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Abstract

We compare the effectiveness of the classical finite element method and of the localized orthog-
onal decomposition method, introduced in [6], for linear parabolic equation with highly varying
diffusion coefficient in space. The finite element method suffers from the pre-asymptotic effect
and as a result needs a fine mesh discretization, unlike the localized orthogonal decomposition
method. Then, we use the forward Euler method for the temporal discretization. Due to the
restrictive stability condition of this method, we introduce the Super-time stepping accelera-
tion, described in [1] for the temporal discretization, which have a relaxed stability condition
and which is way faster than the forward Euler method. The convergence rate depends only on
the contrast but not on the variations of the diffusion coefficient. Finally, we present numerical
experiments, which confirm our theoretical findings, and we compare each method speed.
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Introduction

In this thesis we study numerical solution of the linear parabolic equation with a highly vary-
ing diffusion coefficient. This equation happens when modeling diffusion problems in micro-
heterogeneous media. For example when modelling the thermal conduction for heterogeneous
poroelasticity or for thermoelasticity. Such problems are often referred as multiscale problems.

An optimal convergence rate of order one with respect to the mesh size h can be led by using
the classical finite elements method. However, this method suffers from the pre-asymptotic
effect. This effect appears when the mesh size is greater than e if the diffusion coefficient varies
on a scale of € and it implies that the numerical solution will not correspond to the exact solution
of the problem.

That is why we use the localized orthogonal decomposition method, introduced in [6], which
is a generalized finite element method. This method convergence rate is of order one with respect
to the coarse mesh size H and does not have the pre-asymptotic effect.

Concerning the discretization of the temporal domain, we use the forward Euler method.
This finite difference method is not always stable. The condition for stability is known as the
Courant-Friedrichs— Lewy condition. In order to be stable it must have At < h?, where At
is the time step and h the mesh size. Under this condition, the convergence rate is of order
one with respect to the time step At. Afterward, we apply the Super-time stepping technique
introduced in [1]. This method requires a relaxed stability condition and have a convergence
rate of order one with respect to the super-time step AT. Moreover, by using this method, we
are able to balance the error. Lastly, this method is faster than the Euler one.

Outline of the thesis

Next is a brief outline of contents for each chapter.
e Chapter 1 leads into notations and some useful results.

e Chapter 2 introduces the parabolic problem that we study and the formulation of its
variational form.

e Chapter 3 discusses the two discretizations used for the domain of study and time, as well
as which properties these discretizations must have.

e Chapter 4 goes into the finite element method, and shows results about it. In this chapter
we also study the two different methods for time approximation along with their respective
stability and convergence. To finish, it presents an experimental error analysis of the
numerical methods.
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e Chapter 5 examines the localized orthogonal decomposition method, and shows results
about it. After that, like in Chapter 4, it studies the same two methods for time ap-
proximation. To finish chapter 5 presents an experimental error analysis of the numerical
methods.

e Chapter 6 summarizes the most important results in this thesis, and mentions some pos-
sible applications as well as some possible improvement.



Chapter 1

Introduction

1.1 Recall and notations

For the convenience of the reader, notations used in this paper can be found below. In this
chapter, U denote a Lipschitz open subset of R, n € N*.

e Mgym(U,a, ) denote the space of tensor M € L (U, R?*?) such that M is symmetric,

0 < a=essinf,cy inf M
veRN\[0} V-V
A(z)v - v

+00 > 3 =ess sup,cy  Sup
veRA\{0} V'V

e H'(U) denote the classical Sobolev space with norm
||U||%11(U) = HUH%Q(U) + ||VUH%2(U)~
e H{(U) denote the space of functions in H'(U) that vanishes on OU. We will write ||- HHO1(U)
instead of || - [| g1 ().

o H1(U)= (HOI(U))* denote the dual space to H}(U) with norm

[fl -1y =sup{ < fu> |ue H}(U) and ull gy < 1}.
e [P(0,T;X), for (X,| -||x) a Banach space, denote the Bochner space with norm

T 1/p
([ Iola) . 1<p <+,
0

vl o 0.7x)
ess supg<i<r V[l x, p = +oo.

e We define the bilinear form
a:Hy(Q) x HYQ) =R, (u,v) H/(AVU) - Vv dz.
Q

e We denote the L%-scalar product between u and v in L*(U), i.e. ([ uv dz)Y/2, by (u,v)
and the L2-norm || - lz2(0) by I| - [I-

e Moreover, for any u in Hg(U), we define ||ul|, := v/a(u, u).



CHAPTER 1. INTRODUCTION

1.2 Useful results

We start with some unrelated theorems to help us prove results in subsequent chapters.
Theorem 1.2.1. On the space H}(U), the norm and the seminorm, defined as

leliZ e = Iel3a@) + 1V0l3a,

M?{&(U) = ||VUH%2(U)

are equivalent.

Proof. Let v be in H}(U).

2 2
‘U|H5(U) = HVUHLQ(U)
Since ||v||%2(U) is a positive term, we can add it to the left hand side
2 2 2
ol 0y < 0llz2@) + IVl @)
Then, |v| ) < [lv]| i (). To prove the other inequality, we use Poincaré

||”H12L15(U) = HUH%P(U) + HVUHZH(U)
< CRlIVoll Ty + IVOll72,

Thus, Hv||H1 )< C’|v\H1 . This conclude the proof. O

Theorem 1.2.2 (Gronwall’s inequality (differential form)). Let n be a nonnegative, abso-
lutely continuous function on [0,T], which satisfies for a.e. t the differential inequality

' (t) < e(t)n(t) + ¥ (t),

where ¢ and ¢ are nonnegative, summable functions on [0,T]. Then

W@SJM@%@@+Aw@d%

forall0 <t <T.

Proof. This proof follows the one in [3], Section B.2.

%@@fﬁwwﬂ:w%>%MTr (8)p(s)e™ Jo o) dr
:aﬁ 1) oot
< e IO 4 (g(s)n(s) + (s) — b(s)n(s))

= 1)(s)e™ Jo o) dr,

10



CHAPTER 1. INTRODUCTION

fora.e. 0 <s<T. Thenforall 0 <t<T,

n(t)e~ Jso(r) dr _ n(0) < f(f W(s)e” Jo o(r) dr ds
<1

Thus

11






Chapter 2

Problem formulation

This chapter introduces the problem studied in this paper. Then, it formulates the variational
form of this problem. To finish, it determines in which framework it has a solution.

2.1 Problem

We consider an open bounded polygonal /polyhedral domain @ € R? for d < 3. Let A : Q —
R f:Qx[0,T] — R and ug : Q@ — R. We consider A as a tensor in the theoretical part, but
A will be scalar-valued for the experiments. This two representations of the diffusion coefficient
are equivalent. We study the following problem

Problem 2.1.1. Find u(xz,t) and such that
9u — div(AVu) = f, in Q x (0,T],
u=0, ondQx(0,T], (2.1)
u(+,0) =up, in €,

where T > 0.

The first equation %? — div(AVu) = f,in Q x (0,7] corresponds to the heat equation.
The second one is the Dirichlet boundary condition. And the last one is the initial condition.
Together, they are called pure initial value problem (or Cauchy problem) for the heat equation
or in more simple terms a parabolic equation. This setting corresponds to the classic framework,
or strong formulation, of the parabolic equation. In one dimension and if f is equal to zero, it
is possible the compute the exact solution of this problem by using the separation of variables.
However in higher dimension or if f is non-zero it is really difficult to find it. That is why we
resort to numerical approximation.

2.2 Weak formulation

Now, we want to find a solution of the parabolic equation (2.1) in a bigger space than the one
n (2.1). Indeed, we wish to study the problem in which classical derivatives may not exist. In
order to do so, we work in a weaker framework. We want to formulate the variational form also
called weak formulation of our problem (2.1). If this weak formulation admits a solution and

13



CHAPTER 2. PROBLEM FORMULATION

under some regularity conditions, it is called the weak solution. The variational formulation
is the basis for the finite element method and the localized orthogonal decomposition method,
which we will study in the next two chapters. Moreover, if the classical framework is regular
enough, then this weak solution will correspond to the classical solution. Let v € H}(2). We
start from the heat equation

ou
— —div(AVu) = f.
r div( u)

Then we multiply both side by v and we integrate over {2

/ @v da;—/div(AVu)v dr = / fv dx.
Q Ot Q Q

We use the Green’s formula

auvd:c—l—/(AVu)'Vvda:—/
Q

v(AVu) -n ds = / fv dx.
o Ot ) Q

As v belongs to H&(Q), v is equal to zero, in trace sens, on the border of 2. Thus, we have
J. a0 V(AVu) - n ds = 0. Finally, by using the notations introduced in Chapter 1, we have the
following variational problem

Problem 2.2.1. For allt € (0,T), find u(-,t) € H}(Q) such that

Ju (% alu,v) = v (%

This last problem is the weak formulation of the parabolic problem (2.1).

Definition 2.2.1 (Weak solution). Let f be in L?(0,T; L*(2)) and ug be in L?(2). Let A
be in Mgym(U, o, B), 0 < a < 5. We say that u is a weak solution to the parabolic problem
(2.1) if u € L*(0,T; HY (), % € L%(0,T; H %)) and u satisfies the weak formulation
(2.2).

We proved that the strong formulation implies the weak one. Now we want to demonstrate
that the other way around is also true.

Theorem 2.2.1. Suppose u(-,t) € H}(Q) such that %(-,t) € C%Q) and u(-,t) € C*(Q).
If u is a solution of (2.2), then u is a solution of (2.1).

Proof. We suppose u(-,t) € H}(2) to be a solution of (2.2). Then for all v in H}(f2), we have

(;) +a(u,v) = (£,0)

By using again the Green’s formula and the fact that v vanishes on 02, we have

14



CHAPTER 2. PROBLEM FORMULATION

<687: — div(AVu) — f, v> =0.
As the set of bump functions i.e. C(€), is a subset of H}(2), and if we suppose that
u(. ) € C%Q) and u(-,t) € C%(Q), we can apply the fundamental lemma of calculus of

ot
variations and conclude that

ou ,
FTi div(AVu) — f = 0.

O]

Under these conditions, the classical problem and the weak formulation are equivalent, in
other words, if u is the solution of (2.1) then u is also the solution of (2.2) and vice-versa.

Theorem 2.2.2 (Stability). Let u be the solution of (2.2). For allt € (0,T), we have the
following results t

futoll < C(luol + [ 17691 ds). 2.3

%0 < ¢ (1ol + s+ [ 15 as). (2.4

Jutt)la < € (Juoll + 1500+ [ 156601 ds). 2.5)

Proof. For a more general case, see [3]. We start from the first equation of (2.2) and we put u
instead v

We have

1 2 1 2
< = -
)l < G712+ Sl

by using Cauchy-Schwarz inequality and the fact that %(a2 +b?) > ab, and
(8u ) 0 (1 || H2)
—,u) == =ul?).
ot’ ot \2

(31lP) +atu,u) < ZIFI2 + 5l (26)

Then
0

ot
Furthermore, we have that a is coercive
a(u,u) > C(a)”uHiIé(Q), C(a) > 0.

Then we have

15



CHAPTER 2. PROBLEM FORMULATION

2 (Iell?) + 20 (@)llulZy ) < & (Ilul?) + 2a(u,w)

=2
=2(f,0)
< 71 + el
Thus, because 2C(a)|]uH12q&(Q) >0,
9 2 2 2
oz () < 112 + llul (2.7)

The Gronwall’s inequality implies

oo < e (uol? + [ 156917 ds)

for all 0 <t < T. We have the result (2.3). By combining (2.7) and (2.3) we obtain (2.4).
Finally, let us come back to (2.6) and since %(%Hqu) = %H%HQ > 0, we have

1 1
< AP+ =l
a(u, u) < SFII°+ 5 lul

Again, by combining the inequality above and (2.3), we get (2.5). O

16



Chapter 3

Discretization in space and in time

Here, we discretize our space of solution. First, we introduce the notion of mesh for our domain
). Then, we define the notations we use for the time discretization.

3.1 Finite element meshes

Before discretizing the space, we define the notion of mesh and what kind of properties they
should have. The following definition is from [10].

Definition 3.1.1 (Regular simplicial mesh). A finite subdivision
7:={T;|1<j<N;}

of Q C R into closed non-empty simplices (denoted elements), i.e.

Q:Un

s said to be reqular if any two elements T, T> € T are either disjoint or share exactly on
vertex or one edge (d > 2) or one face (d=3).

Notations 1. We denote the size of an element K of a regular simplicial mesh by hx := diam(K).

With this notation, it is natural to define a regular simplicial mesh with a specific size for
the elements.

Definition 3.1.2 (Regular simplicial mesh of size h). Let T be a regular simplicial mesh.
It is said of size h > 0 if

max hyg = h.
Ker

Then we write Ty,.

Now we will define the patches of an element.

17



CHAPTER 3. DISCRETIZATION IN SPACE AND IN TIME

Definition 3.1.3 (Patches). Let 7 be a regular simplicial mesh. For all T € T we define
wi(7,T) to be the patch of size k, where

{ CUO(T,T) = T, B
wp(, T) =U{K e7 | KNwp_1 #0}, keN.

Here is a picture (Figure 3.1) to illustrate the definition above for k£ = {0,1,2}. We fill with
red the element T' of the definition. The neighbor of this element T are in pink. Together their
formed the set wy(7,T).

(a) Patches of T for k = 0. (b) Patches of T for k = 1. (c) Patches of T for k = 2.

Figure 3.1: Illustration of patches.

To finish, we need one last definition. This definition will be useful for the localized orthog-
onality decomposition in Chapter 5.

Definition 3.1.4 (Refinement). Let 75, and Tg be two regular meshes of Q with 0 < h < H.
We said 13, to be a refinement of T if

VK € g, HIKCN*, K = U ki, ki € Th.
i€lK

Again, here is a picture (Figure 3.2) to illustrate the definition above. We are in the case
d equal to 2. 75 is in red and 7 is in black. On the left picture, the node in the middle of
7r (in black) does not coincide with any node of 75, (in red). As a result we cannot decompose
an element of 77 by elements of 7,. However, on the second picture we clearly see that 73 is a
refinement of 7p.

18



CHAPTER 3. DISCRETIZATION IN SPACE AND IN TIME

(a) 71 is not a refinement of 7. (b) 7 is a refinement of 7x.
Figure 3.2: Illustration of refinement.
In this section we saw how to discretize our domain €. It is important to notice that for

implementations we will use quadrilaterals as elements instead of triangles. In the next section
we define the finite element space in which our approximate functions will belong to.

3.2 The piecewise affine finite element spaces

To begin, we define the piecewise affine finite element spaces.

Definition 3.2.1 (The piecewise affine finite element space). Let 7, be a regular simplicial
mesh of size h > 0. We define his associated piecewise affine finite element space by

Vi:={veC%0) | v=0 0ondN and v|x € P!, VK € 7,}.

As said before the approximation of our functions will be in these piecewise affine finite ele-
ment spaces. For quadrilaterals elements instead of triangles, the piecewise affine finite element
spaces are referred as Q! instead of P!

Lemma 3.2.1. Let 7, and 1 be two regqular meshes of 0, 0 < h < H. Let Vi, and Vi be
their respective piecewise affine finite element spaces. We suppose that 1 is a refinement of
TH - Then VH g Vh.

Proof. Let vy be in V. We need to show that vy belongs to V3. In other words, for any
element K} in 74, we must have that vy|g, is affine i.e. is in Pl

Let us take an element Kj in 75,. We affirm that there exists an unique element Kpg € 7
such that K C Kp. We split the proof of the last statement in two parts. First we will prove
the existence, and then the uniqueness.

e Existence : We will proceed by contradiction. Suppose that for all Ky € 7, Kp € K. Let

Ty be an element of 7y such that Ty N K, # (. Such a Ty exists. Indeed, K} C U, Ki=Q=
U; K%, where Kj, (resp. K7;) are elements of Vj, (resp. Vi). However, it may not be unique.

19



CHAPTER 3. DISCRETIZATION IN SPACE AND IN TIME

If so, we randomly choose one. Since 7, is a refinement of 77, we know that there exists a set
I € N* such that Ty = ;¢ T,?;, T,Z; € 73. By definition of Ty, we have

Ty Ky £ 0 < (UT,ﬁ)mKh;é@;»aief, Ti = K.

i€l

The last statement is easily understandable since we have regular simplicial mesh i.e. every
element of 75, are two by two disjoint. Thus we have K; C Ty. This is in contradiction with
our assumption.
e Uniqueness : We showed that there exists Ky € 7y such that K; C Kgy. Again we will
proceed by contradiction. Let us take K}{ and K[Q{ in 77 such that Kj C K}I and Ky C KIQ{
Moreover we suppose that K}{ % K%I We have

K, CKyNK%.

This statement is impossible since we have regular simplicial mesh.

We successfully managed to prove that there exists an unique Ky € 7 such that K C Kp.
We can come back to the proof of the Lemma now. Let Ky be in 7 such that K;, C Kgy. As
vy is in Vi, we know that vg|x,, is an affine function. Then, so is vy|x, . O

From now, when we write V}, we implicitly declare the mesh 7, to whom V}, is associated.

3.3 The inverse inequality

Later in this master thesis, we will have to use the inverse inequality below.

Theorem 3.3.1 (Inverse property). Let V}, be a piecewise affine finite element space. Then
Vi, satisfies the inverse property

HVU}LH < Cinw hiluvhH, Yoy, € V3.

Proof. A more general version can be found in Section 8.5 of [9]. Otherwise there is a simpler
proof in [2] for the one and two dimensional cases. O

We recall that |V - || is also the semi-norm of H}(€), which is | - |Hé(ﬂ)‘ As a result for

any uj, and vy, in Vj, we can bound the bilinear form a by the L2?-norm of uj, and vy, i.e.
a(up,vn) < Ch72[|up | [[onl]-

3.4 Time discretization
To discretize in time we introduce the uniform discretization
O=to<ti < ---<ty=T

and define At :=t,, — t,—1, Vn € {1,..., N}. This At is constant for every time step since the
discretization is uniform.

At this point of the document, we have everything we need to start working on computing
a solution for our parabolic problem.

20



Chapter 4

The finite element method

In the previous chapters, we formulated our problem and we discretized our spaces in order to
be able to compute the solution. Computing the solution will be achieved by the following to
steps. First we approximate the problem in space using the finite element method. Then, we
approximate it in time by using the forward Euler method and later by using the Super-time
stepping acceleration.

We work on a piecewise affine finite element space V3, with 0 < h. All along this chapter,

N, denote the nodes of V}, /\O/;Z denote the interior nodes of V}, and (®;)icn; denote the basis
functions of V},.

4.1 Semi-discrete finite element method

To begin, we approximate our weak formulation in space. As said before, we use the finite
element method.

4.1.1 Formulation

First, let us recall the weak formulation of the parabolic problem (2.1)

Problem. For allt € (0,T], find u(-,t) € H3(Q) such that

{ (%%,0) +au,v) = (f,v), Yve H}(9Q),
u(+,0) = ug

We make the approximation in space using the classical finite element method, and we get
the following problem

Problem 4.1.1. For allt € (0,T], find up(-,t) € V3, such that

(aaith,vh) + a(uh,vh) = (f, ’Uh), Yoy, € Vp, (4 1)
up(+,0) = Py o ug '
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Where P, : H}(Q) — V}, is a projection from H}(€2) into V},. Here is a representation in one
dimension of some basis functions ®; of the finite element space Vj,.

0.8

0.6

0.4

02

0.0

Figure 4.1: Basis functions of the piecewise affine finite element space V},.

In one dimension, these functions, also called hat functions due to their shape, can be
explicitly computed.

4.1.2 Matrix assembly

Now, we write an equivalent matrices formulation of the problem (4.1). We start with the first
equation. For any vy, in V}, we have

(05;",@0 + a(up,vy) = (f,vn)

As uy, is in V3, we can decompose uy, in the basis of Vi, i.e. up(t) = zz‘eNh up|i(t)®;. Then

((;’Uf(t)’ Uh) + a(uh(t),vh) = (f(t)’ Uh)

=4 % Z upli(t)Ps, v | +a Z upli ()P, vn | = (f(1),vn)

€Ny, €N},

& ) ag:‘i(t)(q)i’“h) + ) unli(t)a(®i,vn) = (F(t), vn).

ieNy, €N}

We replace the test function vy, by ®;, Vj € N},

S 20 ) (@0, 05) + 3 wnli(Bal@n @) = (7(0),2,).

€Ny €Ny

Thus, we obtain the weak formulation under matrix form

Problem 4.1.2. For allt € (0,T], find Up(t) such that

(4.2)

Mk (t) + SU, =T,
Uh(O) - ((Ph O UO)‘O, ey (Ph O uO)‘N)T.
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where
o M= [mij](i,j)e/\/}%a mij = [ ®;®; dr, is the mass matrix,
e S= [Sij](i,j)e/\/,fv Sij = Jo(AV®;) - V®; dz, is the stiffness matrix,
o Up = (uplo, ... un|n)?, N = [Ny,

o = [Fi]iENh7 Fz = fQ f(t)q)z dx.

This formulation allows us to realize the implementation of the finite element approximation
of the parabolic problem in Section 4.2.6 and in Section 4.3.4. Furthermore, we will be able to
prove the existence and uniqueness of the solution wy, of the finite element problem (4.1).

4.1.3 Well-posedness

Now, we verify that the problem (4.1) is well-posed i.e. we check either the stability, the exis-
tence and the uniqueness of the solution.

Theorem 4.1.1 (Stability). Let up be the solution of (4.1). For allt € (0,T], we have the
following results
t
lun®) < C (1P o woll + / 1£(s)ll ds), (4.3)
6uh t
S| < (1o uoll + 151+ [ 1761 ds). (1.4)
0
t
/
Jun(®lle < € (17wl + 1701+ [ 1] ds). (15)
Proof. We proceed in the same way as for the stability of u, Theorem 2.2.2. O

We proved the stability of the finite element methods. This stability ensure us that the
approximate solution will note growth to infinity. It remains to verify the existence and the
uniqueness of the solution in order to prove well-posedness.

Theorem 4.1.2 (Existence and uniqueness). There exists a unique solution of (4.1).

Proof. Since the mass matrix M in invertible, and the system (4.2) is an ordinary differential
equations system, there is a unique solution for t € [0, 7). ]

4.1.4 Error estimate

In this section, we estimate the error due to the finite element method.
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Lemma 4.1.1. Let us define &, : HE(Q) — Vj, to be the elliptic projection from HE(Q) into
Vj, i.e. for any v € HE(Q),

a(é'hv,wh) = a(v,wh>,Vw € V.
Then, for any v in H} (), we have

HU - ghUH < C(HAHWLOO(Q)a aaﬁ)hHUHa'

Proof. We consider the following auxiliary problem : find z in HJ(£2) such that
a(z,w) = (v — Epv,w), Yw € HY(Q). (4.6)
Remplacing w by v — Ev leads to
lv = Envl* = a(z,v — Env)
Since £z belongs to Vj,, we have that a(Epz,v — Exv) = 0 by definition of &,. Then

v — Epv]|? = alz — Epz,v — Epv)
< |lz = &nzllallv = Envlla-

|z — Enzlla is the a-norm of the error due to the Galerkin approximation of the elliptic
problem (4.6). This error estimate has been computed in [2], Section 4.5. Hence

|2 = &nzlla < C([|Allwree (), @, B)hllv — Exvl|.
Then, |lv — &l < O([|[Allwr.eo (@), @, B)h|lv — Epvlla. Finally, we have
v — Epvl2 = alv — Epv,v — Epv)
=a(v —Epv,v) — alv — Epv, Ep)
Since Epv lives in Vj, we have a(v — Epv, Epv) = 0. Thus

|lv — €hv\|2 =a(v—Epv,v)
<|lv = &nvllallvla-

It yields |lv — Epv|| < C([|Allwr.ec (), @, B)h||v]la- We have the result.

Theorem 4.1.3 (Error due to finite element approximation). Let u be the solution of (2.2)
and uyp, be the solution of (4.1). Then for all t € (0,T], we have

() = wn (@) < € (I Allwrw(ys 0 8) (llo = P o woll + hllu(®)la)-
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Proof. This proof will follow the one in [5]. Let us define &, : Hi(Q2) — V}, as in Lemma 4.1.1.
Thus if v € H}(Q) is the solution of the following elliptic problem

a(v,w) = (f,w), Yw € H&(Q)

then &,v € V}, is the finite element approximation of v. We fix ¢ € [0,7]. The idea of this
proof is to split the error in two parts.

[u(®) = un(®) < [[u(t) = Enlu®] | + || Enlu(®)] — un(®) |-

=:e1(t) =:ea(t)

e ¢ : By using Lemma 4.1.1, we have

lex (] = [[u(t) = Enlu@®]]] < CUAllwr.000)5 v, B) Dl (t)]|a-
e ¢y : We put ey(t) instead of up(¢) in Problem 4.1

<8€;£t)ﬂ/h> + a(ea(t),vn) = <8&Lg:(t)],vh> + a(Exfu(t)], vp) — ( <8u§t(t)’vh> + a(uh(t),vh)),

=(f(t),vn)
since wuy, solve Problem 4.1. Furthermore &,[u(t)] satisfies the Galerkin orthogonality i.e.
a(&plu(t)], wr) = a(u(t),wy,) for any w € V4,

<8e;§t),vh> + a(ex(t),vn) = <55h(g1;(t)]7vh) +a(u(t),vn) — (F(£),vn)

- () - (230.0)

__ (aﬁalf),vh) .

Thus €5 solve our parabolic problem 4.1 for f = —% and ug = €2(0). We can apply the

stability Theorem 4.1.1 and get the estimate

Oe
lea®l < C(Jeal0 u+/\ 1

9| ds) = C(llex O] + ler (D] = llr (0)])

Here

le2(0)]] = [|€nuo — Ph o uoll < [[Enuo — uoll + [uo — Pr o uoll = lle1(0) || + [luo — Pr o uol|.

Combining with the estimation of |[e1(#)|z2(q)

le2(®)]l < € (lle2(O) | + llex ()| = llex (0)]])
< c( e ()]l + llug = Pi o wol| + [ler ()] = llea (0)]])
< C(Jluo — Puouoll + ex (1))
< c(uAnWl (e @5 8) (lluo = P o o] + Rlu®)]a )

We sum the estimation above with the estimation of ||e;(¢)|| and we end the proof. O
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Note 1. If we use the elliptic projection &, instead of Py, we get

() = wn(®)]] < €' (| Allwr.ays @ 8) A (lluoll + u(®)la)-

Indeed, we have
() = wn()l] < C ([ Allwroe s 8) (lluo — En 0 woll + hllu(t) o)

By applying Lemma 4.1.1 on ||jug — & © ugll,

() = un (Il < € (1Al (@, @5 8) b (uolla + [u®)la)-

4.2 Explicit Euler scheme approximation

In the beginning of the chapter, we said that we will use two different methods to do the
approximation in time. In this section we will see the first one, the explicit Euler scheme
also called forward Euler scheme. We first write the formulation of the completely discretized
method. Then, we move on the stability and the error. And finally, we implement the method
in Python and present some numerical results.

4.2.1 Finite differences in time

To the aim of clearness we introduce the following notation.
Notations 2. For a function v : Q x (0,7] — R, we denote v(-, nAt) by v|"(-).

Theorem 4.2.1. Let u: Q x (0,T] — R. Let x € Q2. We suppose that u(x,-) is at least C*
in time. Then we have

ou[™(x)  ul"(x) —
ot At

@) L oan.

Proof. Taylor expansion leads to

u|" () = u(:n, (n+ 1)At)
ou(xz, nAt)
ot

+O(At?)

= u(x,nAt) + At +0(At?)
Au[" ()

ot

= u*(z) + At

Thus

ou™(z) _ ul"*(z) —ul"(x)

_ A
at At +0(A1)

O]

This theorem will be the keystone of the forward Euler method discussed in the next section.
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4.2.2 Formulation

We formulate the completely discretized problem.

Definition 4.2.1. Let uy, be the solution of (4.1). We denote by uj, the approzimation of
uy, such that

au—h _ uh‘nJrl o uh’n
ot At ’

Using this definition leads us
U n+1 — |
(W’U’l) + a(un|™,vn) = (f|",vn), Yo € Vj
(" on) = (" on) + At a(n ", 00) = AFT", wn), Vo € Vi
(u‘h|n+1,vh) = (U‘h\n,vh) + At((fl”,vh) - a(u‘h|"’vh)>7 Yoy, €V,

This gives us the final problem

Problem 4.2.1. Knowing x|, find up,|"** € Vi, such that

{ (u_h|n+11Uh) = (u_h|n,Uh) + At((f|n,’[1h) - a(u_h|n7vh)>a Vop, € Vi, (47)

u_h\o = Py ouyg

4.2.3 Stability and the Courant—Friedrichs—Lewy condition

As we use the forward Euler scheme in time, our scheme is not always stable. In this section
we will find the condition between the discretization parameters h and At for the scheme to be
stable. This condition is known as the Courant—Friedrichs-Lewy condition.

Theorem 4.2.2 (Stability). If we suppose

At
1- Omﬁh—?7 >0 (4.8)

then the scheme (4.7) is stable i.e. if up is the solution of (4.7), then for any n we have

n
|| < 1Py o wol| +24¢ > 1 f1])-
j=0

Proof. This proof will follow the idea in [2]. First of all we suppose that (4.8) holds. Then we
use up|" 1 as test function in (4.7). It gives
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™2 = () + At (7 i) = i),

The trick here is to use the two following identities : for any u and v in H&(Q), we have

Thus we have

_ Ly _ _ _ _
102 = = (™ =l 12 = ™ = " 2) + AP, w4 -

1, _ 1, _
At ™ 4 ] lg + At ™ = @l

At _
N R
At
2

[an] "+ = i [* 4 [an ] HP = w1 +
7n+1_—n2_2A n ,— |n+l
12| up |||z = 28t (f]", unl").

Since ||up,|* Tt + wip|™||? is positive, we have

_ _ _ _ At _ _
(e R [ K e [ e A e A PR VTG A B

The troublesome term is —%Huﬂ”“ —1,|™||? because it is negative. The term —||u|"||? is
also negative but is not a problem for us since ||up, "1 — ip|™||? > |[un|™||? — ||Jun|? 2. Thus,
we move the troublesome term to the right hand side and we use the boundedness of a and the
inverse inequality

At

| = 1% ™ = (w1 < 288 (", ") + Cine B0l

[z | — g, [

Now, we move it to the left hand side

oAt _ _ _ _
(1= CamBR72Z Y™ — "7 + il 2 = a2 < 288(f]", ).

As we supposed that 1 — Cinvﬁh”% > 0, the inequality above and the Cauchy-Schwarz
inequality gives

i "HIZ = llan ™[ < 2A¢ ]| [ "

< 22| £ (™) + 1)
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and finally,
i = flan ™| < 248 17
or
| < flan]™ | + 248 £

By immediate recursivity and that dh|0 = P, o ug, we obtain the result

n
" < [Py o woll + 248> |7
§=0

O

Note 2. In this paper, we only proved that this condition is sufficient to have the stability of
the forward Euler-Galerkin method. It can be rewritten to emphasizes the link between the
mesh size h and the time step At as At < QC;iﬁflhz. We notice that this condition is very
restrictive since we require a very small time steps to ensure the stability. It is even worst for
contrasted media i.e. for large S.

4.2.4 Error of the completely discretized method

Let’s estimate the error due to the approximations. We first need to find the error due to the
forward Euler scheme.

Theorem 4.2.3 (Error due to the forward Euler scheme). Let uy, be the solution of (4.1)
and be C? in time and 1y be the solution of (4.7). If we suppose that uy is C? in time
and that the Courant—Friedrichs—Lewy condition (4.8) true then we have the following error
estimation

_ &uy,
| |™ — ||| < C(n, l e >At.
Proof. Let us define the discretization error by
en = up|" — up|"
Taylor’s expansion with integral remainder gives us
n+1 n auh n
up|" () = up|"(x) + Atﬁ (z) + Ry (x),

where R,(x) = fti”“ (tn+1 — t)% dt. We have for all vj, in V},
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(en+1,vn) = (un|™™ vp) — (@™, vp)

ou

= Cunl"s ) + 8¢ (G100 ) + (R o) = (")

= (unl",on) + At((FI",0n) = alun]", vn)) = (", vn) = At((F1",00) = aliin]”,n) ) + (Ra(), vn)
= (en,vn) — Ata(en,vn) + (Ru(x),vp)
= (en,vp) + At((éRn(m),vh) — a(en,vh)>

Thus, e, satisfies the problem (4.7) with ug = e¢g and f|* = ﬁRn. Under the Courant—Friedrichs—
Lewy condition we can apply the stability theorem 4.2.2 and we get the following estimate

n n t 2
1 i+t tj+1 —td uh(-,t)
lentill < lleoll + 2Atz ~; B[ = lleoll + 2AtZ /t i o dt]|
J=0 7=0 J
We have ||eg|| = [|un|® — 1 |°|| = || Py o ug — P, oug|| = 0. Then by switching the integral and

the L?-norm we get

Dottty —t || 0%up (- t)
Ll < 2A¢ i+ PO dt.
el <2843 [

In addition, we have tjxt_t < 1 for all ¢ between ¢; and ¢j1;. Then

n_o et 200 (-t tnt1
lent] < 2At2/ a“h()H dt:QAt/
j=0"1i 0

Jj+1

BQUh(‘, t)
ot?

o2 H "

O]

Now, we have everything we need to estimate the error of the completely discretized method.

Theorem 4.2.4 (Error of the completely discretized method). Let u be the solution of (2.2)
and C? in time, uy, be the solution of (4.1) and C? in time, and uy be the solution of (4.7).
Then for all n we have

_ o |10%un
™ = anl"| < € (B0~ m A1 | St | ) (o = P o woll + b+ At).
Proof. Use the triangle inequality, Theorem 4.2.3 and 4.1.3. O

4.2.5 Matrix assembly

In order to implement our approximate scheme with a computer, we have to construct an
equivalent problem with matrices. We start from (4.7) and you do the same kind of computation
as for the matrix assembly for the semi-discretized finite element method in Section 4.1.2. Thus
we obtain
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Problem 4.2.2. Knowing Uy|", find Up|"*! such that

MU, "™ = (M — AtS)Up|" + AtF|™,
77,10 T (4.9)
Uh| = ((Ph (¢] UO)‘O, ceey (Ph (¢] UO)|N) .
where
o Up" = (anlg, ..., un|})", where N = Ny,

o F|" = [Flien,, Fi = fo\"q)i dz.

4.2.6 Implementation in Python

In order to do the implementation of the finite element method in python, and later the imple-
mentation of the localized orthogonal decomposition method, we use the python library gridlod
[4]. This library only works on the domain Q = [0, 1]¢ with d € {1,2,3}. Moreover, we can only
take an approximation of f in Vj,. Thus we have F|* = MF|", where F|" = (f|7,---, f|%)T and
M. The reader can find all the python code in Appendix. For the finite element method, see
Appendix A and Appendix C.1. Now let us explain some important point of the code. First to
define a mesh, we use

NFine = np.array ([Nx, Ny])

This allows us to create a two dimensional mesh with Nx elements in the x direction and Ny
elements in the y direction. The diffusion coefficient A is defined by a constant on each element
(see Figure 4.2). It must be a vector of size Nz x Ny. Unlike the diffusion coefficient, each
functions are defined on each node of the mesh (see Figure 4.2). Thus they must be a vector of
size (Nx +1) x (Ny +1).

flo]l fl1] fl2] f[3] f[4] f[5] fle]

Af0]] Al1]| Ar21|AL31| AL41 [AlS] 1

ALBI|AL7]| - - -
(a) Representation of the dif- (b) Representation of func-
fusion coefficient A. tions, for example f.

Figure 4.2: Data representation in Python.

In order to compute the mass matrix M and the stiffness matrix S we use

problemFEM . assembleMatrices ()

Finally, to solve our finite element method with the forward Euler scheme (4.9) we use

problemFEM . solveStep (xFullFEM, delta_t)
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4.2.7 Numerical results

Now we do some experiment. For understanding issue you can refer to the Section 4.2.6 above.
First, we will begin with checking the Courant—Friedrichs—Lewy condition and the stability from
Theorem 4.2.2. Finally we will presents an experimental error analysis of the numerical method.

Stability

To begin with the experiments, we check the stability of the method discussed in Theorem 4.2.2.
We recall the reader that the the Courant—Friedrichs-Lewy condition (4.8) is the following

At < Cepr B~ R

First of all we wish determine the constant Ccpr,. We vary the constant while fixing the
other parameters and see whether the method is stable or not. The diffusion coefficient have
random values between o and . Here is a table (Table 4.1) which recap the results of this
experiment.

Caq | a| B | h |stable
0.0089 | 1 | 1]0.1] Yes
0.009 | 1]|1]01] No

Table 4.1: Influence of the constant Ccpr, on the stability.

Thus, we see that if Copr, < 0.0089, the scheme is stable. Nevertheless it is hard to check if
this value will ensure the stability over infinite time. To be sure about the stability we can take
a bit less by multiplying the C'cpr, by a constant lower than 1. Now, let’s check the influence of
B and more especially the influence of the order of 3. Because we theoretically found that the
order with respect to 8 is 1, we will first try we an order lower, here % Again here is a recap
(Table 4.2).

Cen a | B2 | h | stable
0.0089 | 1 1 0.1 Yes
0.0089 | 1 | v/2 | 0.1 No

Table 4.2: Influence of the diffusion coefficient parameter 8 with order % on the stability.

We can see that the order % with respect to 8 is not sufficient to ensure the stability of the
method. Let’s try with order 1 (Table 4.3).

Ca |« I} h | stable
0.0089 | 1 1 0.1 | Yes
0.0089 | 1 5 0.1 | Yes
0.0089 | 1| 10 | 0.1 | Yes
0.0089 | 1| 20 | 0.1 | Yes
0.0089 | 1 | 100 | 0.1 | Yes
0.0089 | 1 | 1000 | 0.1 | Yes

Table 4.3: Influence of the diffusion coefficient parameter 5 with order 1 on the stability.
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Now, the scheme seems to stay stable for every 8. This result is in accordance to the result
we found theoretically earlier. Finally, we wish verify if the Courant—Friedrichs-Lewy condition

is independent of « (Table 4.4).

Cea o 6| h | stable
0.0089 1 110.1]| Yes
0.0089 2 1]10.1| Yes
0.0089 | 10 |1 ]0.1| Yes
0.0089 | 100 | 1 | 0.1 | Yes
0.0089 | 500 | 1 | 0.1 | Yes
0.0089 | 1000 | 1 | 0.1 | Yes

Table 4.4: Influence of the diffusion coefficient parameter o on the stability.

The parameter o seems not to influence the stability. Then the Courant—Friedrichs —Lewy
condition found theoretically and the one found experimentally are the same. This is reassuring.

Pre-asymptotic effect

For the sake of clarity, we will do these experiments in one dimension. We want to try the finite
element method for a highly oscillating coefficient A. We choose A(z) = cos(290 x x) 4 1.01 and
f = 1. We have the solutions for different value of h on Figure 4.3.

(b) h = 150"

Figure 4.3: Illustration of the pre-asymptotic effect.

The first two pictures of Figure 4.3 are far from the exact solution, but the third one is not.
Hence, it indicates that the solution of the finite element method and the exact solution are
close if h < €, where € is the frequency of oscillations of A. Otherwise, the approximate solution
have no sens. This effect is known as the preasymptotic effect.

Error

We check the order of the convergence rate in space and in time. We do these two experiments
in one dimension. In both case, we take the diffusion coefficient A(z) = (2 + cos(Zz))~!, for
0 < e < 1. Moreover, we have ug = 0 and f = 1. We begin with the convergence rate in space,
Figure 4.4. We draw the relative L2-error ||u — up||/||u| depending on the mesh size h. We fix
At such that the Courant—Friedrichs-Lewy condition (4.8) is satisfies for every h.
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error (log)

P Rl K -

Relative

ror (log)
or (log)

Relative err

Figure 4.4: L?-error with respect to the mesh size h.

On the picture (a), A have almost no variations. As a result the convergence rate is of order
2 with respect to the mesh size h. We only see that for large mesh size (¢ < h), the order is
only 1. The is due to the preasymptotic effect. We have the same thing on the picture (b).
However from picture (c), the mesh size is too large compared to the variations of A. Indeed we
have ¢ S h. We can conclude that if h < € the convergence rate of the finite element method
is of order 2 with respect to the mesh size h and if € < h, the small variations of A are not
well-captured and, as a result, we only have an order of 1 with respect to h for the convergence

rate.

Now we study the convergence rate in time. We draw on Figure 4.4 the relative L?-error
lu — up||/||u| depending on the time step At with € = 27%. We fix the mesh size h such that
the Courant—Friedrichs-Lewy condition (4.8) is satisfies for every At.

-—- sart(delta_t)
——- delta_t
——- delta_t"2
—— L"2-error

10-10

Reltive error (log)

10-12
1071

10-16

delta_t (log)

Figure 4.5: L?-error with respect to the time step At.

It seems that, under the Courant—Friedrichs—Lewy condition, the convergence rate of the
forward Euler method is of order 1 with respect to the time step At. This aligns with our
theory.
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4.3 Super-time Stepping acceleration

We have successfully computed a good approximation for our solution. However, the Courant—Friedrichs
—Lewy condition is an issue for us. Indeed, if we want a very accurate solution, we have to choose

a small h and consequently an even smaller At. This is not possible if we want to study our
problem over a long period. That’s why we now introduce an other method : the Super-time
Stepping acceleration.

4.3.1 Formulation

The idea behind the super-time-stepping scheme is to solve N times an explicit Euler scheme.
As in [1], let us define a super-step AT consisting of N time-steps 71, ,7n i.e. AT :=
Sor 7. We want to maximize AT and to ensure stability over the super-step AT instead

over each steps. That’s why the inner values have no approximating properties and should be
considered as intermediate calculations. We have the following problem

Problem 4.3.1. Knowing 4|, find @n|"** € V}, such that

(un" TN op) = (™, vp) +7( (f"vn) — G(Uh|”,vh)), Yoy, € Vi,

("N o) = (un [P HYN op) +1o( (f", vn) — a(dh’n+l/N77)h))7 Vop € Vi,

(@™ o) = (un["TVIN ) +TN<(f\n,Uh) — a(upy|" DN Uh))7 Yoy, € Vi,
(4.10)

and such that @y,|® = Py, o ug.

4.3.2 Stability

As we use many forward Euler scheme, the Super-time Stepping is not unconditionally stable.
However, unlike the forward Euler scheme, we want to ensure the stability over a super-step AT
instead of over a single step At. It has been proved in [1] that in order to have the stability of
the Super-time Stepping, we must have the following inner steps

2 — 1 -1
! g) 1—|—u) , Vie{l,---,N},

T = Atexpl((u — 1) cos (

where 0 < v < ftmin/lmax, (i4;)i are the eigen values of M~!S.

4.3.3 Error of the completely discretized method

Theorem 4.3.1 (Error due to the Super-time Stepping method). The Super-time stepping
method is of order one with respect to AT.

Proof. See [1]. O
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CHAPTER 4. THE FINITE ELEMENT METHOD

The theorem above combined with the error due to the semi-discretized finite element method
gives us the error of the completely discretized method below.

Theorem 4.3.2 (Error of the completely discretized method). Let u be the solution of (2.2)
and ay, be the solution of (4.10) Then,

Jul = anl"ll < C (8.7 1O, ) (o = P o woll + b+ AT).

Proof. Use the triangle inequality, Theorem 4.3.1 and 4.1.3. O

4.3.4 Implementation in Python

Before solving the super-time stepping system (4.10), we have to compute the 7;. For it we use
problemFEM . initSuperStep (N, nu)

And then to solve the system (4.10), we invoke
problemFEM . solveSuperStep (xFullFEM, N, nu)

4.3.5 Numerical results

Like with the forward Euler method, we do experiments to confirm the theory.

Computation of the inner steps

We verify the influence of N and v on the inner steps 7;.

Influence of nu on the super-step for N=10 Super-step when nu tends to 0
e —_— -
-~ 1074 o
- —_— P
_ -
1072 4 g '_/__+__.__.—.—-——-—-—--—’-/
P ,"
”¢/ ’,,
”/ ”/
i e
oot X 1072 e

t (log)
\
\

t (log)
N\

- -~ delta_t_expl # —— N=5

od —— nu=0.1 10- 4 /, N=10

- —— nu=0.01 e —— N=15

- —— nu=1 P —— N=20
nu=0.000001 P —— N=25

——- delta_t_expl*N~2 . ——- delta_t_expl*N~2

107 4

T T T T
10° 10! 10° 10!
n (log) n (log)

(a) Comparison between Atexp and different (b) Value of AT when v tends to 0.
super-step AT

Figure 4.6: Evolution of the super-step AT

On these graphics (Figure 4.6), we drew in color the following value :

n

> 7(Nw), ¥ne{l,...,N}.

i=1
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On the first one, we fix N to ten then we vary v. For large v, (f.e. v equal to one), we
see that AT < Ateypr. In that case, the Super-Time Stepping acceleration is less efficient than
the forward Euler. However, for a sufficiently small v, the Super-Time Stepping acceleration is
quicker than the forward Euler. Even more, if v — 0, we see that AT ~ N 2Atexpl. This result
is confirmed theoretically in [1] and the figure (b) :

lim AT = N2 Ateypl-

v—0

Error

Again, we do the experiments in the one dimensional case. We fix N = 20 and we vary v between
0.001 and 2. We remind the reader that the more v is close to 0, the more the super-time step
AT is high. We draw the relative error on Figure 4.7.

10723 - sqri(delta_T)
——- delta_T
—— L72-error

Relative error (log)
=
(=3
A

105 4

1075 4

delta_T (log)

Figure 4.7: L?-error with respect to the super time step AT.

The relative error globally follows the AT line. Thus the convergence rate of the super-
time stepping is of order 1 with respect to AT. The variations can be explained due to the
implementation of this experiment. Indeed we fix the same end time T for every computation.
However, it happens that this 7" in not divisible by AT. As a result, some computation stop a
bit earlier or a bit later than the fixed end time T". Hence, we compare the exact solution with
the computed solutions at different time around 7.

Solution

To finish this chapter, here is some drawing, in two dimension, of u|™ for two kind of diffusion
coefficient. The mesh size h is h = 20~!. We take ug and f like in Figure 4.8.
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u0 f
= 0200 1000
0175
800
0150
0125 500
0100
0075 0o
0050
200
0025
. 0.000 o
13 5 10 15 20 o s 10 15 20

(a) The initial condition uo. (b) The forcing term f.

Figure 4.8: Experiment data.

On Figure 4.9, we split the diffusion coefficient A in two parts. On the top we have a non-
conductive coefficient (Aop = 0.01) and at the bottom a very-conductive coefficient (Apottom =
200). On the top part i.e. the non-conductive part, the heat is very localized and high. On
the bottom part i.e. the conductive part, the heat is diffuse and lower than the one in the
non-conductive part. This is because at the bottom, the heat transfer is easier than on the top
part. As a result, the heat is distributed and is easily absorbed by the boundaries (due to the

boundary condition).

solution at t=189.125us solution at t=1134.75us

0200
0175
0150
0125

Y 0100
0075
o050
0025
0000

13 5 10 15 20 13 s 10 15 20

(a) Diffusion coefficient A. (b) Solution @p|™. (c) Solution @p|™.

Diffusion coefficient
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Figure 4.9: Computation with a binary diffusion coeflicient.
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Chapter 5

The localized orthogonal
decomposition

Previously, we managed to compute an approximate solution of the parabolic problem. We saw
that the error on this approximation is of order one with respect to the mesh size h. Moreover,
we have a pre-asymptotic effect. To avoid it, we have to choose h lower than the variation of the
diffusion coefficient A. This condition is not acceptable for a A with fast variations. To solve
this problem, we will use one of the multiscale methods.

First, we introduce the interpolation operator that we will use for the method. Then, we
present the orthogonal decomposition. After that, we localize this decomposition in order to
achieve the localized orthogonal decomposition. To finish, like for the Chapter 4 we use, in a
first time, the forward Euler method, then move on the Super-time Stepping.

In this chapter, we consider the piecewise affine finite element spaces V;, and Vg, h < H.
Moreover, we consider that 7, is a refinement of 7. As we saw in Lemma 3.2.1, we have
Vi C Vy. Finally, N}, (resp. Ny) will denote the interior nodes of V}, (resp. Vi) and ®, (resp.
¢z) the corresponding hat functions. Sometimes, 75, is called fine mesh and 7 is called coarse
mesh.

5.1 Orthogonal decomposition

The idea behind the localized orthogonal decomposition is to split the space of solution in two.
The first one will correspond to the interpolation of the solution with a specific interpolation
operator. The aim of this first space is to describe the coarse variations of the solution. The
second one correspond the fine scale variations of the solution. Then, the fine scale space will be
orthogonalized with respect to a specific scalar product in order to have convenient properties.

5.1.1 The interpolation operator

First, we present the interpolation operator that we will use for the coarse variations space.
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CHAPTER 5. THE LOCALIZED ORTHOGONAL DECOMPOSITION

Definition 5.1.1 (Local L?-orthogonal projection). Let Ve be piecewise affine finite element
spaces, 0 < . Then Ilg|r : L*(T) — Pi(7¢) is the L*(T)-orthogonal projection onto affine
functions on the element T, i.e.,

/HH\g(v)w dx:/vw dx
T T

for all w in Py (7¢).

Note 3. First, it is important to notice that the result of II¢ may be discontinuous (see Figure
5.1). In addition, if v is already an affine function i.e. is in P (7¢), we have Il¢(v) = v.

— < — : i

(a) A L? function v.. (b) IIg o v in red.

Figure 5.1: Tllustration of the L?(T)-orthogonal projection onto affine functions.

As we saw in the previous note, the result of 1l¢ is possibly discontinuous. For more con-
venience, we would prefer a continuous interpolation operator. To ensure the continuity of the
interpolation operator, we define the averaging operator.

Definition 5.1.2 (Averaging operator). Let Ve be piecewise affine finite element spaces,
0 <& Let Ee : Pi(1¢) — Ve be the averaging operator defined by : for any v € Pi(7¢) and
for any z an interior node of ¢,

(o)) = [(K ere/ze K} 3 ole2)

Tere, zeT

This averaging operator have the following property.

Property 5.1.1. If vg € V¢, then E¢ve = ve.
Proof. Let ve € V¢ and let z be an interior node of 7¢.

(B () =|(K e /2 k) 3 wulr(e)
Tere, z€T

As vg is in Vg, vg is continuous. Then for all T' € 7¢ with z € T', v¢|7(2) = ve(z). Thus

(Beve)(2) = [{(K e 7 /2 € K)| " [{T e e/ 2 € T ugt2)

= ve(2).
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CHAPTER 5. THE LOCALIZED ORTHOGONAL DECOMPOSITION

We can now define the interpolation operator that we will use to create the coarse scale
variations space.

Definition 5.1.3 (Quasi-Interpolation operator). Let Vg be piecewise affine finite element
spaces, 0 < &. We define the quasi-interpolation operator I : L?(Q) — Ve by

Ig =E§OH§

(a) A L? function v. (b) IIg o v in red. (¢) Zuv = Egollgov in blue.

Figure 5.2: Illustration of the quasi-interpolation operator.

On the left picture (a) on Figure 5.2, we consider a L?-function f and two elements of the
coarse mesh 7y : T and K. We apply the local L?-orthogonal projection Iy to f to obtain
the red function on figure (b). We see that the projection Il o f is piecewise affine and that it
coincide on the nodes of the coarse mesh with the original function f. As previously mentioned,
the result of the local L2-orthogonal projection is not always continuous. And it is not the
case for this example. That is why we apply the averaging operator, to make the result of 11y
continuous (see figure (c), the blue function). We simply average the value of Il o f on each
nodes. This two operators together gives us our quasi-interpolation operator.

Property 5.1.2. Let V¢ be piecewise affine finite element spaces, 0 < £. Then the quasi-
interpolation operator I¢ is a projection i.e. if ve € Vi, then I¢ve = ve.
Proof. Use the fact that II¢ is a projection and the property 5.1.1. O

To end this section, we present a useful property of the quasi-interpolation operator to esti-
mate the error.

Property 5.1.3. Let V¢ be piecewise affine finite element spaces, 0 < £. For any v in
HY(Q), we have

(a) [VZev|| + & v — Zev]| < CrlVoll,

(b) [lv = Zev[| < CE&lJv]l gy a)-

Proof. Let v be in H'(2). We start with the following result detailed in [10], lemma 4.1 (b) :
for any T" € 7¢,

IVZev]| 2y + € v = Zevl 2y < Crl Vol 2y,
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Then since the term [[VZ¢v|| > 0 and by multiplying by &, it follows

v = Zevl| L2y < CrélI Vol L2y,

Now we want an estimation in the norm of L?(€) instead of L*(T).

o =Zeoll® = 37 llo = Zevlifar) < CF6 3 IV0lZar) = CRE ol o)
TGTE T€T§

We have the result. O

5.1.2 Definition of the multiscale space

Now we are able to do the orthogonal decomposition. We begin by giving the definition of the
non-orthogonalized fine scale space.

Definition 5.1.4 (Fine scale space). We define the fine scale space by

VIi=ker(Ty)={veVy | Zyv=0}

As said before, this space gives us the fine scale variations of the solution. Now we can split
the finite element space.

Property 5.1.4. We have the following decomposition of Vi :

V,=Vga Vv

Proof.  Show that Vj, = Vg & V/:

We need to show that Vi N V7F = {0} and that V}, = Viy + V7.

Let v € Vg N V¥, We have v € V7, so

IH’U =0
In addition, v is in Vg, so
Tyv ="
Thus
v=>0

Now let v, € V3. We have
vp, = Loy + (1 — IH)Uh
M~ — ——
eVh GVf
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For more clarity, here is a picture to illustrate this decomposition.

1.0 10

0.8 0.8

0.6 0.6

0.4 0.4

0.2 02

0.0 007

-100 -0.75 -0.50 -0.25 0.00 025 050 075 1.00 -1.00 -0.75 -0.50 -0.25 0.00 025 0.50 0.75 1.00

(a) (b)

Figure 5.3: Illustration of the non-orthogonalized decomposition.

On the left picture (a) of Figure 5.2, we drew in blue the original function with fine scale
variations which lives in V. We divide the function into two different ones. The blue one rep-
resents the coarse scale variations of the original function and belongs to V. The orange one
represents the fine scale variations of the original function and belongs to V.

We managed to decompose the space V}, into two spaces, one for the macro-variations and
one for the micro-variations. The orthogonal decomposition is based on the orthogonalization of
the decomposition found in the property above with respect the the scalar product a. In order
to establish the new decomposition we need first to introduce the corrector associated to our
problem. This corrector will allow us to orthogonalize the fine scale space V.

Definition 5.1.5 (Corrector). We define RY : Vi, — V7 as the a-orthogonal projection from
Vi, into V7 i.e.
a(RMv,w) = a(v,w), Yv e Vi, Yw e V/.

With the corrector we can define the space that will be used later for the orthogonal decom-
position. This space is called the multiscale space.

Definition 5.1.6 (Multiscale space). We define the multiscale space by
V™= Vi — RIVy.
This space will encode the “coarse information”of the solution.
Property 5.1.5. We have the following decomposition of Vy, :
Vi=V™a Vvl

Moreover, V™ and VI are a-orthogonal.

Proof. e Show that Vj, = V™ g V/:
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We need to show that V™ N V7/ = {0} and that V}, = V™ + V/. Let v € V™ N V7. Then
there exists vy € Vi, v =vy — Rlvy.

IH’U = IH(UH — Rf’l)H)
= Tyvg —IuR vy
~——

=g — IHRva.

However Rfvy is in V7 ie. ZyR vy = 0. Then

Tyv =vy

Moreover v is in V¥ i.e. Zgv = 0. Thus vy = 0 and so
v=20
Now let vp, € V3. We have

vp, = Loy — RfIH’Uh —I—(l — IH)Uh + RfIHUh
eyms
We have that (1 — Zg)vy, + R Txvy, is in V. Indeed

T ((1 = Zg)vp + R Zyvp) = 0+ Iy R Ty

= IH RfIH’Uh
N——
ev/f
=0.

Then

vp, = Loy — RfIth + (1 — IH)’Uh + RfIH’Uh .
evms v
e Show that V™ and V/ are a-orthogonal:

Let v™s € V™ and o/ e V/.

a(v™,v)) = a(vg — RM vy, v))
= a(vg,v)) — a(RT vy, v))
—_——

=a(vg,vf)

O]

We succeeded in splitting the fine mesh space into two spaces with the property we wanted :
the a-orthogonality. Since we have this a-orthogonality it is important to notice that the space
V™ will depend on the domain Q but also on the coefficient A, unlike the finite element space
Vi, which only depends on the domain. Now we can reformulate the problem.
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5.1.3 Formulation

We have the following formulation of our problem

Problem 5.1.1. For allt € (0,T], find u™(-,t) € V™ such that

(&ézw,v) +a(u™, v) = (f,v), Yve V™),
ums(" 0) = P™ oy ]

Where P™S : H}(Q) — V™ is a projection from H{(£2) into V™S,

5.1.4 Find a base for the multiscale space

We created our multiscale space. But in practice we need to compute this space. As he have
finite dimension, we can compute a finite basis for our space. In this section, we state the
relation satisfied by the basis functions. Let {A;}zen, be a basis of V™. Let us define ¢, as
the projection R/ of the corresponding ¢, i.e.

Op = ngpx, Vz € Ny.

We have the following (global) corrector problem

Problem 5.1.2 (Global corrector problem). For all x € Ny, find ¢, € VI such that

a(pz, w) = alpz, w), Yw € v

and the basis of V™

{Ax:@x_ﬁéz/mENH}'

0.8

0.6

0.4

02

0.0 S

Figure 5.4: Basis functions of the non-localized multiscale space V™.

The basis function of V™ correspond to the classical basis function of the finite element
space ¢, modified by the corrector ¢,. The ¢, encodes the coarse variations of the solution
and the ¢, encodes the fine variations. That is why the space V™ is called multiscale space
: it includes both coarse and fine information. The second thing to notice is that the global
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corrector problem belongs to the fine scale space V. Thus the corrector are very expensive to
compute. Furthermore, they may have global support. At last, Figure 5.4 gives the A for a
periodic coefficient A. The A are computed in [10] for the one-dimensional case.

5.1.5 Stability

As for the finite element case, we show that the orthogonalized decomposition method is stable.

Theorem 5.1.1 (Stability). Let u™® be the solution of (5.1). For all t € (0,T], we have
the following results
t
sl < (1P ouall+ [ 17 ds), (52)
oums s t
S| < (1P owoll + £ @I+ [ 1)) ds). (5.3)
0
t
ol < (1P o wol + 1701+ [ 17 ds). (5.4)
Proof. We proceed in the same way as for the stability of u, Theorem 2.2.2. O

5.1.6 Error estimate

Like for the finite element method, we want to estimate the error of the method.

Lemma 5.1.1. Let us define E™ : HE(Q) — V™ to be the elliptic projection from HE ()
into V™ i.e. for any v € H}(Q),

a(gmsv,wms) = a(v,wms>,Vwms evm,
Then, for any v in HE(Q), we have

lo = E™ ]| < Cla, B)H|[v]]a-

Proof. We consider the following auxiliary problem : find z in HE(2) such that
a(z,w) = (v — E™v,w), Yw € HH(Q). (5.5)
Remplacing w by v — £™%v leads to
v — E™v||? = a(z,v — E™5v)
Since £™%z belongs to V™, we have that a(E™%z,v — E™v) = 0 by definition of £™°. Then

v — E™v||? = a(z — E™5z,v — E™5)

< lz = &%zllallv = £™0]la
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|z — E™5z||, is the a-norm of the error due to the orthogonal decomposition approximation
of the elliptic problem (5.5). This error estimate has been computed in [8], Lemma 3.1. Hence

|z — E"%2||q < C(a, B)H||v — E™ 0.

Then, |[v — E™v|| < C(a, B)H||v — E™v||o. Finally, we have

v — E™||? = a(v — E™v,v — E™S)

a
a(v — E™v,v) —a(v — E™v, EM0)

Since E™w lives in V™ we have a(v — E™Sv, E™v) = 0. Thus

v — E™0||2 = alv — E™5v,v)
< lv = & vlallvlla-
It yields [|jv — E™v|| < C(a, B)H||v||o- We have the result.
O

Theorem 5.1.2. Let u be the solution of (2.2) and u™ be the solution of (5.1). Then for
all t € (0,T], we have

() = w"* @)l < € (o, 8) (Iluo = P™ 0wl + Hlfu(t)]a)-

Proof. The main idea of this proof is the same as for the finite element case. Let us define
Ems o HYQ) — V™ as in Lemma 5.1.1. Thus if v € H}(Q) is the solution of the following
elliptic problem

a(v,w) = (f,w), Yw € H}(Q)

then €™y € V}, is the solution of
a(Ev,w) = (f,w), Yw € V™,

We fix ¢t € [0, 7.

[u®) = w™ (@O < [ ult) = E™ @] | + [ €™ [w®)] — un(®) |-

=:e1(t) =:ea(t)

e ¢; : By using Lemma 5.1.1, we have

lex @) = [lu(t) = E™[u®)]]| < Cla, B) H [[u(t)]la-
o ¢ : We put e(t) instead of u™(¢) in Problem 5.1

(aegf)’”> +ale(t),v) = (W) + (€™ u(t)], v) — ((8“2(”,@) +a(u™ (1), v) )

47



CHAPTER 5. THE LOCALIZED ORTHOGONAL DECOMPOSITION

since u™ solve Problem 5.1. Furthermore E™5[u(t)] satisfies the Galerkin orthogonality i.e.
a(E™[u(t)], w) = a(u(t), w) for any w € V™

<86§§t), ) + alea(t

0= (P50} a0 - 10.0)
<8€ms ) B (81g(tt)7v>
B <665t )’U>

Thus e solve our parabolic problem 5.1 for f = —@ and ug = €2(0). We can apply the

stability Theorem 5.1.1 and get the estimate

Oe
el < € (Jlea(0 n+/H 1

3s) = (2O + r )] - s (0}

Here

le2(0)]] = |€% w0 = P o wol| < [[€™uo — uol| + [luo — P™ o uoll = [e1(0)]| + [luo — P™ o ugl|.

Combining with the estimation of ||e1(t)||

le2(®)1l < € (lle2(0) | + ller ()] = llea ()]
< C(llr ()] + lluo = P™* o woll + ex (1) ~ llex (0)])
< C(Jluo = P™ o woll + llea ()]
< 0(a.8) (lluo = P™ o uol| + Hlu(t)].).

Note 4. Again, if you use the elliptic projection £™ instead of P™¢ we get
Ju(®) = w=@)ll < (o, 8)H (luolla + u®)la).

5.2 Localization

In the last section we split our space of solution into two a-orthogonal spaces. This is the
orthogonal decomposition part of the method. However, to compute the basis of the multi-scale
space V™% we need to solve the global corrector problems 5.1.2, which are posed in the fine
scale space VI, As a result they are computationally expensive to solve. Also, the correctors ¢,
generally have global support. Nevertheless, it is proved in [10] that the ¢, decays exponentially
fast away from x. This last property motivates a localization of the corrector problems. The
purpose of the next steps is to truncate every basis functions of the space V™ into a smaller
patches of the coarse mesh. Doing this gives us a new multi-scale space, a localized one, and as
a result a new approximation of the solution.

48



CHAPTER 5. THE LOCALIZED ORTHOGONAL DECOMPOSITION

5.2.1 Definitions

In order to correctly define the localized multi-scale space, we need to introduce a few notions
to define the localized version of the corrector operator R from the last section.

Definition 5.2.1. For oll T € 75y and for k € N, we define

Vf(wk(T)) ={we vf | Supp(w) C wi(T)}.

Definition 5.2.2. For all T € 17, we define the projection R; Vi = VI by

/(AVR;U) -Vou dz = /(AVu) -V dz, Yu € Vi, Yo e V7.
Q T

Note 5. Note that R/ = > Tery R%. Indeed, let u in V.
(Rfu— Z RTu v) = a(RTu,v) — Z a(R%u,v)

TeTy Tery
a(u,v) Z / (AVu) - Vo dz
TeETy
=a(u,v)
=0, Vv eV

Now we localize the operator R;.

Definition 5.2.3. For all T € 1 and for k € N, we define the projection R:J;k V=
VI (wi(T)) by

/ (AVR% LU - Vo do = /(AVu) Vv dz, Yu € Vi, Yo € VI (wy(T)).
wi(T) ’ T

Now we are able to define our new multi scale space.

Definition 5.2.4 (Localized multiscale space). For k € N, we define V;[** to be the localized
multiscale space by
V™ .= Vi — Rl Vg,

where R£ =D ey R%k.

Note 6. We have the a-orthogonality between V;™ and Vi(wi(Q)). Indeed, let v € V;™ and
w € Vi(wi(Q)). By definition of Vi1, there exists vy € Vi such that v = vy — szH. Then

a(v,w) = a(vg,w) — a(RL v, w)

(UHv )_Z (Rg“kUHv )

’UH, Z/ AVRTkUH -w dx.
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Since Suppw C wg(2), we have

= alv w) — f v W axr = al\v w) — v W ax
a(ovw) = ofurrw) =3 Lk(9)<AVRT,k ) wd () =3 /T (AVur) - w d

= a(vg,w) — a(vyg,w)
=0.

5.2.2 Formulation

With this localized multi-scale space, we obtain the final localized orthogonal decomposition
method formulation

Problem 5.2.1. For a given k and for all t € (0,T], find u**(-,t) € V;** such that

Ouy™ ms ms
( a]z 7'0) + a(uk ,’U) = (fa U)7 VU € Vk (Q)a (56)
up(-,0) = P™ oug .

Where P : H}(Q) — V™ is a projection from H{(Q) into V™.

5.2.3 Find a basis for the localized multiscale space

Let {Aj 2 }zeny be a basis of V™. Let us define ¢y, ,, as the projection R£ of the corresponding
Py i.e.

(Z)k,:c = Ri@x = Z R;’,k@m Vo € NH

TeTy

Note that {¢k 5 }zeny, is the localized version of {¢;}zeny,. We have the following localized
cell problem

Problem 5.2.2 (Localized cell problem). For all x € Ny, find ¢z1) € v/ (wk(T)) such
that

/ (AVoy k) - Vo de = /(AVU) - Vo dx,
wi(T) T

and the basis of V"

{Ake =02 — Orz /| v €N},

with ¢g 2 1= D rer, PoTk
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Figure 5.5: Influence of the patches size k on the basis functions of the localized multi-scale
space V™S,

The basis functions of V;™® have essentially the same shape as the ones of V™ for a large
k. Indeed, we truncate the basis functions ¢, outside a large patch, and so far away from x.
As these functions decays exponentially fast away from x, the localization have very few effect
on the basis functions (see Figure 5.5 (a) and (b)). It leads to a low error between the solution
of the orthogonal decomposition method and the solution of the localized orthogonal method.
However, for a small k, the localization will affect the basis functions. In Figure 5.5 (¢) and
(d), we clearly see this truncation outside the patches of x. Therefore we expect a high error
between the solution of the orthogonal decomposition method and the solution of the localized
orthogonal decomposition method.

5.2.4 Error estimate

Now, we have to estimate the error due to the localization.

Theorem 5.2.1 (Error due to the localization). Let u™ be the solution of (5.1) and let
up™ be the solution of (5.6). Then there exists a constant 0 < p < 1 that depends on the
contrast /o such that

™ (6) — (D)) S K2+ R

Hence, the choice k ~ log H recovers the convergence rate of the non localized method.
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Proof. We proceed as in [7]. First, we split the error in two parts.
[u™>(t) = up> (@) = [[(1 = RNoy — (1 — Ry)vi|
= (1 = RYvy — (1 — R'+ R'— Rp)vj|
< |1 = RN (v = vip)l| + | (R' = Rp)vgy|

—e1(t) —cea(t)

e ¢(t) : Let wy be in V. We have

(50 = ROk = 03). (1= F)wn ) +a((1 = (ol — v, (0~ Rwn)

(gt (1 = RYvg), (1 - Rf)wH) a((1 — RYvp, (1 — Rhwy) — (; (1= RYvg), (1 - Rf)wH)

—a((1- RYhvd, (1 — Rf)wH)

Since (1 — Rf)wy is in V™ and since (1 — Rf)v}; satisfies (5.1), we have

= (f, (1- Rf)wH> - (; ((1 — Rf)vH) (1-— Rf)wH> - a((l — R, (1 - Rf)wH)
- (f, (1— Rf)wH) — <§t((1 — Rp)v¥), (1 - Rf)wH> a((1 — Rp)vi, (1 — Rhwy)

(gt ((RE — RYo%), (1 - Rf)wH> —a((RS, — Rv¥, (1 — Rhwy)

= (10— Fywnr) = (o= Reh). 0= Blyun
. <§t(<1 ~ RO, (R _Rf)wH) (1= Fiyh (1 — Rlyom)

—a((1 = R})viy, (R} — Rywy) ~ ( o (R = ), (- Rf>wH)

— a((Ri — Rf)vH, (1-— Rf)wH)
Since (1 — RY)w? is in V™ and since (1 — R!)v% satisfies (5.6), we have

< 0 ((Rf, — RY)vg), (1 - Rf)wH> a((1 — R})vE, (Rl — RYwn)

ot
—a((Ry — R, (1 — RYwp)

Moreover,
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a((1 — R)vy, (R — Ri)wy) + a((R" — RY)v¥, (1 — RNYwry)
:a((l—Ri)v%{, — Rt Jwrr) — a(( (1-RL UH,(l—Rf)wH)
+a((1- R, (1 - f)wH) —a((1- Rhvy, (1 - Rf)wH)
=a((1 - Ri)v, (1 — Rh)wy) — a((1 — RY)vE, (1 — RNwy)
= (U%I,wH) — a(vH,Rka) (Rk,UH,wH) + a(Rka,Rka)
— a(vH,wH) + a(UH, waH) + a(R vH,wH) — a(Rva, waH)

Since a(v%], waH) = a(Rva, waH) and a(v%{, Rin) = a(Riv%, Rin), we have

a((1 — R)vy, (R — Rh)wy) + a((R' = RE)v¥, (1 — RYwy)
= a((Rf — R )i, wy).

Lastly, since Riv% e Vi c Vf, we have

((Rf — Ry, wy) = a((Rf — R, waH).
Then, using that a((R Rf)vH, Rka) =0, it follows

a((Rf — Ri%, wy) = a((Rf — RO, (R - RE)wH).
Weset F((1— Riwir) = (7 (B~ Riwn) + (3((1 ~ i), (B~ R
+ (& (R = RO)vy), (1 — RYwy) + a((Rf — R)v?, (Rf — RY)wy). Thus (1 — RY (vl — v%)
satisfies (5.1) with F' at the right hand side.

H I(R" — Rpw]|
I(1 = RYwp|

(B — Rwilla
+ [I(R' = R)vila

(1 - Ri)v

17 ((1 = RYws )|
1-

H(Rf Rf wHH H
I(1 = RDw||

+ Hgt(mf— Ri)v%)

We use the following inequality of which the proof can be found in [6] and the inverse
inequality

IR = Rpwrrlla < CEY2 ¥ |w |-

This inequality combining with properties of Zy (Property 5.1.3 (a)) and with the inverse
inequality leads to

IR = Riwrr| < COkY?ut Hl|wi||o < CCrCuk?u¥||wiy .

Thus and since |[wy|| = |Zg((1 — RYwg)| < Cr||(1 — RY)wg||, we have

I (1 = RYwn)|
(1 = RY)wx |

0
<t (171 + |50 = B | + | 5ok

+ de/?ukﬂleirlla) |
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It implies that,
[F(w™)]|

< k‘d/QlLLk + k‘d/.LQkH_l,

and also F is in L?(Q2). We can apply the stability theorem on (1 — Rf) (v}, —v%) and it
leads to [[(1 — RY) (vl —v%)|| < k¥ 2uk + k2R HL,

e co(t) : We use again the following inequality of which the proof can be found in [6]

IR = RR)wi|| < o 2((R = RR)wiylla < C )k |[vF o

5.3 Explicit Euler scheme approximation

We apply the forward Euler method to (5.6).
Problem 5.3.1. Knowing ul®|", find u[*["™' € V™ such that

{ (UZ“]”H,U) = (uznﬂn,v) + At((f\”,v) — a(u?ﬂ”,v))7 Yo € V)™, (5.7)

uZn5|O — Pkms o up

5.3.1 Error of the full method

Theorem 5.3.1. Let u be the solution of (2.2) and let u]*® be the solution of (5.7) such
that up'® is C? in time. Then there exists a constant 0 < ju < 1 that depends on the contrast
B/a such that

u]® — @™ < lluo — P o ugl| + kY2 pF + kW H™' + H + At.

Hence, the choice k ~ log H gives

ul™ = ag["[] < lluo — P o ugll + H + At.
Proof. Use the triangle inequality, Theorem 4.2.3, Theorem 5.1.2 and Theorem 5.2.1. O

5.3.2 Matrix assembly

By doing the same kind of computation as in 4.2.5, we obtain

Problem 5.3.2. Knowing U™|", find U|" 1 such that

MUt = (M — AtSE) U™ + ATtIFk|”,
Um0 = (P o uo)lo, - .., (P™ oug)|n) -

where

o M = [mij](i,j)ej\/?{v mij = Jq Ak,ilAk,; dx, is the multi-scale mass matrix,
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o S;° = [aij](z‘,j)e/\/flv aij = Jo(AVAy;) - VAL ; dr, is the multi-scale stiffness matrix,
o US| = (@7, ..., a7 )T, where N = [Ny,

o Fi|" = [Filieny Fi = Jo fI" Ak de.

5.3.3 Stability and the Courant—Friedrichs—Lewy condition

Like for the finite element case, using the forward Euler method implies a conditional stability.
In this section, we formulate this condition, which is in fact, closed to the one for the finite
element method.

Theorem 5.3.2 (Stability). If we suppose

At
1 - chﬁH—Z? >0 (5.9)

then the scheme (5.7) is stable i.e. if u;* is the solution of (5.7), then for any n we have

n
g™ < [P o ugll + 248 > || 1.
§=0

Proof. Similar to the proof for the finite element case, Theorem 4.2.2. O

We see once again that this condition is very restrictive on At. As for the finite element
case, this condition is even worst for large 3. However, the fine mesh have no influence on this
condition. Only the coarse mesh is important here. Since h <« H, we can conclude that the
complete method using the localized orthogonal decomposition coupled with the forward Euler
method is better than the complete method using the finite element method.

5.3.4 Implementation in Python

See Appendix B and Appendix D.1.

5.3.5 Numerical results
Error

We check the order of the convergence rate in space of the (localized) orthogonal decomposition
method. We take the diffusion coefficient A(z) = (2+ cos(22z)) ™!, for 0 < e < 1. Moreover, we
have up = 0 and f = 1. On Figure 5.6 we draw the relative L-error |Ju — u™||/|lu|| depending
on the coarse mesh size H in orange and the relative L%-error ||u — u®||/||ul|, k¥ = 0, depending
on the coarse mesh size H in blue. We fix At in such way that the condition (5.9) is satisfied
for every H.
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Figure 5.6: L?-error with respect to the coarse mesh size H

5.4 Super-time Stepping approximation

Here, we apply the Super-time Stepping acceleration to the localized orthogonal decomposition
method.

5.4.1 Formulation

With the same reasoning used in the finite element method case, we get the following formulation

Problem 5.4.1. Knowing a{|", find aj*|"*1 € V™ such that

(
(a]7crw’rz—i-1/N7 U]Ts) — (a;cns’n’ U]vcns) +7 (f‘n’ UITcnS) o a(ﬂzzs|n7 v]zns)) , VU]TS c Vkms7
(al:;ns’n—l-Q/N’ UIZLS) — (,a]:;ns’n—l—l/N’ U]Zns) +7o (f‘n’ vl:;ns) _ a(ﬁ;;ns|n+1/N’ U;;’Ls)>, vv;;ns c Vkms’
\ (azls|n+1’ ’UZLS) — (azns’nJr(Nfl)/N’ U;Cns) +7N ((f‘n’ U]zns) _ a(azls|n+(Nfl)/N7 v;gzs)) ’ VU]ZLS c Vkms_
(5.10)

and such that a®|® = P o ug

5.4.2 Stability

Same as for the finite element method case.

5.4.3 Error of the full method

We saw in Theorem 4.3.1 that the order of convergence is 1 with respect to AT. It leads to the
following error of the completely discretized method.
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Theorem 5.4.1 (Error of the full method). Let u be the solution of (2.2) and u;** be the
solution of (5.10). Then

ul™ — @™ S lluo — PP o uoll + k¥2uF + k4 H™ + H + AT.
Hence, the choice k ~ log H gives

[l = a@i[*] S lluo — Py™ o woll + H + AT

Proof. Use the triangle inequality, theorem 4.3.1 and 4.1.3. O

5.4.4 Implementation in Python
See appendix B and appendix D.2.

5.4.5 Numerical results

Lastly, we compare the speed of all the different methods we used so far.

Balance the error convergence rate

The aim of this section is to try to have a convergence rate of the error due to the completly
discretized methods of order one with respect to the mesh size (h for the finite element method
and H for the localized orthogonal decomposition). First, let us remind the reader that the
convergence rate of the error due to the finite element/Euler method is O(h + At) and that
the convergence rate of the error due to the localized orthogonal decomposition/Euler method
is O(H + At). Hence, we would like that At < Ch (resp. At < CH) with C independent of
h (resp. H). However, since the Courant—Friedrichs-Lewy condition have to be statisfied and
since the mesh size is lower than 1, the condition At < Ch (resp. At < CH) is impossible.

However, by using the Super-time Stepping instead of the forward Euler method, balancing
the convergence rate due to the approximation must be possible. For instance, for the localized
orthogonal decomposition we have (see [1])

N ()N — (1w —1p-1
AT =A here A = 2C; H.
texp12\/; ((1 + \/;)QN + (1 _ \/;)ZN 9 where texpl Clnvﬂ

We did some experiments to know how to balance the error convergence rate. On Figure
5.7, we drew the Super-time step AT with respect to the mesh size H.

o 5x107 6%107 7x107  8x107 9x 10- 10~
(a) (b) ()

Figure 5.7: Balance the error convergence rate.
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On Figure 5.7 (a), we fixed v = 0.1 and N = H® with a € {—1/2,—1,—-3/2}. We see that the
orange curve (N = H~!) follows the H one. It indicates us that we may have AT(N,v) < CH

it N=C'H.

On Figure (b), we fixed v = 0.1 and N = C'H, for diffents C. It seems that the blue curve
(C = 0.01) follows the H? curve while the others follows the H one. Manifestaly, in order to
have AT < CH, we must have N > C'H~ L.
Finally, on Figure (c), we fixed N = H-! > C’"H~! and we plot AT for different v. Seem-
ingly, for all v, we have AT < C'H. However, the constant C' must depend on v.

To conclude, these experiments gives us the following hints :
AT <C(v)H

Speed comparison

The result of the speed tests is recapitulated in Table 5.1.

Matrix

NFine | NCoarse | Ategp | N v T assembly | Simulation | Relative
(ns) (ms) | time (ms) | time (ms) | L2-Error

FEM /Euler
100 - 8900.0 | - - 1.0 5.2 256.6 1.600e-10
200 - 2225.0 | - - 1.0 5.6 1054.2 1.447e-11
500 - 356.0 | - - 1.0 6.4 7083.7 1.050e-12
1000 - 89.0 - - 1.0 7.7 31961.3 | 9.709e-14
1500 - 39.6 - - 1.0 7.6 87790.5 | 1.050e-14

FEM/STS
2000 - 22.3 1 ]1.00| 1.0 10.6 351614.2 | 5.099e-16
2000 - 22.3 1 ]010] 1.0 11.0 189142.3 | 2.824e-16
2000 - 22.3 1 10.01] 1.0 9.2 171627.6 | 1.831e-16
2000 - 22.3 2 {100 1.0 10.5 257827.8 | 1.308e-18
2000 - 22.3 2 1010] 1.0 10.2 94199.1 1.517e-15
2000 - 22.3 2 1001 1.0 9.7 67850.6 | 4.359e-15
2000 - 22.3 51100 1.0 9.8 207419.3 | 1.756e-15
2000 - 22.3 51010 1.0 9.4 65897.5 | 3.185e-14
2000 - 22.3 51001 1.0 10.3 27169.5 | 1.900e-13
2000 - 223 | 10]1.00| 1.0 10.5 190784.6 | 2.231e-14
2000 - 223 |10]0.10| 1.0 10.7 60923.9 | 2.227e-13
2000 - 223 |10]0.01| 1.0 10.1 19859.8 | 3.958e-12
2000 - 223 | 20]100| 1.0 10.5 184691.3 | 6.596e-14
2000 - 223 120]010| 1.0 10.0 59115.9 | 6.525e-13
2000 - 223 120]0.01| 1.0 10.5 18658.6 | 1.350e-11

LOD/Euler
2000 50 35600.0 | - - 1.0 1627.2 59.4 1.478e-09
2000 100 8900.0 | - - 1.0 3141.5 239.9 1.381e-10
2000 200 2225.0 | - - 1.0 6214.9 1003.9 9.331e-12
2000 500 356.0 | - - 1.0 15492.2 6898.8 4.134e-13
2000 1000 89.0 - - 1.0 31750.2 31696.4 | 1.650e-14

If we have N > C'H~', then
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Matrix

NFine | NCoarse | Atexpr | NV v T assembly | Simulation | Relative

(ns) (ms) | time (ms) | time (ms) | L2-Error

LOD/STS

2000 50 35600.0 | 1 | 1.00 | 1.0 1631.3 120.1 4.916e-10
2000 50 35600.0 | 1 | 0.10 | 1.0 1602.5 65.1 3.605e-09
2000 50 35600.0 | 1 | 0.01 ] 1.0 1600.4 60.8 2.253e-09
2000 50 35600.0 | 2 | 1.00 | 1.0 1603.6 75.5 1.492e-09
2000 50 35600.0 | 2 | 0.10 | 1.0 1601.6 26.9 1.448e-08
2000 50 35600.0 | 2 | 0.01 | 1.0 1603.1 18.9 3.227e-08
2000 50 35600.0 | 5 | 1.00 | 1.0 1601.8 46.5 1.143e-08
2000 50 35600.0 | 5 | 0.10 | 1.0 1614.7 8.9 1.810e-07
2000 50 35600.0 | 5 | 0.01 | 1.0 1594.0 0.1 9.559e-07
2000 50 35600.0 | 10 | 1.00 | 1.0 1589.6 30.1 7.801e-08
2000 50 35600.0 | 10 | 0.10 | 1.0 1596.6 0.1 9.559e-07
2000 50 35600.0 | 10 | 0.01 | 1.0 1593.3 0.1 9.559e-07
2000 50 35600.0 | 20 | 1.00 | 1.0 1592.3 14.0 3.927e-07
2000 50 35600.0 | 20 | 0.10 | 1.0 1595.1 0.1 9.559e-07
2000 50 35600.0 | 20 | 0.01 | 1.0 1593.1 0.1 9.559e-07
2000 100 8900.0 | 1 | 1.00 | 1.0 3131.6 487.8 5.747e-11
2000 100 8900.0 | 1 | 0.10| 1.0 3137.9 267.6 1.570e-10
2000 100 8900.0 | 1 | 0.01| 1.0 3132.4 246.6 1.606e-10
2000 100 8900.0 | 2 | 1.00 | 1.0 3338.8 321.2 1.390e-10
2000 100 8900.0 | 2 | 0.10 | 1.0 3437.5 113.2 6.797e-10
2000 100 8900.0 | 2 | 0.01 | 1.0 3187.4 78.8 2.344e-09
2000 100 8900.0 | 5 | 1.00 | 1.0 3230.1 198.6 1.746e-09
2000 100 8900.0 | 5 | 0.10| 1.0 3205.7 59.5 7.191e-09
2000 100 8900.0 | 5 | 0.01 | 1.0 3179.3 18.9 9.627e-08
2000 100 8900.0 | 10 | 1.00 | 1.0 3227.6 158.5 4.005e-09
2000 100 8900.0 | 10 | 0.10 | 1.0 3394.2 45.1 2.262e-08
2000 100 8900.0 | 10 | 0.01 | 1.0 3263.4 7.6 3.066e-07
2000 100 8900.0 | 20 | 1.00 | 1.0 3181.2 132.8 1.131e-08
2000 100 8900.0 | 20 | 0.10 | 1.0 3177.8 27.4 1.798e-07
2000 100 8900.0 | 20 | 0.01 | 1.0 3155.2 0.1 9.559e-07
2000 200 2225.0 | 1 | 1.00| 1.0 6246.7 2050.7 4.000e-12
2000 200 2225.0 | 1 [0.10 | 1.0 6250.7 1129.0 7.116e-12
2000 200 2225.0 | 1 [0.01] 1.0 6250.2 1033.6 1.657e-11
2000 200 2225.0 | 2 | 1.00| 1.0 6249.3 1317.3 9.388e-12
2000 200 2225.0 | 2 | 010 | 1.0 6247.1 477.1 7.175e-11
2000 200 2225.0 | 2 | 0.01] 1.0 6222.8 341.1 2.479e-10
2000 200 2225.0 | 5 | 1.00 | 1.0 6225.1 863.3 9.023e-11
2000 200 2225.0 | 5 [ 0.10 | 1.0 6242.2 272.8 2.916e-10
2000 200 2225.0 | 5 [ 0.01] 1.0 6228.6 106.4 4.070e-09
2000 200 2225.0 | 10 | 1.00 | 1.0 6280.7 705.7 4.099e-10
2000 200 2225.0 | 10 | 0.10 | 1.0 6288.2 218.1 2.339e-09
2000 200 2225.0 |10 | 0.01 | 1.0 6295.7 64.8 1.864e-08
2000 200 2225.0 | 20 | 1.00 | 1.0 6251.4 624.5 1.743e-09
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Matrix

NFine | NCoarse | Atexpr | NV v T assembly | Simulation | Relative
(ns) (ms) | time (ms) | time (ms) | L2-Error

2000 200 2225.0 |20 | 0.10 | 1.0 6250.0 187.4 6.788e-09
2000 200 2225.0 | 20 | 0.01 | 1.0 6247.8 43.2 1.039e-07
2000 500 356.0 1 (100 1.0 15493.3 14123.1 9.035e-14
2000 500 356.0 1 (010 ] 1.0 15478.4 7769.2 3.008e-13
2000 500 356.0 1 (001] 1.0 15517.4 7136.7 1.063e-13
2000 500 356.0 2 11.00| 1.0 15490.5 9375.9 4.140e-13
2000 500 356.0 2 1010 1.0 15501.1 3414.0 2.818e-12
2000 500 356.0 2 10.01| 1.0 15609.3 2455.7 1.873e-12
2000 500 356.0 5 1 1.00| 1.0 15560.3 6472.1 1.771e-12
2000 500 356.0 51010 1.0 15591.6 2055.5 1.267e-11
2000 500 356.0 5 10.01] 1.0 15605.4 846.4 6.708e-11
2000 500 356.0 | 10 | 1.00 | 1.0 15530.3 5537.6 9.303e-12
2000 500 356.0 | 10 | 0.10 | 1.0 16525.1 1703.0 8.029e-11
2000 500 356.0 | 10 | 0.01 | 1.0 15605.1 552.6 4.237e-10
2000 500 356.0 | 20| 1.00 | 1.0 15621.2 4933.6 4.211e-11
2000 500 356.0 | 20| 0.10| 1.0 16071.9 1577.4 3.934e-10
2000 500 356.0 | 20| 0.01| 1.0 15490.6 491.7 1.442e-09
2000 1000 89.0 1 (100 1.0 31351.2 66856.5 1.751e-15
2000 1000 89.0 1 (010 1.0 33068.2 36307.1 6.479e-15
2000 1000 89.0 1 (001] 1.0 30994.4 32798.7 5.063e-15
2000 1000 89.0 2 11.00| 1.0 31038.5 45100.5 1.631e-14
2000 1000 89.0 2 1010 1.0 32467.3 16510.8 7.445e-14
2000 1000 89.0 2 10.01| 1.0 30969.4 11788.7 1.536e-13
2000 1000 89.0 5 11.00| 1.0 30902.9 32948.9 6.586e-14
2000 1000 89.0 5 1010 1.0 30934.0 10458.0 7.303e-13
2000 1000 89.0 5 10.01] 1.0 31572.8 4440.6 2.751e-12
2000 1000 89.0 10 | 1.00 | 1.0 32800.8 29524.4 2.224e-13
2000 1000 89.0 10| 0.10 | 1.0 32532.3 9411.3 4.706e-12
2000 1000 89.0 101 0.01 | 1.0 31308.9 2988.8 6.717e-11
2000 1000 89.0 20 | 1.00 | 1.0 32161.7 27138.6 1.772e-12
2000 1000 89.0 20 1 0.10 | 1.0 30953.5 8532.3 1.242e-11
2000 1000 89.0 201 0.01| 1.0 31143.7 2669.6 1.501e-10

Table 5.1: Speed comparison between the 4 completely discretized methods.

We achieved the experiment in one dimension. We chose ug = 0 and f = 1. Also, the diffusion
coefficient A = (2 + 005(2{1‘)_1. We performed the test for the four completely discretized
methods with the same end time T" = 0.001. We compare how fast the methods reach this end
time for different discretization parameters.

The first thing to notice is that the time to build the mass and the stiffness matrices is much
long for the localized orthogonal decomposition method than for the finite element method.
Indeed, for the finite element method, the worst case is for a really fine mesh (here 2000) and
it takes around 10 ms. For the localized orthogonal decomposition method, the best case is
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when the coarse mesh size is large (here 50) and it takes approximately 1600 ms. However, the
simulation time is lower for the localized orthogonal decomposition method. Lastly, for both
space discretization methods, it is faster to use the Super-time stepping acceleration rather than
the forward Euler method.
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Chapter 6

Concluding remarks

To conclude, we summarize the main points discussed in this thesis.

6.1 Recap
The main points discussed in this thesis are the following

e The finite element method applied to a problem including fast varying coefficient is not
efficient. In addition to a convergence rate of order one with respect to the mesh size,
we also have a pre-asymptotic effect where the numeric solution is fully different from the
exact solution.

e In order to avoid the pre-asymptotic effect, we constructed the localized orthogonal de-
composition method. This method have a better convergence rate than the finite element
method one and is less expensive to compute.

e For time discretization we use the forward Euler method. As it is an explicit finite differ-
ences method, it has a stability condition : the time step must be lower than the mesh
size squared. This condition coupled with the pre-asymptotic effect of the finite element
method leads to an unusable completely discretized method. However, coupled with the
localized orthogonal decomposition method, it leads to a practicable method.

e We can improve the forward Euler method with the Super-time stepping acceleration. In
addition we relax the stability condition of the Euler method to ensure the stability over
a super time step.

e For a diffusion coefficient with fast variations, the finite element method mixed with the
forward Euler method is the worst. The localized orthogonal decomposition method with
super-time stepping acceleration is the best option to solve such problems.
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Appendix A

FEM class

import numpy as np

import scipy.sparse as sparse
from gridlod import fem, util
from util import computeDeltatExpl

class DiffusionProblemFEM :

def

def

def

def

def

__init__(self , NPatch):
self .NPatch = NPatch
self.diffusion_coeff = np.ones(np.prod(NPatch))
self.f = np.zeros(np.prod(NPatch+1))

generateRandCoeff (self, alpha, beta):
self.diffusion_coeff = np.random.rand ( np.prod(self.
NPatch) )x(beta — alpha) + alpha

generateBinaryCoeff (self, alpha, beta):
self.diffusion_coeff = betaxnp.ones ( np.prod(self.
NPatch) )
self.diffusion_coeff| np.arange(np.prod(self.NPatch)
/2) | = alpha

generatePeriodicCoeff(self , epsilon):
X = np.linspace (0, 1, self.NPatch)
self.diffusion_coeff = 1./(2+np.cos(2+np.pi*xX/epsilon

))

assembleMatrices (self):
KLocFull = fem.localStiffnessMatrix (self.NPatch)
self . KFull = fem.assemblePatchMatrix (self.NPatch,
KLocFull, self.diffusion_coeff)
MLocFull = fem.localMassMatrix (self.NPatch)
self . MFull = fem.assemblePatchMatrix(self.NPatch,
MLocFull)
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APPENDIX A. FEM CLASS

def initSuperStep (self , N, nu):
beta = np.max(self.diffusion_coeff)
delta_t_expl, triangle_size = computeDeltatExpl(self.
NPatch, beta)

self.tau = np.zeros(N)
for i in range (1, N+1):
self.tau[i—1] = delta_t_expl/( (nu—1)*np.cos(
np.pix(2+xi—1)/(2xN)) + 1 + nu )

return delta_t_expl

def solveStep(self, xFull_previous, delta_t):
free = util.interiorpIndexMap (self.NPatch)

bFull = delta_t*self.MFullxself.f + (self.MFull —
delta_txself . KFull)*xFull_previous

MFree = self .MFull|free|[:, free]
bFree = bFull[free]

xFree = sparse.linalg.spsolve (MFree, bFree)

xFull_.now = np.zeros(np.prod(self.NPatch+1))
xFull_.now [free] = xFree
return xFull_now

def solveSuperStep(self, xFull_previous, N, nu):
free = util.interiorpIndexMap (self.NPatch)
MFree = self .MFull|free|[:, free]

for n in range(0, N):
bFull = self.tau[n]xself.MFullxself.f + (self
.MFull — self.tau[n]*self.KFull)x
xFull_previous

bFree = bFull[free]

xFree_now = sparse.linalg.spsolve (MFree,
bFree)

xFull_.now = np.zeros(np.prod(self.NPatch+1))
xFull_now [free] = np.transpose(xFree_now)

xFull_previous = xFull_now

return xFull_previous
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Appendix B

LOD class

import numpy as np
import scipy.sparse as sparse

from gridlod import pg, interp, coef, util, fem, world, linalg,
femsolver , transport
from gridlod.world import World
from util import computeDeltatExpl
class DiffusionProblemLOD:
def __init__(self, NFine, NCoarse):
mod = NFine % NCoarse
if ( len(NFine) = 1 ):
assert ( mod[0] == 0 ), "NCoarse is not a
refinement of NFine”
elif ( len(NFine) = 2 ):
assert ( mod[0] = 0 and mod[l1] = 0 ),

NCoarse is not a refinement of NFine”

else:

assert ( true = false ), "Dimension not

supported”

self .NFine = NFine
self .NCoarse = NCoarse

self.diffusion_coeff = np.ones(np.prod(NFine))

self.f = np.zeros(np.prod(NCoarse+1))

NCoarseElement = self.NFine/self.NCoarse

if ( len(NFine) = 1 ):

self.boundaryConditions = np.array ([[0, 0]])

elif ( len(NFine) = 2 ):

self.boundaryConditions = np.array ([[0, 0],

[0, 0]])

self .P = interp.L2ProjectionPatchMatrix (np.

array ([0,0]), self.NCoarse,
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APPENDIX B.

LOD CLASS

def

def

def

def

def

NCoarseElement, self.boundaryConditions)

generateRandCoeff (self, alpha, beta):
self.diffusion_coeff = np.random.rand ( np.prod(self.
NFine) )x(beta — alpha) + alpha

generateBinaryCoeff (self, alpha, beta):
self.diffusion_coeff = betaxnp.ones ( np.prod(self.
NFine) )
self . diffusion_coeff[ np.arange(np.prod(self.NFine)
/2) | = alpha

generatePeriodicCoeff(self , epsilon):
X = np.linspace (0, 1, self.NFine)
self.diffusion_coeff = 1./(24np.cos(2*np.pi*xX/epsilon

))

initSuperStep (self , N, nu):
beta = np.max(self.diffusion_coeff)
delta_t_expl, triangle_size = computeDeltatExpl(self.
NCoarse, beta)

self.tau = np.zeros(N)
for 1 in range(1l, N+1):
self .tau[i—1] = delta_t_expl/( (nu—1)*np.cos(
np.pi*x(2«xi—1)/(2«N)) + 1 + nu )

return delta_t_expl, triangle_size

assembleMatrices (self , k=2):
NCoarseElement = self.NFine/self.NCoarse
world = World(self.NCoarse, NCoarseElement, self.
boundaryConditions)

rCoarse = np.ones(np.prod(self.NCoarse))
aCoef = coef.coefficientCoarseFactor (self.NCoarse,
NCoarseElement, self.diffusion_coeff, rCoarse)

IPatchGenerator = lambda i, N: interp.
L2ProjectionPatchMatrix (i, N, self.NCoarse,
NCoarseElement , self.boundaryConditions)

pglod = pg.PetrovGalerkinLOD (world , k,
IPatchGenerator, 0)

pglod.updateCorrectors (aCoef, clearFineQuantities=
False)

self .KFull = pglod.assembleMsStiffnessMatrix () #
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APPENDIX B. LOD CLASS

Striffness Matrix
self .MFull = fem.assemblePatchMatrix(self.NCoarse,
world . MLocCoarse) # Mass Matrix

basis = fem.assembleProlongationMatrix ( self.NCoarse,
NCoarseElement) # VH basis

basisCorrectors = pglod.assembleBasisCorrectors () #
WH basis

modifiedBasis = basis — basisCorrectors # “VH basis

return modifiedBasis, basis

def solveStep(self, xFull_previous, delta_t):

NCoarseElement = self.NFine/self.NCoarse
free = util.interiorpIndexMap (self.NCoarse)

bFull = delta_txself.MFullxself.f + (self.MFull —
delta_t*self.KFull)*xFull_previous

MFree = self .MFull|free|[:, free]
bFree = bFull[free]

xFree = sparse.linalg.spsolve(MFree, bFree)
xFull_.now = np.zeros(np.prod(self.NCoarse+1))

xFull_now [ free| = xFree
return xFull_now

def solveSuperStep (self, xFull_previous, N, nu):

beta = np.max(self.diffusion_coeff)
delta_t_expl = computeDeltatExpl(self.NCoarse, beta)

free = util.interiorpIndexMap (self.NCoarse)
MFree = self .MFull[free][:, free]

for n in range (0, N):
bFull = self.tau[n]xself.MFullxself.f + (self
.MFull — self.tau[n]|*self.KFull)x
xFull_previous

bFree = bFull[free]
xFree_now = sparse.linalg.spsolve (MFree,
bFree)

xFull.-now = np.zeros(np.prod(self.NCoarse+1))

xFull_now [ free| = np.transpose(xFree_now)
xFull_previous = xFull_now
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return xFull_previous
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Appendix C

FEM implementation

C.1 Forward Euler method

import numpy as np

import matplotlib.pyplot as plt
from util import computeDeltatExpl

from DiffusionProblemFEM import DiffusionProblemFEM

# Mesh
NFine = np.array ([20, 20])
# forcing term

def f(t):

res = np.zeros (np.prod(NFine+1))

if t <= 0.002:

res = np.ones(np.prod(NFine+1))

return res;
# initial condition

u_0 = lambda X: np.zeros(np.prod(X+1))

# problem setting
alpha = 0.01
beta = 200.

delta_t_expl, triangle_size =
delta_t = delta_t_expl
t_max = 1.

computeDeltatExpl (NFine, beta)

problemFEM = DiffusionProblemFEM (NFine)
problemFEM . generateRandCoeff(alpha, beta)

problemFEM . assembleMatrices ()
problemFEM. f = f(0)

# Initialize the simulation

xFullFEM = u_0(NFine)
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APPENDIX C. FEM IMPLEMENTATION

# Simulation’s loop

nb_loop = int(t-max / delta_t)

for n in range(l, nb_loop):
t=nxdelta_t
problemFEM. f = f(t)

xFullFEM = problemFEM. solveStep (xFullFEM, delta_t)

# plot solution

plt.figure (0)

plt.clf()

plt .imshow (xFullFEM . reshape (NFine+1) )

plt . title ("solution at t=" 4 str(t*10%x6) + "us”)

plt.colorbar ()
plt.draw ()
plt .pause (0.001)

C.2 Super-time Stepping acceleration

import numpy as np
import matplotlib.pyplot as plt
from wutil import computeDeltatExpl

from DiffusionProblemFEM import DiffusionProblemFEM

# Mesh

NFine = np.array ([100, 100])

N =10

nu = 0.1

# forcing term

def f(t):
res = np.zeros (np.prod (NFine+1))
if t <= 0.002:

res = np.ones(np.prod(NFine+1))

return res;

# initial condition

u_0 = lambda X: np.zeros (up.prod(X+1))

# problem setting
alpha = 0.01
beta = 200.

t_max = 1.

problemFEM = DiffusionProblemFEM (NFine)
problemFEM . generateRandCoeff (alpha, beta)
problemFEM . assembleMatrices ()
problemFEM . f = f(0)
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APPENDIX C. FEM IMPLEMENTATION

problemFEM . initSuperStep (N,nu)
delta_T = np.sum(problemFEM. tau)

# Initialize the simulation

xFullFEM = u_0(NFine)

# Simulation’s loop

nb_loop = int(t-max / delta_T)

for n in range(1l, nb_loop):
t=nxdelta_T
problemFEM. f = f(t)

xFullFEM = problemFEM. solveSuperStep (xFullFEM, N, nu)

# plot solution

plt

plt

plt.
plt.
.draw ()

.pause (0.001)

plt
plt

.figure (0)
plt.
.imshow (xFullFEM . reshape (NFine+1) )
title ("solution at t=" 4+ str(t*10%x6) + "us”)

clf ()

colorbar ()
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Appendix D

LOD implementation

D.1 Forward Euler method

import numpy as np
import matplotlib.pyplot as plt

from DiffusionProblemLOD import DiffusionProblemLOD
from util import norm, computeDeltatExpl

# Mesh
NFine = np.array ([12, 12])
NCoarse = np.array ([3,3])
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# forcing term
def f(t):
res = np.zeros (np.prod(NCoarse+1))
if t <= 0.002:
res = np.ones(np.prod(NCoarse+1))
return res;
# initial condition
u_0 = lambda X: np.zeros (np.prod(X+1))

# problem

alpha = 0.01

delta_t_expl,
delta_t = delta_t_expl

triangle_size computeDeltatExpl (NFine, beta)

problemLOD = DiffusionProblemLOD (NFine, NCoarse)
problemLOD. generateRandCoeff (alpha, beta)

lod_basis , fem_basis = problemLOD.assembleMatrices ()
problemLOD.f = f(0)

# Initialize simulation
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APPENDIX D. LOD IMPLEMENTATION

xFullLOD = u_0(NCoarse)
# Simulation’s loop
nb_loop = int(t-max / delta_t)
for n in range(1l, nb_loop):
t=nxdelta_t
problemLOD.f = f(t)
xFullLOD = problemLOD. solveStep (xFullLOD, delta_t)

# plot solution

plt . figure (0)

plt.clf ()

plt .imshow ((lod_basis*xFullLOD) .reshape (NFine+1) )
plt.title (”"solution at t=" 4 str(t*10%xx6) + "us”)
plt.colorbar ()

plt .draw ()

plt .pause (0.001)

D.2 Super-time Stepping acceleration

import numpy as np
import matplotlib.pyplot as plt

from DiffusionProblemLOD import DiffusionProblemLLOD
from util import norm

# Mesh

NFine = np.array ([12, 12])

NCoarse = np.array ([3,3])

N = 10

nu = 0.1

# forcing term

def f(t):
res = np.zeros (np.prod(NCoarse+1))
if t <= 0.002:

res = np.ones(np.prod(NCoarse+1))

return res;

# initial condition

u_0 = lambda X: np.zeros (np.prod(X+1))

# problem setting

alpha = 0.01
beta = 200.

t_max = 1.

problemLOD = DiffusionProblemLOD (NFine, NCoarse)
problemLOD . generateRandCoeff (alpha, beta)
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lod_basis , fem_basis = problemLOD.assembleMatrices ()
problemLOD.f = f(0)

problemLOD . initSuperStep (N,nu)
delta_T = np.sum(problemLOD.tau)

# Initialize the simulation

xFullLOD =

u_0 (NCoarse)

37 # Simulation’s loop

nb_loop = int(t-max / delta_T)

for n in range(1l, nb_loop):
t=nxdelta_T
problemLOD.f = f(t)
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xFullLOD = problemLOD. solveSuperStep (xFullLOD, N, nu)

# plot solution

plt

plt.

plt

plt.

plt
plt
plt

.figure (0)

clf ()

.imshow ((lod_basis*xFullLOD) .reshape (NFine+1) )
title ("solution at t=" 4+ str(t*10%%x6) + "us”)
.colorbar ()

.draw ()

.pause (0.001)
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