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1 Introduction

This end of study internship is a 2nd year internship in the CSMI Master ("Calcul Scientifique
et Mathématiques del'Information") of the University of Strasbourg. Itis the continuation ofa
project done during the first semester of M2, the main objective of this project was the discov-
ery of an innovative non-conformal finite element method for augmented surgery, the ¢-FEM
method. The purpose of this project was to have Cemosis and Mimesis collaborate through
the use of Feel++ software (developed by Cemosis) in the framework of the ¢-FEM method
(one of the research topics of the Mimesis team). This project was followed by a 6-month in-
ternship whose main objective was to correct the output of a Fourier Neural Operator (FNO)
by a solver using the ¢-FEM method.

1.1 Scientific Context

Finite element methods (FEM) are used to solve partial differential equations numerically.
These can, for example, represent analytically the dynamic behavior of certain physical sys-
tems (mechanical, thermodynamic, acoustic, etc.). Among other things, it is a discrete algo-
rithm for determining the approximate solution of a partial differential equation (PDE) on a
compact domain with boundary conditions.

The standard FEM method, which requires precise meshing of the domain under considera-
tion and, in particular, fitting with its boundary, has its limitations. In particular, in the medi-
cal field, meshing complex and evolving geometries such as organs (e.g. the liver) can be very
costly. More specifically, in the application context of creating real-time digital twins of an
organ, the standard FEM method would require complete remeshing of the organ each time
it is deformed, which in practice is not workable.

This is why other methods, known as non-conformal finite element methods, have emerged
in the last few years. These include CutFEM [5] or XFEM [15], based on the idea of introduc-
ing a fictitious domain larger than the domain under consideration. We're interested here in
another non-conformal method, which we’ll present in more detail later, called ¢-FEM. We'll
only use it in the context of Poisson problem solving, for Dirichlet boundary conditions [9].
But the method has been extended to Neumann conditions [8] and then to solve various me-
chanical problems, including linear elasticity [6, Chapter 2] and heat transfer problems |6,
Chapter 5].

1.2 Presentation of the team

Created in January 2021 within ICube laboratory at the University of Strasbourg, MLMS!
("Machine Learning, Modélisation et Simulation") team is interested in data, models and
simulations for medical science and human motion. It brings together computer scientists,
mathematicians, bio-mechanicians, and neuroscientists to develop functional, physical, and

IMLMS : https://mlms.icube.unistra.fr/en/index.php/Presentation
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geometric models around a transverse axis "Assistance to medical interventions by com-
puter". MLMS hosts the MIMESIS? project-team as a sub-team. The MIMESIS research team
aims at creating real-time digital twins of an organ, with main application domains as surgi-
cal training and surgical guidance during complex interventions. In 2023, a new inria team
NECTARINE will be created within MLMS, who will focus on scientific challenges related to
neuro-stimulation in the clinical context.

MIMESIS, directed by Stéphane Cotin, is a joint Inria3 ("Institut national de recherche en sci-
ences et technologies du numérique") and CNRS* ("Centre national de la recherche scien-
tifique") Research Team. The Mimesis research team is working on a set of scientific chal-
lenges in scientific computing, data assimilation, machine learning and control, with the goal
of creating real-time digital twins of an organ.

1.3 Objectives

The main objective of the internship was to combine finite element methods and Machine
Learning in order to solve the Poisson problem with Dirichlet condition. More precisely, we
want to train a neural network called Fourier Neural Network (FNO) [11] to predict the solu-
tions of a PDE for a given problem family (i.e. a "type" of source term). This neural network
is trained with a data set consisting of the ¢»-FEM solutions of the problems considered. The
predictions of this neural network will then be fed back into a finite element solver to apply a
correction to improve the accuracy of the solution : this was the subject covered during the in-
ternship. The finite element methods considered will be presented in Section 2 and the FNO
in Section 3.

It is important to note that the ¢-FEM method has an advantage that is very interesting in the
context of organ geometries. Indeed, this type of geometry can deform in time and meshing a
fictitious domain around this geometry avoids having to remesh the geometry in time. Thus
only the levelset function will be modified and the mesh can be fixed. Moreover, a Carte-
sian mesh of the fictitious domain allows us to use the same type of neural network as those
applied to images (especially FNO).

To be more precise, we will test different correction methods (presented in Section 4.2) on dif-
ferent problems (presented in Section 4.1) which will enable us to use the network prediction
to help the solver get as close as possible to the solution. We will start by testing these differ-
ent types of solver on an analytical solution (Section 4.4.1), then on a "manually perturbed"
solution (Section 4.4.2) and finally on a ¢-FEM solution (Section 4.4.3).

After testing the various types of correction on the previous test cases, we'll apply these same
methods to the prediction of an FNO (Section 4.4.4). The main objective is to enable the
combination of FNO and correction to be more accurate than the conventional ¢»-FEM solver.
By first testing the different corrections on the previous test cases, we hope to get an idea of
the order of errors to be expected. During the course of the internship, we realized that the
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results obtained on the FNO did not correspond to the expected analytical results. For this
reason, other types of neural networks were considered, namely multi-perceptron networks
(Section 4.4.5.1) and PINNs (Section 4.4.5.2), with the aim of checking whether the results
obtained are related to the use of the FNO.

1.4 Deliverables

In the context of the internship, the following deliverables are provided:

* aweekly tracking report, written in French, was produced as the internship progressed,
listing the objectives and results for each week.

* a github repository containing all the code allowing to reproduce the results presented
in this report, as well as the documents written during the internship. The codes have
been implemented in Python: for the finite element solvers, we’ll be using the FEniCS
library, and for the neural network implementation, we’ll be using Tensorflow and Py-
torch.

« an online report generated with a tool called antora®. A continuous integration has been
set up on github to execute a python code for each new push, enabling the latex file to
be converted directly into this antora documentation.

Antora: https://antora.org/
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2 Finite Element Methods (FEMSs)

In the following, we will consider the Poisson problem with Dirichlet condition (homoge-
neous or non-homogeneous):
Problem : Find u: Q — R such that

-Au=f, in Q,
u=g, on 0Q,

with A the Laplace operator and Q c R? a lipschitzian bounded open set (and 09 its bound-

ary).
Here, we present the 2 finite element methods we will be considering. First, we will present
the standard FEM method in Section 2.1, followed by the ¢»-FEM method in Section 2.2.

2.1 Standard FEM

In this section, we will present the standard finite element method. We'll start by presenting
some general notions of functional analysis, then explain the general principle of FEM. Then
we'll give a few more details on the method and finish by describing the application to the
Poisson problem (with Dirichlet condition). For more information, please refer to [16] and
(14].

2.1.1 Some notions of functional analysis.

In this section, we'll recall some of the notions of functional analysis that will be used in the
next sections. In particular, Lebesgue spaces and Sobolev spaces. Please refer to the book [3].
Let’s consider Q an open of R? (d = 1,2,3) with boundary T.

We begin here by defining Lebesgue spaces:

Definition 2.1 (Lebesgue spaces). Lebesgue spaces, denoted LP, are vector spaces of classes
of functions whose exponent power p is integrable in the Lebesgue sense, where p is a strictly
positive real number. They are defined by

LP(Q):{u:Q—WRIf updv<+oo}
Q
In particular, taking p = 2, we define the space
[*(Q) = {u:Q—»mf uzdv<+oo}
Q

which is the space of integrable square functions.

We also define Sobolev spaces of order 1 and order 2:



Definition 2.2 (Sobolev spaces). The Sobolev space of order 1, denoted H', is defined by
HY(Q) = {ue L*(Q)|0y,ue L*(Q)}
={uer2@), vue 1@}
with the scalar product (u, v) i ), defined by :

(U, V) i () :f uv+Vu-Vy,Yu,ve Hq(Q)
Q

and the induced norm || - || ;-
We also define the space
Hy(Q) = {ue H' (Q)lwr = 0}

The Sobolev space of order 2, denoted H?, is defined by
H*(Q) ={u, v, u" € L*(Q)}

with scalar product (u, v) y2 (), defined by :
(U, V) i :f uv+u'v'+u"v",VYu,ve H'(Q)
Q

and the induced norm || || g2 (q)-

Remark. In view of these definitions, we can see that

2
HY(Q)

2
L2(Q)

2

+ |u|HIQ)

|| = [lull

with |ul gy = IVullp2q) called H! semi-norm.
We also note that

2 2 2 2

with |ul gy = 1u"|112(q) called H? semi-norm.

Remark. In the following, we will note||-|lo,q the L> normonQ, ||-|l1,q the H' norm onQ and
|12, the H? norm on Q. We will also note | - l1,0 the H! semi-norm on Q and | - l2,q the H?

semi-norm on ).

2.1.2 General principle of the method

Let’s consider a domain Q2 whose boundary is denoted Q2. We seek to determine a function u
defined on Q, solution of a partial differential equation (PDE) for given boundary conditions.
The general approach of the finite element method is to write down the variational formula-

tion of this PDE, thus giving us a problem of the following type:
Variational Problem :

Find u € V such that a(u,v) = l[(v), Vve V



where V is a Hilbert space, a is a bilinear form and [ is a linear form.

To do this, we multiply the PDE by a test function v € V, then integrate over L?(Q). remarque
Michel "pas assez précis", qu’est-ce que je dois rajouter ?

The idea of FEM is to use Galerkin’s method. We then look for an approximate solution uj, in
Vi, a finite-dimensional space dependent on a positive parameter & such that

ViycV, dimVy,=N;<oo, Vh>0

The variational problem can then be approached by :
Approach Problem :

Find uy, € Vj, such that a(uy, vy,) = l(vy), YvpeV

As V}, is of finite dimension, we can consider a basis (¢1,...,¢x,) of V};, and thus decompose
uy, on this basis as :

Np,
Up = Z Uipi (1)
i=1

The approached problem is then rewritten as
Np,

Find uj,..., uy, such that )_ w;a(e;, vy) = l(vp), Yo eV
i=1

and

Np
Find uy,..., un, such that )" u;a(g;, ;) =1(@;), Vje{l,...,Np}
i=1

Solving the PDE involves solving the following linear system:
AU =D
with

A= (al@i, 9 <ij<n, U=(Wii<isn, and b= l(@))i<j<n,

2.1.3 Some details on FEM

After having seen the general principle of FEM, it remains to define the V}, spaces and the {¢;}
basis functions.

Remark. The choice of V}, space is fundamental to have an efficient method that gives a good
approximation uy, of u. In particular, the choice of the {¢;} basis of V}, influences the structure
of the A matrix in terms of its sparsity and its condition number.



To do this, we'll need several notions, which will be detailed in the following sections. First,
we'll need to generate a mesh of our Q2 domain. This will enable us to solve the PDE discretely
at selected points. This is where the notion of finite Lagrange elements comes in. The prop-
erties of these elements, particularly in terms of their affine family of finite elements, is a
key point of the method, which will enable us to bring each element of the mesh back to a
reference element by using a geometric transformation. To describe these steps, we’ll need
to know 2 basic concepts: the unisolvence principle and the definitions of the polynomial
spaces used (P; and Q).

2.1.3.1 Unisolvance

Definition 2.3. Let X = {ay,...,an} be a set of N distinct points of R". Let P be a finite-
dimensional vector space of R" functions taking values in R. We say that X is P-unisolvent
ifandonlyifforallreal ay, ..., ay, there exists a unique element p of P such thatp(a;) = a;,i =
1,..., N. This means that the function

L:P—RN
p— (plar),...,plan))

is bijective.

Remark. In practice, to show that X is P-unisolvent, we simply check thatdim P = card (X) and
then prove the injectivity or surjectivity of L. The injectivity of L is demonstrated by showing
that the only function of P that annuls on all points of Z is the null function. The surjectivity of
L is shown by identifying a family p, ..., pn of elements of P such that p;(a;) = 6;j. Given real
ai,...,an, the function p = Zfil a;p; thenverifies p(aj) =aj,j=1...,N.

Remark. We call local basis functions of element K the N functions p, ..., pn of P such that
piaj)=46;j, 1<i,j<N
2.1.3.2 Polynomial space
Let P4 be the vector space of polynomials of total degree less than or equal to k.
e InR: P =Vect{l,X,..., X*} and dimP; = k + 1
e InR?: Py =Vect{X'Y/,0<i+j <k} and dimP = &+UE+2)
e InR®: P =Vect{l, X'Y/ 2,0 < i+ j+1<k}and dimP; = &HDEL2ELS)

Let Q be the vector space of polynomials of degree less than or equal to k with respect to
each variable.

e InR: Q) =P;.



e INR?: Qp =Vect{X'Y/,0<1i,j<k}and dimQy = (k +1)?
e InR3: Q=Vect{l,X'Y/Z,0<1i,j,1<k}and dimQy = (k+1)3

Remark. In practice, we will use the P* family for triangles/tetrahedra and Q. for quadrilater-
als.

2.1.3.3 Finite Lagrange Element

The most classic and simplest type of finite element is the Lagrange finite element.

Definition 2.4 (Lagrange Finite Element). A finite Lagrange element is a triplet (K, Z, P) such
that

* K is a geometric element of R" (n = 1,2 or 3), compact, connected and of non-empty
interior.

e ¥ ={ay,...,an} is a finite set of N distinct points of K.

* P is a finite-dimensional vector space of real functions defined on K and such that Z is
P-unisolvent (sodim P = N).

Example. Let K be the segment [ay, ay). Let’s show that X = {ay, a,} is P-unisolvent for P = P'.
Since {1, x} is a base ofIPl, we havedimP = card X = 2.
Moreover, we can write p; = a;x+ B;,i =1,2. Thus

1
pila) =1 ara; +pr=1 ) al_m—dz
p1(ax) =0 aja+p1=0 fr=— a
a)—ap
and
B 1
p2(a;) =0 — azay +P2=0 — <a1_a2—a1
p2(az) =1 axaz+ P2 =1 B =- a
ar — a)
Thus X—ap X—a
p1(x) = and p»(x) =
a) — ap a) —a

We deduce the surjectivity of L and X is P -unisolvent.
Thus (K, Z, P) is a Lagrange Finite Element.

Definition 2.5. Two finite elements (K, %, P) and (K,2, P) are affine-equivalent if and only if
there exists an inversible affine function F such that

e K=FWK)

e a;=F(a;),i=1,...,.N

10



e P={poF 1, pep}.

We then call an affine family of finite elements a family of finite elements, all affine-equivalent
to the same element (K, 2, P), called the reference element.

Remark. Let (K,3,P) and (K,Z,P) be two affine-equivalent finite elements, via an F trans-
formation. Let p; be the local basis functions on K. Then the local basis functions on K are
pi=pioF .

Remark. In practice, working with an affine family of finite elements means that all integral
calculations can be reduced to calculations on the reference element.
The reference elements in 1D, 2D triangular and 3D tetrahedral are :

(0.1) (0,1,0)

2D 3D

0 1 (0,0) (1,0) (0,0,0) (1,0,0)

Figure 2.1: Example of reference Elements.

2.1.3.4 Mesh

In 1D, the construction of a mesh consists in creating a subdivision of the interval [a, b]. We
can extend this definition in 2D and 3D by considering that a mesh is formed by a family of
elements 9}, = {Kl, ey KNQ} (see Fig 2.2) where N, is the number of elements.

In 2D, these elements can be triangles or rectangles. In 3D, they can be tetrahedrons, paral-
lelepipeds or prisms.

Figure 2.2: Example of a triangular mesh on a circles.

11



2.1.3.5 Construction of V}, space

Geometric transformation : A mesh is generated by
* Areference element noted K.

* A family of geometric transformations mapping K to the elements Kj, ..., K, N, Thus, for
acell K € 93, we denote Tk the geometric transformation mapping K to K :

Tx:K—K
as TK as
—>
D
Tt
a1 Qa9 ai

a2

Figure 2.3: Geometric transformation applied to a triangle.

Let (K, 2, P) be the finite reference element with

« the degrees of freedom of the reference element K : 2 = {4, ..., dn s} with ny the number
of degrees of freedom.

e the local basis functions of K: {{/1,...,7, s} (also called form functions)

So for each K € 97, we consider a tuple {ax i, ..., aK,nf} (degrees of freedom) and the associ-
ated geometric transformation is defined by :

ny
Tx:X— ) ak,iyi(R)
i=1

In particular, we have
TK(di) = aK,,', i= 1,...,I’lf

Remark. In particular, if the form functions are affine, the geometric transformations will be
too. This is an interesting property, as the gradient of these geometric transformations will be
constant.

Remark. In the following, we will assume that these transformations are C' -diffeomorphisms
(i.e. the transformation and its inverse are C L and bijective).

Construction of the basis (¢;) of V}, :
For each K € 9y, let (K, Z, P) be an finite element with

12



* the degrees of freedom of the element K : X = {ak,; = Tk (4;),i =1,...,nf}

* the local basis functions of K: {yg; = ;0 Igl,i = 1,...,n5} (because (K, %, P) and
(K, Z, P) are affine-equivalent).

Bynoting {ay,..., aNf} =Ukeg;, lak1,- .-, aK,nf} with Ny the total number of degrees of freedom
(over all the geometry), we have

VjE{l;.--;Nf}) (Pj|K:1//K,aK‘j
The ¢ ; functions are then in the space of piecewise affine continuous functions, defined by
PE =10y € C'(Q), YK € Ty, vk € Pit < H'(Q)

In fact, the functions {¢,,..., (pr} form a basis of Péh and so we can choose Vj, = Péh.

2.1.4 Application to the Poisson problem

Weak formulation :

We want to apply the standard FEM method to the Poisson problem with Dirichlet condition
under consideration. Let’s start by writing the variational formulation of the problem. We
start with the strong formulation of the problem :

-Au=fonQ

Multiplying by a test function v € H& (Q) and integrating over 2, we obtain

- f Auv = f fv
Q Q
By integration by parts, we have

ou
—f Auv:fVu-Vv—f—v.
Q Q ron

This leads to the following weak formulation
Find u € V such that a(u,v) =Il(v), Vve V

with
a(u, v):f Vu-Vv
Q

l(v):f fv
Q

because v € H& Q).

Unicity of the solution :

An important result of the FEM method is the following theorem, which shows the unicity of
the solution:

13



Proposition 2.1 (Lax-Milgram). Let a be a continuous, coercive bilinear form on V and | a
continuous, linear form on V. Then the variational problem has a unique solution u€ V.
Moreover, if the bilinear form is symmetrical, u is a solution to the following minimization
problem:

1
J(w)=minJ(v), J(w)=—-alv,v)-1v)
veV 2

It can then be shown that the Poisson problem with Dirichlet condition has a unique weak
solution u € H?(Q).

2.2 $-FEM

In this section, we will present the ¢-FEM method. We will first present the context in which
the method is used and its general principle (Section 2.2.1. Next, we will give a general pre-
sentation of the method, starting with a description of the spaces required (Section 2.2.2.1),
followed by a description of the ¢-FEM method (Section 2.2.2.2). Finally, we will give some
details on the ¢-FEM method (section 2.2.3).

2.2.1 Context and general principle of the method

The PhiFEM method is a new fictitious domain finite element method that does not require
a mesh conforming to the real boundary. In the context of augmented surgery, this method
presents a considerable advantage. During real-time simulation, the geometry (in our spe-
cific context, an organ such as the liver, for example) can deform over time. Methods such as
standard FEM, which requires a mesh fitted to the boundary, necessitate a complete remesh-
ing of the geometry at each time step (Figure 2.4). Unlike this type of method, ¢»-FEM requires
only the generation of a single mesh : the mesh of a fictitious domain containing the entire
geometry (Figure 2.5). As the boundary of the geometry is represented by a levelset function
¢, only this function will change over time, which is a real time-saver.

Remark. Note that changing the ¢ function creates new sets of cells, all of them described in
the Section 2.2.2.1.

Figure 2.4: Standard FEM mesh example.
Figure 2.5: ¢-FEM mesh example.

14



Remark. For the purposes of this internship, the geometries considered are not organs (such as
the liver), because these are complex geometries. We are considering simpler geometries such
as circles or squares. It is also important to note that the ¢-FEM method has a considerable
advantage: by constructing a fictitious mesh around the domain, we can generate a Cartesian
mesh. This type of mesh can easily be represented by matrices, in the same way as images, hence
the possibility of teaching these ¢p-FEM solutions to an FNO who generally works on images.
A paper in progress presents results with the combination of PhiFEM and an FNO on more
complex geometries, notably ellipses.

2.2.2 General presentation of the ¢»>-FEM method

In this section, we consider the case of the Poisson problem with homogeneous Dirichlet con-
dition (g = 0 on I'). For the case of non-homogeneous Dirichlet conditions, we will give more
details in Section 2.2.3.2. For more details on mesh assumptions, convergence results and
finite element matrix condition number, please refer to [9]. ¢p-FEM schemes for the Poisson
problem with Neumann or mixed (Dirichlet and Neumann) conditions are presented in [8, 6].
The ¢p-FEM scheme can also be found for other PDEs, including linear elasticity [6, Chapter 2],
the heat equation [6, Chapter 5] and the Stokes problem [7].

2.2.2.1 Description of spaces

As previously said, we will consider the Poisson-Dirichlet problem

-Au=f, in Q,
2)
u=g, on 0Q,
where the domain Q and its boundary I are given by a level-set function ¢ such that
Q={p<0} and TI'={p=0}.

The level-set function ¢ is supposed to be known on R%, sufficiently smooth, and to behave
near I as the signed distance to I" (Figure 2.6).

¢ >0

Figure 2.6: Definition of the level-set function.
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Example. IfQ is a circle of center A of coordinates (x4, y4) and radius r, the level-set function
can be defined by

Gx,y) = =%+ (x—x2)° + (y — ya)°.

IfQ is an ellipse with center A of coordinates (x4, ys) and parameters (a, b), the level-set func-
tion can be defined by

(x—x2)°  (y—ya)?
+ +

a? b?

We assume that € is inside a domain ¢ and we introduce a simple quasi-uniform mesh ., h@
on O (Figure 2.7).
We introduce now an approximation ¢y, € V}Ef)@ of ¢ given by ¢, = 1 ;ll)@., (¢p) where 1 }(l”@, is the
standard Lagrange interpolation operator on

ox,y)=-1

Vi = {Vh € H'(0): vy, € P(T) v:repfh@’}

and we denote by I'y, = {¢p;, = 0}, the approximate boundary of I" (Figure 2.8).
We will consider 97, a sub-mesh of T, hﬁ obtained by removing the elements located entirely
outside Q (Figure 2.8). To be more specific, 9} is defined by

Q'h:{Teﬂ'h@:Tm{(ph<0}7é¢}.

We denote Qj, the domain covered by the 97, mesh (Qj, will be slightly larger than Q) and 0Qj,
its boundary (Figure 2.8). The domain Qj, is defined by

Qh = (UTef/’h T)O.

o,

. . ) Figure 2.8: Domain considered.
Figure 2.7: Fictitious domain.

Now, we can introduce 7, hr c 9}, (Figure 2.9) which contains the mesh elements cut by the
approximate boundary I'y, = {¢p;, = 0}, i.e.

Ty ={T €T TnTy # ¢},

and ;@5 (Figure 2.10) which collects the interior facets of the mesh 97, either cut by I'y, or
belonging to a cut mesh element

9}5 = {E (an internal facet of ;) such that AT € 9, : TNnI', Z@ and E€ 0T}.
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We denote by QZ the domain covered by the 7, hr mesh (Figure 2.9) and also defined by

Ty

7,
Fh

Figure 2.9: Boundary cells. Figure 2.10: Boundary edges.

2.2.2.2 Description of the ¢»-FEM method

As with standard FEM, the general idea behind ¢-FEM is to find a weak solution (i.e. a solution
to the variational problem) to the considered problem (2). The main difference lies in the
spaces considered. In fact, we are no longer looking to solve the problem on Q (of boundary
I') but on Qj, (of boundary Q). Since our boundary conditions are defined on I', we don’t
have a direct condition on the 0Q2; boundary, so we will have to add terms to the variational
formulation of the problem, called stabilization terms.

Assuming that the right-hand side f is currently well-defined on Qj and that the solution
u can be extended on Qj, such that —Au = f on Qj, we can introduce a new unknown w €
H'(Qp) such that u = ¢w and the boundary condition on T is satisfied (since ¢ = 0 on T).
After an integration by parts, we have

0
/V((pw)-V((,bv)—f a—(cpw)(,bv:f fov, Yve H(Qp).
Q) 0Q, 0n Q,

Remark. Note thatQy, is constructed using ¢y, and therefore implicitly depends on ¢.

Given an approximation ¢y, of ¢ on the mesh 973, as defined in Section 2.2.2.1, and a finite
element space V}, on 9}, we can then search for wy, € V}, such that

anp(wp, vp) = lp(vp), Yvp €V
We can consider the finite element space V}, = V}Ek) with
VP = {v, € H'(Qp): vpy, € PR(D) YT € T}

The bilinear form a;, and the linear form [, are defined by
0
ap(w, v) =f V(gppw)-V(ppv) —f —(ppw)dpv + G (w, v)
Q, 00, 0n
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and
Ih(v) :f f¢hv+G2hs(v)
Qp

with
+oh* Y | Aprw)Adnv)

g T
T(—:Jh

0
Gp(w,v)=0h )_ [—
EEQ«"}: ElOn

0
(P w)] [%(dm V)

and
G/w)y=-oh* Y. | fA@RY).

Ted,
with o an independent parameter of h, which we’ll call the stabilization parameter.

Remark. Note that|-] is the jump on the interface E defined by

=V(ppw)" - n-Vp,w) -n

i( )
an brw

with n is the unit normal vector outside E.

2.2.3 Some details on ¢>-FEM

In this section, we first give some information on stabilization terms (Section 2.2.3.1) and
then present two methods for imposing non-homogeneous Dirichlet conditions, the direct
method and the dual method (Section 2.2.3.2).

2.2.3.1 Stabilization terms

As introduced previously, the stabilization terms are intended to reduce the errors created
by the "fictitious" boundary, but they also have the effect of ensuring the correct condition
number of the finite element matrix and permitting to restore the coercivity of the bilinear
scheme.

The first term of Gy, (w, v) defined by

ahz

EeZF) E

0
on

0
(bn W)] [%((l)h v)

is a first-order stabilization term. This stabilization term is based on [4]. It also ensures the
continuity of the solution by penalizing gradient jumps.
By substracting Gzhs (v) from the second term of G, (w, v), i.e.

oh* Y | Appw)Appv) +oh® Y. | fAGRY),

rJT rJT
Teﬂ‘h Tef/‘h

which can be rewritten as

oh® Y | (Alprw) + f)Alprv),

o T
Teg s
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we recognize the strong formulation of the Poisson problem. This second-order stabilization
term penalizes the scheme by requiring the solution to verify the strong form on Qg. In fact,
this term cancels out if ¢, w is the exact solution of the Poisson problem under consideration.

2.2.3.2 Non-homogeneous case

In the case of a non-homogeneous Dirichlet condition, we want to impose u = g on I'. To do
this, we will consider 2 approaches introduced in [6] and presented below:

* Direct method : In this method, we must suppose that g is currently given over the
entire Q0 and not just over I'. We can then write the solution u as

u=¢w+g, onQy.

It can then be injected into the weak formulation of the homogeneous problem and we
can then search for wj, on Qj, such that

0
f V(prwp)V(ppvp) —f —((/)h wp)Ppvp + Gp(wy, vy) = f¢h Un
Q, 00, 0n
—f ng(¢hyh)+f ([)hvh-i-thS(Vh), Yv,eQy
with

+oh* Y. | Aprw)APrv)

Tedg,

Gp(w,v)=0h )_ f[%((bhbw] [—((bhv)

EeZF) E

and

Gy =-ah® Y. | fAlprv)-ah Y.

Teg,! T EEQ«“r

—oh* Y. | AgAPnY)

oall
T(-ZJh

On

i( )
on Ppv

* Dual method : We now assume that g is defined on QZ and not on Q. We then intro-
duce a new unknown p on QZ in addition to the unknown u on Qj and so we aim to
impose

u=¢pp+g, onQZ.

So we look for # on Q and p on Qg such that

f VuVv - ou Z ( —ld) )(v—lcp )+G (u,v) = fv
Q) than n*? n?9 mEE

t2 f (v——cpq)+G;lhs(v) YvonQy, qonQ .
g T

TEJ
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with y an other positive stabilization parameter,

0 0
Gp(u,v)=0h Z U +oh? Z AulAv
Eegg plon]|on Tef/‘hF T
and
G;rlhs(v):—ah2 Y | fAw
Teﬂ‘hF r

Remark. The factors % and # control the condition number of the finite element matrix.
For more details, please refer to the article [8].
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3 Fourier Neural Operator (FNO)

We will now introduce Fourier Neural Operators (FNO). For more information, please refer to
the following article [11, 12, 10, 13].

In image treatment, we call image tensors of size ni x njx nk, where ni xnj corresponds to the
image resolution and nk corresponds to its number of channels. For example, an RGB (Red
Green Blue) image has nk = 3 channels. We choose here to present the FNO as an operator
acting on discrete images. The reference article [11] present it in its continuous aspect, which
is an interesting point of view. Indeed, it is thanks to this property that it can be trained/eval-
uated with images of different resolutions.

Remark. The FNO used was implemented by Vincent Vigon® using Python’s tensorflow library’ .
Furthermore, note that this report does not include a test of model parameter variation.

3.1 Architecture of the FNO

The following figure (Figure 3.1) describes the FNO architecture in detail:

Input: Fourier Layer Fourier Layer Fourier Layer Output:
> —> 1 I 2 e vee —p 1 — —
X p H, R H; Q Y

— F — W — F =1l

~ Cl Y

d Loy
() ]

Figure 3.1: Architecture of the FNO.

The architecture of the FNO is as follows:

G9:QOJ€9LO---0J£910P

SVincent Vigon: https://irma.math.unistra.fr/ vigon/
"Tensorflow: https://www.tensorflow.org/?hl=fr

21



We'll now describe the composition of the Figure 3.1 in a little more detail :

3.2

We start with input X of shape (batch_size, height, width, nb_channels) with batch_size
the number of images to be processed at the same time, height and width the dimen-
sions of the images and nb_channels the number of channels. Simplify by (bs,ni,nj,nk).

We perform a P transformation in order to move to a space with more channels. This
step enables the network to build a sufficiently rich representation of the data. For ex-
ample, a Dense layer (also known as fully-connected) can be used.

We then apply L Fourier layers, noted .#!, I = 1,..., L, whose specifications will be de-
tailed in Section 3.2.

We then return to the target dimension by performing a Q transformation. In our case,
the number of output channels is 1.

We then obtain the output of the Y model of shape (bs,ni,nj,1).

Fourier Layer structure

Each Fourier layer is divided into two sublayers:

¥ = 7% = 0 (€)% + BY(X)

where

X corresponds to the input of the current layer and Y to the output.

o is an activation function. For [ =1,...,L -1, we'll take the activation function ReLU
(Rectified Linear Unit) and for [ = L we'll take the activation function GELU (Gaussian
Error Linear Units).

41— RelU
GELU

-4 -3 -2 -1 0 1 2 3 4

Figure 3.2: Activation functions used.

. <€91 is a convolution layer where convolution is performed by FFT (Fast Fourier Trans-

form). For more details, see Section 3.2.1.

. %é is the "bias-layer". For more details, see Section 3.2.2.
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3.2.1 Convolution sublayer

Each <€é convolution layer contains a trainable kernel W and performs the transformation

cggl(X):g_l(g(X)-W)

where & corresponds to the 2D Discrete Fourier Transform (DFT) on a ni x nj resolution grid
and
Y -W)ije =D YijWijr
k!

In other words, this transormation is applied channel by channel.

Remark. An image is fundamentally a signal. Just as 1D signals show changes in amplitude
(sound) over time, 2D signals show variations in intensity (light) over space. The Fourier trans-
form allows us to move from the spatial or temporal domain into the frequency domain. In a
sound signal (1D signal), low frequencies represent low-pitched sounds and high frequencies
represent high-pitched sounds. In the case of an image (2D signal), low frequencies represent
large homogeneous surfaces and blurred parts, while high frequencies represent contours, more
generally abrupt changes in intensity and, finally, noise.

The 2D DFT is defined by :
1 1 ™=z 1nj-1 il | il
Eg.()()zjk—__ Z Z Xl’]'ke 2\/_7T(V” "J)
nj o j'=0

The inverse of the 2D DFT is defined by :

ni-1nj-1

TXije= Y, Y Xvjxe

i'=0 j'=0

2/=Tn{ 7 +45)

We can easily show that % is the reciprocal function of #~!. We have

ni—-1nj-1
_1(9(X))ijk: Z Z 9(X)i/jrkezrn( j_])
i'=0 j’=0
_11 o o 2VIn( S T 2vTa( 4
= i n] llzjll;]”Xl j k€ J

. ;o
=i Z Xz"]"kZeZV Tn L (i) g2V =1m 5 (="

" 3n
J

ninj;

Let

A !
5=y 2V I d (=i 2V =15 (=)
l‘/j/
Thus
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« (i, )=0",j":S=Xpjl=nixnj
o If(i, ) #G", j":
S= (ez\/;n(l l”)) Z(eZ\/n?ﬂ(j_j//))]
il '

ZFn )\
1—(e2“,;”(z z")) " 1—(e U ’)

] — =i l—eZ\/nTn(] i
1= e2V-1nli=i"  § _ g2V-1n(j-j"

= X =0
1= 2T -iny L B

as the sum of a geometric sequence.

We deduce that |1
NFX)ije=——xnixnjxXjje=Xijk
ninj

And finally % is the reciprocal function of %!
For more details about the Convolution sublayer, see Section 3.3.
3.2.2 Bias subLayer

The bias layer is a 2D convolution with a kernel size of 1. This means that it only performs
matrix multiplication on the channels, but pixel by pixel. In other words, it mixes channels
via a kernel, but does not allow interaction between pixels.

Precisly,

%é(X)ijk =) XijxWri+ Bk
k/

3.3 Some details on the convolution sublayer

In this section, we will specify some details for the convolution layer.

3.3.1 Border issues
Let W = %~ 1(W), we have :
CX)=F N FX) W)=XxW

with
(X*W)U _ZXI i'lnil,j—j [n]]W’ i’
lI]I
In other words, multiplying in Fourier space is equivalent to performing a x circular convolu-
tion in real space.
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Remark. These modulo operations are only natural for periodic images, which is not our case.

The discontinuity that appears when we periodize the image causes oscillations on the edges of
the filtered images. To limit this problem, we will apply a padding on the image which is the
fact to extend the images by adding pixels all around, before performing the convolution. After
the convolution, we restrict the image to partially erase the oscillations.

3.3.2 FFT

To speed up computations, we will use the FFT (Fast Fourier Transform). The FFT is a fast
algorithm to compute the DFT. It is recursive : The transformation of a signal of size N is
make from the decomposition of two sub-signals of size N/2. The complexity of the FFT is
Nlog(N) whereas the natural algorithm, which is a matrix multiplication, has a complexity of
N2,

3.3.3 Real DFT

In reality, we'll be using a specific implementation of FFT, called RFFT (Real Fast Fourier Tran-
sorm). In fact, for #1(A) to be real if A is a complex-valued matrix, it is necessary that A
respects the Hermitian symmetry:

Ainj-(j+1) = Aij

In our case, we want <€Hl (X) to be a real image, so & (X) - W must verify Hermitian-symmetry.
To do this, we only need to collect half of the Discrete Fourier Coefficients (DFC) and the
other half will be deduced by Hermitian symmetry. More precisely, using the specific RFFT
implementation, the DFCs are stored in a matrix of size (ni,nj//2 +1). Multiplication can
then be performed by the W kernel, and when the inverse RFFT is performed, the DFCs will
be automatically symmetrized. So the Hermitian symmetry of & (X) - W is verified and 6, (X)
is indeed a real image.

To simplify, let’s assume nk=1. Here is a diagram describing this idea:

X DFCs DFCsx W FHF X0 W)

ni ni ni ni

A
\
A
Y

- —> > -
nj nj/i2+1 nj/12+1 nj

Figure 3.3: RFFT with Hermitian-symmetry scheme.

Remark. In fact, we can check that % (X) satisfies Hermitian symmetry immediately.
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3.3.4 Low pass filter

When we perform a DFT on an image, the DFCs related to high frequencies are in practice
very low. This is why we can easily filter an image by ignoring these high frequencies, i.e.
by truncating the high Fourier modes. In fact, eliminating the higher Fourier modes enables
a kind of regularization that helps the generalization. So, in practice, it’s sufficient to keep
only the DFCs corresponding to low frequencies. Typically, for images of resolution 32 x 32 to
128 x 128, we can keep only the 20 x 20 DFCs associated to low frequencies.

Here is a representation of this ideain 1D :

Figure 3.4: Low pass filter.

3.3.5 Global aspect of the FNO

Classical Convolutional Neural Networks (CNN) use very small kernels (typically 3 x 3). This
operation only has a local effect, and it’s the sequence of many convolutions that produces
more global effects.

In addition, CNNs often use max or mean-pooling layers, which process the image on sev-
eral scales. Max-pooling (respectively mean-pooling) consists in slicing the image into small
pieces of size n x n, then choosing the pixel with the highest value (respectively the average of
the pixels) in each of the small pieces. In most cases, n = 2 is used, which divides the number
of pixels by 4.

The ENO, on the other hand, uses a W frequency kernel and W = % ~!(W) has full support.
For this reason, the effect is immediately non-local. As a result, we can use less layers and we
don't need to use a pooling layer.

3.4 Application

In our case, we want to use the FNO to predict the solutions of a PDE. As explained above,
we'll train the FNO with a data set (sample of size n,;,;,) generated by a ¢»-FEM solver. We will
then inject the output of our FNO into a new solver that can correct the solution, i.e. improve
its accuracy.
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We are still trying to solve the Poisson problem with Dirichlet condition, defined by

{—A((/)w) =f, onQ,

u=g, inl,

with u = ¢pw.
This problem can be approached in different ways. For example, we may want to consider a
case where the level-set function ¢ changes, as in the case where we want to solve the prob-
lem of the geometry of an organ at different time steps. In this case, we’ll need to generate
a{piti=1,. n,,, collection of level-sets sufficiently representative of the possible variations of
the levelset. In a more simple case, if our geometry is defined by an ellipse in a precise do-
main, the {¢;};=; family will group ng,, ellipses whose parameters change, such as
center or axes.

We may also want to solve the problem for a collection of source terms {f;};-1,..n,,,,- FOr ex-
ample, this set could be a Gaussian set whose esperance and variance are varied. In the same
idea, we might wish to vary the Dirchlet condition and thus create a collection {g;};=1

e lldata

- Ndata*
Remark. Note that we're working in a discrete way here, so for each i, the terms f;, g; and ¢;
are in fact 2D matrices of size (ni,nj).

Remark. Note also that the FNO has less difficulty learning solutions that don’t have a wide
range of values. This is why the collection of { f;} that we’ll be using in the following will in fact
be the normalization of the previous collection :

fi

maxij=1,..., Naarall fill 120

fi,norm =

Here are the steps that will be performed to train the FNO (Figure 3.5):

* We start by creating a dataset containing the level-set, source term and boundary con-
dition collections, defined by

X _train= {ﬁ,giﬂl)i}i:l,...,ndam'

Remark. Note that we can also consider the problem as homogeneous, in which case
X train will only be generated from f and ¢. We may also wish to fix the geometry, in
which case the training sample X_train will not contain the ¢ term.

We can then solve these n4,:, problems using the ¢-FEM method, where the solution
to each of them is defined by u = ¢pw. We then define the training sample

Y_train={wi}ti=1,..ny,,

where u; = ¢; w; is the solution associated to the i-th problem of the X_train sample, i.e.
solution of

{—A(cp,- wi)=fi, onQ,

ui=g;, inl.
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Remark. Note that in practice, we have enriched the data by increasing the number of
channels in the X_train sample. In fact, for each problem i, we add to the sample the
primitives of f; according to x and y, as well as the second primitives according to xx
and yy. The X_train sample is then of size (Ngq4:q, i, nj, nk) with nk =7 the number of
channels if we consider the 3 collections. The Y_train sample is of size (ngatq, i, nj,1).

e At this moment, we have the (X_train,Y_train) pair that will enable us to train our FNO.
More precisely, we're looking to minimize a loss function on the model’s 6 parameters
by using gradient descent. We'll choose the following loss function:

lossg = loss(O) + loss(l) + loss(z)

with
Ngata

lossy) = — Y. mse(p;wi—piwp;)
data =1
1 Ndata

lossél) — Z mse(Vy($p;w;) — Vi (p;wy,;)) + mse(Vy(Pp;w;) =V (p;wy ;)
ata j=1
1 Ngata

losséZ) — Y. mse(Vix (i wi) — Vi (i) + mse(Vyy (p;wi) = Vyy (i wp )
ata j=1

with w; the ¢-FEM solution associated to the i-th problem considered (i.e. the i-th
Y_train sample data), wp; the FNO prediction associated to the i-th problem, ¢; the
i-th levelset and mse the "Mean Square Error" function defined by

ni-1nj-1

mse(A) = —— Z > AL

”’l]zo]o

Remark. Note that first and second derivatives according to x and y are calculated here
by finite differences.

Input : Train data .

tram {fl’gl’

| > toss, =l 9w 9Wpuilya,

Output .

—> Ypred { ¢W91}

=1, Mg

} FNOtraining .

Y

train — {

i=1,. 0,

Figure 3.5: Representation of the FNO training.

We can now proceed to the correction stage (Figure 3.6), where we consider a type of cor-
rection defined in Section 4.2 (correction by adding, correction by multiplying or correction

28



by multiplying on an enhanced problem). We can then consider a new test sample X_test
constructed in the same way as the training sample and defined by

_ test test test
X_teSt_ {»fl )gl’ )(,bi }i=l,...,npest'

We will then provide this sample as input to the FNO in order to obtain its prediction wéei”

for each problem i of the test sample (where 6 corresponds to the parameters learned dur-

ing training). We then construct u;*" = ¢;w/’" which will be given as input to one of the
L ’

correction solvers. We will then obtain what we call the corrected solution.

Input : Test data . Correction:
FNO - by adding
X — = { fﬁest , g;eS[ y §est } > Y — [ gtest  test) - by multiplying
- test — | ¢i Wil - by multiplying on an
elevated problem

FRETRL (P,

Figure 3.6: Representation of correction steps
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4 Correction

In this section, we will look at the different correction methods. we will start by presenting the
different problems considered (Section 4.1), then we will introduce the different correction
methods (Section 4.2), more specifically correction by addition, correction by multiplication
and correction by multiplication on a so-called elevated problem. We will then continue by
presenting some theoretical results on these different methods (Section 4.3), and finish by
presenting the numerical results obtained (Section 4.4).

4.1 Presentation of different problems considered

In this section, we present the different problems we will be considering in Section 4.4. We
will consider the geometry of a circle in Section 4.1.1 represented in Figure 4.1 as well as the
geometry of a square in Section 4.1.2 represented in Figure 4.2. For the circle, we will con-
sider a first analytic trigonometric solution, parameterized in such a way that the problem
can be considered homogeneous. we will then consider a second problem for which no exact
solution is known, and for which we will take an over-refined FEM solution as the reference
solution. For the square, we will consider only an analytic trigonometric solution parameter-
ized in such a way that the problem can be considered homogeneous.

O =10,1]? v
V2/4
P ————
(0.5,0.5)
Figure 4.1: Representation of the first do- Figure 4.2: Representation of the second do-
main considered : the Circle. main considered : the Square.

Remark. To generate meshes with FEM, we will consider a mesh comparable to ¢-FEM. To
do this, we generate our ¢-FEM grid, which is simply the regular mesh of the © domain of
Nyert X Nyerr Nodes. From this mesh we generate a FEM mesh whose largest element diameter
hrgwm is very close to the largest diameter associated with ¢ — FEM, hy_rpey (hppm ~ Rg-rpEM).
Here, we have a representation of the meshes generated for FEM and ¢-FEM on the circle (Figure
4.3) and on the square (Figure 4.4) with n,er; = 10 vertices in each direction.
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mesh with FEM mesh with PhiFEM mesh with FEM mesh with PhiFEM

-0.25 1

-0.25 1

0.0 -0.50 4

0.0 —0.50
0.0 02 04 0.6 08 10 0.0 02 04 0.6 08 10 —0.50-0.25 0.00 0.25 050 075 1.00 125 150 -0.5 0.0 0.5 1.0 15

Figure 4.3: Representation of meshes for Figure 4.4: Representation of meshes for
FEM and ¢-FEM on the Circle. FEM and ¢-FEM on the Square.

Remark. Note that in the case where the problem is non-homogeneous, if we don’t have a defi-
nition of the Dirichlet boundary condition, we can consider

g8, y) = Uex(x,y) x (1 +(x,y))

with ¢ the level-set function, null by definition onT'.

4.1.1 Firstdomain : the Circle.

Here, we will consider the Q domain to be the circle of radius v/2/4 and center (0.5, 0.5).This
domain is entirely included in the fictitious domain O = [0, 112 (Figure 4.1).
We will consider the level-set function ¢ defined by

Gx,y) =-1/8+ (x—1/2)* + (y —1/2)?,

negative function inside the domain, null at the boundary and positive outside it

We will consider a first analytic trigonometric solution (Section 4.1.1.1), parameterized in
such a way that the problem can be considered homogeneous and then consider a second
problem (Section 4.1.1.2) for which no exact solution is known, and for which we’ll take an
over-refined FEM solution as the reference solution.

4.1.1.1 First problem
Here, we are interested in the Poisson problem with an analytical solution

Uex(x,¥) = Sxsin (87 f ((x—0.5)* + (y — 0.5)%) + )

where S € [0, 1] is the amplitude of the signal, f € N can be associated with the "frequency" of
the signal and ¢ € [0, 1] the phase at the origin, represented in Figure 4.5.
Thus, the second associated member is defined by

f(x,y) =256m%S 2 ((x - 0.5)* + (y — 0.5)*)sin [87 f ((x = 0.5)* + (y = 0.5)*) + ¢
—327Sf cos[87f ((x—0.5)%+ (y —0.5)%) + ¢]

and represented in Figure 4.6.
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Remark. Note that for ¢ =0, the Dirichlet conditions considered are then homogeneous on the
circle (i.,e. g=0onTl).

Homogeneous (p=0)

0.4
0.3
0.2
0.1

0.0

Homogeneous (p=0) Non-homogeneous (p=1)

75
Non-homogeneous (p=1) 0.4
o - 100 o
50
80
02 25
60
40 0
00
20 -25
0 -50
—0.2
—20 -75

-0.4

-100

Figure 4.5: Representation of the solution Figure 4.6: Representation of the term f on
Uex on the Circle with S=0.5 and f =1 (with the Circle with S=0.5and f =1 (withp=0
p=0and p=1). and p=1).

4.1.1.2 f Gaussian

In the case considered here, no analytical solution is known. We consider the source term f
to be a Gaussian defined by

(x — po)? + (y — p1)?
202

)

fx,y)=exp|—

with o ~ 2([0.1,0.6]) and pg, p1 ~ 2 ([0.5 - v/2/4,0.5 + /2/4]) with the condition ¢ (g, 1) <
—0.05 and represented in Figure 4.7

Since we don’t have an exact solution, we will consider a so-called reference solution, denoted
uref. This reference solution is defined as an over-refined P! solution obtained by the stan-
dard FEM method (with h.¢ ~ 0.006). It is to this reference solution that we can compare the
solutions obtained by the correction methods or by the FNO.

Remark. For this problem, we choose to consider only the homogeneous case, i.e. we take g =0
onT.

mu0 = 0.5, mul = 0.5, sigma = 0.3

0
80

20
40 60

60
40
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Figure 4.7: Representation of the term f on the Circle with (g, ¢t1) = (0.5,0.5) and o = 0.3.
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4.1.2 Second domain : the Square.

Here, we will consider the Q domain to be the unit square Q = [0, 1]2. This domain is entirely
included in the fictitious domain O = [-0.5,1.5]% (Figure 4.2).
In this case, we will consider two level-set functions. The first function ¢, defined by

¢x,y)=xA1-x)y1Q-y),

will be used when solving the weak problem. However, it cannot be used to construct our cell
and face sets, because it is not only negative in the Q2 domain (Figure 4.8).

0 10
0.8
0.6
0.4
02
0.0
o 10 20 30 a0 50 60

Figure 4.8: Representation of ¢p(x, y) <0.

To construct the sets of cells and faces needed to perform the ¢»-FEM method, we will consider
a second function, denoted ¢¢ and defined by

¢c(x,y) =max(|]x-0.5],|y—0.5]) - 0.5,

which is indeed negative inside the domain, zero at the boundary and positive outside, but
which does not sufficiently satisfy the regularity conditions necessary for ¢-FEM.

We will consider only an analytic trigonometric solution parameterized in such a way that the
problem can be considered homogeneous.

4.1.2.1 Problem
Here, we are interested in the Poisson problem with as analytical solution
Uex(X,y) = Sxsin (271 fx + @) x sin (27 fy + )

where S € [0, 1] is the amplitude of the signal, f € N can be associated with the "frequency" of
the signal and ¢ € [0, 1] the phase at the origin.
Thus, the associated second member is defined by

f(x,y) =8nSf?sin(2nfx+¢)sin(2nfy +¢)

Remark. It should be noted that as for the circle for ¢ = 0, the Dirichlet conditions considered
are then homogeneous on the square (i.e. g =0onT).
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Homogeneous (p=0) Non-homogeneous (p=1) Homogeneous (p=0) Non-homogeneous (p=1)
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Figure 4.9: Representation of the solution Figure 4.10: Representation of the term f on
Uex on the Circle with S=0.5and f =1 (with the Circle with S=0.5and f =1 (with p=0
p=0and p=1). and p=1).

4.2 Presentation of the different correction methods considered

Here we are given ¢ an "initial" solution to the problem under consideration, i.e. a solution
that has not yet been corrected. This may be a perturbed analytic solution, a ¢-FEM solution,
or a solution predicted by a neural network (such as an FNO, a Multi-perceptron network or
PINNSs, for example). The aim is to inject this solution into a new problem in order to improve
the accuracy of the solution. To achieve this, we consider 3 types of correction: correction by
addition (Section 4.2.1), correction by multiplication (Section 4.2.2) and correction by multi-
plication on an elevated problem (Section 4.2.3).

Remark. In what follows, we assume that ¢ already has the right conditions at the boundary,
ie.¢p=gonT.
4.2.1 Correction by adding

In this first method, we will try to approximate the solution obtained ¢ to the exact solution
by completing the difference between the two, which is what we will call correction by adding.
To do this, we will consider

i=¢+C
and we want to find C : Q — R? solution to the problem
-Ati=f, onQ,
u=g, inl.

Remark. Note that this problem is in fact equivalent to the initial problem. We only hope
that the approximate solution ii obtained is more accurate than the approximate solution u
obtained by solving the initial problem.

Rewriting the problem, we seek to find C : Q — R“ solution to the problem

~AC=f, onQ,
C=0, inT.
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with f = f + Ad.
Thus for the standard FEM method, the weak formulation will be given by

fQVC-Vv:fov

where the homogeneous Dirichlet conditions can be strongly imposed by classical methods
(penalization, elimination...).

For the ¢-FEM method, we look for C such that C = ¢C and the weak formulation (associated
with a homogeneous problem because C = 0 onT') is given by

0 .
f V((PC)-V((py)_f 5, @OPv+Grw,v) :f fov+G)=w)
Qp 0Q, 0n Q

with

Gp(C,v)=0h Z
Eeglg E

+oh* Y. | ApOAPpY)

rJT
Teﬂ‘h

2 40 [ 2w
on ¢ on ¢v

and

Gy =-oh* Y. | fAapv).

rJT
Teﬂ‘h

In the non-homogeneous case, the formulation is the same, as the correction problem stays
homogeneous (C =0onT).

Remark. In practice, it may be useful to integrate by parts (IPP) the term containing A} (im-
plicitly included in f).
So for FEM, as v € Hy (Q), we have

LfVZLfVJerA(Z)v:fov—fQVgB-Vv,
o)

fghf(’bv:thfd’V"'thA(ﬁﬁbV:fﬂthPV_LhV(ﬁ'V((PU)+fmh#cpv.

4.2.2 Correction by multiplying

For ¢-FEM, we have

In this second method, we try to approach the exact solution in a different way. In fact, we
want to bring the factor between the ¢ solution and the solution of the corrected problem
closer to 1. In other words, by considering

ii=¢C,

we try to bring C = £ closer to 1 (for ¢ # 0). This type of correction is called correction by

RSN

multiplying.
So we're looking for C : Q — R solution to the problem

-A(@PC)=f, onQ,
Cc=1, onT.
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Remark. In the same way as for correction by adding, we note that this problem is equivalent
to the initial problem.

So for the standard FEM method, the weak formulation will be given by

fQV@C)-V(ng):LﬂZw

where homogeneous or non-homogeneous Dirichlet conditions can be strongly imposed by
classical methods (penalization, elimination...).
For the ¢-FEM method, the weak formulation for the homogeneous problem is given by

- - 0 . . 3
fWPC)'WPv)—f —(¢C)¢>v+Gh(w,v):f fov+Gisw)
Qh than Qh

with

Gh(C,v)=0h )
Eeff}f E

+oh* Y | A@POAPY)

rJT
TePTh

i(~C)] [i(~v)
on ¢ on ¢

and

Gy =-oh* Y. | fA@).

rJT
Teﬂ‘h

In the non-homogeneous case, it is important to impose the boundary conditions either by
the direct method or by the dual method presented in Section 2.2.3.2.

4.2.3 Correction by multiplying on an elevated problem

We now introduce a third correction method, which we will call correction by multiplying on
an elevated problem. This method is in fact very similar to the previous one (correction by
multiplying), except that we are no longer trying to correct the same problem.

The initial modified problem, which we now consider, consists in finding u: Q — R% such that

-Ai=f, in Q,
i=g+m, onl,

with ## = u + m and m a constant.
We then apply the same multiplication correction method, but this time on the modified
problem, which has been elevated by a constant m. We then consider

ii=¢C
with
d=p+m

and so we look for C : Q — R solution to the problem

-A(@C)=f, in Q,
Cc=1, on .
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So for the standard FEM method, the weak formulation will be given by

LV((/BC)-V(@U):Lﬂ/SU

where homogeneous or non-homogeneous Dirichlet conditions can be strongly imposed by
classical methods (penalization, elimination...)
For the ¢-FEM method, the weak formulation for the homogeneous problem is given by

~ N 0 . . .
f VpQ)-Vign) - f 5-@CYpv + Gy (w, v) = f Fv+GHw)
Qp 0Q, On Q

with

G,(C,v)=0h Z
EeF] E

+oh* Y | APOAPY)

rJT
TefTh

2 o] [ 2w
on ¢ on ¢

and
Gy =-oh* Y. | fA@).
Tedg,! r
In the case of this correction, whether the problem is homogeneous or non-homogeneous,
the correction problem is non-homogeneous (for m # 0), so it is important to impose the

boundary conditions either by the direct method, or by the dual method presented in Section
2.2.3.2.

Remark. Note that if the problem is sufficiently elevated for its solution to be strictly positive,
the operation of bringing C = ﬁ closer to 1 doesn’t pose any problem (since in this case ¢ # 0).

Moreover, we can easily return to the original problem by subtracting m from ii.

4.3 Theoretical results

The aim of this section is to present some interesting theoretical results. We begin by present-
ing the interest of elevating the problem in Section 4.3.1. We will then present an interesting
result for standard FEM in Section 4.3.2. In fact, we’ll show that the solution obtained by the
multiplication correction on the elevated problem converges to the solution obtained by the
addition correction when m tends to infinity. Finally, we will demonstrate the estimation error
of the correction on the elevated problem in Section 4.3.3.

4.3.1 Interest of elevating the problem

The aim of this section is to explain the interest in elevating the problem in the case of the
multiplication correction presented in Section 4.2.3 with a P! solution. Only the standard
FEM method is considered here. For this purpose, we will consider a so-called disturbed so-
lution, i.e. one that is close to the exact solution. We assume we have an analytical solution to
the problem, denoted u,,, to which we will apply a perturbation, denoted P. We then define

é(x,y) = u(x,y) +eP(x,y)
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with P the perturbation (such that P =0 onI') and € small.
We pose

b=p+m
with m a constant, and consider the multiplication correction on a elevated problem, defined
in Section 4.2.3 by the problem

{—A(</SC) =f, in Q,

u=g+m, onT.

with & = ¢C.
In Section 4.3.3, we will prove the following inequality in the context of this problem

~ ~ k+1, 2
[lthex — tinllo < ch™ " |Plloo ICl k41,0

with ¢ a constant, u;x:uex+mandC:%.
For k =1, we then have
Uy + M Upy +m)" P’ P\
ICl20 = = = — =el||l= =cl||=
2,0 ¢ 0,0 ¢/ lloa p+m) llpq
with
( P )”_P”(<Z>+m)—P<Z>”+2(P<Z>’—P’(<ﬁ+m))gi>’
d+m)  (P+m)? @+ m)3
_ P”(ﬁ_P(ﬁn_l_z(P(z),_P’(ﬁ)(ﬁ, . mPlI ZmPl('[)l
C (pt+m)? (P +m)3 (G+m)?  (p+m)
As "
"
Gl = (= ()
; o [y i W |
¢+m 0,Q m(1+m) 0.0 1+E 0.0
and

"
P _m(E)//_ m(PII(Z)_P(Z)N)+2m(P()B/_P/(ﬁ)QB/+ mZPl/ _szP/QB/
é (p+m)? (P +m)3 @+m)?  (p+m)d
m(P”(I)—P(,B”) +2m(P(I)/—P’(ﬁ)(Z)/+ mZP// 2m2P’(Z)’

m2(1+%)2 m3(1+%)3 m? (1+%)2 m3 (1+%)3
_ P//(Z)_P(’[)// N Z(P(Z)/_P/(Z))(Z)/ N p zpl(’/’)/

m(1+¢)2 m2(1+¢)3 (1+%)2 m(1+¢)3

m m m
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then, for m sufficiently large :

2

_ ~||PH
1+2

p

llo.o
0,

Finally, for m sufficiently large, we have ||</3| loo ~ m and thus

Uy + M
”T—Ch < ch*le||P”

0,Q

llo.o

We deduce that when m is big, the error no longer depends on the solution but only on the
perturbation P. These results were obtained numerically and are presented in Section 4.4.2.
However, when m is small, we can see that the error is dominated by the first derivatives and
second derivatives of the disturbed solution ¢.

Remark. In addition, raising the problem can be extremely efficient when the solution cancels
out on the domain. However, note that in the case of the addition correction presented in Section
4.2.1, elevated the problem is of no interest.

4.3.2 Comparison of correction methods

Here, we compare 2 methods, the addition correction method defined in Section 4.2.1 and
the multiplication correction method on a elevated problem defined in Section 4.2.3. In fact,
we will show that when m tends to infinity, the solution of the multiplication correction on a
elevated problem converges to the solution of the addition correction.

Correction by adding :

Let’s start by looking at the form of the solution in the case of correction by addition. The
decomposition of uy, on the (¢1,...,¢n,) basis of V}, is written as follows for this problem

~ Nh ~
up=Cp+¢px) = (Z Ci(Pi) +¢(x) 3)
i=1
We have
Ci = Uex(x;) — Px;) (4)
with
Uex(x;) = P(x;) — €P(x;) (5)

With the 2 previous relations, we can develop 3 :

up=gx)+ ) Cip;
i=1

~ Nh g
=g + ) (u(x) —p(x))p; by

i=1
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Np, _ B
=P+ ) (Px) —€P(x;) —Pp(x;)g; by5

i=1
up=Px)—€ed P(x)p; (6)
i=1

Correction by multiplying on an elevated problem :

We are now interested in the form of the solution in the case of multiplication correction on
a elevated problem. The decomposition of iy on the (¢;,...,¢n,) basis of V}, is written as
follows for this problem

iy = Cpp =

ZQ%)M) (7)

We have
ulx;))+m u(x;))+m
Ci=— = — (8)
¢(x;) ¢(x;)+m

with
u(x;) = p(x;) —eP(x;) 9)

and
G(x) = P(x;) + (x — x)P' (x7). (10)

Moreover, we have
Np
Y pi=1 11
i=1

With the 4 previous relations, we can develop 7 :

h(x)

Np,
up =Y Cip;
i=1
N ulx;)+m
D~
i1 pxi)+m

h p(x;) + m—eP(x;)
izzl ¢(xl)+

@i|px) bys

i)qﬁ(x) by 9

P(x;) ) N
= 1- @ip(x)
lzl( €¢( )+m e

Np, R
={Z¢}mw ZPhL¢m 0;
i=1

d(x;)+m

. Na G(x) +m+ (x—x)P (x;)
— — P(x; — i bylOetll
P(x) ei:ZI (x;) S @i byloe

o N (x—x) P (x;)
=¢(x)—€)_ P(x;) (1 +—
¢ z; o(x))+m
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; A (x = x) (x2)
=¢dpx)+m-—e€ P(xl-)(1+~—) i

¢ ,zzl d(x;))+m

Thus N -
. . I (x—xi)gb’(xi))

up=up—m=¢p(x)—e€ P(xi)(1+~— i

n= il m= g e, P +m
and finally

up —— p(x) =€) Px)op; (12)

i=1
So by 6 and 12, it would seem that the 2 proposed methods are equivalent (taking m to be
large).

Remark. Taking m =0, we return to the case of correction by multiplication defined in Section
4.2.2 and the solution is of the form

- N (x—x;)P (x;)
- - P |1+ 22— 2.
up = px) e;:l (xi) |1+ s i

4.3.3 Error estimation of the correction on the elevated problem

As in the Section 4.3.1, we assume we have an analytical solution to the problem, denoted u,y,
to which we will apply a perturbation, denoted P. We then define

d(x,y) = u(x,y) +eP(x,y)

with P the perturbation (such that P =0 on I') and € small.
We consider
=G+ M= ey +€P+m= tipy+€P

with 1,y = U, + m et m a constant.
We still want to solve the following problem:

{—A((Z)C) =f, inQ,

u=g+m, on I.
with 7 = ¢C whose approximate variational problem consists of
Find uj, € Vj, such that a(uy, vy) = l(vy), Vv e Vy,
Here we seek to prove the following property:

N N k+1y 2
i~ tpllyg < ch™  Plloo Clr+1
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e We're first interested in || — uip]l;.

Since V}, is a vector subspace of V, posing v = vy, we obtain :
a(@C,Pvy) — a(@Ch,pvp) =0 Vv € V.
We then have Galerkin orthogonality:

a(ii—uy,vy) =0 YvpeVy,

and
|4t — Lihllf <aa(il—up, 01— Uy) by coercivity
=aa(ll— vy, 40— Iya+ I,0— uy)
=aa(l—up, - Iy0) by Galerking orthogonality taking vy, = iy, — I, @i
< ali—uplilt—Iyih by continuity
< alli—vplhla—Ipal.
Thus

|2t — 1|l < alti— Iyl = al(C - I,C) ;.

By posing A = C - I},C, we have

|Adl1 = [I(AP) lo = I|A'p+ Ad'llo < [|A'Pllo + 11 AP |0 < allPllool | All1

14910 = | [ (2 = maxiy | [ (402 = el A1 = 1ol Al

Q Q Q

||A<ﬁ'||o=\/f(A<ﬁ')25maX§5/ f(A)Z:||<Z>’||oo||A||osa||</3||oo||A||1.
Q Q Q

Therefore, we have

because

and

li— Ity = 1(C - I,C)Ply < alldlloolIC — I;Clly
Finally, using the interpolation inequality, we obtain
1t — 1]l < ah*|Pllool Clis (13)

e We can now turn our attention directly to || & — tip]l,.

We'll start by applying the Aubin-Nitsche duality method by considering the dual prob-
lem:



Let Z € H} () solution of the problem

—-AzZ=¢p, inQ
z2=0, onT

with €}, = @t — uy,. Thus

a(u,v):—f Au-v:fVu-Vv
Q Q
and as €, € Hy ()

a(z,ép) :f (=AZ)-éy, =f én’ =llénlls
Q Q
Moreover, by the regularity properties :
e HX(Q)
and
1212 < allénllo = allit— tipllo
Thus
|14 — tinl1§ = 1€l
=al(z,ey) by 14
=a(z—-1Iyz,¢éyp) by Galerkin orthogonality
<alz-Ipzhléxh by continuity
<ahl|Zlzlénh by 15 et by interpolation inequality
< a-hlzlz- h*1Pllool Clis by 13
< ah® i - dnllollplleolClis1 by 16
Finally

~ ~ k+1) %
N —tpllo < ah™  ||Pllool Cli+1

Remark. Note that

1 — dpllo = llu+ m— (up+m)llo = llu—unllo

4.4 Numerical results
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As explained above, we wish to combine ¢-FEM and FNO in order to predict the solution
of the Poisson problem as accurately as possible. In this section, we present various results
obtained using the 3 correction methods presented in the previous section (Section 4.2). It is
important to note that, for practical purposes, almost all the following results obtained with
¢-FEM will be compared with those obtained with the standard FEM method.

we will start by presenting the results obtained on an analytical solution (Section 4.4.1). we
will consider here the "initial" solution (ﬁ, which we will inject into the correction problems,



as the analytical solution of the problem. This first step simply enables us to check that, by
supplying the exact solution directly to the correction solvers, they are indeed reduced to ma-
chine errors.

Next, in order to verify that correction solvers can improve accuracy when providing a solu-
tion close to the exact solution, we will consider the case of so-called "disturbed", firstly by
applying an analytical perturbation (Section 4.4.2) and then by considering a ¢»-FEM solution
as being the disturbed solution for which we don’t know the perturbation (Section 4.4.3). This
step will also provide us with a basis for further work, giving us an idea of what we can expect
in terms of neural network output correction.

Finally, we will consider the case of neural networks with an FNO in Section 4.4.4 and then
with other networks in Section 4.4.5 (a multi-perceptron network and a PINNs). The reasons
for considering other neural networks will be explained in more details in these sections.

In this section, we defined by

2
(rel) fgh (Uex — Umethod)
ltex — Umernodll =
Oth f 2
Q) Uex

the relative error between the exact solution ., and #1104 @ solution obtained by FEM or
¢-FEM, a correction solver or the prediction of an neural network.

We can defined too

(abs) _ 2
| thex — umethodllonh = fQ (Uex — Umethod)
h

the absolute error.

4.4.1 Correction on exact solution

First, we will look at the correction of an exact solution. In other words, we consider

(P: Ueyx

This first step enables us to check that, by supplying an already exact solution to the vari-
ous correctors under consideration, we again obtain an exact output solution (to the nearest
machine error).

In all the following cases, we will consider S = 0.5, as well as ¢ = 0 in the case of the homo-
geneous problem and ¢ = 1 in the non-homogeneous case. We will vary f between 1 (low
solution variability) and 4 (high solution variability) and we will choose to take 100 vertices in
each direction n,.;; = 100.

Remark. We will consider here only the case of correction by addition (with and without IPP
on AQp) as well as the case of correction by multiplication.

¢ Results on the Circle :

We consider here the Circle problem with the solution defined in Section 4.1.1.1.
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Homogeneous case:

We consider here the homogeneous problem (i.e. with ¢ = 0) and seek to test the various
correction methods with standard FEM and ¢-FEM methods.

FEM Corr_add cCorr_add IPP Corr_mult PhiFEM Corr_add Corr_add IPP Corr_mult
f=1 210e03 2.44e-10 1.29e-13  2.97e-13 f=1 805e04 812e-11 3.32e-13 4.29e-13
f=2 6.62e-03 1.53e-10 1.28e-13  2.80e-13 f=2 6.31e-03 6.50e-11 9.60e-12 1.12e-11
f=3 141e02 8.86e-11 1.27e-13 2.68e-13 f=3 204e-02 153e-10 1.45e-10 7.04e-11
f=4 242002 9.52e-11 1.26e-13 2.61e-13 f=4 457e-02 878e-10 8.23e-10 1.04e-09
Figure 4.11: Relative errors obtained with Figure 4.12: Relative errors obtained with
different methods on the Circle with stan- different methods on the Circle with ¢-
dard FEM. FEM.

Non-homogeneous case :

We consider here the non-homogeneous problem (i.e. with ¢ = 1) and seek to test the
various correction methods with standard FEM and ¢-FEM methods.

FEM Corr_add Corr_add IPP Corr_mult PhiFEM Corr_add Corr_add IPP Corr_mult
f=1 252e03 2.48e-10 2.06e-14 2.10e-14 f=1 90%-05 297e-10 4.47e-13 1.68e-10
f=2 105e02 1.00e-10 1.66e-14 2.50e-14 f=2 397e-04 117e-10 4.55e-12 5.05e-11
f=3 233e-02 76711 1.70e-14  2.60e-14 f=3 9.26e-04 B8.05e-1l 4.44e-11  2.89e-10
f=4 407e-02 4.02e-11 1.56e-14  3.28e-14 f=4 166e03 761e-10 7.65e-10 1.52e-09
Figure 4.13: Relative errors obtained with Figure 4.14: Relative errors obtained with
different methods on the Circle with stan- different methods on the Circle with ¢-
dard FEM. FEM.

Results on the Square :
We consider here the Square problem with the solution defined in Section 4.1.2.1.
Homogeneous case :

We consider here the homogeneous problem (i.e. with ¢ = 0) and seek to test the various
correction methods with standard FEM and ¢-FEM methods.

FEM Corr_add Corr_add IPP Corr_mult PhiFEM Corr_add Corr_add IPP Corr_mult
f=1 261e03 5.16e-11 1.28e-13 2.48e-13 f=1 184e-03 22le-11 2.21e-13 3.08e-13
f=2 104e-02 1.43e-11 1.27e-13 2.49e-13 f=2 144e-02 880e-12 4.77e-12 4.80e-12
f=3 234e02 8.07e-12 1.26e-13  2.49%-13 f=3 369-02 1.30e-10 1.29e-10 1.73e-10
f=4 412e-02 1.28e-11 1.24e-13  2.49e-13 f=4 6.84e-02 127209 1.27e-09 2.02e-09
Figure 4.15: Relative errors obtained with Figure 4.16: Relative errors obtained with
different methods on the Square with different methods on the Square with ¢-
standard FEM. FEM.
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Non-homogeneous case :

We consider here the non-homogeneous problem (i.e. with ¢ = 1) and seek to test the
various correction methods with standard FEM and ¢-FEM methods.

FEM Corr_add Corr_add IPP Corr_mult PhiFEM Corr_add Corr_add IPP Corr_mult
f=1 230e03 4.74e-11 1.10e-13 1.72e-13 f=1 120e-04 1.42e-11 2.96e-13 2.02e-11
f=2 953e03 17%-11 1.15e-13  2.16e-13 f=2 574e-04 0983e-12 4.45e-12 2.90e-11
f=3 219e-02 1.19%-11 1.17e-13  2.2%-13 f=3 134e-03 116e-10 1.15e-10 1.78e-10
f=4 388e02 832e-12 1.18e-13 2.35e-13 f=4 23%-03 113e-09 1.14e-09 1.46e-09
Figure 4.17: Relative errors obtained with Figure 4.18: Relative errors obtained with
different methods on the Square with different methods on the Square with ¢-
standard FEM. FEM.

It would therefore seem that the various correction methods work in the different cases con-
sidered.

4.4.2 Correction on disturbed solution

Now, let’s consider a deliberately disturbed solution. The purpose of this step is to check that
the correction solvers also work with a solution that is very close to the real solution, but not
exact. In this section, we will consider a manually disturbed solution, i.e. the exact solution
to which we've added a small, analytically known perturbation.

As explained above, we begin by considering ¢ as a manually perturbed solution defined by

G (X, Y) = Upx(x,y) +€P(X,y)

where u,, defines the exact solution to the problem, P the perturbation applied to itand e is a
real number that allows the amplitude of the perturbation to be easily increased or decreased.

Remark. Notice that by taking € = 0, we return to the case of correction on an exact solution
presented in Section 4.4.1.

In our case, we will choose to consider P as being of the same form as our exact solution
(defined with different parameters), but we could very well consider a completely different
perturbation.

Remark. Note that the form of the perturbation has a huge influence on the accuracy of the
solvers, and that the difficulty lies in the following cases where its expression is not explicitly
known (as in the case of ¢-FEM in Section 4.4.3 or FNO in Section 4.4.4).

In the case of Circle geometry where we consider the problem 4.1.1.1, the perturbation will be
defined by
P(x,y) =S xsin (87 f, ((x —0.5)* + (y — 0.5)%) + o)

where S, € [0,1] is the amplitude of the signal, f,, € N can be associated with the "frequency"
of the signal and ¢, € [0, 1] the phase at the origin.
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In the case of Square geometry where we consider the problem 4.1.2.1, the perturbation will
be defined by

P(x,y) =S, xsin(2nfyx+¢p) xsin (27 f,y +¢p)
where S, € [0,1] is the amplitude of the signal, f, € N can be associated with the "frequency"
of the signal and ¢, € [0, 1] the phase at the origin.

Remark. Note that for the boundary conditions of the solution to be satisfied, i.e. for ¢ = U,y on
[, it is essential that P = 0 onT. In the case of both circle and square, we will then take ¢, = 0.

Recall the relative errors obtained by standard FEM and ¢-FEM on the circle and on the square
for frequencies f € {1,2, 3,4} for the homogeneous (Figure 4.19) and non-homogeneous prob-
lem (Figure 4.20).

f=1 f=2 f=3 i=4 f=1 f=2 f=3 f=4
fem 2.10e-03 6.62e-03 1.41e-02 2.42e-02 fem 2.52e-03 1.05e-02 2.33e-02 4.07e-02
circle circle
phifem 8.05e-04 6.31e-03 2.04e-02 4.57e-02 phifem 9.09e-05 3.97e-04 9.26e-04 1.66e-03
fem 2.61e-03 1.04e-02 2.34e-02 4.12e-02 fem 2.30e-03 9.53e-03 2.1%e-02 3.88e-02
sguare square
phifem 1.84e-03 1.44e-02 3.6%9e-02 6.84e-02 phifem 1.20e-04 5.74e-04 1.34e-03 2.3%e-03
Figure 4.19: Table summarizing the errors Figure 4.20: Table summarizing the er-
obtained by standard FEM and ¢-FEM on rors obtained by standard FEM and ¢-
the circle and the square (homogeneous FEM on the circle and the square (non-
case). homogeneous case).

Remark. In the previous results, we use the direct method to impose the edge conditions with
¢-FEM.

4.4.2.1 Results with differents ¢

The aim of this section is to test correction by addition (without IPP) and correction by multi-
plication by varying the amplitude of the perturbation (in other words, by varying ).

We will try to separate the cases according to the frequencies considered. In other words, for
I fp €11,2,3,4}, we're interested in the following three cases. The first is the case where the
solution frequency is greater than the perturbation frequency (f > f), i.e. a highly variable
solution and a less variable perturbation. The second is where the solution and perturbation
frequencies are equal (f = f}), i.e. the solution and perturbation have the same variability.
The last category covers cases where the perturbation is "nastier" than the solution, i.e. it has
a higher frequency than the solution (f < f,).

In this section, we will consider for the circle the solution defined in Section 4.1.1.1 and for
the square the solution defined in Section 4.1.2.1.

Results with standard FEM :

First we will consider the standard FEM method on the homogeneous case (i.e. with ¢ = 0)
and then on the non-homogeneous case (i.e. with ¢ =1).
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* Results on the homogeneous case :

First, we consider the correction by adding (without IPP) on the Circle problem (Figure
4.21) and on the Square problem (Figure 4.22).

eps=1 eps=0.1 eps=0.01 eps=0.001 eps=0.0001 eps=0.0 eps=1 eps=0.1 eps=0.01 eps=0001 eps=0.0001 eps=0.0

f=2;fp=1 210e-03 2.10e-04 2.10e-05 2.10e-06 2.10e-07 1.53e-10 f=2;fp=1 261e03 26le-04 261e-05 2.61e-06 261e-07 1.28e-11
f=3;fp=1 210e-03 2.10e-04 2.10e-05 2.10e-06 2.10e-07 8.86e-11 f=3;fp=1 261e-03 261e-04 261e-05 2.61e-06 261e-07 8.33e-12
f=3;fp=2 6.62e-03 6.62e-04 6.62e-05 6.62e-06 6.62e-07 8.86e-11 f=3;fp=2 1.04e-02 1.04e-03 1.04e-04 1.04e-05 1.04e-06 8.33e-12

=0 f=4;fp=1 2.10e-03 2.10e-04 2.10e-05 2.10e-06 2.10e-07 9.52e-11 B f=4;fp=1 261e03 261e-04 261e-05 2.61e-06 261e-07 1.08e-11
f=4;fp=2 66203 6.62e-04 6.62e-05 6.62e-06 6.62e-07 9.52e-11 f=4;fp=2 1.04e-02 1.04e-03 1.04e-04 1.04e-05 1.04e-06 1.08e-11
f=4;fp=3 14le-02 141e-03 1.41e-04 1.41e-05 1.41e-06 9.52e-11 f=4;fp=3 234e-02 234e-03 2.34e-04 2.34e-05 234e-06 1.08e-11

f=1 2.10e-03  2.10e-04 2.10e-05 2.10e-06 2.10e-07 2.44e-10 f=1 2.61e-03 2.61e-04 2.61e-05 2.61e-06 261e-07 4.16e-11

f=2 6.62e-03 6.62e-04 6.62e-05 6.62e-06 6.62e-07 1.53e-10 f=2 1.04e-02 1.04e-03 1.04e-04 1.04e-05 1.04e-06 1.28e-11

U=0 f=3 141le-02 1.41e-03 1l.4le-04 1.41e-05 1.4le-06 8.86e-11 = f=3 2.34e-02 234e-03  2.34e-04 2.34e-05 234e-06 8.33e-12
f=4 2.42e-02  2.42e-03 2.42e-04 2.42e-05 2.42e-06 9.52e-11 f=4 4.12e-02  4.12e-03 4.12e-04 4.12e-05 4.12e-06 1.08e-11
f=1;fp=2 6.62e-03 6.62e-04 6.62e-05 6.62e-06 6.62e-07 2.44e-10 f=1;fp=2 1.04e-02 1.04e-03 1.04e-04 1.04e-05 1.04e-06 4.16e-11
f=1;fp=3 141e02 1.41e03 1.41e-04 1.41e-05 1.41e-06 2.44e-10 f=1;fp=3 2.34e-02 2.34e-03 2.34e-04 2.34e-05 234e-06 4.16e-11
f=1;fp=4 242e-02 242e-03 2.42e-04 2.42e-05 242e-06 2.44e-10 f=1;fp=4 412802 412203 4.12e-04 4.12e-05 412e-06 4.16e-11

D f=2;fp=3 1l4le-02 1.41e-03 1.41e-04 1.41e-05 1.41e-06 1.53e-10 e f=2;fp=3 2.34e-02 234e-03 2.34e-04 2.34e-05 234e-06 1.28e-11
f=2;fp=4 242e-02 2.42e-03 2.42e-04 2.42e-05 2.42e-06 1.53e-10 f=2;fp=4 4.12e-02 4.12e-03 4.12e-04 4.12e-05 412e-06 1.28e-11
f=3;fp=4 242e-02 2.42e-03 2.42e-04 2.42e-05 2.42e-06 8.86e-11 f=3;fp=4 4.12e-02 4.12e-03 4.12e-04 4.12e-05 412e-06 8.33e-12

Figure 4.21: Correction by adding on the Figure 4.22: Correction by adding on the
Circle with standard FEM in the homoge- Square with standard FEM in the homo-
neous case. geneous case.

Then, we consider the correction by multiplying on the Circle problem (Figure 4.23) and
on the Square problem (Figure 4.24).

eps=1 eps=01 eps=0.01 eps=0.001 eps=0.0001 eps=0.0 eps=1 eps=01 eps=0.01 eps=0.001 eps=0.0001 eps=0.0

f=2;fp=1 9.76e-01 1.04e-01 1.04e-02 1.04e-03 1.04e-04 2.80e-13 f=2;fp=1 64501 8.61e02 8.68e-03 8.68e-04 8.68e-05 2.66e-14
f=3;fp=1 1.03e+00 1.03e-01 1.02e-02 1.02e-03 1.02e-04 2.068e-13 f=3;fp=1 7.87e-01 9.35e-02 9.39e-03 9.40e-04 9.40e-05 2.67e-14
f=3;fp=2 7.60e-01 8.62e-02 8.64e-03 8.65e-04 8.65e-05 2.68e-13 f=3;fp=2 574e-01 7.98e-02 8.04e-03 8.04e-04 8.04e-05 2.67e-14

=i f=4;fp=1 1.00e+00 1.01e-01 1.01e-02 1.01e-03 1.01e-04 2.61e-13 =0 f=4;fp=1 B8.48e01 9.66e-02 9.67e-03 9.67e-04 9.67e-05 3.7le-14
fp=2 8.60e-01 9.49e-02 9.46e-03 9.46e-04 9.46e-05 2.61e-13 f=4;fp=2 6.61e-01 8.75e-02 8.82e-03 8.82e-04 8.82e-05 3.71e-14

6.92e-01 7.70e-02 7.73e-03 7.73e-04 773e-05 261e-13 f=4;fp=3 5.60e-01 7.75e-02 7.81e-03 7.81e-04 7.81e-05 3.71e-14

5.23e-02 5.23e-03 5.23e-04 5.23e-05 5.23e-06 297e-13 f=1 2.78e-02 2.78e-03 2.78e-04 2.78e-05 278e-06 2.56e-14

f=2 5.32e-02 5.32e-03 5.32e-04 5.32e-05 5.32e-06 2.80e-13 f=2 3.72e-02 3.72e-03 3.72e-04 3.72e-05 372e-06 2.66e-14

=0 f=3 6.33e-02 6.33e-03 6.33e-04 6.33e-05 6.33e-06 2.68e-13 0 f=3 4.66e-02 4.66e-03 4.66e-04 4.66e-05 466e-06 2.67e-14
f=4 7.19e-02 7.19e-03 7.19e-04 7.19e-05 7.19e-06 2.61e-13 f=a 5.42e-02 5.42e-03 5.42e-04 5.42e-05 5.42e-06 3.71e-14
f=1;fp=2 9.80e-01 1.08e-02 1.07e-03 1.06e-04 1.06e-05 297e-13 f=1;fp=2 6.37e-01 4.01e-03 3.98e-04 3.98e-05 3.98e-06 2.56e-14
f=1;fp=3 1.01e+00 1.56e-02 1.64e-03 1.64e-04 1.64e-05 2.97e-13 f=1;fp=3 7.82e-01 5.70e-03 5.53e-04 5.55e-05 555e-06 2.56e-14
f=1;fp=4 1.0le+00 2.55e-02 2.20e-03 2.17e-04 217e-05 2.97e-13 f=1;fp=4 844801 28902 7.42e-04 7.39-05 7.39e-06 2.56e-14

= f=2;fp=3 7.63e01 9.93e-02 1.01e-02 1.01e-03 101e-04 2.80e-13 el f=2;fp=3 b5.68e-01 6.57e-02 6.77e-03 6.78e-04 6.78e-05 2.66e-14
f=2;fp=4 838e-01 1.08e-02 1.10e-03 1.10e-04 1.10e-05 2.80e-13 f=2;fp=4 6.54e-01 6.58e-03 6.38e-04 6.38e-05 6.38e-06 2.66e-14
f=3;fp=4 695e-01 B8.24e-02 8.40e-03 8.42e-04 8.42e-05 2.68e-13 f=3;fp=4 556e01 6.82e-02 6.94e-03 6.94e-04 6.94e-05 2.67e-14

Figure 4.23: Correction by multiplying on Figure 4.24: Correction by multiplying on
the Circle with standard FEM in the ho- the Square with standard FEM in the ho-
mogeneous case. mogeneous case.

Observation : We can make a few comments on the results obtained:

e First of all, it would therefore seem that, overall, the smaller the perturbation ap-
plied (i.e. the smaller the €), the more efficient the addition and multiplication
correction solvers are in terms of accuracy.
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Then, it would appear that, as with the standard FEM and ¢-FEM solvers without
correction, the more the solution varies (i.e. the larger f), the greater the error.
This is a fairly intuitive result, since the more the solution varies, the more points
are needed to approximate it.

It would also seem that for € = 1 (i.e. a large perturbation), the € parameter has a
greater impact on the multiplicative corrector than on the additive corrector. We
explained earlier the benefits of elevating the problem, which could be beneficial
here. Results on elevation will be presented in the Section 4.4.2.2.

In view of the results obtained here, it would also appear that, overall, correction by
addition is more effective than correction by multiplication. Moreover, correction
by addition has more advantages than correction by multiplication. In particular,
if the solution cancels out on the domain, correction by multiplication will require
elevating the problem sufficiently so that it no longer cancels out, unlike correc-
tion by addition.

There is one final and rather important point to make. In fact, if we take a closer
look at the results, we can see that in the case of correction by adding, the errors
only seem to depend on the frequency of the perturbation and not on that of the
solution (at a fixed €). This is a result that has been explained theoretically in the
case of correction by multiplication on a elevated problem in the Section 4.3.1 (for
m large, similar to correction by addition as explained above). Thus, as we have
shown (in Section 4.3.2) that for m large, the error of correction by multiplication
on a elevated problem converges to the error of correction by addition, we recover
this result on correction by addition.

* Results on the non-homogeneous case :

First,

we consider the correction by adding (without IPP) on the Circle problem (Figure

4.25) and on the Square problem (Figure 4.26).

eps=1 eps=01 eps=0.01 eps=0.001 eps=0.0001 eps=0.0 eps=1 eps=01 eps=0.01 eps=0.001 eps=0.0001 eps=0.0

t=2;fp=1 2.10e-03 2.10e-04 2.10e-05 2.10e-06 2.10e-07 9.95e-11 f=2;fp=1 261e-03 26le04 2.61e-05 2.61e-06 261e-07 179%-11
f=3;fp=1 2.10e-03 210e-04 2.10e-05 2.10e-06 2.10e-07 7.08e-11 f=3;fp=1 261e-03 261e-04 2.61e-05 2.61e-06 261e-07 119e-11
f=3;fp=2 6.62e-03 6.62e-04 6.62e-05 6.62e-06 6.62e-07  7.08e-11 f=3;fp=2 1.04e-02 1.04e-03 1.04e-04 1.04e-05 1.04e-06 119%-11

U= =4;fp=1 210e-03 210e-04 2.10e-05 2.10e-06 2.10e-07 6.02e-11 B f=4;fp=1 261e-03 26le-04 2.61e-05 2.61e-06 2.61e-07 8.32e-12
=4;fp=2 6.62e-03 6.62e-04 6.62e-05 6.62e-06 6.62e-07 6.02e-11 f=4;fp=2 1.04e-02 104e03 1.04e-04 1.04e-05 1.04e-06 8.32e-12
f=4;fp=3 141e-02 141e03 l.41e-04 1.41e-05 1.41e-06 6.02e-11 f=4;fp=3 234802 234e03 2.34e-04 2.34e-05 2.34e-06 8.32e-12

f=1 2.10e-03 2.10e-04 2.10e-05 2.10e-06 2.10e-07 2.90e-10 f=1 2.61e-03 2.6le-04 2.61e-05 2.61e-06 261e-07 474e-11

f=2 6.62e-03  6.62e-04 6.62e-05 6.62e-06 6.62e-07 9.95e-11 f=2 1.04e-02 1.04e-03 1.04e-04 1.04e-05 1.04e-06 179%-11

U= =3 1.41e-02 1.41e-03 1.41e-04 1.41e-05 141e-06 7.08e-11 s f=3 2.34e-02 2.34e-03  2.34e-04 2.34e-05 2.34e-06 1.19e-11
=4 2.42e-02 2.42e-03  2.42e-04 2.42e-05 2.42e-06 6.02e-11 f=4 4.12e-02 4.12e-03  4.12e-04 4.12e-05 4.12e-06 8.32e-12
t=1;fp=2 6.62e-03 6.62e-04 6.62e-05 6.62e-06 6.62e-07 2.90e-10 f=1;fp=2 1.04e-02 1.04e-03 1.04e-04 1.04e-05 1.04e-06 4.74e-11
f=1;fp=3 1.4le-02 141e-03 l.4le-04 1.41e-05 1.41e-06 2.90e-10 f=1;fp=3 234e-02 234e-03 2.34e-04 2.34e-05 2.34e-06 4.74e-11
f=1;fp=4 242e-02 242e-03 2.42e-04 2.42e-05 2.42e-06 2.90e-10 f=1;fp=4 412e-02 4.12e-03 4.12e-04 4.12e-05 412e-06 4.74e-11

ety =2;fp=3 1.41e-02 1.41e-03 1.41e-04 1.41e-05 1.41e-06 9.95e-11 Ui f=2;fp=3 234e-02 2.34e-03 2.34e-04 2.34e-05 234e-06 1.7%-11
t=2;fp=4 242e-02 242e-03 2.42e-04 2.42e-05 2.42e-06  9.95e-11 f=2;fp=4 412e-02 4.12e-03 4.12e-04 4.12e-05 4.12e-06 1.79e-11
1=3;fp=4 24202 242e03 2.42e-04 2.42e-05 2.42e-06 7.08e-11 f=3;fp=4 412202 4.12e03 412e-04 4.12e-05 412e-06 1.19e-11

Figure 4.25: Correction by adding on the Figure 4.26: Correction by adding on the
Circle with standard FEM in the non- Square with standard FEM in the non-
homogeneous case. homogeneous case.
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Then, we consider the correction by multiplying on the Circle problem (Figure 4.27) and
on the Square problem (Figure 4.28).

eps=1 eps=0.1 eps=0.01 eps=0.001 eps=0.0001 eps=0.0 eps=1 eps=0.1 eps=0.01 eps=0.001 eps=0.0001 eps =0.0

fp=1 120e+00 1.03e-01  1.00e-02 1.00e-03 1.00e-04 242e-13 f=2;fp=1 642e-01 8.64e-02 8.68e-03 8.67e-04 8.67e-05 2.16e-13

f=3;fp=1 102e+00 9.96e-02 9.91e-03 9.91e-04 9.91e-05 2.47e-13 f=3;fp=1 7.86e-01 9.36e-02 9.39¢-03 9.40e-04 9.40e-05 2.29e-13

f 9.91e-01 9.26e-02 9.03e-03 9.00e-04 9.00e-05 247e-13 f=3;fp=2 5.67e-01 7.97e-02 8.02e-03 8.02e-04 8.02e-05 2.29e-13

D 9.70e-01  9.92e-02 9.92e-03 9.92e-04 9.92e-05 2.46e-13 B f=4;fp=1 B8.44e01 9.66e-02 9.67e-03 9.67e-04 967e-05 2.35e-13
f=4;fp=2 9.67e-01 9.37e-02 9.30e-03 9.29e-04 9.29e-05 2.46e-13 f=4;fp=2 6.56e-01 8.78e-02 8.81e-03 8.81e-04 8.8le-05 2.35e-13
f=4;fp=3 B897e-01 B8.55e-02 8.35e-03 8.33e-04 8.33e-05 2.46e-13 f=4;fp=3 560e-01 7.74e-02 7.79e-03 7.79e-04 7.79e-05 2.35%e-13

f=1 6.61e-01 1.02e-01 1.06e-02 1.07e-03 1.07e-04 2.17e-13 f=1 3.76e-01 7.12e-02 7.66e-03 7.70e-04 7.70e-05 1.72e-13

f=2 5.4%e-01 8.74e-02 9.13e-03 9.17e-04 917e-05 242e-13 f=2 3.95e-01 7.31e-02 7.81e-03 7.85e-04 7.86e-05 2.16e-13

= f=3 5.15e-01 8.22e-02  8.60e-03 8.64e-04 8.64e-05 247e-13 0 f=3 4.09e-01 7.47e-02  7.98e-03 8.02e-04 8.02e-05 2.29%-13
f=4 4,95e-01  7.96e-02 8.34e-03 8.37e-04 8.38e-05 2.46e-13 f=4 4.22e-01 7.64e-02 8.13e-03 8.17e-04 8.18e-05 2.35%e-13
f=1;fp=2 4.42e-01 1.04e-01 1.14e-02 1.15e-03 115e-04 217e-13 f=1;fp=2 5.23e-01 7.12e-02 7.39e-03 7.3%e-04 7.39e-05 1.72e-13
f=1;fp=3 8.20e-01 2.53e-02 1.84e-03 1.79e-04 179e-05 217e-13 f=1;fp=3 6.62e-01 9.68e-03 9.73e-04 9.96e-05 999e-06 1.72e-13
f=1;fp=4 8.56e-01 7.39e-02 9.34e-03 9.56e-04 9.58e-05 2.17e-13 f=1;fp=4 7.18e-01 5.27e-02 4.69e-03 4.69e-04 469e-05 1.72e-13

i f=2;fp=3 43le01 7.23e-02 7.27e-03 7.27e-04 727e-05 2.42e-13 B f=2;fp=3 53501 6.31e-02 6.51e-03 6.52e-04 6.52e-05 2.16e-13
f=2;fp=4 727e-01 121e-01 1.23e-02 1.23e-03 123e-04 242e-13 f=2;fp=4 5.88e-01 7.6%-02 7.98e-03 7.99e-04 7.99e-05 2.16e-13
f=3;fp=4 440e01 6.91e-02 7.13e-03 7.15e-04 716e-05 247e-13 f=3;fp=4 54201 6.72e-02 6.81e-03 6.82e-04 6.82e-05 2.29e-13

Figure 4.27: Correction by multiplying on Figure 4.28: Correction by multiplying on
the Circle with standard FEM in the non- the Square with standard FEM in the non-
homogeneous case. homogeneous case.

Observation : In view of the results obtained, it would appear that the conclusions are
the same as for the homogeneous case.

Results with ¢-FEM :
Then we will consider the ¢»-FEM method on the homogeneous case (i.e. with ¢ = 0) and then
on the non-homogeneous case (i.e. with ¢ = 1).

* Results on the homogeneous case :

First, we consider the correction by adding (without IPP) on the Circle problem (Figure
4.29) and on the Square problem (Figure 4.30).

eps=1 eps=0.1 eps=0.01 eps=0.001 eps=0.0001 eps=0.0 eps=1 eps=0. eps=0.01 eps=0.001 eps=0.0001 eps=0.0

f=2;fp=1 B814e-04 B8.14e-05 8.14e-06 8.14e-07 8.15e-08 6.50e-11 f=2;fp=1 1.86e-03 1.86e-04 1.86e-05 1.86e-06 186e-07 1.33e-11
f=3;fp=1 813e-04 8.13e05 8.13e-06 8.13e-07 8.13e-08 1.53e-10 f=3;fp=1 1.86e-03 1.86e-04 1.86e-05 1.86e-06 186e-07 1.24e-10
f=3;fp=2 652e-03 6.52e-04 6.52e-05 6.52e-06 6.52e-07 1.53e-10 f=3;fp=2 1.50e-02 1.50e-03 1.50e-04 1.50e-05 1.50e-06 1.24e-10

= f=4;fp=1 8.13e-04 8.13e-05 8.13e-06 8.13e-07 8.17e-08 8.78e-10 B f=4;fp=1 1.86e-03 1.86e-04 1.86e-05 1.86e-06 1.86e-07 1.27e-09
f=4;fp=2 651e-03 6.51e-04 6.51e-05 6.51e-06 6.50e-07 8.78e-10 f=4;fp=2 1.50e-02 1.50e-03 1.50e-04 1.50e-05 150e-06 1.27e-09
f=4;fp=3 21502 2.15e-03 2.15e-04 2.15e-05 2.15e-06 8.78e-10 f=4;fp=3 4.09e-02 4.09-03 4.09e-04 4.09e-05 409e-06 1.27e-09

f=1 8.14e-04 8.14e-05 8.14e-06 8.15e-07 8.15e-08 8.12e-11 f=1 1.86e-03 1.86e-04 1.86e-05 1.86e-06 1.86e-07 5.43e-11

f=2 6.52e-03 6.52e-04 6.52e-05 6.52e-06 6.52e-07 6.50e-11 f=2 1.51e-02 151e-03 151e-04 1.51e-05 151e-06 1.33e-11

=0 f=3 2.15e-02 2.15e-03 2.15e-04 2.15e-05 2.15e-06 1.53e-10 s f=3 4.10e-02 4.10e-03 4.10e-04 4.10e-05 410e-06 1.24e-10
f=4 4.89e-02 4.89%-03 4.89e-04 4.89e-05 4.89e-06 8.78e-10 f=4 8.08e-02 8.08e-03 8.08e-04 8.08e-05 8.08e-06 1.27e-09
f=1;fp=2 652e-03 6.52e-04 6.52e-05 6.52e-06 6.52e-07 8.12e-11 f=1;fp=2 151e-02 151e-03 1.51e-04 1.51e-05 151e-06 5.43e-11
f=1;fp=3 2.16e-02 2.16e-03 2.16e-04 2.16e-05 2.16e-06 8.12e-11 f=1;fp=3 4.10e-02 4.10e-03 4.10e-04 4.10e-05 410e-06 5.43e-11
f=1;fp=4 490e-02 4.90e-03 4.90e-04 4.90e-05 4.90e-06 8.12e-11 f=1;fp=4 81le02 8.11e-03 8.11e-04 8.11e-05 8.11e-06 5.43e-11

D f=2;fp=3 215e-02 2.15e-03 2.15e-04 2.15e-05 2.15e-06 ©.50e-11 i f=2;fp=3 4.10e-02 4.10e-03 4.10e-04 4.10e-05 4.10e-06 1.33e-11
f=2;fp=4 490e-02 4.90e-03 4.90e-04 4.90e-05 4.90e-06 6.50e-11 f=2;fp=4 B.10e-02 8.10e-03 8.10e-04 8.10e-05 8.10e-06 1.33e-11
f=3;fp=4 490e-02 4.90e-03 4.90e-04 4.90e-05 4.90e-06 1.53e-10 f=3;fp=4 8.0%-02 8.09e-03 8.09e-04 8.09e-05 8.09e-06 1.24e-10

Figure 4.29: Correction by adding on the Figure 4.30: Correction by adding on the
Circle with ¢-FEM in the homogeneous Square with ¢-FEM in the homogeneous
case. case.
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Then, we consider the correction by multiplying on the Circle problem (Figure 4.31) and
on the Square problem (Figure 4.32).

eps=1 eps=0.1 eps=0.01 eps=0.001 eps=0.0001 eps=0.0 eps=1 eps=0.1 eps=0.01 eps=0.001 eps=0.0001 eps=0.0

f=2;fp=1 9.73e-01 1.04e-01 1.03e-02 1.03e-03 103e-04 1.12e-11 f=2;fp=1 6.45e-01 8.60e02 8.71e-03 8.72e-04 8.72e-05 4.38e-12
f=3;fp=1 L102e+00 1.03e-01 1.02e-02 1.02e-03 10ze-04 7.0de-11 f=3;fp=1 7.89%-01 934e02 9.41e-03 9.41e-04 9.41e-05 1.72e-10
f=3;fp=2 7.6le-01 859%-02 8.60e-03 8.60e-04 8.60e-05 7.04e-11 f=3;fp=2 57901 8.01e-02 8.11e-03 8.11e-04 811e-05 1.72e-10

= f=4;fp=1 9.96e-01 1.0le-01 1.01e-02 1.01e-03 101e-04 1.04e-09 UED f=4;fp=1 84901 9.64e-02 9.67e-03 9.67e-04 9.67e-05 2.02e-09
f=4;fp=2 858e-01 9.48e-02 9.45e-03 9.45e-04 9.45e-05 1.04e-09 f=4;fp=2 6.68e-01 8.78e-02 8.86e-03 8.86e-04 8.86e-05 2.02e-09
f=4;fp=3 6.96e-01 7.69e-02 7.72e-03 7.72e-04 7.72e-05 1.04e-09 f=4;fp=3 570e-01 7.83e-02 7.94e-03 7.94e-04 7.94e-05 2.02e-09

f=1 4.29e-13 4.24e-13  4.26e-13 4.29e-13 4.27e-13  4.29e-13 f=1 3.37e-13 3.38e-13  3.3%e-13 3.39e-13 3.38e-13  3.37e-13

f=2 112e-11  112e-11 1.12e-11 112e-11 112e-11  112e-11 f=2 4.38e-12  4.38e-12 4.38e-12 4.38e-12 439%-12 4.38e-12

=0 =3 7.04e-11  7.04e-11 7.04e-11 7.04e-11 7.04e-11  7.04e-11 = f=3 172e-10 1.72e-10 1.72e-10 1.72e-10 1.72e-10 1.72e-10
f=4 1.04e-09 1.04e-09 1.04e-09 1.04e-09 104e-09 1.04e-09 f=4 2.02e-09 2.02e-09 2.02e-09 2.02e-09 2.02e-09 2.02e-09
f=1;fp=2 974e-01 4.66e-04 7.55e-05 7.76e-06 7.788-07 4.29-13 f=1;fp=2 6.46e-01 9.19-04 7.68e-05 7.67e-06 7.67e-07 3.37e-13
f=1;fp=3 102e+00 6.28¢e-03  3.56e-04 3.14e-05 310e-06 4.29-13 f=1;fp=3 7.90e-01 4.83e03 2.93e-04 2.93e-05 2.93e-06 3.37e-13
f=1;fp=4 9.98e-01 5.23e-02 5.75e-04 8.60e-05 8.88e-06 4.2%-13 f=1;fp=4 85le-01 3.99e-02 6.66e-04 6.38e-05 6.38e-06 3.37e-13

D f=2;fp=3 7.61e-01 1.02e-01 1.04e-02 1.04e-03 104e-04 1.12e-11 =D f=2;fp=3 580e-01 6.72e-02 7.07e-03 7.08e-04 7.08e-05 4.38e-12
f=2;fp=4 85%-01 107e-02 9.3le-04 9.07e-05 9.04e-06 1.12e-11 f=2;fp=4 6.70e-01 4.10e-03 3.40e-04 3.39e-05 3.39-06 4.38e-12
f=3;fp=4 6.90e-01 8.63e-02 8.72e-03 8.73e-04 8.73e-05 T7.0de-11 f=3;fp=4 570e-01 7.12e-02 7.30e-03 7.30e-04 7.30e-05 1.72e-10

Figure 4.31: Correction by multiplying on Figure 4.32: Correction by multiplying on
the Circle with ¢-FEM in the homoge- the Square with ¢-FEM in the homoge-
neous case. neous case.

Observation : An interesting result can also be observed. Indeed, it seems that in the
case where f = f,, the multiplication correction with ¢-FEM seems to approach the
solution almost perfectly for all € considered. In fact, in the homogeneous case, for
f = fp the perturbation is identical to the solution (i.e. P = u,y) and so the solution
injected into the correction solvers is of the form

b =Uex+€P=(1+6)Uey

In the case of correction by multiplication, we have it = (Z)C . So for it = u,y, we must
have
(ﬁC: Uex — (1+€)u€xC: Uex
So if the solution does not cancel out on Q, we must have
1
C=— onQ
l1+e€
By imposing C = — on T for FEM instead of C = 1, we should get closer to the ¢-FEM

1+e
results obtained. We can see in Figure 4.33 and Figure 4.34 that we obtain the expected

Its for FEM by changing the boundary condition C=1to C = -
results for changing the boundary condition to Tte*
eps=1 eps=0.1 eps=0.01 eps=0.001 eps=0.0001 eps=0.0 eps=1 eps=0.1 eps=0.01 eps=0.001 eps=0.0001 eps=0.0
f=1 2.78e-02 2.78e-03 2.78e-04 2.78e-05 2.78e-06 2.56e-14 f=1 2.78e-02 2.78e-03 2.78e-04 2.78e-05 2.78e-06 2.56e-14
. =2 3.72e-02 3.72e-03 3.72e-04 3.72e-05 3.72e-06 2.66e-14 _ =2 3.72e-02 3.72e-03 3.72e-04 3.72e-05 3.72e-06  2.66e-14
c=t =3 4.66e-02 4.66e-03 4.66e-04 4.66e-05 4.66e-06 2.67e-14 et =3 4.66e-02 4.66e-03 4.66e-04 4.66e-05 4.66e-06 2.67e-14
f=4 5.42e-02 5.42e-03 5.42e-04 5.42e-05 5.42e-06 3.71e-14 f=4 5.42e-02 5.42e-03 5.42e-04 5.42e-05 5.42e-06 3.71e-14
=1 2.97e-13 2.9%-13 2.98e-13 2.99-13 298e-13 2.97e-13 =1 248e-13 249%-13 2.48e-13 2.49e-13 247e-13  2.48e-13
=2 2.80e-13 2.79e-13 2.79%-13 2.80e-13 2.80e-13  2.80e-13 =2 24913 24913 2.49e-13 2.49e-13 2.49e-13  2.49e-13
C=1/(1+eps) C=1/(1+eps)
=3 2.68e-13 2.68e-13 2.68e-13 2.68e-13 2.68e-13  2.68e-13 =3 249e-13 2.49%-13 2.49e-13 2.49e-13 2.49e-13  2.49e-13
f=4 2.61e-13 2.61e-13 2.61e-13 2.61e-13 261e-13  2.61e-13 f=4 249-13 249e-13 2.49e-13 2.49e-13 2.49e-13  2.49e-13

Figure 4.33: Results by changing FEM Figure 4.34: Results by changing FEM
boundary conditions on the circle. boundary conditions on the square.

51



Remark. It should be noted, however, that in practice, for example in the case where ¢
is a ¢-FEM solution or an FNO output, this case is not very realistic. There’s no reason
to expect the form of the perturbation created by the ¢-FEM solver or by the FNO to be
exactly identical to the solution under consideration.

Results on the non-homogeneous case :

First, we consider the correction by adding (without IPP) on the Circle problem (Figure
4.35) and on the Square problem (Figure 4.36).

eps=1 eps=01 eps=0.01 eps=0.001 eps=0.0001 eps=0.0 eps=1 eps=01 eps=0.01 eps=0.001 eps=0.0001 eps=0.0

f=2;fp=1 7.94e-04 7.94e-05 7.94e-06 7.94e-07 7.95e-08 4.13e-11 f=2;fp=1 17903 179e04 1.79e-05 1.79e-06 1.79e-07 9.83e-12
f=3;fp=1 7.93e-04 7.93e-05 7.93e-06 7.94e-07 7.94e-08 6.7%-11 f=3;fp=1 17903 1.79e-04 1.79e-05 1.79e-06 1.79e-07 1.16e-10
f=3;fp=2 6.36e-03 6.36e-04 6.36e-05 6.36e-06 6.36e-07 6.79%e-11 f=3;fp=2 1.45e-02 1.45e-03 1.45e-04 1.45e-05 1.45e-06 1.16e-10

U= f=4;fp=1 7.93e-04 7.93e-05 7.93e-06 7.92e-07 7.90e-08  7.32e-10 W f=4;fp=1 179%-03 179%-04 179%-05 1.79e-06 1.79e-07 1.13e-09
t=4;fp=2 6.35e-03 6.35e-04 6.35e-05 6.35e-06 6.35e-07 7.32e-10 f=4;fp=2 145e-02 145e03 145e-04 1.45e-05 145e-06 1.13e-09
t=4;fp=3 2.10e-02 210e-03 2.10e-04 2.10e-05 2.10e-06 7.32e-10 f=4;fp=3 3.94e-02 3.94e-03 3.94e-04 3.94e-05 394e-06 1.13e-09

f=1 7.95e-04 7.95e-05 7.95e-06 7.96e-07 7.96e-08 1.19e-10 f=1 179e-03 1.79%e-04 1.79e-05 1.79e-06 1.79e-07 142e-11

f=2 6.36e-03  6.36e-04 6.36e-05 6.36e-06 6.36e-07 4.13e-11 f=2 1.45e-02 1.45e-03 1.45e-04 1.45e-05 1.45e-06 9.83e-12

0= =3 2.10e-02 2.10e-03 2.10e-04 2.10e-05 2.10e-06 6.79%-11 U= f=3 3.94e-02 3.94e-03 3.94e-04 3.94e-05 394e-06 1.16e-10
t=4 4.77e-02 477e-03  4.77e-04 4.77e-05 4.77e-06  7.32e-10 f=4 7.79e-02 7.79e-03  T.79e-04 7.79e-05 7.79e-06  1.13e-09
t=1;fp=2 6.37e-03 6.37e-04 6.37e-05 6.37e-06 6.37e-07 1.19e-10 f=1;fp=2 145e-02 145e03 1.45e-04 1.45e-05 145e-06 1.42e-11
f=1;fp=3 2.10e-02 2.10e-03 2.10e-04 2.10e-05 2.10e-06 1.19e-10 f=1;fp=3 394e-02 3.94e-03 3.94e-04 3.94e-05 394e-06 142e-11
f=1;fp=4 479e-02 47903 4.79e-04 4.79e-05 479e-06 1.19e-10 f=1;fp=4 7.78e-02 7.78e-03 7.78e-04 7.78e-05 778e-06 142e-11

ety f=2;fp=3 2.10e-02 210e-03 2.10e-04 2.10e-05 2.10e-06 4.13e-11 S f=2;fp=3 3.94e-02 3.94e-03 3.94e-04 3.94e-05 394e-06 9.83e-12
f=2;fp=4 4.78e-02 478e-03 4.78e-04 4.78e-05 4.78e-06  4.13e-11 f=2;fp=4 7.78e-02 7.78e-03 7.78e-04 7.78e-05 7.78e-06 9.83e-12
1=3;fp=4 47802 478e03 4.78e-04 4.78e-05 4.78e-06  6.79e-11 f=3;fp=4 7.78e-02 7.78e03 7.78e-04 7.78e-05 7.78e-06 1.16e-10

Figure 4.35: Correction by adding on Figure 4.36: Correction by adding on
the Circle with ¢-FEM in the non- the Square with ¢-FEM in the non-
homogeneous case. homogeneous case.

Then, we consider the correction by multiplying on the Circle problem (Figure 4.37) and
on the Square problem (Figure 4.38). We start by considering the same ¢-FEM scheme
as in the homogeneous case, i.e. here we don’t impose any edge conditions.

eps=1 eps=0.1 eps=0.01 eps=0.001 eps=0.0001 eps=0.0 eps=1 eps=0. eps=0.01 eps=0.001 eps=0.0001 eps=0.0
f=2;fp=1 116e+00 10le-01 9.79e-03  0.76e-04 976605  2.92e-11 f=2;fp=1 618e-01 B829e-02 6.35e-03  8.35e-04 8.35e05 2.90e-11
f=3;fp=1 0095e-01 97le-02 9.67e-03  0.67e-04 967205 2.91e-10 f=3;fp=1 7.58e-01 900e02 9.01e-03  9.0le-04 9.01e05 178e-10
f=3;fp=2 9.66e-01 907e-02 8.85e-03  B8.83e-04 883e05 2.91e-10 f=3;fp=2 5060e-01 7.69e-02 7.74e-03  7.74e-04 7.74e05 1.78e-10
PP s ;fp=1 0.45e01 9.67e-02 9.68e03  9.68-04 968205  1.52¢-09 BB f=4;fp=1 815e-01 928e-02 9.31e-03  9.31e-04 9.31e:05  1466-09
f=4;fp=2 956e-01 925e-02 9.16e-03  9.156-04 915605 152609 f=4;fp=2 644e-01 B47e-02 851e-03  B.51e-04 8.51e05 1.466-09
f=4;fp=3 878e-01 850e-02 83303  B8.31e-04 831605 15209 f=4;fp=3 56le-01 75le02 7.59%-03  7.59-04 7.59-05  1.466-09
f=1 665201 10le01 104e-02  105e-03 105e-04  9.46e-11 f=1 385e-01 689202 7.51e-03  7.56e-04 757605 20211
=2 574e-01 867e-02 9.02-03  9.05e-04 905605  2.92e-11 f=2 397e-01 708202 7.58e-03  7.63e-04 7.64e05 2.90e-11
= =3 528e-01 822e-02 855e-03  8.58e-04 85905 2.91e-10 =P s 417e01 7.30e02 7.77e03  7.81e-04 7.81e05 178e-10
f=4 508e-01 805e-02 8.39e-03  8.42e-04 842005 15209 f=4 438601 7.46e02 7.98e-03  8.03e-04 803605 1466-09
f=1;fp=2 565e-01 196e-01 142e-02 14503 146e-04  9.46e-11 f=1;fp=2 6356-01 144801 9.08e-03  8.95e-04 894605 202611
f=1;fp=3 B86le-01 255e-01 245e-02  2.30e-03 228e04  9.46e-11 f=1;fp=3 785e-01 312e01 13302  156e-03 159e-04  2.02e-11
f=1;fp=4 9.44e-01 272e+00 3.13e-02  3.46e-03 349204  9.46e-11 f=1;fp=4 850e-01 636e01 12202  1.09e-03 1.09e-04 2.02e-11
= f=2;fp=3 46le-01 823e-02 B810e-03  B.13e-04 814e05 2.92e-11 <P, ;1p=3 565e-01 6.67e02 665003  6.64e-04 6.63e-05  2.90e-11
f=2;fp=4 7.56e-01 152e-01 149e-02 14903 149e-04  2.92e-11 f=2;fp=4 656e-01 807e02 815e-03  8.13e-04 813605 2.90e-11
f=3;fp=4 454e-01 7.27e-02 7.60e-03  7.63e-04 7.64e-05  2.91e-10 f=3;fp=4 5065e-01 686e02 6.93¢-03  6.93e-04 6.93e05  L178e-10

Figure 4.37: Correction by multiplying Figure 4.38: Correction by multiplying
on the Circle with ¢-FEM in the non- on the Square with ¢-FEM in the non-
homogeneous case. homogeneous case.

Observation : We note that the multiplicative corrector using ¢-FEM seems to succeed,
in a similar way to the homogeneous case, to correct the non-homogeneous problem
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without imposing the boundary conditions. In fact, there’s a subtlety to the scheme
we're considering here. Unlike ¢p-FEM (without correction), the scheme is written on ¢,
which is non-zero at the boundary, and not on ¢, which is zero at the boundary. This
could explain this result, whereas in the case of ¢-FEM (without correction), we can't
avoid imposing boundary conditions.

We will now use the direct method to impose the boundary condition. For this method,
we're tempted to consider the solution i = ¢C + g as the solution to the multiplication
correction problem. In fact, unlike the classic ¢-FEM method, the cﬁ function that re-
places our level-set in the formulation is non-zero at the boundary and so, by imposing
C =1 at the boundary, we'd have @ = 2g. To avoid this problem, we will raise the prob-
lem by —g and consider i = (¢ — g)C + g. We will test this method on the circle (Figure
4.39) and on the square (Figure 4.40).

eps=1 eps=0.1 eps=0.01 eps=0.001 eps=0.0001 eps=0.0 eps=1 eps=0. eps=0.01 eps=0.001 eps=0.0001 eps=0.0
f=2;fp=1 126e-03 353e03 103e-02  9.8le-04 9.76e-05 4.40e-12 f=2;fp=1 227e-02 203e-02 7.95e-03  8.35e-04 8.36e-05 3.68e-12
f=3;fp=1 188e-03 4.01e02 9.66e-03  9.67e-04 9.67e05 10910 f=3;fp=1 190e-02 197e-02 6.81e-03  9.02e-04 9.01e05 8.07e-11
f=3;fp=2 393¢-02 7.55e02 9.47e-03  B.90e-04 88405 109e-10 f=3;fp=2 218e-02 214e-02 6.71e-03  7.75e-04 7.76e05 8.07e-11
1D f=4;fp=1 567e-03 7.40e02 9.65e-03  9.68e-04 9.68e-05  9.66e-10 BB f=4;fp=1 174e-02 227e-02 9.156-03  9.30e-04 9.31e05 7.57e-10
f=4;fp=2 616e-02 413e-02 B8.99%-03  9.13e-04 9.14e-05  9.66e-10 f=4;fp=2 243e-02 216e-02 7.66e-03  B.48e-04 851605 7.57e-10
f=4;fp=3 684e-02 6.09e-02 887e-03  8.38e-04 83205 9.66e-10 f=4;fp=3 225e-02 203e02 638203  7.55e-04 7.60e05 7.57e-10
f=1 153¢-03 4.47e05 8.99e-03  103e-03 104e-04  816e-13 f=1 255e-02 223202 7.34e-03  7.51e-04 7.38e05 588e-13
f=2 556e-02 4.21e02 7.82e-03  8.87e-04 89605 4.40e-12 f=2 262e-02 243202 7.01e03  7.77e-04 7.63e05 3.68e-12
P s 599e-02 410802 7.55e-03  8.42e-04 850805 10910 =P s 266e-02 250802 7.07e-03  7.96e-04 7.81e05 807e-11
f=4 600e-02 3.96e-02 7.63e-03  8.30e-04 83905 9.66-10 f=4 271e-02 256802 7.19e-03  8.18e-04 803605 7.57e-10
f=1;fp=2 37302 284e02 885e-03  1.10e-03 112e-04 816813 f=1;fp=2 269e-02 259802 571603  6.956-04 7.07e05 588¢-13
f=1;fp=3 672¢-02 566e02 843e-03  184e-04 172¢-05 816e-13 f=1;fp=3 293¢-02 280e02 591e-03  133e-04 9.71e-06  588¢-13
f=1;fp=4 7.76e-02 7.04e02 4.90e-03  8.90e-04 9.44e05 B8.16e-13 f=1;fp=4 303¢-02 283e02 69303  4.84e-04 461e05 588e-13
<P, ;ip=3 245e02 198602 627e03  7.09e-04 7.09e-05 4.40e-12 <P, ;1p=3 25502 237e02 500003  6.1le04 6.22605 3.68e-12
f=2;fp=4 491e-02 420e02 113e-02  1.22e-03 120e-04  4.40e-12 f=2;fp=4 28le-02 266e02 6.01e-03  7.61e-04 7.84e05 3.68e-12
f=3;fp=4 280e-02 215e02 6.23e-03  7.05e-04 710805  1.09-10 f=3;fp=4 249e-02 232e02 5.63e03  6.56e-04 6.64e05  8.07e-11

Figure 4.39: Correction by multiplying Figure 4.40: Correction by multiplying
on the Circle with ¢-FEM in the non- on the Square with ¢-FEM in the non-
homogeneous case (direct method). homogeneous case (direct method).

We're now going to test imposing boundary conditions with the dual method on the
circle (Figure 4.41) and on the square (Figure 4.42).

eps=1 eps=0.1 eps=001 eps=0.001 eps=0.0001 eps=0.0 eps=1 eps=0. eps=001 eps=0.001 eps=0.0001 eps=0.0
f=2;fp=1 14le-04 499e04 B.67e-04  132e-03 62204 6.23e-04 f=2;fp=1 147¢-04 620003 3.95¢-03  2.89e-02 52303 5.14e-03
f=3;fp=1 690e-04 121e03 132e-03  285e-03 456e-03 5.68e-03 f=3;fp=1 120e-04 142002 144e-02  2.48e-03 2.89e03  312¢-03
f=3;fp=2 135¢-03 117e03 346603  6.57e-03 766603 6.92e-03 f=3;fp=2 198¢-04 40le02 21902  6.79e-03 9.32e03  1.26e-02
> f=4;fp=1 233e-04 166803 2726-03  B.5le-04 842604 B.42e-04 > f=4;fp=1 128e-04 179202 147e-02  2.11e-02 170802 1.58e-02
f=4;fp=2 416e-04 139e02 3.73e-03  128e-03 126e-03 126603 f=4;fp=2 238e-04 28le02 25202  159%-02 5.66e-02  3.05e-02
f=4;fp=3 560e-04 282603 4.14e-03  171e-03 170e-03 17003 f=4;fp=3 221e-04 278e-02 161e-02  3.50e-02 2.42e01 8.28¢-02
f=1 237e-04 6.44e04 137e-03  5.50e-04 7.84e-04  B.40e-04 f=1 113e-04 914e04 12901  6.95e-04 5.19e-04 5.29e-04
f=2 245¢-04 877e04 193e-03  111e-03 120e-03 12303 f=2 194e-04 468e02 117e-02  3.04e-01 4.14e03  3.87e-03
=D =3 203¢-03 582603 3.64e-03  9.43e-03 8.64e-03 7.19¢-03 = =3 219e-04 534e02 7.61e-03  3.26e-03 434603 6.21e-03
=4 608e-04 9.74e03  3056-03  2.10e-03 20903 2.09e-03 =4 258e-04 572e03 236602  9.99e-02 191e-02  1.80e-02
f=1;fp=2 486e-04 139203 115e-02  7.94e-04 27903 4.95e-03 f=1;fp=2 194e-04 16503 224e-03  1.10e-03 5.07e-04  5.03e-04
f=1;fp=3 7.65e-04 837e04 112e-03  6.77e-04 77904 8.18e-04 f=1;fp=3 212e-04 118e03 136e-03  3.78e-04 3.8le04 38le-04
f=1;fp=4 106e-03 135e03 283e-03  1.14e-03 157e-03 167e-03 f=1;fp=4 247e-04 110803 314603  6.87e-04 6.21e04 6.19e-04
<P 1fp=3 295004 99304 139e03  161e02 115e-03 115e-03 <P 11p=3 208e-04 829203 584e03  2.10e-03 2.73e03  2.46e-03
f=2;fp=4 270e-04 102603 118e-03  1.13e-03 1156-03 115603 f=2;fp=4 245604 452602 625603  143e-02 3.07e03  2.99¢-03
f=3;fp=4 267e-03 277603 260e-03  125e-02 147¢-02 223802 f=3;fp=4 23904 177802 837603  3.65e-03 445603 5056-03

Figure 4.41: Correction by multiplying Figure 4.42: Correction by multiplying
on the Circle with ¢-FEM in the non- on the Square with ¢-FEM in the non-
homogeneous case (dual method). homogeneous case (dual method).
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Observation : It seems that by imposing the boundary conditions with the direct
method, the errors are better when € is a bit large, especially for € = 1. For the dual
method, it seems also works for imposing boundary conditions. However, we can see
that it can become slightly stagnant when € is decreased. It’s possible that changing the
stabilization parameters could have an impact here.

4.4.2.2 Results on the elevated problem

In this section, we aim to show numerically the interest of elevating the problem. To do this,
we will consider the case of the circle with the solution defined in Section 4.1.1.1 and the case
of the square with the solution defined in Section 4.1.2.1. We will choose the homogeneous
case (i.e. with ¢ = 0) with S =0.5 and sete = 1073,

Results with FEM :

Here, we consider some of the cases considered above, in order to test the correction by mul-
tiplying on an elevating problem with FEM (theoretical result presented in Section 4.2.3). We
will test this method on the circle (Figure 4.43 and Figure 4.45) and on the square (Figure 4.44
and Figure 4.46) for selected frequencies and by varying m.

m=0 m=1 m=10 m=100 m=1000 m=10000 Corr_add m=0 m=1 m=10 m=100 m=1000 m=10000 Corr _add

f=3;fp=1 102e-03 559e-05 2.32e-06 2.10e-06 2.10e-06 2.10e-06  2.10e-06 f=3;fp=1 9.40e-04 254e-05 2.82e-06 2.61le-06 2.61e-06 2.61e-06 2.61e-06

el f=4;fp=2 9.46e-04 4.16e-05 7.02e-06 6.64e-06 6.62e-06 6.62e-06 6.62e-06 el f=4;fp=2 8.82e-04 347e-05 1.06e-05 1.04e-05 1.04e-05 1.04e-05 1.04e-05
f=1;fp=2 106e-04 9.60e-06 6.79e-06 6.64e-06 6.62e-06 6.62e-06 6.62e-06 f=1;fp=2 3.98e-05 1.13e-05 1.04e-05 1.04e-05 1.04e-05 1.04e-05 1.04e-05

tel f=1;fp=4 217e-04 293e-05 245e-05 2.42e05 2.42e05 2.42e-05 242805 vl f=1;fp=4 7.39e-05 4.15e-05 4.12e-05 4.12e-05 4.12e05 4.12e-05 4.12e-05

Figure 4.43: Correction by multiplying on the Figure 4.44: Correction by multiplying on the

elevated problem on the Circle with FEM. elevated problem on the Square with FEM.
eps = 0.001 eps = 0.001
— f=3:fp=1 — f=3:fp=1
1073 4 f=4;fp=2 107 4 \ f=4;fp=2
— f=1;fp=2 — f=1;fp=2
— f=1:fp=4 — f=1;fp=4
-+ Corr_add + Corr_add
1074 1 10-% 4
1075 1075 4
Figure 4.45: Representation of the results on Figure 4.46: Representation of the results on
the Circle with FEM. the Square with FEM.

Observation : The numerical results obtained on the circle in Figure 4.43 and on the square
4.44, seem to show that the higher we raise the problem, the better the error. Furthermore, as
explained in Section 4.3.2, we can see that by increasing m, the error converges to the error
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obtained with the correction by adding (because the solution itself converges to the solution
obtained with the correction by adding).

Results with ¢-FEM :

Now we to test the correction by multiplying on an elevating problem with ¢-FEM. We will
test this method on the circle (Figure 4.47 and Figure 4.49) and on the square (Figure 4.48 and
Figure 4.50) for selected frequencies and by varying m. Here, we're using the same scheme as
in the homogeneous case, i.e. we're not going to impose the boundary conditions using the
direct or dual method.

m=0 m=1 m=10 m=100 m=1000 m=10000 m=0 m=1 m=10 m=100 m=1000 m= 10000

f=3;fp=1 1.02e-03 7.38e-04 8.91e-03 6.73e-02 6.11e-01 6.03e+00 f=3;fp=1 0.4le-04 3.49e-03 1.95e-03 6.67e-02 7.82e-01 7.95e+00

>t f=4;fp=2 9.45e-04 2.57e-03 9.14e-02 7.45e-02 8.67e-01 8.78e+00 s f=4;fp=2 B8.86e-04 190e-03 571e-03 3.80e-02 3.60e-01 3.58e+00
f=1;fp=2 7.76e-06 5.67e-03 6.19e-02 6.93e-01 7.08e+00 7.10e+01 f=1;fp=2 7.67e-06 1.37e-02 3.07e-02 3.27e-01 3.30e+00 3.30e+01

f<f® f=1,fp=4 860e-05 1.06e-02 1.52e-01 2.17e+00 2.31e+01 2.33e+02 ik f=1,fp=4 6.38e-05 7.28e-02 3.45e-01 3.77e+00 3.581e+01 3.82e+02

Figure 4.47: Correction by multiplying on the Figure 4.48: Correction by multiplying on the
elevated problem on the Circle with ¢-FEM. elevated problem on the Square with ¢-FEM.

eps = 0.001 eps = 0.001
10? 107
10! 10!
100 100 4
107! 1014
102 10-7
10- 107 ]
104 10+ ]
1o 1o ]
Figure 4.49: Representation of the results on Figure 4.50: Representation of the results on
the Circle with FEM. the Square with FEM.

Now, we impose the boundary conditions using the dual method, always considering the cir-
cle (Figure 4.51 and Figure 4.53) and on the square (Figure 4.52 and Figure 4.54) for selected
frequencies and by varying m.

Corr_mult m=0 m=1 m=10 m=100 m=1000 m=10000 Corr add Corr_mult m=0 m=1 m=10 m=100 m=1000 m=10000 Corr add

f=3;fp=1 102e-03 1.65e-03 3.27e-04 1.07e-04 5.49e-05 4.94e-05 4.89e-05 8.13e-07 f=3;fp=1 9.4le-04 1.30e-01 12le-04 119e-04 119e-04 1.19e-04 1.19e-04  1.86e-06

L f=4;fp=2 9.45e-04 7.66e-04 107e-03 559e-05 1.12e-04 12504 1.27e-04 6.51e-06 B f=4;fp=2 8.86e-04 9.99e-03 2.09e-04 2.07e-04 2.07e-04 2.07e-04 207e-04 1.50e-05
f=1;fp=2 7.76e-06 6.85e-06 4.56e-04 153e-04 1.15e-04 11le-04 11le-04 6.52e-06 f=1;fp=2 7.67e-06 110e-04 210e-04 2.07e-04 2.07e-04 2.07e-04 207e-04 1.51e-05

0 f=1;fp=4 860e-05 6.70e-05 9.99e-04 4.82e-04 4.16e-04 4.0%e-04 4.08e-04 4.90e-05 e f=1;fp=4 6.38e-05 233e-03 26le-04 260e-04 2.60e-04 260e-04 260e-04 8.11e-05

Figure 4.51: Correction by multiplying on the Figure 4.52: Correction by multiplying on the
elevated problem on the Circle with FEM. elevated problem on the Square with FEM.
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f=3:fp=leps = 0.001 f=4:p=2eps = 0.001 f£=1:fp=2eps = 0.001 f=1:fp=deps = 0.001

Figure 4.53: Representation of the results on Figure 4.54: Representation of the results on
the Circle with FEM. the Square with FEM.

Observation : It would appear that, in the case of multiplication correction on an elevated
problem, we are forced to impose the boundary conditions using one of the two methods,
unlike multiplication correction without elevation. By imposing boundary conditions using
the dual method, it seems that in the case where the frequency of the solution is greater than
the frequency of the perturbation (for f > f,), we do reduce the error by increasing m, but
it doesn’t seem as efficient as in the case with FEM. Indeed, in all the cases considered here,
correction by addition gives much better results. Moreover, for f < f}, it would appear that
the enhancement is the opposite of the expected effect.

Remark. Note that the direct method is not applicable in the case of this problem because, as
explained in the case of correction without elevation on a non-homogeneous problem, we are
in some ways returning to the homogeneous problem. In fact, if we consider

a=(p-g-mC+(g+m=p-gC+(g+m)
with g = 0 because we've placed ourselves in the homogeneous case, which amounts to solving
the problem without elevation.
4.4.3 Correction on ¢-FEM solution

A rédiger, résultat ok ! Then we will look at correcting a disturbed solution for which we don’t
know the form of the perturbation. A ¢-FEM solution can be considered for injection into
correction solvers.
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4.4.4 Correction with FNO

In this section, we will consider the problem presented in Section 4.1.1.2, where we take as ge-
ometry the circle and f Gaussian. In practice, this is a very probable case, i.e. one in which no
exact solution is known. As explained above, we will take an over-refined solution (calculated
with FEM) as our reference solution.

We want to train an FNO to predict the solutions of the problem under consideration and test
the correction on its predictions. To do this, we will follow the steps presented in Section 3.4.
In the following, we will choose an FNO with 4 Fourier layers.

4.4.4.1 Training the FNO

We start by training the FNO with ¢-FEM solutions. To do this, we consider a number of
training data n;4;, and perform the following steps:

e First, we randomly generate a sample of parameters defined by
TSN FIR

with o ~ %/([0.1,0.6]) and o, 1 ~ 2([0.5 — V2/4,0.5 + v/2/4]) with the condition
¢ (o, 1) < —0.05.

Remark. The condition ¢(uo, 11) < —0.05 ensures that the center (Lo, (41) of the Gaussian
is inside the domain.

From the parameter sample created, we can generate a Gaussian sample defined by

(x— “(()l))Z + (y_’u(ll))z
{ﬁ}iZI,...,ndala = e)(p - 2(0_(1))2
lzl)“'vnd{llu
Remark. As explained in Section 3.4, each Gaussian is in fact evaluated at the nodes of
our grid, so they are 2D matrices of size Nyert X Nyer-

We can also consider the degrees of freedom P, which also form a regular grid, as they are
composed of the nodes as well as the midpoints of each segment. So our matrices will be
of size Ngofs X Naofs (With Ngofs = 2Nyers — 1). In the following, we will choose nyer =32
and thus ngefs = 63.

In our case, the geometry is fixed (the circle with center (0.5,0.5) and radius V214), so
we will not have a level-set collection in our training data. Similarly, we choose to con-
sider the homogeneous problem and so, since g =0 on I', we won’t have a collection of
Dirichlet conditions in our training data either.
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* We can now use the ¢-FEM scheme associated with the Poisson problem with homoge-
neous Dirichlet condition defined in Section 2.2.2.2 to solve foreach i = 1,..., 1444, the
problem

_A(waz) = ﬁ; ln Q)
u; =0, on 09,
with u; = ¢pw;.

We thus have a collection of ¢-FEM solutions of the problem defined by
{uiti=1,...ngag = 1OWiti=1,...ng04

* From the previous collections, we can now create the X_train and Y_train samples that
will enable us to train the FNO. we will start by performing a kind of pre-processing on
our data (explained in Section 3.4) by normalizing the source term collection. We thus
consider

fi

maxj:l,n-,ndam”fjHLZ(@)

fi,norm: , ViEl,...,ndam.

We can now define X _train as follows

X _train= {fl-,,,orm,F.(x) Yy pan gl

) ) y 45 .
L,norm L,norm r,norm z,norm}lzln_”ndam

of size (Ngata) Nvert, Ryert, D) Where Fl.(ﬁorm,Fi(yyrzorm,nggrm and FL(J;ZJ;)rm are respectively
the first primitives of f; ,o,m according to x and y and the second primitives of f; orm
according to x and y. Y_train can also be constructed as follows

Y_train={wi}i=1,..ny,,,

of size (Ngara) Nvert, Nvert, 1).

Remark. Considering the term w as training data rather than u ensures that the condi-
tions at the edge will be accurate at the output of the FNO. Indeed, multiplying the FNO
prediction by ¢ guaranteesu=0onT.

Similarly, in the non-homogeneous case, we simply multiply the FNO prediction by ¢ and
then add the Dirichlet condition g.

Remark. In practice, the set defined above is separated into 2 sets: the training set
(X _train,Y _train), which trains the FNO, and the validation set (X_valY _val), which val-
idates the training. Together, these two sets contain the n;,;, under consideration. In the
following, we will consider ng,;4 to be the size of our separate training set (for 1000 data
at the beginning, after separation we have ng,:q, = 875).

e We can now train our FNO by minimizing the loss defined by

(0)
0

€]
0

2

+ lossg

lossg =loss,” +1oss
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with

Ndata
lossg)) — ) mse(w; — wp,;)
Ndata i=1
O _ 1 Ngata
loss,’ = Y. mse(Vy(w;) — Vy(wep,i) + mse(Vy(w;) — Vy(wp,;)
Ndata =1
@ _ Ndata
loss,” = 2 mse(Vax(w;) = Vi (wp,)) + mse(Vyy (wi) = Vyy (we,)
ndam i=1
where [ osséi) will in practice be called misfit i, i =0, 1, 2.

Remark. In practice, it may be more interesting to train the FNO directly on ¢pw. How-
ever, all the results presented here were obtained with loss on w and not pw.

By training our FNO over 4000 epochs with a batch size of 64, we obtain the following misfits
as a function of epochs (Figure 4.55):

misfit

— misfit 0
— misfit_1

—— misfit_2
10? 4

102 4

10! 4

107 4

T T T T T T T T T
0 500 1000 1500 2000 2500 3000 3500 4000

Figure 4.55: Misfits obtained during FNO training by epoch (line - training set, point - valida-
tion set).

Results on the validation set :

We're interested here in the || - || 4ps €rTOrs obtained at the end of training on the validation
set. In fact, we're going to consider different checkpoints in the training, or to be more precise,
we're interested in different moments in the training (i.e. we will have 8 similar models whose
total number of epochs differs: for the first, we make 500 epochs, for the second we make
1000... up to the last at 4000 epochs). Here are the errors obtained on the validation sample
for each of these 8 checkpoints (Figure 4.56):
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epoch = 500 epoch = 1000 epoch = 1500 epoch = 2000

0.08 0.06 4 0.054 0.035 4
0.07 {
0.05 4 0.04 - 0.030
0.06 1
0.04 0.025 4
0.051 ’ 0.03 |
0.020 4
0.04 1 0.03
0031 0.02 4 0.015 A
0.02 4
0.02 oot 0.010 1
0014 0.01 - 0.005 4
g 0.00 4
0 25 50 4] 25 50 75 100

0.00 0.00 0.000 {
75 100 125 125 0 25 50 75 100 125 0 25 50 75 100 125
epoch = 2500 epoch = 3000 epoch = 3500 epoch = 4000
0.025 4 0.016 4
.0175 4
0.014 4 0.008 q
0.020 4 .0150 4
0.012 4
.0125 4 0.006 -
0.015 0.010 4
0.008 4 .0100 1
0.004 1
0.010 0,006 0075 1
0.005 | 0.004 00307 0.002 1
0.002 4 .0025 1
0.000 1 ]
; ; : ; ; 10000 4, ; ; ; ; ~0.0000 L : ; ; ; ~0:000 4,
0 25 50 75 100 125 0o 25 S0 75 100 125 0 25 50 75 100 125 0 25 50 75 100 125

Figure 4.56: Errors obtained on the validation set at different training checkpoints (every 500
epochs).

Here are the mean, standard deviation, minimum and maximum error values obtained on the
validation set at these different checkpoints (Figure 4.57), as well as the boxplots of the errors
at each checkpoint (Figure 4.58):

mean std 008 T
’ 0.07
o 0.06
0.010 0006 005
e g S 0.04
min max @
0.0010 O:m 0.03
‘ 0.05 0.02
e e 0.00
X L. L. 500 1000 1500 2000 2500 3000 3500 4000
Figure 4.57: Mean, standard deviation, mini- epoch
mum and maximum errors on the validation
set according to checkpoints Figure 4.58: Boxplots of the errors on the val-

idation set according to checkpoints.
Observation : It would seem, therefore, that as epochs progress, the errors in the validation
sample decrease. In fact, we can see that the mean and standard deviation of the errors de-
crease according to the epoch. It would therefore seem that training works.
Results on a test set :
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This time we're interested in a new test sample of size n;.s; = 100, denoted X_test, created in
exactly the same way as the training sample (with parameters again created randomly) and
we're looking to reproduce exactly the same results as on the validation set. Here are the errors
obtained on the test sample for each of these 8 checkpoints (Figure 4.59):

epoch = 500 epoch = 1000 epoch = 1500 epoch = 2000

o
e
=
o .
g =
-
. .
s s
R
. .
g g
-

20 40 60 80 100 o 20 40 60 80 100 o 20 40 60 80 100 0 20 40 60 80 100
epoch = 2500 epoch = 3000 epoch = 3500 epoch = 4000
0.030
0035 0.020
0.05
0030 0025
00% 0.025 0.020 0015
0.03 0.020
0015 0010
0015
ooz 0.010
0010
0.005
0.01 0.005 0.005
0.00 0.000 0.000
0.000
0 20 40 60 80 100 o 20 40 60 80 100 o 20 40 60 80 100 0 20 20 60 80 100

Figure 4.59: Errors obtained on the test set at different training checkpoints (every 500
epochs).

Here are the mean, standard deviation, minimum and maximum error values obtained on the
test set at these different checkpoints (Figure 4.60), as well as the boxplots of the errors at each
checkpoint (Figure 4.61):
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mean std
0.040 1

0.035 -
0.035 4 N

0.030 0030 | 0.25

0.025 0.025 | 1

0.020 0.020 1
0.015 1 0.015

0.010 4 0.010 4

0.005 0.005 - = 0.15 . '
1000 2000 3000 4000 1000 2000 3000 4000 g '
min max T ]
0.0012 0.25 4 0.10 ] *
0.0010 020 T 2
0.0008 0154 0.05 ' . '
| - C A
0.0004 { 0.00 é
0.05
0.0002 500 1000 1500 2000 2500 3000 3500 4000

1000 2000 3000 4000 1000 2000 3000 4000 epoch

Figure 4.60: Mean, standard deviation, mini-
mum and maximum errors on the test set ac-
cording to checkpoints.

Observation : The same observations can be made as for the validation set.

Figure 4.61: Boxplots of the errors on the test
set according to checkpoints.

4.4.4.2 Correction of the FNO prediction

As with the analytical solution and the perturbed solution, the ¢-FEM method is used to test
the various correction methods presented in Section 4.2 on the test sample (of size nes; =
100) created in Section 4.4.4.1, i.e. correction by addition, correction by multiplication and
correction by multiplication on an elevated problem. For each piece of data in the test sample,
we consider

¢ = urno = dwrno

with wryo the prediction made by the FNO on the current data.

Remark. Note that, unlike correction on analytic or perturbed solutions, the FNO can only
predict the solution at points on the regular grid (i.e. nodes or degrees of freedom P?). At FNO
output, we can therefore only provide our correctors with ¢ inP,.

For correction by multiplication on a elevated problem, we use the dual method to impose
conditions at the boundary.

Here are the errors obtained with the different correction methods, in addition to those ob-
tained directly at the FNO output, according to the checkpoints (Figure 4.62).

62



epoch = 1500 epoch = 2000
EW,

11111
11111

11111

Corr_mult
Corr_mult (m=1000)
Corr_add

11111

Figure 4.62: Errors obtained with the FNO and with different correction methods according
to checkpoints.

We can also plot the error boxplots at each checkpoint (Figure 4.63):

type i
10 mmm Corr add
mmm Corr_mult .
B Corr_mult (m=1000) H
B FNO i

1072 |

i 1
: .
i ' : : !
1
10 5 - : - -
i ' ; ; é
FEM PhiFEM epoch=1000 epoch=2000 epoch=3000 epoch=4000
epoch

error

Figure 4.63: Errors obtained with the FNO and with different correction methods according
to checkpoints.

Observation : The results here are not really conclusive. Indeed, the 3 correction methods
considered did reduce the error made by the FNO, but none seems to be more efficient than
¢-FEM. In fact, the method that seems to give the best results is correction by multiplication,
in contrast to the analytical test cases where the addition method seemed more effective.
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4.4.4.3 High degree interpolation

As explained in Section 4.4.4.2, it would seem that considering ¢ only in P?, is not sufficient
for the various correction methods applied after the FNO to be more accurate than the initial
¢-FEM method. For this reason, we're going to attempt to interpolate the solution in order to
evaluate this interpolation in a Py space of higher degree (k > 2). To do this, we will decom-
pose our solution into a series of polynomials, choosing Legendre polynomials.

Explanation :

We want to decompose a function into a series of Legendre polynomials as follows:

P-10Q-1

F, =) apqePp(x)Py(y)
p=0g=0

where the Legendre polynomials are defined for all 7 € N and x € R by

n

Pu(x) = (x> - D"

2%n! dxn

and P and Q are respectively the number of Legendre polynomials associated with x and y.
Note that the Legendre polynomials are orthogonal in the space L?(]—1, 1[) and more precisely

Vn,meN,
1

2
(Pnypm>L2(]_1,1[) = jilpn(x)Pm(x)dx = mfjnm-

Let us first show that for p € {0,...,P -1} and g € {0, ..., Q — 1}, the polynomials
Qp,q(x,y) = Pp(x)P4(y)
are orthogonal in space L?>(] — 1,1[?) :

Remark. Numerically, we will use the trapezoid method to calculate the scalar product on
L*(1-1,11%.

Let p,p'€{0,...,P—1}and ¢q,4' €{0,...,Q -1}, then

1 1 1 1
<Qp,q,pr,qf>Lz(]_1,1[z)f_lf_lQp,q(x,y)pr,qf(x,y)dxdy:f_lf_lPp(x)Pq(y)Ppr(X)qu(y)dxdy

1 1
:f_lpp(x)pr(x)dxxf_lpq(y)qu(y)dy
2 2
= 2p 1P 24100
— 4 6
T @p+D@Eg+l PaOwd)

Thus
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1 p1
f_lf_lf(x,J’)Qp,q(x,y)dxdy:(f,Qp'q>L2(]_M[2)
P-10-1

=2 2 Qg Qp gV i2g-111

p=04g=0
= ap,q{Qp,q’ Qpq' ) 120-1,112)

by orthogonality of polynomials Qy, 4 in L*(] — 1,1[%).
We deduce
“ _ f Qp’,q’>L2(]_1,1[2) B 2p'+1)2q'+1)
P Qp g Qpad i2a-111) 4

Remark. For x € [a, b], we make a change of variable to bring us back to the interval [-1,1] by
considering

(f,Qp g 120-1,12)

2 a+b

b-a o a->b

So, assuming that the function f is evaluated on a regular grid, of domain @, of size N x
N (which corresponds to the type of output we get from FNO), then we can calculate the
coefficients aj, 4, for p € {0,...,P—1}and g € {0,..., Q—1}. This gives us an analytical expression
for the function corresponding to a series of Legendre polynomials, enabling us to interpolate
our functionin all x, y € Q.

Decomposition of an analytical function into a Legendre polynomial series :

We want to test Legendre’s polynomial series decomposition on the following analytical func-
tion

=

(x — o) + (y — u1)?
202

fx,y)=exp|—
with x,y€[0,1], y=0and o = 1.

Remark. In practice, with the FNO, it’s u that we want to interpolate (for which we don’t have
an analytical expression) and not f.

Let’s take P = Q = 5 and consider the evaluation of f on a regular N x N grid of [0, 1]? with
N =100. After calculating the coefficients a, 4 for p € {0,...,P -1} and g € {0,...,Q — 1}, we
can evaluate the expression

P-1Q-1

FO» =Y apqPp(x)Py(y)
p=0g=0

at any point x, y € [0,1]. Considering, for example, a new regular grid of size N, x Ny of [0,1]?
with N, =500, we obtain an error || - ||o between the analytical solution and the expression of
the solution in a series of Legendre polynomials of 8.1e — 4 (Figure 4.64).
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Y_true (N=100)

L0 1.0
Y_true_reconstruct (N=500)
0 09 © 0.9
100
0.8 0.8
200
0.7 0.7
300
0.6 0.6
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0.5 0.5
0 20 40 60 80 0 100 200 300 400
0.4 0.4

Figure 4.64: Reconstruction of the solution by Legendre polynomials on a new grid of size
500 x 500.

Decomposition of the FNO predictions into a Legendre polynomial series :

We will again consider the problem presented in Section 4.1.1.2, where we take as geometry
the circle and f as being a Gaussian. We again consider the sample X_test (of size n;.5; = 100)
but this time with 7, = 300 (and therefore n4, s = 599) to integrate more precisely and thus
have a better approximation of the decomposition coefficients. We seek to decompose each
FNO output wp ;, i = 1,..., nses; into a series of Legendre polynomials, defined by

P-10Q-1

we,i (6, 1) =Y Y apaPp(x)Pg(y)
p=0g=0

and thus
ug,i = P(x, y)wp,i(x,y).

Remark. Note that each data in the test sample has its own decomposition.

In the following, we will consider P = Q and test the decomposition for P = 4, P = 6 and
P =8 on each data of the test sample and at each checkpoint considered. First, we will look
at the mean error made by the decomposition into a series of Legendre polynomials, which
we will call the mean reconstruction error (Figure 4.65). In other words, for each data item,
we calculate the coefficients of the decomposition from the known values of the solution in
degrees of freedom P>, denoted W_pred (of size (nsest, Naofs Naofs)). We then look at the
reconstruction of the solution by the decomposition into a series of Legendre polynomials in
these same degrees of freedom P, denoted W_pred_reconstruct (of size (nsest, Raofs) Ndaofs)),
then we calculate the error

mean_error_reconstruction = ||W_pred-W_pred_reconstruct||o s
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Mean error reconstruction

epoch=500 epoch=1000 epoch=1500 epoch=2000
1071 1071 107! 107t
_ — p=4
-2 -2 -2 1072 4
[l S — — 0T — — o Se— — — . — — . — p=6
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 —p-38
epoch=2500 epoch=3000 epoch=3500 epoch=4000
1071 1071 1071 107t
1072 1072 10724 10724
0 20 40 60 80 100 0 20 60 80 100 0 20 40 60 80 100 © 20 40 60 8 100

Figure 4.65: Mean reconstruction error for each data in test set (at each checkpoint).

Looking at the results, it seems that the decomposition works. However, it would appear that,
on average, we are not as precise as in the analytical case considered.

We can now look at the maximum error made by the Legendre polynomial series decompo-
sition, which we will call the maximum reconstruction error (Figure 4.66), which is the error
defined by

max_error_reconstruction = max|W_pred-W_pred_reconstruct|
This will allow us to see if there are any error spikes at certain points.

Max error reconstruction

epoch=500 epoch=1000 epoch=1500 epoch=2000
10° 100 10° 4 10°
-1
10-1 10-1 10t 10 — pP=4
T T r T v v T v v T v T r r r T T T T T T T T T — P=6
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 — p=3
epoch=2500 epoch=3000 epoch=3500 epoch=4000
10° 10° 100 100
101 10-1 107t 107t 4
0 20 40 60 8 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Figure 4.66: Maximal reconstruction error for each data in test set (at each checkpoint).

67



We can also display solutions in the case of an example (Figure 4.67). we will take the first data
item from the first checkpoint to compare W_pred and W_pred_reconstruct.

W_pred W_pred_reconstruct |W_pred-W_pred_reconstruct|

0 4 0 _a 0 0.35
6 100 0.30
_8 200 0.25

0.20
-0 300
015
-12 200
0.10
-14
500
0.05
-16

o 100 200 300 400 500

Figure 4.67: Example of result on w (first data from first checkpoint).

It would therefore seem that some regions are more difficult to approach by decomposition
than others. We can now look directly at the u solution, rather than w, and consider it on the
circle only. To do this, we multiply the predicted solution by ¢ and apply a mask ( equal to 1
on the domain and 0 outside). We're then interested in the same errors, but this time only on
the solution in our domain. Consider the mean error on the solution (Figure 4.68), defined by

mean_error_solution = [|(W_pred-W_pred_reconstruct) x¢|lo,q

Mean error solution

epoch=500 epoch=1000 epoch=1500 epoch=2000

— pP=4
T T r T r T T r r T T T T T T T T T T T r T T T — P=6
0 20 4 60 80 100 0 20 4 60 80 100 0 20 4 60 80 100 0 20 4 60 8 100 — p=8

epoch=2500 epoch=3000 epoch=3500 epoch=4000

Figure 4.68: Mean solution error for each data in test set (at each checkpoint).

Then we also look at the maximum error on the solution (Figure 4.69), defined by

max_error_solution = maxq |[W_pred-W_pred_reconstruct| x ¢



Max error solution

epoch=500 epoch=1000 epoch=1500 epoch=2000

1072 1072 10724 1072 4

— pP=4
T T r T v v T v v T v T r r r T T T T T T T T T — P=6
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 — p-3
epoch=2500 epoch=3000 epoch=3500 epoch=4000
101 101 10t 1071
1072 1072 10-2 102
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Figure 4.69: Max solution error for each data in test set (at each checkpoint).

We can then compare the solution with the one reconstructed by the series decomposition of
Legendre polynomials on the same example (Figure 4.70).

Y_pred Y_pred_reconstruct

0 0
14 14

100 100
12 12
200 10 200 1.0
300 0.8 300 08
06 0.6

400 400
04 04

500 500
0.2 0.2

0 100 200 300 400 500 0 100 200 300 400 500

0.0 0.0

|Y_pred-Y_pred_reconstruct|

o
0.020
0.015
0.010
0.005
o] 100 200 300 400 500

0.000

Figure 4.70: Example of result on y (first data from first checkpoint).

We can therefore see that it was more interesting to decompose into a series of Legendre poly-
nomials w and then multiply by ¢, rather than considering u directly.

Correction with the evaluation of the legendre decomposition :

We have now recovered the a, 4 coefficients for each data item in the test sample and at each
checkpoint. we will try applying the multiplication correction by taking

P-1Q-1

P, ) =D Y apqPp(x)Ps(y) | x P(x,y)

p=0g=0

where x, y are the degrees of freedom associated with P* with k large enough.
For each data item at each checkpoint, we will compare the following errors (Figure 4.71): the
FNO errors, the errors obtained with the classic multiplication correction (i.e. with (Z) in Py
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without Legendre polynomial series decomposition) and finally the errors obtained with the
decomposition for k = 3 and k = 5. To do this, we will simply use the calculated coefficients
and evaluate the analytical expression of the decomposition in degrees of freedom Py (for
k = 3 and k = 5). Each of these errors will be calculated using the reference solution (over-
refined solution obtained with standard FEM).

epoch=>500,1=0.047 epoch=1000,1=0.037 epoch=1500,1=0.031 epoch=2000,1=0.023

— reconstruct
0 20 4 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 o [ econstructphi

epoch=2500,1=0.021 epoch=3000,1=0.019 epoch=3500,1=0.013

reconstruct_phi_mask
legendre

0 20 40 60 80 100 o 20 40 60 80 100 0 20 40 60 80 100 [ 20 40 60 8O 100

Figure 4.71: Correction by multuiplication with #ild¢ of high degree.

At this stage, the error generated by the decomposition into Legendre polynomial series is
probably affecting the correction too much. For this reason, we have not pursued this ap-
proach.

4.4.5 Correction with other networks

4.4.5.1 Multiperceptron
4.4.5.2 PINNs
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5 Conclusion

Penser a parler de la these : sujet etc...
TO COMPLETE!
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