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A POSTERIORI ERROR ESTIMATE IN QUANTITIES OF
INTEREST FOR THE FINITE ELEMENT HETEROGENEOUS
MULTISCALE METHOD

A. ABDULLE AND A. NONNENMACHER

Abstract. We present an a posteriori error analysis in quantities of interest for elliptic homoge-
nization problems discretized by the finite element heterogeneous multiscale method. The multiscale
method is based on a macro-to-micro formulation, where the macroscopic physical problem is dis-
cretized in a macroscopic finite element space and the missing macroscopic data is recovered on-the-fly
using the solutions of corresponding microscopic problems. We propose a new framework that allows
us to follow the concept of the (single-scale) dual-weighted residual method at the macroscopic level
in order to derive a posteriori error estimates in quantities of interests for the multiscale problem.
Our framework allows to derive local error indicators in the macroscopic domain that can be used
for adaptive, goal-oriented mesh refinement. These error indicators are defined such that they only
depend on available macroscopic and microscopic solutions. We further provide a detailed analysis
of the data approximation error, including the quadrature errors. Numerical experiments confirm
the efficiency of the adaptive method and the effectivity of our error estimates in the quantities of
interest.

Key words. multiscale problems, elliptic problems adaptive FEM, quantity of interest, homog-
enization, heterogeneous multiscale method
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1. Introduction. Multiscale models are nowadays found in many areas of sci-
ence and engineering. They are for example crucial for the adequate simulation of
groundwater pollution through infiltration of a fluid in a porous medium, or for find-
ing the effective properties of composite materials important for various engineering
applications. Multiscale models are also increasingly used in medicine for example
to find the mechanical properties of heterogeneous tissues such as bones that are
important to understand failure or diseases.

In principle, a numerical approximation of such problems could be obtained by
using a standard numerical method such as the finite element method (FEM). How-
ever, the numerical approximation only converges, if we can resolve the finest length
scale (the microscopic length scale) of the multiscale problem by the finite element
discretization mesh size. If this microscopic length scale is small in comparison to the
macroscopic length scale of the multiscale problem, then the discrete approximation
leads to a problem with very large degrees of freedom (DOF) and the computational
complexity becomes often overwhelming. Simply ignoring the fine-scale microscopic
structure leads to numerical results that do not appropriately reflect the true phys-
ical problem, as the microscopic structure significantly influences the macroscopic
behavior.

In recent years there has therefore been a considerable effort put into the design
of multiscale methods for elliptic PDEs that take into account the scale separation
between macroscopic and microscopic models. Babuska and Osborn [I7, [16] devel-
oped the pioneering work for multiscale FEM for elliptic problems using multiscale
basis functions. We further mention the multiscale finite element method (MsFEM)
developed by Hou et al. [41] (see also the book by Efendiev and Hou [35]), the two-
scale FEM proposed by Matache, Babuska and Schwab [48], the variational multiscale
method by Hughes et al. [43], and the sparse FEM introduced by Hoang and Schwab
[40). In this work we use the framework of the heterogeneous multiscale method
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(HMM) proposed by E and Engquist [3T], 32 [33]. In the HMM framework, one as-
sumes that a macroscopic description of the multiscale problem exists, even though
it may not be known explicitly. This macroscopic problem is solved on a coarse mesh
using a macroscopic FEM. As the data of the effective problem (e.g., the conductivity
tensor) is not known it is reconstructed on-the-fly by solving microscopic problems on
sampling domains located within the respective macroscopic elements. The HMM is
related to numerical homogenization methods, where the fine scales are averaged out
in order to obtain effective (homogenized) equations. For elliptic problems, a semi-
discrete a priori analysis for the FE-HMM was given in [13] [34] and a fully discrete
analysis was obtained in [T, 8, [9]. Furthermore, discontinuous Galerkin FE-HMM was
developed in [ [7] and problems in elasticity were studied in [2]. See also [5] for a
thorough overview.

A crucial issue when using a numerical scheme is that of estimating the error or
the reliability of an actual computed solution. The goal of a posteriori error estimates
is not only to offer a criterion that indicates whether a certain prescribed accuracy is
met, but also to give local error indicators, which can be used to drive an adaptive
mesh refinement that equi-distributes the approximation error among the elements
and therefore minimizes the total computational effort. Since the pioneering work
of Babuska and Rheinboldt [18], numerous results on this research topic have been
obtained and a vast literature on a posteriori error analysis for (single scale) elliptic
PDEs is nowadays available (see for example [14], Verfiirth [62] and Babuska and
Strouboulis [I9] and the references therein). For multiscale problems however, the
literature is much more scarce. Among the few existing adaptive multiscale methods,
we mention the approach based on the variational multiscale method by Hughes et
al. [42] [43], which decomposes the solution into a coarse-scale and a fine-scale part.
The solution of the fine-scale equation is formulated in dependence of the residual
of the macro solution. A posteriori error estimates in the energy norm (only upper
bounds) were derived by Larson and Malqvist in [47] and duality-based error estimates
in [46]. First a posteriori error estimates for the FE-HMM have been obtained by
Ohlberger [56]. These estimates are based on a reformulation of the FE-HMM in a
two-scale framework [5I]. We also mention the recent a posteriori error estimates,
still in a two-scale framework, for monotone operators [39]. First a posteriori error
estimates for the FE-HMM in the physical energy-norm have been obtained in [10}
12]. The improvement in computational efficiency that is obtained by introducing
adaptivity is significant as solutions of the problems on the microscopic scale (the main
computational cost of the FE-HMM) may be re-used in an adaptive mesh refinement
strategy [12].

In practical applications, scientists and engineers are however often more inter-
ested in errors in a certain quantity of interest that is needed for an engineering
design decision than in errors in the energy norm. Such quantities of interests can
for example be an average heat flux through a certain boundary, local averages of
the solution in a particular region of interest, etc. In turn, goal-oriented error esti-
mates in quantities of interest have been developed. in the late 1990s. The general
approach is as follows. Assuming that the quantity of interest can be represented by
a linear bounded functional J : V' — R of the solution, the task is then to estimate
J (u —uf ), where u is the exact solution of the problem and u is its FE approx-
imation. Expressing J (u —uf ) in terms of an exact representation of local error
estimators and higher order terms (using so-called primal and dual problems), one
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can implement the following cycle
Solve — Estimate — Mark — Refine

using suitable local error estimators, until the error ‘J (u —uf )| in the estimate step
is smaller than a predefined tolerance. Among the different strategies we mention the
work of Prudhomme and Oden [57, [54], Bangerth and Rannacher [20] and Becker and
Rannacher [22]. The latter developed the so-called dual-weighted residual (DWR)
method. The reliability of the DWR method was further investigated by Nochetto
et al. [52] and Ainsworth and Rankin [I5]. A general overview of adjoint methods
in a posteriori analysis can be found in Giles and Suli [37] (see also the review by
Grétsch et al. [38] and the references therein). Finally, a goal-oriented method aiming
at adaptively controlling various models of a multiscale problem has been developed
by Oden and co-worker [55].

The modeling and analysis of a posteriori error estimates in quantities of inter-
est have not yet been developed for numerical homogenization methods to the best
of the authors’ knowledge. In this work we propose goal-oriented a posteriori error
estimates for the FE-HMM. We follow the framework of the dual-weighted residual
that is extended to multiscale problems. Based on appropriate modeling of multiscale
fluxes, we provide a representation of the error in terms of local error estimators and
data approximation terms (see Theorem @ The variational crimes introduced by the
FE-HMM (the method is based on numerical quadrature) and the data approxima-
tion error (the data of the effective problem are unknown) are further analyzed (see
Theorem .

The outline of this article is as follows. In Section [2| we briefly review the FE-
HMM and the residual-based adaptive FE-HMM. In Section [3] we present the main
results for the goal-oriented adaptive FE-HMM that are proved in Section We
show the efficiency and reliability of the method in various numerical experiments in
Section [5l A summary of our main findings and outlook are given in the conclusion
in Section [Bl

Notation.. In what follows, C' > 0 denotes a generic constant, independent of
€, whose value can change at any occurrence but depends only on the quantities
which are indicated explicitely. For r = (r1,...,r4) € N we denote |r| = r; +
..+ rg, D" =07"...9}". We will consider the usual Sobolev space H*(Q) = {u €
L*(Q); D™u € L*(Q), |r| < 1}, with norm [jul g0y = (X<t ||Dru||2L2(Q))1/2. We
will also consider Hg () the closure of C§°(Q) for the || - || g1 (o) norm and the spaces
Whe(Q) = {u € L>=(Q); D"u € L=(2), |r| < 1}. For the unit cube Y = (0,1)%, we
will consider W,.(Y) = {v € H,,.(Y); [, vdx =0}, where H},(Y) is defined as the

per per

closure of C22,(Y') (the subset of C*°(R?) of periodic functions in Y) in the H! norm.

per

Finally, we will use the Frobenius matrix norm [la|[z :== /32, >, |aij\2.

2. Model problem and homogenization. We consider the elliptic problem
with oscillatory coefficients in a domain  C R?

-V (a°Vu®)=f inQ,

(2.1)
u® =gp on Jf),

where we impose Dirichlet boundary conditions gp € L? (9Q) and f € L?(Q). We
emphasize the multiscale nature of the problem by using the superscript €. We assume
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that a° is symmetric, satisfies a®(z) € (L>(Q))?*¢ and is uniformly elliptic and
bounded, i.e.,

3\, A > 0 such that A[¢]? < af(z)€ - € < A|EJ?, V€ € R? and Ve. (2.2)

An application of the Lax-Milgram theorem ensures the existence of a family of so-
lutions {uf} that is bounded in H} (£2). From homogenization theory we know that
there exists a symmetric tensor a’ (z) and a subsequence of {uf} that weakly con-
verges to the so-called homogenized solution u® € HJ, (Q) (we refer the reader to
[23, 28, 44] and references therein). The proof relies on G-convergence [30] (or H-
convergence [50]) and no further assumptions on the spatial structure of a° (x) are
needed for the weak convergence of a subsequence of {u®}. The homogenized solution
u® solves a homogenized problem given by
V- (a®Vu®) = f inQ, 03
u’ =gp on dQp, (2:3)
where the homogenized tensor a° (x) is again symmetric and uniformly elliptic and
bounded. Under the assumption that a°(x) = a(z,z/e) is periodic in its second
argument, it can be shown that the whole sequence {u®} weakly converges to u’ €
HY, (). In this case, we can also express the homogenized tensor a® (x) at a point
x €  in terms of solutions of d bounday value problems, the so-called cell problems.
We remark that in general there are infinitely many cell problems to solve. For
more general tensors af, an explicit equation to compute the homogenized tensor at
a point z € ) is not available. We therefore follow a numerical strategy, here the
Finite Element Heterogeneous Multiscale Method (FE-HMM), in order to compute a
numerically homogenized solution.

2.1. The Finite Element Heterogeneous Multiscale Method (FE-HMM).
We use the finite element heterogeneous multiscale method (FE-HMM) to obtain an
approximation u™™M to the homogenized (coarse) solution u® of without com-
puting the homogenized tensor a” (z) explicitly. We only need the oscillatory data
a® (x) to be given on sampling domains. The basic framework of the FE-HMM con-
sists in a coupling of a macro problem and a micro problem, described below. For
simplicity of presentation we will take zero Dirichlet boundary conditions in and
set gp = 0.
Macro finite element space. We consider

VP(Q,Ty) = {v¥ € B} (Q); v |k € PP(K), VK € Ty}, (2.4)

with macro elements K € Ty, where Ty is assumed to be shape regular. For simplic-
ity, we only consider simplicial (triangular, tetrahedral) elements, but emphasize that
other elements could also be used. Here PP is the space of piecewise polynomials on
the element K of total degree p, and H is the size of the macro triangulation (notice
that H can be much larger than ¢).

Quadrature formulas. We consider for each macro element K € Tz a C! -
diffeomorphism Fy such that K = F(K ), where K is a simplicial reference ele-
ment. We consider a given quadrature formula (QF) {:%g,oﬁ)g}le on the reference
element K the corresponding integration points on an element K € Ty are given
by 2k, = Fk (&), £ = 1,..., L and the corresponding quadrature weights on K are
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given by wg, = & |det (OFk)|, ¢ = 1,..., L. We make the following assumptions on
the quadrature formulas (see [27]):

QD) @; >0, j=1,....0, i &l VH@)* 2 MBI ) ¥B(E) € PT(K), A>
0;

(Q2) [3 p(&)de =327, @;p(#)), Vp(#) € P(K). where o = max(2p — 2,p).
REMARK 1. We notice here that the condition o = 1 for Pl is needed in the

FE-HMM for optimal macro L? bounds (see [5]). Such bounds will not be discussed

here and in the sequel assumption (Q2) can be taken with o = 2p — 2.

Macro bilinear form. For a discretization in the macro FE space we define

the FE-HMM bilinear form with v, w € VE(Q, Ty) as

c
BHMM (3, H )y — Z Z - af(z)Vol, -Vl dz, (2.5)
K i Kol i, ‘ ’
H

where U?Q, w?q are appropriate micro functions defined on sampling domains Kj, (see
below) and the factor |Ks,| gives the appropriate weight for the contribution of the
integrals defined on K, instead of K. The FE-HMM bilinear form is based
by construction on numerical quadrature. Therefore, in our a posteriori analysis, we
need to specially take care of the corresponding variational crimes.
Micro functions. For every macro element K we compute the solutions v}, (and
w?{e) of micro problems on sampling domains Ks,, ¢ = 1,...,L within K. The
contributions to the macro stiffness matrix are constructed from the micro functions
given as follows: find v, such that (v, — vl ;) € SU(Ks,, Tp) and

/ aa(:b)Vv?Q Vlde =0 V2" e SYK;,, Th), (2.6)

where
ot w, (@) = v (k) + (@ — 2, - Vo'l (k) (2.7)

is a linearization of the macro function v at the integration point zx, (see [34} 5]
for details). The FE space is defined as

SUK;s,,Th) = {z" e W(Ks,); 2"|r € PUT), T € Tn}, (2.8)

where W (Kj5,) determines the coupling condition or boundary conditions used for
computing the micro functions v?(e (or w?(e).

Coupling micro and macro solvers. Several choices are possible for the coupling
condition (v}, — vﬁ’KZ) € SUKs,,Tn) and we will consider S%(Ks,,Tn) C W(Ks,)

with

W(K5z) = W]aler(K5e) (2'9)
for the periodic coupling and
W (Ks,) = Wpe, (Ks,) (2.10)
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for the Dirichlet coupling.
Variational problem. The macro solution of the FE-HMM is defined by the
following variational problem: find u™™ € VP(Q, Tz) such that

BHMM ( HMM [, :/vadx vl € VP(Q, Tw). (2.11)
Q

The main goal of the FE-HMM is to find a solution uw™M that converges to the
homogenized solution u’. Remember that the FE-HMM also depends on a micro
mesh, thus h going to zero is also necessary for convergence (see Section [2.1.1). In
can be shown that the FE-HMM bilinear form is elliptic and bounded, i.e., it

satisfies
BIMM (o pH) > C |0 |3 o
and

HMM (, H H H H
| B (0w < o] g g 1™ 1 gy
for all v, w € VP (Q, Ty) with a constant C that only depends on the quadrature
formula, the domain 2, the constant in (2.2). From the Lax-Milgram Theorem,
existence and uniqueness of the solution u™™ of problem (2.11]) immediately follows
(we refer to [I1, [l [34] for details).

2.1.1. A priori estimates. The sources of errors for the FE-HMM approxima-
tion to the homogenized solution can be decomposed as follows [11 5, [6], [34]

HUO _ UHMMH < ||u0 _ uO,HH 4 HuO,H _ ﬂHMMH + HﬁHMM —u

HMM|

. (212)

where the first term on the right-hand side of the above inequality represents the macro
error, the second term represents the modeling error and the last term represents the
micro error. Here, u° is the solution of , uHMM i5 the FE-HMM solution of ,
u®H is the FEM solution of the homogenized problem with numerical quadrature
(using the same QF as for the HMM) of in the space V? (Q, Ty) and a™M is
the FE-HMM solution of with exact micro functions (in W (Kjy,)). The general
form of the a priori error estimate in the H-norm under the appropriate assumptions
of a® (z) is

Huo — uHMM||H1(Q) < C(HP 4+ ryrc +rvmob), (2.13)

where rarrc, Tpop are further described below. For the macro error C'HP, appro-
priate regularity of the homogenized tensor and homogenized solution is needed. For
the micro error appropriate regularity of the tensor a® is needed. We briefly recall
the assumption on the micro problem as this will be needed in this paper. Consider
1/)}’(};[, the solution of the following micro problem on the sampling domain Ks,

/ as(x)v¢i’(};z - Vildr = —/ a(x)e; - V2"dr Ve S1(Ks,,Tn), (2.14)
Ks, Ks,

where e;, i = 1,...,d, denote the canonical basis of R%.
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We define on every macro quadrature point a numerically homogenized tensor
denoted as a% (zx,),

1
0 _ e T
ay (xk,) = o - a®(x) (I+ JM{&Z (x)> dz, (2.15)

. . . . ih
where Jw%e () 18 @ dxd matrix whose entries are given by <Jw?<5£ (ﬂ) ; = (awKéz )/ (0x;).

Next, we introduce the tensor @% (zr,), which is defined as a%; (rx,) given in (2.15),
but where the corresponding functions ¢}(64 are found in the exact Sobolev space

W (Ks,) instead of its FE approximation S? (Kj,, 7x). Finally we will also consider
for a sufficiently regular homogenized problem (see (2.3)), the homogenized tensor
a® (xk,) evaluated at the integration point zg,. We can then express ryrc and
ryop in terms of the above tensors as follows

._ -0 0
rMIC = KSSTPH max, |a% (zx,) — a% (a:KZ)HF , (2.16)
rvop = sup max ||a® (zk,) — a% (ZCKZ)HF (2.17)

KeTg 1S6L
To estimate the micro error, we will need the following regularity assumption

(H1) Given g € N, the cell functions 1/)}([ satisfy
|¢é{g|HQ+1(K5£) < Ce™1/|Ks,|,

with C independent of i = 1...d, ¢, the quadrature point zx, and the domain Kj,.

We note that if a5;|x € WH*(K) VK € Ty and |a;|w1.x) < Ce™!, then classical
H? regularity results (|45, Chap. 2.6]) imply that |¢}(£|H2(Kée) < Ce71/|Ks,| when
Dirichlet boundary conditions W (Ks,) = H} (Kj,) are used. If a(z,z/¢) = a(z,y)
is periodic in the y variable, then we can also use periodic boundary conditions
W (Ks,) = H,., (Ks,), and higher regularity for ¢, can be shown, provided a(z,-)

is smooth enough and /¢ € N (see [24, Chap. 3]). We refer to [5, [6] for details.
Under assumption (H1), the following estimate is valid [, (6] [7]

h

2q
ruic <C (6) , (2.18)

where C' is independent of H,h. Finally to estimate the modeling error, structure
assumptions on the coeflicients a® are needed.

(H2) a®(z) = a(x,z/e) = a(x,y) is Y-periodic in y,
a;;(z,y) €C (Q; Wl’OO(Y)) , foralli,j=1,...,d.

per

Now if (H2) holds and if (2.6) is solved in S(Kj,,Ts) C HE(Ks,) with § > €, then
[34)

rwon < (544). 2.19)

where C' is independent of H and h.
Under the hypothesis (H2), if the micro problems ([2.6|) are solved in S(Ks,, Tr)
C Wy, (Ks,) with § /¢ € N, and if the slow variable of the tensor a(z, z/¢) is collocated

at the quadrature points z,, i.e., a(zk,, z/¢) in the problem (2.6) and in the bilinear
form ([2.5)), then we have [13]

rvop = 0. (2.20)
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2.1.2. A posteriori error estimates for the FE-HMM. We recall the a
posteriori error estimates for the FE-HMM following [I0, 12], [6]. An important in-
gredient of the adaptive FE-HMM is the modeling of so-called multiscale fluxes (see
(2.21))). For simplicity we consider here the piecewise linear case but emphasize that
the energy-norm-based adaptive FE-HMM can be extended to higher order piecewise
polynomials [53].

We first give the definition of the jump of multiscale fluzes (introduced in the
context of the discontinuous Galerkin method in [4]), which is crucial for the error
indicators used below. Let Ty denote a conformal mesh and let £ be the set of inter-
faces. Two elements sharing an interface e € SH are labeled K+ and K~. Consider
the micro functions u?ﬁ and u” %~ solutions of (2.6) in the two sampling domams Kj *
and K; of the elements K+ and K~ respectlvely, constrained by the macro solutlon

HMM of .

DEFINITION 2 (Jump of multiscale fluxes).

[a* (z) Vul]e : <‘[§+’ K+a€(l‘)VU}IL{+d$ 5‘/ VUK dl‘) * N,
(2.21)

for e ¢ 9Q and [a (z) Vul], := 0 for e C 9Q. In the above definition, the unit
outward normal n,. is chosen to be ne = nt. We omit the index Kj for the micro
solutions u” in [a¢ (x) Vu"], as the jump over e involves two sampling domains in
adjacent elements.

DEFINITION 3 (Local error indicator and data approximation error). The local
error indicator ng (K) on an element K is defined by

ni (K)? :=H% ||fH||L2(K) + - Z () Vu Il oo, (2.22)
The data approximation error g (K) on an element K is defined by
5 -
Y L e [ ST

where a® (z) is the unknown homogenized tensor of problem and f2 is an ap-
prozimation of f in the space {9 € L? (Q);g"|x € P°(K),VK € Ty}. The a
posteriori upper bound for the error between the macroscopic FE-HMM solution uf
and the homogenized solution u° is given by

s = |y < © (o (@ € (2)°)

and the a posteriori lower bound is given by

it (K)* < O (||u” = ™[5 ) + € ()7

(wk)
the upper and lower bounds have been derived in [10, [12]. Here the constant C > 0
depends only on the shape regularity constant -y, the coercivity and continuity bound
(2.2)), the dimension d and the domain wg consisting of all elements sharing at least
one side with K.

We notice, as shown in [12], that the improvement in computational efficiency that
is obtained by introducing adaptivity is even more significant for multiscale methods
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than for single-scale methods. This is due to the fact that in a multiscale method,
problems on both a microscopic and a macroscopic scale must be solved. In turn, by
using adaptive mesh refinement, solutions of the problems on the microscopic scale
may be re-used.

3. Adaptive goal-oriented error estimation for the FE-HMM. In this
Section we construct macroscopic error estimators using an exact error representation

of the error e := u® — w#MM in a quantity of interest, i.e.,

J (M) = J (u) — J (uHMMY

where J : V — R is a linear, bounded functional. We use the framework of the dual-
weighted residual method that relies on a primal and a dual problem to extract the
solution in the quantity of interest. Localized macroscopic refinement indicators are
designed and used to drive an adaptive mesh refinement. These refinement indicators
and error estimators depend on information from the microstructures that is recovered
on the fly. We will sketch the relation between the microscopic averaging procedure
used in the adaptive FE-HMM (such as the multiscale fluxes and jumps) and their
equivalent classical, single-scale FEM counterparts.

3.1. Single-scale DWR FEM. The primal problem for the homogenized
solution u is given by (2.3), which reads in weak form

By (u%,v) = / fvdx Yo € HY (Q). (3.1)
Q
Let uf € VP (Q, Ti) be the FEM solution (without quadrature) of
By (uf v = / foflde Yo e VP (Q, Ty). (3.2)
Q

By defining the dual solution z° € H} (Q) given by
By (p.2°) = J(p) Yy € Hy(Q), (3.3)
we obtain that
J (u® —u) = By (u® — ", 2%). (3.4)

As 2 € H} (Q) however is not available, we compute an approximation z% € V*
where V7 is yet to be determined. Then we have that

J(uoqu) = By (uoqu,zo) = By (uoqu,zﬂ)fBO (uoqu,z}[fzo),

=nu(Q2) =£u(Q)

where ng () is the error estimator and £ (£2) is the data approximation error. Due to
Galerkin orthogonality, simply replacing 2° by its discrete solution (without quadra-
ture) 21 € VP (Q, Ty) and using the discrete primal solution v (without quadrature)
will lead to By (uo —ufl ZH ) = 0. For the numerical approximation of z°, there are
different strategies:
e Approximate the dual solution z° by the FEM solution z
polynomial space V7’ := V? (Q, Tz) with p > p.

*in a higher order
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e Approximate the dual solution z° by higher-order interpolation based on the
solution 27 € VP (Q, Ty). We refer to [20, 52} [61] for a discussion.
e Follow the h-approach and compute z¥ in V' := VP(Q,T5;), where the

triangulation 77 is obtained from Ty by a suitable refinement of each element

K € Tz into finer subelements.
We also notice that due to Galerkin-orthogonality, equation can be written as
J (uO — uH) = By (uo — uH,zO) = By (uo —uf, 20— 1/JH) vl € VP (Q,Ty). As we
approximate the exact dual solution 20 € V by z* € V¥, we will obtain a reliable
method only if we can neglect the data approximation error g (). It was shown by
Nochetto et al. [52] that neglecting the approximation error can cause a severe un-
derestimation of the error J (eH ), even in rather simple examples, thus leading to an
unreliable method. They further proposed a safeguarded DWR FEM method, which
leads to unconditionally reliable enhanced estimators that asymptotically coincide
with the original DWR method. We also mention the recent effort by Ainsworth and
Rankin to develop guaranteed and fully computable bounds on the error in quantities
of interest [I5]. Finally, we remark that variational crimes, introduced by e.g., choos-
ing the dual solution in the finite dimensional space V' and using a bilinear form
based on numerical quadrature are typically disregarded in the literature, even for
the single-scale DWR FEM. As the FE-HMM is based by construction on numerical
quadrature, we will have to analyze the corresponding variational crimes.

3.2. DWR FE-HMM. Inspired by the preceding discussion, we now define the
DWR FE-HMM.
Primal problem. We approximate u° by the FE-HMM solution u™M™ ¢ V7 (Q, Ty),
where ©#MM is the solution of

BIMM (o FIMM [ I :/va de Yo e VP (Q,Ty),
Q

and where B#MM (..} refers to the FE-HMM bilinear form (2.5)).
Dual problem. We choose the dual solution to be in the richer space

VA =VP(Q, Ta), (3.5)

the FE space of piecewise polynomials of degree p > p. The discretized dual problem
(using the FE-HMM) is then

B0t (cpﬂ, ZHMM) =J(¢") Ve e VI(Q,Th), (3.6)

where B2 (. .) is the FE-HMM bilinear form with an appropriate quadrature
scheme (i.e., satisfying (Q1),(Q2) for suitable higher order polynomials). We recall
that we use the same family of triangulation 7y for the primal and dual problems.
The micro and modeling errors defined in , will be denoted by ¢, raon
for the dual solution.

REMARK 4. It is readily seen that the a priori estimates for the macro
error, for the micro error and for the modeling error are also wvalid
for the dual solution z"™™ under the same assumptions as for the primal solution
utMM I what follows, we assume that the same micro space S9(Ks,,Tr,), the same
family of micromeshes, and the same size of sampling domains are used for the primal
and dual solutions. Thus the estimates , (independent of the quadrature
points) will be identical for u™M and Z™ . In contrast, the estimates or
may depend on the QF (that can be different for ut™MM op Z70801)
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We briefly sketch how to extend the jump of multiscale fluxes defined in [12] for
piecewise linear FEs to higher order polynomials. This is an important ingredient
of the DWR-FE-HMM. We note that higher-order fluxes were first introduced in the
context of the discontinuous Galerkin FE-HMM in [7].

Jumps of multiscale fluxes for higher order polynomials. Consider the higher
order macro FE space VP (Q, Tg). Then, for a given QF {xKe,wK,z}f:I that satisfies
condition (Q2) (see Section 2.1)), we have the following relation between the order of
the FE space p and the number £ of nodes of the QF (see for example [59, Section

1])
1 1
Lzopp+1) ford=2 L=cpp+1)(p+2) ford=3.

We consider quadrature formulae which minimize these inequalities in the following

sense:
L‘, =
L=

For a QF satisfying (3.7), we consider the following interpolation problem: for v €
C° (K) find 11, (z) € PP~ (K) s.t.

(p+1) for d =2,

(p+1)(p+2) ford=3. (3.7)

p
p

O N

II, (zk,) = v(zk,), (=1,..,L, (3.8)

where the interpolation nodes zy, are given by the quadrature nodes of the QF
{zk,, wm}le- We then have the following lemma which is easy to prove (see [53] for
details)

LEMMA 5. Assume that (Q2) and hold. Then, the interpolation problem
has a unique solution. We emphasize that condition is satisfied by various
well-known QF (see e.g. [36, Chap. 8] or [63]). We refer the reader to [59] for a general
discussion on the condition and to [29] for an overview of the construction of
cubature formulae. For the FE-HMM, it is strongly advised to choose such a QF,
as it minimizes the number of quadrature points and therefore the number of micro
problems needed to be solved for each macro element.

We now construct the higher-order multiscale fluxes based on the micro solutions
at discrete points. We have £ micro solutions U?Q on the £ sampling domains Kj,
located around the quadrature nodes xx, within the macro element K. Recall the
numerically homogenized tensor a% (7, ) defined in for each sampling domain.
The fluxes in the micro problems can be related to “macro fluxes” in the following
sense (see [7, Corollary 5])

1
|K617.‘ K“Z

a® (z) Vo, dx = a% (zk,) Vol (zk,), 0=1,....L, (3.9)

where v}’([ is a solution of (2.6). On every macro element K we then define the
interpolating polynomial Il .g,» (2) in (PP~ (K ))d, which satisfies
1

M,co,n (Tk,) = —— af (z) Vol de, (=1,..,L. 3.10
o 000 = [ o @ Ve, (310)
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We will refer to the interpolating polynomial Il (2) as the higher order multiscale

fluz. Using (3.9) we see that
peven (T,) = af (vx,) VO, £=1,.. L. (3.11)

We further introduce for each interior interface e of two elements KT and K~ the
following jump of higher order multiscale fluzes

- {(Hamb (5) = Myegur (5)) -me for e ¢ 0, (3.12)

Has oh e (S) =
: VKH() 0 for e C 09,

where the unit outward normal n. is chosen to be n, =nt.

Exact error representation and data approximation error. We first define the
interior and jump residuals that are used to express the exact error representation.

DEFINITION 6. The interior and jump residuals Ry g in K and Rjpg on e, are
given, respectively, by

Rt (@) =f" + V- (Moo (@)
Rym(s)le =~ %ﬂmﬂe (s),

where the multiscale flux I1,cgn (x) is defined in (3.10) and the higher order jump

of multiscale fluzes [,egyn e (s) is defined in (3.12). The local error estimator is
defined by

nu (K) := / Rr g (v) (z%MM — ¢H> dr + Rym (x) (zWM - ¢H) ds, (3.13)
K oK
and the local refinement indicator is defined by

Ry (s) (zﬂMM - wH) ds

e (K) :=| /K Ris (@) (£ — o) ot [

The function " € VP (Q, Tx) is an arbitrary function and we comment on this choice
at the end of this subsection. As mentioned at the end of Section [3.1] variational
crimes cannot be overlooked as the FE-HMM is based by construction on numerical
quadrature. This leads to define the following data approximation error &g (K).

DEFINITION 7. The the data approximation error {g (K) on an element K is
given by

i (K) = /K (naew( (z) — a® () vUHMM) v (ZWM - wH) dz (3.14a)

+ Box (uo — MM 0 z}[MM> (3.14b)

+ Bo,k (u® — u™M ) (3.14¢)

- / (17 = 1) (2% = v d, (3.14d)
K

where the subscript x in By k (-,-) indicates the restriction of By (-,-) onto the el-
ement K and where fH is an approwimation of f in the space {g € L*(Q);g|x €
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P™(K), VK € Ty} for m > 0. We will also define the global data approximation
error by §u () == > ger, Em (K).  The components of the data approximation
error can be understood as follows: is the approximation error caused
by using an inaccurate tensor (implicitly computed within the micro problem) and
numerical quadrature instead of using the exact continuous a° (x) in the estimator;
is the approximation error for using z”* instead of 2°; is the approx-
imation error caused by the introduction of ¥ and the lack of Galerkin orthogonality
due to the discrepancy between u#MM and uf (u* is the exact FEM solution with-
out quadrature of problem ); finally, (3.14d]) is the approximation error caused
by approximating the right-hand side f (x) in the estimator.

3.3. Main results. We can now state our first main result, the DWR FE-HMM
error representation which will be proved in Section [4]

THEOREM 8 (Exact DWR FE-HMM error representation). The error in quanti-
ties of interest is given by the exact representation

J (w0 — u"MMY) = Z i (K) +&u (K),
KeTu

and the data approzimation error Eg (K) is specified in Definition @ The DWR FE-
HMM allows for cancelation of errors among elements; we therefore need to distinguish
between the (global) signed error representation formula (Theorem [§]) with local error
estimators ny (K), and unsigned local refinement indicators 7y (K). The Theorem
and the Definition [6] immediately give the following results.

COROLLARY 9 (A posteriori DWR upper bound). The following a posteriori
upper bound holds

7 — NN < S gy () + e () (3.15)
KeTu

REMARK 10. As the refinement indicators fjy (K) are always positive we cannot,
in general, find the optimal mesh which would take error cancelation among different
elements into account. We remark that finding the optimal mesh is also not possible
for the single-scale DWR FEM. While being not optimal, the mesh found using positive
refinement indicators still leads to good convergence rates. However, the convergence
curves might be very jagged instead of being a straight line. Our next main result
(again proved in Section |4) gives an approximation of the data approximation error.

THEOREM 11 (First estimation of the data approximation error). Assume that
(Q1),(Q2) hold with o = 2p — 2 (primal solution) and o = 2p — 2 (dual solution).
Assume in addition that hold for the primal solution, that the family of tri-
angulation is shape regular and that for all K € Ty the homogenized tensor a®(x)
of problem satisfies a®(z)|x is constant. Then, the data approxzimation error
& (Q) can be estimated as follows

e (@) < CHP (P + [V (g ) + S = iz |[7 (2 = )|

L2()

LZ(Q)) ’

(3.16)
where Ty = max{ryic, mac} and Tarop = max{ryop, rap} and where the con-
stants C' are independent of H, h and .

+C ("m1c + TMOD) (Hp + (Fpmrc + Tvmop) + HV (z}[MM - wH)‘
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We notice that the assumption a® (z) | is constant in each K € Ty is convenient
to estimate the multiscale fluxes but could in principle be removed. This would
however involve additional technicalities.

Several choices are possible for 1. We consider two different choices, ¥ = 0
and P = ZHMM the dual solution z™MM ¢ VP (Q Ty). Plugging " = 0 and
YH = ZHMM ip ([3.16), and using the estimate for 2" we obtain the following
corollary of Theorem [T}

COROLLARY 12. For " = 0 the data approzimation error {g (2) can be esti-
mated as

[ (D] < CHPY? + Ol f = f7 2y

n C(Hp + (Farro + Farop) + 1) (Faric + Farop)
and for pH = ZHMM g4

& ()] < CH? + C(H? + (Farsc + Faron) ) I = £z
+ C’(H” + (Fmrc + FMOD)) (Famrc + Tymob) -

We emphasize that the error estimator of the DWR-FE-HMM method exploits can-
celation of errors over different elements and we therefore expect the above estimates
to significantly overestimate the real data approximation error.

We notice that Theorem has been obtained without any specific regularity
assumptions on the small scales or structure assumptions (e.g., periodicity) on the
tensor a®. Such assumptions are however needed if we want to further estimate 7p;7¢
and Tprop as shown in the following result.

THEOREM 13 (Second estimation of the data approximation error). If in addition
to the assumptions of Theorem the assumption (H1) holds then the estimation

(13.16) is valid with rpyre < C (%) 7 If further assumption (H2) holds, then ryop
can be estimated as follows

Tmop =0 if S1(Ks,, Tn) C W, (Ks,) and g €N,

(3.17)
TMOD SC(5+(%)) iqu(K5z,77L) CH(%(KM) (5>‘€)'

We next give a detailed description of the adaptive DWR FE-HMM that consists of
loops of the form

Solve — Estimate — Mark — Refine.

The detailed step-by-step procedure is given below.
ALGORITHM 14 (Adaptive DWR-FE-HMM).

Solve. For the macro and micro meshes obtained by REFINE, compute the mi-
cro solutions (only for the refined macro elements) and the macro solutions
uIMM and 270 for the primal and the dual problem, respectively. Com-
pute v if appropriate. Compute and store the higher-order multiscale fluzes
Haavw?( (z) obtained by solving constrained by the FE basis functions
o e VP (Q, Ty).

Estimate. Reconstruct the full multiscale fluzes I, n (z) and jumps

[[Hasvui}(ﬂe (s) (once u™M s known). Estimate the error in the quantity
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of interest J (u® — u™M) by computing the estimate Y ket M (K) (this
estimate can serve as a stopping criterion using |ZK€TH Ny (K)| < tol, for
a prescribed tolerance tol).

Mark. Mark the elements on a subset ’7~'H of Tg based on the refinement indicators
(K.

Refine. Refine the marked elements (and some neighbors for mesh conformity) and
update the mesh for the primal and the dual problem. Update the micro meshes
of the sampling domains corresponding to the refined macro elements (see
below for a discussion about an optimal coupling).

REMARK 15. If a macro element is not marked for refinement, we carry over the
solution of the corresponding microproblems from the current iteration to the next.
This allows to significantly reduce the number of microproblems that need to be com-
puted. We refer to [12, Section 4.1] for details.

In the residual-based adaptive FE-HMM case, the optimal coupling between the
macro and micro mesh sizes for the data approximation error of the estimator is
given — under appropriate assumptions — by hx « e (H K)"‘%. Here p and ¢ refer to
the polynomial degree of the (primal) macro and micro FE spaces, respectively [12].
Such a priori coupling conditions can be derived if we fix the way we measure the
error (e.g., the energy norm for the residual-based adaptive FE-HMM). For error in
quantities of interest, such coupling will depend on J (), that is arbitrary (except
for being linear and bounded). It would therefore be beneficial to introduce an a
posteriori error estimator on the micro problems and couple the macro and micro
refinement based on the experimental convergence rate of these error estimators.

As an alternative, a reduced basis technique could be used. There, a few represen-
tative basis functions with a large information content are computed once at an offline
stage using a highly refined micro mesh. Typically, only a few reduced basis functions
are needed if there is appropriate regularity with respect to the slow parameter. In
the online stage, the reduced basis functions are used to approximate the solution of
the micro problems with high accuracy, which renders an adaptive refinement of the
micro meshes needless. We refer the reader to [§], where reduced basis combined with
DWR-FE-HMM is studied.

4. Proofs of the main results. In this section we give the proof of Theorems
and Our theoretical study will also allow to justify Definition [7] of the data
approximation error.

Proof of Theorem [§| (Exact DWR FE-HMM error representation). We
proceed in two steps. First, we use duality arguments to state the error in a quantity
of interest that still depends on the unknown dual function z°. Second, we replace all
numerically unavailable quantities, such as 2°,a" or f, by their computable, discrete
approximations.

Step I. We want to find the exact error representation for the error e
in the quantity of interest J (-), i.e.,

H ._ 0 _ HMM

The dual problem (3.3))
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holds for all ¢ € HE (2). We therefore choose ¢ = e to obtain
J () = By (e",2°) . (4.1)

We next introduce an arbitrary ¥ € VP (Q, Ty) in equation (4.1)) and hence commit
a variational crime as the FE-HMM solution is not computed with the bilinear form
By and therefore By (eH, wH) # 0. We have

J (uo _ uHMM)
—B, (uo _ MM ZO)
(

=By (u® — oMM 0 _ 1/JH) + By (uo — uHMM,wH) . (4.2)

Step II. We next make the estimate computable. In , the dual solution 20 is
the exact solution of . Furthermore, the bilinear form By (-, -) involves the exact
homogenized tensor, and the primal solution u® of depends on the exact right
hand side f. As these quantities can in general not be evaluated exactly in the a
posteriori error estimate, we replace them by computable quantities as follows.

We start by replacing the exact dual solution z° by the computable FE-HMM
dual solution z"* in ([4.2)). We obtain

J (uo _ uHMM)
:BO (UO _UHMM,ZO _,(/}H) +BO (UO _uHMM’wH) .
—B, (uo _ MM soer wH) + B, (uo _ yHMM 0 _ zmm)
+By (v’ — uftMM wH) . (4.3)
The second and third terms of the right-hand side of (4.3]) will be a contribution to

the data approximation error. The first term of the right-hand side of (4.3 is further
split into two parts,

B, (uo _ MM st _ wH) _ / f (Z}EMM _ wH) da
Q
— B, (,LLHMM,Z:I{MM _ ,L/}H) ’ (4.4)

where we used (3.1). We replace the exact f in the first term of the right-hand of
[.4) by a computable approximation f and get

/ f (Z}[MMin> do — / #H (Z}[Mfi\/fin) dm—/ (fH 7f) (Z}{:MMiipH) de.
Q Q Q

(4.5)
We then substitute the flux a®Vu#MM (z) involving the exact homogenized tensor

a® (x) by the computable multiscale flux (3.10)) in the second term of the right-hand
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of (4.4) and obtain

Bo( HMM  s00f _ ), )

Z / HMM) v (ZHMM _ wH) da

KeTwH
— Z / g (2) — a® (z) VuHMM) v (zﬂ{MM _ wH) de.
KeTn

Finally, by integrating (4.6|) by part we can separate the estimate into element terms
and jump terms

B, (UHMM7 SO0 _ ,(/}H)

=_ Z / egun (x)) (zﬂMM - z/JH) dz

KETH

+ 3 2 > Mgy le(s) (ZWM —wH) ds (4.7)

KETH eCOK v €

_ Z / e gy (2) —a 0 (z )VUHMM) V(Z:I{MM_,L/}H) da,

KeTu

where we used the deﬁnition of the jump of multiscale fluxes . We plug (4.4),
and into and obtain the error representation formula

J (u® — MM = Z e (K) +&n (K),

KeTu

where ng (K) and g (K) are defined in (3.13)) and (3.14)), respectively, and the proof

is complete. O
We remark that the integration by parts is not necessary, neither for the DWR FEM
nor for the DWR FE-HMM. We integrate by parts solely to stay consistent with the
results from the literature. We can as an alternative keep the original term in the
right-hand side of ([4.6]), which may simplify the numerical evaluation.

Up to this point we did not assume specific regularity on the oscillating tensor, a®
or make any spatial assumptions such as periodicity in the micro scale, to derive our
error estimates. Furthermore, we kept both sampling domain size and boundary con-
ditions of the micro problem for the FE-HMM rather general. We now find estimates
of the data approximation error ([3.14). Notice first that (see (3.11]))

| @) Vo ~ gy (@) (@)

= Hao (z) Vol (z) — Moo vy (x))

L2(K) L2(K)

Recalling the tensors a°, a9 introduced in Section we then consider the decom-
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position

[ @) Vo (@) = Tyg g (2)

ey < || @) 0 @)~ Thaop ()]

L3(K)

er

+ HHaUVvIIg (l‘) - H&%V?JII}T (l‘)‘ L2(K) + HHa?{VvIP(I (x) - Ha%va(I (l‘)’ L2(K)

err errr

where IL,0(, 0 von () and a0 von (x) are the interpolating polynomials based on
the quadrature nodes z, € K with function values given by a° (zf,) Vo (zx,) and
a% (rk,) Vol (zg,), respectively. The task is now to estimate e, ez, erz;.

LEMMA 16. Assume that (Q2) holds and that a° (x) |k is constant in any
K € Ty. Then

6]20.

The proof is trivial. Indeed, under the assumption of a locally constant homogenized

tensor, the interpolation is exact, i.e. Hyog,n (z) = a® (z) Vol (z) for v € K.
Notice that in particular if hypothesis (H2) hold and if a (-, y) |k is constant in each
K € Ty, then the assumption of Lemma [I6] is fulfilled.

To estimate e;; and ey;; we need to relate the error of two interpolating poly-
nomials to the error of the function values at the corresponding interpolation nodes.
This relation will allow us to find similar estimates of the data approximation error
as obtained in [12].

LEMMA 17. Forv,v € C° (K) we consider the interpolation polynomials I1, (x) €
PP~L(K) and 115 (z) € PP~ (K), respectively, defined by based on the nodes of

a QF {xKe,wKZ}le that satisfies (Q2) and (3.7). Then

I8, (&) = T @) 2 < € VIR max Jon = 5l

where |K| denotes the measure of the macro element K, the constant C' only depends
on the dimensionality d, the polynomial degree p, the shape reqularity constant v and
the quadrature formula.

Proof. Using we can introduce an interpolating polynomial II,_5 (z) €
PrL(K) st. U5 (2k,) = v(zk,) — 0 (2K,), £ =1,..,L. We use the C1— dif-
feomorphism Fyi between K and the reference element K and define H/v:; (%) =
I, (Fk (2)) = Hy—z (z) . It is well-known that (see for example [25])

I (@) 220, < € ldet (0Fx)|'? || T, ()

. 4.8
L2(K) (48)
Given a basis {cjj}le of pr~1 (K) we expand M,_; () = Zle Bjcjj (z), with co-
efficients Bj € R, j =1,...,L. Evaluating the above formula at &, = Fgl (rk,) we
obtain I, _5 (&) = Zle Agjﬁj, where Agj = §; (Z¢). This last relation read in vector
form AB = v, where (A)y; = Ay, (B); = B; and (6v) = v (zx,) — ¥ (2,). From
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Lemmait follows that A is invertible. Then we can estimate (A.8)) further as follows

IMa—s (@)l 2 sy < Cldet (0F3)|'? ||, 75 (2)

L*(&)

K]

L2(R)
< VI ZHQZ o) |||
<c¢|7HA (60 _ < CVIK] ma [o(ec,) = 0 (e, )

where ||-||, is the supremum matrix and vector norm, respectively, and the constant
C only depends on the dimensionality d, the polynomial degree p, the shape regularity

constant v, the quadrature formula {’JJ@,W@}Z ; and the basis {q]} _, of PI~ ! ( A).

0 We can next relate the modeling and the micro errors to the various numerically
homogenized tensors.

LEMMA 18. Assume that (Q1) holds and that the family of triangulation is shape
reqular, then we have

erf <C max, Ha (rr,) —a% (rk, HF HVUH 33)||L2(K), (4.9)
and
errr <C 121@222 Hd?{ (rk,) — a(}( (xKi)HF HVvH :c)||L2(K) , (4.10)

where the constant C' only depends on the dimensionality d, the polynomial degree p
of the FEM for u', the shape reqularity constant and the quadrature formula.
Proof. Both estimates use Lemma For example for e;; we have

err = HHaOVvH (m) - Hao 0 Vol (l‘)‘

L2(K)
<C+/|K]| 1rélpa<x H( ) —a% (JCKZ)) Vol (xKé)Hoo
. 1/2
<0 (g 0 ) ) ) S VIRT S0 o
<c <1%a<x£|¢a (ex) — % (o) )HwH e (4.11)
where we used that

. 1/2 . 1/2
Z Z@v (rr,)? <C ZwKzzaij(:sz)Q (4.12)
=1 =1 j

< C[Vor (@) gy - (4.13)

This last inequalities are obtained using the assumption (Q1), a scaling argument as
well as the equivalence of norms on a finite dimensional space (see for example [58|
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Lemma 5]). The proof of (4.10]) is obtained similarly. O

Proof of Theorem (First estimation of the data approximation error).
Summing over the local data approximation error defined in (3.14)) gives

Z e (K Z / svuh — () quMM} v (ZH{MM _ wH) da

KeTu KeTu

I
4 Z Bo.x (uo _ MM 0 ZWM)

KeTy
II
+ Z BO,K (UO_UHMMva>
KeTu
III
+Z/f 77) (220~ (4.14)
KeTy
v

In view of the definitions (2.16)) and (2.17)) for ras7¢ and ryrop, respectively, we have

11| < C (rmic + raop) HWMM - W’H‘

L*(Q)

where we used Lemmas [T6] and [I8] the Cauchy-Schwarz inequality and the bound

||VUH||L2(Q) < Ol fllz2(o) < C. Using Cauchy-Schwarz inequality we obtain

1] < C[|Vu® = VM || o [[9:0 — w70

L2(Q)
< (H? +ryae +rvon) (HP + mage + maon) -

and similarly

‘III‘ S C(Hp +TMIC +TMOD) ||V/(/}HHL2(Q) )

VIS Cf = 17 oy 722 = T07|

L2(Q)

We use 7m0 = maX{TMjc, TMIC} and Tpjop = max{rMOD, TMOD} and conclude the
proof of by noting that the polynomial degree of the dual solution satisfies
p>D. O
Proof of Theorem (Second estimation of the data approximation er-
ror). The proof of the theorem follows from ([3.16)) using the estimate under
assumption (H1), and the estimates (2.20)),(2.19) under assumption (H2) with the
appropriate finite element spaces. O

5. Numerical experiments . In this section we will show numerical experi-
ments that confirm the efficiency of the goal-oriented, adaptive FE-HMM and the
effectivity of the estimated error in a quantity of interest. Our numerical experiments
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were carried out using an implementation in Matlab; this implementation is based on
the FE-HMM code presented in in [I1I]. The code for the mesh bisection is based in
part on ¢FEM (see [26]) and the code for higher-order FEM is based in part on [21].
We counsider a problem (which is chosen similarly to the one-dimensional problems
presented in [57]) where we are interested in the pointwise error and the pointwise
directional derivative error at a certain point z*. We consider the equation

=V - (a® (z) Vu©) = fin Q,
u® =gpon I'p = 99,

on a domain Q = (0,1)%>. We choose £ = 10~ and set the tensor to
a (x, E) =a° (£> a® (z),
5 5
where the exact homogenized tensor a® (x) is given as
iy (z) := (96—1000(9c1—0.5)2—1000(3:2—0.5)2 n 1) . (5.1)

Here

at (x) := % (sin (277%) + i) (COS (27%> + Z) J

whose coefficients are chosen in such a way that they give the unit tensor when
homogenized. We define the exact solution as

W () = 100(1 — 21)221 (1 — w2)2wae (1= %) = (22=4)"

which determines the Dirichlet boundary conditions as gp = u® on 92, and choose
the right hand side f accordingly. An illustration of the exact solution and the

(a) Exact homogenized solution u® (z). We (b) Exact homogenized tensor a° (z).
are interested in the pointwise error and the

directional derivative error at the point z* =

(0.3,0.3), which is marked in green.

Fig. 5.1: Exact solution and tensor of the goal-oriented problems of Section

homogenized tensor are given in Figure [5.1] We use piecewise linear macro FE for
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the solution uM of the primal problem and piecewise quadratic FE for the solution

221 of the macro dual problem. The micro problems are solved with piecewise linear
FE.

As a measure of the quality of our error estimator, we define the effectivity index

nu (€2)

J (u0 — wHMM) |’ (5.2)

Eff::’

which ideally should be equal to one. We denote by h= (ch)_l/ 4 the scaled (i.e.
independent of ) micro mesh size, where N,,;. refers to the degrees of freedom of
the micro problems in one micro sampling domain corresponding to a certain macro
element.

For the macro mesh we start for both problems from a mesh with 441 DOF. We
do not choose a uniform grid but one where the points are slightly distorted com-
pared to uniform mesh, see Figure The distortion will resemble to more realistic
meshes originating from practical applications and reduce effects of cancelation. We
use an initial mesh size for the micro mesh of h = % and § = ¢ = 10~° with periodic
boundary conditions for the micro problems.

For the marking strategy we will follow the mazimum marking strategy [60, [57]
for the quantity of interest J (uo — MM ) An element K of the mesh is refined if

M (K)
MaX g7 1H <I~(>

where 0 < ¥ < 1 is a user-defined parameter. We choose ¥ = 0.25. The mesh is
refined using the newest vertex bisection in its implementation of {FEM [26]. We
remark that we do not enforce the creation of an interior node as mentioned in [49].
We set ¥ = 0 and choose a coupling of h « Hj for both the solution of the
primal and dual problem and for the evaluation of the a posterior: estimator. For
numerical experiments with different 1/ or coupling schemes, we refer to [53].
We recall that for macro elements that were not refined, the solution of the micro-
problems from the previous iteration should be re-used (see Remark .

5.1. Pointwise error. In our first experiment, we choose the quantity of interest
to be the pointwise error at the point z* = (0.3,0.3); the quantity of interest is

J(u) :==u(z").

The point z* coincides with a node of the mesh and the exact quantity of interest
is given by J (u) &~ 2.10813. In Figure we compare the error for the uniform re-
finement, the global residual-based refinement and the goal-oriented refinement of the
FE-HMM. The error of all three methods shows an asymptotic convergence rate of
O (N,L.). The pointwise error is smaller for the uniform or residual-based adaptivity
than it is for the goal-oriented adaptivity. But the DWR FE-HMM also provides an
estimation of the actual error in the quantitity of interest, which serves as a stopping
criterion. In Figure [5.3| we present the effectivity index for the residual-based adap-
tivity and the goal-oriented adaptivity. While the effectivity index for goal-oriented

adaptivity is close to one, the residual-based estimate approximates the error in the
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(a) Error for uniform, global residual-based and
goal-oriented refinement.

Fig. 5.2: Errors for the goal-oriented problem described in Section

energy norm and therefore gives an effectivity index which is not suitable as a stopping
criterion; the residual-based error estimate further depends on an unspecific constant.
In the first two iterations for the DWR FE-HMM, the error is underestimated, leading
to an effectivity index smaller than one. Additional a posteriori error estimates on
the different components of the data approximation error can be used to avoid the
underestimation of the error, we refer to [I5 [52] and to the comment at the end of
Section B.31

Finally, we compare in Figure the mesh of the goal-oriented and the residual-
based adaptivity after 4 iterations. We see that the mesh is highly refined around z*
and the “peak” of the tensor for the goal-oriented adaptivity, whereas the residual-
based adaptivity obviously does not especially refine around x*.
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a) Effectivity index for the global residual- b) Effectivity index for the goal-oriented
y g v g
based (Tmﬁe(”;i‘};;iu) and goal-oriented adap- adaptivity.
tivity.

Fig. 5.3: Effectivity index for the goal-oriented problem described in Section
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5.2. Pointwise directional derivative error. We choose our quantity of in-
terest to be the directional derivative error at the point * = (0.3,0.3) (slightly off
the peak of the “bump”) in direction n = (1/\@7 1/\/5), such that

J (u) := Vu(z*) - n. (5.3)
The exact solution is given by J = 3.25819. As the pointwise derivatives of FE solu-
tions are in general not defined on edges of elements, we approximate the functional

(5.3) at point z* € Q with a regularized output functional .J (u) = ﬁ Jg. Vu - ndz,
where the small domain S€ is an e-ball centered around the point z*, see [20]. In

PAPAY Vg AV VA A% !
VAL AP ArTATrs
SRR oe
A0 SRS
. 0.6
o~ ?é N
0.4
0.2
0
. 1 0 0.2 0.4 0.6 0.8 1
X %
(a) Goal-oriented refinement (4596 DOF, (b) Global residual-based refinement (2428
J (uo - uHMM> = 0.00461). DOF, J (uo - uHMM> = 0.00344).

Fig. 5.4: Mesh after 4 iterations for global residual-based and goal-oriented refinement
for the pointwise directional derivative problem.

Figure a) we compare the error when using a uniform, a global residual-based

(as in [12]) and the DWR FE-HMM goal-oriented approach. We see that the point-

wise derivative error J (eH ) converges with an order of O (N;ulléz) for the uniform

refinement and for the adaptive, residual-based refinement scheme. For the DWR

FE-HMM we obtain a (mean) convergence rate of approximately O (N,ﬁéz), which

varies between O (N;L}m) and O (N;jc). We notice that the convergence rate is much

faster than the O (N;ulléz) we would have in the global energy-norm. In Figure b)

we see that the effectivity index for the DWR FE-HMM varies between 0.5 and 8.
The residual-based estimate in the energy norm involves an unspecific constant, varies
between 7 and 120 and is not suitable for estimating the error in the quantity of in-
terest. Therefore the residual-based estimate is also unsuitable as a reliable stopping
criterion. The jagged line for the error and efficiency of the DWR FE-HMM is caused
by the cancelation of errors; the jaggedness can also be seen in the single-scale DWR,
FEM case.

We illustrate in Figure how the dual-weighted residual error estimates can be
used to evaluate the quality of the numerical solution. As the exact error represen-
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tation does not involve an unspecific constant, we have the possibility to specify —
solely based on the error estimate — a confidence interval where we expect the exact
quantity of interest to be. If the data approximation error is much smaller than the
error estimator ny (Q2), we can set J (u™M) —|ng ()] and J (™M) + gy (Q)] to
be our confidence interval. We see in Figure that except for iteration 1, the exact
solution lies within the confidence interval.
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(a) Error for uniform, global residual-based (b) Effectivity index for the global residual-
and goal-oriented refinement. based (”H ‘P}e(b;l;;‘l( >) and goal-oriented adap-

tivity.

Fig. 5.5: Errors and effectivity index for the goal-oriented problem described in Section

b2

Finally we show in Figure the meshes after 4 iterations for both the goal-
oriented and the residual-based adaptive FE-HMM. While the residual-based scheme
mostly refines around the peak of the conductivity tensor, the goal-oriented addition-
ally refines around the point of interest z*.

6. Conclusion. We have presented an a posteriori error analysis in quantities
of interest for the FE-HMM and generalized the DWR approach for homogenization
problems. An exact error representation has been derived and effective error indicators
have been modeled based solely on micro computations on sampling domains within
the physical computational domain. Rigorous upper bound on the data approximation
errors have been established. These errors also take into account the variational
crimes committed by our computational strategy relying on numerical integration.
Numerical experiments presented in the present paper confirm the efficiency of the
proposed (multiscale) adaptive method in quantity of interests. We note that even for
single scale problems, the DWR for FEM with numerical integration has not yet been
analyzed. While we have provided an a priori upper bound for the data approximation
error we did not provide an a posteriori error estimate for these quantities. This could
be addressed by designing also an a posteriori error procedure for the micro solution
in the sampling domains. Such an a posteriori error estimate on the micro solutions
could also be used to find a suitable coupling condition between the macro and the
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Fig. 5.6: The use of duality-based goal-oriented FE-HMM allows to specify — solely
based on the a posteriori error estimate — a confidence interval (shown in shaded
blue) where we expect the exact quantity of interest to be within. From iteration 2
on, the prediction is correct.
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Fig. 5.7: Mesh after 4 iterations for global residual-based and goal-oriented refinement
for the pointwise directional derivative problem.

micro problems for general quantities of interest. For single scale problems, in the
conforming case, a posteriori bounds for the data approximation errors were recently
derived in [15]. For multiscale problems as considered here and with the proposed
micro-to-macro approach, quantifying the modeling error and the error arising from
variational crimes would also be required. This is a topic for future research.
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