 Galerkin: DG method (2.17) without post-processing,

e Optimal: DG method (2.17) where the solution is cell wise replaced by its
integral mean in every cell,

o LinTriaReco: Post-processing on triangular grids using locally linear approxima-
tions based on reconstructions along facets; see section 3.1.1,

o ConstTriaReco: Post-processing on triangular grids using locally constant ap-
proximations based on reconstructions along facets; see section 3.1.2,

o LinQuadReco: Linear reconstruction on quadrilateral grids following LinTria-
Reco; see remark 3.2,

o ConstQuadReco: Constant reconstruction on quadrilateral grids following Const-
TriaReco; see remark 3.7,

o LinQuadDeriv: Post-processing on quadrilateral grids using locally linear ap-
proximations based on a mean derivative, My, = 0, v = 1; see section 3.2.1,

o ConstQuadDeriv: Post-processing on quadrilateral grids using locally constant
approximations based on a mean derivative, My, = 0, v = 1; see section 3.2.2,

o ConstJump: Post-processing on any type of grid using locally constant approxi-
mations based on evaluating the jump across facets, a = 2.5; see section 3.3.1,

o ConstJumpMod: Modification of ConstJump, ayes = 4, Cy = 1; see section 3.3.2,

o ConstJumpNorm: Post-processing on any type of grid using locally constant
approximations based on a norm of the jump along facets, r = 0o, [B.f chosen to
be the arithmetic mean of all Sg; see section 3.3.3. To prevent limiting smooth
solutions, if Brs < 107!, then ConstJumpNorm is set to leave the solution
unchanged.
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3.4. Numerical studies

The choice of the parameters in LinQuadDeriv, ConstQuadDeriv, and ConstJump
are guided by the literature; see [Riv08; DFS02]. Below, the results r = oo in Const-
JumpNorm are depicted. The r = 1 and r = 2 results show only minor differences
compared to r = oco. Therefore, for the sake of brevity, they are not shown. To
approximate the L*°(E)-norm, the function is evaluated at the vertices of the edge F
and at the quadrature points of the Gauss—Legendre quadrature rule of degree 2r on
this edge.

Two measures are defined to assess the limiters’ capability to reduce spurious
oscillations. The first quantity

0SCmax (Un) = max up(Z,y) — Umax + Umin — mMin_ up(x,y) (3.4)
(z,y)€Q (z,y)€N

compares the global maximum and minimum of the discrete solution w, with the

maximum Uy, and minimum ., of the continuous solution to investigate maximal

oscillations. This measure can be negative since the boundary conditions are only

imposed weekly. In order to take more than two values into account,

0,
OSCmean uh ’771| = {max { (;,rgl/?dEXK Un ('I y) umax}

S T >

(zy)eK
is defined to assess the mean oscillations. It has the advantage of distinguishing
between solutions with a few but large oscillations and one with many oscillations
that are close to the largest oscillation. To compute 0SCpax and 0SChpean, the discrete
solution wuy, is evaluated at certain points, which are the points of the local nodal
functionals defining the continuous P,/(@), elements of the same order.

S —

\

1.00
0.80
0.60
0.40
0.20
0.00

(a) Domain. (b) Sketch of the solution.

I'p

Figure 3.6.: Domain for and sketch of solution to example 3.21 for e = 10~%. Lines
with ticks indicate the Dirichlet boundary I'p. The solution is computed with
a non-linear algebraic flux-corrected (AFC) scheme using a Kuzmin limiter; see
[Bar-+18b].
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3. On reducing spurious oscillations using slope limiters

Remark 3.20. It needs to be mentioned that even the optimal method Optimal might
have values of 08¢y and 08Chpean that are not identically zero. This is the case if the
original DG method computes a solution where the oscillations are so strong that
even the integral mean is above or below . and uy,, respectively. O

3.4.1. Application to the discrete solution to the HMM example

Example 3.21 (Convection skew to the mesh). This example is based on a standard
benchmark problem first proposed by Hughes, Mallet, and Mizukami [HMMS86]. The
problem is designed for the unit square, i.e., Q := (0,1)2. The convection field is given
by b = (cos(—m/3),sin(—7/3))" and ¢ := f := 0. The problem is augmented with
Dirichlet boundary conditions on I'p := 0f2 that are prescribed by

1, if(y=1Az>0)or(x=0 A y>0.75),
gp =
0, else.

The domain and the convection field are also depicted in figure 3.6a. [

The solution has values in [0, 1] and possesses several layers: An interior layer in
the direction of the convection starting at the jump of the boundary condition and
two boundary layers at the outflow boundary; see figure 3.6b for a visualization of the
solution. In contrast to the original problem, the discontinuity point of the boundary
condition is shifted from (0,0.7) to (0,0.75) to ensure that the discontinuity point
is at a vertex of the meshes used in this work. This is especially important for DG
methods since the smoothness of the solution might be very low in mesh cells with a
discontinuity along an edge but not at the vertices [FJ21].

The limiters are tested for e = 107* and € = 10~® on triangular and quadrilateral
meshes starting from the initial grids shown in figure 2.5.

The results of 0SCmax and 0SCmean for € = 10~* on the triangular grid are shown in
figures 3.7 and 3.8, respectively. It can be seen that even though no method reduces
the maximal spurious oscillations completely, ConstJump, ConstJumpNorm, and
ConstJumpMod decrease the oscillations significantly compared to Galerkin, of which
ConstJump behaves worse than ConstJumpNorm and ConstJumpMod, especially on
coarser grids. The finer the mesh becomes, both ConstJumpMod and ConstJumpNorm
approach the optimal method, which means that they detect the largest occurring
over- and undershoot. The smaller the polynomial degree, the earlier they detect
these cells. LinTriaReco does not significantly reduce oscy.x compared to Galerkin
and may worsen the situation, as seen for P,. ConstTriaReco also significantly reduces
the oscillations compared to Galerkin, especially on coarser meshes where it is optimal
for p = 2. However, the finer the grid becomes, the less it reduces the oscillations.

In figure 3.8, it can be observed that the mean oscillations oscyean decrease for all
polynomial degrees the finer the mesh becomes. This behavior can be expected since
the total number of mesh cells scales quadratically, whereas the number of cells in
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- Galerkin -o- Optimal —eo— LinTriaReco —— ConstTriaReco
—— ConstJump ConstJumpMod —v— ConstJumpNorm
0.8 — 1

+AH Py

0.7 1
0.6 |
0.5 *
041

0.3 {4,

0.2}

P,

0SCmax (Up)

0.1+ el - el ~ -
a i i i _0-0-9-9 i
102 10* 10%° 102 10* 10% 102 10* 106 10®> 10* 106
number dof number dof number dof number dof

Figure 3.7.: Results of oscyay for example 3.21 with e = 107 on the triangular mesh.
Methods that are not visible have values outside the range of the plot. The results
of LinTriaReco might hide the results of Galerkin.

= Galerkin -o- Optimal —eo— LinTriaReco —— ConstTriaReco
—x— ConstJump ConstJumpMod —v— ConstJumpNorm
I I I I I I I I I I
10—1 [ . \ [ - P4 |
=
2 107 * : 1 !
:
& 107° - - Si g
3
—4 | HIN B Hin i
10 &\@—u—
1 £

102 104 106 102 104 106 102 10* 106 102 10* 106
number dof number dof number dof number dof

Figure 3.8.: Results of 0SCyean for example 3.21 with € = 10~* on the triangular mesh.
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—— Galerkin -o-  Optimal —o— LinQuadReco
—— ConstQuadReco - ConstJump ConstJumpMod
—v— ConstJumpNorm - LinQuadDeriv —#- ConstQuadDeriv

I T

,%Q4 -

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

] T

0SCmax (Up)

i i el @ ) =
102 104 10% 102 104 108 102 104 106 102 104 108
number dof number dof number dof number dof

Figure 3.9.: Results of 0scpax for example 3.21 with ¢ = 107 on the quadrilateral
mesh. Methods that are not visible have values outside the range of the plot. The
results of Galerkin, LinTriaReco, LinQuadDeriv, and ConstQuadDeriv might lie on
each other.

- Galerkin -o-  Optimal —e— LinQuadReco
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Figure 3.10.: Results of 0SCmean for example 3.21 with € = 10~ on the quadrilateral
mesh. The results of Galerkin, LinQuadDeriv and ConstQuadDeriv might lie on
top of each other.
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Figure 3.11.: Results of 0sCyax for example 3.21 with € = 1078 on the triangular mesh.
The results of LinTriaReco or ConstTriaReco hide the ones of Galerkin and the
results of ConstJumpMod might be hidden by the ones of ConstJumpNorm.

the vicinity of the layer, which should be marked, scales linearly. All methods reduce
the mean oscillations 08¢yean compared to Galerkin, and ConstJumpMod and Const-
JumpNorm are again among the best ones. Both almost equal the optimal method
on the finest meshes, which indicates that they can detect almost all oscillations.
Also, ConstJump shows a significant reduction but is not as good as ConstJumpMod
and ConstJumpNorm. Furthermore, ConstTriaReco reduces the mean oscillations
on coarser levels the most for p = 2,3,4 and is also optimal for P, and P, on the
coarsest level.

Last but not least, it can be noted that the trends are in agreement with [FJ21].

Figures 3.9 and 3.10 show the results for ¢ = 10~* using the quadrilateral grid. As
before, ConstJumpMod and ConstJumpNorm significantly reduce oscp,., compared
to Galerkin, and again both are optimal on the finest meshes. ConstQuadReco and
ConstJump also improve the situation, and ConstJump even works almost as well
as ConstJumpNorm on the finest meshes. LinQuadDeriv and ConstQuadDeriv can
also reduce the maximal oscillations, and ConstQuadDeriv is even optimal on coarser
meshes for p = 3,4 and the finest mesh for p = 2, 4. Finally, LinQuadReco does not
improve the situation, and the latter makes it even worse for ().

As for the triangular case, the mean measure 0scyean becomes smaller for all methods
as the mesh becomes finer; see figure 3.10. The methods reducing the oscillations the
most are ConstQuadReco, ConstJumpMod, ConstJumpNorm, and ConstQuadDeriv
and LinQuadDeriv except for the finest level for (J3. They are almost optimal on the
finest meshes for p = 1,3 but far away for p = 4. It is concluded that they, on the
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& Galerkin -o- Optimal —eo— LinTriaReco —— ConstTriaReco
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Figure 3.12.: Results of 0SCpean for example 3.21 with ¢ = 107® on the triangular
mesh.

one hand, detect the largest oscillations but, on the other hand, miss to find many
oscillations. LinQuadReco makes almost no improvements compared to Galerkin, and
ConstJump is somewhat between LinTriaReco and ConstJumpNorm.

This also corresponds to the findings in [FJ21] except that in that paper, LinQuad-
Deriv and ConstQuadDeriv worked worse.

In figures 3.11 and 3.12 the results of 0SCpax and 0SCmean, resp., for € = 1078 on
triangular grids are shown. As for the larger diffusion constant, ConstJumpMod
and ConstJumpNorm reduce oscpa, the most compared to Galerkin, of which the
latter one works better on coarser grids. It is even optimal for almost all degrees and
refinement levels. The limiter ConstJump improves the values of maximal oscillations
as well as ConstTriaReco except for P,. LinTriaReco is no improvement compared to
Galerkin (P;) or even increases 08Cmax (P2, P3, Py). Concerning oSCmean depicted in
figure 3.12, ConstJumpMod and ConstJumpNorm work the best, and the reduction
in the mean compared to Galerkin is even optimal on the finest meshes. On coarser
grids, ConstJumpNorm is better than ConstJumpMod. ConstTriaReco also improves
0SCmean and an coarser grids better than ConstJumpMod. Both LinTriaReco and
ConstJump improve the mean oscillations only slightly. The trends of these findings
agree with the results in [FJ21].

Figures 3.13 and 3.14 show the results of 0sCyax and 0SCpean for € = 1078 on the
quadrilateral grid. Unfortunately, LinQuadDeriv and ConstQuadDeriv do not reduce
the maximal oscillations compared to Galerkin for );. However, the higher the
polynomial degree, the better they work, and ConstQuadDeriv is even optimal for
@4 and on coarser meshes for (3. The method LinQuadReco sometimes improves
the values, but it increases the values on finer grids for QY3 and @)4. ConstJump
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—-— Galerkin -o-  Optimal —o— LinQuadReco
—4— ConstQuadReco —<- ConstJump ConstJumpMod
—v— ConstJumpNorm % LinQuadDeriv - ConstQuadDeriv

Q2

- Qg,?

0SCmax (Up)

i i I I I I I I I “ =——0—N
102 10*  10% 102 10* 105 10> 10* 10% 10%2 10* 108
number dof number dof number dof number dof

Figure 3.13.: Results of 0Schmay for example 3.21 with ¢ = 107® on the quadrilateral
mesh. The results of ConstQuadDeriv lie above the ones of LinQuadReco, Galerkin,
ConstJump and LinQuadDeriv.
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Figure 3.14.: Results of 0SCmean for example 3.21 with € = 107® on the quadrilateral
mesh. The results of ConstQuadDeriv lie above the ones of Galerkin, ConstJump
and LinQuadDeriv.
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(a) P solution with ConstJumpMod. (b) Q4 solution with ConstJumpNorm.

Figure 3.15.: Limited solutions to example 3.21 on the fourth level for € = 1078, The
solutions are projected to piecewise linear or bilinear functions by the visualization
software.

reduces the oscillations if the grid is fine enough but does not help much if the grid
is coarse. ConstQuadReco also reduces the maximal oscillations, but it shows a
constant behavior after a few refinements. On the other hand, ConstJumpMod and
ConstJumpNorm show the best results with an optimal reduction if the mesh is fine
enough. On coarser grids, ConstJumpNorm is again better than ConstJumpMod
and even optimal. Those methods are also the best ones with respect to 0SCyean,
both approaching Optimal the finer the mesh becomes, as seen in figure 3.14. Only
ConstQuadReco on coarser grids is slightly better for p = 2, 3,4. LinQuadDeriv and
ConstQuadDeriv also show a reduction compared to Galerkin, especially the higher
the polynomial degree is. For ()3 and ()4, ConstQuadDeriv is optimal on almost all
levels. ConstJump shows almost no reduction compared to Galerkin. Lust but not
least, LinQuadReco reduces the mean oscillations moderately compared to Galerkin.
The results are similar to the one obtained in [FJ21; FJ22].

In figure 3.15, two selected numerical solutions of approaches that lead to good
results are shown. Since the boundary conditions are imposed weakly, the boundary
layers at the outflow boundary are absent. In the left solution that is limited with
ConstJumpMod, some under- and overshoots remain because the corresponding cells
are not marked. All cells in the layer are correctly marked in the right solution gained
by applying ConstJumpNorm. As a result, almost no over- and undershoots are
present.
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b
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(a) Domain. (b) Sketch of the solution.

Figure 3.16.: Domain for and sketch of the solution for ¢ = 107® to example 3.22.
Lines with ticks indicate the Dirichlet boundary I'p, and lines without ticks indicate
the Neumann boundary I'y. The solution is computed with a non-linear algebraic
flux-corrected (AFC) scheme using a Kuzmin limiter; see [Bar+18b]

3.4.2. Application to the discrete solution to the Hemker example

This example takes values in [0, 1] which can also be seen in a sketch of the solution;
see figure 3.16b. Again ¢ = 10™* and £ = 107® are chosen, and the computations take
place on a mesh where the initial grid can be seen in figure 3.17.

Example 3.22 (Hemker problem). The second benchmark problem defined first by
Hemker [Hem96] is stated in Q := {(=3,9) x (=3,3)} \ {(z,y) : 2*+y* < 1}, with
the coefficients b := (1,0)7 and ¢ := f := 0. The problem is augmented with Dirichlet
boundary conditions with gp := 0 at * = —3, with gp = 1 at the circular boundary
given by z € [—1,1] and y* = 1 — 22. Homogeneous Neumann boundary conditions
are prescribed on all other boundaries; see figure 3.16a.

This example models the transport of a quantity, e.g., temperature, through a
channel. The quantity of interest flows in the direction of the convection field starting
at the circle and spreads out due to diffusion. [

In figures 3.18 and 3.19 the results for ¢ = 10~ are shown. The best results are
achieved with ConstJumpMod and ConstJumpNorm, which lead to almost equal

Figure 3.17.: Initial grid for example 3.22.
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Figure 3.18.: Results of 0scmax for example 3.22 with ¢ = 10~*. Methods that are not
visible have values outside the range of the plot. The results of ConstJumpNorm
lie above the ones of ConstJumpMod.
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Figure 3.19.: Results of 0SCpean for example 3.22 with ¢ = 1074
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Figure 3.20.: Results of 0scpax for example 3.22 with ¢ = 1078, Methods that are not
visible have values outside the range of the plot. The results of ConstJump might
lie above the ones of Galerkin and ConstTriaReco.

values. They are also optimal on the finest meshes, and for P,, almost all oscillations
are removed. LinTriaReco for all degrees shows almost no improvement at all. The
methods ConstTriaReco and ConstJump are better than Galerkin but far from optimal.
For the second quantity of interest oscyean, again ConstJumpMod and ConstJump-
Norm reduce the oscillations the most, followed by ConstTriaReco, which in turn is
better on coarser grids. Only on the finest grid, ConstJumpMod and ConstJumpNorm
come close to the optimal reduction of oscillations. The other methods also reduce
the mean values as expected but much less than the best ones.

For ¢ = 1078 the results are shown in figures 3.20 and 3.21. Concerning 0SCpyax,
ConstJump does not improve the values compared to Galerkin, and LinTriaReco
again increases the maximal oscillations. ConstTriaReco also slightly decreases 0scpax
for odd degrees and notably reduces the oscillations for even degrees on coarser grids.
The best methods are ConstJumpMod and ConstJumpNorm, where ConstJumpMod
is slightly better than ConstJumpNorm on medium fine grids. They both are optimal
on the finest grids and ConstJumpMod is also already optimal on coarser grids for odd
degrees. Also for oscpean the method ConstJump does reduce the mean oscillations
only slightly (P;) or almost not at all (P2, P3,P;). The methods LinTriaReco and
ConstTriaReco improve the values but not as much as ConstJumpMod and Const-
JumpNorm, which in fact, are again the best methods. They are on the finest meshes,
also optimal for p = 1,2 and almost optimal for p = 3,4. Similar results are also
obtained in [FJ21; FJ22].

In figure 3.22, two limited solutions are depicted. It can be observed that in the
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Figure 3.21.: Results of 0SCmean for example 3.22 with € = 1078,
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(a) Ps solution with ConstTriaReco. (b) P; solution with ConstJumpNorm.

Figure 3.22.: Limited solutions to example 3.22 on the third level for e = 1078, The
solutions are projected to piecewise linear functions by the visualization software.

64



3.5. Summary

solution that is limited with ConstTriaReco, some cells in the layer close to the circle
are not marked, which is why the solution still possesses a notable amount of over-
and undershoots. This is not the case for the solution limited with ConstJumpNorm
as seen on the right of figure 3.22.

3.5. Summary

In this chapter, several post-processing techniques from the literature and novel
methods were presented and numerically investigated. Coming from the plain DG
solution, these methods first mark cells that detect spurious oscillations and change
the solution on the marked cells to an affine or constant approximation. These
methods are computationally cheap, and they all share the property of preserving the
mass locally, as shown above, which clearly distinguishes them from just clipping the
extrema.

The methods were tested on two benchmark problems for different diffusion coef-
ficients, meshes, and polynomial degrees. Two measures, 0SCpax and 08Cpean, Were
introduced to evaluate the methods’ performance. It can be noted that the above-
described methods that use an affine reconstruction worked worse in most cases than
methods with piecewise constant approximations. The former methods were able
to reduce the oscillations in the mean, but at the price that they sometimes even
increased the maximal oscillations. In many experiments, even the best methods could
not remove the oscillations altogether, but they reduced the oscillations significantly.
This is because the oscillations in the plain DG method were so strong that even the
integral mean is too large or too small, resp., leading to positive values of oscy.x and
0SCmean- Usually among the best and often the best methods were ConstJumpMod
and ConstJumpNorm, two novel methods. Other methods might have produced better
results for a particular setting but were worse in many other configurations. However,
all methods might be improved if the parameters they rely on are optimized for the
problem. Especially on the finest meshes, ConstJumpMod and ConstJumpNorm were
able to detect all relevant cells, i.e., they reduced the oscillations as much as possible
while preserving the integral mean. In this way, they were optimal, and improvements
for such post-processing methods are only possible on coarser meshes.

As mentioned above, some methods might be improved if their parameters are
optimized with respect to the problem. However, since even the optimal reference
method still shows over- and undershoots, reducing these oscillations in the plain DG
method might be more beneficial before further improving the slope limiters. One
option in that direction would be to optimize the plain solution with respect to the
stabilization parameter op in the same light as it was done, e.g., in [JKS11; JK13;
KLS19; JKW23].
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4. Deep neural networks as spurious
oscillations detector

Within the last two decades, deep learning techniques in general and neural networks
especially started to reveal their full potential. They are frequently used in many
scientific fields as well as in businesses, and a world without them is nowadays hard
to imagine; see, e.g., [GBC16; Sar21; HH19] for applications and state-of-the-art
techniques. Due to their ability to be universal function approximators [HSW89;
Cyb89; GBC16, chapter 6.4.1], they can approximate highly non-linear mappings or
even mappings without a known representation.

Their ability to approximate unknown mappings can also be exploited in the
context of numerical methods for initial-boundary value problems, and there exist
already many papers that do so; see, for instance, [Jos+21; MLR21; SC21; BFM19;
vWR21; Kar+21]. In this chapter, a way is drawn to combine neural networks with
ideas of the slope limiters introduced in the previous chapter. Similar ideas have
already been presented in [RH18; RH19; Liu+19; VA18; AH20; Mor+20; Bec+20].
However, these publications deal with discretization schemes for hyperbolic (systems
of) equations, mainly Euler’s Gas equations. Therefore, the goal of this chapter is to
extend these results to convection-dominated convection-diffusion-reaction problems,
i.e., the construction of a neural network-based slope limiter for these problems.

Let us shortly recall the essential ingredients of classical slope limiters: In the first
step, they mark cells where the solution might show spurious oscillations. Afterwards,
the solution is changed locally on these cells. However, marking cells is not unique
to slope limiters. For instance, in adaptive refinement strategies, cells have to be
selected where the error of the discrete solution to the exact solution is large, and in
parameter-dependent methods like SUPG or DG methods, parameters for every cell
need to be chosen. Therefore, many applications would benefit from a black box that,
given some features of the solution, predicts a particular output, e.g., whether a cell
is marked or not or how to choose a particular parameter. Hence, what is presented
and the understanding gained in this chapter has to be viewed in a broader field of
use cases.

This chapter is structured as follows: In section 4.1 the basic ideas of a particular
type of neural network are explained including their construction and how they are
trained to approximate a particular mapping. Afterwards, section 4.2 deals with how
the data set is constructed with which in section 4.3 multilayer perceptron models
are trained. Their quality is measured, and the best is applied to the solution to
the HMM and the Hemker example in section 4.4. This chapter finally ends with a
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summary given in section 4.5.

This chapter’s primary results and content are also published in the preprint
[FHJ22]. Only in the numerical examples, a slightly different set-up is used compared
to that reference.

4.1. Basics of multilayer perceptron models

Deep neural networks are a machine learning technique to approximate a possibly
unknown mapping f : X — ), where X C R", Y C R™ and n,m € N [GBCI16,
pp. 1-8]. There exist different types of neural networks, e.g., convolutional neural
networks, recurrent neural networks, or generative adversarial networks, to name just
a few. However, in the following so-called multilayer perceptrons (MLPs) are used
and hence introduced, cf., e.g., [HH19; GBC16, chapter 6] for different presentations.

4.1.1. Structure of multilayer perceptron models

MLPs consist of £ € N so-called layers, which itself are build from n; € N, i =
1,2,...,¢, nodes. They are also often referred to as neurons, and each represents
a scalar value. The ith layer takes some input and returns some output @[i] e R™.
The first layer, the so-called z'nput layer, is special since it only represents the input
x € R”, ie., n; = n, and @1 = a. All subsequent layers take as input the
output Q[i_l] e R¥-17=23,...,¢, of the prev10us layer and perform the followmg
computations to return the Current outﬁ)ut y . The jth node, j = 1,2,...,n;, in the
1th layer returns the jth component yj of the current layer of ¢y il by

(5 = o (S ) e )
k=1

H € R are called weights, b[ € R is the jth component of the so-called

H

bias and o;

where w;

: R — R is a non-linear mapping called activation function. While all
intermediate layers, i.e., layers where ¢ = 2,3,...,/ — 1, are called hidden layers,
the last layer is referred to as the output layer and has, therefore, n, = m nodes.
Furthermore, the output of the last layer g may be denoted by ¢. Equation (4.1)
can be more compactly written in matrix form as

i (@[i*”) — ol (WH@Z 14 b”) e R™ (1=2,3,...,0),

where Wl e Rrixni-1 collects all weights, ) € R™ is the bias vector, and ol?
R™ — R™ is the component wise defined activation function.
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input hidden hidden output
layer layer layer layer

Figure 4.1.: Representation of a multilayer perceptron that maps from R? to R? with
two hidden layers of size 4 and 3, respectively. The value in the nodes is computed
by equation (4.1), and the arrows indicate which quantities of the previous layer
are used to compute the value in the respective node.

Altogether, given an input & € R” an MLP returns an output ¥ given by

g(2) =5 (3 (57 (@) .))
_ ol (W[aaw—u (W[f—u ol (me . b[z]) o b[e—ﬂ) I bm) .

MLPs can be parametrized by their so-called architecture, i.e., their respective
number of hidden layers, nodes per layer, activation functions, weights, and biases.
While the latter two are often referred to as parameters, the former are called
hyperparameters.

Figure 4.1 shows a typical representation of a multilayer perceptron with ¢ = 4
layers (input, output, and two hidden layers) and ny = 2, no = 4, n3 = 3, ngy = 2
nodes per layer. Examples of activation functions are the commonly used exponential
linear unit (ELU) function, the hyperbolic tangent tanh, and the sigmoid function.
They are given by

e* —1, ifxz <0,
ELU(z) = {x olse (4.2a)
et —e
tanh = — 4.2b
anb(r) = & (1.20)
1
sigmoid(x) = gyt (4.2c)
e xT

and are depicted in figure 4.2.
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Figure 4.2.: Different non-linear activation functions given in equations (4.2a) to (4.2c).

4.1.2. Training process

To reach the goal that an MLP with given hyperparameters approximates an unknown
function, the parameters have to be adapted correspondingly. This is done in a process
called training. There exist different training strategies, e.g., supervised, unsupervised
and reinforcement learning; see also [GBC16, pp. 103-104]. In the following, the
supervised training technique is introduced. To approximate the unknown function
f X — )Y a finite data set D C X x ) is needed. This set is made up from
pairs (x;,y;) € D, i € N, of features x; and labels y, == f(x;). Let p denote the
parameters of an MLP, i.e., the collection of all weights and biases. In the training
process, the parameters are adapted or rather optimized to minimize a given loss
functional £ that maps a concrete choice of parameters to a real number. For instance,
if Y ={0,1} a typical loss functional is the so-called binary cross-entropy loss given
by

LpiD) =~ S wlog (B) + (1 i) log (1 - 5). (4.3

where N denotes the number of examples in the data set D, y; is the ith label in the
data set and 7; the output of the MLP for the corresponding feature ;. Note that
the loss functional also depends on the chosen data set. The parameters are then
updated iteratively by some optimization routine. In the case of gradient descent,
they are updated in each step by

p — p—nVpL(p;D),

where 0 < n € R is a positive step width that is often referred to as learning rate, and
V,p denotes the partial derivatives with respect to the parameters.
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4.2. On the data set

The data set is crucial for training an MLP because the parameters are chosen such
that the MLP fits the data as well as possible. In this chapter, MLPs are created,
which try to mimic the behavior of the post-processing techniques from chapter 3. It
is advantageous to rewrite the techniques to obtain a better description of the data
used to train the MLPs. Refining the steps on page 41, the post-processing techniques
consist of

1. marking suspicious cells by
a) computing (cell wise) features of the solution,

b) based on the features deciding whether to mark a cell or not, and
2. replacing the solution locally on all marked cells.

To this extent, the function F; : V' x T, — R™ that maps locally a discrete function
to n; € N features, and a decision-maker function M, : R™ — {0,1} can be defined,
which encode items la and 1b, respectively. The post-processing techniques then can
be rewritten as mappings [ : V7 — V}P that are cell wise defined on a cell K € T, as

Hun)lk = {WK’ it My (Fi (un, K)) =0,

Ik (up), else,

where up, € VP, and I, x : V' — R, is a local reconstruction function.

The different post-processing techniques from chapter 3 can now be recast by
defining the corresponding mappings. Since in this chapter only LinTriaReco, Const-
TriaReco, ConstJumpMod, and ConstJumpNorm are used, they are recalled in the
following. However, for the other methods, the definition of corresponding mappings
would be possible as well.

LinTriaReco To reformulate LinTriaReco, let the notation be as in section 3.1.1, and
tol € R be a positive tolerance. The feature mapping Firr(us, K) of LinTriaReco is
given by

Frrr(un, K) = { Uy, unlx(mo), Unxrs unlx(mi), Tnxy, unlx(ma), Un s, tol }

(4.4)

and it is nytr = 8.
Let [a, b;tol] := [min (a,b) — tol, max (a,b) + tol], a,b € R, be a closed interval.
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The decision-maker function My can then be defined as
1, f&E(K)NIE, =0 A

(uh|K(m0) ¢ [Un,k;, Un s tol] V
Muyrr(Frrr(un, K)) = up|(m1) ¢ [ﬂh,fq,ﬂh,K;tOl} \4 (4.5)

up|x (Mm2) ¢ [ﬂh,Ké,Uh,K;toﬂ ;

p

L0, else.

For the sake of brevity, the reconstruction procedure is not recapitulated; see
section 3.1.1 for details.

ConstTriaReco Recasting ConstTriaReco from section 3.1.2 works as follows: The
feature mapping is defined as

= _By  — —_B _By —
Forr(un, K) = { U iy, W%, Uy Uy'ier Uniys Upxer Uni, tol}, (4.6)

where ﬂfK = fEl up|k ds/|E;| is the integral mean along edge E; € &,(K), 1 =0,1,2.
It follows that ncrr = 8.

The corresponding decision-maker function is given by
(

1, if @ % ¢ [Unxy, Unx;tol] V

ﬂEl u, "y u, > tol V
MCTR(ICTR(U;L,K» — iEL,K ¢ [ h,K' > Uh,K } (47)
U4 & (i, Ui tol]

0, else.

\

To reconstruct the solution, Herr i (un) = Up i is used; see also section 3.1.2.

ConstJumpMod This post-processing technique from section 3.3.2 has as feature
mapping

Foemn(un, K) = { ag,, g, ap,, et |, (4.8)

where F; € &,(K), i =0,1,2. Hence, it follows that ncyy = 4.
The decision-maker function for ConstJumpMod is given by

Megm(Feam(un, K)) = (4.9)

1, if min;—p120ap < ouef,
0, else.

By the definition of ag,, they may be of infinite value, which is problematic from an
implementational point of view. To circumvent this, these values can be changed to
aref Without modifying the outcome of My

The solution on the marked cells is then approximated by eym i (un) = Tp K, i-€.,
by its integral mean.
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(a) Regular grid. (b) Irregular grid.

Figure 4.3.: Initial meshes for creating the data set described in section 4.2.1.

ConstJumpNorm To rewrite the method from section 3.3.3, the decision-maker
function

Feax(un, K) = { Bry, Bers Beys Pret } (4.10)

where E; € &,(K), 1 =0,1,2, can be defined which implies ngyn = 4.
The decision whether to mark a cell or not is based on

1, if max;—01,2 BE, = Bret,

4.11
0, else ( )

Mean (Fean(un, K)) = {
and the solution is replaced by ey x(up) = Up k-

4.2.1. Generating the data set

The concrete idea is to approximate the decision-maker functions Mptr, Mcrr,
Meym and Mgy by MLPs. Therefore, data is needed consisting of pairs of features
of the respective post-processing technique and the corresponding label 0 or 1, i.e.,
the output of the respective decision-maker functions.

To generate the data, the discrete solution to the HMM example given in exam-
ple 3.21 is computed on a series of uniformly refined meshes starting with the initial
meshes depicted in figure 4.3. Note that the solution to this problem has the property
that it is piecewise constant in most parts of the domain. This is also true for the
second benchmark problem defined in example 3.22, but in general, this is not the
case for the solutions to convection-diffusion-reaction problems. On each refinement
level, after the discrete solution has been calculated, the features of LinTriaReco,
ConstTriaReco, ConstJumpMod, and ConstJumpNorm and the corresponding labels
are stored for every cell. This way, many data can be created fast since the number
of cells scales quadratically in two dimensions when the grid is refined. This path is
possible because the decision-maker functions act only locally.

To create the data, the diffusion coefficient e = 1078 is applied, and the solution is
approximated by discontinuous linear finite elements P;. The same parameters as in
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the beginning of section 3.4 are chosen, i.e., k =n =1, 0 =eng(p+ 1)(p+2) = 18¢,
tol = 10711, Cy =1, L = 1.5,, ug = 1, e = 4, 7 = 00 and fief is the arithmetic
mean of all f.

Rotation invariance of the data

Some of the features that are used in equations (4.4), (4.6), (4.8) and (4.10) are
either related to neighbors of the cell or edges in the cell, which is why the features
depend on the numbering of the neighbors and edges, respectively. To counteract
this dependency, every data point is stored three times, namely for each particular
counterclockwise numbering of the edges.

Magnitude invariance of the data

The features of the data set are tuples consisting of several components. Often
data sets are scaled or normalized component wise but not feature wise to introduce
some sort of magnitude invariance of the data; see, e.g., [AH20] for an example. In
other words, the first component of each feature is scaled independently of the other
components of the same feature but dependently on the first component of all other
features. The same holds for all other components of the features as well. Using this
scaling method, the ratio of the components within each particular feature changes.
Since the decision-maker functions described above compare the magnitude of the
components of each feature with other components of the same feature, inconsistent
data can be introduced if the features are scaled component wise. The data might be
inconsistent in the sense that the stored label does not fit to the feature anymore.
Therefore, in contrast to the previously mentioned reference, the features are not
scaled in this work to prevent this inconsistent state.

4.2.2. Restricting the data set

With the above-mentioned recipe, much data can be generated since every cell yields
three data points. To be precise, the generated data set consists of 4,456,437 data
points that result from refining the regular grid nine times and the irregular one eight
times. Unfortunately, there are many duplicates in the data set. They stem from the
property of the solution being piecewise constant in huge parts of the domain resulting
in equal data points. This might be the case for the data of an individual limiter
but also for all limiters simultaneously. These duplicates are removed to prevent the
MLP from overfitting the duplicates, i.e., learning a pattern characteristic to these
duplicates that do not generalize to unseen data. Therefore, duplicates are removed
depending on the concrete numerical examples described below.

Moreover, it can be observed that even after removing the duplicates, there are
significantly fewer marked cells than not-marked cells. For instance, after removing
the duplicates for the data of LinTriaReco, 77% of the data points have label 0, and
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23% possess label 1. If the whole data set is considered, it can be observed that data
points where all limiters have agreed not to mark a cell are way more common (93.6%)
than points where at least one limiter has marked the cell (6.4%). It is well known
that it can be challenging to train MLPs on heavily unbalanced data sets, resulting
in worse approximations of the underlying function compared to balanced data sets
[Kub21, section 11.2]. To have a better-balanced data set, the set is further restricted.
If a single limiter is learned, the number of data points labeled 0 is reduced to equal
the number of marked cells in the set. If several limiters are treated simultaneously,
the amount of the combination where all limiters do not mark the cell is reduced
to the second most occurring combination of labels. Either way, the removed data
points are chosen randomly with a fixed random seed to guarantee reproducibility.

4.2.3. Splitting the data set

When applying the previous two steps, the data set becomes smaller but still contains
hundreds of thousands of data points. This is useful on the one hand since the more
data points exist, the more likely it is to approximate the function lying behind the
data. On the other hand, the larger the data set, the longer the optimization takes
during the network training. Therefore, the optimal set would consist of as few data
points as possible representing all essential features of the function. The previous
steps are already an attempt in this direction, i.e., to shrink the data set by dropping
data points that bring no new information. Nevertheless, a smaller set might be
helpful to speed up the computation further. Therefore, a subset of 7,500 data points
is randomly chosen to be the so-called training data for the networks.

When MLPs are trained, the networks may fit the training data very well, but they
do not generalize well to unseen data; a process which is called overfitting; see, e.g.,
[GBC16, section 5.3]. One method to prevent overfitting is introducing a so-called
validation set for which another 1,875 data points are chosen. After every training
step during the optimization of the MLPs, the value of the loss functional for the
validation set can be computed. During the beginning of the training, the value of the
loss functional decreases, as well as the value for the training set. However, at some
point, the former value stays constant or even increases while the latter continues to
decrease. At this point, the training can be stopped to prevent overfitting.

Finally, the so-called test set can be introduced that in this work consists of the
validation set and all remaining data points. After the optimization has stopped,
the networks are applied to the test set to measure the overall performance of the
networks.
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4. Deep neural networks as spurious oscillations detector

4.3. Numerical studies on training multilayer
perceptron models

The MLP networks are implemented within the TensorFlow framework [Aba+15;
Dev22], an open-source library for deep learning. To open and deploy trained networks
in ParMooN, CppFlow [Izq22] is used.

For many problems, the optimal architecture of an MLP to approximate the problem
is unknown a-priori. A common way to figure out the architecture is to try various
combinations of hyperparameters. The hyperparameters tested in this chapter are
given in table 4.1, leading to 360 combinations. A particular choice of hidden layers
refers to the number of nodes in the hidden layer, e.g., [96, 48, 28] encodes that the
MLP has three hidden layers with 96, 48, and 28 nodes, respectively. The number of
nodes in the input and output layer is given by the different tasks and is specified
in the examples below. Two different activation functions are tested for the hidden
layers, namely ELU and tanh, given in equations (4.2a) and (4.2b). The activation
function of the output layer is specified in the concrete experiment. While the biases
are initialized with 0, the weights are initialized based on Glorot initialization [GB10].
Fixed random seeds are used to have a deterministic initialization behavior such that
the initial weights are reproducible.

During the optimization of the parameters, the minibatch stochastic gradient
descent [HH19; GBC16, section 8.1.3] and the Adam [KB14] algorithm are used
with TensorFlow’s default values except for the learning rate. In the context of deep
learning, an epoch usually denotes a complete cycle through the whole training data
set. The MLPs are trained for at most 10,000 epochs, but the training is stopped
earlier if the loss of the validation set has not decreased within the last 100 epochs.
Afterwards, the model with the best accuracy is selected.

The numerical experiments strongly follow the experiments in [FHJ22] except
for the chosen hyperparameters. In the present work, different hidden layers and
initialization seeds are used as well as one learning rate less, and the ELU activation
is employed instead of ReLU, cf. [FHJ22, table 1].

4.3.1. Measuring the performance

After the MLPs are trained, their quality has to be assessed. To this extent, the
measures,

t, +t,
accurac acc == ,
Y ty+ fottnt fn
. t,
precision pre = ,
tp + fp
t
recall rec = P
tp + f n
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4.3. Numerical studies on training multilayer perceptron models

Table 4.1.: Set of hyperparameters used in section 4.3.2. This gives in total 360
combinations of hyperparameters.

hidden layers [96, 48, 28], [55, 55, 55], [96, 48, 28, 14], [45, 45,45, 45],
[96, 48, 28, 14, 7], [40, 40, 40, 40, 40]

learning rate 0.001, 0.0005, 0.0001, 5-107°,1-107°

batch size 32,64, 128

activation ELU, tanh

initialization seed 20, 21

are introduced, where ¢, stands for the true positive, ¢,, denotes the true negative, f,
are the false positive and f, are the false negative classifications. Accuracy measures
how well a network performs over all classes by computing the ratio of correctly
classified data to all data. The second measure assesses the ratio of correctly positive
classification and all positive classifications. Last but not least, recall investigates the
proportion of positives identified as such.

To reduce spurious oscillations, it is worse not to detect a cell that should be
marked than marking a cell that should not be. Therefore, recall is considered more
important than precision. To combine the above-mentioned measures to a single
rating, r is introduced, which is defined as

2 + ! + 2 (4 12)
Tiot ‘= —acc + —prc + —rec. .
tot 5 5p 5

Here, acc, prc and rec are computed based on the above mentioned test set.

4.3.2. Approximating the decision-maker functions
Approximating the functions individually

The first experiment investigates whether it is possible with MLPs to approximate
the decision-maker functions of LinTriaReco, ConstTriaReco, ConstJumpMod, and
ConstJumpNorm from equations (4.5), (4.7), (4.9) and (4.11). To this extent, the
data is preprocessed for each limiter as described in sections 4.2.2 and 4.2.3. The input
layer has the size of the number of features of the respective limiters, i.e., eight for
LinTriaReco and ConstTriaReco and four for ConstJumpMod and ConstJumpNorm.
Since all decision-maker functions map to { 0,1}, only a single node is present in the
output layer, and the sigmoid activation function (4.2¢) is used in that layer. The
binary cross-entropy loss given in equation (4.3) is applied to optimize the parameters.
After the MLPs are trained, their performance is measured by equation (4.12) based
on the test set.

The results for all configurations are shown in figure 4.4, where each particular
configuration of hyperparameters is assigned a unique number from 0 to 359 to
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Figure 4.4.: Ratings of all configurations of MLPs after being trained to approximate
the decision-maker function of individual limiters. The values of MLP(ConstJump-
Mod) lie behind the ones of MLP(ConstJumpNorm).

distinguish them. The results for the MLPs that approximate the decision-maker
function of LinTriaReco and ConstTriaReco achieve similar total ratings, as well as
the MLPs that approximate ConstJumpMod and ConstJumpNorm. Furthermore,
the former MLPs have a significantly worse total rating than the latter. The MLPs
that approximate LinTriaReco and ConstTriaReco with the best rating have a value
of 0.737 and 0.742, resp., compared to the best ratings of the ones that approximate
ConstJumpMod (0.998) and ConstJumpNorm (0.997); see also table 4.2. In addition,
the mean rating for the latter is significantly higher, and the standard deviation
is about a factor of 45 smaller compared to the standard deviations of the former.
Hence, it can be concluded that the decision-maker functions of ConstJumpMod and
ConstJumpNorm can be approximated better with these configurations than the
ones of LinTriaReco and ConstTriaReco, which is in agreement with the findings in
[FHJ22, section 4.2]. There is a pattern of hyperparameters for which the MLPs can
approximate LinTriaReco and ConstTriaReco better than others. Table 4.3 shows

Table 4.2.: Statistics of total ratings of MLPs that approximate the decision-maker
function of individual limiters. LTR, CTR, CJM and CJN are abbreviations for Lin-
TriaReco, ConstTriaReco, ConstJumpMod and ConstJumpNorm, resp., standard
deviation is abbreviated by std.

Tt MLP(LTR) 7ot MLP(CTR) rioy MLP(CIM) o MLP(CJN)

max 0.737 0.742 0.998 0.997
mean 0.642 0.654 0.996 0.996
std 0.044 0.046 0.001 0.001
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4.3. Numerical studies on training multilayer perceptron models

Table 4.3.: Pearson correlation coefficients between the hyperparameters and the
total ratings of MLPs that approximate individual limiters. LTR and CTR are
abbreviations for LinTriaReco and ConstTriaReco. Colors indicate the magnitude
of the values.

Ttot MLP(LTR) Ttot MLP(CTR)

hidden layers 0.112 —0.067
learning rate _ 0.598

batch size —0.103 —0.117
activation 0.098 —0.041
initialization seed —0.052 0.035

the Pearson correlation coefficients between the hyperparameters and the ratings of
the MLPs that approximate LinTriaReco and ConstTriaReco. The most significant
impact has the learning rate, where the values indicate that the smaller the learning
is chosen, the worse the results are, which might explain the pattern in figure 4.4.
This effect might be reduced if the MLPs are trained significantly longer than 10,000
epochs with small learning rates.

Approximating LinTriaReco

This experiment describes overcoming the difficulties approximating the decision-
maker function of LinTriaReco. The idea is to train MLPs to take as input all features
of all limiters and return the label of LinTriaReco. Therefore, the input layer consists
of nyrr + nerr + noym + negny = 8 + 8 + 4 + 4 = 24 nodes and the output layer of
a single node. Again the activation function in the output layer is chosen to be the
sigmoid function, and the binary cross-entropy loss given in equation (4.3) is used
during the training. The data that consists of all features of all limiters and the label
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Figure 4.5.: Ratings of all configurations of MLPs after being trained to approximate
the mapping from all features of all limiters to the label of LinTriaReco.
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Table 4.4.: Statistics of total ratings of MLPs that approximate the mapping from
all features of all limiters to the label of LinTriaReco. Standard deviation is
abbreviated by std.

riot MLP(LinTriaReco)

max 0.979
mean 0.977
std 0.001

of LinTriaReco is preprocessed as described in sections 4.2.2 and 4.2.3 and the total
rating defined in equation (4.12) is used to measure the performance of the trained
MLPs.

Figure 4.5 shows the results for all configurations of hyperparameters for this
experiment. It can be seen that all configurations can predict the label of LinTriaReco
significantly better compared to the previous experiment. In this experiment, the
best MLP possesses a total rating of around 0.979; see also table 4.4. This is 0.242
better than the best result of an MLP that predicts the label of LinTriaReco from
the previous experiment and is comparable to the overall best result. All tested
configurations work almost equally well, as indicated by the large value of the mean
of total ratings (0.977) and the small standard deviation of around 0.001. This is also
in agreement with the results in [FHJ22, section 4.3].

Approximating all decision-maker functions at once

The findings of the previous experiment raise the question of whether it is possible
to approximate the decision-maker functions of all investigated limiters at once. To
answer this question, MLLPs are trained to approximate a mapping from all features
of all limiters to all labels simultaneously. This problem hence can also be seen as a
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Figure 4.6.: Ratings of all configurations of MLPs after being trained to approximate
the mapping from all features to all labels of the limiters at once.
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Table 4.5.: Statistics of total ratings of MLPs that approximate the mapping from all
features of all limiters to all labels. Standard deviation is abbreviated by std.

T'tot
max 0.952
mean 0.937
std  0.007

multi-label classification task. The size of the input layer is again 24, but in contrast
to this experiment, the number of nodes in the output layer is four, i.e., one for each
limiters’ label. The activation function in the output layer is once more chosen to be
the sigmoid function such that the results of the MLPs lie in [0, 1]*. An average of the
binary cross-entropy loss accounts for four labels being approximated simultaneously.
To be precise,

N
1 1 N ~
L(p;D) = 1 Z (_N Zym log (i) + (1 — yi3) log (1 — ym))
j i=1

]:1 1=

is used as loss functional, where N denotes the number of points in the data set
D, y;; is the jth component of the ith label and ¥, ; is the jth component of the
1th prediction of an MLP. This loss functional is nothing but the average of the
loss functional from equation (4.3) of all predicted labels. The data is prepared as
described in sections 4.2.2 and 4.2.3. The measure in equation (4.12) is used to
evaluate the quality of the MLPs, where accuracy, precision, and recall are evaluated
element wise and not vector wise for the output of the MLPs.

The results of all tested configurations of hyperparameters are depicted in figure 4.6,
which indicates that all configurations achieve a good result. The best MLP possesses
a rating of 0.952, and the mean of all ratings is around 0.937, which is a little less
than the results of the previous experiment; see also table 4.5. There are differences
in the total rating between the configurations as indicated by the standard deviation
of 0.007. This can also be seen in figure 4.6 where there is a small pattern of better
and worse working configurations again. This is once more also in agreement with the
results of [FHJ22, section 4.4]. A possible explanation for the pattern is, as before,
that too small learning rates lead to worse results, as also shown by the large Pearson
correlation coefficient between the learning rate and 7. in table 4.6. This time the
used activation function influences the results moderately as well.

Remark 4.1 (Multi-class approach). It is also possible to reformulate the multi-label
problem as a multi-class problem by assigning every unique label combination a
unique number. This number can be put in a probability vector, i.e., a vector with
positive values summing up to 1, that gives the probability that the outcome belongs
to a certain label combination. The results of MLPs that are trained to approximate
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this multi-class problem achieve comparable total ratings, cf. [FHJ22, section 4.4] for
details. o

4.4. Numerical studies on applying a multilayer
perceptron slope limiter

The previous experiments only investigate how well different MLPs can approximate
the data, but they have yet to be applied to a problem in practice. This is done in
the following for the two benchmark problems given in examples 3.21 and 3.22.

To this end, the best MLP of the last experiment is used to mark cells based on
the features of the classical limiters. It has four hidden layers with 45 nodes each
and uses the hyperbolic tangent as activation function. This MLP is trained with a
learning rate of 0.001 based on a batch size of 64. The initial values of the parameters
are based on the initialization seed 20.

The MLP is trained with data that stems from linear discontinuous finite elements.
In this section, it is investigated how the MLP performs if it is applied to the discrete
solution to the HMM problem obtained with discontinuous finite elements of order
p=1,2,3,4.

4.4.1. Applying a multilayer perceptron limiter to the higher-order
solution to the HMM problem

To mark a cell, the MLP takes the features of the classical limiters as input and
predicts four labels. A cell is marked if at least ny, € {1,2,3,4} of the four predicted
labels are true, i.e., larger than 0.5. If a cell is marked, then the solution is locally
replaced by the integral mean Iyip x(up) = Ty i, since this reconstruction led to
the best results in section 3.4. These limiters are denoted in the experiments below
with MLP where nyi, € {1,2,3,4 }.

Nmin

Table 4.6.: Pearson correlation coefficients between the hyperparameters and the total
ratings of MLPs that approximate all decision-maker functions at once. Colors
indicate the magnitude of the values.

Ttot
hidden layers —0.022
learning rate -
batch size —0.137
activation 0.236

initialization seed —0.044
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Figure 4.7.: Results for example 3.21 on the regular and irregular grid depicted in
figure 4.3 for P; finite elements without post-processing and post-processed with
ConstJumpNorm and various versions of the MLP limiter.

Determining the minimum number of predicted marks

The first step determines the minimum number of predicted marks n,,;,. Generally, it
holds that the smaller n,;,, the more cells are marked. More marked cells, on the one
hand, result in less spurious oscillations, but on the other hand, marking too many
cells reduces the order of accuracy of the discrete solution and leads to a computational
overhead. Therefore, the number of predicted marks should be small enough to mark
as many cells as needed but not too small to lose accuracy. To determine a good
value for n,i,, the MLP limiter with different choices of n.,;, is applied to the discrete
P, solution to the HMM problem, i.e., the same problem from which the training
data stems; see also section 4.2.1. Hence, it can be expected that the MLP predicts
the labels correctly in most cases. The result of the limited solution is compared
to the solution post-processing with ConstJumpMod and ConstJumpNorm, which
are among the best classical limiters for this problem, as seen in section 3.4. The
measures 0SCpax and 0SCpean defined in equations (3.4) and (3.5) are used to assess
the quality of the discrete solution.

The results of the MLP limiter with various choices for n,,;, are compared with
the solution obtained with the two classical limiters in figure 4.7. It can be seen that
MLP; and MLPy produce similar results to the classical limiters, and MLP3 and
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Figure 4.8.: Results of measures of the discrete solution to example 3.21 with various
polynomial degrees on the regular grid for various limiters.

MLP, perform worse. On coarser grids, MLPy works slightly worse than MLP{, but
after a few refinements, they behave the same. This is the case for both measures and
both types of meshes. Since slightly worse results on coarser grids can be accepted,
MLP; can be seen as the best choice between fewer oscillations but not too many
marked cells.

Application to the higher-order discrete solution to the HMM problem

After having fixed the minimal number of required marks, the MLP limiter can be
applied to the discrete solutions of higher order. Again, example 3.21 is used with
the same parameters as in section 4.2.1 except for 0 = 3e(p + 1)(p + 2) that is chosen
in correspondence with the polynomial degree p = 2,3, 4.

The results for the measures 0SCpean and oscpay for both types of grids are depicted
in figures 4.8 and 4.9, respectively. Compared to Galerkin, all limiters significantly
reduce the mean and the maximal occurring oscillations on both meshes. Concerning
0SCmean ON the regular grid, the MLP limiter works slightly better than ConstJumpMod,
is worse than ConstJumpNorm on coarser grids, and just as good as ConstJumpNorm
on finer grids. The MLP limiter reduces the maximal occurring oscillations on finer
regular grids equally well compared to ConstJumpMod and ConstJumpNorm. On
coarser grids 0scpa, for the MLP limiter is worse than for ConstJumpMod for P, and
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Figure 4.9.: Results of measures of the discrete solution to example 3.21 with various
polynomial degrees on the irregular grid for various limiters.

better than for ConstJumpMod for P; and P;. Moreover, it is worse than osc., for
ConstJumpNorm on all levels. Since the MLP limiter is approaching ConstJumpNorm
as the mesh becomes finer, it is clear that it also approaches Optimal. In this sense,
the MLP limiter can be seen as optimal on finer meshes.

For the irregular grid, as seen in figure 4.9, again 0SCpean and 0scpa, for the MLP
limiter are the same as for ConstJumpMod and ConstJumpNorm on finer meshes
for all polynomial degrees. Therefore, it can also be considered optimal. The mean
oscillations for the P, and Pj solution on coarser meshes of the MLP limiter are slightly
worse than those of ConstJumpMod and worse compared to ConstJumpNorm. For
Py, the MLP limiter is better than ConstJumpMod already on medium fine meshes.
The maximal occurring oscillations of the MLP limiter are worse than those of the
classical limiters except for P, on the medium fine meshes, where it is slightly better
than ConstJumpMod but still significantly better than the pure Galerkin solution.

Altogether, it can be concluded that the MLP limiter behaves on finer grids equally
well compared to its classical companions and is also optimal. Furthermore, it is worse
than the best classical one, ConstJumpNorm, on coarser grids. A possible reason
for this can be the fact that way more training data on finer levels exists than on
coarser ones since the number of cells and hence the number of training data scales
quadratically with the refinements. The results are very similar to the findings in
[FHJ22, section 4.6.2].
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Figure 4.10.: Results of measures of the discrete solution to example 3.22 with various
polynomial degrees and for various limiters.

4.4.2. Applying a multilayer perceptron limiter to the discrete
solution to the Hemker problem

In the previous section, the MLP limiter is applied to higher-order discrete solutions to
the HMM example, i.e., the same example with which the training data was generated.
In this section, the limiter is applied to example 3.22, the Hemker problem, to see how
it behaves in a setting for which it was not trained. However, the Hemker problem
has a similar solution since it is piecewise constant in most parts of the domain and
possesses boundary and interior layers.

The parameters are chosen as in the previous experiment, ie., K = n = 1,
o =3e(p+1)(p+ 2), where p denotes the polynomial degree, tol = 107, Cy = 1,
up = 1, ager = 4, ¥ = 00 and [y is the arithmetic mean of all Sg. The only difference
to the previous experiment is that the characteristic length scale of the solution L
is set to 13.5. The problem is solved for p = 1,2, 3,4 on a series of meshes starting
from the one in figure 3.17.

The values for 0scpean and oscpax for the tested limiters are shown in figure 4.10.
Compared to Galerkin, i.e., the discrete solution without any post-processing, Const-
JumpMod, ConstJumpNorm, and the MLP limiter reduce both the mean and the
maximal oscillations significantly. Concerning the mean oscillations, the MLP limiter
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Figure 4.11.: Discrete P, solution to example 3.22 limited by the ConstJumpNorm
limiter and the MLP limiter on the second finest grid.

usually works worse than the traditional limiters on coarser grids. For P;, the
difference is minimal, and for P,, the MLP limiter works as well as ConstJumpMod
from the second depicted refinement level. For P; and P,, the MLP limiter is only
as good as the classical ones on the finest level. However, when it approaches the
classical ones, it is also optimal or almost optimal (Fy).

Concerning 0SCpay, it can be noted that the MLP limiter works as well as Const-
JumpMod and ConstJumpNorm after at most two depicted refinements (P, and
P;) and only on the finest mesh for P3 and Py, respectively. On coarser meshes for
even polynomial degrees, ConstJumpNorm behaves worse than ConstJumpMod and
achieves worse results on some refinement levels than the MLP limiter. Again, the
MLP limiter is optimal as early as it reaches ConstJumpNorm.

The P, solutions obtained with ConstJumpNorm and the MLP limiter on the
second finest grid are depicted in figure 4.11. It can be seen that the MLP limiter
does not mark some cells in the interior layer that ConstJumpNorm marks. This
results in larger values of 0SCpean and 0SCpay.

To summarize, the MLP limiter is an alternative to classical approaches for the
Hemker example. However, it usually achieves (slightly) worse results, probably
because the limiter was trained with data from the HMM example. This is also in
agreement with the results in [FHJ22, section 4.7].
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4.5. Summary

In this chapter, techniques from deep learning have been used to predict where in
the DG solution spurious oscillations occur. To this end, first, it was explained how
multilayer perceptron models are constructed and trained to approximate a given
mapping. Second, it was shown how data could be created with which MLPs could
be trained to mimic classical limiters. The trained limiter was finally applied to
the discrete solution to two benchmark problems and compared to the best classical
limiters.

Overall, it can be concluded that the MLP limiter is an alternative to classical
limiters. The finer the mesh became, the better the limiter became, likely due to
the higher amount of training data available on finer meshes than on coarser meshes.
To this end, it might be helpful in the future to remove more data points from the
finer meshes to have a more balanced data set. On the finest meshes, it was also
optimal, in the sense that the spurious oscillations are reduced as much as possible
but preserving the mass locally at the same time.

Two advantages of the MLP limiter are that its evaluation is fast and gives the
results of four classical limiters simultaneously. However, it still relies on the features
and user-dependent parameters of the classical limiters. Therefore, to improve this
limiter and exhibit its full potential, other features that represent the solution must
be found. It can be investigated whether it is possible to use the local degrees of
freedom of the solution as features since, together with the basis functions, they are a
complete description of the solution. However, rotation invariance against a different
numbering of the degrees of freedom is a severe challenge in that direction. It also
needs to be ensured that the basis functions of the underlying DG method are not
changed. This makes it less portable to other users compared to more general features
such as, for instance, the integral mean.

Closely related to the choice of features is also the question of the type of neural
network. In this chapter multilayer perceptron models are used, but it is also possible
to use convolutional neural networks as it was done, e.g., in [Bec+20]. These types of
networks are primarily used to classify images. A possible way is to use point values
of the solution on a cell and possibly on its neighbors as grayscale values representing
an image. These can be plugged into a convolutional neural network which might
detect structures like steep gradients or spurious oscillations in the solution.

Another research question, which might be the most important, is how to get the
labels in the training data set. As long as the labels come from the classical limiters,
the best that an MLP limiter can achieve is to be as good as the classical ones. To
be better, the labels have to be chosen differently. One option is to define a set of
functions on a particular domain with steep gradients and spurious oscillations. These
functions have to be interpolated into a finite element space defined on the same
domain. Then the labels can be deduced from the definition of the function since the
positions of its steep gradients and oscillations are known a-priori.
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4.5. Summary

Furthermore, much improvement is not expected as the MLP limiter was already
optimal on the finest levels. Therefore, it can be suggested to find different ways to
improve classical finite element solutions with the help of deep learning techniques.
One way is to create a neural network that predicts optimal parameters in parameter-
dependent finite element methods like SUPG or SOLD. This could be a valuable way
to support classical finite element methods.
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5. Physics-informed neural networks for
convection-diffusion-reaction problems

The previous chapter indicates that techniques from the field of deep learning can
support classical finite element methods and enhance the solution to convection-
dominated convection-diffusion-reaction problems. However, it is not only possible
to apply these techniques to facilitate classical methods but also to use other deep
learning techniques instead of classical schemes. One popular approach in recent
years is so-called physics-informed neural networks (PINNs).

It is not easy to agree on the very first publication that introduced PINNs, but
one of the first certainly was [DP94] from 1994. However, their full potential got
understood just recently after they got rediscovered in [RPK19] by Raissi, Perdikaris,
and Karniadakis. Since then, many contributions and improvements have been made,
and they got applied to a wide variety of problems; see, e.g., [Kar+21; Cai+21;
Cuo+22] and the references therein for an overview about PINNs and many of their
variations.

As said above, PINNs can be seen as another numerical method to approximate the
solution to initial-boundary and boundary value problems. This should be possible
in principle due to the famous universal approximation theorem. It states that if a
feed-forward multilayer perceptron model, as described in section 4.1.1, with linear
activation function in the output layer and at least one hidden layer with any bounded
non-polynomial activation function possesses enough nodes in the hidden layer, it can
approximate with any desired positive accuracy any Borel measurable function that
maps from one finite-dimensional space to another [GBC16, p. 194]; see also [Pin99]
for an overview. In addition to that, not only the function but also its derivatives
up to order m € N can be approximated if the function is m times continuously
differentiable [Pin99, section 4]. Nowadays, this theorem is extended in the sense that
it also holds if a broader class of activation functions are used that, e.g., includes
also the ReLU function [GBC16, p. 195]. It is noted that deeper neural networks are
usually deployed since they tend to have better generalization properties [GBC16,
pp. 195-197]. However, the existence of such a network that approximates a function
does not necessarily imply that the usual algorithms converge toward such a network.

In a nutshell, the idea is to approximate the solution to (initial-)boundary value
problems with multilayer perceptron models by minimizing a loss functional that
usually contains in some form the residual of the governing equations, the boundary,
and the initial conditions, and potentially also other underlying physical laws or
measured data [Kar+21]. To compute the loss functional so-called collocation points
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5. Physics-informed neural networks for convection-diffusion-reaction problems

are chosen, i.e., points in the domain and on the (space-time-)boundary, at which
the loss functional is calculated. Two of PINNs’ unique selling points are that
they are usually mesh-free and they can be easily adapted to any initial-boundary
value problem, which is why they can cope with various geometries and problems
[Cuo+22]. Moreover, they provide a framework to incorporate also (noisy) data
from measurements flawlessly, and they can be used to solve inverse problems to
discover unknown terms in the governing equations [Kar+21]|. Last but not least,
they can become really powerful if the same initial-boundary value problem has to
be solved for different parameters, e.g., different diffusion coefficients in the case
of convection-diffusion-reaction problems. Once a PINN is trained to represent the
solution for various parameters, it can also give the solution for a previously unknown
parameter almost for free. This is in contrast to many classical methods, for which it
is usually challenging to satisfy all these requirements [Kar+21].

However, there are also drawbacks of PINNs. A significant disadvantage is that
there is only very few theory about PINNs and their convergence toward the exact
solution available; see also [Kar+21; Cuo+22] and the references therein. Therefore,
in contrast to classical methods, few guarantees about the approximation quality can
be given. This is not only but also because the training contains stochastic elements,
which is why it cannot be guaranteed to end at a global minimum. Furthermore,
choosing appropriate hyperparameters of the underlying MLPs is still an open problem.
Nowadays, they are usually still determined by (automatic) trial-and-error approaches;
see, e.g., [YS20].

Despite these open problems, PINNs have been successfully applied to many
different problems in various fields, and they usually work well if the solution is
in some sense smooth. However, they struggle to approximate perturbed problems
[Kri+21]. Moreover, when screening the literature, only some publications deal
with PINNs for convection-dominated convection-diffusion-reaction problems with
more than one space dimension. In the reference [KZ20], a variational form of a
loss functional is presented and tested for time-dependent one- and two-dimensional
convection-diffusion-reaction problems with diffusion coefficients between 0.1 and
0.001. The authors test their novel loss functional with several test cases, including
one where the solution has an interior layer. They observe that the trained PINNs
can capture the behavior of the solution reasonably well [KZ20]. He and Tartakovsky
investigate PINNs in the context of time-dependent advection-dispersion problems
in one and two dimensions for moderate Peclet numbers of order O(1), O(10) and
O(100). They observe that the choice of the weights has a significant impact on the
quality of the solution and that the PINN approximation is comparable in accuracy
with the SUPG method [HT21]. The results were extended by the group to the case
of sharply perturbed initial conditions for which they propose to use a normalized
form of the equations and the PINNs, and criteria for how to choose the weights
of the loss functionals [ZHT22]. Gomes, Silva, and Valentin report that PINNs for
two-dimensional convection-diffusion problems can cope with diffusion coefficients
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of around O(107!) but the quality of the approximation deteriorates drastically for
smaller magnitudes. However, their experiments indicate that PINNs are well suited
to approximate the parametrized solution in terms of varying diffusion coefficients
[GSV22a; GSV22b|. In [ACD23], the authors are inspired by the expansion theory of
singularly perturbed boundary layer problems and construct what they call boundary-
layer PINNs. To this end, two PINNs are generated, one for the boundary layer and
one for the rest of the domain, that are glued together. They test their approximation
on one- and two-dimensional convection-dominated convection-diffusion problems and
observe that it is able to approximate the solution much better than standard PINNs
[ACD23]. However, their approach has twice the computational cost of standard
PINNs, and the boundary layer’s position must be known a-priori. In a preprint of
Wang et al., they observe difficulties for traditional PINNs for convection-dominated
convection-diffusion problems in one, two, and three space dimensions. They present
a way to choose the weight for the interior loss adaptively, and their numerical
results indicate surprisingly that choosing collocations points away from layers works
better than increasing the number of points inside the layer [Wan+23]. Other papers,
including [dWol+21; Hou+22; Saa+22; MBH23; Lag+23|, that deal with convection-
diffusion problems usually cover either one-dimensional problems or at most slightly
convection-dominated problems.

This chapter extends the knowledge about PINNs of the aforementioned references
for convection-dominated convection-diffusion-reaction problems. First, different ways
to incorporate the boundary data are treated: a pretraining to approximate the
inflow boundary condition in advance and hard-constraining the Dirichlet boundary
conditions in general. Furthermore, several new loss functionals for PINNs are
proposed and numerically tested. They are mainly based on cost functionals from
[JKS11; JK13; KLS19] that are particularly designed for convection-dominated
convection-diffusion-reaction problems. In addition, a variational form of PINNs from
the literature is presented in the context of convection-diffusion-reaction problems.
All ideas are numerically tested using two benchmark problems defined in [JMT97].

The structure of this chapter is as follows: In section 5.1 the basic ideas of physics-
informed neural networks are presented, and the loss functional used in the vanilla
PINN setting is derived. Section 5.2 presents the various modifications of vanilla
PINNs proposed in this work. These modifications are numerically tested with two
benchmark problems in section 5.3, and finally, section 5.4 summarizes the content of
this chapter

5.1. Basic idea of physics-informed neural networks

To familiarize with physics-informed neural networks, the loss functional used in
vanilla PINNs is derived in the following. Afterwards, PINNs are tested for a problem
with a smooth solution to verify the implementation.
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5. Physics-informed neural networks for convection-diffusion-reaction problems

5.1.1. Derivation of vanilla loss functional

As said in the introduction of this chapter, the idea of PINNs is to use a neural
network to approximate the solution u of an initial-boundary value problem directly
by a multilayer perceptron model. But how can an MLP learn the unknown solution
u? Or in other words, how to choose the parameters p C R", » € N, of a neural
network s, such that

Upp ~ U

In the following the dependency on p is omitted if no confusion can occur, i.e., only
uy is used to refer to the neural network approximation. The parameters p are
adapted during the training process, i.e., by minimizing a certain loss functional
L : R" — R that maps a concrete choice of parameters to a real number; see also
section 4.1.2. Alternatively, in mathematical words, given such an £, the goal of the
training is to come as close as possible to the optimal parameters
p" € argmin L(p).
PER"

If the exact solution u were known, then the loss functional £ could be chosen, e.g.,
as 1/N ZZ L (u(z;) — upr(x;))?, where N is the number of training points @; € €.
However, u is not known in general, and if it were, it would be unnecessary to
approximate it. The essence of physics-informed neural networks is choosing a clever
L such that the neural network approximates the unknown u. What is known about
w is that it is the solution to a given (initial-)boundary value problem, in this work,
the convection-diffusion-reaction problem 2.1. Let

Res(v) = —eAv+b-Vo+cv — f

be defined for a sufficiently smooth function v : Q@ — R. Under the assumption that
u is the strong solution to problem 2.1, then it holds

I ReS(U)H%?(Q) + fJu— 9D||%2(FD) + leVu-n — 9N||%2(FN) = 0. (5.1)

In this sense u can be understood as the solution to a corresponding least-squares
problem, i.e.,

u € argmin <|| Res(v)||%z(9) +|lv— gDH%2(FD) + ||eVv-n — 9N||%2(FN)> .
veC?(Q)NC(Q)

This serves as an ansatz for the loss functional with which the desired MLP approxi-
mation u, can be optimized. In other words, uxs is the MLP such that its parameters
p* are given by

p'E arg%un <|| ReS(UNp)HL? + llunp — gD”%Z(FD) + [[eVuprp - — 9NH%2(FN)> ‘
PER”
(5.2)
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The right-hand side of the previous equation is well defined almost everywhere if the
activation functions ol?, i = 1,2,--- ¢, used in all ¢ layers are twice differentiable
almost everywhere.

The integrals encoded by the norms in the right-hand side of equation (5.2) might
be extremely difficult to compute exactly, so they are approximated by some numerical
quadrature formula. In vanilla PINNs the Monte Carlo integration method® is used
to approximate these integrals. In principle, other numerical integration techniques,
such as Gauss—Legendre integration, would also be possible. However, Monte Carlo
integration has the advantage that no underlying partition of the domain is needed,
and it does not suffer from an exponential number of evaluations of the integrands. To
this end, Ny € N points x;1 € €2, © = 1,2, ... Ny, inside the domain 2, Np € N points
z;p € I'p, 1 = 1,2,... Np, along the boundary I'p, and Ny € N points ; x € I'y,
i=1,2,... Ny, along the boundary I'y are (randomly) chosen. Then, the terms that
appear on the right-hand side of equation (5.2) can be approximated by

Q

|| Res(uy) ||L2(Q) 1 Z Res(uy) (1)) = L5, (5.3a)
r

lup = gplliz@y) = o] D’ Z un (ip) — gp (@ip))* = L3, (5.3b)

I'n s
[eVuy - mn — gNH%%FN) | | Z eVuy (@i N) - 1 (25 N) — 9n (wi,N)>2 = /31\?-

(5.3¢)

Finally, let o5, 5%, o € R be three non-negative weights. Then the loss functional
L5 for vanilla PINNS is given by

L= o' L} + oy L + o L] (5.4)

and during the training the parameters of the MLP are optimized such that they
minimize £5; see also section 4.1.2. In practice, this can be done, e.g., by using a
minibatch stochastic gradient descent method [HH19; GBC16, section 8.1.3], but also
other optimization methods are possible. Last but not least, it can be emphasized
that the measures of the domain and of the boundaries, such as the number of points
that are used in the single contributions defined in equations (5.3a) to (5.3c) are not
hidden in the weights of*, aft, a3f. However they still contribute to the loss functional
and must not be forgotten in what follows.

5.1.2. Numerical experiment with a smooth known solution

To see how PINNs work in practice and to verify the implementation used in this
section, a PINN approximation for a convection-diffusion-reaction problem is computed

1See, e.g., [RC04, chapter 3.2].

95



5. Physics-informed neural networks for convection-diffusion-reaction problems

- *

1.00
0.75
0.50
0.25
0.00

/‘ I :8§(5)
Vv =%

(a) Domain and convection field. (b) Exact solution.

Figure 5.1.: Domain, direction of convection field and exact solution to example 5.1.
Lines with ticks indicate Dirichlet boundary I'p and lines without ticks indicate
Neumann boundary I'y.

and compared to the exact known solution.

To this end, the following example is defined that is an adapted version of exam-
ple 2.37.

Example 5.1 (Adapted Sine Laplace problem in 2D). Let © = (0,1)? be the unit
square, € == 1078, b := (1,1)T and ¢ := 1. The right and the top edge of the unit
square are chosen to be the Neumann boundary I'y, while on the left and the bottom
edge Dirichlet boundary conditions are prescribed; see figure 5.1a. The right-hand
side and the boundary conditions are chosen such that

u(z,y) = sin (27x) sin (27y)
is the exact solution which is visualized in figure 5.1b. [

Note that this experiment is conducted in the convection-dominated regime since ¢
is set to be 1078,

Implementation aspects

The implementation that is used in this section as well as in section 5.3 is based on
the open-source library TensorFlow [Aba+15; Dev22]. For the optimization step, the
minibatch stochastic gradient descent [HH19; GBC16, section 8.1.3] together with
the Adam algorithm [KB14] is deployed where TensorFlow’s default values are chosen
except for the learning rate that is defined individually for each numerical example.
After the training, the MLP with the smallest loss value during the optimization is
returned as the final approximation. Note that this is not necessarily the MLP after
the last optimization step due to the stochastic gradient descent method.
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Figure 5.2.: Training points and training history for a PINN approximation of the
solution to example 5.1. The loss £ is the sum of the interior, Dirichlet and

Neumann contributions. The contribution of £ is not shown since it has values
below 10714,

Results

The solution is approximated by an MLP that consists of an input layer with two
nodes, eight hidden layers with 20 nodes each, and an output layer with a single node.
Except for the last layer where a linear activation function is used, all other activation
functions are chosen as the tanh function given in equation (4.2b). The weights of the
MLP are initialized based on the Glorot initialization [GB10] with random seed 41,
and the initial biases are set to 0. During the training, the MLP seeks to minimize
the loss functional given in equation (5.4), in which the weights of* = aft = aff =1
are used. The MLP is trained for 7,500 epochs with a learning rate of 107, and
the integrals are approximated using 320 equally distanced boundary points and 512
equally distanced interior points. Half of the boundary points lie on the Dirichlet
boundary and the other half on the Neumann boundary; see also figure 5.2a.

The values of the loss functional and its components during the training process
are depicted in figure 5.2b. The loss term concerning the Neumann boundary is not
shown since its values are always below 107'* during the training. It can be seen
that over the whole training, the loss decreases. The loss starts to oscillate for higher
numbers of epochs and stops decreasing monotonically due to the minibatch stochastic
gradient descent method used. The final PINN approximation u, and its point wise
error |u — uys| are shown in figure 5.3. It can be seen that the MLP is a reasonable
approximation to the solution, even though the maximum and the minimum are not
perfectly met. Furthermore, it is notable that the Dirichlet boundary conditions
are not satisfied exactly, which stems from the fact that the boundary conditions
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Figure 5.3.: A PINN approximation uy of solution u to example 5.1 and point wise
error |u — uy|.

are part of the loss functional and must be learned during the training. This is in
contrast to continuous Galerkin finite element methods, where the Dirichlet boundary
conditions are usually exactly satisfied. Compared to the exact solution, the PINN
approximation has an L*-error of about ||u — uy||12(q) &~ 0.047 and a H'-semi norm
error of about |u — unr| g1 () =~ 0.498. However, the approximation probably becomes
more accurate if more training points are chosen, or the MLP is trained for more
epochs since after 7,500 epochs, the loss is still decreasing.

Altogether, it can be concluded that the implementation seems correct, and PINNs
are, in general, able to approximate the solution to convection-dominated convection-
diffusion-reaction problems. However, it is already known in the literature that they
might terribly fail when it comes to solutions that possess layers [Kri4+21; GSV22a].

5.2. Modifications of vanilla physics-informed neural
networks

In this section, several modifications of vanilla PINNs concerning treating Dirichlet
boundary conditions and the interior loss functional are introduced.

5.2.1. Pretraining and hard-constrained physics-informed neural
networks

Boundary conditions are an essential part of the convection-diffusion-reaction problem.
Not only do they affect the well-posedness of the problem, but they also influence
the solution in the interior, especially the inflow part of the boundary conditions.
Therefore, it seems reasonable to emphasize the inflow boundary conditions or to
impose the Dirichlet boundary conditions exactly. In the following, two ideas are
presented on how to achieve this.
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Pretraining of inflow boundary conditions

Since the inflow boundary conditions influence the solution in the interior significantly,
it might be helpful to start the optimization of the MLPs with an initialization that
satisfies the boundary conditions along I'~. This hopefully serves as a reasonable
guess such that during the actual optimization of the MLP, the chances are higher to
end in a global instead of a local minimum.

Unfortunately, it is almost impossible to prescribe the weights and the biases of
an MLP such that it satisfies the inflow boundary conditions exactly. However, they
can be learned in advance. Therefore, the idea of this section is to add another
optimization loop to the training process before the actual optimization occurs. This
new optimization loop is called pretraining in what follows.

Assume that the Dirichlet training points «;p are given. For the pretraining
optimization, the subset of points are used that lie on the inflow part of the boundary,
i.e., all points @; p such that b (x;p)-n (x;p) < 0. During the pretraining, the MLPs
are optimized with respect to minimizing the loss £P* := L given the inflow boundary
points, i.e., only the Dirichlet term of the complete loss £5°.

After this pretraining optimization has ended, the actual optimization can start
with an initial guess that satisfies approximately the inflow boundary conditions.

Hard-constrained PINNs

The above-mentioned algorithm still has the property that the Dirichlet boundary
conditions are only approximately satisfied and must be learned during training.
Nevertheless, since this part of the solution is known, why does not the MLP approx-
imation satisfy these values exactly, and why is computing time spent to learn an
a-priori known pattern? In the context of continuous Galerkin finite element methods,
the Dirichlet boundary conditions are usually imposed exactly. Inspired by this, the
idea of hard-constrained PINNs as introduced by Lu et al. [Lu+21] is to satisfy the
Dirichlet boundary conditions exactly by defining

Upn = gp + luy (5.5)
to be the modified PINN approximation. Here gp : @ — R is a continuous extension

of the Dirichlet boundary condition ¢gp from I'p to Q and [ : Q — R is a function that
satisfies

l(x)=0, ifxelp,
0, ifaxell

By construction it holds uy|r, = gp, i.e., the Dirichlet boundary conditions are
exactly satisfied.
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In simple cases, the function gp might be constructed explicitly. Alternatively, it is
also possible to train another MLP gp » by minimizing, e.g.,

1 Ni 1 Np . Ny
~ ) N , - 2
N, ;(QD,N (1)) + Ny ;(QD,N (xip) — gp (xi1))" + e ;(QD,N (ziN))”.

While with the help of the first and the last term, the MLP is trained to satisfy
gp.N|aury ~ 0, the remaining term is present to enforce that gp nr|rp, = gp. Again, if
the boundary I'p has a simple form, also [ might be constructed explicitly. Else, it
might be approximated using splines [Lu+21].

Alternatively, inspired by the proof of theorem 2.3, given such a gp, it is also
possible to optimize luy to be the solution to the modified convection-diffusion-
reaction problem with homogeneous Dirichlet boundary conditions: Find a sufficiently
smooth u such that

—eAu+b-Vu+cu=f—(—Agp +b-Vgp + cgp) in €,
u=20 along I'p,
eVu-n =gy — (eVgp - n) along I'y.

Since l|r, = 0, the MLP approximation luys satisfies the homogeneous Dirichlet
boundary conditions exactly, and after the optimization gp + lux can be used as an
approximation to wu.

5.2.2. Non-standard loss functionals

In [JKS11; JK13; KLS19], several cost functionals are investigated to optimize the
SUPG solution with respect to the SUPG parameter. It is observed that the cost
functional consisting only of the strong form of the residual works worse than other
tested functionals [JKS11; JK13|. Therefore, another idea is to adapt them to work
within the PINN framework. Moreover, it can be emphasized that all functionals
presented in this section have never been considered in the context of PINNs before
and are numerically investigated in this framework in section 5.3.2 for the first time.

Crosswind loss

The first variant of the loss functional is based on the loss functional proposed by
John, Knobloch, and Savescu [JKS11] in equation (22). Guided by their ideas,

I Res(un) |22 + 16167 - Vs D10

might serve as an ansatz for the interior part of the loss functional, where the functions

x),—bi(x T .
b (x) = S ifb(@) £ 0,
0, else,
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and

Vv, ifx >1,
¢([l§') = 2 3
0.5(hz* — 3x?), else,

are employed. The integrals can again be approximated by the Monte Carlo integration
method, i.e.,

I Res(un) 172y + 0(1b™ - Vun|)l| 1) =

Q|
i+ ‘N—‘ S 16(b" (@sa) - V(@i )| = L5
=1

Finally, the crosswind loss can be defined as
LV = af LY + oL + aT LY, (5.6)

where of", af)’, o)’ € R are three non-negative weights.

Remark 5.2. John, Knobloch, and Savescu [JKS11] argue that it is important to
exclude cells from the computation of their loss functionals that share an edge with
the Dirichlet boundary, since in those cells the strong residual cannot be reduced
significantly. This also has to be kept in mind in the context of PINNs. Therefore, it
might be advantageous to use only interior points that have a distance to the Dirichlet
boundary of at least C'y/z, where C' € R is a positive factor, e.g., C' = 20. 0

Limited residual loss

The next variant of the loss functional is related to the loss functional 1™ of Knobloch,
Lukas, and Solin [KLS19]. Their functional is based on a triangulation of the domain
since it is proposed for finite element computations. To derive a loss functional for
PINNS, it is assumed that Ny € N interior points x;; € €2, 1 = 1,2, ... Ny, are given.
From these points a Voronoi tessellation? can be constructed by defining the mesh
cells

Ki={yeQ : ly—zi| <|ly—x;1 forall j =1,2,... N };

see also figure 5.4. These cells clearly contain ;1 but no other x;1, 7 =1,2,..., Ny,
J # 1. In this sense, every cell K; can be identified by a corresponding ; ;.
Using this triangulation 7, == { K; : i=1,2,..., N1 }, the quantity

> v (I Res(u) 20, (5.7)

K, €Ty,

2See, e.g., [Pip17, chapter 50.6.1].
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Figure 5.4.: Voronoi tessellations of the unit square with respect to five and nine
interior points resulting in five and nine cells, respectively.

may serve as an ansatz for the interior part of the loss functional, where for a fixed
non-negative tp € R and a given x € R

¥(z) = ¢ (tf)

{%x4—x3—%x2+2x, if v <1,

1, else,

with
§(x) =
is defined, cf. also I!"™ in [KLS19]. Cell wise the integrals can be approximated by
2 ~ 2\ |Q’ 2
I Res(unr) |72,y = ¥ (| Kl (Res(un)(@i1))7) ~ 9 (Res(un)(xin))™ ), (5:8)

M

where in the last step |K;| ~ |2/ Ny is used. The last approximation is exact if the
interior points are equally distanced and becomes worse the more the smallest and
the largest value of the distance between the points and their closest neighbors and
boundaries differ.

Combining equations (5.7) and (5.8), identifying each cell with its corresponding
interior point and using the definition of ¢ leads to

ig (]lf?lo (RGS(UN)(%I))2> = LT

Finally, let odf, o}, ok € R again be three non-negative weights. Then, the limited
residual loss is defined as

L7 = af LF + af L3 + all L3 (5.9)

Remark 5.3. Also Knobloch, Lukas, and Solin [KLS19] exclude boundary cells from
the computation of the residual. However, with the same argument as in remark 5.2,

it is proposed to use only interior points that are further away from the boundary
than C4/e, and, e.g., C' = 20. ]

102



5.2. Modifications of vanilla physics-informed neural networks

Limited residual and crosswind loss

Of course, combining the ideas of the limited residual and the crosswind loss is also
possible. Replacing £5* by £F in the definition of £&" leads to

Ny Q
Zé (ﬁ (Res(upn)(xi1)) ) | | Z | ( ]bL (i) - Vun(xi1)])| = LY,
i=1

Ircw Ircw

Once more, let oV, ol ol € R again be three non-negative weights. Then,
the limited residual loss with crosswind term can be defined as

Elrcw — lrcwElrcw + alrcwzst + alrcvvﬁst' (510)

5.2.3. Variational physics-informed neural networks

The standard PINN formulation of the loss functional and all variants described
in the previous section are based on the strong form of the residual. However, as
seen in section 2.1.2, it can be proven that a unique weak solution exists, whereas
strong solutions only exist under somewhat restrictive regularity assumptions on
the data. Therefore, the notion of weak solutions is generally better suited for
convection-diffusion-reaction problems, and it might be advantageous if PINNs reflect
this.

Several attempts in this direction have already been made in the literature, e.g.,
(hp)-variational physics-informed neural networks [KZK19; KZK21], weak (adversarial)
physics-informed neural networks [DMM22; Zan+20], and the references therein. They
differ significantly in the concrete choice of the test function(s). While in the former
two references, polynomial test functions are used, in the latter two, only a single
MLP-based test function is used, and the problem is reformulated to be a min-max
problem. Using an MLP-based test function in contrast to polynomial ones has the
advantage that no underlying mesh is needed for classical PINNs and that the results
do not depend on a maximal chosen polynomial degree. On the contrary, it has the
disadvantage that the computational costs are proportional to 2nm, where n is the
number of min-max optimizations and m is the number of epochs each network is
trained, i.e., in the worst case, n = m, the costs scale quadratically. Furthermore,
from a numerical point of view, converging towards the approximate solution is more
challenging than in a standard minimization problem because a certain saddle point
of the loss functional must be found [DMM22, section 4.5.2].

In this section, the path of Kharazmi, Zhang, and Karniadakis [KZK21] is followed,
and the hp-variational physics-informed neural network (hp-vPINN) approach is
explained for convection-diffusion-reaction problems.

To this end, let 7;, be a triangulation of Q C R%, d = 1,2, 3, into cells K € 7T;, that
are, depending on the dimension, either lines, quadrilaterals or hexahedrons. The
cells are assumed to be the image of an affine or d-linear mapping F : K — K from
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Figure 5.5.: Set of one-dimensional test functions on the reference cell.

the reference cell K = [—1,1]¢ to K. In the spirit of mapped finite elements, the
following quantities are defined on the reference cell and then mapped to the physical
cell.

To start with, let

P (K)={% : iecN}

be a set of test functions on the reference cell, where, for all : € N, v; is a polynomial
of degree at most p, v; is not constantly zero, and vs|,z = 0. For all K € Ty, the set
of local test functions P,(K) can then be defined as

P(K)={v:K—R : v=00F fora@EPp(}A()},

where Fj' is the inverse of the reference transform. These polynomials can be
continuously extended to € by defining v|§\K = 0 for every v € P,(K) and all
K € Ty,. The set of global polynomial test functions P,(75) is then defined as

P(Th) ={v: Q=R : v|g € B(K) fora K € Ty, Vg e =0}

Note that by construction all test functions v € P,(7;,) have a compact support and
satisfy v|p, = 0.

Kharazmi, Zhang, and Karniadakis propose to use in one dimension on the reference
cell

Pp([_Ll]) ::{on+1(x)_90k—1<x) : k‘:1,2,...,p—1},

where ¢y, is the Legendre polynomial of order k [KZK19; KZK21]. These polynomials
are also depicted in figure 5.5 up to order p = 6. In two dimensions the product space
of P,(|—1,1]) with itself is considered [KZK19; KZK21], i.e.,

P,([-1, 11%) == { or(x)pe(y) : or, 00 € P(-11)), k,t=1,2,....,p—1}, (5.11)

which will also be used in section 5.3.3. In principle, instead of equal polynomial
degrees in x and y direction, also different ones can be used.
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Given the set of global test functions P,(7), the quantity

> e 3 [etrde- ¥l S e

KeT, vEP,(K) KeT, vePy(K)

(5.12)

serves as ansatz for the interior loss functional. The integrals can then be transformed
to the reference element, which leads to

Z /Res uy)vde = Z /Res uy) o Fx v |det(DFy)| da.

vEP,( VeEP, (K

As in the classical PINN setting, after the integrals are transformed, they must
be approximated by a quadrature rule. In contrast to the vanilla PINN approach
Kharazmi, Zhang, and Karniadakis propose to use a Gauss—Lobatto integration rule
with n¢, n € N, points for lower-dimensional problems and a Monte Carlo integration
method for higher-dimensional problems [KZK19; KZK21]. Following this idea, a
Gauss-Legendre integration rule with n? weights and points is applied in this work.
Let w; and @;1, i = 1,2,...,n, be the weights and points of the Gauss-Legendre
integration rule of order n on [—1,1]. Then, a Gauss—Legendre integration rule in
two dimensions is given by w; ; == ww; and Z; ;1 = (T;1,7;1), 4, j = 1,2, ..., n, which
can be used to arrive at

Z /ResuN Jude ~

veEP,(K)

(5.13)
> Z wij Res(un) (Fie (Z151)) 0(@i51) |[det(DFi (Z1,71))]-

eP,(K) »-i=1
Combining equations (5.12) and (5.13) finally leads to
> B 2 s Res(in) (Fi@esn)) 0 et (DFi(@opn))| = £
KeT;, p epp(f() ij=1

that is used as interior loss functional in hp-vPINNs. The derivation works analogously
in three dimensions.

Finally, a weighted sum of the interior loss and the boundary losses is applied to
get the loss functional for hp-vPINNs

hpv P h] vP h I vP h] WP st h] vP
thP thP thP

where o ,ap  ,ay € R as above are three non-negative weights.
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Figure 5.6.: Exact solution to example 5.6.

Remark 5.4. In [KZK19; KZK21] the authors propose two more variants of E?pvp where
they integrate by parts E?pvp one and two, resp., times. For their two-dimensional
test problems, the authors report no significant differences between the standard
formulation of E?pvp and the one that is integrated by parts once. The last variant is
not tested. In the numerical experiments in section 5.3.3, the loss functional given in
equation (5.14) is used. O

Remark 5.5. The difference between hp-vPINNs and vPINNs is that in the latter,
the domain is not decomposed into several cells but rather treated as a single cell, cf.
[KZK19].

The vanilla PINN approach can also be seen as a hp-vPINN version, namely

for a single cell K = Q and using Dirac delta functions as test functions, i.e.,
vi(x) = §(x — x;1), where §(0) =1 and 6(x — ;1) =0forall x € Q\ {x;;}. O

5.3. Numerical studies

In this part, the ideas presented in the previous section are tested numerically on two
benchmark problems. All implementation aspects mentioned on page 96 also hold in
this part of the thesis.

In contrast to the previous chapters, two examples are used that have a known
exact solution. The reason is that with these examples, the error between the PINN
approximations and the exact solution can be measured to assess the quality of the
various modifications of PINNs.

The first example is the same as example 2 of [JMT97, p. 181] and is defined as
follows.

Example 5.6 (Circular internal layer). Let © := (0, 1)? be the unit square, ¢ := 1078,
b= (2,3)T, c:=2, and I'p := 9. The right-hand side and the boundary conditions
of the problem are chosen such that

1 arctan (200(r3 — (z — z0)? — (y — y0)?))

u(z,y) = 16z(1 — 2)y(1 — y) (5 n . )
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Figure 5.7.: Exact solution to example 5.7.

is the exact solution, where ry := 0.25 and xy = yo = 0.5. The exact solution is also
depicted in figure 5.6. 0

As seen in figure 5.6, the solution to the previous example possesses an interior layer
at the circle with a radius 0.25. To test how well PINNs cope with boundary layer
problems, the following example is defined, which is taken from [JMT97, example 3.

Example 5.7 (Outflow layer). Let © := (0,1)? be the unit square, ¢ = 1078,
b= (2,3)T, c:=1, and I'p := 9. The right-hand side and the boundary conditions
of the problem are chosen such that

u(@,y) = xy* — y* exp (@) — zexp (M)

- (2(3;—1)23@—1)) )

is the exact solution, which is also shown in figure 5.7. [

Note that all experiments are conducted in the convection-dominated regime since
in both examples ¢ = 107 and b = (2,3)7.

The error e := u — un between the exact solution u and a PINN approximation
uys is measured by |[[|-[|| which is defined as

2
llell” = ellVell 72 + rollellZz ). (5.15)

where £ = 1078, g := 2 for example 5.6 and g := 1 for example 5.7. To compute an
approximation of the error by numerical quadrature, the unit square is divided into
10,000 squares of equal size in which each a Gauss—Legendre quadrature rule with
ten points in each coordinate direction is used. This results in 1,000,000 quadrature
points and weights in total.

5.3.1. Comparing pretrained and hard-constrained PINNs with
vanilla PINNs

To start off the experiments, the ideas presented in section 5.2.1 are tested on
examples 5.6 and 5.7 and compared to the vanilla PINN approach of section 5.1.1.
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5. Physics-informed neural networks for convection-diffusion-reaction problems

Table 5.1.: Set of hyperparameters used in section 5.3.1. This gives in total 945
combinations of hyperparameters.

nodes in hidden layers 20, 30, 40

activation ELU, tanh, ReLU

learning rate 0.01-37° 0.01-37",0.01-372,0.01-373,0.01-374,
0.01-375,0.01-37¢

initialization seed 42, 43, 44

weight decay Aywq 10711072, 1073, 1074, 107°

To this end, in each experiment 945 different configurations of MLPs are optimized
whose hyperparameters are given in table 5.1. The hyperparameters are chosen in
correspondence with the practical recommendations from [Ben12]. Since the MLPs
shall approximate a function mapping from a subset of R? to R, the input layer
consists of two nodes and the output layer of a single node. All networks have seven
hidden layers with the same number of nodes in each layer, i.e., either 20, 30, or 40,
cf. table 5.1. While the values of the weights are initialized in the beginning based
on Glorot initialization [GB10] with the seeds given in table 5.1, the initial biases are
set to zero. In all hidden layers, the same activation function is used, namely either
ELU or tanh depicted in figure 4.2, or the ReLU function defined for a given x € R
as ReLU(z) := max{ 0,z }. Finally, in the output layer, a linear activation function
is applied.

The MLPs are trained for 10,000 epochs using N; = 4,096 equally distanced
interior and Np = 512 equally distanced Dirichlet boundary points that are split into
batches of size nyps := 32. During the training, the MLPs are optimized to minimize

Awd M
L 1
B S T ) — (5.16)

where £ is defined in equation (5.4), Ayq is given in table 5.1, and w; are the
components of the weight matrices of the MLPs. The second term is the so-called
L?-weight decay reqularization, also commonly known as ridge regression or Tikhonov

1.00
0.80
0.60
0.40
0.20
0.00

Figure 5.8.: Interior indicator [ for the unit square given in equation (5.17).
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Figure 5.9.: Errors ||u — uy|| after 10,000 epochs for all tested configurations of
vanilla PINNs (V£%), PINNs with pretraining (P£%") and hard-constrained PINNs
(h£5%) that approximate the solution to example 5.6 from section 5.3.1. The PINNs
are trained to minimize the loss given in equation (5.16). The error is averaged
over the seeds of the configurations.

reqularization, and is often used in MLP optimizations to counteract overfitting; see
also [Ben12; GBC16, pp. 116-119, 227-230] in general and [DBB23] in the context of
PINNs. Note that this term does not include the biases but only the Weights of the
MLP. The factors in front of the individual terms of £ are set to of* = afy = 1.

Three methods are tested, namely the vanilla PINNs from section 5.1.1, vanilla
PINNSs that are pretrained for 1,000 epochs on the inflow training points before the
actual optimization takes place as described in section 5.2.1, and hard-constrained
PINNSs as also described in section 5.2.1, equation (5.5). Below the superscripts v, P,
and " indicate the usage of vanilla PINNs, pretrained PINNs, and hard-constrained
PINNSs, respectively. For the latter, the continuous extension of the boundary condition
gp is defined, for (x,7) € Q, as gp(z,y) = 0, and the indicator function [ is set to be

Ur,y) = (1—e™) (1—e™) (L= D) (1—e7 ) (5.17)

where k= 30 is a scaling factor. The function [ is also visualized in figure 5.8.

After the MLPs are trained for 10, 000 epochs, the error between the MLPs and the
exact solution is measured in terms of the energy norm defined in equation (5.15), and
a mean value of the MLPs over the seeds is computed. The 315 arising configurations
are numbered to be identified. The six best MLPs of each method are then trained
for all three seeds for another 90, 000 epochs, after which again the error is computed
and averaged over the seeds.
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Table 5.2.: Mean and minimal value of errors ||u — uy||| after 10,000 epochs of all
vanilla PINNs (V£5), PINNs with pretraining (°P£*") and hard-constrained PINNs
(B£5Y) that approximate the solution to example 5.6 from section 5.3.1. The PINNs
are trained to minimize the loss given in equation (5.16).

llw —unll YL flu = un | PLE flu — ] LY

mean 0.2136 0.3065 0.2019
min 0.0136 0.0141 0.0100

Circular interior layer problem

First, the results for MLPs trained to approximate the solution to example 5.6 are
discussed. The errors of the MLPs after 10,000 epochs for all 315 configurations are
depicted in figure 5.9. The pretrained PINNs seem to show larger errors compared to
the vanilla and the hard-constrained PINNs,; of which the latter work slightly better.
This is also supported by the mean and, more importantly, the minimal values of
these methods shown in table 5.2. Note that in this thesis, the minimal value is
considered to be of higher importance than the mean because the best method is the
one that would be used in practice. The trend of the methods also proceeds after the
six best configurations are trained for another 90,000 epochs. A hard-constrained
PINN shows the smallest overall error (0.0088), the best vanilla PINN has an error of
approximately 0.0094, and the best pretrained PINN owes an error of around 0.0100.
Furthermore, it can be observed that in the first optimization steps in the actual
training loop, the pretrained MLPs “forget” the inflow boundary values they learned
during the pretraining. This is because the interior loss decreases more than the
boundary loss increases. Moreover, after both 10,000 and 100,000 epochs, the
pretrained MLPs show a worse mean and minimal error than vanilla PINNs. The
pretrained PINNs may be overfitted to the inflow boundary data, and it takes more

Table 5.3.: Pearson correlation coefficients between the hyperparameters and the
errors ||u — wuy||| after 10,000 epochs of vanilla PINNs (Y£%), PINNs with pretrain-
ing (P£L%") and hard-constrained PINNs ("£5) that approximate the solution to
example 5.6 from section 5.3.1. The PINNs are trained to minimize the loss given
in equation (5.16). Colors indicate the magnitude of the values.

llw —unll "L flu = unll] L fflu — ua] "L

model size 0.009 0.016 0.007
learning rate _ 0.484 _

weight decay Ayq 0.125 0.378 0.083

activation 0.076 0.055 0.113
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Figure 5.10.: Hard-constrained PINN approximation u s of the solution to example 5.6
based on minimizing the loss given in equation (5.16) for 100,000 epochs and its
point wise error |u — uys| compared with the exact solution w.

minimization steps for the MLPs to counteract this overfitting and to fit the actual
solution compared to vanilla PINNs.

The Pearson correlation coefficients between the hyperparameters and error of all
315 MLPs after 10,000 epochs for all three methods are given in table 5.3. By far, the
learning rate has the most considerable influence on the result, where a positive value
indicates that the smaller the learning rate, the smaller the error. For the pretrained
PINNSs, the weight decay factor also has a significant influence. A smaller weight
decay factor might result in less overfitting during the pretraining, and therefore the
MLPs start the actual training loop with a less overfitted initial guess.

The solution and the point wise error |u — uy| of the hard-constrained PINN with
the configuration that has the smallest error after 100,000 epochs are depicted in
figure 5.10. The absolute value point wise error is between precisely 0 at the boundary
and at most around 1.68 - 1072 close to the circle with radius 0.25 where the solution
possesses the interior layer. In total, it can be seen that the PINN approximation
captures the solution appropriately well, as it could also be expected by the norm of
the error. The maximal and minimal values of the approximation also coincide with
those of the exact solution up to two decimal places.

To conclude, for this problem with an interior layer, the hard-constrained PINNs
work the best. Not only do they have the MLP with the smallest error, but they
also need less training effort than the other methods since the boundary data does
not need to be learned, and the Dirichlet boundary data are met exactly. Moreover,
pretraining is not worth the computational effort for this example since the results
are the worst and it needs the most computational resources.

Outflow layer problem

After the problem with the interior layer is treated, in this section, the results for
the problem with the boundary layer at the outflow boundary from example 5.7 are
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Figure 5.11.: Errors [|u — up|| after 10,000 epochs for all tested configurations of
vanilla PINNs (V£5), PINNs with pretraining (°P£**) and hard-constrained PINNs
(hL5Y) that approximate the solution to example 5.7 from section 5.3.1. The PINNs
are trained to minimize the loss given in equation (5.16). The error is averaged
over the seeds of the configurations.

presented.

The errors ||u — uy||| of all configurations averaged over the seeds for the three
tested methods after 10, 000 epochs are depicted in figure 5.11. For this example, the
hard-constrained PINNs work worse than the vanilla and the pretrained PINNs. This
is also supported by the mean over the errors and the smallest error given in table 5.4.
The average error for hard-constrained PINNs is almost twice as large as the average
value for vanilla PINNs. The vanilla PINN approximation with the smallest error
also has the smallest error compared to the best pretrained and hard-constrained
approximation, and its error is also around half the error of the best hard-constrained
configuration.

This trend stays the same even after the six best configurations are trained for
another 90,000 epochs. The smallest error shows a vanilla PINN configuration with
a value of approximately 0.0316, followed by a pretrained PINN approximation of

Table 5.4.: Mean and minimal value of errors ||u — uy||| after 10,000 epochs of all
vanilla PINNs (V£%*), PINNs with pretraining (P£%*) and hard-constrained PINNs
(BL%Y) that approximate the solution to example 5.7 from section 5.3.1. The PINNs
are trained to minimize the loss given in equation (5.16).

llu —wnll] YLl —unll PL* flu = un] "L

mean
min

0.2514
0.0444

0.2658
0.0493

0.4652
0.1089
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Table 5.5.: Pearson correlation coefficients between the hyperparameters and the
errors ||u — uy||| after 10,000 epochs of vanilla PINNs (V£*), PINNs with pretrain-
ing (PL) and hard-constrained PINNs (2£5) that approximate the solution to
example 5.7 from section 5.3.1. The PINNs are trained to minimize the loss given
in equation (5.16). Colors indicate the magnitude of the values.

llu —unll "L flu = unll] L Jllu — ua] "L

model size 0.060 —0.052 0.092
learning rate 0.404 0.374 0.317
weight decay Ayq —0.163 0.137 —0.173
activation —0.048 —0.090 —0.074

approximately 0.0318. The best hard-constrained PINN shows an error of 0.0391.
However, after 100, 000 epochs, the difference between the best of the three methods
decreased compared to the results after 10,000 epochs. Compared to the errors of the
previous experiment, the smallest minimal error after 100,000 is around four times
larger. This indicates that PINNs might cope better with interior layers than boundary
layers or problems with outflow boundary layers are more difficult to approximate.

As in the previous experiment, it can be observed that the PINNs that are pretrained
on the inflow boundary data change abruptly in the first optimization step of the
actual optimization loop. The reason is probably the same as before: the interior loss
can be decreased more than the boundary loss increases if the inflow boundary data
are met worse.

To investigate which model parameters have the most significant influence on
the training of the three methods, the Pearson correlation coefficients between the
hyperparameters and the errors are given in table 5.5. As in the previous example,
the learning rate has the largest influence, even if it is for the vanilla and the hard-
constrained PINNs only around half as much as in the previous experiment.

The solution of the best vanilla PINN approximation and the point wise error
|u — upr| compared to the exact solution u to example 5.7 are shown in figures 5.12a
and 5.12b. It can be observed that in the approximation, no outflow layer occurs and
that it does not meet the boundary data at the outflow boundary. This might also
be the reason why the error measured in the |||-|||-norm is larger than in the previous
experiment. The maximal value of the approximation (a 0.92) also is smaller than
the largest value of the exact solution (/ 1.00). This is also in contrast to the previous
experiment, where the minimum and the maximum are better satisfied. A possible
explanation is that the interior loss functional of vanilla PINNs can be decreased
more than the boundary term increases. However, the boundary loss still plays a role
and makes it more difficult for the PINNs to meet the maximum of the solution. The
point wise error is in the majority of the domain usually small, with a smallest value
of order O(107%). However, the error is obviously larger along the outflow boundary
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Figure 5.12.: Vanilla (top row) and hard-constrained (bottom row) PINN approxi-
mations uyr of the solution to example 5.7 based on minimizing the loss given in
equation (5.16) for 100,000 epochs and their point wise errors |u — wuys| compared
to the exact solution wu.

at y = 1 or x = 1 and especially at the corner at (1, 1) since the outflow boundary
data is not met at all.

The solution of the best hard-constrained PINN and its point wise error |u — uy/|
for the same problem are shown in figures 5.12c¢ and 5.12d for comparison. It is
visible that an outflow boundary layer has formed and that the boundary data are
met exactly due to prescribing them in a hard-constrained manner. Therefore, the
point wise error is smaller and in most parts of the domain of order O(1072). Tt is
the largest at the upper part of the outflow layer. This is not surprising when looking
at the solution. The solution is deformed and wiggles the closer it gets to the upper
right corner.

An analog mechanism might also be why hard-constrained PINNs do not work
as well as in the previous experiment. The hard-constrained PINNs seem to have
difficulties introducing the steep gradient in the outflow layer because the outflow
boundary data is fixed and must be satisfied.

To conclude, vanilla PINNs seem to approximate the solution better in the interior
than hard-constrained PINNs. With a longer training time, hard-constrained PINNs
may also catch up with the vanilla ones. As a drawback, a particular feature of the
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solution, namely the outflow boundary layer, is not reconstructed by vanilla PINNs at
all. However, for this example with a boundary layer, at the outflow boundary, vanilla
PINNs work best in terms of the energy error |||-|| at least after 10,000 and 100, 000
epochs, which is why in the following vanilla PINNs are used for this particular
example.

5.3.2. Non-standard loss functionals

The experiments in this section test which of the loss functionals defined in section 5.2.2
works best and compare them to the vanilla loss functional from section 5.1.1. In
other words, the effect of the four loss functionals £, £V, £, £"" on the quality
of the approximation is investigated.

To this end, for each method, 675 MLPs are trained with different configurations of
hyperparameters. The same hyperparameters are chosen as given in table 5.1, except
for the learning rate, of which the largest two learning rates are neglected. Depending
on the experiment, the boundary data is incorporated in either the hard-constrained or
vanilla fashion. The particular choice is mentioned in each experiment and indicated
in the results by either the superscript ! or V. As before, to each tested loss functional
an L2-weight decay regularization term is added, i.e.,

Awd  Tbs 5
are used as loss functionals, where £ € { £, £V, L £V 1 Below, the losses are
nevertheless denoted by £, £, £, and £"%, but it must be remembered that the
weight decay term is active in all experiments.

The rest of the set-up of the MLPs and the training described in section 5.3.1
stays the same, e.g., the number of layers, training points, and training epochs. The
evaluation also stays the same, i.e., the error is calculated in the [||-[|-norm, and an
average is computed over the seeds resulting in errors of 225 different configurations
for each method.

The loss functionals £ and £"" depend on the parameter t;. The corresponding
loss functionals are denoted by L} and LIV, where t, is chosen to be one of the values
of {10!, 10° 107, 1072, 1073, 10~*}. The values of this set follow the suggestions
in [KLS19]. To summarize, together with £ and £V in total 14 different loss
functionals are tested. However, only one value for ¢y is shown below for the sake of
brevity, namely for the ¢, for which £ and £"" have the smallest minimal energy
error after 100, 000 epochs.

Circular interior layer problem

Again, the experiments start with PINNs approximating the solution to example 5.6
that possesses an interior layer. Since section 5.3.1 shows that for this problem hard-
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configuration

Figure 5.13.: Errors [|u — upr|| after 10,000 epochs for all tested configurations of
hard-constrained PINNs with various loss functionals given in equation (5.18) that
approximate the solution to example 5.6 from section 5.3.1. The error is averaged
over the seeds of the configurations.

constrained PINNs work the best, also in these experiments, the Dirichlet boundary
data is imposed exactly as indicated by the superscript .

The results of the vanilla, the crosswind functional, £F,, and LIS after 10,000
epochs for all configurations are depicted in figure 5.13. It looks like that in the mean,
both £, and LIS work worse than the vanilla and the crosswind losses. This is
also supported by the values presented in table 5.6, where it can be seen that the
mean value of the limited residual and the limited residual with crosswind loss are
around twice as large as the mean value of the vanilla PINNs. However, the smallest
error is obtained by a PINN trained with limited residual loss. The best vanilla PINN
has only a slightly larger error, and the best one trained with the crosswind loss has
an error of almost twice as much as the overall smallest one. The best PINN trained
with the limited residual with crosswind loss has an error between the vanilla and the
crosswind loss.

The results have slightly changed after the six best networks of each method are
trained for another 90, 000 epochs. Still, the loss that produces the smallest minimal

Table 5.6.: Mean and minimal value of errors ||u — uy ||| after 10,000 epochs of all
hard-constrained PINNs with various loss functionals given in equation (5.18) that
approximate the solution to example 5.6 from section 5.3.1.

= unll "2 e = unll "L llu = unlll "£or e — wll "£55

mean 0.0940 0.1127 0.1856 0.1706
min 0.0100 0.0176 0.0097 0.0112
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Table 5.7.: Pearson correlation coefficients between the hyperparameters and the
errors ||u — uy|| after 10,000 epochs of hard-constrained PINNs with various loss
functionals given in equation (5.18) that approximate the solution to example 5.6
from section 5.3.1. Colors indicate the magnitude of the values.

Ircw

llw — unlll "2 flu = unll "Ll = unll "G or llu — unlll "£5S

model size —0.0392 —0.0121 0.0134 0.0080

learning rate 0.3876 0.3217 0.1118 0.0299

weight decay Ayq 0.2286 0.2005 —0.0054 0.0045
activation 0.0135 0.0007 —0.0370 —0.0049

error is the limited residual loss (0.00867), but this is only marginally smaller than
the results obtained with the limited residual with crosswind loss (0.00870), which is
the second to best minimal error. The vanilla loss is after 100,000 in the third place
(0.0092), followed by the crosswind loss (0.0177). Note that the results obtained with
the crosswind loss even got slightly worse compared to the result after 10, 000 epochs.
Furthermore, the energy error of the best MLPs trained with the limited residual and
limited residual with crosswind loss are around 5.7% and 5.4%, resp., smaller than
the best vanilla PINN obtained in the previous section.

The Pearson correlation coefficient between the hyperparameters and the errors
of the methods are given in table 5.7. It can be followed that the standard and the
crosswind loss are most sensitive to the choice of the learning rate and the weight
decay parameter. Both £, and LISV are not notably sensitive to any particular
hyperparameter which is in agreement with the large mean error. Only the learning
rate has a minor influence on the result of the PINNs trained with £ ;.

The PINN approximation that has the smallest error overall obtained with £{,
is depicted in figure 5.14 together with its point wise error compared to the exact
solution u to example 5.6. Again, the approximation’s minimal and maximal value
coincides with the ones of the exact solution up to two decimal places. The point wise
error is between 0 at the boundary and around 1.21-10~2 obtained at the circle, which
is around 28% smaller than the largest error obtained in section 5.3.1. Moreover, it is
less localized compared to the previous section 5.3.1.

To conclude, both the energy and the largest point wise error for this example
obtained with the limited residual and limited residual with crosswind loss are smaller
than those with the vanilla loss. Moreover, the crosswind loss leads to PINNs with
larger errors and is, therefore, less suited to problems with interior layers.

Outflow layer problem

To evaluate the influence of the loss functionals on the errors of PINNs that approxi-
mate the solution to a problem with a boundary layer, in this section the results for
example 5.7 are presented. As seen in the previous section, vanilla PINNs worked the
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Figure 5.14.: Hard-constrained PINN approximation uy with £, loss of the solution
to example 5.6 after 100,000 epochs and its point wise error |u — uys| compared to
the exact solution w.

best compared to pretrained and hard-constrained PINNs. Therefore, the Dirichlet
data is not prescribed exactly but learned during the training as indicated by the
superscript V.

The errors of the PINNs for all configurations obtained with £, £%, £ and
LW are shown in figure 5.15. It looks like the errors obtained with L£IS" are better
in the mean than those with £¥, and indeed, this is true as seen in table 5.8. The
PINNs that used the former loss have even the smallest mean error, followed by
the crosswind loss, the vanilla loss, and £F$". However, the overall smallest error is
obtained by a PINN trained with the limited residual loss, followed by one trained
with the limited residual with crosswind loss.

After the networks are trained for in total 100.000 epochs, the best PINN is one
trained with £I¢" (~ 0.0287). The best PINN trained with £, has an error of
around 0.0308, the best one trained with the vanilla loss an error of around 0.0328,
and finally, the best one trained with the crosswind loss an error of around 0.0358.

Again, the hyperparameter with the largest influence on the error is the learning
rate, as shown in table 5.9, followed by the weight decay parameter. The influence
on the loss functionals, especially on the limited residual and limited residual with
crosswind loss, is more considerable than for the circular interior layer problem. The
other hyperparameters have no significant influence on the errors.

The solution and the error of the best PINN approximation to example 5.7 that is
trained with £IS" is depicted in figure 5.16. As in the previous section, the PINN
does not reach the maximal value of the exact function and has a slightly smaller
minimal value. Furthermore, the boundary layer is not present, so the values at
the outflow boundary are not correct. Consequently, the approximation also has
the largest absolute errors in these regions. The smallest absolute error is of order
O(1077), which is one order of magnitude than for the best network obtained with
the standard loss functional.

To summarize, the crosswind loss works again the worst, and the PINNs trained
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Figure 5.15.: Errors ||u — up|| after 10,000 epochs for all tested configurations of
vanilla PINNs with various loss functionals given in equation (5.18) that approximate
the solution to example 5.7 from section 5.3.1. The error is averaged over the seeds
of the configurations.

with the limited residual and limited residual with crosswind loss are 12.5% and
around 6% better than those trained with the vanilla loss in the case of the problem
with the boundary layer. If the boundary layer were captured correctly, the results
for those two losses might improve since the influence of ¢ is particularly significant
in the boundary layer because the residuum is expected to be large in that region.

5.3.3. Variational physics-informed neural networks

The final two experiments of this chapter investigate how well hAp-variational PINNs
presented in section 5.2.3 work for convection-dominated convection-diffusion-reaction
problems.

For this purpose, 675 MLPs with different configurations of hyperparameters are
trained to approximate the solution to examples 5.6 and 5.7, respectively. As in the
previous experiment, the hyperparameters given in table 5.1 are used, except for the
learning rate where the first two learning rates are not treated. The variational PINNs

Table 5.8.: Mean and minimal value of errors ||u — uy||| after 10,000 epochs of all
vanilla PINNs with various loss functionals given in equation (5.18) that approximate
the solution to example 5.7 from section 5.3.1.

Ircw

llw = unlll Ll = unlll YLl = unll VLYl — el VLTS

mean 0.2154 0.1881 0.2171 0.1801
min 0.0444 0.0512 0.0312 0.0323
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Table 5.9.: Pearson correlation coefficients between the hyperparameters and the errors
llu — up|| after 10,000 epochs of vanilla PINNs with various loss functionals given
in equation (5.18) that approximate the solution to example 5.7 from section 5.3.1.
Colors indicate the magnitude of the values.

llu = unlll YLl = wnll VLYl =l VLY, llu = unlll LT

model size 0.0907 0.0920 0.0740 0.0888
learning rate 0.4299 0.5835 0.4654 0.5295
weight decay Ayq —0.1973 —0.0726 —0.1952 —0.0523

activation —0.0241 0.0217 0.0376 —0.0244

that approximate the solution to example 5.6 are constructed to satisfy the Dirichlet
boundary conditions in a hard-constrained manner since the previous experiments
indicate that for this problem, hard-constrained PINNs work the best. The hp-vPINNs
that approximate the solution to example 5.7 learn the Dirichlet boundary conditions
during the training, as it is also done for vanilla PINNs. In the following, once more,
the superscripts * and v encode that either hard-constrained or vanilla ~Ap-vPINNs
are used.
To be precise, the variational PINNs are optimized to minimize

LhpvP 5.19
+ 2 Npg —|— ND Zw ( )

where L£"P is given in equation (5.14) and the weight decay factor \yq is given in
table 5.1. The factors in front of the individual terms of £L""F are set to ozi1 P
P = 1 for example 5.6 and af?" = 10,000 for example 5.7. After the first
experiments, it could be observed that for example 5.7 with the choice a%p P = 1all
MLPs end up with an approximation of the constant O-function, probably due to the
boundary conditions. A simple trial-and-error search for a single network guided the
concrete choice of the interior weight. In the future, the impact of the choice of the
interior and boundary weights in the loss functionals has to be investigated more
thoroughly.

For the approximation of the integrals in the interior term of the loss functional,
Legendre polynomials of degree at most six in each direction on the reference cell are
used, i.e., Ps([—1,1]?) as defined in equation (5.11). This corresponds exactly to the
one-dimensional basis functions depicted in figure 5.5. The unit square is divided into
64 squares of equal size, which means that in total, 25-64 = 1,600 global test functions
are deployed. In contrast to [KZK19; KZK21] where a Gauss—Lobatto integration
rule is used, in this work, the interior integrals in the loss functional are approximated
by a Gauss—Legendre quadrature rule with 10 x 10 points and weights, i.e., ten per
coordinate direction. This corresponds to, in total, 6,400 interior collocation points,
compared to 4,096 points used in the previous experiments. However, the boundary
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Figure 5.16.: Vanilla PINN approximation uy with £V loss of the solution to
example 5.7 after 100,000 epochs and its point wise error |u — uys| compared with
the exact solution u.

integrals are still approximated by 512 equally distanced boundary points as described
at the beginning of section 5.3.1. Furthermore, the rest of the set-up described in
section 5.3.1 stays the same. This includes that for each trained MLP, the error
compared to the exact solution is measured in the ||+||-norm and is averaged over the
seeds. The six best configurations after 10,000 epochs are trained for another 90, 000
epochs, and again the error is computed and averaged over the seeds to get the final
result.

Circular interior layer problem

To begin with, the results for example 5.6 are shown. Again in this experiment, the
Dirichlet boundary data is prescribed exactly for all Ap-vPINNs as indicated by the
superscript .

The errors compared to the exact solution for the hard-constrained variational
PINNSs for all configurations are shown in figure 5.17. The best variational PINN has
an error of around 0.1270 which is one order of magnitude larger than the best PINNs
based on the strong formulation of the residual tested in section 5.3.2. After another
90, 000 epochs, the error still is with a value of around 0.1166 not significantly smaller
than after 10, 000 epochs, and stays one order of magnitude larger than the best error
in the previous section.

Interestingly, compared to the previous experiments, the learning rate has only a
minor influence on the errors of the Ap-vPINNs as shown in table 5.10. It seems that
for variational PINNs the weight decay parameter is most important.

The best approximation and its point wise error compared to the exact solution
can be seen in figure 5.18. Notably, the variational PINN has a larger maximal value
than the exact solution. The approximation is also slightly deformed and looks more
tapered than the exact solution. Consequently, the point wise error is less localized
than in the previous experiments. It ranges between 0 at the boundary and around
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Figure 5.17.: Errors [|u — up|| after 10,000 epochs for all tested configurations of
hard-constrained hp-vPINNs that approximate the solution to example 5.6 from
section 5.3.1. The PINNs are trained to minimize £""Y. The error is averaged
over the seeds of the configurations.

3.02 - 107! at the circle. This is also one order of magnitude larger than the best
results presented in the previous section.

The results of variational PINNs might improve if more test functions, a higher
quadrature rule, or a mesh tailored to the problem are used. However, with the present
set-up of the experiment, the variational PINNs are worse than the PINNs investigated
in the previous section. This might be counterintuitive since the variational formulation
is the canonical one and, in general, the better option compared to the strong form
for convection-diffusion-reaction problems.

Table 5.10.: Pearson correlation coefficients between the hyperparameters and the
errors ||u — upr|| after 10,000 epochs of hard-constrained hp-vPINNs that approx-
imate the solution to example 5.6 from section 5.3.1. The PINNs are trained to
minimize the loss given in equation (5.19). Colors indicate the magnitude of the
values.

llu = unll] "L

model size 0.016
learning rate 0.112
weight decay Awq 0.371
activation 0.018
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Figure 5.18.: Hard-constrained hp-vPINN approximation uss of the solution to exam-
ple 5.6 after 100,000 epochs and its point wise error |u — uy| compared with the
exact solution wu.

Outflow layer problem

Finally, the results of the variational PINNs that approximate the solution to ex-
ample 5.7 that possesses a boundary layer are presented. For this experiment, the
boundary data is again learned with the help of the loss functional and not prescribed
exactly. Again, the superscript v is used to remind of this.

The errors of all configurations after 10,000 epochs are shown in figure 5.19. The
error of the configuration with the smallest error is approximately 0.0381, which is
approximately 18% worse than the best PINNs tested in section 5.3.2 for this example.
After 100,000 epochs, the best configuration shows an error of approximately 0.0354
and is, therefore, 7% smaller than after 10,000 epochs. As before, this is around 19%
worse than the best one observed in the previous section.

A single hyperparameter that significantly influences the errors cannot be identified
as indicated by the small Pearson correlation coefficients shown in table 5.11. However,
as seen in figure 5.19 the results for the concrete configurations vary, which means
that particular combinations of hyperparameters work better than others.

Last but not least, the solution whose error is the smallest is depicted together
with its point wise error in figure 5.20. The results differ slightly from the best
approximation gained in section 5.3.2. As before, neither a boundary layer has formed
nor does the approximation has the same values at the outflow boundary as the exact
solution. Therefore, again the error is large at the outflow boundary and small in the
domain’s interior.

To conclude, the results of variational PINNs for this example are worse than
PINNSs trained with loss functionals based on the strong form of the residual. It
could be that a mesh that is adaptively refined towards the boundary layer, more
test functions, or a higher quadrature rule would lead to better results. However, this
is outside the scope of this chapter and is postponed to future research.
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Figure 5.19.: Errors [|u — upr|| after 10,000 epochs for all tested configurations of
vanilla hp-vPINNs that approximate the solution to example 5.7 from section 5.3.1.
The error is averaged over the seeds of the configurations.

5.4. Summary

This chapter was dedicated to physics-informed neural network approximations of
the solution of convection-dominated convection-diffusion-reaction problems.

To this end, in section 5.1, vanilla PINNs have been introduced, and their loss
functional has been derived. Afterwards, the implementation was verified based on
a known smooth solution. In section 5.2, several modifications of vanilla PINNs
have been presented concerning the treatment of (inflow) Dirichlet boundary data,
non-standard loss functionals, and hp-variational PINNs. Lastly, these ideas have
been tested on two benchmark problems in section 5.3.

From the experiments, it can be concluded that a pretraining of the inflow boundary
data does not improve the quality of the solution in terms of the energy error ||-|||. Not

Table 5.11.: Pearson correlation coefficients between the hyperparameters and the
errors ||u — uy||| after 10,000 epochs of vanilla hp-vPINNs that approximate the
solution to example 5.7 from section 5.3.1. The PINNs are trained to minimize the
loss given in equation (5.19). Colors indicate the magnitude of the values.

llu = unf] YL

model size 0.018

lerning rate 0.068
weight decay Ayq —0.099

activation —0.014
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Figure 5.20.: Vanilla hp-vPINN approximation u,r of the solution to example 5.7 after
100, 000 epochs and its point wise error |u — uys| compared with the exact solution
u.

only gets the trained information lost after very few optimization steps of the actual
optimization loop, it even reduces the quality of the final approximation. A reason
might be that the PINN approximations are overfitted to the inflow boundary data
after the pretraining. Moreover, for the problem with interior layers, hard-constrained
PINNs worked the best, while for the other benchmark example with a boundary
layer, vanilla PINNs showed the best results. Hard-constrained PINNs might have
problems with boundary layer problems since they are forced to introduce the needed
strong gradient due to the boundary data, whereas vanilla PINNs can neglect the
boundary layer and focus on the optimization in the interior.

Furthermore, from the experiments based on the novel loss functionals, it might be
concluded that optimization with respect to the crosswind loss leads to worse results
than with respect to the standard loss functional. The crosswind loss was introduced
in the literature to penalize a smearing of the layers. However, for PINNs, such
smearing could not be observed, and adding another term to the loss functional makes
the loss landscape more complicated. Consequently, it might be more challenging to
find the global maximum. The limited residual and limited residual with crosswind
loss worked almost equally well after 100, 000 epochs, and, depending on the problem,
between 6% and 12.5% better than vanilla PINNs in terms of the energy error.

Finally, it can be concluded that, surprisingly, variational PINNs work worse than
PINNSs trained with the novel loss functional for the presented test problems. They
had difficulties with approximating the interior layer and, as also their counterparts
based on a strong formulation of the residual, did not form the correct boundary
layer. The results might be better with a more localized mesh, i.e., a mesh tailored to
the problem. However, the dependency on meshes, in general, renders the originally
mesh-free method to be mesh dependent. Therefore, it might be more promising to
investigate weak adversarial PINNs as described in [Zan+20; DMM22].

These results are the first steps toward systematically investigating PINNs for
convection-dominated convection-diffusion-reaction problems. In the future, also
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other benchmark problems should be taken into consideration, e.g., the HMM and
the Hemker example used in the previous chapters. In contrast to the examples
defined in this chapter they are problems without a source term. In this case,
PINNs might have more problems approximating problems with boundary layers
since the interior and boundary loss might have counteracting roles. Furthermore,
the influence of the weights in front of the different terms of the loss functionals needs
to be investigated since it could be observed that for some problems, the quality
of the results of PINNs depends significantly on the ratio of these weights as also
reported in [HT21]. Furthermore, it needs to be tested whether other variational loss
functionals or adversarial PINNs are better suited to approximate the solution to
convection-diffusion-reaction problems.

A topic neither tackled in this thesis nor the literature so far is discrete maximum
principles for PINNs. Even though in most of the optimizations in this work, the
PINNs did not break a global maximum principle, in some cases, hard-constrained
PINNs produced solutions containing overshoots. Furthermore, there is no guarantee
that PINNs respect these principles at all. This behavior needs to be investigated
systematically, and ways can be discussed to enforce a discrete maximum principle.
One option is to add another term to the loss functional that penalizes unphysical
values. Another possible path is to impose a discrete maximum principle through
the activation function of the output layer, e.g., using a sigmoid-related activation
function.

Last but not least, the best choice of collocation points is still an open question.
Adaptively chosen collocation points can be imagined based on modified a-posteriori
error estimators of classical finite element methods. However, whereas it might seem
natural to use more collocation points in the vicinity of layers, the experiments of
[Wan+23] indicate that this is not necessarily the case. This behavior might need to
be understood in more detail to facilitate PINNs’ quality further.
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Since the main ideas of this thesis are described in the previous chapters, it is time to
summarize and conclude what can be learned from the present work. This and an
outlook on possible future research questions are presented below.

6.1. Conclusion

This work has dealt with steady-state convection-diffusion-reaction problems and
numerical methods to approximate their solution. As presented in the first chapter,
they are a widely used model to describe the distribution of a scalar quantity inside a
flowing medium, and computing an accurate and physically reasonable solution to
them in the convection-dominated regime is challenging for most classical numerical
methods.

In the following chapters, alternatives to the classical methods have been presented
and tested on benchmark problems. To conclude whether these methods are serious
alternatives to classical approaches, recall the requirements for a numerical scheme
to be suitable for convection-dominated convection-diffusion-reaction problems. To
quote from chapter 1, the optimal scheme method should

1. convergence fast towards the exact solution as the mesh becomes finer,
2. be flexible with respect to the used mesh,

3. produce solutions with sharp layers, and

4. compute physically reasonable solutions free of spurious oscillations.

In chapter 2, the model problems of this thesis are derived, and it is proven that
under certain conditions, a unique weak solution to these problems exists. After
discontinuous Galerkin methods for pure diffusion, convection-reaction, and complete
problems have been introduced and examined with respect to their convergence
properties, the schemes were successfully tested for a two- and three-dimensional
problem with a known solution. The observed convergence rates have been in line
with the theory, and it can be concluded that the software package ParMooN is
capable of performing DG simulations of steady-state convection-diffusion-reaction
problems. As predicted from the theory, DG methods converge fast towards the exact
solution, i.e., optimally in the energy norm but suboptimally by a factor of 1 in the
L?-norm. However, optimal L?-convergence rates can also be observed in practice.
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They are known to be flexible with respect to the used mesh and produce solutions
with sharp layers. On the other hand, they show significant spurious oscillations in
the convection-dominated regime.

The third chapter has presented several known but also novel post-processing
methods that can be applied to the discrete solution of DG schemes. As a first step,
these methods mark cells where the discrete solution shows unphysical values and,
second, replace the solution locally by a polynomial of at most degree one. All these
methods have in common that they are computationally cheap, reduce unphysical
values and still preserve the mass locally, which is in contrast to just clipping the
extrema. It was observed that usually, methods replacing the solution by its integral
mean reduced spurious oscillations significantly more than methods that use an affine
reconstruction. The latter even increased the oscillations in some of the test cases.
In most of the investigated test problems, two novel methods based on examining
the jump of the discrete solution were among the best ones. Furthermore, they
behaved optimally with respect to reducing the oscillations as much as possible while
preserving the mass locally. Even though they reduce the oscillations significantly
compared to the plain DG method, they could not remove them entirely in most
cases. Altogether, it can be concluded that they improved DG methods concerning
the last requirement. Hence, in applications where small oscillations are acceptable,
they can be seen as a serious alternative to, e.g., SUPG or SOLD methods. However,
if a method that provably preserves maximum principles is desired, other schemes
like non-linear AFC methods must be applied.

Deep learning methods are a powerful tool that can be used to support and enhance
classical methods. In chapter 4, a way was presented to incorporate multilayer
perceptron models into the framework of classical DG methods. To this end, an
MLP-based slope limiter was constructed and successfully applied to the DG solution.
Even though it has been trained with data from a particular example and polynomial
degree, it was also possible to apply it to higher-order solutions of the same and a
different problem. On the one hand, the MLP-based slope limiter reduced the spurious
oscillations, but on the other hand, it was not better than its classical counterparts.
However, this can still be seen as a first step towards other deep learning-supported
numerical methods.

Finally, physics-informed neural networks are another deep learning technique that
approximates the solution to initial-boundary value problems. In the literature, they
have already been applied to various problems, and it was observed that PINNs usually
have difficulties approximating the solution to singularly perturbed problems. To gain
further insight into this behavior, chapter 5 addressed the question of how well PINNs
can approximate the solution to convection-dominated convection-diffusion-reaction
problems. For this purpose, after the classical loss functionals of vanilla PINNs
have been derived, alternatives were presented that are inspired by cost functionals
of optimization problems that dealt with convection-diffusion-reaction problems.
These functionals, different treatments of boundary conditions, and another type of
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loss functionals based on a variational formulation were tested numerically on two
benchmark problems. It was observed that hard-constrained PINNs are better suited
in terms of the energy norm for problems with interior layers than those with boundary
layers. For the latter, classical treatment of the Dirichlet boundary data is preferable.
Moreover, two novel loss functionals worked better than the classical loss functional,
and the third worked worse. The variational PINNs showed larger errors than the
vanilla PINNs for both test problems. Regarding the requirements mentioned above,
PINNSs are the most flexible method concerning the geometry treated in this work,
and spurious oscillations were not observed in the experiments. However, variational
PINNs are mesh-dependent in contrast to classical PINN approaches. Furthermore,
the investigated configurations of vanilla PINNs have produced sharp layers only in
the case of interior layers. The hard-constrained PINNs showed both sharp interior
and boundary layers but had difficulties approximating the solution in the interior
close to the boundary layer. At the current stage of development, appropriate finite
element methods are still better suited to solve convection-dominated convection-
diffusion-reaction problems.

In a nutshell, in cases where small spurious oscillations are acceptable, DG methods
treated with one of the slope-limiting techniques presented in this work can be a serious
alternative to classical methods. PINNs might also be considered if a parametrized
solution has to be calculated, noisy data needs to be incorporated into the solution,
or some parts of the underlying governing equations are not fully known.

6.2. Outlook

As concluded above, the journey of finding an optimal scheme for approximating the
solution to convection-dominated convection-diffusion-reaction problems is ongoing.
There are still open questions, and almost all methods treated in this thesis allow for
improvements.

As seen in chapter 3, some slope-limiting methods already mark all cells where
spurious oscillations pollute the solution. Hence, significant improvements concerning
the marking criterion might not be expected. Replacing the solution locally with its
integral mean already reduces the oscillations as much as possible. Unfortunately,
the linear reconstructions work worse, but since their reconstruction uses a higher
polynomial degree, the accuracy measured in certain norms is less reduced. Therefore,
paths that use a higher-order reconstruction might be found while reducing the
oscillations. To this end, ideas might be borrowed from the community dealing with
hyperbolic transport problems, including, e.g., (W)ENO reconstructions and total
variation diminishing schemes. Furthermore, in this work, the influence of these
techniques on the error to the exact solution is not investigated, but this topic should
be treated in the future. For problems without a known solution, an AFC method
computed on a very fine grid might serve as a reference solution. Last but not least,
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what happens for time-dependent problems still needs to be investigated. In that
case, it might be crucial not to mark too many cells since this has a non-negligible
influence on computational time. However, the algorithms still must mark as many
cells as needed to reduce the oscillations since the approximation at a particular time
step influences the discrete solution of the following steps.

Since incorporating deep learning techniques into the framework of classical nu-
merical schemes has just begun, there is much potential for new ideas. Concerning
the MLP-based slope limiters of this thesis, it is mandatory in the future to obtain
the labels in the training data without using classical limiters. They cannot become
better than their classical companions if they are still based on classical methods.
A possible way in that direction is to generate data where the labels are chosen
“by hand”; e.g., by using analytically known functions of which points are known
a-priori where the solution has a steep gradient or spurious oscillations. Furthermore,
finding other feature sets serving as input to neural networks might be helpful. First
of all, all user-dependent features of classical slope limiters need to be removed to
have parameter-free limiters. Moreover, reducing the input space might improve the
efficiency of the networks. It is still an open question what features of the solution
most definitely indicate the presence of spurious oscillations. It could be investi-
gated whether the degrees of freedom of the solution are suitable to this end since
they encode the complete discrete solution. However, the same basis functions and
order must always be used for this approach. Another way is to use CNN-based
networks together with local values of the discrete solution. This approach removes
the dependency on the basis functions but still incorporates almost all details of the
discrete solution. Having a representative feature set at hand is also preferable in
another conceivable idea. Since optimal parameters of SUPG and SOLD methods
are not known a-priori, a desirable application might be to have a neural network
that predicts optimal parameters based on these optimal local features. To generate
a labeled data set, optimal parameters must be generated beforehand. A way that
does not rely on a-priori known optimal parameters might be to use reinforcement
learning strategies. In this context, a so-called reward function is needed, which rates
an action of the network. To this end, the norm of the residuum of the discrete
solution might be used as it is done in loss functionals of PINNs.

PINNSs’ most relevant drawback is still the lack of their theoretical understanding.
Improving the theoretical knowledge about neural networks, especially PINNs, might
be mandatory to design better algorithms. In the context of convection-dominated
convection-diffusion-reaction problems, it would be interesting to investigate how
well PINNs work for problems without a driving source. Furthermore, the influence
of the weights in the loss functional can be analyzed, as well as the choice of the
collocation points with which the integrals of the loss functional are approximated.
In the latter regard, constructing a-posteriori error estimators inspired by classical
residual-based estimators from finite element methods might be essential to sharpen
the understanding. With such, it should be possible to choose the collocation points
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adaptively and, in particular, adapt them to the problem.

As said above, many open questions still exist that pave the way to a fascinating
future of research concerning convection-dominated convection-diffusion-reaction
problems.
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A. Mathematical background

For the sake of brevity, weak derivatives, Lebesgue, and Sobolev spaces are not
presented. For a detailed introduction to those topics, please refer to [Eval0, chapter
5; BS02, chapter 1]. Nevertheless, some essential theorems used in this work are
presented below.

Theorem A.1 (Integration by parts). Let Q C RY, 1 < d € N, be a bounded Lipschitz
domain. Then, for any £f€ [HY(Q)]¢ and g € HY (), it holds

/f-ngw+/div(f)gdw:/ f-ngds,
Q o) 80

where n is the outer unit normal vector defined almost everywhere on 00 [Nec12,
chapter 2, lemma 4.2], and £ along 02 has to be understood in the sense of traces.

Proof. See, e.g., [Nec¢12, chapter 3, theorem 1.1] or [Will9, corollary 4.4.1]. O

Theorem A.2 (Gauss Divergence). Under the assumptions of theorem A.1 it holds,

where m is the outer unit normal vector to O0f).

Proof. Follows directly from theorem A.1 with g = 1. ]
Lemma A.3 (Holder’s inequality). For all 1 < p,q < oo such that 1/p+1/q =1,
and all v € LP(Q) and w € LY(Q) it holds vw € L*(Q) and

/Uw da < ||v|| e [|w]| La(e)-
Q

Proof. See, e.g., [Eval0, B.2.e]. ]

Theorem A.4 (Friedrichs’ inequality). Let Q C R, 1 < d € N be a bounded Lipschitz
domain with some subset I'p C 02 with positive surface measure, i.e., I'p # (0. Then
it holds, for any u € Hp y(Q) = {v e H(Q) : v|r, =0 in the sense of traces},

[ull @) < Crel|[Vul| o),

where 0 < Cg (2, I'p, p) < 00 is a real number.
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Proof. See, e.g., [Will9, equation (4.12)] and [Bra07, 1.5 Poincaré-Friedrichs Inequal-
ity and 1.6 Remark]. O

Lemma A.5 (Lax-Milgram). Let (V|| - ||v) be a Hilbert space and a:V xV — R a
bilinear form for which there exist two constants o, B € R such that

la(v, w)| < ajv||v|wlv for any v,w €'V, (boundedness),

a(v,v) > Blv||%, for any v eV (coercivity).

Then, for any bounded linear functional F :'V — R on V, it exists a unique u € V
with

a(u,v) = F(v) forallv e V.

Proof. The proof can be found in standard textbooks, e.g., by Brenner and Scott
[BS02, p. 62]. 0

Corollary A.6 (Discrete Lax-Milgram). Let (Vy, ||+ ||n) be a finite-dimensional Hilbert
space and ay, : Vi, X Vi, = R a bilinear form for which there exists a constant B, € R
such that

a(vn, vn) > Bullvwll, for any vy, €'V, (discrete coercivity).
Then, for any linear functional Fy, : Vi, — R on Vj,, it exists a unique uy € V), with
a(up,vp) = Fp(vy) for all v, € Vj,.

Proof. This follows directly from the Lax—Milgram lemma A.5; see, e.g., [DF15,
corollary 1.7]. O
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Zusammenfassung

Diese Arbeit widmet sich sogenannten Slopelimitern (wortlich ,, Anstiegsbegrenzern®)
und Techniken des maschinellen Lernens zur Approximation der Lésung von stationiren
Konvektions-Diffusions-Reaktionsproblemen. Im konvektionsdominierten Fall weist
die Losung in der Regel Grenzschichten auf, d.h. kleine Bereiche, in denen ein steiler
Gradient vorherrscht. Aus der Literatur ist bekannt, dass es fiir viele klassische
numerische Methoden schwierig ist, die Losung in diesen Regionen zu approximieren
und dass die Losung oft von unphysikalischen Werten, so genannten Storoszillationen,
iiberlagert ist.

Zuerst werden die Modellgleichungen hergeleitet und es wird untersucht, unter
welchen Bedingungen eine eindeutige schwache Losung fiir sie existiert. Anschlieend
werden symmetrische, unvollstdndige und nicht-symmetrische innere Straf-Galerkin-
Methoden (DG) eingefithrt, um die exakte Losung im reinen Diffusions-, Konvektions-
Reaktions- und im vollstdndigen Fall numerisch zu approximieren. A-priori Fehlerab-
schatzungen werden bereitgestellt und numerisch verifiziert.

As erstes Hauptthema werden mehrere Slopelimiter aus der Literatur und verschie-
dene neuartige Methoden vorgestellt. Diese Nachbearbeitungsverfahren zielen darauf
ab, automatisch Regionen zu erkennen, in denen die diskrete Losung unphysikalische
Werte aufweist, und die Losung lokal durch ein Polynom niedrigeren Grades zu ap-
proximieren. Der erste wichtige Beitrag dieser Arbeit besteht darin, dass zwei der
neuen Methoden die Storoszillationen deutlich und besser als die bisher bekannten
Methoden reduzieren konnen, wahrend die Masse lokal erhalten bleibt, wie in zwei
Benchmarkproblemen mit zwei verschiedenen Diffusionskoeffizienten gezeigt ist.

Der zweite Schwerpunkt besteht darin, zu zeigen, wie Techniken des maschinellen
Lernens in den Rahmen der klassischen Finite-Elemente-Methoden integriert werden
konnen. Der zweite wichtige Beitrag dieser Arbeit ist die Konstruktion eines auf
maschinellem Lernen basierenden Slopelimiters. Er wird mit Daten einer DG-Methode
niedrigerer Ordnung fiir ein bestimmtes Problem trainiert und auf eine DG-Methode
hoherer Ordnung fiir dasselbe und ein anderes Problem angewendet. Er reduziert
die Oszillationen im Vergleich zur standart DG-Methode erheblich, ist aber etwas
schlechter als die klassischen Slopelimiter.

Der dritte wichtige Beitrag bezieht sich auf Physik-informierte neuronale Netz-
werke (PINNs) zur Anndherung an die Losung der Modellgleichungen. In Bezug auf
Konvektions-Diffusions-Reaktionsgleichungen werden verschiedene Moglichkeiten zur
Einbeziehung der Dirichlet-Randdaten, mehrere Kostenfunktionale, die im Zusammen-
hang mit PINNs neu sind, und Variations-PINNs vorgestellt. Sie werden numerisch
getestet und verglichen. Die neuartigen Kostenfunktionale verbessern den Fehler im
Vergleich zum klassischen PINN-Ansatz. Es wird festgestellt, dass die Ndherungen frei
von Oszillationen sind und mit inneren Grenzschichten zurechtkommen, aber Probleme
beim Approximieren von Randgrenzschichten haben.
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