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ABSTRACT

In this thesis we will deal with the creation of a Reduced Basis (RB)
approximation of parametrized Partial Differential Equations (PDE) for
three-dimensional problems. The the idea behind RB is to decouple the
generation and projection stages (Offline/Online computational proce-
dures) of the approximation process in order to solve parametrized (PDE)
in a fast, cheap and reliable way. The RB method, especially applied to
3D problems, allows great computational savings with respect to the clas-
sical Galerkin Finite Element (FE) Method. The standard FE method is
typically ill suited to (i) iterative contexts like in optimization, sensitivity
analysis and many queries in general and (ii) real time evaluation. We
consider both coercive and noncoercive PDEs. For each class we discuss
the steps to set up a RB approximation, either from an analytical and
a numerical point of view. Then we present the applications of the RB
method to three different problems of engineering interest and applica-
bility: (i) a steady thermal conductivity problem in heat transfer; (ii) a
linear elasticity problem; (iii) Stokes flows with emphasis on geometrical
and physical parameters.

ABSTRACT

In questa tesi tratteremo la creazione di un’approssimazione a Basi Ri-
dotte (RB) per Equazioni Differenziali alle Derivate Parziali (EDP) para-
metrizzate per problemi tridimensionali. L'idea alla base del metodo RB é
quella di disaccoppiare le fasi di generazione e di proiezione del processo
di approssimazione (procedura computazionale Offline/Online) in modo
da risolvere EDP parametrizzate in modo veloce, accurato e affidabile. Il
metodo RB, specialmente se applicato a problemi 3D, permette un grande
risparmio computazionale rispetto al classico Metodo Galerkin-Elementi
Finiti (EF). I metodi EF non sono adatti in un contesto iterativo, come
(i) ottimizzazioni e (ii) analisi di sensitivita, dove una procedura itera-
tiva e’ richiesta. In questo lavoro considereremo due classi di EDP per
modellare problemi coercivi e non coercivi. Per ciascuna classe discuter-
emo i dettagli per creare un’approssimazione RB, sia dal punto di vista
analitico, sia dal punto di vista prettamente numerico. Infine presen-
teremo l’applicazione del Metodo RB a tre differenti problemi con un
certo interesse ingegneristico e applicabilita: (i) conducibilitd termica in
trasmissione del calore, (ii) elasticita lineare e (iii) flussi di Stokes con una
certa enfasi sulla scelta dei parametri geometrici e fisici.



INTRODUCTION AND MOTIVATION

ENGINEERING POINT OF VIEW

Any engineering design can be summarized in the following statement:
Given a physical process and given a set of suitable parameters, the physical
behaviour depends on, find the optimal values of these parameters in order to
obtain a desirable behaviour of the process.

In this work the attention is focused on the designer point of view, but
it is also important to recall that there are many other applications of
engineering interest, such as real time evaluation of the performance of
a system or sensitivity analysis with respect to certain parameters, the be-
havior of the system depends on.

The physical process belongs to any field of engineering interest:

e heat and mass transfer,
e elasticity,

e acoustics,

e fluid dynamics,

e electromagnetism,

e etfc...

or even in a broader sense to any quantitative disciplines (e. g., finance,
biology, ecology and medicine) and their combinations.

The physical process is analyzed by the designer in order to find the best
mathematical model able to describe the behavior of the system. As model
we refer to a system of equations and/or other mathematical relation-
ships able to "catch" the main properties of the process and to predict
its evolution in time and/or space. In this stage the engineer introduces
all the simplifications that the observation and a subsequent qualitative
analysis suggest to take into account.

The analytical model is then constituted by two "blocks":

1. general laws
2. constitutive equations

In this work the attention will be focused on models whose general laws
are those of continuum mechanics which appears as conservation/balance
of suitable quantities (e. g., mass, energy, linear momentum, angular mo-
mentum, ecc...).
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The constitutive relationships come from experimental evidence and de-
pends upon the features of the process in exam. The result of the combi-
nation of these two blocks is often an equation or a system of Partial Differ-
ential Equations PDEs. This means that in the equations the unknowns will
appear along with partial derivatives with respect to multiple variables
(temporal or spatial). Tol solve differential equation it is also necessary,
in order to obtain the closure of the problem, specify a suitable set of
boundary conditions.

Therefore the parameters in the process can be of two kind:

e physical, within this category we have:

— coefficient of constitutive equation for the particular physical
process addressed;

— non-dimensional numbers;*

— boundary conditions imposed;

o geometrical.

The desired behavior could be a particular performance of the system,
such as an average temperature in a thermal block, a maximum displace-
ment of a loaded beam, a level of vorticity in a flow-field and so on,
depending on the particular process addressed.

Finally, the optimal configuration of these parameters can be found through
an iterative optimization process in which a suitable cost functional, that
depends upon the particular performance desired, has to be minimized.
To wit, the designer is interested to evaluate iteratively the input-output
relationship to evaluate the cost functional.

since the solution of PDEs by classical discretization methods like finite
elements, spectral methods or finite volumes, tipically involves thousands
(in some cases millions) of degrees of freedom (DOFs) to obtain a "good"
solution. Therefore a single evaluation of the input-output relationship
is very expensive and at last, in most cases, not suitable in a many-query
context on which the design strategy is based on.

In this context it is necessary to develop suitable Reduced Order Modelling
ROM techniques that reduces the cost and times of the computations. Re-
duced Basis Method (RB) is one of them and this work will focus on this
method that, as it will be shown, is able to reduce the computational cost
of orders of magnitude. Moreover the RB method is a certified and reliable
method because in addition to an output calculation is able to provide a
rigorous a-posteriori error estimators on the “exact” solution 2.

An important remark is constituted by the fact that all the procedure
is built upon a reference domain on which a suitable discretization is con-
structed. Then there is no need to re-discretize the domain at each itera-
tion, re-building a mesh, or deforming the domain itself even in the case

It is always necessary to write the PDEs in a non-dimensional version in order to highlight
the actual physical dependence on the parameters.
The discussion on our assumption of "exact" will be given in Chapter 1.

vi



of parameter-dependent geometry.

OVERVIEW ON REDUCED BASIS

As already said the RB method is a reduced order method that is able to
reduce the complexity of a system without loss of information or accu-
racy of the results thanks to the rigorous error bound provided and by the
properties of the Galerkin projection, see [PRog, RHPo08].

This method does not replace an existing discretization method but "works
in collaboration with it" and upon it.

In this work the discretization method adopted for the applications is the
finite element method (FE): this choice does not constitute a limitation be-
cause the RB method is built over the user-defined assumption of “truth”.
The choice of the correct method able to describe the physical process is
demanded to the user and it will not be treated here.

The idea is to start with FE basis of dimension N and then construct a
RB basis whose dimension N is much smaller than the former, so that
N << N.

The power of the RB lies in the splitting of the procedures into two parts:

1. an Offline phase,

2. an Online phase,

where the former is N dependent and computed once, whereas the latter
is N dependent and allows a fast, cheap and reliable input-output evalua-
tion.
The role played by this decomposition is immediately clear taking in con-
sideration for example an optimization process. The optimal configura-
tion can be found thanks to an iterative process, e. g. the Newton’s gradient
method in which a PDEs solution is needed at every step of iteration. In
this context the RB advantage is that the evaluation of the solution for
every step is order of magnitude smaller; furthermore the real time eval-
uation of the PDEs solution is possible, unlike as in the FE case.
The splitting procedure is possible if the weak formulation of the PDEs
can be expressed in an affine parameter decomposition (see Chapter 1). This
is one of the key-point of the procedure: all the parametric dependences of
the PDEs are actually separated by the non-parametric part, this allows
to compute the latter just in a reference domain, whereas the former can
be computed several times with a very cheap computational burden, see
[Rozog].
A graphical sketch of this idea is shown in Figure 1. The RB method is
depicted in the upper figure , whereas the FE classical method is depicted
in the lower one.

In the RB sketch it appears that the Offline computational burden that
is proportional to KN, where N is the number of degrees of freedom for

vil
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Figure 1: RB computational saving

the FE problem and K is a positive constant that depends upon many
ingredients that will be in depth discussed in Chapter 3.

RB motivation

It is worth to recall that in the RB methodology the so-called Offline part
is very expensive but in a real time or in a many-query context the most
important part is played by the online evaluation of the input-output rela-
tionship that in the RB methodology this is very cheap.

In addition dealing with parametrized equations it is clear that in many
cases it is possible to restrict the attention on a tipically smooth and rather
low-dimensional parametrically induced manifold of the functional space, that
is the set of fields engendered as the input varies over the parameter
domain, [PRog, RHP08]. In Section 1.2 of Chapter 1, a more involved
discussion over these concepts will be given, which are the key points the
reduced basis method has been built upon.

Thesis motivation

To date, the works on the RB method has been mostly aimed to lay
the groundwork for a full comprehension of all its mathematical aspects.
There are of course still open issues, such as an a-priori convergence proof
for problems with more than one parameter [PRog].

Nonetheless, in the very few past years, dedicated software has been de-
veloped to implement the RB methodology. In particular we mention the
rbMIT software, that we have used in this thesis to exploit the creation of
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our RB system.

Unfortunately, the softwares available just deal with the 2-dimensional case,
then our work will be devoted to create a procedure to exploit the creation
of a RB approximation in the 3-dimensional case for steady problem.

The very first steps in this direction has been taken by F. Gelsomino dur-
ing his master thesis work at the EPFL, focusing on scalar time-dependent
problems, see [Gel10].

Our innovative contribution will consists in dealing with:

1. 3D scalar problems with higher parametric complexity (heat transfer
applications),

2. 3D vectorial problems (linear elasticity problem),

3. an extension to 3D non-coercive problems (Stokes flow).

Thesis outline

In Chapter 1 the motivations and scopes of the RB method will be dis-
cussed along with a briefly historical perspective, in Chapter 2 we will
recall some mathematical generalities and then we will provide the ab-
stract formulation for coercive and non-coercive problems.

In Chapter 3 the steps for the generation of the RB approximation spaces
for the solution of parametrized PDEs will be explained. Later, in Chap-
ter 4, the affine geometry preconditions will be presented focused on the 3D
case, necessary to allow a fully decoupling between Offline and Online
procedures.

In Chapter 5 we will provide a briefly insights on the software used to
exploit the creation of the RB approximation.

In Chapter 6 the RB approximation of a heat transfer application will be
addressed, then in Chapter 7 we will deal with a linear elasticity problem
and finally in Chapter 8 we will treat a Stokes flow.

X
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1 INTRODUCTION

In Section 1.1 of this chapter the motivations and scopes of the RB method
will be introduced.

In Section 1.2 the opportunities that can be gainfully exploited by the
RB method are discussed; this will be done focusing even on historical
perspective and on future developments related to this topic.

Sections 1.3 and 1.4 are devoted to applications of RB method in several
fields of engineering interest.

1.1 A BRIEF INTRODUCTION TO RB

In the past few years, thanks to the increased computational performances
it has been possible to use numerical simulation in the very first steps of
design for a very wide spectra of fields.

Unfortunately despite this hardware improvement, the greater part of en-
gineering problem involves the solution of partial differential equations,
furthermore in a design context the number of solution for various config-
urations of attempt can become very large and eventually impracticable.
Therefore it is necessary to develop techniques that are able to reduce the
complexity of the system without a loss of information or accuracy of the
results. The RB method is a promising approach to respond to this needs
moreover this method is not only rapid and efficient, but also provides a
reliable solution of partial differential equations thanks to a certified a-
posteriori error bound.

This method provides a useful tool for engineers, in fact thanks to the
very low cost of the input-output relationship evaluation, the design pro-
cedure can be enriched with highly accurate numerical simulation from
the very first steps.

1.2 RB SCOPE AND HISTORICAL PERSPECTIVE

The real-time and many-query contexts represent not only computational
challenges but also computational opportunities.

It is possible to identify two key opportunities that can be gainfully ex-
ploited with RB method [RHP08]:

e Opportunity I
In the parametric setting, the attention is restricted to a typically



CHAPTER 1

smooth and rather low-dimensional parametrically induced manifold: the
set of fields engendered as the input varies over the parameter do-
main; in the case of single parameter, the parametrically induced
manifold is a one-dimensional filament within the infinite dimen-
sional space which characterizes general solutions to the PDEs. Clearly,
generic approximation spaces are unnecessarily rich and hence unnec-
essarily expensive within the parametric framework.

o Opportunity II

In the real-time or many-query contexts, in which the premium is on
marginal cost (or equivalently asymptotic average cost) per input-
output evaluation, we can accept greatly increased pre-processing or
Offline cost, not tolerable for a single or few evaluations, in exchange
for greatly decreased Online (or deployed) cost for each new /addi-
tional input-output evaluation, see [RHP08]. Clearly, resource allo-
cation typical for single-query investigations will be far from optimal
for many-query and real-time exercises. We shall review the devel-
opment of RB methods in terms of these two opportunities.

1.2.1 Opportunity |

Reduced Basis discretization is, in brief, a Galerkin projection on an N-
dimensional approximation space that focuses on the parametrically in-
duced manifold identified in Opportunity L
Initial work (about in 1980s) grew
out of two related streams of inquiry:
from the need for more effective, and
perhaps also more interactive, many-
query design evaluation, for example
[FM71] considers linear structural ex-
amples; and from the need of more
efficient parameter continuation meth-
ods, [ASB78, NP8o, Noo78, Noo82]
consider nonlinear structural analysis X ©
problems. (a) X® space
Some modal analysis techniques pro-
posed in the same years, e. g. [Nagy9] Figure 2: Parametrically induced
deals with geometrically nonlinear be- manifold
havior, are closely related to RB no-
tions.
At the very first moment the reduced basis method arises from the study
of nonlinear elasticity problem. The development of the RB method has
RB born as efficient ~ been mainly due to the engineering needs to obtain a very efficient tool
_ tooltotreat jn the design context.
nonlinear glus%ilty The following decade saw further expansion into different applications
provient and classes of equations, see for example [IR97] for a work dealing with




1.2 RB SCOPE AND HISTORICAL PERSPECTIVE

the control of PDEs, and [Pet89] for applications of reduced order meth-
ods to fluid dynamics and incompressible Navier-Stokes PDEs. However,
in these early methods, the approximation spaces tended to be rather
local and typically rather low dimensional in parameter (often a single
parameter). In part, this was due to the nature of the applications taken
in account (parametric continuation), but it was also due to the absence
of a-posteriori error estimators and effective sampling procedures. In fact the
absence of this kind of techniques did not allow a certified an accurate
prediction of the error between the “real” solution® and that obtained by
means of the reduced order model; the lack of a rigorous error certifica-
tion is unacceptable for example in a safe engineering context, in which
the reliability is an imperative.

Much current effort is thus devoted to development of (i) a posteriori
error estimation procedures and in particular rigorous error bounds for
outputs of interest [PRV*o2] and (ii) effective sampling strategies, in par-
ticular for higher dimensional parameter domains such as in the works
of [BTWGo8, NVPos] and [Rozo8].

The a-posteriori error bounds are of course mandatory for rigorous certifica-
tion of any particular reduced basis (Online) output evaluation. However,
the error estimators can also play an important role in efficient and effec-
tive (greedy) sampling procedures: the inexpensive error bounds permit
us first, to explore much larger subsets of the parameter domain in search
of most representative or best snapshots, and second, to determine when
the basis functions are enough to bound the error within a certified inter-
val.

The most used sampling methods are (i) the Greedy sampling procedure and
(i) the POD (proper orthogonal decomposition): this two procedures dif-
fer under some aspects that will be discussed in Section 3.4. It is worth
to anticipate that the Greedy procedure is optimized for higher dimension
of the parameter space, while the POD procedure is better suited for one
dimensional (typically time) domain, [AK99, KVo03, Ravoz2, WPoz2].

1.2.2  Opportunity Il

Early work on the reduced basis method took into consideration the Op-
portunity II, but was not able to fully decouple the underlying standard
FE discretization.

More precisely, often the Galerkin stiffness equations for the reduced basis
system were generated by direct appeal to the high dimensional FE repre-
sentation: essentially, pre and post multiplying the FE stiffness system by
rectangular basis matrices; as a result the computational saving offered
by the model reduction was not fully exploited in [Noo78, Por85] and
[PL87]. The complete decoupling between the reduced order model and

"Real" here means the assumption of faithfulness achieved with the standard discretiza-
tion method, see section 2.3.2 in the chapter 2 for further explanation on the hypothesis
and on the consequences of this choice

then applied to fluid
dynamic and control

of fluid flows

Lack of a certified
a-posteriori error
bound: useless in an
engineering context

The a-posteriori
error bound plays a
dual role in the
OFFLINE/ONLINE
computation



classes of problem
addressed by the RB

CHAPTER 1

the standard discretization model is one of the crucial point on which

much of the current work has been devoted at that time.

In this work we will denote with N the computational complexity of the

standard discretization and with N the RB complexity. This opportunity

has been exploited thanks to an Offline/Online procedure that is possible in

a context of an affine parameter dependence of the operators constituting the

PDEs; this important concept will be recalled in Section 2.2.

One of the benefit related to this procedure is showed in figure 3;
it is clear that in a many-query
context, such as an optimization

e | ONLINE output,, design process, or in a real-time

N 3 —y—> PDEsY « N3 ——» .
e i closed loop control the split allows
=) a much more faster sub-iteration

(I/O evaluation), that should not
be possible in the classical FE dis-
cretization nor in the reduced or-

(a) RB procedure

L poEsy A9 e der methods that not implement-
0 ing this efficient tool. In fact in the

FE case (Figure 3b) a subiteration

(b) FE procedure involves a cost proportional to N,

whereas RB involves a cost propor-
tional only to N.

The Offline-Online idea is quite
self-apparent and it has been treated often [IR97, JAo4, Pet89], nonethe-
less the idea/application of a-posteriori error bound is more involved and
recent [HRSPo7, PRV 02, PRVPoz2].

Actually even in the case of a non-affine parameter dependence the develop-
ment of the procedure is yet possible, although more complex procedures,
that have been estabilished in the few last years [MYNAo4, GMNPoy], are
needed in order to turn the non-affine form into an approximated affine
problem.

Figure 3: Offline/Online splitting

1.3 PROBLEM ADDRESSED

This thesis will deal with linear output functional and affinely parametrized

linear coercive or non-coercive PDEs: these classes of problems, although

the former relatively simple, are relevant to many important applications

in various field of engineering interest.

Although this thesis focuses on these classes of problems, the reduced ba-
sis is much more general and is able to treat nonaffine problems [GMNPo7]
and parabolic equations [AKg9].

Furthermore, the RB method can be used for nonlinear equations such as

the incompressible (quadratically non-linear) Navier-Stokes equations, fi-
nally even the hyperbolic equations are subject of study, there are proofs




1.4 FROM 2D TO 3D

which demonstrate that RB approximation and a posteriori error estima-
tion can be applied, although up to now there are still many issues related
to smoothness and stability [HOo08, PRo7].

The applications chosen in this work deals with:

1. transport equation: thermal conduction,
2. continuum mechanics: linear elasticity,
3. fluid dynamics: Stokes flow;

these problems proves a convenient expository vehicle for the method-
ology exploitation and are already suitable, as it will be seen, to arise a
number of very specialized and involved engineering problems.

1.4 FROM 2D TO 3D

Up to now the RB method has been developed mainly for 2D problem, our
work constitutes the first steps in the natural extension and prosecution
of the RB work in the 3D frame. Only few works have been specialized on
this topic; the first step in this direction has been taken by F. Gelsomino
who has treated a 3D scalar elliptic coercive equation and a parabolic equa-
tion with relatively simple geometry and few parameters.

The goal of this thesis is to prove, thanks to numerical evidence, that the
methodology is also efficient and reliable for more involved and complex
3D applications.

In addition more complex geometries with a greater number of parame-
ters will be considered.

The upgrade to the 3D problem case may be quite complex because in
the most cases the physical problem can not leave aside the third spatial
dimension, see for example the viscous flow around a body or a thermal
conduction problem in which the material has an anisotropic conductiv-
ity in the three spatial coordinates.

This thesis is focused on real engineering applications. Some real appli-
cations will be exploited providing for each one a detailed discussion on:

1. Physical evidence,

2. Mathematical modelling,

3. RB approach,

4. Analysis of reliability and accuracy of the RB method.

This will allow us to demonstrate the power and efficiency of the method
applied to several fields of engineering interest.

Parametrized linear
coercive and
non-coercive elliptic
PDEs

Focus on 3D
application
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Figure 4: Geometric discretization complexity

1.41 3D case

The passage from a lower dimensional to a greater dimensional geometric
manifold is natural from an analytical point of view: in fact the method
is already suitable for this extension.

The main peculiarities concerning 3D problems lie mainly in the numeri-
cal modelling:

1. much greater computational efforts,
2. more involved geometrical preconditions,
3. absence of an already available 3D software.

1- The first problem is quite self-evident, than it will be treated here
briefly.
In the numerical solution of a PDEs the computational burden is linked
to the cubic power of the degrees of freedom chosen to discretize the
problem, than a 3D application involves computational costs orders of
magnitude greater than the 2D case.
This can be shown thanks to a simple example. Taking in account a
squared geometry (see figure 4) with an edge that measures L, if a mesh
is built on a cube with the same face and the same discretization h over
the edges, then:

e 2D case: DOFs }% — N2 = burden o« N2° = N¢

¢ 3D case: DOFs % = N3 = burden o N3* = N?
This extremely simple example shows that, dealing with the 3D case,

the computational burden is order of magnitude greater then the 2D case,

therefore in this case RB methodology is (if not essential) very useful in

order to reduce computational cost in a reliable way.

Concerning the other two issues, it will be provided here just a brief re-

mark, because the implications of this two aspects will affect the whole
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numerical approach.

2- As already said, one of the most involved operation is carry out the
affine geometric decomposition that, in the 2D is possible to deal with affine geometric
rbMIT package [PRog]?. , while the 3D case has to be managed manually. ~ decomposition issue

3- Another issue dealing with the 3D case lies in the fact that in the 2D
case in the whole RB methodology was managed by the rbMIT package
that works in the Matlab environment , while in this case the pre-process rbMIT built-in
phase of FE matrices assembling has to be done with a third-part software. ~ software treats only
In this thesis the software chosen to carry out this phase has been Comsol 2D case
multyphisics, [Comoyb, Comoya], because it offers a great user versatil-
ity in the definition of the FE discretization as it will be shown in the
chapter 5.
The last two remarks (1-, 2-) will be clarified in Chapter 4 as regard the
affine geometric decomposition and in Chapter 3 as regard the matrices as-
sembling.

2 The software can be downloaded at http://augustine.mit.edu/methodology/
methodology_rbMIT_System.htm
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z PARAMETRIZED ELLIPTIC PDES

In the first part of this chapter, we will briefly introduce some generalities
about parametric bilinear form, parametric linear functional, coercivity and
inf-sup constants. In particular the abstract formulation for coercive and
for non-coercive problem will be reported.

2.1 PARAMETRIC OPERATORS

In this section, definitions and properties about parametric bilinear and bi-
linear forms will be introduced. The conditions for the well-posedness of
this two classes of problem are different, therefore the coercivity constant
for the former case and the inf-sup constants for the parametric bilinear
form will be introduced.

The theory presented here is available with further details and explana-
tions in [PRog] for the coercive case, in [PRog, RVo6] for the non coercive
case.

The basic concept of functional analysis concerning Cartesian product,
functional norms, bilinear forms and dual spaces are given as known, the
reader can find a useful introduction to this topics in [QV97] and [Yos71].

2.1.1  Linear and bilinear parametric forms

We first introduce a closed bounded parameter domain D C R? with a
typical parameter vector, or P—tuple, in D shall be denoted p = (p1,..., up).
We assume that D is suitably regular.

It is now necessary to introduce some definition that resembles the classi-
cal definition for non-parametric linear operators.

Definition 2.1. Let Z be an inner product space over R, b : ZxZ xD — R
is a parametric bilinear form if, forall p € D, b(-, -;u) : ZxZ - Risa
bilinear form, i.e. for any « € R and for any w,v,z € Z:

blaw+v, z;u) = ab(w, z;u) +b(v, z;u) VpueD

and for any 3 € R and for any w,v,z € Z:

b(w, pv+z;u) = pb(w, v;u)+b(w, z;u) VueD.
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Definition 2.2. A parametric bilinear formb : Z x Z x D — Ris symmetric
if, for any v,w € Z:

b(w,v;u)=b(v,w;nu) YpeD (2.1)

A parametric bilinear formb : Z x Z x D — R is skew-symmetric if, for any
v,w € Z:
b(w,v;u) =—b(v,w;u) VpeD (2.2)

Starting from the definition 2.2 it is possible to define the symmetric
and the skew-symmetric part of the bilinear form as it follows:

Definition 2.3. Given a parametric bilinear form, we define:

o the symmetric part of b as:

1

bs(w, viu) =5 (b(w, v;u) +b(v, w;n)) (2:3)
o the skew-symmetric part of b as:
1

bss(w, v;u) =5 (b(w, v;u) —blv, w;pn)). (2.4)

For the coercive case it is necessary to introduce the definition of the
coercivity of the parametric bilinear form.

2.1.1.14  Coercivity

Definition 2.4. We say that a parametric bilinear formb : Zx Z xD — R is

coercive over Z if:
b(w, w;u)

«(p) = inf (2.5)

wez  [wll
is positive for all p € D.

We can define (0 <) xp = minyep x(u).

2.1.1.2  Continuity

Now it is possible to define the continuity of the parametric bilinear form
in very similar way. We say that:

Definition 2.5. A parametric bilinear form b : Z x Z x D — R is continuous

over Z if:

b(w, v;u)

v(u) = sup sup (2.6)

wezvez IWlzlVIiz

is finite for all p € D.

It is useful to define yo = maxucp v(1).

10
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2.1.2 Inf-sup stability constant

2.1.2.1  Definition

Concerning the non-coercive case the coercivity constant for the well-
posedness is replaced by the inf-sup stability constants [Baby1], it is useful
to introduce its definition for parametric bilinear forms.

Definition 2.6. Given a parametric bilinear form'b : Z1 x Z; x D — R, we
define the inf-sup constant as:
, b(w,v; 1)
B(u)= inf sup ——————. (2.7)
wezy vz Wiz, Vliz,
Here Z1 and Z; are Hilbert spaces with associated inner products and induced
norms, ('/ ' )Z]/ || : ||Z] and ( r )Zz/ || . ||Zz reSPeCtivdy-

In general in general (3(p) is not necessarily strictly positive. Then:

Definition 2.7. If there does exist a positive 3¢ such that:

B(u) = Bo, VmeD (2.8)

then we shall say that b is "inf-sup stable" over Z1 x Z,.

2.1.2.2  Supremizer operator

We shall prove convenient to define a “supremizing” operator for the subse-
quent steps. This tool will be used dealing with the reduced basis proce-
dure for non-coercive case (saddle point problem in this thesis); as it will
be seen, its importance lies in the study of the convergence and of the
algebraic stability of the system and in the construction of the reduced
basis, [RVo6].

Definition 2.8. The supremizer operator T, : Z1 — Z; associated with b is
defined as:
b(w,v; )
Tyw =arg sup ——>— (2.9)
vez, Iz,
In order to carry out the subsequent steps, an explicit representation of
the supremizer operator is needed. This can be obtained thanks to the

Cauchy-Schwarz inequality’; for any w € Z;
(Taw,v)z, =blv,w;n), Vvez, (2.10)

we observe that T, is linear.

1 We recall that the Cauchy-Schwarz states:

lv,wizl < IVlzlwllz Vv,weZ

11



CHAPTER 2

2.1.3 Linear parametric form
Similarly as already done with the parametric bilinear form, we recall:

Definition 2.9. Let Z be an inner product space over R. g : ZxD — R is
a parametric linear form if, for all p € D, and for any w € Z, g(-; ) :
Z x D — R is a linear form. That is, for all « € R, and for any w,v € Z:

glaw+v;u) =ag(w;u)+g(v;u) vpeD (2.11)

2.1.3.1  Continuity

In order to ensure the well posedness of the problem, the continuity of
the parametric linear form is needed. We say that:

Definition 2.10. A parametric linear form g is continuous if, for all p € D,
g(-;m) ez

Z' denotes the dual space, that we recall is the space of all linear bounded
functionals over Z. Note that the dual norm of a parametric linear form
g, llg(-; wllz: , will of course be a (finite) function of u over D.

2.1.4 Coercivity eigenproblem

We recall here an additional problem which will be useful in order to
evaluate a rigouros error bound as it will be seen in the section 3.6, [PRog,
QSSoo].
It is necessary to introduce an eigenproblem because in the subsequent
analysis it will be useful to recognize that «(u) (and B(p) in the non-
coercive case) can be seen as the minimum eigenvalue of a generalized
eigenproblem.

It is possible to rewrite 2.5 replacing the form b with his symmetric
part, denoted with by:

bs(W;W;u)

a(p) = inf (2.12)

wez HWH%
it follows that o(p) can be expressed as a minimun eigenvalue.
It is useful to introduce the coercivity symmetric (generalized) eigenprob-
lem associated with the parametric bilinear formb:Z x Z x D — R.
Given p € D, find the couple (x, A)i(n) € ZxR,i=1,...,dim(Z), such
that:
bs(xi, v; u) = vilxi(w),v)z (2.13)

and
Ixi (Wl =1 (2.14)

12
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of course it will be possible to sort the dim(Z) eigenvalues in ascending
order such that: A (1) < ... < Agim(z)(1).

It simply descends from 2.13 and 2.12 that if b is coercive, then a(u) =
A1(p) > 0.

2.1.5 Inf-Sup stability constant eigenproblem

Similarly as done in the coercive case, also in the non-coercive case an
additional problem has to be handled in order to obtain an efficient error
estimators and in this particular case even to obtain an algebraic well
conditioned problem 3.6.2, [Rozo8].

2.1.5.1 Alternative expression for the inf-sup constant

In this case it is necessary to take an intermediate step, that is rewrite the
supremizer operator in a different fashion. It follows from the definition
of the inf-sup constant 2.7, the definition of the supremizer 2.9 and 2.10
that:
B(u) — inf sup COVVHL

weZiyez, Wiz, IVllz,

b(w, Tuw; n)

wezy [wllz, [[Tuwllz,
(Tuw, Tuw) z,

wezy |wllz, [[Tuwllz,
Tyw

(2.15)
wez;  |[wllz,

2.1.6  Inf-Sup eigenproblem

It readily follows from the Rayleigh(-like) quotients 2.15 that 3(u) can be
easily expressed in terms of an eigenproblem.

Given a parametric bilinear form b: Z; x Z; x D — R and given p € D,
find the couple: (Z,A); (u) € Z1 xRip,i=1,...,dim Z;, such that:

(TuZi(1), Taw) 7, = Ai(p) (Ei(p), W)z, (2.16)
and
12 (Wl =1 (2.17)

where T,w satisfies 2.10. The eigenvalues are then sorted in an ascending
order such that 0 < Aq(u) < ... < Agimz, (1).

The usual orthogonality between eigensolution holds; given two different
eigensolution Z; (u), Z;(n) € Z;:

13
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where 8; is the Kronecker-delta symbol.

It follows from the definition of the inf-sup constant 2.15 and from the
eigenproblem 2.16 that () can be evaluated as:

Blu) = vA1(u) (2.19)

corresponding to the square root of the smallest eigenvalues of the inf-sup
eigenproblem, [QV97].

2.2 AFFINE PARAMETRIC DEPENDENCE

The affine parametric dependence of the bilinear form and of the linear func-
tional is one of the most important ingredient in the offline/online de-
composition and of course in the real-time input/output evaluation.

The idea is rather simple: split all the parametric dependent component
by those parametrically independent.

In addition we recall also the parametric coercivity definition.

2.2.1 Affine parametric bilinear forms
With regard to the bilinear parametric forms the affine dependence states
that:

Definition 2.11. A parametric bilinear form b : Z x Z x D — R is affine in
the parameter w if, for all v,w € Z:

b(w,v;u) = Z 0p (1) b9 (w,v) VueD (2.20)
q=1
for some finite, preferably small, Qy.

Here the 0 () : D — R are (tipically very smooth) parameter- de-
pendent functions, and b9(w,v) : Z x Z — R are parameter-independent
bilinear forms.

2.2.2 Parametric coercivity
In the scope of an affine dependence it is useful also to consider the
parametric coercivity of the bilinear form.

Definition 2.12. We say that an affine parametric (coercive) form b : Z x Z x
D — R (definition 2.11) is parametrically coercive if, c = b (the symmetric
part of b) admits an affine development:

Qc
c(w,v;u) = Z 0d(n)c(w,v) YueD (2.21)
q=1

14
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that satisfies two conditions:
0d(n) >0 Vw,veZ VueD,1<q<Qyp (2.22)

and
civ,v) >0 VveZ 1<qg<Qp (2.23)

(Note that we suppose that each c9(w, V) is symmetric).

2.2.3 Parametric inf-sup condition

For the case of greatest interest in this thesis, in which b admits an affine
representation, also the supremizer operator admits an affine develop-
ment.

Definition 2.13. Given w € Zy, we may express T,w as:
Tyw = Z 0p () TI9w VpeD (2.24)

where the parameter—mdependent operators T9 : Z1 — Z;, are given by:
(TI9w,v)z, =b%(w,v), VveZ;, 1<q<Qyp (2.25)

The proof of 2.24 is simple, for any w € Z; and for any p € D:

b
Z 0 (u) T9w, v = Z 0f (1) (T9w,v),,
V)

= Zeq b9 (w,v)

= b (w, Vi)
= (TMWIV)ZZ Vv e ZZ (2.26)

This decomposition shall prove useful in developing inf-sup lower bounds.

2.2.4 Affine parametric linear form

Similarly as done for the bilinear form it is worth to introduce the affine
dependence for a linear bounded functional.

Definition 2.14. We shall say that the parametric linear form g: Z x D — R
is affine in the parameter if, for any v € Z:

=) 03(n)gi(v) YueDd (2.27)

for some finite Q.

15
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Once again, here the 8¢ : Z x D — R are smooth parameter-dependent
functions and the g9(v) : Z — R are parameter-independent bounded
linear forms.

The affine representations 2.20 and 2.27 are not unique, though in general
will exist minimum Qy (in the former case) and Qg (in the latter) terms
of expansion able to describe the forms with an affine development.
Tipically the number of terms Q mainly depends on the complexity of
the parameter-dependent geometry. This concept will be treated in the
section 4.3.3 (chapter 4, pag.72) where the decomposition in the 2D and
in the more involved 3D case will be considered.

2.3 ABSTRACT FORMULATION: COERCIVE PROBLEM

In this section, an abstract problem for coercive elliptic partial differential
equations with affine parameter dependence will be introduced and in
the next section the non-coercive, specialized to saddle-point problems,
case will be treated. First instance the exact formulation (in weak form)
of the problem will be presented, then a finite element discretization will
be introduced in order to build the “truth” space on which the reduced
basis will be built upon.

As mentioned in the introduction, the interest lies the evaluation of the
solution field and the output that depend on the state equation which is
solution of a PDEs.

2.3.1  Exact formulation

Let Q € R4, d = 1,2,3 be a suitable physical domain with Lipschitz
continuous boundary 9Q. Let D C R” be the parameter domain.
Moreover let T, be a boundary measurable segments of 9Q), over which
we shall ultimately impose Dirichlet boundary condition on the components
of the field variable. We next introduce a suitable scalar space Y{, 1 <1i <
d:

ve = {v eH'(Q) [vip = o} (2.28)

in general H\(Q) c Y¢ c H'(Q). Clearly if ' = 9Q, then X¢ = H/.
We then construct the space in which our vector-valued field variable shall
reside as a Cartesian product:

Xe=Y§xY§x...xY{
We equip X® with an inner product (v,w)y., Vv,w € X¢ and induced

norm |[Wllxe = 1/ (W, W)xe, VW € X¢; any inner product which induces a
norm equivalent to the (H') ¢ is admissible.

16
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Problem statement

It is now possible to state the problem in the "exact" space:

Let a:Z x Z x D — R be a continuous coercive parametric bilinear form, let
f:Z xD — R and | be a parametric linear functional bounded over X©.
Given n € D C RP, find u(p) € X€ such that

a(u®(u,v;u)) =f(vu) VveXe© (2.29)

and evaluate

s€(u) = Lu®(u);u) (2.30)
Here s¢(u) is the output of interest, s¢(u) : D — R is the input-output
relationship and 1 is the linear “output” functional that links the input to
the output through the field variable.
It follows from our hypothesis on a, f and 1 that the problem has a unique
solution thanks to the Lax-Milgram theorem [QSSoo, QV97].

Recalling the affine development of the bilinear form and of the linear
functional (section 2.2), it is possible to write the operators in the follow-
ing form; for any p € D:

Qa

alw,v;u) = 0d(un) a¥(w,v) Vv,w e X* (2.31)
q=1
Qr

flyu) = 0 (1) f9(v) VveXe (2:32)
q=1
Qu

Wi = Y 0%(u9() Vv eXe (2:33)
q=1

for finite and preferebly small Qo, Q¢, Q1. We implicitly assume that the
0d for 1 < q < Qq, 07 for 1 < q < Q¢ and 0 for 1 < q < Q are simple
algebraic expressions that can be readily evaluated in O(1) operations.

Compliant problem

In this section the problems considered will be “compliant”, i.e. :
U u)=1(;u)
2. a(w;v;u) = alv,w;u) Vw,ve X
that is the output functional and the load/source functional are the same
and the bilinear form is symmetric (e. g."compliancy" in linear elasticity).
Considering these two hypothesis the problem 2.29-2.30 can be rewritten
as follows.
Given pu € D c RP, find u(p) € X€ such that
a(u®(u,v;u))=f(vu) VveXe (2-34)
and evaluate
s€(u) = flus(p);p) (2.35)

17
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2.3.2 Truth approximation

We focus the attention on the "truth” approximation. The reduced basis ap-
proximation will be built upon and the error will be measured relatives
to this assumption of truth.

The role played by this assumption is very important; during the basis
assembling and the error measuring the RB will completely "forget" the
error between the exact solution and the truth-assumption. Then it is nec-
essary to take some caution in order to ensure that this error remains
suitably small for any given u € D.

For analytical purposes, in this thesis we assume that no variational
"crimes" are committed, therefore actually the “truth” takes the place of
the exact statement. In this thesis the standard finite element FE approxima-
tion [Quaog] has been chosen to represent the truth and to measure the
error in order to build the RB basis and evaluate the error bound for a
given new set of parameter input p.

2.3.2.1  Galerkin projection

We introduce a family of conforming approximation spaces X™ C X€ of
dimension dim(X) = N < oo.

We then associate to our space a set of basis functions d)? c XN, 1<k«
N, by construction, any member of X can be represented by a unique
linear combination of the basis functions cbf c XN,

Finally, we associate the inner products and induced norms X™ is equipped,
denoted by (v, W)y, Vv, w € XN, and induced norm [[w||yx = +/ (W, W)y,
Ywe XN,

This inner product, along with those related to the exact space, is ex-
plained in the subsequent section.

Inner product and induced norms

We now define the inner product and the norm over the space X and X¢
and the energy norm given by the coercive bilinear form a.

For w,v € X¢, we define respectively the energy inner product and the
energy norm as:

(W, V), = alw,v;n),

il = y/(w,w),,, (236)

moreovet, for a given i € D, we define for w,v € X¢ the X¢-inner product
and the X€-norm as:

(W, v)xe = (W, V) g +T(W, V)12,

Wllxe =1/ (W, W)xe, (2.37)

18
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where T is a negative real parameter and(w, V)2 o) = J wv dQ.

Remark 1: We note that in order to define our X®-norm we have chosen
a fixed valued of the parameter p.

Remark 2: since X C X¢, the inner products and the norms defined
above are the same for the space X™.

The choice of i and T will affect the quality and efficiency of our reduced
basis a posteriori error estimators, but will not affect directly our reduced
basis output predictions [RHPo8].

Problem statement

Now we can state the problem in the truth space taking the Galerkin pro-
jection of the problem 2.34-2.35; given n € D C RP, find u(n) € XN such
that

a (W), vin) = fluw) vvexN (2:38)
and evaluate
p) = fuN(u); p). (2.39)
Coercivity and continuity

We can define precisely the exact and the finite element approximated coer-
civity constants respectively, as:

.. b(w, w;p)
of(n) = ngxe eru/ (2.40)
ocN(u) —  inf M (2.41)

weXN ||W||ze

From the coercivity hypothesis, we have that «®(u) > o, Vpu € D; fur-
thermore from our hypothesis on X%, that is a conforming space, we
have that o™ (u) > af(u), Vu € D. Than even after the approximation
the problem remains coercive.

In the same way, the continuity constants are defined as

b(w, v;u)

€ = sup su , .42
Vi) = sup Sup el (2-42)
b(w, v;
yN(u) = sup sup ( 1) (2.43)

o Twlsex IVl

once again from our hypothesis follows y¢(u) < co and vy (u) < y¢(n),
YueD.
Well-posedness inheriting

The Galerkin approximation on X must satisfy the same conditions that
the exact formulation satisfies over X¢. For the particular class of prob-
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lems of interest in this section (elliptic coercive PDEs) the Galerkin for-
mulation in fact directly inherits and even improves upon all the good prop-
erties of the exact formulation:

1. The dual norm of f over X™(cC X¢) is bounded by the dual norm of
f over X¢;

2. symmetry is preserved;

3. a is coercive over XN with:
oN(p) = af(n) YueD (2.44)

4. ais continuos over XN with:

YN(u) <vé(n) YpeD (2.45)
5. the affine expansions for f and a are still valid for w, v restricted to

XN.
6. a still satisfies the two conditions for parametric coercivity (2.2.2);

thus, for any N and associated X, the Galerkin approximation preserves
the “parametrically coercivity and affine compliancy” property.

2.4 ABSTRACT FORMULATION: NON-COERCIVE PROB-
LEM

In this section, the abstract problem for non-coercive elliptic partial differ-
ential equations with affine parameter dependence will be stated.
Concerning this class of PDEs, we will deal with the particular Stokes
problem. This equations are of special interest as they model the incom-
pressible flow of viscous fluids at low Reynolds.

Although the Stokes problem is a self-contained problem, it is also the
first (main) step for the solution of the more general nonlinear Navier-
Stokes equations.

The peculiarity of this class of PDEs is the loss of coercivity and to prop-
erly solve this kind of problem a more general property has to be ensured,
the inf-sup stability condition, [Bab71, QV97].

2.4.1 Exact formulation

Let Q € R4, d =1, 2,3 be a suitable physical domain with Lipschitz con-
tinuous boundary 9Q. Let D C R be the parameter domain.
Then let ', be a boundary measurable segments of 90).
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We start introducing a 3D vectorial "exact" space V¢(Q) built as a carte-
sian product of a scalar space X¢(Q) € HllD (Q), such that

Ve =X§ x X§...xX§ (2.46)

where:
Hio ={ueH' (Q)|u=0 onTP} (2.47)

We also require a scalar space:
Me = L%(Q) (2.48)

The space 2.46 will be used for the components of the velocity, whereas
the space 2.48 will be used for the pressure.

Finally we require the cartesian space X¢ = V¢ x M€, thanks to this as-
sumption the inner products and induced norms for these spaces are
defined in the usual way (see Section 2.4.2). that is the components of
the velocity are measured with an H' norm, whereas the pressure is mea-
sured with an L? norm, [QVg7].

Problem statement

Let a : VE x Ve xD and b : V¢ x M® x D be parametric bilinear forms,
where b is non-square, moreover let f : V€ x D and g : M® x D be para-
metric linear bounded functionals. The problem in the parametric weak
formulation reads: find (u(u),p(n)) (=v) € V€ x M¢é(= Y€) such that

{ a(u®(p),w; ) +b(pe(p), w;n) = f(w;n), Vwe Ve, (24
b(q,u(p);u) =0, Vqe M '
then evaluate:

s€(u) =Uw;u) =lu(u®(u);u) + 1 (p(u); 1) (2.50)

here s¢(u) is the output of engineering interest, for example a flow rate, a
lift or a drag, see for example [Rozo08]. s¢(n) : D — R is the input/output
relationship, where 1,(-; 1) € V¢ and 1,(-;u) € M€ are linear bounded
functionals Vu € D.

We now introduce the bilinear form o7 : Y¢ x Y¢ x D — R associated to
the Stokes problem, we recall that v,z € Y¢:

v, 2 4) a(u®(p), w; 1) +b(p®(u), w; ) YveYe  (as)
b(q,u®(p); )

and the associated linear functional .% : Y¢ x D — R, defined as:

flw;
F(v;u) = { O(w 2 Vveye (2.52)
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We note that a is symmetric, thatis Vpu € D, Vu,v e V€

a(u,v;u) =a(v,u;u) (2.53)

Recalling the definition given in the section 2.1 of this chapter, in partic-
ular the definition 2.6 with regard to continuity, def. 2.5 with regard to
coercivity and def. 2.7 for the inf-sup condition for the parametric bilinear
forms, we also assume that the bilinear forms are:

1. Continuous: there exist Vi € D, v (u) > 0 and yp (1) > 0 such that
a(w,v;u) < valWlwllve llvllve Vw,veVe

(2.54)
b(w, q; 1) < vo(wlwllve llqllme VeVe, Vqe M©

2. Stable: there exist Vu € D, o) > o and B(u) > Bo, such that

.. alv,v;u)
1nf BT R
veve  [[[{e

. b(v,q; 1)
0 < < inf vl ellaling e
Po < PIK) I 2. Tlvelallve

0<ap<alp)= Vv e Ve

VveVe Vqe M*

(2.55)

The conditions above are sufficient to ensure existence and uniqueness
[QV97] of the solutions to problems 2.49 and 2.50.
Finally, we make the assumption of affine parameter dependence of the
linear and bilinear parametric forms:

a(w,v;u) = Y 0d(n) a%(w,v) Yw,ve Ve (2.56)
b(w,q;u) = ) 03(u)bd(w,q) Ywe Ve, VqgeM® (2:57)
fly;w) =) 0J(w)fi(y) VyeYe (2.58)

Qu
Uy =) 0f(w)l%(y) VyeYe (2.59)
q=1

for finite Qq, Qb, Qf, Q1 that depends on the parametric complexity of
the particular problem.

2.4.2 Truth approximation

To ensure the stability of the approximated problem, the FE basis function
have to be properly chosen in order to satisfy the discrete inf-sup condi-
tion [Baby1].

There are different way to satisfy this condition, [QV97]:
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2.4 ABSTRACT FORMULATION: NON-COERCIVE PROBLEM

1. formulate the problem 2.49 in a divergence free space,
2. make use of the so called IP2-bubble element,

3. make use of P! element for the pressure and IP? element for the
velocity, respectively;

in this thesis we will pursue the third option which is quite standard.

2.4.2.1  Galerkin projection

We introduce a family of conforming approximation spaces:
YN = (va X MNP> C Y = (Ve x M®) (2.60)

of dimension dim(Y") = dim (VNV) + dim (MNP) = N < oo; the sub-
script v and p denote the velocity and pressure spaces respectively.
We then associate to our space two set of basis functions:

o dy C VN 1 <k <N, P2 element
o dF C MM, 1<k < Ny, P! element

such that, by construction, any member of YN can be represented by a
unique linear combination of this basis functions.

We remark that, in the case of third option for the stabilization of the
problem, it follows that:

N =Nv+Np = 4N,

We now define the inner product and the norm with which to equip the
space YN and Y¢, and the energy norm.

For any w, v € Y¢, we define respectively the energy inner product and the
energy norm as:

((W, V))” = JZ{(V, w; H)/ (2'61)

Iwllly =/ ((w, w)) (2.62)

ws

moreovet, for a given fixed fi € D, we define the Y¢-inner product and the
Y€-norm as

(W/ V)Ye = ((W/ V) )ﬁ/ (263)

[Wllye =4/ (w, W)ye. (2.64)
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Problem statement

Now we can state the problem in the truth space taking the Galerkin pro-
jection of the problem 2.49-2.50. Given p € D find the couple (u(p), p(p)) (=
v) € VN x MNp (= YN) such that

{ a(u™ (p),w;n) + b (), wi;n) = f(w;n), Ywe VN, (2.65)
No(p);w) =g, vaem® |

then evaluate:

N( Ne(); ) (2.66)

M) = Uwv; ) = la(w™ (p);w) + 1 (p

Continuity, coercivity and inf-sup condition

We can define precisely the finite element approximated continuity for
the parametric bilinear forms a and b as:

Ya(u) = Ssup sup M (267)
weVNw ye Ny HuHVNv ||VHVNV
Yo (H) = Ssup sup b(u/ 9 u) (268)

wevhor g Tallya Tallyee

from our hypothesis on the bilinear forms (2.54) it follows that vy, (pn) < oo
and vy (1) < 0o, Vu € D. Then, the coercivity of a and the inf-sup stability
condition of b are defined respectively as:

. alv,v;u)
a(uw) = inf —52 2.6
R T (269
B(n)= inf sup blv, ;1) (2.70)

qeEMNP Gy, N7V IFWESS

it also follow from our hypothesis (2.55) that o™v(pu) > oo > 0; thanks to
the proper choice of the FE basis function (discussed in section 2.4.2) it
immediately follows that AN(u) > o > 0.

2.4.2.2 Well-posedness inheriting

The Galerkin approximation on YN must satisfy the same conditions that
the exact formulation satisfies over Y¢.

In particular, thanks to our hypothesis on the discretization it follows that
our Galerkin formulation inherit the good properties of well-posedness
of the exact formulation:

1. the dual norm of f over Vv and is bounded by the dual norm of f
and over V¢

2. ais coercive over VN with

o™V (p) = af(n) YpeD (2.71)
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2.4 ABSTRACT FORMULATION: NON-COERCIVE PROBLEM

3. b is inf-sup stable over YV, with
BN(mw) > B(n) VpeD (2.72)
4. ais continuos over VNv with
yar(w) <vé(w) (2.73)
5. b is continuos over YN with
Yo (1) <vE(w) (2.74)

6. the affine expansion for f, 1, a and b (2.56-2.59) are still valid.

thus the non-coercive Stokes problem is endowed with all the properties to
ensure a unique solution by Galerkin method.
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3 RBMETHOD FOR PARAMETRIZED EL-
LIPTIC PDES

In this chapter we will introduce the relevant steps for the generation of
the rapidly convergent global RB approximation spaces for the approx-
imation of the solution of parametrized coercive and noncoercive elliptic
partial differential equations with affine parameter dependence will be
explained.

Subsequently it will be possible to introduce the reduced basis approxi-
mation methodology, the sampling strategies and the construction of the
reduced spaces.

Then an a-posteriori error bound necessary to achieve an efficient RB sam-
pling it will be explained.

The RB methodology in the coercive and noncoercive case differs in the ba-
sis assembling procedure and in the a-posteriori error evaluation.

The lack of coercivity will lead to the introduction of an additional space -the
supremizer- in the reduced base assembling.

3.1 RB IDEA

As described in the chapter 1, the Reduced Basis RB approach derives
from the two opportunities: described in 1.2.1 and 1.2.2.
In particular regarding the Opportunity I, although u™(u) is a member of
the space X™ of typically very high dimension N, in fact u™(p) resides on
a low-dimensional parametrically induced
manifold M = {u™(n)| n € D}.
In figure 5 a graphical heuris-
tic idea of the finite dimensional
(truth) manifold X with the para-
metrically induced manifold M
(filament) is shown. The same idea
in the exact infinite dimensional
XN space is depicted in Figure 2 of Sec-
tion 1.2.1.
(a) It is thus wasteful to express the
Figure 5: Parametrically induced mani- solution u(u) as an ar‘bltrrfu‘y mem-
fold on XN ber of the unnecessarily rich space
XN; rather, presuming that M is sufficiently smooth, we should represent
u(u) in terms of elements of an ad-hoc manifold much more lower dimen-
sional, see [PRog, RHP08].
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Figure 6: Approximation of uﬁ(p*)

The RB recipe is very simple (see figure 6 for a graphical interpreta-
tion). The basic idea is to efficiently chose and compute N solutions
or "snapshots” &N &%\r, eer, E,J]Qf e XN and then, for any arbitrary new
u* € D, compute the solution uﬁ(p.*) associated to this parameter
thanks to an appropriate combination of the previously computed snapshots
&, k=1,...,N.

Note that ”uﬁ(u)” is not redundant; it means that this is the solution in
the truth space X» computed along the reduced manifold MY, selecting
N snapshots.

In the most part this thesis, if not specified, when dealing with RB solu-
tion we will always simply write uy (1) meaning the reduced solution in
the truth space.

Now also the Opportunity II (section 1.2.1, chapter 1) can be understood;

starting from the RB idea it is evident that are needed at least N solutions
of the problem on the N-dimensional truth space.
The RB approach is thus clearly ill-suited to the single-query or few-query
situation; however, in the real-time and many-query context this Offline in-
vestment is readily acceptable in exchange for future asymptotic or On-
line computational burden reduction.

3.2 COERCIVE CASE

In this section the RB problem formulation in the coercive case is dis-
cussed.

We begin introducing the spaces and basis that allow us to build the re-
duced basis problem, subsequently the creation of the RB system, the Of-
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3.2 COERCIVE CASE

fline/Online procedure and the a-posteriori error bound will be introduced.

3.21  RB spaces and basis

There are different possible choices for the selection of the reduced basis
spaces (Hermite, Lagrange, ecc...) that will lead ultimately to different
reduced order model, see [RHP08, PRog, Por85, IRo1].

In the following the Lagrange hierarchical spaces used in this work will be
discussed.

3.2.2 Lagrange hierarchical spaces
We introduce a set of linearly independent functions:
EheX, 1<n < Npax (3.1)

where Npax is the maximum dimension of the RB space, in terms of which
we define the RB approximation spaces:

Xn =span{&™, T <n <N} T <N < Npax (3.2)

where we assume, in order to build a "reduced basis" that the &™ are
somehow related to the manifold M.
By construction we obtain

Xn CX, dim(Xn)=N, 1T<N < Npax (3-3)

moreover, as the same property holds recursively for any nested subset
of Xn, we can say that the space X is hierarchical.

Definition 3.1. Given a space X, given Nmax subsets of this space X, C X, 1 <
N < Nmax, we say that X is a hierarchical (or nested) space if:

X1 CX2C oo C Xnpe y © XNy (3-4)

The hierarchical property 3.4, as we shall see, is important in ensuring
(memory) efficiency for the resulting reduced basis approximation.
To introduce the Lagrange (hierarchical) RB recipe, we first define a mas-
ter set of parameter points u™ € D, 1 < n < Npax, we then define, for
given N € {1, ..., NmaxJ, the Lagrange parameter samples

SN:{H]/"'/ HN}/ (35)

that we choose nested in order to build a hierarchical space, that is:

Si={pu'}cSy={u", pu?}C...CSnp (3.6)
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The associated Lagrange RB spaces are defined as:
WY = span {uN(u“)} , IT<n<N. (3-7)

We observe that, by construction, these Lagrange spaces WX = X} are
hierarchical; in fact the samples Sy are nested thanks to the choice 3.6,
then accordingly:

W%N = span {uN(p1 )} C W%\f = span {uN(pz), N (! )} C...C le\]\fmax (3.8)

The u™N(u™), 1 < n < Npax are the so-called "snaphots” related to the
low dimensional manifold M. As already mentioned in section 3.1, we
would expect to well approximate any member of the manifold thanks to
a good combination of the available snapshots.

In theory, in order to build the RB approximation spaces, it would be
necessary to choose a set of parameter sample (see Section 3.5 that in-
duces a set of linearly independent snapshot; the greedy sampling, that
will be introduced in Section 3.4, induces linear dependent functions as
N increases. In fact, if the snapshot chosen Wy contains much of the D
induced manifold M, then it will be clear that the new uN*t' € D will
perforce be a combination of this functions.

We therefore pursue a Gram-Schmidt orthogonalization in the (-, - )x
inner product to recover an orthonormal well-conditioned set of basis
functions in order to guarantee a good algebraic stability without an ill-
conditioning [PRog].

3.2.3 Orthogonal RB basis

To achieve the orthogonalization, we apply the already mentioned Gram-
Schmidt standard orthogonalization [Meyoo]. Given the basis functions
&M, 1 < n < Npax (3.1), that in the Lagrange space choice are the
w(pn), T < n < Npax (3.7), we obtain the set of basis function ™, 1 <
n < Npax as:

=E/1E
forn =2 : Npax
n—1
A A N (A Al N (3.9)
m=1

¢t =z"/ll2MIx;
end
As a result of this process we obtain the orthogonality condition:
(€™, M)y =0mn 1 <M, < Npax (3.10)

where 0 n is the Kronecker-delta symbol.
Finally we can express our reduced basis spaces Xy as:

Xn =span{C™, T<n <N} 1T<N < Ny (3.11)
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Now any function wy € Xy can be expressed as a linear combination
of the reduced base Xy as:

N
WN = Z WN,, Cn 1 < N < Nmax (3-12)

n=1

for a unique combination of (RB) coefficients wn, € R, 1 <1 < Npax.

3.2.4 Algebraic representation of RB basis

We now reconsider the orthogonalization process in order to introduce
some concepts that will be necessary to build our RB problem starting
from the FE original frame.

If we express our snapshots £™ in terms of FE functions ¢, 1 <1 < N:

N
' =) &by, 1< < Niay, (3.13)
i=1

similarly we may express our RB orthogonalized functions (™ as

N
= Z C? di, 1 <n < Npax. (314)
i=1

Now, in the two cases above, we sort the FE coefficients in an array
T
Er={ &y 8 1< < Ny (3.15)
C={ag .Y 1< < Nom (3.16)

We then introduce the algebraic representation éN € RN of the
inner product (-, - )y:

éz‘]f — (Cbi/d)j)xj\f 1<4i,j <N (3.17)
The orthogonalization process can be now formulated as:

J=gn/exel

forn = 2: Npmax

n—1
Zh=gt - ) L (ETX ) O (3-18)
m=1
t=z"/\ /2T Xz
end

Finally it is useful to introduce the "basis” matrices Z € RN*N 1 <
N < Npax:
ZN].H:C)Tl T<j<N, 1T<n<N. (3.19)
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This matrices is built in such a way that the n'-column of the matrix is
formed by the vector of FE coefficients C“j, 1 < j < N associated to the

nt RB function.

3.25 Galerkin projection

The projection strategy used in order to obtain the RB approximation is
given by a Galerkin projection, which is arguably the best approach. We
remark that the RB weak formulation has formally the same appearance
as the “exact” weak formulation (see equations 2.29-2.30, Section 2.3.1); in
this case we properly replace the FE truth functional space with the RB
approximation space; in the next Section we will show how to obtain the
latter from the former by means of an algebraic procedure.

The problem states: given p € D, find un (= uy) € Xn (X)) such that

a(un(p),v;u) =flv;u) VveXy (3-20)

we evaluate
sn(p) = flun(p)) (3.21)

From coercivity and continuity hypothesis on a and f, our conforming
reduced basis X3 € X and from our assumption of linear independence
of snapshots, the problem 3.20-3.21 admits an unique solution, [QV97,
Quaog].

Thanks to the Galerkin projection, the optimality results subsequently
discussed holds, see [RHP08, PRog].

Proposition 3.1. For any p € D and un (n) and sn (W) satisfying 3.20-3.21:

[N —ullll, = inf  [Ju™ —wnlll, (3.22)
VVNEXJIQIf

e
YW e e — i (3.23)

u™ —udlIx <
N h o () WwNEXY

as regard the output optimality results, in the compliant case we obtain:

sn—sN = luN —ullIZ

= inf [uN—wnlli; (3.24)
WN GXﬁ
and furthermore
0<sn—s\ <ve(w inf [N —wnllg, (3-25)
WNEXJT:]I

where y¢(n) and «®(u) are, respectively, the continuity and coercivity
constants (defined in section 2.6 and 2.5) in the exact space. It will be
shown that these optimality results will be used even after, replacing the
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3.2 COERCIVE CASE

exact constants with those evaluated with the reduced space approxima-
tion.

It is also necessary to remark from the equation 3.24 that, in the compliant
case, the error on the output is the square of the error of the field variable:
we have the so-called “square effect”, this is crucial for the input/output
accuracy and efficiency of the method.

Last but not least, sn(u) is a lower bound for s”°, in fact: (i) sn(u) =
alun(p), un(m); i) is a positive quantity, and (ii) the error in the output
is the square of the error of the field variable, see [RHP08].

N

3.2.6  Offline-Online procedure

In this section the algebraic formulation for the coercive problem will be
explained. The crucial point that will be treated is the Online/Offline
splitting procedure; this procedure will be equipped with an operation
count to highlight the potential computational saving offered by the RB
method.

3.2.6.1  Algebraic formulation

In order to apply the standard variational procedure to obtain the alge-
braic formulation of the problem, we first expand un (p):

N
=Y ul(w (3.26)
j=1

now, inserting the expansion 3.26 in the problem 3.20 and choosing v =
Y, 1 <1< N as our test function, we obtain the set of linear algebraic
equations

N
> a(d,dhmul () =f(chu), T<i<N (3-27)
j=1
for the reduced basis coefficients u{.\, (W) 1<i<N
The output can then be expressed as
N . .
= W (WD) (3.28)
j=1

We now express these operations in matrix form; we first introduce the
array of RB basis coefficients un(p) as

un = [un un, - uNgd (3-29)
It follows from 3.27 that uy € RN satisfies

Ay un(p) =En(p) (330)
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where A (1) € RNXN s the "stiffness matrix", and Fy (1) € RN is the
"load/source" array. This quantity are in particular given by:

éNi,j(H) =a(d,5p) T<ij<N (3.31)

and .
Fr (1) = f(C50) T<i<N. (3.32)
Finally, the output can now be expressed as
sn(w) =EQun (3-33)
It follows from our assumption of linear independence of the snapshots
that the stiffness matrix is symmetric and positive definite.
3.2.6.2  Offline-Online

It is now possible, starting from the algebraic problem, to introduce the
Offline/Online procedure.

The reduced basis system 3.30 is clearly of small size, in fact itis an N x N
linear system that requires O(N3) operation to solve it, plus O(N) opera-
tion to obtain the output from the equation 3.33.

By appealing to our previous assumption of affine parameter depen-
dence discussed in Section 2.2, from equations 2.20 and 2.27, the stiffness
matrix and load/source vector can be expressed, respectively, as

a(C™, M Z 0d(m) a(C™ ™) T<mn<N  (334)

and

f
=) 0d(u)f(¢") T<n<N. (3:35)
The Offline-Online decomposition is now:

Offline
In the offline part we form:

1. the parameter independent matrices A7, € RN*N

A =aid™ Y, T<mn<N, 1<q4<Qaq (3.36)
2. the parameter independent vectors Fy; € RN

FY =fI(™), 1<n<N, 1<q<Qy (3:37)

This operations N-dependent and hence very expensive are computed
once.

34



3.2 COERCIVE CASE

Online

In the online stage we assemble, for any new u € D:

1. the RB reduced stiffness matrix Ay (n)
Qa
= > 0d(n) A (3-38)
q:
2. the RB reduced load /source vector Fy (u)
Fa(u) =) 0 (n) Ef (339)

the operation count is actually N-independent and hence very inexpen-
sive.

Link between FE and RB

Before a detailed discussion over the operation count, it is necessary to
provide the link between the FE and the RB stiffness matrix and load/-
source vector; it is worth to remark that this operation will be completed
once in the offline stage.

In particular it can be showed that the former are linked to the latter via
the “basis” matrices Z € R™*N, 1 <N < Npax.

The stiffness matrix 3.31 that can be written as:

N
Cm Cn Z Z C;“ a(d)i’ (b]’ u) CII 1 Lmn < Nmax (340)

ji=11=1

thanks to the definition of the basis matrix Z (3.19) and the FE develop-
ment of the reduced basis functions (™ (3.14) we may rewrite the stiffness
matrix 3.40 as

AW =Z"A(n) Z. (3-41)

In the same way the reduced parametric independent stiffness matrices
AJ 3.38 are linked to the FE matrices:

AL =Z"AZ. (3.42)

The load/source vectors 3.33 admit a similar treatment

Fn(w) =ZTE(w). (3.43)

finally the parameter independent load /source vector 3.39 can be written
as

Fy,=Z"Fi(n) 1<q<Qr. (3.44)
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3.2.7 Operation count and storage

Thanks to the Offline/Online splitting procedure, we have achieved an
Online N-independent stage, hence very inexpensive.

It is necessary to focus on the Offline and Online complexity to quantify
the computational reduction provided by the RB method.

We make use of Table 1 to summarize the computational burden re-
quested to perform: (i) Offline, the RB basis assembling, (ii) Online, a
single input/output evaluation.

PART || ITEM BURDEN EQUATION
Z, N O(N3) 3.19

Offline AJ,  QaNA-matvec+ Qq N2 XN-inprod 3.42
Fn Qe NXMN-inprod 344
Ay QaN? 338

Online || Fy Q¢ N 3.39
un - O(N?) 3.27
sne. N2 333

Table 1: Offline/Online: coercive case

In this table we have denoted with "A-matvec" and "XN—inprod", the
matrix-vector multiplication and the inner product between two vectors
€ X¥, respectively.

As regard the storage we need only to store éﬂlmx 1 < g < Qqand
Eﬁ,mx 1 < q < Qy, then extract only the sub-matrices and sub-vectors of
desired N thanks to the hierarchical base property, as explained in Section

3.4

3-3 NON-COERCIVE CASE: STOKES PROBLEM

We introduce the projection strategy chosen in order to obtain our RB ap-
proximation for the non-coercive Stokes problem, as a particular case (of
interest) as non-coercive problem, [QV9y, Quaog].

The RB base assembling is more involved than in the coercive case.

The consequences will be the creation of an additional base beside the clas-
sical Lagrange base described in Section 3.2.1 in order to provide stability
to the RB approximation. Even for this particular class of equations, Ga-
lerkin projection is the best approach.

We recall from Section 2.4 that the Stokes problem describes the velocity
and the pressure field in a viscous flow. We look for the velocity field into

a (Hg)(Q))3 (= V©) space and the pressure into a L,(Q) (= M*¢(Q)) space,
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3.3 NON-COERCIVE CASE: STOKES PROBLEM

[Quaog]. We briefly recall the weak formulation for the non-coercive
Stokes problem: find (u(p), p(pn)) (=v) € V€ x M¢(= Y¢) such that

{ a(u®(p), w; ) +b(pe(n), w; ) = f(w; ), Vwe Ve,
b(q,u®(p);u) =0, Vqe Me

3.31  RB spaces and basis

We select some samples Sy = {p!, ..., pN}, where py™ € D, 1 <n <N
and we solve N times the problem 2.65 using the Galerkin-FE method.
Concerning Stokes problem, the reduced basis pressure space is built as

My =span{y, 1 <n <N} (3-45)

where Py, = p7r (u™).

Otherwise as regard the velocity, it is necessary to introduce a particular
recipe to build the basis space. We begin recalling the definition of the
“supremizer operator” Ty () given in 2.9 (page 11).

Now we build the reduced basis velocity space enriching the velocity space
with the supremizer solutions, this space will be denoted with the super-
script * to remind this key-point feature:

VL =span{&n, T<n<N; THP,, T<n <N} (3-46)

where &, = uNv(u™M).

This choice is necessary to satisfy an equivalent inf-sup stability condition;
without appending this "additional" space the RB problem will lead us to
a solution which may be not stable.

The supremizer in the Stokes case can be computed as solution, for any
Pn, T <n <N, of the following Poisson-like problem, [RHPo8, PRog]

(THYn, W)y =b(qw;n) Ywe VW (3-47)

where the bilinear form b has been introduced in the exact formulation
(2.49).

Finally we define the global space Y) as the cartesian product of the
above defined spaces V§, and My

YN = V& X M. (3.48)

As already done with the coercive spaces 3.2.1, we now pursue a Gram-
Schmidt orthogonalization in the (-,-)y inner product to recover a or-
thonormal well-conditioned set of basis functions.

Remark: In the Stokes problem, Ny denotes the number of DOFs of the
velocity, whereas N, denotes the DOFs of the pressure. We remark that,
since we are dealing with a 3D problem, the velocity unknowns in each
node is a vector with three components v = {u, v, w}. Hence, the velocity
DOFs are Ny + Ny, + Ny, = 3Ny, (= Ny).
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3.3.2 Orthogonal RB basis and space

To achieve the orthogonalization, we apply the already mentioned Gram-
Schmidt orthogonalization [Meyoo]. In the Stokes case the orthogonaliza-
tion procedure is similar to that relatives to the coercive case, [Meyoo].
The main difference lies in the definition of the ( -, - )y inner product. We
have chosen to measure and therefore to orthogonalize the functions accord-
ingly to the space to which this function belongs to; it follows that the
velocity and the supremizer functions will be orthogonalized in an H' met-
ric, whereas the pressure will be orthogonalized in an L? metric. In our
work we have chosen to orthogonalize the velocity space separately from
the supremizer space. There are more options possible, see [RV06] for dif-
ferent orthogonalization choice.

Let we introduce our velocity and pressure basis functions respectively
aswh € VL, 1 <n < Npaxand gn € My, T <1 < Npay, we denote
with v, = (Wh, qn), 1 < n < Npax the generic basis function € V{.
Then we denote the orthogonal velocity and basis functions respectively as
Ch € VA, 1 <1< Npay and Py, € My, 1 <1 < Nipay, finally we denote
an orthogonal basis function as yn (= (Ch, ¥n)) € Yy, T <1 < Npax.
We now obtain our set of orthogonormal basis functions y,, in the (-, - )y
inner product as

Y1 =vi/lvilly;

forn =2 : Npax
n—1

Yn =Vn — Z (V'qum)Y Yms (3-49)

m=1
Yn =Yn/llvnlly;

end
as final result we obtain the orthogonality condition
(Ym, Yn) =0mn  T<mn < Nmax (3.50)
Our orthogonal space can be expressed, for any 1 < N < Npax as:
YN =span{yn, T<n<N}=
=span{Ch, T<n<N; Py, 1 <n <N} (3-51)
3.3.3 Algebraic representation of RB basis

It is useful to introduce the algebraic representation of RB basis to better
understand the link between the FE and RB matrices and vectors, that
will be discussed in section 3.3.5.1, in order to exploit the Offline/Online
procedure.

We need to express our basis functions in terms of the FE basis functions
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3.3 NON-COERCIVE CASE: STOKES PROBLEM

bi, T <1< Ny +Np.

We recall from Section 2.4.2 that the pressure and the velocity "lives" on
different FE basis (P2-P', Taylor-Hood FE for the velocity and pressure,
respectively); moreover we recall that the velocity base VY is enriched by
the solution T*q = wygyp of the supremizer problem.

The velocity as well as the supremizer solution, share the same basis
functions; therefore to express the RB basis in terms of FE basis we need
to enlarge the array of coefficients to place the N, added FE coefficients
and duplicate the FE velocity basis functions.

To wit, we sort the basis functions as follows:

v v T
¢ = { i oy d)]; } (3-52)
here ¢y, 1 < i < N, are the FE velocity basis functions that we have
duplicated in the array since we must consider either the velocity and the
supremizer basis functions, whereas d){’, , 1 <i< N, are the FE pressure
basis functions.
We remark that, since we are dealing with a 3D Stokes problem, the di-
mension of the FE basis functions array (3.52) is the following;:
¢ = { RN>x1 RNoxT RNpx1 }T

_ { R3NuxT  R3NuxT RNpx]1 }T. (3.53)

Then our basis can be expressed as

2 N+ N,
Vn = Z Vn, di, 1 <n < Npax (354)

i=1
Similarly our orthogonalized functions y, can be expressed as

2Ny+Np
Yn = Z Yn; d)i/ 1 <n< Nmz:lx- (355)
i=1

Where we have sorted the FE coefficients in an array, dividing those re-
lated to the velocity, to the supremizer and those relatives to the pressure:

Yy = {M{ ; ﬂn} (3.56)
= {{wns wap |50, }
= { {wl ... wNV}T ; {wgupn wgfl;n}T ; {qll...qTJf}T }

We then introduce the algebraic representation of the inner product (-, - )y,
denoted by Y € RIZNvFNp)x (2Nv+Np ).

vH 0 ]RZNVXZNV IRZNVXNP
Y= [ ; M] <: [ R RN D (357)
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where the sub-matrices relatives to the velocity and supremizer are de-
fined as follows

\V4 0 ]RNVXNV ]RNVXNV
n_ — = _
X N [ O W ] <_ [ RNVXNV RNVXNV ]) (3.58)
V. = (¢, ), 1<i,j <Ny (3-59)

whereas the sub-matrices relatives to the pressure M € RNp >N

M, = (oF,07) 1<Li<N,. (3.60)
The orthogonalization process can be now explained
Y, =vi/y/vi Y vy

for n = 2 : Npax
n—I1

2o=va— ) (vXv,) v, (3.61)

m=1
Y, =zZn/\/Zn X 2y
end

Finally we introduce the “basis” matrices Z,, € ROWHNo)X3N that will
be prove useful to build our RB system:

Zvel Zsup Q
Z. . =|- = = (3.62)
Q pre

IRNVXN ]RNVXN IRNVXN
= RNp XN  RNpXN  RNpxN
where the three contributes, are relatives to the velocity, supremizer and
pressure respectively:

o
N

Z, =G, T<j<Ny, T<n<N (3.63)
Z. =TH}, T<j<Ny, T<n<N
Z, =, 1<j<Np, T<n<N

3.3.4 Galerkin projection

It is now possible to state the reduced problem as follows: find (un (1), pn(H)) €
VE x Mn (= YX) such that
{ a(un(p), w; n) +b(pn(p), w) = flw;n) Vw e VY

6
b(q,un(p)) =0 Vg € My (3.64)
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3.3 NON-COERCIVE CASE: STOKES PROBLEM

and then evaluate

snip) =Uvns ) =1 (un; u) + 1 (PN 1). (3.65)

In order to satisfy the Lax-Milgram theorem [Baby1] it is necessary to en-
sure the continuity of b, the coercivity and continuity of the bilinear form
a, and finally it is necessary to ensure the continuity and the inf-sup sta-
bility of b.

It is possible to show that, thanks to our hierarchical space and thanks to
the choice of the spaces for the pressure and for the velocity, Vu € D the
following results holds:

1. stability

a) coercivity on a
M) >0 (3.66)

b) inf-sup condition on b

Bn(p) = o (1) >0 (3.67)
2. continuity
a) bilinear form a
Yan (1) <77 (1) < 00 (3.68)
b) bilinear form b
You (1) < ¥h (1) < o0 (3-69)

finally the linear functional g remains bounded over the dual norm of VY,
therefore the reduced problem 3.64 has a unique solution. Thanks to the
Galerkin projection, for the RB approximation, the subsequent optimality
result holds:

Proposition 3.2. For any p € D and un(p), pn(p) and sn(p) satisfying
3.64-3.65 , see [QV97]:

e For the velocity

N .
™ —ulllp = Iréf\/» [[a™ —unly (3.70)
WN N

N N Y Y N
u —uy” <1+ ) (1+-8 inf Jju™—w
| N v < + f5e> ( + Oce>wNev§H Nllv+
Yo

+-2 inf  |Ip™ —qnllm
x€ gnEMy P q

(3-.71)
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e For the pressure

N. N . N
llp~™" —p\F il = qug{AN lp™ — anlllu (3.72)

Ya Yay
[P —pnlim < 22 (1 Hﬁ) inf , [l —wllv+

Be wNEV
e e N (3-73)
* (1 * [372 * o:;[52> qug{/lN Hpr a qN”M

We can see there is a coupling between the velocity and the "true" er-
rofrs.
In this results, thanks to the properties 3.66-3.69 we can replace the ex-
act constants «¢, B¢, yg, vy with their RB approximated counterparts

AN/, BN/ Yans Yon-

3.3.5 Offline-Online procedure

In this section it will be discussed the operations needed to reduce the
original problem into a RB algebraic system, moreover the Offline/On-
line splitting procedure will be discussed and finally the computational
burden reduction offered by the RB method will be explained.

Algebraic formulation

Recalling the affine dependence on the parameter of the supremizer op-
erator (2.24) T*q: Mn — V4, we write

Qb
THq =) ¢"(u)THq, (3.74)
k=1

thanks to the linearity of TH, we can rewrite V}; (3.46) in the following
fashion:

Qup=Qp+1
VL = span Z d*(u) oxn, n=1,...,2N (3.75)
k=1

where ¢¥(u) is defined as

" Gb(p) ifk:1,...,Qb
oF(p) = - (3.76)
1 if k:Qb
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and where oy, are defined as

0 for k=1,...,
o Qv n=1,...,N
C(u™) for k=Qy
Okn = TR N for k—1,....0 (3.77)
or k=1,...,
" _ ° n=N-+1,...,2N.
0 for k= Qy

In this way we have compacted the reduced basis velocity space made up
of velocity (n and supremizer solutions T*\,. In order to introduce the
algebraic formulation, we now expand un (n) and p(p) as a combination
of the precomputed solutions as basis functions:

2N Qs
un(p) =) un(w) | D e oy |, (3.78a)
=1 k=1
N
prn() = ) PN, Ume (3.78b)
m=1

We now expand the RB solution uyn and pn thanks to the development
above, then we choose w* € V| as our velocity test functions and q € My
as our pressure test function.

Replacing this quantities in the problem 3.64, after few operations we
obtain:

2N N
Zé”i, un; (W) + > BY. PN, (1) =F

j=1 : m=1

N (3.79)
> BY un(w) =G

j=1

where the reduced matrices AKJ e R(ZN)x(2N), EK] e RENIX(N) and the

reduced vectors FY, € IRZN,EKJ e RN, exploiti;g the affine decomposi-
tion 2.56-2.59 (pag.22), can be obtained as follows:

Qa Qv Qp / )
ANy T 0% (1) O (1) &% (1) a* (okri, owr)
J k=1k/=1k"=]
Qa Qv Qy , i
= 0 (1) &5 (1) &* (w) AY, (3.80a)
k=1k’'=1k"”=1 )
1<1,j<2N
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Bl = O (1) & (1) b* (o1, Ym)

= O* (1) &* () BY, (3-80b)

1<i<2N, 1<m<N

= 0F (1) o () K, (3.800)

[}
ZF
Il
D
Q&
E
(=]
=~
=
g

= ) 05(WGK, (3.80d)
k=1
1<m<N.

Then to evaluate the output (3.65), the reduced basis formulation reads:

le ab le
sk =Y Y 8N (W (o) + Y OF ()15 ()
k=1k’=1 k=1
le Gb , le
=) > op(weN WLy + ) er (WL, . (3.81)
k=1k’=1 k=1

Finally, problem 3.64 can be written in compact R3N*3N form as

éﬁj E\Lj uyn Eﬁ
T = n (3-82)
BN 9% PN G\

where 0 is a null matrix € RNXN,

This linear system whose unknowns are the RB coefficients uj, 1 < i <
2N and pm, T < m < N, has the same structure of a FE Stokes problem.
The RB method builds a considerably smaller system (order of N) and
with full matrices, where FE creates sparse matrices.

Then, introducing the RB vectors L € R2N and L, € RN, the output
can be written in a compact form as

uy
- { Ly Ly, }{ : } 685

N
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3.3 NON-COERCIVE CASE: STOKES PROBLEM

It is possible to exploit the link between the RB matrices and vectors
introduce above, in order to provide the Offline/Online computational
cost.

3.3.5.1  Offline/Online

The RB system 3.82 is clearly of small size, in fact is an 3N x 3N linear
system, that requires O(27N3) operations to solve it, plus 9N operations
to evaluate the output from equation 3.83. Thanks to the affine parameter
dependence we have obtained an Offline/Online splitting procedure in
order to build the RB system.

Offline

In the Offline part we form:
1. the p-independent matrices A, 9 € RZN*2N

Al =a9(om,on), T<Mn<2N,1<qg<Qa  (3.84)

=Nmn

2. the p-independent matrices B, 4 € R2N*2N

BY =bI(oydbm), T<SI<K2N,IT<m<N, 1<g<Qp (385)

3. the p-independent vectors Fy, € R2N

EFY, =f9(0i), T<i<2N,1<q<Qs (3.86)

4. the p-independent vectors Gy, € RN

G, =9 (bm), T<SM<N,1<q<Qq (387

Online

In the Online stage we assemble, for any new p € D:

1. the RB matrices:
° é{{,, equation 3.80a;
e BX,, equation 3.80b;
2. the RB vectors
e F\, equation 3.80c;

o GX,, equation 3.80d.
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Link between FE and RB

We now recall, and slightly modify, the definition of the “basis” matri-
ces Z,, (eq.3.62) to provide the link between the FE and RB matrices
expressed in a matricial way.

In the RB system we have already compacted the velocity and supremizer
thanks to 3.75. Therefore to obtain the desired relation accordingly to the
notation used in 3.79, it will prove useful to write the basis matrices in
the following compact form:

ZveI“ 0
zi =" . (3.88)
oz
]RNVXZN ]RNVXN
(Z [ RNpx2N  RNpxN ])
where:
<2N, 1<5<2Ny (3-89)

We now recover the definition of the RB vectors and matrices, showing
the dependence upon the FE basis functions.
We start from the bilinear form a of equation 3.80a:

Ny N,
ak (Uk’n/ 0-k”nl) = Z Z 0—]1<’n ak ( Y/ q):,,) O‘L”m

i=1j=1
Ny N
e
=> ) oim AL Oy T<M,m<2N (3.90)
i=1j=1

then, as regard to the bilinear form b (3.80b):

Ny Np
bX (G, ) =D > ol b5 (01,07 ) W,

i=1m=1
Ny N
:Z Z O'}Q,n@fj P T<n<2N,1<m<N. (3.91)
i=1m=1
The linear functional f (3.80c):

Ny
(o) =) ofn ()

i=1

Ny
= Z o-li(’n Ek 1 <n< ZNI (392)
i=1
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and finally g (3.80b) can be written as:
NV
g“(Wm) =) Vi g(e?)N
i=1
N'F’
=> PLG* 1<m<N (3.93)
i=1

Endowed with the definition of the basis matrix of equation 3.88, we
obtain the desired matricial relation:

AL BY ] i
T =
BN O
i Zvel“ Q T A B Zvel“ Q
_| &~ 4 £ 2 2N g
- pre BT O pre (394)

by this, we pass (Offline) from the FE matrices to their RB counterparts.

3.3.5.2 Operation count and storage

Also in the Stokes case, we achieve an Online N-independent stage, hence
very inexpensive. It is necessary to focus on the Offline and Online
complexity to quantify the computational reduction provided by the RB
method.

We make use of Table 2 to summarize the computational burden re-
quested to perform: (i) Offline, the RB basis assembling, (ii) Online, a
single input/output evaluation.

34 SAMPLE/SPACE ASSEMBLING

We now discuss the procedure used to select the snapshots in order to as-
semble the reduced basis approximation spaces, after a few preliminaries.
We then turn to the Greedy sampling strategy exploited in this thesis [PRog].
See also [PRog, HRSPo7, RHP08] for more options sampling strategies.

We shall denote by = a finite sample of points in D. These "test" sam-
ples = serve as surrogates for D in the calculation and presentation of
errors over the parameter domain. Typically these samples are chosen by
Monte Carlo methods with respect to a uniform or log —uniform density.
Concerning the dimension of the sample, we always ensure that = is suffi-
ciently large that the reported results are insensitive to further refinement
of the parameter sample.

47



CHAPTER 3

part item burden equation
N 2N O((Ny +Np)?) 3.19

Offline é}; Qa N A-matvec+ Qq N? XNv-inprod  3.84
g{; Qp N B-matvec + Qy, N? XNe-inprod  3.85
Fn Q¢ N XNv-inprod 3.86
Gn Qg N XNr-inprod 3.87
AN Qa N? 3.80a
BY Qp N? 3.80b

Online EK] QN 580
G\ QgN 3.80d
(un,pn) O(27N3) 3.27
SN 9N? 3.83

Table 2: Offline/Online: Stokes case

Definition 3.2. Given a function y : D — R, we define the L*°(Z) and LP(Z)
norms respectively as:

IYllLeo (=) = max [y(u)]
pez

1/p

llezy = (1277 ) (P
pez

(3-95)

Definition 3.3. Given a function z: D — XN (or X€), we define the L*°(Z; X)
and LP (Z; X) norms respectively as:

lzllieo(=x) = mgglz(u)lx

1/p (3.96)

—_—1
Izl =3 = 27D 2wk
pe=

Here |Z| denotes the cardinality of (the finite number of elements in)
the test sample =.
We now introduce the Greedy Lagrange spaces, that will be used to build
our RB approximation.

3.4.1  Greedy Lagrange spaces

We have already introduced the concept of Lagrange spaces (see section
3.2.1, pag.29), we now have to extend this idea to Greedy Lagrange spaces.
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We remark that this strategy is not indispensable to build a basic model
reduction, but it is a prerogative of the Reduced Basis method. In fact the
Greedy sampling, we are going to discuss, can be efficiently exploited
only combined to an Offline/Online splitting procedure.

The idea of this strategy is starting with a train sample = _ , we select N
parameters py, ..., uN and, as already seen in section 3.2.1, we form the
reduced basis space XN as:

XN = span{&n =uN(un), 1<n< N}. (3.97)

More precisely, for the Greedy approach, we need a also sharp, rigorous
and efficient bound A{*(u) for the reduced basis error [uN () —un (w)llx,
where uy is our RB approximation associated with the space Xy, [RHPo8].
The superscript €™ denotes that the bound is related to the energy norm of
the error, other options are discussed in [PRog].

To quantify the sharpness and rigour properties, we recall the effectivity of
an error bound.

Definition 3.4. The effectivity of an error bound, denoted by m, is defined as
follows

ACTL
en N
_ .98
M N () —un (wllx (599
we require that
-I < nzn g nri::UB Vu (= 'D’ 1 g N g Nmax (3'99)

where ™ s finite and N independent.

Proof 1. It is possible to show that the inequality 3.99 is always fullfilled in the
RB method, [RHP0S].

The rigour property is illustrated by the left inequality: the error bound
A (p) is never smaller than the true error lu™N(n) —un (w)llx. The sharp-
ness property is illustrated by the right inequality: AR (u) has not to bee
much bigger than the true error. Last, efficient means that the evaluation
of A{*(u) is N independent, thanks to the Offline/Online procedure that
we will show in section 3.5.2. The last property is crucial in the Greedy
procedure, in fact it permits us to exploit a very large train sample =_ in
order to select the best snapshots to be include in our RB approximation
spaces.
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3.4.2 Greedy algorithm

We define Npax, an upper bound for Npmax and €)1 min the desired mini-
mum tolerance over the error bound.
Given =z, S1 = {pn'} and X' =span {u™(u')},

for N = 2: Npax
uN = arg max
ne=

train
EN_] = AE“(HN)
if eN—1 < €tollmin
Ny = N— 1 (3.100)
end
Sn=Sn—upl
XN = XN-—1 + span {uN(uN)}
end

In the Greedy algorithm the key point is to exploit an approximated (very
cheap) error bound A]‘f‘“(uN) instead of the true error (hence very expen-
sive) [N () —un ().

We remark that the Greedy algorithm heuristically minimizes the RB error
bound in L*(Zyain; X) norm, see [PRog, RHP08]: the algorithm evaluates
the error bounds Vu € =_, , then the next snapshot is selected such that
it corresponds to the maximum error bound.

3.5 A-POSTERIORI ERROR BOUND

A-posteriori error bounds are crucial in the RB methodology. They are im-
portant for both efficiency and reliability of RB approximations.

As regards efficiency, error bounds play a role in Offline and Online stage.
In the Greedy algorithm for example, the application of error bounds per-
mits larger training sample at reduced Offline computational cost. Hence,
we have a better accuracy of the reduced basis approximation which can
be obtained with a smaller number N of basis functions, and hence we
have a further reduction in the Online computational cost.

In other words, a posteriori error estimation permits us to control the er-
ror thus allowing us to minimize the computational effort, [PRog].

As regards reliability, our Offline sampling procedures could not be ex-
haustive without a Greedy approach. For a large number of parameters
P, there would be a large portion of the parameter space D which would
remain unexplored. So, the error of a large parts of the parameter domain
D would be uncharacterized.

The a-posteriori error bounds permit to rigorously bound the error for all
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new value of parameter u* € D. So we do not lose any confidence in
the solution compared to the underlying FE solution while exploiting the
rapid predictive power of the RB approximation.

As mentioned in section 3.4.1, the a-posteriori error bound must be rigor-
ous (greater or equal to the true error) for all N and all parameters values
in the parameter domain D. Second, the bound must be reasonably sharp.
An overly conservative error bound can yield inefficient approximations,
typically N too large, or suboptimal engineering results, for example too
much big safety margins.

For the coercive case, see [PRog, RHP08], whereas for the non-coercive
case see [Rozo8, Rovo3s].

3.5.1  Preliminaries

We define the residual r: D — (XN)/ as
rv;iu) = f(v;w) — a(uN(p,v;in) Vve Xy (3.101)

where (XN)" is the dual space of X™.
We also introduce the function & : D — X, the Riesz representation of

r(v; ), see [Quaog]:
(e(n),v)x =r(v;n) Vve XN, (3.102)

Finally, introducing the real error eN(u) (= e(p))

N

M) —u. (3.103)

e(n) =u

Recalling that uN () and un(p) satisfies the equations 2.38 and 3.20,
respectively, we get from 3.101, 3.102 that the error e(u) satisfies the fol-
lowing relation

ale(p),v;u) =r(v;p) = (&(n),v) VYve XN (3.104)

We note that for our choice of inner product 2.37, é(u) = e(p).
We then define the dual norm of r( -; u) associated to the dual space (XN)

!/

_ Tty
llr(v; w)llx: = sup

= lle(m)lIx (3.105)
vex IVlIx

Note that the second equality follows from the Riesz representation theorem.
This definition is crucial for the Offline-Online procedure.
Our aim is to find an approximated lower bound for o™ () (see 2.5), that
is a function og; : D — R such that

1. 0< oc{\g(u) <aNp) YpeDd
2. the evaluation u — of; should be independent of N

We will discuss the procedure to evaluate this coercivity lower bound in
Chapter 3.6.
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Error bound estimators

Now we can define our energy, output and relative output error bound esti-
mators, that are defined respectively as, see [PRog, RHP08]:

st - bl (1060)
oo lle(wlig
AR = 5 (3.106b)
A 2 S
Aﬁrel(u) _ lle(m)lix . Aj]\\fj(u)‘ (3.106¢)

o pn (W) s () s\ (1)

Effectivity estimators

As already discussed in Section 3.4, associated to each estimator theres
is an effectivity estimator as a measure of the quality of the error bound
estimators and are needed to certify that the RB method is rigorous and
sharp. We introduce the following ones:

eng oy ANM(H)
N (n) = el (3.107a)
s AN
nx(m) _—SN( )N }’ (3.107b)
s,rel
The\lnrel( )_ A (U) (3‘107(:)

S (sN() = s () /sN(p)

It is can be shown that the effectivities are a measure of the rigor and
sharpness for an error bound.

Proposition 3.3. The following results holds (see [RHP08] for the proof):

e
Tnii <[ (3.108)
19:
e
< < S (3109)
xpp(K)
and finally, with regard to n<" ' (w), it can be shown that:
N ) = (R ()2, (3.110)

3.5.2 Offline-Online procedure

The main component of the error bound is the computation of the dual
norm of the residual [[é(p)|[x. To develop the Offline-Online procedure,
we introduce the residual expansion, Vv € X:

Qs Qa N
w=Y 03w+ Y 0d(wun,(al (Env). (111)
q=1

q=1n=1
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This expansion directly follows from our affine assumption 2.20 and from

N
the RB development un () = Z un,, &n.
n=1
Moreover, we have from the equation 3.104 that:

Qs Qa N
) vix =) 0F(w i+ Y 0d(wun,(u)a?(En,v). (3.112)
q=1

q=1n=1

Consequently, defining

(C9,v)x =f9(v) 1<q<Qy (3.113a)
(L9,v)y = —a%(&n, V) 1<q<Qq 1<n<N (3.113b)
we can write
Qf Qa
ew) =) 0f(meI+ > un,(n)od(n)Ld (3.114)
q=1 q=1

We remark that 3.113a and 3.113b are parameter-independent Poisson-like
problems, hence €9 and £;} are computed Offline.
We thus obtain

a=1 q=1n=1
Qr Qr ) /
=3 > od(wod'(w (ev,e) +
q=1q'=
Qa N Qf |
+3 Y edtwun, 92 3 edwe (w (ei,ev) +
q=1n=1 q'=

Qa N / /
+) > el (Lﬂ,ﬁil)x}- (3.115)

The Offline-Online procedure is clear. In the Offline stage, we first com-
pute C9, 1 < q < Qfand L3,1<9<Qq 1 <n <N, then we compute
and store the quantities:

(e9,e07) 1<q<Qr 1<q'<Qs (3.116)
(L5, €9)x 1<q<Qa, 1<9q <Qs (3.117)
(L3, L9 1<9<Qa, 1<9<Qa (3.118)

In the Online stage we evaluate the expression 3.115 which consists in
a sum.
The computational cost to perform this evaluation is:

n?xQ2 + MxQaxQs + nxQ7,
(3.119)
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so it is N independent, hence very cheap.

36 SUCCESSIVE CONSTRAINT METHOD

We now discuss the successive constraint method (SCM). This tool en-
ables the construction of lower (and upper) bounds for the coercivity and
inf-sup stability constants (defined in 2.5 and 2.7 respectively), required
in a posteriori error analysis of RB approximations. The method, based
on an Offline-Online strategy, reduces the Online calculation to a small
Linear Programming problem: the objective is a parametric expansion of the
underlying Rayleigh quotients, the constraints reflect stability information
at optimally selected parameter points. The state of the art method is pre-
sented in [HRSPo7], see also [RHPP08, PRog].

3.6.1  Coercive case

We define

ad(wy, wy)

1g{y—(lﬁ...yQa)G]RQ“IﬂwyEXNs.t.gq— ,1<qg<Qq

(Wil
(3.120)
We further define the objective function F : D x R« — R as

Qll
=) 0d(wyq. (3.121)
q=1

We may then write our coercivity constant as

N(u) = min Z (y; n) (3.122)
yey

[0

We next introduce a constraint box that is the set of all the feasible value
for y, defined as

Qa
B = o4, o
H {09, 0

H 9 (w,w) su ad (w,w) (3.123)
L RS HWHZ NPT IV

q=1 wex™

We also introduce the two parameter set § and P, that will be used to
define the stability and positivity constraint, respectively:

§={s7€D,...,sx € D}, (3.124)
P={p1eD,...,pxcD}. (3.125)
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36 SUCCESSIVE CONSTRAINT METHOD

Moreover, for any finite-dimensional subset of D (= 8or P), we denote
with 8M# (or PMH) the set of M points closest to' p in 8 (or P).
If M > |S], (or > |P|)?, then SMH = |8 (or PMu — iP).

Lower and Upper bound

For given 8 C D, M, € IN (stability constraints), M, € IN (positivity
constraints), we define the lower bound set as

Qa
Yue(S; ) = qy € B Z 0d(1')yq = o (p'), ' € Mk,
q=1

Qa
D 0d(n)yq =0, V' € U’M“”} (3.126)
q=1

Furthermore we define the upper bound set as

Yus(8) ={y* (W) (sk), 1 <k < I8} (3.127)
for
y*(p) = argmin Z(y; n). (3.128)
yey

Finally we obtain the coercivity lower and upper bound as

oap(S;u) = min  F(y;u), (3.129)
yeYis(y;8)

oaup(&; ) = min  F(y;p). (3.130)
yecYus(8)

It is possible to show that the lower/upper bounds provided above, effectively
bound the coercivity constant, the subsequent result holds:

Proposition 3.4. Given §, P and My € N, M, € N
arp(8; 1) < o (1) < oy (S; 1) Ve D (3.131)
The proof can be found on [HRSPoy, RHPo8].
We expect that if § is sufficiently large, then

1. y*(pn) will be sufficiently close to a member of Yyp to provide a
good upper bound;

2. the stability and positivity constraints in Yy will sufficiently restrict
y to provide a good lower bound.

1 In the Euclidean norm
2 We recall that | - | denotes the cardinality of a finite set of elements
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3.6.2  non-coercive case

We now address the generic non-coercive case, the Stokes case is a subset
of this class of problems. Therefore, we will consider the global operator
</ of the Stokes problem, defined in equation 2.51 and the Babuska inf-
sup stability constant 3, see [Bab71].

We introduce the operators T9 : XN — XN

(TYw,v) x = T (W, V) Vve XN, 1< q<Qaq (3.132)

XN

and
Q
THw =) 09(w)T9(w) (3.133)
q=1
It can be demonstrated, from equation 2.15, see [HRSPo7], that:

inf
wex w2,

2 THw, TH N
(BN(u)> = (T, Ty (3.134)

which can be expanded, replacing the affine development 3.133 of the
supremizer operator, as

N Q ) (qu, T4 w)
= inf 2—84q7)09(n)0
(B~ w) it q; P2 (28q.q7) 09007 (W)=
q X
(3.135)
where 04 4/ is the Kronecker delta. We now identify:
2
(BYw)" = &
(2-8qq) 09109 (1), 1<q<q'<Q +— 09 (3-136)
(qu, quv>XN , 1<q<q’'< Q — a9 (w,v)
where 89, 1< q<Q =Q(Q+1)/2.
We then observe that the inf-sup constants can be rewritten as
2 Q .
(BYw) =& = inf Y 89(wat (w,v)Q (3-137)

q=1

We may thus directly apply our SCM procedure to 3.137.

3.6.3 SCM algorithm

We now present the algorithm to exploit the evaluation of the coercivity
(and/or inf-sup) constant.
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36 SUCCESSIVE CONSTRAINT METHOD

Msem

The task of the SCM is, given a sample train =, = {u;CM, RO TPty }
of dimension [=.,| = N,
struct the sets 8§ = {31
algorithm.

We define My, M, P and a tolerance €., € ]0,1[, then we set Kg =1
and choose 81 = {31 = p;CM arbitrarily, then

to select Greedy parameters in = ., and con-
U...USky, = ukmx}. We now give the

= Hsem scM

while max
HEZscm

ouB(S; 1) — ars(S; 1) e
ouB(S; 1) seu
_ [CXUB(S} u) —orp(S; u)]
SK4+1 = arg max
HEZ5em ayuB(S; 1)
SKtoo =S5 USK41 (3-138)
K=K+1

end
Kmax =K

Normally we set e, =~ 0.75 which is a crude lower bound but with a
little effect on our error bounds, [HRSPo7].

3.6.4 Offline-Online procedure

We note that to compute the arg max we must solve a linear optimization
problem or Linear Program (LP), for the lower bound «g(p), 3.130.
In the coercive case, the lower bound LP’s contains:

e design variables
1. Qg variables, y = {y1,...,yQa};
e constraints
1. 2Q4 bounding boxes for y € B;
2. M stability;
3. M, positivity.
It is clear that the operation count for the Online stage p — oqp(p) is
independent of N.

Nonetheless we first must determine our set 8 and obtain the «™(sy), T <
k < [8| (= Kg), by an Offline Greedy SCM algorithm.

Offline
In the Offline stage, we have to construct the set B (once) and then:
N(

1. evaluate o’ (sy);

2. evaluate y*(sy);
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3. form Yig;
4. perform a lower bound LP’s to evaluate opp(sk).

The first three quantities of course depends on N, nonetheless it is impor-

tant to remark that there are no cross terms O (g, x N).

Online

In the Online stage, given a new value p we have to perform a lower
bound LP’s (LP) to evaluate «;g(pt). This Online stage is hence indepen-
dent on N.

In the table 3 we summarize the computational cost to evaluate the Of-
fline/Online stage of the SCM:

PART ITEM  COMPLEXITY EQUATION
B 2Q,-eigenproblems over X 3.123
Offline | o™ (sx) Kmax-eigenproblems over X 3.126
Y*(sk) Kmax Qq-inner product 3.128
9B NQaKmax 3.126
o B(Sk) TMgoy Kmax LP’s of "size" O (2Qq + My + M4 ) 3.130
Online | orp(pn) 1 LP’sof "size" O (2Qq + My +M4) 3.39

Table 3: Offline/Online: SCM
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37 CHOICE OF TRUTH APPROXIMATION

It would be preferable to build the RB approach directly upon the exact
solution, but this is not in general possible. As indicated earlier, the
RB approximation shall be built upon and reduced basis error will be
measured relative to a "truth" Galerkin FE approximation. Therefore it is
necessary to choose properly the underlying discretization.

3.7.1  Choice of N

In order to obtain a satisfying reduced basis model able to describe in an
accurate way the exact behavior of the physical process, it is necessary to
chose the discretization properly; that is in order to minimize the under-
lying error between exact solution and the truth approximation.

Let uRB(u) be the RB solution of the problem and u™(u) the finite ele-
ment solution, than the error is the sum of (at least) two terms:

e (w) = uRP ()l = Ju () — N ()l + u™ (W) —un (Wl (3.139)

neglected considered

The minimization of the second addendum is a task delagated to the re-
duced basis method, on the contrary the minimization of the first is not
related to the method.

Because of this, it is necessary to provide a feasible "starting point". This
can be achieved thanks to the choice of a discretization method able to
describe correctly the problem.

We shall require that our family of truth subspaces X* satisfies the ap-
proximation condition:

max inf |ju(p) —wllxe =0 as M — oco. (3.140)
neD weXxN

The choice of a finite element approximation automatically fulfill this re-
quirement because the method is strongly consistent, [QV9y, Quaog]; thus
for sufficiently large N, it is possible to approximate u®(p) and s¢(u) ar-
bitrarily closely.
In particular we define the difference €™ between the exact solution and
the approximation as:

N N—o00

e™ = max |[u(p) —uN (p)llxe 5 0. (3.141)
neD

In general, N must be chosen rather large to achieve a reasonable engi-
neering accuracy €.

In 3D problems the complexity is higher since there is greater variability
of the solution field as the parameters changes. Therefore it is necessary
to discretize the problem so that for any possible combination of the pa-

rameters the accuracy is kept under a safe tolerance. In fact it is worth to
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recall that the RB Offline representation has to be built over a unique truth
representation for all p € D; the truth approximation is “frozen” in the RB
methodology.

3.7.1.1  Mesh saturation

The choice of the optimum (or at least of a suitable) truth solution is not
trivial, nevertheless it is possible to verify a-posteriori if the discretization
is enough rich to seize all the geometrical and physical complexity of the
problem.

This can be achieved verifying the so called grid saturation. We will not
go in deep into this issue, nevertheless it can be shown a glimpse just to
give an idea of the issue, considered in [RHPo8] and [PRog].

An example taken from [RHPo08] is shown in Figure 7, dealing with a
heat conduction problem. The figure shows the “convergence” of the RB
procedure as function of the steps N, for various underlying truth ap-
proximation.

It can be seen that as N increases, the convergence of the method is not
influenced by N (saturation effect).

100

0 20 40 60 80 100

Figure 7: 2D case mesh saturation
N = 137 (dotted), N = 453 (dashed), and N = 661, 1737, 2545, 6808 (all
quite similar)

Therefore can be stated that if the truth is too poor, the RB method con-
verges anyway (the y-axis shows the error bound as N increases), but the
convergence is limited to a subspace of possible solution of the parametric
problem.

Beyond, if N is enough rich, all the complexity has been captured by the
discretization, therefore there is no need to go further. This is the heuristic
idea of mesh saturation.
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4 GEOMETRY

In this chapter, we will explain how to deal with a domain which is pa-
rameter dependent.

The RB method described in Chapter 3 requires that () is parameter inde-
pendent: if we wish to consider linear combinations of snapshots, these
snapshots must be defined relative to a common spatial configuration
(domain) .

Then to permit geometric variations, we must interpret (O, our param-
eter independent domain, as the pre-image of (Q,, the original (actual,
deformed) parameter dependent domain, see [RHP08].

The geometric transformation will yield variable (parameter-dependent)
coefficients in the reference-domain linear and bilinear forms that, under
suitable hypotheses to be discussed below, will take at the end the requi-
site affine form (2.20).

4.1 AFFINE PARAMETRIC PRECONDITION

We now introduce a domain decomposition:

Kdom

Qo(w) = [ J Qf(n) (4.1)
k=1

where the QX(u) are mutually non overlapping subdomains, that is for
anyucD

QEWNQE () =0 1<Kk < Kiom, k#K.

This coarse domain decomposition will be denoted RB discretization.

We now choose a parameter of reference s € D and define our refer-
ence domain as Q, = Q(yef).

We will never omit the underscript beside the domain () we are dealing
with, to avoid any confusion between the parameter dependent original
domain Q,(p) (sometimes for brevity, just Q,) and the parameter inde-
pendent reference domain Q.

We will build our FE approximation on a very fine FE subtriangulation
of the coarse RB decomposition.

This FE subtriangulation ensures that the FE approximation accurately
treats the perhaps discontinuous coefficients (that could arise from prop-
erty and geometry variation) associated with the different subdomains.
The subtriangulation also plays an important role in the generation of the
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affine representation.

The choice of p,f has to be done in an optimal way to reduce both Offline
and Online computational effort.

Tipically the reference domain shall be built choosing a pf at the “cen-
ter” of our parameter domain D in order to minimize the distorsion and
consequently reduce the requisite N.

We now state our Affine Geometry Precondition. We can treat any original
domain Q, (), that admits a domain decomposition 4.1, for which, Vu € D

Q, = T (Qo(w)*; 1) (4-2)

for affine mappings Jaftk(om) s Qo(p) = Qp, T < k < Kgom, that satisfy
two requisites:

1. individually bijective

2. collectively continuos (interface condition), that is, given two different
subdomains denoted with k and k/, Vx, € QK(u) N Q‘g,, holds the
following condition

TK (x0; ) = T (xo; 1) (4-3)

We have depicted the idea of the affine transformation in Figure 8. Of

Taff
/\

-

xXr xref

o

Zref

Figure 8: A 3D affine transformation

course, thanks to the requested bijective property, we can replace this def-
inition with the forward version taking the inverse of 7% committing any
crime.

The Affine Geometry Precondition is a necessary condition for affine param-
eter dependence as defined in 2.20 (page 14).

Note that we purposely define Kqom with respect to the exact problem,
rather than the FE approximation: Kqom is not depending on N.

We now give a more explicit representation of the affine transformation T2f,
to better understand how this geometry precondition will be exploited.
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4.1 AFFINE PARAMETRIC PRECONDITION

We state that, for 1 < k < Kgom, for any p € D and for all x, € Q¥(u), the
affine transformation is defined as follows:

Xy = ‘.Tiaff’k(xo; u) = C?ffk Z Gaffk 1<i<d (4-4)
j=1

for given caffk(y) . D — R and Gk () : D — RI*4, that are called
the affine mapping coefficients; we recall that d is the spatial dimension of
the problem, hence in our case d = 3.

The affine transformation is thus the superposition of a translation caff(py),
that do not modify the shape of the domain, and a deformation Gaff(p)
that can be a dilation/contraction or a shear. It is worth to remark that,
in this work, the transformation must depends only upon the parameter

L.

A more general transformation, that involves a spatial coordinates de-
pendence, is not considered in the framework of this thesis. This kind of
transformation called “nonaffine” has been recently adopted in the context
of the RB methodology, for example in [MYNAo4, Rozo8]. The non-affine
representation of the geometry arises from the so-called free form defor-
mation techniques, which are very well suited, for example, for shape
optimizations of complex geometries, see [MQR10, LR10] and [RM10].
The basic idea is that, thanks to an highly specialized technique, the so-
called “empirical interpolation” (EIM), it is possible to approximate a non-
affine tranformation thanks to a superposition of different affine transforma-
tions.

Nonetheless this results has been established in a 2D context, the exten-
sion to the 3D case in still under investigation.

We can now define the associated Jacobians:

Iaff,k(u) — ’det (Gaff/k(u)> , 1 <k < Kgom, (45)

which are constants in space over each subdomain. We further define, for
anyucD
DY (u) = G (u), (4.6)

this matrix shall prove convenient in subsequent derivative transforma-
tions, as we will see in section 4.3.

We may interpret our local mappings in terms of a global transformation. In
particular, for any p € D, the local mapping 4.2 induce a global bijective
piecewise-affine mapping T : Q. (1) — Q, such that:

T (xo; 1) = T (x; 1), k= min (4.7)
k'e{1,... Kgom} 1 x€EQK (1)

note the one-to-one property of this mapping (and, hence the arbitrari-
ness of our min choice in 4.7) is ensured by the interface condition 4.3.
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In the following section the creation of an affine mappings will be dis-
cussed, subsequently the treatment of the parametric geometry depen-
dence will be exploited thanks to an operative example. A parallel study
has been carried out in [Gel10].

4.2 AFFINE MAPPINGS CREATION

For simplicity we now consider a single subdomain, nonetheless the ex-
tension to the multi-subdomains case is readily obtainable as we will see.
As we consider a single subdomain in this section, we shall suppress the
subdomain superscript for clarity of exposition. The procedure, in the 2D
case, is explained in [RHP08], in this work it has been extended to the
more general 3D case.

In the 3D case (d = 3, see equation 4.4) the affine mapping coefficients
are Cff() € R3 and G () € R3*3, that is we have 3 + 9 = 12 unknows
to find in order to entirely define the affine transformation.

Under our assumption that the mapping is invertible, we know that the
Jacobian J* of 4.5 is strictly positive and that the derivative transformation
matrix D of 4.6 is well defined.

Then the mapping coefficient can be identified by the relationship be-
tween 4 non-planar parametrized image points € Q4 (), denoted with z, (p)
and the corresponding 4 pre-image points € Q,, denoted with z, *

z}(n) {20, 20,0 20, }
zo(w) | _ ) {25 7, 25}
Zg(u) B {Zol’ Zgz’ 2‘33} '
zg (1) {23,/ 2,/ Za,

R RERE)

Zg — T1’ Zrz’ ZTs}

Z? {ZT1’ ZTz’ ZTs} '

Zﬂ r1r Zrz/ ng

In particular, for given pu € D, the application of 4.4 to the selected nodes
yields to:

caff+Z G;Zj, <i<3, 1<m<4, (4-8)
j=1

The 4.8 provides a system made of 12 equations, by which to determine
the 12 mapping coefficients. If we choose at least two coplanar points, than
the system is singular.

Here we denote with the superscript one of the 4 point considered, whereas the subscript
indicates one of the 3 the components (x,y, z) of the spatial coordinates.
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4.2 AFFINE MAPPINGS CREATION

To be more explicit, we provide a matricial representation of equation 4.8:

]Baffcaff — vaff (4 9)
Where the matrix B € R'2*12 summarizes the coefficients of the linear
system, that depends upon the coordinates of the “original” points:

zl 0 0
£3><3 Q ZJ) Q
i | Lo o z |
L -k, -
z; 0 O
B — 133 0 z2 0 (4.10)
I | Lo o z2|
[ 1 [z 0 07
£3><3 Q Zg Q
L 1 Lo o0 2] |

moreover ¢ € R'?*1 is the array of unknows (i.e. the mapping coeffi-
cients) sorted as shown in 4.11; finally v¥f € R12%1 is the array of known
terms, that depends upon the coordinates of the reference points:

Caff
C;ﬁ
Cgff
Ggff
11
aff
1
G;é ZT‘
af ) G, aff Z%
<= at v = 3 (4.11)
G21 Zr
aff 4
é Z
G : Zy
G
Gif
Gi’&
GS

w
w

The mapping coefficients can be easily found solving the linear system

4.9 as follow:

—1
gaff — Eaff gaff' (4'12)

The solution of the system requires 123 operation, negligible if compared
to the previously discussed basis assembling cost.

4.2.1  Single domain mapping

We now use an example to illustrare the procedure. We will use as test
case the transformation depicted in figure 9.
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A

=(p1,0,u3)p

=(p1,0,0)p

Zl

: 25=(0,0,0)r

Q

Figure 9: Affine transformation construction
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With regard to the figure 9, we choose as geometrical parameters p
{n2, u3, 1} = {2, 3, 4}, in addition to simplify we choose d, = d,(
hence we can use a local system attached to the first node (z]).

Now, exploiting the procedure showed in section 4.2, we can build the
system 4.9 by which obtain the mapping coefficients.

u,

B
=

C1ff r T\ !
. 1000 0 0 0 0 0 0 0 0 0
o o010 0 0 0 0 0 0 0 0 0 0
i o001 0 0 0 0 0 0 0 0 0 0
Gy 1009w 0 0 0 0 0 0 0 0 1
G;fg 010 0 0 0 w 0 0 0 0 0 0
G, (_||o0o1 0 0 0o 0 0 0w 0 o0 0
G 100w 0 pw 0 0 0 0 0 O 1
G 010 0 0 0 u 0 w 0 0 0 0
o o001 0 0 0 0 0 0 u 0 pu 1
& 100 u, u, b 0 0 0 0 0 O 1
G, 010 0 0 0 u w mw 0O 0 0 1
G% L0001 0 0 0 0 0 0 u o o 1
G33
(4.13)
Then solving the system 4.13 we obtain:
0 o 0
ff
CMw=40p GMw=]0 & 0. (4-14)
0 0 0o L
H3

The Jacobian of the transformation (4.5) is J2(u) = o Jz o= 1]—2

We remark that the Jacobian of a transformation can be seen as the ratio
between the final and initial volumes on which the deformation takes
place.

In order to verify the affine transformation we apply the transformation
to each nodes of the original domain and, if correct, the affine mapping must
trace back the corresponding nodes on the reference domain:

0 0 v 1
Gaff{o}:{o}/ gaff O] _ )0 %
0 0 0 0
H, 1 K, 1
gaff 0 _) 0 v ngf W b= 1 v
Hy 1 Iy 1
(4.15)

We remark that in this simple test case the transformation is “diagonal”
because we are deforming the domain by mean of a simple dilation. In
the case of a shear deformation for example, we would have even the
extradiagonal terms, [RHPo8].
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4.2.2 Global affine mappings

Exploited the case of a single domain, we need to extend the procedure to
a multi-subdomain case. We will make use of an example as in Figure 10.
In figure 10 the test case is sketched. We have two adjacent subdomains

Figure 10: Global affine mappings

denoted with Q! and Q2. The first domain can be deformed along the
x-axes thanks to the parameter denoted with 1, all the other dimensions
are held fixed.

The procedure is quite similar, we just need in addition to satisfy the
global continuity condition 4.3. A way to satisfy it, is to use a unique system
of reference for the different subdomains.

In this way the procedure described in section 4.2 will implicitly provide
the suitable translation Qaff(u) to satisfy the interface condition.

Using the procedure for the two domains we obtain the following results:

0 ﬁ 0 0]
aff _ aff _
Cw=40 G'w=]0 10
0 0 0 1]
2 0 1007 (4-16)
Cfw=4¢ 0 Gfu)=]0 10
0 00 1

We now take two adjacent nodes (denoted with P, in the figure 10) on
the original domains; if the global mappings satisfies the interface condition,
applying the two different affine transformation at the node, we will obtain
again two adjacent nodes (P,) on the reference domain:

T (Po(w), 1) = CF + G (w1, 2,1} = 22,1} =P, v
T3 (Po(w), ) = C3F + G (11,21} =22, 1) =P, v

The node P, is identically projected into P, thanks to the two different
affine transformations, hence the continuity of the global mapping is satisfied.
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4.3 LINEAR AND BILINEAR FORMS

In this section, we will focus on the transformations that we have to op-
erate on the weak forms that arise from our system of partial differential
equations, if our domain Q,(u) allows the affine geometry precondition de-
scribed in the previous section.

We will use a simple scalar coercive 3D problem to show how to exploit
the geometry parametric dependence of the domain; the Stokes case admits
a straightforward extension.

The procedure is discussed in the 2D case, in [RHP08, Rozo8].

4.3.1  Formulation on the original domain

Our problem is initially posed on the original domain Q,(u). We shall
assume for simplicity that X§(u) = Hé(Qo(u)), which corresponds to
homogeneous Dirichlet boundary conditions over the entire boundary
0Q,(n). Given p € D, find u§(n) € X§(u) such that:

ao(ug(pm),vin) =fo(v;n), VveX§(n (4.17)

then evaluate
So (M) = folug(m)). (4.18)

We now place conditions on a, and f, such that, in conjunction with the
affine geometry precondition, we are ensured an affine expansion of the bilin-
ear form (eq. 2.20, pag. 14).

We require that ao(-, ;1) : Hé(Qo(p)) X Hé(Qo(p)) — R can be ex-
pressed as:

Ao (W, v; 1) =
ow
0Xo,
Kdom ow
ow ow ow K K
DN T = el T B E UL L T
1 JOk(n) Xo; Xo3 Xos ow
0Xo,
w

(4.19)

where X, = {Xo,,X0,,X0;} denotes a point in Q,(n); and where for 1 <
k < Kgom, XX : D — R*** is a given symmetric positive definite matrix

(which in turn ensures coercivity of our bilinear form):

1R3 X3 ]R3 x 1
X5 = (4.20)

[ R1%3 ] []Rl><1 ]

69



CHAPTER 4

the upper 3 x 3 principal submatrix of %g represent the usual diffusity/con-
ductivity tensor, the element (4,4) represent the identity tensor (e.g. mass
matrix or a reaction term), finally the elements ggl‘% and gzs " that we

set to zero because we are dealing with symmetric operators, represent
the first derivative operators (e.g. convective terms).
Similarly we require that f, : H! (Qo (1)) — R can be expressed as

Kdom

folv;u) = Z J Fkvaok. (4.21)
k=1 JOQ&(1)

In this case we have assumed that the linear functional is only due to
volume force, a similar treatment is possible in the case of Dirichlet non-
homogeneus condition and/or non-homogeneus Neumann condition. In the
chapters devoted to the mathematical modelling, we will cope with these
different boundary conditions.

4.3.2 Formulation on reference domain

We now apply standard techniques to transform the problem over the
original domain to an equivalent problem over the reference domain.
Given u € D, find u¢(u) € X¢ = Hé(Q) such that:

a(u®,v;u) =flv;u) VveXe© (4.22)

then evaluate
s€(u) = f(u(u)). (4-23)

We may then identify the relations between the output and the solution
field, in the original and in the reference domain:

(4-24)
ul(u) =ug(w) o T( ;).
The transformed bilinear form a, can be expressed as:

atwvin) = (4-25)

ow

0Xr,

w w0 ow

w w w "
k d Kk

JQk { OXr;  OXy, 0%py W } :Kl) (1) E;Lz dQy  (4.26)

0Xry

w

where x, = {Xr,,Xr,,Xr;} denotes a point in Q, and where X|. : D —
R4, 1 < k < Kgom are symmetric positive definite matrices.
To obtain this matrices we first need to find the relation between the
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derivative operator written in the original domain and the corresponding
operator written in the original domain. In particular, we have that

0- . axrj 0-
o,  OXo, 0Xr;

d- d-
= G3j(n)

0%,

i

:Daff )
3 =D 427)

The definition (4.6) of the derivatives operator D% is now clear; the ma-
trices G¥* automatically provide the relation between the derivatives
operator in the original and in the reference domain.

Moreover, since we are acting a change of variable x, — x, in the integral

(4.19), recalling the equation 4.5, we get

a0, () = det(@™(w) a0, = (FH(w) . (ga8)

It follows that, considering the equations 4.27-4.28, the relation between
g';(u) and gr(p) can be written as

) = (5) K5 § 0w (P () 1<K Ko (420

where we have defined gk(u) :D = R 1 <k < Kgom as

aff, k 3x1
gk(u) = |: 201><g”) 91 :| . (4.30)

Similarly, the transformed linear form can be expressed as

Kdom

foiw =Y | o wvaok (4.31)
k=1 Y Q¥

Here () : D — R, 1 < k < Kgon, is given by:

() =% (F0) 1<K < Kaom (4.32)

We note that, in general, the %k(u), F(u), will be different for each
subdomain QF, 1 < k < Kgom. The differences can be due to property
variation (e.g. a diffusivity of a particular subdomain) or to geometry vari-
ation (e. g.a characteristic dimension of the physical problem), or both.

We thus require, as already indicated earlier, that the FE approximation
be built upon a subtriangulation of the RB discretization: discontinuities
in PDEs coefficients are therefore restricted to element faces.

In this way, the boundary elements chosen for the RB triangulation will
delimit a very well defined region of space (our RB subdomains), on
which we assume that the parameters will be constants in space. This al-
lows a simpler identification/extraction of the terms in the affine expansion
2.20, as we now discuss.
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4.3.3 Affine form

We focus here on a, though f admits a similar treatment. We simply
expand the transformed form on the reference domain, by considering in
turn each subdomain QF and each entry of the diffusivity /conductivity
tensor Kyj, 1 <1ij <4, 1 <k < Kgom.

Thus the affine form 4.26 can be written as follows:

ow o0v

a(w,v;u) =K1, J ol +...

al OXy, OXp,

ow 2
VRSN 3 J Y Y 0k +...
Q

~— k aXri axri
q
Oalm) a9 (v
K om om
A ledm wv dO (4-33)

We can then identify each component in the affine expansion: for each
term in 4.33 the pre-factor of the integral represents 04 (u), whereas the
integral represents the parameter independent matrices A9 = a%(w,v).
For a better understanding of what we have just obtained, we can have
a look to the equation 3.36 (pag.34), in which we were building the RB
system in the coercive case. The parameter independent matrices A9 can be
now exploited even in the general case of geometric parameter dependence,
thanks to the geometric affine precondition.

Affine expansion terms count

In the most general scalar case, the number of affine expansion terms can
be (at most) Qq =4 x 4 x Kgom. Exploiting the symmetry of the bilinear
form, hence of the tensor X, only Qq = 10 x Kgom terms are needed. In
fact since JC'fj = K}‘i, i # j, the pre-factor associated to these integrals can
be assembled together.

We first consider the 6 differents entries of the simmetric tensor X of the
first subdomain, then the second subdomain and so on. Hence, the 6 ()
and the associated parametric independent matrices are given by:

Dealing with the vectorial case, as we shall see in the elastic block case (7),
the number of affine expansion terms can be Qq = 9 x 9 X Kgom,. Thanks
to the symmetry of the problem and to the particular structure of the elas-
tic tensor, we will limit this terms (at most) to Qg = 7 X Kgom.

Therefore it is crucial, in order to reduce the RB computational cost that
depends on Qg (see table 1), to minimize the number of terms of the
affine expansion.
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a oW F

1 || K jﬂl aa;: a?:] aQ!
2 | % :m ai:: aitz 40
A KRN
Qa || K™ | f o kaom WY dQrem

Table 4: 09(u)—functions and parameter independent matrices
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5 SOFTWARE

In this chapter we will present the software used to exploit our RB approx-
imation for 3D applications.

In the past few years a software has been released called rbMIT®, which
implements the RB method.

The software has been developed at the MIT (Massachusetts Institute of
Technology) by a research team, composed by D.B.P. Huynh, NC. Nguyen,
A.T. Patera and G. Rozza.

The software is copyrighted but freely distributed and available for non-
commercial purposes at the following web address
http://augustine.mit.edu/.

We will not go deeply inside the software, we will only present the task
demanded to the software related to our particular purposes. Further ex-
planations may be found on the software’s manual present in [PRog].

In particular, within the framework of the thesis, we cannot simply make
use of the rbMIT to build our RB approximation of the FE truth. This is
due to the fact that the software is able just to exploit 1D and 2D case.
Therefore dealing with 3D applications, we have used other capabilities
offered by a software which would be able to fill the gap. The software
chosen to collaborate with the rbMIT is COMSOL multiphysics. The inter-
action of this two softwares, will provide us the right tools to exploit the
RB in the 3D case.

5.1 SOFWARE INTERACTION

We now briefly explain the RB procedure in the 2D and 3D case, focusing
on the task demanded to the two software.

In the 2D case the rbMIT entirely covers the reduced basis methodology,
starting from the geometrical setting until the Online stage, whereas in
the 3D case the procedure is accomplished thanks to a strict interaction
with COMSOL.

5.1.1 2D case

In the 2D case rbMIT, see Figure 11, is able to cover the whole RB proce-
dure, hence actually no interaction with third party software is needed.
We can summarize the main steps as follows:

1. Problem setting™""
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F___________________q

RB procedure [

r LB & & B B _§B _§B _§B _§B _§ _§B _§B &8 N N N N _§N _§N |
rbMIT software ||
OFFLINE stage |I

Problem setting I
[Geometry | Affine geometry decomposition II
Pm_}i%ggl deﬁnition:§ EE— Matrices assembling II
-boundary conditions, | I I
Parameters definition! RB sampling II

1 il

ONLINE stage II
RB solution I I
input . — Output evaluation II

Visualization & post-process I

Figure 11: software 2D case

e parametric geometry definition
e PDEs definition
¢ boundary condition setting

2. Offline stage™""

¢ RB triangulation

e FE meshing

o FE matrices and vectors assembling
¢ RB system assembling

3. Online stage®"'"

¢ RB solution
e output evaluation
e a-posteriori error bound evaluation

e visualization & post-processing

5.1.2 3D case

In the 3D case, see figure 12, the RB procedure can be achieved thanks
to an interaction of the two softwares in the Matlab environment. Some
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N N N D N S D N DI S D D D D D D S S S - —

.

|RB procedure  ___ ___
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. d h d
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"by hand"
| |
ad hoc procedure 1 1
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Affine geometry decomposition
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MULTIPHYSICS \,1 1 l TbMIT software 1
i ! 1 B i |
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“PDEs,,
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TBMIT software

I RB solution
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|
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Figure 12: software 3D case

steps will be demanded to the rbMIT, in particular the RB system assem-
bling, whereas COMSOL will be used to build the FE truth approximation,
over which the RB approximation will be build and treated by the rbMIT.
We can summarize the main steps as follows:
1. Problem setting
e parametric geometry definition

e PDEs definition®0"s0t

» boundary condition setting "S-

2. Offline stage

RB triangulation/affine geometry precondition
COMSOL

FE meshing

COMSOL

FE matrices and vectors assembling
rbMIT

RB system assembling

3. Online stage

e RB solution™T

e output evaluation”™®""

o a-posteriori error bound evaluation*™""

o visualization & post-processing©"s0t

We now introduce each step summarized above.
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Parametric geometry definition

In this section, equipped with blackboard and chalk,
the original domain with the ge-
ometric parameter dependence is
drawn.

This stage is crucial in the subse-
quent affine geometric precondition.
In fact, since in the 3D case an
automatic procedure to compute
an RB discretization lacks, the user
must provide a suitable domain de-
composition able to satisfy the con-

ditions discussed in Section 4.1.

PDEs definition/boundary conditions

This steps are achieved with COMSOL. The procedure is innovative in the
RB context, hence will explain it thoroughly in section 5.2.2.

RB discretization/affine geometry precondition

With regard to this step, we refer the reader to the Chapter 4. In that
chapter we have discussed the theoretical aspects (Section 4.1) and by
means of two examples (Sections 4.2.1 and 4.2.2) we have presented the
numerical procedure.

FE meshing and assembling

In this step the software used is COMSOL, the aim is to provide the set of
parameter independent FE matrices and vectors with which build our RB
system.

We remark that, thanks to the affine parametric dependence (section 2.2) and
to the affine geometric precondition (Section 4.1), we have to perform the
meshing and the FE assembling only once.

In fact, even in the case of geometrical deformation induced by geometri-
cal parameters, the procedure shown in Section 4.3 allows us to recover
the geometrical dependence using the affine decomposition.

RB system assembling/Output evaluation

In this stage the FE ingredients are passed to the rbMIT software which
will provide the RB approximation.

We will briefly summarize the entries needed by the software and the
main steps of the numerical procedure.

With regard to the entries we have to provide the following inputs:
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1. Qg terms of the affine expansion of the bilinear form, see equations
3.36-3.38:
o FE matrices A;

e parametric dependent functions 0d(n);

2. Qs terms of the affine expansion of the linear functional, see equa-
tions 3.37-3.39:
e FE vectors F;

e parametric dependent functions 6? (u);
3. Mass matrix*

4. Class of problem:
o elliptic coercive;
e elliptic non-coercive;

e parabolic;

5. Parameter definition:
e number of parameters;
o parameter domain D.
Whereas with regard to the rbMIT task, the software traces the procedure
explained in the chapter 3. Hence, the main steps achieved are:
o Offline

1. Greedy sampling for the successive constraint method SCM, see
Section 3.6.3;

2. Greedy sampling for the RB basis assemblingm, Section 3.4.2;

e Offline
1. RB system solution, Section 3.2.6;
2. output evaluation, as mentioned above;
3. a-posteriori error bound evaluation, Section 3.5.
In the following section we introduce the COMSOL software and we will
explain how to compute our FE truth approximation.
Since the rbMIT software is equipped by a fully descriptive manual [PRog],

we will only describe the main steps to obtain the FE ingredients with
COMSOL.

1 In order to build the matrix representation of the X—norm
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5.2 COMSOL MULTIPHYSICS FE ASSEMBLING

COMSOL Multiphysics® is a powerful environment for modeling and
solving all kind of scientific and engineering problems based on PDEs.
The software is able to work with one dimensional, two dimensional an
three dimensional domains, thus is really well suited for our purposes,
even if not in its default settings.

With COMSOL it is possible to deal also with multiphysics models which
solve coupled physical phenomena. Actually this feature will not be ex-
ploited in this thesis, but of course in the following works dealing with
the RB methodology it could be of great interest.

Thanks to the built-in physics mode it is possible to define the relevant
physical quantities—such as material properties, loads, constraints, sources,
and fluxes—rather than by defining the underlying equations. These vari-
ables, expressions, or numbers can always be applied directly to solid
domains, boundaries, edges, and points independently of the computa-
tional mesh.

It is possible to access to COMSOL Multiphysics through a script by pro-
gramming in the MATLAB language.

Thanks to the great flexibility of the software, we will be able to obtain
the numerical ingredients required by the RB method in a proper way. In
the following sections we will discuss the procedure used.

We begin recalling the finite element matrices and vectors needed to build
our RB system. We then introduce some basic commands of COMSOL used
in order to better understand the FE assembling procedure.

5.2.1  FE ingredients

In order to create the RB approximation (section 3.2 in the coercive case
and section 3.3 in the Stokes case), we need an underlying FE approxima-
tion.

This will be accomplished providing the FE matrices and array built on
our reference domain (refer to Section 4 for a detailed explanation).

To show the FE matrices assembling within the COMSOL environment,
we consider a coercive scalar case.

Therefore, we recall from section 3.2.6 (pag.33) that we need to form:

1. Qq parametric independent matrices A9 (eq.3.36)
2. Q¢ parametric independent arrays F9 (eq.3.37)

built thanks to a standard FE discretization of the PDE problem.

5.2.2 Problem definition

The main steps to assemble the FE matrices, are summarized as follows:
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1. creation of the geometry;
2. definition of the PDEs;

. imposition of the boundary condition;

3
4. choice of the FE basis functions;
5. meshing;

6

. matrices assembling.

We will just consider the definition of the partial differential system tuned
for our particular purposes along with the choice of the boundary con-
ditions, since the other steps can be easily accomplished following the
COMSOL reference manual [Comoyb]. Moreover we will consider a single
subdomain, the extension to the multi-subdomain case is straightforward.

5.2.2.1  Definition of the PDEs/boundary conditions

There are several built-in automatic applications in the COMSOL software
thanks to which the stiffness matrix and the relative RHS (right hand side)
can be easily build for a wide range of physical problem, such as: acous-
tics, electromagnetics, fluid dynamics, heat transfer, structural mechanics,
transport phenomena, etc. ..

Unfortunately, due to our highly specialized task, this automatic way to
proceed is unsuited. Our efforts will be devoted to the creation of an
ad-hoc application able to provide the matrices arising from the affine ex-
pansion.

Therefore to build the FE ingredients, we will define our PDEs thanks to
another application offered by COMSOL, the PDE mode.

PDE mode

The PDE mode is an equation-based modeling procedure: the system of equa-
tion is given in the coefficient form, that is the strong formulation, for
further details we refer to the COMSOL manual [Como7a].

In the scalar case the coefficient formin COMSOL is written as

02 0
ea—?+da—u+v-(cVu—ocu+y)+[3-Vu+au=f inQ
ot ot
n-(cVu+ou—vy)+qu=g—hTu ondQ
hu=r onoQ

(5.1)

where QO = Q, is our reference domain, the union of all subdomains QF,
0Q) = 9Q), is the domain boundary, n is the outward unit normal vector
on 0Q).

The first equation in the list above is the PDEs, which must be satisfied in
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Q. The second and third equations are the boundary conditions, which
must hold on 0Q). The second equation is a generalized Neumann boundary
condition, whereas the third equation is a Dirichlet boundary condition. The
system is written in the most general way; since we are dealing with ellip-
tic equations the temporal terms vanishes. We now provide an explanation
of the terms appearing in the equation 5.1:

¢ V is the differential operator (gradient) defined as a column vector

2 2 2"
v = AN /A, 7 A 7
0xq  0x2 0x3

V - (c¢Vu) is due to diffusivity /conductivity, where ¢ € R3*3 and it
means

o (L), 0 (Y. (o
ox; \ 1 dx ox; \12ox, T ks \ P oxs )

V- (xu) is due to convection, where a € R3*! is the convective
velocity

Jxiu  Ooru  Oozu
1+2+3,

aX1 aXZ aX3
o V- (y), is due to source term, where y € R3*!

Oyr , 0y2 , 0v3
0x1 + x> + ox3’

- Vu, that will prove useful to build the Stokes problem (see Chap-
ter 8) and it means

ou ou ou
B o, + BZE + 53@;

where g € R3*1,

The formulation of the boundary conditions considers Dirichlet and Neu-
mann conditions.

o Generalized Neumann condition:

- (cVu—au+vy) is the flux vector of the homogeneus Neumann
conditions;

- g € R is the boundary source term;

- g € R is the terms related to the Robin boundary condition;

e Dirichlet condition:

— 1 is the term related to the non-homogeneus Dirichlet conditions.
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The combination of both boundary condition is possible thanks to a
new dependent variable p, which is defined only on the boundary. The
unknown variable p is called a Lagrange multiplier.

The apposition of a Neumann condition rather than a Dirichlet condition
depends upon a pre-factor h, see [Comoyal].

In scalar problems, h is a scalar; if h = 0, the Neumann condition on that
boundary is deactivated and the Dirichlet condition is apposed.

In the vectorial case h is a matrix R3*3, if h = [3%3 (=identity matrix)
only the Dirichlet boundary conditions are active, whereas if h differs
by the identity matrix, then the result will be a mixing of Dirichlet and
Neumann conditions, coupled by the Lagrange multiplier p.

5.2.3 A test case

In this section, thanks to a test case, we will show how to set up the prob-
lem within the COMSOL environment.

We will exploit a thermal problem, that is governed by the Fourier equa-
tion. The domain is constituted by a single block made by a isotropic
conductive media. With regard to the figure 13, we suppose that the

Lo (1)
| /

-1
.
-
-

Qo(11)
FOl (/“L) B | ™
L N

Figure 13: Original domain test case

edges are parameter dependent pu = {1, u2, u3}. Moreover, on face I' we
impose an homogeneus Dirichlet condition, on I's we impose an unitary
non-homogeneus Neumann condition, on all the other faces we impose
an homogeneus Neumann condition.

We recall that, to create our FE approximation we choose a set of reference
parameters, in order to build our reference domain Q.

Hence we choose a parameter of reference 1t = {11y, [f5, {13} that induces a
reference domain Q, = Q, (), over which we will assemble our parame-
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ter independent matrices A9 representing the discretization of the weak
formulation of the following problem:

-V, (K,V,u) =0 inQ,

u=20 on I, (5-2)
ou
a =1 on FTG

Recalling that the conductive media is isotropic?, we can represent it as
the following matrix:

k 0 0
K=]0« 0]. (5.4)
0 0 «

Therefore, recalling the procedure shown in Section 4.3.3, we need to
build three matrices relatives to the three different entries of the conduc-
tivity tensor K .

Then, recalhng the weak formulation 4.33, we assemble the three FE ma-
trices defined as follows:

[ Ow ov
A =d'(w,v) = K dQ,,
A =awv) Jo, oy, M Oxy,
[ ow av
A? = a? = — K, — dQ,,
A" =a"(wv) Ja, 0%, %Xy,
A3 =a3(w,v) = a—WK a—vd()_ (5-5)
A SN P >

To form this matrices with COMSOL (recalling the nomenclature of equa-
tion 5.1), we assemble the FE matrices setting on (), in the three cases:

kK 0 0]
=100 01,

| 0 0 0|

[0 0 0]
c? = 0 k 0],

|0 0 0|

[0 0 0]
=100 0], (5.6)
_OOK_

in addition we set to zero the constants: «, v, f and a.
The boundary conditions, imposed on 0(),3, are the same in the three

2 That is the conductivity tensor is defined as

k ifi=j
K..— .
1]—{0 145 (5.3)

300, =[] I,
k=1
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cases.
To define the boundary conditions shown in system 5.2, we set:

e On l“1

Homogeneus Dirichlet,

e on r}]/ r}z/ r}3/ r}4/ r}5

q=0
?1 z (()) Homogeneus Neumann,
T=20
e only,
q=20
gz 2) Non-homogeneus Neumann (5.7)
T=0

We remark that we have chosen a coercive scalar problem on a single
subdomain, hence the procedure here is very straightforward. In the part
devoted to the Mathematical Modelling, we will discuss more involved
problems.

COMSOL input file

We now provide, as example, the code associated to the test case dis-
cussed above, to provide a sample of the input file within the COMSOL
environment.

COMSOL input file is written with the same programming language of
MATLAB, hence the command list is very "user friendly".

COMSOL input file for A ! assembling

% COMSOL Multiphysics Model M-file
flclear fem

% Geometry
gl=block3(’1°,’1’,°1’,’base’,’corner’,’pos’,{’0?,°0?,°0°},axis? ,{?0°
,707’717}’)1-01:;’)07);

% Analyzed geometry
fem.geom=geomobject (gl);

% Constants

fem.const = {’k’,’1°};
descr.const= {’k’,’Conductivity’};
fem.descr = descr;

% Mesh
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fem.mesh=meshinit (fem, >hauto’,4);
%% Application mode 1

% FE basis functions

clear appl

appl.mode.class = ’F1PDEC’;
appl.shape = {’shlag(1,’’u’’)’};
appl.gporder = {2,4};
appl.cporder = 1;
appl.assignsuffix = ’_c’;

% Boundary conditions
clear bnd
bnd.g = {0,0,1};

bnd.name = {’Homogeneus Dirichlet’,’Homogeneus Neumann’,’Inhomogeneus

Neumann’};
bnd.type = {’dir’,’neu’,’neu’l};
bnd.ind = [1,2,2,2,2,3];
appl.bnd = bnd;

% PDEs setting

clear equ

equ.f = 0;

equ.da = 0;
equ.bndgporder = 2;
equ.c = {{{’k’;0;0}1}3};
equ.ind = [1];
appl.equ = equ;
fem.appl{1} = appl;

% Multiphysics
fem=multiphysics (fem) ;

% Meshextend
fem.xmesh=meshextend (fem) ;

% Assembling
[K,F,Null,ud] = femlin(fem); %with Dirichlet condition
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6.1 INTRODUCTION

In this chapter we will exploit the creation of our RB problem in the 3D
case dealing with a scalar elliptic coercive problem.

We deal with a steady conduction thermal problem, assuming that the
thermal conductivity K is represented by a positive definite matrix; then
the unknown is the 373 field of temperature, that we will denote with
u(x; u) € R. This class of problem, although rather simple, is able to de-
scribe a wide range of engineering problem, see for example [Arp66].
We mention, for example, the study of the performance of an heat sink
designed for the thermal management of high-density electronic compo-
nents, the design of an insulated coverage of a building to reduce the
energetic consumption, the control of the temperature within an engine
shaft to prevent thermal stresses or deformation, etc. ..

Another notable application can be the non-destructive testing of mechan-
ical components or the identification of an inclusion within a casting steel;
in short, despite the simple mathematical fomrulation, this case is more
than a Mathematical abstraction.

6.2 PROBLEM DESCRIPTION

We now briefly introduce the Thermal Block problem, henceforth we will
refer to this case with the "TB" label.

Physical problem

The problem of a steady-conduction is considered here in a cubic domain.
We want to evaluate the thermal field in a non-isotropic conductive block,
with an heat flux q imposed on a face of the cube, with regard to a refer-
ence environmental temperature taken on the opposite face and assuming
that the other faces are insulated. The cube has an anisotropic conductiv-
ity due to an inclusion of different materials within the piece.

Dealing for example with the material science, the inclusion can be, see
[Walg3]:

1. a deficiency of material, a hole due to gas bubble present within the
casting during solidification, or due to a fatigue crack;
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2. an inhomogeneity of the material, due to an unbalancing of concen-
tration of the alloyants.

Therefore, in order to seize the behavior of such a phenomena, the RB
parametric approach is very well suited. The thermal problem, in the 2D
frame, has been treated by [RHP08, PRog] and [HRSPo7y].

The output of interest is the average temperature of the heated face.
Now we formulate the problem into the mathematical setting.

Analytical problem

The equation that describes the field of temperature is represented by the
Fourier equation in which will be neglected the time derivative thanks to
the hypothesis of a steady state problem (no transient effect considered)
as well as the volume force that will be considered negligible.

63 PARAMETERS CHOICE

Due to the nature of the inclusion, its shape and dimension can vary
arbitrarily, hence we introduce some geometric parameters in order to de-
scribe it. It is important to remark that, due the fact that the parametrized
geometry should allow an affine geometric precondition (discussed in Chap-
ter 4), we restrict our attention to a parallelepiped inclusion.

In particular, with regard to the Figure 14, we have assumed that the cu-
bic block can vary its dimension along the three axis by means of a set
of parameters p = {p4, us, ug). In addition we have chosen other three
parameters, denoted by u = {1, uz, u3} to parametrize the position of the
inclusion. The solid is schematized as 3 x 3 x 3 cubic blocks, the central

Figure 14: TB domain decomposition
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block (subdomain Q'* in our scheme) represents the inclusion.

Each block, due to the parametric geometry dependence of the inclusion
and to the hypothesis required by an affine geometry (Section 4.1), is
subjected to a geometrical parametric dependence. Each sub-block is
considered isotropic. The conductivity constant for the central sub-block
(inclusion) is another parameter, denoted by p7, whereas for the other
sub-blocks the conductivity is the unity (reference).

Parameters domain

We now summarize the parameters and the parameter domain chosen to
describe our TB problem as:

e the dimension and the position of the inclusion, that can be de-
scribed by 6 parameters, that are 3 translations and 3 dimensions. The
parameters (1. are shown in Figure 14.

The parameter domain for the geometrical quantities is:

D= i i
— [0.5,1.45] x ... x [0.5, 1.45], 6.1)

e the conductivity coefficient of the inclusion, denoted with py.
The parameter domain for this physical quantity is:

min max

Dphysics = |:u7 ;s K7 ] = [01/ ]0] . (62)

The parameter domain is therefore given by p € D € RP=7, such that:

D=D x D

geom physics

=1[0.5,145] x...x [0.5, 1.45] x [0.1, 10].

Boundary conditions

With regard to the boundary conditions (Figure 15), a non-homogeneus
Neumann boundary condition is imposed on I's representing an heat flux,
an homogeneus Dirichlet boundary condition is imposed on 'y represent-
ing the imposition of a temperature (adimensional, i.e. environmental
temperature), whereas on the other external faces of the cube I’;.5 homo-
geneus Neumann conditions has been chosen, representing insulation of
the walls. Finally, on the internal faces we have assumed continuity of
temperature and fluxes.
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ou
n

Figure 15: TB boundary conditions

64 TB PROBLEM FORMULATION

6.4.1  Original domain

We introduce the analytical formulation of the governing PDEs on the orig-
inal domain.The equation which describes the field of temperature, within
the hypothesis described in Section 6.1, is the following;:

V. (go Vou> —0 in Q)

u=0 on Iy, (K1) (6.3)
ou
P on o (1)

Multiplying the equation by a suitable test function v such that v € X¢ =
{ve H}(Q)vIrp =0} and integrating over the domain Q we obtain:

J . (50 Vou) vdQ, =0 (6.4)
Qo (u) -

The domain Q, is the original domain on which the PDE is defined. The
whole domain Qg (p) is decomposed (Section 4.1) in Kgom non overlap-
ping subdomains such that:

K27
Qo(w) = [ Q1)
k=1

in addition, recalling the Green Theorem for the laplacian, [Quaog]:
J Aude:J Vu-Vde—J a—uvdy
Q Q d

Qan

the equation 6.4 becomes

27 27 u
k § k _
E J_Qk _Eo Vou . VOV on + L)_Qk an A% aQo =0
k=1 o k=1 o
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64 TB PROBLEM FORMULATION

Thanks to the functional space chosen, the boundary terms vanish on the
face on which we have imposed a zero temperature (on It — v =0). The
boundary terms relatives to I’;.5 vanish because we have imposed an ho-
mogeneus Neumann condition (on .5 — 0u/0n = 0).

The internal faces contributes disappear thanks to the continuity of tem-
perature and fluxes. Then the only remaining boundary term is the one
relative to the face I'; on which we have imposed an heat flux q.
Therefore, the equation 6.5 can be simplified as:

27

d
) J K vou.vovdn’;zj anlv dr,. 6.5)
k=1 Qs r"e n

Replacing the Neumann boundary condition (system 6.3):

0
Eovou-n:K v

Loon 4

in the weak formulation 6.5, we finally obtain:

27

> le K Vou-VovdQf = Jr qv dlo,. (6.6)
k=1 ° %6

Introducing the bilinear form

27
afuviw) = 3 |

o Ko Vou: Vov dak (6.7)
k=140

and the linear functional

(v ) = jr qv dT,, 6.8)
%g

we can restate the problem 6.6 as: find u € X¢(Q,(p)), such that
alw,v;u) =f(v;n) W e X*(Qo(n)) (6.9)

The coercivity and the continuity of the bilinear form a and the conti-
nuity of the functional f can be proved. Then the Lax-Milgram theorem
ensures the existence and uniqueness of the solution, see [Quaog].

6.4.2 Reference domain

In this section we apply standard techniques to transform the problem
statement over the original domain to an equivalent problem fomrulated
over reference domain.

We shall be ultimately able to write the problem in an affine formulation
(2.20), to exploit the crucial Offline/Online computational splitting pro-
cedure. In order to obtain the problem formulation 6.9 on the reference
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domain, we need to evaluate the affine transformation for each subdomain
QK(u) € Qo(w), tracing back the derivatives operator and all the geometric
parameter dependent quantities to the reference domain, by the recipe pro-
vided in Section 4.3.2.

In order to build the affine decomposition, we must compute the affine map-
pings for each subdomain T2*(-; ) : Q,(n) — Qr, 1 < k < 27, in order
to evaluate:

1. the Jacobian J2f*(u), 1 <k <27 (equation 4.5)

7

]aff,k(u) _ ‘det (glff,k(u))

2. the derivatives operator Daffk (1) (equation 4.6)

Qaff,k(u) _ éaff,k(u);

We will not present in detail the procedure to obtain the affine transfor-
mation for all the subdomains, we refer the reader to the Section 4.2.1 and
4.2.2 for a detailed abstract explanation. In this section we just provide
the results in Table 5.

We remark that the matrices g’ff'k(u), 1 < k < 27 are diagonal thanks to
the particular choice of the geometric parameters. Once the affine map-
pings have been computed, we are able to rewrite the weak formulation
6.9 into the reference domain.

Bilinear form

Recalling the bilinear form defined in equation 6.7, we recall the defini-
tion of the conductivity tensor K  given in equation 4.29 (section 4.3.2).
Due to the isotropic nature of the material, for each subdomain Q¥, 1 <
k < 27, we need to extract three different affine terms, corresponding
to the three different entries of the conductivity tensor, hence we would

have 27 x 3 = 81 terms in our affine development. We obtain:

27

alw,viw) = 3 | K (w)Vu- v a0k
k=17
:J Hopuz Ouw Ov  pgpz 0w Ov pypp ou  Ov 10! +
Ql p’] aXT‘] axT1 I"LZ ax‘rz ax‘rz P'»3 ax‘rg ang, ' o
J ( (M3 +pe—3) ou Qv
.o+ —
Q% H] aXT] ax‘l‘]
Cwilps+pe—3) Ou v ppp du Qv )dQ3+
w2 axrz axrz U3 +pe—3 axr3 aXT‘g o
ou ov
.+ 08 —do?” .
+ o8 (u)Lw 40 (6.10)
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aff
GZZ

aff
G 33

aff
C 3

1/n2
1/u2
1/n2
1/uq
1/1a
1/1q
1/(3 — s —u2)
1/(3 —pus — p2)
1/(3 — s — u2)
/12
1/n2
/12
1/p4
1/1a
1/uq
1/ —us —p2)
1/(3 —us — p2)
1/ —us —p2)
1/uz
1/u2
1/u2
1/1q
1/1g
1/14
1/(3 — s — 12)
1/(3—ps — p2)
1/(3 — s —u2)

1/u3
1/ue
1/(3 —pe — 13)
1/u3
1/ue
1/(3 — pe — 13)
1/u3
1/ue
1/(3—pe —13)
1/u3
1/ue
1/(3 — pe — p3)
1/u3
1/ue
1/(3 — ue — 13)
1/u3
1/ue
1/(3—pe —u3)
1/u3
1/ue
1/(3 — pe — 13)
1/u3
1/ue
1/(3 — pe — 13)
1/u3
1/us
1/(3 —pe — 13)

© O O O O © © © O

0
T—p3
2—pe—p3
0
T—p3
2—pg—p3
0
1T—ps3
2—pg—u3

Table 5: TB affine mappings

Linear functional

f(v; u) :J qv dlo,(u)
r06 (H)
— v Gaff,k o
LG q ( (u))
dar,

In this case the parametric linear functional (equation 6.8) arises from an
inhomogeneous Neumann boundary condition. This case has not been
treated in Section 4.3. In order to cast the integral of equation 6.8 into the
reference domain, we proceed as follows:

(6.11)

where e' denotes the tangential unit vector and k indicates the indexes of
the subdomains to which the face I, belong. In particular, with regard
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the chosen subdomain enumeration (Figure 14), we see that I is given
by

6
Mo = [J ITE.
k=1
(6.12)

Therefore the linear functional can be rewritten in an affine development
as:

f(v;u):J1 uzu3qurﬂ6+Jrz u1u6quFT26+..,

Fre 6

..—I—Jr6 —ps (U3 + 1e —3) qur§6+...

Te

...+e$(u)J

LA dry.. (6.13)

T6
The affine decomposition is now clear and we have

81

afu,v;ip) = Y 03 (w)ad(uv),
1

9
flviu) =) 07 (u)fi(v),
1

where the 0-functions are the parameters dependent terms which appear
in the bilinear form 6.10 and in the linear functional 6.13 expressed in the
reference domain.

Since the geometric parameter dependence is quite involved, we will
present only few results from our set of theta functions 04 (pn), 1 < q < 81,
6? (u), 1 < g < ?in tables 6a and 6b. In the same tables we present also
the definition of the p—independent bilinear forms.

94



64 TB PROBLEM FORMULATION

q 0d () A1
1 U213 ou O0v dQl
H1 Jaol OXy; OXr,
> L1 3 ou O0v dQl
H2 JOl aXTz aXTz
L1 M3 ou ov 1
dQ
5 }‘LZ J Q.l aXTz aXT‘z '
0 0
9 H2 e u  ov dQ%
u] J QIZ_ aXTz aXTZ
1 0 0
14 Hilte u  ov de
H’S J Q{? aXTZ aXTZ
-3 0 0
.- 1 (p2 + ps —3) LAY,
FL.’: + HG - 3 J Q:’f aXT3 aXT3
M5 e p7 [ Ou Qv 14
o} —_ — dQ
4 l‘l'4 J Q.IFA' aXT‘] axT] T
-3 [ 0 0
66 CH2(pr +pa—3) LISCARPTOr:
H“G J Q%O aXT3 aXT‘g
- us (13 + pe —3) ou v 4024
FW + H4 - 3 J Q%4 aXT‘] aXT‘1
—3 _ r
-8 (u2 +us —3) (11 + pg —3) ou Ov 1026
u6 Jaze OXr; OXry

(a) TB 0 (u)-functions

q | 07 (w) | Ed
1 H1H3 qvdr),
i
r r6
2 H1u3 qv dr,
Jrz,
3 H2 M6 qvdry,
r2,
6 —ps(p3 +pe —3) y qv dry,
Ire,
9 || (k2 +us5—3)(u3+pe—3) . qvdry,
re.

(b) TB 6 (u)-functions
Table 6: TB 0(u)-functions
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65 RESULTS AND VISUALIZATION

In this section we present the results obtained, linking COMSOL and rbMIT,
in order to create a RB approximation for the 3D thermal block example.
First we will give some informations about the FE approximation con-
cerning the mesh, the basis function chosen and the entries needed by
COMSOL, as discussed in Chapter 5.

Later on, we will focus on the results obtained with the SCM algorithm
(Section 3.6, Chapter 3) for the error bounds calculations, then we will
present the convergence of the Greedy procedure (Section 3.4).

Finally we will present the output evaluation for particular combinations
of the parameters, along with the certified a-posteriori error bound, to prove
that the RB approximation is reliable and efficient.

6.5.1 FE approximatiom with COMSOL

FE discretization on reference domain

We represent in Figure 16 the reference domain upon we assemble FE
components (Chapter 5).

In the figure we also report the properties of the mesh and the basis
functions chosen to discretize the TB problem. We recall that, since the
maximum derivatives order that appears in the strong formulation of the
PDEs is 2, then P! basis function are still a good choice for the solution
of the problem with the Galerkin method.

We remark that the degrees of freedom (DOFs) are fewer than the mesh ver-
tices since we have imposed a homogeneus boundary condition on I'1. We
have in fact eliminated the rows and the columns in the assembled matrices,
corresponding to the nodes upon a Dirichlet condition is imposed, [Quaog].
The mesh has been generated by a COMSOL pre-process routine called
meshinit, see [Comoya] for further explanations.

mesh vertices | 1657
vertex 64
edges 432
triangle 3024
tetrahedral 7515
DOFs 1512
basis functions | P’

Figure 16: TB reference domain discretization
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Matrices assembling

Following the procedure discussed in chapter 5 and in particular with
regard to the notation introduced in equation 5.1, we assemble the pa-
rameter independent matrices (see table 6a and 6b) needed by the RB
procedure.

In Figure 17 we depict a graphical view of the matrices assembling.

We consider the matrix AZ°, looking at Table 8 we note that the only sub-
domain that plays a role in the building of the parameter independent
matrix is Q7, see Figure 17a. In Figure 17b we depict the matrix pattern.

0

500 i;;: ; LN
S

1000 < X

3
1500 L ]
1
05 0 500 . 1000 1500
]
(a) subdomain Q7 (b) AZ°

Figure 17: In figure 17b we have depicted the contributes of the local ézo matrix
(e) to the global stiffness matrix (o).

6.52 SCM algorithm

For the SCM algorithm (section 3.6.3) we have took a sample train =, of
size ng.,, = 3000, a tolerance €., = 0.7, My = 16, M, =0 and |P| = 200.
In figure 18a we show the o« (—) and the ayp (—) for each element of
the sample train =, of the first iteration K = 1, whereas in figure 18b we
depict the same quantities for the last iteration K = Kpyax = 4 of the SCM
algorithm. It is evident that the upper and lower bound for the parametric
coercivity constant are converging to the exact value and restricting the
possible gap between the lower and upper bound. Convergence for this
problem is quite fast, see [Gel1o, RHP08].

6.5.3 Greedy algorithm

We present the results for the Greedy algorithm (Section 3.4.2), during the
RB aseembling procedure.

Here, we have chosen a sample train =, of size is n_, = 3000, the
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3.5 ) 4

0 500 1000 1?&0 2000 2500 3000 0 500 1000 1%0 2000 2500 3000

(a) TB: First iteration of the SCM (b) TB: Last iteration of the SCM

Figure 18: TB SCM algorithm

tolerance is €l min = 0.2 - 10~3 and the maximum size of the RB space
is taken Np.x = 100. We have chosen to minimize the absolute error
bound in energy norm A{*(u) (Section 3.5.1, page 52). In figure 20a
we have represented the error bound Af*(u) for T < N < Npax. We
can see that the error is monotonically decreasing. Moreover, just few
basis ~ 40 (versus ~1500 FE DOFs) are needed to obtain a maximum
error bound < 1072 on the temperature field for all the samples in =, _, .
We remark that this result holds despite a O I B e
large variation of either physical (the con- K T X
ductivity) and geometrical (the dimension d

and the position of the central block) pa-
rameters. In figure 20b we have depicteda ¢ -
subset of the parameters pu = (u2, us, He), r
automatically selected by the Greedy algo- x
rithm as representative snapshots. The er- '
ror bounds help us to save also Offline ol X

11

computational cost since the evaluation of na
the error bounds during the Greedy proce- Figure 19: Greedy selection for
dure is ver inexpensive. It is possible to parameter py and ps

see that the algorithm often select parameters near to the bounds (upper
and lower) of the parameters domain. In fact the more the parameters are
chosen distant from the "center" of the set, the most the reference domain
is deformed by means of the geometrical parameters. These phenomena
will perforce increase the error bound, therefore the Greedy algorithm
will preferably choose this outer parameters, being based on the worst
case scenario.

This aspect can be better seen, looking at the figure 19, we can see that the
geometrical parameters chosen are always in the outer part of the domain,
where it is evident a clustering phenomena. In this figure, the dimension
of the markers are proportional to the maximum error bound at the K-th
Greedy iteration.

98



65 RESULTS AND VISUALIZATION
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(b) Parameters distribution
Figure 20: TB Greedy results
6.5.4 Output

Since the output is the average of the temperature on the face I's of the
domain, then we are dealing with a compliant case (see Section 2.3.1). In

fact we have that:

sn(p) = flun; u).

(6.14)

Since we have 7 parameters, we decided to fix some parameters and add
relationship between others to obtain a graphical visualization of the out-

put.

In particular we have chosen to vary the parameters us and g4, i.e. the
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x and y dimension of the inclusion. In addition we have introduced the
following relationships:

_ 3
Hl— 2 7
_3—us,
w2 5
uz =1;
e =1;
uz =1

In Figure 21a we depict the tenmperature output obtained with the RB
method, in Figure 21b we depict the error bound A{ (n) on the output
between the FE and the RB method.

We can see that the output estimated error is < 8- 10~>, hence the error
on the output is effectively bounded by the square of the error on the
solution field (we recall that in the Greedy we have set A} (1) < €toll,min =
0.9-1073, Vu ez, ).

We remark that this result follows from our assumption of compliance,
enabling the so called square effect (see equation 3.24, chapter 3.2).

In figure 21¢c we have depicted the ratio between the computational time
needed to evaluate the output in the FE (denoted with tj;(u)) and in
the RB case (tgg(n)) for a large test sample. We can see that the RB
method provides a computational time saving of two order of magnitude
with respect to the ordinary FE method.
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Figure 21: TB output results
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6.5.5 Visualization

We now report the visualization of some representative RB solutions. On
the upper figures, we show the solution for different value of the param-
eters p. On the lower figures, we represent the pointwise error between
the RB approximations and the FE solution.

In the first example, Figure 22, we show the solution on the reference do-
main. In the second example, Figure 23, we show the solution field after
selecting a generic combination of parameters in the parameter domain
D. In the first case, thanks to the absence of geometrical distortion, we
obtain a smaller error bound on the solution.

0

: J
3 -1
\ o 3 .
g 2
‘y/ _a i
> -3
00 X

N(

1
Y

(b) Pointwise error: un (p) —u’™ (p)

Figure 22: Example of representative solution for the TB problem and pointwise
error for n={1,1,1,1,1,1,1}
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0 o

(a) Deformed domain

0.5

x 10

25

(c) Pointwise error: un (u) — uN(u)

Figure 23: Example of representative solution and pointwise error for p =
{0.7,0.7,0.7,1.3,1.3,1.3,0.05}
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7 ELASTIC PROBLEM

7.1 INTRODUCTION

In this chapter we will exploit the creation of the RB approximation in the
3D case dealing with a vectorial elliptic coercive problem.

We consider a static stress application represented by a linear elasticity prob-
lem, where the displacement is given by:

uw
upx;u)=4¢ v .
w

The elastic tensor Cijx is represented with the Voigt notation, by a positive
definite matrix C € R®*®, see [DLoo].

This case will be useful to show one of the most interesting field of appli-
cation for the RB method. In particular in section 7.6 we will show that
the Offline/Online splitting, may allow an efficient structural optimization
that combines the accuracy of the FE to the cheapness of the RB method-

ology.

72 PROBLEM DESCRIPTION

We now briefly introduce the linear elasticity problem (in a cubic domain),
referring to this case as the EB (elastic block) problem.

Physical problem

The linear elasticity is the study of how solid objects deform and become
internally stressed due to prescribed loading conditions.

In particular we will consider a solid block formed by three superposed
layer of different isotropic materials, pulled by an axial load applied on a
face and clamped to the opposite one.

Our aim is to evaluate the average displacement of the loaded face conse-
quently to the variation of the thickness, or the material composition of
the three layers. We are still in a compliant case (Section 2.3.1 in Chapter
2.3), therefore we inherit all the good convergence properties already dis-
cussed (see Chapter 3.2).

This case is geometrically simple, nonetheless the methodology and the
procedure discussed is comprehensive and provide the tools to build
more involved and specialized problems.
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Analytical problem

In the EB problem, the displacement field is governed by an equilibrium
equation supplied with a constitutive relationship, i.e. Hooke’s law, see [Lov44,
DLoo]. We consider a static stress problem, hence no inertial nor dissipa-
tive terms are accounted, in addition we will not consider for simplicity
volume forces.

7-3 PARAMETERS CHOICE

We introduce two parameters p .. = {it1, 12} to describe the thickness
of each layer, as depicted in Figure 24. Moreover since each layer can be
made by different material, or may had been subjected to different tech-
nological process, also the Young modulus E is taken as a parameter, then
Hoee = (M3, 14, u5} (= {E1, Bz, E3}).

For simplicity, we have chosen to deal with isotropic material. This as-
sumption is quite restrictive, especially in the aeronautic field where we
possibly deal with composite material; the extension to the ortotropic
case, which can be used to model these particular materials, is studied in
[MQRo8].

z
y‘J/fx

Figure 24: EB domain decomposition

Parameter domain

We now summarize the parameters and the parameter ranges chosen to
describe our EB problem:
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o the domain for the geometrical parameters, representing the thick-
ness of the layers, is:

D= 77 < i
=[0.1,0.45] x [0.1, 0.45], (1)

o The domain for the physical parameters, representing the Young
modula of the three layers:

=[0.1,3] x [0.1, 3] x [0.1, 3], (7:2)

The total parameter domain is therefore:

D=D,_ . xD

geom physics

= (0.1, 0.45] x [0.1, 0.45] x [0.1, 10] x [0.1, 3] x [0.1, 3] x [0.1, 3].

Boundary conditions

With regard to the boundary conditions (Figure 25), an non-homogeneus
Neumann boundary condition, which represent a distributed load p along
the x direction, is imposed on I’s. In addition an homogeneus Dirichlet
boundary condition, which represents the clamping, is imposed on [,
whereas on the other external faces of the cube I';.5, on which we assume
a free stress condition, homogeneus Neumann conditions has been set. Fi-
nally, on the internal faces we assume the continuity of the displacements
and of stresses.

Figure 25: EB boundary conditions
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7-4 EB PROBLEM FORMULATION

7.4.1  Original domain

In this section the analytical formulation of the governing PDEs on the
original domain will be introduced. The equation and the boundary con-
ditions that describes the field of displacement, within the hypothesis
described in Section 7.1, is the following [Lov44, DLoo]:

00,..
%Y 4 bo, =0 in Qo (1)
axo).
u=0 on o, (1) (7.3)
P1
o n=p= 0 on Iy, ()
0

Here o, is given by the constitutive Hooke's law, [Lov44]:

Goij = eoijkl EOkll (74)
where:
* Coyy, is the elastic tensor and for isotropic materials is defined as
Coijy = A8ij8k1 + G (dikdijr),

A and G are the Lame constants given by:

Ev E
{ A= T 204 7:5)
where E is the Young modulus and v the Poisson coefficient.

* &o,, is the linearized deformation, given by

1 [0u,, = Oug,
== Tou), 6
fou =3 (axol " o 7.6)

We now give the matrix representation C of the elastic tensor, which shall
prove useful for the next

F1—v v v 0 0 0 7
v 1—v v 0 0 0
E v v 1—v 0 0 0
C= 1-2v
= (T+v)(1-=2v) 0 0 0 5 0 0
0 0 0 o 1= o
| 0 0 0 0 o 1=

_(7-7)
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Now we derive the weak formulation for the EB problem.
We recall that the domain Q,(p) is made up by different subdomains of
different materials, such that:

furthermore each boundary I';, (1), 1 < m < 6 is made by different faces;
for example 'y (p) is defined as

3
Fog(u) = | J Tt (u).
m=1

The decomposition of the boundary shall prove useful in the affine de-
composition of the linear functional. We now introduce a functional space

xe={ve (H'(Q,)*|v=0onT,,}.
Multiplying the equation 7.3 for the test function v € X¢, integrating on

Qo (), using the divergence theorem and applying boundary conditions
we get the weak formulation as follows, [DLoo, QV97]:

3 3

ov;
S| e 0= Y | wpdile ¢8)
m=1 Qv (u) Xoj m=1 Fé,"g(u)

Introducing the parametric bilinear form

3
ov
afwvip) = Y J SO0y dQT ()
1 JQ5 (1) 9Xo;
3
ov ow
= ZJ S Cou gy 4 (1), (7.9)
m=1 () x

and the parametric linear functional
3
i = 3 | vepdriw) (7.10)
m=1"Tg (1)
we can restate the problem 7.3 as: find u € X¢(Q,(u)), such that:
a(w,viu) =fv;in) VveX(Qo(m)). (7.11)
The coercivity and the continuity of the bilinear form a and the continuity

of the functional f can be proved. Then the Lax-Milgram theorem ensures
the existence and uniqueness of the solution [Quaog].
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7.4.2 Reference domain

We now apply standard techniques to transform the problem statement
over the original domain to an equivalent problem set on the reference do-
main.

We shall be ultimately able to write our problem in an affine form (2.20),
to exploit our crucial Offline/Online splitting procedure. As already seen
in the TB problem, to perform this transformation we need to evaluate
the affine mapping for each subdomain. We summarize the result for the
geometrical transformation on the reference domain, in table 7.

sub | GYf [ G38| ey |y |cy| cff
Q' 1 1 1/ 0 0 0
0?2 1 1 /12 0 0 1
03 1 1 1/(M—w—p2) | O 0 | wm+m

Table 7: EB affine mappings

Furthermore we get:

407 (1) = det (G*™(w)) dOT* 1< m <3, (7.12)

drit(p) = ]g‘fﬁm(m e

arim 1<m<3, (7.13)

where e is the tangential unit vector of face m and where (see [MQRo08]):

d=3

GM(w) | = (Z (G eti)2>

i=1

Once this quantities have been evaluated, we are able to rewrite the weak
formulation 6.9 into the reference domain.

Bilinear form

In the EB case, since we are dealing with a vectorial problem, the proce-
dure to decompose the parametric bilinear form onto the reference domain
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7-4 EB PROBLEM FORMULATION

into an affine development is quite involved, especially in the 3D case.
Recalling the bilinear form defined in 7.9, it follows:

3
ov; ow;

Cl(u,v,' U) = Z J Tgeoijklmﬁ ngl(u)

j 1

a0
3
2

aff, m aW aff,r av al
jm (G;; (u)l)(?l};,kl,(u) <Gfilm) k)(l“'m(m) aQr
m=1 T

Oy,
1 ovy Ow;  Ovy Owq
= 3 1—

(T+v)(1—2v) < Hiks J’Ql (1= <axh 0xr, * 0Xr, axn) *

n 1—2v ovy; Owy  0vy Owg ovy Ows  0vz 0wsg n
2 OXp, OXy;  OXr, OXy,  OXy, OXy,  OXyy OXy,
. (a\)] aW2 a\)1 aWZ aVZ aW1 a\)z aW]> d_O.l-i-
O0Xp, 0Xy,  OXy, OXy,  OXy, OXy,  OXy; OXr,

W3 a\)3 aW3 1—2v a\)1 aW1 aVZ aW2 1

— 1— dQ
+ 3 Ly (1=v) 0Xry 0Xys + ( 2 0Xr; 0Xry + 0Xy; 0Xyg rt

J (a\)1 aW3 6\;1 aW3 avz an, aVZ aW3
+ U3 ] v
QT

Ql+...
OXy, OXpy  OXpy OXp,  OXp, OXpy  OXpy axrz) Al +

...+e‘;’1(u)J

<a\)1 aW3 aV1 aW3 avZ aW3 a\)z aW3>
Q3

OXp, OXpy  OXypy OXpy  OXpy OXpy  OXpy OXry
(7.14)

Linear functional

As already seen in the TB case, in this case the RHS arises from the non-
homogeneus Neumann condition (the distributed axial load) applied on the
face Ig.

Considering the relationship 7.13 and recalling that I's is made by three
different subfaces to which correspond three different geometric transfor-
mations, starting from the linear functional 7.17 we get

3

f(v;pu) = Z J vipi dlon(p)

m=1"Tg (1)

=3 J 1 Vi P1 dl‘ﬂ6+3u2j , Vi P1 dFT26+Jr3 V1 P1 deG (7.15)
6

Te Te T

In Table 8 and 9 we present the 0-functions for the bilinear form and for
the linear functional respectively.

We remark that, thanks to the choice of a particularly simple geometry,
the terms in the affine development are rather few.
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1 J (] —V) a\)] aW1 i a\)] aW1 4
(1+v)(1=2v) \Ja1 0Xr, OXy,  O0Xy, OXr,

3
k3 n 1—2v ovy Owy  0vy 0wy ovy Ows  0vz 0ws
2 0Xr, OXr;  OXy, OXy,  OXy, OXy,  OXy; OXy,
a\)1 aWZ aV1 aWZ aVZ aW1 a\)z aW] 1
v dQ.
O0Xry 0Xy,  OXp, OXy  OXp, OXpy  OXyy OXyy
1 ov3z Ows 1—2v ovy 0w
H3 1—
ﬂ (1+v)(1—2v) JQ; (T=v) 0Xr; 0Xry + ( 2 > (axr3 axT3+
4 aV2 aWZ) dQl
0Xr; 0%y,
1 J a\)1 aW3 aV1 aW3 avZ aW3
L3 v +
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aVZ 6W3> dQl)
0Xr; 0Xr,
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1—
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0
n A%) aWZ) d.O.%
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1—v + +
311 (T+v)(1—2v) <J Q3 ( ) (axT1 OXy,  O0Xr, OXr,
n (] —2V> (aVZ awz a\)1 aW] a\)g aW3 aV3 aW3>
2 OXy, 0Xy,  OXy, OXy,  OXy, OXy,  OXy, OXy,
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1 aV3 aW3 1—2v a\)1 aW]
1—
s | 0 (-2v) JQ;( V) v, 0, +< 2 ) (axrg e
4 aVZ aW2> dQ?
0Xr; OXry
" 1 <J <a\)1 aW3 a\)1 aW3 aVZ aW3
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03
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aVZ aW3> dQ?)
O0Xy; 0Xr,

OXp, OXyy  OXypy OXy;  OXy, OXpy

Table 8: EB 0 (u)—functions



7-4 EB PROBLEM FORMULATION

ql|  6f(w) | IFd
r
1 RJTBRTE! vy py dl,
\Jr1
T6
[ 2
2 3LL2LL3 V1 P1 dl“r6
dI—‘T26
[ 3
3 || 3—3u2 — 3 L V1P dry,
J 1'6

Table 9: EB 6? (u)—functions
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7-5 RESULTS AND VISUALIZATION

We present now some results obtained for the 3D elastic block case.

First we give some informations about the FE approximation concerning
the mesh, the basis function chosen and the entries needed by COMSOL, as
discussed in Chapter 5.

Then, we focus on the results obtained with the SCM algorithm (Section
3.6, Chapter 3) and we focus on the convergence of the Greedy procedure
(Section 3.4). We present an example for the output evaluation, the aver-
age displacement of the loaded face as function of either geometrical and
physical parameters.

In the last section we will present a RB application in the engineering
design; in particular we will deal with a simple optimization problem
solved via the classical FE method and via the efficient RB method.

7.5.1 FE approximatiom with COMSOL

FE discretization on reference domain

We depict in Figure 26 the reference domain over which we assemble our
FE components (section 5).

The mesh has been generated by COMSOL. In figure 26 we summarize the
main features of the mesh along with the FE basis functions and the DOFs
for the EB problem.

mesh vertices | 3503
vertex 16
edges 208
triangle 3178
tetrahedral 17234
DOFs 10509
basis functions | PP’

Figure 26: EB reference domain

Matrices assembling

We assemble the stiffness matrices A9 € RN*N 1 < q < 9 related to
the affine terms reported in Table 8; then we form the RHS vectors F9 ¢
RN*1, 1 < q < 3 related to the face TI'., on which we have imposed a
unitary distributed load p, as reported in Table 9.
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Figure 27: In figure 27b we have depicted for example the contributes of the
local és matrix (e) to the global stiffness matrix ().

7.5.2 SCM algorithm

For the SCM algorithm (section 3.6.3) we have took a sample train =, of
size ng.,, = 1000, a tolerance €., = 0.8, My = 16, M, =2 and |P| = 300.
In figure 28a we show the ap () and the ayp (—) for each element of the
sample train =, for the first iteration K = 1, whereas in figure 28b we
depict the same quantities for the last iteration K = Kyax = 24 of the SCM
algorithm. We can see ho the lower an upper bounds are approaching.
In EB problem, the convergence is reached with more iterations due to

fact that we deal with a vectorial problem.

2 , 2
15
1 !
0.5 .‘ i i \“‘ V i
0.
05
o 200 w00 600 800 1000 o 200 400 N 600 800 1000
(a) EB: First iteration of the SCM (b) EB: Last iteration of the SCM

Figure 28: EB SCM algorithm
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7.5.3 Greedy algorithm

We provide here the results of the Greedy algorithm (Section 3.4.2).

Here, we have chosen a sample train = _, of size is n_, = 3000, the
tolerance is A€l min = 1- 102 and the maximum size of the RB space
Nmax = 150. As already done in the TB problem, even for the EB we have
chosen to minimize the absolute error bound in energy norm AR (u) (sec-
tion 3.5.1, page 52). In figure 29a we have represented the a-posteriori error
bound A{*(p) for T < N < Npax. We can see that the error is monotoni-
cally decreasing. Just few basis ~ 30 (versus ~10000 FE DOFs) are needed
to obtain a maximum error bound < 102 on the displacement field.

train

We have performed a Greedy algorithm minimizing the absolute error

on the displacement field (over the sample train =_ ); it is clear that from
an engineering point of view it would be of greater interest to minimize,
for example, the error on a stress (derivative of the displacement).
This choice is supported by the RB method, in this case we need to per-
form a second Greedy sampling on the so-called dual problem. For further
explanation on this issue, we refer the reader to [RHPo08]. In Figure 30a
we depict the Greedy selected geometrical parameters, whereas in Figure
30b we show the physical parameters (the parameter choice is discussed
in Section 7.3). As we can see the parameters chosen by the algorithm are
clustered at the lower and upper bound of the parameters domain D.

7.5.4 Output

Since we are dealing with a compliant case , the output in this case is the
average of the displacement of the face I's. In fact we have that:

sn(p) = flun; 1), (7.16)

This choice is not mandatory, and just illustrative, since as output may
be chosen for example as average stress on a subdomain, as maximum
stress on the whole domain and so on. Unfortunately to obtain a rigorous
a-posteriori error bound for the output, as already said in Section 7.5.3, we
must perform an additional Greedy procedure on the so-called dual problem,
see [RHP08, Gel10] for further explanations.

Since we have 5 parameters, we fix two parameters and add a relation-
ship between the others to obtain a graphical visualization of the output.
In particular we have chosen to vary parameters p, and ps, i.e. the Young
modula and the thickness of the central layer respectively. In addition we
have set:

_1-us
H4 —

In Figure 31a we depict the output obtained with the RB method, in
Figure 31b we depict the a-posteriori error bound on the output A} (n)
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Figure 29: Error bound A{*(u) during Greedy convergence
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Figure 30: EB Greedy results

between the FE and the RB method. We can see that the output error
is < 1-107%, hence the error is effectively bounded by the square of
the error on the solution field (we recall that in the Greedy we have set
A]e\rjl(U) < €toll,min = T 1072/ Vp e Etrain)'

We remark again that this result follows from our assumption of compli-
ance, that enables the so called square effect (equation 3.24, Chapter 3.2).
Finally in Figure 31c we have depicted the ratio between the computa-
tional time needed to evaluate the output in the FE: the RB method pro-
vides a computational time saving at leat two order of magnitude greater
with respect to the ordinary FE method.

117



27 025 M5

(a) EB output

x10 7

045

1.8 0.25
(b) EB output error

18~ 025 M5

tIS:E(p)

© 4w

Figure 31: EB output results



7-5 RESULTS AND VISUALIZATION

7.55 Visualization

We report in this section the visualization of some representative RB so-
lutions. In the first example, Figure 32, we show the solution on the ref-
erence domain. In the second example, Figure 33, we show the solution
field selecting a generic combination of parameters into our parameter
domain D.

For each example we show: the three displacement (u, v, w) in the three
direction x, y, z respectively and the error betweem the RB and FE solu-
tion. We can see from the pictures that the error bound compared to the
true error is very sharp.
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Figure 32: Example of a representative solution and error for p
{1,1,1,1/3,1/3}, A& (1) <4.17-1074
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76 EB OPTIMIZATION

In this section we highlight, by means of a simple optimization problem, the
great potential offered by the RB method.

Physical setup

With regard to the geometry of the EB problem, we assume that the upper
and lower layer are made by Aluminum, whereas the central layer is made
by steel.

The tickness of the central layer is our design variable, the other two layers
have a dimension dependent upon the former. As already done in Section
7.5.4, we keep the steel layer centered between the Aluminum layers, so
that the layers are symmetric with respect to the x —y plane (see Figure
24).

We suppose that the solid is stretched from a face with a distributed load
in x-direction and clamped on the other one.

layer ‘ tickness E [N /mmz] density [Kg/ dm3]

1—
[OF ZHS 70000 2.7
Q, Us 210000 7.8
0 T—ps

1 7 70000 2.7

Table 10: EB optimization setup

Optimization target

We suppose that we are interested in the minimization of the average
displacement of the loaded face.

Due to the different stiffness and density between the Aluminum and
the Steel, if we enlarge the central layer (made of Steel) we will obtain a
smaller displacement but we will also increase the weight and vice versa
if we reduce the central layer we will reduce the weight but we will obtain
a greater displacement.

Therefore we must cope with an optimization problem, so that we evaluate
for example the optimal thickness that minimize a suitable objective function.
Our needs are to minimize either the displacement and the weight of the
structure. The objective function has to weigh two contributions:

o the displacement of the face

o the total weight of the the structure
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Hence we define the multi-objective function .# : D — R as

2 2
O R N

where:

o s(u) is the average x-displacement (the compliant output of Section
7.5.4) of the face Ig;

o W(u) is the total weight of the solid block (sum of the weight of the
three layers);

e so and W, are the reference displacement and the reference weight re-
spectively, obtained setting a reference parameter o equal to

1o {0.7- 10°,2.1-10°, 0.7 -10°, ; ;}

We remark that our objective function is built so that the two contribu-
tions are on the order of unit. This choice is not mandatory, but it is the
ordinary way to weigh contributions with different unit measure.

Our optimization problem states

find 4 — min .% () (7.18)
neD

We will not go in deep into the minimization algorithm choice because
this aspects lies outside from the thesis purposes. We have chosen a nu-
merical tool implemented within Matlab, called fminbnd.

This numerical method uses either the golden section method and the suc-
cessive parabolic interpolation, for further explanation see [FMM77].

7.6.1  FE-RB comparison

For the RB approximation we have used all the basis function selected by
the Greedy. Of course in the optimization context the designer will take
the minimum number of basis functions that will permit to bound the
error (on the solution field or on a particular output) under a desirable
threshold.

This means that the ratio between the time to obtain the optimal solution

‘ ‘ ] Us iter DOFs  time ‘

| RB || 0.297463 11 10509 0.2028 |

‘ FE H 0.297467 11 26 30.7790 ‘

Table 11: EB optimization result
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in the RB and FE method is

(oPt
tggt ~ 150 (7.19)
RB

Therefore, we notice from 7.19 that the RB approximation provides a com-
putational saving two order of magnitude greater than the classical FE
method. This result is in accordance with previous tests carried out for
example in [RHPo8].
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8 STOKES PROBLEM

8.1 INTRODUCTION

In this chapter we will exploit the creation of a RB approximation in the
3D case dealing with a vectorial elliptic noncoercive problem.

We deal with a steady Stokes problem, hence the unknowns are the three
components of the velocity field plus the pressure (scalar), i.e. Vx € Q

u(xp) € R* ={u, v, w, P}

The lack of coercivity, since the Stokes problem is a saddle-point, see
[QVo7], brings some extra-difficulties in the construction of the RB ap-
proximation. Nonetheless, as we have seen in the previous chapters, we
possess all the mathematical tools which allow us to build a proper RB
approximation.

Up to date, this thesis is the first work that deals with a 3D Stokes prob-
lem; this work is oriented to be the first step for the construction of a RB
approximation for Navier-Stokes equations in a 3D setting.

To build the FE ingredients (Section 3.3.5) we use the COMSOL multiphysics
software and for the RB assembling we use the rbMIT routine available for
noncoercive problems with few modifications to extend the procedure to 3D
problems.

8.2 PROBLEM DESCRIPTION

We now briefly introduce the application chosen in order to exploit the
RB approximation of the Stokes problem.

Physical and analytical problem

The Stokes problem is able to describe a flow at very low Reynolds number.
The field of applicability of these equations is quite wide, e.g. hemody-
namics, lubrication/micro-lubrication and MEMS ' applications. In our
case we will deal with a particular MEMS application, the Viscous Pump
VP, see for example [SSG97, Woios]. The MEMS are devices of charac-
teristic dimension are between 1 to 100 [um]. In the past few years, this
micromachines have reached a great development thanks to the recent ad-
vance in microtechnology process.

1 Micro Electro-Mechanical Systems
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In particular, the VP exploits the viscosity of a fluid to create a net flux in
a micro channel. The pump (a sketch is depicted in Figure 34) is consti-

net flux

Figure 34: VP sketch

tuted by a tube in which an eccentric rotor is mounted (perpendicular to
the flow direction) on a shaft and kept in rotation.

The rotor drags some fluid flow into rotation due to the viscosity, thanks
to the eccentricity of the rotor there is a net flux of fluid that moves into
the channel.

Many works in the last ten years have been devoted to the study of this
device, especially in the design optimization context, we cite for example
[SSGg7] and [AHEo04].

The RB approach is very well suited here, in fact the Online cheap and
reliable stage permits fast evaluation of the output, hence a very inespen-
sive design strategy. A generic viscous pump can depend on either ge-
ometrical and physical parameters. In particular, we will consider: the
eccentricity of the rotor, the pressure imposed at the side of the channel
and the angular speed of the shaft.

A classical optimization problem is to maximize the mass flow rate and
at the same time minimize shaft power consumption when an external
pressure load is applied along the channel housing the rotor, [DKCo7].
The output, in our example, is the net mass flux obtained by the VP. The
procedure to manage with the RB approximation of this problem is dis-
cussed in Section 3.3.

8.3 PARAMETERS CHOICE

In our problem, the parameters on which we will act to modify the be-
havior of the flow are three: the eccentricity, the angular speed of the rotor
and the pressure load imposed at the channel.

We remark that the load pressure imposed (on the outlet, on the inlet
we assume a null pressure) induces a flux in x direction that has to be
overcome by the counter flux induced by the clockwise positive rotation
of the rotor, as depicted in Figure 35. Either viscosity of the fluid and
the density are kept constant. We have chosen a fluid with physical char-
acteristic similar to the water, hence with a density p = 1- 103[Kg/m3]
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and dynamic viscosity fi = 1-1073[Kgm/s]. It follows that the kinematic
viscosity is ¥ = p/p = 1-10"[m/s].

The quantities with a tilde ~ correspond to the dimensional quantities,
whereas the absence of a tilde denotes non-dimensional quantities.

Figure 35: VB domain decomposition: the dimension are expressed in [m]

Parameters domain

We now summarize the parameters and the parameter domain chosen to
describe our VP problem:

¢ the non-dimensional angular speed of the rotor, which correspond
to the Reynolds number Re, (see Section 8.4), denoted with p, is

defined as:
D2 DU
=S = =Rey, (8.1)
where:
—U=—2 [m/s] is the dimensional speed of reference,

— @ (= [rad/s]) is the dimensional angular speed of the rotor;

o The eccentricity of the rotor, denoted with p,, defined as:

o4
HZ— ]:l/zl

1. H=1.4-10"%[m] is the total height of the channel;
2. d (= [m]) = is the height of the subdomain Q.
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' —u=nu

rotating wall

I‘2:5—>u:0
I'n—>P=0

Figure 36: VP boundary conditions

o the non-dimensional load pressure imposed at the outlet of the
channel, denoted with u3, defined as

]Soutf)2
V2p

U3 = ’ (83)

where Pyy¢ (= [Pa]) is the dimensional load pressure imposed at the
channel.

The dimensional parameter domain is:
D — |:(I)mm’ (I)max:| X []’jgllllnt, ]‘3?3);] >< |:amm, amax:|
(50, 200] [rad/s] x [0.025, 0.25]10~4[m] x [0.05, 10] [Pa] (8.4)

Thanks to the relationships given above, we can rewrite the parameter
domain 8.4 in a non-dimensional way:

R [T S [T g [t
=0, 7.5]10~% x [0.65, 0.95] x [0, 30] (8.5)

Boundary conditions

Now we explain the boundary condition chosen to represent our physical
model, (see Figure 36). With regard to the velocity boundary conditions,
we have imposed an homogeneus Dirichlet condition on I'.5 that represent
a no-slip condition on the wall channel.

In addition we have imposed a non-homogeneus Dirichlet condition on I
that represent the no-slip condition on the rotating surface of the rotor.
We now give the explicit definition of the tangential velocity that con-
stitutes our boundary condition. We will denote this velocity with § =
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gxu).

We recall that the rotor is normal to the channel so that the angular veloc-
ity is represented by a vector directed along the z-axis. It follows that the
non-dimensional velocity g (x; u) Vx € I is defined as:

g(x; ) = g(x~; 1)
N )
@5 cos | arctan 0 cos ( arctan 0

= DZ(D —d)zg) sin <arctan (X_fg )) = —sin <arctan <Z S >>

0
(8.6)

With regard to the pressure boundary conditions, we have imposed P =
Pin =0 on Iy (inlet) and P = Py = p3 on g (outlet).
The pressure boundary condition at the inlet and outlet is implemented as

g n= Pin/out/ (87)

where o is the non-dimensional Stokes stress tensor, n is the unit normal
outward vector and P is the imposed non-dimensional pressure.

Finally on the internal faces we have assumed continuity of either pres-
sure, velocity and fluxes.

8.4 VP PROBLEM FORMULATION

8.4.1  Original domain

In this section the analytical formulation of the governing PDEs for the
Stokes problem on the original domain will be introduced. The equation
that describes the pressure and velocity field, within the hypothesis de-
scribed in section 8.1, is the following:

—Re, A, G+ V P=f inQ,(u)

V,-a=0 in Qq(u)
a=0 on Iy, (1)
=g on Iy, (u) (88)

o0 4
ReDi—Pnzo on Iy, (1)

A

ot .,
ReDa—Pn: L3 on Iy (1)

where:

e u="{u,v, W}T is the non-dimensional field velocity, defined as:

u==i=={i,v W ; (8.9)
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e P is the non-dimensional field of pressure, defined as

; (8.10)

e Re, = is the Reynolds number, defined as:

DU
Re, = . ;. (8.11)

We remark that, tipically, the momentum equation is written so that the
non-dimensional coefficient associated to the viscous stress is the inverse
of Re. We have pursued another choice, i.e. to follow the notation used
in literature with regard to this topic, see [SSGg7, DKCo7].

We now introduce two functional spaces for the velocity and for the pres-

sure. For the velocity we choose V¢ = {V € (H' (Qo))3 v=0on F2;5},

whereas for the pressure we choose Q¢ = {q € L%(Qo)}, where the sub-
script o of the space L3 denotes that we are interested in a solution with
a zero average pressure. We recall that the domain is decomposed in three
subdomains and each face of the domain is divided in subfaces, as de-
picted in Figure 35-36.

Then, multiplying the first equation of the problem 8.8 by a test function
v € V¢ and the second equation by q € Q€, integrating on Q,(u) and
using the Green formula we get the weak formulation:

3

ZJ WV, a-v,v dQ‘g—J PV vdok=0
k=17Qk(n) Q¥ () (8.12)
B :
ZJ qV, -0dok =0

1 JQk (W)

We now define the bilinear forms a: V¢ x V¢ x D — Rand b: V€ x Q¢ x
D — R and the linear functional f: V¢ x D — R as follows:

3

a(f,v;p) = ZJ WV, 4V ovdQk (8.13)
Slosw 0T
3
ba,qul =Y | qv,-adol (8.14)
K—17Q8(1) ’

With these notations the problem 8.12 becomes:

a(t,v;pn) +b(v,P;pu) =0 wweve
(8.15)

b(f,q;u) =0 vq € Q®

Since we are dealing with non-homogeneus Dirichlet and Neumann condi-
tions (as indicated in 8.8) and due to the choice of our functional space,
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the weak formulation becomes, [Quaog]: find (u, P) € V€ x Q€ such that,
[QVo7l:

{ a(u,v;u)+b(v,P;u) =F(v;u) VveVe
(8.16)

b(u,q;u) = G(q; 1) Vq € Q°

Denoting a lifting of the boundary datum g with Rg & [H‘ (Q, (u))} 3, we
have placed u = G — Rg, whereas no lifting is required for the pressure
field, hence P = P. We remark that the function g arises from the no-slip
condition on the rotor. The new known terms F(v;u) and G(q;u) are
defined as:

Fviw) = 3 | Pourv d, + alRg,vi), 8.17)
=1 T (1)
G(q;u) = —b(Rg, q; 1. (8.18)

8.4.2 Reference domain

We now rewrite the problem 8.16 on the reference domain to exploit the
affine decomposition.

We need to evaluate the affine mappings for each subdomain to rewrite
all the parameter dependent quantities in an affine formulation.

We summarize the results for the geometric transformation in Table 12.
In addition the same relationships for the Jacobian and the derivatives

ff ff ff ff ff ff
sub || G§f [ G35 | G3f [C§f|cs| C§
T
1 _ _
Q 1 1 ) 0 0 1o
ol 1 1 1 0 0 0
2 7(2—1)
Q3 1 1 B2
7= I N M)

Table 12: VP affine mappings

operator used in the TB and EB hold, hence we can directly step to the
definition of the bilinear and linear forms on the reference domain.
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Bilinear form

Starting from the bilinear form a (8.13) we can write:

3

a(u,v;p) = ZJ WV, u-V,vdQk =
k=1 QF ()

T -1
T aff, k aff, k aff, k k
= E wVia G G ) Vv [ J* dQr =
=1 J'Q‘r‘(u) <* ) (f ) < ) T
ouw; 0vq ouz O0v3 1
1 . dQ
(Jﬂl M <axr1 (p * * 0Xy, 0Xr, vt

oup 0 Juz 0
ot m( MmO v3>dQ§>+
Q% aXr] aXT1 asz asz

ouy 0vq dur dvy  duz Ovs R
..+03 10 |
*Oaln) JQ <8x1~3 0Xry * 0Xr; 0Xr, + %Xy OXry T (8.19)

~

Meanwhile the bilinear form b becomes:

b(u,q;u) =

M

J qV, 4 dQk =
1708 ()

le( 4G Y u (Iaffk> dok —
1

aLL1 ou 1 J aLL1
(Jﬂrq<aXn+... o )er+...+ Q‘_éq<axh+...
P R R P )J ow 0 403 (8.20)
T Oxy, btk o3 q X, Oy T

We present in detail the definition of each 6-function and each parameter
independent matrix associated to the parametric bilinear forms a and b
in Table 13-14.

k

I
B

k

—_

Linear functional

We now briefly present the RHS of the Stokes problem on the original
domain. We remark that the first addendum of equation 8.17 comes from a
Neumann non-homogeneous condition, hence the treatment is standard;
whereas the second addendum of equation 8.17 and the equation 8.18
arise from a non-homogeneous Dirichlet condition.

Since we have placed the Stokes equations in a non-dimensional frame,
then the parametric dependence upon the angular velocity of the rotor
is accounted in the bilinear form a, therefore the boundary condition g
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has been set in a parameter independent way (we recall that we have set
n1 = Re,). The linear forms F(v; u) and G(q; u) can be written as:

3

F(wu)zZJ

k=1

Pout V chl,‘é +a(Rg,v; ) =

& (1)

=y - 10%4 v dr, +}43J v dlf+
1 2

+ (1503 2 10°/205) |

r

G(q;u) = —b(Rg,q; n)

r2

r2,

v dl“fs + a(Rg, v; n).

(8.21)

We summarize the parameter dependent functions and the Offline param-
eter independent vectors associated to the linear forms in Table 15-16.

q 0d(w) A“
0 0 0 0 0 0 0 0
J < w v 0wy Qv uy 0va uy v > 0!+
Ql 0Xy; OXr, OXr, 0Xr,  OXy; OXyy  OXy, OXp,
1 88} J' (aU] aV] au1 a\)] au] aV] auz avZ
+ + -
Q2 0Xpy 0%, OXry OXr,  OXpy OXpy  OXgpq 0%qg
0 0 0 0
uz 0v uz 0vp ) dQ%—I—
OXry OXr,  OXp; OXpy
0 0 0 0 0 0 0 0
+J ( w v 0wy v, uy v uy 0va ) 403
Q3 0Xpy 0%, O0Xr, OXr,  OXy; OXry O0Xr, 0Xr,
5 2 (7H2)—12 J au1 a\)1 T 6u2 a\)z n alJ,3 a\)3 dQT].
(7na—4) ol OXry OXry  OXpy OXypy  OXpy OXpy
3 2“1 ((7H2);1 ) J au] 6\)1 + auz a\)z au3 a\)3 dQ%
(7Tup—4) Q3 OXr; OXry;  OXpy OXpy;  OXpy OXpg

Table 13: 04-functions
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q| g B¢
0 0 0
Ry
L 1 al OXy,  OXp,  OXry
+J q <au] auz au3> d.O.%—i—
Q]Z_ aXr1 aXrZ ang
au1 auz 3
dQ
+JQ§ f <axr1 axfz) o
— dQ
2 7w —4 | o Tax, O
Table 14: 0y, -functions
q Of (u) IS
20%p3 1
1 —_— v drI
1021.12 Mg (w) o6
202 p3(7py —7) 2
2 — vdlr
1021.12 M2, (n) 06
20%u53((742)/2—2) ;
3 v drl,
1021.12 M3, (w) o6
1:3 :
4:7 w0, (1) a"’(Rg,v)
Table 15: O¢-functions
q H 0& (1) ‘ G¢
1:2 H w18y (W) ‘ b'"”(Rg,q)

Table 16: 0g-functions
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85 RESULTS AND VISUALIZATION

In this section we will present the results obtained for the 3D viscous pump
case.First we will give some details about the FE approximation concern-
ing the mesh, the basis function and the input needed by COMSOL, then
we will present the convergence results for either the SCM and the Greedy
algorithm.

Below we will show the results for the output along with the computa-
tional time saving obtained with the RB method.

8.5.1 FE approximatiom with COMSOL

FE discretization on reference domain

We depict in Figure 37 the reference domain over which we will assemble
our FE components; we also summarize the main characteristic of the
mesh together with the FE basis functions and the DOFs for the pressure
and velocity fields.

mesh vertices 2021
vertex 24
edges 384
triangle 3474
tetrahedral 8414

P ]1)]
basis functions

u P2

P | 2021
DOFs

u | 27543

Figure 37: VP reference domain

Matrices assembling

In this section, we assemble the parameter independent matrices (see Sec-
tion 8.4.2) needed by the RB procedure.

In the Stokes case, after COMSOL assembling, we have to perform an inter-
mediate step, as we will see in the following section.

To assemble the Stokes matrices and vectors we just need to provide to
COMSOL the entries reported in the Tables 13, 14, 15 and 16.

In the VP case, the definition of the the Stokes problem is quite involved,
we refer to the COMSOL manuals [Comoyb, Comoya] for more detailed ex-
planations.

We show in figure the assembled matrices éfmm ECZDMSOL (see Tables 13-14).
The underscript ., recalls that, before passing the FE ingredients to the
rbMIT, we must take an intermediate step (see Section 8.5.1.1).
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000000000000 00 0
000000000000 000
00V 000000000 00 0
000000000000 00 0
000000000000 000
00000V 000000 00 0

C-Yo0o00o000000000(X Y000
000000000000 000
00000000V 000 000
000000000000 00 0
000000000000 00 0
000000000000 000
000000000000

ﬁ:nnonnnnonn 0
000000000000

0 05 1 15 2 25
nz = 60453 x10°

(a) subdomain Ql (b) éimsm
Figure 38: In Figure 38a we have highlighted the subdomain and the definition
of the coefficients used to assemble the matrix A3 L whereas in

Figure 38b we have depicted the pattern of this matrix (o) along with
the pattern of the global stiffness matrix (e).

IB: 000000
000000

15
nz = 41880

(a) subdomains Q] (b) B2

——COMSOL

Figure 39: In Figure 39a we have highlighted the subdomains and the definition
of the coefficients used to assemble the matrix ECZDMSDL, whereas in
Figure 39b we have depicted the pattern of the matrix
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8.5.1.1  Matrices reordering

Unlike the TB and EB case, we have denoted the assembled FE matrices
and vectors with the superscript cousor. In fact, in the Stokes case, we
must perform a reordering on the DOFs of the assembled entities.

We first recall that the linear system arising from a classical FE approxi-
mation of the Stokes problem is the following, [QV97]:

Anxy B xv, Unox1 | ] Faexa (8.22)
By Y Py x1 Gy, x1 '
SNyx Ny =NpxNp TNpx 2Ny x

In this case, the DOFs of velocity and pressure are separated into the
vector of unknowns.

Unfortunately COMSOL exploit a different sorting, so that the pressure and
velocity DOFs are mixed and the linear system is set in the following way:

Koo T % = { Feen ) (8.23)

([ R (Nv+Np ) X (Ny+Np) ]{ RNv+Np) x1 } — { R (Nv+Np)x1 }) (8.24)

where K and f are the COMSOL assembled stiffness matrix and RHS

= camsoL —COMSOL
vector respectively. The vector of DOFs is sorted as follows:

T
{XCOMSDL} = {LL], V1, W1’p1’ crc qu’ va’ WNv’pr} (825)

Hence, the FE matrices and vectors must be reordered before being passed
to rbMIT. In particular, introducing a permutation matrix, denoted with M,
such that:

<

{ p }: M {X s | (8.26)

and replacing this equation into the COMSOL linear system 8.23, we obtain
the reordering conditions:

A B
[Bi“““ S ] =M K, ] M (5.27)
SNy x Ny =Np XN
F :
G = [M} {fCOMSOL } (828)

These operations are expensive because involves a cost O((Ny + Ny, %),
nonetheless thanks to the Offline/Online RB splitting procedure, they are
performed just once.

We depict in Figure 40 the global stiffness matrix pattern before and after
the reordering (on the global Stokes stiffness matrix).
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05

25f - i 25f

0 0.5 1 15 2 25 0 05 1 15 2 25
nz = 1027818 x 10* nz=1027818

(a) COMSOL ordering (b) classical ordering

Figure 40: VP matrices reordering

8.5.2 SCM algorithm

We recall that in this case we are interested in the estimation a lower
bound of the inf-sup constant B (1) (see Section 3.3).

For the SCM algorithm (section 3.6.3) we take a sample train =, of size
Ny = 1000, a tolerance e, = 0.8, My = 10, My =5 and |P| = 200.

In figure 41 we depict the cover percentage as function of the SCM al-
gorithm iteration. The cover percentage is defined as the percentage
of samples in the =, that satisfies either (i) the tolerance e..,, (over
(Bus — BLB) /Bus, see 3.138) and (ii) the positivity of .

100

o

90r

80r

60

50+

° . .
1 2 3 4

40
0

Figure 41: VP SCM algorithm: cover percentage
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8.5.3 Greedy algorithm

We present the results for the Greedy algorithm (Section 3.4.2), during the
RB assembling procedure.

We have chosen a sample train = _ of size is n_, = 3000, a tolerance is
€tollmin = 1 10~° and a maximum size of the RB space is taken Npyax =
100. We have chosen to minimize the absolute error bound in the energy
norm AR (p); we recall from Chapter 2.4 that this choice corresponds
to minimize H'-norm of the error bound on the velocity and L?-norm
of error bound on the pressure. In figure 42 we have represented the

train

Figure 42: Error bound A{*(u)

error bound A{*(u) for T < N < Npax. We can see that the error is
monotonically decreasing. Just very few basis ~ 13 (versus ~30000 FE
DOFs) are needed to obtain a maximum error bound < 1-107° on the
velocity and pressure field for all the samplesin =Z_ .

In Figure 43 we depict the parameter samples selected by the Greedy
algorithm. We note that, the algorithm selects the samples in the worst
case scenario, i.e. the parameters chosen are those clustered far from the
“center” of the parameter domain.

150 -

x X

100

out

50 x

0.l
025
02 ™~ 500
015 T~ 400
01 300
0.05 &\\\\‘/7 < 200

d 0 o0

100

©

Figure 43: Parameters distribution
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8.5.4 Output

The output is the net mass flux of fluid which moves in the channel.
We recall that we are dealing with a fluid with constant density p =
1-103[Kg/m?3].

In this case we are dealing with a non-compliant problem since in the
RHS there are terms arising from the inhomogeneous Dirichlet condition
(equations 8.17 and 8.18). The output can be evaluated as follows:

s(u) = Hu(w);

_( 20? 2023 (71 — 7)
=p< ”3J u(p) drj, - —E2 Jrz u(p) dri+

102132 Jpy 102112 iz
20%3((7112)/2 — 2) ;
222, Jrég ulp) arg, (8.:29)

If we want to recover the “square-effect” on the error bound of the output,
we have to solve an additional problem, called the dual problem. Since
this work is focused on another topic, we will not exploit this additional
tool offered by the RB methodology, see [RHP08, Gel1o] for a detailed
explanation of the dual-problem.
Since we have 3 parameters, we have fixed the pressure, that is p3 = 5
and we left vary the angular velocity p; (the Reyenolds number) and the
eccentricity p, of the rotor.
In Figure 44 we depict the output obtained with the RB method. In Figure
45a we depict the error bound A{ (n) on the output, in Figure 45b we
depict the computational time savings offered by the RB method.

As we would have expected, the greater p1; (= Re) is (that we recall is

0 0 J2451
Figure 44: VP output: net flux

proportional to the rotor angular speed) and the more the mass net flux
is.
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(a) VP output error bound AR, (u)

4000
3500
3000
2500
2000
1500
1000

500

0
0.25

tpe(n)

(b)

tEB(U)

Figure 45: VP output results

Moreover, as it has been proved in [DKCo7], the more the eccentricity
(n2) increases, the more the mass flux increases. In fact a non-symmetry
of the geometry creates an unbalancing in the velocity field that induces
a net flux through the channel.

We note that, in this case, the computational saving is three orders of
magnitude with respect to the FE method, which is a quite astonishing
result.

8.5.5 Visualization

We now report the visualization of some representative RB solutions. On
the upper figures, we show the solution for different value of the parame-
ters p. In the first example, we show the solution on the reference domain.
In the second example, we show the solution field after selecting a generic
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combination of parameters in the parameter domain D.

(a) RB solution: velocity field and streamlines

0.8
0.6

0.4

(b) RB solution: pressure field

Figure 46: Example of a representative solution and for u = {100,0.1,0.1}, AJ* <
8.95-10~7
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0.8

0.6

-0.4

-0.6

-0.8

(a) RB solution: pointwise error on velocity field

(b) RB solution: pointwise error on pressure field

Figure 47: Pointwise error for p ={100,0.1,0.1}, AJ* < 8.95- 107
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9 SUMMARY AND CONCLUSIONS

In this thesis, we have studied the RB method for 3D coercive and nonco-
ercive, scalar and vectorial problems. First, we have introduced the funda-
mentals of the RB method for parametrized coercive and noncoercive elliptic
PDEs: (i) the affine decomposition to enable an Offline/Online splitting
procedure, (ii) the a-posteriori error estimates to efficiently create the RB
Greedy space (Offline) and inexpensive and rigorous error bounds for
the RB solution and output (Online). In order to obtain an affine rep-
resentation of the parametrized linear and bilinear forms we exploited
an affine geometry precondition properly extended to the 3D case. The RB
procedures, i.e. the Offline creation of the RB space and basis, the On-
line RB system solution, the input/output evaluation and post-processing
were carried out thanks to the collaboration of two softwares, COMSOL
multiphysics and rbMIT. We presented the applications of the RB method
to a wide spectrum of engineering problem of interest: (i) a steady ther-
mal conductivity problem in heat transfer; (ii) a linear elasticity problem, with
regard to coercive problems; a (iii) Stokes flows application, concerning
noncoercive problems.

We obtained in each applicative case a good and rapid convergence of
either the SCM and the Greedy algorithm. Hence we experimentally
proved that the RB method is very well suited to efficiently approximate
also 3D problems with a rather involved parameter dependence, either
physical and geometrical.

The Offline stage is quite expensive in the 3D context, nonetheless the
very inexpensive and rigorous Online stage renders invaluable the worth
of the RB method in many engineering field of interests: optimization,
control, sensitivity analysis and real-time context.

In fact with the RB method we obtained (Online) a computational saving
of at least two order of magnitude with respect to the FE approximation
in the thermal and in the linear elasticity applications; corroborating the
recent results obtained in parallel work [Gel10] dealing with 3D coercive
problems. In the Stokes flow application, we obtained computational sav-
ing even of three order of magnitude; this result may have been possible
even in consequences of a quite simple parameter dependence, nonethe-
less since the application is already able to seize the main properties and
characteristic of a state-of-the-art viscous pump, see e. g.[SSG97, AHE04,
DKCoy], we concretely foresee a possible development of the RB method
in the 3D fluid-dynamic field.

The applications chosen to exploit the RB approximation of 3D prob-
lems are a little, although representative, subset of the applications the
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current efforts on the RB are devoted to. Different branches of the re-
search field related to the RB method are dealing nowadays with a plenty
of different problems and different context: the study of potential flows,
see e.g.[Roz10], thermal problems, see [RNPDog, RHNPog], hemodyna-
mics and biomedical devices optimization, see [MQR10], the study of
nonlinear equations such as the Navier-Stokes problem, [DRog], the devel-
opment of RB approximation in parabolic, see [NRHP10], and hyperbolic
equations, see [NRPog]. Up to now, much efforts have been focused on
2D problems, our work constitutes the first steps in the natural extension
and prosecution of the RB work in the 3D frame.

We also remark that in this work we have used a rather simple RB
discretization, this is because in the 3D framework an automatic affine ge-
ometry precondition treatment is not available yet. On the contrary in the
2D case, the procedure has been developed and implemented, see rbMIT
and for other works dealing with parametrically complex 2D geometries
see [Quaos, Milo6].

Unfortunately, the affine parametrization of a geometry, is not enough
flexible for some purposes, e.g.the shape-optimization of a vessel in a
hemodynamic context or the design of an air intake in an aerodynamic
context. Hence in the very few years, new techniques based on the so-
called free form deformation has been developed in collaboration with the
RB method, see [MQR10, LR10] and [RM10] for works dealing with shape
optimization of cardiovascular geometries.

A possible and remarkable upgrade of our work would be to enrich the
3D geometry parametrization with these new free-from techniques. Re-
cent work are devoted to this topic, which, in my opinion, will gainfully
improve the power of RB method in the engineering context.

146



BIBLIOGRAPHY

[AHEo4] M. Abdelgawad, I. Hassan, and N. Esmail. Transient Behavior
of the Viscous Micropump. Microscale Thermophysical Engineer-
ing, 8:361-381, 2004.

[AKgg] J.A. Atwell and B.B. King. Proper Orthogonal Decomposition
for Reduced Basis Feedback Controllers for Parabolic Equa-
tions. Mathematical and computer modeling, 33(1-3):1-19, Jan-

uary 1999.
[Arp66] V.S. Arpaci. Conduction Heat Transfer. Addison-Wesley, 1966.

[ASB78] B.O. Almroth, P. Stern, and FA. Brogan. Automatic choice of
global shape functions in structural analysis. AIAA Journal,

16(7):525-528, January 1978.

[Bab71] 1. Babuska. Error-bounds for Finite Element Method. Com-
puter Methods in Applied Mechanics and Engineering, 16(4):322—
333, December 1971.

[BTWGo08] T. Bui-Thanh, K. Willcox, and O. Ghattas. Model Reduction
for Large-Scale Systems with High-Dimensional Parametric
Input Space. Proceedings of the 48th AIAAJASME/ASCE/AH-
S/ASC structures, structural dynamics and material conference,
30(6):3270—3288, October 2008.

[Comoya] Comsol. COMSOL Multiphysics ©Modeling Guide. COMSOL
AB, 3.5a edition, 2007.

[Comoyb] Comsol. COMSOL Multiphysics ©User’s Guide. COMSOL AB,
3.5a edition, 2007.

[DKCoy] A.K. Da Silva, M.H. Kobayashi, and C.EM. Coimbra. Opti-
mal theoretical design of 2-D microscale viscous pumps for
maximum mass flow rate and minimum power consumption.
International Journal of Heat and Fluid Flow, 28:526—536, Septem-
ber 2007.

[DLoo] R. Dautray and J.L. Lions. Mathematical Analysis and Numerical
Methods for Science and Technology, Vol.1. Springer, Berlin, 2000.

[DRog] S. Deparis and G. Rozza. Reduced Basis Method for Multi-
Parameter dependent Steady Navier-Stokes Equations: Appli-
cations to Natural Convection in a cavity. Journal of Computa-
tional Physics, 228:4359—4378, 2009.

147



CHAPTER 9

[FM71]

R. Fox and H. Miura. An approximate analysis technique for
design calculations. AIAA Journal, 9(1):177-179, January 1971.

[FMMy77] G. E. Forsythe, M. A. Malcolm, and C. B. Moler. Computer

[GMNPo7]

[Gel10]

[HOo08]

[HRSPo7]

[IR97]

[IRo1]

JAo4]

[KVo3]

Methods for Mathematical Computations. Prentice-Hall Series
in Automatic Computation. Wiley-VCH Verlag, Englewood
Cliffs, New Jersey 07632, 1977.

E. Gelsomino. Exploration and Comparison of Reduced Or-
der Modelling Techniques for Parametrized System. Master’s
thesis, Modeling and Scientific Computing (CMCS), Institute
of Analysis and Scientific Computing (IACS), EPFL, January
2010.

M.A. Grepl, Y. Maday, N.C. Nguyen, and A.T. Patera. Effi-
cient Reduced Basis Treatment of Nonaffine and Nonlinear
Partial Differential Equations. European Series in Applied and
Industrial Mathematics: Mathematical Modelling and Numerical
Analysis, 41(3):575-605, August 2007.

B. Haasdonk and M. Ohlberger. Reduced Basis method for
Finite Volume Approximations of Parametrized Linear Evo-
lution Equations. European Series in Applied and Industrial
Mathematics: Mathematical Modelling and Numerical Analysis,
42(2):277—-302, March 2008.

D.B.P. Huynh, G. Rozza, S. Sen, and A.T. Patera. A Suc-
cessive Constraint Linear Optimization Method for Lower
Bounds of Parametric Coercivity and Inf—Sup Stability Con-
stants. Comptes Rendus de I’Acadeémie des Sciences, 345(8):473—
478, October 2007.

K. Ito and S.S. Ravindran. A Reduced Basis Method For Con-
trol Problems Governed by PDEs. Journal of Computational
Physics, In: Desch W., Kappel F., Kunisch K(eds) Control and
Estimation of distributed parameter systems:153-168, 1997.

K. Ito and S.S. Ravindran. Reduced Basis method for Optimal
Control of Unsteady Viscous Flows. International Journal of
Computational Fluid Dynamics, 15:97-113, October 2001.

M. Jabbar and A. Azeman. Fast optimization of
Electromagnetic-Problems: the Reduced Basis Finite Element
Approach. [EEE Transactions on Magnetics, 40(4):2161-2163,
May 2004.

K. Kunischm and S. Volkwein. Galerkin Proper Orthogonal
Decomposition Methods for a General Equation in Fluid Dy-
namics. Mathematical and Computer Modeling, 40(2):492-515,
SIAM Journal on numerical analysis 2003.

148



BIBLIOGRAPHY

[Lov44]

[LR10]

[Meyoo]

[Milo6]

[MQRo8]

[MQR10]

A.E.H. Love. A Treatise on the Mathematical Theory of Elasticity.
Dover publications, New York, 1944.

T. Lassila and G. Rozza. Parametric Free-Form Shape Design
with PDE Models and Reduced Basis Method. Computer Meth-
ods in Applied Mechanics and Engineering, 199:1583-1592, 2010.

C.D. Meyer. Matrix analysis and applied linear algebra. SIAM,
Philadelphia, Colorado State University, 1st edition, 2000.

R. Milani. Metodi a Basi Ridotte per la Risoluzione di
Problemi Parametrizzati in Elasticita Lineare. Master’s the-
sis, Modeling and Scientific Computing (CMCS), Institute of
Analysis and Scientific Computing (IACS), EPFL and MOX,
Politecnico di Milano, 2006.

R. Milani, A. Quarteroni, and G. Rozza. Reduced Basis
method for Linear Elasticity problems with many parame-
ters. Computer Methods in Applied Mechanics and Engineering,
5(197):4812—4829, May 2008.

A. Manzoni, A. Quarteroni, and G. Rozza. Shape Opti-
mization in Cardiovascular Geometries using Reduced Basis
Method and Free-Form Deformations, 2010. submitted 2010.

[MYNAo4] Barrault M., Maday Y., Nguyen N.C., and Patera A.T. An

[Nag79]

[Noo78]

[Noo082]

[NPSo]

[NRHP10]

Empirical Interpolation Method: Application to Efficient
Reduced Basis discretization of Partial Differential Equa-
tions. Comptes Rendus Mathematiques, 339(9):667-672, Novem-
ber 2004.

D.A. Nagy. Modal representation of geometrically nonlinear
behaviour by the finite element method. Computers & Struc-
tures, 10(4):683-688, April 1979.

A.K. Noor. Recent advances in reduction methods for non-
linear problems. Computers & Structures, 13(1-3):31—44, June

1978.

A.K. Noor. On making large nonlinear problems small. Com-
puter Methods in Applied Mechanics and Engineering, 34(2):955—
985, September 1982.

A K. Noor and J.M. Peters. Reduced Basis Technique for
Nonlinear Analysis of structures. Computers & Structures,

18(4):455—462, April 1980.

N.C. Nguyen, G. Rozza, D.B.P. Huynh, and A.T. Patera. Re-
duced Basis Approximation and A-Posteriori Error Estima-
tion for Parametrized Parabolic PDEs; Application to Real-

149



CHAPTER 9

[NRPog]

[NVPos5]

[Pet89]

[PL87]

[Por85]

[PRo7]

[PRog]

[PRV*o02]

[PRVPo2]

Time Bayesian Parameter Estimation. Technical report, EPFL-
IACS report 11.2008, 2010. Computational Methods for Large
Scale Inverse Problems and Uncertainty Quantification, in
press.

N.C. Nguyen, G. Rozza, and A.T. Patera. Reduced Basis
Approximation and A-Posteriori Error Estimation for Time
Dependent Viscous Burgers Equation. Calcolo, 46(3):157-187,
2009.

N.C. Nguyen, K. Veroy, and A.T. Patera. Certified Real-Time
Solution of Parametrized Partial Differential Equations. Yip S(ed)
Handbook of materials modeling. Springer, Berlin, 2005.

J.S. Peterson. The Reduced Basis method for incompressible
viscous flow calculations. SIAM Journal on Scientific Computing,

10(4):777-786, July 1989.

T.A. Porsching and M.L. Lee. The Reduced Basis method for
Initial Value Problems. SIAM Journal on Numerical Analysis,
24(6):1277-1287, December 1987.

T.A. Porsching. Estimation of the Error in the Reduced Ba-
sis Method Solution of Nonlinear Equations. Mathematics of
Computation, 45(172):487-496, October 1985.

A.T. Patera and E.M. Renquist. On the error behavior of the
Reduced Basis Technique for Nonlinear Finite Element Ap-
proximations and A-Posteriori Error estimation for a Boltz-
mann model. Computer Methods in Applied Mechanics and Engi-
neering, 196:2925—-2942, 2007.

A.T. Patera and G. Rozza. Reduced Basis Approximation and
A-Posteriori Error Estimation for Parametrized Partial Differential
Equations. To appear in MIT Pappalardo Graduate Mono-
graphs in Mechanical Engineering. ©OMIT 2006-2010, Mas-
sachusetts Institute of Technology, Cambridge, MA, USA,
2009.

C. Prud’homme, D. Rovas, K. Veroy, Y. Maday, A. Patera, and
G. Turinici. Reliable real-time solution of parametrized partial
differential equations: Reduced Basis output bounds methods.
Journal of Fluid Engineering, 124(1):70-80, March 2002.

C. Prud’homme, D.V. Rovas, K. Veroy, and A.T. Patera.
A mathematical and Computational Framework for Reli-
able Real-Time Solution of Parametrized Partial Differen-
tial Equations. Mathematical Modeling and Numerical Analysis,

36(5):747—-771, 2002.

150



BIBLIOGRAPHY

[QSSoo] A. Quarteroni, R. Sacco, and F. Saleri. Numerical Mathematics,.
Texts in Applied Mathematics. Springer, New York, 2000.

[Quaos] A. Quaini. Metodi a Basi Ridotte per Problemi di Controllo in
Fluidodinamica Ambientale. Master’s thesis, Modeling and
Scientific Computing (CMCS), Institute of Analysis and Sci-
entific Computing (IACS), EPFL and MOX, Politecnico di Mi-
lano, 2005.

[Quaog] A. Quarteroni. Numerical Models for Differential Problems, vol-
ume 1 of MS&A. Springer, 2009.

[QVo7] A. Quarteroni and A. Valli. Numerical Approximation of Partial
Differential Equations. Springer series on Computational Math-
ematics. Sringer, 1997.

[Ravoz] S.S. Ravindran. Adaptive reduced order controllers for a
thermal flow system using Proper Orthogonal Decomposition.
SIAM Journal on Scientific Computation, 23(3):1924—-1942, 2002.

[RHNPog] G. Rozza, D.B.P. Huynh, N.C. Nguyen, and A.T. Patera. Real-
Time Reliable Simulation of Heat Transfer Phenomena. In
Heat Transfer Summer Conference Proceedings, HT-2009-88212, S.
Francisco, CA, US, July 2009. American Society of Mechanical
Engineers. EPFL-IACS report 06.2009.

[RHPo8] G. Rozza, D.B.P. Huynh, and A.T. Patera. Reduced Basis ap-
proximation and A-Posteriori Error Estimation for Affinely
Parametrized Elliptic Coercive Partial Differential Equations.
Archives of Computational Methods in Engineering, 15:229—275,
2008.

[RM10] G. Rozza and A. Manzoni. Model Order Reduction by Geo-
metrical Parametrization for Shape Optimization in Compu-
tational Fluid Dynamics. In Proceedings of ECCOMAS CFD
Conference, ].Pereira and A. Sequeira Editors, Lisbon, Portugal,
June, 2010. EPFL-TACS report 01.2009.

[RNPDog] G. Rozza, N.C. Nguyen, A.T. Patera, and S. Deparis. Re-
duced Basis Methods and A-Posteriori Error Estimators for
Heat Transfer Problems. In Heat Transfer Summer Conference
Proceedings, HI-2009-88211, S. Francisco, CA, US, July 2009.
American Society of Mechanical Engineers. EPFL-IACS report
05.2009.

[Rovo3] D. Rovas. Reduced-Basis Output Bound Methods for Parametrized
Partial Differential Equations. PhD thesis, Massachusetts Insti-
tute of Technology, Cambridge, MA, USA, 2003.

151



CHAPTER 9

[Rozo8]

[Rozog]

[Roz10]

[RVo6]

[SSGo7]

[Walg3]

[Woios]

[WPo2]

G. Rozza. Reduced Basis for Stokes equations in domains
with non-affine parametric dependence. Computing and Visu-
alization in Science, 12(1):23-35, 2008. d0i:10.1007/500791-006-

0044-7.

G. Rozza. An Introduction to Reduced Basis Method for
Parametrized PDEs. In In Applied and Industrial Mathematics
in Italy, Vol. III, Series on Advances in Mathematics for Applied
Sciences, pages 508-519. Societd Italiana di Matematica Appli-
cata e Industriale, 2009. EPFL-IACS report 01.2009.

G. Rozza. Reduced basis approximation and error bounds for
potential flows in parametrized geometrie, 2010. Communica-
tions in Computational Physics, submitted 2010.

G. Rozza and K. Veroy. On the Stability of the Reduced Basis
method for Stokes Equations in parametrized domains. Com-
puter Methods in Applied Mechanics and Engineering, 196:1244—
1260, 2006.

M.C. Sharatchandra, M. Sen, and M. Gad-el-Hak.
Navier-Stokes Simulations of a novel Viscous Pump. Journal
of Fluid Engineering, 119(2):372—381, 1997.

P. Walker. Chambers Dictionary of Materials Science and Technol-
0gy. Chambers Publishing, 1st edition, 1993.

P. Woias. Micropumps—Past, Progress and Future Prospects.
Sensors and Actuators B: Chemical, 105(1):28—38, February 2005.

K. Willcox and ]. Peraire. Balanced Model Reduction
via the Proper Orthogonal Decomposition. AIAA Journal,
40(11):2323—-2330, November 2002.

[Yos71] K. Yosida. Functional Analysis. New York: Springer-Verlag,

1971.

152


http://www.springerlink.com/content/j2x1452504577984/
http://www.springerlink.com/content/j2x1452504577984/

COLOPHON

This thesis was typeset with KIEX using the classicthesis style, available

via CTAN as classicthesis.
The bibliography has been compiled with the BIBIEX reference manage-

ment software.

Final Version as of June 27, 2010 at 22:49.


http://www.ctan.org/tex-archive/macros/latex/contrib/classicthesis/




INDEX

EIM, 63
RB method
SCM, 54
a-posteriori estimation, 50
space assembling, 47
Greedy algorithm, 50
geometry
3D affine mapping, 62
original domain, 61, 69
reference domain, 61, 70
parametric form
affine parametric dependence,
14
bilinear form, 9
inf-sup constant, 11
linear functional, 12
coercivity, 10
continuity, 10
spaces
Lagrange, 29
hierarchical, 29

affine geometry precondition, 62

basis matrix
coercive, 31
non-coercive, 40

Cauchy-Schwarz inequality, 11
clustering, 98
coercive problem, 16
coercivity lower/upper bound, 55
compliant, 17, 99, 116, 140
composite material, 106
conduction problem, 87
continuity

linear functional, 12
cost functional, vi

derivatives operator, 92
Dirichlet boundary condition, 16
dual norm, 51

dual problem, 116

elastic problem, 105
error bound, 29

rigour, 49
sharpness, 49

Fourier equation, 83
free form, 63

Galerkin projection, 18, 23

geometry, 61

Gram-Schmidt orthogonalization,
30

grid saturation, 60

Hooke’s law, 106
Jacobian, 92

Lax-Milgram theorem, 17, 41
linear programming problem:, 54
linearized deformation, 108

many-query, vi, 28

non-coercive problem, 20
non-compliant, 140
norm

dual, 12

energy, 18

parameters
Greedy selection, 50
domain, 2, 3, 9
geometrical, vi
physical, vi
samples, 29
parametrically induced manifold,
2
Poisson-like problem, 37

rbMIT, 7

155



CHAPTER 9

Reduced Order Modelling, vi
Riesz representation, 51

saddle-point problems, 16
single-query, 28
snapshot, 28, 30
software
COMSOL, 75
FE assembling, 80, 83
input file, 85
reordering, 137
rbMIT, 75
RB assembling, 78
interaction, 75
softwares, 7
sparse matrices, 44
square effect, 33
Stokes problem, 125
supremizer operator, 11, 37

thermal problem, 87

vector-valued field, 16
Voigt notation, 105

worst case scenario, 98

156



	Dedication
	Abstract
	Introduction and motivation
	Acknowledgments
	Contents
	List of Figures
	List of Tables
	Listings
	Acronyms
	1 Introduction
	1.1 A brief introduction to RB
	1.2 RB scope and historical perspective
	1.2.1 Opportunity I
	1.2.2 Opportunity II

	1.3 Problem addressed
	1.4 From 2D to 3D
	1.4.1 3D case


	2 Parametrized Elliptic PDEs
	2.1 Parametric operators
	2.1.1 Linear and bilinear parametric forms
	2.1.2 Inf-sup stability constant
	2.1.3 Linear parametric form
	2.1.4 Coercivity eigenproblem
	2.1.5 Inf-Sup stability constant eigenproblem
	2.1.6 Inf-Sup eigenproblem

	2.2 Affine parametric dependence
	2.2.1 Affine parametric bilinear forms
	2.2.2 Parametric coercivity
	2.2.3 Parametric inf-sup condition
	2.2.4 Affine parametric linear form

	2.3 Abstract formulation: coercive problem
	2.3.1 Exact formulation
	2.3.2 Truth approximation

	2.4 Abstract formulation: non-coercive problem
	2.4.1 Exact formulation
	2.4.2 Truth approximation


	3 RB method for Parametrized Elliptic PDEs
	3.1 RB idea
	3.2 Coercive case
	3.2.1 RB spaces and basis
	3.2.2 Lagrange hierarchical spaces
	3.2.3 Orthogonal RB basis
	3.2.4 Algebraic representation of RB basis
	3.2.5 Galerkin projection
	3.2.6 Offline-Online procedure
	3.2.7 Operation count and storage

	3.3 Non-coercive case: Stokes problem
	3.3.1 RB spaces and basis
	3.3.2 Orthogonal RB basis and space
	3.3.3 Algebraic representation of RB basis
	3.3.4 Galerkin projection
	3.3.5 Offline-Online procedure

	3.4 Sample/space assembling
	3.4.1 Greedy Lagrange spaces
	3.4.2 Greedy algorithm

	3.5 A-posteriori error bound
	3.5.1 Preliminaries
	3.5.2 Offline-Online procedure

	3.6 Successive constraint method
	3.6.1 Coercive case
	3.6.2 non-coercive case
	3.6.3 SCM algorithm
	3.6.4 Offline-Online procedure

	3.7 Choice of truth approximation
	3.7.1 Choice of N


	4 Geometry
	4.1 Affine parametric precondition
	4.2 Affine mappings creation
	4.2.1 Single domain mapping
	4.2.2 Global affine mappings

	4.3 Linear and bilinear forms
	4.3.1 Formulation on the original domain
	4.3.2 Formulation on reference domain
	4.3.3 Affine form


	5 Software
	5.1 Sofware interaction
	5.1.1 2D case
	5.1.2 3D case

	5.2 Comsol multiphysics FE assembling
	5.2.1 FE ingredients
	5.2.2 Problem definition
	5.2.3 A test case


	6 Thermal problem
	6.1 Introduction
	6.2 Problem description
	6.3 Parameters choice
	6.4 TB Problem formulation
	6.4.1 Original domain
	6.4.2 Reference domain

	6.5 Results and visualization
	6.5.1 FE approximatiom with COMSOL
	6.5.2 SCM algorithm
	6.5.3 Greedy algorithm
	6.5.4 Output
	6.5.5 Visualization


	7 Elastic problem
	7.1 Introduction
	7.2 Problem description
	7.3 Parameters choice
	7.4 EB Problem formulation
	7.4.1 Original domain
	7.4.2 Reference domain

	7.5 Results and visualization
	7.5.1 FE approximatiom with COMSOL
	7.5.2 SCM algorithm
	7.5.3 Greedy algorithm
	7.5.4 Output
	7.5.5 Visualization

	7.6 EB optimization
	7.6.1 FE-RB comparison


	8 Stokes problem
	8.1 Introduction
	8.2 Problem description
	8.3 Parameters choice
	8.4 VP Problem formulation
	8.4.1 Original domain
	8.4.2 Reference domain

	8.5 Results and visualization
	8.5.1 FE approximatiom with COMSOL
	8.5.2 SCM algorithm
	8.5.3 Greedy algorithm
	8.5.4 Output
	8.5.5 Visualization


	9 Summary and conclusions
	Bibliography
	Colophon
	Index

