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Abstract

With the increase in the potential of high—performance computing in the last years, there is an im-
mense necessity for numerical methods and approximation techniques that can perform real-time
simulations of Partial Differential Equations (PDEs). The applications range from naval to aecronau-
tical, to biomedical engineering ones, to name a few. There exist many techniques that might help
in achieving such a goal, among which reduced—order models (ROMs) and domain—decomposition
(DD) algorithms, namely those employed in this manuscript.

The DD methodology is a very efficient tool in the framework of PDEs. Any DD algorithm is
constructed by an effective splitting of the domain of interest into different subdomains (overlapping
or not), and the original problem is then restricted to each of these subdomains with some coupling
conditions on the intersections of the subdomains. The coupling conditions may be very different,
they depend on the physical meaning of the problem at hand, and they must render a certain degree
of continuity among these subdomains. These methods are extremely important for multiphysics
problems when efficient subcomponent numerical codes are already available, or when we do not
have direct access to the numerical algorithms for some parts of the systems.

Model-order reduction methods are another set of methods mentioned before, which are ex-
tremely useful when dealing with real-time simulations or multi-query tasks. These methods are
successfully employed in the settings of non—stationary and/or parameter—dependent PDEs. ROMs
are extremely effective thanks to the splitting of the computational effort into two stages: the offline
stage, which contains the most expensive part of the computations, and the online stage, which
allows performing fast computational queries using structures that are pre—computed in the offline
stage.

This thesis aims to introduce a framework where both aforementioned techniques, namely
DD algorithms and ROMs are combined in order to achieve better performance of numerical
simulations. We choose to model the DD using an optimisation approach to ensure the coupling of
the interface conditions among subdomains. Starting from the domain decomposition approach, we
derive an optimal control problem, for which we present the convergence analysis. The snapshots
for the high—fidelity model are obtained with the Finite Element discretisation, and the model order
reduction is then proposed both in terms of time and/or physical parameters, with a standard Proper
Orthogonal Decomposition (POD)-Galerkin projection or with non—intrusive methods, such as



POD-neural network (NN). The methodology has been tested on a couple of Computational Fluid
Dynamics (CFD) benchmark problems.

The final aim of the thesis is to produce a fully-segregated method for multiphysics problems
using the aforementioned techniques. We have managed successfully to build a model for a non—
stationary Fluid—Structure Interaction (FSI) problem. The resulting numerical method shows an
extremely important feature — it is stable under the assumption of the “added mass” effect, which
causes instabilities of many partitioned approaches to FSI problems. It has been evidenced by the
numerical experiments of the model presented for a two—dimensional haemodynamics benchmark
FSI problem.
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Introduction

Partial differential equations (PDEs) lie at the foundation of many mathematical models for real—
life applications. The applications of such models vary from naval [[176} 174} |47]] and aeronautical
[110, [154] to cardiovascular engineering [[173} 147, [121]], to name a few. In practice, for most of
the problems, there is no way to find an analytical closed solution, which forces one to resort to
surrogate models for different phenomena, namely numerical methods such as Finite Element (FE),
Finite Volume (FV), Discontinuous Galerkin (DG) or other methods.

The FE method is among the most used discretisation techniques for engineering design and
analysis. It is based on an efficient tessellation of the domain of interest and the introduction of a
finite number of basis functions with local supports. The span of these basis functions is supposed
to provide a good approximation of the continuous space where the original problem is defined.
The assumption that the basis functions have local supports leads to sparse algebraic systems that
can be efficiently tackled by well-developed fields of linear and non—linear algebra.

Even though modern computer architectures make it possible to solve a wide range of problems,
there still exists a class of problems of large size that needs substantial attention. In particular,
cutting—edge research has put its effort in improving existing numerical algorithms as well as in
developing new ones, that are able to tackle those problems or provide computationally cheap
real-time computations. Two of the most known techniques devised to address these problems are
Domain Decomposition (DD) algorithms and Reduced Order Models (ROMs).

The DD methodology is a very efficient tool in the framework of PDEs. Any DD algorithm
(151} (1779, 140l 150, [165]], is based on an effective splitting of the domain of interest into different
subdomains (overlapping (27,130,162, 151} 179]] or not [[162,166, 151, [179]]). The original problem
is then restricted to each of these subdomains, with the addition of some coupling conditions on the
intersections of the subdomains. The coupling conditions may be very different: they depend on
the physical meaning of the problem at hand, and they must render a certain degree of continuity
among these subdomains. Then, the interface coupling conditions may be fulfilled by iterative
procedures among subdomains, which can be solved independently, exploiting the efficiency of
multiprocessor computer architectures. These methods are extremely important for multiphysics
problems when efficient subcomponent numerical codes are already available, or when we do not
have direct access to the numerical algorithms for some parts of the systems; see, for instance,
[54, 169,84} 981,99, [103].

On the other hand, model-order reduction (MOR) methods [44. 23] 24, 78, 81} (132} [158. [25]]

1



2 Introduction

are extremely useful when dealing with real-time simulations or multi—query tasks. These methods
are successfully employed in the settings of non—stationary and/or parameter—dependent PDEs.
ROMs are incredibly effective thanks to the splitting of the computational effort into two stages:
the offline stage, which contains the most expensive part of the computations, and the online stage,
which allows performing fast computational queries using structures that are pre—computed in the
offline phase. ROMs have been successfully applied over the years in different fields such as fluid
dynamics [I8,1435}149, (105,123,157, 190,133 167, 168} 170,175,166, 178l [155l], structural mechanics
(78, 1777, 1181} 91} 28] and fluid—structure interaction problems [13} [18} [19, [127} [126]]. Lately,
there have also been great advances in reduced—order modelling for optimal—control problems,
[36) 139, [172] 169, [171].

With these ideas in mind, the goal of the thesis is to give an extensive overview of the application
of the domain—decomposition reduced—order models in the context of the parameter—dependent
Fluid Dynamics and Fluid—Structure Interaction (FSI) problems. We bring our attention to domain—
decomposition methods using an optimisation approach to ensure the coupling of the interface
conditions between different subdomains and using a complete separation of the solvers on the
subdomains. In particular, in order to exploit both aforementioned techniques, in this thesis the
optimisation—based domain—decomposition algorithm is combined with projection—based reduced—
order models.

As mentioned above, one of the problems addressed in this thesis is FSI. Even though there has
been extensive research in computational methods for solving FSI problems in the last decades, a
comprehensive presentation from a mathematical point of view is still missing nowadays: one of
the reasons for this is the fact that the two subproblems, namely the Navier—Stokes equation and the
elastic solid equation, are two big mathematical challenges on their own, see for example [153,[70].
FSI problems describe the dynamic interplay between a fluid and a solid. This interplay takes place
because of the coupling of the two different physics at the FSI interface, namely the part of the
physical domain that is common to the fluid subdomain and the solid subdomain. The FSI interface
profile is unknown a priori and depends on the dynamics of the fluid and the structure problem.

Classically, there are two different approaches to solving an FSI problem: a partitioned (or
segregated) procedure [127) 38, (19} [15 39, 157, 58] [153) [14], and a monolithic procedure [18|
184} [153]]. The idea behind partitioned algorithms is to try to combine available well-developed
computational tools for fluid dynamics and structural dynamics and couple them with some iterative
procedure. On the other hand, in monolithic algorithms, the fluid and the solid problem are solved
simultaneously.

Even though the partitioned approach is more attractive because of its computational efficiency,
it might lead to unstable algorithms, under some physical and geometrical conditions, while the
monolithic approach does not suffer from this issue. This happens, for example, if the physical
domain has a slender shape, or, as in our numerical test, if the fluid density is close to the solid
density, and this is usually the case in haemodynamics applications [144]], where the density of the
blood is quite close to the density of the walls of the vessel. This phenomenon is the so—called
“added mass” effect; see, for instance, [38]] for a detailed derivation of the “added mass” effect and
related consequences. The approach undertaken in this thesis leads to a fully—segregated algorithm
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which, as will be evidenced by numerical experiments, is nevertheless stable under the “added
mass” effect.

Thesis overview

This thesis is structured as follows. The first two chapters are devoted to an overview of two key
techniques used throughout the thesis, namely domain decomposition algorithms and reduced order
models, whereas, the rest of the thesis describes three main applications: fluid dynamics problem
in both stationary and non—stationary regimes, and an FSI problem.

In Section[I.T] we give the basic motivations for DD methods. Section[I.2]describes the general
mathematical setting of any DD method, and Section [I.3]lists a few classical DD algorithms. In
Section [2.1] we provide a quick motivation and historical background for ROMs. Section [2.2]sets
up a general mathematical framework for ROMs. Sections [2.3] and [2.4] describe the methods for
reduced bases generation and efficient offline—online decomposition, respectively.

In Section[3.1] we introduce the monolithic and the optimisation—based domain—decomposition
formulations of the stationary incompressible Navier—Stokes equations in both strong and weak
forms. In Section[3.2] we derive the optimality condition for the resulting optimal control problem
together with the expression for the gradient of the objective functional and we introduce a gradient—
based optimisation algorithm to tackle the optimisation problem. In section [3.3] we describe the
Finite Element discretisation of the problem of interest and provide a finite—dimensional high—
fidelity optimisation problem. Section [3.4] deals with the reduced—order model that is based on
a reduced basis generation by Proper Orthogonal Decomposition methodology and the Galerkin
projection of the high—fidelity problem onto the lower—dimensional reduced spaces. In Section[3.5]
we show some numerical results for two toy problems: the backward—facing step and the lid—driven
cavity flows. Conclusions and perspectives follow in Section

In Section 4.1} we introduce the monolithic formulation of the non—stationary fluid dynamics
problem and its time—discretisation scheme with the further derivation of the optimisation—based
domain—decomposition formulation at each time step in both strong and weak forms. In Section[4.2],
we derive a priori estimates for the solutions to Navier—Stokes equations which are then used to
prove the existence and uniqueness of the minimiser to the optimal-control problem derived in the
previous section. Furthermore, in Section .3] we derive the optimality condition for the resulting
optimal control problem and the expression for the gradient of the objective functional with the
following listing of the gradient-based optimisation algorithm. Section [#.4] contains the Finite
Element discretisation of the problem of interest and the corresponding finite—dimensional high—
fidelity optimisation problem. Section [4.5|deals with two ROM techniques: an intrusive Galerkin
projection and a neural network (NN) algorithm, both based on a Proper Orthogonal Decomposition
(POD) methodology. In Section [4.6] we show some numerical results for two toy problems: the
backward—facing step and the lid—driven cavity flows. Conclusions and perspectives follow in
Section

In Section[5.1] we describe the general dynamics of an FSI problem, we introduce the notion of
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Arbitrary Lagrangian—Eulerian map and we provide a monolithic formulation for the FSI problem
in the reference configuration. In Section [5.2] starting with the introduction of the variational
formulation in space, we provide a time discretisation scheme for the problem of interest and we
derive a DD optimal control problem. In Section [5.3] we undertake two approaches to tackle the
optimisation—problem obtained in the previous section. The first approach is obtained by deriving
the optimality condition for the optimal control problem and the expression for the gradient of the
objective functional with the following description of the gradient—based optimisation algorithm. In
the second approach, we recast the objective functional in the framework of non-linear least squares
optimisation and describe an efficient Gauss—Newton algorithm to tackle the problem. Section[5.4]
contains the Finite Element discretisation of the problem of interest and the corresponding finite—
dimensional high—fidelity optimisation problem for both settings described in the previous section.
Section [5.5]deals with the reduced—order model based on a reduced basis generation by Proper Or-
thogonal Decomposition methodology and on the Galerkin projection of the high—fidelity problem
onto the lower—dimensional reduced spaces. In Section [5.6] we conduct some numerical results
on the two—dimensional haemodynamics benchmark FSI problem. Conclusions and perspectives
follow in Section

Chapter [ summarises the achieved goals and lists the future perspectives of the work carried
out throughout this thesis.



Chapter 1

An Overview of Domain Decomposition
Methods

In this section, we will give motivation for Domain Decomposition (DD) methods, provide a general
mathematical setting and list a few classical techniques to address the problem.

1.1 Motivation

Very often numerical solvers of differential problems of interest lead to large—scale algebraic systems
that are very hard (or even sometimes impossible) to tackle due to limited computational resources.
Therefore, there is a need to improve existing numerical algorithms and develop new, more efficient
ones.

The first ideas for DD methods date back to the eighties and they are one of the most important
tools for devising parallel algorithms for large—scale problems arising in different areas such as
physics, biomedicine and engineering.

Any domain decomposition method [151} (179} 140, |50} [165]] is based on the assumption that the
domain of interest is partitioned into subdomains, overlapping 27,130,162, [151,1179] or not [162,[166,
151} 1179]]; the original problem is then reformulated in each subdomain, and each subproblem is then
coupled through the values of the unknown solutions at the subdomain interfaces. Then, the interface
coupling conditions may be removed by introducing iterative procedures among subdomains, which
can be solved independently, and, thus, benefit from the efficiency of multiprocessor computer
architectures.

DD algorithms have been successfully applied with different numerical schemes, such as Finite
Element method (FEM) [[7, 1124, [151,[179], Finite Volume (FV) method [26,131]], spectral methods
[146, (187, [179], Discontinuous Galerkin (DG) methods [12] 56, 165] and others.

These methods are extremely important for multiphysics problems when efficient subcomponent
numerical codes are already available, or when we do not have direct access to the numerical
algorithms for some parts of the systems; see, for instance, [54, 169} 184} 98, 99, [103]].

5
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1.2 General setting

Let us first introduce the general notation and ideas of DD. We assume Q c R to be an d—
dimensional domain with a Lipschitz boundary I', £ is a second—order differential operator and f
a given data on Q. We consider the following problem: find u : Q — R such that

Lu = f in Q, (1.1a)
0 on T. (1.1b)

u

(2D

Figure 1.1: Non—overlapping partition of the domain € into two subdomains

To keep the exposition simple, we will consider in the rest of the work the two—domain non—
overlapping methods: for more details and generalisations we refer to [154, |69, [74, 75 77, 184! 98|,
99,1103}, 150, 151} 179]. To begin with, we assume that the domain € is partitioned into two non—
overlapping subdomains Q; and ©,, and we denote by I’ the interface between them: Iy := Q;NQ,
(see Figure [1.1)); we assume that Iy is a Lipschitz (d — 1)—dimensional manifold. We denote by
I[;=rNQ;fori=1,2.

We denote by u; the restriction to subdomain Q;, i = 1, 2, of the solution u to (I.T)) and by n; the
normal outward unit vector on d€; N I'y. For the sake of the notation, we also set n := n;. Then,
the domain decomposition problem reads: fori = 1, 2, solve

Lu; f in Q (1.2a)
u; 0 on TIj. (1.2b)

To guarantee the equivalence with (I.1I]), we need to enforce interface conditions between u; and u;
across I'g. Such condition can be expressed by two relationships:

(I)(ul) = <I)(u2) on Iy, (1.3a)
WY(u1) = W) on Ty, (1.3b)

where the functions ® and ¥ depend upon the nature of the problem at hand. In general, these
interface conditions are being chosen in such a way that the following two requirements are satisfied:
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* The monolithic solution u# : & — R belongs to some space of functions defined on the
domain Q. This, in turn, implies that the restriction u; has a certain degree of regularity on
the corresponding domain €; for i = 1,2 and, moreover, they satisfy a suitable matching
condition on the interface I'y.

* The restriction u;, fori = 1,2, is a distributional solution of problem (I.2)). Another interface
condition arises from the fact that the monolithic solution u is a distributional solution of
problem (I.1)), also through the interface I'y and not only inside the domains Q; and ;.

Typically, for second—order elliptic operators, the condition expresses the continuity between
uy and uy on Iy, whereas (I.3D) indicates the equality of normal fluxes or normal stresses through
the interface I'y. We will provide two examples:

* Laplace operator:

Lu=-Au, ®w)=u, Y= z_u,

* Stokes operator:
u\ _(-vAu+Vp u\ u\ _ Ou
L(P)_( ~divu ) (D(p)_”’ T(P)_Vén_pn'

In Chapter[5] we will also introduce a more complex multiphysics problem, where the dynamics
on the subdomains € and €2, differ from one another, and we will describe other types of coupling
conditions coming from the physical meaning of a problem.

1.3 Iterative substructuring algorithms

In this section, we will give a brief introduction of the methods to tackle the multi-domain problem
described in the previous section. These methods are well-known in the literature under the
name of iterative substructuring algorithms; see, for instance, [27, 30, 162} 151} [179]. Here, we
will consider the classical Dirichlet—-Neumann, Neumann—Neumann and Robin methods, originally
introduced for the Laplace operator (where their names stem from) and later generalised for a family
of boundary value problems.

Starting from an initial guess ”(1) and ug, each method generates two sequences {u’f} and {u'zc},
which can be found independently, and which will eventually converge to #; and u,, respectively.
We will keep the general notation introduced in the previous section and provide references on the
specific applications and their convergence analysis in each case.

1. The Dirichlet—~Neumann method [40,50L 165} 1511 [179]
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Given AY, solve for each k > 0:

Lut* = f in Q,
u’l‘“ =0 on I,
(D(u’f“) =1k on T,

then
Luk = f in Q,
u’2<+l =0 on Iy,
lI‘(u’z“rl) = ‘P(u’l‘“) on T,
with

A =g u’g+1|FO +(1-6)a%,

where 6 is a positive acceleration parameter.
2. The Neumann—Neumann method (6,29, (151, [179]

Given 1Y, solve for each k > 0:

k+1 :
Luit = f in Q
uf.‘“ =0 on I3,

Ouy =25 on Ty,
for i = 1,2, and then solve an auxiliary problem in y;

Lwl(wl -0 in €,

k=0 on Ij

W) =Yt - Wit on T,
fori =1,2, with

Vo kg (0.1 l/,f+1|l_0 -0 '/’§+1|r0) ,

where 6 is a positive acceleration parameter, o and o» are two positive averaging coeflicients.
3. The Robin method 5,113, 151} (179]
Given ug solve for each k > 0:

Lu’l‘“ =f in Q,

u’f” =0 on I,

‘P(u’f“) + 'y1<I>(u11<+1) = lP(u’z‘) + yltb(ué‘) on I,
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then
Luk = f in Q,
u’z‘“ =0 on I,

P (us*) = ®@usth) = Yt - »®@@it)  on T,

where y; and vy, are non—negative acceleration parameters satisfying y; + y> > 0. For the sake of
parallelisation, in the latter problem, we could also consider u’f instead of u’f“, initialising, in that
case, also u(l).

Our approach to domain decomposition takes advantage of optimal control techniques, as it is done,
for instance, in [[74} 7577, 198, 99]]. In this case, we consider the following optimisation problem:
minimise over g € G, where G is some suitable Banach space of functions defined on I'y equipped
with a norm || - ||, the functional

1
T (ur,uz;8) = 5||@(ur) - D ()l

subject to
Lu;=f in £,
u; = 0 on Fi,
W(u;) =g on Ty,
fori =1,2.

This approach allows us to rely on the fully—fledged field of optimal control 37, 180, 111} [119,
136, [109], for the development of various methods, using iterative minimisation algorithms and
proof of their convergence.






Chapter 2

An Overview of Reduced Order Models

In this chapter, we will provide some motivation and historical background on the Reduced order
models (ROMs) followed by the general mathematical setting. Then, we will discuss the classical
techniques for the reduced basis generation and the efficient offline—online splitting in this context.

2.1 Motivation and historical background

In the last decades, there has been a growing interest in approximation techniques for partial
differential equations (PDEs) that exploit high—performance computing within different fields of
applications: naval engineering [176, 174} 47|, aeronautical engineering [110, [154], biomedical
engineering 173,147, [121]], etc. Very often these problems have prohibitively high computational
costs, and there is always the need for much more effective algorithms in order to alleviate the
complexities of such numerical models. These models are often expressed as parametrised PDEs
and input parameters are used to characterize a particular problem and possible variations in its ge-
ometric configuration, physical properties, boundary conditions or source terms. The parametrised
model implicitly connects these input parameters to outputs of interest, €.g., a maximum system
temperature, an added mass coefficient, a crack stress intensity factor, an effective constitutive
property, a waveguide transmission loss, a channel flow rate or a pressure drop.

Reduced basis methods come into play when there is a need to tackle problems in which the
solution is sought for a large number of different parameter values or for real-time evaluation
of the solution for onsite parameter collection. Examples of typical applications of relevance
are optimisation [36, 94, (169, 172} (171}, [186l, design [11, 163, |47], uncertainty quantification
[85, 120, [117] and real-time query [10, 61, [185]. In this case, the aim is to obtain models which
can be treated more efficiently, from the computational point of view, while keeping the accuracy
of the underlying numerical methods. We will call a high—fidelity method the more expensive
numerical discretisation that gives us a very accurate numerical solution to the problem of interest.
On the contrary, we will denote by a low—fidelity model a reduced—order model that is much more
computationally efficient but possibly less accurate.

11
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The core idea of the reduced basis approach is the identification of a suitable problem—dependent
basis to effectively represent parametrised solutions to PDEs. The methodology dates back to the
1970s and it was initially presented in [9, 59, (128, [129, (130, [164]. In those early works, the
approximation spaces were local and typically low—dimensional in the number of parameters.
Furthermore, the absence of a posteriori error estimators left open questions about the accuracy of
the reduced model. Consequently, substantial efforts have been recently devoted to the formulation
of a posteriori error estimators and rigorous error bounds for outputs of interest, as well as to the
design of more effective sampling techniques, see, for instance, [118| 125} 142} (156, [182].

Recent work has focused on achieving a full decoupling of the expensive discretisation scheme
and the reduced order model through an offline—online procedure. In this approach, the complexity
of the offline stage depends on the complexity of the underlying high—fidelity approximation of the
parametrised PDE, while the complexity of the online stage depends solely on the complexity of the
reduced model. When combined with the a posteriori error estimation, the online stage guarantees
the accuracy of the high—fidelity numerical approximation at the low cost of a reduced—order model.

The full separation is achievable in the case of a so—called “affine parameter dependence": this
offline—online decomposition is quite natural and has been described, for instance, in [92) [135]
159]. However, the combination of affine parameter dependence and the rigorous a posteriori
error estimates is more involved and more recent [88] [142]. In the case of non—affine parameter
dependence, the development of offline—online strategies is much less obvious but still can be
achieved with the use of the empirical interpolation method [20, [72]]. This last development,
essential for the overall efficiency of the offline—online decomposition, has brought significant
progress into the development of reduced basis methods and their use in real-time and many-query
contexts for complex applications, including nonlinear problems. Reduced basis methods can be
effectively applied also to nonlinear problems [71} 35} 95]], although this typically introduces both
numerical and theoretical complications, and many questions remain open. For classical problems
with a quadratic nonlinearity, there has been substantial progress, e.g., Navier—Stokes/Boussinesq
and Burgers’ equations in fluid mechanics [[1351125,156,|182,14849.|160] and nonlinear elasticity
in solid mechanics [91), 28]].

In the last decade, great attention has been brought to the application of ROMs in the field
of multiphysics problems, especially when dealing with domain decomposition techniques. A
domain decomposition approach [151, [150], combined with a reduced basis method, has been
successfully applied in [160, [116, [115] and further extensions are discussed in [93, 87, 89]. A
coupled multiphysics setting has been proposed for simple fluid—structure interaction problems in
(18} 19,104} 106k 107,126, [127]], and for Stokes—Darcy problem in [122].

In the last decade, novel non-linear ROM approaches have been proposed, mainly following
the trend topic of machine learning and artificial intelligence. The new techniques have been used
to take care of different aspects of the ROMs. Autoencoders, in particular convolutional ones,
[LO8} 60] and graph neural networks (NN) [137, [155] have been used as a surrogate nonlinear
model to reduce the solution manifold, hence, substituting the classical POD and reduced basis
algorithms in the offline phase. They are typically able to reduce the dimension of the reduced
space in problems where there is slow decay of the Kolmogorov n—width and where classical linear
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ROMs fail. Another task often delegated to neural networks is the offline phase, where simple NN
[82] or radial basis function interpolation [[175} 48] can speed—up the prediction phase. They are
extremely useful when the problem at hand is complicated, nonlinear or its code is not accessible.
Finally, we need to mention further approximation techniques that aim at minimising a functional
that depends on the residual of the underlying PDEs as physics—informed neural networks (PINN’s)
and therein references [[152, [114]].

After the construction of the reduced spaces by classical techniques discussed above, the
RBM-NN tries to learn the map that, given a parameter, returns the reduced coeflicients of the
reduced solution. In many contexts, the use of ANN brings a lot of advantages in terms of
computational time in the online stage, since it only needs to solve an optimisation problem with
already existing, extremely effective methods. On the other hand, using ANNs can have drawbacks
when dealing with complex problems and problems with discontinuities.

2.2 Mathematical setting

The aim of this chapter is to give an overview of the general setting of reduced—order models.
To keep the exposition simple we will limit ourselves to linear coercive scalar problems and then
give some insights for tackling more complex problems. For more details, we suggest consulting
[81,[149]1161]. The extension to vector differential problems is quite straightforward.

Let us consider a physical domain Q c RY, d = 1,2,3, with Lipschitz boundary I" and let
us denote by I'p and I'y the portions of the boundary where we impose Dirichlet and Neumann
boundary conditions, respectively.

We assume the problem to be parameter—dependent: let € ¥ be a parameter, with # € R”,
p = 1 the parameter space. We want to solve the following problem: for every u € %, find
u(u) : Q — R such that:

L(u(p) = f(p) in Q,
u(u) =0 on Ip,

W(u(pu);u) =g(n)  on Iy,

where £(-) is a linear second—order differential operator with a corresponding Neumann operator
Y(-;-), and f(-) and g(-) are some prescribed data. For the sake of simplicity, we consider here
homogeneous Dirichlet condition; in Chapters[3|and[d we also consider non—homogeneous Dirichlet
problems and we describe how to tackle them.

Let (V,||-||v) be a function space endowed with the H;(Q)-norm, where V :={u €V :u=0
on I'p}. The variational counterpart of the problem then reads as follows: for every u € P, find
u(w) € V such that:

a(u(p),v;p) =l(v;p) VYvev, 2.1)

where a(-, ;) is a bilinear coercive continuous form with respect to the first two parameters and
the H'(Q)-norm, while {(-;-) is a linear and continuous form with respect to the first parameter
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and the H'! (Q)—norm, that takes into account the data of the problem. Under these constraints, it is
well-known that problem (2.1)) is well-posed for each u € # due to the Lax—Milgram lemma.

The next step towards the construction of the reduced space for efficient solving problem (2.1
for any input parameter u € % is to provide a suitable spatial discretisation of the variational space
V. Throughout this thesis, we will focus on Finite Element (FE) discretisation, but the methodology
works just as well for other discretisation techniques, such as Finite Volumes or Discontinuous
Galerkin methods.

In the framework of FE discretisation, under the assumption that the domain Q is polygonal,
we first provide a well-defined triangulation of Q, and then we build a finite—dimensional linear
subspace V;, C V spanned by piecewise continuous polynomials of degree less or equal to k € N,
with local supports. We denote by N, the dimension of the space Vj,, and by ¢;, i = 1, ..., Nj its
basis. Then, the discretised version of reads: for every u € P, find up(u) € V, such that:

a(up(p),vis ) =1(vp; ) Yvp € Vi, (2.2)

This problem will be denoted as a truth or high—fidelity problem. This is because of the assumption
that the solution needs to be computed for one parameter value only and this task can be achieved
with as high accuracy as desired. A unique solver is potentially very expensive due to the fact
that for high accuracy we might need to use a high number of basis functions Ny. This implies
that linear and nonlinear solvers could be extremely expensive in terms of computational time and

resources, as they might scale as O (Ni) or O (N ,31), depending on the solver.

Problem (2.2)) can be rewritten in the algebraic form: find a vector up, (u) = [u}1 (u),..,u 2’ h(u)] €
RN® solving the following linear system:

Ap(pun(p) = Fr(p), (2.3)

where Aj(p) is a matrix of dimension Ny X Nj, with [Ap(p)]; ; = a(ej, @is 1) and Fjp(p) is a
vector of dimension Nj, with [Fp, (p)]; = [(¢i; ). Here up (1) is a vector containing the coefficients

of the expansion of the solution u, (1) with respect to the basis {tpl, ey PN, } ie.,

Np,
un(p) = )y (1)
i=1
We introduce now the notion of discrete solution manifold, defined as the manifold of the
high—fidelity solution varying with the parameter y, i.e.,

My = {up(u) : p € P and up(u) is a solution to (2.2)} . 2.4

A fundamental assumption in the development of any (linear) reduced model is that the solution
manifold is of low dimension, i.e., that the span of a low number of appropriately chosen basis
functions (which we will call reduced basis functions) represents M; with a small error. In the
following section, we will describe the techniques for building such basis functions. Let us assume
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for the moment that we have already computed a set of N reduced basis functions {®y, ...., Oy},
and we generate a reduced basis space Vy by spanning over those functions, that is

VN = span {®y, ....,On} C V}, dimVy = N. (2.5)

The above assumption on the low dimensionality of the reduced spaces implies that N < Np,.
Now, given the reduced space Vy, we define a reduced problem as the Galerkin projection of the
problem (2.1)) onto the reduced space Vy: for every u € P, find un (1) € Vi such that

a(un(u),vn; ) =l(vn;pu) Yvy € Vy. (2.6)

Atthe algebraic level, we have the following linear problem: find a vector uy (1) = [u}\, (W), ..,u % (W],
un (1) € RN solving the following linear system:

AN (p)un (1) = Fn (), (2.7)

where Ay (p) is a matrix of dimension N x N with [An(w)]; ; = a(®@;, @;; ) and Fn(u) is a
vector of dimension N with [Fy (u)]; = [(®;; ). Here uy (1) is a vector containing the coefficients
of the expansion of the solution ux (u) with respect to the basis {®y, ...., Oy}, i.e.

N

un(p) = )y ()®;.

i=1

There is a direct connection between the matrices A, () and Ay (-) and between the vectors
Fp(u) and Fy (u). We define a reduced basis matrix Z of dimension Ny X N as follows: each j—th
column of Z contains the expansion coeflicients of the reduced basis function ®; with respect to
the basis {goi}l].\i’; of the high—fidelity space V},:

Nn
q)j:Zai,jSDiv jzl,...,N.

i=1
With these notations, Z is then defined as
[Z]i,j = a/i,j, = 1,...,Nh, j=l,...,N.
Then, we have the following relations:

An(G)=Z"An()Z, Fn()=Z"Fr(). (2.8)

2.3 Reduced basis generation

In this section, we will give a quick overview of the two most classical ways of generating the reduced
basis functions, namely the greedy basis generation [81, [158| [142] and the Proper Orthogonal
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Decomposition (POD) [81, 1100, 101} 96} 41} (140, [158]]. In both cases, we begin by introducing a
finite training set $,,, C P of cardinality M and we define an approximation of the discrete solution
manifold:

Mpp = {un(p) : u € Py and up(p) is a solution to 2.2)} € M,,. (2.9)

We assume Py, is fine enough, so that My, »s is a good representation of Mj,.

Greedy Basis Generation

The greedy generation of the reduced basis space is an iterative procedure, where at each iteration
one new basis function is added in order to improve the overall accuracy of the reduced space. It
requires only one truth solve of at each iteration and a total of N truth solves to generate an N—
dimensional reduced basis space. An essential component of the greedy algorithm is the availability
of a cheap a posteriori error estimator A(-) that predicts the error between the high—fidelity and the
reduced—order solution, that is:

llwn (1) —un (@l < A(p), VYu e P,

where || - ||, = 4/a(-, -; ) under the assumption of coercivity of the bilinear form a.
If at the n—th iteration an n—dimensional reduced basis space V,, is given, the next basis function
is the truth solution uy, (t,+1), where

Mn+l = argmax[uePM A(,L[),

and the reduced basis space is defined as V,,4; = span{up(u1), ..., un(4n), un(ns1)}- This is
repeated until A(u,+1) < &, with & to be a chosen tolerance. We also note that this procedure
produces hierarchical bases, thatis V| C ... C V,, C V4. Algorithm@lists a pseudo—code of the
greedy procedure.

The greedy algorithm is quite cheap in terms of computational time and resources since it
requires only one solution of the high—fidelity problem (2.2) per iteration. On the other hand,
the error estimator A(-) is an indispensable element of the procedure, but it is available for a very
limited class of differential problems and not, for example, for the problems discussed in this thesis.
Hence, we will need another method for reduced basis generation, that is, the Proper Orthogonal
Decomposition.

Proper Orthogonal Decomposition

In contrast to the greedy procedure, the Proper Orthogonal Decomposition (POD) relies on an
explore—and—compress strategy, in which the truth solution is computed for each parameter in
the training set Pp;. The POD then compresses the constructed set retaining only the essential
information. The N—dimensional POD—space is the space that minimizes the following quantity:

1
_ 4 _ 2
\/” E w\}g{/NHMh(,U) vl
HEPM
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Algorithm 2.1 The greedy algorithm

Input: € > 0 and g,
n:=1
while A (u,) > ¢ do
Compute uy, (u;,) solution to for u;
Set V,, := span {up (u1), ..., un(un) }
for each u € Py, do
Compute the reduced basis approximation u, (u) € V,, solution to (2.6) with Vy =V,
Evaluate the error estimator A(u)
end for
n:=n+1
end while
Set N :=n,Vy =V,.
return Vy

over all N—dimensional subspaces Vjy of the span of the manifold My 5. This problem can be
solved exactly [53]. For this, we need to construct a correlation matrix C of dimension M X M
defined as

1 .
[Clij = 5, (n(pi)s un(py)),,  fori,j=1,..,M,

where (-, -)y is H' (Q) inner product. Then, we solve an eigenvalue—eigenvector problem
Cvi=Avg, 1<k<N,

where 41 > ... > Any > 0. Finally, the reduced basis function ®, k =1, ..., N is defined as:
| M
i =7 ;(Vk)juh(ﬂj),
where (vy); denotes the j—th component of the eigenvector vy.

As it can be seen, POD is a much more expensive procedure, since it requires the computation
of the solution for each parameter in the set )7, which might be of large cardinality. On the other
hand, unlike the greedy procedure, the POD does not require any special error estimator, which is
usually not available for complex non—coercive and non—linear problems. For this reason, taking
into account the complexity of the problems which are dealt with within this thesis, we will rely on
the POD generation method.

2.4 Offline-online decomposition

Reduced-order models are incredibly effective thanks to the splitting of the computational effort
into two stages: the offline stage, which contains the most expensive part of the computations,
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and the online stage, which allows performing fast computational queries using structures, such
as reduced basis generation discussed in the previous section, that are pre—computed in the offline
phase.

In the ideal setting, the computational costs involved in the online stage should be independent of
the complexity of the truth problem, measured by Ny, and should depend solely on the dimension
N < N}, of the reduced basis space. This is not always the case, as we can see from equation (2.8)),
when, for instance, the bilinear form a(-, -; i) and the linear form /(-; i) depend on the parameter
. However, this restriction can be overcome if we assume that the forms a(-, -; u), I(-; u) satisfy
the so—called affine decomposition property:

Qa
D0 (mag(w,v),

a(u,vipu) =
g=1
Qi
i) = > 07(lg(v),
g=1

where each forma, : VXV - R, qg=1,..,04,and [, : V - R, g = 1,...,0y, is parameter—
independent, and the coefficients 6% : # - R, g = 1,..,Qqand 6] : P > R, g = 1,...,0;
depend solely on the parameter values. In this case, the matrix A, (u) and the vector Fj, (u) can be
decomposed as follows:

Qa ]
An(u) = ) 05 (wAT. F(u) = ) 6] (WF.
q=1 g=1

where

[AZ]IJ = aq(cpj, ‘pi)a l?.] = 1’ ""Nh? q= 1’ cee Qa’
[FZ] lq((pi), i=1,..,Np, q = 1,...,Q1.

i
and their reduced counterparts can be computed by
Al =Z"A1Z, q=1,...04, FL=Z"F! q=1,..,0.

All these quantities can be pre—computed in the offline stage and stored for future use in the online
stage. Therefore, during the online stage, we will need to compute only parameter—dependent
coefficients 62(-), ¢ = 1, ..., Q, and 9;’(-), q =1, ..., 0y, instead of parameter—dependent matrices
and vectors.

The affine decomposition assumption is satisfied only for a certain class of problems, but, in
general, many problems fail to satisfy this property; for example, we do not have an explicit affine
decomposition when the problem is non—linear. For this reason, a lot of research has been conducted
on how to approximate functions and operators, in order to obtain the desired decomposition. Some
well known methods are, for example, the Empirical Interpolation Method (EIM) [81} 142, [158] |52]
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the Discrete Empirical Interpolation Method (DEIM) [81} 43, [158] and the Empirical Quadrature
Method (EQM) [134]. We will not make use of these techniques in this thesis, but it is very
important to highlight that their introduction in the developed algorithms would improve the overall
effectiveness of the method.

We should also mention the application of Artificial Neural Networks (ANN) to Reduced—Order
Modelling. In particular, we focus on surrogate procedures to the Galerkin projection in the online
phase. After the construction of the reduced spaces as described in Section [2.3] the RBM-neural
network (RBM-NN) tries to learn the map that, given a parameter, returns the reduced coefficients
of the reduced solution [82]]. This procedure starts from a training set composed of parameters
(including times) and reduced coefficients of the solutions u’N (uj). Then, different techniques like
radial basis function interpolation [48],[175]] or ANN [82] can be trained to learn the map from the
parameters to the reduced coefficients. Finally, in the online stage, the map is quickly evaluated and
a very fast reconstruction of the solutions can be performed.

In many contexts, the use of ANN brings a lot of advantages in terms of computational time in
the online stage, since it only needs to solve in the offline phase an optimisation task with extremely
effective methods, e.g. stochastic gradient descent method. On the other hand, using ANNs can
have drawbacks when dealing with complex problems and problems with discontinuities in the
parameter to reduced coefficient map. We will discuss this in more detail in Section[4.5.3]






Chapter 3

Stationary Incompressible
Navier—Stokes Equations

In this chapter, we introduce an optimisation—based domain-decomposition formulation of the
incompressible Navier—Stokes equations and provide a gradient—based optimisation algorithm for
the resulting optimal control problem. Then, we build a reduced—order model based on the Proper
Orthogonal Decomposition methodology for the parameter—dependent Navier—Stokes equations. At
the end of the chapter, we show some numerical results for two toy problems: the backward—facing
step and the lid—driven cavity flows. The results of this section have been published in the paper
[143]].

3.1 Problem formulation

In this section, starting from a monolithic formulation of the incompressible Navier—Stokes equa-
tions, we introduce a two—domain optimisation—based domain—decomposition formulation in both
strong and weak form.

3.1.1 Monolithic formulation

Let Q be a physical domain of interest: we assume Q to be an open subset of R? and I" to be
the boundary of Q. Let f : Q — R? be the forcing term, v the kinematic viscosity, up a given
Dirichlet datum. The problem reads as follows: find the velocity field u : @ — R? and the pressure
p:Q—Rsit

—vAu+u-VY)u+Vp=f in Q, (3.1a)
—divu =0 in Q, (3.1b)
u=up on Ip, (3.1¢)
ou
Vo pn=0 on Ty, (3.1d)

21
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Figure 3.1: Physical domain

where I'p and 'y are disjoint subsets of I' (as it is shown in Figure [3.1)) and n is an outward unit
normal vector to I'y.

3.1.2 Domain Decomposition (DD) formulation

Let Q;, i = 1,2, be open subsets of Q, such that Q= QU Q NQ = 0. Denote I'; :=
0Q; NI, i=1,2and I := Q_l N Q_z In the same way, we define the corresponding boundary
subsets I'; p and I'; v, i =1, 2; see Figure@

The DD formulation reads as follows: fori = 1,2, given f; : Q; — R? and uip:lip— R2, find
u; . 8 —>R2,p,~ 1 Q; > Rs.t.

—vAu; + (u; - V)u; +Vp; = fi in  Q;, (3.2a)
—divu; =0 in Q;, (3.2b)
ui=u;p on Ijp, (3.2¢)
v =0 on Ty, (3.2d)
on; ’
vg:: -pm; = (-1)*'g on Ty, (3.2¢)

for some g : Iy — R? such that the functions defined in the following way

u =

U, in Q, U T,

up, inQ;uUly, _]P1 in Q; U T,
T pe in@ U,

satisfy the monolithic equations (3.1)).

Even though in the numerical simulations we will focus on the cases where f; = f|q,, 4i.p =
uplr; , for i = 1,2, the whole theoretical exposition in this thesis works just as well for more
general functions f1, f2,u1,p and us p.

For any g the solution to the problem (3.2) is not the same as the solution to the problem (3.1,
thatis u; # u|g,, p1 # pla, » U2 # u|q, and p2 # p|g,. On the other hand, there exists a choice for
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Iy
I'p1 Q) I'no

I'pp

Figure 3.2: Domain Decomposition of the fluid domain

g, 8= (vg—i‘li - plnl) Ir, = — (vg—fé - pzllg) Ir,» such that the solutions to (3.2)) coincide with the
solution to (3.1) on the corresponding subdomains. Therefore, we must find a g, such that u; is as
close as possible to u, at the interface I'g. One way to accomplish this is to minimise the functional

1
I (w,uz) =5 [ = up)? dr. (3.3)
I'o

Instead of (3-3)) we can also consider the penalised or regularised functional
oy s L 2 Y 2
Jy(ur,uz;8) == luy — up|“dl'+ = lg|”dr, (3.4)
2 Jr, 2 Jr,
where vy is a constant that can be chosen to change the relative importance of the terms in (3.4). Thus

we face an optimisation problem under PDE constraints: minimise the functional (3.3) (or (3:4))
over a suitable function g, subject to (3:2).

3.1.3 Variational Formulation of the PDE constraints

For i = 1,2, define the following spaces and the norms with which each of them is endowed:

* Vi={ue H(QaR)) -y =11 g
* i,0 = {MEHI(Qi;RZ): u|ri,D:O}s ||'||Vi,0:||'||H3(Qi)a
« Qi={peL(QuR)}, |l g, ="l

Then, we define the following bilinear and trilinear forms: for i=1,2
*a;:VixVio—=R, a;j(u,vi)=v(Vu;, Vvi)g,,

* b :VixQ; =R, bi(vi,qi)=-(divv;,qi)g,,
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e i i VixVixVio =R, ci(up,wi,vi)=(ui- V)wi,vi)g,

where (-, -),, indicates the L?(w) inner product.
Consequently, the variational counterpart of (3.2) reads as follows: fori = 1,2, find u; € V; and
pi € Q; s.t.

ai(ui,vi) +ci(ui,ui,vi) +bi(vi, pi) = (fi,vi)a; + ((—1)”15’,\/1')F Yv; € Vi, (3.52)

0
bi(ui,gq:) =0 Vg € Qi,  (3.5b)
Ui =Uu;ip on Fi,D- (35C)

Remark. In general, the fluxes through an interface Iy for the weak formulation of Navier—Stokes
equation live in the space H -3 (T'p) so that, in theory, the definition (3.4) of functional 7, is not
justified, since it includes the L?(T'y)-norm of the function g. Nevertheless, as it will be evident
in Section [3.2.3] the family of optimisation algorithms that are used to tackle the optimal—control
problem in hand, in fact, define the respective approximation of g that belongs to the space H > (To).

3.2 Optimality system and minimisation algorithms

In this section, we derive the optimality conditions of the optimal control problem obtained at the
end of the previous section together with the expression of the gradient of the objective functional
obtained by sensitivity analysis. Then, we list a minimisation gradient—based algorithm for the
problem at hand.

3.2.1 Optimality system

One of the ways to address the constrained optimisation problem is to reformulate the initial problem
in terms of a Lagrangian functional by introducing the so—called adjoint variables. In this way, the
optimal solution to the original problem is sought among the stationary points of the Lagrangian,
see, for instance, |76, |83]].

We define the Lagrangian functional as follows:

2
L(uy, pr,uz, p2,€1,62,41,42; 8) = Jp (ur, u2; 8) — Z [ai(u;, &) (3.6)

=1
2 2

+ei(up, ui, &) +bi (&, pi) + bi(ui, ;)] + Z(fi»fi)g,- + Z((—l)mg,&)ro.
i1 i1

Notice that, technically, we should have also included Lagrange multipliers corresponding to the
non-homogeneous Dirichlet boundary conditions in the definition of the functional £;
however, since the functional ., does not explicitly depend on u; p and u; p, the corresponding
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Dirichlet boundary conditions for the adjoint equation that we are going to derive below will be
homogeneous on I'1 p and I'; p.

We now apply the necessary conditions for finding stationary points of £. Setting to zero the
first variations w.r.t. &; and A;, fori = 1, 2, yields the state equations (3.5a)— (3.5b). Setting to zero
the first variations w.r.t. u, p1, up and p, yields the adjoint equations:

a;(mi, &) +ci (iyui, &) +ci (ui,ni, &) + bi(ni, Ai)
= ((=1)™'ni,u1 — u2)r,
bi(&i, i) =0 Yui € Q;. (3.7b)

V?]i € Vi,(), (378.)

Finally, setting to zero the first variations w.r.t. g yields the optimality condition:
(. g)ry + (h.&1 =€), =0 Vh € L*(Ty). (3.8)

3.2.2 Sensitivity derivatives

In order to obtain the expression for the gradient of the optimisation problem at hand, we will resort
to the sensitivity approach, see, for instance, [[76,183]]. The approach consists of finding equations
for direction derivatives of the state variable with respect to the control, called sensitivities.

..od . . . L
The first derivative d—“? of J, is defined through its action on variation g as follows:

d", . L .
<d—gy,g> = (uy —up, iy — 2)ry, +¥(8, 8)rys (3.9

where ii; € Vi, li € V2,0 are the solutions to:

ai(ﬁi,vi) +ci(ﬁ,~,ui,vi) +ci(ui,ﬁi,vi) +bi(vi,ﬁi) = ((—1)i+1§, Vi)Fo V\/i € ‘/i,07 (3103)
bi(it;,qi) =0 Yqi € Q;. (3.10b)

We can make use of the adjoint equations (3.7) in order to find the representation of the gradient of
the functional . Let &; and & be the solutions to (3.7), i and i be the solutions to (3.10). By

setting n; = i1; in (3.74), p; = p; in (3.70)), v; = &; in (3.104) and g; = A; in (3.10b) we obtain:
(w1 —ua, iy — ii2)ry = (8,1 — &2)rys
so that it yields the explicit formula for the gradient of .,

d
di;(ul,uz;g) =yg+ (&1 - &)l (3.11)

where £ and &, are determined from g through (3.7). Notice that the gradient expression (3.11)) is
consistent with the optimality condition (3.8)) derived in the previous section.
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3.2.3 Gradient-based algorithm for PDE—constraint optimisation problem

In view of being able to provide a closed—form formula for the gradient for the objective functional
Jy, the natural way to proceed is to resort to a gradient-based iterative optimisation algorithm.

In order to keep the exposition simple, we consider the following simple gradient method with
a constant step size @ > 0: given a starting guess g?, let

) g W4Ty (ui"),ué”);g("’). (3.12)
dg

Combining this with (3.11) we obtain:

g =g —a (yg™ + (" - £)]r, ) (3.13)

or
gV = (1 -ay) g™ -a¢" - &")In, (.14

where & 1(") and fé”) are determined from (3.7) with g replaced by g.

In summary, we have Algorithm 3.1]

Algorithm 3.1 Gradient method with a fixed step

Input: ¢, a >0
n:=0
while Convergence criteria are not met do
Solve (3.3) for ui") eV, uén) € Vo with g = g™
Solve (3.7) for gf”) € V1.0 fén) € Voo withu; = ui"), Uy = ué")
Set o1 = (] — (n) _ ( (n) _ <n>)‘
etg (I-ay) g™ - al(§ 2 ),

n=n+1
end while
Setur :=uy", py:= pi" uz = uf”, py = py"” and g := g

return ui, py, U2, p2, &

In practice, the typical methods used to solve problems like the one considered in this thesis are
Broyden—Fletcher—Goldfarb—Shanno (BFGS) and Newton Conjugate Gradient (CG) algorithms,
which tend to show much faster convergence and higher efficiency with respect to the steepest—
descent algorithm.

3.3 Finite Element discretisation

In this section, we present the Finite Element spatial discretisation for the optimal control problem
previously introduced. In order to be able to apply FE discretisation, the domains €;, i = 1,2,
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and the interface Iy are assumed to be polygonal. We consider two well-defined triangulations 7
and 7, over the domains ©; and €, respectively, and an extra lower—dimensional triangulation 7,
of the interface I'y; additionally, we assume that 77, 7> and 7y share the same degrees on freedom
relative to the interface I'y. We can then define usual Lagrangian FE spaces V; , € V;, Vi o.n C Vi,
Qin C Qi =1,2and X;, ¢ L*(I'y) endowed with L?(Tg)—norm; the spaces V; 5, Vi.o.» and Q;
for i = 1,2 are endowed with the same norms as their continuous counterparts. Since the problems
at hand have a saddle—point structure, in order to guarantee the well-posedness of the discretised
problem, we require the FE spaces to satisfy the following inf—sup conditions: there exist positive
constants c1, ¢p, c3 and ¢4 s.t.

bi(vin, qi
inf sup Wimdin) o g, (3.15)
4in€Qii MO0} v, evi {0y [Vinllviullginllo;,

. bi(vVi,n:qi.n)
inf sup
4i.n€Qi.n\O0} v, eV o\ {0} 1vi,nl |V,-,0’h 1gi.nl |Qi,h,

>civ, 1=1,2. (3.16)

A very common choice in this framework is to use the so—called Taylor—Hood finite element spaces,
namely the Lagrange polynomial approximation of the second—order for velocity and of the first—
order for pressure. We point out that the order of the polynomial space Xj; will not lead to big
computational efforts as it is defined on the 1-dimensional curve I'y.

Using the Galerkin projection, we can derive the following discretised optimisation problem:
minimise over g5 € Xj, the functional

1 2
Ty (Ut U 13 1) = —/ i — 2 dF+Z/ |gn|* dT (3.17)
2 Jr, 2 Jr,

under the constraints that u; , € Vi, pi.n € Q;.n satisty the following variational equations for
i=1,2

ai(Uin, vin) + ci(Uip, i hyvion) + bi(Vin, pih)

. VV-,h S Vi,O,h’ (3.18&)

= (fvima, + (D)™ gnvinr, ’
bi(uin.qin) =0 Vqin € Qin, (3.18b)
Ui h = Ui,D,h onlj p, (3.18¢)

where u; p 5 is the Galerkin projection of u; p onto the trace-space V; p|r; ,, -

Notice that the structure of the equations (3.18) and of the functional is the same as the
one of the continuous case so that it enables us to provide the following expression of the gradient
of the discretised functional (3.17):

dJy.n
dgn

(U1, u2,m381) = V8w + (€1, — E2.0) |1y (3.19)
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where & ;, and &>, are the solutions to the discretised adjoint problem: fori = 1,2 find &, € Vio.n
and A; , € Q; p, that satisty

ai(Mi ps En) + i (Miops i ns Ein) + i (Uins Mions Ein)
+bi(Mins Aisn) = (1) iy ur i — ua,n)ry,
bi(&in, tin) =0 Yuin € Qin. (3.20b)

Ynin € Vio,ns (3.20a)

We would also like to stress that at the algebraic level, the discretised minimisation problem
can be recast in the setting of the finite—dimensional space R”, where p is the number of Finite
Element degrees of freedom which belong to the interface I'y.

3.4 Reduced-Order Model

As was highlighted in Section[2] Reduced—Order methods are efficient tools for significant reduction
of the parameter—dependent PDEs. This section deals with the reduced—order model for the problem
obtained in the previous section, where the state equations, namely Navier—Stokes equations, are
assumed to be dependent on a set of physical parameters. First, we introduce two practical
ingredients we will be using in the course of the reduced—basis generation, namely a lifting function
and the pressure supremiser enrichment. Then, we describe the offline phase based on the Proper
Orthogonal Decomposition technique, which is followed by the online phase based on a Galerkin
projection onto the reduced spaces.

3.4.1 Lifting Function and Velocity Supremiser Enrichment

In the following, we are going to discuss a snapshot compression technique for the generation of
reduced basis functions. In order to do so we need to introduce two important ingredients in this
context, namely the lifting function technique and the supremiser enrichment of the velocity space.

The use of lifting functions is quite common in the reduced basis method (RBM) framework; see,
for example, [81,[17]. It is motivated by the fact that in the chosen model we are supposed to tackle
the non—homogeneous Dirichlet boundary condition on the parts of the boundaries I'; p, i = 1, 2.
From the implementation point of view, this does not present any problem when dealing with the
high—fidelity model since there are several well-known techniques for non—-homogeneous essential
conditions, particularly at the algebraic level. However, these boundary conditions create some
problems when dealing with the reduced basis methods. Indeed, we seek to generate a linear vector
space which is obtained by the compression of the set of snapshots, and this clearly cannot be
achieved by using snapshots that satisfy different Dirichlet conditions — the resulting space would
not be linear. This problem is solved by introducing lifting functions /; j, € V; p, i = 1,2, during the
offline stage, such that/; , = u; p , onI; p. We define two new variables u; ., € Vi 0.0, i = 1,2, by
setting u; o, = i n — i . Clearly, the variables u; o5, i = 1, 2, satisfy the homogeneous condition
u;0.n = 0onI; p and so they can be used to generate the reduced basis linear space. We remark
that the lifting function is needed only in the domain where the Dirichlet boundary is non-empty,
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i.e., where I'; p # 0 fori = 1, 2. Itis important to point out that the choice of lifting functions is not
unique; in our work, we chose to use the solution of the Stokes problem in one of the domains €,
Q| or Q, (depending on the particular model we are investigating) with the velocity equal to up on
the corresponding parts of the boundaries and the homogeneous Neumann conditions analogous to
the original problem setting.

The other ingredient we will use in the following exposition is the so-called velocity supremiser.
This is necessary to obtain a stable approximation of the saddle—point problem at the reduced level
discussed in the following subsections. We recall that each velocity snapshot, which is a solution to
the incompressible Navier-Stokes equation, is divergence—free. Hence, the term b;(-,-) fori = 1,2
applied to any pair of functions in the span of the snapshots will be zero. This does not allow
us to fulfil the inf-sup condition of the type (3.16). For this reason, there is a need to enrich the
reduced velocity spaces with extra functions, which are called supremisers, that will make the pairs
of velocity—pressure reduced spaces inf—sup stable. The supremiser variables s; 5, i = 1,2, are
defined as the solution to the following problem: find s; , € V; 9., such that

(Vvin, Vsin) = bin (VinsPisn)  Yvion € Vioon (3.21)

where p; p, i = 1,2, are the finite—element pressure solutions of the Navier—Stokes problem and
the left-hand side is the scalar product which defines a norm on the space V; o ;. For more details,
we refer to [17,164]].

3.4.2 Reduced Basis Generation

Once we obtain the homogenised snapshots u; ¢, and the pressure supremisers s; , fori = 1,2, we
are ready to construct a set of reduced basis functions. A very common choice when dealing with
Navier—Stokes equations is to use the Proper Orthogonal Decomposition (POD) technique, which
is based on the Singular Value Decomposition of the snapshot matrices; see, for instance, [81]]. In
order to implement this technique we will need two main ingredients: the matrices of the inner
products and the snapshot matrices. First, we define the basis functions for the FE element spaces
used in the weak formulation (3.17), (3.18) and (3.20) as follows:

Uion = {¢3’1‘i, ey ¢‘/‘\;L¢i} — the FE basis of the space V; g 5,i = 1,2,
h

Pin= {gbpi, s ¢i;pi} — the FE basis of the space Q; p,i = 1,2,
h

Eio.n = Ui on, Nh& =N i=1,2,

Gin = { H i/,f} — the FE basis of the space X,,
where N, « € {u1, p1,u2, p2, g} denotes the dimension of the corresponding FE space.

We proceed by building the snapshot matrices. In doing so, we sample a parameter space and
draw a discrete set of M parameter values; there are various sampling techniques, among which we
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point out the uniform sampling. Then, the snapshots are taken as high—fidelity, i.e. Finite Element,
solutions at each parameter value in the sampling set.

We proceed by building the snapshot matrices S,,, € RVw4M S e RNM | S e RNAM
S € RNZ¥2M for i = 1,2 and S, € RN M defined as follows:

Su = [l g ps et 1,0,...,0,0,...,0,0, .., 0],

S, = [8]pror 510 0,...,0,0,...,0,0, ..., 0],

Sp, = [0,... 0plh,..,pl,h,O,...,0,0,...,O],

Su, = [0,..,0,0,...,0,u} ¢ v oes 3’ 4.0, 0],

S, = [0,.. .,O,Sé’h,.. szh,O . 0],

Sp, = [0,... +0,0,..,0,p3 v oo PO

Sg = [S%h,.. lh,o SOl Sg =10,.0,0,60 . €M1,
Sg = g8l

where N = N + NP+ N2+ NP2 NG = Nf' + Nh§2 and M is the number of snapshots.
Notice that since all the snapshots of the variables &1, and &; j are divergence—free on the
domain of definition, the reduced spaces constructed for those variables will already contain this
information, so that it allows us not to store the snapshots of the variables 11 j and A, 5, which are
playing the role of the Lagrange multipliers relative to the divergence free—conditions, as they do
not contain any important information.
The next step is to define the inner—product matrices X,,,, X, X¢ fori = 1,2 and X,. These
matrices have the block diagonal structure as follows:
Xy, = diag(xy,,0p,,04,,0p,),
= diag (0, »Xpis 014270 P2

’

)
Xp (0 )
X, = diag(0y,,0p,,%u,,0p,)
Xp, = diag(0y,,0p,,0u.xp,),
Xg = diag (xy,,04),
Xg = diag (0g,xy,) .

X, = Xxg.
Above, we used the following notations: 0, € RN*MN
N; x Ny, where * € {uy, p1,uz, p2, €1, €2, g} and

n is a zero square matrix of dimension

(e = (VoL VeY) L forjik=1 N i= 12,

(o) ik = (¢fi,¢§?f)g‘, for j,k =1,.., NP, i=1,2,

(xg) jk (¢g,¢§)ro, for jk=1,.. Nf.
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We are now ready to introduce the correlation matrices C,,, Cs;, Cp;, Cg fori = 1,2 and Cy,
all of dimension M X M, as

. = S!T'X,S,

for every * € {uy, p1,u2, p2, &1, &2, g} and
Cy; = SIX, Sy, i=1,2.

Once we have built the correlation matrices, we are able to carry out a POD compression on
the sets of snapshots. This can be achieved by solving the following eigenvalue problems:

where * € {uy, s, p1, U2, s2, p2,€1,€2, 8}, Q. is the eigenvectors matrix and A, is the diagonal
eigenvalues matrix with eigenvalues ordered by decreasing order of their magnitude. The k—th
reduced basis function for the component * is then obtained by applying the matrix S. to v} — the
k—th column vector of the matrix Q,:

£ 1 %
(I)k = _*S*Kk’

VA
where A is the k—th eigenvalue from (3.22)). Therefore, we are able to form the set of reduced

bases as
AS = U {w;, ... ¥y},

x€{ur,s1,p1,u2,52,p2}

A=) {0 v)

x€{&1,6}
. 8 8
A8 = {(Dl, ...,(I)Ng} R

where the integer numbers N, indicate the number of the basis functions used for each component
and

oL ol 0 0
0 ‘ 0 » or! 0
V' = o |’ v = o |’ ¥ = (f = o |
0 0 0 0
0 0
: 0 0 £ o°! & 0
=l e | =] ,\Pk'=( i ),\P,j: ot |
0 (DPZ
k

We note that the first and the third blocks include both the uy, s; and the u», s, basis functions
— it is here that we use the pressure supremiser enrichment of the velocities spaces discussed at
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the beginning of this section. We provide the following renumbering of the functions for further
simplicity:
db';\}ui+k = (I)i‘, ‘I‘K;uﬁk = ‘Pls{‘, fork=1,..,Ny, i=1,2,

and we redefine N, := Ny, + Ny;, i = 1,2.
Finally, we introduce three separate reduced basis spaces — for the state, the adjoint and the

control variables, respectively:

Vy =spanA®,  dimVy =N, +Np, + Ny, + Np,,
Vy = spanA”, dimVy, = Ng + Ng,,
VY =spanAS,  dimVy, = N,.

3.4.3 Online Phase

Once we have introduced the reduced basis spaces, we can define the reduced function expansions

Un = (u1,0,N: P1N-U2,0,N> P2,N) € V. En = (£1,8,.E2,8) € VN.EN € VY,

as
Nu; Ng
— i o _ —— & o _
Mi,O,N L Zﬂi’o,kal, 1= la 2a gi,N o Zét kala 1= 17 29

k=1 k=1
Np; Ne

. - q)Pi i=1.2 R q)g

Pi,N = I—)ik >, L=1,2, 8N = gk k*
k=1 k=1

In the previous equations, the underscore indicates the coefficients of the basis expansion of the
reduced solution. Then, the online reduced problem reads as follows: minimise over gy € Vf, the

functional |
2
Jy NN, U N 8N) 1=—/ |t v — w2 N dr+Z/ lgn|*ar, (3.23)
2 To 2 o

where ui,N =uyoN + ll,N7 U N = Uz 0,N + lz,N for (ul,Q,N,pl’N, MZ’(),N,pz’N) € V;, satisfy the
following reduced equations Vv = (vi,n,q1,n,V2,N>q2.N) € VR,

ai(uionN,viN) + ci(uion,uionN,ViN)+Ci(Uion,liN,ViN)
+ c¢i(lin,uioN,Vi,N) +bi(ViN, Pi.N)
= (fovin)a + (“D™'gn,vinr, (3.24a)
—a;(lin,vin) = ci(lin,li,N,ViN),

bi(uion.qi,n) = —bi(lin.qiN), (3.24b)

where /; y is the Galerkin projection of the lifting function /; ;, to the finite dimensional vector
space spanned by the i—th velocity basis functions and i = 1, 2.
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Similarly to the offline phase, we notice that the structure of the equations (3.24)) and the
functional (3.23)) are the same as the ones of the continuous case, so this enables us to provide the
following expression of the gradient of the reduced functional (3.23)), i.e.,

NN
dgn

(u1,n,u2,N;8N) = ¥8&N + (1,8 — E2,N)Irys (3.25)

where (£1,n,&2,n) € Vj are the solutions to the reduced adjoint problem: find (£1,n,&2.8) € Vi
such that it satisfies, for each pair of test functions (171, 5,72,n) € Vj andi = 1,2,

ai(miN,&N)+ci (Minsuin,EN) +ci (N1 N EN)

. (3.26)

= ((—l)Hlm,N, Ui,N = U2,N)r-
Notice that the reduced adjoint equations no longer contain any terms corresponding to the bilinear
forms b;(-,-), i = 1,2. Indeed, as was previously mentioned, all the functions belonging to the
reduced space V5 are already divergence—free by construction, so the aforementioned terms are
automatically satisfied.

We would also like to stress that from the numerical implementation point of view the reduced
minimisation problem can be recast in the setting of the finite—dimensional space R”, where p is
the number of reduced basis function used for the control variable g, in the online phase, that is
p = Ng.

3.5 Numerical Results

We now present some numerical results obtained by applying the two—domain decomposition
optimisation algorithm to the backward—facing step and the lid—driven cavity flow benchmarks.

All the numerical simulations for the offline phase were obtained using the software multiphenics
[2], whereas the online phase simulations were carried out using RBniCS [3]].

3.5.1 Backward-facing step test case

We start with introducing the backward—facing step flow test case. Figure[3.3|represents the physical
domain of interest. The upper part of the channel has a length of 18 cm, the lower part 14 cm; the
height of the left chamber is 3 cm, and the height of the right one is 5 cm. The splitting into two
domains is performed by dissecting the domain by a vertical segment at the distance % cm from

the beginning of the channel as shown in Figure [3.4]
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1—‘wall

Q Lous

Iﬁwall

Figure 3.3: Physical domain for the backward—facing step problem

Figure 3.4: Domain decomposition for the backward—facing step problem domain

We impose homogeneous Dirichlet boundary conditions on the top and the bottom walls of the
boundary I',,,;; for the fluid velocity, and homogeneous Neumann conditions on the outlet I'y,;,
meaning that we assume free outflow on this portion of the boundary. We impose a parabolic profile
u;, on the inlet boundary I';,,, where

= "9 | (3.27)

with w(y) = U x %(y -2)(5-1y), y € [2,5]; values of U are reported in Table m Two
physical parameters are considered: the viscosity v and the maximal magnitude U of the inlet
velocity profile u;,. Both parameters concur to the definition of the only physically relevant
parameter, the Reynolds number Re = L%, where L is the characteristic length. Hence, we
indicate for all tests also the corresponding Re. Details of the offline stage and the finite—element
discretisation are summarised in Table [3.1] High—fidelity solutions are obtained by carrying out
the minimisation in the space of dimension equal to the number of degrees of freedom at the
interface, which is 130 in our test case. The best performance has been achieved by using the
limited—memory Broyden—Fletcher—Goldfarb—Shanno (L-BFGS-B) optimisation algorithm, and
two stopping criteria were applied: either the maximal number of iteration ity.y is reached or the
gradient norm of the target functional is less than the given tolerance tolyp.

Snapshots are sampled from a training set of M parameters uniformly distributed in the two—
dimensional parameter space, and the first Nyax POD modes have been retained. Figure[3.5ashows
the POD singular values for all the state, the adjoint and the control variables. As it can be seen,
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Physical parameters 2:v,U
Range v [0.5, 2]
Range U [0.5, 6.5]
Resulting Re number [0.75, 40]
FE velocity order 2
FE pressure order 1
Total number of FE dofs 27,890
Number of FE dofs at the interface 130
Optimisation algorithm L-BFGS-B
itmax 40
tOlopt 10_5
M 900
Nrmax 50

Table 3.1: Computational details of the offline stage

the POD singular values corresponding to the adjoint velocities &€ and &, feature a slower decay
compared to the one for the other variables. In Figure[3.5b] we can see the behaviour of the energy
E,, retained by the first N modes for different components of the solution. Here, the retained energy
for the component * € {uy, s, p1, U2, 52, p2, &1, &2, g1 is defined as

l’l_ /l*
B =1 14

nE = :
DIV

The retained energy gives us an idea of the number of modes we would need to choose to
preserve all the necessary physical information in the reduced model. In particular, we can see that
a higher number of modes is needed to correctly represent the adjoint variables £; and &;.

Figures [3.6 [3.9] represent the first four POD modes for each of the variables uy,us, s1, 52,
P1, P2, €1 and &. We stress that the POD modes were obtained separately for each component and
the resulting figures are obtained by gluing the subdomain function just for the sake of visualisation.

Figure [3.6]shows the first modes for the fluid velocities u; and u5: in particular, notice that the
modes corresponding to u; (on the left section of the domain) are zero at the inlet boundary due to
the use of lifting function.

In Figure we can see the first four modes for s; and s,: here, the corresponding functions
are mostly localised inside the domains Q; and €, thanks to the homogeneous conditions at the
boundaries and the non—zero forcing term coming from the pressure.
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(a) POD singular values as a function of number n of (b) Energy retained by the first Np,x POD modes (log
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Figure 3.5: Results of the offline stage: POD singular eigenvalue decay (a) and retained energy (b)
of the first Ny,x POD modes.

(a) The first mode (b) The second mode
(¢) The third mode (d) The fourth mode

Figure 3.6: The first POD modes for the velocities #; and u, (subdomain functions are glued
together for visualisation purposes).
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(a) The first mode (b) The second mode
(c) The third mode (d) The fourth mode

Figure 3.7: The first POD modes for the pressure supremisers s; and s, (subdomain functions are
glued together for visualisation purposes).

(a) The first mode (b) The second mode
(¢) The third mode (d) The fourth mode

Figure 3.8: The first POD modes for the pressures p; and p, (subdomain functions are glued
together for visualisation purposes).
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(a) The first mode (b) The second mode
©
4
-
d
(c) The third mode (d) The fourth mode

Figure 3.9: The first POD modes for the adjoint velocities £; and &, (subdomain functions are glued
together for visualisation purposes).

Iteration | Functional Value | Gradient norm
0 48-107" 4.1-1071
5 6.0-1072 2.2-107!
10 5.0-1073 3.3.1072
40 1.7-107% 2.4.1073

Table 3.2: Functional values and the gradient norm for the FOM optimisation solution at the
parameter values U = 1, v =1 and Re = 3

Figure [3.8]represents the first modes for the pressures p; and p,: we point out the signs of the
oscillation behaviour, which suggests that the supremiser enrichment might be needed to assure
stability of the reduced—order solution.

Finally, Figure [3.9]shows the first four modes for the adjoint variables &1 and &>: note that they
are concentrated only around the interface I'yg because the only nonzero contribution in the adjoint
equations is coming from the source terms, which are defined solely on the interface I'y.

Figures[3.10}-3.13Jrepresent the high—fidelity solutions for two different values of the parameters
(U,v) = (1,1), resulting in Re = 3, and (U,v) = (4.5,0.7) with Re ~ 19. The solutions were
obtained by carrying out 40 optimisation iterations via the L-BFGS-B algorithm. Figures [3.10]
and show the intermediate solutions at iteration 0, 5, 10 and 40 for the fluid velocities u; and
u, whereas Figures [3.11]and [3.13|show the corresponding pressures p; and p,. The final solution
is taken to be the 40th iteration optimisation solution in which we can observe a continuity between
subdomain solutions at the interface I'g. Moreover, it can be noticed that the solution for parameters
(U,v) = (1,1) looks continuous already at iteration 10, which suggests that the convergence of the
optimisation algorithm might depend on the Reynolds number.
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(a) Iteration O (b) Iteration 5

(c) Iteration 10 (d) Tteration 40

Figure 3.10: High—fidelity solution for the velocities u; and u,. Values of the parameters U = 1,

v =1and Re = 3.
I -I

(a) Iteration O (b) Iteration 5
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(c) Iteration 10 (d) Iteration 40

Figure 3.11: High—fidelity solution for the pressures p; and p,. Values of the parameters U = 1,
v =1and Re = 3.

Iteration | Abs. error uy Rel. error i, Abs. error pj, Rel. error pj,
Q) Q Q Q Q Q Q Q

0 0.0302 | 2.9935 | 0.0088 | 1.0000 | 10.6515 | 7.0679 | 0.5056 | 1.0000

5 0.1020 | 0.6279 | 0.0297 | 0.2098 | 2.4520 | 1.5317 | 0.1164 | 0.2167

10 0.0384 | 0.1355 | 0.0112 | 0.0453 | 0.5807 | 0.3793 | 0.0276 | 0.0537

40 0.0184 | 0.0583 | 0.0053 | 0.0195 | 0.2670 | 0.1827 | 0.0127 | 0.0259

Table 3.3: Absolute and relative errors of the FOM optimisation solution with respect to the
monolithic solution at the parameter values U = 1, v = 1 and Re = 3
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(a) Iteration O

(c) Iteration 10 (d) Iteration 40

Figure 3.12: High—fidelity solution for the velocities «; and u,. Values of the parameters U = 4,
v =0.75 and Re ~ 19.

Iteration | Functional Value | Gradient norm
0 7.902 2.213
5 1.956 1.210
10 0.403 2.132
40 0.007 0.069

Table 3.4: Functional values and the gradient norm for the FOM optimisation solution at parameter
values U =4, v =0.75 and Re ~ 19

We present additional details in Tables[3.2]—[3.3] In particular, in Tables[3.2]and [3.4] we list the
values for the functional 7, and the L*(T'p)-norm of the gradient —Z at the different iteration of
the optimisation procedure, while Table [3.3] contains the absolute and relative errors with respect
to the monolithic (entire—domain) solutions uy, py, i.e.,

* Abs. error up, := ||uip — unllp2(q,) on domain €,

||ui,h_uh| ILz(Qi)

e Rel. error uy, := on domain Q;,

||uh||L2(ﬂi)
* Abs. error py := ||pin — phll2(q,) on domain Q;,

||pi,h_ph||L2(_Qi)

on domain €;
”phllLZ(Qi) L

* Rel. error py, =

fori =1,2.

Figures[3.14}-[3.17|represent the reduced—order solutions for two different values of the parame-
ters (U,v) = (1,1) and Re = 3and (U, v) = (4,0.75) and Re ~ 19. In each of the cases, we choose
the following number of the reduced basis functions: N, = Ny, = N, = Ny, = N, = N, = Ny =
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(a) Iteration O (b) Iteration 5

(c) Iteration 10 (d) Iteration 40

Figure 3.13: High—fidelity solution for the pressures p; and p,. Values of the parameters U = 4,
y =0.75 and Re ~ 19.

Iteration Abs. error uj, Rel. error uy, Abs. error py, Rel. error pj,
Q; Q O Q, O Q Q; Q
0 0.2520 | 11.9830 | 0.0181 | 1.0000 | 31.6121 | 21.1630 | 0.5859 | 1.0000
5 0.6639 | 5.0075 | 0.0478 | 0.4179 | 20.7060 | 10.2359 | 0.3838 | 0.4837
10 0.2704 | 1.3722 | 0.0195 | 0.1145 | 6.7317 | 2.8262 | 0.1248 | 0.1335
40 0.0865 | 0.2566 | 0.0062 | 0.0214 | 1.4498 | 0.6443 | 0.0269 | 0.0304

Table 3.5: Absolute and relative errors of the FOM optimisation solution with respect to the
monolithic solution at the parameter values U = 4, v = 0.75 and Re ~ 19
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Figure 3.14: Reduced order solution for the velocities u; and u,. Values of the parameters U = 1,
v = 1 and Re = 3. Number of POD modes: 10 — for each state variable, each supremiser and the
control, 30 — for both adjoint velocities.

10 and Ng = Ng, = 30. As was previously anticipated, we use a higher number for the adjoint
variables & and &, since they show much slower decay of the singular values (see Figure[3.5a). The
solutions were obtained by carrying out 10 optimisation iterations of the L-BFGS-B algorithm.
Figures[3.14]and[3.16|show the intermediate solutions at iteration 0, 5 and 10 for the fluid velocities
uy and u,, whereas Figures [3.15| and [3.17) show the corresponding pressures p; and p>. The final
solution, at the 10th iteration, shows continuity between subdomain solutions at the interface I'y.

We present additional details in Tables[3.6}-[3.9] In particular, in Tables [3.6/and [3.8] we list the
values for the functional 7, and the L*(I'y)—norm of the gradient d—g’/ at the different iteration of
the optimisation procedure, while Table [3.7]and Table [3.9) contain the absolute and relative errors
with respect to the monolithic (entire—domain) solutions up, py, i.€.,

* Abs. error uy = [|u; N — unl|2(q,) on domain €Q;,

||ui,N_uh||L2(gi)

e Rel. error uy := on domain ;,

||uh||L2(Qi)
* Abs. error py = ||pi.N — Pallr2(q,) on domain Q;,

_ pin=prll 2,

* Rel. error py = on domain €;,

IPrllp2;)
fori=1,2.

Analysing the results, we are able to see that the reduced basis method gives us a solution as
accurate as the high—fidelity one. The reduced—order approximation of the optimisation problem
at hand allowed us to reduce the dimension of the high—fidelity optimisation functional by more
than 10 times and enabled us to use 4 times fewer iterations in the optimisation algorithm (each



3.5. NUMERICAL RESULTS

43

Imnn ser0
s 5
i
i
s . s
.
I I2
:
!
s5001 85005

(b) Iteration 5

Ib“e‘Dﬂ
6
e
L3
2
1
[—2%05

(a) Iteration O

(c) Iteration 10

Figure 3.15: Reduced order solution for the pressures p; and p,. Values of the parameters U = 1,
v = 1 and Re = 3. Number of POD modes: 10 — for each state variable, each supremiser and the
control, 30 — for both adjoint velocities.

Iteration | Functional Value | Gradient norm
0 4.8-1071 0.391
5 54-1073 0.047
10 3.6-107* 0.015

Table 3.6: Functional values and the gradient norm for the ROM optimisation solution at parameter
values U =1, v =1and Re =3

Iteration | Abs. error uy Rel. error upy Abs. error py Rel. error py
Q Q Q Q Q Q Q Q
0 0.0284 | 2.9935 | 0.0083 | 1.0000 | 10.9522 | 7.0679 | 0.5198 | 1.0000
5 0.0746 | 0.1956 | 0.0217 | 0.0653 | 0.8548 | 0.5672 | 0.0406 | 0.0803
10 0.0135 | 0.0357 | 0.0039 | 0.0119 | 0.1714 | 0.1186 | 0.0081 | 0.0168

Table 3.7: Absolute and relative errors of the ROM optimisation solution with respect to the
monolithic solution at the parameter values U = 1, v = 1 and Re = 3

Iteration | Functional Value | Gradient norm
0 7.869 2.120
5 0.107 0.401
10 0.060 0.555

Table 3.8: Functional values and the gradient norm for the ROM optimisation solution at parameter

values U =4, v =0.75 and Re ~ 19
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Figure 3.16: Reduced order solution for the velocities u; and u,. Values of the parameters U = 4,
vy =0.75 and Re = 19. Number of POD modes: 10 — for each state variable, each supremiser and
the control, 30 — for both adjoint velocities.
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Figure 3.17: Reduced order solution for the pressures p; and p,. Values of the parameters U = 4,
v = 0.75 and Re ~ 19. Number of POD modes: 10 — for each state variable, each supremiser and
the control, 30 — for both adjoint velocities.

Iteration | Abs. error uy Rel. error uy Abs. error py Rel. error py
Q Q Q Q Q Q Q Q
0 0.1782 | 11.9830 | 0.0128 | 1.0000 | 32.5149 | 21.1630 | 0.6026 | 1.0000
5 0.2826 | 0.8724 | 0.0204 | 0.0728 | 4.1633 | 1.9392 | 0.0772 | 0.0916
10 0.1910 | 0.3826 | 0.0138 | 0.0319 | 0.6725 | 0.7453 | 0.0125 | 0.0352

Table 3.9: Absolute and relative errors of the ROM optimisation solution with respect to the
monolithic solution at the parameter values U = 4, v = 0.75 and Re ~ 19
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Parameter value | Velocity relative error | Pressure relative error
U v Q] Qz Q] Q.z

1 1 0.024 0.032 0.005 0.012

4 0.75 0.019 0.059 0.021 0.046

Table 3.10: Relative errors between FOM and ROM solutions (in terms of H'—norm for the velocity
fields and L?-norm for the pressure fields)

optimisation step requires at least one solve of the state and the adjoint equations). We also note
that the fact that we chose a bigger number of the reduced basis functions for the adjoint variables
&1 and & is not supposed to affect the computational costs much since the adjoint problem is linear
and does not require multiple Newton iteration to be solved so that the biggest computational effort
still lies in the nonlinear Navier—Stokes equations and the optimisation process.

Additionally, in Table [3.10] we provide a comparison between full-order and reduced—order
models in terms of the relative errors between ROM solutions with respect to the corresponding
FOM solutions. Comparing the convergence results for different models — monolithic vs. DD-
FOM, monolithic vs. DD-ROM, and DD-FOM vs. DD-ROM - it can be seen that the DD—
ROM method gives a more accurate solution with respect to DD-FOM. We believe that this is
due to the optimisation process: the DD-ROM is much less sensitive to the initial guess in the
optimisation procedure and much fewer iterations are needed for the optimisation algorithm to
converge. Nevertheless, errors between DD-FOM and DD-ROM are comparable to the ones with
respect to the monolithic solution.

Remark (High Reynolds and uniqueness of the solution). As it is evident from Table the
Reynolds number reported for this test case is quite small. This is due to the fact that the optimisation
solver diverges for higher Reynolds numbers. The authors suspect that this issue is mostly due to
the bifurcation effect (known as the “Coanda effect” or “wall hugging effect” of these types of
simulations). One of the reasons to support this argument is that the range of Reynolds numbers for
which the optimisation solver converges changes (though not very significantly) when the interface
is moved closer to the beginning or the end of the channel. This problem is very complicated in
itself and is addressed, for instance, in [[163 102} 34, 80} (138} 139, (141145, [133]]. In particular, in
[[139], it is shown that for a similar test already for Re =~ 78 there is non—uniqueness of the solution.

3.5.2 Lid-driven cavity flow test case

In this section, we provide the numerical simulation for the lid—driven cavity flow test case.
Figure[3.18a|represents the physical domain of interest — the unit square. The split into two domains
is performed by dissecting the domain by a median horizontal line as shown in Figure[3.18b]

We impose homogeneous Dirichlet boundary conditions on the part of the boundary I, 4;; for the
fluid velocity and the nonzero horizontal constant velocity on the lid boundary I7;4: uj;q = (U , 0);
the values of U are reported in Table
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Iﬂwolll Q 1—‘wall

I_‘walll

(a) Physical domain

(b) Domain splitting

Figure 3.18: Lid—driven cavity flow geometry.

Physical parameters
Range v
Range U

Resulting Re number

FE velocity order
FE pressure order
Total number of FE dofs
Number of FE dofs at the interface

Optimisation algorithm
itmax
tOlop[

M
N max

2:v,U

[0.05, 2]

[0.5, 10]
[0.25, 200]

2
1
14,867
138

L-BFGS-B
100
10-¢

300
100

Table 3.11: Computational details of the offline stage
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Figure 3.19: Results of the offline stage: POD singular eigenvalue decay (a) and retained energy
(b) of the first Nypax POD modes.

Two physical parameters are considered: viscosity v and the magnitude U of the lid velocity
profile u;,. Details of the offline stage and the finite—element discretisation are summarised in
Table High-fidelity solutions are obtained by carrying out the minimisation in the space of
dimension equal to the number of degrees of freedom at the interface, which is 138 in our test
case. The best performance has been achieved by using the limited—memory Broyden—Fletcher—
Goldfarb—Shanno (L-BFGS-B) optimisation algorithm, and two stopping criteria are applied:
either the maximal number of iteration ity is reached or the gradient norm of the target functional
is less than the given tolerance tolyp.

Snapshots are sampled from a training set of M parameters uniformly distributed in the two—
dimensional parameter space, and the first Ny,x POD modes have been retained. Figure
shows POD singular values for all the state, the adjoint and the control variables. As it can be seen,
the POD singular values corresponding to the adjoint velocities &1 and &, feature a slower decay
compared to the one for the other variables. In Figure[3.19b] we can see the behaviour of the energy
E,, retained by the first N modes for different components of the solution. Note that, as it was in
the previous numerical case, a higher number of modes is needed to correctly represent the adjoint
variables £ and &;.

Figures [3.20}- [3.23| represent first three POD modes for the variables w1, us, s, s2, p1, p2 and
&1, & We stress that the POD modes were obtained separately for each component and the resulting
figures are obtained by gluing the subdomain functions just for the sake of visualisation. Figure[3.20]
shows the first modes for the fluid velocities u; and u;. In particular, we notice that the modes
corresponding to u> (on the upper section of the domain) are zero at the lid boundary due to the use
of the lifting function. Figure [3.23]shows the first three modes for the adjoint variables ¢; and &;:
note that they are concentrated only around the interface I'y because the only nonzero contribution
in the adjoint equations is coming from the source terms defined solely on the interface I'y.
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Figure 3.20: The first POD modes for the velocities #; and u, (subdomain functions are glued
together for visualisation purposes)

Figure 3.21: The first POD modes for the supremiser variables s; and s, (subdomain functions are
glued together for visualisation purposes)

Figure 3.22: The first POD modes for the pressures p; and p; (subdomain functions are glued
together for visualisation purposes)
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Figure 3.23: The first POD modes for the adjoint velocities &1 and &, (subdomain functions are
glued together for visualisation purposes)

(a) Iteration O (b) Iteration 5 (c) Iteration 25

Figure 3.24: High—fidelity solution for the velocities u; and u. Values of the parameters U = 5
and v = 0.05 and with Re = 100.

(a) Iteration O (b) Iteration 5 (c) Iteration 25

Figure 3.25: High-fidelity FOM solution for the velocities #; and u,. Values of the parameters
U =1,v=0.1and with Re = 10.
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Table 3.12: Functional values and the gradient norm for the FOM optimisation solution at parameter

Iteration | Functional Value | Gradient norm
0 44-107" 3.398
5 3.0-1072 1.001
10 3.5-1073 0.171
25 8.7-107° 0.016

values U = 5, v = 0.05 and with Re = 100

CHAPTER 3. STATIONARY INCOMPRESSIBLE NAVIER-STOKES EQUATIONS

Iteration | Abs. error uy Rel. error uy Abs. error py Rel. error py
Q) Q Q Q Q Q) Q) Q
0 0.3411 | 0.1949 | 1.0000 | 0.1653 | 0.2689 | 0.3149 | 1.0000 | 0.2330
5 0.0623 | 0.0613 | 0.1826 | 0.0520 | 0.0531 | 0.0575 | 0.3633 | 0.0426
10 0.0114 | 0.0136 | 0.0334 | 0.0116 | 0.0184 | 0.0206 | 0.1256 | 0.0153
25 0.0051 | 0.0062 | 0.0151 | 0.0053 | 0.0143 | 0.0147 | 0.0980 | 0.0109

Table 3.13: Absolute and relative errors of the FOM optimisation solution with respect to the

monolithic solution at the parameter value U = 5, v = 0.05 and with Re = 100

Table 3.14: Functional values and the gradient norm for the FOM optimisation solution at the

Iteration | Functional Value | Gradient norm
0 2.5-1072 4.1-107!
5 7.4-1073 1.4-1072
10 3.3-107° 9.1-107*
25 7.0-1077 3.9-1074

parameter values U = 1, v = 0.1 and with Re = 10

Iteration | Abs. error uy Rel. error uy Abs. error py Rel. error py
Q Q Q4 Q Q4 Q> Q Q,
0 0.0668 | 0.0589 | 1.0000 | 0.2416 | 0.0349 | 0.0411 | 1.0000 | 0.0956
5 0.0032 | 0.0028 | 0.0483 | 0.0114 | 0.0036 | 0.0036 | 0.1100 | 0.0084
10 0.0006 | 0.0006 | 0.0095 | 0.0027 | 0.0024 | 0.0023 | 0.0733 | 0.0054
25 0.0005 | 0.0005 | 0.0069 | 0.0019 | 0.0021 | 0.0021 | 0.0663 | 0.0048

Table 3.15: Absolute and relative errors of the optimisation FOM solution with respect to the

monolithic solution at the parameter value U = 1, v = 0.1 and with Re = 10
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e — I T ——— I;‘:“ T ———— I

(a) Iteration O (b) Iteration 3 (c) Iteration 10

Figure 3.26: Reduced—order solution for the velocities 1 and u,. Values of the parameters U = 5,
vy = 0.05 and with Re = 100. Number of POD modes: 10 — for each state variable, each supremiser
and the control, 15 — for both adjoint velocities.

Figures [3.24] and [3.25] represent the high—fidelity solutions for two different values of the
parameters (U, v) = (5,0.05), with Re = 100, and (U, v) = (1,0.1), with Re = 10. The solutions
were obtained by carrying out 25 optimisation iterations via the L-BFGS—B algorithm. Figures[3.24]
and [3.25] show the intermediate solutions at iteration 0, 5 and 25 for the fluid velocities u; and u5.
The final solution is taken to be the 25—iteration optimisation solution as we can observe a continuity
between subdomain solutions at the interface I'y. We present additional details in Tables[3.12]—[3.15]
In particular, in Tables and , we list the values for the functional ., and the L?*(T'y)—norm
of the gradient % at the different iteration of the optimisation procedure, while Table [3.13|and
Table [3.15] contain the absolute and relative errors with respect to the monolithic(entire—domain)
solutions uy, pp.

Figures [3.26] — 3.27] represent the reduced—order solutions for two different values of the pa-
rameters (U, v) = (5,0.05) and (U, v) = (1,0.1). For both cases, we choose the following number
of the reduced basis functions: N, = Ny, = N, = N,, = N, = N, = Ny = 10, whereas for the
adjoint velocities, we choose Ng = Ng, = 15. As it was mentioned before we use a higher number
for the adjoint variables & and &; since they show much slower decay of the singular values (see
Figure [3.194). Figure [3.26] shows the intermediate solutions at iteration 0, 3 and 15 for the fluid
velocities u1 and u, corresponding to the parameter value (U, v) = (5,0.05), and Figureshows
the velocities 11 and u; for the parameter value (U, v) = (1,0.1). The final solution is taken to be
the 10-iteration optimisation solution.

We present additional details in Tables[3.16|—[3.19] In particular, in Tables[3.16and[3.18] we list
the values for the functional 7, and the L?(T'g)-norm of the gradient d—g’ at the different iteration
of the optimisation procedure, while Table and Table contain the L?—relative errors with
respect to the monolithic (the entire—domain) solutions up, pp.

Analysing the results, we are able to see that the reduced basis method gives us a solution as
accurate as the high—fidelity model. The reduced—order approximation of the optimisation problem
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(b) Iteration 3

(c) Iteration 10

(a) Iteration O

Figure 3.27: Reduced—order solution for the velocities u; and u>. Values of the parameters U = 1,
v = 0.1 and with Re = 10. Number of POD modes: 10 — for each state variable, each supremiser
and the control, 15 — for both adjoint velocities.

Iteration | Functional Value | Gradient norm
0 48-107! 3.153
3 2.4-1072 1.634
10 7.2-1073 0.023

Table 3.16: Functional values and the gradient norm for the ROM optimisation solution at parameter
values U = 5, v = 0.05 and with Re = 100

Iteration | Abs. error uy Rel. error uy Abs. error py Rel. error py
Q Q, Q Q, Q Q, Q Q,
0 0.3411 | 0.1796 | 1.0000 | 0.1523 | 0.2431 | 0.2519 | 1.0000 | 0.1864
3 0.0512 | 0.0552 | 0.1501 | 0.0468 | 0.0531 | 0.0646 | 0.3634 | 0.0478
10 0.0050 | 0.0056 | 0.0147 | 0.0047 | 0.0139 | 0.0139 | 0.0956 | 0.0103

Table 3.17: Absolute and relative errors of the ROM optimisation solution with respect to the
monolithic solution at the parameter values U = 5, v = 0.05 and with Re = 100

Iteration | Functional Value | Gradient norm
0 2.6-1072 2.6-107T
3 1.5-1073 1.0-1072
10 7.1-1077 1.2-1073

Table 3.18: Functional values and the gradient norm for the ROM optimisation solution at the
parameter values U = 1, v = 0.1 and with Re = 10
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Iteration | Abs. error uy Rel. error uy Abs. error py Rel. error py
Q Q Q Q- Q Q, Q Q,

0 0.0668 | 0.0591 | 1.0000 | 0.2424 | 0.0349 | 0.0403 | 1.0000 | 0.0936
3 0.0010 | 0.0019 | 0.0155 | 0.0076 | 0.0024 | 0.0020 | 0.0752 | 0.0047
10 0.0004 | 0.0004 | 0.0066 | 0.0017 | 0.0020 | 0.0019 | 0.0621 | 0.0045

Table 3.19: Absolute and relative errors of the ROM optimisation solution with respect to the
monolithic solution at the parameter values U = 1, v = 0.1 and with Re = 10

Parameter value | Velocity relative error | Pressure relative error
U v Q Q) Q Q)

1 0.1 0.020 0.003 0.014 0.0007

5 0.05 0.040 0.005 0.013 0.002

Table 3.20: Relative errors between FOM and ROM solutions (in terms of H'—norm for the velocity
fields and L?-norm for the pressure fields)

at hand allowed us to reduce the dimension of the high—fidelity optimisation functional by more
than 10-20 times and enabled us to use half optimisation algorithm iterations (each optimisation
step requires at least one solve of the state and the adjoint equations).

In order to provide more visually representable results (the scale of the solution on the subdo-
mains Q) and €, has a few orders of the difference in the magnitude), we provide the graphs of the
velocities u; and uy separately in Figures [3.28]and [3.29] Additionally, in Table [3.20] we provide a
comparison between full-order and reduced—order models in terms of the relative errors between
ROM solutions with respect to the corresponding FOM solutions. The considerations drawn in the
previous section are valid also for this test case.

Remark. In both numerical cases presented above, it might seem that due to the fact that the
non-homogeneous Dirichlet boundary condition is present only on the boundary of one of the
subdomains only a few corrections are needed on this subdomain. On the other hand, this is true
only for the velocity field, as it can be seen in the tables listing the errors (for instance in Table[3.3)).
Indeed, the errors for the pressure on those subdomains are higher than on the other one. Regarding
the cavity flow, our original idea was to split the domain vertically, but in that case, the convergence
even at the full-order level was much slower, hence, we opted for the horizontal split.

Remark (High Reynolds simulations). Also for this test case, the range of Reynolds number for
which the DD solver converges is stricter than the one where the monolithic solver provides a
solution. The reason is that the optimisation algorithms are very sensitive to the initial guess, and
the authors suspect that some further stabilisation techniques should be used.
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Figure 3.28: Reduced—order solution for the velocity u;. Values of the parameters U = 5, v = 0.05
and with Re = 100.

(c) Iteration 10 (d) Iteration 25

Figure 3.29: Reduced—order solution for the velocity u>. Values of the parameters U = 5, v = 0.05
and with Re = 100.
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3.6 Conclusions and perspectives

In this chapter, we proposed a reduced—order model for the optimisation—based domain decompo-
sition formulation of the parameter—dependent stationary incompressible Navier—Stokes equations.
The original problem cast into the optimisation—based domain—decomposition framework leads to
the optimal control problem aimed at minimising the coupling error at the interface; the problem,
then, has been tackled using an iterative gradient—based optimisation algorithm, which allowed us
to obtain a complete separation of the solvers on different subdomains. At the reduced—order level,
we have managed to build a model for which the generation of the reduced basis spaces is carried
out separately in each subdomain and for each component of the problem solution. Furthermore,
as the numerical results show, the reduction of the optimal—control problem can be observed not
only in the dimensions of the different components of the problem, i.e., of the functional, the state
and the adjoint equations but also in the number of the iterations of the optimisation algorithm.
The aforementioned techniques could be promising in the context of more complex time—dependent
problems and, more importantly, multiphysics problems, where either pre—existing solvers can be
used on each subcomponent or we do not have direct access to the codes. In particular, this method-
ology can be extended to problems with several sub—domains, to nonstationary fluid—dynamics
problems, see Chapter 4 and to multiphysics problems, for instance, Fluid—Structure interaction
problems in Chapter[5] Moreover, this approach can be applied also to more complicated problems,
where different types of numerical models are used in different subdomains.






Chapter 4

Non-stationary Fluid Dynamics
Problems

In this chapter, we introduce the monolithic formulation of non—stationary incompressible Navier—
Stokes equations and its time—discretisation scheme with the further derivation of the optimi-
sation—based domain—decomposition formulation at each time step. Then, we derive a priori
estimates for the solutions of Navier—Stokes equations that are then used to prove the existence
and uniqueness of the minimiser to the optimal-control problem at hand. Furthermore, we ob-
tain the optimality condition for the resulting optimal control problem and the expression for the
gradient of the objective functional with the following listing of the gradient—based optimisation
algorithm. Later in the chapter, we present two ROM techniques: an intrusive Galerkin projection
and a neural network (NN) algorithm, both based on a Proper Orthogonal Decomposition (POD)
methodology. At the end of the section, we show some numerical results for two toy problems: the
backward—facing step and the lid—driven cavity flows.

4.1 Problem formulation

In this section, starting with a monolithic formulation of the time—dependent incompressible Navier—
Stokes equations, we first introduce a time discretisation on the continuous level by employing the
implicit Euler time—stepping scheme. We then describe a two—domain optimisation—based domain—
decomposition formulation at each time step, and introduce its variational formulation in the end.
Here and in the next few sections, the analysis is valid for any value of the physical parameter, so
for the sake of simplicity, we postpone mentioning the parameter dependence of the problem until
Section

57
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I'n.1
Q
I'p.i
FD FN Iy
I'pp
(a) Physical domain (b) Domain Decomposition

Figure 4.1: Domain and boundaries.

4.1.1 Monolithic formulation

Let Q be a physical domain of interest and we assume it to be an open subset of R* and I" to be the
boundary of Q. We also consider a finite time interval [0, 7] with T > 0. Let f : Q x [0,T] — R?
be the forcing term, v the kinematic viscosity, up a given Dirichlet datum and u( a given initial
condition. The problem reads as follows: find the velocity field u : Q x [0,T] — R? and the
pressure p : Q X [0,T] — R s.t.

%—VAM+(M-V)M+Vp=f in Qx(0,T], (4.1a)
—divu =0 in Qx(0,T], (4.1b)

u=up on I'px][0,T], (4.1¢)

v% —pn=0 on I'yx][0,T], (4.1d)

u(t=0)=uy in Q, (4.1e)

where I'p and 'y are disjoint subsets of I" (as it is shown in Figure d.1a) and n is an outward unit
normal vector to I'y.

4.1.2 Time discretisation

We will start with the time discretisation of problem {@.I). Let Ar > 0, we assume the following
time interval partition: 0 = ¢y < f] < .... < tpy =T, where t,, = nAt forn = 0, ..., M. We employ
the implicit Euler scheme for the incompressible Navier—Stokes equation, which reads as follows:
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forn>1findu" : Q - R%, p" : Q - Rs.t.

u — un—l

Y —vAu" + (W -V)u"+Vp" = f" in Q, (4.2a)
—divu" =0 in Q, (4.2b)
u"=uy on Ip, (4.2¢)

ou"
% -p'n=0 on IV, (4.2d)

on
and forn =0

W=uy in Q. (4.2e)

Here, we adopted the following notations: f"(-) = f(-,,) and u’}, () = up (-, t,).

4.1.3 Domain Decomposition (DD) formulation

Let Q;, i = 1,2, be open subsets of Q, such that Q= Qi U, Q N = 0. Denote I'; :=
0Q;NT, i =1,2,and Ty := Q; N Q. In the same way, we define the corresponding boundary
subsets I'; p and I'; v, i =1, 2, see Figure

The DD formulation reads as follows: forn > 1 and i = 1,2, given f; : @; x [0,7] — R? and
uip :Typ x[0,T] — R, find ul 1 Q; — R? and p!' : ©; — Rs.t.

u —yn!
e Atl —vAul + (u! -V)ul' +Vpl = f' in Q (4.3a)
—divu} =0 in €, (4.3b)
ui =ulp on Iip, (4.3¢)

oy,
v=L-p/n=0 on Iiy. (4.3d)
V(')uf‘ —p'n; = (-1)*'g on Ty (4.3¢)
6n,~ U ’ ’

for some g : Iy — R?, where by n; we denote an outward unit normal vector with respect to the
domain €; and
uW=uy in (4.3f)

forn =0.

For a given g, the solution to problem (4.3) might not be the same as the solution to problem (@4.2),
that is u # u"|q,, p} # p"la,, u5 # u"|o, and p) # p"|q,. On the other hand, there exists a
. _ out _ oul . ..
choice for g, g = (Va_nl - p?n1)|ro =— (v o pgnz) o such that the solution to (4.3) coincides

0
with the solution to (4.2)) on the corresponding subdomains. Therefore, we must find such a g, so

that uf is as close as possible to u7; at the interface I'y. One way to accomplish this is to minimise
the functional

I (ulf,uy) :25/ |u1 —u2| dar. “4.4)
Iy
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Instead of (4.4)), we can also consider the penalised or regularised functional
n n 1 n n|2 Y 2
Jy Wi uy;g) == [ |uf —ub|"aU+= [ |g|*dT, (4.5)
2 Jr, 2 Jr,

where vy is a constant that can be chosen to change the relative importance of the terms in (4.5)). Thus,
we face an optimisation problem under PDE constraints: minimise the functional (4.4)) (or (4.53))
over a suitable function g, subject to (4.3).

4.1.4 Variational Formulation of the PDE constraints

For i = 1, 2 define the following spaces:
« Vi:={ue H(Q;R)},
« Vio:= {u e H(Q;;R?) : ulr, p, = 0}’
* 0i:={p e L*(Q:R)}.

The spaces V; are endowed with the H' (Q;)—norm fori = 1, 2, the spaces V; o with the Hé (Q;)-norm
and the spaces Q; with the L?(Q;)-norm fori = 1, 2.
Then, we define the following bilinear and trilinear forms: for i=1,2

o mi tVixVio =R, mi(u,vi) = (ui,vi)g;
*a;:VixVio—=R, a;i(u;,vi):=v(Vu;, Vvi)g,,

© b VixQ; >R, bi(vi,qi) :=—(divv;, ¢i)a;,

s it VixVixVig =R, cilupwi,vi) = ((ui - VIwi, vi)g,,

where (-, -),, indicates the L?(w) inner product.
Consequently, the variational counterpart of (4.3) reads as follows: forn > 1 and i = 1, 2, find
u; € Viand p; € Q; s.t.

1 -1
—m; (uf‘ —uy ,vi) +a;(u},vi) +c;(u},u;,vi) + bi(vi, pi)

At (4.62)

= (fva+ (D™ go) Wi eVig,
Iy
bi(u},qi) =0 Vqi € Q;, (4.6b)

u:’ = M?,D on Fi,D- (460)
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4.2 Analysis of the optimal control problem

In this section, we would like to give an overview of the existence of local minima of the optimal—
control problem described above. It will rely on the a priori estimates for the solutions to the
Navier—Stokes equations. Due to the presence of the Neumann boundary condition, the analysis of
the Navier—Stokes equations is not possible, so we will recast the problem in the framework where
it is possible to prove the well-posedness and we give some indication about the original problem.

4.2.1 A modified Navier-Stokes problem

First, without loss of generality, we assume that the Dirichlet data u; p is homogeneous. Otherwise,
we can use various techniques, e.g., lifting functions as will be discussed later on, to obtain a
problem with homogeneous Dirichlet boundary conditions on I'; p. As mentioned in the preface to
this section, it is hard to prove the well-posedness of the solution to the Navier—Stokes equation in
the form (#.6). The main problem arises from the nonlinear term ¢; (u!', u!', v;) = ((ul" -V)ul, v[)g? .
Indeed, by integration by parts and the incompressibility conditions (4.6b)), we can see

ci(ul,ul,v;) = / (u! - Vyu! -v;dQ = / (u! -vi)(u! -m)dl’
Q; 69{
—/ (u} - v;) divu; dQ —/ (u} - V)vi -u;dQ
Qi Qi
= / (u] - vi)(u} -m)dl — / (uf - V)v; - uldQ
% Qi

- / (W ve) (- )T = o, v ),
Fi,NUFo

which leads to the following expression

1

ci(ul,ul, ul') = z/l: . |uf’|2(u;1 -m)dr. 4.7)
i,NVlo

As we can see, the problem here is due to the fact that this boundary term has an unknown sign,
which complicates further analysis. On the other hand, it gives us an idea of how to redefine the
problem at hand in order to obtain well-posedness (see, e.g. [31]). We rewrite the Neumann—type
outlet conditions and the coupling stress conditions between subdomains in the following way:

A P
" on _pin_i(”i -mu; =0 on Ty, (4.8)
ou!! 1 ;
vk = pimi - S (! muf = (<1)*'g on T, (4.9)
l
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This, in turn, leads to a new variational formulation of the state equations {.3): for n > 1 and
i=1,2,findu € V;and p! € Q; s.t.

1 _ ~
i (= w7 ve) g vi) + ' ve) + by (v, pl)

At _ (4.10a)
= (e, + ((=Dgv) WiV
0

bi(ui,qi) =0  Vg; € Qy, (4.10b)

where the trilinear form (-, -, ) is defined as

~ 1 1

Ci(ui,wi,vi) = 3 ((ui - VIwi,vi)g, — 5 ((u; - V)vi,wi)g, (4.11)

and it has the following remarkable property
¢i(ui,vi,vi) =0 Vu;,v; € V. 4.12)

4.2.2 A priori estimates

We now first introduce the various well-known properties of the different terms entering the weak
formulation (#.10), i.e.,

* the forms m;(-.), a;(+,-) and &;(-, -, -) are continuous: there exist positive constants C,,, C,
and C. such that

Im;(ui,vi)| < Colluillv, olvillv,, Yui,vi € Vi, (4.13)
|ai(ui7 Vi)l S Ca||”i||V,—,0||Vi||V,-,O vui’vi € ‘/i,Oa (414)
1€i (ui, wi, vi)| < Celluillv, ollwillv, ol villvi o Yui, wi,v; € Vi, (4.15)

* the bilinear form q; (-, -) is coercive: there exists a positive constant @ > 0 such that

ai(vi,vi) z alvilly,, Yvi € Vi, (4.16)

* the bilinear form b;(-,-) satisfies inf—sup condition: there exists a positive constant 8 > 0
such that

bi(vi, q
sup bilvi. 4) > Bllgillo, Vqi € O, (4.17)
vievio\(oy lVillvig

* the bilinear form m; (-, -) is non—negative definite, i.e.,

mi(vi.vi) = |Vill2q,) 20 Vi € Vig. (4.18)
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By using the properties @.13)), @.16)), @.12)), (.18)), the trace theorem and equations (4.10),
we are able to write the following estimate for the solution ' and p’* to (.10)

1 1 1
2
il < —aiufu?) < —aiGuf,uf) + —=mi(uf, uf)
1(1 ) i
= gt = ) = bl )
£ (o + (<D™ (g,
1 (Cai oy
< ;(A_t”u? ||Vl-,o+||f,-n||L2(Q,~>+||8||L2(ro))||M?||v,,0,

which leads to the following estimate:

1(C _
i v, < p (A—HZHM? 1||V,-,0 +f 2 + ||g||L2(F0)) . (4.19)
Similarly, by using #.17), @.13), @.14), @.15) and equations (4.10), we obtain
Ple < 1 sup bi(vi, p}) 1 A lmi (= u = vy
T Bueviovoy illvie T Buevio\(oy [villv; o
N 1 sup la; (!, vi)| + [c;(uf, ull,vi) | + [(f", vi)ey
B vi€V; 0\{0} ”ViHVi,O
1 (g, vi)r,| _1(C
+ ,E \S/UR{O} W < E A—n; +Cy +Cc||M?||vi,0 ||M?||Vl—,0
Vi€Vio tiVio
1(C _
+ ,E (A—':HM:-I 1||Vl~,0 +1A N2 + ||g||L2(r0)) )
which together with the estimate (4.19)) leads to
1 1(C C _
IIpillo; < 3 (1 + (A—r: + Ca)) (A—THM? Mvio + 1L 20 (4.20)
2
C.(C _
+ ||g||L2(F0)) + a—; (A—':HM? iveo + 11 L2 + ||g||L2(F0)) ] :

4.2.3 Existence of optimal solutions

In this subsection, we prove the existence of optimal solutions for the regularised functional (&.5)).
The proof follows the methodology presented by Gunzburger et al. [75)]. Firstly, we define the
admissibility set as follows:

Uaa = {(“?’P?’ Uy, py,8) € Viox Q1 xVagxXQ0sX L*(T) such that
equations (#.10) are satisfied and F, (u], u}; g) < oo} .
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The admissibility set is clearly non—empty, since, as it was pointed out above, the restrictions to
subdomains of the monolithic solution and its corresponding flux on the interface belong to the set.

Let {(u?’(j), p'll’(j), u;’(j), p;’(j), g(j))} be a minimizing sequence in U,y, i.€.,

Jh_)ngo% (u;l’(l)7u;la(])7g(1)) = inf %(u?7ug’g)

(ul,pl.uy,pt.g)€Uaa

From the definition of the admissible set U4 and the functional .7, it is evident that the set { g(f)}
is uniformly bounded in L?(Iy), which, in turn, due to the a priori estimates (@.19) and (&.20),

implies that the sets {(u?’(j ) )} are uniformly bounded in V; o and the sets {( p?’(j ) )} are uniformly
bounded in Q; for i = 1,2. Thus there exists a point (ﬁ?,ﬁ?, ﬁ;‘, ﬁ;‘, g) € U, 4 and a subsequence

{(u'f’(jk), p?’(j"), ug’(j"), p;’(jk), g(jk))} of the minimising sequence such that fori = 1,2

WU @t i Vi, 4.21)
P =t i Qi 422)
g(jk)_\g, in L*(I), (4.23)

WU @ in LA(Q), (4.24)
WU |0 = @, in L3(T). (4.25)

The last two results are obtained by the trace theorem and compact embedding results in Sobolev
spaces, see for example [55} [112].

Since the forms m; (-, -), a; (-, -) and b;(-, ) are bilinear and continuous by @.21])), (4.22) and @.23)),
we obtain the following convergence results:

n, (Jjx)

mi(u; ", vi) — mi(d7,vi) Vv € Vi,

n, (Jjk)
1

bi(u?’(jk),%) — bi(},q;) Vqi € Q;,
bi(Vi,P,r-L’(]k)) — bi(vi, p7) Vv € Vi,
(g(.ik)

a;(u ,vi) = a; (4, vi) Vvi € Vi,
ity = (&, vi)r, Yvi € Vip.

Concerning the trilinear form ¢;(-, -, -), we exploit integration by part twice, divergence—free con-
ditions for u:”(J “) and i, and the strong convergence results (4.24)— (@.25)). We obtain Vv; € Vi o

.1 LG (i) 1 . .
lim 5[2.(“? Tk -V)vi-u;l T qQ = 3 Q.(u?-V)v-u?dQ,

k—o0
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1 . - 1 - .
lim E‘/ (un’(”‘) -V)u?’(ﬂ") -v;idQ = lim = (u'.l’(”') -vi) (u'?’(”‘) -ni) dr
Q; I

k—o0 i k—o0 !
(u",(jk) V), - M”,(jk)dg — l (12" . V') (ﬁ" . Il-) dr
o i 1 i - 2 To i i i l

1 1
—5/ (ﬁ?-V)vi-ﬁ?’dgzi‘/ (@ - V)ar - vid,
Qi Qi

1
— lim =
k—co 2

which leads to

s U;

lim ¢ , V,’) = 5i(ﬁ?’ﬁ?, V,') Vv; € V,',().

k—o0

These convergence results mean that .the functions.ﬁq‘, ﬁq‘, iy, ﬁ;‘, & satisfy the state equations (#.10).
We also note that the functional .7, is lower—semicontinuous, i.e

liminf F, (U u U0 Uy > g (at at, 9),

J—)OO

which implies that

Fy (i, uy, 8) = Gy (i}, 13, 8).

n ,n nlnn Uu
(ul sPy Uy Py ’g)e ad

Hence, we have proved the existence of optimal solutions.

4.2.4 Convergence with vanishing penalty parameter

In the previous section, we have proved the existence of optimal solutions of the regularised
functional ), for any y > 0, where the parameter v indicates the relative importance of the two
terms entering the definition of the functional. This poses an issue in our domain—decomposition
setting since the optimal solution does not satisfy the coupling condition u}|r, = u}|r,. In this
section, we prove the existence of an optimal solution to the unregularised functional J with
corresponds to the functional 7, with y = 0.

Let (u™™°", p™™°™) be a weak solution to the monolithic equations {.2)), and for each y > 0
we denote by (u;”y, p?’y, u;’y, p;’y, g”) an optimum of .7, under the constraints (4.10). We define
the following functions fori = 1, 2:

n,mon — n,mon
i - u |Qi7
n,mon — n,mon
Pl- - p |Q,"
n,mon
gmon - Vaul _ pn,monn1 _ l(un,mon A nl)un,mon on FO
8n1 1 2 1 1

n,y

Due to optimality of the point (u}"”, p}"”, u5"”,

P57, 87), we obtain that Vy > 0

n,y n,y n,y n,y n,mon n,mon n,mon n,mon mon
Ty, py uy " py T 8Y) < Gy (u O, it uy O, py O, g™,
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n,mon

1

n,mon

and u,

which due to the definition of u gives us the following bound:

1 , 72 Y Y
5/r | —ul” a’r+§/F |g7|2dF£§ A lg”°">dT Yy > 0.
0 0 0

The last inequality tells as that the sequence {g” : ¥ > 0} is bounded in L?(I'y). Following the
exact same lines of arguments as in the previous section, we are able to deduce that there is a
subsequence of the original sequence (we will keep the same notation for the sake of simplicity)
that converges to (u}"", pi"",uy"™, p5*, g") € Vi,0 X Q1 X V2,0 X Q2 X L?(T) in the sense of (#.21)
— (#.25). In addition to this, the inequality above tells us that ||u;l’7 - ”;’7||L2(r0) —0asy — 0,
which, in turn, yields ui’* = ué’* a.e. on [y. The non—negativity of J leads to the fact that
(", p" uy”, pyt, g%) is a global minimum of . Also, it is easy to see that the following

functions u’>* € Hé’FD (Q), p™* € L*(Q), defined as

. M?,*’ in Q; UTy, . p?,*’ in Q; U T,
in Q, U T, pg’*, in Q> U T,

satisfy the monolithic equations (4.2) in the weak sense.

Remark (Uniqueness of optimal solutions). It is well-known that the solution to the non—stationary
incompressible Navier—Stokes equation in 2D is unique [153]], and it can be proved that uniqueness
transfers to the implicit—Euler time—discretisation scheme with a good choice of a time—step pa-
rameter (see, for instance, [79]). This, together with the convexity of the objective functional, leads
to the uniqueness of the optimal solution discussed above.

Remark (Weak formulation with “non—symmetric” trilinear form). As we pointed out the condi-
tion (4.12) was essential in order to conduct the analysis of the optimal—control problem. Concerning
the problem posed in the weak from (4.6), the numerical experiments show the same convergence
results as in the case where the trilinear form (4.1T]) is adopted.

4.3 Optimality system and optimisation algorithms

In this section, we will provide the tools to tackle the optimal-control problem that arises in
Section[4.1.3] First, we will derive the optimality system by means of the Lagrangian functional.
Then, we will use the sensitivity derivatives technique to obtain the representation for the gradient
of the objective functional, which will allow us to define an optimisation—based minimisation
algorithm for the optimal-control problem at hand.

4.3.1 Optimality system

One of the ways to address the constrained optimisation problem is to reformulate the initial problem
in terms of a Lagrangian functional by introducing the so—called adjoint variables. In this way, the
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optimal solution to the original problem is sought among the stationary points of the Lagrangian,
see, for instance, [76), |83]].
We define the Lagrangian functional as follows:

L(u?’ P?’ M;l’ Pg, fla 62’/11’/12;8) = :7;,(1,[?, ”328)

2 mi(u? B M?_l’gi) n n n n n
—Z A +a;(u;, &) +ci(u;,ui &) +bi (&, p}) +bi(u;, A;)
Py t (4.26)

2 2
+ Z(fin’ Eida; + Z((—l)i+1g, &ry-
i=1 i=1

The Lagrangian functional above takes into account our objective functional (4.5)) and the PDE
constraints (4.6) multiplied by additional so—called adjoint variables &1, &2,41,42 € Vi X Q1 X
Va0 X Qa. It is proved (see, e.g. [83]) that the optimal solution to the constrained optimisation
problem (#.5))- (@.6) coincides with stationary points of the higher—dimensional functional (4.26))
that, in turn, gives us an easy way to obtain the optimality conditions.

Notice that, technically, we should also have included Lagrange multipliers corresponding
to the non-homogeneous Dirichlet boundary conditions in the definition of the functional
L. However, since the functional 7, (.5) does not explicitly depend on uq‘ p and ug‘ p» the
corresponding adjoint Dirichlet boundary conditions will be homogeneous on these parts of the
boundaries.

We now apply the necessary conditions for finding stationary points of £. Setting to zero the
first variations w.r.t. & € V; o and A; € Q;, fori = 1,2, yields the state equations (4.6a)— (4.6D).
Setting to zero the first variations w.r.t. u, p, u} and p7 yields the adjoint equations:

1
—mi(ni, &) +ai(i, &) + ci (ni, ul, &) + i (ulumi, &)

At _ Vni € Vio, (4.27a)
+bi(ni» A1) = (D™ il —uh)r,
bi(&i, i) =0 Yu; € Q;. (4.27b)
Finally, setting to zero the first variations w.r.t. g € L?(I'y) yields the optimality condition:
y(h, @)r, + (h,é1 = &)r, =0 Vh e LX(I). (4.28)

4.3.2 Sensitivity derivatives

In order to obtain the expression for the gradient of the optimisation problem at hand, we will resort
to the sensitivity approach; see, for instance, [[76}83]]. The approach consists of finding equations
for directional derivatives of the state variables with respect to the control, called sensitivities.
The first derivative % of 7, is defined through its action on the variation g as follows:

dJy n_ oo o i
Eag = (ul - l/lz,l/t] - MZ)F() +y(g’ g)r()’ (429)
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where i1 € Vi, lio € V20 are the solutions to:

1 _ s s s
—m;(d;, vi) + a; (i, vi) + ci (@, ui,vi) + ci (U], i, vi)

At
+bi(vi, pi) = (=1)™g,vor,
bi(d;,qi) =0 Vgqi € Q;. (4.30b)

Yv; € Vi,09 (4303)

We can make use of the adjoint equations in order to find the representation of the gradient of
the functional 7,. Let & and &, be the solutions to and i1 and ii, be the solutions to (4.30).

By setting n; = ii; in @.274d), p; = p; in @.270), v; = &; in (#.30a)) and g; = A; in (4.30b) we obtain:
(u} — w3, iy = d2)ry = (861 = £2)rys
so that it yields the explicit formula for the gradient of .,

4,

dg (uf,uy;g) =yg + (€1 - &)lIry, 4.31)

where &1 and &; are determined from g through (4.27). Notice that the gradient expression (4.31)
is consistent with the optimality condition (4.28) derived in the previous section.

4.3.3 Gradient-based algorithm for the optimisation problem

In view of being able to provide a closed—form formula for the gradient for the objective functional
Jy, the natural way to proceed is to resort to a gradient-based iterative optimisation algorithm.
In order to keep the exposition simple, we will describe the idea using a simple gradient method,
while, in practice, we will use more sophisticated gradient—based methods. For every time step ¢,
given an initial guess g(?), which we set from the previous time step, we update successive values
of g(/) with

gUH) = () _ adjy (u;"(j),u"’(j);gm). (4.32)

dg

Combining this with (£.31)) we obtain:

g =g —a (g + (¢ - £)Ir, ). (4.33)

where & fj) and féj ) are determined from @27) with g replaced by g/).
To summarise, we have Algorithm[.T|to find g" at every time step #". Some of the commonly used
convergence criteria of the algorithm are: the value of the functional or of the gradient norm is less
than a certain given tolerance and the maximum number of optimisation iterations. Most commonly,
a couple of them are used together. In practice, the methods we will use to solve such problems
are Broyden—Fletcher—Goldfarb—Shanno (BFGS) and Newton Conjugate Gradient (CG) algorithms,

which show faster convergence and higher efficiency with respect to the steepest—descent algorithm.
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Algorithm 4.1 Gradient method with a fixed step

Input: g(© := ¢"~! and a step size @ > 0
n:=0
while Convergence criteria are not met do
Solve (4.6)) for uT’(j) ev, u;"(” €V, with g = g\/)

Solve @27) for £ € Vi, £ € Vo with u? = uPY), ut = uV

Set gU+D = (1 —ay) g) — (fl(j) _§2<j))|

n:=n+1

end while . ‘ .
Set u := u?m, py = p?’(J), uy = u;’(”, py = p;"m and g" =g

return uy, pY{, uy, py, g"

Iy

4.4 Finite Element discretisation

In this section, we present the Finite Element spatial discretisation for the optimal control problem
previously introduced. We assume to have at hand two well-defined triangulations 77 and 7, over
the domains Q; and Q, respectively, and an extra lower—dimensional triangulation 7 of the interface
I'o. In theory, there is no requirement for the meshes /7 and 7; to be conforming on the interface Iy,
but in the numerical examples listed later in the paper, this limitation was imposed by the software
used by the authors. We can then define usual Lagrangian FE spaces V; , € Vi, Vion C Vi,
Qi.n C Qj, fori=1,2,and X;, ¢ L*(Ty) endowed with L?(Iy)-norm. Since the problems at hand
have a saddle—point structure, in order to guarantee the well-posedness of the discretised problem,
we require the FE spaces to satisfy the following inf—sup conditions: there exist ¢y, ¢3, ¢3, ¢4 € R*
S.t.

bi(vin, qi .
inf sup Windin) o o, (4.34)
4 €0 M0} v, evi oy [Vinllviu @i nllo;,

. bi(Vi,h,CIi,h)
inf sup
4i.n€Qi.n\O0Y v, eV, \{0} [vi,nl |v,~,,0,,, 1.l |Qi,h

>civa, 1=1,2. (4.35)

A very common choice in this framework is to use the so—called Taylor—Hood finite element spaces,
namely the Lagrange polynomial approximation of the second—order for velocity and of the first—
order for pressure. We point out that the order of the polynomial space Xj will not lead to big
computational efforts as it is defined on the 1-dimensional curve I'y.

Using the Galerkin projection, we can derive the following discretised optimisation problem.
Minimise over g5, € X}, the functional

n n
Uyp—Uyp

1 2
Tyl ol i gn) = = / ar+ X [ |guar 436)
’ ’ 2 Iy 2 Iy
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under the constraints that ', € V; p, p}', € Q;p satisfy the following variational equations for
i=1,2

mi(ul!y, —ulyt vin)

+ ai(“?,h’ Vi) + ci(u?’h, u:”h, Vi)

At Yv; € Vi,O,h’ (4.37a)
+bi (i, P ) = (' visn)e + ((—1)l+18h,vi,h)r
0

bi(uy, qin) =0 Vqi.n € Qi hs (4.37b)

u:.l = u;l,D,h on Fi,D’ (437(:)

where u:l D.h is the Galerkin projection of u; p onto the trace—space V; x|r; ,. Notice that the
structure of the equations and of the functional (#.30)) is the same as the one of the contin-

uous case. This allows us to provide the following expression of the gradient of the discretised

functional (4.36)):
N
dgn

(uf oty 1381) = ¥8n + (E1,0 — €2,0) I, (4.38)

where &1 ;, and &, 5, are the solutions to the discretised adjoint problem: fori = 1,2 find &, € Vio.n
and A; , € Q; p, that satisty

1
7MWy i) + ai(Mi,ns €in) + Ci (Ui,h, Up g fi,h) +ci (uf’h Ui,h,fi,h) (4.39a)

+bi(ins Ain) = (1) i s Uy =y )ry  Ynin € Vio,n,
bi(&inpin) =0 Yuin € Qin- (4.39b)

In {@38), the restriction |, is meant as an L?(Iy)—projection onto space X;,. We would also
like to stress that at the algebraic level, the discretised minimisation problem acts only on the
finite—dimensional space R? of the variable g, where p is the number of Finite Element degrees
of freedom that belong to the interface I'y.

4.5 Reduced-Order Model

As highlighted in Section [2] reduced—order methods are efficient tools for significant reduction
of the computational time for parameter—dependent PDEs. This section deals with the ROM for
the problem obtained in the previous section, where the state equations, namely Navier—Stokes
equations, are assumed to be dependent on a set of physical parameters. We start with describing
the reduced basis generation based on the Proper Orthogonal Decomposition (POD) technique,
which is followed by two online phases based on a Galerkin projection onto the reduced spaces and
on a multilayer perceptron neural network.
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4.5.1 Reduced Basis Generation

Firstly, we will mention again the need for a supremiser and a lifting function as it is described
in Section [3.4.1] to render the further stability of the reduced—order problem. Once we obtain the
homogenised snapshots u}' , defined as u, , = uj, —Ii', (see Section @ and the pressure
supremisers s}, for i = 1 2, we are ready to construct a set of reduced basis functions. A very
common ch01ce when dealing with Navier—Stokes equations is to use the POD technique; see,
for instance, [81]. In order to implement this technique, we will need two main ingredients: the
matrices of the inner products and the snapshot matrices, obtained by a full-order model (FOM)
discretization as the one presented in the previous sections. First, we define the basis functions for

the FE element spaces used in the weak formulatlon (4.36), @.37) and @.39): Vi o.n = span{¢”‘ ;v“l] ,

Qin = span{qﬁp’} N and X;, = span{¢g , where N, for € {u1, p1,uz, p2, g}, denotes the
dimension of the correspondmg FE space.

We proceed by building the snapshot matrices. First, we sample the parameter space and draw a
discrete set of K parameter values. Then, the snapshots, i.e., the high—fidelity FE solutions at each
parameter value in the sampling set and at each time-step 71, ..., #ps, are collected into snapshot
matrices S,,, € RN *MK S ¢ RN MK Sy, € RN MK forj = 1,2, and S, € RNMK for
the corresponding values.

The next step is to define the inner—product matrices X,,;, X,,, fori = 1,2, and X,:

(Xs)ik = (Xu)jic = (V‘Pzivv‘b?)gi’ for j,k =1,.., N, i=1,2,
(Xp)je = (0707 - for jk =1, NP, i =12,
(Xg)jk = ( i,ébf)ro , for jk=1,..,N¥.

We are now ready to introduce the correlation matrices C,;, Cy;, Cp, fori = 1,2 and C,, all of
dimension MK X MK, as:

C. =ST7Xx.,s,

for every = € {uy, p1,us, p2,51,52,¢}. Once we have built the correlation matrices, we are able
to carry out a POD compression on the sets of snapshots. This can be achieved by solving the
following eigenvalue problems:

C.Q. = QA (4.40)

where * € {uy, s1, p1, u2, s2, p2, g}, Q. is the eigenvectors matrix and A, is the diagonal eigenvalues
matrix with eigenvalues ordered by decreasing order of their magnitude. The k—th reduced basis
function for the component * is then obtained by applying the matrix S. to v}, the k—th column

vector of the matrix Q.:
1

_S* *’
Vi

@) =
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where 4, is the k—th eigenvalue from (4.40). Therefore, we are able to form the set of reduced
bases as

A= {0}, ..., 0N },

where the integer numbers V.. indicate the number of the basis functions used for each component
for « € {uy, p1,u2, p2,s1,52,¢}. Now, it is time to include the supremiser enrichment of the
velocities spaces discussed at the beginning of this section. We provide the following renumbering
of the functions for further simplicity:

(I)ﬁuﬁk =@, fork=1,..,Ny, i=12,

and we redefine N, := N,,, + Ny,;, and new basis functions sets

Ui ._ u; ui
A= {0, |

for i = 1,2 and these new sets are now including extra basis functions obtained from the corre-
sponding supremiser. Finally, we introduce three separate reduced basis spaces — for the state and
the control variables, respectively:

Vy = span(A”), dim(Vy) = N,,

for * € {uy, p1,uz, p2,g}. Now, due to the supremiser enrichment the spaces V]L\‘; and V]’\’,i are
inf-sup stable in the sense (4.35) for i = 1, 2; the proof can be found in [17].

4.5.2 Online Phase

Once we have introduced the reduced basis spaces, we can define the reduced function expansions

n n n n uj P1 up P2 8
(Ul o,N+ PT N> U20 N> Po N> 8N) € Viy XV XVIZ XV X Vi,

as
Nu; Np; Ny
W= > uly @Y pin o= el =12 = 8
LON T L R0k Tk PN T 2P P T L e 8N E ) 8 e
k=1 k=1 k=1

In the previous equations, the underlined variables denote the coefficients of the basis expansion
of the reduced solution. Then, the online reduced problem reads as follows: minimise over gy € Vf\',
the functional

1 2
Ty N (U] ot 8N = —/ Wy - ugN| ar+ 2 [ |gn|?dr, (4.41)
’ 2 Ty ’ ’ 2 Ty
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where u{‘,N = u?’O’N + li”N, Uy, N = ”g,o,N + l;"N and (u1,0.N,P1.N,U2,0.N,P2,N) satisty the
following reduced equations:

+

1
_mi(uly'l,()’N, vi,N) ai(u:'l’()’N’ Vi,N) + Ci(u?’()’N’ u?,O,N’ Vi,N)

At
+ ci(uio N insvion) +eilll n o s vioN) (4.42a)

+ bi(vin. Ply) = (fFvin)a + (CD™ gn,vin)r,
1 1

+ —mi (' vin) = —mi (P, vi
At 1( i,0,N l,N) At l(l,N l,N)

— ai(I} nyvin) —cillin,lin,vin) YVin € VY,

bi(ulon-qiN) = —bi(lln.qin) Vgin € VY, (4.42b)

where [7'); is the Galerkin projection of the lifting function /i, to the finite dimensional vector
space Vy/ andi = 1,2.

Similarly to the offline phase, we notice that the structure of the equations (#.42) and the
functional (4.41)) are the same as the ones of the continuous case, so this enables us to provide the
following expression of the gradient of the reduced functional (4.4T])

dJy N

d2n (uf youy 3 8N) = ¥8N + (1,8 — &2,8)Ir, (4.43)

where (&1 v, &2, n) are the solutions to the reduced adjoint problem: find (&1 n, 1.5, &2.N,A2.N) €
Vi X VI x V& x Vi such that it satisfies, for i = 1,2,

1
Emi(ni,Nefi,N) +a;(ni,N.&iN) i (Ui,N, M?,Nyfi,N) +ci (”ZN’ TIi,N,fi,N) (4.44a)

+bi(ins Ain) = (1) v, Uy y —uy AT, YmiN € Vilfﬁv,
bi(§inspin) =0 Vuin € V. (4.44b)

Above, the restriction -|r, is meant as an L*(I'y)—projection onto space Vf]. We would also like to
stress that from the numerical implementation point of view the reduced minimisation problem can
be recast in the setting of the finite—dimensional space R”, where p is the number of reduced basis
functions used for the control variable g in the online phase, that is p = N,.

4.5.3 POD-NN

In this section, we would like to give a quick overview of the POD-NN method [82]]. After the
construction of the POD reduced spaces as described in Sectiond.5.1] the POD-NN tries to learn
the map that, given the physical parameters and time, returns the reduced coefficients of the POD
projection. To learn this map, we form a training set by the projection of each snapshot for variables
ui, p1,uz, pa onto the corresponding reduced space — U output» * € {u1, p1,uz, p2}. The input set
is composed of the tuples Ujypye that contain K sets of physical parameters (the same ones that have
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Figure 4.2: Physical domain and domain decomposition for the backward—facing step problem

been sampled for snapshot construction) and M time—steps #;,i = 1, .., M; this results in KM tuples
of dimension (L + 1), where L is the number of considered physical parameters.

Having built the input and output training sets, we build an artificial neural network (ANN) for each
component * € {uy, p,uz, p2} which approximates Uinput — Us outpur- Then, the POD-NN reduced
solutions are defined by recovering the predicted values by these ANN in the corresponding FEM
space. Notice that this approach does not require any optimisation algorithm, just the prediction by
ANN at the required parameter value and time step.

The ANN used in this algorithm is a simple dense multilayer perceptron that consists of a
repeated composition of affine operations and nonlinear activation functions [68]]. The chosen
architecture contains 3 hidden layers with 40, 60 and 100 neurons, respectively. This means that
there are 4 affine mappings between the input, hidden and output layers, and at each layer, we use
the hyperbolic tangent as an activation function. The learning of the weights and biases of the NN
is optimised using the Adam algorithm [97], a variation of the stochastic gradient descent. In both
test cases of the numerical result section, we used 5000 as the maximum number of optimisation
iterations (epochs) and 107> as a target for the loss functional.

The hyperparameters are the result of a quick optimization process. We observed that a lower
number of layers/neurons were less accurate in representing the map of interest, while more layers
were too expensive to be trained in terms of necessary epochs.

4.6 Numerical Results

We now present some numerical results obtained by applying the two—domain decomposition
optimisation algorithm to the backward—facing step and the lid—driven cavity flow benchmarks.

All the numerical simulations for the offline phase were obtained using the software FEniCS
[[L], whereas the online phase simulations were carried out using RBniCS [3] and EZyRB [4].

4.6.1 Backward-facing step test case

We start with introducing the backward—facing step flow test case. Figure[d.2]represents the physical
domain of interest, the dimensional lengths and the boundary conditions. The splitting into two
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Physical parameters FE parameters
Range v | [0.4, 2] Velocity—pressure space in a cell | P> x P!
Range U | [0.5,4.5] Total dofs | 27,890
Final time T | 1 Dofs at interface | 130
Time step At | 0.01
Optimization Snapshots training set parameters
Algorithm | L-BFGS-B Timestep number M | 100
itmax | 1000 Parameters training set size K | 62
tolopt 107° Maximum retained modes Ny | 100

Table 4.1: Backward—facing step: computational details of the offline stage

45

I

3

15
l,
I»9
-5

2
I
(a) The singular values as a function of the number (b) Monolithic model fluid velocity and pressure so-
of POD modes (log scale in y—direction) lutions at the final time step
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Figure 4.3: Backward—facing step: POD singular eigenvalue decay of the first 50 POD modes (a)
and the monolithic solution for a parameter (U, v) = (4.5,0.4) at the final time step (b).

domains is performed by dissecting the domain by a vertical segment at the distance 9 cm from the
left end of the channel, as shown in Figure .2}

We consider zero initial velocity condition, homogeneous Dirichlet boundary conditions on
walls T'y,4y; for the fluid velocity, and homogeneous Neumann conditions on the outlet I',,;,
meaning that we assume free outflow on this portion of the boundary.

We impose a parabolic profile u;, on the inlet boundary I';,,, where u;, (x, y) = (w(y), 0)T with
w(y) = U - g(y —~2)(5-1y), y € [2,5]; the range of U is reported in Table Two physical
parameters are considered: the viscosity v and the maximal magnitude U of the inlet velocity
profile u;,. Details of the offline stage and the finite—element discretisation are summarised in
Table @.1] High—fidelity solutions are obtained by carrying out the minimisation in the space of
dimension equal to the number of degrees of freedom at the interface, which is 130 for our test
case. The best performance has been achieved by using the limited—memory Broyden—Fletcher—
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Parameter H POD modes

v 04 velocity u; | 30 || pressure p; | 5 || supremiser s; | 5

U| 45 velocity up | 12 || pressure po | 5 || supremiser sp | 5
control g 5

Table 4.2: Backward—facing step: computational details of the online stage

Goldfarb—Shanno (L-BFGS-B) optimisation algorithm [32f], where the following stopping criteria
were applied: either the maximal number of iteration ity is reached or the gradient norm of the
target functional is less than the given tolerance tol, or the relative reduction of the functional
value is less than the tolerance that is automatically chosen by the scipy library [[183].

Snapshots are sampled from a training set of K parameters randomly sampled from the two—
dimensional parameter space for each time-step #;, i = 1,..., M and the first Np,x POD modes
have been retained for each component. Figure [4.3a) shows the POD singular values for all the
state and the control variables; we can see an evident exponential decay of the singular values.
Figure [4.3b] shows an example of a monolithic (whole—~domain) solution with which we would
conduct a comparison and the numerical analysis of the DD-FOM and the ROM.

In Table B.2] we list the values of the parameters for which we conduct a numerical test of
the ROM and the number of POD modes for each component of the problem. The number of
reduced bases is chosen so that the discarded energy for each of the components is less than 107°.
Reduced—order solutions are obtained by carrying out the minimisation in the space of dimension
equal to the number of POD modes for the control g, which is 5 for our test case. Clearly, the
minimisation in this space of dimension 5 is much simpler than in the FOM one. The optimisation
algorithm used in this test case is the same as in the FOM case described above.

Figures represent the high—fidelity solutions for a value of the parameters (U,v) =
(4.5,0.4) at 4 different time instances. Visually, we can see a great degree of continuity on the
interface, which will be highlighted below. Figure .6 shows the spatial distribution of the error
with respect to the monolithic solution at the final time step for both the FOM and ROM solutions.
As expected, the error of the FOM solution is mostly concentrated at the interface, while ROM
contains some extra noise due to the POD reduction.

Figure.7|shows the number of iterations for both FOM and ROM optimisation processes. Each
iteration of the optimisation algorithm requires at least one computation of the state and the adjoint
solvers. Therefore, we can see that we have managed to obtain a significant reduction in terms of
computational efforts: the average number of iterations over all time steps in the case of the FOM
solver is 170, while it is 24 in the case of the ROM solver. Additionally, each solver at the reduced
level is of much smaller dimension (see Table[4.2)), and with good use of hyper—reduction techniques
(see, for instance, [81]), it will allow to obtain very efficient solvers in terms of computational time.

We would like also to provide a comparison of the full-order and the reduced—order models
with non—intrusive POD-NN model. Due to the discontinuity with the initial condition, the first
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Figure 4.4: Backward—facing step: high—fidelity solution for the velocities #; and u; at 4 different
time instances.
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Figure 4.5: Backward—facing step: high—fidelity solution for the pressures p; and p; at 4 different
time instances.
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Figure 4.6: Backward—facing step: absolute errors of DD-FOM and ROM solutions w.r.t. the
monolithic solution at the final time step.
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Figure 4.7: Backward—facing step: number of optimisation iterations of FOM and ROM solvers
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Figure 4.8: Backward—facing step: relative errors of FOM, ROM and POD-NN solutions w.r.t. the
monolithic solution.
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Figure 4.9: Lid—driven cavity flow geometry and domain decomposition.

time step was excluded from the training set in order to achieve better performance. In practice, this
first step can be computed with a Galerkin projection or a FOM step. Figure {.8|shows the relative
errors with respect to the monolithic solution for the FOM, ROMs and POD-NN model. As we can
see, both FOM and ROM give us very good convergence results — the relative error does not exceed
1% in either case. Regarding the POD-NN, in terms of computational time, it is very effective,
but the approximation can be very poor, especially in the initial and final time steps. Just to give
an idea of the differences in the computational times, one time step of the FOM takes between
30 and 60 minutes, one time step of the ROM (without hyper-reduction) takes around 5 minutes,
while a POD-NN prediction needs around 0.003 seconds. One of the possible scenarios could be
a combination of the ROM and the POD-NN model based on the a posteriori error estimates, so
that the time steps in which a much more computationally effective ANN model fails to produce a
sufficient approximation, the ROM is applied. Similar ideas can be found inter alia in [16].

4.6.2 Lid—-driven cavity flow test case

In this section, we provide the numerical simulation for the lid—driven cavity flow test case.
Figure 4.9 represents the physical domain of interest — the unit square. The split into two domains
is performed by dissecting the domain by a median horizontal line as shown in Figure [4.9b]

We consider zero initial velocity condition, homogeneous Dirichlet boundary conditions on
the boundary I',,,;; for the fluid velocity and the nonzero horizontal constant velocity on the lid
boundary I7j;4: ujig = (U , 0); the values of U are reported in Table We consider one physical
parameter — the magnitude U of the lid velocity profile u;;4. Details of the offline stage and the
FE discretisation are summarised in Table [4.3] High—fidelity solutions are obtained by carrying
out the minimisation in the space of dimension equal to the number of degrees of freedom at the
interface, which is 294 for our test case. Snapshots are derived from a training set of K values
uniformly sampled from the 1-dimensional parameter space for each time-step t;, i = 1, ..., M, and
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Physical parameters FE parameters
vl Velocity—pressure space in a cell | P? x P!
Range U | [0.5, 5] Total dofs | 58,056
Final time T | 0.4 Dofs at interface | 294
Time step At | 0.01
Optimization Snapshots training set parameters
Algorithm | L-BFGS-B Timestep number M | 40
itmax | 300 Parameters training set size K | 10
tolope | 1077 Maximum retained modes Nyax | 100

Table 4.3: Lid—driven cavity flow: computational details of the offline stage

Parameter H POD modes

U 3 velocity u; | 15 || pressure p; | 10 || supremiser s; | 10
velocity u, | 10 || pressure pp | 10 || supremiser sp | 10
controlg | 5

Table 4.4: Lid—driven cavity flow: Computational details of the online stage

the first Npax POD modes have been retained for each component. In Figure [4.10a] we see that
the POD singular values decay even faster than in the previous test for all the state and the control
variables. As before, we show in Figure 4.10b] the monolithic (whole—domain) solution related to
the parameter (U = 3) on which we will test the DD-FOM and the ROM.

In Table 4.4] we report the number of POD modes we use to obtain the ROM. The number of
reduced bases is chosen so that the discarded energy for each of the components is less than 1079,
As before, the ROM optimization is the same as used in the FOM, but on a smaller space with
dimension 5 instead of 294. As an optimisation algorithm in this case we use the L-FBGS-B, but
in this case, we use a smaller value for tolyp of 1076.

Figures represent the DD-FOM solutions for U = 3 at 3 different time instances, where
we see a qualitative agreement with the monolithic solution in Figure [4.10b]

Again, in Figure[d.12]we observe that the number of optimization iterations for FOM is between
10 and 100 times larger than the ROM ones. Recalling that each iteration requires at least one
computation of the state and the adjoint solvers, we obtain a great computational advantage. For
the test with U = 3, the average number of the iteration over all time steps in the case of the FOM
solver is 170, while it is 24 in the case of the ROM solver. Additionally, each solver at the reduced
level is of a much smaller dimension (see Table [4.4)).

As in the previous test case, we would like to provide a comparison of the full-order and the
reduced—order models with non—intrusive POD-NN model. The architecture is still the one reported
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Figure 4.10: Lid—driven cavity flow: POD singular eigenvalue decay of POD modes (a) and the
monolithic solution for a parameter U = 3 at the final time step (b).

in Section[4.5.3] Again, the initial condition leads to a discontinuity in time at the starting timestep,
hence, we exclude it from the training set in order to achieve better performance. Figure[d.13]shows
the relative errors with respect to the monolithic solution for the FOM, ROMs and POD-NN model.
As we can see, both FOM and ROM give us very good convergence results, i.e., the relative error
does not exceed 1% in either case; but, in this case, also POD-NN gives quite good results, indeed,
for each variable the relative error does not exceed 3%. Computational times for each method,
FOM, ROM and POD-NN, are comparable with those of the backward—facing step flow, that is,
one time step of the FOM takes between 15 and 45 minutes, one time step of the ROM (without
hyper—reduction) takes on average 5 minutes, while a POD-NN prediction needs around 0.003

| | |
| | \Q

(a)t=0.01 (b)r=0.05 (c)t=04

1

Figure 4.11: Lid—driven cavity flow: FOM velocity solution at 3 different time instances.
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Figure 4.12: The number of optimisation iterations of FOM and ROM solvers
seconds.

4.7 Conclusions and perspectives

In this chapter, we described and conducted the convergence analysis of an optimisation—based
domain decomposition algorithm for the nonstationary incompressible Navier—Stokes equations.

The original problem cast into the optimisation—based domain—decomposition framework leads
to the optimal control problem aimed at minimising the coupling error at the interface; the problem,
then, has been tackled using an iterative gradient—based optimisation algorithm, which allowed us
to obtain a complete separation of the solvers on different subdomains.

At the reduced—order level, we provided two techniques: a POD—Galerkin projection and a
data—driven POD-NN, both of them on separate domains. In the Galerkin projection, the time
required to solve the optimal—control problem was much shorter, not only because of the reduced
dimensions but also because of the smaller number of iterations. The POD-NN results are less
accurate, but the computational time is way shorter than the other methods.

The aforementioned techniques could be promising for various areas of computational physics.
First of all, these algorithms can be used when complex time—dependent problems arise and domain
decomposition becomes necessary due to a large number of degrees of freedom. Moreover, in the
context of multiphysics, for instance, for fluid—structure interaction (see Chapter[3)), the coupling of
pre—existing solvers on each subcomponent can be exploited in this framework, with the additional
benefit of the reduction for parametric problems, which guarantees high adherence with respect to
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Figure 4.13: Lid—driven cavity flow: relative errors of FOM, ROM and POD-NN solutions w.r.t.
the monolithic solution.

the full order solutions. Finally, in case the codes are not directly accessible, the presented non—
intrusive approach can be used to highly speed up the simulations while still obtaining meaningful
results.



Chapter 5

Fluid-Structure Interaction Problem

In this chapter, we introduce an optimisation—based domain—decomposition formulation of the non—
stationary FSI problem with the incompressible Navier—Stokes equations and the linear elasticity
model. Firstly, we provide a monolithic formulation and its time—discretisation scheme with the
further derivation of the fully decoupled optimisation—-based domain—decomposition formulation
at each time step. Then, we obtain the optimality condition for the resulting optimal control
problem and the expression for the gradient of the objective functional with the following listing
of the gradient-based optimisation algorithm and the Gauss—Newton algorithm for the nonlinear
least—squares minimisation problem. Furthermore, we develop a reduced—order model based on
the Proper Orthogonal Decomposition methodology for the parameter—dependent FSI problem. At
the end of the chapter, we show some numerical results on a two—dimensional haemodynamics
benchmark FSI problem.

5.1 Problem formulation

In this section, we describe a formulation of the time—dependent Fluid—Structure Interaction (FSI)
problem with incompressible Navier—Stokes equations for the fluid model and the linear elastic
structure model. We start by introducing a general description of the FSI model with its corre-
sponding coupling conditions between fluid and structure subcomponents. Then, we introduce
a monolithic formulation of the problem and a notion of Arbitrary Lagrangian—Eulerian (ALE)
formulation that will allow us to describe the fully coupled FSI problem in the reference frame of
coordinates. Here and in the next few sections, the analysis is valid for any value of the physical
parameter, so for the sake of simplicity, we postpone mentioning the parameter dependence of the
problem until Section[5.5]

5.1.1 FSI problem: general setting and coupling conditions

FSI problems describe the dynamical interplay between a fluid and a solid. This interplay takes
place because of the coupling of the two different physics at the FSI interface, namely the part of the

85
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Figure 5.1: Domains and boundaries: Qtf — moving fluid domain, Q° — reference solid domain, F(I)
and I'} (in red) — the fluid-structure interface in its reference and moving configuration, respectively

physical domain that is common to the fluid subdomain and the solid subdomain. The FSI interface
profile is unknown a priori and depends on the dynamics of the fluid and of the structure problem.
The coupling conditions are the result of three principles:

» Continuity of the velocities: this is a kinematic condition, that represents the hypothesis that
the fluid sticks to the moving FSI interface;

* Balance of stresses: this is a classical action—reaction principle, that imposes the balance
between the fluid and the solid stresses at the FSI interface;

* Continuity of the displacements: this geometrical condition imposes the continuity of the
solid displacement and the fluid displacement (which will be described later via ALE map)
at the FSI interface to guarantee that the fluid and the solid domains do not overlap.

5.1.2 Monolithic formulation

Let Q{ c R? be a bounded moving domain at time ¢ > O for the fluid, with the boundary
r tf = F]{, U Fg UTY, and let Q° c R? be a physical structure domain in its reference configuration,
with the boundary I = ffv Uff) UF(I); see Figurefor the details. We have this separation between
the reference and current configurations of the domain of interest due to the fact that to describe
the behaviour of a solid it is common practice to use the so—called Lagrangian formalism: all the
quantities and the conservation laws are formulated on the reference configuration Q° = Q*(r = 0),
whereas when describing the behaviour of a fluid, the Eulerian formalism is used instead: all
the quantities and the conservation laws are formulated on the configuration Q{ at the current
time t. We consider a finite time interval [0,7] with T > 0. Let by : Q{ x [0,T] — R? and
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by : € x [0,T] — R? be the forcing terms for the fluid and structure subproblem, respectively; let
uﬁ and &}, be a given Neumann data on F]]:, and f]sv, respectively. We further introduce uof, the
initial fluid velocity on Q. Jg and cf(s)’at are the initial condition for the structure displacement its

first time derivative on Q.
The FSI problem then reads as follows: find the velocity field u s : Q{ x [0,T] — R?, the pressure

Pr: Q{ x [0,T] — R and the displacement dy: ©Q* x [0,T] — R2 s.t.

Pr [(9tuf +(up-V) uf] —divos(us,pr) = by in Qtf x (0,71, (5.1a)
~divuy = 0 inQ/ x(0,7], (5.1b)
psO2dy —divP(dy) = by inQ°x(0,T], (5.1¢c)
with the following boundary conditions:
up = 0 onT) x[0,T], (5.2a)
a'f(uf, pf)nf = uﬁ on F]{/ X [0, T], (5.2b)
dy = 0 onl% x[0,T], (5.2¢)
P(dyhs = d5, onI% x[0,7], (5.2d)
and initial conditions
up(t=0) = up inQ, (5.32)
d(t=0) = dj in&’, (5.3b)
dds(t=0) = d>” inQ, (5.3¢)
as well as the following constitutive laws
e symmetric gradients:
1
e(v) = 3 (Vv + VTV) , 5.4
U S
) =3 (Vv +¥ v) , (5.5)

* second Piola—Kirchoff tensor for compressible linear elastic material:

P(dy) = Astré(dy)I +2ué(d,), (5.6)

* Cauchy stress tensor for the incompressible Newtonian fluid:

of(up,pr)=-prl+2prvyre(uy). 5.7



88 CHAPTER 5. FLUID-STRUCTURE INTERACTION PROBLEM

Remark (Non—-homogeneous Dirichlet conditions). Notice that above, for the sake of simplicity,
we chose to consider only homogeneous Dirichlet conditions on the fixed parts of the boundaries.
This is due to the fact, that we do not want to complicate the exposition of Section [5.5] below.
Nevertheless, the problem can be very easily adapted to the case with the non—-homogeneous data
in a very similar way as it is done in Chapters [3|and {4

In the equations above, py and p; are fluid and structure densities, respectively, vy — is the
fluid viscosity whereas A5 and ug are the Lamé coefficients for the solid. Due to the difference in
the formalisms of description of the fluid and structure subsystems we have the following notation
above: the gradients V and V indicate over which domain the differentiation takes place, that is, V
refers to the moving domain Q{ and V to the reference structure domain.

Due to the fact that fluid and structure equations are defined on different domains, in order
to formalise the coupling conditions listed in the previous section, there is a need for a mapping
between those subdomains. The most common technique used in such a framework is the Arbitrary
Lagrangian—Eulerian (ALE) formulation. The aim of the following section is to describe how the
ALE formalism works.

5.1.3 The Arbitrary Lagrangian—Eulerian formulation

The Arbitrary Lagrangian—Eulerian (ALE) [51} 153,186} 22]] method is one of the most widely used
methods for the simulation of fluid flows in moving domains. In the ALE formulation, a one—to—one
coordinate transformation is introduced for the fluid domain, and the fluid equations can be rewritten
with respect to a fixed reference configuration. Specifically, we define the time—dependent bijective
mapping A; (see Figure that maps the reference domain Q7 := Qg to the physical domain Q{
as follows: forr € [0, T]

A Q- Q{,

2 oo x=f+de(&0),

where d (1) Qf - Q{ is the so called mesh displacement.

The definition of dy usually depends on the model with a moving domain to be tackled. For
FSI problems, the mesh displacement is defined as an extension of the solid displacement to the
whole fluid domain. In this work, we will use a harmonic extension: find d o Qf — R? such that

-Ad; = 0 in GO, (5.8a)

df = dy on TV (5.8b)

where d is the structure displacement.

It should be highlighted that d r is merely a geometrical quantity that takes into account the
displacement of the mesh points and does not carry any physical meaning.

Great attention should be paid to the definition of fluid displacement, as different definitions of
d  may lead to different levels of continuity of the whole FSI problem. In the context of the linear
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Figure 5.2: ALE map

elastic compressible structure model, the harmonic extension of the structure displacement
d usually does a very good job as we do not expect huge displacement of the interface; in case of
large structure displacement, see, for example, [21]]. For more details, we refer to [153].

5.1.4 ALE formulation of the FSI problem

With the formalism introduced in the previous section, we are now able to perform a pullback of the
fluid equations with the moving domain onto the fluid reference configuration Q/, so that we are
able to obtain a formulation of the FSI problem on the coherent subdomains. In order to perform a
pullback of the Navier—Stokes equation, we define:

F = 7?(,, J = detF,
the deformation gradient and its determinant, respectively. These quantities allow us to rewrite the

FSI dynamics problem in the reference configuration: for every ¢ € [0,T], find i ¢ (¢) : Qf — R?,
Pr(t): Qf SR d (1) : Qf — R%and d,(1) : Q° — R? satisfying the following equations
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by inQf x(0,T], (5.9)
0 inQ x(0,T], (5.9b)
0 inQf x(0,7], (59¢)
ps02ds —divP(dy) = by inQyx (0,T], (5.9d)

with the following boundary

af = 0 onTf x[0,T], (5.10a)

oplap, ppiy = ul, onTY x[0,T], (5.10b)
Iy = 0 on (r};ur};)x[o,r], (5.10¢)

dy = 0 on[% x[0,7], (5.10d)

P(dyhs, = d5, onI% x[0,7], (5.10e)
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and initial conditions

ip(t=0) = uy in&, (5.11a)
dy(t=0) = dy inQ’, (5.11b)
ods(t=0) = dy" inQ. (5.11c)

In equation (5.94), the tensor &7 is the reference representation of the Cauchy stress tensor (5.7):

Gylag.pr) = 65" (dp.iy) + 57 (py), (5.12)

where
oy ig) = vy (VapE + BT ag), 605y = —pyl.

At this point, we are able to write down the coupling conditions described in Section [5.I.1] The
system (5.9) — (5.11) is completed by the following conditions at the interface I';:

if = ddy onlyx[0,T], (5.13a)
Jopip, pr)FTay = —P(do)hs onTyx[0,T], (5.13b)
dy = d, on Iy x[0,7]. (5.13¢c)

In the notations above, ¢ and fiy denote the outward unit normal vectors on the boundaries of
the fluid and the structure reference domains, respectively. From now on, we will solely work in
the reference frame of coordinates, so that, in order to facilitate the description, we will drop the
“notation.

5.2 Domain Decomposition formulation

The scope of this section is to describe the Domain Decomposition (DD) formulation of the FSI
problem obtained at the end of the previous section. We will start by considering two separate
problems, namely, the fluid dynamics problem with the prescribed moving boundary and the
structure problem with prescribed stresses on the boundary. These are followed by variational
formulation and time—discretisation of both problems at the continuous level. At the end of the
section, we present an optimisation—based domain—decomposition formulation at each time step.

5.2.1 Fluid and structure equations with given domain and stresses

Since we aim at completely decoupling the fluid and structure subsystems, we will describe two
separate problems: one is the fluid problem with a prescribed moving domain, where the displace-
ment of the moving interface I'; is prescribed by d; and where the stresses on I'; are given by g1,
whereas the other is the structure problem with the stresses given by g».
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Fluid problem:

* fluid momentum equation

91

prd [Buus +Vuy F™ (g = 9ydg)| = div (Joryup, pp)FT) = byin @7 x (0,7], (5.14)

fluid incompressibility equation
_div (JF_luf) =0 inQ x(0,T],

* extension equation
~Ad; =0 inQ/ x(0,T],

boundary conditions on the moving interface

Jog(up, pr)F g =g onlyx[0,T],
dy =d onIy x[0,T1],

boundary conditions on the static boundary
ur=0 onF)f)x[O,T],
of(up, ppng = uL on F]{, x [0,T],

dr=0 on (r{)urj;)x [0,7],

initial condition
ug(t=0)=ug in Q.
Structure problem:

* extension equation
ps02ds —divP(dy) = by in Qg x (0,T],

* boundary conditions on the moving interface

P(ds)ng =g, onIyx[0,7T],

* boundary conditions on the static boundary

dg = 0 onI},x[0,T],

P(dg)ng = dy, onTy x[0,T],
e initial conditions
ds(t = 0) = d(; in .QS,
ddy(1=0) = dy" inQ".

(5.15)

(5.16)

(5.17a)
(5.17b)

(5.18a)
(5.18b)
(5.18¢)

(5.19)

(5.20)

5.21)

(5.22a)
(5.22b)

(5.23a)
(5.23b)
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5.2.2 Variational (in space) formulation

In this section, we will provide variational formulations in space of the fluid and structure problems
described in the previous section. Firstly, we define the following spaces:

Vi = {vfe [Hl(Qf)]zz vf:Ooan,D},

Qr = LY,

Ef = {v_f € [Hl(Qf)]2 :vp=0o0n F_f,D},
Efro = {vfe [Hl(Qf)]Z: vf=00nl"f,DUF1},

E, = {es € [HI(QS)]2 : es=0o0n FS,D}.

We equip the spaces V¢, E¢ and E ¢ o with H(l) (Q/)-norm, the space Q f with L*(Q)-norm and
the space E with Hé (Q%)-norm. We also introduce the following notation: by (-, -),, we denote
L?*(w)—inner product.

The variational counterparts of the equations (5.14)— (5.19) and (5.20)— (5.23) reads as follows:
for every t € [0,T] find us(t) € Vi, pr(t) € Qp, de(t) € Ef and ds(t) € E; satisfying the
following equations:

* fluid momentum equation

mf((‘),uf,vf;df) + af(uf,v_f;df)+C?LE(5,df,v‘f,uf;df)

+ b?(Pfan;df) +ep(upup,vedys) (5.24)
= ff(Vf;df)+(uﬁ,vf)rﬁ+(g,vf)r, Yvr € Vy,
* incompressibility equation
bi(up,qp;ds) =0 gy € Qy, (5.25)
* extension equation
a;(df,ef) = 0 VereEyy, (5.26a)
de(t) = dy(t) only, (5.26b)
* structure equation
ms (07 ds, e5) + as(ds, e5) = fi(es) + (dy, es)r;V +(g2,e5)r; Ves € Eg, (5.27)

together with initial conditions (3.19) and (5.23). Above, by d; () we denote some extrapolation of
ds (1) using previous time instances and the forms present in the equations are defined as follows:
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* fluid velocity mass form

me(w,veidy) = /g;f Jprw - vrdQ, (5.28)
* fluid stiffness form
ap(ugp,vsdy) = /Qf Jo{“(dp,up)F" - Vv pdQ, (5.29)
* fluid ALE form
AHE(w,vpupidyp) = - /Qf Jog [VurF~ ' w-vpdQ, (5.30)

* fluid incompressibility forms

be(pg,vysdy) = /Qf Jol (pp)FT Vv pdQ, (5.31)
bE(us.qssds) = - /Qf div (JF~"us) qdQ, (5.32)

* fluid advection form
cf(uf,wf,vf;df):/ pr [VWfF_l] uf-vfdQ, (5.33)

of
* fluid forcing form
frvysdy) = / Jby-vedQ, (5.34)
of

* extension fluid stiffness form
a;(df,ef) = / Vdf : VEfd.Q, (5.35)
Qf
* structure displacement mass form

ms(w, es) = / psW : esdga (536)
Qs

e structure stiffness form
as(ds, es) = / P(dy) : VeydQ, (5.37)
QS

* structure forcing form

fsles) = / by - e5dQ. (5.38)



94 CHAPTER 5. FLUID-STRUCTURE INTERACTION PROBLEM

5.2.3 Discretisation in time

We will proceed with the time discretisation of the variational equation obtained in the previous
section. The discretisation of the fluid equations will be carried on by the implicit Euler scheme,
while the time discretisation of the solid equation will use the central second—order difference
scheme. Let us introduce the following notation: we denote by £” the function £(#"*) at time ¢". The
resulting time discretisation is then given as follows: for n > 1 find u; € Vy, p; € Qy, d;’c € Ey
and e} € E; satisfying the following equations:

* fluid momentum equation

+

1 n . n . n 1 ALE ; jn n. gn
A_tmf(uf’vf’df) af(uf,Vf,df)+A—tcf (d -,Vf,uf,df)

+ b?(p;, vedy) +cp(upuf, vy dy)

1 i
= (] l,vf;df)+ff(vf;d;)+(u§,vf)rf (5.39)
N
1 ALE

o T v d) + (8 v Y ey,

* incompressibility equation

bi(u't,qp;df) =0 Vgp € Qy, (5.40)
* extension equation
a?(a’”,ef) =0 Vef € Ef,(), (5.41&)
a’;’c = dy" only, (5.41b)
* structure equation
im(d"e)m(d"e) = im(d”—le)+f(e)+(ds es) (5.42)
At2 s\Ug5 €5 s\lg5 €5 = Atz s\dg €5 s\€s N> Sl"i] .
1 -
- Ems(d;‘ z,es) + (g3, es)r, Ve, € E,
and
W=, dy' =do—Atdd?,  d) = dp. (5.43)

As before, dy™" is an extrapolation of the quantity d” obtained using previous time—step values, for
example, d;"" can be defined as
dem =240 - dn (5.44)
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5.2.4 Domain Decomposition formulation

Now, having in hand all the necessary ingredients, we are able to write down an optimisation—based
domain—decomposition algorithm for the FSI problem (5.9) — (5.13). It reads as follows: minimise
over g € L*(I';) the functional

1
J, (', d%; g) = =
V(Mf K g) 2,/1"1

subject to the following state equations for n > 1:

2

ar+ 2 [ |gPar (5.45)
2 Jr,

o 3dn —4dn! 4 g2
“r AL

* fluid momentum equation

+

1
—myg(up, vy dy)

1
n .n ALE ( gn n. gn
Y af(uf,\}f,df) + N (d -,Vf,uf,df)

+ b?(p;, Vs d;ﬁ) + cf(u_';, u_';, Vs d;‘c)

- imf(u;—l,vf;d;) + frvpidy) + (uﬁ,\/f)rﬁ (5.46)
+ éc?LE(d;’fl, vy, u?; d_’}) + (8, vy Vvyp € Vg,
* incompressibility equation
bji(u;,qf;d;) =0 Vqr€Qy, (5.47)

* extension equation

a?(d;i, ef) =0 Vef (S Ef’o, (5.483)
d;’c = dy" only, (5.48b)
* structure equation
1 n n 2 n—1 N
A_tzms(ds,es) +as(ds,es) = A_tzms(ds ,es) +fs(es) + (dNa es)p;v (5.49)
1 _
- mms(df 2 es) — (g, es)r, Ves € Eq,
and

Wl =ug, di'=do- Atd®%,  d° = dj. (5.50)

It can be easily seen that thanks to the fact that we use an extrapolation for the fluid—displacement
problem (5.48), the variable d'; can be computed at the beginning of the time step and then substituted
into the fluid momentum and incompressibility equations.
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5.3 Optimality system and optimisation algorithms

In this section, we will present some techniques for dealing with the optimal control problem intro-
duced at the end of Section[5.2] In the first part, we will derive an optimality system via Lagrange
multiplier techniques. This will allow us to find the formula of the objective functional gradient
that will open many ways of tackling a minimisation problem by gradient-based optimisation al-
gorithm. In the second part, we will rewrite the problem in the context of non—linear least square
minimisation problem and describe the Gauss—Newton optimisation technique.

5.3.1 Optimality system

One of the ways to address the constrained optimisation problem is to reformulate the initial problem
in terms of a Lagrangian functional by introducing the so—called adjoint variables. In this way, the
optimal solution to the original problem is sought among the stationary points of the Lagrangian,
see, for instance, [76, 183]].

We define two sets of variable: the state variables V" = {u?, p;’c, d?} € VpxQr X Eg and

the adjoint variables © = {{,—‘ N fs} € Vy X Qy X E;. The Lagrange functional for our optimal
control problem is defined as follows:

1
L(vredg) = sujdie) - [Emf(u?’ff;d@ tay(upgridyp) ©-1)
1
v ) )
1 - 1 A -1
- o ,gf;d;i)—f}‘(gf;d;)—A—tchE(d} ,ff,u};d})}

1
- b?(”;’ Tlf;d;lf) - [Pms(d?’gs) + as(d?’ fs) - fvn(fs)]

+

(”ﬁ,é:f)rlj\vl + (d}v\]’ é:’)l"]‘v + (g’é:f)l"l - (g’ é:s)l"l'

As has been pointed out before, the fluid displacement d? can be precomputed before, so that we
do not need to introduce a Lagrange multiplier or a lifting function for this variable.

We now apply the necessary conditions for finding stationary points of £. Setting to zero the

first variations w.r.t. £7 € Vy and ny € Qf and & € E; yields the state equations (5.46)—
and (5.49). Setting to zero the first variations w.r.t. u;‘p, p? and e yields the adjoint equations:
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* adjoint fluid momentum equation

1 n
A—tmf((SVf,ff;d;f-) + af(5Vf,.ff;d?)+Cf((5Vf,u;f-,§f;df)
cr(uy,6vy.épid}) + 05 (6vy,mpid}) (5.52)

-y
C?LE ( : ; ,ff,év]f;d;’c)

+

+

A

( L 3d"—4dr 4 gn? 5 ) sy eV
= - SOV v € Vg,
4 2At Iy

* adjoint incompressibility equation

b (Er,0q5:d}) =0 Véqr € Qp, (5.53)
* adjoint structure equation
1
Ems(éessfs) +ag(deg, &) (5.54)
o 3dy—d4di +di? 3

= ,———0¢y Voe, € E,.
Uy AL AL e‘s)r, €s s

Finally, setting to zero the first variations w.r.t. g € L?(I';) yields the optimality condition:

Y (h,@)r, + (h.&f)p, = (h &), =0 Vhe L*(I)). (5.55)

5.3.2 Sensitivity derivatives

In order to obtain the expression for the gradient of the optimisation problem at hand, we will
resort to the sensitivity derivatives approach; see, for instance, [[76}[83]. The approach consists of
finding equations for directional derivatives of the state variables with respect to the control, called
sensitivities.

The first derivative % of 7, is defined through its action on the variation g as follows:

dly \ [, 3dr—4dr'+dp?
dg 8 = \"r 2A1

g 3 - -
s up — Eds)rl +7(g7 g)FI’ (5.56)

where iy € Vg, pr € Qf and d, € E; are the solutions to:

* sensitivity fluid momentum equation

-1
1 - . on - .o ALE 7~ 45 - o
Emf(uf,\/f,df) + af(uf,Vf,df)+cf T,Vf,uf,df

+ b?(ﬁf,vf;d?)+Cf(ﬁf,u;,\)f;d;’c)
+ Cf(u;-,ﬁf,\}f;d?) =(& v, YvpeVy, (5.57)
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* sensitivity incompressibility equation
bi(is,qr;d}) =0 Vqp€Qy, (5.58)
* sensitivity structure equation

1 ~ ~ -
Pms(ds, es) +as(ds,es) = —(8,es)r, Ves € Es. (5.59)

We can make use of the adjoint equations (5.52))— (5.54) in order to find the representation of the
gradient of the functional ;. Let &, n¢ and § s be the solutlons to G.52)- @ and if, pyand
d, be the solutions to (5.57] - (5.59). By setting 6v ¢ :=ii s in (5.52), 6qf := py in ), Sey = d
in (5.54), and vy := &7 in (5.57) and g := 5 in (5.59), e, := §~‘S in (5.59), we obtaln.

3dp —4dr! + dp?

3
" 1 ~ ~
Yo 2At T AL d (g’gf)rl - (g, §S)F1$

so that it yields the explicit formula for the gradient of jy:

dJ, n
7( W dlig) = yg +&flr, — &lry (5.60)

where &7 and &, are determined from g through (5.52)— (5.54). Notice that the gradient expres-
sion (5.60) is consistent with the optimality condition (5.55)) derived in the previous section.

5.3.3 Gradient-based algorithm for the optimisation problem

In view of being able to provide a closed—form formula for the gradient for the objective functional
Jy, the natural way to proceed is to resort to a gradient-based iterative optimisation algorithm.

In order to keep the exposition simple, we will describe the idea using a simple gradient method
with a fixed step, while, in practice, we will use more sophisticated gradient—based methods. For
every time step 1", given an initial guess g(°), which we set from the previous time step, we update
successive values of g(/) with

QD) = ) _ @ (un,(j)’d;t,(j);g(j))_ (5.61)
dg \'/

Combining this with (5.60) we obtain:

()

N

1

U+ = () _ ) 4+ () 5.62
g gl —a (7g Sl _E (5.62)
where & ; /) and £{) are determined from (5.52)~ (5.54) with g replaced by g/).

To summarlse we describe in Algorithm [5.1] the procedure used to find g” at every time step
1. Some of the common convergence criteria for Algorithm [5.1] are values of the functional or
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Algorithm 5.1 Gradient-based algorithm for optimisation

Input: g© :=¢" 1 o >0
j:=0
while Convergence criteria are not metdo
Solve (5.46)— (5.49) for u;’(” € Vy, d;l’(j) € E; withg = g/

Solve (5:32)- (5.354) for £ € Vy, &7 € Ey withus =y, ar = dV)
Updat (J+1) = (1= () _ () _ ()
pdate g (I—ay) gl —a{&pr| — &7
Ji=j+1
end while
return g" := g(/)

of the gradient norm smaller than a given tolerance and the maximum number of optimisation
iterations. Most commonly, a couple of them are used together. In practice, the methods we will
use to solve such problems are Broyden—Fletcher—Goldfarb—Shanno (BFGS) and Newton Conjugate
Gradient (CG) algorithms, which show faster convergence and higher efficiency with respect to the
steepest—descent algorithm.

Remark (Sensitivity of “black—box” gradient optimisation algorithms to small data). In the numer-
ical results presented at the end of this chapter, the structure (and consequently fluid) displacement
has a very small magnitude. In this case, the “black—box” gradient optimisation algorithm as, for
example, the algorithms from the scipy library [183] used for the simulations in Chapters[3]and 4]
sometimes show very slow convergence. This prompted us to search for different optimisation
methods, and one of these will be described in the following section. Nevertheless, we believe that
in other FSI settings, the procedure above might be very effective.

5.3.4 Non-linear least squares setting

We use non-linear least squares to develop a computational algorithm for the constrained optimal
control problem.
We define the non-linear operator N,, : L?(I';) — L?>(I';) x L*(I';) by

_3di-4dy'+dp?
2At

V8

where u’} and d? are solutions to the state equations (5.46)— (5.49) with g as a stress function on
the interface I';. Then, the functional f, can be rewritten as

n

Nn(g) = (uf

Iy

r,) , (5.63)

1
Ty s 8) = SNy 21y (5.64)

The non-linear least square optimisation problem is the following: minimise the functional (5.64)

over g € L*(I';) subject to (5.46)— (5.49).
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To tackle this problem, we undertake the strategy described in [/7,98]]. The functional N, can be
linearised at a point § € L?(I';) by using its Fréchet derivative N’ (g) : L*>(T';) — L*>(T7) x L*(T';)
by

Na() = Na(@) + Ni(@) g = 81+ 0 (Ilg = &lP 1 2y ) -

Then, solutions of the nonlinear least squares problem can be obtained by repeatedly solving the
linear least squares problem: minimise over # € L?>(I';) the following

1 _ ;o
SING) +Na @I 1, gy (5.65)

where h = g — g. Hence, starting with arbitrary g(*), we can find a sequence {g¥} obtained by
g®) = gk~ 4 () where h¥) is the solution of the linear least square problem above. We will
make use of the conjugate gradient algorithm.

5.3.5 Fréchet derivative and its conjugate

For § € L*(TI'}), the Fréchet derivative N,,’(g)[-] : L*(I';) — L*(I';) x L*>(I';) is defined by

3
N,/ (§)[h] = (Wf I :ﬁz_f ¢S|F’), (5.66)

where w ¢ and ¢ are the solutions to

+

-1
1 n_ 4qn
—mf(wf,vf;d;’c) af(wf,vf; d;ﬁ) + C?LE (g,vf,wf;d;‘c

At At
b?(l,bf, V§s d?) + Cf(w_f, g, Ve, d?)
Cf(l/_tf, wry, Vf;d?) = (h, Vf)r, Vv € Vy, (5.67)
bE(wsqpid}) = 0 VqreQy. (5.68)
and
1
A_tzmS(QbS’ es) + as(¢5a es) = _(h7 es)l"l Ves € Eg, (5.69)

where ii s is the solution to the fluid state equations (5.46)— (5.49) with g replaced by g.
The adjoint of N,,’(g)[-] is (N,.'(2))* [-] : L*>(T';) x L*(I';) — L*(T'}), given by

, 3
(N (2)) [Z] = Brle, = 5 @5l + Vs, (5.70)
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where B and ¢ are solutions of

F—dy!
le(Vf,ﬂf;d;lc) + C?LE T,ﬂf, Vf;d?

+

1 n
AWy Bridy)

b?(vf,a/f;d?) +cf(vf,ﬁf,ﬁf;d;£)
cplip, vy, Brsd}) = (r,ve)r, VvyeVy, (5.71)

bi(as.Br;d}) = 0 VqpeQy, (5.72)

and

1
Fms(es, @s) +as(es, ps) = —(r,es)r, Ves € Ej. (5.73)

Indeed, by setting vy :=wyin (3.71), g := ¢ in (3.72) and e, := ¢, in (3.73), we get

-1
1 ;1— d;i
(Wf,”')rl A_tmf(wf’ﬁf;d;) +af(Wf,,8f;d;) +C?LE — ,,Bf,wf;d;‘c

+ bEwpapd}) +eulip wr Brid}) +cu(wy. iy, Bridy)
+ bWy Brid}) = (BB,

and

1
(—¢ss r)l", = A_tzms(¢s’ ¢s) +as(¢s, ¢s) = —(h, ¢5)ry-

This leads to
3 3
- —— ., = - ——.h
(Wf 2Al¢$ r)r, (ﬁf 2At905 )1"1

that, in turn, gives us

<<Nn'<g>[h], ()>

3
(Wf - 2_At¢s’r)n +/y(h, $)r,

3
T AL Sah ’
(3= 5o+ vrn o,

<h, (N, (2))" H> .

The Fréchet derivative (5.66) and its conjugate (5.70) derived here are the key elements of the
Gauss—Newton optimisation algorithm that will be described in the next section.
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Algorithm 5.2 Gauss—Newton (GN) algorithm

Input: g(o) = g”‘l, Itax and &;0;
for j=1,..., 1ty do
Solve@ @)foru ey andp ) e Qs with g = gli=D
Solve @ for ™) € E; with g = gU~ 1)
Solve (5.48)) for d" () with @2 = d" )
if%/lil u?(]) 3 3d™ (1)_;21;; 1+d;’ 2
break
end if
Compute ) by the Conjugate Gradient Algorlthmnwnh A=N, ( (J —1)),
b=~Ny (1) and A" = (N, ("))’
Set g(/) = gl=D 4 p(),

dF < &0 then

end for . . .
Set M? — ?(J)’pf _ p;lc () d;t = d;’(l),d? = d?’(.l),gn = g(])
return uf, pf, d" dy, g"

5.3.6 The Gauss—Newton optimisation algorithm

The nonlinear least squares problem described in Section can be solved using the Gauss—
Newton Algorithm [5.2]

In Algorithm [5.3] we show the conjugate gradient algorithm used in the Gauss—Newton opti-
misation process. More details can be found in [[77, /3. 167].

Now that we have described the whole setting on the continuous level, we can move onto a
spatial discretisation and a reduced—order model setting. This will be the topic of the following
sections.

5.4 Finite Element discretisation

In this section, we present the Finite Element spatial discretisation for the previously introduced
optimal control problem. We assume to have at hand two well-defined triangulations 77 and 7y
over the domains Q/ and Q°, respectively, and an extra lower—dimensional triangulation 7; of the
interface I';. In theory, there is no requirement for the meshes 7 and 7 to be conforming on the
interface ['7, but in the numerical examples listed later in the chapter, this limitation was imposed by
the software. We can then define usual Lagrangian FE spaces Vy, C V¢, Qfrp C Qi Erp C Ey,
E¢on C Efpand X, ¢ L*(T'y) endowed with L?(I'y)-norm. The spaces V., E ¢, and E ¢ o , are
endowed with Hé (Q/)—norm, the space Q £ with L?(Q/)-norm and the space E ; with HO1 (Q%)-
norm.

Asithas been highlighted in Chapter[d] the discretisation of the fluid subsystem leads to a saddle—
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Algorithm 5.3 Conjugate gradient (CG) algorithm for the least squares problem

Input: A, A*, b, h© ity €100
r0 =p - A[RO)]
p(o) = A*[r(O)]
for j =0,...,ity,x do
if [|4* [+l 2, < Eror then
return 1)

end if
Compute
#7112
P i [
- 1112
||A[p(])]||L2(F1)><L2(F1)

Set KUY = p() 4 (1) p()
Set rU*D = () — (D A[p)]
Compute

|A*[rU*D]| 2

20 = L2 ()
||A* [r(j)] ||iz(rl)

end for
return A/

point problem. In order to guarantee the well-posedness of the discretised problem, we require the
FE spaces V¢ j, and Q j, to satisfy the following inf—sup condition in the ALE—coordinates, see,
for example, [153]: there exists ¢ € R* s.t.

bEW fnsdrnsdy,n)

inf sup - 1 > c, (5.74)
ar.n€Qrn\{0} ven€Vyn\{0} ||]§Vf,hF_T| |Vf,h | |J§CIf,h||Qf,h

forevery dy , € E¢ . A very common choice in this framework is to use the so—called generalised
Taylor—Hood finite element spaces, namely the Lagrange polynomial approximation of the second—
order for the fluid velocity and displacement, and of the first-order for pressure. We point out that
the order of the polynomial space Xj will not lead to big computational efforts as it is defined on
the 1-dimensional curve I';.



104 CHAPTER 5. FLUID-STRUCTURE INTERACTION PROBLEM

5.4.1 Discrete optimal control problem for domain decomposition formulation

Using the Galerkin projection, we can derive the following discretised optimisation problem.
Minimise over g5, € X, the functional
2

n _ n-1 n-2
3ds,h 4ds’h +ds,h

dF+% lgn2dl  (5.75)

1
Jyn(u'y . d? ;gh)z—/
y.h\Uy sl 2 Jr, N

n —
“r.n QAL

under the constraints that u']i n € Vin p} n € Of.hs d;’c e d;’ n € Esn satisfy the following
variational equations subject to the following state equations for n > 1:

* FEM fluid momentum equation

Aitmf(u;’c’h,\/f,h;d?,h) + ap(uf v d; ) +b?(p;,h’vf,h§d;lc,h)
-1
+ C?LE W’vﬂh’u;,h;d;,h)
+ (s pvensdy ) (5.76)
= imf(”;l‘,_hl’vf,md?’h)+ff(Vf,h§d§£,h)
+ (”ﬁ"’f,h)rlf\»] +(&gn> Vet Yrn € Ve,
* FEM incompressibility equation
bE WS s arnsdi ) =0 Vapn € Qp (5.77)

* FEM extension equation

ajp(dfepn) = 0 Yern €Efon, (5.78a)
dy, = dg, onTy, (5.78b)
* FEM structure equation
1 n n 2 -
A_lzmS(dS’h, es,h) + aS(ds,h’ es,h) = A_tzmS(ds’h , es,h) + fs(es,h) 5.79)
: 1 .
+ (d}s\]9 es,h)rk - mms(ds,hz’ es’h) — (gh, eS,h)F[ Ves’h c Es,h,a

and

wyy =uon, dij=dy, - AdyY, dY, =y, (5.80)

N
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n

0., is the Galerkin projection of ug onto Vy p,, d.}' is the Galerkin projection of dy" onto

where u h

Es ., dy ,, and dg’gt are the Galerkin projection of d;j and dg’al onto E 5, respectively. Notice that
the structure of the equations - and of the functional (5.73) is the same as the one
of the continuous case. This allows us to provide the following expression of the gradient of the

discretised functional (5.75):

dJy.n
dgyh (W} o Y 181) = Y8 +Efnlry = Enlry, (5.81)

where &7, and &; ), are the solutions to the discretised adjoint problem: find {7, € Vi p, nrn €
Or.nand &y, € Eg ), that satisfy

* FEM adjoint fluid momentum equation

1
Emf(évf’h’ Efons d;l‘,h) + af(&/f,h, Efns d;lr’h) + Cf(dvf,h, M;,h’ Ef.hs d;lf,h)
+ e} oV Erndy ) +bE (v g d} )
an - dn—l
ALE o T foh . n
+ Cf (T"ffah’évfah’df,h) (5.82)
L 3dy, —Ad - d e
= |upn— AL ,OVin Yoven € Vip,
Iy
* FEM adjoint incompressibility equation
b3 (Ern0qrn;df ) =0 Voqsn € Qp, (5.83)
* FEM adjoint structure equation
1
A_tzms(ées,hv fs,h) + as(ées,h’fs,h) (5‘84)
i 3dy, - 4d;';11 + d;l;lz
= uf,h — AL , _Eées’h V(Ses’h (S Es,h-

Iy

In (5.81), the restriction -|r, is meant as an L?(I";)—projection onto space Xj. The above formulae
allow us to write down the gradient-based algorithm similar to Algorithm [5.1] We would also
like to stress that at the algebraic level, the discretised minimisation problem acts only on the
finite—dimensional space R? of the variable g5, where p is the number of Finite Element degrees
of freedom that belong to the interface I';.
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5.4.2 Non-linear least squares setting

We use non-linear least squares to develop a computational algorithm for the constrained optimal
control problem. We introduce a notation that will be used throughout the section: the restriction
|, is meant as an L?(T';)—projection onto space Xj,. We define the non-linear operator N,, j, :
Xn — Xp x Xy, by
g |
Noai(gn) ="l 2] (5.85)
\VY&n

where u’; |, felnd dg are solutions to the state equatif)ns G.76)- .79 with. gn € Xp, as adisctretised
stress function on the interface I';. Then, the functional 7, ; can be rewritten as

1
Ty g d s 8n) = 51N (8011, (5.86)

The non-linear least square optimisation problem is the following: minimise the functional (5.86)
over g5 € X, subject to (5.76)— (5.79). This problem can be tackled in a similar fashion as
on the continuous level, namely using the Gauss—Newton Algorithm [5.2] Considering that the
discrete non—linear least squares optimisation problem described above has the same structure as
the continuous one, it is straightforward to derive the Fréchet derivative and its conjugate for the
functional N, p.

For g;, € X}, the Fréchet derivative N,’q’h(gh)[-] : Xp — Xp X Xj, is defined by

N, (@] = [l ~ 287 sl (5.87)
where w s j, and ¢ 5, are the solutions to
-1
1 d”’h - d",h
A—tmf(Wf,h, V£ d;,h) + af(Wf,h, V£ d;lh) + C?LE (%, Vi hsWFE hs d;(l',h
b?(%//f,h, venidy )+ crWensitgn,vensdy ) (5.88)
crliapnwrnvendy,) = Unven)r, Yven € Vi,
bEWrmarnsdyy) = 0 Vapn € Qpn (5.89)
and
1
Ems(‘ps,h’ es,h) + as(¢s,h, es,h) = _(lh’ es,h)FI Ves,h € Es,ha (590)

where il j, is the solution to the fluid state equations (5.82))— (5.83)) with g, replaced by gj.
The adjoint of N’ , (8n)[] is (N;L h(gh)) []: Xn x X, — Xp,, given by

, _ *|rp 3
(Nn,h(gh)) Lh] = Bralaw, - AL @s.hl 20y + VY Sh: (5.91)
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where Br j, and ¢ 5, are solutions of

1 d;lf h d;l‘_hl
. . ALE | Fs : ,
A_tmf(vf,h,ﬂf,h,d;lc,h) + ar(venBrady ) +cy A—l,ﬁf,h,\/f,h,d},h
b arnsd} ) +crvrn g Brudy,) (5.92)
crlig,nvenBrnidy ) =Tnvenr, Yven € Vi,
b (arnBrasdiy) = 0 Vapn€Qpn (5.93)
and
1
mms(es,h, ‘;Ds,h) + aS(eS,ha ‘ps,h) = _(rh, es,h)Fl Ves,h € Es,h- (594)

Now, having at hand the high—fidelity FEM model, we are able to derive a reduced—order model:
this will be the topic of the following section.

5.5 Reduced-Order Model

As highlighted in Section [2] reduced—order methods are efficient tools for significant reduction of
the computational time for parameter—dependent PDEs. We will now deal with the ROM for the
problem obtained in the previous section, where the state FSI problem is assumed to be dependent
on a set of physical parameters. We start with describing the reduced basis generation based on the
Proper Orthogonal Decomposition (POD) technique, which is followed by an online phase based
on a Galerkin projection onto the reduced spaces.

5.5.1 Reduced Basis Generation

Firstly, as it has been highlighted in Section[5.4] the discretised fluid subsystem has the saddle—point
structure. We therefore mention again the need for a supremiser, as it is described in Section[3.4.1]
to stabilise the reduced—order problem. In the case of the fluid dynamics problem with a moving
domain, having at our disposal an ALE map, we are able to perform a pullback of the equation (3.21)
onto the reference domain Q/ and obtain the following problem for a supremiser variable: find
sp € Vy satistying

(JVSZ,hF_lF_T, va’h)gf = bf} (Vf,h,p;’h; d?,h) VVf,h € Vf,h. (5.95)
Once we have at our disposal the snapshots for variables u’; o p;’ e d;‘c, e d?, ne &, and the

supremisers s;’ ,» We are ready to construct a set of reduced basis functions. Again our choice
is to use the POD as it is described in Section [2.3] In order to implement this technique, we
will need two main ingredients: the matrices of the inner products and the snapshot matrices,
obtained by a full-order model (FOM) discretization as the one presented in the previous sections.
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First, we define the basis functions for the FE element spaces used in the weak formulation (5.75)
P f dg

NI Nits
and (5.76) - @]) th—span{¢ ]l,th—span{qﬁpf}J],Eh—span{¢ Jl,and

X, = span{¢g = 1, where N for x € {u £ Pfds, g}, denotes the dimension of the corresponding
FE space. Notlce that we do not require a basis for a fluid displacement variable d}: we will deal
with it in a simplified manner that will be described later in the section.

We proceed by building the snapshot matrices. First, we sample the parameter space and draw
a discrete set of K parameter values. Then, the snapshots, i.e., the high—fidelity FE solutions
at each parameter value in the sampling set and at each time-step 1, ..., a7, are collected into
RNZfXMK’ S

"f Pf ds
N, 7 xMK N, 7 xMK N SxMK
5, € RN L Sp, € RM , Sq, € RM:

snapshot matrices S, € and

NEXMK
Sg €R™ .

The next step is to define the inner—product matrices X, s Xsps Xprs X, and X,:
(Xy,) k= (Xup)jk = (V¢kf’V¢“f) for jok = 1,.., N,
(pr)]k ( J ) fOI'j,kZ 1,...,fo,
(Xa,)jk = (V V¢d‘) for j,k =1, ...,N;‘,
(Xeg)jk = (¢g,¢g) for j,k=1,..,NE.
We are now ready to introduce the correlation matrices C, 4+ Cs,,s Cpys Ca, and Cg, all of dimension

MK x MK, as
C. =S8T7Xx.,s,

for every * € {uys,sp,pyr.ds, g}. Once we have built the correlation matrices, we are able to carry
out a POD compression on the sets of snapshots. This can be achieved by solving the following
eigenvalue problems:

where * € {uyr,s,,pr,ds, 8}, Q. is the eigenvectors matrix and A, is the diagonal eigenvalues
matrix with eigenvalues ordered by decreasing order of their magnitude. The k—th reduced basis
function for the component = is then obtained by applying the matrix S, to v, the k—th column

vector of the matrix Q.:
1

T
where A; is the k—th eigenvalue from (5.96). Therefore, we are able to form the set of reduced
bases as

O = Sy

At = {0}, ..., 0N },
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where the integer numbers N, indicate the number of the basis functions used for each component
for « € {uyr,sp,py.ds, g}. Now, it is time to include the supremiser enrichment of the velocities
spaces discussed at the beginning of this section. We provide the following renumbering of the
functions for the velocities for simplicity:

QY =@, fork=1,..,Ny,, i=12,

Nuf+k :

and we redefine N, ;= Nu, + N;,. Hence, the new basis function sets are
Ufr ._ ur ur
A = {@1 ,...,d)Nuf} ,

including the extra basis functions obtained from the corresponding supremiser. Finally, we intro-
duce separate reduced basis spaces — for the state and the control variables, respectively:

V]f] = span(ﬂ*), dim(V;,) =N,,

forx € {uys, py,ds, g}. Now, due to the supremiser enrichment the spaces V,l:,f and Vf:,f are inf—sup
stable in the sense (5.74)); the proof can be found in [18].

Harmonic extension of the fluid displacement

In order to generate a reduced basis for the fluid displacement, we resort to the idea described in
[19]. Having at hand a reduced basis for the structure displacement A%, we can build reduced
basis functions for the variable d; by performing a harmonic extension of each basis function

@?s, i=1,...,, Ng, to the fluid domain. The i—th reduced basis function @flf is therefore defined by

A =0 inQ/f, (5.97a)
M =% onTy, (5.97b)

fori =1, ..., Ng,. We can then define the fluid displacement reduced space V;l]f as

Ny

d d
VNf = span {dDif}izl .

The reasons for defining the basis functions for dy in such a way are two: the POD compression is
quite expensive and, moreover, since we impose the non—-homogeneous Dirichlet condition in the
equations for d;‘c’ ,»» We would need to introduce the Lagrange multiplier or a lifting function
as it is done in Section [3.4]

Then, during the online phase, the reduced fluid displacement will be computed just as a
linear combination of the basis CDflf ', with coefficients that are the coefficients of the reduced solid
displacement. We will see in the next section the final formulation of the online phase of the
algorithm.
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5.5.2 Online phase

Following the description of two techniques for dealing with the optimal control problem at the
FOM level in Section[5.4] we will provide a reduced—order online phase procedure for each of them.

Online phase for the gradient-based optimisation algorithms

Once we have introduced the reduced basis spaces, we can define the reduced function expansions

. o
(U NsPp N dg - 8N) € V]':,f XVIf’,f X Vi X Vy,

as
Nu Ny,
noo._ N @lr _ N @Pr
up N = P g P pr_prchk’
k=1 k=1
N, Ny
n — N ds o— 8
dl =) dNOE, o= g @
k=1 =1

In the previous definitions, the underlined variables denote the coefficients of the basis expansion of
the reduced solution. Then, the online reduced problem reads as follows: minimise over gy € Vf,
the functional

n _ n—1 n—212
n 3dS,N 4ds,N + ds,N

“r.N QA1

1
J’y,N(u;Lf’N, d?’N;gN) = E[“

1

dF+Z/ lgn2dl,  (5.98)
2 Jr,

where (u; ~+ Pf.N>ds ) satisty the following reduced state equations: forn > 1:

* ROM fluid momentum equation

1

Emf(u;,N’ Vf N> d;lv’N)

+

ap(uy N veNidy n)+ b?(P;,N, vensdy )
-1
d?,N - d;’f’N

ALE n . gn
c A7 ,vf,N,uf’N,df,N)

+t ¢

+ cr(uf nup NvENT Y ) (5.99)
1

= o Win vy N+ v dy )

(”wa"f,N)rf +(gn.vENIT, YiN €VEN,
N

+

* ROM incompressibility equation

bE(Wh napnsdfy) =0 Vapn €0, (5.100)



5.5. REDUCED-ORDER MODEL 111

* ROM structure equation

1 2 _
FmS(d?,N’ es,N) + as(d?’Na es,N) = @ms(d?,]\]l, es,N) + fs(es,N) (5.101)
1 -
+ (djsva es,N)r[A;/ - Pms (d?,]\%, es,N) - (gn> es,N)FI Ves N € Es N,
with
N,
. n,x gy dr
df = ) dd, (5.102)
k=1
where Q?Z are some extrapolation of reduced coeflicients from previous time steps gg—kl,gg—,},
and
Wy =uon, dyly =dy - MedyS, ddy =dy . (5.103)

where ug‘, 18 the Galerkin projection of u( onto v, dg’ n and d(s)”?vt are the Galerkin projection of
dj and dé’at onto Vﬁ;, respectively.

Similarly to the offline phase, we notice that the structure of the equations (5.99)- (5.101)) and
the functional (5.98)) are the same as the ones of the continuous case, so this enables us to provide

the following expression of the gradient of the reduced functional (5.98)):

dJy N

d2n (U s dy N3 8N) = V8N +E£.NIT = EoN Ty (5.104)

where ¢ n and & v are the solutions to the discretised adjoint problem: find &r N € V;:]f ,
nf.N € Vf,f and &5 v € V]‘\lf that satisfy

* ROM adjoint fluid momentum equation

1
Emf(évf,N,ff,N; d;lp,N) + le((sz,N’ é:f,N; d?,N) + Cf(évf,N’ u;’N’ ff,N; d?,N)

+

Cf(u?’N, OVeN,EFNS d?,N) + b?(évf,N, nrN d;l”,N)

n _ gn-1
CALE(d N df,N

+

f At

3d7  —4d" )+ d" 2
s,N s,N s,N ug
(u;’c N~ AL ,5\/]0,1\/)F V5Vf’N eV,/,
)4

B ff,N’ 6Vf,N; d;lr,N) (5105)

* ROM adjoint incompressibility equation

b3 (Erny0qrn:d} y) =0 Vogrn € VY, (5.106)
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* ROM adjoint structure equation

1
Pms(des,N, 'fs,N) + as(ées,N’ gs,N) (5.107)
3d" , —4d" M +adnl 3
s,N ,N s,N .
= M;’N - S 2AAt S , _Eées’N V(SES,N € V]Cé .
Iy

Above, the restriction -|r, is meant as an L?(I';)—projection onto space Vf]. The above formulae
allow us to write down the gradient—based algorithm similar to Algorithm[5.1] We would also like
to stress that from the numerical implementation point of view the reduced minimisation problem
can be recast in the setting of the finite—dimensional space R”, where p is the number of reduced
basis functions used for the control variable g, in the online phase, thatis p = Ng.

Online phase in the non-linear least squares optimisation setting

We use non-linear least squares to develop a computational algorithm for the constrained optimal
control problem. We introduce a notation that will be used throughout the section: the restriction
|r, is meant as an L?(T';)—projection onto space Vf,. We define the non-linear operator N, n :
g g g
Vi — Vy XVy by
| s
Nun(gn)=| /N 281 r | (5.108)
\VY8N

where u'

. i N and dy are solutiqns to the state equations @— (3.101)) with 8N € V3 as a
disctretised stress function on the interface I';. Then the functional J, y can be rewritten as

1
Ty (W} s a5 s 8n) = S1INwN (@M e (5.109)

The non-linear least square optimisation problem is the following: minimise the functional (5.109)
over gy € V& subject to (3.99)— (5-T0T). This problem can be tackled in a similar fashion as on
the continuous level, namely by the use of Gauss—Newton Algortihm [5.2] Considering that the
reduced non-linear least squares optimisation problem described above has the same structure as
the continuous one, it is straightforward to derive the Fréchet derivative and its conjugate for the
functional N, .

For gy € V¥, the Fréchet derivative N, v@N)[] Vf, — Vf, X Vf, is defined by

’ 5 Wf’N|r _%¢SN|F
N, n(En)[AN] = ’WhN B N (5.110)
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where w ¢ n and ¢ n are the solutions to

1 an dn—l

. gn . gn ALE | “f.N Tf.N
Emf(wf,N’Vf,N,df’N) af(Wf,N,Vf,N,df,N)"‘Cf A

+

> Vf,N, Wf’N, d;L"N

+ YN v Ay ) Fepwrnsip N, vindy ) (5111)

+ crlipn,wenNveNidy n) = (A, ven)r, Yven € v,

biwrn.qrn:dfy) = 0 VapneVy, (5.112)
and
1
2 (Gsnsesn) +as(dsns esn) = —(hn e Vesn € v, (5.113)

where il y is the solution to the fluid state equations (5.103)- (5.106) with gy replaced by gy .
The adjoint of N, \ (gn)[] is (N;’N(gN))' []: V5 x VS — V5, given by

, _ *|\rn 3
(Nn,N(gN)) |:ij| = ﬁf,N|L2(rI) - E SDS’N|L2(FI) + WSN’ (5.114)

where 8¢ n and ¢ v are solutions of

+

1
—my(ven,Br.Nidy y) BrnsveNidy g

df v —diy
. Jn ALE SN TV
At af(vf,N’ﬁf,N’df,N)'f'Cf ( At

+ b?(Vf,NeCYf,N;d;lc,N)+Cf(Vf,N,1/_lf,N9Bf,N;d;7N) (5.115)

+ cplig N ven,Brnidy ) = (v, veNIr, Vg N € v,

br(asN.Brnidfy) = 0 Varn eVy, (5.116)
and
1
A_tzms(es,N’ ‘p‘s‘,N)’*'as(es,N’ SDS,N) = _(rN, es,N)F, ves,N € V;\il\ (5117)

With all this, we are able to write down the ROM version of the Gauss—Newton algorithm in

Algorithm[5.4]
At this point, we conclude the theoretical exposition and we present numerical experiments on a
two—dimensional haemodynamic benchmark FSI problem in the following section.

5.6 Numerical results

We now present some numerical results obtained with the Gauss—Newton optimisation algorithm
described in the previous section on a haemodynamics benchmark FSI problem. All the numerical
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Algorithm 5.4 ROM Gauss—Newton (ROM-GN) algorithm
Input: gl(\(,)) = g I tmax ands;o
for j =1,2,..., Ity do ' . .
Solve (5.99)- (5.100) for u';g\J,) e V,/ and p';g\J,) e Vi/ with gy = gz(\;_l)
Solve (5.101)) for d?”l(vj) € Vl‘\l;' with gy = gl(\{_l)

Ngj . . .
Set d"\) = Zl: d" Do where ™) are the reduced coefficients of (/)
N ° P’ =s,k k =5,k s,N

; 2

. y o 3dlY) —2dnledn 2

if 5, [0y — g R d < err then
break

end if

Compute hj\{) by the Conjugate Gradient Algorithmwith A= N;l N (gl(\{_l)),
b=-Nun (g](\f_l)), Ar = <N1I1,N (g(j_l))) and h = hy.

Setg() =g ™" + 1
end for
() () () e g (J) )]
Set u_’;’N ULy ,p_’)i’N =DPEN ,a';i’N = df’N sy = dS’N and g3 == gn

n n n n n
return we ns Ptono df’N, dS’N, gn

FOMI

r; rf

Figure 5.3: Physical reference domain. In blue: the reference fluid domain Q7. Inred: the reference
solid domain Q°. In green: the fluid—structure interface I';.
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simulations for the offline phase were obtained using the software FEniCS [[1], whereas the online
phase simulations were carried out using RBniCS [3].

The reference domains Q/ and Q° are presented in Figure the fluid domain is 2.5¢cm in
height 10cm long; the leaflets are situated 1cm downstream the inlet boundary I';,, they are 0.2cm
thick and 1.1cm in height. The values of physical parameters are listed in Table[5.1] We consider
zero initial conditions for fluid velocity and the structure displacement, homogeneous Dirichlet
boundary conditions on walls Ffv for the fluid velocity and on I}, for the structure displacement,
and homogeneous Neumann conditions on the outlet I',,,;, meaning that we assume free outflow on
this portion of the boundary. A pressure impulse p;, is applied at the inlet boundary I';,:

2nt

pin(t) =P (l — cos (0—2)) , te€]0,0.01]
and the range of P is reported in Table On average, the Gauss—Newton algorithm converges
in 2-3 iterations and we present additional details in Tables [5.2}-[5.3] In particular, in Table[5.2]
we list the values for the functional 7, , and the corresponding number of nested CG iterations
at each GN iteration, while Table [5.3] contains the absolute and relative errors with respect to the
monolithic (entire—domain) solutions ”Z’ pz, dZ, obtained by the reliable method described in [18]]
ie.,

HM;,h_umlLZ(Qf)

noo._ n_ . n : —
* Absolute error uh = [, I/lf,h“LZ(Qf), Relative error uy p := T 20
P}, —Pill 2 ar
n o ._ n_ ,n : n o._ S.h ThULA(Q))
¢ Absolute error Py = 1125 pf’h”LZ(Qf), Relative error Py = TrMee,
« Absolute error d”, :=||d? —d", || Relative error d" , := L dilliz@s)
s.h = N8 = G pllL2 Q%) ssh T TR 2 s)

Three physical parameters are considered: the Lame coefficients A and ujg for the structure and P
— the intensity parameter of the pressure impulse p;;,. Details of the offline stage and the finite—
element discretisation are summarised in Table[5.1] High—fidelity solutions are obtained by carrying
out the minimisation by the Gauss—Newton algorithm with the maximum number of iterations 5
for the algorithm itself and 30 for the conjugate gradient algorithm, and the tolerance in both cases
has been chosen as a minimum between 10~ and the first step approximation divided by 100 (the
choice is due to the fact that at initial time steps the problem variables have small magnitude).
Figure [5.4] shows the fluid velocity and pressure at the final time ¢+ = 0.01 computed at the
parameter value (P, A, us) = (110, 80000, 40000) and Figure shows the structure displacement
for the same parameter computed at three different time instances ¢ = 0.005, = 0.0075 and ¢ = 0.01.
Snapshots are sampled from a training set of K parameters uniformly sampled from the 3—
dimensional parameter space for each time-step t;, i = 1, ..., M and the first Np,ax POD modes have
been retained for each component. Figure shows the POD singular values for all the state
and the control variables. It can be noticed that the rates of decay of the eigenvalues for the fluid
velocity and structure displacement are slightly slower than for other variables, but overall we can
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Physical parameters FE parameters
ve | 0.035 Velocity—pressure space in a cell | P? x P!
pr |1 Fluid displacement space in a cell | P?
ps | 1.1 Structure displacement space in a cell | P>
Range P | [90, 120] Total velocity—pressure dofs | 66,171
Range A, | [800000, 1600000] Fluid displacement dofs | 58,720
Range u; | [400000, 1000000] Structure displacement dofs | 1,220
Final time T | 0.01 Dofs at interface | 292
Time step At | 1074
Optimization Snapshots training set parameters
Algorithm | Gauss—Newton(GN) Timestep number M | 100
itmax for CG alg. | 30 Parameters training set size K | 64
itmax for GN alg. | 5 Maximum retained modes Ny, | 100

Table 5.1: Computational details of the offline stage

0.0e+00

(a) The fluid velocity at the final time
5.4e+00

- N W b

m——

-4.0e-04

(b) The fluid pressure at the final time

Figure 5.4: The high—fidelity fluid velocity (a) and pressure (b) at the final time ¢ = 0.01 (the mesh
displacement has been magnified for visualisation purposes).
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8.1e-06

|

6e-6

— 4e-6

(a) 1 = 0.005

Figure 5.5: The high—fidelity structure displacement at 3 different times (the mesh displacement

le-6
0.0e+00

(b) £ = 0.0075 ()t =0.01

has been magnified for visualisation purposes).

GN Itearation | Functional value 7, , | CG iterations
1 1.42x 1078 30
2 1.27 x 10710 30
3 2.14x 10712 27

Table 5.2: The value of the FOM functional and the corresponding number of nested CG iterations

at each GN iteration at the final time step

GN Itearation Absolute error Relative error
wy P dyhy Wiy | Prn | 4o
1 2.14%x107° [ 0.258 | 5.94x 103 | 0.002 | 0.017 | 0.01658
2 9.51 x107° | 0.003 | 5.93x 107% | 0.001 | 0.0002 | 0.01653
3 9.23x 107° | 0.005 | 5.93x 1078 | 0.001 | 0.0004 | 0.01654

Table 5.3: L? absolute and relative errors between the high—fidelity solution and the monolithic

solution at each GN iteration at the final time step
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Retained energy

1.0000 4
1071 o
0.9975 4

10~
0.9950
1077 0.9925 -

I3
W 0.9900

On/Omax

10-10 4
0.9875 4
10-13 4
0.9850 1
.
— P
—ds

10710 0.9825

T T T T T T 0.9800 1 T T T
0 20 40 60 80 100 100 10! 102
n n

(a) POD singular values as a function of number n of (b) Energy retained by the first Np,x POD modes (log
POD modes (log scaling in y—direction) scaling in x—direction)

Figure 5.6: Results of the offline stage: POD singular eigenvalue decay (a) and retained energy (b)
of the first Nyy,x POD modes.

Parameter H POD modes ‘
P | 110 velocity u ¢ 30 || pressure pr | 20
As | 80000 || displacement dg | 20 | supremiser s, | 20
us | 40000 control g 20

Table 5.4: Computational details of the online stage

see an evident exponential decay of the singular values for each component. In Figure[5.6b we can
see the behaviour of the energy E,, retained by the first N modes for the components u ¢, p r and d;.
Here, the retained energy for the component * € {uyr, p ¢, ds} is defined as

. T )
DA
The retained energy for the components s, and g show the same behaviour as for the component
p - We can notice that the first mode of the fluid pressure retains around 0.75% more energy with
respect to the first mode of the fluid velocity and 2% more energy compared to the first mode of
the structure displacement, which is the one that retains less energy. The retained energy gives us
an idea of the number of modes we would need to choose to preserve all the necessary physical
information in the reduced model.
In Table [5.4] we list the values of the parameters for which we conduct a numerical test of
the ROM and the number of POD modes for each component of the problem. The reduced—order
solutions are obtained by carrying out the minimisation by the Gauss—Newton algorithm with the



5.6. NUMERICAL RESULTS 119

3.4e-03
l: 3.0e-3

— 2.0e-3

1.0e-3

0.0e+00

|
|

(a) The fluid velocity at the final time

- N W A

-1.3e-01

(b) The fluid pressure at the final time

Figure 5.7: The reduced—order fluid velocity (a) and pressure (b) at the final time ¢ = 0.01 (the
mesh displacement has been magnified for visualisation purposes).

\ 8.1e-06
[ 6e-6

’ — de-6

le-6

(a) £ = 0.005 (b) = 0.0075 (©)1=0.01 0.0e+00

Figure 5.8: The reduced—order structure displacement at 3 different times (the mesh displacement
has been magnified for visualisation purposes).
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GN Itearation | Functional value 7, n | CG iterations
1 1.42x 1078 15
2 2.20x 10710 15
3 1.94 x 10710 15
4 1.75 x 10710 14

Table 5.5: The value of the ROM functional and the corresponding number of nested CG iterations
at each ROM-GN iteration at the final time step

GN Iteration Absolute error Relative error
usn Pf.N ds,Nn urN | Pf.N | dsn
1 4.9034e-05 | 0.3847 | 5.4018e-08 | 0.0056 | 0.0262 | 0.0151
2 4.5359¢-05 | 0.1619 | 5.3899e-08 | 0.0052 | 0.0110 | 0.0150
3 4.4968e-05 | 0.1606 | 5.3918e-08 | 0.0051 | 0.0109 | 0.0150
4 4.4609¢-05 | 0.1614 | 5.3902e-08 | 0.0051 | 0.0110 | 0.0150

Table 5.6: L? absolute and relative errors between the reduced—order solution and the monolithic
solution at each ROM-GN iteration at the final time step

maximum 5 iterations for the algorithm itself and 15 for the conjugate gradient algorithm, and
the tolerance in both cases has been chosen the same as in the full-order model — a minimum
between 107° and the first step approximation divided by 100 (the choice is again due to the
fact that at initial time steps the problem variables have small magnitude). Figure shows the
reduced—order fluid velocity and pressure at the final time # = 0.01 computed at the parameter value
(P, Ay, ug) = (110, 80000, 40000) and Figure shows the reduced—order structure displacement
for the same parameter computed at three different time instances r = 0.005, ¢+ = 0.0075 and
t=0.01.

On average, the reduced Gauss—Newton algorithm converges in 2—4 iterations and we present
additional details in Tables [5.5]-[5.6] In Table[S.5} we list the values for the functional ., n and
the corresponding number of nested CG iterations at each GN iteration, while Table 5.6 contains
the absolute and relative errors with respect to the monolithic (entire—domain) solutions ”Z’ pZ, dZ,
obtained using the method described in [18]. The errors we will consider are the following

||u;,N_uZI|L2(Qf)

* Absol rror u'. ., = |[ul} —u' Relative error =
bsolute error u'f = [luy — '} N llr20r), elative error u sy [Tl
P} N—Ppll200f
* Absolute error p’; ,, = ||p} — p’; Relative error p” ,, 1= —£= L2@f)
Pr = 1Py =Py llizan, Py.n P2 r)
 Absolute error d” , := ||d" — d" || Relative error d” . = lldg n=di 112 0s)
s.N T G T G NIIL2(Q0) s:N T TR 2 0s)

Analysing the results, we are able to see that the reduced basis method gives us a solution
as accurate as the high—fidelity one. In Figure [5.9] we can notice that the errors for the ROM
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Figure 5.9: The error plots of FOM and ROM fluid solutions w.r.t the monolithic solutions at the
final time ¢ = 0.01 (the mesh displacement has been magnified for visualisation purposes).

solutions (especially, for the fluid pressure) are slightly bigger in the ROM case, but it is mostly
concentrated on the fluid—structure interface; in the rest of the domain it is still quite small as
evidenced in Table[5.6] This could be due to the fact that quite a small number of time steps have
been considered and the fluid velocity and the structure displacement do not develop a significant
magnitude. The reduced—order approximation of the optimisation problem at hand allowed us
to reduce the dimensions of the high—fidelity optimisation functional by more than 10 times and
enabled us to use 2 times fewer iterations in the CG while maintaining a very small number of GN
iterations, which, in turn, requires a small number of nonlinear solves of the fluid subsystem. We
also remark that the use of good hyper—reduction techniques (see, for instance, [81]]), will allow us
to obtain very efficient solvers in terms of computational time.

Regarding the computational time, one time step of the FOM takes between 7 and 9 minutes,
whereas one time step of the ROM (without hyper—reduction) takes around 1-3 minutes.

Remark (Stability in the case of “added mass” effect). As it has been highlighted in the introduction
partitioned approaches to FSI problems might, under some physical and geometrical conditions,
be unstable: this happens, for example, if the physical domain has a slender shape, or, as in our
numerical test, if the fluid density p is close to the solid density pg and this is usually the case
in haemodynamics applications, where the density of the blood is quite close to the density of the
walls of the vessel. The reason for this instability is the so—called “added mass” effect: the fluid
acts like an added mass to the solid, thus changing its natural behaviour; we refer to for a
detailed derivation of the “added mass” effect and relative consequences. Nevertheless, numerical
tests presented in this section show that our partitioned algorithm is stable under the assumption of
the “added mass” effect in both FOM and ROM settings.
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5.7 Conclusions and perspectives

In this chapter, we proposed a reduced—order model for the optimisation—based domain decom-
position formulation of the parameter—dependent non—stationary FSI problem with incompressible
Navier-Stokes equations and linear elasticity model.

The original problem cast into the optimisation—based domain—decomposition framework leads
to the optimal control problem aiming at minimising the velocity coupling error at the fluid—
structure interface; the problem, then, has been tackled using either an iterative gradient—based
optimisation algorithm or by the Gauss—Newton algorithm in the non-linear least squares optimi-
sation framework. These allowed us to obtain a complete separation of the solvers on different
subdomains.

On the reduced—order level, we have built a model for which the generation of the reduced basis
spaces is carried out separately in each subdomain and for each component of the problem. In the
Galerkin projection, the optimal—control problem was solved much faster, not only because of the
reduced dimensions but also because of the smaller number of optimisation iterations.

Another extremely important feature of the algorithm presented here is the fact that they are
stable under the assumption of the “added mass” effect, which is the cause of numerical instabilities
in many partitioned approaches for FSI problems.

The aforementioned techniques could be promising for various areas of computational physics.
First of all, these algorithms can be used when complex time—dependent problems arise and domain
decomposition becomes necessary due to a large number of degrees of freedom and complex
geometries. The future extensions of this methodology, just to name a few, may include combining
this segregated approach with further domain—decomposition methods used for separate components
of the multiphysics problem, compressible or non—Newtonian fluids and nonlinear elasticity models
and combining the presented technique with optimal control problems.



Chapter 6

Conclusions and perspectives

In this final chapter, I provide a summary of the work presented throughout the thesis and suggest
possible future perspectives.

6.1 Summary

The goal of this thesis has been to provide an extensive overview of optimisation—based domain
decomposition methods and reduced order models, and their applications to fluid dynamics and
multiphysics problems. In the course of the work, we have managed to develop reliable domain—
decomposition ROM methods for parameter—dependent incompressible Navier—Stokes equations
in both stationary and non—stationary regimes, and for Fluid-Structure interaction problems. The
techniques used here rely on the highly—evolved fields of optimal control and reduced basis methods.

In the first two chapters, we provided a general setup of any domain—decomposition algorithm
(Chapter[I)) and a reduced—order model (Chapter[2). We introduced basic notations and provided an
overview of classical approaches for each setting. In the rest of the thesis, we provided an extensive
description and analysis of applications to various problems.

In Chapter[3] we proposed a reduced—order model for the optimisation-based domain decompo-
sition formulation of the parameter—dependent stationary incompressible Navier—Stokes equations.
The original problem cast into the optimisation—based domain—decomposition framework leads to
the optimal control problem aimed at minimising the coupling error at the interface; the problem,
then, has been tackled using an iterative gradient—based optimisation algorithm, which allowed us
to obtain a complete separation of the solvers on different subdomains. At the reduced—order level,
we have managed to build a model for which the generation of the reduced basis spaces is carried
out separately in each subdomain and for each component of the problem solution. Furthermore,
as the numerical results show, the reduction of the optimal—control problem can be observed not
only in the dimensions of the different components of the problem, i.e., the functional, the state and
the adjoint equations but also in the number of the iterations of the optimisation algorithm. The
presented model has been tested on two CFD benchmark problems: backward—facing step and the
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lid—driven cavity flows.

Chapter [] deals with non—stationary fluid dynamics problems. We described and conducted,
based on the a priori estimates, the convergence analysis of an optimisation—based domain decom-
position algorithm for nonstationary Navier—Stokes equations. The original problem, cast into the
optimisation—based domain—decomposition framework, leads to the optimal control problem aimed
at minimising the coupling error at the interface; the problem, then, has been tackled using an
iterative gradient—based optimisation algorithm, which allowed us to obtain a complete separation
of the solvers on different subdomains. At the reduced—order level, we provided two techniques: a
POD-Galerkin projection and a data—driven POD-NN, both of them on separate domains. In the
Galerkin projection, the optimal—control problem was solved much faster, not only because of the
reduced dimensions but also because of the smaller number of iterations. In the POD-NN, results
are less accurate, but the computational time is way cheaper with respect to the other methods. The
presented model has been tested on two non—stationary CFD problems, namely backward—facing
step and the lid—driven cavity flows.

In Chapter [5} we focused on the application of the methodology in the context of multi-
physics problems. In particular, we considered a non—stationary FSI problem with the incompress-
ible Navier—Stokes equations and the linear elasticity model. The original problem cast into the
optimisation—based domain—decomposition framework leads to the optimal control problem aiming
at minimising the velocity coupling error at the fluid—structure interface; the problem, then, has been
tackled using either an iterative gradient-based optimisation algorithm or by the Gauss—Newton
algorithm in the non-linear least squares optimisation framework. These allowed us to obtain a
complete separation of the solvers on different subdomains. At the reduced—order level, we have
built a model for which the generation of the reduced basis spaces is carried out separately in each
subdomain and for each component of the problem. In the Galerkin projection, the optimal—control
problem was solved much faster, not only because of the reduced dimensions but also because of the
smaller number of optimisation iterations. Another extremely important feature of the algorithms
presented in Chapter [5]is the fact that they are stable under the assumption of the “added mass”
effect, which causes numerical instabilities in many partitioned approaches to FSI problems: this
has been confirmed by the numerical experiments of the model presented for a two—dimensional
haemodynamics benchmark FSI problem.

6.2 Perspectives

In this last section, I would like to provide some ideas for possible improvements for the techniques
developed in this thesis and future perspectives.

In Chapter [3] in the numerical examples presented, we faced a problem of sensitivity of
gradient-based optimisation algorithms to the initial guess. As mentioned in that section, this
could be due to the non—uniqueness of the solution because of possible bifurcation phenomena
present in many stationary fluid dynamics problems. In this context, one direction of improvement
could be changing the perspective of how to address the resulting optimal-control problem or, in
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the cases where bifurcation phenomena are proved to develop, account for them in the objective
functional, as it is done, for instance, in [[139].

In Chapter[d] we conducted a comparison between classical POD—Galerkin ROM and the POD-
NN model based on the use of artificial neural networks. In terms of computational time, the POD—
NN is very effective, but the approximation can be very poor when dealing with discontinuities,
especially in the initial and final time steps. One of the possible scenarios could be a combination
of the ROM and the POD-NN model based on the a posteriori error estimates, so that the time
steps in which a much more computationally effective ANN model fails to produce a sufficient
approximation, the ROM is applied. Similar ideas can be found inter alia in [16].

In the course of the thesis, we considered only the two—domain decomposition and the obvious
extension could be considering many—domain decomposition models that could greatly alleviate
computational costs. In addition to this, we might also consider the models where different
discretisation techniques, such as FEM, FV or DG, are used on the different subdomains. Regarding
the Galerkin—POD ROM, as it has been mentioned a few times throughout the thesis, the online
stage can be made much less expensive by ensuring an affine-decomposition assumption of the
nonlinear problems via various techniques, such as EIM, DEIM or EQM.

In Chapter [5] we developed a stable fully—segregated model for an FSI problem. The future
extensions of this methodology, just to name a few, may include combining this segregated approach
with further domain—decomposition methods used for separate components of the multiphysics
problem, compressible or non—Newtonian fluids and nonlinear elasticity models. In addition, this
technique can be applied in a similar fashion to other multiphysics problems, and not only FSI.

Recently, the authors of the paper [46] have introduced a novel partitioned approach for ROMs,
where they couple either two different reduced—order models on each subdomain or a reduced—
order model on one subdomain and a full-order (Finite Element) model on the other for the case
of nonstationary diffusion—advection problems. In this context, the construction followed in this
thesis could be also applicable to the coupling presented in the paper, as long as there is a way of
casting functions defined on the subdomain interface onto the approximation spaces used on the
corresponding subdomains.

Finally, I would like to mention the combination of domain—decomposition methods with opti-
mal control or inverse problems. An optimisation—based domain approach to domain—decomposition
described here together with an optimal control problem leads to multi—objective optimisation set
up on each subdomain, as it is done, for instance, in [74].
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