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Abstract

The characteristic of effective properties of physical processes in heterogeneous media is a
basic modeling and computational problem for many applications. As standard numerical
discretization of such multiscale problems (e.g. with classical finite element method (FEM)) is
often computationally prohibitive, there is a need for a novel computational algorithm able to
capture the effective behavior of the physical system without resolving the finest scale in the
system on the whole computational domain.

In this thesis we propose and analyze a new class of numerical methods that combine the so-
called finite element heterogeneous multiscale method (FE-HMM) with reduced order modeling
techniques for linear and nonlinear multiscale problems.

In the first part of the thesis we generalize the FE-HMM to elliptic problems with an arbitrary
number of well-separated scales. We provide a rigorous a priori error analysis of this method
that generalizes previous work restricted to two-scale problems. In the second part of the thesis,
we develop our new reduced order multiscale method that combines the FE-HMM with reduced
basis (RB) method. This method, the reduced basis finite element heterogeneous multiscale
method (RB-FE-HMM) provides a significant improvement in computational efficiency com-
pared to the FE-HMM, specially for high dimensional problems or high order methods. A priori
and a posteriori error analyses are derived for linear elliptic problems, as well as goal oriented
adaptivity techniques. The RB-FE-HMM is then generalized to a class of nonlinear elliptic and
parabolic problems. A priori error analysis and extensive computational results for nonlinear
problems are also provided.

Keywords: Multiscale method, reduced basis, homogenization, finite element, adaptivity, goal
oriented, nonlinear problems.
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Résumé

La caractéristique des propriétés effectives d'un processus physique agissant dans un milieu
hétérogene est un probleme de modélisation et d'implémentation inhérent a beaucoup d’appli-
cations. Les méthodes de discrétisations numériques standards appliquées a de tels problemes
multi-échelles (par exemple la méthode des éléments finis classique (FEM)) avec un maillage
trés fin étant souvent d'un cott prohibitif, il est nécessaire de trouver un nouvel algorithme
numérique capable de capturer le comportement macroscopique d'un systeme physique sans
avoir a résoudre les micro-échelles du systéme sur 'ensemble du domaine discrétisé.

Dans cette thése, nous proposons et analysons une nouvelle classe de méthodes numériques
qui combinent la méthode d’éléments finis hétérogene multi-échelles (FE-HMM) avec des
techniques de modélisation a ordres réduits appliquées a des problemes multi-échelles linéaires
et non-linéaires.

Dans la premiére partie de la thése, nous généralisons la méthode FE-HMM aux problémes
elliptiques avec un nombre arbitraires d’échelles explicitement séparées. Nous donnons une
analyse a priori de la vitress de convergence de la méthode, qui généralise des travaux antérieures
pour les problemes a double échelles.

Dans la seconde partie de la these, nous développons notre nouvelle méthode multi-échelles
a ordres réduits qui combine FE-HMM avec la méthode des bases réduites (RB). Comparée a
la méthode FE-HMM, la méthode d’éléments finis hétérogéne multi-échelles a bases réduites
(RB-FE-HMM) permet une amélioration significative en termes d’efficacité, notamment pour
les problémes a dimension élevée ou pour des éléments finis ordre élevé. L'analyse a priori et
a posteriori de I'erreur de la méthode est dérivée pour les problemes elliptiques linéaires ainsi
que pour les techniques adaptives de type goal-oriented. La méthode RB-FE-HMM est ensuite
généralisée a une classe de problémes elliptiques et paraboliques non-linéaires. Une analyse a
priori de 'erreur et de nombreux résultats numériques sont aussi présentés pour les problemes
non-linéaires.

Mots Clés : Méthode multi-échelles, bases réduites, homogénéisation, éléments finis, méthode
adaptive, goal-oriented, problemes non-linéaires.
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Introduction

Why do we need multiscale methods?

Multiscale problems are considered in almost all the branches of modern applied science,
describing different features appearing in different space or temporal scales, for example the
macro properties versus micro structures of composite materials or volatility of high frequency
financial data versus long term variation. The short history of our exploration of the micro world
(the emergence of nanotechnology can be traced back to the 1980s) leave us many questions
on the mechanisms of the micro structures and the transition from microscopic phenomena
to macrosopic bulk properties. For the problems for which we are able to explain the physical
mechanisms, modeling still remains a difficult task due to the variability and uncertainty of
the microscopic heterogeneity. For instance, the permeability of aquifer for groundwater flow
depends on the sizes and connectivity of the microscopic pores which are completely irregular
while the groundwater transport occurs at a scale that makes the accurate modeling of all the
micro structures accurately impossible. However, we cannot just simply ignore the heterogeneity
of the micro feature. As shown in many physical experiments, the microscopic heterogeneity
in composite materials induces significantly influence macroscopic properties (e.g. thermal or
electric conductivity or elastic properties). Assuming that the multiscale problems are modeled
by partial differential equations (PDEs), another challenge comes from solving those equations
which is often prohibitive for classical numerical methods, i.e. finite element method (FEM),
finite difference method (FDM) or finite volume method (FVM). For example, if a multiscale
problem is modeled on micro scale at 10~®m and the macroscopic domain is of the order of 1m3,
to reasonably with a classical method resolve the micro scale, we need about 1018 number of
degrees of freedom (DOF). The most powerful supercomputer "Tianhe-2" (National University
of Defense Technology, China, ranking No. 1 in Top 500, June 2013 ) with storage 12.4PB (12.416
bytes) can hardly handle this case !.

Fortunately, for many applications, a macroscopic description is often enough (e.g. conductivity,
effective flow, temperature, electricity, etc.). For those applications, the microscopic information
needs only to be sampled on patches of the whole computational domain. In turn multiscale
methods which can bridge the small scale heterogeneity the large scale properties without
solving the whole multiscale problem on the small scale become attractive.

1Large energy consumption and intense noise are the extra price paid to gain the powerful computation, BBC
archive, January 20, 2013.



Numerical homogenization methods

Consider a general family of PDEs L.(uf) = f in a macro domain Q that depend on a small
parameter €. The micro solution over the whole domain Q is denoted by u®. Here ¢ can be
either modeled (for two-scale problems) as the micro scale (a scalar) that is order of magnitude
smaller than the size of the macro domain or (for N + 1 scale problems) a series of meso and
micro scales i.e. (61 &, -, N(e)), where there is a scale separation between any two scales. As
studied in mathematical homogenization theory [42, 74], the family of micro solutions converge
to a macro limit u°, when ¢ — 0 and this u° is the solution of the so-called homogenized (also
macro or effective) equation Lo(u°) = f which is independent of the micro scale ¢ (see Fig. 1).
Classical numerical methods can be applied to the homogenized equation but the effective data
in the homogenized equations are not explicitly available in general and can only be computed
from explicit cell problems in some special cases. More details on homogenization theory are
presented in Chapter 1.

1/16

Figure 1: Heterogeneous domain with periodic hetergeneities of size € — 0.

Throughout this thesis, we consider a class of multiscale problems modeled by highly oscillating
elliptic PDEs. Both linear and nonlinear problems will be considered as well as problems with
more than two scales. In its simplest form (linear, two-scale) the elliptic multiscale problem
reads as follows: Find uf € V(Q) such that

B(uf, U)::f aE(x)VuE-Vvdx:f fvdx:=(f,v), Vve V(Q). (0.0.1)
Q Q

where a® is a microscopic tensor oscillating on the small scale € and V(Q) is a Sobolev space
that generally we assume to be Jfol (Q). By homogenization theory, we have the homogenized

2



equation written as follows

Bo(u®, v) :=f a’(x0)Vul-Vvdx = (f,v), Yve V(Q). (0.0.2)
Q

As pointed out in [34], solving (0.0.1) by classical numerical methods with coarse discretization
(with meshsize H >> €) gives non-converging numerical solution. However, the lack of explicit
expressions for a’(x) prevents the possibility to apply classical numerical methods directly.
Numerical homogenization methods must therefore be constructed. In what follows, we give a
brief overview of several main numerical homogenization methods which we classify into three
categories (following the recent review [6]):

* Type 1: methods based on a reduced model generated from the original fine scale problem.

* Type 2: methods that sample the original fine scale problem on patches to recover effective
data of a macroscopic model and use correctors to reconstruct the fine scale solution.

* Type 3: methods based on the two-scale convergence homogenization theory that solve
the full limit problem in a sparse tensor product FE space.

We focus on the multiscale methods based on FEMs but we note that the algorithm described
below can often be implemented (and analyzed) for other methods, e.g. FDM, FVM.

Type 1 multiscale methods: VMM, RFB, MsFEM

In 1983, Babtiska and Osborn developed in [35] the so-called generalized finite element method
(GFEM) for one dimensional PDEs with rough coefficients. The main idea of the GFEM is to
modify the coarse FE space applied to (0.0.1) by adding fine scale information. Inspired by the
GFEM, various methods were developed later for high dimensional problems.

Variational multiscale method (VMM) and residual free bubble (RFB) method. Hughes and
collaborators proposed in [70, 71] the variational multiscale method (VMM) for an efficient
approximation of mulitscale problem. The basic idea is to decompose the numerical approx-

imation u” of uf into u" = u' + @, where u!

is computed in a coarse FE space Vg (Q) and i
is computed in a fine space V(Q) (i.e. a FE space with a fine mesh or higher order polynomial
space). We then use the following decomposition to approximate the solution of problem (0.0.1):
Find u” = u" + ii € Vyy ® V satisfying

B +a,v™)

B(ii, D)

(f, v vl e vy, (0.0.3)
(f, 9) - B(u", o) Ve V(. (0.0.4)

By Riesz representation theorem, there exists a mapping £ : Vi — V such that (£ u), v) =
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B(u, #) and thus we have B(ii, ) = (f - L(u'), 7). We can further write i = HM(f - L)) and
reformulate (0.0.3) as

B, v+ Bl (f - LWy, v = (f, v, vv'l e vy,

where ./ : Vi — V is a bounded linear operator. For the VMM, the key for efficiency is to apply
various strategies to localize the operator .4 . A simple way for the localization is to set i to be zero
on the boundary of each coarse element K, i.e. solving i in space Vi={ve Vi, (Q); vlgx =0, VK}
where V;,(Q) is an FE space with a partition on Q that resolves the fine scale.

In the residual free bubble (RFB) method [47] one starts with the coarse FE space and enriches it
by adding the so-called bubble functions on each coarse element which are computed in a fine
localized FE space and which vanish on the boundary of each coarse FE. The RFB method can be
seen as a specific realization of the VMM.

Multiscale finite element method (MsFEM). The multiscale finite element method (MsFEM)
proposed in [69] is a development of the GFEM from a different point of view. Instead of adding
micro structure information into the macro FE space, the MsFEM constructs a special finite
element space with localized oscillating basis functions. In the MsFEM, we first set a macro
partition of a macro FE space Vg and write {(/)I}(I' o ,(pg ) € Vi as the basis functions of a
macro element K. We then construct the local oscillating basis functions by solving the following
cell problems: Find ¢>I@J - (,bgl. € V,(K) (where V;(K) is a fine scale FE space defined on K with
meshsize h < €) such that

f a‘g(x)quIh(i V'dx=0, VeV, (K), i=1,---, M,
X )
with the boundary condition

P ilox = Py ;- (0.0.5)

The original oscillating PDE (0.0.1) is then solved in the multiscale FE space Va;sppp := span{<pl}é 1 </)Ih< N
and the MsFEM approximation reads as follows: Find u™ € Vy; ey such that

B, vy = (f,v"H), v e Vyssppu.

Convergence results for locally periodic linear problems i.e. a®(x) = a(x, 3) = a(x, y) y-periodic
in the reference cell Y, are proved in [31, 69] (assuming that Vg and V}, consist of piecewise
linear polynomials ): There exists constants Cj, C, independent of H, h, € such that

h €
I — | o1y < C1(H + (2)+ CZ(E)”Z. (0.0.6)



The term Cz(%)l/ 2 is the so called resonance error, appearing because of artificial boundary
conditions (0.0.5) for the micro problem. The resonance error can be reduced to & (%) by using
an oversampling technique. We refer to [61] for a general review. Higher order MsFEMs have
been developed in [31, 91] based on harmonic coordinates. As pointed out in [99], the VMM and
RFB share similarities with the MsFEM.

Now we have a look at the complexity of the MsFEM. Observed from (0.0.6), it requires that

% ~H= ﬁ to obtain optimal convergence rate, where Ny, 4. is the macro DOF in one direction.
Therefore the total complexity is @’((Nmuc)d . (%)d) = @’((Nmuc)d . s_d). Since the cell problems

are independent of each other, parallel computation can be applied to improve the efficiency.

Type 2 multiscale methods: RVE, HMM

For this type of methods, one considers the homogenized equation for example (0.0.2) and uses
local cell problems to construct the unknown data in the homogenized equation in order to
obtain an approximation of the homogenized solution u°. A classical engineering method, the
so-called representative volume element (RVE) method, recovers the effective data (i.e. a% by a
precomputed micro problem on a sampling cell domain where the size of the sampling domain
is sufficiently large to be statistically representative of all the heterogeneity of the micro structure.
However, the choice of the sampling cell (the location, the size) is somehow unrelated to the
the macro solver for the homogenized problem. In turn, convergence results for the numerical
solution cannot be proved except for uniformly periodic problems (i.e. a®(x) = a(3 = a(y) y-
periodic in Y). Moreover for non-periodic problems, the size of the sampling domains, their
location and the propagation of information between micro and macro solvers are delicate
issues. For nonlinear problems, these methods are usually very expensive, without theoretical
foundation ensuring convergence.

The heterogeneous multiscale method (HMM) proposed in [59], provides an efficient strategy
to overcome the limitation of the RVE method. For the HMM, one applies a macro solver to
the homogenized equation in which the missing numerical data are located and estimated
by localized microscopic problems. The link between micro and macro solvers is built in the
methodology and macroscopic method can be seen as a numerical method with quadrature
for a modified effective problem. In turn, available technique for single scale problems can be
re-used. The HMM also provides large flexibility to choose macro solvers for different goals (e.g.
adaptivity, local conservation properties, etc.). We mention here the finite difference HMM [13],
the spectral HMM [15], the finite element HMM (FE-HMM) [60, 1], the discontinuous FE-HMM
for second order elliptic equations in [5] and for convection diffusion equations in [16], the
adaptive FE-HMM in [18, 20, 21], etc.

In this thesis, we focus on the FE-HMM that will be described in Chapter 1. The basic idea of
the FE-HMM is to use an FEM with numerical quadrature formulas (QF) for the macro solver
on a macroscopic triangulation of the physical domain Q with meshsize H. The unknown data
on each quadrature point is recovered on-the-fly by solving cell problems with a micro FEM on
sampling domains centered at the corresponding quadrature points, see Fig. 2. The sampling



domains are usually cubes of size § and we have € < § << H. The triangulation on the sampling
domain resolves the e-scale and the micro mesh size h therefore satisfies h < .

Macro problem

Micro problem

Figure 2: The FE-HMM.

As pointed out in [60, 3], the fine scale solution of (0.0.1), can be reconstructed by adding an
oscillating corrector to the the macro numerical solution of (0.0.2), where the corrector is a linear
combination of the cell solutions (similar idea also appeared in other contexts [89]). For locally
periodic problems, using periodic constraints for the micro problem and sampling domains
of size 6 = N¢, N € N, we have the following convergence results (taking piecewise linear finite
element for both macro and micro problems for simplicity) [60, 1]

h
lu® - UH”Jf’I(Q) <C(H+ (;)2) + Coe,

h
lu® = w0y = CLH + ) + Coe,

where u is the FE-HMM solution and u/*¥ is the corresponding reconstruction for u¢ based on

u'!. To obtain the optimal convergence rate for both macro solution and micro reconstruction,

weset H=12:= ﬁ (similar to the MsFEM). Therefore, the total complexity is ﬁ(N,zndac) scaled

&€
independent of €. We refer to [14, 58] for an overview of the HMM framework and [3, 4] for recent

developments of the FE-HMM.
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Type 3 multiscale method: Sparse FEM

This method focuses on the limit equation based on the two-scale convergence theory and its
generalization [30, 81]. Solving this limit equation by using the tensor product FEM leads to
a complexity comparable to solving the original fine scale problem. The sparse tensor FEM
introduced in [68] based on hierarchical sequences of FE spaces allows to significantly reduce the
cost of the method. Indeed, it can be shown that the complexity becomes comparable to single
scale problems. However, the implementation of this method is a challenging task especially for
problems with complex geometries. Furthermore the optimal numerical linear algebra solvers
for such a method are still under investigation.

Main contribution
The main contributions of this thesis address the following two issues.

First issue. Most of the proposed methods for elliptic homogenization problems have only
been analyzed and implemented for two separated scales (a macro and a micro scale) (see
[61, 3, 58, 14] and the references therein). Therefore it is of interest to have a generalized FE-
HMM for problems with more than two scales. In Chapter 2, we propose a rigorous analysis of
the FE-HMM for elliptic problems with an arbitrary numbers of well separated scales. While the
design of the generalized FE-HMM is straightforward from the method for two-scale problems
proposed in [59], the analysis is considerably more difficult than the two-scale analysis [60, 1]
due to the multi-level hierarchy structure of the method and the numerical integration involved
in each level.

Second issue. Complexity of the two-scale FE-HMM due to the simultaneous refinement of
macro and micro problems is a serious issue for: High-dimensional problems, high-order
methods, adaptive procedures and nonlinear problems.

Therefore we propose to couple the FE-HMM methodology with a reduced order modeling
strategy, the reduced basis (RB) method, to address the complexity issue of the FE-HMM. After
designing a new method, namely the reduced basis finite element heterogeneous multiscale
method (RB-FE-HMM), we derive

i an a priori error analysis for linear problems;
ii energy norm based and goal oriented a posteriori error analysis for linear problems;
iii an a priori error analysis for nonlinear nonmonotone problems.
In our approach the RB-FE-HMM, we select by a greedy procedure a number of representative
sampling domains on which we solve accurately micro problems. Their corresponding solutions
span the RB space. This procedure is called the offline stage, in the RB terminology, and is usually

only done once, as a pre-processing step. In a so-called online stage, the effective solution
is obtained from the macro solver of the FE-HMM with effective coefficients recovered from



micro problems solved in the RB space. The required data at the macro integration points
are now obtained from the solutions of small dimensional linear problems involving suitable
interpolations of the precomputed RB space which is independent of the macro discretization. In
turn, optimal convergence rates in the RB-FE-HMM can be obtained just by refining the macro
mesh. Thus, expensive micro FE computations as required by the FE-HMM are avoided. High
order macroscopic methods can be designed with the same set of RB as used for linear macro FE.
A priori error analysis including macro error, micro error, resonance error and error coming from
the use of the RB is derived. As demonstrated in the numerical experiments, the online time cost
of the RB-FE-HMM can be comparable to the single scale FEM. For problems with large macro
meshes or with iteration steps in macro solvers, the total cost of the RB-FE-HMM is often only a
few percents of the cost for the FE-HMM with the same macro mesh.

The first step of our work focuses on designing the RB-FE-HMM for inear elliptic multiscale
problems, presented in Chapter 4. The further exploration on this method discussed in Chapter
5, focuses on the adaptive RB-FE-HMM where two kinds of multiscale adaptive a posteriori error
estimators are considered: The energy-norm based estimator and the goal-oriented estimator.
In Chapter 6, we extend the RB-FE-HMM for quasi-linear multiscale problems, where a new a
posteriori error estimator for the RB offline is designed in order to guarantee the convergence of
Newton method used for the macro solver in the online stage. We emphasize that though all of
those methods are analyzed only for elliptic multiscale PDEs in this thesis, they can be easily
applied to time dependent problems just with small modifications. In Chapter 7, we present
the implementation details of the quasilinear RB-FE-HMM for both static and time dependent
problems, and present extensive numerical simulations for two and three dimensional problems.
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In this part we consider the following elliptic multiscale problem

—V-(a® (x)Vut (x))

finQ,

uf (x) 0 on 0Q, (1.0.1)

ina domain Q e R?, d < 3.

We first shortly review the finite element heterogeneous multiscale method (FE-HMM) for the
two scale (macro-micro scale) problems i.e. for a® = a(x, ). We then generalize the method
for problems with more than two scales i.e., a® = a(x, é, e, %) and provide a complete error
analysis.

Rigorous averaging theory for problems such as (1.0.1) has been derived in the framework
of homogenization theory. We mention homogenization techniques using the multiple scale
expansion [42, 74]. Convergence of the fine scale solution towards the homogenized solution
can be studied using the energy method due to Tartar [104]. Another approach is the two-scale
convergence proposed by Nguentseng [81], developed and generalized by Allaire and Briane
[29, 30] for problems with more than two-scales. While numerous numerical methods have
been proposed for two-scale problems, only a few numerical strategies have been proposed and
analyzed for problems with more than two scales. We mention an analysis of the multiscale finite
element method by Efendiev et al. [62], and the numerical method based on high-dimensional
FEM and sparse tensor-product approximation [68] based on the limit problem obtained from
the reiterated homogenization proposed in [30]. Here, we propose the generalized FE-HMM for
problems with more than two scales and study the fully discrete error analysis.

Outline of Part I.
* Chapter 1: Gives a short review on homogenization theory, the FEM and the FE-HMM for
two-scale problems.

* Chapter 2: Presents the generalized FE-HMM and the fully discrete error analysis for
(N +1)-scale problems. This chapter is essentially taken from [9].
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1] Homogenization and the finite element
heterogeneous multiscale method

We consider the second-order elliptic problem (1.0.1) in a bounded polyhedron domain Q c
R4, d < 3. Here, for simplicity we choose a zero Dirichlet boundary condition and f € £%(Q)
(note that this condition can be relaxed to f € #~1(Q)). The d x d tensor a‘(x) is assumed to be
symmetric uniformly elliptic and bounded, i.e.,

MEP? < af ()& -, 1af ()& < AlEl, VEe R, Ve >0, (1.0.1)

for a.e x € Q. The tensor varies on a small spatial scale denoted by e. Homogenization theory
provides the theoretical foundation for the numerical homogenization methods discussed in
Introduction. Here we present the basic results of the homogenization theory in Section 1.1. For
simplicity of the presentation, we will assume that the tensor a® is symmetric, but the numerical
method presented below and its analysis can be generalized to nonsymmetric tensors.

1.1 Homogenization

Mathematical homogenization aims at describing "averaged" (i.e., homogenized) solutions of
PDEs with rapidly oscillating coefficients varying over multiple spatial or temporal scales. For a
function ¢ (x, y), where x € Q is called the slow variable and y = < € Y (the domain of periodicity,
eg,Y= (—%, %)d) is called the fast variable, we consider ¢(x, 3) defined in Q.

Formal asymptotic expansion. In the locally periodic case, i.e., a®(x) = a(x, 3) = a(x,y) is Y -
periodic in the y variable, a formal approach relies on the multiple scale expansion (see [42]).
Therefore, we look for a solution u¢ of (1.0.1) in the form u¢ (x) = u%(x, f) +eul(x, f) +e2u?(x, f) +
.... Upon inserting the ansatz in (1.0.1) and rewriting the operator V:= V, + %V y, one first obtains
(formally) by identifying the terms in €72 to zero that u°(x, f) = u%(x). Then identifying the terms
in £7! to zero gives the so-called cell problem

-Vy-(alx, Vyxi(x, 1)) =V, - (alx,y)e), yeY, i=1,---,d, (1.1.2)
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Chapter 1. Homogenization and the finite element heterogeneous multiscale method

where y;(-,y) € Jféer(Y) ={ge JL (V)| g periodic in Y} is unique up to a constant and e; is
the ith canonical basis of R?. We thus write the second term of the above ansatz as u! (x,y) =
Z?:l xi(x,y) g—f. By identifying the coefficient in £ one can deduce that u°(x) is a solution of
the following "homogenized equation"

V- (a®0Ve'(x) = fx) inQ
u’(x) = 0 on 0Q, (1.1.3)

and the homogenized tensor a’(x) can be expressed as
0 ].
a (x) = 1% Ya(x,y)(I+Vyx(x,y))dy, (1.1.4)

where y(x,y) := (x1(x,¥),-+, xa(x,y)) is a vector function, I is a d x d identity matrix and | Y|
denotes the volume of Y. By the expression (1.1.4), one can show that a®(x) again is uni-
formly bounded and elliptic. We note that for global periodic tensors, i.e. a®(x) = a(f) =a(y)

0

Y —periodic in y, the corresponding homogenized tensor a" is constant.

Convergence analysis. These formal computations do not provide a converge result of u® to-
wards u°. Using Tartar’s method of oscillating test functions [103] (see also [42]) it is possible to
show that for locally periodic problem uf — u® weakly in 73 (Q), a¢Vu — a®Vu® weakly in (£2(Q)¢,
where 1 is the solution of (1.1.3).

Furthermore, as proved in [74, Chapter 1] assuming appropriate regularity of oscillating tensor
and appropriate domain Q (convex with smooth boundaries), strong .#£? convergence result

luf — u®l 2y < Ce (1.1.5)

can be obtained. Based on the strong .#? convergence, one can only obtain for the #! norm
that || uf — u°| 7 ~ 0(1), which indicates that the oscillation in the gradient of u® cannot be
captured by u°. But the #' convergence estimate can be improved by adding the corrector
eu! (x, %) to the homogenized solution u° and we have

luf = w® +eu") | s ) < CVE, (1.1.6)

again assuming appropriate regularity of the oscillating tensor and the domain.

The problem gets more involved if a® is not locally periodic. On the theoretical side, one can rely
on H-convergence [103] which ensures the existence of a subsequence of the matrices a® and a
homogenized tensor a° (again uniformly elliptic and bounded) such that for the corresponding
subsequence, uf and a®Vuf enjoy the same convergence properties as described above for the
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locally periodic case. However for non-periodic oscillating tensors, the homogenized tensors are
in general unknown (in an explicit form). For numerical homogenization one usually assumes
scale separation between fast and slow variables and relies on local problems to compute the
homogenized tensor for a given value of x € Q.

A typical example we consider for numerical homogenization is the locally periodic tensor.
However even for such a simplified situation, we have an infinite number of cell problems (for
each x € ), whose solutions must usually be computed numerically. The task in numerical
homogenization is thus to design an algorithm capable of computing an approximation of the
homogenized solution u°(x), relying on a finite number of cell problems chosen in such a way
that the overall computation is efficient and reliable.

1.2 The finite element heterogeneous multiscale method (FE-HMM)

As discussed in the introduction, the FE-HMM belongs to the class of numerical homogenization
methods. It is based on a macroscopic FEM with QF defined on a macroscopic partition of the
domain Q. As a°(x) is usually unknown, the method is supplemented by microscopic FEMs
defined on sampling domains centered at the macroscopic quadrature points of the QF, relying
only on the data given in (1.0.1). A suitable averaging of the solutions of the microscopic FEMs
allows to recover the missing macroscopic tensor at the macroscopic quadrature points.

The method is applicable to general problems and does not rely on a specific structure of
the oscillating tensor such as periodicity. We however assume that there is a well defined
homogenized problem with certain smoothness properties and a scale separation between fast
and slow variables, which we will make precise in the following. We emphasize that although
we consider the model equation (1.0.1) with homogeneous Dirichlet boundary condition, the
numerical method presented below (as well as the methods presented in later chapters) can be
readily generalized to other boundary conditions, e.g.,

u®(x) = gp(x) onoQp,

n-(a®(x)Vut(x)) = gn(x) ondQy,

where 6Q2 = 0Q p UAIQ y, with 0Q p having non-zero measure, and gp € Jc”% (0Qp),gN € L2OQN).
We also emphasize that all the methods in the following chapters (for both of the FE-HMM and
the RB-FE-HMM) can be easily extended to non-symmetric problems.

1.2.1 Preliminary: The single scale finite element method (FEM)

In this subsection, we briefly introduce the standard FEM for single scale problems and various
a priori error estimates that are used in the analysis of the FE-HMM and refer to [95] for the
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detailed introduction of FEM. We consider the following single scale problem

-V-(a)Vux) =f inQ,

1.2.
u(x) =0 onoQ, (1:2.7)

where we assume that the right hand side function f € £2(Q) and that a(x) is symmetric,
uniformly bounded and elliptic (hence ensuring a unique solution for (1.2.7)). We then write this
single scale problem (1.2.7) into the following weak form

Bs(u,v)::f aVu-Vvdx:ffvdx, Vv e 7, (Q).
Q Q

Here we use the subscript s in this subsection to denote the single scale problem in order
distinguish from the bilinear forms defined later for multiscale problems. Let 9 is a family of
partition of Q) in simplicial or quadrilateral elements K of diameter Hg, and %¢ (K) is the space
2! (K) of polynomials on K of total degree at most ¢ if K is a simplicial FE, or the space 2¢(K)
of polynomials on K of degree at most ¢ in each variable if K is a quadrilateral FE. For a given
domain partition, denote H := maxgeg;, Hx. We then define the finite element space as the
following

S5Q, ) = (wl e 7} (Q); vk e Y (K), VK € Ty}, (1.2.8)

which is a finite dimensional subspace of Jfol Q).

FEM with numerical quadrature is a basic building block of the FE-HMM described later. Con-
sider therefore a quadrature formula (QF) {X;,® j}§:1 on a reference element K. We equip each
element K with a corresponding QF {xk;, wk; }5:1 by using a C!-diffeomorphism. We will make
the following assumptions on the quadrature formula (see [54]),

QD ®;>0, j=1,..,J, z§:1 @jIVp(E)I? = inv,an;z(m, Vp(R) € L (K), with 1> 0;

(Q2) fK pR)dx = Zjejd)jﬁ(fcj), Vpx) e R (K), where o = max(2¢ —2,0) if K is a simplicial FE,
or 0 =max(2¢—-1,¢+1) if K is a rectangular FE.

The assumptions (Q1) and (Q2) will be repeatedly used in this thesis.

The FEM with numerical quadrature for Problem (1.2.7) reads: Find ufl e Sg (Q, I x) such that
BS,H(uH, vt :f vadx, vvlle Sg(Q,PTH),
Q
where

Byuwh wh= 3 Y wxaltu) Vo () - Vw! (xx)
KengKjEK

16



1.2. The finite element heterogeneous multiscale method (FE-HMM)

The following classical error estimates for FEM with numerical quadrature can be found in [53,
Chapter 3] and the related references within.

Theorem 1.2.1. Assume that the family of partition Ty is regular and that all the elements K € Iy
are affine-equivalent and of class C°. Furthermore we assume that the solution u of (1.2.7) has the
regularity of 271 (Q). In addition suppose that a € W Q) for #" estimate and a € W 1 (Q))
for £? estimate and that assumptions (Q1) (Q2) hold for the QF coupled with FEM with numerical
quadrature, then we have for the FEM solution u' € Sg (Q,9Hy) that

=t 10y < CH lul gy, 1= ull 2y < CH Ml e g, (1.2.9)
Q) (

where |- | zpe1 () is the 641 semi-norm.

1.2.2 The FE-HMM

We next describe the FE-HMM and note that for the method proposition we do not need to
assume the oscillating tensor is locally periodic. Here we denote Sg (Q,9y) as the macro FE
space for the macro problem defined in (1.2.8) where we note that H in the macro discretization
is allowed to be much larger than ¢. Ideally we would like to apply the FEM to (1.1.3) to obtain
the numerical macro solution, i.e. find u%* € Sg (Q, I g) such that

Bo, (™™, UH):f fotldx, v ess@Q,am), (1.2.10)
Q

where for v, wH e Sg Q,9g)

Bouw,wy:= Y Y wga® ek Vol (xg,) - V' (xk)) (1.2.11)

Kegy ij eK

and ao(ij) is the homogenized tensor of problem (1.1.3) at the quadrature point x; .

In order to estimate the unknown data in (1.2.11), we need to introduce micro cell problems.
We first define for each macro element K € 9 and each integration point xg; € K, j=1,...,J,
the sampling domains Ks; = xk; + (=6/2,6/ 2)%, (§ = €). For a sampling domain Ks;, we then
define a micro FE space S”’(ng,Ff n) € W(ng) with simplicial or quadrilateral FEs and piecewise
polynomial of degree g for simplicial FEs (or piecewise polynomial of maximum degree ¢ in each
variable for quadrilateral FEs) where .97, is a conformal and shape regular family of partition. The
space W(ng) is either the Sobolev space

W (Ks,) = Wyer (Ks) (1.2.12)
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Chapter 1. Homogenization and the finite element heterogeneous multiscale method

for a periodic coupling or the Sobolev space
W (Ks,) = 7€, (Ks)) (1.2.13)

for a coupling with Dirichlet boundary conditions.

We first apply the FEM at the macroscopic level: Find u'! € Sg (Q,Jg) such that
By, vH):f fvfdx, voll € S5@Q,Tm), (1.2.14)
Q

where

a)Kj

J
BH(vH, wH) = Z Z

KeTy j=1 |K5j| Ks;

a (Vg (1) - Vwg (x)dx. (1.2.15)

In (1.2.15) vﬁj (respectively wﬁj) denotes the solution of the following micro problem (computed
on-the-fly): Find vﬁj such that UI}éj - vﬁnyj(x) € Sq(ng,fTh) and

f a%x)Vu,’éj(x)-Vsz)dx:O vz e $9(Ks,, T, (1.2.16)
Ks

J

where we used the notation v (x):= vH(ij) +(x— xK].) -V vH(ij).

H
lin,j

1.2.3 A priori estimates for the FE-HMM

The following estimates hold provided suitable regularity assumptions on a°(x), f(x) and u° €
HH(Q) (see [3, 1, 60)):

0

(P uH||Jfl(Q) < C(H€+ rmic + rMOD),

” uo—uH||$2(Q) SC(HI+1+I‘M](;+I’M()D). (1.2.17)

The term rpop (called modeling error) quantifies the error induced by artificial micro boundary
conditions or non-optimal sampling of the micro structure. It does not depend on the macro
or micro meshsizes and can be analyzed for locally periodic tensor [60, 22, 57]. The term ry;c
(called micro error) quantifies the error due to the micro FEM.

To estimate the micro error, it is convenient to make the following assumption on wf(j, the exact

solution of Problem (1.2.16), i.e., the solution of [ aE(x)V(u/}'(j (x) +x;)-Vz(x)dx=0 Vze
]

W(Ks),i=1,...,d,[4,5]
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1.2. The finite element heterogeneous multiscale method (FE-HMM)

(H1) Given g € N, the cell functions w;j satisfy

Wi |ean ) < Ce™ 7\ [1K5,,

with C independentof i =1...d, ¢, the quadrature point xk; and the domain K.

Remark 1.2.2. If # (Ks,) = #,(K5,) then (H1) holds for q = 1 provided a’|x € W' (K) and
Iafjl;,/l,OO(K) < Ckxe ! fori,j=1,...d. If Ks; covers an integer number of periods and a®(x) =
a(x,%) = a(x, y), then (H1) holds for higher order q provided that periodic boundary conditions
are used for the micro problems and a® = a(-, y) is smooth enough.

Then, the microscopic error rys;c can be bounded by [1, 4, 5]

h\%4
rmic<C (;) : (1.2.18)
Finally, assuming
at(x) = a(x, g) = a(x, y) Y-periodic in y, (1.2.19)

the modeling error ry;op can be bounded as follows [60, 22]

rmop=0  if W (Ks,) =We (Ks,) and 8/ €N, (1.2.20)
rMop < C(6+§) if W (Ks,) = 764 (Ks,) (6 > €). (1.2.21)

1.2.4 Complexity and optimal macro-micro refinement

Taking N,;. elements in each space dimension for the discretization of the sampling domain
K5j, we have h = §/N,;;. and thus h=6le)- (1/Nnmic). Since 6 scales with ¢, typically 6 = Ce
(where C is a constant of moderate size), we obtain i = (C/ Npic), independent of €.

We denote by M,5c =0 (h~%) the number of degrees of freedom (DOF) for the micro FEM and
by Mp4c, the number of DOF of the macro FEM. For quasi-uniform macro meshes, the macro
meshsize H and the micro meshsize h are related to Mac and M,y as

H=0M,)%, h=0mM 9,

mic

In view of (1.2.17) and (1.2.18), optimal macroscopic convergence rates (up to a modeling error

LFor this estimate to hold, one needs to consider a suitable modification of the bilinear form (1.2.15) and the micro
problem (1.2.16), namely one has to collocate the term a(x, f) in the slow variable a(ij, %) in both (1.2.15) and
(1.2.16).
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rymop independent of H, h) are obtained for quasi-uniform microscopic meshsizes given by
. A 1 . 251 2
h=~H? forthe " norm, h=~H?2 forthe £ norm.

The corresponding complexity in term of macro DOF reads

—d —dt 1+L 1
H “-H?2 -ng=(Mpnac) 29-ng for the #" norm,

[
Mnmc Mmic

—d —d(+1) 14481 2
H“-H 2 -ny=Mpmac) 29 -ng for the £“ norm,
—~ ——
Mnac Mpic

where n; denotes the number of sampling domains per macro element K € 9. We first observe
that in contrast to numerical methods of type 1 (see the introduction) the complexity is indepen-
dentof €. Second, as can be seen above and as first noticed in [1] the overall complexity of the
method is a function of M}, and M,,;. and in general superlinear with respect to the macro
DOE For example, using piecewise linear polynomials on simplicial FEs, assuming quasi-uniform
macro and micro meshes and that the complexity is proportional to the total DOF we obtain
a cost of 6(M§n/2c) (A" norm) and @(an ac) (%2 norm). 2 In contrast, the memory demand is
proportional to My, 4.+ M. only as the micro problems, being independent of one another, can
be solved one at a time. Finally we note that by using spectral methods or p — FEM for the micro
solvers can reduce the complexity of the overall FE-HMM (up to log-linear complexity). This was
investigated in [15]. Such an approach requires however high regularity in the oscillating tensor
a® which may not hold for some applications as for example in material science.

2 Notice that as the micro problems are solved independently, the method is well suited for parallel implementation
which can reduce significantly the complexity of the FE-HMM.
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4 Fully discrete analysis of the heteroge-
neous multiscale method for elliptic
problems with multiple scales

In this chapter we consider (1.0.1) the multiscale tensor in a generalized form oscillating on

N +1 separate scales, i.e., a® = a(x, ﬁ, e %), and €1,...,&y are N positive functions ¢; (¢) that
converge to 0 when € — 0 and that are well-separated in the sense that lim,_.g Eg—%g) =0 for

i=1,...N—1. The above tensor has thus one macroscopic scale and N microscopic scales, i.e.,
it varies over N + 1 scales (for simplicity of indexing the scales in our numerical scheme, we
will refer to the macro scale as the zero-th scale). Here, we still assume homogeneous Dirichlet
boundary conditions for simplicity and take f € £%(Q).

Here we generalize the FE-HMM, and propose a fully discrete analysis for (IV + 1)-scale problems.
Recall that the FE-HMM can be seen as a FEM with numerical quadrature for a modified effective
problem, as seen in Chapter 1. The data actually recovered by the micro FEMs are a perturbed
version of the true effective data, because the computed data depends on the accuracy of the
micro solver and the modeling error as we discussed in Chapter 1. For the analysis we have thus
to deal with variational crimes (as we have a FEM with numerical quadrature) and modeling
error (as the recovered effective problem differs from the true effective model). Yet for two-scale
problems, the micro scale was assumed to be solved by standard FEM (the microscopic data
are given by model equation (1.0.1)) in the analysis [1, 2], while for problems with more than
two scales, such assumption cannot be made as the problems at intermediate scales (called
mesoscales in what follows) depend on effective coefficients computed around quadrature
points of the meso FE meshes. Hence, we have a cascade of interdepending FEMs with numerical
quadrature and a cascade of variational crimes. In turn we need on one hand to generalize the
analysis for FEM with numerical quadrature for single scale problem given by [54], on the other
hand characterize the propagation of numerical discretization and modeling errors from micro
to meso and macro scales. This precise characterization allows to set up the optimal meshes
at each scale in order to obtain the desired convergence rate at the macro scale with minimal
computational complexity. We note that a complexity analysis of the FE-HMM for N + 1 scales
shows that the method even though much cheaper than the fine scale problem (intractable in
general) can be costly, due to the cascade of cell problems to be solved. Nevertheless, the analysis
of the FE-HMM for (V + 1)-scale problems will be an important cornerstone for further research
using in addition model reduction technique to the FE-HMM.
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Chapter 2. Fully discrete analysis of the heterogeneous multiscale method for elliptic
problems with multiple scales

This chapter is organized as follows. In Section 2.1, we briefly discuss the (/N + 1)-scale homoge-
nization problem. The FE-HMM for N + 1 scales is defined in Section 2.2. Existence, uniqueness
and a priori error analysis are presented in Section 2.3. The modeling error of the FE-HMM for
N +1 scales is discussed in Section 2.4, while the estimates for numerical quadrature used in the
proof of the main theorems are given in Section 2.5. We conclude this chapter with numerical
experiments in Section 2.6.

2.1 Model problem and homogenization

We consider the model equation (1.0.1). Let Q c R be a bounded polyhedron subset in R%
and f € £?(Q). Assume that a®(x) € £*°(Q)?*? is uniformly bounded and elliptic (1.0.1). By
Lax-Milgram theorem, there exists for all fixed € > 0 a unique solution u® of (1.0.1) which is
bounded in Jfol (Q) uniformly in €. Hence, by a standard compactness argument, one can
show that there exists a subsequence of {uf} that converges weakly in Jfol (Q). Invoking hg
convergence [80] (or G convergence [56] for the symmetric case) on can show that there exists
a tensor a®(x) € £>°(Q)9*4 that is again elliptic and bounded and a subsequence of {u?} that
weakly converges in Jfol (Q)touy e Jfol (Q) that is the solution of the problem

~V-(a®VuO) f inQ, 2.1.1)
u® 0 onoQ.

However in the general case, the limit tensor a° is difficult to characterize and might not be
unique. If one assumes that

@ =alx, =, ,—=) = alx, ..., yn) € L°(Q, € ®RN) 7,

€1 EN

(2.1.2)

where
a(x, y1,..., yn) is periodic with respect to ys with period Y =[0,1]¢ foreach s=1,..., N, (2.1.3)

and that &,¢,...,enN are N positive functions £;(¢) that converge to 0 when € — 0 and are
well-separated

limp_ @@ =0 fors=1,...N—-1, (2.1.4)

£s(€)

then as proved in [30], then the whole sequence {u®} weakly converges in Jfol (Q) and the ho-
mogenized solution and homogenized tensor, u°, a’, respectively, are unique. Furthermore,
a’(x) can be obtained by an inductive homogenization formula by computing a cascade of
periodic micro functions and related homogenized tensors at the successive mesoscales (see
[30, Corollary 2.12]). The FE-HMM for N + 1 scales will be defined for a general tensor assuming
(1.0.1),(2.1.2) and (2.1.4). For a full characterization of the fine scale successive numerical errors

we will in addition use (2.1.3). Finally assuming the periodicity of the tensor a® (x) facilitates the
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2.2. FE-HMM for (N + 1)-scale problems

analysis and will also be assumed here. We however note that this assumption could be removed
at the cost of introducing dual problems to recover optimal convergence rates for the macro and
micro scales (see [57] and [26, Lemma 4.6]).

2.2 FE-HMM for (N + 1)-scale problems

In this section, we extend and analyze the FE-HMM discussed in Chapter 1 (for two-scale
problems) to (N + 1)-scale problems.

The main idea is to apply a macro FEM to (2.1.1) and introduce mesoscopic FEMs on meso
sampling domains to solve the meso cell problems recursively (recovering the unknown homog-
enized tensor at scale s by cell problems at appropriate quadrature points at scale s+ 1 until the
scale N is reached where we use the given oscillatory data) in order to recover the unknown data
in the macro solver (we emphasize that al is unknown in general). This is illustrated in Fig. 1 for
the three scale FE-HMM.

Xk, 100K, 1
TO

o0/oo 1o/ X, 319K, 3
o o O Hx. ,,0

oolool/oo—— Koi21™Ko.2 X . &
oosog/o0 T, K1 9K, 1

o @]

o ] ]

O ol f ol oo Xk, 310k, 3
oo /oo/oo N X 2:0x 5
o,/ Bl Olg o 10 1

ool /ool/oo

Macro
KoeTh0
Upscale Meso
U K= KosJi
k€T,
d
Micro
Upscale
U K2=§K|sj2
Kze’Thz

Figure 1: Illustration for the three scale FE-HMM

The FE-HMM is based on a macro finite element (FE) space

S (Q, Ti) = (0" € 76} (Q); vk, € BT (Kp), YKo € Ty},
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where 97, is a family of (macro) partition of Q in simplicial or rectangular (parallelogram)
elements Kj of diameter h,, and Z9(Ky) is the space 2% (Kj) of polynomials on K of total
degree at most qy if Ky is a simplicial FE, or the space 29 (Kj) of polynomials on K of degree at
most gg in each variable if Kj is a rectangular (parallelogram) FE. For a given macro partition,
we define as usual ho := maxg,eg;, hk, and assume that the family of triangulation J7, is shape
regular We note that kg in our discretization is allowed to be much larger than ;.

Since the quadrature formula (QF) is the one of the main concerns in this chapter, we restate here
the definition of QF for convenience: Define a QF {X;, j}§:1 on a reference element K coupled
with a general FE space Sg (2,97) '. We make the following assumptions on the quadrature
formula, see [53]

QD &;>0, j=1,....J, T, ®jIVP@ENP 2 AIVPIE,, o, YP(R) € 27 (K), with A>0;

Q2) [x pR)dE=T]_ 0;p(E)), VP(R) € (K.

where o = max(2¢ - 2,0) if K is a simplicial FE, or 0 = max(2¢ —1,¢+1) ifKisa rectangular FE.
We choose J in such a way that (Q2) is guaranteed.

Remark 2.2.1. Assumption (Q1) is critical for the uniqueness and existence of the numerical
solution. Assumption (Q2) ensures the precision of the QF For K is a simplicial FE, assumption
(Q2) indicates that Z;lejIVﬁ(fcj)lz = IIVﬁllf%Z(k) and thus (Q1) is not needed. Whereas this
equality does not hold for rectangular K so that (Q1) is required while one can still show for
rectangular K : Z;zch)J-IVﬁ(fcj)lz < ClIVPll g2 gy

For a given /1 € N and a given QF {X;,®;, }ﬁ:l, define the quadrature nodes on each macro

element Ky € 97, by the affine map xg,, j, = Fx(%;,), j1 = 1,---,/1 and corresponding quadrature
weights wg,, j, = |Kol@j,. Here and in what follows, we denote the measure of a subset 2 < Q by
12].

We define the first meso scale sampling domains §k,, ;, around each xi, ;, by
6[(0,]'1 = XKy, T (=01 /2,61/2)d, with 6; = €;.

We then consider a partition 975, of 6k, j, with elements K of size h;. Likewise, we define
recursively a sequence of sampling domains

8Ky je = XK, o+ (=0512,8512)%, with 65> €5, s=1,--, N,

where xg,_, ;, are the quadrature nodes on the element Ks_; € 93, and 97, _, is a partition of

1 SZD (2,97}, is the FE space with certain boundary condition. The QF is applied in different FE problems in this
chapter. Therefore we define the QF in a general fashion.
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2.2. FE-HMM for (N + 1)-scale problems

0k,_, j,.,- Here the quadrature nodes are defined through an affine map
Xstl’jS = FKffl'jx(X.js)’ jS =1, $]S

from the reference quadrature nodes {X ]S}j ‘_,on nKk.

Now we define onascale s (s=1,---, N) an FE space S (6k,_,,j,,In,) < # (0k,_,,j,) with simplicial
or rectangular FEs and piecewise polynomials of degree g;. The space # (6k,_,,;,) is the Sobolev
space

W (SK1,j) = Woer Gk y,j) (2.2.5)
for a periodic coupling or
WOk, ;) = Hy Ok, ,,j,) (2.2.6)

for a coupling with Dirichlet boundary conditions.

We next introduce meso and micro problems to recover an approximation of the unknown data
a®(x) at suitable quadrature macro nodes.

Meso and micro problems. Assuming ay (xk,,j,,,) is available (the subscript of ay (xg,j,.,)
indicates that aj, (xk,,j,,,) is an FE-HMM tensor estimated in element K;). Associated to each
sampling domain 6, ,, jo $=1,--,N, 1 < jy < J;n, m < s, we define an effective numerical
tensor afi}l (xk,_,,j,) on the quadrature nodes xg,_, j, by

1 Js+1
aKb 1(sz lv]S) = 5 i Z wst]s-H aK (xer]x+l)(I+] hs (xg. i ))’ (227)
| Ks—l;]s' K€Ths js1=1 Ky—1,js " KsJs+1

where J . isadxd Jacobian matrix with entries (J, 1 (x)) Ok()(;éhsl i (x)) 0k := 0/0xy)
Ks s 1(é 1 s—1]s
and |0k, ,,j,| denotes the measure of the sampling domain 5 K.1,js- We use the superscript T to

denote the transpose of the matrix. Here we define by )(’ s (x) € 8% 0k, ,, js»Th,) the solution

of the following cell problem: For any test function z" € S"s (6 Ko jsr The)» )(g’jl is satisfies

]S+1 .
(PS) Z Z wKserl a‘;(s (szrjs+1) (vxiéisl,js (szerl) + ei) ’ vzhs (szerl) = O’
K€ js1=1
where e;, i = 1,---, d denote the canonical basis of R%. We note that (Ps) (an FEM with numerical
quadrature) is defined recursively as the data a (xx,j,,,) depends on a“l (XK, i) 2. Inthe
last level of the recursion we use aK (x) = a®(x), the available mlcroscoplc tensor from (1.0.1)

51 J5+1

and observe that the symmetry of a® implies the symmetry of aK -1 . (Xxy_,,jy) and iteratively the

2 It will be proved in Section 2.3.1 that each of the problems (Ps) has a unique solution.
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symmetry of ay ' (xk, ,,j) (s=1,---,N).

Remark 2.2.2. From (2.2.7) and (Ps), we obtain

-1
ag_, (XK, . j)ei-ex = (2.2.8)
s
1 i WK, oy O (XK U (ke jon) +€0) - (" (ke joy) + €0)
|5K ]| — K, js+1 @K \AKs, s XKs—l'js K, jse1 i XKs—lvjs K, js+1 kJ»
s=DJs KSEL/thS+1:1

from which we see that

s—1 _
ag,., (XK1, = (2.2.9)
1 Js+1 T T
s
5 i Z wKSvjsHaKS(sznjHl)(I-i-] hs (xg i ))(I+] hs ( . ))
| Ks—l;]s' Ks€Thg js1=1 Kg_1.js " KsrJs+1 Kg—1,js " Ksris+1

Macro problem. The macro problem for the FE-HMM is defined as follows: find uho e Sg °(Q,T; 1)
such that

(PO) Bho(uho,vho):ffvh"dx Vo' e sP @, T5,),
Q

where

J1
Bp, (', vy = Y Y wi,ja% (xx,, ) VU™ (xk, ) - Vo (xi, ,), (2.2.10)
KOE%()jlzl

and a%0 (XK, j,) is the macro numerical homogenized tensor given by

1 J2

ag, (Xk,,j,) == > Y ok, ag (k) T+, : (2.2.11)
|6K0'j1| K1€3_h1 j2:1 XKOvjl (xKl'jZ)
Here (J Thl (x)) ik=0 k()(;((})“h (x)) and )(;(?1]1 is the solution of cell problem (Ps) (s = 1). We empha-

Ko, j1
size again that the symmetry of a?% (xk,,j,) can be deduced from the symmetry of a}<1 (XK, j)-

2.3 A priori error analysis for the (N + 1)-scale FE-HMM

Our aim is to obtain the a priori errors | "0 — 10| 2 and || ulo — 10 701 for the (N +1)-scale
FE-HMM (N = 2). Let us first show that the (N + 1)-scale FE-HMM is well-defined.

2.3.1 Existence and uniqueness of the FE-HMM solution.

With the assumption (1.0.1), we have the following lemma.
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2.3. A priori error analysis for the (IV + 1)-scale FE-HMM

Lemma 2.3.1. Assume that the multiscale tensor a® is symmetric, uniformly elliptic and bounded,
i.e., (1.0.1) holds. Furthermore for each scale s (s =1,---, N), we assume that the QF is chosen such
that Q1) (Q2) hold for ¢ = q5 where q; is the degree of the polynomials in S% (6, _,,j.,Tn,). Then
we have

VI6k, il <lle; +vx;ajs 2y, 0 < C\/10K 1, (2.3.12)

Moreover fors=1,---,N, we have
ay ! (xx_,j)E-E = MEP, lay ! (xk,, ;)¢ < CIEL VEER?, (2.3.13)

for any quadrature points xk,_, j, used at the scale s —1 and A,C,C>1dependon A, A, d,s,N and
the shape regularity of the triangulation. In particular, for s = 1 we have

ay, (xx, ;)¢ & = MEP, lag, (xx,, ;)¢ < ClEl, vE e RY, (2.3.14)

Proof. The inequalities (2.3.12) and (2.3.13) need to be proved recursively. We show if (2.3.13)
holds for s, then there exists an unique solution X;.éfl—sl;].s of (Ps) (fori=1,---,d) and further (2.3.12)
and (2.3.13) hold for s — 1. As (2.3.13) is true for s = N, Lemma 2.3.1 holds then by induction for
alls=1,---,N.

Assume therefore that (2.3.13) holds for ay (x,, j,,,) and let us first prove (2.3.12) for a;(;ll (XK1, js)-
The lower bound of |le; + V )(;gl_s] e 22, ;) i straightforward from the following equality ob-
tained by using the boundary conditions of the cell problem

. ih 2 _ . i,hg 2
” e+ vXKs—l:js ”$2(6K571,jx) - |5Ks—1,]x| + ||VXK571,]'S ||$2(6Kx—1v]'x).

For the upper bound, using assumption (Q1), we can write

7 i,h 2
/1||VXKX_SI,]-S (x)+e; ”22(51(5_1'1&)

Js+1

s i,h i,h
= Z X Z wKsrjs-H aKS (szerl)(vXKS_Sl,js (szvjs+l) + ei) ' (VXKS_SNJ'X (szrjsH) + ei)
K€Th; js1=1

]s+l

—_— . S . LY .
- Z ) Z WK, jsn aKS (xer]Hl)el €;
Ks€Thg jse1=1

]s+1

. S . l'h . l'h .
- Z Z wKw]s-H aKs (xK9:]s+l)vszj1,jx (szv]s+l) 'vszjlij (szv]s+1)
Ks€Thg js+1=1

ih
< Clok,,js| =CillVxg " o S G0k i,

15
Js " L3Ok,
where the constant C; > 0.

In what follows we only prove the first inequality of (2.3.13) (the second inequality can be
simply obtained by using the upper bound in inequality (2.3.12)). We consider the definition of
afg}l (xk,_,,j,) written in the form of (2.2.9), the symmetry of ay (xk,,j,,,) and assumption (Q2)
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we have

-1
a‘Is(S,l ('X"stl,].s)(f : 6

1 Js+1
== Y 0Ky jun O, O e (T + T DO (UT+ T )E)
| Ks—lvjs' Ks€Th js1=1 ) Ko—1.s “Ks—1.Js Ky—1,js FKs=10Js
d 5 ol (st )
> - wg, i (T+TT, )é)-(a+J7,, )é
|6K571,]‘S| K€, jsmr=1 Js+1 leéx_lyjs(xl(ffl'jf) ;(3-1,js(xKS*1'j5)
)
> (T+75, &) (u+sh,  )&)dx
|6Ks—1vjs| 5K5_1,jx Ks—lij( ) Ks—lva( )
- A
= I+ =—— Uhe & Ul 0
| Kc—lvjsl Ok 1.is Koop,ds ¥ Ks—1.Js
> 1|12

where we have used assumption (Q1) (notice that A =CA when using simplicial FE, see Remark
2.2.1. We note that (2.3.14) can be similarly proved using the FE-HMM reformulation (2.2.11). O

Remark 2.3.2. For fully discrete error analysis of two scale (macro-micro) problems, the effect of
numerical quadrature on the micro solutions is often not considered since the microscopic tensor
at is given, see [1]. However in practice, we need to apply numerical quadrature to the micro FE
problems and in this chapter, we consider the FEM with the numerical quadrature at all scales.

Using Lemma 2.3.1, we obtain the existence and uniqueness of the numerical solution " of
problem (P0) by applying the Lax-Milgram theorem.

Theorem 2.3.3. Assume that the hypothesis of Lemma 2.3.1 holds, then all the cell problems (Ps)
fors=1,---, N have unique solutions. Furthermore, problem (P0) also has a unique solution.

2.3.2 Error estimates for the (N + 1)-scale FE-HMM.

Assume 1 is the exact homogenized solution of (2.1.1) and a° is the exact homogenized tensor.
For the error analysis, we need to consider the quantity

._ 0 0
THMM = sup lla™(xky,j,) — ag, (XK, j) .2, (2.3.15)
I(()Eﬂ_ho, xKO'jl €Q

where a?% (XK, j,) is defined in (2.2.11). It is also convenient to introduce the FEM with numerical
quadrature for the (exact) homogenized problem (2.1.1): Find u®" € Sg° (Q, Tp,) such that

By, (u®", v =f fv™dx, vo™ e sPQ,T3,), (2.3.16)
Q
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2.3. A priori error analysis for the (IV + 1)-scale FE-HMM

where

J1
Bon, (W, w™) = Y Y wk, ;i a(xxg, ) VU™ (XK, ) - V™ (g, ) dx. (2.3.17)
Ko€Thy 1=1

We emphasize that as the homogenized tensor a®(x) is unknown (and depends on N + 1 scales)
the equation (2.3.16) cannot be used in practice. It is nevertheless useful for the analysis of the
FE-HMM.

Theorem 2.3.4. Assume that (Q1),(Q2) hold for the macro QF with ¢ = qy and o = max(2qy—2, qo)
for simplicial macro elements or 0 = max(2qy —1, qo) for rectangular macro elements. Assume that
u® € ANV(Q) and that either a®(x) € W 9°°(Q) for the A1 norm estimate or a®(x) € W 9o+t1o(Q)
for the £? norm estimate. Then we have

IA

C(ho®™ + ramm), (2.3.18)
Cho™™ + rgnn), 2.3.19)

0_ .k
" — u™ll 71 )

IA

0 h
lu” —u™ ||;£2(Q)

where the constant C is independent of hy, hs, €5 fors=1,---,N.

Proof. We first decompose the error term
lu® = ol < u® = u®Po | + %Mo — o), (2.3.20)

where || - | stands for the #' norm or ¥? norm and u®" is the FE solution of (2.3.16). By
the standard error analysis (see [54]) of FE method with numerical quadrature owning to the
assumption (Q1), (Q2) and the regularity of u° and a, the first term of (2.3.20) can be bounded
by

lu® = u®" |l < Chy?,
where p = g for the #' norm and p = g + 1 for the £? norm.

Furthermore, by the ellipticity of a} (Lemma 2.3.1) and the bound | Vu®"™|| »2(q) < Cll fll 2,
using the reformulation (2.2.10), we have

/1||Vu0’h° —vul II?Z2 < Bho(uo’h0 - uh", u%ho _ uh")

Q)
= Bho(uo’ho, uoth _ uhO) _f f(u(),ho _ uho)dx
Q
= Bho(uo’ho, uO,ho _ uhO) _ BO,hO(UO'hO, uO,ho _ uhO)
<C O y_ 0 , v 0o _yyho
= sup la”(xkq,j,) — ag, (XK, j) |z 1 Vu U’ | 2 -

I, .
Ko€Thy, XKy, j; €Q
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Therefore, we obtain
0,h h
IVu™™ —Vu 0||$2(Q) <Crgmwm.

Using the last inequality and the Poincaré inequality gives the stated results. O

2.4 A priorierror estimates for 7,

The quantity rgyp comprises two types of errors: the error originating from the meso and the
micro discretization and the modeling error (mismatch of boundary conditions in the various
coupling, resonance errors, etc.). The contribution to the term rgasp coming from the micro
and the meso discretization error can be quantified assuming appropriate regularity of a®. We
assume (2.1.2),(2.1.3) and (2.1.4) and for convenience we will denote the these assumptions as
assumption (H1).

Under the assumption (H1), as mentioned in Section 2.1, homogenization results [30] give an
explicit characterization of the s — 1 scale homogenized tensor a*~!(x, y1,--, ys-1) which can be
proved provided the knowledge of a®(x, y1,--, ys), where s = 1,---, N (we denote a™ (x, y1,-+-, yn) =

a(x,y1, -+, yn) = at(x)) and periodicity of a*~! with respect to y;,i = 1,---,s— 1. Assuming

0s/es €N, we denote X 1= (XK, 0 xill‘jz S, %) and x,, = xg,,j, to shorten the notation. We
define
T
atx. )= —— a‘(x._ -, )(I+] dx, (2.4.21)
—S 1 |5K 1 ]sl 51(5 1.Js =l Es XKX?I']X(X)

where (]T L )) = ak()(}'( (x)) and X% (x) € per((?Ks njs) for k=1,---,d is the exact
solution of the s scale cell problem

s i i . _
R a (ﬁs_l,g )(VXKHJS(xH—e,)'Vzdx—O, Vze per(6Kb 1,13) (2.4.22)
S

Ks—1.Js

In turn, the exact macro homogenized tensor a°(xx,,j,) at the macro quadrature point xg,,j, can
be computed as (here we require §;/&; € N)

1

a’(xk,,j) = ——
|5Ko,]1| 6}(0]1

a' (K i = )(I+J wdx, (2.4.23)

where (Jy, . (0)ik = dk()(K " (x)) and )(K (e Wper Bk, j,) is the solution of the cell problem
(2.4.22) (with s=1).

As discussed in [4], appropriate regularity assumptions are required for the functions )(}'(71 i
defined in (2.4.22) s=1,---, N. We assume
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2.4. A priori error estimates for 775/

(H2) for given positive integers ¢, the cell solutions )(}'(_1 iwS= 1,---, N satisfy

i —qs
Xk, )01 6k, 0 < CEs 10K,y

Remark 2.4.1. Similarly to (2.3.12), one can show (without using (H2))

IVxk, . +eil ez 0= C\/16k, 1l (2.4.24)

where the constant C only depends on A and A introduced in (1.0.1).

In this subsection, we assume that the meso FE space S% (0, ,, js»Th,) isasubspace of #)er Ok, js)
or Jfol () j;) (see (2.2.5) and (2.2.6)). In order to distinguish the FE spaces with different bound-
ary conditions, we denote the meso and micro FE spaces by S% (0k,_, j,, 7»,) when included in
Wper(0k,_,,j,) (periodic boundary coupling) and Sg (6, ,j,»Th,) when included in 7, (k. ,,j,)
(Dirichlet boundary coupling).

Before starting the analysis, we need to define several notations. For s = 1,---, N, we denote

)_(;Tl.jx (x) € S%(Bk,_,,j»Th,) or S¢* Bk, ,,jo» Th,) the solution of
Js+1 XK. i .
s Js+ —i,hg s —
YooY ok, et (x, VIR g Hed) vz =0, (2.4.25)
Kseg—hs js+1:1 85

where z" is an arbitrary test function in $% (8, ,,j,, h,) or Sgs (6k,_,,j;»Tn,)- We then define the

~s—1 i
tensor ay - (xk,_,,j,) as

1 ]S+] S xKS:js+1
0K, o @° (X

X, 1 YU+ 7, ). (2.4.26)

~s—1
ay ~ (xXk,_y,j) =
K—l s=1»]s ) .
s |5KS,1,]X| K€, jor1=1 Es XKX_I_jS(sz,Jsﬂ)

We observe from (2.4.26) that ay " (x, ,,jy) = ag " (xky_,,jy), where ag ! (xk,_, ;) is defined

N

in (2.2.7) since a"’ = a® is the tensor given in (1.0.1).

We will use the following lemma in the proof of Theorem 2.4.6.

Lemma2.4.2. Assume (H2) holds, then we have the following upper bound for )‘dg’jl jos= 1,---,N
(defined in (2.4.25))

||vx;<sz +eill w2y, 0 = Cy N6k, jl, (2.4.27)

where the constant C in (2.4.27) is independent off H, hs, ;.

The proof of this lemma follows the proof of Lemma 2.3.1, by using the ellipticity of a® =
a(x,y1, -+, yn) (see assumption (H1)).
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Remark 2.4.3. Using the uniform boundedness and ellipticity of the tensor a(x,y1,---,N), one
can show that a1 (x, Y Ys=1) [1;;11 (xk, 1,j)»$=1,---,N are also elliptic and bounded.

Lemma 2.4.4. Assume (H1), (H2) and that a® is symmetric, uniformly bounded and elliptic.
Assume further that the FE space for (Ps) is S (0k,_.,j;»Th,) and that 65/ es € N. In addition, we
assume that a*(-, ys) € W29 (Y;) and that assumption (Q2) (with £ = q;) holds for the QF coupled
with the FE space S% (0 k,_, j,, Tn,). We further require either Condition (1) or (2) in the following
for all the meso and micro FEs:

(1) o =max(2q;—1, q;) in Q2) if K5 are simplicial FEs, oro = max(2qs—1, qs+1) ifK; are rectan-

gular (parallelogram) FEs and the quasi-uniform mesh is applied, i.e., }Z; <C, forallK; e
vy hr

(2) 0 =max(4qg;s—3,qs) in Q2) if Ks are simplicial FEs, or 0 = max(4q;—3,qs+1) if K; are
rectangular (parallelogram) FEs.

Then we have fors=1,---,N

_ . h
la* ™ xg_p) — ag ! Gy, i)l < C(g—s)z"x, (2.4.28)
S

and in particular for s = 1 we have

_ n
1a®(xke ) — A% Xk, j) . < C(E—l)qu. (2.4.29)
1

Proof. We first define an auxiliary tensor

a1 )ei-ep = Ax DV ) ren - (VY | (o) repdx
K; s=1pJs /1 |6 . | . =s—1’ £ KS—lv]S ! Ks—l)]s ’
Ks—l;]s 51(571,]5 S

where )Z;h_s] i (respectively )Zlk(?j i ) is solution of (2.4.25). Then we consider the decomposition

-1 —s—1 -1 ~s—1
la™ (x,_ ) —ag (k) e = la (x ) —ag (k)
s—1 s—1
+ ”“;Q (xKH,js)—an (k.1 j) 2. (2.4.30)

Using (2.4.22) and the symmetry of a®(x, y1,---, ¥s), we have

s—1 As—1
(@ (xg_y) - g, (xx 7)€ ek

= @ (X, ) Vrk @-VEE () (Vpk (0 +epdx
|6Kv—1vjs| OKy_1.js Es sbols s=1bJs s=1rJs
! X giih k _kh
+ - a(x. ., —=)(Vit™  (x)+e;)-(V (x)=-Vy2 L (x)dx
|6Ks,1,j5| 61(571']'5 (—S—l ES)( XKS—]:]S( ) l) ( Xstly]s( ) XKs—lv]S( ))
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2.4. A priori error estimates for 775/

1

x . .
=— ax. ., )V -yl ) (VyE 0 -V (0)dx.
e by e DIV 0=V 0k VIR (0

Applying Cauchy-Schwarz inequality, the standard FE a priori error estimate for FEM with
: : i =1,hs Gsy a0

numerical quadrature gives IIV)(;Q_I,].X (x) — VXKHJS (x) |I$z(5,<571,j5) < Chy |X;(s—1vjs (x)l;taqsﬂ(aKH‘jx)

and using assumption (H2), we obtain

h
-1 ns—1 $124s
la® (ﬁs—ﬂ_“fg (xk,,,j) g < C(—)"%.
S

The second term of (2.4.30) is estimated using Theorem 2.5.3 for simplicial elements or Theorem
2.5.9 for parallelogram elements provided Condition (1) (or Theorem 2.5.5 for simplicial elements
and similar arguments for parallelogram elements, see Remark 2.5.10 provided Condition (2))
given in Section 2.5. We obtain 3

.5 . h
lag  (xk,.,,j) — ax. ' (k. j)l# < C(E—S)z‘“. (2.4.31)
N
The proof of (2.4.28) is complete. O

In order to address a corresponding lemma for the solution of the micro problem using Dirichelet
boundary coupling, we first define ¢ §<H,js (x) € #, (5k,_,,j,) the exact solution of (2.4.22) with test
function in Jfol (6k,_,,j,) (note that for Dirichlet boundary coupling we do not assume §5-1/&;-1 €
N. We state the following assumption which will be used in Lemma 2.4.5,

(H3) for the sampling domain 6x,_, j, s=1,---, N, assume é}'(sil PGS WGk, ), i=1,d,
where ¢ }< o (x) is defined above and X}} i (x) is defined in (2.4.22).

Lemma 2.4.5. Assume (H1), (H2), (H3) and that a® is symmetric, uniformly bounded and elliptic.
Assume further that the FE space for (Ps) is Sgs (0k,_.,js»Th,) and that &5 > €. In addition, we
assume that a’(-, ys) € W29 (Y;) and that assumption (Q2) (¢ = q;) holds for the QF coupled with
the FE space S% (0k,_,,j,»Tn,). We further require either Condition (1) or (2) in the following for all
the meso and micro FEs:

(1) o =max(2qs—1, qs) in (Q2) if K are simplicial FEs, oro = max(2qs—1, gs+1) ifK; arerectan-

gular (parallelogram) FEs and the quasi-uniform mesh is applied, i.e., thS <C, forallK; e
Ths

(2) o0 =max(4qs—3,qs) in (Q2) if K; are simplicial FEs, or 0 = max(4q;—3,qs+ 1) if K are
rectangular (parallelogram) FEs.

3Notice that in Theorem 2.5.3 (or Theorem 2.5.5) or Theorem 2.5.9 from Section 2.5, we let JpavVu-Vvdx =

f(;KHﬁ aS(gs_l,g%)Vu-Vvdx, Fi(v) :féks,l,js as(&_l,é)ei -Vvdx and F> (v) :f6K871v]'x “S(ﬁs_p%)ehvl/dx.
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Then we have fors=1,---,N,

h
la* ™ (x,_y) - ay ' (xk,, ) le < C((=)°% + Es (2.4.32)

£ 55)’

where ay_ ' (xx, ,j,) is defined in (2.4.26).

Proof. Inview of (2.4.21) and Remark 2.2.2 we have

X
@'y ) Wiy 1.0+ i) (X,

-1
a’(x,_ei-ep= i, () +eg)dx,

|EK5—1’]'S| EKs_1.Js

(2.4.33)

where €, _, j, a meso sampling domain centered at xg,_, j, which covers the maximum number
of &5 period in each direction contained in the domain 6g,_, j, i.e. leg,_,,j,| = (Neo)?, N €N (note
that §5_1/&;-1 may not belong to N). We define the following tensor

1
|6K 1’]5| 61(3 1Js

Asl

(x,_,)e;-e= @y — (5K L Te)-(Ex () +er)dx

(2.4.34)
based on the cell functions ¢ 23_1 i (x) defined above, and further decompose
la ™ x ) -ag G, i)le < e ) -2 x )lls
+ ol ) - a0 (2.4.35)

Similarly to the proof of Lemma 2.4.4 (see e.g. (2.4.30)), one can deduce that the second term of
(2.4.35) can be bounded as

e (x,_y) - ay ' (k. j)l# < C(—)Z"‘ (2.4.36)

Es

For the first term of (2.4.35), one needs to apply a boundary corrector because of the mismatch
between the Dirichlet and the periodic boundary conditions of the cell problem. This has first
been studied in [60] for the FE-HMM. We give here a short proof for completeness.

We first write

(@ (x, ) -a* l(xs_l))ei‘ek|
1

_‘_ a’(x, b )(VXK L@ te): (VfK L +edx—a’(x, e ek‘
I(sKs—lvjsl 51(3—1']3

+

@ (x, e ep a(x, ;)(Vﬁq_l, L0 +e)-(VEk (0 +endx]
S

|6K 1]X| 61(: 1Js
=I1+1I.
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2.4. A priori error estimates for 775/

Let Tk, ,j. = Ok, .,j. \ €k, ,,j, be the boundary layer with [Tk, , ;| = C697'e; and l‘ﬁKS—l“l < C5.
Ks—1.Js s

By assumption (H3), one can derive

i k
IVXk, ;O +eill 2wy 0 < C\/ITk il 1IVEk 5 () +erllgaay )< Cy/ITke il

(2.4.37)
We next define function pfg i €€k, ,, i) 0= pfg i < 1 with the following properties

1 dist(x,00k,_,,j,) > 2€;s

e _ 2.4.38
sz—l:]s(x) {0 dist(x,00k,_, j,) <Es ( )

and ¢ s||VP§<S_1 i | o5 Koorjs) S C, where C is independent of €. For the construction of functions
with such properties we refer for example to [74].

We then introduce the boundary corrector 9‘ =¢l Krii™ X}( ] Wthh satisfies 0’ C+(1-

1, js v—l Js

PE_i) Xic i€ F3 6k, ,,j.)- Thus, by notlclng that

1 x .
a1 s i . (&gk
(X;_j)ei-ex= S s, a (13_1,8—3)(€K§71']-5(x)+el) €k, ,,j, () +epdx,
S—1»JS s—=1Js
we have
I< L — @ x. ., 2vE! +yb o 1=p5 ) (VEE . tep)dxl
|6K ] | 61( ) =s—1’ ES KS—]ij XKs—lvjs szfl,jS Kv—lvjs k
s=1rJs s—1:Js
1

- — a’(x,_ ,ﬁ)V(Xi (1-p% ) vk +ek)dx|
|6K 1!]3' 61(,71]'. =s—1 Es KS*I)]S K 1] K

The first term on the right-hand side of the above inequality above vanishes since Bl e T

XKs—lnjs( - pKH’jS) € Jﬁo OK,.,j)r @°(Xg_y) 2 x) is symmetric and ch s is the solution of (2 4.22)
in 7, 6k, ,,;,)- Then we have

k
|51< ; || e X U )(VXK i TP ) (Ve Fewdxd
/s s—1:Js

1 .
=l a*x, =)y )-(Vek | +epdx
|6K 1]x| Ok, 1.js =s=1 Es Xk, Ls pK Ljs j

k i 1
= C|5 y IVEk,1.js +ekngz(rKs—lyh)(”VXKS—IJS 2y, 0+ e ”XKH,]s”fz(rl(s_l,js))
Ks-1,)s N
€
=C=,
85

where the last inequality is obtained by (2.4.37) and the fact that X;(s—lvjx (x) = xkil’js(xn_l, it
EsYs) = esﬁ(s_bjs (¥s) where Z}(s—lvjs (ys) is the solution of (2.4.22) on the reference cell Y ob-
tained by the affine mapping defined as ys = (x — x7,_, j)/ (N¢&g) from ek, j to Y (observe that
Ik, 2 < ©)-
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For the term 11, we have

10k, 17— lexjl 1
II< 1|(JSK - Lt " '|| A )(V)(K L0 +e)-VOR . dxl
s=1Js s=1>Js EKs_1.Js
1 .
s—1,Js Ks—1,Js
= (a) + (b).

Finally we have

10k, 1, j | — €kl 1 ~ €
-1 -1Js k N
(ﬂ) < : : : ||VXI ;- + €; ”32(8 ) ”VH ‘ . ”32(8 ) < C—,
|6K371,j5| |£K571,]}| Ks-1,]s Ks—1.Js Ks-1,js Ks—1.Js 8
1 Es
b)) = C—ITk,_,,jl= .
|6K Ll e 5
We have thus shown [|@*~! (x; ) - a* ' (x,_))ll# < C5. O

In fact, Lemma 2.4.4 and 2.4.5 give the error estimates at scale s — 1 between the homogenized
tensor and the FE-HMM tensor defined using numerical integration provided the tensor at
scale s is accurate, where s = 1,---, N. To address the fully discrete error estimates, we first
restrict to three scale problems in order to explain the idea of the analysis. We will give the
general result for N + 1 scales at the end of this section We thus denote our three scale tensor as
a(x, z-, 7-) = a(x, y1, y2) where y1 = -, y» = Z- and we will assume periodicity at the meso and
micro scales, i.e., assumption (2.1.3). With the help of Lemma 2.4.4 and 2.4.5, we are able to state
our main theorem.

Theorem 2.4.6. Assume for s = 1,2 that the assumptions of Lemma 2.4.4 (or Lemma 2.4.5 for
Dirichlet boundary coupling) hold. Then

h h
rHMM < C((E—l)z‘h + (5—2)2'12 + ImoD), (2.4.39)
1 2

where ryop stands for the HMM modeling error which is estimated as follows.

If?l/(éKo,jl) per(aKo,h) and?l/((sKl ]2) per(5K1 ]2) with61/e1 €N, 62/e5 €N, then

Fyop = 0. (2.4.40)

IfW 6k, j) = 74 Ok, jy) and W (8x,,j,) = 7, Ok, j,) with81 > €1, 62 > €2 and assume (H3) holds
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then

€1 €2
mMobp = C(— + —)

2.4.41
5, 5, ( )

Proof of Theorem 2.4.6. We first split ripp given in (2.3.15) into,

0 0 0 =0 =0 0
la”(xk,,j,) — ag, (XK, i) Il < la” (xk,, j,) — Gy, (Xiq, j) | + Nl G, (XK, i) — Ay, (Xkq, jy) |l 2
=N+ (2.4.42)

where ao(xKO,jl) is defined in (2.4.23), a?% (Xk,,j,) is defined in (2.2.11) for N = 2, d?@ (XK,,j,) is
defined in (2.4.26).

Lemma 2.4.4 and Lemma 2.4.5 give respectively the following estimates for the term I; in (2.4.42),

h
I < C(—)*D
€1
for periodic boundary coupling,

h
L= C(y2an 4 2L
&1 01

for Dirichlet boundary coupling.

For the term I, using (2.4.27) and Cauchy-Schwarz inequality we have

0 0
|(ag (xk,,j,) — ag, (XK, j,))e€i - ekl

(2.4.43)
1 J2 XK, i ,
_ 1 1,J2 1 —i,h
"|5 y PO “’th((“ (XKo, o> )= agg, j, kDR, Ok, ) + €1) - €k
Ko il K€y, jo=1 &
1 . Sihy ih
+aKo,]'1 (xKl’JZ)(VXKOVh VXKo,jl) ek)|

XK, . i

1 1,J2

<C( max |a (xk,,j, ——)—
XKy,j» €0k, 1 1

1 . i i,h
aKOvjl (xKl’]Z)”g + ”vXKoJl VXKOJH ||$2(6K0v11))'
\/ 10k, 1

Using the ellipticity of c'z}(o (%) (see Remark 2.4.3), we have

~ —i,hl _ l,hl 2
CMVIR 5 = VX3 V25, 10

J2
1
= Z Z WK, j, Ay, j, (xlejZ).
K1€Lol_h1 Jo=1

=i,h . i,h . =i, . i,h .
(VXKoJl (XK1, j2) = VXKOJI (xKl’]Z)) ) (VXKoJl (XK1, 1) = VXKmh (xKl’]z))

J2 i i

- (4 . 1 S

= Z Z wa]z(aKo,jl (xKlrJZ)_a (xKo,]U ))
Kleghl j2:1
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h
(v X;<OIJI(JCK1,JZ)+3) (VXK ]l(xKl']Z) v%Ko 11( XK3,j2))

Ky, jo i,h ih
<C\/I6k,,j;| max la* (xKo,jl,g—l)_aK i Gk N IV ‘ VXKO,ljl 2255 5,

XK1.j2 €0Ko,j1

(2.4.44)

il =i,

where we have used that Xk, 1s the solution of (Ps) with s =1 and that y Koj 1s the solution of

(2.4.25) with s =1, as well as Cauchy-Schwarz inequality and (2.4.27). Hence We obtain
1 L , 1 XKy, j 1
IV VAR N2, <€ max lla (e, —5) - ag, (6, ) 5

\ /|5K0,j1| XK1.j2 €0 Ko, j1

(2.4.45)

Finally, combining (2.4.43) and (2.4.45), we obtain I < Cmax,, , ey, ;, la* (xkp, jy» = aiSE ’2) aK Kl
and the upper bound

L < C(@)Zq2 (2.4.46)
&2

for periodic boundary coupling (using Lemma 2.4.4), or

h
L =C((22)2% 1 22) (2.4.47)
€ 52
for Dirichlet boundary coupling (using Lemma 2.4.5). O

Remark 2.4.7. We notice that in the modeling error for two scale problems as analyzed in [60, 1],
there is an additional term. This term vanishes here as all our numerical tensors are only evaluated
at quadrature points for all fast and slow variables.

Generalization to (N + 1)-scale problems. Following the idea of Theorem 2.4.6, one can gener-
alize the result for N + 1 scales.

Theorem 2.4.8. Suppose that assumption (2.1.3) for a® = a(x,=,--- ,%) holds. In addition sup-

’81

pose that the assumptions of Lemma 2.4.4 (or Lemma 2.4.5 for Dirichlet boundary coupling for
the cell problems) hold for s =1,---, N. Then we have the following error estimate

h
FTHMM < C((—)zq1 o+ (ﬁ)zq[v +I'moD)- (2.4.48)

The term ryop can be analyzed as follows.

Ifthe cell problems at each scale are coupled with periodic boundary conditions and 6s/es €N, s =
-, N, then we have

B— (2.4.49)
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If the cell problems at each scale are coupled with Dirichlet boundary conditions with s> €5, s =
-, N, then

€1
<c&L EN 2.4.50
'MOD (61 +eeet 6N) ( )

Proof. Besides the FE-HMM tensor ay (xKS 1,js) N (2.2.7), we need to define the tensor

- Lt 1 Js+1
KS 1 ( KA lv]S) 5 Z wKsy]sH aK (szv]s+1)(I+] hs,t (x )) (2451)
| K 1;]x| Ks€Th, jsr1=1 XK; 1Js XKs.js+1

i,hs,t

for1=<s<t=< Nwhere (] st Yik =0k(xg " 7. (XK o)) and for s = t we denote

Ks 1Js (XK

Ks)Js+1

ag! (i, j,.,) = a'(x,), (2.4.52)

where a’(x,) is the exact tensor at the ¢-th scale evaluated at x, = (xk, j,, —L2,---, XK’E%) The

€1
lht

function y i € S%(6k,,,j»Tn,) (or Sgs (0k,_,,j,»Tn,)) is the solution of a problem similar to

(Ps), namely

]s+1

s, t ivhs:[ . . hs . —
Y. 0k o 8, 1) (VG Ok ) i) V" Gk ) = 0 (2.4.53)
K€Th; js+1=1

where z is the test function in S% 6k, s Jh)orS *(0k,y,jsr Thy)-

We note that for s = 1,¢ = N we have ay (xk,j,) = a(%’N(xK.), where aj (xk,,j,) is defined in

s—1,t

(2.2.11). Following the proof of Lemma 2.3.1, one can show that aj " (xk,_,,j,) is also symmetric,

bounded and elliptic and that
IV, (ko) +€ill 2,0 < Cy/10K, ] (2.4.54)

In view of Theorem 2.3.4 and the definition of 737, We need to estimate g = || a° (XK, j1) —
a%o (XKy,js)l# for (N + 1)-scale problems, where a°(x,,j,) is the exact homogenized tensor, de-
fined in (2.4.23). Similarly to (2.4.42), we first have the following decomposition

la® (xx, ) — ag, (Xk,, i)l < Zna‘” H kg, 1) — ag (X, ) L2 (2.4.55)

where ¢ ranges from 2,---, N -1 and a?éot(xKo,jl) is defined in (2.4.51) with s = 1. It is easy to
observe that the analysis for the first term and the last term in (2.4.55) is identical to the proof of
Theorem 2.4.6. To estimate (2.4.55) we proceed as follows.
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Assume for the time being thatforeach t=1,---,Nand s=1,---,¢

s—1,t-1 s—1,¢t

s, t—1 st
” aK (sz 1 ]r) - aK (sz 1 ]s) ”g = C max ”a (xKiij+l) - a[(s (xKiij+l) ”9,

XKs,js+1 ek

(2.4.56)

where a?(’(? (XK,,j») = a°(xk,, ) according to the definition (2.4.52) and where C is independent of
€ or the meshsizes.

Then by (2.4.56), we obtain recursively

0,t-1 0,t
lag, —~ (xxo,j1) — ag, (XK, j) Il
1,r-1 abt
=C max llag —(xx,p) —ag, (XK, jp)llz <
xKlv]ZEKl
—1,t-1 -1t
<C max --- max |a (xk,_,,i,)—a (xk,_,, i)l
XKy, €K1 XKpo1,je €K1 K- el Kint s
where alt( Li= l(xKH, i) = at™! (x,_;) and where C can be different in each inequality.

It follows then by Lemma 2.4.4 and 2.4.5

_ _ h
la'™ G, ) - ag () e < O, (2.4.57)
t

with periodic boundary coupling, or

t—-1,t

h €
la™" x, ) - ag " k)l < C(g—’)z‘h + 5—2 (2.4.58)

t t

with Dirichlet boundary coupling.

Combining the (2.4.56)-(2.4.58) with (2.4.55) gives (2.4.48), (2.4.49) and (2.4.50), hence the claims
of the theorem. It thus remains to prove (2.4.56). By (2.4.51) in view of Remark 2.2.2, we have

|(s1t1 s—1,t

ag " (XKy,j) —ag ] (Xk,_,,j,))€i - ekl

1 Js1 s,1—1 i hg 11
= | |6 i | Z wKs;js-v—l ((aKX (xKSij+l) al( (sz ]s+1))(vXK
Ks-1, s Ks€Th js1=1

i,hg - 1
+aK (szv]erl)(vXK

(xKS ]S+1) +e;)-e

i,hg,t

(xKX,]m) V)(K (be,]M)) ek)‘

=C( max |ay S’”

(sz;]sH) KL. (sz;js+1) ”g
szvfs+1€ Ks—1.Js

zhtl

ST
A — K-
|6Ks—1’js|

Using the ellipticity of as =1 and (2.4.53), we have

i,hg,t

+ V)(K

ilez6e,0)- (2.4.59)

zhé,t 1 i,h,t
/1||VX _VXK 1;]&”$2(6K; ljs)
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7.
< Z il . S, t— ( )v(zhtl lhs,t) (lhtl i,hs,t
= ) wKSr]s+laK XK, js+1 XK XK Lis XK Ls XK L
Ks€Thg js+1=1
]x+l

_ . s,t . stl ihg,t ihs,t—1 i,hs,t
- Z Z wKsr]sH(aKs (xKS)]SH) (xKSr]Hl))(vXK | j +e) V(XK LJs XK Xp]s)
K€Th; js+1=1

/ 5,11 st . zh,tl i,hs,t
= C |6Ks—lrjs| max ” a (sz,js+1) - aKS (sz,].Hl) ”g ”vx ’ VXI(Y Sl ]s ”2 (51<s 1]8)

XKs,js+1 €0Ks_1,js

The last inequality above is obtained by using Cauchy-Schwarz inequality and (2.4.27). Hence,

we obtain
Jhst=1 s, : Jt—
”X;(Y lxt X;( lt] ”Z (6Kx b /S) - C ) m%x X ” a;(:(xKSijl) - a;{: l(sz,js+1) ”g
\/ |5K5,1,js| XKs.js+1 €O0Ks1.js
(2.4.60)
Inserting (2.4.60) in (2.4.59) proves (2.4.56). Hence the proof is complete. O

Complexity. Let Mj be the the number of DOF of the macro FEM. We write fzs = ?—s‘ and denote
M;=0 (fzs_d) the number of degrees of freedom (DOF) for cell problems at the scale s, where
s=1,---,N. We emphasize that M; is independent of ¢ since |6k, _, j | = 6% = (‘z—j)dsf = Cse
with C; a moderate constant (recall our assumption that 6 = Csey). Using quasi-uniform meshes
for each scale, we have the following relations

ho =0 M"Y, hy=0M;V%, s=1,---,N.

In view of (2.3.18), (2.3.19) and (2.4.48), optimal convergence rates (up to a modeling error rpop
independent of hg, hg, where s =1,---, N) can be obtained for quasi-uniform meshes given by,

q0 qo+1
hs ~ hy™ for the #' norm, ks~ h'* for the £ norm.

The corresponding complexity in term of macro DOF reads

-dqq —dqo 1490 4.4 40

O hy . hoqu """ hoqu )=0 (M0 20 2N ) for the #' norm,

My M, My
4 —d(2q0+1) —dz(qoﬂ) 1+((120+1) (r;gﬂ) )
= qn aN — q aN
O(hy® -y *" - h, )=06(M, ) for the #° norm.
~ —— ———
My M, My
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2.5 Some extensions of convergence result for numerical quadrature

2.5.1 Numerical integration error analysis for simplicial elements

In this section, we analyse the numerical integration error which we use in Section 2.3 for the
estimation of (2.4.45).

Theorem 2.5.1. (Bramble-Hilbert lemma [53]) Let @ be a domain inR%, let k = 0 be an integer, let
p be a number satisfying 1 < p < oo, and let L be a continuous linear form on the space W "1V ()
with the property that

L(p)=0 forallpe 2™(D). (2.5.61)
Then there exists a constant C(2) such that
1L < CNLISymorp g | VImerngy, YW ™ P (@), (2.5.62)

where | - || is the dual norm of space W ™+1P (D).

*
7//m+l,p (@)

Let Ex(¢) denote the numerical integration error on the element K defined as

J
Ex(¢) = fK ¢pdx—) wk jP(xkj), (2.5.63)

j=1

and E Ig((f)) is the corresponding error on the reference element K
R R J
Ep () = ff((,bdfc— Y @ipx)). (2.5.64)
j=1

Theorem 2.5.2. (First theorem for local high order numerical integration error) Assume that K is
simplicial and a € W?"™>®(K). Assume

Ep(@) =0, Vpe 2" (K. (2.5.65)
Then,
Ex(avw) < Ch*™ | ally2meo i) 101l gom-1 gy | W gom-1 5y, Y0, w € 2" K. (2.5.66)

Proof. Since Ex(¢p) = 2|K|Eg(¢), then Ex(avw) = 2|K|Eg(ad ). Let p = avv € 2™ (K). We
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2.5. Some extensions of convergence result for numerical quadrature

have
|Eg () = |fk</3—2av,-</3| < ClPll oo ) < Cll Pl 2mon iy -
J

The above inequality shows that E I%(‘Z’) is a continuous linear functional on #2"»*®(K). Fur-
thermore, we have the assumption on the quadrature (2.5.63) that E f((w) =0, Vi e gp2m=1(g),
Therefore, Bramble-Hilbert Lemma (see [53, Theorem 28.1]) can be applied to Eg, i.e.

|Eg (@) < Cllyomeo - (2.5.67)

As aresult, we have

By the affine transformation, we have

|d|7//2m7i—k,oo(f<) = Chzm_l_k|a|7//2mfifkyoo(1<)r

~ i -1/2
1Dl icogy < Ch' 12KV 0] g1 1

Therefore,

2
|EK((1VLU)| <Ch m”(l”;//Zm,oo(K) ” V”me—l([() || l/U”me—l(K).

Theorem 2.5.3. (First theorem for global higher order numerical integration error) Assume that
ajj € W2 QY and u, w € W (D) N A" (D) (71/(@) can be either defined as in (2.2.5) provided
that 9 is a cube or defined as in (2.2.6)) are the solutions of the following problems: for¥ v e ¥ (2),
f aVu-Vvdx =F;(v),
2
f aVw-Vvdx = F,(v),
D
where Fy, F, are two linear functional mapping W (2) N AN () - R and u", w" are the FEM

solutions with numerical quadrature in 8™ (2, J},) where Iy, is a shape regular partition of 2 and
elements K € 9y, are quasi-uniform. Assume the numerical quadrature satisfies

Ep(@) =0, Vpe 2" (K. (2.5.68)
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Then we have
h h / h h
|f Zaija,-u ajw dx— Z ZwK,jZ(aijdiu ajw )(xk, )
2 ij Kedy, j=1 ij

< CR*™(Y_llaijllyzme@)lull zem@ | wl zem@). (2.5.69)
ij

Proof. We first write

J
EK(aijaiuhajwh)=[I(Zaijaiuhajwhdx—ZwK,jZ(aijaiuhajwh)(xK,j).
ij J ij

Using Theorem 2.5.2,we can obtain the following local estimate
|Ex(aij0;u"0w")| < Ch*™ (3 llaillyemee i) 1™ Laemiao | w" L aem )
ij
Thus, we obtain

J
|f922aija,-uhajwhdx— Z ZwK,jZ(aijaiuhajwh)(xK,j)l
ij

KeTy, j=1 ij

< CH*™ (Y laijlyeme) Y. 1u"lamao lw"lzm
ij Keg,

m m

_ p2m . hy2 1/2 h2 1/2

= CH*™ (L Naijlyomegy) 3. (3 11" e o) "2 10" e )2
ij Kegy, = (=1 /=1

< CHP™ (Y Nagj (2 Y ) (S % w0 py) "
< il ¥ Y 1) (X w0 ) (2.5.70)
=1

ij Keg, (=1 Keg, ¢

Now we define [T € 22" (K) which is an interpolation polynomial of « on element K (respectively

IT¢ the interpolation polynomial of w). By classical interpolation error estimate (see [53, Chapter
3]), we have

=TT e ) < CR™ Nl gomo xy, for €< m.
Furthermore, we can derive that for ¢ < m

”H]u(”]ff([() = ||u_H1u(||<]ﬂ(K) + 1wl e () = Cllull zem k)
Using inverse inequality (assume that the triangulation 97, is quasi-uniform), we have
(b2 h 2 2
u u
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2.5. Some extensions of convergence result for numerical quadrature

m
u 2 —20+2,. . h u 2
SIIHKIIJLom(KﬁC;Ih " = TR0

m
2 —20+2 2 2
= C(”””Jﬂ"(m + 2 h2E (1" = uiZ o+ lu =TI (K)))
=1

+ h—2m+2

2 h 2
SC(”u”JLﬂm(K) ”u _u||Jf1(IO)'

Sum up the above inequality with respect to element K € 9, and we obtain

m
h2 2 —2m+2 h2
> 1R g = Oy + B2 2w "1 ) (2.5.71)
Kegy, ¢=1

Using standard FEM error analysis with numerical quadrature (see for example [53]), we have
the following result

I — 1" g1y < CH™ M ul zom g, (2.5.72)

Combining (2.5.71) with (2.5.72), we have

m
> Y Wi < Cllutl zem@). (2.5.73)

Kegy, ¢=1
Taking (2.5.73) into (2.5.70), we have proved (2.5.69). O

Note that in Theorem 2.5.3 we have to assume quasi-uniform meshes for FEM. However, this
assumption can be restrictive in some situations, e.g. adaptivity methods or complex domains.
Therefore in the following, we give a similar theorem relaxing the quasi-uniform assumption. We
however need higher order quadrature rules.

Theorem 2.5.4. (Second theorem for local high order numerical integration error) Assume that K
is simplicial and a € W 20K, Assume further

Ep(@) =0, Vpe 2" 3(K). (2.5.74)
Then,
Ex(avw) < Ch*™|aly2meo o 1Vl 20 | Wl 22 (), Y, w € P™HEK). (2.5.75)

Proof. First we write Ex(avw) = 2|K|Eg(avw). Then we have

AAA I

|Egp(adw)| = kam-meam < Clladw| gy,
J
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< Cllally2mee iy 1 91l oo iy 101 oo 2y < CUL e 191 g i 101 2

The above inequality shows that f(-) := E¢(-0)) is a continuous linear functional on w2 (K)

and | f ”;;/vaoou%) < Clol 22 1@ 2 (g Furthermore, using the assumption (2.5.74), we have

that f({) =0, Vi € 221 (K) (note that 1 € 22™2(K)). Therefore, applying Bramble-Hilbert
to f gives

B @0)| = 1£(@)] = CIFI s oy ooy < CHON g o 101 g2 | Al ames -

By the affine transformation, we obtain

|&|7//2m,00(f<) < Ch2m|a|7//2m,oo(K),

1/2

191l 2 ) < 12KI 2 0]l g2 -

Therefore,

2
|Ex(avw)| < Ch™|alyzme i) |Vl 2 ) | Wl 2 (k) -

Based on Theorem 2.5.4, it is easy to obtain the following result without using the assumption of
quasi-uniform meshes.

Theorem 2.5.5. (Second theorem for global higher order numerical integration error) Assume that
aij € W*m>(2) and u, w € W (2)NF*(D) (W (D) can be either defined as in (2.2.5) provided that
9 is a cube or defined as in (2.2.6)) are the solutions of the following problems: forVv e W (2),
f avVu-Vvdx = F,(v),
2
f aVw-Vvdx =F(v),
P
where Fy, F, are two linear functional mapping W (2) n #*(2) — R and u", w" are the FEM

solutions with numerical quadrature in S™(2,9,) where 97}, is a shape regular partition of 2.
Assume the numerical quadrature satisfies

Ep(@) =0, Vpe 2 3(K). (2.5.76)

Then we have

J
|f@2aijdiuh6jwhdx— Z ZwK,jZ(aijaiuhajwh)(xK,j)l
ij

Kegy j=1 ij
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< CH*™(Y_ lay jly2me@) Il tll sz | W z2()- (2.5.77)
ij

Proof. A direct application of Theorem 2.5.4 gives

J
|Lzai15iuhajwhdx— > > ok (ai0iu 0w (x )
ij ij

Kegy, j=1

< CR*™(|aijlyemeo@) VUl 220y IVW" | 22
ij

Note that u", w" are the FE approximations of u, w respectively and thus we have

IVU" | 2@y < IVl 20y + IV 1= V' | 269y < Clltell o2 -

Therefore the proof is complete. O

2.5.2 Numerical integration error analysis for parallelogram elements

In order to obtain the same error result for parallelogram elements, one needs to introduce the
following semi-norm for space #"" (2)

d 1/
{v}wm.n(%:( @;(55"”)'0) 7, (2.5.78)

where 0; := (0)/(0x;) (see for example [53], where such norms have been discussed). Based on this
semi-norm, a corresponding Bramble-Hilbert lemma can be derived for parallelogram elements
(see [53, Chapter 11]). For the completeness, we present here the proofs of the equivalent norm
theorem and Bramble-Hilbert lemma for parallelogram elements.

Theorem 2.5.6. (Equivalent norm theorem) Let m = 1 be an integer and p € [1,00], then there
exist a constant C which depends on domain 2 such that,

inf lv+qgllyme @) < Clvlymr @), YVE WP ().
q(x)e2m-1(2)

Proof. Let N=dim 9" 1(@) and {fi, 1 =i < N} be a set of basis of the dual space of 2"m1(g),
Thus by Hahn-Banach extension theorem 4 there exists a set of continuous linear functionals over
the space #™P(9) again denoted by f;, 1 <i < Nsuchthatqge 9" 1(g)and filg)=0,1<i<N

4Hahn-Banach extension theorem: If & is a normed vector space and Z© is a subspace of . Let f is a bounded
linear functional on 2. Then there exists a bounded linear functional f on & satisfying: (1). f(v) = fo(v),Vv e
2% @.1flla =l foll g0
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imply g = 0. If the following inequality holds:

N
Il mp@y < C(LWlwmr@ + Y 1fi)]) Yvew™P (D), (2.5.79)
i=1

then for any given v € #"*P(9), we can find g € 2M-1(9®) such that fiv+q)=0,1<i<Nand
we can then obtain

inf lv+qgllyme@ < v+ qllwme@) < Clvlymeg). (2.5.80)
q(x)e2m-1(2)

Now we prove (2.5.79). We first assume (2.5.79) is false, then there exists a sequence v, €
WP (), ¢ =1 such that

M llvellyme@y =1 V€21,

@) Timy oo ({Uelpmr@) + EX, | fiwp)l) = 0.

Since v, is bounded in #""P (2), there exists a subsequence again denoted as v, that converges
to alimit v € #"™P (D). Since lim,_ . {v¢}ymr @) =0, then

107" v| = lim |vg| =0,
{—oo
Thus we have v € 2" 1(2). Furthermore, we have
|fi(w)| = lim |f;(v,)| =0, 1<i<N.
{—o0

Therefore we can conclude that v = 0 which contradicts the assumption that ||v¢llymr @) =
1, V¢ <1, so that (2.5.79) holds. O

Remark 2.5.7. Since 2"~ 1(2) c 2"1(D), then (2.5.79) also holds for q € 2" 1(@). In fact, by
the quotient space embedding W ™P (2)/ 2™ 1 (@) c WP (D) 2"V (D), we have

inf
m-1

lv+plymnray< inf  v+qllymnr .
pen-1@) p @) ) q @)

( qe2m-1(g

With the help of Theorem 2.5.6, we can correspondingly have a Bramble-Hilbert lemma for
quadrilateral elements.

Theorem 2.5.8. (Bramble-Hilbert lemma for quadrilateral elements) Let @ be a domain in R?,
let k = 0 be an integer, let p be a number satisfying 1 < p < oo, and let £ be a continuous linear
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functional on the space W ""P (2) with the property that

L(q) =0 forallge 2™ 1(2). (2.5.81)
Then there exists a constant C which depends on 2 such that

L) S CILEmp g {Ukwmr @), Y EW™P (D), (2.5.82)

where || - ||;‘me,,(@) is the dual norm of space W™ (2)).

Proof. Since for any given v € # ™P(2) we have £ (v + q) = £(v) Vq € 2" 1(2), then we can
write

L) = 1L+ Pl < ILEmp o |0+ Gllpmoa).

We note that the above inequality stands for Vq € 2™~1(2) so that we have

LS I lymog) | 0f 10+ @lymoe < ULy Ve,

m—l(

where the last inequality is obtained by using Theorem 2.5.6. O
With the help of Theorem 2.5.8, a numerical integration error estimate can be obtained following
the proof of Theorem 2.5.3.

Theorem 2.5.9. (Global higher order numerical integration error theorem for parallelogram
elements) Assume that a; j € W2y and u, w € W (D) N A" (D) (W(@) can be either defined
as in (2.2.5) provided that 9 is a cube or defined as in (2.2.6)) are the solutions of the following
problems: forVv e W (2),

f aVu-Vvdx =F,(v),
2
[ avVw-Vvdx = F(v),
)
where Fy, F, are two linear functional mapping W (2) N AN () - R and u", w" are the FEM
solutions with numerical quadrature in S"(2,9},) where Iy, is a shape regular partition of 9

and elements K € 9}, are parallelogram and quasi-uniform. Assume the numerical quadrature
satisfies

Ex(@) =0, Vpe 2™ 1K), (2.5.83)
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Then we have

J
If@Zaijaiuhajwhdx— > Y wkj Y (aijoiuo;w" (x, )l
ij

Kegj, j=1 ij
< Chzm(z || al‘j ||7y2m.oo(@)) || u”(;fmﬂ(@) || LU”JLDWHI(@) .
ij
Remark 2.5.10. Ifwe assume here Ek((Z’) =0, V¢ € 24™3(K), then the assumption of the quasi-

unform mesh in Theorem 2.5.9 can be removed. The proof can be easily obtained following the
proofs of Theorem 2.5.4 and Theorem 2.5.5.

2.6 Numerical Experiment

We consider problem (1.0.1) on the domain Q = [0, 1]? with f = 1 and the multiscale tensor

sin(27r§—: +2) cos(27r§—; +2) 0

af(x)=(x%+x2+1 .
() =+ x5 +1) 0 SN2 +2) cos(2m 2 +2)

where £; =5x 1073, £, =5 x 107°. The corresponding homogenized tensor is

a’(x) =3(x% + x5 + 1) In.

The implementation of this experiment is a generalization of the two scale FE-HMM code
provided in [19]. We use FEM with piecewise linear basis functions on triangle elements (called
P1-FEM) as the solver for problems on all three scales. For the QFs, we choose the barycenter
of each element as the quadrature node for both macro and meso scales which satisfies the
assumptions on the QFs stated in both Theorem 2.3.4 and 2.4.6 for P1 triangle elements. We take
the P1-FE solution %" of (2.1.1) as the reference solution which is computed on a 1024 x 1024
uniform triangular mesh. We use uniform triangulation in the FE-HMM procedure and denote
Nmac» Nmes» Nmic as the degrees of freedom (DOF) of one direction in the macro, meso and micro
partitions respectively, i.e. ho = 1/ Nyqc, h1/€1 = 1/ Npes, hol€2 = Npic. In Fig. 2, we observe
that the /! error decays with a rate of ©'(hy) and the %2 error decays as (hg), which confirms
the results in Theorem 2.3.4 and 2.4.6.

In Fig. 3(a)(b), we show the error behavior with Ny, is fixed at 2, 4,8, 16 while macro and micro
meshes are refined simultaneously. In Fig. 3(c)(d) Npy;. is fixed at 2,4, 8,16 and macro, meso
meshes are refined simultaneously. We conclude that the theoretical convergence rate can only
be obtained when the meshes are refined simultaneously and that our error estimates (at least
for three scale problems) are sharp.
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107"

Error

——H1 error
cNt

> mac

10 “f|——L2 error

cN72
mac

Figure 2: We set Nyes = Nypic = N,ln/éc for computing A1 error and Nyes = Npic = Nipae for £?
erTor.

2.7 Discussion

In this chapter, we present the generalized FE-HMM for the problems with more than two scales.
Furthermore, we provide a fully discrete a priori error analysis for the (N + 1)-scale FE-HMM
where the error coming from numerical quadrature used in each scale is carefully discussed. We
note that this analysis can be applied to the FE-HMM of any order. A complexity analysis is also
added for the completeness.

Based on the work in this chapter, there are two aspects that are of interest to explore in the
next step. For the first aspect, considering the massive meso and micro cell problems need to
be computed, a model reduction technique is required to reduce the cost of the generalized
FE-HMM. The second aspect is a concern for engineering applications where physical models in
different scales can be different and thus in this case coupling different models in a consistent
way should be taken into account.

51



Chapter 2. Fully discrete analysis of the heterogeneous multiscale method for elliptic
problems with multiple scales

10° ‘ ‘ ‘ ‘ ‘ 10°
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— o~
I -
1072 _._Nmes =2
N =
mes
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-2 -3 X
10 10 2 4 8 16 32
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mac mic
(@) 7! Error with fixed Nmes (b) 2 Error with fixed Nimes
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N
107t
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T 107} {3
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mic mic
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10° e : ‘ : 10° = : ‘ ‘
2 4 8 16 32 2 4 8 16 32
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mac mes mac mes
(c) #! Error with fixed Ny, (d) %2 Error with fixed N,

Figure 3: The convergence behavior when N,,;. or Ny, is fixed at different values.
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Numerical homogenization methods show large efficiency improvement compared with the
classical numerical methods for multiscale problems. In particular, the FE-HMM yields an
approximation of an effective problem with complexity independent of e. One common features
shared by several numerical homogenization methods is that the global microscopic problem is
split into many local cell problems which are coupled with the macro discretization. According
to the complexity analysis of the fully discrete method (see (1.2.17), (1.2.18)), the global macro
discretization and the micro discretizations for the cell problems have to be refined simultane-
ously in order to obtain the optimal convergence rate. For higher order macro methods (where
more sampling domains are required) or high dimensional problems, these methods can become
computationally very expensive (even though order of magnitude cheaper than a full fine scale
approach). For the FE-HMM, attempts to reduce the computational cost have been pursued
in [15], where fast micro solvers have been coupled with standard FEM. By selecting a special
quadrature formula with integration points on the interfaces of the macro partition, one can also
in some situations reduce the computational cost (this does however only reduce the constant in
front of the computational cost for the FE-HMM, e.g., a reduction factor of one half is reported
in [57] for two dimensional problems with first or second order macro solvers).

Reduced basis (RB) techniques for model reduction, pioneered in [65, 64, 86], have seen recently
a renewed interest thanks to the development of new sampling techniques and rigorous a
posteriori error bounds for outputs of interest [93] (see also [92, 96] for additional references
on the recent literature). In the context of numerical homogenization, the use of RB was first
proposed in [45, 46] emphasizing on parametrizing various configurations of cell problems (e.g.
inclusion with various shapes, etc.), here, building on [45, 46], we focus on integrating the RB
methodology in a micro macro FEM such as the FE-HMM and providing fully discrete error
analysis for our new approach.

Outline of Part II.
¢ Chapter 3: Gives an introduction on the RB method for coercive parametrized linear elliptic
problems as well as some implementation details which are used in the later chapters.

* Chapter 4: Proposes the RB-FE-HMM for linear multiscale problems and shows several
numerical experiments. This chapter is taken from [7, Section 3 - Section 5].

* Chapter 5: Presents the further exploration of the RB-FE-HMM for adaptive procedures.
The chapter is taken from [8, Section 3 - Section 6] with small modifications.
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k] Reduced basis method

Many engineering problems can be modeled by PDEs with input parameters, called the parametrized
PDEs. The input parameters can be the shape deformation of the modeling objects or physical
elements of the environment. The solutions of the parametrized PDEs vary with respect to differ-
ent input parameters but share some similarities. In the aspect of numerical computation, the
parametrized PDE needs to be re-solved when the input parameters are changed. For problems
that have many parameters of interest, the numerical computation can be very costly (both
time and storage) and real time results cannot be achieved for complex 3D problems or time
dependent problems. Motivated by the "real time" and "many query" contexts, the reduced basis
(RB) method is developed that aims at reducing the computational cost by a specially constructed
lower dimensional space such that real time simulation can be achieved. In this chapter, we
introduce the general reduced basis (RB) method for parametrized linear elliptic coercive PDEs
[96]. This idea can be similarly developed for parabolic problems [67] and nonlinear problems
[76].

3.1 The reduced basis method for linear elliptic coercive PDEs

To be consistent with the literature of general RB method and to distinguish from our multiscale
problems, we use the following weak form for the general elliptic problem: Given the input
parameter p €9 c R4, there exists a unique u(u) € V¢(Q) that satisfies

a(u®(w),v;u) = f(v) YreVe(Q), (3.1.1)

where a(-,-; p) is a bilinear form, f(-) : V¢ — R is a parameter independent linear functional and
V¢(Q) is a Hilbert space which the exact solution u®(u) lies in, equipped with inner product (-,-)y
and norm || - ||y .

We are interested in the quantity

s€(w) = L(u®(w), (3.1.2)
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Chapter 3. Reduced basis method

where L(-) : V¢ — R denotes a linear output functional. The choice L(u®(u)) = f(u®(w)) is often
considered in RB literature which will also be considered. We assume that the bilinear form
a(-,-, 1) is symmetric, bounded and coercive for any u € 2. The boundedness is defined as: There
exists a constant y > 0 such that

a(w, v;y)
Yo=7Y(W:= sup sup ——————. (3.1.3)
weveveve [Vlviiwlly
and the coercivity is defined as: There exists a constant @ > 0 such that
.o alw, w; )
O<ap=a(w:= inf ——— (3.1.4)

weve || wll?/
Furthermore, we assume the bilinear form af(:,-) can be written in the following affine form, i.e.

Q
aw,v;) = Y_ 09(wa¥(w,v), Yr,weV®(Q), ue, (3.1.5)
q=1

where a?(w, v) is a parameter independent bilinear form and ©9(u) is a function on 2 with
variable p. This assumption is critical to achieve efficiency for the RB method. For the cases
that the affine representation is not available, we can apply the so-called empirical interpolation
method (EIM) (to be introduced in Section 3.3) to construct for the original bilinear form an
approximation in the affine form .

3.1.1 Offline-online strategy

Assume that V¥ (Q) is the finite element (FE) approximation space of V¢(Q) with number of
degrees of freedom (DOF) 4. Solving (3.1.1) in V- for any given u reads: Find u” € V¥ such
that

aw” w,v";w=fw?) vv¥ ev? Q). (3.1.6)

The RB method aims at building a small dimensional space (the RB space) V]‘\;‘/ c V" inan
offline stage so that (3.1.1) can be solved in VI‘{ in an online stage where real time results can
be obtained. The notation VZ‘\?/ represents that the dimension of this space is N and its basis
functions belong to V"

Algorithm 3.1.1. (RB offline stage)

Ntmin

1. Sample a large training set Zr4in = il 21" <2 and compute u‘/‘/(ul) of (3.1.6). Let
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3.1. The reduced basis method for linear elliptic coercive PDEs

N
f‘{v = %, Vl“’v = span{f‘l/v} andl=1.

2. Compute the a posteriori error estimator Aj(1;), i =1,-++, Ntrain. If maxi=y,... N, ., A1 (1) >
tol, select ;. = argmaxi=1,... n,,,;,A1(ii) and go to next step, otherwise offline ends.

3. Compute u”¥ (u;) of (3.1.6) and denote by cf‘l"/ the orthogonalization of u”" (u;) to V[/V' Let

Vl‘fl = Vl"v@span{f'l/‘/} andl=1+1. Go to step 2.

We store the following offline outputs for the online stage:
Al=a&) e, Fr= &, ij=1, N, g=1,--,Q (3.1.7)

where A9 is the N x N affine stiffness matrix and F is the N x 1 affine vector (i.e. A7 and F are
parameter independent). Generally, the dimension of Vj\;‘/ is rather small such that the memory
requirement to store the offline outputs is low. The issue left for the offline process is how to
design the a posteriori error estimator. This point will be discussed in Section 3.1.2.

In the online stage, we solve for any given parameter y: Find uﬁ/ (W € V]‘\;V such that

Q
Y el(walwy (W, vy) = fw), Yoy e vy, (3.1.8)
g=1

where uﬁ () is presented by the linear combination of the basis functions of Vﬁv i.e. uﬁ/ (W) =
Zf\il ﬁl(,u)é‘l” and B(w) = (B1 (W), ,ﬁN(u))T € RN. Therefore the corresponding linear system
of (3.1.8) can be written as

Q
(> eT(wANB(w =F 3.1.9)
q=1

and the quantity of interest (3.1.2) is simply L(u‘](,‘/ (1)) = FT B(u). The affine assumption of the
bilinear form makes the offline outputs easy to use for the online computation. We emphasize
that the linear system 3.1.9 has small DOF which allows to obtain the real-time result.

Remark 3.1.2. In order to guarantee the precision of the online solutions, it is often required to
use a fine FE space V¥ in the offline stage i.e. N is large and this makes the offline stage costly.
However since the offline outputs A9 and F are parameter independent, they can be repeatedly
used in the online stage for different given parameters. Therefore the offline stage is only needed
once.
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Chapter 3. Reduced basis method

3.1.2 A posteriori error estimator

We denote that u‘l/V (w) is the solution of (3.1.1) computed in the RB space Vl‘/V . We would like to
control the error [|é;(u) |y where &;(u) := u”" (1) — u‘l/V (). First we have the following equation

a@(w, v";w = fo") -aw! w,v";w, Yo ev?.
Using Riesz representation theory, there exists a unique &; (i) € V- such that
@ w, vy =fo")—aw w,v";w. (3.1.10)

We define the a posteriori error estimator as

_ le;(wllv
arp(w) ’

Ar(w)

where a () is an approximation of the coercivity factor a(u) that satisfies a(u) = arg(u) > 0.
We define the energy norm | vllg,, = v/ a(v, v; u) and the following result is shown in [96]

1< AAZ(’U) < i) , Yueo
lér(wlle,u arp(p)

where y(u) is defined in (3.1.3). This result indicates that the error [|é;(u)| ¢, can be bounded on

both sides by the a posteriori estimator such that the offline outputs are "certified".

To obtain the a posteriori error, one needs to solve (3.1.10) in the fine FE space V- (as mentioned
in Remark 3.1.2) for all the samples from Z;,,i, in each loop of enlarging the RB space, which

could make the offline stage prohibitively costly. Thanks to the affine bilinear form and the linear-

ity of equation (3.1.10), we can decompose (3.1.10) the following problems: Find ¢, L}/V'q € va/v

such that

v = fo), vl evy (3.1.11)

@My =al& vy vl eV i=1, 0, g=1,--,Q. (3.1.12)

Therefore we obtain é;(u) = e+ 23:1 09w Zﬁzl ﬁi(u)L‘i’V. Therefore, we have

Q
lewlz = M2y olwe’, LNy
q=1
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3.2. Coercivity factor approximation ap (1)

Q l Mg - Hop
+ ) 0Mwerw Y Biwphiw ;L )y, (3.1.13)

p,.g=1 ij=1

We note that (3.1.11) and (3.1.12) are parameter independent that can be pre-computed only
once in the offline stage. Thus the computation of | &; (1) II%/ becomes very efficient.

3.2 Coercivity factor approximation a;z(u)

Now we introduce how to compute the coercivity factor a;g(u) to complete the issues of the RB
offline stage. The direct way is to solve for each € Z44in

a(”, v"; )

N
eV (w= inf LL T K
vievy oMy

(3.2.14)

which is equivalent to solve an eigenvalue problem in V. Again due to the requirement of the
fine FE space V" and a large initial training set of parameters in the offline stage, directly solving
the eigenvalue problem has huge computational cost. Therefore, we need to have more efficient
methods to obtain a lower bound a; 3 of a”* such that 0 < a;p(u) < a” (1), Vi € 2. The most
popular methods coupled with the RB method are the "min ®" method [92] and the successive
constraint method (SCM) [72, 96] (the SCM for non-symmetric and non-coercive problems are
also discussed in these references). The basic assumptions for both of the methods is that a(, -; u)
has affine representation (3.1.5). In what follows, we will briefly introduce the two methods and
for simplicity we still assume the coercivity and symmetry of a(:, -; ).

3.2.1 The "min ©" method

For the min ® method, we need to have one more critical assumption: The bilinear form a(,-; )
is affine coercive, i.e.

09w >0, Yue2 and al(v,v) =0, Yve Vé(Q). (3.2.15)

Then we define the lower bound of a" (1) as

07 (u)

. N *
min a’ (u), (3.2.16)
imgeiun® M

arp(y) =

where p* is any fixed parameter in 2.
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Chapter 3. Reduced basis method

We show here that a; p satisfies the inequality in (3.1.4): For Vv¥ e VY, ue @

NN O T U S < L1 () [
a@w”, v = ) 0walw” v =}y ——=0u")alw,v)
g=1 q:1® (u*)
o9 Q
> min w0 Y 0 ux)alw”, v)
qzly"'vQ ®q(u*) q:l
X)) .
> min ,u* a wWHIv .
qzly"'vQ Gq(u )

a@w” ,v";p)

Therefore, we have ap(u) < a‘/‘/(u) =inf, reynr Ty

However the strict assumption (3.2.15) makes this method prohibitive for general problems. In
contrast, the SCM has great generality.

3.2.2 The successive constraint method

The SCM consists of an offline stage launched before the RB offline stage and an online stage
launched during the RB offline stage to compute a;g(u) for each € Z¢4ip-

We first introduce a set Z R that

alw? ,v¥
ZZ:{ZERQ|Z:{Z1,-..yzQ}T,EIUZJVEV‘/V St Zqzw,qzl,...,Q}_
z IV

It is easy to see that a’”’ () =inf,ez 23:1 09(w) z4. The idea of the SCM s to find a subset of Z
such that one can efficiently obtain an lower bound of ¥ (1) by solving a minimization problem
in this subset.

Next we introduce the so-called "coercivity constraint box"

acy N N aph v
a’w”, v alw”,v )]. (3.2.17)

)

inf ———, su

Y A P72 A PR P 2

We define the following two sets that will be used in the SCM algorithm:
C] = {,uiS»H : )ui}) ( define CO = ¢)

where ,u? € 9 is selected by the greedy algorithm in the SCM offline stage. Define C}VI (1) aset
that consists of M elements in C; which are closest to the given u and we have C}V’ (u) < Cy (when
J=M, C}VI (1) = C)). Practically, we choose M = 2¢ where d is the dimension of Q.
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3.2. Coercivity factor approximation ap (1)

Given K4 the max size of set C; generated in the SCM offline stage and the tolerance tolscpys
as the stopping criteria, the offline process is stated as follows.

Algorithm 3.2.1. (the SCM offline stage)

Ny . . . "
1. Select a large trammgset_tmm {uit, 2", wi € 9. Construct the "continuity constraint" box

B defined in (3.2.17).

2. While J < Kygx:

=S
train’

a. SetCy=Cj_u {,u]} and when J =1, ,ul is randomly chosen from =

b. Compute o (1 ]) and the corresponding eigen function v by solving (3.2.14). Next
I aq(ys JV) oS /V)
compute z/ € Z where zy = W

ZUB ZUB U {z’/} (define Ey = ¢ andZUB ?).

,g=1,---,Q. Let set E; = Ej_ 1U{a‘/‘/(u )} and

c. Foruge=s k=1,---,N%

train’ train’

(i). We solve

arp(py) = min Z 0 (ur) zg,
2 ZEB () =
where ZLB (,uk) {z € Rz € Band 22:1®q(uk)zq > a‘/‘/(,u),Vu € C}w(uk)}. We
emphaszze that all the a”¥ (1) where i € C}VI (1) are stored in set E;.
(ii). Solve
ayp(up) = min Z 07 () zq,
zeZl ,(uk)q

ZUB ZUB

where ZUB v,y (k) is a subset of , containing the elements in that are indexed

by the parameters in CM(uk). Since ZUB (k) © Z, therefore ayp (pk) = a(ug).

ayp (i) —arp (i)

(iii). Calculateej(uy) = @u5

d. Ifmax;_, .. s €7(ur) < tolscum, the offline process ends. Otherwise let ] = ] + 1 and go to
> " Vtrain
a.

The outputs of the SCM offline stage are B, Cy and E;. In the SCM online stage, for any given
parameter u € 9, we just need to solve the following linear optimization problem

arp()= min ZGW () zg-
Z€ 2y (W g=1

m
s =15 eSCM

It is proved in [96] that il , Ve, where escy = max,czs €5(1).

“train
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Chapter 3. Reduced basis method

3.3 The empirical interpolation method

The empirical interpolation method (EIM) is proposed in [37] in order to obtain the affine
representation for general parametrized functions in form of g(u, x). We assume that g(y, x) is
uniformly continuous on 2 and belongs to £*°(Q). The goal of the EIM is to construct a few
basis functions {q1, -, qps} that span a low dimensional space and based on this space one can
efficiently obtain an affine approximation for g(u, x) expressed as gas (i, x) = er\n’lzl Gm () Gm (x)
for any given p. The EIM is also an offline-online strategy based on the greedy algorithm. The EIM
offline process consists of two main ingredients: The first ingredient is to select the representative
parameters u from 2 and obtain the corresponding functions g(y, ) and the second one is to
find the interpolation points x in Q in order to discretize the function g(-, x) . The detailed offline
process is stated as what follows.

Algorithm 3.3.1. (The EIM offline stage)

E
1. Choose a large training set Efmm = {u; ?i’i“"” c 9 (we use the superscript E to distinguish
from the RB offline notations) and select ,uf =argmaxyeze lg (e, X) |l Lo (). Setni(x) = g(pf, x)

71(x)
HEAIN

and x; = argsupyealni1(x)| ! and g, (x) = Let m = 1 and define Sf’g = span{q} and

Bl = g1 (x1).

2.Compute for each p € Efmin that 6, (1Y) = 1 g(W, X) — gm (W, X) | e~ () Where g (U, x) € an'g. If

maxueifmmé m(w) < tolf, let M = m and the EIM offline process stops; Otherwise:

i. Select i1 = argmaxﬂegfmmém(p) and let N m+1(xX) = g(Um+1,X);
ii. Solve}.\L, 07 q(Xi) = Nms1 (X, i = 1,2+, m;
iii. Let Tpy1(X) =Npmy1(X) — Tzlo;?*qj(x);

: _ — _Imn(X)
iv. Denotexmi1 = argsupxealrm+1 (X0, Gm+1(x) = 2=

andB;’;+1 = q](xl)’ l;] = ].)“' , m+
1, where B™! is a matrix with dimension (im+1) x (m +1).

v. We have Sffl =spaniqy, -, qm+1}. Let m = m+ 1 and go back to Step 2.

The outputs of the EIM offline stage are the basis functions {q;, -, gu}, the matrix BM with
dimension M x M as well as the set of the interpolation points {x,---, Xp}.

In the online stage of the EIM, we construct the affine approximation gas(u, x) = Z%:l Om () gm(x)
of g(u, x) for any given u € 9. To obtain the coefficients ¢, (1), m =1,---, M, one just needs
to solve a small linear system: Z?/I:I Bl.]. ¢j(w =gy, x;), i=1,---,M, which has very low time
cost. The upper bound of the error introduced by the EIM is analyzed in [63] and numerical

experiments show that the EIM is an efficient and reliable strategy.

1To be more precise, here the sup e 1M1 (x)] should be understood as essential supremum.
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Reduced Basis finite element hetero-
geneous multiscale method for linear
problems

In this chapter and next, we consider the linear elliptic problems discussed in Chapter 1 in a
bounded polyhedron domain Q c R4, d<3,

-V (af(x)Vut(x)) f inQ,
ut(x) = 0 onodQ, (4.0.1)

where we assume that a®(x) = a(x, 7) (with macro-micro scale separation) is symmetric uni-
formly elliptic and bounded (see in (1.0.1)).

As can be seen from the discussion in Chapter 1, the main cost of the FE-HMM comes from the
computation of the cell problems, whose number and DOF increase as we refine the macro mesh
for an appropriate approximation of the homogenized solution. In this section we explain how
RB can be coupled to the FE-HMM to drastically reduce the cost of solving repeatedly a large
number of cell problems.

4.1 Parametrized micro problems and numerical homogenized ten-
sor

In what follows, it will be convenient to change several notations defined in Chapter 1. We denote
the micro FE space by $7(Ks,, /) instead of $7(Ks,, J,) to emphasize on the degrees of freedom
(DOF) & of the micro FE space. Likewise, the micro function v?(j, solution of problem (1.2.16)
will be denoted by vy k;- We first notice that Uy K; can be decomposed as

H
avlin,j

axi

d .
U,k () = Vg 10+ 2 Ky g, (0 4.1.2)
i=1
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where XLV K‘(x), i=1,...,d are solutions of
K

f ag(x)inVKj(x)'Vz,/y(x)dx:—f at(x)e;-Vz y(x)dx VZJVES"(ng,g/V). (4.1.3)
K5 ’ Ks

j j
We now map a sampling domain Kj, in the reference domain Y through x = Gij () =xk; +6y

and consider )ZLV k. the solution of
N

bRy xp2n) = fy e, MV Ay (1) V2x (1)dy

= —fY aij(y)ei-Vz/V(y)dy =:1i(Zy) Yz €eSIY, N), (4.1.4)

where we note that a® (Gij () can be parametrized by Xk, € Q and we therefore use the notation
Ay, (y):= ag(Gij (). The FE space S(Y,./) has a triangulation 97, with A" = @ (h~%) denoting
its degrees of freedom. Functions in S7(Y, 4") will have a subscript A (e.g., 2.4). It is easily seen
that

d 61}5’”.
VA K = Ul () +0 X Xk, (G, () —5 == (4.1.5)
i=

The following reformulation of the FE-HMM makes a link between the micro problems and the
effective tensor obtained by the above micro-macro procedure. We have [5, Lemma 5.4],[4]

1

i) a* (X)V vy k() Vwy,x, ()dx = a’y (xg, )V (xg,) - V' (xx). (4.1.6)
5]' 6j

Inserting (4.1.6) in (1.2.15) we obtain

J
By, w'y:= 3 Y wxal, (xx)Vug, O) - Vw' (xx), 4.1.7)
KELO/—H_]'Zl
where
(@ (xx,)ik = fy g, (V) (V)Z;V,Kj(yHei)-(V)Z W,Kj(y)+ek) dy. (4.1.8)

and )ZLV Kj’iﬁv, K are the solutions of (4.1.4).

Remark 4.1.1. Similarly to (4.1.7), we have the following bilinear form

J
Bpw™, wyi= Y Y ok @ (xx) Vo (xx) - Vw' (xk), (4.1.9)
KESTH]'ZI
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where a@° is obtained from (4.1.8), assuming the solutions of problem (4.1.3) are computed exactly.
For the analysis in Section 4.5, we also need the auxiliary problem corresponding to the FE
discretization with numerical quadrature of the homogenized problem (1.1.3), i.e., the solution
u%H of (1.2.10) in Chapter 1.

4.2 Model reduction

Inspired by the parametrization of the solutions of the micro problems (4.1.4) in the reference
domain, we now describe a model reduction strategy for micro functions used in the FE-HMM.
The overall idea is the following. Instead of computing micro functions in each macro elements
at the quadrature points, we identify a small number N of carefully precomputed micro functions
(to construct the RB space), whose supports can be chosen in the whole computational domain
as sketched in Fig.1 (offline stage).

m | o« | B | g

§ R

Figure 1: The supports of the RB functions.

In the online stage, the solution of cell problems at the given quadrature points of the macro
elements are then computed in the RB space. No mesh, neither stiffness matrix assembly is
needed for these later problems which require only the solution of small linear systems of size
N x N. Let Ts = x; + (-6/2,6/2)% be a sampling domain centered at x; € €, chosen such that
Ts < Q. For {(Ts,ey); Ts <Q,n = 1,...,d}, we introduce the space of "cell solutions",

M) = T n=1,..,d), (4.2.10)

where fnﬂ T () : Y — R are the solutions of (4.1.4) associated with the mapping Gy, i.e., with a
tensor ay, (y) = a®(Gy, (y)) and with right-hand side I (). The functions fnﬂ T, are computed very
accurately. The DOF .4 of the FE space S9(Y,./) is thus assumed to be large.

Affine representation of the tensor. A suitable representation of the tensor ay, (y) is crucial for
the efficiency of the RB method (more precisely, we look for an affine parametrization). The
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simplest case is when ay, (y) is directly available in an affine form

Q
ax, () = Y_ Oq(xr)aq(y), VyeY. (4.2.11)
q=1

Q
@) P(y)
P'I (y)
P3(y) P
P;(y)
Ps(y) Pa(y)
Y .
oe<—Ym
© °
.
.
° °

Figure 2: The EIM basis functions {Pq (y)}z:l and the interpolation points {ym}fnz1 on the
reference sampling domain Y.

If a representation as (4.2.11) is not available, the empirical interpolation method (EIM) [37, 771,
can be applied to obtain an affine approximation of ay, (y) in the form

M
ay () =Y. qx)pgy). 4.2.12)
q=1

The idea is to approximate the function ai\f (y) by linear combination of "snapshot" { Px,, (62
Px.,, (»)}. For an arbitrary x; the linear combination to approximate ai\f (y) will be based on
interpolation points yj,...,ym in Y. The space of snapshots, called Sﬁ}M =spanipq(y), 9 =
1,---, M} and the interpolation points { ym}%[:1 are computed in an offline stage with the help of
a greedy algorithm controlled by available a posteriori error estimates. In the online stage for a
given ay_ (y) compute (4.2.12) as follows

* evaluate ay, (y,,) at the interpolation points { ym}],‘n”:l;

* solve the interpolation problem (a M x M linear system)

M
Y Paym@q(x:) = ax, (ym), m=1,..., M, (4.2.13)
g=1

to find <Pq(xr)2/[:1~
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We refer to Section 4.6 for numerical computations with affine and nonaffine multiscale tensors.

A posteriori error estimator. Crucial for the selection of the reduced basis functions is an
appropriate a posteriori error estimator. For a given sampling domain T5 c Q let ¢ f/‘,yTa, ¢ 5V,T5 €
S9(Y, /) be the solutions of (4.1.4) with right-hand side /;(-), (), respectively, as described
above. Assume next that S;(Y) is an I-dimensional linear subspace of S7(Y,./) and consider

;"Té, ¢ de the solution of (4.1.4) in S;(Y) with right-hand side /; (), I (-), respectively. Define the
following two numerical homogenized tensors

(@ 7, ik = Laxr(y)(véti/‘/,n()/)"'ei)'(Vé\l]j‘/’Té(y)'Fek)dy, (4.2.14)

(@, )ik = fy ax, () (V€L 1, ) + &) (VEE 7, (1) + i) dy. (4.2.15)

We first need the following lemma (see [1, Lemma 3.3]).

Lemma 4.2.1. Consider the tensors “SV,T(; (%), a?y Ts (x7) defined in (4.2.14), (4.2.15), respectively.
Then

@y 7, ek = (@) 7, (Xe))ik] =

| fy ax, () (V€L 1, ) = V& 1)) (VEE 1, 00— VEE, () dy. (4.2.16)

Proof. The proof follows the line of [1, Lemma 3.3]. We sketch it for completeness. As S;(Y) c
S9(Y, /) we have

1@y 7. (e ik = (@) 7, (X)) i

= | fy aq ) (VE . ) - VE, 1. (7)) -exdyl

_ £i £i tk tk

= fy () (VEh 1,00 = V& 1 )] (ex + VEE 1, 10 - VEE, 1 () dy

= fy ax, () (VEL 1,00 = V& 1)) (-VEE, 1 ) ay

and the proof follows easily by further adding and subtracting the quantity vé ;C 7, (V- O

Notice that we have used the symmetry in the above proof. This proof is however valid without
symmetry (by using the solution of a dual problem corresponding to (4.1.4), see in [57] or [26,
Lemma 4.6],[23]). Next we derive an a posteriori estimator, which allows to control the accuracy
of our output of interest (the numerically homogenized tensor). The procedure, which follows
standard residual based estimates, is crucial for RB and has been extensively discussed (see [93]
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and [45] for a discussion in the homogenization context). Define

e =& —E . (4.2.17)
Using (4.1.4) we see that

b(é;"Tﬁ,z,V) = b(éj,Té,zﬂ) —1i(2.y), Y2 € ST(Y, N). (4.2.18)

The right-hand side defines a linear form on S9(Y,./"). Hence by the Riesz theorem, there exists
a unique é; T, € S9(Y,. /) such that

b(éfyTﬁ,Z/V) = (é;,Ta,EW)W, (4.2.19)

where (-,-)y, defined as (v, w)y = [, Vv-Vwdy, denotes the scalar product in the space # (Y)
defined in (1.2.12) or (1.2.13). We notice that é;,T5 can be computed numerically in an efficient
way thanks to the affine representation of the tensor ay, (y). This leads to define the residual of
the a posteriori error estimator as

el

LTs "™ (4.2.20)

ALB

Here A1 p is an approximation of the coercivity constant A described in (1.0.1). To compute AE,T(;’
one needs to solve (4.2.19), which is parameter dependent. Thanks to the affine representation
of the tensor, (4.2.19) can be decomposed into several parameter independent FE problems that
can be precomputed. Hence, the residual (4.2.20) is cheap to compute which is crucial to get the
efficiency of the a posteriori control in the greedy algorithm (see [92, 96] for details). The next
lemma gives the bound of the error in quantities of interest (e.g., the numerical homogenized

tensors or the cell solutions) in terms of the residual (4.2.20).

Lemma4.2.2. Leté é Té,é’ f/v T be the solutions of problem (4.1.4) in S;(Y) and S9(Y, /), respec-
tively, and éf,T,;’M,Ty “gv.Ta (x7), a?y T (x7) be the quantities defined above. Assume that the ap-
proximation Apg of the coercivity constant (1.0.1) satisfies0 < A g < A. Then we have

0E} 7 =&y ek, <A 7, (4.2.21)
S Al

0E L =&y < —2 (4.2.22)
TIs N, Ts \/E’

Ag i\ ;

(TA;’T‘S) = |(aSV,T§ (xX:))ii — (“?,T,; (X:))iil = (A;,T(s)z’ (4.2.23)
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where A is the continuity constant defined in (1.0.1) and | - |l g, 1, is the energy norm defined by

1/2
Ilvlle,r, = (b(v, v)/?:= ( fy ax. YVv(y)-Voydy| . (4.2.24)

. . A _ A 7 . AT 2 _ -7 AT
Proof. The proof is standard. Plugging Z 4 = e}yTﬁ in (4.2.19) we get |Ie§,T6 IIg,Kj = (e;,Tg’ e;,Ta);//.
On one hand, from the coercivity of (4.2.19) and the assumption on 1y 5 we get

&, Iy

’

8! <
R
hence (4.2.21). On the other hand, using the inequality v/ A5l é;,Tﬁ [l < éf,T5 e, easily.leads to
(4.2.22). The inequality (4.2.23) then follows from (4.2.16), (4.2.21) and the inequality || é; T [l <
NS -

Remark 4.2.3. From (4.2.23), we can see that the stability factor A p plays an important role in the
efficiency of the a posteriori estimator. There are two efficient methods proposed in [72, 96, 92] to
compute A g. We simply mention them here (notice that for both methods, the affine representation
(4.2.11) of the tensor is required). The simplest method is the "min® " method, where Arg(x;) is
estimated by

O4(xr)
Arg(x7) =( min
B(%7) (qe{l,-~-,Q} 0, )

YA(Xy), (4.2.25)

where X; is a randomly chosen point in Q. The "min® " method, however, requires that the tensor
(4.2.11) satisfies the following properties: (i) ©4(x) >0, =1,---,Q,Yx € Q; (ii) ag(y){-{ =0,V €
R%, y € Y. The above conditions might be restrictive for some applications. A more general but
more involved method is the successive constraint method (SCM). This method is based on an
offline-online strategy. The SCM offline stage relies on a greedy procedure and is costly, but the
online procedure is very efficient. The advantage of this method is that it is a robust and general
method which works for all kinds of affine tensors (we refer to [72, 96] for details).

Offline stage. We select by a greedy algorithm N couple (T5,,1,), where T5, < Q is a sampling
domain and 71, corresponds to the unit vector e;, belonging to the set canonical basis of R4,
wheren, € {1,...,d}. Corresponding to the N couple (T5,,1,), we compute é"‘/";%n (+), the solution
of (4.1.4) with a tensor given by ax,, (y) (xz,, is the barycenter of T, ) and a right-hand side given
by 1), (-). The following greedy algorithm to determine successively {(T5,, 7, é Z";’Tﬁn ), n=1,...,N}
is based on the usual procedure of the RB methodology (see [93, 96]).

Algorithm 4.2.4 (Greedy procedure). Denote by | - Iy the norm associated to the space # (Y)
(defined by (1.2.13) or (1.2.12)). Given two parameters, Nrp the maximum basis number, and
tolrp a stopping tolerance:

1. Choose randomly (by a Monte Carlo method) Nyyqin sampling domains Ts, in such a way that
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Ts, < Q. Define the "training set" Zgrp = {(T5,,Mn);1 <Np <d,1 <N =< Nyrain} 1

2. Select randomly (Ts,,1m1) € ZErp and compute ‘fw T’ the solution of (4.1.4) with right-hand
side I, () in S9(Y,.N), corresponding to the selected pammeters (Ts,, n1). Setl =1 and define

r’71

gl,ﬂ(}’) and the corresponding RB space S1(Y) = span{{l '}

3. FOT‘l:z,...,NRB

a. Compute for each (Ts,n) € Erp the solution 57_1 T of (4.1.4) with right-hand side (") in
S;-1(Y) and the reszdualAl LT defined in (4.2.20).

b. Select the next reduced basis by choosing

n
(Ts,,m1) = argmax (T5,mME=Rp Al 1L,Ts’

provided that max (7 nezp, " )2 > tolgrp ?, otherwise the algorithm ends.

[-1,Ts

c¢. Compute f N5, the solution of (4.1.4) in S9(Y, N corresponding to the selected parameters

(Ts,,m0). Setfl,ﬂ y) = % the [—th RB basis function, where

Ry(y)= M& ) - Z(EW Ty o)

Define the RB space S;(Y) = Span{él’ﬂ,...,él’ﬂ}. Setl=1+1 and go back to a.

We emphasize that while constructing S;(Y), with é 1.+ (¥) being a linear combination of the
solutions of (4.1.4), our output of interest is (4.1.8) that can be computed using the RB (see
Lemma 4.2.1). From Lemma 4.2.2, we know that the the square of the residual ATII, T gives an
a posteriori error estimate for the output of interest, hence, (AZ Té)z is the quantity that needs
to be controlled in the above algorithm. We note that even though (4.1.4) has to be solved for
each parameter in Zgp in the step 3.a., this procedure is moderately expensive as (4.1.4) is solved
in the RB space S;_;(Y) of small dimension [ — 1 < N. A similar remark holds for the residuals
A7 T that need to be computed for each parameter in Zgp, but only rely for these computations
on precomputed quantities (computed once for the whole offline procedure) and small linear
problems involving the current RB space S;_1(Y).

Output of the offline procedure. The output of the above procedure is the RB space

Sn(Y) =span{é, 4 (y), n=1,.,N}. (4.2.26)

1 N, 4in should be large enough to ensure that the results of the greedy algorithm are stable with respect to other
choices of training sets.

2Notice that the error of the outputs of interest scale like the square of the error of the cell functions as can be seen
in Lemma 4.2.1 and 4.2.2.
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Rather than storing the reduced basis functions, using the affine representation (4.2.11) (or
(4.2.12)) described above, the output consists of the following matrices and vectors

(Ag)nm = fy aqg(NVenx () -Vémydy, (Fim:= fY ag(y)e; - Vém 4 (dy.  (4.2.27)

4.3 Online procedure and the RB-FE-HMM

We define a macro method similar to the FE-HMM, with micro functions computed in the RB
space. The method reads: find utRB ¢ Sg (Q, I g) such that

By rp(uTRB pH) :f fvdx, voll € 5@, Tm), (4.3.28)
Q

with a bilinear form given by

ij

J
Byrgv  why= Y Y

at(x)V v k; (X) - Vwn i, (X) dx, (4.3.29)
ey j=1 1Ks;1 i,

where vy, Kk; (X) (respectively wy;, k; (X)) is such that vy, K~ vﬁn j(x) €S N(K(s].) and

f af(x)VvN,Kj (x)-Vzny(x)dx=0, VzyEe SN(ng). (4.3.30)
Ks

i

The space Sny(Kj,) is defined through the mapping Gij 1Y — K5, as
Sn(Ks,) = spantdn, x (G, (x) = &n i, (x), n=1,., N}, (4.3.31)

The well-posedness of problem (4.3.28) is proved in the following lemma.
Lemma 4.3.1. Assume that (1.0.1) and that (Q1) hold. Then problem (4.3.28) has a unique

solution.

Proof. Similarly as in [1],[3, Section 3.3.1] we can show that

VUi sz iy < IVUN K L2 (i) < \/§||w{;.’n||$z(,(6). (4.3.32)
Using (1.0.1) and (Q1) we then obtain
GV < Bars@™, 0™, Burs™, w™) < GV g2 o) IVl 2
The Poincaré inequality and the Lax-Milgram theorem give the stated result (see again [1],[3,
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Section 3.3.1] for details). O

Fast solution of micro-problems. Owing to the affine form (4.2.11) of the tensor a?, the problem
(4.3.30) amounts to solving an N x N linear system (recall N is small). Indeed, we observe that

[(xX) = X0 anénk; (x) (4.3.30) reads

cps H
by writing vy k; — Vyinj =1

N d vl j
an | @ OV () Vemr(0dx==3 |  a*(x)e;-Vépk, (x)dx——=, (4.3.33)
n=1 Ks; i=1/Ks; 0x;

for all m =1,...N. Next, again thanks to the affine representation of the tensor (here we are
assuming the representation (4.2.11) for simplicity), (4.3.33) can be written as

N Q R R
2 n ), O4(xx;) fy agVEn () -V 4 Mdy

n=1 q=1
H
Q R avlinyj
==Y Y 040xx) | agyei-Vép x(dy——2, (4.3.34)
i=1g=1 Y 0x;
or equivalently
H
Q d (Q ;) 9Vlin,j
Oq(xx)Ag|a==)"| 3 O4(xx)F, , (4.3.35)
g=1 i=1\g=1 0x;

where the N x N matrices Ag, g =1,...,Q and the vectors FC’; eRY, g=1,...,Q,i=1,...,d are
defined by (4.2.27).

We emphasize that the matrices A, and the vectors Fg are assembled and stored in the offline
stage, thus (4.3.35) amounts just in building the linear combination by evaluating ©,(-) at the
desired integration points xg; (or computing the interpolation problem (4.2.12) when we rely on
the approximation (4.2.12) for the tensor ay, (y)) and solving the N x N system (4.3.35) for each
micro function at the quadrature points needed to assemble (1.2.15).

Reformulation of the RB-FE-HMM. Similar to the reformulation (4.1.7) for the FE-HMM, we
have

J
Bu s, w):= 3 Y o ayG)Voy, (x) - Vi, (), (4.3.36)
KEE/_H].ZI
where
0 _ s s~k
(aN(xK,))ik—fYaij » (VXN,Kj(J’)+ei)'(VxN,Kj(y)+ek) dy. (4.3.37)
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which is easily seen by noting that vy, K; (x), the solution of (4.3.30), can be written as

d v
_ H i -1 lin,j
UNK; (%) = vy, (X) +0 l:zl Ak G, (x))—axi , (4.3.38)

where )Zjv K (y) is the solution of (4.1.4) in the RB space (4.2.26).

4.4 Reconstruction of the micro solution

We briefly explain a procedure to obtain an approximation to the fine scale solution u* of problem
(4.0.1). While an error estimates || u€ — uRB|| can be obtained in the #2 norm for locally periodic

tensor (see Section 4.5), one cannot expect convergence between Vuf and VulRB H,RB

,asu
does not capture the fine scale oscillations of the solution (we do not have strong convergence
of Vuf towards Vu' in general). Inspired by the correctors in homogenization theory [74], a
numerical corrector for the FE-HMM has been introduced in [1, 60]. A numerical corrector,
computed in a post-processing step can also be defined for the RB-FE-HMM. Here we present

two approaches for such reconstruction.

For the first approach, which follows the procedure for the FE-HMM, we assume piecewise
linear macro solver. For any K € 9, we consider the function uy g — uRB ¥nown in the
sampling domain K, (see (4.3.30)). We then consider its periodic extension in K denoted by

(Unx — utRB) Iﬁ and define a corrector in every macro element K as

up()|x = w4 (up g — u BB, (4.4.39)

An error estimate for this procedure is available for the FE-HMM in [1, Thm. 3.11] Also simple,
this procedure requires to store the micro solutions in the sampling domains, and the periodic
extension might be cumbersome, specially for three dimensional problems with simplicial
elements. However, thanks to the precomputed RB space, the computational cost to solve a
micro cell problem in the present framework is largely reduced. This allows to consider a second
approach for the construction of numerical correctors. For a sampling domain of size ¢, given
x € K € 9, we can evaluate the reconstructed solution at this particular point by using

d i ()
u i = utP ) +e ) Ry 1. Gy l(x))’g’T, (4.4.40)
i=1 i

where T, = x + (—€/2,e/2)% and XﬁV,TE(G;I(x)) can be computed by solving (4.1.4) in the re-
duced basis space Sy (T,). We note that the second reconstruction procedure (4.4.40) allows
to use higher order macro FEMs, whereas for the first procedure (4.4.39), it would require an
interpolation procedure.
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4.5 A priori error analysis

In this section, we derive an a priori error estimate for the RB-FE-HMM. While a component of
the error (relying on the approximation property of the greedy algorithm) relies on assumptions
difficult to check in practice, by providing the analysis proposed here, describing the various
contributions to the global error is nevertheless of interest. Following [3], an error estimate
similar to (1.2.17) can be derived for the RB-FE-HMM.

Theorem 4.5.1. Letu®, u™"®8 be the solutions of (1.1.3) and (4.3.28), respectively, and that assume
that u® € #°71(Q). Assume further that Q1), (Q2) and (1.0.1) hold and that the tensor a°(x)
appearing in (1.1.3) is sufficiently regular. Then

12° = u BB ) < CCHE + Trrnmn), (4.5.41)
1u® — w BB || 4o ) < CCHO ™ + rranam), (4.5.42)

where
rumm = sup sup [la°(xg,) - a} (x|, (4.5.43)

Kegy XK; eK

and where the tensor a?\, is defined in (4.3.37) and ao(ij) is the tensor of the homogenized problem
(1.1.3) evaluated at the quadrature point xg;. The constant C is independent of H, N,/ ore.

Proof. Decompose the error into (|| - | stands for the £? or .#! norm)

lu® = w R <l = w4 = u R

)

where 1% is the solution of (1.2.10).

Following [54], we obtain ||u® — u®H|| ;1) < CH! and ||u® — u®H|| 42 ) < CH'*! for sufficiently
regular tensor a°. We then have

0,H H
, W )_

By rp(uRB |

0,H . HRB | Bo, (1
-u |71 =C sup

H
wHeS! (Q,Tr) w71

lu

Using the expressions (1.2.11) and (4.3.36) for By, iy and By gp, respectively, together with (Q2),
we can bound the right-hand side of the above inequality by Csupg,g, SUP ;. ek IIaO(ij) -

a?v(ij)Ilgll uO'HIIJﬂ(Q). Using the a priori bound IIuO'HIIJfl(Q) < Cllfll #-1(q completes the
proof. O

We further decompose

FHMM = TMOD +TMIC + TRB,
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with

= 0 -0
rMop = sup sup |a (xg;)—a (xx) |z,
KeTy x; €K

— =0 0
rmic = sup sup |la@ (xk;)—ay (xx)lz,
Keﬂ'HijeK

0 0
sup sup lla, (xg,) — ay(xx;)llz,
KEFIHijeK

TRB

where agv (xk;) is defined in (4.1.8) and a® (xk;) is the tensor appearing in (4.1.9). Error bounds
for the micro error rjs;c were first presented in [1] for linear elliptic problems and generalized to
high order in [3] (see also [4, Lemma 6]). Error bounds for the modeling error were first presented
in [60] (see also [22] for a situation where r);op vanishes). The aforementioned error estimates
can directly be used for the RB-FE-HMM. It remains to estimate rrp. Consider the space .# N (Y)
as defined in (4.2.10). We want to quantify how well .#Z*" (Y) can be approximated by the linear
space Sy (Y) of dimension N. Such a quantification relies on the notion Kolmogorov N-width.

Definition 4.5.2. Let F be a subset of W (Y). We denote the distance of F to any generic N—dimensional
subspace Wn(Y) of W by

E(F;Wy)=sup inf |x—yly.

xeF YEWnN

The minimal error E(F; Wy (Y)) is given by the Kolmogorov N-width of F in W

dny(EW(Y)) = Inf{EWF; Wn(Y)): Wn(Y) a N—dimensional subspace of W (Y)}.

It is difficult in general to quantify the Kolmogorov N-width of a given subset of #'(Y). In-
voking regularity of the set .#" (Y) with respect to the parameters one expects usually a fast
(e.g. exponential) decay of dy. Assuming such a decay;, it is not obvious that the particular
N - dimensional subspace of # (Y) constructed with the greedy algorithm enjoys such an
approximation property. This has been proved in [43, 48]. More precisely the application of [48,
Corollary 3] shows the following result. Assume that the parametrized cell solution space .#~"

has an exponentially small Kolmogorov N-width dy (.4 N W) <ce ™, with r satisfying

r>log(l+ (A/Arg)VAIA), (4.5.44)

where A, A are the coercivity and continuity bounds (1.0.1) and A p is the approximation of
the coercivity constant used in the greedy algorithm (see Section 3.2). Then the reduced basis
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method converges exponentially in the sense that there exists a constant s > 0 such that
~k _ sk —sN
XN, ) = Xy, Dl = Ce™7, (4.5.45)

forall Ke Iy andallij e K.

Theorem 4.5.3. In addition to the assumption of the Theorem 4.5.1, assume that the parametrized

cell solution space 4" has an exponentially small Kolmogorov N-width dn (4" ,W) < ce™"™V,
where r satisfies (4.5.44). Then,
1u® = uRB | o0y = CCHE + 7N + rygyc + rvon),s (4.5.46)
12® = BB o) < CLH M + 72N 4 e + avrop)- (4.5.47)

Ifin addition y', i = 1,...,d, the solutions (4.1.3) in W (Y) (see (1.2.13) (1.2.12)) satisfy

It Laean ;) < Ce~ 7\ /1Ks |, (4.5.48)
J

with C independent of ¢, the quadrature point xk;, then

h\2q
16— B o1 oy < C(H  + 72N + (E) + "moD), (4:549)
h\24q
1u® = uRB) oy < CCHH + 72N + (;) +rMoD), (4.5.50)

A R o . . . . . . p
where h =  is the microscopic meshsize for the micro problems of the offline stage, i.e., h =
@’(ﬂ_lld),

Ifin addition a®(x) = a®(x, x/€) = a(x, y) is Y -periodicin 'y, and a; j(x,y) € € (Q;W,}é‘;"(Y)) forall
i,j=1,...,d, then

rmop =0 ifW(Ks) =Wy (Ks,) and /e €N, (4.5.51)
£
rmop =CO+5) W (Ks) = 7, (Ks,) @ > €). (4.5.52)

Proof. The estimates (4.5.46),(4.5.47) follow from Theorem 4.5.1, (4.5.45) and Lemma 4.2.1. The
estimates (4.5.49),(4.5.50) follow from Theorem 4.5.1, the estimates for the fully discrete error in
[1] [5, Corollary 10] (see also [3, Lemma 10] and [4]). The estimate (4.5.52) has been proved in
[60] and the estimate (4.5.51) in [22]. O

We notice that using the estimate || uf — u°| 42 () < Ce valid for locally periodic tensor we can
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obtain an error estimate
H _ hy2q
”u:‘: u ,RB” 2( )<C(F[[+1 e 2SN (g) € r ),

measuring the approximation of u"%B to the fine scale solution in the #? norm. In Theorem 4.3,
various aspects of the convergence behavior of the RB-FE-HMM are described. The overall goal of
the RB-FE-HMM is to obtain an approximation of the effective solution . If the effective tensor
would be available, then, rates of convergence such as H? or H’*! for the #" or £? norm could
be obtained, provided adequate regularity of the effective solution u°. For effective solution with
singularities, appropriate adaptive mesh refinement techniques could be used. In both case, the
rate of convergence is described by classical FE analysis. To obtain similar convergence rates in
terms of the macroscopic meshsize with the RB-FE-HMM, we need to control the errors arising
from the multiscale methodology and the use of micro solvers to recover the unknown effective
data. These various errors are listed below

1. The microscopic error (%)Zq, where 1 = % = 0(N ~"4) is the microscopic meshsize and g the
order of the FEM used for the micro problems in the offline stage. In the RB framework, we use a
very accurate meshsize for this offline problems, i.e., micro solvers with large value .4 o f DOF.
This effort is compensated by the fact that we solve micro problems only for a fixed (usually
small number) of sampling domains distributed in the macroscopic physical computational,
compared to the classical FE-HMM, where micro problems with DOF proportional to the macro
DOF have to be solved in everymacro elements (notice that in this case, not only the microscopic

DOF but also the number of sampling domains increase while refining the macro mesh);

2sN' which quantifies how well the infinite dimensional manifold of

2. The a priori RB error e~
solutions of micro problems can be approximated by a low dimensional linear subspace, explain-
ing why a small number of micro problems usually suffice in the offline stage. In applications,
however, the RB a priori estimate is not used (and usually not known), but this a priori error can
be bounded (on both sides) by the RB a posteriori estimate which is computed during the RB

procedure;

3. The modeling error, which indicates the influence of the micro solutions on the sampling do-
main sizes and and micro boundary conditions. In general, this is a delicate question already for
the FE-HMM (without RB) and still a subject of investigation (see the discussion and references
in the reviews [3, 4]). In particular cases, for example for locally periodic tensors with period &, if
we set the cell domain size € and choose the center of the cells at the quadrature points, then
modeling error vanishes, i.e., rp;op = 0.

4.6 Numerical examples

In this section we apply the RB-FE-HMM to four test problems. The first three examples are 2D
problems with an affine tensor, a discontinuous affine tensor and a nonaffine tensor, respectively.
The fourth example is a 3D problem, representing heat transfer in a microchip first described
in [19] for the FE-HMM. In the offline stage, the micro functions are computed in the reference
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domain Y using a uniform mesh. We also use a uniform macroscopic mesh for the online
procedure to compute the RB-FE-HMM solution. Notice that nonuniform meshes could be
similarly used. Higher order implementation for 2D is inspired by [39] and for the 3D problem,
we use the software CUBIT version 11.1 [98] to generate the macroscopic tetrahedral mesh for
the discretization of the considered domain.

Numerical evaluation of the errors. Let u'! be the numerical solution and "¢/ be a reference
solution (for the problem (1.1.3)) computed on a fine triangulation J7,. The error "%/ — u'! in
the /! and £? norms are estimated by

- /2
e = NN o) (XY prgluttax) —u" (zx) )
Kegy, j=1
J
e = 150 (XY pigIVue) - vur @)

KEf'/_h ]:1

; 2 1/2 :
where we will use ||u"¢/ || ;1 @ ~ Ekeg, IVures 12 ) ' *- Here {zk;, px;} are quadrature points
on the fine triangulation 97 chosen such that the quadrature formula is exact for the degree of
the piecewise polynomials used to compute 1"/

Stability factor computation for the a posteriori error estimates. As explained in Remark
(4.2.3), an estimation of the stability factor Ay p is crucial to control the accuracy of the out-
puts of the greedy algorithm. In the numerical experiments below, we will use the “min®"
method when it can be applied (see Remark (4.2.3)), namely for the 2D and 3D affine examples,
and the SCM otherwise (for the 2D discontinuous and nonaffine examples).

4.6.1 2-D problems.

Let Q = [0,1]2. We consider the following problem

V- (@x)Vut(x) = 1, inQ,
uf(x) = 0, on 0Qp,
n-(@xVvVut(x)) = 0, onoQy, (4.6.53)

where for x = (x1,x2), 0Qp = {x; =0t U {x; = 1} and 0Qpx = {x» = 0} U {x» = 1}. We will choose
various oscillating tensors a® for the above problem. The tensors are chosen so that the ho-
mogenized tensors can be easily computed to be able to perform careful numerical test on the
behavior of the experimental convergence of the RB-FE-HMM. We emphasize that our numerical
method can be applied to more general problems, when an explicit form of the homogenized
tensor is not available (e.g., non-periodic or random tensors).
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2D affine multiscale tensor. We consider

a(x f)_ X2 4+0.2+ (xp +1)(sin2m L) +2) 0
’ 0 X3 +0.05+ (x1x2 + 1) (sin(2n2) +2) |’

with a corresponding diagonal homogenized tensor given by

1 1
0 -1
ap, (x) = d
n) fo X2 +0.2+ (x2 + D (sin@my;) +2) n

1 1
0 -1
ady(x) = d 4.6.54

229 (fo 240,05+ (x1xp + D(sin@ryn) +2) 7 2 (4654

In the offline stage, we use the P1-FEM and the P2-FEM respectively, to compute the RB for the
micro problems, that is, we take the FE space S9(Y,.A4") with g = 1,2, with a large number of
DOF (as usual in the RB methodology). Periodic coupling is used (i.e., S9(Y,.#) is chosen to be a
subspace of (1.2.12)). We also choose sampling domains that match the length of the period of
a®. To make a fair comparison, we take the same initial sample set Zzp for the computations
with the P1 and the P2 FEM. In both cases, the tolerance, set to tolrp = 5e-11, is reached by the a

Table 4.1: Parameters for the offline stage (affine tensor).

Offline stage P1-FEM P2-FEM
Meshsize for the micro reference domain Y | 1500 x 1500 | 1200 x 1200
Initial sample points number Zzp < Q 800 800
Tolerance for the offline stage tolrp 5e-11 5e-11
Stability factor method min © min ©
RB number 10 10
Final a posteriori error 1.7059e-12 | 2.7682e-11
Offline CPU time(s) 5330 42724

posteriori estimator after the selection of 10 reduced basis. The CPU time in second is reported
for our MATLAB computations. We see that the P2 FEM is approximately 8 times more expensive
than the P1 FEM for the offline stage. In Fig. 3, we report the decay of the a posteriori error
(AZ T5)2 that is fast, as expected.

With these precomputed RB spaces of micro solutions (obtained with P1 and P2 FEM), we
now perform online computation and compute the macro solution u/%8 with the RB-FE-
HMM. We use P1, P2 and P3 macro FEMs to compute /%8, The macro meshsize is chosen as
27" n=3,...,8. Areference solution 1%/ is computed by solving (1.1.3) with a tensor given by
(4.6.54) using a FEM with a 1024 x 1024 mesh and piecewise polynomials of total degree 3. The
behavior of the error of the RB-FE-HMM is shown in Fig. 4. In view of the estimates of Theorem
4.5.3, we can make the following observations. First, we notice that ry;op = 0 as we have periodic
boundary conditions for the RB-FE-HMM and sampling domains of size €. According to the
a priori estimates (4.5.50), (4.5.49), the micro error ry;;c should be of the order of 1077,10713
for the P1, P2 offline computation, respectively, while the macro error should be of the order
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Figure 4: Affine tensor example || uth BB _yref .
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The offline and RB space parameters are in Table
4.1. Online solver is P1-FEM, P2-FEM, P3-FEM respectively. The dashed lines are the reference

lines with slopes 2,3,4 for (a)-(c) and slopes 1,2,3 for (b)-(d).

2-nP+) 2=1P for the £? and .#! errors, respectively, where P is the order of the macro FEM
polynomials in the offline stage, the results are

and n = 3,...8. For the computations with P1
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in accordance with the theoretical results. Whenever the macro error reaches 1077, we lose
the expected convergence rates which may indicate that micro errors are of the same order of
accuracy (this can be seen in Fig. 4 (a)-(b)).

For the computation with P2 polynomials in the offline stage, one would expect the effect of
micro errors appearing for macro errors around 10~ '3, but we see in Fig. 4 (c) that the expected
convergence rates are lost for errors around 107!, Here we think that what is seen is the rgp
error term, i.e., the accuracy of the reduced basis procedure. Indeed, according to the a posteriori
error estimator (controlling this latter error), the accuracy reached for P2 polynomials in the
offline procedure with the given mesh is around 10711 (see Table (4.1)).

How does the RB-FE-HMM compare with the FE-HMM? We next show some comparisons with

u"RB computed with P1 offline and online polynomials.

Table 4.2: Comparison between RB-FE-HMM (P1-FEM as offline and online solver) and FE-HMM
(P1-FEM as micro and macro solver) for the %2 error.

RB-FE-HMM RB-FE-HMM FE-HMM
offline mesh 350 x 350 | offline mesh 500 x 500
Mesh %2 Error %2 Error %2 Error
8x8 0.0161 0.0161 0.0176
16 x 16 0.0040 0.0040 0.0044
32 x32 0.0010 0.0010 0.0011
64 x 64 2.5347e-04 2.5306e-04 2.7702e-04
128 x 128 6.3969e-05 6.3561e-05 6.9259e-05
256 x 256 1.6599e-05 1.6184e-05 1.7315e-05

Table 4.3: Comparison of CPU time between the RB-FE-HMM (P1-FEM as the offline and online
solver) and the FE-HMM (P1-FEM as the micro and macro solver). The offline CPU time is 193s
with meshsize 350 x 350 and 424 s with meshsize 500 x 500.

RB-FE-HMM FE-HMM
Online CPU Time (s) CPU Time (s)
Mesh with 1 processor with 1 processor
8x8 0.03 0.14
16 x 16 0.10 0.98
32x32 0.28 109
64 x 64 1.21 1760
128 x 128 4.92 27504
256 x 256 20.33 332410

We choose two different offline meshes, namely 350 x 350 and 500 x 500 and obtain 10 RB (as
previously). For the FE-HMM solution u', we use P1-FEM for both the macro and micro solvers,
where simultaneous refinement is needed according to estimates (1.2.17), (1.2.18)rmic. The
errors in the %2 norm and the computation time are reported in Tables 4.2 (error) and 4.3
(computation time). In Table 4.2, we see that the offline mesh of size 350 x 350 is fine enough to
get the optimal (quadratic) convergence rate. The simultaneous refinement for the FE-HMM,
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i.e., H=(h/e)=2"", n=3,...8, also gives the optimal (quadratic) convergence rate. The errors
for both methods are similar. Now we compare in Table 4.3 the computation time. Taking into
account the offline stage, we see that the total cost is an order of magnitude smaller for the
RB-FE-HMM except for very coarse macro meshes, where overhead given by the cost of the
offline computation for the RB-FE-HMM dominates the cost for the FE-HMM. As can be seen
from these computations, for errors smaller than 107, the RB-FE-HMM is always more efficient
than the FE-HMM.

Notice that in our comparisons between the FE-HMM and the RB-FE-HMM we only used P1
online macro FEMs. Because of the increasing number of cell problems that need to be solved
for the FE-HMM when using higher order macro polynomials (due to the increasing number
of quadrature points and related sampling domains), this method becomes very expensive. In
contrast, only the macro assembly is affected in the RB-FE-HMM (similarly as for standard FEM)
when using higher order macro solver. Thus for the RB-FE-HMM the cost of increasing the
degree of the macro polynomials is proportional to the macro DOFs only and is similar to the
cost of increasing the polynomials degree in standard FEM.

2D affine multiscale discontinuous tensor. In this example, we test the RB-FE-HMM on a
problem with an oscillating tensor discontinuous on the sampling domains. Such tensors
prevent the use of fast microsolvers (e.g., based on pseudo-spectral methods as proposed in [15]).
This is why we distinguish in our experiments continuous versus discontinuous affine tensors.
We assume that the reference domain is divided into three subdomains Y = Y4 U Y U Y with
different tensors in the different domains, discontinuous at the interfaces. The tensor is defined
by

X X X X

a(x) _) = aA(xy _)IA +ag (x» _)IB + aC(x’ _)IC)
€ £ € £

where Iy, I, Ic are the indicator functions of the domains Yy, Y3, Yc and aa(x, %), ag(x, 3),
ac(x, 7) are diagonal tensors with entries given by

I N X2 +0.2+ (x2 +1)(sin2w L) +2), i=1
AT 2 40.05+ (nxp+ DSinRr2) +2), i=2
S x)_ 3x1+x5+0.5, i=1
BT T\ e (cosn) +2), i=2

x .
acii(x,=)=x1+x+1,i=1,2.
€

Notice that the above tensor could model a material having different phases with different
conductivity properties in each phase. The discontinuities over the phases are illustrated in Fig.
5 (b)-(c). Table 4.4 provides information of the offline stage.

For this example, we use the FE-HMM solution with fine micro and macro meshes to compute a
reference solution (we choose a grid of 512 x 512 for the micro and macro meshes, respectively).
We display in Fig. 6 (a) the RB-FE-HMM solution with macro mesh 128 x 128. In Fig. 6 (b) we
report the 2 and .#' convergence rates (as we refine the macro mesh for the RB-FE-HMM). As
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(a) The substructure of the micro reference domain.

(b) Upper diagonal term of a(x,%) = a(x,y) with(c) Lower diagonal term of a(x,%) = a(x,y) with

(x1,x2) = (0.5,0.5). (x1,x2) =(0.5,0.5)

Figure 5: Domain and tensor.

Table 4.4: Parameters for RB-FE-HMM offline stage (discontinuous tensor).

Meshsize for the micro reference domain Y

901 x 901

Initial sample points number Zzg < Q
Tolerance of the offline stage tolrp
Offline solver
Method used to compute the stability factor
RB number

800
le-07
P1-FEM
SCM
40
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can be seen, we obtain optimal convergence rates for this example. This shows the efficiency of
the RB strategy in situations (discontinuous tensors) that prevent the use of fast micro solvers
taking advantage of the smoothness of the micro solution.

—e—H1 Error
| —*—L2 Error
02 0 10° 10" 10° 10°
0 0 NMacro

(a) uH,RB (b) "uH,RB _ uref"

Figure 6: RB-FE-HMM for discontinuous tensor. (a). RB-FE-HMM solution computed with a
128 x 128 online macro mesh. (b). The error || uf"RE — y’ef|| is displayed, where 40 reduced bases
are used for u"®8_ The online solver is a P1-FEM. The reference solution ©"®/ is computed by
the FE-HMM with 512 x 512 micro and macro meshes. The dashed lines are the reference lines
with the slope 1, 2, respectively.

2D nonaffine multiscale tensor. For the last 2-dimensional example, we consider a tensor that
is not in affine form. As mentioned in Section 4.2, we have to apply the EIM to obtain an affine
representation of the tensor to implement the RB methodology. We take a tensor of the form

x 2w X1 : X1 -1
a(x,=)1; = (\/(x1 +sin2m—) + 1.2)(x1 X2 + sin(4n—) + 1.5))

€ € £

X . X2 2 X2 -1
a(x, =)z = ((x1x2 +sin(57—=) + 1.2) (x5 cos(2n =) + x1 + 1.5))

£ £ fa

X X
a(x) _)12 = a(x» _)21 =0

£ €

chosen in such a way that the homogenized tensor can be computed easily for numerical
comparison purpose. It is given by

1
“(1)1 = (fo \/(xf +sin(2ry1) + 1.2)(x1x2 + sin(4my;) + 1.5)dy1)_1

1
agz = (fo (x1X2 +sin(5my,) + 1.2) (x% cos(2mys) + X1 + 1.5)dy2)71

0 _ 0 _
ajp = ay; =0
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In Table 4.5 we report the parameters of the EIM offline stage. We obtained 19 affine terms for

the first diagonal entry of a(x, %), and 26 terms for the second diagonal entry.

Table 4.5: Parameters for EIM offline stage.

Initial sample points number Zgj, < Q | 600
Tolerance of the EIM tolgiym le-06
Number affine terms for (a(x, £))11 19
Number affine terms for (a(x, f))gg 26
EIM CPU time(s) 5461

Table 4.6: Parameters for the RB-FE-HMM offline stage.

Meshsize for the micro reference domain Y | 1200 x 1200
Initial sample points number Zgg < Q 800
Tolerance of the offline stage tolgp le-08
Offline solver P1 FEM
Method used to compute the stability factor SCM
RB number 13
Offline CPU time (s) 57354
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Figure 7: Problem with nonaffine tensor. The error || uBB _yref ) ig displayed, where 13 reduced

bases are used for computing u/"%B_ The offline parameters are reported in Table 4.6. For the
online macro solver P1-FEM, P2-FEM, P3-FEM are used. The dashed lines are the reference lines
with slope equal to 2,3,4 in Fig. (a) and 1,2,3 in Fig. (b). The homogenized FE solution u"¢/ is
computed with a P3-FEM on a fine mesh of size 1024 x 1024.

Next, we report the parameters of the RB-FE-HMM offline stage in Table 4.6. Since the error
from the EIM process also influences the output accuracy of the offline stage, we choose a lower
accuracy requirement for the offline stage and fix rolgzp to be 1078, This tolerance is met by the
the a posteriori error estimator of the greedy procedure after the selection of 13 bases. As we fix
the tolerance at 10~8, we do not expect to get optimal convergence rates when the error is smaller
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than this threshold. Observe that here, an additional error term should appear in the rg s error
described in Theorem 4.5.1, namely the approximation error due to the EIM. Experimentally
we observe a plateau when the error reaches 10~7. Until this threshold, we observe in Fig. 7
optimal convergence for the RB-FE-HMM (with P1, P2 or P3 macro FEMs). Let us mention that
the tensor chosen here is continuous and that the performance of the EIM may decrease when
the coefficients vary discontinuously within a sampling domain (see [46, Chapter 5]).

4.6.2 3-D test problem.

The FE-HMM, as any numerical homogenization methods, can be costly for three-dimensional
problems, due to the repeated computations of micro problems on sampling domains, each
of them involving an increasing number of DOF as the mesh on the computational domain
is refined (remember that this requires the micro mesh on the sampling domain to be refined
simultaneously to the macro mesh).

The problem considered here is the heat transfer in a microchip (see Fig.8), as described in [19].
The volume of the smallest box containing the microchip is 12.2 x 12.2 x 1 mm3. The macro

Mold resin

Lead frame

Figure 8: 3D Macro domain structure [19].

domain Q is composed of three parts, Q = Q¢pip U Qiead frame U Qresin, the domains of the chip,

the leadframe and the package, respectively (see Fig. 8). The model equation is given by

-V (a@®Vud) f inQ,
n-(@uf)+au® = gg onodQ, (4.6.55)

where gg = 5863 WZ] and a =20 and

m

PR 1081051 x€Qenip,
0 otherwise.
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Here gg represents the heat flux entering the domain and the heat exchange with the ambi-
ent temperature and f is a heat source representing the power of the chip. We take different
conductivity tensors for each component. All the tensors are diagonal and given by

£ —
ijchip = 140,
1
az; leadframe = 4002001 +30)? 400(cos(x3m) + 1.5)(cos(2mx;/e) +1.1),

1
sin(67x,)+1.6

+3(cos(mxs) + I.Sxf +1.1)(sin(@nx;/e)+1.1) i=1,
+3(cos(mx3) + 1.5x2 + L.1) (cos(mxp/€) +1.2) =2,
+3(cos(mxs) + 1.5x2 + 1.1)(cos(6mxs/e) + 1.2) =3

£

aii,resin = sin(67x,)+1.6

sin(6mrx,)+1.6

We notice that a® hip is constant and we do not need to solve any cell problem on the domain
Qcpip. We thus apply the RB-FE-HMM strategy on Qjeqd frame and Qresin respectively. Table 4.7
displays the RB offline parameters. We see that 20 reduced bases are needed for this problem.

Table 4.7: 3D RB-FE-HMM offline parameters.

Domain Initial sample points number | Offline mesh | tolgp | RB number
Qieadframe 400 220 x 220 x 220 | le-10 11
Qresin 600 220 x 220 x 220 | le-10 9
319.4

319.35

1319.3

1319.25

1319.2

319.15

319.1

319.05

Figure 9: 3D RB-FE-HMM solution u/"®B. The offline parameters are reported in Table 4.7.
Online DOF: 37011.

A solution of problem (4.6.55) computed with the RB-FE-HMM is shown in Fig. 9. For this
computation a macro mesh with 37011 DOF is used. In Table 4.8, we show error estimates when
comparing the RB-FE-HMM solution u*#8 with a numerically computed reference solution
u"¢/ for the homogenized problem. For 3D problems, it is not a trivial task to compute an
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accurate reference solution. The reference solution is computed as follows. As a7,  , Frame and
£ . . . 0 O
a,.;, are diagonal tensors, the corresponding homogenized tensors A lead frame and a;; i

are the harmonic averages of the fine scale tensors. These harmonic averages (involving 1D
integrals) are further evaluated by using an accurate numerical integration scheme.

Because of the difficulty to obtain an accurate reference solution, we only display the accuracy
of the RB-FE-HMM for one refinement step. A refinement step (corresponding roughly to a
meshsize divided by two), starting with the initial mesh with 37 011 DOF (corresponding to 190
081 tetrahedra), leads to 278 123 DOF (corresponding to 1 520 648 tetrahedra). The reference
solution is computed with a mesh with 2 108 977 DOF (corresponding to 12 165 184 tetrahedra).
We display in Table 4.8 the error in various norms, when we refine the macro mesh. We see that
the 7! and the £? errors have the expected decay rate.

Table 4.8: Error estimates for problem (4.6.55). The solution "¢/ is computed with 2108977
DOE ||u"®/ || 4 = 24.2616.

H,RB_,ref o

Online mesh DOF | |ufRB| 4 | ||ufPRB — uref||$2(g) |t RE — Uref”a"é" Q) I ”umeﬁxoclJz) =
37011 24.2465 0.0001665 0.0214941 0.0002173
278123 24.2604 5.6277e-05 0.0081573 7.9756e-05

We emphasize that once the reduced 20 bases are computed in the offline stage, the online stage
is quite inexpensive. In contrast, computations with the FE-HMM would require to solve a very
large number of cell problems on sampling domains (about 1.5 million for the mesh with 278
123 DOF), with a meshsize adapted to the rate of decay of the macro meshsize. For a macro
mesh that is not overly coarse (this is already required to properly represent the geometry of the
microchip), a computation with the FE-HMM is much more costly than with the RB-FE-HMM,
even for a single computation when taking into account the offline and the online costs for this
latter method. For such 3D problems it is thus very advantageous to use the RB-FE-HMM even
for computation with low order (piecewise linear) macro FEMs.

4.6.3 Discussion

We have presented in this chapter an efficient FEM for high order discretizations of elliptic
homogenization problems based on micro-macro solvers combined with a RB strategy. In our
new method, the RB-FE-HMM, repeated FEM computations of micro problems (at quadrature
points of a macro mesh) are avoided. These repeated micro computations are the main compu-
tational overhead of a numerical homogenization method such as the FE-HMM, when accurate
macro solutions need to be computed. In turn, the RB-FE-HMM is not only more efficient for
high order macroscopic disretizations, but also for three-dimensional problems, already for
low order macroscopic discretizations when even a single micro problem in each element of
the macroscopic mesh is expensive to compute. Using interpolation techniques following the
reduced basis methodology, we showed that an efficient numerical method can be designed,
relying only on a small number of accurately computed micro solutions. An a posteriori error
estimate for the selection of representative micro solutions has been discussed. We have derived
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an a priori error analysis which allows to describe the decay rate of the various discretization
errors involved in our numerical approach. The efficiency of the RB-FE-HMM strategy has been
illustrated by several numerical examples and comparisons with the classical FE-HMM have
shown significant improvements.
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Adaptive reduced basis finite element
heterogeneous multiscale method

Following the discussion of the previous chapter, we present in this chapter a posteriori error
control and mesh refinement strategy for the RB-FE-HMM which can be widely applied to many
practical engineering problems. Being able to refine the computational mesh adaptively, based
on a given actual numerical solution is of prime importance. Adaptive methods not only provide
a criterion that indicates whether a certain prescribed accuracy is met, but also estimate local
errors that allow to drive a mesh refinement that equi-distributes the approximation error (e.g.,
refining in the region where singularity in the solution or in the domain occur). The general
adaptive strategy for the adaptive FEM is based on the following cycle

Solve — Estimate — Mark — Refine.

The procedure can be understood as follows. One first solves the partial differential equation
numerically on the current mesh and computes an a posteriori error by defining suitable error
estimators that give estimations of the actual error between the computed and the true solution
(in a certain norm). Then, according to the distribution of the error estimator in each element,
one marks the elements which have the largest contribution to the estimated error, refines the
marked elements and goes back to the step "Solve". The essential step for adaptive method is the
construction of reliable error estimator. While, for single scale problems, there is a large literature
for adaptive methods (see for example [27, 105, 87, 41, 28, 38] and the references therein), the
literature for multiscale FE methods is more scarce, we mention however the work of Ghosh et
al. [78, 79], where an adaptive micro-macro method (based on Voroni cell finite elements) was
proposed for elasticity problems. While a posteriori indicators have been derived, upper and
lower bounds in term of these indicators that take into account macro and micro meshes were
not derived. We note also that the algorithm has been extended in [79] to account for model
adaptivity, i.e., correction of the homogenized solution where the model is not accurate enough.

One difficulty is that error estimators (that first need to be suitably modeled) depend on multiple
scales and the reliability of such error estimators depends on the accuracy of the resolution of the
fine scale. We briefly discuss an approach that is complementary to the approach described here,
namely that of the hierarchical and goal-oriented adaptivity for multiscale problems proposed
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and developed in [107, 89, 87, 88]. The goal there is the following: assuming that an effective
homogenization solution ©° and an effective problem are at hand, the task is then to improve
this coarse model in order to better approximate the fine scale solution in a given quantity of
interest. Assuming that Q(u?) is a quantity of interest (Q will be either the energy norm or a
bounded linear functional in this chapter), the general procedure is based on the decomposition
of the error into modeling error Q(uf — u°) and numerical error Q(u® — u) 1. The focus is then
on reducing the error Q(uf — u°) by an adaptive strategy that enriches the solution u° with fine
scale features (obtained by solving locally the fine scale models) based on suitable a posteriori
indicators. The term Q(u0 — ufh) is not analyzed in this work. It is mentioned in [89] that
"the choice of homogenization techniques has significant impact on the performance of error
estimators and the success of the (goal oriented) method". This is the focus of this chapter, to
propose an adaptive algorithm for the computation of Q(u — uf""*). As mentioned in Chapter 1
when the fine scale problem is not globally periodic, then the homogenized problem relies on
an infinite number of micro problems and they have thus to be properly localized and solved
with an accuracy that is proportional to the macroscopic mesh. In turn, variational crimes are
made which prevent the use of classical adaptivity techniques for FEM. Furthermore, as the data
of the homogenized problems depend on the accuracy of micro problems, this discretization
error has also to be taken into account while deriving a posteriori upper and lower bound for
the error. The accuracy Q(u0 —ufh) then depends on a macro mesh, and micro meshes (used
to solve the micro problems) and a modeling error (originating from the constrain between
micro and macro solvers). In the present work our adaptive reduced basis method is shown to
be an efficient and reliable method to compute adaptively Q(u° — u"'") and in this sense both
approaches focusing on Q(uf — u°) or Q(u° — u*"") are complementary and need to be carried
out for successful adaptive multiscale computations.

A posteriori error analysis for the FE-HMM has first been given in [90] based on a two-scale analy-
sis [81]. A posteriori error analysis for the FE-HMM in the physical energy-norm has been derived
in [20, 85] and the extension of the FE-HMM to goal oriented adaptivity (in quantities of interest)
has been discussed in [21]. For this latter adaptive method, the solution of dual problems (in a
higher macro FE space) are required. Both adaptive methods [20, 21] have proved to be useful
and more efficient than the FE-HMM with uniform refinement when the macroscopic domain
or the macroscopic solution exhibit singularities. But as mentioned above, the simultaneous
mesh refinement still represents a significant computational overhead that prevents to solve
efficiently three-dimensional problems adaptively, or to use adaptive higher order macro FEM.
In this chapter we discuss a new adaptive method based on the RB-FE-HMM introduced in
Chapter 4. This method, that allows to drive a macroscopic mesh refinement using the same
precomputed set of RB micro functions to estimate the effective data, improves significantly the
adaptive FE-HMM and provides a highly efficient adaptive multiscale computational strategy. In
particular this methods allows to use the same precomputed set of RB micro functions to:

Here we put a reference to the size of a macroscopic and a microscopic meshes, H and h, respectively to emphasize
that an approximation of the homogenized solution usually depends on at least two meshes. The macroscopic mesh
that meshes the physical domain and a microscopic mesh that meshes micro problems to retrieve locally the
parameters (tensors) of the homogenized problem.
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5.1. The energy norm based adaptive RB-FE-HMM

* drive a macroscopic mesh refinement and estimate the effective data;
* use higher order macro FEM in an adaptive procedure;

e compute primal and dual numerical homogenization problems for an adaptive mesh
refinement in quantities of interest;

* compute adaptively several online problems with different source terms.

We mention that the adaptive RB-FE-HMM could also be used for h-p refinement strategy.
Indeed, the generalization and the computational efficiency of the RB-FE-HMM for higher order
macro FEs make this method a good candidate for such simultaneous refinement methods that
remain up to now challenging for numerical homogenization methods such as the FE-HMM.

The chapter is organized as follows. In Section 5.1, we discuss the residual based adaptive RB-
FE-HMM and the corresponding a posteriori estimates for the upper and lower bound in the
energy norm. The goal-oriented adaptive RB-FE-HMM is presented in Section 5.2, where an
exact representation of the error in a quantity of interest is derived. Numerical examples for the
proposed method in two and three dimensions and comparison with the adaptive FE-HMM are
presented in Section 5.3.

5.1 The energy norm based adaptive RB-FE-HMM

In this section, we introduce the adaptive RB-FE-HMM. For simplicity, we only consider simpli-
cial macro FEs in what follows (notice that for such elements (Q2) implies (Q1), see Section 1.2.1).
For the RB-FE-HMM offline procedure we refer to Section 4.2 and here we start by discussing
for the online stage a posteriori error estimates in the energy norm. Such results have first been
obtained for the FE-HMM in [20] for linear macro FEs. To obtain a more efficient algorithm, we
apply the RB strategy for the adaptive FE-HMM and in turn avoid having to refine the micro
mesh simultaneously to the adaptive macro mesh refinement. We also prove the upper and
lower a posteriori error bound for arbitrary order of the macro FE space.

Reduced basis multiscale jump and flux. Based on the reformulation of the RB-FE-HMM dis-
cussed in Section 4.3, one can write (4.3.37) in the following form (see [4]),

ay(xg) = fy x, () (I+];,~NK_ (y))dy, (5.1.1)
I

where ]va . is a d x d tensor, defined as (]vax. (y))ik = (O)ZR,YKJ_)/(Oyk). Therefore one can show
K "

that for Vv € Sg (Q, 9 y) the relation below holds (see [5])

1 -1 0 u
|K5j|f1<5]. aij(Gij CNVonk, (0dx = ay(xk,)Vv" (xk,). (5.1.2)
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We introduce in each macro element K an interpolation polynomial HI;V - (x) € 2"1(K) based
on the J quadrature points used for the RB-FE-HMM (see [5, 20]). Assuming in addition to (Q2)
that J = %£(€+ 1), d=2orJ= é[(ﬁ+ 1)(¢ +2), d = 3, then we define

1 _ .
HIa(VvN(ij) = K5 |fK Ay, (Gx,}j ()Vonk,(X)dx, j=1,---,]. (5.1.3)
j i

The polynomial HI;WN is called “multiscale flux". Combing (5.1.2) with (5.1.3), we have
1&g, (k) = aly e ) Vot (). (5.1.4)

Remark5.1.1. Theinterpolation polynomialis uniquely determined by condition (5.1.3), provided
(Q2) holds and

]=%€(€+1) d=2,

]=é€(€+1)(€+2) d=3. (5.1.5)

With such a choice for ], one can deduce that l'IIa(V oy (x) € 1K) (see [20, 21]). We notice that
quadrature formulas for which (5.1.5) holds indeed exist (see [106, 101]).

We denote by K™ and K~ two macro elements with a non empty interface givenby e= K* nK™.
Now we define the RB multiscale jump on the interior interface e as

X, Je(s) = (5.1.6)

(HWUN(S) - aVU (5))-n, fore¢oQ,
0 for e c 0Q,

where n, is the outward normal vector of e on K ™.

Remark 5.1.2. When the macro FE space is S(l) (Q, Ty) with simplicial element, ] = 1 and we have
only one quadrature point per macro element. Then (5.1.6) can be simply written as

( K] fK* axK+(GxK+ ())Von g+ (x)dx—
HCZEVVN,K]](B = Lf Ay (GXK— (x))VUN,K’ (x)dx) ‘Ne for e ¢ aQ’ (517)
0 for ec0Q.

The energy norm based a posteriori error estimates. Following [21], we introduce the local
refinement indicator and the data approximation error.
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Definition 5.1.3. The local refinement indicator ng(K) is defined by

na(K)? := Hell f7+V T, 150 4 + Z HlITK, Tele ), (5.1.8)
ec 0K

and the local data approximation error is defined by
En(K)? := HR I M = f11%pn g + Mg, — @V RBI%, 0, (5.1.9)

where a® is the tensor of the homogenized problem (1.1.3) and f! is an approximation of f in the
space {g € £%(Q), glx € P™(K),VK € Ty}.

Remark 5.1.4. Ifthe macro FE space is Sé (Q,Jm), the local refinement indicator and local data
approximation can be written respectively, in the following way,

1 -
Nt = Hel f oy + 5 2 Hella®Vun kel e, (5.1.10)
ecO0K
En(K)? = Hgll f1 = f11 % i) + (@) = a )V PPN, (5.1.11)

We now explain how we obtain the expressions of the local indicator (5.1.8) and data approxima-
tion (5.1.9).

Lemma 5.1.5. Define e = u°

holds

—uf'RB_ Forvuve H& (Q), the following representation formula

Bo(e", v) ff vdx- Y, (X unm Ie (s)vds+f V- Ik, vdx
KeJy ecdkK

+ f (Mfg,,, — a’Vu"™) - Vvdx +f (f - fHvdx), (5.1.12)
K
where By (-,) is the bilinear form of the homogenized equation (1.1.3).

Expression (5.1.12) is instrumental to derive upper and lower a posteriori error bounds.

Proof. The proof follows [20, Lemma 9] and we sketch the idea. First we write

By(e™, v):ffvdx— Y | a®Vu*Pvudx.
Q Kegy K

We then add and subtract the term Y ge g, [¢ I1 aWN -Vv+ ffvdx in the above expression, use
integration by part for the expression ¥ e, [ a®Vu"®BVvdx, to finally obtain (5.1.12). O
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The following two theorems give upper and lower bounds of the error || u® — uRB| ;.

(@ in terms
of the local refinement indicator 1 g (K) and local data approximation error ¢ i (K). As the proofs

of the theorems are very similar to those in [20], we only sketch them here for completeness.

Theorem 5.1.6. (A posteriori upper bound) Letn (Q)? = ¥ ger, NH(K)?, Eu(Q)? = ke, €H(K)?.
There exists a constant C > 0, such that

lu® = uFE12,, o) < Cn (@) + (@)

Sketch of the proof: Due to the low regularity of the exact solution (only assumed to be in /! (Q)),
one considers the Clément interpolation operator I”ef of ef! = u® — u'RB where [He! €
S(l)(Q,Q'H) (see [55]). By adding the equation BH,RB(uH'RB, [Hely — Y KeTy foIHede =0to

(5.1.12) and writing 1//H =el — [HeH e obtain

Bo(e,ef) = fwade+ Y fv My, v dx+ Y f[[nm ey ds)

Kegy ecO0K

f(f fHyfdx+ Y f(HWuN—aOVuH'RB)Vede.

Kegy

The upper bound can then be obtained by using the Cauchy-Schwarz inequality and the property
||1,I/H |2y <CH Vet o2k of the Clement interpolation operator to the above expression.

Theorem 5.1.7. (A posteriori lower bound) There exists a constant C such that
naK)? < CUu’ = w12, +Enx)?),
where wg is the union of all the elements sharing an interface with K.

Sketch of the proof: The first step is to estimate the term Hz | f% + V- HI;W (€3] & 10 (5.1.8)
which is the so called interior residual. For that, one needs to consider an interior bubble
function y g in an FE space defined over a refinement Iy of Ty so that every K € 9 has an
interior node Xk in 9y (likewise every edge e of I not on the boundary 4Q mush have an
interior node in 9 ). For any K € 9, ¥k has the properties that 0 < g < 1, wx(%x) = 1 and
wk =0€ Q\ K. We choose the test function v = yx (f + V- 115, ), insert it into (5.1.12). By
applying the Cauchy-Schwarz inequality and the inverse inequality we obtain

HP| [T 4V -1, 120 0 < CUVET 120 ) + E(KD).

The second step of the proofis to estimate the jump residual which corresponds to the second
term in (5.1.8). Now we need to introduce the edge bubble function ¥,. Assume w, is the
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common edge shared by two elements Kj and K, and that x,,, € w, is an interior node. We
introduce the bubble function v, which satisfies ¥, (xy,) = 1, Yelow, =0, 0= ye(s) <1, Vs€ we
and ¥, =0 on Q\ (K; U K»). Then we choose the test function v(x) such that

v(0)|w, = (Mg, Te(Pe(s), and v(x) =0, x€ Q\ (K; UK).

aVuy

Inserting this test function into (5.1.12) and using the Cauchy-Schwarz inequality and the

estimate [[Vv| ¢2k,) < CH™12 [[HI,I(VMN]]eWenzz(we)» i = 1,2, we can show that

HIMEG, TelZpe, < CUVE 1%, +Er@i)?).

Combining the estimates for the interior and the jump residual leads to the claimed lower bound.

Remark 5.1.8. Let us have a closer look at the data approximation error. The contribution to
the data approximation error given by the term H12<|| f = 8 o2k depends on the accuracy of
the approximation f¥ of f. This term also arises in single-scale energy norm adaptive FEM.
For the second term || T, — a®Vu""® ”ifz(ﬂ)’ if one assumes that a(x) = a(x,x/€) = a(x, y)
is Y-periodic in y, a;ij(-, y)|x is constant and a;j(x,-) € 7//,[,1(;‘;0(1/), foralli,j=1,---,d, one can
prove that IIHI;WN — a®vyftRB | »2() < Crumm, where rpyvm = rvic + T're + I'mobp (See Section
5.2 for details). We note that ryic and rrp can be estimated similarly as for the RB-FE-HMM.
In particular, ryic will usually be small due to the requirement of having a very accurate FE
computation in the offline stage. Likewise rgrp will be small (even exponentially decaying with
respect to the RB number N) if appropriate smoothness in the macroscopic variation of the macro
tensor holds. For locally periodic problems, when the slow variable of the tensor is collocated with

quadrature points in the bilinear form (4.3.29), ryrop = 0.

Algorithm. For the adaptive RB-FE-HMM, one needs to have the offline outputs (see (4.2.27))
which can be repeatedly used for the online adaptive procedure. The adaptive online strategy
is quite similar to the adaptive FE-HMM. The algorithm is however much faster due to the
precomputed RB functions. We state here the complete algorithm.

Algorithm 5.1.9. The adaptive RB-FE-HMM

* Offline stage: Construct the RB space Sy (Y) following Algorithm 4.2.4 in Section 4.2 and
store the output (4.2.27).

* Online stage:

1.Solve Compute the macro solution u™BB op the current macro mesh by (4.3.28)-(4.3.30) and
the quantity @ fKﬁ aij (G;;_ (x)HV UN K; (x)dx at the sampling domains centered at
i J J
each quadrature point. Store the data for the following step.
2.Estimate Construct the RB multiscale flux va Uy and compute the RB mutliscale jump III'II;v un)-
Further, compute the error indicatorny(K) forall K € . If
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Y kegyN u(K)? < tol, the process ends otherwise moves to the next step, where tol is
given as a stopping criterion.

3.Mark Identify the macro elements marked for refinement following a suitable marking
strategy, based on the refinement indicator n .

4.Refine Refine the marked the elements by applying the newest vertex refinement strategy [49]
which keeps the conformity of the refined mesh. Go back to Step 1 with the refined
macro mesh.

Several marking strategies have been proposed in the literature, for example, [94, 100, 105]. Here
we follow the marking strategy E in [105] which consists in finding a minimal subset 9 of T3
such that} x5 Nu(K )2 = r’nyu(Q)?, where r € (0,1) is a pre-defined parameter.

Complexity comparison with the adaptive FE-HMM. Recall that for the adaptive FE-HMM we
need to refine the micro mesh simultaneously to the refinement of the macromesh. As a result,
the micro problems of the adaptive FE-HMM

* have to be recomputed in each refined macro element;

* have increasing number of DOF at each iteration of the macro refinement procedure.

In contrast with the RB-FE-HMM, the micro problems are solved in the RB space whose di-
mension is fixed, usually small and computed once for all in the offline stage The efficiency
improvement of the adaptive RB-FE-HMM compared with the adaptive FE-HMM is illustrated
numerically in Section 5.3.

5.2 Goal Oriented Reduced Basis Adaptive FE-HMM

In this section, we apply the RB technique to another multiscale adaptive method, the DWR
FE-HMM [21], which is based on the framework of the dual-weighted residual method. Here
we want to know the error in a certain quantity of interest, e.g., the value of the macro solution
at a certain point, directional point-wise derivative of the macro solution or the average of the
solution on a subdomain etc. Thus, the error estimators are designed to quantify the accuracy in
the quantities of interest. In turn, the mesh refinement is constructed in order to improve the
accuracy of the computed quantity of interest. Generally, we define a linear bounded functional
2 H(} (Q) — R to represent the quantity of interest. The main concern is the macroscopic error

eH .— 1,0 _ H.RB

in the form of quantity of interest, i.e.

g = g’ - gwhrB),

The construction of the error estimators relies on a primal problem and a dual problem that are
described below. In both primal and dual problems, the use of RB to compute suitable micro
problems can significantly improve the efficiency of the DWR FE-HMM.
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Primal and dual problems. The primal problem is the homogenized problem (1.1.3) that reads
in weak form

Bow®,v) = f fvdx, Yve Hy (Q). (5.2.13)
Q
We use u"RB to approximate u° and consider

By rp(uTFB pH) :f fvdx, voll € S5Q,Tm). (5.2.14)
Q

The dual problem of (5.2.13) consists in finding z° € H} (Q) which satisfies
Bo(, 2% = _£(¢), V€ HY(Q). (5.2.15)
Thus we can deduce that

Z W - ufPBy = By (u® — utRB ;0), (5.2.16)

We emphasize that when we say in the sequel that we compute a RB-FE-HMM approximation of
(5.2.13) or (5.2.15), it should be understood that we compute an effective solution based on the
fine scale model for (5.2.13) or (5.2.15). Of course we do not assume (5.2.13) and (5.2.15) to be
available.

We next consider a numerical approximation of (5.2.15) that will allow to estimate the right-hand
side of (5.2.16). We observe that for u*? (the FE solution without numerical quadrature of the
primal problem (5.2.13)), we have _#( u® —uty=oif taking an approximation zH of z° from the
same FE space as u!’ because of the Galerkin orthogonality. It has thus been suggested in [36, 84]
to use an FE approximation of the dual problem (5.2.15) in a higher order polynomial space. The
same strategy is used for the RB-FE-HMM. We thus consider the RB-FE-HMM solution z"%% of
(5.2.15) in the FE space s{Q, ), 0> ¢,ie. find 27055 s 1.

By s, 270%%) = g™, Vo' e ST, T, (5.2.17)

where By 4 is the RB-FE-HMM bilinear form (4.3.29) with an appropriate quadrature scheme
(i.e. satistying (Q2) for the higher order polynomial space).

HRB is computed using the same RB space as u™®8 (for the

Remark 5.2.1. We emphasize that z
micro functions). Thus the error ray is the same for both 2% and u™R® and fixed after the

offline stage. This also means that the cost to solve the micro problems in the online stage does
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not increase when using higher order macro FE space, since the DOF of the RB space remain
unchanged in the online stage.

The error indicators. Before we define the error indicators, we need to mention the definition
of the interior residual R; y and jump residual R; ;. These quantities are given by,

Rk = ) +v-@X,, (x),

aVuy

1
Ryu(s)le = —EIIHI;WN]]e(S),

where I, and [}, T.(s) are defined in (5.1.3) and (5.1.6), respectively, and f* is defined

in Definition 5.1.3.

aVu

Next, we give the definition of the local error indicator 1 ;g (K) and data approximation ¢ i, (K).
To distinguish them from the residual based indicators and data approximation, we will add a
subscript “G" (goal oriented) for these quantities.

Definition 5.2.2. The local error indicator is defined as
n1.6K) ;:f R,,Hz”'i’@dmf Ry pzt®ds. (5.2.18)
K oK

To guide the mesh refinement, we actually use the unsigned local refinement indicator defined as
NH,6(K) = nmH,c(K)| (see [21]).

Remark 5.2.3. The unsigned local refinement indicator i) g,g(K) leads to a good mesh refinement
but not optimal since it is always positive while the global (signed) error indicator (the summation
of the element contribution of (5.2.18)) allows cancellation between elements. This cancellation
cannot be expressed by i c(K) (we notice that finding the optimal mesh is already an issue
for single scale DWR). The mesh refinement based on f1,g(K) does nevertheless lead to good
convergence rates. One issue is that the decay of the error can have oscillation (see the numerical
experiments in Section 5.3.3).

In order to analyse the variational crimes introduced for example by using numerical quadrature
and computing z”*# in the higher order FE space S’ (Q, 93) etc, we need to introduce a suitable
data approximation error.

Definition 5.2.4. The data approximation error &y g(K) is given by

En(K) Oy uthRBy .y 7082 g x

I}
—
5
<]N
<

=
|
Q

HRB 0 _ %%

+

BO,K(uO— u

f (- """ ax, (5.2.19)
K
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where By  is the bilinear form By restricted to the element K.

The definition of data approximation error is motivated by the following exact DWR RB-FE-HMM
error representation.

H 0 H,R

Theorem 5.2.5. The exact representation of the error e’ = u® — u™ %8 jn the quantity of interest is

given by

FeM =Y npcE +&ucK). (5.2.20)

KEﬂ_H

The proof follows [21, Theorem 4]. We sketch the main steps. Considering (5.2.15) and taking

v =10 _ yHRB

, we can deduce

F —uft®By = By’ - uftRB, 8P 4 By(ul — uftRB, 0 — ;70 %B), (5.2.21)

where 10 is the solution of (5.2.13), z° is the solution of (5.2.15), %8 is the solution of (5.2.14),
and z”"*% is the solution of (5.2.17). The last two terms on the right-hand side of (5.2.21) are part
of the data approximation error. The first term can be further written as

Bo(u® — ufRB J71R%) :f szH'mdx—f (fH - 270 dx + By(u B, 270%%) . (5.2.22)
o) Q
By the definition of the multiscale flux and integration by parts, one can deduce that

Bo(u!lRB J7LREy  — _ Z fv kg, )" P dx

+

5 f[[naw ez ds
KeJy ecoK

> (HawN a®Vuh BBy .y 7RE gy (5.2.23)
Kegy

Combining (5.2.21) (5.2.22) and (5.2.23) proves the theorem.

The following result follows immediately from Theorem.5.2.5.

Corollary 5.2.6. The a posteriori upper bound is given by

|LZW’ - uB) < Y fu6K) + €6 K.

KEg'H
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According to the expression (5.2.20), whether } k¢, nx,6(K) can provide a good approxima-
tion to the exact error in the quantity of interest _#(ef) depends on the quality of the data
approximation error. The following theorem gives an upper bound for the data approximation
error.

Theorem 5.2.7. Assume that the triangulation is regular, that the homogenization tensor a°(x) is
smooth enough and that assumption (H1) and (1.2.19) hold. Assume the condition (Q2) holds
with o = 2¢ -2 (for primal solution) and o = 20-2 (for dual solution). In addition, assume that
(5.1.5) holds for the QF for the primal solution and that the multiscale tensor a; (-, y) is locally
constant for each K € Iy. Then we have for § y,(Q) = Y. ke, ¢ H,6(K) the following upper bound

5 h
Enc@| < C(H™+Clf- angz(Q)H;)zhrMomrRB). (5.2.24)

Proof. We sketch the proof for this theorem that follows the steps of the proof of [21, Theorem 6].
For the first term of (5.2.19), we apply the decomposition,

f (Mhy,, — a"VuRP). v "% dx (5.2.25)
K
- fK(HIa(VuN - HI;OWH.RB) V" dx+ fK(Hsoqu,RB —a’vutRBy. .y 7R g,

- -

1 11

Oqu,RB

where HI;OVMH, 2z (X) is the interpolation polynomial of a on the element K using the

same interpolation points as for HI;WN. By [21, Lemma 11], we have

h
|11 < C(=)?9 + rarop + TrB- (5.2.26)
&

Next, II vanishes by our assumption on the multiscale tensor.

The second term of the data approximation error defined in (5.2.19) can be estimated as follows,

0 H,RB 0 H,RB
Y 1By’ — uRE 0 — 7 RE))
K€3_H

h > h
<CH"+ (;)Zq +rvop + Trp) (HC + (;)2" +TI'MOD *+ T'RB)- (5.2.27)

As noticed in Remark 5.2.1, the dual problem has the same micro and modeling error (%)2" +
rymop + T'rp as the primal problem.

The third terms of the data approximation can be bounded as

Y IfK(fH—f)zﬂ'”@dxl <CIf7 - fllg2 - (5.2.28)

KEf'/‘H
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Combining (5.2.26),(5.2.27) and (5.2.28) gives the theorem. O

Remark 5.2.8. If the FE space for the primal problem is S(l) (Q,TH), the assumption on the multi-
scale tensor in Theorem 5.2.7 that a; (-, y)|k is constant can be removed. In turn, the term II is no
longer zero but can be bounded by CH L (see [21]).

Observe from Theorem 5.2.7 that if rgp is small (e.g., a fast decaying Kolmogorov N-width
holds), then the data approximation error for the DWR RB-FE-HMM is smaller than the cor-
responding data approximation error for the FE-HMM. Indeed, the bound for the micro error
r™MIC < C(%)zq = @(JV_%) for the RB-FE-HMM, depends on the fine mesh used in the offline
stage that is usually smaller than the micro mesh used for the FE-HMM (where a mesh pro-
portional to the macro-mesh is used for efficiency, see the complexity discussion in Section
1.2.4).

We next summarize our algorithm.

Algorithm 5.2.9. (DWR RB-FE-HMM)

* Offline stage: Construct the RB space Sy (Y) following Algorithm 4.2.4 and store the output
(4.2.27).

* Online stage:

H,RB

1.Solve On the current macro mesh, first compute the macro solution u and

@ fKa]— aij (G;I}]_ (x))VuN,Kj (x)dx at the sampling domains K5j of each quadrature

point. Then compute the dual solution R ¢ gt (Q,9) also on the current macro
mesh. Store the data for the next step.

2.Estimate Construct the RB multiscale flux va Uy and compute the RB mutliscale jump IIHI;WN]].
Further compute the error indicator ny,g(K) for all K € 9y as an approximation to
Ze™). IfY ke 7, INH,6(K)| < tol, the process ends otherwise moves to next step, where

tol is given as a stopping criterion.

3.Mark Mark the macro elements based on) i, (K) by a given marking strategy (e.g. maximum
marking strategy in [94, 100]).

4.Refine Refine the marked the elements e.g., by applying the newest vertex refinement strategy
(briefly explained in Section 5.3 ) which keeps the conformity of the refined mesh. Go
back to Step 1 (solve).

Remark 5.2.10. For the DWR FE-HMM, the introduction of the dual problem in each element
and its solution using higher order FEM leads to high computational cost (the number of micro
problems increases due to the need of using a higher order QF likewise the DOF increase in order to
match the accuracy of the increasingly refined macro FE mesh). With the proposed RB strategy, the
computation of the micro problems is decoupled from the macro adaptive procedure. Accurate
RB functions for the micro problems are computed once and can be used for the primal and dual
FE-HMM problems while macro meshes are refined. This brings huge computational saving as
can be seen in the numerical experiments.
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5.3 Numerical Experiments

In this section, we present numerical experiments for the energy norm based adaptive RB-FE-
HMM for a 2-D problem on a crack domain in Section 5.3.1 and a 3-D problem on an L-shape
domain in Section 5.3.2. We also present numerical experiments for the DWR RB-FE-HMM for
two types of quantities of interest in Section 5.3.3. In the whole section, we consider the model
problem defined in (4.0.1), with possibly non-homogeneous boundary conditions,

V- (a® (x)Vu(x)) f inQ,
ut(x) = gg onadQ, (5.3.29)

where £ = 4 x 107>, We choose for Section 5.3.1 and Section 5.3.3 tensors af = a(x, y) Y-periodic
with respect to y for which explicit expressions of the homogenized tensors are available in
order to be able to accurately quantify the errors. We emphasize that the algorithms proposed
in this chapter are valid for problems with general tensors. All the numerical simulations are
implemented in Matlab R2010b. The core code for the FE-HMM follows [19]. The refinement
strategy and FEM are partly based on AFEM@[49] which we shortly explain in the following.

Newest vertex bisection. In the later numerical experiments, we only consider this refinement
strategy. Let 9 be a shape regular triangulation of Q. For each element K € 9, we assign
the "newest vertex" to one of the vertices for the initial setting and call the opposing edge as
the refinement edge. Based on this setting, the newest vertex bisection can be implemented as
follows.

1. Bisect an element K into two children elements by connecting the newest vertex to the
midpoint of the refinement edge.

2. Assign the the midpoint of the refinement edge of the parent element as the newest vertex for
both children elements and their refinement edges correspondingly.

In order to keep the conformity of 9, some of the neighbouring elements need to be bisected
besides the marked elements in the adaptivity steps. We note that the nodes of the newly
generated mesh are nested with the old ones and the triangulation keeps shape regular and
conforming.

Numerical evaluation of the errors. Let 1!’ be the numerical solution and u"¢/ be a reference
solution (for the effective problem (1.1.3)) computed on a fine triangulation 9. The error
u'el —yM in the #' and £? norms are estimated by

J
_ /
epr = W N0 (X Y ok luax) - u (2 ))' ",
Kegy, j=1
J
_ 1/2
e = NN 00 Y Y px IV (zk) - VU (2 )P) 7,

Kegy, j=1
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. 2 1/2 :
where we will use || u"¢/ 721 @) ~ ke, IVu'ef |I$2(K)) . Here {zk;, pk;} is the quadrature for-
mula on the fine triangulation J73,.

Macro FEM and QF used in the examples. In the following examples, when using P1 triangular
(tetrahedral) elements for the macro problems, we choose the barycenter of the element as the
quadrature point and the weight & = |K|. When we use P2 triangular elements for the macro
problems, we choose the Gauss three points quadrature formula with barycentric coordinates
(1/6,1/6,2/3) and weights &; = |K|/3, i =1,2,3.

Computing environment. We note that all the numerical experiments were made with MATLAB
in a serial computing mode on a workstation with 16 CPU processors (8 cores). The RB-FE-HMM
could of course benefit from parallel computing environment. Finally, we will report computing
time (and comparison with the FE-HMM) for all the 2D experiments for which the linear algebra
(using the MATLAB sparse LU solver) is done reasonably well. For 3D, however, the unoptimized
linear algebra solver that we used does not allow to give meaningful computing time and we just
report the convergence rates.

5.3.1 Energy norm based adaptive RB-FE-HMM applied to crack problem

Let Q c R? be a square domain with a crack (see Fig. 1) and let f = 1, g; = 0. The diagonal entries
of the multiscale tensor are

X 2 . X1
a(x, ;)11 =x{+02+(x2+1.2) (s1n(27r?) +2),

X X
a(x,—)op = x% +0.05+ (x1x2 +1.5) (sin(2n—2) +2). (5.3.30)
£ £

The corresponding homogenized tensor is also diagonal and can be computed as (see [42, 74])

1 1
0 - dy)”!
@’ (n (fo X3 +0.2+ (x2 + 1.2)(sin(2m y1) +2) "
1 1
ao(x)22=(f 2 i
0 X5 +0.5+ (x1x2 +1.5)(sin(27y2) +2)

’

dy,) L. (5.3.31)

Offline stage. We use FEM with piecewise linear basis functions (called P1-FEM) as the offline
solver to compute the reduced basis functions and set the offline meshsize to 1600 x 1600 so
that the a priori error bound given in Theorem 4.5.3 reads rys;c = G(1077). As discussed in
[92], the error for the output of interest for the RB method, i.e., the numerical homogenization
tensor (4.2.23), can be bounded by the a posteriori error estimator max(r; nezy; (A’]V’ Té)z. In our
experiment, this error reads @ (10~!!) for the particular tolerance chosen (see Table 5.1) since
Max(rs,ne=pp
the same length as € and periodic boundary condition on the cell problems so that ry;op =0
(see (1.2.20)). As a result of the offline stage, we obtain 10 RB functions (see Table 5.1 for the

a7 Ta)z < tolgp = G(107!1). Furthermore we choose sampling domain sizes of
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Chapter 5. Adaptive reduced basis finite element heterogeneous multiscale method

Figure 1: The domain Q for the crack problem is in yellow. The red line describes the crack.

parameters related to the offline stage).

Table 5.1: Parameters for the RB-FE-HMM offline stage.

Solver P1-FEM
Mesh 1600 x 1600
Basis number 10
tolrp 5e-11
CPU time(s) 5100

Adaptive P1 RB-FE-HMM online stage. Now we start the adaptive online procedure. Here we
present two tests with different online solvers. In the first test we use P1-FEM as the online solver.
The corresponding a posteriori error estimator is defined in (5.1.10). In Fig. 2, we display the

macro solution u"RB after 17 macroscopic iterations of the adaptive RB-FE-HMM.

0.03
0.025
0.02
0.015
0.01

0.005

Figure 2: The adaptive RB-FE-HMM solution computed by P1-FEM on the crack domain.

We recall that the a priori error estimates for RB-FE-HMM derived in Section 4.5 read || utRB _
uollﬂm(m < C(H"+rgyppy) and || u™RB - u0||$z(m < C(H?+rgmp), where uRB ¢ S(l)(Q,JO—H). We
denote by M4, the macro DOF M, = G(H ~1/2y and replace H with 1\/} in those estimates

mac
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and obtain

H,RB H,RB

0
+ramm), lu —u || g2y = C( + rHEMM)-

mac mac

llu — | 71 = C(

We see in Fig. 3 that when the macro mesh is refined, the /#' and #? error decay with the
optimal rates (M, /2) and G (M. ), respectively. The reference solution u"¢/ is computed
with an adaptive FEM with piecewise quadratic polynomials called P2-FEM up to 25 iterations
with the initial mesh obtained by uniformly refining 2 times the final online mesh (final mesh
for u"#B). The number of DOF of 1"/ is given by 1 757 821. We can also observe in Fig. 3 that
the profile of the error indicator is parallel to the %! error, which corroborates the estimates of

Theorem 5.1.7.

1
——H ror

-G
4 - mac
10 { 2
——L _grror
- - - mac

107 - - M (Q)

Figure 3: The refinement indicator n5(Q) the #"' and £? errors of the macro solution (crack
Problem) of the adaptive P1 RB-FE-HMM for 20 iterations.

Adaptive P2 RB-FE-HMM online stage. In this test, we apply the adaptive P2-FEM in the online
stage. As we explained in Section 5.1, an interpolation polynomial HI;WN (see (5.1.3)) is intro-
SWN e 21 (K) is interpo-
lated on three quadrature points of the simplicial element. For the P2 RB-FE-HMM, the a priori
error estimate yields || "¢/ — u"'RB|| 4,1 o) proportional to G (M;,},.) and |u"¢f — u"'RB|| 4 ) pro-

portional to @(M;,3/2). We can observe in Fig. 4 that the errors for the adaptive P2 RB-FE-HMM

mac

indeed decay as @(M,,},.) and G(M,3/?) in the #' and £? norms, respectively. We can also
observe for the adaptive P2 RB-FE-HMM, that the decay of the error indicator has the optimal
A" error decay. The reference solution 1"¢/ is also computed by an adaptive P2-FEM similarly

as described in the first test (but with 20 iterations). The number of DOF is 9 721 276.

duced to define the high order a posteriori error estimator. In this test, I

Comparisons. Here we first compare the efficiency and accuracy of the adaptive RB-FE-HMM
with P1-FEM and P2-FEM as macro solvers. We then compare the performance of the adaptive
RB-FE-HMM with the adaptive FE-HMM.

* Adaptive P1 RB-FE-HMM and adaptive P2 RB-FE-HMM. We first present the online mesh
refinements in Fig. 5. The refinements of both P1 and P2 RB-FE-HMM can detect the crack

109



Chapter 5. Adaptive reduced basis finite element heterogeneous multiscale method

- Hl_{error -
---""mac ~

—'—LZ_?[Jror S
-~ - mac ~
ol =R )
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10°

Figure 4: The refinement indicator n(Q), the #' and £? errors of the macro solution (crack
Problem) of the adaptive P2 RB-FE-HMM for 46 iterations. Online CPU time 276s.

SR
&
3%
(a) 5iteration P1-FEM (b) 10 iteration P1-FEM
B
(c) 10 iteration P2-FEM (d) 20 iteration P2-FEM

Figure 5: Online refinement. (a) My, 4¢c = 365. (b) M40 = 1456. (¢) Mpqc = 180. (d) Myqc = 516.
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5.3. Numerical Experiments

and the P2 refinement is more concentrated at the vicinity of the singularities than the P1
refinement. This higher order macro FEM provides better convergence rates away from
the singularities and can therefore use coarser meshes. Now we compare the performance

Table 5.2: Comparison of the adaptive P1 RB-HMM-FEM and P2 RB-HMM-FEM.

P1 RB-FE-HMM | P2 RB-FE-HMM
# iter 20 19
e 0.0020 0.0011
ey 8.5412e-06 8.1887e-06
Mnac 27725 1750
Online CPU time 25.18 s 3.92s

of the two online solvers in Table 5.2. We can see that for similar errors, the number
of the macro DOF M, for the P2 RB-HMM-FEM is only 6.3% of the M}, . for the P1
RB-HMM-FEM and the time cost for the P2 RB-HMM-FEM is 15.6% of the CPU time for
the P1 RB-HMM-FEM. This shows the potential advantage of using higher order macro
solver for adaptivity.

* Adaptive P1 RB-FE-HMM and adaptive P1 FE-HMM. In this numerical experiment, we
compare the accuracy and time cost of the adaptive RB-FE-HMM and the adaptive FE-
HMM. In Table 5.3 we presents the /! error of both methods for each iteration and the
corresponding effectivity index which is defined as Eff := % For this test, the macro
error dominates so that in Table 5.3 the RB-FE-HMM and FE-HMM give almost the same
error e z1 and the same effectivity index Eff as the standard adaptive FEM. However, as
we see in Table 5.4, the CPU time comparison immediately shows the advantage of using
the adaptive RB-FE-HMM which yields the same accuracy as the adaptive FE-HMM with
only 0.14% of its computing time. Even if taking account the offline overhead, the adaptive
RB-FE-HMM takes only about 2.8% of the time used for the adaptive FE-HMM.

Control of the offline parameters. We next perform the offline algorithm with a 200 x 200
offline mesh instead of the 1600 x 1600 used before. We nevertheless keep the offline tolerance as
tol =5e—11 (similarly as for Table.5.1). The a priori error estimate for the RB functions computed
with this mesh indicates an error of ry;;c = O(107°). We note that the algorithm nevertheless
terminates when the a posteriori estimator for rzp indicates an error of 0(10719), We note that
this quantity is controlled by the a posteriori error estimator in the offline stage according to the
tolerance set by the user. We note that a failure to meet the offline tolerance could indicate a
poor decay of the Kolmogorov N-width originating for example from a lack of self-similarity of
the microscopic data.

We then apply the P2 adaptive RB-FE-HMM for the crack problem as the online solver using
the new offline outputs. As can be seen in Fig. 6, the %2 error becomes constant after a certain
number of iteration steps indicating that the error rj;;c dominates rj;4c. This experiment also
illustrates that by monitoring the online macroscopic error obtained by using different sets of
RB with different accuracy can be used to assess the rys;c error in an actual computational
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Table 5.3: Effectivity index and Z* error for the adaptive RB-FE-HMM, FE-HMM and FEM for
the crack problem.

RB-FE-HMM FE-HMM FEM
Iter no. | My,4c e Eff e Eff Eff
1 153 0.0309 | 10.2577 || 0.0309 | 10.2588 || 10.2577
2 182 0.0278 | 10.5756 || 0.0278 | 10.5766 || 10.5756
3 222 0.0247 | 10.8022 || 0.0247 | 10.8031 || 10.8022
4 287 0.0214 | 11.0437 || 0.0214 | 11.0444 || 11.0437
5 365 0.0184 | 11.2158 || 0.0184 | 11.2162 || 11.2158
6 489 0.0159 | 11.4192 || 0.0159 | 11.4196 || 11.4192
7 643 0.0139 | 11.5564 || 0.0139 | 11.5567 || 11.5564
8 831 0.0123 | 11.5224 || 0.0123 | 11.5526 || 11.5224
9 1097 || 0.0107 | 11.5932 || 0.0107 | 11.5934 || 11.5932
10 1456 || 0.0090 | 11.7484 || 0.0090 | 11.7485 || 11.7484
11 1981 0.0078 | 11.8570 || 0.0078 | 11.8571 || 11.8570
12 2626 | 0.0068 | 11.9613 || 0.0068 | 11.9614 || 11.9613
13 3438 | 0.0059 | 11.8667 || 0.0059 | 11.8668 | 11.8667
14 4648 | 0.0052 | 11.8540 || 0.0052 | 11.8540 || 11.8540
15 6237 || 0.0043 | 11.9844 || 0.0043 | 11.9844 | 11.9844
16 8566 | 0.0037 | 12.1085 || 0.0037 | 12.1085 || 12.1085
17 11320 || 0.0032 | 12.1627 || 0.0032 | 12.1628 | 12.1627
18 14960 || 0.0028 | 11.9973 || 0.0028 | 11.9973 || 11.9973
19 20503 || 0.0024 | 11.9997 || 0.0024 | 11.9997 | 11.9997
20 27725 || 0.0020 | 12.1779 || 0.0020 | 12.1779 | 12.1779

Table 5.4: CPU time comparison between the adaptive P1 RB-FE-HMM and the adaptive P1
FE-HMM for crack problem.

RB-FE-HMM | FE-HMM | trp/trg— gy (%)
Total online CPU time for 20 iterations 26.13s 186110 s 0.14%
Total offline-online CPU time 5126.13 s 186110 s 2.8%
procedure.

5.3.2 The energy norm based adaptive RB-FE-HMM applied to a 3-D problem on an
L-shape domain

In this example we investigate the performance of the adaptive RB-FE-HMM on a three dimen-
sional problem. We consider an exponential stationary model for the infiltration of a fluid in
unsaturated porous media. We choose here an L-shape computational domain (similar test
problems have been considered in [50, 61] for regular domains). The multiscale tensor is defined

as

a(x)i; = 10afx)eP @ +x2 + (- x3)2+0.5 i =1,2,3, (5.3.32)

112



5.3. Numerical Experiments
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Figure 6: Refinement indicator 1 (), #' and #? errors of the macro solution (crack Problem)
for the adaptive P2 RB-FE-HMM for 45 iterations with inaccurate offline outputs.

where
BE) = —at(0)((x1 — crpr ()% + (2 — €1 2 (X)) + (33 — 1 p3(x))%) -
((x1 = 0.8 = cop1 (1)) + (32 — 0.5 — Co i (x))* + (3 — 0.7 — Co 3 (x))?),
at(x) = !

20 +18sin(6r32 — (37 + 22)) )

and where p(x) = (u1 (x), g2 (x), p3(x)) is a uniform random mapping from Q to [0, 113 and ¢1, ¢
are constant parameters chosen to be ¢; =0.2, ¢c; =0.1. We set f =10 and g; = 0.5. In general
infiltration models, a® represents the microscopic permeability of the porous media. As shown

(a) Permeability a® (x) on Q (b) ay+ (y) on the reference sampling domain

Figure 7: (a) Permeability a®(x) on the L-shape domain Q. (b) a,-(y) on the reference
sample domain Y = [0,1]® with fixed macro variable x* = (0.750,0.625,0.125) and p(x*) =
(0.799,0.499,0.643).

in Fig. 7 (a), we can observe that the media has lowest permeability around points (0,0,0) and
(0.8,0.5,0.7). When we fix the macro variable to be x* and map a®(x) to the reference sampling
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Chapter 5. Adaptive reduced basis finite element heterogeneous multiscale method

domain Y = [0,1]3 by the mapping G+ defined in Section 4.2, we obtain the parametrized tensor
ax-(y) with respect to parameter x* which displays locally periodic pattern shown in Fig. 7
(b). Since the tensor a®(x) in (5.3.32) is not in an affine form, we need to apply the empirical

Table 5.5: Parameters for the RB-FE-HMM offline stage (3D problem).

Reference sampling domain Y | [0,1]3
Mesh 200°
tolgim le-5
tolgp 3e-7
Affine terms 11
Basis number 21

interpolation method (see [7]) to obtain the affine approximation of the tensor in the offline
stage. The offline parameters and output information are presented in Table 5.5. After the offline
stage 21 basis functions are obtained. Constrained by the computation environment, the finest
offline mesh generated is 200%. Considering the macro meshes we test in the online stage (the
macroscopic DOF My, 4 varies in the range of 325 to 63749 = 40%), the offline mesh is sufficiently

0.7
0.65
0.6

05

fine according to the estimates of Theorem 4.5.3.

H,RB

Figure 8: The macro mesh and u after 20 iterations.

In the online stage, we set the initial macro mesh to be uniform tetrahedron with M,,,. = 325.
We perform 24 iterations of the adaptive RB-FE-HMM. The solution u/"%B of the 20th iteration
and corresponding macro meshes on the surface of the segment obtained by a cut through the
plan z = 0.5 are displayed in Fig. 8. As shown in Fig. 9, the mesh refinement mostly takes place
in the vicinity of the singularities (the corners of the domain) which also illustrates that the
refinement indicators provide effective information for the macro mesh refinement. The error
indicator n 7 (Q2) for 24 iterations of the adaptive RB-FE-HMM is shown in Fig.10. We observe that
the error indicator decays with an optimal convergence rate G(M,,}/3). This again corroborates
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(a) Iter=6

(c) Iter=18

(b) Iter =12

(d) Iter =24

Figure 9: The macro mesh refinements.

the estimates of Theorem 5.1.6 and Theorem 5.1.7.

Error indicator

10

——1,(Q)

_ oM
mac

10°

Figure 10: The a posteriori error decay for adaptivity on the 3-D L-shape domain for 24 iterations.

5.3.3 DWRRB-FE-HMM.

In this subsection, we present numerical experiment for goal oriented adaptive computations
with the DWR RB-FE-HMM. We consider the model equation (5.3.29) with f = 1000, a domain

115



Chapter 5. Adaptive reduced basis finite element heterogeneous multiscale method

Q = [0,1]? and the diagonal multiscale tensor given by

al X
alx, S = (2 +0.2) E(x) + (xp +1.2) (Sin(Zn?I) +2),
al X
a(x, =)z = (X3 +0.05)E(x) + (x1 X2 + 1.5) (sin(2r=2)+2), 5.3.33)
¢ &
where
E(x)=1+ 20~ 1000((x1~0.5)° +(xz~0.5)")

The corresponding homogenized tensor is

0o

@ a®(x)11 (b) a®(x)22

Figure 11: The homogenized tensor (5.3.34).

1 1
o _ dyy™",
a’(n (fo (x2+0.2)E + (x2 + 1.2)(sin(2my1) +2) W
1 1
. _ d —1, 5.3.34
a’ (x)22 (‘[0 (X2 +0.5)E + (x1x2 + 1.5) (sin(27y) + 2) e ( )

which is shown in Fig. 11.

The offline parameters for this example are presented in Table 5.6. For the online stage, we
propose two different types of quantities of interest respectively.

Table 5.6: Parameters for the DWR RB-FE-HMM offline stage

Solver P1-FEM
Mesh 1600 x 1600
Basis number 10
tolgp 5e-11
CPU time(s) 6772

Quantity of interest 1. We use a local average of the macro solution as the quantity of interest
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defined as

1
j(uo)zm f uldx, (5.3.35)
sl JQg

where Q; c Q is the domain of interest. We choose Q; = [0.25,0.5]? in this test. We show in

1 25, ..

o8 Jj -
15
0.6 \

0.4

0.2

0 ’ 0
0 02 0.4 0.6 08 1 o, 05 1

H.RB after 11 iterations.

Figure 12: u
Fig. 12 the solution u"®5 after 10 iterations with 3279 DOE In Fig.13 (a), we observe that the
Eff:= % ~ 1 where n5(Q) =Y g (K), which illustrates that the refinement indicator
can accurately estimate the error in the quantity of interest and that the data approximation
error ¢ iy is much smaller than the refinement indicator. In Fig. 13 (b) we observe that the error in

quantity of interest converges with a rate of (M}, ).

3 ‘
——DWR RB-FE-HMM
--Eff=1
2.5 1
ol
-~
=}
15 !
i 2
T
3
] ga—te el =4
0.5
o

10° 10" 10° 10"
M M

mac mac

(a) Effectivity index (b) Error in quantity of interest

Figure 13: The effectivity index and error of the DWR RB-FE-HMM for the quantity of interest
(5.3.35)

Now we compare the performance of the DWR RB-FE-HMM and DWR FE-HMM. The comparison
starts with an initial non-uniform mesh with 289 DOE For the FE-HMM, we apply the optimal
€' refinement to the micro problems that is, hg = /Hg for the P1 micro FEM as the solver
for primal problem (5.2.14) and hx = H%' for the P2 micro FEM for the dual problem (5.2.17).
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According to Fig. 13 (a), Iny,c(Q)| gives a good estimate of the error in the quantity of interest.
We can observe in Table 5.7 that the two methods yield similar refinements and accuracy while
Table 5.8 shows that the total cost for the DWR RB-FE-HMM is only 2.1% of the time for the DWR
FE-HMM. We emphasize that while the iteration 15 is obtained with the DWR RB-FE-HMM in
about 3 hours on our workstation, the iteration 15 with the FE-HMM costs about 4 days on the

same workstation !

Table 5.7: Refinement indicators of the DWR RB-FE-HMM and the DWR FE-HMM (quantity of
interest 1).

DWR RB-FE-HMM DWR FE-HMM
Iterno. | Mpac | 1M, || Mmac | 1n5,6(Q)]

1 289 0.1698 289 0.1698
2 326 0.1460 326 0.1438
3 402 0.1150 424 0.1065
4 454 0.0991 598 0.0917
5 609 0.0898 764 0.0856
6 886 0.0785 1163 0.0671
7 1212 0.0614 1447 0.0528
8 1630 0.0448 2228 0.0297
9 2259 0.0283 2949 0.0248
10 3279 0.0235 4370 0.0193
11 4066 0.0211 5731 0.0147
12 5574 0.0143 7006 0.0120
13 6957 0.0119 8430 0.0091
14 7598 0.0098 10513 0.0071
15 11133 0.0073 14671 0.0050

Table 5.8: CPU time comparison between DWR RB-FE-HMM and DWR FE-HMM (quantity of
interest 1).

RB-FE-HMM | FE-HMM | tgp/tre—mmm (%)
M40 of last iteration 17921 14671
Total online CPU time 325s 343130s 0.1%
Total offline-online CPU time 7097 s 343130s 2.1%

Quantity of interest 2. In this test we consider a quantity of interest given by a (regularized)
pointwise directional derivative (in the direction of the unit vector §) at x* € Q

1
Z ()= s v 5dx, (5.3.36)

where S" is a ball of (small) radius r around the point x*. We choose x* = (0.75,0.75) and
§=(v2/2,v/2/2). We observe in Fig.14 (a) that the effectivity index varies between 0.15 and 5.8
and when M,,,. > 1200 the effectivity index only varies in a small range from 1 to 1.7 which is
close to the optimal value 1. In Fig. 14 (b), we sketch the rate of the error _¢ (%8 — 49) which
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approximately decays with an order @ (M}, .) but with large oscillations when M, 4. < 1200. The
factor which causes the initial oscillations in Fig. 14 might be the strong cancellation effect of the
local error indicator 1 y,g(K) for coarse macro meshes.

——DWR RB-FE-HMM N —'—DV\LI% RB-FE-HMM
5t - Eff=1 \\\ f*CMmac

10° 10* 10° 10*

mac mac

(a) Effectivity index (b) Quantity of interest

Figure 14: The effectivity index and the error in the quantity of interest for the DWR RB-FE-HMM
for 20 iterations (quantity of interest of type 2).

In Fig. 15, we plot the mesh refinement for the two different quantities of interest. We use an
initial non-uniform mesh for the tests of the two quantities of interest with meshsize 17 x 17.
After several iterations, the two online meshes show different patterns according to the specific
quantity of interest. We can see that in Fig. 15 (a), that the mesh is mostly refined in the target
domain Qg where the quantity of interest is defined while in Fig. 15 (b), the mesh is more
refined around the target point (0.75,0.75) along the direction (v/2/2,/2/2) where the directional
derivative is defined. For both quantities of interest, the macro mesh refinements also take place
in the vicinity of the singularity where the homogenized tensor has a big jump (i.e., in the center
of the domain Q see Fig. 11).

5.4 Discussion

We have presented an efficient adaptive FEM, the RB-FE-HMM, for elliptic homogenization
problems based on micro-macro solvers combined with a RB strategy. We have shown that
repeated FEM computations of micro problems are avoided during the macro mesh refinement,
in contrast to the adaptive FE-HMM, as the micro solutions are computed in a finite dimensional
space spanned by a small number of accurately computed representative micro solutions (the
reduced basis) obtained by a greedy algorithm in an offline stage. This methodology allows to
bypass the derivation of micro a posterior error estimates to calibrate the micro mesh during
the macro mesh adaptive cycles. We have presented an a posteriori error analysis for a residual
based adaptive RB-FE-HMM for arbitrary order of the macro FE space. Error estimation for the
RB-FE-HMM in quantities of interest has also been presented. The efficiency and the sharpness
of the derived error bounds have been illustrated by several numerical examples in two and three
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(a) Mesh refinement of quantity of interest 1 (b) Mesh refinement of quantity of interest 2
after 10 iterations, My, = 3279 after 12 iterations, My, = 4274

Figure 15: The macro meshes for the two quantities of interest.

dimensions. These examples show the significant advantage of the adaptive RB-FE-HMM over
the adaptive FE-HMM.

We close this discussion by two remarks. First as explained in the beginning of this chapter, the
RB-FE-HMM would be an excellent solver to be used for goal oriented multiscale computation
as discussed in [107, 89, 87, 79, 88] to provide an accurate homogenized solution that could be
refined locally to approximate the fine scale solution. The generalization and the computational
efficiency of the RB-FE-HMM for higher order macro FEs make this method also a good candidate
for an h-p implementation, that remains up to now challenging for a numerical homogenization
method.
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Quasilinear elliptic equations enter the modeling of numerous problems such as phase transi-
tions, flow in porous media, or reaction and diffusion in electrolysis to mention a few examples
[32]. Numerical approximations of such problems have been analyzed by many authors. We
mention the works of Douglas and Dupont [73], and Nitsche [83], where the first a priori error
analysis was given for the finite element method (FEM). Much recently and relevant for the
present work, we mention the analysis obtained in [25] for a FEM with numerical quadrature, i.e.,
when the continuous variational form originating from the nonlinear problem is approximated
by a quadrature formula. Here we are interested in quasilinear elliptic problems with highly
oscillatory data of the form

-V (a®(x, u® (x)Vu (%) = f(x) inQ, (6.0.1)

in a domain Q c R?, d < 3, where af(x, u) = (a,, (U, $))1=m,n=d is a d x d tensor, associated to
€ > 0, a sequence of positive real numbers going to zero and f € #~1(Q). For simplicity we
assume homogeneous Dirichlet boundary conditions u* = 0 on 0Q but we emphasize that more
general boundary conditions could be considered.

Such problems arise for example in infiltration of water in an unsaturated porous media modeled
by the (stationary) Richards equation [40] or (stationary) heat conduction in a composite mate-
rial [75]. For efficient numerical computations, an appropriate upscaling of Equation (6.0.1) is
needed. Such coarse graining procedures are rigorously described by the mathematical homog-
enization theory [42, 74] and are studied for the class of problems (6.0.1) in [33, 44, 66]. These
analyses show that the solution u¢ of (6.0.1) converges in a weak sense to u° as € — 0, where the
homogenized function u° is the solution of an effective (homogenized) equation that is of the
same quasilinear type as the original equation with an effective homogenized tensor a®(x, u°(x))
that depends nonlinearly on u°. Numerical homogenization methods for problems of the type
(6.0.1) are derived in [51] for the multiscale finite element method (MsFEM) and in [60, 26]
Here we focus on the FE-HMM proposed in [60, 26] for quasilinear problems. The practical
implementation relies on a Newton method for the macroscopic nonlinear FEM. Since the value
of the corresponding macroscopic solution is updated at each Newton iteration, the microscopic
problems in each element of the macroscopic mesh need to be recomputed. Although the micro
problems can be solved independently in parallel, the cost of the procedure mentioned above
can be prohibitive, especially for high dimensional problems. In this part, we show how the
use of the reduced basis (RB) method (see [93, 92, 96] and references therein) for computing
the micro problems permits to considerably improve the efficiency of the standard nonlinear
FE-HMM.

Outline of Part III.

* Chapter 6: Presents the RB-FE-HMM for quasilinear problems as well as the fully discrete
error analysis and the convergence analysis of the Newton method.

e Chapter 7: Explains the details of the implementation and provides extensive numerical
examples.

123






The RB-FE-HMM for quasilinear prob-
lems

The algorithm proposed in this chapter for nonlinear problems relies also on the online and
offline procedures. However, there are substantial differences from Part II, as here the micro
problems are parametrized by both the location of the cell problems in the domain Q and the
macroscopic solution at this location. The greedy algorithm allows to choose an appropriate
basis of micro functions (computed with high accuracy) for selected values of the parameters.
For the online stage, a Newton method for the RB-FE-HMM implementation is proposed with
microscopic solutions computed in the reduced basis space, which amounts to solve small
dimensional linear systems in each element of the macroscopic mesh. The overall computational
cost of the online macroscopic Newton method is similar to the cost of single scale nonlinear
problems. One difficulty is the design of an a posteriori error estimator in the offline stage that
is both efficient and also guarantees that the online Newton method converges. We propose
in this chapter a new a posteriori error estimators and prove the convergence of the online
Newton method and the uniqueness of the numerical solution. Furthermore, a fully discrete
error analysis of the quasilinear RB-FE-HMM is derived.

This chapter is taken from [11] and organized as follows. In Section 6.1, we briefly recall the
framework of homogenization theory in our context of quasilinear elliptic problems of non-
monotone type. We then present in Section 6.2 the new nonlinear RB-FE-HMM with its offline
and online procedures, and analyze its convergence in Section 6.3.

6.1 Homogenization of quasilinear elliptic problems

We assume that the tensor af(x, s) in (6.0.1) is uniformly elliptic and bounded with respect to s
and ¢, i.e., there exist A, A; > 0 such that

AMEP < al(x,$)é-&, |ab(x,s)E| < A|é], VEeR? VseR, ae xeQ, (6.1.1)

and that the functions a%,,(x, s), m,n=1,...,d are continuous, bounded and uniformly Lipschitz
continuous with respect to s.

Then, for all fixed € > 0, the weak form of (6.0.1) has a unique solution u* € Jfol (Q) (we refer
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for example to [52, Theorem 11.6] for a proof). The solution, for each ¢, satisfies the a priori
bound [l #1(q) < Cll fll #-1q), hence one can apply standard compactness arguments to the
sequence of solution u¢ that ensure the existence of a subsequence of {uf} converging weakly in
€' (Q). The homogenization result is shown in [44, Theorem 3.6] (see also [66]) and reads as
follows: there exists a subsequence of {a® (-, s)} (again indexed by ¢) such that the corresponding
sequence of solutions {uf} converges weakly to u° in /" (Q). The limit function u? is the solution
of the homogenized problem

~V-(a®(x, '’ Ve’ (x) = f(x) inQ,  u’(x)=0 ondQ. (6.1.2)

The tensor a’(x, s), the homogenized tensor, can be shown to be Lipschitz continuous with
respect to s, uniformly elliptic, and bounded [44, Prop. 3.5], i.e., there exists A, > 0 such that

IIaO(x, $1) — ao(x, $9)lg < Aolsy— $2l, a.e. x€ Q, Vs, €R, (6.1.3)

and there exist A, A; > 0 such that a° satisfies (6.1.1) (possibly with different constants). Under
these assumptions, the homogenized problem (6.1.2) has also a unique solution u° € Jfol Q).

We mention that for a locally periodic tensor of the form a®(x, s) = a(x, x/¢€, s) where a(x, y, s) is
Y periodic with respect to y, the weak convergence of u® to the solution of (6.1.2) holds for the
whole sequence {u°} and the homogenized tensor can be characterized in the following way [33]:

aO(x,s)=fYa(x,y,s)([+];(xyyys))dy, forxeQ,seR, (6.1.4)

where Jy(x,y,5) is a d x d matrix with entries Jy(x,, = (Gxi)/(dyj) and Xi(x,',s), i=1,...,dare

s) ij
the unique solutions in Wpler (Y) of the linear cell problems with parameters x € Q,se R

fya(x,y,s)Vyxi(x,y,s)-Vw(y)dy:—[Ya(x,y,s)ei-Vw(y)dy, Vwe?I/pler(Y). (6.1.5)

Remark 6.1.1. We sometimes refer to the problems (6.1.2) or (6.0.1) as “non monotone problems".
This stems from the following fact: writing for example (6.1.2) in weak form

B(uo;uo,v):/ a (x, '’ () VUl () Vv()dx = (f,v), YveHy(Q),
Q

0 2

we observe that the monotonicity property B(u% u®, u® — v) - B(v;v,u’ — v) = C||u° - V% )
with C = 0 does not hold in general for the quasilinear problem (6.1.2) (or (6.0.1)). This lack
of monotonicity makes the numerical analysis for FEM a nontrivial task, in particular when
quadrature formula are used [25].

For our analysis, we will further assume that the tensor a¢ is symmetric (and thus also a’) and
that the homogenized tensor is continuous,

a, €€’ QxR), Vmn=1,...d. (6.1.6)
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6.2 Reduced basis FE-HMM for quasilinear problems

As the homogenized tensor a° in (6.1.2) is in general unknown, the task in numerical homoge-
nization is to design an algorithm capable of computing an approximation of the homogenized
solution u° without knowing a®, relying on a finite number of localized micro problems, i.e. cell
problems, chosen in such a way that the overall computation is both efficient and reliable. Here,
we generalize the RB-FE-HMM introduced in Chapter 4 for linear elliptic problems to quasilinear
elliptic problems.

6.2.1 Preliminaries

We still use the notations defined in Section 1.2.1 for the macro FEM space. Following the
discussion in Section 4.1, we will again denote the micro FE space by S7 (ng,JV ) instead of
Sq(K(;j,ﬂ" 1) (defined in Section1.2.2) to emphasize on the dimension .4 of the micro FE space
which in RB strategy is required to be large. Analogously, the functions in $9(Y,.4") are denoted
using the subscript A (e.g., Z 4). We then recall the RB space defined in (4.2.26), which is a
subspace of S7(Y, A4 with a low dimension denoted

Sn(Y) =spanié, 4 (y), n=1,.,N}c SI(Y,.H), 6.2.7)

where f nA (), n=1,.., N denotes the reduced basis. Notice here that for the analysis of the
RB-FE-HMM, we shall also consider a new RB space of the form

Sn(Y) =span{(, v, Cnn), n=1,.,N}c SI(Y, N)?,

which is a subspace of dimension N of (S9(Y,.4))? involving the same functions f n A asin
Sy (Y) and where f,wy € S9(Y,A), n=1,.,N. The construction of the RB spaces Sy(Y) and
Sn(Y) is discussed in Section 6.2.4 below.

For each macro element K € 9 and each quadrature point Xk; € K, j=1,...,], we have the
sampling domains K5j = Xk; + (=612,612)%, (6 = €). We recall that each sampling domain K(gj is
in correspondence with Y through the affine transformation as defined in Section 4.1

yeyY — Gij (¥) = xk; +6y € Ky, (6.2.8)

This transformation applied to the RB space (6.2.7) permits to define the RB space Sn(Ks;)
associated to each sampling domain Kj, as

SN (Ks;) = span{8e n,x (G, (x)) =ik, (), n=1,.., N} (6.2.9)
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6.2.2 Online procedure: the RB-FE-HMM

Assuming that the RB space has been pre-constructed in the offline stage described in the next
section, we introduce a macro method similar to the FE-HMM with the micro problems solved
in the RB space.

The nonlinear RB-FE-HMM for (6.0.1) is defined as follows: find u"?8 e S (Q, I73) such that
By rp(u BB, yHRB ) H) —f fvdx, voll € S5, T, (6.2.10)

with a bilinear form defined for all u*, v¥, w* € S{(Q, I1) by

J wg, uH(x uH(x
Byrgw v, why= Y Y —L | af(x,ul(xg, ))VUNK - VLUNK < (Wdx, 6.2.11)
Kegy j=1 |K5j| Ks;

where for the scalar parameter s = utt (xk;), the function vf\, K, solves vf\, K €S N(K5 ) and
g )

Vlln]

f at(x,s)Vuy K (x)-Vzn(x)dx=0, VzyeSy(Ks) (6.2.12)
Ks. ’

and similarly for wy, K; (x). The problem (6.2.12) requires the solution of an N x N linear system,
where the details of the offline output and the online implementation are discussed in Chapter
7. The efficiency of the RB procedure relies in the fact that the dimension N of the RB space
is usually small. Furthermore, in contrast to the standard FE-HMM, the number of degrees of
freedom (DOF) of the micro (RB) space remains fixed during the online procedure and does not
increase as the macroscopic DOF increase. This is in sharp contrast with the FE-HMM for which
the simultaneous refinement of the macro and micro DOF is a major computational issue [1].

6.2.3 Solution of the macro quasilinear problem and Newton method

While the cell problems (6.2.12) are linear, the macroscopic problem (6.2.11) is nonlinear and is
usually solved by a Newton method.

The following reformulation of the bilinear form of the RB-FE-HMM will be useful to define the
Newton method used in practice to compute a numerical solution uRB of (6.2.10). The bilinear
form (6.2.11) can be rewritten as

By rs ;v why =Y ZwK al i, W eIV () - Vo (x), (6.2.13)
KEJH] 1

where we define the numerical homogenized tensor as

(@ x, Cex ik = [Y G, s ) (VA )+ €] (Vi )+ i) dy. (6.2.14)
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where )ZR,SKJ_ eSn(Y), i=1,...,d is the solution of a cell problem (see (6.2.25) below) correspond-
ing to the sampling domain Ky, .

Inspired by [73, 26], we explain here how to solve the nonlinear problem (6.2.10) with the Newton
method. For given z7, v, w! € S (Q, 97) we first define the Fréchet derivative 0By obtained
H
<,

by differentiating the nonlinear quantity By (z", zH, w') with respect to z

HHH)_ HHH

0By rp(2 Bp,rp(2 w™) + Bl @5 v, w'), (6.2.15)

where by the reformulation of the RB-FE-HMM bilinear form (6.2.13) we derive

BH(z sof Wty = > Zijd aNK](s)IS 2 (k) U (xK)Vz (xK;) VwH (xk;). (6.2.16)
KEJH] 1

The Newton method for approximating a solution u*’ of the nonlinear RB-FE-HMM (6.2.10) by a
sequence {u,’j } reads in weak form

oBpulhull | —ul!, w™ = Fy(w™) - B! ull, w™), vwesiQ,am. (6.2.17)
The fact that the Newton method is well defined and convergence is discussed in Section 6.3.2
while an efficient implementation is detailed in next chapter.

6.2.4 Offline procedure: RB for quasilinear problems

This section describes the offline stage of the RB algorithm in our context of quasilinear elliptic
problems. The task is to construct a low dimensional RB space Sy(Y) spanned by a small
number N « A of representative solutions of the cell problems (6.2.22) below (depending on
the quadrature node xk; and the nonlinear parameter s). Here again, .4” denotes the (large) DOF
of the FE space used to obtain a highly resolved solution of (6.2.22).

The main novelty is that the proposed RB algorithm permits to compute efficiently with a reliable
a posteriori error control not only the solutions of the cell problems (6.2.22) but also their
derivatives with respect to the nonlinear parameter s. This is an essential ingredient to prove
in Section 6.2.3 the uniqueness of the RB-FE-HMM macro solution and the convergence of the
Newton method.

Considering an affine representation of the tensor, we first describe a suitable formulation of the
cell problems before presenting the parametrized cell solution space itself. We then introduce a
new a posteriori error estimator and analyze its efficiency and reliability. This is the key ingredient
of the Greedy algorithm for the construction of the RB space that concludes this section.

Affine representation of the tensor. A suitable representation of the tensor

Qg5 (V) 1= aE(Gij ), s), (6.2.18)
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where we use the transformation (6.2.8) that is crucial for the RB methodology, i.e., an affine
representation of the form

P
ax,s() =Y Op(xs,9)ap(y), VyeY. (6.2.19)
p=1

We remark that if such direct affine representation is unavailable, the EIM can also be used to
approximate a nonaffine tensor by an affine one of the form (6.2.19) as we discussed in Section
3.3.

Cell problems. The micro problems in the FE-HMM are based on the FE approximation of the
cell functions X?(f € W (Ks,), solving the linear problem

f at(x, s)V)(}}j(x)-Vz(x)dx = —[ a(x,s)e;-Vz(x)dx, Yze W (Ks)). (6.2.20)
Ks Ks

J i

which has a unique solution using (6.1.1). For the design of the RB method, is more convenient
to work in the space #'(Y) (defined in either (1.2.12) or (1.2.13)) rather than the quadrature node
dependent space #(Ks,). We thus consider the transformation (6.2.8) and using the notations

b(D,z2) := fyaij,s(y)Vﬁ(y)-Vz(y)dy Vo,ze W (Y),

1i(2) = —f e s(V)ei-V2()dy VZEW(Y), (6.2.21)
Y

the problem (6.2.20) with )Z}}j(y) = )(}}js_(Gij () can be transformed into
bRy, 2) = 1i(2), Yz e W (Y). (6.2.22)

On # (Y) we consider the scalar product (v, w)y = fY Vv-Vwdy and associated norm || v|ly =
(v, v);,/)”2 and for (Tp, s) € 2 the energy norm

1/2

Ivlle,1,,s == (b(v,v)'? = UY ax, s(YVv(y) -Vvydy| (6.2.23)
and notice that from the ellipticity of the tensor it holds
1
vl = —Ilvle,T;,s- (6.2.24)

VA
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Consider )ZL; Kk € S9(Y, A) the solution of the linear problem
K

bGRS  2n) = 1i(y) Vi €STY,N), (6.2.25)
N
We notice using (6.1.1) that problem (6.2.25) has a unique solution.

For the convergence of the Newton method explained in Section 6.2.3 we will also need to control

the derivatives with respect to the parameter s of the cell functions )Z;j We assume!
1

SER— at(,s) € (L)% is of class C,

|0saf (x, $)E| < Aslé|, YVSER, a.e. xeQ,VE€ R, (6.2.26)

Lemma 6.2.1. Assume that (6.1.1) and (6.2.26) hold. Consider the solution )ZL; K of (6.2.25).
K

Then, the map s — )Zf/; x € FE1(Tp) is of class C' and satisfies
N

O shs g O ughs  —vhts 6.2.27)
as JV,Kj JV,Kj’ 68 L/V,Kj JV,KJ" -

whereforallfﬂ e SI(Y, N),

fy ax, sIVET (1) Viy (y)dy =~ fy 05, s(VA'y 1 (V) +e) - Viy(ydx.  (6.2.28)

Proof. This is a standard result for FEM problems depending smoothly on a parameter (see e.g.
Lemma 6.1 in [26] for details). O

Parametrized cell solution space. We consider a compact subspace 2 of Q x R. For any ran-
domly chosen parameter2 (x7,5) € 2, we have the map G, from the physical sampling domain
Ts =x:+(—=6/2,6/ 2)4 centered at Xx; to the reference domain Y and consider (6.2.25),(6.2.28)
with the tensor ay, s(y). Next indexed by {(T5s, s, e;); (T5,s) € 2 andn = 1,---,d}, we define the
parametrized cell solution space .4 N(Y)cw (Y)? given by

MY (¥):={E 08 )i (T5,9) €D and =1, d}, (6.2.29)
where fnj‘Tg e S1(Y,.N), 655";_3 = %EZ;’TE € S9(Y,./) are the solutions of (6.2.25),(6.2.28)

associated with the mapping G, and the Hilbert space #'(Y) is defined in either (1.2.12) or
(1.2.13). On the Hilbert product space # (Y)? we define the norms

1/2

. 2 2 . 2 2 1/2
1@, s = QulZ + 1012072 and 1w, v)lgxs, s = Ul 7, +H0IZ 5, OV2 (6.2.30)

11t is shown in [44, Rem. 3.3, Prop. 3.5] that the best constant Ay in (6.1.3) may differ from the one in (6.2.26).
29 should be chosen such that T c Q, for all (x7, s) € 2.
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The goal of the Greedy procedure described below is to find an N-dimensional subspace of
MY (Y), called §N(Y) that minimizes the projection error of functions in .4 N (Y) over other
choices of N—dimensional subspaces. We emphasize that the derivative functions 9" T
involved in the definition (6.2.29) of .- (Y) are considered only for the analysis, but should not
be computed explicitly in the implementation. Hence the solution of the online cell problem
(6.2.12) will involve the reduced basis space Sy (Y), defined as the first component of each couple
of functions in Sy (Y).

A posteriori error estimator. The procedure of selecting the representative cell solutions is
conducted by an a posteriori error estimator which allows to control the accuracy of our output
of interest (the numerically homogenized tensor) [93, 45].

Assume that the RB space of dimension [/, denoted by gl(Y), is available (its construction
will be detailed in Algorithm 6.2.4). Given the parameters (xr, s, i), consider ((f Ty ,0 Sé ”S

(El Ty 35 ) the solutions of (6.2.25),(6.2.28) in S9(Y, #)? and Sl(Y), respectively (i.e. w1th test
functions (z () in S9(Y, A)? and S 1(Y), respectively). We then consider

Al,S

ey = - (6.2.31)
Ai,s
dseyy, = 0sEyy, —0sEy (6.2.32)

We derive an a posteriori estimator for both é ” S and 0sé A’ S Will be analyzed in Lemma 6.2.3. We
have that

b(el, 2x) = &L, 24) — li(Zy), Y2 € STV, A), (6.2.33)

where the right-hand side defines a linear form on S9(Y,.4"). Hence, by the Riesz theorem, there
exists a unique éf T, € S9(Y,. /) such that

b@yy. 240 = €5 2x)w, Yo € STV, ). (6.2.34)
We then define the residual of the a posteriori error estimator as

—lS —lS
o ey 10 Iy

T A Vm

(6.2.35)

where A} is an approximation of the coercivity constant A defined in (6.1.1). We notice that the
first term in (6.2.35) is the standard residual used for linear problems as shown in Chapter 4. The
second term arises from the nonlinearity of our problem and its control is needed to ensure the
uniqueness of the nonlinear RB-FE-HMM and the convergence of the Newton method used in
the implementation.
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Remark 6.2.2. To compute the residual é;:sTé in (6.2.35), we first observe that we need to solve
(6.2.34), which depends on the parameter s. As discussed in Chapter 4, thanks to the affine
representation of the tensor, || éf:sTﬁ lly is efficient to compute. Second, for evaluating 0 Sé;’STﬁ onecan
simply consider the finite difference approximation

_i,5+ eps _ is

9.8 ~ LTs LTs
s€ 1,Ts =~ ens
vep

where eps is the machine precision. This can be done by solving (6.2.34) twice with parameters s
and s+ \/eps, respectively. In the analysis, we shall neglect the error of the above finite difference.

The next lemma gives a bound for the a posteriori error in output of interest in terms of the
norms (6.2.30). It is a generalization of the result [7, Lemma 3.3] in the context of linear elliptic
problems. These results are needed in our nonlinear context to control the microscopic error in
the macroscopic (nonlinear) solver.

Consider e deﬁned in (6.2.34) and the residual A deﬁned in (6.2.35). Define

(@ 1, (x2,8)ij = fy Gy (VES 1 ) +e) - (VES . 1)+ ej)dy, (6.2.36)
(@ 7, (e, $Dij = Laxr,s(y)(vgf”(ywel) (Vé]5, ) +ej)dy. (6.2.37)

Lemma 6.2.3. Assume (6.1.1) and (6.2.26). Let (éﬂ Ty Sg‘W T ) and (g‘l Ty S(f ) be the solution

of problem (6.2.25)-(6.2.28) in S(Y, . N)? and S;(Y), with test functions (sz,(N) in S1(Y, N)?
and S;(Y), respectively. Assume that the approximation Ay p of the coercivity constant satisfies
0< Arg < A. Consider the quantities ¢, b s . and 0sé; pirs deﬁned in (6.2.31). Then

As
Azs, Als « < 2+—A , 6.2.38
e, . 1) lexe, 15,5 = ( /1LB) 1T, ( )
(2A +A2)‘17L”2A’ Lo, <105, 056 ) lwow < QALY + M AL PIA] 1, (6.2.39)

A .
@Sy, 7, ()i = (@)1, (i | +105(@y 7, (D1 = 0s(aly, (il <3(1+ T2z AT
(6.2.40)

where Ay, Ay are the constants in (6.2.26),(6.1.1) and || - ¢, 15,5 is the energy norm defined in
(6.2.23).

AlS

Proof of Lemma 6.2.3. Taking 2 4 = . in (6.2.34) and using (6.2.24) yields successively,

leyyllems < A (6.2.41)
] Al S
165 Iy = —, (6.2.42)
Lo
ALB
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A consequence of (6.2.36),(6.2.37), and the symmetry of the tensor, is the identity

(@) 7, (e, 9))ij = (@D 1, (X, )i
= fy s (VES 1 0 = VERS ) (VET L 0 - VELL ) ay. (6.2.43)
We deduce from the Cauchy-Schwarz inequality and (6.2.41),
@5 7, ()i — (@) 1, ()i < AYS AT (6.2.44)

Using Lemma 6.2.1, we obtain after differentiation of (6.2.34) with respect to the parameter s,

(asé;';;é,zﬂ)w =fyasaxT,SVé§;;6 ~V2Wdy+LaXT,SV(asé§:;§) Vzydy, Vo €STY,N).

(6.2.45)
We take 2,y = asé;‘% in (6.2.45) and we write
|I5sé;:sT6 IIéTﬁ,s = (0sé;:;~5»asé;:;~5)7l/ _j;/asax,,s(J’)Vé;:;ﬁ () -V(asé;:STﬁ (y)dy.
We deduce from the Cauchy-Schwarz inequality and (6.2.24),(6.2.26),
1058)5 1% 7, o< ALy 21058)5 I 1058) s, 15,5 + Aalle)s, I 10585, Il
which gives, using (6.2.42),(6.2.24),
10587 N6, 75,5 < (1 + A/ ALR)AT, (6.2.46)

The estimates (6.2.41) and (6.2.46) yield (6.2.38), and using in addition (6.2.24) proves the upper
bound in (6.2.39). Next, taking 2 4 = é;'sTﬁ in (6.2.34) using the Cauchy-Schwarz inequality yields

~i,8 AL,S . . A _ ~i,5 . ~i,s A1,
IIeLTﬁ ly < Alllel,TallW, while taking Z 4 = 653”(7 in (6.2.45) yields Hasel,n Iy < A2”el,T5 [l +

A1l105e}5. . We obtain A}, < ATE2(A1 + A2)lle)5, Iy +A[y? A1l9sé;;, lly which yields the
lower bound in (6.2.39). We finally prove (6.2.40). Differentiating the equality (6.2.43) and using
(6.2.45) with Z 4 = é;";é we obtain (using the Cauchy-Schwarz inequality)

|(6sagVyT5 (x7,8))ij— (asa?’Tﬁ (X7, )il

Ai,s N _i,s NN _J,$ 51,8
<3Nalle}s Iwle]y, Ilw +10s8)5 lullels Iy +10se] . Iwle)s.

I
A2 i i,
<[3—=+2|A0S AP

(ALB ) W LTs

where we used (6.2.42) and the definition (6.2.35) in the last inequality. Finally, using (6.2.44)
concludes the proof. O

Offline algorithm. In the offline stage, we select by a greedy algorithm N triples of the form
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6.2. Reduced basis FE-HMM for quasilinear problems

(Ts,, $,nn), where (T5,, s) belongs to a given compact 2 < Q2 xR (since the range of the parameter s

H.RB j5 computed, we propose in next chapter an

can only be obtained when the macro solution u
ad hoc method to find an a priori range of s) and 77,, corresponds to the unit vector e;, belonging
to the canonical basis of R%. Corresponding to the N couples of (Ts,, $,nn), Wwe compute & w T ,
the solution of (6.2.25) with a tensor given by ay, s(y) (x;, is the barycenter of Tj,) and a rlght-
hand side given by I, , (). The complete offline algorithm stated below is also based on the usual
procedure of the RB methodology (see [93, 96]) and in Chapter 7, we will discuss about the details

of implementation.

Notice that in the case of a linear elliptic problem (i.e. a®(x, s) independent of s), it coincides
with the Greedy procedure proposed in Chapter 4.

Algorithm 6.2.4 (Greedy procedure). Given the maximum basis number Nrp and a stopping
tolerance tolgp:

1. Choose randomly (by a Monte Carlo method) Niyain parameters (Ts,,sp) € 2 (Nyrain large).

”"e=

Define the "training set"Zrp = (T5,, SnyNn); 1 <Np < d,1 < n < Nyrain}.

2. Select randomly (Ts,, s1,11) € Zrp and compute fnw“f}él, the solution of (6.2.25) with right-hand

side Iy, () in S1(Y, N, corresponding to the selected parameter (Ts,, s1,11). Set | = 1 and define
£11,51 )

'“i;lll’ and the corresponding RB space S1(Y) = span{(fnﬂl"s} : fnl .

I,

Evn ()=
3. FOT’l=2,...,NRB

a. Compute for each (Ts, s,n) € Epp the residual Al LT defined in (6.2.35) and select the next
reduced basis by choosing

— ms
(T§[!Sl)nl) - argmax(Ta,S,T])EERB Al 1 T5

provided that® maxr, smezq, (A - )2 > tolgg, otherwise the algorithm ends.

1-1,Ts

b. Compute&"""!  the solution of (6.2.25) in S9(Y, ) corresponding to the selected param-
N, Ts
)

eters (Ty,,s;,n;). Enlarge the RB space: S;(Y) = S;_1(Y) & span{(fjf,”s} , 5"”5’ Set
l=1+1 and go back to a.

We emphasize once again that the derivative functions 9 55771 °! involved in Algorithm 6.2.4 do
not need to be computed in the implementation and shall be é:onsidered only in the analysis.
Thanks to Remark 6.2.2 for the a posteriori error estimator evaluation, as output of the Greedy
algorithm, it is sufficient to compute only the list of functions & 14,0 =1,...,N that span the
space Sy(Y) :=s pan{f LA .- .,E ~,.v}. These RB functions are obtained by orthogonalizing in

3Notice that the error of the outputs of interest scale like the square of the error of the cell functions (6.2.40).
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# (Y) the functions é%Sng ,1=1,...,N and they are defined as
170y

Ri(y)
IR Il

-1
S (y) = where  Ry(y):=&00 ()~ mzd €ty S W mon

Remark 6.2.5. Notice that we choose to orthogonalize the RB in W (Y) with respect to the scalar
product (-,-)y rather than the RB in W (Y)? with respect to the scalar product (-,-)2 associ-
ated to the norm || - |l in (6.2.30) (as normally expected in the usual RB methodology) because

this is more convenient in the implementation (avoiding the computation of GSE%S’T& ). Since
7701

Max(7y, s,n)eZzs (AZ';&) decays exponentially as | increases (under the assumptions of Theorem 6.3.2,

a slight variation of the result in [48, Corollary 4.1] and [43]), we have 3%5}6 ¢ S;_1 and thus
7o
IR;llw # 0 and the above orthogonalization procedure succeeds.

6.3 Analysis of the RB-FE-HMM

In this section we first derive a priori error estimates for the RB-FE-HMM. We then show the
uniqueness of the numerical approximation which is based on the convergence of the Newton
method.

6.3.1 A priori error analysis

We introduce the following quantity to measure the error between the tensor a° of the homoge-
nized problem (6.1.2) and the numerical homogenized tensor “?A/ K, in (6.2.14).
)

— 0 H,RB 0 H,RB
raumm = sup @ (xg, u T (X)) — @y g (T (xg)) g (6.3.47)
KEgH,ij ek J

Theorem 6.3.1. Consider u° the solution of problem (6.1.2). Let ¢ = 1 and =0 or 1. Consider a
quasi-uniform macro mesh satisfying (Q1), (Q2) (introduced in Section 1.2.1). Assume

wWe AN Q) nwt>®Q),  al,ewTHPQxR), Vmn=1..d.

Assume further that (6.1.1),(6.1.3),(6.1.6) hold and that d,,a%,,, € W 1>°(Q x R), and that the coeffi-
cients al,, (x, s) are twice differentiable with respect to s, with the first and second order derivatives
continuous and bounded on Q x R, forallm,n=1...d. Then, there exist ry >0 and Hy > 0 such
that, provided

H<H, and ramm =< 1o, (6.3.48)

any solution u™"®8 of (6.2.10) satisfies

H,RB

1® = u BB jny < CH  +rpm)  ifu=0,1
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6.3. Analysis of the RB-FE-HMM

1’ — u? B oy = CH™ +rpmm) ifu=1,

where C is independent of H, h, N, /¥ , €.

Proof. We apply Lemma 6.4.1 (a result from [26] stated in the Section 6.4 Appendix) with

~ _ 0 _H _  HRB
a(ij,s) = “W,Kj (and a" =u . O

We next have to quantify the error rgpsps defined in (6.3.47) which can be decomposed as

raMM < 'mop + 'mic + TrB, i-e. with the modeling, micro, and RB errors, respectively. These
quantities are defined by

rmop = sup lla®(xg, u P () - @0 (i, uRE (xk ) | 7, (6.3.49)
KEf'/_H,ij ek

rmic = sup 1@ (e P (o)) - afy e (P (e ) Lz, (6.3.50)
KELOJ—H,)CKI, ek

rpp = supllay g WP O - @y o @ () (6.3.51)

Keg—H,ij ek

To estimate the quantities rys;c and ry;op, we make the following smoothness and structure
assumptions on the tensor:

(HN1) Given the degree g of the micro FE space Sq(K(sj,fT 1), the cell functions X}(j solution of

(6.2.20) satisfy the bound | )(}qsl A (K ) S Ce™1, /|K5j |, with C independent of ¢, the quadrature
J
point XK;» the domain K(;j, and the parameter s foralli=1...d.

(HN2) forall m,n=1,...,d, we assume a’,,,(x, s) = amn(x, x/¢, s), where a,,,(x, y, s) is y-periodic
in Y, and the map (x, §) — amn(x,-, s) is Lipschitz continuous and bounded from Q xR into
W (Y).

We next discuss the reduced basis error. Consider the space .4~ (Y) as defined in (6.2.29). We
want to quantify how well .#" (Y) can be approximated by the linear space Sy(Y) of dimension
N. Such a quantification relies on the Kolmogorov N-width, see Definition 4.5.2.

In [48, Corollary 4.1] and [43], it is shown, for a class of symmetric linear uniformly coercive
elliptic problems with continuity bound A and coercivity constant A, that if the parametrized
space of the RB algorithm has an exponentially small N—-width, then the RB algorithm converges
exponentially fast with respect to the dimension N of the RB space.

Notice that problem (6.2.25)-(6.2.28) with solution ()Zf/’; K,,GS)Zf/’; K_) € # (Y)? is not coercive
NG y AN
due to the nonlinearity of the tensor. Nevertheless, problem (6.2.25)-(6.2.28) still satisfies the

following Céa inequality (see Lemma 6.4.3 in Section 6.4) in the Hilbert space # (Y)? with norm
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defined in (6.2.30),

[CHs D052y )= (g 0 )z;; My xw < Co ZEISn(fy) I (XWK 05y k)~ #lwxw  (6.352)
1

Xik,
test functions (2,,4c 1) € §;(Y)). The above constant is given by

where we consider the solution ()ZE’;(_,OS 7% ) of (6.2.25)-(6.2.28) in the space S;(Y) (i.e. taking
Kj

Co = /; (3 + 8/1—/\22) (6.3.53)

where A, A1, A are the coercivity and continuity bounds (6.1.1),(6.2.26). In addition, recall the a

posteriori estimate (6.2.39) of the form CrouA] ;. < II(A;ST ,05 é’ s ) lwsw < CupAl 1, With
Crow= @A+ M) T'ALE,  Cup=2A75%+ MoALy> (6.3.54)

We obtain the following result which states that the reduced basis method converges exponen-
tially. This is a slight adaptation of the result in [48, Corollary 4.1] and [43].

Theorem 6.3.2. In addition to (6.1.1) and (6.2.26), assume that the parametrized cell solution
space /" in (6.2.29) has an exponentially small Kolmogorov N -width,

dya” W ()?) < Ce ™, withr>1log((1+ Cyp! Ciow)Co), (6.3.55)

with constants in (6.3.52),(6.3.54). Then, there exists constants ¢,k > 0 independent of N such that

N 10,8 kN 51,8 51,8 -k N
”XNK XJVK ”7// =ce K l} ”68%]\]’[(]. _aSX(/Vij”W =ce K (6356)

forallK € Ty and all xg; € K, where )ZL; x, and )Zj\’,sK, are the solutions of the cell problem (6.2.25)
N N

inS9(Y, AN) and Sn(Y), respectively, with corresponding test functions Z 4 € S1(Y, N) and Zn €

Sn(Y).

Proof. Inspecting the proof of [48, Corollary 4.1] reveals that the coercivity of the problem is
not needed and the Céa inequality (6.3.52) is sufficient to obtain the exponential convergence
(6.3.56) of the RB algorithm using the RB space Sy(Y) constructed in the Greedy algorithm
6.2.4. O

Theorem 6.3.3. Consider u° the solution of problem (6.1.2), and u™ BB the solution of (6.2.10).
In addition to the assumptions of Theorem 6.3.1, assume that u™*B (x ) € (u®'°%, u"P), for all
KeTy, xk; € K. Assume further (HN1), (HN2), and (6.3.55). Then, there exist Hy > 0 and ry >0
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6.3. Analysis of the RB-FE-HMM

such atif H < Hy, hle < ry, and ce *N < ro then for u=0,1,

C(H H + (18)20 4 5) + rgp, if W =Wy, and /e €N,

if W = Wyer, 8le € N,
and af(x,s) is replaced
by a(ij,f,s) in (6.2.18),

(6.2.11), (6.2.12), (6.2.20),
CH M+ (22T +6+ &) +rpp,  if W=7 6>0),

0

H,RB
6’ =™ P gp-wy < { CHH + (2)29) + g,

where rpp < A (ce ™2 with A, given in (6.1.1). We also assumed < rg or 6 +¢€/6 < rg in the
first and third cases, respectively. We use the notation #°(Q) = £%(Q). The constants C are
independent of H, h,e,0, N, /.

Proof. In view of Theorem 6.3.1, we estimate rgpsps. Using (HN1), the estimate ry;c < C(h/ £)%4
follows from [1] (see also [4]). Using (HN2), The estimates ryjop < C6, ryop = 0, ryop <
C(0 + €/0) follows from [22, 60]. Finally, the estimate rgp < A; (ce "2 follows from (6.3.56) and
the identity (6.2.43). O

6.3.2 Uniqueness of the RB-FE-HMM solution and the Newton method

Consider the derivatives with respect to s of the exact and numerical homogenized tensors in
(6.1.2) and (6.2.14). We define

0,a° G, u P (xi) — 95y (WP )| (6.3.57)

U —
oumm = sup |
Keg_H,ijEK

The proof of the uniqueness of the RB-FE-HMM solution relies on the following result which is
an adaptation of Lemma 4.11 in [26].

Theorem 6.3.4. Assume that the hypotheses of Theorem 6.3.1 and (6.3.55) hold. Then, there exist
positive constants Hy, ry such that if

H<Hy and H Yrgym+rim <o (6.3.58)
then the solution u™RB of (6.2.10) is unique.
The proof of Theorem 6.3.4 relies on the convergence of the Newton method stated in the
following lemma.

Lemma 6.3.5. Assume that the hypotheses of Theorem 6.3.4 hold. Let u™"®*8 be a solution of
(6.2.10). Then, there exists Hy, r9,v > 0, such that provided a smallness assumption of the form
(6.3.58), forall uéJ € Sg (Q,Ty) satisfying

oul uf — utRB |71y =V, (6.3.59)
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the sequence {ukH } of the Newton method (6.2.17) with initial value u(lf is well defined and || ukH+1 -
utRB |21 < Copul ukH — yMRB ||ZJ£1 Q) where C is a constant independent of H, h, k, /', N, ¢.

Proof. We apply Lemma 6.4.2 (a result from [26] stated in Section 6.4 Appendix) with d(ij, s)=

0 _H _ . HRB
aJV,Kj(S) and i =u . O

Proof of Theorem 6.3.4. The proof is an immediate consequence of Lemma 6.3.5, where given
two numerical solutions u"%8 iRB of (6.2.10), we apply the Newton method with the initial

guess ul! := a""RB_ The smallness assumption (6.3.58) together with the /"' a priori error
estimate of Theorem 6.3.1 permits to satisfy the condition (6.3.59). O

For the estimation of r};,,,, in (6.3.57), we consider the decomposition

! ! ! !
Tumm = Tmop T "mic + TrB

where rI'VIOD, rll\/IIC’ rll?B are defined similarly to (6.3.49),(6.3.50),(6.3.51), respectively, with the
exception that all the tensors are differentiated with respect to the s parameter. Hence hypothesis
(HNT’) and (HN2’), similar to (HN1) and (HN2) but for 63)(213, are needed. Following [23], the
quantities r]’VIOD, rzlw 1 satisfy analogous estimates to those of ryop, rmc. It remains to estimate

I 0 H,RB 0 H,RB
TRp = sup |63aNij(u (xK].)) —asaWij(u (ij))Hg.

KEg'H,XKj ek
This is done in the following lemma.

Lemma 6.3.6. Assume that the hypotheses of Theorem 6.3.3 hold with a periodic coupling with
0 = €. Assume further (6.2.26), and (6.3.55). Then, there exist constants c,x > 0 such that

Trp < A1+ Az)(ce ™ M)2,

Proof. Differentiating (6.2.43) with respect to s and using Theorem 6.3.2 conclude the proof. O

Remark 6.3.7. Notice that a similar a posteriori estimator as used here in the offline stage to control
rrp and ry could be used to define a RB-FE-HMM for linear parabolic multiscale problems with
a time-dependent tensor of the form % (x, ) =V-(a®(x, ) Vut(x, 1) + f(x, t) as analysed in [24].
In this case, the micro problems would be parametrized by the location of the cell problem in the
domain Q and the time variable of the tensor a®.

6.4 Some technical lemmas

The proof of Theorem 6.3.1 relies on the following lemma taken from [26] and based on the
analysis for standard FEM with numerical quadrature from [25]. It is a reformulation of the
statement of Theorem 3.1 in [26], its proof is thus omitted.
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Lemma 6.4.1. Consider u° the solution of problem (6.1.2). Assume the assumptions of Theorem
6.3.1. Then, there exist ro > 0 and Hy > 0 such that, for all tensor d(x, s) satisfying (6.1.3), (6.1.1)
and continuous on Q x R, for all H < Hy, and for all solution ii*! of the nonlinear FEM problem

J
Y. Y wk,jalk, i (xg)Va (x) - Vw' (xg) = fg fwwdx, vw"esjQ,m),
K€<J0—Hj:1

(6.4.60)
provided

~ H 0 H
Qu:= sup |lalxg, u" (xg) —a’ (xg;, u” (x| < 1o,
KEgH,XKjEK

we have the 7€' and %2 error estimates

CH'+Qn) ifu=0,1
CH" +Qp) ifu=1,

IA

0_ ~H
lu” =@ ||z

IA

0_~H
lu” =@ |l 2

where C is independent of H, Qy and the tensor a.

The proof of Theorem 6.3.4 relies on the following result which is a reformulation of Lemma 4.11
in [26].

Lemma 6.4.2. Assume that the hypotheses of Lemma 6.4.1 hold. Assume further that a(x, s) is
twice continuously differentiable with respect to s with derivatives continuous and bounded on
Q x R. Then, there exists Hy, Ry, v > 0, such that for

QusH<Hy, Q= sup |[dsatxx;, u(xx))~0sa’Cxx, u (x| 5 < Ro,
KEF/_}.[,XK].EK

forall @ solution of 6.4.1 and for all for all ul! € S5(Q, Ty) satisfying
oullug — @z < v,

the sequence {uf } of the Newton method (6.2.17) applied to the problem (6.4.60) with initial

H ; H _ =H H _ =H 2
value wy' is well defined and |w,_ | — 0|l z01q) < Conlluy’ — 0 ”Jfl(g)

independent of H, h, k.

, where C is a constant

Finally, for the proof of Theorem 6.3.2, we need to prove the Céa inequality (6.3.52) for the
problem (6.2.25)-(6.2.28).

Lemma 6.4.3. Assume (6.1.1) and (6.2.26). Then (6.3.52) holds with constant Cy in (6.3.53).

Proof. We denote é = )Zf/; K~ )2;;] and 0é = 0 )Zf/; K, —0; X;;(] Considering the problem (6.2.25)-

(6.2.28) with test functions in S7(Y,.#)? and S;(Y), respectively, and subtracting, we deduce for
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all (z;,{) €Sy,
b(058,¢)) = —fy Osay,s(y)Ve(y)-Vdy, (6.4.61)
where the symmetric bilinear form b(:,-) is defined in (6.2.21). Using
b(0se,05é) = b(asé,as;zj;xj —-{)+b0se,(;— 65?25:;(,-)’
we obtain from the Cauchy-Schwarz inequality and (6.4.61),(6.2.26),
b(0s¢,0,6) < b(958,050)'"*b(0:6~ 1,056 = ()" + Az llelly (1017 .~ Lillw +19sell).
We deduce from the Young inequality and (6.1.1),
A9sel, < b(058,058) < ArI9sRTy o = Cillyy + 282012l 1952 Ty i = Cillw +2A2 012l 1958l
Using again the Young inequality yields

2A . 82
A 112 1 ~1, 2 211402
”(eyase)”;//x;//s(1+T)”as)(f/;Kj_(l||7¢/+(1+?)”e”74/~

Finally, the application of the Céa lemma to (6.2.25) yields ||é]ly < 1/ % infy,es5,7) ||)23§,Kj - zillw
which permits to conclude the proof. O
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gd Implentation issues for the quasilinear
RB-FE-HMM

This chapter is taken from [10]. Here we discuss implementation issue for the RB-FE-HMM
applied to quasilinear problems, We also discuss an extension of the method to parabolic
problems. Finally we explain the construction of corrector function that can be used to obtain
energy approximation of the fine scale problem. We consider quasilinear elliptic problems of the
form

-V (a®(x, u* ())Vub(x) = f(x) inQ,  u°=0 ondQ, (7.0.1)

or quasilinear parabolic problems of the form

out(x, 1) _

Py V- (a(x, uf (x, ))Vu'(x, 1) = f(x,0) inQx[0,T], u®=00ondQx|0,T], (7.0.2)

where af is a nonlinear tensor that oscillates rapidly in space at the scale € and a® satisfies
the assumptions (6.1.1) and (6.2.26). As discussed in last chapter, there exists a homogenized
equation for (7.0.1) or (7.0.2), i.e.

~V-(a®(x, )V’ (1) = f(x) inQ,  u®=0 ondQ, (7.0.3)
or
0
W V- (@®(x,l(x, 0)Vil(x, 1) = f() inQ,  u®=0 ondQ. (7.0.4)

For the completeness of the algorithm description, we restate the following macro FEM for the
quasilinear problem. Considering a FEM space Sg (Q, ) with mesh grid size H, such method
approximates a solution uf of

By ul, wh) = Fyw!), vwf e s§@Q,9m), (7.0.5)
by a sequence uf, k=0,1,2,3,... and reads in weak form

0By (ull;ull | —ul!, wh) = Fy(w™) - Byl; ull, w), vw e s, m), (7.0.6)
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where GBH(ZH; v wHy .= BH(zH; v wHy + B’H(zH; v wH). We used the notations

J

By vt why= 3 3 wia® (g, 2 ) v (e ) V2 (k) -V k), (7.07)
Kegy j=1
J

By v whyi= 3 ) w05’ (kg 2" (e )v (e ) Ve () -V (k). (7.0.8)
Kegy j=1

and Fy(w™) is an approximation of [ fwfdx.

This chapter is organized as follows. In Section 7.1, we present the offline procedure of the
RB-FE-HMM and related implementation issues. Then, we describe in Section 7.2 how an
online procedure, with a computational cost analogous to that of solving a one scale problem,
permits to compute the homogenized solution u°. In Section 7.3, we describe a reconstruction
procedure for approximating the oscillatory solution u* at a negligible overcost. In Section 7.4,
the performance of the algorithm is illustrated by several numerical examples.

7.1 Offline procedure

This section describes the offline stage of the RB-FE-HMM which permits to precompute the
nonlinear homogenized tensor a® that is needed in the online stage to compute the homogenized
solution 10 itself.

Based on the mapping defined in (6.2.8), we can write oscillatory tensor as
A, s(V) 1= a5 (G, (1), 9). (7.1.9)

Notice that if the tensor a® is locally periodic, i.e. has the form a®(x, s) = a(x, x/€, s) with period-
icity with respect to the second argument x/¢, then we shall consider instead

xye;,s (V) 1= alxg, Gy (), 9),

and if in addition the oscillatory period ¢ is known, we shall take § = ¢ for the size of the sampling
domains K5,. We need to assume the following affine representation for simplicity (if not
available, then the EIM introduced in Section 3.3 can be applied):

P
ax,s(y) =) Op(x,s)ap(y), VyeyY.
p=1

N

For all the point x in Q and all parameter s, we recall the linear cell problem: Find 77 €
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S9(Y, ) ! such that
b(ff,’} 0N = fy axs(y)ei-Vzy(y)dy Vzy e STY, N), (7.1.10)

where
b(D,2) ::fY ax,s(»VO(y)-Vz(y)dy Vﬁ,ﬁEWper( ).

We consider the Sobolev space pe,(Y) 2 and still use notation S7(Y,.#) for the micro FE space.
Our aim is to compute a small set of representative basis functions 6 1.,1=1,...,N that span
the RB space

Sn(Y) :=spaniéy y,....En x). (7.1.11)

The above hatmap notation is used to recall that these functions are defined over the reference
domain Y.

A posteriori error estimator. We recall that the a posteriori error estimator for the parameter
(xz,s,1) is defined as

L ey e+ 10sEls Iy
AS = , (7.1.12)
Lo /’1’
LB

where A;p with A g < A is an approximation of the coercivity constant A defined in (6.1.1) (the
detailed computation is introduced in Section 3.2). The residual d;é 'l S 1n (7.1.12) is defined
by differentiating with respect to s the FE problem (4.2.19). As dlscussed in last chapter, this a
posteriori error estimator is designed to guarantee not only the convergence of the RB-FE-HMM,
but also the Newton method convergence and the uniqueness of the numerical solution, as
analyzed in [25] using the a posteriori error estimates for i, j =1,...,d, [ =1,...,N,

C1Al o [ e’ 1, llw +10sé A’S II7//<C2A (7.1.13)

where C;,C, depend on A, Ay, A2, Arp in (6.1.1), (6.1.3). The above estimator can be computed
as follows. In view of (4.2.19), considering the decomposition cf Ty = Zl 14 OF j inthe RB
space S;_;, we compute following the implementation in [92, Section 4. 4]

-1
Z@,,(x s)(zlaj(s)Lp] M,,l) (7.1.14)
J

1For the simplicity of presentation, we write X JV as the cell solution instead of } )( JV T used in Chapter 6.

ZNotice that J‘fl (Y) could also be considered for a coupling with Dirichlet boundary conditions and sampling
domain size § > ¢, see the review [14].
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where Ly j, M), ; € S1IY,¥),p=1,...,Ri=1,...,d,j =1,...,N are obtained by solving the FE
projection problems

(Lp,j» 24w =j;dp(y)Véj,w(y)~V2w(y)dy, (Mp,i, 24w Z/;/ap(,)/)vei'vzﬂ(y)dy; Yz eSTY,N).

Notice that the functions L, j, M, ; are independent of the parameter x, s and thus computed
only once. We refer to Remark 6.2.2 for the computation of 0 sé;’sTﬁ.

RB construction by the Greedy algorithm We now describe the construction procedure of the
RBin (7.1.11) based on the a posteriori error estimator (7.1.12).

Afirst step is the guess of the range of nonlinear parameters s = u!! (xk;) involved in the nonlinear
tensor a(x, s). This is done using the following empirical algorithm motivated by the Voigt-Reiss
inequality [74, Chapter 1.6],

([de,s(y)_ldy)_l = ao(xys) Sﬁax,s(J/)dy’ (7.1.15)

for parameters x, s, and where a°(x, s) is the homogenized tensor. We then apply the following
procedure to derive the training set &, a compact of Q x R.

Algorithm 7.1.1 (Construction of the training set).

1. Using a standard one-scale FEM method, solve (6.1.2) where the homogenized tensor a°(x, s)
is replaced alternatively with the tensors of the left and right-hand sides of (7.1.15).

2. Set a maximum range (u®'°%, u®¥P) by taking the minimum and maximum values of the
two solutions using theses easy to evaluate tensors.

3. Define the training set as @ = Qs x [u®!°% — a, u"“P + ] where Qg is a compact subset of Q)
such that for any x € Qg the corresponding sampling domain centered at x is inscribed in Q,
and the range of parameter s is enlarged by +« (a safety factor of about 10%).

Based on the training set &, we can launch the greedy procedure to construct the basis functions.
This procedure has been described in Algorithm 6.2.4 of Section 6.2.4. We just mention here that
the following offline outputs are required for the online stage: the N x N stiffness matrices A,
and the length N vectors Fp, ;, with p=1,..., Bi=1,...,d, defined as

(Ap)mn = L dp(}’)vén,ﬂ(y) -me,dv(J/)dJ’y Fp,i = fY ap(.V)ei 'vém,ﬂ(y)d.)/-
We shall also need the matrix of averages
(Gp)mn :j;/ap(}’)em'endy:L(ﬂp(Y))mndy~

The above integrals on Y can be computed using a sufficiently accurate quadrature formula on
the micro mesh J7;, of the micro FEM space S9(Y, /).
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7.2 Online procedure

The online version of the RB-FE-HMM is identical to a standard FEM with numerical quadrature
applied to a one-scale problem (6.1.2) using a Newton method. The only difference is that one
has to approximate the homogenized tensor a’ (xk;,s) for a given quadrature node xg; and a
nonlinear parameter s. We explain how this can be performed at a negligible overcost using the
outputs of the offline procedure.

In the case of a locally periodic tensor a®, the homogenized tensor coefficients given by the
homogenization theory [44] can be written as

(ao(x,S))mnszaij,s(y) () +em)-epdy, mn=1,....d,

where )ZZZ’S € Wr}er (Y) is the solution of the cell problem (7.1.10) with test functions in Wl}er (Y).
0

Analogously, we define the numerical homogenized tensor ay; as

(a?v(x,s))mn:fyax,s(y) (Viwsw) +en)-endy, mn=1,...4d, (7.2.16)

~M,Ss

where InyESNY), m= 1,...,d is the solution of (7.1.10) in the RB space Sy(Y), i.e. with test
functions in Sy (Y). This function can be decomposed in the RB space Sy (Y) as

N
AN =) a ey, (7.217)
j=i
where a5 = (a(lx’s'm), o a%’s”")) T is the vector of coordinates in this basis.

Elliptic case. Inspired by (7.2.16) and the decomposition (7.2.17), we are now in position to
state the algorithm for the online procedure to compute the homogenized solution u° of the
multiscale quasilinear problem (7.0.1).

Algorithm 7.2.1 (Online algorithm for elliptic problems (7.0.1)). Given an initial guess ué{ €

Sg (Q,TH), compute the Newton method sequence u,’f. k=1,2,3,... defined in (7.0.6), where By
and 8By are defined similarly to (7.0.7), (7.0.8), with the unknown homogenized tensor a°(x, s)
replaced by the numerical tensor a?v(x, s) and computed as

P
@6 N mn =Y. Oq(x, ) (@™ ™ - Fp  + (Gp)mn), m,n=1,...,d,
p=1

where the vectors %" e RN with i = 1,...,d are obtained by solving the N x N linear system

. P
a®s) = _ O, (x,8)Fp ;. (7.2.18)
p=1

P
Y 0,x,9)A,
p=1
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The derivative 0 Sa?v(x, s) of the numerical tensor involved in 0By can be computed using a finite
difference formula (analogously to 0 Sé;:;& in Remark 6.2.2).

It is shown in Chapter 6 that under suitable smoothness assumptions, the Newton method in the
online algorithm 7.2.1 is well defined and converges for sufficiently fine mesh parameters H, h to

the approximation u!? of u°. This numerical solution u!!

is uniquely defined. We observe that
the a posteriori estimator (7.1.12) involving the derivative of the Riesz projection of the residual

(4.2.17) is instrumental for establishing the convergence of the Newton method.

Parabolic case. We next explain the extension of the algorithm for solving parabolic prob-
lems (7.0.2). First, we note that for quasilinear parabolic problems, the effective tensor can be
computed by solving time-independent (quasilinear elliptic) problems. Second, we observe
that Algorithm 7.1.1 can be applied to obtain the training set by solving standard parabolic FE
problems using the bounds in (7.1.15). Finally, we can use the Algorithm 6.2.4 for the Greedy
procedure.

Notice that various time integrators can be used in the online stage of RB-FE-HMM, see e.g. [24]
in the context of linear multiscale parabolic problems. Here, we use the linearized backward
Euler (see [82] for details) and consider a constant time stepsize. Its advantage over the standard
backward Euler scheme is that it permits to avoid Newton iterations.

Algorithm 7.2.2 (Online algorithm for parabolic problems (7.0.2)). Given the time step At and
ué’ € Sg(Q,E’/_H) associated to the initial condition, compute unH, n=1,2,3,... the solution at time
t = nlAt, of the linear system

H H

u, —u
f n Atn—l v dx+ Byl ;ull vy = Fyo), voll e SS(Q,STH), (7.2.19)
Q

where the form By is computed identically as is Algorithm 7.2.1.

7.3 Construction of a corrector

The online algorithm 7.2.1 permits to approximate the homogenized solution 1 of the multiscale
problem (7.0.1) as € — 0. To reconstruct the oscillatory solution u¢ of (7.0.1) for a fixed value
of ¢, and in turn obtaining an approximation of uf in the energy norm (i.e. u,,, = u’ +eu'), a
suitable corrector procedure is needed [42, 74] and can be obtained as follows. Consider the
linear multiscale problem

~V-(a®(x,u®)Vv*(x) = f(x) inQ,  v* =0 ondQ,

where compared to (7.0.1), the tensor is evaluated at u° instead of u. It is shown in [44, Section
3.4.2] that a corrector U, for the above linear problem is also a corrector for the solution u? of
the nonlinear problem (7.0.1). This permits to define the following numerical corrector for the
approximation of u® similarly to the linear case.
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Nonlinear corrector. Given a quadrature point xg; € K € Iy, we consider the inverse map

6ij = G;;l : Ts; — Y where Gij is defined in (6.2.8). We next extend this map periodically on
]

the macro element K by setting Gij (x+0dk) = Gij (x) forall ke 7%, x e ng. We next define for

all xe K,

tggrr (0) 1= u (1) + e 077 (G, () = 1 (),

where uf € Sg (Q,Ty) is the output of the online algorithm 7.2.1 and the functions )Zﬁfco eSy(Y)

can be evaluated using the RB decomposition (7.2.17) with the RB produced by the Greedy

algorithm 6.2.4. Notice that the coefficients a;.x's’m) in (7.2.17) are already computed (7.2.18) and

need not to be recomputed.

7.4 Numerical experiments

We illustrate the performances of the proposed implementation of RB-FE-HMM on various
elliptic and parabolic multiscale problems in 2D and 3D. We compare the algorithm with the
standard nonlinear FE-HMM code [26] designed without the reduced basis technique, and based
on the implementation in [19] in the context of linear problems. We consider here (non-parallel®)
implementations in Matlab on a desktop computer.

7.4.1 Asimple illustrative example

We consider the model problem (7.0.1) in Q = [0, 112 with f= 50e(x1_°'2)2+(x2_0'3)2, and the follow-
ing mixed boundary conditions,

ut(x) = fo(xl 1%+ 3x§(x2 —1D?+1 on{x; =0lUufx; =1},

n-(af(x, uf(x))Vut(x)) =0 on{x, =0}U{x» =1}. (7.4.20)

Consider a diagonal multiscale tensor with the following affine expression *

a (%, $)11 = (22 +0.2) + (x28in(s7) + 2)(sin(2n%) +2),

1 X
at(x,8)y = (mexz +0.05) + (X0 + 1)(sin(2n?2) +2). (7.4.21)

Using the homogenization theory [74], the corresponding homogenized tensor is also diagonal
with entries given by the harmonic averages

al; = (fya(x,y;s)_ldy)_l, i=1,2. (7.4.22)

3Notice that the linear systems (7.2.18) involving different parameters x, s are independent and can be solved in
parallel.

4 Recall that since the RB-FE-HMM computes the solution of the effective problem as ¢ — 0, the actual value of € is
not needed in the algorithm.
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Offline stage. In the offline stage, we set the parameter space to be ¥ = Q; x U, where Q;
is a closed subset of Q such that T5 = x; + [—6/2,6/2]d cQforall T e Q;, and U is a closed
bounded interval of R (an estimation of the range for u°). In order to obtain U, motivated by
(7.1.15), we first solve (7.0.1) on a coarse 8 x 8 macro mesh by replacing the homogenized tensor
respectively with the arithmetic and harmonic averages of the multiscale tensor. The ranges of
the corresponding solutions are shown in Table 7.1 and we choose U = [0.9,3.66] adding a safety
correction.

Table 7.1: A priori estimate for the solution range. Mesh size =8 x 8.

tensor type solution range
Jyalx,y;s)dy [1, 3.14]
(Jy alx,y;9) tdy)™ 1, 3.56]

For the RB offline stage, we propose in Section 6.2.4 a new a posteriori error estimator (7.1.12) in
order to guarantee the convergence of the Newton method. We will also check the computational
overhead of this new estimator compared to the (standard) a posteriori estimator

U [ 17

Bl = — = (7.4.23)

(R A
LB

used for linear problems in Chapter 4. The offline parameters are collected in Table 7.2 and the
comparison of the two estimators are shown in Table 7.3.

We observe in this test that the offline outputs using A; 7, have only one additional basis function.

Online stage: convergence rates for the P1 and P2 RB-FE-HMM. Using the computed offline
outputs (obtained by via A; 7, as the offline estimator), we consider a P1 FEM and a P2 FEM for
the online stage. The reference solution u®/ = u° is obtained using the P2 FEM with a 1024 x 1024
uniform mesh.

By the a priori estimates of Theorems 6.3.1-6.3.3 and the mesh size used for the offline com-
putation, we have the bound A%'Tﬁ =0(tolgp) ~ 10719 for rpp and rac ~ 1077, As we choose
sampling domains with size § = ¢ with periodic boundary condition we have ry;op = 0 and we
expect riyv ~ 1077, We observe in Fig. 1 the expected convergence rates with respect to the
macro mesh.

RB-FE-HMM v.s FE-HMM. In this test, we compare the efficiency and accuracy between the

Table 7.2: Offline parameters
Table 7.3: A posteriori estimators

Parameter space | [0,1]% x [0.9,3.66]

Training set size 4400 Avr, | Apry
Solver P1 FEM Basis number 9 8
Mesh 1500 x 1500 Offline CPU time | 1300 | 1100
tolgp le-10
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Figure 1: Test problem (7.0.1)-(7.4.20)-(7.4.21). The errors | BB — uref||$2(9) and ||ufRB —
uel || g ) versus Ny ac = 1/ H for the P1 RB-FE-HMM and the P2 RB-FE-HMM, respectively.

P1 RB-FE-HMM and the P1 FE-HMM. For the P1 FE-HMM, we set Nj;;c = Nyac for each
refinement step (%2 refinement strategy), where Ny ac and Nysrc are the numbers of macro and
micro DOF in one space direction, respectively. We can see in Table 7.4 that the .#! and %2 errors
for the two methods decay with the same rates which is consistent with the a priori estimates.
However, the RB-FE-HMM has a considerably reduced computational cost for fine meshes (up to
two orders of magnitude in this example). Next we present in Table 7.5 a comparison that takes

Table 7.4: Comparison between the RB-FE-HMM and the FE-HMM.

RE-FE-HMM FE-HMM

DOF S error | £? error | online time (s) || 2! error | %2 error | time cost (s)

5x5 0.3727 0.0471 0.08 0.3724 0.0481 0.26

9x9 0.2086 0.0176 0.23 0.2082 0.0167 1.59
17 x 17 0.1053 0.0058 0.90 0.1052 0.0056 11.49
33x33 0.0632 0.0013 3.82 0.0631 0.0012 160.20
65 x 65 0.0316 3.15e-04 19.83 0.0316 3.03e-04 2802.68

129 x 129 0.0159 7.89e-05 146.75 0.0159 7.61e-05 49260.89

into account the computational overhead from the offline stage for the RB-FE-HMM. Here we
have t;{;f line _ 13005 and we denote the total offline and online time by t}t?%‘“l . We see that the FE-
HMM is still significantly more expensive except for coarse macroscopic meshes. This indicates
that even for one computation, the RB-FE-HMM can provide an important computational

speed-up.

Table 7.5: CPU comparison between the RB-FE-HMM and the FE-HMM.

DOF O e | CE Y trp— M
33x33 2.38% 813.87%
65 x 65 0.69% 47%
129 x 129 0.3% 2.9%
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Table 7.6: Offline settings and outputs for the time dependent problem (7.0.2) with boundary
conditions (7.4.24).

Parameter space | [0,1]% x [0.9,3.93]
Train set size 4400
Mesh 1500 x 1500
tolgp le-10
RB Basis number 8

7.4.2 A2D time dependent problem

We consider a time dependent test problem of the form (7.0.2). We choose an example where a
reference solution can be easily computed to check the accuracy of the method, and for simplicity
we still take the affine tensor (7.4.21) defined on domain Q = [0, 1]? and we choose the boundary
conditions

ut(x, 0 1, on{x; =0}U{x; =1},

0, on{xy=0}U{xp =1}. (7.4.24)

n-(a®(x, uf(x, ))Vu(x, 1)

We set f(x) = 50eW1~0-2°+(2=03" for the right hand side function, uf(x,0) = 1 as the initial
condition, and consider the time interval [0, T] = [0, 0.5].

We apply the offline stage as described in Algorithm 6.2.4 and obtain the RB with 8 functions.
The offline settings and outputs are presented in Table 7.6.

In this computation, we set the time step At = 0.001 (so that the corresponding & (At) error
is negligible compared to the spatial discretization). A reference solution 1"/ is computed
by using the standard FEM with piecewise linear FEs applied to the homogenized problem
with tensor a°, with a mesh grid 257 x 257 and the linearized backward Euler scheme as time
integrator. We can see from Fig. 2 that we obtain the usual convergence rates for the FEM
applied to parabolic problems. Indeed, || uf — u"¢f|| 22((0,T);76" () decreases with rate O (H) and
luf — u"el || goo (0,77, 92 () decreases with rate G (H?).

We list the online CPU times in Table 7.7 for various macro meshes of the square domain Q.

We tested that the CPU time cost for the FE-HMM with Nys4c = Njsrc = 65 for one time step is
280s. As we have T/At =500 time steps, the total CPU time for the FE-HMM without reduced
basis would be about 39 hours. In contrast, the RB-FE-HMM CPU time is only 446s, i.e. 300 times
less.

The total CPU time of the RB-FE-HMM (including the offline procedure) is only 1.3% of the
FE-HMM cost.

152



7.4. Numerical experiments
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Figure 2: Time dependent problem (7.0.2), (7.4.24) with T = 0.5. We plot the errors |u’ -
urefllxoo([o'T];EZ(Q)) and || uH - uref”$2([0yT];]Lol Q) Versus NMAC =1/ H for the RB-FE-HMM.

Table 7.7: Online CPU times for the parabolic test problem (7.0.2), (7.4.24), T = 0.5,At =0.001.

Macro mesh 5x5 | 9x9 | 17x17 | 33x33 | 65x65
Online CPU time | 14.87 | 17.53 | 19.49 26.46 | 445.93

7.4.3 Stationary Richards problem

We consider the stationary Richards equation for describing the fluid pressure in an unsaturated
porous media

=V (K& (x, u (x))V(uf (x) — x2) = f(x) in [0, 1)2. (7.4.25)

with a nonlinear permeability tensor K?(s) similar to the one in [50, Section 5.1] written as

0.005
2+1.8sin@n2 —6m7L)’

KE(x,5) = (200af e 527200 4 (5 ~0.3)2 + x2 +2)1, a®(x) =

Notice that this problem can be cast in the form (7.0.1) by using the change of variable v*(x) =
uf(x) — xo. We set f =1 and consider Dirichlet conditions on the top boundary of the domain
and Neumann conditions on the rest of boundaries, that is

uf(x) =1-1.9x%, on[0,1] x {1},
n-(K€(x, uf (x))V(u(x) - x2)) =0, on[0,1] x {0} U{0,1} x [0,1].

Offline stage. The parameters are given in Table 7.8. We determine an a priori range for the
homogenized solution U = [0.9,3.93]. As the permeability tensor K¢ does not have an affine
representation (6.2.19), we need to apply the EIM, which introduces another error term rgps in
ramu, as discussed in [7] (this term can be controlled by the prescribed tolerance tolgys [37]).
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Table 7.8: RB offline settings and outputs for the nonaffine test problem (7.4.25).

Parameter space | [0,1]% x [-3.1,-0.8]
Training set size 4400
Mesh 1000 x 1000
tolgryv le-6
EIM basis number 5
EIM CPU time 550.19s
tolgp le-9
Solver P1-FEM
RB Basis number 4
Offline CPU time 912.73s

Online stage. We plot in Fig. 3 the online solution u/"*® on a uniform 65 x 65 macro mesh for

the P1 RB-FE-HMM (left picture) and the FE-HMM (right picture). We observe that the two
solutions are very similar as expected.

1 1
-0 -02
: 0. ' -0.4
. -0, . -06
“0. -08
1 -1
y -12 . -12
- -14 - -14
g -16 : -16
. 18 ) -18
0o 01 02 03 04 05 06 07 08 09 1

0 01 02 03 04 05 06 07 08 09 1

~

=

>

3

(a) P1 RB-FE-HMM (b) P1 FE-HMM

Figure 3: Richards stationary problem (7.4.25). The RB-FE-HMM solution and the FE-HMM
solution on a 65 x 65 macro mesh.

We notice that the range of %8 is [-2.9, —1] which safely lies in our a priori range [-3.1,-0.8].
Therefore, the offline outputs can be successfully used for the online computation. In Table 7.9,
we present the errors of the Newton method iterations and the corresponding CPU times. Due
to the quadratic convergence rate of the Newton method, only four iterations are needed in all
considered cases to reach the machine precision.

7.4.4 Heat transfer in a 3D rotor

To illustrate the performances of the RB-FE-HMM, we consider in this section a simplified model
in 3D inspired from [102] of a car brake rotor in a stationary regime (see left picture of Fig. 4).
We focus on the heat propagation in a part of the rotor as the break system is activated. The
geometry of this part is represented in Fig. 4 (right picture). Its external and internal radius
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Table 7.9: Richards stationary problem (7.4.25). Online CPU times and Newton iteration errors
for the RB-FE-HMM.

DOF CPU time | Iteration 1 err | Iteration 2 err | Iteration 3 err | Iteration 4 err
5x5 0.15 2.78 0.0053 4.87e-8 1.78e-15
9x9 0.2 2.80 0.0047 5.76e-8 5.77e-15
17 x 17 0.8 2.81 0.0046 5.78-8 1.46e-14
33x33 3.13 2.82 0.0045 5.71e-8 1.42e-14
65 x 65 14.72 2.82 0.0045 5.70e-8 3.02e-14
129 x 129 55.56 2.82 0.0045 5.70e-8 4.39e-14

are given respectively by R = 15cm and r = 8cm and its thickness is 5cm. We assume that the

Figure 4: Left picture: example of a rotor break system in a car. Right picture: the geometry of
the brake rotor part considered as the computational domain Q.

material has a composite structure with a microscopic characteristic length €. We consider a
nonlinear heat propagation modeled by problem (7.0.1) with heat source f = 0 where u*(x)
denotes the temperature (in Kelvin degrees) as a function of x in the 3D computational domain.
The nonlinear multiscale conductivity tensor is assumed diagonal with entries given by

aj,(x,s) = a(s)(cos(47t%) +2) +ﬁ(x)(sin(2n%) +2),
a5, (x,8) = a(s)(cos(47r%) +2) +,6(x)(sin(2n%) +2),
ass(x,s) = a(s)(cos(47r%) +2) +,B(x)(sin(2n%) +2),

)1/2

where a(s) = 0.01(e"¢=39° 1 0.5), B(x) = (0.001(x? + x2 + x2))''* +0.005.

Our aim here is to show the capability of our nonlinear algorithm on a realistic 3D geometry
and we therefore choose to model the microstructure by ad-hoc oscillatory tensors. We note
that for realistic composite materials these conductivity tensors could be obtained via imaging
techniques. We next describe the boundary conditions that are considered in the model. The
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external circular boundary surface (diameter R) of the considered rotor part is attached to a
brake plate (see left picture in Fig. 4). It permits to slow down and stop the disk rotation by the
friction due to the brake pads pushing against this brake plate (yellow part). The heat flux arising

from the braking is modeled by a Neumann boundary condition on this external cylindrical
boundary

-V (a(x, u® (x)Vu(x))-n=gp (7.4.26)

where 7 is the external unit vector normal to the boundary and we set the surface power gg =
75Wm™2,
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Figure 5: RB-FE-HMM macro solution u! of the 3D brake rotor elliptic problem.

The six small holes in the computational domain (see Fig.4) as well as the main hole in the
center are normally filled with screws or other components (not considered here) and we choose
for simplicity homogeneous Neumann boundary conditions at these interfaces (we thus use
(7.4.26) with gp replaced by zero). The rest of the boundary is in contact with air at temperature
u®*" =293.15 K. The corresponding convective heat transfer is modeled by a Robin boundary
condition and we use (7.4.26) with g replaced by —a(uf(x) — u®*") and set a = 10Wm™2K~L.

Table 7.10: RB offline pre-process for the 3D rotor problem. DOF = 17804.

0 -0
Tensor type miniy, | maxi;,

<alx,y;s) >y 293.2 348.7
<alx,y;9)' >yt | 2932 | 3537

We apply the RB-FE-HMM to this 3D problem and we collect the offline parameters and in Table
7.11. For the online stage, we consider a macro mesh of the computational domain Q with about
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Figure 6: RB-FE-HMM macro solution of the 3D brake rotor parabolic model at times
t=0.6,2.4,4.2,6.0,7.8,50 (respectively from left to right and top to bottom).

Table 7.11: Offline parameters and outputs for the 3D rotor problem.

Parameter space Q x [288,360]
Training set size 4000
Number of tetrahedra 29478000
tolgp le-8
RB Basis number 6
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90000 tetrahedra generated by Cubit13.2 [98], see Fig. 5 (a). The CPU time for the online stage
of the nonlinear elliptic RB-FE-HMM is 96.4s for 6 Newton iterations. In Fig. 5 (b), we plot the
computed temperature distribution on the rotor (a cut parallel to the top surface is displayed
to see the internal heat distribution). As we can see, the range of the computed temperature is
[293.85,349.2] which lies in our training set based on the data in Table 7.10.

We finally consider the parabolic model of the form (7.0.2) where we use the same boundary
conditions as above and we consider the initial temperature u®(x,0) = u®’ = 293.15K and
consider the time interval [0, T] = [0,50]. The RB produced by the offline procedure of the elliptic
problem can be reused for this time evolutionary problem because the range of temperature in
Table 7.10 remains valid. The CPU computational time for the parabolic online stage is 8 s per
time step, using a constant time step At = 0.2. We plot in Figure 6 the RB-FE-HMM solutions
obtained by the parabolic online procedure. We observe that the heat propagates from the
exterior to the interior of the rotor and approaches the steady solution (Figure 5).

7.5 Discussion

We have presented an efficient implementation of the RB-FE-HMM algorithm for the resolution
of elliptic or parabolic nonlinear multiscale problems at the cost of single-scale nonlinear prob-
lems. This proposed algorithm combines a numerical homogenization strategy (the FE-HMM)
with a model reduction strategy (the RB method). The accuracy of the model reduction strategy
and the outputs of interest are controlled by an appropriate a posteriori error estimator for
nonlinear problems. A remarkable feature of the offline-online strategy is that the computational
cost of the method is independent of the smallness of the oscillatory parameter € and the oscilla-
tory solution u¢ can be reconstructed from the homogenized one u° with negligible overhead.
The efficiency of the proposed algorithm has been illustrated on two and three dimensional time
dependent nonlinear problems on a non-trivial computational domain.
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8.1 Conclusion

In this thesis we have first provided a detailed analysis for the generalized FE-HMM applied to el-
liptic multiscale problems with a finite number of well separated scales. Then, we have proposed
a new multiscale method that combines the FE-HMM with reduced order modeling techniques
such as the reduced basis. This method has been shown to be significantly more efficient than
the FE-HMM, in particular for high-dimensional problems or high order simulations.

As previous a priori error analysis for the FE-HMM was restricted to two-scale problems, we
proposed and analyzed a generalized FE-HMM for an arbitrary number of well-separated scales.
In our analysis, both the FE error and the quadrature error are considered and detailed estimates
for various quadrature formulas are presented. Due to the hierarchic structure of the algorithm
and the cascade of inter-related cell problems, the cost of this method can be prohibitive for
complex problems. Nevertheless, the a priori error analysis provides a theoretical foundation
for future research in combining with the generalized FE-HMM with reduced order modeling
techniques.

For two-scale FE-HMM, the efficiency issue arising from the large number of repeated micro
computations has been addressed by our new method, based on an offline-online strategy. In the
offline stage, several representative micro cell problems are selected by an a posteriori estimator
that controls the reliability of the offline output to form the microscopic reduced basis. In the
online stage, this microscopic reduced basis is then used to assemble the FE-HMM. The online
computational time cost can be compared to the single scale FEM for the macro triangulation.

Thanks to the fact that the construction of the RB space is independent of the macro solver, the
same RB space can be coupled with macro solvers of different orders or iterative macro solvers.
This has been exploited to extend the RB-FE-HMM in two directions. In the first direction, we
designed the adaptive RB-FE-HMM that can be used to deal with complex and real engineering
problems. We considered two different adaptive a posteriori error estimators: the energy norm
based estimator and the goal oriented estimator. In the second direction, we extended the
RB-FE-HMM for quasilinear multiscale problems. For such problems, the computation of new
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micro problems at each iteration of the macro solver (needed for the solution of the nonlinear
equation) needed with classical numerical homogenization methods, can be avoided with the
RB-FE-HMM. Therefore the use of RB-FE-HMM largely reduces the computing time cost of the
FE-HMM. Of special interest is the design of a new a posteriori error estimator for the RB offline
stage which does not only controls the precision of the offline output but also guarantees the
convergence of the Newton method used in the online stage.

In each part of this thesis, we have presented extensive numerical examples to corroborate our
numerical analysis and illustrate large efficiency improvement compared to the FE-HMM.

8.2 Outlook

For the future work, we would like to extend the RB-FE-HMM for different problems. Based on
the numerical methods proposed in this thesis, various research topics could be explored that
we summarize in the following.

N+1 scale problems. As mentioned in the Chapter 2, the hierarchic structure of the cell problems
in the FE-HMM makes the method costly. Combing this method with RB technique is certainly
of high interest.

The adaptive RB-FE-HMM for modeling fluid in porous media. In [12] a multiscale method,
where the effective permeability of Darcy problem recovered from Stokes problem is proposed.
Optimal convergence rates for the multiscale method can only be obtained when the adaptive
algorithms are applied for both micro problems and macro problem.Therefore it would be of
great interest to use RB techniques in this methodology.

The RB-FE-HMM for monotone nonlinear problems. In this thesis we have proposed the RB-
FE-HMM for quasilinear problems of nonmonotone type. An obvious question is the applicability
of RB techniques for (nonlinear) monotone problems. Based on the structure of the monotone
problem studied in [17], for standard FE-HMM, the Newton method is applied to solve both
macro and micro problems. However the design of the RB-FE-HMM is not straight forward
because of the nonlinearity in the micro problems. Furthermore, the analysis for the FE-HMM
for this type of problems is already very involved, and thus for the extension to the RB-FE-HMM
could be quite challenging.

The RB-FE-HMM for stochastic problems. In this thesis, all the problems discussed and numer-
ical examples presented were based on deterministic PDEs. It would be of interest to study if and
how our techniques could account for stochastic coefficients.

In the end, we hope that the RB-FE-HMM with efficient performance and certified error control
could be considered for real world engineering applications.
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